The role of direct muon measurements in Auger A‘(IT
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The Pierre Auge

Loma
Amarilla

e East of Andes

* Province of Mendoza, -, I a8
Argentina g 2N

e Area 3000 km?
(4x Berlin)

e 2000: Engineering Array
e 2004: start...

e 2008: ...end of construction
of Auger

e 2024: end of construction
of AugerPrime




The Pierre Auger Observatory

Fluorescence detector (FD)
* 4 sites

e 0-30°

e E>1018eV
« HEAT

e 30°-60°

e E>10177eV

Surface detector array (SD)

Grid of 1500m /750 m /433 m
3000 km2 / 24 km?2
1660 stations /61 /12
Water Cherenkov Tanks (WCD)
Scintillation Detectors (SSD)
Radio Antennae (RD)
E>1018-5eV

e Grid of 750 m and 433 m
e Incl. UMD muon counters
e E>10175 eV

Radio array (AERA)
- 153 stations
17 Km?2
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The Pierre Auger Observatory

Fluorescence detector (FD)
* 4 sites

e 0-30°

e E>1018eV
« HEAT

e 30°-60°

e E>10177eV

Surface detector array (SD)

Grid of 1500m /750 m /433 m
3000 km2 / 24 km?2
1660 stations /61 /12
Water Cherenkov Tanks (WCD)
Scintillation Detectors (SSD)
Radio Antennae (RD)
E>1018-5eV

e Grid of 750 m and 433 m
e Incl. UMD muon counters
e E>10175 eV
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Central
Radio array (AERA) Campus.,..

« 153 stations BL- ¥
* 17 km?

Total positions
Deployed
In acquisition

o ......0.0.WI =

Remaining



Deployment (4 positions/month)
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Hybrid detection

13% duty cycle >
Fluorescence Detector (FD): P ey ey >

* calorimetric measurement of energy
* ca.| 5% duty cycle
Surface Detector (SD):

* data driven shape of Lateral Distribution
function (LDF)

* optimal distance at 1000 m
* ca. |00% duty cycle
100% duty cycle

Lateral distribution

— f(SlOO(b 9)

e Event observed with
y Auger Observatory
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Different zenith ranges probe different stages of
shower evolution

0° 60° 65° 70° 75° 80°

L <60° i 1 60°<6<80° :
—_— ¢

1500m: 0°<B6<60° E> 3x1018eV ‘vertical
1500m: 60°<B6<80° E> 4x1018eV ’inclined’
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Hadronic interactions:
Muon deficit In simulations

Air shower modelling:
CORSIKA
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Indirect muon determination for the whole array:
Matrix inversion method

SSD and WCD signal data o - Scintillation detector (SSD)
S 25F
» Available for the whole 1500m array [ 3 —— electrons
- Based in total signals the muon content » L — TR
can be extracted by matrix inversion 5 =
Suwcb = aSwcp + bSssp 5L
Sem,wCD = ¢Swcp + d5ssp 0 100 200 300 400 500 600 700
t/ns
% 10 E:Water—Cherenkov detector (WCD)
2 = == electrons
3 m— MUONS
5 F

0 100 200 300 400 500 600 700
t/ns
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muon determination for the whole array:
Universality

» Extraction of physics observables like E, 1100 MC WCD data only - 1100 MC WCD + SSD data
Xmax ancj Ru from underlying universal shower 10001 ] 1000 ]
properties o 3
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Direct measurement:

Underground Muon Detector event
* Recored in 10/2023

* Energy ~ 1018 EeV
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Timing information of all 3 detectors:
WCD, SSD and UMD

-
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Combined information contains correlations to be used
Allows to transfer the muon measurement to the determined N,



Underground Muon Detector (UMD)
The Engineering Array up to 2017 vs now

Aim:
Muon discrepancy
INn simulations

Validation of AugerPrime

Model tests with direct
MuoN measurement

750 m
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PMT readout:
otil 2017

*64 pixel PMT
(Hamamatsu)

 / positions

SiPM readout:
« Starting in 2017

*Deployed by end
of 2024

*64 pixel SIPM
*61 positions
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64 SiPMs signals

Muon estimation —

Counter channel ADC channel PMT: 64 counters
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Counting strategies
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Further levels of complexity in determining N,

Random WCD trigger — single muons
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Further levels of complexity in determining N,

Inclined muons going through multiple
scintillator bars cause overcounting

Parametrized relative over-counting as
fct. of Apm with simulations

S 22
(V) w =~

(NRec — Nymc) /Nuc
o
—

&
o

0 50 100 150 200 250 300 350
Apm/°

fclip (9, Ag&m) — 3(9) + b(@) . | Sin Agom\

Inclined muons going through multiple
scintillator bars cause overcounting

T

Corrected over-counting as fct. of distance

0.4 [T :
031 3x 108 eV, 38°, proton :

0.2F after correction
0.1f

v Ay = 0° + 15°
L O Apn € [0°,360°]

(NRec — NMc) /Nuc

L1
o o o
CJO[\DI—I

- L App, = 90° + 15° ;
—0. 4 ............................................ ]
100 200 300 400 500 600 700 800 900 1000

r/m
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Results from engineering array

» | ateral Distribution Function (LDF) fitted

Uncertainty Source Relative Syst. Unc. Percentage

. . A o 0

e ps3s: Estimator of muon density at 450 m VLDF oaramotieation ol o
corrected for atmospheric attenuation (CIC) Electronics calibration Tsys.cal/ paso 3.9%
Soil density Tsys,soil/ pasg 2.8%

e 1 vear of data ac it Attenuation correction Tsys, fut/ Fatt 2.3%
y qUISI 0N Total Usys,p35/p35 14.3%

—MLDF + Ll
N ® Candidate modules e
= ¥ Non — triggered 100 =
P SRR Sl
ey 1 Paso I . _ _ l ‘
2 1 : = - - -
3 : “~ 0.6} | 1 0143
E _ ...I ' : ] : 2100
= 107 5 i + B
—, 450 m E : 0-2- s
—— .:. i Y ¥ OBUINID||.|:| : T (_p2,'55—<?)é,8>)/(8555> H
0 250 500 750 1000 125( 0O 01 0.2 03 04 0.5 0.6 ]
. . sinZ 0 2-1017 1018 2-1018
Distance to shower axis 7/m E/eV
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Results from engineering array

p3s5(E) = a (E/10"8eV)’

341 s 439 233 119 46 =
3.07
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results with
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Comparison with other Auger data

0.0

90 ¢ this work
1 0O inclined EAS, SD1500 R

EPOS-LHC =

b (Ximax)

 Comparison muon content and Xmax
 Muon deficit in lower energies (38% EPOS-LHC, 50% QGSJetll-04)
* Qualitative agreement with evolution from Xmax?
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Summary

0.8
. T _ 18
Underground Muon Detector is expected to be fully 1o p S
064" =" = —
deployed by end of 2024 . ] o Fc
: : : Tooqd DTl [ + ] Auger
It will provide a direct measurement of muon component E e, 0N
[ <p35> ;;/.; 0.2 —: ...""""1:;.:0 ijl -
- ....,... TS<AD
* Op35 007 o EPOS-LHC o ©
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 Timing 02 +——T T T T
o . 650 675 700 725 750
= Mass composition <« Hadronic models (Xnae) /& e
Cross-calibration of indirect muon estimates of the
1500m array ——
C O sbso ©® © @ @ @
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o
® ,_0_0,.0 0 ©
° - 0) e_0_0
QGSJetll-04 (50%) and ° o ;:.g. ° o o
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| ©00000O0OO
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OUR FIELD HAS BEEN STRUGGLE NO MORE!

STRUGGLING WITH THIS T™M HERE TO S0LVE

PROBLEM FOR YEARS. IT JITH ALGORITHITS!
|

[SIX MONTHS LATER:

WOW, THIS PROBLEM
15 REALLY HARD,

( YOU DONT SAY

s\(/

¥

24



