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Neutrinos oscillate…
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fluxes. The CC and ES results reported here are consis-
tent with the earlier SNO results [2] for Teff≥6.75 MeV.
The excess of the NC flux over the CC and ES fluxes
implies neutrino flavor transformations.

A simple change of variables resolves the data di-
rectly into electron (φe) and non-electron (φµτ ) compo-
nents [13],

φe = 1.76+0.05
−0.05(stat.)+0.09

−0.09 (syst.)

φµτ = 3.41+0.45
−0.45(stat.)+0.48

−0.45 (syst.)

assuming the standard 8B shape. Combining the sta-
tistical and systematic uncertainties in quadrature, φµτ

is 3.41+0.66
−0.64, which is 5.3σ above zero, providing strong

evidence for flavor transformation consistent with neu-
trino oscillations [8, 9]. Adding the Super-Kamiokande
ES measurement of the 8B flux [10] φSK

ES = 2.32 ±
0.03(stat.)+0.08

−0.07 (syst.) as an additional constraint, we

find φµτ = 3.45+0.65
−0.62, which is 5.5σ above zero. Fig-

ure 3 shows the flux of non-electron flavor active neutri-
nos vs the flux of electron neutrinos deduced from the
SNO data. The three bands represent the one standard
deviation measurements of the CC, ES, and NC rates.
The error ellipses represent the 68%, 95%, and 99% joint
probability contours for φe and φµτ .

Removing the constraint that the solar neutrino energy
spectrum is undistorted, the signal decomposition is re-
peated using only the cos θ⊙ and (R/RAV)3 information.
The total flux of active 8B neutrinos measured with the
NC reaction is

φSNO
NC = 6.42+1.57

−1.57(stat.)+0.55
−0.58 (syst.)

which is in agreement with the shape constrained value
above and with the standard solar model prediction [11]
for 8B, φSSM = 5.05+1.01

−0.81.
In summary, the results presented here are the first di-

rect measurement of the total flux of active 8B neutrinos
arriving from the sun and provide strong evidence for
neutrino flavor transformation. The CC and ES reaction
rates are consistent with the earlier results [2] and with
the NC reaction rate under the hypothesis of flavor trans-
formation. The total flux of 8B neutrinos measured with
the NC reaction is in agreement with the SSM prediction.
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FIG. 3: Flux of 8B solar neutrinos which are µ or τ flavor vs
flux of electron neutrinos deduced from the three neutrino re-
actions in SNO. The diagonal bands show the total 8B flux as
predicted by the SSM [11] (dashed lines) and that measured
with the NC reaction in SNO (solid band). The intercepts
of these bands with the axes represent the ±1σ errors. The
bands intersect at the fit values for φe and φµτ , indicating
that the combined flux results are consistent with neutrino
flavor transformation assuming no distortion in the 8B neu-
trino energy spectrum.

[2] Q.R. Ahmad et al., Phys. Rev. Lett. 87, 071301 (2001).
[3] The SNO collaboration, Nucl. Instr. and Meth. A449,

172 (2000).
[4] M.R. Dragowsky et al., Nucl. Instr. and Meth. A481,

284 (2002).
[5] M.-Q. Liu, H.W. Lee, and A.B. McDonald, Nucl. Inst.

Meth. A329, 291 (1993).
[6] C.E. Ortiz et al., Phys. Rev. Lett. 85, 2909 (2000).
[7] Cross section uncertainty includes gA uncertainty (0.6%),

difference between NSGK (S. Nakamura, T. Sato, V.
Gudkov and K. Kubodera, Phys. Rev. C63 (2001)
034617) and BCK (M. Butler, J.-W. Chen and X. Kong,
Phys. Rev. C63 (2001) 035501) in SNO’s calculations
(0.6%), radiative correction uncertainties (0.3% for CC,
0.1% for NC, A. Kurylov, M. J. Ramsey-Musolf and P.
Vogel, Phys. Rev. C65 (2002) 055501), uncertainty as-
sociated with neglect of real photons in SNO (0.7% for
CC), and theoretical cross section uncertainty (1%, S.
Nakamura et al., arXiv:nucl-th/0201062, (to be pub-
lished)).

[8] Z. Maki, N. Nakagawa, and S. Sakata, Prog. Theor. Phys.
28, 870 (1962).

[9] V. Gribov and B. Pontecorvo, Phys. Lett. B28, 493
(1969).

[10] S. Fukuda et al., Phys. Rev. Lett. 86, 5651 (2001).
[11] John N. Bahcall, M.H. Pinsonneault, and Sarbani Basu,

Astrophys. J. 555, 990 (2001).
[12] We note that this rate of neutron events also leads to a

lower bound on the proton lifetime for “invisible” modes
(based on the free neutron that would be left in deu-
terium (V.I. Tretyak and Yu.G. Zdesenko, Phys. Lett.
B505, 59 (2001) ) in excess of 1028 years, approximately

 (km/MeV)
eν

/E0L
0 10 20 30 40 50 60 70

Su
rv

iv
al

 P
ro

ba
bi

lit
y

0

0.2

0.4

0.6

0.8

1

1.2

1.4 eνData - BG - Geo CHOOZ data
Expectation based on osci. parameters

determined by KamLAND

SuperK 1998 atmospheric neutrinos SNO 2002 solar neutrinos KamLAND 2006 reactor neutrinos



Th. Schwetz - Prague Sept 20243

2

2.2

2.4

2.6

2.8

3

3.2

∆
m

2 3
2
  

  
[1

0
-3

 e
V

2
] 

  
 ∆

m
2 3
1 NOvA

T2K

MINOS

DeepCore SuperK

0.3 0.4 0.5 0.6 0.7

sin
2
θ

23

-3.2

-3

-2.8

-2.6

-2.4

-2.2

-2

Reno

DayaBay

Dbl-Chooz

0.015 0.02 0.025 0.03

sin
2
θ

13

[2σ]

NuFIT 5.2 (2022)
2

2.2

2.4

2.6

2.8

3

3.2

∆
m

2 3
2
  

  
[1

0
-3

 e
V

2
] 

  
 ∆

m
2 3
1 NOvA

T2K

MINOS

DeepCore SuperK

0.3 0.4 0.5 0.6 0.7

sin
2
θ

23

-3.2

-3

-2.8

-2.6

-2.4

-2.2

-2

Reno

DayaBay

Dbl-Chooz

0.015 0.02 0.025 0.03

sin
2
θ

13

[2σ]

NuFIT 5.2 (2022)

[ ]2σ

Δ
m

2 31
[e

V
2 ]

www.nu-fit.org

Big success of 3-neutrino framework

http://www.nu-fit.org


Th. Schwetz - Prague Sept 2024

 

 

|m2
3 − m2

1 | ≈ (2.5 ± 0.03) × 10−3 eV2

m2
2 − m2

1 = (7.42 ± 0.21) × 10−5 eV2

4

Big success of 3-neutrino framework
Global data and 3-flavour oscillations Qualitative picture

What we know – masses
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Summary - neutrino oscillations

The SM flavour puzzle
Lepton mixing:

◊12 ¥ 33¶

◊23 ¥ 45¶

◊13 ¥ 9¶
UPMNS = 1

Ô
3

Q

ca
O(1) O(1) ‘
O(1) O(1) O(1)
O(1) O(1) O(1)

R

db

Quark mixing:

◊12 ¥ 13¶

◊23 ¥ 2¶

◊13 ¥ 0.2¶
UCKM =

Q

ca
1 ‘ ‘

‘ 1 ‘

‘ ‘ 1

R

db

T. Schwetz (KIT) Neutrino physics I 53 / 55

www.nu-fit.org

http://www.nu-fit.org


Th. Schwetz - Prague Sept 2024

• fermion, singlet under the SM gauge group 

• renormalizable interaction with SM:  

• appear in many extensions of the SM, models for neutrino mass (seesaw) 

• „portal“ to a dark sector, e.g.  

•Majorana mass term   unrelated to Higgs VEV, scale of new physics 

ℒY = yL̄H̃N + h . c .

ℒdark = gϕN̄cN + . . .

ℒM = MNN̄cN

5

Sterile neutrinos — right-handed neutrinos — heavy neutral leptons

Lecture by M. Malinsky on Monday
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Sterile neutrino at which mass scale?

dark 
radiation
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Sterile neutrino at which mass scale?

dark 
radiation

talk on Friday
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Sterile neutrino at which mass scale?

dark 
radiation

this talk
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Sterile neutrinos at the eV scale?

eV-scale sterile neutrino oscillations

Hints for sterile neutrinos at the eV scale?

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

I Gallium anomaly (‹e disappearance)

I LSND (‹̄µ æ ‹̄e appearance)

I MiniBooNE (‹µ æ ‹e , ‹̄µ æ ‹̄e appearance)
�m2

21

�m2
31

�m2
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�e

�µ

��

�s

‹e disappearance: depends on |Ue4| æ ◊ee

T. Schwetz (KIT) 2
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• tension between „predicted“ and observed neutrino rates at reactors 

• dominated by systematic/theoretical uncertainty

11

Reactor anomaly

Giunti, Li, Ternes, Xin, 2110.06820
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• tension between „predicted“ and observed neutrino rates at reactors 

• dominated by systematic/theoretical uncertainty
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Reactor anomaly

3

Analysis �2
3⌫ �2

min ndata p n�

HM Rates 41.4 33.5 40 2.0⇥ 10�2 2.3

Ab Initio Rates 39.2 37.0 40 0.34 0.95

HKSS Rates 58.1 47.5 40 5.0⇥ 10�3 2.8

Spectra 184.9 172.2 212 1.8⇥ 10�3 3.1

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

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

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

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

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

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

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

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

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

�2 function of the form

�2 =
X

A

(~SA
exp � ~SA

pred)
T · (VA)

�1 · (~SA
exp � ~SA

pred), (3)

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

tal spectral ratio and ~SA
pred = ~SA

pred(sin
2 2✓ee,�m2

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

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

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

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

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

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

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

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

Huber, Muller, 2011

Estienne et al., 1904.09358 

Hayen et al., 1908.08302 

Berryman, Huber, 1909.09267

see also Perissé, Onillon, Mougeot, Vivier, Lasserre et al. 2304.14992
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• all reactor neutrino spectra predictions (till 2021) were based on electron spectra 
measured by Schreckenbach et al., 1981-89 @ ILL 

• 2021: measurement of 235U/239Pu beta-sepctra @ Kurchatov Inst. (KI) 
Kopeikin, Skorokhvatov, Titov, PRD21 [2103.01684] 
5.4% smaller than ILL  suggests bias in 235U ILL spectrum→

13

Reactor anomaly

Giunti, Li, Ternes, Xin, 2110.06820

consistent within 1.1σ
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• Recent „ad-initio“ calculation of reactor neutrino spectrum 
Perissé, Onillon, Mougeot, Vivier, Lasserre et al. 2304.14992

14

Reactor anomaly

27

FIG. 13. Comparison of the IBD yields as obtained with BESTIOLE in the present work to a selection of state-of-the-art
predictions and measurements. (a) Comparison of the isotopic IBD yields for 235U, 239Pu and the combination of 235U, 238U,
239Pu and 241Pu as measured at LEU commercial reactors. The shaded areas correspond to the 1� uncertainty band estimated
from the present summation calculations. The EF IBD yield predictions miss an uncertainty, because those were not evaluated
in [41, 42]. (b) Comparison of IBD yields expressed relatively to the HM prediction in the (235U,239Pu) plane. The HM
conversion prediction is pictured by the blue cross. The green dot and red inverted pyramid respectively correspond to the
present summation calculations from BESTIOLE and from the EF prediction. The dark (light) shades are the 68% CL (95% CL)
contours for the BESTIOLE summation calculations (green) and the HM prediction (blue). The latest STEREO measurement
of the 235U IBD yield [137] is pictured by the orange vertical line. The light and dark shaded bands are respectively the 68%
CL and 95% CL associated uncertainty. The solid line (dotted line) ellipses correspond to 95% CL (99% CL) contours from
a global analysis using fuel evolution and absolute rate measurements at LEU and HEU reactors [30]. The dashed blue line
corresponds to the (S5/S9) aggregate beta spectrum ratio measured at the Kurchatov Institute. The blue triangle lying on
this line corresponds to the KI prediction. The corresponding 68% and 95% CL contours are not displayed not to overload the
figure. They are exactly the same than those of the HM prediction.

between the corresponding actinide fission ⌫̄e spectra, es- pecially for the Plutonium isotopes. This last point again

good agreement with measured neutrino rates
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between the corresponding actinide fission ⌫̄e spectra, es- pecially for the Plutonium isotopes. This last point again

28

FIG. 14. Comparison of the BESTIOLE summation prediction to the ILL aggregate � spectrum data [5, 6]. Prediction
uncertainties are represented by the blue band. Black error bars correspond to experimental uncertainties. (a) Ratios to the
235U (top) and 239Pu (bottom) ILL � spectra. (b) The top panel shows the (S5/S9) � spectrum ratios both coming from the
summation prediction (BESTIOLE), from the ILL data (BILL), and from the recent (S5/S9) ratio measurement performed
at the Kurchatov Institute (KI) [33]. The corresponding (S5/S9)BESTIOLE/(S5/S9)BILL,KI double ratios are displayed in the
bottom panel.

demonstrates the importance of a robust evaluation of
the fission fragment yields for more accurate summation
calculations.

The last point of comparison focuses on the shape
of the predicted fission ⌫̄e spectra. IBD spec-
trum measurements extracted from the combination
of the PROSPECT data together with either the
STEREO [139] (here denoted SP) or the Daya Bay [140]
data (here denoted DBP) are here used as benchmarks.
Figure 16 shows how the present summation calculations
compare to the unfolded 235U and 239Pu ⌫̄e experimental
spectra. In details, both the experimental spectra and
the summation prediction are area-normalized to per-
form a shape-only comparison. To account for residual
e↵ects in the experimental data unfolding process, the
summation prediction is filtered using published smear-
ing matrices as prescribed in the supplementary mate-
rials of [139, 140]. Given the uncertainties both com-
ing from the experimental measurements and those es-
timated in the present work, an overall good agreement
between data and prediction is observed. A �2 value
was computed and respectively gave �2/ndf=19.1/21,
�2/ndf=25.8/23 and �2/ndf=13.8/22 for the SP 235U,
DBP 235U and 239Pu data, demonstrating an overall good
agreement with the present summation prediction in the
1.8-7.5 MeV energy range.

In light of the spectrum deviations recently reported
in the 5-7 MeV energy regime with respect to the HM

FIG. 15. Comparison of the BESTIOLE summation calcula-
tions to the EF and HM 235U and 239Pu ⌫̄e fission spectra.
Prediction uncertainties from BESTIOLE are represented by
the blue band. Black uncertainty bars correspond to HM
uncertainties. No uncertainties are available for the EF pre-
diction.

good agreement with measured neutrino rates ILL  spectra not well reproducedβ
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Reactor shape anomaly

Dentler, Hernandez, Kopp, 
Maltoni, TS, 1709.04294
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the results of analysis with interval 500 keV, which 
corresponds to energy resolution of the detector, are 
also presented (blue triangles). One can see that 
squares and triangles are statistically compatible. A 

curve based on parameters Δm14
2  ≈

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

 

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

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

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

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

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

Oscillation parameters ∆m14
2  and sin2 2θ14, and 

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

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

 

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

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

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

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

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

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

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

Vij = V ij
R + ↵2

⇣M i
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M i
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⌘
·
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⌘
V ij
N , (3)

where V ij
R and V ij

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

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

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

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

Atif et al al., 2011.00896segmented detectors: 
STEREO [arXiv:1912.06582]  
L = 9 to 11 m Δ𝝌2(no osc) ≈ 9 
PROSPECT [arXiv:2006.11210]  
L = 6.7 to 9.2 m

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

curve based on parameters Δm14
2  ≈

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

 

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

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

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

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

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

Oscillation parameters ∆m14
2  and sin2 2θ14, and 

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

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

 

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

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

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

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

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

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

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

Vij = V ij
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where V ij
R and V ij

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

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

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

of 0.13, and thus shows no significant indication of a ster-
ile neutrino oscillation.
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L = 9 to 11 m Δ𝝌2(no osc) ≈ 9 
PROSPECT [arXiv:2006.11210]  
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relative spectral measurments:
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• 6 detector cells 
9-11m from reactor core 

• compare 6 energy spectra at 
different distances 

• neutrino rate consistent with 
previous measurements 

• no (clear) evidence for spectral 
distortion

16

STEREO experiment

3

FIG. 1. Configuration of the STEREO experiment. This drawing illustrates the proximity to the ILL compact core and the detector structure.
The 6 identical cells of the target are filled with 1.8 m3 of gadolinium-doped liquid scintillator. Energy leakage from an antineutrino event
close to a target edge is mitigated by the presence of a crown surrounding the target volume and filled with Gd-unloaded liquid scintillator.
The walls are all reflective and improve the collection of scintillation light to photomultipliers tubes (PMT) located at the top of each cell.
A 20 cm thick acrylic buffer separates the PMTs from the liquid to ensure a homogeneous response in the whole cell volume. A 1.5 mm
layer of mu-metal protects the detector from external magnetic fields, and a polyethylene and lead shield isolates it from neutron and gamma
fluxes. The whole structure is covered by a water Cerenkov detector allowing to veto cosmic muons passing near the target volume. A layer
of soft iron and boron-loaded rubber completes the protection against magnetic fields and thermal neutrons respectively. Additional lead and
polyethylene shielding at the front and sides of the detector is not shown for clarity. The presence of a water channel above the detector offers
a crucial protection against the cosmic background by reducing the vertical muon flux by a factor of about 4 and by stopping the hadronic
showers. The inset illustrates the spectral distortions in different cells due to sterile-neutrino driven oscillations, accessible thanks to STEREO
’s segmentation, that are crucial to the sterile neutrino search.

REFERENCE URANIUM-235 ANTINEUTRINO SPECTRUM

The precise control of the detector response [4] combined
with a good precision on the reactor power [5] allows to ex-
tend STEREO ’s analysis to study the shape and absolute nor-
malisation of the antineutrino spectrum. The highly enriched
235U fuel (HEU) used at ILL gives access to the antineutrino
spectrum emitted by the fission of this single isotope, com-
plementary to commercial reactors whose low enriched fuel
(LEU) induces fission fractions distribution between 235U ,
239Pu , 238U and 241Pu . As the 6 single-cell spectra are com-
patible with each other, the analysis of the antineutrino spec-
trum is performed by combining the selection of events in the
6 cells of the target volume. A spectrum is thus obtained as a
function of the reconstructed energy deposited in the scintilla-
tor by the positron. However we provide a reference spectrum
directly usable by the community by using a procedure to de-
convolute the energy spectrum from the response of the detec-
tor. The method is based on a fit of the spectrum in antineu-
trino energy to the spectrum in reconstructed positron energy
through the detector response matrix, the latter being derived
from the Monte-Carlo simulation of the detector. The statisti-
cal fluctuations and the finite energy resolution of the detector

induce numerical instabilities in this procedure. They are reg-
ularized by a Tikhonov type approach [6, 38]. Biases of the
method are encoded in a filter matrix provided in [39]; apply-
ing this filter matrix to a spectrum prediction ensures ensures
an unbiased comparison with the unfolded STEREO spectrum,
shown in Figure 3.a. This spectrum corresponds to the largest
sample of pure 235U fission antineutrinos from a single ex-
periment to date. The details of the systematic uncertainties
relevant for this analysis are given in the Methods section.

A specificity of STEREO is to control the absolute normal-
ization of the measurement. Thus the integral of the spectrum
provides the most precise measurement of the production of
antineutrinos by the fission of 235U from a HEU reactor. It
shows a deficit of 5.5± 2.1 % compared to the HM model, in
excellent agreement with the world average (Extended Data
Fig. 10), and confirms the prominent role of 235U in the RAA.

Beyond this global deficit, the STEREO measurement also
clearly highlights a spectral distortion compared to the HM
model (Figure 3.b) that cannot be explained by an oscillation.
There is thus a strong tension between this prediction, derived
from the conversion of the total beta spectrum from 235U fis-
sions and that of the measured total antineutrino spectrum. A
much better agreement with the STEREO results is obtained
by the most recent summation models [9, 10]. Such approach,
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FIG. 3. New reference 235U antineutrino spectrum. a. The unfolded antineutrino spectrum associated to the fission of 235U (black points)
is shown with the HM prediction (blue) in the true antineutrino energy space. The vertical bars and blue band represent the respective total
uncertainties and the vertical axis provides the absolute IBD yield. To obtain the HM prediction the emitted spectrum was multiplied by the
theoretical IBD cross section [40]. The matrix illustrates the bin-to-bin correlations. Since the STEREO measurement is statistically limited, the
pattern of correlations observed around the diagonal is mainly induced by the unfolding process. b. Relative deviations (black points) to the HM
prediction (blue), exhibiting significant discrepancies in norm and in shape. However a better agreement is obtained with two recent summation
models. The prediction of M. Estienne et al. [9] (magenta) corrects the evaluated nuclear data by including the most recent measurements
of the �-strengths of the main fission products. It is in good agreement with the mean deficit measured by STEREO and could indicate the
beginning of a shape distortion at high energy. A complementary approach [10] (red band of uncertainties) generalises the correction of the �-
spectra to all nuclei by completing the �-decay schemes of the ENSDF nuclear database [41] with a simple phenomenological Gamow-Teller
�-decay strength model. Remarkable agreement with the STEREO spectrum is obtained both in normalisation and in shape.
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• statistical interpretation not  
straight forward 
Coloma, Huber, Schwetz, 2008.06083  
see also, Feldman, Cousins, 98; 
Agostini, Neumair, 1906.11854;  
Giunti, 2004.07577; 
PROSPECT&STEREO 2006.13147  

• constraint from solar neutrinos for 
large mixing  
Goldhagen, Maltoni, Reichard, TS, 
2109.14898
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Do the hints add up?
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Figure 1. Isocontours of ��2 = 6.18 (left) and 11.83 (right) for reactor experiments and the
solar constraint, corresponding to 2, 3� levels under Wilks’ theorem, respectively. The grey
regions correspond to the combined analysis and the red star is the best-fit point of all data
combined.

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

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

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

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

��
2(sin2 2✓,�m

2) = �
2(sin2 2✓,�m

2)� �
2
min . (2.4)

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

2, MC simulations of statistical fluctuations in the data

– 8 –

Berryman, Coloma, Huber, TS, Zhou, 2111.12530 
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•Measurements of gallium solar 
neutrino experiments GALLEX 
and SAGE with radioactive 51Cr 
or 37Ar sources lead to rates 
lower than expected ( )  
e.g. Giunti, Laveder, 2011 

• possible explanation due to eV 
sterile neutrino oscillations?
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electron capture decay: 
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FIG. 1. The Ga target and extraction piping diagram also indicating the source handling apparatus.

similar results to within about 2%. This di↵erence is due
to minor event-selection di↵erences at the edges of the
selection borders in energy and rise time. This di↵erence
is accounted for by the estimated systematic uncertain-
ties in the e�ciencies for those cuts. All e�ciencies are
accounted for each extraction individually.

For the likelihood fits, if the 71Ge half-life is allowed
to float, the result is 11.05±0.72 d (11.11±0.69 d) for the
inner (outer) target data agreeing well with the known
half-life. If the 51Cr half-life is allowed to float the re-
sult is 31.55±2.89 d (30.97±3.90 d) for the inner (outer)
target data agreeing well with the known half-life.

During each extraction a small fraction of the produc-
tion is due to solar neutrinos. The measured solar neu-
trino capture rate is (66.1±3.1) SNU [8][31] and typically
results in about 0.51 (3) counts per extraction attributed
to the K+L counts for the inner (outer) target. Due
to the ine�ciency of the extraction, there are also some
71Ge atoms that carryover from one extraction to the
next. Typically this is about 1 count for each volume.
Both of these e↵ects were taken into account, extraction
by extraction.

The systematic uncertainties have been estimated from
auxiliary tests. The chemical extraction e�ciency is typ-
ically about 95% with an uncertainty of ±1.6%. The
summed K+L peak counting e�ciency is typically about
70% with an uncertainty of -1.8/+2.0%. There are small
uncertainties due to the Rn cut (-0.05%), the solar neu-
trino correction (±0.20%), and the carryover correction
(±0.04%). The total systematic uncertainty is estimated
to be -2.5/+2.6%. Note that the uncertainty in the ex-
traction e�ciency has been greatly reduced as compared
to Ref. [13]. This is due to the use of mass spectrom-
etry to determine with high accuracy the e�ciency of
extraction of minute quantities of Ge from a large mass

of Ga [26]. The details of the systematic uncertainties
are described in Ref [32].

The cross section has to be calculated from nuclear
physics input and when the original Ga anomaly was ob-
served, there was concern that the transition strengths
to excited states were not fully understood. Bahcall [33]
derived the ground state contribution from the 71Ge half-
life, but the excited state contributions were estimated
from charge exchange (i.e. (p,n)) reactions. For the cen-
tral value, Bahcall used the best estimate of the transi-
tion strength values to the excited states with an esti-
mated uncertainty to be the change in � (-1.6/+2.8%),
if one ignores the excited states. The charge exchange
data has been improved by recent work [15–17] indicat-
ing that they are not the cause of the discrepancy. How-
ever, the excited-state contribution uncertainty is critical
because the (p,n) measurements have a significant can-
cellation between the Gamow-Teller and tensor matrix
elements resulting in an underestimate of the transition
strengths [34]. Kostensalo et al. [21] used a nuclear shell
model calculation to avoid the (p,n) measurement draw-
back. The paper of Semenov et al. [18] reproduces Bah-
call’s approach but uses modern values for the transition
strengths [35]. The Semenov et al. and Kostensalo et
al. results di↵er by about 4%, which is about 2-3 times
larger than the uncertainty estimated for each. Interest-
ingly, the original Bahcall number is half way between
these two results with an uncertainty that encompasses
both. We therefore use the Bahcall � value and the
associated conservative uncertainties from his estimate:
(5.81+0.21

�0.16)⇥ 10�45 cm2.

The survival probability at a distance d for two-

V. V. Barinov et al., Phys. Rev. Lett. 128 (2022), no. 23 232501; 
Phys. Rev. C 105 (2022), no. 6 065502
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The Baksan Experiment on Sterile Transitions (BEST) was designed to investigate the deficit of
electron neutrinos, ⌫e, observed in previous gallium-based radiochemical measurements with high-
intensity neutrino sources, commonly referred to as the gallium anomaly, which could be interpreted
as evidence for oscillations between ⌫e and sterile neutrino (⌫s) states. A 3.414-MCi 51Cr ⌫e source
was placed at the center of two nested Ga volumes and measurements were made of the production
of 71Ge through the charged current reaction, 71Ga(⌫e,e

�)71Ge, at two average distances. The
measured production rates for the inner and the outer targets respectively are (54.9+2.5

�2.4(stat) ±
1.4(syst)) and (55.6+2.7

�2.6(stat) ± 1.4(syst)) atoms of 71Ge/d. The ratio (R) of the measured rate of
71Ge production at each distance to the expected rate from the known cross section and experimental
e�ciencies are Rin = 0.79± 0.05 and Rout = 0.77± 0.05. The ratio of the outer to the inner result
is 0.97±0.07, which is consistent with unity within uncertainty. The rates at each distance were
found to be similar, but 20-24% lower than expected, thus rea�rming the anomaly. These results
are consistent with ⌫e ! ⌫s oscillations with a relatively large �m2 (>0.5 eV2) and mixing sin22✓
(⇡0.4).

The possibility of the existence of light sterile neutrinos
(⌫s) is presently a major field of inquiry. The literature
on this topic is extensive but has been summarized well
in a number of recent reviews [1–7]. Much of the ev-
idence for ⌫s’s comes from oscillation experiments that
search for the conversion of an active neutrino into a
sterile state.

The SAGE [8] and GALLEX [9] radiochemical ex-
periments detected neutrinos from the Sun through the
charged-current reaction 71Ga(⌫e,e�)71Ge. The SAGE
method (GALLEX) exposed a large mass of Ga metal,
30-50 t, (GaCl3-HCl solution, 30.3 t Ga) to the Sun for
about a month and then chemically extracted the ra-
dioactive 71Ge atoms (⌧1/2=(11.43±0.03) d [10]), mixed
the Ge with a proportional counter gas, and counted the
decaying 71Ge in a low-background system. Both col-
laborations followed up the solar neutrino studies with
strong radioactive electron-capture sources to confirm
their sensitivity to interactions with ⌫e from the Sun.

These experiments, using 51Cr [11, 12] and 37Ar [13]
placed at the center of their Ga targets, found a 71Ge
production rate of 0.87±0.05 of that expected [8]. This
led to extensive studies of the cross section [14–18], the
extraction e�ciency, and counting e�ciencies [12, 19] by
both collaborations and a number of outside interested
groups [9, 20, 21]. This discrepancy between the ex-
pected and measured rates defines the gallium anomaly
and has been interpreted in the context of ⌫e ! ⌫s os-
cillations [22]. Although the statistical evidence for a
deviation from expectation is modest, about 2-3�, it has
persisted motivating the need for further investigation.
Furthermore, given the simplicity of the electron-capture
neutrino energy spectrum and the well-known cross sec-
tion (�) at these low energies, this is an e↵ective tech-
nique to search for ⌫s’s. There have been numerous
searches for ⌫s sensitive to the Ga anomaly parameter
range. We present a summary in the bottom panel of
Fig. 3.
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The Baksan Experiment on Sterile Transitions (BEST) was designed to investigate the deficit of
electron neutrinos, ⌫e, observed in previous gallium-based radiochemical measurements with high-
intensity neutrino sources, commonly referred to as the gallium anomaly, which could be interpreted
as evidence for oscillations between ⌫e and sterile neutrino (⌫s) states. A 3.414-MCi 51Cr ⌫e source
was placed at the center of two nested Ga volumes and measurements were made of the production
of 71Ge through the charged current reaction, 71Ga(⌫e,e

�)71Ge, at two average distances. The
measured production rates for the inner and the outer targets respectively are (54.9+2.5

�2.4(stat) ±
1.4(syst)) and (55.6+2.7

�2.6(stat) ± 1.4(syst)) atoms of 71Ge/d. The ratio (R) of the measured rate of
71Ge production at each distance to the expected rate from the known cross section and experimental
e�ciencies are Rin = 0.79± 0.05 and Rout = 0.77± 0.05. The ratio of the outer to the inner result
is 0.97±0.07, which is consistent with unity within uncertainty. The rates at each distance were
found to be similar, but 20-24% lower than expected, thus rea�rming the anomaly. These results
are consistent with ⌫e ! ⌫s oscillations with a relatively large �m2 (>0.5 eV2) and mixing sin22✓
(⇡0.4).

The possibility of the existence of light sterile neutrinos
(⌫s) is presently a major field of inquiry. The literature
on this topic is extensive but has been summarized well
in a number of recent reviews [1–7]. Much of the ev-
idence for ⌫s’s comes from oscillation experiments that
search for the conversion of an active neutrino into a
sterile state.

The SAGE [8] and GALLEX [9] radiochemical ex-
periments detected neutrinos from the Sun through the
charged-current reaction 71Ga(⌫e,e�)71Ge. The SAGE
method (GALLEX) exposed a large mass of Ga metal,
30-50 t, (GaCl3-HCl solution, 30.3 t Ga) to the Sun for
about a month and then chemically extracted the ra-
dioactive 71Ge atoms (⌧1/2=(11.43±0.03) d [10]), mixed
the Ge with a proportional counter gas, and counted the
decaying 71Ge in a low-background system. Both col-
laborations followed up the solar neutrino studies with
strong radioactive electron-capture sources to confirm
their sensitivity to interactions with ⌫e from the Sun.

These experiments, using 51Cr [11, 12] and 37Ar [13]
placed at the center of their Ga targets, found a 71Ge
production rate of 0.87±0.05 of that expected [8]. This
led to extensive studies of the cross section [14–18], the
extraction e�ciency, and counting e�ciencies [12, 19] by
both collaborations and a number of outside interested
groups [9, 20, 21]. This discrepancy between the ex-
pected and measured rates defines the gallium anomaly
and has been interpreted in the context of ⌫e ! ⌫s os-
cillations [22]. Although the statistical evidence for a
deviation from expectation is modest, about 2-3�, it has
persisted motivating the need for further investigation.
Furthermore, given the simplicity of the electron-capture
neutrino energy spectrum and the well-known cross sec-
tion (�) at these low energies, this is an e↵ective tech-
nique to search for ⌫s’s. There have been numerous
searches for ⌫s sensitive to the Ga anomaly parameter
range. We present a summary in the bottom panel of
Fig. 3.
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The gallium anomaly

�
2
null/dof p-value

CS1, BEST 32.1/2 1.1⇥ 10�7 (5.3�)
CS1, all 36.3/6 2.4⇥ 10�6 (4.7�)
CS2, BEST 34.7/2 2.9⇥ 10�8 (5.5�)
CS2, all 38.4/6 9.4⇥ 10�7 (4.9�)

Table 2: Evaluating the null-hypothesis R = 1 for the BEST experiments (inner and outer volumes

combined) and for all gallium experiments, for the two recommended cross sections CS1 and CS2 from

Haxton et al. [16]. We give the �2/dof for the null-hypothesis and the corresponding p-values. In the bracket

the p-values are converted into two-sided Gaussian standard deviations. The analysis includes experimental

uncertainties as well as the cross section uncertainties as provided in [16].

combined with the correlated uncertainty due to the cross sections from eq. (10). To test
the null-hypothesis of no neutrino disappearance we define

�
2
null = min⇠CS

"
X

i

(1 + �
i
CS⇠CS �Ri)2

�
2
i

+ ⇠
2
CS

#
, (11)

with Ri and �i given in table 1 and the index i runs over the used data points; �iCS is the
relative uncertainty of the cross section derived from eq. (10), which depends on the index
i whether a Cr or Ar source has been used. In order to take into account the asymmetric
cross section errors we use for �iCS the upper (lower) error if the value of the pull parameter
⇠CS at the minimum is larger (smaller) than zero. The results of this test are summarized in
table 2, where we give the �2 of the null-hypothesis for using only the two BEST data points
or for combining all 6 gallium data points. We see that for both cross sections, very low
p-values are obtained, corresponding roughly to 5� significance, with CS2 leading to slightly
higher significances.

3.2 Fitting gallium data with the decoherence model

To test the decoherence model introduced in section 2, we modify the �
2 definition from

eq. (11) in the following way:

�
2 = min⇠↵�

2(⇠↵) , ↵ = CS, ✓12, ✓13 , (12)

�
2(⇠↵) =

X

i

1

�
2
i

⇥�
1 + �

i
CS⇠CS

�
hPeeii + ⇡

i
✓12⇠✓12 + ⇡

i
✓13⇠✓13 �Ri

⇤2
+

X

↵=CS,✓12,✓13

⇠
2
↵ , (13)

⇡
i
✓jk

= �s2jk

@hPeeii
@s

2
jk

, s
2
jk ⌘ sin2

✓jk , jk = (12, 13) , (14)

where hPeeii is the ⌫e survival probability averaged over the detector volume as well as the
neutrino energy lines corresponding to each data point i, for details see [6, 10]. As before,
we take into account the asymmetric cross section uncertainties by chosing �

i
CS depending

on the sign of ⇠CS at the minimum, and we include the uncertainties on the leptonic mixing

5

Farzan, TS, 2306.09422 
cross sections CS1, CS2 from 
Haxton et al., 2303.13623
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Can it be explained by eV sterile neutrino oscillations?
5

FIG. 2. Top: the measured K+L peak rates of the inner target
volume; Middle-Top: normalizes the production rate to the
reference time, the combined results for events in the the L
and K peaks are shown. The blue (red) region represents
the predicted (measured) production rate. Middle-Bottom:
Similar to the Top panel but for the outer volume. Bottom:
Similar to the Middle-Top panel but for the outer volume.
The dotted lines enclose the ±1� uncertainty regions. For
all panels, the horizontal lines indicate the exposure duration
with the likelihood fit results plotted at the start of exposure.

The ⌫e � ⌫s oscillation parameter space minimum
(Fig. 3) is very broad and gradual with very small �2

di↵erence between the two best fit points. Because the
values for R are similar for the two volumes, the deduced
oscillation length is similar to, or smaller, than the vol-
umes’ dimensions. As a result, the acceptable�m2 range
extends above a lower limit. As a consequence, it is not
well determined and the results are consistent with val-
ues above about 0.5 eV2. The large deviation of the R’s
from 1 drives the mixing angle to a large value within an
extended range. This description is similar to the pre-
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FIG. 3. Top: Exclusion for the results from BEST. The best
fit point (b.f.p.) is for �m2 = 3.3 eV2 and sin22✓ = 0.42.
Bottom: Exclusion contours of all Ga anomaly experiments:
two GALLEX, two SAGE and two BEST results. The blue
solid line and the blue dotted line shows the 2� and 3� con-
fidence level respectively. The figure also presents the exclu-
sion contours from Prospect [38], DANSS [39], Stéréo [40],
KATRIN [41], the combined analysis of RENO and NEOS
data [42], reactor anti-neutrino anomalies (RAA) [43] allowed
region, interpretations of the MicroBooNE result for the os-
cillation hypothesis with fixed mixing angle (sin22✓) and pro-
filed over the angle [44], and the model-independent 95% up-
per bound on sin22✓ from all solar neutrino experiments [45].
The 2� allowed region of Neutrino-4 [46] is also presented and
the grey shading represents the merged exclusion of the very
short baseline (VSBL) null results.

vious Ga results and hence, given the broad minimum,
the di↵erence in parameter values at the minima points
is inconsequential.

Because the measured R’s for the two volumes are sim-
ilar, an alternative explanation for the results could be
an overall error in � or e�ciency. Since the observed
R’s would require a smaller � than the ground state con-

Barinov et al., 

PRL(2022)



Th. Schwetz - Prague Sept 202424

Giunti, Li, Ternes, Tyagi, Xin, 2209.00916

16

sin22ϑee

∆
m

4
12
  
  
[e

V
2
]

Tritium + Solar

Reactor + Tritium + Solar

RSRF(N/DB)+HM
RSRF(N/DB)+EF
RSRF(N/DB)+HKSS
RSRF(N/DB)+KI

Gallium

Ground State
Bahcall
Kostensalo
Semenov

2σ

10−3 10−2 10−1
1

10−1

1

10

102

(a)

sin22ϑee

∆
m

4
12
  
  
[e

V
2
]

Tritium + Solar

Reactor + Tritium + Solar

RSRF(N/R)+HM
RSRF(N/R)+EF
RSRF(N/R)+HKSS
RSRF(N/R)+KI

Gallium

Ground State
Bahcall
Kostensalo
Semenov

2σ

10−3 10−2 10−1
1

10−1

1

10

102

(b)

sin22ϑee

∆
m

4
12
  
  
[e

V
2
]

Tritium + Solar

Reactor + Tritium + Solar

RSRF(N/DB)+HM
RSRF(N/DB)+EF
RSRF(N/DB)+HKSS
RSRF(N/DB)+KI

Gallium

Ground State
Bahcall
Kostensalo
Semenov

3σ

10−3 10−2 10−1
1

10−1

1

10

102

(c)

sin22ϑee

∆
m

4
12
  
  
[e

V
2
]

Tritium + Solar

Reactor + Tritium + Solar

RSRF(N/R)+HM
RSRF(N/R)+EF
RSRF(N/R)+HKSS
RSRF(N/R)+KI

Gallium

Ground State
Bahcall
Kostensalo
Semenov

3σ

10−3 10−2 10−1
1

10−1

1

10

102

(d)

FIG. 10. Comparison of the contours delimiting the [(a) and (b)] 2� and [(c) and (d)] 3� allowed regions in the (sin22#ee,�m2
41)

plane obtained from the combined analysis of the data of the reactor rate experiments with di↵erent flux models, the spectral
ratio experiments,reactor the Tritium experiments, and the solar bound with those obtained from the Gallium data with
di↵erent cross sections. Also shown is the 3� bound obtained from the combination of the Tritium and solar bounds. The
figures di↵er by the use of [(a) and (c)] NEOS/Daya Bay [45] or [(b) and (d)] NEOS/RENO [46] spectral ratio data. The
best-fit points are indicated by crosses.

One can see that the goodness of fit is high. There is a
3.1–3.3� indication in favor of 3+1 active-sterile neutrino
mixing in the global fits with the NEOS/Daya Bay data.
The indication decreases to 2.6–2.8� if the NEOS/RENO

are used. The values of the best-fit points are in any case
around sin22#ee ' 0.02 and �m

2

41
' 1.3 eV2.

Figure 10 shows the 2� and 3� allowed regions in
the (sin22#ee,�m

2

41
) plane obtained from the global fits
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FIG. 10. Comparison of the contours delimiting the [(a) and (b)] 2� and [(c) and (d)] 3� allowed regions in the (sin22#ee,�m2
41)

plane obtained from the combined analysis of the data of the reactor rate experiments with di↵erent flux models, the spectral
ratio experiments,reactor the Tritium experiments, and the solar bound with those obtained from the Gallium data with
di↵erent cross sections. Also shown is the 3� bound obtained from the combination of the Tritium and solar bounds. The
figures di↵er by the use of [(a) and (c)] NEOS/Daya Bay [45] or [(b) and (d)] NEOS/RENO [46] spectral ratio data. The
best-fit points are indicated by crosses.

One can see that the goodness of fit is high. There is a
3.1–3.3� indication in favor of 3+1 active-sterile neutrino
mixing in the global fits with the NEOS/Daya Bay data.
The indication decreases to 2.6–2.8� if the NEOS/RENO

are used. The values of the best-fit points are in any case
around sin22#ee ' 0.02 and �m
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see also 

Berryman, Coloma, 
Huber, TS, Zhou, 
2111.12530; 
Goldhagen, Maltoni, 
Reichard, TS, 
2109.14898; 


• in tension with solar neutrinos, reactor experiments and cosmology!

Can it be explained by eV sterile neutrino oscillations?

severe tension of 4 − 5σ
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How to explain? Brdar, Gehrlein, Kopp, 2303.05528 

19

TABLE I. A summary of explanation attempts for the gallium anomaly. The first part of the table explores
solutions within the SM, the second part contains potential solutions that require new physics. Besides the
scenarios discussed in the present paper, we also include proposals from the literature. (We do not include
star ratings for the latter.)

scenario comments our rating

Explanations within the Standard Model

increased 71Ge half-life
(Section 2.1 and Ref. [38])

would lead to smaller matrix element for ⌫ + 71Ga; but the
71Ge half-life has been measured many times with di↵erent
methods in [37], all of which yield consistent results. So it is
hard to imagine a bias in these measurements.

HHIII

new 71Ga excited state
(Section 2.2)

would imply a bias in the extraction of the ⌫ + 71Ga matrix
element from the measured 71Ge half-life. Some very old ex-
periments claim the existence of such a state, but this has not
been confirmed in more recent observations.

HHIII

increased BR(51Cr ! 51V⇤)
(Section 3)

would cause a bias in translating the heat output of the source
to a neutrino production rate. Measurements of BR(51Cr !
51V⇤) show some tension, but it is far less than the shift re-
quired to explain the gallium anomaly.

HHHII

71Ge extraction e�ciency
(Section 4)

one of SAGE’s calibration runs has revealed a large bias.
Could a small, unnoticed, bias have been present in all gal-
lium experiments?

HHHHI

Explanations beyond the Standard Model

⌫s coupled to ultralight DM
(MSW resonance, Sec. 5.1.1)

several exotic ingredients; somewhat tuned MSW resonance;
new ⌫4 decay channel required for cosmology.

HHHHI

⌫s coupled to dark energy
(MSW resonance, Sec. 5.1.2)

several exotic ingredients; somewhat tuned MSW resonance;
cosmology similar to the previous scenario.

HHHII

⌫s coupled to ultralight DM
(param. resonance, Sec. 5.1.3)

several exotic ingredients; somewhat tuned parametric res-
onance; cosmology requires post-BBN DM production via
misalignment.

HHHHI

decaying ⌫s
(Section 5.2)

di�cult to reconcile with reactor and solar data; regeneration
of active neutrinos in ⌫s decays alleviates tension, but does not
resolve it.

HHIII

vanilla eV-scale ⌫s
(Refs. [16, 17])

preferred parameter space is strongly disfavored by solar and
reactor data.

HIIII

⌫s with CPT violation
(Refs. [129])

avoids constraints from reactor experiments, but those from
solar neutrinos cannot be alleviated.

extra dimensions
(Refs. [130–132])

neutrinos oscillate into sterile Kaluza–Klein modes that prop-
agate in extra dimensions; in tension with reactor data.

stochastic neutrino mixing
(Ref. [133])

based on a di↵erence between sterile neutrino mixing angles at
production and detection (see also [134, 135]); fit worse than
for vanilla ⌫s.

decoherence
(Refs. [136, 137])

non-standard source of decoherence needed; known experimen-
tal energy resolutions constrain wave packet length, making an
explanation by wave packet separation alone challenging.

⌫s coupled to ultralight scalar
(Ref. [138])

ultralight scalar coupling to ⌫s and to ordinary matter a↵ects
sterile neutrino parameters; can not avoid reactor constraints

see also Elliott, Gavrin, Haxton [2306.03299] 
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How to explain?

•New physics explanations? 

• 20%  disappearance at the scale of 2m  

• difficult to reconcile with vast body of neutrino data 
many ideas do not work 

• Ex.: sterile neutrino coupled to a background field, such that an MSW-like 
resonance happens at  Brdar, Gehrlein, Kopp, 2303.05528  

• Exotic decoherence effects (three neutrino) Farzan, TS, 2306.09422 

νe

Eν ≈ 750 keV
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resonance happens at  Brdar, Gehrlein, Kopp, 2303.05528  

• Exotic decoherence effects (three neutrino) Farzan, TS, 2306.09422 

νe

Eν ≈ 750 keV

talk on Thursday
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Sterile neutrinos at the eV scale?

eV-scale sterile neutrino oscillations

Hints for sterile neutrinos at the eV scale?

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

I Gallium anomaly (‹e disappearance)

I LSND (‹̄µ æ ‹̄e appearance)

I MiniBooNE (‹µ æ ‹e , ‹̄µ æ ‹̄e appearance)
�m2

21

�m2
31

�m2
41

�e

�µ

��

�s

‹e disappearance: depends on |Ue4| æ ◊ee

T. Schwetz (KIT) 2
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Hints for νµ→νe appearance

eV-scale sterile neutrino oscillations ‹µ æ ‹e appearance

Hints for ‹µ æ ‹e appearance
LSND, 2001
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MiniBooNE, 1805.12028

3

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

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

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

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

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

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

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

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

Total Data 1959 478
Excess 381.2 ± 85.2 79.3 ± 28.6

0.26% (LSND) �µ � �e 463.1 100.0

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

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

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

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

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

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

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

corresponding to the total 12.84 � 1020 POT data, for �e

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

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

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

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

I ‹-‹̄ combined excess:
460.5 ± 95.8 events (4.8‡)

LSND and MiniBooNE data consistent within 2-flavour oscillations
T. Schwetz (KIT) 10
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FIG. 6: The MiniBooNE neutrino mode EQE
⌫ distributions, corresponding to the total 18.75⇥1020

POT data, for ⌫e CCQE data (points with statistical errors) and predicted backgrounds (colored

histograms). The constrained background is shown as additional points with systematic error

bars. The dashed histogram 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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FIG. 7: The total event excesses in neutrino mode for the first, second, and third running periods.

Error bars include only statistical uncertainties.

1. There are a total of 3182 data events, 2568.8 background events and 613.2 excess events.

Figs. 10 and 11 show the cos ✓ distribution of data and background events and excess evets

for the 22 di↵erent energy bins. All of these numbers will become available in a future data

release.

10

MiniBooNE 2020

combined neutrino+antineutrino 
excess: 638.0±132.8 events (4.8σ)

arXiv:2006.16883
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Correlation between appearance and disappearance probabilities
eV-scale sterile neutrino physics Global analysis

Can we explain all the hints together?
appearance

Pµe = sin2 2◊µe sin2 �m
2
41L

4E
sin2 2◊µe = 4|Ue4|2|Uµ4|2

disappearance (– = e, µ)

P–– = 1 ≠ sin2 2◊–– sin2 �m
2
41L

4E
sin2 2◊–– = 4|U–4|2(1 ≠ |U–4|2)

sin2 2◊µe ¥ 1
4 sin2 2◊ee sin2 2◊µµ

‹µ æ ‹e app. signal requires also signal in both, ‹e and ‹µ disappearance
(appearance mixing angle quadratically suppressed)

T. Schwetz (KIT), NNN17 17
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Strong tension btw appearance and disappearanceeV-scale sterile neutrino oscillations Global analysis

Strong tension in global data Dentler et al, 1803.10661
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eV-scale sterile neutrino oscillations ‹µ æ ‹e appearance

Global data on SBL ‹µ æ ‹e appearance Dentler et al, 1803.10661

using pre-2018 MiniBooNE data, results quantitativley very similar

T. Schwetz (KIT) 11

eV-scale sterile neutrino physics Global analysis

Can we explain all the hints together?
appearance
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sterile oscillation 
explanation of LSND/MiniB 
robustly disfavoured
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• 3-neutrinos and CPT violation  
Murayama, Yanagida 01;  Barenboim, Borissov, Lykken 02; Gonzalez-Garcia, Maltoni, TS 03  

• 4-neutrinos and CPT violation Barger, Marfatia, Whisnant 03  

• Exotic muon-decay Babu, Pakvasa 02  

• CPT viol. quantum decoherence Barenboim, Mavromatos 04  

• Lorentz violation Kostelecky et al., 04, 06; Gouvea, Grossman 06  

• mass varying ν Kaplan,Nelson,Weiner 04; Zurek 04; Barger,Marfatia,Whisnant 05  

• shortcuts of sterile νs in extra dim Paes, Pakvasa, Weiler 05; Doring, Pas, Sicking, Weiler, 18  

• decaying sterile neutrino Palomares-Riuz, Pascoli, TS 05; Gninenko 09, 10;  
Bertuzzo, Jana, Machado, Zukanovich, 18; Ballett, Pascoli, Ross-Lonergan, 18; Fischer, Hernandez,  TS, 19; 
Dentler, Esteban, Kopp, Machado, 19; deGouvea, Peres, Prakash, Stenico, 19; Abdallah, Gandhi, Roy, 20  

• energy dependent quantum decoherence Farzan, TS, Smirnov 07; Bakhti, Farzan, TS, 15, Farzan TS, 23  

• sterile neutrinos and new gauge boson Nelson, Walsh 07  

• sterile ν with energy dependent mass or mixing TS 07  

• sterile ν with non-standard interactions  
Akhmedov, TS 10;  Conrad, Karagiorgi, Shaevitz, 12; Liao, Marfatia, Whisnant 18 

31

Other BSM explanations? incomplete and outdated list:
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Other BSM explanations? incomplete and outdated list:

many of them excluded by some data
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•sterile neutrino N with mN ~ keV to ~500 MeV 

•produce N either by mixing or by up-scattering 

•decay: 

•  with standard neutrino interaction in detector 

• electromagn. decay inside MB detector  (no LSND) 

•exciting new physics / rich phenomenology / predict signatures in existing (near 
detectors) and/or upcoming experiments (e.g., Fermilab SBN, DUNE, HK, IceC)

N → ϕ νe
N → νγ / νe± / νπ0 / . . .

32

MiniBooNE and a decaying sterile neutrino
Palomares, Pascoli, TS, hep-ph/0505216; Gninenko, 0902.3802, 1009.5536;  Bertuzzo, Jana, Machado, Zukanovich, 1807.09877;  
Ballett, Pascoli, Ross-Lonergan, 1808.2915;  Arguelles, Hostert, Tsai, 1812.08768;  Fischer, Hernandez,  TS, 1909.09561; 
Dentler, Esteban, Kopp, Machado, 1911.01427; deGouvea, Peres, Prakash, Stenico, 1911.01447; Brdar, Fischer, Smirnov, 2007.14411; 
Abdallah, Gandhi, Roy, 2010.06159; Abdullahi, Hostert, Pascoli, 2007.11813;…
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eV sterile neutrinos are severely constrained by cosmology

• sum of neutrino masses 
 

• effective number of neutrino 
species                                                             

∑ mν < 0.12 eV

Neff = 2.99 ± 0.17

Two effects of neutrinos in cosmology:
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eV sterile neutrinos are severely constrained by cosmology

• sum of neutrino masses 
 

• effective number of neutrino 
species                                                             

∑ mν < 0.12 eV

Neff = 2.99 ± 0.17

consider a partially thermalized 
eV-scale neutrino state: 

•  

•

Neff = 3 + ΔNeff

∑ mν ≈
3

∑
i=1

mi + ΔNeffm4

Two effects of neutrinos in cosmology:
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for sizeable mixing they are equilibrated and contribute to  and  Neff ∑
i

mi

34

eV sterile neutrinos are severely constrained by cosmology

Figure 9. Final Ne↵ in the 3+1 case for different values of �m
2
41 and |Ue4|

2 when considering normal
ordering for the active neutrinos. The other two active-sterile components of the mixing matrix take
the values as labelled. The black closed contours represent the 3� preferred regions and the green
star the best-fit point from [44].

analyses, see e.g. [25, 28, 32]. In particular, our results for the 3+1 case are in reasonable
agreement (within few percent of the total Ne↵) with those obtained with the LASAGNA code
in the 1+1 approximation.

In the following, let us consider what happens when we increase the values of the angles
that were earlier always fixed to zero. An example is shown in the four panels of Fig. 9.
The iso-Ne↵ contours change when we vary �m

2
41 and |Ue4|

2 while the two remaining matrix
elements |Uµ4|

2 or |U⌧4|
2 assume different values. It is interesting that these contours remain

similar to those in Fig. 8 when the largest mixing comes from |Ue4|
2, but saturate as a

consequence of the other mixing channels when |Ue4|
2 is smaller than one of the other two

mixing matrix elements. We include in the same panels the preferred 99.7% CL regions by
DANSS+NEOS [44]. One can conclude that the current preferred value for |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 effective. In light of current cosmolo-
gical constraints, which prefer Ne↵ . 3.3 [14] (Planck data TT, TE, EE+lowE+lensing+BAO,
95% CL), this indicates a strong tension between CMB observations and neutrino oscillation
experiments, as noted in many previous analyses.
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for sizeable mixing they are equilibrated and contribute to  and  Neff ∑
i

mi

35

eV sterile neutrinos are severely constrained by cosmology

Parameter experimental upper limit (95%)
cosmological upper limit (95%)

P(log �m
2
14) P(m4) P(�m

2
14)

m4 [eV] - 1.6 4.4 6.8

log10 |Ue4|
2 - �3.04 �3.43 �4.0

log10 |Uµ4|
2

�2.2 (⌫µ) �3.17 �3.55 �4.16

log10 |U⌧4|
2

�0.8 (⌫µ) �3.18 �3.55 �4.19

m� [eV] 0.9 (KATRIN) 0.09

m�� [eV] 0.08 (0⌫��) 0.07

Table 3. Upper limits (95%) for the sterile neutrino mass, the parameters of the mixing matrix,
and m� and m�� . For the limits from direct experiments we take a conservative approach and only
consider probes that are not in tension with cosmology. For those, we quote the strongest bound on
each parameter. We present cosmological limits for the different prior choices for the mass splitting
either on log �m

2
41 used in section 5.1, or on either m4 or �m

2
41 discussed in section 5.2, but note

that the prior choice barely affects the resulting constraints on m� and m�� .

�6 �5 �4 �3 �2 �1
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Figure 3. Left: Marginalized 68% and 95% constraints on the mass splitting �m
2
41 and mixing

matrix element |Ue4|
2 from cosmology (blue), from the tritium �-decay measurements by KATRIN

(green) and from neutrinoless double-�-decay experiments (0⌫��, red), compared with the preferred
frequentist regions by the joint fit [72] of reactor experiments discussed in section 4.2, which are in
strong tension with cosmological bounds. Right: Cosmological 68% and 95% marginalized constraints
on the mixing matrix element |Uµ4|

2 compared to (frequentist) ⌫µ disappearance results [72] from
IceCube and MINOS+ (grey).

lead to an upper bound on the neutrino mass sum of ⌃m⌫ < 0.15 eV, corresponding to a
limit m

cosmo
� < 0.05 eV assuming only three active neutrinos, which is slightly degraded to

m
cosmo
� < 0.09 eV if the sterile is included. However, this constraint is still a factor of ⇠ 10

stronger than current experimental limits from KATRIN.
On the right-hand side of figure 4 we show a similar comparison of the derived bound on

m�� from cosmology and direct 0⌫�� searches. Note that the posterior from the combined
0⌫�� data has a maximum at slightly non-zero values due to an excess of events observed by
EXO200 compared to the background expectation [125]. In table 3, we present a summary of
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Summary

Anomaly Status Explanation?

Reactor 
rate and shape

fading away ( < 2σ)

systematics dominated nuclear physics

Gallium / BEST very significant (~5σ)

sterile oscillations in strong tension  
w reactor, solar, cosmology 

difficult to explain

exotic decoherence (?)

LSND significant (3.8σ)

~25 yr anomaly sterile oscillations in strong tension  

w disappearance data, cosmology 
difficult to explain


HNL decay / exotic decoherence (?)MiniBooNE  very significant (4.8σ)

relies on background estimate
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