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Interpretations of the mass composition of ultra-high energy cosmic rays are unclear owing to
uncertainties in the hadronic interaction models. Therefore, validations of hadronic interaction
models via experiments are required. Recently, the LHCf experiment demonstrated differences in
very forward neutron productions between data and predictions using hadronic interaction models
for pseudo-rapidity n > 10.76. Contributions of the one-pion exchange process, diffractive
collisions, and non-diffractive collisions are possible sources of these differences. These three
contributions exhibit different effects on the mass-sensitive observables of ultra-high energy
cosmic-ray experiments; hence, it is crucial to measure these contributions separately. In this
study, we present a method for separating the contribution of the one-pion exchange process
from contributions of diffractive and non-diffractive collisions in ATLAS and LHCf detectors,

considering detector resolutions in LHC-Run2 and Run3.
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1. Introduction

The mass composition of ultra-high energy cosmic rays is a piece of key information required
to understand their origin. Mass-sensitive observables, such as depth of the maximum of shower
developments {Xpax), depth of the maximum of muon productions (X%, ), and number of muons
on the ground N, are measured in ultra-high energy cosmic-ray experiments, and mass composi-
tion is interpreted by comparing experimental results with simulations. However, there are large
uncertainties in interpretations owing to the hadronic interaction models adopted in simulations, and
these uncertainties are larger than those owing to systematic uncertainty in experiments. Therefore,
for reliable interpretations, it is necessary to validate and improve hadronic interaction models using
accelerator experiments.

The LHCT experiment [1] is an experiment that measures very forward neutral particles us-
ing the Large Hadron Collider for the validation of hadronic interaction models. Recently, they
published production cross-sections of very forward neutrons [2], and reported large differences
between data and predictions by hadronic interaction models for pseudo-rapidity > 10.76. Con-
tributions of diffractive collisions and the one-pion exchange process are possible sources of these
differences. The cross-section of diffractive collisions exhibit large effects on both (Xy.x) and
(XE ) predictions [3]. However, measurements of the one-pion exchange process involve con-
necting pion-proton collisions, and the understanding of pion-proton collisions is more important
for predictions of (X% ) than for (X ) [4]. The other contribution, non-diffractive collisions, is
also a possible source of these differences. Because these possible sources exhibit different effects
on the predictions of mass-sensitive observables, it is important to understand what creates these
differences by experiments.

A method for measuring the contributions of the one-pion exchange process, assuming the
experimental setup by the CMS experiment, is discussed in Ref. [5]. Moreover, the contributions of
the one-pion exchange process and total pion-proton cross-section are obtained from experimental
data via the LHCf experiment [8] in Ref.[6, 7]. In these studies, they rely on one hadronic
interaction model or theoretical calculations to estimate contributions from diffractive and non-
diffractive collisions, as well as reduce or subtract these contributions. In the method presented in
Ref. [5], the researchers only consider PYTHIA 6 for the estimations. In Ref. [6, 7], the researchers
carried out estimations via theoretical calculations. However, as discussed in [9], there are very
large uncertainties in these contributions, and these uncertainties are not considered in these studies;
PYTHIA 8[10, 11] with DL tune[12] and EPOS-LHC [13] exhibit large diffractive contributions and
small non-diffractive contributions on very forward neutron spectrum, while QGSJET II-04 [14] and
SIBYLL 2.3 [15, 16] exhibit large non-diffractive contributions and small diffractive contributions.
To understand the source of differences between results by the LHCf experiment and predictions,
despite large uncertainties in predictions of diffractive and non-diffractive contributions, we need
to separate the contributions of diffractive collisions, non-diffractive collisions, and the one-pion
exchange process in the experiments. In this study, we develop a method for separating contributions
of the one-pion exchange process from the other contributions using LHCf and ATLAS [17]
detectors. The simulation setup and basic characteristics of one-pion exchange process are given in
Section 2. ATLAS and LHCf detectors are introduced in Section 3. Then, the method is discussed
in Section 4. We conclude the study in Section 5.
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Figure 1: Feynman diagram of the one-pion exchange process.

2. Simulation setup and characteristics of one-pion exchange process

In this study, we adopt MonChER v1.0 [18] as the event generator of the one-pion exchange
processes. To consider diffractive and non-diffractive collisions, EPOS-LHC, QGSJET II-04, and
SIBYLL 2.3 in the interface CRMC v1.6 [19] are utilized. PYTHIA 8.212 with DL tune simulated
by its interface is also adopted for background estimations. For the one-pion exchange, 500 000
events are produced, while 100 000 000 events are produced for hadronic interaction models with
Vs = 13 TeV. The total inelastic cross-sections are 1.22 mb and 0.088 mb for the one-pion and
p and a, reggeon-exchange processes, respectively. In this study, we consider both the one-pion
and p and a, reggeon-exchange processes predicted by MonChER as signals. In addition, the
diffractive and non-diffractive collisions predicted by hadronic interaction models are considered
as backgrounds. In the results hereafter, we normalize the number of events by the total number of
inelastic collisions. For the one-pion exchange simulated by MonChER, we normalize the number
of events by oMOnChER /(rinel s . 1) where oMO"CPER = 1 22 4+ 0.088 mb and "¢/ = 79.5 mb
from the measurements by the TOTEM experiment[20]. N.,; represents the number of produced
events by MonChER, which is 500 000.

The one-pion exchange process is the collision involving the exchange of a virtually charged
pion. Figure. 1 presents the Feynman diagram of the one-pion exchange process. Particles are
produced in the collision between a virtual pion and a proton, while a high energy neutron is
produced in the very forward region. Transverse four-momentum loss of forward neutron, #,, is
defined as:
py +&my,

1-& 7

where pr and m, represent neutron transverse momentum and is proton mass, respectively. In

ey

2 2
Ih = (pproton — Pneutron)” = (Pr+)” = —

addition, £ depicts the neutron’s relative energy loss defined as ¢ = (E, — E,,)/E,,, where E,, and
E,, represent the energies of proton and neutron, respectively. Forward neutrons produced in this
process are characterized by the high energy and low ¢,, as illustrated in Figure. 2 and 3. The
predictions obtained by the hadronic interaction models are also presented.

3. ATLAS and LHCT detectors

In this study, we consider two detectors: the LHCf-Arm2 detector and the ATLAS inner
tracker. The LHCf detector is located 140 m away from the ATLAS interaction points. The
LHCf-Arm2 detector comprises two sampling calorimeters with 1.4 interaction lengths made of
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Figure 2: (left) True energy spectrum of neutrons in 7 > 10.76 for the one-pion-exchange process (black),
EPOS-LHC (magenta), QGSJET II-04 (blue), SIBYLL 2.3 (green), and PYTHIA 8.212 DL (orange). (right)
True energy spectrum with one-pion exchange added to the predictions by four hadronic interaction models,
considering one-pion exchange as signal and hadronic interaction models as backgrounds.
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Figure 3: Neutron t distributions of neutrons with E,, > 3500 GeV in > 8.4, corresponding to the
pseudo-rapidity region covered by the LHCf detectors, for one-pion exchange (black), EPOS-LHC (magenta),
QGSJET II-04 (blue), SIBYLL 2.3 (green), and PYTHIA 8.212 DL (orange). For hadronic interaction models,
dotted lines depict the predictions for non-diffractive collisions, and dashed lines represent predictions for
diffractive collisions.

tungsten plates and silicon strip sensors. The resolution of the LHCf detector for neutrons is 28-
38 % and 0.1-0.3 mm for energy and positions, respectively. The ATLAS inner tracker, which is
an ATLAS detector, covers pseudo-rapidity from -2.5 to 2.5, and measuring charged particles with
pr > 100 MeV. Recently, ATLAS and LHCf collaborations demonstrate the results of the joint
analysis of these detectors[21].

4. Method for measuring one-pion exchange contributions on very forward neutron

In the method for measuring the one-pion exchange contributions proposed in [5], the contribu-
tions of the diffractive collisions were minimized via the activity in the HF detector of the CMS exper-
iment, and contributions of non-diffractive collisions were inhibited by requiring |£,,| < 0.2 GeV?2.
To begin with, we consider a simple extension of the method for ATLAS and LHCf detectors
without considering resolutions of the detector, and assess the effects of uncertainties owing to
hadronic interaction models. As a simple extension, we require a neutron with E,, > 3500 GeV in
n > 10.76, and N., > 10, where N.j, is the number of charged particles with pr > 100 MeV in
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Figure 4: (left) True energy spectrum of neutrons for N, > 10 in > 10.76 for one-pion exchange (black),
EPOS-LHC (magenta), QGSJET II-04 (blue), SIBYLL 2.3 (green), and PYTHIA 8.212 DL (orange). (right)
Hit distribution neutrons with distance from beam center in the LHCf plane for N, > 10 and E > 3500 GeV.
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Figure 5: Neutron t distributions for N., > 10 in n > 10.76 for one-pion exchange (black), EPOS-LHC
(magenta), QGSJET II-04 (blue), SIBYLL 2.3 (green), and PYTHIA 8.212 DL (orange).

the pseudo-rapidity region || < 2.5, which is covered by the ATLAS inner tracker. As discussed
in [9], most of events from diffractive collisions are N.;, < 5; therefore, most of these diffractive
contributions are rejected by selecting N, > 10. By requiring a neutron with E,, > 3500 GeV
hit in > 10.76, neutrons with |t,| > 0.4 GeV? are rejected. Fig. 4 illustrates the neutron energy
spectra and hit distribution with a distance from the projected beam center on the LHCf detector
surface, r, which are simulated by MonChER (primarily one-pion exchange process, signals) and
hadronic interaction models (backgrounds). Note that > 10.76 corresponds to the region within
r < 6 mm on the LHCf detector surface. There are clear differences in the shape of distributions
for both the energy spectra and neutron hit distributions between signals and backgrounds, while
very large backgrounds are estimated by QGSJET II-04 and SIBYLL 2.3. Fig. 5 presents the |z,,]
distributions after this event selection. The method in Ref. [5] and its simple extension successfully
reduces backgrounds for PYTHIA 8.212 DL and EPOS-LHC cases because they predict small
non-diffractive backgrounds for the low |¢,,| region. However, large non-diffractive backgrounds
are estimated by QGSJET I1-04 and SIBYLL 2.3, which cannot be reduced by this criteria. For the
separation of signals from non-diffractive backgrounds, despite large uncertainties in background
estimations, we need additional criteria.

To separate the contributions of the one-pion exchange process and non-diffractive backgrounds,
the additional criteria, N, > 60, is introduced. With large central activities such as N, > 60, the
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Figure 6: (left) True energy spectrum of neutrons for N, > 60 in n > 10.76 for the one-pion exchange
(black), EPOS-LHC (magenta), QGSJET II-04 (blue), SIBYLL 2.3 (green), and PYTHIA 8.212 DL (orange).
(right) Neutron hit distributions with distance from beam center in the LHCS plane for N, > 60inn > 10.76.

number of multi-parton interactions is large, and this reduces the forward neutron energy for non-
diffractive backgrounds. However, for the one-pion exchange processes, the number of multi-parton
interactions between a virtual pion and a proton is large; however, this has a negligible effect on the
forward neutron energy. Figure. 6 presents the energy spectrum for this case. If we consider spectra
with one-pion-exchange signals and non-diffractive backgrounds, we can determine the two-peak
structure with a signal peak and a background peak, and can separate the contributions into the
signal sample and the non-diffractive background sample, except for the case with SIBYLL 2.3.
Once we can separate them into two samples using the two-peak structure, we can constrain and tune
predictions of non-diffractive collisions in hadronic interaction models using a background sample,
as well as measure the cross-section and multiplicity distributions (N, distributions) for N, > 10,
where diffractive contributions are negligible, by subtracting non-diffractive contributions. If
the contributions of non-diffractive backgrounds or one-pion exchange signals are significantly
larger than the other contribution, we can obtain a one-peak structure in the energy spectrum as
SIBYLL 2.3. In that case, we cannot separate the contributions. However, we can discuss the upper
limit of the contribution of the one-pion exchange process because there are significant differences
in the neutron energy spectrum and the neutron hit distribution between signals and non-diffractive
backgrounds, as presented in Fig. 6.

In previous discussions, the resolutions of detectors were not considered. The resolution of
the LHCS detector for neutrons is 38% at high energy. In LHC-RUN 3, the joint operation between
LHCf and ATLAS ZDC is planned, and in this case, the energy resolution for neutrons is expected
to be 20 % [22]. To consider these resolutions, energy and positions are smeared using Gaussian
distributions. For each neutron, x and y positions at the LHCf-Arm?2 detector surface are calculated,
and Gaussian smearing, with a 0.3-mm standard deviation, is applied for both x and y positions.
The energy of neutrons is smeared with the Gaussian distributions with 40% and 20 % standard
deviations. Left and right plots of Figure. 7 present energy spectra with 40% and 20% Gaussian
smearing for neutron energy with position smearing, respectively. With 40%, it is difficult to
determine a two-peak structure in the energy spectrum even if there are clear differences in true
level. However, with 20% Gaussian smearing, there is a possibility of determining a two-peak
structure. This result indicates the possibility of separating contributions of the one-pion exchange
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Figure 7: (left) Energy spectrum of neutrons after 40% gaussian smearing with the prediction for one-pion
exchange process added to the predictions by four hadronic interaction models, considering the one-pion
exchange as signals and hadronic interaction models as backgrounds for EPOS-LHC (magenta), QGSJET II-
04 (blue), SIBYLL 2.3 (green), and PYTHIA 8.212 DL (orange). The prediction for the one-pion exchange
process is also depicted by the black line. Events with N., > 60 and neutrons with £ > 3500 GeV in
n > 10.76 are selected. (right) Energy spectrum of neutrons after 20% gaussian smearing.

signals and non-diffractive backgrounds in the event-by-event bias in LHC-RUN3.

5. Conclusion

In this study, we developed a method for separating the one-pion exchange contribution on
very forward neutron productions from other contributions using ATLAS and LHCf detectors. The
simple extension of the method discussed in Ref. [5] did not work optimally owing to uncertainties
in the predictions of non-diffractive collisions; the significant contributions of non-diffractive
collisions were predicted by some of the hadronic interaction models, which were not considered
in Ref. [5]. By selecting events using N.;, > 60, we were able to determine a two-peak structure
with signal and background peaks in the neutron energy spectrum, except for the case with very
large non-diffractive contributions, better than the one-pion exchange contribution. With the two-
peak structure, we could clearly separate contributions of the one-pion exchange process and
non-diffractive backgrounds into two samples. This facilitates the selection of the best model for
background (non-diffractive contributions) predictions or tuning the prediction using the sample,
which enables us to measure the cross-sections and multiplicity distributions of the one-pion
exchange process for N.j, > 10. For the case without a two-peak structure, we could not separate
the contributions, although we could discuss the upper limit of the contribution of the one-pion
exchange process using the neutron energy spectrum and the neutron hit distribution on the LHCf
surface. Resolutions of detectors were also considered. The energy resolution of the current LHC
detector was insufficient in determining the two-peak structure and applying the method presented
in this study. In LHC-RUNS3, the joint operation between LHCf and ATLAS ZDC detectors was
planned, and energy resolutions for the neutrons were expected to be 20%. In this case, it is possible
to apply the method discussed in this study.
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