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ABsTrACT: Neutrino oscillations continue to provide one of the most promising avenues for uncov-
ering physics beyond the Standard Model. In particular, beyond-standard-model neutrino matter
interactions may perturb neutrino oscillations in matter, leading to an observable signal in long
baseline oscillation experiments. Moreover, such interactions can be a possible explanation of the
rising tension between T2K and NOvVA’s dcp measurements. We examine IceCube DeepCore’s
sensitivity to these Non-Standard Interactions (NSI) by employing a model-independent NSI pa-
rameterization, and examine IceCube DeepCore’s ability to comment on NSI being the cause of the
T2K-NOvVA §cp tension.
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1 Introduction and Background

The discovery of non-zero neutrino masses guarantees the existence of new physics and/or new
particles. New neutrino-matter interactions, referred to as Non-Standard Interactions (NSI), are
a feature of many models that generate neutrino masses. Atmospheric neutrinos, produced via
cosmic rays interactions in the atmosphere, traverse large baselines, ranging from a few kilometers
up to the Earth diameter through matter, to reach IceCube. Any NSI in the Earth could influence the
oscillation probabilities of atmospheric neutrinos along their baselines, making IceCube-DeepCore
well suited to look for signatures of NSI.

Another indication of NSI comes from a rising tension (currently ~ 20~ [1]) between the
measured values of dcp in T2K [2] and NOvVA [3], both of which are long-baseline oscillation
experiments. However, NOVA has a much longer baseline through the Earth, making matter effects
much stronger in NOvA than T2K. It has been shown that this dcp tension could be resolved by
introducing non-zero NSI couplings &.,, and &, [1].

In this work, we will calculate IceCube-DeepCore’s sensitivity to NSI with 9.28 years of
data. We use a model-independent parameterization of NSI that allows for multiple non-zero NSI
couplings simultaneously, and also separately calculate the sensitivities to &.,, and €.

2 Parameterizing NSI

In this section, we briefly describe the parameterization of NSI used in this analysis. For a more
detailed discussion, see [4]. One can introduce NSI in a model-independent manner via non-zero
perturbative coupling strengths &, in each term of the matter Hamiltonian [5]

1+ &ce Eep Eer
Hiar(x) = \/EGFNe(x) 8:/1 Eup €ut | (2.1

Eer  Epur Err
where N, is the electron density at position x, and G is Fermi’s coupling constant. The 1 in
the ee term accounts for the MSW effect [6] - the modification of the matter Hamiltonian due
to Standard Model neutrino-matter interactions. The coupling strengths &,4 corresponds to NSI
causing oscillations in the @ — 8 sector at first order. We can simplify this by subtracting an
unphysical global phase, chosen to be g,,,1, from Hyy to obtain
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This parameterization leaves us with 8 independent parameters - 2 real diagonal parameters, and
3 complex off-diagonal parameters (each with a magnitude and a phase). We can simplify this by
decomposing H ¢ into rotation matrices [7]

Qrel — diag (eial , eiarz’ e—iw]—iaz} ,
Hpmat = QrelUmatDmatU;ath'e] with Unat = Ri2(912) Ri3(¢13) Ra3 (923, ONs).» (2.3)
Dat = Ve (x) diag(e, €7,0).



Here, € and &’ are the eigenvalues of Hya, ©12, ©13, 23 are rotation angles, and a1, a, dns are CP
violating phases. It has been shown that in the special case of &’ = 0, NSI effects become very weak
and oscillations start to mimic vacuum oscillations [7, 8]. We can thus place the most conservative
NSI constraints in this regime.

Upon setting &’ = 0, dns and @3 become unphysical [7, 8]. We further neglect @; and a3
because IceCube has little sensitivity to CP violating NSI[8]. We are thus left with 3 NSI parameters
- &, p12, and @13 - this parameterization be reffered to as the Generalized Matter Potential (GMP).

For the absence of NSI, which we will refer to as the Standard Interactions (SI) case, we have
e = 1,¢p12 = ¢13 = 0. The parameter € is an overall scaling which controls the strength of NSI
effects, while non-zero ¢, and ¢35 introduce first-order NSI-induced oscillations in the e — y and
e — 7 sectors, respectively. For the case of real NSI, the most general ranges of ¢, and ¢;3 can be
shown to be (—=90°,90°) each [7]. It can also be shown that oscillation probabilities depend only
on the overall sign of ¢ - Am%1 [7]. We thus hold Am%1 positive, and allow & to be negative to
investigate the inverted mass ordering.

3 Data selection

Each event in IceCube DeepCore can be parameterized by the neutrino energy, the zenith angle 6
of the neutrino, and the neutrino flavor. Interactions of different neutrino flavours produce different
event morphologies in the Antarctic ice. Neutral-current interactions of all flavors produce hadronic
cascades, and, at the relevant energy scales and given the resolution of IceCube DeepCore, electron
and tau neutrino charged-current interactions are also seen as cascades, while muon neutrino
charged-current interactions leave a track-like signature.

This analysis uses the reconstruction algorithm described in [9], which has been trained on
the 150,000 preselected events from 9.28 years of DeepCore data [10], to generate event counts
in different morphologies (tracks, cascades, and mixed - the event cannot reliably be categorized
as either a track or cascade) from atmospheric neutrinos for different NSI hypotheses, for 12 log-
spaced energy bins between 5 and 100 GeV and 8 bins in cos 8 between -1 and 0. Our dataset is
~ 4 times larger than the 3 year dataset used for the previous DeepCore NSI analysis [8], and this,
along with the improvement in our understanding of DeepCore systematics since the last analysis,
should provide us with much higher sensitivities.

4 Sensitivities

To compare different NSI hypotheses, we use the modified y? as our Test-Statistic (TS) -

2 (Nobs - Nexp)2

= , 4.1
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where the usual )(2 is modified by the Nex,, term in the denominator to account for errors due to finite
Monte Carlo statistics. In calculating our sensitivities, we assume the SI case to be the observed
data, and calculate the TS for simulated event counts for each NSI hypothesis.

We show our sensitivities to the Generalized Matter Potential parameters in Fig. 1. We find
that our sensitivities have improved by a factor of 2 — 3 over the sensitivities of the 3-year IceCube



DeepCore NSI analysis [8], which provides the current leading constraints on the GMP parameters.
In the case of SI, we would obtain 1o constraints on € as (—1.67, —0.39), (0.36, 2.64), where the
first interval corresponds to the case of the inverted mass ordering. Our corresponding 10~ bounds
on ¢, and 3 would be (—4.15°,4.72°) and (-8.7°,9.28°) respectively.

We then consider &, and &, from the original NSI parameterization (Eq. 2.2), which could
resolve the T2K-NOVA tension. Our sensitivities to €., and &, are shown in Fig. 2. We show
our sensitivities as a function of the magnitude and phase of each NSI parameter, along with the
projections on to the magnitude and phase separately. We find that assuming the SI case, we can rule
out &, and g, best-fit values for resolving the T2K-NOVA tension (obtained from [1], indicated
by an x in Fig. 2) with a szno 4 of 6.81 and 20.62 respectively, which correspond to significances
of 2.130 and 4.150 respectively with 2 degrees of freedom. In the case of SI, our 20~ bounds on
the magnitude of &, and &, would be (0, 0.11) and (0, 0.175) respectively. We do not have any
sensitivity to the phases because they are irrelevant for the the case of SI.
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Figure 1: Sensitivities to the SI hypothesis (¢ = 1,912 = 13 = 0) for each individual GMP
parameter are shown in red. For comparison, the sensitivities for the previous 3 year DeepCore
analysis [8] are shown in blue.

5 Conclusions

We present the sensitivities of IceCube DeepCore to various NSI parameters with 9.28 years of
data. We expect to put leading constraints on all NSI parameters considered - for the case of the
Generalized Matter Potential, our analysis is ~ 2 — 3 times more sensitive than the previous 3-year
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Figure 2: Our sensitivities to €., and &, are shown in panels (a) and (b) respectively. We indicate
the best-fit value of each parameter for resolving the T2ZK-NOVA tension with an x. The projections
of the TS profile on to the magnitude and phase of each NSI parameter are shown as well.

analysis [8]. In the absence of NSI, our 1o constraints on € would be (0.36, 2.64) and (-1.67,
-0.39) for the normal and inverted mass orderings respectively, while our 1o constraints on ¢12
and ¢13 would be (-4.15°,4.72°) and (-8.7°,9.28°) respectively. For the case of &., and &,,
in the absence of NSI, our 20~ constraints on their magnitudes would be (0,0.11) and (0,0.175)
respectively. With regards to the T2K-NOvVA dcp tension, in the absence of NSI, we would be able
to rule out the best-fit values from the combined T2K-NOvA fit[1] at 2.130" and 4.150 respectively.
The constraints from our analysis should allow us to make strong statements about NSI being the
cause of the T2ZK-NOVA dcp tension.

References

[1] S.S. Chatterjee and A. Palazzo, Status of tension between NOvA and T2K after Neutrino 2024 and
possible role of nonstandard neutrino interactions, Phys. Rev. D 110 (2024) 113002 [2409.10599].

(2]
(3]
(4]
(5]

(6]
(7]

(8]

(9]

(10]

T2K collaboration, C. Giganti, “T2K experiments status and plan.” Neutrino 2024.
NOVA collaboration, J. Wolcott, “New NOvVA results with 10 years of data.” Neutrino 2024.
Neutrino Non-Standard Interactions: A Status Report, vol. 2, 2019. 10.21468/SciPostPhysProc.2.001.

E. Lohfink, Testing nonstandard neutrino interaction parameters with icecube-deepcore, Ph.D. thesis,
Johannes Gutenberg University of Mainz (2023) .

L. Wolfenstein, Neutrino Oscillations in Matter, Phys. Rev. D 17 (1978) 2369.

M.C. Gonzalez-Garcia, M. Maltoni and J. Salvado, Testing matter effects in propagation of
atmospheric and long-baseline neutrinos, JHEP 05 (2011) 075 [1103.4365].

IceCuBE collaboration, All-flavor constraints on nonstandard neutrino interactions and generalized
matter potential with three years of icecube deepcore data, Phys. Rev. D 104 (2021) 072006.

IceCuBE collaboration, Fast Low Energy Reconstruction using Convolutional Neural Networks,
2505.16777.

IceCuBE collaboration, Measurement of atmospheric neutrino oscillation parameters using
convolutional neural networks with 9.3 years of data in icecube deepcore, Phys. Rev. Lett. 134 (2025)
091801.


https://doi.org/10.1103/PhysRevD.110.113002
https://arxiv.org/abs/2409.10599
https://agenda.infn.it/event/37867/contributions/233954/attachments/121809/177671/Neutrino2024_T2K_Claudio.pdf
https://lss.fnal.gov/archive/2024/slides/fermilab-slides-24-0130-ppd.pdf
https://doi.org/10.1103/PhysRevD.17.2369
https://doi.org/10.1007/JHEP05(2011)075
https://arxiv.org/abs/1103.4365
https://doi.org/10.1103/PhysRevD.104.072006
https://arxiv.org/abs/2505.16777
https://doi.org/10.1103/PhysRevLett.134.091801
https://doi.org/10.1103/PhysRevLett.134.091801

	Introduction and Background
	Parameterizing NSI
	Data selection
	Sensitivities
	Conclusions

