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Ground-based Gamma-Ray Astronomy
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EAS arrays 

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

detection of the charged 
particles in the shower 

Air Cherenkov Telescopes 

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

detection of the Cherenkov light 
from charged particles in the EAS 

Detecting Extensive Air Showers
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Pointed and Survey Instruments
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EAS arrays are irreplaceable tools 
for all sky survey and to study the 

transient TeV sky !



G. Di Sciascio, 13th AGILE 2015, May 26, 2015

Cosmic Ray Experiments & Cosmic Ray Physics 
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Future:


• HAWC

• LHAASO

• HiSCORE

• TIBET ASγ enhancements

Not discussing: Highest Energy Cosmic Rays

(Auger, TA/TALE, Yakutsk, JEM-EUSO)

• The ‘Scientific Case’ for new generation Extensive Air Shower (EAS) 
arrays in the 1012 - 1018 eV energy range

➜ open problems in Galactic Cosmic Ray Physics

• ARGO-YBJ

• TIBET ASγ 
• GRAPES

• KASCADE

• KASCADE-Grande

• Tunka-133

• IceTop

CR Experiments 1012 ➜ 1018 eV:
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Galactic CRs: main open problems
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✦ Cosmic Ray Sources: “PeVatrons”
accelerators

✦ Proton energy spectrum: “proton knee”
acceleration mechanisms, propagation, neutrinos, background

“astronomy” (gamma, neutrino) but also anisotropy ! 

old nearby sources: no more photons but CRs → anisotropy ! 

Multi-parameter, Multi-wavelenght, Multi-messanger

electrons

muons


hadrons

cherenkov


…

X → PeV photons

charged

neutrinos

Fermi, Agile, Pamela, AMS, MAGIC, CTA, ARGO-YBJ, Km3Net, …

same scientific program/goals: different/complementary approaches !

USA: VERITAS + HAWC GERMANY: HESS + MAGIC + CTA + HiSCORE
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The ‘Cosmic Ray connection'
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★ Hadronic emission (CR sources): p + p/γ ⇒ n  (π+ + π- + π0 ) + h

ν    Neutrino Astronomy

γ   Gamma-Ray Astronomy

CRs, photons and neutrinos strongly correlated: the ‘cosmic ray connection' 

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
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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 ?

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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PeVatron Sky
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?

?
Where are the CR 

PeVatrons ?

PeV Cosmic Rays 
Photons > 100 TeV !

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
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Opening the PeVatron range

9

Energy (TeV)
1−10 1 10 210 310

]-1
 s

-2
E 

* F
lu

x(
>E

) [
 T

eV
 c

m

15−10

14−10

13−10

12−10

11−10

10−10

HESS Inner Galaxy Survey, hard sources

ARGO-YBJ MGRO J1908

ARGO-YBJ Crab Nebula

Hard spectra @ 100 TeV: 
Smoking gun signature !

  

martin.tluczykont@physik.uni-hamburg.de – HiSCORE – Moscow Workshop 2011

HiSCORE aims

Knee-energies:
E

C R
 ~ PeV

Eγ  ~ 100 TeV

ASPERA recognizes the importance of

“development of ground-based wide-angle 
gamma-ray detectors”

We propose HiSCORE !

Cosmic-rays:
100 TeV < E

C R
 < 1 EeV

Gamma-rays:
Eγ > 10 TeV

Large area: 10-100 km²

Large Field of view: ~ 0.6 sr



G. Di Sciascio, 13th AGILE 2015, May 26, 2015

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

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


• probe of diffuse emission on scales of several degrees


• study of localized CR anisotropies


• search for small and nearby high latitude molecular clouds


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

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

• blind search for annihilation in Dark Matter subhalos of 
the Galaxy, without any a priori association with an 
astrophysical object (dwarf galaxy, Galactic Center, etc)

– 29 –
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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.

Diffuse  emission:  25°  <  l  <  100°;  |b|<  2°



G. Di Sciascio, 13th AGILE 2015, May 26, 2015

Approaching the knee
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Energy spectrum, elemental composition, anisotropy:

3 fragments of a “Rosetta stone” crucial for understanding 
origin, acceleration and propagation of the radiation

?

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)

But
The latest results by ARGO-YBJ are deeply 

challenging the standard model of galactic CRs !
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Light component spectrum (3 TeV - 5 PeV) by ARGO-YBJ
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ARGO-YBJ reported evidence for a proton knee starting at about 650 TeV 
and not at 4 PeV (“standard model”)
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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


• Current status: tank construction and water filtration completed, final PMTs deployed. 270 tanks in DAQ

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: 140 X 140 m2


• Coverage factor: 57 %


• 10 kHz event rate
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Water Cherenkov Method
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• Robust and cost-effective surface detection technique 


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


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

IPA 20155/4/15

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

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

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

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

10

Air$shower$par,cle$
(e.g.,$GeV$muon)$
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Background rejection
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CR rejection using topological cut in hit 
pattern away from the shower core

IPA 20155/4/15

Background Rejection
‣ CR rejection using topological cut in hit pattern

‣ Requires sufficient number of triggered channels (>70) 
to work well. Q-value (ϵγ/√ϵCR) is ~5 for point sources
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Background Rejection
‣ CR rejection using topological cut in hit pattern

‣ Requires sufficient number of triggered channels (>70) 
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Background Rejection
‣ CR rejection using topological cut in hit pattern

‣ Requires sufficient number of triggered channels (>70) 
to work well. Q-value (ϵγ/√ϵCR) is ~5 for point sources
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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. 
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Effective Area
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HAWC is a factor of 4.5 larger than ARGO-YBJ 
but effective areas similar below few TeV.

The combination of 

• full coverage

• high segmentaion of the read-out 


makes the ARGO-YBJ experimental approach well suitable for high efficiency detection of sub-TeV showers.

HAWC


• Instrumented Area: 120 X 140 m2


• Coverage factor: 57 %


• Segmentation of the Read-out: >15 m

ARGO-YBJ


• Central Carpet: 76 X 75 m2


• Coverage factor: 92 %


• Segmentation of the Read-out: 6 X 62 cm
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HAWC-250  Sky Map
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IPA 20155/4/15

HAWC-250 γ-Ray Map
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Fermi LAT: E > 50 GeV (M. Ajello)

PRELIMINARY

Crab Nebula

Mrk 421Mrk 501

Galactic
Plane

IPA 20155/4/15

The Galaxy in TeV γ Rays 
‣ HESS survey of the Galactic Plane showing only the 

region of overlap with HAWC

‣ HAWC view of the Galactic Plane (PRELIMINARY)

22

S. Carrigan et al., Proc. 48th Recontres de Moriond, 2013

HAWC view of the Galactic Plane (PRELIMINARY) 

S. BenZvi, IPA 2015, Madison May 2015
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Crab Nebula: HAWC - 111
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• Trigger rate: 10 kHz, >99.9% cosmic rays 


• Roughly 400 gammas/day from the Crab Nebula 


• Tight cuts on high-energy sample: signal/background ~ 3 

IPA 20155/4/15

γ-Rich Sample from the Crab
‣ Trigger rate: 10 kHz, >99.9% cosmic rays

‣ Roughly 400 gammas/day from the Crab Nebula

‣ Tight cuts on high-energy sample: signal/background ~ 3

47

John Pretz (PSU)

Ev
en

ts
• 9 analysis bins in Nhit 

• Bin 0: ~300 GeV median 

• Bin 9: ~10 TeV median

IPA 20155/4/15

Crab Nebula: HAWC-111

48

F. Salesa Greus (PSU)

‣ Excess counts from Crab 
Nebula: data vs. simulation

‣ 9 analysis bins in Nhit

‣ Bin 0: ~300 GeV median

‣ Bin 9: ~10 TeV median

Excess counts from Crab Nebula: data vs. simulation 

S. BenZvi, IPA 2015, Madison May 2015

IPA 20155/4/15

HAWC-250 γ-Ray Map

21

Fermi LAT: E > 50 GeV (M. Ajello)

PRELIMINARY

Crab Nebula

Mrk 421Mrk 501

Galactic
Plane

Crab Nebula: HAWC-250
PRELIMINARY (uncalibrated)

2.5 months of data (~2.5σ/√transit)
Significance >8 years of Milagro data

C. Riviere (UMD)



G. Di Sciascio, 13th AGILE 2015, May 26, 2015

What is LHAASO ?
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The Large High Altitude Air Shower Observatory (LHAASO) project is a new generation 
all-sky instrument to investigate the 'cosmic ray connection' through a combined study of 

cosmic rays and gamma-rays in the wide energy range 1011 -- 1017 eV.

The first phase of LHAASO will consist of the following major components:


• 1 km2 array (LHAASO-KM2A), including 5635 scintillator detectors, with 15 m spacing, for 
electromagnetic particle detection.


• An overlapping 1 km2 array of 1221, 36 m2 underground water Cherenkov tanks, with 30 
m spacing, for muon detection (total sensitive area 40,000 m2).


• A close-packed, surface water Cherenkov detector facility with a total area of 90,000 m2 
(LHAASO-WCDA), four times that of HAWC.


• 24 wide field-of-view air Cherenkov (and fluorescence) telescopes (LHAASO-WFCTA).


• 452 close-packed burst detectors, located near the centre of the array, for detection of 
high energy secondary particles in the shower core region (LHAASO-SCDA).
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LHAASO main components
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1 KM2A:

5635 EDs

1221 MDs

WCDA: 

3600 cells

90,000 m2

SCDA:

452 detectors

WFCTA:

24 telescopes

1024 pixels each
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The LHAASO site
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The experiment will be located at 4300 m asl (606 g/cm2) 
in the Daocheng site, Sichuan province, China.

Coordinates: 29º 21' 31'', 100º 08' 15'' 

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 
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Status of LHAASO 
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• LHAASO is one of the 'Five top priorities' projects of the Strategic Plan of IHEP 
approved by the Chinese Academy of Sciences (CAS).


• The National Reform and Development Commission (NRDC) and the Finance Ministry 
(FM) allocated for LHAASO 1 Billion CNY (about 160 M US$) ➜ “Flagship Project”. 

• The government of Sichuan province will cover the total cost of the infrastructure 
construction: 300 M CNY.

★ July 2015: start of construction of first quarter of WCDA, KM2A. 

★ May 2016: installation of PMTs in the first pond.


★ Spring, 2017: start scientific operation of the first quarter of LHAASO.


★ 2019: conclusion of installations.

Tentative Schedule (May 2015)



G. Di Sciascio, 13th AGILE 2015, May 26, 2015

Why LHAASO ?
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The LHAASO experiment will be the next generation ground-based experiment, capable 
of acting simultaneously as a Gamma Ray Telescope and a Cosmic Ray Detector.

✤  Gamma-Ray Astronomy (102 → 106 GeV): full sky continuous monitoring

• Below 20 TeV: continuous monitoring of the Northern sky at < 0.01 of the Crab flux 
→ Sky survey: complementarity with CTA (Cherenkov Telescope Array) 

• Above 20 TeV: continuous monitoring of the Northern sky up to PeV with a sensitivity 2000x CTA 
for sky survey > 70 TeV→ search for PeV cosmic ray sources (Pevatrons)

Fermi
GeV

CTA
30 GeV 100 TeV

LHAASO
PeV

✤  Cosmic Ray Physics (1012 → 1017 eV): precluded to Cherenkov Telescopes

• CR energy spectrum 

• Elemental composition

• Anisotropy

AMS
TeV

AUGERLHAASO

1017 - 1018 eV

20 TeV
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Effective Area
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LHAASO


• Instrumented Area: 300 X 300 m2


• Coverage factor: 90 %


• Segmentation of the Read-out: 5 m
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100 GeV ≈ 5,000 m2

1 TeV ≈ 180,000 m2

100 TeV ≈ 1.4 106 m2
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Sensitivity to gamma point sources
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9−10 ARGO (1 year)
ARGO all data
HESS/VERITAS (50 hours)
MAGIC II (50 hours)
CTA (50 hours)
HAWC (1 year)
HiSCORE (1000 hours)
Tibet Array + Muon Det (1 year)
LHAASO (1 year)

CRAB extrapolation

0.1 CRAB

0.01 CRAB

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

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

★ 1 year for EAS arrays means:


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


★ For Cherenkov: 


(5 h ⨉ 365 d) ⨉ d.c. (≈ 15%) ≈ 270 h / y 
for each source.

LHAASO 

CTA 
The big advantage of LHAASO 

• High Energy (>10 TeV) 

• Sky Survey
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LHAASO Physics Potential
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From TeVCat: 

71 sources culminating at zenith angle  < 40°


LHAASO latitude = 30° N         
-10° < decl < 70°  

•  40 extragalactic  

•  31 galactic  
13  Unidentified 
9    Pulsar Wind Nebulae 
6    Shell Supernova Remnant 
2    Binary System 
1    Massive Star Cluster

70% of Galactic sources are extended
Probably the fluxes are higher then what measured by IACT

Crab

0.1 × Crab

0.01 × Crab

average index = 2.42

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

Extrapola)on	
  of	
  TeV	
  spectra	
  assuming	
  no	
  cutoff
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CTA Sky Survey

Opening the PeVatron range

27

Hard spectra @ 100 TeV: 
Smoking gun signature !

Sky Survey

Lhaaso has no competitors for sky survey: in one year it can 
survey the Northen sky at 100 TeV at a level < 0.01 Crab !

Tluczykont et al., APh 56, 42 (2014)

Dubus et al., APh 43, 317 (2013)
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Outlook: Southern Hemisphere
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21


•  Discovering rare transient events requires full sky 
coverage 

•  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 invariance and axions) 

•  Galactic Center 

•  TeV Source finder for CTA south 

Beyond HAWC: Southern Site 

Alto Chorrillo

Argentina

4800m 
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LHAASO The LHAASO (Large High Altitude Air Shower Observatory) is an ambitious project based
upon a combination of water Cherenkov technology, scintillation detectors, and air Cherenkov technology.
LHAASO will consist of a ⇠90,000m2 water Cherenkov detector surrounded by 5100 scintillation detectors
distributed over an area of ⇠1kms with 43,000 m2 of buried muon detectors. In addition 24 air fluores-
cence/Cherenkov telescopes will be located onsite. At an altitude of ⇠4300m, it is expected that LHAASO
will have somewhat better sensitivity than HAWC at low energies (<10 TeV), with significantly improved
sensitivity at higher energies. This project recently received approval from the Chinese government and the
completion of construction is expected in 2018.

A Future Wide-Field High-Duty Cycle Gamma-Ray Experiment HAWC was designed and built
based on the results from the Milagro experiment. Similarly, the design of a future wide-field high duty-cycle
experiment will be based upon the results from HAWC (or LHAASO). There are two distinct paths for a
future instrument: significantly higher sensitivity to higher energy gamma rays, in excess of 100 TeV or
significantly reducing the useful energy threshold. If the HAWC data shows that exciting physics is to be
found at the highest energies (cosmic-ray origins, Galactic gamma-ray sources), then a plan to increase the
collecting area at the highest energies would be recommended. Such an upgrade could be performed at the
existing HAWC site or at a new location, perhaps in the Southern hemisphere to provide an alert system
for the CTA South. On the other hand, if extragalactic phenomena, especially transient events such as
flares from active galaxies to gamma-ray bursts, yield a rich source of information on particle acceleration,
ultra-high-energy cosmic rays, and tests of fundamental physics, a detector with a significantly lower energy
threshold would be recommended. Such an instrument would require the highest altitude site attainable,
and thus would naturally be placed in the Southern hemisphere. Within the Chajnantor plateau in Chili it
seems feasible to site such an instrument at ⇠6km above sea level.

2.5.3 Neutrino Experiments

IceCube and KM3NeT IceCube is a 1 km3 neutrino observatory located at the South Pole [19].
Completed in December, 2010, it instruments 1 km3 of Antarctica ice with 5,160 optical sensors, mounted
at depths between 1450 and 2450 m, on 86 vertical strings which are emplaced in holes drilled in the icecap.
These sensors observe the Cherenkov radiation from the charged particles which are produced when high-
energy neutrinos interact in the Antarctic ice. 78 of the strings are arranged on a 125 m triangular grid;
this array has an energy threshold of about 100 GeV. The remaining 8 strings form a denser subarray called
“DeepCore” [18]; these strings have smaller spacings, with most of DOMs on the bottom 350 m of the strings.
DeepCore has an energy threshold of about 10 GeV.

A surface array, called IceTop, completes the installation [264]. It comprises 162 ice filled tanks. The array
is sensitive to cosmic-ray air showers with energy above about 100 TeV. One key feature of IceTop is its
altitude; at 2735 m above sea level, so IceTop is relatively near shower maximum for the showers of greatest
interest (above 1 PeV); this reduces its sensitivity to many systematic errors, such as hadronic interaction
models.

IceCube observes about 200 neutrino interactions per day, mostly produced in cosmic-ray air showers. It
has measured the ⌫

µ

spectrum from energies of 100 GeV up to 1 PeV, the atmospheric ⌫
e

spectrum from
energies of 80 GeV up to 6 TeV, and has set limits on ⌫

⌧

[265]. Using DeepCore, it has observed atmospheric
neutrino oscillations, studying neutrinos with energies in the 10-60 GeV region [266].

IceCube has searched for astrophysical neutrinos in many channels, including searches for point sources
[267], episodic sources, GRBs [268] and di↵use searches. The point source searches have not observed any
excesses over atmospheric backgrounds, but the di↵use searches have seen a clear excess of expectations,

Community Planning Study: Snowmass 2013
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1 Executive Summary

Over the past decade we have witnessed a revolution in our understanding of the high-energy universe. Some
of the key discoveries have been:

• Supernovae have been shown to be a source of Galactic cosmic rays [1, 2, 3].

• Very high energy neutrinos that are likely to be astrophysical in origin have been observed [4].

• The GZK suppression [5, 6] in the cosmic-ray flux above 1019.5 eV has been observed [7, 8, 9, 10].

• The positron fraction of the cosmic rays has been measured up to 300 GeV and provides solid evidence
for a high-energy primary source of positrons in the Galaxy, either from dark matter annihilation or
astrophysical processes [11, 3, 12, 13].

• Many sites of astrophysical particle acceleration have been directly observed, from supermassive black
holes and merging neutron stars, to rapidly spinning neutron stars and supernova remnants in our
Galaxy [14, 15, 16, 17].

These discoveries have been driven by the current generation of experiments: the IceCube neutrino detector at
the South Pole [18, 19], the Fermi gamma-ray observatory [20] and the PAMELA [21] and AMS experiments
[22] orbiting the earth, the High Resolution Flys Eye [23] and Pierre Auger [10] ultra-high-energy cosmic ray
experiments, and the H.E.S.S. [24], VERITAS [25], MAGIC [26] and Milagro [27] experiments in very high
energy gamma rays. Looking forward, a new generation of instruments with greater sensitivity and higher
resolution hold the promise of making large advances in our understanding of astrophysical processes and
the fundamental physics studied with astrophysical accelerators. The goals for the coming decade are:
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All the future Wide Field of View detector located in the Northern Hemisphere


To maximize the scientific return for Galactic sources, a future instrument should be located at 
sufficiently Southern latitude to continuously monitor the Galactic Center and the Inner Galaxy. 

In the near future such an instrument will be paired with the coming km3 Mediterranean neutrino detector 
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29

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


First HAWC results are round the corner.


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.


It is proposed to study CRs in a unprecedented wide energy range 1011 - 1018 eV, from those 
observable in space with AMS and approaching those investigated by AUGER, thus including, 
in addition to the 'knee', the whole region between 'knee' and 'ankle' where the galactic/extra-
galactic CR transition is expected.


At the same time it is proposed as a tool of great sensitivity - unprecedented above 20 TeV - to 
monitor 'all the sky all the time' a gamma-ray domain extremely rich of sources variable at all 
wavelengths.


Due to the modular structure of the experiment, first physics results are expected after only 2-3 
years from the start of installation. Final installation in 5-6 years.
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Water Cherenkov Detector Array
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Item Value 
Cell area 25 m2 

Effective water depth 4 m 
Water transparency > 15 m (400 nm) 
Precision of time measurement 0.5 ns 
Dynamic range 1-4000 PEs 
Time resolution <2 ns 
Charge resolution 40% @ 1 PE 

5% @ 4000 PEs 
Accuracy of charge calibration <2% 
Accuracy of time calibration <0.2 ns 
Total area 90,000 m2 

Total cells 3600 
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1�
2�

3�
4�

Item Value 
Effective area 1 m2 

Thickness of tiles 2 cm 
Number of WLS fibers 8/tile×16 tile 
Detection efficiency (> 5 MeV) >95% 
Dynamic range 1-10,000 particles 
Time resolution <2 ns 
Particle counting resolution 25% @ 1 particle 

5% @ 10,000 particles 
Aging >10 years 
Spacing 15 m 
Total number of detectors 5635 

15 m 

15 m
 15

 m
 

15 m 

15 m
 15

 m
 

15 m 

15 m
 15
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Muon Detector
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6.8 m 

2.
5 

m
 

1.
2 

m
 

PMT: 8” or 9” 

Item Value 
Area 36 m2 

Depth 1.2 m 
Molasses overburden 2.5 m 
Water transparency (att. len.) > 30 m (400 nm) 
Reflection coefficient >95% 
Time resolution <10 ns 
Particle counting resolution 25% @ 1 particle 

5% @ 10,000 particles 
Aging >10 years 
Spacing 30 m 
Total number of detectors 1221 

92 (see later): The ED array, with a sensitive area of about 5,341 m2,
93 consists of 5,341 square plastic scintilators with a size of
94 1 m ! 1 m ! 2 cm, placed on a triangle with side length of 15 m.
95 Each ED detector is covered by one 0.5 cm thick lead plate used
96 as c converter in order to improve the angular resolution and the
97 EAS core position resolution of the array. The MD array, with a sen-
98 sitive area of 43,956 m2, consists of 1,221 cylindrical water tanks
99 with diameter of 6.8 m and height of 1.2 m, placed on a triangle

100 with side length of 30 m. Each MD detector is covered by an over-
101 burden of 2.5 m soil, which results in muon energy threshold of
102 1.3 GeV, to mask electro-magnetic particles in showers. In this re-
103 port, results are presented from a simulation and performance
104 study of the KM2A detectors.

105 2. Simulation method

106 2.1. Simulation setup

107 In this simulation, cosmic rays, including cosmic gamma rays
108 and cosmic nuclei, are generated by Corsika [16] version 6.616.
109 The selected hadronic interaction model is QGSJETII for high en-
110 ergy and GHEISHA for low energy. Primaries are simulated in the
111 energy range from 3 TeV to 10 PeV. The zenith angle range is from
112 0 to 45", the azimuthal angle range is from 0" to 360", and the
113 observation level is 4300 m a.s.l.
114 For detector response, the detector unit of the KM2A array is
115 simulated individually at first. The ED and MD detector unit are
116 simulated with GEANT4 [17], and a look-up table is made to
117 parameterize the number of generated particles corresponding to
118 different injected particles, energy, direction and distance to the
119 center of the detector unit. The signal pulse is parameterized
120 according to the real one at the KM2A engineering array. One
121 charged particle generates 20 photo-electrons (p.e.s) in the ED in
122 average and a fluctuation of Landau distribution for signals is
123 added. The threshold of the ED is set 7 p.e.s. When one ED receives
124 one pulse above the threshold, the ED hit is given. The MD is sim-
125 ulated in the same way as the ED. The event trigger requires at
126 least 20 ED hits in the trigger time window of 600 ns, i.e.
127 Ntrig P 20, where Ntrig is number of the triggered ED detectors.
128 The event readout time window is set as 10 ls. Noise from single
129 cosmic secondaries in the EDs and MDs is set as 1 kHz/m2 and
130 300 Hz/m2 respectively according to experience at ARGO-YBJ, and
131 a fluctuation of exponential distribution for noise is added.

1322.2. Event reconstruction

133After showers are generated, the procedure of data analysis is as
134follows: Firstly, A shower front with a conical shape is recon-
135structed from positions and arrival times in the fired EDs and fitted
136with the least square method to obtain EAS direction. Secondly,
137EAS core position, size and age can be reconstructed from electrons
138in the EDs by fitting the lateral distribution with the NKG formula
139[18,19] in the maximum likelihood method. The NKG formula is:
140

q ¼ N
2pr2

0

Cð4:5% sÞ
CðsÞCð4:5% 2sÞ

r
r0

! "ðs%2Þ

1þ r
r0

! "ðs%4:5Þ

; ð1Þ
142142

143where q is density of particles per m2, r(m) is distance from the
144shower core, N is the shower size, r0(m) is the Moliere unit, s is
145the shower age, and C is gamma function. Position of weight center
146of electron hits is used as initial value of the core position. Both
147direction and lateral distribution reconstruction are iterated several
148times to obtain shower direction, core position, size and age finally.
149Primary energy of showers is determined by Ne, the total number of
150charged particles detected by the array. Energy resolution is defined
151as standard deviation of Gaussian distribution of ratio of difference
152between the estimated energy and the true energy to the true
153energy.
154During reconstruction, a time selection window of (500 ns
155around the trigger time is set for Ntrig < 150 in order to reduce
156noise from single cosmic secondaries in the EDs. For Ntrig > 150, a
157space selection window around the core of the shower is set in or-
158der to improve shower lateral distribution fitting. These selections
159are beneficial to obtain higher angular resolution and core position
160resolution. In order to reduce the influence of noise in the MDs, the
161number of muons in the MDs is selected in a time window (30 ns
162around the trigger time measured in the EDs. Events with a dis-
163tance of less than 560 m from reconstructed shower core position
164to the array center are selected to remove not well reconstructed
165events at the border of the array.

1662.3. Sensitivity estimation

167Measurement of both electrons and muons in EAS can provide a
168powerful capability for discrimination between original cosmic

Fig. 1. Configuration of LHAASO.

Fig. 2. The scatter plot of Nl vs Ne . Green and blue dots correspond to gamma ray-
induced and proton-induced air shower events, respectively. The solid black line
shows the optimized cut condition to suppress cosmic nuclei-induced events. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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289100 m from the core are used to distinguish muons with electrons.
290Fig. 12 is photoelectrons distribution of muons and electrons
291which indicates good separation between muons and electrons.
292Then muons detected by the water detector are calculated from
293photoelectrons divided by 16, the peak value of the photoelectrons
294distribution of muons. Finally, by using muons detected by WCDA,
295the sensitivity becomes 0.006 Crab at 50 TeV, better than one of
296only using KM2A with the standard configuration (Fig. 13).

2975. Expected observation results of TeV gamma ray sources

298For different sources, the KM2A array has different sensitivities.
299Fig. 14 gives expected spectrum of crab with different energy cut-
300off measured by the KM2A array, compared with results of the
301other experiments. It indicates that the KM2A array will provide
302high precision measurements of gamma ray above 10 TeV up to
3031 PeV. Fig. 15 shows the KM2A integral flux sensitivity to a crab-
304like gamma-ray source compared with other experiments or
305experimental proposals. The better discrimination power will be
306obtained at the above 30 TeV region. According to our simulation,
307with 5r significance in one calendar year, the LHAASO project will
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Fig. 9. Sensitivities of the KM2A array for different sizes of the ED detector unit.
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Fig. 10. Sensitivity of the guard ring configuration (red line) compared with the one
of the standard configuration. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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Fig. 12. The photoelectrons distribution of muons (black line) and electrons (red
line) at distance of larger than 100 m from the shower core. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version
of this article.)
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Fig. 13. Sensitivity of a combination the KM2A array with the WCDA array (red
line) compared with the one of the standard configuration. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)
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Wide field of view Cherenkov Telescope Array
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‣ 5 m2 spherical mirror

‣ 16 ⨉ 16 PMT array

‣ pixel size 1º

‣ FOV: 14º ⨉ 14º


‣ Elevation angle: 60º

H&He Selection 
• Elongation of the shower image 
              L/W ~ 0.09(Rp/10m) 

2L 

2W 

� ARGO-YBJ:  
              lateral distribution 

▪ In the core region Æ mass sensitive 

� Cherenkov Telescope:  
          longitudinal  information  

▪ Hillas parameter Æ mass sensitive 
 
 

▪ Better energy resolution 

Hybrid Measurement proton 
iron 

� ARGO-YBJ:  
              lateral distribution 

▪ In the core region Æ mass sensitive 

� Cherenkov Telescope:  
          longitudinal  information  

▪ Hillas parameter Æ mass sensitive 
 
 

▪ Better energy resolution 

Hybrid Measurement proton 
iron 

24 telescopes (Cherenkov/Fluorescence)

PRELIMINARY !

ARGO-YBJ / WFCTA



G. Di Sciascio, 13th AGILE 2015, May 26, 2015

Shower Core Detector Array

35

Each  burst detector is constituted by 20 optically separated scintillator 
strips of 1.5 cm ⨉ 4 cm ⨉ 50 cm read out by two PMTs operated with 
different gains to achieve a wide dynamic range  (1- 10 6  MIPs). 

• 425 close-packed burst detectors, located near the 
centre of the array, for the detection of high energy 
secondary particles in the shower core region.
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The burst detectors observe the 
electron size (burst size) under the lead 

plate induced by high energy e.m. 
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