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Location IBD 
Candidates

Distance to Reactor Core (m)

Daya Bay Ling Ao Ling Ao-II

EH1 203809 364 857 1307

EH2 92912 1348 480 528

EH3 41589 1912 1540 1548
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Such “sterile” flavor 
neutrinos can produce 
additional mode of neutrino 
oscillation!
Many possible hints, including 
reactor anomaly, gallium 
anomaly, LSND/MiniBooNE 
results and cosmological 
observations

Sterile neutrinos

Δm2new

Three-flavor neutrino mixing framework 
has been successful in explaining most 
of the experimental results!
Yet, additional flavors of neutrino can 
exist provided that they do not contribute 
to the Z-decay width (sterile) 

Daya Bay: High precision measurement of 
reactor antineutrino flux at multiple baseline

Daya Bay 
reactors  

Ling Ao 
reactors  

Ling Ao II 
reactors 

Daya Bay Near 
Hall (EH1) 

Ling Ao near 
Hall (EH2) 

Water 
Hall  

Far Hall (EH3)  
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Oscillation effects 
would appear as 
additional rate 
deficit and spectral 
distortion

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

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

new;Gj> 0:3 eV2

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

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

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

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

excess assuming the very short baseline neutrino oscilla-
tion explanation of Ref. [45]. Details of our reproduction of
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FIG. 5 (color online). Illustration of the short baseline reactor antineutrino anomaly. The experimental results are compared to the
prediction without oscillation, taking into account the new antineutrino spectra, the corrections of the neutron mean lifetime, and the
off-equilibrium effects. Published experimental errors and antineutrino spectra errors are added in quadrature. The mean averaged ratio
including possible correlations is 0:943" 0:023. The red line shows a possible three-active neutrino mixing solution, with
sin2ð2#13Þ ¼ 0:06. The blue line displays a solution including a new neutrino mass state, such as j!m2

new;Rj ' 1 eV2 and

sin2ð2#new;RÞ ¼ 0:12 (for illustration purpose only).
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FIG. 6 (color online). Allowed regions in the sin2ð2#newÞ &!m2
new plane obtained from the fit of the reactor neutrino data to the

3þ 1 neutrino hypothesis, with sin2ð2#13Þ ¼ 0. The left panel is the combination of the reactors and the gallium experiment
calibration results with 51Cr and 37Ar radioactive sources. The right panel is the combination of the reactors and our reanalysis of the
MiniBooNE data following the method of Ref. [45]. In both cases the ILL energy spectrum information is not included.
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FIG. 7. Results of all neutrino source experiments with Ga. The
hashed region is the weighted average of all four experiments.

X. DISCUSSION

The major purposes in making the 37Ar source reported
here were to develop the technology of source fabrication,
to prove that a very intense source could be made, and to
elaborate several techniques for source intensity measurement.
These goals were achieved, and the source was further used to
measure the response of the SAGE detector to 37Ar neutrinos.

The 37Ar source used in this experiment was made as a
prototype for the production of a much more intense source.
Based on the experience gained in making this source, the
reactor engineers for BN-600 conclude that sources in the
range of 2.0–2.5 MCi could be made if the Ca-containing
modules were placed in the core of the reactor, rather than in
the blanket zone, as was done here.

Because other experiments have given us great confidence
in our knowledge of the various efficiencies in the SAGE detec-
tor, we do not consider this experiment to be a measurement
of the entire throughput of SAGE. Rather, we believe this
experiment should be considered in combination with the other
source experiments with Ga and interpreted as a measurement
of the cross section for the reaction 71Ga(νe,e−)71Ge.

To this end, the results of the four neutrino source
experiments with Ga given in Table I are shown graphically in
Fig. 7. The weighted average value of R, the ratio of measured
to predicted 71Ge production rates, is 0.88 ± 0.05, more
than two standard deviations less than unity. Although not
statistically conclusive, the combination of these experiments
suggests that the predicted rates may be overestimated.

Because 95% of the 71Ga neutrino absorption cross section
simply depends on the f t1/2 value for the transition from

the ground state of 71Ge to the ground state of 71Ga, whose
uncertainty is <0.5% [8], any error in the predicted rates
must come from the contribution of the excited states. As
discussed earlier, the Gamow-Teller strengths assigned to
those transitions were deduced from (p, n) cross sections,
assuming a simple proportionality between (p, n) and allowed
weak interaction cross sections. Yet it is known phenomeno-
logically that (p, n) cross sections depend not only on the
(weak interaction) Gamow-Teller amplitude but also on a
spin-tensor amplitude. Strong (p, n) transitions require strong
Gamow-Teller amplitudes, as the spin-tensor amplitude is
generally a correction to the dominant Gamow-Teller term.
In the case of a weak transition, however, it is possible
that the spin-tensor amplitude dominates the (p, n) cross
section. There are several known examples of this, e.g., the
ℓ-forbidden M1 transition in 39K → 39Ca [26]. In this case
the Gamow-Teller strength contributing to beta decay is very
small, yet the (p, n) cross section is appreciable and attributed
to the presence of the spin-tensor interaction. In the case
of 71Ga → 71Ge, the weak transitions to the excited states
similarly could be due to the ℓ-forbidden transition amplitude
of the form 1f5/2(n) → 2p3/2(p).

Thus, there is a theoretical uncertainty in the neutrino
capture cross section, and it is quite possible that the Gamow-
Teller strengths to the excited states are negligible, despite
the nonzero (p, n) cross sections [27]. As evidence for
this hypothesis, we note that the weighted average of the
four neutrino source experiments is 0.88 ± 0.05, reasonably
consistent with R = 0.95, the value obtained if the excited
state contribution were set to zero.
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Testing oscillation hypothesis

Setting CL intervals All the methods show 
consistent sensitivity at 
Δm2 < 0.3 eV2, where most 
of the sensitivity come from 
relative shape comparison

(A) Simultaneous fit of observed spectra 
at three EHs with reactor flux model

Uses all the information available.!
Rely on the current knowledge of 
the reactor antineutrino flux 
(possible bias)

(B) Pure relative rate+shape comparison
Mostly independent of reactor 
antineutrino flux model!
Loose sensitivity at high Δm2!

(1) Feldman-Cousins method

(2) “CLS” method

Evaluate:

Value of Δχ2 corresponding to a certain 
confidence level is statistically determined 
by a large set of toy MC sample.!
Unified treatment of “parameter estimation” 
and “limit setting”

Two-hypotheses test between 3ν standard 
model and 3+1 model!

!

Determine CLS= as:

Less computationally intensive and stable!
Can only be used for “limit setting”

Multiple independent methods

Improved analysis based on 
previous spectral analysis for 
sin22θ13 and Δm2ee measurement

Set limit at 10-3 < Δm241 < 0.3 eV2!
World’s best limit at 10-3 < Δm241 < 0.1 eV2, 
which was largely unexplored.!
Expect factor of two improvement at most 
of the Δm241 region with three or more 
years of data.

Oscillation hypothesis test

Limit to νe disappearance

χ2(3+1ν, best) = 158.8/153, 
χ2(3ν) = 162.6/155!
Δχ2 = 3.8  ➜ p-value = 0.74

No significant signal for sterile 
neutrino mixing observed

Publication is in preparation
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