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Cosmic ray energy spectrum

(Charged particles continuously bombarding Earth)
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Cosmic ray energy spectrum
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F(mtsr s GeV)'

Why do we care?
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Ultra-high-energy gamma-rays

Crab nebula and pulsar

1 light-year

The LHAASO experiment detected photons from the Crab Nebula
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with energies surpassing 1 PeV (1015 eV)
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| orentz Invariance Violation
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Fermi-LAT HEGRA Tibet HAWC LHAASO

The analysis of the energy spectrum can be used to evaluate LIV
at energies above the Planck scale!
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Exploring the extreme Universe

+ Pierre Auger Observatory

S Cosmic Rays

PIERRE P o

OBSERVATORY

+ Southern Wide-field Gamma-ray Observatory

VHE
Gamma Rays

2020 2025 2040

The Southern Wide-field Gamma-ray Observa tory




Ultra high energy cosmic rays

Pierre Auger Observatory



F(mtsr s GeV)

1024

10727

UHECRSs

| M™ yr-~

/%'9/)@67
@Oef

> N S
1 kkm 2 yr"I " ~s‘
LHC beam energy 7.3 TeV 1

:‘, . '.l km-2 century-!

10° 10'! 10'3 10'> 10'7 $9'9 |9"

E (eV) ~ m s v

Ruben Conceicao




Pierre Auger Observatory

Primary
Cosmic Ray

_ Loma Amarilla

Area: 3000 km?

Located in the Pampa Amarilla,
Mendoza, Argentina

Altitude: 1400 m a.s.l.

Coihueco /g~
HEAT /pagsss

= | i |
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) 1

Central
Campus......

Los Leone

Extenslve Air Shower
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Pierre Auger Observatory

aking since 2004
Installation completed in 2008

e ~ 1600 Surface Detectors (SD) Stations
 SD stations spaced by 1.5 km
~ 60 km « Covering an area of 3000 km?2

e 4 Fluorescence Detectors (FD)

« 6 x 4 Fluorescence Telescopes
Ruben Conceicao 1 1



Pierre Auger Collaboration

Argentina PIERRE

Australia ﬂ AUGER
Belgium
Fs

OBSERVATORY
Brazil

Colombia
Czech Republic
France
Germany
Italy

Mexico
Netherlands
Poland
Portugal
Romania
Slovenia
Spain

USA

e

Pierre Auger
Observatory

International collaboration of 17 Countries and ~ 400 scientists
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Surface detector
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WCD + Fluorescence Detector
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Pierre Auger Observatory
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+ Fluorescence Detector
+ Quasi-calorimetric energy measurement
+ ~ 15% duty cycle

+Surface Detector

+ Sensitive to both e.m. and muonic
shower components
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Hybrid technique

¢ Calibration of SD with FD 1000
¢+ FD provides a quasi-calorimetric energy o |
O
measurement ‘21005—
2 |
+ Improve geometry reconstruction S 10,
¢+ For hybrid events s |
a - S, [VEM]
D1 . s, [VEM]
. -+ N ,
+ Better assess/control systematic R
uncertainties E., [EeV]

+ Different insights of the shower
¢+ Access different shower components
¢+ Test shower consistency

Surface Detector

Ruben Conceicéo 1 7



Pierre Auger Observatory

(Low energy extensions)

Loma Amarilla 70 + Infill
[km]
60 + Denser array (433 m and 750 m grid)
+ AMIGA
50
+ Buried scintillators (muon detectors)
40 + / stations
- + 30 (60) m2 scintillator modules
¢+ 2.3 m below ground
20
Central o W) L L XA EE R I L _l10 Hﬂg hg
Campus, N e s e — ——
°°°°°°°°°° _ o e
— 0 Northern twin B
el
+ HEAT
¢+ 3 additional FD telescopes with a high - R ——— N
elevation FoV HDO Hﬂg —
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Ultra High Energy Cosmic Rays

Equivalent c.m. energy Vs & (GeV)
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Ultra High Energy Cosmic Rays

What have we learned so far?

20



Are UHECRs produced in our galaxy?

Ruben Conceicao



Are UHECRs produced in our galaxy?

Galaxy Center

Ruben Conceicao 22



UHECR have an extra-galactic origin

Science 357 (2017) no.6537, 1266-1270

0.46

o
s
1180 0.42 aw
3

0.38

+ UHECRs are accelerated:

+ somewhere in our Universe -90
+ from the photon and neutrino limits (next class)

+ Outside the galaxy

Ruben Conceicao 23



Normalized rates

The UHECR dipole

Pierre Auger Collaboration, ICRC21

1.085— !

1.06— 66 0] - ' °

1,04/ ’ Exposure S0l :

1.021— until end of 2020 El [ ]

1= 0 © - - y

- (e <80 ) % i (E) = dp X (E/IO ECV)ﬁ ’

3 110 000 km2 sryr s | dio = 0.050 + 0.007 |

0.96|— b + (. q
E —@— DataE>8 EeV p ~ 5 X 1 0-11 4 ﬁ — 0.98 L 0.15

0'94:_ T —— Rayleigh analysis o

0.92 il e e L 107° T l 1 1

350 300 250 200 150 100 50 0 S 10 50
Right Ascension [degrees] Energy [EeV]

Ruben Conceicédo 24



UHECR energy spectrum

‘ Phys. Rev. Lett. 125 (2020) 121106
. E [eV]
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Energy [eV]
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Proton showers have a deeper X.x and with more fluctuation event-by-event than iron showers

Xmax distribution momenta
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Composition fits to X,

35t ICRC, PoS (2017) 506

number of charged particles N / 10’

S = N W &t o =

00T

009 00s 00 00

00L

relative abundance

™rey Ty ™

(_wd/3) ¥ yydap ouaydsoune
(uny) yapmype

4
0001

| EPOS-LHC ' e

log(E/eV) = 17.8-17.9-

500 600 700 800 900 1000
Xoax [@lem?)

The primary composition goes from light to heavier as its energy increases
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Shower physics

Peeking into high-energy hadronic interactions

28



Monte Carlo EAS simulation [CORSIKA]

EAS engine

-’p

Ruben Conceicao

Electromagnetic component

Hadronic component

Muonic component
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The challenge

Equivalentc.m. energyNs,, [GeV]
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D. d’Enterria, ISVHECRI 2022

x 30 extrapolation :
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The challenge

Scaled flux E2°J(E) [mZs'sr!eV'?

pP-p @ 14 TeV
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Exploration of inclined showers

¢+ Muons =2 Assess Hadronic
interaction models

+ Data selection
¢+ Zenith angles [62°; 80°]
s E>4x1018 eV

! w Y
/Y $
_ . Y
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Exploration of inclined showers

¢+ Muons =2 Assess Hadronic

interaction models + Energy given by the Fluorescence Detector
+ Data selection

¢+ Zenith angles [62°; 80°]
s E>4x1018 eV

¢+ 281 hybrid events
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¢+ Inclined shower > Muons o
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Shower description

Phys.Rev.Lett. 126 (2021) 15, 152002

: -~ EPOS-LHC E=10YeV, 0 = 67°
; 1 = QGSJetll-04
| gL -+ SIBYLL-2.3d

Surface Detector

| | | | L P | |
700 720 740 760 780 800 820

(Xmax) / g em ™

Fluorescence Detector

Combination of different measurements reveals tension between
Muon data and all hadronic interaction models
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EAS muon content over an extended energy range

5

Eur.Phys.J.C 80 (2020) 8, /751 Phys.Rev.Lett. 126 (2021) 15, 152002

Data slightly above iron
model predictions

24 vV V VvV VvV v v
347 864 439 233 119 46 41 La rge errors due to - - ¢ data
3.0- . P
2.6- energy scale uncertainty _ -
g\ — 2.0_
OOQ)
] =1
o =
= FD data S 16
= .
E S T TIoTI e 850 =14
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- O data 800 [ = =sys. T T — EPOS.LHC T
c++ QGSJet11-04 - ' Lok EPOS-LHC p _—
-—-- EPOS-LHC a - == QGSJetll-04
0.6 — ey . £ 750 - 0.8 SIBYLL-2.3d
2.1017 1018 2.1018 oy N y oy | . . L
— - 1019 1020
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é 700 E /eV
x -
650 [
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E [eV]
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The EAS muon puzzle @ Auger

Fur.Phys.J.C 80 (2020) 8, 751

(In(p3s/m—2))

0.2 -
1 E=10'"%¢V,
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- "D ..... \~~~~
—1.07 o EPOS-LHC T TSP
1 O QGSJetll-04 =
127771
600 625 650 675 700 725
Xmax) /g cm™?

Phys.Rev.Lett. 126 (2021) 15, 152002

Muon excess present both
at lower and higher

energies if one takes into 1.0
account preferred Xmax 0.9
composition 0.8

850
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E“’ mln/GeV

WHISP

¢+ Working Group for Hadronic Models and Shower Physics (WHISP)

+ Meta-data analysis of 9 cosmic ray experiments: AGASA, IceCube,
KASCADE-Grande, NEVOD-DECOR, Pierre Auger Observatory (SD+FD,
UMD+FD), SUGAR, Telescope Array, Yakutsk

90
10" 4 EAS-MSU Auger FD+SD Telescope Array
. . 2000 © NEVOD-DECOR
NEVOD-DECOR Auger FD+SD NEVOD-DECOR 103 - _‘
® 0 QP PLPPPES PN i IceCube HiRes-MIA e
0 Auger UMD+SD \;ll‘-\[ll\hl I 60 - - iy Auger
1075 HiRes-MIA 1 - FD+5D
HiRes-MIA @& - I I _ Auger UMD+SD
© 4s ® ® & 0 00000 0 -Q}- E E KASCADE-Grande I8 YY)
KASCADE-Grande SO S 1= 2 = Y akutsk
KASCADE-Grande U -~ 8 ~
5] 7
10" - lceCube o ® © ©o 0000 2 102 -
] 3() - < B ]
(T Y )
EAS-MSU Y akutsk
15 1
102 - Telescope Array IceCube
] EAS-MSU
S— ' S— ——r—rrrr —r—r—rrrrry ———rrrrry — | — . - T ————r . S 10! - —rrrry .
1015 1016 1017 1018 1019 10!5 1016 1017 1018 1019 1015 1016 1017 1018 10I9
EleV E/eV EleV
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< — <mass

A7z =

WHISP: EAS muon puzzle

EPOS-LHC
12
10 1b/0p
8 -\
6 -
2 416x10, .. ...
) .
O L T & T l g
0.0 0.2 0.4 0.6 0.8 1.0 + S
1 - sys. correlation l lg 1
| + = |
| N
O d e o] ] L LD L L e e e e e N
AT <
® Auger FD+SD & Yakutsk AGASA
—14 & AugerUMD+SD & NEVOD-DECOR Expected from Xomax —1
4 IceCube SUGAR + =%+ GSF
N L T AT AT i
EleV

QGSJet-11.04

12
10 -’ﬁ/(,b e
8 -
6 -
416x10.....
g iR,
O ‘ T —0— T 1
0.00.2040.6 0.8 1.0
sys. correlation
® Auger FD+SD & Yakutsk AGASA
1 & Auger UMD+SD ® NEVOD-DECOR Expected from X,y
€ IceCube SUGAR — == GSF
T T T T LR T
E/eV

+ Energy-rescaling and mass subtraction required for comparison

¢ Linear fit finds significant slope of muon excess in data at 8-10 sigma level

Ruben Conceicao
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Sh%wer—to—shower muon number relative fluctuations

Phys.Rev.Lett. 126 (2021) 15, 152002

(7))
o
= —E#MEPOS-LHC --E#QGSJetll-04 --- EMSIBYLL-2.3d ® data
©
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?_ 0.06 |-
O X
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I I I I | I
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Average Number of Muons

Ruben Conceicao

Implies a strong control

over the detector

response
(RPC hodoscopes -
Coimbral)

Need of an independent

energy scale (FD)
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EAS muon fluctuations

Phys.Rev.Lett. 126 (2021) 15, 152002

Proton-proton equivalent CM energy /s / TeV

80 90 100 200 300 400
0.30 J ! | T T T
— EPOS-LHC ¢ data
0.25F - QGSJetll-04 4-mass-Xmax-fit+models
'''' SIBYLL-2.3d

0.00 | | | | | I]-OI]-9 | | | | | | ] iozo

E/eV

The muon relative fluctuations are in agreement
with the mass composition expectations
derived from the analysis of X,,.x data
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EAS muon fluctuations

Phys.Rev.Lett. 126 (2021) 15, 152002 L. Cazon, RC, F. Riehn, PLB 784 (2018) 68-76
Proton-proton equivalent CM energy /s / TeV

80 90 100 200 300 400
030 1 I ,

— EPOS-LHC ¢ data 13
0.25 = QGSJetII-04 4-mass-Xmax-fit+models T

----- SIBYLL-2.3d 0 T LT P

\ n? K_|_7 K— ) A?
Eem Ehad
v
0.00 —————— |
101 1020
E/eV N“ i Ehad

The muon relative fluctuations are in agreement
with the mass composition expectations
derived from the analysis of X,,.x data

a1 is the fraction of energy going into the

hadronic sector in the first interaction
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EAS muon fluctuations

Phys.Rev.Lett. 126 (2021) 15, 152002 L. Cazon, RC, F. Riehn, PLB 784 (2018) 68-76

x 107
Proton-proton equivalent CM energy /s / TeV 3.0 l [ [ [ l
80 90 100 200 300 400 Epos-LHC .
030 . n . 25 |- 2.0 a
— EPOS-LHC ¢ data T -~ g
025 -— QGSJetll-04 4-mass-Xmax-fit+models 2.0 - e e R "‘“t;“#“ 15~
T AR e e e T vl %
SIBYLL-2.3d =5k 5
1.0 2
o
- " 0.5 &
0.5, a7+ e — . &
5 CORSIKA -
0.0 | | | | | | 0.0
0.0 02 04 06 08 10 1.2
09
a1 is the fraction of energy going into the
| | | | | | I | | | | | | | | . . . . .
0.00 1019 1020 hadronic sector in the first interaction
E/eV

o(a) = 70% 0(N,)

The muon relative fluctuations are in agreement
with the mass composition expectations
derived from the analysis of X,ax data
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EAS muon fluctuations

Phys.Rev.Lett. 126 (2021) 15, 152002 L. Cazon, RC, F. Riehn, PLB 784 (2018) 68-76
x 107
Proton-proton equivalent CM energy /s / TeV 3.0 l [ [ [ [ [

80 90100 200 300 400 Epos-LHC : v
030 ! ! [ ' l l 25 — 2.0 a5
— EPOS-LHC ¢ data 5
0.25 - QGSJetll-04 4-mass-Xmax-fit+models 20 15 (',)
----- SIBYLL-2.3d - =
= 1.5 - E
Q
1O 2
0.5 a5 ! 4 §° &
o CORSIKA -

0.0 ' ' ' | | : 0.0

0.0 02 04 06 08 1.0 12
)
a1 is the fraction of energy going into the
| | | | | | I | | | | | | | | . . . . .
0.00 1019 1020 hadronic sector in the first interaction
E/eV

o(a) = 70% 0(N,)

Suggestion that muon deficit might be related with
description of low energy interactions
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The muon relative fluctuations are in agreement
with the mass composition expectations
derived from the analysis of X,ax data




Pierre Auger Observatory

Future Plans

4



Multi-nybrid shower events

(A plethora of measurements to fully understand the shower)
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Southern Wide-tfielo
Gamma-ray Observatory

Very High Energy Gamma Rays
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Some interesting highlignts...

160.0
+00.4 &
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— +00.2%g
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O
-00.4 &5 0.5
00.4 | 00.2 | 00.0 | 359.8 359.6 359.4 L4
Galactic Longitude (deg.)
Fermi bubbles - gamma-ray Search PeVatron sources (10715 eV)
emission (up to ~100 GeV) in which should be the birth place of
outbursts from our galaxy cosmic rays up to 1017 eV
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SWGO

(Southern Wide-field Gamma-ray Observatory)

3 year R&D project to design the next gamma-ray wide field of view experiment

Countries in SWGO
Institutes

Argentina®, Brazil, Chile,
Czech Republic,
Germany*, Italy, Mexico,
Peru, Portugal, South
Korea, United Kingdom,
United States™

4 53 institutes

+ > 100 scientists

+ 13 countries _
Supporting

scientists

Australia, Bolivia, Costa
Rica, France, Japan,
Poland, Slovenia, Spain,
Switzerland, Turkey

+ 32 supporting scientists

*also supporting
scientists

Goal: to cover the high energy Southern gamma-ray sky from ~100 GeV to ~10 PeV
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The challenge...

¢+ To design an experiment
able to fultil the following
requirements:

¢+ Muon tagging/counting
capability

+ Lower energies

+ to be placed at high
altitude (~5000 m a.s.l.)

+ Compact array

Light-Tight
Tank

+ Higher energies
+ Large area (~ few km?2)

Ruben Conceicédo 51



Summary (|

—— 160.0
+00.4 3

- 161.7
g +00.2 58
§ - 23,
=
2 +00.054
S 7.8
©
-
L
E -00.2 52 1.9
©
O

-00.4 &2

1 1 1 1 [l -1.¢
00.4 00.2 00.0 359.8 359.6 3594
Galactic Longitude (deg.)

N\
&

The Southern Wide-field Gamma-ray Observatory

AUGER
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Summary (Il)

ASTROPHYSICAL

SOURCES

Astroparticle Physics
at Extreme Energies

MASS -_— HADRONIC
COMPOSITION — INTERACTIONS
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