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Cosmic Ray Interactions

Abstract

High-enerey neutinos, ahing from decays of mesons prodicd fn cosmlc rays collons Wil i
form the ns for the atrophysical neutrinos. The stmorpheri neutring fl above 1 PeV should be
supposely dominaed by the contrbution of charmed prtice dcays. The prompt neutins oignsted
from decays of massive and shortiived particles, D, D%, B, D, A2, form the most uncertain fraction
oF th Wghvanery stmespherc netin fix becee of o plered procesie of the chanm prodution
Beside, an ambiguty in igh-enerey behavior of pion and espacilly koon production ross secions for
oo nuceus cllsons may affet essetialy the caleuated neutrng fax. There is the energy region

where above flux uncer

inties superimpose. A new calculation presented here reveals sizable diffrences,
up t0 the factor of 1.7 above 1 TeV, in muon neutrino flux predictions obtained with usage of knawn
Hadronic models, SIBYLL 2.1 and QGSJET-I. New calculation of the atmospheric neutrine flux in the

nergy rangs 10— 107 GaV s mads within 1D spproach to saive nuc

+ cascade equations i the
stmosphere, which takes into account non-scaling behavior of the inclusive cross sections for the partcle
production, the rise of total inelastc hadron-nucleus cros.sections and nonpover-law character of the

[Astropart. Phys. 30 (2008) 219]. The resuls of the neutrino flux cslculations are compared with the.

data of Frejus, AMANDA-I and IceCube experiments.

Motivation

> The atmospheric neutrino flux in wide energy range is the problem
of the great interest: the low energy AN flux is the research matter
in neutrino oscillations studies, and the high energy atmospheric
neutrino flux is the background for astrophysical neutrino
experiments, NT200+, AMANDA, ANTARES, IceCube etc.

v

We don’t know whether the differences are considerable in
high-energy AN flux resulted from various hadronic interaction
models.

> Does the atmospheric muon (and/or neutrino) flux measurements
ensure sufficient test of the hadronic cross sections?

> In spite of numerous calculations we do not know how strong is
discrepancy in results due to uncertainties in primary cosmic ray
spectra and composition
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Model || Eo GV || zpp | zon | zo-
10 0174 | 0.088 | 0.043
QGSJET-II 10* 0.198 | 0.094 | 0.036
10° [ 0.205 | 0.090 | 0.033
10 0211 | 0.059 | 0.036

siBYLL21 | 10° | 0209 | 0.045 | 0.038
10 | 0.203 | 0.043 | 0.037
0 0.178 | 0.060 | 0.044

10° 0.182 | 0.052 | 0.046

The method: Nucleon cascade equations
The neutrino flux calculation is based on the method to solve the atmospheric hﬂdron
negouskaya, Phys. Asom. Nucl. 63 1927 (2000) Prc. of
ICRC, Hamburg, 2001, Vl. 1. p. 4173; hep-gh/0106015,
N+ X one can reduce the system of equations for
the differential energy spectra of nucleons N (E, h) at the depth h to that of:
ONL(Eh) __Na(Eh)
h WE) | w E)
No(E,h) = p(E.h) & n(E. ).

/ Oy (E, )N (E/x, h):—:,

E__ [dopp(Eo, E) | dapn(Eo, E)
[ GE T dE ]a,sz,"

Here Ay(E) = 1/ [Nnn;A(s)] - nucleon interaction length; dor,g(Eo. E)/dE - differen-
tial cross section for reaction a+ A — b+ X; Eo and £ - the energies of the projectile
and final nucleons, respectively.

Oun(E x) = o
WEN = s

with the boundary condition: N (E,0) = po(E)  no(E)

Formal soution of the mucleon equations
Ziin(E.h)
An(E)
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The functions A (E, h) are generalized attenuation lengths (1-dependent) o

Equations for the nucleon Z(E, h) functions

Z-factors obey the integral equation

b
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Zero approximation
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DtV (E.x, h) = 1/An(E/x) — 1/An(E).

wth step:
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Dt (E x. h) =

Zji(E. h) for ATIC-2 spectra
(combined with Zatsepin & Sokolskaya
model)
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7, K-meson cascade equations
AKachanov, T-Sinegorskaya, . Snegovaky, Astropar. Phys. 30, 219 (2008) aX:0803.2043
The system of transport equations for charged pions is given by:
Or(Ehd) __x(Ehd)  men(E.hD)
Bh ~(E) prep(h,0)
ZG"“ E.h, A7)+ZG"“(E h o)+
= 1 doxs(Eo, E) 5
g ™ Eo, h,¥)dEo,
Ms) /E ENG) (o, b, 9)dEo
where 7 = (+,7) ~ flux of charged pions; Ax(E) = 1/Noa', ~ pion interaction
length (77, — pion total inelastic cross section, No — number of nuclei A in
of air); p(h, 0) ~ air density; G121, Gylec, — source functions; i = p, n, K*, K°, K°.
The system of transport equations for K-mesons (K=, K, K?) has the same form:
OK(E,h0)  K(E,h0)  miK(E, h o)
—_— 777+G E,h) + Grk(E, b,
A& " relh O £+ Gow (B
1 dokk(E. Eo)
ME) Z/m. T e (B 0)dEe

Solution for the meson cascade

Formal solution for pion cascade

where
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Zero approximation: Z1(E, h, 9) =
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The solution for kaons can be obtained in the same way as for pion cascade.
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where (n=0,1,

Atmospheric muon flux
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High-energy plot of the ground level muon spectrum Conventional muons: solid curves and bands show

the caleulations for ATIC.2, GAMMA Astropart. Phys. 25, 169 (2007), and ZS primary spectra with
sage of KM mode; dash-dotted ine — SIBYLL: dashed - QGSJET 1 ; bold dots ~ EPOS. Prompt muons
1~ RQPM, 2, 3 - two versions of PRS model Phys. Rev. D 59, 034020 (1999), 4 ~ QGSM, shaded band

(D) below the fine 4 presents the dipole model calculation Phys. Rev. D 78, 043005 (2005).
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Sources of the atmospheric muon neutrinos
"
Su(E. b, D) :/ dt [GH(E £,0) + 6T N (E,,0) + GO (E,1,0)]
o
conventional v's prompt ,'s
Decay modes Fraction Decay modes Fraction
| e 4 ve(Pe) + Bu(vy) | =100% DF | pF () + X | 172%
b | pt 4 u(m) ©100% D°,D° | pE 4 u() + X | 731%
K |t 4 u,(o) 63.44% DE | i 4 vz + X | 66%
at 470 20.92%
7+t + () 3.32%
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ok Curves, presented the relative 7,
ty oaf K contributions, hint that AN
o SRR flux serves as a magnifier of the
o kaon abundance in the hadronic
o models.

S\ e = The angle enhancement weakly de-

pends (close to horizontal at £ < 10
TeV) on the hadronic model ( SIBYLL
2.1, QGSIET-I1) as well as on the pri-
mary spectrum (GH, ATIC-2)
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Neutrino flux depending on hadronic model
Model-to-model ratio of the v, + 7, flux at 6 = 0° (90°)
.. GeV || SIBYLL/KM | QGSJET/KM | SIBVLL/QGSJET
Spectrum
10? 1.65 (1.22) | 0.97 (0.85) 165 (1.36)
10° 171 (1.46) | 0.96 (0.92) 1.73 (1.50)
10* 1.60 (1.57) 0.96 (0.96) 158 (1.55
10° 154 (149) | 0.99 (0.96) 1.46 (1.46)
PCR spectrum by Z5
10° 158 (1.26) | 1.00 (0.91) 158 (1.38)
10° 164 (139) | 0.95(0.92) 173 (151)
104 1.55 (1.46) | 0.96 (0.95) 1.61 (1.54)
10° || 137(123) | 091 (083) 151 (1.48)
10° || 110(095) | 0.61(0.55) 180 (1.73)
107 || 089 (075) | 048(0.43) 185 (1.74)
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Comparison of the calculated v, + 7, fluxes
with the IceCube measurement

Conventional v + 7 flux at different
zenith angles. Curves (cos0 = 0.0 +
10 from top to bottom) display this
work calcilations made for the Gaisser &
Honda primary spectra an composition
with usage of QGSJET-Il model. Blue
points: IceCube preliminary muon neu-
trino spectrum averaged over zenith an-
gle D. Chirkin, Proc. 31st ICRC Lodz,
Poland, 2000, HE.22-1418 (see also T.

_ Montaruli, arXiv: 0910.4364v1)

Prompt atmospheric muon neutrinos

AMANDA-II measurements Phys. Rev. D 76, 04200¢ (2007) and prompt neutrino models

Prompt atmospheric neutrinos
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v, flux calculation vs the AMANDA-II limit

AMANDAI1 upper limit on the diffuse v, flux and the prompt neutrinos
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Summary

» Considerable flux differences originate from HE hadronic interaction mod-
els. As it can be seen by the example QGSJET-II and SIBYLL 2.1, the
major factor of the conventional flux discrepancy is the kaon production
in nucleon-nucleus collisions.

» A hope that atmospheric muon fluxes may serve as the tool to discrimi-
nate between the hadron production models seems to be illusive because
the key differences in the 7, K production impact variously on the AN
flux and AM one. For the high-energy neutrino production at the at-
mosphere the kaon yield in nucleon-nucleus interactions is more strong
factor in comparison with that for production of the atmospheric muons,
despite on their common to neutrinos origin

> The RQPM and QGSM prompt neutrino flux predictions do not contra-
dict recent preliminary data of IceCube experiment as well as the the
AMANDA-II upper limit for the muon neutrino diffuse flux from astro-
physical sources.
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