Hadronic interactions in
modeling atmospheric cascades

The atmospheric cascade equation
Heavy flavor production (atmospheric V)
Inelasticity 1n ultra-high energy showers
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Energies and rates of the cosmic-ray particles
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Cascades 1n the atmosphere
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Two boundary conditions

* Air shower, primary of mass A, energy E,:
— N(X=0) = A o (E- E, /A) for nucleons
— N(X=0)=0 for all other particles

* Uncorrelated flux from power-law spectrum:
— N(X=0) = 0,(E) = K E¢'D
— ~1.7E?7 (cm?s!sr! GeV-l), top of atmosphere

» F;( E,E)) has no explicit dimension, F 2 F(S)
— E= EI/E & J..F(E,E) dE,/E;> J..F(§) d§ /&2
— Expect scahng Vlolatlons from my, Agcp ~ GeV
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Uncorrelated flux of atmospheric v
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Primary spectrum of nucleons

* Plot shows

— 5 groups of nuclei
plotted as nucleons
— Heavy line 1s
E-27 fit to protons
— Add up all
components to get

primary spectrum of
nucleons ~ E-27
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Primary spectra of nucleons
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Comparison to measured U flux

 Input nucleon spectrum:
— 1.7 E*7(GeV cm s sr)!
* High-energy analysis
— ok. forE, > TeV
 Low-energy:

— dashed line neglects 1
decay and energy loss

— solid line includes an
analytic approximation
of decay and energy loss
by muons
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Compilation of muon spectra
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High energy (e.g. v, 2 U )

vertical
.................. 60 degrees
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Importance of kaon production
for atmospheric neutrinos

ZAactors for p —-» K* Ratio of v fluxes: TARGET3D / HONDA et al.
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Uncertainties for uncorrelated spectra

* p =2 K" A gives dominant contribution to
atmospheric neutrino flux for E, > 100 GeV

* p =2 charm gives dominant contribution to
neutrino flux for E, > 10 or 100 or ? TeV

— Important as background for diffuse astrophysical
neutrino flux because of harder spectrum
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Global view of atmospheric v spectrum
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Highest energy cosmic rays

~ Baoar Z€ X Bx R, for SNR

— 9 [
Knee:

~Zx100 TeV

— Differential spectral index changes at

~3x 105eV
— o=272>0=3.0

— Some SNR can accelerate protons to o

~1015 eV (Berezhko)

How to explain 107 to >1018 eV ?

Ankle at~3x 1018 eV:

— Flatter spectrum

— Suggestion of change in composition o
— New population of particles, possibly

extragalactic?

Look for composition signatures of

“knee” and “ankle”
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Complex composition around “knee”?

Blow-up of knee region
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proton (Stanev et al.)
o iron (Stecker & Salamon)
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Akeno-AGASA / HiRes:
comparison of what 1s measured
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Energy content of extra-galactic component

depends on

* Energy content
determines possible sources
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Composition with air showers

 (Cascade of nucleus

mass A, total energy E,;

X = depth in atmosphere along shower axis
N(X) ~ A exp(X/A), number of subshowers
Ey ~ E,/ N(X), energy/subshower at X
Shower maximum when E=E
N(Xmax) ~ EO / Ecritical

Xmax ~ 7\‘ In { (EO/ A) / Ecritical }
Most particles are electrons/positrons

critical

* U from m-decay a distinct component

decay vs interaction depends on depth
NH ~ (A/EH)*(EO/AEH)O'R ~ A0.22

« Showers past max at ground (except UHE)

—> large fluctuations
—> poor resolution for E, A

Situation improves at high energy and/or high

altitude
Fluorescence detection > 1017 eV

Schematic view of air shower detection:
ground array and Fly’s Eye




Shower profiles from Auger

lLongitudinal Profile | [Longitudinal Proiile
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Fig. 2. Lefi: Reconstructed longimdinal profile of a shower landing about L3 ke from the
detector. The estirnated energy is around L.3x10™ eV. The line is a fit to 2 Gaisser-Hillas
function. Righ: Same for an inclined shower landing about 20 km from the detector, with
energy around 3.3 x10'® eV
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Change of composition at the ankle?

If so, at what energy?

Original Fly’s Eye (1993):

HiRes new composition result:
transition occurs before ankle

transition coincides with ankle il Ee———
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Calculations of air showers

» Cascade programs
— Corsika: tull air-shower simulation 1s the standard

— Hybrid calculations:

 CASC (R. Engel, T. Stanev et al.) uses libraries of
presimulated showers at lower energy to construct a
higher-energy event

« SENECA (H-J. Drescher et al.) solves CR transport Eq.
numerically in intermediate region

* Event generators plugged into cascade codes:
— DPMjet, QGSijet, SIBYLL, VENUS, Nexus

QCD at Cosmic Energies Thomas K. Gaisser
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What energies are important?

Example: 1010 GeV
primary proton: G muarE e*/e” component

(from fixed \ (scales with E,)
energy range)

* ~TeV interactions
produce most

GeV U, independent
of primary E; v
need <N_(TeV)>

* For dominant e*e
component, E. .
scales with E;

103 GeV 10° GeV 1010 GeV
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Model-dependence of X

HiRes new composition result:

transition occurs before ankle
Sybil 2.1 (some screening

O SIBYLL 2.1, Corsfka 6.010 of gluons at small X)
L O QGSJet01, Coraik 6,006,6.010
¥ DATA
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Wounded nucleons & inelasticity
in p-air interactions
[+2]
Mean number of wounded nucleons: el g‘ . ' 0-'_"__ i AT
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1

Hadronic interactions at UHE

* Most important is SO futiry mcleo
. . e =
“leading” particle 1 / Bini
distribution —c— =
* At higher energy more
. . S12 = X1X,8 = 2mX; X,y > few GeV
Complex interactions resolves quarks/gluons in target;
. Gluon structure function:
may be 1mp0rtant, g(x) ~ (1/x,)’, p~0.2....0.4

leading to increase of

inelasticity (Drescher,
Dumitru, Strikman hep-
ph/0408073)
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Example of

increasing inelasticity

I have assumed effect is limited because
energy not carried by leading nucleon is
divided among pions, which materialize
outside the target.

Such a large change would have

a significant effect on interpretation
-in terms of composition
-of energy in a ground array
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Agenda for discussion

* Hans-Joachim Drescher: "Black Body Limit in Cosmic Ray
Air Showers"

* Giuseppe Battistoni: "Atmospheric cascades with FLUKA"

« Sergej Ostapchenko: "Non-linear effects in high energy
hadronic interactions"

« Comments
— Francis Halzen: Heavy flavor production
— Ralph Engel: Comparison of models

— Mike Albrow: "The White Pomeron, Color Sextet Quarks and Cosmic
Ray Anomalies"

— Spencer Klein: Electromagnetic effects
Further discussion
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