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Neutrino oscillations
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|να⟩ = ∑ U*αi |νi⟩
Weak eigenstates Mass eigenstates

νμ

Production Propagation Detection

μ

νe
e

Flavor change during flight

e− Eit
mass eigenstate

weak eigenstate weak eigenstate

Quantum effect over very macroscopic length!
P = sin2 2θ sin2 Δm2L

4E
(for 2 flavor) θ: mixing angle

Δm2: mass-squared difference
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20 years since its discovery…
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Origin of tiny mass

Why mass is much smaller than other fermions?


Large mixing parameters

Why so different from quarks?

Symmetry behind the pattern?


Mass hierarchy (ordering) 
Which is the heaviest?


CP violation

Is it violated just as in quarks?


Extra neutrino families?

We learned a lot about neutrinos through neutrino oscillation,

     but many questions emerged and remains

Properties of neutrino are considered to be connected with fundamental questions
Source of baryon asymmetry of Universe?

Very high scale physics? (seesaw?)

Origin of generations?
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Oscillation parameter status
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U =
1 0 0
0 cos θ23 sin θ23
0 − sin θ23 cos θ23

cos θ13 0 sin θ13e− δCP

0 1 0
− sin θ13eδCP 0 cos θ13

cos θ12 sin θ12 0
− sin θ12 cos θ12 0

0 0 1

Neutrino Oscillation
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Atmospheric, LBL Solar, KamLANDReactor, LBL

Still unknown:

Current understanding of PMNS matrix:

Leptonic CP (δCP) Mass Hierarchy 
(Mass Ordering)

Others:

θ23 Octant

Sterile

Normal  
(Δm232>0) 

Inverted  
(Δm232<0) 

Precision measurements

deSalas et al, 1708.01186 (May 2018)
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M. Tórtola @ NEUTRINO2018

More precision measurements 
CP violation 
Mass hierarchy 
θ23 octant (<=>45°?)

Current major targets
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Reactor θ13 measurement
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FarNear

Daya Bay Detectors
• Three-zone Antineutrino Detectors
• Water pool + RPC veto  
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NIM A 811, 133 (2016)

NIM A 773, 8 (2015)

Daya Bay Detectors
• Three-zone Antineutrino Detectors
• Water pool + RPC veto  

5

NIM A 811, 133 (2016)

NIM A 773, 8 (2015)νe̅
νe̅

νe̅

νe̅reactor

Near detector Far detector

Control systematics by two detector configuration

Inverse beta decay for detection (delayed coincidence)
νe + p → e+ + n

prompt signal delayed signal 
captured on Gd after thermalization

P(ν̄e → ν̄e) = 1 − sin2 2θ13 sin2 [ Δm2
eeL

4E ] − cos4 θ13 sin2 2θ12 sin2 [ Δm2
21L

4E ]
At ~km with reactor νe energy, almost pure sin22θ13 measurement

negligible at ~1km

νe̅ νe̅

6×1020 νe̅/s/3GWth
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Reactor θ13 experiments
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The Daya Bay Experiment
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Entrance Daya Bay near site
98 m overburden

Ling Ao near site
112 m overburden

Far site
350 m overburden

Multi-detectors
� 2-1-3 configuration

（from Dec 24, 2011）
� 2-2-4 configuration

（from Oct 19, 2012）
� 1-2-4 configuration

（from Jan 26, 2017 )

Ling Ao II Cores
2x2.9 GWth

Ling Ao Cores
2x2.9 GWth

Daya Bay Cores
2x2.9 GWth

Daya Bay (China) Double Chooz (France) RENO (South Korea)

Reactor power (GWth) 17.4 8.5 16.8

Baseline 470/576/1650 400/1050 409/1444
Overburden


near/far (m.w.e.) 250/265/860 80/300 120/450
Gd target mass for far 

detectors (tons) 80 8.3 16.5

RENO Experimental Set-up 

Far Detector 

Near Detector 
120 m.w.e. 

450 m.w.e. 

Double Chooz site 

2 x 4.25 GWth  
≈ 1021 neutrinos/s 

Far detector (FD): 
Data taking 04/2011 Near detector (ND): 

Data taking 01/2015 

1.05 km 

415 m 

Reactor systematics cancelllation by 
simple geometry (effective iso-flux)  4 

FarNear

Parallel talks by H,Seo, L.Zhan, A.Stahl, B.Z.Hu, M.C.Chu
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Reactor θ13: latest results
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Precision measurements of sin22θ13 (~5%) and also Δm2 (~3%)

Many other measurements are also reported (see later talk)

Further improvement expected from all experiments in near future

Far/Near Shape Analysis 

Energy-dependent disappearance of reactor antineutrinos 
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(± 7.6%)   

(± 5.2 %)   

sin22θ13 = 0.0896±0.0048(stat.)±0.0047(syst.) 

|△mee
2| = 2.68±0.12(stat.)±0.07(syst.) (×10-3 eV2) 

Poster Presentation “Precise measurement of Dmee
2  and q13 at RENO” by D. H. Lee  (# 569) 

RENO 2200 days 

sin2 2θ13 = 0.0896 ± 0.0048 ± 0.0047
|Δm2

ee | = (2.68 ± 0.12 ± 0.07) × 10− 3eV2

YongGwang (靈光) : 
16.8 GW (6 reactors)        

   (8 institutions and 40 physicists) 
 
� Chonnam National University 
� Dongshin University 
� GIST 
� KAIST 
� Kyungpook National University 
� Seoul National University 
� Seoyeong University 
� Sungkyunkwan University 

RENO Collaboration 

� Total cost : $10M 

� Start of project : 2006 

� The first experiment running 
with both near & far detectors 
from  Aug. 2011 

Reactor Experiment for Neutrino Oscillation 

Oscillation Results with 1958 Days

• The measured rate deficit and the spectrum 
distortion are consistent with three-neutrino 
framework.

13

Preliminary

Preliminary

Rate-only 𝜒2/ndf = 8.8/6 Rate+shape 𝜒2/ndf = 148/154sin2 2θ13 = 0.0856 ± 0.00429
|Δm2

ee | = (2.52 ± 0.07) × 10− 3eV2
sin2 2θ13 = 0.105 ± 0.014

Chris&an)Buck)))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))
Max0Planck0Ins&tut)für)Kernphysik,)Heidelberg))))))))))))))))))
on)behalf)of)the)Double)Chooz)Collabora&on)))))))))))

New Results from the     
Double Chooz Experiment 

Prediction of antineutrino spectrum

#$%&$' ≡
) * +

,-./

– ILL(exp. : 2.7% uncertainty) + Vogel (calculation< 10% uncertainty)

– Huber+Mueller’s new calculation (2.4% uncertainty)

0(2) =
)56

∑ 89:9
�
9

<8909 2

�

9

+ 0>?@ + 0ABC

)56:	reactor	thermal	power
DE:	fraction	of	fissions	due	to	isotope	i
FE:	energy	released/fission
GE H :	the	IJF energy	spectrum

Total	antineutrino	Spectrum:

ü pure IKF source	
ü Averaged 6 IKF /fission
ü 6�1020 IKF /sec/3 GWthRS

T → VSWX
T + :Y + Z̅?

Beta-Decay:

0>?@:	reactor	non-equilibrium	effects

0ABC:	contribution	from	spent	nuclear	fuel

3
* NOTE: Huber+Muller prediction is about 5% 

higher than ILL+Vogel model
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JUNO
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20kton liquid scintillator detector at 53km from reactors 

Mass hierarchy determination

Precision measurements (<1%) of sin2θ12, Δm221, |Δm2ee|

Other rich physics potentials

Parallel talks by Q.Zhang, L.Wen, Z.Qin,

the JUNO detector 

4 

� Target: 3%/√E(MeV) energy resolution, largest liquid scintillator detector in the world 
• the central detector: 20kton liquid scintillator, 18000 20” PMTs  +  25000 3” PMTs; 
• the VETO detector: a top tracker of plastic scintillator walls +  a water Cherenkov 

detector of 35kton ultra-pure water and 2000 20” PMTs; 
• the calibration system:  four complementary calibration methods 

Calibration system 

(ACU, ROV, etc.) 

Liquid scintillator 
 -20 kton LS 

•  Water pool: Φ43.5m •  Stainless-steel struss: Φ40.1m •  Acrylic sphere: Φ35.4m 

Top Tracker 
-62 Plastic scintillator walls 

PMT 
 -18,000 20” PMTs 
 -25,000 3” PMTs 

Water Cherenkov 
-35 kt high-purity water 
-2000 20” PMTs 

Mechanical structure 
-Acrylic sphere 
-Stainless-steel truss 
 

VETO detector Central detector 

43.5m 

44m 

ACU, ROV, etc.  

School of Nuclear Science and Technology

JUNO Location 
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

•4
Yangjiang 
NPP

Taishan
NPP

Daya Bay 
NPP

Huizhou
NPP

Lufeng
NPP

53 km
53 km

Hong Kong

Macau

Guang Zhou

Shen Zhen

Zhu Hai

2.5 h driveKaiping,
Jiangmen city,
Guangdong 
Province 

Previous site candidate

Overburden ~ 700 m by 2020: 26.6 GW

Page 4/17

Civil construction ongoing

Detector R&D and fabrication are progressing 

Aim to start data-taking in 2021
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Accelerator-Based long baseline experiments
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Accelerator

Target

Hornsp π+

π- νμ

Near Detectors Far detector

νμ?ντ?νe?

Beamline
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Accelerator-Based long baseline experiments
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Accelerator

Target

Hornsp π+

π- νμ

Near Detectors Far detector

νμ?ντ?νe?

Beamline
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Fig. 22: (Colour online) Laboratory momentum distributions of p+ produced in p+C interactions at 31 GeV/c production processes
in different polar angle intervals (q ). Error bars indicate the statistical and systematic uncertainties added in quadrature. The overall
uncertainty due to the normalization procedure is not shown. Results obtained with two different analysis techniques are presented:
open blue triangles are the dE/dx analysis and full black circles are the to f -dE/dx analysis.
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Accelerator-Based long baseline experiments
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Fig. 22: (Colour online) Laboratory momentum distributions of p+ produced in p+C interactions at 31 GeV/c production processes
in different polar angle intervals (q ). Error bars indicate the statistical and systematic uncertainties added in quadrature. The overall
uncertainty due to the normalization procedure is not shown. Results obtained with two different analysis techniques are presented:
open blue triangles are the dE/dx analysis and full black circles are the to f -dE/dx analysis.
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Accelerator-Based long baseline experiments
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Fig. 22: (Colour online) Laboratory momentum distributions of p+ produced in p+C interactions at 31 GeV/c production processes
in different polar angle intervals (q ). Error bars indicate the statistical and systematic uncertainties added in quadrature. The overall
uncertainty due to the normalization procedure is not shown. Results obtained with two different analysis techniques are presented:
open blue triangles are the dE/dx analysis and full black circles are the to f -dE/dx analysis.
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(b) Electron-like, neutrino mode

 Reconstructed Energy (GeV)ν
0 0.2 0.4 0.6 0.8 1 1.2

N
um

be
r o

f E
ve

nt
s

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5
eν→µν

eν→µν
NC

 intrinsiceν/eν
 intrinsicµν
 intrinsicµν

T2K Run1-9c Preliminary

(c) Electron-like antineutrino mode
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(d) Electron-like antineutrino mode
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(e) ⌫e CC1⇡+-like, neutrino mode
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(f) ⌫e CC1⇡+-like, neutrino mode

Figure 13: Predicted spectra and observed events (points). The e-like, including ⌫e CC1⇡+, distributions are functions
of both the reconstructed neutrino energy and the reconstructed angle between the outgoing lepton and the neutrino
direction, with the projections in each variable shown here. The distributions correspond to the statistics collected in
the full Run 1-9c data set. The spectra are generated with the systematic parameters described in section 3 and the
oscillation parameters corresponding to the best-fit values from the data fit (solar parameters at PDG 2016).
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Accelerator-Based long baseline experiments

�9
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Fig. 22: (Colour online) Laboratory momentum distributions of p+ produced in p+C interactions at 31 GeV/c production processes
in different polar angle intervals (q ). Error bars indicate the statistical and systematic uncertainties added in quadrature. The overall
uncertainty due to the normalization procedure is not shown. Results obtained with two different analysis techniques are presented:
open blue triangles are the dE/dx analysis and full black circles are the to f -dE/dx analysis.
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(a) Electron-like, neutrino mode
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(b) Electron-like, neutrino mode
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(c) Electron-like antineutrino mode
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(d) Electron-like antineutrino mode
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(e) ⌫e CC1⇡+-like, neutrino mode
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(f) ⌫e CC1⇡+-like, neutrino mode

Figure 13: Predicted spectra and observed events (points). The e-like, including ⌫e CC1⇡+, distributions are functions
of both the reconstructed neutrino energy and the reconstructed angle between the outgoing lepton and the neutrino
direction, with the projections in each variable shown here. The distributions correspond to the statistics collected in
the full Run 1-9c data set. The spectra are generated with the systematic parameters described in section 3 and the
oscillation parameters corresponding to the best-fit values from the data fit (solar parameters at PDG 2016).
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P(νμ → νe) = sin2 2θ13 sin2 θ23
sin2[(A − 1)Δ]

(A − 1)2

∓ α cos θ13 sin 2θ12 sin 2θ23 sin 2θ13 sin δCP sin Δ sin AΔ
A

sin[(1 − A)Δ]
1 − A

+ α cos θ13 sin 2θ12 sin 2θ23 sin 2θ13 cos δCP cos Δ sin AΔ
A

sin[(1 − A)Δ]
1 − A

+ O(α2)

Oscillations in accelerator LBL experiments

�10

P(νμ → νμ) ≃ 1 − (cos4 θ13 sin2 2θ23 − sin2 2θ13 sin2 θ23) sin2 [ Δm2
32L

4E ]
sin22θ23 from the leading term

The leading term dependent on sin22θ13, δCP and mass hierarchy from sub-leading terms

M.Freund, Phys.Rev. D64 (2001) 053003 

A = 2 2GFNe
Eν

Δm2
32

α = Δm2
21

Δm2
32

≪ 1 Δ = Δm2
32L

4E

νμ “disappearance” 

νe “appearance” 
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Final results from MINOS/MINOS+

�11

Precise measurements of θ23 and Δm232

Consistency with three flavor prediction tightly constrains alternate oscillations hypotheses 4 June 2018 Adam Aurisano - University of Cincinnati 9

Far Detector Beam Data

● MINOS and MINOS+ probe muon-neutrino disappearance over a broad range of 
energies

● Consistency with three flavor prediction tightly constrains alternate oscillations 
hypotheses

730km
Peak energy:

Baseline:

~3GeV (MINOS)
~7GeV (MINOS+)

+atmospheric ν

2005-2016

|Δm232| (2.28-2.55) × 10-3 eV2 (NH)
(2.33-2.60) × 10-3 eV2 (IH)

sin2θ23 0.36-0.65
(90%CL)
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Final ντ results from OPERA

�12

Observation of ντ interaction using a huge emulsion-based detector

10 ντ candidates observed


2.0±0.4 BG expected

6.1σ significance of ντ appearance

4

Channel Expected Background ⌫⌧ Exp. Observed

Charm Had. re-interaction Large µ-scat. Total
⌧ ! 1h 0.15± 0.03 1.28± 0.38 � 1.43± 0.39 2.96± 0.59 6
⌧ ! 3h 0.44± 0.09 0.09± 0.03 � 0.52± 0.09 1.83± 0.37 3
⌧ ! µ 0.008± 0.002 � 0.016± 0.008 0.024± 0.008 1.15± 0.23 1
⌧ ! e 0.035± 0.007 � � 0.035± 0.007 0.84± 0.17 0
Total 0.63± 0.10 1.37± 0.38 0.016± 0.008 2.0± 0.4 6.8± 0.75 10

TABLE III. The expected number of signal and background events for the analysed data sample, evaluated assuming
�m2

23 = 2.5 · 10�3 eV2, sin2 2✓23 = 1 and the default implementation for the ⌫⌧ cross-section of GENIE v2.6.

The total expected signal is N expS = (6.8± 0.75)
events, whereas the total background expectation is
N expB = (2.0± 0.4) events.

Observed events Ten events (Nobs) passed all the
topological and kinematical cuts. The distribution of
their visible energy, i.e. the scalar sum of the momenta
of charged particles and �s, is shown in Fig. 1, compared
to Monte Carlo simulation. Among the ten selected ⌫⌧
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FIG. 1. Stacked plot of visible energy: data are compared
with the expectation. Monte Carlo simulation is normalised
to the expected number of events reported in Table III.

candidates, five ⌫⌧ were already described in [6, 8–11].
The other five ⌫⌧ candidates are all events without muon
in the final state: three of them show a 1-prong decay
and two a 3-prong decay. Their kinematical variables are
summarised in Table IV, where the BDT response for
each event is also reported. The resulting BDT output
distributions are shown in Fig. 2.

RESULTS

The statistical analysis of the data employs a
maximum-likelihood fit jointly across the four channels.
For each channel, the likelihood is constructed as the
product of a probability density function combining the
BDT responses of signal and background, a Poissonian
term and a Gaussian term for the systematics of the ex-
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FIG. 2. BDT response for each channel.

pected yield:

L(µ,�c) =
4Y

c=1

 
Pois(nc|µsc + �c)

ncY

i=1

fc(xci)

!
·

·

4Y

c=1

Gauss(bc|�c,�bc),

(1)

where

fc(xci) =
µsc

µsc + �c

PDFsig
c

+
�c

µsc + �c

PDFbkg
c

,

and c runs over the 4 channels, i over the nc observed
events in the cth channel, sc is the expected signal, bc and
�bc are the expected background in the cth channel and
its uncertainty as reported in Table III, �c is a floating
parameter which represents the true background, xci is
the BDT response, and PDFbkg

c
(PDFsig

c
) the distribution

of xci for the background (signal) component in the cth

channel. The parameter µ is the ⌫⌧ signal strength, i.e. a
scale factor on the number of events expected by the
model of neutrino interactions: µ = 0 corresponds to
the background-only hypothesis and µ = 1 corresponds
to the oscillated ⌫⌧ signal, on top of the background,
reported in Table III. The e↵ect of uncertainties on the
expected number of signal events (estimated ⇠20% for
each channel) has been proved to be negligible for all the
following results.

PRL 120 (2018) 2118012008-2012

Δm2 consistent with 

disappearance measurements



Long baseline neutrino experimentsMasashi Yokoyama (UTokyo)

T2K and NOvA

�13

2009- 2014-

Different baselines — different effect from matter effect (and possibly others not dependent on L/E)

T2K has a shorter baseline, purer effect of CPV

NOvA has a longer baseline, more matter effect and sensitivity to mass hierarchy


Can provide complementary information

295km

810km

Parallel talks by  P.Litchfield and J.Bian
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T2K and NOvA

�13

2009- 2014-

Different baselines — different effect from matter effect (and possibly others not dependent on L/E)

T2K has a shorter baseline, purer effect of CPV

NOvA has a longer baseline, more matter effect and sensitivity to mass hierarchy


Can provide complementary information

295km

810km

Parallel talks by  P.Litchfield and J.Bian

Antineutrino data  
×1.5 compared to 2017 

(neutrino data doubled in 2016 → 2017)

First analysis including  
antineutrino beam data
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T2K: reconstruction and analysis

�14

Improved reconstruction algorithm applied since 2017 
Maximize likelihood based on charge and time from all PMTs

Improved signal efficiency and purity

Optimized fiducial selection to increase statistics (+~20%)


Improvements in cross section modeling

Figure 1: νe candidate event #1

4

Figure 32: νµ candidate event #1

36

µ-like

candidate

e-like

candidate

(T2K data) (T2K data)



Long baseline neutrino experimentsMasashi Yokoyama (UTokyo)

T2K: far detector (SK) data

�15
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T2K: Δm232 and θ23

�16
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sin2 θ23 = 0.536+ 0.031
− 0.046

Δm2
32 = (2.434 ± 0.064) × 10− 3eV2

Normal hierarchy:

Inverted hierarchy:
sin2 θ23 = 0.536+ 0.031

− 0.041
Δm2

13 = (2.410+ 0.062
− 0.063) × 10− 3eV2

sin2θ23<0.5 sin2θ23>0.5 Sum
NH 0.204 0.684 0.888
IH 0.023 0.089 0.112

Sum 0.227 0.773 1

Posterior probabilities based on a Bayesian analysis

Bayes factor  NH/IH = 7.9

Joint fit of all samples
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νe̅ appearance search in T2K

�17

Dedicated searches performed by hypothesis testing:

=1)β(2χ=0)-β(2χ = 2χ Δ
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No appearance (β=0): p=0.233
PMNS appearance (β=1): p=0.0867

PMNS νe̅ appearance (β=1) and no νe̅ appearance (β=0)

Construct Δχ2 with rate+shape (p, θ)
other oscillation parameters constrained from 


T2K data other than νe̅ sample

No strong statistical conclusion from T2K data yet

Expected events: 11.8 for β=1

6.5 for β=0
9 eventsObserved: 

Obtained p-values:
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T2K: θ13 and δCP

�18
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T2K alone

+θ13 from reactor

Constraint on δCP with T2K data alone 
Tighter constraint with θ13 value from reactor
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T2K: constraint on δCP

�19

sinδCP=0 (δ=0, π) outside of 2σ CL region 
First hint of CP violation in the lepton sector!
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Figure 21: ��2 critical values and confidence intervals for the measured ��2 distributions for Run 1-9c. Critical
values obtained with the Feldman-Cousins method for Run 1-9c for 9 evenly spaced values on the range [�⇡,⇡].
Critical values are shown for 1�, 2� and 90% CL for normal (solid lines) and inverted (dashed lines) hierarchies. At
least 1⇥ 104 toy experiments are performed for each point. The three bands of lines show the ±1� uncertainty on
the critical values. Also shown are the measured ��2 distributions shifted with respect to the same global minium
and the 1�, 90% and 2� exclusion regions for both mass hierarchies.
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NOvA event classification

�20

Mayly Sanchez - ISU
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Neutrino energy reconstruction from El (range[µ]/calorimetric[e])+ Ehad (calorimetric)

Pioneering the use of Convolutional Neural Networks in neutrino experiment

Treating cells as pixels and charge as color, extract features from data

Improved classifier used for 2018 analysis 


with separate training for the neutrino and antineutrino beams
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NOvA FD data
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P R E D I C T I N G  T H E  F D  O B S E R VAT I O N
• Each quartile for the neutrino and antineutrino beams gets unfolded independently and the true Far/

Near ratio is used to obtain a FD prediction from ND data.  

• We estimate cosmic background rate from the timing sidebands of the NuMI beam triggers and 
cosmic trigger data. 

!21

• Observe 113 events in neutrino mode (expect 730 +38/-49(syst.) w/o oscillations),  
65 events in antineutrino mode (expect 266 +12/-14(syst.) w/o oscillations). 

see poster #75
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E L E C T R O N  N E U T R I N O  A N D  
A N T I N E U T R I N O  A P P E A R A N C E

• On the neutrino beam we observe 
58 events and expect 15 
background interactions: 

• 11 beam, 3 cosmic background 
and < 1 wrong sign background.  

• For the antineutrino beam we 
observe 18 and expect 5.3 
background interactions: 

• 3.5 beam background,  
< 1 cosmic background and  
1 wrong sign background. 

!29

>  4σ  e v i d e n c e  o f  e l e c t ro n   
a n t i n e u t r i n o  a p p e a r a n c e
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• On the neutrino beam we observe 
58 events and expect 15 
background interactions: 

• 11 beam, 3 cosmic background 
and < 1 wrong sign background.  

• For the antineutrino beam we 
observe 18 and expect 5.3 
background interactions: 
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NOvA FD data
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58 events and expect 15 
background interactions: 

• 11 beam, 3 cosmic background 
and < 1 wrong sign background.  
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observe 18 and expect 5.3 
background interactions: 

• 3.5 beam background,  
< 1 cosmic background and  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>4σ evidence of νe̅ appearance!
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NOvA: Δm232 and θ23

�22

Results from joint fit of νμ and νe
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Comparison: Δm232 — θ23

�23
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NOvA: δCP and mass hierarchy

�24

Best fit: Normal Hierarchy, δCP = 0.17π

Mayly Sanchez - ISU
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see poster #81
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The excitement continues…

�26

Both experiments envision to further enhance their capabilities

T2K: beam power increase (1.3MW) and ND280 upgrade

NOvA: accelerator improvement (0.9MW) and test beam

Analysis improvements


Good prospects for mass hierarchy, CP violation, …

Mayly Sanchez - ISU

0 0.5 1 1.5 2
π / CPδ

0

1

2

3)
σ

Si
gn

ific
an

ce
 o

f C
P 

vio
la

tio
n( Inverted

Normal

=1.0023θ22=0.082, sin13θ22sin  POT2010× 36ν + 2010× 36ν NO
vA Sim

ulation

N O VA  P R O S P E C T S

!36

0 0.5 1 1.5 2
π / CPδ

0

1

2

3)
σ

Si
gn

ific
an

ce
 o

f C
P 

vio
la

tio
n( Inverted

Normal

=1.0023θ22=0.082, sin13θ22sin  POT2010× 36ν + 2010× 36ν NO
vA Sim

ulation
• Currently running anti-neutrino beam. 

Run 50% neutrino, 50% anti-neutrino 
after 2018. 

• Extended running through 2024,  
proposed accelerator improvement 
projects and test beam program  
enhance NOvA’s ultimate reach.   

• 3 σ sensitivity to hierarchy (if NH and 
δCP=3π/2) for allowed range of θ23 by 
2020. 3 σ sensitivity for 30-50% 
(depending on octant) of δCP range by 
2024. 

• 2+ σ sensitivity for CP violation in both 
hierarchies at δCP=3π/2 or δCP=π/2 
(assuming unknown hierarchy) by 2024.
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…to the next generation!
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See later talk by Prof. Jae Yu

Hyper-Kamiokande DUNE
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Conclusions

�28

Rapid and steady progress in neutrino oscillation physics

MINOS/MINOS+ and OPERA final results strongly support the 
three flavor scenario

Daya Bay/Double Chooz/RENO continue to improve 
precision of θ13, JUNO is coming


T2K and NOvA explore CP and mass hierarchy with neutrino 
and antineutrino beams

Excitement will continue and grow. Stay tuned for more results!



Additional material

�29
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JUNO
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School of Nuclear Science and Technology

� Oscillation probability is independent of CP phase and θ23

� The big suppression is the “solar” oscillation (Δm2
12 , sin2θ12 )

� “Large” value of θ13 is crucial

3.1 Mass Hierarchy Page 12/23

(Reactor neutrinos) 

School of Nuclear Science and Technology

� Sensitivity with 100k events (~6 yrs)

9 No constraint: 
9 With 1% constraint: 

Page 13/17

� No pre-condition of Δm2
32

� Only depends on shape but not 
absolute peak position

𝛥𝜒2 > 9

𝛥𝜒2 > 16

School of Nuclear Science and Technology

Due to good energy resolution and 
proper baseline, JUNO can help to:
¾ Improve precisions of three 

parameters (Δm2
21, Δm2

ee and 
sin2θ12 ) to  sub-percent level, 
several times improvement 
compared with current precision.

¾ Probe the unitarity of UPMNS to 
~1% level

3.2 Measurement of Oscillation Parameters Page 14/17

School of Nuclear Science and Technology

3.3 Neutrino Astrophysics and Others
Page 15/17

Beside these, additional physics is also rich  in JUNO
¾Sterile neutrinos 
¾Dark matter searches 

� Neutrinos from the Earth escape freely and 
bring the information about U, Th and K 
abundances and their distributions 

� Due to its largest LS size, the expected geo-
neutrino rate in JUNO is  ~1.1/day.

�Within the 1st year, JUNO will record more 
geo-neutrino events  than all other detectors 
will have accumulated until then. ¾JUNO will be the most precise experiment for geo-neutrino 

study. In the meanwhile, JUNO is also attractive for other 
neutrino astrophysics, such as supernova neutrinos, diffuse 
supernova neutrinos, solar neutrinos and  atmospheric neutrinos.

¾ Proton decay 
¾ Other exotic searches 
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Neutrino beams and long baseline experiments

�31

Accelerator Experiment Baseline Beam power Years

KEK-PS

(KEK) K2K 250km 5kW 1999-2004

Main Injector 
(Fermilab) MINOS(+) 730km 400kW+ 2005-2016

SPS (CERN) OPERA / ICARUS 730km 510kW 2008-2012

J-PARC MR

(J-PARC/KEK) T2K 295km 500kW


(design:750kW) 2009-

Main Injector 
(Fermilab) NOvA 810km 700kW 2014-
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T2K: data and predictions
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Sample
Predicted (sin2θ23=0.528)

Observed
δ=0 δ=+π/2 δ=π δ=-π/2

ν beam, 1Rµ 268.2 268.5 268.9 268.5 243

ν ̅beam, 1Rµ 95.3 95.5 95.8 95.5 102
ν beam, 1Re  

0 decay-e 61.6 50.1 62.2 73.8 75

ν beam, 1Re  
1 decay-e 6.0 4.9 5.8 6.9 15

ν ̅beam, 1Re  
0 decay-e 13.4 14.9 13.3 11.8 9

Consistent with maximal νμ disappearance 
Prefer large CP violation (δCP ~π/2)

sin2θ23 = 0.528

sin2θ13 = 0.0219


Δm232 = 2.5×10-3 eV2
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T2K systematic error
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1-Ring µ 1-Ring e
Error source FHC RHC FHC RHC FHC 1 d.e. FHC/RHC

SK Detector 2.40 2.01 2.83 3.79 13.16 1.47
SK FSI+SI+PN 2.20 1.98 3.02 2.31 11.44 1.58
Flux + Xsec constrained 2.88 2.68 3.02 2.86 3.82 2.31
Eb 2.43 1.73 7.26 3.66 3.01 3.74
�(⌫e)/�(⌫̄e) 0.00 0.00 2.63 1.46 2.62 3.03
NC1� 0.00 0.00 1.07 2.58 0.33 1.49
NC Other 0.25 0.25 0.14 0.33 0.99 0.18
Osc 0.03 0.03 3.86 3.60 3.77 0.79

All Systematics 4.91 4.28 8.81 7.03 18.32 5.87
All with osc 4.91 4.28 9.60 7.87 18.65 5.93

1
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δCP with T2K alone
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T2K sensitivity and data result
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Mass hierarchy from Super-K
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Determination of hierarchy determination

( 𝜒𝑁𝐻,𝑚𝑖𝑛
2 − 𝜒𝐼𝐻,𝑚𝑖𝑛

2 = −4.34 )

In
co

rr
ec

t h
ie

ra
rc

hy
 re

je
ct

io
n 
Δ𝜒

2

sin2 𝜃23

Fr
ac

tio
n 

of
 p

se
ud

o 
da

ta
 se

ts

p-value
= 0.027

p-value
= 0.613

Inverted
hierarchyNormal

hierarchy

Mass hierarchy sensitivity
(328kt∙yr) SK 𝜃13 constrained, @best fit point

SK only 80.6 ~ 96.7%
SK + T2Kmodel 91.5 ~ 94.5%

Sensitivity heavily depends
on sin2𝜃23

Estimate p-values using pseudo-data
for the smallest and largest sin2 𝜃23.

Hypothesis test ~ CLs method : CLs IH rejection ≡
𝑝0 𝐼𝐻

1−𝑝0(𝑁𝐻)

Phys. Rev. D 97, 072001 (2018)

Normal hierarchy is favored
17
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NOvA: νµ and νµ̅ data
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Mayly Sanchez - ISU
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P R E D I C T I N G  T H E  F D  O B S E R VAT I O N
• Each quartile for the neutrino and antineutrino beams gets unfolded independently and the true Far/

Near ratio is used to obtain a FD prediction from ND data.  

• We estimate cosmic background rate from the timing sidebands of the NuMI beam triggers and 
cosmic trigger data. 

!21

• Observe 113 events in neutrino mode (expect 730 +38/-49(syst.) w/o oscillations),  
65 events in antineutrino mode (expect 266 +12/-14(syst.) w/o oscillations). 

see poster #75
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P R E D I C T I N G  T H E  F D  O B S E R VAT I O N
• Each quartile for the neutrino and antineutrino beams gets unfolded independently and the true Far/

Near ratio is used to obtain a FD prediction from ND data.  

• We estimate cosmic background rate from the timing sidebands of the NuMI beam triggers and 
cosmic trigger data. 

!21

• Observe 113 events in neutrino mode (expect 730 +38/-49(syst.) w/o oscillations),  
65 events in antineutrino mode (expect 266 +12/-14(syst.) w/o oscillations). 

see poster #75

Observed 113
Best fit prediction 121

Beam BG 1.2
Cosmic BG 2.1
Unoscillated 730 +38/-49(syst)

Observed 65
Best fit prediction 50

Beam BG 0.6
Cosmic BG 0.5
Unoscillated 266 +12/-14(syst)
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NOvA: νe and νe̅ data
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E L E C T R O N  N E U T R I N O  A N D  
A N T I N E U T R I N O  A P P E A R A N C E

• On the neutrino beam we observe 
58 events and expect 15 
background interactions: 

• 11 beam, 3 cosmic background 
and < 1 wrong sign background.  

• For the antineutrino beam we 
observe 18 and expect 5.3 
background interactions: 

• 3.5 beam background,  
< 1 cosmic background and  
1 wrong sign background. 

!29

>  4σ  e v i d e n c e  o f  e l e c t ro n   
a n t i n e u t r i n o  a p p e a r a n c e
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E L E C T R O N  N E U T R I N O  A N D  
A N T I N E U T R I N O  A P P E A R A N C E

• On the neutrino beam we observe 
58 events and expect 15 
background interactions: 

• 11 beam, 3 cosmic background 
and < 1 wrong sign background.  

• For the antineutrino beam we 
observe 18 and expect 5.3 
background interactions: 

• 3.5 beam background,  
< 1 cosmic background and  
1 wrong sign background. 

!29

>  4σ  e v i d e n c e  o f  e l e c t ro n   
a n t i n e u t r i n o  a p p e a r a n c e

Observed 58
Prediction 30-75

Wrong-sign 0.3-1.0
Beam BG 11.1

Cosmic BG 3.3
Total BG 14.7-15.4

Observed 18
Prediction 10-22

Wrong-sign 0.5-1.5
Beam BG 3.5

Cosmic BG 0.7
Total BG 4.7-5.7

>4σ evidence of νe̅ appearance!
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NOvA systematic uncertainties
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Mayly Sanchez - ISU

S Y S T E M AT I C  U N C E R TA I N T I E S

• Improved systematic uncertainties. We are 
still statistics limited but calibration and 
cross sections are the largest uncertainties.  

• Our upcoming test beam program will 
address the calibration and detector 
response uncertainties. 

!31
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see poster #80see poster #58
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NOvA

�40
Mayly Sanchez - ISU

N E U T R I N O  I N T E R A C T I O N  T U N I N G

!56
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• The tuning is done independently for the 
neutrino vs antineutrino beam samples.  

• Various corrections and tunings are applied: 

• Correct quasielastic component to account 
for effect of long-range nuclear correlations 
using model of València group via work of R. 
Gran (MINERvA) [https://arxiv.org/abs/
1705.02932]  

• Apply same long-range effect as for QE to 
resonant baryon production as well.  
Nonresonant inelastic scattering (DIS) at high 
invariant mass (W>1.7 GeV/c2) weighted up 
10% based on NOvA data.  

• Introduce custom tuning of GENIE "Empirical 
MEC" [T. Katori, AIP Conf. Proc. 1663, 
030001 (2015)] based on NOvA ND data to 
account for multinucleon knockout (2p2h). 
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NOvA

�41
Mayly Sanchez - ISU
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M U O N  N E U T R I N O  D I S A P P E A R A N C E  

!64

see poster #66 and 88

• The combined data of neutrino and antineutrino beams are fitted assuming CPT invariance.  

• We observe 113 events and expect 126 at this combined best fit for the neutrino beam mode  
and observe 65 events and expect 52 at the best fit in antineutrino beam mode.  

• If fit separately, the antineutrino beam mode prefers a more non-maximal solution than the 
neutrino beam mode. However the χ2s are consistent with the combined fit oscillation 
parameters with p > 4%. 
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W H AT  I S  D I F F E R E N T  I N  A N T I N E U T R I N O S ?  
W R O N G - S I G N  C O N TA M I N AT I O N  

• 11% wrong-sign in the νμ ND sample background  

• Consistent with data-based cross-check using neutron captures. 

• 22% (32%) in the νe ND background in the high (low) PID bin 

• Consistent with data-based cross-checks using identified protons and event kinematics. 

• •~10% systematic uncertainty from flux and cross section  

• Does not include uncertainties from detector effects.
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P R E D I C T I N G  T H E  FA R  D E T E C T O R  
O B S E R VAT I O N S
• The neutrino spectrum is measured at the ND (before oscillations), this is a combination of 

neutrino flux, cross section and efficiency.  

• Estimate the underlying true energy distribution of selected ND events. 

• The measured spectrum is used to make a prediction of the expectation at the FD 

• Multiplying the true energy distribution by the Far/Near Ratio, applying oscillation 
probabilities and then converting to a predicted reconstructed energy distribution 

• Since NOvA has functionally similar Near and Far Detectors the flux combined with the cross 
sections uncertainties largely cancel. 
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