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The determination of the neutrino mass ordering is one of the flagship goals in particle physics. Awell-
known and powerful synergy emerges when combining high-precision measurements of the effective
atmospheric mass-squared splitting from electron antineutrino disappearance in reactor experiments with
that from muon (anti)neutrino disappearance in accelerator-based long-baseline experiments. To fully
exploit this synergy, percent-level precision in the atmospheric mass splitting is required—a target that
JUNO is expected to achieve within a few months of data taking. This motivated the formulation of a mass
ordering sum rule for neutrino disappearance channels, which shows that by combining data from T2K
and NOvAwith JUNO after one year of operation, the neutrino mass ordering can be determined at the 3σ
confidence level. Since JUNO has recently started taking data, it is timely to ask whether this sum rule
remains robust in the presence of new physics. We identify the necessary conditions for new physics to
affect the sum rule and demonstrate that, in some cases, such effects could lead to an incorrect inference of
the mass ordering. As concrete examples, we consider scalar nonstandard interactions (SNSI) and
neutrinos coupled to an ultralight scalar field. We find that, for SNSI, current constraints render any
modification of the sum rule negligible, whereas in the latter case, the inference of the ordering requires
caution. Nevertheless, these effects can be disentangled, illustrating how the sum rule can also be used to
search for new physics.

DOI: 10.1103/jttg-dj4g

I. INTRODUCTION

Over twenty-five years after the groundbreaking discov-
ery of neutrino flavor oscillations in 1998 [1], one of the
open fundamental questions in particle physics remains
unanswered: the ordering of neutrino masses. If we order
the neutrino mass eigenstates by their electron neutrino
content—that is, by identifying ν1 (ν3) as the neutrino
mass eigenstate with the largest (least) electron neutrino
fraction—we can formulate the mass ordering problem as
equivalent to establishing whether the mass eigenvalues
follow the sequence m1 < m2 < m3 (normal ordering) or
m3 < m1 < m2 (inverted ordering). We remind the reader

that SNO [2] has determined that m2 > m1 using solar
neutrino data. As the field looks to the next generation of
precision experiments—JUNO [3,4] in China, which has
recently started taking data in August of 2025 [5] and
already reported its first physics results [6], to upcoming
DUNE [7] in the U.S. and Hyper-Kamiokande [8] in Japan,
we hope that this enduring enigma will finally be solved in
the forthcoming years.
Recently, it has been demonstrated that, thanks to the

current one percent level precision in the determination of
the absolute value of the effective atmospheric mass-
squared difference [9], jΔm2

μμj1 (or equivalently, jΔm2
31j

or jΔm2
32j), achieved by the accelerator-based νμ disappear-

ance experiments T2K [10] and NOvA [11], combined
with the unprecedented per mill level accuracy expected
from JUNO in measuring the magnitude of the effective
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1We recall for the reader that Δm2
ij ≡m2

i −m2
j , for

i, j ¼ 1, 2, 3. The effective atmospheric Δm2
ee ≡ cos2 θ12Δm2

31 þ
sin2 θ12Δm2

32 for νe-disappearance and Δm2
μμ ≡ sin2 θ12Δm2

31 þ
cos2 θ12Δm2

32 þ sin θ13 sin 2θ12 tan θ23 cos δΔm2
21 for νμ-disap-

pearance experiments were defined for the first time in Ref. [9].
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atmospheric mass-squared difference from νe disappear-
ance, jΔm2

eej (or equivalently, jΔm2
31j or jΔm2

32j), the long-
sought determination of the mass ordering may soon be
within reach [12]. Remarkably, this could be achieved
through the combination of these complementary (near-)
vacuum oscillation measurements alone. This is a direct
result of the synergy first identified in Ref. [9] and further
explored in [13–16] and also recognized as an opportunity
by the JUNO collaboration [3]. In Ref. [14] this interplay is
described as a boost to the sensitivity of the mass ordering
determination.
Determining the neutrino mass ordering through a

genuine three-generation vacuum effect mainly through
disappearance channels can be viewed as an alternative
approach to the more conventional proposals [17–29] that
rely on matter effects. However, it also potentially offers a
cleaner and more robust pathway—one in which the
existence of beyond the Standard Model interactions would
be unlikely to obscure the interpretation. In fact, even for
the baselines of T2K (295 km) and NOvA (810 km), it has
been shown in Ref. [30] that standard matter potential
effects to the νμ=ν̄μ disappearance channels are at the tenths
of the one percent level, while they have been estimated to
be even smaller for the ν̄e disappearance channel at the
medium baseline (52.5 km) JUNO experiment [31,32].
Moreover, nonstandard matter potentials resulting from

the interactions of neutrinos with matter, mediated by a
vector particle, due to the stringent constraints imposed by
neutrino oscillation and coherent elastic neutrino-nucleus
scattering data [33], have been shown to affect only slightly
JUNO’s precision [34]. Therefore, it seems that the
determination of jΔm2

eej and jΔm2
μμj by these disappearance

experiments could be safely considered to occur effectively
in vacuum.
In this work, we revisit the neutrino mass ordering and

the associated sum rule [12], examining how it may be
affected by the presence of new physics. In Sec. II, we begin
with a general discussion of how the mass-ordering sum rule
can be modified. Then, in Sec. III, we demonstrate that the
JUNO–long-baseline synergy could, under certain condi-
tions, lead to an incorrect conclusion about the neutrino
mass ordering, and we quantify the size of the modifications
required for this to occur.
In Secs. IV and V, we explore two specific examples of

beyond-the-Standard-Model effects that induce such mod-
ifications: scalar nonstandard interactions (SNSI), as pro-
posed in [35], and an ultralight scalar field, studied, e.g., in
[36–42]. Finally, in Sec. VI, we summarize our main
findings and present concluding remarks.

II. HOW NEW PHYSICS MAY AFFECT
THE MASS ORDERING SUM RULE

The mass ordering sum rule introduced in Ref. [12]
clearly demonstrates why ordering sensitivity is enhanced

by combining disappearance data from T2K/NOvA (LBL)
and reactor (R) experiments. This approach exploits the fact
that while disappearance experiments before JUNO lack
individual sensitivity to the mass ordering, this landscape
will be transformed by the newly started JUNO experiment.
For JUNO (JU), as it was shown in Ref. [43], the expected
best fit value of the atmospheric mass squared difference
for normal ordering (NO) and inverted ordering (IO) will
differ approximately by 1.8 × 10−5 eV2, bringing the mass
ordering sum rule to the form

ðΔm2
31jNOLBL − Δm2

31jNOJU Þ þ ðjΔm2
32jIOJU − jΔm2

32jIOLBLÞ
≈ ð2 cos 2θ12 − 2 sin θ13cos δÞΔm2

21 þ 1.8 × 10−5 eV2;

ð1Þ
where Δm2

31jNOexp (jΔm2
32jIOexp) is the best fit value assuming

NO (IO) using exp ¼ LBL, JU data, cos δ is the average
value of cos δ for NO and IO fits, with δ being the
CP phase.2 In Eq. (1) we also have approximated
sin 2θ12 tan θ23 ≈ 1. This serves as a guiding principle
for understanding how new physics can modify the mass
ordering sum rule. In general, new effects could
(1) Change the best-fit values for NO and IO within

a single experiment—for instance, jΔm2
eejIOJU ¼

Δm2
eejNOJU þ 1.8 × 10−5 eV2 þ δm2. Such a shift

(δm2) introduces an additional term to the right-
hand side of Eq. (1), analogous to the displacement
between the NO and IO fits in JUNO.

(2) Introduce a mass shift, δm2
LJ, caused by some

new physics, across the different experiments.
Assuming that the magnitude of the shift is
smaller than Δm2

31jNO or jΔm2
32jIO, this scenario

implies jΔm2
31jNOLBL − Δm2

31jNOJU ¼ δm2
LJ (jΔm2

32jIOJU −
jΔm2

32jIOLBL ¼ δm2
LJ) for the case where the true

ordering is normal (inverted).
As the first case only change within a single experiment the
difference in the mass ordering (similarly to what happens
when we include the difference in JUNO’s best fit), we
focus on the second possibility that provides a richer
phenomenology. In this case the sum rule is modified to

ðΔm2
31jNOLBL − Δm2

31jNOJU − δm2
LJÞ

þ ðjΔm2
32jIOJU − jΔm2

32jIOLBL − δm2
LJÞ

≈ ð2 cos 2θ12 − 2 sin θ13cos δÞΔm2
21 þ 1.8 × 10−5 eV2;

ð2Þ

This means that if NO is true, then we must find, by
combining LBL with JUNO, that

2This dependence on cos δ would not appear if T2K and
NOvA reported their best fit values for the disappearance modes
in terms of jΔm2

μμj. Note, however, that according to Nufit results,
cos δ < 0 [44].
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Δm2
31jNOLBL ¼ Δm2

31jNOJU þ δm2
LJ; ð3Þ

or instead, if IO is true, that

jΔm2
32jIOLBL ¼ jΔm2

32jIOJU − δm2
LJ: ð4Þ

This anticipates that even if NO is the true ordering in
nature, a nonzero δm2

LJ could bias the conclusion by
compensating for the fit discrepancies in the IO hypoth-
esis. In the following section, we demonstrate that for
specific values of δm2

LJ, the sensitivity is not merely
degraded; instead, the analysis can lead to an incorrect
inference of the mass ordering.

III. COMBINING T2K/NOVA WITH JUNO
WITH NEW PHYSICS

To evaluate the sensitivity to the mass ordering by
combining muon and electron neutrino disappearance data

in the presence of new physics effects in a simplified yet
quite accurate way, given the high precision of these
experiments, we consider the following χ2 function

χ2expðΔm2; σexp;Δm2
atmÞ ¼

�
Δm2 − Δm2

atm

σexp

�
2

; ð5Þ

where Δm2 ¼ Δm2
31 (jΔm2

32j) for NO (IO). Here Δm2
atm is

the best fit value of the experiment under the NO or IO
hypothesis, and σexp is the measurement precision. We
take the best fit values for the long baseline neutrino
experiments Δm2

31jNOLBL ¼ 2.516 × 10−3 eV2, jΔm2
32jIOLBL ¼

2.485 × 10−3 eV2, and σLBL ¼ 0.031 × 10−3 eV2 from
Ref. [45]. In JUNO’s case Δm2

31jNOJU , δm2
LJ, as well as,

σJU are treated as free variables. By combining the
measurements from LBL and JUNO, we can define

χ2NOðΔm2
31;Δm2

31jNOJU ; σJU; δm2
LJÞ ¼ χ2LBLðΔm2

31Þ þ χ2JUðΔm2
31 þ δm2

LJ; σJU;Δm2
31jNOJU Þ;

χ2IOðjΔm2
32j;Δm2

31jNOJU ; σJU; δm2
LJÞ ¼ χ2LBLðjΔm2

32jÞ þ χ2JUðjΔm2
32j − δm2

LJ; σJU; jΔm2
32jIOJUÞ; ð6Þ

where we omit the explicit dependence on the best fit value and precision in the χ2LBL as they are fixed. These functions
depend on JUNO best fit for NOΔm2

31jNOJU , to be determined by the actual data, the precision of the measurement σJU and the
mass squared shift due to new physics δm2

LJ. JUNO’s best fit for NO and IO are related as jΔm2
32jIOJU ¼ Δm2

31jNOJU þ 4.7 ×
10−5eV2 [12]. We now minimize χ2NO and χ2IO for fixed values of these parameters to obtain χ2NOjmin and χ2IOjmin.
To estimate the sensitivity to a particular neutrino mass ordering for non zero δm2

LJ we define

Δχ2ðΔm2
31jNOJU ; σJU; δm2

LJÞ≡ χ2IOjmin − χ2NOjmin;

such that, if Δχ2 > 0 (Δχ2 < 0), NO (IO) is favored. Explicitly, we have

Δχ2 ¼ 2ðΔm2
31jNOJU − Δ�

31ÞðΔm2
31jNOLBL − jΔm2

32jIOLBL þ 4.7 × 10−5 eV2 − 2δm2
LJÞ

σ2LBL þ σ2JU
; ð7Þ

where

Δ�
31 ≡ Δm2

31jNOLBL þ jΔm2
32jIOLBL − 4.7 × 10−5eV2

2

≈ 2.477 × 10−3 eV2: ð8Þ

In Fig. 1, to illustrate the effect, we present the iso-
contours of Δχ2ðΔm2

31jNOJU ; σJU; δm2
LJÞ for two cases:

δm2
LJ ¼ 0 eV2, i.e., neutrinos have only interactions

expected in the Standard Model (SM), and δm2
LJ ¼

5 × 10−5 eV2, where new physics impacts the synergy of
JUNO and LBL experiments. The blue region corresponds

to the values of Δm2
31jNOJU as measured by JUNO that would

favor NO when combined with LBL data, while the red
region represents values where IO would be favored. The
left fan plot reproduces the standard result of Ref. [12]; the
right panel shows how the standard plot changes if
δm2

LJ ¼ 5 × 10−5 eV2. Notably, the mass ordering prefer-
ence is completely swapped.
It is straightforward to understand this behavior analyti-

cally. From Eq. (7), we see that independent of the presence
of new physics effects, Δχ2 ¼ 0, i.e., NO and IO cannot be
distinguished, for Δm2

31jNOJU ¼ Δ�
31, basically fixed by the

best fit values of the LBL experiments. In addition, we can
see that Δχ2 ¼ 0 also when
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δm2
LJ ¼

1

2
ðΔm2

31jNOLBL − jΔm2
32jIOLBL þ 4.7 × 10−5 eV2Þ

≈ 4 × 10−5 eV2: ð9Þ

Hence, the sign ofΔχ2 is controlled by two factors: whether
Δm2

31jNOJU is larger or smaller than the critical value Δ�
31, and

whether δm2
LJ is larger or smaller than 4 × 10−5 eV2. This

means that a shift in the best-fit values of JUNO and LBL of
the order of a few percent of Δm2

atm can complicate the
determination of the mass ordering, undermining the
expected synergy from the combination of LBL νμ and
JUNO νe disappearance data.
Having discussed the possibilities from a general per-

spective we now turn to concrete examples of how such
modifications could happen in the presence of some
beyond SM new physics effects.

IV. SCALAR NONSTANDARD INTERACTIONS

First as proposed in [35] we consider a new, light, scalar
mediator ϕ, with couplings to the neutrinos ν and matter
fields ψ . The relevant part of the Lagrangian is

L ⊃ −ðmν þ yνϕÞν̄ν − yψ ψ̄ψ ; ð10Þ

where yν and yϕ are couplings of the mediator to neutrino
and matter fields, respectively, showing that this scalar will
affect the neutrino masses. Assuming that the contribution
is small, the effective Hamiltonian is given by

Heff ≈ Eν þ
ðM þ δMÞðM þ δMÞ†

2Eν
þ Vm; ð11Þ

where Eν is the neutrino energy, M is the neutrino mass
matrix, δM denotes the mass correction due to SNSI, and

Vm is the standard matter potential given by Vm ¼
diagð� ffiffiffi

2
p

GFne; 0; 0Þ with GF and ne being, respectively,
the Fermi constant and the electron number density in
matter; where the þ (−) sign is for neutrinos (antineu-
trinos). We can write the neutrino mass shift for Earth-
based detectors as [46]

δM ¼ yνyψnψ
m2

ϕ

Fðr;mϕÞ ¼ ηFðRE; mϕÞ; ð12Þ

where nψ is the matter particles number density, mϕ the
scalar mass, RE is the Earth radius, and FðRE; mϕÞ is a form
factor that depends on the matter density profile, and η is a
dimensionless matrix which characterizes the SNSI effect
whose magnitude is assumed to be small. In Eq. (12) it was
assumed a spherically symmetric matter profile.
We focus on the particularly simple case where δM ¼

diagð0; 0; η33ÞFðRE; mϕÞ. In this case, for jη33j ≪ 1, the
atmospheric neutrino mass scales Δm2

31 and Δm2
32 shift in

matter, up to the first order in jη33j, to

Δm2
31 → Δm2

31 þ 2m3η33FðRE; mϕÞ;
Δm2

32 → Δm2
32 þ 2m3η33FðRE; mϕÞ; ð13Þ

while Δm2
21 remains unchanged.

The shift described in Eq. (13) may at first appear to be
nothing more than a simple redefinition of the mass
splittings. While this interpretation is valid for individual
measurements, the situation changes when different experi-
ments are compared. In particular, the distinct matter
densities relevant for JUNO and LBL experiments lead
to different shifts in their respective best-fit values. In
neutrino oscillation analyzes, the matter density along the
neutrino trajectory is typically assumed to be constant—a

FIG. 1. Iso-contours of Δχ2ðΔm2
31jNOJU ; σJU, δm2

LJ) representing the mass ordering preference when combining JUNO and LBL data.
The blue region corresponds to values of Δm2

31jNOJU , as measured by JUNO, for which the synergy favors NO, while the red region
corresponds to values where IO is favored. The left plot reproduces the standard fan plot of Ref. [12], while the right plot shows a
scenario where new physics introduces a displacement between the LBL and JUNO best-fit values. Notably, this displacement is
sufficient to incorrectly infer the neutrino mass ordering.
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very good approximation [47]. See also a recent work [48]
where the impact of the matter density variation along the
neutrino trajectory for JUNO was discussed. However, the
numerical value of this effective density differs from one
experimental setup to another. One can relate the values
determined by the long baseline accelerator νμ disappear-
ance experiments NOvA and T2K (denoted as Δm2

atmjLBL)
with the one that will be measured by the reactor νe
disappearance experiment JUNO (denoted as Δm2

atmjJU)
under our SNSI scenario as

Δm2
atmjLBL ¼ Δm2

atmjJU þ δm2
LJ; ð14Þ

where Δm2
atm ¼ Δm2

31;Δm2
32, and

δm2
LJ ≡ 2m3η33FðRE; mϕÞ

ρLBL − ρJU
ρLBL

: ð15Þ

For simplicity and as a reasonable approximation, we
assume that the average matter density for NOvA and
T2K experiments is the same, denoted as ρLBL, implying
that these experiments measure the same value of the
atmospheric mass squared difference even with the pres-
ence of SNSI.
As discussed earlier, we need δm2

LJ ∼ 4 × 10−5 eV2. For
the assumed average matter density of LBL ρLBL ¼
2.8 g=cm3 [49] and JUNO ρJU ¼ 2.45 g=cm3 [50] we
need η33FðRE;mϕÞ ∼ 10−3 × ð0.1 eV=m3Þ. We note that
the recent work Ref. [51], which studied also the impact of
SNSI for JUNO, found a similar requirement. Naively,
from Eq. (12), this may be possible for very light scalars.
However, when mϕ < R−1

E the scaling of δM is modified
by the form factor [46,52] and the correction becomes
independent of the scalar mass, such that we must adjust
the couplings to reach the required mass shift. Bounds
from fifth force searches [53], tests of the equivalence
principle [54] and cosmology [55,56] severely constrain
this possibility. In particular, Ref. [46] shows that
δM ∼ 10−3 is already excluded and only negligible shifts
(δM ∼ 10−11 eV) are allowed. Solar neutrinos were shown
[57] to be even more sensitive to SNSI than terrestrial
experiments [58]. Therefore, the mass ordering sum rule
should not be impacted by SNSI.

V. TIME DEPENDENT NEUTRINO MASSES

Next, we examine the scenario where the ultralight scalar
field can be treated as a classical stochastic background that
modulates the mass of the third neutrino mass eigenstate
[36,37,39,40]. In this framework, the neutrino mass varies
in time as

m3ðtÞ ¼ m3 þ yν

ffiffiffiffiffiffiffiffi
2ρϕ

p
mϕ

cosðmϕtþ θÞ; ð16Þ

where yν is the coupling between neutrino and the scalar
field, ρϕ is the local energy density of the scalar field, θ is a
phase related to the field initial conditions and mϕ is the
scalar mass. For the discussion that follows we set θ ¼ 0
for simplicity. In Appendix we comment on the effect of
varying the phase. This temporal modulation induces a time
dependence in the atmospheric mass splitting. To leading
order we find

Δm2
31ðtÞ ¼ Δm2

31 þ 2m2
3ηϕ cosðmϕtÞ; ð17Þ

where we define the dimensionless parameter

ηϕ ≡ yν
ffiffiffiffiffiffiffiffi
2ρϕ

p
mϕm3

: ð18Þ

We assume that the scalar field oscillates slowly enough
such that the LBL and JUNO measurements of the
atmospheric mass splitting are well approximated by their
time-averaged values over the respective data-taking peri-
ods. Specifically, the experimental best fit after Δt years of
data collection corresponds to

Δm2
31 ≃ Δm2

31 þ 2m2
3ηϕ

sinðmϕΔtÞ
mϕΔt

: ð19Þ

LBL experiments have collected data for roughly ten years
[59,60]. We adopt this timescale for our analysis, as using
the exact or approximated exposure periods do not affect
our conclusions. Therefore, their measured mass splitting
should be interpreted as the average over Δt10 ¼ 10 yrs.
We take the most recent LBL best fit (assuming normal
ordering) as this ten-year average in Eq. (19). Solving for
the mass splitting Δm2

31, which corresponds to the actual
atmospheric mass splitting only in the absence of the scalar
field, i.e., yν ¼ 0, we can rewrite the averaged value solely
in terms of the LBL best fit and scalar parameters as

Δm2
31jNOLBL ¼ Δm2

31jNOLBL þ 2m2
3ηϕ

×

�
sinðmϕΔtLBLÞ
mϕΔtLBL

−
sinðmϕΔt10Þ
mϕΔt10

�
; ð20Þ

where ΔtLBL is the duration over which the LBL meas-
urement is averaged. Note that by construction, when

ΔtLBL ¼ Δt10, we have Δm2
31jNOLBL ¼ Δm2

31jNOLBL.
JUNO, however, began taking data at a later time [5],

offset from the start of LBL operations by an interval
toff ∼ 10–15 yr. During JUNO’s run, the ultralight scalar
field is at a different phase of its oscillation cycle. This
leads to a predicted JUNO measurement of Δm2

31 value
different from that of LBL experiments even for the true
mass ordering as
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Δm2
31jNOJU ðΔtJU; toffÞ

¼ Δm2
31jNOLBL − 2m2

3ηϕ

�
sinðmϕΔt10Þ
mϕΔt10

�

þ 2m2
3ηϕ

�
sinðmϕðΔtJU þ toffÞÞ

mϕΔtJU
−
sinðmϕtoffÞ
mϕΔtJU

�
; ð21Þ

where ΔtJU is JUNO’s the time scale over which its
measurement is averaged over.
Figure 2 illustrates the typical time evolution of the

atmospheric mass splitting best-fit values for both LBL and
JUNO experiments, with t ¼ 0 corresponding to the start of
LBL data collection. For definiteness, let us assume that
JUNO begins operations 12 years later after the reference
initial time considered for LBL (t ¼ 0) and reports its first
best fit after one year of data taking. The plot shows results
for two different neutrino mass values, m3 ¼ 0.065 and
0.1 eV, to emphasize the dependence on the absolute
neutrino mass scale. We fix the scalar field parameters at
ηϕ ¼ 0.01, θ ¼ 0, and mϕ ¼ 2 × 10−24 eV. We note that
this parameter set is not expected to cause any significant
modification of the energy spectrum at JUNO predicted by
the standard oscillation contrary to the cases which have
been discussed some time ago in Ref. [36] and recently
studied in detail in [42]. The scalar mass corresponds to an
oscillation period of approximately 65 years, ensuring the
slow-oscillation approximation remains valid throughout
the experimental timescales considered. Consequently, this

prevents any additional distortion of the JUNO energy
spectrum, unlike what is shown in Fig. 1 of [42].
For the LBL error bars shown in the figure, we

back-propagate the most recent experimental uncertainty.
This approach is conservative, as the uncertainties have
decreased over time; the actual sensitivity of LBL experi-
ments to temporal modulations of the central value would
be even weaker than indicated at earlier times. For JUNO,
we adopt a time-dependent uncertainty that follows the
expected precision improvement with accumulated statis-
tics, as projected in Fig. 8 of Ref. [61].
The vertical arrow in Fig. 2 indicates the critical shift

δm2
LJ ∼ 4 × 10−5 eV2 necessary for a combined analysis of

JUNO and LBL data to yield an incorrect conclusion about
the mass ordering. Notably, even if nature has chosen
normal ordering, the presence of ultralight scalar field with
appropriate parameters can lead to an inference of inverted
ordering when combining the two measurements. The
viability of this confusion scenario depends critically on
the neutrino mass: for larger values ofm3, the effect is more
pronounced. Moreover, the effect would clearly go unno-
ticed by LBL experiments due to their limited precision, and
it may take several years before JUNO can independently
identify the temporal trend and resolve the ambiguity, with
the timeline ranging from two to more than four years
depending on the true value of m3.
Given the potential for misidentification of the mass

ordering, it would be prudent to also analyze JUNO data in
time slices as well as by combining all data. Figure 3

FIG. 2. Expected time evolution of the atmospheric mass-splitting best-fit values for LBL experiments and JUNO, shown for two
different neutrino mass values: m3 ¼ 0.065 eV (blue) and m3 ¼ 0.1 eV (orange). The scalar field parameters are fixed at ηϕ ¼ 0.01,
θ ¼ 0, andmϕ ¼ 2 × 10−24 eV. Time t ¼ 0 corresponds to the start of LBL data taking, with JUNO beginning operations 12 years later.
The vertical arrow indicates the critical shift δm2

LJ that could lead to an incorrect mass-ordering inference. LBL uncertainty bars are back-
propagated from current measurements, and the points are slightly displaced for visibility. JUNO uncertainty bars follow the expected
precision improvement with accumulated statistics. Normal ordering is assumed.
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illustrates the expected time evolution of JUNO’s best-fit
value if the experiment reports results using only one-year
integration periods. We fix the uncertainty bar at the initial
one-year precision level and hold it constant across all time
slices. The colored bands indicate the 1σ, 2σ, and 3σ
confidence regions around the initial best-fit value.
The time-sliced analysis reveals how quickly the ultra-

light scalar scenario could be distinguished from a constant
mass splitting. For m3 ¼ 0.065 eV, a 3σ discrepancy from
the initial best fit emerges after approximately five years of
operation, while for m3 ¼ 0.1 eV, only two years are
required to establish such a deviation.
It is important to emphasize that the presence of the scalar

does not impact JUNO’s primary objective of determining
the mass ordering. When analyzing JUNO data alone, the
mass ordering measurement compares oscillation patterns
for normal and inverted hierarchies using simultaneously
acquired data. Since the scalar-induced modulation affects
both orderings identically at any given time, the relative
sensitivity between them is preserved. Thus, JUNO can
achieve its mass ordering determination while simultane-
ously probing ultralight scalar parameter.
For a scalar mass mϕ ¼ 2 × 10−24 eV, recent con-

straints using the Hubble Space Telescope ultraviolet
luminosity functions indicate this field could constitute
at most 5% of the Universe’s dark matter [62].
Additionally, big bang nucleosynthesis bounds constrain
the Yukawa coupling to yν ≲ 1.8 × 10−11

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mϕ=eV

p
for

mϕ ≲ 3 × 10−20 eV [63], based on analysis over the mass
range mϕ∈ð10−22;10−17Þ eV.

Respecting the constraint on ρϕ and fixing the neutrino
mass to our benchmark value m3 ¼ 0.065 eV, we find

ηϕ ≃ 0.01

�
0.065 eV

m3

��
ρϕ

0.02ρDM

�
1=2

×
�

yν
4 × 10−24

��
2 × 10−24 eV

mϕ

�
; ð22Þ

where ρDM ¼ 0.4 GeV=cm3 is the local dark matter den-
sity. This suggests JUNO could probe unexplored param-
eter space independently, with sensitivity depending on the
absolute neutrino mass scale. Finally, we note that future
long-baseline experiments, such as Hyper-Kamiokande [8]
and DUNE [7], will be capable of independently identify-
ing the effect of a time-varying atmospheric mass-squared
difference [38] within a few years of operation, due to their
significantly higher precision compared to T2K and NOvA.

VI. CONCLUSIONS

The determination of the neutrino mass ordering, one of
the central goals of neutrino oscillation experiments today,
enters a decisive new phase with the start of data taking at
the JUNO reactor neutrino oscillation experiment in August
2025. JUNO was expressly designed to achieve this
objective with unprecedented sensitivity.
A well-known and powerful synergy arises from the

combination of high-precision measurements of the effec-
tive atmospheric mass-squared splitting obtained from
electron antineutrino disappearance at reactor experiments

FIG. 3. Expected time evolution of JUNO’s best-fit atmospheric mass splitting when analyzing data in consecutive one-year slices
where it is assumed that JUNO started taking data at t ¼ 12 years (see text for details), shown for two neutrino mass values. The scalar
parameters are fixed as in Fig. 2. The uncertainty bars are fixed at the one-year precision level. The colored bands represent 1σ
(innermost), 2σ (middle), and 3σ (outermost) confidence regions around the initial best-fit value. The systematic drift of the central
values demonstrates how time-sliced analysis can reveal the presence of ultralight scalar background. A nearly 3σ deviation emerges
after five years for m3 ¼ 0.065 eV and after only three years for m3 ¼ 0.1 eV.
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and from muon (anti)neutrino disappearance at long-base-
line facilities [9]. Fully exploiting this complementarity
requires percent-level precision in the νe disappearance
effective atmospheric mass splitting, a benchmark that
JUNO is expected to reach within only a few months of
operation. This prospect has motivated the formulation of a
mass ordering sum rule for neutrino disappearance chan-
nels [12], demonstrating that by combining data from T2K
and NOvA with one year of JUNO operation, the neutrino
mass ordering may be established at the 3σ confidence
level, depending on the true value of jΔm2

31j.
In this timely context, it is imperative to assess the

robustness of this sum rule in the presence of physics
beyond the Standard Model. This is the central purpose of
our paper. We have identified the conditions under which
new physics can impact the sum rule and shown that, in
specific scenarios, it may even lead to an incorrect inference
of the neutrino mass ordering. As illustrative examples, we
examined SNSI [35] and neutrinos coupled to an ultralight
scalar field [36,37,40]. We find that for SNSI, current
experimental bounds suppress any observable modification
of the sum rule to negligible levels, while in the ultralight
scalar case, the interpretation of the ordering requires
particular care.
We demonstrate that the ultralight scalar modulation

induces a time dependence in JUNO’s best-fit determination
of the mass-squared splitting governed by two key param-
eters: the neutrino mass m3 and the modulation strength ηϕ.
If left unrecognized, this effect may ultimately result in an
incorrect determination of the neutrino mass ordering when
the sum rule is applied, though JUNO’s independent mass
ordering measurement remains unaffected.

Fortunately, this potential misinterpretation can be inde-
pendently tested and verified by JUNO itself. Owing to
JUNO’s unprecedented subpercent precision measure-
ments, even small temporal variations could become
observable. This motivates our strong recommendation
that JUNO perform time-sliced analyses of its data to test
whether the extracted best-fit value exhibits any systematic
drift over time.
More broadly, the mass ordering sum rule emerges not

only as a powerful and timely tool for determining the
neutrino mass ordering in the JUNO era, but also as a
sensitive probe of new physics in the neutrino sector.
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APPENDIX: VARYING THE SCALAR PHASE

Throughout the main text, we set the scalar field phase
θ ¼ 0 for simplicity, despite its true value is a priori
unknown, as it was enough to illustrate the potential impact
of an ultralight scalar coupled to neutrinos when comparing

LBL and JUNO data. Here we comment on how different
phases may affect the main results.
The phase modifies the time-averaged mass splitting

measured by each experiment. Including θ, the time-
averaged atmospheric mass splitting for the LBL experi-
ments becomes

Δm2
31jNOLBL ¼ Δm2

31jNOLBL þ 2m2
3ηϕ

�
sinðmϕΔtLBL þ θÞ − sin θ

mϕΔtLBL
−
sinðmϕΔt10 þ θÞ − sin θ

mϕΔt10

�
; ðA1Þ

while for JUNO,

Δm2
31jNOJU ¼ Δm2

31jNOLBL − 2m2
3ηϕ

sinðmϕΔt10 þ θÞ − sin θ

mϕΔt10
þ 2m2

3ηϕ
sinðmϕðtoff þ ΔtJUÞ þ θÞ − sinðmϕtoff þ θÞ

mϕΔtJU
: ðA2Þ

The effect of varying θ is illustrated in Fig. 4, we fix the
neutrino mass to m3 ¼ 0.1 eV, such that the amplitude of
the effect is larger and display the results for θ ¼ π=2 and
θ ¼ 5π=4, as they produce the largest departure from
θ ¼ 0. We note that the magnitude and sign of the shift
δm2

LJ between the two experiments depends on this phase.
Consequently, JUNO is sensitive to both the time

modulation and the initial phase of the scalar field. We
must note, however, that while Fig. 4 suggests potential
phase sensitivity for LBL experiments, the actual precision
during the initial years of data collection was significantly
lower than illustrated, as the figure assumes the current
precision for all data points.
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