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Abstract: To have a correct understanding of air shower development, accurate measurements of nuclear 
effect with accelerators are necessary. RHIC is a good candidate to provide the first light-ion collision. We 
propose a short period experiment measuring the nuclear effect incorporated in each interaction models 
in proton-nitrogen (p-N) collision at √sNN=200 GeV.
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LEAP - satellite

Proton - satellite

Yakustk - ground array

Haverah Park - ground array

Akeno - ground array

AGASA - ground array

Fly’s Eye - air fluorescence

HiRes1 mono - air fluorescence

HiRes2 mono - air fluorescence

HiRes Stereo - air fluorescence

Auger - hybrid
Indirect measurement  

with air shower

Flux of cosmic rays 
Flux is low for high energy 
 - knee@1015.5eV 
 - ankle@1017.5eV 
What are their origin and 
composition (proton to Fe)?

Direct measurement  
with satellite and 

balloon experiment

RHIC LHC

Knee (all-particle)

QGSJET model

SIBYLL model

KASCADE
Tibet ASg

Proton spectrum

Study of 
composition

Interpretation of the knee region differs from experiments. But 
their interpretation relies on the hadronic interaction model used. 
These are the main source of uncertainties.

Knee is proton dominant? or heavy dominant?

Observation of Cosmic Rays: What Is The Composition?
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Multiplicity p-N@√s=200GeV Energy flux

proton- 
remnant

The forward region is very effective on air shower development. This region has a small 
multiplicity, but carries most of the energy. Small instrument such as the LHCf detector is 
necessary to achieve accurate measurement in this region.

p-N Collision: Comparison With p-p Collision
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detector ZDCbeam pipe

neutral particles

IP

Acceptance 

η>6• Charged particles are swept aside by a magnet 
• 2 tower calorimeters (20mm & 40mm tower) 
• 16 GSO scintillators interleaved with tungsten 

plates (44 X0 in total) 
• 4 position sensitive layers: 

XY hodoscope planes with 1mm2 GSO bars 
• Position and energy resolutions (check with MC): 

0.4 mm and 11% @<100GeV

Experimental Setup With LHCf Detector

p-p p-N
σine(mb) 40 330

L(1030cm-2s-1) 16.5 2.0
Ncoll 1x108 1x108

time(min) 5 5

We simulate 108 inelastic collisions to determine 
the nuclear effect incorporated in each interaction 
model. We define the nuclear effect with the 
following formula:

Analysis With MC

Summary

We performed a MC simulation with the LHCf Arm1 detector installed in 
the proton-remnant side of p-N collision. Nuclear effect is evaluated from 
the ratio between the photon energy spectrum of p-N and p-p collisions. 
The detector has enough power to discriminate the nuclear effect 
incorporated in each model with a simple χ2 method in a short time.
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Selection of photon events: 
1. 3 successive layers with an energy deposit larger than 10 MIPs 

(Trigger photons above 10 GeV) 
2. Reconstructed position within 2mm from the edge 
3. Photon identification cut: 

EM and hadronic showers are separated with a method based on a difference of 
the longitudinal shower development.

Definition
longitudinal 
distribution

Expected Results: Photon Spectrum

The thresholds are calculated 
with p-p collision  in order to 
keep the detection efficiency 
to 90% independently.

We select events:  
<L20% threshold &&<L90% threshold  

Applying 2 criteria gives a purity of 80% in all 
energy ranges.

The discrepancy between 
models can be evaluated with 
a simple χ2 method.
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χ2 (Prob) 20mm 40mm
DPMJET3 7.09 (0.21) 362 (10-20)
QGSJET2 102 (10-20) 1262 (10-20)
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Figure 8: The L20%(left) and L90%(right) distributions measured by 40 mm calorimeter for
events with a reconstructed energy between 20 and 30 GeV. The red and blue histograms
are the pure photon and pure hadron events, respectively. p-p collisions generated with
DPMJET3.04 are used.

photons produced at the collision point, and 6.6% are from hadronic contamination. Only
2.0% and 4.2% are from photon produced during transportation and shower induced in dead
materials such as the frame of the detector and the other calorimeter as shown in figure 9
and table 2. These fake events decrease rapidly as energy increases.

Energy
True

Recons-
tructed

Collision
Beam
pipe

Hadron Otherrange
[GeV]
5 - 10 3.79×10−4 4.20×10−4 1.65×10−4 1.10×10−4 4.49×10−5 1.01×10−4

10 - 20 5.32×10−4 4.87×10−4 4.15×10−4 1.54×10−5 3.25×10−5 2.37×10−5

20 - 30 2.51×10−4 2.29×10−4 2.03×10−4 3.06×10−6 1.42×10−5 8.83×10−6

30 - 50 2.04×10−4 1.87×10−4 1.67×10−4 1.19×10−6 1.24×10−5 6.28×10−6

50 - 70 6.26×10−5 5.83×10−5 5.18×10−5 1.50×10−7 4.64×10−6 1.61×10−6

70 - 100 1.28×10−5 1.26×10−5 1.17×10−5 1.00×10−8 6.50×10−7 2.20×10−7

Table 2: Number of event per collision identified as photon after event selection in each energy
range for each origin. The labels and conditions are the same as in figure 9.

The ratios R derived from photon spectra for each model are shown in figure10. According
to table 1, most of the photons are from π0 decay, and the measured R distribution reflects
that of π0 (see figure 3). DPMJET3.04 and EPOS1.99 have a stronger production suppress
of 20% than QGSJETII-03, and EPOS1.99 suppression is moderated above 50 GeV.

In order to evaluate the discrimination power between the models, we calculate χ2
model

of DPMJET3.04 and QGSJETII-03 with respect to EPOS1.99 distribution.

χ2
model =

∑

i

(Rmodeli −REPOSi)
2

σ2
modeli

+ σ2
EPOSi

, model = DPMJET3 or QGSJETII

10

Nuclear Effect And Impact On Air Shower

Strong suppression confirmed.

Y.Itow,  Forward production at LHC ISVHECRI2014@ 18Aug2014 
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•  Very large suppression (~ 0.1)  at PT ~ 100MeV region in p-side 
•  Models also reproduce large suppression, but PT dependence ?�

<Ncoll>=6.9± 0.7�
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FIG. 6: (color online). Nuclear modification factor for π0s. Filled circles indicate the factors obtained by the LHCf measure-
ments. Error bars indicate the total uncertainties incorporating both statistical and systematic uncertainties. Other lines are
the predictions by hadronic interaction models (see text in detail.)

Appendix A

The inclusive production rates of π0s measured by
LHCf after the subtraction of the UPC component are
summarized in Tables IV– IX.

Appendix B

Derivation of the pT spectra in p–p collisions at√
s = 5.02TeV

To investigate the nuclear effects involved in the nu-
clear target it is essential to compare the pT spectra mea-
sured in p–Pb collisions at a given collision energy to the
reference pT spectra in p–p collisions at the same colli-
sion energy. In this analysis, since a measurement in p–p
collisions at

√
s = 5.02TeV is not available, the reference

pT spectra are made by scaling the pT spectra measured
in the p–p collisions at

√
s = 7TeV and 2.76TeV.

First the average pT at 5.02TeV is estimated by scaling
the average pT obtained at 7TeV and 2.76TeV. Figure 7
shows the average pT in p–p collisions at

√
s = 7TeV

(filled circles) and 2.76TeV (open circles) as a function
of rapidity loss ∆y ≡ ybeam − ycms, where ybeam is beam
rapidity and ycms is the rapidity of the center-of-mass

frame. For the proton beam with E = 3.5TeV and
1.38TeV, ybeam gives 8.917 and 7.987, respectively. In
the following we assume ycms is positive.

According to the scaling law proposed by several au-
thors [38–40] (Feynman scaling), the average pT as a
function of ∆y should be independent of the center-of-
mass energy in the projectile fragmentation region. Thus
the average pT can be directly compared among different
collision energies. The values of the average pT at 7TeV
are taken from measurements by LHCf [29] in which the
associated ∆y points are modified to take into account
event population for each rapidity bin. These weighted
bin centers are estimated using the MC simulation by
epos 1.99. The values of the average pT at 2.76TeV are
obtained by a similar analysis on the data that was taken
in p–p collisions at

√
s = 2.76TeV on February 13, 2013.

These data were taken with essentially the same data
acquisition configuration as at 5.02TeV.

Although the two measurements in Fig. 7 have limited
overlap on the ∆y range owing to the smaller collision en-
ergy at 2.76TeV, the ⟨pT⟩ spectra at 7TeV and 2.76TeV
follow mostly a common line. A linear function fit is then
made to these measurements. The solid line and shaded
area in Fig. 7 show the best-fit linear function and the 1
standard deviation uncertainty obtained by a chi-square

Nuclear modification 
factor from accelerator 
experiments: (PRC89, 065209)

Many measurements with heavy ion collision were carried, 
but no measurement with light-ion target is available.  

RHIC and LHC are good candidates.

Simulation of air shower introducing 
a strong field that decelerate nucleons. 
(Astro. Phys.23 435–443)

Nuclear effect can have critical 
impact on the determination of 
composition.

original 
modified model1 
modified model2

Xmax Nµ

Proton

Decrease of Xmax 

Heavier primary

Decrease of Nµ 

Lighter primary 

Larger discrepancy 
in p-N collision

(ICRC’09, M. Shibata)

• Locate at 18m from interaction point in the proton-remnant side. 
Install current LHCf Arm1 detector in front of the ZDC 

Good rejection power
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