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Abstract. The LHC-forward (LHCY) experiment, situated at the LHC accelerator, has measured neutral particles
production in a very forward region (pseudo-rapidity > 8.4) in proton-proton and proton-lead collisions. The
main purpose of the LHCf experiment is to test hadronic interaction models used in cosmic rays experiments to
simulate cosmic rays induced air-showers in Earth’s atmosphere.

The experiment is composed of two independent detectors located at 140m from the ATLAS interaction point
(IP1) on opposite sides ; each detector is composed of two sampling calorimeters.

Latest physics results from p-p and p-Pb collisions (at 4/s = 7 TeV and 5.02 TeV respectively) will be dis-
cussed in this paper ; in particular, the inclusive energy spectra of neutrons in p-p collisions and the transverse
momentum spectra of neutral pions for different pseudo-rapidity ranges in p-Pb collisions will be shown.

1 Introduction

LHC-forward experiment (LHCf) has measured neu-
tral particles production in a very forward region in proton-
proton and proton-lead collisions at the Large Hadron Col-
lider. The main purpose of LHCf is to improve hadronic
interaction models of Monte Carlo (MC) simulations used
in cosmic rays indirect measurements. Highest energy cos-
mic rays can only be detected from secondary particles
which are produced by the interaction of the primary par-
ticle with nuclei of the atmosphere, the so-called air show-
ers. Studying the development of air showers, it is possible
to reconstruct the type and kinematic parameters of pri-
mary particle. To reproduce the development of air show-
ers, MC simulations with accurate hadronic interaction
models are needed. Since the energy flow of secondary
particles is concentrated in the forward direction, measure-
ments of particle production at high pseudo-rapidity (i. e.
small angles) are very important. Furthermore, in forward
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region soft QCD interactions (non perturbative regime)
dominates and MC simulations of air showers are based
on phenomenological model, so inputs from experimental
data are crucial. LHC accelerator gives the possibility to
study a wide range of collision energies, from 0.9 TeV to
13 TeV in the center of mass frame, which corresponds
to an energy range in the laboratory frame from 10'* eV
to 10'7 eV. This energy range covers the “knee” region of
cosmic rays spectrum, which occurs at 10'3 eV,

2 The experiment

LHCf is composed of two indipendent detectors, called
Arml and Arm2. Arml is located 140 meters away from
ATLAS interaction point (IP1) in the IP8 direction, while
Arm?2 is placed 140 meters away from IP1 in the opposite
direction (toward IP2). Detectors are placed inside Target
Neutral Absorber (TAN), where the beam pipe turns into
two separates tubes. Since charged particles are deviated
by the D1 dipole magnet (which bends colliding beams
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into the two separate beam pipes), only neutral particles,
mainly photons and neutrons, reach the detector.

Each detector is made of two sampling and imag-
ing calorimeters (called towers hereafter). Each tower is
composed of 16 tungsten layers and 16 plastic scintilla-
tor layers to measure energy and also contains 4 posi-
tion sensitive layers. Arm1 detector uses scintillating fiber
(SciFi) to measure position, while Arm2 uses silicon mi-
crostrip detectors. Transverse cross sections of towers are
20 x 20 mm? and 40 X 40 mm? for Arm1 and 25 x 25 mm?
and 32 x 32 mm? for Arm2. Longitudinal dimension of
towers is of 44 radiation lengths, which correspond to
1.6 nuclear interaction lengths. Energy resolution is bet-
ter than 5 % for photons and of about 40 % for neu-
trons. Position resolution for photons is 200 ym and 40
um for Arm1 and Arm2 respectively, while position res-
olution for neutrons is of about 1 mm. Smaller tower of
each detector is placed on the beam center and covers the
pseudo-rapidity range n > 9.6, while larger tower covers
the pseudo-rapidity range 8.4 < 17 < 9.4. More detailed de-
scriptions of detector performance are reported elsewhere
[1-3].

3 Data analysis

Until now, data were taken in two different runs of
LHC in 2010 and 2013. In 2010 LHC produced proton-
proton collisions at /s = 900 GeV and at s = 7 TeV ;
in 2013 proton-lead collisions at /syy = 5.02 TeV and
proton-proton collisions at /s = 2.76 TeV were produced.
Results for single photon energy spectra and for 7° trans-
verse momentum spectra in p-p collisions have already
been published [4—6]. Latest analysis results are presented
in this paper : preliminary results from neutron analysis in
p-p collisions are shown in section 3.1 and recently pub-
lished [7] results from 7° analysis in p-Pb collisions are
shown in section 3.2.

3.1 Neutrons energy spectra in p-p collisions

In this section preliminary results from neutron anal-
ysis in p-p collisions at /s = 7 TeV are presented. Data
were taken during LHC Fill # 1104 on May 15, 2010.
Integrated luminosities were 0.68 nb~! and 0.53 nb~! for
Arml and Arm?2 respectively, with a typical luminosity of
6.4 x10%cm=2s~!, derived from LHCF front counters [8].

Due to the limited dimensions of calorimeter, hadronic
showers are not fully contained in the tower and the study
of hadronic neutral particles is less precise and more com-
plicated than photons. Hadronic particles (mostly neu-
trons) are selected using informations of longitudinal dis-
tribution of energy deposit in the calorimeter. In particular
two parameters are used : the depths in the tower which
contain 20 % and 90 % of energy deposit, called Ly
and Lggg, respectively. A two dimensional cut on parame-
ter Lyp = Logg, — 1/4- Loy, is then applied. Impact position
of particle is reconstructed by the transverse distribution of
energy deposit in position sensitive layer ; this is necessary
to apply leakage corrections to the energy. Since the en-
ergy resolution for neutrons is of about 40 %, true energy

spectra are smeared by detector response. Smeared energy
spectra of neutrons measured by Arm1 and compared with
MC simulation predictions of several models are shown in
Figure 1 in three pseudo-rapidity ranges.

Unfolding technique is therefore needed to estimate
true energy spectra : we use a multidimensional-spectra
unfolding Bayesian method relying on energy and Pr
measured variables [9]. Preliminary results after unfold-
ing are shown in Figure 2. It is evident from results that in
the very forward pseudo-rapidity region (1 > 10.76) there
is a large amount of high energy neutrons, only predicted
by QGSJETII-03 model. In other regions data lie between
models predictions, but there isn’t an unique model that
represent data. High energy barions produced in forward
direction lead to a small inelasticity, which implies that
barions produced in the first interacion of a cosmic ray
with the atmosphere carries a large fraction of primary en-
ergy : as a consequence, air shower develops deeply in the
atmosphere.

3.2 Neutral pions P; spectra in p-Pb collisions

In this section, published results for 7° transverse mo-
mentum spectra in p-Pb collisions at center of mass energy
per nucleon of /syy =5.02 TeV are presented [7]. During
2013 p-Pb run, only Arm2 was installed because of two
different reasons : at first, to minimize interference with
ATLAS ZDC operations ; then, because MC simulations
predicted too high multiplicity of neutrons in Pb-remnant
side. As a consequence, Arm2 were installed on p-remnant
side for almost all the time, but it also operated for some
hours on the Pb-remnant side (with the detector moved up
by 4 cm to avoid high neutron multiplicity). Data recorded
on p-remnant side in LHC Fills # 3478 and # 3481 on Jan-
uary 21-22, 2013 were used, with an integrated luminosi-
ties of 0.63 nb~".

Proton-lead collisions are very important to understand
nuclear effect on forward particles production, because the
first collision of a cosmic ray with the atmosphere happens
between a proton and a nucleus or between two nuclei. 7°
events are indentified when both tower of the detector are
hitten by a photon. In this analysis events with two or more
particles hitting the same tower (multihit events) are re-
jected ; however, in final spectra a correction for this cut is
applied. Opening angle between photons is estimated as-
suming n° decay occurring at IP1 and using impact posi-
tion from position sensitive layers. Knowing the energies
of the two photons from calorimetric informations, it is
then possible to reconstruct the invariant mass of the sys-
tem. Distribution of reconstructed invariant masses in the
rapidity range (in detector reference frame) -9.4 < yyap <
-9.2 is shown in Figure 3. The peak due to 7° decay is fit-
ted with an asymmetric Gaussian, while the background is
fitted with a third order polynomial. Signal events are se-
lected when their mass fall within 3 o from the peak (black
solid lines in Figure 3). Background contribution to spec-
tra is estimated from event which falls between 3 and 6 o
from peak (black dashed lines in Figure 3).

Unlike in p-p collisions, in p-Pb collisions also Ultra-
Peripheral collisions (UPC) can occur in addition to soft
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Ficure 1. Energy distribution of neutrons in p-p collisions at 7 TeV before unfolding in three pseudo-rapidity regions : coloured
histograms show results from Monte Carlo simulations with different hadronic interaction models, black points show experimental data
of Arml1. Particles above maximum available energy (3500 GeV) are clearly due to the smearing effect of the detector.
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Ficure 2. Energy distribution of neutrons in p-p collisions at 7 TeV after unfolding in three pseudo-rapidity regions : coloured his-
tograms show results from Monte Carlo simulations with different hadronic interaction models, black points show combined exper-
imental data of Arml and Arm2. A large amount of forward (n > 10.76) high energy neutrons is predicted by QGSJETII-03 and
confirmed by data.
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QCD processes. UPC occurs when a proton interacts with
a virtual photon (y*) of lead electromagnetic field [10].
UPC contribution to 7° spectra is estimated from MC sim-
ulations using Weizsacker-Williams [11, 12] approxima-
tion for y* spectrum and SOPHIA model [13] for p-y* in-
teraction. Simulations indicate that about half of 7% are
generated from UPC, so this contribution must be sub-
tracted to extract QCD informations. After subtracting
UPC contributions, data are corrected for the detection ef-
ficiency and unfolded for detector response. Final spectra
of data in different rapidity regions are shown and com-
: : pared with MC prediction in Figure 4. Also the extrapola-
aeEmame s v ¥ U EUARRERES e O tion at 5.02 TeV from data in p-p collisions at 0.9 TeV, 2.76
100 120 140 160 180 TeV and 7 TeV is shown for comparison. Results indicate
Reconstructed m,, [MeV] that spectra in p-Pb collisions are harder than spectra in

p-p collisions.
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Ficure 3. Two-photon invariant mass distributions in rapidity

range -9.4 < y;4p < -9.2. Peak is fitted with an asymmetric Gaus- Comparing spectra in p-p and p-Pb collisions it is pos-
sian (blue solid curve), background is fitted with a polynomial sible to estimate nuclear effects. In particular it is possible
(blue dashed curve). Signal and background windows are indi- to measure the nuclear modification factor (Rp pp) Which is
cated by solid and dashed black lines respectively. defined as
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Ficure 4. Transverse momentum distribution of neutral pions in several rapidity regions : coloured histograms show results from Monte
Carlo simulations with different hadronic interaction models, black points show experimental data in p-Pb collisions at 5.02 TeV, gray
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Carlo simulations with different hadronic interaction models, experimental data are shown as black points. Nuclear modification factor
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where Ed’oP?/dp? and Ed*cP"’/dp’ are the inclusive
cross sections of 7° production in p-p and p-Pb collisions
at 5.02 TeV resspectively, and (N,,;) is the mean number
of binary nucleon-nucleon collisions. (V) is estimated
as 6.9 from MC simulations. Nuclear modification factor
as a function of Py in different rapidity regions is shown
in Figure 5. R,p, grows with energy as expected, since p-
Pb spectra are harder than p-p ones. MC models predict
R,pp ~ 0.1 over all range of Pr and it’s consistent with
data within the errors.

4 Conclusions and future prospects

LHCf experiment performed measurements on for-
ward production of neutral particles in proton-proton and
proton-lead collisions at LHC accelerator. These measure-
ments are necessary to calibrate hadronic interaction mod-
els used in cosmic rays physics to understand the devel-
opment of atmospheric showers. LHCf performed mea-
surements at /s = 0.9 TeV, 2.76 TeV and 7 TeV in p-p
collisions and at 4/syy = 5.02 TeV in p-Pb collisions. Re-
sults from photons and 7° analysis in p-p collisions are
already been published. In this paper latest published re-
sults about 7° analysis in p-Pb collisions and preliminary
results from neutron analysis in p-p collisions were pre-
sented. Preliminary results from neutron analysis indicate
small inelasticity in the very forward region, predicted
only by QGSJETII-03 model. 7° analysis in p-Pb indi-
cates a strong suppression of 7° production compared to
p-p case ; nuclear modification factor from data is consis-
tent with MC models predictions within errors.

Future plan for LHCf is to continue LHC operations in
2015 at /s = 13 TeV. Due to the higher radiation damage
expected, all plastic scintillators were replaced by GSO
scintillators, with more radiation hardness. Also scintillat-
ing fiber in Arm1 were replaced by GSO bars. In Arm2

silicon detectors position were changed to better catch
showers in calorimeters and a new microstrip bonding
scheme has been done to reduce the signal amplitude and
avoid saturation of electronics with higher energy signals.
In 2015 operations also common operations with ATLAS
will be done. Selecting only diffractive events using AT-
LAS informations will be helpful to study soft QCD inter-
actions. After 2015 operations we are proposing to bring
one detector to RHIC facility ; this will be useful to test
Feynman scaling at lower energies and extend Py cover-
age.
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