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ABSTRACT: This article reports global fits of short-baseline neutrino data to oscillation
models involving light sterile neutrinos. In the commonly-used 341 plane wave model, there
is a well-known 4.90 tension between data sets sensitive to appearance versus disappearance
of neutrinos. We find that models that damp the oscillation prediction for the reactor
data sets, especially at low energy, substantially improve the fits and reduce the tension.
We consider two such scenarios. The first scenario introduces the quantum mechanical
wavepacket effect that accounts for the source size in reactor experiments into the 3+1
model. We find that inclusion of the wavepacket effect greatly improves the overall fit
compared to a three-neutrino model by Ax?/dof = 61.1/4 (7.1c improvement) with best-fit
Am? = 1.4 éV? and wavepacket length of 67 fm. The internal tension is reduced to 3.40. If
reactor-data only is fit, then the wavepacket preferred length is 91 fm (> 20 fm at 99% CL).
The second model introduces oscillations involving sterile flavor and allows the decay of the
heaviest, mostly sterile mass state, v4. This model introduces a damping term similar to the
wavepacket effect, but across all experiments. Compared to a three-neutrino fit, this has a
Ax?/dof = 60.6/4 (7o improvement) with preferred Am? = 1.4 eV? and decay I' = 0.35 eV.
The internal tension is reduced to 3.70.

For many years, the reactor event rates have been observed to have structure that
deviates from prediction. Community discussion has focused on an excess compared to
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prediction observed at 5MeV; however, other deviations are apparent. This structure
has L dependence that is well-fit by the damped models. Before assuming this points

to new physics, we urge closer examination of systematic effects that could lead to this
L dependence.
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1 Introduction

Since 1995, a series of experiments searching for neutrino oscillations have reported potential
oscillation signals with 20 to 50 significance with mass-squared splittings, Am?2, of O(1
to 10eV?). These results do not fit our present picture of neutrino oscillations, which
involves only three neutrinos with two mass splittings that are presently measured to be
7.4 x 107°eV? and 2.5 x 1073 eV? [1]. Thus, taking the results at face value, these results
represent anomalies that may be pointing to new physics. The simplest new physics solution



introduces one additional neutrino that does not interact with the W and Z bosons, and
hence is called “sterile” [2] but does participate in oscillations. This model is called 3+1.

For the last decade, the 34+1 model has been challenged in multiple ways. First, a set
of experiments following up on the anomalies have excluded signals due to the 3+1 scenario.
Second, global fits to the full data set have shown internal inconsistencies, commonly called
“tension.” [3-5] As a result, most of the community has reached the view that the simple
3+1 model cannot explain the data [6].

This article presents global fits that look beyond simple 3+1 models. In particular, we
explore expanding beyond the plane-wave description of simple 3+1 to include “wavepacket
effects” that take into account the finite size of the source producing the neutrino, as
discussed in refs. [7-14], and the references therein. These effects show up as decoherence
in experiments that have a relatively long L/FE. In the case of the experiments in the global
fits, this will most affect reactors, damping the oscillation prediction at low energy. Here,
we show that this model, called “3+14+WP?”, to distinguish from the plane-wave 34+1 model,
considerably reduces the tension in global fits. We show that this solution improves the fits
more than models that introduce additional sterile neutrinos, 3+2 or 3+3.

We also revisit a more complex model that has been examined in the past that introduces
decay of the highest mass state in a 3+1 model, v4 [5, 15, 16]. The concept behind “3+1+4dk”
models is that while the sterile neutrino does not carry Standard Model couplings, it may
carry Beyond Standard Model couplings to other new particles and/or to Standard Model
particles. In this case, one can expect decay, which will most affect the highest mass state
due both to the larger mass and to the large sterile content from the mixing matrix. Decay
of the v, state damps oscillations at the largest mass splitting, and this affects all data
sets, not just the reactor data sets. However, we show that the best fit 3+1+4dk parameters
damp the reactor results while not substantially changing the prediction for other data sets
leading to a very similar result as 3+1+WP.

The work presented here builds on 15 years of global analyses [17-20], and especially our
analysis from 2019 [5]. The 2019 paper provides a pedantic review of the theory and practice
of sterile neutrino fits; therefore, in section 2, we describe the limitations of and extensions
to the simple 3+1 model only briefly. In section 3, we focus on the latest information that
has been included in the results, which involves several new data sets and some substantial
updates. In section 4, we only briefly discuss the methods of fitting and expressing the
quality of fits, and the reader should see ref. [5] for details. Throughout this work, we
are agnostic to the origin of the sterile neutrino masses and how they fit in an extended
Standard Model. On this latter point see ref. [21]. This has important implications in the
experiments and bounds we consider in our work, since neutrinos in stellar environments
or in the early Universe could have different properties. For example, ref. [22] recently
proposed that the sterile neutrino mass originates from the interaction with an ambient
field. This model makes the constraints from solar neutrinos not applicable to the scenario
we discuss here — the terrestrial results are unchanged. This is a similar to the questions
associated with the cosmological data and represents an assumption of this analysis.

Additionally, cosmological data severally limits the 3+1-like scenarios by constraining
the number of relativistic degrees of freedom and total sum of the neutrino masses; see [6]



for a recent review. One way to address the discrepancy between cosmological observables,
like CMB and LSS, and eV-scale neutrinos is by considering alternative cosmological
scenarios [23, 24]. Another solution is to introduce new forces that affect neutrinos,
which are referred to as “secret forces” and have been discussed in recent studies [25, 26].
These forces limit the production of sterile neutrinos in the early Universe before neutrino
decoupling but result in mixing angles of around (O(0.1) at present times. Additionally, as
recently shown in ref. [27] if long range neutrino forces exist cosmological constraints on
the neutrino mass can be completely avoided.

Although the reactor experiment data have only been modestly updated since 2019, in
section 3 we extend a discussion begun in ref. [5] concerning whether features in the reactor
spectrum can obscure fit results; see ref. [28] for a similar recent discussion in the context
of accelerator neutrinos. Attention has focused on one feature of the reactor event energy
spectrum, which is an excess at 5 MeV; however, the entire spectrum suffers many more
excesses and deficits that vary from experiment to experiment. The reactor community has
taken ratios in various ways to reduce systematic pulls in sterile neutrino fits from these
effects. In spite of that, we will show that suspicious structures that may not be related
to Beyond Standard Model effects remain and are not identical between data sets and are
not well covered by the systematic uncertainty provided in data releases for global fits. We
flag this because this may explain why damped models like 3+1+WP and 34+1+dk may
be preferred.

In section 5, we present the latest global-fit results. These will show a preference
for damped models for reactors. We show that these models substantially improve the
well-known tension between the appearance data subset and disappearance data subset.
Though some tension remains and we will show that the bulk of this tension can be
attributed to the MiniBooNE data set. As we note in section 3, the MiniBooNE data is
well-known for appearing to have two contributions to the excess, one of which matches the
kinematic expectations for v, scattering, as expected from oscillations, and one of which is
forward peaked [29].

Finally, in section 6, we revisit the information summarized above with more detail, in
light of the quantitative results of section 5.

2 Sterile neutrino models

The neutrino-extended Standard Model has three active neutrino flavors engaging in
oscillations. This is referred to as the “null” model in this study. We will compare the
models discussed below involving sterile neutrinos to the null model. In this section, we
introduce the examples used in our fits. We also discuss metrics for comparing models.

2.1 Frequently used sterile neutrino models: plane-wave “3+1” and “3+4+N”

The community standard for comparing sterile neutrino searches has used the 3+1 model.
In this model, the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) mixing matrix is expanded



by one row and one column to accommodate the new flavor state (“s”) and mass state (“4”):

Uel UeZ UeB Ue4
. . UM4

. UT4
Usl UsZ Us3 Us4

U3+1 - (21)

The “short-baseline approximation” is also frequently used, where Am3, > |[Am3,| > Am3,
is assumed and that the measured L/F is small enough that only the oscillation due to
Am?, is observable. The result is that the oscillation probabilities for v, disappearance, Uy
disappearance, and v, appearance are connected:

Py, =1 —=4(1 = |Ues|?)|Ues|? sin®(Ay L/ E), (2.2)
Py, =1 =41 — |Up|*)|Upa)? sin® (A L/E),
Py, v, = MUes|*|Upa|? sin®(Ap L/E), (2.4)

where Ay; = 1.27Am?,, in eV2. In this case, L and E are in units of m and MeV (or km
and GeV), respectively. A consistent 3+1 global fit requires signals in all three of these
oscillation modes with the same large mass-square splitting, Am?2,. One also sees that the
probabilities of appearance and disappearance must be related through a consistent set of
matrix elements.

The above equations are often re-written by replacing the combinations of matrix
elements with “pseudo”-mixing-angles:

P, =1- sin® 20, sin2(A41L/E) ,
P, =1~ sin? 20, sinQ(A41L/E) ,
P, v, = sin®20,,.sin*(Ay L/ E). (2.7)

In this article, we will present the results of the global fits within the context of these
pseudo-mixing-angles.

Although 341 is the standard that is used for searching for new physics in short-baseline
experiments, it is chosen for its ease of application to fits rather than because there is strong
motivation to have only one sterile neutrino. A less minimal model expands the sterile
neutrino model to include a second sterile neutrino in the model (“342”). Immediately, 4
new parameters are added to the theory. Fits to the most “natural” case, with three sterile
neutrinos (“3+3”) become even more complicated, with a further 5 parameters added to
the theory. The equations for 342 are provided in refs. [5, 18]. The 2019 results show that
342 does not substantially improve matters.

2.2 Including wavepacket effects (“3+1+WP?”)

The 34N models describe neutrinos as plane waves, where the interference between the
massive states happens at any point in the space along the neutrino trajectory. That
description of the neutrino evolution is simplistic because it does not take into account
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Figure 1. Illustration of the damping of oscillations from the wavepacket effect (left) and from
decay (right). The ratio of 3+1 to three neutrino oscillation probabilities is shown as a function of
energy for fixed LAm?2, which for a reactor experiment at L = 8 m corresponds to Am? = 1eV? —
a case relevant to this study. 341, which is a plane-wave model, is shown in blue. The orange and
green curves are examples of modest and extreme damping at low energy for the 3+14+WP and
3+1+4dk models.
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Figure 2. Tllustration of the damping of oscillations from the wavepacket effect (left) and from
decay (right), as with figure 1, but for Am? = 10eV2. In this case, damping occurs across all
relevant energies.

that neutrinos are localized particles produced by a source of finite size. This potentially
introduces a “wavepacket effect”: as the neutrino propagates, the difference in the group’s
velocity of each massive state will result in a separation between them. After some distance,
the mixing between the massive states will stop, the oscillation will cease and the evolution
can be described as an incoherent superposition of massive states. The distance where the
decoherence starts having an effect on the oscillation is given by the decoherence length [7]:

E\N?/ o eVv?2
Lcoh: . r 2.
0.566m <MeV) <100fm> (Am2>’ (28)




that depends on the neutrino energy (E in MeV), the characteristic size of the wave packet
(0, in 100 fm), and the squared neutrino mass difference (Am? in eV?). The effect manifests
as a characteristic “damping effect” at low values of the energy distribution if LAm? is
much larger than F.

The wavepacket effect is a Standard Model nuclear effect that will show up within any
oscillation data set at some level, though it may be too small to be observed. Among today’s
three-neutrino oscillation experiments, the set that is expected to be most affected is reactor
experiments for Am? considered in this work. For accelerator neutrino experiments the
expected wavepacket size does not produce observable effects [8], while at reactor energies
characteristic length of the U and Pu nuclei (O(10fm)) and the interatomic spacing (10° fm)
each may contribute to producing an observable effects.

In a 3+1 model, this effect is included following the method of ref. [7], with the

electron-flavor disappearance probability modified to be:
2

1— —A
PVP 1 _in2924,, {<e>

Ve—rVe 2

+sin?(ApL/E)e |, (2.9)

where A = L/Lcon and Lo, are proportional to o, as seen in eq. (2.8). If o, is sufficiently
small, the effect becomes observable.

Figures 1 and 2, left, illustrate the effect of varying o, on the predicted signal for a
reactor experiment located at L = 8m, for Am? = 1eV? and 10eV?, respectively. The
predictions for the models are shown as a ratio to the null model. The blue line is a 341
(plane wave) model. The orange and green lines show examples of the effect for two different
0. Figure 1 shows that at Am? = 1eV?, the damping occurs at low energy, while figure 2
shows that at Am? = 10eV?, the damping occurs across the entire relevant energy range
for reactors.

Following ref. [7], wavepacket effects can potentially be significant for large nucleus
source experiments such as BEST, GALLEX, and SAGE. We choose to fit those datasets for
the same o, as the reactors. However, in agreement with ref. [7], the wavepacket effect on
these results turns out to be minimal due to the experimental design. These are “counting
experiments” that effectively integrate over L/E, leading to little discrimination between
damped and 341 models. We note that for production from pion/muon decay beams,
decoherence effects are expected to be negligible due to a combination of the small size of
the meson, point-like nature of the muon, and the high energy of these experiments [8].

We do not choose to consider any theoretical prediction for o, [9-11, 30], and instead
investigate this question in an agnostic, experiment-driven manner as in ref. [7]. We
encourage the reader to see ref. [12] and references therein for beyond Standard Model
mechanisms that effectively change the neutrino wavepacket size.

Specifically, we will perform global fits to the 3+1+WP, applying the wavepacket
scenario as described above, allowing o, to float. We will then compare that result to “only
37 fits from refs. [13, 14], with the caveat that this comparison is not apples to apples due
to the additional neutrino state in our fits. As discussed below, our findings are that a small
value of o,, which causes strong damping for the reactor results (green case in figure 2),
is preferred.



2.3 341 with decay (“3+1+dk”)

The wavepacket effect is not the only way to introduce damping into the 341 picture.
A second model that causes damping allows neutrino decay, which we call “3+1+dk”.
The phenomenological motivation for 34+1+dk is that the existence of neutrino mass also
permits decay of the mass state if the “sterile” neutrino has Beyond Standard Model
interactions. The possibility of decay of vy, the primarily-sterile state, has been considered
in many references [15, 16, 31-42]. Sterile neutrino decay leads to a damping in the neutrino
oscillation patterns in L/E, as well as production of new Beyond Standard Model particles
and of known particles such as photons, or of v, 19 and v3, thereby regenerating the flux.
In this article, we will only consider the damping effect on oscillation signals with decay to
Beyond Standard Model particles. In this case, called “invisible decay,” the v4 component
of the flux dies off with distance travelled.

The experimental motivation for 3+1+dk came from analysis of IceCube v, disap-
pearance data [43]. The IceCube collaboration found that their atmospheric v,, data were
fit better with 34+1+dk than 341, and that 341 was a slightly better fit than null. An
important point of departure from the 3+1+WP model is that 3+14dk is applied to all
data sets, not just the reactor data set. The survival probability for the v, disappearance
case is given by:

Ve—Ve

p3+it+dk _ 2‘U64|2€72'53%(1 | Uus?) cos (2.53Am4211(L/E)
myL
+ |Ueal*e™P0T5F 4 (1 = [Uea)?, (2.10)

where my = /Am3,, since the smallest mass state is assumed to have negligible mass. The
other oscillation probabilities are modified in a similar manner. The decay causes the vy
state to die away as a function of L/F, so experiments with relatively large L/E, like the
reactor experiments, become insensitive to oscillations.

We illustrate the 3+1+dk effect on reactors in figures 1 and 2, right. As described
for the wavepacket illustration, the orange and green represent modest (I' = 0.01eV) and
extreme (I' = 0.29 eV) values of the damping parameter.

3 Inputs to the global fits

Table 1 maps all data sets used in this analysis to the type of fit that applies. Compared to
the fits presented in ref. [5], the fits in this article include new experiments and updates
to previous experiments. The experiments added were: BEST [44], STEREO [45], and
MicroBooNE [46]. The MiniBooNE [47], MINOS+ [48], and IceCube [49] results have been
substantially updated. The remaining citations for experiments that are not updated, and
are described in detail in ref. [5], are refs. [50-61].!

3.1 New to these fits: MicroBooNE

The MicroBooNE experiment released first results probing the electron neutrino interpreta-
tion of the MiniBooNE excess in October 2021 [46]. Three analyses looked for an excess of

'"We have not included data from Neutrino-4 [62] because we were not able to reproduce their results based
on the information that they have provided, and the authors did not respond to our questions. The problems
with treatment of Neutrino-4 data that we identified agrees with those observed in other studies [63].

—7_
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Table 1. The data sets used in global fits presented in this article, divided according to the type of
fit applied. Citations for data sets are provided in the text.

1eNpOn ve selection

MicroBooNE 6.67 x102° POT

20 MicroBooNE 6369 x 10 POT
MicroBooNE 6.86 x10?° POT 45] e BNB G, 338 1M Pred. unceruinty
) Others, 100 NC, 225
v,€C.193
..... LEE Model (x=1), 37.0

[ v CC.3331
BN Data: 64 > 351
0}

mmmmmmmm

A L L LA LA LA A

L
2000 2500

L L
1000 1500
500 1000 1500 2000 Reconstructed E, (MeV)
Reconstructed E, (MeV)

Figure 3. MicroBooNE v, energy spectra from ref. [46] from the CCQE analysis, left; semi-inclusive
analysis, middle; and inclusive analysis, right.

electron neutrinos in the Booster Neutrino Beam, focusing on (1) an exclusive sample of v,
CCQE-like events with one electron and one proton in the final state, (2) a semi-inclusive
sample of MiniBooNE-like v, CC events with no pions in the final state, and (3) an inclusive
sample of all v, CC interactions. The results were very surprising, indicating a deficit of
ve with respect to the Standard Model [64], not an excess, as seen in figure 3 [46]. The v,
data, on the other hand, is higher than prediction [46].

Subsequent fits by MicroBooNE [65], as well as others [47, 64, 66], interpret the inclusive
sample (figure 3, right) within a 3+1 model. The combination of MicroBooNE’s v, deficit
and low statistics leads this data set to not significantly shift the MiniBooNE result in a
combined two-experiment fit [47, 66]. The ~ 20 deficit also weakened the v, disappearance
limit from MicroBooNE compared to the sensitivity [65].

A limitation in including MicroBooNE data in fits is that the publication from the 3+1
analysis [65] did not include a data release. Thus all external fits to the data can make use
of only the released data from ref. [46]. In this study, we follow the procedure described
in ref. [47] to address the missing information. Specifically, we leverage the MiniBooNE
Booster Neutrino Beam simulation to derive the prediction in four of the seven samples
of the MicroBooNE inclusive analysis: v, and v, fully-contained and partially-contained



events. The limitation of this approach is that it does not include information from the
remaining three 7’-based samples [67]. Nevertheless, as originally seen in ref. [47], this
approach well-reproduces the published MicroBooNE limits [65].

For the statistical treatment of the inclusive analysis, we use the combined Neyman-
Pearson X%NP [68]. This test statistic attempts to incorporate finite Monte Carlo statistics
in the small sample size regime. See refs. [69-73] for further discussion of this topic. We use
the joint covariance matrix provided by MicroBooNE to account for correlations between
the four different samples [67].

We also consider two additional nuisance parameters to account for potential additional
uncertainty in the relative efficiency of the v, and v, channels of the inclusive analysis [47].
This is motivated by systematic disagreement between data and prediction in the v,
channels. The introduced nuisance parameters adjust the overall normalization of the
prediction in the v, FC and PC channels. We consider a flat prior bounded within +1o
of the nominal prediction in the channel, where ¢ is defined as the uncertainty on the
overall normalization in each channel calculated from the reported covariance matrices. The
nuisance parameters are not penalized within the +10 window and thus effectively re-scale
the overall normalization in each v, channel under a given 3 + 1 model hypothesis toward
the observed data (bounded by +1¢ of the nominal normalization). This is important for
the v, disappearance result, as the inclusive analysis sets much stronger constraints on
sin? 20,,,, compared to their sensitivity when these nuisance parameters are not included.
Introducing the parameters relaxes the observed constraint to more closely match the v,
disappearance sensitivity calculated in ref. [66]. We have also checked that our constraints
in Am3;-sin? 26, parameter space match the published MicroBooNE constraints [65], as
shown in figure 4. It is important to note that the MicroBooNE collaboration uses the CLg
method to account for fluctuations in the observed data with respect to the no-oscillation
hypothesis [65], a strategy which is not possible in our global fit. One could in principle
achieve the same effect through a proper Feldman-Cousins interpretation of the inclusive
analysis statistical results; however, this is prohibitively difficult in the context of the current
global fit.

3.2 New to these fits: BEST

The Baksan Experiment on Sterile Transitions (BEST) experiment ran to follow up on
previously observed anomalies in Gallium data [74]. In 2019, a (3.414 4+ 0.008) MCi 5!Cr
source was placed in the center of a dual volume gallium detector. The inner spherical
volume of diameter 133.5 cm held 7.5 tons of Ga, while the outer cylindrical volume with
dimension (h,r) = (234.5,109) cm held 40.0 tons.

Like the previous Gallium anomalies, BEST observed a deficit in Ge production rate in
both volumes, with ratios of data to prediction of R;, = 0.791£0.05 and Ryut = 0.766£0.05.
The deficits are between 40 and 50, which is very large compared to results from most
electron-flavor experiments. This new addition to our fits joins two other data sets with
> 40 signals, LSND and MiniBooNE.

While an overall deficit is observed in each volume, there is no clear oscillatory effect
between volumes. However, for relatively high Am? oscillations may be rapid compared
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Figure 4. Constraints in Am?,-sin? 20, parameter space calculated in this analysis (colored
points) compared to constraints published by the MicroBooNE collaboration [65] (black line). The
MicroBooNE constraints should be compared to the rightmost edge of the green points, which
corresponds to our 95% CL constraint in this parameter space.

to the L in each volume, which would average out the signal. Averaging due to rapid
oscillations produces damping for large L/E.

In combination with the previous Gallium anomalies, a strong preference for the
ve oscillation signature is found with a large mixing angle of sin?20 = 0.34 recovered
for Am? > 1 eV2.

3.3 Updated for these fits: IceCube

The sterile neutrino analysis with the IceCube Neutrino Observatory near the geographical
South Pole studies neutrinos events that span an energy range from approximately 500 GeV
to 10 TeV and examines the northern hemisphere. The IceCube analysis examines observed
the v, event rate for upward, through-going interactions below the detector and contained
interactions within the detector. The data are analyzed as a function of reconstructed
neutrino energy, which has a large smearing for events below the detector, and zenith angle,
0.. The zenith angle plays the role of L in the usual oscillation analysis.

A deficit in this data set would arise from matter-induced effects as well as vacuum
oscillations, hence this data set is very different from the rest listed in table 1, which
are all subject to only vacuum oscillations. At TeV energies, in the presence of a light
sterile neutrino, matter-enhanced resonances producing deficits of events are expected to
appear in the energy vs. cosf, event plane. The location of the resonance disappearance
depends on the mass-square difference, Am3; and mixing angle, f4. For small mixing
angles the resonance happens for core-thoroughgoing trajectories, while for larger mixing
they can extend to the mantle region. The mass splitting controls the resonance location in
energy, where the larger the difference, the higher the resonance energy. See ref. [75] for an
extended discussion.

To date, the global fits where we have included IceCube results encompassed only 1
year of data [20, 76]. However, recently IceCube has supplied data releases for eight years of
data analyzed in a 3+1 scenario [49] and in a 3+1+dk scenario [43]. These latest analyses
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Figure 5. The MiniBooNE excess is described as a function of Eyis and cos(f), where 6 is the
electron scattering angle, from ref. [29]. We have annotated the plot by adding lines of constant E,,.
If the sample were strictly due to v, charged current quasielastic scattering, the events would be
distributed along these curves according to the neutrino energy prediction. While true of about half
the event sample, one notes a cluster of events at cos(f) > 0.9 and low energy that deviates from
expectation. The origin of this cluster is not yet identified.

used an improved event selection and systematic treatment described in ref. [77]. Notable
improvements in systematic treatments include an improved treatment of the atmospheric
flux uncertainties [78] and a new treatment of the bulk ice uncertainties [79]. To date,
IceCube has only released likelihoods with these specific models and not bin-by-bin event
rates compared to Standard Model. As a result, this data release can only be interpreted
within in 3+1, 3+1+WP (since for IceCube this will be degenerate with 3+1), and 3+1-+dk.
The likelihoods are not available for 3+2 and 343 fits and are not included in our analysis.

3.4 Updated for these fits: MiniBooNE

For these global fits, we use the final MiniBooNE data set that was released in 2022 [29].
We have updated our analysis to account for all 3 + 1-related phenomena, v, /v, appearance
and disappearance as well as v, /v, disappearance, matching the treatment outlined in
ref. [47]. In ref. [29], the MiniBooNE collaboration noted that the v, excess in the data
appears to have two contributions, one that follows the expectation of CCQE scattering and
one that is at low energy and more forward peaked than expected. The two contributions
are indicated in figure 5.

This observation has led to two explorations. The first is the “Altarelli Cocktail” where
a collection of systematic effects all combine [80]. The second is a mixed model involving
oscillations and new physics which potentially explains an excess of photons at low-energy,
where representative examples are refs. [81, 82]. For the fits here, we will assume an
explanation for MiniBooNE that is fully due to oscillations. However, we will show that
MiniBooNE does contribute at a substantial level to the tension measured in the results, as
discussed in section 2.2, and this would be consistent with either explanation.

3.5 Updated for these fits: MINOS-+

Long-baseline (LBL) experiments take advantage of measuring the neutrino flux from
a well-defined direction and baseline to determine the oscillation parameters with good
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precision. To reduce the uncertainties related to the flux and cross-section, LBL experiments
typically use a near/far configuration, where the flux is measured at two different baselines.
In the case of MINOS+ [48], the neutrino flux generated in the NuMI beam is measured in
a near detector at a 1.04 km baseline and in a far detector at 735 km.

The flux peaks at ~3GeV, but extends over a wide energy range from 0.5 GeV to
40 GeV, which allows constraints on Am2; and sin? fa3 [83] within the 3v-mixing scenario.
In the 3 4+ 1 scenario, the broad energy range makes it possible to study a large range
of masses. The oscillation length is comparable to the distance to the far detector for
Am?, € [1073,107]eV2. The oscillation will happen at shorter distances for larger masses.
For Am?, € [1,50]eV?, the neutrino will show a flavor oscillation in the near detector. In
the far detector, the new phase will be too large to be resolved by the detector resolution,
and it will average out. For masses above ~ 50eV?2, the oscillation length is shorter than
the distance to the near detector, and the oscillations will also be averaged out in the
near detector.

The combined analysis between MINOS and MINOS+ [84], which correspond to
an exposure of 16.36 x 102° POTs, excludes sin?fyy > 5 x 1073 for masses between
1072 eV? < Am?, < 10 eV? at 90% CL. Above Am? > 10 eV? mixings larger than
sin? @p4 > 2 x 1072 are excluded. Those results are the strongest bounds on sterile neutrinos
using the muon-disappearance analysis. We have included them in our present analysis,
although we note that questions have been raised about the unexpectedly strong limit of
the MINOS/MINOS+ data set at high Am? where the result should be normalization
dominated [5].

3.6 Updated for these fits: reactors

The inputs from reactor experiments have relatively modest updates compared to the
2019 fits [5].

The NEOS experiment is composed of a single detector. In order to minimize systematic
errors due to nuclear reactor models, they compare their data with a reference flux. At the
time of the 2019 fits, NEOS used Daya Bay’s unfolded 7, flux measurement [85]. Since then,
the NEOS collaboration conducted a joint analysis with the RENO collaboration [86]. Now,
the unfolded 7, flux measurement from the RENO near detector is used as the reference
flux. The RENO near detector is placed at the same reactor complex as the NEOS detector,
so this change reduces the systematic errors which may arise due to using different reactor
cores. The NEOS detector data, otherwise, remains unchanged. We update the NEOS fits
accordingly.

The PROSPECT data have been updated since the 2019 fit. The previous data set
had a reactor-on time of 33 days [87], while the most recent data set has a reactor-time of
96 days [61].

A more important update is that STEREO [45] is now included in the global fits, which
was not the case for the 2019 global fits because the data were not yet published. However,
the 2019 global fits updated with STEREO appeared in ref. [81]. The STEREO data
are given in eleven energy bins across six different cells of increasing baseline, separated
between two different run periods for a total of 179 days of reactor-on data. The fit

- 12 —



Data/Prediction

T T T
3 1 G

Visible Energy (MeV)

T T
1 2

Figure 6. Reactor data normalized by the predicted flux. Data are from RENO (inverted
triangle) [88], Daya Bay (square) [89], Double Chooz (diamond) [90], NEOS (stars) [85], PROSPECT
(triangle) [61] and STEREO (solid dots) [45].

incorporates free normalization parameters for each energy bin, thus remaining agnostic
to the reactor v, flux while searching for oscillations as a function of baseline. Following
the recommendation of the STEREO collaboration [45], we impose a 20% uncertainty
on the overall rate to compensate for the nonstandard Ay? distribution compared to the
assumption from Wilks’ theorem.

3.7 Comments about the reactor data

Overall, the reactor data sets deserve substantial discussion given their key role in these
global fits. These data sets exhibit structure that does not necessarily cancel in ratios and
that may not be due to oscillations. The structure varies from experiment to experiment.

Let us begin by considering the measured reactor energy spectrum compared to the
prediction. This is summarized for many reactor experiments, not all of which are used in
these global fits because of their baseline length, in figure 6. One sees experiments running
at power reactors (RENO, Daya Bay, Double Chooz, NEOS) and those running at research
(HEU) reactors (PROSPECT, STEREO) have generally similar features. A well-known
5MeV excess (often called a “bump”) is observed. What is not thoroughly discussed within
the community is that other features also appear. There is a deficit in some experiments
above 6 MeV. There is an excess in most experiments below 1.5 MeV. The range between
1.5 and 4 MeV may have structure also. While it is convenient to show many reactor data
sets on one plot, additional individual spectral features are obscured.

The assumption has been that these features are due to unmodeled contributions to the
reactor flux spectrum, in which case the features will have no L dependence. In response
to this, reactor experiments have switched to methods aimed at reducing sensitivity to
non-L-dependent structure. Two approaches are shown in figure 7. The left plot attempts
to remove non-oscillation structure in the NEOS [85] experiment data through normalizing
to the RENO data from the same reactor complex [88]. The right plot presents data from
DANSS, which moves the detector to regularly alternate data-taking at three locations
from the reactor core, 10.7 m (top), 11.7 m, and 12.7 m (bottom). This case shows the
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Figure 8. The STEREO L dependence in each energy bin compared to the same models presented
for NEOS/RENO and DANSS. Note the varying y-axis range. Plane Wave (PW) is 3+1, while
0 < 00 is the wave packet model.

bottom-to-top ratio [60]. In principle, all remaining structure should be due to L-dependent
new physics effects.

Comparing the structure seen in DANSS and NEOS/RENO in figure 7 to the predictions
of figure 1, one sees that the extreme wavepacket and decay scenarios have very similar
features to the structure that remains in these plots. In figure 7, we present the 341 plane
wave (PW) and the two wave-packet examples considered earlier so that the effect is clear.
The concern is that, in practice, non-oscillation excess and deficits did not perfectly cancel
due to systematic effects. Considering DANSS as an example, the peak at 6 MeV may be
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for NEOS/RENO and DANSS. Note the varying y-axis range. Plane Wave (PW) is 3+1, while
0, < 00 is the wave packet model.

from imperfect cancellation of the 5 MeV bump leaving a tail. The dip at higher energy may
be due to imperfect cancellation of the high energy dip seen in figure 6. It is difficult for those
doing global fits to conjecture why there would not be full cancellation because we do not
have hypotheses for the source of the underlying structure. Therefore, it is very important
that those who perform the reactor experiments revisit the potential systematic uncertainties
in the reactor fits to understand if this is signal or an uncharacterized background.

Regardless of unexpected energy dependence, if one considers the L dependence in each
energy bin, then, in principle, an oscillation signature should be visible. The STEREO
and PROSPECT data are treated in this manner, as per the recommendation of those
collaborations. STEREO data, as seen in figure 8, are fit for the shape of the L dependence
in individual energy bins, with the overall rate in each energy bin left as a free parameter.
In the case of PROSPECT, the prediction at each baseline and energy is scaled according
to the ratio of the total observed and predicted event rate across all baselines for each
energy bin. Here, to illustrate this, in figure 9 we show the ratio of the data scaled to the
prediction. In both cases, the effects we are considering in this discussion, indicated by the
blue and orange lines, are small compared to the data uncertainty, and so these data are in
agreement with the more precise DANSS and NEOS/RENO conclusions.

Our global fits rely on the L and E (i.e. “shape”) dependence of the reactor data
and not on the normalization for the following reason. The first-principles prediction for
the reactor event rate normalization has been observed to be higher than the measured
data, an effect called the Reactor Antineutrino Anomaly or RAA. The observation was
first reported in 2011 [91], and since that time, several groups have worked to improve
the reactor predictions to address the issue. The results are summarized in ref. [92], and
range in the ratio of data-to-prediction from 0.92570:925 for the HKSS model to 0.9757) 532
for the KI model. Because of this large theoretical uncertainty, we rely on “shape” in our
global fits.
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4 About the fitting code and methods used to quantify results

The fitting code uses a Markov Chain Monte-Carlo (MCMC) as described in ref. [5].
Each experiment is considered independently, but individual experimental systematics
are included based on information from the relevant collaboration. The MCMC has the
convenient property of sampling the model space, which allows us to use its sample points
to display confidence regions and exclusion curves. The confidence regions are described
in two dimensions (Am? and sin® 20) using Wilks’ theorem with 2 degrees of freedom on
the profiled x?, and this is what we report here. We have compared the Wilks’ theorem
approach to a Bayesian approach in the past and find agreement, with more allowed space
in the Bayesian case [5], but do not present those results here.

Specifically, to quantify the quality of the fits, we use Ay? = Xr21ull — anodel unless
otherwise noted. The Ax? subtracts the contribution from bins irrelevant to the model.

The focus of concern over many years has been the compatibility of subsets of data
within the overall collection of global data. For a detailed discussion see ref. [5], but in
particular, the appearance (app) (column 1 of table 1) and disappearance (dis) sets (columns
2 and 3 of table 1) when fit separately in a 3+1 model, show little overlap in Am? of
preferred parameter space. The concern is that this points to different sources of anomalous
effects in the two subsets, even in the presence of a large improvement in the global fit
indicated by the Ax?2.

The agreement within subsets is traditionally measured through the parameter goodness
of fit (PG) test [93]. Along with the global fit (glob), the two subsets are fit separately
allowing one to form an effective y2:

Xba = X — (X + Xis) - (4.1)
The number of degrees of freedom is then:
NPG == (Napp + Ndis) - Nglobv (42)

where each N is the number of independent parameters involved in the given fit. To be
specific, for a model important to this discussion, for the 3+1+WP case, glob and dis will
each have four parameters, Am?, |Ue4|?, |U,u4|? and o, and app will have two parameters,
Am? and |Ues|?|U 4/, s0 Npg = (44 2) —4 = 2. In contrast, in the example of the 3+1+dk
case, where T is fit in all data subsets, Npg = (4 + 3) — 4 = 3. The probability is based
on assuming a x? distribution for X%’G and Npg and is defined as the “tension” between
the subsets.

5 Results

It has been clear for many years that 3+1 is an inadequate model to explain the data.
However, as we present results, we begin with this model for three reasons. First, it is widely
used, even if known to be inadequate. Second, the features that appear are instructive.
Third, the comparison to models with damping (3+1+WP and 3+14dk) will highlight that
those models are better at describing the data. For completeness, we also include results
from 342 and 3+3 to show that those models result in less improvement. That points to a
preference for less structure (damping) in the data than for more structure (many mass
splittings). The results are summarized in table 2.
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Fit type: 3+1 3+2 3+3 | 3+1+WP | 3+1+dk
(Null vs Sterile)

Ax? 46.5 56.9 67.4 61.1 60.6
Adof 3 7 12 4 4
p-value 4.4E-10 | 6.3E-10 | 9.8E-10 | 1.7E-12 | 2.2E-12
No 6.2 6.2 6.1 7.1 7.0
(341 vs Other)

Ax? 10.1* 20.6* 14.6 14.1
Adof 4 9 1 1
p-value 3.9E-2 | 1.5E-2 1.3E-4 1.7E-4
No 2.1 2.4 3.8 3.8
(PG Test)

XZop 148.2 131.8 131.1 148.2 146.8
Napp 2 5 9 2 3
X3is 639.8 | 626.1 | 625.2 638.4 641.4
Nais 3 6 9 4 4
Xzlob 816.1 796.2 785.7 801.5 807.5
Ngiob 3 7 12 4 4
Xba 28.1 38.4 29.5 14.9 19.3
Npg 2 4 6 2 3
p-value 7.9E-07 | 9.3E-08 | 4.9E-05 | 5.8E-04 2.4E-4
No 4.9 5.3 4.1 3.4 3.7

Table 2. A summary of the quality of the fits. Columns correspond to the five types of fits.
Top section: comparison of quality of null to each fit including sterile neutrinos; second section:
comparison of 3+1 to the extended models; bottom section: PG test results for each model, where
egs. (4.1) and (4.2) explain how x4 and Npg are determined. The asterisk (*) denotes that the
3+2 and 343 models are compared to a 3+1 fit that does not include IceCube, as explained in
the text.

5.1 3+1 (plane wave) fit results

This section describes the 2022 results for fits to the commonly used, plane-wave 3-+1 model.
Results are shown in figure 10. One sees that the new fits prefer a Am? = 13 eV? compared
to 1.3eV? from the 2019 fits — an order of magnitude shift. This large shift is due to the
interplay of the new inclusion of BEST, which has little L dependence, and so fits well at
large Am? but requires very large mixing, and the updated collection of reactor data that
is poorly fit by a 341 model, but that does not produce a strong limit above Am? = 10eV?2.
This forces the fit point to just above the reactor limit in the v, disappearance samples,
as can be inferred from figure 10, top left, and the other samples can find solutions in the
same range, making this the best-fit point. The best-fit mixing matrix parameters are
[Uea|? = 8.5 x 1072 and |Uy4|? = 3.8 x 1073, The Ax?/DOF for 3+1 compared to null is
46.5/3, which is an extraordinary improvement from adding one sterile neutrino — far more
than 50. This says that some effect that is not in the null prediction, and that has features
similar to 3+1, is very strongly preferred by the data.
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Figure 10. The plane wave 3+1 fit results to the 2022 data sets. Top Left: electron-flavor
disappearance; top Right: muon-flavor disappearance; bottom: appearance. Note that each plot is a
projection profiled from the 3D fit space.
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Figure 11. Illustration of the tension within the 3+1 fit. Results of separate app and dis fits
for the v, disappearance (populating upper left), v. disappearance (populating upper right), and
appearance (populating lower region) data sets. The 95% region, equivalent to the green in figure 10,
is shown in a different color for each of the mixings. Dashed lines guide the eye on the level of the
gap in preferred Am?2.

The range of the axes in the plots of figure 10 shows the parameter space searched for
this analysis. The plots in figure 10 are projections profiled from the 3D parameter space
into the 2D planes. Although a large space is searched, the allowed regions are small. Since
there is only one answer, that, in itself, is not an issue. The best fit x? minimum is very
deep compared to null.

With that said, there is well-known tension internal to the data sets that has become
worse with these 2022 fits. In figure 11, we show the separate 95% CL allowed regions
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Fit App vs. Dis | Am? best fit (eV?)
tension App., Dis, Global

3+1 490 0.24, 7.8, 13
3+1+WP 3.50 0.24, 1.4, 1.4
3+1+WP, No MiniBooNE 2.1 0.84, 1.4, 1.4

Table 3. Progression of reduction of tension of fits from 3+1 to 3+1+WP to 3+14+WP with
MiniBooNE removed from fit.

for electron and muon disappearance (dis), orange and purple respectively, and muon
to electron appearance (app) overlaid on the same plot in green. One sees that the v,
disappearance solutions populate the upper left (high Am?, small mixing angles) and v,
disappearance populates the upper right (high Am?, large mixing angles). Since sin? 20,
and sin® 20,,, are independent, these two data sets are compatible with a best combined fit
of Am? = 7.8eV2. As discussed in section 2, the underlying matrix elements for sin? 26,.
and sin? 20,,,, combine to make sin? 20,,c, however this can be accommodated in the fits.
The tension primarily arises from the large gap in preferred Am? between the disappearance
data sets and the appearance data set. The appearance data set has a preferred fit at
Am? =0.24eV?. To emphasize this gap, we show dashed lines consistent with the lowest
Am? allowed solutions for v, and v, data in orange and purple, and the highest allowed
solution for appearance in green. This means that the app and dis tension is high, and that
the global fit Am? at 13eV? is a poor compromise for both. Making this quantitative using
the PG test discussed in section 4, the level of disagreement is X%G /Npg = 28.1/2, which
represents a 4.9¢0 tension.

As with the cosmological data, we have not included solar neutrino data in our fits
because the interpretation of these data is model-dependent (see for example, ref. [22]).
However, we have tested the effect of solar neutrino data on the studies by introducing a
constraint on sin? 26, from ref. [94]. The result changes the Ax?/dof from 46.5/3 to 38.2/3.
Thus, 3+1 remains a substantially better solution than the three neutrino solution.

5.2 34+1+WP fit results

Introducing 3+1+WP leads to a substantial improvement in the fit results. We have
qualitatively discussed the reason for this in sections 2.2 and 3.7. Here, we discuss the
quantitative results of the global fit, and then consider the implication of the results from
medium- and long-baseline reactor experiments in a simplified model.

5.2.1 Results of the global fit

The improvement in the fit compared to the null is Ax?/dof = 61.1/4. The improvement is
14.6/1 compared to 3+1. The best-fit Am? = 1.4eV? which is in excellent agreement with
the 2019 fit. This Am? shift from the higher 3-+1 solution arises because the 3+1+WP
result damps and weakens the predicted low energy oscillations for reactor experiments.
The best-fit mixing matrix parameters are |Ues|? = 8.8 x 1072 and |Ups|* = 3.7 x 1073,
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Figure 13. Left: illustration of the tension within the 3+1+WP fit. The gap between the dis and
app allowed regions is greatly reduced. Right: same but with the MiniBooNE appearance data set
removed from the fits. At this point, one sees overlap of the 20 regions between the app and dis
allowed regions.

Plots of the allowed regions are provided in appendix A. For the wavepacket size, the best
fit finds o, = 67 fm. Figure 12 shows the o, fit as a function of Am?. This can be compared
to the reactor data fit alone for the wavepacket effect, which prefers 91 fm corresponding to
the green curve on figure 1. Thus, this model is introducing strong damping on the reactor
prediction at low energy but the best fit allows shape effects at large energies.

Next, let us consider the tension in this model. The 3+1+WP model yields XIQPG /Npg =
14.9/2. This represents 3.40 tension, which is still significant but is substantially higher
probability than the 4.9¢ tension of the 3+1 case. We summarize the probabilities in table 2.
Another way to say this is that the X%’G improved by 13.2 units with the addition of only 1
degree of freedom.

Figure 13, left, allows one to visualize the improvement. Compared to figure 11 for
341, dis and app allowed regions for 3+1+WP no longer show a gap and, instead, have
substantial overlap. However, one still sees a gap between the dis and app best fit points,
and that indicates some tension remains.

We can test for the primary source of the remaining tension in the model by removing
each experiment while leaving all others in the fit. The largest improvement comes from
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Figure 15. Event count, including background, from the KamLAND data release. The prediction
for two-neutrino oscillations with Am? = 7.4 x 107°eV? is shown in gray. The prediction also
including a 100 fm wavepacket is shown in blue.

removal of MiniBooNE. MiniBooNE is unique among the experiments in that it appears to
have two signal sources, one that is consistent with v, CCQE-like scattering and an additional
signal consisting of forward scatters [29], as described in section 3.4. The fit of the total signal
to the CCQE-like prediction with oscillations prefers (sin? 20, Am?)=(0.807,0.043 eV?) [47],
far from the best fit parameters of the other experiments. Thus, removing this experiment
improves the tension. The progression of improvement in tension is presented in table 3,
and is also illustrated by the improved proximity of the app and dis best fits in figure 13,
right, when MiniBooNE is removed. Quantitatively, removing MiniBooNE leaves 2.1¢0 of
tension, where no single experiment dominates.

5.2.2 Comment on medium- and long-baseline reactor data

As discussed in section 2, these global fits use the short-baseline, or “sbl” approximation.
Thus, the world’s data sets that are sensitive to low mass splittings, below 1072 eV?, are
not included. As a result, the data in our global fits does not include the medium- and
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long-baseline reactor data sets. In a full global fit, that also includes the light neutrino
parameters and the wavepacket effect, these data sets would influence the value of o,. It is
beyond the scope of this paper to expand to a full fit, however, here we consider simplified
approaches to estimate the impact of these data sets.

The Daya Bay and Reno medium-baseline reactor data were examined in a two neutrino
oscillation model with wavepacket effect by de Gouveéa, et al., in ref. [13]. That group found
that medium-baseline data prefer o, > 95fm at 95% CL. This overlaps with our global fit
that has an allowed region of 46 < o, < 110fm at 95% CL. Thus, the medium-baseline
reactor data does not conflict with our result, and, in fact, a fit that goes beyond the sbl
approximation to include the medium-baseline data is expected to narrow and strengthen
the allowed region for o,.

Next, we explore the long-baseline reactor data. At present, KamLAND supplies the
only long-baseline reactor data, although JUNO will follow with additional results in the
late 2020’s [95, 96]. De Gouvéa, et al., have shown in ref. [14] that KamLAND imposes
constrains o, > 210 fm at the 90% confidence level in the three neutrino fit. To explore the
level that KamLAND disagrees with the 3+1+WP result, and to understand the source
of the disagreement and its implications for JUNO, we have incorporated the KamLAND
data as a constraint in our fits.

Figure 15 shows the data from the KamLAND data-release (including backgrounds) [97,
98]. The gray line overlays the result of the KamLAND-reported flux modified by a two-
neutrino fit to the data that corrects for 5 MeV unexplained reactor-flux feature and fits the
76 bins with > 1 event. The result prefers Am? = 7.4 x 107° eV2, which is very close to the
KamLAND-reported best fit of Am? = 7.5 x 107°eV? [97]. The blue line is an example of
the predicted oscillation including the wavepacket effect with ¢ = 100 fm. A striking feature
of this plot is the low data point at prompt energy E, = 2.85MeV. This data point, which
lies at a minimum of the two-oscillation (no wavepacket) prediction, represents a deviation
from the fit with a Poisson probability of 2.9 x 10~%, hence a very rare fluctuation. The
disagreement between this point and the wavepacket prediction is even worse, since that
prediction (blue) lies above the two neutrino oscillation prediction (gray).

To explore the impact of the KamLAND data on the wavepacket discussion, we use the
data as a constraint on our global fit, including statistical and systematic errors as described
in the data release. Figure 16 shows the o, global fit result for the KamLAND data set.
For reference, the no-KamLAND global fit from figure 12 is indicated at 95% CL by the
dashed enclosed region. The KamLAND data set prefers solutions for o, at relatively high
Am?, where the short baseline reactor results are smoothed by rapid oscillations. However,
a small island at Am? = 1.4eV? exists at 99% CL that is consistent with the no-KamLAND
fit. The highly unlikely fluctuation at 2.85 MeV has a major impact on this result. To see
the effect, we fit with the 2.85MeV point removed, where the best fit shifts to Am? of
1.4eV? and produces a closed contour with 52 < o < 114fm at 95% CL, as seen in figure 16
(right). Assuming the KamLAND point at 2.85 MeV is a statistical fluctuation, JUNO is
most likely to observe a higher value. Thus, the result of figure 16 (left) and (right) can be
expected to bracket the JUNO expectation, allowing o, =~ 100 fm.
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Figure 16. Two cases that bracket the expectation for JUNO for o, (see text). Left: Am? vs o, in
the 3+1+WP fit with full KamLAND constraint. Right: the 3+14+WP case with the KamLAND
constraint modified by excluding the low point at 2.85 MeV with probability of 2.9 x 10~*. The
dashed enclosed region is the allowed region for 3+1+WP with no long-baseline reactor constraint
(see figure 12).

5.3 3+41-+dk fit results

The 3+1+dk model yields a similar result to 3+1+WP, underlining the preference for
a damping term. The best fit is Am? = 1.4eV?; the best-fit mixing parameters are
[Uea|? = 1.0 x 107! and |U,4)? = 5.5 x 1073%; and the best-fit I' = 0.35eV. The example
given in green in figure 1, right is from the reactor only fit at a similar value of I' = 0.29 eV.
Plots of the allowed regions are provided in appendix B. The difference between the models
is that in this case the damping parameter affects all data sets rather than just the reactor
experiments and has a slightly different dependence on L/E. The overall goodness of fit
matches 34+1+WP, with Ax? compared to 341 of 14.1 for only 1 additional fit parameter.
The tension in this model is compared to 3+1 and 34+14+WP in table 2. For this model,
when fitting all experiments, the X%G is 19.3 for Npg = 3, hence the tension is at the 3.70
level. One can gain a visual sense of the relative improvement by comparing figure 14 to
figures 11 and 13, left. One sees that while there are differences in the allowed regions
overall, 3+1+WP and 3+1+dk are improving the fits.

As a similar test to the wavepacket case, we have fit the reactor experiments separately.
We find T' = 0.29 €V, which is very similar to the I' = 0.35eV case for the global fit. These
are both also similar to the IceCube-only best fit point, which is I' = 0.40eV [78]. Thus,
this parameter appears to be consistent across data sets.

5.4 342 and 343 fit results

One can question whether the improvement comes specifically from damping or from
adding extra degrees of freedom in general. Two often-tested models with substantially
higher degrees of freedom are 3+2 and 343 models, with 7 and 12 parameters, respectively.
Unlike adding a damping term, these models add additional mass splittings that produce
interference effects, allowing very complex waves to be fit to the global data.

The tension results are reported on table 2, where the asterisk (*) denotes that these
fits do not include IceCube. IceCube cannot be included in these fits because the necessary
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likelihood information is not released. Therefore, we fit a separate set of 3+1 data without
IceCube for comparison. The overall Ax?/DOF measured with respect to the null is 56.9
(67.4)/ 7 (12) for 3+2 (3+3). For clarity, the parameters from the 342 fit are: the 2 mass
splittings, 4 mixing elements (Uy;), and 1 CP violating phase; and for the 343 fit are: the
3 mass splittings, 6 mixing elements (U,;), and 3 CP violating phases.

It is striking to note that the 342 tension is 2.00 larger in these fits than for the
3+1 that includes IceCube, when one would expect that adding additional parameters
would relieve tension. This shows that the IceCube data is playing an important role and
we encourage IceCube to pursue at least the 3+2 fits, recognizing that 3+3 fits may be
computationally prohibitive.

6 Conclusion

We have performed global fits to the 2022 short baseline vacuum-oscillation data sets and
the v, matter resonance data from IceCube. The data show a preference for a 34+1+WP
model or for a 34+1+dk model over only-3 or 341 models. These models have the effect
of damping oscillations at low energy in the reactor data. Some modulation is preferred
at high energies. These models, which each introduce one new parameter, are essentially
similar in their major improvement to the fits. On the other hand, the 342 and 3+3 models
increase and only minimally decrease tension in the fit, respectively.

These studies show that a large fraction of the tension between appearance and
disappearance in 3+1 fits comes from the reactors, a point that has not previously been
noted. However, when the damped models are employed some tension remains. The
remaining tension is greatly improved when MiniBooNE is not included in the fit. This
may indicate that some fraction of the MiniBooNE excess events are inconsistent with the
global picture of oscillations, as we have shown in this paper.

Lastly, we point out that the reactor event spectrum has a great deal more structure
beyond the 5MeV excess that is typically discussed. Rector experiments have taken steps
in analyzing data to reduce sensitivity to the unexplained structure. However, it is not
clear that the techniques employed fully remove residual, L-dependent effects. As a result,
we urge the reactor community to revisit the systematic errors. Results that set limits
receive less scrutiny than results that indicate signals, and this might have led to systematic
effects being overlooked. However, it is crucial that this question be revisited because, if
systematic effects have not been overlooked, then the structure in reactor experiments is
pointing toward new physics that damps 341 oscillations.

Acknowledgments

MHS is supported by NSF grant PHY-1707971 and NSF grant PHY-1912764 supported
JMC, AD, and JMH. NWK is also supported by the NSF Graduate Research Fellowship
under Grant No. 1745302. CAA, IMS, and MJ are supported by the Faculty of Arts and
Sciences of Harvard University. Additionally, CAA and IMS are supported by the Alfred
P. Sloan Foundation. We thank B. Littlejohn for input on the PROSPECT results and 1
Shimizu, L.A. Winslow and A. de Gouvéa for discussions concerning KamLAND impact.

— 24 —



Am?, (eV?)
Am3, (eV?)

Am7, (eV?)

3+1+WP 3+1+WP 3+14WP

10255 3 = o 102 3 5 o = 3 > = o
0 10 10 10f 10 10 10° 10 10 10 10
Sin?(26ee) Sin?(26,,) Sin?(26,¢)
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A More information on fit parameter for 3+1+WP

For 3+1+WP, the projection profiled over the 4D parameters space for the three mixing
angles is presented in figure 17. The limits of the plots indicate the range of parameters
explored in these fits.

B More information on fit parameters for 3+1-+dk

For 3+1+dk, the projection profiled over the 4D parameters space for the mixing angles

and the mass splitting are presented in figure 18. The decay width parameter space is

explored in figure 19.
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342
Am3,, Am2, in eV? 2.8E+1, 3.2E+1
Ues, Upa 2.7E-1, 6.7E-1
Ues, Uys 1.6E-1, 1.2E-1
P54 3.7E4+0
3+3
Am3,, Am2,, Am2s in eV? | 1.4E-2, 2.2E-1, 1.3E+1
Uea, Upy 7.3E-2, 9.8E-2
Ues, Ups 8.8E-2, 9.9E-1
Ues, Uus 2.8E-1, 2.7E-2
®54, P65, Pea 3.9E40, 5.3E-1, 6.0E40

Table 4. Best fit parameters for 342 (top) and 3+3 (bottom).

C Fit parameters for 3+2 and 3+3

Table 4 lists the best fit parameters for the 3+2 (top) and 3+3 (bottom) fits.
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