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MuOn-decay MEdium baseline NeuTrino beam experiment (MOMENT) is a next-generation ac-
celerator neutrino experiment, which can be used to probe new physics beyond Standard Model.
We try to simulate neutrino oscillations confronting with Charged-Current and Non-Standard
neutrino Interactions(CC-NSIs) at MOMENT. These NSIs could alter neutrino production and
detection processes and interfere with neutrino oscillation channels. We separate a perturbative
discussion of oscillation channels at near and far detectors, and analyze parameter correlations
with the impact of CC-NSIs. Taking &, and 6,3 as an example, we find that CC-NSIs can induce
bias in precision measurements of standard oscillation parameters. In addition, a combination of
near and far detectors using Gd-doped water cherenkov technology at MOMENT is able to pro-
vide good constraints of CC-NSIs happening to the neutrino production and detection processes.
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1. Introduction

In the past decades, we have seen enormous progress from neutrino oscillation experiments
using solar, atmospheric, accelerator and reactor neutrinos [1, 2, 3, 4, 5, 6, 7, 8]. According to
a global analysis of these neutrino oscillation experiments [9, 10, 11, 12], mixing angles 6, 03
& 6,3 and mass square differences Am3, & |Am3,| have so far been well measured. However,
a deviation from 6,3 = 45° causes an octant degeneracy problem in certain neutrino oscillation
channels [13, 14]. Nonetheless, the Dirac CP phase describing the difference between matter and
anti-matter as well as the sign of Am%1 have not been well constrained yet. Though recent results
from T2K [15] and NOVA [16] disfavor the inverted mass hierarchy at a low confidence level and
give hints of dcp ~ —90°, we expect more data to draw a solid conclusion or further call for the
next-generation experiments such as accelerator neutrino oscillation experiments like DUNE [17]
and T2HK [18], the medium-baseline reactor experiments [19] like JUNO [20] and RENO-50 [21],
atmospheric neutrino experiments like INO [22], PINGU [23] and KM3Net [24].

With more particle contents in new physics models, it might contain the sub-leading effects
induced by non-standard neutrino interactions (NSIs) in nature. Effective operators have been
adopted to link neutrino mass models and NSIs. A review of NSIs is given in detail in Ref. [25, 26].
With the help of an effective field theory, we can generally integrate out the mediator/propagator in
the Feynman diagram and keep four fermions contact with each other. New physics scale is then
embedded into the effective coupling constant 83,%, where o/ or o’ are the related fermion
flavours. We have reached an era of precision measurements of neutrino mixing parameters after
an establishment of neutrino oscillation. It is promising for us to develop better neutrino detectors
to search for sub-leading NSIs in the current and next-generation neutrino oscillation experiments
as a complementary to the new physics search with the high intensity machine at the collider.

The MuOn-decay MEdium baseline NeuTrino beam experiment (MOMENT) is a next-generation
accelerator neutrino experiment proposed for discovery of leptonic CP violation [27]. The atmo-
spheric neutrino flux is a serious hindrance. A new detector technology, however, might overcome
the barrier and lead to a discovery of the CP violating phase in the framework of 3-flavour neutrino
oscillations [28], which complement the study at T2K and NOVA. In addition, a comprehensive
study of the bounds on NSI parameters has been carried out [29]. With the help of a perturbation
theory, neutrino oscillation probabilities in the presence of source/detector and matter NSIs can
be found in the reference [30], which is motivating further study and optimization of new experi-
mental proposals to pin down the current bounds. The first glimpse of NSI effects during neutrino
propagation in matter at MOMENT has been shown in the reference [31]. However, the impact of
source and detector NSIs associated with charged-current interactions has not been discussed. It
is necessary to bring source/detector NSIs for a complete analysis at MOMENT where neutrinos
are produced by muon decays. We explore the charged current NSIs effects at MOMENT, focus-
ing on the precision measurement of standard neutrino mixing parameters and constraints of NSI
parameters.

2. Comments on neutrino oscillation channels

The formalism of NSI is a general way of studying the impacts of new physics in neutrino
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oscillations. The CC-NSIs imposed on the production and detection are two different types: the
NSIs involved in the muon decay production process are related to charged leptons, while the NSIs
involved in the detection process are associated with quarks. For simplicity, we have restricted the
operators to (V —A)(V — A) structure while other Lorentz structures are either helicity suppressed
or very small due to their contributions by higher order corrections. The NSIs at the detector are
parametrized by eg B which give the strength of NSIs relative to Gr. Similarly, we factorize the
CC-NSIs in the muon decays with 8;5. Thus, the oscillation probability is given by:

P(vy—vg) =[(1+e) e (1 +e") s/ 2.1)

2 2 2 .

Here the Hamiltonian takes the form of .7 = Udiag(E + % JE+ ;"—g JE+ ;"—g)U "and U is the PMNS
mixing matrix relating the neutrino flavour eigenstates to mass eigenstates |vq) = Y., Ug;|vi). The
&* and £ are the charged-current NSI matrices for the production and detection, respectively. There

are 18 NSI real parameters in total because each complex element 8;/51 consists of the amplitude

]&‘;/ﬁd | and the phase (j);/; . Since near and far detectors will be used in the simulation later, we will
discuss the oscillation channels at a short and far distance separately.

2.1 Oscillation channels at a near detector

Here a near detector means detecting neutrinos at a distance of O(100) meters. In the standard
oscillation frame without non-standard interactions, v, (V) and v,(V.) can not develop neutrino
oscillation patterns in such a short distance and their probabilities are equal to 1. However, NSIs
are able to generate zero-distance effects. After dropping the terms O(g?), we approximate the
probabilities as Eq. (2.2) and Eq. (2.3):

d d
PP i (PAP 1) = 142l | cos 5, +2]ele | cos o 22)
d d
P%Zvﬁ(P%Z‘_/ﬁ) ~ 1+2|ey, | cos dyy, +2|eg, [cos o, (2.3)

It is easy to see that P(V{ — v¢ JP(Vy — \_/Ij‘f) deviates from unity with some constant terms in
the presence of relevant NSI parameters €}, and €2, (&, and &ﬁ w)- If neutrinos are produced with
charged lepton decays and detected by identifying the same charged leptons, the contribution of €},
to the probability is equivalent to €%, and then the sensitivity to these two parameters should be the
same at the near detector. It is a discovery of new physics to observe zero-distance effects at near
detectors for disappearance or appearance channels.

2.2 Oscillation channels at a far detector

Oscillation patterns get more complicated as soon as we consider channels suitable for the far
detector at MOMENT. In the standard framework describing three neutrino mixings, the probability
of v, — v, channel is calculated by a simple change of sign of the sin 6 term in a T-reversed channel
of vo — v;. Due to CC-NSIs, v, — V. and v, — v, probabilities are not so obvious any more.
We perturbatively derive the explicit expressions of their probabilities in vaccum, considering o0 =
Ay ~ 0.03, 513 = sin 813 = 0.15 and NSI parameters as small numbers. In order to clearly show the

Am%1
impacts of NSIs, we can split the P‘I/‘; llve (P‘I/: g\,ﬂ) into a sum of three terms: the standard oscillation
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Figure 1: The allowed region for 6,3 — 0 for MOMENT. Panel (a) shows the determination of  and 6,3 in

the case of the standard three flavour frame. In panel (b) we only consider the NSIs: &, € ; and e, which

are related to v, appearance channels. (c) shows the effects of those NSIs related to the v, (V) and v, (Ve)

appearance channels: &, Sf“, €1 Ees Sﬁe, €4, and marginalization ranges are within current bounds. All

of the corresponding phases can vary in (0, 27r). The red points in all panels indicate the true values.

term P%W L. (P;fe"iv”), the dominant order of €'(€s3) NSI oscillatory term P‘I,\L Si(s;m) (P\/,\: i[(ve:m) and

the sub-dominant order of &'(oe) NSI oscillatory term P‘Z,\ZL SL(SZ £) (PQ’ “z(v‘zs)).

3. Physics performance of MOMENT

3.1 Impacts on precision measurements of standard mixing parameters by CC-NSIs

The CKM mixing matrix is well measured in the quark sector at the sub-percent level [32],
while mixing parameters in the lepton sector are far away from such a precision. It is very likely
for the next-generation experiment like MOMENT to achieve the goal of doing precision measure-
ments. Fig. 1 demonstrates precision measurements with/without NSIs. Panels (al) and (a2) show
the determination of 50p and 63 in the case of the standard neutrino oscillation without NSIs. By
running MOMENT, we can determine the mixing angle 6,3 with an error bar of one degree at the
30 confidence level, while the precision for 5Cp is good enough. In sub-figure (b) and (c), NSIs
happening at the source and detector are turned on. All the corresponding CC-NSI phases can
vary within (0,27). As can be seen from panels (c1) and (c2), the degeneracy even shows up at
high confidence levels when we consider all the relevant NSI parameters. We might get into the
wrong best-fit region if we neglect the CC-NSIs from the new physics. A combination of different
neutrino oscillation experiments might resolve such an ambiguity and finish the task of precision
measurements of neutrino mixing parameters to the same level as quark mixing parameters. Or we
need a more powerful machine, such as a neutrino factory.
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Parameter | ND constraints | FD constraints | ND+FD constraints | Current bounds
€2 0.027 0.028 0.018 0.025
|8§# 0.023 0.018 0.014 0.03
|8fw| 0.025 0.021 0.015 0.025
|£f”l | 0.028 0.029 0.019 0.03
|£fe| 0.027 0.028 0.027 0.041
|£f“ 0.023 0.015 0.013 0.026
|8ﬁe| 0.025 0.022 0.025 0.025
|£f‘f;1 | 0.028 0.03 0.028 0.078

Table 1: Expected 90% credible regions on NSI parameters with a single detector or a combination of near
and far detectors at the MOMENT experiment. Here NSI parameters are assumed to be real, or NSI-induced
CP phases are switched off.

3.2 Constraints of NSI parameters

We have introduced the NSIs by integrating the potential heavy propagator from the new
physics scale based on the effective theory. Each NSI parameter has a magnitude which tells us the
strength of new couplings and its associated phase to bridge the CP violating story. In this section
we discuss the constraints on source and detector NSIs from the far and near detector, respectively.
For the former case, Table 1 demonstrates the sensitivity of MOMENT in constraining the NSI
parameters using the single-parameter-fit at 90% C.L. In a comparision of the current bounds and
the expected limits from our simulation, we find that the MOMENT experiment with running time
of 5+5 years has a potential to improve the constraints for the CC NSIs. The far detector has a good
sensitivity to NSI parameters, especially for sedu and g;,. Almost all NSI-induced phases change the
exclusion limits severely except the e-mu sector. Therefore, MOMENT using muon-decay beams
has its unique capability of improving the constraints on 8Lflu and €.

4. Summary and conclusions

The next-generation accelerator neutrino experiment MOMENT intends to produce the pow-
erful neutrino beam with an energy of O(100) MeV by muon decays and leaves plenty of room
for detector selections and physics study. At this energy range, quasi-elastic neutrino interactions
dominate the detection process and backgrounds from 7° are highly suppressed. Compared with
traditional superbeams from charged meson decays where intrinsic backgrounds have to be allevi-
ated by the off-axis technology like T2K and NOVA, beams from muon decays are cleaner neutrino
sources and good at a detection of new physics. CC-NSIs happening at neutrino productions and
detections point to the new phenomenon, where a neutrino produced or detected together with the
charged lepton will not necessarily share the same flavour, and flavour conversion is present al-
ready at the interaction level and “oscillations" can occur at zero distance. With the capability of
flavour and charge identifications, we have an opportunity to use eight appearance and disappear-
ance oscillation channels in the physics study. We have chosen the advanced neutrino detector
using the Gd-doped Water Cherenkov technology and studied neutrino oscillations confronting
with CC-NSIs at the MOMENT experiment. Our study has shown that a combination of near and
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far detectors at MOMENT is able to provide lower bounds on CC-NSIs where a factor of about
two can be envisaged for most of parameters compared with the current experimental bounds.
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