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EAS arrays are irreplaceable tools 
for all sky survey and to study the 

transient gamma sky !
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The strong case for all sky survey instruments
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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

A full exploration of the Galactic Plane requires 
both Northern and Southern detectors !

• 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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Figure 3. Left : Sensitivity of the point source search for three spectral hypotheses, as a function of declination. We show
the flux required to give a central expectation of 5�, for the present analysis. The di↵erential fluxes of the sources detected in
the point source search are also shown with their statistical uncertainties. Right : Upper and lower ends of the energy range
contributing to the central 3 quarters of the test statistic of the point source search, see text.

Figure 4. Equatorial full-sky TS map, for a point source hypothesis with a spectral index of �2.7.

following columns compile the source positions in equa-
torial (J2000.0 epoch) and Galactic coordinates and the
one-sigma uncertainty on the position of the maximum
identified in the respective search. The second part of
the table, after the vertical line, provides information
on the nearest TeVCat source: the distance, then the
corresponding name if this distance is less than 1�.
Table 3 lists the di↵erential photon flux at 7TeV (F

7

)
and the spectral index of the power law that fit the

source identified in HAWC data best. For all sources
we report the flux estimated with the source model cor-
responding to the search in which the source was found.
For the sources for which an additional source size hy-
pothesis was defined, as detailed in Section 3.7, the sec-
ond flux measurement is also reported.
The results of Table 3 are illustrated in Figure 10. For

fluxes F
7

> 3 ⇥ 10�14 TeV�1 cm�2 s�1 all sources have
previously been detected using other instruments, but

HAWC 2nd catalog 2017
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We need to know
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★ Which are the sources of CRs ? 


• which acceleration mechanism? ➜ injection spectrum 


• total energy in CRs 


• maximum energy of accelerated particles 


★ How do CRs propagate ? 


• magnetic field in the Galaxy 


• spatial distribution of sources 


• spatial distribution of CRs 


• injected ➜ observed spectrum 


★ Which is the chemical composition of CRs ? 
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Why are Wide FoV instruments so cool ?
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★ Which are the sources of CRs ? 


• which acceleration mechanism? ➜ injection spectrum 


• total energy in CRs 


• maximum energy of accelerated particles 


★ How do CRs propagate ? 


• magnetic field in the Galaxy 


• spatial distribution of sources 


• spatial distribution of CRs 


• injected ➜ observed spectrum 


★ Which is the chemical composition of CRs ? 

➜ proton PeVatrons

➜ Gamma-Ray Astronomy

➜ Anisotropy
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★ Which are the sources of CRs ? 


• which acceleration mechanism? ➜ injection spectrum 


• total energy in CRs 


• maximum energy of accelerated particles 


★ How do CRs propagate ? 


• magnetic field in the Galaxy 


• spatial distribution of sources 


• spatial distribution of CRs 


• injected ➜ observed spectrum 


★ Which is the chemical composition of CRs ? 

➜ proton PeVatrons

➜ Gamma-Ray Astronomy

➜ Anisotropy

Wide FoV detectors = Multi-M
essenger Instrument (by definition)
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Gamma-ray experiments
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Next-generation Compton telescope

Vannuccini - CSN2 - 10-12 Aprile 2017  

(De Angelis et al, arXiv:1611.02232)

Proposed missions with INFN involvement/interest:
• ASTROGAM (Tavani-Tatischef) ESA-M4
• PANGU (Wu-Chang) ESA/CAS joint mission
• eASTROGAM (DeAngelis-Tatischef) ESA-M5 (late 2020s)
• AMEGO (US) NASA-PhyPAG P-class (late 2020s)
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Northern Hemisphere: HAWC
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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
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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

4

tank contains a custom-made light-tight bladder to ac-
commodate 190,000 liters of purified water. Four up-
ward facing photomultiplier tubes (PMTs) are mounted
at the bottom of each tank: a 10” Hamamatsu R7081-
HQE PMT positioned at the center and three 8” Hama-
matsu R5912 PMTs which are positioned halfway be-
tween the tank center and rim. The central PMT has
roughly twice the sensitivity of the outer PMTs due
to its superior quantum e�ciency and its larger size.
The WCDs are filled to a depth of 4.5m, with 4.0m
(more than 10 radiation lengths) of water above the
PMTs. This large depth guarantees that the electrons,
positrons, and gammas in the air shower are fully ab-
sorbed by the HAWC detector well above the PMT level,
so that the detector itself acts as an electromagnetic
(EM) calorimeter providing an accurate measurement
of EM energy deposition. High-energy electrons are de-
tected via the Cherenkov light they produce in the water
and gamma rays are converted to electrons through pair
production and Compton scattering. Muons are also
detected. They are more likely to be produced in air
showers originating from hadronic cosmic-ray interac-
tions with the atmosphere and tend to have higher
transverse momentum producing large signals in the
PMTs far from the air shower axis and thus serve as
useful tags for rejecting hadronic backgrounds. The
WCDs are arranged in a compact layout to maximize
the density of the sensitive area, with about 60% of the
22,000m2 detector area instrumented. See Figure 1 for
a diagram of the HAWC detector.
Analog signals from the PMTs are transmitted by RG-

59 coaxial cable to a central counting house. The sig-
nals are shaped and discriminated at two voltage thresh-
olds roughly corresponding to 1/4PE and 4PEs and the
threshold crossing times (both rising and falling) are
recorded using CAEN V1190A time-to-digital convert-
ers. Individual signals that pass at least the low thresh-
old are called hits. The time-over-threshold is used to
estimate the charge. The response of this system is
roughly logarithmic, so that the readout has reasonable
charge resolution over a very wide dynamic range, from a
fraction of 1PE to 10,000PEs. The timing resolution for
large pulses is better than 1 ns. All channels are read out
in real time with zero dead time and blocks of data are
aggregated in a real-time computing farm. A trigger is
generated when a su�cient number of PMTs record a hit
within a 150 ns window (28 hits were required for most of
the data used in this analysis, though other values were
occasionally used earlier). This results in a ⇠20 kHz
trigger rate. Small events, with a number of hits close
to the threshold value and which dominate the triggers,
require a specific treatment and are removed from the

Figure 1. Layout of HAWC WCDs and positions of the
PMTs (PMTs not to scale). The conspicuous gap indicates
the location of the counting house, which is centrally located
to minimize the cable length.

analysis presented here. In the future their inclusion
will significantly lower the energy threshold of HAWC.
For sources with spectra that extend beyond 1TeV, like
the Crab Nebula, the sensitivity usually peaks above
5TeV (depending on the source spectrum and declina-
tion) and excluding the near-threshold events does not
significantly reduce the sensitivity. Details of the event
selection for the present analysis are presented in the
next section.
For each triggered event, the parameters of the

air shower, like the direction, the size, and some
gamma/hadron separation variables, are extracted from
the recorded hit times and amplitudes, using a shower
model developed through the study of Monte Carlo sim-
ulations and optimized using observations of the Crab
Nebula (Abeysekara et al. 2017, submitted to ApJ).
The angular resolution of the HAWC instrument varies
with the event size (number of hit PMTs) and ranges
from ⇠0.2� (68% containment) for large events events
hitting almost all the PMTs to ⇠1.0� for events near
the analysis threshold.
Gamma-ray induced showers are generally compact

and have a smooth lateral distribution around the
shower core (the position where the shower axis in-
tersects the detector plane). In contrast, hadronic back-
ground events tend to be broader, contain multiple or
poorly defined cores, and include highly localized large
signals from muons and hadrons at significant distance
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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
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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
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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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Crab Nebula with HAWC
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20 Albert et al.

Systematic Overall Flux Spectral Index log10(E)

Charge Resolution/ Relative Quantum
Efficiency

± 20% ± 0.05 < ± 0.1

PMT Absolute Quantum Efficiency ± 15% ± 0.05 < ± 0.1

Time Dependence, PMT Layout and Crab
Optimization

± 10% ± 0.1 < ± 0.1

Angular Resolution ± 20% ± 0.1

Late Light Simulation ± 40% ± 0.15 < ± 0.15

Total Flux ± 50% ± 0.2 < 0.2

Table 3. Summary of primary contributions to HAWC systematic error in measuring photon fluxes. The different effects
are described in the text. Systematics in the overall flux, the spectral index of sources, and the energy scale are shown. The
systematics claims are conservative and are likely to improve with more understanding and better modeling.

0.3◦ absolute pointing error. Furthermore, the Crab location has been reconstructed separately using data from each
of the 9 B bins and they agree to within 0.1◦.
Finally, other bright known sources, the blazars Markarian 421 and Markarian 501, agree with their known locations

to within 0.1◦.

5. DISCUSSION

5.1. Comparison to Other Experiments

Figure 13 shows the Crab spectrum measured with HAWC between 1 and 37 TeV compared to the spectrum
reported by other experiments. It is consistent with prior measurements within the systematic errors of the HAWC
measurement.

Figure 13. Crab photon energy spectrum measured with HAWC and compared to other measurements using other instruments
(Holler et al. 2016; Aleksić et al. 2015; Meagher 2016; Amenomori et al. 2015, 2009; Bartoli et al. 2015) The red band shown
for HAWC is the ensemble of fluxes allowed at 1σ and the best fit is indicated with a dark red line. The light red band indicates
the systematic extremes of the HAWC flux.

The Crab spectrum measured with HAWC  
between 1 and 37 TeV with 507 days of data 

22 Albert et al.

set the cuts appropriately. This has resulted in a more accurate (and more sensitive) analysis above 10 TeV. Below
about 1 TeV, for a number of reasons, the sensitivity is somewhat worse than predicted in the original study. The
background is larger than the original simulation-only prediction. Furthermore, in the current analysis we employ a
relatively high cut (defined by B = 1) so that improperly modeled noise can be neglected.

Figure 15. The quasi-differential sensitivity of HAWC as a function of photon energy, compared to existing IACTS (Park
2016; Holler et al. 2016; Aleksić et al. 2016) and Large Area Telescope on the Fermi Gamma-Ray Space Telescope b. We show
the flux, assuming a source with a differential energy spectrum E−2.63, required to produce a 5σ detection 50% of the time.
This flux is shown in light red for each of the 9 B bins, with a width in energy corresponding to the central 68% containment
energies in each bin. These values are adjusted to find the equivalent quarter-decade-separated flux sensitivities, and a fit to
these values is shown in dark red. The 507-day observation of HAWC corresponds to ∼3000 hours of a source at a declination
of 22◦ within HAWC’s field-of-view. HAWC’s one-year sensitivity surpasses a 50-hour observation by current-generation IACTs
at ∼ 10 TeV.

aPass 8 Sensitivity: https://www.slac.stanford.edu/exp/glast/groups/canda/lat Performance.htm
bPass 8 Sensitivity: https://www.slac.stanford.edu/exp/glast/groups/canda/lat Performance.htm

5.3. Anticipated Improvements

The main limitation of this analysis is the reliance on the number of PMTs, used for the definition of B, to simul-
taneously constrain the energy of photons, the angular resolution, and photon/hadron efficiency. Figure 3 shows that
this is a poor energy estimation with each bin B spanning roughly an order of magnitude of energy. More critically, an
overhead ∼10 TeV photon can trigger nearly every PMT in HAWC if the core lands near the center of the detector.
Consequently B = 9 is an overflow bin of everything above 10 TeV. These limitations can be removed with an event
parameter that accounts for the light level in the event and the specific geometry and inclination angle of events.
Approaches like this are under development. The planned deployment of a sparse “outrigger” array should further
increase the sensitivity to photons above 10 TeV (Sandoval 2016).

The threshold for this analysis is established by including only events where more than 70 PMTs detect light. 


Events with 20-30 PMTs could be reconstructed if the noise could be confidently identified. 

arXiv:1701.01778



G. Di Sciascio 15th AGILE 2017, May 24, 2017

2nd HAWC Catalog
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A total of 39 sources were detected with 507 days of data.


Out of these sources, 16 are more than one degree away from any 
previously reported TeV source 

7 of the detected sources may be associated with PWN, 2 with SNRs, 
2 with blazars, and the remaining 23 have no firm identification yet. 

6

Table 1. Properties of the nine analysis bins:
bin number B, event size fhit, 68% PSF contain-
ment  68, cut selection e�ciency for gammas
✏MC
� and cosmic rays ✏dataCR , and median energy
for a reference source of spectral index �2.63 at
a declination of 20� ẼMC

� .

B fhit  68 ✏MC
� ✏dataCR ẼMC

�

(%) (�) (%) (%) (TeV)

1 6.7 – 10.5 1.03 70 15 0.7

2 10.5 – 16.2 0.69 75 10 1.1

3 16.2 – 24.7 0.50 74 5.3 1.8

4 24.7 – 35.6 0.39 51 1.3 3.5

5 35.6 – 48.5 0.30 50 0.55 5.6

6 48.5 – 61.8 0.28 35 0.21 12

7 61.8 – 74.0 0.22 63 0.24 15

8 74.0 – 84.0 0.20 63 0.13 21

9 84.0 – 100.0 0.17 70 0.20 51

et al. 2003). It is used to fit the isotropic distribution
of events that pass the gamma-ray event selection, while
accounting for the asymmetric detector angular response
and varying all-sky rate. As strong gamma-ray sources
would bias the background estimate, some regions are
excluded from the computation. These regions cover the
Crab, the two Markarians, the Geminga region and, a
region ±3� around the inner Galactic Plane. Nine event
maps and nine background maps are generated, for the
nine analysis bins.
The maps are produced using a HEALPix pixelization

scheme (Górski et al. 2005), where the sphere is divided
in 12 equal area base pixels, each of which is subdivided
into a grid of N

side

⇥ N
side

. For the present analysis,
maps were initially done using N

side

= 1024 for a mean
spacing between pixel centers of less than 0.06�, which is
small compared to the typical PSF of the reconstructed
events as shown on Table 1.

3.4. Source Hypothesis Testing

The maximum likelihood analysis framework pre-
sented in Younk et al. (2016) is used to analyze the
maps. The test statistic is defined using the likelihood
ratio,

TS = 2 ln
Lmax(Source Model)

L(Null Model)
, (1)

to compare a source model hypothesis with a null hy-
pothesis. The likelihood of a model L(Model) is ob-

Figure 2. Test statistic distribution of the point source
search (black) and standard normal distribution (red).

tained by comparing the observed event counts with the
expected counts, for all the pixels in a region of interest,
and for all nine analysis bins.
For the null model, the expected counts are simply

given by the background maps derived from data. For
the source model, the expected counts correspond to the
same background plus a signal contribution from the
source derived from simulation. We assume a source
model characterized by:

• a point source or a uniform disk of fixed radius
and

• a power law energy spectrum.

The signal contribution is derived from the source char-
acteristics and the detector response from simulation
(expected counts for the spectrum and PSF, both func-
tions of the analysis bin and the declination).
The TS is maximized with respect to the free param-

eters of the source model. This approach is used both
to search for sources (with a TS threshold) and to mea-
sure the characteristics of said sources as a result of the
maximization.
We make a TS map by moving the location of the

hypothetical source across the possible locations in the
sky. In the following searches the source flux is the only
free parameter of the model while the extent and spec-
tral index are fixed. The source and null model are
nested; hence by Wilks’ Theorem the TS is distributed
as �2 with one degree of freedom if the statistics are suf-
ficiently large. Consequently, the pre-trial significance,
conventionally reported as standard deviations (sigmas),
is obtained by taking the square root of the test statistic,p
TS (here and after, what we denote

p
TS actually cor-

responds to sign(TS)
p

|TS|). Figure 2 shows the distri-

arXiv:1702.02992
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Figure 8. Parts of the inner Galactic Plane region, in Galactic coordinates. The TS map corresponds to a point source
hypothesis with a spectral index of �2.7. The green contour lines indicate values of

p
TS of 15, 16, 17, etc. In this figure and the

following, the 2HWC sources are represented by white circles and labels below the circle; whereas the source listed in TeVCat
are represented with black squares and labels above the square symbol.

16

Figure 9. Same as Figure 8, farther along the Galactic Plane.

Energy threshold ≈ 700 GeV
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Northern Hemisphere: LHAASO
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N
O

R
TH

150 m

WFCTA

ED

MD

WCDA

• 1.3 km2 array, including 5195 scintillator detectors 1 m2 each, with 15 m spacing. 

• An overlapping 1 km2 array of 1171, 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. 

• Neutron detectors
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Status of the experiment
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Large High-Altitude Air Shower Observatory

LHAASO status
• Approved in January 2017
• Construction already started
• Commissioning of ¼ by end 2018 – start 

operations
• Installation by end 2021 – full operation

Vannuccini - CSN2 - 10-12 Aprile 2017  

★ The first pond (HAWC-like) will be completed by 
the end of 2017 and instrumented in 2018.


★ 1/4 of the experiment in commissioning by the 
end of 2018 (sensitivity better than HAWC):


• 6 WFCTA telescopes 

• 22,500 m2 water Cherenkov detector 

• ≈200 muon detectors covering 250,000 m2

★ Completion of the installation in 2021.
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The LHAASO site
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The experiment will be located 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: muon detectors
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Construction and 
installation of muon-
detectors 
& environment 
protection facility 
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Living Base and Data Center at Daocheng
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Control/Data	Center		
In	phase	II	star0ng	in	June	2017

Control/Data	Center	
Bldg	#1	In	phase	II

Guest	House	for	50	persons

Control/Data	Center	
Bldg	#2	In	phase	II

Cafeteria

Assembling	House	
&	Mee0ng	room	

Daocheng town, 50 km from the site at 3750 m asl
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LHAASO: from γ-Ray Astronomy to Cosmic Rays  
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LHAASO is an experiment able of acting simultaneously 
as a Cosmic Ray Detector and a Gamma Ray Telescope 

✤  Cosmic Ray Physics (1012 → 1018 eV): precluded to Cherenkov Telescopes

• CR energy spectrum 

• Elemental composition

• Anisotropy

AMS 1012 eV

AUGERLHAASO

1018 eV

DAMPE

✤  Gamma-Ray Astronomy (1011 → 1015 eV): full sky continuous monitoring

• Complementary with CTA below 20 TeV, with better sensitivity at higher energies and for flaring 
emission (GRBs), unbiased all-sky survey, extended and diffuse emission.


• Searching for  PeVatrons (→ neutrino sources)

Fermi GeV CTA30 GeV 100 TeV

LHAASO

PeV

100 GeV
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Gamma-Ray Astronomy with LHAASO
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LHAASO will observe at TeVs, with high 
sensitivity, >40 of the sources catalogued 
by Fermi-LAT at lower energy, monitoring 
the variability of >20 AGNs.
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Wide Field of View Cherenkov Telescopes
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One of the main component of LHAASO is the array of 
Wide Field of View Cherenkov Telescopes WFCTA.

The goal: measurement of the CR energy spectrum and composition in the range 1013 - 1018 eV

Why Cherenkov telescopes at high altitude ?

(1) Measure EASs near maximum development points to reduce fluctuations. 


(2) Use an unbiased trigger threshold for heavy components of primaries.


(3) Low energy theshold and wide energy range (1013 → 1018 eV).


(4) Measure the electromagnetic component which is less dependent on 
hadronic interaction models than the muon component. 


(5) Good separation capability between the different masses. 


(6) Good energy resolution (<20%).

High altitude

Cherenkov signal

Chin. Phys. C 38, 045001 (2014) 
Phys. Rev. D 92, 092005 (2015) Observation modes: Cherenkov and Fluorescence Light in Phase-II
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SiPM camera and focal plane
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64 × modules

A module has 4×4 pixels8 x 8 module camera boxSiPM camera：32 × 32 SiPM pixels

SiPM pixel:

2x2 SiPM 0.75 cm2 area Winston Cone


EXIT：20 mm × 20 mm

ENTRANCE: 24.4 mm × 24.4 mm

HEIGHT: 9.6 mm

Focal Plane: 2.25 cm2 x 1024 = 2304 cm2 / telescope ➜ 4.15 m2 SiPM total + spare 

1 HV per pixel

1 temperature sensor per pixel 

Photosensi)ve	
area�

Photosensi)ve	
area�

Photosensi)ve	
area�

Photosensi)ve	
area�

20.3		
mm�

0.1		
mm�

20.3	mm�

0.1		
mm�

10	mm�
10	mm�

mm
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A SiPM module
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Winston Cones

(Geneva Univ.)

SiPM Motherboard

(INFN Turin)

Slow Control Board

(INFN Rome Tor Vergata)

Analog Board

(China)

Digital Board

(China)

Metal frame

A bidding procedure is underway to buy the SiPMs for WFCTA telescopes.


LFoundry company (with INFN for WB packaging) will respond to the bid.


We hope that the SiPMs developed by INFN-FBK for the first time will 
instrument an operating Cherenkov telescope array.


First telescope in commissioning by the end of 2017 !
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Tibet ASγ experiment moved from Tibet to Bolivia

Narita!Dallas!Miami (16 hours) 
Miami!La Paz (7 hours) 

Site Location 
Mt. Chacaltaya, in Bolivia 

6 

17

Performance of ALPACA

Location:  4,740 m above sea level (16゜23’ S, 68゜08’ W)

# of scintillation detectors 1 m2 x 401 detectors
Effective area of ~83,000 m2

modal energy  ~5TeV
angular resolution ~0.2 @100 TeV
energy resolution ~30% @100TeV
field of view ~2 sr

CR rejection power            >99.9%@100 TeV
(γ ray efficiency ~ 90 %)

Performance of ALPACA 
•  AS Array 1m2 x 401detectors 
–  Effective area for AS ~83,000m2 

– Modal energy ~5 TeV 
– Angular resolution ~0.2° @100TeV 
–  Energy resolution ~30% @100TeV 
–  Field of view ~2 sr 

•  MD Array 56m2 x 96 detectors 
–  Effective area for muons ~5400m2 

– CR rejection power >99.9% @100TeV 
 (gamma ray efficiency ~90%) 

11 

*Based on MC simulation 
for the Tibet AS+MD 

Sensitivity to the Point Source

18

*
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15

Schematic view of ALPACA

Image of  1m2 plastic 
scintillation detector

Image of  unit (56m2 ) 
underground water
Cherenkov muon  
detector

AS

MD

Summary of  the ALPACA experiment
1)Experimental site: 4740m above sea level, near La Paz in Bolivia

Expected budget -> 5 M USD not funded yet

Muon Detector ～ 5400m2 (underground water Cherenkov type)

AS Array ～83,000m2 (~ 400 x 1m2 plastic scintillation detectors)

2)  Target physics and astrophysics (AS + MD)

10-1000 TeV γ astronomy
(point & extended sources,  PeVatron search, origin of CR)

CR rejection power: >99.9 %@100TeV

Advantage to extended sources!

γ-ray point source sensitivity : ~15 % Crab/yr @30TeV                  

CR anisotropy, Sun shadow, Solar γ, CR chemical composition

3)  ALPAQUITA (1/10 scale ALPACA  AS , in 2017)
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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 

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

P. Assis, U. Barres de Almeida, A. Blanco, R. Conceicao, B. D’Ettorre Piazzoli, A. De Angelis, 
M. Doro, P. Fonte, L. Lopes, G. Matthiae, M. Pimenta, R. Shellard, B. Tome’arXiv:1607.03051

LATTES	concept

7

LATTES station

Pb
RPC

WCD

– Thin	lead	plate	(Pb)
• 5.6	mm	(one radiation lenght)

– Resistive	Plate	Chambers (RPC)
• 2	RPCs	per	station
• Each	RPC	with	4x4	readout	pads

– Water	Cherenkov	Detector (WCD)
• 2	PMTs	(diameter:	15	cm)
• Dimensions:	1.5	m	x	3	m	x	0.5	m

LATTES	concept

7

LATTES station

Pb
RPC

WCD

– Thin	lead	plate	(Pb)
• 5.6	mm	(one radiation lenght)

– Resistive	Plate	Chambers (RPC)
• 2	RPCs	per	station
• Each	RPC	with	4x4	readout	pads

– Water	Cherenkov	Detector (WCD)
• 2	PMTs	(diameter:	15	cm)
• Dimensions:	1.5	m	x	3	m	x	0.5	m

Possible limit: fragility of glass RPCs 
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Baseline configuration with 60 rows and 30 lines, 
instrumented area ≈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.

E [GeV]
210 310

 ]
-1

 s
-2

 d
N

/d
E 

[e
rg

 c
m

2 E

13−10

12−10

11−10

10−10

9−10

100% Crab 

10% Crab

1% Crab

This detector
HAWC-300
Fermi 1 year

Figure 9: Di↵erential sensitivity. We compute the flux of the source in a given
energy range for which Nexcess/

p
Nbkg = 5, Nexcess > 10, after 1 year of time (a

25% duty cycle has been assumed). 4 bins per decade in estimated energy are
used. For comparison, fractions of the Crab Nebula spectrum are plotted with
the thin dashed gray lines.
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Figure 10: Integral sensitivity, defined as the flux of a source above a given
energy for which Nexcess/

p
Nbkg = 5 after 1 year; it is assumed that the SED

is proportional to the SED of Crab Nebula. For comparison, fractions of the
integral Crab Nebula spectrum are plotted with the thin, dashed, gray lines.

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

Preliminary calculations

a new core position randomly set in each realization. Gamma
rays are simulated as coming from a point-like source at a zenith
angle of 10�, while protons are simulated with incoming direc-
tions spanning the range from 5� to 15� in zenith angle. In
detail:

• Fixed energies: 104 showers were simulated in energy
steps between 30 GeV and 100 GeV; for energies between
100 GeV and 1 TeV, 103 showers were produced. The
maximum distance of the random core with respect to the
center of the array is set according to the energy of the
primary, varying between 200 m for E0 = 30 GeV and
600 m for an initial energy E0 = 1 TeV.

• Continuous energy spectrum: the minimum energy is
10 GeV for the photons and 40 GeV for the protons; the
maximum energy is 5 TeV. About 2 ⇥ 103 showers were
used for each primary, with the core generated inside an
area of (110 ⇥ 110) m2.
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Figure 4: Top: Signal above a given energy on a surface of 10000 m2, integrated
over 1 second: Crab (solid line) and background from charged cosmic rays
within one square degree (dashed line). Bottom: ratio signal/background from
the above plot.

Once atmospheric showers have been simulated and the in-
formation of the electrons and photons reaching a height of
5200 m a.s.l. is recorded, we simulate the response of the de-
tector stations using the GEANT4 [23, 24] toolkit.

In the baseline simulation of the WCD units, the photomul-
tipliers have a diameter of 15 cm. The maximum quantum ef-
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Figure 5: E↵ective area at trigger level (solid curves) and after the cuts used for
the shower direction reconstruction (dashed curves), separately for gamma-ray-
and proton-initiated showers.

ficiency is 30% at � ⇠ 420 nm. The inner walls of the tanks
are covered with a white di↵usive surface in order to increase
the light collection. The specular and di↵usive properties of
this layer are accounted for, as well as its wavelength depen-
dence. In more detail, the reflectivity was taken to be 95%, for
� > 450 nm, of which 80% is di↵usively reflected and 20% is
reflected according to a Gaussian angular distribution around
the specular reflection direction, with a characteristic width of
�↵ ⇠ 0.2�. The detailed structure and materials of the RPC
are also described in the simulation. In particular the informa-
tion concerning the ionizing energy depositions in the gas is
recorded for subsequent processing.

The response of the tanks was studied for single vertical par-
ticles injected uniformly over the top surface. The mean num-
ber of photoelectrons for 20 MeV photons, the median energy
at about 10 m from the shower core, is 15 p.e., while for rela-
tivistic muons it is 230 p.e.

In order to evaluate the performance of the detector, we con-
sider a source with an emission energy distribution like the Crab
Nebula.

The Crab Nebula is a nearby (⇠ 2 kpc away) pulsar wind
nebula and the first source detected in VHE gamma-rays [25].
Moreover, it is the brightest steady VHE gamma-ray source,
therefore it has become the so-called standard candle in VHE
gamma-ray astronomy. Recent observation of flares in the GeV
range [26, 27] have however shown that occasionally the Crab
flux can vary.

The stationary flux from the Crab Nebula follows, according
to the measurements from MAGIC [28], a law

dN�
dE
' 3.23⇥10�11

✓ E
TeV

◆�2.47�0.24( E
TeV )

TeV�1s�1cm�2 .(1)

For the spectral energy distribution of background cosmic
rays we have used the expression

dN
dE
' 1.8 ⇥ 104

✓ E
GeV

◆�2.7
GeV�1s�1sr�1m�2 ; (2)

the approximation is valid from some 10 GeV to about 1 PeV.
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Figure 6: Angular resolution for gamma-ray primaries with zenith angle ✓ =
10�, as a function of the energy.

The number of photons from Crab per m2 per second above
a given threshold are shown in Fig. 4, and compared to the
background from cosmic rays in a square degree.

The photon and proton showers, simulated with an energy
spectrum with index -1.0, are weighted by E0 ⇥ f (E0), where f
is the di↵erential energy spectrum in Eqs. 1 and 2, respectively,
and E0 is the energy of the primary particle.

5. Estimated performance

5.1. E↵ective area at the trigger level

We use a trigger selection which requires that at least three
stations have detected a signal; the trigger condition for each
station requires at least 5 photoelectrons in either photomulti-
plier. Although a detailed study of trigger is out of the scope of
this paper, a central trigger scheme with a few hardware and/or
software stages can o↵er a good flexibility and be able to han-
dle the expected trigger rates. The e↵ective area at trigger level,
i.e., the integral of the surface times the trigger e�ciency, is
shown in Fig. 5 for gamma-ray and proton initiated showers.

5.2. Angular resolution

We reconstruct the arrival direction of the particle initiating
the shower from the positions and the arrival times of the hits
in the RPC pads. The reconstruction is performed assuming a
shower front plane model. It was considered a time resolution
of �t = 1 ns, which can be achieved by present RPCs with stan-
dard electronics. In order to improve the angular reconstruction
it is required that the event has at least 10 active RPC pads. The
pad is only accepted for the reconstruction if it belongs to a trig-
gered WCD stations. We compare the reconstructed angle with
the angle in the simulation, and we calculate the 68% contain-
ment angle, �✓,68. The results as a function of the reconstructed
energy are shown in Fig. 6. 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.

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
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

6
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Calorimetric approach with a double layer of 
RPCs (with lead layer in between) to enhance 

the conversion of secondary photons.

• A RPC carpet of 100 x 100 m2 at least

• bakelite RPCs (ARGO-like)

• fully ‘analog’ read out

A study is underway in Rome to 
investigate the sensitivity of a RPC 
carpet operated at extreme altitude. 
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LHAASO sensitivity is well matched to current 
generation of IACTs (HESS, VERITAS, MAGIC)

N
O

R
TH

150 m

WFCTA

ED

MD

WCDA

Figure 6. Layout of the LHAASO experiment. The insets show
the details of one pond of the WCDA and of the KM2A array
constituted by two overimposed arrays of electromagnetic parti-
cle detectors (ED) and of muon detectors (MD). The telescopes
of the WFCTA, located at the edge of a pond, are also shown.

of CRs in the energy range between 1012 and 1017 eV, as
well as to act simultaneously as a wide aperture (⇠2 sr),
continuosly-operated gamma-ray telescope in the energy
range between 1011 and 1015 eV is the LHAASO exper-
iment [32, 33]. The remarkable sensitivity of LHAASO
in CR physics and gamma astronomy would play a key-
role in the comprehensive general program to explore the
“High Energy Universe”.

The first phase of LHAASO will consist of the follow-
ing major components (see Fig. 6):
• 1 km2 array (LHAASO-KM2A) for electromagnetic

particle detectors (ED) divided into two parts: a central
part including 4931 scintillator detectors 1 m2 each in
size (15 m spacing) to cover a circular area with a radius
of 575 m and an outer guard-ring instrumented with 311
EDs (30 m spacing) up to a radius of 635 m.
• An overlapping 1 km2 array of 1146 underground water

Cherenkov tanks 36 m2 each in size, with 30 m spacing,
for muon detection (MD, total sensitive area ⇠42,000
m2).
• A close-packed, surface water Cherenkov detector fa-

cility with a total area of about 78,000 m2 (LHAASO-
WCDA).
• 18 wide field-of-view air Cherenkov telescopes

(LHAASO-WFCTA).

LHAASO is under installation at high altitude (4410
m asl, 600 g/cm2, 29� 21’ 31” N, 100� 08’15” E) in the
Daochen site, Sichuan province, P.R. China. The commis-
sioning of one fourth of the detector will be implemented
in 2018. The completion of the installation is expected by
the end of 2021.

In Table 2 the characteristics of the LHAASO-KM2A
array are compared with other experiments. As can be
seen, LHAASO will operate with a coverage of ⇠0.5%
over a 1 km2 area. The sensitive area of muon detectors
is unprecedented and about 17 times larger than CASA-
MIA, with a coverage of about 5% over 1 km2.

LHAASO will enable studies in CR physics and
gamma-ray astronomy that are unattainable with the cur-
rent suite of instruments:
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Figure 7. Di↵erential sensitivity of LHAASO to a Crab-like
point gamma-ray source compared to other experiments (mul-
tiplied 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.

1)LHAASO will perform an unbiased sky survey of the
Northern sky with a detection threshold of a few percent
Crab units at sub-TeV/TeV energies and around 100 TeV
in one year (Fig. 7). This sensitivity grants a high dis-
covery potential of flat spectrum Geminga-like sources
not observed at GeV energies. This unique detector will
be capable of continuously surveying the �-ray sky for
steady and transient sources from about 100 GeV to 1
PeV.
From its location LHAASO will observe at TeV ener-
gies and with high sensitivity about 30 of the sources
catalogued by Fermi-LAT at lower energy, monitoring
the variability of 15 AGNs (mainly blazars) at least.

2)The sub-TeV/TeV LHAASO sensitivity will allow to
observe AGN flares that are unobservable by other in-
struments, including the so-called TeV orphan flares.

3)LHAASO will study in detail the high energy tail of the
spectra of most of the �-ray sources observed at TeV
energies, opening for the first time the 100–1000 TeV
range to the direct observations of the high energy cos-
mic ray sources. LHAASO’s wide field-of-view provides
a unique discovery potential.

4)LHAASO will map the Galactic di↵use gamma-ray
emission above few hundreds GeV and thereby measure
the CR flux and spectrum throughout the Galaxy with
high sensitivity. The measurement of the space distribu-
tion of di↵use �-rays will allow to trace the location of
the CR sources and the distribution of interstellar gas.

5)The high background rejection capability in the 10 – 100
TeV range will allow LHAASO to measure the isotropic
di↵use flux of ultrahigh energy � radiation expected
from a variety of sources including Dark Matter and the
interaction of 1020 eV CRs with the 2.7 K microwave
background radiation. In addition, LHAASO will be



G. Di Sciascio 15th AGILE 2017, May 24, 2017

CTA Sky Survey Plans

28

G. SinnisRICAP, June 2016

CTA Survey Plans

Survey 1/4 of the 
sky to 6.5 mCrab 
~3x HAWC 5yr

14

Survey the Galaxy to 3.8 mCrab (~5x sensitivity of HAWC 5yr)

from R. Ong

CTA: 
★ Survey of entire Galactic Plane to ≈ 2 - 4 mCrab 

★ Unbiased survey of 1/4 sky to  ≈ 6 mCrab 

from R. Ong, 2015

• Present/Future Surveys:6. KSP: Galactic Plane Survey 6.1 Science Targeted

Observatory Hemisphere Energy Threshold Angular Resolution Pt. Source Sensitivity Reference
CTA N, S 125 GeV ⇠ 0.07� at 1 TeV 2 – 4 mCrab [193]

HAWC N 2 TeV 0.30� 20 mCrab [192]

Table 6.2 – Comparison of CTA and HAWC for surveying the Galactic plane at VHE. The angular resolution
is defined as the 68% confinement radius at the quoted energy threshold. The HAWC sensitivity assumes a
livetime of five years. The sensitivity estimates for both instruments assume a power-law spectrum (E�2.3 or
E

�2.4) with no cut-off. Note that if a source cuts off at 5 TeV, the HAWC sensitivity degrades to ⇠ 50 mCrab
while the CTA sensitivity is not greatly changed. The sensitivities for the CTA GPS were calculated for an
energy threshold of 125 GeV; for a discussion of the unit “mCrab” unit of flux sensitivity, see Section 6.4 and
[187].

overall community (e.g. the Galactic Centre, Cygnus, Vela, etc.) that will set the stage for even
deeper, pointed follow-up observations.

All these various considerations motivate a target sensitivity for the GPS at the level of a few mCrab.

6.1.3 Multiwavelength / Multimessenger Context

Synergy with HAWC

The HAWC air-shower array [192] has very recently completed construction at Sierra Negra, Mexico.
Larger than its predecessor, Milagro, and at a higher altitude of 4,100 m, it is substantially more sensitive.
It is also farther south (latitude = 19

� N) than Milagro (latitude = 36

� N), which will permit a better view
of the inner regions of the Galaxy. Table 6.2 shows a comparison of the relevant capabilities of HAWC
and CTA for surveying the Galactic plane. The table shows that CTA and HAWC are complementary
telescopes. HAWC will survey the entire (northern) sky above an energy threshold of ⇠ 2 TeV. CTA will
survey the Galactic plane in both the North and South at an order of magnitude lower energy, a factor of
5 – 10 better sensitivity and with superior angular resolution compared to HAWC.

Synergies with Other Instruments

The CTA GPS will have signficant synergies with other multiwavelength and multi-messenger facilities,
greatly enhancing the profile and scientific output of CTA. On the particle detection side, the increas-
ingly better localization of sources of neutrinos and cosmic rays detected by, e.g., IceCube and the
Pierre Auger Observatory, makes a new searchable catalogue of TeV sources a valuable tool for multi-
messenger analysis of potential cosmic ray sources. The GPS will also be very relevant for the new and
upcoming (on the same timescale as CTA early and full operations) optical and radio “Transient Facto-
ries” (e.g., Gaia, iPTF, ZTF, LSST, plus SKA and its pathfinders: LOFAR, MeerKAT, ASKAP, and MWA).
For instance, a key step in the necessary automated decision-tree pipelines for further observation is to
check coordinates against existing catalogues in order to identify the source. Given the propensity of
VHE sources to vary also in radio and optical, it is important to provide access to some results of the
GPS as soon as possible, ideally without waiting for the official public releases described above. The
power to negotiate such agreements to share key source information with other facilities requires official
KSP status, and can in turn result in desirable proprietary information such as trigger alerts for CTA’s
Transients KSP.

Thus, to summarize the advances that the CTA GPS will bring to the state of the art:

• in the South, CTA will go deeper in the inner region (|l| < 60

�) by a factor of 5 – 20 compared to
H.E.S.S., and CTA will cover the entire Galactic plane accessible, and

• in the North, CTA will go deeper by a factor 5 – 10 compared to HAWC, at much lower energy and
with better angular resolution. In Cygnus, CTA will reach a factor of 10 better sensitivity than that
achieved by VERITAS.

CTA Construction Project
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(5 yr)

• Previous Surveys:
6. KSP: Galactic Plane Survey 6.1 Science Targeted

Experiment Hemisphere Galactic Plane Energy Sensitivity Reference
Coverage (GeV) (mCrab)

H.E.S.S.-I S �70

� < l < 60

�, |b| < 2

� >⇠ 300 10 – 30 [182]
VERITAS N 67

� < l < 83

�, �1

� < b < 4

� >⇠ 300 20 – 30 [183]
ARGO-YBJ N Northern Sky > 300 240 – 1000 [184]

HEGRA N �2

� < l < 85

�, |b| < 1

� > 600 150 – 250 [185]
Milagro N Northern Sky > 10, 000 300 – 500 [186]

Table 6.1 – Compilation of previous VHE surveys of the Galactic plane. For each experiment, the coverage,
energy threshold, approximate point-source sensitivity and reference are given. The experiments are listed in
order of increasing energy threshold. For a discussion of the “mCrab” unit of flux sensitivity, see Section 6.4
and [187].

6.1.2 Context / Advance beyond State of the Art

Our current knowledge of the Galaxy at VHE is based on both survey and pointed observations made
by ground-based gamma-ray telescopes using the atmospheric Cherenkov and air-shower techniques.
Specifically, surveys have had a major impact on VHE source detections in the Galactic plane, including
the H.E.S.S. GPS, the Milagro survey of the northern sky, the HEGRA survey of the northern Galactic
plane, and the VERITAS survey of the Cygnus region. Table 6.1 provides a compilation of the previous
VHE surveys of the Galactic plane.

A total of ⇠ 75 Galactic sources of VHE gamma rays have now been detected. Their distribution in
Galactic latitude peaks sharply in the Galactic plane, with more than 90% located at latitudes |b| < 2.0�,
although there may be some bias due to the worsening sensitivity of the H.E.S.S. survey off-plane. The
largest source class is that of PWNe, followed by unidentifieds / dark accelerators and SNRs. Only a
handful of the VHE Galactic sources are point-like in nature (mostly binary systems); the large majority
of sources have extended VHE emission, with a typical angular size of ⇠ 0.1� � 0.2� (in radius), and
a few are considerably larger than this. The reconstructed spectra are generally well fit by power-law
spectral models, with typical differential spectral indices in the range of � ⇠ 2.0 � 2.5; some sources
have spectra harder than � = 2.0.

We can estimate the expected number of VHE sources (predominantly PWNe and SNRs) to be detected
in the CTA GPS from the known population of ⇠ 75 VHE Galactic sources. For example, in Renaud
2009 [188], the log N - log S distribution of the VHE Galactic population (including all discoveries made
by imaging atmospheric Cherenkov telescopes, but dominated by H.E.S.S. detections) was used to
predict 300 – 500 sources for an instrument with an achieved sensitivity of 1 – 3 mCrab. Figure 6.1
shows the cumulative source count as a function of VHE flux sensitivity. Similarly, a few different source
population models were used in Dubus et al. 2013 to estimate the source count for the CTA GPS at 20 –
70 SNRs and 300-600 PWNe [5]. It is important to note that these estimates are made for a point-source
sensitivity; in fact, the sensitivity will be worse for extended sources (see Section 6.2.2) and the actual
detected numbers of sources may be correspondingly reduced. However, this extrapolation can also be
viewed as conservative, since it is based on the currently known VHE source populations. The discovery
of new source classes would increase the total number of Galactic sources detectable by CTA.

Figure 6.2 shows a simulated image of what could result from a survey done by CTA of a portion of
the Galactic plane using a model that incorporates SNR and PWNe source populations as well as dif-
fuse emission. As can be seen in this figure, and discussed in [5] for similar simulations, the source
density in the innermost regions of the Galaxy (|l| < 30

�) could approach 3 – 4 sources per square
degree and thus source confusion is likely to be an issue (see Section 6.4.2). A relatively simplistic, but
straightforward, estimate of the number of sources expected can be made by calculating the intrinsic
VHE luminosities of the existing sources (with known distances) and then assuming a disk-like distri-
bution of sources to estimate the increased number of more distant sources with comparable intrinsic
luminosities detectable by CTA. This estimate [189] yields ⇠ 300 sources and is likely an underestimate
because it does not consider possible sources that are intrinsically dim – i.e. those sources with intrinsic
luminosities comparable or dimmer than Geminga, the source that currently has the lowest intrinsic VHE
luminosity. The conclusions that can be drawn from these population estimates is that CTA can
expect the detection of many hundreds of Galactic sources that would follow from a survey of

CTA Construction Project
Science Case
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from CTA Science Case, 2015

LHAASO N ≈ 500 GeV 10 mCrab (1 yr) ≈ 0.30º at 1 TeV
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A future Wide FoV Observatory to be useful to CTA needs:


• ≈ 5x - 10x greater sensitivity below TeV


• Lower energy threshold (≈ 100 - 300 GeV)


• Ability to detect extragalactic transient (AGN, GRBs)


• Southern hemisphere site

★ Is this possible ?

N
O

R
TH

150 m

WFCTA

ED

MD

WCDA

Figure 6. Layout of the LHAASO experiment. The insets show
the details of one pond of the WCDA and of the KM2A array
constituted by two overimposed arrays of electromagnetic parti-
cle detectors (ED) and of muon detectors (MD). The telescopes
of the WFCTA, located at the edge of a pond, are also shown.

of CRs in the energy range between 1012 and 1017 eV, as
well as to act simultaneously as a wide aperture (⇠2 sr),
continuosly-operated gamma-ray telescope in the energy
range between 1011 and 1015 eV is the LHAASO exper-
iment [32, 33]. The remarkable sensitivity of LHAASO
in CR physics and gamma astronomy would play a key-
role in the comprehensive general program to explore the
“High Energy Universe”.

The first phase of LHAASO will consist of the follow-
ing major components (see Fig. 6):
• 1 km2 array (LHAASO-KM2A) for electromagnetic

particle detectors (ED) divided into two parts: a central
part including 4931 scintillator detectors 1 m2 each in
size (15 m spacing) to cover a circular area with a radius
of 575 m and an outer guard-ring instrumented with 311
EDs (30 m spacing) up to a radius of 635 m.
• An overlapping 1 km2 array of 1146 underground water

Cherenkov tanks 36 m2 each in size, with 30 m spacing,
for muon detection (MD, total sensitive area ⇠42,000
m2).
• A close-packed, surface water Cherenkov detector fa-

cility with a total area of about 78,000 m2 (LHAASO-
WCDA).
• 18 wide field-of-view air Cherenkov telescopes

(LHAASO-WFCTA).

LHAASO is under installation at high altitude (4410
m asl, 600 g/cm2, 29� 21’ 31” N, 100� 08’15” E) in the
Daochen site, Sichuan province, P.R. China. The commis-
sioning of one fourth of the detector will be implemented
in 2018. The completion of the installation is expected by
the end of 2021.

In Table 2 the characteristics of the LHAASO-KM2A
array are compared with other experiments. As can be
seen, LHAASO will operate with a coverage of ⇠0.5%
over a 1 km2 area. The sensitive area of muon detectors
is unprecedented and about 17 times larger than CASA-
MIA, with a coverage of about 5% over 1 km2.

LHAASO will enable studies in CR physics and
gamma-ray astronomy that are unattainable with the cur-
rent suite of instruments:
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Figure 7. Di↵erential sensitivity of LHAASO to a Crab-like
point gamma-ray source compared to other experiments (mul-
tiplied 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.

1)LHAASO will perform an unbiased sky survey of the
Northern sky with a detection threshold of a few percent
Crab units at sub-TeV/TeV energies and around 100 TeV
in one year (Fig. 7). This sensitivity grants a high dis-
covery potential of flat spectrum Geminga-like sources
not observed at GeV energies. This unique detector will
be capable of continuously surveying the �-ray sky for
steady and transient sources from about 100 GeV to 1
PeV.
From its location LHAASO will observe at TeV ener-
gies and with high sensitivity about 30 of the sources
catalogued by Fermi-LAT at lower energy, monitoring
the variability of 15 AGNs (mainly blazars) at least.

2)The sub-TeV/TeV LHAASO sensitivity will allow to
observe AGN flares that are unobservable by other in-
struments, including the so-called TeV orphan flares.

3)LHAASO will study in detail the high energy tail of the
spectra of most of the �-ray sources observed at TeV
energies, opening for the first time the 100–1000 TeV
range to the direct observations of the high energy cos-
mic ray sources. LHAASO’s wide field-of-view provides
a unique discovery potential.

4)LHAASO will map the Galactic di↵use gamma-ray
emission above few hundreds GeV and thereby measure
the CR flux and spectrum throughout the Galaxy with
high sensitivity. The measurement of the space distribu-
tion of di↵use �-rays will allow to trace the location of
the CR sources and the distribution of interstellar gas.

5)The high background rejection capability in the 10 – 100
TeV range will allow LHAASO to measure the isotropic
di↵use flux of ultrahigh energy � radiation expected
from a variety of sources including Dark Matter and the
interaction of 1020 eV CRs with the 2.7 K microwave
background radiation. In addition, LHAASO will be

Φγ
MDF ∝ ΦB ⋅

1
R ⋅ Aeff

γ
⋅ψ 70 ⋅

1
Qf

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

Minimum Detectable Gamma-Ray Flux (1 year):
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Lowering the energy threshold: extreme altitude

30

HAWC (4100 m asl)

ARGO-YBJ/LHAASO (4400 m asl) = 1, 1 energy thr.

Chacaltaya (5200 m asl) ≈2x, ≈3x energy thr.

6000 m asl ≈3x, ≈5x energy thr.

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. 

• Extreme altitude (>4400 m asl)

• Detector and layout

• Coverage

• Detection of secondary photons

Lowering the energy threshold:
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

increase in size decrease in en. thr.
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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

8 Albert et al.

Figure 3. Fits to the true energy distribution of photons from a source with a spectrum of the form E−2.63 at a declination
of +20◦N for B between 1 and 9, summed across a transit of the source. Better energy resolution and dynamic range can be
achieved with a more sophisticated variable that takes into account the zenith angle of events and the total light level on the
ground. The curves have been scaled to the same vertical height for display.

2.4. Core Reconstruction

In an air shower, the concentration of secondary particles is highest along the trajectory of the original primary
particle, termed the air shower core. Determining the position of the core on the ground is key to reconstructing the
direction of the primary particle. In the sample event, Figure 2, the air shower core is evident in Figure 2a. The image
is an overhead view of the HAWC detector with circles indicating the WCD location and the PMTs within the WCDs.
The colors indicate the amount of light (measured in units of PEs) seen in each PMT. The air shower core is evident
as the point of maximum PE density.
The PE distribution on the ground is fit with a function that decreases monotonically with the distance from the

shower core. The signal in the ith PMT, Si, is presumed to be

Si = S(A, x⃗, x⃗i) = A
( 1

2πσ2
e−|x⃗i−x⃗|2/2σ2

+
N

(0.5 + |x⃗i − x⃗|/Rm)3

)

(1)

where x⃗ is the core location, x⃗i is the location of the measurement, Rm is the Molière radius of the atmosphere,
approximately 120 m at HAWC altitude, σ is the width of the Gaussian, and N is the normalization of the tail.
Fixed values of σ = 10 m and N = 5 · 10−5 are used. This leaves three free parameters, the core location and overall
amplitude, A.
The functional form used in this algorithm, termed the Super Fast Core Fit (SFCF), is a simplification of a modified

Nishimura-Kamata-Greisen (NKG) function (Greisen 1960) and is chosen for rapid fitting of air shower cores. The
NKG function has an additional free parameter, the shower age, and involves computationally intensive power law and
gamma function evaluation. The SFCF hypothesis in Equation 1 is similar but numerical minimization can converge
faster because: the function is simpler, the derivatives are computed analytically, and the lack of a pole at the core
location.
Figure 2b shows the recorded charge in each PMT as a function of the PMT’s distance along the ground to the

reconstructed shower core. The fit for this event is shown along with the PINCness moving average from Section 2.6.
While the full NKG function would describe the lateral distribution better, the SFCF form allows rapid identification
the center of showers and this is sufficient for the present analysis. Cores can be localized to a median error of ∼2

ARGO-YBJ (final) HAWC (2017)

full coverage RPC carpet operated at 4300 m asl

coverage ≈ 92%

high granularity

array of water tanks operated at 4100 m asl

coverage ≈ 60%
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gamma rays dominate the particles on ground (≈7:1 for 100 GeV γ-showers at 4300 m asl)
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 
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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- 
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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

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. 
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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.

 (𝛘2)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

sec h
p

ð3Þ

where rt(m) is the average time fluctuation for
events with m hits. The factor (sec h)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 Dh as a
function of pad multiplicity. The curve represents a fit of Eq. (3)
to data, for quasi vertical events.
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Test with ARGO at YBJ
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Angular resolution
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(1) larger carpet: ang. res. improves with the lever arm ➔ from ARGO to 100 x 100 m2:  ≈1.4x

(2) 0.5 mm lead: ≈1.5x at the threshold

(3) 5200 m asl: ≈2x in size ➔ ≈1.4x

bin 20 - 40 pads: photons 

E50 ≈ 360 GeV (≈ 1 TeV for protons) 
σθ ≈ 1.66º (2D Gaussian PSF) 
εγ = 73%

At 5200 m asl we expect ≈ 2.7x

➔ σθ ≈ 0.6º at ≈300 GeV

detailed calculations under way !

Observation of the Crab Nebula with HAWC 15

Fits to this functional form of Equation 4 can have highly coupled parameters. It is more useful and traditional to
quantify the resulting fits with the 68% containment radius, ψ68, the angular radius around the true photon direction
in which 68% of events are reconstructed. Figure 9 shows ψ68, for each B of the analysis, measured on the Crab and
predicted from simulation. At best, events are localized to within 0.17◦, the best angular resolution achieved for a
wide-field ground array.
Knowing the angular resolution is critical to subsequent steps of the analysis. Figure 8 indicates that the simulated

angular resolution is in good agreement with measurements of the Crab Nebula. This is important because the angular
resolution of HAWC for objects at declinations above and below the Crab will differ. While the measured PSF at the
position of the Crab cannot be easily extrapolated to other declinations, the simulation can be used to predict the
shape of the PSF at any declination. Therefore, the data-simulation agreement shown in Figure 8 is an important
verification step.

Figure 9. The figure shows the measured angular resolution, the angular bin required to contain 68% of the photons from the
Crab, as a function of the event size, B. The measurements are compared to simulation. The measured and predicted angular
resolutions are close enough that that using the simulated angular resolution for measuring spectra is a sub-dominant systematic
error.

3.4. Cut Selection and Gamma-Ray Efficiency

The two parameters described in Section 2.6, the compactness, C, and PINCness, P , are used to remove hadrons
and keep gamma rays. Events are removed using simple cuts on these variables and the cuts depend on the size bin,
B, of the event. The cuts are chosen to maximize the statistical significance with which the Crab is detected in the
first 337 days of the 507-day dataset. Concerns of using the data itself for optimizing the cuts are minimal with a
source as significant as the Crab.
Table 2 shows the cuts chosen for each B bin. The rates of events across the entire sky going into the 9 bins, after

hadron rejection cuts, vary dramatically, from ∼500 Hz for B=1 to ∼0.05 Hz for B=9. Figure 10 shows the predicted
efficiency for gamma rays (from simulation) along with the measured efficiency for hadronic background under these
cuts. The efficiency of photons is universally greater than 30% while keeping, at best, only 2 in 103 hadrons. The
efficacy of the cuts is a strong function of the event size, primarily because larger cosmic-ray events produce many
more muons than gamma-ray events of a similar size.

700 GeV

HAWC
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Trigger probability of a detector 
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The Effective Area is function of


• Number of charged particles

• Dimension and coverage of the detector

• Trigger Logic

Effective Areas at 100 GeV: 


≈ 1000 m2 at 5200 m asl

≈ 5000 m2 at 6000 m asl

Energy (GeV)
210 310 410 510

)2
 (m

ef
f

A

1

10

210

310

410

510

610

ARGO-YBJ 4300 m asl

ARGO-YBJ 5200 m asl

ARGO-YBJ 6000 m asl

Very Preliminary !

Instrumented 
Area

Effective Areas at 300 GeV: 


≈ 10,000 m2 at 5200 m asl

≈ 20,000 m2 at 6000 m asl detailed calculations under way !
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γ-shower p-shower

50 m-50 m

60 m-60 m
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Charged particles in a 3 TeV shower72CAPITOLO 4. LE PROPRIETÀ DEGLI EASALLAQUOTADIARGO-YBJ

(a) �-initiated (b) p-initiated

Figura 4.3: Esempio di scatter plot della componente carica (e±, µ±) di
EAS da fotone e da protone entrambi a 3TeV con livello di osservazione a
4300m s.l.m.. Si noti che lo sciame �-in presenta una componente carica
più consistente e più concentrata rispetto allo sciame protonico.

numero di particelle cariche osservabili. Ciò, come descritto nel paragrafo
§2.3, è a causa dell’energia “mancante” associata alla componente adronica
penetrante (µ±) e non (adroni).

Le proprietà descritte sono riassunte nelle tabelle 4.1 e 4.2. Per i due
tipi di primario, il numero di particelle secondarie osservate sul carpet (AC,
divise per tipo e mediate su 1000 sciami) è riportato in funzione dell’energia
primaria. La terza colonna rappresenta il size osservabile, ovvero il numero
di carichi raccolti dal rivelatore. Tenuto conto di un’e�cienza del 93% del
tappeto AC e che la soglia di trigger del rivelatore in shower mode (vedi
capitolo 3) è 20 hit localizzati al centro, la soglia e�cace in protoni primari
è ⇠ 300GeV e circa la metà per � primari.

E� < Nelm > < Ne± > < N� > < Nµ± >
100GeV 80.6 10.4 70.2 0.003
300GeV 388.7 53.4 335.3 0.05
1TeV 1898.0 277.3 1620.7 0.4
3TeV 7559.6 1165.5 6394.1 1.3
10TeV 44801.1 6314.7 38486.3 5.9

Tabella 4.1: La tabella riporta i sizes medi delle varie componenti per sciami
�-initiated a diverse energie.

Inoltre dall’ultima colonna si evince che, all’energia di 300GeV , il numero
di µ± osservabili è circa un fattore 100 maggiore nel caso p-in rispetto al
caso �-in. Questo fatto, come descritto nel capitolo 3, può essere utile
nella discriminazione della componente primaria a patto che la componente

γ-shower
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capitolo 3) è 20 hit localizzati al centro, la soglia e�cace in protoni primari
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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 TeV

LHAASO Q-factor: 3 at 500 GeV, 7 at 1 TeV, 22 at 5 TeV.

Discrimination capability depends on detector area

 

→ according to HAWC/LHAASO calculations 

sensitivity ≈Aeff0.8  and not Aeff0.5 up to ≈ 300 x 300 m2 
at TeV energies

New ideas ?

LHAASO?
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Minimum Detectable Flux in 1 year
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300 GeV:

ΦB (>E) = 1.30・(EGeV)-1.66   particles cm-2 s-1 sr-1    (Horandel)

ΦγCRAB(>300 GeV)  ≈ 1.4・10-10 cm-2 s-1
 ψ 70 = 1.58 ⋅0.6

! ≈1! R =4 

2 ⋅10−7

Aeff

1
Qf

Aeff = 108cm2 2 ⋅10−11

Qf

≈ 0.15
Qf

Crab

Aeff = 109cm2 6 ⋅10−12

Qf

≈ 0.05
Qf

Crab

≈2x final ARGO (0.25)

OK but too big !

• Conversion of secondary photons

• Angular resolution

• γ/h discrimination < TeV

Open problems

(100 ⨉ 100 m2) 

(300 ⨉ 300 m2) 
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Open problems in cosmic ray physics push the construction of new generation Wide FOV experiments.

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.


• With CTA coming a future all-sky array should have ~5x increase in sensitivity over LHAASO at least.


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


• Extreme altitude (≈5500 m asl) and high coverage are key.


• New ideas for background rejection below TeV for a few % Crab sensitivity !


• High energy (>10 TeV) covered by ALPACA ?

Benefits of RPCs in ARGO-YBJ:


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

• wide energy range (with charge read-out): ≈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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12−10

11−10

10−10

9−10 ARGO (1 year)
ARGO all data
HESS/VERITAS (50 hours)
MAGIC II (50 hours)
CTA (50 hours)
HAWC (1 year)
HiSCORE (1000 hours)
Tibet Array + Muon Det (1 year)
LHAASO (1 year)

CRAB extrapolation

0.1 CRAB

0.01 CRAB

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.

LHAASO 

CTA 
The big advantage of EAS arrays 

• High Energy (>10 TeV) 

• Sky Survey



G. Di Sciascio 15th AGILE 2017, May 24, 2017

LHAASO vs other EAS arrays
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✓ LHAASO will operate with a coverage similar to KASCADE (about %) over a much larger effective area.


✓ The detection area of muon detectors is about 70 times larger than KASCADE (coverage 5%) !


✓ Redundancy: different detectors to study hadronic models dependence

Open problems in Galactic Cosmic Ray Physics 7

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.

(✦)

(✦) Muon detector area: 4.2 x 104 m2 + 8 x 104 m2 (WCDA)
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Observation of the Crab Nebula with HAWC 15

Fits to this functional form of Equation 4 can have highly coupled parameters. It is more useful and traditional to
quantify the resulting fits with the 68% containment radius, ψ68, the angular radius around the true photon direction
in which 68% of events are reconstructed. Figure 9 shows ψ68, for each B of the analysis, measured on the Crab and
predicted from simulation. At best, events are localized to within 0.17◦, the best angular resolution achieved for a
wide-field ground array.
Knowing the angular resolution is critical to subsequent steps of the analysis. Figure 8 indicates that the simulated

angular resolution is in good agreement with measurements of the Crab Nebula. This is important because the angular
resolution of HAWC for objects at declinations above and below the Crab will differ. While the measured PSF at the
position of the Crab cannot be easily extrapolated to other declinations, the simulation can be used to predict the
shape of the PSF at any declination. Therefore, the data-simulation agreement shown in Figure 8 is an important
verification step.

Figure 9. The figure shows the measured angular resolution, the angular bin required to contain 68% of the photons from the
Crab, as a function of the event size, B. The measurements are compared to simulation. The measured and predicted angular
resolutions are close enough that that using the simulated angular resolution for measuring spectra is a sub-dominant systematic
error.

3.4. Cut Selection and Gamma-Ray Efficiency

The two parameters described in Section 2.6, the compactness, C, and PINCness, P , are used to remove hadrons
and keep gamma rays. Events are removed using simple cuts on these variables and the cuts depend on the size bin,
B, of the event. The cuts are chosen to maximize the statistical significance with which the Crab is detected in the
first 337 days of the 507-day dataset. Concerns of using the data itself for optimizing the cuts are minimal with a
source as significant as the Crab.
Table 2 shows the cuts chosen for each B bin. The rates of events across the entire sky going into the 9 bins, after

hadron rejection cuts, vary dramatically, from ∼500 Hz for B=1 to ∼0.05 Hz for B=9. Figure 10 shows the predicted
efficiency for gamma rays (from simulation) along with the measured efficiency for hadronic background under these
cuts. The efficiency of photons is universally greater than 30% while keeping, at best, only 2 in 103 hadrons. The
efficacy of the cuts is a strong function of the event size, primarily because larger cosmic-ray events produce many
more muons than gamma-ray events of a similar size.
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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
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Figure 1. Sensitivity in the detector field of view. Solid line: zenith angle
dependence of the sensitivity to a Crab-like source. The sensitivity is normalized
to a zenith angle θ = 0◦. Dotted line: zenith angle dependence of the gamma-ray
event rate. Dashed line: zenith angle dependence of the background rate; both
rates are normalized to θ = 0◦.

angles. The cosmic-ray background also decreases, but more
slowly, and the combination of the two rates determines the
trend of the sensitivity as a function of the zenith angle. Figure 1
shows the event rate in ARGO-YBJ expected from a Crab-like
source as a function of the zenith angle θ , normalized to the rate
at θ = 0◦, compared to the background rate. In the same figure
the dependence of the detector sensitivity on θ is also reported.
According to simulations, the sensitivity at θ = 30◦ (45◦) is
reduced by a factor ∼2 (∼10) with respect to the sensitivity
at θ = 0◦.

The capability to detect a given source depends on its path in
the field of view (determined by the source declination), and in
particular, on the amount of time that the source lies at different
zenith angles. The maximum significance is for a declination
δmax = λ, where λ = 30.◦1 is the latitude of the detector. Given a
Crab-like source, the sensitivity decreases by less than 10% for
declinations |δ−δmax| < 10◦, while it is reduced by a factor ∼2
for declinations |δ−δmax| ∼ 30◦. The declination dependence
is slightly stronger (weaker) for sources with softer (harder)
spectra with respect to the Crab Nebula (Bartoli et al. 2013a).

At the ARGO-YBJ site, the Crab Nebula (declination δ =
22.◦01) culminates at a zenith angle θ = 8.◦1 and lies at zenith
angles θ < 45◦ for 6.6 hr per sidereal day. In general, following a
source for a longer time per day increases the signal significance,
because of the increasing statistics. But, since the signal to
background ratio decreases at large zenith angles, there is a
maximum zenith angle beyond which the significance begins to
reduce. According to simulations, the maximum zenith angle
for the Crab Nebula is ∼45◦.

2.2. Angular Resolution

The sensitivity needed to observe a gamma-ray source is
related to the angular resolution, which determines the amount
of cosmic-ray background. We evaluate the shower arrival
direction by fitting the shower front with a conical shape

Table 1
Characteristics of Crab Nebula Simulated Events

Npad Dcut
a Core Position R39

c Median Energy
(m) Errorb (m) (deg) (TeV)

20–39 No limits 37 1.88 0.34
40–59 No limits 28 1.50 0.53
60–99 90 12 1.04 0.79
100–199 70 6.8 0.70 1.3
200–299 60 4.2 0.50 2.1
300–499 60 3.3 0.41 3.1
500–999 40 2.3 0.32 4.8
1000–1999 30 1.6 0.24 8.1
!2000 30 1.0 0.19 17.7

Notes.
a Maximum distance of the shower core from the detector center, beyond which
the events are rejected.
b Distance between the true and reconstructed cores containing 68% of the
events.
c Angular resolution, defined as the 39% containment radius.

centered on the shower core position, to take into account the
time delay of secondary particles with respect to a flat front, a
delay that increases with the distance from the core. We set this
delay to 0.1 ns m−1 (Aielli et al. 2009).

The high granularity of the detector allows the study of the
shower profile in great detail, and the accurate determination
of the core position by fitting the lateral density distribution
with a Nishimura–Kamata–Greisen-like function. According to
simulations, the core position error depends on the number of
hit pads Npad and the core distance from the detector center.
For gamma-ray induced showers with a core distance less than
50 m, the average core position error is less than 8 (2) m for
Npad ! 100 (1000).

The point-spread function (PSF) also depends on Npad, and
for a given Npad value, it worsens as the shower core distance
from the detector center increases. The angular resolution for
showers induced by cosmic-rays has been checked by studying
the Moon shadow, observed by ARGO-YBJ with a statistical
significance of ∼9 standard deviations per month. The shape of
the shadow cast by the Moon on the cosmic-ray flux provides a
measurement of the detector PSF. This measurement has been
found to be in excellent agreement with expectations, confirming
the reliability of the simulation procedure (Bartoli et al. 2011b).

The PSF for gamma-ray showers is narrower than the cosmic-
ray one by ∼30%–40%, due to the better defined time profile
of the showers. To improve the angular resolution for gamma-
ray astronomy studies, quality cuts have been implemented by
rejecting the events with a core distance larger than a given value
Dcut (depending on Npad) and with an average time spread of the
particles with respect to the fitted shower front exceeding 9 ns
(Bartoli et al. 2013a). The values of Dcut are given in Table 1.
The fraction of gamma-rays passing the selection cuts depends
on Npad averaging ∼80%, whereas the fraction of surviving
background events is ∼76% for Npad < 100 and ∼50% for
Npad ! 100. The selection also acts as a mild gamma/hadron
discrimination for events with Npad ! 100 (the sensitivity
increases by a factor ∼1.1).

The arrival directions of the selected showers are also cor-
rected for the systematic error due to the partial sampling of
the shower front when the core is close to the edge of the de-
tector (Eckmann 1991). This systematic error is related to the
angle between the vector “shower core-detector center” and the
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