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Nuclear reactors produce huge numbers of electron-type antineutrinos. Indeed, it was 
an experiment based at a reactor that first discovered neutrinos in 1956! Power  plant 
reactors provide a well-known source of neutrinos which can be used to study flavor-
changing oscillation phenomena in detail. Meanwhile, since neutrinos penetrate all 
sorts of matter and are thus impossible to block, they provide an opportunity to 
monitor nuclear reactor operation. Beyond the reactors we build, natural caches of 
fissile material within the Earth produce so-called geoneutrinos, and studying these 
can provide a unique window to measure our own planet's internal composition. 

This week, we will discuss neutrinos from nuclear reactors from three different 
perspectives: measurements of neutrino properties, studies of the Earth's 
composition, and monitoring of nuclear reactors. 

I. Reactor Antineutrinos 
Nuclear power reactors operate by extracting the heat generated in 
carefully-controlled nuclear fission chain reactions. These processes 
create an array of unstable isotopes that undergo nuclear beta decay, 
emitting large numbers of electron-type antineutrinos with energies of 
a few MeV. These can then be measured through an inverse beta 
decay interaction (which produces a positron and a neutron) in a 
nearby neutrino detector. 

Neutrino Oscillations: The types of neutrinos produced in weak interactions — 
"flavor states" νe, νμ, and ντ — are different from the neutrinos that propagate 
through space, the "mass states" ν1, ν2, and ν3. The flavor states are quantum 
superpositions of the mass states, and interferences between the latter lead to an 
apparent change in the neutrino flavor over time: you can produce a νe, and later 
there is a probability to measure it as a νμ, for example. Reactors provide a source of 
electron-type antineutrinos with a well-known location and energy distribution, 
allowing us to make precision studies of these neutrino flavor changes ("oscillations"). 

The Race to 𝜃13: Following the solar and atmospheric neutrino oscillation 
measurements, one parameter in the model remained unknown. Theoretical models 
predicted this would be possible, but difficult, to measure using reactor antineutrinos. 
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Three precision experiments were devised to 
pursue it: Double Chooz (France), RENO 
(South Korea), and Daya Bay (China). In a 
surprise announcement in 2012, Daya Bay 
presented the first measurement of this 
parameter, which turned out to be larger 
(and thus easier to measure) than expected. 
This parameter is of special importance, 
because a large value makes it practical to 
study possible differences between neutrinos 
and antineutrinos in neutrino oscillation 
experiments. 

II. Geoneutrinos 
Several competing models provide descriptions of 
the Earth's composition, all consistent with the 
internal heat production we observe on the surface. 
It is believed that the Earth's heat is a combination 
of "primordial" heat left over from the planet's 
formation and heat continuously generated by 
naturally-occurring nuclear reactors (deposits of 
fissile materials in the crust and mantle). 
Measurements of the antineutrinos produced in 

these "reactors," the so-called geoneutrinos, can help resolve the ambiguity and 
improve our understanding of our planet. 

III. Reactor Monitoring 
Neutrinos can travel through vast amounts of matter, so it is impossible to block the 
neutrinos produced in nuclear reactors. Since fissile material that could be used to 
construct a nuclear weapon (such as 235U or 239Pu) are generated in nuclear reactions, 
the production of these materials also creates telltale neutrinos. Large neutrino 
detectors could therefore be used to monitor nuclear programs, detecting the 
presence, and potentially the isotope composition, of nuclear reactors. Groups such as 
WATCHMAN are working to demonstrate the feasibility of this highly relevant 
practical application of neutrino physics.
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The value of sin22!13 was determined with a "2 con-
structed with pull terms accounting for the correlation of
the systematic errors [28],
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whereMd are the measured IBD events of the dth AD with
backgrounds subtracted, Bd is the corresponding back-
ground, Td is the prediction from neutrino flux, MC, and
neutrino oscillations [29], !d

r is the fraction of IBD con-
tribution of the rth reactor to the dth AD determined by
baselines and reactor fluxes. The uncertainties are listed in
Table III. The uncorrelated reactor uncertainty is %r

(0.8%), %d (0.2%) is the uncorrelated detection uncer-
tainty, and %B is the background uncertainty listed in
Table II. The corresponding pull parameters are
(#r,"d,$d). The detector- and reactor-related correlated
uncertainties were not included in the analysis; the abso-
lute normalization " was determined from the fit to the
data. The best-fit value is

sin 22!13 ¼ 0:092( 0:016ðstat:Þ ( 0:005ðsyst:Þ;

with a "2=NDF of 4:26=4 (where NDF is the number of
degrees of freedom). All best estimates of pull parameters
are within its 1 standard deviation based on the correspond-

ing systematic uncertainties. The no-oscillation hypothesis
is excluded at 5.2 standard deviations.
The accidental backgrounds were uncorrelated while the

Am-C and (#,n) backgrounds were correlated among ADs.
The fast-neutron and 9Li–8He backgrounds were site-wide
correlated. In the worst case where they were correlated in
the same hall and uncorrelated among different halls, we
found the best-fit value unchanged while the systematic
uncertainty increased by 0.001.
Figure 4 shows the measured numbers of events in each

detector, relative to those expected assuming no oscilla-
tion. The 6.0% rate deficit is obvious for EH3 in compari-
son with the other EHs, providing clear evidence of a
nonzero !13. The oscillation survival probability at the
best-fit values is given by the smooth curve. The "2 versus
sin22!13 is shown in the inset.
The observed !&e spectrum in the far hall is compared to a

prediction based on the near-hall measurements in Fig. 5.
The disagreement of the spectra provides further evidence
of neutrino oscillation. The ratio of the spectra is consistent
with the best-fit oscillation solution of sin22!13 ¼ 0:092
obtained from the rate-only analysis [31].
In summary, with a 43 000 ton–GWth–day live-time ex-

posure, 10 416 reactor antineutrinos were observed at the
far hall. Comparing with the prediction based on
the near-hall measurements, a deficit of 6.0% was
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FIG. 4 (color online). Ratio of measured versus expected sig-
nal in each detector, assuming no oscillation. The error bar is the
uncorrelated uncertainty of each AD, including statistical,
detector-related, and background-related uncertainties. The ex-
pected signal is corrected with the best-fit normalization parame-
ter. Reactor and survey data were used to compute the flux-
weighted average baselines. The oscillation survival probability
at the best-fit value is given by the smooth curve. The AD4 and
AD6 data points are displaced by #30 and þ30 m for visual
clarity. The "2 versus sin22!13 is shown in the inset.

E
nt

ri
es

 / 
0.

25
M

eV

0

200

400

600

800 Far hall

Near halls (weighted)

Prompt energy (MeV)
0 5 10

Fa
r /

 N
ea

r (
w

ei
gh

te
d)

0.8

1

1.2
No oscillation
Best Fit

FIG. 5 (color online). Top: Measured prompt-energy spectrum
of the far hall (sum of three ADs) compared with the no-
oscillation prediction from the measurements of the two near
halls. Spectra were background subtracted. Uncertainties are
statistical only. Bottom: The ratio of measured and predicted
no-oscillation spectra. The solid curve is the best-fit solution
with sin22!13 ¼ 0:092 obtained from the rate-only analysis. The
dashed line is the no-oscillation prediction.
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