

















































































































































































































































































































7.2 Description of the final sample 93

The y distribution of v, starts close to constant, which changes to a distribution that peaks
near y = 0.15 after the selection is applied. For the antineutrinos the change is not as large,
although a similar effect takes place. The neutrino to antineutrino ratio v/, can be seen in
the right panel of the same figure. As said, the ratio is not strongly modified by the selection:
it is larger than two for all energies and it slightly rises with energy.

Co nsla. .
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Figure 7.10: On the left, the y distribution for neutrinos and antineutrinos is shown. The figure to
the right shows the ratio of v, to v, as a function of energy. Dashed lines correspond to all events
which interact in the detector’s volume (no selection applied); solid lines include only events in the
final sample. Solid lines have been rescaled to match dashed lines at y = 0.

The final sample distribution of v, CC events as a function of the muon range is shown in
Fig. More than 80 % of the selected muon neutrinos have a muon with a range larger than
25m, which allows obtaining a good angular reconstruction, as shown in Fig.[7.12] Neutrinos
and antineutrinos have a similar distribution, which is connected to selection effects, as
demonstrated by the y variable in Fig.
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Figure 7.11: Expected distribution of the muon range for the CC v,, events in the final sample. The
cumulative distribution includes both v, and 7.
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Reconstructed variables

The zenith angle and energy resolutions achieved can be seen in Fig.[7.12] The Figure shows
the median error of the zenith angle reconstruction with respect to the neutrino and muon
direction. The values are almost identical, and this can be understood from the selection
effect shown in Fig.[7.10, Events with small y (large kinematic angle between the muon and
the parent neutrino) are removed from the sample, keeping only those where the direction
of both particles is smaller than the error of the reconstruction algorithm. The error on the
zenith angle starts at around 14 degrees for the neutrinos with the lowest energies in the
sample, crossing the 10 degree boundary at around 12 GeV, where the sample peaks. The
energy estimator of the full sample has a bias of about 2 GeV at the lowest energies, which
drops to 1 GeV already at 20 GeV. The resolution is of 50 % at 10 GeV, and improves to 40 %
for higher energies.
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7.2.2 Detailed composition of the sample

The different contributions as expected for the final sample, oscillations included, are listed in
Table[7.2] The reconstructed energy and zenith angle distribution are shown in Fig.[7.13] The
muon neutrino purity is 72 %, and is always the largest contribution over the parameter space
covered by the observables. The strong peak at 10 GeV from the true energy distribution of
Fig.[7.9 has been diluted due to the energy resolution. The contamination of atmospheric
muons is expected to be about 7%. The events have a strong energy dependence, and are
mainly misreconstructed around the horizon.

The neutrino background amounts to 21 % of the final sample. From the neutrino back-
ground, the v, component contribution is of 49 events per year, mostly from very vertical
directions. This means that close to 10 % of the events that oscillate from v, to v, interact
and leave a signature strong enough so that they are selected to be part of the final sample.
Electron neutrinos and neutral current interactions appear very similar to the reconstruc-
tion algorithms, and compared with the other contributions, their distributions have little
structure.
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Table 7.2: Expected composition of the final sample. Calculated using the baseline simulation and
the best known values for oscillation parameters, as shown in Table @

Component Events per year Fraction
CCuvy,+vy, 1063 0.72
CC e+ 7, 170 0.12
CCuvr + v, 49 0.03
All flavor NC 92 0.06
Atmospheric 110 0.07
v, v, v, = NC —— Atm.p
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7.2.3 Effects of systematic uncertainties

The oscillation effect leading to the disappearance of v, is known to be strong, guaranteeing
an observation (see Section [4.1). However, in order to contribute to the field, one needs
to properly account for possible sources of biases, which can distort the observations. A
description of the systematic uncertainties considered and how the affect they affect the v,
component in the relevant distributions of energy and zenith angle follows.

The neutrino flux in DeepCore

The absolute scale of the atmospheric muon neutrino flux in the energy range between 10 GeV
and 100 GeV has been measured to an accuracy of about 30 %. The electron neutrino com-
ponent of the flux has been studied even less, which is reflected in an uncertainty of 50 % in
its overall scale (see Fig.. The effect expected from oscillations is a deficit of up to 40 %
of events in specific regions of the L/E parameter space. Demanding a normalization with
such large uncertainties has a very small effect in the outcome of the measurement. Because
of these issues, the normalization is left unconstrained in the analysis, allowing it to partially
absorb the effect of other variations. The comparison between data and simulation depends
only on the shape of the distributions.
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The knowledge on the spectral index of atmospheric neutrinos has an uncertainty of £+0-05

[128]. The effect of these variations on the v, component of the final sample can be seen
in Fig.[7.14] The reconstructed energy shows the expected effect, with variations as large as
5%. The zenith angle distribution changes only by 2 %, mainly for trajectories that cross the
entire Earth.
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Figure 7.14: Impact of variations of the spectral index of atmospheric neutrinos on the final sample.
The change in spectral index is applied on the same sample; no error bars are shown.

Detector

On the detector side the main source of uncertainty is the determination of the light collection
efficiency of the DOMs. The impact of the overall efficiency is degenerated with the light yield
of charge particles. In-situ internal studies have estimated this efficiency with an uncertainty
of 10%. The relative increase in quantum efficiency of DeepCore dedicated DOMs with
respect to IceCube DOMs is known with a precision of 3 %.

Figure demonstrates how a set of v, simulation changes when the DOM efficiency
varies. In the left panel, the overall efficiency has been modified. The first order effect is a
change of +6 % in the number of events in the sample, which is absrobed by the freedom to
renormalize it. Besides that, the variation can modify the number of tracks seen from vertical
directions. The relative difference in quantum efficiency between DOM types, right panel of
Fig. affects the event rate by less than 1%. Varying this parameter does not change the
distributions of interest significantly.

The South Pole ice

The optical properties of the South Pole ice are necessary to simulate the propagation of the
photons that IceCube records. The uncertainties on these properties, discussed already in
[£:2.3] can introduce large variations on the shape of the energy and zenith angle distributions
of the neutrino sample, which are the observables that this analysis uses. This was one of
the big motivations for using direct photons.

Figure [7.16] shows the variations for different ice models, comparing the results of this
analysis (left) with the first oscillation analysis of IceCube [151] (right), which was not based
on direct photons and used only the zenith angle information. The use of direct photons
diminishes the average variation on cos fyeco by more than half, from 7% to 3% (comparing
WHAM models).
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Figure 7.15: Ratio of the distribution of reconstructed variables after variations of (a) the DOM
efficiency and (b) the relative efficiency of IceCube and DeepCore DOMs. Obtained from simulation.
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Figure 7.16: Ratio of the distribution of the reconstructed variables using different ice models with
respect to the baseline model. In (a) the results for this analysis are shown. They can be compared
with the results from the first oscillation analysis conducted with IceCube DeepCore [151], shown in

(b). The ice models are described in [123] .
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Borehole ice

To deploy the DOMs, columns of ice have to be melted. The water freezes back in a few weeks,
forming ice with very different properties than the one that surrounds them. The borehole ice
is approximated as a medium filled with bubbles, and described by the effective scattering .
Simulations show that the change in scattering has the same effect as modifying the angular
acceptance of the DOMs. Figure [7.17 shows the effect, together with the variations that this
introduces on the final v, sample. The most noticeable change is a distortion of the zenith
angle distribution, coming from energies below 20 GeV. The impact decreases rapidly with
energy.
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Figure 7.17: Impact of the description of the borehole ice on the angular acceptance of the DOMs,
in (a), and on the final v, sample. From simulation.

7.3 Fitting the oscillation parameters

The method to measure neutrino oscillations followed in this work is to compare the data with
simulation templates. The parameters in the simulation are varied and the set that is most
likely to explain the data is taken. The simulation is done by reproducing the interaction
and detection steps, as described in Chapter 5} and then passing the events through the same
analysis as the data. The resulting events are used to fill a two-dimensional histogram with the
reconstructed energy and zenith angle on the axes. The performance of the reconstructions
varies depending on the true parameters of the neutrino, and reproducing them in full in the
simulation is the most straight-forward way of correctly accounting for them.

7.3.1 Statistical method

The method used to determine the oscillation parameters that the data favor is the binned
maximum likelihood in the presence of nuisance parameters [152]. The two observables that
modify the effect are the neutrino energy and the travel distance, while the two physical
parameters of interest are the mixing angle 3 and the mass difference |Am3,|. The two-
neutrino approximation, shown in Eq.[3.30] is used to calculate transition probabilities. As
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discussed in Section the mixing angle 613 goes to zero for oscillations in matter, which
allows the two-neutrino approximation to be accurate.
The likelihood used for the fit is composed of a Poisson and a Gaussian term, as

(wi—ny)?

N\ig—Ai M 1
Lz, w;p,0) = H : ; H e . (7.6)

The Poisson term contains the probability for the prediction A; of a particular simulation set
to explailn the data z; in the ¢-th bin is calculated. The probabilities are multiplied, returning
a value that can be compared with different A\; hypotheses. The nuisance parameters included,
denoted by the subscript j, enter in the Gaussian term. They appear because the simulation
depends on their mean values u, which are known to a precision ¢ which can be insufficient
for our purposes. Their true value, however, is of no interest for this study. We account for
them by allowing the hypotheses on their value w to change, penalizing their deviation from
their mean value in units of their uncertainty.

The expression of Eq.[7.6] can be simplified by taking its logarithm. Also, since we are
interested in comparing hypotheses, the absolute value of the likelihood is irrelevant, and
constant factors can be eliminated. The simplified equation is then given by

LLH =" a;In \i(0, ) — \i(J, ) — % Z : (7.7)
i=1 j=1

Here the same notation is used, with the exception that the dependence of the prediction on
the oscillation parameters ¥ and the nuisance parameters w0 is explicitly shown. Each of the
events that end up in one of the bins of the histogram are weighted by the oscillation and
nuisance parameters before they are summed up.

Data binning

The flux diminishes with energy. Because of this the histogram is binned in the logarithm
of the estimated energy log;;(FEreco/GeV). As the effect from oscillations depends on travel
distance, and this is proportional to the cosine of the zenith angle (see Eq., the binning
is done in cos Greco-

Since the likelihood makes use of Poisson statistics, there is no minimum number of events
per bin required. A finer binning allows to see more details of the data, but increases the
number of calculations required to perform a fit. The effects on the sensitivity for using
different number of bins were tested in a simulation sample, were it was found that after 8
bins the gain in sensitivity is marginal. Therefore, 8 bins are used for both axes.

Minimization

The only remaining step is to maximize Eq. and thus find the parameters U and @ that
describe the data best. In order to properly do so, it is necessary to continuously modify the
parameters involved and obtain new predictions for the mean values at each bin, A;. Because
of the number of variables involved, the MINUIT computational package |153] was used for
the task. The program performs a smart scan of the parameter space, and returns a set of
values which yield the maximum likelihood that could be found.
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7.3.2 Confidence regions

The precision of the measurement is determined by studying how much the likelihood changes
as a function of the variables of interest in the vicinity of the best fit. When the fit is performed
on variables that have no physical boundaries and no priors, the Wilks’ theorem [154] shows
that it is possible to assume that the distribution of the log-likelihood difference,

LLHgg = —2 (LLHg, — LLH,y) (7.8)

between the best fit and an alternative point near it follows a x? distribution, with a number
of degrees of freedom that corresponds to the difference of the number of parameters fitted
for both tests.

Once the map of likelihood values has been obtained the likelihood ratio is trivial to
calculate. However, the problem being addressed in this analysis does not strictly fulfill
the requirements of Wilks’ theorem: there are physical limits to the values that some of the
quantities can take, and prior knowledge is being enforced on some of the nuisance parameters.
Whether the LLHgig follows a x? distribution has to be tested.

Figure shows the LLHgig distribution of pseudo-experiments, compared with the x?
distribution expected to describe them. Two situations are shown: ruling out the case of
no oscillations and determining the confidence regions if certain oscillation parameters are
measured.

e In the left panel, the pseudo-experiments are drawn from a sample that does not contain
oscillations. No oscillations is the null hypothesis; the alternate hypotheses allow for
oscillation parameters to be fit. The distribution follows a x? with two degrees of
freedom, thus Wilks’ theorem is valid.

e The pseudo-experiments for the right panel are drawn from a sample that contains os-
cillations, calculated using the best known paremeters of Table[L.I] The null hypothesis
is given by the input oscillation parameters, while the alternate hypotheses are obtained
by fitting their values. As it can be seen in the Figure, the pseudo-experiments are not
described by a x? function with two degrees of freedom, but seem to fall in between the
distributions given by a x? with one and two degrees of freedom.
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Figure 7.18: Distribution of the test statistic for 1000 pseudo-experiments. The distribution of the
test statistic is compared with a x? distribution. Description in the text.
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Using the LL Hg;g yields confidence regions which are bigger than they should be in certain
regions. There are other alternatives for obtaining the confidence regions, which correctly
deal with this type of situations, such as the one proposed by Feldman and Cousins [155].
However, they are computationally expensive as they require comparing the test statistic
distribution of pseudo-experiments at each point of interest in the parameter space. As the
LLHgg over-estimates the errors, and it has been used by other experiments measuring the
same effects [67,[156], it is used to obtain the final result.

7.3.3 Including systematic uncertainties in the fit

The effect of systematic uncertainties, with the exception of one to be discussed later, is
accounted for by associating each source of error with a nuisance parameter, presented next.
The energy-zenith angle distribution of the simulation depends on the value that the nuisance
parameters take, and they are included in the maximization of the likelihood. The set of
nuisance parameters can acquire any possible combination of values, which automatically
takes correlations and degeneracies into account. Parameters with prior knowledge include a
Gaussian term to the likelihood, as shown in Eq.[7.7] If there is no prior information about
the parameter, no such term is added.

The sources of uncertainty that are included in the study are those related to the flux and
the ones connected to the detection process. They are listed in Table together with their
allowed range and/or prior.

Table 7.3: List of systematic uncertainties included in the analysis as nuisance parameters with their
corresponding ranges and priors.

Nuisance parameter Prior
Atm. p contamination up to 10%
Atm. v flux None
Atm. ve/v, o =20%
Spectral index from [112] o =0.05
Photo collection efficiency o=10%
Efficiency increase of HQE DOMs ¢ = 3%
Scattering in ice columns [1/cm] o =0.02
Bulk ice properties See [124]

With the exception of the last item listed, the uncertainties are a function of a single
variable. The value of this variable can be modified each time that the likelihood is calculated,
allowing for a continuous minimization. The inclusion of the top four, related to the flux,
implies modifying the relative weight of the events in the sample. The next three, on the
other hand, are related to the detection process, and any change in their values would require
resimulating all events. Since this is technically hard to achieve, a different approach was
taken, where only simulations of parameter changes in discrete steps are required.

Parametrizing detection uncertainties

The number of photons N, that a DOM detects can be expressed as

Ny=f-g-h-No, (7.9)
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where Ny is the number of photons starting right outside the ice column traveling in the
direction of the DOM. The functions f, g and h describe the overall efficiency of the IceCube
DOMSs, the relative efficiency between IceCube and DeepCore DOMs, and the optical prop-
erties of the ice column where the DOM sits, respectively. This formula is exact for photons
only, but an approximation can be drawn from it for the case of full events.

Taking a reference simulation, variations are produced in which only one of the effects
is changed. The sets are interpolated afterwards. The interpolation cannot be done on an
event-by-event basis, as intrinsic variations and threshold effects will add and remove events
from the sample. Instead, the interpolations are done on the bin contents of the histogram
of observables.

The two-dimensional histogram used for the final analysis of the data has to be calculated
for each simulation set. This means that all sets have to be put through the same analysis
steps as the baseline simulation. During the fitting procedure, any change to the reference
simulation, like a modification of the mixing angle, needs to be performed also on all the
other simulation sets.

Once the changes to all sets have been made, the two-dimensional histogram used for the
analysis is populated. One histogram is required for each simulation set. For each of the
bins, a polynomial function F is found, which describes the change in counts as a function
of the variation introduced. As in Eq.[7.9] F' depends on the overall efficiency of the DOM.
Figure [7.19] demonstrates how a fit for F is obtained for the effects of variations in the DOM
efficiency in a particular bin.
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Figure 7.19: Fit of the impact of a given variation, light yield in this particular case, on the number
of events in the i-th bin.

The functions G and H, for relative efficiency and angular acceptance, can be determined
in the same way as the DOM efficiency. The number of events in the i-th bin of the energy-
zenith angle histogram is then given by

N; = F; - G - H; - Nj paseline - (7.10)

Because of how the functions are defined, the formulation assumes that each detector
effect can be parameterized and applied independently. According to simulation tests, the
assumption is valid. The scheme presented can reproduce the results of full simulations with
good accuracy.
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Accounting for discrete optical descriptions of the medium

The path that a photon follows depends on the optical properties of the medium, which are
defined by a set of 60 scattering and 60 absorption coefficients |123]. Besides that, the full
description involves quantities related to the global tilt and anisotropies of the ice. Different
approaches have been used within the IceCube Collaboration in order to model the optical
properties of the ice [123[/124]. The practical outcome is that there are different reasonable ice
descriptions. They are used as an indicator of the uncertainty on the ice description. However,
because of how the models are defined, it is not possible to make a smooth transition between
them, like it is done for the case of nuisance parameters.

Three different models of the ice are used as an estimate of the uncertainty. The baseline
corresponds to the one presented in [124]. The alternative models are a variation of [124] and
an update of the one presented in [123|. This is included in the final result by following the
steps shown next:

1. The baseline simulation, all nuisance parameters included, is used to determine the best
fit value and the 68 % and 90 % confidence levels of the data.

2. Simulation sets are produced with different ice models. The effects of oscillations, as
calculated from the best fit (Step 1), are included.

3. The newly created sets are treated as data and analyzed using the baseline simulation.
The 68 % and 90 % confidence contours are also calculated.

4. Using the best fit of Step 1, the uncertainty on the boundary of the confidence regions
is determined by summing the differences in quadrature.

5. The confidence regions from Step 1 are increased, point by point, to account for the
uncertainty found in Step 4.

The resulting confidence intervals can only be larger than the original ones, increasing
solely on regions where the models give results that differ. These results can also be used to
study whether the entire method indeed reduces the effect of the medium properties, a much
desired effect. This is analyzed in the next Chapter, when the results are presented.

Throughout this Chapter we discussed how the data have been selected, and the steps that
are taken to analyze them. Requiring a clear signal and direct photons in the detector was
used as a way of reducing the impact of systematic effects, a central part of the strategy.
While this results in robust observables, the benefits have to be weighted with the number
of events that are lost. For an analysis aiming for precision, such as the one presented here,
they result in a sensitivity gain. The effects of this strategy can be seen in the following
Chapter, where the results of analyzing a year of data are presented.






8 Results from the v, + 1, disappearance
measurement

8.1 Analysis of the data

The muon disappearance analysis described in the previous Chapter was applied to the data
acquired by the IceCube DeepCore detector between May 2011 and April 2012. The period
corresponds to a livetime of 343 days, during which a total of 1487 events were selected. The
shape of the two-dimensional distributions in reconstructed energy and zenith angle of these
events were studied as a function of the oscillation and nuisance parameters. The results are
a set of values for the best fit point, together with their confidence regions.

8.1.1 Comparisons between data and simulation

The distributions of data and simulation for the observables used in the analysis are compared
next. The predictions from simulation have been produced using the baseline values of the
nuisance parameters and the best fit point derived from the data, which is presented in Section
8.1.2l The simulation histograms are accompanied by error bands, which demonstrate the
impact of the systematic uncertainties.

The normalization is free in the analysis but it has been fixed for the figures to match the
region of [0 > cos Oyeco > —0.25]. The motive behind this is the perception of the comparisons.
If the normalization is left free, the case of oscillations will have more events than the case
of no oscillations in some regions, as the fit tries to match the total number of events. This
is counterintuitive: the effect being searched for is that of disappearance. In order to avoid
the confusion, the normalization was fixed. A similar solution was used in [157].

Distributions used for the fit

The full two-dimensional histogram in energy and zenith angle used for the fit is shown in
Fig.[8.1a] The histogram is displayed in energy bands, following the binning used for the
analysis. All of the energy bands are correctly described by the simulation, which is reflected
by a x?/d.o.f. value of 48.8/54. Here the degrees of freedom are approximated as the number
of bins used minus the number of nuisance and oscillation parameters obtained minus one.

The ratios of data and simulation without oscillations for each of the energy bands of
Fig.[81a] are shown in Fig.[8.Ib] The disappearance effect can be followed in the Figure. At
the highest energy bin both the oscillations and no-oscillations hypotheses overlap for all
zenith angles. As we go down in energy, the deviation from unity starts growing, allowing
one to separate the two possibilities. The bin that comprises the range between 20 GeV and
28 GeV shows the strongest effect. After that, there is a hint that the minimum starts moving.
Instead of a stronger dip, the vertical region (cosfreco < —0.8) now appears flat. The effect
expected, if L/E could be determined exactly, is a rise at around cos fyeco ~ —0.8. However,
the resolution of the reconstructions at £, = 10 GeV and lower becomes large, so that the
minimum cannot be resolved.
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Figure 8.1: In (a), the comparison between data and simulation for the full two-dimensional histogram
used in the likelihood analysis. In (b), the ratios of data and simulation to the case of no oscillations.
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Projections in one dimension

Figure compares data and simulation as a function of the reconstructed energy. For the
highest energies included, close to 100 GeV, the data agree with both predictions. Oscillations
create a strong decrease between 10 GeV and 40 GeV, and the predictions match the data
accurately. At the lowest energies, below 10 GeV, both predictions are within systematic
uncertainties. The histogram of the data as a function of the reconstructed zenith angle
variable is shown in Fig.[8.2bl At the horizon, cos(freco) = 0, the predictions for the case of
oscillations and no oscillations are almost identical in shape, which partly justifies fixing the
normalization to this region. The disappearance effect starts growing when moving towards
events that cross the entire Earth, as expected.
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Figure 8.2: Top: comparison between data and simulation with and without oscillations as a function
of (a) energy and (b) zenith angle. Bottom: ratio of data and simulation without oscillations.

Another illustrative way of looking at the results is by constructing the data histogram
as a function of L/E. Even though the best fit is not obtained in this way, the variable
can be used to corroborate that the data fit the model. Figure [8.3] shows the distribution
of the data and the ratio of the two hypotheses. The minimum is reached slightly below
Lycco/Ereco ~ 400 km/GeV, and the prediction starts rising for larger values.

300 *Normalization has been fixed at the horizon
T T
250} —— MC with osc. -;-" =
200l """ MC no osc. ol
0
£ 150 ¢ Data
© 100

[cetiube Praliminary Figure 8.3: Top: comparison between

== 102 10° data and simulation with and without
Lrecol Breco (kmn/GeV) oscillations as a function of L/E. Bot-
£ 12 tom: ratio of data and simulation with-
S roldif T i...&-..,-- R mimbiibiced out oscillations.
g 0.8}
Sl ¢ i
S04 IceCube Preliminary

Ra
o
N

10t 10° 10°
Licco/ Ereco (km/GeV)

reco



108 Results from the v, + v, disappearance measurement

8.1.2 Best fit point and confidence intervals

The data were analyzed using the two-neutrino scheme in vacuum. Figure shows the
best fit point, as well as the 68 % and 90 % confidence intervals, as obtained from the like-
lihood scan. All the sources of uncertainty listed in Table are included. The individual
parameters that describe the data best are

sin? 2653 = 1.0 (> 0.94 at 68 % C.L.),

8.1
Am3, =2.470%.1073 ev?, (®.1)

where the errors have been estimated from the profile likelihood of each parameter.
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Figure 8.4: Confidence regions obtained with a year of data. The two sets of contours correspond to
(light) neglecting the optical properties of the ice and (dark) including them.

The best fit in Eq. was obtained using the physical constraint that sin® 26s3 cannot be
larger than 1. If this is removed, the value for the parameter moves to 1.12. This is expected:
if the true value were to be 1, any experiment has a 50 % probability of deriving a value larger
than 1. The unconstrained value of 1.12 is still within 1o from the boundary, thus within
expectations.

Systematic uncertainties of the fit

The impact of the uncertainties on the ice model can be seen in Fig.[8.4] which contains two
sets of contours:

(i) light blue, with no modification of optical properties, and

(ii) dark blue, implementing the re-analysis of toy simulation obtained using the optical
properties of the models in [123,[124].

After including the different models of the optical properties of the ice, the area covered by
the 68 % C.L. grows by about 25%. The increase of the error on the single parameters is
about 20 %.
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The values for the nuisance parameters at the best fit point are compiled in Table The
contamination of atmospheric muons is below 10 %, as expected from the simulation. All the
parameters with prior knowledge are fit very close to the expectation shown in Table
The largest relative change, which is below half a standard deviation, comes from the photon
collection efficiency, favoring a slightly higher value.

Once all these effects are taken into account, the difference between the case of oscillations
and no-oscillations amounts to six standard deviations. This is estimated from the difference
in likelihoods between the case of no oscillations and the best fit point.

Table does not contain a deviation for the normalization of the atmospheric neutrino
flux. The parameter that the fit outputs is correlated with most of the other systematic
effects included, and cannot be taken as a good estimator of the true scale of the flux. It is
planned to properly include the flux normalization in further updates to the analysis. The
atmospheric muon flux also shows no deviation. The amount of simulation used only allowed
for estimating an upper limit on the contamination of the sample, of 10 %.

Table 8.1: Values taken by the nuisance parameters at the best fit point between data and simulation.
The deviations from the expectation is also shown.

Nuisance parameter Value at best fit £
Atm. p contamination 7.6% -
Atm. v flux 1.08 -
Atm. ve/v, 1.02 < 0.01
Spectral index 2.66 0.2
Photo collection efficiency 1.02 0.3
Efficiency increase of HQE DOMs 1.35 < 0.01
Scattering in ice columns [1/cm] 0.018 0.15

8.1.3 Sensitivity to sub-leading effects

The sub-leading effects of the analysis are those listed in Chapter [f] as other possible studies.
A brief discussion of their impact on the final sample used in this analysis follows.

Different oscillation patterns for v, and v,

The final sample is a mixture of neutrinos and antineutrinos. Dividing the sample as a
function of the v : v content would allow to study CPT violation from the possible differences
in their oscillation patterns.

The ratio of v, : v, interactions in the detector volume, as a function of neutrino energy,
starts with an almost constant 2 : 1 ratio, as shown in the right panel of Fig.[7.10} The value
is not modified after the selection steps are performed, so energy is not a good variable for
obtaining a sample with varying v,/v, contributions.

The y distribution for neutrinos and antineutrinos is the only possibility left. When all
interactions are taken, as shown in Fig.[7.10] the relative contribution of both samples gets
close for small y values. However, after the selection is performed, the shape of the resulting
distributions is too similar. Even if the y variable of each event could be recovered, this
sample would not be suitable for such study. Possible CPT violation effects have no impact
on the results obtained; the sample is uniformly dominated by v,.
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Appearance of v,

The number of events in the final sample which are attributed to CC v, interactions from
v, — v, oscillations is about 50. Given that the sample contains about 1500 events, a
difference of 50 could mean an impact slightly bigger than one standard deviation. The full
likelihood calculation, where the nuisance parameters are left to float but the v, contribution
is excluded, reduces the significance of the difference to about 0.8 standard deviations. The
oscillation parameters retrieved are the same. With one year of data, the analysis presented
here is not sensitive to the appearance of v, .

Matter effects and neutrino mass hierarchy

As stated before, neutrinos dominate over antineutrinos by a 2:1 ratio over the entire sample,
changing only slightly with energy. If the mass hierarchy is normal, the sample has the
potential of being affected by matter effects, which would distort the oscillation pattern.
Such a distortion could be seen in the ratio of expected events for the two hierarchies. For
the final sample of this analysis, such a ratio is given in Fig.[8.5 as obtained from simulations.
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Figure 8.5: Ratio of the counts expected from the two different hierarchies, Ny g /N, for the final
sample is shown for different energies. Systematic uncertainties are several times larger than the
maximum deviation expected.

The effect is rather small, with a maximum observable difference of about 2%. This
deviation is smaller than the effect of any of the systematic uncertainties of the detector.
The analysis as it stands is not sensitive to the correct ordering of the neutrino masses.

8.2 Comparison of results

The final 90 % confidence interval for a year of data, with all sources of errors included, is
shown in Fig.[8.6] The contour is depicted together with the corresponding regions allowed
by MINOS, Super-Kamiokande and T2K, the most sensitive experiments in the field. The
results, while in agreement, are not yet competitive with those of these experiments. Nev-
ertheless, the measurement is performed at a neutrino energy that has only been recently
explored by neutrino telescopes [151].

The fourth contour included in the figure corresponds to the extrapolation to 5 years of
livetime using the current method. All of the systematic effects have been included. The
sensitivity corresponds to the “sit and wait” scenario, in which no improvements are made.
The results from IceCube DeepCore could enter a competitive regime within the next years,
even if no modifications are made to the analysis presented here.
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Figure 8.6: Comparison of the final results obtained in this analysis with MINOS [67], Super-
Kamiokande [64], and T2K [156] results. The projection for the same analysis on 5 years of data
is also included.

8.3 Evaluation of the method

8.3.1 Reuvisiting the analysis method

It is worthwhile to discuss some of the most important items used to achieve the results
presented. Put together for the purpose of this measurement, they are by themselves a big
part of the results of this work.

Direct light

The selection and reconstruction of the sample relies heavily on the identification of direct
photons. Much of the agreement between data and simulation, and the independence to
optical properties of the ice, comes from exploiting them. Note, however, that the use of non-
scattered signals is not a novel idea. Several studies of the IceCube Collaboration have used
them to determine how much individual reconstructions can be trusted. The main difference
between previous efforts and the method described in Chapter || is that, for the latter one,
a reconstruction is not necessary. There is not even a need for a particle hypothesis. The
identification of direct photons is done by knowing the possible patterns that can appear. Its
implementation is rather general and can be applied to any event topology.

Identification of muons from “blind” directions

A particularly useful method for reducing background, developed for this analysis, is the
search for atmospheric muons that enter through the corridors formed by the alignment of
the IceCube strings. These events proved resilient to being detected by any other existent
method, even those which specifically aimed to remove them. The key difference in the
tagging strategy implemented here is that only a discrete number of directions are scanned,
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which are known to be problematic. Also, for each direction the full muon hypothesis is
constructed, allowing one to restrict the search to a small time window around the expected
arrival time.

Reconstruction of tracks and cascades

Having a set of non-scattered photons allows performing a directional fit that focuses mainly
on the time of arrival of the signals. This removes pressure on the amount of light observed
at the sensors, at least for this particular parameter. Missing photons typically have a
small impact on the resolution that can be achieved, as long as the total number pulses
detected is larger than the threshold of 5. The influence of noise and scattered photons on
the reconstruction is controlled by the precise timing demands.

The estimation of the energy of a neutrino depends largely on how bright the event seems
to the detector. Differences in the medium description have a much larger impact here. The
characteristics of the sample help in controlling them, since it is composed by events that
pass close to at least one string, thus having a large probability of depositing a consider-
able amount of light. The innovation on the energy reconstruction comes from dividing the
secondary particles in track-like and cascade-like, and estimating the energy of each com-
ponent individually. Within the limitations of the detector, this method, developed by A.
Terliuk [143], gives reasonable results and allowed gaining sensitivity to the oscillation pa-
rameters.

Systematic uncertainties

Systematic uncertainties can be dealt with in different ways depending on the statistical
method used to analyze the data. The implementation of nuisance parameters in the for-
mulation of the likelihood has the advantage of returning a preferred value, which can be
used as a gauge of how well the data are understood. Also, the variations of the value can
be used to study the impact of a particular uncertainty. The method is not new, but how
it was implemented in this analysis is. The generation of independent simulation sets to be
parameterized at the final level histogram was introduced for this study, and proved to give
good results.

The items listed can be ported to other studies within the IceCube experiment, and even
other neutrino telescopes. Moreover, elements such as an analysis around a robust variable,
and the parameterization of systematic uncertainties, can be used in experiments where direct
calibration is complicated and/or faint signals are expected.

8.3.2 Possible improvements for future studies

The rapid gain in statistics translates into a strong constraint of the parameter space of the
mass-splitting and an improvement on the mixing angle precision. However, in the 5 year
prediction both parameters start being limited by uncertainties. The neutrino flux is the
main one, with detector effects taking the second place. Possibilities that could result in a
partial removal of these limitations are presented next.

The event selection

The selection of events was based on the existence of direct photons, but also on the removal
of cascade-like events. However, if the cascades can be correctly tagged it is not necessary
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to remove them fully. Neutral current events can be used to anchor the true neutrino flux
because they are not affected by oscillations. Another benefit of including cascades in the
sample is that it might result in a stronger signal of v, appearance.

There is also gain to be made by introducing new veto ideas. The veto algorithms presented
are powerful, but end up reducing the signal by half. Developments on new techniques to
identify classes of atmospheric muons could translate in an increase of the neutrino sample
without reducing its quality. With more uncorrelated case-tailored variables it would not be
necessary to cut hard on all of them.

Energy estimation

The current scheme for reconstructing the neutrino energy considers two secondary particles,
which are fit individually. Ongoing studies have demonstrated that describing the neutrino
interaction point in a single likelihood, which includes a track and a cascade, results in
a 30 % improvement on the resolution. Moreover, it strongly suppresses misreconstructed
events |143].

Detector related uncertainties

From the detection point of view, it has been demonstrated that reasonable variations of the
description of the medium have very little impact in this particular analysis. In contrast, the
overall light collection efficiency of the DOMs has a small but non-trivial impact. Internal
studies within the IceCube Collaboration attempt to use individual muons to determine this
properties to better accuracy. Minimally ionizing muons have a constant Cherenkov light
emission (see Sec., which allows for direct calibration of the DOMs. Future analyses of
the data might benefit from these results.

Atmospheric neutrino flux

Even with one year of data, the spectral index of the atmospheric neutrino flux is of impor-
tance, compared to statistical uncertainties. Improvements on the knowledge of this quantity
can come from (i) including more precise measurements of the cosmic ray composition and
spectrum, from experiments like AMS [110], and (ii) implementing a more accurate modeling
of the hadronic cross-sections, which could result from LHC measurements in the forward
direction.

On the experimental side, the flux is being measured by IceCube itself, using different
techniques and channels at slightly higher energies than this analysis. Even in the context
of oscillation analyses, including a larger energy region can help in constraining the shape of
the flux from the data.

Energy range covered

The very lowest energies that the detector can access were not used for this analysis. The
accuracy of the reconstruction algorithms decreases with energy, which partly explains why
they are removed. However, even if the reconstruction tools were improved, there is a lim-
iting factor that comes from correctly modeling interactions below 10 GeV. The problem, as
discussed at the end of Chapter [3] is that these interactions are not well understood. Im-
provements in the field could allow removing the restriction, and thus including a region
where the oscillatory effect is changing rapidly. The transition region is of relevance to other
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experiments as well. The MINERvA [131] and T2K [132] collaborations have recently pub-
lished results on cross-section measurements at these energies. Although the measurements
are still limited by the number of interactions collected, there is ongoing activity on the field.

Each one of the items listed is an active area of research, either within the IceCube Col-
laboration or others. As of the time of writing, real improvements on more than one of the
topics mentioned have become available. It might very well be that the projections given in
Fig.[B:6] will turn out to be rather conservative. The following section briefly looks back at
the method developed, one of the main contributions of this work.



9 Summary and Outlook

The goals of this work were the identification of possibilities and challenges for neutrino
oscillation studies with IceCube DeepCore and the development of tools and a strategy to
perform a measurement. The results are a full reconstruction of neutrino interactions be-
tween E, = [10,100] GeV, and the definition of high quality events with reduced sensitivity
to medium optical properties. The performance of both was tested in simulation and corrob-
orated in data, giving satisfactory results.

The methods developed allowed to measure the disappearance pattern of muon neutrinos,
focusing on the determination of 3 and Am2, in the energy range between 10GeV and
100 GeV, exploiting the zenith and energy dependence of the effect. The results of the analysis,
shown in Fig.[8.6] are compatible with the world’s average and show a remarkable agreement
between data and simulation. They contribute to the field, and point to a good understanding
of the data.

Since the beginning of this work, the IceCube DeepCore detector has entered a stable phase.
The detector has been operational for almost three years in its full configuration, and will
continue taking data for at least three times that period. The understanding of the detector
is improving continuously, together with novel ways of looking at the data. Combining this
with the demonstration of its capabilities contained in this work assures that meaningful
contributions to the field of neutrino oscillations, and other particle physics topics, will be
made by the experiment.

The neutrino, as abundant as it is, is still the elementary particle about which we know
the least. Its nature, absolute mass scale, correct mass ordering and whether it violates
CP conservation are the unknowns that we are aware of. The study of neutrino oscillations
can address the two latter ones, and much effort is being put by the community in this
direction. The next generation of neutrino experiments being proposed contains either the
mass ordering, CP violation, or both items as their main goals [158].

The IceCube detector could also contribute to the determination of the correct mass hier-
archy. This, however, requires not only the tools described in this work, but also to lower the
detector’s energy threshold. The Precision IceCube Next Generation Upgrade (PINGU) [159]
is a proposal along these lines, which seeks to deploy an additional array of sensors within the
DeepCore subarray. Ongoing studies within the IceCube-PINGU effort indicate that effects
from the mass hierarchy could be observed after three to five years of data.

Neutrino physics is moving towards precision measurements. The neutrino has already led
us to reconsider our understanding of fundamental particles, and even quantum mechanics.
There can be nothing but excitement in thinking about the other insights on Nature that it
might give us.
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