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Physics Motivations 
Impact on HECR Physics 
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What do cosmic
rays consist of?
What particles 
do they have?

Primary cosmic
rays, the cosmic
rays coming from
outer space, are
mostly protons.

primary
cosmic rays

They collide with
the Earth‛s
atmosphere and
decay into secondary
cosmic rays.

I have got it!
Cosmic rays on the
Earth‛s surface are
tiny particles produced
by energetic protons.

P

pion

muon

gamma
ray

electron

secondary
cosmic rays
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Courtesy P. LIPARI 

HECR Open questions (E/Xmax)	 
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ü  Xmax gives information on the primary particle 

ü  Results are different between experiments both for 
E spectra and composition measurements 

ü  Interpretation relies on the MC prediction and has 
quite strong model dependence 

0g/cm2	

Xmax	

Proton	  and	  nuclear	  showers	  
of	  same	  total	  energy	

TA	 

!"#$%

AUGER E spectrum 
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LHCf @ LHC 
The experimental set-up 
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+ LHCf:  location and detector layout 
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44X0,  
1.6 λint  

INTERACTION POINT 
 

IP1 (ATLAS) 

Detector II 
Tungsten 

Scintillator 
Silicon µstrips 

Detector I 
Tungsten 

Scintillator 
Scintillating fibers 

140 m 140 m 

n π0 

γ 

γ 
8 cm 6 cm 

Front Counter Front Counter 

Arm#1 Detector 
20mmx20mm+40mmx40mm 
4 X-Y SciFi tracking layers 

Arm#2 Detector 
25mmx25mm+32mmx32mm 
4 X-Y Silicon strip tracking layers 
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+ How LHCf can contribute? 
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LHC gives a unique opportunity to 
measure hadronic interactions at 1017 eV  

è Forward region is very 
effective on air shower 
development 

   7TeV+7TeV                 → Elab = 1017eV 
 3.5TeV+3.5TeV            → Elab = 2.6x1016eV 
450GeV+450GeV         → Elab = 2x1014eV 

σ inela =73.5±0.6 mb (TOTEM ) 

High 
energy 
flux !!  

Low 
multiplicity !!  

 
DPMJET3 



+ Brief LHCf photo-story  
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n  May 2004 LOI  

 

n  Feb 2006 TDR 

 

n  June 2006 LHCC approved  

Jan 2008  
Installation 

Aug 2007 
 SPS beam test 

Sep 2008 
 1st LHC beam 

Jul 2006 
 construction 

Mar 2010 
 1st 7TeV run  

Dec 2009 
 1st 900GeV run Jul 2010 

 Detector removal  



+

Inclusive photon 
spectrum analysis
“Measurement of zero degree 
single photon energy spectra for 
√s = 7 TeV proton-proton 
collisions at LHC“ 

PLB 703 (2011) 128 
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+ Data Set for inclusive photon 
spectrum analysis 

•  Data 
–   Date : 15 May 2010 17:45-21:23  (Fill Number : 1104) 

            except runs during the luminosity scan.  

–   Luminosity : (6.5-6.3)x1028cm-2s-1, 
–   DAQ Live Time : 85.7% for Arm1, 67.0% for Arm2 

–   Integrated Luminosity :  0.68 nb-1 for Arm1, 0.53nb-1 for Arm2  

–   Number of triggers :   2,916,496 events for Arm1 
                                       3,072,691 events for Arm2  

–   Detectors in nominal positions and Normal Gain 

•  Monte Carlo 
–   QGSJET II-03, DPMJET 3.04, SYBILL 2.1, EPOS 1.99 and      

PYTHIA8.145:     about 107 pp inelastic collisions each  
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+ Analysis WORKFLOW 
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1. Energy Reconstruction 2. PID 

3. Multi-Hit rejection 4. Acceptance cut 
Small Tower  
η> 10.94  
Large Tower 
8.81< η < 8.99  

5. Systematic uncertainties 



+ Comparison between Models 
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DPMJET 3.04  SIBYLL 2.1 EPOS 1.99 PYTHIA 8.145 QGSJET II-03 

Gray 
hatch : 
Systematic 
Errors  

Magenta 
hatch: MC 
Statistical 
errors  



+

Impact on HECR 
Physics 
Understanding the impact of our 
measurements 
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P. FACAL SAN LUIS et al. THE DISTRIBUTION OF SHOWER MAXIMA OF UHECR AIR SHOWERS
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Figure 1: The resolution ofXmax obtained using events recorded
simultaneously from two FD stations, compared to a detailed
Monte Carlo simulation.

face Detector (SD) has 1660 water detector stations ar-
ranged in a 1.5 km triangular grid and sensitive to the
shower particles at the ground. The FD has 27 tele-
scopes overlooking the SD, housed in 5 different stations,
recording UV light emitted in the de-excitation of nitro-
gen molecules in the atmosphere after the passage of the
charged particles of a shower. The shower geometry is re-
constructed from the arrival times of the data. The number
of fluorescence photons emitted is proportional to the en-
ergy deposited in the atmosphere by the shower. Using the
shower geometry and correcting for the attenuation of the
light between the shower and the detector, the longitudinal
profile of the shower can be reconstructed. This profile is
fitted to a Gaisser-Hillas function [7] to determine Xmax

and the energy of the shower [8].
We follow the analysis already reported in [6]. We consider
only showers reconstructed using FD data and that have at
least a signal in one of the SD stations measured in coinci-
dence. The geometry for these events is determined with an
angular uncertainty of 0.6◦ [9]. The aerosol content in the
atmosphere is monitored constantly during data taking [10]
and only events for which a reliable measurement of the
aerosol optical depth exists are considered. Also the cloud
content is monitored nightly across the array and periods
with excessive cloud coverage are rejected. Furthermore,
we reject events with a χ2/Ndf greater than 2.5 when the
profile is fitted to a Gaisser-Hillas, as this could indicate the
presence of residual clouds. The total statistical uncertainty
in the reconstruction of Xmax is calculated including the
uncertainties due to the geometry reconstruction and to the
atmospheric conditions. Events with uncertainties above
40 g/cm2 are rejected. We also reject events that have an
angle between the shower and the telescope smaller than
20◦ to account for the difficulties of reconstructing their
geometry and for their high fraction of Cherenkov light. Fi-
nally, in order to reliably determine Xmax we require that
the maximum has been actually observed within the field
of view of the FD. 15979 events pass this quality selection.
Another set of cuts is used to ensure that the data sample is
unbiased with respect to the cosmic ray composition. Since
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Figure 2: 〈Xmax〉 (top panel) and RMS (Xmax) (bottom panel)
as a function of the energy. Data (points) are shown with the
predictions for proton and iron for several hadronic interaction
models. The number of events in each bin is indicated. Systematic
uncertainties are indicated as a band.

we require data from at least one SD station, we place an
energy dependent cut on both the shower zenith angle and
the distance of the SD station to the reconstructed core so
the trigger probability of a single station at these energies
is saturated for both proton and iron primaries.
Finally, requiring that the shower maximum is observed
means that, for some shower geometries, we could intro-
duce a composition dependent bias in our data. This is
avoided using only geometries for which we are able to
observe the full range of theXmax distribution.
At the end 6744 events (42% of those that pass the quality
cuts) remain above 1018 eV. The systematic uncertainty
in the energy reconstruction of the FD events is 22% The
resolution in Xmax is at the level of 20 g/cm2 over the en-
ergy range considered. This resolution is estimated with a
detailed simulation of the detector and cross-checked using
the difference in the reconstructedXmax when one event is
observed by two or more FD stations (Fig. 1).

3 Results and discussion

In Fig. 2 we present the updated results for 〈Xmax〉 and
RMS (Xmax) using 13 bins of ∆ logE = 0.1 below
1019 eV and ∆ logE = 0.2 above. An energy depen-
dent correction ranging from 3.5 g/cm2 (at 1018 eV) to
−0.3 g/cm2 (at 7.2 ·1019 eV, the highest energy event) has
been applied to the data to correct for a small bias observed
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π0 spectrum and air shower	 

ü  Artificial modification of meson spectra (in 
agreement with differences between models)  

ü  Δ<Xmax(p-Fe)> ~ 100 g/cm2 

ü  Effect to air shower ~ 30 g/cm2 
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π0 spectrum at Elab = 1017eV	 

DPMJET3 original 
Artificial modification	 

Longitudinal AS development	 
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Vertical Depth (g/cm2) 

<Xmax>=718 g/cm2 

<Xmax>=689 g/cm2 

AUGER, ICRC 2011 



+ pT distribution dependence 
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Courtesy P. LIPARI 
Interplay of LHCf data with 
HECR Physics Workshop, 
Catania, July 6 2011  
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What’s next 
Detector upgrade, analyses, ion 
runs 
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+ LHCf on going activities (I):  
new analyses 
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2011-2012: New analyses 
•  π0 measurement 
•  900 GeV spectra 
•  pT spectra 
•  Hadron spectra 
•  η, K0, Λ ? 

17 

HCP 2011 November 14-18 Paris 

Type I Type II 

Excellent performance  
of position sensitive 
detectors give us the 
possibility to reconstruct 
multi-hit event in the 
same tower  

Large tower

Small tower

π0

Category of π0

Large tower

Small tower

Type-II

π0



+ LHCf on going activities: π0 analysis 
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+ LHCf Future PLANS (I) 
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2011-2012: Detector upgrade for 14 TeV run 
n  Replace plastic scintillators with Rad 

Hard GSO  
n  Test beam at HIMAC on going 

n  Modify the silicon layers positions to 
improve silicon-only energy resolution 

n  Test beam at SPS to calibrate 
Arm1&Arm2 

n  Improve the dynamic range of silicon 



+ LHCf Future PLANS (II): Ion runs 

n  2012-2013: p-Pb runs? 
n  Interest in Ion runs  

n  Physics case study well motivated  

n  LHC Ion run and/or RHIC  

n  Discussion on going with LHCC, LHC 
machine, ATLAS about reinstallation on p-
remnant side during  p-Pb run (end of 
2012?)  

n  Discussion about possible data taking at 
RHIC 
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Pb –remnant side 

γ

p –remnant side 

Too many neutron 
fragments!!! 
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+ LHCf Future PLANS (II): p-Pb run 
Photon spectra 
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+ LHCf Future PLANS (II): p-Pb run 
Neutron spectra 
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+ LHCf Future PLANS (II): p-Pb run 
Additional motivations 
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Nuclear Modification Factor measured at RHIC 
(production of π0): strong suppression for small pT 
at <η>=4 

Phys.  Rev. Lett. 97 (2006) 152302 

LHCf can extend the measurent at higher 
energies and for η>8.4 
Important measurement for HECR Physics! 

Courtesy of 
S. Ostapchenko 



+ Conclusions 

n  LHCf Inclusive photon analysis published 
n  First comparison of various hadronic interaction models with 

experimental data in the most challenging phase space region               
(8.81 < η < 8.99, η  > 10.94) 

n  Large discrepancy especially in the high energy region with all models 

n  Implications on UHECR Physics under study in strict connection with 
relevant theoreticians and model developers 

n  Other analyses are in progress (π0, 900 GeV spectra, PT spectra, hadrons…) 

n  Stay tuned for new results 

n  We are upgrading the detectors to improve their radiation hardness (GSO 
scintillators and rearrange silicon layers) for 14 TeV run 

n  Discussions are under way to come back in the TAN for the possible p-Pb run 
in 2012 or at RHIC for lower energy p-ions runs 

n  Physics case well motivated 

n  Discussion are on going (LHCC, LHC, Atlas etc.) for LHCf re-installation 

n  We will anyway come back in LHC for the 14 TeV run with upgraded 
detector!!!! 
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