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• Daya Bay Experiment
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• Precise measurement of 𝜽𝟏𝟑 and |𝚫𝐦𝐞𝐞
𝟐 |

• Hydrogen capture
• Sterile neutrino
• Measured spectrum and rate
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Neutrino Oscillation
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• Around 2010, 𝜽𝟐𝟑 and 𝜽𝟏𝟐 were determined as
𝐬𝐢𝐧𝟐𝟐𝜽𝟏𝟐 = 𝟎. 𝟖𝟕 ± 𝟎. 𝟎𝟑

𝐬𝐢𝐧𝟐𝟐𝜽𝟐𝟑 > 𝟎. 𝟗𝟐
• However, 𝐬𝐢𝐧𝟐𝟐𝜽𝟏𝟑 was constrained to be

𝐬𝐢𝐧𝟐 𝟐𝜽𝟏𝟑 < 𝟎. 𝟏𝟓
• Daya Bay was designed to measure 𝐬𝐢𝐧𝟐𝟐𝜽𝟏𝟑

with sensitivity of 0.01



Design of Daya Bay

• Relative Measurement 
• Near and far detectors: 

minimize reactor related uncertainties
• Identical modules:

minimize detector related uncertainties
• Low Backgrounds

• Large overburden at far site(860 m.w.e.)
• Large statistics

• Large target mass: 8x20-ton detectors
• Large neutrino flux: 6x2.9 GWth reactors
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Distance of the Detectors
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Daya Bay Experiment

Daya Bay Experiment
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Detection Method
• Inverse beta decay (IBD) reaction

• Prompt signal:
EKLMNKO ≈ EPQR − 0.8	MeV

Obtain neutrino spectrum information
• Delayed signal comes from neutron 

capture on both Gd and H: 
Independent check on the measured parameters

𝒏 + 	𝒙𝐆𝐝 → 	𝒙^𝟏𝐆𝐝 + 𝜸`𝒔 ~30	μs      8MeV
𝒏 + 𝐇 → 𝐃+ 𝜸 ~200 μs   2.2MeV

𝝂Q𝒆 + 𝒑 → 𝒆^ + 𝒏
Prompt signal

Delayed Signal
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Antineutrino Detector (AD)

3.1 m

4 m

5 m

Size Zone Liquid Function
3m 

20 ton
Inner 

Acrylic
Gd-LS Anti-neutrino 

target
4m

22 ton
Outer 
Acrylic

LS Gamma 
catcher

5m
37 ton

Stainless 
Steel

MO Radiation 
Shield

l 3-zone structure

LS  = Liquid Scintillator, MO= Mineral Oil

l 192 PMT
l Top and bottom reflectors
l 3 Automatic Calibration 

Units (ACUs) sit on top

Automatic Calibration Units

arXiv:1508.03943
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Muon Veto System

l Water Cerenkov Detectors
− 2.5 m of water from any 

direction
− Two optically-isolated 

detectors at each hall
− Tags cosmic muons
− Shields against low energy 

radiation from surrounding 
material

l Resistive plate chambers 
(RPCs)
− Covers water pool for further 

muon tagging
Nucl. Instrum. Meth. A 773, 8 (2015) 



Far Hall (EH3)

Automatic Calibration Units (ACUs)

Antineutrino Detector(AD)

Water Cerenkov Detector

RPC
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Installation of ADs

6-AD 8-AD Data Taking
20132012 2014 2015

EH2

Experimental Hall 1 
(EH1) EH3 EH3

EH2

AD = 
Antineutrino
Detector

6 AD : Oscillation results and 
sterile neutrino search 
published
This talk will present the 
results from both the 6 and 
6+8 AD period.

Data processed
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Calibrataion

The uncertainty of relative energy scale is < 0.2%

• PMT Gain:
• Weekly deployment of LED from 

ACU
• Single photoelectron from dark 

noise (every ~6 hours)
• Energy scale & Non-

uniformity
• 60Co from ACU
• Spallation neutrons captured by 

Gd
• Relative energy scale:

• ACU: 60Co, 68Ge, AmC
• Spallation: nGd, nH
• Gamma: 40K, 208Tl
• Alpha: 212Po, 214Po, 215Po

Reconstructed Energy [MeV]
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Energy Nonlinearity

l Sources of energy 
non-linearity
− Scintillator response
− Readout electronics

l Constrained by
− Radioactive calibration sources
− Spectra from physics runs, e.g., 

40K and nH capture
− Continuous spectrum from 

muon-induced 12B
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Antineutrino Selection

Select IBD Events if
𝟎. 𝟕	𝐌𝐞𝐕 < 𝑬𝒑𝒓𝒐𝒎𝒑𝒕 < 𝟏𝟐. 𝟎	𝐌𝐞𝐕
𝟔. 𝟎	𝐌𝐞𝐕 < 𝑬𝒅𝒆𝒍𝒂𝒚𝒆𝒅 < 𝟏𝟐.𝟎	𝐌𝐞𝐕
𝟏	𝛍𝐬 < 𝒕𝒑𝒓𝒐𝒎𝒑𝒕8𝒅𝒆𝒍𝒂𝒚𝒆𝒅 < 𝟐𝟎𝟎	𝛍𝐬

Reject
− Muons tagged by either water Cerenkov 

detectors or AD
− Flashers: spontaneous PMT light emission
− Events with more than one coincidence 

(multiplicity cut)

Delayed energy (MeV)

Coincidence Events

nGd Capture

nH
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Event Rates

l Event rates closely follow reactor power
l Rates at EH3 are clearly lower than no oscillation prediction

No-oscillation
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Energy Spectrum

l Background rates at 
about 2% (3%) at near 
(far) halls

l Rate + Shape analysis is 
used

EH1

EH2EH3
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Backgrounds – Pairs Other than IBD

Backgrounds
Rates Mimic process

Near Far prompt delayed

Accidentals 1.2% 2.0% Accidental two triggers

Cosmic 
muons

9Li/8He 0.4% 0.4% β-decay

Neutron 
Capture

fast 
neutron 0.1% 0.07% Neutron scatters in 

target
Calibration 

source AmC 0.04% 0.1% Neutron inelastic 
scattering

Intrinsic 
radiation

13C(α,n)16O 0.01% 0.07% Neutron scatters/
16O* de-excitation
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Extracting 𝐬𝐢𝐧𝟐𝟐𝜽𝟏𝟑 and |𝚫𝐦𝐞𝐞
𝟐 |

l Cross-checked between several fitters with 
different methods including
− Full pull terms: each systematic term is 

constrained by a pull term in the 𝜒1

− Full covariance matrix: The correlation between 
each energy bin is calculated through MC 
simulation

− Pull terms + covariance matrix
l Data from 6AD and 8AD periods are 

carefully combined
l Consistent results



19

Results - Spectrum

Clear oscillation pattern 
appears in the far site

Energy Spectrum at Far Site Oscillation Probability with 
respect to Leffective/Eν

The combination of near 
and far sites almost 
completes one oscillation 
cycle
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Oscillation Results
l From 6AD to 6+8AD, the precision improves for 

l 𝐬𝐢𝐧𝟐𝟐𝜽𝟏𝟑 from 9% to 6 %
l |𝚫𝐦𝐞𝐞

𝟐 | from 7% to 5%

l The measurement of  Δm2
ee  achieve similar Δm2 precision 

as the muon neutrino disappearance channel

sin1 2𝜃62 = 0.084± 0.005
Δ𝑚||

1 = (2.42± 0.11)×1082	eV1
𝜒1/𝑁𝐷𝐹 = 134.7/146

PRL 115, 111802 (2015)



Current Status and Future Prospect

• Continue data-taking 
until the end of 2017

• Currently still 
dominated by statistics

• Continue to improve 
systematics

• Anticipate ~3% 
precision for both 
𝐬𝐢𝐧𝟐𝟐𝜽𝟏𝟑 and |𝚫𝐦𝐞𝐞

𝟐 |
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sin1 2𝜃62 accuracy

|Δ𝑚||
1 | accuracy



• Longer capture time for 
hydrogen capture

• Raise prompt energy 
cut(0.7 to 1.5 MeV) and 
require prompt-delayed 
distance cut to remove 
accidental background
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Hydrogen Capture

H (2.2 MeV) Gd (8 MeV)
dt 400	µs 200	µs
𝐸� [1.5, 12] MeV [0.7, 12] MeV
𝐸� 3	𝜎 [6, 12] MeV

Distance 50 cm N/A

Candidates

Accidental 
background 
prediction

Delayed 
energy after 
accidental 
subtraction

- Near halls
- Far hall



Hydrogen Capture

• Rate analysis of 217 days 
of 6-AD data:

• Independent statistics
• Different systematics
• Potentially improve the 

final precision of 
𝐬𝐢𝐧𝟐 𝟐𝜽𝟏𝟑
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𝐬𝐢𝐧𝟐 𝟐𝜽𝟏𝟑 = 𝟎. 𝟎𝟖𝟑± 𝟎. 𝟎𝟏𝟖

PRD 90, 071101 (R) 2014 

Rule out null hypothesis at 4.6𝝈 level



Sterile Neutrino?
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arXiv:1209.0122

LSND & MiniBooNE

• Global average of the reactor neutrino rates is lower than 
the prediction without oscillation

• LSND & MiniBooNE observed excessive events for 𝝂�𝝁 → 𝝂�𝒆
• Both can be explained by the existence of sterile neutrino

Reactor Neutrino Anomaly

taken from J. High Energy Phys. 2013, 50 (2013).



25

Sterile Neutrino Search

l A minimum 3+1 
extension of 
Standard Model is 
used

l Light sterile neutrino 
might distort relative 
energy spectrum

New mass 
eigenstate
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Sterile Neutrino Search

l Daya Bay’s unique configuration of multiple baselines 
allows to cover a large region of parameter space
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Exclusion Region (6AD)

l Different baseline combinations provide sensitivities at 
different mass squared splitting range

l Best result in a previously unexplored region
l A factor of 2 improvement expected from 6 AD to 6+8 AD. 

Another factor of 2 improvement expected by the end of 2017

PRL 113, 141802



Absolute Reactor Neutrino Flux 

• Measured Flux
𝒀𝟎 = 𝟏. 𝟓𝟓± 𝟎.𝟎𝟒 ×𝟏𝟎8𝟏𝟖 cm2/GW/day
𝝈𝒇 = 𝟓.𝟗𝟐 ± 𝟎. 𝟏𝟒 ×𝟏𝟎8𝟒𝟑 cm2/fission

• Measured flux is consistent 
with previous reactor 
experiments

• Data / Prediction:
R(Huber+Mueller)= 0.946 ± 0.022 
R(ILL+Vogel)        = 0.991 ± 0.023 

• Possible indication of the 
existence of sterile neutrinos 
with 𝚫𝐦𝟒𝟏

𝟐 ≳ 𝟎. 𝟓 eV2
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Measured Positron Spectrum

Prompt Positron Energy (MeV)2 4 6 8
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• Prompt spectrum is 
compared with 
Huber+Mueller
(ILL+Vogel) model

• For the whole energy 
range, the measured 
spectrum deviates 
from both models by ∼
𝟐𝝈

• Between 4~6 MeV, the 
excess is up to ∼ 𝟒𝝈

arXiv:1508.04233
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Summary

l The precision of 𝐬𝐢𝐧𝟐𝟐𝜽𝟏𝟑 in our new 6+8 AD 
measurement has reached 6% level

l The precision of 𝚫𝐦𝐞𝐞
𝟐 has reached 4% level, 

comparable to the results from T2K & MINOS
l The nH analysis gives an independent 

measurement of 𝐬𝐢𝐧𝟐𝟐𝜽𝟏𝟑
l Daya Bay has the most stringent constraints on 

sterile neutrino for 𝟏𝟎8𝟑	𝐞𝐕𝟐 < 𝚫𝐦𝟒𝟏
𝟐 < 𝟎. 𝟏	𝐞𝐕𝟐

l The rate and flux of reactor neutrinos are 
measured at Daya Bay. An excess up to 𝟒𝝈 is 
found at ~5 MeV



Thank You!
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Backup



Reactor Antineutrino Spectrum
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Correlation matrix

Reactor antineutrino spectrum is extracted by 
applying detector response model unfolding as a 
model-independent prediction



Correlation between nH and nGd Analysis

The correlation coefficient is found to be 0.05
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Side by Side Comparison

t
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𝚫𝐦𝐞𝐞
𝟐

• At Daya Bay, results are from fitting the 
data with the two-flavor approximation:
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𝑷 𝝂�𝒆 → 𝝂�𝒆 ≈ 𝟏 − 𝐬𝐢𝐧𝟐𝟐𝜽𝟏𝟑𝐬𝐢𝐧𝟐
𝚫𝐦𝐞𝐞

𝟐 𝐋
𝟒𝐄𝝂

− 𝐜𝐨𝐬𝟒𝜽𝟏𝟑𝐬𝐢𝐧𝟐𝟐𝜽𝟏𝟐𝐬𝐢𝐧𝟐
𝚫𝐦𝐞𝐞

𝟐 𝐋
𝟒𝐄𝝂

• This enables to represent our result 
independent of mass hierarchy

𝜙 = tan86
𝑠𝑖𝑛2𝛥16

𝑐𝑜𝑠1 𝛥16 + 𝑡𝑎𝑛1 𝜃61



Reactor Neutrino Anomaly

• At low energy (𝑬𝝂 < 𝟒 MeV):
• Implementation of Columb and weak 

magnetism interaction
• Correction = (𝟎. 𝟔𝟓× 𝑬𝝂 − 𝟒	𝑴𝒆𝑽 	𝒊𝒏	%)

• At high energy (𝑬𝝂 < 𝟒 MeV):
• Sensitive to the charge Z of the nuclei
• Old: mean dependence of Z is used
• New: complete distribution is used

37PRD 83, 073006 (2011)


