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Abstract: Withit's 1 km? area, IceCube and the associated IceTop surface detaetpeae large enough

to study highpr muon production in air showers. The muen will be determined from the muon energy
and it's distance from the core. A few thousand highmuons are expected to be observable each year
in the full array. The flux of highp muons may be computed using perturbative QCD calculatitwes;
cross-section is sensitive to the composition of the indigarticles.

Introduction with A = 1 andA = 10 have very different partor
energy spectra.

The number of muons produced in cosmic-ray air

showers is sensitive to the nuclear composition

of the incident particles. Previous studies of the

cosmic-ray composition have used relatively low . ) ) ]
(~ 1 GeV) or high & 1 TeV) energy muons.  Previous studies of high-energy muons associ
These studies relied on muon counting. Relat- with air showers have involved relatively small d

ing the muon count to the composition requires a t€ctors. AMANDA has measured muon bundl

model for the hadronic interactions; most of the near the shower core, but did not study the mt
muons come fromr/K decay; the bulk of the lateral distribution [1]. MACRO measured th
mesons are produced at low transverse momentumMuon decoherence function for separations uf
(pr) with respect to the direction of the incident 65 M [2]. The most likely pair separation was 41
particle. The production of these low- particles ~ ©nly 1% of the pairs have a separation greater
cannot be described in perturbative QCD (pQCD), 20 m. MACRO simulated air showers and studi

so phenomenological models must be used. the pair separation as a function of the of the
mesons that produced the muons. The MACI

analysis established a clear linear relationship
tween muon separation apgr; the mearp rose
roughly linearly with separation, from 400 MeVi
at zero separation up to 1.2 GeV/c at 50 meter <
aration.

High pr muonsin Air Showers

In contrast, the production of particles wjth >~

2 GeV/c is calculable in pQCD. We label these
tracks highpr particles, and consider their produc-
tion in cosmic-ray air showers. High;y muons
come from the decay of charm and bottom quarks,
and fromr/ K produced in jets. Both of these pro- ) _
cesses can be described by pQCD, allowing for cal- Ice@Cube will observe both high-energy muons &
culations of the energy ang spectra for differ- the associated surfgce air showers that accomj
ent incident nuclei. The predictions depend sen- them. For muons with energy,, above 1 TeV, the
sitively on the composition of the incident nuclei Muon energy is proportional to the specific enel
- neglecting shadowing, a nucleus with eneigy loss @E/dx) that is measured_by Fhe deep dete
and atomic numbed has the same parton distribu- OrS; the muon energy resolution is about 30%
tion asA nucleons, each with enerdy/A. Nuclei logo(E) [3, 4]-
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The muon energy and distance from the shower c 9o - JRR
hpr
d= . 1
= ()

7
Here,h is the height of the primary cosmic-ray in- -5007
teraction in the atmosphereh: follows an expo-

nential distribution and depends somewhat on the

cosmic-ray composition. A full analysis would in-

clude these effects. Here, we take= 30 km. -10001

Secondary interactions (of particles produced by
the first interaction) are expected be only a small
contribution to the high-energy flux, contributing
at most15% of the muons [6]. For muons far from 15004 : c\li
|

i
core can be used to find tipg- of a muon [5]: N |
\
|
\
|
|
|
|
|
\
|
\
|

the core, multiple scattering is expected to be a
small contributiond.

Here, we consider showers where the core is inside J\r
the 1 kn¥ area of IceTop, and muons following the
core trajectory are inside the lceCube physical vol-
ume. This corresponds to about 0.3 %sr total
acceptance.

IceCube will detect air showers above an energy AR

threshold of about 300 TeV; for vertical showers, 2500
.. . 500 250 200 400

the minimum muon energy is about 500 GeV. The 0

rate for triggered IceTop-Inice coincidences for the

9-string IceCube array is about 0.2 Hz [7], or about

-2000 §

run 107866 event 2586581

tions §hould .produce a rate more than an order of yyyon bundle including an apparent well-separa
magnitude higher. track. The air shower hits 11 surface stations (

For vertical showers with energies above 1 PeV, the of diagram). A total of 96 IceCube DOMs are h
core location is found with a resolution of about 84 DOMSs on four strings near the extrapolated
13 meters, and the shower direction is measured toshower direction, plus 12 DOMs on another strir
about 2 degrees [8]. This allows the core position about 400 m from the projection.

to be extrapolated to 1500 m in depth with an ac-

curacy of about 55 meters, corresponding tera ] ] )
uncertainty of 1.6 GeVi/c for a 1 TeV muon. source, consistent with a high- muon, about 40C
meters from the bulk of the muon bundle. This st

Most of these air showers are accompanied by aondary track hits 12 DOMs on a single string.

muon bundle. A higlpr analysis will select events : , , :
with a muon (or bundle) near the core, and another For this analysis, the key performance issue is tv

muon at a large distance from it. The near-core track resolution. This remains to be determins
muon(s) can be used to refine the core position, HowWever, the 125 m string spacing and the com

avoiding the extrapolation error. The muon po- 'able (depth-dependent) light absorption length
sitions at a given depth can be determined within (e scale for two-track resolution. Two muons 1
a 10-20 meters, allowing for bettpt resolution. ~ Meters apart in lceCube will largely deposit lig
Figure 1 shows an example of an IceCube 22-string IN different strings; for a DOM near one muon, tt
event that contains an air shower that struck Ice- firSt light from the farther muon will arrive abot
Top stations, plus muon bundle. Although the bulk 900 nsec after the first light from the nearby mu
of the bundle follows the shower direction, as pro- !f the second muon (or muon bundle) is bnq
jected from IceTop, there is a well-separated light €nough to illuminate a DOM 100 meters awz
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this late light will be temporally separate from that production. LHC will provide good data on fol
from the nearby muon. A minimum ionizing muon ward particle production at the relevant energi
is not bright enough to be visible 100 meters away, Here, we neglect this difference and ignore the 1
but muon bundles may be. Here, we estimate that nor differences between® and«* — u* and
IceCube can reconstruct muon pairs that are sep-K+ — u* spectra. With the acceptance discus:
arated by 100 meters; smaller separations may beabove, IceCube expects to see more than 100
possible with optimized tracking. lion muons/year associated with air showers,

For a muon with energy of 1 TeV, 100 meters sep- cluding at least 500 of them withy, > 3 GeVi/c.

aration corresponds to g of 3 GeV/c. For a  Overall, based on the standard cosmic-ray mod

fixed separation, the minimumy rises linearly  we expects 1,000 — 3,000 muons withpy > 3

with muon energy, reachingr > 150 GeV/c for GeV/c year.

a 50 TeV muon. The highest energy muons are

likely to come from high energy showers; the ad- . ..

ditional light will improve position reconstruction, MUuON _SpeCtral analysis & Composition

and may allow for reconstruction at smaller separa- Analysis

tion distances. Still, there are unlikely to be useful

events at higher energy. The ’'cocktail’ of charm, bottom and non-prom,
muons is not so different from that studied at RH
[13][14]; the prompt fraction is also not too diffel

Rates ent. There, the muops spectrum is fitted to ¢
mixture of prompt and non-prompt sources. In.

High pr muons come from two sources: prompt showers, the accelerator beam is unknown; it ¢
muons from charm/bottom decays, and non- stitutes the initial object of study.

prompt muons from decays of high- pions and
kaons. The charm rates have been discussed pre
viously [5, 9], about 600,000 muons per year with
energy above 1 TeV are expected in the 0.¥km
acceptance. Only 1-2% of these muons will have of a10'7 eV A — 10 nucleus are quite differen

pr > 3 GeVic. Still, this is a useful signal. In contrast to the usual presentation, these are
Bottom quark production in air showers has re- malized to the parton energies, although the
ceived much less attention. Although produc-  nucleon energies are different for the two cas
tion in air showers is only about 3% of [10], the  The nuclear distribution cuts off at an energy
higher quark mass changes the kinematics, increas—1017/A eV, limiting the maximum parton-parto
ing the importance ofb production at highy7. At center of mass energy, and thereby constrair
LHC energies, about 10% of the muons fréfn  the possible muon kinematics. Because of tt
should satisfy ther > 3 GeV/c cut, and, at high  the yield of high-energy, highy particles is much
enoughpr, they should be the dominant prompt higher for protons than for heavier nuclei.

contribution [11]. Most of the muons seen by IceCube are produ
Although they are far more numerous than prompt in the forward region, where a high: parton from
muons, non-prompt muons have a much safter  the incident nucleus interacts with a lew parton
spectrum. Non-prompt production may be esti- from a nitrogen or oxygen atom in the atmosphe
mated by using the measurggd spectrum fromr The maximum muon energy is the incident part

produced in high-energy collisions. The PHENIX energyE, = x,E. wherex, is the parton energ)
collaboration has parameterized thefrspectrum fraction andE, is the cosmic-ray energy.

at mid-rapidity with a power law:dN/dpr =~
1/(1 + pr/po)", wherepy = 1.219 GeV/c, and

n = 9.99 [12]; about 1 in 200,00&° haspr > 3
GeV/c. This data is at mid-rapidity, while most
muons seen in air showers come from far forward

The rate of highpy muons is sensitive to th
cosmic-ray composition. Higlpr particles are
produced in parton-parton collisions, and, as Fic
shows, the parton densities of@” eV proton and

In the far-forward limit, the incident parton ener¢
Tine = p/Eincident ~ Eu/Eshower- SO, these
muons are quite dependent on the highpartons
that are sensitive to nuclear composition.
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rate of highp, muon production is very sensitiv
to the cosmic-ray composition; pQCD based co

position measurements offer an alternative to ex

ing cosmic-ray composition studies.
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IceCube is the first detector large enough to study [16] A. Karle, these proceedings

high p7 muon production in cosmic-ray air show-

ers. A 100 meter minimum muon-shower core
separation would allow the study of muons with
pr > 3 GeV/c; a few thousand of these muons are
expected each year.

By measuring the energy and core separation of
muons associated with air showers, the mpen
can be inferred. The cross-sections for high-
muon production can be related to perturbative
QCD calculations of cosmic-ray interactions. The
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