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Short baseline anomalies

Many anomalies in short baseline neutrino experiments

Explanation is a challenge - tensions, ad hoc models, etc
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LSND experiment
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FIG. 1: The layout of the LSND detector and the A6 beam stop area.
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FIG. 2: The layout of the A6 beam stop, as it was configured for the 1993-1995 data taking.
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MiniBooNE Experiment
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Neutrino and antineutrino modes
see excesses of      and
(combined is also a 3.8σ excess)
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FIG. 1: The neutrino mode (top) and antineutrino mode (bot-
tom) EQE

ν distributions for νe CCQE data (points with sta-
tistical errors) and background (histogram with systematic
errors).

bins. In neutrino (antineutrino) mode, a total of 952
(478) events pass the νe event selection requirements with
200 < EQE

ν < 1250 MeV, compared to an expectation of
790.0±28.1±38.7 (399.6±20.0±20.3) events, where the
first error is statistical and the second error is systematic.
This corresponds to a neutrino (antineutrino) excess of
162.0± 47.8 (78.4± 28.5) events. Combining the data in
neutrino mode and antineutrino mode, the total excess
is 240.3 ± 62.9 events. Fig. 2 shows the event excesses
as a function of EQE

ν in both neutrino and antineutrino
modes. The number of data, fitted background, and ex-
cess events for neutrino mode, antineutrino mode, and
combined are summarized in Table II.

Many checks have been performed on the data, includ-
ing beam and detector stability checks that show that
the neutrino event rates are stable to < 2% and that
the detector energy response is stable to < 1% over the
entire run. In addition, the fractions of neutrino and an-
tineutrino events are stable over energy and time, and
the inferred external event rate corrections are similar in
both neutrino and antineutrino modes.

A comparison between the MiniBooNE and LSND an-
tineutrino data sets is given in Fig. 3, which shows the
oscillation probability as a function of L/Eν for νµ → νe
and ν̄µ → ν̄e candidate events in the L/Eν range where
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FIG. 2: The neutrino mode (top) and antineutrino mode (bot-
tom) event excesses as a function of EQE

ν . Also shown are the
expectations from the best two-neutrino and 3+2 joint oscilla-
tion fits with 200 < EQE

ν < 3000 MeV and from two reference
values in the LSND allowed region. All known systematic er-
rors are included in the systematic error estimate.

MiniBooNE and LSND overlap. The data used for LSND
and MiniBooNE correspond to 20 < Eν < 60 MeV and
200 < EQE

ν < 3000 MeV, respectively. The oscilla-
tion probability is defined as the event excess divided
by the number of events expected for 100% νµ → νe
and ν̄µ → ν̄e transmutation in each bin, while L is the
distance travelled by the neutrino or antineutrino from
the mean neutrino production point to the detector and
Eν is the reconstructed neutrino or antineutrino energy.
The largest oscillation probabilities from both LSND and
MiniBooNE occur at L/Eν ≥ 1 m/MeV.

The MiniBooNE data are next fit to a two-neutrino
oscillation model, where the probability, P , of νµ →
νe and ν̄µ → ν̄e oscillations is given by P =
sin2 2θ sin2(1.27∆m2L/Eν), sin

2 2θ = 4|Ue4|2|Uµ4|2, and
∆m2 = ∆m2

41 = m2
4 − m2

1. The oscillation parameters
are extracted from a combined fit to the νe, ν̄e, νµ, and
ν̄µ CCQE event distributions. The fit assumes CP con-
servation with the same oscillation probability for neu-
trinos and antineutrinos, including both right-sign and
wrong-sign neutrinos, and no significant νµ, ν̄µ, νe, or ν̄e
disappearance. Using a likelihood-ratio technique [4], the
best oscillation fit for 200 < EQE

ν < 3000 MeV occurs at

MiniBooNE 1207.4809
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Other anomalies

Reactor anomaly 
(reevaluation of expected neutrino flux)

Gallium calibration 
experiments and 
theoretical cross sections

Müller et al 2011
Huber 2011

Hampel et al 1998
Kaether et al 2010

Abdurashitov et al 1998
Abdurashitov et al 2005
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Other anomalies
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Figure 10: Positron candidate energy distribution during the “reac-
tor o↵” period, statistical errors only. The well measured acciden-
tal background and the contribution from the adjacent reactors (29
events/day) are subtracted. The dashed line is the background from
fast neutrons produced outside the detector estimated by the extrap-
olation from the (10—16) MeV region. Crosses represent a fit of the
remaining part of the background using the shape of the background
from neutrons produced by muons inside the detector.

consistency with the 4⌫ and 3⌫ hypotheses correspond-
ingly and CLs = CL4⌫/CL3⌫ . The 4⌫ hypothesis for a
given point in the sterile neutrino parameter space is ex-
cluded at the 95(90)% CL if CLs < 1�0.95(0.9). The CLs

method is more conservative than the usual Confidence In-
terval method.

The �2 for each hypothesis was constructed using 24
data points Robs

i in the (1—7) MeV positron energy range

�2 =
NX

i=1

(Robs
i � k ⇥Rpre

i )2/�2
i , (3)

where Robs
i (Rpre

i ) is the observed (predicted) ratio of ⌫̃e
counting rates at the two detector positions and �i is the
statistical standard deviation of Robs

i , and k is a normal-
ization factor equal to the ratio of the total number of
the IBD events at the bottom and top detector positions.
Thus, the �2 does not depend on the integral IBD event
rate dependence on the distance from the reactor core.
Only di↵erences in the positron energy shapes are consid-
ered. This is the most conservative approach. The re-
sults do not depend even on the changes of the detector
e�ciency as long as they do not depend on the positron
energy. This approach reduces also the sensitivity of the
results to the position of the reactor fuel burning profile
center and the reactor power.

The middle detector position adds very little to the
sensitivity to the sterile neutrino parameters since the dis-
tance between the middle and top (bottom) positions is
twice smaller than that for the bottom and top positions.
Inclusion of the middle/top ratio into the analysis makes it
less transparent since it is correlated with the bottom/top
ratio. Therefore, the data at the middle detector position

Positron energy, MeV
1 2 3 4 5 6 7

R
at

io
 B

ot
to

m
/T

op

0.64

0.66

0.68

0.7

0.72

0.74

0.76

0.78

Figure 11: Ratio of positron energy spectra measured at the bottom
and top detector positions (statistical errors only). The dashed curve
is the prediction for 3⌫ case (�2 = 35.0, 24 degrees of freedom). The
solid curve corresponds to the best fit in the 4⌫ mixing scenario
(�2 = 21.9, sin2 2✓14 = 0.05, �m2

14 = 1.4 eV2). The dotted curve is
the expectation for the optimum point from the RAA and GA fit [5]
(�2 = 83, sin2 2✓14 = 0.14, �m2

14 = 2.3 eV2)

were used only for the important crosschecks of the re-
sults. Figure 12 shows the ratio of the positron spectra at
the middle and top detector positions. The limits on the
sterile neutrino parameters from this ratio are fully con-
sistent with the limits from the bottom and top position
but they are considerably weaker. For example the RAA
and GA best fit point (sin2 2✓14 = 0.14, �m2

14 = 2.3 eV2)
is excluded at the 2.3� CL while it is excluded at the 5�
CL using the bottom/top ratio.

The oscillations due to the known neutrinos were ne-
glected since at such short distances they do not change
the ⌫̃e spectrum in the studied energy range. The proce-
dure was repeated for all points of the grid in order to get
the whole exclusion area. Influence of systematic uncer-
tainties in the parameters was estimated by repeating the
analysis with di↵erent values of parameters. A point in the
�m2

14, sin2 2✓14 plane was included into the final excluded
area if it appeared in the excluded areas for all tested vari-
ations of the parameters. The following variations of the
parameters were tested:

• The energy resolution multiplied by the factors 1.1
and 0.9 with respect to the MC predictions;

• A flat background which gives ±0.1% events at the
top position of the detector which corresponds to
100% variation of this background;

• A background with the energy distribution identical
to the distribution of the background produced by
cosmic muons inside the detector. The fraction of
such background was ±0.5% of the IBD rate at the
top position of the detector which corresponded to
±15% variation of this background;
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                    Fig.8. The most important part of effect of antineutrino oscillation in sterile neutrino in experiment Neutrino-4. 

To carry out analysis of possible systematic effects 
one should turn off antineutrino flux (reactor) and 
perform the same analysis of obtained data, which 
consist of signals of fast neutron from cosmic rays. The 
result of that analysis is shown in fig.9 and it indicates 
the absence of oscillations in analyzed area. Correlated 
background (fast neutrons from cosmic rays) slightly 
decreases at farther distances from reactor due to 
inequality of concrete elements of the building and it 
results in green zone at oscillation parameters, ∆m14

2 , 
sin2 2θ14  plane, which has absolutely no connection 
with oscillation effect. Thus no instrumental systematic 
errors were observed. 

The result of presented analysis can be summarized 
in several conclusions. Area of reactor and gallium 
anomaly for ∆m14

2 < 4𝑒V2  and 2
14sin 2θ 0.1!  is 

excluded at C.L. more than 99.7% (>3σ). 
However, oscillation effect is observed in area 

∆m14
2  ≈ 7.2eV2, sin2 2𝜃14 ≈ 0.4  with 99.7% C.L (3σ) 

and it is located in upper area of reactor and gallium 
anomaly. In general, it seems that the effect predicted in 
gallium and reactor experiments is confirmed but at 

sufficiently large value of 2
14m' . However, confidence 

level is not sufficient. Therefore increasing of 
experimental accuracy is essential as well as additional 
analysis of possible systematic errors of the experiment. 

Obtained results should be compared with 
other results of experiments at research reactors and 
nuclear power plants. Fig.10 illustrates sensitivity of 
other experiments NEOS [12], DANSS [16], 
STEREO [17] and PROSPECT [18] together with 
Neutrino-4. 

     

       

 

Fig.9 Analysis of data obtained with turned off reactor 
carried out to test on possible systematic effects:   
a-data analysis using coherent summation method 
b- analysis of the results on oscillation parameters plane. 

Experiments at nuclear power plants DANSS and 
NEOS have a quite high sensitivity due to antineutrino 
flux, which is an order of magnitude higher than at the 
research reactors. They also have much less cosmic rays 
background, since they are located under reactor, which 

Neutrino-4 1809.10561
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fitting parameters. The detector stability and the nonuniform
response along the horizontal axis of the detector are continu-
ously monitored and corrected using 2.6 MeV external � rays
from 208Tl and internal ↵ background events.

The detector is simulated with a GEANT4-based Monte
Carlo (MC) simulation [28]. The optical properties of the
liquid scintillator and reflecting materials and responses of
PMTs and electronics are fine-tuned to describe the source
calibration data, and, consequently, the effects of escaping
� rays, energy resolution (�/E� ⇠ 5% for a full peak at
1 MeV), and the nonlinear Q to E� response are well repro-
duced. The reconstructed energy spectra for 214Bi and 12B �
decays are shown in Figs. 2(b) and 2(c) with the MC results
superimposed. The systematic error on the energy scale asso-
ciated with differences between the data and MC calculations
is 0.5%.

The selection criteria of IBD candidate events are deter-
mined to maximize the signal to background ratio. We start
with a pair of events which consists of a prompt event can-
didate that has an energy above 1 MeV and its following de-
layed event candidate of an n-Gd capture signal with energy
between 4 and 10 MeV in a 1–30 µs time window. To ex-
clude multiple neutron-induced backgrounds, the pair is re-
jected when any events occur at a time that is less than 30 µs
before or 150 µs after the prompt signal time. Pairs of which
the prompt or delayed events occur in a 150 µs interval after a
muon-counter hit are vetoed. Finally, pairs caused by the scat-
tering and subsequent capture of fast neutrons are identified
using a pulse shape discrimination (PSD) requirement that is
adjusted to accept more than 99.9% of the electron-induced
recoil events over the full energy range. The background frac-
tion that is removed by the PSD requirement was measured to
be 73% during the reactor-off period.

With these requirements, 1976.7 ± 3.4 (85.1 ± 1.4) IBD
candidates per day were selected during the reactor-on (-off)
period with the prompt energy between 1 and 10 MeV. No ev-
idence was found for additional backgrounds associated with
the reactor operation or for significant background fluctuation
in the whole running period. The muon-counter rate, to which
the fast-neutron background is related, was stable at 241 Hz
with a 2 Hz day-to-day rms variation, The energy distribu-
tions of the fast-neutron scattering events that were rejected
by the PSD requirement show only small variations consistent
with statistical fluctuations throughout the entire running pe-
riod. Contributions from accidental background events were
estimated by the time-delayed coincidences method [29] to be
7± 1 per day, where the error corresponds to the range of the
daily variations.

The measured prompt energy spectrum (Sneos) is shown
in Fig. 3(a), superimposed with the predicted nonoscillation
spectra: one based on flux calculations by Huber [13] and
Mueller (HM) [11] weighted by the IBD cross sections es-
timated by Vogel and Beacom [30], and another based on the
Daya Bay reactor antineutrino spectrum [31]. The former and
the latter predicted spectra are denoted as Shmv and Sdyb, re-
spectively, and their superscript 3⌫ (4⌫) denotes the 3 (3+1)
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FIG. 3. (a) The IBD prompt energy spectrum. The last bin is in-
tegrated up to 10 MeV. The orange shaded histogram is the back-
ground spectrum measured during the reactor-off period. The de-
tector response matrix in the inset shows the relation between the
neutrino energy and the prompt energy. (b) The ratio of the observed
prompt energy spectrum to the HM flux prediction weighted by the
IBD cross section with the 3⌫ hypothesis. The predicted spectrum
is scaled to match the area of the data excluding the 5 MeV excess
region (3.4–6.3 MeV). (c) The ratio of the data to the expected spec-
trum based on the Daya Bay result with the 3⌫ hypothesis, scaled
to match the whole data area. The solid green line is the expected
oscillation patterns for the best fit of the data to the 3+1 ⌫ hypothe-
sis and the corresponding oscillation parameters (sin2 2✓14, �m2

41)
is (0.05, 1.73 eV2). The dashed red line is the expected oscillation
pattern for the RAA best fit parameters (0.142, 2.32 eV2). The gray
error bands in (b) and (c) are estimated total systematic uncertain-
ties, corresponding to the square roots of diagonal elements of the
covariance matrices.

⌫ hypothesis. The predicted spectra are generated using the
detector response shown in the inset in Fig. 3(a) produced
by a full simulation of IBD events of which the ⌫̄e + p reac-
tion occurs at random positions throughout the detector target
and produced e+ and n are propagated through all of the de-
tector responses. The antineutrinos are assumed to originate
uniformly throughout the cylindrical active reactor core and
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MiniBooNE’s low energy excess

Double neutrino-mode data in 
2016-2017

(6.46×1020 + 6.38×1020 POT)

Event excess: 381.2 ± 85.2 (4.5σ) 
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What is going on???

Translating to theorist language:
What sort of new physics can explain these anomalies?
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Abstract: We discuss the possibility to explain the anomalies in short-baseline neutrino

oscillation experiments in terms of sterile neutrinos. We work in a 3 + 1 framework and

pay special attention to recent new data from reactor experiments, IceCube and MINOS+.

We find that results from the DANSS and NEOS reactor experiments support the sterile

neutrino explanation of the reactor anomaly, based on an analysis that relies solely on the

relative comparison of measured reactor spectra. Global data from the νe disappearance

channel favour sterile neutrino oscillations at the 3σ level with ∆m2
41 ≈ 1.3 eV2 and |Ue4| ≈

0.1, even without any assumptions on predicted reactor fluxes. In contrast, the anomalies

in the νe appearance channel (dominated by LSND) are in strong tension with improved

bounds on νµ disappearance, mostly driven by MINOS+ and IceCube. Under the sterile

neutrino oscillation hypothesis, the p-value for those data sets being consistent is less

than 2.6 × 10−6. Therefore, an explanation of the LSND anomaly in terms of sterile

neutrino oscillations in the 3+1 scenario is excluded at the 4.7σ level. This result is robust

with respect to variations in the analysis and used data, in particular it depends neither

on the theoretically predicted reactor neutrino fluxes, nor on constraints from any single

experiment. Irrespective of the anomalies, we provide updated constraints on the allowed

mixing strengths |Uα4| (α = e, µ, τ ) of active neutrinos with a fourth neutrino mass state

in the eV range.

Keywords: Neutrino Physics, Beyond Standard Model

ArXiv ePrint: 1803.10661

Open Access, c⃝ The Authors.

Article funded by SCOAP3.
https://doi.org/10.1007/JHEP08(2018)010

J
H
E
P
0
8
(
2
0
1
8
)
0
1
0

Published for SISSA by Springer

Received: April 12, 2018

Accepted: July 14, 2018

Published: August 3, 2018

Updated global analysis of neutrino oscillations in the

presence of eV-scale sterile neutrinos
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than 2.6 × 10−6. Therefore, an explanation of the LSND anomaly in terms of sterile
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with respect to variations in the analysis and used data, in particular it depends neither
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Figure 7. Appearance versus disappearance data in the plane spanned by the effective mixing
angle sin2 2θµe ≡ 4|Ue4Uµ4|2 and the mass squared difference ∆m2

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

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
(–)

ν µ →
(–)

ν e anomalies at the 4.7σ 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 χ2

numbers given in table 6. We see that the χ2
min of

(–)

ν 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 χ2 penalty to pay

for the combination in the case of free fluxes.

In table 7 we investigate the robustness of the appearance/disappearance tension. We

show how the PG would improve if individual experiments or classes of experiments were

removed from the fit. We stress that we are not aware of any strong reason to discard

data from particular experiments. The sole purpose of this exercise is to demonstrate the

impact of individual data sets and establish the robustness of our conclusion.

The first row in table 7 corresponds to the global analysis using free reactor fluxes and

LSND DaR+DiF data, which is the combination of data we use throughout this table. The

remaining part of the table shows that very strong tension remains even after removing any

individual experiment. In particular, the PG remains below ≈ 5 × 10−6 when any of the
(–)

ν µ disappearance data sets are removed, so it does not rely on the particular treatment of

any of those experiments. Even when all reactor data are removed, the PG remains very

small (3.8× 10−5).

– 20 –

sin22θμe = 4 |Ue4 Uμ4|2

mailto:pmachado@fnal.gov


Oct/2018 P.A.N. Machado | A light dark sector to explain MiniBooNE’s low energy excess - 1807.09877 / 1808.02500          pmachado@fnal.gov11

J
H
E
P
0
8
(
2
0
1
8
)
0
1
0

Published for SISSA by Springer

Received: April 12, 2018

Accepted: July 14, 2018

Published: August 3, 2018

Updated global analysis of neutrino oscillations in the

presence of eV-scale sterile neutrinos
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We find that results from the DANSS and NEOS reactor experiments support the sterile

neutrino explanation of the reactor anomaly, based on an analysis that relies solely on the

relative comparison of measured reactor spectra. Global data from the νe disappearance

channel favour sterile neutrino oscillations at the 3σ level with ∆m2
41 ≈ 1.3 eV2 and |Ue4| ≈

0.1, even without any assumptions on predicted reactor fluxes. In contrast, the anomalies

in the νe appearance channel (dominated by LSND) are in strong tension with improved

bounds on νµ disappearance, mostly driven by MINOS+ and IceCube. Under the sterile

neutrino oscillation hypothesis, the p-value for those data sets being consistent is less

than 2.6 × 10−6. Therefore, an explanation of the LSND anomaly in terms of sterile

neutrino oscillations in the 3+1 scenario is excluded at the 4.7σ level. This result is robust

with respect to variations in the analysis and used data, in particular it depends neither

on the theoretically predicted reactor neutrino fluxes, nor on constraints from any single

experiment. Irrespective of the anomalies, we provide updated constraints on the allowed

mixing strengths |Uα4| (α = e, µ, τ ) of active neutrinos with a fourth neutrino mass state

in the eV range.
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Figure 7. Appearance versus disappearance data in the plane spanned by the effective mixing
angle sin2 2θµe ≡ 4|Ue4Uµ4|2 and the mass squared difference ∆m2

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

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
(–)

ν µ →
(–)

ν e anomalies at the 4.7σ 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 χ2

numbers given in table 6. We see that the χ2
min of

(–)

ν 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 χ2 penalty to pay

for the combination in the case of free fluxes.

In table 7 we investigate the robustness of the appearance/disappearance tension. We

show how the PG would improve if individual experiments or classes of experiments were

removed from the fit. We stress that we are not aware of any strong reason to discard

data from particular experiments. The sole purpose of this exercise is to demonstrate the

impact of individual data sets and establish the robustness of our conclusion.

The first row in table 7 corresponds to the global analysis using free reactor fluxes and

LSND DaR+DiF data, which is the combination of data we use throughout this table. The

remaining part of the table shows that very strong tension remains even after removing any

individual experiment. In particular, the PG remains below ≈ 5 × 10−6 when any of the
(–)

ν µ disappearance data sets are removed, so it does not rely on the particular treatment of

any of those experiments. Even when all reactor data are removed, the PG remains very

small (3.8× 10−5).

– 20 –

sin22θμe = 4 |Ue4 Uμ4|2

Leads to νe disappearance

mailto:pmachado@fnal.gov


Oct/2018 P.A.N. Machado | A light dark sector to explain MiniBooNE’s low energy excess - 1807.09877 / 1808.02500          pmachado@fnal.gov12

J
H
E
P
0
8
(
2
0
1
8
)
0
1
0

Published for SISSA by Springer

Received: April 12, 2018

Accepted: July 14, 2018

Published: August 3, 2018

Updated global analysis of neutrino oscillations in the

presence of eV-scale sterile neutrinos
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neutrino explanation of the reactor anomaly, based on an analysis that relies solely on the

relative comparison of measured reactor spectra. Global data from the νe disappearance

channel favour sterile neutrino oscillations at the 3σ level with ∆m2
41 ≈ 1.3 eV2 and |Ue4| ≈

0.1, even without any assumptions on predicted reactor fluxes. In contrast, the anomalies

in the νe appearance channel (dominated by LSND) are in strong tension with improved

bounds on νµ disappearance, mostly driven by MINOS+ and IceCube. Under the sterile

neutrino oscillation hypothesis, the p-value for those data sets being consistent is less

than 2.6 × 10−6. Therefore, an explanation of the LSND anomaly in terms of sterile

neutrino oscillations in the 3+1 scenario is excluded at the 4.7σ level. This result is robust

with respect to variations in the analysis and used data, in particular it depends neither

on the theoretically predicted reactor neutrino fluxes, nor on constraints from any single

experiment. Irrespective of the anomalies, we provide updated constraints on the allowed

mixing strengths |Uα4| (α = e, µ, τ ) of active neutrinos with a fourth neutrino mass state
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Figure 7. Appearance versus disappearance data in the plane spanned by the effective mixing
angle sin2 2θµe ≡ 4|Ue4Uµ4|2 and the mass squared difference ∆m2

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

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
(–)

ν µ →
(–)

ν e anomalies at the 4.7σ 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 χ2

numbers given in table 6. We see that the χ2
min of

(–)

ν 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 χ2 penalty to pay

for the combination in the case of free fluxes.

In table 7 we investigate the robustness of the appearance/disappearance tension. We

show how the PG would improve if individual experiments or classes of experiments were

removed from the fit. We stress that we are not aware of any strong reason to discard

data from particular experiments. The sole purpose of this exercise is to demonstrate the

impact of individual data sets and establish the robustness of our conclusion.

The first row in table 7 corresponds to the global analysis using free reactor fluxes and

LSND DaR+DiF data, which is the combination of data we use throughout this table. The

remaining part of the table shows that very strong tension remains even after removing any

individual experiment. In particular, the PG remains below ≈ 5 × 10−6 when any of the
(–)

ν µ disappearance data sets are removed, so it does not rely on the particular treatment of

any of those experiments. Even when all reactor data are removed, the PG remains very

small (3.8× 10−5).
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Figure 7. Appearance versus disappearance data in the plane spanned by the effective mixing
angle sin2 2θµe ≡ 4|Ue4Uµ4|2 and the mass squared difference ∆m2

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

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
(–)

ν µ →
(–)

ν e anomalies at the 4.7σ 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 χ2

numbers given in table 6. We see that the χ2
min of

(–)

ν 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 χ2 penalty to pay

for the combination in the case of free fluxes.

In table 7 we investigate the robustness of the appearance/disappearance tension. We

show how the PG would improve if individual experiments or classes of experiments were

removed from the fit. We stress that we are not aware of any strong reason to discard

data from particular experiments. The sole purpose of this exercise is to demonstrate the

impact of individual data sets and establish the robustness of our conclusion.

The first row in table 7 corresponds to the global analysis using free reactor fluxes and

LSND DaR+DiF data, which is the combination of data we use throughout this table. The

remaining part of the table shows that very strong tension remains even after removing any

individual experiment. In particular, the PG remains below ≈ 5 × 10−6 when any of the
(–)

ν µ disappearance data sets are removed, so it does not rely on the particular treatment of

any of those experiments. Even when all reactor data are removed, the PG remains very

small (3.8× 10−5).

– 20 –

sin22θμe = 4 |Ue4 Uμ4|2

Leads to νμ to νe appearance

2 variables: 
Ue4, Uμ4

3 data sets: 
νe-DIS, νμ-DIS, νe-APP
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Figure 7. Appearance versus disappearance data in the plane spanned by the effective mixing
angle sin2 2θµe ≡ 4|Ue4Uµ4|2 and the mass squared difference ∆m2
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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
(–)

ν µ →
(–)

ν e anomalies at the 4.7σ 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 χ2

numbers given in table 6. We see that the χ2
min of

(–)

ν 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 χ2 penalty to pay

for the combination in the case of free fluxes.

In table 7 we investigate the robustness of the appearance/disappearance tension. We

show how the PG would improve if individual experiments or classes of experiments were

removed from the fit. We stress that we are not aware of any strong reason to discard

data from particular experiments. The sole purpose of this exercise is to demonstrate the

impact of individual data sets and establish the robustness of our conclusion.

The first row in table 7 corresponds to the global analysis using free reactor fluxes and

LSND DaR+DiF data, which is the combination of data we use throughout this table. The

remaining part of the table shows that very strong tension remains even after removing any

individual experiment. In particular, the PG remains below ≈ 5 × 10−6 when any of the
(–)

ν µ disappearance data sets are removed, so it does not rely on the particular treatment of

any of those experiments. Even when all reactor data are removed, the PG remains very

small (3.8× 10−5).
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DISAPP data sets under eV sterile 
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Analysis χ2
min,global χ2

min,app ∆χ2
app χ2

min,disapp ∆χ2
disapp χ2

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
(–)

ν e dis vs app 628.6 79.1 0.8 542.9 5.8 6.6/2 3.6× 10−2

(–)

ν µ dis vs app 564.7 79.1 12.0 468.9 4.7 16.7/2 2.3× 10−4

(–)

ν µ dis + solar vs app 884.4 79.1 13.9 781.7 9.7 23.6/2 7.4× 10−6

Table 7. Results of the parameter goodness-of-fit (PG) test [92] comparing appearance to dis-
appearance data. In this table we use the reactor flux-free analysis and LSND DaR+DiF data;
therefore we do not quote dof for the χ2 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 χ2 at the global best fit point (χ2

min,global), the χ
2 at the appearance

best fit (χ2
min,app), the difference in χ2

app between the appearance best fit point and the global best
fit point (∆χ2

app), the χ
2 at the disappearance best fit (χ2

min,disapp), the difference in χ2
disapp between

the disappearance best fit point and the global best fit point (∆χ2
disapp), the χ2 per dof for the PG

test (χ2
PG/dof, computed according to eq. (A.1)), and the resulting p-value given by eq. (A.3).

The only significant improvement is obtained when removing LSND. The still some-

what low PG of 0.16% is a manifestation of the tension between the MiniBooNE excess

and the disappearance data. But it is clear that the very strong appearance/disappearance

tension is driven by LSND. Note also that this remains true when MiniBooNE is removed,

and therefore the result does not depend on the low-energy excess in MiniBooNE.

The only way to reconcile LSND would be to discard
(–)

ν µ disappearance data altogether.

Note that even if we remove all
(–)

ν e disappearance data, the PG remains low, at 2.4 ×
10−4. The reason is the non-trivial constraint on |Ue4| from the data sample we call

(–)

ν µ

disappearance (defined in table 4), see figure 3. Remarkably, just using
(–)

ν µ disappearance

plus solar neutrinos pushes the PG already to 7.4 × 10−6. This demonstrates once again

that our conclusion is independent of reactor neutrino data.

We observe from table 7 that the PG gets nearly an order of magnitude worse when

removing the gallium data. The reason is the slight tension between gallium and reac-

tor data discussed in section 3.2. If gallium is removed, the
(–)

ν e disappearance fit alone

improves, and therefore the tension with appearance data increases.

Finally, we have also performed a slightly different PG test, by dividing the data into

νµ disappearance versus the combined νe appearance and νe disappearance data. This

– 21 –

MiniBooNE 2012 data set
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Abstract: We discuss the possibility to explain the anomalies in short-baseline neutrino

oscillation experiments in terms of sterile neutrinos. We work in a 3 + 1 framework and

pay special attention to recent new data from reactor experiments, IceCube and MINOS+.

We find that results from the DANSS and NEOS reactor experiments support the sterile

neutrino explanation of the reactor anomaly, based on an analysis that relies solely on the

relative comparison of measured reactor spectra. Global data from the νe disappearance

channel favour sterile neutrino oscillations at the 3σ level with ∆m2
41 ≈ 1.3 eV2 and |Ue4| ≈

0.1, even without any assumptions on predicted reactor fluxes. In contrast, the anomalies

in the νe appearance channel (dominated by LSND) are in strong tension with improved

bounds on νµ disappearance, mostly driven by MINOS+ and IceCube. Under the sterile

neutrino oscillation hypothesis, the p-value for those data sets being consistent is less

than 2.6 × 10−6. Therefore, an explanation of the LSND anomaly in terms of sterile

neutrino oscillations in the 3+1 scenario is excluded at the 4.7σ level. This result is robust

with respect to variations in the analysis and used data, in particular it depends neither

on the theoretically predicted reactor neutrino fluxes, nor on constraints from any single

experiment. Irrespective of the anomalies, we provide updated constraints on the allowed

mixing strengths |Uα4| (α = e, µ, τ ) of active neutrinos with a fourth neutrino mass state

in the eV range.
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Analysis χ2
min,global χ2

min,app ∆χ2
app χ2

min,disapp ∆χ2
disapp χ2

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
(–)

ν e dis vs app 628.6 79.1 0.8 542.9 5.8 6.6/2 3.6× 10−2

(–)

ν µ dis vs app 564.7 79.1 12.0 468.9 4.7 16.7/2 2.3× 10−4

(–)

ν µ dis + solar vs app 884.4 79.1 13.9 781.7 9.7 23.6/2 7.4× 10−6

Table 7. Results of the parameter goodness-of-fit (PG) test [92] comparing appearance to dis-
appearance data. In this table we use the reactor flux-free analysis and LSND DaR+DiF data;
therefore we do not quote dof for the χ2 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 χ2 at the global best fit point (χ2

min,global), the χ
2 at the appearance

best fit (χ2
min,app), the difference in χ2

app between the appearance best fit point and the global best
fit point (∆χ2

app), the χ
2 at the disappearance best fit (χ2

min,disapp), the difference in χ2
disapp between

the disappearance best fit point and the global best fit point (∆χ2
disapp), the χ2 per dof for the PG

test (χ2
PG/dof, computed according to eq. (A.1)), and the resulting p-value given by eq. (A.3).

The only significant improvement is obtained when removing LSND. The still some-

what low PG of 0.16% is a manifestation of the tension between the MiniBooNE excess

and the disappearance data. But it is clear that the very strong appearance/disappearance

tension is driven by LSND. Note also that this remains true when MiniBooNE is removed,

and therefore the result does not depend on the low-energy excess in MiniBooNE.

The only way to reconcile LSND would be to discard
(–)

ν µ disappearance data altogether.

Note that even if we remove all
(–)

ν e disappearance data, the PG remains low, at 2.4 ×
10−4. The reason is the non-trivial constraint on |Ue4| from the data sample we call

(–)

ν µ

disappearance (defined in table 4), see figure 3. Remarkably, just using
(–)

ν µ disappearance

plus solar neutrinos pushes the PG already to 7.4 × 10−6. This demonstrates once again

that our conclusion is independent of reactor neutrino data.

We observe from table 7 that the PG gets nearly an order of magnitude worse when

removing the gallium data. The reason is the slight tension between gallium and reac-

tor data discussed in section 3.2. If gallium is removed, the
(–)

ν e disappearance fit alone

improves, and therefore the tension with appearance data increases.

Finally, we have also performed a slightly different PG test, by dividing the data into

νµ disappearance versus the combined νe appearance and νe disappearance data. This

– 21 –

MiniBooNE 2012 data set

Results in agreement 

with other global analysis

Collin et al 1602.00671

Gariazzo et al 1703.00860
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What is going on?

Sterile ν at the eV scale present strong tension between data sets

Cosmological bounds further threat the eV sterile hypothesis

Is there an explanation that is not ruled out?

Adding more ingredients may alleviate the case for light steriles
Too ad hoc?

Is there a real model for these explanations?

Can this relate to any of the theoretical problems of the SM?
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What is going on?

Sterile ν at the eV scale present strong tension between data sets

Cosmological bounds further threat the eV sterile hypothesis

Is there an explanation that is not ruled out?

Adding more ingredients may alleviate the case for light steriles
Too ad hoc?

Is there a real model for these explanations?

Can this relate to any of the theoretical problems of the SM?

Gninenko 1107.0279

MeV sterile, magnetic moment, and decays

Bai et al 1512.05357
keV steriles decaying to active neutrinos

Asaadi et al 1712.08019

eV sterile, new light Higgs boson and resonant matter effect

Doring et al 1808.07460

eV steriles and extra dimensional shortcuts
…
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Part I
(and possibly the only one…)

Explaining MiniBooNE’s low energy excess
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MiniBooNE’s low energy excess

Double neutrino-mode data in 
2016-2017

(6.46×1020 + 6.38×1020 POT)

Event excess: 381.2 ± 85.2 (4.5σ) 
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MiniBooNE’s low energy excess

Double neutrino-mode data in 
2016-2017

(6.46×1020 + 6.38×1020 POT)

Event excess: 381.2 ± 85.2 (4.5σ) 

What is this excess? 

How does it look like?
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MiniBooNE’s low energy excess

MiniBooNE is a mineral oil (CH2) detector that can 
observe Cherenkov radiation of charged particles8 GeV proton beam

µ+�µ

p+X � �+,��, · · ·+X 0

Signal consists of electron-like ring

Excess is correlated with beam in 
power, angle and timing

It is present in positive and negative 
horn polarities

It is not present in beam dump 
configuration

It looks like it comes from neutrinos
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MiniBooNE’s low energy excess
7
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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

Angular spectrum is 
forward, but not that 

much

Scattering on 
electrons would 
typically lead to 

cosθ > 0.99

Decays of invisible 
light (<10 MeV) 

particles produced in 
the beam would also 

lead to forward 
spectrum
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A light dark sector - the idea

There is a dark sector with a novel interaction

ZD

Bertuzzo et al 1807.09877
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A light dark sector - the idea

There is a dark sector with a novel interaction

Right-handed neutrinos are part of the dark sector and are subject to new interaction

ZD

NN

Bertuzzo et al 1807.09877
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A light dark sector - the idea

There is a dark sector with a novel interaction

Right-handed neutrinos are part of the dark sector and are subject to new interaction

Mixing between RH and LH neutrinos leads to interaction in active neutrino sector

ν
x

ZD

N

Bertuzzo et al 1807.09877
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A light dark sector - the idea

There is a dark sector with a novel interaction

Right-handed neutrinos are part of the dark sector and are subject to new interaction

Mixing between RH and LH neutrinos leads to interaction in active neutrino sector

Mixing between ZD and photon leads to interaction with protons

ZD

N

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

A
x

x
ν
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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
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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])
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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|
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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
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corresponding to 12.84 ⇥ 1020 (11.27 ⇥ 1020) protons on
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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
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protons were taken to be an elementary fermion and
events were generated in MadGraph5 [23]. Since Mini-
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(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
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disappearance data, re-weighting the Montecarlo events
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one, and taking into account the wrong sign contami-
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matrix includes spectral data in electron-like and muon-
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tions, including all of the backgrounds, as reported by
MiniBooNE. We clearly see the event excess reflected
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FIG. 1. Diagram for the dynamically induced light neutrino
masses in our model.

Remembering that the vevs of � and S2 are induced by
the dynamics of the scalar sector, we can rewrite the
previous operator in terms of H and S1, the fields whose
vev’s are present even in the limit {µ, µ
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from which it is clear that, ultimately, neutrinos masses
are generated by a dimension 9 operator (see, e.g.,

Refs. [16] for generation of neutrino masses from higher
dimensional effective operators). In addition, we have a
further suppression due to the fact that µ and µ

0 can be
taken small in a technically natural way.

The mixing between active and dark neutrinos can be
explicitly written as

⌫↵ =
3X
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U↵i ⌫i + U↵D ND , (2.16)

↵ = e, µ, ⌧,D, where ⌫i and ⌫↵ are the neutrinos mass
and flavor eigenstates, respectively (we denote by ↵ = D

the 6 dark neutrinos flavor states, while U↵D is a 9 ⇥ 6
matrix). Schematically, we have that the mixing between
light and heavy neutrinos is y⌫v�/m. Note that the dark
neutrino can be made very light, without introducing too
large mixing, even for y⌫ ⇠ O(1) since v� ⌧ v.

C. ZD and the Gauge Sector

The new vector boson will, in general, communicate
with the SM sector via either mass mixing or kinetic mix-
ing. The relevant part of the dark Lagrangian is
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where mZD is the mass of ZD, gD is the U(1)D gauge
coupling, e is the electromagnetic coupling, g/cW is the
Z coupling in the SM, while ✏ and ✏

0 parametrize the
kinetic and mass mixings, respectively. The electromag-
netic and Z currents are denoted by J
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µ

and J
Z

µ
, while

JDµ denotes the dark current.
In the limits we are considering, the Z and W

± masses
are essentially unchanged with respect to the SM values,
while the new gauge boson mass reads
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with mass mixing between Z and ZD given by
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Of course, a non-vanishing mass mixing ✏
0 implies that

the Z boson inherits a coupling to the dark current
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While the new coupling allows for the possibility of new
invisible Z decays, the large hierarchy v� ⌧ v guarantees

that the new contributions to the invisible decay width
are well inside the experimentally allowed region. The
vev hierarchy also protects the model from dangerous
K, B and ⌥ decays with an on-shell ZD in the final
state [17, 18].

The kinetic mixing parameter ✏ is allowed by all sym-
metries of the model. Moreover, it is radiatively gener-
ated (see e.g. Ref. [19]) by a loop of the H

±
D scalar which

magnitude is
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egD
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m
2

H
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. (2.21)

Such small loop contribution reflects the stability of
the kinetic mixing term with respect to renormalization
group running in our framework. The kinetic mixing will
lead to interactions of the ZD to charged fermions, as
well as decays if kinematically allowed (see e.g. Ref. [20]
for constraints).
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↵✏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
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where F (Er) is the nuclear form factor [21] for Carbon,
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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])
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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
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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
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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])
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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
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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
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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])
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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|
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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
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(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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↵✏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
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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
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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
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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])
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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,
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2 = 10�6, ↵D = 0.25 and ↵✏2 = 3 ⇥ 10�9, are de-
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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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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
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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
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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-
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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
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enhancing the cross section. To take that into account,
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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])
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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
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FIG. 2. The MiniBooNE electron-like event data [18] in the
neutrino (top panel) and antineutrino (middle panel) modes
as a function of Erec

⌫ , as well as the cos ✓ distribution (bot-
tom panel) for the neutrino data. Note that the data points
have only statistical uncertainties, while the systematic un-
certainties from the background are encoded in the light blue
band.. The predictions of our benchmark point mND = 320
MeV, mZD = 64 MeV, |Uµ4|2 = 10�6, ↵D = 0.25 and
↵ ✏2 = 3⇥ 10�9 are also shown as the blue lines.

an approximated systematic uncertainty from the back-
ground estimated from Table I of Ref. [18]. On the bot-
tom panel we show the cos ✓ distribution of the electron-
like candidates for the neutrino data, as well as the dis-
tribution for cos ✓ZD for the benchmark point (blue line).
The cos ✓ distribution of the electron-like candidates in
the antineutrino data is similar and not shown here and
our model is able to describe it comparably well. We
remark that our model prediction is in extremely good
agreement with the experimental data. In particular, our
fit to the data is better than the fit under the electron-
Volt sterile neutrino oscillation hypothesis [18] if one con-
siders the constraints from other oscillation experiments.
We find a best fit with �2

bf/dof = 31.2/36, while the

background only hypothesis yields �2
bg/dof = 63.8/38,

corresponding to a 5.4� preference for our model.
In Fig. 3 we see the region in the plane |Uµ4|

2 ver-
sus mND consistent with MiniBooNE data at 1� to 5�
CL, for the exemplifying hypothesis mZD = mND/5,
↵ZD = 0.25 and ↵✏2 = 3⇥10�9. Other values of these pa-

rameters can also provide good agreement with the data.
We also show the combined non-oscillation bounds from
meson decays, muon decay Michel spectrum and lepton
universality compiled in Refs. [26, 27], which exclude the
region above the red line. The dashed gray lines repre-
sent �c⌧ = 1 cm for ND and ZD with 1 GeV of energy, as
a reference. The ship hull shape region can be divided in
two parts: a high mixing region at |Uµ4|

2
⇠ 10�3

�10�6,
corresponding to mND & 300 MeV, and a low mixing re-
gion for |Uµ4|

2 . 10�7 and mND . 200 MeV. The latter
seems to be favored by spectral data. As a side remark,
we have checked that the typical opening angle ✓e+e�

of the e+e� pair satisfy cos ✓e+e� = 0.99, ensuring that
MiniBooNE will identify these events as electron-like.
The MicroBooNE experiment at Fermilab [28] is cur-

rently investigating the low energy excess of electron-like
events observed by MiniBooNE. They can distinguish
electrons from photon conversions into a e+e� pair by
their di↵erent ionization rate at the beginning of their
trajectory in the liquid argon detector. So by analyzing
the energy deposited along the track as a function of the
range (dE/dX) they hope to distinguish a photon from
a single electron. Our model predicts a dE/dX distribu-
tion similar to photons but with a prompt ZD decay to a
collimated e+e� pair. In addition our framework allows
for the possibility of the experimental observation of the
KL ! ⌫D⌫D, via o↵-shell ZD exchange, by the KOTO
or NA62 experiments as B(KL ! ⌫D⌫D) can go up to
O(10�10) for mND < mK [29].

We also have inquired into the possible e↵ects of ND
and ZD on oscillation experiments. While low energy
sources, such as the sun or nuclear reactors, do not have
enough energy to produce these particles, they could be,
in principle, produced in higher energy oscillation exper-
iments. Typically ⌫µ and ⌫µ beams in accelerator neu-
trino experiments have an insurmountable O(1%) con-
tamination of ⌫e + ⌫e, and atmospheric neutrinos have a
large ⌫e and ⌫e component. While Cherenkov detectors,
like Super-Kamiokande, cannot distinguish between elec-
trons and photons, detectors like MINOS, NO⌫A or T2K
would have a hard time to see any signal over their neu-
tral current contamination. That is particularly relevant
at lower energies where one would expect the signal of
new physics to lay.
In a di↵erent note, we do not foresee any issues with

cosmological data, as the particles in the dark sector de-
cay too fast to a↵ect Big Bang Nucleosynthesis, and the
⌫ � ⌫ self-interactions are too small to change neutrino
free streaming. Supernova cooling would not constrain
the model, as the ZD is trapped due to the large kinetic
mixing.
Finally, one may wonder if the phenomenological ap-

proach we propose here can arise in a UV-complete
anomaly free model. We have checked that such real-
ization is possible as follows. A gauge U(1)D symme-
try, under which the only charged fermions are the dark
neutrinos, protects neutrino masses from the standard
Higgs mechanism. An enlarged scalar sector is called

Fit to energy spectrum only
(Official MB data release)

Benchmark

mN = 320 MeV
mZ’ = 60 MeV
|Uμ4|2 = 10-6

αD = 0.25
αε2 = 3 x 10-9

χ2/dof = 31.2/36
Bertuzzo et al 1807.09877

See also Ballett et al 1808.02915 
for different realization of the mechanism
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N pheno is novel, we are working on it

Many constraints depend on lifetime
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Figure 4: Limits on |Vµ4|2 versus m4 in the mass range 100 MeV–100 GeV come from peak
searches and from N4 decays. The area with solid (black) contour labeled K → µν [92] is excluded
by peak searches. The bounds indicated by contours labeled by PS191 [86], NA3 [87], BEBC [93],
FMMF [94], NuTeV [95] and CHARMII [96] are at 90% C.L., while DELPHI [89] and L3 [90] are
at 95% C.L. and are deduced from searches of visible products in N4 decays. For the beam dump
experiments, NA3, PS191, BEBC, FMMF and NuTeV we give an estimate of the upper limit for
the excluded values of the mixing angle.

The µ− e universality test, done by comparing the decay rate of pions into eν̄ and µν̄, can
be used to constrain the ratio

1 − |Ve4|2

1 − |Vµ4|2
, (2.11)

for m4 > mπ [70, 71]. The analysis of experimental data leads to 1−|Vµ4|2

1−|Ve4|2
= 1.0012±0.0016

[71], which implies |Ve4|2 < 0.004 at 2σ for the least conservative case of |Vµ4|2 = 0. For
m4 > mτ , the µ − τ universality sets limits on:

1 − |Vτ4|2

1 − |Vµ4|2
, (2.12)

and can be tested by looking at the τ leptonic and hadronic decays which give |Vτ4|2 −
|Vµ4|2 = 0.0057 ± 0.0065 [71] and |Vτ4|2 − |Ve4|2 = 0.0054 ± 0.0064 [71]. The most con-
straining bound on |Vτ4|2 is obtained for |Ve4|2, |Vµ4|2 = 0 and reads |Vτ4|2 < 0.018 at 2σ.
The unitarity constraint on the first row of the CKM matrix [99] reads

!

i=1,2,3

|V CKM
ui |2 =

1

1 − |Vµ4|2
= 0.9992 ± 0.0011, (2.13)

– 11 –

Atre et al 0901.3589

“Vanilla” heavy sterile

Ex: PS 191, BEBC, NuTeV, …

In many experiments, sensitivity 
depends crucially on N not decaying 
promptly

Due to parameters, our N always
decay promptly!
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FIG. 4: The global 99% CL upper limits on the value of (a) |Ue4|
2, (b) |Uµ4|

2, and (c) |U⌧4|
2 as a function of m4.

See text for details and sources of each constraint. The black dashed line corresponds to |U |
2 = v2/m2

4, to the right
of which |U |

2 values are not expected to be theoretically accessible. See text for details.
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N pheno is novel, we are working on it

Many constraints depend on lifetime

Ex: PS 191, BEBC, NuTeV, …

In many experiments, sensitivity 
depends crucially on N not decaying 
promptly

Due to parameters, our N always
decay promptly!
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FIG. 4: The global 99% CL upper limits on the value of (a) |Ue4|
2, (b) |Uµ4|

2, and (c) |U⌧4|
2 as a function of m4.

See text for details and sources of each constraint. The black dashed line corresponds to |U |
2 = v2/m2

4, to the right
of which |U |

2 values are not expected to be theoretically accessible. See text for details.
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N pheno is novel, we are working on it

Many constraints depend on lifetime

Ex: PS 191, BEBC, NuTeV, …

In many experiments, sensitivity 
depends crucially on N not decaying 
promptly

Due to parameters, our N always
decay promptly!
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A light dark sector phenomenology
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A light dark sector phenomenology
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Angular spectrum not great here
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A light dark sector phenomenology
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A light dark sector phenomenology
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Angular spectrum quite good!

Little dependence with         ,
just need to satisfy dark photon 
constraints (> 10 MeV)

mZD
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A light dark sector phenomenology
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Angular spectrum quite good!

Little dependence with         ,
just need to satisfy dark photon 
constraints (> 10 MeV)

mZD

Light ZD = partially coherent 
scattering
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A light dark sector phenomenology
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Angular spectrum quite good!

Little dependence with         ,
just need to satisfy dark photon 
constraints (> 10 MeV)

mZD

LHC constraints are not 
expected to be stringent below 
1 GeV

Light ZD = partially coherent 
scattering
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Pheno in other neutrino experiments

MiniBooNE’s signature:
Collimated e+e- pair in MINOS+, 
NOvA, or T2K is likely be tagged as 
νe event
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Pheno in other neutrino experiments

MiniBooNE’s signature:
Collimated e+e- pair in MINOS+, 
NOvA, or T2K is likely be tagged as 
νe event

General signature:
Heavy enough ZD can decay to μ+μ- 
or π+π- pair, much easier signature
(MINOS+ is magnetized…)
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Pheno in other neutrino experiments

MiniBooNE’s signature:
Collimated e+e- pair in MINOS+, 
NOvA, or T2K is likely be tagged as 
νe event

General signature:
Heavy enough ZD can decay to μ+μ- 
or π+π- pair, much easier signature
(MINOS+ is magnetized…)

Lower energy experiments (reactor 
and solar neutrinos) as well as 
electron scattering may lack energy 
to produce N

mailto:pmachado@fnal.gov


Oct/2018 P.A.N. Machado | A light dark sector to explain MiniBooNE’s low energy excess - 1807.09877 / 1808.02500          pmachado@fnal.gov52

What happens at the SBN program?

SBND

Ν ee, μμ, π+π-

(always same flavor)

little or no
hadronic activity

ν

No baseline dependence
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What happens at the SBN program?

SBND

Ν ee, μμ, π+π-

(always same flavor)

little or no
hadronic activity

ν

No baseline dependence

Almost no hadronic activity to tag 
interaction vertex
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What happens at the SBN program?

SBND

Ν ee, μμ, π+π-

(always same flavor)

little or no
hadronic activity

ν

No baseline dependence

Almost no hadronic activity to tag 
interaction vertex

Decays to collimated e+e- pairs
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What happens at the SBN program?

SBND

Ν ee, μμ, π+π-

(always same flavor)

little or no
hadronic activity

ν

No baseline dependence

Almost no hadronic activity to tag 
interaction vertex

Decays to collimated e+e- pairs

More events due to coherence:
6C vs 18Ar ~ 3 times more
events for same exposure
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What happens at the SBN program?

SBND

Ν ee, μμ, π+π-

(always same flavor)

little or no
hadronic activity

ν

No baseline dependence

Almost no hadronic activity to tag 
interaction vertex

Decays to collimated e+e- pairs

More events due to coherence:
6C vs 18Ar ~ 3 times more
events for same exposure

Hard to probe, but …
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What happens at the SBN program?

SBND

Ν ee, μμ, π+π-

(always same flavor)

little or no
hadronic activity

ν

No baseline dependence

Almost no hadronic activity to tag 
interaction vertex

Decays to collimated e+e- pairs

More events due to coherence:
6C vs 18Ar ~ 3 times more
events for same exposure

Hard to probe, but …

mailto:pmachado@fnal.gov


Oct/2018 P.A.N. Machado | A light dark sector to explain MiniBooNE’s low energy excess - 1807.09877 / 1808.02500          pmachado@fnal.gov58

Part II
(if I still have 10 mins)

The connection to neutrino masses
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Why are neutrino masses so small?

Neutrino masses are very special

Just repeating the Higgs mechanism leads to 
RH neutrino N with no conserved quantum number

Majorana mass allowed, leading to Weinberg operator

Very large Λ, very high scales involved

Can neutrino masses come from light physics?

L̄H̃N

FERMILAB-PUB-18-381-T
OSU-HEP-18-05

Neutrino Masses and Mixings Dynamically Generated by a Light Dark Sector
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Neutrinos may be the harbingers of new dark sectors, since the renormalizable neutrino portal
allows for their interactions with hidden new physics. We propose here to use this fact to connect
the generation of neutrino masses to a light dark sector, charged under a new U(1)D dark gauge
symmetry. We introduce the minimal number of dark fields to obtain an anomaly free theory
with spontaneous breaking of the dark symmetry, and obtain automatically the inverse seesaw
Lagrangian. In addition, the so-called µ-term of the inverse seesaw is dynamically generated and
technically natural in this framework. As a bonus, the new light dark gauge boson can provide a
possible explanation to the MiniBooNE anomaly.

I. INTRODUCTION

One of the most surprising experimental results of
the last decades has been the discovery of tiny neutrino
masses and relatively large neutrino mixings. Although
non-vanishing neutrino masses are a clear indication of
physics beyond the Standard Model (SM), the mecha-
nism and the scales responsible for the neutrino mass
generation remain a total mystery.

It seems unlikely that the very small neutrino masses
are generated by the same Higgs mechanism responsible
for the masses of the other SM fermions, since extremely
small Yukawa couplings, of the order of . 10�12, must
be invoked. A more ‘natural’ way to generate neutrino
masses involve the addition of new states that, once in-
tegrated out, generate the dimension five Weinberg op-
erator

O5 =
c

⇤
LLHH. (1.1)

This is embodied by the so-called seesaw mechanisms [1–
4]. The smallness of neutrino masses relative to the weak
scale implies either that the scale of new physics ⇤ is
very large (making it impossible to experimentally dis-
criminate the different seesaw mechanisms), or that the
Wilson coefficient c is extremely small (for instance, com-
ing from loop effects involving singly or doubly charged
scalars [5]).

A different approach is given by neutrinophilic Two-
Higgs-Doublet Models [6, 7]. In this framework, a sym-
metry (U(1) or Z2) compels one of the doublets to couple
to all SM fermions but neutrinos, hence being responsi-
ble for their masses, while the other Higgs couples to the

⇤
E-mail:bertuzzo@if.usp.br

†
E-mail:sudip.jana@okstate.edu

‡
E-mail:pmachado@fnal.gov

§
E-mail:zukanov@if.usp.br

lepton doublets and right-handed neutrinos. If the sec-
ond doublet acquires a vacuum expectation value (vev)
around the eV scale, this leads to small neutrino masses.
These models, however, are either ruled out or severely
constrained by electroweak precision data and low energy
flavor physics [8, 9].

A variation of this idea, in which the symmetry is taken
to be a local U(1) and leads to the typical Lagrangian of
the inverse seesaw scenario, suffers from an accidental
lepton number symmetry that has to be explicitly bro-
ken to avoid the presence of a massless Nambu-Goldstone
boson in the spectrum [10]. All aforementioned models
have one of the two following features: (i) The model is
realized at very high scales, or (ii) the model is based on
explicit breaking of lepton number or other symmetries
that protect neutrino masses (e.g. in TeV scale type II
or inverse seesaw models).

Neutrinos, however, are the darkest between the SM
particles, in the sense that they can couple through the
renormalizable neutrino portal LH operator with generic
dark sectors [11]. This fact has been used in connec-
tion to thermal Dark Matter with mass in the sub-GeV
region (see for instance Refs. [12, 13]). In this letter
we propose to use such a portal to explicitly connect
a new light dark sector with the generation of neutrino
masses. In this way, we are able to lower the scale of
neutrino mass generation below the electroweak one by
resorting to a dynamical gauge symmetry breaking of this
new sector. The dark sector is mostly secluded from ex-
perimental scrutiny, as it only communicates with the
SM by mixing among scalars, among neutrinos and dark
fermions, and through kinetic and mass mixing between
the gauge bosons. This scheme has several phenomeno-
logical consequences at lower energies, and in particular
it offers a natural explanation for the long-standing ex-
cess of electron-like events reported by the MiniBooNE
collaboration [14, 15].
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Neutrinos and the dark sector

RH neutrinos: 
no conserved quantum number, no SM interactions = dark sector
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Neutrinos and the dark sector

RH neutrinos: 
no conserved quantum number, no SM interactions = dark sector

Neutrino masses are a natural portal to the dark sector
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Neutrinos and the dark sector

RH neutrinos: 
no conserved quantum number, no SM interactions = dark sector

Neutrino masses are a natural portal to the dark sector

All this + new dark Z = MiniBooNE explanation!
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Neutrinos and the dark sector

RH neutrinos: 
no conserved quantum number, no SM interactions = dark sector

Neutrino masses are a natural portal to the dark sector

All this + new dark Z = MiniBooNE explanation!

Maybe a low scale dark sector can give rise to neutrino 
masses and explain the MiniBooNE excess
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Neutrinos and the dark sector

Starting point:
Gauge U(1)D: SM has no charge, RH neutrinos N have charge +1
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Neutrinos and the dark sector

Starting point:
Gauge U(1)D: SM has no charge, RH neutrinos N have charge +1

Anomaly cancellation: N’ with opposite charge should be included
anomaly cancellation is 
a requirement to have 
a consistent QFT
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Neutrinos and the dark sector

Starting point:
Gauge U(1)D: SM has no charge, RH neutrinos N have charge +1

Anomaly cancellation: N’ with opposite charge should be included

Walks and quacks like inverse seesaw

M⌫ =

0

@
0 m 0
m 0 M
0 M µ

1

A
ν   
N  
N’  

m⌫ = µ
m2

M2
=)

anomaly cancellation is 
a requirement to have 
a consistent QFT

mailto:pmachado@fnal.gov


Oct/2018 P.A.N. Machado | A light dark sector to explain MiniBooNE’s low energy excess - 1807.09877 / 1808.02500          pmachado@fnal.gov67

Neutrinos and the dark sector

Starting point:
Gauge U(1)D: SM has no charge, RH neutrinos N have charge +1

Anomaly cancellation: N’ with opposite charge should be included

Walks and quacks like inverse seesaw

M⌫ =

0

@
0 m 0
m 0 M
0 M µ

1

A
ν    0
N   +
N’   –

m⌫ = µ
m2

M2
=)

m and μ are forbidden by dark symmetry, they need to be
 generated dynamically

anomaly cancellation is 
a requirement to have 
a consistent QFT
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Neutrinos and the dark sector

Minimum scalar content

M⌫ =

0

@
0 y�1 0

y�1 0 M
0 M y0s2

1

A Φ1 = doublet with dark charge +1
s2 = singlet with dark charge +2
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Neutrinos and the dark sector

Minimum scalar content

M⌫ =

0

@
0 y�1 0

y�1 0 M
0 M y0s2

1

A Φ1 = doublet with dark charge +1
s2 = singlet with dark charge +2

Add s1 with charge +1 and something special happens:
Φ1 and s2 start with no vevs, s1 develops a vev like the Higgs
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Neutrinos and the dark sector

Minimum scalar content

M⌫ =

0

@
0 y�1 0

y�1 0 M
0 M y0s2

1

A Φ1 = doublet with dark charge +1
s2 = singlet with dark charge +2

Add s1 with charge +1 and something special happens:
Φ1 and s2 start with no vevs, s1 develops a vev like the Higgs

s1s1 s1 H

s2 Φ1

xxxx
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Neutrinos and the dark sector

Minimum scalar content

M⌫ =

0

@
0 y�1 0

y�1 0 M
0 M y0s2

1

A Φ1 = doublet with dark charge +1
s2 = singlet with dark charge +2

Add s1 with charge +1 and something special happens:
Φ1 and s2 start with no vevs, s1 develops a vev like the Higgs

s1s1 s1 H

s2 Φ1

xxxx

Φ1 and s2 vevs are induced, like in 
type II seesaw, and thus can be 
naturally very small!
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Neutrinos and the dark sector

Consequences: 4

FIG. 1. Diagram for the dynamically induced light neutrino
masses in our model.

Remembering that the vevs of � and S2 are induced by
the dynamics of the scalar sector, we can rewrite the
previous operator in terms of H and S1, the fields whose
vev’s are present even in the limit {µ, µ

0
,↵} ! 0. We

obtain

L
d=9

⌫
⇠ y

2

⌫
yN

µ
2

M
2

HD

µ
0

M
4

S
0
D

(LcH)(HT
L)

m2
(S⇤

1
S1)

2
, (2.15)

from which it is clear that, ultimately, neutrinos masses
are generated by a dimension 9 operator (see, e.g.,

Refs. [16] for generation of neutrino masses from higher
dimensional effective operators). In addition, we have a
further suppression due to the fact that µ and µ

0 can be
taken small in a technically natural way.

The mixing between active and dark neutrinos can be
explicitly written as

⌫↵ =
3X

i=1

U↵i ⌫i + U↵D ND , (2.16)

↵ = e, µ, ⌧,D, where ⌫i and ⌫↵ are the neutrinos mass
and flavor eigenstates, respectively (we denote by ↵ = D

the 6 dark neutrinos flavor states, while U↵D is a 9 ⇥ 6
matrix). Schematically, we have that the mixing between
light and heavy neutrinos is y⌫v�/m. Note that the dark
neutrino can be made very light, without introducing too
large mixing, even for y⌫ ⇠ O(1) since v� ⌧ v.

C. ZD and the Gauge Sector

The new vector boson will, in general, communicate
with the SM sector via either mass mixing or kinetic mix-
ing. The relevant part of the dark Lagrangian is
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where mZD is the mass of ZD, gD is the U(1)D gauge
coupling, e is the electromagnetic coupling, g/cW is the
Z coupling in the SM, while ✏ and ✏

0 parametrize the
kinetic and mass mixings, respectively. The electromag-
netic and Z currents are denoted by J

em
µ

and J
Z

µ
, while

JDµ denotes the dark current.
In the limits we are considering, the Z and W

± masses
are essentially unchanged with respect to the SM values,
while the new gauge boson mass reads
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with mass mixing between Z and ZD given by
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Of course, a non-vanishing mass mixing ✏
0 implies that

the Z boson inherits a coupling to the dark current

LZ =
m
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2
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µ +
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0
Z
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While the new coupling allows for the possibility of new
invisible Z decays, the large hierarchy v� ⌧ v guarantees

that the new contributions to the invisible decay width
are well inside the experimentally allowed region. The
vev hierarchy also protects the model from dangerous
K, B and ⌥ decays with an on-shell ZD in the final
state [17, 18].

The kinetic mixing parameter ✏ is allowed by all sym-
metries of the model. Moreover, it is radiatively gener-
ated (see e.g. Ref. [19]) by a loop of the H

±
D scalar which

magnitude is

✏LOOP ⇠
egD
480⇡2

m
2

ZD

m
2

H
±
D

. (2.21)

Such small loop contribution reflects the stability of
the kinetic mixing term with respect to renormalization
group running in our framework. The kinetic mixing will
lead to interactions of the ZD to charged fermions, as
well as decays if kinematically allowed (see e.g. Ref. [20]
for constraints).
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that the new contributions to the invisible decay width
are well inside the experimentally allowed region. The
vev hierarchy also protects the model from dangerous
K, B and ⌥ decays with an on-shell ZD in the final
state [17, 18].
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Such small loop contribution reflects the stability of
the kinetic mixing term with respect to renormalization
group running in our framework. The kinetic mixing will
lead to interactions of the ZD to charged fermions, as
well as decays if kinematically allowed (see e.g. Ref. [20]
for constraints).
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Of course, a non-vanishing mass mixing ✏
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While the new coupling allows for the possibility of new
invisible Z decays, the large hierarchy v� ⌧ v guarantees

that the new contributions to the invisible decay width
are well inside the experimentally allowed region. The
vev hierarchy also protects the model from dangerous
K, B and ⌥ decays with an on-shell ZD in the final
state [17, 18].

The kinetic mixing parameter ✏ is allowed by all sym-
metries of the model. Moreover, it is radiatively gener-
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Such small loop contribution reflects the stability of
the kinetic mixing term with respect to renormalization
group running in our framework. The kinetic mixing will
lead to interactions of the ZD to charged fermions, as
well as decays if kinematically allowed (see e.g. Ref. [20]
for constraints).
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from which it is clear that, ultimately, neutrinos masses
are generated by a dimension 9 operator (see, e.g.,

Refs. [16] for generation of neutrino masses from higher
dimensional effective operators). In addition, we have a
further suppression due to the fact that µ and µ

0 can be
taken small in a technically natural way.
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↵ = e, µ, ⌧,D, where ⌫i and ⌫↵ are the neutrinos mass
and flavor eigenstates, respectively (we denote by ↵ = D

the 6 dark neutrinos flavor states, while U↵D is a 9 ⇥ 6
matrix). Schematically, we have that the mixing between
light and heavy neutrinos is y⌫v�/m. Note that the dark
neutrino can be made very light, without introducing too
large mixing, even for y⌫ ⇠ O(1) since v� ⌧ v.
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where mZD is the mass of ZD, gD is the U(1)D gauge
coupling, e is the electromagnetic coupling, g/cW is the
Z coupling in the SM, while ✏ and ✏
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kinetic and mass mixings, respectively. The electromag-
netic and Z currents are denoted by J
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, while
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with mass mixing between Z and ZD given by
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Of course, a non-vanishing mass mixing ✏
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While the new coupling allows for the possibility of new
invisible Z decays, the large hierarchy v� ⌧ v guarantees

that the new contributions to the invisible decay width
are well inside the experimentally allowed region. The
vev hierarchy also protects the model from dangerous
K, B and ⌥ decays with an on-shell ZD in the final
state [17, 18].

The kinetic mixing parameter ✏ is allowed by all sym-
metries of the model. Moreover, it is radiatively gener-
ated (see e.g. Ref. [19]) by a loop of the H

±
D scalar which

magnitude is
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Such small loop contribution reflects the stability of
the kinetic mixing term with respect to renormalization
group running in our framework. The kinetic mixing will
lead to interactions of the ZD to charged fermions, as
well as decays if kinematically allowed (see e.g. Ref. [20]
for constraints).
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from which it is clear that, ultimately, neutrinos masses
are generated by a dimension 9 operator (see, e.g.,

Refs. [16] for generation of neutrino masses from higher
dimensional effective operators). In addition, we have a
further suppression due to the fact that µ and µ
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and flavor eigenstates, respectively (we denote by ↵ = D

the 6 dark neutrinos flavor states, while U↵D is a 9 ⇥ 6
matrix). Schematically, we have that the mixing between
light and heavy neutrinos is y⌫v�/m. Note that the dark
neutrino can be made very light, without introducing too
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with mass mixing between Z and ZD given by
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Of course, a non-vanishing mass mixing ✏
0 implies that

the Z boson inherits a coupling to the dark current
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While the new coupling allows for the possibility of new
invisible Z decays, the large hierarchy v� ⌧ v guarantees

that the new contributions to the invisible decay width
are well inside the experimentally allowed region. The
vev hierarchy also protects the model from dangerous
K, B and ⌥ decays with an on-shell ZD in the final
state [17, 18].

The kinetic mixing parameter ✏ is allowed by all sym-
metries of the model. Moreover, it is radiatively gener-
ated (see e.g. Ref. [19]) by a loop of the H
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D scalar which

magnitude is
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Such small loop contribution reflects the stability of
the kinetic mixing term with respect to renormalization
group running in our framework. The kinetic mixing will
lead to interactions of the ZD to charged fermions, as
well as decays if kinematically allowed (see e.g. Ref. [20]
for constraints).
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from which it is clear that, ultimately, neutrinos masses
are generated by a dimension 9 operator (see, e.g.,
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dimensional effective operators). In addition, we have a
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While the new coupling allows for the possibility of new
invisible Z decays, the large hierarchy v� ⌧ v guarantees

that the new contributions to the invisible decay width
are well inside the experimentally allowed region. The
vev hierarchy also protects the model from dangerous
K, B and ⌥ decays with an on-shell ZD in the final
state [17, 18].

The kinetic mixing parameter ✏ is allowed by all sym-
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Such small loop contribution reflects the stability of
the kinetic mixing term with respect to renormalization
group running in our framework. The kinetic mixing will
lead to interactions of the ZD to charged fermions, as
well as decays if kinematically allowed (see e.g. Ref. [20]
for constraints).
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The new vector boson will, in general, communicate
with the SM sector via either mass mixing or kinetic mix-
ing. The relevant part of the dark Lagrangian is
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where mZD is the mass of ZD, gD is the U(1)D gauge
coupling, e is the electromagnetic coupling, g/cW is the
Z coupling in the SM, while ✏ and ✏

0 parametrize the
kinetic and mass mixings, respectively. The electromag-
netic and Z currents are denoted by J

em
µ

and J
Z

µ
, while

JDµ denotes the dark current.
In the limits we are considering, the Z and W

± masses
are essentially unchanged with respect to the SM values,
while the new gauge boson mass reads
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with mass mixing between Z and ZD given by

✏
0
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v
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�
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Of course, a non-vanishing mass mixing ✏
0 implies that

the Z boson inherits a coupling to the dark current

LZ =
m

2

Z

2
ZµZ

µ +
g

cW
Z

µ
J
Z

µ
� gD✏

0
Z

µ
JDµ . (2.20)

While the new coupling allows for the possibility of new
invisible Z decays, the large hierarchy v� ⌧ v guarantees

that the new contributions to the invisible decay width
are well inside the experimentally allowed region. The
vev hierarchy also protects the model from dangerous
K, B and ⌥ decays with an on-shell ZD in the final
state [17, 18].

The kinetic mixing parameter ✏ is allowed by all sym-
metries of the model. Moreover, it is radiatively gener-
ated (see e.g. Ref. [19]) by a loop of the H

±
D scalar which

magnitude is

✏LOOP ⇠
egD
480⇡2

m
2

ZD

m
2

H
±
D

. (2.21)

Such small loop contribution reflects the stability of
the kinetic mixing term with respect to renormalization
group running in our framework. The kinetic mixing will
lead to interactions of the ZD to charged fermions, as
well as decays if kinematically allowed (see e.g. Ref. [20]
for constraints).

Neutrino masses from D=9 operator

All scales involved may be below electroweak

Light ZD, ν-N mixing, ZD-ν-N coupling, kinetic mixing unavoidable
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FIG. 1. Diagram for the dynamically induced light neutrino
masses in our model.
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from which it is clear that, ultimately, neutrinos masses
are generated by a dimension 9 operator (see, e.g.,

Refs. [16] for generation of neutrino masses from higher
dimensional effective operators). In addition, we have a
further suppression due to the fact that µ and µ

0 can be
taken small in a technically natural way.
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While the new coupling allows for the possibility of new
invisible Z decays, the large hierarchy v� ⌧ v guarantees

that the new contributions to the invisible decay width
are well inside the experimentally allowed region. The
vev hierarchy also protects the model from dangerous
K, B and ⌥ decays with an on-shell ZD in the final
state [17, 18].

The kinetic mixing parameter ✏ is allowed by all sym-
metries of the model. Moreover, it is radiatively gener-
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Such small loop contribution reflects the stability of
the kinetic mixing term with respect to renormalization
group running in our framework. The kinetic mixing will
lead to interactions of the ZD to charged fermions, as
well as decays if kinematically allowed (see e.g. Ref. [20]
for constraints).
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While the new coupling allows for the possibility of new
invisible Z decays, the large hierarchy v� ⌧ v guarantees

that the new contributions to the invisible decay width
are well inside the experimentally allowed region. The
vev hierarchy also protects the model from dangerous
K, B and ⌥ decays with an on-shell ZD in the final
state [17, 18].

The kinetic mixing parameter ✏ is allowed by all sym-
metries of the model. Moreover, it is radiatively gener-
ated (see e.g. Ref. [19]) by a loop of the H
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Such small loop contribution reflects the stability of
the kinetic mixing term with respect to renormalization
group running in our framework. The kinetic mixing will
lead to interactions of the ZD to charged fermions, as
well as decays if kinematically allowed (see e.g. Ref. [20]
for constraints).

Neutrino masses from D=9 operator

All scales involved may be below electroweak

Light ZD, ν-N mixing, ZD-ν-N coupling, kinetic mixing unavoidable

We can simultaneously explain the smallness of 
neutrino masses dynamically and the MiniBooNE excess!
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FIG. 2. The MiniBooNE electron-like event data [18] in the
neutrino (top panel) and antineutrino (middle panel) modes
as a function of Erec

⌫ , as well as the cos ✓ distribution (bot-
tom panel) for the neutrino data. Note that the data points
have only statistical uncertainties, while the systematic un-
certainties from the background are encoded in the light blue
band.. The predictions of our benchmark point mND = 320
MeV, mZD = 64 MeV, |Uµ4|2 = 10�6, ↵D = 0.25 and
↵ ✏2 = 3⇥ 10�9 are also shown as the blue lines.

an approximated systematic uncertainty from the back-
ground estimated from Table I of Ref. [18]. On the bot-
tom panel we show the cos ✓ distribution of the electron-
like candidates for the neutrino data, as well as the dis-
tribution for cos ✓ZD for the benchmark point (blue line).
The cos ✓ distribution of the electron-like candidates in
the antineutrino data is similar and not shown here and
our model is able to describe it comparably well. We
remark that our model prediction is in extremely good
agreement with the experimental data. In particular, our
fit to the data is better than the fit under the electron-
Volt sterile neutrino oscillation hypothesis [18] if one con-
siders the constraints from other oscillation experiments.
We find a best fit with �2

bf/dof = 31.2/36, while the

background only hypothesis yields �2
bg/dof = 63.8/38,

corresponding to a 5.4� preference for our model.
In Fig. 3 we see the region in the plane |Uµ4|

2 ver-
sus mND consistent with MiniBooNE data at 1� to 5�
CL, for the exemplifying hypothesis mZD = mND/5,
↵ZD = 0.25 and ↵✏2 = 3⇥10�9. Other values of these pa-

rameters can also provide good agreement with the data.
We also show the combined non-oscillation bounds from
meson decays, muon decay Michel spectrum and lepton
universality compiled in Refs. [26, 27], which exclude the
region above the red line. The dashed gray lines repre-
sent �c⌧ = 1 cm for ND and ZD with 1 GeV of energy, as
a reference. The ship hull shape region can be divided in
two parts: a high mixing region at |Uµ4|

2
⇠ 10�3

�10�6,
corresponding to mND & 300 MeV, and a low mixing re-
gion for |Uµ4|

2 . 10�7 and mND . 200 MeV. The latter
seems to be favored by spectral data. As a side remark,
we have checked that the typical opening angle ✓e+e�

of the e+e� pair satisfy cos ✓e+e� = 0.99, ensuring that
MiniBooNE will identify these events as electron-like.
The MicroBooNE experiment at Fermilab [28] is cur-

rently investigating the low energy excess of electron-like
events observed by MiniBooNE. They can distinguish
electrons from photon conversions into a e+e� pair by
their di↵erent ionization rate at the beginning of their
trajectory in the liquid argon detector. So by analyzing
the energy deposited along the track as a function of the
range (dE/dX) they hope to distinguish a photon from
a single electron. Our model predicts a dE/dX distribu-
tion similar to photons but with a prompt ZD decay to a
collimated e+e� pair. In addition our framework allows
for the possibility of the experimental observation of the
KL ! ⌫D⌫D, via o↵-shell ZD exchange, by the KOTO
or NA62 experiments as B(KL ! ⌫D⌫D) can go up to
O(10�10) for mND < mK [29].

We also have inquired into the possible e↵ects of ND
and ZD on oscillation experiments. While low energy
sources, such as the sun or nuclear reactors, do not have
enough energy to produce these particles, they could be,
in principle, produced in higher energy oscillation exper-
iments. Typically ⌫µ and ⌫µ beams in accelerator neu-
trino experiments have an insurmountable O(1%) con-
tamination of ⌫e + ⌫e, and atmospheric neutrinos have a
large ⌫e and ⌫e component. While Cherenkov detectors,
like Super-Kamiokande, cannot distinguish between elec-
trons and photons, detectors like MINOS, NO⌫A or T2K
would have a hard time to see any signal over their neu-
tral current contamination. That is particularly relevant
at lower energies where one would expect the signal of
new physics to lay.
In a di↵erent note, we do not foresee any issues with

cosmological data, as the particles in the dark sector de-
cay too fast to a↵ect Big Bang Nucleosynthesis, and the
⌫ � ⌫ self-interactions are too small to change neutrino
free streaming. Supernova cooling would not constrain
the model, as the ZD is trapped due to the large kinetic
mixing.
Finally, one may wonder if the phenomenological ap-

proach we propose here can arise in a UV-complete
anomaly free model. We have checked that such real-
ization is possible as follows. A gauge U(1)D symme-
try, under which the only charged fermions are the dark
neutrinos, protects neutrino masses from the standard
Higgs mechanism. An enlarged scalar sector is called

Novel explanation of 
MiniBooNE

Agreement with all EXP data

Novel, simple framework

Rich phenomenology

Deep connection to mν

Has MiniBooNE observed 
the mechanism behind 

neutrino masses???
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III. PHENOMENOLOGICAL CONSEQUENCES

We would like at this point to make some comments
about the possible phenomenological consequences of our
model. To illustrate the discussion let us consider a
benchmark point consistent with our working hypothe-
sis v�,!2 ⌧ !1 ⌧ v. This point is defined by the input
values given in Tab. I, producing the physical observables
in Tab. II.

We see that for this point the changes in the masses
of the SM gauge bosons as well as the mixings of the
Higgs with the new scalars are negligible, so we do not
foresee any major problems to pass the constraints im-
posed to the SM observables by the Tevatron, LEP or
the LHC data. Moreover, we have a ZD that couples
to the charged SM fermions and so can decay to e

+
e
�

pairs through kinetic mixing of the order that can ex-
plain MiniBooNE data [15].

In general, this model may in principle also give con-
tributions to the muon g � 2, to atomic parity violation,
polarized electron scattering, neutrinoless double � de-
cay, rare meson decays as well as to other low energy
observables such as the running of the weak mixing an-
gle sin2 ✓W . There might be consequences to neutrino
experiments too. It can, for instance, modify neutrino
scattering, such as coherent neutrino-nucleus scattering,
or impact neutrino oscillations experimental results as
this model may give rise to non-standard neutrino inter-
actions in matter. Furthermore, data from accelerator
neutrino experiments, such as MINOS, NO⌫A, T2K, and
MINER⌫A, may be used to probe ZD decays to charged
leptons, in particular, if the channel µ+

µ
� is kinemati-

cally allowed. We anticipate new rare Higgs decays, such
as hSM ! ZZD, or H

±
D ! W

±
ZD, that depending on

mZD may affect LHC physics. Finally, it may be in-
teresting to examine the apparent anomaly seen in 8Be
decays [21] in the light of this new dark sector.

The investigation of these effects is currently under way
but beyond the scope of this letter and shall be presented
in a future work.

IV. FINAL CONCLUSIONS AND REMARKS

The main purpose of this letter has been to explicitly
connect the generation of neutrino masses to the exis-
tence of a new light dark sector. Doing so, we are able to
lower the scale of neutrino mass generation substantially
below the electroweak one by resorting to a dynamical
breaking of a new U(1)D dark gauge symmetry under
which SM particles are neutral.

Our secluded sector consists of the minimal dark field
content able to ensure anomaly cancellation, as well as
the spontaneous breaking of the dark gauge symmetry
without the appearance of a Nambu-Goldstone boson. It
consists of a new scalar doublet, two scalar singlets and a
set of six new fermion singlets, all charged under the dark
symmetry. A judicious choice of dark charges allows to

Vacuum Expectation Values

v (GeV) !1 (MeV) v� (MeV) !2 (MeV)
246 136 0.176 0.65

Coupling Constants

�H �H� = �0
H� �HS1 �HS2

0.129 10�3 10�3
�10�3

��S1 ��S2 �S1 �S1S2

10�2 10�2 2 0.01

µ (GeV) µ0 (GeV) ↵ gD

0.15 0.01 10�3 0.22

Bare Masses

m� (GeV) m2 (GeV)

100 5.51

TABLE I. Input values for a benchmark point in our model
that can provide an explanation of the low energy MiniBooNE
excess [14, 15]. See Tab. II for the respective physical masses
and mixings.

generate neutrino masses by a dynamical inverse seesaw
mechanism, but unlike the usual inverse seesaw scenario,
the so-called µISS-term is here dynamically generated,
and can be small in a technically natural way. Interest-
ingly, neutrino masses effectively emerge only at the level
of dimension 9 operators, and we can have a new light
dark gauge boson in the spectrum.

The dark sector is mostly secluded from experimental
scrutiny, as it only communicates with the SM by mixing:
the SM Higgs mixing with dark scalars, neutrinos mixing
with dark fermions, and through kinetic and mass mixing
with the dark gauge boson.

The low scale phenomenology of the model is simple
yet rich. It is possible that our model gives sizable contri-
butions to several experimental observables such as the
value of the muon g � 2, the Majorana mass in neutri-
noless double � decay or influence atomic parity viola-
tion, polarized electron scattering, or rare meson decays,
among others. Moreover, the mechanism we propose in
this letter could provide an novel explanation to the Mini-
BooNE low energy excess of electron-like events [15].

As a final remark, let us stress that we presented here
only the low scale realization of the model, imposed by
the hierarchy of vevs we have selected. Nevertheless, we
could have chosen a different one, for instance, !1 & v.
In that case we would have a high scale realization of the
model, with unique phenomenological consequences at
the LHC, for instance displaced vertex or prompt multi-
lepton signatures.
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Masses of the Physical Fields

mhSM (GeV) mHD (GeV) mSD (MeV) mS
0
D

(MeV) m
H

±
D
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Mixing between the Fields

✓H� ✓HS1 ✓HS2 ✓�S1 ✓�S2 ✓S1S2 e✏ ✏0 |U↵N |
2

1.3⇥ 10�6 2.1⇥ 10�6 10�8 1.2⇥ 10�3 8.3⇥ 10�7 3.4⇥ 10�2 2⇥ 10�4 3.6⇥ 10�14
O(10�6)

TABLE II. Physical masses and mixings for the benchmark point of our model that can provide an explanation of the low
energy MiniBooNE excess [14, 15]. The light-heavy neutrino mixing is schematically denoted by |U↵N |

2, and mND denotes the
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II. THE MODEL

To avoid any neutrino mass contribution from the
Higgs mechanism, we introduce a new dark gauge sym-
metry U(1)D, under which the SM particles are un-
charged, but the new sector is charged. To build a
Dirac neutrino mass term we need a SU(2)L singlet right-
handed dark neutrino N , and a dark scalar doublet �,
both having the same U(1)D charge +1. The absence of
chiral anomalies require a second right-handed neutrino,
N

0, with an opposite U(1)D charge, thus restoring lep-
ton number symmetry. We add to the particle content
a dark scalar SU(2)L singlet S2, with dark charge +2,
whose vev spontaneously breaks lepton number, giving
rise to a Majorana mass component for the dark neutri-
nos. As we will see shortly, this setup leads to an inverse
seesaw structure in which the lepton number breaking
parameter is promoted to a dynamical quantity. Finally,
this scalar content enjoys an accidental global symme-
try which is spontaneously broken. To avoid a massless
Goldstone boson, an extra dark scalar SU(2)L singlet S1,
with dark charge +1, is included in the spectrum. Its vev
breaks all accidental global symmetries. This field will al-
low for mixing among all the scalar fields, including the
SM Higgs.

The dark scalar S1 will spontaneously break U(1)D

by acquiring a vev, while � and S2 will only develop an
induced vev after the breaking of the electroweak and
dark symmetries. By making a well motivated choice for
the hierarchy of the vevs, our model allows a dynamical
generation of the light neutrino masses and mixings at
very low scale. Our model predicts masses for the dark
scalars within the reach of current experiments as well
as a light dark vector boson, ZD, that has small kinetic
mixing with the photon and mass mixing with the SM Z

boson.
The dark particles communicate with the SM ones via

mixing: flavor mixing (neutrinos), mass mixing (scalars)
and mass mixing and kinetic mixing (ZD), giving rise to
a simple yet rich phenomenology.

A. The Dark Scalar Sector

Let us start discussing the scalar sector of the model.
This will motivate the region of parameter space on which
we will focus throughout the paper. The most general
SU(2)L ⇥U(1)Y ⇥U(1)D invariant scalar potential that
can be constructed out of the fields and charges outlined
above is
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(In the last sum, the notation ' < '
0 is to avoid double

counting.) We denote the vevs of the scalar fields as
(H,�, S1, S2)|vev ⌘ (v, v�,!1,!2) /

p
2. We stress that

we are supposing the bare mass terms of H and S1 to
be negative, while we take the corresponding ones for
� and S2 to be positive. This ensures that, as long as
µ = µ

0 = ↵ ⌘ 0 (i.e. if there is no mixing among the
scalar fields), the latter fields do not develop a vev, while
the former do. In turn, this implies that the vevs v� and
!2 must be induced by µ, µ0, and/or ↵.

We now observe that µ, µ0, and ↵ explicitly break two
accidental U(1) global symmetries, making these param-
eters technically natural 1. For our purposes, this means

1
One of the symmetries is lepton number, the other is a symmetry

under which only � and L are charged, with opposite charge.

Since there are only two global symmetries for 3 parameters,

having two of them non-zero necessarily generates the third by

renormalization group running.

that µ, µ
0 and ↵ can be taken small in a natural way,

and justifies our working hypothesis v�,!2 ⌧ v,!1. As
we will see later, this hierarchy of vevs will provide a low
scale realization of the inverse seesaw mechanism with
low scale dynamics associated to it. Explicitly, we ob-
tain
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with M
2

HD
and M

2

S
0
D

approximately being the physical
masses of the respective scalars (to be defined below). In
order to avoid large mixing between H and �, we will
always make the choice !1 ⌧ v.

The scalar spectrum contains, in addition to the SM-
like scalar hSM with mass mhSM ' 125 GeV, three CP-
even dark scalars HD, SD and S

0
D, with masses MHD ,
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The scalar spectrum contains, in addition to the SM-
like scalar hSM with mass mhSM ' 125 GeV, three CP-
even dark scalars HD, SD and S
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D, with masses MHD ,
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II. THE MODEL

To avoid any neutrino mass contribution from the
Higgs mechanism, we introduce a new dark gauge sym-
metry U(1)D, under which the SM particles are un-
charged, but the new sector is charged. To build a
Dirac neutrino mass term we need a SU(2)L singlet right-
handed dark neutrino N , and a dark scalar doublet �,
both having the same U(1)D charge +1. The absence of
chiral anomalies require a second right-handed neutrino,
N

0, with an opposite U(1)D charge, thus restoring lep-
ton number symmetry. We add to the particle content
a dark scalar SU(2)L singlet S2, with dark charge +2,
whose vev spontaneously breaks lepton number, giving
rise to a Majorana mass component for the dark neutri-
nos. As we will see shortly, this setup leads to an inverse
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try which is spontaneously broken. To avoid a massless
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low for mixing among all the scalar fields, including the
SM Higgs.

The dark scalar S1 will spontaneously break U(1)D

by acquiring a vev, while � and S2 will only develop an
induced vev after the breaking of the electroweak and
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the hierarchy of the vevs, our model allows a dynamical
generation of the light neutrino masses and mixings at
very low scale. Our model predicts masses for the dark
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boson.
The dark particles communicate with the SM ones via

mixing: flavor mixing (neutrinos), mass mixing (scalars)
and mass mixing and kinetic mixing (ZD), giving rise to
a simple yet rich phenomenology.
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Let us start discussing the scalar sector of the model.
This will motivate the region of parameter space on which
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(In the last sum, the notation ' < '
0 is to avoid double

counting.) We denote the vevs of the scalar fields as
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2. We stress that
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� and S2 to be positive. This ensures that, as long as
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FIG. 2: Our model predictions in relation to the MiniBooNE excess, after subtracting predicted backgrounds, in
both reconstructed visible energy (left) and reconstructed shower angle relative to the beam-line (right), for a 0.14
GeV sterile neutrino and 1.25 GeV Z 0. In a minimal realization, this requires neutrino mixings of
|Uµ4|

2 = 1.5⇥ 10�6, |U⌧4|
2 = 7.8⇥ 10�4 and kinetic mixing �2 = 5⇥ 10�6, corresponding to a total decay length of

1 m. Excellent agreement is observed in both the energy and angular spectrum. MiniBooNE’s best-fit sterile
neutrino oscillation model is shown for comparison (blue dashed line).

ments, e.g. PS191 [42] or NuTeV [43]. However, once
the rate increases su�ciently, heavy sterile neutrinos pro-
duced in the beam will decay before reaching the detec-
tor and the bounds will be removed. This greatly re-
stricts the applicability of published constraints arising
from such beam dump experiments, where the flux of
new heavy states is assumed to be suppressed by mix-
ing alone. For the parameters of our minimal realization,
the sterile neutrino has a decay length of around 1 m,
severely weakening the bounds for Uµ4 set by PS191 (at
a baseline of 128m) and also U⌧4 set by experiments such
as NOMAD[44] (835m) and CHARM [45] (487m).

Peak search experiments, which look for resonant
bumps in the associated leptons of meson decay, e.g.
K±

! µ±⌫4, have no dependence on the subsequent de-
cay rate and fully apply in our model [46]. The value
of |Uµ4|

2 required by our benchmark point is 1.5⇥ 10�6,
below the bounds of 2.3 ⇥ 10�6 coming from the kaon
peak search for a 140 MeV sterile neutrino.

Neutrino trident production could also place bounds
on our new mediator [47]. Although, thanks to the sig-
nificantly suppressed active-active-Z 0 vertex, these con-
tributions are negligible. Previous probes of neutrino tri-
dent production such as CHARM and CCFR would still
potentially be sensitive to new contributions if a sterile
was produced in the final state. However, depending on
the rate and daughters of any subsequent decay of the
heavy neutrino, events may not have been included in
the SM neutrino trident search. We note that a decaying
heavy sterile produced in our model would look identical
to the SM electron trident process: ⌫µN ! ⌫µe+e�N .
This process has yet to be observed in the SM due to the
complexity of resolving the final state, but is expected

to be observable by upcoming neutrino beams such as
DUNE [48], which will further constrain our model.
Although we leave an exhaustive scan of the whole pa-

rameter space to a future study, we have shown a bench-
mark point in a minimal realization of our model, whose
angular and energy spectra are in excellent agreement
with the MiniBooNE LEE and which provides a satisfac-
tory explanation with parameters allowed by the current
experimental bounds.

SUMMARY AND PREDICTIONS FOR
MICROBOONE

We have discussed a novel explanation of the Mini-
BooNE low-energy excess based on heavy sterile neutrino
production and decay inside the detector, both of which
are mediated by a novel Z 0. The explanation hinges on
the mis-identification of the EM shower induced by a
combination of highly asymmetric and overlapping e+e�

pairs, which we argue happens for a su�cient fraction of
decays in the sterile neutrino and Z 0 mass regions of inter-
est. We have shown a specific phenomenological model
based on a sterile neutrino coupling to a hidden-sector
U(1)0, which provides a remarkable fit to both the energy
and angular spectra of the LEE. This spectral agreement
favours sterile masses of 100 . m4 . 250 MeV and Z 0

masses above 1 GeV. We have stressed that the event
rate itself is dependent on the other parameters and on
specific assumptions made on the model. We have pre-
sented a specific realization requiring no additional par-
ticles beyond the sterile and Z 0, but with a hierarchy in
the sterile-active mixing angles. This model can produce

4

FIG. 1: Results of parameter scan in m4 and mZ0 fitting the shape of our model signal to reconstructed visible
energy spectrum (left) and the reconstructed shower angle (right). The energy spectra is sensitivity only to m4,
requiring 100 . m4 . 200 MeV to produce an excess with low enough energy, where as the angular spectrum puts a
lower bound on the Z 0 mass below which the signal events are too forward going. The black star shows a
representative point, detailed in Figure (2).

true electron events, an additional energy-dependent re-
quirement that the invariant mass of the two shower can-
didates was much less than the pion mass was included,
m�� < 0.3203 + 0.7417Ee + 0.2738E2

e , where Ee is the
energy assuming single electron hypothesis in GeV [33].
In this way even events in which one of the daughter ⇡0

photons was low energy could be rejected without su↵er-
ing too large a reduction in signal e�ciency. In the case
of our e+e� signal from a 3-body sterile neutrino decay,
even if the fit slightly favored a two shower hypothesis
it could still be accepted as signal if the event invariant
mass does not violate this bound.

In order to give a quantitative estimate for the “over-
lapping” and “asymmetric” fractions, we refer to Mini-
BooNE’s own analysis. Although the CCQE selection in-
cludes a cut of > 200 hits in the main detector tank (180
hits approximately corresponding to the upper bound of
a Michel electron, 52.8 MeV), this applies to the event
as a whole, and provided that the most energetic shower
is greater than this then it would be possible to find a
significantly lower energy shower alongside it. In the fi-
nal ⇡0 selection the lowest events which MiniBooNE suc-
cessfully detected had a second shower with ⇡ 30 MeV
reconstructed energy [34], although at a low e�ciency.
In parallel with this, the most recent MiniBooNE data
shows that the observed excess is solely contained in a
bin of angular separation between electrons ✓sep < 16�

[35]. As such we take a conservative definition of an e+e�

pair to be overlapping when the true angular separation
between the fermions is very small, ✓sep < 5�, and asym-
metric events being those for which the softest particle of
the e�e+ pair carries less than 30 MeV true total energy.
In both cases we also demand the e+e� pair invariant
mass to be less than the threshold utilized by the Mini-
BooNE CCQE selection analysis, defined above, which
helps to ensure these events would not be reconstructed
as a two-showered ⇡0 event.

The degree at which a given e+e� pair coming from
a three-body decay (with an associated light active neu-
trino) meets our mis-reconstruction criteria depends pre-
dominantly on the boost factor of the parent heavy neu-
trino. We have studied this via a dedicated Monte Carlo
simulation of decay events, confirming that the percent-
age of e+e� decays in our model which are classified as
asymmetric or overlapping events is mostly insensitive to
the Z 0 mass, with typical values ranging from 40% (for
m4 of 50 MeV) to below 10% (for m4 � 200 MeV). The
decays which do not satisfy our conditions would appear
as a di↵use background to two shower events, such as the
abundant NC-induced ⇡0

! �� events. We have checked
that most events outside our selection region have a dilep-
ton invariant mass above 80 MeV, a threshold used to de-
fine the MiniBooNE ⇡0 data sample [36]. We note that
MiniBooNE did observe a slight excess in NC ⇡0 events
relative to their Monte Carlo predictions [37], although
this was corrected for in the CCQE ⌫e analysis.
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Rich pheno!
Lots of potential!
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