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The LHCf experiment is an LHC experiment dedicated to measure the production spectra of
forward neutral particles, photons, π0’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× 1017eV in the laboratory frame. The resent
results of the LHCf, the inclusive energy spectra for forward photons and neutrons obtained with
pp collisions at

√
s = 13 TeV, are presented. In addition, future prospects of LHCf analyses and

activities are reviewed.
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Figure 1.8: Pseudorapidity dependence of a) the multiplicity and b) the energy flow
of the all secondaries at p–p

p
s = 13 TeV collisions. The acceptances of experiments

are shown in the bands, in which solid and broken lines in each plot represent all the
particles.

ing to the prediction by QGSJETII-04, 53.1% of the total energy flow concentrated

on |⌘| > 8.4 in p–p
p

s = 13 TeV. The whole air shower development relies on the

way the energy is transferred from the primary to secondaries. Therefore, the precise

particle production of the interaction models in the phase space where secondaries

carry a large fraction of the primary energy is required for the reliable description of

the air shower development.

Figure 1.9 shows the fraction of the contribution of the particles emitted in each

angle of the initial interaction for a 1017 eV proton primary [36]. Each �⌘ region rep-

resents the acceptances of the experiments at the LHC. The result clearly indicates

that the contribution from the very-forward rapidity region dominates the develop-

ment of the EM component of the air shower owing to the fraction of the carried

energy. However, the post-LHC models are re-tuned with the experimental results

observed at |⌘| < 3 where the data explains only 5 % of the resulting observed par-

itcles [36]. Therefore, it is necessary to test the models in the very-forward rapidity

region.

The relation between the energy flow and the air shower development has been

often discussed in terms of inelasticity which is the fraction of the primary energy

taken by secondaries except for the most energetic secondary particle. Ulrich et al.

[30] concluded that the longitudinal development of the air shower depends on cross

section and less strongly on inelasticity. If one considers that the air shower observed

by FDs is dominantly formed by the EM component which consists of photons (elec-

trons) mainly decayed from ⇡0, the energy flow into the EM component in a hadron

10

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 1017 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√

sNN =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 Arm2 (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
LHCf 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 × 20 mm
and 40 mm × 40 mm in Arm1 and 25 mm × 25 mm and 32 mm × 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 η > 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 1029 cm2s−1. After a 3
days operation, the detectors have been removed from the LHC tunnel. During the operation, the
LHCf 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

√
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, L90%, which
is defined as the longitudinal depth, in units of radiation length (X0), at which the integral of the
energy deposition in a calorimeter reached 90% of the total. Figure 3 shows the L90% 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
η > 10.94 and 8.81 < η < 8.99. The results were taken from the combination of the Arm1 and

2
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Figure 3: The L90% 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.

Arm2 results. The black points show the experimental results and the colored lines show the predic-
tions of several hadronic interaction models, QGSJET II-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 η > 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 < η < 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
< η < 8.66, 8.66 < η < 8.81, and 8.99 < η < 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 < η < 8.99 as shown in Fig. 4.

3.2 Forward neutron measurement at pp,
√

s = 13TeV

Forward neutron energy spectra at the pseudorapidity ranges, η > 10.84, 8.99 < η < 9.22,

3
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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 < η < 8.99, were measured by the LHCf-Arm2 detector [12]. For the PID selection
in the neutron analysis, a slightly modified PID estimator L2D was used, which was defined as
L2D = L90%− 0.25L20%, where L20% 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 η > 10.8, only QGSJET-I
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 η < 9.22 and 8.81 < η <

8.99, QGSJET-II-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 5.10: Measured photon energy flow after the correction for ine�ciency of
the low energy photons and corresponding MC predictions in p–p

p
s=13 TeV. MC

predictions are shown in colored lines, while measured data at each ⌘ region are shown
in black points. Measured energy flows are plotted with the estimated systematic and
statistical errors. In the region of ⌘ >10.94, �⌘ is assumed as �⌘ =13-10.94.

results by 5–8 %. No models are consistent with the measured data at the highest

⌘ bin, 13 > ⌘ > 10.94. The measured data results indicate that the photon energy

flow by QGSJETII-04 is smaller in all measured ⌘ regions. The lack of the photon

energy flow of QGSJETII-04 is a level of 30 %. The corrected results and the model

predictions are summarized in Tab. 5.3.

5.3 Discussion

In this chapter, we summarize the obtained results of the very-forward photon pro-

duction in terms of the energy spectrum and the energy flow measurement and the

corresponding model predictions. Since the agreement of the results obtained with

the Arm1 and the Arm2 detectors has been already confirmed in Sec.4.6.1, the dis-

cussion here is built on the obtained results of the wide ⌘ acceptance calculated with

the Arm1 detector in this chapter. In order to consider the impact of this work

110

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
II-04 and SIBYLL 2.3 are shown as the colored lines. The point above η = 10.94 is scaled by a factor of 30
for clarity and it is artificially limited to Îů = 13.

5



P
o
S
(
I
C
R
C
2
0
1
7
)
1
0
9
9

Status of the LHCf experiment Hiroaki Menjoa

/dE [mb/GeV] n σd

0

0
.1

0
.2

0
.3

0
.4

0
.5

0
.6

0
.7

-3
1

0
×

 >
 1

0
.7

6
η

E
n

e
rg

y
 [
G

e
V

]
0

1
2

3
4

5
6

3
1

0
×

Ratio

0

0
.51

1
.52

/dE [mb/GeV] n σd

0

0
.2

0
.4

0
.6

0
.81

1
.2

1
.4

-3
1

0
×

 <
 9

.2
2

η
8

.9
9

 <
 

E
n

e
rg

y
 [
G

e
V

]
0

1
2

3
4

5
6

3
1

0
×

Ratio

0

0
.51

1
.52

/dE [mb/GeV] n σd

0

0
.2

0
.4

0
.6

0
.81

1
.2

1
.4

-3
1

0
×

 =
 1

3
 T

e
V

s
L

H
C

f 
p

-p
 

Q
G

S
J
E

T
 I
I-

0
4

E
P

O
S

-L
H

C

D
P

M
J
E

T
 3

.0
6

P
Y

T
H

IA
 8

.2
1

2

S
IB

Y
L

L
 2

.1

 <
 8

.9
9

η
8

.8
1

 <
 

E
n

e
rg

y
 [
G

e
V

]
0

1
2

3
4

5
6

3
1

0
×

Ratio

0

0
.51

1
.52

P
re
li
m
in
a
ry

Fi
gu

re
6:

Fo
rw

ar
d

ne
ut

ro
n

en
er

gy
sp

ec
tr

a
fo

r
pp

co
lli

si
on

s
at
√

s
=

13
Te

V
m

ea
su

re
d

by
th

e
L

H
C

f-
A

rm
2

de
te

ct
or

[1
2]

.
B

la
ck

m
ar

ke
rs

ar
e

ex
pe

ri
m

en
ta

ld
at

a
w

ith
st

at
is

tic
al

un
ce

rt
ai

nt
y,

w
he

re
as

gr
ay

ba
nd

s
re

pr
es

en
tt

he
qu

ad
ra

tu
re

su
m

of
st

at
is

tic
al

an
d

sy
st

em
at

ic
un

ce
rt

ai
nt

y.
T

he
co

lo
re

d
lin

es
sh

ow
s

th
e

pr
ed

ic
tio

ns
of

ha
dr

on
ic

in
te

ra
ct

io
n

m
od

el
s.

T
he

bo
tto

m
pa

ne
ls

ar
e

th
e

ra
tio

of
th

e
m

od
el

pr
ed

ic
tio

ns
to

th
e

ex
pe

ri
m

en
ta

ld
at

a.

6



P
o
S
(
I
C
R
C
2
0
1
7
)
1
0
9
9

Status of the LHCf experiment Hiroaki Menjoa

 [MeV]γγM
0 100 200 300 400 500 600 700

N
u
m

b
e
r 

o
f 
E

v
e
n
ts

1

10

210

310

410

LHCf photon pair invariant mass (preliminary)

LHCf Arm2 detector

LHC 13TeV pp collisions (fill 3855)

0π

η
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4. Future prospects

4.1 On-going analyses

The next target of the analysis after completion of the neutron analysis is the measurement
of π0 differential cross-section with the data at pp,

√
s = 13 TeV. Most of photons produced in

hadronic interactions are from π0 decays to photon pairs. The kinematics of a produced π0 is
reconstructed by measuring a photon pair from the π0 decay by the two calorimeter towers (type-1
event) or one calorimeter tower (type-2 event). The minimum energy of detectable π0’s in type1
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 π0’s and the type-2 π0

events are used for high-energy π0. The Feynman scaling hypothesis of forward π0 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 η

mesons is on-going. The η meson has the mass of 547 MeV, which is 4 times heavier than π0.
A η decays to γγ(39.4%), 3π0(32.7%), or π+π−π0(22.9%). Therefore, η mesons produced in
interactions between cosmic-rays and atmosphere induce electromagnetic showers. The produc-
tion cross section of η is predicted to be about 10% of π0’s cross section by hadronic interaction
models, however, the production cross section of very forward η has been never measured with pp
colliders. The event reconstruction method for π0 type-1 events can be applied for η measurement
also. The minimum energy of detectable η mesons is 2 TeV. Figure 7 shows the invariant mass
distribution of type-1 events. η candidates events are selected with the reconstructed mass cut.

7



P
o
S
(
I
C
R
C
2
0
1
7
)
1
0
9
9

Status of the LHCf experiment Hiroaki Menjoa

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

√
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 η > 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 pT > 100 MeV at |η | < 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 |η | < 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√sNN = 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

√
sNN =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 LHCf detector covered a wider range of transverse momentum than the past 5 TeV operation.
The operation with

√
sNN =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 Arm2 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
√

sNN = 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.

8
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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 1014 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 1014 eV to 1017 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 XF − pT

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

9
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Figure 9: Results from the online analysis during the operation with p-Pb collisions at
√

sNN = 8 TeV. 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.
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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 π0 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 RHICf
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
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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 LHCf results for photons and neutrons at pp,√

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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