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Inclusive photon energy spectra at zero degree of the LHC 7 TeV proton-proton collisions by
the LHCf experiment
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Abstract: The Large Hadron Collider forward (LHCf) experiment measured the energy spectra of the neutral particles
from the LHC proton-proton collisions into the very forward region. The analysis results of single-photon spectra at√
s=7TeV taken in May 15, 2010 are presented in this paper. The spectra from two independent LHCf detectors are

consistent with one another. The photon spectra are also compared with the predictions of several hadronic interaction
models that are employed in many experiments aiming for measuring high-energy cosmic-ray showers.
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1 Introduction

There have been highest-energy cosmic-ray observations
in the last decade which have dramatically improved the
quality and quantity of the observation data [1, 2]. How-
ever, no consistent description is available about the nature
of the very-high-energy cosmic rays among each observa-
tions. This still unsolved puzzle is mostly originated in
the uncertainty of the interaction of primary cosmic ray off
nuclei above 1018eV where no experimental data is avail-
able from accelerators. However, LHC makes it possible to
study hadronic interactions at

√
s = 14 TeV, corresponding

to 1017 eV in a fixed target system. LHCf is designed for
measurements of the spectra and cross section of very for-
ward (η > 8.4) secondary neutral pions and neutrons at the
LHC. These measurements can provide the stringent lim-
its on many parameters unavoidable in hadronic interaction
models and set an anchor to extrapolate a description at low

energies to the highest energy end. The detail of the LHCf
detector structure and data taking scheme are explained in
the other document [3].
This paper describes the first analysis results of the LHCf
data. Single-photon energy spectra are reported for

√
s =

7 TeV proton-proton collisions. In Sec.2 the data set used in
the analysis is introduced. In Sec.3 the analysis processes
are explained. The experimental results and comparisons
with the Monte Carlo (MC) predictions of several hadronic
interaction models are presented in Sec.4 and Sec.5, re-
spectively. Finally the analysis results are summarized in
Sec.6.

2 Data set

Experimental data used in this analysis was taken on
15 May, 2010 during the proton-proton collisions at
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√
s=7 TeV with zero degree beam crossing angle (LHC

Fill�1104). The total luminosity of the three crossing
bunches in this fill is L=(6.3–6.5)×1028cm−2s−1. Events
taken during a luminosity optimization scan were elimi-
nated from the analysis. The trigger for LHCf events was
generated by the ”AND” signal of a trigger for beam pickup
signals (BPTX) when a bunch passed the interaction point
1 and a shower trigger. A shower trigger was generated
when signals from any successive three scintillation lay-
ers in any calorimeter exceeded a predefined threshold,
in which the threshold was chosen to achieve >99% effi-
ciency for >100GeV photons. Event triggers were pub-
lished independently for the Arm1 and Arm2 detectors.
Data acquisition was carried out under 85.7% (Arm1) and
67.0% (Arm2) average livetimes.
The integrated luminosities corresponding to the data set
above are 0.68 nb−1 (Arm1) and 0.53 nb−1 (Arm2) after
correcting the average livetimes. The absolute luminos-
ity is derived from the counting rate of the Front Counters
(FC) [3].

3 Data Analysis

3.1 Overview

In order to avoid any analysis bias, same reconstruction
processes are applied both to the experimental data andMC
simulations [6]. First, gain correction is adapted to the raw
data where ADC count is converted to the energy deposit
in units of MIP [7]. After the gain correction, an event cat-
egory whether one particle hits on a tower (single-hit) or
multiple-hit exits (multi-hit) is identified. After correcting
the shower leakage-in and leakage-out, shower energy is
reconstructed using the energy deposit. Finally gamma-
like (electromagnetic shower) and hadron-like (hadronic
shower) are classified in the particle identification process.

3.2 Multi-hit selection

As noted later, an energy reconstruction relies on the sum
of the visible energy deposits on each scintillator layer.
Hence, in the case of multiple-hits on one tower, the energy
of each entering particle cannot be reconstructed individu-
ally, and then such misreconstruction possibly causes the
incorrect energy spectrum. The multi-hit selection is based
on the peak-finding algorithm originally developed for the
spectrum analysis using NaI scintillation detectors[4]. Se-
lection criteria are determined in advance by checking the
efficiency and purity among various hadronic interaction
models.
As a result of the estimation with the MC simulations,
multi-hit events can be collected with the efficiency larger
than 70% for Arm1 and 90% for Arm2.

3.3 Incident position

Fig.1 shows the energy deposit on Scifi induced by electro-
magnetic shower. Energy deposit along the lateral direction
can be fitted by Eq.(1), and the fitted variable b is the recon-
structed incidence position.

f(a, b, c) ∝ c
a

[(x− b)2 + a]3/2
. (1)

Best-fit values of a, b and c are extracted by minimiz-
ing the χ2 function(i.e., a goodness-of-fit test) using the
Minos-Minuit2. In the case of multi-hit events the su-
perposition of Eq.(1) is applied instead, although multi-
hit events are not used in this analysis. The position
resolution(Erec >100GeV) for electromagnetic shower is
0.2mm for Arm1 and 100μm for Arm2.
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Figure 1: Lateral developments of the electromagnetic
shower caused by the gamma rays from π0 decay. Black
points and vertical bars show the observed MIPs and its
statistical uncertainties, respectively. Red curve indicates
the best-fit lateral function.

3.4 Energy reconstruction

Shower energy is reconstructed using the visible energy de-
posit on the calorimeter. Thanks to the sufficiently dense
absorber made by tungsten (totally 44r.l.), the longitudinal
development of electromagnetic shower can be perfectly
detected, while that of hadronic shower can be partially
leaked out from the last layer of the scintillators.

3.5 Particle identification

Particle identification (PID) is one of the important pro-
cesses executed in the data analysis, especially both purity
and efficiency must be addressed. If only keeping higher
purity is focused, the efficiency may fall down because of
the severe cut and vice versa.
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Among many proposed approaches, the L90% method is
employed in the current data analysis [6]. This method is
based on the shower development along the longitudinal di-
rection, where an electromagnetic shower should develop
faster than a hadronic shower. Identification criteria for se-
lecting gamma-like events are chosen to have an efficiency
∼ 90%. Since the inefficiency, i.e. 10%, is not negligible
in the comparison between data and MC simulations, both
of the PID inefficiency and impurity are compensated by
applying them inversely to the histograms filled with the
events passed through the PID process.

4 Energy Spectra

Considering the difference of the detector structures be-
tween two arms, events fallen in the common rapidity
and azimuthal ranges are selected. The ranges for the
small calorimeters and the large calorimeters are [η>10.94,
Δφ=360.0◦] and [8.99>η>8.81,Δφ=20.0◦], respectively.
Photon energy spectra measured in the small and large
calorimeters are shown in Fig.2. Vertical bars and hatched
areas indicate the statistical and systematic uncertainties,
respectively. The inelastic cross section σine = 71.5mb is
assumed for extracting the number of collisions. In this fig-
ure only uncorrelated systematic uncertainties are consid-
ered among that related to the absolute energy scale, multi-
hit selection, particle identification (PID), and beam-axis
position. Results from both arms agree each other within
the total uncertainties, although a slight difference is rec-
ognized in the small calorimeters.
Note that the systematic uncertainty of the luminosity de-
termination ±6.1% [5] is not included in the figure, since
this term only affects the absolute normalization and also
correlated between Arm1 and Arm2.

5 Comparison with the hadronic interaction
models

Top panels of Fig.3 present the photon spectra of the com-
bined results of Arm1 and Arm2 together with the pre-
dictions by the MC simulations based on different inter-
action models, DPMJET 3.04 (red) [9], QGSJET II-03
(blue) [10], SIBYLL 2.1 (green) [11], EPOS 1.99 (ma-
genta) [12] and PYTHIA 8.145 (yellow) [13]. In the MC
simulations 1.0×107 inelastic collisions were simulated
with the detector responses using the EPICS/COSMOS li-
braries [8], where stochastic fluctuations, e.g. pedestal of
DAQ system, are taken into account.
In this analysis the experimental data of the Arm1 and
Arm2 detectors are combined using the BLUE method
incorporating with the systematic uncertainties. Gray
hatched areas indicate the total, i.e. statistical plus sys-
tematic, uncertainties. Statistical uncertainty for MC sim-
ulation is appeared only for EPOS 1.99 to keep a visible
simplicity.

The ratio of MC simulations to data are shown in the bot-
tom panels. We find that none of the models lies within the
uncertainties of our data over the entire energy range.

6 Summary

The analysis results of single-photon spectra at
√
s=7 TeV

taken on May 15, 2010 were presented. The spectra from
two independent LHCf detectors were consistent with one
another. The comparison of the photon spectra between
measured data and predictions of several hadronic interac-
tion models showed that no interactionmodel was perfectly
consistent with the LHCf measured data.

References

[1] J. Abraham, et al. , Phys. Rev. Lett., 101 061101
(2008).

[2] H. Sagawa, et al. , Proceedings in UHECR2010,
Nagoya, AIP in press (2011).

[3] The LHCf Collaboration, JINST 3, S08006 (2008).
[4] M. A. Mariscotti, Nuclear Instruments and Methods,
50, 309-320(1967)

[5] K. Taki et al. , Proc. in 32nd Int. Cosmic Ray Conf.,
Beijing, 2011.

[6] G. Mitsuka, et al. , Proceedings in UHECR2010,
Nagoya, AIP in press (2011).

[7] T. Mase et al. , Proc. in 32nd Int. Cosmic Ray Conf.,
Beijing, 2011.

[8] K. Kasahara, http://cosmos.n.kanagawa-u.ac.jp/
[9] F. W. Bopp, J. Ranft R. Engel and S. Roesler, Phys.
Rev., C77, 014904 (2008).

[10] S. Ostapchenko, Phys. Rev., D74, 014026 (2006).
[11] E.-J. Ahn, R. Engel, T. K. Gaisser, P.Lipari and T.
Stanev, Phys. Rev., D80, 094003 (2009) .

[12] K. Werner, F. M. Liu and T. Pierog, Phys. Rev., C74,
044902 (2006).
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Figure 2: Single photon spectra measured by the Arm1 (red) and Arm2 (blue) detectors. Left (right) panel shows the
results for the small (large) calorimeter or large (small) rapidity range. Vertical bars and hatched areas indicate the
statistical and systematic uncertainties, respectively.
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Figure 3: The single-photon energy spectra of the combined experimental data and the MC predictions. Top panels show
the spectra and the bottom panels show the ratios of MC results to experimental data. Left (right) panel shows the results
for the large (small) rapidity range. Vertical bars and gray hatched areas indicate the experimental statistical and the
systematic uncertainties, respectively. The magenta hatched areas show the statistical uncertainty of the MC simulation
with EPOS 1.99.
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