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Introduction

Neutrino oscillation experiments have established that neutrino flavour and mass eigen states do mix [1]. So far, solar and long-baseline
reactor neutrino experiments have measured the mass-mixing parameters (dm?, 6 ) Inthev_—v_channel (electron neutrino disappearance),

while atmospheric and long-baseline accelerator experiments have measured (Am? 6_) in the A channel (muon neutrino

disappearance).
The IceCube neutrino telescope instrumented with a low-energy core (DeepCore) is sensitive to neutrino oscillations in the \ e A channel.

By an analysis of data collected between May 2010 and May 2011, the disappearance of v versus zenith is clearly observed. The non-

oscillation case is rejected with a p-value of 10° in a hypothesis test realized against the standard oscillation case with mixing parameters
fixed at the global best fit value [3]. The systematic effects limiting this analysis are also discussed.

Atmospheric neutrinos in v, disappearance
IceCUbe and Dee pcore We use the effect of nm disappearance in order to detect

neutrino oscillations in lceCube. While our calculations
lceCube is the world's largest neutrino telescope with an
instrumented volume on the cubic kilometer scale. In total, 86
strings have been deployed in the ice at the geographic South Data event
Pole in a depth of 1450 to 2450 m. Each string holds 60 digital oo oy el
optical modules (DOMSs) each with a photomultiplier tube.
lceCube is sensitive to the Cherenkov light emitted by charged
particles created in neutrino interactions. The most sensitive
channel is the detection of muon tracks due to the large
propagation length of muons. With a string spacing of ~125 m,
lceCube is mainly sensitive in the 100 GeV — 1 PeV energy

23)

include the 3-flavour formalism, the leading effect of
oscillations can be described approximately by the 2 flavour
formula p = 1-sin*(8,,) sin® (Am_*/4E). In the energy range

Fig. 1: survival probability of muon neutrinos (left) and anti- gabbove 10 GeV, matter effects in the Earth are negligible.

neutrinos as a function of energy and nadir angle [4].

| ~.Data sample

band. With the DeepCore sub-detector [4], the central volume in We use data collected by IceCube and DeepCore between May 2010 and May 2011 with 79

the cleanest deep ice is more densely instrumented by 8 operational strings (including 6 infill strings for DeepCore). Two event samples were selected, one
additional infill strings. With DeepCore the performance at low-energies (10-100 GeV) and one at high-energies (100 GeV-50 TeV). The low-energy event
(effective area, energy+track reconstruction) in the 10-100 GeV ‘ sample is sensitive to oscillations while for the high-energy sample no effects due to standard
energy range has been significantly improved. We use the oscillations are expected. The oscillations manifest as a zenith-dependent disappearance of v .

parametr!zatlon ol ?he. SIIERRNIET IC neutrino flux ARk [6]. Dataevent st | Hence the reconstruction of the zenith at low-energies is important.
systematic uncertainties are taken from a comparison to [7]. E, ~10TeV _
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) binning of 0.1 in cos(theta) is used. The experi— Table 1.: Number of events observed and expected in the high-

energy and in the low-energy event selection. Systematic

mental result is Compared with the expectation from errors on the integral amount to 30% resp. 35%.

MC simulations. Two cases are considered, the hypothesis of no neutrino oscillations and the case
of standard oscillations defined by global fit parameters [3]. The X is calculated in a global analysis
of the low-energy sample and the high-energy sample simultaneously. It is evaluated with respect
to both hypotheses, taking into account systematic errors by the method of the covariance matrix
[2]. While in the high-energy sample oscillation effects are negligible, the high statistics atmospheric
neutrino data give an important contribution to mitigate the effects of systematic uncertainties in this
analysis. For the oscillation case, x*/ndof=19.4/20, while for the no-oscillation case x*/ndof=52.7/20.
According to MC simulations, a difference in x* of 33.3 or higher is expected only in 10-toy
experiments representing the non-oscillation scenario.

X ’Indof=52.7/20 (no oscillations) X */ndof=19.4/20 (std. oscillations)
Low-energy sample IC79 High-energy sample IC79
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Results: energy distribution

Fig. 1 shows the energy dependence of the oscillation signal as a function of the zenith angle
and energy. In this analysis neutrino oscillations are analyzed by the zenith-dependent
disappearance of v, Here we plot the distribution of the number of hit DOMs as an energy proxy

for vertical and horizontal events from the low-energy event selection. This provides additional

evidence for oscillations.
Low energy, horizontal Low energy, vertical
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Fig. 5: Distribution of the number of hit DOMs for horizontal events Fig. 6: Distribution of the number of hit DOMs for

(cos(theta)>-0.55) of the low-energy event selection. Error bars vertical events (cos(theta)<-0.55) of the low-energy

represent statistical errors only. event selection.

4

s ]
=]

- 5000

Aurenaoun wiou 94G¢
No. Events (318 days)

No. Events

Aurepl@oun wiou 940¢

]
o

4000

——— MC, std oscillations

-
o

—— MC, no oscillations 3000

— ata 2000

=FTTT
(=]
({e]
(=]
o
(=]
-
(=]
()]
o
hi
(=]
'
L]
(48]
L]
%]
L
o
oL
(a=]

III|IIII|IIII|IIII|IIIIIIIII|IIII|IIII|IIII|IIII
-09 -08 -0.7 -06 05 -04 03 -02 -01 O -1 -09 -08 -07 -06 - 04 -03 -0.
cos(0) cos(®)

ShanEmmneli

i
— |

!

data/MC
data/MC

!

Fig. 4: Reconstructed zenith distribution of the low-energy sample (left) and the high-energy sample (right). The range of observations allowed by MC
simulations including statistic and shape-dependent systematic fluctuations is indicated by the boxes, while the error bars indicate only statistical

fluctuations. The normalization of the predicted event count is uncertain to 35% for the low-energy and 30% for the high-energy sample as indicated by - - ~
the arrows in the figure. This uncertainty is due to the systematic effects described below. Because of the partial correlation of systematic uncertainties S e m a I ‘ u n ‘ e r a I n I e S
between the low-energy and high-energy zenith distributions, however, the normalizations of the individual samples may only be shifted by 20%
with respect to each other. : . : 3

MR R LGN BT B L T i T — The systematic uncertainties of this analysis are
characterized by five dominant effects, the

[ I [ m Uncertainty of Systematics Norm Norm Correlated Low Uncorrelated
f C C c t L L High L
S I g n I I a n e a I C u I a I O n * the absolute efficiency of the DOMs (+-10%) . e i N
* the optical parameters of the Antarctic ice g%ﬂency 10% 15% 10% 5%

For the calculation of the significance of the analysis, a large set of pseudo-experiments was " the flux parametrization of atmospheric neutrinos

done. In each pseudo-experiments the MC expectation is varied by Gaussian fluctuations of the " the normalization of cosmic ray (CR) flux cemes > > - =
true parameters covering several sources of systematic uncertainties. Then the number of events " the spectral index of CRs Atm v flux 5% 7% 59 29
is varied according to Poisson statistics around these expectations. Simulations of the non- The impact of these uncertainties is estimated by mode!

oscillation case provide the test statistics to determine the significance of the observation. dedicated simulations representing the range of B = = = -
Simulations of the standard oscillations case allow for a consistency check between the uncertainties. The differences of these simulations . ., 29 79 0% 10%

define the covariance matrix, taking into account the
correlations, see e.g. [2]. In this procedure, Total 35% 30% 28% 20%

observation and the standard oscillation parameters.

toy MC, background cases toy MC signal cases toy MC signal cases

10'F — oareF 'A' T , = Gaussian distributions of the systematic error
, :g _'__F__'__'___'__________— B o012 - h E t "' with respect to std oscillations
1 = - - )(‘M N MR withrespec to o oscilatons para:metersl are assumed. [ Tab. 2: normalization component of different sources o
107 - 001 L oost For illustration purposes, the systematic errors are sylstematic TS for low-energy and high-energy evenr:
AL _ o0sE- c L PRELIMINARY . selection. For all sources of systematic errors except the ice
® 3 0008; oy - " decomposed INto a Shape Component and a model, the shape component is smaller than the normalization
- normalization Component. | component.

60 80 100 120

References Acknowledgments

Fig. 7: Simulation of the non-oscillation case: Fig. 8: Simulation of standard oscillation case: Fig. 9: Simulation of standard oscillation case:
distribution of the x* difference between non- distribution of the x2difference between non- distribution of the X2 for non-oscillation case (red) We acknowledge the support from the following agencies: U.S. National Science
oscillation case and standard oscillation case. A oscillation case and standard oscillation case. and of x? for standard oscillation case (blue). [1] K. Nakamura and S.T. Petcov, “Neutrino mass, mixing, Foundation-Office of Polar Programs, U.S. National Science Foundation-Physics Division,
value of 33.7 or higher is observed only in 10 of and oscillations,” in K. Nakamura et al. (Particle Data Group), University of Wisconsin Alumni Research Foundation, the Grid Laboratory Of Wisconsin
the simulated cases. J. Phys. G 37, 075021 (2010). (GLOW) grid infrastructure at the University of Wisconsin - Madison, the Open Science
e Grid (OSG) grid infrastructure; U.S. Department of Energy, and National Energy
[2] G.L. Fogli et al, “Getting the most from the statistical Research Scientific Computing Center, the Louisiana Optical Network Initiative (LONI)
analysis of solar neutrino oscillations®, Phys.Rev.D66:053010,2002 grid computing resources; National Science and Engineering Research Council of
Canada; Swedish Research Council, Swedish Polar Research Secretariat, Swedish
u O O [3] G.L. Fogli et al, “Observables sensitive to absolute neutrino National Infrastructure for Computing (SNIC), and Knut and Alice Wallenberg Foundation,
masses. II”, Phys.Rev. D78 (2008) 033010 Sweden; German Ministry for Education and Research (BMBF), Deutsche
i " i " " " Forschungsgemeinschaft (DFG), Research Department of Plasmas with Complex
Th'S _anaIySIS_ re_presents a Startmg pOlnt for ICeCUbe/Deepcore poncernlng the thSIC.)S Of [4] M. Maltoni, private communication, Interactions (Bochum), Germany; Fund for Scientific Research (FNRS-FWO), FWO
neutrino oscillation. Several |mprovements are expected due to |mproved reconstruction E. Akhmedov, M. Maltoni and A. Yu Smirnov, “Neutrino Odysseus programme, Flanders Institute to encourage scientific and technological
. . . . . . oscillograms of the Earth: Effects of 1-2 mixing and CP-violation" research in industry (IWT), Belgian Federal Science Policy Office (Belspo); University of
algorlthms and due f[O the InCIUSIOn Of two more Pee_pcore strlngs Ir? data taklng fro.m May 2011 JHEPO06(2008) (2008) 1-49 Oxford, United Kingdom; Marsden Fund, New Zealand; Australian Research Council;
on. For a more detailed measurement of the oscillation parameters it will be essential to reduce Japan Society for Promotion of Science (JSPS);the Swiss National Science Foundation
. : ’ : . R [5] R. Abbasi et al (IceCube collaboration), (SNSF), Switzerland. We would like to thank Antonio Palazzo for interesting discussions

systematic errors by improving the knowledge about optical ice parameters and photomultiplier Astroparticle Physics 35 (2012) 615-624 e

tubes' absolute efficiency. These are the subject of ongoing investigations in the IlceCube

collaboration [6] M. Honda et al, Phys.Rev D75 (2007), 043006

[7] R. Barr et al, Phys.Rev D70 (2004) 023006



	Slide 1

