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MuOn-decay MEdium baseline NeuTrino beam experiment (MOMENT) is a next-generation accel-
erator neutrino experiment, which can be used to probe new physics beyond the Standard Model. We try
to simulate neutrino oscillations confronting charged-current and nonstandard 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 5., 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 provide good constraints of CC-NSIs happening to the neutrino

production and detection processes.
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I. INTRODUCTION

In the past decades, we have seen enormous progress from
neutrino oscillation experiments using solar, atmospheric,
accelerator, and reactor neutrinos [ 1-8]. In the framework of
three neutrino oscillations, there are six physics parameters
including three mixing angles 6,,, 6,3, 6,3, one Dirac CP
phase §,,, and two mass squared splittings Am3,, Am3;.
According to a global analysis of these neutrino oscillation
experiments [9—12], mixing angles 8,,, 8,3, and 8,3 and mass
square differences Am3, and |Am2,| have so far been well
measured. The mixing angle 6,5, however, has not been
determined with enough precision to disentangle whether the
mixing angle 03 is 45°, while many discrete models point to
a maximal mixing 0,; = 45° with regard to a y — 7 sym-
metry. In addition, a deviation from 6,3 = 45° causes an
octant degeneracy problem in certain neutrino oscillation
channels [13,14]. Nonetheless, the Dirac Charge conjuga-
tion Parity (CP) phase describing the difference between
matter and antimatter as well as the sign of Am3; (normal
mass hierarchy: Am%l > 0, inverted mass hierarchy:
Am3; < 0) 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
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hints of §-p &~ —90°, we expect more data to draw a solid
conclusion or further call for the next-generation experi-
ments 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].

Neutrinos are massless in Standard Model (SM), and
phenomenon of neutrino oscillations is new physics beyond
SM. Itis required to generate massive neutrinos by extending
SM, such popular candidates as seesaw models, supersym-
metry models, extra-dimension models, and the like. With
more particle contents in new physics models, it might
contain the subleading effects induced by nonstandard
neutrino interactions (NSIs) in nature. Effective operators
towards this direction have been adopted to link neutrino
mass models and NSIs [25-28]. Though there are viable
models for sizable NSIs associated with neutral-current
interactions [29-33], it is still a tough task to model
CC-NSIs surviving the overwhelming constraints from
precision measurements of charged lepton properties.
Several studies have been conducted on NSIs from the
experimental and model-building point of view [34-51]. A
review of NSIs is given in detail in Refs. [52,53]. With the
help of an effective field theory, we can generally integrate
out the mediator/propagator in the Feynman diagram and
keep four fermions in contact with each other. New physics
scale is then embedded into the effective coupling constant

eZ{jﬂ,, where a/ff or o f' are the related fermion flavors. In

theory, the higher the new physics scale, the harder it is to
reach a small effective coupling constant. We have reached
an era of precision measurements of neutrino mixing
parameters after an establishment of neutrino oscillation.
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It is promising for us to develop better neutrino detectors to
search for subleading NSIs in the current and next-generation
neutrino oscillation experiments as a complement 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 the discovery of leptonic
CP violation [54]. The atmospheric neutrino flux is a serious
hindrance to the study of CP violation at MOMENT.
Backgrounds caused by the atmospheric neutrinos exceeds
the oscillation signal events significantly at O(100) MeV.
Neutrino beams from such a continuous proton accelerator
provide high luminosity fluxes but result in a loss of timing
information which is traditionally used to suppress atmos-
pheric neutrino backgrounds in the accelerator neutrino
oscillation experiment with the pulsed proton beam facility.
A new detector technology, however, might overcome the
barrier and offer precision tests of 6,3. The new detection
technology might also lead to a discovery of the CP violating
phase in the framework of three-flavor neutrino oscillations
[55], which complement the study at T2K and NOvA to solve
the degeneracy problem and exclude the CP conserved phase
at a relatively high confidence level. In addition, a compre-
hensive study of the bounds on NSI parameters has been
carried out. The bounds on NSI parameters governing the
neutrino productions and detections are about one order of
magnitude stronger than those related to neutrino propagation
in matter, taking the current bounds on ¢ and ¢ as an
example [56],

0.025 0.03 0.03

le*] < | 0.025 0.03 0.03 |90% C.L. (1)
0.025 0.03 0.03
0.041 0.025 0.041

le“d| < | 0.026 0.078 0.013 |90% C.L. (2)
0.12  0.013 0.13

A special case study was performed at the Daya Bay reactor
neutrino experiment to constrain NSI parameters where
neutrinos are produced by beta decays and detected by
inverse beta decays [57]. The relevant ee sector of €*¢ got
an upper limit of O(107?). With the help of a perturbation
theory, neutrino oscillation probabilities in the presence of
source/detector and matter NSIs can be found in the Ref. [58],
which is motivating further study and optimization of new
experimental 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 Ref. [59]. It has
discussed the sensitivity of neutral-current NSIs by means
of accelerator neutrino oscillations in matter. However, the
impact of source and detector NSIs associated with charged-
current interactions has not been discussed. Within a theo-
retical model predicting new neutrino interactions, it is natural
and fair for neutrinos to carry new charged-current and

neutral-current interactions during the production process,
the propagation process, and the detection process.
Furthermore, the current neutrino experiments T2K and
NOvA are based on the superbeam neutrino production
where neutrinos come from pion decays. We have to stress
that NSIs associated with muon decays are very different from
those happening at pion decays if we take the new physics into
account. Therefore, it is necessary to bring source/detector
NSIs for a complete analysis at MOMENT where neutrinos
are produced by muon decays.

In this work, we explore the charged current NSIs effects
at MOMENT. We focus on the precision measurement of
standard neutrino mixing parameters and constraints of NSI
parameters in the presence of nonstandard charged-current
interactions at the source and detector. The paper is organized
as follows: we discuss neutrino oscillation channels at a short
and long distance in Sec. II. In Sec. III, we describe our
implementations of MOMENT and details in simulation. In
Sec. IV, we show the impacts of NSIs on precision mea-
surements of standard neutrino parameters and present the
correlations and constraints of NSI parameters within the
production and detection at MOMENT, and compare
the expected results with current bounds. The summary
follows in Sec. V.

II. DISCUSSION OF NEUTRINO
OSCILLATION CHANNELS

The formalism of NSI is a general way of studying the
impacts of new physics in neutrino oscillations. Without
dealing with the matter NSIs due to the short baseline, we
start with the neutrino production and detection processes
involving nonstandard interactions. These processes are
often related to the charged lepton and called the charged-
current-like NSIs. The neutrinos at the MOMENT experi-
ment are produced by the muon decay processes y~ —
e”+0,+v, and u* - e" +v,+ 7, and are detected
mainly through quasielastic charged-current interactions:
Vo+n—p+¢- andi, + p - n+ ¢ (here, £ denotes e
or i) in the neutrino detector. 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) Lorentz struc-
ture and neglected NSIs including right-handed neutrinos,
where the process is helicity suppressed. One may ask why
we ignore other potential Lorentz structures, since the most
general way of constructing the four-fermion interactions
could come with the current of (V+£A)(V+LA),
(S£P)(S£P), and TT, where V stands for vector
couplings, A for axial-vector couplings, S for scalar
couplings, P for pseudoscalar couplings, and 7T for the
tensor couplings. There have been several attempts in the
literature towards the chirality discussion of NSIs (see,
e.g. [60-62]). Except (V — A)(V — A), other structures are
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either helicity suppressed or very small due to their
contributions by higher order corrections. Therefore, the
most interesting CC-NSIs could be parametrized as the
effective four-fermion Lagrangians at the detector,

G = s /
‘CéC—NSI = 7;621/3[%7”(1 ~7°)td] fru(1 = r)f'1+He,

(3)

where the superscript “d” represents the interactions at the
detector, G is the Fermi constant, f (f”) represents d (u)
quark, a (@ = e, u, 7) is neutrino index, and 3 (f = e, u) is
lepton index. The NSIs at the detector are parametrized by
egﬂ, which give the strength of NSIs relative to Gr. The
detector projects the neutrino wave function not only onto
the standard weak eigenstates, but onto a combination
of them,

Wil = gl + Y edplval. (4)

a=e.u,t

In a muon-decay accelerator neutrino experiment, the
neutrinos are produced by the muon decay process u* —
e" +v, +7, and the charge conjugated process in the
Standard Model. The effective Lagrangian involving NSIs
in production processes can be expressed as

G . _
Lic st = 7%6%[%7"0 =) fra(1=7)f 1 +He,

(5)

where the superscript “s” represents the interactions at the
source and two fermion fields “f” and “f”” stand for a
neutrino or a charged lepton in order to avoid the confusion
of the neutrino flavor index and the index related to the y
matrix. For simplicity, we assume that the dominant NSI
processes can interfere coherently with standard oscilla-
tions. Here, we only consider two separate cases (take the
u" decay as an example):

(1) p* —e" +v, +1, for NSIs €, with any flavor
(@ = e, u, 7) by fixing 0, where we assume f = p,
= U €y = e.

(2) pyt = e" +v,+ 0, for NSIs €5, with any flavor
(x = e, p, 7) by fixing v,, where we assume f = e,
f=v., €, =p.

Otherwise, the incoherent process u* — e™ 4 v, + g
(a, f = e, p, v) might occur with an arbitrary choice of
v, and Dg [63-67]. However, those incoherent contributions
to the probabilities are very small since they are suppressed
by at least an order of |e|?, where the SM weak interactions
are completely replaced by two NSI vertices.

Similarly, the neutrino flavor states produced at the source

can be written as superpositions of pure flavor eigenstates,

) = lws) + ) e, l,). (6)

r=eut

Thus, the oscillation probability is given by
P = ) = |(gle )P
=|(1+ ed)q/}(e_iHL)q/l(l + &)l
= [[(1 +eN)Te (1 + )]l (7)

Here, the Hamiltonian takes the form of H = Udiag(E +

m% m

5. E+ ;"—E JE+ z—é) U' and U is the PMNS mixing matrix
relating the neutrino flavor eigenstates to mass eigenstates
lug) = S°;U%|v;). The € and e? are the charged-current
NSI matrices for the production and detection, respectively.
There are 18 NSI real parameters in total because each

complex element 62//? consists of the amplitude |€i//§1 | and the

phase ¢35

In principle, accelerator neutrinos pass through the earth
matter until reaching a detector, and matter effects change the
oscillation probability. However, MOMENT is a medium
baseline experiment, and the matter effects are relatively
small. Meanwhile, the main topic in the current study is
delivered to NSIs happening at the production and detection
processes rather than NSIs in matter. Therefore, we will only,
for the sake of simplicity, display the probabilities perturba-
tively in vacuum for related appearance and disappearance
channels and try to extract useful information for a physics
performance study. Of course, matter effects are taken into
account simultaneously in the complete simulation for the
physics performance. 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.

A. 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 nonstandard interactions, v, (Z,) and v,(7, ) 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 so that the disappearance
probabilities are allowed to be larger than 1, equal to 1, or
smaller than 1. After dropping the terms O(e?), we approxi-
mate the probabilities as Eq. (8) and Eq. (9),

PND d(P,Iy\glz,,;g) ~ 1 + 2|€;e| cos ¢Z}e + 2|€ge| cos ¢ge (8)

vy

Pl’:’;ayﬁ (P]p\gllag) ~ 1+ 2|es, | cos @5, + 2]ed, | cos i, (9)
It is easy to see that P(v5 — v¢)/P (5, — ) deviates from
unity with some constant terms in the presence of relevant
NSI parameters €5, and €2, (e5, and €Z,). If neutrinos are
produced with charged lepton decays and detected by
identifying the same charged leptons, the contribution of
€5, to the probability is equivalent to €?,, and then the
sensitivity to these two parameters should be the same at the
near detector.

035018-3



JIAN TANG and YIBING ZHANG

PHYS. REV. D 97, 035018 (2018)

Similarly, the appearance channels v, — v, (v, = v,)
must remain zero in the standard three-flavor neutrino
scenario. After dropping the O(e®) and O(e*) terms, the
expressions for v, and v, appearance probabilities, including
CC-NSIs, can be written as Eq. (10) and Eq. (11),
respectively,

PyNgyd (Pg{li—d) |€;e|2 + |€Ze|2 + 2|€;e‘|eﬁe| COS((f);e _¢ﬁe)

(10)

PY2 (P2 ) mlecl +1ecul + 2ledled] cos(dbey, — d6,).

(11)

Here, the v, (v, ) appearance probability would depend on €3,
and €, (¢f, and €2,) after we introduce the NSIs at the
neutrino source and detector. The probability of each
oscillation channel and its conjugate partner shares the same
form at the near detector. In fact, there are only four effective
channels even though eight neutrino oscillation channels can
getinvolved in the MOMENT experiment. Itis a discovery of

new physics to observe zero-distance effects at near detectors
for disappearance or appearance channels.

B. 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 d term in a
T-reversed channel of v, — v,,. Because of CC-NSIs, v, —
v, and v, — v, probabilities are not so obvious any more.
We perturbatively derive the explicit expressions of their
probabilities in vacuum as given in Eq. (12) and Eq. (16),

considering a = - 2‘ ~ 0.03, s;3 = sinf3 =~ 0.15, and NSI

parameters as small numbers In order to clearly show the

impacts of NSIs, we can split the PJ2,, (P{2,,) into a
PSM

sum of three terms: the standard oscillation term Dy—>ve

(PS _,Dﬂ) the dominant order of O(es;3) NSI oscillatory

term PDNS_Iwem [ PyNgSIpem 1. and the subdominant order of
O(ae) NSI oscillatory term pDNS_{(Ze [ Pruis_l)(yo:lg)].

For an oscillation channel of v, — v,, the probability can be written as

P2, = PR, + PUEE - PUTEY 4 O(a) 4 O(elsis) + Olashy) + O(sty) + Olea) + Ofesty) + O, (12)
with
PN, R 53,1355;5I07 Agp + @A3155,1282x03513[sIN(243;) €08 § — 2 8in 8sin* Az | + a? A3 3355, 5, (13)
PuN},S-{(f:”) ~ —=252,13523]| €5 €OS(8 + Pe) + Caxazlefe] €OS(S + ) — S2.23]€%] cOS(S + PP )]sin® Agy
— saiysallete|sin6 + #he) + el sin(5 + ¢)] sin(2Aq)) (14
PZS—I»(ZS) ~ +2al3 |€f41e|52x120130235%3 COS ¢Zle Sin(2431) + 20z [, 13335212523 €08 ¢, sin(24s:)

— 2z |ed, |s2x12¢13¢23 sin i, (1

—2aA31]€),|c1352x12C23 SIN P},

2 qin2 d 2 s pd qin2
— 2555 8in” Azy) + 4ad[eg.|c13¢5352x12523 sin @, sin® Ay,

In a similar way, the probability of v, — v, can be expressed as

P2, =P, 4 P 4 Y 1 O(@d) + O(aPsis) + Olast) + O(sy) + Ofea?) + Olesly) + O(e),  (16)
with
Pfl\iy R 83,3573 SIN° Agp + @A3185,1282x23513[51N(243)) €08 6 + 2 sin sin’ A | + a? A3 ¢3355, 1, (17)
PngS—Ifuim) R —232x13323[|€§u| cos(6 — ¢§u) + C2x23|€Zu| cos(d — ¢§u) — $2x03]€%| cOS (6 — ¢‘Zz)]Si“2A31
+ S2x13S23[|€§,4| sin(8 — ¢feﬂ) + |€‘ei,4| sin(d — ¢§y ] sin(243:), (18)
Pisll»(uoff) ~ 20l €l [52x12€13€23533 €08 b, SIN(2A31) + 2aAz1 €l ]€1363352,12523 €08 i, Sin(243))
= 2alz;led,]s2x12¢13¢23 sin gy, (1 — 2S%35in2A31) + 4als |€§T|Cl3C%3S2x12S23 sin b ;sin® Ay
- 2aA31|€gﬂ|C13S2x12023 sin(qﬁfﬂ). (19)
Here 5;; = sin6;;, ¢;j = cos 0}, $x;j = sin20;;, ¢ay;; = €08 260;;, Ay = A’Z—%L, a= i i, and e}y = \e(‘l//;’\ei‘/'i/; Our derived

oscﬂlatlon probabilities are consistent with the Ref. [58]. We can immediately read the impacts of NSI parameters on

appearance channels in order:
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(i) It is clear that v, - v, (v, = v,) is affected by the
dominant NSI parameters €5, €?,, and €%, (€5, €.,
and eﬁ,,). When the dominant term of O(s3¢) is
considered, turning on €}, and €%, (¢4, and €5,) is
approximately equivalent to enlarging or com-
pressing the amplitude of sin? A;;. Meanwhile,
the term of eﬁe (€3,) will change the maximal
position of its oscillation probability.
When 6,5 approaches 45°, 55,03~ 1 and ¢p,,3 = 0.
Thus, eﬁe (€3,) would lose the effects on the term of
sin? A related to O(esy3) for the v, — v, (v, = 1)
channel.
Since these NSI parameters are entangled with stan-
dard mixing parameters, NSIs would interfere with
precision measurements of the standard CP-violating
phase ¢ and 6,3, which is manifested by related terms
in Eq. (12) and Eq. (16). These two channels are
sensitive to the octant of 8,5 because the leading order
of Eq. (12) and Eq. (16) depend on sin®#,;. The
presence of NSIs may induce a wrong determination
of 6,;. Figure 1 shows a specific situation of the
degeneracy caused by NSIs at the probability level.
The continuous line and the dashed line show the case
of 6,3 =41.6° and 0,3 = 48.4° without the NSI,
respectively. We can see a clear separation between
the two scenarios. However, introducing NSIs can
shift the amplitude of the probability and fake the
contribution of 6,5. For instance, the dotted line shows
the special case with |e5,| = 0.02 and ¢}, = 7/2. It is
clear that the dotted oscillation curve almost coincides
with the continuous curve. This indicates that we may
get the wrong measurement of 6,3, if there is indeed
CC-NSIs but we ignore them by only fitting the data
within the standard neutrino oscillation framework.
An assumption of real NSI parameters with all NSI

phases ¢ = 0 could lead to a substantial simpliﬁcation|

(i)

(iii)

(iv)

PFD
V=,

- 2S%x23(|€)3u| cos ¢, + |€;‘f;4\ cos ¢,‘fﬂ)sin2A31 - 202x23szx23(|€ZT| cos ¢y + |€¥y|COS¥ﬂ)Sin2A3l

PFD

vyl

0.10
[ —— 623=41.6%w/0 NSI
In — — - 6,3=48.4°,w/o NSI
[ ! -es 03=48.4%€, |=0.02 ¢}, =7/2
0.08}
~ 0.06F ¥
< [
] i
= [
= 0.04}
0.02}
000 e
0 200 400 600 800
E [MeV]

FIG. 1. The oscillation probability of P(v, — v,) as a function
of neutrino energy. The parameter settings for different lines are
interpreted in the legend. Here we assume the normal mass
hierarchy and take the following inputs: Am3, = 7.5 x 1075 eV2,
912 = 33.560, Am%l =2.524 x 10_3 CVZ, 613 = 8.460, and
6 =270°.

in each channel, since those terms proportional to
sin¢ys would vanish. One can observe that the

sensitivity to €%, (eS,) from the oscillation channel
v, = v, (U, = v,) would be tiny for 6 = 3x/2, z/2.
Moreover, we can obtain a linear correlation of ej;e and
ed, (or €5, and €2,). In the case of 5 = 0/, sin & term
will vanish, and we can get the linear correlation of €;,,,,
ed,, and €%, (€5,, €2,, and €5,). Furthermore, if 6,3 is
close to 45° degrees, the contributions from e;fe (€2,)
tend to disappear. In brief, the sensitivities to the
related CC-NSI parameters at a far detector vary with
the standard parameters 6,3 and 6.
Similar to the discussion above, v, and v, disappearance

probabilities are given as Eq. (20) and Eq. (21),

R 1 =53 oasin?Agy + 265, [ cos @i, + 2|ed, [ cos pd, + 52,03 (|€s,| sin s, + |e4, | sin ¢,) sin(2A3)

(20)

R 1 —dsiysin® Agy +2[€l,| cos i, 4 2]ed, | cos pd, — 2513503 €5, | sin(6— @, ) — |€egie [ sin(5 + @i, )| sin(243)

~25cplles|sin(3— b)) sin(5-+ )] sin(2,) ~ s asasled, | cos(6 — 3,) + el cos(5-+ e sin®Agy

— 4513003 [€l] cOS(8— pic) + € [ cos(8+ P )]sinAgy.

Apart from standard neutrino oscillations, major contribu-
tions come from the terms proportional to e3¢ (e5/¢) rather
than other NSIs in the v, (v,) disappearance channel. We
expect better constraints on €}¢ (eff). The v, - v,
(Uy — Uy) is an important channel to measure 63, which
is expected to judge whether 6,5 is maximal or not. The

channel of v, »v, (@, > 7,) is good at precision

(21)

measurements of #5. Without NSIs, the v, (7,) disappear-
ance channel has no dependence on the standard CP phase.
After introducing NSI parameters, however, even the
standard CP-violating phase would appear in the v, (7,)
disappearance probability. Under the assumption of ¢ = 0,
we will have a rather simplified correlation of standard
neutrino oscillation and NSI parameters. A few comments
for this special case are given as follows:
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---w/o NSI 1 ---w/o NSI
0.12} |éﬁ|=|ej‘,e|=|e$,,|=0.03j 0.12+ leg, | = l€k.| = le,] = 0.03 -
Fuer Bper Hlo€l-mml P Pees oy € -1, 7]
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FIG. 2. The oscillation probabilities of P(v, = v,) and P(v, — v,) with/without CC-NSIs at a far detector given the baseline of
150 km. In both panels, the shaded region in cyan is due to the variation of relevant NSI parameters as is shown in the legend. The dashed
red line represents the case without NSI parameters. Here we assume the normal mass hierarchy and take the following inputs:
Am3, =7.5x 107 eV2, 0}, = 33.56°, Am3, = 2.524 x 1073 eV?, and 6,3 = 8.46°.

(i) The oscillation channel v, - v, (¥, —1,) is af-
fected by |eid], |e5,|, and |ed,|. Apart from standard
neutrino oscillation terms, the major contributions
could be associated with the constant terms of |e5|.
When 6,5 is getting closer to 45°, the coefficient of

| should be much larger than the coefficient of

eS| (|e4,]). Therefore, this channel is more sensitive
to |e5d| rather than |e},| and [e,|.

Parameters €5, €5, €%,, €5, and €2, affect the v, (7,)
disappearance probability. €¥/¢ have the most im-
portant impacts on the channel. The sensitivities to
€, €4, €5, and €4, are smaller and depend on 4.
On the contrary, these four parameters can be well
constrained in appearance channels.

In Fig. 2, we make a comparison of the probabilities
P(v, = v,) and P(v, = v,) with/without NSIs. We turn
on the nonvanishing parameters of |¢5,, | = |e4,| = |e%,| = 0.03

(i)

for an illustration. The amplitude of the oscillation pattern is
shifted significantly by these NSI impacts as we point out
from the perturbative approximation. We display the prob-
ability curve of standard three-flavor neutrino oscillation and
the probability bands originating from the variations of NSI
parameters. The shaded region in Fig. 2 shows changes of
oscillation probabilities when the standard CP-violating
phase is 37/2 and the NSI phases vary in [—z, z]. It is easy
to see the difference between P(v, — v,) and P(v, — v,,)
without NSI effects, where P(v, —v,)—P(v, = v,)
becomes negative for § € (0,7) and P(v, — v,) is larger
than P(v, — v,) for 6 € (z,2x); with § = 0/z, there is no
difference between P(v, — v,) and P(v, — v,). Once we
turn on NSI parameters, however, the relationship between
the probabilities of these two channels will be changed
significantly as can be seen from the shaded regions. After we
introduce the characteristics of MOMENT and simulation
details in the next section, we will be further convinced by an
analysis of event rates as shown in Fig. 3.

150+ v.appearance - - - wioNSI B 150 v, appearance - - - wioNSI 4
[ I€5 ¢l = led | = e, = 0.03 legul = lek = [ed] = 0.03
e B DT €l-1r, ] B Bir B8, €l-m0, 71l
100 k 5=270°, 6,3=41.6" A 100k 5=270°, 6,3=41.6" 1
S g
s} s3]
50 1 50+ R
0 1 1 0 1 R — —— e S 5
0 200 400 600 800 0 200 400 600 800
E [MeV] E [MeV]

FIG. 3.

The event rates of v, — v, and v, — v, channels versus the neutrino energy. Variations of the relevant NSI parameters give rise

to the cyan bands. The dashed black lines represent the case without NSIs.
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III. CHARACTERISTICS OF MOMENT AND THE
DETAILS OF SIMULATION

A continuous high-energy proton beam at 1.5 GeV with
a power of 15 MW will be produced in the accelerator
facility. A choice of target stations with fluidized tungsten
is still under optimization to generate charged mesons,
most of which are pions and kaons. We can expect 1.1 x
10?* protons on target (POT) per year. A magnetic solenoid
will be deployed to make the pion beam focused and
selected. The curvature of the solenoid helps with selecting
muons from pion decays, followed by a straight tunnel to
prepare neutrinos from muon decays. The neutrino fluxes
are provided by the accelerator working group in
MOMENT for our physics performance study [68]. We
intend to extract more information from eight oscillation
channels using the muon-decay neutrino beams in the
simulation study: v, — v,, U, = Uy, Uy = Ve, U, = U, and
their conjugate partners. Since we have to conduct flavor
and charge identifications to distinguish secondary par-
ticles, we consider the new technology using Gd-doping
water to separate both Cherenkov and coincident signals
from the capture of thermal neutrons. Muon taggings can
be efficiently obtained by daughter electrons together with
the pulse shape discrimination of waveforms. We follow
the detector description from a sophisticated study in the
CERN-MEMPHYS project [69] and update the related new
technology with regard to Gd-doping water. The major
backgrounds for MOMENT come from atmospheric neu-
trinos. We believe that they can be suppressed by the beam
direction and proper modeling background spectra within
the beam-off period, which is to be extensively studied in
detector simulations in future study.

Charged-current interactions are used to identify neu-
trino signals,

v,+n—p+e Dy+p-ontut

U,+p-on+et v, +n—p+u.
A few remarks for signals and backgrounds are given as
follows:

(1) Gd doping into pure water could be used to
discriminate electron neutrinos and antineutrinos
by whether there is a capture of the scattered thermal
neutron or not. Neutron capture on Gd emits the
8 MeV gamma rays. The 7, (,) signal is recon-
structed by tagging the neutron in coincidence with
the positron to suppress most of backgrounds
associated with single events. While water Cher-
enkov detection is not significantly changed, v,
signals come from the Cherenkov ring created by
v, elastic scattering with electrons.

In a water Cherenkov detector, electron and muon-
flavor neutrinos are well separated by event recon-
structions, where the former type creates electron

(i)

TABLE I. The best-fit values of standard parameters and their
prior uncertainties adopted in the numerical simulations [12].

Parameters Best-fit values Prior uncertainties
01,/° 33.56 2.3%
03/° 8.46 1.8%
023/° 41.6 5.8%
Am3,/eV? 7.5 % 107 2.4%
Am%lleV2 2.524 x 1073 1.6%

showers and the latter type leads to muon tracks.
Sometimes, low-energy muons decay and cause
flavor misidentifications. Here, we ignore the flavor
misidentification in the simulation.

The imperfection of detectors leads to misidenti-
fications of charge-current interactions for neu-
trino signals. Here, we suppose their effects are
negligible.

It is also possible for neutral-current interactions
with accidental single events to be identified as the
coincident signal. A neutron knocks a nucleus off of
an oxygen, resulting in excited states, and photons
from deexcitations will mimic 7, signals oscillated
from accelerator neutrino beams. We expect them
to be rather small and assign an extremely small
background over signal ratio in our simulation.
Table II lists the simulation details about the neutrino
detector. A baseline of 150 km is assigned in the current
proposal based on the neutrino beam energy range [54]. We
assume a near detector with a fiducial mass of 100 t and a
far detector with a fiducial mass of 500 kton. The running
time is 5 yrs for each polarity. In the massive water
Cherenkov detector, we follow electron and muon selection
efficiencies given in Refs. [70,71]. With regard to the
normalization error on signals and the normalization error
on backgrounds, we assume they are at the level of 5%. As
for the atmospheric backgrounds, they could be suppressed
via sending the neutrino beam in short bunches with a
suppression factor of 2.2 x 1073 [72]. The cross section for
quasielastic interactions is taken from the Ref. [73].

The values of the standard neutrino oscillation param-
eters are taken from the latest nu-fit results [12]. Table I
shows the central values and their uncertainties in the
present work. Unless otherwise mentioned, we expect a
determination of mass hierarchy without NSIs before
running MOMENT and assume the normal mass hierarchy
in our simulation without a loss of generality, i.e.,
Am3, > 0. A list of assumptions for near and far detectors
are given in Table II. We present numerical results by
simulating the neutrino oscillation signals and backgrounds
using GLoBES [74,75]. Similar to the probability-level
analysis given in Fig. 2, we present event rates of v, — v,
and v, — v, channels versus the neutrino energy in Fig. 3.
The event spectra are shifted significantly after we consider
CC-NSI effects. The shaded region highlights the large

(iii)

@iv)
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TABLE II. Assumptions for near and far detectors in the
simulation.
Fiducial mass (ND/FD) Gd-doping water Cherenkov

(100 t/500 kton)
500 m/150 km
Ve(De) - 1/3(178),1/”(17”) - I/}t(ljﬂ)
Ve(e) = v (D), v (D) = ve(D)
8.5%/E

Baseline (ND/FD)
Channels

Energy resolution

Runtime u~ mode 5yrs + ut mode 5 yrs
Energy range 100 MeV to 800 MeV
Efficiency v, (v,) selection: 50%

v, (9,) selection: 40%

Normalization error on Appearance channels: 2.5%

signal Disappearance channels: 5%
Normalization error on 5% (all channels)
background

Neutral current
Charge misidentifications
Atmospheric neutrinos

Background sources

variation from the new CP phases caused by CC-NSIs
even if we fix their strength of NSI couplings. It is then
straightforward to discuss the physics performance for the
MOMENT experiment with the simulated event spectra.
We calculate the event rates by defining the true values
(central values) for standard oscillation parameters and fit
with/without NSI impacts to extract useful information. We
compute the y? using the following approach:

){2 _ {C%Cl U |Nij(ptrue7 €true> - Nij(ptestv €iests S) |2

F i Nij (ptrue’ €true>

_ true)2 Sp — Strue 2
+z:(poc Zpa ) +Z( 4 2ﬁ ) :| , (22)
o O, 5 O3, min

[

where the index j denotes the channel number and i denotes
the bin number, p,. and p represent the standard vectors
of true and test values, respectively, s is the vector of
systematics related to the neutrino beam and detector, €,
and € are the nonstandard vectors of true values and test
values, and N; is the expected event for the jth channel and
ith bin. The second term corresponds to the contribution to
x* from the external inputs which are based on results from
previous experiments. ¢, is the external error (input error)
in GLoBES imposed on the central values. Similarly, the
third term represents the treatment of systematic errors
implemented on the y?.

IV. PHYSICS PERFORMANCE OF MOMENT

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

The CKM mixing matrix is well measured in the quark
sector at the subpercent level [76], 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 mea-
surements. In Fig. 1, we have showed that CC-NSIs may
induce a bias in precision measurements of 6,3 at the
probability level. In this section, we take the Dirac CP-
violating phase 6., and 6,3 as an illustration to show the
impacts from CC-NSIs after the simulation. The true value
of 6,5 is taken as 41.6°. We choose two & values with § =
7/2 and 6 = 3x/2 to simulate all oscillation channels at
MOMENT and fit the neutrino spectra with/without NSIs.
Figure 4 demonstrates the numerical results. The true
values of the standard oscillation parameters are shown
by a red point in each panel. In all Figs. 4(a), 4(b), and 4(c),
we have considered uncertainties of standard mixing
parameters. Panels Figs. 4(al) and 4(a2) show the deter-
mination of o, and 0,3 in the case of the standard neutrino
oscillation without NSIs. By running MOMENT, we can
determine the mixing angle 6,5 with an error bar of 1 deg at
the 3¢ confidence level, while the precision for 6, is good
enough. In Figs. 4(b) and 4(c), NSIs happening at the
source and detector are turned on. All the corresponding
CC-NSI phases can vary within (0,27). In the panels
Figs. 4(b1) and 4(b2), we only consider the CC-NSIs [e7,,,
€., and €Zﬂ, and their marginalization ranges are allowed
within the current bounds given in Eq. (1) and Eq. (2)],
which are related to v, (7,) appearance channels. The
panels of Figs. 4(bl) and 4(b2) show the enlarged
uncertainties in parameter fittings. Especially, a degen-
eracy pops up in the measurement of 6,3 — &, for the case
of 6 = 3x/2, while it is still safe for the case of 6 = #/2.
Furthermore, we go to panels Figs. 4(c1)/4(c2) by turning
on those CC-NSIs related to the v, (7,) and v, (7,)

appearance channels [€},, €5, 621,,, €es €%, €4,, and their

epr ues Cues
marginalization ranges are within current bounds given in
Eq. (1) and Eq. (2)].

As we have discussed in Sec. II, the v, appearance
channel is affected by the parameters: €., eﬂe, €4,, while the
v, appearance channel is mainly determined by the param-

eters €, €5, and egﬂ. This feature can be understood after a
closer look at the Eq. (16). If ¢ is equal to z/2, the peak of
the probability in v, — v, channel is much larger than the
case of 6 = 3z/2. In turn, the event rate in the detector for
0 = n/2 is much higher. The corresponding fitted results
are much better. Therefore, CC-NSI parameters destroy
the precise determinations of standard mixing parameters.
As can be seen from panels Figs. 4(cl) and 4(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
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FIG. 4. The allowed region for 8,3 — 6 for MOMENT. Panel (a) shows the determination of § and 6,5 in the case of the standard three
flavor frame. In panel (b), we only consider the NSIs: €7, €, and €4, which are related to v, appearance channels. (c) shows the effects
of those NSIs related to the v, (7,) and v, (v,) appearance channels: €3, egﬂ, €ors Eres ef,’e, €<,, and marginalization ranges are within
current bounds given in Eq. (1) and Eq. (2). All of the corresponding phases can vary in (0, 27). The red points in all panels indicate the

true values.

parameters. Or we need a more powerful machine, such as a

neutrino factory. TABLE III.  Expected 90% credible regions on NSI parameters
with a single detector or a combination of near and far detectors at
B. Correlations and constraints of NSI parameters the MOMENT experiment. Here NSI parameters are assumed to

We have introduced the NSIs by integrating the potential be real, or NSl-induced CP phases are switched off.

heavy propagator from the new physics scale based on the ND FD ND+FD Current
effective theory. Each NSI parameter has a magnitude  Parameter constraints constraints constraints  bounds
which tells us the strength of new couplings and its

associated phase to bridge the CP violating story. lecel 0.028 0.023 0.020 0.025
Therefore, it is convenient to adopt two methods: one is |2l 0.024 0.020 0.017 0.030
to take the NSI parameters as real, which corresponds to the  [€z| n/a 0.069 0.069 0.030
strength of the coupling constant or switch off the NSI- e}, | 0.026 0.023 0.018 0.025
induced CP violation phases; the other is to keep general |3, 0.028 0.030 0.020 0.030
assumptions given complex NSI parameters. In this section, les| n/a 0.054 0.054 0.030
we discuss the constraints on the source and detector NSIs ed 0028 0.027 0.019 0.041
from the far and near detector, respectively. For the former o

case, Table III demonstrates the sensitivity of MOMENT e 0.024 0.017 0.015 0.026
in constraining the NSI parameters using the single- leie 0.026 0.024 0.019 0.025
parameter-fit at 90% C.L. The results are obtained by e, 0.028 0.030 0.020 0.078
using all the neutrino and antineutrino oscillation channels led, n/a 0.069 0.069 0.041
with both near and far detectors. In a comparison of the e n/a 0.054 0.054 0.013

current bounds and the expected limits from our simulation,
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we find that the MOMENT experiment with running time
of 5+5 yrs has a potential to improve the constraints for the
CC NSIs. In Table III, one can observe that most of the
bounds for NSIs are improved except for €;,, €., el,, and
m which are marked by red fonts. These results also
confirm our observations in Sec. II,

(i) NSI parameters €2¢ and e/, at the leading order
of NSI terms in the disappearance channels, can be
well constrained with a combination of near and far
detectors.

(i) €, €5, €%, and €2, cannot be well constrained by
the near detector due to their negligible effects. Their
constraints by the far detector are even weaker than
the current bounds since their contributions to the
dominant order of O(es;3) in Eq. (12) and Eq. (16)
would be zero when § = 270°.

(iii) The constraints on €5, €5,, €2,, €4, are mainly from
the appearance channels. A combination of near and
far detectors have stronger constraints on €, and eeﬂ
than €, and eﬁe. Figure 3 can be used to explam this
property: the channel v, — v, has more events
compared to the channel v, — v,. In addition, it
should be noted that v, and 7, disappearance
channels are also sensitive to €;, and e,‘fe

In the following part, we will focus on the exclusion

curve of the amplitude versus its corresponding phase for
each NSI parameter. Based on the previous discussions in
Sec. II, we neglect certain parameters which have trivial
influence on the probabilities. We generate the event
spectra with the true central values of the standard
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FIG.5. Exclusion curves for the |e‘/ 4| — gped 4 planes obtained by
the near detector. The gray, magenta, and cyan area is the allowed
region at 1o, 20, and 30 C.L., respectively. The dashed line is the
current bound.

oscillation parameters given in Table I. Then we turn on
one NSI parameter and scan its amplitude and phase to fit
the data. At the near detector, we pay more attention to
these parameters: €5/, esid, e5d, and e/d. At the far detector,
parameters €4,e5id €5, €4, €5, €4, efe, €y €5, and €,
are taken into account. The results at a near/far detector are
presented in Fig. 5 and Fig. 6, respectively. In Fig. 5, we
show the excluded parameter space without any color at a
near detector. One can observe that the v, disappearance
channel almost has the same performance with the v,

disappearance channel. When ¢3¢ (¢3/¢) equals to +7 or
zero, the corresponding amplitude |e}¢| (|eSi|) has the best
limit. When these phases are equal to /2, the sensitivity
to the amplitude disappears. For the v,(v,) appearance
channels, the constraint to |e¢| (Je£|) is almost irrelevant
to the phase ¢ (¢5!) supposing we only consider the
source NSI parameter ¢;,(e;,) or detector NSI parameter
ed,(ed,). This is because the term containing the phases ¢,
and ¢ffe plays an important role in two amplitudes as can be
seen from Eq. (10) and Eq. (11). Appearance channels can
well constrain the magnitude of related CC-NSI parameters
while they barely have impacts on their phases. On the
other hand, disappearance channels exclude a large param-
eter space allowed in the current experimental bounds.
There is a strong correlation between the coupling strength
and its phases in neutrino oscillation experiments.

In Fig. 6, we switch to the sensitivities of CC-NSI
parameters at a far detector. The colorful regions are
allowed after we run a far detector at the MOMENT
experiment. Compared to the current bounds marked by
the dashed red lines, we obtain good constraints on most of
NSI parameters at MOMENT, especially for ¢, and egﬂ
Here we list the features about the exclusion curves at the
far detector for MOMENT:

(i) The oscillation channels v, — v, (v, = 7,) and v, —

v, (U, > p,) are the T-conjugate inverse of each
other, leading to the symmetry between their NSIs:
€. and 4 ., have equal contributions in the probability
of P[2.,, and P[2,, , respectively. Similarly, the pair
of €4, and €}, and the pair of e, and €, follow the
same way. Therefore, these pairs of parameters have
similar behavior in Fig. 6, which can be manifested
by Eq. (14) and Eq. (18) in Sec. II. The dependence of
constraints for |e5,| (le2,|) on the corresponding
phase is not strong, because |es,| (J€?,|) depends
on both terms of sin(5 + ¢5,) [or sin(5 — ¢¢,)] and
cos(8 + ¢s,) [or cos(8 — ¢2,)], which complement
each other when varying the phase ¢3, (¢2,
Although [ed,| (le5,|) also depends on both terms
of cos(5 + ¢g,) [or cos(s — ¢,)] and sin(6 + @)
[or sin(8 — ¢},)], the former term is suppressed by
the coefficient c¢;,,,3. Thus, the exclusion curve of
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(i)

(iii)

e
term. However, the constraint on |e,| (|e,]) only
depends on the term of cos(s+ ¢¢,) [or
cos(6 — ¢?,)] so that the limit to |e,| (|e,]) will
be extremely weak for ¢¢, (¢,) = 0, = and be the
best for ¢¢, (¢3,) = /2.

Since we can take advantage of the v, (7,) channel in
MOMENT, obtaining the sensitivities of €;,, €,
and egﬂ would be accessible. It is noted that these
parameters can not be constrained well in superbeam
experiments.

The sensitivities to €;, and e;, are mainly extracted
from the v, and 7, appearance channels. It should be
noted, however, that the v, and 7, disappearance
channels can help to enhance the constraints of
them. Similarly, with contributions from v, and 7,
disappearance channels, the sensitivities to eﬁe and

o — ¢ (€5, — ¢5,) mainly varies with the sine

e, will be improved.

(iv) The constraints to NSI parameters €,,

s s d
Cup> Cur> €

are extracted from the disappearance channels. The
exclusion curves for ef/ and e} are similar to each
other at the near detector, since they are entangled
with the same term in oscillation probabilities. In
addition, there are some symmetric relationships
between the source and detector NSI parameters,
such as the pair of €5, and €4, the pair of €}, and €4,
the pair of ¢, and eﬁﬂ. This is not surprising at all,
since the pair of effective coupling constants will be
the same for neutrinos produced and detected related

to the same charged leptons.

The far detector has a good sensitivity to NSI parameters,

especially for €

d

¢u and €,,. The numerical results of the

correlations between the amplitudes and phases can be
interpreted with the previous probability-level discussions.
Almost all NSI-induced phases change the exclusion limits
severely except the e-mu sector. Meanwhile, limits on other
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sectors are not as good as those on the e-mu stamped
CC-NSIs. Therefore, MOMENT using muon-decay beams
has its unique capability of improving the constraints on eglﬂ
and €,.

V. SUMMARY AND CONCLUSIONS

New physics beyond SM might cause nonstandard
neutrino interactions and leave imprints on the neutrino
oscillation. The next-generation accelerator neutrino
experiment MOMENT intends to produce the powerful
neutrino beam with an energy of O(100) MeV by muon
decays and leaves plenty of room for detector selections
and a physics study. At this energy range, quasielastic
neutrino interactions dominate the detection process, and
backgrounds from z° are highly suppressed. Compared
with traditional superbeams from charged meson decays
where intrinsic backgrounds have to be alleviated 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 produc-
tions and detections point to the new phenomenon, where a
neutrino produced or detected together with the charged
lepton will not necessarily share the same flavor, and flavor
conversion is present already at the interaction level, and
“oscillations” can occur at zero distance. With the capabil-
ity of flavor and charge identifications, we have an
opportunity to use eight appearance and disappearance
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.

In order to understand the relevant behavior from NSIs,
we have perturbatively derived oscillation probabilities
including CC-NSIs at a short and far distance, and tried
to analyze parameter correlations of standard neutrino
mixing parameters with NSI parameters. We have inves-
tigated impacts of the charged current NSIs at the neutrino
oscillation probabilities, selected the following dominating

CC-NSI parameters €5, e, e5d, and €l for the near
d d

>
detector, and concentrated on €3¢, e3¢, ¢35, €4, €5, €4, €2,

€, €., and €d, for the far detector. A near detector at
MOMENT is good at detecting the zero-distance effects
induced by NSIs, while the oscillation pattern would have

not been developed in the standard neutrino oscillation
paradigm. With near and far detectors, we have found that
CC-NSIs can induce bias in precision measurements of
standard mixing parameters. Taking &., and 6,3 as an
example, we have found degeneracies after introducing
CC-NSI parameters. With a nonmaximal 6,3, its degen-
eracy with the standard CP phase dcp gets much worse if
CC-NSIs appear in the neutrino production and detection
processes. The current bounds on NSI parameters gov-
erning the neutrino productions and detections are about
one order of magnitude stronger than those related to
neutrino propagation in matter. Our study has shown that a
combination of near and far detectors at MOMENT is able
to provide lower bounds on CC-NSIs where a factor of
about 2 can be envisaged for most of parameters compared
with the current experimental bounds, as shown in
Table III. We have found strong correlations of NSIs
and constrained NSI parameters using a combination of
near and far detectors at MOMENT.

The feasibility of the physics performance at MOMENT
strongly depends on inputs of the accelerator facility and
the advanced neutrino detection technology. In the future,
results will be further improved by tuning the beam
energy and optimizing the baseline. We hope that our
study will boost the research and development activities for
MOMENT.
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