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Neutrino is the most «Nobel Prize» particle (from Lecture 1) 

1. Leon Lederman 
2. Melvin Schwartz      (1988) — discovery of (1962+26) 
3. Jack Steinberger  
4. Frederick Reines (1995) — experimental discovery of  (1955+40) 
5. Raymond Davis (2002) — for the creation of neutrino astronomy 

(detection of solar neutrinos, 1968+34).  
6. Masatoshi Koshiba (2002) — for the discovery of neutrinos from 

the supernova SN1987A (detector Kamiokande-II, 1987+15).  
7. Takaaki Kajita (2015) — for the discovery of atmospheric neutrino 

oscillations (Super Kamiokande, 1998+17) 
8. Arthur B. McDonald (2015) — for proof of solar neutrino 

oscillations(SNO, 2002+13). 

  1               2              3               4             5              6               7             8 

Kobychev - KINR Seminar 2018.12.21 

2 



Neutrino mixing and oscillations 

Transition probabilities:  

Pe = Pμ e = sin22 sin2(1.27 m2 L/E) 

with m2 (eV2) = m1
2 – m2

2 and L/E(km/Gev) or (m/MeV) 

Experimental parameters: 
 
• Neutrino Energy  E 
 
• Source-Detector distance  L 

Physic parameters: 
 
• m2 (eV2) = m1

2 – m2
2 

 
•  

- Neutrinos have masses and mix 
- A unitary mixing matrix relates neutrino mass and flavor eigenstates 
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Atmosphere  +  
MINOS, K2K, T2K, NOvA: 
sin2ϑ23= 0.437(30), NH 

sin2ϑ23= 0.455(35), IH 

| m2
(1+2)3 |= 2.43x10-3 eV2 

Reactor   
(Chooz, Daya Bay, RENO,  
Double Chooz, KamLAND): 
sin2ϑ13=0.0234(20), NH 
sin2ϑ13=0.0240(20), IH 

Solar  + KamLAND: 
sin2 ϑ12= 0.308(17) 

m2
12 = 7.54(25)x10-5 eV2 

s12 = sin2 ϑ12 

c12 = cos2 ϑ12 

Unitary mixing matrix  
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Neutrinos from reactors 

Process of fission (instead of fusion, as in the 
Sun) inside of the nuclear reactor that leads to 
the birth of  through  decay. As particles 
collide with heavy elements such as uranium or 
plutonium, the atoms break up into lighter 
elements and undergo  decay as they become 
more stable. Neutrinos carry away the energy 

Several 
processes 
occurring during 
the fuel cycle of 
a reactor, with 
different yields 
and energy 
spectra  

Example of 235U fission: 
235

92U + n  X1 + X2 + 2n  …94
40Zr + 140

58Ce 



Neutrinos from reactors 

Neutrino flux depends on: 
- Composition of a fuel material 

(99.9% of anti-e are emitted by 4 
isotopes: 235U, 238U, 239Pu and 241Pu) 

- Reactor power  
- Burnup 
- the systematic error of predicted 
flux is 2% 
 
 
Emission of 6 anti-/fission   
continues, isotropic neutrino flux  
0 – 10 MeV  

n   p + e– +anti-e 
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Neutrinos from reactors 
1956 first experimental neutrino detection (Cowan and Reines*, Savannah 
 River) and confirmation of Paulis neutrino hypothesis by observation 
 of “reversed” -decay 
 
 
1980s measurements of reactor neutrino flux, search for neutrino 
 oscillations at distances 10-100 m (Goesgen, ILL, Bugey, Rovno,…) 
 
1990s search for oscillation at 1 km (Chooz, Palo Verde), best limit on 13 

 
2001 Proof of solar neutrino  
 oscillations by KamLAND (180 km), 
 most precise determination of m21

2  

*Nobel Prize in physics (1995 ) 

n
e
+ p®n+e

+

Comparing 
observed/expected 

neutrinos 



 In 1956 Reines* and Cowan observed “reversed” -decay. 

The “elusive” particle was caught (Lecture 1) 

*Nobel Prize in physics (1995 ) 

Three capacities with CdCl2+H2O 
were used as a p-target. As a result 
of 200 hours of measurements, 567 
events were observed (209 events 
of background). Antineutrinos were 
detected by annihilation of the 
positron and capture of the neutron 
by cadmium, which was accompanied 
by radiation of 3-5 gammas from 
excited states with a delay of 10 μs 
(signal from e appeared earlier than 
from n). This corresponds to the 
cross-section: (-)  10-43 cm2             

n
e
+ p®n+e

+

e+ + e–  2 (511 keV) 

n + Cd  several   
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Neutrino is not equal to anti-neutrino (Lecture 1) 

If the reaction (1) exists then the same with anti- (2) should exist 
too, as a reverse reaction of Reines and Cowan experiment (p + e-   
+ n) and if neutrino is equal to anti-neutrino, than both reactions 
should have a  similar cross section  

(1) 
 
(2*) 

+ 37Cl  37Ar (T1/2 ~ 35 d) + e- 

< 0.25*10-44 cm2 

45 times lower than was expected (~10-43 cm2) 

* Pontecorvo (1946) 
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Baseline available 
- Reactors send out neutrinos in all directions (anisotropic), so you could put 
detectors at any baseline you chose 
 
- Different physics can be reached at different baselines (detectors placed 
at a variety of distances (called short-, middle-, or long-baseline 
experiments) give neutrinos different opportunities to oscillate and provide 
information about how neutrinos change over that interval) 



13 (theta13) parameter 
Theta13 deeply relates to how neutrinos mix together (number of anti-e 
that disappear as they travel from a near detector to the far detector, 
transforming into other types), particularly how two different kinds of 
neutrinos  are related (mass states 1 and 3). Reactor experiments  are 
sensitive for mixing angles (the best are Daya Bay (China), Double Choose 
(France), RENO (South Korea)…) 
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Advantages of reactor 
experiments : 
- clean signal (13), weak 

dependence on m2 

- small distance  no matter 
effects 

- relatively cheap compared 
with accelerators (where 
13 could be also measured 
in long baseline 
experiments) 

Small-amplitude oscillation 
due to 13 

Large-amplitude oscillation 
due to 12 
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Reactor experiments (E 1 MeV) 
= Disappearance experiments:  
P() by detecting, for example, 
one neutrino flavor at 2 (or more) 
different sites.  

matm
2 = 2.5  10-3 eV2   

L 1.8 km 
 
msol

2 = 8  10-5 eV2       
L 60 km 

13 parameter measurements 

L 1 km (to keep the second term small) 

Near     Far 



Past experiments 

Palo Verde & Chooz: no signal 
sin22ϑ13<0.15   @ 90% C.L.  
   if m23

2 = 0.0024 eV2 
 

T2K: 2.5 over background (accel.) 
0.03 < sin22ϑ13< 0.28  @ 90% C.L. NH 
0.04 < sin22ϑ13< 0.28  @ 90% C.L. IH 
 
Minos: 1.7 over background (accel.) 
0 < sin22ϑ13< 0.12  @ 90% C.L. NH 
0 < sin22ϑ13< 0.19  @ 90% C.L. NH 
 
Double Chooz: 1.7 
sin22ϑ13 = 0.086  0.041 (stat.)  0.030 (syst.)  
 

Typical precisions of past experiments was 3-6%:  
- reactor power (1%)   
- spectrum (0.3%) 
- fission rate (2%)  
- background (1-3%)  
- target mass (1-2%)  
- efficiency (2-3%) 

But to measure θ13 a 0.4% is needed 
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Chooz, France 

RENO, Korea 

Daya Bay, China 

Reactor experiments 

Setup PTh[GW] L [m]  mDet, [t] Events/year Background/day 

Daya Bay 17.4 1700 80 10  104 0.4 

Double Chooz 8.4 1050 8.3 1.5  104 3.6 

RENO 16.4 1400 15.4 3  104 2.6 
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Observation of electron anti-neutrino disappearance 
at Daya Bay 

• http://dayawane.ihep.ac.cn/twiki/bin/view/Public/ 
• F.P. An et al., Daya Bay Coll., “A side-by-side comparison of Daya Bay anti-

neutrino detectors”, arXiv: 1202.6181[physics.ins-det], submitted to NIM 
• F.P. An et al., Daya Bay Coll., “Observation of electron anti-neutrino disappearance 

at Daya Bay”, arXiv: 1203.1669[hep-ex], submitted to PRL 

Goal: search for a new oscillation mode (mixing 
parameters): 13,  + 2 Majorana phases   

13   ? 

12 (solar neutrino oscillation) 

23 (atmospheric neutrino oscillation) 
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Daya Bay (China) 

Three nuclear power plants (each with two reactor cores). All six cores are pressurized 
water reactors, and each can generate up to 2.9 GW thermal power. Every second, the six 
reactors emit 3,500 billion billon e. 
Six detectors located at 360 meters to 1.9 kilometers from the reactors. Each detector 
contains 20 tons of gadolinium-doped liquid scintillator to catch the reactor anti-. 

Phys.Rev. D97 (2018) no.5, 052009 
arXiv:1711.00588 [hep-ex] 

Tunnels 
(> 2700 km) 



Daya Bay: Underground labs 

Overburden 
(m w.e.) 

R  
(Hz/m2) 

E  
(GeV) 

D1,2  
(m) 

L1,2  
(m) 

L3,4  
(m) 

EH1 250 1.27 57 364 857 1307 

EH2 265 0.95 58 1348 480 528 

EH3 860 0.056 137 1912 1540 1548 17 



The Daya Bay Neutrino Experiment added water 
into the pool holding the four antineutrino 
detectors in 2012.  

Daya Bay: Underground labs 
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Daya Bay Antineutrino Detectors 

19 



Daya Bay Antineutrino Detection 

Reaction:  anti-e + p  e+ + n  

+ p     D +  (2.2 MeV) (delayed, 230 s) 
 
+ Gd   Gd*  Gd + ’s (8 MeV) (delayed,30 s) 

prompt + delayed coincidence provides distinctive signature 

Prompt e+: carries anti- energy Ee+  E - 0.8 MeV 
   ( 1-8 MeV) 
Delayed neutron capture: tag anti- signal 

e+-n time delay 20 
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Look for a deficit of e and spectral distortions at 
distance L 

Absolute Reactor Flux  
Largest uncertainty in 
previous measurements 
 
 
 
Relative measurements  
Remove absolute 
uncertainties! 
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The presented results are from analysis of data collected in the Daya 
Bay experiment with 6 detectors in 217 days (Dec/2011 – Jul/2012) 
and with 8 detectors in 1013 days (Oct/2012 – Jul/2015). During 
1230 days of operation, the Daya Bay experiment collected more than 
million inverse beta decays in near halls and more than 150 thousand 
IBD have been detected in far hall.  
 

2016 - https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.116.061801 

New results (2016) 

e is observed (relative to the predicted flux) 
R = 0.946  0.022 

A new type of neutrino oscillation is discovered  
sin22θ13=0.090  0.009 



Double Chooz (France) 
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The inner detector of the Double Chooz experiment is visible 
without the lid of the tank in place (CEA-Sacley/IRFU-SIS) 

Double Chooz 
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New rate analysis with 
reactor rate modulation 
sin2213 = 0.097  0.035 



Far Detector 

Near Detector 

6  2.7 
16.7 
GWth 

16 ton, 
120 m.w.e. 

16 ton, 
450 m.w.e. 

RENO (from Steve Kettell) 



RENO (South Korea) 



RENO Results 

  RENO obtained the first result in April 2, 2012. 

)(019.0)(013.0113.02sin 13

2
syststat 

  RENO has continued data-taking & data-analysis in a steady state, and 

reported a new result in March, 2013. 

)(015.0)(010.0100.02sin 13

2
syststat 

)(009.0)(006.0929.0
exp

syststatR
Far

ected

Far

observed 





 A clear deficit in rate 

(7.1% reduction) 

 Consistent with neutrino 

oscillation in the spectral 

distortion 



Reactor detectors 



Experimental Results (should be updated…) 



Spectral information 
Not used in the fit 



Summary of θ13 results 
Computed for ∆m23

2 = 2.4 · 10−3 eV2 



Projected uncertainty in sin22θ13<4%. Reduction in 

uncertainty will improve CP reach of LBNE. 

Expect to achieve mee
2 precision 

better than 110-4 eV2 after 3 years. 

Daya Bay Plans  
• Measure of 13 with high precision 
• Measure mee

2  complementary to 
accelerator-based experiments.  

• Further scientific goals: 
– Measure reactor flux/spectrum: possibly resolve 

ambiguities in reactor predictions  and anomaly.   

– Multi-year measurement of reactor flux throughout 
fuel cycles. 

– Measure neutron and spallation production for 
various muon energies across DB depths. 

• Run for at least 3 years (thru 2015) August 2012 
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8-AD 

run 



Daya Bay 
 

n-H coming soon 

RENO 
 

 

Double Chooz 
                                                                      n-Gd 

 

                                                                      n-H 

Summary 

37 NuFact  8/22/13 

sin22θ13=0.090+0.008
-0.009 

|mee
2|= (2.59+0.19

-0.20)10-3 eV2 

sin22θ13=0.100±0.010(stat)±0.015(sys) 

sin22θ13=0.109±0.030(stat)±0.025(sys) 

sin22θ13=0.097±0.034(stat)±0.034(sys) 

Accelerator experiments: 

— normal, — inverted, CP=0, 23=45 
Reactor experiments: 

  rate only,   rate+shape,     n-Gd,    n-H 

Electron neutrino contains 2 mass-splittings 

(3 mass states) and the large splitting agrees 

with that measured from muon neutrinos 
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– Important measurement of a fundamental parameter 

• Daya Bay will have the best measurement for the foreseeable future 

– Improve extraction of mass hierarchy and CP from accel. expts. 

– Overconstrain PMNS matrix thru precision measurement of sin2213 

– Improve ultimate precision on JCP
ν and allow tests of unitarity 

Definitive sin22θ13 measurement 

Significance with which CP violation can be observed 

by NOvA+T2K+LBNE, as a function of the true 

value of CP. Observation of CP violation is 

equivalent to the measurement CP0,. The 

significance is calculated by minimizing over both the 

normal and inverted hierarchies, as the mass 

hierarchy is not assumed to be known. The effects of 

external constraints on 13 from Daya Bay are shown. 

NuFact  8/22/13 



Useful links 

• https://arxiv.org/pdf/1801.05386.pdf 

 

• https://arxiv.org/pdf/1803.10162.pdf 
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Back-up 
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Before 2011: hints about a non null θ13 



Neutrino oscillations 



Δm2=10-5 eV2 

Eν=3 MeV 

L=180 km 

 

 1.27Δm2L/Eν=0.8 

KAMLAND: reactor 
anti-neutrino do 

oscillate! 

Terrestrial “Solar Neutrinos” 
Can we convincingly verify oscillation 

with man-made neutrinos?      




