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Reactor neutrinos
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• Largely produced in nuclear 

power plants

– Averaged 6  𝜈𝑒 per fission

– 6×1020  𝜈𝑒/sec/3GWth



Detection of reactor neutrinos

• Commonly detected by inverse beta decay (IBD) with a 

pair of coincidence signals
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Glorious history

• First discovery of 

neutrinos by 

Clyde L. Cowan 

and Frederick 

Reines in 1956
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• First confirmation 

of solar neutrino 

oscillation by 

KamLAND in 

2002

• Bugey, CHOOZ, Palo Verde …



Neutrino oscillation and θ13
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• Known
– θ12, θ23,θ13,   , 

• Unknown
– CP phase, mass hierarchy, m1/m2/m3, δ1/δ2
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θ13  in reactor experiments
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Double Chooz Far
~1.05km

RENO Far
~1.44km

Daya Bay Far
~1.65km

An unambiguous measurement of 13, no interference with CP 
violation phase or matter effects.

KamLAND
~180km, for 12

“Disappearance” experiments:  𝝂𝒆→  𝝂𝒆

Far-near relative measurement 

reduces systematics of reactor 

flux, target mass and detection 

efficiency from percent to sub-

percent level.



Ongoing reactor experiments
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Daya Bay (China) Double Chooz (France) RENO (South Korea)

Reactor power

(GWth)

Overburden

near/far 

(m.w.e.)

nGd target 

mass at far 

site (tons)

Status of data 

taking

Daya Bay 17.4 270/950 80 2011-2020

Double 

Chooz

8.6 80/300 8.3 2011-2017

RENO 16.4 90/440 15.4 2011-2021 (?)



Detector concept

• ν-target: gadolinium-doped liquid scintillator (GdLS)

• γ-catcher: liquid scintillator (LS)

• Buffer: mineral oil

• Veto: water / scintillator / resistive plate chambers 
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RENODaya BayDouble Chooz



Functional identical detectors

• Relative measurement 

reduces systematics

• State-of-the-art experiment 

gives 0.13% uncorrelated 

uncertainty

• Multi-modules in the same 

exp. hall allows directly 

validation on systematics
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Rel. nGd time: 0.2μsRel. energy scale: 0.2%

DYB: PHYSICAL REVIEW D 95, 072006 (2017)

Error bar: stat. 0.13% syst.

DYB DYB

https://gss0.baidu.com/9fo3dSag_xI4khGko9WTAnF6hhy/zhidao/pic/item/a5c27d1ed21b0ef4f1104e5fdac451da81cb3e33.jpg
https://gss0.baidu.com/9fo3dSag_xI4khGko9WTAnF6hhy/zhidao/pic/item/a5c27d1ed21b0ef4f1104e5fdac451da81cb3e33.jpg


Minimum reactor-model dependence

• Near detectors’ data constrains reactor flux and spectrum

• Taking Daya Bay as an example

– Analysis 1: extrapolate near detectors ν spectrum to far detectors

– Analysis 2: completely remove constraints to the predicted spectrum
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Discovery of non-zero θ13
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Double Chooz

with only a far detector

(Nov. 2011)

RENO

(April 2012)
Daya Bay

(March 2012)

5.2σ

4.9σ1.7σ

PRL 108, 

171803 

(2012)

PRL 108, 

191802 

(2012)

PRL 108, 

131801 

(2012)

Rate+shape Rate only Rate only



Latest result

• Near far relative analysis

• Rate deficit + spectrum distortion

• DYB and RENO measured |Δm2
ee|

• Clear L/E dependence
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PRD 95, 072006 (2017)

DYB 1230 

days

DC

DYB

Plenary talk: Jaime Dawson,

Latest Results From Double Chooz



Global comparison

• Most precision θ13 comes from reactor experiments

• Improve δCP measurement for accelerator experiments

• ~2σ tension between DC and DYB/RENO
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• Consistent |Δm2
32| between reactor, 

acc. and atm. experiments

• DYB’s precision is comparable 

with acc. 

T2K, 

arXiv:1707.01048



Prospect of θ13

• Double Chooz

– Data taking to end of 2017

– Reduce the largest systematics: 

proton number

• Daya Bay

– Data taking to 2020

– Better than 3% precision of 

sin22θ13 and |Δm2
ee|

– Better understanding of 

systematics and LS technical 

studies

• RENO

– Plan to 2018 with possible 

extension to 2021
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DYB
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Reactor flux anomaly
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Daya Bay/(Huber+Mueller)

RENO/(Huber+Mueller)

RDYB= 0.946 ±0.020

RRENO= 0.946 ±0.021

PRL, 116, 061801 (2016)
Chinese Phys. C41, 13002 (2017)

• Huber + Mueller’s prediction of 

reactor neutrino flux (~2.4% 

uncertainty) by re-analysis of 

ILL’s beta spectra: ~5% higher 

than short baseline experiments

• DYB and RENO: consistent with 

previous experiments

• ~2% uncertainty, dominated by 

detection efficiency



Reactor fuel evolution

• Study of the neutrino flux and shape changing with reactor fuel 

evolution by Daya Bay 

• 235U appears to be the main contributor to the Reactor 

Antineutrino Flux Anomaly

• Sterile neutrino as the sole cause

of RAA is disfavored by 2.8σ
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Reference: PRL 118, 251801 (2017)



Reactor spectrum anomaly

• All three experiments observed “bump” in the 4-6 MeV 

region of the prompt energy spectrum since 2014.
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RENO
PRL 116, 211801 (2016)

Daya Bay
CPC 41, 1 (2017) 013002

Double Chooz
@ Neutrino 2016



Source of 4-6MeV excess

• Evidence that the 4-6 MeV excess comes from reactors

– NOT from background, sterile neutrino, energy nonlinearity …

– Clear correlation with reactor thermal power

• Underestimation of reactor prediction uncertainty? A. Hayes et al.

– 30% of the decays are first forbidden. 5% uncertainty is more realistic
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RENO
@ NUFACT17

Daya Bay
CPC 41, 1 (2017) 013002

Double Chooz
JHEP10(2014)086



Sterile neutrino searches

• LSND anomaly: excess of  𝜈𝑒 in a  𝜈𝜇 beam 

(2001), similar excess seen by MiniBooNE (2013)

• Reactor anomaly: ~5% deficit at 10-100m 

baselines (2011)

• Gallium anomaly: ~2.9σ deficit of ~0.8MeV νe at 

meter level (2006-2009)

eV scale sterile neutrino

• Short baseline (~10m) experiments to explore it
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LSND: 3.8σ

MiniBooNE: 2.8σ

Plenary talk: Thomas 

Schwetz, Review of 

eV-Scale Sterile 

Neutrino Physics



Constrain from ~km experiments

• Additional spectrum distortion with the existence of sterile neutrinos.

• Reactor disappearance experiments constrain Δm2
41 and sin22θ14.

• Combination of accelerator and reactor 

experiments further constrain Δm2
41

and sin22θμe: 

LSND + MiniBooNE’s allowed par. 

space excluded < 0.8 eV2 @90% C.L.
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Daya Bay RENO preliminary

MINOS+DYB+Bugey-3:

PRL 117, 

151801 

(2016)

PRL 117, 

151802 

(2016)



Short baseline reactor experiments
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Nathaniel Bowden @ Neutrino 2016  

Only introduce NEOS and SoLid in this talk



NEOS

• Neutrino Experiment for Oscillation at Short baseline

– 2.8 GWth commercial reactor in

Younggwang NPP, Korea

– Low enriched uranium fuel (4.6% 235U) 

– 23.7-m baseline and 20-m.w.e overburden

– LS detector with 4.8%@1MeV energy res. 

– Single detector, need a reference model
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Reference: PRL 118, 121802 (2017)

H-M as 

reference

Exclusion 

of sterile ν
DYB as 

reference



SoLid
• Compact reactor BR2 at SCK-CEN 

(Belgium)

– 93.5% 235U, 50-80 MW, 6-9 m 

baseline

• 3D highly segmented composite 

detector (1600kg for phase 1)

– e+ detection in PVT cubes

– Neutron capture on Li in ZnS layer

– n and e/γ discrimination with PSD

• First physics results in 2018
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Parallel talk: Simon Vercaemer, 

Reactor Experiment SoLid

Obtained by off-site calibration robot CaliPSo

Many thanks to Simon V. and SoLid collaboration



Next generation reactor experiment
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• A unique way to determine mass 

hierarchy using reactor 

antineutrinos by the interference 

between Δm2
31 and Δm2

32.

• Challenge: very large detector 

volume and unprecedent energy 

resolution

• JUNO: 20kton liquid scintillator, 

3%@1MeV energy resolution, 

700m underground

JUNO, ~53km

Parallel talk: Z.H. Qin, JUNO: Recent 

Progress in Detector R&D



Summary

• Reactor neutrinos played an important role in the history, leading to 

the first discovery of the neutrino, and the first confirmation of solar 

neutrino oscillation.

• The current generation reactor experiments, Double Chooz, Daya Bay 

and RENO observed the neutrino oscillation driven by the smallest 

mixing angle theta13, and provided the most precision measurement 

of theta13 to date.

• Anomalies were observed in reactor neutrino flux, spectrum, and the 

fuel revolution. These evidences suggest an underestimation of the 

reactor model uncertainty.

• Combination of Daya Bay and MINOS excluded part of the sterile 

neutrino parameter space allowed by LSND and MiniBooNE.

• Many short baseline reactor experiments have started or are about to 

start taking data in the coming year to further explore the sterile 

neutrinos at eV scale.
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