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angles in proton-proton collisions at the LHC, including
zero degrees. The LHCf detectors have the capability for
precise measurements of forward high-energy inclusive-
particle-production cross sections of photons, neutrons,
and possibly other neutral mesons and baryons. Among
the many secondary neutral particles that LHCf can detect,
the !0 mesons are the most sensitive to the details of the
proton-proton interactions. Thus a high priority has been
given to analyzing forward !0 production data in order to
provide key information for an as yet unestablished had-
ronic interaction theory at the TeV energy scale. The
analysis in this paper concentrates on obtaining the inclu-
sive production rate for !0s in the rapidity range larger
than y ¼ 8:9 as a function of the!0 transverse momentum.

In addition to the aim described above, this work is also
motivated by an application to the understanding of
ultrahigh-energy cosmic-ray (UHECR) phenomena, which
are sensitive to the details of soft !0 production at extreme
energy. It is known that the lack of knowledge about
forward particle production in hadronic collisions hinders
the interpretation of observations of UHECR [7,8].
Although UHECR observations have made notable advan-
ces in the last few years [9–15], critical parts of the analysis
depend on Monte Carlo (MC) simulations of air shower
development that are sensitive to the choice of the hadronic
interaction model. It should also be remarked that the
LHC has reached 7 TeV collision energy, which in the
laboratory frame of UHECR observations is equivalent to
2:6" 1016 eV, and this energy is above the ‘‘knee’’ region
of the primary cosmic ray energy spectrum (#4"1015 eV)
[16]. The data provided by LHCf should then provide a
useful benchmark for the MC codes that are used for the
simulation of UHECR atmospheric showers.

This paper is organized as follows. In Sec. II the LHCf
detectors are described. Section III summarizes the con-
ditions for taking data and the MC simulation methodol-
ogy. In Section IV the analysis framework is described.
The factors that contribute to the systematic uncertainty of
the results are explained in Sec. V, and the analysis results
are then presented in Sec. VI. Section VII discusses the
results that have been obtained and compares these with
the predictions of several hadronic interaction models.
Finally, concluding remarks are found in Sec. VIII.

II. THE LHCF DETECTORS

Two independent LHCf detectors, called Arm1 and
Arm2, have been installed in the instrumentation slots of
the target neutral absorbers (TANs) [17] located $140 m
from the ATLAS interaction point (IP1) and at a zero-
degree collision angle. Figure 1 shows schematic views
of the Arm1 (left) and Arm2 (right) detectors. Inside a TAN
the beam-vacuum chamber makes a Y-shaped transition
from a single common beam tube facing IP1 to two sepa-
rate beam tubes joining to the arcs of the LHC. Charged
particles produced at IP1 and directed towards the TAN are

swept aside by the inner beam separation dipole magnet D1
before reaching the TAN. Consequently, only neutral par-
ticles produced at IP1 enter the LHCf detector. At this
location the LHCf detectors cover the pseudorapidity range
from 8.7 to infinity for a zero-degree beam crossing angle.
With a maximum beam crossing angle of 140 "rad, the
pseudorapidity range can be extended to 8.4 to infinity.
Each LHCf detector has two sampling and imaging

calorimeters composed of 44 radiation lengths (X0) of
tungsten and 16 sampling layers of 3 mm thick plastic
scintillators. The transverse sizes of the calorimeters are
20" 20 mm2 and 40" 40 mm2 in Arm1 and 25"25mm2

and 32" 32 mm2 in Arm2. The smaller calorimeters cover
a zero-degree collision angle. Four X-Y layers of position-
sensitive detectors are interleaved with the layers of tung-
sten and scintillator in order to provide the transverse
positions of the showers. Scintillating fiber (SciFi) belts
are used for the Arm1 position sensitive layers and silicon
microstrip sensors are used for Arm2. Readout pitches are
1 mm and 0.16 mm for Arm1 and Arm2, respectively.
More detail on the scientific goals and the construction

and performance of the detectors can be found in previous
reports [18–22].

III. SUMMARY OF THE CONDITIONS
FOR TAKING DATA AND OF THE

METHODOLOGY FOR PERFORMING
MONTE CARLO SIMULATIONS

A. Conditions for taking experimental data

The experimental data used for the analysis of this paper
were obtained on May 15 and 16, 2010, during proton-
proton collisions at

ffiffiffi
s

p ¼ 7 TeV with a zero-degree beam
crossing angle (LHC Fill 1104). Data taking was carried
out in two different runs: the first run was on May 15 from
17:45 to 21:23, and the second run was on May 16 from
00:47 to 14:05. The events that were recorded during a
luminosity optimization scan and a calibration run were
removed from the data set for this analysis.
The range of total luminosity of the three crossing bunch

pairs was L ¼ ð6:3–6:5Þ " 1028 cm'2 s'1 for the first run
and L ¼ ð4:8' 5:9Þ " 1028 cm'2 s'1 for the second run.

FIG. 1 (color online). Schematic views of the Arm1 (left) and
Arm2 (right) detectors. The transverse sizes of the calorimeters
are 20" 20 mm2 and 40" 40 mm2 in Arm1, and 25" 25 mm2

and 32" 32 mm2 in Arm2.
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Figure 1. Schematic (left) and location (right) of RHICf detector.

conducted at LHC. In comparison to the LHCf results, the energy scaling of forward particle
production can be tested, and it will contribute toward improving the predictions of models with
intermediate and even higher collision energies.

As discovered in the middle and forward pseudorapidity regions, large transverse single-spin
asymmetry (�# ) of c0 demonstrated an evident dependency on the transverse momentum ?T and
the Feynman-x GF of c0 [11, 12] with polarized beams of RHIC. The RHICf experiment extends
the measurement to the very forward region covering pseudorapidity of more than 6.05, which
corresponds to a low ?T of < 1 GeV/c and large GF. Moreover, the RHICf has already reported the
discovery of unexpectedly large transverse single-spin asymmetry in forward c

0 production [13].
An operation involving proton-proton collisions with the center-of-mass collision energy ofp

B = 510 GeV was successfully completed in June 2017. In this paper, we present the performance
of the RHICf detector during this operation. Therefore, a performance similar to that of the LHCf
detector is required to achieve these goals: high detection e�ciency with GF > 0.1, adequate
energy resolution for photons (< 5%), and impact position resolution (< 0.2 mm). Furthermore, we
analyzed the obtained data and reported the background level and stability of the energy scale. The
detector, location, and data acquisition system of the experiment are explained in section 2. After
introducing the analysis method in section 3, the operation conditions and detector performances are
discussed in sections 4 and 5, respectively. Lastly, the results are summarized in section 6.

2 Experimental setup

2.1 Detector and location

The RHICf detector comprises two compact sampling and positioning calorimeters, which is actually
the former LHCf-Arm1 detector [14]. Each calorimeter tower has dimensions transverse to the beam
direction of 20 mm⇥ 20 mm or 40 mm⇥ 40 mm, and a longitudinal size of 220 mm composed of
44 radiation lengths of tungsten, as shown in figure 1. In addition, 16 GSO scintillator plates with
1 mm thickness were inserted at every 2 or 4 radiation lengths for recording the longitudinal shower
sampling, and four position-sensitive layers containing an X-Y hodoscope with 1 mm ⇥ 20 or 40 mm
GSO bars [15] were inserted at 6, 10, 30, and 42 radiation lengths for measurements of the lateral
shower development. Hereafter, the small and large calorimeter towers are referred to as TS and TL,
respectively. The light from each scintillator plate and bar was transferred through a light guide
and measured using a photomultiplier tube (PMT, Hamamatsu R7400U) and a multi-anode PMT

– 2 –

Size : 620mmH x 91mmW x 280mmT
Transverse size of calorimeters:

20x20mm and 40x40mm
Calorimeters:

Tungsten ( total length 44 r.l. and 1.7 λi )
16 GSO scintillator layers

Position sensitive layer:
4 GSO bar XY hodoscopes at 6,10,32,42 r,l

Energy resolution : <5% for photons  

LHCf Arm1 DetectorThe LHC forward (LHCf) experiment measures energetic neutral parrticles
such as 𝜋! emitted in the very forward region of pp collisions at LHC. The aim is
to provide essencial calibration points of hadrnic interaction models which is
used for simulations of air showers caused by interactions of very high energy
cosmic rays with atmospheric nuclei.

The LHCf has two independent detectors ( Arm1 and Arm2 ) that had been
installed +/- 140m from the ATLAS interaction point. Each detector has two
sampling and imaging calorimeter towers. The detectors are installed into the
narrow gaps between the LHC beam pipes connecting to the beam separation
chambers and view zero degree of LHC collisions. The detectors are able to
measure only neutral particles because charged particles are swept away by
magnetic field of the dipole magnets located between IP and the detectors.

Summary and Prospects
LHCf measures 𝜋!, 𝜂 and 𝐾"! mesons with TeV energies emitted in the forward region

of LHC collisions. The kinematic of these mesons can be reconstructed from precise
measurements of two or four photons. In addition to the published results, we will
provide many results from the data including from a future operaion with p-O collisions
scheduled in 2025.

Reconstruction method

Introduction

Size : 620mmH x 91mmW x 280mmT
Transverse size of calorimeters:

25x25mm and 32x32mm
Calorimeters:

Tungsten ( total length 44 r.l. and 1.7 λi )
16 GSO scintillator layers

Position sensitive layer:
silicon strip layers at 6, 12, 18, 24, 32, 40 r,l
first 2 layer: x-y pairs, the others: x or y 

LHCf Arm2 Detector
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𝜋! and 𝜂 immediately decay to two
photons at IP. These photon pairs are
measured by the LHCf detectors, and its
mass and kinematics can be reconstructed
from photon energies and hit positions as
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Event Categoly: Type 1
• Events with one photon hit in each tower.
• Sensitive for 𝜂 and low energy 𝜋! (Eπ < 2 TeV)
• Each photon energy can be simply measured by 

each calorimeter tower, but an correction of 
contamination of leaked shower particles between 
towers must be applied.

• Events with photon pairs in one tower.
• Sensitive only for high energy 𝜋! (Eπ > 2 TeV)
• Only the total photon energy (E1+E2) can be 

measured calorimetorically.
• Energy sharing factor (E1/ E2) is estimated using a 

ratio of peak hight on the lateral distributions 
measured by the position sensitive layers.

𝜋!, 𝜂

or

𝜋!

Result from data in 2015 

Data in 2022
An operation with pp collisions at √s =

13.6 TeV was successfully performed
in Sept. 2022, and 300 M events in
total have been obtained in this 4-days
operation.
The two peak structures on the

reconstructed mass distribution of
type-1 events (right figure) are clearly
found, which correspond to 𝜋!and 𝜂
mass. The 𝜋!and 𝜂 candidate events
have wide phase space coverages
including several TeV energies.

𝑲𝒔𝟎 measurement

Reconstructed mass Mγγ

LHCf preliminary
pp √s = 13.6 TeV in 2022

Arm1, Center, Type1

While analyses of data in 2022 are still on-going, many results
from data obtained in the past operations, ex. in 2015 with pp at
√s = 13 TeV, have been already published. The bottom figure
shows the production differencial cross-section of 𝜂 mesons
measured at pp, √s = 13 TeV.
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Figure 7. Inclusive η production rate as function of xF in pT < 1.1GeV/c for p-p collisions
at √

s = 13TeV, measured using the LHCf-Arm2 detector. Black markers refer to experimental
data with statistical errors and grey bands refer to the total uncertainties, obtained by summing in
quadrature the statistical and systematic errors. The data points are compared with the prediction,
at the generator level, of the hadronic interaction models considered in this analysis, QGSJET II-04
(blue line), EPOS-LHC (magenta line), SIBYLL 2.3 (green line) and DPMJET 3.06 (red line).

forward region for high-energy collisions. The result was compared with the prediction
of several hadronic interaction models, QGSJET II-04, EPOS-LHC, DMPJET 3.06 and
SIBYLL 2.3. None of the models reproduces the experimental distribution in the whole xF
range. QGSJET II-04 shows the best agreement, but significant differences are present at
low xF. The other models predict an overall higher production rate than the experimental
data. The large experimental uncertainties in this analysis, due to the low accumulated
statistics, will be improved by the new LHCf data collected during LHC RUN III, in which
an increase in eta meson statistics by about a factor of ten is expected [18].
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𝜼 pp, √s = 13 TeV
JHEP10(2023)169

• Pseudo rapidity coverage η > 8.4
• Luminosity L ~ 1028 – 1030 cm2s-1

• Joint operation with ATLAS

• pp at √s = 0.9, 2.7, 7, 13, 13.6 TeV
• p-Pb at √sNN = 10 TeV
• p-Oxgen in “2025”

Operation ConditionOperation 

2 𝜋! → 4𝛾

IP
𝐾"! →

• 𝐾"! decays to 4 γ during flying to the detector
• The decay vertex position can be estimated

assuming as 𝑀## = 𝑀$!.
• The key is to reconstruct energies of

individual photon properly. 
Development of reconstruction algorithm is
on-going using a machine learning technique
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