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This Letter reports a search for charge-parity (CP) symmetry violating non-standard interactions
(NSI) of neutrinos with matter using the NOvA Experiment, and examines their effects on the
determination of the standard oscillation parameters. Data from v, (Du) — vu(Py) and v, (D) —
ve(7e) oscillation channels are used to measure the effect of the NSI parameters e, and e.-. With
90% C.L. the magnitudes of the NSI couplings are constrained to be |ec.| < 0.3 and |ee-| < 0.4. A
degeneracy at |ee-|~ 1.8 is reported, and we observe that the presence of NSI limits sensitivity to

the standard CP phase dcp.

Theoretical and experimental research extending over
many decades has yielded an established framework for
neutrino oscillation phenomena [THI5]. According to this
framework, neutrino flavor eigenstates (Z/E,VHJ/T) are a
mixture of three mass eigenstates (v, v2,3), such that

Vo = ZUaiVi; a = (67/’677); 1= (1a2a3)7 (1)

where U is the Pontecorvo-Maki—Nakagawa—Sakata
(PMNS) 3 x 3 mixing matrix [3, 4]. U is parameter-
ized in terms of three mixing angles, (612, 613, 023), and
a charge-parity (CP) symmetry violating phase, dcp, the
measurement of which is of paramount relevance. If dop
is not an integer multiple of 7, it would indicate CP
violation in the neutrino sector providing a feasible ex-
planation to open questions in Cosmology, including the
observed matter-antimatter asymmetry in the Universe
[I6HI8]. Accurate values of the mixing angles 612 and
013 have been obtained by solar [8, [0, T9H22] and reac-
tor [10, M3HI5] experiments. A precise measurement of
the mixing angle 653, which determines the coupling of
the v, and v, states to vs, is part of current and future
research efforts [23H26].

The frequency of neutrino oscillations is mainly gov-
erned by the mass-squared splittings Am?i = m? —m?
between two neutrino mass eigenstates v;;. Measure-
ments from solar neutrino experiments [8, 0] 20} [27H3T]

determined that Am3, is positive, while the sign of Am3,
is still unknown. Taking the mass state 1, as having the
largest contribution from the flavor state v, if Am2, > 0,
neutrinos are said to have a Normal mass Ordering (NO),
while if Am3, < 0, neutrinos would have an Inverted
mass Ordering (10).

Standard interactions of neutrinos with matter change
the oscillation probability as compared to in vacuum.
This Mikheyev—Smirnov—Wolfenstein (MSW) effect [32-
34] is produced by the coherent forward scattering of
neutrinos on electrons in the Earth’s crust and enhances
(suppresses) the rate of v, — v, (¥, — P.) for the NO,
with a reversed effect for the 10.

A precise measurement of the oscillation parameters
is crucial to probe alternative models that predict neu-
trino oscillations. Among these, extensions of the above-
described framework proposing the presence of sub-
leading neutrino interactions with matter, has been of
interest to the community because of the large poten-
tial impact the new interactions may have on the de-
termination of the oscillation parameters [35H39]. Also,
these kinds of models have been considered to explain
recent differences between individual measurements of
dcp between NOvA and T2K [40, [4T]. This Letter con-
siders such a possibility in which, in particular, Neu-
tral Current-like Non-Standard Interactions (NC-NSI) of
neutrinos with matter are included (Charged Current-



like NSI, affecting the production and detection of neu-
trinos, are not considered here). These NC-NSI can be
expressed by an effective four-fermion Lagrangian

L =-2vV2Gpel} (v Prug) (FyPxf),  (2)

where G is the Fermi constant, Px is the left (X = L) or
right (X = R) chirality projection operator, and Eig are
dimensionless coefficients quantifying the strength of the
NSI between neutrinos of flavor o and 8 and the matter
field f, relative to the Weak scale [42]. If Eif; # 0, Be-
yond Standard Model (BSM) physics would manifest in
the form of lepton flavor violation (« # ) and/or lepton
flavor universality violation (o« = §). For neutrinos trav-
eling though the Earth, the interaction with matter can
be parametrized in terms of the effective NSI couplings
€a3, which encompass the new BSM phenomenology [42).

In this scenario, where the phenomenology of neutrino
propagation in matter is altered by the presence of NSI,
the Hamiltonian is modified to include the effective pa-
rameters governing the new interactions in the standard
matter potential matrix, leading to

0 0 0 1+ cCee Eep Eer
H=U[|0 Ay 0 [j]L +V c‘fzu Eup Epr )
0 0 Az Eer  Eir Err

3)
where Aj; = Am3,/2E, E is the neutrino energy, and
V = V2GpN, corresponds to the normal matter poten-
tial leading to the MSW effect, with N. and G being
the electron number density and the Fermi coupling con-
stant, respectively [43]. The parameter V can be written
as a function of the matter density p,

VeaeT6Y.x1074 | 2| ev, (4)
g/cm3

with Y, = N./(N, + N,,) ~ 0.5, the relative electron
number density in the Earth’s crust.

The NSI couplings are, in general, complex quantities
and can be written as

£ap = |eap| €77, (5)

where d,3 are new CP-violating phases associated with
each NSI amplitude. However, due to the hermiticity of
the Hamiltonian in Eq. , €af = EEQ, implying that
the on-diagonal terms are real. For the off-diagonal cou-
plings, the phases 0,53 along with the moduli |e4g| must
be considered. As an example, the impact of the NSI
phase d., on the v, flavor appearance at the NOvA base-
line can be seen in Fig.

The effect of NSI on neutrino phenomenology has been
studied by several experiments. The MINOS Collabo-
ration reported a 90% Confidence Level (C.L.) allowed
region on |e.,| strongly dependent on the effective CP
phase dcp +der [44]. More recently, using high energy at-
mospheric neutrino data, the IceCube Collaboration set
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FIG. 1: Oscillation probability P(v,, — v.) for neutrinos
traveling 810 km through the Earth. The standard
oscillation prediction (black—dashed line) is compared
with the NSI model with |e.,| = 0.25 and different
values of its corresponding phase, d.,. The standard
three-flavor oscillation parameters are set to the best-fit
values reported in Ref. 23]: Am3, = +2.41 x 1073 eV?,
sin® fas = 0.57, Sop = 0.827.

stringent constraints (90% C.L.) of |ec,| < 0.146, and
leer| < 0.173 [45], and —0.0041 < e, < 0.0031 when
accounting for an effective real-valued parameter [46]. It
is worth noting that IceCube assumes a fixed dcp = 0 in
their analyses.

NOvA [47] is a long-baseline experiment designed to
measure neutrino oscillations through the disappearance
of v, (7,) and the appearance of v, (7.) from a beam
mainly composed of v, (7,) [23]. Muon (anti)neutrinos
are produced in the NuMI beam [48] through the de-
cay of pions and kaons resulting from 120 GeV protons
scattering off a fixed carbon target. Charged pions and
kaons, focused by two magnetic horns, decay into p™ (™)
and v, (7,). The polarity of the horns is used to select
between a neutrino (antineutrino)-dominated beam com-
posed of 93% (92%) pure v, (7,) [23]. Neutrinos are de-
tected by two functionally identical tracking calorimeters.
The Near Detector (ND) is located at Fermilab, 100 m
underground and ~1 km from the neutrino production
target, while the Far Detector (FD) is placed ~810 km
away from the neutrino source at Ash River, Minnesota.
As the FD is on the surface, it receives a cosmic-ray flux
of ~130 kHz. NOvA detectors are placed 14.6 mrad off-
axis with respect to the beamline, producing a narrow-
band energy spectrum at the FD peaked around 1.8 GeV,
which optimizes standard three-flavor oscillations for the
NOvVA baseline. A detailed description of the NOvVA de-
tectors can be found elsewhere [47, [49].

The sensitivity of NOVA to dcp and the sign of Am3,
is strongly related to standard matter effects on electron
(anti)neutrinos as they travel through the Earth. Due
to degeneracies, the presence of NSI e¢,3 terms could
complicate the measurement of standard oscillation pa-
rameters. Here we analyze the same dataset presented
in Ref. [23] corresponding to an equivalent exposure of
13.6 x 10%° protons on target (POT-equiv.) in v-mode
from 555.3 s of integrated beam-pulse time recorded from



February 6, 2014, to March 20, 2020, and 12.5 x 10?° pro-
tons on target (POT) in 7-mode delivered during 321.1s
of integrated beam-pulse time recorded from June 29,
2016, to February 26, 2019.

The specific aspects of the analysis framework are de-
scribed in more detail in Ref. [23], including event simula-
tion, selection, and reconstruction criteria. The analyzed
data and the treatment of systematic uncertainties also
entirely follow the aforementioned reference.

Since recent measurements with atmospheric neutri-
nos reached a stronger sensitivity on ¢,, [45], we do not
include this coupling in the present study. This analy-
sis focuses on the parameters €., and .., which modify
the FD electron neutrino appearance probability, where
NOvA has competitive sensitivity.

For the analysis presented here, predicted energy spec-
tra are constructed by varying the standard and non-
standard oscillation parameters. These spectra are com-
pared to NOvA FD data using a Poisson negative log-
likelihood ratio, —2InL. Systematic uncertainties are
included as nuisance parameters and assigned penalty
terms equal to the square of the number of standard
deviations by which they vary from their nominal val-
ues. The parameter values that minimize the —2InL are
taken as the best-fit. During the fit, in addition to all
PMNS oscillation parameters, only one NSI €, coupling
is taken to be non-zero at a time, with all other sec-
tors neglected. The leading-order dependence is not oz
alone, but instead the sum of phases dcp + dop. As in
the MINOS analysis [44], the measurement of the NSI
strength |e,g| is done with respect to this sum, where
the result is profiled over the difference dop — dag. Us-
ing the sum takes into account the degeneracy in phases,
while profiling over the difference allows us to consider all
linearly independent combinations of d,3 and dcp. The
fitter repeatedly finds the local best-fits starting from
randomly seeded combinations of all fitted parameters
until it determines that the global best-fit has very likely
been found [50].

As NOvVA is less sensitive to sin®fi5, Am3,, and
sin? 015 compared to solar and reactor experiments, in
contrast to the standard three-flavor analysis [23], we use
high-precision external measurements from Refs. [51H54]
for these parameters in the form of a Gaussian constraint
in the fit. The global averages are limited to reactor-
only experiments where the baseline is too short for NSI
to play a large role in the result. This avoids possible
contamination from the effects of NSI in results that are
measured assuming a standard oscillation model.

An additional consideration is that the strength of the
NSI signal is proportional to the matter density, p. As
the neutrinos from the NuMI beam propagate up to a
depth of 11 km underground, they experience different
rock densities. This is taken into account during the fit
by treating p as a nuisance parameter. The oscillation
model predicts no difference in using the average density
compared to using slices of density, hence the average
is used. To estimate the average matter density and its
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FIG. 2: Reconstructed FD energy spectra for
v,,(7,,)-CC events (left) and v,(7.)-CC events (right)
from a predominantly neutrino (top) or antineutrino
(bottom) beam, with predicted background shown in
gray. The standard oscillation prediction (solid black
histogram) and its corresponding lo systematic
uncertainty range are compared with the best-fit
predictions of this analysis for €., (solid blue line) and
€er (dotted red line).
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FIG. 3: NOvA 90% C.L. allowed region for the .,

vs. (0cp + Ocp) parameter space, for NO (solid blue) and
IO (dashed red). The global best-fit is found at the NO
hypothesis.

uncertainty, the CRUST1.0 model [55, 56] is compared
to deep bore datasets [57), 58] as well as samples from the
NOvA ND site. A value of (p) = (2.74 +0.10) g/cm® is
implemented as a Gaussian constraint in the fit.

The observed numbers of v, (7,) and v, (7.) events at
the NOvA FD are shown in Fig. 2 together with the stan-
dard oscillations (SO) best-fit prediction, and its corre-
sponding estimated background [23]. The largest con-
tribution to backgrounds for FD v, (7.) events comes
from beam-produced v, (7.) components, on which the
addition of the NSI parameters studied here only have
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FIG. 4: NOvA 90% C.L. allowed region for the |e..|

vs. (0cp + der) parameter space, for NO (solid blue) and
IO (dashed red). Both data fits for NO and IO are
found degenerate at the same —2InL = 172.9. No mass
hierarchy preference is observed.

a marginal impact. Figure [2| also exhibits the best-fit
predictions obtained in this analysis (including the SO
parameters and the corresponding NSI parameter), show-
ing that NSI predictions are consistent with the spectra
produced in the SO model within uncertainty. Figures
and [ constitute the main results of this analysis, show-
ing the 90% C.L. allowed regions for the corresponding
NSI parameter space. No evidence for NSI is observed at
90% C.L., and we place constraints on the absolute value
of the NSI couplings ¢.,, and €., for both neutrino mass
orderings. These results do not use the Unified Approach
of Feldman and Cousins (FC) [59], as preliminary tests
on randomly FC-corrected oscillation parameter bins in-
dicated that Wilks’ Theorem [60)] is satisfied, from where
frequentist C.L. intervals are constructed by taking the
best-fit —2InL as reference.

The best-fit for the e, sector is found at NO with
—2InL = 173.3 (compared with the SO best-fit, —2InL =
173.55 [23]) for 180 degrees of freedom, with the IO hy-
pothesis disfavored at 0.6 0. For the €., analysis, the NO
and 10 hypotheses are degenerate in the best-fit with the
same —2InL = 172.9. For the e, sector (Fig. , a de-
generacy allowing large values of this NSI amplitude is
also observed, similar to what was previously obtained
by MINOS [44], but here NOvA is excluding a large por-
tion of that reported allowed region. The origin of this
upper contour can be explained as follows: changing e,
changes the reconstructed spectra in distinct ways for v,
and 7.. Based on the joint analysis reported in Ref. [23],
the v—7v fit cancels most of the opposite effects induced
by possible NSI on neutrinos and antineutrinos. How-
ever, at €., = 1.8 and d¢p + 0er = 37”, both the v, and v,
spectra are identical to the SO (g., = 0) spectra, creat-
ing a degenerate region around that point. As the data
are consistent with the SO spectra, this point is also al-
lowed. It is worth noticing that some phenomenological
treatments elude strong NSI couplings such as €., > 1.0
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FIG. 5: NOvA 90% C.L. allowed region for the sin? 63
vs. dcp parameter space, for NO (top) and IO (bottom),
comparing the latest NOvA standard oscillation result
(dashed-shaded black region) [23] with cases when the
NSI sectors e, (solid dark blue/orange) or e.. (solid
light blue/orange) are included in the fit.

since it would elevate the contribution of a (otherwise
negligible) number of terms in the full v, — v, oscilla-
tion amplitude [61]. Nonetheless, our analysis presents
new experimental evidence which improves constraints
on previously allowed large €.,. Analyzing a wider range
of neutrino energies, and possibly combining with mea-
surements from other experiments, is being explored to
increase sensitivity to the upper contour in the future.

The potential presence of NSI may decrease the sensi-
tivity to the SO CP phase dcp. To study this effect, we
construct the SO parameter space reported in the pre-
vious result from NOvA, allowing for the effects of |eqg]
and its phase dog. There is a degeneracy between dcp
and 0,4 that this analysis does not break. As Fig. [9il-
lustrates, the sensitivity to dcp is weakened for both neu-
trino mass orderings, while the constraints on sin® f,3 are
scarcely modified.

In summary, we have performed an analysis of the
NOvVA FD data within a 3-neutrino framework including



NSI couplings that may affect the way neutrinos change
their flavor. Including the NSI parameters €., and e,
separately only marginally improves the fit to data. The
analysis constrains the NSI amplitudes to |e.,| < 0.3 and
leer| < 0.4, although an allowed region for large values of
leer| is observed due to degeneracies between the param-
eters. We also observe that the possible existence of NSI
would affect the measurement of the Dirac CP-violating
phase d¢p.
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