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The 3-neutrino Mixing
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Reactor Antineutrino Oscillation
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JUNO

Daya Bay Near
Daya Bay Far

Immune to CP violation and matter effects

KamLAND

Key for a precise measurement:
✓ Baseline Optimization

𝐿(m)~
𝜋 ∙ 𝐸 (MeV)

2.54 ∙ ∆𝑚2(eV2)
✓ Large statistics

Large ҧ𝜈𝑒 flux 
Massive target mass

✓ Background control
Large overburden
Detector shielding

✓ Systematics control
Relative Far/Near measurement
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Reactor ҧ𝜈𝑒 Production and Detection

Inverse Beta decay (IBD) 
Coincidence signals to suppress background
• Prompt:   𝐸prompt ≈ 𝐸𝜈 − 0.8 𝑀𝑒𝑉

• Delayed: nH (2.2 MeV) or nGd (~8 MeV)  
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Source: Pure ҧ𝜈𝑒 from cascade of beta decays

• ~ 200 MeV / fission

• ~ 2 x 1020 ҧ𝜈𝑒/GWth/Sec (1/5 above IBD threshold)

ҧ𝜈𝑒 + 𝑝 → 𝑛 + 𝑒+



The Daya Bay Collaboration
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Daya Bay collaboration:
• ~200 collaborators
• ~40 institutions
Members from SYSU:
• Jiajie Ling
• Wei Wang
• Yuenkeung Hor
• Fengpeng An
• Zhibing Li
• Honghao Zhang
• Yu Chen
• Yumei Zhang



Daya Bay Layout
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EH1
(AD-1, 2)

EH2
(AD-3, 8)

EH3
(AD-4, 5, 6, 7)

Relative Measurement: 
3 Experimental Halls (EH) 
8 “identical”antineutrino 

detectors (AD)
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Antineutrino Detector (AD) System
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6-AD (2-1-3)
24/12/2011 – 28/07/2012

217 days

8-AD (2-2-4)
19/10/2012 – 21/12/2016

1524 days

7-AD (1-2-4) 
26/01/2017 – 12/12/2020

1417 days

AD7-8 
installation

AD1 
GdLS→ LS

End of 
operation

Special 
calibration

AD1 FADC 
installation

20 ton Gd-LS

22 ton LS

Mineral oil

ഥ𝝂𝒆 + 𝒑 → 𝒏 + 𝒆+
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ADs. The fast-neutron and 9Li/8He backgrounds were site-

wide correlated. In the worst case where they were correlated

in the same hall and uncorrelated among different halls, we

found the best-fit value unchanged while the systematic un-

certainty increased by 0.001.

Fig. 4 shows the measured numbers of events in each de-

tector, relative to those expected assuming no oscillation. The

6.0% rate deficit is obvious for EH3 in comparison with the

other EHs, providing clear evidence of a non-zero θ13 . The

oscillation survival probability at the best-fit values is given

by the smooth curve. The χ2 versus sin22θ13 is shown in the

inset.
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FIG. 4. Ratio of measured versus expected signal in each detector,

assuming no oscillation. The expected signal is corrected with the

best-fit normalization parameter. Reactor and survey data were used

to compute the flux-weighted average baselines. The oscillation sur-

vival probability at the best-fit value is given by the smooth curve.

The AD4 and AD6 data points are displaced by -30 and +30 m for

visual clarity. The χ 2 versus sin2 2θ13 is shown in the inset.

The observed νe spectrum in the far hall is compared to

a prediction based on the near hall measurements in Fig. 5.

The disagreement of the spectra provides further evidence of

neutrino oscillation. The ratio of the spectra is consistent with

the best-fit oscillation solution of sin2 2θ13 = 0.092 obtained

from the rate-only analysis [31].

In summary, with a 43,000 ton-GWth -day livetime expo-

sure, 10,416 reactor antineutrinos were observed at the far

hall. Comparing with the prediction based on the near-hall

measurements, a deficit of 6.0% was found. A rate-only anal-

ysis yielded sin2 2θ13 = 0.092±0.016(stat)±0.005(syst).
The neutrino mixing angle θ13 is non-zero with a significance

of 5.2 standard deviations.
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FIG. 5. Top: Measured prompt energy spectrum of the far hall (sum

of three ADs) compared with the no-oscillation prediction from the

measurements of the two near halls. Spectra were background sub-

tracted. Uncertainties are statistical only. Bottom: The ratio of mea-

sured and predicted no-oscillation spectra. The red curve is the best-

fit solution with sin2 2θ13 = 0.092 obtained from the rate-only anal-

ysis. The dashed line is the no-oscillation prediction.
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2016 Fundamental physics break-through prize

First Result in 2012
Daya Bay excluded θ13=0 with 5.2σ with 
only 55 days after operation

2012 top 10 break-through by Science
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2020年12月12日 大亚湾实验停止运行



• Rolling gain calibration using dark noise
• Weekly calibration 

• 68Ge, 241Am13C, 60Co 
• LED diffuser ball

• Special calibration campaigns
• 137Cs, 54Mn, 241Am9Be, 239Pu13C

• Spallation neutrons and 12B
• Natural radioactivity

Detector Energy Response 

Relative detector energy scale ≲ 0.2%
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NIM A750 19 (2014) NIM A797 260 (2015)

9% @ 1 MeV



Energy Nonlinearity Calibration 

• Two major sources of energy nonlinearity:
• Scintillator response (Birks + Cherenkov)
• Readout electronics (FADC correction)

• Energy model for positron is derived from 
measured gamma and electron responses 
using simulation.

~0.5% absolute energy uncertainty

𝜸 𝒆−
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𝒆+



IBD Pair Selection
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• Remove flashing PMT events
• Veto muon events
• Prompt and delayed energy: 

• 0.7 MeV < 𝐸Prompt < 12 MeV 

• 6 MeV < 𝐸Delayed < 12 MeV

• Neutron capture time: 
• 1 𝜇𝑠 < Δ𝑡 < 200 𝜇𝑠

• Multiplicity cut: select time-isolated signal pairs



• Cosmogenic isotopes: 9𝐿𝑖/ 8𝐻𝑒:
• 𝛽 − 𝑛 decay
• 𝜏𝐿𝑖 = 257.2 ms, 𝜏𝐻𝑒 = 171.7 ms

• A multi-dimensional fit using
• Time interval after the preceding muon (𝑡𝐼𝐵𝐷 − 𝑡𝜇)

• Prompt Energy (𝐸Prompt)

• Distance between the prompt and delayed signals (Δ𝑅)
• Low energy (𝐸𝑉𝑖𝑠<2 GeV) and high-energy (𝐸𝑉𝑖𝑠 >2 GeV) muon samples from all 

three halls simultaneously

Backgrounds:  9Li/8He
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Backgrounds: Fast Neutron and Muon-X
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• Fast spallation neutrons generated outside of the water pool
• Gradual failure of PMTs or high-voltage channels in the water veto

system
• Reduction of muon detection efficiency in water pool
• Muon decays and spallation (muon-x)  on top of ADs

• Lower the hit multiplicity of PMTs (nHit) in IWS from 12 to 6 to tag 
muon-x backgrounds
• Reject more than 80% muon decays with < 0.1% loss of livetime
• Extend cut on 𝐸𝑃𝑟𝑜𝑚𝑝𝑡 from 12 MeV to 250 MeV spectrum for 

fast neutron and muon-x

μn-Gd

p recoil

Stopping-μ

Michel e



5.5 Million nGd IBD Candidates
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Site EH1 (Near) EH2 (Near) EH3 (Far)

IBD candidates 2,236,810 2,544,894 764,414

• 24/12/2011 – 12/12/2020 (3158 days)
• ~2700 days of good data

• World largest IBD data sample
• 5.5 M IBDs 
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Rate-only Oscillation Results
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𝑠𝑖𝑛22𝜃13 = 0.0854 ± 0.0027

𝜒2/𝑁𝐷𝐹 = 17.3 / 19



Prompt Energy Spectra
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Rate+Spectra Oscillation Results
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Precision Measurements 
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World most precise measurement of sin2 2𝜃13 and |Δ𝑚32
2 |



light sterile neutrino oscillation
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• A minimum extension of the 3-ν model:  3(active) + 1(sterile)-ν model
• Search for a higher frequency oscillation pattern besides |Δm2

ee|

Introduction
• If exists, D aya B ay w ould see additional rate and spectral 
distortion from  sterile neutrinos
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Sterile Neutrino Search

PRL 125, 071801 (2020)
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The most stringent upper limit for light sterile neutrinos  (∆𝑚2 < 0.2 eV2)  

• Data is consistent with 3-ν model; No light sterile neutrino signal observed  
• Consistent results from Feldman-Cousins and CLs methods

1230 days



Joint Sterile Neutrino Searches

MINOS/MINOS+ Daya Bay + Bugey-3

• The combined results can exclude the LSND and MiniBooNE signal region at 
∆𝑚41

2 < 5 eV2 at 90% C.L.
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PRL 122 091803 (2019)
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PRL 125, 071801 (2020)



Reactor ҧ𝜈𝑒 Flux Prediction

• Summation (ab initio) method 
– > 6000 decay branches

– Missing data in the nuclear database

– ~30% forbidden decays

– ~ 10% uncertainty
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• Conversion method 
• Convert ILL measured 235U, 239Pu 

and 241Pu 𝛽 spectra to ҧ𝜐𝑒 with 
>30 virtual 𝛽-decay branches

• Old: ILL + Vogel (238U)             
model (1980s)

• New: Huber + Mueller (238U)
model (2011)

• ~ 2.4% uncertainty
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Reactor Antineutrino Anomaly (RAA)

Osc with 4𝜈

~6% deficit

PRD 83 073006 (2011)    
CPC 41 1 013002 (2017)

The measured ҧ𝜈𝑒 flux at 10-100 m from reactor cores 
is ~6% below the theoretical calculation
• Theoretical reactor ҧ𝜈𝑒 flux modelling? 

• Systematic uncertainty underestimation ( 2%→5%)

• Sterile neutrinos ( ҧ𝜈𝑒 → ҧ𝜈𝑠)? 
• High frequency oscillation (Δm2

new~ 1-10 eV2) at 
baseline of few meters 

Osc with 3𝜈

Δm2
new

Δm2
atm

νe νμ ντ νs
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3 (active )+1(sterile)-𝜐 model
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Reactor ҧ𝜈𝑒 Flux and Spectrum
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𝑅 =
𝑑𝑎𝑡𝑎

𝑀𝑜𝑑𝑒𝑙 (𝐻𝑢𝑏𝑒𝑟 + 𝑀𝑢𝑒𝑙𝑙𝑒𝑟)

= 0.952 ± 0.014(𝑒𝑥𝑝) ± 0.023(𝑚𝑜𝑑𝑒𝑙)

PRL 123 111801 (2019)

• Daya Bay result is consistent with the previous experimental results
• Data/prediction spectrum shows a total >5σ deviation, especially significant deviation at 

4-6 MeV region of the prompt energy (>6σ)
• No effect on far/near relative measurement for 𝜃13 and ∆𝑚32

2

凌家杰（中山大学） 26

PRD 100 052004 (2019) 

1958 days



Reactor Isotope Fuel Evolution
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1230 days

• Clear fuel-dependent evolution
• Evolution slope deviates from Huber + Mueller 

(H-M) model: disfavors sterile neutrino only 
(equal deficit) hypothesis at 2.6𝜎

4% IBD rate change

PRL 118 251801 (2017)



Isotope Yields and Spectra Measurements
from Fuel Evolution Study
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PRL 118 251801 (2017) 

1230 days

• Daya Bay data prefer 235U to be mainly responsible for the Reactor ҧ𝜈𝑒 Anomaly
• First measurement of 235U and 239Pu spectra from a commercial reactor
• Consistent with bump structure at 4-6 MeV
• Local spectra deviation from prediction: 235U (4𝜎) and 239Pu (1.2𝜎)

1958 days

PRL 123 111801 (2019)



Joint analysis of Daya Bay and PROSPECT
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First Evidence of reactor neutrinos 
with Ev > 10 MeV
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Summary

• Daya Bay has made the most precise measurements on 
𝐬𝐢𝐧𝟐𝟐𝜽𝟏𝟑 and ∆𝒎𝟑𝟐

𝟐 with 2.8% and 2.3% precision

• Set the most stringent upper limit for light sterile 
neutrino with ∆𝒎𝟒𝟏

𝟐 < 0.2 eV2

– A joint fit with MINOS/MINOS+ is able to exclude most of 
LSND/MiniBooNE signal region

• Reactor fuel evolution is observed
– Reactor Antineutrino Anomaly is mainly caused by 235U 

– First measurement of 235U and 239Pu spectra from commercial 
reactor

• First evidence of reactor neutrinos with energy above 
10 MeV
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