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eV-scale sterile neutrino physics

Sterile neutrinos - a very simple extension of the SM
“sterile neutrinos”: fermionic gauge singlets or right-handed neutrinos

Yukawa term:
LY = −yL̄Lφ̃NR + h.c.

bare Majorana mass term:

1
2NT

R C−1M∗
RNR + h.c.

I can have any number of them
(no requirement from anomaly cancellation for true singlets)

I we have no (very little) guidance about their mass (y and MR)
MR is not related to the Higgs VEV (unlike for charged fermions)
⇒ new scale in the theory
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eV-scale sterile neutrino physics

What is the mass scale for sterile neutrinos?

this talk: assume sterile neutrinos at eV scale
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eV-scale sterile neutrino physics

Sterile neutrinos at the eV scale?

I Reactor anomaly (ν̄e disappearance)

I Gallium anomaly (νe disappearance)

I LSND (ν̄µ → ν̄e appearance)

I MiniBooNE (νµ → νe , ν̄µ → ν̄e appearance) �m2
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�m2
31

�m2
41
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⌫⌧
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I “phenomenological model”: eV scale state is not related to seesaw or the
mechanism of neutrino mass generation

I eV scale seesaw e.g.: Blennow, Fernandez-Martinez, 11; Fan, Langacker, 12;
Donini, Hernandez, Lopez-Pavon, Maltoni, TS, 12

T. Schwetz (KIT), NNN17 4



eV-scale sterile neutrino physics

Sterile neutrinos at the eV scale?

I Reactor anomaly (ν̄e disappearance)

I Gallium anomaly (νe disappearance)

I LSND (ν̄µ → ν̄e appearance)

I MiniBooNE (νµ → νe , ν̄µ → ν̄e appearance) �m2
21

�m2
31

�m2
41

⌫e

⌫µ

⌫⌧
⌫s

I “phenomenological model”: eV scale state is not related to seesaw or the
mechanism of neutrino mass generation

I eV scale seesaw e.g.: Blennow, Fernandez-Martinez, 11; Fan, Langacker, 12;
Donini, Hernandez, Lopez-Pavon, Maltoni, TS, 12

T. Schwetz (KIT), NNN17 4
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Sterile neutrinos at the eV scale?
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νe disappearance: depends on |Ue4| → θee
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eV-scale sterile neutrino physics νe disappearance

Reactor anomaly
calculation of neutrino flux from nuclear reactors predict too many
neutrinos Mueller et al., 1101.2663, P. Huber, 1106.0687
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∆m2 = 0.44 eV2, sin22θ14 = 0.13  

∆m2 = 1.75 eV2, sin22θ14 = 0.10  

∆m2 = 0.9 eV2, sin22θ14 = 0.057

solid: sin22θ13 = 0.085
dashed: θ13 = 0

f = 0.935± 0.024 (different from 1 @ 2.7σ)

can be explained by ν̄e disappearance at eV-scale Mention et al, 1101.2755
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eV-scale sterile neutrino physics νe disappearance

Reactor anomaly – recent developements

I 5 MeV bump seen by RENO, DoubleChooz, DayaBay

Chinese Physics C Vol. XX, No. X (201X) XXXXXX

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

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

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

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

p
(Vii)) for the reactor related

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

6.3 Quantification of the Local Deviation

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

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

e�i =
Nobs

i �Npred
i

|Nobs
i �Npred

i |

sX

j

�2
ij ,

�2
ij = (Nobs

i �Npred
i )(V �1)ij(N

obs
j �Npred

j ). (30)

By definition,
P

i
e�2

i is equal to the value of �2 defined in
Eq. 28. As shown in Fig. 23C, an enhanced contribution
is visible around 5 MeV.

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

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

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

Figure 24 shows the event rate versus time in the
energy window of 4.5-5.5 MeV and other windows.
The strong correlation indicates that the excess around
5 MeV is proportional to the reactor antineutrino flux.
Therefore, it strongly suggests that the deviation is due
to the imperfect modelling of the reactor antineutrino
spectrum. A recent ab initio calculation of the antineu-
trino spectrum showed a similar deviation from previous
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DayaBay, 1607.05378
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eV-scale sterile neutrino physics νe disappearance

Reactor anomaly – recent developements

I 5 MeV bump seen by RENO, DoubleChooz, DayaBay

I new constraints on sterile mixing from relative spectra comparison:
DayaBay, 1607.01174 multi-detector comparison
NEOS, 1610.05134 spectrum at L = 24 m relative to Daya Bay ND
DANSS, Moriond EW 17 movable detector at 10.7 m and 12.7 m

I individual isotope flux measurement by DayaBay using fuel evolution
1704.01082
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eV-scale sterile neutrino physics νe disappearance

DayaBay 235U and 239Pu flux determination 1704.01082
fuel evolution and time dependence of observed neutrino rate:

3

sisting of a prompt e+ candidate with reconstructed energy
Ep ⇡ E⌫ � 0.8 MeV between 0.7 and 12 MeV and a delayed
candidate from neutron capture on gadolinium in the target
with 6-12 MeV reconstructed energy [20]. An IBD candidate
set was required to be isolated in time from cosmogenic muon
activity or any other AD triggers. This selection produced a
set of about 1,198,000 and 1,025,000 IBD candidates from
EH1 and EH2, respectively.

Accidental time coincidences of uncorrelated triggers, the
dominant background in all ADs, contribute a rate of ⇠1% the
size of the IBD signal. To account for the <10% variations in
the rate of this background with time, it was calculated and
subtracted week by week for each AD. The remaining back-
grounds, which contribute ⇠0.5% of IBD candidates, were
subtracted assuming no time variation in shape or normaliza-
tion.

The spectrum of reactor antineutrinos with energy E⌫ de-
tected by an AD at time t is expected to be

d2N(E⌫ , t)

dE⌫dt
= Np�(E⌫)"

6X

r=1

P (E⌫ , Lr)

4⇡L2
r

d2�r(E⌫ , t)

dE⌫dt
(1)

where Np is the number of target protons, �(E⌫) is the IBD
reaction cross section, " is the efficiency of detecting IBDs,
Lr is the distance between the centers of the AD and the r-th
core, and P (E⌫ , Lr) is the survival probability due to neutrino
oscillation from core r. The sum in r is taken over the six reac-
tor cores present at Daya Bay. The term d2�r(E⌫ , t)/dE⌫dt
is the antineutrino spectrum from the r-th reactor core:

d2�r(E⌫ , t)

dE⌫dt
=

Wth,r(t)

Er(t)

X

i

fi,r(t)si(E⌫)c
ne
i (E⌫) + sSNF(E⌫),

(2)
where the index i runs over the four primary fission isotopes
(235U, 238U, 239Pu, and 241Pu), Wth(t) is the reactor ther-
mal power, fi(t) is the fraction of fissions from isotope i,
Er(t) =

P
i fi,r(t)ei is the core’s average energy released

per fission due to the average energy release ei from each fis-
sion isotope, and si(E⌫) is the ⌫̄e energy spectrum per fission.
All other fission isotopes contribute <0.3% to the total an-
tineutrino flux [2], and are neglected in this analysis. The cor-
rection cne

i (E⌫) accounts for reactor nonequilibrium effects of
long-lived fission fragments, and sSNF(E⌫) is the contribution
from nearby spent nuclear fuel; both of these quantities are
treated as time independent, an assumption that has a negligi-
ble impact on the analysis.

The evolution of the antineutrino flux and spectrum was
studied as a function of the effective fission fractions Fi(t)
viewed by each AD:

Fi(t) =
6X

r=1

Wth,r(t)p̄rfi,r(t)

L2
rEr(t)

� 6X

r=1

Wth,r(t)pr

L2
rEr(t)

. (3)

The mean survival probability p̄r, calculated by integrating
the flux- and cross-section-weighted oscillation survival prob-
ability of antineutrinos from core r over E⌫ , is treated as time
independent. The four effective fission fractions F235, F238,
F239, and F241, corresponding to the 235U, 238U, 239Pu, and

241Pu isotopes respectively, sum to unity at all times for any
AD. The definition in Eq. 3 allows the expression of the mea-
sured IBD yield per nuclear fission �f as a simple sum of IBD
yields from the individual isotopes, �f =

P
i Fi�i. Weekly

effective fission fraction values for each detector were pro-
duced using thermal power and fission fraction data for each
core, which were provided by the power plant and validated
by the Collaboration using the APOLLO2 reactor modeling
code [2]. The baselines and the mean survival probabilities
used are the same as in Ref. [20], while ei values were taken
from Ref. [21].

FIG. 1. Top: Weekly effective 239Pu fission fractions F239 (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 F239. Each data point represents an average over periods of
similar F239 from the top panel.

Throughout the Letter, changes in the IBD yield and spec-
trum per fission will be represented as a function of the ef-
fective fission fraction F239, which increases as nearby reac-
tors’ fuel cycles progress. At the beginning of each core’s
fuel cycle, when 1/3 (1/4) of the fuel rods in the Daya Bay
(Ling Ao) cores are fresh, 239Pu fission fractions f239 are
⇠15%. This fraction then rises to ⇠40% by the end of the
cycle. Effective 239Pu fission fractions F239 are shown for
the EH1 and EH2 ADs in Fig. 1. The F239 values for ADs
at the same EH are identical to <0.1%. Periods of constant
positive slope correspond to continuous running and evolu-
tion of fuel in the cores, while sharp drops in F239 correspond
to the shut-down and start-up of a reactor. For EH1 (EH2),
⇠80% of the antineutrinos originate from the two Daya Bay
(four Ling Ao) cores. As ADs receive fluxes from multiple
cores with differing fuel compositions, variations in the effec-
tive fission fractions at an AD are smaller than variations in
the fission fractions within a single core. The relationships
between F239 and the effective fission fractions of the other
fissioning isotopes for the same dataset are shown in the bot-

4

tom panel of Fig. 1. The average effective fission fractions F̄i

for i = (235, 238, 239, 241) 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 system-
atic uncertainties in the measured IBD yields and in the re-
ported F239 values. The thermal power of each reactor was
determined through heat-balance calculations of the reactor
cooling water to a precision of 0.5%, uncorrelated among
cores [2]. Dominant uncertainties in this calculation arise
from limitations in the accuracy of water flow rate measure-
ments. Since these measurement techniques are independent
of the core composition, this uncertainty was treated for a sin-
gle core as fully correlated at all fission fraction values. Fis-
sion fraction uncertainties of �fi/fi=5% were determined by
comparing measurements of isotopic content in spent nuclear
fuel to values obtained by the APOLLO2 reactor modeling
code [2, 22]. As these comparisons do not suggest system-
atic biases in the reported fission fractions for specific burnup
ranges, fission fraction uncertainties were treated as fully cor-
related for all F239.

The fuel evolution analysis is particularly sensitive to de-
tection systematics not fully correlated in time. The stabil-
ity of the ADs’ performance in time has been well demon-
strated [20, 23]. Variations in the detector live time due to
periodic calibrations, maintenance, or data quality were cor-
rected for in the analysis with a negligible impact on sys-
tematic 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 recon-
structed energies of order 0.2% had 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%, re-
spectively [20].

To examine changes in the observed IBD yield and spec-
trum with reactor fuel evolution, effective fission fractions
F239 were used to group weekly IBD datasets into eight bins
of differing fuel composition, resulting in similar statistics in
each bin. For the F239 bins utilized in this analysis, the ef-
fective fission fractions (F235, F238, F239, F241) 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, �f 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 F239.

The data were then fit with a linear function describing the
IBD yield as a function of F239, in terms of the average 239Pu
fission fraction F 239 given above:

�f (F239) = �̄f +
d�f

dF239
(F239 � F 239). (4)

The fit parameters are the total F239-averaged IBD
yield �̄f and the change in yield per unit 239Pu
fission fraction d�f/dF239. This fit determines
d�f/dF239 = (�1.86 ± 0.18) ⇥ 10�43 cm2/fission
with a �2/NDF of 3.5/6. The statistical errors in �f values
are the leading uncertainty in the measurement, with reactor

FIG. 2. IBD yield per fission, �f , 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, d�f/dF239. 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
�̄f between the data and prediction.

data systematics also providing a non-negligible contribution;
errors arising from assuming linear trends in IBD yield with
F239 (Eq. 4) are negligible. The fit also provides a total
IBD yield �̄f of (5.90 ± 0.13) ⇥10�43 cm2/fission with the
error dominated by uncertainty in the estimation of the ADs’
IBD detection efficiency. This result was then compared to a
constant reactor antineutrino flux model, where d�f/dF239

= 0. This model, depicted by the horizontal green line in
Fig. 2, provides a best fit with �2/NDF = 115/7. The best-fit
d�f/dF239 value is incompatible with this constant flux
model at 10 standard deviations (�).

Observed IBD yields were compared to those predicted
by recent reactor antineutrino models, generated according
to Eqs. 1 and 2. Among many available models [9, 25–27],
235U, 239Pu, and 241Pu antineutrino spectrum per fission pre-
dictions from Huber [3] and 238U predictions from Mueller et.
al [4] were used to enable a direct comparison to the reac-
tor antineutrino anomaly. The predicted total IBD yield �̄f ,
(6.22 ± 0.14) ⇥10�43 cm2/fission, differs from the measured
�̄f by 1.7�. This 5.1% deficit is consistent with previous
measurements reported by Daya Bay [1, 2], as well as with
the ⇠6% deficit observed in global fits of past reactor exper-
iments. The predicted d�f/dF239 from the Huber-Mueller
model, (�2.46 ± 0.06)⇥ 10�43cm2/fission, is represented in
Fig. 2 after scaling by the 5.1% difference in the predicted and
measured �̄f from this analysis. This predicted d�f/dF239

differs from the measurement by 3.1�, indicating additional
tension between the flux measurements and models beyond
the established differences in total IBD yield �̄f . In particu-
lar, it suggests that the fractional difference between the pre-
dicted and measured antineutrino fluxes may not be the same
for all fission isotopes. If the measured fractional yield deficits
from all isotopes are equal, the ratio of the slope d�f/dF239

to the total yield �̄f will be identical for the measurement and
prediction. These ratios, -0.31 ± 0.03 and -0.39 ± 0.01, re-

σapred =
∑
i

P i
oscF a

i ξiσ
HM
i i = 235, 238, 239, 2141
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eV-scale sterile neutrino physics νe disappearance

DayaBay 235U and 239Pu flux determination 1704.01082

I flux deficit in 235U
239Pu consistent with prediction

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

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

5

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

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

�a
f =

X

i

F a
i �i, (5)

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

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

�f = F�, (6)

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

�2 = (�f � F�)>V�1(�f � F�), (7)

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

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

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

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

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

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

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

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

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

P
j Sj , the sum of IBD yields in

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

Dentler, Hernandez, Kopp, Maltoni, TS, 1709.04294
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spectively, are incompatible at 2.6� confidence level.
The evolution of Daya Bay’s IBD yield pictured in Fig. 2

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

�a
f =

X

i

F a
i �i, (5)

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

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

�f = F�, (6)

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

�2 = (�f � F�)>V�1(�f � F�), (7)

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

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

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

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

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

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

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

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

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

P
j Sj , the sum of IBD yields in

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

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

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

Dentler, Hernandez, Kopp, Maltoni, TS, 1709.04294

T. Schwetz (KIT), NNN17 9
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Analysis χ2min/dof gof sin2 2θbfp14 ∆χ2(no osc)
fixed fluxes + νs 9.8/(8− 1) 18% 0.11 3.9
free fluxes (no νs) 3.6/(8− 2) 73%

Dentler, Hernandez, Kopp, Maltoni, TS, 1709.04294

T. Schwetz (KIT), NNN17 9
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Impact of NEOS and DANSS Dentler et al, 1709.04294

NEOS + Daya Bay spect:

∆χ2(no osc.) = 5.5

T. Schwetz (KIT), NNN17 10
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Combined reactor data Dentler et al, 1709.04294

10
-1

10
0

10
1

∆m

2

41
 [eV

2
]

0

5

10

∆
χ

2

flux-fixed

flux-free

combined reactors 1σ

2σ

3σ

∆χ2(no osc) =
{

11.3 (2.9σ) Huber & Müller predictions
5.6 (1.9σ) flux-free

flux-free analysis: reactor flux normalizations left free for each isotope,
spectral data with bin-per-bin free normalization (no model input on shape)

T. Schwetz (KIT), NNN17 11



eV-scale sterile neutrino physics νe disappearance

Combined reactor data Dentler et al, 1709.04294

10
-1

10
0

10
1

∆m

2

41
 [eV

2
]

0

5

10

∆
χ

2

flux-fixed

flux-free

combined reactors 1σ

2σ

3σ

∆χ2(no osc) =
{

11.3 (2.9σ) Huber & Müller predictions
5.6 (1.9σ) flux-free

oscillations vs flux-free (no-osc): Tobs = 2.9

T. Schwetz (KIT), NNN17 11



eV-scale sterile neutrino physics νe disappearance

The Gallium anomaly

radioactive sources in gallium solar neutrino exps.: νe +71 Ga→71 Ge + e−

combined fit:

χ2min = 2.3/3 dof
r = 0.84+0.054

−0.051

∆χ2r=1 = 8.7 (2.9σ)

0.5 0.7 0.8 0.9 1 1.1
observed / expected
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Gallex 51Cr

Gallex 51Cr

SAGE 51Cr

SAGE 37Ar

Gallium data using Frekers et al PLB11

oscillations with ∆m2 ∼ 1 eV2 can lead to reduction of the νe flux within
the detector volume Acero,Giunti,Laveder,0711.4222; Giunti,Laveder,1006.3244

T. Schwetz (KIT), NNN17 12



eV-scale sterile neutrino physics νe disappearance

Global νe disappearance data Dentler et al, 1709.04294
reactor data, gallium anomaly, solar neutrinos,
νe disappearance from LSND and KARMEN (νe +12 C→12 N + e−)
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Global νe disappearance data Dentler et al, 1709.04294
reactor data, gallium anomaly, solar neutrinos,
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eV-scale sterile neutrino physics

Sterile neutrinos at the eV scale?

I Reactor anomaly (ν̄e disappearance)

I Gallium anomaly (νe disappearance)

I LSND (ν̄µ → ν̄e appearance)

I MiniBooNE (νµ → νe , ν̄µ → ν̄e appearance) �m2
21

�m2
31

�m2
41

⌫e

⌫µ

⌫⌧
⌫s

appearance data: depends on |Ue4Uµ4| → θµe

T. Schwetz (KIT), NNN17 14
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eV-scale sterile neutrino physics νµ → νe appearance

Hints for νµ → νe appearance

LSND, 2001
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Global data on SBL νµ → νe appearance
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Can we explain all the hints together?
appearance

Pµe = sin2 2θµe sin2
∆m2

41L
4E sin2 2θµe = 4|Ue4|2|Uµ4|2

disappearance (α = e, µ)

Pαα = 1− sin2 2θαα sin2
∆m2

41L
4E sin2 2θαα = 4|Uα4|2(1− |Uα4|2)

sin2 2θµe ≈
1
4 sin2 2θee sin2 2θµµ

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

T. Schwetz (KIT), NNN17 17
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Nuclear Physics B 643 (2002) 321–338
www.elsevier.com/locate/npe

Ruling out four-neutrino oscillation interpretations
of the LSND anomaly?

M. Maltoni a, T. Schwetz b, M.A. Tórtola a, J.W.F. Valle a

a Instituto de Física Corpuscular – C.S.I.C./Universitat de València Edificio Institutos de Paterna, Apt 22085,
E-46071 Valencia, Spain

b Institut für Theoretische Physik, Universität Wien Boltzmanngasse 5, A-1090 Wien, Austria
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Abstract

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

T. Schwetz (KIT), NNN17 18
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Strong constraints on |Uµ4| from νµ disappearance
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Dentler, Kopp, Machado, Maltoni, Martinez, TS, preliminary!

latest MINOS+ constraints still to be included
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Tension btw appearance signal and νe/νµ disappearance
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app/disap consistency:
(LSND DAR+DIF, w/o MINOS+)

χ2PG =
{

20.1/(2 dof) p-value 4× 10−5 (flux fixed)
22.9/(2 dof) p-value 1× 10−5 (flux free)

consistent results with Gariazzo, Giunti, Laveder, Li, 1703.00860:
χ2PG = 17.2/(2 dof) p-value 2× 10−4 (data sets not identical, small differences in analysis)
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eV-scale sterile neutrino physics Cosmology

eV sterile neutrinos and cosmology
two effects of eV-scale νs in cosmology:

I Neff : relativistic degrees of freedom (expansion rate) ⇒ Neff ≈ 4
I
∑

mν : sum of neutrino masses (hot DM) ⇒
∑

mν &
√

∆m2
41

both effects lead to tension with cosmological data

Hannestad, Tamborra, Tram, 1204.5861
see also Borriello et al., 1303.5368; Bridle et al., 1607.00032

for LSND or RAA-like mass/mixing
oscillations in the early Universe fully
termalize the sterile state
Enqvist, Kainulainen, Thomson, 92; Shi, Schramm, Fields, 93;
Okada, Yasuda, 96; Bilenky, Giunti, Grimus, TS, 98; DiBari, 01;...

T. Schwetz (KIT), NNN17 21
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eV sterile neutrinos and cosmology
Planck Collaboration: Cosmological parameters
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Fig. 29. Samples from the Planck TT+lowP posterior in theP
m⌫–H0 plane, colour-coded by �8. Higher

P
m⌫ damps

the matter fluctuation amplitude �8, but also decreases H0
(grey bands show the direct measurement H0 = (70.6 ±
3.3) km s�1Mpc�1, Eq. 30). Solid black contours show the con-
straint from Planck TT+lowP+lensing (which mildly prefers
larger masses), and filled contours show the constraints from
Planck TT+lowP+lensing+BAO.

high multipoles produces a relatively small improvement to the
Planck TT+lowP+BAO constraint (and the improvement is even
smaller with the alternative CamSpec likelihood) so we consider
the TT results to be our most reliable constraints.

The constraint of Eq. (54b) is consistent with the 95 % limit
of

P
m⌫ < 0.23 eV reported in PCP13 for Planck+BAO. The

limits are similar because the linear CMB is insensitive to the
mass of neutrinos that are relativistic at recombination. There is
little to be gained from improved measurement of the CMB tem-
perature power spectra, though improved external data can help
to break the geometric degeneracy to higher precision. CMB
lensing can also provide additional information at lower red-
shifts, and future high-resolution CMB polarization measure-
ments that accurately reconstruct the lensing potential can probe
much smaller masses (see e.g. Abazajian et al. 2015b).

As discussed in detail in PCP13 and Sect. 5.1, the Planck
CMB power spectra prefer somewhat more lensing smoothing
than predicted in⇤CDM (allowing the lensing amplitude to vary
gives AL > 1 at just over 2�). The neutrino mass constraint
from the power spectra is therefore quite tight, since increas-
ing the neutrino mass lowers the predicted smoothing even fur-
ther compared to base ⇤CDM. On the other hand the lensing
reconstruction data, which directly probes the lensing power,
prefers lensing amplitudes slightly below (but consistent with)
the base ⇤CDM prediction (Eq. 18). The Planck+lensing con-
straint therefore pulls the constraints slightly away from zero to-
wards higher neutrino masses, as shown in Fig. 30. Although the
posterior has less weight at zero, the lensing data are incompati-
ble with very large neutrino masses so the Planck+lensing 95 %
limit is actually tighter than the Planck TT+lowP result:

X
m⌫ < 0.68 eV (95%,Planck TT+lowP+lensing). (55)

Fig. 30. Constraints on
P

m⌫ for various data combinations.

Adding the polarization spectra improves this constraint slightly
to
X

m⌫ < 0.59 eV (95%,Planck TT,TE,EE+lowP+lensing).
(56)

We take the combined constraint further including BAO, JLA,
and H0 (“ext”) as our best limit

X
m⌫ < 0.23 eV

⌦⌫h2 < 0.0025

9>>=>>; 95%, Planck TT+lowP+lensing+ext.

(57)
This is slightly weaker than the constraint from Planck
TT,TE,EE+lowP+lensing+BAO, (which is tighter in both the
CamSpec and Plik likelihoods) but is immune to low level sys-
tematics that might a↵ect the constraints from the Planck polar-
ization spectra. Equation (57) is therefore a conservative limit.
Marginalizing over the range of neutrino masses, the Planck con-
straints on the late-time parameters are23

H0 = 67.7 ± 0.6

�8 = 0.810+0.015
�0.012

9>=>; Planck TT+lowP+lensing+ext. (58)

For this restricted range of neutrino masses, the impact on the
other cosmological parameters is small and, in particular, low
values of �8 will remain in tension with the parameter space
preferred by Planck.

The constraint of Eq. (57) is weaker than the constraint of
Eq. (54b) excluding lensing, but there is no good reason to disre-
gard the Planck lensing information while retaining other astro-
physical data. The CMB lensing signal probes very-nearly lin-
ear scales and passes many consistency checks over the multi-
pole range used in the Planck lensing likelihood (see Sect. 5.1
and Planck Collaboration XV 2015). The situation with galaxy
weak lensing is rather di↵erent, as discussed in Sect. 5.5.2. In
addition to possible observational systematics, the weak lensing
data probe lower redshifts than CMB lensing, and smaller spa-
tial scales where uncertainties in modelling nonlinearities in the
matter power spectrum and baryonic feedback become impor-
tant (Harnois-Déraps et al. 2014).

23To simplify the displayed equations, H0 is given in units of
km s�1Mpc�1 in this section.
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Fig. 31. Samples from Planck TT+lowP chains in the Ne↵–H0
plane, colour-coded by �8. The grey bands show the constraint
H0 = (70.6 ± 3.3) km s�1Mpc�1 of Eq. (30). Note that higher
Ne↵ brings H0 into better consistency with direct measurements,
but increases �8. Solid black contours show the constraints from
Planck TT,TE,EE+lowP+BAO. Models with Ne↵ < 3.046 (left
of the solid vertical line) require photon heating after neutrino
decoupling or incomplete thermalization. Dashed vertical lines
correspond to specific fully-thermalized particle models, for ex-
ample one additional massless boson that decoupled around the
same time as the neutrinos (�Ne↵ ⇡ 0.57), or before muon
annihilation (�Ne↵ ⇡ 0.39), or an additional sterile neutrino
that decoupled around the same time as the active neutrinos
(�Ne↵ ⇡ 1).

A larger range of neutrino masses was found by Beutler et al.
(2014) using a combination of RSD, BAO, and weak lens-
ing information. The tension between the RSD results and
base ⇤CDM was subsequently reduced following the analysis
of Samushia et al. (2014), as shown in Fig. 17. Galaxy weak
lensing and some cluster constraints remain in tension with base
⇤CDM, and we discuss possible neutrino resolutions of these
problems in Sect. 6.4.4.

Another way of potentially improving neutrino mass con-
straints is to use measurements of the Ly↵ flux power spectrum
of high-redshift quasars. Palanque-Delabrouille et al. (2014)
have recently reported an analysis of a large sample of quasar
spectra from the SDSSIII/BOSS survey. When combining their
results with 2013 Planck data, these authors find a bound

P
m⌫ <

0.15 eV (95 % CL), compatible with the results presented in this
section.

An exciting future prospect is the possible direct detection
of non-relativistic cosmic neutrinos by capture on tritium, for
example with the PTOLEMY experiment (Cocco et al. 2007;
Betts et al. 2013; Long et al. 2014). Unfortunately, for the mass
range

P
m⌫ < 0.23 eV preferred by Planck, detection with the

first generation experiment will be di�cult.

6.4.2. Constraints on Ne↵

Dark radiation density in the early Universe is usually parame-
terized by Ne↵ , defined so that the total relativistic energy density
in neutrinos and any other dark radiation is given in terms of the

photon density ⇢� at T ⌧ 1 MeV by

⇢ = Ne↵
7
8

 
4

11

!4/3

⇢�. (59)

The numerical factors in this equation are included so that
Ne↵ = 3 for three standard model neutrinos that were thermal-
ized in the early Universe and decoupled well before electron-
positron annihilation. The standard cosmological prediction is
actually Ne↵ = 3.046, since neutrinos are not completely de-
coupled at electron-positron annihilation and are subsequently
slightly heated (Mangano et al. 2002).

In this section we focus on additional density from mass-
less particles. In addition to massless sterile neutrinos, a variety
of other particles could contribute to Ne↵ . We assume that the
additional massless particles are produced well before recombi-
nation, and neither interact nor decay, so that their energy den-
sity scales with the expansion exactly like massless neutrinos.
An additional �Ne↵ = 1 could correspond to a fully thermal-
ized sterile neutrino that decoupled at T <⇠ 100 MeV; for ex-
ample any sterile neutrino with mixing angles large enough to
provide a potential resolution to short-baseline reactor neutrino
oscillation anomalies would most likely thermalize rapidly in the
early Universe. However, this solution to the neutrino oscillation
anomalies requires approximately 1 eV sterile neutrinos, rather
than the massless case considered in this section; exploration of
the two parameters Ne↵ and

P
m⌫ is reported in Sect. 6.4.3. For

a review of sterile neutrinos see Abazajian et al. (2012).
More generally the additional radiation does not need to be

fully thermalized, for example there are many possible models
of non-thermal radiation production via particle decays (see e.g.,
Hasenkamp & Kersten 2013; Conlon & Marsh 2013). The radi-
ation could also be produced at temperatures T > 100 MeV,
in which case typically �Ne↵ < 1 for each additional species,
since heating by photon production at muon annihilation (at
T ⇡ 100 MeV) decreases the fractional importance of the ad-
ditional component at the later times relevant for the CMB. For
particles produced at T � 100 MeV the density would be di-
luted even more by numerous phase transitions and particle anni-
hilations, and give �Ne↵ ⌧ 1. Furthermore, if the particle is not
fermionic, the factors entering the entropy conservation equation
are di↵erent, and even thermalized particles could give specific
fractional values of �Ne↵ . For example Weinberg (2013) consid-
ers the case of a thermalized massless boson, which contributes
�Ne↵ = 4/7 ⇡ 0.57 if it decouples in the range 0.5 MeV < T <
100 MeV like the neutrinos, or �Ne↵ ⇡ 0.39 if it decouples at
T > 100 MeV (before the photon production at muon annihila-
tion, hence undergoing fractional dilution).

In this paper we follow the usual phenomenological ap-
proach where we constrain Ne↵ as a free parameter with a wide
flat prior, though we comment on a few discrete cases separately
below. Values of Ne↵ < 3.046 are less well motivated, since they
would require the standard neutrinos to be incompletely thermal-
ized or additional photon production after neutrino decoupling,
but we include this range for completeness.

Figure 31 shows that Planck is entirely consistent with the
standard value Ne↵ = 3.046. However, a significant density of
additional radiation is still allowed, with the (68 %) constraints

Ne↵ = 3.13 ± 0.32 Planck TT+lowP ; (60a)
Ne↵ = 3.15 ± 0.23 Planck TT+lowP+BAO ; (60b)
Ne↵ = 2.99 ± 0.20 Planck TT,TE,EE+lowP ; (60c)
Ne↵ = 3.04 ± 0.18 Planck TT,TE,EE+lowP+BAO . (60d)
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PLANCK coll., 1502.01589

X
m⌫ < 0.23 eV(95% CL)

Planck+BAO+H0+...

Ne↵ = 3.04 ± 0.18 (68% CL)

Planck TT,TE,EE+lowP+BAO

3+1 SBL osc
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Reconciling eV sterile neutrinos with cosmology?

need to invent a mechanism to avoid thermalization in the early Universe

two examples:
I large chemical potential: Lµ = 10−2

Foot, Volkas, 95; Chu, Cirelli, 06; Smith, Fuller, Kishimoto, Abazajian, 06; Hannestad, Tamborra, Tram, 12;

Miele, Mirizzi, Saviano, Serpico, 12

I self-interacting sterile neutrinos
Chu, Dasgupta, Kopp, 15; Archidiacono, Hannestad, Hansen, Tram, 15
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Summary

I Global data on νe disappearance is consistent with the presence of
eV-scale neutrino with sizable mixing (reactor and Gallium anomalies)

I Explanation of LSND/MiniBooNE νµ → νe signal in strong tension
with νe and νµ disappearance data

I Both in strong tension with cosmology (Neff and
∑

mν)

T. Schwetz (KIT), NNN17 24
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Upcoming νe disappearance experiments

reactor source experiments
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Figure 5. Allowed regions in the sin2 2#ee–�m2
41 plane and marginal ��2’s for sin2 2#ee and

�m2
41 obtained from: (a) the combined fit of ⌫e and ⌫̄e disappearance data; (b) the combined fit

of ⌫e and ⌫̄e disappearance data and the �-decay constraints of the Mainz [83] and Troitsk [84, 85]
experiments. The best-fit points corresponding to �2

min in Table 4 are indicated by crosses.
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Figure 6. Sensitivities of future reactor (a) and source (b) experiments compared with the allowed
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41 plane in Fig. 5(b).
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eV-scale sterile neutrino physics Summary and outlook

If eV-scale sterile neutrinos exist (irrespective of current anomalies) they
might lead to very interesting phenomenology in

I upcoming oscillation experiments (T2K, NOvA, DUNE, T2HK)
e.g., Blennow et al. 1609.08637; deGouvea, Kelly, 1605.09376
→ additional sources of CP violation,

I non-oscillation experiments (for sizeable mixing with νe):
KATRIN Formaggio, Barrett, PLB 11,
neutrinoless double-beta Barry, Rodejohann, Zhang, 11,

I and have very interesting implications for cosmology.

Thank you for your attention!
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