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“Avoid models as much as you can!”

“Important issues are INPUT OF REAL DATA ...”

A. Watson

Why do we need models?

• generally: to combine pieces of experimental information into a coherent picture
⇒ to predict observables in (yet) unstudied kinematic regions

• particularly: to provide an interface between the collider and CR fields
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Cosmic rays: why & how?

Why: to learn about

• their sources
• accelleration mechanism

• propagation (⇒ (extra-)galactic magnetic fields)

How: determining

• CR arrival directions
• energy spectrum

• particle composition
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Figure 5: Comparison of Auger data with AGASA, HiRes and Yakutsk (left panel) and omparisonof Auger data and the energy shifted Auger data (� = 1:2) with the dip-alibrated AGASA, HiResand Yakutsk data (right panel).HiRes and Yakutsk. In the right panel we om-pare the Auger ux with the alibrated dataof AGASA, HiRes and Yakutsk. We use alsothe energy-shifted Auger data (urve � = 1:2)with maximum shift allowed by systemati en-ergy errors of Auger. One an see that dis-agreement in uxes survives. M. Teshima inhis rapporteur talk [24℄ notied that shift with� � 1:5 brings the data of Auger in agreementwith the alibrated uxes of AGASA, HiResand Yakutsk.Three models of the transitionIn this setion we desribe three models ofthe transition from galati to extragalatiCRs: ankle, dip and mixed omposition mod-els. One feature is ommon for all three mod-els: they desribe transition as intersetion ofsteep galati CR spetrum with more at ex-tragalati spetrum. One riterion whih allmodels should respet is agreement with theStandard Model of Galati CRs. The obser-vational data whih has a power to on�rm orrejet eah model inlude energy spetrum andmass omposition.Ankle modelThis is a traditional model, based on the in-terpretation of the ankle as spetrum featureof the transition (see [8℄ for the reent works).
In fat this is most natural model, where tran-sition ours beause extragalati omponentis very at. This omponent is assumed tohave pure proton omposition with at genera-tion spetrum / E�2 valid for non-relativistishok aeleration. Energy losses modify spe-trum insigni�antly at E . 4 � 1019 eV. Thebeginning of the ankle Ea � 1�1019 eV orre-sponds to equal uxes of galati and extra-galati CRs at this energy. The transitionat the ankle is illustrated by right panel inFig. 6. The urve \extr.p" presents the al-ulated extragalati ux of protons and thedash-dot line gives the galati CR spetrum.It is obtained by subtrating the extragala-ti ux from the total observed ux followingthe proedure �rst suggested in [25℄. The ob-served dip in the spetrum is explained notby pair-prodution dip, but by Hill-Shrammmehanism [6℄. One must assume that gala-ti ux is presented by iron nulei, and even inthis ase the ankle model ontradits the Stan-dard Model of Galati CRs, sine the half ofthe observed ux at E � 1 � 1019 eV has thegalati origin. This model needs another om-ponent of galati CRs with aeleration to en-ergy 100 times greater than maximum energyin the Standard Model.Another problem of this model is given by mea-sured elongation rate Xmax(E), where Xmax isthe depth of the atmosphere (in g/m2) where

• ’knee’ @ ∼ 3 · 1015 eV (cutoff for galactic accelleration of protons?/propagation?)

• ’ankle’ @ ∼ 1019 eV (transition to extragalactic CRs?)

• GZK cutoff (?) @ ∼ 1019.5 eV (p + γcmb → ∆)
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Cosmic ray detection

At very high energies - indirect (extensive air showers)

• ground observations (using the atmosphere as the target)

- primary energy ⇐⇒ charged particle density at ground

- CR composition ⇐⇒ muon density at ground

• measurements of fluorescence light

- primary energy ⇐⇒ integrated light

- CR composition ⇐⇒ shower maximum position Xmax

4



Hadronic interactions in EAS: key quantities

Extensive air shower (EAS) development ⇐ high energy interactions

• backbone - hadron cascade

• guided by few interactions of initial (fastest secondary) particle

⇒ main source of fluctuations

• many sub-cascades of secondaries ⇒ well averaged

Basic model-dependent quantities:

• shower maximum position Xmax

- mainly sensitive to σinel
p−air (σnon−diffr

p−air ), K inel
p−air

• number of muons at ground Nµ

- mainly depends on N ch
π−air (at energies ∼

√
E0)

Fluorescence measurements:

- grossly depend on the primary particle interaction

Ground-based studies:

- very sensitive to pion-air interactions

Detetion: extensive air showers (EAS)
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Requirements to CR interaction models:

• cross section predictions

• description of minimum bias hA- and AA-collisions

• ⇒ importance of ’forward’ region

• predictive power (no re-tuning possibilities)

But:

• low sensitivity to ’fine’ details (smoothed by EAS development)

• high pt - irrelevant, e.g., pt = 10 GeV, E0 = 105 GeV ⇒ Θ ≃ pt/E0 = 10−4

• charm, bottom, ... new rare processes - also irrelevant:

- much smaller inclusive cross sections ⇒ small contribution to Ne, Nµ

- produced mainly at central rapidities ⇒ don’t influence Xmax

⇒ CR interaction models ≡ models of ’typical’ (mb level) interactions

⇒ based on Reggeon techniques (Pomeron approach)

Example models:

• SIBYLL 2.1 (Engel, Gaisser, Lipary & Stanev): CR analog of PITHYA

• QGSJET / QGSJET-II (Kalmykov & SO / SO): Pomeron-Pomeron interactions

• EPOS (Pierog & Werner): separate treatment of ’dense’ (central ’core’) and ’dilute’ (peripheral

’corona’) interaction regions
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CR composition with Xmax30th International Cosmi Ray Conferene
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Figure 3: hXmaxi as a funtion of energy ompared to preditions from hadroni interation models.The dashed line denotes a �t with two onstant elongation rates and a break-point. Event numbersare indiated below eah data point.used in this analysis, whih we estimateto be � 6 g m�2. Using a full detetorand atmosphere simulation [6℄, the pro�lereonstrution algorithm [7℄ was found to beunbiased within 5 g m�2 at all energies. Thee�et of multiple-sattered uoresene andCherenkov light was estimated to ontributeabout 5 g m�2 by omparing di�erent lightolletion algorithms.Re-reonstruting showers with the geometrydetermined from the surfae detetor dataalone yields an upper bound on the geometri-al unertainty of � 6 g m�2.The geometrial bias due to the ameraalignment unertainty is below 3 g m�2 andthe residual aeptane di�erene [8℄ betweenproton and iron showers ontributes around10 g m�2 at lowest energies vanishing rapidlyto zero above 1018 eV.The total unertainty is thus around� 15 g m�2 at low energies and � 11 g m�2above 1018 eV. Note that in addition the
urrent unertainty of the FD energy sale of22% [3℄ needs to be taken into aount.ResultsAfter all uts are applied, 4329 events remainfor the omposition analysis. In Fig. 3 themean Xmax as a funtion of energy is shownalong with preditions from air shower simula-tions [10,11℄. As an be seen, our measurementfavours a mixed omposition at all energies.A simple linear �t, hXmaxi = D10 �lg (E=eV)+, yields an elongation rate of 54�2(stat.) g m�2/deade, but does not desribeour data very well (�2=Ndf= 24=13, P<3%).Allowing for a break in the elongation rate atan energy Eb leads to a satisfatory �t with�2=Ndf= 9=11, P=63% and D10 = 71 � 5(stat.) g m�2/deade below Eb = 1018:35 eVand D10 = 40� 4 (stat.) g m�2/deade abovethis energy. This �t is indiated as a dashedgray line in Fig. 3.
Crucial question - CR composition above 1018 eV:

• reliable way to find the transition to extragalactic CRs

• a key to understanding accelleration / propagation mechanisms
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Example: ’dip’ model (Berezinsky et al.) predicts proton composition

(’dip’ caused by p + γcmb → pe+e−)

Calibrating the energies of different experiments by the ’dip’ position brings them together:30th International Cosmi Ray Conferene
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Figure 5: Comparison of Auger data with AGASA, HiRes and Yakutsk (left panel) and omparisonof Auger data and the energy shifted Auger data (� = 1:2) with the dip-alibrated AGASA, HiResand Yakutsk data (right panel).HiRes and Yakutsk. In the right panel we om-pare the Auger ux with the alibrated dataof AGASA, HiRes and Yakutsk. We use alsothe energy-shifted Auger data (urve � = 1:2)with maximum shift allowed by systemati en-ergy errors of Auger. One an see that dis-agreement in uxes survives. M. Teshima inhis rapporteur talk [24℄ notied that shift with� � 1:5 brings the data of Auger in agreementwith the alibrated uxes of AGASA, HiResand Yakutsk.Three models of the transitionIn this setion we desribe three models ofthe transition from galati to extragalatiCRs: ankle, dip and mixed omposition mod-els. One feature is ommon for all three mod-els: they desribe transition as intersetion ofsteep galati CR spetrum with more at ex-tragalati spetrum. One riterion whih allmodels should respet is agreement with theStandard Model of Galati CRs. The obser-vational data whih has a power to on�rm orrejet eah model inlude energy spetrum andmass omposition.Ankle modelThis is a traditional model, based on the in-terpretation of the ankle as spetrum featureof the transition (see [8℄ for the reent works).
In fat this is most natural model, where tran-sition ours beause extragalati omponentis very at. This omponent is assumed tohave pure proton omposition with at genera-tion spetrum / E�2 valid for non-relativistishok aeleration. Energy losses modify spe-trum insigni�antly at E . 4 � 1019 eV. Thebeginning of the ankle Ea � 1�1019 eV orre-sponds to equal uxes of galati and extra-galati CRs at this energy. The transitionat the ankle is illustrated by right panel inFig. 6. The urve \extr.p" presents the al-ulated extragalati ux of protons and thedash-dot line gives the galati CR spetrum.It is obtained by subtrating the extragala-ti ux from the total observed ux followingthe proedure �rst suggested in [25℄. The ob-served dip in the spetrum is explained notby pair-prodution dip, but by Hill-Shrammmehanism [6℄. One must assume that gala-ti ux is presented by iron nulei, and even inthis ase the ankle model ontradits the Stan-dard Model of Galati CRs, sine the half ofthe observed ux at E � 1 � 1019 eV has thegalati origin. This model needs another om-ponent of galati CRs with aeleration to en-ergy 100 times greater than maximum energyin the Standard Model.Another problem of this model is given by mea-sured elongation rate Xmax(E), where Xmax isthe depth of the atmosphere (in g/m2) where
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’Central’ & peripheral collisions:

relative importance for σinel
h−air, K inel

h−air, N ch
h−air?

What is ’central’?

• ’black disc’ limit: σinel(b) ∼ 1 ⇒ σel/σtot ≃ 1/2

• experiment: σel
pp/σ

tot
pp ≃ 1/4 @

√
s = 1.8 TeV

Interaction profile & b-contributions to σinel
p−air @ E0 = 106 GeV:
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b-dependence & b-contributions to K inel
p−air @ E0 = 106 GeV:
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Peripheral contribution: decisive for cross sections & energy losses ⇒ for Xmax
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Diffraction dissociation

multiple production projectile diffraction target diffraction double diffraction

rapidity gap

rapidity gap

rapidity gap

Leading proton spectrum & diffraction contributions
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LHC input

Hadronic cross sections - of crucial importance for EAS applications

• σinel
h−air - direct impact on Xmax

• model calibration:

- particle production: mainly with fixed target hp data

- energy extrapolation: mainly inferred from σtot
pp (s) behavior

⇒ measurement of σtot
pp with 1% accuracy (∼ 10 mb) - most important LHC contribution:

• allows to obtain σinel
p−air (Glauber + inelastic screening)

• significantly improves model calibration

Not sufficient for Xmax: σdiffr
p−air & K inel

p−air ?
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FP420 experiment:

• designed to study diffractive Higgs production

• can measure ’soft’ diffraction - interesting

by itself and of vital importance for CRs

LHCf experiment:

• measurement of forward neutrons and gammas

• allows to test inelasticity at 0.1 EeV!

• sensitive to projectile diffraction

• ⇒ powerful discriminator between models!
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CR composition with muons

Muon number Nµ - main model dependence via N ch
π−air

Example: increase N ch
p−air by 100% (QGSJET)

or N ch
π−air by 10% - nearly same effect
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But:

• shape of meson spectra important

• special role of (anti-) baryons (Grieder, 1973):

don’t decay⇒ increase number of ’generations’

- important effect in EPOS model
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Wide spread of model predictions ⇒ composition studies difficult
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