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Abstract. IceTop is an air shower array at the geographic lceCube Lab __lceTop 2007
South Pole forming the surface component of the IceCube = , _—lceTop
Neutrino Observatory. In this paper, a method to reconstruct som— e

shower size and primary energy spectrum from data mea-
sured by IceTop is described. Data were divided into three
zenith angle bins. Using Monte Carlo based on the SIBYLL

gnd FIL_Jka hadronic interactio_n models, agreement W?th an lo6Gube Array
isotropic flux can only be achieved under the assumption of "

a mixed composition. A preliminary all-particle energy spec- 1450m il

trum is presented. ‘!3
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The IceTop air shower array is currently under construction
at the geographic South Pole as the surface component of the
IceCube Neutrino Observatory (eAchterberg et a).20086.
After completion in January 2011, it consists of 81 detector
stations arranged on a triangular grid with a nominal spacingFig. 1. The 79 string IceCube Observatory in January 2010. The 26
of 125m covering a total area of 1kmAn IceTop station  station IceTop array used in this analysis is outlined in red.
consists of two frozen water tanks with two Digital Optical
Modules (DOMs) each to detect Cherenkov light produced
by charged particles. IceTop is designed to detect air showand above. In combination with IceCube, which can only
ers with primary energies between 500 TeV and 1EeV. DuePe reached by muons with an energy of more than about
to the high altitude of the South Pole plateau the atmospherid00GeV, IceTop provides a new handle on the primary mass
overburden is only about 700gcrh Therefore, air showers by measuring the air shower parameters at the surface in co-
in the energy range accessible by IceTop are close to theifncidence with TeV muons reaching the deep detector.
shower maximum when they reach the ground (ajsser In this paper, an analysis of IceTop data taken between
1990. This has several advantages: local shower densityune and October 2007 with the 26 station configuration of
fluctuations are relatively small, and the dominant compo-IceTop as shown in FidL is presented. The total livetime of
nent of the air shower are photons and electrons. the data is 3274h.

The main goal of IceTop is the measurement of the en-
ergy spectrum and the chemical composition of cosmic rays
around the “knee” (a change in the spectral index 8PeV) 2 Air shower reconstruction

_ The observables of an air shower that can be measured by
Correspondence td. Kislat IceTop are the shower core position, angular direction, age,
BY (fabian.kislat@desy.de) and shower sizé105. The latter is defined as the signal ex-
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slope paramete. Assuming a large correlation of the sig-

é nals within the two tanks of one station and given that the fits
;& ! 57 of charges and times have four free parameters, five or more
=1 stations are required for a¥it
° Following quality cuts have been applied to the recon-
0.5~ structed data in order to ensure that only well-reconstructed
o events enter the final sample:
_0_5§ & - — Only events with D < 8 < 4.5 are used.
1 T T — The zenith angle has to be less thafi.46

'
1=

1 1.5 z
log, (E . /PeV . . . .
glo( prim ) — The reconstruction uncertamty on the core pOSItIOﬂ IS

=./024+02<20m.
Fig. 2. Relation between primary energy and shower size for simu- ox ox oy <

lated proton showers with zenith angles up t6.30 — The reconstructed core and the first guess core position

(obtained by averaging the positions of triggered tanks
weighted by the square root of their signal) has to be
at least 50m inside the boundary of the array. Further-
more, itis required that the station containing the largest
signal is not on the border of the array.

pectation value at a distance Bf=125m from the shower
core in units of Vertical Equivalent Muons (VEM) obtained
from a fit of the lateral signal distribution described below.
1VEM is defined as the average signal generated inside an
IceTop tank by a vertical 4GeV muon. The containment cut is designed to be conservative. It re-
The signal expectation values are described by a lateradjyces the overall efficienay(defined as the probability with
distribution function which has been derived from Monte which a shower whose core is inside the containment region

Carlo simulationsKlepser et al.2008: will remain in the final event sample) but at the same time
—B—rlog(R/125m minimizes the number of showers outside the array that re-

S(R) = Slzs< ) , (1)  main in the final sample. This is important since for a good
125m energy determination a precise reconstruction of the core po-

where R is the perpendicular distance to the shower axis.SItion is essential.
This function has five free parameters: the shower Sjzg

slopep at R =125m, curvature parameter and the posi-
tion of the shower coréx., y.). It turns out thaikc =0.303 is

nearly independent of the primary particle mass and energsrhe main observable sensitive to primary energy is the
and has therefore been fixed in the fit. The reference radiughower sizeS15. Their relationship has been obtained

Rref=125m was chosen based on a study of the stability offrom CORSIKA simulations using the SIBYLL and Fluka

the lateral fit. From air shower simulations it was found that hadronic interaction models and is shown for protons with

B is linearly dependent on the shower age. zenith angles up to 30n Fig. 2. Above the threshold, where
The shower direction is reconstructed by a fit of the signalthe efficiency is larger than 90% of its maximum value, pri-

times. The difference of the signal time at radiRind the mary energy and shower size are rough]y proportionaL while

arrival time of a plane through the shower core and perpenpelow 125~ 1VEM the trigger condition biases the measur-

dicular to the shower axis can be parametrized by a constariple shower sizes toward larger values. This happens because

3 Energy estimation

curvature functionKlepser et al.2008: only showers fluctuating upwards will be able to trigger the
5 array. The threshold of detectable energies increases for in-
At(R)=aR’+b|exp _R_2 ) clined showers and heavier primaries.. .
20 Above the threshold, the relationship between shower size

and energy can be fitted by a simple line:
with ¢ =4.823x 10~*ns/m?, b = —19.41ns andr =83.5m.

This function has been obtained in a study of time resid-109(S125) = a +b(log(Epim/PeV) —1). (3)

;?elzsslr?o@)é?%rilgéat?;il gﬁt;' Jsr:teiocr)\n;% dp?é?é?ee;ires ﬂ%;?e flt'I'ablel lists the dimensionless parameterandb as a func-
' P ._tion of zenith angle for proton and iron primaries, as well as

Wh|c_h the show<_ar core reaches the ground. In _the fit, all Si9%or the two-component modeG{asstetter et 41999 rep-
nal time fluctuations are assumed to be Gaussian. . . ; o
resenting a simple case of a mixed composition.

Hence, the complete air shower reconstruction has the fol-

lowing parameters: the position of the shower corg y.), 1A dedicated analysis is prepared for showers that trigger only
the shower directio® and¢, the shower size125 and the  three or four stationsRuzybayev et al2009
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Fig. 3. The energy response of the IceTop detector obtained from air shower simulations assuming a two-component primary composition.
The response is characterized by the energy bias (left), the resolution (center) and the overall efficiency (right).

_Invertlng Eq. 8) and l_JS'ng the parameters in Talilethe Table 1. Dimensionless fit parameters of the relation between
primary energy of an air shower event can be calculated folghoyer size and primary energy according to Bj. (

different assumptions of the primary mass composition. Fur-
thermore, it is important to note that inclined showers tra-

verse more air than vertical ones. Due to the resulting at- ¢ b
tenuation the size of a shower of a given primary energy de-  Proton, G...30° 0.849921)  1.0293)
creases with increasing zenith angle. One set of parametersis Proton, 30...40° 0.7404)  1.0756)
used per zenith angle bin, and no interpolation between them _Proton. 40...46° 05604  1.1138)
is done. The spectra for the different zenith angle ranges are Iron, ¢°...30° 0.812224) 1.101(4)
reconstructed separately. Iron, 3C°...4C° 0.618(4) 1.140(8)
Iron, 40°...46° 0.411(4) 1.178(7)

Two-Component, 9...30° 0.837918) 1.0517%29
Two-Component, 30...40°  0.6854) 1.0687)
Two-Component, 40...46°  0.491(3) 1.096(6)

4 Detector response and unfolding

The measured energy spectra are affected by detection effi-
ciency, energy bias in the threshold region, and bin-to-bin
migration due to limited energy resolution. Detector effects

can generally be expressed as described in Sec®. The detector response for pure proton
and iron primaries are similar, but reflect the fact that heavier
Freco=R Ftue (4)  primaries have a larger threshold energy.

. Once the response matrices have been found, an unfolding
where Fie i the true energy spectrunfireco the result of 5 4qrithm 'Agostini, 1999 is used to derive the final en-
the measurement amlis the response matrix describing the ¢4y spectra. This algorithm employs an iterative procedure
probability to measure a certain enerfjco given the true  y5; ayoids amplification of statistical fluctuations which can

primary energyEire- _ _ arise when simply inverting the response maRix
In this analysis, the detector response is characterised by

three functions: energy bia®og(Ereco/ Etrue)) (Etrue), r€So-

lution 10 (Etrue) @nd total efficienye (Eqye). These func- 5 The energy spectrum

tions are obtained from Monte Carlo simulations under the

assumption that for a given l08yue), the logarithm of re-  Figure4 shows the resulting energy spectra for three angular
constructed energies, |08eco), is normally distributed. The bands and three different composition models. Only showers
primary energy dependence of these quantities for the case ofith an efficiency of more than 90% of the maximum value
the two-component model is shown in FR). Fit functions  were selected. As seen in Figuré®) and (b), assuming

are used to smooth out statistical fluctuations. At high enerpurely proton or iron primaries, the spectra in the three zenith
gies the bias is very close to zero, while near the thresholdingle ranges do not agree. Furthermore, the order becomes
the primary energy is overestimated as a result of the triggemverted when changing from light to heavy primaries. The
bias described in the previous section. The resolution im+eason for this is the varying angular dependence of shower
proves with increasing energy, eventually reaching a valueattenuation for different primary masses. However, assuming
of roughly 10%. The overall efficiency can become larger an isotropic flux, the spectra obtained by analyzing showers
than 10 in cases where showers are selected despite thefrom different zenith angle ranges should agree.

cores being located outside the containment region. The fact Assuming the Monte Carlo simulations correctly describe
that it lies below 1 is due to the conservative containment cutshower attenuation in the atmosphere, the three spectra will
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of varying primary mass can be used to distinguish alterna-
tive models for the chemical composition of cosmic rays,
although this result still needs to be checked with different
hadronic interaction models.

The basic assumption, isotropy of the cosmic ray flux, is

I #¢;l$ the same as in the widely used method of Constant Intensity

IRt Cuts as described iNagano et al(1984). In contrast to that
—zg§g<3g method, however, in the analysis presented here the atten-
- <0<

uation of inclined showers is not derived from experimental
data but from Monte Carlo simulations. In this way, informa-

log(E/PeV)
— tion on the primary mass is preserved, at the cost of a larger
T’f Iron dependence on air shower models.
L10°H — T The main strength of IceTop is the possibility to measure
Lof = air showers at the surface in coincidence with high energy
e [ muons penetrating deep enough into the ice to trigger Ice-
:; i A,*¢:+ Cube. The ratio between the two measurements is sensitive
x Preliminary L T to the mass of the primary particle, as showir@usels et al.
% | Sr<oar R (2009. The method presented here is a systematically in-
3 . —‘40°S‘9<“16° L dependent way to obtain information on the chemical com-
5105702 04 06 08 1 12 14 16 18

position of cosmic rays. It allows a verification of the de-
tector performance and a cross-check of composition results
obtained by the measurement of coincident events.
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