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Abstract: Cosmic ray showers that trigger the IceTop surface array genegteshergy muons that
are measured by the IceCube detector. The large surface andgyimdet area of this 3-dimensional
instrument at completion guarantees significant statistics for showegiesep to about 1 EeV. Since
the number of muons is sensitive to the type of the primary cosmic rayusjdleese events can be used
for the measurement of cosmic ray composition. Using the data taken éxisteng array, we measure
the observables sensitive to the primary mass as a function of shoemgyesstimated by the surface
array. The result is compared to simulations of the coincident eveniffereat primary nuclei.

Introduction different PMT gains, which results in a wide d
namic range.

Cosmic rays follow a steep power-law spectrum
which spans a wide energy range up to a few
10%° eV. One of the interesting features in the all-

particle energy spectrum is that the cosmic ray o i
spectrum steepens around 3 PeV, which is called Ic€Top/IceCube coincident data taken in 20
the ‘knee’. The origin of the knee is generally un- Were used for this analysis. In 2006, 16 pairs
derstood to be due to the limiting energy attained 'c€Top tanks and 9 IceCube strings were ope
during the acceleration process and/or leakage of fional. Events were recorded when the followi
charged particles from the galaxy. The mass com- trigger conditions were satisfied: 6 hits within:2

position of cosmic rays at the knee region provides for IceTop DOMs, and 8 hits within s for in-
important clues to their origin. ice DOMs. The coincident rate is about 0.2 Hz.

threshold of 300 TeV allows us to measure cosr
rays below the knee.

Data and ssimulation

The IceCube Observatory located at the South
Pole, a 3-dimensional instrument which consists ] )
of the IceTop surface detector and IceCube optical AIr _ Shower —events were simulated  wil
sensor arrays, is uniquely configured to measure CORSIKA[L], and GHEISHA[2] and SIBYLL-
cosmic ray composition. The IceTop surface array 2-1[3] were selected as the low and high ene
will consist of 80 pairs of frozen water tanks which hadronic interaction models, respectively. Prof
measure the energy deposition at the surface, and@d iron showers were generated over an &
80 strings of 60 digital optical modules (DOMs) ©f 4.5 kn? covering the IceTop array, fron
in ice will measure Cherenkov photons from muon €nergies of 50 TeV to 5 PeV, using the South P
bundles. The DOMs are attached to a cable every atmospheric model[4]. The events were generz
17 m, between depths of 1,450 and 2,450 m. A pair 8ccording tof~* spectrum and re-weighted to tt
of the IceTop tanks separated by 10 m is located COSMIC ray energy spectrum with spectral index
above each IceCube string and a tank employs two -2-7 below the knee at 3 PeV, and -3.0 above it.
DOMs which are identical to in-ice DOMs but with
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Figure 1: Ratio ofS{ to ST, as a function of the  Figure 2: Average charge per in-ice DOM is sho\

total energy per nucleug)). as a function of a perpendicular distance fron
primary track for proton and iron showers [0<5
|Og(S100) < 13]

As a first guess, the shower core is determined by

calculating the center of gravity of tank positions

by weighting with the square root of pulse ampli- e The number of hit strings is greater than 1
tude. The shower direction is determined on the

basis of shower front arrival times measured by the The number of hit strings is required to be equal
IceTop tanks. The energy deposition at the surface or greater than 2 since the lateral distribution fit
as a function of distance from the shower core is ice which will be described in the next session fa

fitted to the function given by[5]: if a reconstructed track is vertical.
7\ —B—rlog(r/100m) Cosmic ray composition
f(T) = S100 (m) 1)

The IceCube detector is located deep in ice,
only muons can reach the detector, and useful

formation about primary cosmic rays can be i

ferred from muon bundles with the 3-dimensior

instrument. The total number of muons in a bt
dle is dependent on the type of primary nucle
Cherenkov photons from the muon bundle are
tected by optical sensors in ice, and the photon

The events which passed the following quality cuts tensity is measured as a function of perpendict
are used in this study: distance from a primary muon track and fitted

an exponential function. The primary muon tra

e Reconstructed shower core lands 60 m in- js the shower axis determined by the IceTop arr

side of IceTop array. Figure 2 shows the average charge per in-ice Dt

. . as a function of the distance from a primary track

* BinEq. (1)is less than 6. each hit DOM in a range ofyy between 0.5 anc

e Reconstructed zenith angle is less thaf.20 1.3 showing separation between proton and i

wherer is a distance from shower corejs 0.303

for hadronic showers, ans o is the signal in ver-
tical equivalent muon (VEM) per tank at 100 m
from the shower core. The parameteis roughly
correlated with shower age via= —0.940 + 3.4.
S100 IS @n energy estimator and depends on pri-
mary mass, as shown in Figure 1.
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Figure 3: Average charge vs. DOM number for Figure 4: Average charge vs. DOM number f
proton and iron showers [05 log(S190) < 1.3]. proton showers only at different distance rang
[0.5 < log(S100) < 1.3].

showers. It was found, for the SPASE/AMANDA

detectors, that the photon intensity at 50 &) ergy and can affect the time residual (observed
is most sensitive to the mass of primary cosmic nus expected times from the primary muon trac
rays[6]. Ranging-out of muons and depth depen- The expected time is the travel time of a dire
dence of light scattering in the ice are taken into ac- Cherenkov photon from the primary muon tra
count in the lateral distribution fit. However, these to each hit DOM. The time residual distribution
corrections are not made in Figure 2. Once we find fitted by exp(—at) from 50 to 400 ns where th
all observables sensitive to primary mass, we will tail of the distribution is straight in log scale, ar
feed them into a neural network (see [7] for de- the slope,«, of the distribution as a function a
tailed description) for composition analysis. DOM number is shown in Figure 5. Separatit

Figure 3 shows the average charge as a function of 0etween proton and iron showers is seen, and
DOM number for proton and iron showers. Overall Slope varies depending on depth of DOM and ri:
the average charge decreases with depth, featuringdt dusty layers.

changes in the optical properties of ice. For in-

stance, a thick dust layer observed by a dust logger ~;: :

during string deployment is seen around DOM 36. Discussion
Figure 4 shows the same as Figure 3 but with three
different distance ranges only for proton showers,
and indicates that using the hits close to muon
bundles gives measurement less dependent on ic
properties. An appropriate correction for the dust
layer needs to be made, or those DOMs around the

dust layer can be removed in the analysis. ) ) ;
° ) T of ice properties can be reduced by making an
In addition to charge, we looked into timing infor- propriate correction for dusty layers or by exclu

mation to see whether or not it is sensitive to pri- ing the DOMs in the thick dust layer around DO|
mary mass. The size of the muon bundle depends3g” \oreover. DOMs close to a muon bundle

on the type of the primary nucleus at a given en- haar g e best suited for such an analysis. O

We investigated observables sensitive to prim
mass. In addition to charge information from tl
éDOMs in ice, the slope of the time residual di
tribution seems to be sensitive to the type of 1
primary cosmic ray, though it has dependence
optical properties of ice. However the dependel
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Figure 5: Sloped) of the time residual distribution as a function of DOM num{eft) and distribution of

(af'® — aP) /aP (right) are shown.

we have all observables sensitive to primary mass, [7] K. Andeen, C. Song, and K. Rawlins for tt

the neural network can be employed for cosmic ray
composition studies.
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