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Cosmic-ray muon flux at very high energies
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Abstract: The atmospheric muon fluxes at different zenith angles admileded in the energy region above
1 TeV with usage of known hadronic models QGSJET-II-03, SIBY.1, and also the model by Kimel and
Mokhov. The computation of the muon fluxes is made with a netttwosolve the hadronnucleus cascade
equations for the non-power primary cosmic ray spectrantpkito account a violation of the Feynman scaling
of inclusive cross sections and the growth with energy ofaistec cross sections for hadronnucleus collisions.
The calculations are performed for a wide class of hadraries interaction models using directly the primary
spectra obtained in the ATIC-2, KADCADE and GAMMA experinteras well as the parameterisations of the
primary spectrum based on a set of experiments. Comparfdbte galculated muon energy spectra at sea level
with the data from a number of experiments shows that hadians interactions are a source of appreciable
uncertainty in the energy region beyond the the knee in thmgoy spectrum. The prompt muon flux due to
decays of the charmed hadrons is reanalysed. Seeminglydhgpmuon flux higher than one predicted with
usage of QGSM is excluded by the IceCube measurements dfittesjgheric neutrino flux. One may hope that
more strong restriction of the prompt muon flux range will kgacted from the experiment in the near future.
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1 Introduction muon contrubition originating from decays of the charmed

Measurements of the spectrum and zenith-angle distribLﬁl""d.rons produced in collisions of cosmic rays with nuclei

tion of high- and ultrahigh-energy cosmic ray muons make®' &/

possible an extraction of characteristics of hadron-nugcle

interactions in case the spectra of primary cosmic rays ar :

well known. Comparison of the calculations with the EAS 2 The method of calculations

component measurements could give information aboufhe high-energy muon fluxes are calculated using the

the details of the interactions that manifest themselves ifinethod [6/8] to solve hadronic cascade equations in the

the measured characteristics of the secondary cosmic rd@gneral case of non-scaling behavior of the particle produc

fluxes. tion cross-sections, the rise of total inelastic hadroal&iu
The atmospheric muon flux as well as muon neutrinocross-sections, and the non-power law primary spectrum is

flux at high energies are inevitably dominated by theconsidered. To obtain the differential energy spectraof pr

prompt component due to decays of the charmed hadrorf@nSP(E, h) and neutrons(E, h) at the deptth one needs

(D*, D%, D%, DE, AY), hence the prompt neutrino flux be- {© Solve the set of equations:

comes the major source of the background in the search _ i

for a diffuse astrophysical neutrino flux. Insufficiently-ex ON~(E.h) - _N (E.h)

plored processes of the charm production give rise to most dh AN(E)
uncertainty in the muon and neutrino fluxes. Besides, an 1 1 . " dx
ambiguity in high-energy behaviour of pion and kaon pro- + )\N(E)/o PNNEXINT(E/Xx D)5, (1)

duction cross sections affects essentially the atmospheri
muon and neutrino fluxes. Recent calculatiohs[1, 2] revealvhereN=* (E, h) = p(E,h) £ n(E,h),
differences (up to factor.k at 10 PeV) in the neutrino flux
because of uncertain description of the hadronic proceses O (EX) = — E [dapp(anE) 4 dopn(Eo,E) 7
involving light quarks at high energies. opa(E) dE dE

In this work we extend to higher energies the con-
ventional muon flux calculations basing on the knownAy(E) =1/ [NOUI‘QA(E)} is the nucleon interaction length;

hadronic interaction models with usage reliable data of, _ E/Eq is the fraction of energy carried away by the sec-
the primary cosmic ray measurements. We present resul%dary nucleondda,/dE — differential cross sections for

of the conventional muon flux calculations in the energy;,q|sive reactiom+ A — b X. The boundary conditions
range 18-10° GeV using hadronic models QGSJETEH [3], to, Eq. () ard\li(é—o) _ p;—(E) +1o(E). y

SIBYLL 2.1 [4] and the model by Kimel and Mokhov Assume the solution of the system is
(KM) [5], that were tested also the atmospheric muon flux
calculations[8, 7]. In order to compare the uncetainty ef th

conventional muon flux and prompt one we plot the prompt

h(1— 24(E.h)

N*(E,h) = N*(E,0) exp[— () . 2
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where 2:{(E,h) are unknown functions. Substituting  or

Eq. ) into Eq.[(l) we find the equation for these func-
tions 2y, (2 -factors):

ZEV(E h) = h,\o /dt/ dxu (X701 (10)

a(thN / O (E,X)NNn(E,X) x
wherey(t) = y+ Bn(t/AQ). Thus, the logarithmic growth
x exp[—tZyn(E,x,t)] dx, (3)  of the inelastic nucleonnucleus interaction cross secten
N o N sults in the spectral index change for the secondary cosmic
wherenyy (E,x) =x"“N*(E/x,0)/N*(E,0), rays (a deviation frony) with the atmospheric depth.
Expanding the exponent of Egl.(9) in power series for

1— 2+ (E/xh) 1— 2+ (E.h small depths and neglecting terms above the third oder, one

Inn(E,x h) = nn(E/xh) Nn(E D), (4)  can obtain

An(E/X) An(E)

By integrating Eq.[(B) we obtain the nonlinear integral Q” (E h) ~ [zﬁ [3th (y) (11)

equation N NNF/
ZIN(E ) = / dt/ dxi (B, X) N (E, ) x where z, =< x'~1 > and {5y, =< X*"1(~Inx) > are
h the moment and the logarithmic moment of the inclusive
x exp[—tZyn(E,x.t)], (5) distributionwiy(x), respectively:

which can be solved by iterations The simple choice 1
of zero -order approximation i€;;\” (E,h) = 0, that is Zan(Y) :/o dxvgi ()X (12)
@NN (E,x,h) = 1/An(E/X) — 1/AN(E). For then-th step
we find

y—1(_
Eh h/ dt/ dx®y(E,X)NNn(E X) % (6) Zun(Y) /dXV‘ﬁ X)X Inx). (13)

Thus, the first approximation of this model leads to the
x exp{ thN Y(EX t)} nucleon spectrum

n _ gpE(D)
T (E.x.h) = () Ni(E7h)NoE‘(V+1>exp[w1. (14)
1- 2 (E/xh)  1- Z"(E.h) N
AN(E/X) ANGE)

Using estimates [9] of the momentumx¥~1 > and the
logarithmic momentum, one can obtain approximately:
3 Simple model of the nucleon cascade

Consider a simple nucleon cascade model to illustrate the ,@”,\T,\SD(E,h) ~ An(E
method: i) the power law PCR spectruhit (E,h = 0) =

NoE~(¥*1); in this caseniy(E,x) = x¥1 (see Eq.[(B)); ii) o _
the total inelastic nucleonnucleus interaction cross@ect Thus, in the case of logarithmic rise of the inelas-

[1—h/(4479)]. (15)

increases logarithmically with energy: tic nucleon—nucleus cross sectial,(E), Z*-factor
, depends on two variable€ and h. For depthsh «
OUA(E) = 0Qa[1+ BuIN(E/E1)], (2A3/BN) (Zin/ Giin) (i-8. h < 4479), the h-dependence

) of the 2 may be neglected:
Whereo,E’lA: 275 ,Bn =0.07,E;3 = 100), i.e. the nucleon

mean free path decreases with enelgy(E) = A2/[1+ 1 AN(E)
BnIn(E/Ey)]; ii) the nucleon production cross sections are Zn (B) = 30 Zuns (16)
quasiscaling ones (weak violation of the Feynman scaling), N
DN (E,X) = (An(E)/AQ Wi (X)-
Then, in the zeroth approximatio@”,\,i,\ﬂo)(E,t) =0, we N*(E, h) ~ NoE~ (" exp {—h < 1 ZNtN(V)ﬂ .

derive from Eq[% the functio® independent o andh: AN(E) A9
17
95&0) (X) = 1 1 B Inx, (8) In addition, if the nucleon interaction length is constant,

MNE/X)  ANE) T A9
and Eq[5 for the functio®#yy in the first approximation,

then the solution of the model is exact one:

N*(E,h) = NoE~ "D exp [h“—zw} . (18
/\N

2 V(E, h AO / dtx )
B This can be seen from Ed.1(9), where we have now to put
x/ dxmﬁN(x)xylexp( N Inx) Bn = 0. Hence the exact solutiofy, = zgy(y) immedi-
0 A ately follows.
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4 Muon fluxes in the atmosphere w10 ' ' ' '
. . 8 KM + ATIC2 — QGSJETII-03 +ZS

As the major sources of the atmospheric muons we con-_ 1 KM + GAMMA -+ SIBYLL2.1+7S 4
sider two-particle leptonic decays,, and K, decays, -7 0k - Kues i
three-particle semileptonic decaylsffg, Kps and small g A
contribution originated from decay chaits — T — U o 10
(KQ— m"mr, K= — tnP). More details concerning the = -3
meson cascade treatment can be found in [Ref.[6]. w 10 et o

As the primary cosmic ray spectra and composition in o™ .. SeviLoacHom
wide energy range folowing models are used: 1) the model o ¢ ngggsf*r#?;doi()% .
by Zatsepin & Sokolskaya (ZS) [10], and 2) the recent 10 ¥ o [yp 1998 v Frejus, 1990
cosmic ray spectrum approximation by Gaisser [11, 12] -6f 0 MSU, 1994 % Artyomovsk, 1985
(we use the version for the mixed CR population 3: Hillas, ~ 10 [ © Baan 1992 = Bakan. 2009 3
Gaisser in Figlll and HGm in Figl 2). The model by Zat- 45~ ‘ ‘ ‘
sepin and Sokolskaya describes well data of the ATIC2 di- 10° 10* 10° 10° 10" 10°
rect measurements [13,114] in the range-110° GeV and E, GeV

gives a motivated extrapolation of these data up to 100 PeV

— the energy region for which the cosmic ray spectrum angjgyre 2: Conventional and prompt muon fluxes close to

composition is reconstructed based on the measured Ch%’rtical

acteristics of EAS. The ZS proton spectrumBag> 10° '

GeV is compatible with KASCADE data [15] as well the

helium one within the range of the KASCADE spectrum [g]) Notice that the calculation results do not fit well the

and SIBYLL, and well agree with the HGm up to 10 PeV. s taken into account (thin lines 2 in Fig.[2), while the
The high energy spectra of the conventional and prompiy/p data are well described.

muons at ground level calculated for the vertical direc-  The 75 model seems to be a reasonable bridge from

tion are shown in Figl12 together with the experimentalrey/ energy range to PeV one (solid line), providing a junc-

data. The inclined shaded bands here indicate the convefis,y of the “low” and high energy ranges. However, above

tional muon flux calculated with KM model for the case of

10° GeV the muon flux is apparently affected by the pri-

the ATIC-2 primary spectrum (narrow cyan band) and themary cosmic ray ambiguity in the vicinity of ‘knee’. To il-

GAMMA one (green band). The width of the bands cor-
responds to statistical errors in the ATIC-2 and GAMMA
experiments. Solid lines indicate the calculations with
use of ZS spectrum and hadronic models KM (black)
QGSJET 11-03 (blue), dashed, dash-dotted - SIBYLL 2.1
The red line and bold dotted show the flux calculated with

HGm spectum for QGSJET 11-03 and SIBYLL 2.1 respec-

tively. In the computation with QGSJET I11-03, we rescale
the muon flux by factor 2 to take into account results

obtained with renewed version QGSJET [I-041[16] (see

also [17]) . The experimental data comprise the measur
ments of L3+Cosmic as well as the data (converted to th

LVD, Frejus, Baksan, Artyomovsk (see the references i
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lustrate this we plot also our early predictiohs![18,/19, 20]
for the conventional muon flux made with primary cosmic
ray spectra by Nikolsky, Stamenov, and Ushev (NSU)[21]

(dotted line 3) as well as by Erlykin, Krutikova, and Sha-

belsky (EKS)[[22] (dashed line 4). The indgwof the NSU
primary nucleons is .62 and 202 before and beyond the
‘knee” (~ 3 PeV) correspondingly, whilg = 1.7 and 21
for the EKS spectrum.

The prompt muon contribution due to decays of
charmed hadrons at high energies is shown for the recom-

Bination guark-parton model [18, 23] (RQPM, line 1 in

\=

surface) of deep underground experiments MSU, MACRO
1]

ig. @), and the quark-gluon string model (QGSM, line
2) [24,/23] . These clculations were peformed with NSU
primary spectrum, therefore they can serve here as upper
limits for the prompt neutrino flux due to RQPM or QGSM
since we ignore here the differences in prompt muon flux
calculations related both to atmospheric hadron cascade
features and the primary cosmic ray spectrum and compo-
sition (see discussion in Ref. [12]).

The difference of the muon flux predictions resulted
from that of the primary cosmic ray spectra becomes ap-
parent at high energy: the flux obtained with QGSJET-II
for ZS spectrum at 2 PeV is less by a third of the flux for
HGm spectrum.

Figure[2 also shows the muon energy spectrum in the
range from 3 TeV to 2 PeV reconstructed by the method of
multiple interactions from the Baksan Underground Scin-
tillation Telescope (BUST) data [25]. The results are com-
pared with the previous BUST measurements and the data
of other experiments as well as with the calculations for
various models of the muon spectrum. The muons with en-
ergies above 100 TeV are of particular interest. The knee
in the PCR spectrum of an astrophysical origin affects the

Figure 1. All-nucleon CR spectrum: three parameterisa-muon spectrum in quite a definite way: the muons inherit

tions.

the PCR spectral indey & 2.7) at comparatively low en-
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