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Tao Han’s talk

Kate Scholberg’s talk

Definitely exists 
but we don’t want to believe

Does not exist 
but we want to believe

Sterile neutrinos: 
Which animal should I pick?
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Normal Ordering (best fit) Inverted Ordering (��2
= 9.3)
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NuFIT 4.0 (2018)
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NOvA, T2K, atm
17% (non-Gaussian)

Solar
12%

Daya Bay, RENO
9%

T2K, NOvA
~30% (non-Gaussian)

KamLAND
8%

NOvA, T2K, atm
4%

Hierarchy ~ 2σ
uncertainties at 3σ
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4 anomalies

see related talks by
Jana

Littlejohn
Spitz
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VERY intense proton beam
p+X ! �+ +X 0

µ+�µ
e+�e�̄µ

(DAR)

LSND

2. LIGHT STERILE NEUTRINOS

The sterile neutrino is a hypothetical particle, originally introduced by Bruno Pontecorvo

in 1967 (16), that does not experience any of the known fundamental forces, except gravity.

The sterile neutrino’s existence must be indirectly observed, therefore, through its mixing

with Standard Model neutrinos that could drive a new oscillation e↵ect among the active

flavors. Anomalies have existed in experimental data for more than 20 years that have been

interpreted as hinting at just such an oscillation. A definitive solution to this puzzle from a

new generation of precision experiments is absolutely necessary, and this is one of the main

goals of the SBN program.

2.1. The Experimental Anomalies

By now, numerous neutrino experiments have established the existence of flavor oscillations

between the three neutrinos predicted by the Standard Model (see, e.g. Ref. (17)). These

oscillations are characterized by the presence of the so-called solar and atmospheric mass

splittings, �m
2
� ' 7.4⇥ 10�5 eV2 and |�m

2
atm| ' 2.5⇥ 10�3 eV2, as well as three mixing

angles, ✓12 = 34�, ✓13 = 8.6�, and ✓23 ⇠ 45� (18). Still, for the last two decades, sev-

eral experimental results seem to indicate the existence of an additional neutrino without

electroweak interactions – a sterile neutrino.

The Liquid Scintillator Neutrino Detector (LSND) at the Los Alamos National Lab-

oratory consisted of a stopped pion source producing an intense flux of ⌫̄µ with energies

up to 53MeV. A liquid scintillator detector, located roughly 30m from the source, was

optimized to observe electron neutrino events via the inverse beta decay process in carbon,

⌫̄e p ! e
+
n, by detecting the Cherenkov and scintillation light produced by the e

+ and

the delayed 2.2MeV photon from neutron capture. The main backgrounds at LSND were

conventional ⌫̄e production in the beam stop and ⇡
� decay in flight followed by ⌫̄µ p ! µ

+
n

where the µ
+ is mis-identified as an e

+. LSND has observed an excess of 87.9± 22.4± 6.0

⌫̄e events over these backgrounds, a 3.8� deviation from expectations (19). Interpreting

the LSND result in a neutrino oscillation formalism leads to an additional mass-squared

splitting �m
2
� O(0.1 eV2), thus requiring physics beyond the Standard Model. This is

the origin of what is referred to as the short-baseline neutrino anomaly.

Following LSND, the MiniBooNE experiment was proposed to test the sterile neutrino

hypothesis, and it is still running today. MiniBooNE is located on the Boster Neutrino

Beam at Fermilab, which peaks at ⇠700MeV neutrino energy and has a magnetic horn

system allowing for focusing negatively or positively charged mesons leading to a mostly ⌫µ

or ⌫̄µ neutrino beam. A mineral oil detector optimized to observe Cherenkov light emitted

by electrons and muons is located 540m downstream from the neutrino production target.

The di↵erent energy configuration and event signature makes MiniBooNE backgrounds

very di↵erent from those in LSND. However, the higher energy and longer baseline make

it sensitive to the same range of L/E, ensuring that MiniBooNE probes a mass squared

splitting of O(1 eV2), similarly to LSND.

Since the event classification relies on the Cherenkov ring topology, electrons and pho-

tons are indistinguishable in MiniBooNE. The main backgrounds are the following: (1) ⇡0

mis-identification as an electron-like event; (2) ⌫e from kaon and muon decays in the beam-

line; (3) single photon production via the resonant process � ! N�; and (4) single photon

events from neutrino interactions in the dirt and material surrounding the detector. Back-

ground (3) has been the focus of particular interest as it does not come directly from

4 Machado • Palamara • Schmitz

Detection via IBD (                  )
and detect Cherenkov, scintillation 
and delayed 2.2 MeV γ

LSND detector
source

time

(800 MeV)
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VERY intense proton beam
p+X ! �+ +X 0

µ+�µ
e+�e�̄µ

(DAR)

LSND detected more
than expected (3.8σ excess)

⌫̄e

Main backgrounds:
anti-nue contamination
π– decay in flight + μ mis-id

LSND
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see Spitz’s talk

(8 GeV)
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see Spitz’s talk

(8 GeV)
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Double neutrino-mode data
(6.46×1020 + 6.38×1020 POT)

Event excess: 381.2 ± 85.2 (4.5σ) 

Main backgrounds:
π0 mis-id

νe from kaons and muons
γ production via Δ resonance

10

see Spitz’s talk

(8 GeV)
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Reactor antineutrino anomaly

Schreckenbach 82, 85

A recalculation of fluxes lead to ~ 6% discrepancy with 2% error bars
Müller et al 2011, Huber 2011

standard 
non-zero        fit✓13

mean average ratio

Müller et al 2011

Nuclear reactors:  electron spectra from 235U, 238U, 239Pu, 241Pu 
are translated to      flux⌫̄e

3σ anomaly
Fully TH driven

see Littlejohn’s talk
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Reactor antineutrino anomaly

Schreckenbach 82, 85

A recalculation of fluxes lead to ~ 6% discrepancy with 2% error bars
Müller et al 2011, Huber 2011

standard 
non-zero        fit✓13

mean average ratio

Müller et al 2011

Nuclear reactors:  electron spectra from 235U, 238U, 239Pu, 241Pu 
are translated to      flux⌫̄e

But others say that the error bar should be more like 5% 
Hayes et al 2013

3σ anomaly
Fully TH driven

The discrepancy seems to come mainly from 235U
Daya Bay 1704.01082

see Littlejohn’s talk
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Hampel et al 1998, Kaether et al 2010, 
Abdurashitov et al 1998, Abdurashitov et al 2005

Sources:

37Cl (stable)

37Ar (35.04 days)

813 keV ν ( 9.8%)
811 keV ν (90.2%)

e� + 51Cr ! 51V+ �e

e� + 37Ar ! 37Cl + �e

Gallium anomaly

Observations disagree with 
theoretical calculations
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Hampel et al 1998, Kaether et al 2010, 
Abdurashitov et al 1998, Abdurashitov et al 2005

Sources:

37Cl (stable)

37Ar (35.04 days)

813 keV ν ( 9.8%)
811 keV ν (90.2%)

e� + 51Cr ! 51V+ �e

e� + 37Ar ! 37Cl + �e

Hints for sterile neutrinos Gallium anomaly

Gallium data

D. Frekers et al., PLB 706, 134 (2011) BGT
determinations lead to a correction of
ratios relative to Bahcall expectation by
factor 0.982 (0.977) for Cr (Ar) sources

0.5 0.7 0.8 0.9 1 1.1
observed / expected

0.5 0.6 0.7 0.8 0.9 1 1.1

Gallex 51Cr

Gallex 51Cr

SAGE 51Cr

SAGE 37Ar

Gallium data using Frekers et al PLB11

combined fit: ⇥2
min = 2.3/3 dof r = 0.84+0.054

�0.051 �⇥2
r=1 = 8.7 (2.9�)

I larger best fit ratio than Giunti,Laveder,1006.3244 (r = 0.76)
(GL rescaled Bahcall prediction by factor 0.91 based on cross section from

Haxton nucl-th/9804011)

T. Schwetz (MPIK) Neutrino2012, Kyoto 6 June 2012 11 / 34

Schwetz@Neutrino 2012

Gallium anomaly

Observations disagree with 
theoretical calculations

3σ anomaly
Fully TH driven
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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
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io
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m
/T
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0.64

0.66
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0.7

0.72
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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;

7

DANSS 1804.04046

3

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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Other anomalies?
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What is going on???

Simplest explanation:
Oscillation physics via an extra neutrino state,

not gauge under weak interactions
(that is, a sterile neutrino)

*I will show the results from our global fit (Dentler et al 2018) which are in good 
agreement with other groups (Collin et al 2016, Gariazzo et al 2017)
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measurements, but rather is based on non-perturbative theoretical calculations, see e.g.

Refs. (20, 21).

After collecting 12.84 (11.27)⇥1020 protons on target in neutrino (anti-neutrino) modes,

the MiniBooNE collaboration has observed excesses of electron-like events in both modes,

leading to a 4.7� deviation from the expected background (5, 6). If interpreted as neutrino

oscillations, the excesses of events and their energy distributions in MiniBooNE and LSND

are compatible, strengthening the short-baseline anomaly.

Other short-baseline neutrino anomalies have been reported in the ⌫e and ⌫̄e disappear-

ance modes, both in the detection of neutrinos from nuclear power reactors and in calibration

runs of solar neutrino experiments using radioactive sources. A 2011 reevaluation of the flux

of neutrinos produced in reactors lifted the expected ⌫̄e flux by ⇠ 3% (22, 23). This e↵ect,

together with improved theoretical uncertainties, led to a shift in the ratio of total observed

events over the predicted number of events in a number of reactor experiments, with an

average value of R = 0.94±0.02. This is the origin of the so-called ‘reactor anomaly’. Some

have noted that a possible underestimation of theoretical uncertainties could have consid-

erably increased the significance of the reactor anomaly (24), although the NEOS (25) and

DANSS (26) experiments have observed spectral features also consistent with sterile neu-

trino oscillations. Additionally, calibration data from gallium solar neutrino detectors using

intense radioactive neutrino sources (27, 28) and the theoretical cross section for neutrino

capture ⌫e+
71Ga!71Ge+e

� (29) leads to a 3� deficit compared to the expected number

of events (30, 31, 32). This is known as the ‘gallium anomaly’.

In view of these unexpected results, it is vital to characterize and evaluate the feasibility

of sterile neutrinos as an explanation of the short-baseline experimental anomalies. In the

next sections we present the general phenomenology of light sterile neutrinos and then

summarize the current experimental landscape.

2.2. Phenomenology of Sterile Neutrinos

To better understand the status of eV-scale sterile neutrino physics, we introduce the for-

malism and notation used hereafter. We will focus on the scenario where one sterile neutrino

is added to the neutrino spectrum, the 3+1 scenario, and we will comment on scenarios

with additional sterile neutrinos later.

Neutrino oscillations require non-zero and non-degenerate neutrino masses, as well as

the presence of mixing. Neutrino mixing amounts to the fact that the eigenstates produced

by electroweak interactions (flavor states) are non-trivial linear combinations of mass eigen-

states, that is, eigenstates of the free Hamiltonian with well defined masses. A 3+1 mixing

matrix: 0

BBB@

⌫e

⌫µ

⌫⌧

⌫s

1

CCCA
=

0

BBB@

Ue1 Ue2 Ue3 Ue4

Uµ1 Uµ2 Uµ3 Uµ4

U⌧1 U⌧2 U⌧3 U⌧4

Us1 Us2 Us3 Us4

1

CCCA

0

BBB@

⌫1

⌫2

⌫3

⌫4

1

CCCA
(1)

can be parameterized as (see, e.g., Ref. (33))

U = R34(✓34)R24(✓24, �24)R14(✓14)R23(✓23)R13(✓13, �13)R12(✓12, �12), (2)

where Rij denotes a rotation in the ij-plane by an angle ✓ij and a possible phase �ij (if

present). The standard three neutrino framework can be recovered by setting ✓i4 = 0 for
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measurements, but rather is based on non-perturbative theoretical calculations, see e.g.

Refs. (20, 21).

After collecting 12.84 (11.27)⇥1020 protons on target in neutrino (anti-neutrino) modes,

the MiniBooNE collaboration has observed excesses of electron-like events in both modes,

leading to a 4.7� deviation from the expected background (5, 6). If interpreted as neutrino

oscillations, the excesses of events and their energy distributions in MiniBooNE and LSND

are compatible, strengthening the short-baseline anomaly.

Other short-baseline neutrino anomalies have been reported in the ⌫e and ⌫̄e disappear-

ance modes, both in the detection of neutrinos from nuclear power reactors and in calibration

runs of solar neutrino experiments using radioactive sources. A 2011 reevaluation of the flux

of neutrinos produced in reactors lifted the expected ⌫̄e flux by ⇠ 3% (22, 23). This e↵ect,

together with improved theoretical uncertainties, led to a shift in the ratio of total observed

events over the predicted number of events in a number of reactor experiments, with an

average value of R = 0.94±0.02. This is the origin of the so-called ‘reactor anomaly’. Some

have noted that a possible underestimation of theoretical uncertainties could have consid-

erably increased the significance of the reactor anomaly (24), although the NEOS (25) and

DANSS (26) experiments have observed spectral features also consistent with sterile neu-

trino oscillations. Additionally, calibration data from gallium solar neutrino detectors using

intense radioactive neutrino sources (27, 28) and the theoretical cross section for neutrino

capture ⌫e+
71Ga!71Ge+e

� (29) leads to a 3� deficit compared to the expected number

of events (30, 31, 32). This is known as the ‘gallium anomaly’.

In view of these unexpected results, it is vital to characterize and evaluate the feasibility

of sterile neutrinos as an explanation of the short-baseline experimental anomalies. In the

next sections we present the general phenomenology of light sterile neutrinos and then

summarize the current experimental landscape.

2.2. Phenomenology of Sterile Neutrinos

To better understand the status of eV-scale sterile neutrino physics, we introduce the for-

malism and notation used hereafter. We will focus on the scenario where one sterile neutrino

is added to the neutrino spectrum, the 3+1 scenario, and we will comment on scenarios

with additional sterile neutrinos later.

Neutrino oscillations require non-zero and non-degenerate neutrino masses, as well as

the presence of mixing. Neutrino mixing amounts to the fact that the eigenstates produced

by electroweak interactions (flavor states) are non-trivial linear combinations of mass eigen-

states, that is, eigenstates of the free Hamiltonian with well defined masses. A 3+1 mixing

matrix: 0
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can be parameterized as (see, e.g., Ref. (33))

U = R34(✓34)R24(✓24, �24)R14(✓14)R23(✓23)R13(✓13, �13)R12(✓12, �12), (2)

where Rij denotes a rotation in the ij-plane by an angle ✓ij and a possible phase �ij (if

present). The standard three neutrino framework can be recovered by setting ✓i4 = 0 for
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measurements, but rather is based on non-perturbative theoretical calculations, see e.g.

Refs. (20, 21).

After collecting 12.84 (11.27)⇥1020 protons on target in neutrino (anti-neutrino) modes,

the MiniBooNE collaboration has observed excesses of electron-like events in both modes,

leading to a 4.7� deviation from the expected background (5, 6). If interpreted as neutrino

oscillations, the excesses of events and their energy distributions in MiniBooNE and LSND

are compatible, strengthening the short-baseline anomaly.

Other short-baseline neutrino anomalies have been reported in the ⌫e and ⌫̄e disappear-

ance modes, both in the detection of neutrinos from nuclear power reactors and in calibration

runs of solar neutrino experiments using radioactive sources. A 2011 reevaluation of the flux

of neutrinos produced in reactors lifted the expected ⌫̄e flux by ⇠ 3% (22, 23). This e↵ect,

together with improved theoretical uncertainties, led to a shift in the ratio of total observed

events over the predicted number of events in a number of reactor experiments, with an

average value of R = 0.94±0.02. This is the origin of the so-called ‘reactor anomaly’. Some

have noted that a possible underestimation of theoretical uncertainties could have consid-

erably increased the significance of the reactor anomaly (24), although the NEOS (25) and

DANSS (26) experiments have observed spectral features also consistent with sterile neu-

trino oscillations. Additionally, calibration data from gallium solar neutrino detectors using

intense radioactive neutrino sources (27, 28) and the theoretical cross section for neutrino

capture ⌫e+
71Ga!71Ge+e

� (29) leads to a 3� deficit compared to the expected number

of events (30, 31, 32). This is known as the ‘gallium anomaly’.

In view of these unexpected results, it is vital to characterize and evaluate the feasibility

of sterile neutrinos as an explanation of the short-baseline experimental anomalies. In the

next sections we present the general phenomenology of light sterile neutrinos and then

summarize the current experimental landscape.

2.2. Phenomenology of Sterile Neutrinos

To better understand the status of eV-scale sterile neutrino physics, we introduce the for-

malism and notation used hereafter. We will focus on the scenario where one sterile neutrino

is added to the neutrino spectrum, the 3+1 scenario, and we will comment on scenarios

with additional sterile neutrinos later.

Neutrino oscillations require non-zero and non-degenerate neutrino masses, as well as

the presence of mixing. Neutrino mixing amounts to the fact that the eigenstates produced

by electroweak interactions (flavor states) are non-trivial linear combinations of mass eigen-

states, that is, eigenstates of the free Hamiltonian with well defined masses. A 3+1 mixing

matrix: 0
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⌫3

⌫4

1

CCCA
(1)

can be parameterized as (see, e.g., Ref. (33))

U = R34(✓34)R24(✓24, �24)R14(✓14)R23(✓23)R13(✓13, �13)R12(✓12, �12), (2)

where Rij denotes a rotation in the ij-plane by an angle ✓ij and a possible phase �ij (if

present). The standard three neutrino framework can be recovered by setting ✓i4 = 0 for
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Summary of the short-baseline neutrino anomalies

Four main ‘anomalies’ have been observed in neutrino experiments at short-baseline, consistent with the

mixing of the standard neutrinos with a fourth, non-weakly-interacting ‘sterile’ species – the data could be

indicating a heavier, mostly-sterile mass state with mass splittings �m
2
43 ⇡ �m

2
42 ⇡ �m

2
41 ⇠ O(1 eV2).

• LSND: Stopped pion source with a detector optimized to probe ⌫̄e via inverse beta decay. A 3.8� excess

of events over backgrounds was observed, compatible with ⌫̄µ ! ⌫̄e oscillations with L/E ⇡ 1m/MeV (19).

• MiniBooNE: Accelerator neutrino source with the capability of producing a dominant ⌫µ or ⌫̄µ beam.

Excesses of ⌫e(⌫̄e) events in ⌫µ(⌫̄µ) mode were observed over backgrounds, amounting to a 4.5�(2.8�)

discrepancy from expectations. The observed excesses are found to be compatible with LSND within a

sterile neutrino framework (6).

• The ‘Reactor anomaly’: A reevaluation of the ⌫̄e fluxes from nuclear reactors with improved theoretical

uncertainties led to a deficit in many past experiments in the total number of events with respect to

theoretical expectations at the 3� level (22, 23). The size of these theoretical uncertainties has been under

debate (24). More recently, some spectral features have been observed consistent with sterile neutrino

oscillations with �m
2
⇠ eV2 (25, 26).

• The ‘Gallium anomaly’: An overall deficit in the number of ⌫e events from radioactive sources (27, 28)

with respect to theoretical expectations (29) at the 3� level was seen during calibration runs of solar neutrino

experiments (30, 31, 32).

i = 1, 2, 3 and identifying �13 with the 3 neutrino phase typically denoted by �CP (in this

case, �12 becomes unphysical).

As long as �m
2
41 � |�m

2
31|,�m

2
21, oscillations at short-baseline experiments can be

well described by a two-flavor vacuum oscillation formula

P↵� = �↵� � 4|U↵� |
2(�↵� � |U↵� |

2) sin2

✓
�m

2
41L

4E

◆
, (3)

where L is the baseline and E is the neutrino energy.

In a nutshell, each oscillation channel ⌫↵ ! ⌫� is driven by a di↵erent e↵ective mixing

✓↵� , namely,

⌫µ ! ⌫e : sin2 2✓µe ⌘ 4|Uµ4|
2
|Ue4|

2 (LSND, MiniBooNE anomalies); (4)

⌫e ! ⌫e : sin2 2✓ee ⌘ 4|Ue4|
2(1� |Ue4|

2) (Reactor, Gallium anomalies); (5)

⌫µ ! ⌫µ : sin2 2✓µµ ⌘ 4|Uµ4|
2(1� |Uµ4|

2) (no anomaly observed). (6)

There are two important features that should be noticed regarding sterile neutrino oscil-

lations. First, the characteristic sin2(�m
2
L/4E) dependence of neutrino oscillations may

allow to distinguish it from other possible explanations of the anomalies. Second, short-

baseline transitions ⌫µ ! ⌫e require non-zero Ue4 and Uµ4, thus necessarily inducing both

⌫µ ! ⌫µ and ⌫e ! ⌫e probabilities less than 1. This can be used to over-constrain the

parameter space by observing ⌫e appearance together with ⌫e and ⌫µ disappearance at

short-baselines. As we will see shortly, these two features will be crucial to test the sterile

neutrino hypothesis.

6 Machado • Palamara • Schmitz

LSND, MiniBooNE, OPERA, …

Reactors, solar, Gallium, …

MiniBooNE, MINOS, IceCube, …

We can overconstrain the model
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Electron neutrino disappearance Reactor experiments 
ILL, Goesgen, Krasnoyarsk, Rovno, 

Bugey-3, Bugey-4, SRP, NEOS, 
DANSS, Double Chooz, RENO, 

Daya Bay, KamLAND

Solar experiments 
Chlorine, GALLEX/GNO, 
SAGE, Super-Kamiokande, 

SNO, Borexino

Radioactive source exps 
GALLEX, SAGE

νe scattering on carbon 
KARMEN, LSND
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Electron neutrino disappearance Reactor experiments 
ILL, Goesgen, Krasnoyarsk, Rovno, 
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excluded

Ga 

preferredreactor preferred

Global preferred
Analysis with free  

reactor flux prediction 
Best fit:

Δm2 = 1.3 eV2, |Ue4|2 = 0.009
3.2σ

Dominated by DANSS/NEOS
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Electron neutrino appearance
Accelerator neutrinos 

LSND, MiniBooNE, 
KARMEN, NOMAD, 

E776, ICARUS, OPERA
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FIG. 4. Constraints on short-baseline ⌫µ ! ⌫e and ⌫̄µ ! ⌫̄e oscillations in the presence of sterile
neutrinos in 3 + 1 scenarios. We show the allowed parameter regions, projected onto the plane
spanned by the e↵ective mixing angle sin2 2✓µe ⌘ 4|Ue4|2|Uµ4|2 and the mass squared di↵erence
�m

2
41. In the left panel only decay-at-rest (DaR) data from LSND is included, while in the right

panel also decay-in-flight data (DiF) is used.

Let us mention that the global
(–)

⌫ µ !
(–)

⌫ e analysis has a relatively poor goodness of fit. For
the combined best fit point using the LSND DaR analysis we find �

2
min/dof = 89.9/(69� 2),

which corresponds to a p-value of 3.3%. This is mostly driven by the MiniBooNE low-energy
excess, which cannot be fitted well in the 3+ 1 scenario, and by the contribution from E776
whose spectrum gives a relatively poor fit. This feature has been present also in our previous
analysis [14], where a more detailed discussion can be found.

In all cases LSND dominates the appearance fit. LSND alone disfavours the no-oscillation
hypothesis with��

2 = 44 (29) when using DaR (DaR+DiF) data. For the combined appear-
ance analysis these numbers increase slightly, due to the hint for appearance in MiniBooNE
data. We find that the no-oscillation hypothesis for all appearance data is disfavoured
compared to the best fit by ��

2 = 46 (35) when using LSND DaR (DaR+DiF) data.

Comparing the allowed regions with and without the inclusion of decay-in-flight data in
LSND, we see that the impact on the global fit is relatively minor. This is because although
the LSND region with DiF data extends to slightly smaller values of sin2 2✓µe, MiniBooNE
appearance data prefers smaller �m

2
41 and mixing angles (especially for the neutrino mode

data), somewhat limiting the impact of LSND DiF data when LSND and MiniBooNE data
are combined. We observe only a slight broadening of the parameter regions preferred by
LSND and by the combination of all ⌫µ ! ⌫e and ⌫̄µ ! ⌫̄e appearance data. We will see
in section VII that this slightly reduces the tension between appearance and disappearance
data, but does not remove it.

= 4|Ue4|2|Uµ4|2

> 5σ
Dominated by LSND, then 

MiniBooNE

2012 MiniBooNE data

New MiniBooNE data 
does not qualitatively 

change the picture
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Muon neutrino disappearance
Accelerator neutrinos 

CDHS, MiniBooNE, 
NOvA, MINOS/MINOS+

No anomaly there 

Very strong constraint 

Dominated by IceCube 
and MINOS/MINOS+, then 

CDHS and MiniBooNE

Atmospheric neutrinos 
IceCube, SK, DeepCore
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FIG. 5. Constraints on the 3 + 1 scenario from ⌫µ/⌫̄µ disappearance. We show the allowed
parameter regions, projected onto the plane spanned by the mixing matrix element |Uµ4|2 and
the mass squared di↵erence �m

2
41. Note that the exclusion limit from NO⌫A is still too weak

to appear in the plot. It is, however, included in the curve labelled “combined”, which includes
all data listed in table IV. The curve labelled DC+SK+IC combines all our atmospheric neutrino
data; for this bound we have fixed the parameters ✓12, ✓13, ✓14 but minimize with respect to all other
mixing parameters, including complex phases. For comparison, we also show the parameter region
favoured by ⌫e disappearance and ⌫µ ! ⌫e appearance data (using LSND DaR+DiF), projected
onto the |Uµ4|2–�m

2
41 plane; we show the allowed regions for the analyses with fixed and free

reactor neutrino fluxes.

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

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

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

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

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

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

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

⌫ µ disappearance data set.
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Global analysis
How well the model fits the data? 

χ2/dof

goodness of fit
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Global analysis
How well the model fits the data? 

χ2/dof

goodness of fit

x
v

Model parameter space Model parameter space

data set 1

data set 2

combined

data set 1

data set 2

combined

BAD FIT GOOD FIT
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Global analysis
How well the model fits the data?

χ2/dof

goodness of fit

x
v

sin22θμe = 4 |Ue4|2|Uμ4|2

νe disappearance νμ disappearance

 νμ to νe appearance
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Global analysis

Data sets: 
νe and νμ disappearance 

vs. 
νe appearance

How well the model fits the data?

χ2/dof

goodness of fit

x
v

sin22θμe = 4 |Ue4|2|Uμ4|2

νe disappearance νμ disappearance

 νμ to νe appearance
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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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Global analysis

sin22θμe = 4 |Ue4|2|Uμ4|2

νe disappearance νμ disappearance

 νμ to νe appearance

How well the model fits the data?

χ2/dof

goodness of fit

x
v

4.7 σ tension 
between APP and DISAPP data sets 

under eV sterile interpretation

Exercise: remove each experiment 
and see if agreement improves
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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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Global analysis

Taking out any single experiment does not lead to a good fit

20

Analysis �
2
min,global �

2
min,app ��

2
app �

2
min,disapp ��

2
disapp �

2
PG/dof PG

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

Removing anomalous data sets

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

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

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

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

Removing constraints

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

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

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

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

Removing classes of data
(–)

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

(–)

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

(–)

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

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

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

min,global), the �
2 at the appearance

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

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

fit point (��
2
app), the �

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

2
disapp between

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

2 per dof for the PG
test (�2

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

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

oscillation explanation of the
(–)

⌫ µ !
(–)

⌫ e anomalies at the 4.7� level.

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

2 numbers

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

(–)

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

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

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

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

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

Taking out reactor and Ga experiments does not improve the fit

mailto:pmachado@fnal.gov


May/2019 Pedro A.N. Machado | Sterile neutrinos                                                                                                          pmachado@fnal.gov32

Some thoughts

Is there any background that may explain LSND and MiniBooNE?

MiniBooNE: no distinction between electrons and photons, so maybe 
coherent γ production could play some role. 

LSND: some nuclear physics? unexpected background??

No background can explain both, the energies are too different

see e.g. R. Hill 2011
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Is there any background that may explain LSND and MiniBooNE?

Does cosmology rule out sterile neutrinos?

Standard cosmology cannot accommodate an eV-scale sterile with mixing 
large enough to explain any of the anomalies

Observing such particle would imply non-standard cosmology and 
perhaps could even teach us something about pre-BBN cosmology

Some thoughts

see e.g. Gelmini 2004
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Is there any background that may explain LSND and MiniBooNE?

Does cosmology rule out sterile neutrinos?

Is there an explanation for the anomalies that is not rule out?

No, unless very baroque
Or yes, if we drop some experiment

Some thoughts

see e.g. Liao et al 2018

see Jana’s talk
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Is there any background that may explain LSND and MiniBooNE?

Does cosmology rule out sterile neutrinos?

Is there an explanation for the anomalies that is not rule out?

Is there a strong theoretical motivation for eV steriles?

No

Some thoughts
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Is there any background that may explain LSND and MiniBooNE?

Does cosmology rule out sterile neutrinos?

Is there an explanation for the anomalies that is not rule out?

Is there a strong theoretical motivation for eV steriles?

Why do we need to solve this issue?

1) Because it could be new physics, we cannot miss any chance

2) Part of the DUNE program depends on correctly estimating the 
backgrounds

Some thoughts
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Is there any background that may explain LSND and MiniBooNE?

Does cosmology rule out sterile neutrinos?

Is there an explanation for the anomalies that is not rule out?

Is there a strong theoretical motivation for eV steriles?

Why do we need to solve this issue?

Does adding more steriles help the fit?

No, the APP vs. DISAPP “sum rule” still applies

Some thoughts
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SBN Program at Fermilab

O. Palamara  | The SBN Oscillation Program in the Fermilab BNB Erice | Sept. 18 2017

Booster Beam

110 m, 112 t 
600 m,  470 t 

ICARUS-T600

470 m, 86 t 

SBN program - Phase 2 - By 2018/19, the MicroBooNE detector will be 
joined by two additional LAr-TPC detectors at different baselines  

• the SBND detector and  
• the ICARUS-T600 detector  

forming a LAr TPC trio (to sample the neutrino spectrum as a function 
distance) for the SBN neutrino oscillation program

 FNAL Short Baseline Neutrino program
arXiv:1503.01520, January 2014

MicroBooNE SBND

SBND (first data in 2020/2021) 
MicroBooNE (running since late-2015) 

ICARUS (first data in 2019/2020) 
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3 LArTPCs in the Booster Neutrino Beamline, 
looking for muon->electron flavor oscillations at short distances

3 LArTPCs in the Booster Neutrino Beamline, looking for (among other things)  
muon->electron flavor oscillations as a function of L/E

Note: these detectors also  
see a NuMI off-axis component 
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• JSNS2 is a neutrino 
experiment currently 
under construction


• Designed to test the 
LSND anomaly directly


• Uses a 3 GeV proton 
beam to generate a 
source of DAR neutrinos


• First data in 2019
JSNS2 TDR arXiv:1705.08629

• Direct test of LSND 

• Target volume is Gd-loaded liquid scintillator 

•  Phase 0: 17 tons w/ ~200 10’’ PMTs @ 24 m 

• Future phase: multi-detector 

• Energy resolution  

• Beam: 525 kW @ 3 GeV (w/ duty factor ~5x10-6) 

• Eventually 1 MW 

• First data in late-2019!

J-PARC Sterile Neutrino Search at the J-
PARC Spallation Neutron Source (JSNS2)

⇠ 15%
p

E (MeV)
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The future
Testing Steriles: Short-Baseline Experiments

• PROSPECT, Soliδ, STEREO, etc:  Compare spectra between 
‘sub-detectors’ at different baselines inside a single detector!

 12

STEREO Experimental Layout STEREO Toy Prompt Spectra From RAA Best-Fit Osc

STEREO, Neutrino 2018

Spitz’s talk

Spitz’s talk

Littlejohn’s talk

IceCube
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The future

Liquid argon technology
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The future

Liquid argon technology

ν interaction

π0 μ

cosm
ic

Potential to separate photons from electrons
Good π0 identification
Will be able to separate sterile signal from backgrounds
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The future
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 disappearanceµν

Figure 7

SBN 3� (solid red line) and 5� (dotted red line) sensitivities to a light sterile neutrino in the ⌫µ ! ⌫e appearance
channel (left) and ⌫µ ! ⌫µ disappearance channel (right). For comparison, the LSND preferred region at 90%
C.L. (shaded blue) and 99% C.L. (shaded gray) is presented (19). Moreover, the global ⌫e appearance (shaded
red) and global ⌫µ disappearance (black line) 3� regions from Ref. (33) are also included. Finally, the 3� global
best fit regions from Ref. (35) are shown in green. The sensitivities are reproduced from the SBN proposal (15).

directly above the pits where the detectors are installed. This shielding will absorb more

than 99% of the photon and hadron content of cosmic showers hitting the experimental halls.

The shielding and CRTs provide a powerful combination for cosmic background mitigation

that is essential to the physics goals of SBN.

The projected sensitivities to ⌫µ ! ⌫e conversion and ⌫µ disappearance oscillation

signals are shown in Fig. 7. The analysis is presented in the context of a 3+1 sterile

neutrino model according to Eqs. 4 and 6. Event rates and systematic uncertainties and

their correlations were determined from the full BNB and GENIE simulation codes, as

described above. An uncorrelated detector systematic uncertainty at the level of 3% is

assumed. Statistical errors are derived assuming an exposure of 6.6⇥1020 protons delivered

to the BNB target, which corresponds to approximately three years of operation, for both

the near and far detectors.

The capability to search for evidence of oscillation through muon neutrino disappearance

is a very important feature of the SBN program, owing to the intense muon neutrino beam

and multiple detectors. The severe tension between existing ⌫e appearance and ⌫µ disap-

pearance data, as discussed in Section 2, presents a major challenge to the sterile neutrino

interpretation at present. The observation of muon neutrino disappearance, commensurate

with an appearance signal, would be essential to the interpretation of any electron neutrino

excess as being due to the existence of sterile neutrinos.

Focusing on a 3+1 sterile neutrino scenario, the 3� and 5� sensitivities of SBN are

presented as solid and dotted red lines, respectively, in Fig. 7. To put the SBN sensitivity

into perspective, several related results are superimposed for comparison. To start with,

SBN was designed to cover, at � 5�, the full 99% allowed region of the original LSND

appearance result reported in 2001 (19) in the (sin2 2✓µe,�m
2
41) plane. This is presented

as the blue (90% C.L.) and gray (99% C.L.) regions in the left panel.

16 Machado • Palamara • Schmitz
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Conclusions

LSND and MiniBooNE: still largely unexplained

Reactors: TH based or depend on experimental results which still lack 
some systematics analyses to claim a discrepancy

Gallium: Completely TH based

Standard cosmology cannot accommodate light sterile with sizable mixing

3+1 scenario: strong, robust tension between data sets
3+many does not change things qualitatively

We will have some answers in the very near future from reactor 
experiments, JSNS2 and the SBN program

or ?
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Backup
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FIG. 2. Allowed regions at 95% CL (2 dof) from reactor data. The solid curves correspond to Daya
Bay spectral data (black), NEOS + Daya Bay (green), and DANSS (orange); they are independent
of assumptions on fluxes because they are only based on spectral ratios. The light-shaded areas
labelled “old” correspond to all data from table I except Daya Bay, DANSS, NEOS, and they
are shown for the flux-free analysis making no assumptions about flux normalization and spectra
(light orange), as well as for the flux-fixed analysis (light green), assuming reactor flux predictions
and their published uncertainties. The blue shaded regions correspond to all reactor data from
table I for the flux-free analysis, whereas the dashed magenta contours indicate the global data
for the flux fixed analysis. The white (pink) star indicates the best fit point �m

2
41 = 1.29 eV2,

sin2 ✓14 = 0.0089 (�m
2
41 = 1.29 eV2, sin2 ✓14 = 0.0096) for free (fixed) reactor fluxes.

oscillations but free flux normalizations to the hypothesis H0 that flux predictions [3, 4]
(including their error estimates) are correct and a sterile neutrino exists. Considering the
test statistic

T = �
2
min(H0)� �

2
min(H1) , (5)

Daya Bay data lead to Tobs = 6.3, which prefers H1 (flux-free) over H0 (oscillations) at
2.7� [21, 37] (see, however, [39]). As shown previously [20, 21], this preference decreases,
once the global reactor data is combined with DayaBay data. Using the numbers given in
table II, we find that with present combined reactor data, Tobs = �1.3, which actually shows
a slight preference for oscillations over the no-oscillation but flux-free hypothesis. Again the
main driver for this are spectral distortions, which can be fit better by oscillations than by
re-scaling fluxes.

B. Global
(–)

⌫ e Disappearance Analysis

We proceed now to combining reactor data with all other data on
(–)

⌫ e disappearance listed
in table I. In fitting these data we scan the following set of parameters (see eq. (2) for our

Dentler et al 2018
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FIG. 6. Constraints on the mixing of sterile neutrinos with muon and tau neutrinos, parameterized
by the corresponding elements |Uµ4| and |U⌧4| of the leptonic mixing matrix. In each panel, �m

2
41

has been fixed to a di↵erent value, while �m
2
31, ✓23, ✓12 and ✓14, as well as complex phases have

been profiled out in those experiments where they have a significant impact. Exclusion contours
are drawn relative to the minimum �

2 in each panel; the di↵erence to the global minimum �
2 is

indicated in each plot. Grayed out areas show the parameter region incompatible with the unitarity
of the leptonic mixing matrix.

The results of the combined fit are summarized in table VI, which shows the results for
(–)

⌫ e

disappearance,
(–)

⌫ µ disappearance, and
(–)

⌫ e appearance data separately as well as combined.
The total numbers of data points in these analyses are summarized in table V. The last
column of that table also indicates which parameters need to be considered when counting

degrees of freedom. For the
(–)

⌫ µ disappearance data we do take into account complex phases

Dentler et al 2018
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MiniBooNE 2018
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MiniBooNE 2018
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DANSS 2018
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NEOS 2018

NEOS spectrum is calibrated using Daya 
Bay spectrum.

The different isotopic composition is 
corrected using Huber-Mueller predictions. 

At 1 MeV, Daya Bay energy resolution is 
9%, compared to NEOS’ 5%.
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MINOS/MINOS+ 2017
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IceCube 2016
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