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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 (TS) and 40x40mm (TL)
Calorimeters:

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

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

Energy resolution for neutrons : 40% 
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We conducted a beam test at the H4 beam line of SPS to verify the 
performance of the joint measurement and to calibrate the energy.

The setup is like below. The beam is coming from the left side. 
Trigger scintillator, ADAMO (silicon tracker), LHCf detector, and ZDC 
detector were arranged in this order.

Beam and statistics 

 

ADAMO is a silicon strip detector  
for proper determination of the  
position of incident particles.


16 ADC values from 
16 layers of GSO plate

3 ADC values from 
3 PMTs

LHCf ZDC

Convert from ADC counts 
to energy deposit in GeV

Sum up 3 values

Sum up 16 values
Reconstruct the entire energy  

of input particles

Data for 350 GeV protons injected at the TL center were used in the 
following analysis.

Leaked shower particles from the LHCf detector were measured in the ZDC 
detector. So, we expect a linear correlation between LHCf and ZDC energy.

Correlation plot 


Horizontal axis: sum of LHCf energy deposit, dE [GeV]

Vertical axis: sum of three ZDC module’s ADC count

As expected, we confirmed the energy deposit's anti-correlation 
between LHCf and ZDC. 

An energy scale factor between the two detectors was obtained by 
fitting it with a linear function. 


Energy resolution

The energy resolution was measured from the energy distribution 
obtained from the LHCf + ZDC data. 

The resolution of LHCf+ZDC was 21%, which is much better than the 
LHCf standalone result of 47%. 

0

10

20

30

40

50

60

70

80

N
um

be
r o

f e
ve

nt
s

LHCf-ZDC proton TL

0 2 4 6 8 10
LHCf_Arm1 sumdE[GeV]

0

500

1000

1500

2000

ZD
C

-H
AD

 s
um

dE
[G

eV
]

LHCf-ZDC proton TL

Moe Kondo on behalf of the LHCf collaboration and ATLAS ZDC group  
ISEE, Nagoya University 
6th International Symposium on Ultra High Energy Cosmic Rays, GSSI, Italy, 3-7 October 2022

Introduction
The muon excess and model dependency of composition results in ultra-high 
energy cosmic-ray observations are due primarily to a poor understanding of 
high-energy hadronic interaction. To study the hadronic interaction and to 
contribute to improving the models, LHC-forward (LHCf) experiment [1] 
measures neutral particles emitted to the very forward region of pp collision 
at the Large Hadron Collider (LHC). 
The LHCf experiment is expected to make a larger contribution to model 
improvement due to the improved energy resolution of neutrons. Energy 
resolution for neutron events will be improved by summing deposited 
energies of LHCf and ZDC, which is located behind the LHCf detector

LHCf experiment and Arm1 detector

Beam test at SPS in 2021

Strategy of the operation in 2022

Event quality cut, precise positioning, and calibration

Result

LHCf detectors are located 140 m apart on either side 
of the ATLAS Interaction point (IP1). One is called 
Arm1 and the other Arm2. We measure photons, , 
and neutrons.

Arm1 detector consists of two sampling towers, the 
Large Tower (TL) and the Small Tower (TS).

Each tower has a sandwich structure of 16 layers of 
GSO plates, 4 layers of GSO-bar XY hodoscopes, 
and 16 layers of Tungsten.

The total length is 44  and 1.6 .

The energy resolution is ~ 40% for  
neutrons.

The position resolution is ~ 1 mm for neutrons.

�0

X0 �I

To improve the energy resolution for neutrons, we perform a joint operation 
with ATLAS-Zero Degree Calorimeter (ZDC) detector.

ZDC detector consists of 3 Hadronic modules, Tungsten + quart fibers, the 
total interaction length is 3.4 . [2]

By placing the ZDC detector behind the LHCf detector, the total length 
of LHCf and ZDC is 5.0 . So, most of the entire hadron shower can be 
covered and the energy resolution is expected to be improved. 


�I

�I

beam energy statistics
proton
 350 GeV 860,000 events

electron
100 GeV 400,000 events
200 GeV 820,000 events

Event quality cut and precise positioning

Select the event in which only one track is observed in ADAMO, a 
silicon tracker to remove the events with multiple incidents and with 
showering in materials of the beam line. 

By projecting the track at ADAMO, determine the position of particles 
incident on the detector. 

Select the events with incident positions in 8mm square centered on 
the center of the TL. 


Energy Reconstruction

The ADC value is converted to an energy deposit in GeV and multiplied 
by correction factors to calibrate the measured energy.

Correction factors were revised to account for aging deterioration.

Estimate the particle energies from the energy deposit summation 
measured in the LHCf and ZDC detectors. 

the improvement of energy resolution for hadronic showers from 47% (LHCf alone) to 21% by a 
joint operation of LHCf and ATLAS ZDC with proton beams at SPS.

We took data at LHC in September 2022 (Plans as of early September). The combined method 
will be applied to the obtained data for neutron analyses.

Summary

[1] O. Adriani et al., JINST 3 (2008) S08006

[2] S. White, Nucl.Instrum.Meth.A 617 (2010) 126-128
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Figure 1: Schematic views of the LHCf Arm1 detector (left) and the calorimeter tower (right).

5.3 LHCf実験におけるデータ取得システム 31

図 5.3 衝突点からみた LHCf 検出器カロリメータの断面図 (LHCf 検出器がビームセンターポジションに位置
している場合) [16]。青の縦線が TANスロットの内壁、青の楕円が LHCの D1磁石でのビームパイプの射影を
表す。

(a) (b)

図 5.4 ZDC検出器。(a) ZDC検出器のハドロンモジュール。(b) ZDC検出器の層構造。10 mmのタングステ
ンの層が 11層、1.5 mmの石英ファイバーの層が 12層ある。
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Figure 2: Schematic views of one ZDC-HAD module (left) and the structure (right).

The LHCf-Arm1 detector has two sampling and imaging calorimeter towers, called the small tower (TS)69

and large tower (TL) (Fig. 2). Each tower is composed of tungsten plates ( 7 mm or 14 mm thickness70

), 16 GSO scintillator layers ( 1 mm thickness ) for sampling showers, and four position-sensitive lay-71

ers for imaging lateral shower distribution as shown in the right figure of Fig. 2. The position-sensitive72

layers are X-Y scintillator bar hodoscopes (arrays of 1 mm ⇥ 1 mm bars). The longitudinal length of the73

detectors is 44 radiation lengths and 1.7 interaction lengths. The acceptances of the calorimeter towers74

are 20mm ⇥ 20mm and 40mm ⇥ 40mm.75

Each ZDC HAD module consists of tungsten layers and fused-silica fiber layers. Cherenkov lights76

in the fibers were read out by a single PMT, and the module has no sensitivity to the positions of inci-77

dent particles. The total longitudinal length of the ZDC-HAD modules is 3.4 interaction lengths. The78

acceptance is 9 cmw x 18 cmh.79

2.2 Setup at the beam line80

The beam test was performed at the SPS T2-H4 line on 24th and 25th September 2021. The LHCf-Arm181

and ZDC-HAD modules were aligned to the beamline (Fig. 3). In the front of the detectors, two thin82

scintillators ( 25 mmw x 25 mmh x 3 mmt and 30 mmw x 30 mmh x 3 mmt) for trigger generation and83

ATLAS ZDC detector
3 ZDC-HAD modules were used.
Size of a single module : 600mmH x 90mmW x 154mmT
Sandwich of Tungsten plate (10mm) and fused-silica fibers (Φ=1.5mm)
Readout

Cherenkov lights in the fibers by a single PMT in each module
Total interaction length : 3.4 λi

The detector is normally used for operations with LHC ion collisions.
It was exceptionally installed for a special low-luminosity run with pp 
collisions in 2022 for this joint operation with LHCf.

Beam test at SPS
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Figure 1. Experimental setup of the beam test. Beams were injected from the left-hand side, and they passed through trigger scintilla-
tors, ADAMO, LHCf, and ZDC in that order.

2 LHCf experiment and Arm1 detector
LHCf detectors are located 140 m apart on either side of
the ATLAS Interaction point (IP1). One is called Arm1
and the other Arm2. We measure photons, �0s, and neu-
trons. Arm1 detector consists of two sampling calorimeter
towers, the Large Tower (TL) and the Small Tower (TS).
Each tower has a sandwich structure of 16 layers of GSO
plates, 4 layers of GSO-bar XY hodoscopes, and 16 layers
of tungsten plates. The total length is 44X0

1 and 1.6�I
2.

The energy resolution for neutrons is �40%. The position
resolution is better than 1 mm for neutrons [5].

3 Strategy of the operation in 2022
The LHCf had an LHC operation with proton-proton col-
lisions at

p
s = 13.6 TeV during the low-luminosity spe-

cial run period scheduled for September 2022. To improve
the energy resolution for neutrons, LHCf performs a joint
operation with ZDC detector. Three hadronic modules
of the ZDC detector [6], called as ZDC-HAD, were in-
stalled behind the LHCf detector. Each module consists of
tungsten layers and fused-silica fiber layers, and produced
Cherenkov lights in the fibers were read by a PMT. The
interaction length of the ZDC-HAD modules is 3.4�I , and
the total interaction length of LHCf and ZDC-HAD detec-
tors is 5.0�I . Therefore, most of the hadron shower can
be contained and the energy resolution is expected to be
improved.

4 Beam test at SPS in 2021
4.1 Experimental setup

We conducted a beam test at the H4 beam line of SPS at
CERN from 24th to 28th September 2021 to verify the
performance of the joint measurement and to calibrate
the energy. A set of trigger scintillators and a silicon
tracker (ADAMO) were installed in front of the LHCf and
ZDC detectors as shown in Fig. 1. ADAMO is a silicon
strip detector, and it precisely determines the position of
incident particles. Proton beams with 350 GeV/c were in-
jected to the detectors with changing the position of detec-
tors. In total, 860 k events were collected.

1X0 is the radiation length.
2�I is the interaction length. For reference, 1�I of tungsten is

191.9 g/cm�2 [4].

4.2 Analysis

4.2.1 Event quality cut and incident position cut

Events with only one track observed in ADAMO were se-
lected to remove the events a↵ected by pile-up and with
showering in materials of the beam line. By projecting the
track at ADAMO to the LHCf detector, the incident posi-
tions of the beam particles were determined. Moreover, a
cut to select event with beam position in a 8 mm squared
area in the center of the TL was applied.

4.2.2 Energy Reconstruction

Total energy deposit in LHCf and ZDC detector was used
as the energy estimator of the hadronic showers. The en-
ergy deposit in the LHCf-Arm1 detector, ELHCf, was cal-
culated from the summation of energy deposit in 16 scin-
tillator layers after pedestal subtraction and gain calibra-
tion. The energy deposit of ZDC, EZDC, was obtained as
a simple summation of pedestal-subtracted ADC counts
from three ZDC modules because of non-availability of
gain parameters in this moment. Leaked shower particles
from the LHCf detector were measured in the ZDC detec-
tor. So, we were able to see the anti-correlation between
LHCf energy deposit and ZDC energy deposit (Fig. 2).
Considering the di↵erence of the energy scale between
ELHCf and EZDC, the total energy deposit of the two de-
tector, ELHCf+ZDC, was defined using the function;

ELHCf+ZDC = ELHCf + a ⇥ EZDC (1)

where a is a energy scale factor, which was obtained by
fitting the correlation plot of Fig. 2 with a linear function.
The value of ↵ is � 0.0089 ± 0.0006.

4.3 Result

Figure 3 shows the distribution of obtained ELHCf+ZDC in
the selected events. The ELHCf+ZDC values were scaled as
the mean value of the distribution to 350 GeV, and it is
called ‘corrected energy’. The corrected energy distribu-
tion from only the LHCf-measured energies was shown for
the comparison. The energy resolution was estimated from
the fitting result of the distribution by a gaussian function
from 200 GeV to 500 GeV. The obtained energy resolution
for LHCf + ZDC was 21.4%, which is considerably better
than the 46% achieved by LHCf alone.

Figure 3: Experimental setup of the beam test. Beams were injected from the left-hand side, and they
passed through trigger scintillators, ADAMO, LHCf, and ZDC in that order.

Table 1: Statistics of obtained events with each beams
Beam Momentum Statistics
Proton 350 GeV/c 8.6 M
electron 99.83 GeV/c 4.0 M

197.27 GeV/c 8.2 M

silicon strip detector called ADAMO for beam position monitor were installed. In addition, the ATLAS-84

RPD detector was inserted between the LHCf and the first ZDC-HAD module during an operation with85

proton beams. The material thickness of RPD is thin ( XXX g/cm2) and the presence does not a↵ect the86

performance of hadronic showers. The PRD detector was removed before exposing electron beams.87

The detectors except the trigger scintillators were located on a big movable table. The beam position88

on the detector was scanned by moving the table. The event-by-event beam position was measured by89

the ADAMO detector.90

2.3 Data acquisition91

The data acquisition (DAQ) was performed with a system base on the LHCf DAQ system. A PMT92

(HAMAMATSU R7400U) connects each GSO scintillator layer of the LHCf-Arm1 calorimeter through93

optical fibres. The signal from each PMT was recorded with a charge-integration ADC module (CAEN94

V965) after amplifying the single in an amplifier and a FANOUT. The three PMT signals from the ZDC-95

HAD modules were split by a FANOUT module, and they were recorded with the LHCf-owned CAEN96

V965 and a ZDC-group-owned fast switch digitizer module ( CAEN V1742 ) simultaneously.97

Trigger signals were generated from a coincidence of two trigger scintillator signals. Pedestal triggers98

were also generated periodically. The beam used in the test were protons with 350 GeV/c, and electrons99

with 99.83 and 197.27 GeV/c. The statistics of obtained data are shown in Tab. 1.100

3 Simulation101

A Monte-Calro (MC) simulation was used for the calibration and evaluation of the results in this analysis.102

A common simulation framework of LHCf and ATLAS is not available yet. Temporally the ZDC detector103

was implemented in the LHCf simulation framework based on the Cosmos7.645/Epics9.165 libraries. In104

this simulation, the ZDC detector response was simplified as follows;105

• The fibers were aligned on the ideal position in the detector, and they were uniformly distributed106

in the available gap between support frames.107

• The generation and transmission of Cherenkov lights in the fibers were not taken into account.108

• September 2021 at SPS T2-H4 beam line
• Beams

• 350 GeV/c proton for resolution studies.
• 100 and 200 GeV/c electron beams for detector calibration

• Statistics
• 8.6 M events with protons, and 12.2 M events with e-

• The detectors were aligned among the beam line.
The ZDC-HAD modules were installed as the LHC operation configuration.

3. Correlation of dE in LHCf and ATLAS ZDC

7.3 エネルギー分解能の評価 61

図 7.13 LHCf検出器内でのシャワー発達イメージ。電磁シャワーは検出器の前方で、ハドロンシャワーは後方で発達する。
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図 7.16 350 GeV 陽子ビームのデータでの LHCf と ZDC の dE 相関図。横軸が LHCf でのエネル 損失、
縦軸が ZDCでのエネルギー損失。 (a)、(b)はそれぞれ TS、TLを表す。
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4. Reconstruction method

𝐸!"# = 𝑑𝐸$%&' + 𝛼 𝑑𝐸()& , 
An energy estimator 𝐸!"# is defined as

where 𝛼 is a scale factor, which is defined from the slope of correlation 
between 𝐸$%&' and E()& . Then the reconstructed energy 𝐸*!+ is estimated as 

𝐸*!+ = 𝐹(𝐸!"#) ,
where 𝐹 is a quadratic function defined using a MC simulation.

The XY position of the shower cores are measured by the GSO bar XY 
hodoscopes of LHCf Arm1.

Position dependence of 𝑬𝒓𝒆𝒄

Position dependence of energy resolution

The z axis represents the ratio to 𝐸*!+ mean in the center region. The mean 
of 𝐸*!+ is uniform within ranges of -1% to +0.1% in TS and -4% to +1% in TL 
except the edge region. The ratio becomes smaller towards the edge. 
A uniformity will be considered as a correction in the reconstruction analysis.

6. Summary and future prospect
• We confirmed that energy resolution significantly improve to 21% by LHCf

+ ATLAS ZDC joint analysis from 40% by only LHCf analysis. 
• It found that the reconstructed energy become quite uniform and energy 

resolution is good and uniform in the region except the edge of the detector.
• We are ready to analyze the data of operation carried out with LHCf +

ATLAS ZDC in 2022. Accurate neutron analysis will make us to go next 
steps. For example, one-pion-exchange events can be selected with 
neutron energies in a large pseudo rapidity region.
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The energy resolution in the region except edge is 22.9-25.2% in TS, 20.9-
22.1% in TL. The energy resolution is large in the edge region. This seems to 
be caused by the shower leakage.
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The analysis region was divided into 5x5 areas to test the position 
dependence of energy reconstruction performance.

5. Result

The energy resolution of 
neutron measurement improved 
from 46.2% to 21.4% by LHCf + 
ATLAS ZDC joint analysis

Energy resolution

Only LHCf
σ/E = 46.2%
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LHCf + ZDC

σ/E = 21.4%

It is important to understand high energy hadronic interactions in order to simulate air 
shower development induced by ultra-high energy cosmic rays (UHECRs). The 
knowledge of high energy hadronic interactions is essential to improve chemical 
composition measurement of UHECRs and to solve the muon puzzle.

The LHC forward (LHCf) experiment measures neutrons and photons produced in 
the very forward region of pp collisions at LHC. The performance of hadronic showers 
induced by neutrons, especially energy resolusion, is important to measure

• neutrons generated by one-pion-excahnge,
• neutrons generated by Λ decay, and
• inelasticity by leading neutron measurement.

Additionally, uniformity of the performance is important because the neutron 
differential cross section for a pseudo rapidity region and the transverse momentum of 
the particle etc. can be determined.

LHCf + ATLAS ZDC analysis
LHCf has a poor energy resolution of 40% for neutrons because of the leakage of 

developed shower particles. Therefore a joint operation of LHCf with ATLAS ZDC 
installed behind of LHCf has been performed in 2022. In this poster, we present the 
performance of LHCf + ATLAS ZDC joint operation studied by a beam test at SPS.
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Condition
• 350 GeV proton beam
• The center region (8x8 mm2) of TL


