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ABSTRACT. The LHCf experiment took data in the 2009 and 2010 p—p collisions at LHC at /s = 0.9 TeV
and /s = 7TeV. This paper reports on the most up-to-date results on the inclusive photon spectra and
the n¥ spectra measured by LHCf. These spectra are compared with the model expectations, and the
impact on high energy cosmic ray (HECR) Physics is discussed. In addition, we discuss the perspectives
for future analyses as well as the program for the next data taking period, in particular the foreseen

data taking in p—Pb collisions.
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1. INTRODUCTION

Dedicated extensive air shower experiments have been
taking data for many years, and have contributed con-
siderably to our understanding of High and Ultra High
Energy Cosmic (UHECR) Ray Physics. Recently, in
particular, the Pierre Auger Collaboration [I] and the
Telescope Array Collaboration [2], thanks to the excel-
lent performance of their hybrid detector arrays, have
been providing new exciting observations of UHE-
CRs. Although these recent results have brought a
deeper insight into the properties of primary cosmic
rays, there remain systematic uncertainties due to
our poor knowledge of the nuclear interactions in the
earth’s atmosphere [3]. A calibration of the energy
scale in the range accessible at LHC, 10'° = 10'7 eV,
provides crucial inputs for a better interpretation of
primary cosmic ray properties, in the region between
the “knee” and the GZK cut-off. The LHCf experi-
ment is designed to measure the energy spectra and
the transverse momentum of neutral particles in a very
high pseudo-rapidity region (n > 8.4) thus providing
precise data for testing and calibrating the hadronic
interaction models used in Monte Carlo (MC) simula-
tion of extensive air showers.

2. THE LHCF DETECTOR

The LHCT experiment comprises two independent po-
sition sensitive electromagnetic calorimeters, located
on both sides of the ATLAS experiment, 140 m away
from the LHC-IP1 interaction point, inside the zero-
degree neutral absorber (Target Neutral Absorber,
TAN). Charged particles from the IP are swept away
by the inner beam separation dipole before reaching
the TAN, so that only photons mainly from n° decays
and neutral hadrons reach the LHCf calorimeters.
Each calorimeter (ARM1 and ARM?2) has a dou-
ble tower structure, with the smaller tower located
at a zero degree collision angle, approximately cover-
ing the region with pseudo-rapidity > 10 and the
larger tower, approximately covering the region with
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8.4 < mn < 10. Four X-Y layers of position sensitive
detectors (scintillating fibers in ARM1, silicon micro-
strip detectors in ARM2) provide measurements of the
transverse profile of the showers. The two tower struc-
ture allows us to reconstruct the n° decaying in two v,
hitting the two towers separately, hence providing very
precise absolute energy calibration of the detectors.
In the range F > 100 GeV, the LHCf detectors have
energy and position resolutions for electromagnetic
showers better than 5% and 200 pum, respectively. A
detailed description of the LHCf experiment can be
found in Ref. [4].

3. THE SINGLE PHOTON ENERGY
SPECTRA

The LHCf Collaboration has measured the single pho-
ton energy spectrum at 7TeV [5] and, more recently,
at 900 GeV p—p collisions [6]. To minimize the back-
grounds and hence reduce the systematic uncertain-
ties of the measurements, for both analyses only a
subset of the collected data corresponding to clean
and low luminosity fill, has been analysed. For the
7 TeV analysis, the analysed data correspond to inte-
grated luminosity of 0.68nb~! and 0.52nb~! for the
ARMI1 and ARM2 detectors, respectively, while for
the 900 GeV analysis they correspond to integrated
luminosity of 0.30nb~!.

The main steps in the analysis work-flow are almost
identical for the two analyses and are summarised in
the following.

The energy of photons is reconstructed from the
signal released by the shower particles in the scintilla-
tors, after applying corrections for the non-uniformity
of light collection and for particles leaking in and out
of the edges of the calorimeter towers. In order to
correct for these last two effects, which are rather im-
portant due to the limited transverse size of the two
calorimetric towers, we use the transverse impact posi-
tion of the showers provided by the position sensitive
detectors.
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FIGURE 1. Single photon energy spectra measured by LHCf (black dots) in n > 10.94 (left) and 8.81 < n < 8.99
(right) bin, respectively, for 7TeV (top panel) and n > 10.15 (left) and 8.77 < n < 9.46 (right) bin, respectively, for
900 GeV (bottom panel) p—p collisions. The ratio of MC results predictions for DPMJET III 3.04 (red), QGSJET
I1-03 (blue), SIBYLL 2.1 (green), EPOS 1.99 (magenta) and PYTHIA 8.145 (yellow) to experimental data is shown.
The error bars and gray shaded areas in each plot indicate the statistical errors and the systematic errors, respectively.

Figures from Ref. [5] [6].

Events produced by neutral hadrons are rejected
using information about the longitudinal development
of the showers, which is different for electromagnetic
and hadronic particles. In addition, for the 7TeV
analysis, thanks to the information provided by the
position sensitive detectors, events with more than one
shower inside the same tower (multi-hit) are rejected,
while for the 900 GeV analysis the number of multi-
particle events is negligible, hence multi-hit rejection is
not applied. In order to combine the spectra measured
by ARM1 and ARM2, which have different geometrical
configurations, in these analyses only events detected
in a common pseudo-rapidity and azimuthal range are
selected: 1 > 10.94 and 8.81 < n < 8.99, for the small
and large towers, respectively, for 7 TeV analysis and
n > 10.15 and 8.77 < n < 9.46, for the small and large
towers, respectively, for 900 GeV analysis.

Figure [1| shows the single y spectra measured by
LHCf in the two pseudo-rapidity regions for 7 TeV and
900 GeV p—p collisions, respectively, compared with
results predicted by MC simulations using different
models: DPMJET I11-3.04 [7], QGSJET I1-03 [g],
SIBYLL 2.1 [9], EPOS 1.9 [10] and PYTHIA 8.145 [T1].
Statical errors and systematic uncertainties are also
plotted. A careful study of systematic uncertainties
has been made, and conservative estimates have been
taken into account. Further details can be found in

Ref. [5,[6]. As can be seen from Fig. [} there is a clear
discrepancy between the experimental results and the
predictions of the models, in particular in the high
energy region.

4. NEUTRAL PION TRANSVERSE
MOMENTUM SPECTRA

In addition to the measurement of the single photon
spectra, the LHCf experiment has recently finalised
the measurements of the transverse momentum spec-
tra for different rapidity bins for n° produced in 7 TeV
p—p collisions at LHC. The integrated luminosities
corresponding to the data used in this analysis are
2.53nb~! (Arml) and 1.90nb~! (Arm2) after the
data taking live times were taken into account. The
¥ are reconstructed in LHCf identifying their decays
in two photons. Events are selected requiring that
the two photons enter different calorimeter towers;
due to the geometrical acceptance of the detector,
only photons from n° decays with an opening angle
of § < 0.4mrad can be detected. The energy, pr and
rapidity of the n° are reconstructed through measure-
ments of the photon energy and the incident position
in each calorimeter. In order to ensure good event
reconstruction efficiency and geometrical acceptance,
the range of the n° rapidity and transverse momentum
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FI1GURE 2. Ratio of the combined ARM1 and ARM2 pt spectra to the pt spectra predicted by various hadronic
interaction models. Shaded areas indicate the range of total uncertainties of the combined spectra. Figure from

Ref. [12].

are limited to 8.9 < y < 11.0 and pr < 0.6 GeV/c, re-
spectively. Figure[2]shows the ratios of the pt spectra
predicted by DPMJET 3.04 (solid, red), QGSJET II-
03 (dashed, blue), SIBYLL 2.1 (dotted, green), EPOS
1.99 (dashed dotted, magenta), and PYTHIA 8.145
(default parameter set, dashed double-dotted, brown)
to the combined ARM1 and ARM2 pr spectra (black
dots). Error bars have been taken from the statis-
tical and systematic uncertainties. Among hadronic
interaction models tested in this analysis, EPOS 1.99
shows the best overall agreement with the LHCT data,
although it behaves softer than the data in the low
pr region, pr < 0.4GeV/c in 9.0 < y < 9.4 and
pr < 0.3GeV/cin 94 < y < 9.6, and behaves harder
in the large pr region. DPMJET 3.04 and PYTHIA
8.145 show overall agreement with the LHCf data
for 9.2 < y < 9.6 and pr < 0.25GeV/c, while the ex-
pected 1V productions rates by both models exceed the
LHCf data for larger pr. Also SIBYLL 2.1 predicts
harder pion spectra than the LHCf data, although the
expected n° yield is generally small. Finally, QGSJET
11-03 predicts n¥ spectra that are softer than the LHCf
data and the other models.

5. IMmPACT OF LHCF RESULTS ON
HECR PHYSICS

The first LHCT results have attracted attention in the
HECR community. As reported in the previous para-
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graphs, none of the models agree with the data in the
whole energy range. Tuning of the models is therefore
needed to describe the Physics of hadronic interactions
at the TeV scale. In order to better understand the
implications of this measurement for HECR Physics,
collaboration has begun with several MC developers
and theoreticians.

As an example, we have artificially modified the
DPMJET III 3.04 model to produce a n° spectrum
that differs from the original one by an amount ap-
proximately equal to the difference expected between
the different models. Figure [3| shows the n° spectra
at B, = 10'7 eV predicted by the original DPMJET
1T 3.04 model and the artificially modified spectra. A
difference in the position of the shower maximum of
the order of 30 g/cm? is observed.

Figure [4] shows, as an example, the most recent
results from the Auger Collaboration [13] for the dis-
tribution of the (X,.x) variable as a function of the
energy, which is the most commonly used method for
inferring the composition of cosmic rays, compared
with the model predictions for a proton-like (red lines)
and an Iron-like (blue lines) cosmic ray component,
respectively. The difference in the (X,.x) distribu-
tions for the two cases is of the order of 100g/cm?,
hence a 30 g/cm? shift is a sizable difference, which
may be reflected significantly in the interpretation of
HECR data.
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The importance of direct measurements of the v
and n° spectra by LHCf turns on to be clear.

6. FUTURE ACTIVITIES AND SUMMARY

LHCf is planning to measure very forward particle
emission in the LHC p—Pb collisions foreseen at the
beginning of 2013. The measurements are expected
to constrain the nuclear effect in the forward particle
emission relevant to the CR—-Air interaction, thus pro-
viding a further tool for model calibration [14]. New
analyses of data collected in the 2009-2010 runs are
also in progress, in particular the measurements of the
neutral hadron spectra. In the meantime, the LHCf
Collaboration is working on upgrading the detector to
improve the radiation resistance in view of the 14 TeV
p—Pp run, currently foreseen in 2014.

The scintillating part of the detector will be re-
placed by GSO slabs, thus enabling LHCf to sustain
the radiation level foreseen in the 14 TeV run [I5].
Additional improvements in the front-end electronics
of the silicon position sensitive layers of ARM2 de-

tectors, as well as an optimization of the layout to
improve the stand-alone silicon energy resolution, are
also ongoing.
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DISCUSSION

Laurence Jones —
neutron spectra?

Does LHCI also have inclusive

Alessia Tricomi — Currently the measurement of
neutron spectra is our highest priority for future analysis.
We have already started to work on that and we plan to
be able to publish our results at the beginning of next
year. It is a rather important measurement both for the
implications in HECR Physics as well as for probing QCD
Physics in the high-energy forward region. Although our
detector is mainly designed to detect E.M. showers due
to the limited interaction length (= 1.6);) resulting in an
energy resolution of ~ 30% for hadronic showers w.r.t.
< 3% for EM showers, simulation studies performed so far
show that LHCf is pretty well able to disentangle between
different hadronic models also in the neutron spectra due
to the larger discrepancies present in the Monte Carlo
models.

Aurelio Grillo —
move?

In which direction does {Xmax)

Alessia Tricomi — In the toy model that we have used,
we have artificially modified DPMJET III 3.04 by softening
the spectrum by an amount approximately equal to the dif-
ference expected between the different models. This mod-
ification of the spectrum reflects in a shift of the position
of the shower maximum of the order of 30 g/cm? less than
in the original model, moving from (Xax) = 718 g/cm2
in the original DPMJET III 3.04 to (Xmax) = 689 g/cm?
in the modified one. Let me point out however that this
was just an artificial modification, not a full recalibration
of the model.
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