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Extensive air
showers

EM:
- mainly from the decay of neutral pions
+ photoproduction
- wellunderstood
- ~90% of total energy

Muonic:
- mainly from the decay of charged pions
+ muon decay + low energy pion decay

- large model uncertainties
- ~10% of total energy

Belén Andrada

Primary particle

p 2R l

> o >
air\

nuclear interaction

K+, KO «— _ Wwith air molecule T—~wu K+, KO
2 / \ ,
0

® m

T
| hadronic T
\ cascade /\ /\
: e+ e e"‘ e
u= uE /o, p, 1, =, K* e+’Ye 76+76 ¥

muonic component nuclear fragments electromagnetic

neutrinos hadronic component
component



HEP 2023 Belén Andrada

Primary particle

p L l

" N~

EXte n s ive a i r 4 nuclear interaction
«—_ with air molecule T~

ShO\XlerS High energy e i K* KO
hadronic < ; / \ y

interactions ek 70
There are different models that describe ’ 5
high energy interactions tuned to LHC data: ' hadronic T
~ \ cascade 5 /A\

- EPOS'LHC "\\ e+ e_e+ e—

- QGSlet-1I-04 \‘ T

- SIBYLL-2.3d ' /

- V Y . Y A
,u:t p’i V#/ljﬂ p, 1, Wi, Ki €+ g/ 6_784_ Ye~Y
muonic component nuclear fragments romagnetic

neutrinos hadronic component

('()lll})()ll(‘,llt



HEP 2023

Eva Santos
Monday, 9.45 am.

Highlights of The Pierre
Auger Observatory

The Pierre Auger
Observatory

Surface Detector (SD):

>1600 water Cherenkov det.
100% duty cycle

SD-1500 3000 km? - E > 108> eV
SD-750 27km? -E>10Y>eV
SD-433 1.9km? -E>10%>eV

Fluorescence Detector (FD):
4 sites, 27 telescopes
E>10Y eV

15% duty cycle

Belén Andrada

Location: Malarglie, Mendoza, Argentina.
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FD: calorimetric measurement of E

Observables of
interest @ Auger

Depth of maximum development Xmax

FD
Direct measurement
Currently the most precise mass estimator

Number of muons at ground Nu

SD

Arrival time of secondary particles at
ground

iSD: E estimator via S(r_ ) 5
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44 46 48 47 47

— ¢ data +0yes (281 events)

101 — (Ru)(E)
Muon
measurements
@ Auger

(Ru)(E) = a[E/(10"eV)]*

a = 1.86 +0.02
b =0.99+0.02

D/n.d.f. = 289.7/273
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Number of muons from
inclined showers

Average number of muons: the measurement does
not fall within the expected range from the models

Relative fluctuations of the number of muons: the
measurement does fall within the expected range

from the models (grey area is expected region using mass
composition information fromX studies).

Suggests a small effect at every stage of the
shower (rather than a discrepancy in the first interaction).

What happens if we look at both observables
simultaneously?

Belén Andrada
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— S EPOS-LHC --BE3QGSJetll-04 --- BEFSIBYLL-2.3d ® data
Number of muons
. . 0.18 9 4-mass- X a-fit+model

from inclined showers 0161

0141 |
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uncertainties from X___ measurements. = 0.10F \v% [yt A A — 1
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Data point: at 107 eV, with statistical (error 0.08 =
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0.04 - | & o
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| 1
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Number of muons
with UMD

({p35)/m™2)/(E/10%%V)
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Other muon
studies
@ Auger . Sy:stematic Uncert. =1

Qll-04p e

i QIll-04 Mixed ©

i EPOS-LHCp =
EPOS-LHC Mixed ©&
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Muon rescaling with
hybrid, vertical
showers

Find simulations which match FD profile, for each
event.

Compare SD signals for simulations and data.

Rescale muon content until simulated SD signals best
matches data.
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Muon rescaling with
hybrid, vertical
showers

Find simulations which match FD profile, for each

event.

Compare SD signals for simulations and data.

Rescale muon content until simulated SD signals best

matches data.

No energy rescaling is needed.

The observed muon signal is a factor 1.3 to 1.6 larger
than predicted by models.

I:‘had
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Working group on
Hadronic Interactions
and Shower Physics

z

lnNu — lnNﬁ

- lnNEe —In N}

Combined analysis of muon density measurements from

air shower experiments with different
- measurement techniques
- zenith angle ranges
- energy thresholds for muon detection

Growing muon deficit in the simulations above 106 eV

established at 8o significance.
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Belén Andrada

EPOS-LHC
12 4
104
8
4 61
21 adexao....... +
5
0———o—— 'Y
0.0020.40.608 1.0 +
14 sys. correlation ‘
: A
0 +—==3 oy rr_’%.‘ _____
®  Auger FD+SD 4 Yakutsk AGASA
—1 1 & Auger UMD+SD ® NEVOD-DECOR Expected from X
4 lceCube SUGAR +=+ GSF
10'5 10'6 10V7 10'8 1019
EleV
QGSJet-IL04
12 1
10 15/0,, v
81
1 61
2 416x10....
Sexl

e ——
000204060810
sys. correlation

¢ Auger FD+SD ' Yakutsk AGASA

1 ¢ Auger UMD+SD % NEVOD-DECOR Expected from Xy
4 IceCube SUGAR we= GSP
ldIS 1016 10"7 10'8 1019

EleV

13



HEP 2023

X - S(1000) correlation

Hybrid measurements allow to test model consistency
in more detail.

Aim to find which adjustments of simulated X and
S(1000) are required for a consistent description of the
measured two-dimensional distributions.

Ref _ Ref

SRef(1000) = SRef(1000) - fsp(6)

o

had

Final MC templates are a sum of templates of the form
¢ of individual primary species weighted by their
relative fractions.
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X - S(1000) correlation

Best fit of data requires multiple changes in hadronic
interaction models:

- rescaling (increase) of muons (had. comp.)

- shiftinX__ toward higher mass (EM comp.)

Deeper values of X are obtained which might
indicate a decrease in the muon deficit in the
simulations.
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Take-home message

e The hybrid design of the Pierre Auger Observatory enables direct tests of hadronic
interaction models at energies beyond human-made accelerators.

e Post-LHC hadronic interaction models are unable to provide a consistent description of
air showers measured at the Pierre Auger Observatory
o muon deficit established at 8o
o X__ alsointension with the data

e Auger Prime: upgrade of the Auger Observatory to disentangle EM and muon
components — increasing sensitivity to hadronic interactions and mass composition
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. Any questlons7
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Backup

Auger Prime

Composition fitsto X

Motivations for adjustments of MC prediction in XmaX-S(1000) correlations
Primary fractions from xmax-5(1000) correlations

Muon production depth

Risetime measurement

Theoretical work to explain muon deficit
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Auger Prime ="

3.8 m?scintillators (SSD) on each SD station

Upgrade SD electronics L (’7 EM 6) z zsi —em
. . . . ‘z IS g
Additional small PMT to increase dynamic range % 3 \  scintitator :
I \\ /—l \\‘ 5 E
Buried muon counters (UMD) in SD-750 stations Z T e
Increase FD uptime ?
Water Cherenkov Tank ?é

- \
Will increase accuracy of muon measurements also
for individual events.
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Composition fits t

Four composition (p, He, N, Fe)

fittoX__.
max

Reasonable ability to describe

Xmax distribution data.

relative abundance
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Motivation for adjustments

of MC predictions

Properties of shower universality:
- 5(1000) =S, ,+Sgy,
- Sp very universal

Main differences between model predictions:

- Scaleof <X >and<S, . >areapprox.
primary and energy independent.
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Primary fractions from
X __ -S(1000) correlations

Shifts from simulated Xmax values lead to a
heavier mass composition compared to the
inferences with the unaltered hadronic
interaction models.

The inferences on the mass composition are much
less model dependent.

Primary fraction
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Given shower geometry and arrival times, muons can 'X'

be mapped to its production depth. %
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and MPD profiles 450
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Phys. Rev. D 90, 012012 (2014)
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Theoretical models to
explain muon deficit

Core-Corona Model arXiv:1902.09625 (2019)

Strange Fireball Phys. Rev. D 95 no.6,063005 (2017)
String Percolation arXiv:1209.6474 (2012)

Chiral Symmetry Restoration EPJ Web Conf. 53,07007(2013)

Increasing Inelastic Cross Section arXiv:1902.11271(2019)

Lorentz Invariance Violation Frascati Phys. Ser. 58,274 (2014)



