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Reactors Produce 𝜈ē Only
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Detecting 𝜈ē at MeV Energies
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𝜈ē

• Get neutrino energy from “prompt” signal of positron 
plus annihilation energy (1.022 MeV) 

• Neutron gives “delayed” signal via capture reaction 
• Different capture options: p, 3He, 6Li, Cd, Gd
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• Neutrino Oscillations: “Three Angles and a Phase” 

☛ Neutrino Disappearance at Different Distances 
Measure θ12: KamLAND, JUNO 
Measure θ13: Daya Bay, RENO, Double Chooz 
Mass Hierarchy via θ12 vs θ13 Interference: JUNO 

• Reactor Neutrino Flux and Spectrum Measurements 
• Search for Sterile Neutrinos and other BSM physics 
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John G. Learned,1 Stephen T. Dye,1,2 Sandip Pakvasa,1 and Robert C. Svoboda3,4

1Department of Physics and Astronomy, University of Hawaii at Manoa, 2505 Correa Road, Honolulu, Hawaii 96822, USA
2College of Natural Sciences, Hawaii Pacific University, 45-045 Kamehameha Highway, Kaneohe, Hawaii 96744, USA

3Lawrence Livermore National Laboratory, 7000 East Avenue, Livermore, California 94550, USA
4Department of Physics, University of California, One Shields Avenue, Davis, California 95616, USA

(Received 2 September 2008; published 9 October 2008)

We describe a method for determining the hierarchy of the neutrino mass spectrum and !13 through

remote detection of electron antineutrinos from a nuclear reactor. This method utilizing a single, 10-

kiloton scintillating liquid detector at a distance of 49–63 kilometers from the reactor complex measures

mass-squared differences involving "3 with a one(ten)-year exposure provided sin2ð2!13Þ> 0:05ð0:02Þ.
Our technique applies the Fourier transform to the event rate as a function of neutrino flight distance over

neutrino energy. Sweeping a relevant range of #m2 resolves separate spectral peaks for #m2
31 and #m2

32.

For normal (inverted) hierarchy j#m2
31j is greater (lesser) than j#m2

32j. This robust determination

requires a detector energy resolution of 3:5%=
ffiffiffiffi
E

p
.

DOI: 10.1103/PhysRevD.78.071302 PACS numbers: 14.60.Pq

I. INTRODUCTION

Neutrinos have different masses as evidenced by their
well established mixing and oscillations [1]. Knowledge of
the spectrum of neutrino masses is currently incomplete.
We know "2 to be more massive than "1 (m2 >m1) [2]
with #m2

21 ¼ ð7:9$ 0:7Þ % 10&5 eV2 [3]. Although we
know j#m2

31j ' j#m2
32j ¼ ð2:5$ 0:5Þ % 10&3 eV2

[4,5], we do not know if the hierarchy is normal (m3 >
m2) or inverted (m3 <m1). The hierarchy can be deter-
mined by measuring both j#m2

31j and j#m2
32j with a

precision better than #m2
21=j#m2

31j ' 0:03. For normal
(inverted) hierarchy j#m2

31j is greater (lesser) than
j#m2

32j. Determination of neutrino mass hierarchy is fun-
damental to the development of models of particle physics
[6] with significant implications for cosmology and
astrophysics.

The expression for the survival probability of electron
neutrinos involving 3-neutrino mixing is given by [7,8]

Pee ¼ 1& fcos4ð!13Þsin2ð2!12Þsin2ð!21Þ
þ cos2ð!12Þsin2ð2!13Þsin2ð!31Þ
þ sin2ð!12Þsin2ð2!13Þsin2ð!32Þg;

where !12 and !13 are mixing angles, !ij ¼
1:27ðj#m2

jijLÞ=E" control the oscillations with #m2
ji )

m2
j &m2

i the neutrino mass-squared difference of "j and "i

in eV2, L is the neutrino flight distance in meters, and E" is
the neutrino energy in MeV. Three terms, each oscillating
with a ‘‘frequency’’ in L=E space specified by #m2

ji,

suppress the survival probability an amount determined
by the mixing angles. At present we know!13 is small [9]
and !12 is large and less than $=4 [2]. The first term with
the lowest frequency dominates the suppression. It is re-

sponsible for the deficit of solar neutrinos and the con-
spicuous spectral distortion of reactor antineutrinos [3].
For nonzero !13, the second term provides greater suppres-
sion than the third term. Clearly the ability to measure
oscillations influenced by mass-squared differences in-
volving "3 requires !13 ! 0. Sensitivity to these oscilla-
tions is greatest when !21 ¼ $=2, which provides
maximum suppression by the dominant term and thereby
the highest signal to noise ratio. For the normal hierarchy
of neutrino masses (m3 >m2 >m1),!31 is slightly greater
than!32 giving the second term a slightly higher frequency
than the third term. Whereas for the inverted hierarchy of
neutrino masses (m2 >m1 >m3), !31 is slightly smaller
than !32 giving the second term a slightly lower frequency
than the third term. It is thus possible to determine neutrino
mass hierarchy by resolving the small (* 3%) difference
in the frequency of the second and third terms.
There is discussion in the literature of various methods

to determine neutrino mass hierarchy using reactor anti-
neutrinos. These explore the potential for measuring dis-
tortions of the energy spectrum due to nonzero !13 [10,11].
We describe below a unique and robust method.

II. PRECISION MEASUREMENT OF MASS-
SQUARED DIFFERENCES INVOLVING "3

Neutrino oscillation experiments using reactor antineu-
trinos are well established. These traditionally involve
electron antineutrino disappearance as described by the
survival probability equation given above. Using the stan-
dard reactor antineutrino event rate spectrum, we generate
data samples in a scintillating liquid detector with an
energy resolution of 3:5%=

ffiffiffiffi
E

p
. The neutrino event spec-

trum peaks at about 3.6 MeV. This suggests an optimum
baseline distance of L ¼ $ð3:6 MeVÞ=f2:54ð7:9$ 0:7Þ %
10&5 eV2g ¼ 56$ 7 km for measuring oscillations in-
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suppress the survival probability an amount determined
by the mixing angles. At present we know!13 is small [9]
and !12 is large and less than $=4 [2]. The first term with
the lowest frequency dominates the suppression. It is re-

sponsible for the deficit of solar neutrinos and the con-
spicuous spectral distortion of reactor antineutrinos [3].
For nonzero !13, the second term provides greater suppres-
sion than the third term. Clearly the ability to measure
oscillations influenced by mass-squared differences in-
volving "3 requires !13 ! 0. Sensitivity to these oscilla-
tions is greatest when !21 ¼ $=2, which provides
maximum suppression by the dominant term and thereby
the highest signal to noise ratio. For the normal hierarchy
of neutrino masses (m3 >m2 >m1),!31 is slightly greater
than!32 giving the second term a slightly higher frequency
than the third term. Whereas for the inverted hierarchy of
neutrino masses (m2 >m1 >m3), !31 is slightly smaller
than !32 giving the second term a slightly lower frequency
than the third term. It is thus possible to determine neutrino
mass hierarchy by resolving the small (* 3%) difference
in the frequency of the second and third terms.
There is discussion in the literature of various methods

to determine neutrino mass hierarchy using reactor anti-
neutrinos. These explore the potential for measuring dis-
tortions of the energy spectrum due to nonzero !13 [10,11].
We describe below a unique and robust method.

II. PRECISION MEASUREMENT OF MASS-
SQUARED DIFFERENCES INVOLVING "3

Neutrino oscillation experiments using reactor antineu-
trinos are well established. These traditionally involve
electron antineutrino disappearance as described by the
survival probability equation given above. Using the stan-
dard reactor antineutrino event rate spectrum, we generate
data samples in a scintillating liquid detector with an
energy resolution of 3:5%=

ffiffiffiffi
E

p
. The neutrino event spec-

trum peaks at about 3.6 MeV. This suggests an optimum
baseline distance of L ¼ $ð3:6 MeVÞ=f2:54ð7:9$ 0:7Þ %
10&5 eV2g ¼ 56$ 7 km for measuring oscillations in-
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We describe a method for determining the hierarchy of the neutrino mass spectrum and !13 through

remote detection of electron antineutrinos from a nuclear reactor. This method utilizing a single, 10-

kiloton scintillating liquid detector at a distance of 49–63 kilometers from the reactor complex measures

mass-squared differences involving "3 with a one(ten)-year exposure provided sin2ð2!13Þ> 0:05ð0:02Þ.
Our technique applies the Fourier transform to the event rate as a function of neutrino flight distance over

neutrino energy. Sweeping a relevant range of #m2 resolves separate spectral peaks for #m2
31 and #m2

32.

For normal (inverted) hierarchy j#m2
31j is greater (lesser) than j#m2

32j. This robust determination

requires a detector energy resolution of 3:5%=
ffiffiffiffi
E

p
.
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Abstract

The KamLAND experiment started operation in the Spring of 2002 and is operational to this day. The 
experiment observes signals from electron antineutrinos from distant nuclear reactors. The program, span-
ning more than a decade, allowed the determination of LMA-MSW as the solution to the solar neutrino 
transformation results (under the assumption of CPT invariance) and the measurement of various neu-
trino oscillation parameters. In particular, the solar mass-splitting !m2

21 was determined to high precision. 
Besides the study of neutrino oscillation, KamLAND started the investigation of geologically produced 
antineutrinos (geo-νe). The collaboration also reported on a variety of other topics related to particle and 
astroparticle physics.
© 2016 The Author. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

Japan began operation of its first commercial nuclear power plant in the mid-1960s. The coun-
try invested heavily in nuclear reactors to generate electricity in the subsequent decades and by 
the year 2000 about 50 nuclear reactors provided 30% of the country’s electricity. Besides pro-
ducing electricity, nuclear reactors also emit electron antineutrinos (νe) isotropically in the decay 
of neutron-rich radioactive products of the fission process. These well-defined sources of νe’s 
give the opportunity to study neutrino properties.

E-mail address: decowski@nikhef.nl (M.P. Decowski).

http://dx.doi.org/10.1016/j.nuclphysb.2016.04.014
0550-3213/© 2016 The Author. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
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Fig. 1. The KamLAND experiment is located in the Kamioka Mine. The experiment is surrounded by more than 50 
nuclear reactors at various commercial Nuclear Power Plants (blue dots). Most Nuclear Power Plants operate multiple 
reactors. The flux-weighted average distance of the reactors to KamLAND is ∼180 km (dashed circle). (For interpretation 
of the references to color in this figure legend, the reader is referred to the web version of this article.)

The Kamioka Liquid Scintillator Anti-Neutrino Detector (KamLAND) experiment was pro-
posed in 1994 [1,2] and was approved by the Japanese government in 1997. In the following 
years, groups from Japan and the U.S. built the experiment in the old Kamiokande [3] cavity 
in the Kamioka Mine (Gifu Prefecture, Japan). The initial goals of KamLAND were the search 
for neutrino oscillation, the first observation of neutrinos originating from radioactive decays in 
the Earth’s mantle (so-called geo-neutrinos) and the possible detection of galactic Supernovae. 
The KamLAND experiment was completed in early 2002. After a brief detector commissioning 
phase, regular scientific data recording started on March 9, 2002.

The location of the Kamioka Mine in relation to the Japanese nuclear power reactors provided 
a flux-weighted average distance of ∼180 km. About 80% of the neutrino flux in 2002 came from 
26 reactors within a distance range of 138–214 km, see Fig. 1. The 180 km baseline, together 
with the emitted νe spectrum peaking at ∼4 MeV, made KamLAND primarily sensitive to the 
neutrino oscillation solutions of the ‘solar neutrino problem’ for solar mass-splitting values of 
"m2

21 > 10−5 eV2.
This review summarizes the KamLAND results obtained in five neutrino-oscillation-related 

data-releases between 2002 and 2013 [4–8].

2. The KamLAND detector

The KamLAND detector is located in the Kamioka Mine under Mount Ikenoyama at a depth 
of ∼2700 m water-equivalent. The primary volume consists of 1 kton of ultra-pure liquid scin-

M.P. Decowski / Nuclear Physics B 908 (2016) 52–61 59

Fig. 5. Allowed neutrino oscillation parameter regions from KamLAND and solar neutrino experiments for the different 
KamLAND data-releases (the data-release year is shown in the upper left corner of each panel). Each successive data 
release allowed a more precise determination of the oscillation parameters. While the KamLAND analysis up to 2010 was 
usually carried out in the 2-ν framework, the high precision data available in 2010 and 2013 allowed placing constraints 
on the θ13 parameter. Figures adapted from [4–8]. (For interpretation of the references to color in this figure, the reader 
is referred to the web version of this article.)

5.2. Other results

While the primary focus of the KamLAND experiment has been the search for, and precision 
measurement of, neutrino oscillation effects, the experiment has also provided a number of other 
important measurements. The KamLAND Collaboration performed the first experimental study 

60 M.P. Decowski / Nuclear Physics B 908 (2016) 52–61

Fig. 6. Illustration of the neutrino oscillation effect. The ratio of the observed νe spectrum to the expectation for no-
oscillation as a function of L0/Eνe is shown for the KamLAND data. L0 = 180 km is the effective flux-weighted 
average reactor baseline. The histogram and curve show the expectation accounting for the distances to the individual 
reactors and time-dependent νe flux variations and includes the 3-ν best-fit oscillation parameters listed on the last line 
of Table 1.

of geo-neutrinos [17], significantly improving the results later [18,8]. The collaboration studied 
astrophysical sources of neutrinos such as solar-7Be [20] and 8B [21], and extraterrestrial an-
tineutrino sources [12,22]. The experiment has also been used to set limits on the invisible decay 
of neutrons [23] and proton decay [24].

6. Conclusions

The KamLAND experiment has been operational since the beginning of 2002. The experi-
ment has monitored the νe flux from more than 50 Japanese nuclear reactors over more than a 
decade. The KamLAND results have allowed to establish the LMA-MSW neutrino oscillation 
mechanism as the solution to the solar neutrino flavor transformation. The large collection of 
reactor νe events coming from an average baseline of 180 km enable a precise determination of 
the "m2

21 neutrino oscillation parameter.
Although the KamLAND detector has been modified to study neutrinoless double beta de-

cay in 136Xe in September 2011, the experiment also continues to be used to monitor reactor 
antineutrinos and other sources of (anti-)neutrinos.
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Fig. 2. Schematic diagram of the KamLAND detector. The primary target volume of the inner detector consists of ∼1 kton
of ultra-pure liquid scintillator (LS). The inner detector is shielded by a water-Cherenkov outer detector.

tillator (LS), which provides the neutrino interaction target, see Fig. 2. The LS consists of 80% 
dodecane and 20% pseudocumene by volume and (1.36 ± 0.03) g/liter PPO1 as a fluor. The 
LS is contained in a 13-m-diameter spherical balloon made of 135-µm-thick transparent ny-
lon/EVOH2 composite film. The balloon is suspended in non-scintillating purified mineral oil 
(so-called buffer oil). The inner detector (ID) is inside an 18-m-diameter stainless steel spheri-
cal tank. Bolted to the inside of the tank are 1325 fast 20-inch-diameter photo multiplier tubes 
(PMTs), masked to 17-inch diameter, and 554 20-inch-diameter PMTs viewing the inside vol-
ume of the ID. The PMT coverage is 34%. The ID is surrounded by a 3.2 kton water-Cherenkov 
outer detector (OD) that serves as a cosmic-ray muon veto and provides additional shielding from 
external sources of radioactivity.

KamLAND is sensitive to νe’s through the inverse β-decay reaction, νe +p → e+ +n, with a 
reaction threshold of 1.8 MeV. This process has a delayed coincidence event pair signature which 
provides strong radioactive background suppression. The positron carries most of the energy of 
the incoming antineutrino from the reaction and is annihilated quickly, providing a prompt event. 
An approximation of the incident νe energy is given by Eνe ≃ Ep + En + 0.8 MeV, where Ep , 
the prompt energy, is the sum of the positron kinetic and annihilation energies. En is the average 
neutron recoil energy and is of order tens of keV. The delayed event of the delayed coincidence 
event pair is produced by the capture-γ when the neutron captures on either a proton or a 12C 
nucleus in the LS, with a mean capture time of 207.5 ± 2.8 µs [9].

The event vertex and energy reconstruction algorithms are based on the timing and charge 
distribution of scintillation photons recorded by the 17-inch and 20-inch PMTs. These algorithms 
were tuned with a wide variety of radioactive sources over the lifetime of the experiment. The 
sources that have been deployed are: 60Co, 65Zn, 68Ge, 137Cs, 203Hg, 210Po13C, 241Am9Be, 

1 2,5-diphenyloxazole.
2 Ethylene vinyl alcohol copolymer.

θ12 is Large… 

… so reactor flux is 
not needed precisely. 
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Is there CP violation in the neutrino sector? 
☛ Maybe, if the mixing matrix is really 3×3 

However, ≈2005 we knew that θ12 and θ23 were large, 
and that θ13 was small (sin22θ13 ≤0.15) 

☛ Cannot have CP violation if θ13=0 

How to measure a very small value of θ13? 
• Appearance of νe in a νμ beam (Next talk) 
★ Disappearance of νe from a reactor 

Reactor neutrino disappearance is difficult! 
Remember: Calculating the neutrino flux is hard! 

Experiments: Daya Bay, RENO, and Double Chooz
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The Daya Bay Reactor Neutrino Experiment has measured a nonzero value for the neutrino mixing

angle !13 with a significance of 5.2 standard deviations. Antineutrinos from six 2.9 GWth reactors were

detected in six antineutrino detectors deployed in two near (flux-weighted baseline 470 m and 576 m) and

one far (1648 m) underground experimental halls. With a 43 000 ton–GWth–day live-time exposure

in 55 days, 10 416 (80 376) electron-antineutrino candidates were detected at the far hall (near halls).

The ratio of the observed to expected number of antineutrinos at the far hall is R ¼ 0:940"
0:011ðstat:Þ " 0:004ðsyst:Þ. A rate-only analysis finds sin22!13 ¼ 0:092" 0:016ðstat:Þ " 0:005ðsyst:Þ in
a three-neutrino framework.

DOI: 10.1103/PhysRevLett.108.171803 PACS numbers: 14.60.Pq

It is well established that the flavor of a neutrino oscil-
lates with time. Neutrino oscillations can be described by
the three mixing angles (!12, !23, and !13) and a phase of
the Pontecorvo-Maki-Nakagawa-Sakata matrix, and two
mass-squared differences (!m2

32 and !m
2
21) [1,2]. Of these

mixing angles, !13 is the least known. The CHOOZ neu-
trino oscillation experiment obtained a 90%-confidence-
level upper limit of 0.17 for sin22!13 [3]. Recently, results
from T2K (Tokai to Kamioka, Japan) [4], MINOS (Main
Injector Neutrino Oscillation Search) [5], and Double
Chooz [6] experiments have indicated that !13 could be
nonzero. In this Letter, we present the observation of a
nonzero value for !13.

For reactor-based experiments, an unambiguous deter-
mination of !13 can be extracted via the survival probabil-
ity of the electron-antineutrino ""e at short distances from
the reactors,

Psur % 1& sin22!13sin
2ð1:267!m2

31L=EÞ; (1)

where !m2
31 ¼ !m2

32 "!m2
21, E is the ""e energy in MeV

and L is the distance in meters between the ""e source and
the detector (baseline).

The near-far arrangement of antineutrino detectors
(ADs), as illustrated in Fig. 1, allows for a relative mea-
surement by comparing the observed ""e rates at various
baselines. With functionally identical ADs, the relative rate
is independent of correlated uncertainties and uncorrelated
reactor uncertainties are minimized.

A detailed description of the Daya Bay experiment can
be found in Refs. [7,8]. Here, only the apparatus relevant to
this analysis will be highlighted. The six pressurized water
reactors are grouped into three pairs with each pair referred
to as a nuclear power plant (NPP). The maximum thermal
power of each reactor is 2.9 GW. Three underground
experimental halls (EHs) are connected with horizontal
tunnels. Two ADs are located in EH1 and one in EH2
(the near halls). Three ADs are positioned near the oscil-
lation maximum in the far hall, EH3. The vertical over-
burden in equivalent meters of water (m.w.e.), the

FIG. 1 (color online). Layout of the Daya Bay experiment. The
dots represent reactors, labeled as D1, D2, L1, L2, L3, and L4.
Six ADs, AD1–AD6, are installed in three EHs.
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(ADs), as illustrated in Fig. 1, allows for a relative mea-
surement by comparing the observed ""e rates at various
baselines. With functionally identical ADs, the relative rate
is independent of correlated uncertainties and uncorrelated
reactor uncertainties are minimized.

A detailed description of the Daya Bay experiment can
be found in Refs. [7,8]. Here, only the apparatus relevant to
this analysis will be highlighted. The six pressurized water
reactors are grouped into three pairs with each pair referred
to as a nuclear power plant (NPP). The maximum thermal
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(the near halls). Three ADs are positioned near the oscil-
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simulated muon rate and average muon energy, and aver-
age distance to the reactor pairs are listed in Table I.

As shown in Fig. 2, the ADs in each EH are shielded
with >2:5 m of high-purity water against ambient radia-
tion in all directions. Each water pool is segmented into
inner and outer water shields (IWS and OWS) and instru-
mented with photomultiplier tubes (PMTs) to function as
Cherenkov-radiation detectors whose data were used by
offline software to remove spallation neutrons and other
cosmogenic backgrounds. The detection efficiency for
long-track muons is>99:7% [7]. The water pool is covered
with an array of resistive plate chambers (RPC).

The !!e is detected via the inverse "-decay (IBD) reac-
tion, !!e þ p ! eþ þ n, in a gadolinium-doped liquid scin-
tillator (Gd-LS) [9,10]. The coincidence of the prompt
scintillation from the eþ and the delayed neutron capture
on Gd provides a distinctive !!e signature.

Each AD consists of a cylindrical, 5 m diameter stainless
steel vessel (SSV) that houses two nested, UV-transparent
acrylic cylindrical vessels. A 3.1 m diameter inner acrylic
vessel (IAV) holds 20 t of Gd-LS (target). It is surrounded
by a region with 20 t of liquid scintillator (LS) inside a 4 m
diameter outer acrylic vessel (OAV). Between the SSVand
OAV, 37 t of mineral oil (MO) shields the LS and Gd-LS
from radioactivity. IBD interactions are detected by 192
Hamamatsu R5912 PMTs. A black radial shield and spec-
ular reflectors are installed on the vertical detector walls
and above and below the LS volume, respectively. Gd-LS
and LS are prepared and filled into ADs systematically to
ensure all ADs are functionally identical [7]. Three auto-
mated calibration units (ACUs) mounted on the SSV lid
allow for remote deployment of a light-emitting diode, a
68Ge source, and a combined source of 241Am" 13C and
60Co into the Gd-LS and LS liquid volumes along three
vertical axes.

The results are based on data taken from 24 December
2011 to 17 February 2012. A blind analysis strategy was
adopted, with the baselines, the thermal-power histories of
the cores, and the target masses of the ADs hidden until the
analyses were frozen. Triggers were formed from the
number of PMTs with signals above a#0:25 photoelectron
(pe) threshold (NHIT) or the charge sum of the over-
threshold PMTs (ESUM). The AD triggers were NHIT>
45 or ESUM * 65 pe. The trigger rate per AD was
<280 Hz with a negligible trigger inefficiency for IBD
candidates. The data consist of charge and timing

information for each PMT, and were accumulated
independently for each detector. To remove systematic
effects due to reactor flux fluctuations, only data sets
with all detectors in operation were used.
The energy of each trigger in an AD was reconstructed

based on the total photoelectrons collected by the PMTs.
The energy calibration constant, #163 pe=MeV for all
ADs and stable throughout the data collection period,
was determined by setting the energy peak of the 60Co
source deployed at each AD center to 2.506 MeV. Vertex
reconstruction was based on center-of-charge, defined as
the charge-weighted-mean of the coordinates of all PMTs.
The mapping from center-of-charge to vertex was done by
analytic corrections determined using data collected with
60Co sources deployed at various points within the AD. A
vertex-dependent correction to energy (< 10%) and a con-
stant factor (0.988) were applied equally to all ADs to
correct for geometrical effects and energy nonlinearity
between the 60Co and the neutron capture on Gd (nGd),
determined by the 60Co and Am-C sources at the detector
center. An independent energy calibration that utilized the
peak of the nGd from spallation neutron to set the energy
scale and templates derived from Monte Carlo simulations
(MC) for vertex reconstruction, gave consistent perform-

ance [7]. The energy resolution was (7:5=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
EðMeVÞ

p
þ

0:9Þ% for all 6 ADs.
IWS and OWS triggers with NHIT> 12 were classified

as ‘‘WSmuon candidates’’ or#WS. Events in an ADwithin
&2 #s of a #WS with energy >20 MeV and >2:5 GeV
were classified as muons (#AD) and showering muons
(#sh), respectively, for vetoing purposes. An instrumental
background due to spontaneous light emission from a
PMT, denoted as a flasher, was rejected efficiently [7].
IBD events were selected with the following criteria:

0:7< Ep < 12:0 MeV, 6:0< Ed < 12:0 MeV, 1<"t <
200 #s, the prompt-delayed pair was vetoed by preceding

TABLE I. Vertical overburden (m.w.e.), muon rate
R# ðHz=m2Þ, and average muon energy E# ðGeVÞ of the three

EHs, and the distances (m) to the reactor pairs.

Overburden R# E# D1,2 L1,2 L3,4

EH1 250 1.27 57 364 857 1307
EH2 265 0.95 58 1348 480 528
EH3 860 0.056 137 1912 1540 1548 FIG. 2 (color online). Schematic diagram of the Daya Bay

detectors.
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systematic uncertainty in jΔm2
eej is dominated by uncer-

tainty in the relative energy scale.
In summary, enhanced measurements of sin2 2θ13 and

jΔm2
eej have been obtained by studying the energy-

dependent disappearance of the electron antineutrino inter-
actions recorded in a 6.9 × 105 GWth ton days exposure.
Improvements in calibration, background estimation, as

well as increased statistics allow this study to provide the
most precise estimates to date of the neutrino mass and
mixing parameters jΔm2

eej and sin2 2θ13.
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5 MeV excess is strongly proportional to the reactor 
power as shown in Fig. 5, indicating that the excess of 
IBD events comes from the reactors. 
 Fig. 6 show a clear correlation between the 5 MeV 
excess daily rate and the total observed IBD daily rate 
in the near detector for each data-taking period. This 
again indicates the 5 MeV excess indeed comes from 
the reactors.  

5. Implications and future prospects of precise 
measurement of θ13 

RENO has definitively measured the value of θ13 
by the disappearance of electron antineutrinos. Based 
on unprecedentedly copious data, RENO has 
performed rather precise measurements of the value. 
The exciting result provides a comprehensive picture 
of neutrino transformation among three kinds of 
neutrinos and opens the possibility of search for CP 
violation in the leptonic sector. The surprisingly large 
value of θ13 will strongly promote the next round of 
neutrino experiments to find CP violation effects and 
determine the neutrino mass hierarchy. The successful 
measurement of θ13 has made the very first step on the 
long journey to the complete understanding of the 
fundamental nature and implications of neutrino 
masses and mixing parameters. 

The total systematic errors of RENO, δsin2(2θ13) 
=±0.010, mainly come from three uncertainties of 
reactor neutrino flux, detector efficiency and 
backgrounds. The uncorrelated uncertainty of reactor 
flux among reactors is 0.9% (0.7%: fission fraction, 
0.5%: thermal power), and results in δsin2(2θ13) = 
±0.0032. The uncorrelated uncertainty of detection 
efficiency between the near and far detectors is 0.2%, 
and contributes additional δsin2(2θ13) = ±0.0032. The 
background uncertainty is estimated as 6.7% (5.6%) 
mainly due to 252Cf source contamination (cosmic 
9Li/8He background) in the far (near) detector, and 
dominates the total systematic error by δsin2(2θ13) = 
±0.0089. The background estimation is entirely based 

on the control data samples, and thus the uncertainty is 
expected to be reduced with more data. 

Precise measurements of θ13 by the reactor 
experiments will provide the first glimpse of the CP 
phase angle if accelerator beam results are combined. 
Based on total 5 years of data, the RENO experiment 
is expected to obtain a measured sin2(2θ13) value with 
a precision of 7% according to the design goal. With a 
better understating of systematic uncertainties, it could 
become as good as 5%, and can be even smaller if the 
n-H result is going to be combined. We will also make 
a direct measurement of |∆mee

2| from the energy 
dependent oscillation effects in the near future, and 
will make a more precise measurement of reactor 
neutrino spectrum. 

6. RENO-50: future reactor experiment for 
neutrino mass hierarchy 

An underground detector of RENO-50 [13] under 
proposal will consist of 18,000 tons of ultra-low-
radioactivity liquid scintillator and 15,000 high 
quantum efficiency 20” photomultiplier tubes, located 
at roughly 50 km away from the Hanbit nuclear power 
plant in Korea where the neutrino oscillation due to θ12 
takes place at maximum (see Fig. 7).  

The detector is expected to detect neutrinos from 
nuclear reactors, the Sun, Supernova, the Earth, any 
possible stellar object and a J-PARC neutrino beam as 
well. It will be a multi-purpose and long-term 
operational detector, and also a neutrino telescope. The 
main goal is to determine the neutrino mass hierarchy 

 
Fig. 6. Correlation between the 5 MeV-excess daily rate and the total 
observed IBD daily rate in the near detector, for each data-taking 
time period.. 

 
 

Fig. 7. The RENO-50 detector will be located at underground of 
Mt. Guemseong in a city of Naju, 47 km from the Hanbit nuclear 
power plant. The contours of different colors indicate the sensitivity 
of mass hierarchy determination. The perpendicular direction from 
the reactor alignment has the highest sensitivity. 
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FIG. 4. Allowed regions of 68.3, 95.5, and 99.7% C.L. in the
|�m2

ee| vs. sin2 2✓13 plane. The best-fit values are given by
the black dot. The ��2 distributions for sin2 2✓13 (top) and
|�m2

ee| (right) are also shown with an 1� band. The rate-
only result for sin2 2✓13 is shown by the cross. The results
from Daya Bay [11] and Double Chooz [24] are also shown for
comparison.
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FIG. 5. Measured reactor ⌫e survival probability in the far
detector as a function of Le↵/E⌫ . The curve is a predicted
survival probability, obtained from the observed probability
in the near detector, for the best-fit values of |�m2

ee| and
sin2 2✓13. The Le↵/E⌫ value of each data point is given by
the average of the counts in each bin.
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The RENO experiment has analyzed about 500 live days of data to observe an energy dependent
disappearance of reactor ν̄e by comparing their prompt signal spectra measured in two identical near and far
detectors. In the period between August of 2011 and January of 2013, the far (near) detector observed 31 541
(290 775) electron antineutrino candidate events with a background fraction of 4.9% (2.8%). The measured
prompt spectra show an excess of reactor ν̄e around 5 MeV relative to the prediction from a most commonly
used model. A clear energy and baseline dependent disappearance of reactor ν̄e is observed in the deficit of
the observed number of ν̄e. Based on the measured far-to-near ratio of prompt spectra, we obtain sin2 2θ13 ¼
0.082" 0.009ðstatÞ " 0.006ðsystÞ and jΔm2

eej ¼ ½2.62þ0.21
−0.23ðstatÞþ0.12

−0.13ðsystÞ' × 10−3 eV2.

DOI: 10.1103/PhysRevLett.116.211801

The reactor ν̄e 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 transforma-
tion. The successful measurement of a rather large θ13
value opens the possibility of searching for CP 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 ν̄e survival probability P [8], reactor experi-

ments with a baseline distance of ∼1 km can determine the
mixing angle θ13 and an effective squared mass difference
Δm2

ee ≡ cos2 θ12Δm2
31 þ sin2 θ12Δm2

32 [9].

1 − P ¼ sin22θ13ðcos2θ12sin2Δ31 þ sin2θ12sin2Δ32Þ
þ cos4θ13sin22θ12sin2Δ21

≈ sin22θ13sin2Δee þ cos4θ13sin22θ12sin2Δ21; ð1Þ

where Δij ≡ 1.267Δm2
ijL=E, E is the ν̄e energy in MeV,

and L is the distance between the reactor and detector in
meters.
The first measurement of θ13 by RENO was based on the

rate-only analysis of deficit found in ∼220 live days of data
[1]. The oscillation frequency jΔm2

eej in the measurement
was approximated by the measured value jΔm2

31j assuming
the normal ordering in the νμ disappearance [10]. In this
Letter, we present a more precisely measured value of θ13
and our first determination of jΔm2

eej, based on the rate,
spectral, and baseline information (rateþ spectrum analy-
sis) of reactor ν̄e disappearance using ∼500 live days of
data. The Daya Bay Collaboration has also reported
spectral measurements [11].
The RENO experiment uses identical near and far ν̄e

detectors located 294 and 1383 m, respectively, from the
center of six reactor cores of the Hanbit (known as
Yonggwang) Nuclear Power Plant. The far (near) detector
is under 450 m (120 m) of water equivalent overburden. Six
pressurized water reactors, each with maximum thermal
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High statistics leads to some surprises

data [17]. The detector response was determined in two
ways. The first method sequentially applied a simulation of
energy loss in the inactive acrylic vessels, and analytical
models of energy scale and energy resolution. The energy
scale model was based on empirical characterization of the

spatial nonuniformity and the energy nonlinearity with
improved calibration of the scintillator light yield and the
electronics response [39]. The uncertainty of the energy
scale was about 1% in the energy range of reactor
antineutrinos [39]. The second method used full-detector
simulation in which the detector response was tuned with
the calibration data. Both methods produced consistent
predictions for prompt energies above 1.25 MeV. Around
1 MeV, there was a slight discrepancy due to different
treatments of IBD positrons that interact with the inner
acrylic vessels. Additional uncertainty below 1.25 MeV
was included to cover this discrepancy.
Figure 2 shows the observed prompt-energy spectrum

and its comparison with the predictions. The predicted
spectra were normalized to the measurement in order to
test the agreement between spectral shapes. The spectral
uncertainty of the measurement is composed of the stat-
istical, detector response and background uncertainties.
Between 1.5 and 7 MeV, it ranges from 1.0% at 3.5 MeV to
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FIG. 1. Top: Rate of reactor antineutrino candidate events in
the six ADs with corrections for three-flavor oscillations (closed
circles), and additionally for the variation of flux-weighted fission
fractions at the different sites (open squares). The average of the
three near detectors is shown as a gray line (and extended through
the three far detectors as a dotted gray line) with its 1σ systematic
uncertainty (gray band). The rate predicted with the Huber-
Mueller (ILL-Vogel) model and its uncertainty are shown in blue
(orange). Bottom: The measured reactor ν̄e rate as a function
of the distance from the reactor, normalized to the theoretical
prediction with the Huber-Mueller model. The rate is corrected
for three-flavor neutrino oscillations at each baseline. The blue
shaded region represents the global average and its 1σ uncer-
tainty. The 2.7% model uncertainty is shown as a band around
unity. Measurements at the same baseline are combined for
clarity. The Daya Bay measurement is shown at the flux-weighted
baseline (573 m) of the two near halls.
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FIG. 2. Top panel: Predicted and measured prompt-energy
spectra. The prediction is based on the Huber-Mueller model
and normalized to the number of measured events. The highest
energy bin contains all events above 7 MeV. The gray hatched
and red filled bands represent the square root of diagonal
elements of the shape-only covariance matrix (

ffiffiffiffiffiffi
Vii

p
) for the

reactor related and the full (reactor, detector, and background)
systematic uncertainties, respectively. The error bars on the data
represent the statistical uncertainty. Middle panel: Ratio of the
measured prompt-energy spectrum to the predicted spectrum
(Huber-Mueller model). The blue curve shows the ratio of the
prediction based on the ILL-Vogel model to that based on the
Huber-Mueller model. Bottom panel: The defined χ2 distribution
( ~χi) of each bin (black dashed curve) and local p values for
1-MeV energy windows (magenta solid curve). See the text for
the definitions of these quantities.

TABLE II. Average IBD yields (Y and σf) of the near halls, flux
normalization with respect to different fissile antineutrino model
predictions, and flux-weighted average fission fractions of the
near halls.

IBD Yield
Y (cm2 GW−1 day−1) ð1.55" 0.04Þ × 10−18

σf (cm2 fission−1) ð5.92" 0.14Þ × 10−43

Data/Prediction
R (Huber-Mueller) 0.946" 0.022
R (ILL-Vogel) 0.991" 0.023

Average Fission Fractions
235U: 238U: 239Pu: 241Pu 0.586: 0.076: 0.288: 0.050
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and a distance of 40 cm; (iii) if any ID and OD trigger
occurs in a 200 µs window following their prompt can-
didates. After applying the requirements, 99.9% of the
252Cf contamination background events in the far detec-
tor are eliminated with a signal loss of 8.0±0.2%. No re-
maining 252Cf contamination background events are ob-
served in the near detector.

The total background rates are estimated to be 17.54±
0.83 and 3.14 ± 0.23 events per day for near and far de-
tectors, respectively. The observed IBD and background
rates are summarized in Table I. Since the rates and
shapes of all the backgrounds are measured from con-
trol data samples, their uncertainties are expected to be
further reduced with more data.

Systematic uncertainties have been significantly re-
duced since the first measurement presented in Ref. [1].
Decrease of systematic uncertainties mainly comes from
background reduction and more precise estimation of
background rates. For example, the most dominant
background uncertainty of 9Li/8He is reduced from 29%
(48%) to 15% (10%) in the far (near) detector. The re-
duction was possible due to additional background re-
moval by optimized rejection criteria, increased statistics
of the 9Li/8He control sample, and a new method of esti-
mating the background rate in the IBD candidates from
the background dominant energy region. The IBD selec-
tion criterion (i) described earlier removes 55.9% (43.8%)
of remaining 9Li/8He backgrounds with a signal loss of
9.7% (10.3%) in the far (near) detector. The uncertainty
of the background spectrum is reduced because of in-
creased control sample by a factor of five.

The expected rate and spectrum of reactor ⌫
e

are cal-
culated based on thermal power, fission fraction, energy
released per fission, ⌫

e

yield per fission, fission spectra,
and IBD cross sections [16–22]. The calculation includes
both the rate and spectral changes corresponding to the
varying thermal powers and fission fractions of each re-
actor during data-taking.

The systematic uncertainties in the reactor ⌫
e

detec-
tion are found in Ref. [1]. The energy dependent system-
atic uncertainties, coming from background shape ambi-
guities and the energy scale difference between the near
and far detectors, are evaluated and included for this
analysis.

We observe a clear deficit of reactor ⌫
e

in the far
detector. Using the deficit information only, a rate-
only analysis obtains sin

2
2✓13 = 0.087 ± 0.009(stat.) ±

0.007(syst.), where the world average value of |�m2
ee

| =
(2.49±0.06)⇥10

�3 eV2 is used [15]. The total systematic
error of sin2 2✓13 is reduced from 0.019 to 0.007, mostly
due to the decreased background uncertainty, relative to
the first measurement [1] while the statistical error is re-
duced from 0.013 to 0.009.

Figure 2 shows a spectral comparison of the observed
IBD prompt spectrum after background subtraction to
the prediction that is expected from a reactor neutrino

model [20, 21] and the best fit oscillation results. The
subtracted background spectra are shown in the insets.
A clear spectral difference is observed in the region cen-
tered at 5 MeV. The MC predicted distributions are nor-
malized to the observed events out of the excess range
3.6 < E

p

< 6.6 MeV. The excess of events constitutes
about 3% of the total observed reactor ⌫

e

rate in both
detectors. Furthermore, the excess is observed to be pro-
portional to the reactor power. This observation suggests
needs for reevaluation and modification of the current re-
actor ⌫

e

model [20, 21].
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FIG. 2. Spectral comparison of observed and expected IBD
prompt events in the (a) near and (b) far detectors. The
expected distributions are obtained using rate and spectral
analysis results discussed later. The observed spectra are ob-
tained from subtracting the background spectra as shown in
the insets. A shape difference is clearly seen at 5 MeV. The ob-
served excess is correlated with the reactor power, and corre-
sponds to 3% of the total observed reactor ⌫e flux. A spectral
deviation from the expectation is larger than the uncertainty
of an expected spectrum (shaded band).

Because of the unexpected structure around 5 MeV,
the oscillation amplitude and frequency are determined
from a fit to the measured far-to-near ratio of IBD
prompt spectra. The relative measurement using identi-
cal near and far detectors makes the method insensitive
to the correlated uncertainties of expected reactor ⌫

e

flux
and spectrum as well as detection efficiency. To deter-
mine |�m2

ee

| and ✓13 simultaneously, a �2 is constructed
using the spectral ratio measurement and is minimized
[23]:
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where O
F/N

i

is the observed far-to-near ratio of IBD can-
didates in the i-th E

p

bin after background subtraction,
T

F/N

i

= T
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i

(bd, f
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, ✏, e; ✓13, |�m2
ee

|) is the expected far-
to-near ratio of IBD events, and U

F/N

i

is the statistical

Anatael Cabrera (CNRS-IN2P3 & APC)

θ13 experiments→ high precision spectrum… 69

Double Chooz (May 2014) 
~3.0σ (~17k events @ FD)

Visible Energy (MeV)
1 2 3 4 5 6 7 8

 
0.

25
 M

eV
D

at
a 

/ P
re

di
ct

ed

0.8

0.9

1.0

1.1

1.2 Background-subtracted data
No oscillation
Reactor flux uncertainty
Total systematic uncertainty

 = 0.09013θ22Best fit: sin
2 = 0.00244 eV2m∆at 

DC-III (n-Gd) Preliminary
Livetime: 467.90 days

RENO (June 2014) 
~3.6σ (~500k events @ ND)

Daya Bay (July 2014) 
~4.0σ (~300k events  @ 3xNDs)

not systematics shown

σ(stat): ~0.8% 
σ(detection): ~0.6% (0.4%)

σ(stat): ≳0.2% 

σ(detection): ≳2.0%

Daya Bay

Double Chooz

RENO
The “Bump”

Recall: Hard Calculation!



FPCP 2016 CaltechNapolitano: Reactor Neutrinos

Reactor Neutrino Anomaly

13

Measurement of the Reactor Antineutrino Flux and Spectrum at Daya Bay

F. P. An,1 A. B. Balantekin,2 H. R. Band,3 M. Bishai,4 S. Blyth,5,6 I. Butorov,7 D. Cao,8 G. F. Cao,9 J. Cao,9 W. R. Cen,9

Y. L. Chan,10 J. F. Chang,9 L. C. Chang,11 Y. Chang,6 H. S. Chen,9 Q. Y. Chen,12 S. M. Chen,13 Y. X. Chen,14 Y. Chen,15

J. H. Cheng,11 J. Cheng,12 Y. P. Cheng,9 J. J. Cherwinka,2 M. C. Chu,10 J. P. Cummings,16 J. de Arcos,17 Z. Y. Deng,9

X. F. Ding,9 Y. Y. Ding,9 M. V. Diwan,4 J. Dove,18 E. Draeger,17 D. A. Dwyer,19 W. R. Edwards,19 S. R. Ely,18 R. Gill,4

M. Gonchar,7 G. H. Gong,13 H. Gong,13 M. Grassi,9 W. Q. Gu,20 M. Y. Guan,9 L. Guo,13 X. H. Guo,21 R.W. Hackenburg,4

R. Han,14 S. Hans,4 M. He,9 K. M. Heeger,3 Y. K. Heng,9 A. Higuera,22 Y. K. Hor,23 Y. B. Hsiung,5 B. Z. Hu,5 L. M. Hu,4

L. J. Hu,21 T. Hu,9 W. Hu,9 E. C. Huang,18 H. X. Huang,24 X. T. Huang,12 P. Huber,23 G. Hussain,13 D. E. Jaffe,4 P. Jaffke,23

K. L. Jen,11 S. Jetter,9 X. P. Ji,25,13 X. L. Ji,9 J. B. Jiao,12 R. A. Johnson,26 L. Kang,27 S. H. Kettell,4 S. Kohn,28

M. Kramer,19,28 K. K. Kwan,10 M.W. Kwok,10 T. Kwok,29 T. J. Langford,3 K. Lau,22 L. Lebanowski,13 J. Lee,19 R. T. Lei,27

R. Leitner,30 K. Y. Leung,29 J. K. C. Leung,29 C. A. Lewis,2 D. J. Li,31 F. Li,9 G. S. Li,20 Q. J. Li,9 S. C. Li,29 W. D. Li,9

X. N. Li,9 X. Q. Li,25 Y. F. Li,9 Z. B. Li,32 H. Liang,31 C. J. Lin,19 G. L. Lin,11 P. Y. Lin,11 S. K. Lin,22 J. J. Ling,32,18,4

J. M. Link,23 L. Littenberg,4 B. R. Littlejohn,26,17 D. W. Liu,22 H. Liu,22 J. L. Liu,20 J. C. Liu,9 S. S. Liu,29 C. Lu,33 H. Q. Lu,9

J. S. Lu,9 K. B. Luk,28,19 Q. M. Ma,9 X. Y. Ma,9 X. B. Ma,14 Y. Q. Ma,9 D. A. Martinez Caicedo,17 K. T. McDonald,33

R. D. McKeown,34,35 Y. Meng,23 I. Mitchell,22 J. Monari Kebwaro,36 Y. Nakajima,19 J. Napolitano,37 D. Naumov,7

E. Naumova,7 H. Y. Ngai,29 Z. Ning,9 J. P. Ochoa-Ricoux,38 A. Olshevski,7 H.-R. Pan,5 J. Park,23 S. Patton,19 V. Pec,30

J. C. Peng,18 L. E. Piilonen,23 L. Pinsky,22 C. S. J. Pun,29 F. Z. Qi,9 M. Qi,8 X. Qian,4 N. Raper,39 B. Ren,27 J. Ren,24

R. Rosero,4 B. Roskovec,30 X. C. Ruan,24 B. B. Shao,13 H. Steiner,28,19 G. X. Sun,9 J. L. Sun,40 W. Tang,4 D. Taychenachev,7

K. V. Tsang,19 C. E. Tull,19 Y. C. Tung,5 N. Viaux,38 B. Viren,4 V. Vorobel,30 C. H. Wang,6 M. Wang,12 N. Y. Wang,21

R. G. Wang,9 W. Wang,32,35 W.W. Wang,8 X. Wang,41 Y. F. Wang,9 Z. Wang,13 Z. Wang,9 Z. M. Wang,9 H. Y. Wei,13

L. J. Wen,9 K. Whisnant,42 C. G. White,17 L. Whitehead,22 T. Wise,2 H. L. H. Wong,28,19 S. C. F. Wong,10,32 E. Worcester,4

Q. Wu,12 D. M. Xia,9,43 J. K. Xia,9 X. Xia,12 Z. Z. Xing,9 J. Y. Xu,10 J. L. Xu,9 J. Xu,21 Y. Xu,25 T. Xue,13 J. Yan,36

C. G. Yang,9 L. Yang,27 M. S. Yang,9 M. T. Yang,12 M. Ye,9 M. Yeh,4 B. L. Young,42 G. Y. Yu,8 Z. Y. Yu,9 S. L. Zang,8

L. Zhan,9 C. Zhang,4 H. H. Zhang,32 J. W. Zhang,9 Q. M. Zhang,36 Y. M. Zhang,13 Y. X. Zhang,40 Y. M. Zhang,32

Z. J. Zhang,27 Z. Y. Zhang,9 Z. P. Zhang,31 J. Zhao,9 Q.W. Zhao,9 Y. F. Zhao,14 Y. B. Zhao,9 L. Zheng,31 W. L. Zhong,9

L. Zhou,9 N. Zhou,31 H. L. Zhuang,9 and J. H. Zou9

(Daya Bay Collaboration)

1Institute of Modern Physics, East China University of Science and Technology, Shanghai, China
2University of Wisconsin, Madison, Wisconsin, USA

3Department of Physics, Yale University, New Haven, Connecticut, USA
4Brookhaven National Laboratory, Upton, New York, USA

5Department of Physics, National Taiwan University, Taipei, Taiwan
6National United University, Miao-Li, Taiwan

7Joint Institute for Nuclear Research, Dubna, Moscow Region, Russia
8Nanjing University, Nanjing, China

9Institute of High Energy Physics, Beijing, China
10Chinese University of Hong Kong, Hong Kong, China

11Institute of Physics, National Chiao-Tung University, Hsinchu, Taiwan
12Shandong University, Jinan, China

13Department of Engineering Physics, Tsinghua University, Beijing, China
14North China Electric Power University, Beijing, China

15Shenzhen University, Shenzhen, China
16Siena College, Loudonville, New York, USA

17Department of Physics, Illinois Institute of Technology, Chicago, Illinois, USA
18Department of Physics, University of Illinois at Urbana-Champaign, Urbana, Illinois, USA

19Lawrence Berkeley National Laboratory, Berkeley, California, USA
20Shanghai Jiao Tong University, Shanghai, China

21Beijing Normal University, Beijing, China
22Department of Physics, University of Houston, Houston, Texas, USA

23Center for Neutrino Physics, Virginia Tech, Blacksburg, Virginia, USA
24China Institute of Atomic Energy, Beijing, China

PRL 116, 061801 (2016) P HY S I CA L R EV I EW LE T T ER S
week ending

12 FEBRUARY 2016

0031-9007=16=116(6)=061801(8) 061801-1 © 2016 American Physical Society

data [17]. The detector response was determined in two
ways. The first method sequentially applied a simulation of
energy loss in the inactive acrylic vessels, and analytical
models of energy scale and energy resolution. The energy
scale model was based on empirical characterization of the

spatial nonuniformity and the energy nonlinearity with
improved calibration of the scintillator light yield and the
electronics response [39]. The uncertainty of the energy
scale was about 1% in the energy range of reactor
antineutrinos [39]. The second method used full-detector
simulation in which the detector response was tuned with
the calibration data. Both methods produced consistent
predictions for prompt energies above 1.25 MeV. Around
1 MeV, there was a slight discrepancy due to different
treatments of IBD positrons that interact with the inner
acrylic vessels. Additional uncertainty below 1.25 MeV
was included to cover this discrepancy.
Figure 2 shows the observed prompt-energy spectrum

and its comparison with the predictions. The predicted
spectra were normalized to the measurement in order to
test the agreement between spectral shapes. The spectral
uncertainty of the measurement is composed of the stat-
istical, detector response and background uncertainties.
Between 1.5 and 7 MeV, it ranges from 1.0% at 3.5 MeV to
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FIG. 1. Top: Rate of reactor antineutrino candidate events in
the six ADs with corrections for three-flavor oscillations (closed
circles), and additionally for the variation of flux-weighted fission
fractions at the different sites (open squares). The average of the
three near detectors is shown as a gray line (and extended through
the three far detectors as a dotted gray line) with its 1σ systematic
uncertainty (gray band). The rate predicted with the Huber-
Mueller (ILL-Vogel) model and its uncertainty are shown in blue
(orange). Bottom: The measured reactor ν̄e rate as a function
of the distance from the reactor, normalized to the theoretical
prediction with the Huber-Mueller model. The rate is corrected
for three-flavor neutrino oscillations at each baseline. The blue
shaded region represents the global average and its 1σ uncer-
tainty. The 2.7% model uncertainty is shown as a band around
unity. Measurements at the same baseline are combined for
clarity. The Daya Bay measurement is shown at the flux-weighted
baseline (573 m) of the two near halls.
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FIG. 2. Top panel: Predicted and measured prompt-energy
spectra. The prediction is based on the Huber-Mueller model
and normalized to the number of measured events. The highest
energy bin contains all events above 7 MeV. The gray hatched
and red filled bands represent the square root of diagonal
elements of the shape-only covariance matrix (

ffiffiffiffiffiffi
Vii

p
) for the

reactor related and the full (reactor, detector, and background)
systematic uncertainties, respectively. The error bars on the data
represent the statistical uncertainty. Middle panel: Ratio of the
measured prompt-energy spectrum to the predicted spectrum
(Huber-Mueller model). The blue curve shows the ratio of the
prediction based on the ILL-Vogel model to that based on the
Huber-Mueller model. Bottom panel: The defined χ2 distribution
( ~χi) of each bin (black dashed curve) and local p values for
1-MeV energy windows (magenta solid curve). See the text for
the definitions of these quantities.

TABLE II. Average IBD yields (Y and σf) of the near halls, flux
normalization with respect to different fissile antineutrino model
predictions, and flux-weighted average fission fractions of the
near halls.

IBD Yield
Y (cm2 GW−1 day−1) ð1.55" 0.04Þ × 10−18

σf (cm2 fission−1) ð5.92" 0.14Þ × 10−43

Data/Prediction
R (Huber-Mueller) 0.946" 0.022
R (ILL-Vogel) 0.991" 0.023

Average Fission Fractions
235U: 238U: 239Pu: 241Pu 0.586: 0.076: 0.288: 0.050
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contain differences in branching fractions [29], compli-
cating the interpretation of these calculations. Sepa-
rately, total-absorption gamma spectroscopy measure-
ments of key isotopes have shown that quoted un-
certainties are frequently underestimated [30]. Conse-
quently, ab-initio calculations of S(En) are thought accu-
rate to only ⇠10% [28].

Given the uncertainties in this approach, the con-
version method has become the de-facto standard for
modeling reactor ne energy spectra. The cumulative
b� energy spectra emitted by foils of fissioning mate-
rial were measured [23–26, 31] and used to estimate
the corresponding cumulative ne spectra with an es-
timated uncertainty at the few-percent level. As de-
scribed in Sec. I A however, modern predictions of this
type disagree with measurements of the flux, lead-
ing to the reactor antineutrino anomaly. In addi-
tion, recent, high-precision measurements of the an-
tineutrino energy spectrum from q13 experiments have
shown deviations from the theoretically predicted spec-
tral shapes. The measured spectra from Daya Bay, Dou-
ble Chooz, and RENO each show an excess of antineu-
trinos of approximately 10% with energies between 5
and 7 MeV [6–8].

Initial studies indicated that the ab-initio method re-
produced the shape of the spectrum better than the
beta-conversion predictions [32]. However, re-analyses
with updated fission and beta-branch information call
this result into question and instead point to antineu-
trinos produced by the 238U fission chain as a possi-
ble source of the spectral anomaly [29]. New mea-
surements with total-absorption gamma spectrometers
at ORNL [33] and University of Jyväskylä [30] will re-
duce uncertainties in individual beta-decay levels and
branching ratios. However, predicting antineutrino
spectra resulting from these decays remains challeng-
ing due to unknown shape corrections. Similarly, un-
certainties in the cumulative fission yields are not ad-
dressed by these measurements. Precision measure-
ments of reactor antineutrino spectra provide a unique
experimental probe that can address many of these
questions [29]. In particular, a first-ever precision mea-
surement of the 235U spectrum would highly constrain
predictions for a static single fissile isotope system,
as compared to commercial power reactors that have
evolving fuel mixtures of multiple fissile isotopes.

C. Anomalies in Source and Accelerator Experiments

Anomalous results have also been obtained in other
neutrino experiments. Both the SAGE and GALLEX ra-
diochemical experiments have observed neutrino flux
deficits with high-activity ne calibration sources [34–37].

Additional anomalies have become apparent in
accelerator-based neutrino experiments. The Liquid
Scintillator Neutrino Detector (LSND) Experiment at
Los Alamos National Laboratory was designed to
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FIG. 4. Allowed regions in 3+1 framework for several com-
binations of ne and ne disappearance experiments. Contours
obtained from [3, 5, 40].

search for neutrino oscillations in the nµ ! ne channel.
It measured an excess of events at low energy consistent
with an oscillation mass splitting of |Dm2|⇠1 eV2 [38].
The Mini Booster Neutrino Experiment (MiniBooNE) at
Fermilab was conceived to test this so-called “LSND
anomaly” in the same L/E region [39]. In both the
nµ ! ne and nµ ! ne appearance channels, it observed
an excess of events. There is some disagreement re-
garding the compatibility of MiniBooNE ne appearance
data in models involving 3 active neutrinos and 1 ster-
ile state (3+1 model) [40] but the allowed regions for
neutrino oscillations partially overlap with the allowed
regions from LSND.

D. Global Fits

Attempts have been made to fully incorporate the
observed anomalies into a 3+1 framework of neu-
trino oscillations. Combining the short-baseline reac-
tor anomaly data with the gallium measurements under
the assumption of one additional sterile neutrino state
allows one to determine the allowed regions (Dm2

14,
sin2 2q14) in the global parameter space. Two recent
efforts obtain slightly different allowed regions and
global best-fit points [3, 5]. The disagreement can be
attributed to the differences in handling uncertainties
and the choice of spectral information included in the
analyses. Inclusion of all ne and ne disappearance mea-
surements further constrains the parameter space [5].
Fig. 4 illustrates the allowed regions obtained from dif-
ferent combinations of anomalous experimental results.

Because of the tensions between some appearance
and disappearance results, difficulties arise in develop-
ing a consistent picture of oscillations in the 3+1 frame-
work [40] involving both appearance and disappear-
ance data. Efforts at performing a global fit in frame-

Sterile Neutrinos (?)
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Are there disappearance oscillations with 
wavelength ~meters (Δm2~eV2)?
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FIG. 3. Layout of the PROSPECT experiment. Shown are the HFIR reactor core and the two antineutrino detectors, AD-I and
AD-II. Phase I consists of a movable antineutrino detector, AD-I, operated for three years at a baseline range of 7–12 m. Phase II
adds a ⇠10-ton detector, AD-II, at 15–19 m for an extra three years of data taking.

time [27], this effect results in an average deficit of 5.7%
in all the short-baseline reactor ne measurements. This
discrepancy between data and prediction, referred to
as the “reactor antineutrino anomaly” [3], represents a
deficit in the ratio of observed to expected ne from unity
significant at 98.6% confidence level.

An independent cross-check was performed using an
approach based only on an improved conversion of the
ILL reference b� spectrum, which minimized the use
of nuclear databases [2]. Virtual b-branches were used
to convert the ILL reference to an ne spectrum, yield-
ing a net increase of ⇠6% in antineutrino predictions,
consistent with the flux predicted in [1]. The cause of
the increase relative to past predictions was also under-
stood to be due to the use of improved nuclear correc-
tions, the updated neutron lifetime, and the application
of corrections to the beta decay spectrum at the branch
level, in contrast to the “effective” correction used in
past predictions. Additionally, blind analyses from re-
cent kilometer baseline precision rate measurements are
consistent with the previous reactor experiments [6–8].
The disagreement between modern reactor ne flux pre-
dictions and measurement is therefore well-established.

Oscillations at short baselines due to a new type
of neutrino with a mass splitting of Dm2⇠1 eV2 have
been proposed as one explanation for these observa-
tions [3]. With invisible decay width results from Z bo-
son measurements stringently limiting the number of
active neutrino flavors to three [27], any additional ex-
isting neutrino should be ’sterile’ and not participate in
weak interactions. The oscillation arising from such a
neutrino with eV-scale mass splitting can be observed
at baselines around 10 m from a compact reactor core.

Deficiencies in the flux prediction methods and/or
imperfections in the measured data underlying them
should also be considered as an explanation for the “re-
actor anomaly.” For example, incomplete nuclear data

for the beta decays contributing to the reactor spectrum
as well as uncertainties in the corrections applied to in-
dividual beta spectra may lead to significant uncertain-
ties in the conversion procedure between the reference
beta electron and the emitted ne spectra [28]. Observed
spectral discrepancies in addition to the flux deficit, as
described in the next section, highlight this concern.
More data is needed to understand and explain these
observations. PROSPECT can address both of these
possibilities through a high precision spectral measure-
ment in addition to an oscillation search for sterile neu-
trinos, and therefore provide a comprehensive solution
to the present “reactor anomalies.”

B. Reactor Spectrum Anomaly

Neutron-rich fission fragments within a reactor emit
ne via beta decay with an energy spectrum dependent
on the transition between initial and final nuclear states
of the particular isotope. The total energy spectrum
S(En) can be expressed as a sum of the decay rate of
each unstable isotope i in the reactor, Ri, times the
branching fraction for beta decay fij to the nuclear state
j with an energy spectrum Sij(En),

S(En) = Â
i

Ri Â
j

fijSij(En). (1)

While this calculation is straightforward in principle,
it is complex in practice. More than 1000 unstable
isotopes contribute, and many fission yields and in-
dividual beta decay spectra are poorly known. For
those measured, there can still be significant uncer-
tainty in the decay levels, branching fractions, and
ne energy spectra. It has recently been demonstrated
that the two major nuclear databases, ENDF and JEFF,

In Phase I the 
detector can 

move ≈3mSecond detector for greater 
coverage in Phase II 

Phase I Funded
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FIG. 8. (Top) PROSPECT Phase I and Phase II sensitivities
to a single sterile neutrino flavor. Phase I probes the best-fit
point at 4s after 1 year of data taking and has >3s reach of the
favored parameter space after 3 years. The combined reach of
Phase I+II after 3+3 years of data taking yields a 5s coverage
over the majority of the parameter space below Dm2

14⇠10 eV2.
Daya Bay exclusion curve is from [57]. (Bottom) Increase in
oscillation sensitivity to sterile neutrinos during Phase I by
operating AD-I at two positions instead of at the front or mid-
dle position only.

Parameter Value
Reactor
Power 85 MW
Shape Cylinder
Size 0.2 m r ⇥ 0.5 m h
Fuel HEU
Duty cycle 41% reactor-on
Antineutrino Detector 1 (AD-I)
Cross-section 1.2⇥1.45 m2

Proton density 5.5⇥1028 p/m3

Total Target Mass 2940 kg
Fiducialized Target Mass 1480 kg
Baseline range 4.4 m
Efficiency in Fiducial Volume 42%
Position resolution 15 cm
Energy resolution 4.5%/

p
E

S:B Ratio 3.1, 2.6, 1.8
Closest distance 6.9 m, 8.1 m, 9.4 m
Antineutrino Detector 2 (AD-II)
Total Target Mass ⇠10 ton
Fiducialized Target Mass ⇠70%
Baseline range ⇠4 m
Efficiency in Fiducial Volume 42%
Position resolution 15 cm
Energy resolution 4.5%/

p
E

S:B ratio 3.0
Closest distance 15 m
Operational Exposure
Phase I 1, 3 years
Phase II 3 years

TABLE I. Nominal PROSPECT experimental parameters.
Phase I consists of operating AD-I for three years split
between front, middle, and back positions. Phase II adds
AD-II at a longer baseline and operates both detectors for
three additional years.

achieved with Phase II is also shown: after 3 additional
years of operation essentially all parameter space sug-
gested by ne disappearance data below 10 eV2 can be
excluded.

The dependence of the sensitivity on experimental
parameters is examined in Table II. These results clearly
validate the design focus on background rejection and
maximizing target mass, while also highlighting the
value of covering the widest possible baseline range via
movement of AD-I. The increase in sensitivity afforded
by the expanded L/E coverage gained though AD-I
movement is further illustrated in the bottom panel of
Fig. 8. Although the signal decreases as the inverse of
r2, the gain from L/E coverage surpasses the loss due
to reduced signal when the detector is operated equally
at two positions. It must be noted that for the sensitiv-
ity calculation shown this gain is purely from the im-
proved L/E coverage. Moving the detector also gives
a better control of correlated and uncorrelated system-
atic biases, which can be expected to further increase
the sensitivity. The ultimate choice of positions will be
guided by the demonstrated S:B at various baselines.
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to a single sterile neutrino flavor. Phase I probes the best-fit
point at 4s after 1 year of data taking and has >3s reach of the
favored parameter space after 3 years. The combined reach of
Phase I+II after 3+3 years of data taking yields a 5s coverage
over the majority of the parameter space below Dm2

14⇠10 eV2.
Daya Bay exclusion curve is from [57]. (Bottom) Increase in
oscillation sensitivity to sterile neutrinos during Phase I by
operating AD-I at two positions instead of at the front or mid-
dle position only.

Parameter Value
Reactor
Power 85 MW
Shape Cylinder
Size 0.2 m r ⇥ 0.5 m h
Fuel HEU
Duty cycle 41% reactor-on
Antineutrino Detector 1 (AD-I)
Cross-section 1.2⇥1.45 m2

Proton density 5.5⇥1028 p/m3

Total Target Mass 2940 kg
Fiducialized Target Mass 1480 kg
Baseline range 4.4 m
Efficiency in Fiducial Volume 42%
Position resolution 15 cm
Energy resolution 4.5%/

p
E

S:B Ratio 3.1, 2.6, 1.8
Closest distance 6.9 m, 8.1 m, 9.4 m
Antineutrino Detector 2 (AD-II)
Total Target Mass ⇠10 ton
Fiducialized Target Mass ⇠70%
Baseline range ⇠4 m
Efficiency in Fiducial Volume 42%
Position resolution 15 cm
Energy resolution 4.5%/

p
E

S:B ratio 3.0
Closest distance 15 m
Operational Exposure
Phase I 1, 3 years
Phase II 3 years

TABLE I. Nominal PROSPECT experimental parameters.
Phase I consists of operating AD-I for three years split
between front, middle, and back positions. Phase II adds
AD-II at a longer baseline and operates both detectors for
three additional years.

achieved with Phase II is also shown: after 3 additional
years of operation essentially all parameter space sug-
gested by ne disappearance data below 10 eV2 can be
excluded.

The dependence of the sensitivity on experimental
parameters is examined in Table II. These results clearly
validate the design focus on background rejection and
maximizing target mass, while also highlighting the
value of covering the widest possible baseline range via
movement of AD-I. The increase in sensitivity afforded
by the expanded L/E coverage gained though AD-I
movement is further illustrated in the bottom panel of
Fig. 8. Although the signal decreases as the inverse of
r2, the gain from L/E coverage surpasses the loss due
to reduced signal when the detector is operated equally
at two positions. It must be noted that for the sensitiv-
ity calculation shown this gain is purely from the im-
proved L/E coverage. Moving the detector also gives
a better control of correlated and uncorrelated system-
atic biases, which can be expected to further increase
the sensitivity. The ultimate choice of positions will be
guided by the demonstrated S:B at various baselines.
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SoLiD (@BR2 Belgium) STEREO (@ILL France)
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Mass Hierarchy: θ12 and θ13 
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Mass Hierarchy at Reactors 
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Interference between 
θ12 (e.g. KamLAND) and 
θ13 (e.g. Daya Bay) 
distinguishes ordering.
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JUNO
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Jiangmen Underground 
Neutrino Observatory

Civil Construction  
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See arXiv:1508.07166 (CDR)Conceptual Design Report JUNO Collaboration

Figure 1.1: Location of the JUNO site. The distances to the nearby Yangjiang NPP
and Taishan NPP are both 53 km. Daya Bay NPP is 215 km away. Huizhou and
Lufeng NPPs have not been approved yet. Three metropolises, Hong Kong, Shenzhen,
and Guangzhou, are also shown.

be shielded from natural radioactivities from the surrounding rock and air. The water
pool is equipped with PMTs to detect the Cherenkov light from muons. On top of the
water pool, there is another muon detector to accurately measure the muon track.

Figure 1.2: A schematic view of the JUNO detector.

It is crucial to achieve a 3%/
Ò

E(MeV) energy resolution for the determination of
the MH. A Monte Carlo simulation has been developed based on the Daya Bay Monte
Carlo. The photoelectron yield has been tuned according to the real data of Daya Bay.
The required energy resolution can be reached with the following improvements from
Daya Bay [11]:

• The PMT photocathode covergage Ø 75%.
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Conclusions

20

Neutrino experiments at nuclear reactors remain 
critical contributors to fundamental physics. 

Nuclear power plants are strong sources but not so 
well understood, so “near detectors” are crucial. 

Research reactors are not so powerful, but offer 
more control over interpretation of results. 

New results (sterile neutrinos, mass hierarchy) will 
be coming out within the next five years.

Thank You!
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… and Thanks to Caltech Physics!
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