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• fermionic singlets under the SM gauge group: 
„sterile neutrinos“, „right-handed neutrinos“, „heavy neutral leptons“ 

• generically present in models for neutrino mass (e.g. seesaw)

2

Sterile neutrinos — a very simple extension of the SMIntroduction

Sterile neutrinos - a very simple extension of the SM

“sterile neutrinos”: fermionic gauge singlets or right-handed neutrinos

Yukawa term:
LY = �yL̄L�̃NR + h.c.

bare Majorana mass term:
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I can have any number of them
(no requirement from anomaly cancellation for true singlets)

I we have no (very little) guidance about their mass (y and MR)
MR is not related to the Higgs VEV (unlike for charged fermions)
) new scale in the theory

T. Schwetz 8



Th. Schwetz — PASCOS 2022 — 29. 7. 2022

• fermionic singlets under the SM gauge group: 
„sterile neutrinos“, „right-handed neutrinos“, „heavy neutral leptons“ 

• generically present in models for neutrino mass (e.g. seesaw)

2

Sterile neutrinos — a very simple extension of the SMIntroduction

Sterile neutrinos - a very simple extension of the SM

“sterile neutrinos”: fermionic gauge singlets or right-handed neutrinos

Yukawa term:
LY = �yL̄L�̃NR + h.c.

bare Majorana mass term:

1
2

NT

R C�1M⇤
RNR + h.c.

I can have any number of them
(no requirement from anomaly cancellation for true singlets)

I we have no (very little) guidance about their mass (y and MR)
MR is not related to the Higgs VEV (unlike for charged fermions)
) new scale in the theory

T. Schwetz 8

How many?



Th. Schwetz — PASCOS 2022 — 29. 7. 2022

• fermionic singlets under the SM gauge group: 
„sterile neutrinos“, „right-handed neutrinos“, „heavy neutral leptons“ 

• generically present in models for neutrino mass (e.g. seesaw)

2

Sterile neutrinos — a very simple extension of the SMIntroduction

Sterile neutrinos - a very simple extension of the SM

“sterile neutrinos”: fermionic gauge singlets or right-handed neutrinos

Yukawa term:
LY = �yL̄L�̃NR + h.c.

bare Majorana mass term:

1
2

NT

R C�1M⇤
RNR + h.c.

I can have any number of them
(no requirement from anomaly cancellation for true singlets)

I we have no (very little) guidance about their mass (y and MR)
MR is not related to the Higgs VEV (unlike for charged fermions)
) new scale in the theory

T. Schwetz 8

How many?

At which mass scale? 

(  not related to Higgs vev)

MR
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 effects in        
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Sterile neutrinos at which mass scale?

 effects in        
collider sign.

predictive minimal scenario (vMSM):  
Asaka, Shaposhnikov ’05; Hernandez et al.,’16; 
Drewes et al.,’16,…

possible gravitational wave signature: 
Buchmüller, Domcke, Kamada, Schmitz ’13;  
Dror, Hiramatsu, Kohri, Murayama, White ’19;  
King, Pascoli, Turner, Zhou ’20;…
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This talk:

 effects in        
collider sign.

high-intensity 
frontier
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Sterile neutrinos at the eV scale?

eV-scale sterile neutrino oscillations

Hints for sterile neutrinos at the eV scale?

I Reactor anomaly (‹̄e disappearance)
I predicted vs measured rate
I distance dependent spectral distortions

I Gallium anomaly (‹e disappearance)

I LSND (‹̄µ æ ‹̄e appearance)

I MiniBooNE (‹µ æ ‹e , ‹̄µ æ ‹̄e appearance)
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Electron-neutrino disappearance

eV-scale sterile neutrino oscillations

Hints for sterile neutrinos at the eV scale?

I Reactor anomaly (‹̄e disappearance)
I predicted vs measured rate
I distance dependent spectral distortions

I Gallium anomaly (‹e disappearance)

I LSND (‹̄µ æ ‹̄e appearance)

I MiniBooNE (‹µ æ ‹e , ‹̄µ æ ‹̄e appearance)
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mixing parameter |Ue4 |2 = sin2 θee
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•need to fit measured beta-spectra from  
235U, 239Pu, 241Pu [Schreckenbach et al., 80s], 238U [Haag et al., 1312.5601]  
and predict the corresponding neutrino spectra 

•difficult nuclear physics calculations, uncertainties difficult to estimate 

• two methods:  

•conversion method using „virtual beta branches“ 

•ab initio calculations using nuclear data tables  
problem of „forbidden“-decays 

7

Reactor reactor neutrino fluxes
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40 years of reactor neutrinos physics rest on the ILL measurments
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• tension between „predicted“ and observed neutrino rates at nuclear reactors  

9

The reactor rate anomaly 2011
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The reactor rate anomaly 2011

8

Model Rates Evolution Rates + Evolution

Rmod RAA Rmod RAA Rmod RAA

HM 0.936+0.024
�0.023 2.5� 0.933+0.025

�0.024 2.6� 0.930+0.024
�0.023 2.8�

EF 0.960+0.033
�0.031 1.2� 0.975+0.032

�0.030 0.8� 0.975+0.032
�0.030 0.8�

HKSS 0.925+0.025
�0.023 2.9� 0.925+0.026

�0.024 2.8� 0.922+0.024
�0.023 3.0�

KI 0.975+0.022
�0.021 1.1� 0.973+0.023

�0.022 1.2� 0.970± 0.021 1.4�

HKSS-KI 0.964+0.023
�0.022 1.5� 0.955+0.024

�0.023 1.9� 0.960+0.022
�0.021 1.8�

TABLE V. Average ratio Rmod obtained from the least-squares analysis of the reactor rates in Table IV and of the Daya Bay [25]
and RENO [27] evolution data for the IBD yields of the five models in Table III. The RAA columns give the corresponding
statistical significance of the reactor antineutrino anomaly.
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FIG. 2. Ratio Rexp

a,HM
of measured and expected IBD yields for the reactor experiments considered in our analysis as a function

of the reactor-detector distance L for the HM model. The error bars show the experimental uncertainties. The horizontal green
band shows the average ratio RHM and its uncertainty, that gives a 2.5� RAA.

Giunti, Li, Ternes, Xin, 2110.06820

 2.5   σ
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• new ab initio calculations [Estienne et al., 1904.09358] find decrease in 235U flux, 
better agreement with DayaBay 

•new conversion [Hayen et al., 1908.08302] including forbidden decay shapes via shell 
model calc., better fit to 5 MeV region

11

Reactor anomaly — recent updates on calculations

3

Analysis �2
3⌫ �2

min ndata p n�

HM Rates 41.4 33.5 40 2.0⇥ 10�2 2.3

Ab Initio Rates 39.2 37.0 40 0.34 0.95

HKSS Rates 58.1 47.5 40 5.0⇥ 10�3 2.8

Spectra 184.9 172.2 212 1.8⇥ 10�3 3.1

DANSS + NEOS 98.9 84.7 84 8.1⇥ 10�4 3.3

TABLE I. A summary of relevant statistics in our analyses.
We show �2 for sin2 2✓ee = 0, �2

3⌫ , and the minimum value of
�2 over the sterile neutrino parameter space, �2

min. We also
tabulate the number of data points for each analysis, ndata,
the p-value at which three-neutrino mixing can be excluded
and the number of � corresponding to that p-value.

derestimates the true theoretical uncertainty. A more re-
alistic error budget would further degrade the preference
for a sterile neutrino. On the other hand, the HKSS pre-
dictions result in stronger evidence for a sterile neutrino:
recalculating the shape factor accounting for forbidden
decays results in an increased expected IBD rate, imply-
ing larger experimental deficits. Relevant statistics for
these analyses are compiled in Table I.
We conclude this discussion by underscoring that the

diverging preference for a sterile neutrino between the ab
initio and HKSS flux predictions highlights the need to
reappraise the data underpinning these predictions. As
of present, improved TAGS measurements in the ab initio
model and the more complete treatment of forbidden de-
cays in HKSS modify the total predicted rate to roughly
the same degree but with opposite signs. Concerns about
vastly increased uncertainties from first-forbidden decays
[59] seem not to be borne out in the detailed analysis in
HKSS. That said, these conclusions can only be solidified
with the collection of more and improved data.
The Spectral Anomaly: We shift our attention to

the reactor ⌫e energy spectra measured at Bugey [36],
DANSS [60], Daya Bay [61], Double Chooz [34], NEOS
[32] and RENO [33]. With the exception of NEOS, each
of these experiments measures the ⌫e spectrum at multi-
ple positions and publishes ratios of these spectra. The
benefit of such ratios is that the dependence on the reac-
tor flux model largely cancels, mitigating theoretical un-
certainties. The NEOS collaboration presents their spec-
trum as a ratio with respect to the spectrum measured at
Daya Bay in Ref. [62], which introduces mild flux model
dependence into the analysis; see Ref. [22] for details.
PROSPECT [63] and STEREO [64, 65] have also pro-

duced constraints in the last few years. Given that these
experiments are still collecting data and that only lim-
ited information on how to include them in a global fit is
available, we choose not to include them here. We discuss
their expected impact below.
The two-flavor approximation in Eq. (1) is used for

Bugey, DANSS and NEOS, but we use the full four-
neutrino framework for Daya Bay, Double Chooz and
RENO. These spectral ratios are combined in a single

�2 function of the form

�2 =
X

A

(~SA
exp � ~SA

pred)
T · (VA)

�1 · (~SA
exp � ~SA

pred), (3)

where A indexes the experiments, ~SA
exp is the experimen-

tal spectral ratio and ~SA
pred = ~SA

pred(sin
2 2✓ee,�m2

41) is
the predicted spectral ratio. Each experiment has its
own covariance matrix VA that includes both experimen-
tal and theoretical uncertainties. In principle, all exper-
iments are correlated through the theoretical uncertain-
ties. Practically speaking, these correlations are negligi-
ble.

The �2 is calculated at each point in the sin2 2✓ee–
�m2

41 parameter space; the results are shown in Fig. 1.
The 1�, 2� and 3� preferred regions are shown in dark,
medium and light green, respectively, and are consistent
with similar results in Refs. [6, 29, 57]. The sensitivity
is primarily driven by DANSS; the total evidence for a
sterile neutrino is 3.1�. It is noteworthy that NEOS and
DANSS point to the same �m2

41 despite their baselines
di↵ering by a factor of two. Relevant statistics are com-
piled in the last line of Tab. I.

We do not combine our rate and spectral analyses;
there are nontrivial correlations between the rate mea-
surements at Bugey, Daya Bay, Double Chooz and RENO
and the corresponding spectral measurements that would
need to be taken into account. However, one can infer
from Fig. 1 that the spectral analysis is consistent with
the ab initio analysis; the latter shows weak preference
for a sterile neutrino, so consistency is essentially guar-
anteed. However, one can also infer that the tension be-
tween the spectral and HKSS analysis is greater than
with the HM analysis. In this way, too, we see the ab
initio and HKSS analyses diverge.

Future Experiments: It is useful and imperative
to consider how this parameter space can be probed in
the near term, given the uncertainty surrounding analy-
ses of the rates but the apparent robustness of spectral
measurements. We consider only experiments searching
for ⌫e/⌫e disappearance; for discussions on the future of
⌫e/⌫e appearance and ⌫µ/⌫µ appearance/disappearance,
see Refs. [7, 8].

We begin with PROSPECT and STEREO, which have
produced early results [63–65], but not, at present, final
analyses. These experiments were designed in the first
half of the decade to conclusively probe the RAA as pre-
sented in Ref. [1]; early results indicate that they will
achieve this. However, since these experiments were con-
ceived, reactor spectrum experiments have shifted the
preferred sterile neutrino parameters to smaller mixing
angles than previously indicated.

We use PROSPECT as proxy to study how well
current-generation reactor can probe the regions pre-
ferred by the four global analyses presented here. The
expected 3� sensitivity for three years of operation is
shown in dot-dashed dark red in Fig. 1 [54]. This sen-
sitivity represent a prediction of how a null result from

Huber, Muller, 2011

Estienne et al., 1904.09358 

Hayen et al., 1908.08302 

Berryman, Huber, 1909.09267
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… after 40 years of Schreckenbach et al. ILL measurements … 
… and 10 years of anomaly …

12

The end of the reactor rate anomaly?
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Reevaluating reactor antineutrino spectra with new measurements
of the ratio between 235U and 239Pu β spectra

V. Kopeikin ,1 M. Skorokhvatov,1,2 and O. Titov 1,*

1National Research Centre Kurchatov Institute, 123182 Moscow, Russia
2National Research Nuclear University MEPhI (Moscow Engineering Physics Institute),

115409 Moscow, Russia

(Received 5 March 2021; revised 25 May 2021; accepted 20 August 2021; published 25 October 2021)

We report a reanalysis of the reactor antineutrino energy spectra based on the new relative measurements
of the ratio R ¼ eS5=eS9 between cumulative β spectra from 235U and 239Pu, performed at a research reactor
in National Research Centre Kurchatov Institute (KI). A discrepancy with the β spectra measured at Institut
Laue-Langevin (ILL) was observed, indicating a steady excess of the ILL ratio by the factor of
1.054" 0.002. We find a value of the ratio between inverse beta decay cross section per fission for
235U and 239Pu: ð5σf=9σfÞKI ¼ 1.45" 0.03, and then we reevaluate the converted antineutrino spectra for
235U and 238U. We conclude that the new predictions are consistent with the results of Daya Bay and
STEREO experiments.

DOI: 10.1103/PhysRevD.104.L071301

In reactor antineutrino studies, most experiments are
analyzed on the basis of knowledge of the antineutrino
spectra emitted from reactors. In these cases, the initial
spectrum “at the moment of birth” in the reactor core is
used. Uncertainties in the knowledge of this spectrum limit
the sensitivity of the experiments, and systematic errors can
simulate or mask new unexpected effects. In pressurized
water reactors (PWR), the electron antineutrino (ν̄e) flux
emitted by nuclear fuels in the fission chain reaction is
generated in β decays of the neutron-rich fission fragments
of U and Pu isotopes. Despite numerous past and current
studies, the accurate specification of the energy ν̄e spectrum
is an open problem.
The antineutrino spectra of 235U, 239Pu and 241Pu were

predicted converting the cumulative β spectra measured
with the BILL spectrometer at the high flux reactor in
Institut Laue-Langevin (ILL) [1–4]. The conversion pro-
cedure uses a set of about 30 allowed β transitions to fit the
measured electron spectrum. The corresponding ν̄e spectra
of these individual transitions are then summed to build the
total ν̄e spectrum. Later, a β-spectrum study for fast
neutrons fissions of 238U was done in a separate experiment
[5] at the neutron source FRM II in Garching. In this case, a
more empirical conversion method based on the similarity
of the cumulative β and ν̄e spectra was used.
There is another approach based on the summation

method in which the antineutrino spectra from fission
fragments are calculated ab initio using β-decay informa-
tion from nuclear databases and theoretical inputs. These

calculations were used initially in several studies [6] and
are constantly being improved by means of new fission and
nuclear data (see, e.g., Ref. [7] for recent results). Our study
is focused on conversion calculations, so we do not
consider the summation method hereinafter.
The commonly used conversion method is based on a

scheme described in Refs. [1–3] and later in [8], where an
improved model has been developed (Huber-Mueller
model, HM). But the measured antineutrino rate in precise
experiments near reactors via inverse beta decay (IBD)
reaction

ν̄e þ p → eþ þ n

(with a threshold of 1.8 MeV) corresponds to a deficit of
about 4–5% as compared to the predicted rate. This
anomaly, known as the reactor antineutrino anomaly
(RAA) [9], caused a number of studies directed to search-
ing ν̄e oscillations to a hypothetical, so-called “sterile”,
neutrino state. Alternatively, the explanation for RAA is
due to possible errors in predicting the ν̄e spectrum for
reactor antineutrino fluxes.
A new analysis of the conversion procedure based on the

recent measurements of the ratio between the cumulative
fission β spectra for 235U and 239Pu, performed in [10], is
the topic of the present study.
Obviously, the HM model is strongly dependent on the

original β spectra measured in ILL experiments. These
experiments consisted in irradiating thin targets of uranium
and plutonium inserted to the reactor and exposed to a high
neutron flux. The energies of β particles were measured
with a high precision by extracting electrons to the BILL*titov_oa@nrcki.ru

PHYSICAL REVIEW D 104, L071301 (2021)
Letter Editors' Suggestion
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strong argument for a revision of the currently used
ν̄e-spectra reconstruction, mainly for 235U isotope. Using
the weighted least squares procedure, one can fit this
excess by a constant factor, which was determined to be
k ¼ 1.054" 0.002. For more visibility, all relative data
normalized to KI ratio were presented in Fig. 2, where
plotted ILL quantities were divided by k and superposed on
the KI data taken with a highlighted uncertainty region. As
one can see from the figure, the obtained values agree in the
full energy range.
Analysis and comparison of the new experimental data

allow us to derive the following consequences.
(A) As far as the ratio ð5σf=9σfÞ between the IBD cross

sections per 235U and 239Pu fissions is strongly

constrained by the ratio of the 235U to 239Pu β spectra
[17], we find that ð5σf=9σfÞKI is about 5.4% lower
than theHMresult. The obtained value ð5σf=9σfÞKI ¼
1.45" 0.03 is in a good agreement with the
combined Daya Bay and RENO result ð5σf=9σfÞ ¼
1.44" 0.10 [13,14].

(B) Based on Daya Bay and STEREO results noted
above, we believe that the difference between ILL
and KI ratios is due to an overestimation in the
absolute normalization of the ILL β spectrum for
235U. Since the antineutrino spectrum for 235U was
derived converting the β spectrum, it has to be
corrected in the same way. In Table I, a new version
of the antineutrino spectrum for 235U obtained by
means of the HM conversion method is presented.

(C) The cumulative β spectrum for 238U [5] was obtained
using experimental data that were normalized to the
BILL measurement [3] for 235U. Since this norma-
lization leads to a correlation between the 238U

FIG. 2. Ratios R between cumulative β spectra from 235U and
239Pu, normalized to the KI data. Plotted ILL quantities were
divided by 1.054, as explained in the text. The colored region
shows KI uncertainties.

FIG. 1. Ratios R ¼ eS5=eS9 between cumulative β spectra from
235U and 239Pu from ILL data [11] (the upper curve, blue) and KI
data [10] (the lower curve, red). Total electron energies are given.
Only statistical errors are shown.

TABLE I. Reevaluated antineutrino spectra N ν̄e (MeV−1·
fission−1) for 235U and 238U. For 235U, the errors δ are taken
from [8] and include statistical and conversion uncertainties. The
errors δ of the 238U spectrum include statistical, conversion and
normalization uncertainties of the experiment [5]. The absolute
normalization error (1.8%) of the ILL experiment [3] is not
included.

235U 238U

E (MeV) N ν̄e δ (%) N ν̄e δ (%)

2.0 1.25 <1.0 1.54 ∼4.5
2.25 1.06 1.35
2.5 8.68 × 10−1 1.18
2.75 7.31 × 10−1 1.04
3.0 6.18 × 10−1 9.10 × 10−1

3.25 5.25 × 10−1 7.55 × 10−1 4.2
3.5 4.31 × 10−1 6.27 × 10−1 3.9
3.75 3.45 × 10−1 1.1 5.13 × 10−1 3.9
4.0 2.79 × 10−1 1.2 4.21 × 10−1 3.9
4.25 2.18 × 10−1 1.4 3.32 × 10−1 4.0
4.5 1.70 × 10−1 1.7 2.64 × 10−1 4.1
4.75 1.31 × 10−1 1.8 2.06 × 10−1 4.4
5.0 1.04 × 10−1 1.9 1.61 × 10−1 4.7
5.25 8.20 × 10−2 2.0 1.27 × 10−1 5.0
5.5 6.13 × 10−2 2.2 9.79 × 10−2 5.8
5.75 4.84 × 10−2 2.4 7.34 × 10−2 6.6
6.0 3.69 × 10−2 2.7 5.33 × 10−2 8.1
6.25 2.72 × 10−2 3.0 3.77 × 10−2 11
6.5 2.06 × 10−2 3.0 2.89 × 10−2 13
6.75 1.53 × 10−2 3.3 2.66 × 10−2 12
7.0 1.08 × 10−2 3.6 1.99 × 10−2 14
7.25 6.80 × 10−3 4.1 1.08 × 10−2 22
7.5 4.40 × 10−3 4.4 6.77 × 10−3 30
7.75 2.82 × 10−3 5.0 4.70 × 10−3 ∼30
8.0 1.54 × 10−3 7.0 3.0 × 10−3

REEVALUATING REACTOR ANTINEUTRINO SPECTRA WITH … PHYS. REV. D 104, L071301 (2021)

L071301-3

•new measurment of 253U / 239Pu 
electron spectra ratio 

• factor 1.054 lower than ILL 
measurements!!
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…after 40 years of Schreckenbach et al. ILL measurements… 
new beta spectrum measurement from Kurchatov Institute:

14

The end of the reactor rate anomaly?
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(a) EF model [18]: no RAA (1.2�).
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(b) HKSS model [22]: RAA (2.9�).
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(c) KI model [24]: no RAA (1.1�).
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(d) HKSS-KI model: no RAA (1.5�).

FIG. 3. Ratio of measured and expected IBD yields for the reactor experiments considered in our analysis as a function of the
reactor-detector distance L for the EF, HKSS, KI, and HKSS-KI models. The error bars show the experimental uncertainties.
The horizontal green bands show the average ratio R and its uncertainty that we obtained for each model.

Giunti, Li, Ternes, Xin, 2110.06820

 1.1   σ



Th. Schwetz — PASCOS 2022 — 29. 7. 2022

• relative measurements at different baselines 
(near-far comparison,  determination) 

• spectral distortions in energy spectrum ratios 

• segmented detectors, doubly-binned L and  analysis

θ13

Eν

15

Reactor shape anomaly
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Recent relative spectral measurments
Dentler, Hernandez, Kopp, 
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the results of analysis with interval 500 keV, which 
corresponds to energy resolution of the detector, are 
also presented (blue triangles). One can see that 
squares and triangles are statistically compatible. A 

curve based on parameters Δm14
2  ≈

7.25eV2, sin2 2𝜃14 ≈ 0.26 provide a good fit of both 
sets of points.  

 

 
FIG. 47.  Data processing results with an energy interval of 500 keV (blue triangles). Data processing results averaging the 
results obtained by intervals: 125 keV, 250 keV and 500 keV (black squares). Along the vertical axis, statistical errors are 
indicated, along the horizontal axis for blue triangles, a spread of eight values of the L/E ratio is indicated. For data averaged 
over intervals: 125 keV, 250 keV and 500 keV (black squares), the average spread of L/E ratio is indicated. 

In analysis with energy interval 500 keV, which 
corresponds to energy resolution of the detector (blue 
triangles), the goodness of fit with such parameters is 
45%, while fit with a constant equal to one (assumption 
of no oscillations) has the goodness of fit only 8%. We 
obtained 𝜒2/𝐷𝑂𝐹  =  17.1/17  for the version with 
oscillations and 𝜒2/𝐷𝑂𝐹  =  30/19  for the version 
without oscillations. 

In analysis with averaging over data sets with energy 
intervals 125keV, 250 keV and 500keV (black squares) 
the fit with the given above parameters has the goodness 
of fit 28%, while fit with a constant equal to one 
(assumption of no oscillations) has the goodness of fit 
only 3%. We obtained 𝜒2/𝐷𝑂𝐹  =  20/17  for the 
version with oscillation and 𝜒2/𝐷𝑂𝐹  =  32/19  for 
the version without oscillation. Corresponding 
confidence levels are shown in figure 48. 

For reasons of reliability of the final result, we 
choose the case of data processing with averaging. 
Confidence levels of the area around oscillation 
parameters obtained as the best fit in case of averaging 
is 3.2𝜎 - ∆m14

2  ≈ 7.25eV2 and sin2 2θ14 ≈ 0.26 ±
0.08. 

Oscillation parameters ∆m14
2  and sin2 2θ14, and 

their statistical uncertainties can be presented in the 
form:  ∆m14

2  ≈ 7.25eV2 ± 0.13, sin2 2θ14 ≈ 0.26 ±
0.08(3.2σ). The problem of systematic uncertainties 
requires additional analysis.  

 

FIG. 48. Confidence levels of the area around oscillation 
parameters obtained as the best fit in case of averaging over 
three data sets. 
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FIG. 2. Uncertainties of unfolded RENO and NEOS ⌫e spec-
tra.

of RENO and NEOS ⌫e spectra in the energy range be-
tween 2.2 and 7.0MeV. The errors due to various uncer-
tainty sources are shown as a function of ⌫e energy in
Fig. 2. The error of neutrino energy less than 2.4MeV
mostly comes from use of the HM predicted spectrum
below prompt energy 1MeV.

The extracted ⌫e spectra are corrected for di↵erent
fuel isotope fractions between RENO and NEOS due
to their mismatched data-taking periods. The correc-
tion is made using the HM predicted spectra [18, 19].
The average fission fractions of 235U, 238U, 239Pu, and
241Pu are 0.571 (0.655), 0.073 (0.072), 0.300 (0.235), and
0.056 (0.038), respectively, for RENO (NEOS). Using the
well-understood response function, the RENO’s expected
prompt spectrum at NEOS is obtained from the 3⌫ best-
fit predicted ⌫e spectrum from the RENO measurement.
The upper panel of Fig. 3 shows the RENO prediction at
NEOS divided by the NEOS observed prompt spectrum.
The NEOS measured absolute ⌫e flux is not available and
thus normalized to that of RENO measurement, for a
spectral shape comparison only. Also shown in the lower
panel of Fig. 3 is the ratio of the RENO prediction at
NEOS relative to the NEOS extracted ⌫e spectrum. In
the spectral comparisons, the uncertainties are assumed
to be fully uncorrelated between the RENO and NEOS
spectra.

A method of ��2 is used for this sterile neutrino
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FIG. 3. Upper: Ratio of the RENO prediction at NEOS
relative to the NEOS observed prompt spectrum. The er-
ror bars represent the statistical uncertainty only. The areas
of two spectra are normalized for a shape comparison. The
gray band indicates the systematic uncertainty. Lower: Ratio
of the RENO prediction at NEOS relative to the NEOS ex-
tracted ⌫e spectrum. The error bars represent the statistical
and systematic uncertainties. The orange curves in the both
panels represent the best fits to the data. The blue curves
represent spectral ratios expected with one of sterile neutrino
oscillation parameters that are excluded by this analysis.
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where N i
R and N i

N are the numbers of observed events in
the i-th ⌫e energy bin at RENO and NEOS, respectively,
M i

R and M i
N are the numbers of events expected from

sterile neutrino oscillation parameters, ↵ is a scale factor
for the shape comparison, and Vij is a covariance matrix
element for a total spectral error of RENO and NEOS in
the i-th and j-th ⌫e energy cell. The matrix element is
given by,

Vij = V ij
R + ↵2

⇣M i
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M i
N

⌘
·
⇣M j
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M j
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⌘
V ij
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where V ij
R and V ij

N are covariance matrix elements of
RENO and NEOS, respectively. The value of minimum
�2/NDF for the RENO measured 3⌫ oscillation param-
eters is 34.9/59 where NDF is the number of degrees of
freedom. The value for the sterile neutrino oscillation
is 23.2/57. The best fit shown in Fig. 3 is found at
|�m2

41| = 2.37 eV2 and sin2 2✓14 = 0.09. The spectral
ratio of data appears to be consistent with the best-
fit expectation including the energy modulation. Be-
cause of its large systematic uncertainty, the value of
��2 = �2

3⌫ ��2
4⌫,min is 11.7 corresponding to the p-value

of 0.13, and thus shows no significant indication of a ster-
ile neutrino oscillation.

Atif et al al., 2011.00896segmented detectors: 
STEREO [arXiv:1912.06582]  
L = 9 to 11 m Δ𝝌2(no osc) ≈ 9 
PROSPECT [arXiv:2006.11210]  
L = 6.7 to 9.2 m
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the results of analysis with interval 500 keV, which 
corresponds to energy resolution of the detector, are 
also presented (blue triangles). One can see that 
squares and triangles are statistically compatible. A 

curve based on parameters Δm14
2  ≈

7.25eV2, sin2 2𝜃14 ≈ 0.26 provide a good fit of both 
sets of points.  

 

 
FIG. 47.  Data processing results with an energy interval of 500 keV (blue triangles). Data processing results averaging the 
results obtained by intervals: 125 keV, 250 keV and 500 keV (black squares). Along the vertical axis, statistical errors are 
indicated, along the horizontal axis for blue triangles, a spread of eight values of the L/E ratio is indicated. For data averaged 
over intervals: 125 keV, 250 keV and 500 keV (black squares), the average spread of L/E ratio is indicated. 

In analysis with energy interval 500 keV, which 
corresponds to energy resolution of the detector (blue 
triangles), the goodness of fit with such parameters is 
45%, while fit with a constant equal to one (assumption 
of no oscillations) has the goodness of fit only 8%. We 
obtained 𝜒2/𝐷𝑂𝐹  =  17.1/17  for the version with 
oscillations and 𝜒2/𝐷𝑂𝐹  =  30/19  for the version 
without oscillations. 

In analysis with averaging over data sets with energy 
intervals 125keV, 250 keV and 500keV (black squares) 
the fit with the given above parameters has the goodness 
of fit 28%, while fit with a constant equal to one 
(assumption of no oscillations) has the goodness of fit 
only 3%. We obtained 𝜒2/𝐷𝑂𝐹  =  20/17  for the 
version with oscillation and 𝜒2/𝐷𝑂𝐹  =  32/19  for 
the version without oscillation. Corresponding 
confidence levels are shown in figure 48. 

For reasons of reliability of the final result, we 
choose the case of data processing with averaging. 
Confidence levels of the area around oscillation 
parameters obtained as the best fit in case of averaging 
is 3.2𝜎 - ∆m14

2  ≈ 7.25eV2 and sin2 2θ14 ≈ 0.26 ±
0.08. 

Oscillation parameters ∆m14
2  and sin2 2θ14, and 

their statistical uncertainties can be presented in the 
form:  ∆m14

2  ≈ 7.25eV2 ± 0.13, sin2 2θ14 ≈ 0.26 ±
0.08(3.2σ). The problem of systematic uncertainties 
requires additional analysis.  

 

FIG. 48. Confidence levels of the area around oscillation 
parameters obtained as the best fit in case of averaging over 
three data sets. 
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FIG. 2. Uncertainties of unfolded RENO and NEOS ⌫e spec-
tra.

of RENO and NEOS ⌫e spectra in the energy range be-
tween 2.2 and 7.0MeV. The errors due to various uncer-
tainty sources are shown as a function of ⌫e energy in
Fig. 2. The error of neutrino energy less than 2.4MeV
mostly comes from use of the HM predicted spectrum
below prompt energy 1MeV.

The extracted ⌫e spectra are corrected for di↵erent
fuel isotope fractions between RENO and NEOS due
to their mismatched data-taking periods. The correc-
tion is made using the HM predicted spectra [18, 19].
The average fission fractions of 235U, 238U, 239Pu, and
241Pu are 0.571 (0.655), 0.073 (0.072), 0.300 (0.235), and
0.056 (0.038), respectively, for RENO (NEOS). Using the
well-understood response function, the RENO’s expected
prompt spectrum at NEOS is obtained from the 3⌫ best-
fit predicted ⌫e spectrum from the RENO measurement.
The upper panel of Fig. 3 shows the RENO prediction at
NEOS divided by the NEOS observed prompt spectrum.
The NEOS measured absolute ⌫e flux is not available and
thus normalized to that of RENO measurement, for a
spectral shape comparison only. Also shown in the lower
panel of Fig. 3 is the ratio of the RENO prediction at
NEOS relative to the NEOS extracted ⌫e spectrum. In
the spectral comparisons, the uncertainties are assumed
to be fully uncorrelated between the RENO and NEOS
spectra.

A method of ��2 is used for this sterile neutrino
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FIG. 3. Upper: Ratio of the RENO prediction at NEOS
relative to the NEOS observed prompt spectrum. The er-
ror bars represent the statistical uncertainty only. The areas
of two spectra are normalized for a shape comparison. The
gray band indicates the systematic uncertainty. Lower: Ratio
of the RENO prediction at NEOS relative to the NEOS ex-
tracted ⌫e spectrum. The error bars represent the statistical
and systematic uncertainties. The orange curves in the both
panels represent the best fits to the data. The blue curves
represent spectral ratios expected with one of sterile neutrino
oscillation parameters that are excluded by this analysis.

search. A �2 function is constructed as,

�2 =
PN

i,j

⇣
N i

R � ↵Mi
R

Mi
N
N i

N

⌘
V �1
ij

⇣
N j

R � ↵
Mj

R

Mj
N

N j
N

⌘
, (2)

where N i
R and N i

N are the numbers of observed events in
the i-th ⌫e energy bin at RENO and NEOS, respectively,
M i

R and M i
N are the numbers of events expected from

sterile neutrino oscillation parameters, ↵ is a scale factor
for the shape comparison, and Vij is a covariance matrix
element for a total spectral error of RENO and NEOS in
the i-th and j-th ⌫e energy cell. The matrix element is
given by,

Vij = V ij
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where V ij
R and V ij

N are covariance matrix elements of
RENO and NEOS, respectively. The value of minimum
�2/NDF for the RENO measured 3⌫ oscillation param-
eters is 34.9/59 where NDF is the number of degrees of
freedom. The value for the sterile neutrino oscillation
is 23.2/57. The best fit shown in Fig. 3 is found at
|�m2

41| = 2.37 eV2 and sin2 2✓14 = 0.09. The spectral
ratio of data appears to be consistent with the best-
fit expectation including the energy modulation. Be-
cause of its large systematic uncertainty, the value of
��2 = �2

3⌫ ��2
4⌫,min is 11.7 corresponding to the p-value

of 0.13, and thus shows no significant indication of a ster-
ile neutrino oscillation.
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Figure 1. Isocontours of ��2 = 6.18 (left) and 11.83 (right) for reactor experiments and the
solar constraint, corresponding to 2, 3� levels under Wilks’ theorem, respectively. The grey
regions correspond to the combined analysis and the red star is the best-fit point of all data
combined.

the presence of sterile neutrinos from these data, it is essential to study the distribution
of the test statistic numerically.

Next, let us discuss the di↵erences in the allowed confidence regions obtained in
the sin2 2✓-�m

2 plane. Figure 1 shows the contours for constant ��
2 = 6.18 and 11.83

for the various reactor experiments individually (as well as their combination) together
with the constraint from solar neutrinos (see below), where

��
2(sin2 2✓,�m

2) = �
2(sin2 2✓,�m

2)� �
2
min . (2.4)

If Wilks’ theorem were valid, then these contours would correspond to 95.45% and
99.73% confidence regions, respectively. However, since Wilks’ theorem cannot be
applied here, the confidence regions should be determined from simulation, according
to the Feldman-Cousins (FC) prescription [52] as follows. For a given pair of assumed
true values of sin2 2✓ and �m

2, MC simulations of statistical fluctuations in the data

– 8 –

No coherent picture emerging:
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Fig. 2. Left panel: Distribution of the test statistics obtained from numerical simulations for the toy reactor experiment
described in the text. For comparison, the red-dashed curves shows the max. Gauss distribution for N = 45. Right panel:
location of the best-fit points in the sin2 2✓ � �m2 plane, after minimization over nuisance parameters. In both panels, darker
(lighter) blue lines/points correspond to the results obtained for N = 1.5 ⇥ 104 (1.5 ⇥ 106) events, using a sample of 20,000
pseudo-experiments simulated under the no-oscillation hypothesis. In the right panel, the regions with a higher density of best-fit
points are indicated by the darker shades. The dotted gray lines in the left panel show the �2-distributions as the number of
degrees of freedom is increased from 1 (lightest gray line to the left) to 5 (darkest gray line to the right). In the right panel,
the vertical lines indicate the predicted value of hsin2 2✓i from eq. 21. The solid curves show the expected sensitivity at 95% CL
assuming that Wilks’ theorem holds. These results have been obtained using a Poisson �2, with no background, for 10% signal
systematics, and restricting 0 < sin2 2✓ < 1 in the fit.

Table 1. Comparison of the confidence level (CL), p-value, and corresponding number of standard deviations (�), for several
values of T , obtained for a �2 distribution with 2 DOF and for the max. Gauss distribution for N = 45.

CL [%] p-value [%] Number of �

T �2(2) max. G. �2(2) max. G. �2(2) max. G.

4.61 90.00 48.55 10.0 51.4 1.64 0.65

6.18 95.45 74.73 4.55 25.3 2.00 1.14

9.21 99.00 94.72 1.00 5.27 2.58 1.94

9.49 99.13 95.45 0.87 4.55 2.62 2.00

11.83 99.73 98.69 0.27 1.31 3.00 2.48

14.78 99.938 99.73 0.062 0.27 3.42 3.00

best-fit points agrees rather well with the prediction from
eq. 21, as indicated by the vertical dashed lines.3 Interest-
ingly, this region also contains the highest concentration
of best-fit points (indicated by the darker shading in each
case), while it is more di�cult to obtain a result favor-
ing larger/smaller values of the mass splitting. However,
outside this region of �m2 the best-fit points lie at larger
values for the mixing angle. The reason is that for extreme
values of �m2 the idealizations assumed in Sec. 3.1 do not
apply. For example, the feature around �m2 ⇠ 0.4 eV2

corresponds to �m2L/(2E) ' ⇡ at E ' 3 MeV and, as a
result, the first minimum of the survival probability is lo-

3 We have verified that the range of values of �m2 where this
is satisfied scales with the baseline as expected from �m2L =
const.

cated at the peak of the event spectrum. This corresponds
roughly to the case where half an oscillation period fits
into the e↵ective energy range, and therefore corresponds
to the minimal frequency which can be sampled by the
data. In contrast, for high mass-squared di↵erences the
frequency becomes much higher than the bin width can
capture and therefore corresponds to over-sampling of the
data.4 Hence, in both cases we are leaving the domain of
the discrete parameterization of �m2 in terms of the index
 = 1, . . . , N adopted in Sec. 3.1, see eq. 8, which leads
to the observed deviations with respect to the estimate in
eq. 21.

4 Let us note that the optimal bin width should be deter-
mined by the energy resolution of the detector.

Coloma, Huber, Schwetz, 2008.06083  

see also,  
Feldman, Cousins, 98;  
Agostini, Neumair, 1906.11854; 
Giunti, 2004.07577; 
PROSPECT&STEREO colls. 
2006.13147

Wilks theorem 
does not apply
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no significant indication for 
sterile neutrino oscillations 

from reactor data:


p-value: 27.4% (1.1 )σ
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Figure 4. Left: confidence regions at 68.27%, 95.45%, 99.73% CL (1, 2, 3�, respectively) for
the Feldman-Cousins analysis (bands), where the bands indicate the 99% confidence spread
of the contour for 105 runs due to the finite size of our MC sample (see appendix B.4).
Dash-dotted curves are obtained under the assumption of Wilks’ theorem (2 dof). Right:
FC confidence regions for gallium, reactor, and solar data at 2�. We superimpose the 95%
exclusion limit from the KATRIN collaboration [49] (this curve fixes the lightest neutrino mass
to zero) and the Wilks’ 95% exclusion limit (2 dof) from ⌫e-12C scattering from the LSND and
KARMEN experiments [43, 44], taken from ref. [55]. Dash-dotted lines are extrapolations
assuming constant sensitivity in the mixing.

Wilks’ theorem is applicable, which may lead to an overestimation of the exclusion re-
gions, similar to the data sets studied here. Thus, due to the limited statistical power
of the KATRIN and LSND/KARMEN constraints in the region of interest, we focus
below on gallium, reactor, and solar data.

4 Global Fit Results and Consistency Tests

In this section, we combine the reactor and gallium data discussed in sections 2 and 3,
respectively, and study their consistency. In addition, we take into account information
from solar neutrinos, which provides an important constraint on large mixing angles.
The solar-neutrino analysis adopted here is based on the simplified �

2 construction
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Figure 4. Left: confidence regions at 68.27%, 95.45%, 99.73% CL (1, 2, 3�, respectively) for
the Feldman-Cousins analysis (bands), where the bands indicate the 99% confidence spread
of the contour for 105 runs due to the finite size of our MC sample (see appendix B.4).
Dash-dotted curves are obtained under the assumption of Wilks’ theorem (2 dof). Right:
FC confidence regions for gallium, reactor, and solar data at 2�. We superimpose the 95%
exclusion limit from the KATRIN collaboration [49] (this curve fixes the lightest neutrino mass
to zero) and the Wilks’ 95% exclusion limit (2 dof) from ⌫e-12C scattering from the LSND and
KARMEN experiments [43, 44], taken from ref. [55]. Dash-dotted lines are extrapolations
assuming constant sensitivity in the mixing.

Wilks’ theorem is applicable, which may lead to an overestimation of the exclusion re-
gions, similar to the data sets studied here. Thus, due to the limited statistical power
of the KATRIN and LSND/KARMEN constraints in the region of interest, we focus
below on gallium, reactor, and solar data.

4 Global Fit Results and Consistency Tests

In this section, we combine the reactor and gallium data discussed in sections 2 and 3,
respectively, and study their consistency. In addition, we take into account information
from solar neutrinos, which provides an important constraint on large mixing angles.
The solar-neutrino analysis adopted here is based on the simplified �

2 construction
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GALLEX
BEST All gallium combined

& SAGE

Cross section ��
2
3⌫ #�

(W ) ��
2
3⌫ #�

(W ) sin2 2✓min �m
2
min ��

2
3⌫ #�

(W )

Bahcall [56] 3.7 1.4 31.3 5.2 0.35 1.3 eV2 31.7 5.3

Kostensalo [54] 4.9 1.7 31.5 5.2 0.32 1.3 eV2 32.9 5.4

Semenov [57] 9.4 2.6 42.4 6.2 0.39 1.3 eV2 44.7 6.4

Ground state 3.4 1.3 29.7 5.1 0.29 1.3 eV2 31.5 5.3

Table 4. Significance of the gallium radioactive-source measurements for the previous
GALLEX and SAGE results combined, the recent BEST result, and the combination of all
gallium data using di↵erent evaluations of the detection cross section. For each data set, we
give the ��2 of the null hypothesis and the corresponding significance in terms of Gaussian
standard deviations, which we evaluate using Wilks’ theorem, i.e., assuming that the ��2 is
distributed as �2(2 dof). For the combined data, we also give the location of the oscillation
parameters at the global minimum. For the ground-state-only analysis (last row) we assume
the Semenov g.s. value and uncertainty (c.f. table 3).

In order to analyze gallium data, we define the following �
2 function:

�
2
Gallium = min

⇠

"
6X

i=1

(Ri � (1 + ⇠)Pi)2

�2
i

+
⇠
2

�2
⇠

#
. (3.1)

Here, Ri and �i are the observed ratios and their uncertainties from table 2, rescaled
according to the adopted cross section, and Pi are the oscillation probabilities, aver-
aged over the detector volumes and weighted by the neutrino-energy lines from the
corresponding source. The pull parameter ⇠ describes the correlated uncertainty on
the cross section.5 In order to set the uncertainty �⇠ we proceed as follows: for a given
cross-section model, we first minimize with respect to ⇠, adopting the total uncertainty
given in table 3; we then check whether the resulting cross section at the pull minimum
is smaller than the ground-state contribution; if this is the case, then we switch to the
smaller uncertainty of �g.s., making the pull sti↵er. In this way, we take into account the
asymmetries of cross-section uncertainties. An analogous procedure is adopted when
generating random values for the pull parameter for the MC studies.

In table 4, we report the results of our analysis of gallium data under the sterile-
neutrino-oscillation hypothesis adopting di↵erent assumptions about the detection cross
section. We give the value of ��

2
3⌫ as defined in eq. (2.3) and the corresponding signif-

icance in units of Gaussian standard deviations. While previous results from GALLEX

5We assume the uncertainties of �(Cr) and �(Ar) to be fully correlated. The combined fit is
dominated by BEST, and the impact of the SAGE argon datum is small; therefore this assumption
has little impact on the result.
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Figure 5. Solid: ��2 profiles (marginalizing �m2) for combined gallium data for four di↵er-
ent assumptions on the detection cross section, see table 3. The magenta curve corresponds
to solar neutrino data, and the dashed curves show the sum ��2

gallium +��2
solar

Data set �
2
PG/dof p

(W ) #�
(W )

pb.f. #�b.f.

Reactor vs Solar 0.65/1 0.42 0.8 0.39 0.9

Reactor vs Gallium 1.4/2 0.50 0.67 0.62 0.5

Solar vs Gallium 13.0/1 3.1⇥ 10�4 3.6 1.6⇥ 10�3 3.2

Reactor vs Solar vs Gallium 15.6/3 1.4⇥ 10�3 3.2 5.1⇥ 10�3 2.8

Table 5. Consistency test of the various data sets based on the parameter goodness-of-fit
[60, 61]. In the middle columns, the p-values and number of Gaussian standard deviations
are evaluated under the assumption of Wilks’ theorem. The final two columns show results
derived from MC simulations, generating pseudo-data fluctuations around the best-fit (b.f.)
prediction.

obtained under the assumption of Wilks’ theorem. Although the di↵erences in p-value
with respect to the MC result are small in the case of consistent data sets, we find a
larger discrepancy in the case of inconsistent data sets. This is shown in the last two
rows of the table, where our MC simulations show a reduction of ⇠ 0.5� with respect
to the expected result under the assumption that Wilks’ theorem holds.

Given the strong tension between solar and gallium data, we will not combine these
two data sets in the following but consider only the combinations reactor+solar and
reactor+gallium separately. The best-fit points and p-values for the null hypothesis of
these combinations can be found in the last rows of table 1. While the combination
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Sterile neutrino sensitivity from solar neutrinos in Dark Matter experiments

Figure 6: Contours of ��
2 = 1, 4, 9 in the plane of sin2 ✓12 and sin2 ✓14 for di↵erent combinations of current

data (grey region) with future measurements. The red region in all panels corresponds to 100 ty exposure of

DARWIN E⌫ES data (natural 136Xe abundance) combined with current data. The green contours correspond

to the indicated samples combined with current data. The blue region corresponds to the combination of all

samples shown in their respective panel.

5 Summary and discussion

In this paper, we have considered sterile neutrino mixing with the electron flavour, parametrized
by sin2 ✓14 = |Ue4|2, in the context of solar neutrinos. The main results of this paper can be
summarized as follows.

• We have presented a simplified solar neutrino analysis, which condenses a full-fledged
solar neutrino fit into just four observables and their correlation matrix. The four
observables are the ⌫e survival probability and the ⌫e ! ⌫µ,⌧ transition probability,
both at energies below and above the MSW resonance. These four probabilities have
simple expressions in terms of the mixing parameters ✓12 and ✓14 and the resulting
�2 profile is an excellent approximation to the full solar neutrino fit. This analysis is
insensitive to �m2

21, whose determination is dominated by KamLAND reactor neutrino

15

Figure 7: Sensitivity to sin2 ✓14 at 2� (��
2 = 4) from low-energy elastic neutrino–electron scattering in

XENONnT and DARWIN as a function of the exposure, combined with current solar neutrino data (solid

curves). For dashed curves we assume in addition that sin2 ✓12 is determined with a precision of 0.67% (1�)

by JUNO. For DARWIN we show in red the results for natural abundance of 136Xe, whereas blue curves

assume depletion by two orders of magnitude. The grey shaded area indicates the region excluded by current

solar neutrino data. Vertical lines indicate exposure times of 1, 5, and 10 years, assuming a fiducial mass of

4 t for XENONnT and 30 t for DARWIN.

data.

• We have performed a Feldman–Cousins (FC) analysis of present solar neutrino data, in
terms of ✓12 and ✓14. We find that for the determination of ✓12 the �2 approximation
is very well justified, and the result is basically independent of the presence of a sterile
neutrino. However, we find some e↵ects on ✓14, where the FC analysis typically leads to
stronger limits than the ones in the �2 approximation. This can be traced back to the
e↵ect of the physical boundary sin2 ✓14 � 0, which leads to a decrease of the e↵ective
number of degrees of freedom. Furthermore, we find a rather strong dependence on the
adopted solar model, where the 90% CL limit on sin2 ✓14 di↵ers by about a factor 2
between the GS98 and AGSS09 solar models.

The current upper bounds on sterile neutrino mixing are summarized in tab. 2. These
bounds are highly relevant to possible hints for sterile neutrinos from reactor experi-
ments. In particular, the 90% CL upper bound (GS98 solar model) implies sin2 2✓14 .
0.07, which is in conflict with the full 2� region reported by the Neutrino-4 experi-
ment [18]. A combined analysis of solar and reactor neutrino data is presented in [60],
which provides a quantitative assessment of the impact of solar neutrino data on pos-
sible hints from reactor experiments.

• We have investigated the sensitivity of future solar neutrino measurements to sterile

16
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s. also deGouvea et al., 2111.02421
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Figure 4.19: Left: confidence regions at 68.27%, 95.45%, 99.73% CL (1, 2, 3 ‡, respec-
tively) for the Feldman-Cousins analysis (bands), where the bands indicate the 99%
confidence spread of the contour (see text), for 105 runs, from [272]. Dash-dotted curves
are obtained under the assumption of Wilks’ theorem with two degrees of freedom. Right:
FC confidence regions for gallium, reactor, and solar data at 2 ‡. (Dash-dotted lines are
extrapolations assuming constant sensitivity in the mixing.) In addition, the 95% exclu-
sion limit from the KATRIN collaboration [312] is shown (this curve fixes the lightest
neutrino mass to zero) and the Wilks’ 95% exclusion limit (2 dof) from ‹e-12C scattering
from the LSND and KARMEN experiments [310,311], taken from [267].

4.5.1 Gallium systematics
It is di�cult to envisage explaining the deficit from the detection side of the experi-
ment. This is because the germanium-extraction technique has been highly developed
over decades, with the miniscule amount of artificially added carrier germanium being
able to be extracted to validate the extraction procedure. Furthermore, the ground-state
cross section on gallium provides a lower bound on the production rate, and this compo-
nent is constrained by experimental data — theoretical uncertainties on the calculated
excited-state contribution cannot explain a deficit.

There is a slim possibility that there are unknown systematics regarding the source
calibration. The conversion from heat output to neutrino activity requires precise knowl-
edge of the amount of heat released per decay. For the source 51Cr, the electron-capture
decay scheme is quite simple: the nucleus can decay into the ground state of 51V, with
branching ratio 90.09%; or it can decay into its excited state, after which the nucleus

76
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Figure 4. Left: confidence regions at 68.27%, 95.45%, 99.73% CL (1, 2, 3�, respectively) for
the Feldman-Cousins analysis (bands), where the bands indicate the 99% confidence spread
of the contour for 105 runs due to the finite size of our MC sample (see appendix B.4).
Dash-dotted curves are obtained under the assumption of Wilks’ theorem (2 dof). Right:
FC confidence regions for gallium, reactor, and solar data at 2�. We superimpose the 95%
exclusion limit from the KATRIN collaboration [49] (this curve fixes the lightest neutrino mass
to zero) and the Wilks’ 95% exclusion limit (2 dof) from ⌫e-12C scattering from the LSND and
KARMEN experiments [43, 44], taken from ref. [55]. Dash-dotted lines are extrapolations
assuming constant sensitivity in the mixing.

Wilks’ theorem is applicable, which may lead to an overestimation of the exclusion re-
gions, similar to the data sets studied here. Thus, due to the limited statistical power
of the KATRIN and LSND/KARMEN constraints in the region of interest, we focus
below on gallium, reactor, and solar data.

4 Global Fit Results and Consistency Tests

In this section, we combine the reactor and gallium data discussed in sections 2 and 3,
respectively, and study their consistency. In addition, we take into account information
from solar neutrinos, which provides an important constraint on large mixing angles.
The solar-neutrino analysis adopted here is based on the simplified �

2 construction
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Figure 4.19: Left: confidence regions at 68.27%, 95.45%, 99.73% CL (1, 2, 3 ‡, respec-
tively) for the Feldman-Cousins analysis (bands), where the bands indicate the 99%
confidence spread of the contour (see text), for 105 runs, from [272]. Dash-dotted curves
are obtained under the assumption of Wilks’ theorem with two degrees of freedom. Right:
FC confidence regions for gallium, reactor, and solar data at 2 ‡. (Dash-dotted lines are
extrapolations assuming constant sensitivity in the mixing.) In addition, the 95% exclu-
sion limit from the KATRIN collaboration [312] is shown (this curve fixes the lightest
neutrino mass to zero) and the Wilks’ 95% exclusion limit (2 dof) from ‹e-12C scattering
from the LSND and KARMEN experiments [310,311], taken from [267].

4.5.1 Gallium systematics
It is di�cult to envisage explaining the deficit from the detection side of the experi-
ment. This is because the germanium-extraction technique has been highly developed
over decades, with the miniscule amount of artificially added carrier germanium being
able to be extracted to validate the extraction procedure. Furthermore, the ground-state
cross section on gallium provides a lower bound on the production rate, and this compo-
nent is constrained by experimental data — theoretical uncertainties on the calculated
excited-state contribution cannot explain a deficit.

There is a slim possibility that there are unknown systematics regarding the source
calibration. The conversion from heat output to neutrino activity requires precise knowl-
edge of the amount of heat released per decay. For the source 51Cr, the electron-capture
decay scheme is quite simple: the nucleus can decay into the ground state of 51V, with
branching ratio 90.09%; or it can decay into its excited state, after which the nucleus
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Figure 4. Left: confidence regions at 68.27%, 95.45%, 99.73% CL (1, 2, 3�, respectively) for
the Feldman-Cousins analysis (bands), where the bands indicate the 99% confidence spread
of the contour for 105 runs due to the finite size of our MC sample (see appendix B.4).
Dash-dotted curves are obtained under the assumption of Wilks’ theorem (2 dof). Right:
FC confidence regions for gallium, reactor, and solar data at 2�. We superimpose the 95%
exclusion limit from the KATRIN collaboration [49] (this curve fixes the lightest neutrino mass
to zero) and the Wilks’ 95% exclusion limit (2 dof) from ⌫e-12C scattering from the LSND and
KARMEN experiments [43, 44], taken from ref. [55]. Dash-dotted lines are extrapolations
assuming constant sensitivity in the mixing.

Wilks’ theorem is applicable, which may lead to an overestimation of the exclusion re-
gions, similar to the data sets studied here. Thus, due to the limited statistical power
of the KATRIN and LSND/KARMEN constraints in the region of interest, we focus
below on gallium, reactor, and solar data.

4 Global Fit Results and Consistency Tests

In this section, we combine the reactor and gallium data discussed in sections 2 and 3,
respectively, and study their consistency. In addition, we take into account information
from solar neutrinos, which provides an important constraint on large mixing angles.
The solar-neutrino analysis adopted here is based on the simplified �

2 construction
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FIG. 7. Appearance versus disappearance data in the plane spanned by the e↵ective mixing angle
sin2 2✓µe ⌘ 4|Ue4Uµ4|2 and the mass squared di↵erence �m

2
41. The blue curves show limits from

the disappearance data sets using free reactor fluxes (solid) or fixed reactor fluxes (dashed), while
the shaded contours are based on the appearance data sets using LSND DaR+DiF (red) and LSND
DaR (pink hatched). All contours are at 99.73% CL for 2 dof.

two additional free parameters.
We would now like to quantify the tension between di↵erent subsets of the global data

that is evident from fig. 5. We first note that combining all data sets we find a goodness-of-fit
for the global best fit point around 65%, see table VI. This good p-value does not reflect the
tension we found because many data points entering the global fit have only little sensitivity
to sterile neutrino oscillations, thus diluting the power of a goodness-of-fit test based on
�
2
/dof.
A more reliable method for quantifying the compatibility of di↵erent data sets is the

parameter goodness-of-fit (PG) test [92], which measures the penalty in �
2 that one has to

pay for combining data sets, see appendix A for a brief review of this test. If the global
neutrino oscillation data were consistent when interpreted in the framework of a 3 + 1
model, any slicing into two statistically independent data sets A and B should result in an
acceptable p-value from the PG test. To illustrate an inconsistency in the data, it is however
su�cient to demonstrate that at least one way of dividing it leads to a poor value. Here,
we choose to split the data into disappearance data encompassing the oscillation channels
(–)

⌫ e !
(–)

⌫ e and
(–)

⌫ µ !
(–)

⌫ µ, and appearance data covering the
(–)

⌫ µ !
(–)

⌫ e channel. Note that
it is important to chose data sets independent of their “result”. For instance, dividing data
into “evidence” and “no-evidence” samples would bias the PG test.

The tension between appearance and disappearance data is shown graphically in fig. 7.
The figure illustrates the lack of overlap between the parameter region favoured by ap-
pearance data (driven by LSND and MiniBooNE) and the strong exclusion limits from
disappearance data. The tension persists independently of whether reactor fluxes are fixed
or kept free, and whether the LSND DaR or DaR+DiF samples are used. The corresponding
results from the PG test are shown in the last two columns of table VI. To evaluate the

Dentler et al., 1803.10661
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two additional free parameters.
We would now like to quantify the tension between di↵erent subsets of the global data

that is evident from fig. 5. We first note that combining all data sets we find a goodness-of-fit
for the global best fit point around 65%, see table VI. This good p-value does not reflect the
tension we found because many data points entering the global fit have only little sensitivity
to sterile neutrino oscillations, thus diluting the power of a goodness-of-fit test based on
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2
/dof.
A more reliable method for quantifying the compatibility of di↵erent data sets is the

parameter goodness-of-fit (PG) test [92], which measures the penalty in �
2 that one has to

pay for combining data sets, see appendix A for a brief review of this test. If the global
neutrino oscillation data were consistent when interpreted in the framework of a 3 + 1
model, any slicing into two statistically independent data sets A and B should result in an
acceptable p-value from the PG test. To illustrate an inconsistency in the data, it is however
su�cient to demonstrate that at least one way of dividing it leads to a poor value. Here,
we choose to split the data into disappearance data encompassing the oscillation channels
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it is important to chose data sets independent of their “result”. For instance, dividing data
into “evidence” and “no-evidence” samples would bias the PG test.

The tension between appearance and disappearance data is shown graphically in fig. 7.
The figure illustrates the lack of overlap between the parameter region favoured by ap-
pearance data (driven by LSND and MiniBooNE) and the strong exclusion limits from
disappearance data. The tension persists independently of whether reactor fluxes are fixed
or kept free, and whether the LSND DaR or DaR+DiF samples are used. The corresponding
results from the PG test are shown in the last two columns of table VI. To evaluate the
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41. Note that the exclusion limit from NO⌫A is still too weak
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all data listed in table IV. The curve labelled DC+SK+IC combines all our atmospheric neutrino
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mixing parameters, including complex phases. For comparison, we also show the parameter region
favoured by ⌫e disappearance and ⌫µ ! ⌫e appearance data (using LSND DaR+DiF), projected
onto the |Uµ4|2–�m
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41 plane; we show the allowed regions for the analyses with fixed and free

reactor neutrino fluxes.

therein. Our results are shown in fig. 5 as a function of the mixing matrix element |Uµ4|2
and the mass squared di↵erence �m

2
41. The plot reveals strong limits of order |Uµ4|2 . 10�2

across a wide range of �m
2
41 values from ⇠ 2 ⇥ 10�1 eV2 to ⇠ 10 eV2. MINOS/MINOS+

gives an important contribution in most of the parameter space. The strong constraint from
atmospheric neutrino data at �m

2
41 . 1 eV2 is dominated by IceCube. At large masses,

MiniBooNE and to some extent CDHS are competitive with the MINOS/MINOS+ bound.
Comparing to the parameter region preferred by appearance and ⌫e/⌫̄e disappearance data
(which includes the oscillation anomalies), we see dramatic tension. Given the constraints
on Ue4 from reactor experiments, the values of sin2 2✓µe ⌘ 4|Ue4|2|Uµ4|2 required by LSND
and MiniBooNE can only be reached if |Uµ4| is large. This, however, is clearly disfavoured
by multiple ⌫µ/⌫̄µ disappearance null results. This is the origin of the severe tension in the
global fit we are going to report below. As we are going to discuss, this tension has become

very robust and does not rely on any single
(–)

⌫ µ disappearance data set.
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two additional free parameters.
We would now like to quantify the tension between di↵erent subsets of the global data

that is evident from fig. 5. We first note that combining all data sets we find a goodness-of-fit
for the global best fit point around 65%, see table VI. This good p-value does not reflect the
tension we found because many data points entering the global fit have only little sensitivity
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�
2
/dof.
A more reliable method for quantifying the compatibility of di↵erent data sets is the

parameter goodness-of-fit (PG) test [92], which measures the penalty in �
2 that one has to

pay for combining data sets, see appendix A for a brief review of this test. If the global
neutrino oscillation data were consistent when interpreted in the framework of a 3 + 1
model, any slicing into two statistically independent data sets A and B should result in an
acceptable p-value from the PG test. To illustrate an inconsistency in the data, it is however
su�cient to demonstrate that at least one way of dividing it leads to a poor value. Here,
we choose to split the data into disappearance data encompassing the oscillation channels
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⌫ e and
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⌫ µ, and appearance data covering the
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⌫ e channel. Note that
it is important to chose data sets independent of their “result”. For instance, dividing data
into “evidence” and “no-evidence” samples would bias the PG test.

The tension between appearance and disappearance data is shown graphically in fig. 7.
The figure illustrates the lack of overlap between the parameter region favoured by ap-
pearance data (driven by LSND and MiniBooNE) and the strong exclusion limits from
disappearance data. The tension persists independently of whether reactor fluxes are fixed
or kept free, and whether the LSND DaR or DaR+DiF samples are used. The corresponding
results from the PG test are shown in the last two columns of table VI. To evaluate the
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•sterile neutrino N with mN ~ keV to ~500 MeV 

•produce N either by mixing or by up-scattering 

•decay: 

•  with standard neutrino interaction 
in detector 

• electromagn. decay inside MB detector 
 (no LSND)

N → ϕ νe

N → νγ / νe± / νπ0 / . . .

33

MiniBooNE and a decaying sterile neutrino
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current Jem
µ . We will take mND > mZD , so the dark neu-

trino can decay as ND ! ZD + ⌫i, and mZD < 2mµ so
the ZD can only decay to electrons and light neutrinos.
The dark neutrino decay width into ZD + ⌫0s is simply

�ND!ZD+⌫0s =
↵D
2

|UD4|
2(1� |UD4|

2)
m3

ND

m2
ZD

✓
1�

m2
ZD

m2
ND

◆✓
1 +

m2
ZD

m2
ND

� 2
m4

ZD

m4
ND

◆
, (3)

while the ZD decay width into e+e� and light neutrinos
are, respectively,

�ZD!e+e� ⇡
↵ ✏2

3
mZD , (4)

and

�ZD!⌫⌫ =
↵D
3

�
1� |UD4|

2
�2

mZD . (5)

We observe that as long as ↵✏2 � ↵D(1 � |UD4|
2)2, ZD

will mainly decay into e+e� pairs.
For simplicity, we focus on the case in which both

ND and ZD decay promptly. Taking the typical en-
ergy END , EZD ⇠ 1 GeV, and assuming for simplic-
ity |Ue4|

2, |U⌧4|
2
⌧ |Uµ4|

2, we can estimate � c ⌧ND ⇡

4 ⇥ 10�8m2
ZD

[MeV2]/(m4
ND

[MeV4]↵D |Uµ4|
2) cm and

� c ⌧ZD ⇡ 6 ⇥ 10�8/(m2
ZD

[MeV2]↵✏2) cm. So for ↵D ⇠

0.25, |Uµ4|
2
⇠ 10�8 and ↵✏2 ⇠ 2 ⇥ 10�10, 5 MeV .

mZD < mND would guarantee prompt decay for both
particles. We will see shortly that mND and mZD be-
tween a few tens to a few hundreds of MeV is exactly
what is needed to explain the experimental data.

Analysis and results.—The MiniBooNE experiment is
a pure mineral oil (CH2) detector located at the Booster
Neutrino Beam line at Fermilab. The Cherenkov and
scintillation light emitted by charged particles traversing
the detector are used for particle identification and neu-
trino energy reconstruction, assuming the kinematics of
CCQE scattering. MiniBooNE has observed an excess of
381± 85.2 (79.3± 28.6) electron-like events over the esti-
mated background in neutrino (antineutrino) beam con-
figuration in the energy range 200 < Erec

⌫ /MeV < 1250
corresponding to 12.84 ⇥ 1020 (11.27 ⇥ 1020) protons on
target [18].

Our proposal to explain MiniBooNE’s low energy ex-
cess from the production and decay of a dark neutrino
relies on the fact that MiniBooNE cannot distinguish a
collimated e+e� pair from a single electron. Muon neu-
trinos produced in the beam would up-scatter on the min-
eral oil to dark neutrinos, which will subsequently lead
to ZD ! e+e� as shown schematically in Fig. 1. If ND is
light enough, this up-scattering in CH2 can be coherent,
enhancing the cross section. To take that into account,
we estimate the up-scattering cross section to be

d�total/dEr

proton
=

1

8
F 2(Er)

d�coh
C

dEr
+

✓
1�

6

8
F 2(Er)

◆
d�p

dEr
,

(6)

FIG. 1. Contributions to the cross section that in our model
gives rise to MiniBooNE’s excess of electron-like events.

where F (Er) is the nuclear form factor [22] for Carbon,
while �coh

C and �p are the elastic scattering cross sections
on Carbon and protons, which can be easily calculated.
For Carbon, F (Er) is sizable up to proton recoil energies
of few MeV.
To obtain the spectrum of events, a simplified model

was implemented in FeynRules [23] in which Carbon and
protons were taken to be an elementary fermion and
events were generated in MadGraph5 [24]. Since Mini-
BooNE would interpret ZD ! e+e� decays as electron-
like events, the reconstructed neutrino energy would be
incorrectly inferred by the approximate CCQE formula
(see e.g. Ref. [25])

Erec
⌫ '

mp EZD

mp � EZD (1� cos ✓ZD )
, (7)

where mp is the proton mass, and EZD and ✓ZD are
the dark ZD boson energy and its direction relative to
the beam line. The fit to MiniBooNE data was then
performed using the �2 function from the collaboration
o�cial data release [18], which includes the ⌫µ and ⌫̄µ
disappearance data, re-weighting the Montecarlo events
by the ratio of our cross section to the standard CCQE
one, and taking into account the wrong sign contami-
nation from Ref. [26]. Note that the o�cial covariance
matrix includes spectral data in electron-like and muon-
like events for both neutrino and antineutrino modes.
In Fig. 2 we can see the electron-like event distribu-

tions, including all of the backgrounds, as reported by
MiniBooNE. We clearly see the event excess reflected
in all of them. The neutrino (antineutrino) mode data
as a function of Erec

⌫ is displayed on the top (middle)
panel. The corresponding predictions of our model, for
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FIG. 1. N production from ⌫ upscattering (left) and N decay
(right).

where ↵ is a flavor index, eH = i�2H
⇤, C

↵
B , and C

↵
W are

Wilson coe�cients and ⇤ is the new physics scale. Af-
ter electroweak symmetry breaking, the dipole operator
gives rise to the electromagnetic transition magnetic mo-
ment of neutrinos,

L � d↵N ⌫↵�µ⌫F
µ⌫

NR + h.c., (2)

where ⌫↵ corresponds to the neutrino Weak eigenstates
and F

µ⌫ to the electromagnetic field strength. The
dipole parameter is defined as d↵N = (vh/

p
2)(C↵

W C
↵
B +

C
↵
W sW )/⇤2, where vh is the vacuum expectation value

of the SM Higgs. The other transition moments medi-
ated by the W and Z bosons will also be present, but
their low-energy e↵ects are further suppressed by GF ,
and therefore negligible in our region of interest.

The upscattering signature we are interested in at
MiniBooNE is initiated by muon neutrinos and an-
tineutrinos, so in this work, we always consider the
second-generation coupling dµN . In UV-completions
of this operator from one-loop diagrams, the size of
the dipole coupling is typically proportional to d↵N ⇠

(1/16⇡
2)(m�/m

2

X), where m� is the mass of some
charged particle and X is some heavy, charged scalar,
for example. Under the assumption of flavor-conserving
interactions between SM neutrinos and the new physics,
one would take � = ↵ and conclude that the transition
magnetic moment of the third-generation neutrinos is
much larger. While this need not necessarily be the case,
it still provides enough motivation for us to consider the
third-generation coupling d⌧N , including the case

d⌧N
dµN

=
m⌧

mµ
, (3)

and neglecting the first-generation couplings altogether.
We note that large neutrino magnetic moments typ-

ically imply large Dirac masses for light neutrinos,
mD⌫LNR [25–27]. In models with heavy neutrinos, this
presents two challenges: i) neutrino masses, schemati-
cally given by m⌫ ⇠ m

2

D/M , may be too large, and
ii) mD will generate large mixing between active and
heavy neutrinos, U↵N ⇠ mD/M . Here, M stands for
the heavy neutrino mass scale. The first challenge is eas-
ily overcome in models like the inverse-seesaw where lep-
ton number is approximately conserved and right-handed
neutrino fields combine into pseudo-Dirac N particles. In
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FIG. 2. Top) schematic representation of HNL production
via upscattering along the BNB and NuMI beamlines and
the subsequent HNL decay within the MiniBooNE and MIN-
ERvA detectors, respectively. Bottom) example upscattering
rates within two of the MINERvA nuclear targets as simu-
lated using LeptonInjector. The coherent enhancement of
the upscattering cross sections leads to a larger rate in the
high-Z components.

that case, m⌫ is controlled by the mass splitting between
the Majorana neutrinos, which may be parametrically
small. This is also the case preferred by the short-baseline
phenomenology discussed below, since the single-photons
produced in the decays of Dirac HNLs are less forward.
The second challenge, however, is not so easy to over-
come. The mixing between active and heavy neutrinos
remains large even in inverse-seesaw models and the pa-
rameter space in that case is strongly constrained by lab-
oratory limits on U↵N . For instance, decay-in-flight sig-
natures at neutrino experiments, where N is copiously
produced in meson decays at the target, can set limits as
strong as |U↵N |

2
< O(10�11) [28].

There are several models in the literature that can sup-
press the Dirac mass in comparison with the magnetic
moment of neutrinos [29–35], but only to a certain ex-
tent and not without fine tuning. We proceed assuming
that mD is su�ciently small so as not to impact the phe-
nomenology, but note that depending on the amount of
fine tuning, bounds on the mixing angles |U↵N | would
also need to be considered.

In performing a fit to MiniBooNE data, we also in-
clude a sterile neutrino, ⌫s, which mixes with light neu-
trinos but does not have transition magnetic moments
with active neutrinos. This sterile will be responsible for
short-baseline oscillations with �m

2

41
of O(1 eV2). We

provide two examples, the case of a global fit to short-
baseline data excluding MiniBooNE [20] and the case of a
joint fit to only MiniBooNE and the recent MicroBooNE
CCQE-like analysis [36]. It is also important that ⌫s and
the heaviest neutrino do not mix, as otherwise NR would
also mix with light neutrinos via ⌫s. In summary, our

Bertuzzo et al. 18

Arguelles et al. 22
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•exciting new physics  

•rich phenomenology  
(timing signatures, angular dependence,…) 

•predict signatures in existing (near detectors) 
and/or upcoming experiments  
(e.g., Fermilab SBN, DUNE, HK, IceC)
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current Jem
µ . We will take mND > mZD , so the dark neu-

trino can decay as ND ! ZD + ⌫i, and mZD < 2mµ so
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We observe that as long as ↵✏2 � ↵D(1 � |UD4|
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will mainly decay into e+e� pairs.
For simplicity, we focus on the case in which both

ND and ZD decay promptly. Taking the typical en-
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mZD < mND would guarantee prompt decay for both
particles. We will see shortly that mND and mZD be-
tween a few tens to a few hundreds of MeV is exactly
what is needed to explain the experimental data.

Analysis and results.—The MiniBooNE experiment is
a pure mineral oil (CH2) detector located at the Booster
Neutrino Beam line at Fermilab. The Cherenkov and
scintillation light emitted by charged particles traversing
the detector are used for particle identification and neu-
trino energy reconstruction, assuming the kinematics of
CCQE scattering. MiniBooNE has observed an excess of
381± 85.2 (79.3± 28.6) electron-like events over the esti-
mated background in neutrino (antineutrino) beam con-
figuration in the energy range 200 < Erec

⌫ /MeV < 1250
corresponding to 12.84 ⇥ 1020 (11.27 ⇥ 1020) protons on
target [18].

Our proposal to explain MiniBooNE’s low energy ex-
cess from the production and decay of a dark neutrino
relies on the fact that MiniBooNE cannot distinguish a
collimated e+e� pair from a single electron. Muon neu-
trinos produced in the beam would up-scatter on the min-
eral oil to dark neutrinos, which will subsequently lead
to ZD ! e+e� as shown schematically in Fig. 1. If ND is
light enough, this up-scattering in CH2 can be coherent,
enhancing the cross section. To take that into account,
we estimate the up-scattering cross section to be

d�total/dEr

proton
=

1

8
F 2(Er)

d�coh
C

dEr
+

✓
1�

6

8
F 2(Er)

◆
d�p

dEr
,

(6)

FIG. 1. Contributions to the cross section that in our model
gives rise to MiniBooNE’s excess of electron-like events.

where F (Er) is the nuclear form factor [22] for Carbon,
while �coh

C and �p are the elastic scattering cross sections
on Carbon and protons, which can be easily calculated.
For Carbon, F (Er) is sizable up to proton recoil energies
of few MeV.
To obtain the spectrum of events, a simplified model

was implemented in FeynRules [23] in which Carbon and
protons were taken to be an elementary fermion and
events were generated in MadGraph5 [24]. Since Mini-
BooNE would interpret ZD ! e+e� decays as electron-
like events, the reconstructed neutrino energy would be
incorrectly inferred by the approximate CCQE formula
(see e.g. Ref. [25])

Erec
⌫ '

mp EZD

mp � EZD (1� cos ✓ZD )
, (7)

where mp is the proton mass, and EZD and ✓ZD are
the dark ZD boson energy and its direction relative to
the beam line. The fit to MiniBooNE data was then
performed using the �2 function from the collaboration
o�cial data release [18], which includes the ⌫µ and ⌫̄µ
disappearance data, re-weighting the Montecarlo events
by the ratio of our cross section to the standard CCQE
one, and taking into account the wrong sign contami-
nation from Ref. [26]. Note that the o�cial covariance
matrix includes spectral data in electron-like and muon-
like events for both neutrino and antineutrino modes.
In Fig. 2 we can see the electron-like event distribu-

tions, including all of the backgrounds, as reported by
MiniBooNE. We clearly see the event excess reflected
in all of them. The neutrino (antineutrino) mode data
as a function of Erec

⌫ is displayed on the top (middle)
panel. The corresponding predictions of our model, for
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FIG. 1. N production from ⌫ upscattering (left) and N decay
(right).

where ↵ is a flavor index, eH = i�2H
⇤, C

↵
B , and C

↵
W are

Wilson coe�cients and ⇤ is the new physics scale. Af-
ter electroweak symmetry breaking, the dipole operator
gives rise to the electromagnetic transition magnetic mo-
ment of neutrinos,

L � d↵N ⌫↵�µ⌫F
µ⌫

NR + h.c., (2)

where ⌫↵ corresponds to the neutrino Weak eigenstates
and F

µ⌫ to the electromagnetic field strength. The
dipole parameter is defined as d↵N = (vh/

p
2)(C↵

W C
↵
B +

C
↵
W sW )/⇤2, where vh is the vacuum expectation value

of the SM Higgs. The other transition moments medi-
ated by the W and Z bosons will also be present, but
their low-energy e↵ects are further suppressed by GF ,
and therefore negligible in our region of interest.

The upscattering signature we are interested in at
MiniBooNE is initiated by muon neutrinos and an-
tineutrinos, so in this work, we always consider the
second-generation coupling dµN . In UV-completions
of this operator from one-loop diagrams, the size of
the dipole coupling is typically proportional to d↵N ⇠

(1/16⇡
2)(m�/m

2

X), where m� is the mass of some
charged particle and X is some heavy, charged scalar,
for example. Under the assumption of flavor-conserving
interactions between SM neutrinos and the new physics,
one would take � = ↵ and conclude that the transition
magnetic moment of the third-generation neutrinos is
much larger. While this need not necessarily be the case,
it still provides enough motivation for us to consider the
third-generation coupling d⌧N , including the case

d⌧N
dµN

=
m⌧

mµ
, (3)

and neglecting the first-generation couplings altogether.
We note that large neutrino magnetic moments typ-

ically imply large Dirac masses for light neutrinos,
mD⌫LNR [25–27]. In models with heavy neutrinos, this
presents two challenges: i) neutrino masses, schemati-
cally given by m⌫ ⇠ m

2

D/M , may be too large, and
ii) mD will generate large mixing between active and
heavy neutrinos, U↵N ⇠ mD/M . Here, M stands for
the heavy neutrino mass scale. The first challenge is eas-
ily overcome in models like the inverse-seesaw where lep-
ton number is approximately conserved and right-handed
neutrino fields combine into pseudo-Dirac N particles. In
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FIG. 2. Top) schematic representation of HNL production
via upscattering along the BNB and NuMI beamlines and
the subsequent HNL decay within the MiniBooNE and MIN-
ERvA detectors, respectively. Bottom) example upscattering
rates within two of the MINERvA nuclear targets as simu-
lated using LeptonInjector. The coherent enhancement of
the upscattering cross sections leads to a larger rate in the
high-Z components.

that case, m⌫ is controlled by the mass splitting between
the Majorana neutrinos, which may be parametrically
small. This is also the case preferred by the short-baseline
phenomenology discussed below, since the single-photons
produced in the decays of Dirac HNLs are less forward.
The second challenge, however, is not so easy to over-
come. The mixing between active and heavy neutrinos
remains large even in inverse-seesaw models and the pa-
rameter space in that case is strongly constrained by lab-
oratory limits on U↵N . For instance, decay-in-flight sig-
natures at neutrino experiments, where N is copiously
produced in meson decays at the target, can set limits as
strong as |U↵N |

2
< O(10�11) [28].

There are several models in the literature that can sup-
press the Dirac mass in comparison with the magnetic
moment of neutrinos [29–35], but only to a certain ex-
tent and not without fine tuning. We proceed assuming
that mD is su�ciently small so as not to impact the phe-
nomenology, but note that depending on the amount of
fine tuning, bounds on the mixing angles |U↵N | would
also need to be considered.

In performing a fit to MiniBooNE data, we also in-
clude a sterile neutrino, ⌫s, which mixes with light neu-
trinos but does not have transition magnetic moments
with active neutrinos. This sterile will be responsible for
short-baseline oscillations with �m

2

41
of O(1 eV2). We

provide two examples, the case of a global fit to short-
baseline data excluding MiniBooNE [20] and the case of a
joint fit to only MiniBooNE and the recent MicroBooNE
CCQE-like analysis [36]. It is also important that ⌫s and
the heaviest neutrino do not mix, as otherwise NR would
also mix with light neutrinos via ⌫s. In summary, our

Bertuzzo et al. 18

Arguelles et al. 22

e.g., Jordan et al., 1810.07185;  Arguelles, Hostert, Tsai, 1812.08768;
Brdar, Fischer, Smirnov, 2007.14411
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•sterile neutrino N with  
mN ~ 250 MeV (mπ < mN < mK) 

•produce N in kaon decays via mixing  
K → N µ/e 

•decay inside MB detector N →νγ via

35

MiniBooNE and a decaying sterile neutrino — example:

A.Hernandez-Cabezudo  29

Energy and angular spectra fits

Fischer, Hernandez,  TS, 1909.09561

A.Hernandez-Cabezudo  10

Production at the beam

Decay at the detector

Dominant decay modes (mixing):

But, new physics is considered

Dominant decay channel

- S.N.Gininenko: arXiv:0902.3802
- G.Margill, et.al: arXiv:1803.03262

See also:
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Figure 1: Time distribution of signal events for a sterile neutrino mass of 260 MeV in the neutrino (left) and

antineutrino (right) beam mode. For the proton beam we assume a step-function of 1.6 µs duration. The

zero of the time axis corresponds to the time when a neutrino produced at the onset of the beam traveling

at the speed of light would arrive at the detector. The blue shaded region indicates the time window used

for the analysis (1.6 µs); it contains 41% (34%) of all events in the neutrino (antineutrino) mode.

momentum of the photon, and the decays have to occur inside a timing window as discussed
above. These considerations are summed up in the following master formula:

Ndecay =POT ⇢`(mN) Br⌫� AMB

Z
dpN �N(pN)✏̂(pN)Pdec(pN)wtime(pN ,mN) . (11)

Here, POT denotes the number of protons on target, which is 12.84 (11.27) ⇥ 1020 for the
neutrino (antineutrino) mode. The factor ⇢`(mN) has been defined in eq. (2) and it includes
the mixing matrix element |U`4|

2 and the branching ratio of the kaon decays into heavy
neutrinos. Br⌫� = �N!⌫�/�tot is the branching ratio for the decay N ! ⌫�, with �tot being
the total decay width of N . In the relevant mass range we have �tot ⇡ �N!⌫� + �⇡ with
�⇡ given in eq. (7). Furthermore, AMB = ⇡(5m)2 is the e↵ective area of the MiniBooNE
detector, and

✏̂(pN) =

Z
p�,max

p�,min

dp�✏(p�)
1

�lab
N!⌫�

d�lab
N!⌫�

dp�
(12)

is the MiniBooNE detection e�ciency [33] ✏(p�) averaged over the photon momentum dis-
tribution for a given pN . Pdec is the probability that the heavy neutrino decays inside the
detector, and wtime is a timing-related weight. Using the heavy neutrino arrival time tN

from eq. (8) the latter is given by

wtime(pN ,mN) =

⇢
t0+�t�tN

�t
for tN < �t+ t0

0 for tN � �t+ t0 .
(13)

For the decay probability we have

Pdec(pN) = e
�L1�tot

mN
pN � e

�L2�tot
mN
pN (14)

7

disfavoured (excluded?) by new MiniBooNE event 

timing analysis [arXiv:2006.16883]
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• effective operator , coupling active neutrinos to HNL + photon 

• in the context of MiniBooNE anomaly Gninenko, 0902.3802, 1009.5536;  
Fischer, Hernandez, TS, 1909.09561; Arguelles et al., 2206.07100 

• portal to new physics irrespective of anomalies  
(signatures in beam experiments, atmospheric/solar neutrinos, cosmology,…)  
Magill, Plestid, Pospelov, Tsai, 1803.03262; Brdar, Greljo, Kopp, Opferkuch, 2007.15563; 
Shoemaker, Tsai, Wyenberg, 2007.05513; Coloma, Hernandez, Munoz, Shoemaker, 
1911.09129; Plestid, 2010.04193; Schwetz, Zhou, Zhu, 2105.09699; Atkinson et al., 2105.09357

dα ∼ ⟨H⟩/Λ2

37

The photon—heavy neutrino (dipole) portal

ℒ = dαN̄σμνναFμν + hc (α = e, μ, τ)
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Example: tau neutrino dipole portal @ DUNE

SN-1987A 95% C.L.

SH
iP
[EC
C]
95%

C.L
.

BBN 4He abundance 90% C.L.

Borexino
90% C.L.

SuperCDMS 65 ev/1-ton year

Borexino + SK
4.62 ev/kton-day

IceCube 1 ev/6 years

DONUT 90% C.L.SHiP [Main] 95% C.L.

DUNE FD

dγ LEP 95% C.L.

dγ,Z LEP 95% C.L.Xenon1T 90% C.L.
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Figure 7. Comparison of the DUNE-FD sensitivity to |d⌧ | obtained in this work (red solid) with
current constraints (solid curves, shaded regions), and sensitivities of future projects or estimated
exclusions (dashed curves). The band represents the region with 2 – 20 events/year, corresponding
to 95% C.L. sensitivity over 5 years with 25 – 2500 background events. Limits and sensitivities are
from DONUT [48], Icecube [7], solar neutrinos [3, 6], SHiP, LEP, SN 1987A [1], Xenon1T, BBN
4He abundance [3], SuperCDMS [4].

interaction is negligible. There are strong bounds on mixing with electron and muon flavour,
as well as excellent prospects for upcoming projects, see for example [11, 22–24, 43, 54, 55].
Therefore, we focus on mixing with the tau flavour |U⌧4|

2, which is more difficult to probe.
We explore a similar phenomenology as in the case of the dipole: we use the ⌫⌧ flux

generated by ⌫µ ! ⌫⌧ oscillations in the DUNE experiment.4 These neutrinos can interact
via NC interactions in the Earth or inside the far detector and up-scatter to ⌫4. Instead
of the massless photon mediator, up-scattering is mediated by Z0-exchange. As previously
mentioned, since the mediator is massive, the total cross section depends linearly on the
target mass (rather than logarithmically as in the dipole case) and therefore up-scattering
on electrons can be neglected. Subsequently the heavy neutrino can decay and leave an
observable signal in the detector. The main decay processes for M4 < 1GeV and mixing
only with the tau flavour are ⌫4 ! ⌫⌧⌫l⌫̄l, ⌫4 ! ⌫⌧e+e� and ⌫4 ! ⌫⌧⇡0, the latter two
providing a visible signal. There is considerable confusion in the literature about the decay
widths of a sterile neutrino that mixes with SM neutrinos with disagreeing results, compare
e.g. [11, 23, 54, 55, 58]. In our work we use the formulae presented recently in [23] where a
discussion on various previous results can also be found.

4
For similar considerations in the context of solar and atmospheric neutrinos neutrinos see [56, 57].
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Figure 1. Cartoons of the up-scattering production and decay signal for d⌧ in the far detector.

treatment of their interesting differences can be found in [20–22].

2 Dipole decay signal at DUNE

The DUNE experiment produces a flux of mostly muon neutrinos with a subleading compo-
nent of electron neutrinos. These fluxes can be used to directly search for de and dµ at the
DUNE near detector (ND). However, to constrain a tau transition moment d⌧ , we use the
muon neutrinos, which oscillate into tau neutrinos during their propagation through the
Earth.1 Tau neutrinos can up-scatter off target particles in the Earth (protons, electrons or
coherently on nuclei) and can be converted via the dipole transition moment into a sterile
neutrino. If the up-scattering occurs outside the detector in the Earth’s crust or upper
mantle, and if the sterile-neutrino mass is low enough, the sterile neutrino will be long lived
and can travel through the Earth and decay inside the DUNE far detector (FD). We call
these outside events. If the sterile neutrino has a large enough mass and/or dipole moment,
both up-scattering and decay can occur inside the detector. We call these inside events.
The sequence of events is illustrated in fig. 1.

We consider coherent scattering off nuclei in the Earth and incoherent scattering off
protons, neutrons and electrons. Note that, since neutrons can only interact magnetically,
as they have no electric charge, their cross section is suppressed by a factor ⌘ ⌘ Q2/(4M2

T ).
Our expressions come from [1, App. A] and [3, Eqs. (4,5)], and are summarised for com-

1
The primary flux of tau neutrinos in the beam has been estimated recently in [22–24]. We have estimated

that the sensitivity of the d⌧ -induced event rate in the ND is significantly smaller than the one in the FD

discussed here, see section 3.2 and appendix D for further discussions.

– 3 –

ℒ = dτN̄σμνντFμν + hc

νμ → osc →
decay in  
DUNE detector

Schwetz, Zhou, Zhu, 2105.09699

see also Atkinson et al., 2105.09357

N

up-scattering  
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e and  flavour better probed at near detectorμ
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• Reactor rate anomaly: fading away 

•Reactor shape anomaly: fading away 

•Gallium anomaly: BEST results  significance 
require ~0.1 mixing, in tension with solar neutrinos, reactor rates 

• tension with cosmology (talk by L. Verde) 

• LSND, MiniBooNE appearance signals  

• cannot be explained by eV-sterile neutrino oscillations 

• maybe sign of other exciting new physics (e.g. decaying HNLs?) 
but no straight-forward explanation

> 5σ

39

Summary
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Appearance vs disappearance tension 20

Analysis �
2
min,global �

2
min,app ��

2
app �

2
min,disapp ��

2
disapp �

2
PG/dof PG

Global 1120.9 79.1 11.9 1012.2 17.7 29.6/2 3.71⇥ 10�7

Removing anomalous data sets

w/o LSND 1099.2 86.8 12.8 1012.2 0.1 12.9/2 1.6⇥ 10�3

w/o MiniBooNE 1012.2 40.7 8.3 947.2 16.1 24.4/2 5.2⇥ 10�6

w/o reactors 925.1 79.1 12.2 833.8 8.1 20.3/2 3.8⇥ 10�5

w/o gallium 1116.0 79.1 13.8 1003.1 20.1 33.9/2 4.4⇥ 10�8

Removing constraints

w/o IceCube 920.8 79.1 11.9 812.4 17.5 29.4/2 4.2⇥ 10�7

w/o MINOS(+) 1052.1 79.1 15.6 948.6 8.94 24.5/2 4.7⇥ 10�6

w/o MB disapp 1054.9 79.1 14.7 947.2 13.9 28.7/2 6.0⇥ 10�7

w/o CDHS 1104.8 79.1 11.9 997.5 16.3 28.2/2 7.5⇥ 10�7

Removing classes of data
(–)

⌫ e dis vs app 628.6 79.1 0.8 542.9 5.8 6.6/2 3.6⇥ 10�2

(–)

⌫ µ dis vs app 564.7 79.1 12.0 468.9 4.7 16.7/2 2.3⇥ 10�4

(–)

⌫ µ dis + solar vs app 884.4 79.1 13.9 781.7 9.7 23.6/2 7.4⇥ 10�6

TABLE VII. Results of the parameter goodness-of-fit (PG) test [92] comparing appearance to
disappearance data. In this table we use the reactor flux-free analysis and LSND DaR+DiF data;
therefore we do not quote dof for the �

2 values. The first row corresponds to the global fit, while
the other row show the impact of removing individual experiments or sets of experiments from the
fit. In columns 2–8, we list the �2 at the global best fit point (�2

min,global), the �
2 at the appearance

best fit (�2
min,app), the di↵erence in �

2
app between the appearance best fit point and the global best

fit point (��
2
app), the �

2 at the disappearance best fit (�2
min,disapp), the di↵erence in �

2
disapp between

the disappearance best fit point and the global best fit point (��
2
disapp), the �

2 per dof for the PG
test (�2

PG/dof, computed according to eq. (A1)), and the resulting p-value given by eq. (A3).

p-value of the PG test statistic we use two degrees of freedom, corresponding to the two
parameters in common to appearance and disappearance data, see table V and the related
discussion. We observe that for none of the analyses given in the table, the p-value for
appearance and disappearance data being consistent exceeds 10�5, with the “best” com-
patibility of p = 2.6 ⇥ 10�6 emerging for fixed reactor fluxes and using LSND DaR+DiF
data. We conclude that the appearance/disappearance tension excludes a sterile neutrino

oscillation explanation of the
(–)

⌫ µ !
(–)

⌫ e anomalies at the 4.7� level.

Note that the parameter goodness-of-fit for the analysis using free reactor fluxes is worse
than the one for fixed reactor fluxes. The reason can be understood from the �

2 numbers

given in table VI. We see that the �
2
min of

(–)

⌫ e disappearance decreases by more (9.9 units)
than the global best fit point (7 or 6 units for DaR or DaR+DiF, respectively), when
leaving reactor fluxes free. Therefore, reactor data alone benefits more from free fluxes
than the appearance/disappearance tension, which increases the �

2 penalty to pay for the
combination in the case of free fluxes.

In table VII we investigate the robustness of the appearance/disappearance tension. We
show how the PG would improve if individual experiments or classes of experiments were

D
entler et al., 1803.10661


