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The Daya Bay Reactor 
Neutrino Experiment

How to find antineutrino disappearance with 5 days’ data 
in the Daya Bay liquid scintillator detectors
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Purpose of the Lecture

❑ Review the basic principles of reactor 
neutrino physics and detection methods

❑ Hands-on practice on how to estimate 
key numbers

❑ A real-world example of neutrino
oscillation data analysis
▪ how to use basic knowledge to simplify a 

problem and get a correct answer without 
complicated mathematics or coding.

“The formulation of the problem is 
often more essential than its solution, 
which may be merely a matter of 
mathematical or experimental skill.”

― Albert Einstein
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Reactor Antineutrinos

Frederick Reines and Clyde Cowan first 
detected (anti)neutrinos using the 
Savanah River nuclear reactor in South 
Carolina in 1956. (26 years after Pauli’s 
proposal)

Series of beta decays

❑Pure electron antineutrinos

❑Intensive: 2 x 1020 ν / sec / gigawatt

❑Free (to physicists) 

Nuclear reactors 

Nuclear fission

Fission fractions in a typical 

power reactor

235U 55%

239Pu 30%

238U 10%

241Pu 5%
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Homework Problem 1

❑ How many antineutrinos are produced per second for a typical 3-
gigawatt (thermal) commercial reactor?
1. Each fission releases ~200 MeV energy. How many fissions are 

produced per second?

2. Each fission produce ~6 antineutrinos on average from the beta-decay 
chains. How many antineutrinos are produced per second?



55

Reactor Antineutrino Detection

Inverse Beta Decay (IBD)

Daya Bay Antineutrino Detector (AD) and 

Water shield system for cosmic ray veto
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Inverse Beta Decay

❑ A distinctive 
coincidence signature
▪ 6 orders of magnitude in 

background rejection
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Antineutrino Signal Prediction

❑ Antineutrino flux 
predicted from reactor 
theory (with large 
uncertainties) 

❑ IBD threshold: E >1.8 
MeV (why?)
▪ only about 1/3 of the 

reactor antineutrinos 
can be detected

❑ Flux-weighted cross 
section ~3x10-43 cm2

▪ 200x larger than the  
interaction with 
electrons
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Homework Problem 2

❑ Daya Bay’s antineutrino detector (AD) is a 20-ton liquid scintillator 
detector. The far ADs are placed at ~1.6 km away from reactors 
with a total power of ~17 GW. How many inverse beta decay(IBD) 
reactions are expected per day in each far AD?
1. The hydrogen mass fraction in the AD is ~12%. How many free protons 

(from hydrogen) are there in each AD?

2. How many reactor antineutrinos per cm2 per second is expected at the 
AD? (this is referred as the “flux”)

3. The average IBD cross section is ~3x10-43 cm2 , calculate event rate = 
flux * cross section * protons, assuming 100% detection efficiency. 
(remember that IBD can only detect 1/3 of all reactor antineutrinos)
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Background calculation
❑ Accidentals: statistically 

calculate from uncorrelated 
singles 

❑ Li9 / He8: measure time 
distribution of after-muon events

❑ Fast neutron: measure energy 
spectrum from AD/water/RPC 
tagged muon events

12/15/2020 BNL Physics Colloquium 9

Background Near Far Uncertainty

Accidentals 1.4% 2.3% negligible

Li-9 / He-8 0.4% 0.4% ~30%

Fast neutron 0.1% 0.1% ~30%
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Neutrino Oscillations

A 4 MeV reactor neutrino
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Far AD

(1.6 km)

Near AD

(500 m)

Far/Near

Neutrino 

Ratio

Detector

Target 

Mass

Detector 

Efficiency

Survival Probability 

(θ13)

Distance

from

Reactor

𝑷 = 𝟏 − 𝐬𝐢𝐧𝟐 𝟐𝜽𝟏𝟑 ⋅ 𝒔𝒊𝒏
𝟐(𝟏. 𝟐𝟕|𝚫𝒎𝒆𝒆

𝟐 (𝒆𝑽𝟐)| ⋅
𝑳 (𝒎)

𝑬(𝑴𝒆𝑽)
)
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❑ Statistics
▪ powerful reactors (17.4 

GWth) + large detectors 
(80 ton at Far site)

❑ Reactor uncertainty
▪ Far/Near relative 

measurement

❑ Detector uncertainty
▪ multiple functionally 

identical detectors (4 
Near + 4 Far)

❑ Background
▪ deep underground (860 

m.w.e at far site)

Designed to discover 

sin2(2θ13) < 0.01 @90% C.L.
The Daya Bay Neutrino Experiment
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❑Discovery of non-zero θ13 at 5.2 σ 

▪ 2011/12/24 – 2012/2/17 (55 days)

▪ 6 detectors in operation first

https://indico.bnl.gov/event/9947/

BNL virtual mini-symposium: The Daya Bay Reactor Neutrino 
Experiment and the Discovery of Non-zero Theta13

End of operation ceremony (Dec 24, 2011 - Dec 12, 2020)

In fact, in the first 5 days we already knew that θ13 is 

large from the data. In the following slides I’ll give 

you all the inputs to do a simplified analysis. 

Phys. Rev. Lett. 108, 171803 (2012)

https://indico.bnl.gov/event/9947/
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Reactor and Detector Location

Reactor D1 D2 L1 L2 L3 L4

x (m) 43.0 -44.6 856.0 792.3 1143.6 1076.5

y (m) -7.0 6.9 830.9 767.9 1206.1 1138.5

z (m) -12.0 -12.0 -12.0 -12.0 -12.0 -12.0

AD 1 2 3 4 5 6

x (m) 94.5 97.8 584.1 -254.3 -259.5 257.3

y (m) 350.2 345.2 1216.2 1892.6 1889.6 897.8

z (m) -20.0 -20.0 -16.6 -15.4 -15.4 -15.4

❑ All reactor cores 
operated at 
approximately equal 
power for the 5 days
▪ L2 was powered off 

during the 5 days
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Summary of event selection for the first 5 days 

Backgrounds

❑ Calculate the signal rate per day after efficiency correction
▪ EH1-AD1: (3278 - 60.9 – 43 - 6) / 0.8144 / 5.39 = 721.7 events/day

❑ Calculate the statistical error on the signal rate
▪ EH1-AD1: sqrt(3278)/0.8144/5.39 = 13.0 events/day

Signal + Backgrounds
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Homework Problem 3

❑ Can you find the antineutrino disappearance from the given 
information?
1. Plot the measured antineutrino signal rate of each AD vs. the expected 

flux, assuming each AD has the same size, and each reactor has the 
same power.

2. Fit the data (what function to use?) with the near ADs and extrapolate to 
the far ADs. What do you see?

3. What is the “survival probability” in the far ADs relative to the near ADs? 
What is the statistical significance of this observation?

4. What is the size of θ13 using the oscillation formula?

𝑃 = 1 − sin2 2𝜃13 ⋅ 𝑠𝑖𝑛
2(1.27|Δ𝑚𝑒𝑒

2 (𝑒𝑉2)| ⋅
𝐿 (𝑚)

𝐸(𝑀𝑒𝑉)
)

Δm2 2.4 x 10-3 (eV2)

L 1.66 x 103 (m)

E 3.5 (MeV)


