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The origin of neutrino masses remains unknown to date. One popular idea involves interactions between
neutrinos and ultralight dark matter, described as fields or particles with masses m, < 10 eV. Due to the
large phase-space number density, this type of dark matter exists in coherent states and can be effectively
described by an oscillating classical field. As a result, neutrino mass-squared differences undergo field-
induced interference in spacetime, potentially generating detectable effects in oscillation experiments. We
demonstrate that if m, > 10~'* eV, the mechanism becomes sensitive to dark matter density fluctuations,
which suppresses the oscillatory behavior of flavor-changing probabilities as a function of neutrino
propagation distance in a model-independent way, thereby ruling out this regime. Furthermore, by
analyzing data from the Kamioka Liquid Scintillator Antineutrino Detector (KamLLAND), a benchmark
long-baseline reactor experiment, we show that the hypothesis of a dark origin for the neutrino masses is
disfavored for m, < 1074 eV, compared to the case of constant mass values in vacuum. This result holds
at more than the 46 level across different datasets and parameter choices. The mass range 1077 eV <
my < 107'* eV can be further tested in current and future oscillation experiments by searching for time

variations (rather than periodicity) in oscillation parameters.
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Introduction—Despite the success of the standard model
of particle physics in explaining a wide range of phenom-
ena, two key observations demand physics beyond it. The
first is neutrino oscillations, which proves that neutrinos
have masses and undergo flavor transitions as they propa-
gate [1]. The proposed solutions typically involve new
mass scales or additional particles, such as the seesaw
mechanism [2-5]. The second is the evidence for dark
matter, which dominates the matter content of the present-
day Universe [6,7].

It is tempting to speculate that these two puzzles emerge
from an interconnected physical origin. For example,
neutrino masses can be generated by interactions with
dark matter through a long-range scalar force [8]. In
addition, neutrino forward scattering on background dark
matter particles could yield a neutrino potential with a
dependence on the neutrino energy E, as ~(2E,)7!,
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potentially explaining neutrino oscillations [9-12]. Small
neutrino masses can also be generated through radiative
symmetry breaking [13]. In the cases where the dark matter
field couples to sterile neutrinos that share the exotic forces
with light active neutrinos by mixing [14,15], it may even
induce oscillations between the Dirac and Majorana nature
of neutrinos [16,17]. It is recently suggested to test the dark
origin of neutrino masses by searching for supernova
neutrinos with a galactic origin [18]. Apart from masses,
the dark origin of mixing angles is also considered in [19].

If generated from interactions with scalar dark matter,
neutrino masses m; for the mass eigenstate i would depend
on the local galactic dark matter density p through [9-16]
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where g; is the effective neutrino-scalar coupling, and m is
the mass of dark matter. Given the current constraint from
supernova cooling g; < 1077 [20], the required mass of
dark matter should satisfy m, < 10~ eV to account for a
dominant contribution to neutrino masses [11,21]. On the
other hand, the lower bound of the dark matter mass,
inferred from the dynamical heating of stars in dwarf
galaxies and the matter power spectrum, is given by m,
3x 1071 eV [22,23].
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In this mass range, dark matter has a large average state
occupation number [24,25],

N p 40 eV\* /200 km/s\ 3
nigg = 3 . (2
0.4 GeV/cm my v

where n = p/m, is the dark matter number density, A4 is
the de Broglie wavelength, and v is the typical velocity
dispersion in the Milky Way galaxy. States with a large
occupation number nxlle > 1 are well described as coher-
ent states, as a result the dark matter field can be viewed as
an oscillating classical scalar field ¢  cos(myt — v -x)
[24-28]. The resulting neutrino mass-squared difference
undergoes field interference in spacetime, leading to dis-
torted neutrino oscillation probabilities [29-31].

In this Letter, we investigate the dark origin of neutrino
masses due to ultralight scalar dark matter through neutrino
oscillation experiments. The interference of oscillation
probabilities in time and space allows us to impose strong
constraints on this scenario for all mass ranges. The range
1077 eV <my <107 eV can be further constrained in
current and future oscillation experiments in timescales
from 10 days to a few decades.

Neutrino oscillation probabilities—In the presence of an
oscillating classical scalar field as dark matter and for
nonuniversal couplings g; # g; for i # j, the neutrino mass-
squared difference can be parametrized as [10-16]

Am}; = Amip(x)cos® (myt), (3)

where Amg;, o 2p(x)/my is the oscillation amplitude of
the mass-squared difference, where the subscript “D”
emphasizes its dark origin. We neglect the space-dependent
phase in the cosine function, since it remains a small factor
during neutrino propagation [32]. To interpret this oscillat-
ing term as a physical mass, the wave function of neutrino
mass eigenstates must evolve quasiadiabatically. This
condition is satisfied when E,/E? = m;i;/E; < 1, which
holds for relativistic neutrinos, ensuring the validity of the
approximation for the scenario considered here.

For three generations of neutrinos, the neutrino oscil-
lation probability from flavor a to f is given by [33]

3
Pus =05 =4y Re{U, Up U Ugi }Fy;

i<j
3
+2) Im{U,UjU;,;Up )Gy (4)
i<j
where U is the Pontecorvo-Maki-Nakagawa-Sakata
(PMNS) matrix, X;; = Am};,L/(4E,), and

Fij = Sin2X Gz] = Sln<2XU) <5)

ijs

The oscillation probability for antineutrinos follows a similar
expression, with the substitution U — U*. According to (3),
the neutrino mass-squared difference varies periodically in
time with the period T, = #/m, = 5.7 hr(10™" eV/m,).
Given the lower bound on the dark matter mass, my 2 3 x
10719 eV [22,23], this period is much shorter than the
typical timescales of oscillation experiments. For instance,
the Jiangmen Underground Neutrino Observatory (JUNO)
experiment aims for subpercent precision in measuring
neutrino mass-squared differences within ~100 days [34,35].
Therefore, we consider the time-averaged probability, which
is given by modifying (4) with

Fy= 5[l = Do) cos(Xy)h (6)

Gi; = Jo(Xijp) sin(X;jp), (7)

where J,(z) is the Bessel function of the first kind and
Xijp = Amj;p(x)L/(4E,). These modifications lead to
distorted oscillation probabilities, which we will use to
compare with oscillation data.

Impacts of dark matter fluctuations—Apart from time
modulation, the mass-squared difference (3) also depends
on local variations in dark matter density. The typical
coherence length is set by the de Broglie wavelength of
dark matter,

2 10714 eV /200 k
ldB:—ﬂ:1.24au<0 e><00 m/s). (8)
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During the course of an experiment, the Earth’s displace-
ment is

T v
leg =T =1.16 P ® 9
&= fewle au(lo days) (200 km/s>’ ®)

where T, is the duration of the experiment and vg is
Earth’s speed. The amplitude of the mass-squared difference
Amizj p can be treated as constant during the experiment if the
coherence length (8) exceeds the crossing distance of the
Earth (9). Therefore, the time averaged probability, given by
(4) with (6) and (7), is applicable to oscillation experiments
if the dark matter mass is my < 1074 eV,

For cases where m, > 107'* eV, the Earth traverses
regions with different scalar field amplitudes during the
experiment. To compare with data, the oscillation proba-
bility must be spatially averaged once the spatial distribu-
tion of dark matter is understood. On galactic scales, the
dark matter density is well described by the Navarro-Frenk-
White profile [36], and the inferred value at the solar
neighborhood is pjo. = 0.4 GeV/cm? [37-39]. On subga-
lactic scales, however, there could be large (ZO(1))
deviations from p;,. due to constructive and destructive
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interference of the dark matter field [40-43]. The detailed
distribution depends on several factors, including the dark
matter mass, interaction types, halo properties, and sub-
structure evolution (see Refs. [43—46] for examples).

For definiteness, we assume that the dark matter field
values are homogeneous and uncorrelated across different
de Broglie patches and follow a Gaussian distribution at a
fixed radius R from the Galactic center,

P(x)

Pnrw (r) RNN(O’ D 19)

where ¢npw 1s the value corresponding to the NFW profile,
i, paew(r) = mydRew(r)/2. According to (10), the
dark matter density follows a chi-squared distribution,
p(x)/pnew(r) ~ *(1). To compute the spatial average,
we begin by performing a Taylor expansion of the time-
averaged expressions in (6) and (7), yielding polynomial
forms in terms of Am?jD(x). Assuming that the spatial
average equals the ensemble average, we then evaluate the
spatial average of each polynomial term by noting that
Amg;, « p(x) follows the same chi-squared distribution.
The final result is obtained by summing over all polynomial
contributions. The behavior of the time- and space-aver-
aged quantity F;; is illustrated in Fig. 1. As shown, the
neutrino oscillation probability ceases to be an oscillatory
function of distance. Given the observed oscillation behav-
ior, we conclude that dark matter with my > 107'% eV
cannot account for neutrino masses.

The robustness of the conclusion derives from its insen-
sitiveness to the detailed distribution of dark matter density
fluctuations. In addition to the chi-squared distribution,
Fig. 1 also shows F;; for the case where p(x)/pnpw(r)
follows the Rayleigh distribution or varies periodically as
1 — cos(kyf), where @ is the azimuthal angle of the Earth
with respect to the Galactic center and k,y is a constant
satisfying ky > R/A4g. For comparison, we also include the
result for constant p(x), which leads to constant neutrino
masses during oscillation experiments. Despite the quanti-
tative difference, in all three distributions the oscillatory
behaviors in terms of X;;pg, and thus the neutrino propa-
gating distance L, is significantly suppressed.

Tests with neutrino oscillation data—We now explore the
compatibility between the distorted oscillation probability,
i.e., Egs. (4), (6), and (7), and neutrino oscillation data. We
refer to the “dark mass hypothesis” as the model investigated
here, in which the active neutrino acquires its small mass
through interactions with the dark matter field. For short
baseline reactor experiments such as RENO [47], Double
Chooz [48] and Daya Bay [49], the electron survival
probability is mainly determined by |Am2,|/|Am3,| and
the 6,5 mixing angle. By performing a y? analysis using data
from [47,49], we reconstruct the parameters Am3,, Am2,),
and 6,3, and find that the neutrino dark mass hypothesis
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FIG. 1. Values of F;;, defined in the flavor-changing probability

(4), as a function of Am},\pwl/(4E,), where Am}, \pw
denotes the amplitude inferred from an NFW profile. Different
assumptions for dark matter density fluctuations are considered;
see text for details. While quantitative differences arise, dark
matter fluctuations generally suppress the oscillatory behavior of
spacetime-averaged flavor-changing probabilities as a function of
the neutrino propagating distance L. For reference, the gray line
shows the result corresponding to vacuum neutrino mass, for
which Am%jD‘NFW is understood to be independent of dark matter
density.

provides a good fit. In order to make comparison between
the vacuum and dark mass hypotheses we convert the
differences in their respective 2 into a significance level
o. We do this with a two-sided p value because we want to
remain agnostic about which model provides a better fit to
the data. Typically, when one compares a new model with
the null hypothesis, one uses a one-sided p value. Instead,
here we treat the two models as similarly complex alter-
natives, using a two-sided test to detect any significant
difference in fit. Since our datasets and number of free
parameters are the same for each model, the degrees of
freedom used in converting Ay? to o is simply the number of
parameters fitted for. The best-fit results from Daya Bay
favor the vacuum hypothesis by a statistical significance of
only 1.70, while the RENO data yield a preference for the
dark mass hypothesis, although the significance is relatively
modest at ~0.5¢.

For long baseline experiments, we consider the results
from the Kamioka Liquid Scintillator Antineutrino Detector
(KamLAND) experiment [50], where the survival proba-
bility is primarily influenced by Am3,, 6, and 6,3. In our
analysis, we use the binned survival probability data as
presented in Fig. 5 of [50]. This approach has the advantage
of avoiding the need to model the backgrounds, because we
account for the background-subtracted result of the collabo-
ration. We do not consider background and systematic
uncertainties, which are expected to be small for high energy
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FIG. 2. Parameter fits discussed in the main text. Results are
shown for the three-parameter fit {Am3,, 05,03} using only
KamLAND data. Contours represent the 68% and 95% confi-
dence levels for the vacuum (blue) and dark (green) neutrino mass
hypotheses, respectively.

bins 23 MeV [50]. To simulate the data, we first compute a
flux-weighted survival probability >, ®;P..(L;/E,)/
> ®;, where the sum runs over all reactors at distance
L;, @, is the total neutrino flux received at KamLAND for
each reactor, and the flux values are collected from Fig. 32
of [51]. We then average over the 20 bins to match the data,

_ L dx Zi‘DiPee(Li/Ey)
- Ax 2P ’

where, once the flux-weighted average reactor baseline is
fixed as L = 180 km [50], we define x = L/E, and the bin
width Ax. The integral is approximated by an unweighted
average within each bin. For parameter fitting, we employ
the nested sampling algorithms implemented in the
UltraNest code [52-54]. We first reconstruct the parameters
{Am3,, 05,03} using only KamLAND data, considering
both the vacuum and dark mass hypotheses. In both cases,
we adopt the flat prior Am3, € [1 — 15] x 1073 eV?, while
the mixing angles 6, and 6,3 vary within [0-1].

The parameter reconstructions for each scan are shown
in Fig. 2. We present the results for both the vacuum mass
(blue shaded) and dark mass (green shaded) hypothesis in
the same plot, with contours corresponding to 68% and
95% confidence levels. By showing both models together,
we highlight the regions of parameter space favored by
each scan. However, since the probabilities are normalized
to the best-fit point of each respective scan, this plot does

(Pee) (11)
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FIG. 3. Same as Fig. 2, but for the four-parameter fit

{Am3,, Am3,,0,,,0,3} obtained from a combined analysis of
KamLAND, RENO, Double Chooz data, including 9?31*“ as a pull
parameter.

not indicate which hypothesis provides a better fit. For this,
we compare the minimum 2 value of each hypothesis and
find that the vacuum mass hypothesis is favored at the 4.5¢
level, with y2. .u = 61.7 and yZ; .. = 35.5. Our best-fit
x? is slightly larger than the value inferred from Fig. 5 of
Ref. [50], y* ~ 33, likely due to the simplified nature of our
analysis and the lack of direct access to raw data. However,
we do not expect this difference to significantly alleviate
the tension between the models. Consequently, our finding
that KamLLAND alone imposes serious constraints of the
neutrino dark mass hypothesis remains robust.

Notice that for the dark mass hypothesis there are two
separate regions of parameter space which constitute its
best-fit, at Am3,, ~3 x 107> eV? (Dark 1) and Am3,, ~
9 x 107 eV? (Dark 2). This arises from the oscillatory
behavior of the time-averaged probability given in Eq. (6).
Additionally, an alternative best-fit region appears for the
vacuum mass hypothesis at 0, > 0.9, which is of lesser
interest given that solar neutrino experiments determine
&9 ~ 0.59 [55].

For Fig. 3 we combine short baseline and KamLLAND
data with the solar determination of 8, to perform a 4D
parameter reconstruction in {Am3,, Am3,,0,,,0,3}. The
cleanest result to incorporate into our analysis is for solar
neutrinos. This is because 6, is the dominant parameter
determining the physics [33]. We combine the solar
determination of 6, by introducing it as a nuisance
parameter in the > determination,
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—— Dark 1
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FIG. 4. The o, survival probability as a function of L/E; for
the KamLAND experiment. The black points represent the
binned data as reported in [50] and the lines correspond to the
unbinned survival probabilities with the best-fit parameters for
the vacuum or dark mass hypothesis respectively. For the dark
mass hypothesis, there are two sets of best-fit parameters
corresponding to two peaks in Fig. 3, denoted as Dark 1 and

Dark 2. Here L = 180 km is the flux-weighted average reactor
baseline.

2] _esolar
P A ) (12)

Gsoldr exps

where the central value 853% = 0.59 and uncertainty 6, ~
0.025 are taken from Fig. 11 of [55,56]. Our KamLAND-
only analysis, shown in Fig. 2, indicates that the neutrino
mass hypothesis favors %5 = 0.78+005, which is in
tension with €53%. In contrast, for the vacuum mass
hypothesis, 8}3° = 0.53+5-9, which is consistent with #55".

The confidence intervals for this parameter reconstruction
are shown in Fig. 3. While we observe a narrowing of the
best fit parameters, the overall picture is similar to the results
of the 3D scan. Once again, we compare the two models
by computing the minimum y? values. The neutrino dark
mass hypothesis is now disfavored at the 4.9¢ level, with
Xoindak = 89.9 and 2. ... = 56.5. The reduced ability of
the dark mass hypothesis to fit the data is driven by the solar
value of 6;,, while short baseline experiments can still be
accommodated relatively well. In Fig. 4 we present the best-
fit survival probability for the 4D scan for the vacuum case
(“Vacuum”) and the dark mass hypothesis, which includes
the two best-fit regions, Dark 1 and Dark 2, obtained from
the analysis in Fig. 3. The jagged structure of the vacuum
mass oscillation (blue) curve is a consequence of the flux-
weighted average over the reactors from which antineutrinos
are detected by KamLAND [50].

A global analysis with all neutrino experiments would
provide a more robust comparison between the vacuum and
neutrino dark mass origin hypotheses, and we leave this
for future work. What our analysis above already shows
however is that the vacuum neutrino mass is likely favored to

a statistically significant level. Additionally as discussed
above, the JUNO experiment expects to determine Am3,
and Am%, by a relative precision at the sub-percent level
within ~100 days. By extrapolating this expectation to lower
precision, we estimate that a 10% precision can be achieved
after ~10 days. Thus, if occurring in a timescale from 10 days
to a few decades, the change of oscillation parameters due to
dark matter density fluctuations will be detectable in current
and future experiments. According to (8) and (9), this
corresponds to 10717 eV <m,, <1071 eV.

Discussions and conclusion—In this Letter, we consider
neutrino interactions with scalar dark matter as the origin
of neutrino masses [9—16]. This scenario gives rise to
intriguing phenomenology, including oscillations between
the Dirac and Majorana nature of neutrinos [16] and a
distinctive time delay pattern of supernova neutrinos [18].
To assess its compatibility with neutrino oscillation data,
we derive the oscillation probabilities in this scenario by
incorporating the effects of temporal oscillations and spatial
variations in the dark matter field.

For m,, > 107'* eV, the Earth’s motion through regions
with varying scalar field amplitudes induces fluctuations
in the neutrino masses over the duration of an experiment.
The spatial (along with the temporal) average of the
oscillation probability significantly suppresses its oscillat-
ing behavior over neutrino propagating distances, regard-
less of the detailed distribution of dark matter profiles.
For m; < 10714 eV, rapid temporal variations in the field
configuration distort the oscillation probabilities, altering
the predicted neutrino masses. Comparing with oscillation
data, our y? analysis reveals a strong tension, exceeding
40, between the time-averaged oscillation probability and
data from reactor neutrino experiments, including RENO,
Double Chooz, Daya Bay, and KamLAND. More spe-
cifically, when assessing the parameters {Am3,, 05,03}
against KamLLAND data alone, the vacuum mass hypoth-
esis is favored over the dark mass hypothesis at the 4.5¢
level. This preference increases to 4.9 when the analysis
is extended to include Am3, and short baseline reactor
data. We thus conclude that neutrino interactions with
scalar dark matter, as proposed in [10-16], are unlikely
to be the dominant mechanism behind neutrino mass
generation.

Due to the limited access to the KamLAND data, our
analysis relies on more assumptions than the collaboration
paper [50], including the omission of systematic errors, the
use of an unweighted average in binned probabilities, and
the reliance on reactor information published in 2002 [51].
To mitigate the impact, we have verified that our conclusions
are qualitatively unchanged even when accounting for the
bin width of data as uncertainties in x-axis, which increases
the tolerance to different models. Furthermore, the dark
matter mass range 10717 eV < m, < 107'* eV can be fur-
ther tested in current and future oscillation experiments by
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searching for time variations in oscillation parameters,
which is due to the stochastic nature of dark matter density
fluctuations and are, in general, not periodic [40-42].
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