
16 PHYSICS TODAY | MAY 2016

SEARCH & DISCOVERY

Once a vexing mystery, the apparent
vanishing of neutrinos on their way
from a source to a detector arises be-

cause the three neutrino flavor states—
electron, muon, and tau—are superposi-
tions of neutrino mass eigenstates. If the
detector is not sensitive to all three flavors,
the in-flight transformation of one neu-
trino flavor into another can mimic a neu-
trino deficit. (See PHYSICS TODAY, Decem-
ber 2015, page 16.) Those transformations,
or flavor oscillations, are parameterized
by the three mixing angles θ12, θ23, and θ13.

Early this decade, three experiments
that track the disappearance of electron
antineutrinos from nearby nuclear power
plants—the Daya Bay Reactor Neutrino
Experiment in China, the Reactor Exper-
iment for Neutrino Oscillation in South
Korea, and Double Chooz in France—
definitively showed that θ13 was nonzero,1
albeit smaller than the other two mixing
angles (see PHYSICS TODAY, May 2012,
page 13). The results raised hopes that
the origin of matter’s preponderance
over antimatter in the universe today
could be in neutrino physics. Since then,
Daya Bay researchers have been improv-
ing their θ13 measurements to reach ever-
greater precision.

Now the latest results from Daya Bay
have brought to the fore two puzzling
disagreements between measurements
and models of antineutrino production
in reactors.2 First, the total flux of reactor
antineutrinos measured by Daya Bay fell
short of predictions. Second, the shape of
the antineutrino spectrum didn’t match
that of the theoretical models. The dis-
crepancies could hint at new physics be-
yond the standard model of particle
physics. Alternatively, the results could
merely be due to deficiencies in our cur-
rent understanding of reactor physics.

Reactor antineutrino anomaly
The beta decay of fission fragments in nu-
clear reactors produces copious amounts
of electron antineutrinos, upwards of 1021

each second in a gigawatt power plant.
In 2011 theorists began to build models
that included previously neglected nu-
clear effects. They also accounted for 
the thousands of individual beta-decay
branches involved in reactor antineutrino
production;3 earlier calculations had used
30 effective branches.

The new calculations, generally con-
sidered more accurate, upped the ex-
pected reactor electron-antineutrino flux
from previous estimates. Suddenly, flux
measurements from the 1980s and 1990s
appeared to be missing antineutrinos. The
discrepancy, called the reactor antineu-
trino anomaly, has been interpreted by
some researchers as evidence for oscil -
lations into a hypothetical fourth neu-
trino—the sterile neutrino—that inter-
acts with other particles only via gravity
and whose right-handed chirality com-
plements the left-handed chirality of the
known neutrinos.

However, a direct measurement of the
flux and spectrum of reactor electron an-
tineutrinos hadn’t been made in 20 years.
The Daya Bay experimenters aimed to

rectify the situation. Between 2011 and
2012, the experiment’s six detectors, one
of which is shown in figure 1 (two more
have since been installed), monitored
electron antineutrinos emitted by six nu-
clear reactors at distances ranging from
300 m to 2 km. Over the 217-day data-
taking period, the Daya Bay detectors
counted 6% fewer electron antineutrinos
than the new theoretical models pre-
dicted. That number was in line with ear-
lier flux measurements.

The new case of missing antineutrinos
An antineutrino 
experiment highlights 
puzzling discrepancies 
between measurements
and theoretical models.

FIGURE 1. A LOOK INSIDE one of Daya Bay’s
antineutrino detectors. The detector’s 3.1 m
diameter cylindrical antineutrino target 
contains 20 tons of gadolinium-doped 
liquid scintillator and is surrounded by an
array of photomultiplier tubes. An electron
antineutrino is detected when it interacts
with a proton to produce a positron and 
a neutron. The coincident detection of a
positron signal and a delayed neutron 
signal—when a Gd atom captures the 
neutron and decays—distinguishes an 
antineutrino event from background. 
(Photo by Roy Kaltschmidt/Lawrence 
Berkeley National Laboratory.)



On closer examination, the shape of
the antineutrino spectrum also veered
from theoretical expectations: Despite
the overall flux deficit, the measure-
ments found an excess of antineutrinos
between 5 MeV and 7 MeV when com-
pared against the new calculations. The
observed excess carries a statistical sig-

nificance of four standard deviations.
Figure 2 shows the antineutrino spec-
trum and the ratio of the measured data
and prediction.

Chao Zhang, a physicist at Brookhaven
National Laboratory and a member of
the Daya Bay collaboration, explains that
the shape discrepancy brings into ques-

tion arguments for the existence of the
sterile neutrino based on the reactor an-
tineutrino anomaly. “If the theory didn’t
predict the energy spectral shape cor-
rectly,” says Zhang, “should we trust its
total flux prediction?”

Daya Bay plans to take data until 2020
to improve measurements of θ13 and 
the antineutrino flux and spectrum. Re-
searchers are still puzzling over what
Daya Bay’s new results mean. Nonethe-
less, says Daya Bay cospokesperson Jun
Cao (Institute of High Energy Physics,
Beĳing), having “a direct precision mea -
surement of the flux is critical to the next-
generation reactor experiments.”

Sung Chang
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FIGURE 2. THE MEASURED
ANTINEUTRINO SPECTRUM.
The lower panel shows the
ratio of the measured data to
the theoretical prediction.
Overall, the spectrum shows 
a 6% deficit when compared
with data, but in the 5 MeV to
7 MeV energy range, a bump
in the spectrum shows up as
an excess when compared
against model predictions.
The red band indicates the
total uncertainty in the 
prediction. (Adapted from 
ref. 2.)

The allure of a quantum computer has
drawn many researchers to study a
wide variety of two-level quantum

systems to represent quantum bits of in-
formation. Depending on the state such
a “qubit” occupies, it might represent a
binary “0” or “1,” or a superposition of
those states. Physical realizations of
qubits developed so far include the flux
in a superconducting system, the polar-
ization of a photon, and the electronic or
nuclear spin of an atom or ion. Each re-
alization has its own set of strengths and
weaknesses.

One other candidate is the electron
spin carried by a molecule, especially a
molecule with one or more metal ions.
Such molecular nanomagnets, which can

have large spins, are embedded in a
solid-state system such as a crystal. The
attraction of molecular systems arises
from the ability of chemists to synthesize
a large number of identical entities and
to tailor the magnetic properties of those
entities. Chemists have acquired a strong
expertise in tuning, controlling, and ma-
nipulating the properties of molecules
and hence can create tunable devices,
such as molecular-spin transistors or
spin valves, with new capabilities.

Early hopes for molecular magnets
have been frustrated, however, by deco-
herence—the destruction of the qubits’
information caused by interactions with
the environment. In spin qubits, much of
the decoherence comes from dipolar in-

teractions with other electron spins; the
rest stems from interactions with phonons
and with the surrounding nuclear spins.
Until now, decoherence in nanomagnets
could be significantly mitigated only by
polarizing the electronic spins in a large
magnetic field or by greatly diluting the
concentration of spins. Neither of those
conditions is propitious for practical
qubit operation: the former because of
the difficulty of operating at a high field
and the latter because of the scarcity of
near-enough neighbors for desired qubit
entanglement.

There is now a third way to reduce
decoherence in molecular magnets,
thanks to the work of a team led by
Stephen Hill at the National High Mag-
netic Field Laboratory and Florida State
University and by Eugenio Coronado at
the University of Valencia.1 They used an
approach known as the “clock transi-
tion,” first introduced 31 years ago to
make atomic clocks based on trapped
ions immune to magnetic field variations
and other environmental perturbations.
Such immunity is desirable for spin
qubits as well because decoherence
sources can manifest themselves partly

Making molecular-spin qubits 
more robust
By finding a way to reduce decoherence in relatively
dense collections of tiny molecular magnets, researchers
have renewed interest in such quantum systems.


