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Abstract. The recent deployment of the first string
of DeepCore, a low-energy extension of the Ice-
Cube neutrino observatory, offers new opportunities
for fundamental neutrino physics using atmospheric
neutrinos. The energy reach of DeepCore, down to
~ 10 GeV, will allow measurements of atmospheric
muon neutrino disappearance at a higher energy
regime than any past or current experiment. In
addition to a disappearance measurement, a flavor-
independent statistical analysis of cascade-like events
opens the door for the measurement of tau neutrino
appearance via a measurable excess of cascade-like
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sin? 2613, a multi-year measurement of the suppres-
sion of muon neutrino disappearance due to earth
matter effects may show a measurable dependence on
the sign of the mass hierarchy (normal vs. inverted).
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|I. ICECUBE DEEPCORE

The IceCube neutrino telescope is a multipurposgm"
discovery detector under construction at the South Pol 4
which is currently about three quarters completed [1]
After completion in 2011, IceCube will have instru-
mented a volume of approximately one cubic kilomete
utilizing 86 strings, each instrumented with 60 Digital

Optical Modules (DOMs) at a depth between 1450 .

ihtv of th . h f %:;g 1: IceCube with the DeepCore sub-detector in the
and 2450 m. Eighty of these strings (the baseline desi nter deep clear ice. The illustration on the left shows

W”_l be arra_nged in a hexagonal patter_n with an ime_'ihe depth-profile of the optical transparency of the ice.
string spacing of about 125 m and with 17 m verti-

cal separation between DOMs. This baseline design is

complemented by six more strings, that form a more

densely instrumented sub-array, located at the center of

IceCube. These strings will be spaced in between theThe DeepCore extension will significantly improve
regular strings, so that an interstring-spacing of 72 #§eCube’s low energy performance and allow neutrino
is achieved. Together with the seven adjacent standalgtection to approximately 10 GeV (see Figlie 2). This
IceCube strings these six strings form the DeepCot@ accomplished by having DeepCore strings with a
array in the center of IceCube (shown in Figife: 1)dense vertical spacing of 7 m between DOMs, which are
DeepCore strings have a different distribution ofsthéeployed in the deepest ice where the scattering length is
60 DOMs on them. Fifty out of the 60 DOMs on adpproximately twice that compared to the upper part of
DeepCore string will be installed in the deep clearsicdhe IceCube detectoll[2]. Coupled with the spacing and
below an ice-layer of short absorption length (1970 ice clarity the DOMs themselves are instrumented with
2100 m) also labeled "dust-layer”. The top 10 DOMs okigh quantum efficiency photomultiplier tubes (HQE
the DeepCore strings will be deployed above this dudtMTs), that have d0% efficiency increase, wavelength
layer. Those DOMs add to the effective veto capabilitfependent, compared to regular IceCube PMT's [3]. The

of the surrounding IceCube strings against down-goirgforementioned properties make the DeepCore an ideal
muons. s detector for low energy-low rate neutrino physics.
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A. Muon-Neutrino Disappearance

Previous measurements of neutrino oscillations at the
atmospheric-scale have been significantly decreased in
both energy reach and active volume size of the detectors
compared to DeepCore. With an approximate 13 MT
fiducial volume, DeepCore has the capacity to make a
precision measurement of atmospheric neutrino oscilla-
tions above 10 GeV[L[4]. The, survival probability
curve shown in Figur€l3 illustrates an expectation for
a significant deficit in neutrino flux, shown in Fig.
M at a previously unexplored energy region. An issue
associated with such an analysis is the angular resolution
of neutrino induced muon tracks at these energies is

Fig. 2: Comparison of preliminary study of effective areéundamentally limited by the kinematics of the neutrino-
A.q at trigger level for the 80 IceCube string asraynucleon interaction. Low energy, interactions have

without DeepCore (squares) and in addition withstha much bigger opening angle between the incoming
six DeepCore strings (open circles). The additioan afeutrino and outgoing muon than high energy interac-
DeepCore increases the effective area of the detegtortians, which leads the muon to have a higher probability

low energies significantly. 98
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Fig. 3: v, survival probability and/,, — v oscillation

of being noncollinear with the incoming neutrino. The
intrinsic uncertainty on the opening angle reduces any
experiments ability to identify perfectly upward going
neutrinos, where the uncertainty can be approximated,
in the full data sample, byA¢ ~ 30° x /(GeV)/E,,.
However, oscillations can be observed with very high
significance with an inclusive measurement over the
zenith angle range-1.0 < cos¢ < —0.6, and in-
corporation of angular dependence will only improve
the result. Fig.[¥ shows a simulation of this muon
disappearance effect, which would be an approximate 20
sigma effect with just one year of IceCube DeepCore
data. The current study only discusses the effect on
the signal, taking statistical uncertainties into account
Systematic uncertainties remain to be studied, as well
as the background prediction to this measurement.

probability for vertically upward going neutrinos, whereB. Tau-Neutrino Appearance

sin22913 =0.1 LE‘]. 115
116
117

II. DEEPCORENEUTRINO OSCILLATION PHYSICSus

119

Returning to Figur€]3 and looking at thg — v,
oscillation curve, we expect a fraction of the incoming
atmospheric neutrino flux to have & component.
Given the higher parent, flux and different decay
kinematics of tau events relative to that of charge-

The lower energy reach achieved with the DeepCotirrent (CC) andv, neutral current (NC) (x=ey, 7)

opens the possibility to investigate atmospheric neytrinents, we should be able to detegt both via the
oscillations in the primarily unexplored energy regimexcess of cascade (hadronic and electromagnetic shower)
of a tens of GeV. In Figurél3 we show the expgctegvents and possibly through the resulting spectral energy
vy, survival probability and/, — v oscillation curvgs distortion. This measurement would not only represent
for which the DeepCore will have sensitivity and,rethe largest sample of tau neutrinos ever collected (albeit
late directly to the potential measurements discussediitiusively), it may also be competitive with OPERA [5]
the following subsections. In addition to the imprgve¢h making an appearance measurement of tau neutrinos
energy reach, part of what make such measuremesise to oscillations.

possible is the innate background rejection built,dnto Future components of this analysis comprise devel-
the DeepCore design: increased overburden reduggs #ing a dedicated energy reconstruction for low energy
number of atmospheric muons and the surroupdingscade events as well as examining the background
IceCube strings provide an in situ veto. Simple,yetaused by short muon tracks that mimic cascades as well
methods have achieved background reductions of, fog§ the impact of misidentification of up versus down
orders of magnitude with excellent signal retention,angoing neutrinos. Good energy resolution will increase

have potential for greater than 6 orders of magnifudgensitivity tor, appearance over regions where neutrino
rejection utilizing reconstruction veto methods [3]...s oscillations are maximal.
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IIl. CONCLUSIONS

We have completed a full Monte Carlo study of the
IceCube DeepCore detector that shows the potential
for measurements of fundamental neutrino properties.
We have discussed the expected effects on the signal
for v, disappearance at energies higher than previously
measured, a measurement:gf appearance as well as
resolution of the neutrino mass hierarchy.
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Fig. 5: Oscillation probabilities for,, — v, transitions for upward going neutrinosl [6]. For a value of
sin? 2615=0.1, the difference in the survival probability betweea tiormal hierarchy (solid black line) and inverted
hierarchy (dashed red line) i 7%, and increases for higher valuessaf? 20,5. Recent measurementis [7] as well
as global fits[[B], [9] prefer thatin® 26,5 is non-zero, while the value of 0.10 reflects the 90% Confiddrimit
set by CHOOZ[[10].
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Fig. 6: Predicted rate with 5 years of data for normal
(squares) and inverted (open circles) hierarchy, ifipr
induced muon tracks within 45 degrees of vertical that
start within the DeepCore fiducial volume. We find that
in the first two bins the rate for the inverted hierarchy
is above that for the normal hierarchy and that in the
remaining bins the rates overlap. Systematic errors are
not yet estimated. Statistical errors are too small to be
visible. Note thasin? 6,5=0.1 in the presented case.
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