Nik|hef

Radboud Universiteit %’

PIERRE
AUGER

OBSERVATORY

The Muon Puzzle: Nature's curveball at UHECR physics

Kevin Almeida Cheminant

NIKHEF - Jamboree 2024
May 14th, 2024




Measuring Extensive Air Showers
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Measuring Extensive Air Showers
Longitudinal profile
> EM component formed by the

decay of m°
o calorimetric energy

Fluorescence detector
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Measuring Extensive Air Showers

Fluorescence detector

JAMBOREE 2024

Longitudinal profile

> EM component formed by the
decay of m°
o calorimetric energy
o depth of maximum
development X

X
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Measuring Extensive Air Showers

Ground distribution

1500 2000 il > Muonic component* formed
e SR by the decay of m*" and K*.

o lateral distribution

— tracer of hadronic

.Sur_fgce_'aetéctoq interactions.
*also EM
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Hadronic Interaction Models

Monte-Carlo simulations of air showers are needed to describe particle interactions
and decays, energy losses, magnetic fields, etc...
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Hadronic Interaction Models

Monte-Carlo simulations of air showers are needed to describe particle interactions

and decays, energy losses, magnetic fields, etc...

> Below ~100 GeV: Such as UrQMD, FLUKA and GHEISHA

nmodels.

at ground level.

> large influence on the lateral profile of muons
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Hadronic Interaction Models

Monte-Carlo simulations of air showers are needed to describe particle interactions
and decays, energy losses, magnetic fields, etc...

> Above ~100 GeV: EPOS-LHC, QGSJetll, SIBYLL and
others...
» tuned to LHC data.
> influence on the number of muons at ground
level.
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Hadronic Interaction Models

Monte-Carlo simulations of air showers are needed to describe particle interactions
and decays, energy losses, magnetic fields, etc...

800
2 = ) H
> Above ~100 GeV: EPOS-LHC, QGSJetll, SIBYLL and B0 £ IM<25 pr+air ]
others... @600 E B
> tuned to LHC data. =S - s
s influence on the number of muons at ground E500 E - - QGSIETIL-04 &
level. 400 | — EPOSLHC
> Uncertainties: 300 & -*— SIBYLL23c -
- +++ DPMIETIIL17-1
. . . 200 |
o Extrapolation at highest energies. -
100 T+air
o No airtarget in terrestrial accelerators. - 5 3 7 e E—
10 10 10 1\?
o Air showers in the forward direction. T. Pierog, EPJ Web Conf. 208 (2019) 02002 s (GeV)
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Hadronic Interaction Models
Monte-Carlo simulations of air showers are needed to describe particle interactions

and decays, energy losses, magnetic fields, etc...
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Hadronic Interaction Models
Monte-Carlo simulations of air showers are needed to describe particle interactions

and decays, energy losses, magnetic fields, etc...

Simulations predict the right shape of the lateral distribution but fail to produce enough muons to

match the data.

M - T - T - T
LN, Proton Sim =
¥ Nl Iron Sim &
kY Data
102 |
=
i
=
%)
10' F
[ pierre Auger Collab, PRL 117, 192001 (2016) S
10° ! I ! i !
500 1000 1500 2000
Radius [m]
PIERRE

Nik|[hef AUGER

Radboud Universiteit
OBSERVATORY

JAMBOREE 2024

K. Almeida Cheminant



Hadronic Interaction Models

Monte-Carlo simulations of air showers are needed to describe particle interactions
and decays, energy losses, magnetic fields, etc...

Simulations predict the right shape of the lateral distribution but fail to produce enough muons to
match the data.
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At the Pierre Auger Observatory...

Inclined showers
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At the Pierre Auger Observatory...
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Underground detectors
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..and in other experiments

EPOS-LHC QGSJet-11.04
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> Departure from O highlights a discrepancy between data and simulations at 8 sigma level.
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..and in other experiments

EPOS-LHC QGSJet-11.04
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> Departure from O highlights a discrepancy between data and simulations at 8 sigma level.

>  Deficit seen across a large range of experiments.
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..and in other experiments

EPOS-LHC QGSJet-11.04
12
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4 IceCube SUGAR +=+ GSF 4 IceCube SUGAR -+~ GSF
]dIS ]dlé |d|7 1018 ]0'19 ]dls ]dlﬁ ](517 ldlx 1019
EleV D.Soldin et al. (WHISP), PoS (ICRC2021) 349 EleV

> Departure from O highlights a discrepancy between data and simulations at 8 sigma level.
>  Deficit seen across a large range of experiments.

> Other experiments recently reported similar observations (KM3NeT - arXiv:2403.11946).
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https://arxiv.org/abs/2403.11946

..and in other experiments
What can we do to increase the muon content of simulations?

CONEX SIBYLL-2.1 p @ 10195 eV

—— cross-section ~== multiplicity —-~ elasticity -+ n-fraction
o3 > The number of muonsis
s 4 . sensitive to:
s 0 o the cross-section
: " o the -ratio
-0.1
-0.2

06 07 0809111 1.3 1517 2

R. Ulrich, R. Engel, M. Unger, PRD 83 ;
(2071) 054026 f(E) at Vsyn =13 TeV
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..and in other experiments
What can we do to increase the muon content of simulations?

CONEX SIBYLL-2.1 p @ 10195 eV

——— cross-section ~== multiplicity —-= elasticity -+ nO-fraction
> The number of muonsis
sensitive to:
o the cross-section
o theqr-ratio
i > X sensitive to:
80 ] MaXx .
- o the cross-section
& 409
& 201
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X ~201
_40<
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..and in other experiments

What can we do to increase the muon content of simulations?

CONEX SIBYLL-2.1 p @ 10195 eV
—— cross-section ~== multiplicity —-= elasticity -+ n®-fraction
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(2071) 054026 f(E) at Vsyn =13 TeV
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The number of muons is
sensitive to:

o the cross-section

o theqr-ratio

Xmax sensitive to:
o the cross-section

Fluctuations NOT sensitive
to the qr-ratio.
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..and in other experiments
What can we do to increase the muon content of simulations?

CONEX SIBYLL-2.1 p @ 10195 eV

——— cross-section ~== multiplicity —-= elasticity -+ nO-fraction
03 0.26 4 > The number of muons is
0.24 1 f PR
s . £ 022 sensitive to:
5 o i o the cross-section
= 0.01 i ~ 0.18 A ]
£ S e o thedr-ratio
=L ) ° 0.14 -
oo ’ P > X __ sensitive to:
i o o the cross-section
TE 40 4 'g 80 4
E, 20 1 ;‘ 70 1 . oy .
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40 o to the Tr-ratio.
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promising direction!
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Heitler-Matthews Model of Extensive Air Showers
How to constrain the ar-ratio?

> Toy-model describing the development
of hadronic air showers. n=]

s i e e s S " | i i e ' e i s S i s s e e e i ) i

Decay to muons - N, y:Nn
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Heitler-Matthews Model of Extensive Air Showers
How to constrain the ar-ratio?

> Toy-model describing the development

of hadronic air showers. n=1

< 2 ratio of charged to neutral . - ["len(z)
n=3____/
n=
nznmax

s i e e s S " | i i e ' e i s S i s s e e e i ) i

Decay to muons - N, y:Nn
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Heitler-Matthews Model of Extensive Air Showers
How to constrain the ar-ratio?

> Toy-model describing the development

of hadronic air showers. n=1

% 21 ratio of charged to neutral 1. - [”’th‘(z)

% Decay to muons when E, .~ 20GeV
n=3____/ ___
n=
n=1,,,

s i e e s S " | i i e ' e i s S i s s e e e i ) i

Decay to muons - N, y:Nn
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Heitler-Matthews Model of Extensive Air Showers
How to constrain the ar-ratio?

> Toy-model describing the development

of hadronic air showers. n=1
% 21 ratio of charged to neutral 1. - [”’th‘(z)
< Decay to muons when E__ ~ 20 GeV
n=3____/ ___
Number of muons: N ZA(E/A)ﬁ
= < n=4
nznmax

s i e e s S " | i i e ' e i s S i s s e e e i ) i

Decay to muons - N, y:Nn
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Heitler-Matthews Model of Extensive Air Showers
How to constrain the ar-ratio?

> Toy-model describing the development

of hadronic air showers. n=1
< 2:1ratio of charged to neutral . 5 [”’len(z)
n-=2,4
< Decay to muons when E__ ~ 20 GeV
n=3____ /4 £
Number of muons: N ~ A(E/A)ﬁ
B = T
€n n=4
n=n, ;
h%z A e
B = Bt Decay to muons - N =Ny
‘ In Phiiilk (typically ~0.92 for all
' hadronic models)
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Heitler-Matthews Model of Extensive Air Showers
How to calculate the Heitler-Matthews  coefficient?

The g coefficient represents the slope of the change in the muon content as
a function of the primary mass (in logarithmic scale).

For a given primary energy

™ ,
3. // \
7 oS5
5 N
fe,
log(A) )
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The Top-Down Method

For showers with zenith angles below 60 degrees, disentangling the muon
component from the electromagnetic one can be challenging...

K. Almeida Cheminant JAMBOREE 2024 Radboud Universiteit Nik|hef g{%ﬁﬁ



The Top-Down Method

For showers with zenith angles below 60 degrees, disentangling the muon
component from the electromagnetic one can be challenging...

Top-Down simulations: estimating the muon content of an input dataset
of observed* air showers and quantifying the discrepancy with hadronic
model predictions of simulated air showers, by matching their longitudinal
profiles.
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The Top-Down Method

For showers with zenith angles below 60 degrees, disentangling the muon
component from the electromagnetic one can be challenging...

Top-Down simulations: estimating the muon content of an input dataset
of observed* air showers and quantifying the discrepancy with hadronic
model predictions of simulated air showers, by matching their longitudinal

profiles.
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The Top-Down Method

How to rescale the Monte-Carlo simulations?

L T T :
PN Proton Sim s}
[~ Iron Sim &
N Data °
102 |
3 B
& B
= .
(%)}
10’ X
100 1 N L " 1 1 |
500 1000 1500 2000
Radius [m]
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The Top-Down Method

How to rescale the Monte-Carlo simulations?
For a simulated primary k:

LY ' | 2 | . I
PNy Proton Sim = 1 *
[ Piged Iron Sim A 1 S S
Y Data e . e -
T _ k ELkD ok
S .
- data total signal
(7))
10' F
100 1 N " 1 1 |
500 1000 1500 2000
Radius [m]

* signal at 1000 meters
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The Top-Down Method

How to rescale the Monte-Carlo simulations?
For a simulated primary k:

LY ' | 2 | . I 4
PNy Proton Sim = 1 *
g Iron Sim A 1 =
Y Data e . e -
T | S 8H,k S L,k
= .
0 MC total signal
(7))
10' F
100 1 N " 1 1 1
500 1000 1500 2000
Radius [m]

* signal at 1000 meters
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The Top-Down Method

How to rescale the Monte-Carlo simulations?
For a simulated primary k:

AR : I Y T : T ]
L', Proton Sim = 1
™ e Iron Sim 4 i S S
Y Data e . e -
102 : k =Su,
7 MC muon signal
>
%
10'
100 | L 1 1 1
500 1000 1500 2000
Radius [m]

* signal at 1000 meters
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The Top-Down Method

How to rescale the Monte-Carlo simulations?
For a simulated primary k:

:\‘t'\\, I ' ' Proton Sim ®m ] *
g Iron Sim 4 i o
N Data ° il s
ol W S = k ) 1,k
= Rescaling of the MC
> .
o . muon signal
10 F
100 1 L 1 1 |
500 1000 1500 2000
Radius [m]

* signal at 1000 meters
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The Top-Down Method

Application to a mock-up dataset of known composition

> Mock-up data: Sibyll* hadronic
model— modification* of Sibyll 2.3d

371 to artificially increase the number

of muons by ~30%.

10%eV - 6 < 60 degrees

3.6 4

3.4 1

log({S,)/VEM)

& Sibyll* }

0 ) 2 3 |
P log(A)
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The Top-Down Method

Application to a mock-up dataset of known composition

> Mock-up data: Sibyll* hadronic
model— modification* of Sibyll 2.3d

10%eV - 6 < 60 degrees

3 to artificially increase the number
3.6 1 Of muons by ~30%
= e ) ) .
S | | > Match the longitudinal profiles
5;1 - Wlth Siby" 2.3d
® LR
= 33+ ; 4\\9'1\’
3.2
31 ® ¢ Sihyll 2.3d & Sibyll* }
3 .' ; : 1
p log(A) Fe
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The Top-Down Method

Application to a mock-up dataset of known composition

> Mock-up data: Sibyll* hadronic
model— modification* of Sibyll 2.3d

10%eV - 6 < 60 degrees

i to artificially increase the number
3.6 % Of muons by ~30%
- u,Fe
R ) ) .
S | l > Match the longitudinal profiles
e with Sibyll 2.3d.
S £ N, L
= 33 H,p %4\\9'1\/
y ‘ > Determine the rescaling factors.
31 L4 ¢ Sihyll 2.3d & Sibyll* }
: ! ; ; 1
P log(A) e
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The Top-Down Method

Application to a mock-up dataset of known composition

> Mock-up data: Sibyll* hadronic

10%eV - 6 < 60 degrees
model— modification* of Sibyll 2.3d

i to artificially increase the number
Y < of muons by ~30%.
- H,Fe
; 3.5 7 . . .
" | > Match the longitudinal profiles
ot with Sibyll 2.3d.
® & , 0O
= 33 H,P %4\9')‘\/
y ‘ > Determine the rescaling factors.
’ ¢ ¢ Sihyll 2.3d & Sibyll* .
H . : f : > Deduce the required
P log(A) o
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The Top-Down Method

Application to a mock-up dataset of known composition

3.6 4

3.4 4

log({S,)/VEM)

10%eV - 6 < 60 degrees >
®
IR
o .\‘\‘.’,J’/
= &
u,Fe
o >
L]
\D
”’p 3 = Q Ql\ =
: >
L4 ¢ Sihyll 2.3d & Sibyll* J >
0 2 3 |
p log(A) Fe
>
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Mock-up data: Sibyll* hadronic

model— modification*® of Sibyll 2.3d
to artificially increase the number
of muons by ~30%.

Match the longitudinal profiles
with Sibyll 2.3d.

Determine the rescaling factors.
Deduce the required

Do we retrieve the true g ?
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The Top-Down Method

> Extensive simulations currently being performed on Stoomboot.
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The Top-Down Method

> Extensive simulations currently being performed on Stoomboot.

> Finding a simulated shower with a matching longitudinal
profile is a time-consuming task.

o

E
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>
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700
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E 100 500 600 700 800 900 1000110012001300
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The Top-Down Method

> Extensive simulations currently being performed on Stoomboot.

> Finding a simulated shower with a matching longitudinal
profile is a time-consuming task.

> Previous cross-checks of the
method have shown good
results.

dEIdX [PeViglcm?]
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700
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The Top-Down Method

> Extensive simulations currently being performed on Stoomboot.

> Finding a simulated shower with a matching longitudinal
profile is a time-consuming task.

> Previous cross-checks of the

method have shown good VO E=e) B
results. e "l ;-
2l - m.rkf ~w'_ ] ' ﬂ | i
. . % g W“.»- -
> ThIS Should be the flnal One XE L o 100 500 600 700 800 900 1000110012001300
(hopefully...) before application .

to the real Auger data.

dE/dX [PeViglcm?]
=] =] =] S

.
E 100 500 600 700 800 900 1000110012001300
X,

'max
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Summary

> The Heitler-Matthews g coefficient could be the key to understand how
the hadronic models need to change to solve the Muon Puzzle.
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Summary
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> Top-Down Method: matching of the longitudinal profile to understand
how the muon signal of MC simulations must be rescaled.
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> The Heitler-Matthews g coefficient could be the key to understand how
the hadronic models need to change to solve the Muon Puzzle.

> Top-Down Method: matching of the longitudinal profile to understand
how the muon signal of MC simulations must be rescaled.

> Preliminary results on Auger hybrid data could have significant impact on
AugerPrime mass discrimination power — need several cross-checks!
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Summary

> The Heitler-Matthews g coefficient could be the key to understand how
the hadronic models need to change to solve the Muon Puzzle.

> Top-Down Method: matching of the longitudinal profile to understand
how the muon signal of MC simulations must be rescaled.

> Preliminary results on Auger hybrid data could have significant impact on
AugerPrime mass discrimination power — need several cross-checks!

<— radio antenna

> The upgrade of the Pierre Auger Observatory
will allow us to look into very inclined ‘
events and to better isolate the muonic scintillators —,
component so... |

Stay tuned!
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Thank you!
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