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Energy scale comparison: Cosmic Rays and LHC

Pierre AugerPierre Auger
ObservatoryObservatory

Study of
interactions  at

c.m. energy
exceeding 
LHC reach

Beam energy

Interaction energy
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beam 

fixed target: air

CR observatories as fixed target experiments

X
1

→  X
1
 is not directly measurable with the Auger detector,

      use instead Xmax (depth of  maximum development of the air shower)

→ Mass composition of cosmic rays?

depth of first interaction

type and energy of particles in the beam

For a monochromatic beam
of protons (ideal world): 



 4

Measuring Xmax  (real world)

Problems:

→ Mass composition
    (nature of the beam)

→ Dependence of Xmax
    and its fluctuations on
    the shower development
    (models needed)
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→ cross-section sensitive observable:   Λ
η
 ≡ slope of the tail of the Xmax distribution

                                                             [ η specifies the fraction of deep-penetrating showers selected ] 

→ method pioneered by Fly's Eye in the 80s

[R.W. Ellsworth et al., Phys. Rev. D26 (1982) 336, R. Baltrusaitis et al. [Fly's Eye], Phys. Rev. Lett 52(1984) 1380]
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 Conex p simulations
 cross-section ± 50% at 1019 eV

Cross-section sensitive observable
In hybrid mode Auger can measure:
E (calorimetric) and Xmax of individual showers

See talks by  E. Santos 
and A. Parra Flores

 Interaction MODELS
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cut: select a proton-rich tail 

→ Select E range where data are 
compatible with a substantial 
fraction of protons: 1018-1018.5 eV

→ η=0.2:  systematic biases on Λ
η 
 

for a fraction of He ≤25% smaller 
than the statistical uncertainties

→  CNO and heavier: negligible 
bias

→  photon fraction < 0.5%

Conex simulationsE: 1018-1018.5 eV

Selection of a proton rich dataset

see M. Tartare's talk

Mass composition is the 
main source of systematics
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The tail of the Xmax distribution: data fit

Λ η=[55.82.3stat1.6sys] g /cm2

→ unbinned likelihood fit  – 3082 events selected (738 used for the fit)

1018-1018.5 eV

<E> = 1018.24 eV

→ Hybrid data
     Dec 2004 – Sep 2010

→ atmosphere and quality
    cuts as in <Xmax> analysis

→ fiducial cuts to ensure the 
     complete observation of
     Xmax in the range
     678 – 1004 g/cm2

√s=57TeV
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m E , f 19 =1 f 19−1
log E /1015 eV 

log 1019eV /1015 eV 

Empirical rescaling of the cross-sections:

rescaling factor at 1019 eV

From Λ
η
 to σ

p-air 
(1) 

→ continuous (in E) prediction 
    for the modified cross section

→ fractional variation linear in logE
    above Tevatron range 
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From Λ
η
 to σ

p-air 
 (2)

Use rescaled cross-section in Conex →same analysis as for real data →  Λ
η

MC

Average  →  p-air cross-section

Spread    →  model systematics 

Within 5% of the original model 
(except SIBYLL ~ 12%)
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σ p−air=[50522stat (+28
−36 ) sys]mb

YAKUTSK

AKENO

FLY's EYE

HiRes

Proton-air cross-section

Systematics dominated
by mass composition
(mainly He fraction)

and hadronic int. models

But very large helium fraction unlikely
(comparison to accelerator data)
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Inelastic proton-proton cross-section

Extended Glauber model  + propagation of uncertainties on model parameters

σ p− p
inel =[927stat ( + 9

−11 ) sys7Glauber]mb √s=57TeV

comparison 
with data

from 
accelerators
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Total proton-proton cross section 
CR proton beam energy [eV]

Interaction energy c.m. [GeV]

σ p−p
tot =[13313stat ( +17

−20 ) sys16Glauber]mb √s=57TeV
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Summary                      

●  Proton-air cross-section measured with the Pierre Auger Observatory hybrid data at  
NN centre of mass energy of 57 TeV
                                                                                        - PRL 109 (2012) 062002 - 

●  Main difficulties related to mass composition and uncertainties in interaction models
          →  composition problem overcome with selection of proton rich event sample
              (but large systematics related to possible He fraction)
          → uncertainties fully discussed for the first time
          →  reduced uncertainties expected with new generation models 

●  proton-proton cross section(s) - derived with extended Glauber model - in 
agreement with extrapolation of measurements at accelerators.

With UHE cosmic rays we can explore
particle interactions at energies far beyond 

reach for current man-made accelerators
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Backup
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Fiducial cuts: toy MC
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Glauber
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Extension of Glauber model

R. Engel, R. Ulrich
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