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Abstract. The Large Hadron Collider is intensively used to test hadronic interaction models used in cosmic-
ray physics because its maximum (designed) collision energy

√
s = 14 TeV corresponds to the interaction of

a 1017 eV cosmic-ray proton hitting the atmosphere. In this paper various types of forward experiments at the
LHC, where the particles relevant to the air shower development are observed, are reviewed. Recent results of
a dedicated experiment for precise forward measurement, the LHC forward, are discussed in detail. A future
possibility at the LHC, light ion collisions, is also discussed.

1. Introduction

Interpretations of atmospheric air shower observations
rely on Monte Carlo simulations, where we must assume
a hadronic interaction model (see [1] for a review).
However, because of the lack of knowledge both in
theory and experiment of the high-energy hadronic
interaction, there is an uncertainty in the modeling affects
in the interpretations. The scope of this paper is to
review the relation between the properties of hadronic
interactions and air shower development, then focus on
the measurements of forward particle production. Recent
collider results, especially forward measurements at the
LHC, are reviewed. The results of LHCf are discussed in
detail.

2. Air shower and accelerator
experiments

2.1. Air shower development and
hadronic interactions

The properties of hadronic interactions can be categorized
in a few steps from the cosmic-ray point of view.

a e-mail: sako@isee.nagoya-u.ac.jp

1. The total inelastic cross section, σine, determines the
mean free path of the interaction, and is directly related
to the maximum depth of air shower, < Xmax >.

2. After an inelastic interaction multi-particle production
takes place, where the inelasticity determines the
fractional energy carried by mesons, or elasticity, the
fractional energy carried by the leading baryon.

3. Energy sharing between the mesons, energy spectra, or
differential cross sections, are also important.

4. Nuclear effects to incorporate the atmosphere as the
target and nuclear projectile.

5. Meson-air interactions are also important, but are not
considered in this paper.

The effects of some properties, which can be parameter-
ized, to the atmospheric air showers were studied in [2].

2.2. Forward particle measurements at colliders

Figure 1 shows the number and energy densities of
the secondary particles in

√
s=14 TeV p-p inelastic

interactions as functions of the pseudorapidity η. It is
found that most of the particles are produced in the
central rapidity, |η| ∼0, but most of the energy flows in
the forward, large |η|, directions. To understand the air
shower development measurements of the energy flow,
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Figure 1. Number (left) and energy (right) densities of the secondary particles as functions of pseudorapidity η in
√

s=14 TeV p-p
collisions. Pseudorapidity coverages of some LHC experiments are shown by horizontal bands.

Figure 2. Schematic configuration of the forward detectors in the collider environment.

meaning the particle production in the forward direction,
is essential. However, because forward directions are
not covered by the main part of the general purpose
detectors like ATLAS and CMS, dedicated experiments
and detectors are required.

Forward experiments are classified in three cases
according to their configurations as shown in Fig. 2.

1. As a part of the central detector but installed far from
the interaction point and as close to the beam pipe
as possible to detect inelastically scattered forward
particles. CMS CASTOR [3] and TOTEM T1/T2 [4]
at the LHC, for example, are categorized in this
class.

2. Tracking detectors inserted into the vacuum beam
pipes to measure the particles elastically scattered in
very small angles. The insertion technique is called
the Roman Pot, and TOTEM RP, ATLAS ALFA [5]
at the LHC and pp2pp [6] at the RHIC are in this
category. UA7 [7] at Spp̄S also used roman pots,
but this experiment inserted calorimeters to measure
inelastically produced photons.

3. Calorimeters installed between the beam pipes
connected to the storage rings can measure neutral
particles inelastically produced around zero degree.
The detectors, called Zero Degree Calorimeters,
were designed to measure the number of spectator
neutrons in heavy ion collisions that are sensitive to
the impact parameter of each collision. Similar types
of ZDCs are installed in the ALICE [8], ATLAS [5]
and CMS [3] experiments at the LHC, and PHENIX
and STAR at the RHIC [9]. LHCf [10] and its

extension RHICf [11] are a kind of ZDCs, but very
different structure. LHCf was designed to precisely
measure individual photons to identify π0, but with
a smaller aperture. Installation slots of ZDC are
available only in particle-particle colliders, but not
in the particle-antiparticle collider like the Tevatron.

3. Forward measurements at LHC
3.1. Roman pot experiments

One of the most important measurements at LHC for
cosmic-ray physics is the determination of σine. The
central detectors measure σine by counting the number of
interactions with as wide a coverage as possible, namely
minimum bias events, but they still need a model-based
extrapolation to estimate the number of interactions in
which the produced particles escape from the detector
acceptance [12–15]. The missing events are produced in
the diffractive process and its theoretical prediction is
difficult.

Instead of counting most of the inelastic interactions
at the central rapidity, the roman pot experiments measure
the elastic interactions at a very small scattering angle.
By measuring the differential cross section dσ/dt at small
t , where t is the momentum transfer of protons, the
roman pot experiments can determine the total elastic
cross section σela =

∫
(dσ/dt)dt . Extrapolation of the

differential cross section gives the value dσ
dt

∣
∣
t=0, and this

is connected with the total cross section σtot through the
optical theorem. Finally the total inelastic cross section is
determined as σine = σtot − σela .
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Figure 3. Invariant cross sections of π 0 production in the pz-pT phase space in 7 TeV p-p collisions. Invariant cross section
(1/σine)Ed3σ/dp3 GeV−2 is shown in the color scale. LHCf result, predictions of EPOS-LHC, QGSJET II-04 and Sibyll 2.1 models are
shown in the left-top, right-top, left-bottom and right-bottom panels, respectively.

Because σine had two different values in the Tevatron
measurements [16–18], model predictions in the very high-
energy region diverged significantly depending on the
reference value used from the Tevatron results [19]. The
improvement at the LHC measurements is not only that
they are at the highest energy points, but also the results are
consistent between experiments with small experimental
uncertainties. Thanks to the convergence at the highest
energy data, the post-LHC models like EPOS-LHC and
QGSJET II-04 predict very similar σine beyond the LHC
energy, and the difference in the < Xmax > prediction is
significantly reduced [19].

3.2. The LHCf experiment

The Large Hadron Collider forward (LHCf) experiment
has two detectors called Arm1 and Arm2 at either
side of IP1, 140 m away from the interaction point.
Each detector is composed of two position sensitive
electromagnetic calorimeters. Because dipole magnets are
located between the LHCf detectors and the interaction
point (Fig. 2), charged particles are swept away and only
neutral particles, predominantly photons and neutrons,
arrive at the detectors. The angular acceptance of the
detectors is η >8.4. According to Fig. 1, it is found that
the LHCf covers a large fraction of energy flow. The
energy and position resolutions of the detectors are <5%
and <200 µm, respectively, for photons with energy above
100 GeV and ∼40% and <1 mm, respectively, for hadrons
with energy above 500 GeV. By identifying the energies
and positions of two photons, and assuming they decay at
the interaction point, LHCf can identify π0 with energies
greater than 600 GeV.

LHCf so far obtained collision data for
√

s=0.9, 2.76,
7 and 13 TeV p-p collisions,

√
sN N =5.02 and 8.16 TeV

p-Pb collisions1. The forward photon spectra at 0.9 and
7 TeV [20,21], forward neutron spectra at 7 TeV [22],
forward π0 spectra at 7 TeV [23] were already published.
Forward π0 spectra in the 5.02 TeV p-Pb collisions were
compared with the π0 spectra interpolated from the 2.76
and 7 TeV p-p collision data. Nuclear effects in terms of

1 8.16 TeV data was obtained in Nov. 2016 after the ISVHECRI
conference.

the nuclear modification factor were consistent with model
predictions [24].

π 0 cross section at 7 TeV
Cross sections of π0 production in the LHC Run1 data
are summarized in [25]. A data-model comparison of π0

production cross section in pz-pT phase space in the 7 TeV
p-p collisions is shown in Fig. 3. The LHCf result in
the left-top panel is compared with the predictions by
EPOS-LHC (right-top), QGSJET II-04 (left-bottom) and
Sibyll 2.1 (right-bottom) models. The ratio of the model
predictions to the experimental result are shown in Fig. 4.
A very flat ratio found in the QGSJET II-04 (left-bottom)
means the spectral shape has very good agreement with the
data, but the light blue to blue color means the cross section
is underestimated over the whole kinematic region. EPOS-
LHC (right-top) shows good agreement below 2.5 TeV,
above which energy the cross section is overestimated.
Because the cross section at the high energy end is very
small, the effect of this discrepancy to the air shower
development will be small. Sibyll 2.1 shows a trend similar
to EPOS-LHC. However, the overestimate is found in high
pT rather than high energy. As shown in Fig. 3, Sibyll 2.1
holds larger cross section at high pT than the other models.
Though the LHCf data constrains only at high energy, the
flat pT dependence of Sibyll is likely excluded by the LHCf
data. The LHCf 13 TeV data can extend the pT coverage
and can enforce this conclusion.

Feynman scaling
Cross sections of π0 at 2.76 TeV and 7 TeV were compared
in the same xF and pT region as shown in Fig. 5 [25].
Here the Feynman x, xF , is defined as 2pz/

√
s. The

comparison shows a good agreement of the differential
cross sections at the 20% level, indicating the existence
of Feynman scaling [26]. On the other hand, when we
compare the forward neutron cross sections between
ISR at 30–60 GeV [27,28], PHENIX at 200 GeV [29]
and LHCf at 7 TeV [22], the ISR and PHENIX results
show a good scaling, but the LHCf result indicates a
break of the scaling [30]. To test the Feynman scaling
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Figure 4. π 0 production cross sections by three models relative to the LHCf result. Ratio is shown in the color scale.
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Figure 5. Cross sections of π 0 production measured at 2.76 TeV
and 7 TeV. Horizontal axis, xF , is normalized energy to the beam
energy (see text). Data are compared in the same pT ranges, a)
0.0<pT <0.2 GeV, b) 0.2<pT <0.4 GeV.

or its breaking, experiments at wider
√

s coverage are
important. Analysis of the LHCf 13 TeV data and the
RHICf experiment at

√
s=510 GeV [11] will extend such

comparisons. Studies of
√

s dependence are important
to interpolate and extrapolate the accelerator data to the
energy ranges of the knee and the GZK, respectively.

Prospect for ATLAS-LHCf joint analysis
The origin of forward particle production is roughly
classified in two cases; diffraction and non-diffraction.
Contribution from two different origins in the LHCf
photon observations are studied by using different
interaction models as shown in Fig. 6 [31]. It is interesting
that the two processes contribute to the LHCf result almost
equally and the detail is model dependent. Because the
fundamental physics is very different between the two
processes, experimental classification of the LHCf data
provides a new clue to improve the models. In [31],
a simple method to classify the LHCf data using the
information of the ATLAS tracker is proposed. ATLAS and
LHCf have successfully taken common data in the 13 TeV
operation, and new analysis of forward-central correlation
is in discussion.

3.3. Other forward measurements

The CMS and TOTEM experiments report the particle
number density and energy density in a wide pseudorapi-

Figure 6. Cross sections of forward photon production in 13 TeV
collisions predicted by EPOS-LHC (left-top), QGSJET II-04
(right-top), Sibyll 2.3 (left-bottom) and PYTHIA 8212DL (right-
bottom). Black histograms are inclusive cross sections while
blue and red show the contributions from diffractive and non-
diffractive processes, respectively.

tity range. The number density in the interval 0< η <7
at

√
s=8 TeV shows generally good agreement with the

model predictions [32]. Energy density distributions at√
s=7 TeV and 13 TeV are reported in [33] and [34],

respectively. Although the predictions by the cosmic-ray
models show good agreements with the 7 TeV data, a
systematic difference is found in the 13 TeV results.

The ATLAS experiment reports a comparison between
the 13 TeV data and model predictions for the number
of hits in the minimum bias trigger scintillators
(MBTSs) [15]. The MBTSs cover the beam pipe in
the forward direction with an azimuthal segmentation.
Differently from the other minimum bias data, the
predictions by EPOS-LHC and QGSJET II-04 have a
significant discrepancy from the data. Because the number
of hits is related to the correlation in the multi-particle
production, this data will give a new view point to test the
hadronic interaction models.
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Figure 7. Left: forward π 0 production rates in the
√

sN N = 7 TeV p-p collisions (open triangles) and O-O collisions (filled circles) at
η > 8.78. Right: ratio of the production rates in the O-O collisions divided by the rates in the p-p collisions. Black, red, green and blue
markers show the results of QGSJET II-04, Sibyll 2.1, EPOS 1.99 and EPOS-LHC interaction models, respectively.

4. Possibility of Oxygen collisions
at LHC
The ultimate goal to use the LHC for cosmic-ray physics
is to collide light ions with various kinds of ions, ranging
from protons to Iron. A possibility of light ion operation at
the CERN accelerator complex was studied and presented
in [35]. They concluded the acceleration and collisions
of the Oxygen beam is technically feasible when low
luminosity collisions are accepted. A study of the existing
model uncertainty in the p-O collisions was given in [19].
Although the post-LHC models, EPOS-LHC and QGSJET
II-04, have good agreement for the p-p collisions in
d N/dη, they have clear differences in predictions of p-O
collisions.

Light ions represent not only the atmospheric target,
but also cosmic-ray primary particles. A study of the O-O
collisions was also made by the LHCf group. Figure 7 (left)
shows the model predictions of the forward π0 production
rates in

√
sN N =7 TeV p-p collisions and O-O collisions at

η > 8.78 The p-p collisions are calculated to extract the
model dependence of nuclear effects by dividing the O-O
results with the p-p results. The ratios are shown in the
right panel of Fig. 7. It is found that the EPOS-LHC and
QGSJET II-04 show a factor 1.5–2 difference in the ratio,
or in the nuclear effect.

5. Summary
The LHC experiments are extensively studying minimum
bias events with various types of forward detectors.
Some interaction models have been improved using the
LHC Run1 data and they improved the interpretation of
the cosmic-ray data. New data from 13 TeV collisions
become available from the LHC. Not only the multiplicity
distribution, but also various new comparisons with data to
enable further improve the models. Comparisons of data
in a wide

√
s range are also important to access energies

beyond the LHC. Discussions for future light ion collisions
must be continued.
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