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Reactor antineutrinos
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Powerful !𝝂𝒆 source:
• Used to discover neutrino.
• Used to measure 𝜃!", 

NMO…
• 𝛽 decays of fission 

fragments of 235U, 238U, 
239Pu, and 241Pu.

Conversion model:
• convert ILL 𝛽 spectra to �̅�! 

spectra
• ~ 30 virtual 𝛽 decay 

branches.
• ~ 2.4% uncertainty
• Huber-Mueller (HM) model 

(2012)

Summation model:
•  ~1000 isotopes
•  ~6000 branches
•  ~10% uncertainty
• SM2018



Scientific problems
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• Precision measurements of flux/spectrum
• Understand these anomalies better
• Help improve the nuclear database
• Provide inputs for model and future reactor 

antineutrino experiments.

Flux anomaly
• 6% deficit compared with 

HM model
• Oscillations from active to 

eV-scale sterile neutrinos?
• Model problem?

• Flux deficit is meanly 
contributed by 235U.

• Tend to indicate there are 
problems with model.

• Update model 235U ↓ ~5% 
• KI model (Convert)
• SM2018 model 

(Summation)

5 MeV excess

• The origin of the excess has not been fully identified 
yet.

• Reactor antineutrinos unpredicted by the model?



Antineutrino detection
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Prompt
E%&'(%) ≈ E* − 0.8 MeV

Inverse 𝜷 decay (IBD)
 �̅�+ + 𝑝 → 𝑒, + 𝑛

Delayed
n-Gd (~8 MeV, 30𝜇𝑠)

n-H (~2.2 MeV, 220𝜇𝑠)

• Preserves incoming �̅�+ 
energy information

• Positron and neutron 
coincidence → powerful 
background rejection.



Daya Bay experiment
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• 6 reactor cores, 17.4 GWth
• 8 identical antineutrino detectors (ADs) at 3 sites.
• Operated for 3,158 days (Dec. 2011 ~ Dec. 2020)



Overall spectrum
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• 25 bins in 0.7~8 MeV for 
reconstructed energy of IBD prompt 
signal.

• ~1.4% precision in 2~5 MeV.
• Shape discrepancy w.r.t. HM model:
• ~10𝜎 significance in 4~6 MeV.



Precision measurements
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Precisions increase about 10% to 20% .



Data-based antineutrino spectrum
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• SVD unfolding method
• Overall, $%&U and $%'Pu spectra are unfolded together.
• Minimizing S&-. − RS/ 0V12 S&-. − RS/ + τ CS/ 0 CS/ Add bias but 

suppress 
variance



Summary

• Flux and spectra precision measurements with Daya Bay full data set.
• The world leading 239Pu flux and spectra results.
• The world leading 235U flux result.

• First time to unfold three spectra simultaneously.
• A detailed investigation on the correlation.

• Provides a data-driven input for future reactor antineutrino studies.
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Many thanks!
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Back up
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Extract !"#U and !"$Pu yields
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•  𝜎345 = 6.16 ± 0.12 ×10164
•  𝜎347 = 4.16 ± 0.21 ×10164
  (unit: cm3/Iission)
• Compare with HM:
• 7.0% deficit (3𝝈 significance) for 235U
• 4.2% deficit (0.9𝝈 significance) for 239Pu

𝜒# = 𝜒# 𝜎$ , 𝐹, 𝝈𝒊, 𝜖 + 𝜒#(𝜎#"&, 𝜎#'!)

Overall yield 
evolution data

Eff. fiss. frac.

Yields to be 
extracted

systematics
Constrained by HM



Extract	!"#U and	!"$Pu spectra
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𝜒# = 𝜒# 𝑆$ , 𝐹, 𝑺𝒊, 𝜖 + 𝜒#(𝑆#"&, 𝑆#'!)

Overall spectrum 
evolution data

Eff. fiss. frac.

Isotopic spectra 
to be extracted

systematics

Constrained by HM
(Conservative HM err. setting)

• 	345U: 
• ~4𝜎 significance in 4~6 MeV

• 	347Pu:
• ~1𝜎 significance in 4~6 MeV

• Pu combo:
• 𝑆DEFGE = 𝑆347 + 0.185×𝑆362
• Reduce uncertainty by 30%



Fuel evolution
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• IBD yield per nuclear fission 𝜎:
number of !𝜈+ per fission × cross section

• Overall σH:
5.84 ± 0.07 ×10164cm3/Iission

• Slope ( IJ
IK!"#

):

• Slope larger than HM means the 235U 
yield is smaller than HM prediction.



IBD Datasets

15

Statistics

PRL116, 061801(2016) ~0.3 million

CPC41, 013002(2017) ~1.1 million

PRL123, 111801(2019) ~3.5 million

This work ~4.7 million

• 4.7 million IBD candidates collected at 
4 near ADs.

• n-Gd as delay signal.
3158 days of data

Prompt energy and background of EH1



• In one burning period:
• Effective fission fraction 𝐹L: fraction of 

fission isotopes viewed in detectors. 
(weekly basis)

• 𝑭𝟐𝟒𝟏 ≈ 𝟎. 𝟏𝟖𝟓×𝑭𝟐𝟑𝟗

Fuel evolution
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Fuel evolution in terms of 𝑭𝟐𝟑𝟗

#"+Pu + n → 	#',Pu + n → 	#'!Pu



Unfolding

• Minimizing: S&-. − RS/ 0V12 S&-. − RS/ + τ CS/ 0 CS/

• 𝑆X+D = 𝑆EY+XZ[[, 𝑆345, 𝑆347

• 𝐶 =
𝐶3 	

𝐶3 	
𝐶3
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Response matrixCorrelation matrix



Reactor antineutrino model
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Theoretical

Conversion

Summation

HM model

SM2018

Phys. Rev. C 85, 029901 (2012)
Phys. Rev. C 83, 054615 (2011)

Phys. Rev. Lett. 123, no. 2, 022502 (2019)

HKSS model

KI model

B
A

Phys. Rev. D 104 (2021) L071301

Phys. Rev. C 100, no.5, 054323 (2019)

A: rate correction for the 
measured 𝜷 spectrum of 235U. 
B: First-forbidden transitions 
correction.

235U ↓	∼ 5%

Pandemonium-free nuclear data
235U ↓	∼ 5%

Data-driven Daya Bay based

No RAA for KI and SM2018.
Shape discrepancy still exists!


