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Abstract. Data from the IceCube detector in its
22-string configuration (1C22) were used to directly

measure the atmospheric energy spectrum near the % ' '
horizon. After passage through more than 10 km ﬁg KV OAVMA . SBYLL o7

of ice, muon bundles from air showers are reduced 10t — Kuezs ©+ EPOS161+25 ]
to single muons, whose energy can be estimated 5

from the total number of photons registered in the g

detector. The energy distribution obtained in this way 4 .
is sensitive to the cosmic ray composition around
the knee and is complementary to mea_surements by 102} ; ?&%OSHEPZSP 2007 i
air shower arrays. The method described extends o LVD, 1898 v Frejus, 1890

the physics potential of neutrino telescopes and can  Baksan 1992 Il MAGRO. e 2%

easily be applied in similar detectors. Presented is ‘ ‘

the result from the analysis of one month of 1C22 10° 104 10°
data. The entire event sample will be unblinded once E,, GeV

systematic detector effects are fully understood. )
Keywords: atmospheric muons, CR composition, Fig. 1: Muon surface energy spectrum measurements
neutrino detector compared to theoretical models [2].

I. INTRODUCTION

While the primary goal of IceCube is the detection Thjs problem can be resolved by taking advantage of
of astrophysical neutrinos, it also provides unique ORpe fact that low energy muons are attenuated by energy
portunities for cosmic-ray physics [1]. One of the mogjysses during passage through the ice. In this analysis,
important is the direct measurement of the atmosphefite emphasis was therefore set on horizontal events,
muon energy spectrum. where only the most energetic muons are still able to

As shown in figure 1 the energy spectrum of muorT}§enetrate the surrounding material. The primary cosmic
produced in cosmic-ray induced air showers has so faly interaction in this region takes place at a higher
been measured only up to an energy of about 70 Telfit de, and therefore in thinner air. The reinteraction
[2]. The best agreement with theoretical models Wasopapility for light mesons (pions and kaons) is smaller
found by the LVD detector, with the highest data poindng the flux of muons originating in their decays is
located atF, = 40 TeV [3]. All these measurements avimized.
have been performed using underground detectors. Theifrhe main possibilities for physics investigations using
sensitivity was limited by the relatively small effectivey,e muon energy spectrum are:
volume compared to neutrino telescopes.

With a planned instrumented volume of one cubic
kilometer, IceCube will be able to register a substantial
amount of events even at very high energies, where the
flux becomes very low. The limitation in measuring the
muon spectrum is given by its high granularity, and
consequent inability to resolve individual muons. Most
air showers containing high energy muons will consist
of bundles with hundreds or even thousands of tracks. S(onn) ~ 15% + 12.2% - logio(Ex /500 GeV)
Since the energy loss per unit length can be described by
the equationdE/dx = a + bE, low-energy muons will at z;,p > 0.1 above 500 GeV [5]. This value
contribute disproportionately to the total calorimetre:-d should also apply in good approximation to the
tector response, which depends strongly on the energy of conventional (non-prompt) muon flux.
the primary, disfavoring the measurement of individual « Prompt flux from charm meson decay in air show-
muon energies. ers [6]. Because of their short decay length, the

« Forward production of light mesons at high ener-
gies. While muon neutrinos at TeV energies mostly
come from the proces& — v, + X, for kine-
matical reasons muons originate predominantly in
pion decayst — v, + p [4]. An estimate of
the pion production cross section from accelerator
experiments gives an uncertainty of
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reinteraction probability for heavy quark hadrons
is negligible. The resulting muon energy spectrum
follows the primary energy spectrum with a power
law index ofy ~ —2.7 and is almost constant over

all zenith angles. Since the non-prompt muon flux
from lighter mesons is higher near the horizon, this
means that the relative contribution from charm is
lowest, and very challenging to detect.

o Variations of the muon energy spectrum due to
changes of the CR composition around the knee
Since the ratio of median parent cosmic ray and
muon energy i< 10 at energies [7] above 1 TeV,

a steepening of the energy-per-nucleon spectrum

f .. .
cosmic rays at a few PeV will have a measurable eﬁ'g' 2: Atmospheric muon energy spectrum at surfape
evel averaged over the whole sky as simulated with

RSIKA/SIBYLL.
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fect on the atmospheric muon spectrum at energi
of hundreds of TeV. Comparison of the measure

muon spectrum to various phenomenological com-
position models was the main focus of this analysis.

An additional benefit in the case of neutrino detectors
is that a direct measurement of the muon flux will
have important implications for neutrino analyses. By e
reducing the systematic uncertainties on atmospheric
lepton production beyond 100 TeV, the detection po-
tential for diffuse astrophysical fluxes will be enhanced.
Also, atmospheric muons serve as a “test beam” that
allows calibration of the detector response to high-

models of cosmic ray production and propagation
in the galactic amgnetic field.

Mass-DependenfAy: An alternative model that
also leads to a composition change around the knee.
The change in the power law index does not depend
on the charge, but on the mass of the nucleus. The
best fit proposed in the original paper leads to a
smaller value for the transition energy and a steeper

spectrum after the cutoff.

« Constant Composition: Here, the composition of
the primary cosmic ray flux does not change. The
knee is explained by a common steepening in the

energy tracks.

Il. Cosmic RAY COMPOSITIONMODELS

Starting from the hypothesis that most cosmic rays CE i
originate from Fermi acceleration in supernova shock ©€Nerdy spectrum for all primaries occurring at the
fronts within our galaxy, the change in the energy S@me energy.
spectrum can be explained by leaking of high energy The best measurement of the composition so far was
particles. Since the gyromagnetic radius done by KASCADE [9]. Its result was consistent with
a steepening of the spectrum of light elements, but
depended strongly on the hadronic interaction model
used to simulate the air showers (SIBYLL or QGSJET).

depends on the charge of the particle, for a given The influence of the three composition models on the

energy nuclei of heavier elements are less likely tgwor: enefrgytf]pectruT ISt shown nlwt.ﬂgure §'|Wh'|§ th"e
escape the galactic magnetic field than lighter ones. spectrum for the constant composition model gradually

—3.7 —4
The general expression for the flux of primary nucle?harllggs IromE . to B~ tze otthe:htwo ?hf?w ath
of chargeZ and energyF, is marked steepening corresponding to the cutoff in the

energy per primary nucleon. By accurately measuring

Eprim[PeV]
ZB[pG]

p

R= 7B = (10pc)

coq =2 the muon energy spectrum, it is therefore possible to
d®z =Y {1 + ( Lo ) } ° significantly constrain the range of allowed cosmic ray
dEy Etrans composition models in the knee region.

R where Athe transition energ¥irans corresponds to
E,-Z, E, - A or simply E, for rigidity?dependent,
mass-dependent and constant composition models. Thene data set used in this analysis is based on the
paramete. determines the smoothness of the transitiofzecube online muon filter, designed to contain all
and Ay the change in the power law index. track-like events originating from the region beld°.
Three alternative composition models have been prg-covers the period from June 2006 to March 2007
posed, which all can be fit reasonabkly well to the totgljth an integrated livetime of 275.6 days, during which
cosmic ray flux in the region of the knee [8]. These arg@zecube was taking data with 22 strings (IC22). A
« Rigidity-DependentA~: This is the default com- number of quality cuts were applied in order to eliminate
position used in the lceCube downgoing muobackground from misreconstructed tracks and to reduce
simulation. It is also the one favored by currenthe median error in the zenith angle measurement to

I1l. ANALYSIS
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Fig. 3: Relation between energy proXy,,.s and true Fig. 4: Simulated muon multiplicity for atmospheric
surface energy of most energetic muon in shower. Hesbowers at closest approach to the center of the Inlce
and in figure 4 the rigidity-dependent composition modeletector for different values df.

was used.
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Fig. 5: True surface energy of most energetic muon in
shower using rigidity-depending composition model for
To measure the single muon energy spectrum, it different values o€, s, with fits to Gaussian function.
necessary to reduce the background of high-multiplicit¥ll individual distributions are normalized to unity.
bundles, whose total energy depends primarily on the
primary cosmic ray [10]. Since there is no possibility

to accurately estimate the multiplicity of a downgoing i . )
muon bundle, the only way to obtain single muons is by Using the slant depth alone, the range of this analysis

selecting a region close to the horizon to which muoris therefore insufficient to probe the region beyond 100
of lower energies cannot penetrate. TeV. However, the reach can be extended by incorpo-
The minimum energy required for muons passinbating information about the energy of the muon as it

through a distancé of ice can be approximated by thePasses through the_ instrumented volume. )
equation For muon tracks in the detector, the energy resolution

approache\ log,(F) =~ 0.3 above 10 TeV [12]. This
information can be combined with the slant depth to
obtain a better estimate for the muon energy at the

wherea = 0.163GeVm~! andb = 0.192-10~3m~!  Surface.
[11]. The resulting threshold energies corresponding to A natural way to do this is by defining a surface
vertical tracks and for tracks at the top and bottom ¢fnergy proxye that behaves as
the detector for angles near the horizon are shown inexp(€sury) o logny - dsiant
Table 1. where n., represents the total number of photons
Two factors determine the upper energy bound dheasured by the detector. Figure 3 shows the re-
this analysis. One is the contribution from atmospherigulting parameter, which has been linerly rescaled in
neutrinos, which will eventually dominate the evensuch a way that its value corresponds to the mean
sample at large depths. The other, and more important)ig(E,, s.rs/GeV) for any given bin, provided that
the finite zenith angle resolution. Using simulated data,tite muon energy spectrum is reasonably close to the
was determined that it effectively limits the measuremestandarde—3".
of the slant depth to a values below 15 km. An important criterion for the applicability of the

Ecut (d) = (ebd - 1)a/b
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data to simulation remains very close to one over almost
the entire range. Fo# > 5, corresponding toF, >

100 TeV, the measurent is based on only three data
events.

Using the entire year of IC22 data, the predicted event
yield for 5.1 < &,y < 5.2 based on the constant
composition model corresponds to about 10 events. It
is therefore unlikely, even neglecting systematic uncer-
tainties, that any of the three models under considera-
tion could definitely be excluded yet. This situation is
expected to change as soon as 40-string data can be
included in the analysis.

-,

N

10"

.
S

events per bin [Hz]

=
1)

=
Q
OO P TTIETre T

10°

10 55

surf

‘35‘.”4”‘.4.5”..5

Fig. 6: Data from one month of 1C22 at final cut level V. CONCLUSION

compared to simulated event rates and fit of empirical Ths result demonstrates the potential for an accurate
function exp(a + bé + cé%) to constant composition measurement of the muon energy spectrum with large
distribution. neutrino detectors. So far only one month of data has
been considered in the analysis, corresponding to about
10% of the entire event sample. Nevertheless, the mea-
surement already covers an energy range almost a factor
of three above that of the previous upper limit, with very
good agreement between data and simulation.

While it will be difficult to make a definitive statement
about the cosmic ray composition around the knee based
on IC22 data, it will be possible to confirm the validity
of cosmic ray air shower models up to previously
inaccessible energy ranges.

At the time of writing, the instrumented volume
of the detector has increased by a almost factor of
three. Further enlargements are scheduled for the next
few years. Future measurements of the muon energy
Fig. 7: Ratio of experimental to simulated,,,; distri- spectrum will benefit from a larger effective area, and a
butions for one month of IC22 data. Uncertainties argubstantial improvement in the angular resolution related
statistical only and exclude systematic detector effectto the longer lever arm for horizontal muon tracks within

the detector.
Once residual systematic detector uncertainties are

r(-?f-solved, a comprehensive analysis that accounts for

energy proxy parameter is that over the entire range Both the energy spectrum of individual muons and the

measurement _the muon r.m.Jlt'p“C'ty remains IOW.’ and tht%tal shower energy in the detector will be feasible. The
influence of high-multiplicity bundles small. Figure 4

confirms that this is indeed the case. It should be not 8tentlal for such a combined measurement is unique to

here that the most energetic muon typically accounts 3¢ volume detectors.
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