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In a previous work, we have shown that the data presented by the two long-baseline accelerator
experiments NOVA and T2K at the Neutrino 2020 conference displayed a tension and that it could be
alleviated by nonstandard neutrino interactions (NSI) of the flavor changing type involving the e — y or the
e — 7 sectors with couplings |e,, | ~ |&,.| ~ 0.1. As a consequence, a hint in favor of NST emerged. In the

present paper, we reassess the issue in light of the new data released by the two experiments at the Neutrino
2024 conference. We find that the tension in the determination of the standard CP-phase 6cp extracted by
the two experiments in the normal neutrino mass ordering persists and has a statistical significance of ~2¢.
Concerning the NSI, we find that including their effects in the fit, the two values of dcp preferred by NOvA
and T2K return in very good agreement. The current statistical significance of the hint of nonzero NSI is
~1.80. Further experimental data are needed in order to settle the issue.
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I. INTRODUCTION

The two long-baseline (LBL) accelerator experiments
NOvA and T2K have recently released new data at the
Neutrino 2024 Conference [1,2]. Interestingly, the results in
the v, — v, appearance channel of the two experiments
continue to be in tension confirming the trend observed in
previous data released at the Neutrino 2020 Conference
[3,4] (subsequently published in [5,6]) and point toward
values of the CP-phase cp that are in disagreement when
the data are interpreted in the standard three-flavor frame-
work for normal ordered neutrino mass eigenstates.1

II. QUANTIFICATION OF TENSION

The mismatch between the preferred values of the Scp
is clear, with T2K preferring a value of dcp ~ 1.5z and
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'In the three-flavor framework, one introduces three mass
eigenstates v; with masses m; (i = 1, 2, 3), three mixing angles
015, 013, 013, and one CP-phase §cp. The neutrino mass ordering
(NMO) is said to be normal (inverted) if my > mq, (m3 < my,).
We will abbreviate normal (inverted) ordering as NO (10).
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NOVA indicating 6cp ~ 0.9z (see Refs. [1,2]). Let’s try to
quantify the tension. Following [7], we introduce the func-

tion 7*(Scp) :I%2K+N0vA (6cp) — ()(gl"ZK,min +x ZNOVA,min)'
Figure 1 shows the function 7*(5cp) together with the
two functions Ay?(Scp) = x7(8cp) — X2 min» Where r is an
index designating the experiment in question (T2K or
NOvA). The level of compatibility between the two experi-
ments can be quantified by means of the minimum value
Zoin = 6.3, which for 2 d.o.f.” corresponds to a goodness of
fit (GOF) of 4.3 x 1072 (equivalent to 2.00).

An alternative method to quantify the tension is to
compare the estimates of dcp given by the two experiments.
For T2K and NOvVA, we assume that the errors are Gaussian.
As suggested by Fig. 1, this assumption is reasonable for
T2K, while for NOvVA, it is valid only for the upper error,
which is the relevant one for estimating the tension. We have
for T2K 6cp/n = 1.47 £ 0.24, while for NOVA, écp/n =
0.8779%9. Considering the two errors summed in quadrature,

Note that the only two relevant d.o.f. are dcp and 6,3. In fact,
the parameters 6,,, Am%1 can be considered fixed by solar
neutrinos and KamLAND, 6,5 is fixed by Daya Bay, and
Am%l is fixed with high precision by the disappearance channel
measurements of T2K and NOvA themselves. Concerning this
last parameter, it is useful to notice that the estimate of Am% h
provided by the disappearance channel is completely insensitive
to the couplings ¢,, and €,, within their range of interest, as we
have explicitly checked numerically (see the right panels of
Fig. S1 in the Supplemental Material [8]).

Published by the American Physical Society
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FIG. 1. Plot of the functions AyZ,x, AyZoua. and y* as a
function of dcp for normal ordering.

we have that the two estimates differ by Adcp/7m =
0.60 £ 0.31, hence corroborating the 2.0¢ level of tension
found with the first criterion.’

III. MOTIVATION FOR NSI

While the observed discrepancy may be induced by a
statistical fluctuation or an unknown systematic error, it can
represent a hint of new physics beyond the Standard Model
(SM). As we already underlined in our previous paper [10],
NOvVA and T2K represent the ideal place to seek non-
standard matter effects in neutrino propagation due to their
different and complementary setups. In particular, the two
experiments work at two different peak energies (2 GeV for
NOvVA and 0.6 GeV for T2K) because of the different
baselines (810 km for NOVA and 295 km for T2K). As a
consequence, in NOVA matter effects are approximately
three times larger with respect to T2K.

In [10] (see also [11]), we pointed out that the discrepancy
could be solved by hypothesising the existence of NSI.
More specifically, we found a ~2¢ level preference for
nonzero complex neutral-current (NC) NSI of the flavor
changing type involving the e — u or the e — 7 sectors with
couplings e, | ~ |e..| ~ 0.1.* In the present paper, we
reassess the tension issue, showing that the indication persists
in the new data with a statistical significance of 1.86.

Tt is interesting to note that, as pointed out in [9], due to the
cyclic nature of the dcp parameter (which implies the violation of
the hypotheses underlying the Wilk’s theorem that become more
apparent when the experiments have poor sensitivity to dcp), the
real statistical level of the tension could be higher than that obtained
using the y? estimator or gaussian errors. An educated guess, based
on the numerical simulations performed in [9] (see Fig. 1), is thata
more faithful estimate of the statistical significance of the T2K-
NOVA tension should lie somewhere in the interval [2.00, 2.50].

More precisely, the statistical significance of the indication
we found in our previous paper [10] was at the 2.1¢ level for
e —pu NSI and 1.9¢ level fro e — 7 NSIL

IV. THEORETICAL FRAMEWORK

NSI may serve as the low-energy manifestation of high-
energy physics, potentially arising from new, heavy states
(for a review, see Refs. [12—16]). Alternatively, and perhaps
more intriguingly, they could be linked to light mediators
[17,18]. As first pointed out in [19], NSI can drastically
modify the dynamics of neutrino flavor conversion while
passing through matter [19-21]. The influence of NSI on
current and upcoming long-baseline (LBL) neutrino experi-
ments has been extensively studied (see, for example,
[22—47]). In particular, the tension observed between the
T2K and NOVA experiments has prompted numerous inves-
tigations into NSI [48—50] and other new physics scenarios,
such as sterile neutrinos [51,52], nonunitary mixing [53,54],
violations of Lorentz Invariance [55], vector leptoquarks
[56], ultralight dark matter [57], Leggett-Garg inequality
violations [58], and dark photons [59]. For a comprehensive
review of these various scenarios, see Ref. [60].

The NSI of neutral current (NC) type can be expressed in
terms of a dimension-six operator [19]:

Laconst = =2V2Gpel; (0ar"Prvg) (Fr Pef). (1)

where a,f = e, u, 7 represent the neutrino flavors, and
f = e, u, d refer to the matter fermions. The projector
operator P has a subscript C = L, R, which denotes the

chirality of the fermion current, while efiﬁc are the NSI

coupling amplitudes. The Hermiticity of the Hamiltonian
imposes the condition:

ehe = (e0)"- ()

For neutrinos propagating through the Earth, one can
define the effective strength of the NSI couplings as

= Y dpnl= 3 D O

f=eu.d
with N, being the number density of f fermion. Since the
Earth matter can be considered as neutral and isoscalar,
with N, 2N, =N,, we have N, ~ N, ~3N,. Hence,

Eap = €0y + 3ely 1 3e0. (4)

The NSI modify the effective Hamiltonian of neutrino in
matter, which in the flavor basis can be expressed as

0 O 0 1+ e, Eeu  Eer
H=U O k21 0 UT + VCC 8214 gyy gm_ ’
0 0 k31 ng 8;-: €t
(5)

where U is the Pontecorvo-Maki-Nakagawa-Sakata
(PMNS) matrix, which consists of three mixing angles
(647, 013, 8,3) and the CP-phase dcp. We have denoted with
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kyy = Am3,/2E and k3; = Am3, /2E the solar and atmos-

. . . 2 _ 2 2
pheric wave numbers respectively, with Am;; = m; — mj,

while V¢ represnts the charged-current matter potential

Vee = V2GgN, ~7.6Y, x 1074 {ﬁ} eV, (6)

where Y, =N,/(N,+ N,)~0.5 is the relative electron
number density in the Earth crust. To facilitate the analysis
of matter effects, it turns out to be useful to introduce the
dimensionless parameter v = Vc/ks;, which gauges the
sensitivity to matter effects. The magnitude of this param-
eter is given by

ol =| 2
k31

E
~ 8.8 x 10_2 [@} N (7)

and it prominently features in the analytical form of
the v, — v, conversion probability. Notably, in the two
experiments, the first oscillation peak occurs at different
energies with £~ 0.6 GeV for T2K and E ~2 GeV for
NOvA. Consequently, the matter effects in NOvA are
approximately three times stronger (v ~0.18) than in
T2K (v ~0.05). As previously discussed in [10], this
heightened sensitivity makes NOvA particularly responsive
to NSI, while T2K remains largely unaffected. This
disparity may explain the apparent tension between the
two experiments when interpreted within the standard
three-flavor framework, ignoring NSI contributions.

In line with our earlier study [10], we focus on flavor
nondiagonal NSI, where ¢,; for a # f plays a central role.
Importantly, only these flavor changing NSI introduce
dependence on a new CP-violating phase, which could be
key to resolving the observed anomaly between NOvA and
T2K. Specifically, we consider the parameters ¢,, and ¢,,,
which, as we will show below, induce an additional CP-
phase dependence in the v, — v, transition probability.5 Let
us now consider the transition probability relevant for the
T2K and NOvVA experiments. When accounting for NSI, the
probability can be expressed as the sum of three terms [65]:

Pﬂ€2P0+P1+P2, (8)

which, making use of a notation first introduced in [29], take
the expressions

P0ﬁ45%35%3f27 )

>The v, — v, disappearance channel is sensitive to the p — 7
NSI, but this can be safely ignored because of the very strong
upper bound put with the atmospheric neutrinos by ANTARES
[61], IceCube [62], and KM3NeT/ORCA6 [63], which all
indicate |e,”| <5 x 1073 (see also [64] for a bound from Super-
Kamiokande). Interestingly, all the three experiments find that
€,; = 0 is disfavored slightly below the 90% C.L.

Py ~8513512C12523C230f g cOs(A + Scp), (10)

Py = 85y35030|¢|[af? cos(Scp + p)
+ bfgcos(A + dcp + @), (11)

A = Am3,L/4E being the atmospheric oscillating factor,
L is the baseline and E the neutrino energy, and
a= Am3,/Am3,. For compactness, we denote (s;; = sin6),
c;j = cos 0;;), and following [66], we introduce

j°

sin[(1 —v)A]’ =

sin vA
1—-v v

f= (12)
In Eq. (11), we have considered for the NSI coupling the
complex form

Eop = |€aple™n. (13)

Notably, the form of P, is different for ¢,, and ¢,, and, in
Eq. (11), one has to perform the substitutions

a= s, b=c3 if e=le,le?s, (14)

a = $p3¢3, b =—sycy if € =g, ]e?=.  (15)

In the expressions given in Egs. (9)—(11), the sign of A, @ and
v is positive (negative) for NO (I0). The expressions of the
probability given above are valid for neutrinos and the
corresponding formulas for antineutrinos can be derived by
inverting in Egs. (9)—(11) the sign of all the C P-phases and of
v. Finally, we notice that the third term P, depends on the
(complex) NSI coupling and it is nonzero only in the presence
of matter (i.e., if » # 0). Physically, it originates from the
interference of the matter potential &,, V¢ (or €.,V ) with
the atmospheric wave number k3; (see Ref. [22]).

V. DATA USED IN THE ANALYSIS

We have made use of the datasets for the NOvA and T2K
experiments from the most recent data releases, as pre-
sented in [1,2]. In our analysis, we have fully accounted
for both the disappearance and appearance channels for
each experiment. For the numerical simulations, we use the
GLoBES software package [67,68] along with an addi-
tional public tool [69] designed to implement nonstandard
interactions. To perform the analysis, we marginalized over
015 using a 2.8% one sigma prior, with a central value of
sin? @5 = 0.0218, as determined by the Daya Bay experi-
ment [70]. The solar parameters Am%1 and 6, are taken at
their best fit values found in the global fit [71].

VI. NUMERICAL RESULTS

In Fig. 2, we present the numerical results obtained in the
case of NO by combining NOvA and T2K. The three
panels represent the projections in the planes spanned by
each pair of the three parameters |e,, |, ¢.,, and dcp. In all
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FIG. 2. Allowed regions determined by the combination of
T2K and NOvVA in NO for NSI of the e — u type.

plots, the undisplayed parameters (0,3, 0,3, and Am3,) are
marginalized. The regions displayed are those allowed at
the 68% and 90% confidence level for 2 d.o.f. The first
projection shows that both standard and nonstandard CP-
phases have best fit values around 1.5z, with the standard
CP-phase Scp being more constrained. The second and
third panels represent the projections spanned by the NSI
coupling and one of the two CP-phases. From these two
plots, we observe that there is a preference for a NSI
coupling different from zero with best fit |e,,| = 0.125 and
statistical significance Ay? = 3.1 (corresponding to 1.76¢
for 1 d.o.f.). Figure 3 is analogous to Fig. 2. In this case,
however, the coupling considered is ¢,, (with the associated
CP-phase ¢,.). The behavior of the CP-phases is similar to
the previous case. The values preferred for the NSI
coupling are larger with best fit |¢,,| = 0.22. In this case,
the statistical significance of the preference of nonzero NSI
coupling is Ay? = 3.2 (corresponding to 1.79¢ for 1 d.o.f.).

In Table I are reported the best fit values of the NSI
couplings, those of the two CP-phases and what we obtain
for Ay? = 3y — xwung for each of the two possible
choices of the neutrino mass orderings.’® It is interesting to
estimate at what statistical significance the SM hypothesis
is rejected. For NO, in the case of e — y and e — 7 NSI, we

®Note that the best fit values we obtain for the complex NSI
couplings ¢,, and €,, are almost pure imaginary (being ¢,, and
¢.. close to ~1.57). For this reason, they cannot be confronted
with the results of the NSI global analysis [72], where only real
NSI couplings are considered. We may only observe qualitatively
that the size |e,,| = 0.125 and |e,,| = 0.22 are compatible with
the 90% C.L. reported in [72].

NO

*
1.5F (1.42, 1.7) 2 T2K+NOvA
68% C.L.
% Lok ] 90% C.L.
§
hSS * Best fit
0.5 [ g
0' 1 1 1
NO NO
0.6 1r 1
5
§ 04p 1F .
(1.42,0.22) (1.7,0.22)
0A2.- * 4 F *
o . L . . L .
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
(SCP/” ¢er/7r
FIG. 3. Allowed regions determined by the combination of

T2K and NOVA in NO for NSI of the ¢ — 7 type.

obtain Ay?> =3.1 and Ay? = 3.2, respectively, which
correspond (considering 2 d.o.f.) to an exclusion close to
the 1.30 level.

With the purpose of clarifying how the hint of a nonzero
NSI coupling emerges, it is helpful to consider separately
the two experiments NOvA and T2K. In Fig. 4, we show
the allowed regions for the NO case, in the plane of the two
parameters ocp and 60,3. The left panel depicts the SM
scenario, while the central and right panels represent the
SM + NSI cases with NSI of the ¢ —pu and e — 7 type,
respectively. We underline that the SM regions in the left
panel are in excellent agreement with those shown in the
official plots of the collaborations [1,2], hence testifying
the high level of accuracy reached by our analysis. In the
central and right panels, the NSI parameters are fixed at the
best fit obtained from the combination of NOvA and T2K.
These correspond to |e,,| = 0.125,¢,, = 1.357 (central
panel) and |e,,| = 0.22, ¢,, = 1.70x (right panel). The two
contours refer to the 68% and 90% C.L. for 2 d.o.f. In the
SM case (left plot), a discrepancy between the values
of d¢cp identified by the two experiments appears in a clear
way, as already discussed above when commenting Fig. 1.

TABLEI Best fit values and Ay? = )(éM - )(%M i for the two
choices of the NMO.

NMO NSI € op/ 7 Scp/m Ay?

NO Eeu 0.13 1.35 1.44 3.1
.. 0.22 170 1.42 3.2

10 Eeu 0.05 1.44 1.52 0.94
.. 0.23 1.54 1.54 2.9
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FIG. 4. Allowed regions by T2K and NOvA for NO in the SM case (left panel) and with NSI of the e — y type (central panel) and of
the e — 7 type (right panel). In the central panel, we have taken the NSI parameters at their best fit values of the combination T2K +
NOVA. These correspond to (|e,,| = 0.125, ¢, = 1.357) for the central panel and ([e,| = 0.22, ¢,, = 1.70x) for the right panel. The
contours correspond to the 68% and 90% C.L. for 2 d.o.f.

SM SM +NSI (&) SM +NSI (&)
20— T 20T 20T
[ — TXK [ — TK [ — TXK
- —— NOvA 3 — NOvA - —  NOvA
15F — T2K+NOvA 15F — T2K+NOvA I5F — T2K+NOvA

1.0 1.5

Ocp/m

Ocp/m

1.0 1.5 2.0

0.5

1.0

Ocp/m

1.5 2.0

FIG.5. Plot of the functions A;(%ZK, A;(IZ\IOV A»>and 77 as a function of §cp for normal ordering. The left panel corresponds to the SM case
(same as Fig. 1), and the other two panels represent the two NSI cases of ¢ — u type (central panel) and e — 7 type (right panel). In the
central panel, we have taken the NSI parameters at their best fit values of the combination T2K + NOvA as in Fig. 4.

The diminishment of the discrepancy among the two
experiments attained when NSI are present is evident both
in the central and right panels where there is a high level of
overlap of the allowed regions for values of dcp close to
1.5z. The different behavior between the central and the
right panel is due to the different expression of transition
probability for NSI of the e —u or e — 7 type. We can
observe that the T2K regions are almost unaltered in the
presence of NSI (due to low sensitivity of its setup to matter
effects). Differently, the NOVA regions drastically change
in the presence of NSI, due to the higher sensitivity to
matter effects. These findings are in line with our analytical
discussion and underline the high level of synergy and
complementarity of the two setups.

In Fig. 5, we show the function 2 (5¢p) together with the
two functions Ay?(8cp) = x7(8cp) — X7 min» Where 7 is an
index designating the experiment in question (T2K or
NOvA). The left panel coincides with Fig. 1, which is
reported here again for the sake of clearness, in order to

facilitate the visual comparison with the cases correspond-
ing to NSI presented in the central panel (g,, case) and the
right one (¢g,, case). From these last two panels, it is clear
how in the presence of NSI the level of tension is
substantially reduced, and it is basically negligible.7

"In this plot, we have decided to show the A){Z curves for T2K
and NOVA for the best fit of their combination in order to
facilitate the comparison of Fig. 5 with Fig. 4. Indeed, with this
choice, the Ay? curves are exactly the 1D projections of the 2D
regions of Fig. 4. Note, however, that for correctly estimating the
GOF, one should consider (not shown) the curves corresponding
to T2K and NOvA marginalizing over the NSI parameters (e,
and ¢,, in the central panel and ¢,, and ¢, in the right panel).
Clearly, in this case, there are 4 d.o.f (two oscillation parameters
and two NSI parameters). Following this procedure, we find
szin =4.1 for the e —p case and ;'(Iznin =4.5 for e —7 case.
Considering 4 d.o.f., these values correspond to a GoF = 3.9 x
107" and GoF = 3.4 x 10~!, respectively, which are both very
high.
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FIG. 6. Bievents plots for the T2K (left panels) and NOvVA setup (right panels) for the NO case. The upper (lower) panels represent the
case of ¢,,(¢,,). Along all the ellipses the running parameter is the standard CP phase dcp in the range [0, 2z]. The black ellipses
correspond to the SM case with best fit represented by stars. The colored ellipses correspond to the SM + NSI case with best fit indicated
by squares. The ellipses and the best fit points located on them are determined by fitting the combination of T2K and NOvA. The points
with the error bars display the experimental data with their statistical uncertainties.

As a further tool to interpret the results of the analysis, in
Fig. 6, we show the bievents plots, in which on the x axis (y
axis) is reported the number of detected electron neutrino
(antineutrino) events. Such a graph is a guide to under-
standing the source of the tension between NOvA and T2K
in the SM scenario and its alleviation in the presence of
NSI. The plot is particularly insightful because in NOvA
and T2K, almost all the information given in the appear-
ance channel data is condensed in the number of events
collected. In fact, due to the low statistics, the information
contained in the shape of the energy spectrum is still
limited. The ellipses displayed in the figure are plotted
using the best fit parameters of the combination of T2K and
NOVA. The relevant parameters are 6,3, 6,3, and Am%1 for
the SM case. For the SM + NSI framework, one has also
leqs| and @, Both in the SM and SM + NSI cases, the
running parameter along the ellipses is the CP phase dcp in
the range [0, 2z]. The black ellipses correspond to the SM
scenario with the stars representing the best fit point

52M = 1.08x. Such a value of S¢p is a compromise among

T2K (which push toward dcp = 1.57) and NOvVA (which
tends to prefer values close to 0.97). The colored ellipses
correspond the SM + NSI scenario (the squares designate
the best fit value 5¥p! = 1.47, which is approximately the
same in both the ¢ —u and e —7 options). The upper
(lower) panels represent to the e — u (e — 7) scenario. From
the plots, it is well visible how in the presence of the NSI,
the best fit point of the model gets closer to the exper-
imental data, thus reducing the tension found in the SM
case. For completeness, in the Supplemental Material [8],
we provide the additional figures S1-S5.

VII. CONCLUSIONS

In this paper, we have reassessed the issue of the tension
between the measurements performed in the appearance
channel by T2K and NOvA. The discrepancy first emerged
at the Neutrino 2020 conference persists in the latest data
released at Neutrino 2024 conference. We find that the
disagreement can be resolved by nonstandard interactions
(NSI) of the flavor changing type involving the ¢ — y and
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e — 7 flavors. Further experimental information is needed in
order to settle the issue. The next data expected to come
from T2K and NOvA will be crucial in this respect. Also,
complementary information may be extracted from
ANTARES, IceCube and KM3NeT/ORCA experiments,
which are sensitive to the relevant NSI couplings. Most
probably, however, if the current indication in favor of NSI
will persist, only the future new-generation experiments
DUNE and Hygaer—Kamiokande will be able to definitely
(dis)confirm it.

Our results indicate the presence of effective NSI
couplings of the order of 10%. Considering Eq. (4), these
may translate into couplings of a few per ent for the
fundamental particles (# and d quarks and electrons). Still,
these are quite large couplings from a theoretical stand-
point. In fact, if NSI are induced by mediators heavier than
the electroweak scale, one naturally finds that the charged
leptons are sensitive to new physics, on which there are
strong limits. One possible way to avoid this issue is to
augment the complexity of the model by considering
dimension-8 operators [74], invoking radiative neutrino
mass models (see, for example, the recent studies [75-77])
or calling in to play vector leptoquarks [56]. A radically
different and fascinating option is to consider NSI induced
by light or ultralight mediators, which are gaining increas-
ing attention (see, for example, [17,18]). In this case, the

¥Note that these experiments may provide information on NSI
also by observing astrophysical signals like those expected to
come from supernova neutrinos (see for example [73]).

NSI effects, due to the low momentum transfer, will be
hardly visible in processes other than neutrino oscillations.
As a matter of fact, the coherent forward scattering of
neutrinos with ambient particles, operative at zero momen-
tum transfer and observable through the modification of the
oscillation probabilities, would provide the only way to
probe new physics beyond SM in the neutrino sector.

We hope that our study may trigger investigations both
at the experimental level, deepening the understanding
of systematic uncertainties, and on the theoretical side,
seeking new models able to predict the preferred NSI
couplings.
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