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1. Introduction
What is(are) “sterile” neutrino(s)? 

Usually sterile neutrinos are considered as 
hypothetical neutral leptons which mix with active 

neutrinos but do not have any known 
standard interactions except gravity

According to the review by Giunti and Lasserre, arXiv:1901.08330v2 
[hep-ph], the word “sterile” was first used for neutrino in 

Pontecorvo’s paper in Sov. Phys. JETP 26 (1968) 984 

But “sterile” neutrinos (in spite of its name) may have 
some non-standard interaction (or property) coming from 

some new physics beyond the Standard Model
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Motivations to consider sterile neutrino(s) 
and their possible (hinted/favaored) mass ranges

1.  Anomalies observed in short baseline oscillation 
experiments, O(m) ~ eV scale - this talk

2. Possible candidate for Dark Matter with O(m) ~ keV 
scale indicated from X-ray astrophysical observations 

(due to radiative decay of sterile neutrino)

But since sterile neutrino mass can be any,  one can 
consider any mass scale (much lighter or heavier) for 

sterile neutrinos to be probed experimentally
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Just to have some idea how much our commiunity is 
interested in “sterile neutrino”…

LSND

Reactor (Ga) Anomaly

MiniBooNE

includes keV or any mass scale
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LSND anomaly
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FIG. 24: The Lν/Eν distribution for events with Rγ > 10 and 20 < Ee < 60 MeV, where Lν is

the distance travelled by the neutrino in meters and Eν is the neutrino energy in MeV. The data

agree well with the expectation from neutrino background and neutrino oscillations at low ∆m2.
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LSND experiment with                                   , observed an excess of     
events in     beam which can be explained by oscillation

Aguilar et al (LSND collab.) PRD64 (2001) 112007 [hep-ex/0104049]
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FIG. 16: The energy distribution of the 1993-1998 data sample for events with Rγ > 10. The

shaded region shows the expected distribution from a combination of neutrino background plus

neutrino oscillations at low ∆m2.
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source:     from    decay at rest detector: 167 t of liquid scintillator



Justification for 2 Flavor Neutrino Analysis
For a short baseline experiment such as LSND,

or for L/E ~ O(1) m/MeV or O(1) km/GeV
one can ignore oscillations driven by solar and 
atmospheric mass squared differences because

and we can asssume

: appearance

: disappearance
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LSND      excess can be explained by oscillation with 
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FIG. 27: A (sin2 2θ,∆m2) oscillation parameter fit for the entire data sample, 20 < Ee < 200
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as all known neutrino backgrounds. The inner and outer regions correspond to 90% and 99% CL

allowed regions, while the curves are 90% CL limits from the Bugey reactor experiment, the CCFR

experiment at Fermilab, the NOMAD experiment at CERN, and the KARMEN experiment at

ISIS.
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Aguilar et al (LSND collab.) PRD64 (2001) 112007 [hep-ex/0104049]

for small(est) angle which 
can explain an excess,

 

assuming
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both experimental results. At high∆m2 values, the LSND solutions are in clear contradiction

with the KARMEN upper limit.

VIII. CONCLUSION

Results based on the entire KARMEN2 data set collected from 1997 through to 2001

have been presented. The extracted candidate events for ν̄e are in excellent agreement with

background expectations showing no signal for ν̄µ→ ν̄e oscillations. A detailed likelihood

analysis of the data leads to upper limits on the oscillation parameters sin2(2Θ) and ∆m2

excluding parameter regions not explored analyzed by other experiments.

38

KARMEN expriment (L~17m) did not osbserve excess 
but could not fully exclude LSND allowed regions

Armbruster et al (KARMEN collab.) PRD65 (2002) 112001 [hep-ex/0203012]
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source:     from      
       decay at rest

detector: 65m3 of 
liquid scintillator
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similar oscillation sensitivities and, when unblinded,
yielded the expected overlap of events and very similar
oscillation fit results. The second analysis also sees more
events than expected at low energy but with less signifi-
cance. Based on the predicted sensitivities before unblind-
ing, we decided to present the first analysis as our oscil-
lation result, with the second as a powerful cross-check.

In summary, while there is a presently an unexplained
discrepancy with data lying above the background at low
energy, there is excellent agreement between data and
prediction in the oscillation analysis region. If the oscil-

lations of neutrinos and antineutrinos are the same, this
result excludes two-neutrino appearance-only oscillations
as an explanation of the LSND anomaly at 98% C.L.

We acknowledge the support of Fermilab, the Depart-
ment of Energy, and the National Science Foundation. We
thank Los Alamos National Laboratory for LDRD funding.
We acknowledge Bartoszek Engineering for the design of
the focusing horn. We acknowledge Dmitri Toptygin, Anna
Pla, and Hans-Otto Meyer for optical measurements of
mineral oil. This research was done using resources pro-
vided by the Open Science Grid, which is supported by the
NSF and DOE-SC. We also acknowledge the use of the
LANL PINK cluster and CONDOR software in the analysis of
the data.
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FIG. 3 (color). The top plot shows the MiniBooNE 90% C.L.
limit (thick solid curve) and sensitivity (dashed curve) for events
with 475<EQE

! < 3000 MeV within a two-neutrino oscillation
model. Also shown is the limit from the boosted decision tree
analysis (thin solid curve) for events with 300<EQE

! <
3000 MeV. The bottom plot shows the limits from the
KARMEN [2] and Bugey [32] experiments. The MiniBooNE
and Bugey curves are 1-sided upper limits on sin22" correspond-
ing to !#2 ! 1:64, while the KARMEN curve is a ‘‘unified
approach’’ 2D contour. The shaded areas show the 90% and 99%
C.L. allowed regions from the LSND experiment.
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MiniBooNE Experiment at Fermilab

With the analysis cuts set, a signal-blind test of data-MC
agreement in the signal region was performed. The full
two-neutrino oscillation fit was done in the range 300<
EQE
! < 3000 MeV, and, with no information on the fit

parameters revealed, the sum of the predicted background
and simulated best-fit signal was compared to data in
several variables, returning only the "2. While agreement
was good in most of the comparisons, the Evis spectrum
had a "2 probability of only 1%. This triggered further
investigation of the backgrounds, focusing on the lowest
energies where !#-induced backgrounds, some of which
are difficult to model, are large. As part of this study, one
more piece of information from the signal region was
released: unsigned bin-by-bin fractional discrepancies in
the Evis spectrum. While ambiguous, these reinforced sus-
picions about the low-energy region. Though we found no
specific problems with the background estimates, it was
found that raising the minimum EQE

! of the fit region to
475 MeV greatly reduced a number of backgrounds with
little impact on the fit’s sensitivity to oscillations. We thus
performed our oscillation fits in the energy range 475<
EQE
! < 3000 MeV and opened the full data set.
The top plot in Fig. 2 shows candidate !e events as a

function of EQE
! . The vertical dashed line indicates the

minimum EQE
! used in the two-neutrino oscillation analy-

sis. There is no significant excess of events
(22! 19! 35 events) for 475<EQE

! < 1250 MeV; how-
ever, an excess of events (96! 17! 20 events) is observed
below 475 MeV. This low-energy excess cannot be ex-
plained by a two-neutrino oscillation model, and its source
is under investigation. The dashed histogram in Fig. 2
shows the predicted spectrum when the best-fit two-
neutrino oscillation signal is added to the predicted back-
ground. The bottom panel in the figure shows background-
subtracted data with the best-fit two-neutrino oscillation
and two oscillation points from the favored LSND region.
The oscillation fit in the 475<EQE

! < 3000 MeV energy
range yields a "2 probability of 93% for the null hypothesis
and a probability of 99% for the "sin22$ # 10$ 3;!m2 #
4 eV2% best-fit point.

A single-sided raster scan to a two-neutrino appearance-
only oscillation model is used in the energy range 475<
EQE
! < 3000 MeV to find the 90% C.L. limit correspond-

ing to !"2 # "2
limit $ "2

best fit # 1:64. As shown by the top
plot in Fig. 3, the LSND 90% C.L. allowed region is
excluded at the 90% C.L. A joint analysis as a function
of !m2, using a combined "2 of the best-fit values and
errors for LSND and MiniBooNE, excludes at 98% C.L.
two-neutrino appearance oscillations as an explanation of
the LSND anomaly. The bottom plot in Fig. 3 shows limits
from the KARMEN [2] and Bugey [32] experiments.

A second analysis developed simultaneously and with
the same blindness criteria used a different set of re-
construction programs, PID algorithms, and fitting and

normalization processes. The reconstruction used a
simpler model of light emission and propagation. The
PID used 172 quantities such as charge and time like-
lihoods in angular bins, M%%, and likelihood ratios (elec-
tron/pion and electron/muon) as inputs to boosted deci-
sion tree algorithms [33] that are trained on sets of simu-
lated signal events and background events with a cascade-
training technique [34]. In order to achieve the maxi-
mum sensitivity to oscillations, the !#-CCQE data sample
with two subevents was fitted simultaneously with the
!e-CCQE candidate sample with one subevent. By forming
a "2 using both data sets and using the corresponding
covariance matrix to relate the contents of the bins of the
two distributions, the errors in the oscillation parame-
ters that best describe the !e-CCQE candidate data set
were well constrained by the observed !#-CCQE data.
This procedure is partially equivalent to doing a !e to !#
ratio analysis, where many of the systematic uncertainties
cancel.

The two analyses are very complementary, with the
second having a better signal-to-background ratio but the
first having less sensitivity to systematic errors from de-
tector properties. These different strengths resulted in very
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FIG. 2 (color). The top plot shows the number of candidate !e
events as a function of EQE

! . The points represent the data with
statistical error, while the histogram is the expected background
with systematic errors from all sources. The vertical dashed line
indicates the threshold used in the two-neutrino oscillation
analysis. Also shown are the best-fit oscillation spectrum (dashed
histogram) and the background contributions from !# and !e
events. The bottom plot shows the number of events with the
predicted background subtracted as a function of EQE

! , where the
points represent the data with total errors and the two histograms
correspond to LSND solutions at high and low !m2.
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First result of “neutrino” mode almost excluded LSND result
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mode and antineutrino mode [26]. See Supplemental
Material [27] for more information on backgrounds. The
upper limit of 1250 MeV corresponded to a small value of
L=E and was chosen by the collaboration before unblind-
ing the data in 2007. The lower limit of 200 MeV is chosen
because we constrain the νe events with the CCQE νμ
events and our CCQE νμ event sample only goes down to
200 MeV, as we require a visible Cherenkov ring from the
muon. The estimated sizes of the intrinsic νe and gamma
backgrounds are based on MiniBooNE event measure-
ments and uncertainties from these constraints are included
in the analysis. The intrinsic νe=ν̄e background from muon
decay is directly related to the large sample of observed
νμ=ν̄μ events, as these events constrain the muons that
decay in the 50 m decay region. This constraint uses a joint
fit of the observed νμ=ν̄μ and νe=ν̄e events, assuming that
there are no substantial νμ=ν̄μ disappearance oscillations.
The other intrinsic νe background component, from kaon
decay, is constrained by fits to kaon production data and
SciBooNEmeasurements [28]. The intrinsic νe background
from pion decay (1.2 × 10−4 branching ratio) and hyperon
decay are very small. Other backgrounds from misidenti-
fied νμ or ν̄μ [29,30] events are also constrained by the
observed CCQE sample.
The gamma background from neutral-current (NC) π0

production and Δ → Nγ radiative decay [31,32] are con-
strained by the associated large two-gamma sample (mainly
from Δ production) observed in the MiniBooNE data,
where π0 measurements [33] are used to constrain the π0

background. The π0 background measured in the first and
second neutrino data sets were found to be consistent,
resulting in a lower statistical background uncertainty for
the combined data. Other neutrino-induced single gamma
production processes are included in the theoretical pre-
dictions, which agree well with the MiniBooNE estimates
[31,34]. Single-gamma backgrounds from external neu-
trino interactions (“dirt” backgrounds) are estimated using
topological and spatial cuts to isolate the events whose
vertices are near the edge of the detector and point towards
the detector center [35]. With the larger data set, the
background from external neutrino interactions is now
better determined to be approximately 7% larger, but with
smaller uncertainty than in the previous publication [3].
A new technique to measure or constrain the gamma and
dirt backgrounds based on event timing relative to the beam
is in development.
Systematic uncertainties are determined by considering

the predicted effects on the νμ, ν̄μ, νe, and ν̄e CCQE rates
from variations of uncertainty parameters. The parameters
include uncertainties in the neutrino and antineutrino flux
estimates, uncertainties in neutrino cross sections, most of
which are determined by in situ cross-section measure-
ments at MiniBooNE [29,33], uncertainties from nuclear
effects, and uncertainties in detector modeling and
reconstruction. A covariance matrix in bins of EQE

ν is

constructed by considering the variation from each source
of systematic uncertainty on the νe and ν̄e CCQE signal and
background, and the νμ and ν̄μ CCQE prediction as a
function of EQE

ν . This matrix includes correlations between
any of the νe and ν̄e CCQE signal and background and νμ
and ν̄μ CCQE samples, and is used in the χ2 calculation of
the oscillation fits.
Table I also shows the expected number of events

corresponding to the LSND best fit oscillation probability
of 0.26%, assuming oscillations at large Δm2. LSND and
MiniBooNE have the same average value of L=E, but
MiniBooNE has a larger range of L=E. Therefore, the
appearance probabilities for LSND andMiniBooNE should
not be exactly the same at lower L=E values.
Figure 1 shows theEQE

ν distribution for νe CCQE data and
background in neutrino mode for the total 12.84 × 1020 POT
data. Each bin of reconstructed EQE

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

ν < 1250 MeV, compared to a background
expectation of 1577.8! 39.7ðstatÞ ! 75.4ðsystÞ events. The
excess is then 381.2! 85.2 events or a 4.5σ effect. Note that
the 162.0 event excess in the first 6.46 × 1020 POT data is
approximately 1σ lower than the average excess, while the
219.2 event excess in the second 6.38 × 1020 POT data is
approximately 1σ higher than the average excess. Figure 2
shows the excess events in neutrino mode from the first
6.46 × 1020 POT data and the second 6.38 × 1020 POT data
(top plot). Combining the MiniBooNE neutrino and anti-
neutrino data, there are a total of 2437 events in the 200 <
EQE
ν < 1250 MeVenergy region, compared to a background
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FIG. 1. The MiniBooNE neutrino mode EQE
ν distributions,

corresponding to the total 12.84 × 1020 POT data, for νe CCQE
data (points with statistical errors) and background (histogram
with systematic errors). The dashed curve shows the best fit to the
neutrino-mode data assuming two-neutrino oscillations. The last
bin is for the energy interval from 1500–3000 MeV.
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expectation of 1976.5! 44.5ðstatÞ ! 88.5ðsystÞ events.
This corresponds to a total νe plus ν̄e CCQE excess of
460.5! 99.0 events with respect to expectation or a 4.7σ
excess. Figure 2 (bottom plot) shows the total event excesses
as a function of EQE

ν in both neutrino mode and antineutrino
mode. The dashed curves show the two-neutrino oscillation
predictions at the best-fit point (Δm2 ¼ 0.041 eV2,
sin2 2θ ¼ 0.92), as well as at a point within 1σ of the
best-fit point (Δm2 ¼ 0.4 eV2, sin22θ ¼ 0.01).
A two-neutrino model is assumed for the MiniBooNE

oscillation fits in order to compare with the LSND data.
However, the appearance neutrino experiments appear to be
incompatible with the disappearance neutrino experiments
in a 3þ 1 model [10,12], and other models [15–19] may
provide better fits to the data. The oscillation parameters are
extracted from a combined fit of the observed EQE

ν event
distributions for muonlike and electronlike events using
the full covariance matrix described previously in the full

energy range 200 < EQE
ν < 3000 MeV. The fit assumes the

same oscillation probability for both the right-sign νe and
wrong-sign ν̄e, and no νμ, ν̄μ, νe, or ν̄e disappearance. Using
a likelihood-ratio technique [3], the confidence level values
for the fitting statistic, Δχ2 ¼ χ2ðpointÞ − χ2ðbestÞ, as a
function of oscillation parameters, Δm2 and sin2 2θ, is
determined from frequentist, fake data studies. The fake
data studies also determine the effective number of degrees
of freedom and probabilities. With this technique, the
best neutrino oscillation fit in neutrino mode occurs at
(Δm2, sin22θ)¼ (0.039 eV2, 0.84), as shown in Fig. 3. The
χ2=ndf for the best-fit point in the energy range 200 <
EQE
ν < 1250 MeV is 9.9=6.7 with a probability of 15.5%.

The background-only fit has a χ2 probability of 0.06%
relative to the best oscillation fit and a χ2=ndf ¼ 24.9=8.7
with a probability of 0.21%. Figure 3 shows the
MiniBooNE closed confidence level (C.L.) contours for
νe appearance oscillations in neutrino mode in the
200 < EQE

ν < 3000 MeV energy range.
Nuclear effects associated with neutrino interactions on

carbon can affect the reconstruction of the neutrino energy,
EQE
ν , and the determination of the neutrino oscillation
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(12.84 × 1020 POT) for events with 200 < EQE

ν < 3000 MeV
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FIG. 2. The top plot shows the MiniBooNE event excesses in
neutrino mode as a function of EQE

ν from the first 6.46 × 1020

POT data and the second 6.38 × 1020 POT data. The bottom plot
shows the total event excesses in both neutrino mode and
antineutrino mode, corresponding to 12.84 × 1020 POT and
11.27 × 1020 POT, respectively. The solid (dashed) curve is
the best fit (1σ fit point) to the neutrino-mode and antineu-
trino-mode data assuming two-neutrino oscillations. The last bin
is for the energy interval from 1500–3000 MeV. Error bars
include only statistical uncertainties for the top plot and both
statistical and correlated systematic uncertainties for the bottom
plot.
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parameters [38]. These effects were studied previously
[3,39] and were found to not affect substantially the
oscillation fit. In addition, they do not affect the gamma
background, which is determined from direct measure-
ments of NC π0 and dirt backgrounds.
Figure 4 shows the MiniBooNE allowed regions in both

neutrino mode and antineutrino mode [3] for events with
200 < EQE

ν < 3000 MeV within a two-neutrino oscillation
model. For this oscillation fit the entire data set is used and
includes the 12.84 × 1020 POT data in neutrino mode and
the 11.27 × 1020 POT data in antineutrino mode. As shown
in the figure, the MiniBooNE 1σ allowed region lies mostly
within the LSND 90%C.L. band, which demonstrates good
agreement between the LSND and MiniBooNE signals.
Also shown are 90% C.L. limits from the KARMEN [36]
and OPERA [37] experiments. The KARMEN2 90% C.L.
limits are outside the MiniBooNE 95% C.L. allowed
region, while the OPERA 90% C.L. limits disfavor the
MiniBooNE allowed region below approximately 0.3 eV2.
The best combined neutrino oscillation fit occurs at
ðΔm2; sin22θÞ ¼ ð0.041 eV2; 0.92Þ. The χ2=ndf for the
best-fit point in the energy range 200 < EQE

ν < 1250 MeV

is 19.4=15.6 with a probability of 21.1%, and the back-
ground-only fit has a χ2 probability of 6 × 10−7 relative to
the best oscillation fit and a χ2=ndf ¼ 47.1=17.3 with a
probability of 0.02%.
Figure 5 compares the L=EQE

ν distributions for the
MiniBooNE data excesses in neutrino mode and antineu-
trino mode to the L=E distribution from LSND [1]. The
error bars show statistical uncertainties only. As shown in
the figure, there is agreement among all three data sets.
Assuming two-neutrino oscillations, the curves show fits to
the MiniBooNE data described above. Fitting both
MiniBooNE and LSND data, by adding LSND L=E data
as additional terms, the best fit occurs at ðΔm2; sin22θÞ ¼
ð0.041 eV2; 0.96Þ with a χ2=ndf ¼ 22.4=22.4, corre-
sponding to a probability of 42.5%. The MiniBooNE
excess of events in both oscillation probability and L=E
spectrum is, therefore, consistent with the LSND excess of
events. The significance of the combined LSND (3.8σ) [1]
and MiniBooNE (4.7σ) excesses is 6.0σ, which is obtained
by adding the significances in quadrature, as the two
experiments have completely different neutrino energies,
neutrino fluxes, reconstructions, backgrounds, and system-
atic uncertainties.
In summary, the MiniBooNE experiment observes a total

νe CCQE event excess in both neutrino and antineutrino
running modes of 460.5$ 99.0 events (4.7σ) in the energy
range 200 < EQE

ν < 1250 MeV. The MiniBooNE allowed
region from a two-neutrino oscillation fit to the data, shown
in Fig. 4, is consistent with the allowed region reported by
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FIG. 4. MiniBooNE allowed regions for a combined neutrino
mode (12.84 × 1020 POT) and antineutrino mode (11.27 × 1020

POT) data sets for events with 200 < EQE
ν < 3000 MeV within a

two-neutrino oscillation model. The shaded areas show the 90%
and 99% C.L. LSND ν̄μ → ν̄e allowed regions. The black point
shows the MiniBooNE best fit point. Also shown are 90% C.L.
limits from the KARMEN [36] and OPERA [37] experiments.

FIG. 5. A comparison between the L=EQE
ν distributions for the

MiniBooNE data excesses in neutrino mode (12.84 × 1020 POT)
and antineutrino mode (11.27 × 1020 POT) to the L=E distribu-
tion from LSND [1]. The error bars show statistical uncertainties
only. The curves show fits to the MiniBooNE data, assuming two-
neutrino oscillations, while the shaded area is the MiniBooNE 1σ
allowed band. The best-fit curve uses the reconstructed neutrino
energy EQE

ν for the MiniBooNE data. The dashed curve shows the
example 1σ fit point.
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parameters [38]. These effects were studied previously
[3,39] and were found to not affect substantially the
oscillation fit. In addition, they do not affect the gamma
background, which is determined from direct measure-
ments of NC π0 and dirt backgrounds.
Figure 4 shows the MiniBooNE allowed regions in both

neutrino mode and antineutrino mode [3] for events with
200 < EQE

ν < 3000 MeV within a two-neutrino oscillation
model. For this oscillation fit the entire data set is used and
includes the 12.84 × 1020 POT data in neutrino mode and
the 11.27 × 1020 POT data in antineutrino mode. As shown
in the figure, the MiniBooNE 1σ allowed region lies mostly
within the LSND 90%C.L. band, which demonstrates good
agreement between the LSND and MiniBooNE signals.
Also shown are 90% C.L. limits from the KARMEN [36]
and OPERA [37] experiments. The KARMEN2 90% C.L.
limits are outside the MiniBooNE 95% C.L. allowed
region, while the OPERA 90% C.L. limits disfavor the
MiniBooNE allowed region below approximately 0.3 eV2.
The best combined neutrino oscillation fit occurs at
ðΔm2; sin22θÞ ¼ ð0.041 eV2; 0.92Þ. The χ2=ndf for the
best-fit point in the energy range 200 < EQE

ν < 1250 MeV

is 19.4=15.6 with a probability of 21.1%, and the back-
ground-only fit has a χ2 probability of 6 × 10−7 relative to
the best oscillation fit and a χ2=ndf ¼ 47.1=17.3 with a
probability of 0.02%.
Figure 5 compares the L=EQE

ν distributions for the
MiniBooNE data excesses in neutrino mode and antineu-
trino mode to the L=E distribution from LSND [1]. The
error bars show statistical uncertainties only. As shown in
the figure, there is agreement among all three data sets.
Assuming two-neutrino oscillations, the curves show fits to
the MiniBooNE data described above. Fitting both
MiniBooNE and LSND data, by adding LSND L=E data
as additional terms, the best fit occurs at ðΔm2; sin22θÞ ¼
ð0.041 eV2; 0.96Þ with a χ2=ndf ¼ 22.4=22.4, corre-
sponding to a probability of 42.5%. The MiniBooNE
excess of events in both oscillation probability and L=E
spectrum is, therefore, consistent with the LSND excess of
events. The significance of the combined LSND (3.8σ) [1]
and MiniBooNE (4.7σ) excesses is 6.0σ, which is obtained
by adding the significances in quadrature, as the two
experiments have completely different neutrino energies,
neutrino fluxes, reconstructions, backgrounds, and system-
atic uncertainties.
In summary, the MiniBooNE experiment observes a total

νe CCQE event excess in both neutrino and antineutrino
running modes of 460.5$ 99.0 events (4.7σ) in the energy
range 200 < EQE

ν < 1250 MeV. The MiniBooNE allowed
region from a two-neutrino oscillation fit to the data, shown
in Fig. 4, is consistent with the allowed region reported by
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FIG. 4. MiniBooNE allowed regions for a combined neutrino
mode (12.84 × 1020 POT) and antineutrino mode (11.27 × 1020

POT) data sets for events with 200 < EQE
ν < 3000 MeV within a

two-neutrino oscillation model. The shaded areas show the 90%
and 99% C.L. LSND ν̄μ → ν̄e allowed regions. The black point
shows the MiniBooNE best fit point. Also shown are 90% C.L.
limits from the KARMEN [36] and OPERA [37] experiments.

FIG. 5. A comparison between the L=EQE
ν distributions for the

MiniBooNE data excesses in neutrino mode (12.84 × 1020 POT)
and antineutrino mode (11.27 × 1020 POT) to the L=E distribu-
tion from LSND [1]. The error bars show statistical uncertainties
only. The curves show fits to the MiniBooNE data, assuming two-
neutrino oscillations, while the shaded area is the MiniBooNE 1σ
allowed band. The best-fit curve uses the reconstructed neutrino
energy EQE

ν for the MiniBooNE data. The dashed curve shows the
example 1σ fit point.
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expectation of 1976.5! 44.5ðstatÞ ! 88.5ðsystÞ events.
This corresponds to a total νe plus ν̄e CCQE excess of
460.5! 99.0 events with respect to expectation or a 4.7σ
excess. Figure 2 (bottom plot) shows the total event excesses
as a function of EQE

ν in both neutrino mode and antineutrino
mode. The dashed curves show the two-neutrino oscillation
predictions at the best-fit point (Δm2 ¼ 0.041 eV2,
sin2 2θ ¼ 0.92), as well as at a point within 1σ of the
best-fit point (Δm2 ¼ 0.4 eV2, sin22θ ¼ 0.01).
A two-neutrino model is assumed for the MiniBooNE

oscillation fits in order to compare with the LSND data.
However, the appearance neutrino experiments appear to be
incompatible with the disappearance neutrino experiments
in a 3þ 1 model [10,12], and other models [15–19] may
provide better fits to the data. The oscillation parameters are
extracted from a combined fit of the observed EQE

ν event
distributions for muonlike and electronlike events using
the full covariance matrix described previously in the full

energy range 200 < EQE
ν < 3000 MeV. The fit assumes the

same oscillation probability for both the right-sign νe and
wrong-sign ν̄e, and no νμ, ν̄μ, νe, or ν̄e disappearance. Using
a likelihood-ratio technique [3], the confidence level values
for the fitting statistic, Δχ2 ¼ χ2ðpointÞ − χ2ðbestÞ, as a
function of oscillation parameters, Δm2 and sin2 2θ, is
determined from frequentist, fake data studies. The fake
data studies also determine the effective number of degrees
of freedom and probabilities. With this technique, the
best neutrino oscillation fit in neutrino mode occurs at
(Δm2, sin22θ)¼ (0.039 eV2, 0.84), as shown in Fig. 3. The
χ2=ndf for the best-fit point in the energy range 200 <
EQE
ν < 1250 MeV is 9.9=6.7 with a probability of 15.5%.

The background-only fit has a χ2 probability of 0.06%
relative to the best oscillation fit and a χ2=ndf ¼ 24.9=8.7
with a probability of 0.21%. Figure 3 shows the
MiniBooNE closed confidence level (C.L.) contours for
νe appearance oscillations in neutrino mode in the
200 < EQE

ν < 3000 MeV energy range.
Nuclear effects associated with neutrino interactions on

carbon can affect the reconstruction of the neutrino energy,
EQE
ν , and the determination of the neutrino oscillation
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Reactor Neutrino Anomaly

Mention et al. PRD83 (2011) 073006 (arXiv:1101.2755 [hep-ph])

of 98% C.L. in Ref. [45]. Gallex and Sage observed an
average deficit of RG ¼ 0:86" 0:06ð1!Þ. Considering the
hypothesis of "e disappearance caused by short baseline
oscillations we used Eq. (13), neglecting the !m2

31
driven oscillations because of the very short baselines of
order 1 m. Fitting the data leads to j!m2

new;Gj> 0:3 eV2

(95%) and sin2ð2#new;GÞ % 0:26. Combining the reactor
antineutrino anomaly with the gallium anomaly gives

a good fit to the data and disfavors the no-oscillation
hypothesis at 99.7% C.L. Allowed regions in the
sin2ð2#newÞ & !m2

new plane are displayed in Fig. 6 (left).
The associated best-fit parameters are j!m2

new;R&Gj>
1:5 eV2 (95%) and sin2ð2#new;R&GÞ % 0:12.
We then reanalyzed the MiniBooNE electron neutrino

excess assuming the very short baseline neutrino oscilla-
tion explanation of Ref. [45]. Details of our reproduction of
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FIG. 5 (color online). Illustration of the short baseline reactor antineutrino anomaly. The experimental results are compared to the
prediction without oscillation, taking into account the new antineutrino spectra, the corrections of the neutron mean lifetime, and the
off-equilibrium effects. Published experimental errors and antineutrino spectra errors are added in quadrature. The mean averaged ratio
including possible correlations is 0:943" 0:023. The red line shows a possible three-active neutrino mixing solution, with
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sin2ð2#new;RÞ ¼ 0:12 (for illustration purpose only).
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FIG. 6 (color online). Allowed regions in the sin2ð2#newÞ & !m2
new plane obtained from the fit of the reactor neutrino data to the

3þ1 neutrino hypothesis, with sin2ð2#13Þ ¼ 0. The left panel is the combination of the reactors and the gallium experiment
calibration results with 51Cr and 37Ar radioactive sources. The right panel is the combination of the reactors and our reanalysis of the
MiniBooNE data following the method of Ref. [45]. In both cases the ILL energy spectrum information is not included.

G. MENTION et al. PHYSICAL REVIEW D 83, 073006 (2011)

073006-10

Dada < New reactor neutrino flux calculations

Mueller et al. PRC83 (2011) 054615 (arXiv:1101.2663 [hep-ex])
Huber PRC84 (2011) 024617 (arXiv:1106.0687 [hep-ph])

~3𝞂 descrepany (depending on theoretical uncertainties)
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Gallium Anomaly

Figure taken from Giunti and Lasserre, arXiv:1901.08330v2 [hep-ph])

GALLEX and SAGE groups performed source experiments to measure                                            
neutrino capture cross section of                                              
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Figure 2

The Gallium neutrino (a) and reactor antineutrino (b) anomalies. The data error bars represent
the uncorrelated experimental uncertainties. The horizontal solid green line and the surrounding
shadowed band show the average ratio R and its uncertainty calculated taking into account the
experimental uncertainties, their correlations and, in panel (b), the theoretical uncertainty of the
Huber-Mueller antineutrino fluxes.

The LSND anomaly has been explored in the MiniBooNE experiment that is operating

at Fermilab since 2002. In this experiment the neutrinos are produced by the 8 GeV protons

from the Fermilab booster hitting a beryllium target and producing a beam of pions. The

sign of the pions that are focused towards the detector is determined by the polarity of a

focusing horn. The detector, placed at a distance of 541 m from the target, consists of a

tank filled with 818 tons of pure mineral oil (CH2) viewed by 1520 phototubes that detect

the Cherenkov light and isotropic scintillation produced by charged particles.

Since in MiniBooNE the neutrino energy ranges from 200 MeV to 3 GeV the range of

L/E, from 0.18 to 2.7 m/MeV, covers the LSND range of L/E (from 0.5 to 1.5 m/MeV).

However, since in LSND L/E is smaller than 1.5 m/MeV, the LSND signal should be seen

in MiniBooNE for E & 360MeV.

Initially the MiniBooNE experiment operated in “neutrino mode” with a focused beam

of ⇡+ that decayed in a decay tunnel producing an almost pure beam or ⌫µ’s. In the first

article (35) the MiniBooNE collaboration considered the data with E > 475MeV, arguing

that this threshold “greatly reduced a number of backgrounds with little impact on the

fit’s sensitivity to oscillations”. No excess over background was observed, leading to a 98%

exclusion of neutrino oscillation as the explanation of the LSND anomaly. However an excess

of ⌫e-like events was observed below the 475MeV analysis threshold. This low-energy excess

was confirmed in the following years, in both neutrino (6,36) and antineutrino (37) modes,

whereas the data above 475MeV continued to show little or no excess over the backgrounds.

Since most of the energy range below 475MeV correspond to values of L/E outside the

LSND range, the low-energy excess is an e↵ect di↵erent from the LSND anomaly, and it has

been considered as the “MiniBooNE low-energy anomaly”. A possible explanation of this

anomaly is that the low-energy excess is produced by photons, that cannot be distinguished

from
(�)
⌫e-like events in the MiniBooNE detector (single photon events are generated by

neutral-current ⌫µ-induced ⇡0 decays in which only one of the two decay photons is visible).

This possibility is going to be investigated in the MicroBooNE experiment at Fermilab (38),

with a large Liquid Argon Time Projection Chamber (LArTPC) in which electrons and

photons can be distinguished.

12 C. Giunti and T. Lasserre

Kaether et al (GALLEX) PLB 685 (2010) 47
 (arXiv: 1001.2731[hep-ex])

Abdurashitov et al (SAGE) PRC59(1999)2246
 (hep-ph/9803418)

Abdurashitov et al (SAGE) PRC73(2006)045805
 (nucl-ex/0512041)

~3𝞂 deficit
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since L/E is similar to LSND,

oscillation with 

can explain the deficit 



the latter analysis are provided in Appendix B. The best-fit
values are j!m2

new;MBj ¼ 1:9 eV2 and sin2ð2!new;MBÞ $
0:2, but are not significant at 95% C.L. The no-oscillation
hypothesis is only disfavored at the level of 72.4% C.L.,
less significant than the reactor and gallium anomalies.
Combining the reactor antineutrino anomaly with our
MiniBooNE reanalysis leads to a good fit with the sterile
neutrino hypothesis and disfavors the absence of oscilla-
tions at 98.5% C.L., dominated by the reactor experiments
data. Allowed regions in the sin2ð2!newÞ % !m2

new plane
are displayed in Fig. 6 (right). The associated best-fit
parameters are j!m2

new;R&MBj> 0:4 eV2 (95%) and

sin2ð2!new;R&MBÞ $ 0:1.
Our ILL reanalysis, including only the energy spectrum

shape, leads to the allowed regions in the sin2ð2!newÞ %
!m2

new plane presented in Fig. 7. We notice a hint of
neutrino oscillations such that j!m2

new;ILL-shapej> 1 eV2

and sin2ð2!new;ILL-shapeÞ $ 0:2, in agreement with our

fourth neutrino hypothesis, but still compatible with the
absence of oscillations at the 1" level. Figure 3 is our
reproduction of the illustration 3 of Ref. [2]; we super-
imposed the oscillation pattern that would be induced by
neutrino oscillations at our best fit (combined analysis).
The ILL positron spectrum is thus in agreement with the
oscillation parameters found independently in our reanal-
yses, mainly based on rate information. Because of the
differences in the systematic effects in the rate and shape
analyses, this coincidence is in favor of a true physical
effect rather than an experimental anomaly. As a cross-
check we performed a Monte-Carlo simulation of the
ILL and Bugey-3 experiments, including the finite spatial

extension of the nuclear reactors and the ILL and Bugey-3
detectors. We found that the small dimensions of the ILL
nuclear core lead to small corrections of the oscillation
pattern imprinted on the positron spectrum. However the
large extension of the Bugey nuclear core is sufficient to
wash out most of the oscillation pattern at 15 m. This
explains the absence of shape distortion in the Bugey-3
experiment.
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FIG. 7 (color online). Allowed regions in the sin2ð2!newÞ %
!m2

new plane obtained from a fit of the ILL energy spectrum
shape only. The best-fit value reported by the authors of Ref. [38]
is very close to our best fit, at j!m2

newj $ 2 eV2, but it is worth
noting its poor statistical significance, compatible with the
absence of oscillations at the 1" level. The best-fit point is
indicated by a star.

TABLE III. Best-fit parameter intervals or limits at 95% C.L.
for sin2ð2!newÞ and j!m2

newj parameters, and significance of the
sterile neutrino oscillation hypothesis in %, for different combi-
nations of the reactor experimental rates only (R&), the ILL-
energy spectrum information (ILL-S), the gallium experiments
(G), and MiniBooNE-# (M) reanalysis of Ref. [45]. We quantify
the difference between the sin2ð2!newÞ constraints obtained from
the reactor and gallium results. Following prescription of
Ref. [48], the parameter goodness-of-fit is 27.0%, indicating
reasonable agreement between the neutrino and antineutrino
data sets (see Appendix B).

Experiment(s) sin2ð2!newÞ j!m2
newj (eV2) C.L. (%)

Reactors (no ILL-S, R&) 0.02–0.20 >0:40 96.5
Gallium (G) >0:06 >0:13 96.1
MiniBooNE (M) — — 72.4
ILL-S — — 68.1
R& þ G 0.05–0.22 >1:45 99.7
R& þ M 0.04–0.20 >1:45 97.6
R& þ ILL % S 0.02–0.21 >0:23 95.3
All 0.06–0.22 >1:5 99.8
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FIG. 8 (color online). Allowed regions in the sin2ð2!newÞ %
!m2

new plane from the combination of reactor neutrino experi-
ments, Gallex and Sage calibration sources experiments,
MiniBooNE reanalysis of Ref. [45], and the ILL-energy spec-
trum distortion. The data are well fitted by the 3 þ 1 neutrino
hypothesis, while the no-oscillation hypothesis is disfavored at
99.8% C.L. The marginal !$2 profiles for j!m2

newj and
sin2ð2!newÞ (1 dof) lead to the constraints, j!m2

newj> 1:5 eV2

(95% C.L.) and sin2ð2!newÞ ¼ 0:14 ( 0:08 (95% C.L.).

REACTOR ANTINEUTRINO ANOMALY PHYSICAL REVIEW D 83, 073006 (2011)

073006-11

Mention et al. PRD83 (2011) 073006 (arXiv:1101.2755 [hep-ph])

allowed regions by reactor + Ga + MiniBooNE
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Fig. 1.13. Measurements of the hadron production cross-section around the Z resonance. The curves indicate the predicted cross-section for two,
three and four neutrino species with SM couplings and negligible mass.

Assuming that the only invisible Z decays are to neutrinos coupling according to SM expectations, the number of
light neutrino generations, N!, can then be determined by comparing the measured R0

inv with the SM prediction for
"!!/"ℓℓ:

R0
inv = N!

!
"!!

"ℓℓ

"

SM
. (1.50)

The strong dependence of the hadronic peak cross-section on N! is illustrated in Fig. 1.13. The precision ultimately
achieved in these measurements allows tight limits to be placed on the possible contribution of any invisible Z decays
originating from sources other than the three known light neutrino species.

1.5.3. Asymmetry and polarisation
Additional observables are introduced to describe the cos #dependent terms in Eq. (1.34) as well as effects related

to the helicities of the fermions in either the initial or final state. These observables quantify the parity violation of
the neutral current, and therefore differentiate the vector- and axial-vector couplings of the Z. Their measurement
determines sin2 #f

eff .
Since the right- and left-handed couplings of the Z to fermions are unequal, Z bosons can be expected to exhibit a net

polarisation along the beam axis even when the colliding electrons and positrons which produce them are unpolarised.
Similarly, when such a polarised Z decays, parity non-conservation implies not only that the resulting fermions will
have net helicity, but that their angular distribution will also be forward–backward asymmetric.

When measuring the properties of the Z boson, the energy-dependent interference between the Z and the purely
vector coupling of the photon must also be taken into account. This interference leads to an additional asymmetry
component which changes sign across the Z-pole.

Considering the Z exchange diagrams and real couplings only,2 to simplify the discussion, the differential cross-
sections specific to each initial- and final-state fermion helicity are:

d$Ll

dcos#
∝ g2

Leg
2
Lf(1 + cos#)2, (1.51)

d$Rr

dcos#
∝ g2

Reg
2
Rf(1 + cos#)2, (1.52)

2 As in the previous section, the effects of radiative corrections, and mass effects, including the imaginary parts of couplings, are taken into
account in the analysis. They, as well as the small differences between helicity and chirality, are neglected here to allow a clearer view of the helicity
structure. It is likewise assumed that the magnitude of the beam polarisation is equal in the two helicity states.

Sterile neutrino interpretation

From solar and atmospheric 
neutrino data we need 

and taking into account 
LEP data on # of active 

neutrino species,
we need 4th neutrino
which must be sterile

Schael et al Phys. Rep. 427(2006)427 (hep-ex/0509008)
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3.  More Results from Other (New) Experiments



Some new spectral feature of reactor neutrinos at ~ 5 MeV 

Choi et al (RENO collab.) PRL.116(2016)211801 (arXiv:1511.05849 [hep-ex])

  Some new developments

The total background rates are estimated to be 17.54!
0.83 and 3.14! 0.23 events per day for near and far
detectors, respectively. The observed IBD and background
rates are summarized in Table I. Since the rates and shapes
of all the backgrounds are measured from control data
samples, their uncertainties are expected to be further
reduced with more data.
Systematic uncertainties have been significantly reduced

since the first measurement presented in Ref. [1]. Decrease
of systematic uncertainties mainly comes from background
reduction and more precise estimation of background rates.
For example, the most dominant background uncertainty of
9Li=8He is reduced from 29% (48%) to 15% (10%) in the
far (near) detector. The reduction was possible due to
additional background removal by optimized rejection
criteria, increased statistics of the 9Li=8He control sample,
and a new method of estimating the background rate in the
IBD candidates from the background dominant energy
region. The IBD selection criterion (i) described earlier
removes 55.9% (43.8%) of remaining 9Li=8He back-
grounds with a signal loss of 9.7% (10.3%) in the far
(near) detector. The uncertainty of the background spec-
trum is reduced because of the increased statistics of its
control sample by a factor of five.
The expected rate and spectrum of reactor ν̄e are

calculated based on thermal power, fission fraction, energy
released per fission, ν̄e yield per fission, fission spectra, and
IBD cross sections [15–21]. The calculation includes both
the rate and spectral changes corresponding to the varying
thermal powers and fission fractions of each reactor during
data taking.
The systematic uncertainties in the reactor ν̄e detection

are found in Ref. [1]. The energy dependent systematic
uncertainties, coming from background shape ambiguities
and the energy scale difference between the near and far
detectors, are evaluated and included for this analysis.
We observe a clear deficit of reactor ν̄e in the far detector.

Using the deficit information only, a rate-only analysis
obtains sin22θ13¼ 0.087!0.009ðstatÞ!0.007ðsystÞ, where
the world average value of jΔm 2

eej ¼ ð2.49! 0.06Þ ×
10−3 eV2 is used [22]. The total systematic error of
sin2 2θ13 is reduced from 0.019 to 0.007, mostly due to

the decreased background uncertainty, relative to the first
measurement [1], while the statistical error is reduced from
0.013 to 0.009.
Figure 2 shows a spectral comparison of the observed

IBD prompt spectrum after background subtraction to the
prediction that is expected from a reactor neutrino model
[19,20] and the best-fit oscillation results. The subtracted
background spectra are shown in the insets. A clear spectral
difference is observed in the region centered at 5 MeV. The
MC predicted distributions are normalized to the observed
events out of the excess range 3.6 < Ep < 6.6 MeV. The
excess of events constitutes about 3% of the total observed
reactor ν̄e rate in both detectors. Furthermore, the excess is
observed to be proportional to the reactor power. This
observation suggests needs for reevaluation and modifica-
tion of the current reactor ν̄e model [19,20].
Because of the unexpected structure around 5 MeV, the

oscillation amplitude and frequency are determined from a
fit to the measured far-to-near ratio of IBD prompt spectra.
The relative measurement using identical near and far
detectors makes the method insensitive to the correlated
uncertainties of expected reactor ν̄e flux and spectrum as
well as detection efficiency. To determine jΔm 2

eej and θ13
simultaneously, a χ2 is constructed using the spectral ratio
measurement and is minimized [23],

χ2 ¼
XNbins

i¼1

ðOF=N
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i Þ2
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þ
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TABLE I. Observed IBD and estimated background rates at
1.2 < Ep < 8.0 MeV given per day.

Detector Near Far

IBD rate 616.67! 1.44 61.24! 0.42
After background subtraction
Total background rate 17.54! 0.83 3.14! 0.23
Live time (days) 458.49 489.93

Accidental rate 6.89! 0.09 0.97! 0.03
9Li=8He rate 8.36! 0.82 1.54! 0.23
Fast neutron rate 2.28! 0.04 0.48! 0.02
252Cf contamination rate 0.00! 0.01 0.14! 0.03
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FIG. 2. Spectral comparison of observed and expected IBD
prompt events in the (a) near and (b) far detectors. The expected
distributions are obtained using rate and spectral analysis results
discussed later. The observed spectra are obtained from sub-
tracting the background spectra as shown in the insets. A shape
difference is clearly seen at 5 MeV. The observed excess is
correlated with the reactor power, and corresponds to 3% of the
total observed reactor ν̄e flux. A spectral deviation from the
expectation is larger than the uncertainty of an expected spectrum
(shaded band).
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Some excess (bump) which can not be explained by oscillation,
 was observed (first noted by RENO) at around 5 MeV 
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Kerret et al (Double Chooz collab.) 
arXiv:1901.09445 [hep-ex]

Chinese Physics C Vol. 41, No. 1 (2017) 013002

to the measurement. A clear discrepancy between the
data and the prediction near 5 MeV is observed, while
the agreement is reasonable in other energy regions. A
comparison to the Huber+Mueller model yields a χ2/dof
of 46.6/24 in the full energy range from 0.7 to 12 MeV,
corresponding to a 2.9 σ discrepancy. The ILL+Vogel
model shows a similar level of discrepancy from the data.

Fig. 22. (color online) The fractional size of
the diagonal elements of the covariance matrix,
Vii/N

pred
i , for each component in each prompt en-

ergy bin. Inset: the elements of the correlation
matrix, Vij/

!
ViiVjj for the total uncertainty.

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

∆χ2 = χ2(standard)−χ2(N extra parameters) (29)

for N degrees of freedom. We obtained ∆χ2/N =
50.1/25, which is consistent with the results obtained
by the first method using Eq. (28).

6.3 Quantification of the local deviation

The ratio of the measured to predicted energy spectra
is shown in Fig. 23(b). The spectral discrepancy around
5 MeV prompt energy is clearly visible. Two approaches
are adopted to evaluate the significance of this discrep-
ancy. The first method evaluates the χ2 contribution of
each energy bin,

!χi =
N obs

i −Npred
i

|N obs
i −Npred

i |

"#

j

χ2
ij ,

χ2
ij = (N obs

i −Npred
i )(V −1)ij(N

obs
j −Npred

j ). (30)

By definition,
$

i !χ2
i is equal to the value of χ2 defined in

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

In the second approach, the significance of the devia-
tion is evaluated based on the modified oscillation anal-
ysis similar to Eq. (29). Instead of allowing all the N
nuisance parameters to be free floating, only parameters
within a selected energy window are varied in the fit. The
difference between minimum χ2s before and after intro-
ducing these nuisance parameters within the selected en-
ergy window was used to evaluate the p-value of the local
variation from the predictions. The p-values with 1 MeV
sliding energy window are shown in Fig. 23(c). The local
significance for a discrepancy is greater than 4σ at the
highest point around 5 MeV. In addition, the local signif-
icance for the 2 MeV window between 4 and 6 MeV were
evaluated. We obtained a ∆χ2/N value of 37.4/8, which
corresponds to the p-value of 9.7×10−6(4.4σ). Compar-
ing with the ILL+Vogel model shows a similar level of
local discrepancy between 4 and 6 MeV.

Fig. 23. (color online) (a) Comparison of predicted
and measured prompt energy spectra. The pre-
diction is based on the Huber+Mueller model and
normalized to the number of measured events.
The error bars on the data points represent the
statistical uncertainty. The hatched and red filled
bands represent the square-root of diagonal ele-
ments of the covariance matrix (

!
(Vii)) for the

reactor related and the full systematic uncertain-
ties, respectively. (b) Ratio of the measured
prompt energy spectrum to the predicted spec-
trum (Huber+Mueller model). (c) The defined
χ2 distribution ("χi) of each bin (black solid curve)
and local p-values for 1 MeV energy windows (ma-
genta dashed curve). See Eq. 30 and relevant text
for the definitions.
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Figure 3: ND and FD Spectra & SD Ratios. Both ND (⇠210k IBD’s) and FD (⇠90k IBD’s) spectra are shown (top) within
the fit [1.0,20.0] MeV range, including the un-oscillated MC prediction (red) and the BG model: accidentals (clear grey), 9Li (grey)
and fast-neutron (dark grey). Cosmogenic BGs are estimated during the fit since 9Li (unconstraint) dominates in the [7.0,12.0] MeV
region and fast-neutrons above 12 MeV. The impact of accidentals to the ✓13 measurement is negligible. The data (BG subtracted)
to prediction ratio is shown (bottom). The best fit solution (blue) contrasts with the no-oscillation hypothesis (red). Two dominant
spectral distortions can be appreciated: the ✓13 signature (mainly FD) and a common 5 MeV excess, leading to a large �2/DoF of
182/112. Bugey4 constrains the prediction rate. The normalisation with this constraint is lower as compared to the prediction rate
not using the Bugey4 information. The cancellation of both common distortions and correlated uncertainties takes place from the SD
(yellow) to the MD (green) configurations. The covariances used (not shown) play an important role during the fit.

over an extended window up to 100 MeV. The overall impact
of BG on ✓13 is marginal. The dominant BG systematic is
the 9Li uncertainty. The BG model accuracy was scrutinised
independently with ⇠17 days of inclusive 0-reactor data sam-
ples in both ND and FD-II. Thus, these data are not used in
the ✓13 fit. No non-statistical bias or tension (<1�) is found
on the measured BG-model, rates and/or spectral shapes.

The ✓13 Measurement

The ✓13 measurement is obtained by contrasting the observed
IBD rate+shape spectral distortion against the specific neu-
trino oscillation model prediction, in which the rate reduces
following the flux modulation given by

P (⌫̄e ! ⌫̄e) ⇡ 1� sin2 2✓13 sin
2(1.267�m2

eeL/E⌫̄e
)

where sin22✓13 is the unknown. L(m) is the oscillation base-
line distance between each reactor-detector pair, E⌫̄e(MeV)

is the neutrino energy obtained from the prompt energy de-
position or Visible Energy (E⌫̄e ⇡ Ee+ + 0.78 MeV). �m2

ee

is the pertinent ⌫e weighted average of �m2
31 and �m2

32 [35],
where |�m2

ee| = (2.484 ± 0.036) ⇥ 10�3eV2 [36] is used as
input to the fit. The ✓13 rate+shape fit measurement uses all
detectors data simultaneously. The nominal fit considers the
input from each SD fit (data to its MC) including pertinent
constraints and correlations. The SD fit is shown in Fig. 3-
(bottom). In our MD analysis, all SD fits (FD-I, FD-II and
ND) are simultaneously performed, constrained by the inter-
detector correlations such as BG (shape), detection (rate), en-
ergy (shape) and flux (rate+shape). Thus, the common ND
provides direct and almost un-oscillated rate+shape reference
spectrum. Systematic uncertainties cancel due to correlations
with both FD-I and FD-II. The iso-flux FD-II benefits from
the maximum error cancellation. The ✓13 measurement is, in
principle, independent from any common or correlated contri-
butions across the MC and detectors. Fig. 4-(left) illustrates
the inter-detector ratio fit exhibiting the expected ✓13 flux

6

An et al (Daya Bay collab.) CPC41(2017)013002 (arXiv:1607.05378 [hep-ex])

Double Chooz
Daya Bay

Bump at ~ 5 MeV was also confirmed by other experiments

20

the predicted reactor neutrino fluxes may have larger uncertainties 
Huber, NPB908(2016)268 (arXiv:1602.01499 [hep-ph])

Hayes & Vogel,  Ann. Rev. Nucl. Part.Sci.66(2016)219 (arXiv:1605.02047 [hep-ph])

  Some new developments



fit was found to be higher by Δχ2=NDF ¼ 7.9=1 (p value
0.0049). Thus, the hypothesis that 235U is primarily
responsible for the reactor antineutrino anomaly is favored
by the Daya Bay data, with the equal deficit and 239Pu-only
deficit hypotheses disfavored at the 2.8σ and 3.2σ con-
fidence levels, respectively.
To investigate changes in the antineutrino spectrum with

reactor fuel evolution, observed IBD spectra per fission, S,
were examined, where σf ¼

P
jSj, the sum of IBD yields

in all prompt energy bins. For each F 239 bin depicted in
Fig. 4, the measured Sj values were compared to the F 239-
averaged IBD yield per fission value S̄j. The ratio Sj=S̄j is
plotted against F 239 in Fig. 4 for four different E p bins. The
common negative slope in Sj=S̄j visible in all prompt
energy ranges indicates an overall reduction in the reactor
antineutrino flux with increasing F 239, as demonstrated in
Fig. 2. In addition, the trends in Sj=S̄j with F 239 in Fig. 4
differ for each energy bin, indicating a change in the
spectral shape with fuel evolution. In particular, the content
of higher-energy bins decreases more rapidly than lower-
energy bins as F 239 increases.
To quantify the statistical significance of these trends, a

χ2 fit similar to that of Eq. (4) was applied to each of the
four energy ranges in Fig. 4:

SjðF 239Þ ¼ S̄j þ
dSj
dF 239

ðF 239 − F̄ 239Þ: ð8Þ

If no change in the spectrum shape is observed,
ð1=S̄jÞðdSj=dF 239Þ values in Fig. 4 should be identical
for all energy ranges. The best-fit ð1=S̄jÞðdSj=dF 239Þ value
for this scenario is −0.31% 0.03, with a χ2=NDF of
57.1=27. If a change in the spectrum shape is present,
each energy range may exhibit an independent
ð1=S̄jÞðdSj=dF 239Þ value. Best-fit ð1=S̄jÞðdSj=dF 239Þ val-
ues for this scenario, given in the subpanels in Fig. 4,
produce a χ2=NDF of 22.6=24. The Δχ2=NDF between the
best-fit alternative and null hypotheses is 34.5=3, corre-
sponding to the rejection of the hypothesis of no change in
the spectral shape at 5.1σ significance.
Measured changes in the IBD spectrum with F 239 were

also compared to that predicted by the Huber-Mueller
model. To allow a direct comparison to the measured IBD
spectrum per fission, antineutrino spectra predicted by the
Huber-Mueller model were processed with a detector
response matrix to obtain predicted spectra in terms of
IBD prompt energy E p [20]. This comparison is shown in
Fig. 5, where the best-fit slopes in IBD yield per fission
ð1=S̄jÞðdSj=dF 239Þ are plotted for six prompt energy
ranges for the data as well as for the Huber-Mueller model.
The trend of the measured spectral evolution described

by the best-fit ðdSj=dF 239Þ values is similar to that of the
Huber-Mueller model. This result generally demonstrates
the validity of recent theoretical studies describing antineu-
trino-based monitoring of reactor fissile content [29,30].

FIG. 4. Relative IBD yield per fission versus effective 239Pu
(lower axis) or 235U (upper axis) fission fraction for different
prompt energy E p ranges. The observed slopes ð1=SÞðdS=dF 239Þ
are listed in each panel.

FIG. 3. Combined measurement of 235U and 239Pu IBD yields
per fission σ235 and σ239. The red triangle indicates the best fit
σ235 and σ239, while green contours indicate two-dimensional 1σ,
2σ, and 3σ allowed regions. Contours utilize theoretically
predicted IBD yields for the subdominant isotopes 241Pu and
238U as indicated in the lower left panel. Predicted values and 1σ
allowed regions based on the Huber-Mueller model are also
shown in black. The top and side panels show one-dimensional
Δχ2 profiles for σ235 and σ239, respectively.
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New burn-up feature observed by Daya Bay 

reactor neutrino anomaly may be explained primarily by the incorrect 
prediction of 235U flux 
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two Daya Bay (four Ling Ao) cores. As ADs receive fluxes
from multiple cores with differing fuel compositions,
variations in the effective fission fractions at an AD are
smaller than variations in the fission fractions within a
single core. The relationships between F 239 and the
effective fission fractions of the other fissioning isotopes
for the same data set are shown in the bottom panel in
Fig. 1. The average effective fission fractions F̄ i for i ¼
ð235; 238; 239; 241Þ for the combined EH1 and EH2 ADs
were (0.571, 0.076, 0.299, 0.054).
Uncertainties in the input reactor data will result in

systematic uncertainties in the measured IBD yields and
in the reported F 239 values. The thermal power of each
reactor was determined through heat-balance calculations of
the reactor coolingwater to a precisionof 0.5%, uncorrelated
among cores [2]. Dominant uncertainties in this calculation
arise from limitations in the accuracy of water flow rate
measurements. Since these measurement techniques are
independent of the core composition, this uncertainty
was treated for a single core as fully correlated at all fission
fraction values. Fission fraction uncertainties of δfi=fi ¼
5% were determined by comparing measurements of iso-
topic content in spent nuclear fuel to values obtained by the
APOLLO2 reactor modeling code [2,22]. As these compar-
isons do not suggest systematic biases in the reported fission
fractions for specific burnup ranges, fission fraction uncer-
tainties were treated as fully correlated for all F 239.
The fuel evolution analysis is particularly sensitive

to detection systematics not fully correlated in time. The

stability of the ADs’ performance in time has been well
demonstrated [20,23]. Variations in the detector live time
due to periodic calibrations, maintenance, or data quality
were corrected for in the analysis with a negligible impact
on systematic uncertainties. Percent-level yearly time
variation in light collection in the ADs has been corrected
for in Daya Bay’s energy calibration. Residual time
variations in reconstructed energies of the order of 0.2%
had a negligible impact on the observed rate and spectrum
variations described below. Time-independent uncertainties
in the IBD detection efficiency were also included in the
analysis; AD-uncorrelated and AD-correlated efficiency
uncertainties are 0.13% and 1.9%, respectively [20].
To examine changes in the observed IBD yield and

spectrum with reactor fuel evolution, effective fission frac-
tions F 239were used to groupweekly IBD data sets into eight
bins of differing fuel composition, resulting in similar
statistics in each bin. For the F 239bins utilized in this analysis,
the effective fission fractions (F 235, F 238, F 239, F 241) vary
within envelopes of width (0.119, 0.001, 0.092, 0.025), as
illustrated in Fig. 1. Each bin’s IBD yield per fission, σf in
cm2=fission, was then calculated based on that bin’s IBD
detection rate [2]. Measured IBD yields [24], presented in
Fig. 2, show a clear downward trend with increasing F 239.
The data were then fit with a linear function describing

the IBD yield as a function of F 239, in terms of the average
239Pu fission fraction F̄ 239 given above:

σfðF 239Þ ¼ σ̄f þ
dσf
dF 239

ðF 239− F̄ 239Þ: ð4Þ

The fit parameters are the total F 239-averaged IBD yield σ̄f
and the change in yield per unit 239Pu fission fraction

FIG. 1. Top: Weekly effective 239Pu fission fractions F 239

[defined in Eq. (3)] for the EH1 and EH2 ADs based on input
reactor data. Bottom: Effective fission fractions for the primary
fission isotopes versus F 239. Each data point represents an
average over periods of similar F 239 from the top panel.

FIG. 2. IBD yield per fission, σf , versus effective 239Pu (lower
axis) or 235U (upper axis) fission fraction. Yield measurements
(black) are pictured with bars representing statistical errors, which
lead the uncertainty in the measured evolution, dσf=dF 239.
Constant yield (green line) and variable yield (red line) best fits
described in the text are also pictured, as well as predicted yields
from the Huber-Mueller model (blue line), scaled to account for the
difference in total yield σ̄f between the data and prediction.
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observed IBD yield for 235U was 7.8% smaller than the one expected 
by the Huber-Mueller model
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a large number of pseudo-experiments generated by fluc-
tuating the three-flavor simulation according to the covari-
ance matrix V and the uncertainties on the three-flavor
oscillation parameters [68].
The measured contour lies well within the 2σ sensitivity

band. Fitted values of θ34 are found to be small across
the parameter space, with the value at the best-fit point
θ34 ¼ 8.4 × 10−3, and they show little correlation with θ24.
For high Δm2

41 values, where sterile oscillations produce
normalization shifts at both the ND and FD, shape
uncertainties are nearly irrelevant. Therefore, the strength
of the limit in this region is driven by the constraint on the
total CC cross-section and unitarity constraints related to
the observed near-maximal value of sin2 θ23 [68]. At the
best-fit point sin2 2θ23 ¼ 0.920.
No evidence of mixing between active and sterile

neutrinos is observed, and a stringent limit on θ24 is set
for all values of Δm2

41 above 10
−2 eV2. The low sensitivity

in the region Δm2
41 < 10−2 eV2 arises from degeneracies

with the atmospheric mass splittingΔm2
31. The upper island

occurs at Δm2
41 ¼ 2Δm2

31, and the dip below occurs at
Δm2

41 ¼ Δm2
31. The MINOS/MINOS+ result is compared

to results from other experiments in Fig. 4, showing it to be
the leading limit over the majority of the range of Δm2

41. At
fixed values of Δm2

41, the data provide limits on the mixing
angles θ24 and θ34. At Δm2

41 ¼ 0.5 eV2, we find sin2θ24 <
½0.006ð90%C:L:Þ; 0.008ð95%C:L:Þ% and sin2θ34 <
½0.41 ð90%C:L:Þ; 0.49 ð95%C:L:Þ%.

The MiniBooNE result [12] observes a significant excess
in the νe and ν̄e appearance channels over a short baseline.
The allowed region for this result, interpreted in terms of
sterile-neutrino-driven oscillations, is presented in terms of
the effective mixing parameter sin2 2θμe, which can be
directly compared with the MINOS/MINOS+ limit through
a combination with reactor disappearance experiments [18].
Since sin2 2θμe¼ sin2 2θ14 sin2 θ24 in the 3 þ 1 model, it is
possible to make a direct comparison via the 90% C.L.
unitarity bound of sin2 2θ14 < 0.18[66]. MINOS/MINOS+
excludes the entire MiniBooNE 90% C.L. allowed region at
90% C.L. This implies a tension between the MiniBooNE
and MINOS/MINOS+ results.
In conclusion, the joint analysis of data from the MINOS

and MINOS+ experiments sets leading and stringent limits
on mixing with sterile neutrinos in the 3 þ 1 model for
values of Δm2

41 > 10−2 eV2 through the study of νμ
disappearance. The final year of MINOS+ data, corre-
sponding to 40% of the total MINOS+ exposure, combined
with ongoing analysis improvements, will increase the
sensitivity of future analyses even further.

This document was prepared by the MINOS/MINOS+
Collaboration using the resources of the Fermi National
Accelerator Laboratory (Fermilab), a U.S. Department of
Energy, Office of Science, HEP User Facility. Fermilab is
managed by Fermi Research Alliance, LLC (FRA), acting
under Contract No. DE-AC02-07CH11359. This work was
supported by the U.S. DOE; the United Kingdom STFC;
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a large number of pseudo-experiments generated by fluc-
tuating the three-flavor simulation according to the covari-
ance matrix V and the uncertainties on the three-flavor
oscillation parameters [68].
The measured contour lies well within the 2σ sensitivity

band. Fitted values of θ34 are found to be small across
the parameter space, with the value at the best-fit point
θ34 ¼ 8.4 × 10−3, and they show little correlation with θ24.
For high Δm2

41 values, where sterile oscillations produce
normalization shifts at both the ND and FD, shape
uncertainties are nearly irrelevant. Therefore, the strength
of the limit in this region is driven by the constraint on the
total CC cross-section and unitarity constraints related to
the observed near-maximal value of sin2 θ23 [68]. At the
best-fit point sin2 2θ23 ¼ 0.920.
No evidence of mixing between active and sterile

neutrinos is observed, and a stringent limit on θ24 is set
for all values of Δm2

41 above 10
−2 eV2. The low sensitivity

in the region Δm2
41 < 10−2 eV2 arises from degeneracies

with the atmospheric mass splittingΔm2
31. The upper island

occurs at Δm2
41 ¼ 2Δm2

31, and the dip below occurs at
Δm2

41 ¼ Δm2
31. The MINOS/MINOS+ result is compared

to results from other experiments in Fig. 4, showing it to be
the leading limit over the majority of the range of Δm2

41. At
fixed values of Δm2

41, the data provide limits on the mixing
angles θ24 and θ34. At Δm2

41 ¼ 0.5 eV2, we find sin2θ24 <
½0.006ð90%C:L:Þ; 0.008ð95%C:L:Þ% and sin2θ34 <
½0.41 ð90%C:L:Þ; 0.49 ð95%C:L:Þ%.

The MiniBooNE result [12] observes a significant excess
in the νe and ν̄e appearance channels over a short baseline.
The allowed region for this result, interpreted in terms of
sterile-neutrino-driven oscillations, is presented in terms of
the effective mixing parameter sin2 2θμe, which can be
directly compared with the MINOS/MINOS+ limit through
a combination with reactor disappearance experiments [18].
Since sin2 2θμe¼ sin2 2θ14 sin2 θ24 in the 3 þ 1 model, it is
possible to make a direct comparison via the 90% C.L.
unitarity bound of sin2 2θ14 < 0.18[66]. MINOS/MINOS+
excludes the entire MiniBooNE 90% C.L. allowed region at
90% C.L. This implies a tension between the MiniBooNE
and MINOS/MINOS+ results.
In conclusion, the joint analysis of data from the MINOS

and MINOS+ experiments sets leading and stringent limits
on mixing with sterile neutrinos in the 3 þ 1 model for
values of Δm2

41 > 10−2 eV2 through the study of νμ
disappearance. The final year of MINOS+ data, corre-
sponding to 40% of the total MINOS+ exposure, combined
with ongoing analysis improvements, will increase the
sensitivity of future analyses even further.

This document was prepared by the MINOS/MINOS+
Collaboration using the resources of the Fermi National
Accelerator Laboratory (Fermilab), a U.S. Department of
Energy, Office of Science, HEP User Facility. Fermilab is
managed by Fermi Research Alliance, LLC (FRA), acting
under Contract No. DE-AC02-07CH11359. This work was
supported by the U.S. DOE; the United Kingdom STFC;
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though the impact of matter is small for this analysis

provides strong constraints for                  disappearance channels
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in this paper and the energy and distance ranges they cover. Using Eq. 8, we can further
classify searches for sterile neutrinos into two broad categories: disappearance and appearance
searches.

Figure 3: Neutrino oscillation probability P (⌫↵ ! ⌫↵) for a simplified 2-flavor model with
one active (⌫µ-like) and one sterile neutrino mixing with a strength of sin

2
(2✓) = 0.1 at

�ms = 1 eV. At high energies / small distances no oscillatory behaviour occurs. At low
energies / large distances the assumed experimental resolution of �(L/E) = 30% averages
out the oscillation effect to a constant disappearance effect of P (⌫↵ ! ⌫↵) = 1 �

1

2
sin

2
(2✓).

For energies above E⌫ > 1TeV, matter effects become important (see Sec. 2.1.1), leading
to a strong enhancement of the disappearance for neutrinos crossing the earth. Lines and
shaded areas indicate the energy and distance ranges accessible to the various oscillation
experiments discussed in this paper: radioactive sources and reactor neutrinos (green, Sec. 4.1
and Sec. 4.2); accelerator neutrinos at Los Alamos (purple, Sec. 3.3.1); the Booster Neutrino
Beam (red, MiniBooNE (Sec. 3.3.2), the Short Baseline Neutrino program SBN (Sec. 4.4.1)),
and the NuMI beam (orange, Sec. 4.4.2) at Fermilab. The pink and blue shaded areas
indicate the sensitive regions to earth-crossing atmospheric neutrinos of Super-Kamiokande
and IceCube(DeepCore) (Chapter 4.3.)

2.1.1 Active-to-sterile neutrino disappearance

Active-to-sterile neutrino disappearance searches regard same-flavor oscillation channels ⌫e !

⌫e and ⌫µ ! ⌫µ. For these, the oscillation probabilities are driven by the mixing angles

sin
2
(2✓ee) = 4|Ue4|

2
⇣
1 � |Ue4|

2
⌘
= sin

2
(2✓14) (10)

8

  When (for which experiment) the matter can be important?  

survival probability computed in simple 2 flavor                model

strong effect is possible

Boser et al  arXiv: 1906.01739 [hep-ex]



A number of checks of the rateþ shape analysis result
were made (see [40]). The exclusion is found to be robust
under tightening or loosening of the nuisance parameter
priors by a factor of 2. Different strengths of the normali-
zation constraint were tested, and the result was found to
be relatively insensitive to values between 30% and 50%.
The pulls on each continuous nuisance parameter were
evaluated at all points in the LLH space and found to
behave as expected. The contour was redrawn for each
discrete nuisance variant and found to have good stability.
The Wilks confidence intervals [64] were validated using
Feldman-Cousins ensembles along the contour [39] and
found to be accurate frequentist confidence intervals.
An independent search was conducted using the 59-

string IceCube data [65,66], introduced previously, that
also found no evidence of sterile neutrinos. The IC59
analysis, described in detail in [17], used different treat-
ments for the systematic uncertainties and fitting methods
and employed independent Monte Carlo samples that were
compared to data using unique weighting methods. In
particular, the event selection used for this data set had
higher efficiency for low-energy neutrinos, using a thresh-
old at 320 GeV, extending the sensitivity of the analysis to
smaller Δm2. However, detailed a posteriori inspections
revealed that a background contamination from cosmic-
ray-induced muons, on the level of 0.3% of the full
sample, is largest in this region and could lead to an
artificially strong exclusion limit. Furthermore, the energy
reconstruction algorithm used in both analyses, which
measures the level of bremsstrahlung and other stochastic
light emission along the muon track, is vulnerable to subtle
detector modeling issues and suffers degraded energy
resolution in the low-energy region where most muons
are minimum-ionizing tracks and a large fraction either
starts or stops within the detector. It was therefore decided
to exclude these events to avoid biasing the resulting
exclusion regions. As a result of this a posteriori change,
the IC59 analysis retains a comparable range of sensitivity
in Δm2 but the reach in sin2 θ24 is strongly reduced (see
Fig. 4). However, we still present this result as it inde-
pendently confirms the result presented here.
Discussion and conclusion.—Resonant oscillations due

to matter effects produce distinctive signatures of sterile
neutrinos in the large set of high-energy atmospheric
neutrino data recorded by the IceCube neutrino observa-
tory. The IceCube collaboration has performed searches
for sterile neutrinos with Δm2 between 0.1 and 10 eV2. We
have assumed a minimal set of flavor mixing parameters in
which only θ24 is nonzero.
A nonzero value for θ34changes the shape of the MSW

resonance while increasing the total size of the disappear-
ance signal [25]. As discussed in [27], among the allowed
values of θ34 [8], the model with θ34¼ 0 presented
here leads to the most conservative exclusion in θ24. The
angle θ14 is tightly constrained by electron neutrino

disappearance measurements [12], and nonzero values of
θ14 within the allowed range do not strongly affect our
result.
Figure 5 shows the current IceCube results at 90% and

99% confidence levels, with predicted sensitivities, com-
pared with 90% confidence level exclusions from previous
disappearance searches [7–10]. Our exclusion contour is
essentially contained within the expected þ=-95% range
around the projected sensitivity derived from simulated
experiments, assuming a no-sterile-neutrino hypothesis.

FIG. 5. Results from the IceCube search. (Top) The 90%
(orange solid line) C.L. contour is shown with bands containing
68% (green) and 95% (yellow) of the 90% contours in simulated
pseudoexperiments, respectively. (Bottom) The 99% (red solid
line) C.L. contour is shown with bands containing 68% (green)
and 95% (yellow) of the 99% contours in simulated pseudoex-
periments, respectively. The contours and bands are overlaid
on 90% C.L. exclusions from previous experiments [7–10], and
the 99% C.L. allowed region from global fits to appearance
experiments including MiniBooNE and LSND, assuming
jUe4j2 ¼ 0.023 [12] and jUe4j2 ¼ 0.027[13], respectively.
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Figure 1. The dependence of the ν̄µ− survival probability on the neutrino energy for different
values of Uτ4. We take ∆m2

41 = 1 eV2 and sin2 2θ24 = 0.04. Top panel is for cos θz = −0.8 and
bottom panel is for cos θz = −1.

case of cos θz = −0.8 (mantle crossing trajectory, top panel) the resonance dip appears

at Eν ≈ 4TeV (for ∆m2
41 = 1 eV2) as a result of resonance enhancement of oscillations.

For Eν > 0.4TeV the dependence is well described by the single ∆m2 approximation.

Below Eν = 0.4TeV effect of oscillations driven by ∆m2
31 becomes important. It increases

with the decrease of energy as a result of interference of the ∆m2
31 and ∆m2

41 modes of

oscillations. The dashed line in figure 1 shows the standard 3ν− probability. Maximal

effect of sterile neutrinos is in the resonance. Notice that the line describing probability

in the presence of sterile neutrino for U2
τ4 = 0 touches the 3ν probability (the latter is the

upper bound for the probability with sterile neutrino). With the increase of U2
τ4 the sterile

neutrino effect decreases in the resonance dip. It increases in the tail above Eν ∼ 0.4TeV

(this can be seen from the analytical formulas obtained in section 2.2), and it decreases

again below Eν ∼ 0.4TeV — in the region were standard oscillations become important.

Also, with the increase of U2
τ4 the oscillatory curve shifts slightly to higher energies.
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reactor     disapperance experiment with L ≃ 24 m
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comparison with Sdyb, the fluctuation shown in the lowest
energy range is mainly due to the convolution of the
spectrum from the original one with large neutrino energy
bin sizes to one with finer prompt energy bin sizes for this
work. Other small fluctuations at several energies also seem
to have some small structures which are common for both

reference spectra but, regarding the uncertainties, are not so
significant.
The following systematic uncertainties are taken into

account. Errors in the reference antineutrino spectra are the
main contributors to the total uncertainties. The 0.5%
uncertainty in the reconstructed energy scale is another
large contributor to the total uncertainty. Other sources of
uncertainty, such as the inaccuracy of the effective baseline,
fuel-related uncertainties from burn-up and fission frac-
tions, spill-in from inactive volumes, events generated by
antineutrinos from neighbor reactors, and other detector-
related uncertainties have negligible effects on the spec-
tral shape.
Probing an oscillation in a spectrum measured with a

single detector at one fixed distance from the reactor core
depends on the accuracy and precision of the reference
spectrum. Among the available references, the flux calcu-
lation by Huber and Mueller provides tabulated uncertain-
ties with their correlations between the neutrino energy bins
and isotopes, and, even though their uncertainties are
underestimated [18], their spectral shapes (not their abso-
lute rates) are generally in good agreement with existing
experimental results except for the region of the 5 MeV
excess. A recent high-resolution ab initio calculation by
Dwyer and Langford [17] better describes the observed
5 MeV excess, but its large uncertainties and their corre-
lations, which are yet to be exactly quantified, make a
comparison with our data impractical. Experimentally, only
the Daya Bay unfolded spectrum [31] is based on a direct
measurement, and, therefore, the uncertainties in the anti-
neutrino spectrum are relatively small. The correlation of
uncertainties among the energy bins can be dealt with by
the provided covariance matrix.
In the present work, the measured prompt energy

spectrum is compared with Sdyb for testing the oscillation.
A χ2 is constructed with 61 data points in the 1–10 MeV
prompt energy spectrum and a covariance matrix Vij that
accounts for correlations between uncertainties:

χ2 ¼
XN

i¼1

XN

j¼1

!
Mi −

ton
toff

Bi − Ti

"
V−1
ij

×
!
Mj −

ton
toff

Bj − Tj

"
; ð3Þ

where M (B) is the number of measured IBD candidate
events accumulated during the reactor-on (-off) period, T
is the prediction from a reference spectrum that accounts
for oscillation parameters, and the subscripts i and j denote
the prompt energy bin. To construct Vij, the elements for
the errors in the reference antineutrino spectrum are
calculated from the matrix in Table 13 of Ref. [31], by
convolving them with the detector response shown in the
inset in Fig. 3(a). Then the other elements from statistical
and detector systematic uncertainties are added.
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FIG. 3. (a) The IBD prompt energy spectrum. The last bin is
integrated up to 10 MeV. The orange shaded histogram is the
background spectrum measured during the reactor-off period.
The detector 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 − ν
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 spectrum based on the
Daya Bay result with the 3ν 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 þ 1 ν hypothesis and
the corresponding oscillation parameters ðsin2 2θ14;Δm2

41Þ 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
uncertainties, corresponding to the square roots of diagonal
elements of the covariance matrices.
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The χ2 values are calculated on a fine grid in the sensitive
Δm2

41 range from 0.06 to 6 eV2. The χ2 value with the 3ν
hypothesis is χ23ν=NDF ¼ 64.0=61, where NDF denotes the
number of degrees of freedom. The minimum χ2 value with
the 3þ 1 ν hypothesis, χ24ν=NDF ¼ 57.5=59, is obtained at
ðsin2 2θ14;Δm2

41Þ ¼ ð0.05; 1.73 eV2Þ, and the second min-
imum at ð0.04; 1.30 eV2Þ has a similar χ2 value to the first
one. The values of the mass-squared differences of the two
minima are compatible with the latest global fit results
[22,34], though the mixing angle parameters, sin2 2θ14, are
smaller than those global best fit values. The p value
corresponding to the χ2 difference between the 3ν hypoth-
esis and the best fit for the 3þ 1 ν hypothesis,
Δχ2 ¼ χ23ν − χ24ν ¼ 6.5, is estimated to be 22% using a
large number of Monte Carlo data sets with statistical and
systematic fluctuations [35]. As a result, no apparent
parameter set of ðsin2 2θ14;Δm2

41Þ that has significant favor
for the 3þ 1 ν hypothesis is found.
The limit on the sin2 2θ14 value for each Δm2

41 is found
using a raster scan [36]. For a Δm2

41 value, a probability
density function fðsin2 2θ14Þ is constructed from the Δχ2
distribution in the sin2 2θ14 range from 0 to 1, where Δχ2 is
the difference between a χ2 value at a sin2 2θ14 point and
the minimum χ2 value at the corresponding Δm2

41. The
upper limit (ul) at confidence level (C.L.) of 1 − α is found
with the condition of

Z
1

ul
fðsin2 2θÞdðsin2 2θÞ ¼ α: ð4Þ

The resulting exclusion limits at 90% C.L. are shown in
Fig. 4, superimposed with the 90% C.L. exclusion curves
of the Bugey-3 [10] and the Daya Bay [37] limits and with
the allowed region by the RAA fit from Fig. 8 in Ref. [12].
The mixing angle parameter sin2 2θ14 is excluded for the
region significantly less than 0.1 for the 0.2 eV2 < Δm2

41 <
2.3 eV2 range. Our limits are compatible with the Bugey-3
result at the 0.2 eV2 < Δm2

41 < 4 eV2 range, since the
baselines of the two experiments are similar. The Bugey-3
and the Daya Bay are more sensitive than the NEOS at
lower Δm2

41 because of their spans of longer baselines. At
above 4 eV2, our sensitivity drops as a natural consequence
of the shape-only analysis, while the Bugey-3 and the Daya
Bay limits converge to constant sin2 2θ14 values, since the
absolute rates are taken into account based on the ILL-
Vogel [38,39] and Huber-Mueller flux models in their
analyses, respectively. Our limit curve shows a more ragged
shape than that of Bugey-3, because the differences
between the data and the model spectrum are more
significant by higher statistics and by use of the Daya
Bay model spectrum which has smaller errors around the
spectral peak range. For a more practical comparison and/or
combined analysis of this work with the Bugey-3 data, it
would be necessary to revise the Bugey-3 data with the

Daya Bay absolute spectrum, which should be more
realistic for measurements using similar types of commer-
cial reactors.
In conclusion, no strong evidence for 3þ 1 neutrino

oscillations is observed in this study. We could set up new
stringent upper limits on the θ14 mixing angle for the
Δm2

41 ∼ 1 eV2 region, thanks to the high signal to back-
ground ratio, good energy resolution, and using the most
realistic reference antineutrino spectrum. The results are
currently limited by uncertainties in the reference spectrum
of the Daya Bay and systematics of the NEOS data. The
systematic uncertainties in the antineutrino spectrum will
be reduced if the reference spectrum from the RENO
experiment is available, since it uses the same reactor
complex. Other ongoing or scheduled experiments [40–43]
with even shorter baselines and/or better L=E resolution are
expected to improve the sensitivities. It should be remarked
that, in addition to these short-baseline sterile neutrino
searches, future long-baseline reactor antineutrino experi-
ments [44,45] aimed at the determination of the neutrino
mass hierarchy would require more accurate reference IBD
spectra. Recently, the IceCube and MINOS experiments
constrained the θ24 mixing angle for the 3þ 1 ν model and
rejected the LSND anomaly parameter space for Δm2

41 <
3 eV2 [46,47], for which the former assumed θ14 values
from the global fits [34,48] and the latter combined θ14
constraints from the Daya Bay and the Bugey-3 results
[37]. Our new limit will further improve the constraints to
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FIG. 4. Exclusion curves for 3þ 1 neutrino oscillations in the
sin2 2θ14 − Δm2

41 parameter space. The solid blue curve is
90% C.L. exclusion contours based on the comparison with
the Daya Bay spectrum, and the dashed gray curve is the Bugey-3
90% C.L. result [10]. The dotted curve shows the Daya Bay
90% C.L. s result [37]. The shaded area is the allowed region from
the reactor antineutrino anomaly fit, and the star is its optimum
point [12].
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Fig. 12. Ratio of positron energy spectra measured at the middle and top detector 
positions (statistical errors only). The dashed curve is the prediction for 3ν case 
(χ2 = 21.6, 24 degrees of freedom). The solid curve corresponds to the best fit 
in the 4ν mixing scenario for the bottom/top ratio (χ2 = 17.4, sin2 2θ14 = 0.05, 
$m2

14 = 1.4 eV2). The dotted curve is the expectation for the optimum point from 
the RAA and GA fit [6] (χ2 = 42.7, sin2 2θ14 = 0.14, $m2

14 = 2.3 eV2).

Fig. 13. 90% (cyan) and 95% (dark cyan) CL exclusion area in $m2
14, sin2 2θ14

parameter space. The shaded area represents our analysis. Curves show allowed re-
gions from neutrino disappearance experiments [6,21], and the star is the best point 
from the RAA and GA fit [6].

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

• A background with the energy distribution identical to the dis-
tribution 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 corre-
sponded to ± 15% variation of this background;

• The energy scale changed by ± 2%;
• All possible combinations of changes listed above;
• The reduced range of the energies used in the fit to

(1.5–6) MeV.

Fig. 13 shows the obtained 90% and 95% CL excluded area in the 
$m2

14, sin2 2θ14 plane. For some values of $m2
14 the obtained lim-

its are more stringent than previous results [18 –20]. It is important 
to stress that our results are based only on the comparison of the 
shapes of the positron energy distributions at the two distances 
from the reactor core measured with the same detector. Therefore 
the results do not depend on the ν̃e spectrum shape and normal-
ization as well as on the detector efficiency. The excluded area cov-
ers a large fraction of regions indicated by the GA and RAA. In our 
analysis the point $m2

14 = 1.4 eV2, sin2 2θ14 = 0.05 has the small-

est χ2 = 21.9. The difference in χ2 with the 3ν case is 13.1. The 
significance of this difference will be studied taking into account 
systematic uncertainties after collection of more data this year.
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Appendix

The Gaussian CLs method [16] is a two-hypothesis test that 
compares in our case the three-neutrino (null) hypothesis (labeled 
3ν) to an alternate four-neutrino hypothesis (labeled 4ν). For each 
point in the $m2

14, sin2 2θ14 plane we calculate the predictions 
for the positron spectra at the two positions in case of the 3ν and 
4ν neutrino hypotheses. The calculations include the MC integra-
tion over the antineutrino production point in the reactor core and 
the positron position in the detector. The distribution of the an-
tineutrino production points in the reactor core was provided by 
the KNPP. We used the distribution averaged over the campaign. 
It was checked that this approximation practically does not influ-
ence the final results. Then we convolve the resulting predictions 
with the detector resolution obtained by the MC for each energy 
point. The large size of the reactor core and modest energy reso-
lution lead to a substantial smearing of the oscillation pattern. The 
theoretical predictions for 4ν and 3ν hypotheses for the ratio of 
the positron spectra at the two distances at a given point in the 
$m2

14, sin2 2θ14 plane were compared using the difference in χ2

for the two hypotheses $χ2
exp = χ2

4ν − χ2
3ν (see Eqn. (3)). The dif-

ference in this χ2 has a Gaussian distribution with the mean value 
µ and the standard deviation σ calculated using Asimov data set, 
a data sample with values following exactly theoretical curve for 
the corresponding 4ν or 3ν hypotheses and error bars taken from 
the real experiment [16]. We calculate the corresponding $χ2

Asimov
by putting the experimental points with their statistical errors on 
the predicted curves for the 4ν or 3ν hypotheses respectively. 
The obtained $χ2

Asimov determines the standard deviation of the 

$χ2
exp: σ =

!
|$χ2

Asimov|. It is the same for the two Asimov data 
sets while the mean values $χ2

Asimov(4ν) and $χ2
Asimov(3ν) dif-

fer by the sign. Then we calculate the confidence levels for the 
4ν and 3ν hypotheses by integration of the two Gaussian distribu-
tions with the obtained mean values ± µ and the same standard 
deviation σ from $χ2

exp to infinity. The CL4ν and CL3ν quantify 
the consistency of the data with the corresponding hypothesis and 
the CLs = CL4ν/CL3ν . The point in the $m2

14, sin2 2θ14 plane is ex-
cluded at the 1-α confidence level if CLs < α. Therefore the point 
is excluded only if the 3ν hypothesis fits the data much better 
than the 4ν hypothesis. Hence only points for which the exper-
iment has a sensitivity to distinguish the 4ν and 3ν hypotheses 
can be excluded. The systematic uncertainties are treated as the 
nuisance parameters in [16]. The corresponding parameters with 
their errors are included into the minimization of the χ2 (see 
for example Eqn. 5 [16]). We treat the systematic uncertainties 
differently. We repeat the CLs analysis without the nuisance pa-
rameters for all combinations of the systematic uncertainties taken 
at their maximal deviations from the nominal values. The system-
atic uncertainties in the energy resolution, energy scale, and the 
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• A flat background which gives ± 0.1% events at the top posi-
tion of the detector which corresponds to 100% variation of 
this background;

• A background with the energy distribution identical to the dis-
tribution 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 corre-
sponded to ± 15% variation of this background;

• The energy scale changed by ± 2%;
• All possible combinations of changes listed above;
• The reduced range of the energies used in the fit to

(1.5–6) MeV.

Fig. 13 shows the obtained 90% and 95% CL excluded area in the 
$m2

14, sin2 2θ14 plane. For some values of $m2
14 the obtained lim-

its are more stringent than previous results [18 –20]. It is important 
to stress that our results are based only on the comparison of the 
shapes of the positron energy distributions at the two distances 
from the reactor core measured with the same detector. Therefore 
the results do not depend on the ν̃e spectrum shape and normal-
ization as well as on the detector efficiency. The excluded area cov-
ers a large fraction of regions indicated by the GA and RAA. In our 
analysis the point $m2

14 = 1.4 eV2, sin2 2θ14 = 0.05 has the small-

est χ2 = 21.9. The difference in χ2 with the 3ν case is 13.1. The 
significance of this difference will be studied taking into account 
systematic uncertainties after collection of more data this year.
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Appendix

The Gaussian CLs method [16] is a two-hypothesis test that 
compares in our case the three-neutrino (null) hypothesis (labeled 
3ν) to an alternate four-neutrino hypothesis (labeled 4ν). For each 
point in the $m2

14, sin2 2θ14 plane we calculate the predictions 
for the positron spectra at the two positions in case of the 3ν and 
4ν neutrino hypotheses. The calculations include the MC integra-
tion over the antineutrino production point in the reactor core and 
the positron position in the detector. The distribution of the an-
tineutrino production points in the reactor core was provided by 
the KNPP. We used the distribution averaged over the campaign. 
It was checked that this approximation practically does not influ-
ence the final results. Then we convolve the resulting predictions 
with the detector resolution obtained by the MC for each energy 
point. The large size of the reactor core and modest energy reso-
lution lead to a substantial smearing of the oscillation pattern. The 
theoretical predictions for 4ν and 3ν hypotheses for the ratio of 
the positron spectra at the two distances at a given point in the 
$m2

14, sin2 2θ14 plane were compared using the difference in χ2

for the two hypotheses $χ2
exp = χ2

4ν − χ2
3ν (see Eqn. (3)). The dif-

ference in this χ2 has a Gaussian distribution with the mean value 
µ and the standard deviation σ calculated using Asimov data set, 
a data sample with values following exactly theoretical curve for 
the corresponding 4ν or 3ν hypotheses and error bars taken from 
the real experiment [16]. We calculate the corresponding $χ2

Asimov
by putting the experimental points with their statistical errors on 
the predicted curves for the 4ν or 3ν hypotheses respectively. 
The obtained $χ2

Asimov determines the standard deviation of the 

$χ2
exp: σ =

!
|$χ2

Asimov|. It is the same for the two Asimov data 
sets while the mean values $χ2

Asimov(4ν) and $χ2
Asimov(3ν) dif-

fer by the sign. Then we calculate the confidence levels for the 
4ν and 3ν hypotheses by integration of the two Gaussian distribu-
tions with the obtained mean values ± µ and the same standard 
deviation σ from $χ2

exp to infinity. The CL4ν and CL3ν quantify 
the consistency of the data with the corresponding hypothesis and 
the CLs = CL4ν/CL3ν . The point in the $m2

14, sin2 2θ14 plane is ex-
cluded at the 1-α confidence level if CLs < α. Therefore the point 
is excluded only if the 3ν hypothesis fits the data much better 
than the 4ν hypothesis. Hence only points for which the exper-
iment has a sensitivity to distinguish the 4ν and 3ν hypotheses 
can be excluded. The systematic uncertainties are treated as the 
nuisance parameters in [16]. The corresponding parameters with 
their errors are included into the minimization of the χ2 (see 
for example Eqn. 5 [16]). We treat the systematic uncertainties 
differently. We repeat the CLs analysis without the nuisance pa-
rameters for all combinations of the systematic uncertainties taken 
at their maximal deviations from the nominal values. The system-
atic uncertainties in the energy resolution, energy scale, and the 
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reactor     disapperance experiment with L  = 9.4-11.1 m

Results The test of the non-oscillation hypothesis gives a p-value of 0.4. It is therefore not
rejected. The pull terms show no tension beyond the estimated uncertainties and the measured
spectra, displayed in the Figure 7, reveal a very good agreement with the non-oscillated models.
To produce the exclusion contour (cf. Figure 8), a raster-scan method is employed and the
minimization of each hypothesis is carried out in a fixed �m2

41
slice. The statistical fluctuations

are well distributed around the expected sensitivity contour. The RAA best-fit value is excluded
at ⇠99% C.L.

Figure 7 – Comparison of the measured neutrino spectra with the

non-oscillated model multiplied by the �i parameters.
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ity (blue) is superimposed.

7 Conclusion

More than 65500 neutrinos have been detected within 119 days of reactor-on using a PSD-based
extraction method. Extensive measurements during the reactor-o↵ periods show a high stability
of the cosmogenic dominated background. A major fraction of the initial RAA contour is now
rejected with no significant cell-to-cell systematics beyond the current statistical fluctuations.
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Figure 1 – ILL reactor hall. The two neighboring experi-

ments (D19 and IN20) are very close and provide a high

rate of background (� and n). Stereo takes advantage of

the 15 m.w.e overburden provided by the water channel

and the reactor concrete.
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Figure 2 – Stereo setup. 1-6(Green): Target cells (base-

lines from core: 9.4-11.1 m); (Red): two of the four

gamma catcher cells surrounding the Target. The detec-

tor is enclosed in several layers of heavy shielding.

Simulation A Geant4 (version 10.2) Monte Carlo model (MC) based on DCGLG4sim describes
the detector geometry, the shielding, and the position to the reactor core. It also includes particle
interactions including neutron moderation and capture; light production, transport taking into
account cross talks between cells, detection, and signal conversion in the electronics. The MC
simulation is implemented in such a way that the output is given in the same format as the real
data.

Detector Response An automatic and daily monitoring of the electronic and liquid stability
is done using light pulses from LED. A set of � and neutron sources are regularly placed inside,
below and around the detector to ensure the monitoring of the energy response. A dedicated
algorithm to reconstruct the deposited energy from the collected light has been developed, taking
into account the evolution of the light cross-talks and the light collection in each cell along time
8. To evaluate the systematics associated to this method, we use the cosmic induced n-H peak
since its quasi-uniform distribution is similar to the one of the neutrinos. Figure 3 shows the fit of
the n-H peak of cell 2 and its time stability for the 6 cells. The comparison of the reconstructed
energy of di↵erent sources, as well as the n-H peak, with the simulation is then used to rescale
the Monte-Carlo simulation from a 1.5% residual discrepancy. This di↵erence � originating from
the removal of very low PMT charges � is however understood and will be corrected in the next
analyses of Stereo. The systematic uncertainties are derived from the studies of the n-H peak.
Their value are given in the oscillation analysis (cf. Section 6).

Figure 3 – Evaluation of the systematic uncertainties associated to the reconstruction of the energy method. The

peak from the capture of neutrons on hydrogen is fitted for each cell and each energy bin. Its time stability is

monitored. We find that a 1.5% residual discrepancy is present between data and MC, but well described by the use

of several calibration sources. We have used a rescaling for the present analysis but the origin of this discrepency

has been understood and there will be no need for rescaling in future results.

IBD yields are normalised to that 
for the 1st cell

Insensitive to spectra 
shape/normalization unc.
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First Results based on 33 live days

Δl;e ¼ Ml;e −Me
Pl;e

Pe
: ð3Þ

In this expression, Ml;e and Pl;e are the measured and
predicted content of the lth position bin and eth E rec;p bin,
respectively, while Me and Pe are the detector-wide
measured and predicted content of bin e, respectively,

Me ¼
X6

l¼1

Ml;e and Pe ¼
X6

l¼1

Pl;e: ð4Þ

This form for Δl;e is chosen to minimize the dependence of
the fitted oscillation parameters on the choice of the input
reactor ν̄e model. Pe was formed by applying the best-fit
PG4-generated detector response model to IBD interactions
following the 235U ν̄e energy spectrum of Ref. [6] and the
cross section of Ref. [45]. Pl;e was then determined using
these inputs, a baseline generator taking into account the
finite detector and core sizes, and sterile neutrino oscil-
lation parameters (Δm2

41, sin
22θ14) as defined in Eq. (1).

Statistical and systematic uncertainties and their corre-
lation between energy bins are taken into account through
the covariance matrix V tot. For each systematic uncertainty
described in the previous sections, a covariance matrix Vx
is produced via generation of toy MC data sets including 1σ
variation of the parameter in question unless otherwise
previously specified. For signal and background statistical
uncertainties, Vx are calculated directly. All Vx are then
summed to form V tot.

Figure 4 shows ratios of the measured IBD E rec;p spectra
at differing baselines (Ml;e) to the baseline-integrated
measured spectrum (MeðPl;e=PeÞ). Also shown are the
no-oscillation case (flat line) and the expected behavior
due to oscillations matching the best-fit parameters of the
reactor antineutrino anomaly (dashed line) [13]. No sig-
nificant deviations from unity are observed at specific
baseline or energy ranges.
This level of agreement is quantified using the χ2 of

Eq. (2). At θ14 ¼ 0, the χ2=NDF is 61.9=80, indicating
good agreement between the data and the no-oscillation
hypothesis. If oscillations are allowed, a global minimum
is found at Δm2

41 ¼ 0.5 eV2 and sin22θ14 ¼ 0.35, with
χ2=NDF ¼ 57.9=78. Using a frequentist approach [46],
this Δχ2 is found to have an associated p value of 0.58,
indicating little incompatibility with the no-oscillation
hypothesis. An exclusion contour, shown in Fig. 5, is
generated to identify all grid points whose Δχ2 with respect
to the best fit in data exceeds that of 95% (2σ) of oscillated
toy data sets generated at that grid point [47]. The present
data set excludes significant portions of the reactor anti-
neutrino anomaly allowed region [13], and disfavors its
best-fit point at 2.2σ confidence level (p value 0.013). The
present sensitivity is limited by statistics. Shown along with
the data exclusion contour is the expected PROSPECT
95% confidence level sensitivity curve for this data set.
This result was further cross checked with an independent
oscillation analysis using the Gaussian CLs method [48].
In summary, the PROSPECT experiment has observed

interactions of 25 461 reactor ν̄e produced by 235U fission in
33 live days of reactor-on running. The current signal
selection provides a ratio of 1.32 ν̄e detections to cosmo-
genic backgrounds, as well as the capability to identify
reactor-on or -off state transitions to 5σ statistical
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FIG. 5. Sensitivity and 95% confidence level sterile neutrino
oscillation exclusion contour from the 33 live day PROSPECT
reactor-on data set. The best fit of the reactor antineutrino
anomaly [13] is disfavored at 2.2σ confidence level.
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FIG. 4. Ratio of measured IBD prompt E rec;p spectra in six
baseline bins from 6.7 to 9.2 m to the baseline-integrated
spectrum. In addition to the no-oscillation (flat) expectation,
the RAA best-fit oscillated prediction [13] is also shown as a
reference to illustrate the characteristics of an oscillation sig-
nature. Error bars indicate statistical and systematic uncertainties,
with statistical correlations between numerator and denominator
properly taken into account.
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Δl;e ¼ Ml;e −Me
Pl;e

Pe
: ð3Þ

In this expression, Ml;e and Pl;e are the measured and
predicted content of the lth position bin and eth E rec;p bin,
respectively, while Me and Pe are the detector-wide
measured and predicted content of bin e, respectively,

Me ¼
X6

l¼1

Ml;e and Pe ¼
X6

l¼1

Pl;e: ð4Þ

This form for Δl;e is chosen to minimize the dependence of
the fitted oscillation parameters on the choice of the input
reactor ν̄e model. Pe was formed by applying the best-fit
PG4-generated detector response model to IBD interactions
following the 235U ν̄e energy spectrum of Ref. [6] and the
cross section of Ref. [45]. Pl;e was then determined using
these inputs, a baseline generator taking into account the
finite detector and core sizes, and sterile neutrino oscil-
lation parameters (Δm2

41, sin
22θ14) as defined in Eq. (1).

Statistical and systematic uncertainties and their corre-
lation between energy bins are taken into account through
the covariance matrix V tot. For each systematic uncertainty
described in the previous sections, a covariance matrix Vx
is produced via generation of toy MC data sets including 1σ
variation of the parameter in question unless otherwise
previously specified. For signal and background statistical
uncertainties, Vx are calculated directly. All Vx are then
summed to form V tot.

Figure 4 shows ratios of the measured IBD E rec;p spectra
at differing baselines (Ml;e) to the baseline-integrated
measured spectrum (MeðPl;e=PeÞ). Also shown are the
no-oscillation case (flat line) and the expected behavior
due to oscillations matching the best-fit parameters of the
reactor antineutrino anomaly (dashed line) [13]. No sig-
nificant deviations from unity are observed at specific
baseline or energy ranges.
This level of agreement is quantified using the χ2 of

Eq. (2). At θ14 ¼ 0, the χ2=NDF is 61.9=80, indicating
good agreement between the data and the no-oscillation
hypothesis. If oscillations are allowed, a global minimum
is found at Δm2

41 ¼ 0.5 eV2 and sin22θ14 ¼ 0.35, with
χ2=NDF ¼ 57.9=78. Using a frequentist approach [46],
this Δχ2 is found to have an associated p value of 0.58,
indicating little incompatibility with the no-oscillation
hypothesis. An exclusion contour, shown in Fig. 5, is
generated to identify all grid points whose Δχ2 with respect
to the best fit in data exceeds that of 95% (2σ) of oscillated
toy data sets generated at that grid point [47]. The present
data set excludes significant portions of the reactor anti-
neutrino anomaly allowed region [13], and disfavors its
best-fit point at 2.2σ confidence level (p value 0.013). The
present sensitivity is limited by statistics. Shown along with
the data exclusion contour is the expected PROSPECT
95% confidence level sensitivity curve for this data set.
This result was further cross checked with an independent
oscillation analysis using the Gaussian CLs method [48].
In summary, the PROSPECT experiment has observed

interactions of 25 461 reactor ν̄e produced by 235U fission in
33 live days of reactor-on running. The current signal
selection provides a ratio of 1.32 ν̄e detections to cosmo-
genic backgrounds, as well as the capability to identify
reactor-on or -off state transitions to 5σ statistical
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FIG. 5. Sensitivity and 95% confidence level sterile neutrino
oscillation exclusion contour from the 33 live day PROSPECT
reactor-on data set. The best fit of the reactor antineutrino
anomaly [13] is disfavored at 2.2σ confidence level.
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the RAA best-fit oscillated prediction [13] is also shown as a
reference to illustrate the characteristics of an oscillation sig-
nature. Error bars indicate statistical and systematic uncertainties,
with statistical correlations between numerator and denominator
properly taken into account.
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Figure 1

Schematic illustration of the 2+2, 3+1, and 1+3 neutrino mixing schemes.

e↵ects on the oscillations of solar, atmospheric and long-baseline neutrinos, such that

they are compatible with the existing data. This is achieved with

|U↵4|2 ⌧ 1 (↵ = e, µ, ⌧), (11)

that means that the non-standard massive neutrinos ⌫4 must be mostly sterile. In

the following discussion we always assume this constraint.

1+3 In these schemes there is a new non-standard massive neutrinos ⌫4 that is lighter

than the three standard massive neutrinos. The vacuum oscillations of neutrinos in

the 1+3 schemes are the same as those in the 3+1 scheme. However, since the mass

gap between ⌫4 and {⌫1, ⌫2, ⌫3} corresponds to �m2

SBL, in these schemes the three

standard massive neutrinos are at the eV scale. Since the flavor neutrinos {⌫e, ⌫µ, ⌫⌧}
are mainly mixed with {⌫1, ⌫2, ⌫3}, the 1+3 schemes are disfavored by the cosmological

upper bound on the neutrino masses, that is smaller than 1 eV, and by the upper

bound on the e↵ective neutrino mass in neutrinoless double-� decay if neutrinos are

Majorana particles (see the reviews in Refs. (24,25)). Hence, in the following we will

not consider the 1+3 schemes. However, one can keep in mind that all the results

obtained from experiments with neutrino oscillations in vacuum in the 3+1 schemes

apply also to the 1+3 schemes.

In the remainder of this review, we consider only the 3+1 schemes. For the analysis

of the short-baseline anomalies it is needed to know the corresponding e↵ective oscillation

probabilities. Of course, the exact oscillation probabilities are given by Eq. (7), but this

expression is very complicated because it takes into account the e↵ects of all the �m2’s.

In short-baseline experiments the e↵ects of the small �m2

SOL and �m2

ATM are negligible,

because they generate oscillations at larger distances. Therefore, it is possible to neglect

their e↵ects and obtain the e↵ective short-baseline oscillation probabilities (26)

P SBL

(�)
⌫↵!

(�)
⌫�

=

�����↵� � sin2 2#↵� sin2

✓
�m2

41L
4E

◆���� , (12)

where �m2

41 = �m2

SBL, and

sin2 2#↵� = 4|U↵4|2
���↵� � |U�4|2

�� . (13)

These oscillation probabilities have the same form as the oscillation probabilities in the

case of two-neutrino mixing (see Ref. (14)) and their amplitudes have been written in
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e↵ects on the oscillations of solar, atmospheric and long-baseline neutrinos, such that

they are compatible with the existing data. This is achieved with

|U↵4|2 ⌧ 1 (↵ = e, µ, ⌧), (11)

that means that the non-standard massive neutrinos ⌫4 must be mostly sterile. In

the following discussion we always assume this constraint.

1+3 In these schemes there is a new non-standard massive neutrinos ⌫4 that is lighter

than the three standard massive neutrinos. The vacuum oscillations of neutrinos in

the 1+3 schemes are the same as those in the 3+1 scheme. However, since the mass

gap between ⌫4 and {⌫1, ⌫2, ⌫3} corresponds to �m2

SBL, in these schemes the three

standard massive neutrinos are at the eV scale. Since the flavor neutrinos {⌫e, ⌫µ, ⌫⌧}
are mainly mixed with {⌫1, ⌫2, ⌫3}, the 1+3 schemes are disfavored by the cosmological

upper bound on the neutrino masses, that is smaller than 1 eV, and by the upper

bound on the e↵ective neutrino mass in neutrinoless double-� decay if neutrinos are

Majorana particles (see the reviews in Refs. (24,25)). Hence, in the following we will

not consider the 1+3 schemes. However, one can keep in mind that all the results

obtained from experiments with neutrino oscillations in vacuum in the 3+1 schemes

apply also to the 1+3 schemes.

In the remainder of this review, we consider only the 3+1 schemes. For the analysis

of the short-baseline anomalies it is needed to know the corresponding e↵ective oscillation

probabilities. Of course, the exact oscillation probabilities are given by Eq. (7), but this

expression is very complicated because it takes into account the e↵ects of all the �m2’s.

In short-baseline experiments the e↵ects of the small �m2

SOL and �m2

ATM are negligible,

because they generate oscillations at larger distances. Therefore, it is possible to neglect

their e↵ects and obtain the e↵ective short-baseline oscillation probabilities (26)

P SBL

(�)
⌫↵!

(�)
⌫�

=

�����↵� � sin2 2#↵� sin2

✓
�m2

41L
4E

◆���� , (12)

where �m2

41 = �m2

SBL, and

sin2 2#↵� = 4|U↵4|2
���↵� � |U�4|2

�� . (13)

These oscillation probabilities have the same form as the oscillation probabilities in the

case of two-neutrino mixing (see Ref. (14)) and their amplitudes have been written in
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not favoured by cosmology
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3+1 Model
3 active (standard) neutrinos + 1 sterile

an example of parametrization of U

: rotation matrix of angle    in the i-j plane

: rotation-like matrix of angle    in the i-j plane with

Dentler et al, JHEP1808 (2018) 010 (arXiv:1803.10661 [hep-ph])
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3+1 Model
Effective oscillation probabilities for a short distance

For disappearance modes

For appearance modes

we can neglect oscillations driven by solar and atmospheric 
mass squared differences because 
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3+1 Model
In particular, 

For small and
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for

origin of the strong tension between appearance and disaperarnce data

Okada & Yasuda Int. J. Mod. Phys. A12(1997)3669 (hep-ph/9606411)

Bilenky, Giunti & Grimus Eur. Phys. J. C1(1998)247 (hep-ph/9607372)
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Figure 3. Constraints on νe/ν̄e disappearance in the 3 + 1 scenario. We show the preferred
parameter regions at 95% and 99% CL, projected onto the plane spanned by the mixing matrix
element |Ue4|2 and the mass squared difference ∆m2

41. The parameter space inside the shaded areas
and to the left of the exclusion curves is allowed. For the reactor analysis we adopt the conservative
assumption of free flux normalizations. The red region includes all data listed in table 1. The green
curves show the limit on |Ue4|2 obtained from atmospheric neutrino data from SuperK, IceCube
and DeepCore, discussed in section 5.

our mixing matrix convention):

∆m2
31, ∆m2

41, θ12, θ14, θ24, θ34. (3.2)

We fix θ13 here since it is determined very accurately, and we have checked that its best fit

value does not depend on the possible existence of sterile neutrinos [14]. The dependence

on θ24 and θ34 appears due to solar neutrino data, which in addition to the νe survival

probability includes also NC data sensitive to νe → νs transitions.2 The results are shown

in the last two rows of table 2 and in figure 3. We observe that the best fit point remains

stable at ∆m2
41 ≈ 1.3 eV2, in agreement with the reactor-only analysis.

From figure 3 we observe a slight tension between the global best fit point and the

region favoured by the gallium anomaly. We have used the parameter goodness-of-fit (PG)

test [92] to quantify the compatibility of the gallium anomaly with reactor data. We obtain

for the PG test-statistic (see appendix A for a review) χ2
PG = 4.7, irrespective of whether

reactor fluxes are fixed or free. For 2 dof, this translates into a p-value of about 9% for the

compatibility of reactors and gallium. From figure 3 we see, however, that the combined

best fit point of reactor and gallium data lies in the island around ∆m2
41 ≈ 4.5 eV2, which

is disfavoured by solar neutrinos as well as neutrino scattering on 12C. For the global best

2Formally solar neutrino data depend also on complex phases [14]. In our numerical scan we do take

this effect into account. However, we have checked that the dependence is marginal and therefore we do

not include phases in the counting of full degrees of freedom.

– 9 –

right: Dentler et al JHEP1808 (2018) 010 (arXiv:1803.10661 [hep-ph])

allowed region from       disappearance data

S. Gariazzo et al. / Physics Letters B 782 (2018) 13–21 15

Fig. 2. Allowed regions in the sin2 2ϑee – "m2
41 plane obtained from the fits of (a) DANSS [36] and (b) NEOS [23] data. The best-fit points corresponding to the χ2

min in Table 1
are indicated by crosses.

Fig. 3. Allowed regions in the sin2 2ϑee – "m2
41 plane obtained from the combined fit of the data of the DANSS [36] and NEOS [23] experiments (shaded regions). (a) Compar-

ison of the allowed regions with the 2σ allowed regions of DANSS and NEOS. (b) Comparison of the allowed regions with the regions allowed at 2 and 3σ by the reactor 
anomaly and by the Gallium anomaly.

Let us emphasize that these indications in favor of short-
baseline neutrino oscillations are model-independent, because they 
depend only on measured spectral ratios: the Down/Up spectral 
ratio for DANSS [36] and the NEOS/Daya Bay spectral ratio for 
NEOS [23] (the NEOS spectrum measured at a distance of 24 m 
was normalized to the Daya Bay spectrum [22] measured at the 
large distance of about 550 m, where short-baseline oscillations 
are averaged out). In particular, these indications do not depend 
on the calculation of the reactor ν̄e fluxes on which the reactor 
antineutrino anomaly is based [1].

The statistical significance of the NEOS+DANSS indication in fa-
vor of short-baseline ν̄e oscillations is of 3.7σ . This value is similar 

to the statistical significance of the reactor and Gallium anomalies 
that we found in Ref. [9]. However, it is much more reliable, be-
cause it is model-independent.

Fig. 3(a) shows the results of the combined fit of the DANSS and 
NEOS data, together with the 2σ allowed regions of DANSS 
and NEOS. One can see that there is a good overlap of the DANSS 
and NEOS allowed regions at "m2

41 ≃ 1.3 eV2, which determines 
the region preferred by the combined fit, with the best-fit os-
cillation parameters in Table 1. There are also small overlaps of 
the DANSS and NEOS allowed regions at "m2

41 ≃ 0.4 eV2 and 
"m2

41 ≃ 2.5 eV2 that determine two narrow islands allowed at 3σ
by the combined fit.

left: Gariazzo et al PLB782 (2018) 13 (arXiv:1801.06467 [hep-ph])
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Figure 4. Constraints on short-baseline νµ → νe and ν̄µ → ν̄e oscillations in the presence of sterile
neutrinos in 3 + 1 scenarios. We show the allowed parameter regions, projected onto the plane
spanned by the effective mixing angle sin2 2θµe ≡ 4|Ue4|2|Uµ4|2 and the mass squared difference
∆m2

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.

become significantly stronger and now disfavour values of sin2 2θµe ! 0.02 that were still

allowed previously. Note that our OPERA and ICARUS limits deviate slightly from those

published by the respective collaborations [40, 41, 97] because we include oscillations of

the backgrounds. Moreover, for consistency with the other exclusion curves in figure 4,

we interpret the χ2 values from our OPERA and ICARUS fits assuming two degrees of

freedom. We have checked that our code reproduces the official limits from refs. [40, 41, 97]

very well when the same assumptions as in the official publications are used.

Let us mention that the global
(–)

ν µ →
(–)

ν e analysis has a relatively poor goodness of

fit. For the combined best fit point using the LSND DaR analysis we find χ2
min/dof =

89.9/(69–2), which corresponds to a p-value of 3.3%. This is mostly driven by the Mini-

BooNE 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 ∆χ2 = 44 (29) when using DaR (DaR+DiF) data. For the

combined appearance analysis these numbers increase slightly, due to the hint for appear-

ance in MiniBooNE data. We find that the no-oscillation hypothesis for all appearance

data is disfavoured compared to the best fit by ∆χ2 = 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 2θµe,

MiniBooNE appearance data prefers smaller ∆m2
41 and mixing angles (especially for the

neutrino mode data), somewhat limiting the impact of LSND DiF data when LSND and

– 12 –
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Figure 4

Results of SBL
(�)
⌫µ !

(�)
⌫e appearance experiments with all MiniBooNE data (a) and without the

low-energy MiniBooNE data (b). All the lines exclude the region on their right at 3�, except the
LSND lines in both panels and the MiniBooNE lines in panel (a) that enclose 3� allowed regions.
The shaded regions are allowed by the combined fit.

approach” advocated in Ref. (100). The pragmatic approach is motivated by the fact that

the low-energy MiniBooNE excess is too large to be fitted with a small value of sin2 2#eµ,

compatible with the bounds of other experiments, as one can see in Fig. 4a, where the

MiniBooNE contour lies at small values of �m2

41 and large values of sin2 2#eµ, in tension

with the ICARUS and OPERA upper bounds and with the disappearance bound discussed

in Subsection 4.4. As discussed at the end of Subsection 3.1, most of the MiniBooNE low-

energy excess lies out of the L/E range of LSND and it is probably not due to oscillations.

Comparing Figs. 4a and 4b, one can see that without the low-energy data the 3� Mini-

BooNE constraint changes from a closed contour to an exclusion curve. As a result, the

combined allowed region without the low-energy MiniBooNE data (Fig. 4b) is larger than

that with low-energy MiniBooNE data (Fig. 4a) and allows smaller values of sin2 2#eµ. This

is important in the global fit appearance and disappearance data discussed in Subsection 4.4,

because the disappearance data constrain severely sin2 2#eµ, according to Eq. (18).

4.3. ⌫µ and ⌫̄µ disappearance

If SBL active-sterile oscillations exist, they must show up also in
(�)
⌫µ disappearance, as

explained in Section 2. However, so far no
(�)
⌫µ disappearance has been observed. Fig-

ure 5a shows a summary of the exclusion curves found in the
(�)
⌫µ disappearance experiments

CDHSW (101), SciBooNE-MiniBooNE with neutrinos (102) and antineutrinos (103), Ice-

Cube (94), MINOS&MINOS+ (104), and the atmospheric neutrino bound (91). One can

see that the recent MINOS&MINOS+ bound is particularly severe for �m2

41 ⇠ 1 eV2 and

determines the overall combined limit on |Uµ4|2 in that region. This strong bound causes

the strong appearance-disappearance tension discussed in Subsection 4.4 (84,85).

18 C. Giunti and T. Lasserre
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Figure 5. Constraints on the 3 + 1 scenario from νµ/ν̄µ disappearance. We show the allowed
parameter regions, projected onto the plane spanned by the mixing matrix element |Uµ4|2 and
the mass squared difference ∆m2

41. Note that the exclusion limit from NOνA 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 4. The curve labelled DC+SK+IC combines all our atmospheric neutrino data;
for this bound we have fixed the parameters θ12, θ13, θ14 but minimize with respect to all other
mixing parameters, including complex phases. For comparison, we also show the parameter region
favoured by νe disappearance and νµ → νe appearance data (using LSND DaR+DiF), projected
onto the |Uµ4|2–∆m2

41 plane; we show the allowed regions for the analyses with fixed and free reactor
neutrino fluxes.

neutrinos. This approach allows us to derive constraints from the sterile neutrino searches

in MINOS/MINOS+ [43] and NOνA [44], and from SNO solar neutrino data [79–81]. The

corresponding analysis codes used in our fit are the same as discussed in sections 3 and 5.

Compared to ref. [14], we have in particular added IceCube, DeepCore, MINOS/MINOS+,

and NOνA data to the fit.

Our results are shown in the four panels of figure 6. Each panel corresponds to a

different fixed value of ∆m2
41, and the corresponding contours have been drawn based on

the χ2 differences relative to the best fit point for this fixed ∆m2
41. The difference in

χ2 between the individual best fit points and the global one are, however, very small, as

indicated in each panel. The reason is that in all cases the best fit point is very close to

zero mixing, and therefore has very similar χ2 values. In defining the exclusion contours

we have assumed a χ2 distribution with two degrees of freedom. We see that depending

on ∆m2
41, the limit on |Uµ4| is driven by MINOS/MINOS+, IceCube, or the short-baseline

experiments MiniBooNE and CDHS, in agreement with figure 5. The strongest constraints

on |Uτ4| typically come from atmospheric neutrinos. We find that the combined bound is

independent of ∆m2
41 and is given by

|Uτ4|2 < 0.13 (0.17) at 90% (99%)CL. (6.1)
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Results of SBL
(�)
⌫µ disappearance experiments (a) and global fit of appearance (App) and

disappearance (Dis) data (b). All the lines in panel (a) and the Dis lines in panel (b) exclude the
region on their right at 3�. The App lines in panel (b) enclose the 3� allowed regions. The shaded
regions are allowed by the global combined fit.

4.4. Appearance and disappearance

Figure 5b shows the results of the global fit of appearance and disappearance data. The

appearance data are those corresponding to Fig. 4b, without the controversial low-energy

MiniBooNE data. In spite of this choice, one can see that there is a strong tension between

the region within the blue contours allowed at 3� by the appearance data and the combined

bound of
(�)
⌫e and

(�)
⌫µ disappearance data that exclude at 3� all the region outside the two

red semicontours. Although the standard goodness-of-fit is fine (54%), the appearance-

disappearance parameter goodness-of-fit is as low as 0.015%, disfavoring the global 3+1

fit at 3.8�. Considering a global fit with the low-energy MiniBooNE data, we get still

a favorable standard goodness-of-fit of 21%, but the appearance-disappearance parameter

goodness-of-fit drops to 2 ⇥ 10�7, which disfavors the global 3+1 fit at 5.2� (see also

Ref. (85)).

Therefore, the current status of the global fit of appearance and disappearance data

indicates that the interpretation of the results of some experiment or group of experiments

in terms of neutrino oscillations is not correct. We can envisage the following scenarios:

(A) The LSND excess of ⌫̄e-like events is not due to oscillations and the coincidence of

oscillations in NEOS/Daya Bay and DANSS is a fluke. In this case the remaining

indications in favor of neutrino oscillations (MiniBooNE, total reactor event rates

versus theoretical predictions, and the Gallium anomaly) are rather weak and could

also have other explanations, leading to the demise of the eV-scale sterile neutrinos.

(B) The LSND excess is not due to oscillations, but the coincidence of oscillations in

NEOS/Daya Bay and DANSS is real. In this case, the lack of observation of SBL
(�)
⌫µ disappearance is due to a small value of |Uµ4|2, that can generate, together with

www.annualreviews.org • eV-scale Sterile Neutrinos 19
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accelerator + atmospheric neutrinos No anomaly is observed
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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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4.4. Appearance and disappearance

Figure 5b shows the results of the global fit of appearance and disappearance data. The

appearance data are those corresponding to Fig. 4b, without the controversial low-energy

MiniBooNE data. In spite of this choice, one can see that there is a strong tension between

the region within the blue contours allowed at 3� by the appearance data and the combined
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⌫e and
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⌫µ disappearance data that exclude at 3� all the region outside the two

red semicontours. Although the standard goodness-of-fit is fine (54%), the appearance-

disappearance parameter goodness-of-fit is as low as 0.015%, disfavoring the global 3+1

fit at 3.8�. Considering a global fit with the low-energy MiniBooNE data, we get still

a favorable standard goodness-of-fit of 21%, but the appearance-disappearance parameter

goodness-of-fit drops to 2 ⇥ 10�7, which disfavors the global 3+1 fit at 5.2� (see also

Ref. (85)).

Therefore, the current status of the global fit of appearance and disappearance data

indicates that the interpretation of the results of some experiment or group of experiments

in terms of neutrino oscillations is not correct. We can envisage the following scenarios:

(A) The LSND excess of ⌫̄e-like events is not due to oscillations and the coincidence of

oscillations in NEOS/Daya Bay and DANSS is a fluke. In this case the remaining

indications in favor of neutrino oscillations (MiniBooNE, total reactor event rates

versus theoretical predictions, and the Gallium anomaly) are rather weak and could

also have other explanations, leading to the demise of the eV-scale sterile neutrinos.

(B) The LSND excess is not due to oscillations, but the coincidence of oscillations in

NEOS/Daya Bay and DANSS is real. In this case, the lack of observation of SBL
(�)
⌫µ disappearance is due to a small value of |Uµ4|2, that can generate, together with
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strong tension between appearance and disappearance data continues to exist

w/o low energy excess of MB

excludes 3+1 model at 3.8𝞂(5.2𝞂) 4.7𝞂

excludes 3+1 model at 3.8𝞂(5.2𝞂) w/o (with) low energy data of MB
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FIG. 18: Frequentist Confidence Intervals for 3+1
global fits to only appearance (above) data sets and

disappearance (below) datasets. These fits demonstrate
the tension that is seen within the 3+1 sterile neutrino

model.

for example, in the asymptotic regime where the likeli-
hood function is a single-moded normal distribution with
flat priors on the model parameters.

Recall that the confidence regions are themselves ran-
dom variables. A 90% confidence region is defined such
that the true model parameters have a 90% probability
of being covered by a randomly realized 90% confidence
region. By construction, this requirement is only met on
average. No guarantees are made for any realization of
the region1. The alternative definition shown in equa-

1 It is possible for a 90% confidence region to contain the entire
parameter space, or for it to be the empty set. These extremes
are not possible for a 90% credible region.

FIG. 19: Bayesian Credible Regions for a 3+1 global fit,
showing the 99%, 90%, and 68% Highest Posterior

Density regions in blue, red, and black respectively. The
maximum likelihood point is highlighted by the yellow

star.

tion 37, states that the deviation of the best fit from all
points in the 90% region has a p-value of less than 10%.
That is to say, over repeated observations there will be a
10% chance or less that a statistical fluctuation will cause
the ��

2 to increase beyond the critical value, causing the
point to be drawn outside that particular realization of
the 90% region. From this, we can begin to untangle
the di↵erence between Fig. 17 and Fig. 19. The presence
of only one island in the confidence region suggest that
there is only one “stable” island, in the sense that for
any random realisation of the data, this island will lie in
approximately the same area of parameter space. As the
higher �m

2
41 islands seen in the credible region are lack-

ing from the confidence region, this suggest that these
islands are not particularly stable to statistical fluctua-
tions. However, this lack of stability should not be used
to discredit these higher �m

2
41 solutions2. Their presence

in the credible regions shows that they still contribute
significantly to the posterior distribution, and thus there
is a high probability that a sterile neutrino may lie at
larger �m

2.

The observed di↵erences between these methods illus-
trates why one should perform both Bayesian and fre-
quentist analyses of data sets. Each provides di↵erent
information about both the data and the model, comple-

2 It should be noted that “allowed region” is common parlance for
closed confidence regions that do not include the null, and this
terminology is used in this article. However, from the definition
of the confidence region – as a statement about the probability of
data – one cannot infer that a point inside or outside a confidence
region is allowed or disallowed by the observed data.
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Integrating this expression in length yields a closed-form
solution using exponential integrals, for which approxi-
mations can be found in many numerical libraries. In
the case of a decay model, the prediction function has an
additional exponential term:

 / e
�L/L0

P (⌫↵ ! ⌫�)

L2
. (53)

A closed-form solution for the integral of this expression
in length is also available in term of complex exponential
integral functions. Although the complex form of these
functions are not common in numerical libraries, approx-
imation algorithms exist. The algorithm of Ref. [85] was
used for this study.

VI. MODELS AND GLOBAL FIT RESULTS

A. 3+1 Model

In a 3+1 model, we fit for three parameters, |Ue4|,
|Uµ4|, and �m41, as introduced in Eqs. 12, 13, and 14.

1. Frequentist method

Figure 17 shows the confidence regions for the frequen-
tist fits to the 3+1 model. These are fits to all experi-
ments described in Sec. IV D. The figures show �m

2
41

as function of the mixing angles where the three plots
correspond to sin2 2✓µe, sin2 2✓ee, and sin2 2✓µµ. Thus,
these correspond to predictions for future searches in ap-
pearance, ⌫e disappearance, and ⌫µ disappearance, re-
spectively. As a reminder, the connections between these
mixing angles and the matrix parameters |Uµ4| and |Ue4|

are given in Table III. The regions for the 99%, 95%, and
90% are shown in blue, green, and red, respectively. The
inclusion of new experiments, particularly the reactor ex-
periments, has diminished the likely parameter space for
a sterile neutrino from past global fits [29, 30], leaving
only one allowed “island.”

The best fit parameters for the 3+1 model, shown
in Table IV, correspond to �m

2
41 = 1.32 eV2 and

sin2(2✓µe) = 0.001. Compared with our previous result
[30], the best fit point has shifted to a slightly lower value
in both sin2(2✓µe) and �m

2
41.

The quality of the fits are presented in Table V. In our
global fit to the 509 (L,E) bins from all experiments,
the 3+1 model has a �

2 of 458, while the null model has
a �

2 of 493. Thus, each case has an excellent �
2/dof .

But this occurs because most of (L,E) bins in the fit
are not in regions that are sensitive to sterile oscillations.
In order to isolate the �

2 contribution to the bins with

FIG. 17: Frequentist Confidence Regions for a 3+1
global fit, showing the 99%, 95%, and 90% confidence

levels in blue, green, and red, respectively. Top:
sin2 2✓µe vs. �m

2
41; Middle: sin2 2✓ee vs. �m

2
41;

Bottom: sin2 2✓µµ vs. �m
2
41.
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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 –

4. Global Fit
results of the parameter godness-of-fit (PG) test

Dentler et al. JHEP1808 (2018) 010 (arXiv:1803.10661 [hep-ph])

due to strong tension fit is poor
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favoured values of mixing parameters of appearance and 
disappearance data do not overlap…

favoured by 
disapp.

favoured by 
disapp.

41

10-3 10-2 10-1

|Ue4|
2

10-3

10-2

10-1

|U
µ
4|2

P
µe iso-contour in the |Ue4|2 - |U

µ4
|
2 plane

P
µe  ~ sin 2

θ
eµ  = 10 -3

P
µe  = 10 -2

P
µe  = 10 -4

P
µe  = 5×10 -3

10-2 10-1 100

sin22θee

10-2

10-1

100

si
n2 2θ

µ
µ

P
µe iso-contour in the sin22θee- sin22θ

µµ
 plane

P
µe  ~ sin 2

θ
eµ  =  10 −3

P
µe  = 10 -2

P
µe  = 10 -4

P
µe  = 5 ×10 -3



42

Diaz et al,  arXiv:1906.00045 [hep-ex]

More sterile neutrino? : 3+2 Model 31

FIG. 20: 3+2 fit allowed regions for the two mass
splittings.

introduce only one new parameter beyond the 3+1 case,
the lifetime of the ⌫4.

In the Standard Model, stable particles must be pro-
tected by a symmetry; without this a particle will de-
cay. Therefore, in principle, neutrinos can decay. In the
Standard Model extended to include neutrino mass, the
neutrino can decay. The lifetimes of the neutrinos are
very long [86, 87]

⌫i ! ⌫j + � ) ⌧ ' 1036(mi/eV )�5yr, (56)

⌫i ! ⌫j + � + � ) ⌧ ' 1067(mi/eV )�9yr, (57)

where i corresponds to the more massive neutrino mass
state and j a lighter one.

If a fourth neutrino state exists, it may decay. In that
case, the short baseline neutrino experiments may be see-
ing a combination of 3+1 oscillations and decay. This
idea was first suggested as an explanation of LSND in
Ref. [88]. Later, this model was considered in the context
of the IceCube experiment [89]. The general Lagrangian
that governs neutrino decay can be written as [88]:

L = �

X

l,h

ghl⌫lL⌫hR� + h.c., (58)

where the index l runs over the light neutrino mass states
and h over the heavy states. In the case of a 3+1 model,
l = 1, 2, 3 and h = 4. The coupling constants ghl are,
in general, complex, and control the partial decay width
from parent h to daughter l. The index L and R refer
to the chirality of the field. This is relevant since, in
the SM, electroweak interactions couple only left-handed
neutrinos and right-handed antineutrinos. In relativis-
tic scenarios–which is the case of neutrino experiments
discussed in this review–the helicity and chirality are ap-
proximately the same up to order m/E. Thus, to this
order, we can identify helicity states as neutrinos or an-
tineutrino states. This implies that the Lagrangian in

⌫4 ig4j

⌫j

�

⌫4 ig4j

 

�

FIG. 21: Left: Feynman diagram of visible neutrino
decay. Right: Feynman diagram of invisible neutrino

decay.

Eq. 58 allows for chirality-preserving, ⌫4 ! ⌫̄l + �, and
chirality-flipping, ⌫4 ! ⌫l + �, processes. For relativistic
neutrinos the partial widths for the helicity-preserving
and helicity-flipping channels in the lab frame are given
by [90]:

�4l =
|g4l|

2
m

2
4

32⇡En4

, (59)

with the total width given by �4 = 2
P

l
�4l [88, 90].

In the case of Dirac neutrinos, the decay products of
the helicity-flipping channels are invisible, since right-
handed neutrinos and left-handed antineutrinos do not
participate in SM interactions.

We explore the possibility that the fourth neutrino
state decays by one of two cases shown in Fig. 21. In
the first case (left), the decay produces an active neu-
trino plus a beyond standard model particle, and hence
is called “visible.” In the second case (right), the decay
produces two beyond standard model particles through a
new force (sometimes called a “secret force”), and hence
is “invisible.” While both cases were explored for Ice-
Cube, in this study we will consider only the invisible
decay, which has the property of reducing tension within
cosmological models that involve sterile neutrinos, as dis-
cussed in Sec. VIIID.

In the 3+1+Decay analysis, the additional parameter
included in our fits is the lifetime ⌧4 = 1/�4, measured
in the ⌫4 rest frame. Experiments would only be directly
sensitive to the lifetime in the lab frame, so it is necessary
to know the mass of ⌫4 to transform to the lifetime in the
⌫4 rest frame. We account for this by taking the approx-
imation that m4 ⇡

p
�m

2
41. It is apparent from (59)

that the maximum width of a particle – respectively its
shortest lifetime – is bounded by the particle mass and
maximum allowed coupling. To stay in the perturbative
regime and satisfy unitarity constraints, we only consider
couplings such that g < 4⇡, which leads to the condition
⌧ � ⌧min(m4) = ⇡/m4 with ~ = c = 1. We use a the
prior on the neutrino decay lifetime that is log-uniform in
the range of ⌧min(m4) to 102 eV�1. We implement this
by using a log-uniform prior from 10�2 eV�1 to 102 eV�1

and then restricting ourselves to the allowed parameter
space. Note that interplay between decay and oscillations
is relevant when ⌧4/m4 ⇠ 1/m2

4, a condition that is more

J
H
E
P
0
5
(
2
0
1
3
)
0
5
0

Figure 9. Allowed regions in the plane of |�m2
41| and |�m2

51| in 3+2 (upper-left part) and 1+3+1
(lower-right part) mass schemes. We minimize over all mixing angles and phases. We show the
regions for appearance data (light blue) and disappearance data (light green) at 95% CL (2 dof),
and global data (dark and light red) at 95% and 99% CL (2 dof).

Let us first discuss the 3+2 fit. We find a modest improvement of the total �2 in the

global fit compared to 3+1 by

�2
3+1,glob � �2

3+2,glob = 10.7 . (6.3)

Evaluated for 4 additional parameters relevant for SBL data in 3+2 compared to 3+1 this

corresponds to 96.9% CL.

The origin of the very low parameter goodness of fit can be understood by looking

at the contributions of appearance and disappearance data to �2
PG. Table 7 shows that

the �2 of appearance data at the global best fit point, �2
app,glob, changes only by about 3

units between 3+1 and 3+2. However, if appearance data is fitted alone, an improvement

of 15.2 units in �2 is obtained when going from 3+1 to 3+2, see eq. (5.3). The fact that

appearance data by themselves are fitted much better in 3+2 than in 3+1 leads to the large

value of �2
PG = 25.8, with a contribution of 19.7 from appearance data. In other words: the

fit to appearance data at the global 3+2 best fit point (�2
app,glob = 92.4/68, p-value 2.6%)

is much worse than at the appearance-only 3+2 best fit point (�2
min,app/dof = 72.7/63,

p-value 19%). This interpretation is also supported by figure 6, showing an equally bad fit

to MiniBooNE neutrino data at the 3+1 and 3+2 global best fit points (black solid and

red solid histograms, respectively).

We further investigate the origin of the tension in the 3+2 fit in figures 9 and 10. In

figure 9 we show the allowed regions in the multi-dimensional parameter space projected

onto the plane of the two mass-squared di↵erences for appearance and disappearance data

– 25 –

Kopp et al, JHEP05(2013)050
(arXiv:1303.3011 [hep-ph])

No significant improvement over 3+1 model

Can describe better low energy MB excess but the tention 
between appearance and disappearance remains

No significant improvement is expected bay 3+N model
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FIG. 2. The 3+1+decay frequentist allowed regions. The top row is the result of the fit using only the SBL experiments,
while the bottom row includes IceCube. Each vertical column corresponds to a given range of ⌫4 lifetime, ⌧ . The smallest range
of lifetimes in the SBL+IC is not shown as it contains no points. The colors of the points indicate 90% (red), 95% (green), and
99% (blue) confidence levels.

IceCube likelihood can be written as

ln L = min
⌘

✓NbinsX

i=1

⇥
xi ln µi(~✓, ~⌘) � µi(~✓, ~⌘) � ln xi!

⇤

+
1

2

X

⌘

(⌘ � ⌘̄)

�2
⌘

◆
,

(3)

where xi is the number of data events in the ith bin; µi is
the Monte Carlo expectation for the number of events in
the ith bin, assuming sterile neutrino parameters ~✓ and
nuisance parameters ~⌘; and each nuisance parameter, ⌘,
has a Gaussian constraints of mean, ⌘̄, and standard devi-
ation, �⌘. We use the systematic treatment and analysis
framework from [21] to calculate the IceCube likelihood.

For both the 3+1 and 3+1+decay global fits, the Ice-
Cube likelihood was calculated for a randomly-selected
subset of parameter-set points from the corresponding
Markov Chain Monte Carlo from [5]. Each point is a
unique combination of |Ue4|, |Uµ4|, and �m2

41; ⌧ is an
additional parameter for the 3+1+decay scenario. In
this work we set |U⌧4| to zero, as the short-baseline ex-
periments are insensitive to it and this is a conservative
choice in the case of IceCube [3]. This downsampling is
necessary because the IceCube likelihood calculation is
computationally time-intensive. We include the best-fit
parameter-set points corresponding to 3+1 and 3+1+de-
cay found in [5]. For the 3+1 analysis 49000 points were

used, while for the 3+1+decay analysis 82000 points were
used.

To convert the IceCube likelihood into a �2, we calcu-
late the log-likelihood ratio [3]

ln LR(~✓) = ln
�
L(~✓)

�
� ln

�
SP{(xi)}

�
, (4)

where SP {(xi)} is the saturated Poisson likelihood and
then assume Wilks’ theorem; namely �2 = �2 ln LR [48,
49]. To incorporate IceCube into the global fits, we add
the IceCube �2 to the �2 from the SBL-only fits [5].

To determine the e↵ect that IceCube data has on the
tension for both the 3+1 and 3+1+decay models, we
calculate the IceCube likelihood for a random downsam-
pling of parameter points from the recent fits to only dis-
appearance SBL experiments. We convert the IceCube
likelihood to a �2 and add it to the SBL disappearance
�2. The fit to the appearance experiments remains un-
changed.

III. RESULTS

In this section we summarize the result of incorporat-
ing IceCube into our recent SBL-only global fit. Re-
sults for fitting a standard 3+1 model are discussed in
Sec. IIIA, while results for fitting a 3+1+decay model are

43

Moulai et al,  arXiv:1910.13456 [hep-ph]

3+1+ decay ?
First considered by Palomares-Ruiz et al JHEP0509(2005)048 (hep-ph/0505216)

assumes fast decay of 

tention between appearance and disappearance is reduced

2.8𝞂 improvement over 3+1 model 

95%CL



443+1+ decay ?

3.3 LSND and MiniBooNE Combined

Next, we evaluate how well the decaying-sterile-neutrino hypothesis fits both LSND and

MiniBooNE data by adding the �2 obtained in the two independent analyses. The LSND-only

and MiniBooNE-only allowed regions of the parameter space are depicted in Fig. 7 to facilitate

comparisons, along with the allowed regions of the parameter space. The best-fit point, for

the Dirac-neutrino scenario, is at
�
|Uµ4|2, gDm4

�
= (0.063, 1.17 eV) and �

2
min = 45.33. For

31 degrees of freedom (11+11+11-2), we estimate a p-value of several percent, which we deem

to be reasonable. The best-fit spectra, for the Majorana-neutrino case, for LSND (gold color)

and MiniBooNE (neutrino-mode) (magenta) are depicted in Figs. 1 and 3. Note that the

best-fit slightly undershoots the LSND data, and slightly overshoots those from MiniBooNE.

The situation of the Majorana-neutrino scenario is similar; the quality of the fit is a little

worse: �2
min = 48.34.

Figure 7. Allowed regions of the (|Uµ4|2, gm4) parameter space when the decaying-sterile-neutrino
hypothesis is matched against the combined LSND data and MiniBooNE neutrino-mode and
antineutrino-mode data assuming Majorana (left) or Dirac neutrinos (right). The dots indicate the
best-fit-point. The region to the right of the vertical line is excluded by MINOS+ at the 90% confidence
level [36].

3.4 MINOS and MINOS+

MINOS [37] is a long-baseline superbeam experiment based at Fermilab. The source of neu-

trinos is the NuMI beam facility at Fermilab [38]. The experimental setup consists of a 1 kton

near detector situated 1.04 km downstream and a 5.4 kton far detector situated 735 km away,

on-axis in the Soudan underground laboratory. The primary goal of the MINOS experiment

was to confirm, with an accelerator-based ⌫µ-beam, the evidence for ⌫µ-disappearance first

– 14 –
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FIG. 2. Allowed values of the squared mixing matrix elements |Ue4|2 and |Uµ4|2 (measuring the mixing of ⌫s with ⌫e and
⌫µ, respectively) in the decaying sterile neutrino scenario. We show two representative slices through the 5-dimensional 99%
confidence regions. Our fits include MiniBooNE, OPERA, ICARUS, E776, and KARMEN data, as well as constraints from
nuclear beta decay spectra and from the requirement of neutrino free-streaming in the early Universe. For the null results, the
region to the right of the curves is excluded. We also show, as a black rule at the bottom of the plot, the |Ue4|2 range preferred
by the reactor neutrino anomaly. Constraints on ⌫µ disappearance are significantly weaker here than in the 3 + 1 scenario
without decay, and are hence not shown. We also do not show a fit including both LSND and cosmology as the goodness of fit
would be very poor. Note that the global combinations are sensitive to five degrees of freedom, namely m4, |Ue4|2, U2

µ4, m4�4,
and m�/m4; oscillation experiments are sensitive only to the last four of these; beta decay spectra and free-streaming depend
on two degrees of freedom (m4 and |Ue4|2); reactor experiments depend only on |Ue4|2.

FIG. 3. Non-oscillation constraints on decaying sterile neu-
trinos for parameters favored by the global fit without LSND
(shaded), and by the global fit without the free-streaming
constraint (hatched).

avoided by the “secret interactions” mechanism [23, 24]:
a small abundance of ⌫s produced either via oscillations
or at the end of inflation, generates a large, temperature-
dependent potential Ve↵ / g

2
T for ⌫s. This potential

suppresses the ⌫s–⌫a mixing angle in matter, ✓m, by a
factor

p
�m2/(EVe↵) until the temperature drops low

enough for this factor to become & 1. For the parameter
range that the short-baseline anomalies are pointing to,
this can easily be postponed to late times (T ⌧ MeV),
when the neutrino sector has decoupled from the pho-
tons. Consequently, when ⌫s are eventually produced,
they are produced at the expense of active neutrinos, so
Ne↵ does not change any more and constraints are auto-
matically satisfied. More quantitatively, Ne↵ constraints
are avoided when

(m4�4)
e↵ & 2 ⇥ 10�14 eV2

✓
m4

eV

◆4

, (8)

where we have defined

(m4�4)
e↵

⌘
m4�4

|Us4|
2(|Ue4|

2 + |Uµ4|
2)
⇣
1 �

m2
�

m2
4

⌘2 . (9)

This constraint can be easily satisfied in the mass range
allowed by beta decay limits.
(5)

P
m⌫ , the sum of neutrino masses. Massive neu-

trinos a↵ect the CMB as well as structure formation, and
this has for instance allowed the Planck collaboration to
set a limit

P
m⌫ . 0.12 eV [51]. In our model, this

constraint is easily satisfied because in the interesting
parameter range with m4 � 1 eV and m4�4 & 1 eV2,
any ⌫4 that are produced in the early Universe will have
decayed via ⌫4 ! ⌫1,2,3 + (� ! ⌫1,2,3⌫̄1,2,3) long before
recombination and the onset of structure formation.

Gouvea et al,  arXiv:1911.01447 [hep-ph] Dentler et al,  arXiv:1911.01427 [hep-ph]

tention between appearance and disappearance is reduced

2 very recent works (appear on arXiv this week) 

preferred range: preferred range: 



453+1+ decay ?

Why “3+1+decay” model can reduce the tension 
between appearance and disappearance data? 

hence reducing the tension

the heavier mass eigenstate          which is mostly 
sterile can decay back into active           such that

the appearance excess can be explained with smaller 
value of mixing than the one required in 3+1 model,

causing less problem in                          disappearance  channels    



465. Future Prospect
We are expecting to have more new data from

several on-going/new short baseline experiments

•Reactor experiments

NEOS, DANSS, STERTEO, PROSPECT, Neutrino-4, SoLid

•Radioactive source experiments

SOX, BEST, JUNO and IsoDAR

See e.g. a review by Boser et al  arXiv: 1906.01739 [hep-ex]



SBN program at Fermilab

Antnelio et al (MicroBOONE, LAr1-ND, ICACUR-WA104 collabs.) 
arXiv:1520.01520 [physics.ins-det]

A Proposal for a Three Detector

Short-Baseline Neutrino Oscillation Program

in the Fermilab Booster Neutrino Beam
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FIG. 5: (Left) The ICARUS-T600 detector building concept. The neutrino beam center is indicated
by the orange dashed line and enters from the right. The existing MiniBooNE and MicroBooNE
buildings are also shown. (Right) ICARUS-T600 detector schematic showing both modules and the
common insulation surrounding the detector.

V/cm) is applied to the drift volume. The reliable operation of the high-voltage system has
been extensively tested in the ICARUS-T600 up to about twice the operating voltage (150 kV,
corresponding to ED = 1 kV/cm). Each TPC is made of three parallel wire planes, 3 mm
apart, with 3 mm pitch, facing the drift path (1.5 m) and with wires oriented at 00, ±600 with
respect to the horizontal direction, respectively. Globally, 53,248 wires with length up to 9 m
are installed in the detector. A three-dimensional image of the ionizing event is reconstructed
combining the wire coordinate on each plane at a given drift time with ⇠1 mm3 resolution over
the whole active volume (340 m3 corresponding to 476 tons).

The ICARUS-T600 detector has been moved to CERN for an overhauling preserving most
of the existing operational equipment, while upgrading some components with up-to-date tech-
nology in view of its future near surface operation. The refurbishing program, described in
detail in Part 3 and Part 4, has been endorsed by a dedicated MoU between INFN and CERN.
This mainly includes:

• realization of new vessels for LAr containment and new thermal insulation;

• implementation of an improved light collection system, to allow a more precise event
localization and the disentangling of the background induced by cosmic rays;

• although the present electronics would be perfectly adequate for the SBN program, several
reasons exist for its substitution with a more modern version that preserves the general
architecture with more updated components. A possible solution already at prototype
level is described in Part 3. The final solution is under evaluation and cost sharing and
responsibilities will be object of a special addendum of the MoU.

Moreover an anti-coincidence system, common to the SBN detectors, will be constructed to
automatically tag cosmic rays crossing the LAr active volume.

For what concerns the maintenance and the adaptation of the cryogenic systems to the new
experimental layout at FNAL, this activity will be carried-out under the supervision of the
ICARUS Collaboration with a major involvement of CERN.

The detector is expected to be transported to FNAL at the beginning of 2017. Installation
and operation at Fermilab will require significant involvement of Fermilab technical personnel.
All of the above mentioned activities will also bring considerable value as R&D for a future
long-baseline neutrino facility based on LAr.

ICARUS-T600 (476 t)
 at L = 600  m

MicroBooNE (89 t)
 at L = 470  m

SBND (112 t)
 at L = 110  m

 talk by Matthew Toups

475. Future Prospect

 talk by Biswaranjan Behara  talk by Ivan Carlo Terrazas



SBN program at Fermilab

Antnelio et al (MicroBOONE, LAr1-ND, ICACUR-WA104 collabs.) 
arXiv:1520.01520 [physics.ins-det]
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FIG. 22: Sensitivity of the SBN Program to ⌫µ ! ⌫e oscillation signals. All backgrounds and sys-
tematic uncertainties described in this proposal (except detector systematics, see text) are included.
The sensitivity shown corresponds to the event distributions on the right in Figure 21, which in-
cludes the topological cuts on cosmic backgrounds and an additional 95% rejection factor coming
from an external cosmic tagging system and internal light collection system to reject cosmic rays ar-
riving at the detector in time with the beam.

In Figure 23, we present the sensitivity in a di↵erent way that facilitates easier comparison
between di↵erent results. Rather than displaying fixed confidence level contours (90%, 3�, 5�)
in the (�m2, sin2 2✓) plane, we plot the significance with which the experiment covers the 99%
C.L. allowed region of the LSND experiment as a function of �m2. The curves are extracted
by asking what �2 value the analysis produces at each point along the left edge of the 99%
C.L. LSND region. The gray bands correspond to �m2 ranges where LSND reports no allowed
regions at 99% C.L.

Two versions of this plot are shown in Figure 23. The top presents the significance at which
the LSND region would be covered for the di↵erent possible combinations of SBN detectors:
LAr1-ND +MicroBooNE only (blue), LAr1-ND + ICARUS only (black), and all three detectors
in combination (red). This presentation makes clear the contributions of the MicroBooNE and
ICARUS-T600 detectors as far detectors in the oscillation search. The presence of the large
mass added by the ICARUS-T600 detector is imperative to achieving 5� coverage. In addition,

Expected Sensitivities

SBN Physics Program I-48

also be accompanied by a disappearance of the intrinsic ⌫e beam component, since the three
oscillation probabilities are related through a common mixing matrix. As an example, in the
case of one additional sterile neutrino, sin2 2✓µe  1/4 sin2 2✓µµ · sin2 2✓ee, which is valid for
small mixing angles.

The ability to perform searches for oscillation signals in multiple channels is a major ad-
vantage for the FNAL SBN oscillation physics program. By collecting the ⌫µ and ⌫e event
samples in the same experiment at the same time, correlations between the samples can be well
understood and many systematics are common. This implies that a simultaneous analysis of
⌫e CC and ⌫µ CC events will be a very powerful way to explore oscillations and untangle the
e↵ects of ⌫µ ! ⌫e, ⌫µ ! ⌫x, and ⌫e ! ⌫x, if they exist, in this mass-splitting range.

FIG. 25: Sensitivity prediction for the SBN program to ⌫µ ! ⌫x oscillations including all back-
grounds and systematic uncertainties described in this proposal (except detector systematics, see
text). SBN can extend the search for muon neutrino disappearance an order of magnitude beyond
the combined analysis of SciBooNE and MiniBooNE.

48



JSNS2 at J-PARC

Ajimura et al (JNSN2 collabs.) arXiv:1705.08629 [physics.ins-det]

Expected Sensitivity
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12] for ⌫µ and ⌫e disappearance modes. In short, the Daya Bay and NEOS experiments
have excluded the region �m2

 1 eV2 of the Fig. 1, and the MINOS, Super-Kamiokande,
and IceCube experiments have crucial null results for the ⌫µ disappearance at �m2

⇠

eV2.
These results prefer higher �m2 in the global fit [13] and motivate the JSNS2 exper-

iment which is sensitive in the higher �m2 region favored by the fits.

2.1.2 The JSNS2 Experiment

In the context of these global results, we proposed a search for the existence of
neutrino oscillations with �m2 near 1 eV2 at the J-PARC MLF: JSNS2 (J-PARC Sterile
Neutrino Search at J-PARC Spallation Neutron Source) experiment in 2013 [14]. With
the 3 GeV proton beam from the Rapid Cycling Synchrotron (RCS), and a spallation
neutron target, an intense neutrino beam from muon decay at rest (µDAR) is available.
Neutrinos come predominantly from µ+ decay: µ+

! e+ + ⌫̄µ + ⌫e. We will search
for ⌫̄µ ! ⌫̄e oscillations which are detected via the inverse � decay (IBD) interaction
⌫̄e + p ! e+ + n followed by gammas from neutron capture inside the liquid scintillator.
Figure 2 shows the overall setup of the JSNS2 experiment. The detector will be placed
at a baseline of 24 meters and will contain 17 tons of gadolinium (Gd) loaded liquid
scintillator (LS) inside an inner acrylic vessel, and ⇠30 tons unloaded LS in the space
between the acrylic vessel and an outer stainless steel tank. 193 8-inch PMTs between
the acrylic vessel and stainless tank will view the sensitive inner volume and 48 5-inch
PMTs will be placed in the outer veto region.

Figure 2: The MLF building and the overview of the JSNS2 experimental setup.

This experiment is the ultimate direct test of the LSND experiment because it uses

7

5.3 Sensitivity for ⌫̄µ ! ⌫̄e oscillation

Figure 73 shows the 90% C.L sensitivities with this condition.
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Figure 73: Sensitivity of the JSNS2 experiment with the latest configuration (1 MW ⇥ 3
years ⇥ 1 detector). The red line shows the 90% C.L.. The exclusion line of the OPERA
experiment is also shown [66]. The region to the right of the line is excluded with 90%
confidence.

We expect to have the preliminary result in 2021 because our background and energy
reconstruction uncertainty is small using the DAR neutrino flux and IBD signal. The
calibration scheme is relatively straight-forward (with only 200 PMTs). Compared to the
world experiments, especially, the SBN program, it is possible to have competitive results
from JSNS2.

6 Summary

The JSNS2 experiment can provide timely, competitive results in the sterile neutrino
search via the ⌫̄µ ! ⌫̄e mode by utilizing the best existing facility (the J-PARC MLF)
and established detector techniques. JSNS2 is a direct test of LSND and can have a large
impact on our current picture of neutrino physics. JSNS2 can also provide measurements

78

5. Future Prospect
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Summary (1)
• Anomalies observed in                            appearance or                                                            

          disappearance data can be indivudally explained rather 
well by 3+1 oscillation model except MB low energy excess 

Hint (indication) for the presence of eV scale sterile neutrino

• However, once                               disappearance data (which show 
no oscillation due to sterile neutrino) are combined, strong tension 

appear (known for a long time) between appearance and 
disappearance data

This is because appearance and disappearance oscillation 
amplitudes are related to each other 

This conclusion is robust and excludes the simple 3+1 model at ~ 4-5𝞂 
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Summary (2)
• If anomalies observed in                            appearance is                                                            

  confirmed we need something more beyond 3+1 oscillation 
model independently from MB low energy excess data 

proposed example is 3+1 + decay model

• Independent from presence or absence of sucessful (or 
satisfactory) theoretical explanation(s), experimental 
efforts must be pursued to confirm/exclude observed 

short baseline (SB) anomalies                             

• We are in a exciting epoch since many new SB  
experiments are currently going on or planned which can 

confirm or exclude SB anomalies!                          



Thank you very much!
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9

sin2 2✓ee = sin2 2✓14 = 4(1� |Ue4|2)|Ue4|2
sin2 2✓µµ = 4 cos2 ✓14 sin

2
✓24(1� cos2 ✓14 sin

2
✓24) = 4(1� |Uµ4|2)|Uµ4|2

sin2 2✓⌧⌧ = 4 cos2 ✓14 cos
2
✓24 sin

2
✓34(1� cos2 ✓14 cos

2
✓24 sin

2
✓34) = 4(1� |U⌧4|2)|U⌧4|2

sin2 2✓µe = sin2 2✓14 sin
2
✓24 = 4|Uµ4|2|Ue4|2

sin2 2✓e⌧ = sin2 2✓14 cos
2
✓24 sin

2
✓34 = 4|Ue4|2|U⌧4|2

sin2 2✓µ⌧ = sin2 2✓24 cos
4
✓14 sin

2
✓34 = 4|Uµ4|2|U⌧4|2

TABLE III: 3+1 Sterile Neutrino Mixing Parameter Cheatsheet

IV. DESIGN OF SHORT BASELINE
EXPERIMENTS

Accessing an oscillation signal region requires selec-
tion of neutrino sources that can produce the flavor of
interest, and a detector which can observe such a fla-
vor. The designer must also select the appropriate L/E

for the parameter space of interest, and this addition-
ally influences the choice of source and detector. Large
distance-of-travel requires intense sources and large de-
tectors. The selected energy range a↵ects the choice of
source. This usually leads to a limited range of high-rate
interaction channels, and in turn, limits the detector de-
sign choices.

In this section, we begin by briefly introducing the
neutrino interactions of interest to most oscillation ex-
periments. Then, we discuss options for detectors and
sources in light of commonly employed selections of L

and E.

A. Accessible Flavors and Interaction Modes

Observation of neutrino interactions usually makes use
of charged-current (CC) interactions, which allows obser-
vation of the outgoing lepton flavor. Figure 3 shows the
Feynman diagrams for CC interactions that will be dis-
cussed in this review. See Ref. [33] for a full review of
neutrino interactions from low to high energies.

The lowest energy purely CC interaction that is com-
monly employed is inverse beta decay (IBD), which
is electron antineutrino scattering from a free proton,
⌫̄e + p ! e

+ + n, as shown in Fig. 3 (top). It is called
IBD because it is a transformation (a crossing-symmetry
diagram) of neutron beta decay, n ! p + e

� + ⌫̄e. Mak-
ing use of the relationship to neutron decay, which has a
very well-determined lifetime, the IBD cross section for
this interaction is predicted to 0.2% [34, 35].

Along with the well-determined cross section, there are
several other reasons that IBD is a popular interaction
mode for oscillation studies. It is easy to construct a tar-
get of free protons—one can use water, oil, or plastic, for
example. For a free proton target, the energy threshold
is very low, at 1.8 MeV, which arises from the mass of the
positron, 0.5 MeV, and the mass di↵erence between the
proton and the neutron of 1.3 MeV. The experiment can
be designed such that the capture of the outgoing free
neutron may be detected. As a result, the IBD interac-

d d
u u

u d

⌫̄e e+
W

p n

(a) Inverse beta
decay–electron

antineutrino scattering
from a free proton.

⌫↵ l↵

W

n p

(b) Quasi-elastic
neutrino-nucleon scattering

from a nuclear target.

⌫↵ `↵

W

q q0

(c) Deep-inelastic
scattering diagram, where

q and q
0 are quarks.

FIG. 3: Some charged-current scattering diagrams
relevant for this review.

tion allows a time-coincidence signal of initial interaction
followed by capture, greatly reducing backgrounds.

At low energies, neutrino interactions are generally
suppressed as Pauli blocking prevents the conversion of
a neutron into a proton. For example, in commonly used
carbon-base targets, the threshold for ⌫e+C ! e

�+N is

Relations between mixing angles, effective mixing angles 
and matrix elements in 3+1 model

Diaz et al,  arXiv:1906.00045 [hep-ex]
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Figure 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 1 except Daya Bay, DANSS, NEOS,
and they are shown for the flux-free analysis making no assumptions about flux normalization and
spectra (light green), as well as for the flux-fixed analysis (light orange), assuming reactor flux
predictions and their published uncertainties. The blue shaded regions correspond to all reactor
data from table 1 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 ∆m2

41 = 1.29 eV2,
sin2 θ14 = 0.0089 (∆m2

41 = 1.29 eV2, sin2 θ14 = 0.0096) for free (fixed) reactor fluxes.

reactor anti-neutrino spectra. These data have been used to compare the hypothesis H1 of

no-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 = χ2
min(H0)− χ2

min(H1) , (3.1)

Daya Bay data lead to Tobs = 6.3, which prefers H1 (flux-free) over H0 (oscillations) at

2.7σ [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 2, 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.

3.2 Global
(–)

ν e disappearance analysis

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

ν e disappearance listed

in table 1. In fitting these data we scan the following set of parameters (see eq. (2.2) for

– 8 –

4. Global Fit

Dentler et al. JHEP1808 (2018) 010 (arXiv:1803.10661 [hep-ph])

allowed regions from reactor neutrino data
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Figure 6

Value of the e↵ective Majorana mass m�� as a function of the lightest neutrino mass in the cases
of 3⌫ and 3+1 mixing with normal (a) and inverted (b) ordering of the three lightest neutrinos.
The horizontal band is the best current 90% C.L. upper limit for m�� (109).

where ↵2 = 2�21, ↵3 = 2(�31 � �13), and ↵4 = 2(�41 � �14) in the parameterization of

U in Eq. (6). The values of the 3⌫ mixing parameters |Ue1|2, |Ue2|2, and |Ue3|2, and

the di↵erences between m1, m2, and m3 are known from the measurements of neutrino

oscillations in solar, atmospheric and long-baseline experiments (see the recent global fits in

Refs. (18–20)). Under the assumption of 3+1 mixing, the value of |Ue4|2 and the di↵erence

between m4 and m1 are known from the fits of SBL ⌫e and ⌫̄e disappearance data discussed

in Subsection 4.1. On the other hand, the three phases ↵2, ↵3, and ↵4 are totally unknown

and this ignorance generates a large uncertainty in the predicted value of m�� . Since m4

is the largest mass and |Ue4|2 ' 0.01 is not too small, depending on the values of the

unknown phases the contribution of m4 can be dominant or there can be cancellations

between the contributions of the three standard light neutrino masses and m4 (110–112),

besides those intrinsic to 3⌫ mixing (see Ref. (25)). This is illustrated in Fig. 6, which

shows the predictions for m�� obtained from the NEOS+DANSS allowed regions in Fig. 3a,

compared with those in standard 3⌫ mixing, as functions of the lightest mass in the normal

and inverted 3⌫ ordering. One can see that the contribution of m4 can bring a dramatic

change in the value of m�� . In particular, in the case of normal ordering with a mass

hierarchy (m1 ⌧
p

�m2

SOL
' 8 ⇥ 10�3 eV) the contribution of m4 is dominant for any

value of the unknown phases and m�� is predicted to be larger than in the case of 3⌫

mixing, leading to the possibility to observe neutrinoless double-� decay with the next

generation of experiments. On the other hand, in the case of inverted 3⌫ ordering the

prediction for m�� depends crucially on the values of the unknown phases: m�� can be

slightly larger than in the case of 3⌫ mixing if the phases are favorable, but it can also be

unmeasurably small if the phases generate a drastic cancellation. Figure 6 shows also the

best current 90% C.L. upper limit for m�� (109), with a wide band that takes into account

the nuclear matrix elements uncertainties (see Ref. (25)). Large values of the lightest mass

www.annualreviews.org • eV-scale Sterile Neutrinos 21

Impact of sterile neutrino on         decay

Giunti and Lasserre, arXiv:1901.08330 [hep-ph]

For 3+1 model

assumed parameters favoured by DANSS+NEOS 
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eV-scale sterile neutrino search by Katrin

Q ¼ 18571:8" 1:2 eV [16]. To illustrate the behavior of
sterile admixture, we define the following ratio:

Sðsin22!s; m1;!m
2
41Þ þ Nb

Sðsin22!s ¼ 0; m1;!m
2
41 ¼ 0Þ þ Nb

; (4)

where sin22!s ¼ 4jUe4j2ð1& jUe4j2Þ. We plotted this ratio
in Fig. 1 for a different set of the parameters sin22!s, m1,
and!m2

41. Comparing the black (dotted) curve with the red
(dashed) curve in Fig. 1, it is easy to see the change in "
spectrum for different values of the mass m4 for a vanish-
ing light massm1 ¼ 0. The height of minimum depends on
the values of sin22!s and !m2

41, and the position of the
minimum depends only on m4. However, in the compari-
son between the red (dashed) and blue (dotted-dashed)
curves in Fig. 1, we see that by the inclusion of a nonzero
value form1, the two curves with the same!m2

41 cross each

other, implying that the lack of knowledge about the value
of m1 can lay a shadow on the determination of !m2

41. To
quantify the sensitivity of the KATRIN experiment
to the sterile neutrino mass, we define the following #2

function:

#2ðQ;Ue4; m1; m4; Rs; RbÞ ¼
X

i

ðNexpð½qU(iÞ & NthðQ; ½qU(i; Ue4; m1; m4; Rs; RbÞÞ2
$2 ; (5)

where $ ¼ ffiffiffiffiffiffiffiffiffi
Nexp

p
is the statistical standard deviation. In

Eq. (5), the Nth corresponds to the number of detected "
electrons when the retarding potential has the value ½qU(i
which is calculated by multiplying the rate in Eq. (2) by the
time spent for the measurement,

Nthð. . . ; ½qU(i; . . .Þ ¼ t½i( ) ðRsSð. . . ; ½qU(i; . . .Þ þ RbNbÞ;
where Rs and Rb are, respectively, the normalization fac-
tors of signal and background events, and Nb¼ 10 mHz.
The Nexp denotes the experimental number of events as-
suming m4 and Ue4 equal zero. The index i in Eq. (5) runs
in 31 steps such that the retarding potential covers the
range qU 2 ½Q& 20 eV; Qþ 5 eV(. For the time t½i(
spent at each step of the retarding potential, we use the
optimized measurement time proposed by the KATRIN
collaboration (see Figure 131 in Ref. [8]). We minimize

the #2 function with respect to the normalization factors Rs

and Rbanalytically and with respect toQ numerically in its
uncertainty range. Figure 2 shows the 90% C.L. sensitivity
contours of the KATRIN experiment in the ðsin22!s;!m2

41Þ
plane for the total measurement time

P
it½i( ¼ 3 years. The

black (dotted), red (dashed), and blue (dotted-dashed)
curves correspond, respectively, to m1 ¼ 0, 1, 2 eV. The
green (solid) curves show the 90% C.L. allowed region
from the global fit of the short-baseline oscillation data [7],
and the red cross shows the best-fit value.
We can conclude from Fig. 2 that after three years of

data-taking, the KATRIN experiment can exclude the main
part of the current allowed region of the 3þ 1 scenario.
Beside that, the KATRIN is the most sensitive experiment
in the upper-left part of the ðsin22!s;!m2

41Þ plane. As can
be seen, the experiment is sensitive to mixing angles as

10 2 10 1 1
10 2

10 1

1

10

20

Sin22 s

m
41

2
eV

2

Bugey4 Rovno , 99
Bugey3 , 99 C.L.

global fit , 90 C.L.
m1 2 eV , 90 C.L.
m1 1 eV , 90 C.L.

m1 0 , 90 C.L.

FIG. 2 (color online). The 90% C.L. contours of the KATRIN
experiment in the ðsin22!s;!m2

41Þ plane. The black (dotted), red
(dashed), and blue (dotted-dashed) curves correspond, respec-
tively, to m1 ¼ 0, 1, 2 eV. The green (solid) curves show the
90% C.L. allowed region and the red cross the best-fit point for
the global fit of the data for the 3þ 1 scheme [7]. The magenta
and purple curves show, respectively, the Bugey3 and
Bugey4þ Rovno exclusion curves [5].
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FIG. 1 (color online). The ratios of the total rate in Eq. (4) for
various mixing and mass parameters. The vertical line shows the
Q ¼ 18571:8 eV.

BRIEF REPORTS PHYSICAL REVIEW D 85, 117301 (2012)

117301-3

Esmaili & Peres PRD85(2012)117301 (arXiv:1203.2632 [hep-ph])

90%CL sensitivity contours
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JCAP07(2019)014

Figure 8. Comparison of the e↵ect on Ne↵ when varying only one of the active-sterile angles,
for normal (upper panel) or inverted (lower panel) mass ordering. Dashed, dashed-dotted and dotted
lines indicate that only ✓14, ✓24 or ✓34, respectively, is di↵erent from zero. The di↵erent colours encode
three discrete levels of Ne↵ as indicated in the text boxes. Red lines show the allowed regions (99.7%
CL) from DANSS+NEOS [44] on |Ue4|

2, while blue lines show the constraints (99.7% CL) from muon
(anti)neutrino disappearance [52] on |Uµ4|

2.

|Ue4|
2 would lead to a contribution of Ne↵ ' 4, regardless of the values of |Uµ4|

2 or |U⌧4|
2

and despite the fact that ✓14 is the angle which makes the thermalisation less e↵ective. In
light of current cosmological constraints, which prefer Ne↵ . 3.3 [14] (Planck data TT, TE,
EE+lowE+lensing+BAO, 95% CL), this indicates a strong tension between CMB observa-
tions and neutrino oscillation experiments, as noted in many previous analyses.

– 15 –

Effective number of neutrino Neff as functions of mixing 
and masss squared difference for normal mass ordering

Impact of sterile neutrino on cosmology

Gariazzo et al  JCAP07 (2019) 014 (arXiv:1905.11290 [astro-ph.CO])

DANSS+NEOS

mixing favoured by short baseline anomalies implies that sterile neutrino 
is fully thermalised (Neff ~ 4), disfavoured by Plank 2018 results 

(arXiv:1807.06209) which prefers Neff < 3.3 (95%CL)
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Figure 6. Constraints on the mixing of sterile neutrinos with muon and tau neutrinos, parameter-
ized by the corresponding elements |Uµ4| and |Uτ4| of the leptonic mixing matrix. In each panel,
∆m2

41 has been fixed to a different value, while ∆m2
31, θ23, θ12 and θ14, as well as complex phases

have been profiled out in those experiments where they have a significant impact. Exclusion con-
tours are drawn relative to the minimum χ2 in each panel; the difference to the global minimum
χ2 is indicated in each plot. Grayed out areas show the parameter region incompatible with the
unitarity of the leptonic mixing matrix.

Let us mention that recently ref. [108] has found a 2σ hint from Ice Cube data in favour

of sterile neutrinos with non-zero ν4–ντ mixing in the high-mass region, with ∆m2
41 ≃

100 eV2. With our code we cannot reproduce their results and we do not find any hint for

sterile neutrino mixing in that mass range. The origin of these different results is currently

under investigation.

– 17 –

Dentler et al. JHEP1808 (2018) 010 (arXiv:1803.10661 [hep-ph])

Constraints of mixing between sterile neutrino
with muon and tau neutrinos
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Figure 4. Constraints on short-baseline νµ → νe and ν̄µ → ν̄e oscillations in the presence of sterile
neutrinos in 3 + 1 scenarios. We show the allowed parameter regions, projected onto the plane
spanned by the effective mixing angle sin2 2θµe ≡ 4|Ue4|2|Uµ4|2 and the mass squared difference
∆m2

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.

become significantly stronger and now disfavour values of sin2 2θµe ! 0.02 that were still

allowed previously. Note that our OPERA and ICARUS limits deviate slightly from those

published by the respective collaborations [40, 41, 97] because we include oscillations of

the backgrounds. Moreover, for consistency with the other exclusion curves in figure 4,

we interpret the χ2 values from our OPERA and ICARUS fits assuming two degrees of

freedom. We have checked that our code reproduces the official limits from refs. [40, 41, 97]

very well when the same assumptions as in the official publications are used.

Let us mention that the global
(–)

ν µ →
(–)

ν e analysis has a relatively poor goodness of

fit. For the combined best fit point using the LSND DaR analysis we find χ2
min/dof =

89.9/(69–2), which corresponds to a p-value of 3.3%. This is mostly driven by the Mini-

BooNE 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 ∆χ2 = 44 (29) when using DaR (DaR+DiF) data. For the

combined appearance analysis these numbers increase slightly, due to the hint for appear-

ance in MiniBooNE data. We find that the no-oscillation hypothesis for all appearance

data is disfavoured compared to the best fit by ∆χ2 = 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 2θµe,

MiniBooNE appearance data prefers smaller ∆m2
41 and mixing angles (especially for the

neutrino mode data), somewhat limiting the impact of LSND DiF data when LSND and

– 12 –

Dentler et al, JHEP1808 (2018) 010 (arXiv:1803.10661 [hep-ph])
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allowed region from                appearance data
4. Global Fit



STEREO

Almazan et al (STEREO collab.) PRL121(2018)161801 (arXiv:1806.02096  [hep-ex]

66 (on) + 138 (off) days

reactor     disapperance experiment with L  = 10 m

response can slightly vary from one cell to another. From
the probability density function of Δχ2 obtained by gen-
erating a large number of pseudoexperiments, the Δχ2 of
9.1 with respect to the minimum in the (sin2ð2θeeÞ;Δm2

41)
plane corresponds to a p value of 0.34. Hence, the null
oscillation hypothesis cannot be rejected.
To infer an exclusion contour in the oscillation parameter

space, a raster scan method [25] has been used. It consists
in dividing the 2D parameter space into slices, with one
slice per Δm2

14 bin, and computing for each slice the χ2 as a
function of sin2ð2θeeÞ with free nuisance parameters. Then,
the Δχ2 values are computed using the minimum value of
each slice and not the global minimum. The 90% C.L.
exclusion contour corresponds to the parameter space
where the Δχ2 is higher than the value giving a one sided
p value of 0.1 in the probability density function obtained
from pseudoexperiments for each bin of the parameter
space. The result is shown in Fig. 4. The exclusion contour
is centered around the sensitivity contour, also computed
with a raster scan, with oscillations due to the statistical
fluctuations. The original RAA best fit is excluded at
97.5% C.L.
These first results demonstrate the ability of the

STEREO experiment to detect antineutrinos above the
residual background, dominated by cosmic-ray induced
events. With the novel method presented in this Letter, the
proton recoil component of this background is measured in
the temperature and pressure conditions of the reactor-on
data taking while the associated relative contamination of
electronic recoils is well constrained from the reactor-off
data. The accuracy of the background subtraction is thus
driven by the statistics and improves with more reactor-off
data acquired. The STEREO data taking is in progress and

should reach the envisaged statistics, 300 days at nominal
reactor power, before the end of 2019.
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FIG. 4. Exclusion contour of the oscillation parameter space.
The RAA values and contours are from [2].
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Results The test of the non-oscillation hypothesis gives a p-value of 0.4. It is therefore not
rejected. The pull terms show no tension beyond the estimated uncertainties and the measured
spectra, displayed in the Figure 7, reveal a very good agreement with the non-oscillated models.
To produce the exclusion contour (cf. Figure 8), a raster-scan method is employed and the
minimization of each hypothesis is carried out in a fixed �m2

41
slice. The statistical fluctuations

are well distributed around the expected sensitivity contour. The RAA best-fit value is excluded
at ⇠99% C.L.

Figure 7 – Comparison of the measured neutrino spectra with the

non-oscillated model multiplied by the �i parameters.
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Figure 8 – Exclusion (red) of the sterile

neutrino oscillation hypotheses described by
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2
41} parameters. The sensitiv-

ity (blue) is superimposed.

7 Conclusion

More than 65500 neutrinos have been detected within 119 days of reactor-on using a PSD-based
extraction method. Extensive measurements during the reactor-o↵ periods show a high stability
of the cosmogenic dominated background. A major fraction of the initial RAA contour is now
rejected with no significant cell-to-cell systematics beyond the current statistical fluctuations.
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Global fit |Ue4| |Uµ4| |Ue5| |Uµ5| �54 (rad) �m
2
41 (eV)2 �m

2
54 (eV)2 ⌧ (eV)�1

3 + 1 0.116 0.135 - - - 1.32 - -
3 + 2 0.106 0.082 0.252 0.060 0.009 1.32 12.6 -
3 + 1 + Decay 0.428 0.180 - - - 0.211 - 1.96

TABLE IV: A summary of the best fit parameters found for each model involving sterile neutrinos.

Fit type: 3⌫ (null) 3+1 3+2 3+1+decay
Best Fits
�
2 493 458 449 450

dof 509 506 502 505
p-value 0.687 0.938 0.957 0.962
(Null vs Sterile)
��

2 35 44 43
�dof 3 7 4
p-value 1.2E-07 2.1E-07 1.0E-08
N� 5.2 5.1 5.6
(3+1 vs Other)
��

2 9 8
�dof 4 1
p-value 0.0611 0.0047
N� 1.5 2.6
(PG Test)
�
2
app 77 69 77

Napp 2 5 3
�
2
dis 356 350 356

Ndis 3 6 4
�
2
glob 458 449 450

Nglob 3 7 4
�
2
PG 25 30 17

NPG 2 4 3
p-value 3.7E-06 4.9E-06 7.1E-04
N� 4.5 4.4 3.2

TABLE V: A summary of the quality of the fits. Columns correspond to the four types of fits. Top section: Best fit
results for each model; Second section: Comparison of quality of null to each fit including sterile neutrinos; Third

section: Comparison of 3+1 to the extended models; Bottom section: PG test results for each model, where Eqs. 22
and 23 explain how �

2
PG

and NPG are determined.

sensitivity, we must use the ��
2 as described in Eq. 36

to compare the 3+1 and null models. The ��
2 is found

to be 35 with the inclusion of 3 new degrees of freedom–
a very strong improvement in the data, which indicates
that the 3+1 model is favored over the null model by over
5�. While this does not prove the existence of sterile
neutrinos, it indicates that the data strongly prefers a
sterile-like signal over the null hypothesis.

On the other hand, the 3+1 model has shown tension
between the data sets. If one separates appearance ex-
periments (sensitive to the product |Uµ4||Ue4|) and disap-
pearance experiments (separately sensitive to |Uµ4| and
|Ue4|), a self-consistent model would be expected to show
overlapping allowed regions in their respective best fits.
It can be seen in Fig. 18 that this is not the case and
separating the data sets results in di↵ering best allowed
regions without any overlap. The PG test introduced in
Sec. III E provides a method for quantifying the tension.
We summarize the inputs to the PG test in Table V. The
p-value for this PG test is 3.7 ⇥ 10�6, which indicates

that tension between the appearance and disappearance
data is at the 4.5� level, if the PG test measure is taken
to be a true probability.

2. Bayesian interpretation

Bayesian credible regions are shown in Fig. 19. These
results also have one main island at �m

2
41 ⇡ 1.3 eV2

which contains the best fit point. However, substantially
more parameter space is covered in the high �m

2
41 re-

gion, with multiple islands at each credible level shown.
It should be stressed that Bayesian and frequentist meth-
ods address two di↵erent questions: Bayesian inference
makes statements about probability of model parame-
ters given the observed model, while frequentist methods
make statements about the probability of the data given
the model. Thus, it should be no surprise that the regions
drawn may di↵er substantially. Indeed, confidence and
credible regions only agree under special circumstances;
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(a) Allowed points for
1.2 < log10(⌧4/eV

�1) < 2.0.
(b) Allowed points for

0.4 < log10(⌧4/eV
�1) < 1.2.

(c) Allowed points for
�0.4 < log10(⌧4/eV

�1) < 0.4.

FIG. 22: Frequentist confidence intervals for the 3+1+Decay global fit. The di↵erent frames show the contours as
the lifetime of the ⌫4 state decreases.

(a) Allowed points for
1.2 < log10(⌧4/eV

�1) < 2.0.
(b) Allowed points for

0.4 < log10(⌧4/eV
�1) < 1.2.

(c) Allowed points for
�0.4 < log10(⌧4/eV

�1) < 0.4.

FIG. 23: Frequentist confidence intervals for the 3+1+Decay global fit, with appearance experiments in red and
disappearance in blue. The contours are each drawn at a confidence level of 95%. The di↵erent frames show the

contours as the lifetime of the ⌫4 state decreases. The proximity of appearance and disappearance for
0.4 > log10(⌧) > �0.4 indicates decreased tension, as discussed in the text.
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FIG. 24: Ratio of the observed neutrino spectrum at
the NEOS detector over the expected from the Daya

Bay results [61].

[65], displayed in Fig. 25.

If we use only the error bars shown in Fig. 25, then
our 3+1 fits would give us the red allowed region shown
in Fig. 26, left. The blue line, drawn using a �

2 map
provided by PROSPECT [65], shows what the exclusion
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FIG. 25: Ratio of the observed PROSPECT spectrum
over the baseline-integrated spectrum. See [65] for more

detail.
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