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The LHCf experiment is an LHC experiment dedicated to measure the production spectra of

forward neutral particles, photons, 70

’s, and neutrons. The aim of the LHCf is to provide critical
data to test and tune hadronic interaction models which are used in MC simulations for cosmic-ray
air shower developments. The LHCf had an operation in 2015 with pp collisions at /s = 13 TeV,
which corresponds to the collision energy of 0.9 x 10'7eV in the laboratory frame. The resent
results of the LHC, the inclusive energy spectra for forward photons and neutrons obtained with
pp collisions at /s = 13 TeV, are presented. In addition, future prospects of LHCT analyses and

activities are reviewed.
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Figure 1: Pseudorapidity dependencies of the multiplicity (left) and the energy flow (right) of all secondaries
at pp /s = 13 TeV collisions [?]. The color bands shows the acceptance of the experiments.

1. Introduction

A hadronic interaction model is one of the key tools for ground-based cosmic-ray experi-
ments. High energy cosmic-rays arriving at the earth interact atmosphere and induce extensive
air-showers. High energy cosmic-ray experiments observe air showers and reconstruct energies,
arrival directions, and chemical compositions of primary cosmic-rays from the data measured by
ground-based detectors such as a particle detector array and/or Cherenkov telescopes. Hadronic
interaction models are used in Monte Carlo (MC) simulations for air shower developments. These
models were tested and tuned with many results of collider experiments. However, inconsistencies
between observed data and MC simulation were reported [1, 2].

Large Hadron Collider (LHC) is operating since 2009 to provide unique opportunities to mea-
sure the hadronic interactions at the center-of-mass collision energy /s from 0.9 TeV up to 14 TeV.
The maximum collision energy of LHC corresponds to 10'7 eV in the laboratory system. The LHC
forward (LHCf) experiment [3] was designed to measure the production of neutral particles in
the very forward region of collisions at LHC. Most of energetic particles, which are important
in air-shower development, produce in the very forward region as shown in Fig. 1. The LHCf
provides critical data to test and tune hadronic interaction models.. The LHCf has obtained data
with pp collisions at several collision energies from 0.9 TeV to 13 TeV and with pPb collisions at
V/sny =5 TeV and 8 TeV. In this paper, recent results of the LHCf experiment with pp collisions
at /s = 13 TeV and future prospects are presented.

2. The experimental setup

The LHCf experiment has two independent detectors, so called Arm1 and Arm2. They were
installed 140 m from the ATLAS interaction point. At that point, the beam pipes makes a tran-
sition from a big-diameter pipe to two small-diameter pipes which connect to the LHC arc. The
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Figure 2: Schematic views of the Arm1 (left) and Arm?2 (right) detectors

detectors were inserted into the 10 cm gap between the small-diameter pipes to view the zero degree
of collisions. Because of the presence of dipole magnets located between IP1 and the detectors, the
LHCT detectors were able to measure only neutral particles like photons and neutrons.

Each LHCf detector has two sampling and imaging calorimeter towers which are consisted
of tungsten plates, 16 scintillator layers for shower sampling and four position sensitive layers for
measurement of shower position [5]. The transverse sizes of the towers are 20 mm x 20 mm
and 40 mm x 40 mm in Arml and 25 mm X 25 mm and 32 mm X 32 mm in Arm2. In nomi-
nal operations, the small-size calorimeters were positioned on the zero degree of collisions. The
pseudorapidity coverage of the detectors is 7 > 8.4. The energy resolution is better than 5% for
photons and about 40% for neutrons. The position resolutions for photons and neutrons are better
than 0.2 mm and 1 mm, respectively.

The LHCf had an operation with pp collisions at /s = 13 TeV in June 2015. To avoiding the
event pileup, the operation was performed with very low luminosity about 10% cm?s~!. After a 3
days operation, the detectors have been removed from the LHC tunnel. During the operation, the
LHCT final trigger signals except pedestal and calibration triggers were sent to the ATLAS DAQ
and fired ATLAS triggers.

3. Resent results

3.1 Forward photon measurement at pp, \/s = 13TeV

A part of the data, taken on June 12 -13, was analyzed to measure the inclusive forward photon
energy spectra in pp collisions at y/s =13 TeV. The details of the analysis and the result are found
in Ref. [6]. In the analysis, photon events were selected by using a PID estimator, Lggg,, Which
is defined as the longitudinal depth, in units of radiation length (Xp), at which the integral of the
energy deposition in a calorimeter reached 90% of the total. Figure 3 shows the Lggg, distribution
for the events with the reconstructed energy between 1.1 TeV and 1.2 TeV. The distribution was
fitted with MC templates for pure photon events and pure neutron events to estimate the selection
efficiency and purity of photons after applying the PID selection.

Figure 4 shows the measured inclusive photon energy spectra at the pseudo-rapidity regions
n > 10.94 and 8.81 < 1 < 8.99. The results were taken from the combination of the Arm1 and
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Figure 3: The Lggq, distribution in Arm1 for the events with the reconstructed energy between 1.1 TeV and
1.2 TeV [6]. The black points show the experimental data with the statistical error bars. The red and the
blue colored lines correspond to the template distributions obtained from the MC simulation for photons and
neutrons, respectively. The black line shows the total of the template distributions. These distributions were
normalized by the results of the template fitting.

Arm?2 results. The black points show the experimental results and the colored lines show the predic-
tions of several hadronic interaction models, QGSJET I1-04 [7], EPOS-LHC[8], DPMJET3.06[9],
SIBYLL 2.3[10], and PYTHIA 8.212[11]. As a general conclusion, we found no model can repro-
duce our data perfectly. In the pseudorapidity region 7 > 10.94 which covers the zero degree of
collisions, the QGSJET II-04 and EPOS-LHC models show the best agreements overall with the
data. PYTHIA 8.212 shows a good agreement with the data from the lowest energy bin to near the
3 TeV bin although it clearly predicts higher flux than the data in the energy region greater than 3
TeV. In the pseudorapidity region 8.81 < 11 < 8.99 which corresponds to a off-center region, the
EPOS-LHC and PYTHIA 8.212 models show good agreement with the data except at the high-
energy end above 3 TeV. QGSJET-II-04 shows lower flux than the data. The trends of SIBYLL 2.3
from the data are different between the two rapidity regions. It is due to the SIBYLL’s larger mean
value of transverse momentum than both the data and the other models.

Energy flow of forward photons was calculated by integrating the energy spectra measured by
the LHCf-Arm1 detector. The analysis was extended to other three pseudorapidity regions: 8.52
<n < 8.66, 8.66 <n < 8.81,and 8.99 < n < 9.22. The result was compared with the model
predictions as shown in Fig. 5. EPOS-LHC and SIBYLL 2.3 show good agreements with the data
around the peak, while QGSJET-II-04 predicts lower energy flow than the data. These agreement
of EPOS-LHC and SIBYLL 2.3 is related to the agreement of inclusive photon spectra with the
data in the low energy region at 8.81 < 11 < 8.99 as shown in Fig. 4.

3.2 Forward neutron measurement at pp, \/s = 13TeV

Forward neutron energy spectra at the pseudorapidity ranges, 1 > 10.84, 8.99 < n < 9.22,
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Figure 4: Comparison of the photon spectra obtained from the experimental data and MC predictions [6].
The top panels show the energy spectra and the bottom panels show the ratio of MC predictions to the
data. The hatched areas indicate the total uncertainties of experimental data including the statistical and the
systematic uncertainties.

and 8.81 < n < 8.99, were measured by the LHCf-Arm?2 detector [12]. For the PID selection
in the neutron analysis, a slightly modified PID estimator L,p was used, which was defined as
Lop = Logg, — 0.25 Logg,, where Lygg, is the calorimeter depth containing 20% of the total energy
deposit measured by the calorimeter. Figure 6 show the experimental results. The obtained spectra
were compared with the predictions of several interaction models. At 11 > 10.8, only QGSJET-1
I-04 and EPOS-LHC reproduce the tendency of increasing flux observed in the data in the high
energy region, while the other models predict decreasing flux. At n < 9.22 and 8.81 < n <
8.99, QGSJET-1I-04 and EPOS-LHC show good overall agreements with the experimental data.
Especially, EPOS-LHC have a good agreement with the data in the energy region around 1.5 TeV.
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Figure 5: Pseudorapidity dependence of photon energy flow measured by the LHCf-Arm1 detector [4]. The
experimental results are represented by the black points and the MC predictions of EPOS-LHC, QGSJET
I1-04 and SIBYLL 2.3 are shown as the colored lines. The point above 17 = 10.94 is scaled by a factor of 30

for clarity and it is artificially limited to Ta = 13.



Hiroaki Menjo*

Status of the LHCf experiment

“ejep [ejuowrradxa oy} 03 suonorpaid [opowr oy} Jo oner oy} a1e sjeued wWoPoq Ay, ‘S[OPOW UONIRINUI JIUOIPRY

Jo suonorpaid oY) SMOUS SUI] PAIOJ0d JY ], "AJUTLIIS0UN OTJBUWIISAS pUR [o1STE]S JO wins a1njeipenb oy juasaidar spueq Aei3 searoym ‘AJUTeIIadUN [BONSNEBIS YIm
©lep [eIuowadXa IR SIoyIew Yoepg ‘[7[] 1010919p CWIY-JDHT oY) AQ pamseauwr AL, ¢ = s/ 18 suorsI[[od dd 10J enoads ASI0Us UONNAU pIeMIO :9 dINSL]

[neD)] ABioug

[AeD)] ABioug [AeD)] ABiou3g

(OLx

L2 TIAGIS ——
2128 VIHIAd

90'€ 13MNdQ ——

OH1-80d3 ——

0711 13rSO0 ——

AoL gL =sh d-djoHT EeE

T R TI BRI

668>U> 188

0 9 S 4 € 4 1 0 4 L
10 QOIXFTT 10 (0bx oa
G0 = 50
E - - E Iy
4+ 08 B 4 B
EI 3 i
dgt -g'1
2 i 2 2
0 D) Y
20 - {20 —o
0 - -Tyo 120
Q C ] Q ] Q
Qa C 1 & 1. a
90 & I —90 s 1€0 s
m ¥ 7 m 7 o
g0 i L g0 3 o 3
2 | 19 1, 8
L2 L 102 1e0 2
i IJJLLI_\ to
z ‘ o1 PO
1 r ] JIVIEIR| 10
,\.—v.—. Ly e b L o L ,,,T.v._. L ,,,,H
OJES LOI%
ce6>U>p668 901 <l



Status of the LHCf experiment Hiroaki Menjo?

10%E

108

2
T

Number of Events

LHCf photon pair invariant mass (preliminary)
LHCf Arm2 detector
LHC 13TeV p-p collisions (fill 3855)

\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘
10 100 200 300 400 500 600 700
M, [MeV]

Figure 7: The invariant distribution of photon pair events measured with pp collisions at /s = 13 TeV. The
two peaks on the distribution correspond to the mass of 7° and 7 mesons.

4. Future prospects

4.1 On-going analyses

The next target of the analysis after completion of the neutron analysis is the measurement
of ¥ differential cross-section with the data at pp, \/s = 13 TeV. Most of photons produced in
hadronic interactions are from 7° decays to photon pairs. The kinematics of a produced 7 is
reconstructed by measuring a photon pair from the 7° decay by the two calorimeter towers (type-1
event) or one calorimeter tower (type-2 event). The minimum energy of detectable 7°s in typel
events is about 500 GeV, which is much lower than the minimum energy in type-2 events, 2 TeV.
Therefore, the type-1 events are used for the measurement of low-energy 7%’s and the type-2 7°
events are used for high-energy 7°. The Feynman scaling hypothesis of forward 7° production
cross-section was tested with the data in pp collisions at /s =2.76 TeV and 7 TeV in Ref. [13]. It
is needed to be test with the data at /s =13 TeV also.

Additionally, the analysis for the measurement of production cross section of forward n
mesons is on-going. The 7 meson has the mass of 547 MeV, which is 4 times heavier than 7°.
A 1 decays to y7(39.4%), 37°(32.7%), or it n~n°(22.9%). Therefore, 1 mesons produced in
interactions between cosmic-rays and atmosphere induce electromagnetic showers. The produc-
tion cross section of 1 is predicted to be about 10% of 7°’s cross section by hadronic interaction
models, however, the production cross section of very forward 711 has been never measured with pp
colliders. The event reconstruction method for 7 type-1 events can be applied for  measurement
also. The minimum energy of detectable 1 mesons is 2 TeV. Figure 7 shows the invariant mass
distribution of type-1 events. 17 candidates events are selected with the reconstructed mass cut.
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4.2 Joint analysis with the ATLAS experiment

A joint analysis of both ATLAS and LHCf collaborations is on-going with the data set taken
with pp collisions at y/s = 13 TeV. Combining the LHCf data with information of central activities
of collisions provided by ATLAS, hadronic processes of forward particle production can be studied.
The first target of the joint analysis is to measure the contribution of diffractive processes on the
forward particle production. The uncertainty of diffractive processes implemented in the models is
one of the possible sources of the discrepancies between the data and the model prediction on the
photon and neutron results. Figure 8 shows the forward photon energy spectra predicted by several
interaction models with the event categorization to total, non-diffraction, and diffraction by using
the flag of event generator’s outputs. The discrepancy of diffractive spectra between the models is
large at 1 > 10.94, whereas the discrepancy of total spectra between the models except PYTHIA
8212DL is relatively small. A Monte-Carlo (MC) simulation study [14] indicates a simple method
to separate the contributions of diffractive and non-diffractive processes. By applying the event
selection, no-charged particle production with pr > 100 MeV at |n| < 2.5, non-diffractive events
are rejected with keeping more than 50% detection efficiency of diffractive events and more then
99% purity, which is defined as the fraction of the non-diffractive events to the selected events.

This event selection is realized by the data of the ATLAS inner tacker, which covers the pseu-
dorapidity range |n| < 2.5. The LHCf measured data are studied with categorization based on the
number of tracks detected by ATLAS.

4.3 Operation in 2016; p-Pb collisions at ,/syy = 8 TeV

The LHCf experiment joined an LHC operation with p-Pb collisions in 2016. LHC provided
PPb collisions with the collision energies per nucleon /syy =5 TeV and 8 TeV. The physics moti-
vation of the operation is to measure the nuclear modification factors of forward particle production
at the LHC-maximum collision energy. Thanks to factor 1.6 higher collision energy than 5 TeV,
the LHCT detector covered a wider range of transverse momentum than the past 5 TeV operation.
The operation with \/syy =5 TeV was performed also to confirm the results of the past opera-
tion [13] with the upgraded detector. It helps also to reduce systematic uncertainties related to the
detector performance in analyses of comparison of 8 TeV results with 5 TeV results to test energy
dependencies of forward particle production.

The Arm?2 detector was installed to the LHC tunnel again in the beginning of November 2016.
The detector was located on the p-remnant side of collisions. The operation has been successfully
completed on November 25th. 25.3 M events and 16.7 M events were recoded with p-Pb collisions
at \/syv = 5 TeV and 8 TeV, respectively. Figure 9 shows some results taken from the online
analysis. The left figure shows the photon energy spectrum measured by the small calorimeter
tower of the Arm2 detector. The right panel shows the hit map of the hadronic shower events.
The beam center is located near the edge of the small calorimeter tower. During the operation, the
common operation with the ATLAS experiment was performed. The event-by-event information
of central activities measured by the ATLAS detector allow us to reject the contribution of ultra
peripheral collisions to the forward particle production.
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Figure 8: The total photon spectra (black) classified as non-diffracitve events (red) and diffractive events
(blue) by using the flag of the event-generator outputs [14]. The bottom six plots show the ratios of the
spectra of EPOS-LHC (black markers), QGSJET-II-04 (blue lines), SYBILL 2.3(green lines), and PYTHIA
8212DL (orange lines), to the spectrum of EPOS-LHC. The top, middle, and bottom plots correspond to
total, non-diffractive, and diffractive events, respectively.

4.4 The RHICf experimet; pp collisions at \/s =510 GeV

The RHIC forward (RHICf) experiment [15] measures the forward particles produced in pp
collisions at /s = 510 GeV with the Relativistic Heavy Ion Collider (RHIC) located in Brookhaven
National Laboratory (BNL), USA. The center-of-mass energy of 510 GeV is equivalent to 10'* eV
in the laboratory system. Comparing with the results of the LHCf experiment, we can test the
dependency of forward particle production on the collision energy and test hadronic interaction
models with the data in the wide energy range from 10! eV to 10'7 eV. It is important to extrapolate
the LHCf-measured results from the LHC collision energy to the energy of UHECRs.

The RHICf collaboration was formed with most of the LHCf members and some members
working at RHIC for the spin physics. For the RHICf operation, one of the LHCf detectors and the
LHCf DAQ system were used. They were delivered from CERN to BNL after the LHCf operation
in 2015. The detector was installed 18 m far from a RHIC interaction point where the STAR
detector is located. Because of shorter distance between the detector and the interaction point
than 140 m of the LHCf experiment, the RHICf detector is able to cover much wider Xp — pr
phase space than the coverage of the LHCf operation at pp, /s = 900 GeV, which is similar as
the coverage of the LHCf operation at pp, /s = 7 TeV. The RHICf took data successfully from
September 23rd until September 26th, 2017. In the operation, more than 100 millions events were
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Figure 9: Results from the online analysis during the operation with p-Pb collisions at /syy = 8 TeV. The
left figure shows the photon energy spectrum measured by the small calorimeter tower of the Arm?2 detector.
The right panel shows the hit map of the hadronic shower events.
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Figure 10: The invariant mass distribution of photon pair events measured in a RHICf run.

recoded with changing the detector position. Figure 10 shows a online analysis result, the invariant
mass distribution reconstructed from photon pair events. The 7° mass peak is clearly seen.

The common operation between the RHICf and STAR experiments was performed during the
operation. The RHICf DAQ trigger signals were sent to the STAR DAQ system and their signals
triggered the STAR DAQ. The common operation increases the physics potential of the RHIC
experiment, for examples, diffractive study with the STAR central tracker and improvement of
energy resolution for neutrons by combine-analysis with the STAR zero degree calorimeter.

5. Summary

The LHCf experiment had several operations with pp and p-Pb collisions and tested hadronic

10
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interaction models used in MC simulation for cosmic-ray air showers. Post LHC models, QGSJET II-
04 and EPOS-LHC, show better agreement with the LHCS results for photons and neutrons at pp,
v/s = 13 TeV than the other models. However, these model could not reproduce our data per-
fectly. Results from LHCf-ATLAS joint analyses and a measurement at RHIC will be provided
near future. They are important to understand contribution of diffractive process to forward par-
ticle productions and the energy scaling of forward particle cross-section. LHCf keeps to provide
critical data to test hadronic interaction models.
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