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Neutrino telescopes provide strong sensitivity to sterile neutrino oscillations through matter-effects
occurring in the few TeV energy range for eV?-scale neutrino mass-squared splittings. Prior searches
have focused on v, disappearance, which has a particularly strong sensitivity to the mixing angle
024 via v, — v, transitions. Nowadays, the v,, — ve and v, — v, appearance channels have been
considered less promising at neutrino telescopes, due in part to the much smaller target volume
for cascades relative to tracks. This work explores the detectability of these signatures at neutrino
telescopes given present constraints on sterile neutrino mixing, and as an example, forecasts the
sensitivity of the IceCube Neutrino Observatory to the mixing angles 614, 024, and 034 in the 3+1
sterile neutrino model using the cascade channel with ten years of data. We find that v, appearance
signatures consistent with the existing IceCube v, disappearance best-fit point are discoverable for
values of f34 consistent with world constraints, and that the sterile neutrino parameters favored by
the BEST and gallium anomalies are expected to be testable at the 95% confidence level.

I. INTRODUCTION

The three-mass and three active-flavor neutrino
paradigm has been well-studied [39, 40, 55, 76, 77, 79].
However, several anomalies persist at short baselines, in-
cluding in v, — v. appearance in decay-in-flight [27]
and decay-at-rest [34] beams and v, — v, disappear-
ance at reactors [70, 78] and with "'Ga electron cap-
ture sources [20, 60]. These anomalies have been at-
tributed to possible oscillations of unknown neutrinos
with mass-squared differences in the range of Am? ~
0.1—10 eV? [15]. Such an additional neutrino flavor state
must be non-weakly interacting, or “sterile,” to be consis-
tent with observed decay widths of the Z-boson [77]; the
simplest such model is known as the “3+41” light ster-
ile neutrino model in which a single sterile neutrino is
added.

There have been interesting recent developments for
the 3+1 model. The BEST experiment appears to vali-
date the anomalous electron neutrino disappearance sig-
nature of the previous gallium anomalies with a new
level of statistical significance and experimental preci-
sion [37]. The Neutrino-4 experiment claims evidence of
short-baseline oscillations in the 7, disappearance chan-
nel with Am? ~ 7.3eV? at the 2.90 level. Meanwhile
results from the MicroBooNE [22-24] experiment chal-
lenge the interpretation that the MiniBooNE low energy
excess [26] is due entirely to the electron neutrino by
placing a constraint on the sterile neutrino interpretation
of the excess; though the impact of this observation on
the 341 model is just beginning to be assessed [33, 48].
Continued exploration of sterile neutrino mixing in all
channels and all energy ranges thus remains strongly mo-
tivated [69].
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The addition of a fourth neutrino mass and flavor
eigenstate expands the unitary mixing matrix to four di-
mensions. The four-neutrino oscillations model becomes
an extension of the three-neutrino model with three ad-
ditional mixing angles 614, 624, and 634, and two new
CP-violating phases d14 and do4. These three new mix-
ing angles parametrize the amplitude of oscillations be-
tween the three active states and the one sterile state,
and lead to additional short-baseline vacuum-like oscil-
lations as well as novel effects in the presence of mat-
ter [28, 29, 42, 43, 67]. In this work we consider CP-
conserving models with all CP-violating phases set to
Z€ro.

Of particular interest to neutrino telescopes, matter
effects can result in the near complete disappearance
of TeV-scale muon anti-neutrinos passing through the
Earth’s core for a sterile neutrino with eV-scale mass
squared differences [36, 44, 51, 53, 68, 72, 74]. This signa-
ture of matter-enhanced resonant disappearance has been
targeted by the IceCube Neutrino Observatory [12, 13],
leading to one of the most sensitive v, disappearance
analyses to date. The result of the analysis was a closed
90% contour with best fit point at sin? 2054 ~ 0.1 and
Am3, = 4.5 eV?, under a conservative assumption (for
the v, disappearance channel) that 034 = 614 = 0. In ad-
dition to being a strong refutation, lower mass solutions
consistent with the LSND [34] and MiniBooNE anoma-
lies and constraints around 1 eV? [15, 45, 47, 49, 59, 66],
a possible interpretation of this result is as a statis-
tically weak hint of a disappearance signature around
Am3, ~ 4.5 eV2. Further exploration of this region of
parameter space in other channels at neutrino telescopes
is therefore strongly motivated.

In this work, we explore the potential of sterile neu-
trino searches at gigaton-scale neutrino telescopes using
matter-enhanced v, and v, appearance signatures that
occur when either 634 or 614 are non-zero [52]. We will
show that v, appearance of considerable strength may
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accompany v,, disappearance within the IceCube allowed
region for Am3; and fay4, for values of 634 that remain
consistent with world data sets. We will also demonstrate
that these signatures can be probed using IceCube’s pub-
lic data samples. Finally, we will also explore possible
sensitivity to v, appearance at levels consistent with the
gallium and BEST anomalies.

The IceCube Neutrino Observatory is described at
length in Ref. [1]. Briefly, the detector is a cubic-
kilometer Cherenkov neutrino observatory one and half
kilometers deep in the Antarctic ice [1]. There, 5160
photo-multiplier tubes encased within glass pressure ves-
sels, or “Digital Optical Modules” (DOMs) [16] detect
Cherenkov emission from charged particles traversing the
ice. The DOMs are arranged vertically with a seven-
teen meter spacing into seventy-nine strings, which them-
selves are aligned into a hexagonal lattice with a 125 me-
ter spacing. An additional, more densely instrumented
sub-detector called DeepCore exists towards the bottom-
center of the main detector [17]. The observatory has
been running for over a decade and has accumulated large
numbers of v, CC interactions which make depositions
of light that make long signatures in the detector called
tracks; and neutral current, electron neutrino, and tau
neutrino events which deposit light in blob-like shapes
called cascades. These event topologies are elaborated
upon in Section II.

IceCube analyses targeting v, disappearance are con-
sidered track-like only, since the only available signature
under the previous mixing assumptions 614 = 034 = 0 is
v, — v, disappearance. In similar models with both non-
zero a4 and 034, however, resonant v, — v, oscillations
lead to a strong appearance signature of v, as shown in
Figure 1. While some of the v, will produce 7+ that
decay leptonically to produce additional tracks, damp-
ening the v, disappearance signature, most charged cur-
rent v, and 7, interactions will produce localized energy
deposits that will be reconstructed as single cascades at
these energies [18]. As in the v, — v, channel, the most
striking feature of the signature is a resonant flavor oscil-
lation for Earth-core-crossing anti-neutrinos at a specific
energy, proportional to the sterile neutrino Am3, value.
Since this matter effect occurs because of an interference
between the vacuum oscillation phase and the matter-
driven phase, the latter changing sign between neutrinos
and anti-neutrinos, for small mixing angles the resonance
is only present in for anti-neutrinos, given a heavier ster-
ile neutrino. The appearance probabilities for v, — v,
and 7, — U, are shown separately in Figure 2.

For zero 64 very little signal is expected since the
muon neutrinos, which dominate the flux at IceCube,
cease to mix with the heavier mass state. As a conse-
quence there will be negligible v appearance, regardless
of the value of A34. However, recent IceCube results fa-
vor a non-zero value for sin2(2924) of around 0.1, and
assuming v, /v4 mixing at this level, the observable v,
appearance will depend strongly on the value of 034. At
the smallest values of 634 (634 < 0.1), v, — v oscil-
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FIG. 1. Transition probabilities P(, — 7,) for . (top),
7, (middle), and 7, (bottom) for a sterile neutrino flux with
sin2(2024) = 0.1, sin2(2934) = 0.2, and Am3, = 4.5 eVZ
A dashed black line is used to denote the outer core-mantle
boundary, and a solid black line denotes the inner-outer core
boundary. These probabilities are shown as a function of the
neutrino’s energy (E.™*¢) and the cosine of the angle mea-
sured from an upwards direction, towards the neutrino’s ori-
gin.

lations dominate over v, — v, appearance from stan-
dard oscillations, and v, disappearance is the only visi-
ble signature. For values of 634 larger than this thresh-
old, the v,, — v, oscillations begin to dominate and v,
appearance manifests, leading to the appearance signa-
ture shown in Figure 1 (bottom). Increasing Am?, has
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FIG. 2. Appearance probabilities for P(v, — v;) (top)

and P(v, — U.) (bottom) for a sterile neutrino flux with
sin?(2624) = 0.1, sin?(2034) = 0.19, and Am3, = 4.5 eV>.

the effect of broadening the appearance signature until
~ 10 eV?, after which raising the mass-squared splitting
has only a marginal effect. Increasing 654 while reduc-
ing 034 proportionately leaves the appearance signatures
mostly unchanged while diminishing the disappearance
amplitude.

In addition, the effects of non-zero mixing angle 614
can also be considered, having the consequence of in-
troducing similar appearance signatures into the v, ap-
pearance channel [80]. For practical purposes v, and v,
charged current events are indistinguishable at these en-
ergies in IceCube. Notably, neutrino telescopes are the
only experiments in the world with substantial sensitiv-
ity to sterile-neutrino induced v, appearance, so such
direct constraints on the 634 parameter are specific to
these programs. Constraints on 614, on the other hand,
may directly relate to anomalies in v, — v, and v, disap-
pearance. As we will show, constraining the v, appear-
ance signature at IceCube under the non-zero presently
favored value of 024 from v, disappearance have direct
implications for the BEST anomaly and the associated
reactor-v anomaly.

This rich phenomenology motivates multi-mixing-
angle and multi-channel searches to fully explore sterile
neutrino mixing around the matter resonance at neutrino
telescopes. In this work, we explore this space of mixing
parameters by using publicly available tools, effective ar-
eas, and Monte Carlo simulation to estimate IceCube’s

sensitivity to a4, 034, and Am?; through cascades.

II. NEUTRINO ENERGY DEPOSITION

Large-volume neutrino telescopes typically are sensi-
tive in the TeV to PeV energies; here, Deep-Inelastic
Scattering (DIS) [58] and the recently-observed [14]
Glashow-Resonance [61] interactions dominate. The de-
tected neutrino interaction events fall into two morpho-
logical categories: tracks and cascades.

Charged-current (CC) v, DIS events result in muons at
energies where radiative processes dominate energy loss
rates. As a result, energy losses are stochastically driven
and the produced muons travel for kilometers. The re-
sults are threefold: muons are difficult to fully contain in
neutrino telescopes, muon energies are poorly correlated
with progenitor muon-neutrino energies, and muons’ long
travel-distance can allow for reconstructing their direc-
tion to within 1° [7]. These events are called tracks [3].

All neutral-current (NC) DIS events result in a
hadronic shower spreading around the interaction point
and a secondary neutrino invisibly carrying away a pro-
portion of the parent neutrino’s energy. These events
are often contained with a spherical topology. v.-CC
interactions develop similarly to neutral-current interac-
tions, but repeated inverse Compton scattering of the
produced electron initiates an electromagnetic shower su-
perimposed over the hadronic shower. Thus, nearly all
of the interacting neutrino’s energy is observable as de-
tectable light. These events are called cascades. Such
events tend to be well-contained permitting an efficient
energy reconstruction, although suffer from poor angular
reconstruction [3].

The evolution of a v.-CC interaction is highly depen-
dent on the energies involved. A tau is produced simul-
taneously as a hadronic cascade propagates around the
interaction point, and then the tau decays. Due to their
large mass, taus have a short lifetime and a decay length
of ~ 50 m per PeV of tau energy [18]. From the tau
branching ratios [79], 17.37% of the charged tau decays
evolve as muon tracks, while the remainder of the decays
evolve as electromagnetic or hadronic cascades. Only at
neutrino energies above 60 TeV do v,.-CC interactions
yield events with distinguishable primary and secondary
cascades [18].

Several distinct event samples have been developed to
study these different types of events in IceCube. The
High-Energy Starting Events sample [19], for example,
was developed to study both taus and high-energy neu-
trinos likely astrophysical in origin. There exist other
events samples optimized for higher event rates at lower
energies, such as the Medium-Energy Starting Events [4],
and the five-year inelasticity sample [10]. There are also
samples optimized for muon purity, such as the eight-year
atmospheric muon sample [13] and others optimized for
accurate energy resolution such as the six-years cascade
sample [11]. This work will consider the cascade event



selection described in [71] and the track event selection
previously used in IceCube sterile neutrino searches [6].

III. NEUTRINO FLUXES

We calculate the expected event rates in IceCube ex-
clusively using publicly available data on effective areas
and publicly available Monte Carlo simulation samples.
By studying the expected event rates in both track and
cascade channels, we are able to estimate IceCube’s sen-
sitivities to sterile neutrino parameters given the existing
ten year data set. At sensitive energies there are two rel-
evant neutrino populations whose flux must be modeled:
atmospheric and astrophysical neutrinos.

Predicting atmospheric neutrino event rates requires
a progenitor cosmic-ray flux, simulation of resulting
air showers, propagation of the shower-born neutrinos
through the Earth, and convolution of these fluxes with
effective areas for a given sample selection to yield a final
predicted event rate. For this work, we use the MCEq
cascade equation solver [56] with the three-population
Hillas-Gaisser 2012 H3a cosmic-ray flux model [57] and
using the SYBILL 2.3¢ hadronic interaction model [75]
to simulate air showers. The Poly-Gonato model for
the cosmic-ray flux [64] and QGSJET-II-04 model for
hadronic interactions [73] were also found to produce sim-
ilar results for this analysis.

These fluxes are then propagated through the Earth
using the Simple Quantum Integro-Differential Solver for
neutrino oscillations (nuSQuIDS) [31, 32, 41]. We have
configured nuSQuIDS to propagate the fluxes according
to a spherically-symmetric Preliminary Reference Earth
Model (PREM) [50]; where it accounts for both coher-
ent and non-coherent interactions relevant at these ener-
gies [61, 62] as well as tau-neutrino regeneration [63]. For
this work we use the CSMS cross sections [46]. We fix
the three-neutrino oscillations parameters to their global
best-fit values [54].

Astrophysical neutrino event rates are calculated sim-
ilarly. Although, the neutrino flux prior to propagation
through the Earth instead is expected to follow a power-
law spectrum as a function of neutrino energy F,,

E,

-
(I)astr,a(Eu) = Tozq)O (E_(]) ) (1)

normalized at Ey =100 TeV and with &5 = 2.85 X
10718[GeV-cm?-sr-s] 71, a spectral index of v = 2.39 [13],
and a flavor-ratio r,, for o € (e, p, 7). The flux is assumed
isotropic and to have a v : v : ratio of 1 : 1. Astrophysi-
cal neutrinos are assumed to be created with regards to
the pion-decay induced flavor ratio of 1:2:0 [35, 38]; these
are then propagated through vacuum over large energy-
baseline ratios, recovering the expected % : % : % fla-
vor ratio at Earth for the three-neutrino model [5]. The
same is done for sterile-neutrino hypotheses to predict
expected four-flavor flavor ratios [30].
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FIG. 3. Expected number of through-going tracks (top) and
cascades (bottom) for ten years of livetime using the Hillas
Gaisser H3a cosmic ray flux model, SYBILL 2.3c interaction
model, and the event selection described in Ref [71].

A. Cascade Rates

Total cascade event rates in IceCube are calculated
bin-wise, linearly in log(E®™"¢) and cos 67", by integrat-
ing over a product of flux and effective area A.¢s in each
bin (i,j), summing for each neutrino species «, and multi-
plying by livetime 7. This is shown below in Equation 2.

i+1 cos 9j+1

E
evt __ true
Neyt=2m7 ) /dEl,
* E

7 cos 0

d(cos 017¢)

x @, (Eff“e, cos8,)Actfa (E,fme, cos 93“6)

(2)

The effective areas used are publicly available and deter-
mined from the gradient boosted decision tree methods
event selection developed and available in Ref. [71]. Ex-
pected bin-wise event counts N™" at reconstructed en-
ergy (E7°°°),, and zenith (cos 07°°°),, follow from smear-
ing from these expected true values by a bin-to-bin re-
construction probability P

mn?

Nyt = N7 Pijmn. (3)
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FIG. 4. Expected number of cascades for ten years of live-
time using the Hillas Gaisser H3a cosmic-ray flux model,
SYBILL 2.3c interaction model, and the event selection de-
scribed in Ref [71] for a three-neutrino model (salmon) and a
341 sterile neutrino model (black line) with sin?(2624) = 0.1,
sin?(26034) = 0.2, and Am3; = 4.5 V2. Number of events is
summed over zenith angles (top) and energy (bottom) bins.
Note that the oscillation signature is a correlated function of
both variables, so appears very indistinctly in these projec-
tions.

calculated according to published reconstruction resolu-
tions [3, 8]. Angular error in reconstruction is nomi-
nalized with a Kent Distribution [65] over azimuths to
extract the zenith error. The width of the Kent distri-
bution, <", is energy-dependent according to the 50%
angular error presented in Ref [8], so we solve for the
parameter k using

COSGZT‘T(EltIT‘u{:) K )
- ——e"“®*"dcosf = 0.50 4
/1 2sinhr o8 )

at each analysis bin.

The expected number of events for ten years of livetime
is shown on the bottom of Figure 3, and one-dimensional
histograms of the number of events are shown in Figure 4.

B. Track Rates

In order to calculate the expected track event rate in
IceCube, we use a Monte Carlo set published as part
of a previous 1-year search for sterile neutrinos [6]. We
use the same energy and cosine-zenith binning used in
Subsection IIT A, and similarly scale the data to ten years
of livetime. The expected number of tracks for ten years
of livetime is shown in Figure 3, top panel.

IV. SYSTEMATIC UNCERTAINTIES

A detailed treatment of IceCube’s sources of system-
atic uncertainties would be prohibitively complex and re-
quire proprietary IceCube tools, so a truly rigorous sen-
sitivity calculation for each channel can only be provided
by the IceCube collaboration. Nevertheless, to estimate
the expected impact of such effects we use publicly avail-
able data from Ref. [13] to apply a simplified treatment of
the expected scale of systematic uncertainties. Dominant
sources of systematic uncertainty are expected to derive
from the shape and normalization of the atmospheric and
astrophysical neutrino fluxes and the properties of the
South Pole ice as in Ref. [13]. Other sources of uncer-
tainty, such as the efficiencies of IceCube’s DOMs, neu-
trino and anti-neutrino interaction cross sections, were
not used in this preliminary analysis since they are sub-
leading effects.

Absorption and scattering of light in the ice are treated
using the effective gradient approach developed in Ref. [2]
and used by Ref. [12]. Uncertainties in the depth-
dependence of the absorption and scattering of South
Pole ice leads to uncertainties in energy reconstruction,
and therefore an uncertainty in the energy-spectrum of
expected event rates.

The one-sigma deviations to the cosmic-ray flux are
considered as in Ref [13]. These deviations calculate the
expected one-sigma shifts in the expected atmospheric
neutrino rates. Similarly, we perturb the slope of the
astrophysical neutrino flux to determine variances in ex-
pected astrophysical neutrino rates. Per-bin uncertain-
ties are then summed in quadrature to calculate a net
systematic uncertainty.

Overall normalization of fluxes is treated as a nuisance
parameter and allowed to float freely, such that we are
studying energy and zenith shape and flavor ratio ef-
fects only, and not the absolute neutrino rate. We fit
to the normalization before calculating the log likelihood
at each physics point. As will be described below, this
simplified prescription has been tested by regenerating
IceCube’s sensitivity to 024 via v, disappearance, and a
similar median sensitivity to the published IceCube anal-
ysis is obtained (shown in Figure 5). Although both im-
perfect and incomplete, we believe that this prescription
captures the majority of the important effects of the rel-
evant systematic uncertainties for present purposes.



10% 5
100 E
™ 4
- ]
2, ]
~F 1C86 2016 lyr
<§] 95%
1071 o W 6s%
5 Median
B This Work
: 1 year
— 8 years
1072 ——rrr ——rrr ——rrrr
1073 1072 107t 10°

sin?(26a4)

FIG. 5. 2 DOF, 90% C.L. sensitivity to |U24|2 and Am?2; with
034 = 0.0. These results closely reproduce those of Ref. [13].

V. PREDICTED SENSITIVITIES

A binned-likelihood approach is used in calculating the
log-likelihood for the expected numbers of events for each
set of physical parameters. The test statistic at each
point in parameter space is calculated according to,

TS = —2ALLH = —2(In L — In Lyaz) , (5)

after removing the overall normalization effect by fitting
the no-sterile-neutrinos flux to the parameter point of
interest and adjusting the hypothesis normalization ac-
cordingly. We have performed likelihood based analyses
in three samples, tracks only, cascades only, and tracks
and cascades combined.

A. Tracks-only sensitivity to v, disappearance

We first perform likelihood analysis for IceCube’s track
sample: calculating the sensitivity to #24 and Amil, us-
ing the procedure described in Section III to predict the
expected number of tracks in only eight years of livetime.
These results are shown in Figure 5, which accurately re-
produce the sensitivities presented in Ref. [6]. We have
chosen this point of comparison rather than the more re-
cent results of Ref. [12] as the updated event selection
there improves efficiencies at low energy, while the data
release required to make these studies is only available
at present for the earlier, one-year analysis. Approxi-
mate agreement of the median sensitivity, well within
the bounds of expected fluctuations, validates our sim-
plified analysis methodology as capturing the essential
elements needed for a robust sensitivity estimate. For
completeness we also present an eight-year projection.
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FIG. 6. Ratio of expected tracks (top) and cascades (bot-
tom) for a sterile neutrino model with sin?(2024) = 0.1,
sin®(2034) = 0.2, and Am3, = 4.5 eV? and the standard
three-neutrino model. Fluxes are calculated using the Hillas-
Gaisser H3a cosmic ray flux model and the SYBILL 2.3c inter-
action model. A broad disappearance is expected in up-going
tracks coincident with an appearance of up-going cascades.

B. Cascades-only sensitivity to v, appearance

Signatures of v, appearance require nonzero values for
all of Am?,, 024, and f34. An example of a point with a
non-trivial appearance signature that is consistent with
existing experimental limits is shown in Figure 6. This
signature in reconstructed space is calculated by fixing
024 and Am3, at their best-fit points from IceCube’s
v,, disappearance searches, and fixing sin?(2634) = 0.2,
comfortably consistent with current bounds, which are
around sin®(2634) < 0.6 [9, 25].

Since all three of the above parameters must be non-
zero to observe v, appearance, sensitivities should be
expressed in three dimensional spaces (or four, if 614 is
also included). However, to facilitate presentation of re-
sults on 2D plots in this work we have primarily opted to
present two dimensional sensitivities under specific and
experimentally motivated assumptions on the third pa-
rameter.
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Using the methods described in Section III, we calcu-
late expected cascade rates in IceCube at combinations
of 0a4, 034, and Am?,. The effects of 01, are marginal
unless large mixing angles are reached, and so for this
part of the analysis it was kept to zero. The matter ef-
fects on these oscillations are similarly only marginally
affected by the CP-violating phases [13], and so they are
fixed to zero. The results of the sensitivity scan over cas-
cade events only are shown in the solid line of Figure 7,
with sensitivities from other experiments overlaid, at the
conventional benchmark point of Am?, = 1 eV?; sensi-
tivities at other values of Am3, are shown in the solid
lines of Figure 8. We see that with cascades alone we
expect a sensitivity competitive with other leading sensi-
tivities from Super-Kamiokande [21] and IceCube’s Deep-
Core [9]. Sensitivities are the most competitive for points
in phase space where both 054 and 034 are large; here, the
transition probability P(v, — v,) is maximized.

Meanwhile, in regions where |U7'4|2 is small, v, dis-
appearance is most significant in a signal similar to
Refs. [12, 13], but as v, cascades. A small increase to
|UT4|2 can then lead to competing v, appearance and
v, disappearance, and so for small values of Am3,, this
leads to a reduction of sensitivity. Since v,, events over-
whelmingly lead to cascades while v, often cause tracks,
at higher |Uu4|2 the v, appearance begins to dominate
and sensitivity improves. Finally, since tau appearance
follows a v,, — v, — v, appearance channel, a non-zero
|U, “4\2 is needed to for any sensitivity; this causes a lower

bound on the |U u4‘2 sensitivity.
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FIG. 8. Cross-sections of the 3 DOF, 90% C.L. sensivitivy sur-
face to 024, 034, and Am?2,. The sensitivity through cascades
is shown in the solid contour, and the joint track-cascade con-
tour is dashed.

C. Joint Sensitivity for v, disappearance and v,
appearance

By performing a joint sensitivity using both cascade
and track-like events, we are able to significantly improve
the sensitivity, by exploring a flavor ratio rather than a
pure shape effect. Track-like events will provide a method
to fit to the overall flux normalization and further con-
strain sensitivities. Specifically, the process described in
in Subsection V B is performed for track events, and the
fit event-number normalization is then used in calculating
the log likelihood in the cascade channel. The combined
likelihood for both is then used in determining sensitivity
contours. These results are shown in Figure 7. A signifi-
cant sensitivity enhancement relative to either tracks or
cascades alone is obtained.

In addition to calculating sensitivity, we examine the
results that may be expected in the presence of a ster-
ile neutrino with non-zero 034 and 634. In Figure 9
we show the result obtained by injecting a signal with
sin®(2644) = 0.1, sin?(2034) = 0.2 and Am3, = 4.64 eV?
and fitting over values of the mixing parameters; this
mass squared splitting was chosen out of computational
convenience as it lines up with a point at which fluxes
were calculated. We include four slices through the
space in Am?, at several benchmark points, and pro-
vide contours at 90% CL calculated using x? assuming
that the test statistic, TS, satisfies Wilk’s theorem and is
distributed with a x? distribution with thresholds with
thresholds consistent with three degrees of freedom. A
signature of this form, which is consistent with present
constraints would be potentially discoverable in a joint
tracks and cascades analysis at IceCube.
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FIG. 9. 3 DOF, 90% C.L. sensitivity to the |U,4|* and |U,4/*
PMNS matrix elements, at various values of Am32,, for this
work using a joint track-cascade likelihood assuming a sterile
neutrino with sin2(2924) =0.1, sin2(2034) =0.2, and Am3, =
4.64 eV>.

D. Joint Sensitivity for v, and disappearance
generic cascade appearance

Cascade appearance may be introduced not only from
v, appearance, but also from v, appearance. A non-
zero value for 614 is motivated in particular by recent re-
sults from the BEST experiment, which motivates us to
consider whether IceCube fitting both cascade and track
channels has sensitivity to values of #14 consistent with
such a v, disappearance effect. IceCube can of course
not rule out the BEST anomaly alone, since a scenario
with 624 = 0 will generate no substantial appearance sig-
natures in IceCube for any value of #14. But in principle
it may be able confirm the BEST anomaly, given size-
able enough values for both 654 and #14. In such a model
with non-zero 614, 024, and 034, resonant oscillations lead
to appearances in both the v, and v, channels shown in
Figure 10, wherein the BEST best-fit values were used
for 614 and Amil

To assess sensitivity to this effect in IceCube, scans
over 614 and 034 were performed at multiple values of
Am3, and 6. In Figure 11 we show IceCube’s sensi-
tivity to a 341 sterile neutrino model with 614, = 0.0.
These contours represent the median expected 90% con-
fidence level that could be drawn if no sterile neutrino
were present, given assumptions on the non-plotted pa-
rameters shown in the caption. The two choices of as-
sumptions made on the non-fitted parameters correspond
to 024 = 0.1609 (the v, disappearance best fit point from
Ref. [12]) or 624 = 0.3826 (a value within the 90% re-
sults contour of Ref. [12]), and Am3, = 1 eV* (a stan-
dard benchmark point in the field), Am3, = 3.3 eV? (the
BEST best-fit point), and Am3, = 4.64 eV? (close to the
IceCube v, disappearance best fit point at 4.5 eV2). It is
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FIG. 10. Transition probabilities P(7, — Ua) for De (top),
7, (middle), and 7, (bottom) for a sterile neutrino flux with
sin?(2014) = 0.43, sin®(2024) = 0.1, sin®(2034) = 0.01, and
Am3; = 3.3 eV2. A dashed black line is used to denote the
outer core-mantle boundary.

observed that IceCube has significant sensitivity in this
high dimensional parameter space for many values of the
mixing parameters consistent with the present BEST and
IceCube results, assuming a non-zero value of 054 consis-
tent with IceCube’s existing preferred regions from v,
disappearance measurements.

A more intuitive picture of IceCube’s capability to con-
firm the BEST anomaly as being sterile-neutrino related,
given values of other mixing parameters consistent with
IceCube and world data, is shown in Fig. 12. Here, like-
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red line represents a 4 DOF 95% CL sensitivity threshold;
the shaded region represents the 95% confidence level bounds
from the BEST best fit.

lihoods are calculated according to injected sterile neu-
trino parameters and assuming a three-neutrino model;
the resulting test statistics are shown. For all considered
combinations, IceCube is seen to be capable of discrim-
inating a BEST-like sterile neutrino flux from a three-
neutrino model at the 95% confidence level. Thus, Ice-
Cube appears to have capability to confirm the best
anomaly at least 95% confidence, given suitable values of
the other mixing parameters, within existing constraints

and uncertainties.
VI. CONCLUSIONS

We have considered IceCube’s sensitivity to sterile neu-
trinos through the cascade appearance channel. Both v,
and v, appearance signatures are in principle observable
by IceCube for 614 and 634 values within existing con-
straints, 034 around IceCube’s present preferred values
from v, disappearance, and many possible values Am?,.

We find that IceCube’s sensitivity in the joint U4,
U,a space that has been explored by previous analyses
at SuperKamiokande and IceCube will be enhanced sig-
nificantly at the benchmark point of Am? =1 eV? by a
joint fit to both track and cascade samples. Strong sen-
sitivity is also obtained for other mass points, under the
standard mixing assumption of ;4 = 0. Cascade signa-
tures that may accompany tentative but weak hints of v,
disappearance for Am3, ~ 4.5 eV? and sin®(fay) ~ 0.1
are discoverable at IceCube with values 634 that remain
consistent with world data, strongly motivating investi-
gation of v, appearance via cascades in parallel with the
established IceCube searches for v, disappearance using
tracks.

We have also explored the effect of introducing non-
trivial v, appearance, consistent with the BEST and gal-
lium anomalies, via non-zero #14. IceCube cannot rule
out the BEST or gallium preferred regions in 614 alone,
since sensitivity of IceCube to this parameter requires
non-zero 6o4. For modest values of o4 at either the Ice-
Cube best fit point in v, disappearance or at a point near
the 90% CL upper limit in this channel, however, values
of 14 and Am?, around the best fit point can be probed
at better than 90% confidence level.

We conclude that our joint analysis of track and cas-
cade topologies at IceCube can contribute to the on-
going worldwide project of understanding short base-
line anomalies in both v, appearance and disappearance
channels. The IceCube data set, probing both v, disap-
pearance and v, and v, appearance near the matter res-
onance for core crossing neutrinos, provides unique and
powerful insights into possible mixing of heavier neutrino
mass states with the v, flavor, as well as offering sensitiv-
ity to v, appearance in experimentally relevant parts of
parameter space associated with the BEST and gallium
anomalies.
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