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Abstract
The smallest neutrino mixing angle θ13 has been successfully measured by the disappearance of reactor antineutrinos at RENO, Daya Bay, and Double Chooz. The oscillation frequency is also measured based on energy and baseline dependent disappearance
probability of reactor antineutrinos. Recent results find a variation in the observed reactor antineutrino flux as a function of the reactor fuel evolution. We report more precisely
measured values of θ13 and ∆m2ee and results on the evolution of observed reactor antineutrino yield and spectrum.
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Introduction

The reactor νe disappearance has been firmly observed to determine the smallest neutrino mixing angle θ13 [1–3]. All of the three mixing angles in the Pontecorvo-Maki-Nakagawa-Sakata
matrix [4, 5] have been measured to provide a comprehensive picture of neutrino transformation. The successful measurement of a rather large θ13 value opens the possibility of searching
for C P violation in the leptonic sector and determining the neutrino mass ordering. The appearance of νe from an accelerator νµ beam is also observed by the T2K [6] and NOνA [7]
experiments. Using the νe survival probability P [8], reactor experiments with a baseline
distance of ∼1 km have determined the mixing angle θ13 and an effective squared mass difference ∆m2ee ≡ cos2 θ12 ∆m231 + sin2 θ12 ∆m232 [9], based on the rate, spectral and baseline
information.
In reactor experiments at distances <100m from the reactor core, the measured rate of νe
was found to be in good agreement with that predicted from the reactor antineutrino spectra
derived from β spectra at ILL and Vogel’s theoretical calculation. However, 2011 reevaluation
of the reactor antineutrino flux and spectrum with improved theoretical treatments [10, 11]
results in small increase in the flux to be higher than the experimental data. The ∼6% deficit
of data is called as Reactor Antineutrino Anomaly (RAA) [12]. There have been attempts
to explain the anomaly by the existence of sterile neutrinos or incorrect calculation of the
expected antineutrino flux. Daya Bay collaboration reported an observation of reactor fuel
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dependent variation of the reactor νe flux and spectrum and concluded that the 235 U fuel
isotope may be the primary contributor to the RAA [13]. Recently, RENO collaboration also
reported the analysis result on the fuel dependent variation of the reactor νe flux and spectrum
[14]. RENO collaboration showed a hint of correlation between the 5 MeV excess and the 235 U
fuel isotope fraction.
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Detection Method for Reactor Antineutrinos and Experimental
Arrangements

Reactor antineutrinos mainly come from the beta decays of fission products of 235 U, 238 U,
239
Pu, 241 Pu. The reactor νe is detected through the inverse beta decay (IBD) interaction,
νe + p → e+ + n, with free protons in hydrocarbon liquid scintillator (LS) with 0.1% gadolinium (Gd) as a target. The coincidence of a prompt positron signal and a mean time of ∼28
µs delayed signal from neutron capture by Gd (n-Gd) provides the distinctive IBD signature
against backgrounds. The prompt signal releases energy of 1.02 MeV as two γ-rays from the
positron annihilation in addition to the positron kinetic energy. The delayed signal produces
several γ-rays with the total energy of ∼8 MeV.
The RENO uses identical near and far νe detectors located 294 and 1383 m, respectively,
from the center of six reactor cores of the Hanbit (known as Yonggwang) Nuclear Power Plant
in South Korea. The Daya Bay experiment has two near experimental halls (EH1 and EH2 each
housing two detectors) and one far experimental hall (EH3 housing four detectors) at the Daya
Bay nuclear power plant consisting of six reactors, in the southern part of China. The Double
Chooz experiment has two detectors located at distance of 400 and 1050 m from the two
reactor cores of the Chooz nuclear power plant in France. The three reactor experiments have
similar experimental arrangements, but slightly different features in reactor thermal output,
detector target mass and overburden, and baselines of near and far detectors.

3

Precise Measurements of θ13 and ∆m2ee

Oscillation amplitude and frequency of neutrino survival probability are measured based on
the information of the observed reactor neutrino rate and spectra. sin2 2θ13 and |∆m2ee | are
determined by comparing measured far-to-near ratio of IBD prompt spectra to that of the
prediction. RENO was the first reactor experiment to take data with both near and far detectors
in operation from August 2011. With the increased statistics of the 2200 day data sample and
the reduced background rate, the RENO collaboration has observed clear energy dependent
disappearance of reactor νe using two identical detectors, and obtained sin2 2θ13 = 0.0896 ±
0.0068 (7.6%) and |∆m2ee | = 2.68 ± 0.14 (× 10−3 eV 2 ) (5.2%). The experiment has observed
an excess of IBD prompt spectra near 5 MeV with respect to the Huber-Mueller model [10,
11] as shown in Figure 1. It is found that the excess come from reactors since it is strongly
correlated to the reactor thermal powers. Daya Bay and Double Chooz have also reported
the observation of 5 MeV excess in the IBD prompt spectrum and its correlation with reactor
thermal powers.
The Daya Bay collaboration has obtained new results on θ13 and ∆m2ee . sin2 2θ13 = 0.0856
± 0.0029 (3.4%) and |∆m2ee | = 2.52 ± 0.07 (× 10−3 eV 2 ) (2.8%) with 1958 days of data and
reduced systematic uncertainties. This is the most precise measurement of sin2 2θ13 .
Double Chooz has been taking data with a far detector since April 2011 while the near
detector started data taking since January 2015. The result with 818 days of far data and 258
days of near data is sin2 2θ13 = 0.105 ± 0.014 (13%).
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Figure 1: Comparison of observed and expected IBD prompt energy spectrum in
the RENO near (a) and far (b) detectors. The expected distributions are obtained
from the best-fit oscillation results. The excess at around 5 MeV is clearly seen. A
spectral-only comparison is made by normalizing the MC predicted energy spectra to
the observed events out of the 5 MeV excess range.

Figure 2: Comparison of experimental results on sin2 2θ13 and ∆m232 .

Measured values of sin2 2θ13 and ∆m232 from various experiments are compared in Figure
2.
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Fuel-composition Dependent Reactor Antineutrino Yield and Spectrum

A study has been carried out to find changes in the observed reactor antineutrino flux and
spectrum with respect to the reactor fuel evolution. Through this study, we test reactor antineutrino model and find possible source of RAA. Model-independently measured IBD yield
y f (cm2 /fission) is determined by counting the number of observed IBD events using the fol-
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lowing relationship.
Z
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(1)

where No bs is the number of observed IBD events, Np is number of target protons, L r is distance
between the detector and r-th reactor, Wth,r (t) is the r-th reactor thermal power, f i,r (t) is the
fission fraction of i-th isotope in the r-th reactor, Ei is average energy (MeV) released per
fission, P r (t) is mean survival probability and εd (t) is detection efficiency. The left hand side
plot of Figure 3 shows the measured IBD yield per fission y f as a function of the 235 U effective
fission fraction using RENO near data. The effective fission fraction is calculated as an average
of daily fission fractions weighted by daily thermal power and a distance between reactor and
detector. RENO observe a clear dependence of the IBD yield per fission on the effective fission
fraction. This result rules out no fuel-dependent variation of IBD yield per fission at 6.6 σ.
The observed slope of the IBD yield variation over fission fraction deviates from that of HuberMueller (HM) model prediction [10, 11] by only 1.3 σ, indicating good consistency within
experimental uncertainties. y235 and y239 denoting IBD yield per fission for individual isotope
235
U and 239 Pu, respectively, are determined using the eight data points of the left hand side
plot of Figure 3 by a χ 2 fit with pull parameters of systematic uncertainties. The right hand
side plot of Figure 3 shows the result of the measurements of y235 and y239 . The contours are
allowed regions, the dot is the best fit and the cross is the HM prediction. The measured y235 is
smaller than the HM prediction at 2.8 σ while measured y239 is smaller than the HM prediction
at only 0.8 σ. This suggests the RAA can be largely understood by incorrect prediction of y235 .
However, it is difficult to determine whether 235 U alone is responsible for the RAA because the
uncertainty for 239 Pu is too large.

Figure 3: Left: IBD yield per fission y f as a function of the effective fission fraction
at RENO near detector. The black dots are measured values, blue dotted line is the
-6.0% scaled Huber-Mueller model prediction and red solid line is the best fit of the
data. The horizontal errors of the data indicate the range of effective fission fraction.
Errors of y f are statistical uncertainties only. Right: measurement of IBD yield per
fission for individual isotope 235 U and 239 Pu. The contours are allowed regions, the
dot is the best fit and the cross is the Huber-Mueller model prediction.
Similar analysis on the fuel-composition dependent reactor antineutrino yield has also been
reported by Daya Bay in 2017 [13]. Daya Bay rules out no fuel-dependent variation of IBD
yield per fission at 10 σ (6.6 σ for RENO) and observes the difference between measured IBD
yield variation over 239 Pu fraction and HM prediction at 2.6 σ (1.3 σ for RENO). Based on
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a comparison of the measured and predicted IBD yields per fission for the dominant fission
isotopes 235 U and 239 Pu, Daya Bay concluded that the 235 U fuel isotope may be the primary
contributor to the RAA. To examine a possible difference of fuel dependence between measured
IBD yield and HM prediction at the 5 MeV region, the IBD yield variations over effective fission
fraction are obtained for different prompt energy ranges. No significant difference between
the measured IBD yield variation over effective fission fraction and HM prediction has been
observed within experimental uncertainties for all the prompt energy ranges in both RENO
and Daya Bay.
For more sensitive examination of fuel dependence of the 5 MeV excess, RENO obtains an
event rate of 5 MeV excess only by subtracting HM expected energy spectrum in the 5 MeV
region of 3.8 < E p < 7 MeV. The HM prediction in the 5 MeV region is determined by a fit to
the data in the region excluding 3.8 < E p < 7 MeV. A fraction of the 5 MeV excess is calculated
as a ratio of the 5 MeV excess rate to the total IBD rate. Figure 4 shows the fraction of 5
MeV excess as a function of 235 U effective fraction. The best fit for the data shows correlation
between the 5 MeV excess fraction and 235 U fission fraction. The hypothesis of no correlation
between the fraction of 5 MeV excess and 235 U fission fraction is disfavored at 2.7 σ.

Figure 4: Fraction of the 5 MeV excess as a function of 235 U effective fraction (F 235 ).
The black dots are measured values, red solid line is the best fit of the data. The horizontal errors of the data indicate the range of effective fission fraction. The vertical
errors of the data are statistical uncertainties.
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Conclusion

Reactor antineutrino experiments have observed a clear energy dependent disappearance of
reactor νe at far detectors and updated the results of sin2 2θ13 and |∆m2ee | with increased
statistics and reduced systematic uncertainties. The precision measurements provide a comprehensive picture of neutrino transformation among three kinds of neutrinos and open the
possibility of search for CP violation in the leptonic sector. RENO and Daya Bay report a fueldependent IBD yield and spectrum. The hypothesis of no fuel-dependent IBD yield is ruled
out at 6.6 σ (10 σ) in RENO (Daya Bay). The smaller measured IBD yield per 235 U fission
than the Huber-Mueller model suggests that the reactor antineutrino anomaly can be largely
understood by reevaluation of the 235 U IBD yield prediction. RENO obtains the first hint of
correlation between the fraction of 5 MeV excess and 235 U fission fraction.
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