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⌫̄µ disappearance [10, 11]. Using only the relative rates
between the detectors and �m2

32

from Ref. [10] we found
sin

2

2✓
13

= 0.085± 0.006, with �2/NDF = 1.37/3.
The reconstructed positron energy spectrum observed in the

far site is compared in Fig. 3 with the expectation based on
the near-site measurements. The 68.3%, 95.5% and 99.7%
C.L. allowed regions in the |�m2

ee

|-sin2 2✓
13

plane are shown
in Fig. 4. The spectral shape from all experimental halls
is compared in Fig. 5 to the electron antineutrino survival
probability assuming our best estimates of the oscillation
parameters. The total uncertainties of both sin

2

2✓
13

and
|�m2

ee

| are dominated by statistics. The most significant
systematic uncertainties for sin2 2✓

13

are due to the relative
detector efficiency, reactor power, relative energy scale and
9Li/8He background. The systematic uncertainty in |�m2

ee

| is
dominated by uncertainty in the relative energy scale.
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FIG. 3. Upper: Background-subtracted reconstructed positron
energy spectrum observed in the far site (black points), as well as
the expectation derived from the near sites excluding (blue line) or
including (red line) our best estimate of oscillation. The spectra
were efficiency-corrected and normalized to one day of livetime.
Lower: Ratio of the spectra to the no-oscillation case. The error bars
show the statistical uncertainty of the far site data. The shaded area
includes the systematic and statistical uncertainties from the near site
measurements.

In summary, enhanced measurements of sin

2

2✓
13

and
|�m2

ee| have been obtained by studying the energy-
dependent disappearance of the electron antineutrino inter-
actions recorded in a 6.9⇥105 GW

th

-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 |�m2

ee| and sin

2

2✓
13

.
Daya Bay is supported in part by the Ministry of Science

and Technology of China, the U.S. Department of Energy,
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FIG. 4. Regions in the |�m2
ee|-sin2

2✓13 plane allowed at the 68.3%,
95.5% and 99.7% confidence levels by the near-far comparison of
⌫e rate and energy spectra. The best estimates were sin

2
2✓13 =

0.084 ± 0.005 and |�m2
ee| = (2.42 ± 0.11) ⇥ 10

�3
eV

2 (black
point). The adjoining panels show the dependence of ��2 on
sin

2
2✓13 (top) and |�m2

ee| (right). The |�m2
ee| allowed region

(shaded band, 68.3% C.L.) was consistent with measurements of
|�m2

32| using muon disappearance by the MINOS [10] and T2K [11]
experiments, converted to |�m2

ee| assuming the normal (solid) and
inverted (dashed) mass hierarchy.
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FIG. 5. Electron antineutrino survival probability versus effective
propagation distance Le↵ divided by the average antineutrino energy
hE⌫i. The data points represent the ratios of the observed
antineutrino spectra to the expectation assuming no oscillation. The
solid line represents the expectation using the best estimates of
sin

2
2✓13 and |�m2

ee|. The error bars are statistical only. hE⌫i
was calculated for each bin using the estimated detector response,
and Le↵ was obtained by equating the actual flux to an effective
antineutrino flux using a single baseline.
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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 [10] and Double Chooz [24] are also shown for
comparison.
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FIG. 5. Measured reactor ⌫e survival probability as a func-
tion 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.

In summary, RENO has observed clear energy-
dependent disappearance of reactor ⌫

e

using two iden-
tical detectors, and obtains sin2 2✓13 = 0.082±0.010 and
|�m2

ee

| = (2.62+0.24
�0.26)⇥ 10�3 eV2 based on the measured

periodic disappearance expected from neutrino oscilla-
tions. Several improvements in energy calibration and
background estimation have been made to reduce the sys-
tematic error of sin2 2✓13 from 0.019 [1] to 0.006. With
the 500 day data sample together, RENO has produced
a precise measurement of the mixing angle ✓13. It would
provide an important information on determination of

the leptonic CP phase if combined with a result of an
accelerator neutrino beam experiment [6].
The RENO experiment is supported by the National

Research Foundation of Korea (NRF) grant No. 2009-
0083526 funded by the Korea Ministry of Science, ICT
& Future Planning. Some of us have been supported by a
fund from the BK21 of NRF. We gratefully acknowledge
the cooperation of the Hanbit Nuclear Power Site and
the Korea Hydro & Nuclear Power Co., Ltd. (KHNP).
We thank KISTI for providing computing and network
resources through GSDC, and all the technical and ad-
ministrative people who greatly helped in making this
experiment possible.
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FIG. 3. Upper: Background-subtracted reconstructed positron
energy spectrum observed in the far site (black points), as well as
the expectation derived from the near sites excluding (blue line) or
including (red line) our best estimate of oscillation. The spectra
were efficiency-corrected and normalized to one day of livetime.
Lower: Ratio of the spectra to the no-oscillation case. The error bars
show the statistical uncertainty of the far site data. The shaded area
includes the systematic and statistical uncertainties from the near site
measurements.
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ee|-sin2

2✓13 plane allowed at the 68.3%,
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experiments, converted to |�m2

ee| assuming the normal (solid) and
inverted (dashed) mass hierarchy.
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FIG. 5. Electron antineutrino survival probability versus effective
propagation distance Le↵ divided by the average antineutrino energy
hE⌫i. The data points represent the ratios of the observed
antineutrino spectra to the expectation assuming no oscillation. The
solid line represents the expectation using the best estimates of
sin

2
2✓13 and |�m2

ee|. The error bars are statistical only. hE⌫i
was calculated for each bin using the estimated detector response,
and Le↵ was obtained by equating the actual flux to an effective
antineutrino flux using a single baseline.
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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 [10] and Double Chooz [24] are also shown for
comparison.
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FIG. 5. Measured reactor ⌫e survival probability as a func-
tion 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.

In summary, RENO has observed clear energy-
dependent disappearance of reactor ⌫

e

using two iden-
tical detectors, and obtains sin2 2✓13 = 0.082±0.010 and
|�m2

ee

| = (2.62+0.24
�0.26)⇥ 10�3 eV2 based on the measured

periodic disappearance expected from neutrino oscilla-
tions. Several improvements in energy calibration and
background estimation have been made to reduce the sys-
tematic error of sin2 2✓13 from 0.019 [1] to 0.006. With
the 500 day data sample together, RENO has produced
a precise measurement of the mixing angle ✓13. It would
provide an important information on determination of

the leptonic CP phase if combined with a result of an
accelerator neutrino beam experiment [6].
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is compared in Fig. 5 to the electron antineutrino survival
probability assuming our best estimates of the oscillation
parameters. The total uncertainties of both sin
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and
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| are dominated by statistics. The most significant
systematic uncertainties for sin2 2✓
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are due to the relative
detector efficiency, reactor power, relative energy scale and
9Li/8He background. The systematic uncertainty in |�m2
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| is
dominated by uncertainty in the relative energy scale.
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FIG. 3. Upper: Background-subtracted reconstructed positron
energy spectrum observed in the far site (black points), as well as
the expectation derived from the near sites excluding (blue line) or
including (red line) our best estimate of oscillation. The spectra
were efficiency-corrected and normalized to one day of livetime.
Lower: Ratio of the spectra to the no-oscillation case. The error bars
show the statistical uncertainty of the far site data. The shaded area
includes the systematic and statistical uncertainties from the near site
measurements.

In summary, enhanced measurements of sin

2

2✓
13

and
|�m2

ee| have been obtained by studying the energy-
dependent disappearance of the electron antineutrino inter-
actions recorded in a 6.9⇥105 GW

th

-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 |�m2

ee| and sin
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ee| assuming the normal (solid) and
inverted (dashed) mass hierarchy.
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hE⌫i. The data points represent the ratios of the observed
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antineutrino flux using a single baseline.
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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 [10] and Double Chooz [24] are also shown for
comparison.
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FIG. 5. Measured reactor ⌫e survival probability as a func-
tion 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
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In summary, RENO has observed clear energy-
dependent disappearance of reactor ⌫

e

using two iden-
tical detectors, and obtains sin2 2✓13 = 0.082±0.010 and
|�m2

ee

| = (2.62+0.24
�0.26)⇥ 10�3 eV2 based on the measured

periodic disappearance expected from neutrino oscilla-
tions. Several improvements in energy calibration and
background estimation have been made to reduce the sys-
tematic error of sin2 2✓13 from 0.019 [1] to 0.006. With
the 500 day data sample together, RENO has produced
a precise measurement of the mixing angle ✓13. It would
provide an important information on determination of

the leptonic CP phase if combined with a result of an
accelerator neutrino beam experiment [6].
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⌫̄µ disappearance [10, 11]. Using only the relative rates
between the detectors and �m2

32

from Ref. [10] we found
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= 0.085± 0.006, with �2/NDF = 1.37/3.
The reconstructed positron energy spectrum observed in the

far site is compared in Fig. 3 with the expectation based on
the near-site measurements. The 68.3%, 95.5% and 99.7%
C.L. allowed regions in the |�m2

ee
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13

plane are shown
in Fig. 4. The spectral shape from all experimental halls
is compared in Fig. 5 to the electron antineutrino survival
probability assuming our best estimates of the oscillation
parameters. The total uncertainties of both sin
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2✓
13

and
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| are dominated by statistics. The most significant
systematic uncertainties for sin2 2✓
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are due to the relative
detector efficiency, reactor power, relative energy scale and
9Li/8He background. The systematic uncertainty in |�m2

ee

| is
dominated by uncertainty in the relative energy scale.
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FIG. 3. Upper: Background-subtracted reconstructed positron
energy spectrum observed in the far site (black points), as well as
the expectation derived from the near sites excluding (blue line) or
including (red line) our best estimate of oscillation. The spectra
were efficiency-corrected and normalized to one day of livetime.
Lower: Ratio of the spectra to the no-oscillation case. The error bars
show the statistical uncertainty of the far site data. The shaded area
includes the systematic and statistical uncertainties from the near site
measurements.

In summary, enhanced measurements of sin
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and
|�m2

ee| have been obtained by studying the energy-
dependent disappearance of the electron antineutrino inter-
actions recorded in a 6.9⇥105 GW

th

-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 |�m2

ee| and sin
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point). The adjoining panels show the dependence of ��2 on
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ee| allowed region

(shaded band, 68.3% C.L.) was consistent with measurements of
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32| using muon disappearance by the MINOS [10] and T2K [11]
experiments, converted to |�m2

ee| assuming the normal (solid) and
inverted (dashed) mass hierarchy.
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FIG. 5. Electron antineutrino survival probability versus effective
propagation distance Le↵ divided by the average antineutrino energy
hE⌫i. The data points represent the ratios of the observed
antineutrino spectra to the expectation assuming no oscillation. The
solid line represents the expectation using the best estimates of
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was calculated for each bin using the estimated detector response,
and Le↵ was obtained by equating the actual flux to an effective
antineutrino flux using a single baseline.
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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 [10] and Double Chooz [24] are also shown for
comparison.
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FIG. 5. Measured reactor ⌫e survival probability as a func-
tion 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.

In summary, RENO has observed clear energy-
dependent disappearance of reactor ⌫

e

using two iden-
tical detectors, and obtains sin2 2✓13 = 0.082±0.010 and
|�m2

ee

| = (2.62+0.24
�0.26)⇥ 10�3 eV2 based on the measured

periodic disappearance expected from neutrino oscilla-
tions. Several improvements in energy calibration and
background estimation have been made to reduce the sys-
tematic error of sin2 2✓13 from 0.019 [1] to 0.006. With
the 500 day data sample together, RENO has produced
a precise measurement of the mixing angle ✓13. It would
provide an important information on determination of

the leptonic CP phase if combined with a result of an
accelerator neutrino beam experiment [6].
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⌫̄µ disappearance [10, 11]. Using only the relative rates
between the detectors and �m2
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from Ref. [10] we found
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= 0.085± 0.006, with �2/NDF = 1.37/3.
The reconstructed positron energy spectrum observed in the

far site is compared in Fig. 3 with the expectation based on
the near-site measurements. The 68.3%, 95.5% and 99.7%
C.L. allowed regions in the |�m2

ee

|-sin2 2✓
13

plane are shown
in Fig. 4. The spectral shape from all experimental halls
is compared in Fig. 5 to the electron antineutrino survival
probability assuming our best estimates of the oscillation
parameters. The total uncertainties of both sin
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and
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| are dominated by statistics. The most significant
systematic uncertainties for sin2 2✓
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are due to the relative
detector efficiency, reactor power, relative energy scale and
9Li/8He background. The systematic uncertainty in |�m2
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| is
dominated by uncertainty in the relative energy scale.
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FIG. 3. Upper: Background-subtracted reconstructed positron
energy spectrum observed in the far site (black points), as well as
the expectation derived from the near sites excluding (blue line) or
including (red line) our best estimate of oscillation. The spectra
were efficiency-corrected and normalized to one day of livetime.
Lower: Ratio of the spectra to the no-oscillation case. The error bars
show the statistical uncertainty of the far site data. The shaded area
includes the systematic and statistical uncertainties from the near site
measurements.

In summary, enhanced measurements of sin
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and
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ee| have been obtained by studying the energy-
dependent disappearance of the electron antineutrino inter-
actions recorded in a 6.9⇥105 GW

th

-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 |�m2
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2✓13 plane allowed at the 68.3%,
95.5% and 99.7% confidence levels by the near-far comparison of
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(shaded band, 68.3% C.L.) was consistent with measurements of
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32| using muon disappearance by the MINOS [10] and T2K [11]
experiments, converted to |�m2

ee| assuming the normal (solid) and
inverted (dashed) mass hierarchy.
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FIG. 5. Electron antineutrino survival probability versus effective
propagation distance Le↵ divided by the average antineutrino energy
hE⌫i. The data points represent the ratios of the observed
antineutrino spectra to the expectation assuming no oscillation. The
solid line represents the expectation using the best estimates of
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2
2✓13 and |�m2

ee|. The error bars are statistical only. hE⌫i
was calculated for each bin using the estimated detector response,
and Le↵ was obtained by equating the actual flux to an effective
antineutrino flux using a single baseline.
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In summary, RENO has observed clear energy-
dependent disappearance of reactor ⌫

e

using two iden-
tical detectors, and obtains sin2 2✓13 = 0.082±0.010 and
|�m2

ee

| = (2.62+0.24
�0.26)⇥ 10�3 eV2 based on the measured

periodic disappearance expected from neutrino oscilla-
tions. Several improvements in energy calibration and
background estimation have been made to reduce the sys-
tematic error of sin2 2✓13 from 0.019 [1] to 0.006. With
the 500 day data sample together, RENO has produced
a precise measurement of the mixing angle ✓13. It would
provide an important information on determination of

the leptonic CP phase if combined with a result of an
accelerator neutrino beam experiment [6].
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Neutrino flavor oscillation due to the mixing angle ✓
13

has been observed using reactor antineutrinos [1–3] and
accelerator neutrinos [4, 5]. The Daya Bay experiment
previously reported the discovery of a non-zero value
of sin

2

2✓
13

by observing the disappearance of reactor
antineutrinos over kilometer distances [1, 6, 7], and the first
measurement of the effective mass splitting |�m2

ee| [8] via
the distortion of the ⌫e energy spectrum [9]. Here we
present new results with significant improvements in energy
calibration and background reduction. Installation of the final
two detectors and a tripling of operation time provided a
total exposure of 6.9⇥105 GW

th

-ton-days, 3.6 times more
than reported in our previous publication [9]. With these
improvements the precision of sin2 2✓

13

was enhanced by a
factor of two compared to the world’s previous best estimate.
The precision of |�m2

ee| was equally enhanced, and is
now competitive with the precision of |�m2

32

| measured via
accelerator neutrino disappearance [10, 11].

The Daya Bay experiment started collecting data on 24
December 2011 with six antineutrino detectors (ADs) located
in three underground experimental halls (EHs). Three ADs
were positioned in two near halls at short distances from
six nuclear reactor cores, two ADs in EH1 and one in
EH2, and three ADs were positioned in the far hall, EH3.
Data taking was paused on 28 July 2012 while two new
ADs were installed, one in EH2 and the other in EH3.
During the installation, a broad set of calibration sources
were deployed into the two ADs of EH1 using automated
calibration units [12] and a manual calibration system [13].

Operation of the full experiment with all eight ADs started on
19 October 2012. This Letter presents results based on 404
days of data acquired in the 8-AD period combined with all
217 days of data acquired in the 6-AD period. A blind analysis
strategy was implemented by concealing the baselines and
target masses of the two new ADs, as well as the operational
data of all reactor cores for the new data period.

Each of the three Daya Bay experimental halls hosts
functionally identical ADs inside a muon detector system.
The latter consists of a two-zone pure water Cherenkov
detector, referred to as the inner and outer water shields
(IWS and OWS), covered on top by an array of resistive
plate chambers (RPCs). Each AD consists of three
nested cylindrical vessels. The inner vessel is filled with
0.1% gadolinium-doped liquid scintillator (Gd-LS), which
constitutes the primary antineutrino target. The vessel
surrounding the target is filled with undoped LS, increasing
the efficiency of detecting gamma rays produced in the target.
The outermost vessel is filled with mineral oil. A total of 192
20-cm photomultiplier tubes (PMTs) are radially positioned
in the mineral-oil region of each AD. Further details on the
experimental setup are contained in Refs. [14–17]. Reactor
antineutrinos are detected via the inverse �-decay (IBD)
reaction, ⌫e + p ! e+ + n. The gamma rays (totalling
⇠ 8 MeV) generated from the neutron capture on Gd with
a mean capture time of ⇠30 µs form a delayed signal and
enable powerful background suppression. The light from
the e+ gives an estimate of the incident ⌫e energy, E⌫e ⇡
E

p

+En+0.78 MeV, where E
p

is the prompt energy including

Results from Spectral Fit

(work in progress)
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Neutrino flavor oscillation due to the mixing angle ✓
13

has been observed using reactor antineutrinos [1–3] and
accelerator neutrinos [4, 5]. The Daya Bay experiment
previously reported the discovery of a non-zero value
of sin

2

2✓
13

by observing the disappearance of reactor
antineutrinos over kilometer distances [1, 6, 7], and the first
measurement of the effective mass splitting |�m2

ee| [8] via
the distortion of the ⌫e energy spectrum [9]. Here we
present new results with significant improvements in energy
calibration and background reduction. Installation of the final
two detectors and a tripling of operation time provided a
total exposure of 6.9⇥105 GW

th

-ton-days, 3.6 times more
than reported in our previous publication [9]. With these
improvements the precision of sin2 2✓

13

was enhanced by a
factor of two compared to the world’s previous best estimate.
The precision of |�m2

ee| was equally enhanced, and is
now competitive with the precision of |�m2

32

| measured via
accelerator neutrino disappearance [10, 11].

The Daya Bay experiment started collecting data on 24
December 2011 with six antineutrino detectors (ADs) located
in three underground experimental halls (EHs). Three ADs
were positioned in two near halls at short distances from
six nuclear reactor cores, two ADs in EH1 and one in
EH2, and three ADs were positioned in the far hall, EH3.
Data taking was paused on 28 July 2012 while two new
ADs were installed, one in EH2 and the other in EH3.
During the installation, a broad set of calibration sources
were deployed into the two ADs of EH1 using automated
calibration units [12] and a manual calibration system [13].

Operation of the full experiment with all eight ADs started on
19 October 2012. This Letter presents results based on 404
days of data acquired in the 8-AD period combined with all
217 days of data acquired in the 6-AD period. A blind analysis
strategy was implemented by concealing the baselines and
target masses of the two new ADs, as well as the operational
data of all reactor cores for the new data period.

Each of the three Daya Bay experimental halls hosts
functionally identical ADs inside a muon detector system.
The latter consists of a two-zone pure water Cherenkov
detector, referred to as the inner and outer water shields
(IWS and OWS), covered on top by an array of resistive
plate chambers (RPCs). Each AD consists of three
nested cylindrical vessels. The inner vessel is filled with
0.1% gadolinium-doped liquid scintillator (Gd-LS), which
constitutes the primary antineutrino target. The vessel
surrounding the target is filled with undoped LS, increasing
the efficiency of detecting gamma rays produced in the target.
The outermost vessel is filled with mineral oil. A total of 192
20-cm photomultiplier tubes (PMTs) are radially positioned
in the mineral-oil region of each AD. Further details on the
experimental setup are contained in Refs. [14–17]. Reactor
antineutrinos are detected via the inverse �-decay (IBD)
reaction, ⌫e + p ! e+ + n. The gamma rays (totalling
⇠ 8 MeV) generated from the neutron capture on Gd with
a mean capture time of ⇠30 µs form a delayed signal and
enable powerful background suppression. The light from
the e+ gives an estimate of the incident ⌫e energy, E⌫e ⇡
E

p

+En+0.78 MeV, where E
p

is the prompt energy including
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Neutrino flavor oscillation due to the mixing angle ✓
13

has been observed using reactor antineutrinos [1–3] and
accelerator neutrinos [4, 5]. The Daya Bay experiment
previously reported the discovery of a non-zero value
of sin

2

2✓
13

by observing the disappearance of reactor
antineutrinos over kilometer distances [1, 6, 7], and the first
measurement of the effective mass splitting |�m2

ee| [8] via
the distortion of the ⌫e energy spectrum [9]. Here we
present new results with significant improvements in energy
calibration and background reduction. Installation of the final
two detectors and a tripling of operation time provided a
total exposure of 6.9⇥105 GW

th

-ton-days, 3.6 times more
than reported in our previous publication [9]. With these
improvements the precision of sin2 2✓

13

was enhanced by a
factor of two compared to the world’s previous best estimate.
The precision of |�m2

ee| was equally enhanced, and is
now competitive with the precision of |�m2

32

| measured via
accelerator neutrino disappearance [10, 11].

The Daya Bay experiment started collecting data on 24
December 2011 with six antineutrino detectors (ADs) located
in three underground experimental halls (EHs). Three ADs
were positioned in two near halls at short distances from
six nuclear reactor cores, two ADs in EH1 and one in
EH2, and three ADs were positioned in the far hall, EH3.
Data taking was paused on 28 July 2012 while two new
ADs were installed, one in EH2 and the other in EH3.
During the installation, a broad set of calibration sources
were deployed into the two ADs of EH1 using automated
calibration units [12] and a manual calibration system [13].

Operation of the full experiment with all eight ADs started on
19 October 2012. This Letter presents results based on 404
days of data acquired in the 8-AD period combined with all
217 days of data acquired in the 6-AD period. A blind analysis
strategy was implemented by concealing the baselines and
target masses of the two new ADs, as well as the operational
data of all reactor cores for the new data period.

Each of the three Daya Bay experimental halls hosts
functionally identical ADs inside a muon detector system.
The latter consists of a two-zone pure water Cherenkov
detector, referred to as the inner and outer water shields
(IWS and OWS), covered on top by an array of resistive
plate chambers (RPCs). Each AD consists of three
nested cylindrical vessels. The inner vessel is filled with
0.1% gadolinium-doped liquid scintillator (Gd-LS), which
constitutes the primary antineutrino target. The vessel
surrounding the target is filled with undoped LS, increasing
the efficiency of detecting gamma rays produced in the target.
The outermost vessel is filled with mineral oil. A total of 192
20-cm photomultiplier tubes (PMTs) are radially positioned
in the mineral-oil region of each AD. Further details on the
experimental setup are contained in Refs. [14–17]. Reactor
antineutrinos are detected via the inverse �-decay (IBD)
reaction, ⌫e + p ! e+ + n. The gamma rays (totalling
⇠ 8 MeV) generated from the neutron capture on Gd with
a mean capture time of ⇠30 µs form a delayed signal and
enable powerful background suppression. The light from
the e+ gives an estimate of the incident ⌫e energy, E⌫e ⇡
E

p

+En+0.78 MeV, where E
p

is the prompt energy including

Results from Spectral Fit
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has been observed using reactor antineutrinos [1–3] and
accelerator neutrinos [4, 5]. The Daya Bay experiment
previously reported the discovery of a non-zero value
of sin
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by observing the disappearance of reactor
antineutrinos over kilometer distances [1, 6, 7], and the first
measurement of the effective mass splitting |�m2

ee| [8] via
the distortion of the ⌫e energy spectrum [9]. Here we
present new results with significant improvements in energy
calibration and background reduction. Installation of the final
two detectors and a tripling of operation time provided a
total exposure of 6.9⇥105 GW
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-ton-days, 3.6 times more
than reported in our previous publication [9]. With these
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factor of two compared to the world’s previous best estimate.
The precision of |�m2
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| measured via
accelerator neutrino disappearance [10, 11].

The Daya Bay experiment started collecting data on 24
December 2011 with six antineutrino detectors (ADs) located
in three underground experimental halls (EHs). Three ADs
were positioned in two near halls at short distances from
six nuclear reactor cores, two ADs in EH1 and one in
EH2, and three ADs were positioned in the far hall, EH3.
Data taking was paused on 28 July 2012 while two new
ADs were installed, one in EH2 and the other in EH3.
During the installation, a broad set of calibration sources
were deployed into the two ADs of EH1 using automated
calibration units [12] and a manual calibration system [13].

Operation of the full experiment with all eight ADs started on
19 October 2012. This Letter presents results based on 404
days of data acquired in the 8-AD period combined with all
217 days of data acquired in the 6-AD period. A blind analysis
strategy was implemented by concealing the baselines and
target masses of the two new ADs, as well as the operational
data of all reactor cores for the new data period.

Each of the three Daya Bay experimental halls hosts
functionally identical ADs inside a muon detector system.
The latter consists of a two-zone pure water Cherenkov
detector, referred to as the inner and outer water shields
(IWS and OWS), covered on top by an array of resistive
plate chambers (RPCs). Each AD consists of three
nested cylindrical vessels. The inner vessel is filled with
0.1% gadolinium-doped liquid scintillator (Gd-LS), which
constitutes the primary antineutrino target. The vessel
surrounding the target is filled with undoped LS, increasing
the efficiency of detecting gamma rays produced in the target.
The outermost vessel is filled with mineral oil. A total of 192
20-cm photomultiplier tubes (PMTs) are radially positioned
in the mineral-oil region of each AD. Further details on the
experimental setup are contained in Refs. [14–17]. Reactor
antineutrinos are detected via the inverse �-decay (IBD)
reaction, ⌫e + p ! e+ + n. The gamma rays (totalling
⇠ 8 MeV) generated from the neutron capture on Gd with
a mean capture time of ⇠30 µs form a delayed signal and
enable powerful background suppression. The light from
the e+ gives an estimate of the incident ⌫e energy, E⌫e ⇡
E

p

+En+0.78 MeV, where E
p

is the prompt energy including

NO: |�m2

31

| = (1+3%)|�m2

32

| IO: |�m2

31

| = (1�3%)|�m2

32

|

|�m2

31

| 6= |�m2

31

| |�m2

32

| 6= |�m2

32

| & |�m2

31

| 6= |�m2

32

|

10

38 ⌫/sec

⌫
2

dominate here !

CC: ⌫
e

+ D ! p + p + e�

NC: ⌫
x

+ D ! p + n + ⌫
x

ES: ⌫
e

+ e� ! ⌫
e

+ e�

and ⌫
µ/⌧

+ e� ! ⌫
µ/⌧

+ e�

✓
23

?
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• RENO
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• RENO
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�m2
ee is, obviously, some combination of �m2

31 and �m2
32 !

But What Combination ?

⌫e average ???????
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• L/E independent

• Simple relationship to �m2
31 and �m2

32

• Useful for experiments at any L

⌫e average ???????
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In vacuum the electron neutrino disappearance is

P = 1� 4|Ue2|2|Ue1|2 sin2�21

�4|Ue3|2|Ue1|2 sin2�31 � 4|Ue3|2|Ue2|2 sin2�32

= 1� cos4 ✓13 sin
2 2✓12 sin

2�21

� sin2 2✓13(cos
2 ✓12 sin

2�31 + sin2 ✓12 sin
2�32)

⇡ 1� cos4 ✓13 sin
2 2✓12 sin

2�21� sin2 2✓13 sin
2�ee

(the mass ordering is built into the signs of �m2
3i).
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( < 0.01 )
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Where is the first minima ?

L

E

⇡ 2⇡

( cos

2

✓

12

�m

2

31

+sin

2

✓

12

�m

2

32

)

So how about ?

�m2

ee

= cos

2 ✓
12

�m2

31

+ sin

2 ✓
12

�m2

32

– Typeset by FoilTEX – 7

(c212 �m2
31 + s212 �m2

32)
2 = (c212 �m4

31 + s212 �m4
32)� c212s

2
12 �m4

21

�m2
21 = �m2

31 ��m2
32

cos2 ✓12 �m4
31 + sin2 ✓12 �m4

32 (8)

= cos4 ✓12 �m4
31 + sin2 ✓12 �m4

32 + cos2 ✓12 sin
2 ✓12 (�m4

31 +�m4
32) (9)

= cos4 ✓12 �m4
31 + sin2 ✓12 �m4

32 + 2 cos2 ✓12 sin
2 ✓12 (�m2

31�m2
32) + cos2 ✓12 sin

2 ✓12�m4
21(10)

• Where is the first minima ?

@
@L/E cos2 ✓12 sin

2�31 + sin2 ✓12 sin
2�32 = 0

cos2 ✓12 �m2
31 sin 2�31 + sin2 ✓12 �m2

32 sin 2�32 = 0

cos2 ✓12 �m2
31 (⇡� 2�31) + sin2 ✓12 �m2

32 (⇡� 2�32) = 0

– Typeset by FoilTEX – 9
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L
E = 2⇡(cos2 ✓12 �m2

31+ sin2 ✓12 �m2
32)/(cos

2 ✓12 �m4
31+

sin2 ✓12 �m4
32)

L

E

⇡ 2⇡

( cos

2

✓

12

�m

2

31

+sin

2

✓

12

�m

2

32

)

So how about ?

�m2

ee

= cos

2 ✓
12

�m2

31

+ sin

2 ✓
12

�m2

32

• As L/E ! 0

P ⇡ 1� sin2 2✓13
⇣
(cos2 ✓12 �m2

31+sin2 ✓12 �m2
32) L

4E

⌘2
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Desirable Features:

• L/E independent

• Simple relationship to �m2
31 and �m2

32

• Useful for experiments at any L

⌫e average !
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Suppose we use some other linear combination:

�m2

rr

= (1 � r) �m2

31

+ r �m2

32

and r = sin2 ✓12 gives us �m2
ee.

BEST you can do using
L/E independent �m2 ! ! !

Why Does this Work this Way?

Taylor Series Expansion:

�31 = �ee + s212 �21 and �32 = �ee � c212 �21

– Typeset by FoilTEX – 8

In vacuum the electron neutrino disappearance is

Pee = 1� 4|Ue2|2|Ue1|2 sin2�21

�4|Ue3|2|Ue1|2 sin2�31 � 4|Ue3|2|Ue2|2 sin2�32

= 1� cos4 ✓13 sin
2 2✓12 sin

2�21

� sin2 2✓13(cos
2 ✓12 sin

2�31 + sin2 ✓12 sin
2�32)

Pee ⇡ 1� cos4 ✓13 sin
2 2✓12 sin

2�21� sin2 2✓13 sin
2�rr

(the mass ordering is built into the signs of �m2
3i and �m2

rr )

�ij ⌘ �m2
ijL

4E
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31

32

r=0

r=1 L=1.6 km
r=0, 0.05, 0.1 …1.0
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• �m2

ee

= cos

2 ✓
12

�m2

31

+ sin

2 ✓
12

�m2

32

( > 0 for NO and < 0 for IO )

• Clearly this definition is L/E independent

• ⌫e weighted average of �m2
31 and �m2

32 !
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What is �m2
ee ?

1 � P (⌫̄e ! ⌫̄e) = sin2 2✓13 (c212 sin
2 �31 + s212 sin

2 �32) ( 0.09)

+ cos4 ✓13 sin
2 2✓12 sin2 �21 ( 0.01)

�ij ⌘ �m2
ijL

4E

Daya Bay, RENO and Double Chooz:

�31 ⇡ �32  3⇡
4 and �21  ⇡

40 ⇡ 0.1

– Typeset by FoilTEX – 15

Energy

E = mc2 E = mc2

light gray
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• To demonstrate these facts, I have plot four di↵erent �m2’s as
functions of L/E in the figure:

1. �m2
31, L/E independent

2. �m2
32, L/E independent

3. �m2
ee|DB ⌘

�
4E
L

�
arcsin

q
(c212 sin

2 �31 + s212 sin
2 �32)

�

(this is the solution to eqn(1)) which as you can see from the figure is
L/E dependent and is ambiguous near L/E ⇡ 0.5 km/MeV. (Oscillation
Maximum)

4. �m2
ee|NPZ = c212�m

2
31 + s212�m

2
32. This was first defined in NPZ

(reference below) and is also L/E independent. It is the ⌫e weighted
average of �m2

31 and �m2
32 !
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Note by Stephen Parke (parke@fnal.gov)

Fermilab, June 3 2015:

The Daya Bay experiment in arXiv:1505.03456, footnote (8), defines
�m2

ee via

sin2�ee ⌘ c212 sin
2�31 + s212 sin

2�32 (1)

with �ij ⌘ �m2
ijL

4E and s212 = sin2 ✓12 = 1� c212.

Unfortunately, this definition of �m2
ee su↵ers from two maladies:

• It is L/E dependent !

• It is multiply defined in the region L/E ⇡ 0.5 km/MeV, the central L/E
of DB’s far detectors!

– Typeset by FoilTEX – 1

where �ee = c
2
12�31 + s

2
12�32

or �m
2
ee = �m

2
NPZ = c

2
12�m

2
31 + s

2
12�m

2
32

With r = s212, the next terms in the expansion is easy to calculate:

c
2
12 sin

2
�31 + s

2
12 sin

2
�31 = sin

2
�ee + 0 + s

2
12c

2
12�

2
21 cos(2�ee)

�1

6
cos 2✓12 sin

2
2✓12 �

3
21 sin(2�ee) + O(�

4
21)

= 1 + O(10
�3

) ± O(10
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improvement

Suppose we use some other linear combination:
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31

+ r �m2

32

and r = sin2 ✓12 gives us �m2
ee.
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L/E independent �m2 ! ! !

Why Does this Work this Way?

Taylor Series Expansion:

�31 = �ee + s212 �21 and �32 = �ee � c212 �21

– Typeset by FoilTEX – 4

where �ee = c
2
12�31 + s

2
12�32

or �m
2
ee = �m

2
NPZ = c

2
12�m

2
31 + s

2
12�m

2
32

With r = s212, the next terms in the expansion is easy to calculate:

c
2
12 sin

2
�31 + s

2
12 sin

2
�32 = sin

2
�ee + 0 + s

2
12c

2
12�

2
21 cos(2�ee)

�1

6
cos 2✓12 sin

2
2✓12 �

3
21 sin(2�ee) + O(�

4
21)

= 1 + O(10
�3

) ± O(10
�5

) at OM

where �3
21 is the first term which is mass ordering dependent thru the sign of �ee.

Note, the �21 terms vanishes !

& coe↵. of �2
21 minimum !

Mass Ordering e↵ects !

– Typeset by FoilTEX – 53

where �ee = c
2
12�31 + s

2
12�32

or �m
2
ee = �m

2
NPZ = c

2
12�m

2
31 + s

2
12�m

2
32

With r = s212, the next terms in the expansion is easy to calculate:

c
2
12 sin

2
�31 + s

2
12 sin

2
�32 = sin

2
�ee + 0 + s

2
12c

2
12�

2
21 cos(2�ee)

�1

6
cos 2✓12 sin

2
2✓12 �

3
21 sin(2�ee) + O(�

4
21)

= 1 + O(10
�3

) ± O(10
�5

) at OM

where �3
21 is the first term which is mass ordering dependent thru the sign of �ee.

Note, the �21 terms vanishes !

& coe↵. of �2
21 minimum !

Mass Ordering e↵ects !

– Typeset by FoilTEX – 53



Stephen Parke, Fermilab                                        HQL, Virginia TecH                                                     05/23/2016 11

What Do the Experiments Do ?

Daya Bay and RENO fit their L/E data to:

Pee ⇡ 1� cos4 ✓13 sin
2 2✓12 sin

2�21� sin2 2✓13 sin
2�ee

using L/E independent ✓13 and |�m2
ee| using ✓12 and �m2

21

from other experiments.

✓13 and |�m2
ee| are only weakly dependent on solar

parameters and are INDEPENDENT of mass ordering.

Trivial to calculate |�m2
31| = |�m2

ee| ± sin2 ✓12�m2
21, etc,

using mass ordering and solar parameters.
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⌫̄µ disappearance [10, 11]. Using only the relative rates
between the detectors and �m2

32

from Ref. [10] we found
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= 0.085± 0.006, with �2/NDF = 1.37/3.
The reconstructed positron energy spectrum observed in the

far site is compared in Fig. 3 with the expectation based on
the near-site measurements. The 68.3%, 95.5% and 99.7%
C.L. allowed regions in the |�m2

ee

|-sin2 2✓
13

plane are shown
in Fig. 4. The spectral shape from all experimental halls
is compared in Fig. 5 to the electron antineutrino survival
probability assuming our best estimates of the oscillation
parameters. The total uncertainties of both sin

2

2✓
13

and
|�m2

ee

| are dominated by statistics. The most significant
systematic uncertainties for sin2 2✓

13

are due to the relative
detector efficiency, reactor power, relative energy scale and
9Li/8He background. The systematic uncertainty in |�m2

ee

| is
dominated by uncertainty in the relative energy scale.
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FIG. 3. Upper: Background-subtracted reconstructed positron
energy spectrum observed in the far site (black points), as well as
the expectation derived from the near sites excluding (blue line) or
including (red line) our best estimate of oscillation. The spectra
were efficiency-corrected and normalized to one day of livetime.
Lower: Ratio of the spectra to the no-oscillation case. The error bars
show the statistical uncertainty of the far site data. The shaded area
includes the systematic and statistical uncertainties from the near site
measurements.

In summary, enhanced measurements of sin
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and
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ee| have been obtained by studying the energy-
dependent disappearance of the electron antineutrino inter-
actions recorded in a 6.9⇥105 GW

th

-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 |�m2
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FIG. 4. Regions in the |�m2
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2✓13 plane allowed at the 68.3%,
95.5% and 99.7% confidence levels by the near-far comparison of
⌫e rate and energy spectra. The best estimates were sin
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2✓13 =

0.084 ± 0.005 and |�m2
ee| = (2.42 ± 0.11) ⇥ 10
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2 (black
point). The adjoining panels show the dependence of ��2 on
sin

2
2✓13 (top) and |�m2

ee| (right). The |�m2
ee| allowed region

(shaded band, 68.3% C.L.) was consistent with measurements of
|�m2

32| using muon disappearance by the MINOS [10] and T2K [11]
experiments, converted to |�m2

ee| assuming the normal (solid) and
inverted (dashed) mass hierarchy.
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FIG. 5. Electron antineutrino survival probability versus effective
propagation distance Le↵ divided by the average antineutrino energy
hE⌫i. The data points represent the ratios of the observed
antineutrino spectra to the expectation assuming no oscillation. The
solid line represents the expectation using the best estimates of
sin

2
2✓13 and |�m2

ee|. The error bars are statistical only. hE⌫i
was calculated for each bin using the estimated detector response,
and Le↵ was obtained by equating the actual flux to an effective
antineutrino flux using a single baseline.
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Daya Bay and RENO fit their L/E data to:
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using L/E independent ✓13 and |�m2
ee| using ✓12 and �m2
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from other experiments.
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ee| are only weakly dependent on solar

parameters and are INDEPENDENT of mass ordering.

Trivial to calculate |�m2
31| = |�m2

ee| ± sin2 ✓12�m2
21, etc,

using mass ordering and solar parameters.
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FIG. 3. Upper: Background-subtracted reconstructed positron
energy spectrum observed in the far site (black points), as well as
the expectation derived from the near sites excluding (blue line) or
including (red line) our best estimate of oscillation. The spectra
were efficiency-corrected and normalized to one day of livetime.
Lower: Ratio of the spectra to the no-oscillation case. The error bars
show the statistical uncertainty of the far site data. The shaded area
includes the systematic and statistical uncertainties from the near site
measurements.
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th

-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 |�m2

ee| and sin

2

2✓
13

.
Daya Bay is supported in part by the Ministry of Science

and Technology of China, the U.S. Department of Energy,

13θ22sin
0 0.05 0.1 0.15

]2
 e

V
-3

| [
10

ee2
m

∆|

1.5

2

2.5

3

0 0.05 0.1 0.15

Daya Bay: 621 days

99.7% C.L.
95.5% C.L.
68.3% C.L.
Best fit

0 0.05 0.1 0.15

2 χ
∆ 5

10
15

2χ∆
5 10 15

0.0015

0.002

0.0025

0.003

5 10 15

MINOS

T2K

FIG. 4. Regions in the |�m2
ee|-sin2

2✓13 plane allowed at the 68.3%,
95.5% and 99.7% confidence levels by the near-far comparison of
⌫e rate and energy spectra. The best estimates were sin

2
2✓13 =

0.084 ± 0.005 and |�m2
ee| = (2.42 ± 0.11) ⇥ 10

�3
eV

2 (black
point). The adjoining panels show the dependence of ��2 on
sin

2
2✓13 (top) and |�m2

ee| (right). The |�m2
ee| allowed region

(shaded band, 68.3% C.L.) was consistent with measurements of
|�m2

32| using muon disappearance by the MINOS [10] and T2K [11]
experiments, converted to |�m2

ee| assuming the normal (solid) and
inverted (dashed) mass hierarchy.

 [km/MeV]〉νE〈 / effL
0 0.2 0.4 0.6 0.8

) eν 
→ eν

P(

0.9

0.95

1
EH1
EH2
EH3
Best fit

FIG. 5. Electron antineutrino survival probability versus effective
propagation distance Le↵ divided by the average antineutrino energy
hE⌫i. The data points represent the ratios of the observed
antineutrino spectra to the expectation assuming no oscillation. The
solid line represents the expectation using the best estimates of
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What Do the Experiments Do ?

Daya Bay and RENO fit their L/E data to:

Pee ⇡ 1� cos4 ✓13 sin
2 2✓12 sin

2�21� sin2 2✓13 sin
2�ee

using L/E independent ✓13 and |�m2
ee| using ✓12 and �m2

21

from other experiments.

✓13 and |�m2
ee| are only weakly dependent on solar

parameters and are INDEPENDENT of mass ordering.

Trivial to calculate |�m2
31| = |�m2

ee| ± sin2 ✓12�m2
21, etc,

using mass ordering and solar parameters.
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far site is compared in Fig. 3 with the expectation based on
the near-site measurements. The 68.3%, 95.5% and 99.7%
C.L. allowed regions in the |�m2
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plane are shown
in Fig. 4. The spectral shape from all experimental halls
is compared in Fig. 5 to the electron antineutrino survival
probability assuming our best estimates of the oscillation
parameters. The total uncertainties of both sin
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and
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| are dominated by statistics. The most significant
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are due to the relative
detector efficiency, reactor power, relative energy scale and
9Li/8He background. The systematic uncertainty in |�m2
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| is
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FIG. 3. Upper: Background-subtracted reconstructed positron
energy spectrum observed in the far site (black points), as well as
the expectation derived from the near sites excluding (blue line) or
including (red line) our best estimate of oscillation. The spectra
were efficiency-corrected and normalized to one day of livetime.
Lower: Ratio of the spectra to the no-oscillation case. The error bars
show the statistical uncertainty of the far site data. The shaded area
includes the systematic and statistical uncertainties from the near site
measurements.
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from other experiments.
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• using L/E independent ✓13 and |�m2
ee|. (✓12 and �m2

21

obtained from other experiments.)

• ✓13 and |�m2
ee| are only weakly dependent on solar

parameters and are INDEPENDENT of mass ordering.

• Trivial to calculate |�m2
31| = |�m2

ee| ± sin2 ✓12�m2
21 and

|�m2
32| = |�m2

ee| ⌥ cos2 ✓12�m2
21 using mass ordering

and solar parameters. But |�m2
31| and |�m2

32| are more
dependent on solar parameters than |�m2

ee| !
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FIG. 3. Upper: Background-subtracted reconstructed positron
energy spectrum observed in the far site (black points), as well as
the expectation derived from the near sites excluding (blue line) or
including (red line) our best estimate of oscillation. The spectra
were efficiency-corrected and normalized to one day of livetime.
Lower: Ratio of the spectra to the no-oscillation case. The error bars
show the statistical uncertainty of the far site data. The shaded area
includes the systematic and statistical uncertainties from the near site
measurements.
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2✓13 plane allowed at the 68.3%,
95.5% and 99.7% confidence levels by the near-far comparison of
⌫e rate and energy spectra. The best estimates were sin

2
2✓13 =

0.084 ± 0.005 and |�m2
ee| = (2.42 ± 0.11) ⇥ 10

�3
eV

2 (black
point). The adjoining panels show the dependence of ��2 on
sin

2
2✓13 (top) and |�m2

ee| (right). The |�m2
ee| allowed region

(shaded band, 68.3% C.L.) was consistent with measurements of
|�m2

32| using muon disappearance by the MINOS [10] and T2K [11]
experiments, converted to |�m2

ee| assuming the normal (solid) and
inverted (dashed) mass hierarchy.
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FIG. 5. Electron antineutrino survival probability versus effective
propagation distance Le↵ divided by the average antineutrino energy
hE⌫i. The data points represent the ratios of the observed
antineutrino spectra to the expectation assuming no oscillation. The
solid line represents the expectation using the best estimates of
sin

2
2✓13 and |�m2

ee|. The error bars are statistical only. hE⌫i
was calculated for each bin using the estimated detector response,
and Le↵ was obtained by equating the actual flux to an effective
antineutrino flux using a single baseline.
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⌫̄µ disappearance [10, 11]. Using only the relative rates
between the detectors and �m2

32

from Ref. [10] we found
sin

2

2✓
13

= 0.085± 0.006, with �2/NDF = 1.37/3.
The reconstructed positron energy spectrum observed in the

far site is compared in Fig. 3 with the expectation based on
the near-site measurements. The 68.3%, 95.5% and 99.7%
C.L. allowed regions in the |�m2

ee

|-sin2 2✓
13

plane are shown
in Fig. 4. The spectral shape from all experimental halls
is compared in Fig. 5 to the electron antineutrino survival
probability assuming our best estimates of the oscillation
parameters. The total uncertainties of both sin

2

2✓
13

and
|�m2

ee

| are dominated by statistics. The most significant
systematic uncertainties for sin2 2✓

13

are due to the relative
detector efficiency, reactor power, relative energy scale and
9Li/8He background. The systematic uncertainty in |�m2

ee

| is
dominated by uncertainty in the relative energy scale.
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FIG. 3. Upper: Background-subtracted reconstructed positron
energy spectrum observed in the far site (black points), as well as
the expectation derived from the near sites excluding (blue line) or
including (red line) our best estimate of oscillation. The spectra
were efficiency-corrected and normalized to one day of livetime.
Lower: Ratio of the spectra to the no-oscillation case. The error bars
show the statistical uncertainty of the far site data. The shaded area
includes the systematic and statistical uncertainties from the near site
measurements.

In summary, enhanced measurements of sin

2

2✓
13

and
|�m2

ee| have been obtained by studying the energy-
dependent disappearance of the electron antineutrino inter-
actions recorded in a 6.9⇥105 GW

th

-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 |�m2

ee| and sin

2

2✓
13
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A measurement of the energy dependence of antineutrino disappearance at the Daya Bay Reactor Neutrino
Experiment is reported. Electron antineutrinos (⌫e) from six 2.9 GW

th

reactors were detected with six detectors
deployed in two near (effective baselines 512 m and 561 m) and one far (1579 m) underground experimental
halls. Using 217 days of data, 41589 (203809 and 92912) antineutrino candidates were detected in the far hall
(near halls). An improved measurement of the oscillation amplitude sin2 2✓

13

= 0.090+0.008
�0.009 and the first

direct measurement of the ⌫e mass-squared difference |�m2

ee| = (2.59+0.19
�0.20) ⇥ 10�3 eV2 is obtained using

the observed ⌫e rates and energy spectra in a three-neutrino framework. This value of |�m2

ee| is consistent with
|�m2

µµ| measured by muon neutrino disappearance, supporting the three-flavor oscillation model.

PACS numbers: 14.60.Pq, 29.40.Mc, 28.50.Hw, 13.15.+g
Keywords: neutrino oscillation, neutrino mixing, reactor, Daya Bay

Experimental measurements of neutrino oscillations have
clearly established that neutrinos have mass and that the mass
eigenstates mix [1]. The Daya Bay experiment recently re-
ported the discovery of the disappearance of reactor antineu-
trinos over kilometer-long baselines, providing the most pre-
cise measurement of the mixing angle ✓

13

[2, 3]. Other experi-
ments have made consistent ✓

13

measurements [4–7]. Precise
knowledge of neutrino mixing and mass differences enables
experimental searches for CP violation, tests of the neutrino
mass hierarchy and precision tests of oscillation theory. In
particular, the relatively large value of ✓

13

facilitates a rich
program of future neutrino oscillation research [8–10]. It also
allows the Daya Bay experiment to report in this Letter an in-
dependent measurement of the neutrino mass-splitting via the
distortion of the reactor antineutrino energy spectrum.

In the framework of three-flavor neutrino mixing in vac-
uum, the probability that an ⌫e produced with energy E is
detected as an ⌫e at a distance L is given by

P⌫e!⌫e = 1� cos

4 ✓
13

sin

2

2✓
12

sin

2

�

21

(1)
� sin

2

2✓
13

(cos

2 ✓
12

sin

2

�

31

+ sin

2 ✓
12

sin

2

�

32

),

where �ji ⌘ 1.267�m2

ji(eV
2

)

L(m)

E(MeV)

, and �m2

ji is the
difference between the mass-squares of the mass eigenstates
⌫j and ⌫i. Since �m2

21

⌧��
�m2

31

��⇡��
�m2

32

�� [1], the short-
distance (⇠km) reactor ⌫e oscillation is due primarily to the
�

3i terms and naturally leads to the definition of the effec-
tive mass-squared difference sin

2

�ee ⌘ cos

2 ✓
12

sin

2

�

31

+

sin

2 ✓
12

sin

2

�

32

[11].
The Daya Bay experiment previously determined sin

2

2✓
13

using only the relative rates of ⌫e detected in three antineu-
trino detectors (ADs) located near to and three ADs located far

from six nuclear reactor cores [2, 3]. The effective mass split-
ting |�m2

µµ| measured in ⌫µ disappearance [12] provided a
good approximation of |�m2

ee| in the rate-only measurement.
This Letter presents a combined analysis of the ⌫e rates and
energy spectra measured for the six detector data-taking pe-
riod from 24 December 2011 to 28 July 2012. This represents
a 48% increase in statistics over the most recent result [3]. The
sin

2

2✓
13

uncertainty is reduced by inclusion of the spectral
information and the statistics of the complete six-AD data pe-
riod. The spectral distortion due to the sin2 �ee term provides
a strong confirmation that the observed ⌫e deficit is consistent
with neutrino oscillations and allows the first direct measure-
ment of |�m2

ee|.

A detailed description of the Daya Bay experiment can be
found in [13, 14]. Each of the three experimental halls (EHs)
contains functionally identical, three-zone ADs surrounded
by a pool of ultra-pure water segmented into two regions,
the inner water shield (IWS) and outer water shield (OWS),
which are instrumented with photomultiplier tubes (PMTs).
In each AD, light created as a result of particle interactions in
the innermost zone, defined by an inner acrylic vessel (IAV)
containing gadolinium-doped liquid scintillator (LS), and the
surrounding undoped LS zone, is collected by 192 radially-
positioned 20-cm PMTs in the outermost mineral-oil region.
The AD trigger threshold of 45 hit PMTs or a summed charge
of ⇠ 65 photoelectrons in all PMTs corresponds to about 0.4
MeV in the Gd-doped volume. The trigger inefficiency for
events above 0.7 MeV is negligible. Charge and timing infor-
mation for each PMT are available for energy calibration and
reconstruction, as described in Ref. [13]. The detectors have a
light yield of ⇠ 165 photoelectrons/MeV and a reconstructed
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After I pointing this out
Daya Bay changed it’s 

definition of Delta m^2_ee

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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allowed at the 68.3%, 95.5%, and 99.7% confidence levels by the
near-far comparison of ν̄e rate and energy spectra. The best
estimates were sin2 2θ13 ¼ 0.084' 0.005 and jΔm2

eej ¼ ð2.42'
0.11Þ × 10−3 eV2 (black point). The adjoining panels show the
dependence of Δχ2 on sin2 2θ13 (top) and jΔm2

eej (right). The
jΔm2

eej allowed region (shaded band, 68.3% C.L.) was consistent
with measurements of jΔm2

32j using muon disappearance by the
MINOS [10] and T2K [11] experiments, converted to jΔm2

eej
assuming the normal (solid) and inverted (dashed) mass
hierarchy.
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Supplemental material: Why �m2
ee is used by Daya Bay

(The Daya Bay Collaboration)
(Dated: July 27, 2015)

This note describes the advantages of reporting the Daya
Bay measurement of electron antineutrino disappearance in
terms of an effective mass-squared difference �m

2

ee

, which is
independent of the unknown ordering of neutrino masses and
future improvements in our knowledge of the solar oscillation
parameters.

INTRODUCTION

In the three-flavor framework, the survival probability of
electron antineutrino is given by
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. The three mass-squared differences
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where “+”(“�”) is for the normal(inverted) mass ordering
(or hierarchy). Therefore, determination of �m

2

32

(or
�m

2

31

) depends on knowledge of the mass ordering and solar
oscillation parameters.

The Daya Bay experiment reports a precise measurement
of the effective mass splitting �m

2

ee

, which is independent of
our knowledge of the ordering and solar parameters. In this
approach, we approximate the survival probability using
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Despite the advantage of using �m

2

ee

for the measurement, it
has the disadvantage of not being a fundamental parameter.
Therefore, we must determine a relation between �m

2

ee

and �m

2

32

given knowledge of the mass ordering and solar
oscillation parameters.

In the following sections, we are going to address the
following two questions:

• Is Eq. 2 good enough at the current experimental
precision?

• How can we estimate the value of �m

2

32

once the value
of �m

2

ee

is obtained?

MATHEMATICAL DERIVATION

Using the relation |�m
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|, Eq. 1 can
be written as,
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can be approximated as,
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By comparing Eq. 4 with Eq. 2, we obtain the expression
relating �m
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NUMERICAL EVALUATION

By definition, �m
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is a function of L/E. Using the current
values of �m
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Figure 2 is a comparison of the approximated formula with
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to the three-flavor formula, Eq. 1. In this comparison,
L = 1.6 km, sin2 2✓
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and normal mass hierarchy are the inputs. The agreement
between the two, better than 10

�4, is excellent and exceeds
the achievable experimental precision.
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�3 eV2 under the normal mass hierarchy assumption. The
top panel shows the survival probabilities calculated with the two
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Future Experiments:

! RENO'can'be'used'as'near'detector'for'RENO%50.''
'''''$'Reduces'systema/c'error'of'nu'flux.'''

While'JUNO'can'not'use'Daya'Bay'detector'as'near'detector.'
$'To'reduce'neutrino'interference'effect'from'other'reactors.'

Y.'Wang’s'talk'
NuTel'2013'

(  Baseline''
difference'
should'be'
'<''500'm.'

Ciuffoli,'Evslin,'Zhan:'''
arXiv:'1302.0624'

Li,'Cao,'Wang,'Zhan:''
arXiv:'1303.6733'

34'Seon%Hee'Seo,'SNU' FPCP'2015'@'Nagoya'

Far Detector 

Near Detector 

RENO-50 
10 kton LS Detector       

~47 km from YG reactors  

Mt. Guemseong (450 m) 
~900 m.w.e. overburden 

(NEAR'Detector)'

(FAR'Detector)'

33'

JUNO
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Note:

• Separation 2�ee and � is unique !

• 2�ee is linear in L/E and depends on an atm �m2.

• � = {arctan(cos 2✓12 tan�21) � �21 cos 2✓12} starts at
�3

21 ⇠ (L/E)3 and depends on only solar parameters,
staircase function.

Another way to define �m2
✏✏ ⌘ 2E

L ⌦ has been suggested.

(Contrast: �m2
ee =

@
@L/2E ⌦|L/2E!0 )

Identical for L/E < 5 -10 km/MeV !

– Typeset by FoilTEX – 11
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• � = {arctan(cos 2✓12 tan�21) � �21 cos 2✓12} starts at
�3

21 ⇠ (L/E)3 and depends on only solar parameters,
staircase function.

New DB definition: �m2
✏✏ ⌘ 2E

L ⌦ (1505.03456 PRL version)

(Contrast: �m2
ee =

@
@L/2E ⌦|L/2E!0 )

Identical for L/E < 5 -10 km/MeV !
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(For this figure, to make the e↵ect visible,
the factor 2� is reduced by factor 10.)

Above this
Significant L/E
and
Mass Ordering
Dependence.

Above this
Significant (⇠ 1%) L/E
and
Mass Ordering Dependence!

– Typeset by FoilTEX – 18JUNO & RENO50 expect ~0.5 % measurement !!!
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What does RENO use?

Observation of Energy and Baseline Dependent Reactor Antineutrino Disappearance
in the RENO Experiment

J. H. Choi,3 W. Q. Choi,9 Y. Choi,11 H. I. Jang,10 J. S. Jang,4 E. J. Jeon,6, 8 K. K. Joo,1 B. R. Kim,1 H. S. Kim,8 J.
Y. Kim,1 S. B. Kim,9 S. Y. Kim,9 W. Kim,7 Y. D. Kim,6, 8 Y. Ko,2 D. H. Lee,9 I. T. Lim,1 M. Y. Pac,3 I. G. Park,5 J.
S. Park,9 R. G. Park,1 H. Seo,9 S. H. Seo,9 Y. G. Seon,7 C. D. Shin,1 K. Siyeon,2 J. H. Yang,11 I. S. Yeo,1 and I. Yu11

(The RENO Collaboration)
1
Institute for Universe and Elementary Particles,

Chonnam National University, Gwangju 61186, Korea

2
Department of Physics, Chung Ang University, Seoul 06974, Korea

3
Department of Radiology, Dongshin University, Naju 58245, Korea

4
GIST College, Gwangju Institute of Science and Technology, Gwangju 61005, Korea

5
Department of Physics, Gyeongsang National University, Jinju 52828, Korea

6
Institute for Basic Science, Daejeon 34047, Korea

7
Department of Physics, Kyungpook National University, Daegu 41566, Korea

8
Department of Physics and Astronomy, Sejong University, Seoul 05006, Korea

9
Department of Physics and Astronomy, Seoul National University, Seoul 08826, Korea

10
Department of Fire Safety, Seoyeong University, Gwangju 61268, Korea

11
Department of Physics, Sungkyunkwan University, Suwon 16419, Korea

The RENO experiment has analyzed about 500 live days of data to observe an energy dependent
disappearance of reactor ⌫e by comparison of their prompt signal spectra measured in two identical
near and far detectors. In the period between August 2011 and January 2013, the far (near) detector
observed 31541 (290775) electron antineutrino candidate events with a background fraction of 4.9%
(2.8%). The measured prompt spectra show an excess of reactor ⌫e around 5 MeV relative to the
prediction from a most commonly used model. A clear energy and baseline dependent disappearance
of reactor ⌫e is observed in the deficit of the observed number of ⌫e. Based on the measured
far-to-near ratio of prompt spectra, we obtain sin2 2✓13 = 0.082 ± 0.009(stat.) ± 0.006(syst.) and
|�m2

ee| = [2.62+0.21
�0.23(stat.)

+0.12
�0.13(syst.)]⇥ 10�3 eV2.

PACS numbers: 14.60.Pq, 29.40.Mc, 28.50.Hw, 13.15.+g

The reactor ⌫
e

disappearance has been firmly observed
to determine the smallest neutrino mixing angle ✓13 [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 ✓13
value opens the possibility of searching for CP violation
in the leptonic sector and determining the neutrino mass
ordering. Appearance of ⌫

e

from an accelerator ⌫
µ

beam
is also observed by the T2K [6] and NO⌫A [7] experi-
ments.

Using the ⌫
e

survival probability P [8], reactor ex-
periments with a baseline distance of ⇠1 km can deter-
mine the mixing angle ✓13 and an effective squared-mass-
difference �m2

ee

⌘ cos

2 ✓12�m2
31 + sin

2 ✓12�m2
32 [9].

1� P = sin
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2 ✓12 sin
2
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2 ✓12 sin
2
�32)

+ cos

4 ✓13 sin
2
2✓12 sin

2
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⇡ sin

2
2✓13 sin

2
�

ee

+ cos

4 ✓13 sin
2
2✓12 sin

2
�21, (1)

where �

ij

⌘ 1.267�m2
ij

L/E, E is the ⌫
e

energy in MeV,
and L is the distance between the reactor and detector
in meters.

The first measurement of ✓13 by RENO was based
on the rate-only analysis of deficit found in ⇠220 live
days of data [1]. The oscillation frequency |�m2

ee

| in the

measurement was approximated by the measured value
|�m2

31| assuming the normal ordering in the ⌫
µ

disap-
pearance [10]. In this Letter, we present a more pre-
cisely measured value of ✓13 and our first determination
of |�m2

ee

|, based on the rate, spectral and baseline infor-
mation (rate+spectrum analysis) of reactor ⌫

e

disappear-
ance using ⇠500 live days of data. The Daya Bay collab-
oration has also reported spectral measurements [11].

The RENO uses identical near and far ⌫
e

detectors lo-
cated at 294 m and 1383 m, respectively, from the center
of six reactor cores of the Hanbit (known as Yonggwang)
Nulcear Power Plant. The far (near) detector is under a
450 m (120 m) of water equivalent overburden. Six pres-
surized water reactors, each with maximum thermal out-
put of 2.8 GW

th

, are situated in a linear array spanning
1.3 km with equal spacings. The reactor flux-weighted
baseline is 410.6 m for the near detector and 1445.7 m
for the far detector.

The reactor ⌫
e

is detected through the inverse beta
decay (IBD) interaction, ⌫

e

+ p ! e+ + n, with free pro-
tons 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 de-
layed signal from neutron capture by Gd (n-Gd) pro-
vides the distinctive IBD signature against backgrounds.
The prompt signal releases energy of 1.02 MeV as two
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Neutrino Propogation in Matter

if one choses to write the Hamiltonian using �m2
ee and �m2

21 then the
Hamiltonian is simpler than with any other choice !

See Hisakazu Minakata and SP arXiv:1505.01826
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for measuring the matter e↵ect on neutrinos propagating in medium of electron number

density Ne(x) [1] where GF is the Fermi constant and E is the neutrino energy.

The neutrino flavor mixing matrix U is usually taken to be the standard form UPDG

given by Particle Data Group. We, however, prefer to work in a slightly di↵erent basis,

for this paper, in which the flavor mixing matrix has a form (with the obvious notations

sij ⌘ sin ✓ij etc. and � being the CP violating phase)

U =

2

64
1 0 0

0 1 0

0 0 e�i�

3

75UPDG

2

64
1 0 0

0 1 0

0 0 ei�

3

75

=

2

64
1 0 0

0 c23 s23e
i�

0 �s23e
�i� c23

3

75

2

64
c13 0 s13
0 1 0

�s13 0 c13

3

75

2

64
c12 s12 0

�s12 c12 0

0 0 1

3

75 ⌘ U23U13U12 (4.6)

under the understanding that the left phase matrix in the first line in eq. (4.6) is to

be absorbed into the ⌫⌧ neutrino wave functions. Being connected by the phase matrix

rotation, it is obvious that our U and UPDG give rise to the same neutrino oscillation

probabilities.

4.1 Choosing the basis for the renormalized helio-perturbation theory

It is convenient to work with the tilde basis defined as ⌫̃↵ = (U †
23)↵�⌫� , in which the

Hamiltonian is related to the flavor basis one as

H̃ = U †
23HU23, (4.7)

where U23 is defined in eq. (4.6). The S matrix in the flavor basis is related to the S matrix

in the tilde basis S̃ as

S(L) = U23S̃(L)U
†
23, S̃(L) = T exp


�i

Z L

0
dxH̃(x)

�
. (4.8)

Notice that the matter term in the Hamiltonian (4.5) is invariant under the U23 rotation.

Hence, the dynamics of neutrino propagation in matter is governed by only the two mixing

angles ✓12 and ✓13 [20], which is also independent of � thanks to our convention of U in

(4.6). From the first equation in (4.8), the relationships P (⌫e ! ⌫⌧ ) = P (⌫e ! ⌫µ : c23 !
�s23, s23 ! c23) etc. simply follow as used in section 3.3.

The simplest formulation of helio-perturbative treatment in the tilde-basis includes

decomposition of H̃ into the zeroth and the first order terms in the expansion parameter
�m2

21
�m2

31
as

H̃(x) =
�m2

31

2E

8
><

>:

2

64

a(x)
�m2

31
+ s213 0 c13s13

0 0 0

c13s13 0 c213

3

75+
�m2

21

�m2
31

2

64
s212c

2
13 c12s12c13 �s212c13s13

c12s12c13 c212 �c12s12s13
�s212c13s13 �c12s12s13 s212s

2
13

3

75

9
>=

>;

(4.9)
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and the Hamiltonian is given by

H̃ = U †
23(θ23, δ) H U23(θ23, δ)

=
1

2E

[

U13(θ13)U12(θ12) diag(0,∆m2
21,∆m2

31)U
†
12(θ12)U

†
13(θ13)

+ diag(a, 0, 0)
]

.

(2.2.2)

As was shown in [10], the Hamiltonian, H̃, is most simple written in terms of a renormalized

atmospheric ∆m2,

∆m2
ee ≡ ∆m2

31 − s212∆m2
21 , (2.2.3)

as defined in [11, 12], and the ratio of the ∆m2’s

ϵ ≡ ∆m2
21/∆m2

ee . (2.2.4)

In terms of the |a| → ∞ eigenvalues

λa = a+ (s213 + ϵs212)∆m2
ee ,

λb = ϵc212∆m2
ee ,

λc = (c213 + ϵs212)∆m2
ee ,

(2.2.5)

the exact Hamiltonian is simple given by3

H̃ =
1

2E

⎛

⎜

⎝

λa s13c13∆m2
ee

λb
s13c13∆m2

ee λc

⎞

⎟

⎠
+ ϵs12c12

∆m2
ee

2E

⎛

⎜

⎝

c13
c13 −s13

−s13

⎞

⎟

⎠
. (2.2.6)

Note that H̃ is real and does not depend on θ23 or δ.

2.3 U13(φ) rotation

Since s13 ∼ O(
√
ϵ), it is natural to diagonalize the (1-3) sector next, using U13(φ), again

see [10]. After this rotation the neutrino basis is

|ν̂⟩ = U †
13(φ)|ν̃⟩ = U †

13(φ)U
†
23(θ23, δ)|ν⟩ , (2.3.1)

and the Hamiltonian is given by

Ĥ = U †
13(φ) H̃ U13(φ)

=
1

2E

⎛

⎜

⎝

λ−
λ0

λ+

⎞

⎟

⎠
+ ϵc12s12

∆m2
ee

2E

⎛

⎜

⎝

c(φ−θ13)
c(φ−θ13) s(φ−θ13)

s(φ−θ13)

⎞

⎟

⎠
.

(2.3.2)

where

λ∓ =
1

2

[

(λa + λc)∓ sign(∆m2
ee)
√

(λc − λa)2 + 4(s13c13∆m2
ee)

2
]

,

λ0 = λb = ϵc212∆m2
ee ,

(2.3.3)

3One can use H̃ to do a perturbative expansion, such that it is simple to recover the νµ → νe appearance

probability of Cervera et al., [6] at first order.

– 5 –

and the Hamiltonian is given by

H̃ = U †
23(θ23, δ) H U23(θ23, δ)

=
1

2E

[

U13(θ13)U12(θ12) diag(0,∆m2
21,∆m2

31)U
†
12(θ12)U

†
13(θ13)

+ diag(a, 0, 0)
]

.

(2.2.2)

As was shown in [10], the Hamiltonian, H̃, is most simple written in terms of a renormalized

atmospheric ∆m2,

∆m2
ee ≡ ∆m2

31 − s212∆m2
21 , (2.2.3)

as defined in [11, 12], and the ratio of the ∆m2’s

ϵ ≡ ∆m2
21/∆m2

ee . (2.2.4)

In terms of the |a| → ∞ eigenvalues

λa = a+ (s213 + ϵs212)∆m2
ee ,

λb = ϵc212∆m2
ee ,

λc = (c213 + ϵs212)∆m2
ee ,

(2.2.5)

the exact Hamiltonian is simple given by3

H̃ =
1

2E

⎛

⎜

⎝

λa s13c13∆m2
ee

λb
s13c13∆m2

ee λc

⎞

⎟

⎠
+ ϵs12c12

∆m2
ee

2E

⎛

⎜

⎝

c13
c13 −s13

−s13

⎞

⎟

⎠
. (2.2.6)

Note that H̃ is real and does not depend on θ23 or δ.

2.3 U13(φ) rotation

Since s13 ∼ O(
√
ϵ), it is natural to diagonalize the (1-3) sector next, using U13(φ), again

see [10]. After this rotation the neutrino basis is

|ν̂⟩ = U †
13(φ)|ν̃⟩ = U †

13(φ)U
†
23(θ23, δ)|ν⟩ , (2.3.1)

and the Hamiltonian is given by
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�m2
ee ⌘ c212 �m2

31 + s212 �m2
32

• Is a simple combination of fundamental parameters and is
independent of L/E for all values of L/E.

• Has a direct, simple, physical interpretation:
�m2

ee is “the ⌫e weighted average of �m2
31 and �m2

32,”
since the ratio of the ⌫e fraction in ⌫1 : ⌫2 is c212 : s

2
12.

• Can be used in short baseline reactor experiments, L/E < 1

km/MeV, using the approximate oscillation probability,

P (⌫̄e ! ⌫̄e) ⇡ 1� 4c413s
2
12c

2
12 sin

2�21 � 4s213c
2
13 sin

2�ee,

which is accurate to better than one part in 104.
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• Can be used in medium baseline reactor experiments,
L ⇡ 50 km, and determines the �m2 of the fundamental
oscillation. The advancement or retardation of the phase
of this fundamental oscillation determines the neutrino mass
ordering.
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What is �m2
ee ?

1 � P (⌫̄e ! ⌫̄e) = sin2 2✓13 (c212 sin
2 �31 + s212 sin

2 �32) ( 0.09)

+ cos4 ✓13 sin
2 2✓12 sin2 �21 ( 0.01)

�ij ⌘ �m2
ijL

4E

Daya Bay, RENO and Double Chooz:

�31 ⇡ �32  3⇡
4 and �21  ⇡

40 ⇡ 0.1

– Typeset by FoilTEX – 32

• �m2
EE has no simple physical meaning !

• Is there a better definition ?

[ sin2
�
⇡
2 ± ✏

�
= 1 � ✏2 + O(✏4) where ✏ = s12c12�21 ]

sin2
�
⇡
2 ± s12c12�21

�
= 1 � s212c

2
12�

2
21 + O(�4

21)

� = tan�1(cos 2✓12 tan�21) � cos 2✓12�21 ⇠ O(�3
21)

✏✏ � no = (io � no)/2

• the ⌫e weighted average �m2
31 and �m2

32

• �m2
ee ⌘ cos2 ✓12�m2

31 + sin2 ✓12�m2
32

• has a simple and obvious physical meaning !

H. Nunokawa, S. J. Parke and R. Zukanovich Funchal, Phys. Rev. D 72, 013009 (2005), hep-ph/0503283
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• �m2
EE has no simple physical meaning !

• Is there a better definition ?

[ sin2
�
⇡
2 ± ✏

�
= 1 � ✏2 + O(✏4) where ✏ = s12c12�21 ]

sin2
�
⇡
2 ± s12c12�21

�
= 1 � s212c

2
12�

2
21 + O(�4

21)

� = tan�1(cos 2✓12 tan�21) � cos 2✓12�21 ⇠ O(�3
21)

✏✏ � no = (io � no)/2

• the ⌫e weighted average �m2
31 and �m2

32

• �m2
ee ⌘ cos2 ✓12�m2

31 + sin2 ✓12�m2
32

• Useful at any L/E, and especially at

< 0.8 km/MeV (Daya Bay, RENO, DC)

6 � 25 km/MeV (JUNO, RENO-50)
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H. Minakata, H. Nunokawa, S. J. Parke and R. Zukanovich Funchal,
Phys. Rev. D 74, 053008 (2006) [hep-ph/0607284].
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Note:

• Separation 2�ee and � is unique !

• 2�ee is linear in L/E and depends on an atm �m2.

• � = {arctan(cos 2✓12 tan�21) � �21 cos 2✓12} starts at
�3

21 ⇠ (L/E)3 and depends on only solar parameters,
staircase function.

Another way to define �m2
✏✏ ⌘ 2E

L ⌦ has been suggested.

(Contrast: �m2
ee =

@
@L/2E ⌦|L/2E!0 )

Identical for L/E < 5 -10 km/MeV !
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the CP-violating e↵ect is proportional to

J = sin 2✓12 sin 2✓23 sin 2✓13 cos ✓13 sin �CP ⇡ 0.9 sin 2✓13 sin �CP . (1)

Resolution of the mass hierarchy problem also relies on the size of ✓13. If it
is too small, current technologies may not be able to determine �CP and the
mass hierarchy.

The mixing angle ✓13 can be measured by accelerator-based or reactor-
based experiments. However, the appearance probability of ⌫µ ! ⌫e in an
accelerator neutrino experiment also depends on the yet unknown �CP and the
mass hierarchy. Hence, this type of experiments can only provide evidence
for a non-zero ✓13 but cannot measure its value unambiguously. On the
other hand, reactor-based experiments can unambiguously determine ✓13 via
measuring the survival probability of the electron antineutrino ⌫e at short
distance (O(km)) from the reactors. In the three-neutrino framework, the
survival probability is given by

P = 1� cos4 ✓13 sin
2 2✓12 sin

2 �21 � sin2 2✓13 sin
2 �ee , (2)

where sin2 �ee ⌘ cos2 ✓12 sin
2 �31+sin2 ✓12 sin

2 �32 and�ji ⌘ 1.267�m2
jiL/E.

�m2
ji is the mass-squared di↵erence in eV2, E is the energy of the ⌫e in MeV,

and L is the distance in meters from the production point.
Pinning down ✓13 by performing a relative measurement with a set of

near and far detectors was suggested at the beginning of this millennium [7].
This method allows cancellation of most systematic uncertainties due to the
reactor and the detector that previous experiments su↵ered. Since 2002,
eight reactor experiments were proposed [8]; three of them, Daya Bay [9],
Double Chooz [10], and RENO [11], were finally constructed.

Among the eight proposals, the Daya Bay experiment is most sensitive
for measuring ✓13. The nuclear-power complex is among the top five most
powerful in the world, providing a very intense flux of antineutrinos. In
addition, it is very close to a mountain range in which an array of horizontal
tunnels can be built, providing su�cient overburden to attenuate cosmic rays
and space to accommodate a relatively large-scale experiment.

The Daya Bay nuclear-power complex is located on the southern coast
of China, 55 km to the northeast of Hong Kong and 45 km to the east of
Shenzhen. As shown in Fig. 1, the nuclear complex consists of six reactors
grouped into three pairs with each pair referred to as a nuclear power plant
(NPP). All six cores are functionally identical pressurized water reactors,
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1. Introduction

Neutrino oscillation was firmly established by 2002. Around that time,
atmospheric and accelerator neutrino experiments, e.g. Super-K [1] and
K2K [2], have determined the oscillation parameters ✓23 and |�m2

32| whereas
solar and reactor neutrino experiments, such as SNO [3] and KamLAND [4],
measured ✓12 and �m2

21. However, the mixing angle ✓13, the CP violating
phase �CP, and the sign of �m2

32 (aka the mass hierarchy) were unknown.
In addition, ✓13, unlike the other two mixing angles, was expected to be
small [5, 6].

Among the three unknown quantities, ✓13 plays a critical role in defining
the future experimental program on neutrino oscillation. It is known that
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Figure 4: Top panel: The extracted reactor antineutrino spectrum and its correlation
matrix. Bottom panel: Ratio of the extracted reactor antineutrino spectrum to the Hu-
ber+Mueller prediction. Figure adapted from [22].

neutrino searches. If light sterile neutrinos mix with the three active neu-
trinos, their presence could be detected by looking for the fast oscillatory
behavior in the spectrum. Daya Bay has significantly extended the exclu-
sion area in 10�3eV2 . |�m2

41| . 0.1eV2 [23]. Further improvements with
increasing statistics are expected.

Besides the sterile neutrino studies, more exotic searches are in progress,
e.g. for the non-standard interaction, decoherence e↵ect, mass-varying neu-
trino, Lorentz-violation and CPT violation, etc.

7. Summary and Prospect

With an almost ideal experimental site and unique design, the Daya Bay
experiment has excellent capability for high precision measurements of reac-
tor antineutrinos. We have reviewed our design experience, which may help
future reactor neutrino experiments. The measurements on ✓13 and e↵ective
mass splitting are reviewed. Current precision on sin2 2✓13 and |�m2

ee| are
6% and 4.5%, respectively. The projected precisions are shown in Fig. 5.
The Daya Bay experiment is expected to operate until 2020; by then, the
precision is ⇠ 3% for both sin2 2✓13 and |�m2

ee|. Daya Bay has also obtained
the most precise reactor antineutrino spectrum, which will be very valuable
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