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Abstract

We consider the hypothesis that neutrino masses are generated by a coupling to
an ultra-light (pseudo-)scalar field, which provides the dark matter in the universe.
This leads to time-varying neutrino masses with a frequency set by the dark matter
mass, with implications for neutrino oscillation data. We use that dark matter is in
a virialised state in the galaxy and provide a detailed discussion of the relevant time
scales. Using data from the T2K, RENO and JUNO experiments, we show that for
dark matter masses smaller than about 3 x 1078 eV down to the smallest allowed dark
matter mass of about 1072! eV only a fraction of between 9% to 54% of the total
neutrino mass can arise from the coupling to the background scalar, depending on the
value of the scalar mass. Future data from JUNO may improve these limits down to
1% in certain regions of scalar masses. We focus on a real scalar field, but most of our
results hold also for a complex scalar.

*kierthika.chathirathas@kit.edu
fsabya.chatterjee@kit.edu
tschwetz@kit.edu

:


https://orcid.org/0009-0005-5041-9867
https://orcid.org/0000-0003-1730-2788
https://orcid.org/0000-0001-7091-1764
https://arxiv.org/abs/2608.06460v1

Contents

1 Introduction 1
2 Framework 3
2.1 The scalar field in the galaxy . . . . . ... ... ... ... ... )
2.2 Neutrino oscillations . . . . . . . . .. ... 8
2.3 Discussion of coherence properties . . . . . . ... L L oo 11
3 Constraints from neutrino oscillation data 12
3.1 T2Kand RENO. . . . . .. 13
3.2 JUNObB9.1daysofdata . .. ... .. ... . . 15
3.3 Sensitivity of 6 years of JUNO data . . . . . . ... ... ... ... ... .. 17
4 Discussion and summary 18
A Complex scalar field 21
B Details of the T2K simulation 22

1 Introduction

The origin of neutrino mass and the nature of dark matter remain outstanding open questions
in particle physics. An intriguing possibility is that these two issues are connected. In the
following we will consider the hypothesis that neutrino masses emerge from a coupling to
an ultra-light scalar dark matter field. Such a dark matter candidate is well-motivated,
in particular in the context of pseudo-Goldstone dark matter and axion-like particles. In
the following we refer to this broad class of dark matter simply as “scalar dark matter”.
The impact of a neutrino coupling to scalar dark matter for neutrino oscillations has been
investigated by a number of authors [1-14], see also [15-19] for related phenomenology. In
Ref. [20], Smirnov and Sen proposed a concrete model and identified two possible regions
in parameter space, corresponding to scalar masses my ~ 107! — 1072 eV and coupling
constants g ~ 1079 — 107 or my ~ 102! eV and g ~ 1072°, where neutrino mass could be
explained entirely by the coupling to the background dark matter field.

In our work we perform a model-independent analysis, considering dark matter masses
my < 107 V. In this mass range, the coupling of neutrinos to the background field leads
to time-varying neutrino masses on time scales relevant for neutrino oscillation experiments.
This will lead to distortions of the oscillation probability as a function of neutrino energy
and can therefore be constrained by data. We will consider a selective set of oscillation
experiments and show that their observations are incompatible with the hypothesis that
neutrino masses emerge entirely from a coupling to scalar dark matter. We are going to
introduce a phenomenological parameterization, interpolating smoothly between standard
vacuum masses and fully scalar dark matter-induced neutrino masses and set upper bounds
on the dark matter contribution.
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Figure 1: Left: Upper limits on the fraction of scalar dark matter-induced neutrino mass as a function
of the scalar mass mg. Blue and green shaded regions are excluded at 30 by T2K+RENO and JUNO,
respectively. The dashed orange lines indicate the sensitivity of 6 years of JUNO data. Right: Upper limits
on the scalar-neutrino coupling constants g (green) and g3 (blue) as a function of the scalar mass, see
eq. (2.4), assuming for the lightest neutrino mass m; = 0. Thin-dashed lines indicate the values of the
couplings needed to provide 100% of neutrino masses. The light-grey solid line shows the upper limit from
cosmological structure formation due to loop-induced dark matter self-interactions [24,25]. The red bars in
both panels indicate the allowed parameter space in case of a fully asymmetric complex scalar field. The

grey-shaded region in both panels are excluded by the lower bound on the dark matter mass [26].

In order to predict the effect of the neutrino—dark scalar coupling on oscillation phe-
nomenology, one has to specify the state of the scalar field in the galaxy. We will adopt the
random phase model, see e.g., [21-23], to describe the scalar field corresponding to a viri-
alised dark matter system. This allows for a careful consideration of the coherence properties
of the field, assuming a typical dark matter velocity distribution. We provide a detailed dis-
cussion of the emerging time scales, which are set by 1/my, 1/(vmy) and 1/(9°my), where
myg is the scalar mass and v ~ 220 km/s is the typical dark matter velocity at our location
in the Milky Way. These time scales have to be compared with the relevant experimental
time scales Teyp, (total exposure time of an experiment) and 7, (the time a neutrino needs
to travel from the source to the detector). Depending on the relations of the time scales,
we will identify different regimes, where scalar field-induced time variations can either be
neglected (because they are too slow) or are fully averaged out (for fast oscillating terms).

In this work we focus on a limited set of oscillation experiments, namely JUNO, RENO
and T2K, where for the latter we use only the disappearance channel. These experiments
allow to constrain all oscillation parameters except the complex phase using only disap-
pearance data. Moreover, they are dominated by vacuum oscillations, which we use as a
simplifying assumption in our analysis.

As an executive summary, we provide the main results of our analysis in fig. 1. The left



panel shows the constraints on the relative contribution of the scalar-induced neutrino mass,
parametrized by the parameter sin®7. As visible from the figure, we can exclude a 100%
dark origin of neutrino mass over many decades in scalar mass mg. In the right panel, we
show the corresponding constraints on the coupling constants g, 3 between the scalar and
neutrinos, contributing to the neutrino mass states ms and mgs, respectively, assuming that
the lightest neutrino mass m; is zero.

Our results apply for a real scalar or pseudo-scalar field. Most of the shaded parameter
space in the figure is also excluded for a complex scalar field, with the only exception being the
regions indicated in red, which are allowed for a fully asymmetric complex scalar background
(consisting only of particles or anti-particles) and providing 100% of neutrino masses. The
discontinuities in the limits in fig. 1 are due to our averaging approximations in the different
time scale regimes and the bounds should not be taken at face value close to the jumps.

In the right panel of fig. 1 we show also a bound on the scalar-neutrino coupling de-
rived in [24] by considering the effective scalar potential induced by loop effects due to the
scalar-neutrino interaction. This leads to dark matter self-interactions which are strongly
constrained by cosmological observations [25]. A comparable but slightly weaker bound has
been derived by similar arguments in [15] from Milky Way satellites. Our bounds from neu-
trino oscillation data are comparable in strength to these loop-induced cosmological bounds
and very complementary in nature.

We note that the scalar dark matter-induced neutrino mass scales with the dark matter
density as \/ppm. This would lead to a very large mass of neutrinos in the early Universe,
e.g., at recombination or BBN, if the effective description remains valid in that regime.
Therefore, one needs to invoke a mechanism to suppress the scalar-induced neutrino mass
throughout large part of the cosmological history, see e.g., [16,20,27].

The outline of the remainder of the paper is as follows. In section 2 we introduce the
framework, discuss the scalar-field properties in the galaxy and identify three regimes, de-
pending on the relation between scalar-field and experimental time scales. Furthermore, we
discuss the time-averaging effect on vacuum neutrino oscillation probabilities, depending on
the regime. In section 3 we present the results of our numerical analysis of the T2K and
RENO data (section 3.1) and of the first data release of JUNO (section 3.2), and we provide
a sensitivity estimate for the final 6 year exposure of JUNO (section 3.3). We summarize our
results and provide further discussions in section 4. In the main part of the text we focus on
a real scalar field, while a complex scalar field is discussed in appendix A. Technical details
on the T2K analysis are provided in appendix B.

2 Framework

We consider a classical, non-relativistic scalar field ¢ providing the dark matter in the uni-
verse. Considering the local dark matter density in the galaxy of ppy =~ 0.4 GeV/cm?, and
typical dark matter velocities of v ~ 200 km/s, we find occupation numbers of
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with A\qg = 27/(myv) denoting the deBroglie wavelength. We will be interested in scalar
fields with masses mg << 1 eV, and therefore we expect huge occupation numbers in the
galaxy, which justifies the treatment of ¢ as a classical field. In the non-relativistic limit,
the amplitude of the field is related to the local energy density by

1
PDM = §m§,<¢2> : (2.2)
Therefore, we parametrize the scalar field as

(7 1) = Y2POM 4z 4y (2.3)

me

with (A(Z,t)?) = 1. The space and time dependence of A(Z,¢) depends on the coherence
properties of the field, which we will discuss below.
We assume the following effective interaction between neutrinos and a real scalar field ¢:
13
Ly= 3 Zgigzﬁl/vaiL +h.c., (2.4)
i=1
with v;;, denoting the left-chiral neutrino field corresponding to the mass-eigenstate with

mass m;. Given the classical nature of the background field ¢, this acts precisely as a
dark

Majorana mass term for neutrinos, with m;** = g,¢, where we can chose g, real without loss
of generality. This interaction is not gauge invariant and therefore is an effective operator.
Here we remain agnostic about possible UV completions and consider eq. (2.4) as an effective
interaction describing the relevant phenomenology. In eq. (2.4) we have chosen a Majorana-
type coupling for the sake of definiteness. Our discussion applies equally in the case of a
Dirac-like coupling replacing v& v, — 2Urvir.

Note also that a coupling of the type eq. (2.4) covers both scalar and pseudo-scalar fields
(including well-motivated pseudo-Goldstone boson axion-like particles). In the main text we
focus on a single real scalar field (taking ¢ and g; real). The case of a complex scalar is
considered in appendix A. As discussed there, most of our constraints will apply also in that
case, with some exceptions, in particular for a highly asymmetric complex scalar background.

In our work we will ask the question whether the interaction in eq. (2.4) can be the sole
origin of neutrino mass. In that limit eq. (2.4) defines the neutrino mass basis. To perform
the phenomenological analysis it is convenient to have a continuous parameterization inter-
polating between standard vacuum neutrino masses and the scalar-field model. Therefore,

we adopt the following ansatz for neutrino masses:
(7, 1) = 4 md(F 1) = m [¢2 + $2A(F,1)] (2.5)

where ¢, = cosn, s, = sinn, and 0 < n < 7/2 interpolates between pure vacuum mass and

pure scalar field-induced mass. Here m{ are constant mass parameters with m}** = m{c’
and o

9i m; .

L= L sin’yp. (2.6)
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An important assumption in our analysis is the proportionality of the couplings g; and

the vacuum neutrino masses m;*°. In a generic model we do not expect this particular
relation between the two quantities. In general they can have different flavour structure
and may not be diagonal in the same basis. We consider this ansatz as a phenomenological
parameterization to interpolate between the two limiting cases of pure vacuum and pure
scalar-induced neutrino masses, corresponding to 53, = 0 and 1, respectively.

Under this assumption, the expression in the square bracket in eq. (2.5) containing all
the space and time dependence becomes an overall factor of the neutrino mass matrix and
PMNS mixing angles are constant in space and time. Neutrino oscillations will be only

affected by a time and space dependence of the mass-squared differences:

Au?j(f, t) = pi — u? = Amfj [cfl + sf]A(:Z", t)}2 , (2.7)

where Amg; = (m])?

?)? — (m9)?. This is the effect we are going to explore below.

Note that in configurations where the matter effect is important, our assumptions may
not hold. The effective mass basis in matter will no longer coincide with the basis in which
the scalar couplings g; are diagonal and effective mixing angles will become space and time
dependent. This will lead to a rich phenomenology, which we leave for future investigation.
Below we restrict our analysis to experimental configurations where the matter effect can be
neglected.

2.1 The scalar field in the galaxy

In general, one expects a virialised system for the dark matter halo of our galaxy. In the
context of scalar field dark matter, this can be described by the random phase model,
e.g., [21-23], where the scalar field is a superposition of many momentum modes with random
phases. In this case, A(Z,t) from eq. (2.3) is given by

-,

2

kit -
t+ — — k¥ - 2.8

A(Z,t) = Za,; aj cos
k

Here the coefficients aj are proportional to the dark matter velocity distribution in the
galaxy. Our default assumption is based on the standard halo model, and correspondingly
we adopt a Maxwellian velocity distribution in the galactic rest frame, boosted into the earth
laboratory frame:

= 22
a% X exp [—(U—Z_—;}e)] , Z a% =1, (2.9)
k

with k = mg¥ and v, denotes the velocity of the earth with respect to the halo rest frame
with || = v = 220 km/s. We neglect the cut-off introduced by the escape velocity as well
as the motion of the earth around the sun. Furthermore, ¢y are random phases in [0, 27| for
each momentum mode E, ay are Rayleigh-distributed random variables with the probability
density Pla] = 2ae™*, and

<6Z‘£pE>ens — 07 <€7;(50E_§0];f/)>ens — 5];];;/ , <a%>ens = ]_ . (210)



The random numbers «;; take into account that each momentum bin k contains many indi-
vidual modes with random phases relative to each other, see e.g., [28] for a derivation. We
indicate here explicitly the ensemble average over different realisations of ¢ and ag, to be
distinguished from the time average considered below, although in general we expect the
ergodic theorem to hold.

Note that in eq. (2.8) we have adopted a real decomposition of the field, as appropriate
for a real scalar field. The complex analogue is discussed in appendix A see eq. (A.2).

A given neutrino oscillation experiment will be affected by the field value ¢(7,t) as a
function of time during the run time of the experiment, at the position of the experiment .
We consider eq. (2.8) in the rest frame of the earth, consistent with eq. (2.9). Therefore &
describes the coordinates of the neutrinos propagating from the source to the detector. The
term kT can be neglected, as long as the deBroglie wave length of the scalar field is large
compared to the source-detector distance L = |E|, where L = Tp — &g, with Zg p denoting
the coordinates of neutrino source and detector:

kL = myL < 2. (2.11)
Taking into account that |t] ~ o ~ 1073¢, we notice the following time scales in eq. (2.8):

2T

1075 eV
Ty = — ~4s (—e) : (2.12)
m¢ m¢

2w
= ~ 10° 2.13
TdB Myt T¢ ( )

27
= ~ 10%7,. 2.14
= Ty (2.14)

On the other hand, the experimental configuration of a given neutrino oscillation experiment
determines also two time scales: T, the time a neutrino needs to travel from the source to
the detector, i.e., T}, = L, and 7., the total data taking time of the experiment, typically
of order years. The values of T, and T, for the JUNO, RENO, and T2K experiments are
summarized in table 1. For JUNO we consider the run time of 59.1 days from the first results
published in [29] as well as the projected total run time of 6 years.

Depending on the relation between the scalar-field and the experimental times scales we
divide the analysis in different regimes, in order of increasing scalar mass m:

(R,l) T’U >> Texp >> T¢ >> TI/7
(R2):  Tup>7>7>T,, (2.15)
(R3) Texp>>Tv>>TdB >>T,,>>T¢.

The condition 745 > T, explicitly imposed in case 3 is equivalent to eq. (2.11) and ensures
that the term k7 is just a constant for fixed E, which can be absorbed in the random phase
Pi-

Figure 2 shows the three regimes for the JUNO, RENO, and T2K experiments as a
function of the scalar mass. As indicated in the figure, the regime (R1) extends for all three



experiment Texp T,

T2K ~1.6yr~5x10"s 295 km/c~ 0.98 x 1072 s
RENO 3800 d ~ 3.3 x 10% s ~l4km/c~4.7x107%s
JUNO (59 d)  59.1d ~ 5.1 x 10° 53 km/c~ 1.8 x 107 s
JUNO (6 yr) 6yr~19x10%s 53 km/c~ 1.8 x 107* s

Table 1: Experimental run time 7oy, and T, = L/c for the three experiments JUNO, RENO, and T2K.
For the latter, we quote an effective value of T¢y, obtained by averaging over the run-time periods, weighted

with the beam power and the /v ratio [30]; see appendix B for details.

& 7, > T, >T74>T, a . >T7,>T7>1T, Ty >T1y>Tag > T, > Ty

105 102 109  10°

My [eV]

T10-18

Figure 2: Tlustration of the three regimes as a function of the scalar mass my for the JUNO, RENO,
and T2K experiments, using the time scales given in table 1 and v = 220 km/s. The grey shaded region is
excluded by the model-independent lower bound on the dark matter mass from dwarf-galaxies [26]. Regime 1,

2, 3 is shown in red, blue, orange, respectively.

experiments down to values of my < 2 x 102!, which is the model-independent lower bound
on the dark matter mass from dwarf-galaxies [26]. Note that under additional assumptions
on the dark matter production mechanism substantially stronger lower bounds on m, may
apply, see, e.g. [31-33]. The important observation is that the regimes (R1), (R2), (R3)
cover the huge range of dark matter masses from the model-independent lower bound up
to masses of order 1078 eV, for RENO even up to 107% eV. The dark matter lower bound
my > 2.2 x 10* eV implies 74 < 21 days, and therefore we can always assume that 75 < Toyp
and the scalar field oscillates many times during the run time of the experiments.

Under the assumption eq. (2.11), the function in eq. (2.8) becomes independent of # and
is only a function of time: A(¥,t) — A(t). It is convenient to separate the fast and the slow
time dependencies in the following way:

A(t) = cos(myt)C(t) — sin(mgt)S(t) = R(t) cos[met + (1)), (2.16)

where
C(t) = Z agagcos(fg), S(t) = Z aj agsin(fy) (2.17)
R(t)* = C(t)* + S(t)*, tanry(t) = % Br(t) = %t + ¢z (2.18)



The quantities in eqgs. (2.17) and (2.18) are “slow” functions of time, with the typical fre-
quency 27/7, ~ 107%my, and they include the random properties of the scalar field encoded
in aj and @y

2.2 Neutrino oscillations

Let us now discuss the impact of time varying neutrino masses, eq. (2.7) for the neutrino
oscillation probabilities. We first consider the regimes (R1) and (R2), where 7, > T, i.e.,
the neutrino mass does not change during the propagation from the source to the detector.
However, during the run time of the experiment, each neutrino will “see” a different mass.
In these cases, the oscillation probability will have the same form as for standard vacuum
masses, but needs to be averaged over the data taking period of a given experiment.

The time dependence will enter in the expression for the vacuum probability via terms

ApZ ()L 1 Ap?(t)L

sin? %(V) =3 (1 — COS MQUT(V)) . (2.19)

We write A2 (B

pij(t
CcoS 2]—E’Z, = cos A\ [cf, + s%A(t)]Q, (2.20)
where

Ay = AmiL 2.21
T (2.21)

with the constant mass-squared difference Amy?; defined in eq. (2.7). For A(t) we adopt the
expression in eq. (2.16). Let us discuss now the time average over eq. (2.20) in the two
regimes (R1) and (R2).

In the regime (R1), 7, > T.y, and therefore, R and v take random but constant values
over the whole run-time period of the experiment. Hence, in (R1) we cannot predict the
specific value of R and 7. They are determined by the random values of ¢; and aj and
correspond to a particular coherence patch of the axion field in which the earth happens to
be located during the run time of the experiment. R follows a Rayleigh distribution with
scale parameter 1/ V2, and R? is exponentially distributed with A = 1. Hence, we have

(R)es =1, o(R*) =1, (R)ens = g ~0.886, o(R)=4/1- % ~ 0463, (2.22)

with o(X) denoting the standard deviation of X. Given the sizeable standard deviations,
the values can cover quite a large spread. The only relevant time dependence enters via
the “fast” term cos(myt + 7). Averaging of these terms can be done with the help of the
Jacobi-Anger identity [13]. After dropping the fast-oscillating terms which average to zero



we find

ApzL sy I 2.2 syl Ay
<cos Q—Eju>Texp = cos |:Az'j (c + 7'2 )] Jo(2¢, 5, RA;) Jo ("T>

) 4R2 > S4R2AZ"
+ 2Re {exp [ZAU ( 37 )} Z (—1)" Jon( 20 s RA”)J ("TJ)}

" (2.23)

with J, denoting the Bessel functions of the first kind. For ¢, = 0,s, = 1, only the term
n = 0 remains and we recover the expression from [13]; eq. (2.23) generalizes their result to
intermediate values of s,. In practice, it suffices to take into account terms up to n < 5.
Note that eq. (2.23) does no longer depend on the phase 7, but it does depend on the fixed
but unknown value of R.

In contrast, in regime (R2), 7, < Ty, and therefore R(t) and +(¢) oscillate many times
during the run time of the experiment and we need to average the oscillation probability
also over their time dependence. We have verified by explicit numerical calculations that to
good approximation this additional averaging can be implemented by replacing R — (R)
and R? — (R)? in eq. (2.23) with (R) = 0.886 given in eq. (2.22).!

In fig. 3 we show the survival probability in JUNO as a function of neutrino energy
for increasing values of the coupling to the scalar background, sin?7n, with solid curves
corresponding to (R2) and dashed curves apply to (R1), adopting the value R = 0.052,
which is the 30 lower bound derived from the Rayleigh distribution. We observe a strong
distortion of the oscillation pattern if sin®n > 0.1. The fast, Am2,-induced oscillations get
damped away already for sin®n > 0.1. For larger values also the leading, Am?2, driven
oscillations get distorted. For sin?7n > 0.4, oscillation probabilities less than 0.4 cannot be
obtained, which is strongly excluded by observations [29]. Note that for each value of sin®n
we use optimized oscillation parameters from the fit discussed below. For the v, survival
probability relevant in T2K we find similar behaviour, with strong damping of oscillations
for increasing coupling.

Let us now discuss regime (R3), where the neutrino mass oscillates with frequency m
many times during the propagation of each individual neutrino along the baseline of the
experiment. Integrating the evolution equation of the mass eigenstates from the source to
the detector leads then to an averaging of the oscillating terms in A,ufj:

t+L 4R2 t
/ dt'Api; () —  AmiL <c§ + S"T()) : (2.24)
t

Since we have for (R3) that Ty, > 7, > T, R(t) will be constant for an individual neutrino
along its propagation, however, will have a different value for each neutrino during the run
time of the experiment. Hence, for (R3) the relevant averaging becomes

ApZ L . ShRE(t)
=S, (e o

1 As a consequence of the ergodic theorem we have (-)ens = ()time-

9



P,. for JUNO Regime 1 and 2

o =

o
T T 7

T

z

\

\

1/ /”/—_
. 0.6 o Pt
\
S 04l T < R .
I sin?n=0.40] | \ e sin?p=060| [ \ - sin?n=0.80
0.2 - N SN
0 07 | | | | | | | | | I | | | |
’ 2 4 6 8 10 2 4 6 8 10 2 4 6 8 10
E, [MeV] E, [MeV] E, [MeV]

Figure 3: Oscillation probabilities for JUNO in regimes 1 and 2, see eq. (2.15), for sin’n =
0,0.01,0.02,0.03,0.1,0.2,0.4,0.6,0.8. Solid curves are for the mean value R = (R) = 0.886, as relevant
in regime 2. The dashed curves indicate the probabilities for R = 0.052 corresponding to the 3o lower bound
for R in regime 1. Neutrino oscillation parameters for each value of sin? 7 and each regime are optimized to

best fit the data (see section 3).

We can use that R? is exponentially distributed and the ergodic theorem to obtain

<cos A,uij> cos(Ajjcy + ) Ajjs; | (2.26)

2K, tana =

Texp \/1 + (AljS%/2)2 ’ 2

The resulting survival probabilities for the JUNO and T2K experiments are shown in fig. 4.
It is clear that also in this case, we get a strong distortion of the oscillatory pattern for large
values of sin? 7, clearly incompatible with observations.

For eq. (2.24) we used our assumption that vacuum masses m}* and the couplings to the
scalar g; are diagonal in the same basis, which defines the basis where the evolution Hamil-
tonian is diagonal (which requires also that Earth matter effects are negligible). In other
cases, when off-diagonal couplings g;; are present, a parametric resonsance can occur when
the scalar oscillation period 7, matches the neutrino oscillation length, see [10]. Under our

assumptions stated above, this effect, however, does not occur and integrating the evolution

10
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Figure 4: Probabilities for JUNO (left) and T2K (right) in regime 3 for different values of sin? 7. Neutrino

oscillation parameters for each value of sin? 7 are optimized to best fit the data (see section 3).

equation only leads to the averaging indicated in eq. (2.24).

For even larger scalar masses, when 74 or even 7, becomes smaller than 7,,, the averaging
over T, = L in eq. (2.24) would also affect R(t) as well as additional space dependence via
the term kZ. Using (R%) = 1, then we can replace

54
(Aps()r, —  Ami <c§+5’7), (2.27)

which becomes constant at the time scales Tey, > T,,. Hence, within our framework there
would be a complete degeneracy and vacuum oscillations cannot distinguish between vacuum
and scalar-induced neutrino masses, as the effect can be compensated by readjusting Am?j.
We note, however, that this holds only in our simplified scenario, where all neutrino masses
are rescaled proportionally and mixing angles are unaffected. Furthermore, additional effects
may appear in experiments for which the matter effect becomes relevant. Therefore, we limit
our analysis to scalar masses m, < 1078 eV (see fig. 2), such that the conditions for (R3)
specified in eq. (2.15) are fulfilled for the T2K and JUNO experiments.

In summary, eqgs. (2.23) and (2.26) are the main results of this section and we will use
them below for the phenomenological analysis. They predict a significant distortion of the
oscillation pattern for a sizable coupling to the DM scalar field in all three regimes (R1),
(R2), (R3).

2.3 Discussion of coherence properties

For the analysis so far we have adopted the standard halo model for the dark matter distri-
bution in the galaxy and the assumption of a virialised dark matter field, implemented by

11



the random phase ansatz in eq. (2.8). The dark matter distribution is characterised by a
typical velocity u, which is about 220 km/s in the standard halo model. While this ansatz
gives a realistic description of scalar dark matter, we briefly comment on the validity of our
analysis in non-standard astrophysical scenarios, where the dark matter distribution may
have different properties.

As long as the dark matter particles are virialised in the galaxy, the random phase
ansatz eq. (2.8) applies. For velocity distributions deviating from the standard halo model,
the numerical value of the characteristic velocity v may be different from the generic value of
220 km/s. In this case, the transitions between the regimes (R1), (R2), (R3) will happen for
different values of the scalar mass. However, the effect on neutrino oscillations will remain
the same in each regime. In this sense, our analysis is robust and rather independent of the
details of the dark matter distribution.

An exception is the case (R3) (with 7, < T,) for a very cold dark matter distribution,
such that 7, > T,,. This implies a velocity spread © < /T, /Texp ~ 10~° for JUNO and
T2K and v < 1077 for RENO. In other words, this corresponds to the situation where the
scalar mass is large enough that the field oscillates fast while a single neutrino propagates,
but at the same time the coherence time of the field is longer than the run time of the
experiment. The extreme case of that scenario would be the limit v — 0 and 745, 7, — 00,
i.e., a background scalar field consisting of just a single momentum mode, corresponding to
a perfectly homogeneous scalar field oscillating coherently (Bose-Einstein condensate). In
this case, R will be always constant over the run time of the experiment. Our results for
cases (R1) would apply also for the region denoted as (R2) above, extending up to the mass
of the transition to (R3). However, for (R3), when 74 < T,,, the analysis would be different:
the averaging in eq. (2.26) does not apply as R is constant, and only the averaging over the
fast m,, oscillations in eq. (2.24) applies. In that case a similar degeneracy as in eq. (2.27)
would appear and the same comments as stated there apply. We do not consider this special
case further and leave it for future studies.

3 Constraints from neutrino oscillation data

In this section we present our numerical results using data from the T2K, RENO and JUNO
experiments. This is a rather specific choice of data, motivated in the following way: One
of our working assumptions is that the coupling to the scalar field is diagonal in the same
basis as a possible vacuum neutrino mass matrix, and in particular it is diagonal in the
propagation basis of neutrinos. If this requirement is fulfilled in vacuum, it will not hold
if matter effects [34,35] are important for neutrino propagation. Therefore, we restrict our
analysis to experiments where matter effects can be neglected. This holds in very good
approximation for the RENO reactor experiment. For T2K we only consider data from the
v, and v, disappearance channels. In contrast to the appearance channel, the disappearance
survival probabilities are very accurately approximated by vacuum oscillations [36], which
justifies our framework neglecting matter effects. For the JUNO reactor experiment matter
effects are small, at the percent level, but cannot be neglected to accurately fit the observed
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data already with present exposure [37]. In our numerical analysis we do include standard
matter effects to perform the fit, however, we assume that the scalar-induced effects do not
modify the matter effect at leading order.

Furthermore, this set of experimental data provides leading sensitivity to all three-flavour
mixing parameters except the CP phase dcp (see [38] for the convention): AmZ; and 6y3 for
T2K disappearance data, Am3; and 6,3 for RENO, and Am3; and 6,5 for JUNO. We neglect
the subleading sensitivity of T2K disappearance data to dcp and for simplicity we restrict
the analysis to the normal neutrino mass ordering. Hence, our choice of data represents
a minimal set constraining the full PMNS mixing parameters (apart from dcp), while still
respecting our requirement of vacuum propagation. In this sense our results are robust and
conservative. It can be expected that in a more complete analysis including more data as
well as matter effects, stronger bounds would emerge, which however, is beyond the scope
of the present analysis.

3.1 T2K and RENO

We start presenting our numerical results using data from the T2K and RENO experiments.
Our analysis of RENO data is based on the final 3800 days exposure [39]. We are fitting
the ratio of the events in the far and near detectors, with the appropriately weighted con-
tribution of all reactors. Our analysis is well calibrated to accurately reproduce the official
collaboration results [39] in the case of standard oscillations, based on [40,41]. Our T2K
analysis is based on disappearance data with 3.6 x 102! POT exposure [30,42]. Details of
our implementation are given in appendix B.

Figure 5 shows our results for the combined T2K and RENO analyses assuming regimes 1
and 2 in terms of the fractional contribution of the scalar-induced neutrino mass parametrized
by sin?7n as defined in eq. (2.5). First we note that RENO on its own essentially cannot
constrain sin?7n. The reason is that in our conservative analysis we use only the far-to-near
detector ratio. It turns out that in this ratio the averaging effects due to the background
scalar oscillations nearly fully cancel, even for sin®n ~ 1. Therefore, we show results only
for the combined T2K and RENO data, with the main purpose of RENO being to provide a
constraint on #,3, which is poorly constrained by T2K disappearance data. We have checked
that otherwise the bound on sin? 7 is fully dominated by T2K data.

The v, and v, disappearance channels relevant for T2K and RENO are consistently
treated in a 3-flavour framework. For this analysis we fix the solar parameters 615 and Am?,
to their vacuum best-fit values. We have checked that varying their values according to the
results of the JUNO analysis shown below as a function of sin? 5 has a negligible impact on
the T2K and RENO results.

As discussed in section 2.2, for regime 1 (my < 1071% V) we cannot predict the value of
the parameter R, which is determined from the random coherence patch of the background
field the earth happens to be located in during the experiment. We show in the figure as
shaded region between the red dashed curves results corresponding to the +10 range for R
according to eq. (2.22). We see that small values of R allow for larger fraction of scalar-
induced mass. Therefore, in order to set a conservative upper limit on sin®7 in regime 1
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Figure 5: Combined analysis of T2K and RENO data for regimes 1 and 2. The upper left panel shows
Ax? as a function of sin® 7, the fraction of scalar-induced neutrino mass. The upper right and lower panels
show the best-fit values of the oscillation parameters 613, 623, and Am3; for each value of sin?7. The blue
curves in each plot corresponds to setting the R-parameter to (R) = 0.886 as relevant for regime 2. Red
curves refer to regime 1, where the dashed curves indicate the +0(R) range for R, see eq. (2.22), whereas
the solid red curve corresponds to R = 0.052, which is the one-sided lower bound at 99.73% CL as obtained
from the Rayleigh distribution (not shown in the bottom-left panel).

at a given CL, we take the lower bound on R at that CL, as obtained from the Rayleigh
distribution with scale parameter 1/ V2, see discussion in section 2.2. The corresponding
x? curve is shown in the upper-left panel of fig. 5 for 99.73% CL as red solid curve. As
expected from eq. (2.23), we see a significant weakening of the bound for such a low value
of R, leading to sin?7n < 0.54 at 99.73% CL.

In contrast, for regime 2 we have to average over many coherence patches during the run
time of the experiment. We have checked that in this case it is a good approximation to set
R = (R) = 0.886. The results for regime 2 are shown as blue curves in fig. 5, providing a
significantly stronger limit of sin?n < 0.09 at 99.73% CL.

Figure 6 provides the results for regime 3 (orange curves), which applies in the mass range
107%eV < my < 107%eV. As visible in fig. 2, in the range 3 x 1072eV < my < 107%eV
T2K is in regime 3, whereas for RENO regime 2 applies. Therefore, we show in fig. 6 also
this mixed case as green curve. In this case, there is actually a non-trivial synergy between
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Figure 6: Combined analysis of T2K and RENO data for regime 3 (orange curves) and the mixed case,
regime 3 for T2K and regime 2 for RENO (green curves). The upper-left panel shows Ax? as a function
of sin? n; the orange-dashed curve corresponds to regime 3 for T2K only. The upper-right and lower panels

show the best-fit values of the oscillation parameters 613, a3, and Am3; for each value of sin? 7).

the two experiments, and the combined limit (green curve) is significantly stronger than the
T2K-only limit (orange-dashed curve), which appears due to complementary correlations of
sin?n and Am2,.

We observe from the right panels in figs. 5 and 6 a significant correlation between
Am2,,013 and sin?7n. The averaging effects due to the oscillating neutrino masses can be
partially compensated by adjusting Am?2,. However, comparing the upper-left and upper-
right panels in figs. 5 and 6, we see that in the acceptable range of sin?n, 6,5 remains close
to its vacuum value. The lower-left panels in the figures show the best-fit point of sin? 63,
which stays close to maximal mixing throughout the considered range. We remark that the
noisy features visible for low values of sin® 7 in both figures are not significant, as y? is very
flat around maximal mixing.

3.2 JUNO 59.1 days of data

Let us now discuss the constraints from the first 59.1 days of JUNO data [29]. Our analysis
is based on a fit to the energy spectrum of the 2379 observed events following closely ref. [37],

15



JUNO Constraints

B
]
I

1

| — Regime 1
— —— Regime 2
[a\]
1 3k i
BN 0 £ Regime 3
CHE
— e R Rl I B Py
NErN N . o R Loy
I . —— = 1
< 104

Figure 7: Constraints from 59.1 days of JUNO data for regimes 1, 2 and 3, shown in red, blue and orange,
respectively. The bottom panel shows Ax? as a function of sin?7, the fraction of scalar-induced neutrino
mass. The upper and middle panels show the best-fit values of the oscillation parameters 615 and Am3; for
each value of sin”7. The dashed curves indicate the +o(R) range for R relevant for regime 1, whereas the
solid red curve corresponds to R = 0.052, which is the one-sided lower bound at 99.73% CL as obtained
from the Rayleigh distribution.

where a detailed technical description of the analysis can be found. Given this significant
number of events, we expect that any fast time oscillation will be sufficiently averaged out,
justifying the treatment of time-averaging as discussed above. The exposure of 59.1 days
corresponds to 74 for my ~ 10722 eV. Therefore, this first JUNO data sample is already
sensitive to scalar masses consistent with the lower dark matter mass bound mg 2 1072! eV.

We show in fig. 7 the results of our analysis, focusing on the dominating oscillation
parameters AmZ, and 65, as the current data set is not yet sensitive to the fast Am3;-
induced oscillations. We have verified that the results shown in fig. 7 do not significantly
depend on the assumptions regarding Am3, and 6;3. As a general trend, we observe in fig. 7 a
strong correlation of the oscillation parameters with the scalar contribution to the neutrino
mass. Up to Ax? fluctuations of a few units, the averaging effects can be compensated
efficiently by increasing sin® 6, and adjusting Am2,: the damping of oscillations can be
compensated by increasing their amplitude. However, once maximal mixing sin? 615 = 0.5 is
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reached, the oscillation amplitude sin? 26,5 cannot be further enhanced. The averaging leads
to a strong modification of the oscillation pattern (compare figs. 3 and 4) and Ax? increases
quickly with increasing sin®1.

In regime 2, where both fast and slow oscillations are averaged out, we find that the
scalar contribution to the neutrino mass is constrained to be less than about 20% at 3o.
However, the limit becomes relatively weak in regime 1, due to the unknown fluctuations of
the R parameter. Adopting the convention as above, we allow for a 30 downward fluctuation
to R = 0.052 to set a 30 bound. As can be seen in fig. 3, for such a low value of R the
dominating Am3,-induced oscillation pattern in the survival probability remains relatively
unaffected up to sizeable values of sin?7n. Therefore, we find a relatively weak upper bound
of sin?n < 0.81 at 3¢ in regime 1, which, however, still strongly disfavours a 100% dark
origin of neutrino mass. In regime 3, for 2 x 107" eV < my < 3 x 1078 eV, we obtain a
bound of sin?7n < 0.52 at 30.

3.3 Sensitivity of 6 years of JUNO data

The sensitivity of the first 59.1 days of JUNO data is limited to the dominating Ams3,-
oscillation mode, as this data set is sensitive to the fast, Am3,-driven oscillations only at
the level of few Ax? units [37]. This will change quickly with more exposure. Therefore,
we investigate the sensitivity of the full planned six year exposure of JUNO. We rescale the
signal and background event numbers of the 2025 data set [29] with the appropriate factor
and consider an Asimov data set (without statistical fluctuations) corresponding to pure
vacuum neutrino masses (i.e., sin?n = 0) and current best-fit oscillation parameters [40].
Note that the longer exposure shifts the transition between regimes 1 and 2 to lower my
masses, whereas the transition between regimes 2 and 3 remains the same, as it is determined
by the source-detector distance of the experiment. Similar as in the previous analysis, we
keep 6,3 fixed to its vacuum value. This is motivated by the T2K4+RENO constraint, but
we have checked that also marginalizing over it gives similar results. However, now AmZ
plays a crucial role and for each value of sin?n we search for the best-fit value, along with
sin 015 and Am?2,.

We show the results for the three regimes in fig. 8. Considering first regime 2 (middle
column of panels) we observe that sin?f;, and Am2, behave very similar to the current
data set shown in fig. 7. However, now JUNO is sensitive with high significance also to
the fast AmZ;-induced oscillations, which start getting damped already for smaller values
of sin®n (see fig. 3). Therefore, Ax? increases quickly, leading to the excellent sensitivity of
sin?n < 0.014 at 30. For regime 1 we observe a qualitatively similar behaviour of the Ay?
curve, however, rescaled approximately as sin®*n — sin?n x R/(R) with (R) = 0.886 and
R =0.052, see eq. (2.23). Correspondingly, the resulting sensitivity weakens significantly to
sin®n < 0.21 at 30, which, however, would still improve over the current best limit of 0.54
in regime 1. Similarly, also in regime 3 we find improved sensitivity due to the damping of
Am2,-induced oscillations, as illustrated in fig. 4, improving the limit on sin? 5 from 0.52 for
the 59.1 days exposure to 0.23.
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Figure 8: Sensitivity of 6 years of JUNO data for regimes 1, 2 and 3, shown in the left, middle, right
columns, respectively. The bottom panels shows Ax? as a function of sin?7, the fraction of scalar-induced
neutrino mass. The other panels show the best-fit values of the oscillation parameters 612, Am3, and Am3,
for each value of sin®7. 613 is kept fixed at its vacuum value. Note the different scales on the horizontal

axes.

4 Discussion and summary

The main results of our analysis are summarized in table 2 and in fig. 1. Over the whole
range of scalar masses, from the lowest allowed value for a dark matter field, 2 x 1072 eV,
up to around 3 x 107® eV, we can exclude a pure scalar-induced neutrino mass at very high
confidence level. This result is robust with respect to assumptions about coherence properties
of the field and is based on the physically motivated assumption of a virialised dark matter
state in the galaxy. Details of the dark matter distribution may only shift the m, values,
where the transition between the different regimes occur. Our results would be somewhat
modified only in the case of an extremely cold dark matter distribution, with negligible
velocity spread, see discussion in section 2.3. This would not correspond to a virialised dark
matter distribution but resemble more a Bose-Einstein condensate, dominated by a single
momentum mode.

Our results apply to a real scalar or pseudo-scalar field, including the well-motivated
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T2K+RENO JUNO (59 d) JUNO (6 yr)
mg range [eV] limit mg range [eV] limit mg range [eV] sens.
2.10721—9.107'7 0.54 2.10721—2.10"% 0.81 2.1072t—7.10717 0.21
9.-1071"—4.1072 0.09 2.1071% —-2.107 0.20 7-10717—2.107 0.014
4-10712-9.10710 0.23 21071 —3.107% 0.52 210711 —-3.107% 0.23
9.-10710—-6-10"° 0.37

Table 2: 30 upper bounds on the relative contribution of the dark matter scalar coupling to the neutrino
mass, sin’ 7, in the different regimes of scalar masses my. The lowest limit on my is the lower bound on
the DM mass from [26]. We show the limits for the combined T2K+RENO analysis, for JUNO data from
59.1 days exposure, as well as the estimated sensitivity for a 6 year exposure in JUNQO. The three ranges for
JUNO correspond to regimes 1,2 and 3, see eq. (2.15). For T2K+RENO there is also the mixed case, where
T2K is in regime 3 and RENO in regime 2, c.f. fig. 2.

axion-like particle case, which offers natural cosmological dark matter scenarios. Most of
our results carry over also to a complex scalar field, which we discuss in some detail in
appendix A. The only exception is the case of a fully asymmetric scalar field, providing
100% of neutrino masses, as indicated by the red bars in fig. 1, which remains allowed in the
region 2 x 1072t eV < my < 1071 eV. Here “fully asymmetric” means that only the particle
or anti-particle component of the field is present in the background. We leave it as an open
question, whether a plausible cosmological scenario exists, where such a configuration can
be generated by a physical mechanism.

In our analysis we have assumed that always one of the hierarchies of time scales as
indicated in eq. (2.15) holds. This means that all non-standard time variations due to the
scalar field coupling are either very slow and can be treated as constant or fast enough that
they are fully averaged. This implies that no anomalous variation of the event time structure
is observable in the experiments. In the real data the time average has to be considered as a
discrete sum over the time stamps of each neutrino event or a summation over time-binned
data. Our approximation of perfect averaging holds for sufficiently large event numbers.
Therefore, we focus on disappearance channels in our analysis, where event numbers are
large and the time averaging approximation holds.

For this reason, the upper bounds on sin®7 quoted in table 2 hold only sufficiently far
away from the limits of the stated m, intervals. If some of the experimental and scalar
time scales become comparable (i.e., close to the mgy-range boundaries in table 2 or the
discrete jumps in fig. 1) we expect a non-trivial time dependence in the data, an analysis of
which would require detailed information on the time distribution of the data and is beyond
the scope of this work. We note, however, that within our model assumptions we expect
a smooth transition between the regimes 1, 2, 3 and one can expect that the limits are
smoothly connected between the regimes.

A simplifying assumption of our analysis has been that the coupling between scalar field
and neutrinos is diagonal in the vacuum neutrino mass basis. This implies that lepton mixing
angles are not affected by the scalar field. In the right panel of fig. 1 we have translated
our limits on sin” 7 into constraints on the coupling constants g; between the scalar field and
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neutrinos by using eq. (2.6), adopting the value ppy = 0.4 GeV /em?. For this conversion we
assumed normal neutrino mass ordering and that the lightest neutrino mass m; is zero (and
therefore also the coupling g;). Then we have m{ = \/Am? (i = 2,3) in eq. (2.6). To derive
the bound on g; we consider the strongest bound on sin?7 from the considered oscillation
experiments. Then, we extract the best-fit values of Am2 for this value of sin®n, which then
is used in eq. (2.6) to convert the limit on sin®# into a limit on g;.

If the lightest neutrino mass is non-zero, our constraint on the coupling constants g;
becomes weaker. While the constraint on the relative scalar contribution sin?7 is indepen-
dent of m;, the couplings depend on the absolute mass scale via g; & \/Am2 + m?sin®n
(1 = 2,3), see eq. (2.6). Therefore, the limits in the left panel of fig. 1 as well as in table 2
are independent of the absolute neutrino mass scale, whereas the limits on g; shown in the
right panel of fig. 1 are rescaled accordingly.

Our analysis is based on a limited set of neutrino oscillation data, namely from the
JUNO, T2K and RENO experiments. This choice is motivated by the following arguments:
(1) we are using disappearance data only, where large event numbers are available, such
that time averaging is efficient, (i7) to good approximation these data can be described
by vacuum oscillations, which allows us to consistently assume that the neutrino—scalar
coupling is diagonal in the same basis as the propagation basis of neutrino mass eigenstates
and (i27) while being minimal, this data set allows to constrain all oscillation parameters
except the complex phase. With this choice we can derive conservative constraints within
our phenomenological scenario.

In general we find strong correlations of the dark contribution to the neutrino mass with
the values of the oscillation parameters: for sizeable fractions of scalar-induced mass, both
mixing angles and mass-squared differences deviate strongly from their vacuum values in or-
der to compensate the averaging effects from the scalar oscillations. It remains to be shown
whether these strong deviations remain viable in a more complete set of oscillation experi-
ments, beyond the ones considered here. Moreover, it can be expected that in more general
scenarios for the scalar-neutrino interaction, additional effects may become relevant and
lead to stronger constraints. For example, in general one expects also off-diagonal neutrino—
scalar couplings in the mass basis, which can induce time-dependent mixing and additional
flavour transitions (see e.g., [10]). Similarly, in configurations where the MSW matter effect
is relevant, additional non-trivial effects can be expected. We leave the investigation of this
rich phenomenology for future work.

Finally, let us briefly comment on cosmological consequences. The authors of ref. [24]
pointed out that the interaction eq. (2.4) leads to a loop-induced self-interaction potential
for the scalar field (see also [15]), which is strongly constrained by cosmology, if ¢ provides
the dark matter in the Universe [25]. We indicate this constraint as the grey line in the right
panel of fig. 1. Moreover, if we take the dark neutrino mass generation mechanism at face
value, we have m, o \/ppy X a2, where a is the cosmic scale factor. Hence, m, grows
faster with redshift than the neutrino temperature, and the energy density in neutrinos scales
as p, o< my(a)a™> 45
would dominate the energy density of the Universe roughly at a redshift z 2 11, significantly

ox a~*°, growing with redshift faster than radiation. Hence, neutrinos
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modifying the expansion rate of the Universe during recombination and BBN. Therefore, one
needs to invoke a mechanism to avoid the growth of the cosmological neutrino mass with
redshift, see for instance [16,20,27].
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A Complex scalar field

Let us now generalize eq. (2.4) to the case of a complex field ¢. Similar to the real case we
again assume that the coupling g; is diagonal in the same basis as a possible bare neutrino
mass term, but take it now to be complex in general. In analogy to eq. (2.5) we write

wi(Z,t) = my ¢ + st A(Z t)] (A1)

which now can be a complex mass parameter, with complex phases absorbed by A. As a
general parametrisation of the classical complex field we assume

A(Z,t) = Z [a,; ajp exp <—iwt + kT + i(p,;) + B; by exp <iwt — kT — zgp’gﬂ , (A.2)
k

with .

k2
WMy + —, A3
ot Sy (A.3)
and S, bz, 90/15 are defined in analogy to oy, ag, ¢ (see main text) but in general are inde-
pendent of each other. If they are taken to be equal, we recover the real case. The complex
masses will enter the neutrino evolution equation via a term [20]

.I.

fipl
H~ ) A4
S, (A.4)

Therefore, we need to replace eq. (2.7) by

ApZ(E,t) = Am2 |2 + sLAE 1)
= Am}; [, + 2¢s2Re[A(Z, t)] + s, | A(Z, 1) ]*] - (A.5)

Let us now discuss, whether this expression can lead to qualitatively different phe-
nomenology than the real case. First, if 537 is small, the second term in the square-bracket
of eq. (A.5) will dominate over the third one proportional to sf]. The real part of A be-
haves qualitatively in the same way as the real version A in eq. (2.8). In a similar way,
it includes fast oscillations with typical frequencies set by mg, as well as slow frequencies
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~ k2 /mg ~ 107%m,. Hence, for small 8727 we obtain a very similar behaviour for the real and
complex cases and we expect that all numerical results apply as well for the complex case.

Let us consider now the case of 337 ~ 1, i.e., the coupling to the dark matter scalar gives
the dominant contribution to the neutrino mass and the last term in eq. (A.5) dominates.
For the same reason as discussed in the main text, we can absorb the k% terms into the
phases ¢ and 90/12‘ Keeping only the time-dependent terms we have

_iEZ_qﬂt ) o ZkZ_th
‘A(t)’Q — Z |:a’];&(7€ 2mg, ez((ﬁg*(pq‘) bqu 2mg, e ’L((p —¢% ):|
k.
t Z { bre mole” ot 2% te (prteq) 4 c.c} (A.6)

with a; = agap and BE = [rb;. Again we observe that in general this has the same time
structure as A2(t) from eq. (2.16) and our numerical results will apply also in the complex
case.

There is, however, one exception leading to a qualitatively different result, namely if either
ap or by vanishes. In this case, eq. (A.6) will contain no fast oscillating terms. Physically,
this corresponds to a fully asymmetric scalar background, consisting only of particles or
antiparticles. In this case we find

2

A ]? = Z ape '2m¢> TR = R?(t) (asymmetric background), (A.7)
k

with R?(t) defined in eq. (2.18). Hence, this leads to the same behaviour as in regime 3 as
described in egs. (2.25) and (2.26). Note that for s} = 1, eq. (2.26) becomes

A;ﬂjL 1
<COS 2E, >T T 1+ AL/ (4.8)

with no oscillatory dependence on L/E,. This result applies, as long as Tuy, > 7,, i€,
the “slow” oscillations due to the &2/ (2my) terms are still fast on the time scale of the
experiment. Hence, we can apply the results obtained for the real scalar in regime (R3)
with 57 = 1 to the case of the asymmetric complex scalar in regimes (R2) and (R3). The
only case where our constraints do not apply, is the asymmetric complex scalar in regime
(R1). In this case, R(t) is constant at the time scale of the experiment, and oscillations will
appear as in vacuum with an effective mass-squared difference set by A,u?j = Am%RQ, with
R? being random, but constant on the time scale of the experiment.

B Details of the T2K simulation

Below, we briefly describe the experimental specifications and the numerical analysis method
of the long-baseline experiment T2K. T2K is an off-axis accelerator-based neutrino exper-
iment with a 295 km baseline between the source and the far detector. The (anti)muon
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neutrino beams are produced at J-PARC facility in Tokai using a 30 GeV proton beam
and detected in the Super-Kamiokande Water Cherenkov detector with a fiducial volume
of 22.5 kton. In our numerical analysis, we closely follow the experimental configurations
described in [30,42,43]. The data sets we used are based on 1.97 x 10*! (1.63 x 10%!) protons
on target (P.O.T.) in the neutrino (antineutrino) mode [30,42].

As discussed in the main text, in this work we consider only the muon neutrino and
antineutrino disappearance channels, which are primarily sensitive to the atmospheric oscil-
lation parameters a3 and Am3,. The dominant background in these disappearance channels
arises from neutral current interactions. To account for the systematic uncertainties we as-
sign an uncorrelated 5% (2%) signal normalization (energy calibration) error, a 5% (2%)
background normalization (energy calibration) error for the v-mode. For the r-mode, where
the statistics are comparatively lower and systematic uncertainties are larger, we apply a
10% (10%) signal normalization (energy calibration) error, a 10% (10%) background nor-
malization (energy calibration) error. The neutrino and antineutrino fluxes reported in [30]
are used with a proper normalization factor based on the reported protons on target. For
estimating the cross sections of different neutrino interactions we follow the same reference
as for the fluxes. To reproduce the energy-dependent event spectra at the far detector as
close as possible, we employ properly optimized smearing matrices for the energy resolution
and post-smearing matrices for the efficiency of the detector.

To fit the data within the theoretical framework, we use the GLoBES [44, 45] package
with the necessary modifications of the oscillation probability engine, glb files as well as the
chi-squared functions. In the analysis the standard oscillation parameters o3 and Am3, are
freely marginalized over while keeping the leptonic CP-phase fixed at dcp = 0°. We have
verified that varying dcp to other representative values has a negligible impact on our final
results because of the limited sensitivity of the disappearance channels to this phase. The
treatment of A3 and the solar oscillation parameters are discussed in section 3.1.

In order to estimate the sensitivity to both the standard and new physics parameters,
we adopt a frequentist statistical approach and minimize the following y?-function:

/ . / obs obs Nl()\7 >\/7 fx) . éi
Y2\ N) = min [22; (Ni(/\, N, &) — NP — NPP ln—) —1-2—2 (B.1)

obs
Ni =1 Ufm

Here i labels the reconstructed energy bin, A denotes the model parameters held fixed in the
analysis, and )\ are the parameters over which we marginalize. N;(A, X', &) is the number
of predicted events in the ¢-th bin computed including both the signal and background
contributions along with the related various systematics uncertainties described above. The
systematics are parametrized by pull parameters &, with the associated errors o¢,. NP
corresponds to the “observed” number of events in the ¢-th bin as reported by the T2K
collaboration. The final y? for each channel is obtained by minimizing over the oscillation
parameters A and then we define the test statistic Ax? projected onto the fixed parameter(s)
A as

AXE(\) = Hilln X)) = mAin AN (B.2)

As a necessary check of our analysis we have verified, that we can reproduce the standard
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oscillation analysis of [30,42] to good accuracy, and our confidence regions in the oscillation
parameters are in good agreement with the published ones.

Throughout the fitting procedure we have assumed a vacuum oscillation probability for
the disappearance channels, motivated by our assumptions on the coupling of neutrinos
to the scalar field. This is a well-justified approximation for the T2K baseline, where the
matter effect is small, see also [36]. Moreover, since we marginalize freely over the two
most important parameters of interest for this channel, namely 6p3 and AmZ,, any residual
matter-induced modifications to the oscillation probability are effectively absorbed into the
fitted values of these parameters.

Estimate of effective exposure time. The averaging of the fast oscillations due to the
scalar field coupling in the experimental data should be considered as a discrete sum over
the time stamps of the neutrino events. In the case of an accelerator experiment, and T2K
in particular, the time structure of the events is controlled by the beam power, the beam-on
versus beam-off periods as well as different event rates for neutrinos and anti-neutrinos. In
order to estimate the effective exposure time for T2K we proceed as follows. Based on Fig. 1
of [30], we construct a probability distribution of the events in time, f(¢), using beam power
(in POT) as a function of time, weighted with the neutrino versus anti-neutrino event rate
per POT, and removing the beam-off periods. From this distribution we can calculate an
effective time spread of the data by

5t =) — 2, (") = / dtt" f(t). (B.3)

We take Toy, = 20t as an estimate for the effective exposure time for T2K, yielding Ty, ~
1.6 yr as quoted in table 1.
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