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Beyond HAWC/LHAASO
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• Galactic/Extragalactic unbiased survey: detection of unexpected sources.


• Discovering rare transient events requires full sky coverage and very low energy 
threshold (100 GeV range): transient factory 

• GRB finder for LIGO/VIRGO


• AGN flares & GRBs as distant probes of high energy physics (e.g. Lorentz invariance 
and axions) 


• Survey of the Inner Galaxy and Galactic Center  ➜ quest for PeVatrons 

• TeV Source finder for CTA South

Southern Hemisphere

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.

• An all-sky detector in the Southern Hemisphere should be a high priority 
to face a broad range of topics and to complement CTA-South.

Science case for survey instruments is clear
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The SWGO project
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The Southern Wide field-of-view Gamma-ray Observatory is a collaboration aimed to 
support the proposal of a new survey instrument in the South.

The first version of the science case is on the ArXiv, arXiv:1902.08429

The shared concept for the future observatory is, currently, as follows 


• A gamma-ray observatory based on ground-level particle detection, with close to 100% duty 
cycle and order steradian field of view.


• Located in South America at a latitude between 10 and 30 degrees south.


• At an altitude of 4.4 km or higher.


• Covering an energy range from 100s of GeV to 100s of TeV.

• Based primarily on water Cherenkov detector units but final layout still under study 

• With a high fill-factor core detector with area considerably larger than HAWC and significantly 

better sensitivity, and a low density outer array.

https://www.swgo.org

Next talk by Samridha Kunwar
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The Ideal Observatory for PeVatrons
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• Search for sources of cosmic rays close to PeV energies: 
proton cut-off at ≈1 PeV imply gamma cut-off at ≈30 TeV   
➡ High sensitivity at about 30-40 TeV


• Test spectral break and cutoffs at several TeV                     
➡ Good energy resolution at several TeVs 

• Search for different and possibly unexpected classes of 
sources ➡ Unbiased survey 


• Resolve sources which might be hidden in the tails of bright 
sources and compare and correlate with gas surveys         
➡ Good angular resolution at several TeV
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FIG. 1.
p
TS map of the Galactic plane region for Ê > 56 TeV emission. A disk of radius 0.5� is assumed as the morphology.

Black triangles denote the high-energy sources. For comparison, black open circles show sources from the 2HWC catalog.

FIG. 2. The same as Figure 1, but for Ê > 100 TeV. The symbol convention is identical to Figure 1.

Source name RA (o) Dec (o) Extension > F (10�14
p
TS > nearest 2HWC Distance to

p
TS >

56 TeV (o) ph cm�2 s�1) 56 TeV source 2HWC source(�) 100 TeV

eHWC J0534+220 83.61 ± 0.02 22.00 ± 0.03 PS 1.2 ± 0.2 12.0 J0534+220 0.02 4.44

eHWC J1809-193 272.46 ± 0.13 -19.34 ± 0.14 0.34 ± 0.13 2.4+0.6
�0.5 6.97 J1809-190 0.30 4.82

eHWC J1825-134 276.40 ± 0.06 -13.37 ± 0.06 0.36 ± 0.05 4.6 ± 0.5 14.5 J1825-134 0.07 7.33

eHWC J1839-057 279.77 ± 0.12 -5.71 ± 0.10 0.34 ± 0.08 1.5 ± 0.3 7.03 J1839-065 0.96 3.06

eHWC J1842-035 280.72 ± 0.15 -3.51 ± 0.11 0.39 ± 0.09 1.5 ± 0.3 6.63 J1844-032 0.44 2.70

eHWC J1850+001 282.59 ± 0.21 0.14 ± 0.12 0.37 ± 0.16 1.1+0.3
�0.2 5.31 J1849+001 0.20 3.04

eHWC J1907+063 286.91 ± 0.10 6.32 ± 0.09 0.52 ± 0.09 2.8 ± 0.4 10.4 J1908+063 0.16 7.30

eHWC J2019+368 304.95 ± 0.07 36.78 ± 0.04 0.20 ± 0.05 1.6+0.3
�0.2 10.2 J2019+367 0.02 4.85

eHWC J2030+412 307.74 ± 0.09 41.23 ± 0.07 0.18 ± 0.06 0.9 ± 0.2 6.43 J2031+415 0.34 3.07

TABLE I. Sources exhibiting Ê > 56 TeV emission. A Gaussian morphology is assumed for a simultaneous fit to the source
location (Right Ascension and Declination) and extension (68% containment of the Gaussian) for Ê > 56 TeV. The integral
flux F above 56 TeV is then fitted;

p
TS is the square root of the test statistic for the integral flux fit. The nearest source from

the 2HWC catalog and angular distance to it are also provided. In addition, the
p
TS of the same integral flux fit but above

Ê >100TeV is provided. All uncertainties are statistical only. The point spread function of HAWC for Ê > 56 TeV is ⇠0.2�

at the Crab declination [15], but is declination-dependent and increases to 0.35� and 0.45� for eHWC J1825-134 and eHWC
J1809-193 respectively. The overall pointing error is 0.1� [18].

Source
p
TS Extension (o) �0 (10�13 TeV cm2 s)�1 ↵ Ecut (TeV) PL di↵

eHWC J1825-134 41.1 0.53 ± 0.02 2.12 ± 0.15 2.12 ± 0.06 61 ± 12 7.4

Source
p
TS Extension (o) �0 (10�13 TeV cm2 s)�1 ↵ � PL di↵

eHWC J1907+063 37.8 0.67 ± 0.03 0.95 ± 0.05 2.46 ± 0.03 0.11 ± 0.02 6.0

eHWC J2019+368 32.2 0.30 ± 0.02 0.45 ± 0.03 2.08 ± 0.06 0.26 ± 0.05 8.2

TABLE II. Spectral fit values for the three sources that emit above 100 TeV. eHWC J1825-134 is fit to a power law with an
exponential cuto↵ (Eq. 1); the other two sources are fit to a log-parabola (Eq. 2).

p
TS is the square root of test statistic for

the given likelihood spectral fit. Sources are modeled as a Gaussian; Extension is the Gaussian width over the entire energy
range. The uncertainties are statistical only. �0 is the flux normalization at the pivot energy (10 TeV). PL di↵ gives

p
�TS

between the given spectral model and a power law.

E>56 TeV

HAWC High Energy Survey
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FIG. 4. Cumulative probability (Pµ) of ΣNµ for cosmic-ray
events above 251 TeV, which are recorded under the similar
geometries (θ±5◦ and rcore±30 m) as the 251 TeV photon-like
event in Fig. 1. The vertical dashed line indicates ΣNµ = 2.3
detected in the 251 TeV photon-like event.

mate the chance probability of cosmic-ray event with
ΣNµ < 2.3 to be Pµ = 1.36 × 10−6, and the number
of background events from the Crab without the muon
cut is NNoCut

BG = 1224 events above 251 TeV. There-
fore, the probability PCR of misidentifying a cosmic-ray
event from the Crab as the observed 251 TeV photon-like
event is calculated to be PCR = Pµ ×NNoCut

BG /1 event =
1.7×10−3. Above 250 TeV, we found 4 photon-like events
against 0.8 cosmic-ray background events corresponding
to 2.4σ statistical significance. The contamination from
the lower energies below 250 TeV due to the finite energy
resolution is estimated to be 0.4 events. The PCR’s and
other parameters of these four events are summarized
in Table I. The PCR’s in Table 1 indicate that 3 events
are highly photon-like, while the highest energy event is
a borderline photon-like event which is consistent with
cosmic-ray background event with a probability of 0.23.

TABLE I. Probability of misidentifying cosmic-ray events
from the Crab as a photon-like event (PCR) for each of four
photon-like events above 250 TeV together with other recon-
structed values. θ and rcore are the zenith angle and core
distance from the AS array center, respectively.

E ∆E Σρ ΣNµ θ rcore φ2 PCR(> E)
(TeV) (TeV) (◦) (m) (deg2)
251 +46

−43 3248 2.3 29.8 35.1 0.00 1.7 × 10−3

313 +58
−54 2440 5.5 27.5 94.6 0.03 2.2 × 10−2

449 +112
−97 2307 11.3 35.4 93.3 0.12 2.9 × 10−2

458 +83
−78 2211 21.5 27.5 111.6 0.18 0.23

Finally, Fig. 5 shows the differential energy spectrum
of Crab photons. The red solid circles indicate the energy
spectrum measured by the Tibet AS+MD array, featur-
ing by a single power law of (dN/dE) = (1.49± 0.09)×
10−15(E/40 TeV)−2.91±0.04 cm−2 s−1 TeV−1 in the en-
ergy range between 3 and ∼400 TeV. The unfolding pro-
cedure of the spectrum is basically the same as employed
in the previous works [14], while the energy resolutions
are improved at higher energies. The energy bin purities
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FIG. 5. Differential energy spectrum of Crab photons. The
red solid circles and open circles show fluxes observed with the
Tibet AS+MD and Tibet-III array [14], respectively. The ma-
genta arrows with plus mark show the previous upper limits
at the 90% confidence level given by the Tibet AS and the
100 m2 prototype MD [15]. The green squares, open squares,
blue solid triangles and blue crosses show flux points observed
with three Cherenkov telescopes : HEGRA [12], MAGIC [28],
HESS [6] and HESS during the gamma-ray flare periods de-
tected by Fermi -LAT in 2013 [27], respectively. The solid
curve is a model fit for the IC scattering of various seed pho-
tons [12].

evaluated from the smearing by the energy resolution is
estimated to be 83% (86%) for 100 < E ≤ 250 TeV
(250 < E ≤ 630 TeV). In each bin, spillover fraction
from lower and higher energy bins are 14% (12%) and
3% (2%), respectively, for 100 < E ≤ 250 TeV (250 <
E ≤ 630 TeV). We found no clear evidence for the expo-
nential cutoff below 100 TeV. The spectrum measured by
the Tibet-III array up to 40 TeV [14] is shown by the red
open circles. Both spectra are mutually consistent with
each other in the overlapping energy range within statis-
tical errors. The H.E.S.S. experiment measured spectra
in 2003-2005 [6] and 2013 during the gamma-ray flare
periods detected by Fermi-LAT [27]. The former ap-
pears to favor an exponential cutoff shape, while the lat-
ter seems to extend the power-law trend. The spectrum
measured by the Tibet AS+MD well follows the data
of the HEGRA experiment, and extends to the sub-PeV
energy regime without cutoff sign. The integral fluxes
observed by the Tibet AS+MD array are also calculated
to be F (> 100TeV) = (3.29+1.06

−0.87) × 10−15 cm−2s−1 and
F (> 250TeV) = (5.72+5.72

−3.48) × 10−16 cm−2s−1, respec-
tively, which are consistent with and lower than the pre-
vious upper limits given by the CASA-MIA experiment
[13] and Tibet AS with 100 m2 prototype MD [15], re-
spectively.
The emission mechanism for the multi-TeV photons

from the Crab is thought to be the inverse-Compton (IC)
scattering of ambient seed photons by relativistic elec-
trons [29]. The model energy spectra have been calcu-

Crab
Tibet ASγ
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Expected knee in the diffuse γ-ray flux
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Expected Galactic diffuse gamma ray flux 

Unabsorbed 
flux 

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

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

1 year LHAASO 
5 sigma 
sensitivity 
(approximate) 

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

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

S. Vernetto & P. Lipari: ICRC 2017

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

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

Eγ ~ ECR/10

S =
N�p
Nbkg

=
��(> E)p
�bkg(> E)

·R ·
q

A�
eff · 1p

�⌦ext
·
p
T ·Q (6)

R =

vuutA�
eff

Abkg
eff

S ⇠ ��(> E)p
�bkg(> E)

·R ·
q

A�
eff ·

p
T ·Q⇥ 1

✓ext
· ✓ext
✓PSF

· ✓PSF

✓ext
(7)

�⌦PSF ⇠ ⇡✓2PSF

Sext = Spoint ·
✓PSF

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

Detectors with a ‘poor’ angular resolution 
are favoured in the extended source studies. 
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Cosmic Rays
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• Origin of the knee: data conflicting     
➜ still an open problem!


• Galactic / x-galactic energy transition


• Anisotropy vs particle rigidity

Paolo Desiati

talk by Juan Carlos Díaz Vélez later…
�26

HAWC

IceCube

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

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

Muon tagging?

At extreme altitude the sensitivity of the Ne/Nµ technique 
in selecting primary masses is reduced 

➜ new observables

➜ suitable detector/readout !
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Scientific requirements
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A future Wide FoV Observatory to be useful (to CTA) needs:


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


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


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

• Good energy resolution above 10 TeV to detect spectral cut-offs 

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


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

̣ Is this possible ?

Physical limits mainly due to the detection technique !
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Milagro vs ARGO-YBJ
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2 different approaches in the last 2 decades for ground-based survey instruments

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

Milagro 
Water Cherenkov Technology

ARGO-YBJ 
Resistive Plate Chamber Technology

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

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

Cluster = DAQ unit 

BigPad 

RPC 

Cluster = DAQ unit 

BigPad 

RPC 
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Milagro vs ARGO-YBJ
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Milagro 
Water Cherenkov Technology

How Did Milagro Work? 

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

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

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

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

8 meters 

e µ γ

80 meters 

50 meters 

ARGO-YBJ 
Resistive Plate Chamber Technology

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


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

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

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

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

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

Experimental Hall & Detector Layout

Vulcano Workshop 2010 G. Di Sciascio 4

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

+ sampling guard ring (6700 m2 in total)

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

10 Pads 
(56 x 62 cm2)
for each RPC

8 Strips 
(6.5 x 62 cm2) 

for each Pad1 CLUSTER = 12 RPCs

78 m
111 m

99
 m

74
 m

(5.7 7.6 m2)

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

HV = 7200 V

Central Carpet:
130 Clusters
1560 RPCs

124800 Strips

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

ρmax−analog ≈ 104 particles/m2
HAWC and LHAASO    

MATHUSLA proposal, CR and hadronic physics 
at CERN (RPC carpets above CMS/ATLAS)    
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STACEX: γ-ray astronomy in the South
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STACEX proposal combines in a hybrid detector both approaches so far used in survey instruments

•Water Cherenkov technique (LHAASO-style)


•RPC technique (ARGO-style)

Two experimental techniques operated for many years at high altitude

Benefit of RPCs:

✦ Full coverage and high granularity of the read-out (very low energy threshold)

✦ Good energy resolution, in particular above 10 TeV (10% at 50 TeV)

✦ Wide energy range (100 GeV → 10 PeV)

✦ Elemental composition up to ≈10 PeV (with charge readout) 

Benefit of Water Cherenkov:

✦ Gamma/Hadron discrimination above TeV at distances > 40 m from the core

Southern sub-TeV Astrophysics and Cosmic rays EXperiment 
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STACEX: γ-ray astronomy in the South
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1 rl Pb

RPC ARGO-style

Water Cherenkov Pool 
(LHAASO-style?)

1 rl Pb ➜ mainly to improve the angular resolution
RPC ➜ space-time pattern starting from the 100 GeV range

Water Cherenkov Detector ➜ mainly for γ/h discrimination (only muon tagging?)

A 150 × 150 m2 water pool covered by a RPC carpet with a lead layer on top 
with array around up to 200 × 200 m2 operated at 5000 m asl.

A water pool inside a building can be more easily insulated even to favour RPC operations 

Or perhaps…

SGSO	Meeting	Heidelberg 12

¤Lakes!

Werner	Hofmann	
– Heidelberg	
Meeting	2018

1 m

3 m

Or perhaps…

SGSO	Meeting	Heidelberg 12

¤Lakes!

Werner	Hofmann	
– Heidelberg	
Meeting	2018
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SGSO	Meeting	Heidelberg12
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Werner	Hofmann	
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Or perhaps…

SGSO	Meeting	Heidelberg12

¤Lakes!

Werner	Hofmann	
–Heidelberg	
Meeting	2018

Or perhaps…

SGSO	Meeting	Heidelberg12

¤Lakes!

Werner	Hofmann	
–Heidelberg	
Meeting	2018

Or perhaps…

SGSO	Meeting	Heidelberg12

¤Lakes!

Werner	Hofmann	
–Heidelberg	
Meeting	2018

4 m

With only muon tagging reduced water depth? Easier water supplying!

PMTs only downward?
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Main Goal: 100 GeV energy threshold
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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 Level
ARGO-YBJ 
LHAASO5200 m

6000 m

HAWC

The key: extreme altitude 

Showers of all energies have the same slope after shower max: 
≈1.65x decrease per r.l. .

So, for all energies, if a detector is located 1 r.l. higher in atmosphere, 
the result will be a ≈1.65x decrease in the energy observable.

• Extreme altitude (≈5000 m asl) 

• Detector and layout 

• Coverage and granularity of the read-out 

• Trigger logic 

• Detection of secondary photons

Lowering the energy threshold:
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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Fig. 4. Average size versus primary energy at depths of 606 g/cm’, 
0 = 20° (plot (a)) and 800 g/cm* (plot (b)). 

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

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

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

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

4300 m asl

≈ 7:1 for 100 GeV

E = 100 GeV ➜ ~100 e.m. particles at 5200 m asl
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Mean LDF at 5200 m asl
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At 100 GeV


• R = 100 m ➜ <ρ> ≈ 0.0001 electrons/m2, 0.001 photons/m2

• R = 10 m ➜ <ρ> ≈ 0.003 electrons/m2, 0.015 photons/m2

Full coverage approach ! 
with high granularity of the read-out

@ 100 GeV  : 

•   r  = 100 m —> <ρ> ~ 0.001 photons/m2

•   r  =  10 m —> <ρ> ~ 0.015 photons/m2

•  Increasing the station area does not help to increase the individual station 

signal…


Need single-particle station sensitivity !  
!3

Mean LDF at 5200 m altitude

r [m]
10 210

]
-2

 [mρ
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B. Tome’ 2019
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Secondary particle spectra at 5200 m asl
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WCD sensitivity to single ~ 10 MeV - 15 MeV photons is a challenge !


RPCs detect all particles starting from KeV ! 

➜ Crucial for energy resolution !

!4

Secondary particle spectra   
@ 5200 m altitude

(E/MeV)
10

Log
1− 0 1 2 3 4 5

Fr
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n

4−10

3−10
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r =  [0,10m]

15 MeV

Photons

e-
e+

• WCD sensitivity to single  ~ 10 MeV - 15 MeV photons is a challenge !
RPC

B. Tome’ 2019
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Energy resolution
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The energy resolution is given by the folding of

Shower fluctuations  
Fluctuations in the depth of 

the first interaction point

Sampling fluctuations 

Fluctuations in the measured 

number of secondary particles ⨁

Gus Sinnis
AGIS Collaboration Meeting June 2008

HAWC Performance: Energy Resolution IHAWC Performance: Energy Resolution I

From http://www.ast.leeds.ac.uk/~fs/photon-showers.html

Fixed first interaction elevation: 30km

HAWC elevation: 4.1km
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Ground level

1st Interaction

Shower fluctuations dominate 
energy resolution of EAS arrays.

Can be reduced with high coverage 
and high granularity of the read-out 

➜ all particles are measured !

HAWC: 40% - 55% at 1 TeV   (gamma internal)

HAWC: 23% - 30% at 50 TeV (gamma internal)

ARGO: 10% at 10 TeV     (protons internal)

ARGO: 5%   at 100 TeV   (protons internal)

IACT: 8% - 15% at 1 TeV  

IACT: 15% - 35% at 50 TeV 
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The 100 GeV challenge (ARGO-YBJ)
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The combination of high-altitude site (4300 m. a.s.l.), high fill-
factor (92% active area), low RPC noise, high segmentation of 
the read-out and a dedicated trigger allowed this achievement.


High read-out segmentation:

• pads 56 x 62 cm2 for timing and trigger

• strips 7 x 62 cm2 to count the particle number 


Inclusive trigger by a majority of 20 pads out 15,600 pads, 
accidental free!

 Why ARGO-style RPC carpet a crucial component of a new experiment ?

The Astrophysical Journal, 798:119 (11pp), 2015 January 10 Bartoli et al.

Table 2
Summary of Crab Nebula Data

Npad Photon Rate Background Ratea Significance Emed Differential Flux
(events day−1) (events day−1) (s.d.) (TeV) (photons cm−2 s−1 TeV−1)

20–39 56.7 ± 12.2 1.3 × 104 4.6 0.34 (6.23 ± 1.34) × 10−10

40–59 75.4 ± 9.2 1.1 × 104 8.2 0.53 (1.80 ± 0.21) × 10−10

60–99 34.7 ± 3.9 4.2 × 103 9.0 0.79 (5.92 ± 0.66) × 10−11

100–199 15.4 ± 1.7 1.9 × 103 8.9 1.30 (1.37 ± 0.15) × 10−11

200–299 5.23 ± 0.61 4.9 × 102 8.5 2.1 (5.30 ± 0.63) × 10−12

300–499 3.51 ± 0.44 3.8 × 102 8.0 3.1 (1.75 ± 0.22) × 10−12

500–999 2.07 ± 0.27 2.4 × 102 7.6 4.8 (5.62 ± 0.74) × 10−13

1000–1999 0.50 ± 0.13 87.4 3.8 8.1 (1.00 ± 0.26) × 10−13

!2000 0.23 ± 0.07 34.2 3.5 17.7 (1.87 ± 0.54) × 10−14

Note. a Average background rate within an angular distance of 1◦ from the source.
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Figure 6. Crab Nebula differential energy spectrum multiplied by E2, measured
by ARGO-YBJ and other experiments. The thick red solid line represents the
best fit of the ARGO-YBJ data. The dotted lines delimit the 1 sigma error band
of the Milagro spectrum.

The fit is made by minimizing the value of χ2, evaluated for
any couple of parameters as:

χ2(I0,α) =
∑

j=1,9

(
N

j
γ − N

j
MC(I0,α)

)2

(
δN

j
γ

)2 +
(
δN

j
MC

)2

where N
j
γ and N

j
MC are the number of events detected and

expected, respectively, in the jth Npad interval.
The best-fit parameters obtained are I0 = (5.2 ± 0.2) × 10−12

photons cm−2 s−1 TeV−1, and α = −2.63 ± 0.05, with χ2 = 5.8
for 7 degrees of freedom, corresponding to a p-value p = 0.56.
The integral flux above 1 TeV is 1.97 × 10−11 photons cm−2 s−1.
The flux at 1 TeV obtained in this work is 7% higher than that
reported in a previous ARGO-YBJ paper (Bartoli et al. 2013a).
The difference is due to the correction of the event rates applied
in this work to reduce environmental and detector effects on the
trigger rate, as described in Section 5.3.

Figure 6 shows the obtained spectrum compared with the
results of other experiments. The energy of each point is the
gamma-ray median energy for the corresponding Npad interval.

The values of energies and differential fluxes are given in
Table 2. The spectrum is consistent with a constant slope
from ∼300 GeV to ∼20 TeV and agrees rather well with
the measurement by HEGRA and MAGIC, whereas the HESS
and Milagro fluxes are about 20% higher in the ∼1–10 TeV
energy range.

The data are less clear concerning a possible energy cutoff
at higher energies. MAGIC (Albert et al. 2008) and HESS
(Aharonian et al. 2006) show a steepening below 20 TeV, while
the HEGRA spectrum is harder and continues with a slight
softening up to ∼75 TeV (Aharonian et al. 2004). A possible
cutoff is also observed by Milagro at ∼30 TeV (Abdo et al.
2012). The limited statistics of our data at high energy does not
allow us to draw any conclusion about the spectral properties
above 20 TeV. Selecting events with Npad ! 3000 (whose
median energy is 26 TeV assuming a power law spectrum
with index α = −2.63) the statistical significance of the
signal is 0.75.

When fitting the data with a power law spectrum with an
exponential cutoff:

dN

dE
(I0,α, Ecut) = I0

(
E

2 TeV

)−α

exp (−E/Ecut)

the obtained p-value is always smaller than without a cutoff,
for any value of Ecut. For Ecut = 14.3 TeV (the best-fit value
obtained by HESS) the p-value is 0.13. We found that the p-value
is larger than 10% for any value of Ecut > 12 TeV, indicating
that the presence of a cutoff above ∼10 TeV cannot be excluded,
even if our data seems more consistent with a pure power law.

4.1. Estimation of Systematic Errors

The previous results can be affected by systematic errors
of different origin. In the following, we discuss the possible
sources of systematics, evaluating their effects both on the flux
normalization and the spectral slope.

1. Energy scale. In our measurement, the number of hit
pads Npad is used as an estimator of the primary energy.
The relation between the primary energy and Npad is
given by Monte Carlo simulations. Possible uncertainties
and simplifications in the simulation procedure (both in
the shower development and the detector response) could
produce an incorrect Npad value and consequently an error
in the energy scale.

The energy scale reliability has been checked using the
Moon shadow. Due to the geomagnetic field, cosmic-rays

6

340 GeV

ARGO-YBJ: the only array who measured 
the Crab spectrum starting from ≈300 GeV !

median energy of first mult. bin: 340 GeV, 
with εγ (100 GeV) = 73% at 4300 m asl

RPCs are the only detection technique who demonstrated 
the capability to detect showers in the 100 GeV range

Very silent pads (380 Hz, a half from soil radioactivity) and a particle multiplicity built up correlating 
at different time scales increasing portions of the carpet (cluster, supercluster,…. full detector) 
made it possible to achieve this performance.
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Imaging capability of a RPC carpet
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Fired pads on the carpet

Arrival time  vs position

Small and compact low energy events

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

Time  pixels: 18,360 pads (56 × 62 cm2)    
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The PeV challenge (ARGO-YBJ)
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High stability (efficiency ≈ 97%, T = 8° ÷ 22° C) 


‣ the main drawback : the need of a high gas flow, about 
4 volume changes /day


‣ for a large-scale use a gas recirculation/purification 
system is needed to operate these RPCs in closed loop

Average Xmax (g/cm2) 

9 /24 

LDF and shower age 
 With the analog data we can study the LDF without saturation  
near the core. It is well fitted by a modified NKG function 
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The LDF slope s’ is related to the shower 
age independently on the primary mass 

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

Assume an exponential 
absorption after the shower 
maximum. Get the correct 
signal at maximum (Np8max) 
by using Np8 and s’ 
measurements for each event  
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Strips saturation

Charge readout

• up to 20/m2 by digital read-out ➜ 200 TeV 

• up to 8 x 104/m2 at least by charge read-out, 

resolution = 20% /√N + 4.4%  ➜ 10 PeV 

These RPCs have been also equipped with 2 large Big Pads to collect the total charge and measure the 
number of particle hitting the detector. 

Indeed the operation in streamer mode assures a high uniformity of the charge delivered by each particle.

Particle number used as energy proxy

time resolution about 1.5 ns (including electronics) 
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I. De Mitri: Cosmic Ray Physics with ARGO-YBJ 17 / 21 

Strips 

(digital) 

BigPads 

(analog) 

Real event 

9 Extend the covered energy range 

9 Access the LDF down to the shower core 

9 Sensitivity to primary mass 

9 Info/checks on Hadronic Interactions 

The RPC analog readout 

RICAP - 2013 
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The imaging capability of RPCs ARGO-style
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The imaging capability of the ARGO-YBJ carpet

The same shower has seen by the digital readout 
(left) and by the analog readout (right) 

The imaging capability of the ARGO-YBJ carpet

The same shower has seen by the digital readout 
(left) and by the analog readout (right) 

time (ns)

meters

The imaging capability of the ARGO-YBJ carpet

time (ns)

meters

The imaging capability of the ARGO-YBJ carpet

Unprecedented details 
in the core region

The same shower as seen by the digital readout (left) and by the charge readout (right)
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Gamma/Hadron discrimination with arrays
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HAWC/LHAASO approach requires large area:

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


But topology requires sufficient number of triggered channels  
(>70 - 100)   ➜ minimum energy required: E > 0.7 - 1 TeV ?

New ideas < TeV ?
• Combined measurement of space-time pattern ➜ RPCs

Classical technique: 

measurement of the muon content event by event


But, muon size very small: ≈ 3 µ per TeV (protons)


➡  Only at high energies muon counting is a 
powerful gamma/hadron discriminator (> 5 - 10 TeV) !

Background discrimination < TeV  is OPEN PROBLEM !
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• Extragalactic transient detection requires low threshold, ≈100 GeV.


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


• Background rejection below TeV challenging ➜ space + time ?  

• Selection of primary masses up to 10 PeV crucial ➜ RPCs with charge readout 

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

STACEX final layout still under investigation (only 150×150 m2 carpet, preliminary!):


• Energy threshold: 100 GeV with ARGO-style RPCs not an issue

• Angular resolution: ≈ 0.7° at 100 GeV

• Energy resolution: ≈10% at 10 TeV

• Effective area: ≈6000 m2 at 100 GeV

STACEX Sensitivity ≈10% Crab at 100 GeV
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Background rejection in Milagro

23

are detected.

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

5.1.1 The Compactness Parameter

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

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

parameter [14] is defined as:

C =
Nbot≥2PEs

PEmaxB
(5.1)

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

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

76

compactness parameter

where Nbot≥2PEs is the number of PMTs in the bottom layer 
with more than 2 PEs, and PEmaxB is the number of PEs in 
the bottom layer tube with the maximum number of PEs.
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Figure 5.4: Quality factor Q as a function of the minimum value of C required to
retain an event. The red line compares Monte Carlo γ-rays to Monte Carlo cosmic-
rays, and the black line compares Monte Carlo γ-rays to data.
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5.2 A4, Milagro’s New Gamma-Hadron Separation

Variable

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

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

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

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

how well this shower was fit.

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

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

A4 =
(ftop + fout) × Nfit

PEmaxB
(5.3)

where

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

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

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

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

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

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

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

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

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

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

outriggers hit have better angular and core resolutions.

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

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

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

initiated events passing this cut is around 10 TeV.

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

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

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

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

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

estimate the energy spectrum of a gamma-ray source. See Appendix A for details.

86

Abdo, PhD thesis
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Dimensions are important…
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Milagro 
bottom layer

γ

p

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

G. Sinnis, 2010
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The Astrophysical Journal, 798:119 (11pp), 2015 January 10 Bartoli et al.
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Figure 2. Angular resolution for different Npad intervals, according to simula-
tions. The curves represent the fraction of events beyond the angular distance d
from the source, as a function of d.

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

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

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

2.3. Energy Measurement

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

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

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

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

3. THE CRAB NEBULA SIGNAL

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

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

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

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

4

ARGO-YBJ (all triggered events)

array of water tanks operated at 4100 m asl


coverage ≈ 60%

poor granularity (m level)

Trigger rate: 24 kHz

Noise: 20-30 kHz/8” PMT (40-50 kHz/10"PMT)

full coverage RPC carpet operated at 4300 m asl


HAWC (2019) internal events only

Energy resolution in HAWC

coverage ≈ 92%

high granularity (cm level)

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

Noise: 380 Hz/pad
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The flaring γ-ray sky: Mrk421
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ARGO-YBJ (E > 300 GeV) 

FERMI-LAT (E > 0.3 GeV) 

SWIFT-BAT (15-50 keV) 

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

SWIFT-XRT (0.3-10 keV) 

SWIFT-UVOT (UVW1) 

OVRO (15 GHz) 

30 days bins 

7 days bins 

ARGO-YBJ 
5 years

ApJ Supplement, 222 (2016) 6
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γ/p detection efficiency
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Increasing the γ/hadron relative trigger efficiency
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The energy threshold ‘suggests’ the appropriate altitude

The number of particles in γ-showers 
exceeds the number of particles in p-

showers at extreme altitude.

Trigger probability of a detector 
larger for γ-showers than for p-

showers at extreme altitude.
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Better close to the core


