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• Why a Wide Field of View detector ?


• The scientific case: open problems in Cosmic Ray Physics


• Status of current wide FoV detectors: HAWC and LHAASO


• What’s Next ? The Southern Hemisphere
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Cherenkov Telescopes Extensive Air Shower Arrays

Pointed and Survey Instruments

3



G. Di Sciascio PAHEN 2017- Naples, Sept 25-26, 2017

Cherenkov Telescopes Extensive Air Shower Arrays

Pointed and Survey Instruments
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EAS arrays are irreplaceable tools for 
all sky survey and to study the extended 

emission and the transient γ sky !
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The strong case for all sky survey instruments
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The all-sky survey provides un unbiased map of the sky useful to

• enable the detection of unexpected sources

• provides testing ground for new theoretical ideas

• provides targets for in-depth observations

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

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


• probe of extended and diffuse emission on scales of 
several degrees


• study of localized CR anisotropies


• search for small and nearby high latitude molecular clouds 

• study of CR energy spectrum and elemental composiiton


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

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

10

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

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

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

7

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

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

fluxes F
7

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

HAWC 2nd catalog 2017
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The Galactic Cosmic Ray puzzle
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To understand the origin of Galactic Cosmic Rays we need to 


★ identify the main sources able to accelerate particles up to the highest 
energy we observe


★ understand how particles escape from their sources and are released 
into the interstellar medium (ISM)


★ understand how particles propagate through the Galaxy before reaching 
the Earth.

The three main pillars that constitute the SNR paradigm for the origin of CRs: 
acceleration, escape and propagation  
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We need to know
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★ Acceleration and escape


• which acceleration mechanism ? ➜ injection spectrum 


• total energy released in CRs 


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

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.


★ Propagation

• magnetic field in the Galaxy 


• spatial distribution of sources 


• spatial distribution of CRs 


• injected ➜ observed spectrum 


★ Which is the chemical composition of CRs ? 

Morlino, 2017
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Why are Wide FoV instruments so cool ?
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★ Acceleration and escape


• which acceleration mechanism ? ➜ injection spectrum 


• total energy in CRs 


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

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


★ Propagation

• magnetic field in the Galaxy 


• spatial distribution of sources 


• spatial distribution of CRs 


• injected ➜ observed spectrum 


★ Which is the chemical composition of CRs ? 

➜ Gamma-Ray Astronomy

➜ Anisotropy
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★ Acceleration and escape


• which acceleration mechanism ? ➜ injection spectrum 


• total energy in CRs 


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

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


★ Propagation

• magnetic field in the Galaxy 


• spatial distribution of sources 


• spatial distribution of CRs 


• injected ➜ observed spectrum 


★ Which is the chemical composition of CRs ? 

➜ Gamma-Ray Astronomy

➜ Anisotropy

Wide FoV detectors = Multi-M
essenger Instruments (by definition)
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Cosmic Rays and γ-Ray Astronomy connection
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★ Hadronic emission: p + p/γ ⇒ n  (π+ + π- + π0 ) + h

ν    Neutrino Astronomy

γ   Gamma-Ray Astronomy

CRs, photons and neutrinos strongly correlated  

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

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

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

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

✓ Cosmic Microwave Background (CMB) 
✓ Infrared, optical photons 
✓ Synchrotron photons

(CR sources)
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SNR - Cosmic Rays Connection
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It is beyond any doubt that bulk of the CRs are originated in SNRs where 
they are accelerated by diffusive shock acceleration process at 
supernova blast waves driven by expanding SNRs.


The question is rather which is the total amount of energy channeled into 
relativistic particles and which is the final spectrum injected into the ISM. 

Gamma rays from SNRs:
a test for CR origin

Drury, Aharonian & Volk, 1994

 CR observations -> CR power of the Galaxy

 Supernova rate in the Galaxy (≈3 per century)} ≳10% of SNR energy MUST 
be converted into CRs➩

➩
 ISM density n ≈ 0.1 ÷ 1 cm-3

 proton-proton interactions }
RXJ1713 as seen by HESS

SNRs detected @TeVs ➜ TEST PASSED!

hadronic or leptonic???

SNRs detected @TeVs ➜ TEST PASSED!SNRs detected @TeVs ➜ TEST PASSED!
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CR knee @ few PeV’s 
Something must 
happen here... 
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It is beyond any doubt that bulk of the CRs are originated in SNRs where 
they are accelerated by diffusive shock acceleration process at 
supernova blast waves driven by expanding SNRs.


The question is rather which is the total amount of energy channeled into 
relativistic particles and which is the final spectrum injected into the ISM. 

Gamma rays from SNRs:
a test for CR origin

Drury, Aharonian & Volk, 1994

 CR observations -> CR power of the Galaxy

 Supernova rate in the Galaxy (≈3 per century)} ≳10% of SNR energy MUST 
be converted into CRs➩

➩
 ISM density n ≈ 0.1 ÷ 1 cm-3

 proton-proton interactions }
RXJ1713 as seen by HESS

SNRs detected @TeVs ➜ TEST PASSED!

hadronic or leptonic???

SNRs detected @TeVs ➜ TEST PASSED!SNRs detected @TeVs ➜ TEST PASSED!

We’d like CR sources 
to accelerate (at least) 

up to that energy

CR knee @ few PeV’s 
Something must 
happen here... 

We would like SNRs to 
be CR PeVatrons…!
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The observations: >1011 eV sky in photons
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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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TeVCat 2016

155 VHE γ-ray sources
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Galactic TeV source populations
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Galactic TeV source populations

~75 sources total now known

Best PeVatron candidates ? Relic PWNe 

or 

missing SNRs ? 
πº bump discovery confirms hadronic 
interaction, but particle energies only 
up to ~300 GeV and steep spectra

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


• High Energy Survey

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.
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HESS survey 

Equator 

VERITAS 
survey 

TeVatron Sky
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Gammas from Galactic Cosmic Rays: Eγ ~ ECR/10

TeV Cosmic Rays 
Photons > 100 GeV !

But ‘smoking gun’ still missing…

leptonic ?

hadronic (CR sources) ?

Complex scenario: each source is 
individual and has a unique behaviour. 
In general one expects a combination 
of leptonic and hadronic emission !
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CRs diffusing away from the sources
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One of the most Interesting targets for the study of 
diffusion of CRs in our Galaxy is the Cygnus region. 

Natural site for CR acceleration and neutrino production !

Figure 2: Fermi’s color map of Cygnus X (red cycle), which is distributed by Skyview

HEASARC - HEALPixed by CDS; the map was edited with Aladin v9.0. The scales are

given by galactic coordinates. Cygnus X is represented here by the big red cycle, pulsars

abbreviated with ”PSR” by green cycles, OB2 association by a blue cycle and Cygnus Cocoon

by a yellow one. All sources identified by Fermi 3FGL are represented by blue quads.

The supernova remnant (SNR), � Cygni, was firstly investigated using Fermi

data, which provide information about the interstellar background by subtract-

ing the radiation from � Cygni.

Moreover, Cygnus X has a Cocoon where freshly accelerated CR can be found,

and the emission exceeds 100 GeV. The SNR � Cygni, which is located in the

Cocoon, could cause the acceleration of protons even up to 80-300 TeV and elec-

trons up to 6-30 TeV. The accelerated particles could fill the whole Cocoon if it is

assumed that the primary transport mechanism is di↵usion. On the other hand,

advection could dominate the transport mechanism, if an anisotropic emission

from � Cygni was observed ([10]). However, there is no proof for this scenario

yet.

The Cocoon can give hints about the transport mechanism and escape of CRs

from their source. In the model built in this work, the influence of di↵usion and

advection in Cygnus X can be investigated. Thus, at the very least a suggestion

of the role of � Cygni in the Cocoon can be given as our ROI includes these

objects.

In order to properly model the CR interactions, the column depth needs to be

7

Fermi’s color map of Cygnus X (red cycle) 

The Cygnus region is a nearby (D = 1.3 kpc) example of 
a giant star-forming complex containing massive 
molecular gas clouds, rich populations of young stars, 
and luminous HII regions. 
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FIG. 4. Source map of Cygnus X: GIEM at 1 GeV overlaid
with locations of point sources from the 3FGL (UnID - blue
square, PSR - yellow cross, SNR - red circle), extended GeV
emission (green circle), extended TeV emission (cyan circle),
and Cygnus OB2 (white, dashed circle). The regions with ex-
tended emission have been fitted with Gaussian sources with
free locations and widths (by their respective collaborations).
The best fitting coordinates and areas are shown for ARGO
J2031+4157 [26], 2HWC J2031+415 [47], TeV J2032+4130
(HEGRA) [7], Cygnus Cocoon [6], and MGRO J2031+41 [48].

radius, equivalent to a box of 5� ⇥ 5�. For the HAWC
observations [47], we scaled the data point to a region
covering 2� in radius as their data originally covered a
region of only 0.7� in radius.

Combining the �-ray spectrum for the Cocoon, extrap-
olated to TeV energies, with our modeled di↵use emis-
sion and the �-ray spectra for point sources in the region
gives a total �-ray spectrum that is in agreement with
both the GeV and TeV energy �-ray data, see Fig. 5(a).
While we find only rough agreement between our p = 2.8
model and the Fermi data, we find agreement between
our p = 2.6 model and all available data. This agree-
ment between the models and observations will allow us
to use the existing Cocoon spectrum to model further
hard neutrino emission from the Cygnus region.

To calculate an upper limit on the potential neutrino
emission from the Cocoon, we assume that the Cocoon
is a single source and is dominated by �-rays from neu-
tral pion decay. Using our single-zone YEGZ interaction
model [39], we approximate the spectrum of cosmic-ray
protons necessary to reproduce the observed �-ray spec-
trum. Assuming there is no steepening of the cosmic-ray
proton spectrum at higher energies, we find that the neu-
trino flux (p = 2.2) at 1 PeV is a just above the di↵eren-
tial discovery potential point sources for IceCube, based
on 7 years of data [54], see Fig. 5(b). As the discovery
potential for extended sources should be at least a factor
of a few lower, see Fig. 8.1 in [53], the possibility of de-
tecting the Cocoon is even greater, provided the cosmic

FIG. 5. Top panel: plot of the �-ray spectra including the
YEGZ di↵use model, 3FGL resolved sources, and the Cocoon.
Di↵erent components include: YEGZ models, pulsars (PSRs),
active galactic nuclei (AGNs), supernova remnants and as-
sociated emission (SNRs), unassociated sources (UnID), the
isotropic �-ray background (ISO), and the Cocoon. Sources
from the 3FGL are valid out to 300 GeV (vertical dotted
black line) and extrapolated beyond that. Bottom panel: plot
of the neutrino spectra from the soft, di↵use YEGZ models
(p = 2.6 � 2.8), the Cygnus Cocoon, and the CygX-North
molecular cloud complex, along with the point source di↵er-
ential discovery potential for IceCube based on 7 years of data
[54]. The IceCube sensitivity to extended sources naturally is
lower than that for point sources, and thus this plot represents
the most optimistic case for detection.

ray spectrum is hadronic and extends to PeV energies.
It is likely that several di↵erent accelerators and in-

teraction processes produce the hard emission that has
been designated the Cocoon, and it is unclear whether
the total �-ray emission from the Cocoon is dominated by
hadronic processes. As such, we also consider a smaller
portion of the Cocoon coincident with a large molecu-
lar gas cloud complex which is most likely to be dom-
inated by hadronic emission and could potentially be
due to a single, hidden accelerator (a SNR or a PWN).
The region we consider is in CygX-North centered on
(l = 81.5�

, b = 0.5�) which is to the left of Cyg OB2, see
Fig. 7 in [31].
Again, using our single-zone YEGZ model [39], we

match a cosmic-ray proton spectrum to the �-ray spec-
trum for this subregion given in the supplementary ma-
terials of [6], see Fig. S6. We find that the neutrino flux

According to the third Fermi LAT source catalog (3FGL), there are 
24 sources identified within a 4º radius of the center of Cygnus X.


16 of them are unassociated (UnID) point sources.

Cygnus X is the brightest diffuse γ-rays 
source in the northern hemisphere.
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ARGO J2031+4157 as the Cygnus Cocoon
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ARGO-YBJ sky map

Smax = 6.1 s.d. 
σext = 1.8º±0.5º

Spectrum of ARGO J2031+4157: dN/dE ∝ E-2.62±0.27 

Combined Fermi-LAT&ARGO spectrum: dN/dE ∝ E-2.16±0.04

A pure hadronic model was assumed with a 
power law and a cutoff energy Ec =150 TeV.

ApJ 790 (2014) 152

The emission of ARGO J2031+4157 can be identified 
as the counterpart of Cygnus Cocoon at TeV energies. 

A cocoon of freshly accelerated cosmic rays

The scale of this region is ∼ 50pc.

The Cocoon seems to be related to the combination 
of many powerful SNR and stellar-wind shocks.

Interesting implications for neutrino production !
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Neutrinos from the Cygnus Cocoon
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Assuming that the Cocoon is a single source 
dominated by γ-rays from neutral pion decay.

Assuming there is no steepening of the CR proton 
spectrum at higher energies, the authors find that 
the neutrino flux (p = 2.2) at 1 PeV is a just above 
the differential discovery potential point sources 
for IceCube, based on 7 years of data.

They also consider a smaller portion of the Cocoon 
coincident with a large molecular gas cloud 
complex which is most likely to be dominated by 
hadronic emission and could potentially be due to 
a single, hidden accelerator (a SNR or a PWN).


This region is in CygX-North.


The neutrino flux at 1 PeV is a factor of ∼4 below 
IceCube’s differential discovery potential. 


This indicates that CygX-North is unlikely to be 
detected by IceCube as a point source.
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FIG. 4. Source map of Cygnus X: GIEM at 1 GeV overlaid
with locations of point sources from the 3FGL (UnID - blue
square, PSR - yellow cross, SNR - red circle), extended GeV
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free locations and widths (by their respective collaborations).
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covering 2� in radius as their data originally covered a
region of only 0.7� in radius.

Combining the �-ray spectrum for the Cocoon, extrap-
olated to TeV energies, with our modeled di↵use emis-
sion and the �-ray spectra for point sources in the region
gives a total �-ray spectrum that is in agreement with
both the GeV and TeV energy �-ray data, see Fig. 5(a).
While we find only rough agreement between our p = 2.8
model and the Fermi data, we find agreement between
our p = 2.6 model and all available data. This agree-
ment between the models and observations will allow us
to use the existing Cocoon spectrum to model further
hard neutrino emission from the Cygnus region.

To calculate an upper limit on the potential neutrino
emission from the Cocoon, we assume that the Cocoon
is a single source and is dominated by �-rays from neu-
tral pion decay. Using our single-zone YEGZ interaction
model [39], we approximate the spectrum of cosmic-ray
protons necessary to reproduce the observed �-ray spec-
trum. Assuming there is no steepening of the cosmic-ray
proton spectrum at higher energies, we find that the neu-
trino flux (p = 2.2) at 1 PeV is a just above the di↵eren-
tial discovery potential point sources for IceCube, based
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FIG. 5. Top panel: plot of the �-ray spectra including the
YEGZ di↵use model, 3FGL resolved sources, and the Cocoon.
Di↵erent components include: YEGZ models, pulsars (PSRs),
active galactic nuclei (AGNs), supernova remnants and as-
sociated emission (SNRs), unassociated sources (UnID), the
isotropic �-ray background (ISO), and the Cocoon. Sources
from the 3FGL are valid out to 300 GeV (vertical dotted
black line) and extrapolated beyond that. Bottom panel: plot
of the neutrino spectra from the soft, di↵use YEGZ models
(p = 2.6 � 2.8), the Cygnus Cocoon, and the CygX-North
molecular cloud complex, along with the point source di↵er-
ential discovery potential for IceCube based on 7 years of data
[54]. The IceCube sensitivity to extended sources naturally is
lower than that for point sources, and thus this plot represents
the most optimistic case for detection.

ray spectrum is hadronic and extends to PeV energies.
It is likely that several di↵erent accelerators and in-

teraction processes produce the hard emission that has
been designated the Cocoon, and it is unclear whether
the total �-ray emission from the Cocoon is dominated by
hadronic processes. As such, we also consider a smaller
portion of the Cocoon coincident with a large molecu-
lar gas cloud complex which is most likely to be dom-
inated by hadronic emission and could potentially be
due to a single, hidden accelerator (a SNR or a PWN).
The region we consider is in CygX-North centered on
(l = 81.5�

, b = 0.5�) which is to the left of Cyg OB2, see
Fig. 7 in [31].
Again, using our single-zone YEGZ model [39], we

match a cosmic-ray proton spectrum to the �-ray spec-
trum for this subregion given in the supplementary ma-
terials of [6], see Fig. S6. We find that the neutrino flux

Tova M. Yoast-Hull et al. arXiv:1703.02590
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?

?

PeV Cosmic Rays 
Photons > 100 TeV !

Where are the CR 
PeVatrons ?

Bonus @ 100 TeV: 

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

★A power law spectrum reaching 100 TeV without a cutoff  
is a very strong indication of the hadronic origin of the 
emission

Extend energy range !         
→ very large area and long 

observation time
→ wide-angle γ-ray detectors



G. Di Sciascio PAHEN 2017- Naples, Sept 25-26, 2017

Diffuse γ-rays from the Galactic Plane

17

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.

  

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
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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) 

by S. Vernetto & P. Lipari: ICRC 2017

Unabsorbed flux

Expected Galactic diffuse γ-ray flux

18

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

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 ? 

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

• Maps of the gamma-ray sky not unbiased.


• PeVatrons ‘smoking gun’ signature still missing.


• Measurement of diffuse γ-ray emission at 100 TeV crucial.


• Monitoring of flaring emissions (GRBs, AGNs, etc) very important.

✓ All-sky survey instrument for an unbiased map of the sky at few % Crab flux level

✓ Observation of gamma-ray sky in the 100 - 1000 TeV range !

✓ Wide-angle instrument for very extended sources and diffuse emission.
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Approaching the knee
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?

The  “knee”  of  the  CR  spectrum

G. Di Sciascio Roma Tor Vergata 18/03/2010 9

Z = 1

Z = 2

Z = 3

FLUX

ENERGY

Emax ~ Z·1015 eV

The standard model:


• Knee attributed to light (proton, helium) component 

• Rigidity-dependent structure (Peters cycle): cut-offs at energies 

proportional to the nuclear charge EZ = Z × 4.5 PeV

• The sum of the flux of all elements with their individual cut-offs 

makes up the all-particle spectrum.

• Not only does the spectrum become steeper due to such a cutoff 

but also heavier.

Emax(iron) = 26 · Emax(proton)

Experimental results still conflicting !

The origin of the knee in the all-particle spectrum of CRs is 
inextricably connected with the issue of the end of the 

Galactic CR spectrum and the transition to extragalactic CRs.
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★ Structure generated by propagation: ➜ implies that the (main) Galactic CR accelerators 
must be capable to accelerate to much higher energy

The Nature of the “KNEE” in the Cosmic Ray Spectrum

If the “knee” is a propagation effect, the Galaxy contains “super-PeVatrons”  and the study of 
these objects requires Gamma Astronomy at High Energy (100 - 1000 TeV). 


➜ Strong interest in the PeV gamma ray (and neutrino) astronomy.

The exploration of the gamma ray sky at very high energy (E > 100 TeV) is challenging, but has great 
scientific interest, and is in fact crucial for a full understanding of the Galactic CR. 

10 Knee

★ Accelerator feature: maximum energy of acceleration 
➜ implies that all accelerators are similar
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A comment on “PeVatrons”
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★ Structure generated by propagation: ➜ implies that the (main) Galactic CR accelerators 
must be capable to accelerate to much higher energy

The Nature of the “KNEE” in the Cosmic Ray Spectrum

If the “knee” is a propagation effect, the Galaxy contains “super-PeVatrons”  and the study of 
these objects requires Gamma Astronomy at High Energy (100 - 1000 TeV). 


➜ Strong interest in the PeV gamma ray (and neutrino) astronomy.

The exploration of the gamma ray sky at very high energy (E > 100 TeV) is challenging, but has great 
scientific interest, and is in fact crucial for a full understanding of the Galactic CR. 

A measurement is worth 1000 theories !

10 Knee

★ Accelerator feature: maximum energy of acceleration 
➜ implies that all accelerators are similar



G. Di Sciascio PAHEN 2017- Naples, Sept 25-26, 2017

CR spectrum and atmospheric neutrinos

23

A practical aspect of the energy of the proton knee is its 
implication for the atmospheric neutrino flux at high energy.

Calculation of the flux of atmospheric neutrinos depends on the 
spectrum of nucleons as a function of energy per nucleon, which 
is dominated by protons and helium. 


If the proton and helium components steepen at 700 GeV, then 
there should be a compensating increase in heavier nuclei to keep 
the all-particle spectrum constant. 


The sketch illustrates the effect, which would likely be a 
suppression of the flux of nucleons in a range around a PeV that 
arises if the all-particle spectrum is dominated by heavy nuclei in 
this region. 


This in turn would significantly reduce the flux of muons 
and muon-neutrinos around 100 TeV. The spectrum of nucleons for the H4a 

model compared with a modified version in 
which the cutoff rigidities for p and He are 
reduced to 700 GeV and the all-particle 
spectrum is restored by increasing the 
contribution of the CNO and Fe groups. 
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Figure 2. The spectrum of nucleons for the H4a model [14] com-
pared with a modified version in which the cuto↵ rigidities for p
and HE are reduced to 700 GV and the all-particle spectrum is re-
stored by increasing the contribution of the CNO and Fe groups.

surements cover the energy range from ⇠ 10 TeV to the
knee region. While the measurement of the all-particle
spectrum agrees with several other EAS measurements
through the knee region, the light component appears to
steepen starting around 700 TeV [8, 10]. In contrast, KAS-
CADE [11, 12] shows the proton steepening above a PeV.
In his presentation, DiSciascio compares the ARGJO-YBJ
result with the Hörandel parameterization [13] of p+He,
which also steepens at higher energy. The IceCube/IceTop
composition analysis [15] starts around 3 PeV, too high to
provide insight on this question.

Indirect measurements of the composition with EAS
detectors are di�cult, and the ARGO-YBJ result points to
an ambiguity that needs to be resolved. A practical aspect
is its implication for the atmospheric neutrino flux at high
energy relevant for IceCube. Calculation of the flux of at-
mospheric neutrinos depends on the spectrum of nucleons
as a function of energy per nucleon, which is dominated by
protons and helium. If the proton and helium components
steepen at 700 GV, then there should be a compensating
increase in heavier nuclei to keep the all-particle spectrum
constant. The sketch in Fig. 2 illustrates the e↵ect, which
would likely be a suppression of the flux of nucleons in a
range around a PeV that arises if the all-particle spectrum
is dominated by heavy nuclei in this region. This in turn
would significantly reduce the flux of muons and muon-
neutrinos around 100 TeV.

2.2 From the knee to the ankle

Figure 3 (left) compares measurements of the spectrum by
KASCADE-Grande [12, 16], TUNKA-133 [17, 18] and
IceTop [15, 19, 20]. The solid line shows a spectrum
with a constant di↵erential index of �3. The data show
clear structure between the knee and the ankle, with a
hardening around 2 ⇥ 1016 eV and a second knee above

1017 eV. The KASCADE-Grande analysis uses the frac-
tion of muons to separate the spectrum into light and
heavy components [12, 21]. The data suggest that the sub-
dominant light component increases relative to the heavy
component as energy increases toward the PeV region, as
shown in Fig. 3 (right). A possible interpretation is that the
increase of the light component reflects the population of
cosmic rays from extragalactic sources, while the steeper
heavy component is the end of the Galactic population.

2.3 The highest energy cosmic rays

Measurements of the cosmic-ray spectrum to the highest
energy were presented at ISVHECRI 2016 from both Tele-
scope Array (TA) [22] and Auger [23]. They are in excel-
lent agreement with each other through the ankle region
within their systematic uncertainties in energy. However,
after shifting the Auger energy assignment up by 8% (or
the TA spectrum down by a similar amount) the TA spec-
trum remains somewhat higher than the Auger spectrum
above 10 EeV.

The question of composition of the highest energy cos-
mic rays has long been an important unresolved issue.
Both TA and Auger find a large fraction of protons in the
EeV range, above which the interpretations di↵ered, with
Auger preferring heavier and TA lighter composition. In-
ferences about composition are based on both the mean
depth of shower maximum as a function of energy and
on fluctuations in depth of maximum in each energy bin,
and they depend on the hadronic interaction model used
to make the interpretation. The TA presentation [22] in-
cludes a plot of mean depth of maximum for both exper-
iments obtained by the joint composition working group
that includes members of both experiments. The results of
the two experiments are not inconsistent with each other.
In comparison with the interaction model QGSJETII-03
the depth of maximum measurements are between protons
and iron, but closer to the proton limit. Thus at present the
composition at the highest energy remains an open ques-
tion.

Composition from 1-100 EeV is the key to what is
one of the most important open questions in cosmic-ray
physics, namely, the cause of the apparent cuto↵ in the
spectrum at 100 EeV. There are two possibilities. If
protons dominate at high energy, the natural interpreta-
tion would be the GZK process [24, 25], energy loss to
photo-pion production during propagation in the cosmic
microwave background radiation. The other possibility is
that the accelerators are reaching their maximum rigidity,
as suggested by the Hillas plot [26]. The Auger presen-
tation [23] illustrates the di↵erent energy-dependent com-
positions that characterize each of these possibilities [27].
The GZK explanation requires mostly protons at the high-
est energy while in the Hillas case an increasing fraction
of heavy nuclei would be expected as the cuto↵ in rigid-
ity a↵ects protons first. In both cases e↵ects of nuclear
fragmentation during propagation must accounted for in
addition to the source composition.

Both TA and Auger have initiated upgrades aimed at
understanding the composition and the related question of

T. Gaisser, ISVHECRI 2016 (arXiv:1704.00788)

The discrepancy between ARGO-YBJ and KASCADE 
needs to be resolved by new, more sensitive detectors
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Sun

Cosmic ray anisotropy studies with IceCube, IceTop, and AMANDA - CR anisotropy workshop (Madison, WI)M. Santander 

Cosmic ray propagation and anisotropy

2

Streshnikova et al. 
arxiv/1301.2028

Distribution of nearby SNRs in the galaxy

GC

Consequences for anisotropy
• CR density gradients are visible as 

anisotropy.

• Anisotropy amplitude ≤ 10-2.

• Amplitude increases with energy.

• Dipole shape.

• Phase should point towards the most 
significant source.

Small-amplitude anisotropy studies require large data sets (> 108 events) 

Galactic cosmic rays
• Accelerated in SNRs

• Propagate diffusively

Distribution of nearby SNRs in the Galaxy

Sveshnikova et al. 
APP 50 (2013) 33

Galactic Cosmic Rays

• Accelerated in SNRs


• Propagate diffusively

Consequences for anisotropy

• CR density gradients are visible as anisotropy


• Anisotropy amplitude ≲ 10-2


• Amplitude increases with energy


• Dipole shape


• Phase pointing towards the most significant sources 

CR anisotropy as fingerprint for their origin and propagation

A weak anisotropy is expected from the diffusion and/or drift of GCRs in GMF. 

Generally speaking, the dipole component of the anisotropy is believed to be a tracer of the CR 
source distribution, with the largest contribution from the nearest ones.

M. Ahlers & P. Mertsch, arXiv:1612.01873
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• Observed anisotropy much smaller than expectations 
according to diffusive models

JCAP01(2012)011

Figure 3. Anisotropy amplitude for ten random realizations of sources in the cylindrical model,
assuming δ = 0.6 and a SN rate R = 1/30 yr−1. The halo size is H = 4 kpc. The injection spectrum
is assumed to have slope (below the cutoff) such that γ + δ = 2.67.

energies. Unfortunately at the present time the error bars on this quantity are still large
enough to allow for ambiguity in the best fit value (see for instance [28]).

Since the anisotropy δA is defined as the ratio between the density gradient and the
density, γ does not appear in δA while δ does (see also expressions 3.11 and 3.13 for the
simplified case of a uniform distribution of the sources). In figure 3 we plot the amplitude
of the anisotropy computed for ten different realizations of the source distribution in the
cylindrical model: a slope of the diffusion coefficient δ = 0.6 is assumed, while the other
parameters are all the same as for the plot in the right panel of figure 2.

As well as in the case δ = 1/3, also for δ = 0.6 the amplitude of the anisotropy is a
complex function of energy as a result of the cosmic rays contributed by nearby recent SNRs.
However, for δ = 0.6 the amplitude of the anisotropy appears to be systematically larger
than the observed one at all energies. In other words, fast diffusion leads to exceedingly
large anisotropy which seriously challenges the models that require large values of δ (see for
instance the discussion in ref. [27] for the cases in which a convective wind is included). It
is worth noticing that at very high energies the amplitude may exceed unity. These cases
clearly suggest that the diffusive paradigm may break down for very nearby sources of CRs,
as already discussed in Paper I.

We think that the results just showed provide clear evidence in favor of a diffusion
coefficient with a weak dependence on energy. This finding is of crucial importance in several
respects. The fact that the data suggest a value δ = 1/3 is comforting in some respects and
puzzling in some others, in relation to our understanding of CR acceleration and propagation.
On the one hand, δ = 1/3 gives the exact energy dependence of D(E) that Kolmogorov-type
turbulence would provide, so propagation follows a framework that was not unpredicted
from the theoretical point of view. On the other hand, however, as we already mentioned

– 12 –

• Unexpected evolution with energy, ‘dramatic’ above 100 TeV !

• Anisotropy not a simple dipole as foresee 
by diffusive models: small scale structures
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Element dependence of CR LSA with ARGO-YBJ Songzhan Chen

N log10Erec(GeV ) Em(TeV ) NUM(×108) amp φ(◦)
1 3.50∼3.75 4.0 71 9.66×10−4 ± 0.17×10−4 29.73 ± 1.00
2 3.75∼4.00 7.0 38 12.33×10−4 ± 0.23×10−4 32.55 ± 1.07
3 4.00∼4.25 12.0 20 11.55×10−4 ± 0.31×10−4 31.37 ± 1.55
4 4.25∼4.50 21.0 10 10.67×10−4 ± 0.44×10−4 27.19 ± 2.35
5 4.50∼4.75 39 5.0 9.16×10−4 ± 0.64×10−4 0.40 ± 3.97
6 4.75∼5.00 70 2.2 5.91×10−4 ± 0.96×10−4 354.03 ± 9.28
7 ≥5.00 185 1.5 6.91×10−4 ± 1.16×10−4 231.09 ± 9.64

Table 1: The median energy, events number, amplitude and phase of seven energy samples. The amplitude
and phase are get from the best fit of the 1D profile.

amplitude above 100 TeV, consistent with the results obtained by other experiments (see Figure
2). The two-dimensional map in equatorial coordinates (2D) is reported in Figure 3 (a smoothing
with a window width of 30◦ has been applied), and the one-dimensional (1D) projection of the
relative intensity is shown in Figure 4. The pre-trial significance of the deficit is about −5.09σ
and the pre-trial significance of the excess is about 5.24σ . However both the deficit and excess
regions are consistent with the results of ASγ at 300-1000 TeV [17] and of IceCube at 400 TeV
in the southern hemisphere [13]. Thus it is confirmed that the anisotropy map at energies greater
than 100 TeV is different from that at multi-TeV energies characterized by the so-called tail-in and
loss-cone features.
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Figure 2: The amplitude (left plot) and the phase (right plot) of the first harmonic of the sidereal anisotropy
measured by ARGO-YBJ (red squares), as a function of the cosmic ray energy (in the units of eV), along
with the results from other experiments.

4.2 Dependence on the cosmic ray elemental composition

A preliminary study of the sidereal anisotropy dependence on the cosmic ray elemental com-
position has been carried out on the data sample collected at a median energy of 10 TeV (see Table
1). The events have been grouped in two samples according to the strip distribution around the core.
The expected composition of these samples, as obtained by a MC simulation, is reported in Table
2. The v1 sample appears richer in light elements with respect to the v2 sample. Figure 5 shows
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Element dependence of CR LSA with ARGO-YBJ Songzhan Chen

N log10Erec(GeV ) Em(TeV ) NUM(×108) amp φ(◦)
1 3.50∼3.75 4.0 71 9.66×10−4 ± 0.17×10−4 29.73 ± 1.00
2 3.75∼4.00 7.0 38 12.33×10−4 ± 0.23×10−4 32.55 ± 1.07
3 4.00∼4.25 12.0 20 11.55×10−4 ± 0.31×10−4 31.37 ± 1.55
4 4.25∼4.50 21.0 10 10.67×10−4 ± 0.44×10−4 27.19 ± 2.35
5 4.50∼4.75 39 5.0 9.16×10−4 ± 0.64×10−4 0.40 ± 3.97
6 4.75∼5.00 70 2.2 5.91×10−4 ± 0.96×10−4 354.03 ± 9.28
7 ≥5.00 185 1.5 6.91×10−4 ± 1.16×10−4 231.09 ± 9.64

Table 1: The median energy, events number, amplitude and phase of seven energy samples. The amplitude
and phase are get from the best fit of the 1D profile.

amplitude above 100 TeV, consistent with the results obtained by other experiments (see Figure
2). The two-dimensional map in equatorial coordinates (2D) is reported in Figure 3 (a smoothing
with a window width of 30◦ has been applied), and the one-dimensional (1D) projection of the
relative intensity is shown in Figure 4. The pre-trial significance of the deficit is about −5.09σ
and the pre-trial significance of the excess is about 5.24σ . However both the deficit and excess
regions are consistent with the results of ASγ at 300-1000 TeV [17] and of IceCube at 400 TeV
in the southern hemisphere [13]. Thus it is confirmed that the anisotropy map at energies greater
than 100 TeV is different from that at multi-TeV energies characterized by the so-called tail-in and
loss-cone features.
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Figure 2: The amplitude (left plot) and the phase (right plot) of the first harmonic of the sidereal anisotropy
measured by ARGO-YBJ (red squares), as a function of the cosmic ray energy (in the units of eV), along
with the results from other experiments.

4.2 Dependence on the cosmic ray elemental composition

A preliminary study of the sidereal anisotropy dependence on the cosmic ray elemental com-
position has been carried out on the data sample collected at a median energy of 10 TeV (see Table
1). The events have been grouped in two samples according to the strip distribution around the core.
The expected composition of these samples, as obtained by a MC simulation, is reported in Table
2. The v1 sample appears richer in light elements with respect to the v2 sample. Figure 5 shows
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with two large size pads (139 × 123 cm2) to collect the total
charge developed by the particles hitting the detector. The full
experiment is made of 153 clusters (18360 pads), for a total
active surface of ∼6600m2.
ARGO-YBJ operates in two independent acquisition

modes: the shower mode and the scaler mode. In shower
mode, all showers with a number of hit pads Nhits ≥ 20 in the
central carpet in a time window of 420 ns generate the trigger.
The events collected in shower mode contain both the digital
and the analog information on the shower particles. In this
analisis we refer to the data recorded in digital shower mode.
The primary arrival direction is determined by fitting the

arrival times of the shower front particles. The angular reso-
lution for cosmic ray induced showers has been checked using
the Moon shadow (i.e. the shadow cast by the Moon on the
cosmic ray flux), observed by ARGO-YBJ with a statistical
significance of ∼9 standard deviations per month. The shape
of the shadow provided a measurement of the detector PSF,
that has been found in agreement with expectations. The an-
gular resolution depends on Nhits (hereafter referred to as pad
multiplicity) and varies from 0.3◦ for Nhits >1000 to 1.8◦ for
Nhits=20-39 (Bartoli et al. 2011).
The pad multiplicity is used as an estimator of the primary

energy. The relation between the primary energy and the pad
multiplicity is given by Monte Carlo simulations. The re-
liability of the energy scale has been tested with the Moon
shadow. Due to the geomagnetic field, cosmic rays are de-
flected according to their energy and the Moon shadow is
shifted with respect to the Moon position by an amount de-
pending on the primary energy. The westward shift of the
shadow has been measured for different Nhits intervals and
compared to simulations. We found that the total absolute en-
ergy scale error is less than 13% in the proton energy range
∼1-30 TeV, including the uncertainties on the cosmic ray ele-
mental composition and the hadronic interaction model (Bar-
toli et al. 2011).

3. DATA SELECTION AND ANALYSIS TECHNIQUE
The full ARGO-YBJ detector was in stable data taking from

2007 November to 2012 February, with a trigger rate of ∼3.5
kHz and an average duty cycle of ∼86%. For this analysis,
the events recorded in 2008-2009 were selected according to
the following requirements:
(1) more than 40 pads fired in the central carpet: Nhits ≥ 40;
(2) shower zenith angle θ < 45◦
About 3.6×1010 events survived the selection, with arrival

directions in the declination band -10◦ < δ < +70◦.
The isotropic CR background was estimated via the equi-

zenith (EZ) angle method, where the expected distribution
was fitted to the experimental data by minimising the residu-
als with an iteration technique (Amenomori et al. 2005). This
approach undoubtedly presents the advantage that it can ac-
count for effects that are caused by instrumental and environ-
mental variations, such as changes in pressure or temperature.
The method assumes that the events are uniformly distributed
in azimuth for a given zenith angle bin, or at least that gradi-
ents are stable over a long time, as is the case for ARGO-YBJ
(Bernardini et al. 2014; He et al 2007).
Two sky maps are built with cells of 1◦×1◦ in right ascen-

sion α and declination δ: the event map N(αi,δ j) containing
the detected events, and the backgroun map Nb(αi,δ j) con-
taining the background events as estimated by the EZ method.
The maps are smoothed to increase the statistical significance,
i.e. for each map bin, the events inside a circle of radius 5◦

Figure 1. Upper panel: significance map of the cosmic ray relative intensity
in the equatorial coordinate system. Medium panel: relative intensity map.
Lower panel: relative intensity as a function of the right ascension (integrated
over the declination). The line represents the best fit curve obtained with the
harmonic analysis.

around that bin are summed.
Let Ii, j denote the relative intensity in the sky cell (αi, δ j),

defined as the ratio of the number of detected events and the
estimated background events:

Ii, j =
N(αi,δ j)
Nb(αi,δ j)

(1)

The statistical significance s of the excess (or deficit) of cos-
mic rays with respect to the expected background is given by

s =
Ii, j −1.
σIi, j

(2)

where σIi, j is calculated from N(αi,δ j) and Nb(αi,δ j) taking
into account the number of bins used to evaluate the average
background with the EZ method, and can be approximated as

σ2Ii, j =
N(αi,δ j)
Ii, j2

(3)

4. SIDEREAL ANISOTROPY
The sky map showing the relative intensity of cosmic rays

obtained with the ARGO-YBJ data is given in the second
panel of Fig.1, while the corresponding statistical signifi-
cances of the excesses are reported in the first panel of the
same figure.
Two distinct large structures are visible: a complex ex-

cess region at r.a. = 50◦-140◦ (the so called “tail-in” excess)
and a broad deficit at r.a. = 150◦-250◦ (the “loss-cone”).
A small diffuse excess around R.A.= 310◦ and δ = 40◦ is
also present, with a significance of about 13 standard devi-
ations, corresponding to the Cygnus region, mostly due to
gamma ray emission. The Cygnus region hosts a number of
gamma-ray sources, plus an extended emission detected by
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Figure 3: 2D anisotropy maps (with 30◦ smoothing) at the median energy of 185 TeV (left plot: significance,
right plot: relative intensity).
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Figure 4: 1D projection of the relative intensity at the median energy of 185 TeV.

P He CNO MgAlSi Fe NUM(×108) amp(×10−4) φ(◦)
v1 82.9% 16.5% 0.6% 0.1% 0.0 3.41 14.23±0.77 43.02±3.08
v2 66.1% 27.6% 4.2% 1.1% 1.0% 68.6 11.85±0.17 31.30±0.83

Table 2: Composition, anisotropy amplitude and phase for the two samples v1 and v2.

the 2D maps, with 15◦ smoothing, of these samples. The 1D projection of the relative intensity for
both samples is shown in Figure 6 (left plot). The anisotropy pattern of the two samples looks quite
similar, with only a slight difference, at a level of 3.8σ significance, in the amplitude of the deficit
and excess regions (Figure 6, right plot).

Assuming Ap as the anisotropy amplitude of the proton component, we model the amplitude
of heavier nuclei according to the relation (4.1)

A(Z) = Ap ×Zβ (4.1)

Thus the expected anisotropy amplitude ⟨A⟩ of each sample is given by the relation (4.2)

⟨A⟩= Ap ×∑[ξ (Z)×Zβ ] (4.2)

where ξ (Z) is the weight of the element of charge Z in the sample. A global fit to data gives
β = −2.29± 1.95. The large error on beta prevents us to reach any firm conclusion about the
anisotropy of heavy nuclei. Taken the beta estimate at its face value, this result could suggest that
the light elements, as protons and helium nuclei, are considerably more anisotropic than the heavy
nuclei, a picture consistent with the presence of strong nearby sources.
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Figure 3: 2D anisotropy maps (with 30◦ smoothing) at the median energy of 185 TeV (left plot: significance,
right plot: relative intensity).
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v1 82.9% 16.5% 0.6% 0.1% 0.0 3.41 14.23±0.77 43.02±3.08
v2 66.1% 27.6% 4.2% 1.1% 1.0% 68.6 11.85±0.17 31.30±0.83

Table 2: Composition, anisotropy amplitude and phase for the two samples v1 and v2.

the 2D maps, with 15◦ smoothing, of these samples. The 1D projection of the relative intensity for
both samples is shown in Figure 6 (left plot). The anisotropy pattern of the two samples looks quite
similar, with only a slight difference, at a level of 3.8σ significance, in the amplitude of the deficit
and excess regions (Figure 6, right plot).

Assuming Ap as the anisotropy amplitude of the proton component, we model the amplitude
of heavier nuclei according to the relation (4.1)

A(Z) = Ap ×Zβ (4.1)

Thus the expected anisotropy amplitude ⟨A⟩ of each sample is given by the relation (4.2)

⟨A⟩= Ap ×∑[ξ (Z)×Zβ ] (4.2)

where ξ (Z) is the weight of the element of charge Z in the sample. A global fit to data gives
β = −2.29± 1.95. The large error on beta prevents us to reach any firm conclusion about the
anisotropy of heavy nuclei. Taken the beta estimate at its face value, this result could suggest that
the light elements, as protons and helium nuclei, are considerably more anisotropic than the heavy
nuclei, a picture consistent with the presence of strong nearby sources.
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ARGO-YBJ

The origin of high energy features cannot be explained with the conventional diffusion scenario of 
GCRs, and may provide us with a new hint for understanding the origin and propagation of GCRs. 
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Take Home Message - 2

26

✓ Spectra of individual mass groups !! 

✓ Multi-parameter EAS measurements to validate hadronic interaction models

✓ Absolute energy scale calibration: low energy threshold  → High altitude !

✓ Composition dependent anisotropy studies !!!

✓ High statistics in a large energy range (➜ 1016 — 1017 eV)

Homework

• Energy range 1014 - 1017 eV crucial 


• Experimental results conflicting !


• The origin of the observed anisotropies at different angular scales is still unknown 
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Northern Hemisphere: HAWC
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The High Altitude Water Cherenkov Gamma-ray Observatory (HAWC) 
is up and running 


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


• 4100 meters above sea level


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


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

IPA 20155/4/15

HAWC Site

8

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

Platform
4100 meters

Sierra Negra
4582 meters

Lava flow
(~4 kyr BPD)

Counting House

HAWC Utility Building
(HUB)

• Instrumented Area: 22,000 m2 

≈140 X 140 m2


• Coverage factor: ≈60 %


• 10 kHz event rate

4

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

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

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

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

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

and have a smooth lateral distribution around the
shower core (the position where the shower axis in-
tersects the detector plane). In contrast, hadronic back-
ground events tend to be broader, contain multiple or
poorly defined cores, and include highly localized large
signals from muons and hadrons at significant distance
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• Robust and cost-effective surface detection technique 


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


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

IPA 20155/4/15

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

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

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

10

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

IPA 20155/4/15

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

with an opaque military-grade canvas roof

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

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

11

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

IPA 20155/4/15

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

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

‣ Tanks contain three 8” R5912 PMTs and one 10” R7081-HQE 
PMT looking up to capture Cherenkov light from shower front
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2nd HAWC Catalog
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A total of 39 sources were detected with 507 days of data.


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

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

6

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

� .

B fhit  68 ✏MC
� ✏dataCR ẼMC

�

(%) (�) (%) (%) (TeV)

1 6.7 – 10.5 1.03 70 15 0.7

2 10.5 – 16.2 0.69 75 10 1.1

3 16.2 – 24.7 0.50 74 5.3 1.8

4 24.7 – 35.6 0.39 51 1.3 3.5

5 35.6 – 48.5 0.30 50 0.55 5.6

6 48.5 – 61.8 0.28 35 0.21 12

7 61.8 – 74.0 0.22 63 0.24 15

8 74.0 – 84.0 0.20 63 0.13 21

9 84.0 – 100.0 0.17 70 0.20 51

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

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

side

⇥ N
side

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

side

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

3.4. Source Hypothesis Testing

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

TS = 2 ln
Lmax(Source Model)

L(Null Model)
, (1)

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

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

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

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

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

• a power law energy spectrum.

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

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

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

p
TS actually cor-

responds to sign(TS)
p

|TS|). Figure 2 shows the distri-

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

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

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

16

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

Energy threshold ≈ 700 GeV
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WCDA

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

• An overlapping 1 km2 array of 1171, underground water Cherenkov tanks 36 m2 each,  with 30 m 
spacing, for muon detection (total sensitive area ≈ 42,000 m2). 

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

• 18 wide field-of-view air Cherenkov (and fluorescence) telescopes. 

• Neutron detectors
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The experiment will be located at 4400 m asl (600 g/cm2) 
in the Haizishan (Lakes’ Mountain) site, Sichuan province

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

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

Beijing 

Chengdu 

Haizishan 

700 km to Chengdu

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

10 km to the highest airport in the world
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Large High-Altitude Air Shower Observatory

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

operations
• Installation by end 2021 – full operation

Vannuccini - CSN2 - 10-12 Aprile 2017  

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


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


• 6 WFCTA telescopes 

• 22,500 m2 water Cherenkov detector 

• ≈200 muon detectors covering 250,000 m2

★ Completion of the installation in 2021.
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LHAASO will observe at TeVs, with high 
sensitivity, >40 of the sources catalogued 
by Fermi-LAT at lower energy, monitoring 
the variability of >20 AGNs.
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Kathrin Egberts . Diffuse Galactic Gamma-Ray Emission with H.E.S.S. . 28.05.2015 . Slide  

The TeV γ-ray source count

■ H.E.S.S. phase I 
▪ more than 10000 hours of data 

▪ discovered over 80 new VHE 
gamma ray sources 

■ H.E.S.S. phase II 
▪ first imaging atmospheric Cherenkov 

telescope system with differently 
sized telescopes 

▪ towards lower threshold and 
transients

3

tevcat.uchicago.edu

North

South

Why a new Wide FoV detector in the CTA era ?

HESS survey 

Equator 

VERITAS 
survey 

Current	Situation

3

• No	wide	FoV
experiment	to:
– Survey	the	Galactic	

Center (GC)
– Explore	the	energy	

region of	100	GeV
• Cover	the	gap	
between	satellite	 and	
ground	based	
observations;

• Trigger	observations	
of	variable	sources	
(finder	for	CTA);

• Detect	extragalactic	
transients/flaring	
activity.
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No Wide FoV experiment to:


• Explore the 100 GeV energy region


• Survey the Inner Galaxy and the Galactic Center

✓ Cover the gap between satellite and ground-based telescopes

✓ Ability to detect extragalactic transient/flaring (AGN, GRBs)

✓ Trigger observations of variable sources: “Finder for CTA” 
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1. one Water Cherenkov Detector (WCD) with a rectangular horizontal surface of 3 m × 1.5 m and a 
depth of 0.5 m, with signals read by PMTs at both ends of the smallest vertical face of the block. 


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

An array of hybrid detectors constituted by 

Quantity Fermi-LAT IACTs EAS

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

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

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

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

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

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

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

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

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

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

4. Signal, background and simulation tools

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

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

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

4

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

LATTES	concept
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LATTES station

Pb
RPC

WCD

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

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

– Water	Cherenkov	Detector (WCD)
• 2	PMTs	(diameter:	15	cm)
• Dimensions:	1.5	m	x	3	m	x	0.5	m
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Figure 6. Layout of the LHAASO experiment. The insets show
the details of one pond of the WCDA and of the KM2A array
constituted by two overimposed arrays of electromagnetic parti-
cle detectors (ED) and of muon detectors (MD). The telescopes
of the WFCTA, located at the edge of a pond, are also shown.

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

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

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

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

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

(LHAASO-WFCTA).

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

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

LHAASO will enable studies in CR physics and
gamma-ray astronomy that are unattainable with the cur-
rent suite of instruments:
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Figure 7. Di↵erential sensitivity of LHAASO to a Crab-like
point gamma-ray source compared to other experiments (mul-
tiplied by E2). The Crab Nebula spectrum, extrapolated to 1 PeV,
is reported as a reference together with the spectra corresponding
to 10%, 1% and 0.1% of the Crab flux.

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

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

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

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

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



G. Di Sciascio PAHEN 2017- Naples, Sept 25-26, 2017

Conclusions

37

Open problems in galactic cosmic ray physics push the construction of new generation 
wide FoV detectors in the 1011 - 1018 eV energy range.


LHAASO is the most ambitious project with very interesting prospects, being able to deal 
with all the main open problems of cosmic ray physics at the same time.

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.


• A new wide FoV detector in the Southern Hemisphere is mandatory to monitor the Inner 
Galaxy and the Galactic Center


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


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


• Extreme altitude (>5000 m asl) and high coverage are key.


• New ideas for background rejection below TeV for a few % Crab sensitivity !
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✓ LHAASO will operate with a coverage similar to KASCADE (about %) over a much larger effective area.


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


✓ Redundancy: different detectors to study hadronic models dependence

Open problems in Galactic Cosmic Ray Physics 7

Table 1: Characteristics of di↵erent EAS-arrays

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

LHAASO 4410 5.2⇥103 1.3⇥106 4⇥10�3

TIBET AS� 4300 380 3.7⇥104 10�2

IceTop 2835 4.2⇥102 106 4⇥10�4

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

KASCADE 110 5⇥102 4⇥104 1.2⇥10�2

KASCADE-Grande 110 370 5⇥105 7⇥10�4

CASA-MIA 1450 1.6⇥103 2.3⇥105 7⇥10�3

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

LHAASO 4410 4.2⇥104 106 4.4⇥10�2

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

KASCADE 110 6⇥102 4⇥104 1.5⇥10�2

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

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

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

(✦)

(✦) Muon detector area: 4.2 x 104 m2 + 8 x 104 m2 (WCDA)
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Requires sufficient number of triggered channels (>70) to work well. 
Q-value max (εγ/√εCR) is estimated ~5 for point sources. 

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

(the pattern of energy deposition in the detector)

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

Hadron Rejection

Milagro)
bo+om)layer

γ

p

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

13
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[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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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 
LHAASO and CTA-South as a function of the source 
angular diameter, for two different photon energies. 


