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Abstract: Data collected during the year 2006 by the first 9 strings efClgbe can be used to mea-
sure the energy spectrum of the atmospheric muon neutrino Atmospheric neutrinos, an important
scientific output by itself (for instance, to understand hiigh-energy hadronic interaction models), are
also fundamental in order to check the performance of theotiet and to estimate the background for
the extraterrestrial high-energy neutrinos searches. lixéaonstruction of the neutrino-induced muon
tracks provides both directional and energy informatiohe Teconstructed energy-correlated parameter,
the photon density emitted by the muon along its track, candes to calculate the energy spectrum,
which is reconstructed by using unfolding techniques. W discuss the unfolding procedure to be
applied to data from the 9-string configuration of IceCube.

M otivation tic nuclei, microquasars, etc.) Therefore, it is ve

important to study the background due to neutrir
The IceCube collaboration is building a cubic kilo- from decay of pions and kaons produced by the
meter neutrino telescope in the Antarctic ice. Since teraction of cosmic rays in the atmosphere. Ex[
neutrinos are neutral, stable and weakly interact- iments like AMANDA [1] have measured the ne:
ing, they are a unique probe to study the Universe trino atmospheric spectrum up t0100 TeV and
at high energies and IceCube will be the most pow- IceCube will be able to explore the region whe
erful tool available for observing them. The detec- the prompt neutrino component (due to charm
tor will be completed by 2011 and the construc- meson decays) will dominate. The atmosphe
tion goal is 80 strings with 4800 photomultipliers, muon background can be severely reduced by
which will detect the Cherenkov light emitted by lecting only up-going events and imposing restr
the relativistic muons produced in the CC interac- tive constrains in the quality of the reconstruct
tions of high-energy neutrinos. IceCube can also track. On the other hand, atmospheric neutrit
observe the cascades produced by £Gnd v, cannot be rejected in this way, so it is importe
interactions and NC interactions of any flavor. to understand well the rates and spectrum of 1

During the Austral summer 2006-07, a total of 22 Packground.

strings were deployed and the detector is working A detailed study of the rates of the 9-string co
smoothly. In this paper we will study the data cor- figuration of IceCube can be found in [2]. In th
responding to the previous season, when 9 stringspaper, we will focus on the reconstruction of tl
were installed. energy spectrum. This spectrum cannot be rec
structed by just piling-up the energy of individu
events because of two factors. First, the energy
olution is limited because we only see part of t
muon energy (which in turn is only part of the ne

The scientific output of neutrino astronomy is very

wide, including the search of dark matter and the
observation of astrophysical neutrinos from a large
variety of sources (gamma-ray bursts, active galac-
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trino energy) and because the muon energy loss isof the muon track becomes proportional to its ¢
stochastic. Second, the spectrum falls very quickly ergy:

with energy (as E*7), so the events for which

the energy is overestimated would bury the events )

at higher energy, distorting the resulting spectrum. Ve = 3-10'm™1(1.22+1.36-10"°E/[GeV]) (1)

In order to overcome this problem, a different ap- This “photon density” along the muon track e

proach is needed: the unfolding techniques. ; :

ters naturally into the muon track reconstructi
The structure of this paperis as follows. Inthe next tnrough a term in a log likelihood function, whic
section, we will describe the calculation of the vari-  gescribes how well the number of photons ¢
able used for the unfolding. This variable has to be geped at a distanaé from the track is describe
correlated with the neutrino energy with the lowest by the flux function (defined as the lateral distrib
possible spread. Among the different variables that jgn of Cherenkov photons around the muon tre
have been studied (number of hit optical sensors, given as a function of the distance from the trac
total charge, photon density along the track, etc.) The flux function is easily computed in the vicir
the best results are obtained when reconstructingity of the track, before the scattering of light alte
the energy from the photon density along the track the original direction of photons in the Cherenk:
at the point of closest approach to the center of cone around the track. At large distances ¢
gravity of hits in the event. In the following sec- may use the diffusive approximation since the pt
tion we make a brief description of the unfolding tons observed there have sustained many direct
procedure and test the robustness of the method.gjtering scattering events. In the intermediate ¢
Finally, we show the resulting unfolded spectrum. gnce region these approximations are stitched
gether with a function, chosen to describe all 3
gions. The shape of the function was inspired
the eikonal small-angle scattering approximati
of light that may be used in low-scattering med
e.g., water. The chosen flux function was verifi
against data and was found to perform extrem
well.

Energy reconstruction technique

As a muon travels through ice, it emits about
3 - 10* Cherenkov photons in the spectral range
visible to the detector per meter along its track,
just from electromagnetic interaction of the bare .
muon. In addition, the knock-on electrons, 1€ photon density along the muon track thus |
bremsstrahlung, electron pairs, and photonuclear COMes the 6th parameter in addition to two ang
interactions caused by the muon traveling through @nd 3 parameters describing a point in space
ice, generate short cascades along the muon trackiMe @long the muon track, against which the lik
[3]. Particles created in such cascades also lihood function is minimized. One may then calc

emit Cherenkov radiation, increasing the “effective |2t€ the energy by either inverting equation (1)
length” of the muon (which determines the total performing a Monte Carlo study of the correlatic
number of Cherenkov photons using the above fac- ©f the calculated photon density and energy (
tor) by the amount proportional to the energy of the Figure 1). The second approach additionally
cascade, on average by about 4 ByGeV. The sults in a smearing matrix, which can then be us
number of additional Cherenkov photons emitted for spectra unfolding_(next section). In'aII casest
by the passing muon due to cascades created along"€rgy of the muon is taken at the point of clos
its path is therefore proportional to the total energy @PProach to the center of gravity of hits left by t
deposited in form of such cascades. In a well- Muon in the detector (which yields better ener
known approximation of the muon energy losses, €Stimates than alternatives).
dE/dx = a + b - E, the second term is largely ~Figure 2 shows the resolution of the energy
due to just such energy deposits. Above the crit- constructed with the method described here
ical energy & 1 TeV), the second term begins to with methods based on the calculation of the nu
dominate the energy losses, and the total number ofber of hit optical channelsN.;,) and total charge
Cherenkov photons left by a muon per unit length (Q:.:). For the isotropic fluxes in the energy ran
of 1044 — 107* GeV a reconstruction precision ¢
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Figure 1: Correlation of true muon energy and re- Figure 2: Energy reconstruction precision: bl
constructed photon density parameter (photon den- (Iowest curve) for the photon-density-based ¢
sity N, times optical sensor effective PMT area). Proach of this paper, red for th@:,; and green
The red line corresponds to the application of eq. (highest curve) for theV.,,-based calculations.

(1). It overestimates the value of the photon den-
sity parameter somewhat when compared to the de-

; . : lation [6]. For this analysis we have chosen t
tailed simulation.

Singular Value Decomposition algorithm [7], sinc
it is robust, efficient and easy to implement. T
0.3 in logo(E [GeV]) is achieved. This is close problem of unfolding can be expressed, in mat
to the theoretically achievable (due to uncertainty notation, by the expressiofy = b, whereA is the

related to stochastic nature of energy losses). Forso-called smearing matrix (which has to be gen
the atmospheric neutrino fluxes this energy range ated by Monte Carlo)y is the spectrum we wan
increases ta03% — 1076 GeV. At low energiesthe  to measure (in this case, the neutrino energy sg
resolution worsens due to a reduced dependence oftrum), and is the experimental observable (reca
muon energy losses on muon energy below the crit- structed muon energy). Inverting the smearing r
ical energy. This may potentially be improved by trix does not give a useful solution because of 1
using the observed muon track length as an addi- effect of statistical fluctuations, which complete
tional energy-correlated parameter. At high ener- spoils the result. The SVD algorithm is based

gies one expects the nearby optical sensors to bethe decomposition ofi as A = USV7T, where

saturated, leading to increased systematic uncer-U andV are orthogonal matrices arfflis a non-
tainties and, in turn, to reduced energy reconstruc- negative diagonal matrix whose diagonal eleme
tion precision. This will likely improve with more  are called “singular values”. It can be shown tf
detailed corrections of the saturated behavior taken this decomposition allows one to easily identify tl
in the account. elements of the system that contribute to the ¢
tistical fluctuations but provide useful informatio

. Thus, these elements can be filtered out in orde
Unfolding procedure obtain a smoother solution.

. . ... . Another interesting point of this method is that

There are different unfolding methods used in high practice we do not try to solve directly the spe

energy physics. Previous studies of the atmo- ., byt the deviations from a reasonable assul
spheric neutrino unfolding have been done both

for AMANDA data [4, 5] and ANTARES simu-
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tion. This also helps to reduce the effect of statisti-
cal fluctuations.

events

e true

Results and discussion

\‘FJ

The event selection used in this work is guided by e
one applied in the atmospheric neutrino rates anal-
ysis [2]. The variables to perform such a selec- 1 o
tion are the same but the values have been some- )
what relaxed in order to increase the statistics: o]
Nair (number of unscattered photons) 8, L;, 10 i i el
(length of the track)> 200 m and? (zenith angle) log,, & [GeV]

> 92 deg. These cuts should still reject most of

the background contamination, which is still un-

der study. In order to check that the simulation Figure 3: True (black line) and unfolded (bl
is under control, we have compared simulated and crosses) Monte Carlo spectra (preliminary). It c
measured distribution of several variables, finding be seen that the agreement between both distr
good agreement. tions is good. Errors include global unfolding ui
certainties.

We have checked the robustness of the unfolded re-
sults as function of the spectral index used when
creating the smearing matrix and the initial as- References
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