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Outline

e Why Gamma-Ray Astronomy ?

e The scientific case: open problems in Cosmic Ray Physics
e The “Cosmic Ray Connection”: cosmic rays and photons
e Detection of photons from ground

e EAS Array technique for survey instruments

e \What’s Next ?
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Questions in CR physics

* How are cosmic rays and cosmic ray sources distributed in
the Galaxy ? Is the Earth embedded in the cosmic ray
background (sea) or is it located close a source ?

* What are the Galactic sources of TeV and PeV cosmic rays ?

low high in energy can the different Galactic sources
accelerate particles ?

* How do cosmic rays propagate in the Galaxy ?

G. Di Sciascio - INFN CTA School, Sesto June 24-29, 2019



Astrophysics with CRs 7

* High quality information about the locally measured primary
and secondary components of CRs

» CR factories can be revealed only by neutral & stable
astronomical messengers: photons and neutrinos

» Charged CRs do not provide information about the
acceleration sites

Crucial connection between charged cosmic rays,
photons and neutrinos in Cosmic Ray Sources
= multi-messenger astronomy
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The "Cosmic Ray Connection”

In CR sources hadronic interactions of nuclei produce photons and neutrinos

=» CRs, photons and neutrinos are strongly correlated: they come likely from the same sources !

/V\
p, He, . e +\/+\/M

\A\\ Neutrino Astronomy
difficult to detect

Gamma-Ray Astronomy
easy to detect

AY

ONLY charged CRs observed at E > 10’4 eV so far ! point back to sources

(good for astronomy)

Recent observations of PeV neutrinos by IceCube _
but serious backgrounds
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Tracers to CR accelerators

Source region, e.g.
surrounding dustclouds,

Source, e.g. galaxy
supernova,
Gamma-rays and Neutrinos are LmetrStue“aJ
the only messenger that are not AGN GREXTD R i
deflected by magnetic fields Y detector
Y /
Cherenkov /
Interstellar magnetic field o fluorescence
B - 3 G \ v detector
H intergalactic \ airshower
magnetic fields v
. AR =
Curvature radius at 1 TeV:
r=0.3 x 103 pc Earth
underground
airshower v detector
detector i /
./' u
Y <
protons and other : -
carged particles airshower
atmosphere
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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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The ‘knee’ in the CR energy spectrum
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The ‘knee’ in the CR energy spectrum

CR knee @ few PeV'’s
Something must
happen here...
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to accelerate (at least)
up to that energy

We would like SNRs to

be CR PeVatrons...!




The ‘knee’ in the CR energy spectrum
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UHE Gamma-Ray Sky (S > 5 ¢, E > 100 TeV)

100 TeV:

Hadronic spectra: hard
Leptonic spectra: soft
No hard IC y-rays >100 TeV

|C in deep Klein-Nishina

Bonus

PeV Cosmic Rays
Photons > 100 TeV! ..

Where are the
CR PeVatrons ?
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Expected Galactic diffuse y-ray flux

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 ?
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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.

The space distribution of this emission
can trace the location of the CR sources
and the distribution of interstellar gas.

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

Unabsorbed

/ flux

Extrapolation of the Fermi spectrum E-2.65+0.05
with a steepening due to CR knee
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Expected Galactic diffuse y-ray flux

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 ?
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Attenuation of y-ray flux in the Galaxy

The production rate of y-rays is not in general the emission rate observed: photons can be absorbed
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The absorption exists but does not precludes Galactic gamma ray studies up to

a few hundreds TeV. At higher energies only a fraction of the Galaxy is visible.
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How do we detect y-rays 7

shower size [arb. units]
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[S=

Fermi Satellite

~ 1 m2?2.5 sr
30 MeV - 300 GeV

= Wide Field of View
Continuous operations

\NAA
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How do we detect y-rays 7

shower size [arb. units]
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Cosmic Ray detection

In general: for all particle types

¢ the higher the energy =» the lower the flux

¢ the lower the flux =» the larger the required detector area

Nevis = Flux x Area x Time

PN

> 100 small ~ 1 m2 ~ 3 Yrs
given by nature for satellite exp

Detector size limits the smallest measurable flux !

Direct measurements of nuclei up to about 100 TeV/n
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The problem of effective area

Flux of photons much lower !

Flux from Crab Nebula, the strongest TeV source Power-law energy spectra =» the gamma flux
decreases rapidly with increasing energy

Space instruments cannot provide enough

_ , , , _ collection area for statistical ... measurement
0% | AN S A |

1E5 [ (m?s)

differential flux [GeV "m™2s™"]

g 5 Direct measurements of photons
10-8 - ......................... ............................................. 4 up .to about 100 Gev
ol i T S
10-12 .................................................................................
10+ """""""""""""" """"""" 7

10° 10’
Energy [GeV]
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The problem of effective area

differential flux [GeV "m™2s™"]
s 3 3
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Flux of photons much lower !

Flux from Crab Nebula, the strongest TeV source

AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA

(m?s)

.....................................................................................

10" 10°

Energy [GeV]

Power-law energy spectra =» the gamma flux
decreases rapidly with increasing energy

Space instruments cannot provide enough
collection area for statistical ... measurement

Direct measurements of photons
up to about 100 GeV

To extend the energy range
=» very large area

=» v-ray detectors at ground
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EAS: the key to study CRs from ground

A high energy primary patrticle, upon entering the
atmosphere, initiates a chain of nuclear interactions

v

nuclear interaction

0 T
K- K with air molecule J/N initiates e.m.
) z/ 0 gscades
LT

+ +
n-=—K K—=n

N,

u v M
e se hadronic l/\l( ‘lf&J \;%
ns cascade et o ot @ i_‘q:_;'-‘_‘j
Cerenkov
o o radiation
Surviving lhadrons
Voo ~1% VYWY VoSV ~90%
Moo v . N K e yeyye vy e
nuclear fragments
~10% MUONIC HADRONIC ELECTROMAGNETIC
- COMPONENT COMPONENT COMPONENT

The backbone of an air shower is the hadronic component of nucleons, pions
and other particles, which feeds the electromagnetic and muonic components.
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How do we detect Cosmic Rays at ground 7

The major observables of EAS at ground are: electron-photon, muon and hadron components,
Cherenkov photons, nitrogen fluorescence, radio emission =» not only particles !

G. Di Sciascio - INFN
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Different detectors for different observables

G. Di Sciascio - INFN

AT Ep.= 10" 6V, PROTON
~2-10%ete(+ fewp,1)

~ 8x10*r
~ 102y
~ 10" E—PHOTO(VS SHOWER AXIS
w0 9
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~ !5ns/700m N/> FLUORESCENCE
LOW ENERGY ¥'S
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(i
<— fow km 5-PHOTONS %
delay ~ 5ns/100m
C-TELESCOPE '
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AR~ C-MATRIX e
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Different detectors for different observables

AT F. = 10" av PROTAN

1. Ground-based arrays: sample shower tail particles reaching ground

=» Tail Catcher Sampling Calorimeter
(in HEP detector language)

Atmosphere: the absorber

SHOWER AXIS
~ 10° FLUORESCENCE PHOTONS o N

o
CHARGED PARTICLES ¥
~ 15ns/100m

Detector at ground: the device to measure a (poor) calorimetric signal LOW ENERGY T'S
=¥ signal about direction and energy from the shower tail particles i ~ 14ns/100m -
PN
% large shower-to-shower fluctuations ’
% large geometric acceptance and < few km 5~PHOTONS i

high duty cycle (=100%)

G. Di Sciascio - INFN

delay ~ 5ns/100m

C—-TELESCOPE

Fb converter

/> FLUORESCENCE

AIR- C-MATRIX $ od
PM 1;/ W/NSTON\(:ONE CALORIMETER l gggntlgécgorl
B o'
LY v Y BRI
s ) e e — —
.
E. Lorentz 2005 y DETECTORS
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Different detectors for different observables

AT F. = 10" av PROTAN

1. Ground-based arrays: sample shower tail particles reaching ground

=» Tail Catcher Sampling Calorimeter

(in HEP detector language) SHOWER AXIS
~ 10° FLUORESCENCE PHOTONS '

%/
CHARGED PARTICLES

Atmosphere: the absorber ~ 15ns/100m N/z FLUORESCENCE
Detector at ground: the device to measure a (poor) calorimetric signal e LOW ENERGY 1'S
=¥ signal about direction and energy from the shower tail particles ~ 14ns/100m -
PN
% large shower-to-shower fluctuations ’ '
% large geometric acceptance and ~<—— few km &-PHOTONS &
high duty cycle (=~100%) delay ~ 5ns//100m

C—-TELESCOPE

Fb converter

2. Telescopes: observation of Cherenkov photons/nitrogen P;/R; i,;:;,mw rrl S S

fluorescence allows the study of EAS longitudinal profile / - CALORMEETER l 'C/ouniirs
Y] 1 |

=» Homogeneous Calorimeter . L\?/J . v - \vl \\v/ \vl @ v L\v_/'

% low duty cycle (=10-15%)

i o o o o = o
% good energy resolution \ T
e ¥
E. Lorentz 2005 p DETECTORS

G. Di Sciascio - INFN CTA School - Sesto, June 24-28, 2019 16



Ground-based gamma-ray detectors

G. Di Sciascio - INFN

44

Air Shower Arr ays (=1OO GeV —> 1P eW detection of the charged

- Modest energy resolution (=50%)

/ Excellent angular resolution (=0.05 deg)

Detecting Extensive Air Showers

articles in the shower

High duty-cycle (=100%)

Large field of view (=2 sr)

Higher energy threshold (=300 GeV ARGO),
very strong zenith angle dependent (=cos 0-(¢-7)
Good bkg rejection (>80%)

Good angular resolution (0.2-0.8 deg)

extensive air shower

shower front

ground array

Good Sensitivity (5-10% Crab flux)
Effective area shrinks with large zenith angle

Cherenkov Telescopes (=10 GeV — 100 TeV) ... of the Cherenkov light

harged particles in the EAS
Very low energy threshold (=10 GeV) from charge p;r'_;::s in the

Excellent bkg rejection (>99%)

Good energy resolution (=15%)

High Sensitivity (< % Crab flux)
Effective area increase with zenith angle
Small zenith angle dependent (=cos 6-27)
Low duty-cycle (=10%)

Small field of view (= 5 deg)
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Wide fleld of view detectors

I50inted Survey
Observations Instrument

> 90° FoV

Cherenkov Extensive Air
Telescopes Shower Arrays

G. Di Sciascio - INFN CTA School, Sesto June 24-29, 2019




Wide fleld of view detectors

I50inted
Observations

Cherenkov
Telescopes

G. Di Sciascio - INFN

Survey
Instrument

> 90° FoV

Arrays are irreplaceable tools for unbiased

 all sky survey and to study the transient sky

> Transient Factories !

Extensive Air
Shower Arrays

CTA School, Sesto June 24-29, 2019




Classical Extensive Air Shower Arrays

Large number of detectors spread
over an area of order 105> m2

Disc of particles sweeps down
through atmosphere

scintillators, water tanks (Cherenkov light in water), hadron
calorimeters, Cherenkov telescopes, emulsions, etc.

g = % -C ‘,//
- . / /7
coverage factor (sensitive area/instrumented area) = 103 - 10-2 e/
. " Ve~e i //
13 : : 7 1 : : ” S ".‘*’:':.f',"_"i..-_;. . // /
density sampling” + “fast timing & / NE

) ;,/”": SN ::‘--:. "/'l

- 4 —
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Sensitivity to a y-ray point source

Sensitivity to a y-ray point source

N, (B ALB) 6 (B)  [(A9) TdE
Vg [ g (E) - AS(E) - (1~ ey (E)) - AQ - TdE

S

where Jy and Jp, are the differential fluxes of photon and background, Asz and Affcfc the
effective areas, that determines the number of showers detected in a given observation time T,
AQ =27(1 —cos0) the solid angle around the source and f,(AQ) the fraction of y-induced showers
fitted in the solid angle. The parameters €, and &, are the efficiencies in identifying y-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.
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Integral number of events

N, = [Eh J(E)- Al T f(AQ) - & (E) - dE = &, (> E) - A, (> E) - T - /,(AQ) - ¢,(> E)

Ny = / Tong(E)- A T-AQ-(1—€yeg(E))-dE = Dypg(> E)-Alf4(> E)-T-AQ-(1—epg(> E))
Eip

,bk bk
A’V,bkg(> E) _ fEth ny,bkg(E) . Aszg - dF _ fEth J’Y,bkg(E> . Aszg - dE

“ fEth Sy bhg(E) - dE Dy g (> E)

AQ = 27(1 — cosAf) ~ 1(AB)*

Teff — (dc) A f\
fraction of time a source spend in the detector FoV
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Sensitivity to a y-ray point source

Sensitivity to a gamma-ray point source emitting a photon flux ®y(>E) above
the energy E

o _ N, ¢, (> E) B /A E). 1 ST 0
TN ef f AQ el f
v NVbkg \/(I)bkg > F) VAQpsE
2 . ,
AQpgp ~ 0 PSF To maximize the chances of detecting any excess from a source
we look at EAS arriving from within the resolution angle Opsr of a
T . (d c ) Nl f source direction. Since the significance of any excess events from
eff — within Opst would depend on the standard deviation of the number
of events expected from cosmic ray EAS (J (Opsf?) ), we must
maximize the quantit
Ao Al T quantity
AP N (< O,57) 1 [Orsf AN
fo B psf o / A
0 €~ v Nokg(< Opsy) — Opsy ds)
\/(1 o Ebkg) to obtain the best value, Opsr =~1.59 . This resolution angle

contains =72% of all events incident from the source direction.
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The minimum detectable flux

Sensitivity in 1 year

D, 1
S o R-\JAY, - — -0

v/ Poig of:

Minimum Detectable Gamma-Ray Flux (1 year):

00 = angular resolution
(I)bkg = background integral flux
(I)y = photon integral flux

Y
Acts

\ A%

fraction of surviving photons
J/fraction of surviving hadrons

R —

» —

1
OMDF o\ [Ty

bkg ° P \/Aeff

1
Q
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Extended sources (1)

Sensitivity to a gamma-ray point source emitting a photon flux (I)'y(>E) above the energy E

N ) E
Spoint — L = 7(> ) ik \/A7 (> E)

Vg A/ Porg(> E)

2

If we have an extended source with a photon flux equal to that of the point source we
must integrate on the extension of the source to have the same number of photons.
=» the background will increase !

Ny (> E)

1
e VamG B VAL B) @%ﬁQ

Sea;t —
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Extended sources (2)

1 exr
S~ ¢, (> E) ‘R. /Asz-\/T-Qx et | Opsr
\/(I)bkg(> E) Ocit Opsr | Oeut

— S point-source

0
» Seaxt = Spoz’nt ' ;;—f’/

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

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.

G. Di Sciascio - INFN CTA School, Sesto June 24-29, 2019

(Crab Units)
II| T

E107'E

Minimum Flux

102

10°%

—

—— —
— —
——

= | HAASO 10 TeV

= = | HAASO 100 TeV

= CTA 10 TeV

== CTA 100 TeV

3 385 4 45 5
Source diameter (deg)

dimension of the extended source
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The key parameters

P 1
S < v - R - Ay _Q

v/ Pokg S

o —

=7
_ CI)Y ~ Ethr
Because for the integral fluxes we can write

— Yokg
Dprg ~ £,

b (v
14 (Y—"Yoke/2) —2/3
~ Lk : ™~ Ethr

we obtain th
\/ cI)bkg '

The key parameters to improve the sensitivity are

being ¥ ~1.5 and Y, ~1.7.

* The energy threshold
* R, the signal/background relative trigger efficiency
* The angular resolution

e QQ-factor, the background rejection capability
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Background of Charged Cosmic Rays

1970 - 80’s: A number of groups constructed Cherenkov telescopes, but there were no outstanding
results for some time. Each individual result did not exceed a 3-4 standard-deviation significance.

What were the problems that frustrated the gamma-ray search for so long ?

Any y-ray signal were completely overwhelmed by showers produced by ordinary
charged CRs (mainly protons) spread evenly over the sky.

Weekes et al. in 1972 found a marginal 36 excess in the
“on-source” counts for the Crab Nebula, recording “on-
source” and “off-source” pulse counting rates.

The “off-source” counts were about 320 times as numerous
as the excess counts that were attributed to gamma rays.

This was the problem !!

gpsignal ~ 103 gpbkg

Dcrap(>1 TeV) ~2-10-11 ph/cm?-s }
Dpig( >1 1eV) - AQ(=1 msr) ~1.5-10-8 nuclei/cm?s

No possible veto with an anticoincidence shield as in satellite experiments
In addition...

Cosmic Ray showers =~ y-ray showers !

... fortunately, some difference does exist !!

G. Di Sciascio - INFN CTA School, Sesto June 24-29, 2019
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The “Hillas image parameters”

In 1985 at the ICRC (La Jolla) Hillas suggested to use the “Hillas image parameters”
to reduce the background

=» a key milestone in the history of ground-based imaging air Cherenkov telescopes.

— — Isotropic PROTONS

- OSSERURTIOHS Crun 838>
st GAMMAS from source
e NXYGEN .NUCLEI

ZONE 1

445 -
OCT 905-3 ;

CERENKOV LIGHT IMAGES OF EAS PRODUCED BY
PRIMARY GAMMA RAYS AND BY NUCLEI

A. M. Hillas
Physics Department
University of Leeds, Leeds LS2 9JT, UK.

Length

ABSTRACT

It is shown that it should be possible to distinguish very
effectively between background hadronic showers and TeV gamma-ray
showers from a point source on the basis of the width, length and
orientation of the Cerenkov light images of the shower, seen in
the focal plane of a focusing mirror, even with a relatively
coarse pixel size such as employed in the Mt. Hopkins detector.

L] Distance

Gamma showers are slimmer, more
concentrated and orientated towards the source

Figure 2: histograms of image characteristics. (vertical showers)
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The basic parameters

The solid ellipse indicates the pixel image contour, C is the centroid of the image (location of highest brightness)
and M the center of the field of view.

The relevant parameters are the major and minor axis of the ellipse, labeled

Length and Width in the plot, the angle o between the major axis and the line
connecting the centroid C with the center of the field of view M, the Distance
between C and M, and the two quantities called Miss and Azwidth.

Z
%
Miss is the offset or the perpendicular distance between the
extension of the major axis of the ellipse and M, and Azwidth is
the azimuthal width of the image as indicated; it is the rm.s.
spread of light perpendicular to the line connecting C with M. A.__._—;_‘_\’_’(P ___________________________________________________ X

Except for the clean regular elliptic shape this image is also
representative for hadronic showers.

The dashed ellipse at the lower right with the extension of the major axis intercepting the center M of the
mirror, labeled On-Source Gamma Ray Image, shows the typical narrow elliptic contour of a gamma ray
shower when the mirror axis is pointing at the source and the impact parameter is non-zero.
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Who is who ? Gamma-Hadron separation

Z Gamma Z Proton

Particle tracks in the air

Not to scale
Not to scale

<

C-photon density

on ground S Image width

;i ’«li

G. Di Sciascio - INFN CTA School, Sesto June 24-29, 2019

30



W
ho
S
W
gl

2

! G
am
m
o Hadro

N
se
pa

rat.
Telg

P
roton

G
amm
a

s
2
c
5
@
o
5
&
o

Im
age -
th

.z«mmmmm«.
-2 ooooo“o
m, 28 e o®
oS noo o®
o ‘ooon”oo‘
..“.aa”
oooo 9 o”o
st
4
&

)
e
255 0]
10

N

)
& 3
|a
o &
ms
er
mb
au
Cg
&

C
oo
ontgn de
rou nsi
nd ity

%_.aaa.
oamr,oo‘-oooo
”., oo.;m.,. oottooo
Oﬁnmv oo‘oto-t
oow. ) ioooo-o-
ooom... ) ====
8 ooo%, e ====
) oooooow, o o.ooo-ooo
‘ooooooowu oooo‘.ooo
ooooo‘oooooooooooo
oooo‘ooooooo.oooo
0033333003
oooo‘oo‘ooooo.o
oooooo‘oo.oooo
ooooo‘o‘.oooo
otoooooooooo
oo.oooooooo
ooo.oooooo

x

)
e
20 0]
10

N

30

C

TA
Sc

ho

ol

, S

esto J

un
e

24

59

] 20

19

G
i S
o
iascio

N
FN



Background rejection with EAS arrays

The standard technique is to look for “muon-poor” showers.

The ratio between the cross sections of photo-production and nucleus-
nucleus interaction processes is ~10-3 resulting in < N, >/< N,/i> ~ 3-1(-?

The main limitations of this technique is due to the extent of fluctuations
in hadron-initiated showers and to the small number of muons

= [arge muon detector !

51000 ! E
: 10 TeV
z
m-_ 50 TeV
’ hotons
L P photons
400 — 30 _ Ekg
wp.| "} protons N [t protons
| 10 | ! o
ol 1 ATt S T i e " il "::-":5';,, a5
0 2 4 6 8 10 12 b o '"A;‘-{:. [ - PP T IR .:E.-:'lln.:f:':i;-T":".'-.--, T I
N, 00 10 20 30 40 50 60 70 80 90 100

N,

The discrimination capability increases with the energy and the u—detector area.
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Background rejection with EAS arrays

The standard technique is to look for “muon-poor” showers.

The ratio between the cross sections of photo-production and nucleus-
nucleus interaction processes is ~10-3 resulting in < N, >/< N,/i> ~ 3-1(-?

N*sci

400

200 |-

G. Di Sciascio - INFN

The main limitations of this technique is due to the extent of fluctuations
in hadron-initiated showers and to the small number of muons

= [arge muon detector !

800 |-

10 TeV

N*sciami

0 50 TeV

To evaluate the power of this bkg rejection technique it is important
to know how frequently hadronic showers fluctuate in such a way to

have a low muon content as the one resulting from y-induced events.

The discrimination capability increases with the energy and the u—detector area.

10 |

0 s '".l}{'. [ . PP T B ,::-:"1",:5":55-1‘-;','-,., posresnd o
0 10 20 30 40 50 60 70 80 90 100

N,
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uon-poor technique with LHAASO

LHAASO(nED=5261,nMD=1146) Event No.9 E=194.46(TeV)
ED: 6=29.1(deg), N_ =340, N =133, N =220
ED trig real

600 . ED
Gamma-ray e gt :
E=194 TeV 200[ /- fEEEE HHEHEE \

5 O_l- . ‘. $t " i & o e
> L . H ariiially - . B ‘: N f
L H 3 H -
.200 "__ i 3 e 'f;“_‘_ -‘4" : a‘ : H
r i !"i' e i;l\“ ; i
L g - - - Y
-400— ":‘fﬂ . f‘,‘ e i
i e i ; i
B :”‘ -‘ . t ] f -
600 o e
600 400  -200 0 200 400 600
X (m)
LHAASO(nED=5261,nMD=1146) Event No.6 E=129.17(TeV)
ED: 6=26.3(deg), N_ =225, N =64,N =110
ED rig real
600—
400 pEE
200 i e s : N
- 4 - 3 o ad
— ‘. s .‘. § . 4 5 3
é 0 aie 't . M :
> EHE e
7Y -
| . e " el & it e
Proton oo s :
= i AR R i “ g
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-400(— gt %""-,’*."? MR
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o N IO i A o
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LHAASO(nED=5261,nMD=1146) Event No.9 E=194.46(TeV)

MD: 6=29.1(deg), N, =70, N =6
MD re.
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Gamma/Hadron discrimination with arrays

N

Al
£
Classical technique: 315
measurement of the muon content event by event 5
But, muon size very small: = 3 p per TeV (protons) Eh
“ 0
S
-0.5=
™ Only high energy (> 5 - 10 TeV) ! i
2 +
_1.5_2 R S S U U O
Background discrimination < TeV is OPEN PROBLEM ! — 4400 m asl
: —— 5000 m asl
== 5500 m asl
HAWC/LHAASO approach requires large area: EHEREEH T TI{{]]

discrimination based on topological cut in the pattern of energy 10° 10 - 10“GI y
deposition far from the core (>40 m). nergy (GeV)

Requires sufficient number of triggered channels (>70 - 100)
— minimum energy required: E > 0.7 -1 TeV ?

New ideas ?

e Suitable trigger logic to reject not 'symmetric' showers
e Calorimetry with multi-layer RPCs
e Calorimetry with RPCs + water Cherenkov tanks ?
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Milagro vs ARGO-YBJ

2 different approaches in the last 2 decades for ground-based survey instruments

Milagro ARGO-YBJ
Water Cherenkov Technology
—

« operated from 2007 to 2012 (final configuration)
* 4300 m above sea level

« angqular resolution =0.5° at 1 TeV

« 3500 Hz trigger rate

« high granularity of the readout

« Median Energy at the threshold: =300 GeV

« Energy Range: 340 GeV - 10 PeV

« NO background rejection (no outrigger)

* NO conversion of secondary photons (no lead)

« operated from 2000 to 2008
« 2600 m above sea level

« angular resolution =0.5°

« 1700 Hz trigger rate

« Median Energy at the threshold: = 2 TeV
 Energy range: 2 - 40 TeV

« poor background rejection (with outrigger)
« conversion of secondary photons in water

Widely used technology in cosmic ray physics Widely used technology in particle physics
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Milagro vs ARGO-YBJ

Milagro ARGO-YBJ
Water Cherenkov Technology Resistive Plate Chamber Technology

time resolution ~1-2 ns (pad)

/e /u Y [ N I BN B space resolution = strip
RPC

] ]
TR R N Z T - E =5 e )
8 meters E E[ [ Central Carpet: — B PAD
l g N | 130 Clusters  _| ‘ H °1° ;l E—
] I — iseorpcs - 7] =
¢ 50 meters " (] [ 124800Strips  — H iR
80 meter . 10 Pads (6.5 x ?55 ::r;?zs)
1CLUSTER=12RPCs (56x62cm?  for each Pad
I:I l:l I:I I:I :I (5.7x7.6 mz) for each RPC
78 m Gas Mixture: Ar/ Iso/TFE = 15/10/75
. .. 111 m _
Central 80 m x 60 m x 8 m water reservoir, containing HV=7200V
two layers of PMTs Single layer of Resistive Plate Chambers (RPCs)
o with a full coverage (92% active surface) of a large area (5600 m2)
450 PMTs at 1.4 m below the surface (top layer) + sampling guard ring (6700 m? in total)
- 273 PMTs at 6 m below the surface (bottom layer)
Space pixels: 146,880 strips (7Tx62 cm2)
Outrigger Array, consisting of 175 tanks filled with water and Time pixels: 718,360 pads (56x62 cm?2)
containing one PMT, distributed on an area of 200 m x 200 m
around the central water reservoir. 2 read-outs:

~ ' 2
P mae—strip 20 particles/m

Pmax—analog = 104 particles/m?

me HAWC and LHAASO

# MATHUSLA proposal, CR and hadronic
physics at CERN (RPC carpets above ATLAS)
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Background rejection

compactness parameter

O Npot>2PEs
PEmaxB

where Npo=opEs 18 the number of PMTs in the bottom layer
with more than 2 PEs, and PE ., is the number of PEs in
the bottom layer tube with the maximum number of PEs.

| Q-Factor as a functionof C |

N Milagro

(ftop + fout) X Nfz't
PEmaa:B

Ay =

® ftop is the fraction of the air shower layer PMTSs hit in an event.
e fout is the fraction of the outriggers hit in an event.

® Ny is the number of PMTs that entered in the angle fit.

(fiop +four) = info on the size of the shower

Nf;; carries information about how well the shower was

6 no reconstructed. PE,, ;g carries information about the clumpiness
Sr R AT
s af ffﬁﬁff iﬁﬁﬁﬂi 1 in the muon layer that is due to the penetrating muons and
F T hadrons which are mostly presented in hadronic air showers.
12 f’iﬁj J%Mﬁ ! Q-Fact ypf tion of A
| %L ﬁl -Factor as a function of A,
o —— MC Cosmic Rays LLL B : : :
0.8F - —— MC Cosmic Rays
- —— Data 3
- - 3 | —— Data 3 3
0.6 -
Nl
0.21 20 H,ILM’ (1 SR
- L I - | | . it 3 3 3
% 1 2 3 4 5 6 7 8 9 10 ° @MWMMM TS W SR B
C 1.5: &5&&:@@1““ i ; i : :
Consistent with ARGO findings b
after cuts on y? of the temporal fit 05
Abdo, PhD thesis - | | | | | | |
7\\\\‘\\\\i\\\\‘\\\\‘\\\\i\\\\‘\\\\‘\\\\
% v 2 3 4 5 6 7 8
A,
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Dimensions matter...

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)

H T 00 LA .
- o ° \\ . .
o o A \Q\I' . .

e

*
L]
: ]
g
L ]
e
®
L ]
L 1]
*
. .
[ ] L ]
L ]
L ]
NPMT / NPE

40

50

60
70
80

90
100

e %
.
o oo
.
. o0
ot
L ]

-_ll]l|III|III|III'III|I|II||]| -_llll|III|II/I/]IIIIIIIII\L\I|I|||

i s 6. 14104’ L 16|0| s 1[810] L s P I | nln/ M| ||
Milagro G. Sinnis. 2010
bottom layer . Algorithm looks for high-amplitude hits more than

40 m from the reconstructed core location

Requires sufficient number of triggered channels (>70) to work well.
Q-value max (ay/\/aCR) is estimated ~5 for point sources.
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Scientific results

Milagro ARGO-YBJ
Water Cherenkov Technology Resistive Plate Chamber Technology
- Gamma-ray Astronomy - Gamma-ray Astronomy
« CR anisotropy « CR anisotropy
* No results on selection of  All-particle energy spectrum up to the knee range
different primary masses and « Study of the shower core region
spectra of different elements - Selection of light component (p+He) and
observation of the proton knee
HAWC
Water Cherenkov Technology With ARGO-YBJ we demonstrated that RPCs can be

safely operated at extreme altitude for many years.
- Gamma-ray Astronomy

- CR anisotropy Benefits of RPCs in ARGO-YBJ:
- All-particle energy spectrum e dense sampling — low energy threshold (= 300 GeV)
 Still NO results on the selection e wide energy range: =300 GeV — 10 PeV

of different primary masses e high granularity of the read-out = good angular

resolution and unprecedented details in the core region

# The capability of Water Cherenkov facilities in extending the energy
range to PeV and in selecting primary masses must be investigated
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Lowering the energy threshold: extreme altitude

ARGO-YBJ
5200 m LHAASO Sea Level

10°F ettt el ' !
o7 ]
1
1

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.

HAWC (4100 m asl)

ARGO-YBJ/LHAASO (4400 m asl) = 1, 1 energy thr.
o Chacaltaya (5200 m asl) =2x, =3x energy thr.

| "3| 6000 m asl =3x, =~5x energy thr.

: N\
|

increase in size decrease in en. thr.

Number of electromagnetic particles
2

6000 m

. — E E EEE .
'y

‘ O—'_ ) L ' A A L L 1 A l L L ' A L L A A A A A A b
0 5 10 15 20 25 30
Radiation lengths

Lowering the energy threshold:

Extreme altitude (>4400 m asl)
Detection technique and layout
Coverage and granularity
Trigger logic

Detection of secondary photons

This imply that the effective areas of EAS
detectors increases at low energies.
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ARGO-YBJ: a full coverage detector

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

ARGO-YBJ central carpet sparse array

H B B
H B
H 0 B
H B
H B B
a continuous carpet of detectors

coverage factor = 0.92 coverage factor = 103 - 102
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ARGO-YBJ: a full coverage detector

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

ARGO-YBJ central carpet sparse array

E H B
_ “!t
. . high energy shower = big shower

-> trigger

a continuous carpet of detectors
coverage factor = 0.92 coverage factor = 103 - 102
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ARGO-YBJ: a full coverage detector

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

ARGO-YBJ central carpet sparse array

E H B
_ “!t
. . high energy shower = big shower

-> trigger

low energy shower = small shower

/—) NO trigger

a continuous carpet of detectors
coverage factor = 0.92 coverage factor = 103 - 102
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ARGO-YBJ: a full coverage detector

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

ARGO-YBJ central carpet

a continuous carpet of detectors
coverage factor = 0.92

75 ©5
S 40

o ©
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23
—

Angulor Resolution (Rodions)
5% i
“_‘JL

- O
S 0
1] 1

1

75 Detecter Spocing (m]

1
Efficiency

10

G. Di Sciascio -

0
Log (Ne/2.5x10)

INFN

0

sparse array

low energy shower = small shower

/—) NO trigger

E H B
_ “!t
. . high energy shower = big shower

-> trigger

coverage factor = 103 - 102

Lor

0.5

by CASA-MIA

SN0fi25 J17.5 Detector Spocing (m)

1

-1.0

0
LogygiNe/2.5 = 10"
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Increasing the sampling (~1% =»100%)

\

e Improves angular resolution
e Lowers energy threshold
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Energy threshold and resolution

ARGO-YBJ (all triggered events) HAWC (2019) internal events only
w12 —2.50-2.75 T '
= B N, interval 10l = 275300 '
S 12 3 456 7 8 9 — 3.00-3.25 ,rl\
e L e -
g L """' ' 3 60-99 ool = 375400 J Q
2 B — 4: 100-199 T == 400225 |
> 0.8— — 5 200-299 o — 4.25-4.50
S B ’ s — 6: 300-499 - * 75500
=1 - — 7: 500-999 7 0.6 5500
‘g 0.6— 8: 1000-1999 “ i
> B : 22000 g
f.';j 0al ~ > 0.4 \
B \
/ \ k
0.2— 0.2}
04 L | L A ; \\ "‘\'-
A5 1 05 0 05 1 15 2 25 00k : : . \
|_Og10 Energy (TeV) 10 10 10 log.u(EneV)lo 10 10

full coverage RPC carpet operated at 4300 m asl array of water tanks operated at 4100 m asl

coverage = 92%

high granularity (cm level) coverage =~ 60%

Topological-based Trigger logic; poor granularity (m level)

>20 pads out of 15,000 bkg free ! Trigger rate: 24 kHz

Noise: 380 Hz/pad Noise: 20-30 kHz/8” PMT (40-50 kHz/10"PMT)
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Energy resolution

The energy resolution is given by the folding of

Shower fluctuations

Fluctuations in the depth of
the first interaction point

- 1st Interaction
—

400fF- Distribution of height of
-+ 1stinteraction
350+

# EM Particles

: -+
300

— +

: -
250
2001—
150
100

e,

I

S0 A R R R B N

<« 01 20 25 30 35
R Height of 1% Interaction (km)
¢ Ground level

1 TeV gamma-ray shower

Shower fluctuations dominate
energy resolution of EAS arrays.

@ Sampling fluctuations

Fluctuations in the measured
number of secondary particles

v

Can be reduced with high coverage
and high granularity of the read-out
=¥ all particles are measured !

HAWC: 40% - 55% at 1 TeV (gamma internal)
HAWC: 23% - 30% at 50 TeV (gamma internal)

ARGO: 10% at 10 TeV  (protons internal)
ARGO: 5% at 100 TeV (protons internal)

IACT: 8% - 15% at 1 TeV
IACT: 15% - 35% at 50 TeV
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Northern Hemisphere: HAWC P
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Water Cherenkov Method

Air shower particle

e Robust and cost-effective surface detection technique (e.g., GeV muon)

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

< >~
¢ Tanks contain three 8” R5912 PMTs and one 10” R7081-HQE = §§>é
PMT looking up to capture Cherenkov light from shower front ([~ 1
g up P g f >>2
//

Final tank deployed: December 15,2014

NV

i
N
VV/

i

|
.i

|
|

|
I

—p» aa

'H

I
i

Il
J

G. Di Sciascio - INFN CTA School, Sesto June 24-29, 2019 44



2nd HAWC Catalog

arXiv:1702.02992 A total of 39 sources were detected with 507 days of data.

Table 1. Properties of the nine analysis bins: Out of these sources, 16 are more than one degree away from any
bin number B, event size fhit, .68% PSF contain- preViOUS|y I’epor’[ed TeV source

ment g, cut selection efficiency for gammas

MC . data :
~ ~ and cosmic rays €cg, and median energy

for a reference source of spectralindex =263 2t 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.

€

MC dat MC
B fhit 1/168 Efy ECaRa E'y

%) ) (%) (R (TeV)
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The Galaxy above 56 TeV with HAWC

Galactic Plane above 56 TeV (0.5 deg extended source assumed)

) 19 18 17 16 15 14 13 12 1 10 9 B8 7 6 5

K. Malone, TeVPA 2018

6 sources in the plane > 56 TeV (plus the Crab)
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The Galaxy above 100 TeV with HAWC

Galactic Plane above 100 TeV

2 sources in the plane > 100 TeV (plus the Crab ?)

G. Di Sciascio - INFN

CTA School, Sesto June 24-29, 2019

*PRELIMINAR

K. Malone, TeVPA 2018
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Crab Nebula with HAWC

The Crab spectrum measured between June 2015 and December 2017 with 837 days of data

arXiv:1905.12518
Crab Nebula spectrum

10—10 i

10—11 i

E2 dN/dE (TeV cm~2 s71)
o

10—13 i

Z_% — o (B/T Tev)—a—ﬁln(E/7 TeV)

$o=(2.31£0.021092)x 10713 (TeV cm? s)~*

a=2.7340.020:03  and $=0.06+0.0140.02

—— Ground parameter best fit
—— Neural network best fit
Previous HAWC Fit
---- Meyer et al (IC)
Previous HAWC fit systematic uncertainty
Previous HAWC fit statistical error
GP systematic uncertainty band
NN systematic uncertainty band
® Ground parameter flux points
® Neural network flux points
HESS 2015 ICRC
HEGRA 2004 s
VERITAS 2015 ICRC
MAGIC 2015
Tibet ASy
ARGO YBJ

G. Di Sciascio - INFN

101 100 101 102
Energy (TeV)

Bin || E energy range || GP TS | GP median GP flux
(TeV) energgy_({‘e\/) (TeV ecm™2 s71)
c 1-1.78 3896 Qﬁ? (3.73 £ 0.07) x 10~
d 1.78-3.16 3754 , (3.11 + 0.07) x 10~
e 3.16-5.62 3543 2.68 (2.37 £ 0.06) x 10!
f 5.62-10.0 3481 5.41 (1.37 +£ 0.04) x 107"
g 10.0-17.8 1864 9.82 (8.26 £+ 0.33) x 10~ *2
h 17.8-31.6 975 18.4 (5.04 £ 0.31) x 1072
i 31.6-56.2 365 33.9 (2.47 4 0.27) x 10712
j 56.2-100 107 59.3 (1.26 + 0.25) x 10~ 2
k 100-177 19.9 102 (6.79 + 2.70) x 10713
1 177-316 0.33 174 <5.92 x 10713
NN TS | NN median NN flux
energy (TeV) (TeV cm™ 2 s71)
2734 (1.04) (3.63 + 0.08) x 10~
4112 1.83 (2.67 &+ 0.05) x 10~
4678 3.24 (1.92 £ 0.04) x 10~
3683 5.84 (1.24 £ 0.03) x 10~
2259 10.66 (8.15 £ 0.31) x 10~ '?
1237 19.6 (5.23 + 0.29) x 1072
572 36.1 (3.26 £ 0.28) x 10~ "2
105 66.8 (1.23 + 0.24) x 1072
28.8 118 (8.37 £2.91) x 107"
0.14 < 8.14 x 10713

These measurements are the highest-energy
observation of a gamma-ray source to date.

CTA School, Sesto June 24-29, 2019
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The |deal Observatory for PeVatrons

« Search for sources of cosmic rays close to PeV energies
= High sensitivity at about 30-40 TeV

» Test spectral break and cutoffs at several TeV = Good
energy resolution at several TeVs

» Search for different and possibly unexpected classes of
sources = Unbiased survey

» Resolve sources which might be hidden in the tails of
bright sources and compare and correlate with gas
surveys = (Good angular resolution at several TeV.

G. Di Sciascio - INFN CTA School, Sesto June 24-29, 2019
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HAWC Mixing Matrix

o Mixing Matrix: Ej,.. VS. F.q

Gamma cut-off at 30 TeV imply

{10° proton cut-off at about 1 PeV.
5.5

Of course the higher energy the
better but most sources become
too faint.

50+

10°°

»
%))

107 Performance best above 10 TeV,
where showers are largest

10°  40% - 55% at 1 TeV (8%-15% IACT)
23% - 30% at 50 TeV (15%-35% IACT)

Log 10 (Eest/GeV)

w
o

10° Not ideal spectroscopy, extremely
important to detect spectral break and
cut-offs !!!

2.5

2.0/ .
O 10-10

1"‘1.; 20 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 . o )
Log 19( Eyrue/GeV) Physical limits due to the detection

technique, although there one

S. Casanova, Roma 2019 might strive for improvements

K. Malone, TeVPA 2018
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ICS

42,000 m?).

Q

e RLR R RN R Ry R ..p...

(total sensitive area

150 m

se S ., " X .
HLHON LTI

-
PRad

from y-ray astronomy to CR phys

1.3 kmZ2 array, including 5195 scintillator detectors 1 m2 each, with 15 m spacing.

spacing, for muon detection

« An overlapping 1 km? array of 1171, underground water Cherenkov tanks 36 m2 each, with 30 m

* A close-packed, surface water Cherenkov detector facility with a total area of 80,000 m=.

LHAASO

51

CTA School, Sesto June 24-29, 2019

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

Neutron detectors
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The LHAASO site

The experiment is located at 4400 m asl (600 g/cm?) in
the Haizishan (Lakes’ Mountain) site, Sichuan province

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

700 km to Chengdu
50 km to Daocheng City (3700 m asl, guest house) _ &) (s B
10 km to the highest airport in the world e RN -

Akgizii=l G

Huludao
y)

Map

Dalian
.

Weifang
0

Qingdao
5

Shandong
Rizhao

Linyi
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.

Jian

Hubei

Anhui
Wuhan
Q .
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Anging S £
Xianning t Ningbo,
. .

¥
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0
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. HAASQO installation: WCDA

20” PMTs with special PE
collecting design in #2 and #3
ponds of WCDA

ety

-.33.00

-

A A

|

£

A7

e\
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The Starting of the Data Taking

T gREXT 0| 74
ji ¥ ' 1% égﬁs‘fvjazry
hAltltu

de Air Sh o 1

O Sclentlflc Obserya

o (el

<v77 w%

27.04.2019 04 : 41

First Events
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LHAASO Science White Paper

&
& ﬂ et X. Bai*¢, B. Y. Bi?, X. J. Bi?, Z. Cao®*, S. Z. Chen?, Y. Chen’, A. Chiavassa®, X. H. Cui', Z. G. Dai®,
R D. della Volpe®™*, T. Di Girolamo'*, Giuseppe Di Sciascio®, Y. Z. Fan", J. Giacalone', Y. Q. Guo?,
BHGUT FEAM S H. H. He?, T. L. He!, M. Heller®, D.Huang', Y. F.Huang?, H. Jia', L.T. Ksenofontov", D. Leahy®, F. Li",

Z.Li*™ E. W. LiangP, P. Lipari9, R. Y. Liu’, Y. Liv®, S. Liu", X. Ma?, O. Martineau-Huynh™,
D. Martraire?®, T. Montaruli®, D. Ruffolo', Y. V. Stenkin**%, H. Q. Suf, T. Tam*, Q. W. Tang?,
THE LARGE HIGH ALTITUDE AIR SHOWER W. W. Tian', P. Vallania**, S. Vernetto?, C. Vigorito®®, J. .C. Wang®, L. Z. Wang', X. Wang®,
OBSERVATORY X.Y. Wang"¢, X. J. Wang!, Z. X. Wang®, D. M. Wei", J. J. Wei", D. Wu', H. R. Wu?, X. F. Wu",
D. H. Yan*, A. Y. Yang', R. Z. Yang¥, Z. G. Yao?, L. Q. Yin?, Q. Yuan", Bing Zhang**%"% B. Zhangf,
L. Zhang®, M. F. Zhang', S. S. Zhang?®, X. Zhang", Yi Zhao**", X. X. Zhou!, F. R. Zhu®", H. Zhu'

SCIENCE WHITE PAPER *
(v3.2 MAY 9, 2019)

* Commissioning of first quarter of the experiment
started April 2019 (sensitivity =<HAWC):

o 22,500 m2 water Cherenkov detector
« 1/4 scintillator array

6 WFCTA telescopes

 ~ 300 muon detectors

arXiv:1905.02773v1 [astro-ph.HE] 7 May 2019

*x Completion of the installation by the end of 2021.

* First Sky Map with sensitivity better than HAWC
expected next year.
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Galactic Plane in the LHAASO field of view

Zenith angle < 40° Visible Galactic Plane: | = 20° — 225°

]
" VERITAS

!
survey

HESS survey: | =250°- 60° |b| <3.5°
VERITAS survey: [=67°-82° -1°<b<4

TeV sources from TeVCat
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LHAASO Iintegral sensitivity

"I.__I | HAASO (1 year, 5 s.d.)
R T T e e HAWG (1 year, 5 5.d.) -
. — e e HESS/VERITAS (50 hours) _ . .
= - T A Goneas EAS-array: 5 s.d. in 1 year
(@) - [ CTA-South Survey
[p) — =mm == CTA-South point sources (50 hours) . i
S | | T EasTor nur reos Cherenkov: 5 s.d. in 50 h on source
I 10 "B ' S [[]  KASCADE Crab u.l. (2004)
e = ~~ _CRAB extrapolation g ¢  HEGRA AIROBICC u.l. (2002)
—_ - ™~ ~ : 4=  CASA-MIA Crab u.l. (1991,1997)
IJJ B \ : ]
{_} _ T~ ; ¢ % 1 year for EAS arrays means:
-11 !

e 10 (5 h x 365 d) ~1500 - 2200 of
x observation hours for each source
L (about 4-6 hours per day).

10712

% For Cherenkov:
1073 (5h x365d)xd.c.(=15%) =270 h/y
for each source.
107 E : : -
— IIIIIIII IIIIIIII IIIIIIII | 111111

107" 1 10 102 10°
Energy (TeV)
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TeV sources in the LHAASO field of view

F TeVCat: ' '
rom levia Extrapolation of TeV spectra assuming no cutoff
. . . . :10-10_
/1 sources culminating at zenith angle < 40 (‘G - average index = 2.42
L HAASO latitude = 30° N %10_,,
-10° < decl < 70° E’
L
e 40 extragalactic R
L

Crab

e 31 galactic

Unidentified
Pulsar Wind Nebulae

0.1 x Crab

Shell Supernova Remnant 10
Binary System

Massive Star Cluster 0.01 x Crab

10-15 | | lll
10" 1 10 102 3
Energy (Te\})0

70% of Galactic sources are extended

The real sensitivity depends on spectral slope,
culmination angle and angular extension of the source

Probably the fluxes are higher then what measured by IACT
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6 Shell SuperNova Remnants

E2dN/dE (GeV cm?s™)

—10"°
Zenith F>1 Spectral Angular (‘(,’ E
angle TeV index Extension (o) g B
CUIm. (C.U.) %10"5_
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L
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o TR
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7 7
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10°® pion ------- J = E (;w 108 pion ------- VERITAS ~—=— |
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Cygnus Cocoon

Counterpart of Cygnus Cocoon at TeV energies
discovered by ARGO-YBJ (ARGO J2031+4157)

+
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1070 g E
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> S ~~— Milagro Y =
e n —A— LHAASO (model~Ec=150TeV) .
i —8— Fermi-LAT w 407 4 S —%—— LHAASO (model~Ec=40TeV) A -
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What’s Next ? Beyond HAWC/LHAASO

In the next decade CTA-North and LHAASO are expected to be the most sensitive
instruments to study y-ray astronomy in the Northern Hemisphere from =20 GeV up to PeV.

» Southern Hemisphere

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

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

- GRB finder for Advanced LIGO, which will detect all neutron binary coalescence
with z < 0.5

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

» Survey of the Inner Galaxy and Galactic Center

« TeV Source finder for CTA south

G. Di Sciascio - INFN CTA School, Sesto June 24-29, 2019
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Scientific requirements

A future Wide FoV Observatory to be useful (to CTA) needs:
e [ow energy threshold (= 100 GeV) to detect extragalactic transient (AGN, GRBs).
e Angqular resolution = 71° at the threshold for survey of Inner Galaxy (source confusion).
e <10% Crab sensitivity below TeV to have high exposure for flaring activity.
e Good energy resolution above 10 TeV to detect spectral cut-offs

e Background discrimination capability at level of 70-> (!!!) in the 100 TeV range to observe the
knee in the enerqy spectrum of the gamma diffuse emission in different regions of the GP.

* [s this possible ?

Physical limits mainly due to the detection technique !
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Southern Gamma-Ray Survey Observatory

SOUTHERN
Who are we?...
GAMMA-RAY
SURVEY H. Schoorlemmer
OBSERVATORY Recontres du Vietnam 2018

The alllance : .

2ment of this effort in the Soutt ern-

vriting of a white-paper on
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Science Case White Paper by SGSO

G. Di Sciascio - INFN

arXiv:1902.08429v1 [astro-ph.HE] 22 Feb 2019

Science Case for a Wide Field-of-View

Very-High-Energy Gamma-Ray Observatory
in the Southern Hemisphere

A. Albert!, R. Alfaro? H. Ashkar?, C. Alvarez?4 J .Alvarez5, J.C. Arteaga-Veldzquez®,
H. A. Ayala Solares®, R. Arceo?, J.A. Bellido”, S. BenZvi®, T. Bretz?, C.A. Brisbois!'?,
A.M. Brown!!, F. Brun3, K.S. Caballero-Mora?, A. Carosi'?, A. Carraminana'3,
S. Casanova!¥'® P.M. Chadwick!'!, G. Cotter'6, S. Coutifio De Leén'3, P. Cristofari!” 18,
S. Dasso!??, E. de la Fuente?!, B.L. Dingus',23 P. Desiati??, F. de O. Salles®, V. de Souza??,
D. Dorner?®, J. C. Diaz-Vélez?"?2, J A. Garcia-Gonzalez?, M. A. DuVernois??,
G. Di Sciascio?®, K. Engel®’, H. Fleischhack!?, N. Fraija?®, S. Funk?’, J-F. Glicenstein?,
J. Gonzalez,3% M. M. Gonzélez?®, J. A. Goodman??, J. P. Harding', A. Haungs®!, J. Hinton'?,
B. Hona!?, D. Hoyos®?33, P. Huentemeyer'?, A. Iriarte*, A. Jardin-Blicq'®, V. Joshi®®,
S. Kaufmann'!, K. Kawata®®, S. Kunwar!®, J. Lefaucheur?, J.-P. Lenain®®, K. Link3!,
R. Lépez-Coto3”, V. Marandon'®, M. Mariotti®®, J. Martinez-Castro®?, H. Martinez-Huerta?*,
M. Mostafa®, A. Nayerhoda'4, L. Nellen3?, E. de Ona Wilhelmi*®*!, R.D. Parsons'®,
B. Patricelli*?*3, A. Pichel'®, Q. Piel'?, E. Prandini®®, E. Pueschel*!, S. Procureur®,
A. Reisenegger?¥4® C. Riviere?’, J. Rodriguez®>%6, A. C. Rovero!?, G. Rowell’,
E. L. Ruiz-Velasco'®, A. Sandoval?, M. Santander?”, T. Sako??, T. K. Sako?’, K. Satalecka*!,
H. Schoorlemmer!*, F. Schiissler®*, M. Seglar-Arroyo®, A. J. Smith?’, S. Spencer'®,
P. Surajbali'®, E. Tabachnick®’, A. M. Taylor*!, O. Tibolla!!8, I. Torres!?, B. Vallage?,
A. Viana?*, J.J. Watson'®, T. Weisgarber??, F. Werner'®, R. White!®, R. Wischnewski*!,
R. Yang', A. Zepeda®®, H. Zhou'

CTA School, Sesto June 24-29, 2019
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A straw mans design: point source sensitivity
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If you are interested join SGSO at

www.Ssgso-alliance.org
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STACEX: y-ray astronomy in the South

approaches so far used in survey instruments

- Water Cherenkov technique HAWC/LHAASO - like

NIALA (A

- RPC technique ARGO-like

<

/

RPC 300 x 75 cm

Southern TeV Astrophysics and Cosmic rays Experiment /]/_\
STACEX proposal combines in a hybrid detector both im

Two experimental techniques operated for many years at high altitude

Benefit of Water Cherenkov:

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

Benefit of RPCs:

4+ Full coverage and high granularity of the read-out (very low energy threshold)
+ Better energy resolution, in particular above 10 TeV (10% at 50 TeV)

+ Wide energy range (100 GeV — 300 TeV, with only digital readout)

4+ Elemental composition up to =10 PeV (with charge readout)
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Point source sensitivity
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Conclusions

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
y-ray astronomy in the Northern hemisphere from =20 GeV up to PeV.

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

e Extragalactic transient detection requires low threshold, =100 GeV.

e [xtreme altitude (=5000 m asl), high coverage and high granularity of the read-out are key.

e Background rejection below TeV challenging = RPCs + Water Cherenkov ?

e Selection of primary masses crucial =» RPCs + Water Cherenkov ?

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

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