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1 Introduction

The standard paradigm of neutrino physics states that the mixing between the neutrino
flavor states v,,v,, vy and the neutrino mass states vq,1v2,v3 can be described with three
mixing angles 605, 6,5, 053 and one charge-parity (CP) phase 6op. The mixing among
neutrino states gives rise to neutrino oscillations, with oscillation frequencies defined by the
mass-squared differences Am2; = m3 — m? and Am3, = m% — m?, where mq, ma, mg are
the definite neutrino masses. Extensive data from neutrino oscillation experiments with
accelerator, reactor, solar and atmospheric neutrino sources have constrained the values of the
mixing angles and mass-squared differences to 2-4% precision at 1o confidence level (CL) [1],
leaving only the sign of Am3;, the octant of 3 and the value of §-p to be determined
in future experiments. With the accumulation of experimental data, it is also becoming
viable to analyze neutrino oscillations to search physics beyond the Standard Model (SM).
One example of such tests is the search for non-standard interactions (NSI), in which case
the SM interactions of neutrinos are complemented by additional charged-current (CC)
or neutral-current (NC) interactions [2, 3], resulting in non-standard effects in neutrino
production, neutrino detection and neutrino propagation. It is also possible to realize NSI in
other Lorentz structures, such as the ones emerging from scalar-mediated interactions [4].
As neutrino physics is about to enter an era of precision measurements, it is well-motivated
to investigate the potential to find non-standard physics.

The European Spallation Source neutrino SuperBeam (ESSnuSB) [5] project investigates
the feasibility to measure d-p near the second oscillation maximum. This can be achieved
by generating high-power beams of muon neutrinos and muon antineutrinos with 5 MW



beam power at the European Spallation Source (ESS) accelerator facility, which is currently
under construction near Lund in Sweden. The long-baseline neutrino program in ESSnuSB is
expected to measure dqp by at least 9° resolution at 1o CL regardless of the true value of
dcp [6, 7). The far detectors consist of two cylindrical Water Cherenkov neutrino detectors,
which would be placed inside the mine in Zinkgruvan about 360 km from Lund. The
combined fiducial mass of the two Water Cherenkov detectors is proposed to be 540 kt.
Thanks to the 1 km rock overburden and the geographical location of Zinkgruvan, the
Water Cherenkov detectors planned for the ESSnuSB far detector complex also have physics
potential for various non-beam applications, including atmospheric neutrinos, geoneutrinos,
solar neutrinos, supernova neutrinos and proton decay [8].

The prospects of observing signatures of CC-NSI and NC-NSI have previously been
studied for ESSnuSB in its neutrino beam program, see e.g. refs. [9, 10]. Scalar NSI has
been investigated for ESSnuSB in ref. [11]. There is also a possibility to examine NC-NSI
effects through the observation of coherent-elastic neutrino-nucleus scattering (CEvNS), which
could be studied by placing additional nuclear recoil detectors in the vicinity of ESS [12-14].
Furthermore, ESSnuSB has been shown to have sensitivity to other new physics scenarios,
including neutrino oscillations with a light sterile neutrino [15], invisible neutrino decay [16],
CPT violation [17], non-unitary mixing [18], ultra-light scalar dark matter [19], quantum
decoherence [20, 21] and long-range forces [22].

In the present work, we examine the opportunities to probe NC-NSI effects by observing
atmospheric neutrinos in the far detector of ESSnuSB. The methodology will follow our
previous work in ref. [23]. The atmospheric neutrino interactions in the ESSnuSB far detectors
are simulated by generating a large set of Monte Carlo (MC) events with the GENIE neutrino
event generator [24, 25] with the use of ROOT [26]. The MC samples are analyzed with a
Python-based analysis software, which incorporates neutrino oscillations with a reweighting
algorithm. The analysis software also approximates the detector effects for ESSnuSB. The
neutrino oscillation probabilities used in this work are computed with GLoBES [27, 28] with an
add-on that includes NSI effects in probability calculation [29]. The sensitivities to constrain
the NSI parameters relevant for matter effects are derived by analyzing the MC samples that
are generated for atmospheric neutrinos and normalized to 5.4 Mt-year exposure. Moreover,
the implications on the determinations of the neutrino mass ordering and the octant of a3
are also addressed in this work.

The results presented in this work are complementary to the long-baseline neutrino
oscillation program of the ESSnuSB project. The complementarity between the neutrino
beam and atmospheric neutrinos was previously studied for MEMPHY S-like neutrino detectors
in ref. [30]. In the present work, we examine the prospects of atmospheric neutrinos in the
neutrino detectors that are described in the ESSnuSB Design Study [7], while approximating
the conditions inside the mine in Zinkgruvan.

This article is organized as follows. In section 2, the theoretical formalism for neutrino
oscillations is reviewed for NSI. The effects of NC-NSI on the neutrino oscillation probabilities
are discussed in this section with analytical formulas. In section 3, neutrino oscillation
probabilities are investigated numerically and the effect of each NSI parameter is discussed for
atmospheric neutrino oscillations. The experimental configuration and the numerical analysis



of the MC samples are summarized for ESSnuSB in section 4, whereas the main results of this
work are shown in sections 5 and 6. Finally, in section 7, we present our concluding remarks.

2 Non-standard interactions

In this section, we present a brief review of the NSI formalism, focusing on the V' — A Lorentz
structure. We also examine the effect of individual NSI parameters on the neutrino oscillation
probabilities relevant for atmospheric neutrinos.

2.1 Review of the non-standard interaction formalism

Non-standard neutrino interactions can be parameterized in the low-energy regime in terms of
effective Lagrangians, which can be written separately for CC and NC interactions. The CC
and NC Lagrangians responsible for NSI effects, hereafter denoted as CC-NSI and NC-NSI,
respectively, are given as

LY = —2v2Grel (0, PLug) (Fr" Pof'), (2.1)
LR = —2v2G pel§ (5,7 PLvg) (Fy" Pof), (2.2)

where f,f = liu
refer to the flavors of the incoming and outgoing neutrinos, and G is the Fermi coupling

;»d; stand for charged leptons and quarks (i = 1,2,3), o,8 = e, 1, T
constant. The chirality of the charged lepton interaction is determined by C' = L, R, whereas
P, = (1 —75)/2 and Pgp = (1 + 75)/2 are the projection operators for the left-handed
and right-handed gauge interactions, respectively. The relative strengths of the NSI are
parameterized by the dimensionless parameters eig’c and € B -

The CC-NSI and NC-NSI Lagrangians presented in equations (2.1) and (2.2) affect
neutrino oscillations in different manners. The CC-NSI Lagrangian is relevant for the
neutrino interactions that take place both in the source and the detector, whereas the NC-NSI
Lagrangian affects neutrino interactions with ambient matter.

In the presence of CC-NSI, the neutrino states that are produced and detected are not
necessarily pure flavor states. Instead, the neutrino states involved in the production and
detection processes become superpositions of the different neutrino flavor states. This is the
case if the matrix that spans ¢/7C has non-diagonal elements. The incoherent production and
detection of the neutrino flavor states due to the CC-NSI Lagrangian are often parameterized
with the source NSI parameters eiﬁ and detection NSI parameters eiﬁ, which can be complex
for all neutrino flavors «, 8 = e, u, 7. The initial and final states of a neutrino that is detected
in a neutrino experiment can therefore be written as

va) =lva) + X eaylv)s (2.3)
VY=EM,T

(Wl = (vl + > efpvl, (2.4)
Y=6M,T

where |v3) and (Vg\ are the impure states that are respectively involved in the neutrino pro-
duction and detection processes, in which «, 8 = e, u, 7 are the corresponding neutrino flavors.
The exact dependence of the source and detector NSI parameters defined in equations (2.3)



and (2.4) and those provided for the CC-NSI Lagrangian in equation (2.1) depends on the
processes involved in the neutrino production and detection.

The NC-NSI Lagrangian presented in equation (2.2) is relevant for neutrino propagation.
The NSI effects affecting neutrino propagation through matter are effectively parameterized
by the so-called matter NSI parameters, which are given as a sum of the left-handed and
right-handed NSI parameters in the NC-NSI Lagrangian:

em =S+ ) 2L = el (25)
f € f €

where N 7 stands for the number density of the fermion f in matter through which the
neutrino propagates. In a similar manner, N, denotes the number density of electrons in
matter. Since there are approximately two nucleons per electron in Earth matter, neutrinos
propagating inside the Earth are sensitive to the combination

€ap = 3€az + 36&5 + €ap (2.6)

where €5, eiﬂ and €7 5 are the NC-NSI Lagrangian coefficients corresponding to up quarks,
down quarks and electrons, respectively. The effective Hamiltonian responsible for neutrino
propagation in matter therefore becomes

1 0 0 0 L+ ece €cp  €or
H(E,)=5—|U|0 Am3, 0 |U+A| anoenoem ||, (2.7)
v 0 0 Amj, e e el

where U is the well-known Pontecorvo-Maki-Nakagawa-Sakata matrix and FE, is the energy
of the propagating neutrino. The standard matter effects give rise to the matter potential
A=2/2E,G N, which is driven by the neutrino energy £, and the electron number density
N,. The corresponding Hamiltonian for the antineutrino oscillations can be obtained from
equation (2.7) with the transformations dop — —d-p and A — —A. The NSI effects related

to neutrino propagation are parameterized with the six parameters e, €¢,,, €or, €., €7
and €. While the diagonal elements eg, €, and €7} are real, the off-diagonal elements

€cpr €er and €7 can even be complex. The probability for neutrino oscillations is given by
Py v, (L,E,) = ]<Vg|e_iH(Ev)L\y2)|2, where L is the distance that neutrinos propagate.
In practice, neutrino oscillation experiments cannot probe the diagonal NSI parameters

m m m H 3 3 H m m
€cer €y, and € directly. Instead, experiments can test their differences, e.g. ez, — €, and
m m

€7y — €y~ This is owed to the fact that any real number can be subtracted from the diagonal

elements of the Hamiltonian in equation (2.7) without affecting the neutrino oscillation
probabilities. In addition, atmospheric neutrinos can be used to probe the off-diagonal NSI
m m

m o .
parameters €f),, €7 and €7 in experiments.

2.2 Effects on atmospheric neutrino oscillations

The phenomenological consequences of the NSI parameters have been widely discussed in
the literature, see e.g. refs. [2, 3] for reviews. In the case of atmospheric neutrinos, the
most relevant type of the three NSI discussed in this work is the matter NSI, which alter
neutrino oscillation probabilities through neutrino propagation. In this subsection, we briefly



discuss how the matter NSI parameters egfﬁ (o, B = e, pu,7) influence neutrino oscillation
probabilities for atmospheric neutrinos.

The most relevant neutrino oscillation channels for atmospheric neutrinos are v, —
Vy, vy, = Ve and v, — v,. The corrections to neutrino oscillation probabilities in the v, — v,
channel can be approxnnated with the analytical formula (derived from equation (10) in
ref. [29]),

; 1-A)A
APysjy _—2|e’;|sin2013sin2923sin923sin(5cp+¢$)sinAsin(AA)Sm((l fl) )
~ s AA
—2|e$|sin2013sin262gsin923cos(5cp+¢g;)cosAcos(AA)Sm(( fl) ) (2.8)

sin?2((1—A)A)

+2|€e | sin 26 5 in 2055 sin Oy cos(dcp + =
lecr | 13 935003 cos(dcp + ey ) A (1—A)?

)

where A = Am3,L/(4E,) and A = 2¢/2E, G N,/ Am},. Here, APNS! = pNSI _pSL g

Ve—Vy, Ve— 1y, ue—wu
the difference between the oscillation probabilities derived for the matter NSI parameter €% =
|| exp (—i¢plt), which is assumed to be a small parameter, and for standard interactions (SI).
The neutrino oscillation probabilities are expressed up to first order in sin 6,5 and €% combined.
An analogous expression can be derived for the v, — v, channel [29].

The analytical formula in equation (2.8) shows the dependence of P, _,, on both [e}]
and ¢7-. Neutrino oscillation probabilities were also examined analytically for the matter
NSI parameters in ref. [31], where analytical formulas were derived separately for €. ey and

€er- In the case of e, the corrections to the standard probability Pl,SI v, appear in the

which indicates that €}, contributes to P,

first-order expressions of sinfth3 and €g),, ep VeV

with similar strength as €*

For the muon neutrino Survwal probability P,, —u, the contributions from the matter NSI
parameters arise mainly from the off-diagonal parameter €.r- The approximate probability
is given by [32]

APi\IS_IW ~ — 2le,; | cos o Asin 2093 (sm 2053 A sin 2A + 2 cos 2923 sin A)
) (2.9)
+ (|efful — ]eTT]) Asin® 2055 cos 20,5 (A sin 2A — 2sin? A) .

It can be noted from equation (2.9) that the muon neutrino survival probability is primarily
affected by the matter NSI parameter €. The second most important quantity is the
difference between the absolute values of the diagonal NSI parameters €}, and €7, although
their relative impact is not as strong as that of €, due to the negative sign in the —2 sin? A
term. The relatively large effect on the muon neutrlno survival probability due to pu — 7
sector parameters such as €/

and €, comes mainly from the enhanced oscillation in the

7y ST
tau neutrino appearance Ciannel vy — l;T at higher neutrino energies.

Matter NSI parameters have been studied in a number of atmospheric neutrino oscillation
experiments. For the off-diagonal NSI parameters eg;, and €}, the most stringent constraints
to date have been obtained by ORCA6 [33] that sets the upper bounds leg;,| < 0.056 and
|e| < 0.074, which are reported at 90% CL and assume real-valued matter NSI parameters

that affect only down quarks. The constraints obtained for complex-valued NSI parameters



Parameter | Central value | Uncertainty (10 CL) | Allowed range (30 CL)
sin? 6, 0.308 3.8% 0.275 — 0.345
sin? 6,4 0.02215 2.7% 0.02030 — 0.02388
sin? fyq 0.470 5.3% 0.435 — 0.585
scp [°] 212 18.9% 124 — 364
Am3; [107°eV?] 7.49 2.5% 6.92 — 8.05
Am3, [1073eV?] 2.513 0.8% 2.451 — 2.578

Table 1. The best-fit values of the neutrino oscillation parameters as determined by neutrino
experiments [1, 40]. The values and their relative uncertainties are presented at 1o CL assuming
normal mass ordering. The allowed values are also shown for each parameter at 3c CL. The values
are based on NuFit 6.0 best-fit results [40] including Super-Kamiokande data.

are found to be of similar strength [33]. Similarly, the last off-diagonal NSI parameter
€.+ has been constrained by IceCube [34], where high-energy neutrino data indicate that
|€Z"‘T| < 0.0041. Finally, the effective NSI parameter €. — €, has been probed most precisely
by the DeepCore data [35] that set the upper bound at |7} — ¢, | < 0.014. Other noteworthy
upper bounds on matter NSI parameters for atmospheric neutrinos have also been reported by
ANTARES and Super-Kamiokande collaborations [36, 37]. Global constraints from neutrino
oscillation and scattering experiments have been reviewed in ref. [38].

3 Oscillograms with non-standard interactions

In this section, the neutrino oscillation probabilities are reviewed in presence of NSI. For
concreteness, we focus on the most relevant NSI parameters for atmospheric neutrinos, which
are the matter NSI parameters €, €77, €, €,

In this work, the neutrino oscillation probabilities are computed adopting the widely-used
GLoBES software [27, 28]. The probabilities are calculated using the snu add-on [29], which
extends the framework of GLoBES to NSI. We apply this framework to study the effect of

matter NSI parameters in three-flavor neutrino oscillations. The matter effects are taken into

m
and €.

account with a PREM profile [39] of 81 steps, which is sufficient to approximate the matter
density profile through the Earth. The baseline lengths L are computed for the neutrino
cosine zenith angles cosf, with the well-known formula,

L=/(R+h)?+ (R—d)?sin?0, — (R — d) cos .. (3.1)

where R is the Earth radius, h is the neutrino production height and d is the depth at
which the neutrino detector is located. To approximate the conditions for the mine in
Zinkgruvan, we set the depth parameter d = 1 km. For the remaining parameters, we assume
R =6371 km and A = 15 km. For the neutrino oscillation parameters, we follow the global
best-fit values from NuFit 6.0 [1, 40]. The current best-fit values and the corresponding
uncertainties are summarized in table 1.

m m

The effect of the matter NSI parameters €*, e, ™

epr “etr tut

oy
is illustrated in figure 1. The colors show the probability

and €7 on the neutrino

oscillation probability P,

e—
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Figure 1. Probability differences for the neutrino oscillation probability P,, owing to NSI effects

in neutrino propagation. The probability difference is given by APIZS_IWH = Pyl\iS_IWH — Pfel S, In
each panel, one NSI parameter is assigned a non-zero value for Pyl\lgwu, while the remaining NSI
parameters are kept at zero. For PSI all NSI parameters are zero. The color bar indicates

Ve—r1y)
probability differences between —100% and 100%. The probability differences are computed assuming
normal ordering for the neutrino masses.

NSI
Pye—w,u

1S

differences that are computed for the probabilities with one non-zero NSI parameter,
and with no NSI effects, Pl,SeI - The probability difference APNSI =~ = pNSI = _ pSI

VE_>VM l/e—)V‘u Ve—>llu
shown as a function of the neutrino energy E, and the neutrino cosine zenith angle cos®,.
The color bar encodes probability differences between —100% and 100%. Without loss of

m  Am

generality, we have set the complex phases ¢g,, d¢r

and ¢} to zero. The magnitudes of

the effective matter NSI parameters, i.e., |eg, |, |ecr], €} ], [ete — €| and |ef} — have

A
been set to the values indicated in the panels, whereas the other NSI parameters :;Le set to
zero. The values chosen for the matter NSI parameters are within the 99% CL limits of the
global fit analysis [38]. Figure 1 shows that the transition probability P, v, is enhanced by
the NSI effects in multiple parts of the neutrino energy spectrum. For the off-diagonal NSI

m m
e and e,

the most significant changes are found for sub-GeV neutrino energies F, < 1 GeV. However,

parameters € the probability is affected across the neutrino energy spectrum, but

the neutrino energy and the neutrino cosine zenith angle become challenging to reconstruct
in the sub-GeV region, and greater significance is therefore expected from multi-GeV neutrino

energies. On the other hand, the matter NSI parameters €. and €} — €, are shown to
have smaller effects on the transition probability than €f;, and €. For € and €} — €,
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probability differences between —100% and 100%. The probabilities are computed assuming normal

ordering for the neutrino masses.

the inclusion of the matter NSI parameters results in percent-level corrections for neutrino
energies F/, < 10 GeV. The enhancements are the strongest near the direction where neutrinos
propagate through the center of the Earth. However, the experimental constraints from
IceCube and ORCAG6 [33, 34] indicate that the upper bound on [e, | is much smaller than

the one shown in figure 1. When this upper bound is imposed on €7, the difference AP,iS_IWH

is reduced to sub-percent level. It can therefore be concluded that €}’ and €7, — €, do not

m

contribute significantly to ve — v}, oscillations, while €},

and €> may lead to notable effects.

The p — 7 sector is known to have a strong impact on the v, — v, oscillations. This was

PNSI
U=y

|l | and [€]} | in the leading term. In figure 2, the difference between the

already pointed out in section 2.2, where the analytical formula for A in equation (2.9)

m
pur>
m m

it PNSI SI : m
probabilities P, >, ‘and P) _,, is shown for non-zero values of €}, €7, €7

m
has e}, | cos ¢
m m
and €. — e, We
m
e’
the survival probability across the neutrino energies, whereas €> has the most notable effects

have again set the complex phases ¢ er and ¢z to zero. This figure shows that ef), alters
for neutrino energies E, < 10GeV. In contrast, €. and €. — €}, have the most significant
effects for much higher neutrino energies, i.e., E, ~ 10 GeV. This is particularly true for
€.7» which yields significant contributions to the probability near 100 GeV and beyond. For



€77 — €y, the highest impact appears around E, ~ 25 GeV. In both cases, the observed
changes in the probability arise from v, — v; oscillations, which are enhanced by strong
matter effects in the Earth’s core. Atmospheric neutrino oscillations are therefore very
sensitive to matter NSI parameters involving both muon and tau flavors. This behavior is also

expected from the analytical formula that is shown for P, _,, ~in equation (2.9) in section 2.2.

4 Atmospheric neutrinos at the ESSnuSB far detectors

The analysis of the atmospheric neutrino data is carried out with the MC samples generated
for ref. [23]. The samples were generated by GENIE [24, 25] and consist of atmospheric neutrino
interactions with the neutrino energies F,, € [0.1,100] GeV assuming 100 years of data taking
and the ROOT geometry of a Water Cherenkov detector equivalent with 540 kt fiducial mass
volume. The atmospheric neutrino fluxes were adopted from ref. [41] for Pyhésalmi, averaging
over the seasonal variation. The large size of the generated MC samples ensures that the
fluctuations in the MC chain remain small, when the samples are re-normalized to the
designated exposure in the ESSnuSB far detectors. In the current work, we assume the total
exposure for ESSnuSB to be 5.4 Mt - years, which is equivalent to 10 years of data taking.

The statistical analysis of the simulated neutrino events is carried out with the following
procedure. The MC samples generated by GENIE are first pre-processed to obtain neutrino
events for the test and the true hypotheses. During this phase, neutrino oscillations are taken
into account in the MC samples by using a dedicated reweighting algorithm. The reweighting
algorithm classifies atmospheric neutrino events either into oscillated or unoscillated events by
generating a random number S € [0, 1] and comparing it with appropriate neutrino oscillation
probabilities. The neutrino oscillation probabilities are computed with GLoBES. More details
on the calculation of the neutrino oscillation probabilities can be found in section 3. Once
the MC samples are reweighted, the oscillated atmospheric neutrino events are organized into
neutrino energy and neutrino cosine zenith angle bins. In the present work, we consider 100
equidistant bins for the neutrino energies E,, € [0,100] GeV and 20 bins for the neutrino cosine
zenith angles cosf, € [—1,1] with bin sizes AE, = 1 GeV and A cosf, = 0.1, respectively.!
We also incorporate the detector efficiencies for each neutrino flavor. The detector efficiencies
are adopted from ref. [5]. On average, the detector efficiencies are 62% for v, events, 54%
for v, events, 69% for v, events and 68% for v, events. The energy threshold is 0.1 GeV in
our numerical analysis. Finally, the binned MC events are smeared with Gaussian functions
which are applied independently for neutrino energies AE, and neutrino zenith angles cosf,
with the smearing functions og, and ocosg_, respectively. For our baseline setup, we assume
30% resolution for neutrino energies in the sub-GeV bins and 10% resolution for neutrino
energies in the multi-GeV bins. We also assume the neutrino zenith angle resolution to
be 10°. As the conventional Water Cherenkov technology is not sensitive to the sign of
the electric charge of the charged leptons, the MC events are separated into electron-like
and muon-like events, where neutrino and antineutrino events corresponding to the same
neutrino flavor are included in the same analysis bin. In other words, electron-like events

'In principle, the down-going atmospheric neutrino events receive background from cosmic muons. However,
the contamination from cosmic muons is estimated to be small for the mine in Zinkgruvan [5], where the rock
overburden is 1 km.



contain both events involving v, and 7, interactions, whereas muon-like events contain events
involving both v, and v, interactions. The events include CC interactions as well as NC
interactions. It is important to note that neutrino oscillations are only taken into account for
events involving CC interactions, whereas events involving NC interactions are unoscillated
events and therefore treated as unoscillated backgrounds. In principle, gadolinium-doping
could be used in the ESSnuSB far detectors to acquire sensitivity to the sign of the electric
charge for charged leptons. This option is currently being investigated in an ongoing study.
In addition, it is assumed in our numerical analysis that the probability to mis-identify
electron-like events as muon-like events and muon-like events as electron-like events is zero
for the ESSnuSB far detectors, since its impact on the results is presumed to be small. We
will also check this impact in the numerical analysis.

The analysis of binned atmospheric neutrino events is carried out with the likelihood

function,
) 2000 0 5 ¢ 2
=2 E -0 O, log -2 2 4.1
=23 (B0, gE)+z(> | (41)

where E,, and O,, correspond to the expected and observed neutrino events in the n'" analysis
bin, respectively. The electron-like samples and the muon-like samples are treated separately.
The systematic uncertainties are taken into account with the well-known pull method [42].
In this work, we assume five different systematic uncertainties which are characterized by the
pull-parameters ¢; and their standard deviations o;, where ¢ = 1,2,...,5. The systematic
uncertainties are listed in table 2. The test events in the analysis bin n are computed as follows

5
En = En,O (1 + Z fn,i<i> ) (42>
i=1

where E, o is the number of test events before the pull and f,; are the coefficients that
determine the weights of the pull parameter (; in the analysis bin n. In our numerical analysis,
x? is computed separately for both electron-like and muon-like samples with equation (4.1).
The full x? function is then obtained as the sum of the electron-like and muon-like components.
Each sample is assumed to be pure, meaning that electron-like events consist purely of events
involving v, and 7, interactions and muon-like events of v, and 7, interactions, respectively.

The evaluation of the systematic uncertainties is based on the methodology that was
introduced in ref. [43]. We follow the implementation that has been used in e.g. refs. [44-46].
There are five different systematic uncertainties in this approach: (i) flux normalization error,
(ii) cross-section normalization error, (iii) zenith angle dependence error, (iv) energy tilt error
and (v) detector efficiency error. Each of the five errors has its own pull parameter. It should
be noted that electron-like events and muon-like events are analyzed with separate sets of
nuisance parameters. The flux normalization error and the cross-section normalization error
account for the uncertainties in the overall normalizations of the atmospheric neutrino fluxes
and the neutrino-nucleus cross-sections. We treat the flux and cross-section normalization
errors with conservative 20% and 10% uncertainties, respectively. Meanwhile, the zenith angle
dependence error parametrizes the uncertainty on the zenith angle dependence. We compute
the weights for the zenith angle dependence error as 5% of the average neutrino cosine zenith
angle in each analysis bin. The energy tilt error introduces a tilt factor which parametrizes
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Systematic error Uncertainty
Flux normalization 20%
Cross-section normalization 10%
Zenith angle dependence varies
Energy tilt varies
Detector efficiency 5%

Table 2. List of systematic uncertainties used in this work. See the text for the implementation of
the zenith angle dependence and energy tilt errors. More information on the methodology can be
found in refs. [43-46].

potential deviations from the power-law assumption for the atmospheric neutrino fluxes.
Finally, we include an overall 5% error for the detector efficiencies.

The weights for the energy tilt error are obtained with the following procedure. We first
compute the tilted atmospheric neutrino flux ®5(E,) as [43]

E,\° E
(I)(S(Eu) = (I)V,O (‘EI;> = q)V,O (1 + 510g V) ) (43>

Ey
where ¢ is a tilt factor, E|, is a reference energy and @, represents the unaltered atmospheric
neutrino flux. The weights for the energy tilt error are acquired by generating MC events
for both the original and tilted atmospheric neutrino fluxes and calculating their ratio. For
this work, we obtain the tilted atmospheric neutrino fluxes with equation (4.3) by setting
d = 5% and E; = 2GeV. The same treatment was used in our previous study [23].

The minimization of the x? function is done for the standard neutrino oscillation parame-
ters 623, Am3; and dp, which are allowed to vary within their allowed 30 CL ranges. The
parameters 612,613 and Am%l are kept fixed at the central values. The latter are strictly
constrained by the solar and reactor neutrino experiments and are not important for our
numerical analysis. The central values and their 30 CL ranges are adopted from the global
best-fit values [1], which are also listed in table 1 in section 3. For the evaluation of the NSI
effects, the minimization of x? also includes one matter NSI parameter. The true values

for the standard neutrino oscillation parameters are adopted from the central values. For

m

simplicity, we have set the true values of dp and the complex NSI phases ¢, ¢¢7,

m
ur Lo
zero in our numerical analysis. Note that no priors are used in this work.

5 Constraining matter NSI parameters at ESSnuSB

Atmospheric neutrinos can provide sensitive probes to NSI effects in neutrino propagation.
Previously the prospects for probing matter NSI parameters with atmospheric neutrinos have
been investigated for Hyper-Kamiokande [47-49], INO [46, 50] and PINGU [32]. Sensitivities
to matter NSI parameters through atmospheric neutrino detection can also be expected
for the far detectors of the reactor neutrino experiment JUNO [51] and the long-baseline
experiment DUNE [52]. Furthermore, future atmospheric neutrino data from the neutrino
telescopes IceCube-Gen2 [53], KM3NeT-ORCA [54] and P-One [55] can be expected to probe
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the parameter space for the matter NSI parameters even further. The atmospheric neutrino
data expected for the ESSnuSB far detector would provide complementary results on the
search for the matter NSI parameters.

The expected atmospheric neutrino spectrum for the ESSnuSB configuration is shown in
figure 3. The top-left and bottom-left panels illustrate the expected number of events for
the electron-like and muon-like samples, respectively. The events are computed for the NSI
parameter value of €, = 0.10. The top-right and bottom-right panels show the corresponding
relative differences ANNST/NST = (NNST . N5T) /NST and AN}L\ISI/NEI = (N}L\ISI - NEI)/NEI
that have been obtained for the electron-like events and the muon-like events, respectively.
The detector effects have been taken into account. The top-right and bottom-right panels
show that the positive value of the NSI parameter €, leads to notable changes in the
expected electron-like and muon-like events. The effect is more pronounced for the multi-
GeV bins, where the first oscillation maximum also occurs for atmospheric neutrinos. The
aforementioned changes indicate that the atmospheric neutrinos that are expected for the
ESSnuSB far detectors would have a moderate sensitivity to the off-diagonal NSI parameter
€gy,- For the remaining matter NSI parameters, the relative event differences are presented in
appendix A. The effect of the zenith angle dependence error on the expected electron-like
and muon-like samples is also discussed in the same appendix.

g €ors €pirs

The sensitivities are obtained by analyzing the MC

In figure 4, individual sensitivities are shown for the matter NSI parameters e

m m
o e

event samples for atmospheric neutrinos at ESSnuSB, see section 4 for further details. In

and also for €} — €, and €% — €
each panel, Ax? = y%q; — x&; is presented as a function of the test values for the magnitude
of the depicted matter NSI parameter. The true values of the matter NSI parameters are
assumed to be zero. Here X12\ISI represents the x? value that has been computed with NSI
effects, whereas X%I corresponds to the case where only standard matter effects are applied.
The sensitivities are obtained with 5.4 Mt - year exposure. The true neutrino mass ordering
is assumed to be normal ordering. The minimization of x? is carried out for both normal
ordering and inverted ordering. For the off-diagonal NSI parameters e, €g; and €, the
phases ¢g),, ¢¢; and @) are either allowed to vary freely (blue dots) or they are fixed at zero
(blue squares) in the minimization of x2. The simulated data points are fitted with cubic
splines (blue solid and dashed curves). For convenience, the 90% and 30 CL limits (1 d.o.f.)

are shown by the gray dashed lines. Similar Ax? distribution is found for negative ¢ — €upt
values, whereas no significant constraints could be placed on negative values for €/} — e

In the case that no significant deviations from the SM are found, the atmospheric neutrino
data collected in the ESSnuSB far detector could be used to set upper bounds on the effective
matter NSI parameters. In figure 4, the expected upper bounds can be obtained at the
points where the blue solid curves and blue dashed curves intersect with the gray dashed
lines. In table 3, the expected upper bounds are listed for ESSnuSB. The upper bounds have
been obtained at 90% CL and 30 CL given by Ax? = 2.71 and Ax? = 9, respectively. The
numerical values have been obtained by applying linear interpolation. Note that the upper
bounds have been obtained for general NSI couplings, including effects from down quarks, up
quarks and electrons. The results obtained at 90% CL for free Do (o, B = e, p, T) suggest

m

that ESSnuSB would be able to improve the current bounds on €, €77 and €7 — €, by
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Figure 3. Expected number of atmospheric neutrino events in the ESSnuSB far detectors. Events
are separated into e-like events (top-left) and p-like events (bottom-left) assuming ef;, = 0.10. Also
shown are the relative differences ANNSI/NS! for the e-like (top-right) and AN, ESI /N SI for the p-like
(bottom-right) samples, where ANNST and ANJS! indicate the differences between events that are
obtained with and without the NSI effects. Normal ordering is assumed for neutrino masses. Note
that the relative differences are shown up to 10 GeV, whereas the events are shown for the full neutrino
energy range.

approximately factors of 3.2, 3.9 and 1.3, respectively. At the same time, ESSnuSB would be
able to constrain ey — €}, to an accuracy of several percent at 90% CL. This is a noteworthy

result, as no experimental bounds have been placed on € — €, for atmospheric neutrinos.

m
nr
could be obtained for ESSnuSB. The comparison between the current constraints and those

obtained for ESSnuSB has been done by re-scaling the constraints obtained for ESSnuSB

In contrast, the current experimental constraint on €% is more stringent than those that

to account NSI couplings for down quarks only.

To be even more precise, the currently leading constraints on the NSI parameters have
been set to |ef;,| < 0.056 and [ef;| < 0.074 (90% CL) by ORCAG [33], |e;| < 0.0041 by
IceCube [34], and |7} — €j},[ < 0.014 by DeepCore [35]. Note that these upper bounds are
reported assuming NSI with down quarks only. The upper bound on €} — €”* has not been
reported by experimental collaborations, but it has been set to €. — €% < 0.17 by the global
fit results [56]. Therefore, ESSnuSB could potentially improve the upper bounds on |e7, |, ey |
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Figure 4. Expected sensitivities to |e,,|, [ecr], )|, €ce — €)1, and €] — €}, for observing atmospheric
neutrino oscillations at the ESSnuSB far detector. The simulated data points are fitted with cubic
splines. The true neutrino mass ordering is assumed to be normal ordering, while the true values of
the neutrino oscillation parameters are assumed to be the same as the global best-fit values [1, 40].

The dashed lines correspond to the 90% and 30 CL limits. Note the chosen value range for €7, — €.

Upper bound lecy lel:| | €5 | €oe — € | €77 — €pp
ESSnuSB (30 CL, ¢} free) 0.079 0.098 0.029 0.13 0.043
ESSnuSB (30 CL, (b fixed) 0.034 0.047 0.011 0.13 0.043
ESSnuSB (90% CL, ¢ Do free) 0.053 0.057 0.021 0.075 0.031
ESSnuSB (90% CL, Do fixed) 0.016 0.021 0.0053 0.075 0.031

Table 3. Bounds on the NSI parameters for observing atmospheric neutrino oscillations at the
ESSnuSB far detector. The bounds are obtained by applying the Wilks’ theorem, while keeping the
complex phase qbgbﬂ either free or fixed in the minimization (a, 8 = e, u, 7). The results have been
obtained assuming normal ordering to be the true neutrino mass ordering.

and €]} — €. In contrast, the upper bound obtained from IceCube on |[e};; | is found to be
more strmgent than what could be expected for ESSnuSB.

The complex phases ¢, ¢¢; and @) are observed to have a significant effect on the
sensitivities to the matter NSI parameters €(;,, eg7 and €. When the complex phases ¢},
and ¢t are allowed to vary freely, the expected upper bounds for [ef),| and [eg;| at 90%
CL are relaxed by factors of 3.3 and 2.7, respectively. The corresponding effect of ¢y for
|ej| would be a reduction by a factor of 4.0.

The results reported in figure 4 and table 3 are obtained using the standard y? fitting
methods as described in ref. [23]. In the following, we additionally discuss the potential
impacts of three different sources of uncertainties that are not considered in the standard
analysis. They are (i) the systematic uncertainty related to the v, /v, ratio in the atmospheric
neutrino fluxes, (ii) the mis-identification between electron-like and muon-like events, and
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(iii) the atmospheric muon background. Since there are currently no precise estimates for
the mis-identification probability or the atmospheric muon background at the ESSnuSB far
detectors, the investigation for those two uncertainties focuses on considering the maximum
impact that they can have on the atmospheric neutrino analysis.

First, the impact of the v, /v, uncertainty is investigated. To do this, we have added
a new pull-parameter (g to parametrize the systematic uncertainty for the v, /v, ratio, see
e.g. ref. [43] for implementation. We have explicitly checked the effect of this systematic
uncertainty by assuming a conservative 5% uncertainty. The impact of this uncertainty on
the results reported in table 3 is found to be negligible.

Next, we investigate the impact of flavor mis-identification. To do this, mis-identification
probabilities between 0.5% and 2.0% are used to study the effect on the results reported in
table 3. For 2.0% mis-identification, we find that the upper bound on [ef},| changes from
0.079 (cf. table 3) to 0.0826, which corresponds to a change of 4.0% that constitutes the
maximal impact. In the case where the complex phase is fixed, the change is found to be
even smaller. From this, we conclude that the changes in the sensitivities are rather small,
and hence, this impact is neglected.

Finally, to discuss the impact of the atmospheric muon background, the contribution of the
down-going atmospheric neutrino events in the NSI parameter sensitivities is assessed. This
is checked by excluding all down-going events from the numerical analysis, i.e. all electron-like
and muon-like events that satisfy cosf, > 0. Excluding the down-going events, the upper
bound on |eg;,| changes from 0.079 (cf. table 3) to 0.0830, and therefore, the expected upper
bound increases by 4.4%. The events corresponding to cosf, € [0,0.3] are found to yield
the most significant contribution among the down-going events. This observation confirms
that the sensitivities to NSI parameters arise mainly from up-going events, which indicates
that the impact of the atmospheric muon background is of minor importance, and therefore,
we have omitted this impact as well.

6 Implications on mass ordering and 023 octant

In addition to matter NSI parameters, atmospheric neutrino oscillations are sensitive to the
neutrino mass ordering and the 23 octant [23]. However, these sensitivities can potentially
be affected by the possibility of having NSI in neutrino propagation. In this section, the

3 m m m m m m m 3 3
impact of the matter NSI parameters eg),, €77, €)%, €ge — €y, and €7 — €, is examined for

the sensitivities to the neutrino mass ordering and the 655 octant for atmospheric neutrinos
at the ESSnuSB far detector.

In figure 5, the sensitivities to neutrino mass ordering in presence of matter NSI are
presented for one matter NSI parameter at a time. The /Ax? distributions indicate the

number of standard deviations at which inverted neutrino mass ordering can be ruled out

m
ep
(inverted triangles). The

for each matter NSI parameter. Considered are the matter NSI parameters €7, (circles),

m —m
et Hp
computed sensitivities are fitted with splines (solid curves). The sensitivity to the neutrino
mass ordering is computed as /A2 = 1/)(%0 — XIQ\IO, where X120 is minimized for the Am3,

values that correspond to inverted ordering, Am3; < 0, and XQNO is minimized for the values

m

€ ee

(squares), € (triangles), g — €, (diamonds) and €7,

matching normal ordering, Am3, > 0, respectively. The corresponding sensitivity is also
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Figure 5. Sensitivity to neutrino mass ordering in presence of matter NSI parameters. For each
true value, x? is minimized over the test values of the given matter NSI parameter in addition to the
standard parameters. The true neutrino mass ordering is assumed to be normal ordering.

presented without matter NSI parameters (gray dashed line), in which case dcp and the
relevant matter NSI parameters are fixed at zero. We have furthermore assumed the true
values of ¢g,, ¢¢; and ¢y to be zero. In the left panel, the sensitivities are shown as functions
of the true value of the magnitude \eZ’BL where «, 8 = e, u, 7. For those sensitivities, the
x? function is minimized for the standard neutrino oscillation parameters 6,4, Am3; and
dcp, and also for the non-standard parameters [e;js| and ¢4 The remaining matter NSI
parameters are fixed at zero. In the right panel, the sensitivities to the neutrino mass
ordering are shown for the diagonal parameters |el! — e%[. For those matter NSI parameters,
the minimization of x? includes €7, — €5 in addition to the standard neutrino oscillation
parameters. One can expect analogous results for the case where the true neutrino mass
ordering is assumed to be inverted ordering.

When the matter NSI effects are taken into account, the sensitivity to the mass ordering
is expected to decrease as a result of the increased number of free parameters. This can be
observed in figure 5, where the sensitivity to exclude inverted ordering is reduced from the
standard interactions case for the true values [eps| = 0 (|eqy, — €5 = 0) for the off-diagonal
(diagonal) matter NSI parameters. For [eg,,[, e(z| and [€]]’. |, the sensitivity generally increases
as the true value increases. In contrast, the sensitivities to rule out the wrong mass ordering
for [ege —€pyy,| or €7} — €, | are mostly independent of their corresponding true values. Figure 5
shows that taking the magnitude and phase of €y B8 free parameters results in approximately
0.60 —1.30 CL decrease in the mass ordering sensitivity. The ESSnuSB setup can be expected

to exclude the wrong neutrino mass ordering by about 6.10 CL or better. Note that the
—em m
oy jor

The effect of matter NSI parameters can similarly be investigated for the determination

matter NSI parameters €} and €7} — €)' can have negative values.

of the 0,5 octant. In figure 6, the sensitivity to the octant of 6,5 is shown as a function of the
magnitudes of the effective matter NSI parameters. As before, the effect is studied for only
one matter NSI parameter at a time. The true neutrino mass ordering is assumed to be normal

ordering. The true values of ¢ er and ¢y are again assumed to be zero. The sensitivity to

m
ew’
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Figure 6. Effect of matter NSI parameters |ef},|, 72|, €)% |, [efe — €}, | and [€] —€]l" | on the sensitivity

to the octant of 5. For each true value, x? is minimized over the test values of the given matter NSI
parameter in addition to the standard parameters. The true neutrino mass ordering is assumed to be
normal ordering.

the octant of 05 is obtained by minimizing the x? function for \/Ax?2 = 4/ X%IO — X%O’ where
HO and LO denote the high octant and the low octant, respectively. Here X%{o is obtained

by minimizing x? for the high octant values, i.e., sin’ 093 > 0.5, while X%o is obtained by
minimizing x? for the low octant values, in which case sin? 653 < 0.5. The left panel shows
the sensitivities to 643 octant for the off-diagonal matter NSI parameters €n: Whereas the
effects of the diagonal matter NSI parameters e, — €3 are illustrated in the right panel.
The sensitivities that are obtained for standard interactions without matter NSI effects are
depicted with the gray dashed lines.

Figure 6 reveals that matter NSI could have a noticeable effect on the sensitivity to the
octant of 6,3. For the true values |ef;| = 0 and |eqy, — €33 = 0, the sensitivities to exclude the
wrong octant would be lowered by 0.1¢ — 0.40 CL, while the minimum sensitivity would be
2.60 CL. Furthermore, it is shown in figure 6 that for certain values of |efs| and |efy, — €]
the sensitivity to the octant of 6,5 could be higher than what would be obtained for the
case where all matter NSI parameters as well as dop are fixed at zero. Ounly €l — €, is
an exception, as the sensitivity to the octant of 6,3 would remain consistently below the
dashed gray line regardless of the true value of |} — ¢}, [. ESSnuSB would therefore retain a
noteworthy sensitivity for the octant of 6,3 despite the increased number of free parameters.

In conclusion, the atmospheric neutrino data that could be collected in the ESSnuSB far
detector would be sufficient to determine the neutrino mass ordering and provide sensitivity
to the octant of Ao3. Especially, the sensitivity to the mass ordering would be well above
the 5o CL discovery limit even in the case that one of the matter NSI parameters is allowed

to run free in the statistical analysis.
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7 Summary and conclusions

In this work, the phenomenological implications of matter NSI parameters were considered
for atmospheric neutrinos at the ESSnuSB far detector. The sensitivities were derived for the

effective matter NSI parameters €7}, €0, €, €ge — €, and €. — €}, by analyzing Monte Carlo

events that were generated for the ESSnuSB far detector assuming 5.4 Mt - year exposure. In
the case where no signatures of new physics were observed, the atmospheric neutrino data
expected for ESSnuSB would be able to place the upper bounds |eg;,| < 0.053, |ef7| < 0.057
and || < 0.021 on the complex matter NSI parameters at 90% CL, assuming the true

m

neutrino mass ordering to be normal ordering. The effect of the complex phases ¢g),, ¢¢; and

1 was taken into account in the determination of the sensitivities. Slmllarly, the dlagonal

matter NSI parameters e(y — €, and €7 — €, could be constrained to g, w < 0.075 and

7 — €y, < 0.031 for pOSlthG values. A similar constraint could be obtalned for negative

6’7'7'

values of €7y — €., Whereas no significant bound could be placed on €f; — €, for its negative

B

values. In the case that the complex phases ¢g,,, ¢¢; and ¢ are ﬁxed at zero, the expected

e €0y and €2 would be e}, | < O 016, \667\ < 0.021 and |€;| < 0.0053.

The effects of the matter NSI parameters were additionally investigated for determining

upper bounds for €7

the neutrino mass ordering and the octant of f,3. In the case that one of the matter NSI
parameters were treated as a free parameter, the sensitivity to rule out the wrong mass
ordering would remain approximately at 6.1c CL or higher. Similarly, letting the matter NSI
parameters to run free in the determination of the octant of 643 would keep the sensitivity at
2.60 CL or higher. Therefore, the atmospheric neutrino data expected for ESSnuSB would be
sufficient to resolve the neutrino mass ordering and provide sensitivities to both the matter
NSI parameters and the octant of f53. Such results would be complementary to the main
experimental program of the ESSnuSB project.
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A Additional investigations with atmospheric neutrino events

In this appendix, the effect in the expected atmospheric neutrino events is investigated for

the matter NSI parameters e, €7, €fe — €, and €7, — €, For the off-diagonal parameter

™, we refer the reader to figure 3 in section 5. It is also shown in this appendix how a

€ep
siﬁgle 1o pull for the zenith angle dependence error affects the electron-like and muon-like
events in the ESSnuSB far detectors. In each case, atmospheric neutrino events are compared
for 10 years of data taking.

In figure 7, the relative differences in the atmospheric neutrino events are shown for
the off-diagonal parameters €> and €, In the top-left and top-right panels, the relative
differences ANNgr/Nst = (Nnst — Nsi)/Ngr are shown for the electron-like and muon-like
samples, respectively, when Nngr is computed for € = 0.10. In a similar manner, in the
bottom-left and bottom-right panels, the relative differences are shown for the electron-like
and muon-like events in the case where €, = 0.05. Note that the relative differences are
shown up to 10 GeV neutrino energy.

In figure 8, the relative differences in the expected atmospheric neutrino events are shown

em m
or o

electron-like and muon-like events are presented for e, — €, = 0.20 in top-left and top-right

for the diagonal parameters €} — and €% — €' . In this case, the relative differences in
panels, and for €77 — €}, = 0.10 in bottom-left and bottom-right panels, respectively. For
consistency, the relative differences are shown up to 10 GeV neutrino energy.

In figure 9, the effect of the zenith angle dependence systematic uncertainty is shown
for the electron-like and muon-like events. The pulled events Npueq correspond to the
atmospheric neutrino event spectrum in the case where a systematic pull has been performed
on the original atmospheric neutrino events Ngiginal at 1o CL for the cosine zenith angle
dependence error. This is achieved by setting the relevant pull-parameter to (3 = 1. Other
pull-parameters are set to zero. The figure shows that the effect on the expected atmospheric
neutrino events is the most significant near cosf, = £1. Correspondingly, the effect of the

zenith angle dependence error is the least significant near cosf, = 0.
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