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The muon discrepancy



Air shower observables
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World data set on depth of shower maximum (Xmax)
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(Coleman et al. Snowmass, Astroparticle Physics 147 (2023) 102794)
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Auger muon measurement — vertical showers

| | | | Energy scaling: em. particles and muons
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Auger muon measurement — inclined showers

Shower size attenuation Number of muons in showers with 6>65° Shower-to-shower fluctuations

Proton-proton equivalent c.m. energy /s / TeV
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Discrepancy of muon muon number, but no In relative shower-to-shower fluctuations




Importance of shower-to-shower fluctuations
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70% of fluctuations from first interaction (0

Lorenzo Cazon et al.

Astropart. Phys. 36 (2012) 211
Phys. Lett. B784 (2018) 68
Phys. Rev. D103 (2021) 022001

First interaction in air shower

not exotic in terms of fluctuations




At what energy does discrepancy begin?
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(WHISP group, updated ICRC 2023,

Cazon et al. HadInt tuning WS 2024)

World data set on muon production in air showers

» The z-scale after applying the energy shifts for common energy calibration.
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Data compilation appears inconclusive, sensitivity of many experiments debated




(Auger, Astropart. Phys. 34, 201 1)

Sensitivity of individual observables
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Data appear fully compatible with MC simulations if only one observable is considered




Physics of muon production
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Electromagnetic energy and energy transfer

Hadronic energy
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Muon production in hadronic showers

Eo . Mot = Ng0 + Nch
Eq /R S Nch
2 S >
Eo/(no) (ch)”
Eo/(neor)" (1ch)"
Assumptions:
* cascade stops at  Epa¢ = Egec

* each hadron produces one muon

Pion decay energy ~30 GeV,
Typically 8-12 generations

Primary particle proton

T° decay immediately

T initiate new cascades

B
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(Matthews, Astropart.Phys. 22, 2005)
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Possible solutions to muon problem and FPF
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Muon production depends on hadronic energy fraction

Meson Baryon
sub-shower sub-shower
T p
30% chance to have
0 as leading particle A A
& 7
0 N
T —YY g%ﬂ;
R A P
/l
Decay of p \
leading particle P A
stops hadronic
sub-cascade P
P

Several of these effects: Core-Corona model (Pierog et al.)

1 Baryon-Antibaryon pair production (rierog, Werner 2008)
e Baryon number conservation

e Low-energy particles: large angle to shower axis

e Transverse momentum of baryons higher
e Enhancement of mainly low-energy muons

(Grieder ICRC 1973, Pierog, Werner PRL 101, 2008)

2 Enhanced kaon/strangeness production (Anchordoqui et al. 2022)
e Similar effects as baryon pairs

e Decay at higher energy than pions (¥600 GeV)

3 Leading particle effect for pions (Drescher 2007, Ostapchenko 2016)
e Leading particle for a m could be p% and not

e Decay of p®to 100% into two charged pions

4 New hadronic physics at high energy (Farrar, Allen 2012, Salamida 2009)
e Inhibition of % decay (Lorentz invariance violation etc.)

e Chiral symmetry restauration
15



Rho production in n-p interactions (Sibyll 2.1 — Sibyll 2.3)
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Simple and pragmatic approach — Sibyll 2.3d*
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Modification of Sibyll 2.3d to study different versions of muon enhancement

- Rho meson in pion interactions (leading particle effect only)
- Baryon pair production (all interactions)
- Kaon production (all interactions)
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Simple and pragmatic approach — Sibyll 2.3d*
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Good description of Auger data, detailed studies in progress



FPF sensitivity to modifications

Modification of Sibyll 2.3d to study different versions of muon enhancement

- Rho meson in pion interactions (leading particle effect only) = not seen in FPF
- Baryon pair production (all interactions)

- Kaon production (all interactions)

— not seen in FPF
— directly seen in FPF
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Forward meson production and FPF
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Importance of forward phase space to air showers

central
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Similar study for FPF possible?
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Systematic study of relation to interaction properties

CONEX SIBYLL-2.1 p @ 10%°> eV

06 07 0809 111 13 15 1.7

2

06 07 0809 111 13 15 1.7

2

—— (Cross-section multiplicity —-~- elasticity  ----- nV-fraction
0.3 - 0.26 P
I ' /
' 0.24 - ’ Equivalent \s,, [GeV
0.2 - . _ / 2 3 quiva 4en c.m. energy5 s,, [GeV]
1 : 3 0.22 — / & J_IIII1IO I I I IIII1I0 I I IIII1IO I I I IIII1I0’0 I I L
< I o = _ / £ 700 | 4 | T o
21 0.1 - & = . — B Tevatron . o
< qb E’ 0.20 A o . ./ .$ - LHC "“0
R ] o U - / & 600__ B accelerator data (p—p) + Glauber c“’
3 T O~.. i3 —~ 0.18 - 00, = - o*
- O
= 00 : s = - ° . & i
= : o D = 0.16- 8o S 5500 e
—0.1 - ? . /0’ 60'6 o -g - S
: % 0.14 - / g 400
I ' V4 2 _
- .2 T , T T T (&) L
0 0.12 300 —— SIBYLL 2.1
100 - 110 - SIBYLL 21,0, x 1.2
] 1 - e SIBYLL 2.1,0, . x 0.8
80 __ 100 = ZOOT ] IIIIIII| L 1 IIIIII| [ IIIIII| ] IIIIIII| ] IIIIIII| ] IIIIIII| L1 IIIIII| ] IIIIIII| ]
] - 10?10 10" 10" 10" 107 10" 10" 10®
60 B ~ 90 A Energy [eV]
= 40 A £ ' -
S 5 i G 80+ (Ulrich et al. Phys. Rev. D 83 (2011) 054026 )
@) " - 3 T
; 70 1
\;é 0 - X -
£ ; - e i
é —20 A O/‘/ < 60 _
i © -
—40 - 50 _
—60 - 40 -
_80 - 30 - Combination of FPF and LHCf

ideal for air shower physics

f(E) at VS =13 TeV

(Dembinski, ICRC 2021, Albrecht et al. Astrophys. Space Science 2022)

23



Pion and kaon spectra at production

Qualitative picture of relation to neutrino fluxes
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Are muons useless for FPF?

Beam pipe
with proton beam =

Scintillator
telescope

Interaction Point

(Isabell Engeln,
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Simulation study for muons for FPF
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Summary

(Kling & Nevay, Phys. Rev. D 2021)

Muon discrepancy in air showers o] 1 FoRRS su eorrey
- Experimental evidence at highest energies ] M ,,,,, T
- Energy range of onset still unclear HTJ%\_
- Some conflicting data (due probably to limited sensitivity) "~
- FPF as key instrument for kaon enhancement scenario 010} - KPS isourag, £-arey
(already done in White Paper) ] M ,,,,,, o L—L
- Test Sibyll 2.3d* scenarios with direct FPF simulations? W ______________________________________ Fﬁ

Forward meson production for air shower physics I

- Central input for composition interpretation of air shower data

(model comparison already done in White Paper, but phase space discussion limited)
- Need to understand better link between production kinematics and observed neutrinos
- Perform simulations for air showers with FPF-like kinematics?

Use neutrino and muon data together for physics studies

- Take advantage of very high muon rate (geometry of fluxes, temporary detector locations, p-O or other runs)

- Simulate expectation for muons for different interaction models

- Produce libraries that provide production (kinematics & location of muons and neutrinos) and detection information
- Distinguish between primary and secondary neutrinos and muons



Backup slides
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900

Mass composition results of Auger Observatory

(FD telescopes: PRD 90 (2014), 122005 & 122005, updated ICRC 2023)
(SD risetime: Phys. Rev. D96 (2017), 122003)

Important: LHC-tuned interaction models used for interpretation

80
v HEAT 2019 « FD = SD AERA _
_ Y
5 . ' -H + +
o1))] m * 9
"HQ 40 1 R 'f*:# H
® X *
M dhy
20— y
i T RYE e QGSJet -11.04 e
— EPOS-LHC
600 ¢ | B Sibyll 2.3¢ | | |
.‘ 018 1019 1020 O 018 019 1020
E [eV] E [eV]

(AERA/radio: PRL & PRD 2023)
(SD DNN: ICRC 2023, to be published)

Number of charged particles

\4

Depth X (g/cm?)

Gx, p ~ 45 —55g/cm?

OX, Fe ™ IOg/cm2

(E ~ 10'%eV)
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Change of model predictions thanks to LHC data

pre-LHC models post-LHC models

900

: | 11 | | | | I T 11 | | | | | I T T 1 : 900 _| | : : : — T | | | | — T | —

— o HiRes-MIA - — - ]

= ! n - - HiRes-MIA .

850: N ;"T(ef (Eg%a P . 850~ - HiRes (2005) P "5

- o a,u S Bl - ¢ Yakutsk 2001 ,/c/ B

— 800 * Fly's Eye = — 800 *« Fly’s Eye = ]

< -, Yakutsk 1993 4T, - — = Yakutsk 1993 " R -

Q - o Auger w ‘‘‘‘‘ - = ~ e Auger ® LB s

> 750 - “,,,,—::',,..-,—-‘-“'Eil = % 750— 0 0o e 5 01—

- 700 > ,_ﬁ'::;;;;iﬂ’ E l - a ° ey f&?ﬁ ,,,,, AL e .

A . %% 7% it re3HEE Fe - 700: N Yé()f % %(—":5::,:.:_:_:,:.:' ‘‘‘‘‘‘‘ Fe =

650 | © " %ﬂﬁé * T e R - A F o Lo LA LS -

g 650?7?%%4%% ol ] S 650 i()ﬁ%{ ‘,,.:;:,é-,. - —

x —% % “‘:¢:“‘ -u : x | :& WT K, ,»° ‘ﬂ;”’} —

Vv Lecbdestt - )f ,‘—‘::i:_ g2t —

600 Q —+— EPOS 1.99 - v 600%1':;?{5:;;3== . —— EPOS LHC -

Eg"' —a— SIBYLL 2.1 E Ié:“:" —4— SIBYLL 2.3c _

550— —=— QGSJETII-03 — 550 —=— QGSJETII-04 —

- QGSJETO1 _ - —c— DPMJETII.17-1 _

500_|| L L T 500_|| ! Ll ! Ll Lol T
10" 10'® 10"° 10%° 10" 108 10"° 10%

Energy (eV) Energy (eV)

(Pierog, ICRC 2017)

Sys. Xmax uncertainty Auger:

A:

AXmax = —10g/cm” + 8g/cm?
AXmax — +20 g / sz

(see also discussion Lipari, Phys.Rev.D 103 (2021) 103009)

LHC-tuned models should
be used for data interpretation
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Muon production at large lateral distance

Typically 8-10
interactions

Energy distribution of last interaction
that produced a detected muon

E[GeV]
1_ | IIIIIJI|() | IIIII:I[I|02I IIIII1II(|)3I IIIII:III(|)4I IIII%?SI IIIII1II(|)6
5120000 B ’ QGSJET/FLUKA (80 GeV)
é I . [ —— QGSJET/FLUKA (500 GeV)
Qil 00000— & % SIBYLL/FLUKA (80 GeV)
% - : e SIBYLL/FLUKA (500 GeV)
30000 — &
i ! pions
60000__ / EO — 1019 eV
i I;'-:“ulﬂ ~ nucleons
40000 f LS s
_ Il
20000 "
: - | l-“-"""--_-:11_,_1.:-“&_' ) S
O L Fl] T T T T T T s e M o SO RN RN |
0 1 2 3 4 5 6
loglO(E/GeV)

Muon observed at 1000 m from core (Maris et al. ICRC 2009)
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Importance of hadronic interactions at different energies

Energy Deposit [GeV cm“/g]

Muons

(Ulrich APS 2010)

- -t -t - -t
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10°
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— Proton, 10'%V

EIECtI’O“S — 100 Highest Energy Interactions

— Individual Sub-Showers
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N
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Depth [g/cm?]

— Proton, 10'%eV
Muons — 100 Highest Energy Interactions

— Individual Sub-Showers

Low-energy
interactions

4 -
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.........
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Depth [g/cm?]

Shower particles produced in 100
iInteractions of highest energy

Electrons/photons:
high-energy interactions

Muons/hadrons:
low-energy interactions

Muons: 8 — 12 generations,
majority of muons produced
in ~30 GeV interactions
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Test: modification of hadronic interaction models

500 0 € (0°, 60°)
: : EPOS-LHC
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Combined fit of correlated Xmax distribution
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Combined fit of correlated Xmax distribution
and S(1000) signal at ground allowing

for an angular-dependent muon re-scaling
(only mean muon number changed)

Combined fit of correlated Xmax distribution
and S(1000) signal at ground allowing

for an angular-dependent muon re-scaling
(only mean muon number changed) and
shifting Xmax of all primaries by fixed value

(Auger, ICRC 2012)
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Physics of muon production and number fluctuations

l Lorenzo Cazon et al.
) Astropart. Phys. 36 (2012) 211
s Ul Phys. Lett. B784 (2018) 68
g p’( L n Phys. Rev. D103 (2021) 022001
v v “7
. _' K
<y SN
p n 0
“v o T
¥ *\ ‘¥ %
e " N £
l \ y » @ 7 .
R / \ Lateral distance
/ \| \ ¥ 59% of all muons
C C P - I
rp < 22m

o(N) Y (o))", (alaz))’ o)’
( z ) ~ ( ) + ( ) + ...+ ( ) 70% of fluctuations from first interaction
N, o5 2 e )
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Universality features of muon production
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(Cazon, Epiphany Conference 2022, Cazon et al. JCAP 2023)
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(NA61, Unger, Herve, Prado, etal. EPJ 77, 2017 & PRD 107, 2023)
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Cosmic ray flux and interaction energies
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