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É Reactor Neutrinos

É Measuring q13 and Dm2
ee

Ĕ Daya Bay, Double Chooz, RENO

É Rate and spectrum anomaly

É Determining Mass Hierarchy & 

precision measurement of q12, Dm2
21 and Dm2

31

Ĕ JUNO, RENO-50

É Summary 

Outline



3

É Discovery of neutrino in 1956

É Small q13 in 1990s

É limit on neutrino magnetic moment

É Observation of reactor ⱨ▄disappearance in 2003

É Discovery of non-zero q13 in 2012

É Mass hierarchy and precision measurements

É Sterile neutrinos, Magnetic moment, é 

Reactor Neutrinos

Double ChoozFar

~1.05km

RENO Far

~1.44km

DayaBay Far

~1.65km

Near

JUNO
RENO-50

~ 4 MeV
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Reactor Neutrino Flux at a Glance

É Using PWR (Pressurized Water Reactor) as examples in the following. 

(3-5)% U-235 enrichment.  > 95% is U-238.

É Neutrinos from subsequent b-decays of fission fragments. 

Neutrino rate 

versus power,

Palo Verde

Isotope 

evolution

Neutrino spectra, 

ILL

More neutrinos from 

a U-235 fission 
than Pu-239

Visible spectrum, 

multipled by 

inverse b-decay  

(IBD) Xsec.

0.1%

U-235 depletion

Pu-239 breeding

Refueling outage

Power trips

Isotope evolvement

X

U-235, U-238

Pu-239, Pu-241
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Spectra of Isotopes

É Ab initio: Nuclear database, Ɇ fragments, Ɇ chains, Ɇ branches Ą 10%

uncertainty (e.g. Vogel et al., PRC24, 1543 (1981)). 

É ILL measured the ɓ-spectra Ą convert to neutrino spectra

Ĕ ILL spectra : Use spectra of 30 virtual branches, fit amplitude and 

endpoints 

Ĕ Mueller spectra: 90% Ab initio, 10% fit Ą rate anomaly

Ĕ Huber spectra: fit w/ improved nuclear effects

K. Schreckenbach et al. PLB118, 162 (1985)

A.A. Hahn et al. PLB160, 325 (1985)
Shape verified by Bugey-3 data

Normalization by Bugey-4, 1.6%
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Detecting Reactor Antineutrino

e nepn ++ ­ +

2e e g+ -+ ­

Delayed signal, Capture on H (2.2 

MeV, ~180ms)  or Gd (8 MeV, ~30ms)

Prompt signal

Capture on H

Capture on Gd

Åɜ-e scattering

ÅInverse beta decay (IBD)

0.1% Gd

Ὁ Ӷ’ ὉÐÒÏÍÐÔὗ ά

~ ὉÐÒÏÍÐÔπȢψ-Å6

~ 4 MeV
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Daya Bay, Double Chooz, RENO for ɗ13
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Measuring ɗ13 (see Nu-A session@TAUP)

Daya Bay

2012

Double Chooz
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Reactor Results

DYB 5.2ů
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Reactor Results

ἻἱἶⱣ Ȣ Ȣ
Ᵽ Ȣ Ј Ȣ Ј
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Future Prospects

Ĕ Daya Bay:

¸ D(sin22q13) ~ 0.003 Č ~ 3%

¸ D(Dm2
ee) ~ 0.07 Č ~3%

Ĕ RENO: ~5%

Ĕ Double Chooz: ~10%
Rate + Shape, by J. Zhao
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Combination Prospects

É The 3 experiments started to discuss combination.

É To the end of 2006 (by J. Zhao)

Ĕ Daya Bay: 0.00307

Ĕ Daya Bay + RENO: 0.00287 Ą improve by 6.5%

Ĕ Daya Bay + RENO + DC: 0.00282 Ą improve by 8.2%

É Assumed uncorrelated

Ĕ Reactor, detector, background

Ĕ Cosmogenicbkg correlation Ą worse

Ĕ Cosmogenicbkg (50% systematic uncer.) reduction Ą better

Zoom



13

É ILL spectra agree w/ data

É Mueller/Huber spectra higher than data

É Sterile neutrino?

Reactor Anomaly (Rate)

G. Mention et al. 

Phys.Rev. D83 (2011) 073006 

fit with sterile ’
ɝά ρὩὠ
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Daya Bay Absolute Rate Measurement

É Daya Bay measurement of absolute Flux

Ĕ Data/(Huber+Mueller )̔0.947¤0.022

Ĕ Data/(ILL+Vogel )̔0.992 ¤ 0.023 

arXiv:1508.04233
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É Different technologies: (Gd, Li, B) (seg.)(movable)(2 det.)

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

Future Reactor Exp. for Sterile Neutrino

Lhuillier, Neutrino 2014

NuLat@NIST

And later on ship

See next talk by J. Link
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5 MeV Bump on Reactor Spectrum

É Events are reactor power related & time 

independent

É Events are IBD-like:

Ĕ Disfavors unexpected backgrounds

É No effect to q13 at DYB, RENO; under 

control at DC

É Possibly due to forbidden decays (PRL112: 

2021501; PRL114:012502)

RENO, Neutrino 2014

DC, Neutrino 2014

Jetter, Tau2014
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É Bump local significance ~ 4 s

É Unfolding the reactor neutrino spectrum

Ĕ Between 1.5 and 7MeV, it ranges from 1.0% at 3.5 MeV to 6.7% at 7 

MeV, and above 7 MeV it is larger than 10%.

Measuring the spectrum

arXiv:1508.04233

1MeV window
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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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JUNO for 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 

19

Previous site candidateOverburden ~ 700 m

by 2020: 26.6 GW
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Far Detector

Near Detector

RENO-50

18 kton LS Detector       

~47 km from YG reactors 

Mt. Guemseong (450 m) 

~900 m.w.e. overburden

(NEAR Detector)

(FAR Detector)

Seo, Nu-A session@TAUP
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Rich Physics Program

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 Exotic searches 

Neutrino Physics at JUNO, arXiv:1507.05613
Michael Wurm , Nu-A session@TAUP

É JUNO has been approved in Feb. 2013. ~ 300 M$.

É is a multiple-purpose neutrino experiment

http://arxiv.org/abs/1507.05613
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PRD 88, 013008 (2013)Relative Meas. Use absolute Dm2

Statistics only 4s 5s

Realistic case 3s 4s

Sensitivity on MH

JUNOMH 
sensitivity with
6 years' data:
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Complementary MH Determination

Ўά and Ўά
Interference (f)

Ўά and Ўά

difference
Matter Effect

atmosphericReactor

Accelerator

É Reactors
Ĕ JUNO: approved, data in 2020, 3-4sin 6 years.

Ĕ RENO-50: R&D

É Atmospheric
Ĕ INO: approved, data in 2019-2020, 3sin 10 years

Ĕ PINGUЕ planned, data in 2021Ї3sin 4 years

Ĕ ORCAЕ planned, data in 2020Ї3sin 4 years

Ĕ Hyper-KЕplanned, data in 2025.

É Accelerator
Ĕ NOvA: operation

Ĕ DUNEЕ10 kton from 2024, 40 kton from 2030, >5sfor all CPs
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É Many studies on sensitivity. All are consistent, given the same inputs

Ĕ Imcomplete list: Learned, PRD78:071302, Qian, PRD87:033005, Ge, JHEP1305:131, 

Balantekin, arXiv:1307.7419, Ciuffoli , JHEP1212:004, Ghoshal, JHEP1103:058, é 

Impacts of Inputs

NOvA, LBNE:  d
PINGU, INO:  q23=40-50̄

JUNO:  ůE 3%-3.5%

M. Blennowet al., JHEP 1403 (2014) 028Antonio Marrone, nu-A session@TAUP

Reactor spectrum uncertainty

DYB Current spectrum: 10% @>7 MeV
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High-precision, Giant LS detector

KamLAND BOREXINO JUNO

LS  mass 1 kt 0.5 kt 20 kt

Energy Resolution 6%/ ╔ 5%/ ╔ 3%/ ╔

Light yield 250 p.e./MeV 511 p.e./MeV 1200 p.e./MeV

MC simulation based 

on Daya Bay MC

Å 77% photocathode coverage 

Å PMT QE: 35%

Å Attenuation length of 20 m 

Č abs. 60 m + Rayl. scatt. 30m

JUNO CDR: arXiv:1508.07166
Zhimin Wang, Nu-A session@TAUP
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Beyond Photo-statistics

É Generic form of E resolution

Ĕ a: stochastic term

Ĕ b: constant term

Ĕ c: noise term

Impact to MH 

sensitivity

É Data validated Full MC (DYB & DC)

É Noise term dominated by PMT dark noise

É Constant term

ĔResidual non-uniformity

ĔFlaws in readout electronics

ĔArtifacts from resolution plotting

É No JUNO show stopper found in DYB 

model

DYB

JUNO
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É Not only energy scale, but also reactor spectrum shape Ą

Daya Bay as a virtual near site.

É Daya Bay calibration plan for non-linearity (FADC+LS)

É SBL reactor experiments (such as PROSPECT)

Energy non-linearity

Daya Bay: 1.5%
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Short Baseline Exp. with Gas TPC

É Gas TPC detector at ~20 m from a reactor (J. Cao, L.J. Wen)

Ĕ ɜ-e scattering

Ĕ High energy precision ( <3%/sqrt(E) ) 

É Major motivation: high precision reactor spectrum to 1%

Ĕ Input for JUNO. DayaBay energy resolution 8%, JUNO 3%

É Other motivations:

Ĕ The weak mixing angle qw

Ĕ Abnormal magnetic moment

Ĕ Sterile neutrino

MUNU exp:

mn< 0.9 ³10-10mB

CF4 , T > 700 keV

PLB 615(2005)153
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Precision Measurements

Statistics +BG+1% b2b+1% Scale +1% EnonL

sin2Ǧ12 0.54% 0.67%

ǃm2
21 0.24% 0.59%

ǃm2
ee 0.27% 0.44%

Probing the unitarity 

of UPMNS to ~1%

more precise than CKM 

matrix elements !

Smeared by 3%/sqrt(E)
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JUNO Progress and Schedule

É Ground breaking in Jan. 2015

Ĕ 600 m slope tunnel excavated out of 

1340 m

Ĕ 100 m vertical shaft excavated out of 

611 m

É Central detector using acrylic 

É International Collaboration formed w/ 

380 members from 55 institutions in 12 

countries/regions

Schedule:

Civil preparation̔ 2013-2014

Civil construction̔ 2014-2017 

Detector component production̔2016-2017

Detector assembly & installation̔ 2018-2019 

Filling & data taking̔ 2020
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Civil Progress


