
 Open access  Journal Article  DOI:10.1103/PHYSREVLETT.111.081801

Measurement of Atmospheric Neutrino Oscillations with IceCube — Source link 

M. G. Aartsen, Rasha Abbasi, Y. Abdou, Markus Ackermann ...+284 more authors

Institutions: University of Adelaide, University of Wisconsin-Madison, Ghent University, University of Canterbury ...+34
more institutions

Published on: 19 Aug 2013 - Physical Review Letters (American Physical Society)

Topics: IceCube Neutrino Observatory, Neutrino detector, Neutrino, Neutrino oscillation and Solar neutrino problem

Related papers:

 Evidence for High-Energy Extraterrestrial Neutrinos at the IceCube Detector

 Measurement of atmospheric neutrino oscillations with the ANTARES neutrino telescope

 Calculation of atmospheric neutrino flux using the interaction model calibrated with atmospheric muon data

 Observation of reactor electron antineutrinos disappearance in the RENO experiment.

 Observation of Electron-Antineutrino Disappearance at Daya Bay

Share this paper:    

View more about this paper here: https://typeset.io/papers/measurement-of-atmospheric-neutrino-oscillations-with-
1n2c66kui1

https://typeset.io/
https://www.doi.org/10.1103/PHYSREVLETT.111.081801
https://typeset.io/papers/measurement-of-atmospheric-neutrino-oscillations-with-1n2c66kui1
https://typeset.io/authors/m-g-aartsen-w068ryeqgm
https://typeset.io/authors/rasha-abbasi-ra7xymhrfc
https://typeset.io/authors/y-abdou-fkvfml8hdw
https://typeset.io/authors/markus-ackermann-f6ph6r0jip
https://typeset.io/institutions/university-of-adelaide-3p19hv6c
https://typeset.io/institutions/university-of-wisconsin-madison-1lo9rg1b
https://typeset.io/institutions/ghent-university-14limu0t
https://typeset.io/institutions/university-of-canterbury-3854s59x
https://typeset.io/journals/physical-review-letters-3av85aju
https://typeset.io/topics/icecube-neutrino-observatory-1q6icsae
https://typeset.io/topics/neutrino-detector-1a8o5t5d
https://typeset.io/topics/neutrino-biptlis1
https://typeset.io/topics/neutrino-oscillation-1fygkgn5
https://typeset.io/topics/solar-neutrino-problem-31gvrt0i
https://typeset.io/papers/evidence-for-high-energy-extraterrestrial-neutrinos-at-the-1mg3noiesd
https://typeset.io/papers/measurement-of-atmospheric-neutrino-oscillations-with-the-4rd5v9t6gv
https://typeset.io/papers/calculation-of-atmospheric-neutrino-flux-using-the-4lcx7jyfsu
https://typeset.io/papers/observation-of-reactor-electron-antineutrinos-disappearance-1tfvi3sdiy
https://typeset.io/papers/observation-of-electron-antineutrino-disappearance-at-daya-41p9rhho4g
https://www.facebook.com/sharer/sharer.php?u=https://typeset.io/papers/measurement-of-atmospheric-neutrino-oscillations-with-1n2c66kui1
https://twitter.com/intent/tweet?text=Measurement%20of%20Atmospheric%20Neutrino%20Oscillations%20with%20IceCube&url=https://typeset.io/papers/measurement-of-atmospheric-neutrino-oscillations-with-1n2c66kui1
https://www.linkedin.com/sharing/share-offsite/?url=https://typeset.io/papers/measurement-of-atmospheric-neutrino-oscillations-with-1n2c66kui1
mailto:?subject=I%20wanted%20you%20to%20see%20this%20site&body=Check%20out%20this%20site%20https://typeset.io/papers/measurement-of-atmospheric-neutrino-oscillations-with-1n2c66kui1
https://typeset.io/papers/measurement-of-atmospheric-neutrino-oscillations-with-1n2c66kui1


PUBLISHED VERSION  

 

 
Aartsen, Mark Gerald; Abbasi, R.;...; Hill, Gary Colin; ... et al.; IceCube Collaboration  
Measurement of atmospheric neutrino oscillations with IceCube  
Physical Review Letters, 2013; 111(8):081801   
 
© 2013 American Physical Society 
 
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.111.081801   
 
  
   

   
 

http://link.aps.org/doi/10.1103/PhysRevD.62.093023  
 
  
 

 
    
 

 
 

 
 

 

 
 
 

  

 

http://hdl.handle.net/2440/81189  
 

PERMISSIONS 

http://publish.aps.org/authors/transfer-of-copyright-agreement 

 

“The author(s), and in the case of a Work Made For Hire, as defined in the U.S. 
Copyright Act, 17 U.S.C. 

§101, the employer named [below], shall have the following rights (the “Author Rights”): 

[...] 

3. The right to use all or part of the Article, including the APS-prepared version without 
revision or modification, on the author(s)’ web home page or employer’s website and to 
make copies of all or part of the Article, including the APS-prepared version without 
revision or modification, for the author(s)’ and/or the employer’s use for educational or 
research purposes.” 

 

 

 

21 February 2014 

 

http://hdl.handle.net/2440/81189
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.111.081801
http://link.aps.org/doi/10.1103/PhysRevD.62.093023
http://hdl.handle.net/2440/81189
http://publish.aps.org/authors/transfer-of-copyright-agreement


Measurement of Atmospheric Neutrino Oscillations with IceCube

M.G. Aartsen,2 R. Abbasi,27 Y. Abdou,22 M. Ackermann,42 J. Adams,15 J. A. Aguilar,21 M. Ahlers,27 D. Altmann,9

J. Auffenberg,27 X. Bai,31,* M. Baker,27 S.W. Barwick,23 V. Baum,28 R. Bay,7 J. J. Beatty,17,18 S. Bechet,12

J. Becker Tjus,10 K.-H. Becker,41 M. Bell,39 M.L. Benabderrahmane,42 S. BenZvi,27 J. Berdermann,42 P. Berghaus,42

D. Berley,16 E. Bernardini,42 A. Bernhard,30 D. Bertrand,12 D.Z. Besson,25 G. Binder,8,7 D. Bindig,41 M. Bissok,1

E. Blaufuss,16 J. Blumenthal,1 D. J. Boersma,40 S. Bohaichuk,20 C. Bohm,34 D. Bose,13 S. Böser,11 O. Botner,40
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22Department of Physics and Astronomy, University of Gent, B-9000 Gent, Belgium

23
Department of Physics and Astronomy, University of California, Irvine, California 92697, USA
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We present the first statistically significant detection of neutrino oscillations in the high-energy regime

(>20 GeV) from an analysis of IceCube Neutrino Observatory data collected in 2010 and 2011. This

measurement is made possible by the low-energy threshold of the DeepCore detector (�20 GeV) and

benefits from the use of the IceCube detector as a veto against cosmic-ray-induced muon background. The

oscillation signal was detected within a low-energy muon neutrino sample (20–100 GeV) extracted from

data collected by DeepCore. A high-energy muon neutrino sample (100 GeV–10 TeV) was extracted from

IceCube data to constrain systematic uncertainties. The disappearance of low-energy upward-going muon

neutrinos was observed, and the nonoscillation hypothesis is rejected with more than 5� significance. In a

two-neutrino flavor formalism, our data are best described by the atmospheric neutrino oscillation

parameters j�m2
32j ¼ ð2:3þ0:6

�0:5Þ � 10�3 eV2 and sin2ð2�23Þ> 0:93, and maximum mixing is favored.

DOI: 10.1103/PhysRevLett.111.081801 PACS numbers: 14.60.Pq, 14.60.Lm, 95.55.Vj, 95.85.Ry

Neutrino flavor oscillations are now an established fact.

A number of experiments have observed this physical

phenomenon over a wide range of energies, spanning

from a fraction of MeV to several GeV. Measurements

above 10 GeV have been relatively limited because of

constraints of detector volume, neutrino beam energy,

and/or insufficient distance of the detector to the beam

source. With the construction of high-energy neutrino

telescopes with very large volumes and abundant atmos-

pheric neutrinos, studies of neutrino properties above

10 GeV have become possible. Recently, the ANTARES

Collaboration reported a first indication (2:3�) of atmos-

pheric neutrino oscillations in the 20 to 100 GeV energy

band [1]. In this Letter, we report the first statistically

significant observation of atmospheric �� disappearance

in this energy band.

Flavor oscillations of atmospheric neutrinos traversing

Earth are a complex process, since all three active flavors

may transform into one another. Furthermore,matter effects

modify the effective oscillation parameters in Earth from

the vacuum values. However, for the energy range of this

analysis, a two-flavor vacuumlike description (��!��) is
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an adequate approximation. In this scenario, the muon

neutrino survival probability is

Pð�� ! ��Þ ¼ 1� sin2ð2�23Þsin
2ð1:27�m2

32L=EÞ; (1)

where �m2
32 is the atmospheric mass-squared difference in

eV2, �23 is the atmospheric mixing angle, L is the propa-

gation distance in kilometers, and E is the neutrino energy

in GeV. Full numerical three-flavor calculations in matter

found differences from this formula of less than a few

percent. Given the resolution of the present analysis, this

approximation is sufficiently accurate.

This analysis uses data collected fromMay 2010 to May

2011 by the IceCube neutrino telescope, including its

low-energy subdetector DeepCore [2]. IceCube is a cubic-

kilometer neutrino detector installed in the ice at the geo-

graphic South Pole [3]. Neutrino detection relies on the

optical detection of Cherenkov radiation emitted by sec-

ondary particles produced in neutrino interactions in the

surrounding ice or the nearby bedrock. This analysis

detects muons produced in charged current interactions

of �� which can travel large distances in the ice. Their

long tracks can be reconstructed and provide information

about the direction of the initial neutrino. IceCube’s optical

sensors, digital optical modules (DOMs), consist of

25.4 cm photomultiplier tubes in a glass pressure housing

with in situ pulse digitization [4,5]. The sensors are

arranged on 86 vertical strings, each holding 60 DOMs.

The primary (high-energy) detector has a spacing of 17 m

between sensors and an average horizontal distance of

125 m between neighboring strings. The low-energy infill

array DeepCore consists of eight dedicated strings with a

typical spacing of 70 m deployed near the center of the

IceCube array. On the dedicated DeepCore strings, the

sensors are concentrated in the clearest deep ice, with a

denser 7 m vertical spacing. This analysis uses data taken

while 79 detector strings were operational (IceCube-79),

including six of the dedicated DeepCore strings. A total of

318.9 days of high-quality data was collected in this con-

figuration, excluding periods of calibration runs, partial

detector configurations, and detector downtime.

The aim of this analysis was to experimentally measure

an expected modification of the atmospheric neutrino

zenith angle distribution due to oscillation-induced muon

neutrino disappearance. From Eq. (1), we expected the

effect to be strongest for vertical events with neutrino

energies around 25 GeV. Two samples of upward-going

muon neutrino events [ cosðzenith angleÞ< 0] were

extracted from data. The first sample was obtained from

relatively high-energy events using data from the entire

IceCube detector. The second sample, selected from events

starting in the DeepCore volume, was very pure in lower-

energy neutrinos after using the surrounding IceCube array

as an active veto to reject atmospheric muon background

and high-energy (>100 GeV) neutrinos [6]. Standard neu-
trino oscillations are expected to affect only the low-energy

sample. The high-energy reference sample provided high

statistics outside the signal region and served to constrain

systematic uncertainties. The low-energy sample contained

719 events, while the high-energy sample contained 39 638

events after final cuts.

The directions of the neutrino-inducedmuon tracks in the

high-energy sample were determined with the standard

maximum likelihood muon track reconstruction of

IceCube [7]. For low-energy events, the same method was

applied as an initial step. However, the standard hypothesis

of a through-going track is not appropriate at low energies.

In a subsequent step, the length and end points of the track

are reconstructed and the likelihood of whether the track

started and/or stopped inside the detector volume is calcu-

lated [6]. Misreconstructed downward-going tracks origi-

nating from cosmic-ray muons are rejected by quality cuts

on reconstruction variables like the number of unscattered

photons and the track likelihood. The resultant neutrino

energy distributions of the two samples are shown in Fig. 1.

The dominant background in the low-energy sample was

misidentified (as tracklike) �e events, with a contribution

of 10%–15% as estimated from simulations. The event

selection has a nonzero efficiency for �� events, and

some of the �� that oscillate into �� will thus be retained

in the sample. We therefore included the �e background

and the effect of �� appearance due to �� ! �� in the

analysis. In 11 days of simulated cosmic-ray air shower

data, no events were found to pass the final cuts of the low-

energy sample. The dominant background in the high-

energy sample was misreconstructed cosmic-ray-induced

muons contributing 5%.

The resolution of the reconstructed zenith angle is an

essential parameter, given that the neutrino propagation

length is proportional to the cosine of the zenith angle.

The variation in zenith angles alters L=E and thus the

survival probability. The angular resolution of the low-

energy sample was 8� with respect to the neutrino direc-

tion, roughly independent of direction and only slightly

log(neutrino energy/GeV)
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FIG. 1 (color online). Expected distribution of the neutrino

energy of atmospheric neutrinos in the low-energy (DeepCore)

and high-energy (IceCube) samples according to simulations.
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degrading with decreasing energy. The angle between the

neutrino and the muon produced in a charged current

interaction amounts to about half of the measured zenith

resolution.

We tested for an oscillation signal by evaluating the

combined �2 for histograms of the cosine of the recon-

structed zenith angle for both the high-energy and the low-

energy samples. A bin size of 0.1 resulted in 20 bins.

Systematic uncertainties, considered via the covariance

matrix �ij, give �
2 ¼

P

ijRiRj�
�2
ij . Here, Ri is the differ-

ence between the expected and measured rates in bin

number i. The covariance matrix is defined as �2
ij ¼

�ijuiuj þ
P

kc
k
i c

k
j and depends on uncorrelated (statistical)

errors (ui) in each bin as well as on correlated (systematic)

errors (cki ¼ nstdi � n
syst;k
i ). This approach implies the lin-

ear additive superposition of systematic errors. The term

n
syst;k
i is the expected event rate in bin i after modification

of the kth systematic source of error by 1�, and nstdi is the

default expectation in the same bin [8]. Hence,

the off-diagonal elements of the covariance matrix reflect

the bin-to-bin correlations of the systematic uncertainties,

as expected. A set of sources of systematic uncertainties

was considered explicitly and propagated by Monte Carlo

simulation to the final selection level. Included are the

absolute sensitivity of the IceCube sensors (�10%) and

the efficiency of the more sensitive DeepCore DOMs

relative to the standard IceCube DOMs (1:35� 0:03), the
optical parameters (scattering and absorption) of the ice as

a detector medium where the uncertainty is estimated by

the difference of the optical parameters obtained by the

extraction methods [9,10]. An additional systematic uncer-

tainty for this analysis is associated with the atmospheric

neutrino flux expectation given by Ref. [11]. Recent mea-

surements of the spectrum of charged cosmic rays in the

energy range 200 GeV to 100 TeV (e.g., Ref. [12]) indicate

a flatter cosmic-ray spectrum than that assumed in

Ref. [11]. To reflect these new measurements, we adjusted

the neutrino spectrum by hardening the spectral index by

0.05. Around this expectation, we considered uncertainties

in the absolute normalization (�25%), the spectral index

(�0:05), as well as the difference between the calculations
by Refs. [11,13] for �� and for �e.

The �2 was evaluated for two different physics hypoth-

eses: a standard oscillation scenario with the world average

best-fit parameters [14] and the nonoscillation scenario.

The predicted zenith angle distributions for both hypoth-

eses are shown in Fig. 2 together with the data. We note

good agreement between predictions and data in both low-

and high-energy (reference) samples. With ��2 ¼ 30
between these hypotheses, a nonoscillation scenario is

FIG. 2 (color online). Data and Monte Carlo expectation at

world average oscillation parameters [sin2ð�23Þ ¼ 0:995 and

j�m2
32j ¼ 2:39� 10�3 eV2] [14] and at the nonoscillation sce-

nario for the low-energy and high-energy samples. For the

purpose of illustration, systematic uncertainties are split into a

fully correlated (norm) part and an uncorrelated (shape) part.

Both components are indicated by shaded error bands. The �2 fit

is performed jointly on both samples to better control system-

atics; in particular, the normalizations of the two samples are

substantially correlated, so that accommodating the low-energy

data under the nonoscillation hypothesis would lead to incon-

sistency with the high-energy sample.
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FIG. 3. Data and Monte Carlo expectation at best-fit oscillation

parameters and pulls for the low-energy sample. The systematic

uncertainty band is derived from the fit uncertainties of the pulls.
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rejected with a p value of 10�8 or 5:6�. The significance

was evaluated with a toy Monte Carlo simulation to

account for deviations from a �2 distribution, since neither

assumed hypothesis necessarily corresponds to the �2

minimum.

The �2 was also evaluated as a function of the oscillation

parameters, using the pullmethod outlined in Ref. [8]. The

parameters considered as sources of systematic uncertainty

in the Monte Carlo prediction were fitted simultaneously

with the oscillation parameters. The expected zenith angle

distribution at best fit (oscillation parameters and system-

atic uncertainties) is shown in Fig. 3 for the low-energy

sample. The best-fit systematics parameters (represented

by the pulls) are listed in Table I. All pulls were within the

1� band, indicating a self-consistency of the analysis. The

best-fit oscillation parameters are given by j�m2
32j ¼

2:3� 10�3 eV2 and sin2ð2�23Þ ¼ 1, with �2 ¼ 15:7 and

18 degrees of freedom (20 bins, 2 fitted parameters).

The two-dimensional confidence regions of the oscilla-

tion parameters were determined from the ��2 around the

best fit with 2 degrees of freedom. The resultant regions are

shown in Fig. 4 together with results from other

experiments [15,16]. A full Monte Carlo ensemble test,

sampling true values for the considered sources of system-

atic errors according to Gaussian statistics and Poisson

fluctuations in the observed bin counts, was used to map

the test statistics. A slight overcoverage at 78% was found

for the 1� contour, related to the proximity of the mixing

angle to the maximum mixing boundary; i.e., the obtained

contours are conservative. The confidence regions for the

individual parameters were determined by marginalization

analogous to a profile likelihood method. We obtain 68%

confidence intervals of j�m2
32j¼ð2:3þ0:5

�0:6Þ�10�3 eV2 and

sin2ð2�23Þ> 0:93 using a ��2 with 1 degree of freedom.

This analysis of IceCube data has provided the first

significant detection (>5�) of atmospheric neutrino oscil-

lations at energies near the 25 GeV oscillation maximum

for vertical events. The measured oscillation parameters

are in good agreement with results from other experiments

that have measured the atmospheric oscillation parameters

with high resolution at lower energies. Hence, these mea-

surements agree with the theoretical predictions of the

standard three-neutrino flavor oscillation framework.

Significant future improvements in our sensitivity to

atmospheric neutrino oscillations are expected by the

application of new reconstruction methods that are more

efficient at the lowest energies covered by DeepCore. We

expect that the rate of detected atmospheric neutrinos near

the 25 GeVoscillation maximum will be increased signifi-

cantly. These higher statistics will lead to tighter con-

straints on the oscillation parameters with IceCube.

Furthermore, the inclusion of the reconstructed energy as

a second analysis variable will improve the constraints in

particular on�m2
32. Additionally, improvement is expected

from the inclusion of the two final DeepCore strings which

started taking data in May 2011.
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Systematic uncertainty
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Atmospheric flux model �0:59

Normalization �0:82

Cosmic ray index or cross section 0.42

Relative efficiency of DeepCore DOMs �0:01

Normalization of �e �0:53
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