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Air Shower Observables and Hadronic Interactions
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R. Ulrich, APS 2010

▶ Xmax is dominated by first interaction
→most relevant data from LHC

▶ muons from π± decay at late stage of cascade (λdec ∼ λint)
→all interaction energies relevant!
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Muons in UHE Air Showers
energy of last interaction before decay to µ

air shower → hadron+ air → π/K +X
↘

µ+ νµ

high-energy air shower

e.g. KASCADE:
▶ E0 = 1015 eV
▶ r = 40-200 m
▶ Eµ ≥ 250 MeV
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Muons in UHE Air Showers
energy of last interaction before decay to µ

air shower → hadron+ air → π/K +X
↘

µ+ νµ

ultrahigh-energy air shower

e.g. Auger:
▶ E0 = 1019 eV
▶ r = 1000 m
▶ Eµ ≥ 150 MeV
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Muons in UHE Air Showers
simple model:

▶ energy fraction f ∼ 2/3 to π±

▶ energy fraction (1− f) ∼ 1/3 to π0

→ fraction of initial energy in hadronic
component after n interactions: fn

• 2/3E0 ≈ 0.67E0

• (2/3)2E0 ≈ 0.44E0

• (2/3)3E0 ≈ 0.30E0

• (2/3)4E0 ≈ 0.20E0

• (2/3)5E0 ≈ 0.13E0

π → µ± + ν
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Muons in UHE Air Showers
number of muons depends on energy fraction f of produced hadrons

▶ π0 → electromagnetic shower

▶ π±

▶ ρ0 → π+π−

▶ (anti-) baryons
} → hadronic shower

Muon production in air showers

Nµ depends on the energy fraction of produced hadrons

• π0 →
�� ��electromagnetic shower

• π±�� ��• (anti-)baryons

• ρ0 → π+π−
} �� ��hadronic shower →

�� ��muons at ground
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• (anti-)baryon production

Pierog et al., PRL 101 (2008)
arXiv:astroph/0611311

8 / 35

Muon production in air showers

Nµ depends on the energy fraction of produced hadrons

• π0 →
�� ��electromagnetic shower

• π±

• (anti-)baryons�� ��• ρ0 → π+π−
} �� ��hadronic shower →

�� ��muons at ground
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• ρ0 as leading particle (not π0)

H.J. Drescher, PRD 77 (2008)
arXiv:0712.1517
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Nµ ∝ Π
nint
i=1fi

R.Prado ISVHECRI18, Pierog&Werner PRL17, Drescher PRD08
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The Super Proton Synchrotron (SPS) at CERN

Maximum BeamMomentum: Z× 450 GeV/c, accelerates p, p̄, O, S, Ar, Pb...



H2 Beam Line: Primary Beam, fragments, π±, K±...



Beam Particle Id (Mass via Cherenkov Angle)

CEDAR (CErenkov Differential counters with Achromatic Ring focus)
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Beam Particle Id (A and Z with ToF, dE/dX, Č)

installation of ToF cable along H2 beam line, Feb 2018

Z2 detector, Be run (Cherenkov in Quartz)



Interaction Target at NA61/SHINE (H2, C, ...)



Particle Production Measurement at NA61/SHINE

• large acceptance≈ 50% at pT ≤ 2.5GeV/c

• momentum resolution: σ(p)/p2 ≈ 10−4(GeV/c)−1

• tracking efficiency: > 95%



Particle Production Measurement at NA61/SHINE

π−+C interaction at 158 GeV/c



Particle Production Measurement at NA61/SHINE
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NA61 Data on Hadron+Carbon Interactions
T2K, MINERνA, MINOS, NOνA, DUνE

p year Ntrig/10
6

p+C 31 2007/09 6.1
p+C 60 2016 3.1
p+C 90 2017 2.4
p+C 120 2012 1.1∗

p+C 120 2017 2.6
π++C 30 2017 2.2
π−+C 60 2017 2.6
π−+C 158 2009 5.5
π−+C 350 2009 4.6
K++C 60 2015 0.7∗

∗without magnetic field, ∗∗∼ 15 × 106 events in total

Pierre Auger Observatory, Telescope Array, IceTop
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Cross Section Measurements with NA61
Schematic of Beam Line:

ADC
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Cross Section Measurements with NA61
inelastic and production cross sections:

σinel = σtot − σela

σprod = σtot − σqela − σela

p+C at 31 GeV/c
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π−+C at 158 and 350 GeV/c
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π± and p multiplicities in p+C at 31 GeV/c
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▶ NA61/SHINE, Eur.Phys.J. C76 (2016) 84

▶ also: K±,K0
S , Λ
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Inclusive π± and p spectra in p+C at 31 GeV/c
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π±, K±, p and p̄ spectra in π−+C at 158 and 350 GeV/c
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NA61/SHINE preliminary
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pT-integrated Spectra: π−+C→ π±+ X
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pT-integrated Spectra: π−+C→ K±+ X
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pT-integrated Spectra: π−+C→ p/p̄ + X
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ρ0 Production in π−+C at 158 and 350 GeV/c

two-track invariant mass fit:
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Measured Energy FractionsImplications
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Figure 8: Mean number of muons at the ground divided by the primary energy to the power 0.925 (left-hand
side) and〈Xµ

max〉 (right-hand side) for proton and iron induced showers as a function of the primary energy.
Predictions of different high-energy hadronic interaction models: full lines for proton and dashed lines for
iron with full stars for EPOS LHC, open circles for DPMJETIII.17-1, open squares for QGSJETII-04,
and full triangles for the results of Sibyll 2.3c.

Even if the number of muons is much more similar now for all recent hadronic interactions
models, and not so different compared to the data, there is still a large uncertainty related to the
energy spectrum of the produced muons. This is an important factor for the attenuation length of the
muons in the atmosphere [51] and for the muons at the ground in general [52]. As a consequence,
one of the most sensitive measurements of how muons are produced in an airshower is the muon
production depth and this is in fact not well reproduced by the current models.

4.3 Muon production depth (MPD)

We have seen in the previous section how LHC data could improve the description of EAS
using updated hadronic interaction models. In fact, in one particular case,the update of EPOS leads
to inconsistent results: the muon production depth measured by the Pierre Auger Observatory [53].
As shown in Fig. 9 the mean logarithmic mass〈lnA〉 calculated from〈Xµ

max〉 is incompatible with
the one extracted from〈Xmax〉 and even out of the range defined by the proton and iron primary mass
when EPOS LHC is used for the simulation. With QGSJETII-04 the resulting〈lnA〉 from 〈Xµ

max〉
is below the iron line but not consistent with the one from〈Xmax〉. In a previous analysis [54],
EPOS 1.99 was giving a mean composition lighter than iron, so the important shiftobserved in the
MPD simulated with EPOS LHC can partially be explained by the change in elasticity due to the
corrections in diffractive interactions needed to reproduce the rapidity gap distributions measured
by the ATLAS Collaboration [39]. We can see in Fig. 6 left-hand side that EPOS LHC gives
reasonable results while QGSJETII-04 is too low. Sibyll 2.3c which overestimate the fraction of
large rapidity gaps (high elasticity) predicts deep MPD as well (and probably incompatible with
the data since very close to EPOS).

The change of the parameters needed to describe the rapidity gap correctly (the diffractive
cross-section and the diffractive mass distribution) affected both protonand pion interactions be-
cause the same parameters were used for both types of projectile. While the change of diffraction
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muon production in air showers:

Implications
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Figure 8: Mean number of muons at the ground divided by the primary energy to the power 0.925 (left-hand
side) and〈Xµ

max〉 (right-hand side) for proton and iron induced showers as a function of the primary energy.
Predictions of different high-energy hadronic interaction models: full lines for proton and dashed lines for
iron with full stars for EPOS LHC, open circles for DPMJETIII.17-1, open squares for QGSJETII-04,
and full triangles for the results of Sibyll 2.3c.

Even if the number of muons is much more similar now for all recent hadronic interactions
models, and not so different compared to the data, there is still a large uncertainty related to the
energy spectrum of the produced muons. This is an important factor for the attenuation length of the
muons in the atmosphere [51] and for the muons at the ground in general [52]. As a consequence,
one of the most sensitive measurements of how muons are produced in an airshower is the muon
production depth and this is in fact not well reproduced by the current models.

4.3 Muon production depth (MPD)

We have seen in the previous section how LHC data could improve the description of EAS
using updated hadronic interaction models. In fact, in one particular case,the update of EPOS leads
to inconsistent results: the muon production depth measured by the Pierre Auger Observatory [53].
As shown in Fig. 9 the mean logarithmic mass〈lnA〉 calculated from〈Xµ

max〉 is incompatible with
the one extracted from〈Xmax〉 and even out of the range defined by the proton and iron primary mass
when EPOS LHC is used for the simulation. With QGSJETII-04 the resulting〈lnA〉 from 〈Xµ

max〉
is below the iron line but not consistent with the one from〈Xmax〉. In a previous analysis [54],
EPOS 1.99 was giving a mean composition lighter than iron, so the important shiftobserved in the
MPD simulated with EPOS LHC can partially be explained by the change in elasticity due to the
corrections in diffractive interactions needed to reproduce the rapidity gap distributions measured
by the ATLAS Collaboration [39]. We can see in Fig. 6 left-hand side that EPOS LHC gives
reasonable results while QGSJETII-04 is too low. Sibyll 2.3c which overestimate the fraction of
large rapidity gaps (high elasticity) predicts deep MPD as well (and probably incompatible with
the data since very close to EPOS).

The change of the parameters needed to describe the rapidity gap correctly (the diffractive
cross-section and the diffractive mass distribution) affected both protonand pion interactions be-
cause the same parameters were used for both types of projectile. While the change of diffraction
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Summary and Outlook

▶ precise lab measurements of
last stages of UHECR air shower
development with NA61/SHINE

▶ spectra of π±, K±, p, p̄, ρ0, ω,
K∗0,K0

S, Λ, Λ̄ in π−+C inter-
actions at 158 and 350 GeV/c

▶ energy fractions of
(anti-)baryon and ρ0 production
relate directly to muon
production in air showers

▶ next up in CR-related program:
measurement of nuclear
fragmentation∗

inside NA61 (Julien Ordan/CERN)

∗mainly C+p for Galactic CRs, but C+C-fragmentation atE = 180 GeV could also be interesting for air shower fluctuations (see CERN-SPSC-2017-035)
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