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Cd

2

Reines&Cowan Detected Reactor Neutrinos in 1956

β decay：N N′ + e + ν

Detection: e+ + np+ ν

Ø Cowan and Reines at the Savannah 
River Power Plant (1956-1959)

Inversed β decay

Creation
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• Bruno Pontecorvo in 1957:

Interaction Eigenstates ≠ Mass Eigenstates 
→ Neutrino Mixing and Oscillation
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Neutrino Mixing & Oscillation Proposed

Ø Extended to 3 flavor 
mixing by Maki, 
Nakagawa and Sakata,
after muon neutrino was 
discovered at BNL in 1962
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Neutrino Mixing & Oscillation

⇒ Oscillation Probability:

Ø Pontecorvo-Maki-Nakagawa-Sakata (PMNS) mixing matrix,

Amplitude ∝ 𝐬𝐢𝐧𝟐 𝟐𝛉 Frequency ∝ 𝜟𝒎𝟐𝑳/𝑬
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The Search for Neutrino Oscillation 1957-1997

Reactor Neutrino Exp.: 1956 - 2001
KamLAND measurement: 2002
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• At different 
distances, the 
survival rate is 
dominated by 
different mixing 
angles

• To measure θ13, a 
baseline of ~2 km 
is optimal
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What Reactor Neutrinos Can Measure

~sin22θ13

~sin22θ12
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Between the Breakthroughs (2002-2012)
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?
Atmospheric Sector:

SK, K2K, T2K, MINOS, etc
Solar Sector:

SNO, SK, KamLAND etc

~2.5x10-3 eV2

~7.5x10-5 eV2

Reactor Sector:
CHOOZ, Palo Verde

sin22θ13<0.17 @ 90% C.L.
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Reactor Neutrinos for Theta13: Challenges

Six antineutrinos/fission: 
~2-8MeV, ~5% accuracy

No Signal

θ13
Dominated

θ12
Dominated
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The Daya Bay International Collaboration

Sun Yat-sen
Univ,

Catholic Univ. of Chile (2014-2019)
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Multi-Baseline and Multi-Detector Design of Daya Bay
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The Daya Bay Antineutrino Detector (AD)
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The Daya Bay Detector and the Reines&Cowan Design
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“Standing on the shoulder of giants”

~100kg

~100 ton
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• 中山大学物理

A Small Big Science Project

14
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• 中山大学物理

A Small Big Science Project

15
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• Automatic Calibration Units (ACUs)

Daya Bay Calibration Systems

16

• Manual calibration by CIAE
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The Daya Bay Running & Data Taking

17

Date Operation Duration

Dec 24, 2011 

Data taking with 6 ADs 
EH1: 2 ADs
EH2: 1 AD
EH3: 3 ADs 

217 Days

Jul 28 – Oct 19, 2012 Special calibration runs;
Installation of the last 2 ADs 

Oct 19, 2012 Data taking with 8 ADs 1,524 Days

Dec 20, 2016 – Jan 26, 2017 Special calibration runs
EH1 AD1 used for JUNO LS studies

Jan 26, 2017 

Data taking with 7 ADs 
EH1: 1 ADs
EH2: 2 AD
EH3: 4 ADs 

1,417 Days

Dec 12, 2020 Shutdown; Decommissioning
started /
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Understanding the Detector to Extreme

18

3

the positron kinetic and annihilation energy, and En is the
average neutron recoil energy (⇠10 keV).

FIG. 1. Comparison of the reconstructed energy between
antineutrino detectors for a variety of calibration references. EAD

is the reconstructed energy determined using each AD, and hEi is
the 8-detector average. Error bars are statistical only, and systematic
variations between detectors for all calibration references were
< 0.2%. The ⇠8 MeV n-Gd capture gamma peaks from Am-C
sources were used to define the energy scale of each detector, and
hence show zero deviation.

Differences in energy response between detectors directly
impacted the estimation of |�m2

ee|. PMT gains were
calibrated continuously using uncorrelated single electrons
emitted by the photocathode. The signals of 0.3% of the
PMTs were discarded due to abnormal hit rates or charge
distributions. The detector energy scale was calibrated using
Am-C neutron sources [18] deployed at the detector center,
with the ⇠8 MeV peaks from neutrons captured on Gd aligned
across all eight detectors. The time variation and the position
dependence of the energy scale was corrected using the
2.506 MeV gamma-ray peak from 60Co calibration sources.
The reconstructed energies of various calibration reference
points in different ADs are compared in Fig. 1. The spatial
distribution of each calibration reference varies, incorporating
deviations in spatial response between detectors. 68Ge,
60Co and Am-C calibration sources were located at the
center of each detector. Neutrons from IBD and muon
spallation that were captured on gadolinium, were distributed
nearly uniformly throughout the Gd-LS region. ↵ particles
from polonium decays with positions estimated to be within
the Gd-LS region provided another diffuse reference, while
also avoiding calibration biases due to a higher background
rate outside this region. Comparisons of intrinsic 40K,
208Tl, and spallation neutron capture on 1H were also
biased by backgrounds, therefore only those interactions
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FIG. 2. Estimated energy response of the detectors to positrons,
including both kinetic and annihilation gamma energy (red solid
curve). The prominent nonlinearity below 4 MeV was attributed
to scintillator light yield (from ionization quenching and Cherenkov
light production) and the charge response of the electronics. Gamma
rays from both deployed and intrinsic sources as well as spallation
12B � decay determined the model, and provided an envelope of
curves consistent with the data within a 68.3% C.L. (grey band).
An independent estimate using the beta+gamma energy spectra from
212Bi, 214Bi, 208Tl, as well as the 53-MeV edge in the Michel
electron spectrum gave a similar result (blue dashed line), albeit with
larger systematic uncertainties.

with reconstructed positions within 1 m of the center of
each detector were considered. The uncorrelated relative
uncertainty of the energy scale is thus determined to be
0.2%. This reduction of 43% compared to the previous
publication [9] was enabled by improvements in the correction
of position and time dependence, and enhanced the precision
of |�m2

ee| by 9%. The reduction was confirmed by an
alternative method which used the n-Gd capture of muon-
induced spallation neutrons to calibrate the scale, time
dependence, and spatial dependence of the detector energy
response.

Nonlinearity in the energy response of an AD originated
from two dominant sources: particle-dependent nonlinear
light yield of the scintillator and charge-dependent nonlinear-
ity in the PMT readout electronics. Each effect was at the
level of 10%. We constructed a semi-empirical model that
predicted the reconstructed energy for a particle assuming
a specific energy deposited in the scintillator. The model
contained four parameters: Birks’ constant, the relative
contribution to the total light yield from Cherenkov radiation,
and the amplitude and scale of an exponential correction
describing the non-linear electronics response.

The nominal parameter values were obtained from an
unconstrained �2-fit to various AD calibration datasets,
comprising twelve gamma lines from both deployed and
naturally occurring sources as well as the continuous �-
decay spectrum of 12B produced by muon spallation inside
the Gd-LS volumes. The nominal positron response derived
from the best fit parameters is shown in Fig. 2. The
depicted uncertainty band represents other response functions

2013

20152012 2018

𝜹Eabs~1%
𝜹Eabs~1.5%

𝜹Eabs~0.5%
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The Best Understood LS Reactor Neutrino Detector

19

D. Adey, F.P. An, A.B. Balantekin et al. Nuclear Inst. and Methods in Physics Research, A 940 (2019) 230–242

5. Results of the energy nonlinearity calibration

To determine the five free parameters of the energy nonlinearity
model in Eq. (9), a �2 function with nuisance parameters is constructed
for a combined fit on the ten � calibration points, the � spectrum from
12B decays, and the directly measured electronics nonlinearity. This
section will introduce the definition of the �

2 function, and the fitted
results of the nonlinearity model.

5.1. Statistical methods

A �
2 test statistic with five free parameters is defined as
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for comparison of the measurement (M) to the prediction (P ). The
measurements consist of: (1) M

�

i
(�i

�
), the ten � calibration points

and their uncorrelated uncertainties taken from Table 1, (2) MB

i
(�i

B
),

the reconstructed energy spectrum of 12B in 58 energy bins and their
statistical uncertainties as discussed in Section 4.2, and (3)Melec

i
(�ielec),

the measured electronics nonlinearity in 18 energy bins and their
statistical uncertainties as shown in Fig. 10. The predicted values and
uncertainties of these quantities are described in Sections 4.1, 4.2, and
Eq. (8), respectively.

The �
2
syst (⌫) penalizes the total �2 based on deviations of the sys-

tematic nuisance parameters from their expected values. The nuisance
parameters consist of the correlated uncertainty among the � rays (⌫� )
except for the one from neutron capture on 56Fe, the uncertainty of
12N contribution in the 12B spectrum (⌫N12_B12), the uncertainty of the
weak magnetism correction in the 12B prediction (⌫jWM), the branching
ratio uncertainties of the second and third 12B decay channels (⌫jBR),
and the uncertainty of the measured electronics nonlinearity due to the
uncertainty of the single channel’s charge reconstruction (⌫elec).

Because the branching ratio uncertainty of the 12B first decay
channel is fully correlated to those of the second and third channels, it
is not considered a nuisance parameter. The ⌫elec is deduced to follow
a standard Gaussian distribution by the coefficients ai, which is the
1� variation of the electronics nonlinearity. The ⌫

j

WM is assumed to be
uncorrelated among the three decay channels, and is also deduced to
follow a standard Gaussian distribution. Table 3 summarizes the free
and nuisance parameters, including their definitions, initial values and
uncertainties, and the values at the best-fit point.

5.2. Results of the nonlinearity model calibration

The �2 function in Eq. (11) is minimized, resulting in a �
2
min

_NDF =
70.6/(86–5) = 0.87. The nonlinearity model of e+, which is the prompt
signal in the ⌫e detection, is derived from the best-fit parameters, as
shown in Fig. 18. The depicted uncertainty band corresponds to the
models consistent with the calibration data within 68% C.L. (with a
��

2
< 5.89 compared to �

2
min
). A precision better than 0.5% is achieved

for prompt energies larger than 2 MeV. The precision is limited by the
systematic uncertainties associated with the � rays at energies below
3 MeV, and by the 12B statistics at higher energy. As discussed in
Section 3.1.3, the in-flight annihilation and the 3 � decay from o-
Ps have a <0.1% impact on the nonlinearity model. The best-fit full

Fig. 18. Relationship between the reconstructed and true prompt energy, which is the
sum of positron kinetic energy and two 0.511 MeV annihilation � rays. The previous
model in Ref. [15] is shown for comparison (color on-line).

Fig. 19. Top: comparison of the reconstructed 12B energy spectra between the data
and the prediction with best-fit nuisance parameters. Bottom: the estimated LS nonlin-
earity (red line), and the measured from � rays. The error bars of the 12B spectrum
represents the statistical uncertainty, while those of the � calibration points are taken
from Table 1. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

nonlinearity and scintillation nonlinearity of e*, e+and � are provided
in the tabular form as Supplemental Materials [31].

The energy nonlinearity model agrees with the calibration data well,
as shown in Fig. 19. The values of best-fit parameter are provided in
Table 4, and Fig. 20 shows the correlation matrix of the five parameters.
The Birks’ coefficient, kB, has a large positive correlation with the
absolute energy scale A and a negative correlation with the Cherenkov
contribution kC . The correlation between the LS and electronics non-
linearity, ↵ and ⌧, is weak due to the constraints from the directly
measured electronics nonlinearity. It is not practical to compare the
best-fit values with those of other experiments due to the dependence
on simulation parameters.

239

For Details: Nuclear Inst. and Methods in Physics Research, A 940 (2019) 230–242 

2019

𝜹Eabs: better than 0.5%!
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How to Select Antineutrino Events

20

• First apply flasher cuts to 
clean up the data

• Muon veto to get rid of 
cosmogenic products

• IBD cuts
Ø Prompt energy cut: 

(0.7, 12) MeV
Ø Delayed energy cut: 

(6, 12) MeV
Ø Time correlation 

(Multiplicity) cut to 
pick up IBD pairs

Daya Bay Collaboration, PRD95 (2017) 072006 
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• Uncorrelated background: accidental pairs

• Correlated backgrounds:

– Fast neutron: cosmogenic outside à AD

– 9Li/8He: cosmogenic from spallation products of cosmic-ray 

muons

– 241Am-13C: ACU neutron calibration sources

– 13C(α,n)16O: α decay of natural radioactive isotopes

– New backgrounds: Residual PMT flasher & Muon-x

Inversed Beta Decay Like Background Events

21
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Event Rates at Daya Bay Detectors

22

IBD Rate
18

Background-subtracted
• Side-by-side comparison

- Measurements consistent with predictions

• Correlation with operation of reactors
- Expectation based on weekly reactor operational information
- Measurements track expectations

Errors include 
relative detection
efficiency of 0.13%

IBD Rate
18

Background-subtracted
• Side-by-side comparison

- Measurements consistent with predictions

• Correlation with operation of reactors
- Expectation based on weekly reactor operational information
- Measurements track expectations

Errors include 
relative detection
efficiency of 0.13%

• Daya Bay uses
a combined
Huber-Muller
model to
predict reactor
neutrino fluxes
--- the HM
model

Oscillation Corrected
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The Latest Daya Bay Oscillation Results

23
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FIG. 2. The measured prompt-energy spectra of EH1, EH2 and EH3 with the best-fit and no-oscillation curves superimposed
in the upper panels. The shape of the backgrounds are apparent in the spectra with a logarithmic ordinate shown in the insets.
The lower panels shows the ratio of the observed spectrum to the predicted no-oscillations distribution. The error bars are
statistical.

FIG. 3. Measured disappearance probability as a function of
the ratio of the e↵ective baseline Leff to the mean antineu-
trino energy hE⌫ei.

The present improved result in sin22✓13 is consistent
with our previous determinations [3, 16, 17] and agrees
with other measurements of reactor ⌫e disappearance by
RENO [27] and Double Chooz [28, 29] as well as electron
neutrino and antineutrino appearance measurements by
T2K [6]. Daya Bay’s measured �m2

32 is consistent with
the results of NOvA [5], T2K [6], MINOS/MINOS+ [30],
IceCube [31] and SuperK [32] that were obtained with
muon (anti)neutrino disappearance. The agreement in
sin22✓13 and �m2

32 between Daya Bay measurements us-
ing ⌫e and the muon neutrino and antineutrino deter-
minations provides strong support of the three-neutrino
paradigm.

To conclude, we have presented a new determination
of sin22✓13 with a precision of 2.8% and the mass-squared

di↵erences reaching a precision of about 2.4%. The re-
ported sin22✓13 will likely remain the most precise mea-
surement of ✓13 in the foreseeable future and be crucial to
the investigation of the mass hierarchy and CP violation
in neutrino oscillation.

The Daya Bay experiment is supported in part by
the Ministry of Science and Technology of China, the
U.S. Department of Energy, the Chinese Academy of Sci-
ences, the CAS Center for Excellence in Particle Physics,
the National Natural Science Foundation of China, the
Guangdong provincial government, the Shenzhen mu-
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Group, the Research Grants Council of the Hong Kong
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Czech Republic, the Charles University Research Cen-
tre UNCE, and the Joint Institute of Nuclear Research
in Dubna, Russia. We acknowledge Yellow River Engi-
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Bureau Group Co., Ltd., for building the underground
laboratory. We are grateful for the cooperation from the
China Guangdong Nuclear Power Group and China Light
& Power Company.

⇤ Now at Department of Chemistry and Chemical Technol-
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† Now at Department of Physics and Astronomy, Univer-
sity of Rochester, Rochester, New York 14627

‡ Now at Department of Physics and Astronomy, Louisiana
State University, Baton Rouge, LA 70803

[1] Y. Fukuda et al. (Super-Kamiokande), Phys. Rev. Lett.
81, 1562 (1998), arXiv:hep-ex/9807003.
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FIG. 3. Measured disappearance probability as a function of
the ratio of the e↵ective baseline Leff to the mean antineu-
trino energy hE⌫ei.

The present improved result in sin22✓13 is consistent
with our previous determinations [3, 16, 17] and agrees
with other measurements of reactor ⌫e disappearance by
RENO [27] and Double Chooz [28, 29] as well as electron
neutrino and antineutrino appearance measurements by
T2K [6]. Daya Bay’s measured �m2

32 is consistent with
the results of NOvA [5], T2K [6], MINOS/MINOS+ [30],
IceCube [31] and SuperK [32] that were obtained with
muon (anti)neutrino disappearance. The agreement in
sin22✓13 and �m2

32 between Daya Bay measurements us-
ing ⌫e and the muon neutrino and antineutrino deter-
minations provides strong support of the three-neutrino
paradigm.

To conclude, we have presented a new determination
of sin22✓13 with a precision of 2.8% and the mass-squared

di↵erences reaching a precision of about 2.4%. The re-
ported sin22✓13 will likely remain the most precise mea-
surement of ✓13 in the foreseeable future and be crucial to
the investigation of the mass hierarchy and CP violation
in neutrino oscillation.
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FIG. 3. Measured disappearance probability as a function of
the ratio of the e↵ective baseline Leff to the mean antineu-
trino energy hE⌫ei.

The present improved result in sin22✓13 is consistent
with our previous determinations [3, 16, 17] and agrees
with other measurements of reactor ⌫e disappearance by
RENO [27] and Double Chooz [28, 29] as well as electron
neutrino and antineutrino appearance measurements by
T2K [6]. Daya Bay’s measured �m2

32 is consistent with
the results of NOvA [5], T2K [6], MINOS/MINOS+ [30],
IceCube [31] and SuperK [32] that were obtained with
muon (anti)neutrino disappearance. The agreement in
sin22✓13 and �m2

32 between Daya Bay measurements us-
ing ⌫e and the muon neutrino and antineutrino deter-
minations provides strong support of the three-neutrino
paradigm.

To conclude, we have presented a new determination
of sin22✓13 with a precision of 2.8% and the mass-squared

di↵erences reaching a precision of about 2.4%. The re-
ported sin22✓13 will likely remain the most precise mea-
surement of ✓13 in the foreseeable future and be crucial to
the investigation of the mass hierarchy and CP violation
in neutrino oscillation.
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FIG. 2. The measured prompt-energy spectra of EH1, EH2 and EH3 with the best-fit and no-oscillation curves superimposed
in the upper panels. The shape of the backgrounds are apparent in the spectra with a logarithmic ordinate shown in the insets.
The lower panels shows the ratio of the observed spectrum to the predicted no-oscillations distribution. The error bars are
statistical.

FIG. 3. Measured disappearance probability as a function of
the ratio of the e↵ective baseline Leff to the mean antineu-
trino energy hE⌫ei.
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TABLE I. Summary of IBD signal and background. Rates are corrected for the muon veto and multiplicity selection e�ciencies
"µ ⇥ "m. The sum of the fast neutron and muon-x background rates is reported as “Fast n + muon-x”. The AD numbering
scheme reflects the time order of AD fabrication and deployment.

EH1 EH2 EH3
AD1 AD2 AD3 AD8 AD4 AD5 AD6 AD7

⌫e candidates 794335 1442475 1328301 1216593 194949 195369 193334 180762
DAQ live time [days] 1535.111 2686.110 2689.880 2502.816 2689.156 2689.156 2689.156 2501.531

"µ ⇥ "m 0.7743 0.7716 0.8127 0.8105 0.9513 0.9514 0.9512 0.9513
Accidentals [day�1] 7.11± 0.01 6.76± 0.01 5.00± 0.00 4.85± 0.01 0.80± 0.00 0.77± 0.00 0.79± 0.00 0.66± 0.00

Fast n + muon-x [day�1] 0.83± 0.17 0.96± 0.19 0.56± 0.11 0.56± 0.11 0.05± 0.01 0.05± 0.01 0.05± 0.01 0.05± 0.01
9Li/8He [AD�1 day�1] 2.92± 0.78 2.45± 0.57 0.26± 0.04

241Am-13C [day�1] 0.16± 0.07 0.13± 0.06 0.12± 0.05 0.11± 0.05 0.04± 0.02 0.04± 0.02 0.04± 0.02 0.03± 0.01
13C(↵, n)16O [day�1] 0.08± 0.04 0.06± 0.03 0.04± 0.02 0.06± 0.03 0.04± 0.02 0.04± 0.02 0.03± 0.02 0.04± 0.02

⌫e rate [day�1] 657.16± 1.10 685.13± 1.00 599.47± 0.78 591.71± 0.79 75.02± 0.18 75.21± 0.18 74.41± 0.18 74.93± 0.18

tent with the predictions that took the tiny variations in
the baseline and number of protons into account. Fur-
thermore, no significant deviation in the spectral distri-
butions among the ADs in the same experimental hall
was found.

We extracted the oscillation parameters using the sur-
vival probability of three-flavor oscillation given by

P = 1� cos4✓13sin
22✓12sin

2�21

�sin22✓13
�
cos2✓12sin

2�31 + sin2✓12sin
2�32

�
(1)

where �ij = 1.267�m2
ijL/E with �m2

ij in eV2, L is
the baseline in meters between an AD and a reactor core
and E is the energy of the ⌫e in MeV. We used sin2✓12 =
0.307± 0.013 and �m2

21 = (7.53± 0.18)⇥ 10�5 eV2 [2].
Alternatively, for short baselines of a few kilometers, the
survival probability can be parametrized as

P = 1� cos4✓13sin
22✓12sin

2�21 � sin22✓13sin
2�ee.(2)

Here, the e↵ective mass-squared di↵erence �m2
ee is re-

lated to the wavelength of the oscillation observed at
Daya Bay, and is independent of the choice of neutrino
mass ordering as well as the value and uncertainty of the
mixing angle ✓12 [16].

We adopted fitting Method B reported in Ref. [16] to
extract the oscillation parameters. The fit minimized a
�2 function defined as [21]:

�2(✓13,�m2,⌫) = �2
stat(✓13,�m2,⌫) + �2

syst(⌫) (3)

where �2
stat is the standard statistical term that compares

all the measured background-subtracted prompt-energy
spectra with the predictions. For each period of opera-
tion, the spectrum of each AD was divided into 26 bins.
The predictions were derived from the calculated reactor
⌫e flux, survival probability, IBD cross section [23] and
detector response obtained with a detailed Geant4-based
simulation [24–26]. The term �2

syst(⌫) contains the de-
tector and background systematic uncertainties as pulls
of the nuisance parameters expressed as a vector ⌫.

Figure 1 shows the covariance contours in the �m2
ee-

sin22✓13 space. The best-fit point with �2/ndf = 559/517

yields sin22✓13 = 0.0851± 0.0024, and �m2
32 = (2.466±

0.060) ⇥ 10�3 eV2 for the normal mass hierarchy or
�m2

32 = �(2.571 ± 0.060) ⇥ 10�3 eV2 for the inverted
mass hierarchy. Using Eq. 2, we obtained sin22✓13 =
0.0852± 0.0024 and �m2

ee = (2.519± 0.060)⇥ 10�3 eV2

with the same reduced-�2 value. Results determined
with the other fitting methods described in Ref. [16] were
consistent to <0.2 standard deviations.
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FIG. 1. Error ellipses in the �m2
ee-sin

22✓13 space with
the best-fit point indicated. The error bars display the one-
dimensional one-standard deviation confidence intervals. The
colored contours correspond to one, two, and three standard
deviations. The ��2 distributions are also shown. These one-
dimensional distributions were obtained by determining the
smallest ��2 value after scanning through �m2

ee (sin22✓13 )
for a given sin22✓13 (�m2

ee ).

The best-fit prompt-energy distribution is in excellent
agreement with the observed spectra in each experimen-
tal hall, as shown in Fig. 2.
Figure 3 depicts the normalized signal rate of the three

halls as a function of Leff/hE⌫ei with the best-fit curve
superimposed, where Leff and hE⌫ei are the e↵ective
baseline and average ⌫e energy, respectively [16]. The
oscillation pattern related to ✓13 is unambiguous.

𝐬𝐢𝐧𝟐 𝟐𝜽𝟏𝟑 = 𝟎. 𝟎𝟖𝟓𝟐 ± 𝟎. 𝟎𝟎𝟐𝟒
𝜟𝒎𝒆𝒆

𝟐 = 𝟐. 𝟓𝟏𝟗 ± 𝟎. 𝟎𝟔𝟎 ×𝟏𝟎%𝟑 𝒆𝑽𝟐
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Neutrino oscillation has been firmly established by
multiple observations since its discovery in 1998 [1]. As
this phenomenon is not required by the Standard Model,
it o↵ers opportunities to search for new interactions
and physical principles. The three-neutrino paradigm
of neutrino oscillation can be parametrized by three
mixing angles, two mass-squared di↵erences, and a CP
phase [2]. This framework has been very successful in ex-
plaining most of the observations made with accelerator,
atmospheric, reactor and solar neutrinos. Our knowl-
edge of the smallest neutrino mixing angle ✓13 has been
steadily improving since the first definitive determina-
tion in 2012 [3]. Besides being the best-measured neu-
trino mixing angle at present, precise knowledge of ✓13
is important for testing the three-neutrino paradigm of
neutrino mixing and as an invaluable input to model-
building and to other experiments, most notably in re-
solving the neutrino mass hierarchy [4] and the search for
CP violation in neutrino oscillation [5, 6].

Nuclear reactors produce low-energy electron antineu-
trinos, ⌫es, that are ideal for determining ✓13 and the
mass-squared di↵erence �m2

32 through the study of ⌫e
disappearance. This is best accomplished by compar-
ing the energy spectra obtained with identically designed
detectors positioned at di↵erent distances from the reac-
tors. This relative approach cancels the uncertainties in
the absolute detection e�ciency that are correlated be-
tween detectors and heavily suppresses the e↵ect of the
uncertainty in the reactor ⌫̄e flux determination, thus en-
abling precision measurement of the oscillation parame-
ters. The ⌫es are detected via the inverse beta-decay re-

action (IBD), ⌫e+p ! e++n, with the kinetic-energy loss
and annihilation of the positron giving rise to a prompt-
energy (Ep) signal, and the subsequent neutron capture
to a delayed-energy (Ed) signal. The energy of the ⌫e,
E⌫ , central to measurements of neutrino oscillation, is
inferred from Ep with E⌫ ⇡ Ep + 0.78 MeV.

In this Letter we report a new measurement of sin22✓13
and �m2

32 using a final sample of 5.55⇥ 106 IBD candi-
dates with the final-state neutron captured on gadolin-
ium (n-Gd) acquired by the Daya Bay reactor neutrino
experiment in 3158 days of operation.

We utilized up to eight antineutrino detectors (ADs)
to detect ⌫es emitted from three pairs of 2.9-GWth re-
actors at the Daya Bay-Ling Ao nuclear power facility
in Shenzhen, China. The ADs were installed in three
underground experimental halls, EH1, EH2, and EH3,
having a flux-averaged baseline of about 500 m, 500 m,
and 1650 m from the reactors, respectively. To suppress
ambient radiation, the ADs were submerged in water
pools. Each pool was optically divided to function as
inner (IWS) and outer (OWS) water Cherenkov detec-
tors for detecting cosmic-ray muons. Four layers of Re-
sistive Plate Chambers (RPCs) covering the top of each
water pool provided another independent muon detec-
tor. IBD events were detected with 20 tonnes of liq-
uid scintillator doped with 0.1% gadolinium by weight
(GdLS) in each AD [7–9]. The GdLS was contained in
a 3-m-diameter acrylic cylinder enclosed inside a 4-m-
diameter acrylic cylinder filled with 22 tonnes of undoped
liquid scintillator (LS). Optical photons generated in the
scintillator were detected with 192 photomultiplier tubes
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Neutrino oscillation has been firmly established by
multiple observations since its discovery in 1998 [1]. As
this phenomenon is not required by the Standard Model,
it o↵ers opportunities to search for new interactions
and physical principles. The three-neutrino paradigm
of neutrino oscillation can be parametrized by three
mixing angles, two mass-squared di↵erences, and a CP
phase [2]. This framework has been very successful in ex-
plaining most of the observations made with accelerator,
atmospheric, reactor and solar neutrinos. Our knowl-
edge of the smallest neutrino mixing angle ✓13 has been
steadily improving since the first definitive determina-
tion in 2012 [3]. Besides being the best-measured neu-
trino mixing angle at present, precise knowledge of ✓13
is important for testing the three-neutrino paradigm of
neutrino mixing and as an invaluable input to model-
building and to other experiments, most notably in re-
solving the neutrino mass hierarchy [4] and the search for
CP violation in neutrino oscillation [5, 6].

Nuclear reactors produce low-energy electron antineu-
trinos, ⌫es, that are ideal for determining ✓13 and the
mass-squared di↵erence �m2

32 through the study of ⌫e
disappearance. This is best accomplished by compar-
ing the energy spectra obtained with identically designed
detectors positioned at di↵erent distances from the reac-
tors. This relative approach cancels the uncertainties in
the absolute detection e�ciency that are correlated be-
tween detectors and heavily suppresses the e↵ect of the
uncertainty in the reactor ⌫̄e flux determination, thus en-
abling precision measurement of the oscillation parame-
ters. The ⌫es are detected via the inverse beta-decay re-

action (IBD), ⌫e+p ! e++n, with the kinetic-energy loss
and annihilation of the positron giving rise to a prompt-
energy (Ep) signal, and the subsequent neutron capture
to a delayed-energy (Ed) signal. The energy of the ⌫e,
E⌫ , central to measurements of neutrino oscillation, is
inferred from Ep with E⌫ ⇡ Ep + 0.78 MeV.

In this Letter we report a new measurement of sin22✓13
and �m2

32 using a final sample of 5.55⇥ 106 IBD candi-
dates with the final-state neutron captured on gadolin-
ium (n-Gd) acquired by the Daya Bay reactor neutrino
experiment in 3158 days of operation.

We utilized up to eight antineutrino detectors (ADs)
to detect ⌫es emitted from three pairs of 2.9-GWth re-
actors at the Daya Bay-Ling Ao nuclear power facility
in Shenzhen, China. The ADs were installed in three
underground experimental halls, EH1, EH2, and EH3,
having a flux-averaged baseline of about 500 m, 500 m,
and 1650 m from the reactors, respectively. To suppress
ambient radiation, the ADs were submerged in water
pools. Each pool was optically divided to function as
inner (IWS) and outer (OWS) water Cherenkov detec-
tors for detecting cosmic-ray muons. Four layers of Re-
sistive Plate Chambers (RPCs) covering the top of each
water pool provided another independent muon detec-
tor. IBD events were detected with 20 tonnes of liq-
uid scintillator doped with 0.1% gadolinium by weight
(GdLS) in each AD [7–9]. The GdLS was contained in
a 3-m-diameter acrylic cylinder enclosed inside a 4-m-
diameter acrylic cylinder filled with 22 tonnes of undoped
liquid scintillator (LS). Optical photons generated in the
scintillator were detected with 192 photomultiplier tubes

v 𝜃13 measured to a precision of 2.8%,
currently the best known mixing angle

v Also the most precise 𝛥m2atm

Ø Kam-Biu will offer more details during his parallel talk this afternoon
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sin22θ13 from nH-IBD analysis

• Independent sin22θ13 measurement

• Challenging: much more low-energy backgrounds
Ø Signal to background ratio is about 1:1 at the far hall

• Rate-only analysis result: sin22θ13 = 0.071 ± 0.011

• Improved measurement is coming soon

621 days

PRD 93 072011 (2016)
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Reactor Neutrinos NOT Perfect: RAA and a “Bump”

http://irfu.cea.fr/Spp/Phocea/Vie_des_labos/Ast/ast_visu.php?id_ast=3045

Phys.Rev.Lett. 114, 012502 (2015)
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The “Bump”!

The Reactor Antineutrino Anomaly
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Sterile Neutrino Searches at Daya Bay
(and Combined with MINOS/MINOS+ & Bugey-3)
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Improved limits on sterile neutrino mixing Zhuojun Hu

1. Introduction

Despite the success of the three-flavor neutrino mixing framework, some experimental observa-
tions, such as excesses of electron (anti-)neutrino events observed by LSND [1] and MiniBooNE [2],
cannot be fully explained. One possible solution is mixing with a light sterile neutrino with mass-
squared di�erence �<2

41 ⇠ O(1) eV2. The Daya Bay and MINOS experiments reported limits on
light sterile neutrino mixing suggested by the LSND and MiniBooNE observations in 2016 [3]. An
improved joint search utilizing electron antineutrino disappearance at Daya Bay and Bugey-3 and
muon (anti)neutrino disappearance at MINOS/MINOS+ is described in this paper.

2. Joint search for a light sterile neutrino

The 3+1 model, with three active and one sterile neutrino, has been adopted in this analysis.
In this model, the electron (anti)neutrino appearance probability at the baseline of LSND and

MiniBooNE can be approximated by 4|*44 |
2
|*`4 |

2 sin2
⇣
�<2

41!
4⇢

⌘
, given |�<2

41 | � |�<2
32 |, where

the appearance amplitude 4|*44 |
2
|*`4 |

2 = sin2 2\14 sin2 \24 ⌘ sin2 2\`4. On the other hand, the
MINOS/MINOS+ and Daya Bay/Bugey-3 measurements constrain individual sin2 \24 and sin2 2\14,
respectively. Hence through combination, strong constraints can be placed on the appearance
amplitude sin2 2\`4.
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Figure 1: Left: The CLs contours from Daya Bay data (grey) and its combination with the reproduced
Bugey-3 (black), and the contour from Daya Bay data using the Feldman-Cousins method (blue). Right:
The MINOS and MINOS+ exclusion contours [4] with the CLs method (black) and the Feldman-Cousins
method (blue). In both panels, the regions to the right of the curves are excluded at the 90% C.L. (CLs). The
90% C.L. median sensitivity is shown in red along with the 1f and 2f bands.

Searches for light sterile neutrino mixing were performed at Daya Bay and MINOS/MINOS+
independently. The new search at Daya Bay advanced with ⇠ 2 times in exposure and reduction
in some key systematic uncertainties. The MINOS/MINOS+ experiment used additional exposure
of 5.80 ⇥ 1020 POT and applied new analysis strategy: simultaneously fitting near and far spectra.
Both experiments adopted two complementary methods, the Feldman-Cousins method and the CLs

method, to set exclusion limits on the light sterile neutrino mixing, as shown in Fig. 1. Daya Bay sets
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the world-leading limits on sin2 2\14 for 2⇥10�4 eV2 < |�<2
41 | < 0.2 eV2, while MINOS/MINOS+

places leading and stringent constraints on sin2 \24 for values of �<2
41 > 10�2 eV2. Moreover, the

Daya Bay and Bugey-3 combination allows one to set limits at higher �<2
41 region, and the resultant

CLs contour is presented in Fig. 1 on the left panel (black).
Following the same methodology as in the previous analysis [3], the disappearance measure-

ments from MINOS, MINOS+, Daya Bay and Bugey-3 are combined to set limits on sin2 \`4. The
99% C.L.(CLs) contour is shown in Fig. 2, in comparison with the appearance allowed regions.

5−10 4−10 3−10 2−10 1−10 1
2|4µU|2|e4U = 4|eµθ22sin

4−10

3−10

2−10

1−10

1

10

210

310

)2
 (e

V
412

m
Δ

99% C.L. Allowed
LSND
MiniBooNE (2018)
Dentler et al. (2018)
Gariazzo et al. (2019)

) ExcludedsCL99% C.L. (

MINOS, MINOS+, Daya Bay and Bugey-3

Figure 2: The combined limits at 99% C.L.(CLs) on sin2 2\`4 using the CLs method (red). The exclusion
contours are compared to the LSND and MiniBooNE allowed regions. Also shown are the allowed regions
from global fits by Gariazzo et al. [5] and Dentler et al. [6].

3. Conclusions

Through combination, the most stringent constraints to date are set on sin2 2\`4 over 5 orders
of magnitude in the sterile neutrino mass-squared di�erence �<2

41. LSND and MiniBooNE allowed
regions with �<2

41 < 1.2 eV2 are excluded at 99% C.L.(CLs), including allowed regions from two
fits to global data [5, 6]. Tension between the electron (anti)neutrino appearance indications and
the null results from disappearance channels is increased.
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1. Introduction

Despite the success of the three-flavor neutrino mixing framework, some experimental observa-
tions, such as excesses of electron (anti-)neutrino events observed by LSND [1] and MiniBooNE [2],
cannot be fully explained. One possible solution is mixing with a light sterile neutrino with mass-
squared di�erence �<2

41 ⇠ O(1) eV2. The Daya Bay and MINOS experiments reported limits on
light sterile neutrino mixing suggested by the LSND and MiniBooNE observations in 2016 [3]. An
improved joint search utilizing electron antineutrino disappearance at Daya Bay and Bugey-3 and
muon (anti)neutrino disappearance at MINOS/MINOS+ is described in this paper.

2. Joint search for a light sterile neutrino

The 3+1 model, with three active and one sterile neutrino, has been adopted in this analysis.
In this model, the electron (anti)neutrino appearance probability at the baseline of LSND and

MiniBooNE can be approximated by 4|*44 |
2
|*`4 |

2 sin2
⇣
�<2

41!
4⇢

⌘
, given |�<2

41 | � |�<2
32 |, where

the appearance amplitude 4|*44 |
2
|*`4 |

2 = sin2 2\14 sin2 \24 ⌘ sin2 2\`4. On the other hand, the
MINOS/MINOS+ and Daya Bay/Bugey-3 measurements constrain individual sin2 \24 and sin2 2\14,
respectively. Hence through combination, strong constraints can be placed on the appearance
amplitude sin2 2\`4.
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Figure 1: Left: The CLs contours from Daya Bay data (grey) and its combination with the reproduced
Bugey-3 (black), and the contour from Daya Bay data using the Feldman-Cousins method (blue). Right:
The MINOS and MINOS+ exclusion contours [4] with the CLs method (black) and the Feldman-Cousins
method (blue). In both panels, the regions to the right of the curves are excluded at the 90% C.L. (CLs). The
90% C.L. median sensitivity is shown in red along with the 1f and 2f bands.

Searches for light sterile neutrino mixing were performed at Daya Bay and MINOS/MINOS+
independently. The new search at Daya Bay advanced with ⇠ 2 times in exposure and reduction
in some key systematic uncertainties. The MINOS/MINOS+ experiment used additional exposure
of 5.80 ⇥ 1020 POT and applied new analysis strategy: simultaneously fitting near and far spectra.
Both experiments adopted two complementary methods, the Feldman-Cousins method and the CLs

method, to set exclusion limits on the light sterile neutrino mixing, as shown in Fig. 1. Daya Bay sets
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independently. The new search at Daya Bay advanced with ⇠ 2 times in exposure and reduction
in some key systematic uncertainties. The MINOS/MINOS+ experiment used additional exposure
of 5.80 ⇥ 1020 POT and applied new analysis strategy: simultaneously fitting near and far spectra.
Both experiments adopted two complementary methods, the Feldman-Cousins method and the CLs

method, to set exclusion limits on the light sterile neutrino mixing, as shown in Fig. 1. Daya Bay sets
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Appearance probability:

Where:

• Daya Bay has multiple
baselines

• Daya Bay and MINOS are
sensitive to ~0.1 eV2 but
different flavors

• Together, better sensitivity
to the LSND result

For details, see Daya Bay, PRL125 (2020) 7, 071801
PRL113 (2014) 141802, PRL117 (2016), PRL117 (2016) 15, 151801
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Measuring the Reactor Antineutrinos Spectrum

• For details, see PRL 123 (2019) 111801, PRL 116 (2016) 061801

1958 days
3.9 million IBD

• With 1958 days of data,
Daya Bay has confirmed
the discrepancy between
4-6 MeV (visible energy)
with a ~6σ significance

• This discrepancy, the
“Bump”, is not correlated
with burn-up, i.e. the
operation of reactors, or
the operations of the
Daya Bay detectors
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Fuel Evolution and Responsible Fuel Components

• See PRL 118 (2017) no.25, 251801 and CPC, 2017, 41(1) for details

CPC, 2017, 41(1) 

PRL 118 (2017) no.25, 251801
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The Lates Fuel Evolution Analysis
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efficiency, the AD-correlated uncertainty is improved from
1.7% to 0.75% [9], and the AD-uncorrelated uncertainty
is 0.11% [37]. The uncertainty of the number of target
protons is 0.92% and is AD-correlated [5]. The reactor
power measurement uncertainty is 0.5% and is assigned
to be reactor-uncorrelated and time-correlated [5]. The
uncertainty of the energy per fission is taken into account [44].
The fission fraction uncertainty for the each isotope and
reactor is 5%, but the uncertainties of the four isotopes
are further constrained with the normalization condition and
the correlation matrix [5] and are assigned to be reactor-
and time-correlated. The spent nuclear fuel uncertainty is
improved from 100% to 30% [40]. The nonequilibrium
effect uncertainty is 30% [5]. The ✓13-induced oscillation
uncertainty is also included [40]. The uncertainty of the
energy differential yield of �eg further includes all the
energy spectrum uncertainties from the background shape
and detector response [37], in which the uncertainties in the
absolute energy scale is reduced to be less than 0.5% for Erec

larger than 2 MeV.
The predicted total and energy differential yields of the ith

isotope, (�5, �9, �1, and �8) and (�e
5
, �e

9
, �e

1
, and �e

8
) are

obtained by convolving the product of model prediction and
IBD cross section [5] with the detector response matrix. The
total yield predictions is defined as

�Pred,g ⌘ F g
5
�5 + F g

8
�8 + F g

9
�9 + F g

1
�1, (3)

where �i are the yields per isotope. Likewise, using the energy
differential predictions, �e

i , we define the predicted energy
differential yields

�Pred,eg ⌘ F g
5
�e
5
+ F g

8
�e
8
+ F g

9
�e
9
+ F g

1
�e
1
. (4)

The evolution plots of �Pred,g and �Pred,eg with F g
9

are
shown in Fig. 1. The differences between the measured and
predicted total and energy differential yields are also plotted
as a function of F g

9
in Fig. 1.

The uncertainties of �Pred,g and �Pred,eg are from all
sources involved in the effective fission fraction calculation
as described in Eq. 1, 3 and 4. Model uncertainties are poorly
defined and not included unless explicitly stated otherwise.

The total yield evolution is compared to the predictions
with two characteristic variables, average yield �̄ and
normalized evolution slope (d�/dF9)/�̄. The average yield
of �̄ and slope of d�/dF9 are two direct observables in Fig. 1.
The evolution of the predicted yield can be described as a
linear function of F9 for the observed range of F9. In addition,
if the prediction in Eq. 3 is off by a normalization factor ⌘, for
example, induced by large-mass sterile neutrinos [8, 45, 46]
or by a global uncertainty, e.g. from the detection efficiency,
the prediction would be

�PredN,g = ⌘(F g
5
�5 + F g

8
�8 + F g

9
�9 + F g

1
�1). (5)

The comparison in the normalized evolution slope
(d�/dF9)/�̄ is free of any normalization issue.

The total yield measurements in the 13 fission groups are
fitted to the following linear function,

�Lin,g = �̄{1 + [(d�/dF9)/�̄](F
g
9
� F̄9)}, (6)

with the �2 function,

�2 =
X

gg0

(�g � �Lin,g)(V �1)gg
0
(�g0

� �Lin,g), (7)

to extract �̄ and (d�/dF9)/�̄, where V is a 13⇥13 covariance
matrix determined by randomly sampling all the related
uncertainty sources described above. The best-fit results are
�̄ = (5.89± 0.07)⇥ 10�43 cm2/fission and [(d�/dF9)/�̄] =
�0.300 ± 0.024 with the �2 over the number of degrees of
freedom, �2/NDF, of 9.6/11. The dominant uncertainty of
�̄ is from the IBD detection efficiency and number of target
protons. The dominant uncertainty of (d�/dF9)/�̄ is from
statistics. The uncertainties from the effective fission fraction
calculation are not significant for them. The best-fit line is
shown in Fig. 1, and the results and 68% confidence level
contour are shown in Fig. 2.
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HM 68% C.L. (EFF)

HM 68% C.L. (EFF+Model)

SM2018 68% C.L. (EFF)

FIG. 2. The measured �̄ and (d�/dF9)/�̄ and their 68% confidence
level (C.L.) contour is shown. The predictions of the HM and
SM2018 models are shown with their 68% C.L. contours with
effective fission fraction (EFF) uncertainty. The HM model 68%
C.L. contour including its model uncertainties [6, 7] is also shown.

For predictions, �̄ and (d�/dF9)/�̄ can be directly
calculated for a set of known fission fractions at Daya Bay.
A joint distribution of �̄ and (d�/dF9)/�̄ is obtained by
randomly sampling the effective fission fractions according to
their covariance matrix. The mean values and uncertainties
of �̄Pred and [(d�/dF9)/�̄]Pred are obtained with the
distribution. The results for the HM are �̄HM = (6.18±0.04)⇥
10�43 cm2/fission and [(d�/dF9)/�̄]HM = �0.387 ± 0.016
((6.18 ± 0.16) ⇥ 10�43 cm2/fission and �0.387 ± 0.018 if
including the model uncertainties [6, 7]). The HM prediction
in �̄ and (d�/dF9)/�̄ are rejected at 3.6 and 3.0 standard
deviations. For SM2018, the results are consistent with the
Daya Bay measurements. These results are shown in Fig. 2
and the best-determined lines are plotted in Fig. 1.

The energy differential yield evolution is compared to
models with the average yields and normalized evolution

• An improved analysis on fuel evolution by the Daya Bay Collaboration just released,
see arXiv:2210.01068

Analysis Improvements besides more statistics (1230 days à 1958 days)
• SM2018: a new summation method by M. Estienne et al., PRL123, 022502 (2019)
• Better correlated and uncorrelated detector uncertainties
• Improved reactor related uncertainties
• Checking two characteristic variables: average neutrino yields and their evolution slope

wrt. F9, the 239Pu fraction bred within the reactor
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their evolution with reactor status with improved systematic
uncertainties. Compared to the unfolded spectra of 235U and
239Pu [37], the measurements in this work do not introduce
extra uncertainties from the unfolding method and the
theoretical uncertainty of 238U and 241Pu which allows a
more powerful examination of the combined reactor flux and
spectrum prediction of the HM and SM2018 models.

The Daya Bay experiment, equipped with eight
antineutrino detectors (ADs), measures the electron
antineutrinos from six commercial reactors [41–43]. The
results in this Letter are based on approximately 3.5 million
IBD candidates detected with the four near-site ADs.

The IBD process, ⌫̄e + p ! e+ + n, is identified
by the prompt-delayed coincidence. The delayed signal
corresponds to the neutron captured on gadolinium. The
prompt energy, Ep, including the kinetic energy of positron
and its annihilation gammas, is related to the antineutrino
energy E⌫ ⇡ Ep + 0.78 MeV. The true Ep deposit is
reconstructed as Erec. The reconstructed energy resolution
is about 8% at 1 MeV and a detector response matrix
M(Erec, E⌫) is constructed taking into account all detector
effects [40]. The measured energy spectrum is corrected
for the spent-nuclear-fuel contribution and the nonequilibrium
contribution [36, 37] for each AD and week, instead of being
treated as time independent in the previous analysis [36].

To measure the IBD yield, a quantity Ndw
i is calculated for

the dth AD and wth week, and i is 5, 8, 9, and 1 for 235U,
238U, 239Pu, and 241Pu, respectively [5]. It describes the
number of fissions of an isotope detected by an AD, and the
definition is

Ndw
i =

6 reactorsX

r=1

NProton

d P̄ sur

drw"

4⇡L2

dr

WrwTdwP
i firwei

firw, (1)

where NProton

d is the number of target protons of the dth AD,
P̄ sur

dwr is the average survival probability of reactor electron
antineutrinos integrated over energy from the rth reactor to
the dth AD calculated under 3-active-neutrino framework
in the wth week, " is the detection efficiency, Ldr is the
distance of the AD-reactor pair, Wrw is the thermal power
of the rth reactor for the wth week, which is provided by the
reactor company, Tdw is the running time of that AD in that
week, firw is the fission fraction of the ith isotope in the rth

reactor and wth week, and ei is the energy per fission of the
isotope [44]. The effective fission fraction for the ith isotope,
Fi (F5, F8, F9, and F1), for that AD and week, F dw

i , is
defined by F dw

i ⌘ Ndw
i /Ndw, in which Ndw =

P
4

i=1
Ndw

i .
Data are sorted into 13 groups according to their effective

239Pu fission fraction F dw
9

, which represents the burnup
status of reactors and is analogous to the use of F dw

5
[36].

In this data set, F9 ranges from approximately 0.22 to 0.36,
and F5, correspondingly, ranges from 0.66 to 0.49. The
first group corresponds to F9 between 0.22 and 0.24, due
to low statistics, with the additional 12 groups each having
a 0.01 interval in F9 from 0.24 to 0.36. The effective
fission fraction of the gth group, F g

i , is calculated as F g
i =

P
d,w2g N

dw
i /

P
d,w2g N

dw, where the information in each
AD and week are added together if their F dw

9
’s belong the

gth group. The effective fission fractions averaged over all
detectors and time (F̄5, F̄8, F̄9, and F̄1) are (0.564, 0.076,
0.304, and 0.056).

The energy differential IBD yield is measured for six
reconstructed energy regions: 0.7-2, 2-3, 3-4, 4-5, 5-6, and
6-8 MeV and the energy differential yield, �eg , for the eth

energy region and the gth fission group is calculated as [5, 36]

�eg =

Z

e

X

d,w2g

Sdw(Erec)dErec/
X

d,w2g

Ndwe, (2)

where the integral is over the energy region, Sdw(Erec) is the
measured energy spectrum of the dth AD in the wth week,
the divisor gives the total number of fissions for the energy
region, and the calculation of Ndwe is the same Ndw, except
that the neutrino survival probability in Eq. 1 is calculated for
the eth Erec region only. The sum over e is the total yield,
�g =

P
e �

eg , of that group. The evolution of total and energy
differential yield with F g

9
are plotted in Fig. 1.
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FIG. 1. The panels a.1 and b.1 show the total IBD yields in [0.7,
8] MeV and energy differential yield in six reconstructed energy
regions as a function of the effective fission fraction of 239Pu,
F9, respectively. The best-fit and best-determined lines for the
measurements and predictions of the evolution of the total yield are
shown in a.1, respectively. The difference between the measurement
and the HM and SM2018 predictions for the total yield (a.2 and a.3)
and energy differential yields (b.2 and b.3) are also shown. The error
bars represent the statistical uncertainties. The units of all panels are
10�43 cm2/fission.

The uncertainties in �g have statistical, background and
the following systematic components. For the IBD detection
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Decomposing Reactor Antineutrino Components

• For details of the isotope decomposition analysis, see PRL 123 (2019) no.11, 111801 

235U: a 4σ effect; 239Pu: a 1.2σ effect

• The very first measurement of

the 235U and 239Pu spectra at 

commercial reactors 

• An excess, data over

prediction, around 4-6 MeV  

for 235U is more pronounced

but the 239Pu one is consistent

with null bump
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Combined Flux Analysis of Daya Bay and PROSPECT
6
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FIG. 5. (Top) 235U and 239Pu antineutrino spectra unfolded from
the jointly deconvolved Daya Bay and PROSPECT measurements.
(Bottom) Ratio of the measurements to their respective models,
which are corrected by the smearing matrices Ac in both panels.

ing process and maximize the signal-to-noise ratio in the
effective frequency domain, allowing any model prediction
to be smeared appropriately based on the regularization
introduced by the unfolding. The unfolded joint spectra are
presented in Fig. 5 along with the Huber-Mueller prediction
which has been smeared using Ac. The absolute rate deficit
of data relative to the Huber-Mueller model is observed
both in the full energy spectra and in the ratios in Fig. 5.
The smearing matrices, unfolded spectra, and covariance
matrices are included in the Supplemental Material. Examples
demonstrating how to apply this smearing matrix and compare
to a model are also given in the Supplemental Material and
Ref. [49].

In summary, the measured prompt IBD energy spectra
of 235U by Daya Bay and PROSPECT are consistent. A
combined analysis between the two experiments is done
and the results for 239Pu see no significant change, but
uncertainties in the jointly determined spectral shape of
the 235U prompt energy spectrum are reduced to 3%.
Additionally the degeneracy between 235U and 239Pu spectra
is reduced by ⇠20%. This first combination of measurements
from LEU and HEU reactors provides a more precise ⌫̄e
energy spectrum for other reactor ⌫̄e measurements and
other applications [36–38, 68]. The combined result can be
further improved with increased statistics from Daya Bay,
STEREO [54, 69], the next generation of the PROSPECT
experiment, and other complementary joint analyses [70].
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FIG. 3. (Top) The extracted 235U and 239Pu spectra in Daya
Bay’s prompt energy from the combined analysis of the Daya Bay
and PROSPECT data. The corresponding scaled Huber model
predictions are overlaid. The error bars in the data points are the
square root of the diagonal elements of the covariance matrix for the
spectral shape, with no absolute rate uncertainty. (Bottom) The ratio
of the combined analysis results to the shape predictions from the
scaled Huber-Mueller model.

rather than the ⌫̄e energy spectra. In the joint fit, �02
DYB is

the same as described in Ref. [50], while �2

PRO is constructed
similar to Eq. (3) by mapping the predicted 235U prompt
energy spectrum S

fit in Daya Bay to the predicted prompt
energy spectrum in PROSPECT. Importantly, inclusion of the
unconstrained rate parameter ⌘rate introduces the shape-only
constraint from PROSPECT into the Daya Bay deconvolution
without biasing any absolute rate information. For this shape-
only analysis, the Daya Bay rate uncertainty is not included in
uncertainties. Daya Bay rate uncertainties are included in the
latter part to extract the generic antineutrino energy spectra.

The extracted 235U and 239Pu spectral shapes of the
combined fit are shown in Fig. 3, and their difference from
the previous result from Daya Bay [50] is shown in Fig. 4.
The two results are consistent. With the additional constraints
from PROSPECT data, the relative uncertainty of the spectral
shape for 235U is improved from 3.5% to 3% around 3 MeV.
The improvement in other energy regions is similar as shown
in the middle panel of Fig. 4. The relative uncertainties of the
spectral shape for 239Pu have no significant change. However,
the anticorrelation of the prompt energy spectra between 235U
and 239Pu decreases by ⇠20% as shown in Fig. 4. With less
degeneracy, the extracted 235U and 239Pu spectra change at
the 2% level compared with the results from Daya Bay alone,
which is within the original 1� uncertainties.

The extracted 235U and 239Pu spectral shapes are compared
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FIG. 4. (Top) The ratio of the combined analysis results to the
Daya Bay only results [50]. (Middle) The difference of the relative
uncertainties between the combined analysis results and the Daya
Bay only results [50]. The inset shows the zoomed plot of the relative
uncertainty differences. (Bottom) The correlation coefficients of the
extracted prompt energy spectra between 235U and 239Pu.

with the scaled Huber-Mueller model predictions as shown in
Fig. 3. In the 4–6 MeV energy window, a 6% (10%) excess of
events is observed for the 235U (239Pu) spectrum compared
with the prediction. With Daya Bay data only, the local
discrepancy between the extracted 235U (239Pu) spectrum and
its corresponding predicted spectrum in 2 MeV wide sliding
energy windows is below 4.0� (1.2�) in Ref. [50]. With the
combined measurement of Daya Bay and PROSPECT, the
significance of the local deviation from the Huber-Mueller
235U model increases by 0.2�–0.5� at all energies, and the
maximum local discrepancy increases to 4.2� around the
5 MeV prompt energy region. No significant change on the
local deviation is observed for the 239Pu spectrum.

Finally, 235U and 239Pu spectra expressed in antineutrino
energy are obtained by unfolding the combined prompt
energy spectra S

Com
p

from the two experiments (shown in
Fig. 3) using the Wiener-SVD unfolding technique [55], with
analysis details similar to that in Ref. [49]. For this portion
of the analysis, the Daya Bay rate uncertainties are included.
Given the detector response matrix of Daya Bay R

DYB and
the covariance matrix Cov

Com, the Wiener-SVD method
derives:

Ŝ⌫̄e = AC ·
�
R̃

T
R̃
��1 · R̃T ·Q · SCom

p
, (4)

where R̃ = Q·RDYB is the pre-normalized detector response
matrix through the Cholesky decomposition (Cov

Com)�1 =
Q

T
Q. Ac is the smearing matrix obtained from the Wiener-

SVD procedure to suppress noise fluctuations during unfold-

•Daya Bay + PROSPECT Collaborations, see PRL 128 (2022) 8, 081801

Ø First ever results: A HEU reactor + LEU reactors (commercial PWR reactors)
Ø 235U flux improved to 3%; Degeneracy between U and Pu contributions reduced
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FIG. 4. (a) Reactor antineutrino energy spectrum above 7 MeV and
its comparison with the prediction from SM2018. The IBD cross
section [27] has been removed. The fission fractions of 235U, 238U,
239Pu, and 241Pu are 0.564, 0.076, 0.304, and 0.056 respectively.
The central values have larger deviation from SM2018 compared
with Fig. 3 due to the amplified statistical fluctuations with bin-to-
bin anticorrelation in the unfolding process [45]. (b) A enlarged plot
of (a) above 8.5 MeV with a logarithmic vertical scale. (c) Ratio of
the unfolded antineutrino energy spectrum over the prediction from
SM2018.
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FIG. 3. (a) Measured prompt energy spectrum compared with
the prediction from the SM2018 model. The components from
different isotopes (235U, 238U, 239Pu, and 241Pu) are shown for
fission fractions (0.564, 0.076, 0.304, and 0.056 respectively). (b)
A enlarged plot of (a) above 8 MeV with logarithmic vertical scales.
(c) Ratio of the measurement over the prediction from SM2018 and
the extrapolated Huber-Mueller (HM) model. The HM model is
not valid above 8 MeV as described in the text. The error bars
in the data points are the square root of the diagonal elements of
the covariance matrix, including both the statistical uncertainty and
systematic uncertainty. The result above 11 MeV is not shown due
to the larger than 100% uncertainty.

of high-energy antineutrinos. In this case, overprediction
of high-energy antineutrinos would be accompanied by
underprediction of beta-delayed neutron release by these
isotopes [46–48].

The measured high-energy IBD yields were also compared
to predictions derived from the Huber-Mueller beta conver-
sion model [15, 16]. A polynomial extrapolation was used to
obtain the predictions for E⌫ >8 MeV [16]. The extrapolated
result is larger than the measurement by 30% or more for
Ep>7.5 MeV, and gives worse agreement with data than the
SM2018 model. For this reason, we recommend not using
this extrapolation in future high-energy reactor antineutrino
studies.

A data-based reactor antineutrino energy spectrum is
determined with an unfolding technique, similar to the earlier
analysis in the low-energy region [45]. We constructed a fitter
by removing the detector response based on

�2 = (P �M)Cov�1(P �M)T . (5)

Here the M and Cov are the measured prompt energy
spectrum per fission above 6 MeV and its covariance matrix,
respectively. The prediction of the prompt energy spectrum

per fission (P ) is calculated by: P = RSfit, where R
is the detector response matrix at Daya Bay, which maps
the predicted antineutrino energy spectrum (Sfit) to prompt
energy. Here Sfit

i = Sinit
i ⇥ ⌘i, with free parameter ⌘i

on the initial values (Sinit
i ) in ith energy bin. The starting

point of the antineutrino energy spectrum in the unfolding is
set at 6 MeV to ensure that resolution-induced feedup of 6-
7 MeV antineutrinos into the high-energy region is properly
accounted for.

The unfolded antineutrino energy spectrum is shown in
Fig. 4. In the unfolding process, the postfit prediction (P )
is the same as the measurement (M ), with the best-fit �2

value equal to 0. Mathematically, this method is equivalent
to the matrix inversion method, but this procedure has the
advantage of enabling a variety of statistical tests. While this
method could suffer from amplified statistical fluctuations and
big bin-to-bin anticorrelation in the unfolding process [45],
these problems are mitigated by the large bin widths used
in this analysis. Assuming no reactor antineutrinos above
specific energies (10, 10.5, or 11 MeV) in Sfit, the best-fit
�2 values (38.3, 1.6, and 0.03, respectively) are obtained.
Therefore, the significance of our result in rejecting the
hypothesis of no reactor antineutrinos above 10 MeV is
6.2�. Above 10.5 MeV, the ability to reject the background-
only hypothesis is marginal. The prompt energy spectrum,
unfolded antineutrino energy spectrum and their covariance
matrices are included in Supplemental Material.

In summary, the Daya Bay experiment has determined
the prompt IBD energy spectrum up to 11 MeV. A 29%
difference in IBD rate in the prompt energy region of 8-
11 MeV is found compared with a recent summation model.
An antineutrino energy spectrum is then obtained from these
data using an unfolding procedure that removes the detector
response effects. The hypothesis of no reactor antineutrinos
with energy above 10 MeV is rejected with a significance of
6.2�. For the first time, this work extends the energy region of
reactor antineutrinos above 10 MeV by direct measurement.
The combination of very high statistics and low cosmogenic
backgrounds of Daya Bay suggests that the precision of this
measurement is unlikely to be surpassed in the foreseeable
future.

We thank Magali Estienne and Muriel Fallot for their
generosity to extend their summation model in Ref. [20] above
10 MeV and their helpful discussions.
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the China General Nuclear Power Group, the Research Grants
Council of the Hong Kong Special Administrative Region
of China, the Ministry of Education in Taiwan, the U.S.
National Science Foundation, the Ministry of Education,
Youth, and Sports of the Czech Republic, the Charles
University Research Centre UNCE, the Joint Institute of

• Daya Bay discovers reactor neutrinos above 10MeV with a 6.2σ significance
for the first time

• A deficit of 29% in the high-E region (8-11MeV) is observed compared with
the SM2018 ab-initio prediction

• The first direct observation of antineutrinos from several high-Qβ isotopes in 
commercial reactors

• For details, see PRL 129 (2022) 4, 041801
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Future Reactor Neutrino: JUNO for Neutrino Mass Ordering
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Jiangmen Underground Neutrino Observatory

Yangjiang Nuclear Power Plant

Taishan Nuclear Power Plant
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• Taishan Antineutrino Observatory (TAO), a ton-level, high energy 
resolution LS detector, at 30-35 m from a 4.6 GWth core, a satellite 
exp. of JUNO

u TAO will be used to measure reactor 
neutrino spectrum 

u Full coverage of SiPM with PDE > 50% 
Operate at -50 ℃ (lower SiPM dark 
noise)
Ø 4500 p.e./MeV à 1.5% 𝐸(𝑀𝑒𝑉)

u Taishan Nuclear Power Plant
2000 IBD/day (4000) 

• 2.6 ton Gd_LS | acrylic vessel | SiPM and Cu shell| Cryogenic 
vessel| water or HDPE

34

JUNO-TAO: A Satellite Experiment of JUNO
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Summary and Conclusion
• Reactor neutrino has played irreplaceable roles in neutrino studies

• Daya Bay has made the most precise measurement of sin22θ13, which makes 

– mass ordering resolution possible using reactor antineutrinos; CP phase 
measurement possible

• Daya Bay has made precise measurements of reactor antineutrino flux, its spectrum 
and contributions of the 2 major fission isotopes

– Confirms Reactor Antineutrino Anomaly and the spectrum discrepancy

– Both direct search (combined) and fuel evolution analysis disfavor sterile neutrino
assumptions

– Provide the best flux measurements of commercial reactors for future reactor
neutrino experiments such as JUNO

– “Repaying” the nuclear energy community: a different perspective for nuclear
data studies relevant to reactor physics

• Daya Bay data will be open to the scientific community: proposals welcome!
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The Latest Daya Bay Reactor Neutrino Data Set

• Largest Reactor Neutrino Data Ever:

• Summary of the Daya Bay data sample: 

- More than 5.5 million IBDs (~0.7 million at far site)

5

TABLE I. Summary of IBD signal and background. Rates are corrected for the muon veto and multiplicity selection e�ciencies
"µ ⇥ "m. The sum of the fast neutron and muon-x background rates is reported as “Fast n + muon-x”. The AD numbering
scheme reflects the time order of AD fabrication and deployment.

EH1 EH2 EH3
AD1 AD2 AD3 AD8 AD4 AD5 AD6 AD7

⌫e candidates 794335 1442475 1328301 1216593 194949 195369 193334 180762
DAQ live time [days] 1535.111 2686.110 2689.880 2502.816 2689.156 2689.156 2689.156 2501.531

"µ ⇥ "m 0.7743 0.7716 0.8127 0.8105 0.9513 0.9514 0.9512 0.9513
Accidentals [day�1] 7.11± 0.01 6.76± 0.01 5.00± 0.00 4.85± 0.01 0.80± 0.00 0.77± 0.00 0.79± 0.00 0.66± 0.00

Fast n + muon-x [day�1] 0.83± 0.17 0.96± 0.19 0.56± 0.11 0.56± 0.11 0.05± 0.01 0.05± 0.01 0.05± 0.01 0.05± 0.01
9Li/8He [AD�1 day�1] 2.92± 0.78 2.45± 0.57 0.26± 0.04

241Am-13C [day�1] 0.16± 0.07 0.13± 0.06 0.12± 0.05 0.11± 0.05 0.04± 0.02 0.04± 0.02 0.04± 0.02 0.03± 0.01
13C(↵, n)16O [day�1] 0.08± 0.04 0.06± 0.03 0.04± 0.02 0.06± 0.03 0.04± 0.02 0.04± 0.02 0.03± 0.02 0.04± 0.02

⌫e rate [day�1] 657.16± 1.10 685.13± 1.00 599.47± 0.78 591.71± 0.79 75.02± 0.18 75.21± 0.18 74.41± 0.18 74.93± 0.18

tent with the predictions that took the tiny variations in
the baseline and number of protons into account. Fur-
thermore, no significant deviation in the spectral distri-
butions among the ADs in the same experimental hall
was found.

We extracted the oscillation parameters using the sur-
vival probability of three-flavor oscillation given by

P = 1� cos4✓13sin
22✓12sin

2�21

�sin22✓13
�
cos2✓12sin

2�31 + sin2✓12sin
2�32

�
(1)

where �ij = 1.267�m2
ijL/E with �m2

ij in eV2, L is
the baseline in meters between an AD and a reactor core
and E is the energy of the ⌫e in MeV. We used sin2✓12 =
0.307± 0.013 and �m2

21 = (7.53± 0.18)⇥ 10�5 eV2 [2].
Alternatively, for short baselines of a few kilometers, the
survival probability can be parametrized as

P = 1� cos4✓13sin
22✓12sin

2�21 � sin22✓13sin
2�ee.(2)

Here, the e↵ective mass-squared di↵erence �m2
ee is re-

lated to the wavelength of the oscillation observed at
Daya Bay, and is independent of the choice of neutrino
mass ordering as well as the value and uncertainty of the
mixing angle ✓12 [16].

We adopted fitting Method B reported in Ref. [16] to
extract the oscillation parameters. The fit minimized a
�2 function defined as [21]:

�2(✓13,�m2,⌫) = �2
stat(✓13,�m2,⌫) + �2

syst(⌫) (3)

where �2
stat is the standard statistical term that compares

all the measured background-subtracted prompt-energy
spectra with the predictions. For each period of opera-
tion, the spectrum of each AD was divided into 26 bins.
The predictions were derived from the calculated reactor
⌫e flux, survival probability, IBD cross section [23] and
detector response obtained with a detailed Geant4-based
simulation [24–26]. The term �2

syst(⌫) contains the de-
tector and background systematic uncertainties as pulls
of the nuisance parameters expressed as a vector ⌫.

Figure 1 shows the covariance contours in the �m2
ee-

sin22✓13 space. The best-fit point with �2/ndf = 559/517

yields sin22✓13 = 0.0851± 0.0024, and �m2
32 = (2.466±

0.060) ⇥ 10�3 eV2 for the normal mass hierarchy or
�m2

32 = �(2.571 ± 0.060) ⇥ 10�3 eV2 for the inverted
mass hierarchy. Using Eq. 2, we obtained sin22✓13 =
0.0852± 0.0024 and �m2

ee = (2.519± 0.060)⇥ 10�3 eV2

with the same reduced-�2 value. Results determined
with the other fitting methods described in Ref. [16] were
consistent to <0.2 standard deviations.
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FIG. 1. Error ellipses in the �m2
ee-sin

22✓13 space with
the best-fit point indicated. The error bars display the one-
dimensional one-standard deviation confidence intervals. The
colored contours correspond to one, two, and three standard
deviations. The ��2 distributions are also shown. These one-
dimensional distributions were obtained by determining the
smallest ��2 value after scanning through �m2

ee (sin22✓13 )
for a given sin22✓13 (�m2

ee ).

The best-fit prompt-energy distribution is in excellent
agreement with the observed spectra in each experimen-
tal hall, as shown in Fig. 2.
Figure 3 depicts the normalized signal rate of the three

halls as a function of Leff/hE⌫ei with the best-fit curve
superimposed, where Leff and hE⌫ei are the e↵ective
baseline and average ⌫e energy, respectively [16]. The
oscillation pattern related to ✓13 is unambiguous.
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Daya Bay Oscillation Results and Global Comparison
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Fission Fraction Evolution
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• Unique multi-baseline opportunity

Sterile Neutrino Search Advantages of Daya Bay
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e- / μ-Flavor “Senses” Mass Ordering Differently

Minakata and Parke et al PRD74(2006), 053008

A fair question to ask: Why care Δ𝑚!!
" from reactor experiments?

Impractical: Need 1% accuracy!

Also See: Zhang&Ma, arXiv:1310.4443/
Mod. Phys. Lett. A29 (2014) 1450096



HEP2023, Valparaiso, Chile, Jan 2023Wei Wang/王為 of SYSU 44

Global Efforts Resolving 𝛎 Mass Hierarchy

Source / 
Principle Matter Effect

Interference of 
Solar&Atm 
Osc. Terms

Collective 
Oscillation

Constraining 
Total Mass or 
Effective Mass

Atmospheric 𝛎
Super-K, Hyper-K, 
IceCube PINGU, 

ICAL/INO, ORCA, 
DUNE

Atm 𝛎µ + JUNO

Beam 𝛎µ T2K, NO𝛎A, 
T2HKK, DUNE Beam 𝛎µ + JUNO

Reactor 𝛎e JUNO, 
JUNO+Beam 𝛎µ

Supernova 
Burst 𝛎

Super-K, Hyper-K, 
IceCube PINGU, 

ORCA, DUNE, JUNO

Interplay of 
Measurements

Cosmo. Data, 
KATRIN, Proj-8, 

0νββ
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Known θ13 Enables Neutrino Mass Hierarchy at Reactors
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Petcov&Piai, Phys. Lett. B533 (2002) 94-106

L~20km ✓Mass hierarchy reflected 
in the spectrum

✓Independent of the 
unknown CP phase

∝ sin22θ13


