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35+ years of ground-based

gamma-ray observations
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ABSTRACT

The Whipple Observatory 10 m reflector, operating as a 37 pixel camera, has been used to observe the
Crab Nebula in TeV gamma rays. By selecting gamma-ray images based on their predicted properties, more
than 98% of the background is rejected; a detection is reported at the 9.0 ¢ level, corresponding to a flux of
1.8 x 107! photons cm? s~! above 0.7 TeV (with a factor of 1.5 uncertainty in both flux and energy). Less
than 25% of the observed flux is pulsed at the period of PSR 0531. There is no evidence for variability on
time scales from months to years. Although continuum emission from the pulsar cannot be ruled out, it seems
more likely that the observed flux comes from the hard Compton synchrotron spectrum of the nebula.

Subject headings: gamma rays: general — nebulae: Crab Nebula — pulsars — radiation mechanisms

The observation of a flux of 0.14 TeV gamma rays from the
Crab Nebula was reported by the Smithsonian group using the
atmospheric Cerenkov technique (Fazio et al. 1972); based on
observations that spanned 3 years, this detection was still only
at the 3 o level. This demonstrates both the weakness of the
source and the lack of sensitivity of the technique. The detec-
tion of TeV gamma rays from the Crab Nebula is a confirma-
tion of the Compton synchrotron model and gives a direct

Weekes et al. (1989)
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imEortant consequences for the development of the field. For

years significant improvements have been hampered by the
absence of a standard candle which would act as a means to
calibrate and test new techniques. Although weak, the Crab
Nebula appears to have the stability necessary for this role. It
will be of interest therefore to compare the results from other

experiments when they devote time to the study of the steady
emission from this source.
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Crab nebula

best-studied object at HE/VHE/UHE energies
not quite a point source

not quite a steady source

a source of PeV gamma rays

ratio to model

Parameter variable B-field model constant B-field model Kennel & Coroniti
In(n,.) 117.170 117.69 118.766
In(yy.min) 3.09 (fixed) 3.09 (fixed) 3.09 (fixed)
IN(Y,.max) 11.599 12.35 12.625
S —1.5439 —1.649 -1.7419
o] 88.3 80.40 88.64
In(n,,) 76.822 76.8315 -27.625
In(¥y,min) 12.841 12.69 12.8366
ln(Y)»',l) 15.26 14.24 —
In(y,.2) 19.197 19.35379 17.96
In(¥y0.max) 22.115 22.371 22.251
Bmin 2.8 (fixed) 2.8 (fixed) 2.8 (fixed)
Brax 2 (fixed) 2 (fixed) 2 (fixed)
117 -2.75 —
2 H.E.S.S. Coll. et al. (2024) —3.176d ~2809
. 98.14 78.94 —
@,y 0.12544 0.11973 o
1036 By (1G] 256.4 126.39 —
re [] 13.4 (fixed) 13.4 (fixed) 13.4 (fixed)
0% -0.4691 — —
= o — — 0.021396
1% =« In(Lipin-downlerg/s)) — — 88.716
&0 Fdustin [PC] 0.55 (fixed) 0.55 (fixed) 0.55 (fixed)
L Faust.out |PC] 1.53 (fixed) 1.53 (fixed) 1.53 (fixed)
B BV log, (M, /M) -4 .4 (fixed) -4 .4 (fixed) -4 .4 (fixed)
1@ ';] log,y(M>/M) —1.2 (fixed) —1.2 (fixed) —1.2 (fixed)
T, [K] 149 (fixed) 149 (fixed) 149 (fixed)
7> [K] 39 (fixed) 39 (fixed) 39 (fixed)
1 | ! 33 —
1 024 1 026 1 027
11 aal il
----- CMB
E 10%
_______________________________ [ oA
E 1033 &D
variable B-field X e,
constant B-field L .j
Kennel & Coroniti L 1032 ~
H.E.S.S. stereo é
H.E.S.S. mono [
Fermi-LAT 1 031
LHAASO-KM2A (2021) \\’ E




Science case

Mrk 501 :
- oy >
' Mrk 421 Fermi-LAT (> 1 GeV, 5 years)

Crab
s
Geminga

Galactic plane

D N R 2 HAWC (> few 100 GeV, 1500 days)
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H.E.S.S. (0.2-100 TeV, 2700 h)

o

Ga|actic |Ongitude 70 65 60 55 - 50 a5 40 35 30 25 20 15 10 5 0 355 350 345 340 335 330 325 320 315

K 2023 census of
non-thermal

gamma-ray sky:

« 2700 sources > 50 MeV

¢ « 250 sources > 1 TeV
'1(?10 LHAASO J2108+5157 LHAASO J2018+3651 LHAASO J1929+1745 LHAASO J1849-0003 LHAASO J1839;0545 LHAASO (> 100 Te\/, 308 dayS, partial array) A 40 Sources > 100 TeV

LHAASO J2226+6057 LHAASO J2032+4102 LHAASO J1956+2845 LHAASO J190840621  iLHAASO J843—0338 LHAASO J1825i1326

O

290 285 280 275 270 265 260
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cherenkov. *
telescope
array

Science case

> "\,,..
(Astrophysical) key science questions: | SClenC N
* Where are charged particles accelerated to ultrarelativistic energies” with-the®. (e |
- How do these sources function? Cherenkov
 What are the acceleration processes at play? | l
* How does particle transport into their environments work? Te escope

 How do particles feed back on their environment?

* What is their contribution to the cosmic ray population? B . T ‘__: <

* What is the nature of dark matter? A TERRREING SE % s
vt lelkeCTAConsor‘t e S R




Science case

1 o1 L | ol b L | o o o L b | L L b I o o "

inverse Compton |

. _ _ o € Electrons, E~2 spectra bremsstrahlung ]
(Astrophysical) key science questions: 100 TeV T
» Where are charged particles accelerated to ultrarelativistic ener¢ ' synchrotron X
* How do these sources function? 10 F 1TeV .
 What are the acceleration processes at play? T D

| b | b | i b b L M o b A b b i “ ol ol b 1 ol N

 How does particle transport into their environments work?
 How do particles feed back on their environment? _
 What is their contribution to the cosmic ray population? s

10 F

10 £ d Protons, E2 spectra

i What iS the nature Of dark matter? ',':::'“‘“ . Secondary |ectrons -
> 1TeV
10_'3'-“"1'1 /\1 N PR R B L1 [ A : : : A 3
107 103 107" 10' 10° 10° 107 10° 10" 10" 10°
SgrD SgrB SgrA SgrC HESS J1745-303 Energy (eV)

|

Gamma rays enable

» access to non-thermal electrons (complementary to e.g. X-rays)
* unique access to non-thermal proton/ion populations
MWL/multi-messenger coverage often key:

 identification of dominant particle population
e understanding source physics through broad-band coverage

— contemporaneous multi-instrument campaigns
— ToO follow-ups

2 1.5 1 0.5 0 359.0 359 358.5
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Fermi-LAT

Landscape of gamma-ray instruments
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Instrument Complementarity: Hemispheres
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Instrument Complementarity: Detection technique

Incoming gamma ray

Collision with atmospheric
nucleus

Extensive Air Shower

detected

PARTICLE
DETECTOR ARRAY

Cherenkov
Light

Particles from air shower penetrate
particle detectors, interact and are

o\,
?\(\
Q\>~

Particle from air
shower

Detector tank

Water

IMAGING ATMOSPHERIC
CHERENKOV TELESCOPE
ARRAY

//]‘«.

»‘ IA\

é .

Shower image, 100 GeV -ray adapted from: F. Schmidt, J. Knapp, "CORSIKA Shower Images", 2005,
https.//www-zeuthen.desy.de/~jknapp/fs/showerimages.html

Photosensors detect
Cherenkov light

Not to scale

particle detector arrays are complementary to pointed instruments!

Imaging Atmospheric
Cherenkov Telescopes:

* observations limited to clear nights
e comparatively small field of view
» excellent background rejection
» very good angular resolution
e very good energy resolution

VERITAS| MAGIC |HE.S.S.| FACT
CTA (North) CTA (South)

Particle Detector Arrays:

 100% duty cycle

* very large field of view (15% sky)
» excellent background rejection

e good angular resolution

e good energy resolution

SWGO




Instrument Complementarity: Sensitivity
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Where and how to build a particle detector array

30 km 0.1 TeV photon 0.1 TeV proton Particle detector arrays take
sample of shower particles at fixed height

| | « gamma-ray flux at > 1 TeV energies small
| — huge collection area required

 must be placed “within” shower
— high altitudes needed (4-5 km)

» access only tiny slice of shower
— disadvantage compared to
JACTs, fluorescence detectors

» must fight large CR background
— use “patchiness” of shower footprint
— dedicated muon detectors

10 km

5 km

13



How big of a detector?

1078 - — Crab Mever The Crab is indeed one of the strongest steady VHE gamma-ray sources.
But...
10—10 -
* dN

oo ~ 6.5 photons/m2/yr N(>E)=t- T + Agel(E) dE ~ 23
& E
. above 1 TeV
v i 1 TeV
% 10
g 35-7-10" s
h 10716

1018 - dN

dE We need a pretty big detector. Or PhDs will take a bit longer.
10-1 100 10! 102 107
Energy [TeV]
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How big of a detector?

107° - —— Crab Meyer 10° : —— Aget= 10000 m?
] ——— Aget = 100000 m?
107 : — Agdet = 1000000 m?
10—10 ]
10° E
— 1071 > 108
IE : ]
O L -
Tm A o104 E
F"> 10~ % _
> _
= T 107 800 photons/yr above 100 TeV
£ g _ for km2-sized detector
1016 © 107 ;
10704 gy 5 * few photons/yr above 1 PeV
T 1003 N( > E) for km2-sized detector
T T T T T T T LR -1 -.. —T—TTTTTT] — T T T T T T T T T
101 100 101 102 103 Sl 100 Tot 102 103 To access UHE (>100 TeV) gamma rays,
Energy [TeV] Energy [TeV] we need a really big detector.
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height above sea level [km]
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At what altitude?

density profile
of atmosphere

p(2) = py-e M

1.22 kg/m’

0.2 0.4 0.6 0.8

1.0 1.2

2y

atmospheric density [r';—

25 -

N
()
|

height above sea level [km]

5

radiation lengths x/Xg

10 15 20 25

=
U1
I

=
o
I

atmospheric depth:

X = [ p(z) dz’

— pOH . e—le

200

400 600 800
atmospheric depth [C%]

16

1000

atmospheric depth x:

column density that a vertically
iIncident particle traverses
iIn the atmosphere

radiation length Xo:

distance over which an electron
looses all but 1/e of its energy
through bremsstrahlung

for air, X, = 36.6 g/cm”

— thickness of atmosphere
Is ~28 radiation lengths



At Wh at altitUde? Heitler’s simple toy model:

Y
30 km 4— height of first interaction S n=1
| ot e- XO ln 2
S n=2
_________________________________________________ n=3
.................................................... n=4
10 km 4—— shower maximum X .., -+ X =X,In(E/E,)
= Npax ~ £ E. =87 MeV
5 km

basis for
 choice of detector altitude

 measurement of primary energy
17



# charged particles

At what altitude?

height above sea level [km]

30 15 10 7 5 3 2 1 0
10° 3
105 - T SWGO ref
E I
| |
104 - : I
LHAASO
I
' I
103 - I
§ | |\
-
102 - ::
I
_ I
1 s =1 i
107+ —— E,=0.1TeV
E,=1TeV
100 _
—— E,=10TeV
—— E,=100TeV
10—1 _
—— E,=1000 TeV
1 1 |u 1 1
200 400 600 800 1000

atmospheric depth x [c_r?@]

18

let’s look in more detail!

number of electrons as function of

atmospheric depth:

“shower age”

3
14 2In(E/E,) - (X,/x)

— any real detector will always be located
In the tail of the shower

— to reach sub-TeV threshold, must go
close to 5 km altitude

— additionally, significant fluctuations
due to stochasticity of first interaction height



The role of the fill factor

height above sea level [km]
10 7 5 3 2 1 0

Energy threshold depends on | ) | - , | |

10° - —— E,= 0.1TeV
 altitude ] E,= 1TeV
the higher the altitude, the more shower particles j — E,= 10TeV
at ground level 10-1 - —— E,= 100TeV
* fill factor (=fraction of instrumented array area) § —— E,= 1000 TeV

the higher the fill factor, the more shower particles
can be detected

E 10—2 -
O
here: assume > 25 shower particles must cross -
active part of the detector =
1073 -
> 25 shower particles

1074 -

300 400 500 600 700 800 900 1000 1100
atmospheric depth x [C—riz]

19



Energy threshold vs. effective area

Energy threshold depends on 1 = 25 shower particles in active area

* altitude 100 -
the higher the altitude, the more shower particles ]
at ground level

* fill factor (=fraction of instrumented array area)
the higher the fill factor, the more shower particles

—
N

c

can be detected =
(© -1

) 107+ -
. O
here: assume > 25 shower particles must cross 0
active part of the detector g
B

for fixed costs, must always balance

e access to even higher energies (increase effective area)
-2

» wish for low energy threshold (increase fill factor)

—— LHAASO KM2A-like: 1.3 km? @ 4.4 km, FF 0.4%
SWGO Al-like (core): 0.088 km? @ 4.7 km, FF 80.0%

— typical approach: | | ] — HAWC-like (core): 0.022 km2 @ 4.1 km, FF 57.1%
core detector w/ dense instrumentation i E— e —— i ——
+ outer detector w/ sparse instrumentation 107 10° 10° 10°
energy [TeV]

20



Shower fluctuations and shower footprint

(1) shower development is stochastic process: 1 > 25 shower particles in active area

* significant variation in first interaction height 100 -
 variations in shower development '

— large fluctuations in number of particles on ground
for showers of same primary energy
— smooth onset of trigger threshold o
V4
X I —
(2) shower footprint on ground has extent of © J__,.-—*’*“
several 100 m: = e
: r o : Q /
e can trigger showers even if impact point not = : e
within array | ‘ / // i
— significant increase in detection area : LHAASO KM2A-like: 1.3 km? @ 4.4 km, FF 0.4%
10-2 - 1, 4 km, FF 0.
for smaller arrays PR S —— SWGO Al-like (core): 0.088 km? @ 4.7 km, FF 80.0%
—— HAWC-like (core): 0.022 km2 @ 4.1 km, FF 57.1%
—s— LHAASO KM2A (Chin. Phys. C 46, 030001 (2022))
~e- HAWC
! II'l"""l ! ! III""II ! ! L
102 100 101 102

shower footprint

o energy [TeV]




y [m]

Direction reconstruction

320— 2 based on arrival time distribution
— 100 ¢ of shower particles
300 90 <© « width of distribution in shower
_ plane only some 10 ns
280— 80 . . .
B — precise relative timing (resolution)
060 70 and absolute timing (pointing)
S IS key
B 60 . .
240 — * more particles provide more
B 50 information
220— 40 — resolution will improve with
— gamma-ray energy, altitude
200 — 30 and fill factor
_ 20
180 — oo
1 1 | L1 1 | | 1 | | L1 1 | L1 1 10

-40  -20 100 120

x [m]

22



Ang. resolution [degr.]

Direction reconstruction - the ultimate limits

LHAASO KM2A

performance of current instruments
_ | * fill factor < 1
® Simulation  non-zero timing resolution

0O HAWC
simulated site @ 5 km
© ARGO  all shower particles registered

A LHAASO-KM2A test array * perfect timing

10° 107 16* 10°
Gamma ray energy [GeV]

23



Ang. resolution [deqgr.]

Direction reconstruction - fill factor

= [ ¢ e 1 TeV, Cutoff 0.003 GeV
x ; = 10 TeV, Cutoff 0.003 GeV
= - » 10 TeV, Cutoff 0.1 GeV
fe - 9
=
O
o 107 $ -
< - ¢
A ~+\\+
® Simulation . ‘1'} \ -9
0 HAWC " -I-%
o ARGO " ) #\ o 8
A LHAASO-KM2A test array o2l I Skl |
_l | 1 | | | | | | | L) M | l | | | | | W U o | I
102 10° 10* 10° 1072 107" 1
Gamma ray energy [GeV] Particle detection efficiency

24



Ang. resolution [degr.]

Direction reconstruction - time resolution

=
~ e Cutoff 0.003 GeV
i = Cutoff 0.1 GeV
 —— Analytical, Cutoff 0.003 GeV §
----- Analytical, Cutoff 0.1 GeV / ;
E =1TeV
107" !
¢ o
10—2 Ll Ll L] I ENET 8 g8 papd
10° 107 10 1 10

Time resolution [ns rms]

sub-1 ns time resolution desirable
— implications for detector unit size
and detector type

107"

Ang. resolution [deqgr.]

6=

25

- ¢ e 1 TeV, Cutoff 0.003 GeV

3 = 10 TeV, Cutoff 0.003 GeV

i ; Ao 10 TeV, Cutoff 0.1 GeV

+

— 2N

N 2

- 4 \{'\‘w}

I ‘1'} -~ #

- *;

= #\ \\:\*\\1:\\

i i T

_l L 1 | ] | ] | | O | B | I | | || | | . | I
16 10~ 1

Particle detection efficiency



0.1 TeV proton

Background!

—— Crab Meyer |
CR protons (4 sr)
10-3 - CR protons (1 deg)? ; ;":\
CR protons (0.05 deg)? i
1076 -
.—S 10—9 _ \ ;.
v i
o 10712 -
O
S
© f
1071 1 '
may want to suppress cosmic rays
Lo-16 by several orders of magnitude.
— measure lateral “patchiness”
of shower footprint
‘10 10 10t 102108 — dedicated measurement of muon
Energy [TeV] content

20



]

1

m2

particle density at shower maximum [

EM vs. hadronic showers

1033

—— E,=0.1TeV | |
E,=1.0TeV '
107 —— E,=10.0TeV "
—— E,=100.0 TeV '
107 - E, =1000.0 TeV
100 - .}
10_1? ff
1072 : ;
j gamma ray-induced showers: | |
10—3.; « slim footprint with rapid, smooth fall-off
: from the shower core
1074 5 - -
: cosmic ray-induced showers:
10-5 L | * patchy footprint due to hadronic

0 50 100 150 200 250 300 350 400 fragments/muons with large transverse momentum

distance from shower axis [m] .
* prominent muon component at ground

27



109,0(Q. 1)

HAWC - compactness and PINCness
4 — SIFCFFit

1 PINC Moving Average <(>

1% b Qe

WO il : A | A 3 -
- £ =y l_l__ ; A / v | 2 i.; =." .
- e LR AL H- I
1 'y [ ! '!,' ": -’E |l‘ | =.= =
: P T | T
L !i -1 - i N L LR '
Lol B R g by 1] 'gi = 1 2! : T—
8l 4 - Y o
-y TP W P i f 4l
I ] ‘ -: _[_ 'Iab *:l T
III :! “ . ® -
W HL R ] 141

gamma-ray candidate

0

iO 40 60 éO 160 1éO
PMT Distance to Reconstructed Core [m]

140

109,0(Q, 4)

- SFCF Fit
PINC Moving Average <(>

cosmic ray event

0

iO 40 éO éO 160 150
PMT Distance to Reconstructed Core [m]

separating variables based on deviation from smoothness of lateral shower profile
— used either as “box cuts” or in ML approach

28

140

0.1 TeV proton

|




Fraction of Events Passing GH Cut

and PINCneSS 0.1TeV proton |

' ISR o | ' | ' ' ' |

@ - @ T e e P ‘ .......... Q- - --..... Y [
""""" .

‘ Photons

o
e ] }
' : i
..
' Hadrons
U o : :
~.-® | <4—— cosmic ray suppression:
| | , . , . . LA almost 3 orders of magnitude

“reconstructed energy”

9 at highest energies

29



5 LHAASO Coll. (2020)

LHAASO KM2A =

* electromagnetic detectors:
~ 5000 lead-covered scintillation counters

Gamma-ray

N_+0.0001

typical cut
value

* muon detectors:
~ 1200 water-Cherenkov detectors
buried under 2.5 m of soll

1 1 I | | | |
2.5

log(E _ /TeV)

~12.5m

)

N.+0.0001

— simultaneous measurement of electromagnetic
and muonic content of each shower

N

€

N, + 0.0001
— separating variable is R = log

| | | | I | | 1 l I | 1 1 1 | | | | 1 | | 1 | | I 1 1 1 |
1 1.5 2 2.5 3 3.5

30 Iog(Erec/T eV)



LHAASO KM2A

1 - = - ™ ™ w |
— » o
107'E
G,
8 1072 - ——
5 L
©
e B
1072 —
= ——
- e s—
: ——
.| —= Gamma-ray :
10- E e — e—
— ——
- —— Background T ——
—5 l | | | | I | | | | I | | | 1 | | | |
1074 15 2 2.5
log(E ) (TeV)

— excellent suppression of upto 5 - 107>
even with partially completed array
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5 LHAASO Coll. (2020)

N_+0.0001
e

Gamma-ray

1 1.5 2 2.5

log(E _ /TeV)

N.+0.0001
e

log(

2.5
log(E _ /TeV)

typical cut
value



LHAASO: a hybrid gamma- and cosmic-ray detector

e |ocated in Sichuan, China, 4400 m a.s.l.
* full operation since 2021
e gamma-ray energy range ~100 GeV — <1 EeV

Kilometer Squared Array
~5000 scintillators, ~1200 muon counters
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LHAASO: opening the PeV gamma-ray sky

* since 2020, 43 sources of > 100 TeV (UHE) gamma rays detected

* maximum photon energy: 1.4 PeV
* In total, 90 gamma ray sources above 1 TeV

KM2A (E > 25 TeV) Significance Map

— Milky Way populated by PeVatrons!

e almost all sources adjacent to VHE sources LHAASO > 25 TeV
e almost all in vicinity of
> energetic pulsars/SNRs

> star forming regions

LHAASO Coll. (2024)

g

" LHAASO > 100 TeV

set”,
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The HAWC gamma-ray sky

3HWC catalog:

1500 days of data
 few 100 GeV < E <300 TeV
* 65 sources with
~45 TeV associations Mrk 421

Galactic plane *

TeV associations

\ N N
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N 7 f /J Vi 7 7 A
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HAWC sources HAWC Coll. (2020




The Galactic Plane from 100 GeV to > 1 PeV
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The H.E.S.S.-HAWC Sky

H.E.S.S. > 1 TeV
0.1° source size

H.E.S.S. > 1 TeV
0.4° source size

o TS S PR W o Bin First survey comparison using
T ey TTE SST Wah. TS T ST W UE o e T consistent analysis methods:

* similar energy range (> 1 TeV)
* similar angular resolution (0.4°)

HE.S.S
Galactic latitud

HAWC = 1 TeV

~ 0 4° . .
PSF 50.4 — e e ®  similar background modelling
O | & . o ] ‘ |
E c R R - (B s ai — strikingly similar maps
§ R R R S e — four new extended H.E.S.S.
60° 50° 40° 30° 20° 10° sources found
Galactic longitude

25 00 25 5.0\/T_S7.5 100 125 1;53.; H.E.S.S. & HAWC Coll. ApJ (2021)




SWGO: surveying the southern sky

ource Collaboration towards realising
e gamma-ray observatory in
extensive A /’\m..uom.. Latin America

Shower atmospheric

nucleus

\Particlespenetrate > Core energy range:

detector tanks, interact

o e 100s of GeV - 100s of TeV

at least 4400 m above sea level

‘‘‘‘‘ t Rt v ‘e "e e & e large field-of-view, large duty
"\." ‘_.‘:‘ .... i~ B8 i\'\.\i g g
4 AR iiii 8 cycle
| N .8 e considerably larger than HAWC
o e NS * primarily based on

=} water Cherenkov detectors

Light-Tight
Tank

PARTICLE DETECTOR ARRAY

- 8 &

r ~
detecror S\ ~—

uprb?'\r S G

S § § &
The Southern Wide-field

Not to scale redit: Richard White, MPIK Gamma-ray Observatory
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SWGO: surveying the southern sky

Collaboration towards realising
gamma-ray observatory in
Latin America

e coOre energy range:
100s of GeV - 100s of TeV

* large field-of-view, large duty
cycle

» considerably larger than HAWC

* primarily based on
water Cherenkov detectors

SWG

The Southern Wide-field

Gamma-ray Observatory

> 70 institutes in 14 countries + supporting scientists
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SWGO: surveying the southern sky

_ THE FERMI BUBBLES
« SWGO: access to southern hemisphere

> Inner Galaxy
» Galactic Centre region -
> Fermi bubbles

> unexplored extragalactic space

 ideally suited to

Complement CTA-South /Invisible to HAWC

/ Invisible to HAWC
& SWGO

SWCO

The Southern Wide-field

Gamma-ray Observatory
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SWGO: baseline design and site options
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SWGO performance: sensitivity

—k

<
—i
o

1 F1TTEH
.

---------------------------------------------------------------------------------------------------------------------------------------------------------------

—h
I
—
—

- | : simple “straw man” model
. HAWC - 507 days —
- ~ 3 (scaled from HAWC):

straw :

E° Flux Sens. [ergs cm™ s7]

10—12 E_ { .................... 3 ,_: PY ~competitive -to CTA / LHAASO
- _~~LHAASO - 1yr iNn core energy range
- - o optimisation towards low and/
107 = or high energies possible
- 1« upgrade possibility through
| ] | | ) staged construction
10774 2 3 4 S 6 o performance of various realistic

log,, (E /GeV) candidate configurations

being analysed

Hinton et al. (SWGO Coll.) ICRC 2021



SWGO performance: angular resolution

0.25 l
i preliminary
W 0.2 —
= i I
S - HAWC -
§ 0.15 Current —
7 i Cherenkov 1 from “straw man” model:
v _ telescopes _ .
“ A i}  0.2° - 0.1° Iin core energy range
L:D 0.9~ — — modest compared to CTA
m i ) "
- ~ Fermi i « SWGO ideal for
A - » (transient) source hunting
- - » detection of very extended
I CTA South _ emission
O_ | | - | lllllI | L1 llllll | L1 llllll | L1 llllll | ) ° monitoring Of Variable ObjeCtS
1072 10~ 1 10 10° » can trigger CTA for detailed studies

Energy E[TeV]

Engel et al. (SWGO Coll.) SNOWMASS 2022



SWGO array optimisation

baseline: 5700 + 860 units

80% FF, 80,000 m?

performance comparison of

» different array layouts
 different unit designs

at equal nominal cost
* to be completed as we speak

LHAASO

B C
e ~
£ £
3 3
N N
£
0 . v
N
2.5% FF
A _
=3 0 ) s s e i
e s
D L F 0.6% FF
3 S
=

results to be applied to key science cases
using well-defined science benchmarks

— g = T for final design choice
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Prototyping SWGO

— Tank (bladders) ~— Large-areaPMT Active base

I— Open pond (bladders) — SiPM array { Multi-channel HV
- — - —

I~ Closed pond (curtains) M Multi-sensor ~ High-rate sampling

— Lake (bladders) — Distributed sensors M~ Medium-rate sampling + TDC

Double-layer ~ None — Time-over-threshold (ToT)
-
—[ None - —— Winston cone { White Rabbit
-

—WLS plate or fibres

Working towards baseline design
as reference for alternative solutions




A few ECAP contributions to SWGO

—— This work
| —— HAWC
| —— SGSO white paper
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template fitting, graph neural networks and transformer networks

for energy & direction reconstruction and gamma-hadron separation

LHQ cut, r< 130m, zen < 20deg
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SWGO project milestones

M2
M3
M4
M5
M6
M7
M8
M9

SWGO R&D Phase Milestones
R&D Phase Plan Established
Science Benchmarks Defined
Reference Configuration & Options Defined
Site Shortlist Complete
Candidate Configurations Defined
Performance of Candidate Configurations Evaluated
Preferred Site Identified
Design Finalised

Construction & Operation Proposal Complete

 R&D phase (till Q3/2025): follow well-defined set of milestones

towards construction proposal

sWEO

R&D Phase Plan

SWGO

The Southern Wide-field
Gamma-ray Observatory

SWGO

Site Selection Process for SWGO
The Southern Wide-field

A. Moraes', M. Santander”, M. Doro” Gamma-ray Observatory
*CBPF, Brazil

Science Benchmarks for SWGO

U. Barres de Almeida’, G. Giacinti”

' CBPF, Rio de Janeiro, e-mail: ulisses@cbpf.br
°MPIK, Heidelberg, e-mail: gwenael.giacinti@mpi-hd.mpg.de

*University of Alabama, USA
*University and INFN Padova, Italy

Detector unit and array configurations for M5 SMG@

Ruben Conceigéo, Jim Hinton, Harm Schoorlemmer, Andrew Smitdhe Southern Wide-field

SWGO

Critical decision-making process
for the SWGO R&D Phase

Site Shortlist Recommendation

J. Hinton', U. Barres de Almeida?, P. Huentemeyer®

MPIK, Heidelberg

CBPF, Rio de Janeiro
MTU, Houghton

sWE0

Collaboration Charter

* Preparatory phase (till ~2027): detailed construction planning,
engineering array on final site

 Construction & operation phase: 2027 ++
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* Particle detector arrays work.
* They keep providing beautiful results since almost a decade.

Let’s complement the existing ones by building SWGO.

Y

Mrk 501

Mrk 421 »

e Nafaomal : s of
* SCIENCES - ENGINEERING * MEDICINE

Geminga CONSENSUS STUDY REPORT

Pathways to Dlscovery in |

Astronomy and Astrophysms
for the 2020s

Galactic plane

I HAWC (> few 100 GeV, 1500
| * w‘W‘“

r r
/"//////////////// /////////‘///// ~ r A AN

Galactic longitude
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