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Light sterile neutrinos have been motivated by anomalies observed in short-baseline neutrino experi-
ments. Among them, radioactive-source and reactor experiments have provided evidence and constraints,
respectively, for electron neutrino disappearance compatible with an eV-scale neutrino. The results from
these observations are seemingly in conflict. This paper brings into focus the assumption that the neutrino
wave packet can be approximated as a plane wave, which is adopted in all analyses of such experiments.
We demonstrate that the damping of oscillation due to decoherence effects, e.g., a finite wave packet size,
solves the tension between these electron-flavor observations and constraints.
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I. INTRODUCTION

The observation of an excess of electron antineutrino
events in the Liquid Scintillator Neutrino Detector (LSND)
[1,2] in the mid-1990s started a broad experimental program
to confirm this signal. The simplest explanation of the excess
is that it is due to the presence of a fourth neutrino, whose
flavor state does not participate in the Standard Model weak
interactions, and whose mass splitting is on the order of
1 eV2. Given this as the explanation of the LSND observa-
tion, we then expect that correlated signals should be present
at different baselines and energies but at a similar ratio of
baseline-to-energy of approximately 1 GeV=km.
Experiments searching for these signatures have been

performed with energies ranging from MeV to TeV and
baselines from a few meters to the diameter of the Earth, as
shown in Fig. 1. These experiments use neutrinos produced
predominantly by three means: nuclear decay in the MeV
range, pion decay at rest at the 100 MeV scale, and pion or
kaondecay in flight in the highest energy range. In the lowest
energy range, gallium experiments study the production rate
of inverse beta decay on 71Ga from an intense electron
neutrino source [3–8]. Also at MeVenergies, reactor experi-
ments have performed searches for the presence of electron

antineutrino disappearance by comparing observations to
theoretical predictions of the rates [9] or by searching for
oscillatory patterns in measurements performed at different
positions [10–20]. All these low-energy experiments have
yielded confirmatory signals that range in significance from
∼2 to more than 5 sigma but at the same time have yielded
constraints that contradict these observations, specially
when taking into account solar neutrino analysis [21,22].
In the intermediate energy range, the MiniBooNE [23,24]
experiment has reported the appearance of electron-neu-
trino-like events compatible with the LSND observation at a
significance of 4.8 sigma. Operating in the same beam,
recently the MicroBooNE collaboration has published
measurements of electron neutrino events under various
interaction channels [25–28]. When this data is interpreted
in the context of a light sterile neutrino, weak signals for
electron-neutrino disappearance are observed [29] andweak
constraints on the MiniBooNE region are obtained [30,31].
Finally, in the highest energy range, the MINOSþ
collaboration has placed very strong constraints on muon-
neutrino disappearance, while the IceCube Neutrino
Observatory observes a mild signal [32–35]. This is a very
confusing situation that, when studied in the context of
global fits, results in the conclusion that the inconsistencies
between the datasets rule out the light sterile neutrino
interpretation of LSND [36–39].
In this paper, we point out that the above-mentioned

conclusion, specifically about the apparent contradiction
between reactor experiments and radioactive sources, has
overlooked an important fact that could resolve the tension.
When deriving the results quoted above, the experiments
assume that the neutrino state is a plane wave. It is
well-known that the plane-wave (PW) theory of neutrino
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oscillations [41–43] is a simplified framework that upon
careful inspection contains apparent paradoxes [44–46].
These can be resolved by introducing the wave packet
(WP) formalism [3,47–53]. The applicability of the plane-
wave approximation has been studied in detail for the
standard mass-squared differences [46,50,54–56] and has
been shown to be a good approximation for current and
future neutrino experiments. However, this has not been
shown to be the case for mass-squared differences relevant
to the LSND observation [1]. The correctness of the PW
approximation depends on the wave packet width, which
varies with the neutrino production and detection proc-
esses. For example, in the case of pion decay in flight the
wave packet size has been quantitatively estimated [40],
and as such it is inconsequential to the light sterile
neutrino analyses. This is seen in Fig. 1, where we
compare the oscillation length and the coherence length.
In the case of pion decay at rest or production from
nuclear reactors or radioactive sources, this has not been
precisely calculated. In particular, for nuclear reactors, it
has been suggested that the relevant scales for the neutrino
wave packet width could be [57]: the typical size of the
beta-decaying nuclei (∼10−5 nm), the interatomic spacing
that characterizes the fuel (∼0.01 − 1 nm for Uranium), or
the inverse of the antineutrino energy (∼10−4 nm), or the
mean free path of the parent nucleus (∼102 nm) [58]. Most
of these values are not definitive quantitative results [59].
As a matter of fact, a recent study following the formalism
of open quantum systems states that the wave packet
width should lie in the 0.01 − 0.4 nm range [60]. Taking
an agnostic viewpoint, our current knowledge is limited
to bounds from experiments measuring the standard

oscillation scales, which set it to be no smaller than
2.1 × 10−4 nm [57,61].
In this work, we focus on the low-energy region, where

searches using electron antineutrinos from nuclear reactors
and radioactive sources are performed [6,10–12,16,17].
We will show how the plane wave approximation breaks
for values of thewave packet size currently allowed [61] and
how introducing this formalismproduces observable effects.
It is worth mentioning that the damping of oscillations in
neutrino physics is not exotic but an expected phenomenon
in some scenarios. On the one hand, a precise enough
measurement of the kinematics of the final states in the
production region may effectively measure the mass of the
outgoing neutrino. This effect is referred to as quantum
damping and is believed to be very small for the production
of neutrinos [62]. On the other hand, the wave packets may
separate during propagation due to their different masses.
This effect of decoherence is strictly equivalent to taking into
account the proper energy uncertainty in the production and
detection processes [58]. The latter is related to the spatial
and time localization of the interaction or, equivalently, the
uncertainty in themeasurement of the neutrino energy. Since
both these phenomena are physically indistinguishable, in
this work we consider the energy resolution claimed by
experiments and add a decoherence effect that introduces a
damping of the oscillations. This addition can either be
understood as a separation of the wave packets or as an
underestimation of the energy uncertainties claimed by
experiments. Finally, the macroscopical production and
detection regions averaging also produces the same effect
but is already considered in experimental analyses.
Caveats or fundamental physics unknowns in the wave

packet size estimations or any exotic physics can enlarge
the damping effect. For this reason, we choose the smallest
wave packet size allowed by present bounds obtained from
studies of standard oscillations in nuclear reactor experi-
ments [57,61]. Notice then that this must be robust under
the most exotic scenario since it involves the same
production and detection process and does not rely on
any assumptions. Moreover, the chosen value is preferred
by experiments at 90% C.L. [61].
The allowed size of the wave packet, together with the

larger sterile mass value, brings us to the main points of this
paper. First: experimental results may need to consider the
decoherence effects arising from the WP formalism, which
might produce damped oscillations. Second: these effects
may modify both signals from radioactive sources and
exclusion regions from nuclear reactors and can indeed
alleviate part of the tension between them.
The remainder of this paper is organized in the following

sections: Sec. II, where we introduce the wave packet
formalism for neutrino oscillations; Sec. III, where we
show the impact of the finite wave packet size from sterile
neutrino searches by the Daya Bay, NEOS, BEST, and
PROSPECT experiments and we discuss the results; and,
finally, in Sec. IV, where we summarize our main findings.

FIG. 1. Overview of the solar potential, neutrino experiments,
and relevant scales. Losc (dotted gray and dashed pink) and Lcoh

(dashed blue) are computed from Eq. (2) using Δm2
41 ¼ 1 eV2

and σx ¼ 2.1 × 10−4 nm for Lcoh;nuc
ste , and σx ¼ 10−11 m for

Lcoh;πflight
ste [40]. Decoherence effects are expected at L≳ Lcoh.

Matter effects important for solar oscillations in the Sun are under
the region so-called solar potential.
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II. FORMALISM

In the plane wave formalism, a propagating neutrino is
modeled with perfectly defined momentum. However, this
approximation cannot fully convey the physics effects we
mention earlier. Here we are going to parametrize the
damping of the oscillations by a length scale σx that is
usually referred to as the wave packet size [47–53,63,64].
The length σx can appear explicitly if we assume the

wave packets to be Gaussian. This allows for more concise
analytical results, such as the oscillation probability

Pαβ ¼
Xn
i¼1

jUαij2jUβij2 þ 2Re
X
j>i

UαiU�
αjU

�
βiUβj

× exp

�
−2πi

L

Lij
osc

− 2π2
�

σx
Lij
osc

�
2

−
�

L

Lij
coh

�
2
�
; ð1Þ

where Uαi are the neutrino mixing matrix elements and L
the experiment baseline. Here we have defined

Lij
osc ¼ 4πE

Δm2
ji

and Lij
coh ¼

4
ffiffiffi
2

p
E2σx

Δm2
ji

; ð2Þ

the oscillation and coherence lengths, respectively. Note
that Eq. (1) is the usual oscillation probability, with two
additional terms in the exponential, which dampen the
oscillation and only appear if we follow the WP formalism.
The term ðσx=Lij

oscÞ2 inside the exponential in Eq. (1) is
significant when σx ∼ Lij

osc. In this regime, the wave packet
width from production and/or detection is so large that it
does not allow distinguishing between mass eigenstates.
This results in washed-out oscillations. Most experiments,
such as the ones studied here, work in the limit σx ≪ Lij

osc,
such that this term is negligible. Therefore, we will ignore it
from here on.
On the other hand, the term ðL=Lij

cohÞ2 is significant when
L≳ Lij

coh. This term can be understood as the decoherence
arising from the separation of the mass eigenstates during
their propagation at different velocities. The larger L, the
more separation, the more decoherence and the more
dampening of the oscillations. As explained before, this
termmay be absorbed in the response function of the detector
and thus could also be interpreted as aworseningof its energy
resolution [58]. Note from (2) that the dampening increases
with smaller σx and larger Δm2

ji. Thus, this effect may be
important when studying mass-squared differences relevant
to the LSND observation, since they are typically orders of
magnitude larger than the standard ones.
Nuclear decay experiments study the electron antineu-

trino survival probability, Pðνe → νeÞ≡ Pee. Following
from Eq. (1), and considering here only sterile and
atmospheric oscillations for concision, this is given by1

Pee ≈ 1 − sin2 2θ14Δ41 − sin2 2θ13Δ31; ð3Þ

where we have defined

Δji ¼
1

2

�
1 − cos

LΔm2
ji

2E
exp

�
−
L2ðΔm2

jiÞ2
32E4σ2x

��
: ð4Þ

While in the PW limit, Δji ¼ sin2ðLΔm2
ji=4EÞ. Then, this

is the analogous result to Ref. [10], but taking into account
decoherence effects. The difference between both results
with and without decoherence effects are shown in Fig. 2
for parameters motivated by the LSND observation and
wave packet at the current constraints.
For illustration purposes, we show with a vertical line the

energy Ecoh ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
LΔm2

ji=ð4
ffiffiffi
2

p
σxÞ

q
for which the exponen-

tial argument of the coherence suppression term is equal
to 1. Three different regimes can be clearly distinguished.
At low energies, oscillations are very fast and cannot be
resolved given the experimental energy resolution, result-
ing in averaging of the oscillations that cannot be distin-
guished from the decoherence effect. At energies close
to Ecoh, decoherence can produce an observable effect
that in principle can be measured and distinguished from
other oscillation features. Finally, at high energies, the
decoherence effect becomes less important and eventually
is a small correction to the oscillation amplitude.

FIG. 2. Illustration of the wave packet effect. Plot of the
oscillation probability ratio for σx ¼ 2.1 × 10−4 nm. The y axis
represents the ratio between the 3þ 1 and the 3 neutrino
oscillation probabilities, in the PW formalism (pink) and in
the WP one (blue). The effect demonstrated here would appear
for Oð0.1 eV2Þ sterile at the Daya Bay baselines, or Oð1 eV2Þ
sterile at the NEOS or PROSPECT baselines. The energy where
Lcoh
ste ¼ Losc

ste is defined as Ecoh
ste and is independent of the sterile

neutrino mass. This energy is indicated as a vertical dashed line.1In our analysis, we consider the entire expression.
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In order to understand the potential impact of the
decoherence effect, it is useful to compare the different
relevant scales. Figure 1 shows several oscillation experi-
ments compared to the sterile oscillation scale (Losc

ste ) and the
decoherence scale (Lcoh

ste ); in both cases the parameters
corresponds to the Δm2

41 ¼ 1 eV2 and the current best
constrain for σx ¼ 2.1 × 10−4 nm [61]. For experimentswith
baselines smaller than Lcoh

ste , decoherence can be neglected,
while experiments with large baselines will experience
complete decoherence. Notice that the effect of not resolving
fast oscillations experimentally is from an observational point
of view identical to a decoherence effect, meaning that an
experiment far above the Losc

ste line would also be effectively
decoherent, and no effect due toLcoh

ste would bemanifest. This
narrows the region of interest for the decoherence of light
sterile neutrinos to the low-energy region and in particular to
the reactor and radioactive sources experiments.

III. IMPACT ON NEUTRINO EXPERIMENTS

To show the impact of the wave packet separation we
choose the smallest value allowed for the wave packet size,
σx ¼ 2.1 × 10−4 nm [61], and perform analyses searching
for sterile neutrinos with and without the plane wave
approximation. In this work, we use this bound both in
reactor and gallium experiments for simplicity, even
though they need not have the same wave packet size.
In our global analysis, we consider the null results from
Daya Bay [10,11], NEOS [12], and PROSPECT [17] and
the anomalous results observed from radioactive sources
by BEST [6]. This is not an exhaustive list of affected
experiments, but they are sufficient to cover the regions of
interest illustrated in Fig. 1. The aim of this paper is not to
perform a global fit in the WP formalism but to illustrate
its phenomenology in low-energy sterile searches in the
context of decoherence effects.
The Daya Bay experiment data has been fit using a test

statistic (T SDayaBayðθ14;Δm2
41; α⃗Þ) based on a Poisson log-

likelihood with nuisance parameters that account for the
flux systematic uncertainties (α⃗). The number of expected
events has been computed following [65], assuming an
electron antineutrino flux from Huber and Mueller [66,67].
However, these fluxes come with associated uncertainties,
and cannot reproduce the observations [65,68] with com-
plete accuracy. To minimize the dependence on the flux
model, we introduce a nuisance parameter for each energy
bin, which must be the same for the three experimental
halls of the Daya Bay experiment.
Our NEOS experiment analysis is based on the pro-

cedure in Refs. [12,65] and using a χ2 function as its test
statistic (T SNEOSðθ14;Δm2

41; α⃗Þ). As in Refs. [12,65], we
have used the electron-antineutrino spectrum measured in
the Daya Bay experiment [69] as the source flux. However,
in our analysis, we also perform a combined fit of NEOS
and Daya Bay, using the Huber-Mueller flux for both
experiments modified by common nuisance parameters that

accommodate for flux uncertainties. Figure 3 shows the
ratio between the expected events from a 3þ 1 model and
from a 3 model at the NEOS baseline in this joint fit. Here,
the decoherence effect of the wave packet formalism is
clearly manifest.
The PROSPECT data has also been analyzed following

[17], where the detector is divided into different subseg-
ments with different baselines, and using a χ2 function as its
test statistic (T SPROSPECTðθ14;Δm2

41Þ) with a covariance
provided by the experiment. Since our PROSPECTanalysis
uses ratios, it is independent of the reactor flux model.
Finally, the combined test statistic used in the joint fit of
Daya Bay, NEOS, and the PROSPECT is

T SJointðθ14;Δm2
41Þ ¼ T SPROSPECTðθ14;Δm2

41Þ
þmin

α⃗
½T SNEOSðθ14;Δm2

41; α⃗Þ
þ T SDayaBayðθ14;Δm2

41; α⃗Þ�; ð5Þ

obtained by adding the individual test statistics and
minimizing over the correlated nuisance parameters.
We assume that the test statistic satisfies Wilk’s theorem

and draw the two-sigma exclusion contours in Fig. 4, which
represent the main result of this paper. Here, the solid pink
line shows the exclusion regions at two sigma for the plane
wave approximation, while the solid blue line is analogous
with σx ¼ 2.1 × 10−4 nm in the wave packet formalism.
Finally, the BEST experiment has been fit with a two-point
χ2 function, using the mean absorption rates for the inner
and outer targets of the detector. These rates can then be
predicted as a function of the oscillation probability of the
model. The positive hint regions at two sigma by BEST are

FIG. 3. Example of the effect in NEOS. A figure of the
decoherence effect, for σx ¼ 2.1 × 10−4 nm, with the reactor
antineutrino anomaly best-fit parameters [12]: Δm2

41 ¼ 2.32 eV2

and sin2 2θ14 ¼ 0.14. The y axis represents the ratio between the
3þ 1 and the 3 expected events for the Daya Bay-NEOS joint
analysis.
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shown in Fig. 4 as filled regions. Again, pink is used for the
plane wave approximation and blue for the wave packet
formalism result. A couple of effects of decoherence can be
noticed. First, the suppression of oscillations connects the
two separated regions around Δm2

41 ¼ 2 eV2, making both
results compatible for values of Δm2

41 that were excluded
before. Notice that in the lower Δm2

41 part, the suppression
of the event rate comes from a slow oscillation, and large
values of sin2 2θ14 are needed to compensate for the
decoherence effect. Second, in the large Δm2

41 region,
the suppression of the event rate comes from the fast
oscillations and therefore cannot be distinguished from a
full decoherence effect.
In this work, we have addressed only the tension

between reactor and gallium experiments. Aside from
having a common energy range, this tension is specially
interesting because both neutrino sources come from
nuclear decay within a controlled environment, and sys-
tematic uncertainties are under control. However, this is not
the strongest tension in this energy range. As can be seen in
Fig. 4, recent solar analysis excludes a wide range of the
allowed parameter space by reactor experiments, and are in

tension with gallium experiments around three sigma. We
do not expect a finite wave packet size to affect this tension,
and thus it is not addressed in this work.

IV. CONCLUSIONS

In this paper, we studied the impact of the oscillation
damping phenomena within the wave packet formalism in
low-energy searches of sterile neutrinos. Estimations of the
wave packet sizes are currently larger than the experimental
lower bound; however, these estimations are not without
caveats. We found that within the bounds for the wave
packet sizes the effects are important in both the exclusion
regions from nuclear reactors and the anomalous observa-
tions from radioactive sources measurements. When setting
the wave packet size at the current constraints, we find that
the null observations using event ratios and the anomalous
observations by BEST can be resolved. The results become
compatible not only at large values of Δm2

41 but also at the
region around Δm2

41 ¼ 2 eV2. The work performed in this
paper does not necessarily include additional new physics
beyond a light sterile neutrino; instead, it highlights the
importance of validating the plane wave approximation.
Our paper implies that further experimental work ought

to be performed to understand decoherence effects in
neutrino production and detection, and to constrain the
size of the wave packet, since its impact is significant in
sterile neutrino oscillations. Additionally, we encourage
calculations of the neutrino wave packet in the spirit of [40]
for the relevant experimental contexts. Our work addition-
ally motivates the importance of understanding the reactor
neutrino flux and the use of radioactive sources, whose
fluxes are better predicted. This is, there could be a scenario
where the ratio experiments see null results in the presence
of a sterile neutrino due to the effect mentioned, and the
sterile neutrino could only be observed by comparing
results to absolute flux predictions.
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FIG. 4. Effect of finite wave-packet size on all the electron-
neutrino disappearance experiments together. The solid pink and
solid blue contours bound the exclusion region at two sigma for
the plane wave approximation and wave packet formalism,
respectively. The preferred region at two sigma for the BEST
experiment is shaded for the plane wave approximation (pink)
and the wave packet formalism (blue). All contours are obtained
using σx ¼ 2.1 × 10−4 nm. Notably, the region close to the
global best fit point, Δm2

41 ∼ 2 eV, is now allowed as well as
a larger fraction of large mass-squared difference solutions. A
gray dashed line marks the 2 sigma bounds from solar neutrino
experiments [21,22].
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APPENDIX A: RESULTS FOR INDIVIDUAL EXPERIMENTS

FIG. 5. Effect of finite wave packet size on different electron neutrino disappearance experiments and their combination. The solid
pink and solid blue contours bound the exclusion region at two sigma for the PW and WP formalisms, respectively. All contours are
obtained using σx ¼ 2.1 × 10−4 nm [61], and are drawn with respect to the null hypothesis.
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APPENDIX B: RESULTS FOR DIFFERENT
WAVE PACKET SIZES

APPENDIX C: DETAILS OF THE WAVE
PACKET FORMALISM

Let να be a neutrino of flavor α, produced through
some weak interaction. In the usual PW approximation,
its state has well-defined energy and evolves in time
according to [47–53]

jναðx⃗;tÞi¼
Xn
i¼1

U�
αijνiðtÞi¼

Xn
i¼1

U�
αie

−iEiðpÞtjνið0Þi; ðC1Þ

with Uαi being the neutrino mixing matrix, n the total
number of neutrino mass eigenstates νi and EiðpÞ ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2 þm2

i

p
the relativistic expression for the energy.

This expression assumes that all mass eigenstates have

the same momentum p, which is obviously in contradiction
to the kinematics of any neutrino production process.
Nonetheless, this derivation of the oscillation formula leads
to the correct result in the regimewhere the effect of theWP
width is negligible [46].
On the contrary, in the WP formalism the states jναðtÞi

are given by

jναðtÞi ¼
Xn
i¼1

U�
αi

Z
dpψ iðpÞe−iEiðpÞtjνiðpÞi: ðC2Þ

Here the produced state is a superposition of mass
eigenstates with defined momenta, described by the wave
function in momentum space, ψ iðpÞ. This quantum state is
localized in space and can correctly describe the physics of
a propagating neutrino. In order to reach a practical result,
we assume the evolution to be one dimensional and the
momentum distribution to be Gaussian.
After its propagation, the produced neutrino να can be

detected at some detector in a position L at time T through a
charged-current interaction ναX → lβY, with lβ a lepton
of flavor β. The amplitude for this process in the WP
formalism is [53]

Aαβ ∝
Xn
i¼1

U�
αiUβi exp

�
−iE0

i Tþ iPiL−
ðL−viTÞ

4σ2x

�
: ðC3Þ

Here Pi is the central linear momentum of each mass
eigenstate wave packet, E0

i ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
P2
i þm2

i

p
its central energy

and vi ¼ ∂EiðpÞ=∂pjp¼Pi
its group velocity. Finally, σx is a

length scale which parametrizes the dampening of the
oscillatins and that can be referred as the wave packet
size [47–53] This wave packet size depends on the neutrino
production and detection mechanisms.
Most experiments do not measure T precisely and

oscillation periods are always much smaller than the
operation time of the detector. Thus, the total probability
PαβðLÞ ¼

R∞
0 dTjAαβj2 depends only on L,

Pαβ ¼
Xn
i¼1

jUαij2jUβij2þ 2Re
X
j>i

UαiU�
αjU

�
βiUβj

×exp

�
−2πi

L

Lij
osc

− 2π2
�

σx
Lij
osc

�
2

−
�

L

Lij
coh

�
2
�
: ðC4Þ

Here we have imposed a posteriori the conservation of
probability

P
α Pαβ ¼ 1 and have defined

Lij
osc ¼ 4πE

Δm2
ji

and Lij
coh ¼

4
ffiffiffi
2

p
E2σx

Δm2
ji

; ðC5Þ

the oscillation and coherence lengths, respectively. This
formula can be obtained in a more consistent manner
in QFT formalism [50,70–72], without any a posteriori

FIG. 6. Effect of different finite wave packet sizes on the
combination of the experiments considered in this work. While
the solid pink contour bounds the exclusion region at two sigma
in the PW formalism, the solid yellow and solid blue contours
are computed in the WP formalism with σx ¼ 5.0 × 10−4 nm
and σx ¼ 2.1 × 10−4 nm [61], respectively. A contour with wave
packet width σx ∼ 2 × 10−3 nm is essentially indistinguishable
from the PW contour. All exclusion contours are drawn with
respect to the null hypothesis. Furthermore, the preferred region
at two sigma for the BEST experiment is shaded for the PW
approximation (pink) and for the WP packet formalism, yellow
for σx ¼ 5.0 × 10−4 nm and blue for σx ¼ 2.1 × 10−4 nm [61].
Finally, a gray dashed line marks the 2 sigma bounds from solar
neutrino experiments [21,22].
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conservation of probability (and an additional energy
dependence).
Experiments based on nuclear decays only study the

survival probability of electron antineutrinos Pðνe → νeÞ≡
Pee. Following from Eq. (C4), the full probability of this
process is

Pee ¼ 1 − sin2 2θ12 cos4 θ13 cos4 θ14Δ21

− sin2 2θ13 cos4 θ13ðcos2 θ12Δ31 þ sin2 θ12Δ32Þ
− sin2 2θ14½cos2 θ13 cos2 θ12Δ41

þ cos2 θ13 sin2 θ12Δ42 þ sin2 θ13Δ43�; ðC6Þ

where we have defined, similarly to [53],

Δji ¼
1

2

�
1 − cos

LΔm2
ji

2E
exp

�
−
L2ðΔm2

jiÞ2
32E4σ2x

��
: ðC7Þ

We would like to emphasize that Eq. (C6) is indeed the
survival probability implemented in our analyses. On the
contrary, Eq. (3) is only a concise approximation which
is reasonably valid for short baseline experiments. In the
PW formalism one obtainsΔji ¼ sin2ðLΔm2

ji=4EÞ, i.e., the
same result that [6,10,12,17] use.

APPENDIX D: DETAILS OF THE
DATA ANALYSIS

In the present work we have performed five different
data analyses. Here we detail the main differences
between them.

1. Daya Bay analysis

For the analysis of the Daya Bay data [11] we have
defined a test statistic based on a Poisson log-likelihood,

T SDayaBayðΔm2
41; θ14; α⃗Þ

¼ −2
X
d

X35
i¼1

�
Od

i − ½αiNd
i ðΔm2

41; θ14Þ þ Bd
i �

þOd
i log

αiNd
i ðΔm2

41; θ14Þ þ Bd
i

Od
i

�
: ðD1Þ

This statistic is defined from the Poisson probability
Pðk; λÞ ¼ e−λλk=k! and already takes into account statis-
tical uncertainties, which are dominant in the Daya Bay
experiment. In Eq. (D1) Od

i ; B
d
i ; N

d
i are the observed,

background, and predicted data in the energy bin i and
experimental hall d ¼ EH1, EH2, EH3, respectively.
The reactor flux in which the analysis is built is

taken from the theoretical predictions of Huber and
Mueller [66,67], even though there are known anomalies
to them [68]. Then, α⃗ are nuisance parameters that
accommodate the uncertainties in this flux. These are

different for each energy bin but the same for each
experimental hall and minimize Eq. (D1),

αi ¼
P

dO
d
i − Bd

iP
dN

d
i

: ðD2Þ

With these nuisance parameters, the source flux and its
normalization are free and the same for the three exper-
imental halls. Only relative differences between detectors
(e.g., neutrino oscillations) will be manifest.
Od, Bd are taken from the Supplemental Material of [11],

while Nd
i is computed following [65]

Nd
i ¼ N d

X
r

ϵd

L2
r;d

Z
Erec
iþ1

Erec
i

dErec

Z
∞

0

dEνσðEνÞϕðEνÞ

× Pr;d
ee ðEνÞRðErec; EνÞ: ðD3Þ

Here,
(i) N d is a normalization constant which takes into

account the number of target protons in the detector.
Note that this factor is accommodated in Eq. (D1) by
the free nuisance parameters α⃗ and therefore plays
no role. However, we choose it such that our
prediction of the expected events without oscilla-
tions match the corresponding data from Daya Bay.

(ii) r runs over the different reactor neutrino sources.
(iii) ϵd is the detection efficiency of the experimental hall

(averaged over all the detectors in the experimental
hall), taken from Table VI in [11].

(iv) Lr;d is the mean distance between the reactor and
the detectors in the experimental hall, taken from
Table I in [11].

(v) Erec, Eν stand for the reconstructed and true neutrino
energies.

(vi) σðEνÞ is the inverse beta decay cross section [73].
(vii) ϕðEνÞ is the Huber-Mueller flux [66,67],

ϕðEνÞ ¼
X
isotope

fisotopeϕisotopeðEνÞ; ðD4Þ

with fisotope the mean fission fraction of isotope ¼
235U; 238U; 239Pu; 241Pu.

(viii) Pr;exp
ee is the survival probability from Eq. (C4).

(ix) RðErec; EνÞ is the response matrix of the Daya Bay
detectors [11].

Note that in this analysis (and all the following) the
standard oscillation parameters are not free but fixed at
the values of [74]. A more rigorous treatment would
marginalize θ13 and Δm2

31. However, the effect would be
small even in the worst-case scenario and thus the present
work does not consider this marginalization.
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2. NEOS analysis

Our NEOS analysis is built from the data in Fig. 3(c) [12]
and consists in the χ2 function

T SNEOSðθ14;Δm2
41; α⃗Þ

¼
X60
i;j¼1

�
Ri −

NiðΔm2
41; θ14Þ þ Bi

NSM
i þ Bi

�
ðV−1Þij

×

�
Rj −

NjðΔm2
41; θ14Þ þ Bj

NSM
j þ Bj

�
: ðD5Þ

Here, Ri is the ratio data from Fig. 3(c) in [12], Bi is the
background events from Fig. 3(a), Vij is the NEOS
covariance matrix, and NjðΔm2

41; θ14Þ; NSM
j are the

expected events at NEOS with a 3þ 1 and a 3 neutrino
model, respectively. Since there is only one detector, the
nuisance parameters are fixed to unity.
The expected number of values are obtained using

Ni ¼N
Z

Lmax

Lmin

dL
L2

Z
Erec
iþ1

Erec
i

dErec

×
Z

∞

0

dEνσðEνÞϕDBðEνÞPeeðL;EνÞRðErec;EνÞ: ðD6Þ

Here,
(i) The normalization factor N is free and adjusted to

match the total number of observed events from
Fig. 3(a) for any ðΔm2

41; θ14Þ, taking into account the
background.

(ii) Since the baseline is short, finite-size effects of the
detector need to be taken into account by integrating
between Lmin ¼ 22.14 m and Lmax ¼ 25.14 m.

(iii) σðEνÞϕDBðEνÞ is the Daya Bay antineutrino flux
weighted by the inverse beta decay cross section,
taken from Table 12 in [69]. As noted in [65], this
spectrum is computed under the assumption of
three-flavor oscillations, and thus these oscillations,
although small, should be unfolded for a rigorous
analysis. This effect is only corrected in the Daya
Bayþ NEOS analysis.

(iv) The response matrix RðErec; EνÞ is not provided by
the NEOS collaboration, and therefore has to be
reproduced from [75,76] using the same technique
as in [68].

Finally, to build Vij we have digitized the correlation
matrix from [75], which has unity diagonal elements. Then,
this matrix is rescaled such that its diagonal elements match
the quadratic sum of the systematical and statistical errors
digitized from Fig. 3(c) in [12]. We take this rescaled matrix
to be the covariance matrix Vij in (D5).

3. Daya Bay +NEOS analysis

Now NEOS is treated as if it was a fourth Daya Bay
detector. That is, we have computed the expected events
using the same Huber-Mueller flux for both Daya Bay and
NEOS, and accommodated the flux uncertainties using a
common vector of nuisance parameters.
However, we must take into account that the energy bins

for Daya Bay and NEOS are different. On the one hand,
Daya Bays energy range is Erec

DB ∈ ð0.7; 12.0Þ MeV, with
energy binning ΔErec

DB ¼ 0.2 MeV. On the other hand,
NEOS measures in Erec

NEOS ∈ ð1.0; 10.0Þ MeV and with
bins of width ΔErec

NEOS ¼ 0.1 MeV. Therefore, we pick
the conservative choice to only consider the energy bins
that are well defined in both experiments and that share the
same energy bin edges, i.e., Erec

DB ∈ ð1.3; 6.9Þ MeV. Then,
NEOS has twice as many bins as Daya Bay. This also
affects the definition of the nuisance parameters: the
nuisance parameter αi of Daya Bay’s energy bin i is
applied to two consecutive energy bins in NEOS.
Taking all this into account, the test statistic to mini-

mize is

T SDayaBayþNEOS

¼ −2
X
d

X29
i¼2

�
Od

i − ½αiNd
i ðΔm2

41; θ14Þ þ Bd
i �

þOd
i log

αiNd
i ðΔm2

41; θ14Þ þ Bd
i

Od
i

�

þ
X59
i;j¼4

�
Ri −

αfloorði=2ÞNiðΔm2
41; θ14Þ þ Bi

NSM
i þ Bi

�
ðV−1Þij

×

�
Rj −

αfloorðj=2ÞNjðΔm2
41; θ14Þ þ Bj

NSM
j þ Bj

�
; ðD7Þ

where T SDayaBayþNEOS ≡ T SNEOSðθ14;Δm2
41; α⃗Þ þ

T SDayaBayðθ14;Δm2
41; α⃗Þ is the test statistic presented in

Eq. (5). Now, the minimization of α⃗ can only be done
numerically.

4. PROSPECT analysis

The analysis of the PROSPECT data [17] is independent
from those of Daya Bay and NEOS, since PROSPECT’s
neutrino source only contains 235U. Thus, it is not reason-
able to use the same source flux for all experiments. The
PROSPECT detector is subdivided onto independent seg-
ments at difference distances to the nuclear reactor. These
segments are capable of measuring neutrino propagation
in different baselines, and are sensitive to a 1 eV2 sterile
neutrino oscillation.
The test statistic to minimize is the χ2 function

T SPROSPECTðθ14;Δm2
41Þ ¼ x⃗ · V−1 · x⃗; ðD8Þ
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where V is the PROSPECT covariance matrix, and x⃗ is a
160-dimensional vector that describes the discrepancy
between data and prediction. Namely, it contains this
information at each of the 16 energy bins of each of the
10 different baselines, ordered in increasing length, and
then in increasing energy. For each baseline l and energy
bin e, it is defined as

xl;e ¼ Ml;e −Me P
l;e

Pe : ðD9Þ

Here, Ml;e; Pl;e are the observed and the predicted data at
baseline l and energy bin e, respectively. Then, Me, Pe

represent the total observed and predicted data, respec-
tively, summing for all baselines. That is,

Me ¼
X10
l¼1

Ml;e and Pe ¼
X10
l¼1

Pl;e: ðD10Þ

The test statistic in Eq. (D8) minimizes the effect of
source flux uncertainties and is independent of its nor-
malization. Therefore, we use the Hubber-Mueller flux for
235U only, ϕ235U [66]. The prediction is computed as

Pl;e ¼ N
X
seg∈l

ϵseg
Z

LsegþδL

Lseg−δL

dLseg

L2
seg

Z
∞

0

dEνσðEνÞϕ235UðEνÞ

× PeeðLseg; EνÞRðEe; EνÞ; ðD11Þ

where Ee is the central energy of the energy bin e, Lseg is
the baseline of the segment, ϵseg its efficiency, R the
response matrix provided by the collaboration, and the
sum is done for all segments in the same baseline [17]. We
also perform a fast integration in Lseg to consider the finite
width of the reactor and the segments, with δL ¼ 0.25 cm.
Although the normalization constant N plays no role in
Eq. (D8), it is computed such that our predicted data
without oscillations matches the analogous PROSPECT
results at each baseline.

5. BEST analysis

Again, the analysis on the Baksan Experiment on Sterile
Transition data [6] is independent from the rest of experi-
ments. BEST uses a 51Cr radioactive source, which emits
neutrinos in only four discrete energies, namely Ei ¼ 747,
427, 752, 432 keV. Their fission fractions are fi ¼ 0.8163,
0.0895, 0.0849, 0.0093, respectively.
Our χ2 only takes into accounts two points, namely

χ2BESTðΔm2
41; θ14Þ ¼

ðrinmeas − rinpredÞ2
ϵ2in

þ ðroutmeas − routpredÞ2
ϵ2out

:

ðD12Þ

Here, ϵ are the statistical and systematic uncertainties, and r
are the measured and predicted production mean rates. The
predicted rate rpred is computed as

rpred ¼ ξin=out
nσA0

4π

Z
V in=out

P
fiPeeðL; EiÞ

L2
dV; ðD13Þ

with n ¼ ð2.1001� 0.0008Þ × 1022=cm3 the 71Ga number
density of the detector, σ ¼ ð5.81þ0.21

−0.16Þ × 10−45 cm2 [4,6]
the neutrino capture cross section, A0 ¼ ð3.414� 0.008Þ
Ci the initial activity of the 51Cr source, and the integration
is done for the whole volume of the inner or the outer
detector. The geometry of the inner and outer detectors are
not exactly known and are subject to experimental details
such as the quantity of 71Ga or the position of tubes inside
the detector. Therefore, we add two geometric correction
factors ξin=out. The BEST data provide the values of the
integrals in Eq. (D13) when Pee ¼ 1. We pick ξin=out to
match these values, and neglect its dependence on Pee.
In Eq. (D12) the production rate predictions are com-

pared with the rmeas from Table I in [6]. Namely, rinmeas ¼
54.9þ2.5

−2.4 and routmeas ¼ 55.6þ2.7
−2.6 . Finally, ϵ

2 are computed as
the square sum of statistical uncertainties (taken from
Table I [6]), systematic uncertainties (∼2%) and the cross
section uncertainty.
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