My Background




d
c
S
o
p S
oD
X
€
S
0
>
=




Observation of the

Gamma Ray Sky from
the ground:

the Air Shower
array technique

Jim Hinton
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Shower Particle Detection

l 1 TeV y-ray
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Shower Particle Detection

l 1 TeV y-ray * 1stInteraction:
X, ~ 40 g/cm?
| Mpair = 9/7 X, ~ 50 g/cm?
| X =X, e 7h0 and X,~10% g/cm?
Particle hpair = Mo IN(Xa/A ;) 1@ 20 km

Shower
e Cascade:

For E=1TeV (E. ~ 80 MeV)
Xax ~ Xo In(E/Ec) /In2
hiax = o IN(XA/X,15y) ™ 5 km

~4 km

Need to be within a few X, of X,
to detect particles directly
w typically >3 km alt.

Field of view 1-2 sr
100% Duty Cycle
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Ground-level Particles acpLANGKNSTITUT RS

3 E © Gamma and proton
5 0 initiated showers at
e 5km altitude
10 . .
) ® 1 TeV gamma-ray brings
1 100 GeV of energy to
107
= the ground
102 =~
E ol | N e Typical electron energy
1 1 10° Epin/GeV ~10 MeV
3 108 = 50% Encircled Energy Radius e 1 TeV proton on

average 50 GeV EM +
I 30 muons

T/ T TTTTIY

e Typical energy of

e muons ~few GeV, with
- much bigger spread on
- ground
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MILAGRO:

Ground-particle cvenus
Detectors
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Galactic Latitude (degrees)

2.5km ® MILAGRO —2001-2008
4.1km @ HAWC - 2015 -

43km o Tibet ASy +ARGO — 1990s -
4.4 km @ LHAASO — 2021 -

4.8km @ SWGO — 202X -

0
-
o

Drivers of performance:
size, fill factor and altitude (move detector up to shower max)

Increase altitude: MILAGRO - HAWC = SWGO
Increase also fill-factor and size: Tibet 2 LHAASO & SWGO

+ muon detection
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L — A |[HAWC ~60% coverage
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air shower
particle

Pico de Orizaba (5636 m)

200,000 L of
purified water

~ photomultiplier [
tube (PMT) E

7 vane
(4100 m)
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Detectors dzdg  he / (1 5ﬁ($)n2(€=$)) -

® 5m tank = 12 radiation
lengths (X, ~ 40 g/cm?)

e Gamma conversion

N * EM showers near top of tank
N except for highest energy
¥y shower particles

Y

@ Muons

e Pass through without
” interaction —long path length

e Cherenkov light
* Angle: acos (1/n) ~ 419

= * Yield: (Ahv)2na(1-1/n%)/hc >
300 photons / cm

0.01% photosensitive area

5m deep, 7.3 m diameter
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Events
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@ Direction from arrival times

* time resolution ~ns over 100 m
lever-arm —> angular resolution

~(A ns*c/100 m)rad ~ 0.2¢

o Energy?

* More tricky — can measure
ground-level size but big
fluctuations doing to X
differences / shower
development

max

@ Hadron Rejection?
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Gamma/Hadron Separation

Primary particle
(e.g. iron nucleus)

Simulated proton &
24 TeV, 6=44°
837 hit PMTs

+—————————— first interaction

Sy piondecays
pion-nucleus ' 327 !.’ n
interaction Vo !

Simulated y-ray ;
21 TeV, 6=21° :
1131 hit PMTs “~7 ;
MN ?/o e o‘ .
1 Y

MAX-PLANCK-INSTITUT
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Primary particle
(gamma ray)

first interaction
with nucleus in air
(pair production)

bremsstrahlung
on nucleus in air

pair production

bremsstrahlung

N\

- © =D

N

L4 '
[T ! ' 7
® o I Al I {
» ¢ XN /) ] o /
7 1 ! ° [
7 1 R F i ( {
4 e % second interaction 2 '
o S ) $
\ (C) 1999 K. Bernlohr

Ehergy deposited
away from the core
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HAWC Events RA/Dec. MAX-PLANGKINSTITUT ©

Typical IACT
Field‘of view
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LHAASO - MA'ff”EU'é'L'E‘SN'HT\(
CATCHING RAYS

’ = »_,g,
China’s new observatory will ~25 000 m —
intercept ultra-high-energy y-ray ’
particles and cosmic rays.

. B North Korea
< ' Japan
South Korea

Taiwan

Bangladesh

12 wide-field-of-view = = 7t /& i
air Cherenkov e ' '
telescopes

5 , - 80,000-m? surface-
‘ 5,195 scintillator . water Cherenkov: 1,171 underground
detectors 3 detector - water Cherenkov tanks




1 m?ED

LHAASO P

Boxes
Below

o Completed 2021
e KM2A

e ED scintillators, MD buried muon dets
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KM2A

a quarter array
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Figure 1: The 0.88 PeV ~-ray event from the Crab recorded by the LHAASO detectors. In panel A, squares
indicate the scintillator counters of KM2A, colored according to the logarithm of number of detected particles V.
(color bar). The open circles indicate the 11 Muon Detectors of KM2A triggered by the shower. The position of
the core is indicated by the red arrow, which is orientated in the arrival direction of the primary photon. The panel
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Figure 1: The 0.88 PeV ~-ray event from the Crab recorded by the LHAASO detectors. In panel A, squares
indicate the scintillator counters of KM2A, colored according to the logarithm of number of detected particles V.
(color bar). The open circles indicate the 11 Muon Detectors of KM2A triggered by the shower. The position of
the core is indicated by the red arrow, which is orientated in the arrival direction of the primary photon. The panel
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Muon Counting

Gamma-ray

)

N,+0.0001
N,

log(

1 1.5 2 25 3 35
Iog(Em!T eV)

Proton

N +0.0001

00}
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| |
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Fraction of events
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At 1 PeV Proton mode
1E- I
- gammas
107! = -
- .~ protons
1o L ~80% gammas
10 rejection
B +
. 1
0 t Cutfact
= _|_.|.'|' ut factor
g ﬂ_HJr 15-20 below
e | ‘ ‘ mean
B \ A . . vy 4yl
10 NmU/EM endigy
®Jim

e LHAASO
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EM Fluctuations

log(C /PE)

k

- {
6 H T
- i Gamma
- | Protons
4 bt
2 N
- i ':::::::::::::::::. ...... UL L T AR AREA R AT AR AT
- B T T
0 0 500 1000
r [m]
1 1 nk—l Nk
Ok = S'k - S'k‘ 2
2nk(ng — 1) (Sk) ; j—zi;rl( 1 )

LCm

1.5
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Conceicao et al arXiv 2204.12337

Gammas

T

Protons =

o

LCm = log (Cy)|

1

® LDF, sub-structure, azimuthal asymmetry

* Sub-showers in hadronic showers produce additional fluctuations,

3
Iog(Np)

closely correlated with muon number — tail of very gamma-like protons
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107" - —=
(:'w _ Point-like sources -
f= B 50 hours 7
o 101E —=
% = IACT Array =
‘g — HESS-MAGIC-VERITAS :
> B i
3 — NSB Wall 7
-
© 1071% = . =
0 = Signal Limited =
™ = _
e - Background Limited —
T —=
: 1 1 1 11l 1 11 1t vl 1 L1 vl 1 L 1 1l 1 :
1072 10" 1 10 10°

Reconstructed Gamma-ray Energy ER (TeV)
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Sensitivity? MAXPLANCIINSTINT ST
107 =) IACTs Dominate IACTs for =
= resolution =
] Current ]
1o IACTs
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|
-
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E? x Flux Sensitivity (erg cm?s™)

e

7
A
L1l

IACTs for
1013 variable |
- emission
= LHAASO 1y .
— 1 L1 1l ] L1 11111l | L1 1 1hiil 1 L1 11111l =
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Reconstructed Gamma-ray Energy ER (TeV)
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Resolution?

Angular Resolution ., (deg.)

MAX-PLANCK-INSTITUT
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T

T

1u-2 -

LHAASO KM2A

Current IACTs

Current WCDs

Very far from fundamental limits for both
IACTs and ground particle arrays:

Huge scientific potential

lIIIIIII l IIIIIII| 1 l I]]I.III 1 I.IIIIJII. l

10 1 10 10°
Energy (TeV)

arcminutes

A\

-l «© I

Fill factor is
critical for
resolution
LHAASO
scintillators <1%



Discoveries? % | NEVER

EXPLGSio
e.g. GRB 221009A
B N R AR AL S R

L e AR IR S LA A L A S
800F
700f
600F
500
400F
300f
4001 200F
100F

800

Cao et al,
Science 2023

»
S
S
I

Count rate [ count s]

By vy ify paes Bopg g Loy vl vy pll pusg oy popy [ popg Bagogponeg Fopy o
= 220 $230 240 250 260 270 280 290 300 310 320 4
200 T"=T,+226 s Time since GBM trigger[s ] —|

Count rate [ count s™]

by

L) ST e N e e o
O|||||||||||||||]||||||||||||[‘I"I'I"l'l'l'r"l"r'r"lr‘

0 500 1000 1500 2000 2500 3000 3500 4000
Time since GBM trigger [ s ]

e z = 0.1505, photons up to (reconstructed) energy of 18 TeV
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Discoveries?

® Emission in to a new

energy domain —in
particular with LHAASO

e PeV emission from Galactic
Accelerators — e.g. Cygnus

o Very large-scale sources

e e.g. The ‘halos’ of
Gem|nga and Monogem ® PSR BOGSE+4

e Very hard spectrum sources o Off-plane Galactic bubble
* e.g. SS 433 ‘lobes’ ObJECtS 10 e
+ e.g. V4647 Sgr .
5 57 [
>100 TeV 8
ERS P
8 -5 1 Cyg 0B2
_ @ Ll 400J..T;V - 600 TeV
V4641'S 104 N |/ 600 TeV - 1 PeV
gr ' @® >1Pev
O 90 85 80 75 70
Galactic Longitude (deg)




60°

a0

https://www.youtube.com/watch?v=vwZT1U4Tz9U

Galactic Longitude
o°

NASA/JPL-Caltech/R. Hurt
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+ Pass 5 prelim. Goodman Gamma2022

+ Updated HESS GPS
(Remy et al ICRC 2023)

+ 1" LHAASO
Catalogue :
KM2A

LHAASO 1
By i O F 15 MR 55
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The SWGO Collaboration MAX-PLANGK-INSTITUT

\

The Southern Wide-field

Gamma-ray Observatory

- A~ == T SN

SWGO members and guests at the site of the project, Pampa La Bola
(12th Collaboration Meeting, San Pedro de Atacama, 5-9 May, 2025
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Charged Particle
from Air Shower

SWGO Status S

Light-Tight

e Rapidly reaching end of R&D phase

e Aim for small # of WCDs on site early in 2026
* The Pathfinder

* Maijor funding applications submitted / in prep.
* Submitted: SWGO-A proposal to NSF

Black upper chamber
& white lower
chamber

Sensitive
Photodetectors
pointing up & down

@ Narrowing down the phase space towards baseline:
* Zoned array: inner FF > 50%, outer to ~1 km? scale (“A4”)

* Inner array - dual layer WCD 5.2 m diameter, 4 m deep

* Quter array — WCD design still open

e Excellent ¥ /h separation from dual layer approach
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Extragalactic
Extended

year+ Galactic Extended

month

s day Active

S Galaxies

n

()]

§ hour

-
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second L e e o
Distance 1 kpc 10 kpc 100 kpc 1 Mpc 10 Mpc 100 Mpc 1.Gpc © © 06 0 0o o o6 6 06 0 0 0 0 0
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Transients: GRBs

® Prompt phase observations

* SWGO+CTAO observations to
cover full light-curve !

T T r—T—T—TTT7 60
1073 | TS <25
2 e TS>25 7
50
— o®
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] : ° @ ] =
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> ° %° g
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: <
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10° 101 102 103
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Dark Matter

® WIMPs as a Thermal Relic of
the Big Bank

 Still a strong DM candidate

® Indirect detection with gammas
reaching critical sensitivity for
Gal. Centre

* SWGO advantages: wide field,
BG systematics, higher energies

* Again CTAO+SWGO extremely
powerful

 —— HAWC - 2023 Unitarity bolind
10—22 L I HESS - 2022

F —— CTAO - 2021 \

10723 |

10724 ¢

(ov) (cm?3 s71)

1072° ¢

10720 | SWGO (5yr)

SWGO (1yr)
- _ —-— SWGO-A (5yr)
w7t XX->bb— SWGO-A (1yr)

MpMm (TeV)



0 20 40 B0 80 100

SWGO 5 yrs (Regr = 0.17)

And a lot more...

Galactic Latitude

® Simulated Galactic Plane

Observation with SWGO

* Use CTAO pop. Model
* 499 CTA dets
* 461 detections in SWGO FoV
* SWGO 5 years: 487

* Very similar source statistics

Galactic Latitude

o= 345° 330" 315°

g
* Strong complementarity in terms ¢

E-range and source scale Bh—
300 285 2Ta° £55

Galactic Latitude
I
]

* CTAO resolution key to disentang|

Galactic Latitude

I
[ I U I - (R (T
o o o o o 0 L=}

240° 225° 21a° 1957 180°
Galactic Longitude



Summary uaxPLANSICNSTITYT SR

® Ground particle arrays are powerful tools for high energy astrophysics and
astroparticle physics. Particular advantages:
* Large exposure and excellent background rejection at UHE
* Highest sensitivity at >100 TeV
* Very large-scale diffuse emission
* Very large Field-of-view
* Very low systematics from background subtraction

A RN

* Prompt observations of transients

* Observing the whole overhead sky all the time

® Combination with IACT arrays very effective

® Exciting progress towards SWGO!
* Joint CTAO /SWGO science very promising




JOb Opportunities ! MAX-PLANCK-INSTITUT

FUR KERNPHYSIK

MPIK (in Heidelberg, Germany) is looking for new
PhD Students and Post docs

* To work on CTAO and SWGO

Talk to me at the coffee break!
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e Caveat — not fully realistic at low E (overlapping showers)
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BG Rejection
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Angular Resolution
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