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Reactor Neutrino Experiment

Liang Zhan

Institute of High Energy Physics

CCEPP Summer School, Aug. 20-28, 2021

Many slides taken from CCEPP 2017 talk given by Jun Cao



2

É

Ĕ ӟ ҩᵣ

É

Ĕ

É ԅ ̆Ӟ ԍ№֣̂ ̃

Ĕ ӟ ̔ ≢ֲ

Ĕ ⱴ ֜

Ĕ ̔Ҍᴪ ҹ№֣ ⁞ ̆ ᴪ
ҹ№֣ ⱴ Ȃ

ȁ ȁ

ӟ



3

É A global but not complete picture in a matrix

Reactor neutrino experiments

IBD (scintillator̆
water)

Electron scattering

̂crystalȁGeȁTPC̃
Coherent scattering

̂noble gas,crystal)

Future 

technology

Oscillation 

parameters

Many(KamLAND

,DayaBay, JUNO)

? ?

Mass ordering JUNO ? ?

Flux and 

spectrum

Many Yes Yes

Sterileneutrino Many ? ?

Magnetic 

moment

? Yes Yes 

New physics Yes Yes Yes

Unknownscience 
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1 ïReactor Neutrino 

Experiments
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É " I have done a terrible thing. I 
have postulated a particle that 
cannot be detected."  -- Puali
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Hanford experiment

É Hanford reactor

É 0.3m3 liquid scintillator

É 90 2ò PMTs

É Paraffin to shield neutrons

É Lead to shield gammas

É Expected events: 0.1~0.3 /min

É Observed: 5/min̂ bkg >>signals̃

Cowan: The lesson of the work was clear: It is easy to 

shield out the noise men make, but impossible to shut 

out the cosmos.

Savannah River experiment̔12 m rock overburden + 

veto Ą Discovery of Neutrino



8

Savannah River experiment

É The first observation of neutrinos in 1956 by Reines & Cowan.

Ĕ Inverse beta decayin CdCl3 water solution Ą coincidence of prompt 

and delayed signal

Ĕ Liquid scintillator + PMTs

Ĕ Underground

É Modern experiments are still quite similar, except

Ĕ Loading Gd into liquid scintillator

Ĕ Larger , better detector

Ĕ Deeper underground, better shielding

e nepn ++ ­ +

1995 Nobel Prize
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Neutrino Signal (IBD)

e nepn ++ ­ +

2e e g+ -+ ­

Capture on H or Gd,

Delayed signal, 2.2, 8 MeV

Prompt signal
Peak at 4 MeV

Capture on H
Capture on Gd

Neutron capture after thermalization

Time constant ~30uŝ 0.1% Gd̃

É Inverse beta decay reaction, 

proposed by Pontecorvo, called 

Cowan-Reines reaction

É Coincidence of 

ĔPrompt: positron, energy 

correlated to neutrino energy

ĔDelayed: neutron capture

É 104 times bkg reduction
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CHOOZ

Baseline 1.05 km 1997-1998, France

8.5 GWth

300 mwe

5 ton 0.1% Gd-LS

Bad Gd-LS

Parameter Relative error 

Reaction cross section 1.9 %

Number of protons 0.8 %

Detection efficiency 1.5 %

Reactor power 0.7 %

Energy released per fission 0.6 %

Combined 2.7 %

R=1.01°2.8%(stat) °2.7%(syst),  sin22q13<0.17

Eur. Phys. J. C27, 331 (2003)
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Palo Verde

1998-1999, US

11.6 GWth

Segmented detector

12 ton 0.1% Gd-LS

Shallow overburden

32 mwe

Baseline 890m & 750m

R=1.01°2.4%(stat) °5.3%(syst) 

Palo Verde Gd-LSChooz Gd-LS
1st year 12%, 2nd year 3%

60%/year

Phys.Rev.D64, 112001(2001)
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KamLAND

2002-, Japan

53 reactors, 80 GWth

1000 tonLS

2700 mwe

Radioactivity Ą fiducial cut, 

Energy threshold

Baseline 180 km
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KamLAND

The first observation of reactor anti-

neutrino disappearance

Confirmed antineutrino disappearance at 

99.998% CL

Excluded neutrino decay at 99.7% CL

Excluded decoherenceat 94% CL

R=0.658°0.044(stat) °0.047(syst) 
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Neutrino Mixing @ 2003
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Reactor Neutrion Oscillation

2km

60 km

Question: what is the difference between two figures?
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How large is q13?

PRD 62, 072002

Allowed region

Fogli et al.,  J.Phys.Conf.Ser.203:012103 (2010)

Gonzalez-Garcia et al., 

JHEP1004:056, 2010

Fogli et al.,  hep-ph/0506307

sin22q13<0.16

sin22q13~0.04

sin22q13~0.04

sin22q13~0.08, non-zero 2s
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How to measure q13
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Precision Measurement at Reactors

Parameter Error Near-far

Reaction cross section 1.9 % 0

Energy released per fission 0.6 % 0

Reactor power 0.7 % ~0.1%

Number of protons 0.8 % < 0.3%

Detection efficiency 1.5 % 0.2~0.6%

CHOOZ Combined 2.7 % < 0.6%

Major sources of uncertainties:

É Reactor related ~2%

É Detector related ~2%

É Background 1~3%

Lessons from past experience:

É CHOOZ: Good Gd-LS

É Palo Verde: Better shielding

É KamLAND: No fiducial cut

Near-far relative measurement

Mikaelyan and Sinev, hep-ex/9908047
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Proposed Reactor Experiments

Angra, Brazil

Diablo Canyon, USA

Braidwood, USA

Double Chooz, France

Krasnoyarsk, Russia

KASKA, Japan

Daya Bay, China

RENO, Korea

8 proposals, most in 2003 (3 on-going)

ÅFundmental parameter

ÅGateway to n-CPV and Mass Hierachy measurements

ÅLess expensive
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The Daya Bay Experiment

Å6 reactor cores, 17.4 GW th

ÅRelative measurement

ï2 near sites, 1 far site

ÅMultiple detector modules

ÅGood cosmic shielding

ï250 m.w.e@ near sites

ï860 m.w.e@ far site

ÅRedundancy

3km tunnel
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Double Chooz

Daya Bay

Double Chooz
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RENO

6 cores

16.5 GW

16t, 450 MWE

16t, 120 MWE

Daya Bay

RENO

Double Chooz
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Three on-going experiments

Experiment
Power

(GW)

Detector(t)

Near/Far

Overburden 

(m.w.e.) Near/Far

Sensitivity

(3y,90%CL)

Daya Bay 17.4 40  /  80 250 /  860 ~ 0.008

Double Chooz 8.5 8  /   8 120  /  300 ~ 0.03

RENO 16.5 16  /  16 120  /  450 ~ 0.02

Huber et al. JHEP 0911:044, 2009
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Theta13 and Dmee

NH

3.9%

3.4%

Å DYB: running to 2020, 3% precision (1.5x stat. in 2018 summer)

Å RENO: running to 2021

Å Double Chooz: Dec. 2017
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Mass Hierarchy

NPP Daya Bay Huizhou Lufeng Yangjiang Taishan

Status Operational Planned Planned Under construction Under construction

Power 17.4 GW 17.4 GW 17.4 GW 17.4 GW 18.4 GW

YangjiangNPP

TaishanNPP

DayaBay 
NPP

Huizhou

NPP

Lufeng

NPP

53 km

53 km

Hong Kong

Macau

Guang Zhou

Shen Zhen

Zhu Hai

2.5 h drive

Kaiping,
Jiang Men city,
Guangdong Province 

25

Previous site candidateOverburden ~ 700 m

by 2020: 26.6 GW Daya Bay ~60 km JUNO
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The JUNO Experiment

É 20 kton LS detector

É 3% energy resolution

É 700 m underground

É Rich physics possibilities

Ĕ Reactor neutrino

for Mass hierarchy and 

precision measurement 

of oscillation 

parameters

Ĕ Supernovae neutrino

Ĕ Geoneutrino

Ĕ Solar neutrino

Ĕ Atmospheric neutrino

Ĕ Proton decay

Ĕ Exotic searches L. Zhan, Y.F. Wang, J. Cao, L.J. Wen,  

PRD78:111103, 2008;  PRD79:073007,2009

É Jiangmen Underground Neutrino Observatory, a multiple-purpose 

neutrino experiment, approved in Feb. 2013. ~ 300 M$.
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Determine MH with Reactors

Precision energy spectrum measurement

interference betweenP31 and P32

Ą f: Relative measurement

Further improvement  with ȹm2
ɛɛ

measurement from accelerator exp.

Ą Ўά : Absolute measurement

4 MeV `ne
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Very Short Baseline Exps.
ÅDifferent technologies: (Gd, Li, B) (seg.)(movable)(2 det.)

ÅMost have sensitivity 0.02~0.03 @Dm~1eV2 @90%CL

Talk by Nathaniel Bowden @NEUTRINO2016
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Reactor Neutrino Experiments

1953, Hanford, 0.3 ton

1956, Savannah River, 4.2 ton

Discovery of ɜ Early searches for 
oscillation

1980 Savannah, 

1980 ILL,           

1984 Bugey,      

1986 Gosgen,     

1995 Bugey-3,   
1997, CHOOZ, 8 ton

2000, Palo Verde, 12 ton

Reactor ɜ 

spectra ~2%

Reactor ɜ

oscillation (ɗ12)

2002, KamLAND, 1000 ton

sin22ɗ13<0.152012, 

Daya Bay, 160 ton

Double Chooz, 16 ton

RENO, 32 ton

Non-zero ɗ13

2020, JUNO, 20 000 ton

Mass Hierarchy,

Precision  meas.

Very short baseline 

exp. for sterile ɜ
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2 - Neutrino from 

Reactor
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