Nik|hef

Radboud Universiteit § %

3
d
$
%, &

PIERRE
AUGER

OBSERVATORY

Muon measurements at the Pierre Auger Observatory

K. Almeida Cheminant

29th Symposium on Astroparticle Physics in the Netherlands
Soesterberg

PIERRE

K. Almeida Cheminant cit Nik|hef AUGER



Ultra-high energy cosmic rays
% Why the knowledge of the mass of UHECR is important?

> The rigidity of UHECR is inversely proportional to their mass » constraints on propagation in
magnetic fields and therefore, on candidate sources.

> Acceleration mechanisms at the sources can be better understood.

> Study hadronic interactions at the highest energies and search for neutral particles (y, v).
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> The rigidity of UHECR is inversely proportional to their mass » constraints on propagation in
magnetic fields and therefore, on candidate sources.

> Acceleration mechanisms at the sources can be better understood.

> Study hadronic interactions at the highest energies and search for neutral particles (y, v).

1. Major roadblock 1
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it g sbence, * >  Extremely low-flux at the highest
, i * ies - direct detection unfeasible!
ol f oo Auger o J ) energies » direct detection unfeasible!

> |Indirect inference on the properties of
L f UHECR through their interaction with
1 the atmosphere.

J-E*(eVPm~2sr!s™!)

¢ Pierre Auger
Yakutsk

1023 KG SIBYLL 2.3
TUNKA-133 Astroparticle Physics 147-102794, 2023
ln‘Iﬁ 1(;11' 1(;18 1(;|u 1(;1!! * Need for Iarge-scale ground
Energy (eV) experiments!
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The Pierre Auger Observatory

% Water-Cherenkov
Surface Detectors
(SD): signal of : :
secondary particles at L Tr— e
the ground. f -

"1 (153 antennas, 17 km2)

‘ Sub-array of 750 m |*.°,
* FI uorescence (63 station);.23.4 km?) L.,

Detectors (FD): R\
longitudinal i
development of air
showers.

High elevation telescopes (3) 4 fluorescence detectors

(24 telescopes up to 30°)

% Underground Muon
Detectors: muon Certral

. e Campus.,..
signal. . :

1665 surface detectors:
water-Cherenkov tanks
(grid of 1.5 km, 3000 km?2)

% And many others:
radio antennas,
LIDARs, etc...
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Extensive air showers
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Longitudinal profile

> Electromagnetic component formed by
the decay of m°

o depth of maximum development
X

max

Fluorescence detectors
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Extensive air showers

Longitudinal profile

> Electromagnetic component formed by
the decay of m°
o depth of maximum development
X
max
Ground distribution
1000 I 1500 I
: > Electromagnetic and muonic
component formed by the decay
: of m*- and K*
. o number of muons
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The Pierre Auger Observatory

Fluorescence detectors (FD) PHYS. REV. D110, 062005 (2024)  —— Photon
—— Proton
1100
% Sensitive to the electromagnetic component. — lron
---- E=1EeV
*  Mass estimation from X __ measurement. 1000- ;"u — E=10 EeV
— 7 \
o~ 1
%  Low duty cycle: ~15%. = o '
Y 900 I 1
9 I \
s lI \I
£ 1 1
Surface detectors (SD) X i -
\\- // l' ||
% Sensitive to electromagnetic and muonic g : -
components. 700 x |
1 PR
N Jl |
% Mass estimation from N”. '(: , EPOS-LHC
Rats 106 de 107 108
* 100% duty cycle. log(N,,)
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Muon measurements at the Pierre Auger Observatory

|I'IC|II'Ied alr Showers Pierre Auger Collab., PRD 91, 032003 (2015)
> SD-1500 array
% The electromagnetic component is absorbed

by the atmosphere. > 62°<60<80°

> 18
proton - EPOS-LHC - 10" eV Above 4 x 10 eV

MC: p QGSJET I1-03 90°
0o | Bl = . > Hybrid events
w M ¢=0" 135°.- 45°
Q i V.
8 i L e Arrival direction of
et \ em. particles
o ‘ muons
5 ‘
Y— |
o 10° ||
6 |
Re) [
&
S 107
C A
| R 225° 315°
0 1000 2000 3008 4000 5000 v
X [g9/cm?] 270°
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Muon measurements at the Pierre Auger Observatory

|I'IC|II'Ied alr Showers Pierre Auger Collab., PRD 91, 032003 (2015)

SD-1500 array
62° <0 < 80°
Above 4 x 10'® eV

Hybrid events

>
% The electromagnetic component is absorbed
by the atmosphere. >
24 : 1.0 . ; ; ; ; i >
2.2 1 e 3 - . 0 EPOs LHC E=10YeV,0 =67°
] —_ I o QGSJET I1-04 >
el M 081 Qasyer 03 — [
< 1.8 - 3 v QGSJET01
m% S 0.6 [ o ]Auger
% 161 . L o data
< O e T-?f_‘~\~ M; 0 Q\\
) - i | | W, IR -
2 14; t g 041, gy B
3 o gy ,.___D_‘__\o\\\\
< 1.2 ‘*~\‘\\\ 3 0.2 Fe\\‘x\{h ﬁ e
® Augerdata B — Ngste .. p N _,S -
1.0 4 --- Epos LHC al Nﬁ% | /\He\\
N s QGSJET 11-04 0.0 >
101 10% 680 700 720 740 760 780 800 820
E/eV (Xax) / gem 2
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Muon measurements at the Pierre Auger Observatory

Underground measurements Pierre Auger Collab., Eur. Phys. J. C (2020) 80:751

>  7UMD
% The electromagnetic component is absorbed .
> <
by the ground. 0 <45
> Below2x10®eV
p35 = p(450)/ fai (0)
AMIGA solar panel SD electronic, X ) i i “‘ Sy = \
communication system and - — n
SD battery box :rgcg: s;(:nschronlzatlon 0 AT 11 }
oo 10" a8
T o I
4 <5 1o~ AR
%‘ AMIGA access tube Q E ‘ ~+—
Underground - IR
cabling pipe ) 1|

events

AMIGA underground
module

+1.0 =05 0.0, 0.5 1.0
(35 — (p3s))/ (p3s)

2-1017 108
o Y

2-10'8
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Muon measurements at the Pierre Auger Observatory

Underground measurements Pierre Auger Collab., Eur. Phys. J. C (2020) 80:751
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(111(p35/11142)>

The electromagnetic component is absorbed
by the ground.
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(In(p3s/m~2))

> 7 UMD
> Q< 45°

> Below 2 x10% eV

0.8

1 E=1018¢V,

06 _ =K E< 45 _
0 o [ + ] Auger
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Muon measurements at the Pierre Auger Observatory

SD-1500 array + FD
>  0<60°

4

Vertical Hybrld measurements pierre auger coliab, PRL 117 192001 (2076)

% The electromagnetic component is quantified > 6x10%eV<E<16x10%eV
and subtracted.
I | I I P t IS' | ARY T | 2 I
reoin:oIlm; —— [ .
Energy: (13.8 + 0.7) EeV| IronDSim ------ - \\\'\ A Pr?:gﬂ g:m a
= || Zenith: (56.5+0.2)° e —e— [ W
o S0 3 »2/dof (p) = 1.19 2 |
Xptax: (752 % 9) g/ 107
é max' ( L »2/dof (Fe) = 1.21 N
> =
P 20 (I - i
3 £ ? 10
0 10 F
e} 10 -
L L L L I hd 0 1 1 1 1
10 ! *
200 400 600 80(; 1000 1200 500 1000 1500 2000
Depth [g/cm®] Radius [m]

Top-down simulations : For a given hybrid event (E,0), find the simulations that fit the longitudinal profile of
the event the best.

>

> Lateral profile of ground signal underestimated by hadronic models.
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Muon measurements at the Pierre Auger Observatory

Vertical Hybrld Mmeasurements rierre auger coliab, PrL 17, 192001 (2016) > SD-1500 array + FD
>  0<60°
% The electromagnetic component is quantified > 6x10%eV<E<16x10"%eV
and subtracted.

2 ! T
18 1 Stesc(REs Rhad); j = Refemi jl+ Ruad RHOhad;i j
16} \ ~
1.4 S - Signal at 1000m once the EM (S, ) and the

. 1 >
= resc
12| \ | hadronic (S, ) component of simulations for a

T
& 1 primary i have been rescaled by Rg and Ry,
respectively.
08 | Systematic Uncert. |
06 : Qll-04p o
B[ Qll-04 Mixed ~ ©
o | EPOS-LHCp =
: | | EPOS-LHC Mixed = O
0.7 0.8 0.9 1 1.1 1.2 1.3
Re
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Muon measurements at the Pierre Auger Observatory

Vertical Hybrld Mmeasurements rierre auger coliab, PrL 17, 192001 (2016) > SD-1500 array + FD
>  0<60°
% The electromagnetic component is quantified > 6x10%eV<E<16x10"%eV
and subtracted.

2
1.8 Stesc(REs Rhad); j = Refemi jl+ Ruad RHOhad;i j

161 \ \ A
4t \ 1 > S - Signal at 1000m once the EM (S, ) and the

1.4 resc " . .
12l | hadronic (S, ) component of simulations for a
' primary i have been rescaled by R, and R, _,,

k
= .
! respectively.
08 | Systematic Uncert. |
06 | § Qll-04p Results updated with Sibyll 2.3d
: o :  QIll-04 Mixed ©
- Preliminary | EPOS-LHCp m
: 1 . EPOS-LHC Mixed O Auger comp.* (basedon X ) | 1.21£0.17
0.7 0.8 0.9 1 1.1 1.2 1.3
Re Pure proton
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Muon measurements at the Pierre Auger Observatory

This list is not exhaustive...

> Muon production depth.

Pierre Auger Collab., PRD 90, 012012 (2014)
M. Mallamaci (Pierre Auger Coll.), PoS(ICRC2017) 509

<‘E' 7003 DatAss o5
S E sggg;‘ﬂ_;g“ Auger 2017 preliminary
2 650 Fe QGSJetll-04
X T
12; 600 T
550 ------------momomTToos 1‘1'1 """"""
- 859 574 35 242
C = = L] 47 35
500 . L]
450 :_ Elongation rates:
C  -Hadronic models: ~ 25 g/cm?/decade
-Data: -16.9 * 7.2 g/cm?/decade
2x10" 3x10"  4x10" 10%
E [eV]
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Muon measurements at the Pierre Auger Observatory

This list is not exhaustive...

> Muon production depth.
Pierre Auger Collab., JINST (2021 ) 16 PO7016

1 1 1 Ll T
> Neural network for muon traces. 3.0F — :
Muon trace
2.5 —— Predicted muon trace
S 5ol Proton — EPOS-LHC |
= Tog10(E/eV) 18.09
=, | 5k o1°] 29.56 |
= r [m] 859
= S[VEM]  74.20
%0 1.OF S¥[VEM] 27.72| 7
i S [VEM] 2891
0‘0— 1 1 1 1 ‘|7‘h )
0 500 1000 1500 2000 2500
Time [ns]
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Muon measurements at the Pierre Auger Observatory

This list is not exhaustive...

> Muon production depth. 3
> Neural network for muon traces.
> Combined fit of ground signal and 13
X oy - £
X T
5 12
~
1.1
1.0

K. Almeida Cheminant

Pierre Auger Collab., Phys. Rev. D 109, 102001 (2024)

1.4 |-
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Muon measurements at the Pierre Auger Observatory

This list is not exhaustive...

> Muon production depth.

To be submitted...

> Neural network for muon traces. ! P QGSJETII-04
------------- Sibyll 2.3d
> Combined fit of ground signal and 5, 15 + & —— EPOS-LHC
(<3}
><max ) %
US":I.O
> Radio + SD measurements of the muon e
content. > 0.8
0.6
And many more... 07 10 12 20

\Y Srad/GeV
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% The Pierre Auger Observatory is an excellent tool to study hadronic interactions and
better understand physics at the highest energies.

% A muon excess is observed in the data of the Pierre Auger Observatory:
m for vertical showers.
m for horizontal showers.
m in hybrid observations.
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* The Pierre Auger Observatory is an excellent tool to study hadronic interactions and
better understand physics at the highest energies.

* A muon excess is observed in the data of the Pierre Auger Observatory:
m for vertical showers.
m for horizontal showers.
m in hybrid observations.

Exciting times ahead

e Upgrade of the Pierre Auger Observatory completed (radio antennas and
scintillators).

e New hadronic interaction models recently released.

e p-Orun at LHC planned for this July.
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