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ν Outline
LECTURE I

● Neutrino Sources
● Discovery of neutrinos at reactor
● Solar Neutrino Puzzle
● Neutrino oscillations: solar neutrinos and experiments

LECTURE II

● Reactor neutrino oscillations in KamLAND experiment
● Measuring the last unknown neutrino mixing angle θ13 with the Double 

Chooz, Daya Bay and RENO reactor neutrino experiment
● Open questions in neutrino oscillations:
● CP-violation effect in leptons; 
● Neutrino mass ordering

● JUNO reactor experiment and neutrino mass ordering
● Search for sterile neutrinos at reactors with PROSPECT experiment
● Importance of geoneutrinos
● Conclusion
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Reactor Neutrino 
Oscillations
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νSearch for oscillations with 
reactor neutrinos

● Reactor neutrinos provide opportunity to study neutrinos 
in lab like conditions

● Well understood fission process
● Known source, can be turned off to cross-check 

background estimates.
● A number of experiments searched for oscillations at 100 

m - 1 km baseline.
• < 100 m: ILL, Savannah River, Bugey, Rovno, 

Goesgen Krasnoyarsk
• 1 km: Palo Verde, Chooz
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• Nuclear reactor is an excellent source of νe from β decay.
• Large power reactor produces about 6•1020 νe /s
•  Disappearance experiments
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Reactors as Neutrino Sources



νReactor Experiment
Neutrino Oscillation Search

● Reactor experiments status until 2001
● No large oscillation effect observed at 1 km or less.
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Search for Neutrino Oscillations 
with Reactor νe in KamLAND
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Advantages and Difficulties with 
Reactor Antineutrino Experiments

• Eν ~ few MeV => Backgrounds have 
to be small and carefully evaluated.

• Disappearance experiments  initial 
reactor neutrino flux has to be 
carefully calculated.

• Very small Δm2 can be measured
• Sensitive to sin22θ measurement and 

oscillation parameters. 
• Well-known baseline L.
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ν Neutrino Flux and 
Expected Spectrum

1.5 neutrinos/fission detectable
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Contributions of Different Decay 
Chains to Reactor Neutrino Flux

More than 99.9%
of νe’s are product
of fissions in

235U, 238U, 239Pu, 241Pu.

In a commercial reactor.

Flux know at 2% level.
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Reactor Power vs. Neutrino Flux
Reactor neutrino
rate is proportional
to reactor power

Chooz
Neutrino flux
decreases with square
root of distance from 
reactor

If we are to search for 
small Δm2, we need 
combination of:
- long distance
- large nuclear power
- giant detector 

11



J. Maricic, University of Hawaii

KamLAND Makes a 
Giant Step Forward
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Superiority of KamLAND
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World Map of Nuclear Reactors in 
2001 (not today)



Detection rate 1-2 per day
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Excellent Position of KamLAND (2001)



Description of 
KamLAND Detector



• KamLAND is situated about 1km underground 
which corresponds to 2700 mwe and provides good 
shielding from cosmic rays.

• In Kamioka mine – neighbor to SuperKamiokande
17

KamLAND Detector Site



• 1kton of Liquid Scintillator 
(LS)  surrounded by 
buffer oil and acrylic Rn 
barrier.

● LS is target and detector. 

● Inner detector:
● 1325 17” PMTs
● 554 20” PMTs
● 34% photocatode

coverage
• Veto detector

• 225 20” PMTs - water 
Cherenkov detector

● 260 p.e./MeV observed at 
the detector center. 
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Detector Design

N.B: Liquid scintillator is proton rich target 
that emits isotropic scintillation light 
when particle deposits energy.
LS detectors are calorimeters, 
but not directional. 
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Detection of Reactor νe’s
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Construction of the Inner 
Detector



21

Balloon Installation



- 13m diameter
- 135 μm thick
- made of nylon+
- supported by
network of kevlar
ropes
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Balloon Filling Took 5 Months



Scintillator is a blend of
20% pseudocumene and 
80% paraffine oil.

LS is proton rich.

Different density 
paraffines are used
to obtain similar 
(0.04% different)
density inside and out 
of the balloon.

PPO concentration is 
1.5 g/l of the final blend.
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LS and BO purification plant. 

Buffer Oil and Liquid Scintillator



ν KamLAND Data Recording

Samples (~1.5ns)
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Blue: raw data
red: pedestal
green: pedestal subtracted

• Each PMT is connected to a waveform digitizer and trigger system analysis 

all PMT channels before it issues a trigger and saves all waveforms.

• PMT waveforms are recorded using Digitizers allowing multi p.e. resolution

• ~1/3 p.e. digitizer threshold and dynamic range ~1 mV to ~1 V

• ~1.5 ns sampling
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ν KamLAND data
• Convert waveforms into time and charge information for each PMT
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ν Event display

Event Display:
throughgoing muon

color is pulse height

all tubes illuminated
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Outer detector
display



ν Event display

Stopped muon

27

Outer detector
display



ν Event display

Low energy event

color is time

TimePulseheight

(no OD hits)
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ν Detector calibration
Converting time and charge information 
into event position and energy:

This requires calibration of the PMT's:
• Timing: done with a blue laser
• Gains: single photoelectron gains with LED's

high pulse height gains with UV laser

The detector response as a whole
is calibrated with radioactive sources

The position is obtained from a vertex fit
The energy response depends on position

65Zn (1.115 MeV g)

60Co (2.505 MeV g+g)

(Note: these are old calibration plots,
(for illustration only) 29



ν Neutrino Candidate

Prompt Signal
E = 3.20 MeV

Delayed Signal
E = 2.22 MeV

Dt = 111 µs
DR = 34 cm

(color is time)
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ν Expected Backgrounds in Reactor 
Neutrino Experiments

Accidental bkg:
• e+-like signal: radioactivity from 

materials, PMTs, surrounding rock 
Rate=Re

• n signal: n from cosmic muon
spallation, thermalized in detector 
and captured on H (Rn)
Þ Accidental coincidence
Rate = Re x Rn x Δt

Correlated bkg:
• fast n (by cosmic muon) recoil on 

proton (low energy) and captured 
on H

• long-lived (9Li, 8He) β-decaying 
isotopes induced by muon

Bkg reduction and knowledge 
is critical for oscillation 
measurement!
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Background event mimics an IBD neutrino interaction, but it is something else…



ν Accidental backgrounds

208Tl decay ~2.5/day

238U/222Rn: 3.5x10-18g/g
= 20µBq

232Th: 5.2x10-17g/g
=100µBq

40K: <2.7x10-16g/g
=<0.04Bq

ne threshold

(cf: sea water contains10-9g/g of U.)
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After all cuts are applied, background in the analyzed data sample is:
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Backgrounds Summary



12B12N
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Analysis Cuts
• Analysis cuts are modeled by our understanding of IBD reaction in LS.



ν Event Selection

● In the livetime period of 2991 day, the 
number of antineutrino candidate events is 
2611. 
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ν Systematic Errors
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Data set includes 2 phases and some systematic errors. 



Expected rate 
from reactors 
for the full
volume is 
~ 2 events/day
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Reactor Antineutrino Flux at 
KamLAND Used to be High



ν
Evidence of νe disappearance

● Expected: (without oscillations)
● Observed: 2611
● Background:

Observed - Background
ExpectedP = ~ 0.63
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Shaded region 
LMA solution
at 95% C.L.
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Ratio of Measured to Expected 
Antineutrino Flux from Reactor 
Neutrino Experiments
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Neutrino 
Oscillation 
Spectrum



Atmospheric Neutrinos 
+ accelerator neutrinos

Solar & Reactor Neutrinos

Thanks to Hitoshi Murayama
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Neutrino Oscillation 
Parameters Summary
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Neutrino Oscillation Parameters (2022)



L0 = 180km flux-
weighted average 
reactor distance

Expected survival probability
for point source at 180km baseline

Oscillations: 1st and 2nd reappearance!

Definitely 
oscillations… 
alternatives 
not viable any more.
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Survival probability L/E variation



ν Importance of θ13 mixing angle 

● Angle θ13 always multiplies 
δ CP violation phase

● We cannot measure δ CP, 
until we measure θ13
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sij = sinqij cij = cosqijatmospheric solar

qsolq13, dqatm

Δm2
31=(2.41±0.13)×10-3 eV2

Δm2
21=(7.49±0.19)×10-5 eV2



J. Maricic, University of Hawaii

Precision Reactor Neutrino 
Physics: measurement of q13
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J. Maricic, University of Hawaii

Status Until 2011 

World best constraint: 
CHOOZ experiment!

(ne ® ne disappearance exp)

@Dm2
atm = 2 10-3 eV2

sin2(2θ13) < 0.15
(90% C.L)

Chooz experiment
R = 1.01 ± 2.8%(stat)±2.7%(syst)

ne ® nx

M. Apollonio et. al., Eur.Phys.J. C27 (2003) 331-374 
Challenge: measuring small angles
requires excellent control of systematic
errors!
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ν

J. Maricic, University of Hawaii

Reactor Neutrino Detection Signature
● Resort to IBD signature for 

neutrino detection

Distinctive two-step signature:
-prompt event

Photons from e+ annihilation
Ee = En + 0.8 MeV +  O(Ee/mn)

-delayed event
Photons from n capture on dedicated 
nuclei (Gd)
Dt ~ 30 µs E ~ 8 MeV

Gd +  å
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P(ne® ne) = 1 - sin2(2q13) sin2(Dm2
31L/4E) 

The - New - Concept
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Nuclear Power Station Near detector Far detector
400 m 1050 m 

ne,µ,t

e+ spectrum  Far 
Detetector
Stat. Errors

ne ne,µ,τ sin2(2q13)=0.12
Dm2

atm= 3.0 10-3 eV2

Far/Near ratio 
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Diablo Canyon

Braidwood

Angra

Penly
Chooz
Cruas

Krasnoyarsk

Taiwan

Kashiwasaki

Daya bay

2002-2004

Angra

Double Chooz
Daya Bay

1st generation: sin2(2q13)~0.02-0.03

2nd generation: sin2(2q13) à 0.01

Reno

2007

Looking for Sites
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Double Chooz

http://doublechooz.in2p3.fr/

France

Germany 

Japan

Brazil

Spain

U.S.A

Russia

U.K.

Courtesy of T. Lasserre 50



ν Improving CHOOZ ?
CHOOZ : Rosc = 1.01 ± 2.8% (stat) ± 2.7% (syst)

• Statistics
– More powerful reactor 

(multi-core)
– Larger detection volume
– Longer exposure

• Experimental error: n flux and cross-section uncertainty
– Multi-detector
– Identical detectors to reduce inter-detector systematics 

(goal: towards σrelative~0,6%)

• Background
– Improve detector design larger S/B
– Increase overburden
– Improve bkg knowledge by direct measurement
– subtraction error<1%

® Luminosity increase L = Dt x P(GW) x Np

Far: 60 000/3 y
Near: ~3 106/3 y2700Event rate

3-5 yearsFew monthsData taking period

0,5%2,7%Statistical error

6,82 1028 H/m36,77 1028 H/m3Target composition
10,2 m35,55 m3Target volume

Double-ChoozCHOOZ
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ν q13 at Reactors 

sin2(2q13)=0.04
sin2(2q13)=0.1
sin2(2q13)=0.2

Dm2
atm = 2.0 10-3 eV2

Near Detector: ~ 3 106 events/3y
-Reactor efficiency:  80%
-Detector efficiency: 80%
-Dead time: 50%

Far Detector: ~ 
60 000 events/3y
-Reactor efficiency:   80%
-Detector efficiency:  80%

Ev
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00
 K

eV
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rs

E (MeV)

E (MeV)

Two independent sets of information:
Normalisation + Spectrum distortion
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Double Chooz Detector 
Overview
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Site in French Ardennes

East Reactor
West Reactor

351 m

465 m

115 mwe
Flat topology

300 mwe
Hill topology

1115 m
998 m

Near

Iso - Near/Far flux
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ν

J. Maricic, University of Hawaii

The detector design – Onion-like

7 m

Shielding: steel 17 cm: >7l(g).

Muon Inner-VETO: scintillating oil

Non-scintillating buffer: same liquid (+ 
quencher?) Isolate PMTs from target area

g-catcher: 80% dodecane + 20% PXE 
Extra-volume for n-interaction

n-target: 80% dodecane + 20% PXE + 0.1% Gd
Volume for n-interaction

n
ne p

Gd

Sg ~ 8 MeV

511 keV

511 keV
e+

Muon Outer-VETO:

Acrylic vessels ➔ «hardware» 
definition of fiducial volume

PMT support structure: steel tank, 
optical insulation target/veto

➔ Improved background reduction

7m
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ν Inner Detector
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ν Inner Detector Lid
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ν

Jelena Maricic, Drexel U

Background in Double Chooz – same types as Kamland

Accidental bkg:
• e+-like signal: radioactivity from 

materials, PMTs, surrounding rock 
Rate=Re

• n signal: n from cosmic µ
spallation, thermalized in detector 
and 
captured on Gd (Rn)

Þ Accidental coincidence
Rate = Re x Rn x Δt

Correlated bkg:
• fast n (by cosmic µ) recoil on p 

(low energy) and captured on Gd
• long-lived (9Li, 8He) b-decaying 

isotopes induced by µ
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Multi Detector Measurement of θ13 with 
Multiple Detectors in Daya Bay
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ν
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ν
Detectors
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Daya Bay 2011 - 2020
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ν Conclusion on neutrino 
oscillations and open questions

● With precise measurement of θ13 all neutrino oscillation 
parameters are well known.

● Open questions in neutrino oscillations:
● neutrino mass ordering à will be measured with 

accelerators (5 σ) and JUNO reactor experiment (3 σ)
● CP violation phase in leptons à requires neutrino 

appearance measurement with accelerator neutrinos 
(T2K, NOvA à running, DUNE, HyperK à future)
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Neutrino Mass Ordering (MO)
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ν Measuring MO with Reactor Neutrinos
● Originally proposed in 2008 by J.G. Learned et al (arXiv:hep-
ex/0612022)

● Requires ~ 10 kton detector at 50 – 64 km from reactor with excellent 
energy resolution ~3%

● Full 3 flavor survival rate of electron antineutrinos:

72
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https://arxiv.org/abs/hep-ex/0612022


νJUNO Expected MO Measurement
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νJUNO – Reactor Neutrino Experiment   
to Measure Neutrino Mass Ordering
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νJUNO Detector and Sensitivity 
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3 σ measurement of 
ν MO in 6 years

Much improved
ν mixing 
parameters

35.4 m



ν Sterile Neutrino  Search with      
Reactor Neutrinos

● Search for sterile neutrino oscillations 
(PROSPECT, STEREO, Solid, Neutrino-4) at 
distance of few m from reactor core 
● Proposed sterile neutrinos are “heavy” à

oscillate few m from reactor core
● Ton scale detectors
● Sterile neutrinos mostly excluded in 1-5 eV2

mass region at 3σ level.
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6.7 m – 9.2 m baseline

SEGMENTED



ν Other Measurements with      
Reactor Neutrinos

● Earth heat flow of 40 TW comes from 
primordial and radiogenic heat

● Geoneutrinos (from decays of 238U, 232Th 
and 40K) à radiogenic heat contribution to 
crust and mantle (KamLAND and Borexino)

● Favors < 20 TW radiogenic heat contribution
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J. Maricic, University of Hawaii

Conclusion
Studying neutrinos is challenging.
Nevertheless, neutrinos carry a promise of great discoveries.
They have already revealed surprises like neutrino mass and neutrino 
oscillations giving us a window in the Beyond Standard Model physics.

Solar and reactor neutrinos are very useful free sources of neutrinos that 
have been successfully used for decades. 

Liquid scintillator detectors are great in detecting not just reactor but also
geoneutrinos telling us about Earth heat flow.

Near future of physics with reactor neutrinos may bring even greater  
findings in the lepton sector such as fourth neutrino species and solution to 
the neutrinos mass ordering problem. 

n

n n

n
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Thank you!
And homework!
1) Calculate the energy released in supernova explosion  of SN1987A 

using the data from Kamiokande experiment (relevant references given 
in the problem)

2) Compare the detection rates and spectrum of neutrinos in KamLAND
with and without matter effects included (needed references and 
reactor spectrum given in the problem) 

3) Make the plots of oscillated reactor neutrino spectrum with JUNO in 
case of inverted and normal mass ordering. Compare the plots for
perfect, 3% and 5% resolution. Check what happens to ability to resolve 
normal and inverted ordering at a oscillation baseline that is different 
from the current one. 


