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IceCube
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● Deep Core -> Low energy (5-100 GeV) 
- Challenges: triggering, reconstruction, PID. 

● IceCube ->  (1 TeV - 10PeV) 
- Challenges: statistics, reconstruction.
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FIG. 1. Top and side views of IceCube indicating the posi-
tions of DeepCore DOMs with red circles and surrounding
IceCube DOMs with green circles. The DeepCore fiducial re-
gion is shown as a green box at the bottom center. The Deep-
Core DOMs were deployed mostly >2100m below the surface
(shown highlighted in green) with some DeepCore DOMs also
deployed around 1800m below the surface (shown highlighted
in red) to aid in rejection of atmospheric muons. The bottom
left of the plot shows the absorption length for Cherenkov
light vs. depth. The purple arrow in the top view shows one
example of a “corridor” path along which atmospheric muons
can circumvent the simple veto cuts, as they may not leave a
clearly detectable track signature (see Sec. III B for details).
The gray band indicates the dust layer, a region of higher
scattering and absorption.

in the DIS cross sections calculations. Muons created
in ⌫µ CC interactions are propagated through the ice
using PROPOSAL [33] for fast and precise modelling of
the energy losses, while GEANT4 [34] is used to handle
the direct propagation of tau leptons and their decay
products, including muons, hadrons, and electromagnetic
(EM) showers below 100 MeV. For events with EM show-
ers above 100 MeV, shower-to-shower variations are small
enough to use parametrizations [35] based on GEANT4

simulations.
The Cherenkov photons produced by the final state

particles are then propagated through the ice using GPU-
based software [36]. This simulation takes into account
the optical properties (scattering and absorption) of the
ice. For the photons intersecting with a sensor module,
the acceptance in terms of arrival angle and wavelength
is then taken into account. For analysis B, a measure of
the relative variation of optical e�ciency among DOMs is
included. Additional hits caused by thermal noise, decay-
ing radioactive isotopes in the PMT and DOM glass, and
scintillation are added. Finally, the PMT response and
readout electronics are simulated and trigger algorithms
are applied across the full detector in order to produce
simulated neutrino events.

2. Atmospheric Muon Background

The generation of atmospheric muons is performed
using a full CORSIKA [37] air-shower simulation with
a hadronic interaction model from [38]. The propaga-
tion of these background muons and the detection of
the Cherenkov radiation are the same as those due to a
secondary muon in a neutrino interaction.

At the final level of the event selections (see Sec. III B),
the atmospheric muon background is reduced by roughly
eight orders of magnitude. The standard simulation tools
are too computationally ine�cient to produce su�cient
amounts of muon background surviving all the selection
criteria. In order to estimate the muon background at
final level, the two analyses use two distinct techniques:

• Analysis A uses an atmospheric muon simulation
employing a fast parametrized approach based
on [39]. This software targets the regions of the
weakest background rejection: single low-energy
muons aimed at the DeepCore fiducial volume,
which make up approximately 75% of the final sim-
ulated muon sample. The simulation is approxi-
mately two orders of magnitude faster than one
covering the entire IceCube detector. Unsimulated
regions in zenith and energy are augmented by
simulation produced with the CORSIKA simula-
tion package. All simulated atmospheric muons are
weighted using the H4a cosmic ray flux model [40].

• Analysis B follows an alternative, data-driven ap-
proach to estimate the shape of the remaining muon
background. The method uses data side-bands con-
sisting of events that would have been accepted in
the final sample had they not included hits in DOMs
in one of the corridor regions (see Fig. 1).

B. Selection

IceCube triggers on O(1011) downward-going atmo-
spheric muons, O(105) atmospheric neutrinos, and O(10)



Atmospheric neutrinos
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● Dominant source of neutrinos in IceCube in the TeV regime. 
● Two main channels are studied:  

- Upgoing tracks (~νµ-CC) and cascades (~νeCC & νxNC).
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Fig. 3 An illustration of neutrino detection with IceCube located at the
South Pole. Cosmic ray interactions in the atmosphere produce a large
background of high-energy muon tracks (solid blue arrows) in IceCube.
This background can be reduced by looking for up-going tracks pro-
duced by muon neutrinos (dashed blue arrows) that cross the Earth and
interact close to the detector. The remaining background of up-going
tracks produced by atmospheric muon neutrinos can be further reduced
by energy cuts

The large background of atmospheric muons can be effi-
ciently reduced by using the Earth as a filter, i.e., by select-
ing up-going track events, at the expense of reducing the sky
coverage of the detector to the Northern Hemisphere (see
Fig. 3). Still, due to light scattering in the ice and the emis-
sion angle of the Cherenkov cone, a fraction of the down-
going atmospheric muon tracks can be misreconstructed as
up-going through the detector. This typically leads to a mis-
match between the predicted atmospheric neutrino rate and
the data rate at the final level of many analyses. There are
analyses where a certain atmospheric muon contamination
can be tolerated and it does not affect the final result. These
are searches that look for a difference in the shape of the
energy and/or angular spectra of the signal with respect to
the background, and are less sensitive to the absolute nor-
malisation of the latter. For others, like searches for magnetic
monopoles, misreconstructed atmospheric muons can reduce
the sensitivity of the detector. We will describe in more detail
how each analysis deals with this background when we touch
upon specific analyses in the rest of this review.

The atmospheric neutrino flux constitutes an irreducible
background for any search in IceCube, and sets the baseline
to define a discovery in many analyses. It is therefore cru-
cial to understand it both quantitatively and qualitatively. The
flux of atmospheric neutrinos is dominated by the production
and decay of mesons produced by cosmic ray interactions

Fig. 4 Summary of neutrino observations with IceCube (per flavour).
The black and grey data shows IceCube’s measurement of the atmo-
spheric νe + νe [21,22] and νµ + νµ [23] spectra. The green data show
the inferred bin-wise spectrum of the four-year high-energy starting
event (HESE) analysis [24,25]. The green line and green-shaded area
indicate the best-fit and 1σ uncertainty range of a power-law fit to the
HESE data. Note that the HESE analysis vetoes atmospheric neutrinos,
and the true background level is much lower as indicated in the plot.
The red line and red-shaded area indicate the best-fit and 1σ uncertainty
range of a power-law fit of the up-going muon neutrino analysis [26]

with air molecules. The behaviour of the neutrino spectra
can be understood from the competition of meson (m) pro-
duction and decay in the atmosphere: At high energy, where
the meson decay rate is much smaller than the production
rate, the meson flux is calorimetric and simply follows the
cosmic ray spectrum, #m ∝ E−$ . Below a critical energy
εm , where the decay rate becomes comparable to the pro-
duction rate, the spectrum becomes harder by one power of
energy, #m ∝ E1−$ . The corresponding neutrino spectra
from the decay of mesons are softer by one power of energy,
#ν ∝ #m/E due to the energy dependence of the meson
decay rate [20].

The neutrino flux arising from pion and kaon decay is
reasonably well understood, with an uncertainty in the range
10–20% [20]. Figure 4 shows the atmospheric neutrino fluxes
measured by IceCube. The atmospheric muon neutrino spec-
trum (νµ + νµ) was obtained from one year of IceCube data
(April 2008–May 2009) using up-going muon tracks [23].
The atmospheric electron neutrino spectra (νe + νe) were
analysed by looking for contained cascades observed with
the low-energy infill array DeepCore between June 2010 and
May 2011 in the energy range from 80 GeV to 6 TeV [21].
This agrees well with a more recent analysis using contained
events observed in the full IceCube detector between May
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Atmospheric neutrinos
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● Mainly coming from Kaon decay in the TeV range. 
● Prompt contribution expected to dominate for E>100TeV
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FIG. 4.3. Contribution from decays of various particles to the atmospheric µ+ + µ� (top left), ⌫µ + ⌫̄µ (top right), ⌫e + ⌫̄e
(bottom left) and ⌫⌧ + ⌫̄⌧ (bottom right) flux in Sibyll-2.3c and H3a primary model at ✓ = 60�.

tween prompt fluxes of muons and neutrinos. The cross-
over between conventional and prompt flux happens at
several PeV and depends on the choice of models and
the zenith angle. Further sources of high energy muons
that are not included in our calculation are the photo-
production of muon pairs, which is suppressed by 10�4

wrt. the pair production cross section �e+e� [18], and the
nuclear interactions of muons. While the muon pair pro-
duction can significantly contribute to inclusive fluxes at
very high (PeV) energies, the nuclear interactions are
only important for the low energy tail of muon bundles
in air showers.

At E & 100 GeV the main source of muon neutrinos
(upper right panel) are semi-leptonic and 3-body decays
of charged kaons, see e.g. [19] for a more detailed discus-
sion of relevant channels. Pion and muon decays domi-
nate below this energy. Prompt neutrinos originate from
decays of charged and neutral D-mesons, where the fluxes
from D± are a factor of three higher. Since pions very
rarely decay into electron neutrinos (lower left panel),

those come mostly from decays of neutral and charged
kaons. At energies below 100 GeV and for near-horizontal
zenith angles the dominant fraction of electron neutrinos
is from muon decays, resulting in a strong association
with the muon flux. In turn, this means that the pre-
cision of the electron neutrino prediction for a few to
several tens of GeV is linked to the modeling of pion pro-
duction and muon energy loss and, to a lesser extent, to
kaon production.

Atmospheric tau neutrinos (lower right panel) are rare
[20], but we can discuss their flux for completeness. The
dominant production channel of tau neutrinos is the de-
cay of D+

s ! ⌧+ + ⌫⌧ , where the subsequent decay of
⌧ ! ⌫⌧ + X is more e�cient in producing a forward tau
neutrino, than the decay of the meson. Therefore most
of the tau neutrino flux comes from the decay of the tau
lepton itself (black and blue line in lower right panel in
Fig. 4.3).

Other sources of atmospheric leptons that are not
taken into account in our calculation are B-hadrons.

arXiv:1806.04140
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● Tight cuts to reduce atmospheric muon contamination. 
● Thousands of TeV upgoing tracks every year with νµ  purity >99.9%!
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FIG. 3. Reconstructed muon energy (top) and cosine of

the zenith (bottom) distributions. Data points are shown
in the blue histogram with the error bars that represent the
statistical error. The solid blue and red lines show the best-fit
sterile neutrino hypothesis and the null (no sterile neutrino)
hypothesis, respectively, with nuisance parameters set to their
best-fit values in each case.

of the expected event rate distributions in reconstructed
energy and reconstructed cosine zenith for the di↵erent
event types generated using MC events passing the event
selection. We show the predicted true neutrino energy
distribution of the conventional atmospheric neutrinos in
the sample in Fig. 5. We find that greater than 90% of
our events originate from a neutrino with a true energy
between 200GeV and 10TeV. The observed zenith angle
can be taken as the true zenith angle, ✓recoz = ✓z, for
practical purposes, since within our angular bins the
di↵erence in zenith angle between the reconstructed muon
track and the MC truth is negligible (< 1�, discussed in
more detail in Ref. [141]).
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FIG. 4. Expected composition of the energy and zenith

distributions. Top: The reconstructed energy distribution
for signal (conventional atmospheric, prompt atmospheric, and
astrophysical ⌫µ flux) and backgrounds (atmospheric muons,
⌫⌧ , and ⌫e). Bottom: The corresponding reconstructed zenith
direction.

Sub-Selection ⌫µ ⌫⌧ ⌫e µ Purity

Golden Filter 154,970±393 16±4 1±1 16±4 >99.9%

Diamond Filter 295,416±543 22±5 1±1 4±2 >99.9%

TABLE I. Sub-sample event composition. The expected
number of events that pass the Golden, Diamond filters. The
uncertainties are statistical only.

A. Precuts and low-Level reconstruction

Before applying high-level event selections, a series of
precuts are applied to reduce data volume and reject
low-quality event candidates. These precuts are:

1. If the reconstructed direction is above the hori-
zon, cos(✓z) � 0.0, require that the total event
charge (Qtot) is greater than 100 photoelectrons
(PE) and the Average Charge Weighted Distance
(AQWD) is less than 200m/PE. The AQWD is de-
fined as the average distance of the pulses produced
by Cherenkov light in each PMT, weighted by the

Alfonso Garcia     |    KITP, 16/03/2021



Oscillations
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● Standard oscillations are subdominant above 100 GeV. 
● NSI and sterile neutrinos distort anti-neutrino oscillation probabilities. 

- Look for dips in the atmospheric muon neutrino spectrum.
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Figure 1. The ⌫µ ! ⌫µ (upper panel) and ⌫̄µ ! ⌫̄µ (lower panel) oscillation probabilities as a
function of the neutrino energy for cos ✓z = �0.8. The black thick dashed curve corresponds to
the 3⌫ oscillation, while the red solid curve corresponds to the 3 + 1 model with sin2 ✓14 = 0.02,
sin2 ✓24 = 0.063 and �m

2
41 = 0.32 eV2 (all the other parameters of the 3+1 model are set to zero).

The blue dashed curve indicates the case where the NSI is added on top of the 3 + 1 model, the
(3+1)+NSI scenario, with the parameters fixed to the case (a) shown in Table 1. For completeness,
the case where only the NSI effect is added to the standard 3⌫ oscillation is also shown by the brown
dot-dashed curve. The energy ranges used by the IceCube’s sterile neutrino analysis [8] and the
DeepCore oscillation analysis [24] are indicated by the green and pink shaded regions, respectively.
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Figure 1. The ⌫µ ! ⌫µ (upper panel) and ⌫̄µ ! ⌫̄µ (lower panel) oscillation probabilities as a
function of the neutrino energy for cos ✓z = �0.8. The black thick dashed curve corresponds to
the 3⌫ oscillation, while the red solid curve corresponds to the 3 + 1 model with sin2 ✓14 = 0.02,
sin2 ✓24 = 0.063 and �m

2
41 = 0.32 eV2 (all the other parameters of the 3+1 model are set to zero).

The blue dashed curve indicates the case where the NSI is added on top of the 3 + 1 model, the
(3+1)+NSI scenario, with the parameters fixed to the case (a) shown in Table 1. For completeness,
the case where only the NSI effect is added to the standard 3⌫ oscillation is also shown by the brown
dot-dashed curve. The energy ranges used by the IceCube’s sterile neutrino analysis [8] and the
DeepCore oscillation analysis [24] are indicated by the green and pink shaded regions, respectively.
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List of BSM analyses

7

● Several analyses have been published using this sample: 

- 8 years NSI. 
• arXiv:2201.03566 (2022).

- 8 years Sterile+Decay. 
• arXiv:2110.02351 (2021).

- 8 years Sterile neutrinos. 
• Phys. Rev. Lett. 125, 141801 (2020)
• Phys. Rev. D 102, 052009 (2020).

- 3 years Sterile neutrinos.  
• Phys. Rev. Lett. 117, 071801 (2016).

Alfonso Garcia     |    KITP, 16/03/2021
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Sterile neutrinos
● Minimal extension: 

- Only two free parameters (∆m412 and θ24, θ34=0, θ14=0). 
- Clear shape differences with respect to null hypothesis (SM oscillations).

8

∆m412 = 1.30eV2  
sin(2θ24)2 =0.07



Results
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● Using 8 years of data -> 300k νµ+νµ̅ events!!! 
- Look for a dip in the shaded area.
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How it compares to others?
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● Leading constraints in some regions of the phase space! 
- Best fit point remains stable for different time periods. 
- It lies in a very interesting region of the phase space. 
- Null is rejected at 8% p-value.

arXiv:2005.12943 
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Comparison to global-fit solutions
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IceCube Preliminary IceCube Preliminary

IceCube muon-neutrino disappearance result is in 
a very interesting part of parameter space, but has 

low significance

3σ
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Sterile neutrinos + Decay

● Add additional degrees of freedoms  
- Alleviate tension between νe appearance and νµ disappearance searches.  

● Visible decay: 
- νs→νxɸ 
- Lifetime proportional to g-2 

11
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Figure 3-2: Probabilities, shown as a function of energy, of muon antineutrinos
traversing the diameter of the Earth to (top) survive in the muon flavor and (bot-
tom) transition to the sterile flavor, assuming an unstable sterile neutrino model with
invisible decay and parameters �m2

41 = 1.0 eV2 and sin2 2✓24 = 0.1. The four dif-
ferent colors correspond to four values of the decay-mediating coupling, g2, where
g2 = 0 corresponds to a traditional 3+1 model, i.e. no neutrino decay. At the highest
energies, the survival probability of muon antineutrinos goes to zero because of the
likelihood of interactions within the Earth.
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Figure 3-3: Probabilities, shown as a function of energy, of muon neutrinos traversing
the diameter of the Earth to (top) survive in the muon flavor and (bottom) transition
to the sterile flavor, assuming an unstable sterile neutrino model with invisible decay
and parameters �m2

41 = 1.0 eV2 and sin2 2✓24 = 0.1. The four different colors corre-
spond to four values of the decay-mediating coupling, g2, where g2 = 0 corresponds to
a traditional 3+1 model, i.e. no neutrino decay. At the highest energies, the survival
probability of muon neutrinos goes to zero because of the likelihood of interactions
within the Earth.
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Sterile neutrinos + Decay
● IceCube data ‘prefers’ the 3+1 decay hypothesis.

12

The constraining power of the frequentist and Bayesian analyses on the value of

g2 are compared in Fig. 7-11. The black curve shows the �2�LLH value for each

scanned value of g2, profiling over �m2
41 and sin2 2✓24. This is plotted on the left y-

axis. The red curve shows the profiled value of the log10(Baye’s factor) for each value

of g2, and is plotted on the right y-axis. The two y-axes have a common scale. The

value of �2�LLH for the three-neutrino model is 9.06, the top of the figure, while on

the right hand side, log10(Baye’s factor)= 0 corresponds to the three-neutrino model.

The value of g2 = 0 is rejected with a p-value of 4.9%.
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Figure 7-11: Profiled -2�LLH, plotted on the left y-axis, and log10(Baye’s factor),
plotted on the right y-axis, versus g2. “NBS” means that this analysis did not include
a bedrock systematic uncertainty.
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NC-NSI

● If εµτ>0 we expect less vertically upgoing TeV tracks in IceCube. 
- Effect of other εxx subdominant. 

● Standalone constrain on εµτ using TeV atmospheric muon neutrinos.

13

13

FIG. 5. Summary of the one-by-one constraints at 90% CL
on real NSI nonuniversality and flavor-violation parameters
obtained in this study (labeled as “IC DC 2021”) compared
to previous limits [30, 31, 64, 65, 70–72]. Constraints on the
magnitudes of complex NSI parameters are given for the re-
spective phase restricted to �↵� =0°, 180°. See text for details.

B. Generalized matter potential

Our final fit to data employs the generalized matter
potential that is characterized by the three intrinsic NSI
parameters (✏�, '12, '13). Figure 6 shows the resulting
constraints, by means of the projected one- and two-
dimensional ��

2 profiles. In terms of the five standard
NSI parameters, the indicated best fit, also given in Ta-
ble IV, corresponds to

✏
�
ee � ✏

�
µµ = �0.60 , ✏

�
⌧⌧ � ✏

�
µµ = 0.0020 ,

✏
�
eµ = �0.016 , ✏

�
e⌧ = 0.033 , ✏

�
µ⌧ = �0.0013 .

It is weakly favored over the hypothesis of SI (or flavor-
universal NSI) by ��

2 = 2.2, corresponding to p = 0.1,
cf. Table IV. This difference cannot be directly de-
rived from any of the projections in Fig. 6, as none
of them explicitly show the corresponding grid points
(✏� = ±1, '12 = 0, '13 = 0).

The one-dimensional projections yield the following
90 % confidence intervals (optimized over the two remain-
ing matter potential parameters and all nuisance parame-
ters in each case): �9°  '12  8°, �14°  '13  9°, and
the union of intervals [�1.2, �0.3] [ [0.2, 1.4] for ✏�. The
fact that '12 and '13 are allowed to vary does not have a
significant weakening effect on the bounds on ✏� at 90 %
CL, nor does it change the overall shape of its ��

2 profile
(compare ✏

�
ee � ✏

�
µµ in Fig. 3). The two-dimensional ��

2

projection onto (✏�, '12) demonstrates that |✏�| � 0.05
is excluded at a significance greater than 99.7 % when
|'12| � 10°, for any value of '13. Similarly, the projec-
tion onto (✏�, '13) implies that |✏�| � 0.1 is excluded at
a significance greater than 99.7 % when |'13| � 20°, for
any value of '12. For smaller values of |'12| and |'13|,
no 99.7 % bound on ✏� is obtained.

Conversely, in the projection onto ('12, '13), con-
straints can be set at 90 % CL. However, the maximal
significance of excluding any particular pair of values of
the matter rotation angles cannot exceed the ��

2 value
of the vacuum hypothesis, which renders both parame-
ters unphysical. Combined with the lacking bound on
✏� at the 99.7 % CL this results in the “crosslike” shape
formed by the corresponding contours in the two upper
��

2 projections in Fig. 6.
Finally, we point out that these constraints do not suf-

fer from a loss of generality due to the normal ordering
assumption in the fit, for the reasons given in Sec. II A.

VI. CONCLUSION

We have presented a comprehensive study of nonstan-
dard interactions in the propagation of atmospheric neu-
trinos observed with IceCube DeepCore within the gen-
eral framework of three flavor neutrino oscillations. In-
stead of exclusively focusing on NSI in the µ-⌧ sector,
as was done in our previous analysis [31], we have taken
an extended approach that tests all five effective flavor-
nonuniversal and flavor-violating NSI coupling strengths
for Earth matter individually. In particular, this includes
studies of NSI involving the electron flavor, which are not
common targets of atmospheric neutrino experiments.
All our measurements yield results that are statistically
compatible with SM neutrino interactions, i.e., neutrino
oscillations with standard matter effects.

The sample of 47855 events with reconstructed energies
between 5.6 GeV and 100 GeV was created from three
years of data taken with IceCube DeepCore and contains
significant contributions from the interactions of neutri-
nos and antineutrinos of all flavors. One-by-one NSI pa-
rameter fits to this sample result in limits (quoted at 90 %
CL) of similar power with respect to existing global limits
on the magnitudes of all five NSI parameters observable
by atmospheric neutrino experiments. Those that ap-
ply to µ-⌧ nonuniversality and flavor-violation strengths
are of the order of 10�2 and are as, or more, stringent
than limits obtained with other oscillation experiments or
other IceCube (DeepCore) event samples. Weaker O(1)
constraints apply to e-µ nonuniversality, or, when rein-
terpreted in terms of SM interactions, to the strength of
the Earth’s standard matter potential.

With a separate fit we have investigated a more gen-
eral flavor structure of the Earth’s matter potential, in
a manner similar to recent global NSI fits [30, 33, 34].
The adopted parametrization naturally includes NSI hy-
potheses that lead to cancellations of the induced matter
effects in the survival probabilities of atmospheric muon
neutrinos and antineutrinos. Within this framework, we
have shown that the event sample allows for simultaneous
constraints of the overall strength of the matter potential
and its flavor structure at 90 % CL, whereas no constraint
emerges at 99.7 % CL.

Because of the vanishing momentum transfer in the
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We report a search for nonstandard neutrino interactions (NSI) using eight years of TeV-scale at-
mospheric muon neutrino data from the IceCube Neutrino Observatory. By reconstructing incident
energies and zenith angles for atmospheric neutrino events, this analysis presents unified confidence
intervals for the NSI parameter ✏µ⌧ . The best-fit value is consistent with no NSI at a p-value of
25.2%. With a 90% confidence interval of �0.0041  ✏µ⌧  0.0031 along the real axis and similar
strength in the complex plane, this result is the strongest constraint on any NSI parameter from
any oscillation channel to date.

INTRODUCTION

The oscillation of neutrinos is a phenomenon indicat-
ing mechanisms beyond the boundaries of the Standard
Model (SM) of particle physics. Experiments have mea-
sured the mixing parameters of neutrino states to excel-
lent precision and confirm that at least two states have
non-zero mass [1–4]. Neutrino masses are orders of mag-
nitude lighter than the other SM fermion masses, fur-
ther suggesting the existence of beyond-Standard-Model
(BSM) physics [5, 6].

When the SM is treated as an effective field theory,
neutrino masses can be introduced through the addition
of a dimension-5 operator to the SM Lagrangian, with
further BSM physics expected through the addition of
dimension-6 operators required for renormalizability [7–
10]. One class of these dimension-6 operators introduces
neutrino non-standard interactions (NSI), which are com-
prised of new neutral-current (NC) and charged-current
(CC) neutrino interactions with charged fermions [11–
15].

This paper presents IceCube’s latest constraints on
the NC NSI parameter ✏µ⌧ using eight years of muon-
neutrino-1induced up-going track data2, with the highest
range of event energies (500 GeV to ⇠10 TeV) employed
for an NSI analysis to date. A likelihood analysis is per-
formed on the binned neutrino event counts to search for
evidence of NSI via modified coherent forward scattering.
The analysis uses the same sample of neutrino events and

1
“Neutrinos” refers to both neutrinos and antineutrinos unless oth-

erwise stated.
2

The ⌫µ purity of this sample, determined from simulated neu-

trino and cosmic ray event simulation, is > 99.9% [16].

techniques as used in the recent IceCube search for sterile
neutrinos through ⌫µ disappearance, which is described
in detail in Refs. [16, 17].

FIG. 1. Muon neutrino oscillogram. Probability ratio of
NSI-modified oscillations to the SM prediction for the atmo-
spheric flux with ✏µ⌧ = 0.0031, the 90% CL bound on positive
Re(✏µ⌧ ). Effects include flux disappearance at energies of 1
TeV and above for events crossing the largest Earth baselines
( cos(✓) = �1) and mild flux enhancement at ⇠ 100 GeV.
Note that the neutrino true energy range corresponds to the
stated muon proxy energy range, and that the maximum dis-
appearance for this value of ✏µ⌧ is ⇠ 3.4%.

NEUTRINO OSCILLATIONS IN EARTH WITH
NONSTANDARD INTERACTIONS

Neutrino oscillations in matter are influenced by both
material density and composition [8–10, 18, 19]. For SM

DeepCore
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NC-NSI
● World leading constraints in εµτ. 

● Results are consistent with no NSI at a p-value of 25.2%.
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FIG. 3. Complex result. Confidence level regions for com-
plex ✏µ⌧ in blue-shaded regions, with the analysis 90% CL
sensitivity in green and the red cross marking the data best-
fit.

RESULTS

The analysis best-fit point on the real axis is ✏µ⌧ =
�0.0029. The strongest nuisance parameter pull is the
cosmic ray spectral index, with a shift of 0.066 (2.2�),
while all other systematic uncertainty best-fit values are
within 1� of their central values. Fig. 2 displays the test
statistic profile for the data and the corresponding CL
regions in the top panel, followed by a comparison of
90% CL limits derived from other measurements in the
bottom panel. The analysis limits and sensitivities are a
factor of ⇠ 2 improvement beyond the leading constraints
from Ref. [25].

In Fig. 3 are the CL regions (68%, 90%, and 95%)
in complex ✏µ⌧ space. Fig. 4 compares the analysis re-
sult and sensitivity to the next-leading complex ✏µ⌧ limits
from [23], demonstrating an improvement by a factor of
⇠ 4. The result is found to be consistent with expected
experimental sensitivity. The best-fit LLH is found to
be -0.68 standard deviations from the distribution mean,
which is consistent with no NSI at a p-value of 25.2%
derived from 1000 trial pseudo-experiments. The best-fit
✏µ⌧ was also consistent with the recovered pseudoexper-
iment best-fit locations when a non-NSI hypothesis was
assumed.

To conclude, 305,735 up-going muon-neutrino tracks
from 500 GeV to 9976 GeV detected by the IceCube
Neutrino Observatory have been analyzed to search for
evidence of ✏µ⌧ NSI. The best-fit point value is consis-
tent with the no-NSI hypothesis at a p-value of 25.2%.

FIG. 4. Global comparison. Comparison of the analysis
90% CL sensitivity and result to the DeepCore 3-year, 5.6-
100 GeV result [23]. Green and yellow regions represent 90%
CL sensitivity envelopes of symmetrically-counted 68% and
95% (respectively) regions calculated from 1,000 pseudoex-
periment trials.

The 90% CL limits on real-only ✏µ⌧ are �0.0041 < ✏µ⌧ <

0.0031, representing the strongest constraints on any NSI
parameter in any oscillation channel to date.
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FIG. 2. Real-only result. Top: The �2�LLH profile from
the fit to data. Blue-shaded regions correspond to the the CL
regions determined from the �2�LLH values. Bottom: Com-
parison of the 90% CL limits from this analysis to IceCube’s
previous real-only ✏µ⌧ search [25] and the Super-Kamiokande
experiment’s inaugural constraints [58].

found to be negligible [16, 17]. Lastly, the total conven-
tional atmospheric ⌫µ and ⌫µ flux has an overall normal-
ization uncertainty [41] quantified by the �conv parame-
ter.

The astrophysical neutrino spectrum uncertainties are
quantified through the normalization (�astro) and spec-
tral index (��astro) nuisance parameters with correlated
Gaussian priors informed by a confidence region encom-
passing recent IceCube astrophysical flux measurements
[51–56], modeled with a ⌫µ : ⌫µ ratio of 1 : 1 assuming a
single-power energy law [16, 17].

The optical properties of the bulk glacial ice result from
depth-dependent impurity concentrations. To minimize
the number of relevant parameters and their uncertain-
ties, the absorption and scattering coefficients collected
for each 10 m layer are reparameterized into a Fourier
series up to a finite cutoff, with modes ordered from the
greatest to weakest effects on the propagation of light in
the glacial ice. The SnowStorm software implements an
efficient method of sampling the Fourier parameter space
by perturbing a single central MC set rather than gener-
ating multiple MC sets [57]. Two energy-dependent ba-
sis functions are inferred from correlations between per-
turbed modes, and the amplitudes of these functions ul-
timately serve as the nuisance parameters for the bulk
ice uncertainties. These nuisance parameters have a bi-
variate Gaussian prior.

After deployment, the water in the sensor borehole

refreezes with optical impurities inhomogeneously dis-
tributed relative to the DOM axis, termed "hole ice" [59].
The consequence of hole ice is the effect on the angular
sensitivity in photon detection. A two-parameter model
of the hole ice was tested by Refs. [16, 17] and only one
parameter (p2) was found to have a significant contribu-
tion to the uncertainty such that variations in p2 cover
any effects seen in shifts of the negligible parameter (p1).

The uncertainties associated with the effective sensi-
tivity of DOMs to photons after deployment are charac-
terized by the DOM efficiency nuisance parameter. Fac-
tors contributing to the efficiency include those internal
to the DOM, such as the photocathode efficiency and
wavelength acceptance, and factors external to the DOM,
including the aforementioned hole ice and sensor cable
shadow [16, 17].

The neutrino cross-section determines both the rate of
neutrino absorption in Earth [60, 61] and of observable
interactions [62, 63]. Uncertainties regarding neutrino
interactions at the detector were found by Refs. [64, 65]
to be negligible while the uncertainties of the neutrino
cross-sections on in-Earth absorption are parameterized
through linearly scaling cross-sections �⌫µ and �⌫µ . The
corresponding priors are fixed at the largest uncertainties
found within the sample energy range [63].

The scale of impact of various classes of system-
atic uncertainty was determined by calculating the 90%
CL sensitivity when selected nuisance parameters were
fixed while the others were fit freely. For these tests,
the “Asimov” [66] sensitivity was employed, following
its validation against the true median sensitivity from
1,000 pseudoexperiments. The most illustrative test
fixed categories of parameters organized into three types:
hadronic6, cosmic7, and detector8. Fixed cosmic nui-
sance parameters resulted in a ⇠ �0.82% relative change
in |✏µ⌧ |, while fixed hadronic parameters have a relative
change of ⇠ �1.63%. Lastly, the largest uncertainty con-
tribution is from the detector parameters, which have a
⇠ �9.80% relative change from the central sensitivity
radius.

For a review of the systematic uncertainties treated in
this analysis, see Ref. [17], with a complete description
in Ref. [16]. The prior and posterior widths for the nui-
sance parameters at the analysis best-fit are listed in the
supplementary materials on Table I.

6
W/Y/Z parameters (from Ref.[48]), atmospheric density, �conv,

��conv
7 �astro, ��astro
8

DOM efficiency, Ice Gradient 0 and Ice Gradient 1 (SnowStorm),

p2 (column ice)
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● Non-zero θ24 and θ34 parameter: 
- Widens the resonance disappearance.  
- Increment of upgoing TeV cascades (ντ). 
- Can probe BEST regions if θ24>0.
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2

accompany ⌫µ disappearance within the IceCube allowed
region for �m

2
41 and ✓24, for values of ✓34 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 ⌫e 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 ⌫µ 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 ⌫µ disappearance are con-
sidered track-like only, since the only available signature
under the previous mixing assumptions ✓14 = ✓34 = 0 is
⌫µ ! ⌫s disappearance. In similar models with both non-
zero ✓24 and ✓34, however, resonant ⌫µ ! ⌫⌧ oscillations
lead to a strong appearance signature of ⌫⌧ as shown in
Figure 1. While some of the ⌫⌧ will produce ⌧

± that
decay leptonically to produce additional tracks, damp-
ening the ⌫µ disappearance signature, most charged cur-
rent ⌫⌧ and ⌫̄⌧ interactions will produce localized energy
deposits that will be reconstructed as single cascades at
these energies [18]. As in the ⌫µ ! ⌫s 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 �m

2
41 value.

Since this matter e↵ect 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 ⌫µ ! ⌫⌧

and ⌫̄µ ! ⌫̄⌧ are shown separately in Figure 2.

For zero ✓24 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 ⌫⌧ appearance, regardless
of the value of ✓34. However, recent IceCube results fa-
vor a non-zero value for sin2(2✓24) of around 0.1, and
assuming ⌫µ/⌫4 mixing at this level, the observable ⌫⌧

appearance will depend strongly on the value of ✓34. At
the smallest values of ✓34 (✓34 . 0.1), ⌫µ ! ⌫s oscil-

FIG. 1. Transition probabilities P (⌫̄µ ! ⌫̄↵) for ⌫̄e (top),
⌫̄µ (middle), and ⌫̄⌧ (bottom) for a sterile neutrino flux with
sin2(2✓24) = 0.1, sin2(2✓34) = 0.2, and �m2

41 = 4.5 eV2.
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 (Etrue

⌫ ) and the cosine of the angle mea-
sured from an upwards direction, towards the neutrino’s ori-
gin.

lations dominate over ⌫µ ! ⌫⌧ appearance from stan-
dard oscillations, and ⌫µ disappearance is the only visi-
ble signature. For values of ✓34 larger than this thresh-
old, the ⌫µ ! ⌫⌧ oscillations begin to dominate and ⌫⌧

appearance manifests, leading to the appearance signa-
ture shown in Figure 1 (bottom). Increasing �m

2
41 has
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FIG. 7. The 2 DOF, 90% C.L. sensitivity to the ✓24 and
✓34 neutrino mixing parameters from this work with �m2

41 =
1 eV2 for this work, IceCube’s DeepCore [9], and Super-
Kamiokande [21]. The sensitivity through cascades is shown
in the solid contour, and the joint track-cascade contour is
dashed.

Using the methods described in Section III, we calcu-
late expected cascade rates in IceCube at combinations
of ✓24, ✓34, and �m

2
41. The e↵ects of ✓14 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
a↵ected 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 �m

2
41 = 1 eV2; sensi-

tivities at other values of �m
2
41 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 ✓24 and ✓34 are large; here, the
transition probability P (⌫µ ! ⌫⌧ ) is maximized.

Meanwhile, in regions where |U⌧4|2 is small, ⌫µ dis-
appearance is most significant in a signal similar to
Refs. [12, 13], but as ⌫µ cascades. A small increase to

|U⌧4|2 can then lead to competing ⌫⌧ appearance and
⌫µ disappearance, and so for small values of �m

2
41, this

leads to a reduction of sensitivity. Since ⌫µ events over-
whelmingly lead to cascades while ⌫⌧ often cause tracks,
at higher |Uµ4|2 the ⌫⌧ appearance begins to dominate
and sensitivity improves. Finally, since tau appearance
follows a ⌫µ ! ⌫s ! ⌫⌧ appearance channel, a non-zero

|Uµ4|2 is needed to for any sensitivity; this causes a lower

bound on the |Uµ4|2 sensitivity.

FIG. 8. Cross-sections of the 3 DOF, 90% C.L. sensivitivy sur-
face to ✓24, ✓34, and �m2

41. The sensitivity through cascades
is shown in the solid contour, and the joint track-cascade con-
tour is dashed.

C. Joint Sensitivity for ⌫µ disappearance and ⌫⌧
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 e↵ect. 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 VB 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 ✓24 and ✓34. In Figure 9
we show the result obtained by injecting a signal with
sin2(2✓24) = 0.1, sin2(2✓34) = 0.2 and �m

2
41 = 4.64 eV2

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 �m

2
41 at several benchmark points, and pro-

vide contours at 90% CL calculated using �
2 assuming

that the test statistic, TS, satisfies Wilk’s theorem and is
distributed with a �

2 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.



Prospects
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● New event selection and reconstruction undergoing. 
- Simple cuts -> MVA. 
- Likelihood reconstruction -> DNN. 
- Upgoing tracks -> Starting + Through going tracks

Alfonso Garcia     |    KITP, 16/03/2021

Through-goingStarting



Conclusions
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● Neutrino telescopes offer a rich program for BSM searches. 
●  TeV atmospheric neutrinos have become one of the main probes to study hot topics 

in the BSM community: 
- Non standard interactions. 

- Sterile neutrinos. 
● World leading constraints in some of these analysis. 

- Expect to further improve them in the upcoming years.
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