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The currently standard model
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• CRs below 1017 eV are predominantly Galactic.


• Standard paradigm: Galactic CRs accelerated 
in SuperNova Remnants                                  
➜ But smoking gun still missing !!!


• Galactic CRs via diffusive shock acceleration ?    
nCR ∝ E-γ (at source), γ ≈ 2.1 

• Energy-dependent diffusion through Galaxy 
nCR ∝ E-γ-δ (observed), δ ≈ 0.6

• Galactic CRs are scrambled by galactic magnetic field over very long time 
➜ arrival direction mostly isotropic 

• Transition to extragalactic CRs occurs somewhere between 1017 and 1019 eV

KIT Workshop, 21-23 September 2015  A.Castellina 3
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The key questions
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✦ Origin of Cosmic Rays: what are the sites that can accelerate particles up to > 1020 eV ? 
How many classes of sources at work ? Which cosmic accelerators dominate the CR flux in 
which energy range ? 


• which acceleration mechanism? ➜ injection spectrum 


• total energy in CRs 

• maximum energy of accelerated particles: the ‘proton knee’ 

✦ Cosmic Ray propagation:  How do CRs propagate ? 


• injected ➜ observed spectrum

• Diffusion coefficients 

• Why are CR confined in the Galaxy ? ➜ magnetic field in the Galaxy 

• spatial distribution of sources 

• spatial distribution of CRs ➜ anisotropy


✦ What is the elemental composition of the radiation as a function of the energy ?

The description of how particles escape from a SNR shock has not been completely understood 
yet, the reason being the uncertainties related to how particles reach the maximum energies.
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Knee as end of Galactic population ?
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Understanding the origin of the "knee" is the key for a comprehensive 
theory of the origin of CRs up to the highest observed energies.

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

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

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

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

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

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

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

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

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

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

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

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

Strong Message: composition at the knee !
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Ground-based gamma-ray detectors
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Very low energy threshold (≈10 GeV)

Excellent bkg rejection (>99%)

Excellent angular resolution (≈0.05 deg)

Very good energy resolution (≈15%)

High Sensitivity (< % Crab flux)

Effective area increase with zenith angle

Small zenith angle dependent (≈cos θ-2.7)

Low duty-cycle (≈10-15%)

Small field of view (≈4-5 deg)

Reduced maximum energy (≈100 TeV)

VHE Gamma-ray window 

+ Large field of view

(easier to study very 

extended emission)

+ High duty cycle

(continuous observation) 

+ Good PSF

+ Better instantaneous 

sensitivity

(for moderately

extended source)

+ Good energy resolution

(15-20%)

Covers wide energy range from few tens of GeV 
to > 100 TeV with large effective area (~ 105 m2)

- Higher energy thresholds

- Worse PSF,  especially 

for E< 1 TeV

- Limited field of view

( < 5 degree)

- Duty cycle < 20% 

(requires dark nights)
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Air Shower Arrays (≈100 GeV → 1 PeV)

Cherenkov Telescopes (≈10 GeV → 100 TeV)

EAS arrays 

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

detection of the charged 
particles in the shower High duty-cycle (≈100%)


Large field of view (≈2 sr) 

Large energy range (≈PeV)

Higher energy threshold (ARGO ≈300 GeV),       

Very strong zenith angle dependent (≈cos θ-(6-7))

Good bkg rejection (>80%)

Good angular resolution (0.2-0.8 deg)

Modest energy resolution (≈50%)

Good Sensitivity (5-10% Crab flux)

Effective area shrinks with large zenith angle

Air Cherenkov Telescopes 

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

detection of the Cherenkov light 
from charged particles in the EAS 

Detecting Extensive Air Showers
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Wide field of view detectors
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Cherenkov 
Telescopes

Extensive Air 
Shower Arrays
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Wide field of view detectors
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Cherenkov 
Telescopes

Extensive Air 
Shower Arrays

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

transient TeV sky !
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Why are Wide FoV instruments so cool ?
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✦ Origin of Cosmic Rays: what are the sites that can accelerate particles up to > 1020 eV ? 
How many classes of sources at work ? Which cosmic accelerators dominate the CR flux in 
which energy range ? 


• which acceleration mechanism? ➜ injection spectrum 

• total energy in CRs 

• maximum energy of accelerated particles: the ‘proton knee’ 

✦ Cosmic Ray propagation:  How do CRs propagate ? 


• injected ➜ observed spectrum


• Diffusion coefficients 


• Why are CR confined in the Galaxy ? ➜ magnetic field in the Galaxy 


• spatial distribution of sources 


• spatial distribution of CRs ➜ anisotropy 


✦ What is the elemental composition of the radiation ?

The description of how particles escape from a SNR shock has not been completely understood 
yet, the reason being the uncertainties related to how particles reach the maximum energies.
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✦ Origin of Cosmic Rays: what are the sites that can accelerate particles up to > 1020 eV ? 
How many classes of sources at work ? Which cosmic accelerators dominate the CR flux in 
which energy range ? 


• which acceleration mechanism? ➜ injection spectrum 

• total energy in CRs 
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✦ Cosmic Ray propagation:  How do CRs propagate ? 


• injected ➜ observed spectrum


• Diffusion coefficients 


• Why are CR confined in the Galaxy ? ➜ magnetic field in the Galaxy 


• spatial distribution of sources 


• spatial distribution of CRs ➜ anisotropy 


✦ What is the elemental composition of the radiation ?

The description of how particles escape from a SNR shock has not been completely understood 
yet, the reason being the uncertainties related to how particles reach the maximum energies.

Wide FoV detectors = Multi-M
essenger Instruments (by definition)
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Why a new Wide FoV detector in the CTA era ?

�8

E [GeV]
210 310 410 510

 s
]

2
E*

F(
>E

) [
Te

V/
cm

14−10

13−10

12−10

11−10

Agile

Argo

Fermi

HAWC

LHAASO

Crab 

E [GeV]
210 310 410 510

 s
]

2
E*

F(
>E

) [
Te

V/
cm

14−10

13−10

12−10

11−10

Agile

Argo

CTA

Fermi

HAWC

HESS

LHAASO

MAGIC
Crab 

Requirements

4

E [GeV]
210 310 410 510

 s
]

2
E*

F(
>E

) [
Te

V/
cm

14−10

13−10

12−10

11−10

Agile

Argo

CTA

Fermi

HAWC

HESS

LHAASO

MAGIC
Crab 

• Build	an	EAS	array	
experiment:

– Located	in	the	South	
Hemisphere

– Low	energy	threshold:

• High	altitude

• Next	generation	
detector	concept

from R. Conceicao, RICAP 2016

No Wide FoV experiment to:


• Explore the 100 GeV energy region 


• Survey the Inner Galaxy and the Galactic Center

✦ Galactic/Extragalactic unbiased survey: detection of 
unexpected sources 

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


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


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


✦ Fundamental physics (high mass dark matter > 10 TeV)


✦ “Classical” Cosmic Ray Physics (energy spectrum, elemental 
composition, anisotropy, hadronic interactions) 


✦ Multi-Messenger Instrument (by definition) 
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The fascinating TeV γ-sky
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How complete is the Survey ? 
If there is a (bright) PeVatron out there, would we have detected it already ?

• Wide Field of View: all-sky survey provides un unbiased map of the sky 

• Survey of the Southern sky 
• High Energy Survey (100 TeV range)

Figure 6. (a) Evolution over time (year of announcement) of the number of VHE gamma-ray sources (TeVCat [75]), with the
contributions from H.E.S.S., MAGIC and VERITAS. (b) Sky map of the present 155 VHE gamma-ray sources (TeVCat [75])
in galactic coordinates (Hammer projection) with a zoom on the Galactic Centre area.

to allow stereoscopic observations and benefit of the associated background reduction that allowed the detection
of the pulsed γ-ray emission of the Crab in the 50-400 GeV energy range.

Finally, VERITAS (Very Energetic Radiation Imaging Telescope Array System) came online in 2007. It has
recently (2012) been upgraded to include a better trigger system, higher quantum efficiency phototubes, and high
speed networking, with the result of an improved γ-ray sensitivity and an energy threshold reduced by 30%. Since
2007, it has detected more than 20 extra-galactic objects, and in the recent years, its focus has shifted from
discovery of new targets to long-term monitoring of known sources.

The wealth of the scientific harvest of these IACT has pushed all groups to unite in the preparation of the world-
wide CTA (Cherenkov Telescope Array) project [72] which aims at expanding the energy coverage, improving the
angular resolution and increasing the sensitivity by a factor 10.

2.3.5. Ground-based detectors with a wide field-of-view
Another technique, based on revisiting surface arrays must also be reported here: scintillation counters are now

replaced by big water tanks in which a large fraction of the shower particles that reach the (high altitude) ground
are detected through their Cherenkov light emission in water. This allows dense arrays to be built, reaching a high
efficiency of particle detection over a large area, and now makes it possible to detect astrophysical γ-ray sources.
This water Cherenkov technique gave its first source detections with the MILAGRO [73] array (2000-2008). The
present major detector of this type is the HAWC (High Altitude Water Cherenkov) γ-ray observatory [74] whose
construction has just been completed using 55 kilotons of water distributed over 300 tanks at an altitude of 4100
m a.s.l. Its energy threshold will be higher than IACT’s and its hadron rejection and angular resolution will not
reach the IACT level, but HAWC will observe continuously (while IACT have a maximum of 20% of duty cycle),
have a much wider field of view (though its effective energy threshold increases rapidly with zenith angle) and
offer a good stability and ease of operation. So, HAWC will be very complementary to IACT and will notably
allow a full sky survey at TeV energies, the detection of unexpected transients for providing alerts to pointed
instruments, and the study of large extended sources.

2.3.6. Presently detected VHE γ-ray sources: a rich catalogue
All the VHE gamma-ray sources and the associated publications are registered in an online catalogue, TeVCat

[75], from which sky maps and characteristic tables can easily be extracted. This database shows that 155 highly
significant sources have now been published in referred journals (or recently announced). Fig. 6a displays how
this number has grown over time, from the first discovery in 1989 to the end of 2014. It clearly exhibits a slow
evolution until 1996 (only 3 sources by that time), a more visible slope over [1996-2004] due to camera upgrades
or new telescopes coming online, and a very fast rise from 2005 onwards when H.E.S.S. started operations, soon
followed by MAGIC and VERITAS and bringing the source count to its present level of 155.

A sky map of these VHE gamma-ray sources in galactic coordinates is shown in Fig. 6b. The contribution of
the galactic sources is concentrated close to the horizontal axis and most of the sources situated away from this
axis are extragalactic active galactic nuclei. The physics properties of these various objects are discussed in the
other papers of this topical issue of Comptes Rendus Physique.
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HESS Galactic Plane Survey 
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H.E.S.S. Collaboration et al.: The H.E.S.S. Galactic plane survey

Fig. 1. Illustration of HGPS region superimposed an all-sky image of Planck CO(1-0) data (Planck Collaboration et al. 2016) in Galactic co-
ordinates and Hammer-Aito↵ projection. For comparison, we overlay the HEGRA Galactic plane survey (Aharonian et al. 2002) and VERITAS
Cygnus survey (Weinstein 2009) footprints. Triangles denote the Fermi-LAT 2FHL �-ray sources (Ackermann et al. 2016) identified as Galactic,
and stars indicate the 15 Galactic VHE �-ray sources outside the HGPS region. H.E.S.S. has detected three of these, which are labeled SN 1006
(Acero et al. 2010a), the Crab Nebula (Aharonian et al. 2006a; H.E.S.S. Collaboration et al. 2014b), and HESS J0632+057 (Aharonian et al. 2007;
Aliu et al. 2014a). The gray shaded regions denote the part of the sky that cannot be observed from the H.E.S.S. site at reasonable zenith angles
(less than 60�). The lower panels show the HGPS �-ray flux above 1 TeV for regions where the sensitivity is better than 10% Crab (correla-
tion radius Rc = 0.4�; see Sect. 3) and observation time, both also in Galactic coordinates. The white contours in the lower panels delineate the
boundaries of the survey region; the HGPS has little or no exposure beyond Galactic latitudes of |b|  3� at most locations along the Galactic
plane.

ers. The energy threshold of the four-telescope array is roughly
200 GeV at zenith and increases with increasing zenith angle.
We can reconstruct the arrival direction and energy of the pri-
mary photon with accuracies of ⇠0.08� and ⇠15%, respectively.
Because of its comparatively large field of view (FoV), 5� in
diameter, the H.E.S.S. Phase I array is well suited for survey op-
erations. The relative acceptance for �-rays is roughly uniform
for the innermost 2� of the FoV and gradually drops toward the
edges to 40% of the peak value at 4� diameter (Aharonian et al.
2006b).

2.2. Observations, quality selection, and survey region

The HGPS data set covers the period from January 2004 to Jan-
uary 2013. H.E.S.S. acquired this data set by pointing the IACT
array to a given position in the sky for a nominal duration of
28 min (referred to as an observation run hereafter). We consid-
ered all runs with zenith angles up to 65� and observation po-
sitions centered in the Galactic coordinate range ` = 244.5� to
77.5� and |b| < 7.0�. To reduce systematic e↵ects arising from
imperfect instrument or atmospheric conditions, we carefully se-
lected good-quality runs as close as possible to the nominal de-
scription of the instrument used in the Monte Carlo (MC) sim-

Article number, page 3 of 79

arXiv:1804.02432
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HESS Galactic Plane Survey
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H.E.S.S. Collaboration et al.: The H.E.S.S. Galactic plane survey

Table 3. Table of 31 firmly-identified objects among the HGPS sources. The object classes are �-ray binary, shell-type supernova remnant (SNR),
pulsar wind nebula (PWN), and composite SNR (in cases where it is not possible to distinguish between the shell and interior nebula). The evidence
used to identify the VHE �-ray emission include position, morphology, variability, and energy-dependent morphology (ED Morph.).

Source name Identified object Class Evidence Reference
HESS J1018�589 A 1FGL J1018.6�5856 Binary Variability H.E.S.S. Collaboration et al. (2015e)
HESS J1302�638 PSR B1259�63 Binary Variability Aharonian et al. (2005c)
HESS J1826�148 LS 5039 Binary Variability Aharonian et al. (2006e)
HESS J0852�463 Vela Junior SNR Morphology Aharonian et al. (2005e)
HESS J1442�624 RCW 86 SNR Morphology H.E.S.S. Collaboration et al. (2016e)
HESS J1534�571 G323.7�1.0 SNR Morphology H.E.S.S. Collaboration et al. (2017a)
HESS J1713�397 RX J1713.7�3946 SNR Morphology Aharonian et al. (2004b)
HESS J1718�374 G349.7+0.2 SNR Position H.E.S.S. Collaboration et al. (2015b)
HESS J1731�347 G353.6�0.7 SNR Morphology H.E.S.S. Collaboration et al. (2011a)
HESS J1801�233 W 28 SNR Position Aharonian et al. (2008d)
HESS J1911+090 W 49B SNR Position H.E.S.S. Collaboration et al. (2016b)
HESS J0835�455 Vela X PWN Morphology Aharonian et al. (2006c)
HESS J1303�631 G304.10�0.24 PWN ED Morph. H.E.S.S. Collaboration et al. (2012)
HESS J1356�645 G309.92�2.51 PWN Position H.E.S.S. Collaboration et al. (2011b)
HESS J1418�609 G313.32+0.13 PWN Position Aharonian et al. (2006f)
HESS J1420�607 G313.54+0.23 PWN Position Aharonian et al. (2006f)
HESS J1514�591 MSH 15�52 PWN Morphology Aharonian et al. (2005d)
HESS J1554�550 G327.15�1.04 PWN Morphology Section 5.6.5
HESS J1747�281 G0.87+0.08 PWN Morphology Aharonian et al. (2005a)
HESS J1818�154 G15.4+0.1 PWN Morphology H.E.S.S. Collaboration et al. (2014a)
HESS J1825�137 G18.00�0.69 PWN ED Morph. Aharonian et al. (2006g)
HESS J1837�069 G25.24�0.19 PWN Morphology Marandon et al. (2008)
HESS J1849�000 G32.64+0.53 PWN Position Section 5.6.15
HESS J1119�614 G292.2�0.5 Composite Position Section 5.6.1
HESS J1640�465 G338.3�0.0 Composite Position Abramowski et al. (2014b), Gotthelf et al. (2014)
HESS J1714�385 CTB 37A Composite Position Aharonian et al. (2008c)
HESS J1813�178 G12.8�0.0 Composite Position Funk et al. (2007), Gotthelf & Halpern (2009)
HESS J1833�105 G21.5�0.9 Composite Position Section 5.6.10
HESS J1834�087 W 41 Composite Morphology H.E.S.S. Collaboration et al. (2015a)
HESS J1846�029 G29.7�0.3 Composite Position Section 5.6.13
HESS J1930+188 G54.1+0.3 Composite Position Acciari et al. (2010), Sect. 5.4

Fig. 10. Source identification summary pie chart. See Table 3 and
Sect. 5.1.3.

width is also comparable to the HGPS source latitude distribu-
tion (Fig. 11, ↵.) but smaller than that of molecular gas traced by
CO emission (Dame et al. 2001).

Owing to the observational constraints and analysis used, the
large-scale emission model cannot be considered a measurement
of the total Galactic di↵use emission. The large-scale emission
model provides an estimate of the di↵use emission present in
the HGPS maps. Its parameter values depend on the map con-
struction technique, in particular the exclusion region mask used
in the analysis (Sect. 3.2.2), i.e., changes in the mask can alter
the parameters of the model. For instance, the peak observed at
` ⇠ 340� in Fig. 6 is due to the presence of low-level emission
that is just below the threshold to be covered by the exclusion
mask we use for the HGPS. While a significant percentage of
the large-scale emission is expected to be truly interstellar dif-
fuse emission, it is very likely that emission from discrete but
unresolved sources contributes as well. Finally, some features in
the HGPS large-scale emission model are likely artifacts of er-
rors in the estimation of the background model of gamma-like
cosmic ray EAS events (see Sect. 3.2); these events are the dom-
inating model component in the HGPS counts maps, thus small

Article number, page 23 of 79
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Table 3. Table of 31 firmly-identified objects among the HGPS sources. The object classes are �-ray binary, shell-type supernova remnant (SNR),
pulsar wind nebula (PWN), and composite SNR (in cases where it is not possible to distinguish between the shell and interior nebula). The evidence
used to identify the VHE �-ray emission include position, morphology, variability, and energy-dependent morphology (ED Morph.).
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HESS J0835�455 Vela X PWN Morphology Aharonian et al. (2006c)
HESS J1303�631 G304.10�0.24 PWN ED Morph. H.E.S.S. Collaboration et al. (2012)
HESS J1356�645 G309.92�2.51 PWN Position H.E.S.S. Collaboration et al. (2011b)
HESS J1418�609 G313.32+0.13 PWN Position Aharonian et al. (2006f)
HESS J1420�607 G313.54+0.23 PWN Position Aharonian et al. (2006f)
HESS J1514�591 MSH 15�52 PWN Morphology Aharonian et al. (2005d)
HESS J1554�550 G327.15�1.04 PWN Morphology Section 5.6.5
HESS J1747�281 G0.87+0.08 PWN Morphology Aharonian et al. (2005a)
HESS J1818�154 G15.4+0.1 PWN Morphology H.E.S.S. Collaboration et al. (2014a)
HESS J1825�137 G18.00�0.69 PWN ED Morph. Aharonian et al. (2006g)
HESS J1837�069 G25.24�0.19 PWN Morphology Marandon et al. (2008)
HESS J1849�000 G32.64+0.53 PWN Position Section 5.6.15
HESS J1119�614 G292.2�0.5 Composite Position Section 5.6.1
HESS J1640�465 G338.3�0.0 Composite Position Abramowski et al. (2014b), Gotthelf et al. (2014)
HESS J1714�385 CTB 37A Composite Position Aharonian et al. (2008c)
HESS J1813�178 G12.8�0.0 Composite Position Funk et al. (2007), Gotthelf & Halpern (2009)
HESS J1833�105 G21.5�0.9 Composite Position Section 5.6.10
HESS J1834�087 W 41 Composite Morphology H.E.S.S. Collaboration et al. (2015a)
HESS J1846�029 G29.7�0.3 Composite Position Section 5.6.13
HESS J1930+188 G54.1+0.3 Composite Position Acciari et al. (2010), Sect. 5.4

Fig. 10. Source identification summary pie chart. See Table 3 and
Sect. 5.1.3.

width is also comparable to the HGPS source latitude distribu-
tion (Fig. 11, ↵.) but smaller than that of molecular gas traced by
CO emission (Dame et al. 2001).

Owing to the observational constraints and analysis used, the
large-scale emission model cannot be considered a measurement
of the total Galactic di↵use emission. The large-scale emission
model provides an estimate of the di↵use emission present in
the HGPS maps. Its parameter values depend on the map con-
struction technique, in particular the exclusion region mask used
in the analysis (Sect. 3.2.2), i.e., changes in the mask can alter
the parameters of the model. For instance, the peak observed at
` ⇠ 340� in Fig. 6 is due to the presence of low-level emission
that is just below the threshold to be covered by the exclusion
mask we use for the HGPS. While a significant percentage of
the large-scale emission is expected to be truly interstellar dif-
fuse emission, it is very likely that emission from discrete but
unresolved sources contributes as well. Finally, some features in
the HGPS large-scale emission model are likely artifacts of er-
rors in the estimation of the background model of gamma-like
cosmic ray EAS events (see Sect. 3.2); these events are the dom-
inating model component in the HGPS counts maps, thus small

Article number, page 23 of 79

2700 hours observation from 2004 to 2013 at longitudes from l=250° to 65° and 
latitudes |b|≤3°, angular resolution ≈0.08° (≈5 arcmin), sensitivity ≤1.5% Crab, 
energy range 0.2 TeV ➔ 100 TeV.

arXiv:1804.02432
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Important finding by HESS in the GC
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A proton PeVatron: a machine accelerating particles up to 1015 eV and beyond presently 
operates in R<10 pc region of the Galactic Center with acceleration

rate of protons above energy 10 TeV at level 1037-38 erg/s

This conclusion is based on spectroscopic and morphological studies of diffuse VHE 
gamma-ray component in so-called ~200 pc radius Central Molecular Zone (CMZ) of the GC 


✓ for the first time, a gamma-ray spectrum is registered that continues without a cutoff or a 
break up to 20-30 TeV (most likely, 50 TeV) 


✓ for the first time, the density profile of parent protons is derived based on analysis of 
spatial distributions of VHE gamma-rays and the gas in GC130 F. Aharonian and S. Casanova

Sgr A* Sgr A*

(a) (b)

Fig. 17 VHE γ-ray image of the Galactic Centre region (fromRef. [55]). Left panel The black lines
outline the regions used to extract the energy density of CRs. White contours indicate the density
distribution of molecular gas. Right panel Zoomed view of the inner ∼70 pc and the contour of the
region used to extract the spectrum of the diffuse emission

of relativistic particles and contribute substantially to the flux of the locally observed
CRs. Moreover, the galactic centre hosts, besides the SMBH, some other remarkable
objects which also can be effective particle accelerators. In this regard, the galactic
centre is considered as one of the highest priority targets in gamma-ray astronomy.

The galactic centre harbors a bright, point-like γ-ray source surrounded
(HESS J1745-290), by a diffuse component ofVHEγ-ray emission [55] (see Fig. 17).
The central source positionally coincideswith the location of the compact radio object
Sgr A*, a suspected SMBH, at the dynamical center of the Galaxy. Unlike the radio
and X-ray bands, no variability has been observed so far in γ-rays. This disfavors
but still cannot exclude Sgr A* as a possible counterpart of HESS J1745-290.

On the other hand, the upper limit on the angular size of a few arcminutes is
still large to exclude any sources located within the central ≤10 pc region. It could
be, in particular, an extended source with a size of several pc. Moreover, it could
be not an independent source, but an unresolved core of the diffuse component. In
this interpretation, it peaks toward the direction of Sgr A* because of the higher
concentration of both the gas and relativistic particles [15, 43]. However, the central
source and the diffuse component have different energy spectra. While the spectrum
of the diffuse component extends to several tens of TeV without any indication of a
cutoff, the energy spectrum of the central region shows an apparent steepening that
starts before 10 TeV (see Fig. 18). This excludes the common origin of the central
source and the diffuse component unless one provides an explanation of the cutoff
in the spectrum of the central source (see below).

Gamma-Rays from the central molecular zone

Only two radiation mechanisms can be responsible for the diffuse VHE γ-ray
emission of CMZ—interactions of relativistic protons and electrons with the ambient
gas and the radiation fields, respectively. However, in the CMZ, the γ-ray produc-
tion proceeds under conditions which exclude the leptonic origin of γ-rays. For an
explanation of the hard γ-ray spectrum, as shown in Fig. 18, the power-law spectra of

Selected Topics in Gamma-Ray Astronomy … 131

Fig. 18 VHE γ-ray spectra
of the diffuse emission and
the central source (HESS
J1745-290) (from Ref. [55]).
The 1σ confidence bands of
the best-fit spectra of the
diffuse and HESS J1745-290
are shown in red and blue
shaded areas, respectively.
The red lines show the
numerical computations
assuming that γ-rays result
from the decay of neutral
pions produced by
proton-proton interactions.
The fluxes of the diffuse
emission spectrum and
models are multiplied by 10
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HESS J1745-290

protons and electrons should extend to ∼1 PeV and ∼100 TeV, respectively. Appar-
ently, these particles should effectively propagate and fill the entire region of CMZ.
In the case of electrons, the acceleration to the energy of 100 TeV seems almost
unrealistic given the severe radiative (IC and synchrotron) losses in the GC. For the
same reason, they hardly can escape the sites of their acceleration and propagate over
distances of tens of parsecs. The correlation of the brightness distribution of VHE
γ-rays with the location of massive gas complexes of the CMZ is an independent
argument which points toward a hadronic nature of the diffuse emission.

At the same time, the spatial distribution of the gas alone is not the only factor
shaping the observedmorphology of the CMZ seen inVHE γ-rays. The second factor
is the spatial distribution of parent particle—the accelerated protons and nuclei. The
latter depends on the location of the accelerator(s), the history of (time-dependent)
injections of these particles, and the character of their propagation. In general, one
should not expect homogeneous distributions of these particles in space and time, as
it often assumed in the treatments of calculations of the diffuse γ-ray component.
Therefore, there is no reason to expect a linear correlation between the brightness
distribution of γ-radiation and the gas column density.

Indeed, the comparison of the observed flux of the VHE emission throughout the
CMZ, combined with the information on the gas spatial distribution in this region,
reveals an order of magnitude enhancement of the CR density in the CMZ compared
to the “sea” of CRs that fill the Galactic disk (see Fig. 19). Moreover, the derived
radial distribution of CRs appears close to 1/r , where r is the distance to the GC.
The radial distribution of the CR density implies that (i) the accelerator has to be cen-
trally located within CMZ (in our case, it implies anywhere within the unresolvable

VHE γ-ray spectra of the diffuse emission 
and the central source (HESS J1745-290)
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Diffuse γ-rays from the Galactic Plane
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Diffuse γ-rays are produced by relativistic electrons by bremsstrahlung or inverse Compton scattering 
on bkg radiation fields, or by protons and nuclei via the decay of πº produced in hadronic interactions 
with interstellar gas. 

  

View of the galactic plane from the galactic North Pole 

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

l and b are the
galactic coordinates

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

Galactic diffuse gamma ray flux data 
from the Northern emisphere 

Cosmic rays  
all particle flux × 10-4 

|b| < 5° 

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

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

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

and the distribution of interstellar gas.

S =
N�p
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=
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·
p
T ·Q (6)
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vuutA�
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·R ·
q

A�
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p
T ·Q⇥ 1

✓ext
· ✓ext
✓PSF

· ✓PSF

✓ext
(7)

�⌦PSF ⇠ ⇡✓2PSF

Sext = Spoint ·
✓PSF

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

  

Propagation of cosmic rays in the Galaxy and
in Extragalactic space

Side view of 
the Galaxy

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

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

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

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



G. Di Sciascio - INFN RICAP 2018, Rome Sept. 04-07,  2018

Expected Galactic diffuse γ-ray flux
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Expected Galactic diffuse gamma ray flux 

Unabsorbed 
flux 

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

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

1 year LHAASO 
5 sigma 
sensitivity 
(approximate) 

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

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

by S. Vernetto & P. Lipari: ICRC 2017

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

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

Eγ ~ ECR/10
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Diffuse Gamma Emission
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Fig. 3.— The energy spectrum of the di↵use gamma-ray emission measured by ARGO-YBJ

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

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

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

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

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

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

25° < l < 100°; |b|< 5°

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

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

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

– 20 –

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

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

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

750 1.64± 0.43

1640 0.13± 0.05

1000b 0.60± 0.13

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

680 2.00± 0.60

1470 0.14± 0.08

1000b 0.52± 0.15

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

780 1.13± 0.60

1730 0.15± 0.07

1000b 0.62± 0.18

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

85� < l < 100� 730 1.96± 0.59

1600 0.12± 0.07

1000b 0.60± 0.17

130� < l < 200� -0.5 s.d. – – < 5.7c

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

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

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

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

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

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

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

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

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

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

as a dot-dashed line.

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

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

FERMI-LAT (E > 0.3 GeV) 

SWIFT-BAT (15-50 keV) 

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

SWIFT-XRT (0.3-10 keV) 

SWIFT-UVOT (UVW1) 

OVRO (15 GHz) 

30 days bins 

7 days bins 

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

�17

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

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

Steady 1 �

Flare 2 (2010) � Flare 3 (2010) �

Flare 1 (2009) �

Steady 2 �

Outburst�

ApJ Supplement, 222 (2016) 6
ARGO-YBJ

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


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


Three parameters are needed to 
characterise the emission region: the 
comoving magnetic field, the Doppler 
factor and the comoving radius of the 
emission region.
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CR energy spectrum: the overall picture
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CREAM (p+He)
ARGO-YBJ analog All Particle ICRC15 ID366
ARGO-YBJ analog All Particle ICRC15 ID382
ARGO-YBJ analog All Particle (Bayes)
ARGO-YBJ 2015 digital (p+He) PRD91 (2015) 112017
ARGO-YBJ analog Bayes (p+He)
ARGO/WFCTA hybrid (p+He) PRD92 (2015) 092005
Tibet Array All Particle - QGSJet
IceTop 73 All Particle - SIBYLL
KASCADE All Particle - QGSJet
KASCADE-Grande All Particle - QGSJet
TUNKA 25 All Particle
HAWC All Particle - arXiv:1710.00890

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

The proton knee is connected to the maximum energy of accelerated particles in CR sources !
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Full-Sky Cosmic Ray Anisotropy
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Paolo Desiati

talk by Juan Carlos Díaz Vélez later…
�26

HAWC

IceCubeCredit: P. Desiati & J.C. Diaz Velez
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Cosmic Ray mass dependency ?
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…we need anisotropy observations vs CR particle rigidity ! 

Anisotropy depends on primary energy


CR composition changes as well with energy 

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

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

Aartsen et al., ApJ 826, 220, 2016

�11

observing cosmic ray anisotropy 
energy dependency (< knee)

cosmic ray anisotropy depends on 
primary energy 

large scale changes structure  
>100 TeV 

imaging magnetic effects at larger 
distances with increasing energy 

Note: cosmic ray composition changes 
as well vs. energy

IceCube

13 TeV

24 TeV

38 TeV

71 TeV

130 TeV

240 TeV

580 TeV

1.4 PeV

Credit: P. Desiati

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

but…

Energy dependency (< knee) 
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CTA and a new Wide FoV observatory
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A future Wide FoV Observatory to be useful to CTA needs:


• <10% Crab sensitivity below TeV


• Low energy threshold (≈ 100 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 fluxMinimum Detectable Gamma-Ray Flux (1 year):
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The key parameters
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• The energy threshold


• R, the signal/background relative trigger efficiency


• The angular resolution


• Q-factor, the background rejection capability

The key parameters to improve the sensitivity are

For the integral fluxes we can write

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

write Fg ⇠ E�g
thr and Fbkg ⇠ E�gbkg

thr we obtain
p

Fbkg

Fg
⇠ E(g�gbkg/2)

thr ⇠ E2/3
thr (2.3)

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

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

2.1 The energy threshold

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

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

The small number of charged particles in sub-TeV showers within 150 m from the core im-
poses to locate experiments at extreme altitudes (>4500 m asl). At 5500 m asl 100 GeV g-induced
showers contains about 8 times more particles than proton showers within 150 m from the core.
This fact can be appreciated in the Fig. 3 where the ratio of particle numbers (charged + photons)
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tons and protons of different energies at different observation levels. The left plot shows the total size, the
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Angular resolution, relative trigger probability, energy threshold and Q-factor are the main

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

2.1 The energy threshold

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

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

The small number of charged particles in sub-TeV showers within 150 m from the core im-
poses to locate experiments at extreme altitudes (>4500 m asl). At 5500 m asl 100 GeV g-induced
showers contains about 8 times more particles than proton showers within 150 m from the core.
This fact can be appreciated in the Fig. 3 where the ratio of particle numbers (charged + photons)
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tons and protons of different energies at different observation levels. The left plot shows the total size, the
right one refers to particles contained inside an area 150⇥150 m2 centered on the shower core. The plotted
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Angular resolution, relative trigger probability, energy threshold and Q-factor are the main

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

2.1 The energy threshold

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

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

The small number of charged particles in sub-TeV showers within 150 m from the core im-
poses to locate experiments at extreme altitudes (>4500 m asl). At 5500 m asl 100 GeV g-induced
showers contains about 8 times more particles than proton showers within 150 m from the core.
This fact can be appreciated in the Fig. 3 where the ratio of particle numbers (charged + photons)
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Figure 2: Average number of particles (charged + photons) produced by showers induced by primary pho-
tons and protons of different energies at different observation levels. The left plot shows the total size, the
right one refers to particles contained inside an area 150⇥150 m2 centered on the shower core. The plotted
energies are 100, 300, 1000 GeV starting from the bottom.
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Angular resolution, relative trigger probability, energy threshold and Q-factor are the main

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

2.1 The energy threshold

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

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

The small number of charged particles in sub-TeV showers within 150 m from the core im-
poses to locate experiments at extreme altitudes (>4500 m asl). At 5500 m asl 100 GeV g-induced
showers contains about 8 times more particles than proton showers within 150 m from the core.
This fact can be appreciated in the Fig. 3 where the ratio of particle numbers (charged + photons)

4

Wide FoV telescope in the South G. Di Sciascio

Energy (TeV)
2−10 1−10 1 10 210 310

)-1
 s

-2
 d

N/
dE

 (e
rg

s 
cm

2 E

14−10

13−10

12−10

11−10

10−10

9−10 Fermi (1 year)
HESS (50 hours)
MAGIC II (50 hours)
CTA South (50 hours)
CTA North (50 hours)
HAWC (1 year)
LHAASO (1 year)
LHAASO (5 year)
LATTES (1 year)

Crab

0.1 Crab

0.01 Crab

0.001 Crab

Figure 1: Differential sensitivities to a Crab-like point gamma-ray source of different experiments/projects
(multiplied by E2). The Crab Nebula spectrum, extrapolated to 1 PeV, is reported as a reference together
with the spectra corresponding to 10%, 1% and 0.1% of the Crab flux

S =

R
Jg(E) ·Ag

e f f (E) · eg(E) · fg(DW) ·T dE
R

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

(2.1)

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

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

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

S µ
Fgp
Fbkg

·R ·
q

Ag
e f f ·

1
sq

·Q (2.2)

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

tion, R =
q

Ag
e f f /Abkg

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

1�ebkg
represents the gain

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

3
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Milagro vs ARGO-YBJ
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2 different approaches in the last decade for ground-based survey instruments

• operated from 2000 to 2008 
• 2600 m above sea level  
• angular resolution ≈0.5° 
• 1700 Hz trigger rate 
• Median Energy at the threshold: ≈ 2 TeV 
• Energy range: 2 - 40 TeV 
• poor background rejection via muons 
• 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° 
• 3500 Hz trigger rate 
• high granularity of the readout 
• Median Energy at the threshold: ≈360 GeV 
• Energy Range: 360 GeV - 10 PeV 
• NO background rejection (no muons identification) 
• NO conversion of secondary photons (no lead)

Widely used technology in cosmic ray physics Widely used technology in accelerator 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 carpet above ATLAS)    
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Shower detection by ARGO-YBJ
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Fired pads on the carpet 

Arrival time  vs position 

Small and compact events
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Scientific results
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Milagro

Water Cherenkov Technology

• Gamma-ray Astronomy

• CR anisotropy

• No results on selection of 

different primary masses and 
spectra of different elements

ARGO-YBJ

Resistive Plate Chamber Technology

• Gamma-ray Astronomy

• CR anisotropy

• All-particle energy spectrum up to the knee 

• Study of the shower core region

• Selection of light component (p+He) and 

observation of the proton knee 

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

• Gamma-ray Astronomy

• CR anisotropy

• All-particle energy spectrum

• Still no results on the selection of 

different primary masses

HAWC

Water Cherenkov Technology
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Lowering the energy threshold: extreme altitude
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Showers of all energies have the same slope after shower 
maximum: ≈1.65x decrease per r.l. .

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

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

Sabrina Casanova 49 

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

HAWC	
Milagro	

Sea	level	Sea LevelHAWC
ARGO-YBJ
LHAASO

6000 m

HAWC

5200 m

• Extreme altitude (≈5000 m asl) 

• Detector and layout 

• Coverage and granularity of the read-out 

• Trigger logic 

• Detection of secondary photons

Lowering the energy threshold:
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The full coverage approach
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ARGO-YBJ is a high altitude full coverage EAS-array 
optimized for the detection of small size air showers. 

a continuous carpet of detectors

ARGO-YBJ central carpet

coverage factor ≈ 0.92

13

Unit density

/ N

sparse array

coverage factor ≈ 10-3 - 10-2
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The full coverage approach
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ARGO-YBJ is a high altitude full coverage EAS-array 
optimized for the detection of small size air showers. 

a continuous carpet of detectors

ARGO-YBJ central carpet

coverage factor ≈ 0.92

13

Unit density

/ N

high energy shower = big shower 
➔ trigger

sparse array

coverage factor ≈ 10-3 - 10-2



G. Di Sciascio - INFN RICAP 2018, Rome Sept. 04-07,  2018
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ARGO-YBJ is a high altitude full coverage EAS-array 
optimized for the detection of small size air showers. 

a continuous carpet of detectors

ARGO-YBJ central carpet

coverage factor ≈ 0.92

13

Unit density

/ N

low energy shower = small shower 
➔ NO trigger

high energy shower = big shower 
➔ trigger

sparse array

coverage factor ≈ 10-3 - 10-2
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The full coverage approach

�28

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

a continuous carpet of detectors

ARGO-YBJ central carpet

coverage factor ≈ 0.92

Increasing the sampling (~1% ➜100%)

• Improves angular resolution 

• Lowers energy threshold 13

Unit density

/ N

low energy shower = small shower 
➔ NO trigger

high energy shower = big shower 
➔ trigger

sparse array

coverage factor ≈ 10-3 - 10-2

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

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

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

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

2.3. Energy Measurement

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

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

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

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

3. THE CRAB NEBULA SIGNAL

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

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

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

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

4

ARGO-YBJ HAWC (2017)

coverage ≈ 92%

high granularity (cm level)

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

array of water tanks operated at 4100 m asl

coverage ≈ 60%

poor granularity (m level)

free running

full coverage RPC carpet operated at 4300 m asl

Median energy first bin = 360 GeV Median energy first bin = 700 GeV
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Extreme Altitude 
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G. Di Sciascio Roma Tor Vergata 29/03/2010 40

Modelli vs Altitudine
Tibet ASγ (4300 m asl) vs KASCADE (sl)

Ad alta quota osservabili 
“indipendenti”  dai  modelli  di  

interazione adronica

At high altitude p and Fe produce 
showers with similar size.

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

Gaisser, 2003

1. All nuclei produce showers with similar size 

2. Unbiased trigger threshold for all nuclei

3. Primary energy reconstruction mass-independent

4. Small fluctuations: shower maximum

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

Shadow technique and overposition with direct measurements

6. Trigger probability larger for γ-showers than for p-showers

nd ¼ "
W"1 " h0

cs
mp c2

E
ln N
cos h

! "

ln N
; ð17Þ

where W"1 denotes the lower branch of the Lambert-W function
(see e.g. [53]). The decay energy is then given by

ep
d ¼

E
Nnd

ð18Þ

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

d and therefore

Np
l %

E
ep

d

# $b

ð19Þ

with

b¼
ln 2

3 N
ln N

; ð20Þ

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

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

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

c

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

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

d , the number of electrons is

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

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

NA
e;max % A

E=A
eem

c
¼ Np

e;max ð22Þ

and

NA
l % A

E=A
ep

d

# $b

¼ Np
l;maxA1"b: ð23Þ

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

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

Ne;ground % Ne;max exp "DX
K

# $
; ð24Þ

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

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

rðNe;groundÞ
Ne;ground

% rðXmaxÞ
K

: ð25Þ

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

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

2.3. Model uncertainties

The physics of air showers is very well understood in terms of
particle transport through the atmosphere and for electromag-
netic showers it is currently believed that they can be modeled
without any significant uncertainties. In the case of hadronic
showers, however, there is a fundamental lack of theoretical
and experimental knowledge of the characteristics of hadronic
interactions (see e.g. [55,56] for recent discussions of hadronic
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where W"1 denotes the lower branch of the Lambert-W function
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for which we find numerical values of a few tens of GeV and a slow
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which the energy fraction transferred to muons becomes small.
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So, whereas the number of electrons at shower maximum gives a
good estimate of the primary energy independent of the composi-
tion, the number of muons can be used to infer the mass of the pri-
mary particle, since it grows with A1"b. Moreover, the evolution of
the muon number with energy, dNl/d ln E, is a good tracer of
changes in the primary composition. Just as in the case of the elon-
gation rate of the longitudinal development, a constant composition
gives dNl/d ln E = b and any departure from that behavior can be
interpreted as a change of the average mass of the primaries.

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

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

rðNe;groundÞ
Ne;ground

% rðXmaxÞ
K

: ð25Þ

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

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

2.3. Model uncertainties

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

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

No muons ? ➜ results nearly independent 
on hadronic interaction models ! 
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Secondary photons
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Detection of secondary photons very important to lower the energy threshold

and to improve the angular resolution

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

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

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

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

Table I 

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

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

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

100 0.21 1.20 0.41 0.63 

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

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

The distribution of electron and photon numbers 
around the average values ??, and FY follows a rather 
complicated evolution. The fluctuation reaches a min- 
imum at depths slightly greater than the depth corre- 
sponding to the maximum development of the shower, 
the effect being more pronounced for the photon com- 
ponent. This is shown in Fig. 5 where the dependence 
of the dispersion crd/N on the atmospheric depth t is 
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Fig. 4. Average size versus primary energy at depths of 606 g/cm’, 
0 = 20° (plot (a)) and 800 g/cm* (plot (b)). 

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

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

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

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

4300 m asl

gamma rays dominate the particles on ground (≈7:1 for 100 GeV γ-showers at 4300 m asl)
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γ/p detection efficiency
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Southern Gamma-Ray Survey Observatory
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Who are we?…

The alliance
- Advancement of this effort in the Southern-

Hemisphere
- Organizing the writing of a white-paper on 

the science case 
- Documentation on site-candidates
- No decision on technical design (for now)
- Currently 75 members from 11 countries
- Next meeting 8-9 October Heidelberg, 

Germany www.sgso-alliance.org

H. Schoorlemmer 
Recontres du Vietnam 2018
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SCIENCE CASE FOR A WIDE FIELD-OF-VIEW
VERY-HIGH-ENERGY GAMMA-RAY OBSERVATORY IN THE

SOUTHERN HEMISPHERE
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H. MARTÍNEZ-HUERTA, MIGUEL MOSTAFA, MAGDALENA GONZALEZ, JIM HINTON,
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1. Introduction and Goal of this document

The exploration of the �-ray sky at Very High Energy (VHE; ⇠ 100 GeV – 100
TeV) has really taken o↵ over the last decade. Photons of this energy are observed
indirectly from the ground by measuring the particle cascades that they produce in
the atmosphere, so-called Extensive Air Showers (EASs). Other particles, electrons
and atomic nuclei, also generate EASs and generate a background rate against
which the �-ray induced EASs need to be discriminated. Currently, there are two
ground-based techniques used in �-ray-astronomy to observe VHE-photons:

- One or more Imaging Atmospheric Cherenkov Telescopes (IACT) observe
the Cherenkov light produced by the charged particles in the EASs while
they propagate through the atmosphere.

- An Array of Shower Particle Detectors measures the particles of the EAS
at ground level.

The merits and current status of these di↵erent techniques, together with direct
detection by satellites, will be briefly reviewed in Section 2.

This paper outlines the science that leads us to propose the construction of a
next-generation gamma-ray observatory using particle detectors in the Southern
Hemisphere. This science case rests on four main pillars: the unveiling of Galactic
particle accelerators and the characterization of cosmic rays, monitoring of the
transient sky as well as probing physics beyond the Standard Model of particle
physics.

Several e↵orts currently ongoing to advance the technical performance of such
an observatory will briefly be discussed in Section 7. However, the focus of this
document will be on the broad spectrum of astrophysical questions such an obser-
vatory can address, rather than detailed technical implementation of a detector.
To assess the potential to specific astrophysical applications, a “straw man” detec-
tor design is used. This design provides an upscaling in size, number of channels,
and detector altitude over existing observatories, however intrinsic performance

2

• Community wide contributions

• Focus on how the science will drive detector requirements

• First version ready this Fall  
• Public tools for writing and calculations

• Regular calls for coordination

H. Schoorlemmer 
Recontres du Vietnam 2018
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A straw mans design: point source sensitivity
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A straw mans design: 
Realistic & Ambitious

CORSIKA  &
Simple Detectors 

SGSO Detector Response 
at 5km above sea-level

HAWC
 performance

Size & Fill factor

 8

A straw mans design: Point source sensitivity 
(not so important…)

5 km above sea level
If you are interested join SGSO at 


www.sgso-alliance.orgHAWC-based layout

H. Schoorlemmer 
Recontres du Vietnam 2018

http://www.sgso-alliance.org
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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.


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


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


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


• Background rejection below TeV challenging ➜ RPCs + Water Cherenkov ?  

• Selection of primary masses crucial ➜ RPCs + Water Cherenkov ? 

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


• Different groups are studying different experimental solutions (ALPACA, ALTO, LATTES, STACEX)


• High energy gamma-ray astronomy (>10 TeV) and CR physics covered by ALPACA ?
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Hybrid detector: LATTES
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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:
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a b s t r a c t 
Current detectors for Very-High-Energy γ -ray astrophysics are either pointing instruments with a small 
field of view (Cherenkov telescopes), or large field-of-view instruments with relatively large energy 
thresholds (extensive air shower detectors). 
In this article, we propose a new hybrid extensive air shower detector sensitive in an energy region 
starting from about 100 GeV. The detector combines a small water-Cherenkov detector, able to provide a 
calorimetric measurement of shower particles at ground, with resistive plate chambers which contribute 
significantly to the accurate shower geometry reconstruction. 
A full simulation of this detector concept shows that it is able to reach better sensitivity than any previ- 
ous gamma-ray wide field-of-view experiment in the sub-TeV energy region. It is expected to detect with 
a 5 σ significance a source fainter than the Crab Nebula in one year at 100 GeV and, above 1 TeV a source 
as faint as 10% of it. 
As such, this instrument is suited to detect transient phenomena making it a very powerful tool to trigger 
observations of variable sources and to detect transients coupled to gravitational waves and gamma-ray 
bursts. 

© 2018 Elsevier B.V. All rights reserved. 
1. Introduction 

High energy gamma rays are important probes of extreme, non 
thermal, events taking place in the universe. Being neutral, they 
can cover large distances without being deflected by galactic and 
extragalactic magnetic fields. This feature enables the direct study 
of their emission sources. The gamma emission is also connected 
to the acceleration of charged cosmic rays and to the production 
of cosmic neutrinos. Gamma-rays can also signal the existence of 
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new physics at the fundamental scales, namely by the annihilation 
or decay of new types of particles, as it is the case for dark matter 
particles in many models. This motivation, associated to the ad- 
vances of technology, has promoted a vigorous program of study 
of high energy gamma rays, with important scientific results (see 
[1–4] for a summary of the main achievements). 

The detected sources of cosmic gamma-rays above 30 MeV are 
concentrated around the disk of the Milky Way; in addition there 
is a set of extragalactic emitters. About 30 0 0 sources emitting 
above 30 MeV were discovered, mostly by the Large Area Tele- 
scope (LAT) detector [5] onboard the Fermi satellite, and some 200 
of them emit as well above 30 GeV [6] (see Fig. 1 ) – the region 
which is labeled the Very High Energy (VHE) region. 
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Fig. 5. Effective area at trigger level (dashed curves) and after the selection used for 
the shower direction reconstruction (solid curves), for gamma-ray initiated showers. 
No g/h separation cuts were applied to any of the curves. 

Fig. 6. Shower core position reconstruction resolution for gamma-ray primaries as 
a function of the reconstructed energy. 
trigger levels which could built up either by hardware or software. 
These trigger levels can be tuned as a function of the intended 
analysis. The effective area at trigger level, i.e., the integral of the 
surface times the trigger efficiency, is shown in Fig. 5  for gamma- 
ray initiated showers. This plot is shown requiring only the trig- 
ger and applying the analysis quality cuts that will be described 
in the following sections. In particular, the reconstructed shower 
core position is required to be inside the array. The later results 
demonstrates the ability to reach an effective area of ∼ 10 0 0 m 2 
for showers with an energy of 100 GeV. 
5.2. Shower core position reconstruction 

The shower core position is obtained by using the signal 
recorded by the WCD stations applying a strategy similar to the 
one described in [32] . The shower core is obtained by fitting a 2 
dimensional lateral density distribution (LDF) to the WCD data. The 
fitting function parameters were derived using the average gamma 
2D-LDF measured at ground by the WCDs. It was found a rather 
universal behaviour with the shower energy and so the parame- 
ters were fixed at all energies. The initial guess to the 2D-fit, which 
has as free parameters the position ( x c , y c ) and a normalisation, is 
provided by the calculation of the signal barycentre. The procedure 
described above allows to obtain a good reconstruction of the core 
which, as expected, improves as the shower energy increases (see 
Fig. 6 ). At 200 GeV the core resolution is about 20 m, while at 1 TeV 

Fig. 7. Angular resolution for gamma-ray primaries with zenith angle θ = 10 ◦, as 
a function of the reconstructed energy. 
the shower core can be reconstructed with an accuracy better than 
3 m. 
5.3. Shower geometric reconstruction 

The arrival direction of the primary particle can be achieved 
by exploring the arrival time of the shower secondary particles to 
the ground. For this reason, for the shower geometry reconstruc- 
tion, the RPCs pad position and hit time will be used. A time res- 
olution of σt = 1 ns was considered, which can be achieved by 
present RPCs with standard electronics. The shower arrival direc- 
tion is reconstructed assuming a shower front conic model as de- 
scribed in [33] . This model has a parameter for the shower curva- 
ture which was extracted from gamma shower simulations. Again, 
no significative evolution with energy was observed and the used 
parameter is the same for all energies. An iterative fitting process 
is done until the variation in the reconstructed direction in consec- 
utive iterations is smaller than 0.1 degree. As first estimate for the 
fit, the direction obtained by assuming a shower front plane model 
was used. 

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 triggered WCD 
station. This cut also reduces the contamination due to low multi- 
plicity accidentals. 

Moreover, late arrival hits were removed through the applica- 
tion of a shower front plane model. Hits with a delay bigger than 
5  ns with respect to the reconstructed shower front are discarded. 
We compare the reconstructed angle with the simulated angle, and 
we calculate the 68% containment angle, α68 . The results as a func- 
tion of the reconstructed energy are shown in Fig. 7  . As expected, 
α68 decreases with the increase of the reconstructed energy reach- 
ing a value of 0.3 degrees at E rec = 1 TeV. A reasonable resolution, 
better than 1.5  °, can be achieved at energies around 100 GeV. 
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 triggered 
WCD stations. The event is accepted only if the reconstructed core 
is inside the array. A calibration curve is obtained using the pho- 
ton simulation 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 (see Fig. 8 , top). 
From this figure it can be seen that a good linearity between sim- 
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the shower core can be reconstructed with an accuracy better than 
3 m. 
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The arrival direction of the primary particle can be achieved 
by exploring the arrival time of the shower secondary particles to 
the ground. For this reason, for the shower geometry reconstruc- 
tion, the RPCs pad position and hit time will be used. A time res- 
olution of σt = 1 ns was considered, which can be achieved by 
present RPCs with standard electronics. The shower arrival direc- 
tion is reconstructed assuming a shower front conic model as de- 
scribed in [33] . This model has a parameter for the shower curva- 
ture which was extracted from gamma shower simulations. Again, 
no significative evolution with energy was observed and the used 
parameter is the same for all energies. An iterative fitting process 
is done until the variation in the reconstructed direction in consec- 
utive iterations is smaller than 0.1 degree. As first estimate for the 
fit, the direction obtained by assuming a shower front plane model 
was used. 

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 triggered WCD 
station. This cut also reduces the contamination due to low multi- 
plicity accidentals. 

Moreover, late arrival hits were removed through the applica- 
tion of a shower front plane model. Hits with a delay bigger than 
5  ns with respect to the reconstructed shower front are discarded. 
We compare the reconstructed angle with the simulated angle, and 
we calculate the 68% containment angle, α68 . The results as a func- 
tion of the reconstructed energy are shown in Fig. 7  . As expected, 
α68 decreases with the increase of the reconstructed energy reach- 
ing a value of 0.3 degrees at E rec = 1 TeV. A reasonable resolution, 
better than 1.5  °, can be achieved at energies around 100 GeV. 
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 triggered 
WCD stations. The event is accepted only if the reconstructed core 
is inside the array. A calibration curve is obtained using the pho- 
ton simulation 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 (see Fig. 8 , top). 
From this figure it can be seen that a good linearity between sim- 
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Fig. 11. Differential sensitivity compared to the present sensitivity of HAWC 
[32] and the sensitivity of Fermi for observations of the galactic center [34] . The 
LATTES full line is the sensitivity obtained for a source at a zenith angle of 10 °; the 
dashed curve is an estimate of the LATTES performance while following the Crab 
Nebula transit; the thin dashed curve is an estimation of the sensitivity considering 
the all-particle cosmic-ray flux (see text for details). For comparison, fractions of 
the Crab Nebula spectrum are plotted with the thin dashed gray lines. 
5.8. Discussion on the hybrid concept 

The hybrid nature of the proposed detector concept is the key 
ingredient for its performance, in particular at the lowest ener- 
gies. It allows to decouple the calorimetric energy measurement 
of the shower particles at ground, using the WCD detectors, from 
the measurement of their time, provided by the RPCs. In fact, the 
detector energy threshold can be lowered by increasing the light 
collection efficiency, and thus the total WCD signal. This can be 
achieved by employing a highly reflective material to cover the in- 
ner walls of the WCDs. The main drawback is the increase of the 
light collection time and the consequent degradation of the WCD 
time resolution. In our case, with the timing being provided by the 
RPCs, this is no longer an issue. 

Furthermore, the trigger is based solely on the compact array of 
small sized WCDs. Since RPCs are sensitive to low energy charged 
particles, by removing the RPCs from the trigger, one avoids spuri- 
ous triggers, namely due to the soil radioactivity. This allows also 
to reduce the energy threshold of the detector. 

In order to better evaluate the impact of the present detector 
concept with respect to the gain expected by going to high al- 
titudes, the differential sensitivity of the array placed at 4100 m 
was computed from a full simulation for low energy showers and 
is compared with the sensitivity at 5200 m in Fig. 13 . Although a 
degradation of the performance is observed, as expected, the sen- 
sitivity is kept towards the low energies, down to about 100 GeV. 
6. Summary 

We have proposed a novel, large field-of-view, hybrid, extensive 
air shower detector sensitive to gamma rays of energies starting 
from 100 GeV (or even less for special high flux transients), based 
on individual units made (from top to bottom) by: 
• a thin slab of lead, to allow conversion of secondary photons in 

showers into electron-positron pairs; 
• a position-sensitive detector like a RPC; 
• a water Cherenkov detector (or any other electromagnetic 

calorimeter with some muon identification capabilities). 
We have shown that such a detector, if deployed on a surface 

of some 20 0 0 0 m 2 , can reach a sensitivity that can provide the 
missing link between Fermi and HAWC, between 100 and 350 GeV. 
Such detector would be able to detect in one year with a 5 σ signif- 

Fig. 12. Integral sensitivity, defined as the flux of a source above a given energy 
for which N excess / √ 

N bkg = 5 after 1 year. The LATTES full line is the sensitivity 
obtained for a source at a zenith angle of 10 °; the dashed curve is an estimation of 
the LATTES performance while following the Crab Nebula transit; the thin dashed 
curve is an estimation of the sensitivity considering the all-particle cosmic-ray flux 
(see text for details). For comparison, fractions of the integral Crab Nebula spectrum 
are plotted with the thin, dashed, gray lines. 

Fig. 13. Same as Fig. 11 , including the LATTES sensitivity curve computed for an 
altitude of 4100 m. 
icance a source as faint as the Crab Nebula at 100 GeV. Above 1 TeV 
it could reach sensitivities better than 10% of the Crab Nebula flux. 

The instrument is able to survey half of the sky, with enhanced 
ability to detect transient phenomena making it a very powerful 
tool to trigger observations of variable sources, in particular flares 
by active galactic nuclei, and to detect transients coupled to gravi- 
tational waves and gamma-ray bursts. 

An external sparse array of units could be easily achieved, due 
to the modular nature of the detector. This would not only allow to 
extend the energy range but also would further improve the sen- 
sitivity of the core array at lower energies. 

The presented hybrid detector concept is currently the baseline 
design of the core array of the LATTES project, foreseen as a new 
EAS gamma-ray detector in the Southern hemisphere, complemen- 
tary to the planned Cherenkov Telescope Array. 
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Fig. 8. Top: Calibration between simulated energy and WCD signal at ground, for 
photons with a spectral energy distribution as for Crab Nebula. Bottom: Resolution 
in the reconstructed energy, for the same sample of photon-initiated showers. 
ulated energy and total signal can be reached even to energies be- 
low 100 GeV. 

The reconstructed energy follows quite well a log-normal dis- 
tribution as a function of the generated energy. The energy res- 
olution was thus calculated by fitting the distribution of ln ( E / E 0 ) 
with a Gaussian function; the relative resolution is shown in Fig. 8  , 
bottom. The resolution on the reconstructed photon energy de- 
pends 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 developed by ARGO and 
HAWC [13,15] . ARGO gamma/hadron (g/h) discriminators rely on 
the analysis of patterns at ground. These analyses rely on the use 
of sophisticated tools such as artificial neural networks, which is 
currently out of the scope of this work. However, such analysis 
could be imported to this detector concept, even if the RPC pads 
are bigger than the ARGO one’s. 

Hence, we wish to demonstrate that a good g/h discrimination 
can be achieved using solely the small water-Cherenkov detector. 
Among many observables tested two showed a high potential to 
distinguish between gamma and hadron showers, which we called: 
S high 

40 /S 40 and compactness . 
The first observable is related to the presence of muons or en- 

ergetic sub-showers far away from the shower core (above 40 m) in 
hadronic induced showers, but hardly noticeable in gamma show- 
ers. To get a grip on this quantity, we compute the total signal 
recorded by all WCD stations more than 40 m far from the shower 
core above a given signal threshold, S high 

40 . This quantity, computed 

Fig. 9. Gamma/proton showers selection efficiency as a function of the recon- 
structed energy. Gammas are shown by the red (full) line while protons appear as 
blue (dashed). 

event-by-event, is then divided by the total signal present, in the 
same event, for all WCD stations more than 40 m far from the 
shower core, S 40 . The signal threshold is taken as the signal that 
one single muon would give while crossing one WCD. Proton in- 
duced showers have in average a higher signal far away from the 
shower core, which means that the computed ratio ( S high 

40 /S 40 ) will 
be greater than for gamma primaries. 

The second observable is related to the shower lateral distri- 
bution function (LDF) steepness, which is higher for gamma in- 
duced showers. An average LDF for gamma showers was obtained 
for each reconstructed energy bin. This LDF, with no free param- 
eters except one normalisation factor, is then fit to the event and 
the sum of the difference between the WCD data points and the 
fitted function is used as an estimator for the nature of the pri- 
mary. It is worth noting that, while developed independently, sim- 
ilar g/h discrimination strategies were applied by the HAWC col- 
laboration [32] . 

In order to maximize the discrimination factor the two discrim- 
ination variables were combined using a linear discriminant (Fisher 
analysis). 

The results of this exercise are presented in Fig. 9  . Here, it is 
shown the selection efficiency after applying the gamma/hadron 
cuts. For each energy bin, the cut value of the discriminant vari- 
able was chosen in order to maximize the ratio of the signal (gam- 
mas) over the square root of the background (protons). From this, 
it can be seen that the rejection of protons increases rapidly as the 
shower energy increases, while the gamma selection efficiency re- 
mains above 50%. The calculation of the sensitivity was done using 
a monotonous smoothed curve of Fig. 9  to reduce statistical fluctu- 
ations. The obtained curves for the signal and background efficien- 
cies are within the computed statistical uncertainties. 
5.6. Significance of the Crab signal 

Gamma-initiated events have been selected within the angular 
window defined by the cone with half-aperture equal to the an- 
gular resolution for photons. The cosmic-ray background has been 
calculated for the same window, assuming an isotropic flux. Pro- 
tons are reconstructed with all the analyses procedures developed 
for gammas. For instance, the calibration curve obtained for pho- 
tons is used to derive the event energy either it is a gamma or a 
proton. Due to the limited simulation statistics at the highest ener- 
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Similar to the Tibet ASγ experiment operated in Tibet

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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ALPACA layout
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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)

15

Schematic view of ALPACA

Image of  1m2 plastic 
scintillation detector

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

AS

MD
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The RPC charge readout
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Fig. 1. Average strip and pad sizes compared to the total and truncated
sizes for proton-induced air showers on the ARGO-YBJ central carpet.
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Fig. 2. Comparison between the digital strip size spectrum and the analog
big pad spectrum. Two different amplitude scales have been used to extend
the energy range. In the upper scale the corresponding proton mean energy
is reported.

Clusters (ARGO-42, ª1820 m2 out of ª6700 m2), has been
put in data taking with a so-called ”Low Multiplicity Trigger”,
requiring at least 60 fired pads on the whole detector [13].
The corresponding median energy of proton-induced triggered
showers is º6 TeV. In this paper we present a first measure-
ment of the strip size spectrum performed with the ARGO-42
detector.

II. THE ARGO-YBJ DETECTOR

The ARGO-YBJ detector is constituted by a single layer of
RPCs with ª93% of active area. This carpet has a modular
structure, the basic module being a Cluster (5.7£7.6 m2),
divided into 12 RPCs (2.8£1.25 m2 each). Each chamber
is read by 80 strips of 6.75£61.8 cm2, logically organized
in 10 independent pads of 55.6£61.8 cm2 [14]. The central
carpet, constituted by 10£13 clusters, is enclosed by a guard
ring partially instrumented (ª40%) in order to improve the
rejection capability for external events. The full detector is
composed by 154 clusters for a total active surface of ª6700
m2. A lead converter 0.5 cm thick will uniformly cover the
apparatus in order to improve the angular resolution. The main
features of the ARGO-YBJ experiment are: (1) time resolution
ª1 ns; (2) space information from strips; (3) time information
from pads. Due to its small size pixels, the detector is able to
image the shower profile with an unprecedented granularity,
with high duty cycle (º 100%) in the typical field of view of
an EAS array (ª2 sr).

A. The digital read-out
The particle density measurement with the digital read-out

provided by the strip system is limited to showers with a
primary energy up to º 100 TeV (for proton-induced events)

due to a strip density of ª22 strips/m2. In Fig. 1 we show the
average strip and pad sizes (Ns and Npad) as a function of the
primary energy for proton-induced showers. For comparison,
the total shower size Nch and the so-called ”truncated size”
Ntr

ch
, i.e., the size sampled by the ARGO-YBJ carpet, are also

plotted. In calculations only quasi-vertical (zenith angle µ <
15±) showers with core reconstructed inside a small fiducial
area (260 m2 around the center of the carpet corresponding
to the inner 6 clusters) have been used. An average strip
efficiency of 95% and an average strip multiplicity m = 1.2
have been taken into account. As can be seen from the figure,
log(Ns) is a linear function of log(E) up to about 100 TeV
(corresponding to a particle density of º 12-15 m°2) and
”saturates” above 1000 TeV. Accordingly, the digital response
of the detector can be used to study the primary spectrum up
to energies of a few hundreds of TeV.

B. The analog read-out

In order to extend the dynamic range up to PeV energies, a
charge read-out has been implemented by instrumenting every
RPC also with two large size pads of dimension 140£125 cm2

each (the so-called ”big pads”) [12]. The signal from the big
pad is read by a 12 bits ADC. Different signal amplitude scales
(0-330 mV, 0-2.5 V and 0-20 V) have been implemented in
order to extend the particle density measurement up to º104
particles/m2.
Since November 2004 the analog read-out has been put

in data taking into increasing portions of the full carpet
with a trigger requiring more than 32 particles on at least
one Cluster. In Fig. 2 a comparison between the measured
digital strip size spectrum and the analog big pad spectrum is
shown. Two different amplitude scales have been used in this
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Strips 
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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 

…extending the dynamical range up to 10 PeV

4 different gain scales used to cover 
a wide range in particle density:

ρmax−strip  ≈ 20 particles/m2 

ρmax−analog ≈ 10
4
particles/m

2

BIG 
PAD ADC 

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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Intrinsic linearity: test at the BTF 
facility

�43

The RPC signal vs the calorimeter 
signal 

Normalized residuals: the gaussian fit to the 
distribution Æ no deviations from linearity

Linearity of the RPC 
@ BTF in Frascati:

•• electrons (or positrons)electrons (or positrons)
•• E = 25E = 25--750 750 MeVMeV (0.5% resolution)(0.5% resolution)
•• <N> = 1<N> = 1÷÷101088 particles/pulseparticles/pulse
•• 10 ns pulses, 110 ns pulses, 1--49 Hz49 Hz
•• beam spot uniform on 3*5 cmbeam spot uniform on 3*5 cm22

beam

Æ Linearity up to § 2 104 particle/m2 ( see also S. Mastroianni’s poster) 

Calorimeter: lead glass block from OPAL,  
PMT  a Hamamatsu R2238.

IntrisicIntrisic linearity:ȱtestȱatȱtheȱBTFȱfacilitylinearity:ȱtestȱatȱtheȱBTFȱfacility

M. Iacovacci RPC2014, Beijing 14/18
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Figure 7: Result of the RPC linearity test performed at the BTF (see text for details).
The fit with a straight line, in red, has been performed.

red straight line shown in Fig.7 and the residual values, normalized to the fit141

values, reported in the histogram of Fig.8. The gaussian fit to the residual142

distribution (Fig.8) shows a good agreement, as confirmed by the value of143

the χ2/d.o.f.. From the fitted values of the gaussian parameters one can say144

that local deviations are contained within a few per cent (r.m.s) , while the145

integral deviation (mean) is below 1%.146

The offset of the RPC response in Fig.7 is due to the strong attenuation147

of the calorimeter signal and to its adaptation to match the specifications of148

the readout electronics. In conclusion, up to 30 particles on 15 cm2 there is149

no evidence of deviation from linearity behavior of the RPC, which means150

linearity response up to density of about 2× 104/m2. Of course this value151

is conservative because the particle density of the beam spot is not properly152

uniform.153

IV. Local Station and Trigger System154

The trigger of the experiment is generated by the digital signals sent155

by the Front-End boards mounted on the RPCs. These digital signals are156

processed by a specific crate named Local Station (LS) [6] - the Cluster157

DAQ Unit -, as depicted in Fig. 9, that provides the pad multiplicity to the158

9

The RPC signal vs the calorimeter signal

➔ Linearity up to ≈ 2独104 particle/m2

Linearity of the RPC @ BTF 
in INFN Frascati Lab: 
• electrons (or positrons) 
• E = 25-750 MeV (0.5% resolution) 
• <N>=1÷108particles/pulse 
• 10 ns pulses, 1-49 Hz 
• beam spot uniform on 3⨉5 cm

4 RPCs  
60 x 60 cm2

Astrop. Phys. 67 (2015) 47

4 data sample:
ȡ : 10 Æ 104 part/m2

Event selection:
� Core reconstructed 
in a fiducial area of 
2400 m2 ;
� Zenith angle < 15°

Good overlap between 4 scales with the maximum density
of the showers spanning over three decades

Trigger 
effect

RPC2014, Beijing M. Iacovacci

ChecksȱandȱperformanceȱevaluationChecksȱandȱperformanceȱevaluation

16/18

Good overlap between 4 scales with the maximum 
density of the showers spanning over three decades



G. Di Sciascio AGILE Meeting, May 18, 2018 

The RPC charge readout: the core region
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MC: 100 TeV MC: 1000 TeV

Strip read-out
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The RPC charge readout: the core region
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MC: 100 TeV MC: 1000 TeV

Strip read-out
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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 

Strip read-out

Charge read-out

Data

Shower Core = study of hadronic interactions 
in a region with pseudorapidity > 8 !!!
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Sensitivity
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CRAB extrapolation

LHAASO (1 year, 5 s.d.)
HAWC (1 year, 5 s.d.)
HESS/VERITAS (50 hours)
MAGIC II (50 hours)
CTA-South Survey
CTA-South point sources (50 hours)
EAS-TOP Crab u.l. (1995)
KASCADE Crab u.l. (2004)
HEGRA AIROBICC u.l. (2002)
CASA-MIA Crab u.l. (1991,1997)

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

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

̣ 1 year for EAS arrays means:

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


̣ For Cherenkov: 

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


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

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

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

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

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

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

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

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

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

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

4. Results

4.1. Angular distribution of shower events

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

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

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

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

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

4.4. Angular resolution

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

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

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

rhðm;hÞ /
rtðmÞ

ffiffiffiffi

m
p

ffiffiffiffiffiffiffiffiffiffi

sech
p

ð3Þ

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

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

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

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

Fig. 18. The standard deviation rh of the distribution of Dhas a
function of pad multiplicity. The curve represents a fit of Eq. (3)
to data, for quasi vertical events.
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Measurement with ARGO at YBJ
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Energy calibration!

N ≈ 21 · (ETeV/Z)1.5

Calibration of the energy scale

�47

• CREAM:       1.09 ⨉ 1.95 ⨉ 10-11 (E/400 TeV)-2.62 

• ARGO-YBJ: 1.95 ⨉ 10-11 (E/400 TeV)-2.61 

• Hybrid:          0.92 ⨉ 1.95 ⨉ 10-11 (E/400 TeV)-2.63

CREAM: 1.09x1.95x10-11(E/400TeV)-2.62 
 ARGO-YBJ:      1.95x10-11(E/400TeV )-2.61 
Hybrid:   0.92x1.95x10-11(E/400TeV)-2.63 

B. Bartoli et al, Chinese Physics C, Vol. 38, No. 4, 045001 (2014) 

Single power-law: 2.62 ± 0.01

Flux at 400 TeV:  

1.95 × 10-11± 9% (GeV-1 m-2 sr-1 s-1)

The 9% difference in flux corresponds to a difference 
of ± 4% in energy scale between different experiments.

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

ARGO-YBJ: Moon shadow tool

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

Chin. Phys. C 38, 045001 (2014)

PRD 84 (2011) 022003
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Gamma/Hadron discrimination

�48

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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Extended sources
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· ✓PSF
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(7)

�⌦PSF ⇠ ⇡✓2PSF

Sext = Spoint ·
✓PSF

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

dimension of the extended source

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

Motivation for a wide energy range and wide field of view �-ray telescope 15
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Figure 2.6: The minimum integral flux (in Crab units)

detectable by LHAASO and CTA-South as a function

of the source angular diameter, for two di↵erent photon

energies.
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Figure 2.7: Predicted constraints on the dark mat-

ter annihilation �� ! bb cross section at 95% C.L. for

LHAASO in the hypothesis of 5 years of data [44]. The

MAGIC DM exclusion limits from Segue 1 is shown for

comparison [45]. Extrapolations for a joint likelihood

analysis of 10 and 30 dSphs (supposing that the new op-

tical surveys will find new dSph) are also shown.

by the interaction of CRs with energy up to the all-particle knee and to measure the knee in the di↵use energy
spectrum corresponding to the ARGO-YBJ observation of the proton knee at ⇠700 TeV [6].

With an expected rejection of the CR background at a level 10�4 – 10�5, LHAASO will be able to achieve
a limit below the level of the IceCube di↵use neutrino flux at 10 – 100 TeV, thus constraining the origin of the
IceCube astrophysical neutrinos.

Finally, the capability to observe extended gamma-ray sources with high sensitivity combined with the wide
field of view and the high duty-cycle makes LHAASO an excellent detector to observe with unprecedented
sensitivity extended sources of TeV photons from Dark Matter (DM) annihilation. First targets are: dwarf
galaxies, spheroidal galaxies, galaxy clusters, regions of medium-scale anisotropy. Dwarf galaxies are extremely
faint, and the best candidate for DM detection are those with the lowest luminosities, that have the highest
DM/baryonic mass ratio and therefore the lowest luminous matter backgrounds. Therefore, it is likely that
the best candidate dwarf galaxy for DM analysis has not yet been discovered. The wide aperture of LHAASO
will allow, in principle, the search for faint gamma-ray signals with hard spectra in locations with no known
counterparts, which would be the expected DM annihilation signal from an unknown dwarf galaxy.

In addition, a DM subhalo could be responsible for the TeV cosmic-ray anisotropy observed by ARGO-YBJ
[43], and other experiments, and if so, LHAASO should be able to detect gamma rays from such a dark subhalo
within one year of operations.

In Fig. 2.7, the curves are the preliminary projected 95% CL limits from Draco and Segue 1 dwarf galaxies
[44]. These plots show the LHAASO sensitivity to DM annihilation in single dwarf spheroidal galaxies. The
exclusion curves are calculated assuming 5 years observation time for LHAASO and WIMPs which annihilate
with a 100% branching ratio into bb annihilation channel. In Fig. 2.7 the limit obtained by MAGIC after ⇠160
hours observation of Segue 1 is also shown [45]. The Fermi-LAT collaboration showed that the combined limits

The minimum integral flux (in Crab units) detectable by 
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angular diameter, for two different photon energies. 
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