
Chasing Neutrinos (from 1989 to today) 
Symposium in Honor of PBM 

August 24 to 26, 2016 

Peter Paul, Stony Brook 
 

 

 

 

Quarks have mass, little mixing 
between them 

 

In 1980s neutrinos assumed massless, no 
mixing, Today Neutrinos have mass and 
large mixing. Why the difference? 

 
Stony Brook and BNL were/are heavily involved in both sectors. 
• PBM’s major work in the quark sector. 
• He was also part of seminal development in neutrino sector 

 
 



It started with the missing Solar Neutrinos  

 

 
 

 

Expected 
rate of e 
from the sun 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Some of the e 

from the sun 

are missing. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

PBM was member 
of NSAC at that 
time. 
This decision gave 
international 
credence to SNO 

 
 

The SNO detector filled with heavy water 
was sensitive to all neutrino flavors 
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       Observed Neutrino Oscillation gave mass to neutrinos 
 

  SNO and Super-K gave the answer 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

            νe missing 
But       νe + νμ + ντ agree 
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The 2015 Nobel Prize in Physics was given to Art McDonald and Takaaki Kajita for demonstrating neutrino oscillations with neutrinos from the sun and the atmosphere.



Neutrino Oscillations with Accelerator 
Generated  Beams ca. 2002 

The K2K Experiment  The BNL experiment 

From AGS to Home Stake Mine From KEK to Super-K detector 

OFF axis beam provides 
narrow neutrino energy 

Wide energy neutrino 
beam shows several 
oscillation maxima 



MINOS at Fermilab and K2K in Japan show muon   
neutrino disappearance 

 

 

 
 
 

MINOS 
  BNL: Milind Diwan’s group  

 

 

 

 
 

 

 
  L=735 km  



The paradigm: 3-ν mixing
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With cij ≡ cos θij and sij ≡ sin θij :

θ23 ≈ θatm ≈ 45°; θ12 ≈ θsol ≈ 34°; θ13 ≤ 10°

ppaul
Text Box
Delta is a CP violating phase, which is the most important goal of the  experiments.  Other experiments will determine if neutrinos are Majorana particles and alpha is needed.
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Sensitivity to mass hierarchy via “matter effects”:
Passage through matter:

Normal: increases νμ→νe, decreases νμ→νe
Inverted: decreases νμ→νe, increases νμ→νe

Note: sin2θ13 a factor in all the physics we are after!
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unknowns
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295 km

280 m
J-PARC

Near Detector
Super-Kamiokande

1000 m

Neutrino Beam

The T2K (Tokai to Kamioka) Experiment�
(http://t2k-experiment.org/)

“The T2K Experiment”, K. Abe, et al., Nucl. Instr. and Meth. A 659, 106 (2011)            
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Sensitivity to CPV-δ     

In general,   

For three generation, νe appearance (accelerator experiments)   
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For anti-νe disappearance (reactor experiments)   

No CPV-δ dependence, Pure θ13 measurement	
 

Sensitivity to θ23 octant  

CPV term 

− − 

3-flavor Neutrino Oscillations (in Vacuum)�
under PMNS Framework

Complementary	
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How can we measure the CP violating phase delta
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J-PARC Accelerator Complex and �
Neutrino Beamline
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Neutrino Interactions  at the T2K Energy Range
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T2K Near Detector Complex

Off-Axis Detectors 
-  ν flux/spectrum 
-  cross-sections 

On-Axis Detector (INGRID) 
- ν beam direction, profile on-axis νµ beam

2.5o off-axis 
νµ beam

ppaul
Line

ppaul
Line

ppaul
Line

ppaul
Line

ppaul
Oval

ppaul
Text Box
P0D Dtector measures pi-zero background

ppaul
Line



Chang Kee JungMay 22, 2016

The Far Detector: Super-Kamiokande

39.4 m 

41.4 m 
ID 

OD 

Electronics Hut 

50 kton Water Cherenkov Detector 
−  Inner Detector (ID) w/ 11,000 20” PMTs 
−  Outer Detector (OD) w/ 1,840 8” PMTs 
−  40% Photocathode coverage 

Fully Contained (FC) events 
FCFV events for analysis 
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T2K Accumulated # Protons on Target (POT), and�
J-PARC Main Ring Beam Power

§  Stable operation at ~450 kW achieved (design power: 750 kW) 
§  Antineutrino-mode run since June 2014 
§  Total POT for physics (as of June 2015): 7.04 x 1020 (nu-mode), 4.00 x 

1020 (antinu-mode) à ~ 14% of the total approved POT (7.8 x 1021) 

antinu-mode run 
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 T2K New Results on νµ Disappearance

Almost complete 
disappearance of νµ  
à 120 events observed         

no oscillation hypothesis 
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 T2K New Results on νµ Disappearance

Maximum dip:  
location à Δm2

32 
size à sin22θ23 
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 νµ Disappearance Confidence Regions

Note: osc. Max for sin22θ13 = 0.098:  
sin2θ23 = 0.513 (or θ23 = 45.74o)                  

T2K Run 1-4 Best Fit Point (NH): 
Δm2

32 = 2.51 ± 0.1 x 10-3 eV2 

sin2θ23 = 0.514 +0.055   
−0.056 

- The best fit is consistent with the 
maximal mixing but not exactly at the 
maximal mixing 
- T2K now has the smallest error on θ23, 
(~3o) 

SuperK 
     T2K  

MINOS 

IH 

NH 

T2K and SuperK: Separate C.L. for NH & IH 
MINOS: C.L. from the global minimum                  
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T2K Reconstructed Eν Spectrum of the �
Final Selected Events

significant 
reduction in 
NC BG  
	

§  θ13= 0 is 
excluded at 
7.3σ level of 
significance 

à Observation of νe appearance from a νµ beam! 

6 11 28 
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Reactor νe disappearance

small at max 
of first term

Accelerator-based oscillation experiments
• θ13>0
• mass ordering if θ13 large enough
• CP violation if θ13 large enough
• parameter extraction limited by degeneracies

combine energies or reactor
Reactor-based oscillation experiments
• measure only θ13 but without ambiguity
• combine with accelerator to break degeneracies

in some regions, if sufficient precision
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Eight Detectors in Three Halls

7
M. Grassi /15

Eight Detectors in Three Underground Halls

3

Experimental layout

S. Jetter 7 / 53

EntranceEntrance

Daya Bay CoresDaya Bay Cores

Ling Ao I CoresLing Ao I Cores

Ling Ao II CoresLing Ao II Cores

T
unnels
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unnels

Shenzhen 45 kmShenzhen 45 km
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55
km
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55
km 3 Underground

Experimental Halls
3 Underground
Experimental Halls

Daya Bay Near Hall
363m from Daya Bay

98 m overburden

Daya Bay Near Hall
363m from Daya Bay

98 m overburden

Ling Ao Near Hall
481m from Ling Ao I

526m from Ling Ao II

112 m overburden

Ling Ao Near Hall
481m from Ling Ao I

526m from Ling Ao II

112 m overburden

Far Hall
1615m from Ling Ao I

1985m from Daya Bay

350 m overburden

Far Hall
1615m from Ling Ao I

1985m from Daya Bay

350 m overburden

⌅ 17.4 GWth power

⌅ 8 operating detectors

⌅ 160 t total target mass

⌅ 17.4 GWth power

⌅ 8 operating detectors

⌅ 160 t total target mass

Ling Ao Near Hall
481 m from Ling Ao I
526 m from Ling Ao II

112 m overburden

Days Bay Near Hall
363 m from Daya Bay

98 m overburden

Far Hall
1615 m from Ling Ao I
1985 m from Daya Bay

350 m overburden
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Combined nGd and nH Results

18

where NDC;d is the number of measured double coinci-
dences from the dth AD given in Table II, Bd is the sum of
the accidental and correlated backgrounds derivable from
Table II, σDC;d is the statistical uncertainty of NDC, and
N̄IBD is the expected number of IBDs from Eq. (1), which
contains the oscillation parameter sin22θ13. The ωd

r [36] are
the fractions of IBDs in the dth AD due to the rth reactor,
which were calculated using Eq. (1) without oscillation
(including oscillation decreased the best-fit value of
sin22θ13 by less than 0.03%). The reactor-uncorrelated
uncertainty (0.9%) is denoted as σR. The parameter σD is
the AD-uncorrelated uncertainty of IBD detection effi-
ciency from Table III. The parameter σB;d is the combina-
tion of all background uncertainties, which are given in
Table II. There are twenty two corresponding pull param-
eters denoted as αr, ϵd, and ηd. The normalization factor ϵ
was fit and accounted for any biases in the backgrounds Bd
that were common to all halls or detectors, and any biases in
the predicted number of IBDs N̄IBD;d that were common to
all detectors; i.e., in reactor-related models/quantities, the
IBD cross-section model, or IBD selection efficiencies.
Iterating over sin22θ13 with the efficiency correction

factors as described in Sec. VII A 1, the best-fit value for
both the normal and inverted neutrino-mass hierarchies was

sin2 2θ13 ¼ 0.071" 0.011; ð29Þ

with a χ2min per degree of freedom of 6.3=6.
Figure 23 shows the ratio of the measured rate to the

predicted rate assuming no oscillation, for each detector.

The most recent nGd result from Daya Bay [12] is included
for comparison. The 5.0%-deficit of EH3 relative to the
near halls given in Eq. (27) is apparent. For the nGd-IBD
analysis, this deficit was about 5.2%, and the best-fit value
was sin22θ13 ¼ 0.084. The red curve is the oscillation
survival probability Pν of Eq. (3) with a value of sin22θ13 ¼
0.082 from the combination of the nH- and nGd-IBD
analyses, which is described in the next section.
The contributions of various quantities to the total

uncertainty of sin22θ13 (σtotal) are listed in Table IV, where
they are presented as fractions of σ2total. The variance of a
quantity was estimated as σ2total minus the square of the fit
error when fixing the nuisance parameter of said quantity to
its best-fit value. The sum of the fractions is not equal to 1
due to correlations. The statistical uncertainty is the largest
individual component. The second- and third-largest uncer-
tainties are those of the coincidence-distance criterion
and the delayed-energy criterion (see Table III for the
components of the detector contribution). The reactor-
uncorrelated uncertainty is reduced by a factor of 20, as
in the relative expression of Eq. (27).

C. nH-nGd combined result

The result for sin22θ13 from the current analysis was
combined with that from the most recent nGd-IBD spectral
analysis from Daya Bay [12]. The combination was
performed both analytically and via a simultaneous fit of
the nGd-IBD and nH-IBD data sets. Correlations between
the two analyses were estimated for efficiencies, back-
grounds, and reactor-related quantities.
The correlation coefficients of the various uncertainty

components are listed in Tables III and IV. Reactor-related
uncertainties are fully correlated and statistical uncertain-
ties are uncorrelated. The correlation of quantities with
negligible uncertainty, such as DAQ time and muon-veto
efficiency, had negligible impact. The correlation coeffi-
cients of the detector-related quantities are described in
Section VII H and listed in Table III. The accidental
backgrounds were treated as uncorrelated because of the
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nH+nGd result

Daya Bay: 621 days

FIG. 23. Ratio of measured to predicted IBD rate in each
detector assuming no oscillation vs. flux-weighted baseline. Each
detector is represented with a green square (blue circle) for the nH
(nGd) analysis. Error bars include statistical, detector-related, and
background uncertainties. The dashed green (blue) curve repre-
sents the neutrino oscillation probability using the nH (nGd)
result for sin22θ13 and the global fit value ofΔm2

32 (the nGd result
for Δm2

ee [12]). The solid red curve represents the oscillation
probability using the nH-nGd combined result and Δm2

32, and its
magenta error band is from the uncertainty of Δm2

32. The
baselines of EH1-AD2 and EH2-AD2 are shifted by þ20 m,
and those of EH3-AD1, 2, 3, and 4 are shifted by −30, −10,þ10,
and þ30 m, respectively, for visual clarity.

TABLE IV. Contributions of individual uncertainties to the
total uncertainty of sin22θ13. See the text for details. Detector
uncertainties are characterized in Table III. The last column
contains the estimated correlation coefficients between the
nH- and nGd-IBD analyses.

Uncertainty Fraction (%) Correlation

Statistical 51.8 0
Detector 39.2 0.07
Reactor 4.2 1
9Li=8He 4.4 0
Accidental 0.4 0
Fast neutron 0.3 0
Am-C 0.1 0.7
Combined 100.4 0.02

NEW MEASUREMENT OF θ13 VIA NEUTRON … PHYSICAL REVIEW D 93, 072011 (2016)

072011-23

nH and nGd combined result 

2016-3-14 Rencontres de Moriond EW 2016 19 

Correlations between the two analyses were estimated for efficiencies, 
backgrounds, and reactor-related quantities. 

An overall correlation coefficient of 0.02 indicates the independence of the 
two analyses (detail in backup) 

Combine the nGd result 
with nH 

2
13

2
13

2
13

sin 2 0.071 0.011 (nH)

sin 2 0.084 0.005 (nGd)

sin 2 0.082 0.004 (Combined)

T

T

T

 r

 r

 r

arXiv:1603.03549 

Correlation between datasets estimated for efficiencies, 
backgrounds and reactor-related uncertainties

Overall correlation coefficient of 0.02 indicates independence 
of the analyses
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Impact of Reactor Measurement of θ13 on δCP and 
Comparison with MINOS

 T2K: Marginalized over Δm2
32, 

sin2 2θ23 and sin22θ13  
 Note the x-axis scales are 
different and the y-axis scales 
are adjusted to be same  

Daya Bay 
Summer13 

PDG12 

T2K 

T2K prefers δCP = − π/2 while MINOS prefers + π/2 
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Remaining Unknown Neutrino Properties

§  θ23> 45o, = 45o (maximal)   or < 45o 

 à maximal mixing may indicate a profound hidden 
symmetry  

§  δCP (≠ 0, i.e. CPV?) 
§ Mass ordering (NH or IH?) 
§  Is PMNS matrix correct description of the lepton 

sector? 

§  Any sterile ν
§  Absolute mν

§ Dirac/Majorana 



5

The mass hierarchies

2
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Text Box
No conclusive evidence for either hierarchy
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Physics Goals of Future Long Baseline Accelerator 
Based Neutrino Oscillation Experiments

νµ νµ

_ 

νe 

νe 
_ 

ντ

ντ
_ 

νµ disappearance: 
T2K, NOvA, DUNE, 
(HyperK), … 
à  Is θ23 45o ? 
i.e. maximal mixing? 

  

νe appearance: 
T2K, NOvA, DUNE, 
(HyperK), … 
à  compare these two: if 
not equal, determine CP 
violation and mass 
ordering 
  =? 
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The Breakthrough Prize in Fundamental Physics 
2016

§  Seven Representatives and Five Groups of Collaborations 
¬ Super-Kamiokande, K2K/T2K, SNO, KamLAND, Daya Bay 

⁃  SBU NN group is in Super-Kamaiokande, K2K and T2K 

§  Citation 

“For the fundamental discovery and exploration of neutrino 
oscillations, revealing a new frontier beyond, and possibly far 
beyond, the standard model of particle physics” 



NOvA 

¨  Long-baseline, off-axis neutrino oscillation 
experiment 

¨  Study neutrinos from NuMI beam at Fermilab 

¨  At 14 mrad off-axis, energy peaked at 2 GeV 

¨  Functionally identical detectors 
¤  ND on site at Fermilab 
¤  FD 810 km away in Ash River, MN 

¤  Measurement at ND is directly used to predict FD 

P. Vahle, Neutrino 2016 2 



Contours 

¨  Fit for hierarchy, 𝜹CP, sin2θ23 

¤  Constrain Δm2 and sin2θ23 with NOvA 
disappearance results 

¤  Not a full joint fit, systematics and other 
oscillation parameters not correlated  

¨  Global best fit Normal Hierarchy 
 

 

¤  best fit IH-NH,  Δ𝜒2=0.47 

¤  both octants and hierarchies allowed at 1σ 
¤  3σ exclusion in IH, lower octant around 
𝜹CP=π/2   

 

P. Vahle, Neutrino 2016 27 

Antineutrino data will help resolve degeneracies, 
particularly for non-maximal mixing 

Planned for Spring 2017 
CPδ
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The End
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Detecting Reactor Neutrinos

6

Inverse Beta Decay
Measurement method 

Detection of electron antineutrino by Inverse Beta Decay (IBD) 

2016-3-14 Rencontres de Moriond EW 2016 6 
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Measurement method 
Detection of electron antineutrino by Inverse Beta Decay (IBD) 
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Delayed signal 
2.2 MeV 200 μs 

8/8.5 MeV 30 μs 

Extract θ13 from reactor antineutrino deficit 

9 Far/Near IBD events ratio 
9 IBD spectra distortion of the Far and Near sites 
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Extract 𝜃13 from 𝜈e deficit

Study Far/Near event ratio and spectral distortion
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F 

T2K Experimental Setup and �
Oscillation Analysis Strategy

€ 

ΦSK ⋅Posc ⋅σ reaction
H 2O ⋅εSKdEν

Proton beam 
interaction in the 
target 
à Hadron production 
FLUKA, NA61, etc. 

Φ

Neutrino-nucleus 
interactions (NEUT) 
MiniBooNE, MINERvA 

σ

Constrained Φ σ  

Fit 

Super-Kamiokande 

Near 
detector data  Tracking inside 

horns and He vessel 
GEANT3+GCALOR Measured oscillation 

parameters 

Predicted Φ and 
correlated σ at SK 

SK data and uncertainties 
(detector and uncorrelated σ)  

Fit 
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Neutrino Oscillations

4

mass statesflavor states

propagateproduction
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A = U
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@
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A

Parameters: one CP phase, two mass splittings, 
and three mixing angles

θ13 measurement with reactor 
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Reactor neutrino oscillation 
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Reactor anti-neutrino survival probability 
short baseline long baseline 

θ13 can be revealed by deficit of reactor anti-neutrinos at ~ 2 km 

short baseline long baseline 

Remaining unknowns: mass 
hierarchy and CP Phase
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 ¦ Flavor eigenstates 

Mass eigenstates 

The 3-generation neutrino oscillation framework: 

Parameters:  1 CP phase, 2 mass squared difference, 3 mixing angles 

Remaining unknowns: 

1) mass hierarchy 2) CP phase 

Magnitude of θ13 is the signpost to the 
determination of these unknowns! 
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New nH Oscillation Results

17

energy peak and resolution, and IBD prompt and delayed
event-position distributions. Given the observed stabiliza-
tion of the leak, no impact is expected in the future.

H. Summary

The efficiencies of the PMT flash rejection, prompt- and
delayed-energy selection, and coincidence-time selection
criteria were determined with simulation, while the number
of target protons, the muon-veto and multiplicity and
coincidence-distance selection efficiencies were deter-
mined with data. The AD-uncorrelated uncertainties of
these quantities were determined by comparing data among
the eight ADs.
The efficiency of the PMT flash rejection criterion was

> 99.99% (see Sec. IV B 1) and had a negligible uncer-
tainty. Muon-veto and multiplicity selection efficiencies
(εμ and εm) are listed in Table II and had negligible AD-
uncorrelated uncertainties. The product of the efficiencies
of the prompt- and delayed-energy, and time selection
criteria were about 14%, 50%, and 5% in the GdLS, LS,
and acrylic volumes, respectively. The efficiency of the
coincidence-distance criterion was determined as an aver-
age for all volumes: 75%. The AD-uncorrelated uncertain-
ties of these efficiencies are listed for each detector volume
v in Table III. The uncertainty of the delayed-energy
selection efficiency reduced from 0.5% [15] to 0.35%
because of a new estimation and an update of the original
estimation to scale the number of spallation neutrons with
the number of target protons. This reduced the uncertainty
of the nH-IBD selection efficiency by 15%.
Table III also gives the estimated correlation coefficients

between the detector efficiencies of the nH- and nGd-IBD
analyses. The number of target protons were fully corre-
lated in the GdLS while uncorrelated in the LS due to their
identical and independent methods of mass measurement,
respectively. The efficiency of the prompt-energy criterion
was correlated through a common dependence on energy
scale, and was conservatively treated as fully correlated.
The coincidence-time criterion was also treated as fully

correlated. The delayed-energy criterion was largely inde-
pendent because the primary contribution to the uncertainty
in the nH analysis was the variation of the 3σ selection,
which does not exist in the nGd analysis. The coincidence-
distance criterion was uncorrelated because there was no
such selection in the nGd-IBD analysis. The overall
correlation between the IBD detection efficiencies of the
nH- and nGd-IBD analyses was about 0.07.
The last row of Table II shows the ratio of the efficiency-

and target proton-corrected rates of IBDs for the nH- and
nGd-IBD analyses, for each AD. The errors are the
statistical, background, and AD-uncorrelated systematic
uncertainties of both analyses. The consistency of the eight
values with one another reflects the consistency of the
selected number of IBDs, background estimates, and per-
AD target proton and efficiency corrections, between the
two analyses. The consistency of the eight values with 1
reflects the accuracy of these values for both analyses.

VIII. RESULTS

The measured and predicted IBD rates of each hall are
shown over time in Fig. 21. The measured rates are
background-subtracted and efficiency-corrected (εμεm).
The predictions are from Eq. (1) [i.e., Eqs. (2) and (12)],
and are adjusted with the best-fit normalization factor ϵ
from Eq. (28). The six reactors are seen to have operated
continually at their nominal power output. The two reactors
nearby EH1 were refueled every 16 months and the four
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FIG. 21. Measured IBD rate vs. time for each experimental hall
(blue points). Each point spans one week and the error bars are
purely statistical. The dashed red lines are the expected IBD rates
assuming no oscillation. The sold red lines are the expected IBD
rates with the best-fit value of sin22θ13. The final two of eight
ADs were installed during the ≈12-week gap in all halls.

TABLE III. The relative per-detector uncorrelated uncertainties
for each detector-related quantity. The uncertainties of the Np are
weighted when determining the combined uncertainty of Nε in
the bottom row. The last column contains the estimated corre-
lation coefficients between the nH- and nGd-IBD analyses.

Uncertainty (%) Correlation

Target protons (Np;GdLS) 0.03 1
Target protons (Np;LS) 0.13 0
Target protons (Np;acrylic) 0.50 -
Prompt energy (εEp

) 0.10 1
Coincidence time (εT) 0.14 1
Delayed energy (εEd

) 0.35 0.07
Coincidence distance (εD) 0.40 0
Combined (Nε) 0.57 0.07
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reactors nearby EH2 were refueled every 8–12 months,
each with 1–2 months downtime.

A. Antineutrino disappearance

The disappearance of ν̄e is quantified without invoking a
model of neutrino oscillation and with minimal impact
from models of reactor antineutrino spectra, by directly
comparing the measured IBD rate at the far hall with the
rate expected based on the measurements at the near halls.
The expected number of IBDs in the far hall was expressed
as a combination of the two near-hall measurements:

N̄EH3 ≡ αNEH1 þ βNEH2; ð24Þ

where NEH1 and NEH2 are the measured numbers of IBDs
after subtracting all the backgrounds and correcting for the
muon-veto and multiplicity selection efficiencies (εμ and
εm) in EH1 and EH2.
Expressions for the weights α and β were determined

using Eq. (24) with the number of measured IBDs replaced
by the number of predicted IBDs assuming no oscillation.
This number was calculated for experimental hall i using
Eq. (1) without oscillation:

N̄i ¼
X6

r¼1

N̄ir ≡
X6

r¼1

X

di

Nε;di

4πL2
dir

Z Z

ftdig
σν

d2Nr

dEdt
dEdt;

ð25Þ
where di denotes the dth AD in experimental hall i and the
Nε do not include εm and εμ. The modified Eq. (24) directly
yields β ¼ ðN̄3 − αN̄1Þ=N̄2. The weight α was obtained by
operating on the difference between the two predictions for
EH3: ΔN̄ ¼ N̄3 − αN̄1 − βN̄2. The variance of ΔN̄ (σ2Δ)
was obtained via error propagation with respect to the
reactor-uncorrelated relative uncertainty (which was taken
to be identical for all reactors), and then its minimum was
found with respect to α, yielding

α ¼
P

rðN̄3r − N̄3

N̄2
N̄2rÞðN̄1r − N̄1

N̄2
N̄2rÞ

P
rðN̄1r − N̄1

N̄2
N̄2rÞ2

: ð26Þ

This expression minimizes the impact of the reactor-
uncorrelated uncertainty.
For the 621-day data set used in this analysis, α ¼ 0.054

and β ¼ 0.216. These values are dominated by the base-
lines Ldr, and only slightly influenced by the integrated
emission rates d2NrðE; tÞ=dEdt. Thus, β, which is asso-
ciated with EH2, is four times larger than α primarily

because of the shorter baselines between EH3 and the four
reactors nearby EH2. The reactor-uncorrelated uncertainty
is suppressed by a factor of about 20, which can be seen by
evaluating the expression for σ2Δ.
Using Eq. (24) and the values of α and β, the ratio of the

observed to the expected number of IBDs at the far hall was

R≡ NEH3

N̄EH3
¼ 0.950% 0.005: ð27Þ

Figure 22 shows the measured prompt-energy spectrum
at the far hall and that predicted with the near-hall
measurements via Eq. (24). The ratios R of each energy
bin are shown in the bottom panel and demonstrate the
effect of ν̄e disappearance as a function of energy. The best-
fit curve is the ratio of far-hall and normalized near-hall
predictions using Eq. (1) and the result for sin22θ13
presented in the next section.

B. Fit for sin22θ13
To determine sin22θ13, a χ2 was constructed with pull

terms for the background uncertainties and the AD- and
reactor-uncorrelated uncertainties:

χ2 ¼
X8

d¼1

½NDC;d − N̄IBD;dð1þ ϵþ
P

6
r¼1 ω

d
rαr þ ϵdÞ − ð1þ ηdÞBd'2

ðσDC;dÞ2
þ
X6

r¼1

α2r
σ2R

þ
X8

d¼1

!
ϵ2d
σ2D

þ η2d
ðσB;dÞ2

"
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FIG. 22. Top: Reconstructed prompt-energy spectrum of the far
hall (solid blue points) and the expectation based on the
measurements of the two near halls (empty black points). Spectra
are background-subtracted. Error bars are purely statistical.
Bottom: Ratio of the Far/Near halls and the curve representing
the best-fit value of sin22θ13 ¼ 0.071% 0.011.
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systematic uncertainty in jΔm2
eej is dominated by uncer-

tainty in the relative energy scale.
In summary, enhanced measurements of sin2 2θ13 and

jΔm2
eej have been obtained by studying the energy-

dependent disappearance of the electron antineutrino inter-
actions recorded in a 6.9 × 105 GWth ton days exposure.
Improvements in calibration, background estimation, as

well as increased statistics allow this study to provide the
most precise estimates to date of the neutrino mass and
mixing parameters jΔm2

eej and sin2 2θ13.
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systematic uncertainty in jΔm2
eej is dominated by uncer-

tainty in the relative energy scale.
In summary, enhanced measurements of sin2 2θ13 and

jΔm2
eej have been obtained by studying the energy-

dependent disappearance of the electron antineutrino inter-
actions recorded in a 6.9 × 105 GWth ton days exposure.
Improvements in calibration, background estimation, as

well as increased statistics allow this study to provide the
most precise estimates to date of the neutrino mass and
mixing parameters jΔm2

eej and sin2 2θ13.
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Data Sample:
• Same exposure as recent nGd results
Key Features:
• Independent sample of IBD events
• Different systematics
Challenges:
• Higher accidental backgrounds
• More energy leakage at detector edge
Strategy:
• Prompt Energy Cut: 1.5MeV
• Delay Energy: Peak ±3𝜎 (1.9-2.7MeV)
• Distance between prompt and delay: 0.5m
• Statistical accidental subtraction (from data) 

New nH Oscillation Results
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New result of independent θ13 with nH sample 
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Key features:  
• Independent statistics 
• Different systematics 

Challenges:  

• High accidental background because of longer 
capture time and lower delayed energy 

• More energy leakage at the edge of detector 

Strategy: (data-driven analysis) 
• Prompt energy cut (>1.5MeV) 
• Delayed energy 3σ cut (about 1.9~2.7 MeV)  
• Prompt-to-delayed distance cut (<0.5m) 
• Precise accidental background subtraction 
   (detail in backup)  

Data sample:  
217 days of 6AD data + 404 days of 8AD data 
same as nGd analysis on last page 
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Fig. 2. The sensitivity in the 0.01 eV2 < jΔm2
41j < 0.3 eV2

region originated predominantly from the relative meas-
urement between the two near halls, while the sensitivity
in the jΔm2

41j < 0.01 eV2 region arose primarily from the
comparison between the near and far halls. The high-
precision data at multiple baselines are essential for probing
a wide range of values of jΔm2

41j.
The uncertainty of the reactor flux model’s normalization

had a marginal impact in the jΔm2
41j < 0.3 eV2 region. For

jΔm2
41j > 0.3 eV2, spectral distortion features are smeared

out and the relative measurement loses its discriminatory
power. The sensitivity in this region can be regained by
comparing the event rates of the Daya Bay near halls
with the flux model prediction, which will be reported in a
future publication. In this Letter, we focus on the jΔm2

41j <
0.3 eV2 region.
Three independent analyses were conducted, each with

a different treatment of the predicted reactor antineutrino
flux and systematic errors. The first analysis used the
predicted reactor antineutrino spectra to simultaneously fit
the data from the three halls, in a fashion similar to what
was described in the recent Daya Bay spectral analysis [45].
A binned log-likelihood method was adopted with nuisance
parameters constrained with the detector response and the
backgrounds, and with a covariance matrix encapsulating
the reactor flux uncertainties as given in the Huber [49]
and Mueller [39] flux models. The rate uncertainty of the
absolute reactor ν̄e flux was enlarged to 5% based on
Ref. [40]. The fit used sin2 2θ12 ¼ 0.857" 0.024, Δm2

21 ¼
ð7.50" 0.20Þ × 10−5 eV2 [50], and jΔm2

32j ¼ ð2.41"
0.10Þ × 10−3 eV2 [51]. The values of sin2 2θ14, sin2 2θ13

and jΔm2
41j were unconstrained. For the 3þ 1 neutrino

model, a global minimum of χ24ν=NDF ¼ 158.8=153 was
obtained, while the minimum for the three-neutrino model
was χ23ν=NDF ¼ 162.6=155, where NDF represents num-
ber of degrees of freedom. We used the Δχ2 ¼ χ23ν − χ24ν
distribution obtained from three-neutrino Monte Carlo
samples that incorporated both statistical and systematic
variations to obtain a p-value [52] of 0.74 for Δχ2 ¼ 3.8.
The data were thus found to be consistent with the three-
neutrino model, and there was no significant evidence for
sterile neutrino mixing.
The second analysis performed a purely relative compari-

son between data at the near and far halls. The observed
prompt energy spectra of the near halls were extrapolated to
the far hall and compared with observation. This process was
done independently for each prompt energy bin, by first
unfolding it into the corresponding true antineutrino energy
spectrum and then extrapolating to the far hall based on the
known baselines and the reactor power profiles. A covariance
matrix, generated from a large Monte Carlo data set incor-
poratingboth statistical and systematic variations,was used to
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FIG. 1 (color online). Prompt energy spectra observed at
EH2 (top) and EH3 (bottom), divided by the prediction from
the EH1 spectrum with the three-neutrino best-fit oscillation
parameters from the previous Daya Bay analysis [45]. The gray
band represents the uncertainty of the three-neutrino oscillation
prediction, which includes the statistical uncertainty of the EH1
data and all the systematic uncertainties. Predictions with
sin2 2θ14 ¼ 0.1 and two representative jΔm2

41j values are also
shown as the dotted and dashed curves.
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FIG. 2 (color online). Comparison of the 95% exclusion limit
sensitivities based on the confidence levels CLs method for
various combinations of EH’s data (see text for details).
The sensitivities were estimated from an Asimov Monte Carlo
data set that was generated without statistical or systematic
variations. All the Daya Bay sensitivity curves were calculated
assuming 5% rate uncertainty in the reactor flux except the
dot-dashed one, which corresponds to a comparison of spectra
only. Normal mass hierarchy was assumed for both Δm2

31 and
Δm2

41. The dip structure at jΔm2
41j ≈ 2.4 × 10−3 eV2 was caused

by the degeneracy between sin2 2θ14 and sin2 2θ13. The green
dashed line represents Bugey’s [32] 90% confidence level (C.L.)
limit on ν̄e disappearance and the magenta double-dot-single-
dashed line represents the combined KARMEN and LSND
95% C.L. limit on νe disappearance from νe-carbon cross section
measurements [33].
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account for all uncertainties. The resulting p-value was 0.87.
More details about this approach can be found in Ref. [53].
The third analysis exploited both rate and spectral

information in a way that is similar to the first method
but using a covariance matrix. This matrix was calculated
based on standard uncertainty propagation methods, with-
out an extensive generation of Monte Carlo samples. The
obtained p-value was 0.74.
The various analyses have complementary strengths.

Those that incorporated reactor antineutrino flux constraints
had a slightly higher reach in sensitivity, particularly for
higher values of jΔm2

41j. The purely relative analysis was
more robust against uncertainties in the predicted reactor
antineutrino flux. The different treatments of systematic
uncertainties provided a thorough cross-check of the results,
which were found to be consistent for all the analyses in the
region where the relative spectral measurement dominated
the sensitivity (jΔm2

41j < 0.3 eV2). As evidenced by the
reported p-values, no significant signature for sterile neu-
trino mixing was found by any of the methods.
Two methods were adopted to set the exclusion limits in

the ðjΔm2
41j; sin2 2θ14Þ space. The first one was a frequent-

ist approach with a likelihood ratio as the ordering
principle, as proposed by Feldman and Cousins [54].
For each point η≡ ðjΔm2

41j; sin22θ14Þ, the value Δχ2cðηÞ
encompassing a fraction α of the events in the χ2ðηÞ −
χ2ðηbestÞ distribution was determined, where ηbest was the
best-fit point. This distribution was obtained by fitting a
large number of simulated experiments that included
statistical and systematic variations. To reduce the number
of computations, the simulated experiments were generated
with a fixed value of sin2 2θ13 ¼ 0.09 [45], after it was
verified that the dependency of Δχ2cðηÞ on this parameter
was negligible. The point η was then declared to be
inside the α confidence level (C.L.) acceptance region
if Δχ2dataðηÞ < Δχ2cðηÞ.

The second method was the confidence levels CLs
statistical method [55] described in detail in Ref. [56]. A
two-hypothesis test was performed in the (sin2 2θ14,
jΔm2

41j) phase space with the null hypothesis H0 (3-ν
model) and the alternative hypothesis H1 (3þ 1-ν model
with fixed value of sin2 2θ14 and jΔm2

41j). The value of θ13
was fixed with the best-fit value of the data for each
hypothesis. Since both hypotheses have fixed values of
sin2 2θ14 and jΔm2

41j, their χ2 difference follows a Gaussian
distribution. The mean and variance of these Gaussian
distributions were calculated from Asimov data sets with-
out statistical or systematic fluctuations, which avoided
massive computing. The CLs value is defined by

CLs ¼
1 − p1

1 − p0

; ð3Þ

where p0 and p1 are the p-values for the 3-ν and 3þ 1-ν
hypotheses models respectively. The condition of CLs ≤
0.05 was required to set the 95% CLs exclusion regions.

The 95% confidence level contour from the Feldman-
Cousins method and the 95% CLs method’s exclusion
contour are shown in Fig. 3 [57]. The two methods gave
comparable results. The detailed structure is due to the
finite statistics of the data. The impact of varying the bin
size of the IBD prompt energy spectrum from 200 to
500 keV was negligible. Moreover, the choice of mass
ordering in both the three- and four-neutrino scenarios had
a marginal impact on the results. For comparison, Bugey’s
90% C.L. exclusion on ν̄e disappearance obtained from
their ratio of the positron energy spectra measured at
40=15 m [32] is also shown. Our result presently provides
the most stringent limits on sterile neutrino mixing at
jΔm2

41j < 0.1 eV2 using the electron antineutrino disap-
pearance channel. This result is complementary to those

from the νμ
ð−Þ

→ νe
ð−Þ

and νμ
ð−Þ

→ νμ
ð−Þ

oscillation channels. While

the νe
ð−Þ

appearance mode constrains the product of jUμ4j2

and jUe4j2, the νμ
ð−Þ

and νe
ð−Þ

disappearance modes constrain
jUμ4j2 and jUe4j2, respectively.
In summary, we report on a sterile neutrino search

based on a minimal extension of the standard model, the
3ðactiveÞ þ 1ðsterileÞ neutrino mixing model, in the Daya
Bay Reactor Antineutrino Experiment using the electron-
antineutrino disappearance channel. The analysis used the
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FIG. 3 (color online). Exclusion contours for the neutrino
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90% C.L. limit on ν̄e disappearance is also shown as the green
dashed curve.
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• Multiple detectors at different baselines 
provide unique probe for sterile neutrinos

• Relative measurement at different 
baselines

• No significant oscillation observed, 
consistent with 3-flavor neutrino 
oscillation

• Most stringent limit in the mass splitting 
range: 

Search for light sterile neutrinos 
• An unique opportunity for sterile neutrino searches 

– Sterile neutrino would introduce additional oscillation mode.  
– Relative measurement at multiple baselines: EH1 (~350m), EH2 (~500m), 

EH3 (~1600m)  

 
• Oscillation analysis 

– No significant signal observed, consistent with 3-flavor neutrino oscillation.  
– Set most stringent limit at 
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First step to measure δCP�
T2K νe Appearance Analysis

T2K: Marginalized over Δm2
32, sin2 θ23 and sin22θ13 

 

 90% C.L. excluded 
regions using Feldman-
Cousins method:  

 
  
 (global minimum) 

 
  
 NH: 0.19π < δCP <0.80π, 
 IH: -π < δCP < -0.97π 
and -0.04π < δCP < π 

Best fit values of δCP: -1.65 (NH), -1.57 (IH) 
(Note the physical boundaries at ±π/2) 
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  Daya Bay surpasses all existing estimates  
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  Expect more statistics and improvements in analysis  
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Expected and Observed # of Electron Antineutrino 
Events at Super-Kamiokande

Expectation 
based on the 
T2K nu-mode 
best fit 
oscillation 
parameters 
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Landscape of the Current Experimental Data 
on MH and δCP  

§  Emerging Consistent Landscape 
¬ Normal Mass Hierarchy and δCP  ~ -π/2 is favored  

⁃  T2K νe appearance (neutrino-mode) data 

⁃  T2K antineutrino-mode data 

⁃  Super-Kamiokande atmospheric neutrino data 

⁃  NOvA neutrino-mode data 

⁃  Except MINOS (accelerator + atmospheric neutrino) 
combined data set  

§  However, significance of the results is statistically limited 

è Need next generation experiments for discoveries of   ~5 σ 
level of significance 
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Conclusions

§  2015 has been a great year for neutrinos w/ Nobel Prize and Breakthrough Prize 
¬  Reflection of the exciting and remarkable progresses made in the last two decades 

§  Physics goals for the post non-zero θ13 /νe appearance era  are now clearly 
defined for the world neutrino oscillation community 
¬  Determination of δCP, mass hierarchy and θ23 (=0, <45, >45?) 

⁃  We may have an initial hint that δCP = - π/2 
¬  T2K along with NOvA will lead the world in determining these parameters at least for the 

next decade 
¬  Next generation experiments such as DUNE@LBNF should follow in order to ensure the 

discoveries 

§  Neutrino oscillation (i.e. the existence of massive neutrino states) is the only 
phenomena beyond the Standard Model observed in laboratory venue today  

§  Measurement of CPV in the lepton sector will provide critical experimental input 
to our understanding of the matter–antimatter asymmetry in the universe 

§  Nature kindly gave us the non-zero neutrino mixing angles and νe appearance in 
order for us to be able to probe CP violation 



T.J. Langford - Yale University HQL2016 - Virginia Tech

Summary

22

• Updated reactor oscillation analyses with enlarged datasets for 
both nGd and nH selections

• Combined analysis with 621 days of data: 

• Precision measurements of antineutrino flux and energy spectra 
performed with 217 days of data: 

• Flux consistent with previous short baseline experiments, 
Measured/Predicted = 0.946

• Spectral measurement disagrees with Huber model at 4𝜎 
between 4-6MeV

• Data collection will continue through 2017, precision will 
continue to improve for all measurements

Experiment will continue to operate until 2017 
         We expect to have more precise measurement of sin22θ13 , |Δm2

ee|  and 
antineutrino spectrum. Other results would come as well. 

Summary 

2016-3-14 Rencontres de Moriond EW 2016 22 

Updated reactor antineutrino oscillation results using  nGd sample with full 
experimental configuration (8 ADs), 621 days’ data 

sin22θ13 precision 6%  

|Δm²ee| precision 4%  

Independent oscillation measurement with nH sample, 621 days’ data 

Oscillation analysis of rate  2
13sin 2 0.071 0.011T  r

Precise measurement of the reactor antineutrino flux and spectrum with nGd 
sample, 217 days’ data  

• Flux is consistent with previous short baseline experiments 
• Spectrum is NOT consistent with prediction at 4σ level in 4-6 MeV (5-7 MeV) 

positron (antineutrino) energy region 

� �

2
13

2 3 2

sin 2 0.084 0.005

2.42 0.11 10 eVeem

T
�

 r

'  r u

2
13sin 2 0.082 0.004T  r

Combination of the nGd and nH results with 621 days’ data 



Very long baselines with a superbeam

4 GOALS OF NEUTRINO

OSCILLATION PHYSICS

• Precise determination of ∆m2
32 and

sin2 2θ23and definitive observation of

oscillatory behavior.

• Detection of νµ → νe in the appearance mode.

If ∆m2
νµ→νe

= ∆m2
32 then |Ue3|

2
(= sin2 θ13)

is non-zero.

• Detection of the matter enhancement effect in

νµ → νe. Sign of ∆m2
32; i.e. which neutrino is

heavier.

• Detection of CP violation in neutrino physics.

Phase of |Ue3| is CP violating and causes

asymmetry in the rates νµ → νe versus

ν̄µ → ν̄e.

It will be good to do it all in same experiment

with only neutrino beam (no antineutrino).

Milind Diwan

ppaul
Text Box
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KamLAND, Oscillation and Georeactor

The Hunt For θ13
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Neutrino Oscillation

neutrino weak eigenstate ≠ mass eigenstate

θ12 ~ 35˚
Solar ν

Long-Baseline Reactor ν

θ23 ~ 45˚
Atmospheric ν
Accelerator ν

θ13 < 10˚
Short-Baseline Reactor ν

Accelerator ν

θ13 is the 
least known 
mixing angle

Is it tiny?

Or big?



Anti-neutrino Detector 
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  3m  

  4m  

 
 

 
 

 Automated Calibration Units  

  6 ‘functionally identical’ detectors  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Each detector has 3 nested zones 
separated by Acrylic Vessels: 

Inner: 20 tons Gd-doped LS (target volume) 
Mid: 20 tons LS (gamma catcher) 
Outer: 40 tons mineral oil (buffer) 

 
 
 
 

Each detector has: 
192 8-inch Photomultipliers (PMTs)  
Optical reflectors at top/bottom of  cylinder 

5m (7.5/√E[MeV] + 0.9)% energy resolution 
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Summary of Achievements by the Breakthrough 
Prize winning Experiments other than SK & SNO 

§  K2K 
¬ Confirmation of the SuperK atmospheric neutrino oscillation 

results w/ accelerator produced neutrino beam 

§  T2K 

¬ Discovery of electron neutrino appearance from a muon 
neutrino beam 

§  KamLAND 

¬ Precision measurement of solar neutrino oscillation 
parameters using reactor neutrinos 

§  Daya Bay 

¬ Measurement of non-zero θ13 using reactor neutrinos    



Contours 

¨  Fit for hierarchy, 𝜹CP, sin2θ23 
¤  Constrain sin2(2θ13)=0.085±0.05 
¤  Constrain Δm2=2.44±0.06x10-3 eV2 

(-2.49±0.06x10-3 eV2, IH) 

¤  Systematic effects included as 
nuisance parameters (normalization, 
flux, calibration, cross section, and 
detector response effects) 
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P. Vahle, Neutrino 2016 26 

No FC Correction 



Interior of Antineutrino Detector 
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Current Status of �
Neutrino Oscillation Parameter Measurements

 Critical for the ν-less double-β 
decay searches that would 
determine the Majorana-nature of ν	

§  Remarkable progress! 
§  All mixing angles are now known 

¬ θ12 = 33.9o ± 1.0o 

¬ θ13 = 8.4o ± 0.4o 

¬ θ23 = 45o ± 6o (90% C.L.)           
 à largest uncertainty 

 All three angles are non-zero 
and relatively large 
 à allows exploration of CPV in 
the lepton sector 

P (νµ à νe)  
∝ leading term + …                          

+ term(sinθ12 sinθ23 sinθ13 sinδCP) 
 

~7.6x10-5eV2	

~7.6x10-5eV2	

~2.4x10-3eV2	

~2.4x10-3eV2	

Normal 

OR	

Mass Hierarchy	

Inverted NN
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