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We report constraints on nonstandard neutrino interactions (NSI) from the observation of atmospheric
neutrinos with IceCube, limiting all individual coupling strengths from a single dataset. Furthermore,
IceCube is the first experiment to constrain flavor-violating and nonuniversal couplings simultaneously.
Hypothetical NSI are generically expected to arise due to the exchange of a new heavy mediator particle.
Neutrinos propagating in matter scatter off fermions in the forward direction with negligible momentum
transfer. Hence the study of the matter effect on neutrinos propagating in the Earth is sensitive to NSI
independently of the energy scale of new physics. We present constraints on NSI obtained with an all-flavor
event sample of atmospheric neutrinos based on three years of IceCube DeepCore data. The analysis uses
neutrinos arriving from all directions, with reconstructed energies between 5.6 GeV and 100 GeV. We
report constraints on the individual NSI coupling strengths considered singly, allowing for complex phases
in the case of flavor-violating couplings. This demonstrates that IceCube is sensitive to the full NSI flavor
structure at a level competitive with limits from the global analysis of all other experiments. In addition, we
investigate a generalized matter potential, whose overall scale and flavor structure are also constrained.

DOI: 10.1103/PhysRevD.104.072006

I. INTRODUCTION

The collective evidence for flavor transitions of neutrinos
propagating in vacuum and various types of matter con-
clusively demonstrates that at least two of the three known
active neutrinos have mass [1-4]. Since these transitions
typically exhibit an oscillatory pattern in the ratio of
neutrino propagation distance to energy, they are also
referred to as “neutrino oscillations” [5,6]. Since the
neutrino mass scale is many orders of magnitude smaller
than that of charged fermions, qualitatively different
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mechanisms for generating neutrino masses than in the
Standard Model (SM) have been proposed [7].

Neutrino mass can be parametrized by viewing the SM
as an effective theory [8], resulting from new physics
beyond the SM (BSM) at some characteristic energy scale
A (typically above the energy scale of electroweak sym-
metry breaking; see reviews in Refs. [9,10]). The SM
Lagrangian is then extended by nonrenormalizable oper-
ators of increasing energy dimension [11], with BSM
neutrino interactions expected to arise at dimension six
[12,13] in a variety of models [14-18]. Nonstandard
neutrino interactions (NSI) are commonly understood to
constitute the subset of neutral current (NC) and charged
current (CC) operators that involve left-chiral neutrinos
and both left- and right-chiral charged fermions (for a
recent review, see [19]), with the following effective
Lagrangians [20-24]:

L1 = —2\/§GF€£/}C(V_(1}’”PLV/})(fV”Pcf)’ (1)

LS = ~2V2G el (Cor Prvy) (P Pef).  (2)
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Here, sums over the leptonic flavor indices a, f = e, u, 7 as
well as the charged fermion type f # f’ and chirality
C = L, R are implied, with P denoting the chiral projector.
In ordinary matter, f, /' = e, u, d indicate charged leptons

and quarks of the first generation. The coefficients e{lg and

€££’c are the effective NC and CC NSI coupling strengths,
respectively, normalized to Fermi’s coupling constant
Gr [25]. Hence, the SM is recovered in the limit
€45 — 0. The only NSI coupling strengths relevant to
neutrinos propagating in matter with negligible incoherent
interactions are given by

L R
egﬂ = 6‘2/3 + €£/3. (3)

NSI couplings with a # f represent new sources of flavor
violation (FV), whereas those with @ = f accommodate
new flavor-diagonal interactions, which could give rise to
flavor nonuniversality (NU).

What sets neutrino oscillation experiments apart from
other experiments is their unique capability to probe BSM
scenarios responsible for NSI independently of the new
physics energy scale A [19]. Detailed global analyses of
available neutrino oscillation data (e.g., [26-29]) allowing
for NSI have so far shown no statistically significant
evidence for BSM interactions and have thus been used
to place limits on NSI in a model-independent manner [30].
Coupling strengths up to € ~ O(0.1) at a 90% confidence
level continue to be allowed.

In this paper, we present a new search for NC NSI
using atmospheric neutrinos’ interacting in the IceCube
DeepCore detector. Matter effects are expected for these
neutrino trajectories, since their oscillation baselines range
up to the order of the diameter of the Earth. Compared to
our previous study [31], the present analysis is based on an
extended event selection that includes neutrinos of all
flavors, with reconstructed energies reaching up to
100 GeV. To obtain a high purity sample, the overwhelming
background of atmospheric muons is reduced by approx-
imately eight orders of magnitude through a series of
containment and quality selection criteria [32].
Furthermore, whereas our earlier analysis constrained
real-valued flavor-violating NSI in the p-7 sector via the
disappearance of atmospheric muon neutrinos, we now
constrain multiple, potentially complex-valued, NSI cou-
plings, each through its simultaneous effects in all oscil-
lation channels. In addition, we test a more general NSI
flavor structure within a CP-conserving framework,
proceeding in close analogy to the analysis of atmospheric
and long-baseline accelerator neutrino experiments in
recent global NSI fits [30,33,34]. In a rigorous statistical

1 . . . .
We denote both neutrinos and antineutrinos as ‘“neutrinos,”
unless a distinction is necessary.

approach, NSI hypotheses are tested by comparing
Monte Carlo (MC) expectation to observation.

II. NEUTRINO FLAVOR TRANSITIONS
IN EARTH MATTER WITH NONSTANDARD
INTERACTIONS

A. Evolution equation

While the flavor evolution of ultrarelativistic neutrinos
in vacuum depends solely on neutrino energy, mass-
squared differences and the leptonic mixing matrix
[5,6,35,36], evolution in matter introduces a potential
position dependence [37,38]. The energy-independent
interaction Hamiltonian® is identified with the matrix of
effective neutrino potentials for coherent forward scattering
in the flavor basis. For SM interactions in an unpolarized
medium, the interaction Hamiltonian is

1
Hiny(x) = V(x) = Vee(x) | 0 4)
0

[N el -]
o O O

with the standard matter potential Ve (x) = v2GpN,(x)
[39,40], where N, (x) is the local electron number density.
This potential is responsible for the matter effects on
neutrino propagation in the Sun and the Earth: the
Mikheyev-Smirnov-Wolfenstein (MSW) effect and reso-
nance [20,42] and, in the case of the Earth, parametric
enhancement [43-45]. See, e.g., [46] for a review.

NSI contributions lead to a straightforward generaliza-
tion of Eq. (4). Accounting for the hermiticity of the
Hamiltonian, H, can be well approximated by

1+e8 -ed €8 €®
_ @ (]
Hmat(x) - VCC (X) eelt* 0 em 5
€% A

(5)

where a term proportional to €, - T was subtracted to reduce
the dimensionality without observable consequences. This
interaction Hamiltonian makes use of the constant effective
NSI couplings,

oy~ eop ey + YPens, (6)

to electrons, protons and neutrons (e, p, n) in Earth
matter, the latter including the nearly constant relative

*While for neutrinos, the overall evolution is governed by the
sum of the vacuum and matter Hamiltonian H,(x) = [H .+
H . (x)], the evolution of antineutrinos follows Hpy(x) =
[Hvac - Hmat(x)]* [33].

The corresponding Hamiltonian can be cast into the necessary
NC form by means of a Fierz transformation [41].
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neutron-to-electron number density of the Earth, Y9 =
(N,(x)/N,(x)) ~ 1.051 [30]. The Hamiltonian is described
by eight real NSI parameters (five amplitudes and three
phases):

€@ — €S, =Re{eg, — €8, (a €e,1), (7)
eGlew = €3 (a#p). (8)

This will in the following be referred to as “standard
parametrization.”

B. Generalized matter potential

In addition to the above description of NSI, our analysis
is carried out in the alternative parametrization [33,47]

Hmat (x) = Qrel UmatDmat (x) U;(nat Q:-Lel ’ (9)

with the three matrices on the right side defined as [30]

Dyt (x) = Ve (x)diag(eg, €5, 0), (10)
Una = R12(¢12)R13((P13)R23((/’23, 5NS)v (11)
0, = diag(ei®, i@ e~ilaita)), (12)

Here R(¢,) and Ri3(¢p3) correspond to real rotations
through the angles ¢, and @5 in the 1-2 and 1-3 planes,
respectively, whereas R,;(¢3,0xs) denotes a complex
rotation through the angle ¢,3; and the phase Jyg.

Since IceCube DeepCore is sensitive mainly to muon
neutrino disappearance and existing data from atmospheric
neutrino experiments has little sensitivity to CP-violating
effects [30], the dimensionality of this parametrization can
be reduced while approximately retaining model independ-
ence. We set eg =0 [48,49], set the phases a;, =0,
and disregard ¢,3 and dyg as unphysical [33,34] (see the
Appendix A for a complete justification). As a result, H
is real-valued and has three free parameters:

€D, P12, P13- (13)

Any given point in the three-dimensional parameter space
of this “generalized matter potential” (GMP) uniquely
corresponds to a point in the standard parametrization
described in Sec. II A. When the vacuum Hamiltonian H .
is included in the CP-conserving framework by setting
Ocp = 0, we can retain the usual minimal parameter ranges
for the standard Pontecorvo-Maki-Nakagawa-Sakata
(PMNS) [5,35] mixing parameters and neutrino mass-
squared differences [50] by choosing the ranges of the
matter potential rotation angles as -7/2 < ¢;; < /2.
Due to the generalized mass ordering degeneracy
explained in detail in Appendix A, when H, is only
described by (eg.®2.¢13), it is sufficient to restrict
Am3, (32) > 0 and test both signs of eg. The two choices

(eg = £1, 91, =0,¢13 =0) correspond to neutrino
propagation with SM interactions given the normal neu-
trino mass ordering (“+”) and the inverted neutrino mass
ordering (“—"), respectively.

C. NSI effects on the oscillation probability

In our calculation we assume an atmospheric neutrino
production height of & =20 km above the surface [51].
The zenith angle 9 then geometrically fixes the oscillation
baseline [52] ranging from “upgoing,” Earth-crossing
(cosd = —1, d~ 1.3e4 km) trajectories to “downgoing”
(cosd =1, d =20 km) trajectories.

We approximate the Earth’s matter density profile
using twelve concentric uniform-density layers adopted
from the preliminary reference Earth model (PREM) [53],
with matter densities between about 3 g/cm® and
13 g/cm?. We take the relative electron-to-nucleon num-
ber density Y$ = 0.466 for the Earth’s inner and outer
core; for the mantle we choose Y”' = 0.496. The (nomi-
nal) values for the PMNS mixing parameters and the
neutrino mass-squared differences are taken from a global
fit to neutrino oscillation data [54,55], except for 6-p = 0,
to which the analysis is insensitive.

In Fig. 1 the oscillation probability P,. is shown for three
different NSI parameters as a function of the neutrino
energy 2 GeV < E, < 1000 GeV for an inclined trajectory
that only crosses the Earth’s mantle. The chosen zenith
angle of cos(9) =—0.75 corresponds to a baseline
L ~9.6e3 km. We show the corresponding standard inter-
actions (SI) oscillation probability as a reference in each
figure. Approximations employed in the discussions below
are just for illustrative purposes. All oscillation probabil-
ities underlying the analysis in this paper are obtained by
solving the full three-neutrino evolution equation [56].

The top panel of Fig. 1 shows the oscillation probability
P, that results from varying the GMP parameter eg
while restricting the matter potential to the ee matrix
element, ie., ¢;; =0. All of the cases correspond to a
rescaling of the SM matter potential by the factor
Vee(x) = V'(x) =egVec(x) = (1+€& —€f,)Vee(x).

The center and bottom panels of Fig. 1 show P,, when
the only source of NSI is € —¢®, and €%, respectively,
in the latter assuming a real-valued NSI coupling for
simplicity. For the more general case of complex-valued
ef?,, cf. Eq. (8), the value of the complex phase §,, affects the
impact of the magnitude \efm on the oscillation probabilities
in the p-7 sector. For example, their leading-order perturba-
tive expansions [57] reveal that a purely imaginary coupling
€® = i|e%] (corresponding to &,, = 90°,270°) is expected
to result in less sensitivity at the probability level.

All oscillation probabilities P4 that are not given in
Fig. 1 show similar or subdominant effects and can be
found in Appendix B alongside a more detailed phenom-
enological discussion.
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FIG. 1. P, oscillation probability of atmospheric neutrinos
crossing the Earth at a zenith angle of cos(9) = —0.75 vs the
neutrino energy E,. Shown are different realizations of three NSI
parameters, each varied separately. These exhibit the most
prominent features and discrepancies from the SM interactions
(SI) case, taking into account the different importance of
individual channels. In each panel, the SI case is represented
by the black line. Blue dashed lines show the probabilities
obtained for negative parameter values, while the red dashed lines
are for positive values. Darker colors represent larger absolute
values of the respective NSI parameter. Top panel: The effective
matter potential eg of the GMP parametrization (cf. Sec. II B)
with =5 < eg < 5, restricting the matter potential to the ee matrix
element, yielding eg = 1 + €& —€®,. Apart from the SI case
(eg = 1), the no interactions case (vacuum, eg = 0) is high-
lighted as a dashed green line. The blue lines denoting negative
values are mostly covered by the dark red lines. Center panel: The
NSI nonuniversality strength € — €®, with —0.20 <@ — €%, <
0.20. Bottom panel: The NSI coupling strength ej‘?,, with —0.05 <
€® <0.05 and §,, = 0°.

III. EVENT SELECTION WITH
ICECUBE DEEPCORE

The in-ice array of the IceCube Neutrino Observatory,
located at the Geographic South Pole, consists of 5160

individual photosensors. These form a cubic-kilometer-
volume detector for Cherenkov emission of charged particles
propagating through the Antarctic ice shield [58], allowing
for the detection of neutrino interactions. The subarray at the
center of IceCube, DeepCore, has an effective mass of
approximately 10 Mton and is instrumented approximately
five times more densely with respect to the standard IceCube
array in order to lower IceCube’s neutrino detection energy
threshold to a few GeV [59]. In event topologies, we
differentiate between “tracklike” extended light depositions
along muon trajectories caused by v, CC events and other,
“cascadelike” events that predominantly consist of electro-
magnetic and hadronic showers.

The sample of events used in this work was collected in
IceCube-DeepCore between April 2012 and May 2015.
The event selection criteria only differ at the final
selection level from those previously presented in
[60,32] (sample “B” therein). Starting from triggered
events passing the DeepCore online filter [59], the
selection applies coincidence and containment criteria,
using the surrounding IceCube modules as active veto.
This reduces both the rates of atmospheric 4 and noise
events by approximately eight orders of magnitude,
leading to a sample with a purity of approximately
95% in atmospheric neutrinos and antineutrinos. To
enhance sensitivity to NSI effects, we do not impose
containment of the reconstructed stopping position of the
event, and we keep all events whose reconstructed energy
lies below 100 GeV while adopting the same lower bound
of 5.6 GeV as previous analyses. All reconstructed zenith
angles are accepted. We observe 47855 events in the
sample, corresponding to an increase of ~15% compared
to sample “B.” We employ identical methods as therein
for obtaining the expected event distribution in all
observable parameters from simulation, including
detailed models of photon generation and propagation.
The expected sample composition according to reaction
channels at the best fit point within one of our NSI
hypotheses is shown in Table I, split up into the “cascade-
like” and “tracklike” morphological categories that also
constitute a binning dimension of the event histograms
(cf. Sec. IV B). For each event type, neutrinos dominate
in the sample by a factor of about two to three times over
antineutrinos, predominantly due to their larger cross
sections [51]. Furthermore, muon neutrinos contribute a
significantly higher fraction of events (CC: ~60%) than
do electron neutrinos (CC: ~23%) or, in particular, tau
neutrinos (CC: ~3%). Separation into “tracklike” and
“cascadelike” events is based on the likelihood ratio
obtained by reconstructing each event under two hypoth-
eses: That of a cascade and track, expected for v, CC
interactions, and that of a single cascade, expected for all
other interactions. The distribution of selected events in
energy, direction and morphological category is shown in
Fig. 2 (Sec. V).
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TABLE 1. Expected number of events for the best fit to data
within the hypothesis of the generalized matter potential. The
simulated events are broken down into all event types, including
atmospheric y*s. The numbers are split up into the “cascadelike”
and “tracklike” event classification categories. The statistical
uncertainties originate from limited simulation statistics.

Event type Cascadelike Tracklike
v, CC 5756 £ 20 1799 + 11
v, CC 2481 £ 13 765 +7
v, CC 9811 £ 27 9429 £ 27
y, CC 4328 + 18 4935 + 20
v, CC 835+7 317+ 4
v, CC 374 £5 144 £3
v, NC 465 £ 6 141+3
v, NC 135£3 43 £2
v, NC 1731 £ 11 569 +7
v, NC 584 +£7 193 +4
v, NC 342 +4 104 +3
v, NC 93+2 31+1
Background (u%) 1187 +£ 37 1353 + 38
Total predicted 28123 £+ 57 19823 + 53
Total observed 28202 19653

IV. ANALYSIS
A. NSI hypotheses

The IceCube DeepCore event sample introduced in
Sec. III is interpreted assuming Schrédinger-like evolution
of three active neutrinos and six different matter
Hamiltonians. Each represents a distinct NSI hypothesis,
as summarized in Table II.

The five phenomenological NSI parameters defined in
Egs. (7) and (8) are assumed to be nonzero “one-by-one”
with the four remaining parameters fixed to zero in each
case. Here we follow the convention in the literature of
constraining NSI coupling strengths by allowing only one
to be nonzero at a time [19]. This method is necessarily
model dependent; the most generally applicable con-
straints result from accounting for the correlations
between all couplings. These correlations can lead to
partial cancellations and thereby to weakened constraints
compared to those resulting from assuming one coupling
at a time [48]. Nevertheless, we take this approach in the
first part of this NSI search, not least because there are
several theoretical NSI models that accommodate the
possibility of the existence of only a single or a small
number of sizable coupling strengths relevant to neutrino
propagation [17,61,62]. Unlike this work, none of the
previous analyses using IceCube data [31,63-65] have
performed measurements of e-y nonuniversality or of
complex couplings.

Testing the generalized matter potential in Eq. (9) with
three nonzero parameters eg, @, and @3 has a reduced
model dependence compared to the one-by-one fits.

TABLE II. NSI hypotheses studied in this analysis of the
IceCube DeepCore event sample detailed in Sec. III. While
the first two hypotheses allow only for lepton flavor nonun-
iversality, the following three allow only for lepton flavor
violation. The last one, based on the generalized matter potential
parametrization of the matter Hamiltonian in Eq. (9), places less
restrictions on the NSI flavor structure.

Hypothesis Parameters Sampling grid

e-u NU €@ — € [-5,5]

u-t NU €@ — €, [-0.10,0.10]

e-i FV CAN [0,0.30] x [0°,360°]
e-t FV l€®], 5., [0,0.35] x [0°,360°]
u-t FV €], 8, [0,0.07] x [0°, 360°]
GMP €p> P12, P13 [-10, 10] x [-90°, 90°)?

Moreover, probing all dimensions of this parameter space
simultaneously is computationally feasible within our
frequentist statistical framework due to the reduced
dimensionality with respect to the parametrization in
Egs. (7) and (8).

B. Statistical approach

We perform a y? fit to a histogram of the observed

events, binned in the reconstructed ‘v’ energy E,, cosine-
zenith cos(9,..,), and event type. For E. ., we employ
eight bins covering the range from 10°7 = 5.6 GeV to
1017 =56.2 GeV that are uniformly spaced in
logg (Ereco/GeV), extended by one bin reaching up to
100 GeV. For cos(8eco ), We divide the range from —1 to 1
into eight uniformly spaced bins. The third histogram
dimension is divided into the two flavor classification
categories introduced in Sec. III, namely cascadelike and
tracklike events. In total, there are Ny, =9 X8 x2 =
144 bins.

Each hypothesis from Sec. IVA is fit to the three-
dimensional event histogram through the minimization of a
modified Pearson’s y? function defined as in [32,60] (see
Appendix C for more detail). All fits are performed by
finding the global y?> minimum 2. =miny? in the
multidimensional space of NSI and nuisance parameters.
The d = 1, 2, 3-dimensional space defined by the respec-
tive NSI parameters4 is furthermore mapped-out using a
dense grid of the same dimension, consisting of N, points
{g}i-1...v, €CY. From the difference between the y*

values resulting from minimizing with NSI parameter
values fixed to the single grid points, {y2. (€:)}i=i. v

9

and the global y2. . Ay? profiles are obtained.

“With d = 1 for flavor-diagonal parameters, d = 2 for flavor-
violating complex parameters, and d =3 for the GMP para-
metrization.
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The sampling grids for all six hypotheses are specified in
Table II. In each case, the number of points N g is of the
order of 10%.

Due to the computational infeasibility’ of a Feldman-
Cousins approach [66], we derive d-dimensional frequent-
ist confidence regions by applying Wilks’ theorem to a
given Ay? profile, i.e., by assuming that it behaves as a >
distribution with d degrees of freedom [67]. In the case
d =1, these confidence regions correspond to confidence
intervals on the sampled NSI parameters. When d = 2 or
d = 3, we determine the confidence regions and intervals in
all d = 1 and d = 2 parameter subsets from the projections
of the original, higher-dimensional Ay? profile.

In order to prevent the lower-dimensional projections
from getting biased due to the discrete nature of the samples
in the NSI parameters to be optimized, the following
routine is employed. For each point in the NSI parameters
onto which the high-dimensional Ay? profile is to be
projected, we search for local minima on the (one- or
two-dimensional) grid spanning the space of NSI param-
eters that have to be optimized. Each local minimum that is
detected is used as a seed for an additional local mini-
mization process. The best fit among the set of minimiza-
tion outcomes is recorded and employed in the projection.

C. Nuisance parameters

A total of 15 nuisance parameters are optimized in
addition to each considered set of NSI parameters. This
implies that the y? is a function of between 16 and 18 fit
parameters, depending on the fit hypothesis. Table III gives
a list of the nuisance parameters found to be relevant
throughout MC studies, grouped according to their origin.
Each parameter is specified together with its prior con-
straints, where applicable, as well as its allowed fit range.
Both the choice of prior and fit range include our under-
standing of the behavior of the respective parameter. In
addition, the fit ranges are restricted to avoid unphysical
parameter space.

We account for seven uncertainties related to the intrinsic
flux of atmospheric neutrinos and their detection cross
sections, where the unconstrained effective livetime repre-
sents several uncertainties related to the overall normali-
zation of the observed event count.

Of the six vacuum Hamiltonian parameters, we only let
053 and Am3, vary, without imposing any prior constraints.
The remaining parameters have small impact on the event
sample under study and are fixed to 6, = 33.62°
013 = 8.54°, Am3, =7.40x 107> eV? [54,55], and 5¢p = 0.

The detector related uncertainties include optical proper-
ties of the deep glacial ice and the photosensors’ efficiency

>The total computational cost of this exceeds the available
resources by approximately one order of magnitude, driven by the
large number of hypotheses and complex minimization.

TABLE III. Nuisance parameters employed by all NSI fits, as
well as their associated Gaussian priors and fit ranges. For a given
parameter with a prior, the range is specified as a number of
standard deviations (¢) from the prior’s nominal value. See text
for the interpretation of all parameters.

Parameter Prior Fit range
v flux & cross section:
(ve +7,)/(v, + 1,) ratio 1.00 £ 0.05 +30
v/ ratio (o) 0.0+ 1.0 +30
Ay, (spectral index) 0.0 £0.1 430
Effective livetime (years) e [0, 3.8]
MSCE (quasielastic) ( GeV) 0.9910% +30
M} (resonance) (GeV) 1.12 £0.22 +30
NC normalization 1.0£0.2 430
Oscillation:

63 (°) [30, 60]
Am3, (x1073 eV?) [0.93, 3.93]
Detector:

Optical efficiency, overall (%) 100 £ 10 +20

Optical efficiency, lateral (¢) 00+1.0 250

Optical efficiency, head-on (a.u.) . [-5,2]

Bulk ice, scattering (%) 100 £+ 10 +lo

Bulk ice, absorption (%) 100 + 10 +lo
Atmospheric muons:

Atmospheric muon fraction (%) [0, 35]

of detecting Cherenkov photons—both overall and depend-
ing on their angle of incidence.

The normalization of the atmospheric muon background
distribution, given as a fraction of the total size of the event
sample, is also included as an unconstrained nuisance
parameter.

A more detailed interpretation of all nuisance parameters
can be found in [32]. This also includes nuisance param-
eters that were found to be negligible, such as the upward-
going vs horizontal flux of electron neutrinos and local ice
properties.

V. RESULTS

Table IV gives an overview of the outcomes of the six
separate NSI fits discussed in Sec. IVA. The outcome of
fitting SI is shown in addition in order to set the null
hypothesis which is nested within all NSI hypotheses. All
fits are performed within the parameter space of the normal
ordering, i.e., Am3, > 0. Depending on the NSI hypothesis
under consideration in the respective fit, this choice does
not a priori result in any loss of generality of the derived
NSI constraints. We return to the mass ordering question
below in the context of each set of fit results.

All outcomes are characterized by a goodness of fit in
the range of 19% to 22%. The goodness of a given fit
hypothesis is not determined from the Ay? value in
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TABLE IV. Summary of fit outcomes for the NSI hypotheses
considered in Table II, together with the best fit values of all NSI
parameters, the Ay? values of the respective global y2. with
respect to the ST hypothesis as well as the corresponding p-values.
Since the matter potential has no free parameters for the SI case,
we show the best fit values of the two considered vacuum
Hamiltonian parameters Am§2 and 6,3 instead.

Hypothesis Best fit values Ay P
SI Am3, = 0.00237 eV2, 013 = 46.4° 0 0
e-u NU €® —e® =-0.59 1.3 03
u-t NU €@ —ed =0.0016 0.0 09
e-u FV €| = 0.072, 6,, = 343.7° 1.2 03
e-t FV l€®| = 0.060, 5,, = 35.5° 05 05
u-t FV le®| = 0.0030, 6,, = 175.0° 0.1 0.8
GMP €g = 040, 1, =23°% @3 =-47° 22 0.1

Table IV but by comparing the observed value of 2. to the
test-statistic distribution resulting from fitting the same
hypothesis to a large number of statistically independent

pseudoexperiments generated assuming SI. No nuisance
parameter with an external constraint is found to experience
a statistical pull from its best fit value beyond 1.1s, no
matter which fit hypothesis is chosen (see Appendix D for
more detail).

For computational reasons, the compatibility of the SI
and NSI best fit hypothesis is tested using Ay? instead of
pseudoexperiments. In all cases, the best fit SI hypothesis is
statistically compatible with the best fit NSI hypothesis: the
strongest disfavoring of the SI hypothesis is observed for
the assumption of e-y nonuniversality, at approximately
p = 0.3. Our best fit values of the vacuum Hamiltonian
parameters Am3, and 6,3 under the SI hypothesis are
compatible with the constraints found in the dedicated
IceCube DeepCore analyses of Refs. [32,60]. In addition,
the best fit values of Am3, and 6,3 under the various NSI
hypotheses are within 2.5% and 4%, respectively, of the
values obtained assuming the SI hypothesis.

In Fig. 2, we show E,, slices of the observed event
counts as a function of cos(d,) <0 for the two event

cascade-like events

1 [5.62,7.5] GeV 1 [10,13.3] GeV | 1 [17.8,23.7] GeV 1 [31.6,42.2] GeV 1 [56.2, 100] Gev
1500 - -1 . T T
J J J ] 4
- I i - B - ] - -
1000 - \ -1 - ¥ T T
4 - best fit (GMP) 4 1 Y I
40 E L E g
500 -] - S —eb =010 7 n gt e .
| i €. =0.050 4 4 g 1
] ] e?ﬂ =—-0.30 ] I . ] Y o T
- ] | data - g i
O T T T T T T T T T T T T T T T T T T T
Jg track-like events
&)
>
Z‘D 1000 - [6:62:7:5]GeV _| [10,13.3] GeV {178,237 GeV | [31.6,42.2] GeV [56.2,100] GeV
""""" |
_ 4 4 e o 4 ] { B I
i i I I 4 i
500 1 o ! S - 41 = 4  FF 1=l
1 T e borans 1
- 1 T gy — ] =k
. . - =S B o
—
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—1 0-—1 0-1 0-—1 0-1 0

c08(Preco)

FIG. 2. Histograms of observed cascadelike events (top row) and tracklike events (bottom row) as a function of cos(9,., ) for different
slices in E,, (indicated at the top of each panel), together with the MC expectation under the generalized matter potential fit outcome,
labeled as “best fit (GMP).” For display purposes, the eight lowest reconstructed energy bins have been merged into four, and only the
upgoing region cos(d..,) < 0is shown, where the largest NSI effects are expected. Also shown are the expected event distributions for
one particular g~ nonuniversality realization (e® — ejﬁ, = 0.10), one u-z flavor-violation realization (eff, = 0.050), and one e-u flavor-
violation realization (¢, = —0.30). In each of these three example NSI scenarios, all nuisance parameters are set to their respective
global best fit values within the corresponding NSI parameter space.
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Observed Ay? profiles as a function of the effective NSI flavor nonuniversality parameters & — &, (left) and €& — €, (right),

U 7

together with the central 68.3% and 90% confidence intervals of the experimental sensitivity shown as shaded bands. See text for details.

classes (rows). In the figure, we have condensed the eight
lowest energy bins into four slices, each of which covers two
energy bins of the original binning used in the analysis. We
also show the best fit of the generalized matter potential
hypothesis, as well as three signal hypotheses with nonzero
€@ — e, €%, or €9. For the latter three, all nuisance
parameters are set to the values obtained by the respective
global best fit, with the NSI coupling strengths given in
Table IV (see Appendix D for the detailed nuisance
parameter values). Thus, the induced event count differences
follow solely from choosing different NSI parameter values
compared to those that fit the data best; the event distribu-
tions at all three best fit points would be barely distinguish-
able by eye from the fit of the generalized matter potential in
Fig. 2. These differences in count are what is observable
of the imprints of NSI on the oscillation probability after
superimposing the expected event distributions in E.,
cos(reeo )» and event classification of both the atmospheric
u* background and the effective-area weighted oscillated
fluxes of neutrinos and antineutrinos of all flavors; see the
thirteen sample components in Table 1.

A. One-by-one fits

1. Flavor-nonuniversal NSI

Figure 3 shows observed Ay? profiles as a function of
the two differences of the flavor-diagonal NSI coupling
strengths, namely €&, — €2, and €® — €5, In each case, all
other coupling strengths are fixed to zero.

The shaded bands give the experimental sensitivity by
showing the symmetrical central 68.3% and 90% confi-
dence intervals of the Ay? distributions obtained in fits to
pseudoexperiments for the generation of which SI were
assumed.

Horizontal dashed lines denote the 68.3th, 90th, and
99.7th percentiles of a y? distribution with one degree of
freedom.

Vertical dash-dotted lines mark the values of the two
parameters that leave flavor transitions unchanged with
respect to SI. Since neutrino oscillation experiments are not
sensitive to the overall scale of the flavor-diagonal NSI
coupling strengths, these lines represent both the SI
hypothesis and the hypothesis of flavor-universal NSL

e-yu nonuniversality.—The left panel of Fig. 3 reveals that
no constraints beyond Ay”~ 7.2, corresponding to a
confidence level (CL) of approximately 99%, can be placed
on the e-y nonuniversality parameter €& — ¢®,. However,
values outside of the union of intervals [-2.26, —1.27] U
[—0.74,0.32] are excluded at 90% CL.

The vanishing impact from 6, and §-p causes the sign of
1+ €& — €% to be fully degenerate with the mass ordering
[68]. This applies similarly to p-r nonuniversality and |efP,
flavor violation. We therefore do not need to test solutions
within the inverted ordering explicitly. When interpreted
in terms of standard matter effects, the Ay? profile
asymmetry about €& —e® = —1 suggests that the data
slightly favors the normal ordering, corresponding to the
point €® — €% = 0, over the inverted ordering, correspond-
ing to the point €2 — €2, = 2, at the level of Ay? ~0.5.°
A more detailed discussion of the profile characteristics and
their causes can be found in Appendix E.

-t nonuniversality.—From the right panel of Fig. 3, we
find that the observed event sample is fully compatible with
NSI that are y-7 flavor universal, that is, € — €® = 0. In
contrast to the observed Ay? profile under the hypothesis of
e-p nonuniversality, here the test statistic keeps increasing
for large values of [e® — €® |, which allows for stringent

%See [69] for a statistically rigorous study of the neutrino mass
ordering in the absence of NSI with two related IceCube
DeepCore event samples.
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FIG. 4. Observed 90% confidence reglons in the magnitudes |€a/,| and phases 6,4 of the effective flavor-violating NSI coupling

strengths €% 5 (left), €9 (middle), and e

® (right), together with each parameter’s (projected) one-dimensional Ay? profile. The best fit

point for each pair of parameters is 1nd1cated by a cross. The central 68.3% and 90% confidence regions and intervals of the experimental

sensitivity are shown as shaded bands. See text for details.

constraints with values of ¢® — e;ﬁ, outside the interval
[-0.041,0.042] excluded by the data at 90% CL. The
sensitivity to this type of NSI stems almost exclusively
from its impact on the v, and U, survival probabilities,
cf. Sec. IT C. We find that the summation over neutrinos and
antineutrinos in general does not lead to significant

cancellations of the respective NSI signatures.

2. Flavor-violating NSI

The central panel of the each of the three plots in Fig. 4
shows the observed 90% CL contour (Ay? ~ 4.61) in the
NSI magnitude and complex phase from the fit of a given
flavor-violating NSI coupling strength. The projection of
the two-dimensional Ay? profile onto the magnitude of the
coupling strength is depicted on top, and that onto the
complex phase on the right. Lines and shaded bands have
the same meanings as in Fig. 3. Note that the SI case is
located at the origin. The appropriate entry for A)(él in
Table IV provides the maximal projected Ay? at which any
value of the complex phase is disfavored, due to the
projection method and the vanishing amplitude rendering
the complex phase unphysical.

e-y flavor violation.—From Fig. 4 (left), the magnitude of
e-u flavor-violating NSI is compatible with zero (or SI) at a
significance level of approximately p = 0.3 and an upper
bound of [¢&,| < 0.146 (90% CL) is obtained when the full
range 0° < 68” < 360° is considered. A stronger constraint
on the magnitude follows when &, is only allowed to take
more disfavored values of 160°£90°. In this limited range
of J,,, the NSI magnitude that best fits the data is zero.
This explains the “plateau” in the projection onto 6, with
Ay? = Ay} ~1.1 (compare Table IV). A somewhat stronger
exclusion of real negative values of e (8¢ ~ 180°) with

respect to the expectation from pseudoexperiments for
SI is observed.

Within the inverted ordering parameter space, the 90% CL
exclusion contour shifts to larger values of |e | by approx-
imately 10%; no change is observed for the 0ne—d1mens10na1
|€®,| interval allowed at 90% when the inverted ordering is
adopted Furthermore, the one-dimensional allowed intervals
(at any CL) for both parameters obtained under the
assumption of Am%2 > ( also apply to the scenario in which
the mass ordering is considered as a nuisance parameter.
For the observed e-z flavor-violation constraints switching
from the normal ordering to the inverted ordering parameter
space similarly has negligible impact.

e-t flavor violation.—Compared to e-u flavor violation, we
find both qualitatively and quantitatively similar bounds
on e-t flavor violation; see Fig. 4 (middle). The 90% CL
upper bound on the NSI magnitude from optimizing over
0° < 6,, <360° is slightly larger, |€2| < 0.173, and the
best fit is well compatible with the SI hypothesis. For J,,
values in an approximately 90° range around 200°, a
somewhat more constraining bound results for the magni-
tude. The NSI hypotheses corresponding to this limited
range of §,, best fit the data when [¢&| = 0, leading to a

plateau in the projection onto §,, with Ay? = Ay, ~0.5.

u-t flavor violation.—The right side of Fig. 4 suggests that
the selected event sample has significantly better sensitivity
to u-t flavor violation than to flavor violation in the
electron sector considered in Sec. II C. When the full §,,
range is allowed, [¢&] <0.0232 at 90% CL. We find the
strongest bounds on the NSI magnitude for real NSI, i.e.,
for 6,, = 0°and §,, = 180°. The data sample shows almost
vanishing sensitivity to J,,. This observation is in agree-
ment with Table IV, which gives Ay, ~0.1 as the
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maximum of the Ay? projection onto 0,.- Hypotheses with
Oy ® 125° and 6, ~ 235° result in the weakest constraints
on the magnitude, not those with §,, = 90° or §,, = 270°,
for which the contribution of the magnitude [¢&| to the
oscillation probabilities in the u-t sector is reduced, see
Sec. II C. Pseudoexperiments suggest that such a deviation
is characteristic of considering the joint v, CC and 7, CC
event distribution. Indeed, the strength of cancellations
between the effects of || on neutrino and antineutrino
channels in the medium- to high-energy regime depends on
the value of §,,.

3. Summary and experiment comparison

Table V compiles a summary of the constraints (at
90% CL) placed by this analysis on the NSI flavor
nonuniversality and flavor-violation parameters. Both SI
and flavor-universal NSI (in the case of flavor-diagonal
couplings) are compatible with each best fit NSI hypoth-
esis. None of the complex phases are constrained
at 90% CL.

For comparison with existing measurements, in Fig. 5
we restrict the flavor-violating coupling strengths to the real
plane, defined by d,5 = 0°,180° and show the 90% CL
intervals for the real-valued signed coupling strengths efﬁ.
The lower limits (5,5 = 180°) on €&, and € are stronger
than their upper limits (5,4 = 0°). The latter reproduce the
constraints on the NSI magnitudes |¢£,| and [¢$] that are
found under the hypotheses of complex coupling strengths
in Table V. In the case of ¢, the upper limit is slightly
stronger than the lower limit, —0.0165 < efP, < 0.0130.
This range is fully compatible with, and smaller than, that

TABLE V. Summary of 90% CL constraints on NSI nonun-
iversality and flavor-violation parameters obtained by the one-by-
one fits in this study, as well as on the parameters of
the generalized matter potential, whose fit is discussed in
Sec. VB. Am%2 > (0 is assumed everywhere, but does not
introduce a loss of generality (see text for details).

Hypothesis Parameter Allowed interval (90% CL)
e-u NU €® — €2 [-2.26,-1.27] U [-0.74,0.32]
u-t NU €@ — ¢ [-0.041,0.042]
e-u FV |e®, <0.146
Oep [0°, 360°]
e-t FV e <0.173
Oz [0°, 360°]
u-t FV e <0.0232
Oz [0°, 360°]
GMP €p [-1.2,-0.3] U [0.2,1.4]
P12 [—9°.87]
P13 [—14°,9°]

Super-K 2011 (2d) B8 COHERENT 2018 (e;45 = e‘(iﬂ) B IC DC 2020 (public)
MINOS 2013 S global 2018 (w/ correl.) B C DC 2021 (this analysis)
IC 2017 (public)  mm IC DC 2018 dap = 0°,180°
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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 respective phase
restricted t0 5,5 = 0°, 180°. See text for details.

reported by our previous study, —0.020 <e$ <0.024 [3 1.7
Neither of the magnitudes of the upper or the lower limit
reproduces the limit on |e¢] in Table V because the
sensitivity of the event sample to [e®| is weakest for a
complex coupling strength (cf. Fig. 4).

Data from a number of other neutrino experiments has

been used to set limits on the NSI coupling strengths ef;;’dv,

which we have rescaled for consistency with the definition
of the effective coupling strengths for Earth matter, Eq. (6).
Figure 5 contains results reporting one-dimensional
90% CL intervals, almost all of which are based on one-
by-one fits similar to those discussed in Sec. VA. Among
these are limits on €® —¢e® and ¢ (with correlations)
obtained from atmospheric neutrino data collected by
Super-Kamiokande [70], as well as limits on efﬁ from

long-baseline accelerator (17# disappearance data from

MINOS [71] and high-energy atmospheric (17” disappear-
ance data from IceCube [64] (labeled “IC 2017”), respec-
tively. Furthermore, we show the limits on flavor-violating
coupling strengths reported by an analysis of the published
timing (or flavor) data from coherent elastic neutrino-
nucleus scattering (CEvNS) at COHERENT [72].
Here, the assumed underlying NSI model based on the
exchange of a Z’ mediator with M, ~ O (10 MeV) dictates
€ap = efi/,, so that no cancellations between NSI with
different quark flavors occur (see [73] for a comprehensive
analysis).

While CEvNS only yields constraints that are valid for a
new physics energy scale above O(10 MeV), it is sensitive

" After translating from NSI with down quarks to the effective
coupling strengths in Eq. (6).
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to the individual flavor-diagonal coupling strengths €% /"
and e4y*" (not depicted in Fig. 5)—in contrast to neutrino

oscillation experiments. Similarly, our results are not
directly comparable to NSI limits set in collider experi-
ments as these commonly depend strongly on the under-
lying model and new physics energy scale [74].

Figure 5 additionally allows gauging the impact of the
increased event statistics and the inclusion of higher-energy
events in our sample compared to a study with public
IceCube DeepCore data in [65], labeled “IC DC 2020
(public).” The widths of the 90% CL intervals are
smaller by between ~25% (for €& —¢$, €%, ) and
~50% (€9)).

We also display the limits derived in a combined analysis
of global neutrino oscillation datasets with negligible
sensitivity to CP-violating effects [30] (“global 2018”).
The global analysis only assumes the coupling strengths
€Z[‘;’dv to be nonzero; their flavor structure is taken to be
independent of the quark type. The fact that correlations
between NSI couplings with different flavor indices are
fully taken into account explains why these constraints are
no more stringent than those found in this study.

B. Generalized matter potential

Our final fit to data employs the generalized matter
potential that is characterized by the three intrinsic NSI

250 T
] 200 ! 250
"5 ] 150 “he S o
< 100 <] < NS\ L] 100 <
50 (G T/ Vo R 50
0 0 (e e e i i i 0
% N T
i i
i \ T
=g i |
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.. I
< N ST
~ 0 w 0 -—-—-{-S} ------------- G-
§i §i - ,:’_:‘\ 7 \-.-1_|_‘¢ |
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\ ;
best fit ] | 8 best fit
—45 68.3% —45 k il— 683%
- 90% jl== 0% §
= 997 % ‘— 99.7 %
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FIG. 6. Observed 68.3%, 90%, and 99.7% confidence regions for parameters eg, ¢, and @3, together with each parameter’s
projected one-dimensional Ay? profile. The color in each of the three large panels encodes the local value of the projected two-
dimensional Ay? profile. The best fit point for each pair of parameters is indicated by a cross. The SI/flavor-universal NSI hypothesis,
indicated by the dash-dotted lines, is located at e, = 1, @1, = 0, @13 = 0. See text for details. This is the first time the GMP overall scale
and flavor structure are constrained simultaneously using IceCube DeepCore data.
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parameters (€g, @12, ¢@13). Figure 6 shows the resulting
constraints, by means of the projected one- and two-
dimensional Ay? profiles. In terms of the five standard
NSI parameters, the indicated best fit, also given in
Table IV, corresponds to

€@ —e® = -0.60,

e® = —0.016,

€@ — €% =0.0020,
€® =0.033, € =—-0.0013.

It is weakly favored over the hypothesis of SI (or flavor-
universal NSI) by Ay? = 2.2, corresponding to p = 0.1,
cf. Table IV. This difference cannot be directly derived
from any of the projections in Fig. 6, as none of them
explicitly show the corresponding grid points (eg = £1,
¢12 = 0,913 =0).

The one-dimensional projections yield the following
90% confidence intervals (optimized over the two remain-
ing matter potential parameters and all nuisance parameters
in each case): —9° < @, < 8°, —14° < @3 <9° and the
union of intervals [—1.2, —0.3] U [0.2, 1.4] for eg. The fact
that ¢, and @3 are allowed to vary does not have a
significant weakening effect on the bounds on eg at
90% CL, nor does it change the overall shape of its Ay?
profile (compare €&, — €&, in Fig. 3). The two-dimensional
Ay? projection onto (eg,®,) demonstrates that |eg| >
0.05 is excluded at a significance greater than 99.7% when
|p12| > 10°, for any value of ¢5. Similarly, the projection
onto (eg,@3) implies that |eg| > 0.1 is excluded at a
significance greater than 99.7% when |¢ ;3| > 20°, for any
value of ¢,. For smaller values of |¢,| and @3], no
99.7% bound on egq, is obtained.

Conversely, in the projection onto (¢, ¢13), constraints
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 Ay? value of the vacuum
hypothesis, which renders both parameters unphysical.
Combined with the lacking bound on eg at the
99.7% CL this results in the “crosslike” shape formed
by the corresponding contours in the two upper Ay?
projections in Fig. 6.

Finally, we point out that these constraints do not suffer
from a loss of generality due to the normal ordering
assumption in the fit, for the reasons given in Sec. I A.

VI. CONCLUSION

We have presented a comprehensive study of nonstand-
ard interactions in the propagation of atmospheric neutrinos
observed with IceCube DeepCore within the general
framework of three flavor neutrino oscillations. Instead
of exclusively focusing on NSI in the u-r 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 com-
patible with SM neutrino interactions, i.e., neutrino oscil-
lations 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 neutrinos
and antineutrinos of all flavors. One-by-one NSI parameter
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 apply to
p-7 nonuniversality and flavor-violation strengths are of the
order of 1072 and are as, or more, stringent than limits
obtained with other oscillation experiments or other
IceCube (DeepCore) event samples. Weaker O(1) con-
straints apply to e-u nonuniversality, or, when reinterpreted
in terms of SM interactions, to the strength of the Earth’s
standard matter potential.

With a separate fit we have investigated a more general
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 hypotheses that lead
to cancellations of the induced matter effects in the survival
probabilities of atmospheric muon neutrinos and antineu-
trinos. 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
coherent forward scattering processes that generate the
neutrino matter potential, our constraints apply independ-
ently of the new physics energy scale responsible for NSI.
This distinguishes our measurements from those performed
at experiments investigating coherent neutrino scattering,
deep inelastic neutrino scattering, or at high-energy colliders.

Future versions of this analysis may profit from
enhanced minimization approaches, as the computational
limitations of this analysis are closely connected to the
challenges of minimizing a high-dimensional parameter
space with a large number of local minima. For upcoming
NSI measurements with IceCube and its low-energy
extension DeepCore, a significant increase in event sta-
tistics and an extended energy range compared to the
analysis presented in this paper are expected. Furthermore,
the imminent IceCube Upgrade [75] will increase the
detection efficiency and improve the reconstruction capa-
bilities for atmospheric neutrinos with respect to DeepCore,
and lower the energy threshold to allow high-statistics
measurements with ~1 GeV atmospheric neutrinos. It will
thus facilitate the determination of the overall strength of
the Earth’s matter potential and improve IceCube’s ability
to distinguish NSI from standard matter effects [76].
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APPENDIX A: GMP PARAMETRIZATION

As described in Sec. II A, the alternative NSI para-
metrization that this analysis uses constitutes three rota-
tions: Two real rotations through the angles ¢, and ¢;3 in
the 1-2 and 1-3 planes, respectively, as well as a complex
rotation through the angle ¢,3; and the phase Jys.

This parametrization has the advantage that physics-
related arguments allow reducing its dimensionality while
approximately retaining model independence. Specifically,
Refs. [48,49] show that the disappearance of atmospheric
muon neutrinos with energies £, = O(10 GeV) proceeds
with the same dependence on the baseline-to-energy ratio
L/E, as in vacuum when H,, has two degenerate
eigenvalues. For experiments sensitive mostly to muon
neutrino disappearance, this scenario is expected to result in
the weakest constraints on matter effects [48,49], and can
be realized by setting e = 0 in Eq. (10). This in turn
renders @,3 and Jyg unphysical. Such an approach was
taken by Refs. [30,33,34] in their analyses of atmospheric
neutrino data. In addition, as argued in [30], existing data
from atmospheric neutrino experiments has little sensitivity
to CP-violating effects, which justifies setting the phases
a;, = 0. In this case, H,,, is real and has three param-
eters, (eg, P12, @13)-

In the remainder of this paper, we refer to this para-
metrization as the “generalized matter potential” (GMP).
Any given point in the corresponding three-dimensional
parameter space uniquely determines the NSI nonuniver-
sality and flavor-violation parameters in the standard
parametrization (see for example [30]):

€® — €2 = eg(cos? gy —sin® ppp) cos® p3 — 1, (Al)
€? - 61624 = €g(sin® 13 — sin® by cos® ¢y3), (A2)

€€ = —€g c0s ¢y, sin py; cos® 3, (A3)

€8 = —eg cos 15 cos i3 sin 3, (Ad)

€S = eg singy, cos g3 sin 3. (A5)

When H,,. is included in the CP-conserving framework
by setting 5-p = 0, it is possible to retain the usual minimal
parameter ranges for the standard PMNS mixing param-
eters and neutrino mass-squared differences [S0] by choos-
ing the ranges of the matter-potential rotation angles
as —/2 < @;; < m/2.

Neutrino evolution is invariant under H, - —(H,)* [33].
In vacuum this implies that the two signs of Am% 132)
cannot be distinguished as long as the most general ranges
for 0, and O.p are retained. This degeneracy is broken in
matter with SI. However, it reappears as the “generalized
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mass ordering degeneracy”8 once NSI are introduced,
because H y(x) = —[Hpny (x)]* can be implemented by [68]

(€& (x) — € (0)] = —[e&(x) — e (x)] - 2,
[€2(x) — e (0)] = —[eR(x) - 6,624()6)]’
65‘3/)'(96) — —eg; (x) (a#p). (A6)

In the Earth, where the effective NSI couplings have little
variation along the neutrino trajectory, cf. Eq. (6), the
degeneracy is almost exact. When H,, is only described
by (€g.®12.¢13), it is therefore sufficient to restrict
Am%l(32> > 0 and test both signs of eg. The two choices

(eg = £1, 91, = 0, @13 = 0) correspond to neutrino propa-
gation with SI given the normal ordering (“+”) and the
inverted ordering (“—"), respectively.

APPENDIX B: NSI PHENOMENOLOGY
AT THE PROBABILITY LEVEL

At the GeV-scale energies considered here, all transitions
involving v, are suppressed in vacuum compared to those
not involving v,. For energies above a few GeV, v, — v, , .
transitions are driven by the mixing angle 6,3 and the
“atmospheric” mass-squared difference Am%z, with negli-
gible corrections due to the “solar” mass-squared difference
Am3,. For Am3, > O—the baseline assumption in the
example cases in this paper—SM matter effects in general
lead to an enhancement of the transitions involving v,,
while a negative matter potential in general leads to their
suppression.

In Figs. 7-11 oscillation probabilities P,z are shown for
different NSI parameters. As all neutrino flavors are
considered in this study, no individual oscillation channel
can be singled out a priori. However, at the energies
considered in this paper, the tau neutrino fluxes generated
in the atmosphere are negligible [77], resulting in a
restriction to a € (e, ). Also, neutrino absorption is not
relevant below the TeV scale [52]. In all cases, in the
absence of intrinsic CP violation (i.e., 5cp =0 or dcp = 7
and real NSI coupling strengths) the Earth’s symmetric
matter potential with respect to the midpoint of any
given trajectory, V(x)=V(L—x), implies that P,;= Py,
(apart from negligible short-scale corrections due to
hprod # _ddet) [78].

The presence of NSI would lead to degeneracies that impede
the determination of the remaining fundamental unknowns in the
neutrino oscillation sector [1-3]. A well-established instance is
the so-called “generalized mass ordering degeneracy” [68].

In the absence of NSI, the measurement of the mass ordering
depends on whether the matter enhancement occurs for neutrinos
or antineutrinos [69].

1. Nonzero single NSI parameters
a. Nonzero € (rescaled SM matter potential)

The oscillation probabilities P,3 shown in Fig. 7 result
from varying eq € [-5, 5] while restricting the matter poten-
tial to the ee entry, i.e., ;; = 0, yielding effects correspond-
ing to a rescaling of the SM matter potential by the
factor Ve (x) = V' (x)=€gVee(x) =(1+€% eeB)VCC(x).

Typically, the v, disappearance probability, 1 — P,,, in
vacuum remains small in the limit Am3, — 0. In contrast to
this, when eg > 0, the resonance condition can be satisfied
(given Am3, > 0 and 0,53 < n/4). In this case, the effective
1-3 mixing angle in matter becomes maximal. A complete
disappearance of v, can therefore be observed in principle
at a resonance energy Ep which is inversely proportional to
the average value of the slowly changing rescaled matter
potential along the neutrino trajectory, egq(Vcc). For the
Earth’s mantle and SI, E}! ~ 6 GeV. The example trajec-
tory in Fig. 7 is chosen such that the oscillation phase leads
to a nearly complete disappearance of v, at this energy.
The transition probabilities to v, and v, are nearly identical
since the 2-3 mixing is close to maximal. A complete
disappearance is also observed for a value of eg~3
and Ep ~2 GeV. Negative values of eg together with
Am3, >0 do not give rise to a similar enhancement.
Consequently, there are no significant transitions v, —
v, for g < 0. Instead, the antineutrino transitions 7, —
U,y are then subject to the matter effects detailed above.

Figure 7 further demonstrates that v, decouples from the
evolution and that the transitions v, — v, ., proceed as in
vacuum for sufficiently high energy, E, 2 20 GeV for the
considered trajectory—irrespective of the value of eg. At
sufficiently low energies of a few GeV, the simple two-
neutrino picture no longer applies, and rather complex
corrections due to 1-3 mixing need to be taken into account.
For their discussion see, for example, Refs. [46,79].

b. Nonzero €& — €, or €

In case €2 — 1s the only source of NSI—cf. Fig. 8 for
variations €@ — ¢® € [-0.20,0.20]—the nonuniversality
gives rise to an effective potential in the decoupled u-z
system that was introduced in the previous section. As
detailed in [63], the 2-3 mixing in matter is modified
according to the standard MSW mechanism, but with a
potential V'(x) = (¢§ — €$)Vcc(x). For a given sign of
the nonuniversality, whether the resonance occurs in the
neutrino or the antineutrino channel depends on the octant
of 8;. Since the 2-3 mixing in vacuum is nearly maximal,
the introduction of nonzero €& — 622, in general leads to a
reduction of the mixing. The main observable consequence
of €© — ¢$, is therefore the increased survival probability of
both atmospheric v,’s and 7,,’s across the broad range of

energies at which the u-7 system is decoupled.
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FIG.7. Oscillation probabilities of atmospheric neutrinos crossing the Earth at zenith angle cos(9) = —0.75 vs the neutrino energy E,.

Shown are different realizations of the effective matter potential strength g, with —5 < eg < 5. Darker shades represent larger |eg|. The
two cases of SI (eq = 1, in black) and no interactions (vacuum, e = 0, in green) are highlighted. The the red dashed lines show those
obtained for positive parameter values, the blue dashed lines showing the probabilities obtained for negative values are mostly covered

by dark red lines. See text for details.
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blue dashed lines show the probabilities obtained for €2 — €% < 0, while the red dashed lines show those obtained for ¢

Darker shades represent larger |e& — efﬁl | See text for details.

In contrast to the €& — €& -only case, when €, is the only
nonzero NSI coupling strength—cf. Fig. 9—, the off-
diagonal elements Vcc(x)ef%*) of the two-neutrino inter-
action Hamiltonian result in qualitatively different effects
on the neutrino evolution [63]. A resonance occurs for
neutrinos when €® < 0 and for antineutrinos when €& > 0,
independent of the octant of 6,;. Resonances at Ep 2
60 GeV are observed. Since the corresponding oscillation
phases are small, the survival probability P,, becomes
nearly maximally enhanced at high energies when eff, < 0.
At energies sufficiently far below the resonance, efPT results
in a shift in energy of the oscillation pattern in the u-z
system [63]. When €2 > 0, a shift to higher energies
appears for neutrinos, and a shift to lower energies for
antineutrinos; the effects are reversed for e, < 0. At high
energies, the two-neutrino survival probability of both v,

and v, is reduced compared to the vacuum value [63].

E, (GeV)

Same as Fig. 7, but for different realizations of the NSI nonuniversality strength €2 — ¢®,, with —0.20 < ¢® — ¢

102 10° 10 102 10°
E, (GeV)

® < 0.20. The

o A A
—ep > 0.

c. Subdominant single NSI parameters: €5, and €&

Similar to €® —e$,

involving the electron flavor, €&, and €%, typically are

the flavor-violating couplings

not in the focus of atmospheric neutrino studies, partly due
to their weaker impact on the disappearance probabilities

of (17/,: It has been shown perturbatively that flavor-
violating couplings involving the electron flavor contribute

to disappearance probabilities of (17,, only at second order,
far away from the 1-3 MSW resonance regime [57]. They
enter the oscillation probabilities involving the electron
flavor at the second order, lower by one order compared to
the four remaining couplings [80].

The range of oscillation probabilities induced by values of
€, € [-0.30,0.30] are depicted in Fig. 10. One prominent
effect of this is the suppression of the trajectory dependent SI
v, resonance around E, 2 6 GeV for large absolute coupling
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FIG. 9. Same as Fig. 7, but for different realizations of the NSI coupling strength ¢, with —0.05 < GfPT < 0.05. The blue dashed lines

Ut

show the probabilities obtained for ¢, < 0, while the red dashed lines show those obtained for ¢, > 0. Darker shades represent larger

le€|. See text for details.
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FIG. 10. Same as Fig. 7, but for different realizations of the NSI coupling strength ¢&,, with —0.30 < €%, < 0.30. The blue dashed lines

ep> ep =

show the probabilities obtained for €&, < 0, while the red dashed lines show those obtained for €&, > 0. Darker shades represent larger

€€ |. See text for details.

values. Varying €& within the same range as €&, results in
very similar patterns given the exchange of the flavor indices
u <> 7 [80]. Hence, only ef,Bﬂ results in modifications of the
atmospheric oscillation channels involving v, across the full
range of energies. Characteristically, at the energies shown
here it manifests itself in the disappearance of v, and 7, and
the appearance of v, and 7,. In contrast, €¢® induces the
conversion ‘v’, <> ‘v, at high energies.

For detailed phenomenological and numerical discussions
of the oscillation-probability impact of ¢, and €$ at the
GeV energy scale (in the context of future long-baseline and
atmospheric neutrino experiments) see, e.g., Refs. [8§1-83].

2. Arbitrary NSI flavor structure

In the generalized matter potential parametrized by
Eq. (9), eg plays the role of the strength of the matter
potential and drives the overall sizes of the coupling

strengths. This is evident from the fact that all elements
of Hp, are « €g, cf. Appendix A.

Once H ,,,; is allowed to take an arbitrary flavor structure,
atmospheric neutrino oscillation probabilities are not, in
general, treatable analytically, prompting the implementa-
tion of well motivated constraints on the parameter space to
yield a point of reference for a phenomenological dis-
cussion. As discussed in Refs. [48,49,84], in specific
regimes of neutrino propagation the three-neutrino evolu-
tion in the presence of NSI can be reduced to an analytically
treatable effective two-neutrino system, which is rotated
with respect to the flavor basis. The specific case inves-
tigated is when all NSI parameters are zero except
€€ — €2, €8 — €2, and €§. Here, two identical eigenvalues
result in the “atmospheric parabola” relation
@ _co __ lBF

1+ e§ —eB

(B1)
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Same as Fig. 7, but for different realizations of the matter rotation angle @3, with —20° < ¢,3 < 20°, keeping eg = 0 and

@1>» = 0 fixed. The blue dashed lines show the probabilities obtained for ¢;;3 < 0, while the red dashed lines show those obtained for

@13 > 0. Darker shades represent larger |¢3|. See text for details.

which is able to accommodate two-flavor vacuumlike

(cf. Sec. ITA) (17” disappearance at high energy, indepen-
dent of the overall sizes of the involved NSI coupling
strengths. The relations given in Appendix A demonstrate
that Eq. (B1) is satisfied for ¢, = 0, in which case the
flavor-violating coupling strengths involving the p flavor
are zero, €5, = €® = 0.

Hence, as a point of reference, we show the oscillation
probabilities obtained for different values of ¢35 €
[-20°, 20°] while keeping the overall strength of the matter
potential and the 1-2 matter rotation angle fixed at eg = 1
and ¢, = 0, respectively, in Fig. 11. In contrast to the
behavior resulting from this, the case @3 = 0 and ¢, #0

results in high-energy v, <> ‘v, transitions (not shown).

APPENDIX C: MODIFIED PEARSON’S y?

The modified Pearson’s y> function used here is defined
as [32,60]

bins obs exp\2 prior 2
2 n n;) (Ap))
P MU (C1)
=1 n? P + ( ? p)2 Jj=1 O’%’j

Here, n%* is the observed number of events in bin i and n*?
1 1

is the combined expectation due to 2’ and background
events in the same bin. The expectation n;"* depends on the
values of the hypothesis parameters of interest and on the

values of several nuisance parameters (cf. Sec. IV C). Its v
contribution is retrieved by reweighting a large sample of
simulated events, with an effective livetime that exceeds
that of the observed event sample by one order of
magnitude. The variance of the expectation, (67F)2, is
given by the sum

(O-?XE))Z = 0-12.1/ + O-tz.bkg

(€2)

of the variance o7, of the expected number of ‘v’ events and
the variance aﬁbkg of the expected number of background
events in the bin (cf. Table I). Generally, the two variances
on the right hand side of Eq. (C2) are found to be of similar
size, except for some bins in the downgoing region with
€08(9,eco) > 0.5, where the uncertainty of the background
expectation dominates. This is also the only region of the
histogram for which the total variance of the expectation,
(67*7)2, can reach a similar size as the Poisson variance
nS*P. Sensitivity to NSI on the contrary predominantly
originates from the upgoing region, cos(dy ) < 0.

The second sum contributing to ¥ in Eq. (C1) is taken
over only those N, nuisance parameters that are subject
to external Gaussian constraints: a deviation Ap; of the
jth such parameter from its nominal value is penalized
according to the parameter’s prior standard deviation oy,

as (Ap;)*/a},.

APPENDIX D: NUISANCE PARAMETER PULLS

Ten of the 15 nuisance parameters that are optimized
together with each considered set of NSI parameters have a
Gaussian prior associated, as was introduced in Sec. IV C.
The statistical pulls on the best fit values of these nuisance
parameters show little variance between the single fit
hypotheses (see Table II), showing the small impact on
the expected signal of the different best fit NSI parameter
hypotheses. In addition, the statistical pulls on the nuisance
parameter fit values are within 1.1¢ in all of the fits (see
Fig. 12), which is expected in case of correctly chosen
nuisance parameter priors and ranges. All best fit values of
nuisance parameters with no Gaussian prior are well within
their allowed ranges listed in Table III.
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FIG. 12. Statistical pulls on the best fit values for all nuisance parameters to which Gaussian priors are associated (cf. Table III), shown
for each of the fit hypotheses listed in Table II. More detail can be found in the text.

APPENDIX E: OBSERVATIONS IN e-u
NONUNIVERSALITY

The relatively constant exclusion power observed for
the largest probed values of [¢© — €| is the result of a
combination of several probability-level and detector
effects, which would hold (at a higher overall level of
Ay?) even if neutrinos could be distinguished from
antineutrinos and if interactions of different neutrino
flavors could be told apart (cf. Sec. II C): for large positive
values of €& —¢$ in the case of neutrinos, the matter
resonance in transitions involving v, shifts to below the
detection energy threshold, leading to the suppression
(compared to the SI scenario) of oscillations at neutrino
energies just above the detection threshold. A similar
suppression of oscillations occurs for large negative
values of the nonuniversality. The summation over neu-
trinos and antineutrinos, as well as over appearance and
disappearance channels, results in a further weakening of

the NSI signature. Moreover, near the detection threshold

the discrimination power between (17” CC events and
events of other types is impeded due to the small
propagation distance of the 4= emerging at the interaction
vertex of each of the former.

Close to the position of the large peak at €&, — €$ ~ -1,
standard matter effects are compensated by NSI, giving rise
to vacuum oscillations. These are disfavored by the data at
Ay* ~ 7.2 with respect to the best fit at €2 — %, ~ —0.59,
somewhat more strongly than expected from the 90%
sensitivity range. Compared to the hypothesis of e-u flavor
universality (or SI), vacuum oscillations are disfavored at
the level of Ay? ~5.9. Note that vacuum oscillations are
not necessarily expected to provide the worst fit to SI in
practice, since the neutrino event distributions (of any
flavor) disfavor other intervals in €&, — €2, than do their
antineutrino counterparts.
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