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eV-scale sterile neutrino oscillations

Hints for sterile neutrinos at the eV scale?

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

I Gallium anomaly (νe disappearance)

I LSND (ν̄µ → ν̄e appearance)

I MiniBooNE (νµ → νe , ν̄µ → ν̄e appearance)
�m2

21

�m2
31

�m2
41

⌫e

⌫µ

⌫⌧
⌫s

νe disappearance: depends on |Ue4| → θee

T. Schwetz (KIT) 2



eV-scale sterile neutrino oscillations

Hints for sterile neutrinos at the eV scale?

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

I Gallium anomaly (νe disappearance)

I LSND (ν̄µ → ν̄e appearance)

I MiniBooNE (νµ → νe , ν̄µ → ν̄e appearance)
�m2

21

�m2
31

�m2
41

⌫e

⌫µ

⌫⌧
⌫s

νe disappearance: depends on |Ue4| → θee

T. Schwetz (KIT) 2



eV-scale sterile neutrino oscillations νe disappearance

Reactor anomaly – rate
calculation of neutrino flux from nuclear reactors predict too many
neutrinos Mueller et al., 1101.2663, P. Huber, 1106.0687
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Daya Bay 1808.10836
DayaBay ND flux weighted measurment (578 m), 1230-day
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FIG. 9. The ratio of measured reactor antineutrino yield to
the Huber+Mueller theoretical prediction as a function of the
distance from the reactor to detector. Each ratio is corrected
for the e↵ect of neutrino oscillation. The blue shaded region
represents the global average and its 1� uncertainty. The
2.4% model uncertainty is shown as a band around unity. The
measurements at the same baseline are combined together for
clarity. The Daya Bay measurement is shown at the flux
weighted baseline (578 m) of the two near halls.

With the new result, a comparison with the other
measurements is updated using the same method
presented in Ref. [29]. A summary figure is shown in
Figure 9. The Daya Bay new result on R is consistent
with the world data. The new world average of R is
0.945 ± 0.007 (exp.) ± 0.023 (model) with respect to the
Huber-Mueller model. This more precise measurement
further indicates that the origin of RAA is unlikely to be
due to detector e↵ects.

V. SUMMARY

In summary, an improved antineutrino flux
measurement is reported at Daya Bay with a 1230-day
data set. The precision of the measured mean IBD
yield is improved by 29% with a significantly improved
neutron detection e�ciency estimation. The new reactor
antineutrino flux is �f = (5.91±0.09)⇥10�43 cm2/fission.
The ratio with respect to predicted reactor antineutrino
yield R is 0.952 ± 0.014 ± 0.023 (Huber-Mueller) and
1.001 ± 0.015 ± 0.027 (ILL-Vogel), where the first
uncertainty is experimental and the second is due
to the reactor models. This yield measurement is
consistent with the world data, and further comfirms
the discrepancy between the world reactor antineutrino
flux and the Huber-Mueller model.
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eV-scale sterile neutrino oscillations νe disappearance

Reactor anomaly – rate

How reliable are the flux predictions and their uncertainty estimate?

5 MeV bump:
I seen by RENO, DoubleChooz,

DayaBay
I not present in DANSS data?

(solid plastic scintillator)
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the agreement is reasonable in other energy regions. A
comparison to the Huber+Mueller model yields a �2/dof
of 46.6/24 in the full energy range from 0.7 to 12 MeV,
corresponding to a 2.9 � discrepancy. The ILL+Vogel
model shows a similar level of discrepancy from the data.

Another compatibility test was performed with a
modified fitting algorithm. In this method, N(=number
of prompt energy bins) free-floating nuisance parameters
are introduced to the oscillation parameter fit to adjust
the normalization for each bin, as described in [65]. The
compatibility was tested by evaluating

��2 =�2(standard)��2(N extra parameters) (29)

for N degrees of freedom. We obtained ��2/N =
50.1/25, which is consistent with the results obtained
by the first method using Eq. 28.
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Fig. 23. (A) Comparison of predicted and mea-
sured prompt energy spectra. The prediction is
based on the Huber+Mueller model and normal-
ized to the number of measured events. The error
bars on the data points represent the statistical
uncertainty. The hatched and red filled bands rep-
resent the square-root of diagonal elements of the
covariance matrix (

p
(Vii)) for the reactor related

and the full systematic uncertainties, respectively.
(B) Ratio of the measured prompt energy spec-
trum to the predicted spectrum (Huber+Mueller
model). (C) The defined �2 distribution (e�i) of
each bin (black solid curve) and local p-values for
1 MeV energy windows (magenta dashed curve).
See Eq. 30 and relevant text for the definitions.

6.3 Quantification of the Local Deviation

The ratio of the measured to predicted energy spectra
is shown in Fig. 23B. The spectral discrepancy around 5

MeV prompt energy is clearly visible. Two approaches
are adopted to evaluate the significance of this discrep-
ancy. The first method evaluates the �2 contribution of
each energy bin,

e�i =
Nobs

i �Npred
i

|Nobs
i �Npred

i |

sX

j

�2
ij ,

�2
ij = (Nobs

i �Npred
i )(V �1)ij(N

obs
j �Npred

j ). (30)

By definition,
P

i e�2
i is equal to the value of �2 defined in

Eq. 28. As shown in Fig. 23C, an enhanced contribution
is visible around 5 MeV.

In the second approach, the significance of the de-
viation is evaluated based on the modified oscillation
analysis similar to Eq. 29. Instead of allowing all the
N nuisance parameters to be free floating, only parame-
ters within a selected energy window are varied in the fit.
The di↵erence between minimum �2s before and after in-
troducing these nuisance parameters within the selected
energy window was used to evaluate the p-value of the
local variation from the predictions. The p-values with
1 MeV sliding energy window are shown in Fig. 23C. The
local significance for a discrepancy is greater than 4 � at
the highest point around 5 MeV. In addition, the local
significance for the 2 MeV window between 4 and 6 MeV
were evaluated. We obtained a ��2/N value of 37.4/8,
which corresponds to the p-value of 9.7⇥ 10�6(4.4 �).
Comparing with the ILL+Vogel model shows a similar
level of local discrepancy between 4 and 6 MeV.

The excess between 4 and 6 MeV was ⇠1.5% of the
total observed IBD candidates. An excess of events in
a same energy range was not observed in the spallation
12B beta decay spectrum, ruling out detector e↵ects as
an explanation. Adding a simple beta-decay branch or a
mono-energetic peak cannot reproduce the observed ex-
cess, indicating that it cannot be explained by a simple
background contribution. Contributions from other in-
teraction channels (e.g. ⌫̄e+

13C) were investigated and
were found to be too small to account for the excess. The
events in the energy region around 5 MeV are carefully
examined: the neutron capture time, the delayed energy
spectrum, and the distance distribution for the delayed
neutron capture signal were found to match IBD event
characteristics. The vertex distribution of the prompt
signal was found to be uniform and consistent with IBD
events.

Figure 24 shows the event rate versus time in the
energy window of 4.5-5.5 MeV and other windows.
The strong correlation indicates that the excess around
5 MeV is proportional to the reactor antineutrino flux.
Therefore, it strongly suggests that the deviation is due
to the imperfect modelling of the reactor antineutrino
spectrum. A recent ab initio calculation of the antineu-
trino spectrum showed a similar deviation from previous
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the agreement is reasonable in other energy regions. A
comparison to the Huber+Mueller model yields a �2/dof
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corresponding to a 2.9 � discrepancy. The ILL+Vogel
model shows a similar level of discrepancy from the data.
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are introduced to the oscillation parameter fit to adjust
the normalization for each bin, as described in [65]. The
compatibility was tested by evaluating
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for N degrees of freedom. We obtained ��2/N =
50.1/25, which is consistent with the results obtained
by the first method using Eq. 28.
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6.3 Quantification of the Local Deviation

The ratio of the measured to predicted energy spectra
is shown in Fig. 23B. The spectral discrepancy around 5

MeV prompt energy is clearly visible. Two approaches
are adopted to evaluate the significance of this discrep-
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Eq. 28. As shown in Fig. 23C, an enhanced contribution
is visible around 5 MeV.

In the second approach, the significance of the de-
viation is evaluated based on the modified oscillation
analysis similar to Eq. 29. Instead of allowing all the
N nuisance parameters to be free floating, only parame-
ters within a selected energy window are varied in the fit.
The di↵erence between minimum �2s before and after in-
troducing these nuisance parameters within the selected
energy window was used to evaluate the p-value of the
local variation from the predictions. The p-values with
1 MeV sliding energy window are shown in Fig. 23C. The
local significance for a discrepancy is greater than 4 � at
the highest point around 5 MeV. In addition, the local
significance for the 2 MeV window between 4 and 6 MeV
were evaluated. We obtained a ��2/N value of 37.4/8,
which corresponds to the p-value of 9.7⇥ 10�6(4.4 �).
Comparing with the ILL+Vogel model shows a similar
level of local discrepancy between 4 and 6 MeV.

The excess between 4 and 6 MeV was ⇠1.5% of the
total observed IBD candidates. An excess of events in
a same energy range was not observed in the spallation
12B beta decay spectrum, ruling out detector e↵ects as
an explanation. Adding a simple beta-decay branch or a
mono-energetic peak cannot reproduce the observed ex-
cess, indicating that it cannot be explained by a simple
background contribution. Contributions from other in-
teraction channels (e.g. ⌫̄e+

13C) were investigated and
were found to be too small to account for the excess. The
events in the energy region around 5 MeV are carefully
examined: the neutron capture time, the delayed energy
spectrum, and the distance distribution for the delayed
neutron capture signal were found to match IBD event
characteristics. The vertex distribution of the prompt
signal was found to be uniform and consistent with IBD
events.

Figure 24 shows the event rate versus time in the
energy window of 4.5-5.5 MeV and other windows.
The strong correlation indicates that the excess around
5 MeV is proportional to the reactor antineutrino flux.
Therefore, it strongly suggests that the deviation is due
to the imperfect modelling of the reactor antineutrino
spectrum. A recent ab initio calculation of the antineu-
trino spectrum showed a similar deviation from previous
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eV-scale sterile neutrino oscillations νe disappearance

DayaBay 235U and 239Pu flux determination 1704.01082

use fuel evolution and time dependence of
observed neutrino rate:

I flux deficit in 235U
239Pu consistent with prediction

I flux-free fit is preferred over sterile
neutrino at 2.7σ

I but sterile neutrino osc gives also
acceptable GOF: p-value = 18%

5

spectively, are incompatible at 2.6� confidence level.
The evolution of Daya Bay’s IBD yield pictured in Fig. 2

was also used to measure the individual IBD yields of 235U
and 239Pu. For each F239 bin a in Fig. 2, the measured IBD
yield can be described as

�a
f =

X

i

F a
i �i, (5)

where F a
i are the effective fission fractions for each isotope,

and �i is the IBD yield from that isotope. Measurements from
all bins can be summarized with the matrix equation

�f = F�, (6)

where �f is an eight-element vector of the measured IBD
yields, � is a vector containing the IBD yields of the four fis-
sion isotopes, and F is a 8⇥4 matrix containing fission frac-
tions for the data in each F239 bin. This matrix equation was
used to construct a �2 test statistic

�2 = (�f � F�)>V�1(�f � F�), (7)

which allows a scan over the full � parameter space. The
matrix V is a covariance matrix containing the previously dis-
cussed statistical, reactor, and detector uncertainties, and their
correlation between measurements �f .

FIG. 3. Combined measurement of 235U and 239Pu IBD yields per
fission �235 and �239. The red triangle indicates the best fit �235

and �239, while green contours indicate two-dimensional 1�, 2� and
3� allowed regions. Contours utilize theoretically predicted IBD
yields for the subdominant isotopes 241Pu and 238U as indicated in
the lower left panel. Predicted values and 1� allowed regions based
on the Huber-Mueller model are also shown in black. The top and
side panels show one-dimensional ��2 profiles for �235 and �239,
respectively.

In order to break the degeneracy from contributions of
the two minor fission isotopes 241Pu and 238U, weak con-
straints were applied to these isotopes’ IBD yields. This was

accomplished in Eq. 7 by adding terms (�i � �̂i)
2/✏2i for

238U and 241Pu, where �̂i and ✏i are theoretically predicted
IBD yields and assigned uncertainties, which were treated as
fully uncorrelated. Values for �̂i were taken from Ref. [4]
for 238U (10.1⇥10�43 cm2/fission) and Ref. [3] for 241Pu (
6.05⇥10�43 cm2/fission). Values ✏i were set at 10% of the
model-predicted yield, significantly higher than the quoted
Huber-Mueller uncertainties, in order to reduce the potential
bias to the fit.

The IBD yields from 235U and 239Pu, �235 and
�239, were found to be (6.17 ± 0.17) and (4.27 ±
0.26) ⇥10�43 cm2/fission, respectively. Allowed regions and
one-dimensional ��2 profiles for �235 and �239 are shown in
Fig. 3. The measurement is currently limited in precision by
the AD-correlated uncertainty in Daya Bay’s detection effi-
ciency, and by the statistical uncertainty in the measurements
�f . The 10% uncertainties assigned to �238,241 provide a
subdominant contribution to the uncertainty in �235 and �239.
This �235 is 7.8% lower than the Huber-Mueller model value
of (6.69±0.15) ⇥10�43 cm2/fission, a difference significantly
larger than the 2.7% measurement uncertainty. A measured
�235 yield deficit has also been reported using global fits to an-
tineutrino data from reactors of varying fission fractions [28].
The measured �239 value is consistent with the predicted value
of (4.36±0.11) ⇥10�43 cm2/fission within the 6% uncertainty
of the measurement.

By applying additional constraints on �f in Eq. 7, these
�235 and �239 results were tested for consistency with hypo-
thetical �f values representing differing sources of the reactor
antineutrino anomaly. If the anomaly is produced solely via
incorrect predictions of 235U, the measured �235 should devi-
ate from its predicted value while �238,239,241 remain at their
predicted values; enforcement of this additional constraint in
Eq. 7 produced a best fit higher by ��2/NDF= 0.17/1 (two-
sided p-value 0.68). A similar test of 239Pu as the sole source
of the anomaly yielded a best-fit value higher by ��2/NDF =
10.0/1 (p-value 0.00016). Requiring all isotopes in Eq. 7 to
exhibit an equal fractional deficit with respect to prediction,
the best fit was found to be higher by ��2/NDF= 7.9/1
(p-value 0.0049). Thus, the hypothesis that 235U is primar-
ily responsible for the reactor antineutrino anomaly is favored
by the Daya Bay data, with the equal deficit and 239Pu-only
deficit hypotheses disfavored at the 2.8� and 3.2� confidence
levels, respectively.

To investigate changes in the antineutrino spectrum with
reactor fuel evolution, observed IBD spectra per fission, S,
were examined, where �f =

P
j Sj , the sum of IBD yields in

all prompt energy bins. For each F239 bin depicted in Fig. 4,
the measured Sj values were compared to the F239-averaged
IBD yield per fission value Sj . The ratio Sj/Sj is plotted
against F239 in Fig. 4 for four different Ep bins. The common
negative slope in Sj/Sj visible in all prompt energy ranges
indicates an overall reduction in reactor antineutrino flux with
increasing F239, as demonstrated in Fig. 2. In addition, the
trends in Sj/Sj with F239 in Fig. 4 differ for each energy bin,
indicating a change in the spectral shape with fuel evolution.
In particular, the content of higher-energy bins decreases more
rapidly than lower-energy bins as F239 increases.

Dentler, Hernandez, Kopp, Maltoni, TS, 1709.04294
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In order to break the degeneracy from contributions of
the two minor fission isotopes 241Pu and 238U, weak con-
straints were applied to these isotopes’ IBD yields. This was

accomplished in Eq. 7 by adding terms (�i � �̂i)
2/✏2i for

238U and 241Pu, where �̂i and ✏i are theoretically predicted
IBD yields and assigned uncertainties, which were treated as
fully uncorrelated. Values for �̂i were taken from Ref. [4]
for 238U (10.1⇥10�43 cm2/fission) and Ref. [3] for 241Pu (
6.05⇥10�43 cm2/fission). Values ✏i were set at 10% of the
model-predicted yield, significantly higher than the quoted
Huber-Mueller uncertainties, in order to reduce the potential
bias to the fit.

The IBD yields from 235U and 239Pu, �235 and
�239, were found to be (6.17 ± 0.17) and (4.27 ±
0.26) ⇥10�43 cm2/fission, respectively. Allowed regions and
one-dimensional ��2 profiles for �235 and �239 are shown in
Fig. 3. The measurement is currently limited in precision by
the AD-correlated uncertainty in Daya Bay’s detection effi-
ciency, and by the statistical uncertainty in the measurements
�f . The 10% uncertainties assigned to �238,241 provide a
subdominant contribution to the uncertainty in �235 and �239.
This �235 is 7.8% lower than the Huber-Mueller model value
of (6.69±0.15) ⇥10�43 cm2/fission, a difference significantly
larger than the 2.7% measurement uncertainty. A measured
�235 yield deficit has also been reported using global fits to an-
tineutrino data from reactors of varying fission fractions [28].
The measured �239 value is consistent with the predicted value
of (4.36±0.11) ⇥10�43 cm2/fission within the 6% uncertainty
of the measurement.

By applying additional constraints on �f in Eq. 7, these
�235 and �239 results were tested for consistency with hypo-
thetical �f values representing differing sources of the reactor
antineutrino anomaly. If the anomaly is produced solely via
incorrect predictions of 235U, the measured �235 should devi-
ate from its predicted value while �238,239,241 remain at their
predicted values; enforcement of this additional constraint in
Eq. 7 produced a best fit higher by ��2/NDF= 0.17/1 (two-
sided p-value 0.68). A similar test of 239Pu as the sole source
of the anomaly yielded a best-fit value higher by ��2/NDF =
10.0/1 (p-value 0.00016). Requiring all isotopes in Eq. 7 to
exhibit an equal fractional deficit with respect to prediction,
the best fit was found to be higher by ��2/NDF= 7.9/1
(p-value 0.0049). Thus, the hypothesis that 235U is primar-
ily responsible for the reactor antineutrino anomaly is favored
by the Daya Bay data, with the equal deficit and 239Pu-only
deficit hypotheses disfavored at the 2.8� and 3.2� confidence
levels, respectively.

To investigate changes in the antineutrino spectrum with
reactor fuel evolution, observed IBD spectra per fission, S,
were examined, where �f =

P
j Sj , the sum of IBD yields in

all prompt energy bins. For each F239 bin depicted in Fig. 4,
the measured Sj values were compared to the F239-averaged
IBD yield per fission value Sj . The ratio Sj/Sj is plotted
against F239 in Fig. 4 for four different Ep bins. The common
negative slope in Sj/Sj visible in all prompt energy ranges
indicates an overall reduction in reactor antineutrino flux with
increasing F239, as demonstrated in Fig. 2. In addition, the
trends in Sj/Sj with F239 in Fig. 4 differ for each energy bin,
indicating a change in the spectral shape with fuel evolution.
In particular, the content of higher-energy bins decreases more
rapidly than lower-energy bins as F239 increases.

H0: flux predictions correct (incl. errors) + sterile oscillations
H1: no sterile neutrino, individual flux normalizations free

T = χ2min(H0)− χ2min(H1) Tobs = 6.3 (2.7σ)

Dentler, Hernandez, Kopp, Maltoni, TS, 1709.04294
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use fuel evolution and time dependence of
observed neutrino rate:

I flux deficit in 235U
239Pu consistent with prediction

I flux-free fit is preferred over sterile
neutrino at 2.7σ

I but sterile neutrino osc gives also
acceptable GOF: p-value = 18%
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spectively, are incompatible at 2.6� confidence level.
The evolution of Daya Bay’s IBD yield pictured in Fig. 2

was also used to measure the individual IBD yields of 235U
and 239Pu. For each F239 bin a in Fig. 2, the measured IBD
yield can be described as

�a
f =

X

i

F a
i �i, (5)

where F a
i are the effective fission fractions for each isotope,

and �i is the IBD yield from that isotope. Measurements from
all bins can be summarized with the matrix equation

�f = F�, (6)

where �f is an eight-element vector of the measured IBD
yields, � is a vector containing the IBD yields of the four fis-
sion isotopes, and F is a 8⇥4 matrix containing fission frac-
tions for the data in each F239 bin. This matrix equation was
used to construct a �2 test statistic

�2 = (�f � F�)>V�1(�f � F�), (7)

which allows a scan over the full � parameter space. The
matrix V is a covariance matrix containing the previously dis-
cussed statistical, reactor, and detector uncertainties, and their
correlation between measurements �f .

FIG. 3. Combined measurement of 235U and 239Pu IBD yields per
fission �235 and �239. The red triangle indicates the best fit �235

and �239, while green contours indicate two-dimensional 1�, 2� and
3� allowed regions. Contours utilize theoretically predicted IBD
yields for the subdominant isotopes 241Pu and 238U as indicated in
the lower left panel. Predicted values and 1� allowed regions based
on the Huber-Mueller model are also shown in black. The top and
side panels show one-dimensional ��2 profiles for �235 and �239,
respectively.

In order to break the degeneracy from contributions of
the two minor fission isotopes 241Pu and 238U, weak con-
straints were applied to these isotopes’ IBD yields. This was

accomplished in Eq. 7 by adding terms (�i � �̂i)
2/✏2i for

238U and 241Pu, where �̂i and ✏i are theoretically predicted
IBD yields and assigned uncertainties, which were treated as
fully uncorrelated. Values for �̂i were taken from Ref. [4]
for 238U (10.1⇥10�43 cm2/fission) and Ref. [3] for 241Pu (
6.05⇥10�43 cm2/fission). Values ✏i were set at 10% of the
model-predicted yield, significantly higher than the quoted
Huber-Mueller uncertainties, in order to reduce the potential
bias to the fit.

The IBD yields from 235U and 239Pu, �235 and
�239, were found to be (6.17 ± 0.17) and (4.27 ±
0.26) ⇥10�43 cm2/fission, respectively. Allowed regions and
one-dimensional ��2 profiles for �235 and �239 are shown in
Fig. 3. The measurement is currently limited in precision by
the AD-correlated uncertainty in Daya Bay’s detection effi-
ciency, and by the statistical uncertainty in the measurements
�f . The 10% uncertainties assigned to �238,241 provide a
subdominant contribution to the uncertainty in �235 and �239.
This �235 is 7.8% lower than the Huber-Mueller model value
of (6.69±0.15) ⇥10�43 cm2/fission, a difference significantly
larger than the 2.7% measurement uncertainty. A measured
�235 yield deficit has also been reported using global fits to an-
tineutrino data from reactors of varying fission fractions [28].
The measured �239 value is consistent with the predicted value
of (4.36±0.11) ⇥10�43 cm2/fission within the 6% uncertainty
of the measurement.

By applying additional constraints on �f in Eq. 7, these
�235 and �239 results were tested for consistency with hypo-
thetical �f values representing differing sources of the reactor
antineutrino anomaly. If the anomaly is produced solely via
incorrect predictions of 235U, the measured �235 should devi-
ate from its predicted value while �238,239,241 remain at their
predicted values; enforcement of this additional constraint in
Eq. 7 produced a best fit higher by ��2/NDF= 0.17/1 (two-
sided p-value 0.68). A similar test of 239Pu as the sole source
of the anomaly yielded a best-fit value higher by ��2/NDF =
10.0/1 (p-value 0.00016). Requiring all isotopes in Eq. 7 to
exhibit an equal fractional deficit with respect to prediction,
the best fit was found to be higher by ��2/NDF= 7.9/1
(p-value 0.0049). Thus, the hypothesis that 235U is primar-
ily responsible for the reactor antineutrino anomaly is favored
by the Daya Bay data, with the equal deficit and 239Pu-only
deficit hypotheses disfavored at the 2.8� and 3.2� confidence
levels, respectively.

To investigate changes in the antineutrino spectrum with
reactor fuel evolution, observed IBD spectra per fission, S,
were examined, where �f =

P
j Sj , the sum of IBD yields in

all prompt energy bins. For each F239 bin depicted in Fig. 4,
the measured Sj values were compared to the F239-averaged
IBD yield per fission value Sj . The ratio Sj/Sj is plotted
against F239 in Fig. 4 for four different Ep bins. The common
negative slope in Sj/Sj visible in all prompt energy ranges
indicates an overall reduction in reactor antineutrino flux with
increasing F239, as demonstrated in Fig. 2. In addition, the
trends in Sj/Sj with F239 in Fig. 4 differ for each energy bin,
indicating a change in the spectral shape with fuel evolution.
In particular, the content of higher-energy bins decreases more
rapidly than lower-energy bins as F239 increases.

Analysis χ2min/dof gof sin2 2θbfp14 ∆χ2(no osc)
fixed fluxes + νs 9.8/(8− 1) 18% 0.11 3.9
free fluxes (no νs) 3.6/(8− 2) 73%

Dentler, Hernandez, Kopp, Maltoni, TS, 1709.04294

T. Schwetz (KIT) 5



eV-scale sterile neutrino oscillations νe disappearance

NEOS and DANSS spectral distortion Dentler et al, 1803.10661
7

 0.55

 0.6

 0.65

 0.7

 0.75

 0.8

 0.85

 1  2  3  4  5  6  7

R
a

tio
 D

o
w

n
/U

p

Prompt Energy [MeV]

global reactor best fit
DANSS best fit

DANSS data

 0.9

 0.95

 1

 1.05

 1.1

 1  2  3  4  5  6  7  8  9
D

a
ta

/P
re

d
ic

tio
n

Prompt Energy [MeV]

global reactor best fit
NEOS+DB best fit

NEOS data

FIG. 1. Observed spectra for the DANSS (left) and NEOS (right) experiments compared to the

predicted spectra at the individual best fit points (dashed) and the best fit point from a global

analysis of all reactor data (solid). The left panel shows the ratio of the observed event rates at

the two detector locations in DANSS (24 bins). The right panel shows the NEOS spectral data

relative to the prediction extrapolated from the measured Day Bay spectrum (60 bins). The best

fit points are �m2
41 = 1.32 eV2, sin2 ✓14 = 0.012 for DANSS, �m2

41 = 1.78 eV2, sin2 ✓14 = 0.013

for NEOS + Daya Bay, and �m2
41 = 1.29 eV2, sin2 ✓14 = 0.0089 for the fit to all reactor data,

assuming a free normalization for the neutrino fluxes from the four main fissible isotopes.

distortion, leading to a preference in favour of sterile neutrino oscillations, as illustrated
by the red dashed curve in fig. 2. The remarkable observation is that the preferred region
from DANSS overlaps with the one from NEOS, which also observes a spectral distortion
consistent with sterile neutrino oscillations, see right panel of fig. 1. Results of the combined
analysis of DANSS and NEOS are given in table II. We find that the no-oscillation hypothesis
is disfavoured with respect to sterile neutrino oscillations at a significance of 3.3�. Let us
stress that this result is completely independent of reactor neutrino flux predictions. It is
only based on bin-by-bin spectral comparison between two detector locations in DANSS,
and between the spectra observed in NEOS and Daya Bay.

Combing all available reactor data, we obtain the results shown table II and fig. 2. These
results confirm the ' 3� hint in favour of sterile neutrinos from DANSS and NEOS in the
analysis with free fluxes. If the fluxes are fixed and the predicted neutrino rate is used
(“reactor anomaly”), the significance increases to 3.5�, with a best fit point consistent with
the DANSS/NEOS spectral indications. Note that in the analysis using fixed fluxes there
is minor tension between “old” reactor data and the DANSS/NEOS best fit region, see
fig. 2. Despite this small tension, the significance for sterile neutrinos increases from 3.3�
for NEOS+DANSS to 3.5� for the global data. We conclude that recent data support the
indication in favour of sterile neutrinos from the reactor anomaly, a conclusion that is solely
based on spectral distortions, but independent of reactor flux predictions.

Let us comment on the impact of the Daya Bay measurements of the individual neutrino
fluxes from di↵erent fissible isotopes [37] by using the time evolution of the observed reactor
anti-neutrino spectra. These data have been used to compare the hypothesis H1 of no-

DANSS: relative spectra
@ detector locations with
L = 10.7 and 12.7 m

NEOS: spectrum at L = 24 m,
relative to prediction based on
Daya Bay near detector spectrum

T. Schwetz (KIT) 6
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Analysis �m2
41 [eV2] |U2

e4| �2
min/dof ��2(no-osc) significance

DANSS+NEOS 1.3 0.00964 74.4/(84 � 2) 13.6 3.3�

all reactor (flux-free) 1.3 0.00887 185.8/(233 � 5) 11.5 2.9�

all reactor (flux-fixed) 1.3 0.00964 196.0/(233 � 3) 15.5 3.5�
(–)

⌫ e disap. (flux-free) 1.3 0.00901 542.9/(594 � 8) 13.4 3.2�
(–)

⌫ e disap. (flux-fixed) 1.3 0.0102 552.8/(594 � 6) 17.5 3.8�

TABLE II. Results on
(–)

⌫ e disappearance from DANSS+NEOS, from a fit to all reactor data (both

for free fluxes and fixed fluxes), and from a fit to the combined
(–)

⌫ e disappearance data listed in

table I. For each combination of data sets, we give the parameter values and the �2 value per

degree of freedom at the best fit point. In all fits, we treat ✓14 and �m2
41 as free parameters. For

the “all reactor” sample, we also leave ✓13 free. In the “
(–)

⌫ e disap.” analyses, all parameters listed

in eq. (6) are allowed to float. For the analyses with free reactor fluxes, there are two additional

free parameters corresponding to the normalization of the 235U and 239Pu fluxes. The last two

columns of the table give the ��2 between the no-oscillation hypothesis and the best fit, as well as

the significance at which the no-oscillation hypothesis is disfavoured. It is obtained by assuming

that ��2 follows a �2 distribution with two degrees of freedom (�m2
41 and |Ue4|).

whereas in section III B we present the global
(–)

⌫ e disappearance analysis.

A. Updated reactor analysis

The reactor analysis includes the experiments listed in table I. The fit by now is dominated
largely by the recent NEOS [23] and DANSS [26] results, as well as the latest data from
Daya Bay. For the latter we include the ratios of spectra measured in experimental halls
(EH) 3 and 1, and in experimental halls 2 and 1 [71], as well as the measurement of the
individual neutrino fluxes from each fissible isotope [37]. The analysis presented here is based
largely on ref. [21] where more details can be found. The important di↵erence with respect
to that analysis is the recent preliminary results from the DANSS experiment presented in
December 2017 [26], which consists of a data sample of approximately four times increased
exposure compared to the one shown in March 2017 [25] used in [21]. Another recent analysis
including this latest DANSS data can be found in ref. [91].

Regarding reactor neutrino flux predictions we consider two scenarios: (i) fixed fluxes,
where we set the uncertainties on the predicted anti-neutrino fluxes to the values estimated
in the original publications [3, 4]; (ii) free fluxes, where the normalizations of the neutrino
fluxes from the four main fissible isotopes 235U, 238U, 239Pu and 241Pu are allowed to float
freely. (A weak constraint ±20% at 1� is included for the numerically subdominant fluxes
from 238U and 241Pu to avoid unphysical values.) Note that we never rely on the predicted
anti-neutrino spectra, only on the predicted rates. Even in the case of fixed fluxes, those
analyses which use spectral information are based entirely on ratios of spectra at di↵erent
baselines.

The new spectral data from DANSS are shown in the left panel of fig. 1. The DANSS
experiment uses a movable detector. The plot shows the ratio of the spectra observed in two
detector locations corresponding to baselines of 10.7 and 12.7 m. The data show a spectral
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Analysis �m2
41 [eV2] |U2

e4| �2
min/dof ��2(no-osc) significance

DANSS+NEOS 1.3 0.00964 74.4/(84 � 2) 13.6 3.3�

all reactor (flux-free) 1.3 0.00887 185.8/(233 � 5) 11.5 2.9�

all reactor (flux-fixed) 1.3 0.00964 196.0/(233 � 3) 15.5 3.5�
(–)

⌫ e disap. (flux-free) 1.3 0.00901 542.9/(594 � 8) 13.4 3.2�
(–)

⌫ e disap. (flux-fixed) 1.3 0.0102 552.8/(594 � 6) 17.5 3.8�

TABLE II. Results on
(–)

⌫ e disappearance from DANSS+NEOS, from a fit to all reactor data (both

for free fluxes and fixed fluxes), and from a fit to the combined
(–)

⌫ e disappearance data listed in

table I. For each combination of data sets, we give the parameter values and the �2 value per

degree of freedom at the best fit point. In all fits, we treat ✓14 and �m2
41 as free parameters. For

the “all reactor” sample, we also leave ✓13 free. In the “
(–)

⌫ e disap.” analyses, all parameters listed

in eq. (6) are allowed to float. For the analyses with free reactor fluxes, there are two additional

free parameters corresponding to the normalization of the 235U and 239Pu fluxes. The last two

columns of the table give the ��2 between the no-oscillation hypothesis and the best fit, as well as

the significance at which the no-oscillation hypothesis is disfavoured. It is obtained by assuming

that ��2 follows a �2 distribution with two degrees of freedom (�m2
41 and |Ue4|).

whereas in section III B we present the global
(–)

⌫ e disappearance analysis.

A. Updated reactor analysis

The reactor analysis includes the experiments listed in table I. The fit by now is dominated
largely by the recent NEOS [23] and DANSS [26] results, as well as the latest data from
Daya Bay. For the latter we include the ratios of spectra measured in experimental halls
(EH) 3 and 1, and in experimental halls 2 and 1 [71], as well as the measurement of the
individual neutrino fluxes from each fissible isotope [37]. The analysis presented here is based
largely on ref. [21] where more details can be found. The important di↵erence with respect
to that analysis is the recent preliminary results from the DANSS experiment presented in
December 2017 [26], which consists of a data sample of approximately four times increased
exposure compared to the one shown in March 2017 [25] used in [21]. Another recent analysis
including this latest DANSS data can be found in ref. [91].

Regarding reactor neutrino flux predictions we consider two scenarios: (i) fixed fluxes,
where we set the uncertainties on the predicted anti-neutrino fluxes to the values estimated
in the original publications [3, 4]; (ii) free fluxes, where the normalizations of the neutrino
fluxes from the four main fissible isotopes 235U, 238U, 239Pu and 241Pu are allowed to float
freely. (A weak constraint ±20% at 1� is included for the numerically subdominant fluxes
from 238U and 241Pu to avoid unphysical values.) Note that we never rely on the predicted
anti-neutrino spectra, only on the predicted rates. Even in the case of fixed fluxes, those
analyses which use spectral information are based entirely on ratios of spectra at di↵erent
baselines.

The new spectral data from DANSS are shown in the left panel of fig. 1. The DANSS
experiment uses a movable detector. The plot shows the ratio of the spectra observed in two
detector locations corresponding to baselines of 10.7 and 12.7 m. The data show a spectral

I global νe disapp. data show indication for
eV-scale oscillations at 3σ level,
independent of reactor flux predictions

I taking into account also the H-M prediction
(incl. uncert.), the significance is 3.8σ

I ∆m2
41 ' 1.3 eV2, |U2

e4| ' 0.01

see also Gariazzo, Giunti, Laveder, Li, 1801.06467
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Analysis �m2
41 [eV2] |U2

e4| �2
min/dof ��2(no-osc) significance

DANSS+NEOS 1.3 0.00964 74.4/(84 � 2) 13.6 3.3�

all reactor (flux-free) 1.3 0.00887 185.8/(233 � 5) 11.5 2.9�

all reactor (flux-fixed) 1.3 0.00964 196.0/(233 � 3) 15.5 3.5�
(–)

⌫ e disap. (flux-free) 1.3 0.00901 542.9/(594 � 8) 13.4 3.2�
(–)

⌫ e disap. (flux-fixed) 1.3 0.0102 552.8/(594 � 6) 17.5 3.8�

TABLE II. Results on
(–)

⌫ e disappearance from DANSS+NEOS, from a fit to all reactor data (both

for free fluxes and fixed fluxes), and from a fit to the combined
(–)

⌫ e disappearance data listed in

table I. For each combination of data sets, we give the parameter values and the �2 value per

degree of freedom at the best fit point. In all fits, we treat ✓14 and �m2
41 as free parameters. For

the “all reactor” sample, we also leave ✓13 free. In the “
(–)

⌫ e disap.” analyses, all parameters listed

in eq. (6) are allowed to float. For the analyses with free reactor fluxes, there are two additional

free parameters corresponding to the normalization of the 235U and 239Pu fluxes. The last two

columns of the table give the ��2 between the no-oscillation hypothesis and the best fit, as well as

the significance at which the no-oscillation hypothesis is disfavoured. It is obtained by assuming

that ��2 follows a �2 distribution with two degrees of freedom (�m2
41 and |Ue4|).

whereas in section III B we present the global
(–)

⌫ e disappearance analysis.

A. Updated reactor analysis

The reactor analysis includes the experiments listed in table I. The fit by now is dominated
largely by the recent NEOS [23] and DANSS [26] results, as well as the latest data from
Daya Bay. For the latter we include the ratios of spectra measured in experimental halls
(EH) 3 and 1, and in experimental halls 2 and 1 [71], as well as the measurement of the
individual neutrino fluxes from each fissible isotope [37]. The analysis presented here is based
largely on ref. [21] where more details can be found. The important di↵erence with respect
to that analysis is the recent preliminary results from the DANSS experiment presented in
December 2017 [26], which consists of a data sample of approximately four times increased
exposure compared to the one shown in March 2017 [25] used in [21]. Another recent analysis
including this latest DANSS data can be found in ref. [91].

Regarding reactor neutrino flux predictions we consider two scenarios: (i) fixed fluxes,
where we set the uncertainties on the predicted anti-neutrino fluxes to the values estimated
in the original publications [3, 4]; (ii) free fluxes, where the normalizations of the neutrino
fluxes from the four main fissible isotopes 235U, 238U, 239Pu and 241Pu are allowed to float
freely. (A weak constraint ±20% at 1� is included for the numerically subdominant fluxes
from 238U and 241Pu to avoid unphysical values.) Note that we never rely on the predicted
anti-neutrino spectra, only on the predicted rates. Even in the case of fixed fluxes, those
analyses which use spectral information are based entirely on ratios of spectra at di↵erent
baselines.

The new spectral data from DANSS are shown in the left panel of fig. 1. The DANSS
experiment uses a movable detector. The plot shows the ratio of the spectra observed in two
detector locations corresponding to baselines of 10.7 and 12.7 m. The data show a spectral

I global νe disapp. data show indication for
eV-scale oscillations at 3σ level,
independent of reactor flux predictions

I taking into account also the H-M prediction
(incl. uncert.), the significance is 3.8σ

I ∆m2
41 ' 1.3 eV2, |U2

e4| ' 0.01

new constraints emerging from STEREO 1806.02096, PROSPECT 1806.02784
hint from Neutrino-4 @ ∆m2

41 ' 7.2 eV2 1809.10561, tension with other data
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Hints for sterile neutrinos at the eV scale?

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

I Gallium anomaly (νe disappearance)

I LSND (ν̄µ → ν̄e appearance)

I MiniBooNE (νµ → νe , ν̄µ → ν̄e appearance)
�m2

21

�m2
31

�m2
41

⌫e

⌫µ

⌫⌧
⌫s

appearance data: depends on |Ue4Uµ4| → θµe

T. Schwetz (KIT) 9



eV-scale sterile neutrino oscillations

Hints for sterile neutrinos at the eV scale?

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

I Gallium anomaly (νe disappearance)

I LSND (ν̄µ → ν̄e appearance)

I MiniBooNE (νµ → νe , ν̄µ → ν̄e appearance)
�m2

21

�m2
31

�m2
41

⌫e

⌫µ

⌫⌧
⌫s

appearance data: depends on |Ue4Uµ4| → θµe

T. Schwetz (KIT) 9



eV-scale sterile neutrino oscillations νµ → νe appearance

Hints for νµ → νe appearance
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3

TABLE I: The expected (unconstrained) number of events for
the 200 < EQE

⌫ < 1250 MeV neutrino energy range from all
of the backgrounds in the ⌫e and ⌫̄e appearance analysis. Also
shown are the constrained background and the expected num-
ber of events corresponding to the LSND best fit oscillation
probability of 0.26%. The table shows the diagonal-element
systematic uncertainties, which become substantially reduced
in the oscillation fits when correlations between energy bins
and between the electron and muon neutrino events are in-
cluded. The antineutrino numbers are from a previous analy-
sis [3].

Process Neutrino Mode Antineutrino Mode
⌫µ & ⌫̄µ CCQE 73.7 ± 19.3 12.9 ± 4.3

NC ⇡0 501.5 ± 65.4 112.3 ± 11.5
NC � ! N� 172.5 ±24.1 34.7 ± 5.4

External Events 75.2 ± 10.9 15.3 ± 2.8
Other ⌫µ & ⌫̄µ 89.6 ± 22.9 22.3 ± 3.5

⌫e & ⌫̄e from µ± Decay 425.3 ± 100.2 91.4 ± 27.6
⌫e & ⌫̄e from K± Decay 192.2 ± 41.9 51.2 ± 11.0
⌫e & ⌫̄e from K0

L Decay 54.5 ± 20.5 51.4 ± 18.0
Other ⌫e & ⌫̄e 6.0 ± 3.2 6.7 ± 6.0

Unconstrained Bkgd. 1590.5 398.2
Constrained Bkgd. 1577.8 ± 85.2 398.7 ± 28.6

Total Data 1959 478
Excess 381.2 ± 85.2 79.3 ± 28.6

0.26% (LSND) ⌫µ ! ⌫e 463.1 100.0

energy range for the total 12.84 ⇥ 1020 POT data. Each
bin of reconstructed EQE

⌫ corresponds to a distribution
of “true” generated neutrino energies, which can overlap
adjacent bins. In neutrino mode, a total of 1959 data
events pass the ⌫e CCQE event selection requirements
with 200 < EQE

⌫ < 1250 MeV, compared to a back-
ground expectation of 1577.8 ± 39.7(stat.) ± 75.4(syst.)
events. The excess is then 381.2 ± 85.2 events or a
4.5� e↵ect. Note that the 162.0 event excess in the
first 6.46 ⇥ 1020 POT data is approximately 1� lower
than the average excess, while the 219.2 event excess in
the second 6.38 ⇥ 1020 POT data is approximately 1�
higher than the average excess. Combining the Mini-
BooNE neutrino and antineutrino data, there are a to-
tal of 2437 events in the 200 < EQE

⌫ < 1250 MeV en-
ergy region, compared to a background expectation of
1976.5±44.5(stat.)±84.8(syst.) events. This corresponds
to a total ⌫e plus ⌫̄e CCQE excess of 460.5 ± 95.8 events
with respect to expectation or a 4.8� excess. The signif-
icance of the combined LSND (3.8�) [1] and MiniBooNE
(4.8�) excesses is 6.1�. Fig. 2 shows the total event ex-
cesses as a function of EQE

⌫ in both neutrino mode and
antineutrino mode. The dashed curves show the best fits
to standard two-neutrino oscillations.

Fig. 3 compares the L/EQE
⌫ distributions for the Mini-

BooNE data excesses in neutrino mode and antineutrino
mode to the L/E distribution from LSND [1]. The er-
ror bars show statistical uncertainties only. As shown
in the figure, there is agreement among all three data
sets. Fitting these data to standard two-neutrino oscil-
lations including statistical errors only, the best fit oc-
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FIG. 1: The MiniBooNE neutrino mode EQE
⌫ distributions,

corresponding to the total 12.84 ⇥ 1020 POT data, for ⌫e

CCQE data (points with statistical errors) and background
(histogram with systematic errors). The dashed curve shows
the best fit to the neutrino-mode data assuming standard two-
neutrino oscillations.
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FIG. 2: The MiniBooNE total event excesses as a function
of EQE

⌫ in both neutrino mode and antineutrino mode, cor-
responding to 12.84 ⇥ 1020 POT and 11.27 ⇥ 1020 POT, re-
spectively. (Error bars include both statistical and correlated
systematic uncertainties.) The dashed curves show the best
fits to the neutrino-mode and antineutrino-mode data assum-
ing standard two-neutrino oscillations.

curs at �m2 = 0.040 eV2 and sin2 2✓ = 0.894 with
a �2/ndf = 35.2/28, corresponding to a probability of
16.4%. This best fit agrees with the MiniBooNE only
best fit described below. The MiniBooNE excess of
events in both oscillation probability and L/E spectrum
is, therefore, consistent with the LSND excess of events,
even though the two experiments have completely dif-
ferent neutrino energies, neutrino fluxes, reconstruction,
backgrounds, and systematic uncertainties.

I neutrino mode excess:
381.2± 85.2 events (4.5σ)

I ν-ν̄ combined excess:
460.5± 95.8 events (4.8σ)

LSND and MiniBooNE data consistent within 2-flavour oscillations
T. Schwetz (KIT) 10



eV-scale sterile neutrino oscillations νµ → νe appearance

Global data on SBL νµ → νe appearance Dentler et al, 1803.10661
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Can we explain all data together?
appearance

Pµe = sin2 2θµe sin2 ∆m2
41L

4E sin2 2θµe = 4|Ue4|2|Uµ4|2

disappearance (α = e, µ)

Pαα = 1− sin2 2θαα sin2 ∆m2
41L

4E sin2 2θαα = 4|Uα4|2(1− |Uα4|2)

sin2 2θµe ≈
1
4 sin2 2θee sin2 2θµµ

νµ → νe app. signal requires also signal in both, νe and νµ disappearance
(appearance mixing angle quadratically suppressed)

T. Schwetz (KIT) 12
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Abstract

Prompted by recent solar and atmospheric data, we re-analyze the four-neutrino oscillation
description of current neutrino data, including the LSND evidence for oscillations. The higher
degree of rejection for non-active solar and atmospheric oscillation solutions implied by the SNO
neutral current result as well as by the latest 1489-day Super-K atmospheric neutrino data allows
us to rule out (2 + 2) oscillation schemes proposed to reconcile LSND with the rest of current
neutrino oscillation data. Using an improved goodness of fit (g.o.f.) method especially sensitive to
the combination of data sets we obtain a g.o.f. of only 1.6× 10−6 for (2+ 2) schemes. Further, we
re-evaluate the status of (3+ 1) oscillations using two different analyses of the LSND data sample.
We find that also (3 + 1) schemes are strongly disfavoured by the data. Depending on the LSND
analysis we obtain a g.o.f. of 5.6× 10−3 or 7.6× 10−5. This leads to the conclusion that all four-
neutrino descriptions of the LSND anomaly, both in (2+2) as well as (3+1) realizations, are highly
disfavoured. Our analysis brings the LSND hint to a more puzzling status.
 2002 Elsevier Science B.V. All rights reserved.
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Strong tension in global data Dentler et al, 1803.10661
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Strong tension in global data Dentler et al, 1803.10661
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Robust tension between appearance and disapp. data
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

reactor flux-free analysis Dentler et al, 1803.10661
results for 2018 MiniB very similar (tension gets slightly worse)
T. Schwetz (KIT) 15
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Summary eV-scale sterile neutrino oscillations

I νe disappearance data:
signal for osc. with ∆m2

41 ' 1.3 eV2, |U2
e4| ' 0.01 at & 3σ

supported by flux-prediction independent spectral distortions
consistent with global data

I LSND and MiniBooNE νµ → νe signals:
strong tension with disappearance data
explanation in terms of eV-scale oscillations very unlikely
robust conclusion, indep. of reactor data
does not rely on any single experiment
adding more sterile neutrinos does not help eg. Kopp et al. 1303.3011

I eV-sterile neutrino explanations are in tension with cosmology
eg. Gonzalez-Garcia, Salvado, Song, 1805.08218,

T. Schwetz (KIT) 16
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Other BSM explanations?
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Other BSM explanations?

incomplete list:
I 3-neutrinos and CPT violation Murayama, Yanagida 01;

Barenboim, Borissov, Lykken 02; Gonzalez-Garcia, Maltoni, TS 03
I 4-neutrinos and CPT violation Barger, Marfatia, Whisnant 03
I Exotic muon-decay Babu, Pakvasa 02
I CPT viol. quantum decoherence Barenboim, Mavromatos 04
I Lorentz violation Kostelecky et al., 04, 06; Gouvea, Grossman 06
I mass varying ν Kaplan,Nelson,Weiner 04; Zurek 04; Barger,Marfatia,Whisnant 05
I shortcuts of sterile νs in extra dim

Paes, Pakvasa, Weiler 05; Doring, Pas, Sicking, Weiler, 18
I decaying sterile neutrino Palomares-Riuz, Pascoli, TS 05; Gninenko 09, 10;

Bertuzzo, Jana, Machado, Zukanovich, 18; Ballett, Pascoli, Ross-Lonergan, 18
I energy dependent quantum decoherence Farzan, TS, Smirnov 07;

Bakhti, Farzan, TS, 15
I sterile neutrinos and new gauge boson Nelson, Walsh 07
I sterile ν with energy dep. mass or mixing TS 07
I sterile ν with nonstandard interactions Akhmedov, TS 10;

Conrad, Karagiorgi, Shaevitz, 12; Liao, Marfatia, Whisnant 18
T. Schwetz (KIT) 18



Other BSM explanations?

Comments on BSM explanations

I many of them are ruled out!
(3 flavour neutrino oscillation data are very robust)

I many of them involve sterile neutrinos at some scale

I several of them address only one anomaly
it is very hard to explain all with a single model

T. Schwetz (KIT) 19



Other BSM explanations?

BSM example 1 – energy dependent quantum decoherence

Farzan, TS, Smirnov 07; Bakhti, Farzan, TS, 15

I no sterile neutrino needed

I LSND signal controlled by the 1-3 mixing: 0.0014 < sin2 θ13 < 0.034

I in order to be consistent with global data on oscillations, decoherence
has to be confined to LSND energy range, 10 MeV . Eν . 100 MeV

I no explanation for MiniBooNE, reactor and Gallium anomalies

⇒ very tailor-made explanation of LSND alone

T. Schwetz (KIT) 20



Other BSM explanations?

BSM example 2 – sterile ν + non-standard interactions
Akhmedov,TS 10 see also Conrad,Karagiorgi,Shaevitz, 12; Liao,Marfatia,Whisnant 18

I 4th neutrino with ∆m2
41 ∼ 1 eV2

I new type of CC-like interaction (4-Fermi like)
can be different for LSND and other exps (leptonic vs hadronic)

I improves disapp/appear. tension (p-value ≈ 10%, 2010 data)
reactor anomaly OK, MiniBooNE excess partially explained

I required NSI strength of few % is consistent with direct bounds:
example point Akhmedov, TS 10:
|εud

µs | ≈ 0.05, |εud
eµ| ≈ 0.011, |εeν

µs | ≈ 0.03, |εeν
µe | ≈ 0.01

I validity with 2018 global data needs to be re-assessed
Liao, Marfatia, Whisnant 18 require ε ' O(1)

I gauge invariant UV completion difficult (LFV, collider constraints)
Biggio etal 09, Gavela etal 08, Antusch etal 08, Davidson, Sanz, 11

T. Schwetz (KIT) 21
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BSM example 3a – sterile neutrino decay
possible explanations for LSND and MiniBooNE

I Palomares-Riuz, Pascoli, TS 05
sterile neutrino N in the mass range 1 keV to 1 MeV
produce N at source by mixing, |U2

µ4| ∼ 0.01
decays before reaching the detector via N → φ+ νe
can explain LSND, possibly MiniBooNE, but no reactor/Gallium

I Gninenko 09, 10
sterile neutrino N in the mass range 40 to 80 MeV
produced via scattering inside detector, |U2

µ4| ∼ 0.001− 0.01
fast decay via N → γ + ν, photon fakes e-like signal

2

the neutrino weak flavor eigenstates (νe, νµ, ντ , ...) can
be different from the mass eigenstates (ν1, ν2, ν3, ν4...),
but they are related to them, in general, through a uni-
tary transformation. A generalized mixing:

νl =
∑

i

Uliνi; l = e, µ, τ, ..., i = 1, 2, 3, 4, ... (1)

results in neutrino oscillations when the mass differences
are small, and in neutrino decays when the mass differ-
ences are large. Hence, it would also be natural to assume
that the νh, if it exists, is a component of muon neutri-
nos which is produced in νµ NC interactions by muonic
mixing, as illustrated in Fig.1. This assumption provides
us with a useful framework for further discussions. An
immediate consequence is that the νh can also be pro-
duced through CC interactions in leptonic and semilep-
tonic decays of sufficiently heavy mesons and baryons
according to the proper mixing strength, as follows from
Eq. (1), and phase space and helicity factors [15, 16]
(see also [17]). Note that, although CC weak interac-
tions of ordinary particles are V − A, one could assume
that the heavy neutrinos may dominantly be produced
by non-left-handed V, A couplings; see e.g., the discus-
sion in Ref.[15]. Therefore, it would be interesting and
important to have a general analysis of the production of
heavy neutrinos of Dirac or Majorana type, e.g. in νµNC
interactions, for arbitrary weak couplings including the
leptonic mixing and helicity effects. This is, however,
beyond the scope of the present work.

Z

N N

νµ νµ
νh

γ

ν

Uµh

FIG. 1: Schematic illustration of the NCQE production and
the decay of heavy neutrino.

The rest of the paper is organized as follows. In Sec.II
we describe the formalism for the radiative neutrino de-
cay, specifying the difference between the Dirac and Ma-
jorana decay modes. The results from the LSND and
KARMEN experiments are described in Sec.III. Here we
show how the suggested model explains those results. In
Sec.IV we briefly describe the MiniBooNE experiment
and give an explanation of the anomalous excess of events
observed in νµ and νµ data. The final results from the
combined analysis of the LSND and MiniBooNE data are
reported in Sec.V. The discussion and review of the ex-
perimental and some cosmological and astrophysical con-
straints on the mixing strength |Uµh|2 and neutrino mag-
netic moment are presented in Sec.VI. We find that, quite

surprisingly, the (mνh
; |Uµh|2) parameter space favorable

for the explanation of the LSND and MiniBooNE results
is unconstrained by the results from the most sensitive
experiments, e.g. searching for a νh peak in πµ2, Kµ2 de-
cays. Moreover, we show that taking into account the
dominance of the radiative νh decay and its short life-
time, makes existing experimental bounds weaker, allow-
ing them to be extended to the higher mass region. In
Sec.VII, several proposed experiments to search for the
νh are described. We also show that, several tests can be
applied to existing data. Section VIII contains conclud-
ing remarks.

II. RADIATIVE NEUTRINO DECAY

Let us consider the decay of a heavy neutrino νh of
mass mνh

and energy Eνh
into a lighter neutrino ν and

a photon:

νh → ν + γ (2)

with the partial lifetime τνh
. The energy of the decay

photon in the νh rest frame given by

E0
γ =

mνh

2
(1 − m2

ν

m2
νh

) (3)

is in the range 0 < Eγ < mνh
/2, depending on the mass

of the ν, which may be in the range 0 < mν < mνh
.

Furthermore, for simplicity we assume that the particle
ν is almost massless, and the photon energy in the rest
frame is E0

γ = mνh
/2. The energy of the decay photon

in the laboratory frame depends on the νh initial energy
and on the center-of-mass angle Θ between the photon
momentum and the νh direction of flight:

Eγ =
Eνh

2
(1 +

Pνh

Eνh

cosΘ) ≃ Eνh

2
(1 + cosΘ) (4)

Hence, the energy distribution of photons in the labora-
tory system depends on their angular distribution in the
rest frame, which is not generally isotropic [18]:

dN

dcosΘ
=

1

2
(1 + acosΘ) (5)

Here, the angle Θ is defined as above and a is the asym-
metry parameter. It is also possible to define Θ as the
angle between the direction of spin, the only direction
available in the rest frame, and the photon momentum.
However, if we assume that the spin of νh is (anti)parallel
to its momentum, both definitions are equivalent.

The decay of a spin- 1
2 neutrino into another spin- 1

2
particle and a photon can be generally described by two
helicity amplitudes A and B corresponding to the final
states shown in Fig. 2. For the most general coupling
given by [19–21]

ψ(ν)σµν (α+ βγ5)ψ(νh)∂µAν (6)

exluded by search for
K− → µ−N(N → γν)
ISTRA+ 1110.1610

T. Schwetz (KIT) 22
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BSM example 3a – sterile neutrino decay
possible explanations for LSND and MiniBooNE

I Palomares-Riuz, Pascoli, TS 05
sterile neutrino N in the mass range 1 keV to 1 MeV
produce N at source by mixing, |U2

µ4| ∼ 0.01
decays before reaching the detector via N → φ+ νe
can explain LSND, possibly MiniBooNE, but no reactor/Gallium

I Gninenko 09, 10
sterile neutrino N in the mass range 40 to 80 MeV
produced via scattering inside detector, |U2

µ4| ∼ 0.001− 0.01
fast decay via N → γ + ν, photon fakes e-like signal
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the neutrino weak flavor eigenstates (νe, νµ, ντ , ...) can
be different from the mass eigenstates (ν1, ν2, ν3, ν4...),
but they are related to them, in general, through a uni-
tary transformation. A generalized mixing:

νl =
∑

i

Uliνi; l = e, µ, τ, ..., i = 1, 2, 3, 4, ... (1)

results in neutrino oscillations when the mass differences
are small, and in neutrino decays when the mass differ-
ences are large. Hence, it would also be natural to assume
that the νh, if it exists, is a component of muon neutri-
nos which is produced in νµ NC interactions by muonic
mixing, as illustrated in Fig.1. This assumption provides
us with a useful framework for further discussions. An
immediate consequence is that the νh can also be pro-
duced through CC interactions in leptonic and semilep-
tonic decays of sufficiently heavy mesons and baryons
according to the proper mixing strength, as follows from
Eq. (1), and phase space and helicity factors [15, 16]
(see also [17]). Note that, although CC weak interac-
tions of ordinary particles are V − A, one could assume
that the heavy neutrinos may dominantly be produced
by non-left-handed V, A couplings; see e.g., the discus-
sion in Ref.[15]. Therefore, it would be interesting and
important to have a general analysis of the production of
heavy neutrinos of Dirac or Majorana type, e.g. in νµNC
interactions, for arbitrary weak couplings including the
leptonic mixing and helicity effects. This is, however,
beyond the scope of the present work.
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FIG. 1: Schematic illustration of the NCQE production and
the decay of heavy neutrino.

The rest of the paper is organized as follows. In Sec.II
we describe the formalism for the radiative neutrino de-
cay, specifying the difference between the Dirac and Ma-
jorana decay modes. The results from the LSND and
KARMEN experiments are described in Sec.III. Here we
show how the suggested model explains those results. In
Sec.IV we briefly describe the MiniBooNE experiment
and give an explanation of the anomalous excess of events
observed in νµ and νµ data. The final results from the
combined analysis of the LSND and MiniBooNE data are
reported in Sec.V. The discussion and review of the ex-
perimental and some cosmological and astrophysical con-
straints on the mixing strength |Uµh|2 and neutrino mag-
netic moment are presented in Sec.VI. We find that, quite

surprisingly, the (mνh
; |Uµh|2) parameter space favorable

for the explanation of the LSND and MiniBooNE results
is unconstrained by the results from the most sensitive
experiments, e.g. searching for a νh peak in πµ2, Kµ2 de-
cays. Moreover, we show that taking into account the
dominance of the radiative νh decay and its short life-
time, makes existing experimental bounds weaker, allow-
ing them to be extended to the higher mass region. In
Sec.VII, several proposed experiments to search for the
νh are described. We also show that, several tests can be
applied to existing data. Section VIII contains conclud-
ing remarks.

II. RADIATIVE NEUTRINO DECAY

Let us consider the decay of a heavy neutrino νh of
mass mνh

and energy Eνh
into a lighter neutrino ν and

a photon:

νh → ν + γ (2)

with the partial lifetime τνh
. The energy of the decay

photon in the νh rest frame given by

E0
γ =

mνh

2
(1 − m2

ν

m2
νh

) (3)

is in the range 0 < Eγ < mνh
/2, depending on the mass

of the ν, which may be in the range 0 < mν < mνh
.

Furthermore, for simplicity we assume that the particle
ν is almost massless, and the photon energy in the rest
frame is E0

γ = mνh
/2. The energy of the decay photon

in the laboratory frame depends on the νh initial energy
and on the center-of-mass angle Θ between the photon
momentum and the νh direction of flight:

Eγ =
Eνh

2
(1 +

Pνh

Eνh

cosΘ) ≃ Eνh

2
(1 + cosΘ) (4)

Hence, the energy distribution of photons in the labora-
tory system depends on their angular distribution in the
rest frame, which is not generally isotropic [18]:

dN

dcosΘ
=

1

2
(1 + acosΘ) (5)

Here, the angle Θ is defined as above and a is the asym-
metry parameter. It is also possible to define Θ as the
angle between the direction of spin, the only direction
available in the rest frame, and the photon momentum.
However, if we assume that the spin of νh is (anti)parallel
to its momentum, both definitions are equivalent.

The decay of a spin- 1
2 neutrino into another spin- 1

2
particle and a photon can be generally described by two
helicity amplitudes A and B corresponding to the final
states shown in Fig. 2. For the most general coupling
given by [19–21]

ψ(ν)σµν (α+ βγ5)ψ(νh)∂µAν (6)

exluded by search for
K− → µ−N(N → γν)
ISTRA+ 1110.1610
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Other BSM explanations?

BSM example 3a – sterile neutrino decay
possible explanations for LSND and MiniBooNE

I Palomares-Riuz, Pascoli, TS 05
sterile neutrino N in the mass range 1 keV to 1 MeV
produce N at source by mixing, |U2

µ4| ∼ 0.01
decays before reaching the detector via N → φ+ νe
can explain LSND, possibly MiniBooNE, but no reactor/Gallium

I Gninenko 09, 10
sterile neutrino N in the mass range 40 to 80 MeV
produced via scattering inside detector, |U2

µ4| ∼ 0.001− 0.01
fast decay via N → γ + ν, photon fakes e-like signal

2

the neutrino weak flavor eigenstates (νe, νµ, ντ , ...) can
be different from the mass eigenstates (ν1, ν2, ν3, ν4...),
but they are related to them, in general, through a uni-
tary transformation. A generalized mixing:

νl =
∑

i

Uliνi; l = e, µ, τ, ..., i = 1, 2, 3, 4, ... (1)

results in neutrino oscillations when the mass differences
are small, and in neutrino decays when the mass differ-
ences are large. Hence, it would also be natural to assume
that the νh, if it exists, is a component of muon neutri-
nos which is produced in νµ NC interactions by muonic
mixing, as illustrated in Fig.1. This assumption provides
us with a useful framework for further discussions. An
immediate consequence is that the νh can also be pro-
duced through CC interactions in leptonic and semilep-
tonic decays of sufficiently heavy mesons and baryons
according to the proper mixing strength, as follows from
Eq. (1), and phase space and helicity factors [15, 16]
(see also [17]). Note that, although CC weak interac-
tions of ordinary particles are V − A, one could assume
that the heavy neutrinos may dominantly be produced
by non-left-handed V, A couplings; see e.g., the discus-
sion in Ref.[15]. Therefore, it would be interesting and
important to have a general analysis of the production of
heavy neutrinos of Dirac or Majorana type, e.g. in νµNC
interactions, for arbitrary weak couplings including the
leptonic mixing and helicity effects. This is, however,
beyond the scope of the present work.

Z

N N

νµ νµ
νh

γ

ν

Uµh

FIG. 1: Schematic illustration of the NCQE production and
the decay of heavy neutrino.

The rest of the paper is organized as follows. In Sec.II
we describe the formalism for the radiative neutrino de-
cay, specifying the difference between the Dirac and Ma-
jorana decay modes. The results from the LSND and
KARMEN experiments are described in Sec.III. Here we
show how the suggested model explains those results. In
Sec.IV we briefly describe the MiniBooNE experiment
and give an explanation of the anomalous excess of events
observed in νµ and νµ data. The final results from the
combined analysis of the LSND and MiniBooNE data are
reported in Sec.V. The discussion and review of the ex-
perimental and some cosmological and astrophysical con-
straints on the mixing strength |Uµh|2 and neutrino mag-
netic moment are presented in Sec.VI. We find that, quite

surprisingly, the (mνh
; |Uµh|2) parameter space favorable

for the explanation of the LSND and MiniBooNE results
is unconstrained by the results from the most sensitive
experiments, e.g. searching for a νh peak in πµ2, Kµ2 de-
cays. Moreover, we show that taking into account the
dominance of the radiative νh decay and its short life-
time, makes existing experimental bounds weaker, allow-
ing them to be extended to the higher mass region. In
Sec.VII, several proposed experiments to search for the
νh are described. We also show that, several tests can be
applied to existing data. Section VIII contains conclud-
ing remarks.

II. RADIATIVE NEUTRINO DECAY

Let us consider the decay of a heavy neutrino νh of
mass mνh

and energy Eνh
into a lighter neutrino ν and

a photon:

νh → ν + γ (2)

with the partial lifetime τνh
. The energy of the decay

photon in the νh rest frame given by

E0
γ =

mνh

2
(1 − m2

ν

m2
νh

) (3)

is in the range 0 < Eγ < mνh
/2, depending on the mass

of the ν, which may be in the range 0 < mν < mνh
.

Furthermore, for simplicity we assume that the particle
ν is almost massless, and the photon energy in the rest
frame is E0

γ = mνh
/2. The energy of the decay photon

in the laboratory frame depends on the νh initial energy
and on the center-of-mass angle Θ between the photon
momentum and the νh direction of flight:

Eγ =
Eνh

2
(1 +

Pνh

Eνh

cosΘ) ≃ Eνh

2
(1 + cosΘ) (4)

Hence, the energy distribution of photons in the labora-
tory system depends on their angular distribution in the
rest frame, which is not generally isotropic [18]:

dN

dcosΘ
=

1

2
(1 + acosΘ) (5)

Here, the angle Θ is defined as above and a is the asym-
metry parameter. It is also possible to define Θ as the
angle between the direction of spin, the only direction
available in the rest frame, and the photon momentum.
However, if we assume that the spin of νh is (anti)parallel
to its momentum, both definitions are equivalent.

The decay of a spin- 1
2 neutrino into another spin- 1

2
particle and a photon can be generally described by two
helicity amplitudes A and B corresponding to the final
states shown in Fig. 2. For the most general coupling
given by [19–21]

ψ(ν)σµν (α+ βγ5)ψ(νh)∂µAν (6)

exluded by search for
K− → µ−N(N → γν)
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Other BSM explanations?

BSM example 3b – sterile neutrino decay
Explaining the MiniBooNE excess

2

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.

We want both ND and ZD to decay promptly. Tak-
ing the typical energy END , EZD ⇠ 1 GeV, and as-
suming for simplicity |Ue4|2, |U⌧4|2 ⌧ |Uµ4|2, we can
estimate � c ⌧ND ⇡ 2 ⇥ 10�9/(m2

ND [MeV2]↵D |Uµ4|2)
cm and � c ⌧ZD ⇡ 2 ⇥ 10�7/(m2

ND [MeV2]↵✏2) cm, for

mZD = mND/5. So for ↵D ⇠ 0.25, |Uµ4|2 ⇠ 10�4 and
↵✏2 ⇠ 3⇥10�9, mND & 20 MeV would guarantee prompt
decay for both particles. We will see shortly that mND
and mZD between a few tens to a few hundred 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

�total

proton
=

1

8
F 2(Er)�

coh
C +

✓
1 � 6

8
F 2(Er)

◆
�p, (6)

where F (Er) is the nuclear form factor [21] for Carbon,
while �coh

C and �p are the elastic scattering cross sections

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

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 [22] in which Carbon and
protons were taken to be an elementary fermion and
events were generated in MadGraph5 [23]. 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. [24])

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. [25]. 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
the benchmark point mND = 320 MeV, mZD = 64 MeV,
|Uµ4|2 = 10�6, ↵D = 0.25 and ↵✏2 = 3 ⇥ 10�9, are de-
picted as the blue lines. The light blue band reflects

Bertuzzo, Jana, Machado, Zukanovich, 18
Ballett, Pascoli, Ross-Lonergan, 18
sterile neutrino masses 10 – few 100 MeV
N charged under a dark U(1), mZ ′ < 1 GeV
production via Z ′ interaction in detector
decaying into a e+e− pair

strong constraints on decay explanations Jordan,Kahn,Krnjaic,Moschella,Spitz,18
need to fit energy and angular distribution, as well as γγ-invar. mass distr.
for neutrino and antineutrino mode, as well as for beam-dump mode

7

Evis (GeV)
0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

Ev
en

ts

0

100

200

300

400

500

600 Neutrino

Data (stat error)
+/-
µ from eν

+/- from Keν

0 from Keν

 misid0
π

γ N→∆

dirt

other

Osc. Best Fit

 (rad)eθcos
1− 0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8 1

Ev
en

ts

100

200

300

400

500

600

700

800

900

Neutrino

Evis (GeV)
0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

Ev
en

ts

0

20

40

60

80

100

120

140

Antineutrino

 (rad)eθcos
1− 0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8 1

Ev
en

ts

0

50

100

150

200

250

Antineutrino

FIG. 6: The visible energy (Evis) and cos ✓e (Uz) distributions
for the electron-neutrino candidate events in neutrino mode
(top) and antineutrino mode (bottom). (The error bars show
only statistical uncertainties.) Also shown in the figure are
the expectations from all known backgrounds and from the
oscillation best fit.

Appendix: Evis and Uz Plots

Fig. 6 shows the visible energy (Evis) and cos ✓e (Uz)
distributions for the electron-neutrino candidate events
in neutrino mode (top) and antineutrino mode (bottom).
Also shown in the figures are the expectations from all
known backgrounds and from the oscillation best fit.

Appendix: Data vs Monte Carlo Comparisons

Various comparisons between the neutrino data, cor-
responding to 12.84 ⇥ 1020 POT, and the Monte Carlo
simulation have been performed to check and confirm
the accuracy of the simulation. Fig. 7 shows an absolute
comparison of the ⇡0 reconstructed mass distribution be-
tween the data and the simulation for NC ⇡0 events. Ex-
cellent agreement is obtained, and the ratio of the number
of data events (42,483) to the number of Monte Carlo
events (42,530) is equal to 0.999. Fig. 8 shows an ab-
solute comparison of the reconstructed neutrino energy
distribution for CCQE events between the data and the
simulation. Excellent agreement is also obtained, and
the ratio of the number of data events (232,096) to the
number of Monte Carlo events (236,145) is equal to 0.983.

In order to check the particle identification (PID) cuts,
Figs. 9, 10, and 11 show comparisons between the data
and simulation for the electron-muon likelihood distri-
bution, the electron-pion likelihood distribution, and the
gamma-gamma mass distribution. In each figure, dis-
tributions are shown after successive cuts are applied:
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FIG. 7: An absolute comparison of the ⇡0 reconstructed mass
distribution between the neutrino data (12.84 ⇥ 1020 POT)
and the simulation for NC ⇡0 events (top). Also shown is the
ratio between the data and Monte Carlo simulation (bottom).

no PID cut, electron-muon likelihood cut, electron-muon
plus electron-pion likelihood cuts, and electron-muon
plus electron-pion likelihood cuts and a gamma-gamma
mass cut. The last plot in each figure shows distributions
with the final event selection. The vertical lines in the
figures show the range of energy-dependent cut values.
Good agreement between the data and the simulation is
obtained outside the cut values, while an excess of events
is observed inside the cut values.

Appendix: Stability Checks

Many checks have been performed on the data, includ-
ing beam and detector stability checks that show that
the neutrino event rate of 1 event per 1015 POT has been
stable to < 2% over the 15 year MiniBooNE running pe-
riod, as shown in Fig. 12. This is within the expected
errors from time variations in BNB performance, such as
target/horn change, beam rate monitoring, etc. A small
change in the detector energy response between the first
and second neutrino data set has been corrected by in-
creasing the measured energy in the second data set by
2%. About half of the energy change is from PMT fail-
ures in the intervening years, and the remainder is within
the detector response error from gain variations, oil prop-
erties, etc. With this energy correction, the first and sec-
ond data sets are found to agree well. Fig. 13 compares
the visible ⌫µ CCQE energy distributions for the second
data set in 2016 and 2017 to the first data set, where good
agreement is obtained. Likewise, Fig. 14 shows that the
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FIG. 8: An absolute comparison of the reconstructed neutrino
energy distribution for CCQE events between the neutrino
data (12.84⇥1020 POT) and the simulation (top). Also shown
is the ratio between the data and Monte Carlo simulation
(bottom).
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FIG. 9: Comparisons between the data and simulation for
the electron-muon likelihood distribution after successive cuts
are applied: (a) no PID cut, (b) electron-muon likelihood
cut, (c) electron-muon plus electron-pion likelihood cuts, and
(d) electron-muon plus electron pion likelihood cuts plus a
gamma-gamma mass cut. The vertical lines in the figures
show the range of energy-dependent cut values.
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FIG. 10: Comparisons between the data and simulation for
the electron-pion likelihood distribution after successive cuts
are applied: (a) no PID cut, (b) electron-muon likelihood
cut, (c) electron-muon plus electron-pion likelihood cuts, and
(d) electron-muon plus electron pion likelihood cuts plus a
gamma-gamma mass cut. The vertical lines in the figures
show the range of energy-dependent cut values.
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FIG. 11: Comparisons between the data and simulation for
the gamma-gamma mass distribution after successive cuts
are applied: (a) no PID cut, (b) electron-muon likelihood
cut, (c) electron-muon plus electron-pion likelihood cuts, and
(d) electron-muon plus electron pion likelihood cuts plus a
gamma-gamma mass cut. The vertical lines in the figures
show the range of energy-dependent cut values.
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Other BSM explanations?

BSM example 3b – sterile neutrino decay
Explaining the MiniBooNE excess

2

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
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, (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.

We want both ND and ZD to decay promptly. Tak-
ing the typical energy END , EZD ⇠ 1 GeV, and as-
suming for simplicity |Ue4|2, |U⌧4|2 ⌧ |Uµ4|2, we can
estimate � c ⌧ND ⇡ 2 ⇥ 10�9/(m2

ND [MeV2]↵D |Uµ4|2)
cm and � c ⌧ZD ⇡ 2 ⇥ 10�7/(m2

ND [MeV2]↵✏2) cm, for

mZD = mND/5. So for ↵D ⇠ 0.25, |Uµ4|2 ⇠ 10�4 and
↵✏2 ⇠ 3⇥10�9, mND & 20 MeV would guarantee prompt
decay for both particles. We will see shortly that mND
and mZD between a few tens to a few hundred 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

�total

proton
=

1

8
F 2(Er)�

coh
C +

✓
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8
F 2(Er)

◆
�p, (6)

where F (Er) is the nuclear form factor [21] for Carbon,
while �coh

C and �p are the elastic scattering cross sections

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

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 [22] in which Carbon and
protons were taken to be an elementary fermion and
events were generated in MadGraph5 [23]. 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. [24])

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. [25]. 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
the benchmark point mND = 320 MeV, mZD = 64 MeV,
|Uµ4|2 = 10�6, ↵D = 0.25 and ↵✏2 = 3 ⇥ 10�9, are de-
picted as the blue lines. The light blue band reflects

Bertuzzo, Jana, Machado, Zukanovich, 18
Ballett, Pascoli, Ross-Lonergan, 18
sterile neutrino masses 10 – few 100 MeV
N charged under a dark U(1), mZ ′ < 1 GeV
production via Z ′ interaction in detector
decaying into a e+e− pair

strong constraints on decay explanations Jordan,Kahn,Krnjaic,Moschella,Spitz,18
need to fit energy and angular distribution, as well as γγ-invar. mass distr.
for neutrino and antineutrino mode, as well as for beam-dump mode
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FIG. 6: The visible energy (Evis) and cos ✓e (Uz) distributions
for the electron-neutrino candidate events in neutrino mode
(top) and antineutrino mode (bottom). (The error bars show
only statistical uncertainties.) Also shown in the figure are
the expectations from all known backgrounds and from the
oscillation best fit.

Appendix: Evis and Uz Plots

Fig. 6 shows the visible energy (Evis) and cos ✓e (Uz)
distributions for the electron-neutrino candidate events
in neutrino mode (top) and antineutrino mode (bottom).
Also shown in the figures are the expectations from all
known backgrounds and from the oscillation best fit.

Appendix: Data vs Monte Carlo Comparisons

Various comparisons between the neutrino data, cor-
responding to 12.84 ⇥ 1020 POT, and the Monte Carlo
simulation have been performed to check and confirm
the accuracy of the simulation. Fig. 7 shows an absolute
comparison of the ⇡0 reconstructed mass distribution be-
tween the data and the simulation for NC ⇡0 events. Ex-
cellent agreement is obtained, and the ratio of the number
of data events (42,483) to the number of Monte Carlo
events (42,530) is equal to 0.999. Fig. 8 shows an ab-
solute comparison of the reconstructed neutrino energy
distribution for CCQE events between the data and the
simulation. Excellent agreement is also obtained, and
the ratio of the number of data events (232,096) to the
number of Monte Carlo events (236,145) is equal to 0.983.

In order to check the particle identification (PID) cuts,
Figs. 9, 10, and 11 show comparisons between the data
and simulation for the electron-muon likelihood distri-
bution, the electron-pion likelihood distribution, and the
gamma-gamma mass distribution. In each figure, dis-
tributions are shown after successive cuts are applied:
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FIG. 7: An absolute comparison of the ⇡0 reconstructed mass
distribution between the neutrino data (12.84 ⇥ 1020 POT)
and the simulation for NC ⇡0 events (top). Also shown is the
ratio between the data and Monte Carlo simulation (bottom).

no PID cut, electron-muon likelihood cut, electron-muon
plus electron-pion likelihood cuts, and electron-muon
plus electron-pion likelihood cuts and a gamma-gamma
mass cut. The last plot in each figure shows distributions
with the final event selection. The vertical lines in the
figures show the range of energy-dependent cut values.
Good agreement between the data and the simulation is
obtained outside the cut values, while an excess of events
is observed inside the cut values.

Appendix: Stability Checks

Many checks have been performed on the data, includ-
ing beam and detector stability checks that show that
the neutrino event rate of 1 event per 1015 POT has been
stable to < 2% over the 15 year MiniBooNE running pe-
riod, as shown in Fig. 12. This is within the expected
errors from time variations in BNB performance, such as
target/horn change, beam rate monitoring, etc. A small
change in the detector energy response between the first
and second neutrino data set has been corrected by in-
creasing the measured energy in the second data set by
2%. About half of the energy change is from PMT fail-
ures in the intervening years, and the remainder is within
the detector response error from gain variations, oil prop-
erties, etc. With this energy correction, the first and sec-
ond data sets are found to agree well. Fig. 13 compares
the visible ⌫µ CCQE energy distributions for the second
data set in 2016 and 2017 to the first data set, where good
agreement is obtained. Likewise, Fig. 14 shows that the
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FIG. 8: An absolute comparison of the reconstructed neutrino
energy distribution for CCQE events between the neutrino
data (12.84⇥1020 POT) and the simulation (top). Also shown
is the ratio between the data and Monte Carlo simulation
(bottom).
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FIG. 9: Comparisons between the data and simulation for
the electron-muon likelihood distribution after successive cuts
are applied: (a) no PID cut, (b) electron-muon likelihood
cut, (c) electron-muon plus electron-pion likelihood cuts, and
(d) electron-muon plus electron pion likelihood cuts plus a
gamma-gamma mass cut. The vertical lines in the figures
show the range of energy-dependent cut values.
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FIG. 10: Comparisons between the data and simulation for
the electron-pion likelihood distribution after successive cuts
are applied: (a) no PID cut, (b) electron-muon likelihood
cut, (c) electron-muon plus electron-pion likelihood cuts, and
(d) electron-muon plus electron pion likelihood cuts plus a
gamma-gamma mass cut. The vertical lines in the figures
show the range of energy-dependent cut values.
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FIG. 11: Comparisons between the data and simulation for
the gamma-gamma mass distribution after successive cuts
are applied: (a) no PID cut, (b) electron-muon likelihood
cut, (c) electron-muon plus electron-pion likelihood cuts, and
(d) electron-muon plus electron pion likelihood cuts plus a
gamma-gamma mass cut. The vertical lines in the figures
show the range of energy-dependent cut values.

beam dump mode
1807.06137
assume excess ∝ POT:
expect.: 35.5± 7.4 ev
observed: −2.8 events
⇒ excess related to
charged π±,K±
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Summary

I persistent hint for eV-sterile neutrinos from νe disappearance data
supported by spectral distortions at reactors

I to be tested by upcoming reactor experiments
(STEREO, PROSPECT, SOLID,...) and KATRIN

I would imply interesting phenomenology for LBL oscillation experiments
e.g., Blennow et al. 1609.08637; deGouvea, Kelly, 1605.09376

I tension with cosmology?

I νe appearance signals very unlikely due to eV-scale oscillations
I Is it even more exotic new physics?
I need to broaden searches (e±/γ separation, beam-dump mode)
I systematically explore possible more “mundane” explanations

Thank you for your attention!
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