PhysiCs

VIEWPOINT

Getting to the Bottom of an
Antineutrino Anomaly

The Daya Bay Collaboration reports that sterile neutrinos probably aren’t behind a puzzling
deficit in detected antineutrinos at nuclear reactors.

by Muriel Fallot*

eutrino physics is filled with questions. Is the
neutrino its own antiparticle? How are the
known mass states of neutrinos ordered from
lightest to heaviest? Of late, researchers have
even asked: How many neutrinos are there? In addition
to the three known types of neutrinos—electron, muon, and
tau—experiments in the last decade have hinted at the ex-
istence of one or more “sterile” neutrinos. The hypothetical
particles could partially explain discrepancies between the-
oretical predictions and experiments involving neutrinos
from radioactive sources, particle accelerators and, most re-
cently, nuclear reactors [1]. Now, however, the collaboration
behind the Daya Bay Reactor Neutrino Experiment in China
has presented convincing evidence that links the reactor
“anomaly” to uncertain theoretical models, not new parti-
cles [2]. While weakening the case for sterile neutrinos, the
new finding also opens the door to improving these mod-
els, which could impact reactor safety and the monitoring of
reactors for unauthorized nuclear weapon development.

Nuclear reactors are used worldwide for power produc-
tion and basic research. The enormous heat provided by
these reactors is generated by the fission of heavy isotopes,
usually uranium or plutonium, which split into lighter nu-
clei after absorbing a reactor neutron. The resulting fission
products are radioactive and undergo beta decay (Fig. 1).
During this process, a neutron converts into a proton and
emits an electron and an electron antineutrino, which share
the energy released by the decaying nucleus. A typical reac-
tor will emit about 10?° neutrinos per second.

The reactor anomaly first appeared in 2011 when a group
re-calculated [3] the precise energy spectrum of antineutri-
nos emitted from the fission of 2%°U , 2Pu , 238U, and %! Pu.
These calculations, which were confirmed the same year [4],
predicted a significantly higher antineutrino flux than what
experiments had detected. That is, antineutrinos seemed
to be “missing” from experiments. When researchers re-
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Figure 1: Antineutrinos are produced in nuclear reactors when the
radioactive products of nuclear fission undergo beta decay (87), a
process in which a neutron (encircled blue sphere) decays into a
proton (encircled green sphere), an electron (not shown), and an
electron antineutrino (7,). In 2011, researchers realized that fewer
antineutrinos were being detected at nuclear reactors than theory
predicted—a potential sign that some antineutrinos were
oscillating into undetectable “sterile” neutrinos (v;). The Daya Bay
Collaboration has now shown that the mysterious antineutrino
deficit is almost entirely associated with neutrinos emitted by the
fission of uranium [2]. If confirmed, this finding would quash the
idea that sterile-neutrino oscillations can explain the reactor
antineutrino deficit, since such oscillations would affect the
antineutrinos from all fissioning isotopes equally. (APS/Alan
Stonebraker)

evaluated parameters that affect the calculated flux, the
deficit only became worse, amounting to 6%, or 3 times the
uncertainty in the calculated spectrum.

Researchers have investigated several possible explana-
tions for the anomaly. The most thrilling scenario is that
reactor antineutrinos “oscillate” into one or more sterile neu-
trinos. These oscillations would deplete the apparent flux
of antineutrinos because sterile neutrinos fly through a de-
tector without creating any signal. The existence of sterile
neutrinos would have a huge impact on particle physics
and cosmology, as, for example, certain theories predict
that these neutrinos are candidate dark matter particles.
Experiments around the world have chased evidence for os-
cillations involving the hypothetical particles, but so far, all
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such searches have come up empty.

An alternative explanation that doesn’t involve any new
particles is that the calculated spectrum is more uncertain
than we thought. Typically, the antineutrino energy spec-
trum is derived from the easier-to-measure electron spec-
trum. The most accurate way to do this “conversion” is,
however, also prohibitively complicated: one has to track
and sum the energies of the electrons emitted in the beta de-
cay of all of the hundreds of kinds of fission products and
then use conservation of energy to determine the energies
of the corresponding neutrinos. A more practical approach,
and the one followed in the 2011 papers, is to use a model
[5] to convert the total electron energy spectrum into the
antineutrino energy spectrum. The basis for such conver-
sions today is an electron spectrum that was measured at a
research reactor in the late 1980s [5]. So, either an uninten-
tional error in this underlying electron spectrum or in the
conversion model [6] could explain why the calculated an-
tineutrino flux doesn’t agree with the measured one.

The mystery deepened two years ago when Daya Bay and
two other large reactor neutrino experiments, Double Chooz
in France [7] and RENO in Korea [8], reported the detection
of a “bump” in the measured antineutrino energy spectrum
with respect to the calculated spectrum. Since then, theoret-
ical and experimental work [9] has led to the consensus that
the bump is not the result of neutrino oscillations but rather
a sign that researchers need to know more about the pro-
cesses that produce antineutrinos. The Daya Bay experiment
points to ways of fixing these issues in theoretical modeling
and resolving the reactor anomaly.

For 1230 days in the period between 2011 and 2015, the
Daya Bay researchers measured antineutrinos emitted from
six 2.9-thermal-gigawatt reactor cores, which were located
either at Daya Bay or at the Ling Ao power plant in China.
In each of the six reactors, the fuel composition evolves over
time: the main source of fission, 2%°U, is depleted, while
2Py builds up. Daya Bay’s powerful reactors and four
massive detectors allowed the collaboration to measure a
sufficiently large number of neutrinos that they could corre-
late the antineutrino flux and energy spectrum to the fraction
of fission reactions that involved ?*Pu versus 2°U. By doing
this, the collaboration was able to show that the deficit in de-
tected antineutrinos compared to predictions [3, 4] depends
on the relative fractions of 2°U, 2Py, 28U, and 2*'Pu in the
reactor. Specifically, the researchers found that 2*°U fissions
produced 7.8% fewer antineutrinos than predicted—enough
of a discrepancy to explain by itself the entire antineutrino
anomaly (Fig. 1). In contrast, the discrepancy dwindled to
almost zero for ?*’Pu fissions. If sterile neutrino oscilla-
tions were behind the missing antineutrinos, the discrepancy
shouldn’t depend on the isotope involved in the fission.

Daya Bay’s determination of the antineutrino flux from
239Pu has a relatively high uncertainty (6%) and further mea-
surements are needed to improve it. Double Chooz [7],

RENO [8], and highly enriched uranium research reactors
should also seek to confirm that the “anomaly” arises mainly
with antineutrinos emitted from the products of 2*°U fission.

However, to fully address the reactor anomaly, researchers
will need to take the more accurate approach described
above to calculating the antineutrino, that is, figuring out
how the beta decay of each fission product contributes to the
antineutrino spectrum. Thanks to an abundance of nuclear
data [10], we are on the cusp of being able to predict the
antineutrino spectrum directly, instead of using conversion
models. Such predictions could be used in efforts to detect
nuclear reactor misuse [11], as the antineutrino flux and en-
ergy depend on the reactor fuel composition. And the same
nuclear data impact other problems such as reactor safety or
fundamental nuclear physics [9, 12].

This research is published in Physical Review Letters.
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