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Early results of the LHCf Experiment and their contribution to
Ultra-High-Energy Cosmic Ray Physics
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LHCf is an experiment dedicated to the measurement of neutral particles emitted in the very forward region
of LHC collisions. The physics goal is to provide data for calibrating hadron interaction models that are used in
the study of Extremely High-Energy Cosmic-Rays. The LHCT experiment acquired data from April to July 2010
during commissioning time of LHC operations at low luminosity. Production spectra of photons and neutrons
emitted in the very forward region ( 1 > 8.4) have been obtained. In this paper preliminary results of the photon

spectra taken at /s = TTeV are reported.

1. Introduction

Since it is impossible to directly measure
the energy of ultra-high-energy cosmic rays (~
1029 eV), the cosmic ray primary energy is tra-
ditionally determined by measurements of the
secondary nuclear and electromagnetic cascade
showers that are produced in the atmosphere by
the primary cosmic rays. Comparison of the
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shower measurements with MC simulations then
gives the primary energy. In order for this to work
reliably it is necessary to know the very forward
neutral particle (most importantly neutral pion)
production cross-section in the energy range of
the primary cosmic rays. Since theoretical mod-
els currently predict a rather large range of cross-
section values, one must look to accelerator data
at the highest possible energy in order to get re-
liable information for calibrating the MC codes.
The world’s highest energy particle accelerator
for at least the next few decades is the LHC at
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CERN which began operation in 2009 and has
so far operated at center of momentum proton-
proton collision energy /s = 0.9 and 7 TeV.
It is currently projected that in 2013 the LHC
will produce proton-proton collisions at its maxi-
mum energy /s= 14 TeV, which is equivalent to
10'7eV for a cosmic ray proton entering the at-
mosphere. The LHCf experiment [1] has been de-
signed to provide accelerator data for calibration
of the MC codes that are used for the simulation
of ultra-high-energy cosmic ray showers. Specif-
ically LHCf will measure the production spectra
of very forward neutral pions and neutrons in the
rapidity range n > 8.4. Some details of the exper-
imental arrangement are given in Section 2 below.

To explain the cosmic ray experiment and MC
situation in somewhat more detail, in a typical
air shower experiment the total number of shower
electrons and positrons (Ne) is measured as a
function of atmospheric depth X in gm/cm?. The
number of shower particles at the shower maxi-
mum, Nemaeq 1S then multiplied by ~2 GeV to
give an estimate of the primary energy. Of course
the factor ~2 GeV is approximate and depends
on details of the altitude of observation, the in-
cident angle of the cosmic ray and fluctuations
in the starting point of nuclear interactions. All
these details are treated by the MC codes.

In Figure 1 we show some experimental cos-
mic ray data and MC simulations [2]. The ver-
tical axis is the depth of the shower maximum
in gm/cm? and the horizontal axis is the cosmic
ray primary energy as it enters the atmosphere.
From Figure 1 we see that the DPMJET?2 model
predicts that the composition of cosmic rays at
the super high-energy region (say > 10'%V), is
dominated by heavy primaries such as iron nu-
clei. On the other hand, the QGSJETO01 model
predicts that cosmic rays in this region are dom-
inated by protons. This discrepancy can be re-
solved by calibrating the simulation codes with
accelerator data at the highest energy and is the
motivation for the LHCf experiment.

In high energy hadronic collisions the energy
flow is dominated by the very forward emitted
particles and shower development is dominated
by the production of electromagnetically interact-
ing particles (photons, electrons and positrons).

The most important cross section for cosmic
ray shower development is therefore the forward
production of neutral pions in hadron collisions
which then immediately decay to two forward
photons. Until now the highest energy of an accel-
erator experiment measuring forward production
of neutral pions was attained by the UA7 experi-
ment [3] at the CERN pbar-p collider, the labora-
tory equivalent energy of UA7 was 1.5x 10'eV,
far below the 10'%eV region of interest for present
day cosmic ray physics. As noted above, when
LHC reaches its design energy of 14 TeV in 2013
the LHCf experiment will extend the energy range
for which there is accelerator data by three orders
of magnitude to 10'7eV. Although this is still two
to three orders of magnitude below the highest
energy cosmic rays, the discrepancies in MC cal-
culations are evident by 10'7eV. In addition to
helping resolve the ultra-high-energy cosmic ray
composition question the LHCf data will be useful
for resolving questions at the GZK cut-off region
around 10'%V.

Parenthetically we note that in Figure 1 all the
MC calculations are in reasonably good agree-
ment at 10'%eV corresponding to the energy of
the UA7 experiment where accelerator calibra-
tion data is available. The MC results diverge
the higher one gets above 10'#eV. The goal of
LHCf is to reduce the uncertainty of the MC cal-
culations at 10'7eV to something resembling the
current situation at 10'4eV.

In large collider experiments, the detectors
(ATLAS, CMS etc.) are traditionally designed
for detection of new massive particles in the cen-
tral high pr region. Vacuum beam pipes in the
very forward region make it difficult to put par-
ticle detectors there. However the shape of the
beam pipe in the LHC collider makes it relatively
easy to insert neutral particle detectors at zero
degree collision angles. At +140m from the IP
the beam pipe makes a Y transition from a single
common beam pipe facing the IP to two sepa-
rate beam pipes joining to the arcs of LHC. The
TAN neutral particle absorbers are located at the
crotch of the Y and contain a 90 mm wide instru-
mentation slot between the two beam pipes where
the LHCf detectors are inserted. In the remain-
der of this paper we will describe some details of



the LHCf detectors and the very early results that
have been obtained.
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Figure 1. The shower maximum in gm/cm? ver-
sus the primary cosmic ray energy in eV for var-
ious experiments and MC simulations [2].

2. The detectors

The LHCf detector consists of two detectors,
Arm 1 and Arm 2 located on opposite sides of
the collision point IP1. Each detector consists of
two calorimeters. The calorimeters consist of 44
radiation lengths (1.7 strong interaction lengths)
of tungsten plates interleaved with sixteen 3 mm
thick layers of plastic scintillator for sampling the
shower intensity. In addition there are four X-
Y layers of position sensitive detectors for mea-
suring the transverse location of the shower axis.
Arm 1 uses SciFi for the position sensitive layers
whereas Arm 2 uses micro strip silicon sensors.
The position resolutions have been measured with
an electron beam at the SPS, obtaining 160um
for the Arm 1 SciFi and 49um the Arm 2 micro
strips.
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Figure 2. Transverse cross sections of the LHCf
detector for Arm 1.
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Figure 3. Transverse cross sections of the LHCf
detector for Arm 2.

As shown in Figures 2 and 3, the Arm 1 de-
tector consists of 2cmx2cm and 4cmx4cm cross
section calorimeters while the Arm 2 consists
of 2.5cmx2.5cm and 3.2cmx 3.2 cm calorimeters.
The calorimeters are installed in the instrumenta-
tion slots of the TAN absorbers +140m from IP1
and at zero degree collision angle. The calorime-
ters together with light pipes and PMTs are con-
tained in aluminum boxes that can be remotely
moved up and down relative to the beam height.
In addition to the calorimeters shown in Figs. 2
and 3, each Arm has a thin plastic scintillator in
front of it for estimating relative luminosity.



The calorimeter signals are sent to the un-
derground USA15 counting area via 180 m ca-
bles. The DAC trigger is generated in the USA15
area and recorded events are tagged according
to whether or not an event was also recorded by
ATLAS. Frequent calibrations of the gain of the
scintillator and the photomultipliers have been
carried out with laser light pulses sent from the
USA15 area. Compared to the initial installation
in the autumn of 2009, a 3% degradation of scin-
tillator sensitivity was observed by the end of the
run on July 19, 2010.

After the LHCf detectors were first installed
in the autumn of 2009, p-p collision data were
first taken with 1/s=900 GeV. Collisions at en-
ergy 1/s=7000 GeV were started in April, 2010.
LHCf data has been taken at low luminosity and
during machine commissioning in order to limit
"pile-up events” (multiple collision events dur-
ing the same bunch crossing). The typical pile
up rate was as <0.7% in the middle of June un-
der the luminosity of L=>5.5 x10%® /cm?sec for the
3x3 bunch beam crossing scheme. The beam-gas
collision rate was estimated during the /s=900
GeV run to be 0.1%.

3. The energy calibration of calorimeters

In order to reduce the number of events with
two or more neutral particles striking a single
calorimeter the LHCf detectors have been de-
signed with the small cross sections shown in Fig-
ures 2 and 3. A consequence of these small cross
sections is that there is some shower leakage out
of the edges the calorimeters. The Moliere radius
of tungsten is about 1 cm. As a consequence,
for a shower centered on the 2cmx2cm calorime-
ter, approximately 16% of the shower particles
at the shower maximum leak outside the edges
of the calorimeter. This leakage effect has been
thoroughly investigated with electron beams at
the SPS. The electron beam data have been used
to create tables of shower leakage correction fac-
tors as a function of the position of the shower
axis. In order to limit the magnitude of the cor-
rection factor below 7%, events having a shower
axis within 2 mm of the calorimeter edges are
eliminated from the analysis. The details of the

shower leakage effect and correction factors have
been published in a previous report [4]. The ab-
solute energy scales of the calorimeters have been
calibrated with SPS test beams and MC simula-
tion. The MC code EPICS v.8 predicts that a
100 GeV electron deposits 430 MeV in the fourth
layer of scintillator which is at the shower maxi-
mum. The corresponding flux of minimum ioniz-
ing particles (MIPs) is ~940. On the other hand
the experimentally measured ADC for this layer
was 295. This means that one MIP corresponds
to about 295/940 = 0.314 ADC channel counts
or 0.00785 pC. The photomultiplier (PMT) volt-
age was 450 V for the electron beam data. For
muon beam data, which corresponds to a sin-
gle minimum ionizing particle, the PMT voltage
was increased to 1000 V corresponding to a PMT
gain increase of ~100, The observed ADC was 30
whereas the MC predicted 35.

The linearity of the PMT plus scintillator com-
binations have been checked with a laser light
beam over a dynamic range that corresponds to
fluxes from 1 MIP to 2x 10°MIPs. Excellent
linearity was obtained by proper choice of PMT
(Hamamatsu-R7400U) and a long decay constant
scintillator (EJ-260). We have also used actual
beam data to confirm the linearity of the conver-
sion tables between the ADC and the number of
minimum ionizing shower particles. We have not
observed any saturation effects on the outputs of
the PMTs. The technical details of the linearity
studies are given in reference [4]. The final cal-
ibration of the calorimeter energy scales will be
made by using the invariant mass peaks of neutral
pion and eta mesons.

The energy resolutions of the calorimeters have
been investigated using SPS electron beams from
50 to 200 GeV. The MC that replicated the SPS
results has been used to estimate the energy res-
olution at 1 TeV, obtaining 2.8%. Further details
of the energy resolution can be found in reference

[5].
4. Data analysis and some early results

We would first like to demonstrate that the
Arm 1 and Arm 2 detectors are working simi-
larly. For this demonstration only photons that



hit the detectors within the same rapidity range
have been selected. Figure 4 shows the photon
spectra obtained by the Arm 1 (red points) and
Arm 2 (blue points) detectors. Photons emitted
within a radius 5 mm from the beam axis are plot-
ted. It is evident that the photon spectrum pro-
duced in proton-proton collisions with /s=7000
GeV can be measured very well by either detec-
tor independently. Minor differences are noted.
These may be due to alignment corrections for
the centers of the two proton beams relative to
the detectors that have not yet been applied.
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Figure 4. The photon spectrum observed by the
small towers of Arm1 (red 4+) and Arm2 (blue e).

Both photons and neutrons enter the LHCT de-
tectors and produce showers. Separating the pho-
tons and neutrons is an important task for LHCH.
We have developed a separation criterion based
on the fact that, owing to the order of magni-
tude difference in radiation and strong interac-
tion lengths, on average neutron showers initiate
and penetrate much deeper into the calorimeters

than photon showers. However at intermediate
depths there is some overlap between the photon
and neutron showers. In calorimetry this particle
separation problem usually occurs as e/p separa-
tion but in our case it is 7y/n separation.

The ~/n particle identification (PID) method
has been developed with MC simulations based
on the QGSJET2 and DPMJET3 models. In Fig-
ure 5, we present the results of MC simulation
for photon and neutron induced showers together
with experimental data from LHCf. The parame-
ter LI0%, in units of radiation length, represents
the depth in which 90% of the shower energy has
been deposited and is shown on the horizontal
axis. The vertical axis is the number of events
having a particular value of L90%. From Fig 5
we see that events with LI0% <18 are essentially
all photons, events with L90% > 22 are essen-
tially all neutrons and events with 18 < LI0% <
22 are a mixture of photons and neutrons.

Selecting events according to a particular value
of L90% invariably involves a weak energy depen-
dence. We have made MC simulations for three
cases of PID criteria for selecting photon show-
ers; (case 1) we fix the length of L90% at 18 r.l.
or less, (case 2) we fix the detection efficiency of
photons to be greater than 90%, and (case 3) the
photon detection efficiency is fixed at 95% and
the length L90% is increased to 30 r.l.. Case 3
is most conservative in terms of not eliminating
photon showers but has the highest neutron con-
tamination. However for all cases, if appropriate
corrections are applied to the raw data, the MC
simulations predict that we can infer the contam-
ination free photon spectra at /s =7000 GeV.
This is shown in Figure 6.

In the last part of this section we would like
to describe in more detail the corrections due to
shower leakage. The case when only a single pho-
ton is incident on the Arm1 or Arm2 detectors has
been described above. The case when two pho-
tons are incident, one in each of the two calorime-
ters of Arm1 or Arm2 is a little more involved. In
that case the photon energies /1 and F,5 are re-
lated to the energies F; and E5 measured by the
calorimeters by
E’yl = El + AEl - AE271
E,Yg = E2 + AEQ - AELQ



where the subscript 1 refers to the small calorime-
ter and subscript 2 to the large calorimeter of a
given detector. AF; and AFEs are the corrections
due to shower leakage out of a given calorimeter
described previously. AE5 ; is the shower leakage
out of calorimeter 2 that leaks into calorimeter 1
and similarly for AE; 5. These correction factors
have been estimated by the MC calculations. To
limit the magnitude of the corrections events are
rejected from analysis if a shower axis falls within
2 mm of the edge of a calorimeter. The frac-
tions of shower leakage out of a given calorimeters
that leak into the other calorimeter are typically
~20%. So, for example if there is 16% leakage
of photon 1 shower energy out of calorimeter 1,
there is about 3% leakage of photon 1 shower en-
ergy into calorimeter 2.

The two photon correction process that has
been described will have an effect on the mea-
sured mass of the neutral pion that is dependent
on the pion energy. The reason for the pion en-
ergy dependence is that the mean opening angle
between the photons decreases as the pion en-
ergy increases. As the opening angle decreases
the shower axes will tend to fall closer to the
calorimeter edges and therefore the magnitudes
of the leakage corrections will increase. The mag-
nitude of the effect has been estimated with MC
simulations. For proton-proton collisions with
V/s=T7 TeV the leakage corrections increase the
measured neutral pion mass by 2.5% at the low-
est pion energy (~900 GeV) and 5% at the high-
est pion energy ( ~1.3TeV) detected by the Arm1
and Arm2 detectors.

At the time of this report our data analysis
does not yet separate out multi-hit events in a
single calorimeter and pile-up events with more
than a single detected proton-proton interaction
in a bunch crossing. For these reasons it is too
early to present our measurements together with
MC predictions.

5. Summary of the experiment

(1) The LHCf experiment has collected high en-
ergy single photon (~200 million events for each
arm) and neutral pion (~one million events for
each arm) events during low intensity operation
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Figure 5. Particle Identification between pho-
tons and neutrons. The MC results are shown
together with the real data. L90% means that
90% of shower particles are involved in the radi-
ation length expressed in the horizontal value.

of the LHC. These numbers of events are sufficient
for completing LHCf data analysis at 7 TeV op-
eration of LHC so the LHCf detectors have been
removed until the energy of LHC is increased in
the future.

(2) The LHCf detectors have been calibrated
with SPS beams, by laser light and by utilizing
the invariant mass peak of the neutral pion.

(3) A particle identification procedure (PID)
for separating photons and neutrons has been de-
veloped. Calorimeter leakage corrections have
been thoroughly investigated with SPS electron
beam measurements and MC simulations.

(4) Data analysis is in a preliminary stage
however it may be stated that the shape of the
photon production cross-section is well described
by the SIBYLL and EPOS codes, while the neu-
tron production cross-section is well described by
the QGSJET and DPMJET models. Discussion
of the relative merits of the models that are
customarily used by cosmic ray physicists for
simulation of super high energy events must wait
until we obtain differential cross-sections.
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Figure 6. Photon spectra are plotted using three
different PID criteria for separating photons from
neutrons. The three criteria give essentially the
same result and indicate insensitivity to which of
the criteria is used.
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