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Discoveries of Neutrino Oscillation 

Theoretical Predictions 

1 SNU = 10-36 interaction/atom/s 
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Neutrino Mixing 

•  Neutrino flavour eigenstates ≠ Mass eigenstates 
              ⇓ 

                   Neutrino Mixing 
      

Pontecorvo-Maki- 
Nakagawa-Sakata Matrix 
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θ12 = 33°±1° θ23 ≈ 42°±3° θ13 and δ ?  
•  Mass-squared differences:  

      
Δm31

2 = Δm32
2 ± Δm21

2 ≈ Δm32
2 = (2.45± 0.09)×10−3eV 2

New J. Phys. 13(2011)063004 (7.6±0.2) × 10-5 eV2 
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To measure δ we need a 
dedicated apparatus  

June 3-9, 2012 Neutrino 2012@Kyoto 

Hint from HK LOI: 
1MW yr needed: 
~20 years for SK�

? 

Significance of Knowing θ13 

•  θ13 is the gateway to CP violation  
   in the neutrino sector: 
"
      P(νµ → νe) – P(νµ → νe)  
      ∝ sin2θ13cosθ13 sinδ 
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•  Complete the determination of the mixing matrix 
 - guide model-building 

•  Determine νe fraction of ν3 

Fraction of δ excluded at 3σ  
for sin δ = 0  

reduce theoretical 
uncertainties in  
predicting phenomena 
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Some Approaches For Measuring θ13 

•  Accelerator-based νe appearance experiments 

 
 
     - Baseline O(100-1000 km), large detectors  
     - Some ambiguities exist in extracting a value for θ13 
      - MINOS, NOvA, T2K, …  
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•  Reactor-based νe disappearance experiments 
 
 
 
      - Baseline O(1 km), no matter effect, small detectors   
      - Daya Bay, Double Chooz, RENO 

Pµe = sin2 2θ13 sin2 2θ23 sin2 Δm31
2L

4Eν

"

#
$

%

&
'+ terms(δ, Δm32

2 , matter effect)



6 

Knowledge of θ13 Circa March 2012 

PRL108, 131801(2012) 

Double Chooz 
Far-detector only 

Context Daya Bay Neutrino Selection θ13 Analysis

Recent Indication for a Non-Zero θ13

Tensions between solar,
reactor oscillations suggest
θ13 > 0

Appearance of νe in νµ
accelerator beam

Double Chooz reported
improved single detector
measurement

0 0.1 0.15 0.2 0.25 0.3 0.350.05
sin2 2θ13

Solar + KamLAND

T2K

MINOS

Double Chooz

original flux
reeval. flux

normal hier.
inverted hier.

2011 has given many hints but no results > 2.5σ from θ13 = 0

Solar + KamLAND: G.L. Fogli et al., Phys. Rev. D 84, 053007 (2011)

MINOS: P. Adamson et al., Phys. Rev. Lett. 107, 181802 (2011)

T2K: K. Abe et al., Phys. Rev. Lett. 107 041801 (2011)

Double CHOOZ: Y. Abe et al., Phys. Rev. Lett. 108, 131801 (2012)
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PRL107,041801 (2011) PRL107, 181802 (2011) 
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Event class
sin2(2✓13)
0 0.1

NC 34.1 34.1
⌫µ CC 6.7 6.7
⌫e CC 6.4 6.2
⌫⌧ CC 2.2 2.1

⌫µ ! ⌫e CC 0.2 19.1
Total 49.6 68.2

TABLE II: Expected FD event counts for LEM>0.7, assum-
ing ✓23 =⇡

4 , �m2
32 =2.32⇥10�3 eV2, and �=0. The first ⌫e

line refers to the intrinsic ⌫e component in the beam. In the
✓13=0 case, a small amount of ⌫µ ! ⌫e oscillation occurs due
to non-zero �m2

21.

trons recorded by the MINOS Calibration Detector [26].
The breakdown of expected FD events is given in Ta-
ble II. An analysis of beam-o↵ detector activity yielded
no ⌫

e

candidate events, resulting in a 90% C.L. upper
limit on cosmogenic backgrounds in the primary analysis
region of 0.3 events. We find that (40.4± 2.8)% of ⌫

e

CC
signal events end up in the signal region, LEM>0.7.

Most of the analysis procedures can be tested directly
on two signal-free or near-signal-free sideband samples.
First, the “muon-removed” hadronic showers described
above, before they are merged with simulated electrons,
represent a sample of NC-like events. The predicted
and observed LEM distributions in the FD agree for
this sample, with �

2

/N

d.o.f.

=9.7/8 using statistical errors
only. Second, FD events satisfying 0LEM<0.5 make
up a background-dominated sample for which we predict
370 ± 19 background events (statistical error only). We
observe 377 events, in agreement with prediction. Form-
ing the prediction for the latter sideband exercises all
aspects of the analysis up to the final signal extraction,
including the full ND decomposition procedure and the
ND-to-FD ratios derived from simulation.

In previous MINOS analyses [11, 12], the ⌫

e

appear-
ance search was conducted by comparing the total num-
ber of ⌫

e

candidate events in the FD to the expected
background. A similar approach applied to the present
data yields 62 events in the signal region of LEM>0.7,
with an expectation of 49.6± 7.0(stat.)± 2.7(syst.) if
✓

13

=0. However, we gain 12% in sensitivity by fit-
ting the FD sample’s LEM and reconstructed energy
(E

reco

) distribution in 3⇥5 bins spanning LEM>0.6 and
1 GeV<E

reco

< 8 GeV. The energy resolutions for
hadronic and electromagnetic showers at 3 GeV are 32%
and 12%, respectively [16]. Figure 2 shows the FD data
and predictions used in the fit, along with the extracted
best-fit signal.

Figure 3 shows the regions of oscillation parame-
ter space allowed by these data. For the fit, we
use a three-flavor oscillation framework [20] includ-
ing matter e↵ects [27], and we use the Feldman-
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FIG. 2: Reconstructed energy spectra for ⌫e CC candidate
events in the Far Detector. The black points indicate the
data with statistical error bars shown. The histogram indi-
cates the expected background (unfilled area) together with
the contribution of ⌫µ ! ⌫e signal (hatched area) for the
best-fit value of sin2(2✓13)= 0.041.

Cousins procedure [28] to calculate the allowed re-
gions. We assume

���m

2

32

�� =(2.32+0.12

�0.08

)⇥10�3 eV2 [6],

�m

2

21

=(7.59+0.19

�0.21

)⇥10�5 eV2 [1], ✓
23

=0.785± 0.100 [4],
and ✓

12

=0.60± 0.02 [1]. The influence of these oscilla-
tion parameter uncertainties is included when construct-
ing the contours.

Prior to unblinding the FD data, we planned to fit only
the LEM distribution integrated over energy. However,
the excess over background in the upper energy range
prompted the inclusion of energy information so that the
fit could weigh events appropriately when extracting ✓

13

constraints. If we had performed the signal extraction
over LEM bins only, the best fit and 90% C.L. upper
limit for sin2(2✓

13

) would each change by +0.006. A thor-
ough study of high-energy events in the signal and side-

MINOS Some hints of  
a non-zero θ13  
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The Daya Bay Collaboration 
Europe (2) 

JINR, Dubna, Russia 
Charles University, Czech Republic  

North America (16) 
BNL, Caltech, Iowa State Univ.,  

Illinois Inst. Tech., LBNL, Princeton, 
RPI, Siena, UC-Berkeley, UCLA,  

Univ. of Cincinnati, Univ. of Houston,  
Univ. of Wisconsin-Madison,  

Univ. of Illinois-Urbana-Champaign, 
Virginia Tech., William & Mary  

 

Asia (20)  
Beijing Normal Univ.,  

Chengdu Univ. of Sci. and Tech., CGNPG, CIAE, 
Dongguan Univ.Tech., IHEP, Nanjing Univ., 

Nankai Univ., NCEPU, Shandong Univ.,  
Shanghai Jiaotong Univ., Shenzhen Univ.,  
Tsinghua Univ., USTC, Zhongshan Univ.,  

Chinese Univ. of Hong Kong, Univ. of Hong Kong, 
National Taiwan Univ.,  

National Chiao Tung Univ., National United Univ. 
~230 Collaborators�



8 

Daya Bay Nuclear Power Complex 

Daya Bay NPP 

Ling Ao NPP 

Ling Ao II NPP 

 6 × 2.95 GWth = 17.7 GWth 

•  ~55 km from Hong Kong central 
•  All 6 reactors are in commercial  
  operation 
•  one of top 5 most powerful nuclear   
  power plants in the world 



Calculated fission rate  
of a Palo Verde core 

From L.H. Miller (2000) 
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Production of Reactor νe 

•  Uncertainty in νe yield, ~2%, due to 
–  Thermal power (<1%) 
–  Sampling of fuel 
–  Analysis of fractions of  
     isotopes in samples 

ν e
/M

eV
/f

is
si

on
 

Resultant νe spectrum 
known to 1-2% 

•  νe related to 235U, 239U, and 241Pu : 
-  measure β spectrum using thermal  
  neutron induced fission on the isotope 
-  convert β spectrum to νe spectrum  

•  νe related to 238U : 
-  νe spectrum is based on calculation 

•  Fission processes in a nuclear core produce radio-nuclides that 
decay rapidly to yield a huge number of low-energy νe: 
   3 GWth generates 6 × 1020 νe per sec 
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Detecting Reactor νe 

νe e+ 

γ 
γ 

γ 

γ γ 
n 

• Use the inverse β-decay reaction in a liquid scintillator: 
νe + p → e+ + n  (prompt signal) 

→ + p → D + γ(2.2 MeV)    (delayed signal) 

→  + Gd → Gd* 
                      → Gd + γ’s(8 MeV)  (delayed signal) 

~180µs 

~30µs 
for 0.1% Gd 

•  Time- and energy-tagged signal is a good 
   tool to suppress background events. 
•  Energy of νe is given by: 

Eν ≈ Te+ + Tn + (mn - mp) + m e+ ≈ Te+ + 1.8 MeV  
10-40 keV 
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From Bemporad, Gratta and Vogel 

 νe spectrum 
(no oscillation) 
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Determining θ13 With Reactor νe  

•  Look for disappearance of electron antineutrinos from 
  reactors: 

Large-amplitude 
oscillation due to θ12 

Small-amplitude oscillation 
due to θ13 integrated over E 

near 
detector 

far 
detector 
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yield 
sin22θ13.

•  Perform a relative 
  measurement, for a given E : 

sin22θ13 = 0.1 

All correlated errors cancelled. 



12 

Daya Bay 
reactors  

Ling Ao 
reactors  

Ling Ao II 
reactors 

Daya Bay Near 
Hall (EH1) 

Ling Ao near 
Hall (EH2) 

Water 
Hall  

Far Hall (EH3)  

LS 
Hall  

Entrance  

Construction  
tunnel  

 Tunnel  

Control  
Building 

Surface 
Assembly  
Building 
(SAB) 

m!



Baselines 
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Detailed Survey: 
 - GPS above ground 
 - Total Station underground 
 - Final precision: 28mm 
 
Validation: 
 - 3 independent calculations 
 - Cross-check survey 
 - Consistent with power plant  
    and design plans 
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Daya Bay Detector Design 

3m acrylic 
vessel 

192 PMTs 

4m acrylic tank sandwiched  
between top and bottom reflectors 

Stainless steel 
tank 

20t Gd-LS 
(target) 

20t liquid scint. 
(gamma catcher) 

37t mineral 
oil shield         

5m 

5m 

Calibration units 
(LED, 68Ge, 
AmC-Co) 

Four layers of RPC’s 
to tag muons 

> 2.5m water: 
- attenuates gamma rays & neutrons 
- forms two optically decoupled Cherenkov counters    

Inner Cherenkov 

Outer Cherenkov 



Calibration System of Antineutrino Detectors �

R=0 R=1.7725 m R=1.35m 

3 sources for each z axis on a turntable 
(position accuracy < 5 mm): 

•  68Ge (2×0.511 MeV γ’s; 10 Hz ) 
•  241Am-13C neutron source (3.5 
  MeV n without γ; 0.5 Hz )  
  60Co (1.173+1.332 MeV γ’s; 100 Hz ) 
•  LED diffuser ball (500 Hz)�

Three axes: center, edge of 
target, middle of gamma 
catcher� 15 

3 Automatic calibration ‘robots’ (ACUs) on each detector   
ACU-A ACU-B ACU-C 



Stainless Steel Vessel 
(SSV) in assembly pit 

Install Acrylic Vessels 

Install lower reflector 

Install PMT ladders 

Install top reflector 

Close SSV 
lid 

16 Install calibration units 

Assemble Antineutrino Detectors 
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Liquid Scintillators 

•  Gd (0.1%) + PPO (3 g/L) +  
    bis-MSB (15 mg/L) + LAB 
•  185-ton Gd-LS + 196-ton LS 

production  
•  Number of protons: 
    (7.169±0.034) × 1025 p per kg 
 
185-t 0.1% Gd-LS stored 
in five 40-t tanks 

A 1-m apparatus yielded attenuation length 
of ~15 m @ 430 nm.  
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     Fill Antineutrino Detectors (ADs) 

•  Target mass is measured with: 
      (1) 4 load cells supporting the  
          20-t ISO tank 
      (2) Coriolis mass flow meters �
����Absolute uncertainty: 0.02% 
       Relative uncertainty: 0.02%  
•  Temperature is maintained constant 
•   Filling is monitored with in-situ  
   sensors   

ISO 
tank 

Coriolis 
mass flow 
meters 

Fill ADs with  
liquids 
underground 

Move AD into tunnel 
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Daya Bay Near Hall (EH1) 
Install filled AD in pool Fill pool with purified water 

Place cover over pool Roll RPC over cover 

Data taking started on 15 Aug 2011 



Getting Ling Ao Near and Far Halls Ready  

20 

EH 2 (Ling Ao Near Hall):  
Began operation on  
5 Nov 2011 

EH 3 (Far Hall):  
Started data-taking on  
24 Dec 2011 



Data Taking 
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A. Comparison of two ADs : 
 - 23 Sept. 2011 – 23 Dec. 2011 
 - Side-by-side comparison of 2 detectors 
 - Demonstrated detector systematics  
   better than requirements. 
 - Nucl. Instru. Meth. A685, 78 (2012) 
      B. First results on oscillation:  
 - 24 Dec. 2011 – 17 Feb. 2012 
 - All 3 halls with 6 ADs operating 
 - Observation of νe disappearance  
 - Phys. Rev. Lett. 108 (2012) 171803. 

C. This updated analysis:  
 - 24 Dec. 2011 – 11 May 2012 
 - 2.5 times more data collected with 
   the same configuration  

 

Hall 1 

Hall 2 

Hall 3 

A

B 

C 



Triggers & Their Performance 
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Discriminator threshold: 
  -  ~0.25 p.e. for PMT signal 
 
Triggers: 
  - AD: ≥ 45 PMTs (digital trigger) 
           ≥ 0.4 MeV (analog trigger) 
  - Inner Water Cherenkov: ≥ 6 PMTs 
  - Outer Water Cherenkov: ≥ 7 PMTs (near) 
                                            ≥ 8 PMTs (far) 
  - RPC: 3/4 layers in each module 
 
Trigger rate: 
  - AD: < 280 Hz 
  - Inner Water Cherenkov: < 160 Hz 
  - Outer Water Cherenkov: < 200 Hz  

NHit 

ESum 



Analysis Approach 

•  Multiple independent analyses to cross check results. 
 

•  Highlights of differences between analyses: 
–  Energy calibration and reconstruction 

•  Calibration source (60Co, ‘point’ source) 
•  Spallation neutron (full volume) 

–  Antineutrino candidate selection/efficiency 
•  Muon veto 
•  Multiplicity cut 

–  Background studies 
–  Extraction of θ13  

•  Performed analyses with reactor flux blinded. 

•  All analyses yielded consistent results. 

23 



Energy Calibration 

24 

60Co at 
center 

Energy vs. position 



Singles Spectrum 
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Dominated by low-energy radioactivity 
Sources: Stainless Steel (U/Th chains); PMTs (40K, U/Th chains) 
                  Liquid scintillators (Radon/U/Th chains)  
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Measured rates: ~65 Hz in each detector (>0.7 MeV) 
2 

40K 
208Tl 

n-Gd  
capture 



Selecting Antineutrino (IBD) Candidates 
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Use Prompt + Delayed correlated signal to select antineutrino 
candidates. 

Selection: 
-  Reject Flashers 
-  Prompt: 0.7 MeV < Ep < 12 MeV 
-  Delayed: 6.0 MeV < Ed < 12 MeV 
-  Capture time: 1 µs < Δt < 200 µs 
-  Muon Veto: 
       Pool Muon:  Reject 0.6 ms 
       AD Muon (>20 MeV): Reject 1 ms 
       AD Shower Muon (>2.5GeV): Reject 1 s 
 -  Multiplicity:  
       No other signal > 0.7 MeV 
       in -200 µs to 200 µs of IBD.    

From Bemporad, Gratta and Vogel 
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 νe  spectrum 
(no oscillation) 



PMT Light Emission (‘Flasher’) 

27 

Flashers IBD  

Flashing PMTs: 
 - Instrumental background: ~5% of PMTS 
 - ‘Shines’ light to opposite side of detector  
 - Easily discriminated from normal signals 

Relative PMT charge 

(contains ‘hottest’ PMT) 

Inefficiency to 
antineutrinos signal: 
  0.024% ± 0.006%(stat) 
Contamination: < 0.01% 

FID = lg10
MaxQ
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Prompt/Delayed Energy 
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Clear separation of 
antineutrino events from  
most other signals 



Relative Efficiency of Cut on  
Delayed Energy 
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Uncertainty in relative 
Ed efficiency (0.12%) 
between detectors. 

Energy (MeV)
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Variation in n-capture 
peak-energy : ~0.3% 

Asym = (EAD1 – EADn)/<E> 



Neutron Capture Time 
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Measured capture times imply relative H/Gd capture efficiency: <0.1% 
between detectors.  

IBD events 

s]µt [Δ
0 20 40 60 80 100 120 140 160 180 200

Ev
en

ts

-110

1

10

210

310
EH1-AD1
EH1-AD2
EH2-AD1
EH3-AD1
EH3-AD2
EH3-AD3

Simulation contains no background 
(deviates from data at >150 µs) 

Time between 
neutron  
generation and 
capture on Gd 

Consistent capture time measured in all detectors 

 τcap ~ 29 µs 



Multiplicity Cut 
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Ensure exactly one prompt-delayed coincidence 

γ� γ�
t�

200µs�
e+� n�

200µs�

1µs< Δe+-n<200µs�

If Ts < 200 µs�

If Ts > 200 µs�

Uncorrelated background and IBD signals result in ambiguous  
prompt-delayed signals. 
 
! Reject all IBDs with >2 triggers above 0.7 MeV in -200µs to +200µs. 
     Introduces ~2.5% IBD inefficiency, with negligible uncertainty. 



Spatial Distributions of IBD candidates 

•  After applying 
all IBD 
selection cuts. 

•  Vertices from 
IBD candidates 
are uniformly 
distributed 
within 3m-IAV. 

Real data 
EH1-AD1 

Prompt signal 

Delayed signal 

3m-IAV (GdLS) 4m-OAV (LS) 

32 



Remaining Background 

•  Uncorrelated background 
–  Accidentals: two uncorrelated events 

‘accidentally’ pass the cuts and mimic IBD 
event. 

•  Correlated background 
–  Muon spallation products 

•  9Li/8He 
•  Fast neutron 

–  Correlated signals from 241Am-13C source 
–  13C(α,n)16O 

33 



Background: Accidentals 

34 

Two uncorrelated single signals mimic an antineutrino signal 
Rate and spectrum can be accurately predicted from singles data. 

EH1-AD1� EH1-AD2� EH2-AD1� EH3-AD1� EH3-AD2� EH3-AD3�
Accidental 
rate(/day)�

9.73±0.10� 9.61±0.10� 7.55±0.08� 3.05±0.04� 3.04±0.04� 2.93±0.03�

B/S� 1.47%� 1.43%� 1.23%� 3.93%� 3.97%� 3.91%�



Background: 9Li/8He β-n Decays 

35 

9Li: τ½ = 178 ms, Q = 13. 6 MeV 
8He: τ½ = 119 ms, Q = 10.6 MeV 

- Generated by cosmic rays 
- Long-lived 
- Mimic antineutrino signal 

Eµ > 4 GeV (visible) 

9Li 

Time since muon (s) 

uncorrelated 

Muon veto software cuts control B/S to ~0.3% (0.4%) 
for the far (near) hall. 

Estimate 9Li rate using 
time-correlation with 
muon 



Background: Fast Neutrons 

36 

Constrain fast-n rate  
using IBD-like signals  
in 10-50 MeV 

Validate with fast-n  
events tagged by  
muon veto. 

Can mimic the IBD signal: 
 - Prompt: Neutron collides/stops in 
                 target 
 - Delayed: Neutron captures on Gd 
 
Muon veto analysis-cuts 
control B/S to 0.07% 
(0.12%) of far (near) signal. 

n 

n 

tagged µ untagged µ 



Background: 241Am-13C Source 
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Leakage (0.5Hz) of neutron source in ACU can mimic IBD via 
inelastic scattering and capture on elements in stainless steel. 

Simulated neutron 
capture position 

Constrain far site B/S to 0.3 ± 0.3%: 
 - Measure uncorrelated gamma rays from ACU in data 
 - Estimate ratio of correlated/uncorrelated rate using 
   simulation 
 - Assume 100% uncertainty from simulation 



Background: 13C(α,n)16O 

Potential alpha source: 
      238U, 232Th, 235U, 210Po  

Each of them are measured 
in-situ: 

U&Th: cascading decay of  

           Bi(or Rn) – Po – Pb 
  210Po: spectrum fitting 

Combining (α,n) cross-section, 
correlated background rate is 
determined. 

Example alpha 
rate in AD1 

238U 232Th 235U 210Po 

Bq 0.05 1.2 1.4 10 

  Near Site: ≤0.08±0.04 per day 
    Far Site:  0.04±0.02 per day      
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AD1� AD2� AD3� AD4� AD5� AD6�

Antineutrino candidates� 69121� 69714� 66473� 9788� 9669� 9452�

DAQ live time (day)� 127.5470� 127.3763� 126.2646�

Efficiency� 0.8015� 0.7986� 0.8364� 0.9555� 0.9552� 0.9547�

Accidentals (/day)� 9.73±0.10� 9.61±0.10� 7.55±0.08� 3.05±0.04� 3.04±0.04� 2.93±0.03�

Fast neutron (/day)� 0.77±0.24� 0.77±0.24� 0.58±0.33� 0.05±0.02� 0.05±0.02� 0.05±0.02�

8He/9Li (/day)� 2.9±1.5� 2.0±1.1� 0.22±0.12�

Am-C corr. (/day)� 0.2±0.2�
13C(α, n)16O (/day)� 0.08±0.04� 0.07±0.04� 0.05±0.03� 0.04±0.02� 0.04±0.02� 0.04±0.02�

Antineutrino rate (/day)� 662.47 
±3.00�

670.87 
±3.01�

613.53 
±2.69�

77.57 
±0.85�

76.62 
±0.85�

74.97 
±0.84�

Data Summary   
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Total amount of background : ~5% (2%) in the far (near) hall 



Reactor Flux Calculation 
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Isotope fission rates vs. reactor burnup  

Antineutrino flux is estimated for each reactor core 

Reactor operators provide: 
 - Thermal power data: Wth 
 - Relative isotope fission fractions: fi 
 
Energy released per fission: ei 
  V. Kopekin et al., Phys. Atom. Nucl. 67, 1892 (2004) 
 
Antineutrino spectra per fission: Si(Eν) 
  K. Schreckenbach et al., Phys. Lett. B160, 325 (1985) 
  A. A. Hahn et al., Phys. Lett. B218, 365 (1989)  
  P. Vogel et al., Phys. Rev. C24, 1543 (1981) 
  T. Mueller et al., Phys. Rev. C83, 054615 (2011) 
  P. Huber, Phys. Rev. C84, 024617 (2011) 

Flux estimated using: 

Flux model has negligible impact on 
far vs. near oscillation measurement 



Summary of Uncertainties 
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For near/far analysis,  
only  uncorrelated 
uncertainties are used. 

Input to near/far analysis 
and is reduced in the  
far vs near measurement. 



Antineutrino Rate vs. Time 
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Predicted Rate: 
 - Normalization is 
   determined by fit to  
   near-hall data. 
 - Absolute normalization 
   is within a few percent 
   of expectations.   

Detected rate strongly  
correlated with reactor 
flux expectations. 



Far vs. Near Comparison : νe Rate  

43 

R = 0.944 ± 0.007 (stat) ± 0.003 (syst) 

                Mn : measured rates in each detector. 
Weights αi,βi : determined from baselines and reactor 
                       fluxes. 

Clear observation of νe deficit at the far site. 
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Rate-only Analysis 
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•  Far vs. near relative 
measurement. [Absolute 
rate is not constrained.] 

 
•  Consistent results 

obtained by independent 
analyses, different 
reactor flux models. 

 
 
 
 
   

Measure θ13 using measured rates in each detector. 

sin22θ13 = 0.089 ± 0.010 (stat) ± 0.005 (syst) 
Most precise measurement of sin22θ13 to date. 



Far vs. Near Comparison : Spectrum  
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Spectral distortion is 
consistent with oscillation. 
 
Caveat: spectral systematic 
issues are not fully settled, 
extracting θ13 from spectra 
is not recommended. 



Global Landscape of sin22θ13 
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Global Comparison of ✓13 Measurements
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Conclusions & Outlook 
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•  Daya Bay has made an unambiguous observation of reactor 
electron-antineutrino disappearance at ~2 km from the 
source: 

•  Interpreting the disappearance as neutrino oscillation 
yields the most precise measurement of θ13: 

 
 
•  Install the last pair of antineutrino detectors this year. 

•  Daya Bay will continue to provide the most precise 
measurement of θ13 in the world. 

•  Pursue other physics, such as precise reactor νe flux and 
spectrum, and Δm2

31. 

R = 0.944 ± 0.007 (stat) ± 0.003 (syst) 

sin22θ13 = 0.089 ± 0.010 (stat) ± 0.005 (syst) 



10416 signal 
candidates�

EH3�

Prompt (Positron) Spectra 

48 

EH1�

57910 signal 
candidates�

EH2�

22466 signal 
candidates�

High-statistics reactor  
antineutrino spectra. 
 
B/S ratio is 2% (5%) at  
near (far) sites. 



Consistency With Other Experiments 
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Double Chooz  
(M. Ishitsuka, Neutrino 2012) 

   Rate only: sin22θ13 = 0.170±0.035(stat)±0.040(syst) 
Rate+shape: sin22θ13 = 0.109±0.030(stat)±0.025(syst) 
 

RENO  
Phys. Rev. Lett. 108(2012)191802 

sin22θ13 = 0.113±0.013(stat)±0.019(syst) 

T2K  
(T. Nakaya, Neutrino 2012) 

Expected Bg.  Obs. 

2.73±0.37 (syst) 10  

sin22θ13 = 0.104 
+0.060 
-0.045 


