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Outline

•An introduction to the high energy hadronic interactions 
in cosmic ray physics

•Hadronic interaction models

•High energy hadronic interaction data
- Total cross section
- Nuclear effects
- Inclusive scattering (TeV scale)
- Forward photon in DIS
- Diffractive scattering
- Inclusive scattering (GeV scale)

•Summary
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Energy spectra of high energy cosmic rays
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(’polygonato’ model, Hörandel, APP (2003))

’standard model’ of knee:

! maximum energy:
∝ Z · E

! leakage from galaxy:
∝ Z · E

→ between 1017 and 1019 eV:

transition from galactic to
extragalactic CRs

extragalactic stuff!Extragalactic source

Standard (i.e. widely believed) model

(M. Unger ECRS 2008)

Energy, Composition, & direction
→Source of cosmic ray
→Structure of the universe (goal)
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•It is not possible to directly* measure 
cosmic rays above 1014eV, but possible 
indirectly using the cascade shower of 
daughter particles, Extensive Air-
Shower(EAS).

•Composition and energy of cosmic rays 
affect the generation of EAS.

•Understanding of high-energy cosmic 
ray also owes to the indirect technique: 
comparison between the simulation of 
EAS and observation.

•Largest systematic uncertainty of indirect 
measurement is caused by the hadronic 
interaction of cosmic ray in atmosphere.
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* direct measurement of cosmic ray <1014eV 
   is done by balloon, satellite, and ISS.

γ p Fe

Indirect measurement of cosmic rays
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Indirect measurement of cosmic rays
Longitudinal Shower Profiles with the Pierre Auger
Fluorescence Telescopes
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Generally two methods are used to measure 
cosmic rays:
- by surface detector, high efficiency(~100%)
   but largely suffer from systematic uncertainty
   of hadronic interactions
- by fluorescence detector, low efficiency but 
   strong sensitivity to mass composition and
   less model dependent energy reconstruction
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Indirect measurement of cosmic rays

SLAC Summer Institute (SSI 2011), Jul 25-Aug 5, 2011Fred Sarazin (fsarazin@mines.edu)
Physics Department, Colorado School of Mines

Ultra High Energy Cosmic Rays (UHECRs)
The Pierre Auger Observatory
Recent results
Summary Hadronic composition

• Apparent transition towards heavier composition
• Break in <Xmax> behavior seems to occur around the Ankle energy
• Break in RMS(Xmax) at roughly the same energy

E(eV) E(eV)

P.Facal-Luis for the Pierre Auger Collaboration, ICRC 2011

p

Fe

p

Fe

•Transition towards heavier composition
•Break in <Xmax> seems to occur around the Ankle
•Break in RMS(Xmax) roughly at the same energy

P.Facal-Luis, ICRC 2011

Auger
Auger
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Hadronic interaction models (CR view)Relevant Interactions in Air Showers for Muon Production

Important energies: 10 - 1000GeV

beam particle secondary

pion 72.3% 89.2%
nucleon 20.9%
kaon 6.5% 10.5%

SHIN(E)ING Physics - Kielce - 6. December 2008 Ralf Ulrich

•DPMJET 3.04
•QGSJET 01 & II-03
•SIBYLL 2.1
•EPOS 1.99
  ....

•GHEISHA
•FLUKA
•UrQMD
  ....

High-energy

Low/intermediate-energy

Picture by R. Ulrich
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Total cross section

primaries. Thus, for primary cosmic ray nuclei other than
protons, we adopt the same modified SIBYLL interaction
model but with each of the superimposed nucleon-air
interactions being individually changed according to
fðE; f19Þ—of course, at the correspondingly lower energy
of E ¼ E0=A compared to the total energy of the projectile
nucleus E0. See Appendix B for details.

V. RESULTS

In the following, all simulations are performed for pro-
ton and iron primaries of 1019:5 eV. Since the results dis-
cussed here are not very dependent on the particular choice
of the primary energy, the findings are relevant to the
analysis of air showers at least in the energy interval
from 1019 to 1020 eV. For each point in the parameter
space under investigation, 1000 showers are simulated.

In the discussion of our results, we will frequently
compare them to the analytic Heitler model predictions
summarized in Table I, and we will also refer to the
dependence of EAS fluctuations on the longitudinal shower
development as shown in Fig. 5.

A. Longitudinal shower development
and depth of the shower maximum

The results for the mean depth of shower maximum,
hXmaxi, and the fluctuation of Xmax, characterized by
rmsðXmaxÞ, are summarized in Fig. 7. The extrapolation
of the total cross section for particle production has by far
the biggest impact on Xmax. It can shift hXmaxi by almost
100 g=cm2 for protons and 40 g=cm2 for iron in both
directions, and it exhibits a strong correlation with the
fluctuations of Xmax. All the other interaction character-
istics considered here change the fluctuations within only a
few g=cm2, except the elasticity for proton primaries. A
high elasticity leads to a moderate increase in fluctuations,
at the same time shifting the hXmaxi deep into the atmo-
sphere. The secondary multiplicity is almost as effective in
shifting hXmaxi as the cross section. This is a consequence
of the distribution of the same energy onto a growing
number of particles, which is also predicted by the
Heitler model. However, the dependence we find is some-
what different from the simple proportionality to$ lnnmult

for larger deviations from the original model. For proton
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FIG. 7 (color online). Impact of hadronic interaction features on the shower maximum, Xmax, for proton (left) and iron (right)
primaries.

RALF ULRICH, RALPH ENGEL, AND MICHAEL UNGER PHYSICAL REVIEW D 83, 054026 (2011)

054026-8

Effects on CR observation

R. Ulrich et al, Phys. Rev. D 83, 054026 (2011)

p-Air
Ep=1019.5eV

primaries. Thus, for primary cosmic ray nuclei other than
protons, we adopt the same modified SIBYLL interaction
model but with each of the superimposed nucleon-air
interactions being individually changed according to
fðE; f19Þ—of course, at the correspondingly lower energy
of E ¼ E0=A compared to the total energy of the projectile
nucleus E0. See Appendix B for details.

V. RESULTS

In the following, all simulations are performed for pro-
ton and iron primaries of 1019:5 eV. Since the results dis-
cussed here are not very dependent on the particular choice
of the primary energy, the findings are relevant to the
analysis of air showers at least in the energy interval
from 1019 to 1020 eV. For each point in the parameter
space under investigation, 1000 showers are simulated.

In the discussion of our results, we will frequently
compare them to the analytic Heitler model predictions
summarized in Table I, and we will also refer to the
dependence of EAS fluctuations on the longitudinal shower
development as shown in Fig. 5.

A. Longitudinal shower development
and depth of the shower maximum

The results for the mean depth of shower maximum,
hXmaxi, and the fluctuation of Xmax, characterized by
rmsðXmaxÞ, are summarized in Fig. 7. The extrapolation
of the total cross section for particle production has by far
the biggest impact on Xmax. It can shift hXmaxi by almost
100 g=cm2 for protons and 40 g=cm2 for iron in both
directions, and it exhibits a strong correlation with the
fluctuations of Xmax. All the other interaction character-
istics considered here change the fluctuations within only a
few g=cm2, except the elasticity for proton primaries. A
high elasticity leads to a moderate increase in fluctuations,
at the same time shifting the hXmaxi deep into the atmo-
sphere. The secondary multiplicity is almost as effective in
shifting hXmaxi as the cross section. This is a consequence
of the distribution of the same energy onto a growing
number of particles, which is also predicted by the
Heitler model. However, the dependence we find is some-
what different from the simple proportionality to$ lnnmult

for larger deviations from the original model. For proton
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FIG. 7 (color online). Impact of hadronic interaction features on the shower maximum, Xmax, for proton (left) and iron (right)
primaries.
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Dashed : Fe-Air

Dashed : Fe-Air

p-Air
Ep=1019.5eV f19 : correction factor 

running from 1.0 at 1015eV f19=0.2

f19=0.5
f19=1.0

f19=2.0

f19=3.0

•Proton-proton cross section above the 
TeV scale involves a large systematic 
uncertainty.
•Artificially enhanced cross section may 
give resemble phenomena as Fe-Air.

Correction factor(f19) vs. Energy
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related to our limited understanding of hadronic interac-
tions in air showers. It is possible that existing model
differences are

(A) larger than the actual systematic uncertainties. For
example, progress in understanding hadronic parti-
cle production and new data from accelerators
allow us to update interaction models to obtain a
more realistic description of particle production.
Not all models are updated regularly, however,
and the quality of data description differs between
the models (see e.g. [23]).

(B) smaller than the actual systematic uncertainties.
The existing models do not cover the full phase-
space of possible interaction scenarios and parame-
ters. Moreover, new physics processes at higher
energies, which are unknown now and thus missing
in current modeling approaches, could change
extrapolations drastically (see e.g. [24]).

Frequently used models for the high-energy range are
QGSJET II [25,26], EPOS [27], and the somewhat older
QGSJET 01 [28,29] and SIBYLL 2.1 [30]. These models are
available in the air shower simulation package CONEX [31]
that will be used for calculating the shower observables.
Other models for hadronic interactions include NEXUS

[32,33], HDPM [34], DPMJET [35], and VENUS [36]. These
models are older or more limited in the scope of applica-
tion and not considered here.

Despite the different level of sophistication, the predic-
tions by SIBYLL 2.1 and QGSJET 01 are not objectively
worse than those by QGSJET II and EPOS, as many model
aspects are assumptions that cannot be justified by under-
lying fundamental theoretical constraints. Over the years

model predictions and extrapolations have become more
alike even though there is no theory for calculating e.g.
cross sections from first principles [37]. One has to be
careful and should not consider this increasing similarity
of model predictions as real convergence and significant
decrease of the uncertainties. None of the models is able to
consistently describe cosmic ray data (e.g. [7,9,38,39]).
In the energy range up to about 1015 eV, where various
measurements on multiparticle production are available,
good tuning to many different data sets should indeed
lead to a convergence of the model predictions. However,
at energies beyond that of collider experiments, the
extrapolations can only be guided by theoretical and phe-
nomenological assumptions.
In Fig. 1 accelerator data on the total proton-proton cross

section !pp
tot and the elastic slope parameter Bel, defined by

d!el=dt / expð"jtjBelÞ for very small t, are shown to-
gether with different models that extrapolate these data to
ultrahigh energies. Converting these model extrapolations
within the Glauber framework [40,41] to proton-air cross
sections for particle production as needed for air shower
simulation leads to a wide range of predictions at ultrahigh
energy [42]. This range is shown in Fig. 2 as the shaded
area. The extrapolations of aforementioned interaction
models are also shown, and it is obvious that they do not
exhaust the possible range of uncertainties.
In addition it can be seen that a measurement of the total

cross section at LHC energy with an uncertainty smaller
than a few percent has the potential to significantly reduce
the uncertainties of the model extrapolations at cosmic
ray energies. Furthermore, recent activities of model de-
velopment of the EPOS event generator [43,44] clearly
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FIG. 1 (color online). Compilation of accelerator data of !pp
tot and Bel [45]. The central line denotes the conventional extrapolation of

these data to high energy. The upper and lower dotted lines indicate a set of possible extreme extrapolations. The conventional model
(solid line) is the soft pomeron parametrization by Donnachie and Landshoff [46]. In the left plot, the lower curve is
by Pancheri et al. [47] and the upper one is the two-pomeron model of Landshoff [48,49]. The different scenarios in the right plot
are from [42].
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Total cross section

primaries. Thus, for primary cosmic ray nuclei other than
protons, we adopt the same modified SIBYLL interaction
model but with each of the superimposed nucleon-air
interactions being individually changed according to
fðE; f19Þ—of course, at the correspondingly lower energy
of E ¼ E0=A compared to the total energy of the projectile
nucleus E0. See Appendix B for details.

V. RESULTS

In the following, all simulations are performed for pro-
ton and iron primaries of 1019:5 eV. Since the results dis-
cussed here are not very dependent on the particular choice
of the primary energy, the findings are relevant to the
analysis of air showers at least in the energy interval
from 1019 to 1020 eV. For each point in the parameter
space under investigation, 1000 showers are simulated.

In the discussion of our results, we will frequently
compare them to the analytic Heitler model predictions
summarized in Table I, and we will also refer to the
dependence of EAS fluctuations on the longitudinal shower
development as shown in Fig. 5.

A. Longitudinal shower development
and depth of the shower maximum

The results for the mean depth of shower maximum,
hXmaxi, and the fluctuation of Xmax, characterized by
rmsðXmaxÞ, are summarized in Fig. 7. The extrapolation
of the total cross section for particle production has by far
the biggest impact on Xmax. It can shift hXmaxi by almost
100 g=cm2 for protons and 40 g=cm2 for iron in both
directions, and it exhibits a strong correlation with the
fluctuations of Xmax. All the other interaction character-
istics considered here change the fluctuations within only a
few g=cm2, except the elasticity for proton primaries. A
high elasticity leads to a moderate increase in fluctuations,
at the same time shifting the hXmaxi deep into the atmo-
sphere. The secondary multiplicity is almost as effective in
shifting hXmaxi as the cross section. This is a consequence
of the distribution of the same energy onto a growing
number of particles, which is also predicted by the
Heitler model. However, the dependence we find is some-
what different from the simple proportionality to$ lnnmult

for larger deviations from the original model. For proton
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FIG. 7 (color online). Impact of hadronic interaction features on the shower maximum, Xmax, for proton (left) and iron (right)
primaries.
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p-Air
Ep=1019.5eV

primaries. Thus, for primary cosmic ray nuclei other than
protons, we adopt the same modified SIBYLL interaction
model but with each of the superimposed nucleon-air
interactions being individually changed according to
fðE; f19Þ—of course, at the correspondingly lower energy
of E ¼ E0=A compared to the total energy of the projectile
nucleus E0. See Appendix B for details.

V. RESULTS

In the following, all simulations are performed for pro-
ton and iron primaries of 1019:5 eV. Since the results dis-
cussed here are not very dependent on the particular choice
of the primary energy, the findings are relevant to the
analysis of air showers at least in the energy interval
from 1019 to 1020 eV. For each point in the parameter
space under investigation, 1000 showers are simulated.

In the discussion of our results, we will frequently
compare them to the analytic Heitler model predictions
summarized in Table I, and we will also refer to the
dependence of EAS fluctuations on the longitudinal shower
development as shown in Fig. 5.

A. Longitudinal shower development
and depth of the shower maximum

The results for the mean depth of shower maximum,
hXmaxi, and the fluctuation of Xmax, characterized by
rmsðXmaxÞ, are summarized in Fig. 7. The extrapolation
of the total cross section for particle production has by far
the biggest impact on Xmax. It can shift hXmaxi by almost
100 g=cm2 for protons and 40 g=cm2 for iron in both
directions, and it exhibits a strong correlation with the
fluctuations of Xmax. All the other interaction character-
istics considered here change the fluctuations within only a
few g=cm2, except the elasticity for proton primaries. A
high elasticity leads to a moderate increase in fluctuations,
at the same time shifting the hXmaxi deep into the atmo-
sphere. The secondary multiplicity is almost as effective in
shifting hXmaxi as the cross section. This is a consequence
of the distribution of the same energy onto a growing
number of particles, which is also predicted by the
Heitler model. However, the dependence we find is some-
what different from the simple proportionality to$ lnnmult

for larger deviations from the original model. For proton
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FIG. 7 (color online). Impact of hadronic interaction features on the shower maximum, Xmax, for proton (left) and iron (right)
primaries.
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Dashed : Fe-Air

Dashed : Fe-Air

R. Ulrich et al, Phys. Rev. D 83, 054026 (2011)

Pre LHC....

•Artificially enhanced cross section may 
give resemble phenomena as Fe-Air.
•It’s not surprising the enhancement is 
still within the theoretical expectation 
tuned to the pre-LHC data.

p-Air
Ep=1019.5eV

10
19

eV

f19 : correction factor 
running from 1.0 at 1015eV
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Total cross section

primaries. Thus, for primary cosmic ray nuclei other than
protons, we adopt the same modified SIBYLL interaction
model but with each of the superimposed nucleon-air
interactions being individually changed according to
fðE; f19Þ—of course, at the correspondingly lower energy
of E ¼ E0=A compared to the total energy of the projectile
nucleus E0. See Appendix B for details.

V. RESULTS

In the following, all simulations are performed for pro-
ton and iron primaries of 1019:5 eV. Since the results dis-
cussed here are not very dependent on the particular choice
of the primary energy, the findings are relevant to the
analysis of air showers at least in the energy interval
from 1019 to 1020 eV. For each point in the parameter
space under investigation, 1000 showers are simulated.

In the discussion of our results, we will frequently
compare them to the analytic Heitler model predictions
summarized in Table I, and we will also refer to the
dependence of EAS fluctuations on the longitudinal shower
development as shown in Fig. 5.

A. Longitudinal shower development
and depth of the shower maximum

The results for the mean depth of shower maximum,
hXmaxi, and the fluctuation of Xmax, characterized by
rmsðXmaxÞ, are summarized in Fig. 7. The extrapolation
of the total cross section for particle production has by far
the biggest impact on Xmax. It can shift hXmaxi by almost
100 g=cm2 for protons and 40 g=cm2 for iron in both
directions, and it exhibits a strong correlation with the
fluctuations of Xmax. All the other interaction character-
istics considered here change the fluctuations within only a
few g=cm2, except the elasticity for proton primaries. A
high elasticity leads to a moderate increase in fluctuations,
at the same time shifting the hXmaxi deep into the atmo-
sphere. The secondary multiplicity is almost as effective in
shifting hXmaxi as the cross section. This is a consequence
of the distribution of the same energy onto a growing
number of particles, which is also predicted by the
Heitler model. However, the dependence we find is some-
what different from the simple proportionality to$ lnnmult

for larger deviations from the original model. For proton
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FIG. 7 (color online). Impact of hadronic interaction features on the shower maximum, Xmax, for proton (left) and iron (right)
primaries.
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primaries. Thus, for primary cosmic ray nuclei other than
protons, we adopt the same modified SIBYLL interaction
model but with each of the superimposed nucleon-air
interactions being individually changed according to
fðE; f19Þ—of course, at the correspondingly lower energy
of E ¼ E0=A compared to the total energy of the projectile
nucleus E0. See Appendix B for details.

V. RESULTS

In the following, all simulations are performed for pro-
ton and iron primaries of 1019:5 eV. Since the results dis-
cussed here are not very dependent on the particular choice
of the primary energy, the findings are relevant to the
analysis of air showers at least in the energy interval
from 1019 to 1020 eV. For each point in the parameter
space under investigation, 1000 showers are simulated.

In the discussion of our results, we will frequently
compare them to the analytic Heitler model predictions
summarized in Table I, and we will also refer to the
dependence of EAS fluctuations on the longitudinal shower
development as shown in Fig. 5.

A. Longitudinal shower development
and depth of the shower maximum

The results for the mean depth of shower maximum,
hXmaxi, and the fluctuation of Xmax, characterized by
rmsðXmaxÞ, are summarized in Fig. 7. The extrapolation
of the total cross section for particle production has by far
the biggest impact on Xmax. It can shift hXmaxi by almost
100 g=cm2 for protons and 40 g=cm2 for iron in both
directions, and it exhibits a strong correlation with the
fluctuations of Xmax. All the other interaction character-
istics considered here change the fluctuations within only a
few g=cm2, except the elasticity for proton primaries. A
high elasticity leads to a moderate increase in fluctuations,
at the same time shifting the hXmaxi deep into the atmo-
sphere. The secondary multiplicity is almost as effective in
shifting hXmaxi as the cross section. This is a consequence
of the distribution of the same energy onto a growing
number of particles, which is also predicted by the
Heitler model. However, the dependence we find is some-
what different from the simple proportionality to$ lnnmult

for larger deviations from the original model. For proton
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FIG. 7 (color online). Impact of hadronic interaction features on the shower maximum, Xmax, for proton (left) and iron (right)
primaries.
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Nuclear effects

LOI of LHCf for p-Pb run, CERN-LHCC-2011-015 / LHCC-I-021

Glauber theory

demonstrated that there exists a large freedom to change
predictions at ultrahigh energies (see also e.g. [50]).

All this is demonstrating that the current situation is
most likely such that one would underestimate the system-
atic uncertainties of model extrapolations at energies be-
yond the reach of accelerator experiments if one would just
consider the extrapolation of existing event generators.
This is supported by the fact that existing interaction
models are not able to consistently describe cosmic ray
observations. Therefore it is also not surprising that first
LHC data [51–58] indicate some model deficiencies [59].

In the following we will consider different extrapola-
tions of multiparticle production to energies higher than
1015 eV, corresponding to a center of mass system (c.m.s.)
energy of about 2 TeV for proton-proton collisions. Wewill
concentrate on general features of hadronic particle pro-
duction that are most directly linked to air shower
predictions.

III. PREDICTIONS OF THE CASCADE MODEL
FOR AIR SHOWERS

Simple cascade models, often referred to as Heitler
models [60], are providing some insight into how air
shower observables are related to interaction physics on a
microscopic level [22,62,63]. The descriptive strength of
Heitler models—despite their extreme simplicity—is re-
markable. Wewill discuss the ability of such models to link
the physics of interactions to air shower observables, but
we will also point out the limitations of these models.

A. Electromagnetic Heitler model

In the electromagnetic Heitler approximation only one
particle type is considered and substitutes !, eþ and e". It

is assumed that an electromagnetic (e.m.) particle with
energy E interacts after one splitting length "e ¼ ln2X0,
where X0 $ 37 g=cm2 is the e.m. radiation length, produc-
ing two secondaries with energy E=2; see Fig. 3. The
number of particles after each splitting length increases
by a factor of 2, and thus the number of particles at
generation n is

Nn ¼ 2n (1)

and their energy is

En ¼ E0=Nn: (2)

Defining the critical energy Ee:m:
c as the energy below

which energy loss processes dominate over particle pro-
duction ($85 MeV in air), one can make the assumption
that the shower maximum is reached when the energy of
secondary particles reaches Ee:m:

c . Thus, two main shower
observables are given by

Nmax ¼ E0=E
e:m:
c / E0 and Xmax ¼ "enc / "e lnðE0Þ;

(3)

with nc ¼ ðln2Þ"1 lnðE0=E
e:m:
c Þ. Even this very simplistic

model reproduces two important features of air showers:
the number of particles at shower maximum Nmax is pro-
portional to E0, and the depth of shower maximum Xmax

depends logarithmically on the primary energy E0.

B. Hadronic extension of the Heitler model

The Heitler model can be extended to hadronic particles
by considering a cascade of pions interacting in air [22]. It
is assumed that a charged pion (#þ or #") of energy E
interacts after one interaction length "I (' 120 g=cm2

for pions of 10–1000 GeV [64]) and produces rnmult

charged pions and cnmult neutral pions, see Fig. 4. Here
c ¼ 1" r is the pion charge-ratio and is in the Heitler
framework typically defined to be 1=3. Neutral pions decay
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FIG. 2 (color online). Uncertainty of the extrapolation of the
proton-air cross section for particle production due to different
models of the proton-proton cross section as calculated with the
Glauber framework (from [42]).

FIG. 3. Electromagnetic Heitler model.
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054026-3

Atmosphere = Nitrogen & Oxygen (!=proton)

R. Ulrich et al, Phys. Rev. D 83, 054026 (2011)

b

Saturation effects

Used in many hadronic 
interaction models

Non-linear parton density
Multi-pomeron interactions
Color glass condensate
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Figure 3: top graphs: energy spectra of neutrons hitting the Arm2 detector on the
proton-remnant side small tower (left) and big tower (right); the histograms are nor-
malized to the number of p-Pb inelastic collisions. Bottom graphs show the ratio
between DPMJET-III and EPOS energy spectra for the small tower (left) and the big
tower (right).

from LHCf is more than good enough to allow us to use the neutron spectra as a
powerful tool, complementary to photons, for model discrimination.

4.1.3 Invariant cross section

A study of the invariant production cross section for particles at very high rapidity
in p-Pb collisions is of great interest both for CR physics and for QCD studies. As
reported for example by the STAR experiment at RHIC [3], neutral pion production
in deuteron-Gold ion interactions at

p
sNN = 200GeV is significantly reduced with

respect to what is expected if screening e↵ects between nucleons are neglected and
only binary interactions are considered. Apart from the di↵erence on the total energy
of the interaction that it is possible to produce at the LHC, twenty times greater that
RHIC energy in the NNCM frame, the STAR results refer to rapidity and transverse
momentum regions that are completely di↵erent from the regions accessible by the
LHCf. LHCf can measure much more forward-produced particles, probing the region of
interest for very high energy CR physics. In a preliminary study, we have seen that the
invariant production cross section for photons can be very clearly measured by LHCf.
Gamma rays produced in the energy range measured by LHCf (E� > 100GeV) are
almost completely due to neutral pion decays; this measurement should give therefore

Expected signal in LHCf

•See Itakura’s talk.
•p-Pb run in 2012@LHC is 
under discussion.

Low-E High-E
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Inclusive photon spectra (LHCf)
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50% of shower development is 
caused by photons with XF>0.05 
(i.e. high-energy and forward).
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ATLAS
140m

η>8.7(8.4)

Charged particles
- swept away by D1 magnet

Neutral particle
- photon, neutron, π0, etc..

LHCf TDR, CERN-LHCC-2006-004
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8.4 < η <　∞

Multiplicity Energy Flux
Charged
+Neutral

neutral

• LHCf can cover the large fraction of energy flow.
• Soft-QCD dominates forward region.
• Note : LHCf’s π0 and hadron analysis still ongoing (open soon).

Inclusive photon spectra (LHCf)
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Longitudinal distribution by scintillator layers

Lateral distribution by Si-strip detectors

600GeV photon 420GeV photon

Hit position
→ Multi-hit cut
→ π0 reconst.
→ PT

Energy deposit
→ Energy
Shower shape
→ EM/hadron ID

Systematic error
estimation

The LHCf Collaboration, Phys. Lett. B 703 (2011) 128-134
Mγγ ~ opening angle√(E1E2)

Inclusive photon spectra (LHCf)
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By checking the ratio plots more in detail...
•Pt dependence is indicated in DPMJET, PYTHIA, and SIBYLL.
•Is Pt independent found in EPOS above 1.5TeV ?

The LHCf Collaboration, Phys. Lett. B 703 (2011) 128-134

Inclusive photon spectra (LHCf)
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Diffractive scattering

•The leading particle from the cosmic 
ray-air interaction transports a large 
fraction of the total energy.
•It goes the primary particle in the next 
interaction of the air shower.

•The elasticity K = Elead/Eproj also affects
- multiplicity
- speed of shower development.
•Overall good agreement except SIBYLL.

Forward particle spectra vs models for cosmic rays

epÆ e’+X+p

(T.Pierog,R.Engel)

Armen Bunyatyan        HERA, LHC and Cosmic Rays      EDS09                12    

Comparison of HERA data with the MC models used for cosmic ray physics:
- the HERA data discriminate between the models and contribute to the model tuning 
- reasonable agreement between the measurements  and the models (after tuning to 
these data !)

ppÆ p+X

� data at low energy (fixed target experiment)
� extrapolation tested with HERA data

elasticity distributions:

Forward particle spectra vs models for cosmic rays

epÆ e’+X+p

(T.Pierog,R.Engel)

Armen Bunyatyan        HERA, LHC and Cosmic Rays      EDS09                12    

Comparison of HERA data with the MC models used for cosmic ray physics:
- the HERA data discriminate between the models and contribute to the model tuning 
- reasonable agreement between the measurements  and the models (after tuning to 
these data !)

ppÆ p+X

� data at low energy (fixed target experiment)
� extrapolation tested with HERA data

elasticity distributions:

Armen Bunyatyan, 13th EDS, 2009
Analysis by T.Pierog & R.Engel
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Forward photon in DIS
•First measurement of very forward (η>7.9) 
photon production in DIS e+p collision by H1.

•Provided new input to the understanding of 
proton fragmentation.

•Both single-photon (XL<0.7) and all-photon 
(XL<0.9) spectra are obtained.

Page 8 of 11 Eur. Phys. J. C (2011) 71:1771

Fig. 3 Normalised cross
sections of forward photon
production in DIS as a function
of xlead

L in the region η > 7.9,
0.1 < xlead

L < 0.7,
6 < Q2 < 100 GeV2 and
0.05 < y < 0.6. The data are
compared to two predictions of
the DJANGOH Monte Carlo
simulation, using LEPTO and
CDM to simulate higher orders.
Also shown are models of
hadronic interactions, QGSJET,
EPOS and SIBYLL. The lower
row shows the ratios of the
Monte Carlo predictions to the
data. The error bars show the
total experimental uncertainty,
defined as the quadratic sum of
the statistical and systematic
uncertainties

Fig. 4 Normalised cross
sections of forward photon
production in DIS as a function
of plead

T in the region η > 7.9,
0.1 < xlead

L < 0.7,
6 < Q2 < 100 GeV2 and
0.05 < y < 0.6. The data are
compared to two predictions of
the DJANGOH Monte Carlo
simulation, using LEPTO and
CDM to simulate higher orders.
Also shown are models of
hadronic interactions, QGSJET,
EPOS and SIBYLL. The lower
row shows the ratios of the
Monte Carlo predictions to the
data. The error bars show the
total experimental uncertainty,
defined as the quadratic sum of
the statistical and systematic
uncertainties

The H1 Collaboration
Eur. Phys. J. C (2011) 

71:1771

Eur. Phys. J. C (2011) 71:1771 Page 9 of 11

Fig. 5 Normalised cross
sections of forward photon
production in DIS as a function
of xsum

L in the region η > 7.9,
6 < Q2 < 100 GeV2 and
0.05 < y < 0.6. The data are
compared to two predictions of
the DJANGOH Monte Carlo
simulation, using LEPTO and
CDM to simulate higher orders.
Also shown are models of
hadronic interactions, QGSJET,
EPOS and SIBYLL. The lower
row shows the ratios of the
Monte Carlo predictions to the
data. The error bars show the
total experimental uncertainty,
defined as the quadratic sum of
the statistical and systematic
uncertainties

Table 2 Fraction of DIS events with forward photons in the kinematic
region 6 < Q2 < 100 GeV2 and 0.05 < y < 0.6 and the pseudorapidity
of the photon η > 7.9. For each measurement, the statistical, the total
systematic, the uncorrelated systematic uncertainties, and the bin-to-

bin correlated systematic uncertainties due to the FNC absolute energy
scale, the impact position of the FNC and the model dependence of
data correction are given

Correlated sys. uncertainty

Q2 range [GeV2] σ
γ
DIS(Q2)

σDIS(Q2)
δstat. δtotal sys. δuncorrel.sys. δEFNC δXYFNC δmodel

6.0 ÷ 24.8 0.0276 0.0001 0.0020 0.0003 0.0011 0.0017 0.0001

24.8 ÷ 43.6 0.0265 0.0003 0.0020 0.0003 0.0011 0.0016 0.0001

43.6 ÷ 62.4 0.0265 0.0005 0.0020 0.0004 0.0011 0.0016 0.0001

62.4 ÷ 81.2 0.0261 0.0007 0.0020 0.0005 0.0010 0.0016 0.0001

81.2 ÷ 100.0 0.0279 0.0011 0.0021 0.0005 0.0011 0.0017 0.0001

Correlated sys. uncertainty

xBj range
σ

γ
DIS(xBj )

σDIS(xBj ) δstat. δtotal sys. δuncorrel.sys. δE δXY δmodel

1.00 × 10−4 ÷ 2.75 × 10−4 0.0273 0.0003 0.0020 0.0004 0.0011 0.0016 0.0001

2.75 × 10−4 ÷ 7.69 × 10−4 0.0275 0.0002 0.0020 0.0003 0.0011 0.0017 0.0001

7.69 × 10−4 ÷ 2.98 × 10−3 0.0273 0.0002 0.0020 0.0004 0.0011 0.0016 0.0001

2.98 × 10−3 ÷ 5.75 × 10−3 0.0270 0.0003 0.0020 0.0004 0.0011 0.0016 0.0001

5.75 × 10−3 ÷ 1.58 × 10−2 0.0276 0.0007 0.0021 0.0006 0.0011 0.0017 0.0001
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0.05 < y < 0.6. The data are
compared to two predictions of
the DJANGOH Monte Carlo
simulation, using LEPTO and
CDM to simulate higher orders.
Also shown are models of
hadronic interactions, QGSJET,
EPOS and SIBYLL. The lower
row shows the ratios of the
Monte Carlo predictions to the
data. The error bars show the
total experimental uncertainty,
defined as the quadratic sum of
the statistical and systematic
uncertainties
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0.1 < xlead

L < 0.7,
6 < Q2 < 100 GeV2 and
0.05 < y < 0.6. The data are
compared to two predictions of
the DJANGOH Monte Carlo
simulation, using LEPTO and
CDM to simulate higher orders.
Also shown are models of
hadronic interactions, QGSJET,
EPOS and SIBYLL. The lower
row shows the ratios of the
Monte Carlo predictions to the
data. The error bars show the
total experimental uncertainty,
defined as the quadratic sum of
the statistical and systematic
uncertainties
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Hadronic interaction models (CR view)Relevant Interactions in Air Showers for Muon Production

Important energies: 10 - 1000GeV

beam particle secondary

pion 72.3% 89.2%
nucleon 20.9%
kaon 6.5% 10.5%

SHIN(E)ING Physics - Kielce - 6. December 2008 Ralf Ulrich

•DPMJET 3
•QGSJET 01 & II
•SIBYLL 2.1
•EPOS 1.99
  ....

•GHEISHA
•FLUKA
•UrQMD
  ....

High-energy

Low/intermediate-energy

Picture by R. Ulrich
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Auger - Muons (EEAS = 1019 eV)

Energy scale rel. to fluorescence detector
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Esim = Edata × 1.3

(Auger Collaboration, ICRC 2007)

Energy scale ?

Muon deficit in simulations ?

SHIN(E)ING Physics - Kielce - 6. December 2008 Ralf Ulrich

Fe

Proton

•The Pierre Auger surface detector relies on 
the number of muons at ground to 
reconstruct the primary cosmic ray energy.

•Secondary pions, kaons, and baryons are 
distributed from 10GeV to 1TeV.
•Fraction of baryons in air-shower highly 
affects the number of muon at ground.

Nµ /
✓
E0

E⇡
c

◆1+ln(N
had

/N
tot

)/ lnN
tot

Muons in UHE Air Showers

air shower cascade: energy of last interaction before decay to µ

hadron + air → π/K + X
↘
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2
I. C. Maris, ICRC 2009

E0 : Primary energy
Ecπ : Critical energy of π decaying to µ before int.
Nhad : Number of hadrons leading to hadronic shower
Ntot : Total number of particles.

Inclusive pion spectra (NA61)

T. Pierog and K. Werner,
Phys. Rev. Lett. 101 (2008), 163 171101
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Muons in UHE Air Showers

air shower cascade: energy of last interaction before decay to µ

hadron + air → π/K + X
↘
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Figure 2: Left panel: Energy fraction of produced baryons and anti-baryons in π-air collision as a function of pion
momentum. Right panel: Expected number of charged tracks as a function of secondary momentum for the NA61 π−-C
data set at 350 GeV/c.

with pion beams at 158 and 350 GeV/c on a thin carbon tar-40

get (as a proxy for nitrogen) has been recently collected by41

the NA61 experiment at the SPS.42

2 The NA61/SHINE Experiment43

NA61/SHINE (SHINE = SPS Heavy Ion and Neutrino Ex-44

periment) [1] is an experiment at the CERN SPS using the45

upgraded NA49 hadron spectrometer. Among its physics46

goals are precise hadron production measurements for im-47

proving calculations of the neutrino beam flux in the T2K48

neutrino oscillation experiment [2] as well as for more re-49

liable simulations of cosmic-ray air showers. Moreover,50

p+p, p+Pb and nucleus+nucleus collisions will be studied51

extensively to allow for a study of properties of the onset of52

p year Ntrig

[GeV/c] [106]
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 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 43.9

Table 1: Number of thin target triggers collected by NA61
(typically 85% interaction triggers and 15% minimum bias
beam triggers).

de-confinement and search for the critical point of strongly 53

interacting matter (see e.g. [3]). 54

The NA61 detector uses large time-projection-chambers 55

to measure the particle charges and momenta as well as 56

their energy loss for particle type identification. Large 57

scintillator walls provide an estimate of the particle’s 58

squared mass from the time-of-flight through the detec- 59

tor. The momentum resolution, σ(1/p) = σ(p)/p2, is 60

about 10−4 (GeV/c)−1 at full magnetic field and the track- 61

ing efficiency is better than 95%. A set of scintillation and 62

Cherenkov counters as well as beam position detectors up- 63

stream of the spectrometer provide timing reference, iden- 64

tification and position measurements of the incoming beam 65

particles. 66

NA61 started data taking in 2007. After a pilot run with 67

proton on carbon at 31 GeV/c, the data acquisition system 68

has been upgraded during 2008 to increase the event pro- 69

cessing rate by a factor of ≈ 10. In the last two years, 70

NA61 took data at beam energies from 13 to 350 GeV with 71

proton and pion projectiles and proton and carbon targets 72

(cf. Tab. 1). 73

3 Data Analysis 74

In this paper we present results on the inclusive produc- 75

tion of positive and negative pions from p+C interactions 76

at 31 GeV/c recorded during the 2007 pilot run [16]. The 77

pion spectra have been obtained using three independent 78

analysis techniques: Firstly, with the so-called h− method 79

all negative hadrons produced in a collision are assumed 80

to be pions and the small contribution of other species is 81

corrected for using simulations. Due to the large contribu- 82

tion from protons, this method can only be applied to de- 83

termine the π− spectra. Secondly, with the dE/dx method 84

π-mesons are identified explicitly using the energy deposit 85

π-+air

I. C. Maris, ICRC 2009

•Enhancement of (anti-)baryon production 
gives large number of muon.
- less EM component and more hadronic 
   component
  →more charged pion
  →more muon at ground

Nµ /
✓
E0

E⇡
c

◆1+ln(N
had

/N
tot

)/ lnN
tot

E0 : Primary energy
Ecπ : Critical energy of π decaying to µ before int.
Nhad : Number of hadrons leading to hadronic shower
Ntot : Total number of particles.

Inclusive pion spectra (NA61)

•The Pierre Auger surface detector relies on 
the number of muons at ground to 
reconstruct the primary cosmic ray energy.

T. Pierog and K. Werner,
Phys. Rev. Lett. 101 (2008), 163 171101
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NA61/SHINE Experiment at SPS

π−+C interaction at 350 GeV/c

run 9764, event 41007

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

tracking efficiency: > 95%

4

NA61 hadron production data
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p yr Ntrig

π
−C 158 2009 5.5

π
−C 350 2009 4.6
pC 31 2007 0.7
pC 31 2009 5.4
pp 13 2010 0.7
pp 13 2011 2∗
pp 20 2009 2.2
pp 31 2009 3.1
pp 40 2009 5.2
pp 80 2009 4.5
pp 158 2009 3.5
pp 158 2010 44
pp 158 2011 30∗

• beam momentum p in [GeV/c],
• number of triggers Ntrig in [106]
(∼85% interaction triggers and
∼15% minimum bias triggers)

∗expected
7

[x106]

Basically inherited from the NA49 detectors.

Good detector performances:
- Covering large acceptance~PT<2.5GeV/c
- σ(p)/p2~10-4(GeV/c)-1

-Tracking efficiency>95%

Well suited for many physics program:
- Cosmic ray physics
- Neutrino flux prediction (suited to T2K)
- Heavy ions

(M. Unger, ICRC2011)

Inclusive pion spectra (NA61)
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Inclusive π
± spectra in p+C at 31 GeV/c
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Figure 20: (Color online) Beam momentum dependence of
the production cross section for p+C interactions. The
NA61/SHINE result (filled square) is compared with previ-
ous measurements: Bellettini et al. (circle) [34], Carroll et
al. (triangle) [35] and Denisov et al. (open squares) [36].
For the NA61/SHINE point, the error bar indicates statisti-
cal and systematic uncertainties added in quadrature. The
result from Ref. [34] was recalculated by subtracting from the
measured inelastic cross section a quasi-elastic contribution
at 20 GeV/c of 30.4± 1.9 (sys) mb.

from [37], where the di↵erent contributions to systematic
uncertainties (see Sec. VG) are given separately.

The final spectra are plotted in Figs. 23 and 24 for ⇡�

and ⇡

+, respectively, while the corresponding fractional
errors are presented in Figs. 25 and 26. For the purpose
of a comparison of the data with model predictions, the
spectra were normalized to the mean ⇡

± multiplicity in
all production interactions. This avoids uncertainties due
to the di↵erent treatment of quasi-elastic interactions in
models as well as problems due to the absence of predic-
tions for inclusive cross sections.

The ratio of the final spectra of ⇡+ and ⇡

� is presented
as a function of momentum in Fig. 27. The ⇡

+ to ⇡

�

ratio is close to 1 at low momenta and increases with
increasing momentum.

VII. COMPARISON TO MODEL PREDICTIONS

As a first application of the measurement presented in
this paper, it is interesting to compare the ⇡

� and ⇡

+

spectra in p+C interactions at 31 GeV/c to the predic-
tions of event generators of hadronic interactions. Models
that have been frequently used for the interpretation of
cosmic ray data, i.e., Venus4.12 [20], Fluka2008 [31],
Urqmd1.3.1 [32], and Gheisha2002 [38] were selected.
They are part of the Corsika [39] framework for the
simulation of air showers and are typically used to gen-
erate hadron-air interactions at energies below 80 GeV.
In order to assure that all relevant settings of the gen-
erators are identical to the ones used in air shower sim-
ulations, p+C interactions at 31 GeV/c were simulated
within Corsika in the so-called interaction test mode.

The results are presented in Figs. 23 and 24 for the
spectra of ⇡� and ⇡

+ respectively. As already presented
in [40], Gheisha simulations qualitatively fail to describe
the NA61/SHINE measurements at all production angles
and momenta (see also, e.g., [10]). The Urqmd1.3.1

model qualitatively disagrees with the data only at low
momenta (p < 3 GeV/c) and polar angles below about
140 mrad. The Venus4.12 and Fluka2008 models fol-
low the data trend in all measured polar angle intervals.

VIII. SUMMARY

This work presents inelastic and production cross sec-
tions as well as positively and negatively charged pion
spectra in p+C interactions at 31 GeV/c. These data
are essential for precise predictions of the neutrino flux
for the T2K long-baseline neutrino oscillation experi-
ment in Japan. Furthermore, they provide important
input to improve hadron production models needed for
the interpretation of air showers initiated by ultra-high-
energy cosmic particles. The measurements were per-
formed with the large-acceptance NA61/SHINE spec-
trometer at the CERN SPS. A set of data collected
with a 4% �I isotropic graphite target during the pilot
NA61/SHINE run in 2007 was used for the analysis. The
p+C inelastic and production cross sections were found
to be 257.2 ± 1.9 ± 8.9 and 229.3 ± 1.9 ± 9.0 mb, re-
spectively. Negatively and positively charged pion spec-
tra as a function of laboratory momentum in ten inter-
vals of the polar angle were obtained using three di↵er-
ent analysis techniques. The final spectra were compared
with predictions of hadron production models.
The data presented in this paper already provide im-

portant information for calculating the T2K neutrino
flux. Meanwhile, a much larger data set with both the
thin (4% �I) and the T2K replica carbon targets was
recorded in 2009 and 2010 and is presently being ana-
lyzed. This will lead to results of higher precision for pi-
ons and extend the measurements to other hadron species
such as charged kaons, protons, K

0
S

and ⇤. The new
data will allow a further significant reduction of the un-
certainties in the prediction of the neutrino flux in the
T2K experiment.
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•Total syst. error ~ 5%.
•Best agreement with data is 
obtained from FLUKA2008.
•Analyses of other data set/
particles (p, K, Λ etc.) are 
ongoing.

�
prod

= �
inel

� �
QE

Inclusive pion spectra (NA61)
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•Understanding of hadronic interactions, both of 
soft and hard process, is necessary for the 
“correct” interpretation of the cosmic ray 
observations.

•Many rooms are left to be improved in the 
existing hadronic interaction models even at the 
GeV scale, as well as the TeV scale.

•LHC-generation model can tightly reduce the 
systematic uncertainty related to cosmic ray 
interaction.

Summary
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Backup
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Cosmic ray scattering in atmosphere
• Cosmic ray scattering off 
  atmosphere
  → Total/inelastic xsec.
  → Nuclear effects(p⇄Fe)

• Secondary particle flux
  → EM/Hadron production
  → Charged/Neutral ratio
  → Proton fragmentation

• Energy fraction
  → Diffractive scattering

Multiplicity and PT have been discussed 
in Tanguy Pierog’s talk (Dec. 18).
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Introduction
Run at 7TeV is able to detect π0 events since an opening 
angle is enough small to be covered by the acceptance of 
the LHCf calorimeter.
- energy scale calibration is possible by π0 mass 
- photon events are first focused on for simplicity

Other analyses are on going (π0 spectra, hadron events and 
data at 900GeV), would be presented in this winter.

p p

π0

gamma

gamma

n

Gamma-like

Hadron-like
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Experimental data
2010 May 15, 17:45-21:23 (Fill# 1104, except for Lumi-scan data)

No crossing angle, pile up is negligibly small ~ 0.2%

Luminosity : (6.3-6.5)x1028cm-2s-1

DAQ Live Time : 85.7% (Arm1), 67.0% (Arm2)

Integrated luminosity : 0.68 nb-1 (Arm1), 0.53nb-1 (Arm2)

Monte Carlo simulations
DPMJET 3.04, QGSJET II-03, SYBILL 2.1, EPOS 1.99 and PYTHIA8.145 are 
used to simulate the proton-proton collisions at √s=7TeV.

Transportation in beam pipe and detector response are correctly treated 
based on the survey and calibration data.

Number of simulated collisions are 107s for each hadronic interaction 
model.

Data sets
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Single-hit selection
Single-gamma

Double-gamma

• SIngle-hit/Multi-hit separation by the number of showers.
• Transverse shower development is fitted by a superimpose 

of a Lorentzian spectra.
• Incident position(X, Y) of neutral particle is used to 

estimate an amount of shower leakage and to cut events by 
the fiducial volume.

• Deviation of “multi-hit selection” efficiency btw. data and 
MC is assigned to a systematic uncertainty.
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EM and hadronic showers can be discriminated 
by a difference of longitudinal shower 
development in calorimeter.

L90%(in units of r.l.) is introduced to parametrize 
a longitudinal development.

~90% efficiency and >80% purity for gamma-like 
events. Inefficiency and impurity are corrected to 
be compared with theoretical expectations.

Imperfect agreement of MC simulations with data 
is considered as a systematic uncertainty.
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Event selection
Reconstructed energy > 100GeV
- Trigger efficiency for EM shower achieves >99% above 100GeV.

Fiducial volume
- Events hitting in the following regions are selected so that Arm1 and     
  Arm2 have the common rapidity and azimuthal areas.
1. Small tower : η>10.94、Δφ=360.0˚

2. Large tower : 8.99>η>8.81、Δφ=20.0˚

Single-hit sample
- For simple energy reconstruction and 
  better resolution.

Gamma-like sample
- Reconstruction of hadron-like events
  is still under investigation.

Arm1

Arm2
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Systematic uncertainties
Energy scale
- Estimated by MC simulations vs. the SPS beam test and a π0 mass shift.
- Dominant error source above 2TeV (2-10% to energy axis).

Beam center
- May cause a distortion of energy spectra, especially sensitive in large tower.
- +/-5% at small tower and over 10% at large tower.

Particle ID
- Slight disagreement of the L90% distribution between data and MC 
  simulations gives a different PID efficiency, and this could be systematics.
- 5% at E<2TeV and 20% at E>2TeV.

Single-hit/Multi-hit separation
- Difference of separation efficiency between data and MC simulations.
- 1% at E<2TeV and grows up to 20% as energy.
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Correlated syst. uncertainties are removed in the figures.
Deviation btw. Arm1 and Arm2 is recognized in small tower,
while it is within syst. uncertainty.
Consistent each other in large tower.

Photon spectra
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Combined analysis
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DPMJET 3.04  QGSJET II-03  SIBYLL 2.1  EPOS 1.99  PYTHIA 8.145

DPMJET 3.04, PYTHIA 8.145
- Good agreement in small tower at 0.5-1.5TeV, but too ample flux above 2TeV.

SIBYLL 2.1
- Similar behavior at small tower above 0.5TeV, although almost half flux.

QGSJET II-03, EPOS 1.99
- Similar tendency each other in small tower. QGSJET II-03 is softest in large tower.
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Constraints to CR observation
Constraint of the LHCf results to CR observations is estimated by proton-air simulations:
- Proton-proton collisions are generated by DPMJET3
- DPMJET3 outputs are artificially modified to be parallel to the LHCf spectra
  (split a high-energy π0 to two low-energy π0s)
- Modification factor is applied to simulations of the proton-air collision.
- EProton is 2.5x1016eV, equivalent to the energy in lab frame of p-p collision at √s=7TeV
Results in decrease of ~40 g/cm2. 

p-p at √s=7TeV(Elab=2.5x1016eV) p-Air at Elab=2.5x1016eV
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Conclusions

The 1st phase data at √s=7TeV was analyzed in 
which gamma-like events are focused on.

Overall good agreement in spectra btw. two 
independent detectors and analyses.

Combined photon spectra concluded no 
hadronic interaction model perfectly reproduce 
the LHCf measurement.
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599GeV γ 412GeV γ Longitudinal
development

Transverse
development

π0崩壊からのガンマ線

Event example(Arm2)
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SYST. ERROR (SINGLE-HIT SELECTION)
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Crossing vs. non-crossing 
bunches

Direct vs beam-pipe photons

PILEUP/BEAM-PIPE/GAS
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Arm1 detector

20mmx20mm + 40mmx40mm
Consists of scintillation fibers
Located at 6, 10, 30, 42 r.l.

Arm2 detector

25mmx25mm + 32mmx32mm
Consists of silicon strip detector
Located at 6, 12, 30, 42 r.l.

Sampling & imaging calorimeters either side of IP1.
Two compact towers in both detectors.
- Tungsten absorbers: 44r.l., 1.7λ
- 16 plastic scintillator sampling layers
- 4 position sensitive layers

The LHCf detector

Beam center
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Small tower √s=7TeV Large tower √s=7TeV

Spectrum in the forward region at 140m away from 
IP1 (i.e. LHCf site).
No detector simulation is applied.
Neutron/Gamma ratio is also important from the 
cosmic-ray point of view.

All figures assume
107 collisions@√s=7TeV

Expected spectra

Neutron
Gamma
K
Proton
Total

Solid : from p-p coll.
Dahsed : pipe BG
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Description in Sibyll
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differs each model.
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Hadron response
under study

Spectra at √s=900GeV

Focusing on only shape Sibyll seems better agreement, 
while QGSJET2 has similar gamma/hadron ratio with data.
For the moment very conservative systematic uncertainty 
must be taken into account for energy scale +10%-2% both 
for gamma and hadron-like events.
We’ll soon back to √s=900GeV data analysis.

Preliminary

(Area normalization)

Preliminary

Gamma-like(Small+Large tower) Hadron-like(Small+Large tower)

(Area normalization)
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Front Counter
consists of 4 scintillation counters, 2 for X 
and 2 for Y.

has large aperture(80mmx80mm).

can work prior to the stable beam 
declaration.

acts as the luminosity monitor and beam-gas 
BG monitor.

Beam pipe

TAN
Neutral 
particles

FC
LHCf-CAL
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N
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ci
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C

ZD
C

ZD
C
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R
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N

-IC

Gaussian fit

Arm1

Arm2
Coincidence 

Lumi-scan
OP Vistars
LHCf Experiment page

Front counter...
Movable depending 
on the beam status Position fixed
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NA61
Particle Identification

energy deposit in TPC:
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data from 2007 NA61 pilot run (p+C at 31 GeV/c)
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NA61
Particle Identification

1 GeV/c < p < 2 GeV/c

dE/dx [MIP]
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NA61
Analysis of 2007 data (p + C at 31 GeV/c)

three independent analyses:

negative hadrons (model corrected)
dE/dx-only at low momentum
dE/dx and TOF at medium momenta

spectrum corrections

acceptance ≥ 99%
reconstruction efficiency ≥ 96%
pion decay ≤ 10%
feed-down ≤ 10%

production cross section:

σprod = 229.3 ± 1.9 ± 9.0 mb
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NA61
Summary

muons in UHE air showers

last interactions at SPS fixed target energies,
dominated by pions
theoretical uncertainties from baryon production

NA61/SHINE

large acceptance spectrometer with particle ID
measurement of particle production spectra
special ’cosmic runs’: π−+C at 158 and 350 GeV/c
p+C at 31 and 158 GeV/c
p+p scan from 13 to 158 GeV/c
first p+C→ π±+X spectra at 31 GeV/c
FLUKA2008 best overall agreement (≤ 20%)
p+C→ K++X at 31 GeV/c publication in preparation

16
51



Relevant Interactions in Air Showers for Muon Production

Important energies: 10 - 1000GeV

beam particle secondary

pion 72.3% 89.2%
nucleon 20.9%
kaon 6.5% 10.5%
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Comparison of NA49 Data to Models
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