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NA61/SHINE Experiment at the SPS

I large acceptance ≈ 50% at pT ≤ 2.5 GeV/c
I momentum resolution: σ(p)/p2 ≈ 10−4(GeV/c)−1

I tracking efficiency: > 95%
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Particle Identification

energy deposit in TPC:
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Particle Identification
1 GeV/c < p < 2 GeV/c
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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+ νµLow energy air shower:

e.g. KASCADE:
I E0 = 1015 eV
I r = 40-200 m
I 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+ νµHigh energy air shower:

e.g. P. Auger Observatory:
I E0 = 1019 eV
I r = 1000 m
I Eµ ≥ 150 MeV
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Muons in UHE Air Showers

Number of muons depends on energy fraction of produced hadrons

I π0 → electromagnetic shower

I π±

I ρ0 → π+π−

I (anti-) baryons
} → hadronic shower
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Fig. 3. Muon contribution to S(1000m) as measured by the Pierre
Auger Observatory for 10

19 eV air showers simulated with different
high-energy hadronic interaction models and primary mass: EPOS 1.99
(stars) proton (full) and iron (dashed), SIBYLL 2.1 (triangles) proton
(full) and iron (dashed), and QGSJET II-3 iron (squares dashed-dotted),
relative to proton with QGSJET II-3.

of the primary energy and composition with ground ar-

ray experiments. Compared to other models, using EPOS

would decrease the energy reconstructed from lateral

densities and could lead to a more consistent cosmic

ray composition obtained from muon number and mean

Xmax data [20]. On the other hand, SIBYLL 2.1 shows

about a 20% lower muon signal than QGSJET II.

The higher muon number from EPOS is due mainly

to a larger baryon-antibaryon pair production rate in

the individual hadronic interactions in showers. By

predicting more baryons, more energy is kept in the

hadronic shower component even at low energy. As a

consequence, the calorimetric energy – as measured by

fluorescence light detectors – is reduced since more

energy is transferred to neutrinos and muons. In Fig.

4 the conversion factor from the visible calorimetric
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Fig. 4. Mean factor for the conversion of observed (calorimetric)
energy to total energy for iron (dashed-dotted) or proton (dashed)
induced showers. The conversion factor is shown for QGSJET II-3
(squares) and EPOS 1.99 (stars). The mean conversion factor (solid
line) is calculated by averaging all proton and iron predictions.

energy to the real energy is plotted as a function of the

primary energy of the showers. As expected, EPOS 1.99

shows a conversion factor which is up to 2% higher than

QGSJET II. SIBYLL results (not shown) are very similar

to QGSJET II.

IV. OUTLOOK

For the next release of CORSIKA, two important

improvements are in preparation. First of all work is in

progress to run CONEX in the framework of CORSIKA

both for 1-dimensional fast simulations and detailed 3-

dimensional simulations. Secondly, CORSIKA is being

modified to take advantage of modern computing clus-

ters by simulating showers in a controlled parallel way.

A. CONEX in CORSIKA

In order to have the best of CONEX and CORSIKA

in one single program, we are using the method already

implemented in SENECA [21] and outlined in Fig. 5. The

CORSIKA installation scheme and steering files are used

to set the simulation parameters. Then, internally, these

parameters are transferred to CONEX to start the MC

simulation with the given primary energy. Depending

on their energy, the secondary particles stay either in

CONEX MC if E > Ethr, or go into the CORSIKA stack

if E < Elow, or are used as source for 1-dimensional

CE in between. When no more particles with E > Ethr

are stored on the CONEX stack, the CE are solved down

to Elow. The solution of the CE can be sampled into

individual particles saved on the CORSIKA stack. At this

point, a weight can be attributed to these particles to

reduce the simulation time. Finally all these particles

with E < Elow stored in the stack are tracked in

CORSIKA as usual in a 3-dimensional space until they

reach the observation level where they are stored in the

chosen output file.

CONEX MC
3D

sampling

CONEX CE
1D

CORSIKA MC
3D

stack

CORSIKA
input

CORSIKA
output

Fig. 5. Implementation of CONEX in CORSIKA.

T. Pierog, Proc. ICRC09
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Muons in UHE Air Showers

µ

µ
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Muon production at fixed energy of grand-mother particle

KASCADE: Auger:
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NA61 hadron production data (hadron-nucleus)
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• beam momentum p in [GeV/c],
• number of triggers Ntrig in [106]

(∼85% interaction triggers and
∼15% beam triggers)
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NA61 hadron production data (hadron-nucleus)

(E/GeV)
10

log
0 1 2 3 4 5 6

/d
(l

n
 E

) 
µ

d
N

0

50

100

150

200

250

E[GeV]

1 10
210

3
10 410

5
10

6
10

QGSJET/FLUKA (80 GeV)

QGSJET/FLUKA (500 GeV)

SIBYLL/FLUKA (80 GeV)

SIBYLL/FLUKA (500 GeV)

pions

nucleons

kaons

lg(E/GeV)

0 1 2 3 4 5 6

(a
n

ti
−

)b
a

ry
o

n
 e

n
e

rg
y

 f
ra

c
ti

o
n

0

0.05

0.1

0.15

0.2

0.25

0.3

EPOS 1.99

SIBYLL2.1

QGSJETII

QGSJET01

p yr Ntrig

π−+C 158 2009 5.5
π−+C 350 2009 4.6
p+C 31 2007 0.7
p+C 31 2009 5.4
p+p 13 2010 0.7
p+p 13 2011 1.4
p+p 20 2009 2.2
p+p 31 2009 3.1
p+p 40 2009 5.2
p+p 80 2009 4.5
p+p 158 2009 3.5
p+p 158 2010 44
p+p 158 2011 15

p+Pb 158 2012 4.5

• beam momentum p in [GeV/c],
• number of triggers Ntrig in [106]

(∼85% interaction triggers and
∼15% beam triggers)

10 of 28



NA61 hadron production data (hadron-nucleus)
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Production Cross Section in π−+C Interactions
Schematic of Beam Line:
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Production Cross Section in π−+C Interactions
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Charged Hadron Production in π−+C at 158 GeV/c

π−+ C→ h− + X
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Charged Hadron Production in π−+C at 350 GeV/c

π−+ C→ h− + X

 [GeV/c]
T

p

-110 1

]2
  [

m
b/

(G
eV

/c
)

T
dp

 d
pσ2 d

 

-310

-210

-110

1

10

210

310

NA61/SHINE preliminary

π−+ C→ h+ + X

 [GeV/c]
T

p

-110 1

]2
  [

m
b/

(G
eV

/c
)

T
dp

 d
pσ2 d

 
-310

-210

-110

1

10

210

310

NA61/SHINE preliminary

p = 0.6 . . . 121 GeV/c in steps of lg p/(GeV/c) = 0.08

14 of 28



Comparison to Interaction Models (examples)
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Comparison to QGSJetII-03 (data/MC)
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Comparison to Sibyll2.1 (data/MC)
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Comparison to EPOS1.99 (data/MC)
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Pion&Kaon Production in p+C at 31 GeV/c
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Phys. Rev. D85 (2012) 031103 and Phys. Rev. D87 (2013) 012001.
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Inclusive π± spectra in p+C at 31 GeV/c
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Inclusive π± spectra in p+C at 31 GeV/c
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Inclusive π± spectra in p+C at 31 GeV/c
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Inclusive π± spectra in p+C at 31 GeV/c
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Inclusive π± spectra in p+C at 31 GeV/c
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Measurements of p+p

mT spectra at mid-rapidity
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Multiplicity fluctuations in p + p interactions (prel.)
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Summary & Outlook
preliminary NA61 results on low energy interactions in air
showers (π+C):

I too few charged secondaries at large pT in models

I reasonable agreement of Glauber with measured σπ+C
prod

Stay tuned:
further refinements of π+C analysis:

I fully identified spectra of π±, K±, p, p̄

I ρ0 mesons

I strange baryons

other NA61 data sets of interest for CR physics:

I p+p at 13, 20, 31, 40, 80 and 158 GeV

I p+C at 31 and 120 GeV

I K−+C at 158 GeV/c (test run)
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Summary & Outlook
scan of energy and system size:
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