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Outline
Daya Bay experiment 

Detector performance and 
the data set 

Recent results: 

Measurement of neutrino 
oscillation parameters 

Measurement absolute 
reactor antineutrino flux 

Search for sterile neutrinos
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Reactor Antineutrino Oscillation

Goals of the Daya Bay experiment: 

Precise measurement of mixing parameters: θ13 and Δm2
ee (~Δm2

31~Δm2
32)

Precise measurement of reactor antineutrino flux and spectrum 

Search for Physics beyond SM (sterile neutrino etc.) 3

Reactor: The most powerful man-
made source of antineutrinos

~2x1020 νe/GWth 
<E>~4MeV
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Daya Bay Experiment
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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  

Reactor(power(
6(×(2.9(GWth(

High-statistics, multi-
baseline (350m - 2000m) 
measurement of reactor 

antineutrinos

Far hall measures 
oscillation

Two near halls 
constrain reactor 
antineutrino flux



Antineutrino detector
Designed to detect prompt positron and 
neutron-capture from Inverse beta decay 
(IBD) reaction 

Neutron capture by Gd emits ~8MeV 
gammas

5

Zone Mass Liquid Purpose

Inner acrylic 
vessel

20 t
Gd-doped liquid 

scintillator
Anti-neutrino 

target

Outer acrylic 
vessel

22 t Liquid scintillator
Gamma catcher 

(from target zone)

Stainless steel 
vessel

40 t Mineral Oil Radiation shielding

5m

5m

Stainless 
Steel 

Vessel (SSV)

Calibration 
system

20-t Gd-LS

Liquid Scint.

Mineral oil        

192 8-inch 
PMTs

8 functionally identical detectors 
to reduce systematics

Strong background suppression



Muon Tagging System

2.5 meter thick two-
section water shield 

Cherenkov detector to 
tag cosmic ray muons. 

Shield for neutrons and 
gammas from 
surrounding materials. 

RPC 

Covers water pool to 
provide further muon 
tagging.
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The Timeline of Detector Installation
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Energy calibration
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Less than 0.2% variation in reconstructed energy 
between detectors



Energy non-linearity
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Full$detector$calibra.on$data$
1.  Monoenerge)c+gamma+lines+from+various+sources+

•  Radioac)ve+calibra)on+sources,+employed+regularly:+68Ge,+60Co,+241AmC13C++
++++and+during+special+calibra)on+periods:+137Cs,+54Mn,+40K,+241AmC9Be,+PuC13C+
•  Singles+and+correlated+spectra+in+regular+physics+runs+(40K,+208Tl,+n+capture+on+H)+

2.  Con)nuous+spectrum+from+12B+produced+by+muon+spalla)on+inside+the+scin)llator+
$

Standalone$measurements$
•  Scin)llator+quenching+measurements+using+neutron+beams+and+Compton+eC+
•  +Calibra)on+of+readout+electronics+with+flash+ADC+

Energy Nonlinearity Calibration
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• Two major sources of non-linearity


• scintillator response: modeled with Birks formula 
and Cherenkov fraction 

• electronics: modeled with MC and single channel 
FADC measurement


• Combined fit with mono-energetic gamma peaks and 
12B beta-decay spectrum


• Cross-validated with 214Bi, 208Tl beta-decay spectrum, 
Michel electron spectrum and standalone bench-top 
Compton scattering measurement.


< 1% uncertainty (correlated among all detectors)
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 Poster: Characterizing the Energy Response of the Daya Bay Antineutrino Detectors (Soeren Jetter)



Antineutrino Selection

Reject spontaneous PMT light emission 
(“flashers”) 

Muon vetos to suppress cosmogenic 
backgrounds 

Multiplicity cut to select only isolated pairs
10

Antineutrino Candidate Selection
• Reject PMT flashers

• Muon veto:


- Water pool Muon: reject 0.6ms

- AD Muon (>20 MeV): reject 1 ms 
- AD Shower Muon (>2.5 GeV): reject 1s 

• Prompt positron Energy: 0.7 MeV < Ep < 12 MeV

• Delayed neutron Energy:  6 MeV < Ed < 12 MeV

• Neutron Capture time: 1 us < Δt < 200 us 
• Multiplicity cut: only select isolated candidate pairs

13

E�ciency Uncertainty
Correlated Uncorrelated

Target Protons 0.47% 0.03%
Flasher cut 99.98% 0.01% 0.01%
Delayed Energy cut 92.7% 0.97% 0.12%
Prompt Energy cut 99.81% 0.10% 0.01%
Capture time cut 98.70% 0.12% 0.01%
Gd capture ratio 84.2% 0.95% 0.10%
Spill-in correction 104.9% 1.50% 0.02%

Combined 80.6% 2.1% 0.2%

Table 3: Detector E�ciency

2

 Poster: Improvements on Monte Carlo Simulation and Studies of Absolute Detection Efficiency at Daya Bay (Guofu Cao)

Edelayed ~ 8 MeV

~ 30 µsec w/ 
0.1% Gd 

Ee+ ~ Eν - 0.8 MeV

Positron+neutron coincidence from 
inverse beta decay reaction:

Prompt positron energy: 0.7 < Ep < 12 MeV 

Delayed neutron energy: 6 < Ed < 12 MeV 

Neutron capture time: 1 < Δt < 200 µsec 
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Over 1 million antineutrino interactions!!  
(150k at the far site)

Detected rate strongly correlated with reactor flux
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Oscillation parameter 
measurement

Relative comparison of near and far 
site data 

621 days of data used for this analysis 

Observed data highly consistent with 
oscillation interpretation

12

Far v.s. Near Comparison 
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The observed relative rate deficit 
and relative spectrum distortion 
are highly consistent with 
oscillation interpretation
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FIG. 3. Upper: Background-subtracted prompt energy spectrum ob-
served in the far site (black points), as well as the expectation derived
from the near sites excluding (blue line) or including (red line) our
best estimate of oscillation. The spectra are efficiency-corrected and
normalized to one day of livetime. Lower: Ratio of the spectra to the
no-oscillation case. The error bars show the statistical uncertainty of
the far site data. The shaded area includes the systematic and statis-
tical uncertainties from the near site measurements.

)13θ(22sin
0 0.05 0.1 0.15

]2
 e

V
-3

| [
10

ee2
m

∆|

1.5

2

2.5

3

0 0.05 0.1 0.15

Daya Bay: 621 days

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

0 0.05 0.1 0.15

2 χ
∆ 5

10
15

2χ∆
5 10 15

0.0015

0.002

0.0025

0.003

5 10 15

FIG. 4. Allowed regions in the |�m2
ee| vs. sin2 2✓13 plane at the

68.3%, 95.5% and 99.7% confidence levels. The black dot repre-
sents the best fit oscillation parameters. The adjoining panels show
the dependence of ��2 on |�m2

ee| (right) and sin2 2✓13 (top).

ucation, Key Laboratory of Particle Physics and Particle Ir-368

radiation (Shandong University), the Ministry of Education,369

Shanghai Laboratory for Particle Physics and Cosmology, the370

Research Grants Council of the Hong Kong Special Admin-371

istrative Region of China, the University Development Fund372

of The University of Hong Kong, the MOE program for Re-373

search of Excellence at National Taiwan University, National374

Chiao-Tung University, and NSC fund support from Taiwan,375

the U.S. National Science Foundation, the Alfred P. Sloan376

Foundation, the Ministry of Education, Youth, and Sports of377

> [km/MeV]ν / <EeffL
0 0.2 0.4 0.6 0.8

) eν
→ eν

P(

0.9

0.95

1
EH1
EH2
EH3
Best fit

FIG. 5. Electron antineutrino survival probability versus effective
propagation distance Le↵ over average antineutrino energy hE⌫i.
The data points represent the ratios of the observed prompt spec-
tra over the expectations assuming no oscillation. The solid line
represents the expectation using the best estimates of sin2 2✓13 and
|�m2

ee|, which is in excellent agreement with the data from the three
halls. The error bars are statistical only. hE⌫i is calculated for each
bin using the best knowledge of the detector response, and Le↵ is ob-
tained by equating the actual flux to an effective flux using a single
baseline.

the Czech Republic, the Joint Institute of Nuclear Research378

in Dubna, Russia, the CNFC-RFBR joint research program,379

the National Commission of Scientific and Technological Re-380

search of Chile, and the Tsinghua University Initiative Scien-381

tific Research Program. We acknowledge Yellow River Engi-382

neering Consulting Co., Ltd., and China Railway 15th Bureau383

Group Co., Ltd., for building the underground laboratory. We384

are grateful for the ongoing cooperation from the China Gen-385

eral Nuclear Power Group and China Light and Power Com-386

pany.387

[1] F. P. An et al. (Daya Bay Collaboration), Phys. Rev. Lett. 108,388

171803 (2012).389

[2] J. Ahn et al. (RENO Collaboration), Phys. Rev. Lett. 108,390

191802 (2012).391

[3] Y. Abe (Double Chooz Collaboration), Phys. Rev. Lett. 108,392

131801 (2012).393

[4] K. Abe et al. (T2K Collaboration), Phys. Rev. D 88, 032002394

(2013).395

[5] P. Adamson et al. (MINOS Collaboration), Phys. Rev. Lett. 110,396

171801 (2013).397

[6] F. P. An et al. (Daya Bay Collaboration), Phys. Rev. Lett. 112,398

061801 (2014).399

[7] D. Dwyer and T. Langford, (2014), arXiv:1407.1281 [nucl-ex].400

[8] P. Adamson et al. (MINOS Collaboration), Phys.Rev.Lett. 112,401

191801 (2014), arXiv:1403.0867 [hep-ex].402

[9] K. Abe et al. (T2K Collaboration), Phys.Rev.Lett. 112, 181801403

(2014), arXiv:1403.1532 [hep-ex].404

[10] J. Liu, B. Cai, R. Carr, D. Dwyer, W. Gu, et al.,405

Nucl.Instrum.Meth. A750, 19 (2014), arXiv:1305.2248406

[physics.ins-det].407

[11] H. Huang, X. Ruan, J. Ren, C. Fan, Y. Chen, et al., JINST 8,408

P09013 (2013), arXiv:1305.2343 [physics.ins-det].409

Prelim
inary



Oscillation parameter 
measurement

The most precise measurement of sin22θ13  

Precision better than 6% 

The most precise measurement of Δm2
ee 

in electron antineutrino disappearance 
channel 

Consistent with muon neutrino 
disappearance results 

Comparable precision.
13

Oscillation Results
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 Poster: A Relative Rate and Shape Measurement of Neutrino Oscillation at the Daya Bay Experiment (Henoch Wong)

2.39+0.10
�0.11 �2.49+0.10

�0.11

A. Radovic, 
DPF 2013

• Most precise measurement 
of sin22θ13, precision reached 
< 6%


• Most precise measurement 
of Δm2ee in the electron 
neutrino disappearance 
channel

• consistent with the muon 

neutrino disappearance 
experiments


• comparable precision

Publication in preparation
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Absolute flux and shape

Measured IBD rate / predicted: 

0.947 ± 0.022 (Huber+Mueller) 

0.992 ± 0.023 (ILL+Vogel) 

Consistent with previous short 
baseline experiments

14

Huber+Mueller model in place of the French flux, and an up-134

dated neutron lifetime of 880.1 s [PDG 2012]. Two km-baseline135

experiments, Chooz and Palo Verde, are included by correct-136

ing for oscillation with the best-fit sin2 2✓13[1]. The resulting137

global average (excluding Daya Bay) is R = 0.943 ± 0.009 (ex-138

perimental uncertainty) ± 0.03 (flux uncertainty).1 The Daya139

Bay measurement yields RDYB = 0.947 ± 0.022 (experimental140

uncertainty). The Daya Bay measurement is 0.4% higher than141

previous experiments. Including Daya Bay in the global fit, the142

new global average is R = 0.945 ± 0.008 (experimental uncer-143

tainty) ± 0.03 (flux uncertainty). Figure 1 shows the results as144

a function of baseline. The present analysis determines a 5.3%145

± 2.2% deficit in ⌫̄e rate relative to the Huber+Mueller model146

prediction. The total uncertainty is dominated by the uncer-147

tainty in detection e�ciency (2.1% relative uncertainty), which148

is expected to reduce with improvement of existing analyses or149

alternative event selection.

Table 2: Absolute IBD yields ( Y0 and � f ), and absolute flux normalizations
to di↵erent flux models. ’H+M’ donates the Huber+Mueller model, ’I+V’ do-
nates the ILL+Vogel model. E↵ective fission fractions are flux weighted fission
fractions of 3 ADs at two near halls.

235U : 238U : 239Pu : 241Pu 0.586 : 0.076 : 0.288 : 0.050
Y0 (cm2GW�1day�1) 1.533 ⇥ 10�18

� f (cm2fission�1) 5.934 ⇥ 10�43

Data/Prediction (H+M) 0.947±0.022
Data/Prediction (I+V) 0.992±0.023

150

For absolute spectrum measurement, It is important to pre-
dict the absolute IBD prompt spectrum properly and compare
it with the measurement. To determine the detected prompt en-
ergy (Evis) spectrum from true energy of antineutrinos, detector
response matrix has to be built correctly. The detector response
matrix is obtained and cross-checked with multiple methods.
One method is adding detector e↵ect of energy loses in acrylic
vessels, energy response of detector, and energy resolution step
by step. The other is full detector MC simulation method. The
energy model is comprised of empirical models for both detec-
tor non-uniformity and nonlinearity [1]. The dominate shape
uncertainties in detector response is from the nonlinear energy
model. Its uncertainty reached to be less than 1% which is
benefit from improvements of electronics and liquid scintilla-
tor energy calibration. With the detector response matrix, a
predicted ⌫̄e spectrum from one flux model is converted into
a prompt energy Evis spectrum, and compared with the mea-
sured prompt energy spectrum of the near hall ADs. Figure
2 shows the comparison of Data/Prediction in visible prompt
energy, where the Data is the measured prompt energy spec-
trum and the Prediction is the antineutrino spectrum with the
Huber+Mueller flux model converted to a prompt energy spec-
trum via the detector response matrix. The prediction spectrum
is normalized to the measurement one. Statistical uncertainties
are shown on the error bars of ratio points. The comparison

1The global average is obtained by comparing data and the prediction of
nominal model, which has a +1.5% deficit to the global average from compar-
ing data and the prediction of best fit model.
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Figure 2: Top pad: Predicted and measured prompt energy spectra. The pre-
diction is normalized to the number of measured events. Bottom pad: Ratio
of measured prompt energy spectrum with predicted spectrum (Huber+Mueller
model). The predicted spectrum is converted from ⌫̄e energy to detected prompt
energy Evis via the detector response matrix. The measurement and prediction
are both combined spectra of the three ADs in the near halls from 24 Dec 2012
through 28 July 2012. The grey band around unity: Reactor related uncertainty,
which is taken from the diagonal elements of the reactor covariance matrix.
The red band: Full uncertainty including reactor, detector and background un-
certainties, which is taken from the diagonal elements of the total covariance
matrix. The blue curve: ratio of the predicted prompt spectra from the Hu-
ber+Mueller and ILL+Vogel models.
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ABSOLUTE REACTOR ANTINEUTRINO FLUX 
o Measured IBD events (background subtracted) in each detector are normalized to 

cm2/GW/day (Y0) and cm2/fission (σf).  

o Compare to reactor flux models:  Measured / Predicted IBD candidates 
 

Y0 = 1.553×10-18
 

σf = 5.934×10-43 

Data/Prediction (Huber+Mueller) 
0.947 ± 0.022 

Data/Prediction (ILL+Vogel) 
0.992 ± 0.023 

3-AD (near sites) 
measurement: 

Uncertainty 

statistics 0.2% 

sin22θ13 0.2% 

reactor 0.9% 

detector efficiency 2.1% 

combined 2.3% 
6 

Absolute rate Spectral shape

Observed absolute antineutrino 
spectrum is inconsistent with 
the conventional predictionsPublication in preparation
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Search for light sterile neutrino 
Light sterile neutrinos could introduce additional mode of oscillation
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Sterile neutrino search results

Result from 217 days of data 

No significant signal observed 

Set most stringent limit at Δm2
41 < 0.1 eV2
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Summary
Daya Bay: High precision measurement of reactor antineutrino at 
O(100m) - O(1000 m) baseline. 

Many results recently released: 

The most precise measurement of θ13 and Δm2
ee. 

Oscillation analysis using H-capture sample (not talked today) 

Absolute reactor antineutrino flux and spectrum 

Search for light sterile neutrinos 

Many more coming in the future 

Stay tuned for future results from Daya Bay!
17
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Antineutrino Candidate Selection
• Reject PMT flashers

• Muon veto:


- Water pool Muon: reject 0.6ms

- AD Muon (>20 MeV): reject 1 ms 
- AD Shower Muon (>2.5 GeV): reject 1s 

• Prompt positron Energy: 0.7 MeV < Ep < 12 MeV

• Delayed neutron Energy:  6 MeV < Ed < 12 MeV

• Neutron Capture time: 1 us < Δt < 200 us 
• Multiplicity cut: only select isolated candidate pairs

13

E�ciency Uncertainty
Correlated Uncorrelated

Target Protons 0.47% 0.03%
Flasher cut 99.98% 0.01% 0.01%
Delayed Energy cut 92.7% 0.97% 0.12%
Prompt Energy cut 99.81% 0.10% 0.01%
Capture time cut 98.70% 0.12% 0.01%
Gd capture ratio 84.2% 0.95% 0.10%
Spill-in correction 104.9% 1.50% 0.02%

Combined 80.6% 2.1% 0.2%

Table 3: Detector E�ciency

2

 Poster: Improvements on Monte Carlo Simulation and Studies of Absolute Detection Efficiency at Daya Bay (Guofu Cao)



20

Over 1 million antineutrino interactions!!  
(150k at the far site)

Detected rate strongly correlated with reactor flux
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Background Near Far Uncertainty Method

Accidentals 1.4% 2.3% negligible statistically calculated from 
uncorrelated singles 

AmC source 0.03% 0.2% ~50% MC benchmarked with single 
gamma and strong AmC source

Li-9 / He-8 0.4% 0.4% ~50% measured with after-muon events

Fast neutron 0.1% 0.1% ~30% measured from AD/water/RPC 
tagged muon events

Alpha-n 0.01% 0.1% ~50% calculated from measured 
radioactivity

Background Budget

15
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Data Summary

16consistent rate for side-by-side detectors

Oscillation Parameter Fit Using Rate and Shape

Liang Zhan

Apr 8, 2014

Contents

Abstract

AD1 AD2 AD3 AD4 AD5 AD6

IBD candidates 101998 103137 93742 13889 13814 13645
DAQ live time(day) 190.989 189.623 189.766

"µ 0.8234 0.8207 0.8576 0.9811 0.9811 0.9808
"m 0.9741 0.9745 0.9757 0.9744 0.9742 0.974

Accidentals(/day) 9.53± 0.10 9.29± 0.10 7.40± 0.08 2.93± 0.03 2.87± 0.03 2.81± 0.03
Fast neutron(/day) 0.78± 0.12 0.54± 0.19 0.05± 0.01
9Li/8He(/day) 2.8± 1.5 1.7± 0.9 0.27± 0.14

AmC correlated(/day) 0.27± 0.12 0.25± 0.11 0.27± 0.12 0.22± 0.1 0.21± 0.1 0.21± 0.09
13C(↵, n)16O(/day) 0.08± 0.04 0.07± 0.04 0.05± 0.03 0.05± 0.03 0.05± 0.03 0.05± 0.03

IBD rate(/day) 652.38± 2.58 662.02± 2.59 580.84± 2.14 73.04± 0.67 72.71± 0.67 71.88± 0.67

side-by-side ibd rate ratio 0.985± 0.005

Table 1: IBD selection results for 6AD period.

AD1 AD2 AD3 AD8 AD4 AD5 AD6 AD7

IBD candidates 202461 206217 193356 190046 27067 27389 27032 27419
DAQ live time(day) 374.447 378.407 372.685

"µ 0.8255 0.8223 0.8574 0.8577 0.9811 0.9811 0.9808 0.9811
"m 0.9746 0.9749 0.9759 0.9756 0.9762 0.976 0.9757 0.9758

Accidentals(/day) 8.62± 0.09 8.76± 0.09 6.43± 0.07 6.86± 0.07 1.07± 0.01 0.94± 0.01 0.94± 0.01 1.26± 0.01
Fast neutron(/day) 0.78± 0.12 0.54± 0.19 0.05± 0.01
9Li/8He(/day) 2.8± 1.5 1.7± 0.9 0.27± 0.14

AmC correlated(/day) 0.20± 0.09 0.21± 0.10 0.18± 0.08 0.22± 0.10 0.06± 0.03 0.04± 0.02 0.04± 0.02 0.07± 0.02
13C(↵, n)16O(/day) 0.08± 0.04 0.07± 0.04 0.05± 0.03 0.07± 0.04 0.05± 0.03 0.05± 0.03 0.05± 0.03 0.05± 0.03

IBD rate(/day) 659.58± 2.12 674.36± 2.14 601.77± 1.67 590.81± 1.66 74.33± 0.48 75.40± 0.49 74.44± 0.48 75.15± 0.49

side-by-side ibd rate ratio 0.978± 0.004 1.019± 0.004

Table 2: IBD selection results for 8AD period.
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preliminary

Expected: AD1/AD2 = 0.982;  AD3/AD8 = 1.012
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Independent sin22θ13 measurement through nH
• Advantage


- High statistics (15% capture in the 20-
ton Gd-LS region and 100% in the 20-
ton LS region)


- Different systematic uncertainties from 
nGd analysis


• Challenge

- High accidental background


‣ longer capture time

‣ lower delayed energy


• Strategy

- Raise prompt energy cut Ep > 1.5 MeV

- Require prompt to delayed distance 
ΔR < 0.5 m


- Relative measurement to reduce 
systematics 20

2

also required to be greater than 1.5 MeV to reject the84

low-energy background. The surviving AD events are85

denoted as “good” events for further study. Coincident86

events are identified within a 399 µs time window, Tc,87

beginning at 1 µs after each prompt signal candidate.88

This procedure classifies all good events into single, dou-89

ble coincidence (DC), and multi-coincidence categories.90

Events in the latter category account for ∼2% of the total91

and are not included for further analysis.92

Since the DC events are dominantly accidental coinci-93

dent background, especially in the far hall, a maximum94

distance between the prompt and delayed vertices of 5095

cm is required, rejecting 98% of this background at the96

cost of a 25% acceptance loss. This cut is one of the97

major differences between the nH and the nGd analy-98

ses. Fig. 1 (a) shows prompt energy vs. delayed energy99

for all the DC events after this cut in the far hall. The100

IBD bands are clearly seen for both the 2.2 MeV nH101

and the 8 MeV nGd cases. The measured nH peak is102

around 2.33 MeV with a resolution of 0.14 MeV. The off-103

set from the true peak value arises from the non-linear104

and non-uniform energy response, which is pegged to the105

nGd capture peak in the reconstruction. The γ’s from106

40K and 208Tl decays are observed around 1.5 and 2.6107

MeV, respectively, and the continuous bands from 1.5 to108

3 MeV are from the decay products of 238U and 232Th.109

The nH IBD candidates are obtained by requiring the110

prompt energy to be less than 12 MeV and the delayed111

energy to be within ±3σ of the measured nH peak in each112

AD. The number of the candidates is listed in Tab. I.113

The four identified backgrounds in the selected sample114

are accidental coincidences, cosmogenically produced fast115

neutrons and 9Li/8He, and neutrons from the retracted116

241Am-13C calibration source. The delayed signals of the117

latter three are all from neutrons.118

The following procedure is adopted for removing the119

accidental coincidence background. An accidental back-120

ground sample (ABS) consisting of NABS−tot events is121

first generated by pairing two single events separated by122

at least 10 hours. The same distance and energy cuts are123

then applied to the ABS events, resulting in NABS−cut124

events. As shown in Fig. 1 (b), the ABS well describes125

the pattern of the low-energy region in Fig. 1 (a). The126

IBD spectra, NIBD(ξ), are then obtained by subtracting127

the accidental background from the DC events, NDC :128

NIBD(ξ) = NDC(ξ) −R · Tlive ·
NABS−cut(ξ)

NABS−tot
, (1)

where ξ represents the bin index of any quantity to be
studied, such as the delayed energy, Tlive is the live time
of data-taking listed in Tab. I, and R is the random co-
incidence rate. R can be written as [29]

R = Rs × e−RsTc ×RsTce
−RsTc , (2)
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FIG. 1: (color online) (a) The delayed (Ed) vs. the prompt
energy (Ep) of double coincidence events with a maximum
50 cm vertex separation for all far-hall ADs, (b) the acci-
dental background sample (ABS) events and (c) the delayed
energy distribution after subtracting the accidental coincident
background for the far hall (black) and the near halls (red),
respectively, where the total near site spectrum is normalized
to that of the far site.

where Rs is the singles rate, e−RsTc gives the probability129

of no prior coincidence within Tc, and RsTce
−RsTc is the130

probability of a trigger from an accidental coincidence131

within Tc. Tab. I lists the average rate of the accidental132

background in Eqn. (2) for each AD.133

While the statistical uncertainty of Rs is negligible, a134

systematic uncertainty is caused by the presence in the135

single event sample of a very small fraction of genuine136

correlated events for which either the prompt or the de-137

layed event is not detected. Rs is determined to be ∼22138

Hz from the average of the good triggered event rates139

before and after excluding both the DC events and the140

multi-coincidence events. The systematic uncertainty in141

Rs, estimated from the difference of these two rates, is142

found to be 0.18%, 0.16% and 0.05% for the EH1, EH2143

and EH3, respectively. Rs was observed to have a slow144

downward trend (< 0.36%/day) immediately after an AD145

was installed in water and become stable after about 4146

months. The slow variation of Rs is taken into account147

by performing the accidental subtraction (Eqn. (1)) on a148

run-by-run basis with each run lasting about 2 days.149

Fig. 1 (c) shows the delayed energy spectra for DC150

events in the near and far halls after the accidental back-151

ground subtraction. Very similar spectra, clearly showing152
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nH Analysis Results

• All 217 days of 6-AD period


• Observed significant rate deficit at 
far site, rate analysis measures:


sin22θ13 = 0.083 +- 0.018

- an independent and consistent 

result with nGd analysis


- another precise measurement 
of sin22θ13 

"

• Spectrum distortion is consistent 
with oscillation explanation


- spectral analysis in progress

21

 Poster: An independent measurement of θ13 using Hydrogen neutron capture at Daya Bay (Bei-zhen Hu)

4

EH1 EH2 EH3
AD1 AD2 AD3 AD4 AD5 AD6

Live time (day) 191.0 191.0 189.6 189.8 189.8 189.8
Rµ (Hz) 201.0 201.0 150.6 15.73 15.73 15.73
εµεm 0.7816 0.7783 0.8206 0.9651 0.9646 0.9642
Candidates 74136 74783 69083 20218 20366 21527
Accidental rate (/AD/day) 64.96 ± 0.13 64.06 ± 0.13 57.62 ± 0.11 62.10 ± 0.06 64.05 ± 0.06 68.20 ± 0.07
Fast n rate (/AD/day) 2.09± 0.56 1.37 ± 0.40 0.10 ± 0.04
9Li/8He rate (/AD/day) 2.75± 1.38 2.14 ± 1.07 0.26 ± 0.13
241Am-13C rate (/AD/day) 0.09 ± 0.05 0.09 ± 0.05 0.09 ± 0.05 0.06 ± 0.03 0.06 ± 0.03 0.06 ± 0.03
IBD rate (/AD/day) 426.71 ± 2.36 434.09 ± 2.37 382.69 ± 2.04 47.87 ± 0.79 46.78 ± 0.79 49.02 ± 0.82
nH/nGd 0.653 ± 0.004 0.654 ± 0.004 0.658 ± 0.004 0.653 ± 0.012 0.641 ± 0.012 0.679 ± 0.013

TABLE I: Summary of the hydrogen capture data sample. All the rate quantities are corrected with εµεm. The bottom row
contains the ratio of the measured nH IBD rate to that of nGd from [6].

meter. The H-capture fraction, f , is less than unity due236

to neutron capture on Gd and C, and is estimated by237

the simulation to be 96% in the LS region and 16% in238

the GdLS region. The relative difference among ADs is239

negligible [5]. The total uncorrelated uncertainty per AD240

is 0.67% as summarized in Tab. II. The selected nH IBD241

sample is about 65% of the size of the nGd IBD sam-242

ple [6]. The ratios among ADs 1, 2, and 3 agree within243

0.6%, which provides a strong confirmation of the uncor-244

related uncertainty per AD.245

v Uncertainty Coupled

Np,v

GdLS 0.03% yes
LS 0.13% no

Acrylic 0.50% no
εep,v - 0.1% yes
εed,v - 0.5% no
εt,v - 0.14% yes
εd - 0.4% no
Combined 0.67%

TABLE II: The per detector uncorrelated uncertainty sum-
mary for each quantity and volume, v. The last column indi-
cates whether the uncorrelated uncertainties for the nH and
nGd analyses are coupled.

Fig. 3 shows a comparison of the prompt spectra of246

the far hall and the near halls weighted by the near-to-247

far baseline ratio, along with the ratio of the measured to248

predicted rates as a function of baseline. Clear evidence249

for electron anti-neutrino disappearance is observed. A250

χ2 with pull terms for nuisance parameters the same as251

[3, 5] is minimized to extract sin2 2θ13 from the detected252

nH IBD rate deficit. The value of |∆m2
31| is taken from253

MINOS [30]. The best fit is sin2 2θ13=0.083± 0.018 with254

χ2=4.5 for 4 degrees of freedom. The increase in χ2 is 20255

when θ13 is set to zero, ruling out this null assumption256

at 4.6 standard deviations. The expected Far/Near ratio257

based on the best-fit sin2 2θ13 value is compared to data258

in Fig. 3. This statistically independent measurement of259

sin2 2θ13 with nH captures provides a strong confirmation260

of the earlier measurement using nGd [6].261
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FIG. 3: (color online) The detected energy spectrum of the
prompt events of the far hall ADs (blue) and near hall ADs
(open circle) weighted according to baseline. The far to near
ratio (solid dot) with best fit θ13 value in the lower plot. In
the inset is the ratio of the measured to the predicted rates
in each AD vs. baseline, in which the AD4 (AD6) baseline is
added by 30 (-30) m.

The nH result is an independent measurement of θ13.262

Currently both the nH and nGd [6] results are statistics263

dominated. With only statistical uncertainties consid-264

ered in the nH fit, the uncertainty of sin2 2θ13 is 0.015,265

about 70% in quadrature of the total, which is the same266

for the nGd analysis. The dominant systematic uncer-267

tainties are also independent from the nGd analysis. For268

example, the delayed energy cut is uncoupled (uncorre-269

lated) because the impact of the relative energy scale270

�2/NDF = 4.5/4


