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Nonstandard interaction of atmospheric neutrino in future experiments
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We show the prospects of probing neutral-current nonstandard interaction (NSI) in the propagation
of atmospheric neutrinos in future large-volume neutrino experiments including DUNE, HK, KNO, and
ORCA. For DUNE, we utilize its ability of identifying the tau neutrino event and combine the v,
appearance with the v, disappearance. Based on our simulated results, the 10 years of data taking of the
atmospheric neutrinos can enormously improve the bounds on the NST parameters €., |£,, — €. €c» €0r

— &,.| by a couple of orders of magnitudes. In addition, we show the expected correlations between
the CP-violation phase §¢p and the NSI parameters ¢,,, €., and l€ce — €,,| and confirm the potentials of
DUNE, HK, KNO (combined with HK) in excluding the “No CP violation” hypothesis at 1o, 20, and 30,

and |e,,,

respectively.
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I. INTRODUCTION

Data from atmospheric neutrinos produced by cosmic-
ray interactions in Earth’s atmosphere confirmed neutrino
flavor oscillation in 1998 at the Super-Kamiokande (SK)
experiment [1] and eventually, led to the discovery of
neutrino oscillations. The existence of the neutrino oscil-
lations normally implies the nonzero values of neutrino
masses, which are nondegenerate among the flavors. Since
it is not expected in the context of the Standard Model
(SM), the neutrino oscillation provides one of the most
important empirical evidence of new physics beyond the
SM (BSM).

In the framework of the standard three-neutrino mixing
paradigm, data from various neutrino experiments can be
explained with good accuracy. The standard paradigm
assumes that there are three flavor eigenstates, i.e., v,, 1,
and v,, which are the weak gauge eigenstates, and they are
actually superpositions of three mass eigenstates: vy, v;,
and v5 with the masses m;, m,, and mj3, respectively. For
Dirac neutrinos, the 3 x 3 mixing matrix is parametrized
by three angles (0, 0,3, 0,3) and one CP-violating phase
dcp, while two more phases exist for Majorana neutrinos.
Neutrino flavor oscillation probabilities are the functions
of these four phases and the two independent squared
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mass differences: Am3, = m3 — m? and Am3, = m3 — m3.
After decades of investigations on these neutrino mixing
parameters in various neutrino experiments, we could
successfully find the values of the mixing angles,
Am3,, and |Am3,|. Despite this remarkable success, the
values of the Dirac CP-violating phase, the neutrino
mass ordering (the sign of Am3)), the octant of 0,
and the type of neutrino mass (whether Dirac or Majorana)
are still undetermined yet and remained as the main
tasks of the upcoming generation of neutrino experiments
such as Deep Underground Neutrino Experiment (DUNE)
[2], Hyper-Kamiokande (HK) [3], Korean Neutrino
Observatory (KNO) [4], Oscillation Research with
Cosmics in the Abyss (ORCA) hosted by the Kilometer
Cube Neutrino Telescope (KM3NeT) in the
Mediterranean Sea [5] as well as various neutrinoless
double beta decay experiments [6].

Although the neutrino oscillation itself is evidence of
BSM, the existence of new physics can conversely modify
the standard three-neutrino mixing paradigm, which leads
to reinterpretations of the oscillation data. Examples of
such extra effects include the nonstandard interactions
(NSI), the unitarity violation of the mixing, and the
existence of light sterile neutrinos. In this paper, we analyze
how much the atmospheric neutrino data in future experi-
ments can probe the NSI and compare their expected
sensitivities for the first time. Note that the NSI operators
are the effective general Fermi interaction operators
(including the off diagonal terms) originating from the
existence of heavy new physics particles involved in the
gauge interactions of the three active neutrinos (v,, v,,
and v,). The effects of NSI from the atmospheric neutrino
data in the existing experiments [7—14] and in the other
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types of neutrino oscillation experiments [15-24] have
been studied extensively in the previous literature.

There are two types of NSI: neutral current NSI
(NC-NSI) and charged current NSI (CC-NSI), which are
the effective operators with the forms of the neutral current
and the charge current weak interactions, respectively. The
NC-NSI affects the oscillation of an active neutrino while
propagating through matter and the CC-NSI affects the
production and detection of active neutrinos. As relatively
strong model-independent constraints already exist on the
CC-NSI compared to the NC-NSI [25,26], we focus on the
impacts of the NC-NSI while atmospheric neutrinos are
propagating through the Earth matter in this paper.

As our reference future experiments, we consider
DUNE, HK, KNO, and ORCA with the 10 years of data
taking because of the following reasons. The DUNE far
detector has the ability to identify the v, signal event by
event [27,28], in contrast to the other reference experi-
ments, and hence, we can combine the v, appearance
with the v, disappearance data. The HK water Cherenkov
light detector is expected to have a fiducial volume about
6 times larger than the DUNE far detector with low
enough threshold energy of detecting v, events. The
multipurpose large volume neutrino telescope KNO can
provide less background contaminated data due to its
1000 m scale granite overburden. The expected design
of the KNO detector is quite similar to the HK water
Cherenkov light detector, due to its other task as the second
far detector of the long-baseline experiment, Tokai-to-
Hyper-Kamiokande-to-Korea (T2HKK), so that we can
easily combine its data with the HK data." Compared to the
other experiments, ORCA has an overwhelming size of
fiducial volume about 150 times larger than the DUNE far
detector.

In this paper, we consider the neutrino energy range from
1 GeV to 200 GeV since the flux of atmospheric neutrino
out of this energy range either drops rapidly or depends
highly on the model details [29]. From the neutrinos in the
high energy range of 15-200 GeV, we obtain new prospects
in probing the NSI parameters ¢, and |e,,, — .,|. From the
neutrinos in the low energy range of 1-15 GeV, on the other
hand, we probe d¢p, €, €., and |, — €,,].

This paper is organized as follows. The detailed formal-
ism of the NSI framework and our analysis strategies
according to the expectations of the oscillation probabilities
are introduced in Sec. II. The future sensitivities of the
reference experiments in probing the NSI parameters are
shown in the categories of the high energy range
(15200 GeV) and the low energy range (1-15 GeV)
separately in Sec. III. We summarize our results and discuss
future prospects in Sec. IV.

'Here, we do not show the effect of the background rejection in
KNO and leave it to future work.

II. ANALYSIS STRATEGIES

A. Formalism
In this section, we review the formalism of the NSI and
introduce the conventions used in this analysis. Neutral-
current NSI at low energies can be described via the
effective four-fermion dimension-six operators [30],

Lnc-nst = —2\/§GF€£ﬁ,c<17a7pPLVﬁ)(J_CVpPCf)’ (1)

where G is the Fermi constant and 8 describes the
strength of NSI for each matter fermion f e {e,u,d} with
a,p € {e,u, 7} being the neutrino flavor. The chirality
projection matrix P = (1 F y°)/2 for the left- and right-
handed gauge interactions, respectively, is included.
Neutrino propagation through matter is controlled by the
NSI parameter,

N N
Eap = Z (Z:/g ) L= Z Z/} /, (2)

f=eu,d e f=eu,d

where Ny is the number density of fermion f. Assuming
N,~N,=~3N,, the above parameter becomes

Eap N €05+ 3ely 1 3e0, (3)

The effective Hamiltonian of neutrino propagation
through matter in the presence of NSI is

0 0 0
Hey = %U 0 Am3, 0 Ut
0 0 Am%l
L+ € € €
+Vee Eop . Eur | (4)
€ Ep Ex

where U is the Pontecorvo-Maki-Nakagawa-Sakata
(PMNS) matrix [31,32], Am%j =m? — m? are the mass-

squared differences, and V¢ = £v2GgN, is the effective
matter potential describing coherent elastic forward scat-
tering of neutrinos in ordinary matter, where + denotes the
cases for neutrinos and antineutrinos, respectively. The
oscillation probabilities in the presence of NSI are obtained
by numerically solving Eq. (4). Note that the oscillations
are insensitive to an overall shift to the eigenvalues of
H in Eq. (4), i.e., subtraction by ¢,,/5,3 conventionally
where 13,5 is the 3 x 3 identity matrix [28]. This renders
us to represent the oscillations in terms of |e,, — &,,| and

|8;m - 811|'
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B. Oscillation probabilities

Strong experimental constraints from the meson and
muon decays apply to the charged current NSI operators
[25,33], while the neutral current NSI operators are rather
weakly constrained as summarized in Ref. [34]. A global
analysis of oscillation data on |e,.| provides the constraint:
ley:| $0.02 at 26 C.L., considering contributions to NSI
from only up and down quarks [35]. Note that the individual
bounds from the large volume neutrino experiments can
be stronger: —0.006 < ¢,, < 0.0054 from IceCube [36],
-0.0067 < €,, $0.0081 from DeepCore [37], [e,.|<
0.011 from Super-Kamiokande (SK), all of which are at
90% C.L. On the other hand, the constraints on |e,, — &,
are less stringent. The global analysis in Ref. [35] expects
€4 — €| S 0.05 or weaker.

Interestingly, it is easy to constrain ¢,, and |e,,, — £,,| by
considering the v, disappearance and the v, appearance for
E > 15 GeV. This is because the oscillation probabilities
can be obtained in the 2v approximated system in the
energy range well above the 6,3 resonance, which occurs
around 2—-10 GeV depending on the averaged density in the
Earth core or mantle [12]; the relevant NSI parameters are
just &,, and |e,, — €[, and P,, ~ 1. We justify this argu-
ment by showing the effect of these NSI parameters on
the oscillation probability of v, — v,, defined as P, from
full numerical calculations by solving the three-generation
differential equation of motion for the neutrinos coming
from the atmosphere. In our calculations, the preliminary
reference Earth model (PREM) profile [38] taking into
account the averaged density is used. We set the related NSI
parameters to be nonzero, one at a time, and the NSI phases
to zero for simplicity.

Figure 1 shows the oscillation probability P, as a function
of energy for different values of §¢p with the atmospheric v,
having the zenith angle ® = 120°, ® = 150°, and ® = 180°,
from the left to the right panels, respectively. We fix the other
neutrino oscillation parameters as given in Ref. [39], includ-
ing the SK atmospheric data.

It can be observed that the oscillation probability is not
sensitive to the value of §.-p for energies more than 15 GeV.

©=150"

This result is easily expected because the three flavor
neutrino oscillation probability can be approximated by the
two flavor form; there is no CP violation with only two
flavors. We show the energy range E < 200 GeV since the
flux of the atmospheric neutrino reduces as E~37 [40].

We now concretely show the dependence of the prob-
abilities P,, and P, on the NSI parameters ¢, and
€, — €| for the zenith angle ® € [90°, 180°]. Figures 2
and 3 are the oscillograms for the oscillation probabilities
P, and P, respectively, assuming dcp =0° and the
normal mass ordering. All the oscillation parameters are
taken from Ref. [39]. In the upper panels of the figures,
we turn off all the NSI parameters. On the other hand, the
lower left (right) panels are obtained for |e,, — &, = 0.1
(e, = 0.01), while setting the other NSI parameters to
zero. The probabilities P,, and P, governing the v,
disappearance and v, appearance, respectively, are anti-
correlated in the figures, as expected. Interestingly, one can
observe the huge effect of turning on the NSI parameters in
the oscillation probabilities in the parameter region of high
energy E > 15 GeV and large zenith angle ® > 110°. For
large zenith angels, the atmospheric neutrinos pass through
the deep mantle and the core of the Earth where the density
is higher, and in consequence, the matter effect is more
significant.

Notice that the change of the oscillation probabilities is
more sensitive to &,, than |e,, — . [. This is because the
crucial oscillation channel v, — v,, (likewise for the anti-
neutrinos) depends more strongly on |e,.| than e, — &.|.
For the two neutrino oscillation scheme, the two parameters
controlling the oscillation probabilities, ¢ and Am3, .
in the presence of those NSI parameters can be expressed
as [41]

1 |€ - gTT|2A2
Am%l.m ~ Am%] <1 + 28ﬂTACC _|_§_ /;ﬂ_’_ ; ACCCC ’ (5)
UT

(1 + 2ACC£/41)2
- 8”|)2 + (1 + zgurACC)2

g (6)

1 L —
sin 2055 =

(ACC‘SMM

) 2
~ 1 = 16A¢ce, — Abcleuy — €

©=180"
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-~ 6cp=180°
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FIG. 1.

E(GeV)

107 10° 10t 102
E(GeV)

P, as a function of energy for different values of ¢, for three different fixed values of the zenith angle: ® = 120°, 150°, and

180° for Am3%; = 2.51 x 107* and 6,3 = 49°, a best-fitted value including the Super-Kamiokande atmospheric data. [39].
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FIG.2. Oscillograms for the probability P,, assuming 5.p = 0°. We have considered known normal mass ordering, and the oscillation
parameters are set as given in [39]. The upper panel indicates P, in the absence of NSI parameters. In the lower left (right) panel, we
have assumed nonzero \ew — &) (&,7), while setting other NSI parameters to zero.

where A¢e = 2EV ¢/ Am3, for the neutrino energy E and
0,3 is a mixing angle in the standard parametrization of the
PMNS matrix. From the above expression for Am3, ., we
can observe that e,, appears in first order while |e,, — &,
appears in the second order. Moreover, for effective angle
in matter (sin 260%%), the dependence on 8%,1 is 16 times larger
than |e,, — &,|*.

On the other hand, the oscillation probabilities can
depend on the values of dcp in the low energy range of
1-15 GeV, due to the 85 resonance effect, as shown in
Fig. 1. Moreover, there are correlations between the NSI
parameters (e,,, €, and |e,, —€,,]) and ¢cp, which can
affect the oscillation probabilities.

The neutrino oscillograms of P,, without and with
the NSIs for the low energy region E € [1,15] GeV
are shown in Fig. 4. As a reference, we compare the
cases where 6.p = 0° (no CP violation) and 270° (maxi-
mal CP violation) since the recent analyses claim the
best CP violation phase is around 270° [26,39]. As we
observe, these plots show the correlations between 5¢-p
and the NSI parameters ¢,, and |e,, — &,,|. For ., which
we have not shown here, the result is similar to the

€gy Case.

The oscillation probability of v, — v, for E 2 15 GeV,
is almost independent of the zenith angle, 5-p, and the NSI
parameter |e,, — €,,[; on the other hand, P,, moderately
decreases in the presence of ¢,,. Note that the color codes
are the same as those in Figs. 2 and 3. For the lower energy
region E < 10 GeV, we see the sensitivity of P,, on ¢,, is
notable by comparing the top-left and the bottom-left
panels. The sensitivity on J.p remarkably increases in
the presence of the nonzero NSI parameter ¢,,,, as depicted
in the bottom panels. On the other hand, P is not sensitive
on the other parameter |e,, —¢,,|, although one can see
slight changes for large zenith angle ® > 150°. We con-
firmed the oscillograms of v, — v, show almost the same
behavior as Fig. 4, and we do not show them in this paper.

III. RESULTS

In this paper, we consider the 10 years of future data
taking of the reference experiments: DUNE, HK, KNO,
and ORCA. We take the detailed information of the DUNE
far detectors in Refs. [2] based on the proposal of installing
the four liquid argon time projection chambers (LArTPCs)
with a fiducial volume of 40 kt in total. The information of
the HK detector is taken from Ref. [3] installing a single
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Oscillograms for the probability P,,, assuming §cp = 0°. We have considered known normal mass ordering, and the oscillation

parameters are set as given in [39]. In the lower left (right) panel, we have assumed nonzero e, — &, (¢,,), while setting other NSI

parameters to zero.

water Cherenkov light detector with a fiducial volume of
260 kt. The KNO experiment, which aims to combine its
astrophysical neutrino observations and the beam neutrino
detection coming from the J-PARC in close collaboration
with HK, is expected to be installed in the southeast part
of Korea and take data from 2027 [4]. Although not
definitely decided, we conservatively assume the fiducial
volume of the water Cherenkov light detector is 260 kt, and
the detection technology is the same as that of HK for
simplicity so that they can combine the data easily. The
ORCA is expected to have a fiducial volume of 6 Mt with
an energy threshold of a few GeV. Here we assume the
energy threshold is 3 GeV; the detection efficiency is
assumed to be 50% for 3 GeV < E <10GeV and 90%
for E > 10 GeV [5]. The detailed information of fiducial
volume, energy threshold of detection of the muon/electron
neutrino Ey,, and the v, detection efficiency of each
experiment is summarized in Table L.

For a given ordering (normal ordering or inverted
ordering) and best-fit values of the oscillation parameters,
the oscillation probability depends only on the neutrino
energy and the zenith angle of the direction of the neutrino.
We assume the mass ordering is known to be normal from
the precise measurements of JUNO and RENO-50 in this

paper [23]. Notice that JUNO and RENO-50 experiments are
not sensitive to NSI due to their low neutrino energy. In the
following, we set the true values of the oscillation parameters
as the best-fitted points given in Ref. [39], except d-p. We
have taken the flux of atmospheric neutrinos and the cross
section from Refs. [29,43], respectively.

For the statistical inferences, we have considered the
Asimov data set approximation. We have assumed the
standard paradigm (no NSI) as the true model and quanti-
fied the difference between the standard interaction (SI) and
NSI events in terms of the chi-squared function defined as

VB +n) = NG
2 __ : L L
2 = min) [ S-S

bins

(7)

in which N ?Jl is the theoretical prediction for the number of

events in the ith zenith angle bin and the jth energy bin, and
N7 is the forecast for a median number of events. 7 is the
nuisance parameter that takes care of the normalization
uncertainty of Ay = 0.2. According to our setup, Nj} =
N}lj‘.(s =0), i.e., the theoretical number of events in the
absence of NSIs. We assume 7 to be the total normalization

115029-5



BAKHTI, RAJAEE, and SHIN

PHYS. REV. D 106, 115029 (2022)

Pue(e=0), 6cp=0"°

2 4 6 8
E(GeV)

180

170

160

150

140

130

120

110

100

90

2 4 6 8
E(GeV)

180

8
E(GeV)

FIG. 4. Oscillograms for the probability P,, assuming d¢p =
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0° (left panels) and 5.p = 270° (right panels). The upper panels indicate

the oscillogram for the case of no NSI. The middle left (right) panels show the oscillogram for the case of nonzero |e,, — €,,,| while
setting other NSI parameters to zero. The lower panels are plotted assuming nonzero ¢,,,. Normal neutrino mass hierarchy is assumed to
be true, and the oscillation parameters are set as given in [39].

uncertainty. The predicted number of events N?j’
neutrino v, in each bin is theoretically calculated as

Nf(e) =TN / dQ / dE,6(E,)[¢,(E,)Pu(E,. €. Q)

+¢€ U) EG(EU7€ Q)] ( IJ)

of a  where T is the exposure time, N is the number of target

particles, Q is the solid angle, ¢4(E, ) is the neutrino flux of

flavour 8 at detector, o(E,) is detection cross section of

neutrino a, and Py, is the oscillation probability from flavor

p to flavor a. Note that we included a detector response

function R;;(E,) for which Gaussian resolution function is
(8) a good approximation and is given as

TABLE I. The detailed information of the reference experiments for this analysis [2,3,5,42].

Experiments Ey, for v, Ey, for v, Fiducial volume v, and v, detection efficiency
DUNE 135 MeV 10 MeV 40 kt 85%

HK 110 MeV 6.5 MeV 260 kt 80%

KNO 110 MeV 6.5 MeV 260 kt 80%

ORCA 3 GeV 3 GeV 6 Mton 50% (E < 10 GeV), 90% (E > 10 GeV)
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FIG. 5. The expected chi-squared for NSI as a function of ¢, (right) and |g,,, — &,,| (left) assuming the 10 years of data taking by
DUNE (red curve), HK (black curve), KNO combined with HK (green curve), and ORCA (blue curve). For DUNE, We have assumed
the detection efficiency of v, as 30%. The neutrino mass hierarchy is assumed to be known and normal. The horizontal dashed green

lines show the 1o, 20, 30, and 406 lines.

" E;lp — Etrue " Etrue _ E;:_lown
(S — | — € —_— ,
V2o E, \/EUEb
9)

where oy is the energy resolution, E}i"w“ is the lower limit

1

Rij(Ev) = E

of energy of the jth bin, E* is the upper limit of energy
of the jth bin, and E™®¢ is the real energy of the neutrino.
We find our total number of events (3 ;; N?}) value in good
agreement with those in the technical or conceptual design
reports of the reference experiments.

To perform our analysis, we have taken three equal size
zenith angle bins in ® between 90° to 180°, and twenty
equal size energy bins, between 1 GeV and 200 GeV.
We split our analysis according to the energy range: E >
15 GeV, dubbed high energy range, and E <15 GeV,
dubbed low energy range. As seen in the previous section,
we can effectively consider the two flavor approximation
assuming P,, ~ 1 in the high energy range, and hence, the
relevant NSI parameters are just €,, and |e,, — &.[. We
consider v, /7, detection (disappearance) in all the refer-
ence experiments and add v,/p, detection (appearance) in
DUNE. In the low energy range, the two flavor approxi-
mation does not work due to the 63 resonance effect, as
stated in the previous section. Hence, we can observe the
correlations between the CP violation phase §-p and the
NSI parameters (,,, €., and |e,, — €,,]).

It is worth mentioning that in general, the NSI param-
eters can be complex. However, in the high energy limit
E > 15 GeV where the most relevant NSI parameter is €,,,,
the complex phase can only change the effective value of
this parameter between —|e,,| and +|e,,| [44]. As is
mentioned in the next section, for the low energy analysis
more NSI parameters are included, and the presence of a
complex phase can significantly affect the results. In the
following, we assume all NSI parameters are real.

A. High energy range results

Equipped with the statistical analysis method, we now
investigate the potential of our reference experiments in
probing the NSI parameters ¢,, and |e,, — &,,| in the high
energy range E > 15 GeV. Due to the ability of detecting
v, event by event in DUNE [27], we include the v,
appearance in the experiment assuming the v, detection
efficiency of 30% in all energy ranges we consider [2].
Note that this is an optimistic value, and a more realistic
value should be studied further [28,45]. A more optimistic
claim from Ref. [2] is that the v, detection efficiency can
be near to 100% for high energies. We show how this
optimistic scenario can change the sensitivities of DUNE in
the Appendix.

The other reference experiments can detect v, only
statistically, inferred from the oscillation of v, — v, (not
by events), and hence, we do not include the v, detection
there. The sensitivities in terms of the y? by taking €y
(|&, — €:c]) the only free NSI parameter while setting the
others to zero are shown in the left (right) panel of Fig. 5.
The solid red, black, green, and blue curves correspond to
the expected sensitivities after the 10 years of data taking
from DUNE, HK, KNO combined with HK (denoted as
KNO + HK), and ORCA detectors, respectively. The
horizontal dashed cyan lines correspond to the lo, 2o,
30, and 40 lines. As can be observed, the size of the fiducial
volume plays a key role in increasing the sensitivities of
the NSI parameters €,, and |e,, —&,|; ORCA has the
best sensitivities with the highest statistics. Note that the
sensitivity of DUNE on ¢, is nevertheless close to that of
HK due to the inclusion of the v, appearance with the
detection efficiency of 30% in spite of its much smaller
fiducial volume, which proves the effectiveness of detecting
the 7 neutrino appearance event by event. Therefore,
increasing the v, detection efficiency would play an impor-
tant role in making DUNE competitive over the other larger
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right), KNO + HK (lower left), and ORCA (lower right) experiments. We have assumed the true value of §-p = 270°. Known normal
neutrino mass hierarchy is assumed to be true. We have assumed the standard model as the true model.

size experiments.” For |€,, — €:;|; however, the inclusion of
the v, detection channels does not improve the sensitivity.
The situation is the same even when the v, detection
efficiency is 100% as shown in Fig. 9 in the Appendix. It
is also remarkable that the combination of KNO with HK
shows high sensitivities due to the huge fiducial volume.
The future lo sensitivities on the NSI parameters in
Fig. 5 are summarized as follows:
ORCA: ¢g,, <1.0x 107, |e

e

el <9x1074,  (10)

KNO + HK: ¢,, < 2.8 x 107, —e,] <1.9x1073,

(11)

—e,] <26x1073,  (12)

|,

HK: g, <4.0x 107, |,

DUNE: ¢,, <55x 107, e, — €, <3.9%x 1073,
(13)

It is notable that the experimental sensitivities can be
significantly improved by around 2 orders of magnitude

’See Ref. [46] for a recent effort to increase the v, detectability
by applying the methods in collider physics, focused on the
beam-induced neutrinos.

from the current bounds summarized in Ref. [26]. Let us
emphasize that to obtain these constraints we have fixed all
oscillation parameters, in particular, Am%l. This is a rea-
sonable assumption since as mentioned before, combined
data from the future long baseline experiments, JUNO,
DUNE, and T2HK can determine Am3, by subpercent
precision after 10 years of data collection [23]. Including
the current uncertainty of Am3, will relax these optimistic
constraints by about 1 to 2 orders of magnitudes [47-49].

B. Low energy range results

In analyzing the low energy range, we consider seven
equal size energy bins: between 1 GeV and 15 GeV. We have
considered electron and muon (anti)neutrino detection chan-
nels. Moreover, for N?}‘p < 10, we assume Poisson distribu-
tion function. As seen in the figures in the previous section,
we investigate the sensitivities of our reference experiments
in probing the NSI parameters ¢,,, €,,, and |¢,, — &,,| along
with their correlations with the CP-violating phase d¢p.”

We display the 1o, 20, and 36 C.L. sensitivities in the
dcp — &, plane for DUNE, HK, KNO + HK, and ORCA

3Considering simultaneous measurement of two NSI param-
eters decreases the sensitivity and our results will be comparable
to those obtained in [47] in the case of the ORCA experiment.
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—¢,, expected from 10 years of running of DUNE (upper left), HK (upper right),

KNO + HK (lower left), and ORCA (lower right) experiments. We have assumed the true value of 6-p = 270°. Known normal neutrino
mass hierarchy is assumed to be true. We have assumed the standard model as the true model.

experiments in Fig. 6. We have taken the equal size (2 GeV)
energy bins between 1 GeV to 15 GeV, except for ORCA,
where the energy threshold is 3 GeV. We do not consider
low energies less than 1 GeV because of the large flux
uncertainty and a very small number of events [50].

Notice that in this energy range, the cross section of v,
charged-current scattering is smaller than those of v,, v,
charged-current scatterings (and neutral-current scattering
as well) [51-55]. The main source of the background for
the z-neutrino detection is charge miss-identification and
neutral current events. According to our calculation, the
number of signal events is just O(0.1%) of the expected
background events. Thus, the z-neutrino detection in this
energy range is quite challenging and cannot help to
improve the constraint on the parameters.

As we can observe, assuming 6-p = 270°, KNO com-
bined with the HK data being the most sensitive detector, can
exclude no CP violation at 3¢ C.L. Note that KNO + HK
data can determine §.p = 270° & 25° within 16 C.L. This is
due to its large volume but small £y, compared to ORCA.
Note that HK alone and DUNE can nevertheless exclude no
CP violation hypothesis at 26 C.L. and 1o C.L., respec-
tively, while ORCA cannot exclude it. Comparing with the
current global analysis results [26,39], which have no
sensitivity to d.p at 1o, the future experiments can exclude
no CP violation (6.p = 0, 180°) up to 3¢ C.L. In addition,

we expect the 10 years of data taking at DUNE, HK, KNO +
HK can improve the sensitivities on ¢,,, €, and |e,, — &,
by 2 times, 4 times, and 1 order of magnitude, respectively,
compared to the current bounds [26].

In a similar way, the sensitivities on the §-p — €,, plane
for DUNE, HK, KNO + HK, and ORCA experiments are
presented in Fig. 7. The sensitivity of each experiment
looks similar to that in Fig. 6. Note that the experiments are
rather sensitive to probing the positive values of ¢,, in
contrast to the negative values of ¢,, by comparing Figs. 6
and 7. This is because ¢,, and ¢, give different contribution
to P,, with different signs [44]. We also show the allowed
regions in §cp — |€,, — €,,| plane for each experiment in
Fig. 8. As seen in the previous section, the correlation is
much weaker than cp —€,, Or dcp — &,,. Nevertheless,
we observe that KNO + HK, HK, and DUNE can exclude
the no CP violation hypothesis at 36, 20, and 16 C.L.,
respectively.

IV. CONCLUSIONS

In this paper, we have analyzed the potential of future
large-volume neutrino experiments in probing the non-
standard interactions from atmospheric neutrino data. As
reference experiments fulfilling our purpose, we choose
DUNE, HK, KNO (combined with the HK data), and
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neutrino mass hierarchy is assumed to be true. We have assumed the standard model as the true model.

ORCA assuming the 10 years of data taking. For DUNE,
we consider the v, appearance due to its ability to detect the
v, charged current scattering signal event by event assum-
ing its detection efficiency is 30%, while only the v,
disappearance is considered in the other experiments. Since
the oscillation probabilities of v, = v, v, = vy, U, = U,
v, = v, (and their CP conjugate processes) depend on
the oscillation parameters differently with the neutrino
energy, we separately analyze the high energy range,
i.e., E €[15,200] GeV, and the low energy range, i.e.,
E € [1,15] GeV. For simplicity, we also assume that the
mass hierarchy is known as normal ordering.

In the high energy range, all the experiments have the
sensitivities probing ¢, around (1.0-5.5) x 10~* and |e,,, —
&,.| around (0.9-3.9) x 10~3, which are about 2 orders of
magnitude improvements from the current bounds. The size
of the fiducial volume takes a key role in the analysis so
better sensitivities are obtained from ORCA, KNO + HK,
HK, and DUNE in order. Nevertheless, the combination of
the v, appearance and v, disappearance renders DUNE have
competitive sensitivities in probing &,, to the other much
larger size experiments. Therefore, it is important to develop
new methods to increase the v, detection efficiencies both in
DUNE or other types of experiments. Since the energy
E > 15 GeV is well above the 6,5 resonance, the oscillation

is in the 2v approximated system, and hence, it is hard to
probe S¢p in this range.

In the low energy range, on the other hand, the neutrino
energy can be below the 6#;; resonance so that the
experiments can have sensitivities on d.-p. We represented
our analysis results in the planes of d¢cp — €., Scp — €ers
and 6cp — €., — €,,]. The experimental sensitivities rely
on both the size of the fiducial volume and the threshold
energy of each experiment in the low energy range.
Therefore KNO combined with the HK data is expected
to have the best sensitivities and can determine d-p =
270° 4+ 25° within 1o C.L. Note that the data from KNO
can have less background due to its 1000 m scale granite
overburden, and the actual sensitivity can be enhanced
from our estimation here, which will be discussed in our
future work. We expect that HK alone and DUNE can
exclude no CP violation hypothesis at 26 C.L. and lo
C.L., respectively, while ORCA cannot exclude it due
to its rather high threshold energy (3 GeV). However, if
the energy threshold of ORCA reduces to lower energies,
its sensitivity to the determination of dc-p will increase
significantly. It is worth mentioning that, since DeepCore
has a comparable fiducial volume to ORCA and its energy
threshold is 5 GeV (with a future plan of lowering it) [56],
our nominal results can be applicable to DeepCore too.
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FIG.9. The expected y-squared for NSI as a function of |e,.| and |¢,, — &,,| assuming 10 years of data taking by DUNE. The blue and
the black curves correspond to v, and v, detection channels, respectively. The red curve corresponds to the sum of v, and v, detection
channels. We have assumed detection efficiency of v, as 30% (left panels) and 100% (right panels). The neutrino mass hierarchy is
assumed to be known and normal. The horizontal dashed green lines show 1o, 20, 36, and 40 lines.

Our analysis results show that various future neutrino
experiments have intriguing potential in probing the CP
violation in correlation with the NSI parameters ¢,,, €.,
and |e,, — &,,|: at 36 C.L. for §cp and O(1072) for the NSI
parameters, which is an order of magnitude improvements
from the current bounds.

Moreover, we had considered total normalization
uncertainty as the nuisance parameter in our analysis.
Considering flux uncertainty, which takes into account
the uncertainty in the shape of the flux, can change the
results significantly. In general, our constraints are opti-
mistic, and taking into account other systematics such as
flux uncertainty can lead to a more realistic constraint,
which we leave as a future work.

Consequently, we expect the future improvements of the
v, detection efficiency in the experiments such as DUNE
and lowering Ey in gigantic size experiments such as
ORCA and DeepCore are crucial in probing the NSI
parameters and the CP violation phase. Further dedicated
studies by experimental colleagues are highly encouraged.
Although not implemented here, the analysis assuming the
unknown mass ordering and combining with the long-
baseline data would provide more interesting results, which
we leave as future work.
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APPENDIX: THE POSSIBLE ENHANCEMENT
OF v, DETECTION EFFICIENCY

Since DUNE can detect 7 neutrinos, we show the impact
of increasing the detection efficiency in probing the NSI
parameters in DUNE-like experiments. In Fig. 9, we
present y? after the 10 years of running of the DUNE
experiment as a function of the NSI parameters ¢,, (upper
plots) and |e,, — €| (lower plots). We assume the NSI
parameters other than that shown in the horizontal axis in
each panel are zero.

The v, detection efficiency is assumed to be 30% in
the left panels and 100% in the right panels. As mentioned
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in [2], for 7 neutrinos the efficiency is equal to 30% while
for higher energies we assume a perfect efficiency.

The blue and black curves correspond to the v, and v,
detections, respectively. The red curve corresponds to
including v; and v, detection together. The horizontal dashed

green lines correspond to the 16, 20, 30, and 46 lines. As can
be observed from comparing the left and the right panels, the
increase of the v, detection efficiency from 30% to 100%
notably enhances the impact of adding the v, appearance in

probing the ¢,,, although it is not so notable for |e,, — &,|.
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