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Oscillation Results with 1958 Days
• Measure sin22θ13 and |Δm2ee| to 3.4% and 2.8% respectively

P ve → ve( ) = 1− sin2 2θ13 sin2 1.267Δmee
2 L

E
− solar term

effective mass 
splitting

Results are cross-checked by a few independent analyses

preliminary preliminary

results with 
1958 days

 sin2 2θ13 = 0.0856 ± 0.0029

|Δmee
2 |= (2.52 ± 0.07)×10−3  eV2

The statistical uncertainty 
contributes about 60% 
(50%) of the total θ13 
(Δm2ee) uncertainty.

poster
#6 (W)

Neutrino Mixing
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Weak eigenstate Mass eigenstate

(α = e, μ, τ) (i = 1, 2, 3)
MNS mixing matrix

Two neutrino case:

θ          : mixing angle 
Δm2  : mass squared difference 
L       : the distance traveled

E       : the energy of neutrino

|⌫↵i =
X
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U↵i |⌫ii

P(⌫↵ ! ⌫�) = | h⌫�|⌫(t)i |2 = sin2 2✓ sin2
✓
�m2 L

4E

◆

Amplitude Frequency

Daya Bay 

• Neutrino flavor (weak) eigenstates and mass eigenstates are mixed


• Neutrinos change their flavor as they travel (neutrino oscillation)

• Natural interferometer to explore fundamental nature of neutrinos

Figure taken from J. P. Ochoa’s presentation at Neutrino2018



Neutrino Mixing
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All the three angles are finally observed! 
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Still many open questions:

Δm232 ~ Δm231 ~ 2.5 x 10-3 eV2 Δm221 ~ 7.5 x 10-5 eV2

• What is the CP-violation phase, δ ?


• What is the absolute mass scale/ordering?


• What is the origin of neutrino mass?


• Are there any extra spices?



Accelerator-based long-baseline 
neutrino oscillation experiments

• High-intensity muon (anti-)neutrino beam produced by smashing protons to fixed targets


• Near detectors to constrain the beam flux, and measure oscillation at the far detectors


• Both uses off-axis narrow-band neutrino beam.
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Current Long Baseline Experiments The NO⌫A Experiment

The NO⌫A Experiment

Dedicated to the measurement of ✓23 and �CP

Pablo Fernández Menéndez (IFIC & CSIC) Results from LBL ⌫ Osc. Experiments 26 September 2018 17 / 36

Current Long Baseline Experiments The T2K Experiment

The T2K Experiment

Dedicated to measure ✓23, ✓13 and �CP

Pablo Fernández Menéndez (IFIC & CSIC) Results from LBL ⌫ Osc. Experiments 26 September 2018 8 / 36

T2K NOvA

Baseline Peak energy

T2K 295 km ~ 600 MeV

NOvA 810 km ~ 2 GeV



Current Long Baseline Experiments The T2K Experiment

The T2K Beam

The beam is 2.50 o↵-axis with respect to the far detector
T2K was the first experiment to implement the o↵-axis technique,
providing a narrower spectrum around hE⌫i = 0.7 GeV
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It has been agreed to extend (T2K phase-II) the operation of T2K to a
second phase that will run until 2026 with the goal of 20 · 1021 POT

Pablo Fernández Menéndez (IFIC & CSIC) Results from LBL ⌫ Osc. Experiments 26 September 2018 10 / 36

Oscillation signatures

• Precision measurement of 
sin22θ23 and |Δm232|


• Can test CPT symmetry 
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Example for the T2K beam

• Sensitivity to sin22θ13, CP violating phase 
δ, θ23 octant, and mass ordering 
through the matter effect


• Important to have multiple experiments to 
disentangle impacts of those parameters

νμ disappearance νe appearance



Experimental apparatus  
and performance
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T2K neutrino beamline at J-PARC

• 30 GeV protons extracted from J-PARC Maing Ring 
smashes a graphite target


• Secondary π+/- are focused by three magnetic horns, and 
decay into μ+/- and νμ in the decay volume


• Muon detector monitors beam stability.
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Can switch neutrino mode and anti-neutrino mode by switching the horn current 

T2K BEAMLINE

• Protons are extracted from the J-PARC 30 GeV Main Ring onto a graphite target via the 
superconducting primary beamline.

• 𝜋± focused by three magnetic horns and allowed to decay into 𝜇± and 𝜈𝜇( ҧ𝜈𝜇)
• Horn polarity determines charge of the focused 𝜋± and helicity of neutrinos in the Earth frame.

• Muon detectors downstream of beam dump monitor beamline stability.

May 30, 2018C. Vilela CIPANP 2018 4

Primary beamline

Graphite target

HornDecay volume

Beam dump

Muon monitors

(—)



Current Long Baseline Experiments The T2K Experiment

The T2K Beam

It uses the J-PARC beam to produce, mainly, ⌫µ (⌫-mode) or ⌫µ (⌫-mode)
The mean beam power this year was of ⇠485 kW, achieving up to 500 kW

Pablo Fernández Menéndez (IFIC & CSIC) Results from LBL ⌫ Osc. Experiments 26 September 2018 9 / 36

T2K beam delivery

• Delivered beam (until May 2018) 

• 1.51 x 1021 POT neutrino mode (Forward Horn Current)

• 1.65 x 1021 POT antineutrino mode (Reverse Horn Current)


• Used for the latest oscillation analysis: 

• 1.49 x 1021 POT neutrino mode


• 1.12 x 1021 POT antineutrino mode !9



T2K near complex

• ND280 

• Measures flux at SK direction 
before oscillation


• Detector placed in 0.2 T magnetic 
field


• Tracker consists of 2 fine-grained 
detectors (FGDs) and 3 TPCs


• Plastic and Water targets


• INGRID 

• Measures beam profile and 
direction


• Array of 9-ton iron-scintillator 
sandwich detectors
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T2K Near Detector complex consists of  
off-axis (ND280) and on-axis (INGRID) detectors

Beam



T2K ND280 data samples
•14 total ND280 data 

samples used by 
oscillation analysis fit 

•ν-mode (FHC) 

•sort by π+ multiplicity 

•2 fine-grained detectors 
(FGDs) (C,O) 

➡6 samples 

• ν̅-mode (RHC) 

•sort by muon charge 

•sort by number of tracks 

•2 FGDs (C,O) 

➡8 samples
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ND280 data fitting
• The 14 ND 280 samples are used to constrain neutrino flux and 

cross-section


• After the fit, the flux and cross-section uncertainty at the far 
detector reduced to ~5% from ~15%


• Also measures neutrino interaction cross-sections
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Super-K (far) detector
•50 kton water 

Cherenkov detector

•Ultra pure water

•~11,000 20'' PMT for 
inner detector (ID) (40% 
photo coverage)

•~2,000 outward facing 
8'' PMT for outer 
detector (OD) acts as 
veto region

•Good reconstruction for 
T2K energy range

15

2011/3/11KEK Physics Seminar 15

Far Detector: SK-IV
�50kt Water Cherenkov detector (Fiducial 22.5kt)

@ underground (2700 m water equivalent)
�20’ ID PMT�11,129: 40% Photo coverage

+ 8’ OD PMT�1885 :
�Dead-time less DAQ system (2008~)
�Good performance for sub-GeV � detection

�1st oscillation maximum : E� ~0.6GeV at SK position.
�Charged current quasi-elastic (CC QE) interaction is 

dominant process.
• Good e / � separation
• Energy reconstruction: �E/E ~10% (�2-body kinematics)

��ICRR, Univ. of Tokyo

�e
neutron proton

e
�l

��
neutron proton

�
�l

Un-oscillated ��

Signal �e

MC

MC

see talks by Y. Hayato, 
M. Ikeda on Tuesday 
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Super-Kamiokande
� 50kton water
� 32kt ID viewed by 

20-inch PMTs
� ~2m OD viewed 

by 8-inch PMTs
� 22.5kt fid. vol. 

(2m from wall)
� Etotal=~4.5MeV 

energy threshold
� SK-I: April 1996~
� SK-IV is running

Electronics hutLINAC

Control room

Water and air 
purification system

SK

2km3km

1km
(2700mwe)

39.3m

41.4m

Atotsu
entrance

AtotsuMozumi

Ikeno-yama
Kamioka-cho, Gifu
Japan

Inner Detector (ID) PMT:   ~11100 (SK-I,III,IV),  ~5200 (SK-II)
Outer Detector (OD) PMT: 1885

ID

OD

http://www-sk.icrr.u-tokyo.ac.jp/sk/

)

see poster by:
R. Akutsu,  #198, Wed

Super-Kamiokande 
 (T2K far detector)

• 50-kton water Cherenkov 
detector


• Overburden: 2700 mwe


• Inner Detector covered by > 
11000 20" PMTs  (40% photo 
coverage)


• Outer detector equipped with 
~2000 8”PMTs and act as veto


• Can detect neutrinos for wide 
energy rage


• Solar neutrinos 


• Supernova neutrinos 


• Atmospheric/Accelerator 
neutrinos


• Operational since 1996

!13

~ MeV

~ GeV



Super-K event samples

• Utilizes ring pattern to separate muons and electrons 
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Current Long Baseline Experiments The T2K Experiment

Super-Kamiokande Neutrino Candidate Event Topologies

µ-like event e-like event

Pablo Fernández Menéndez (IFIC & CSIC) Results from LBL ⌫ Osc. Experiments 26 September 2018 13 / 36



NOvA beam delivery

• NuMI beam running at 700 kW since Jan 2017


• Recorded POT by April 2018:


• Neutrino mode: 8.85 x 1020 POT


• Antineutrino mode: 6.9 x 1020 POT

!15

Mayly Sanchez - ISU

N E U T R I N O  A N D  A N T I N E U T R I N O   
B E A M  P E R F O R M A N C E

• NuMI beam running at 700 kW design power since January 2017.  
( > 18 x 1018  protons per week). Highest power neutrino beam in the World!  

• Recorded neutrino-mode running 8.85 x 1020  protons on target (POT) in 14 kton 
equivalent detector taken from February 2014 to February 2017.  

• First antineutrino-mode running recorded between February 2017 to April 2018  
resulting in 6.9 x 1020 POT. 

!6



NOvA Near and Far detectors
• Uses the same technology for both near and far detectors


• PVC extrusion + Liquid scintillator


• Layered planes of orthogonal views with 6-cm cells. Readout via WLS fibers to APDs. 


• Near detector (0.3 kton)


• 1 km from source, 100 m depth 


• Far detector (14 kton)


• 810 km from source, on the surface, 3 m.w.e. overburden. 
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Current Long Baseline Experiments The NO⌫A Experiment

NO⌫A Detectors

The NO⌫A experiment is composed by two identical (except for the size)
detectors and 810 km apart
The detectors are made up of 344,000 cells of extruded and highly
reflective plastic PVC filled with liquid scintillator
Each cell of the detectors measures 3.9 cm wide, 6.0 cm deep
It also contains wavelength shifting fiber (WLS) agents
The fiber end readout is a single pixel of a 32 pixel avalanche photo diode
(APD) array

Pablo Fernández Menéndez (IFIC & CSIC) Results from LBL ⌫ Osc. Experiments 26 September 2018 20 / 36



Neutrino events at NOvA
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Mayly Sanchez - ISU

N O VA  E V E N T  T O P O L O G I E S  
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Oscillation Analysis Results
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T2K disappearance analysis

• NH	 IH


• sin2θ23


• |Δm2|NH	 IH


• sin2θ23


• |Δm2| !19
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Atmospheric sector: θ23, Δm2
32(1)
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NOvA disappearance analysis
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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. 
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• 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

Mayly Sanchez - ISU

A L L O W E D  R E G I O N  F O R  J O I N T  
A P P E A R A N C E  A N D  D I S A P P E A R A N C E

• NOvA’s results compared to other experiments. 
Allowed 90% C.L. regions are compatible. 
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Mayly Sanchez - ISU

A L L O W E D  O S C I L L AT I O N  PA R A M E T E R S  
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see poster #81

90% CL region compatible with other 
experiments 

Prefer non-maximal mixing at 1.8σ

Mayly Sanchez, Neutrino 2018
DOI: 10.5281/zenodo.1286758



T2K appearance samples
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(1π identified with additional decay-e)

Morgan Wascko, Neutrino 2018
DOI: 10.5281/zenodo.1286752

Sample
Prediction

Data
δCP = -π/2 δCP = 0 δCP = π/2 δCP = π

1Ring νe, 0 decay-e 73.8 61.6 50.0 62.2 75

1Ring νe, 1 decay-e 6.9 6.0 4.9 5.8 15

1Ring νe, 0 decay-e 11.8 13.4 14.9 13.2 9

Compared with the predictions, observed more events in the 
neutrino mode, less events in the antineutrino mode 



T2K Appearance results
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Morgan Wascko, Neutrino 2018
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•Prior probability assumption of 𝛿CP does 
not affect 2σ exclusion of CP 
conservation 

• Bayes factor for NH/IH is 7.9 

• ~50% more antineutrino data to be 
included soon

T2K Posterior Probabilities

!23
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NOvA appearance samples
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Mayly Sanchez - ISU
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Antineutrino mode

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. 
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>  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

Neutrino mode: 
53 events observed  
w/ 15 expected backgrounds

Antineutrino mode:  
18 events observed  
w/ 5.3 expected backgrounds

> 4σ evidence of electron 
antineutrino appearance 

Mayly Sanchez, Neutrino 2018
DOI: 10.5281/zenodo.1286758



NOvA δcp and NH results
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A L L O W E D  O S C I L L AT I O N  PA R A M E T E R S  
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P re f e r  N H  b y  1 . 8σ  
E x c l u d e  δ=π / 2  i n  t h e  I H  a t  >  3σ

• Best fit: Normal Hierarchy  
δCP= 0.17π 
sin2θ23 = 0.58±0.03 (UO)  
Δm232 = (2.51+0.12-0.08)⋅10−3 eV2

see poster #81
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T2K and NOvA appearance samples
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E L E C T R O N  N E U T R I N O  A P P E A R A N C E  
E X P E C TAT I O N S
• Event counts in 

neutrino and 
antineutrino mode vary 
according to the 
oscillation parameters.  

• Ellipses as a function of 
CP are drawn for 
normal and inverted 
hierarchy (NH and IH) 
as well as upper and 
lower octant (UO and 
LO). 
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Bi-event plot
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Predictions generated for best-fit values of oscillation parameters for different values of 
δCP , sin2θ23 and mass hierarchy.
Errors are shown for the case of δCP = −π/2 and sin2θ23 = 0.5 in normal hierarchy, with 
the reactor constraint.

Stay tuned for how those evolves with more statistics and improved analyses! 

T2K NOvA



Near future prospects

• Joint T2K-NOvA analysis


• T2K extension and its near-detector upgrade


• Super-K upgrade with Gd loading
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Joint T2K-NOvA 
analysis

• Aiming to produce full joint oscillation 
analysis by 2021


• Preparing for a joint working group; 
three workshops held so far.
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http://t2k-experiment.org/2018/01/t2k-nova-announce/


T2K extension and upgrades
• T2K phase-II


• Proposal to collect 20 x 1021 POT 
(stage-1 approved by KEK/J-PARC) 


• Will have > 3σ sensitivity for CPV 


• Βeam upgrade towards 1.3 MW beam 
power


• Near-detector upgrade


• Required for further reducing 
systematics down to ~4%


• Aiming for installation in 2021
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• Replace (most of) P0D with Scintillator Detector  
+ 2 High-Angle TPCs + TOF
• Improve acceptance for large angle tracks

• Keep current “tracker” [2 FGDs + 3 TPCs] (& upstream part of P0D)  
as well as ECal, magnet & SMRD 

• For keeping continuity and forward acceptance
11

Design of ND280 upgrade

11

・P0D will be replaced with Scintillator detector, High-Angle TPCs  
　& TOF counters keeping current 2 FGDs, 3 TPCs & ECAL

TOF counters

Scintillator detector
High-Angle TPCs

ν beam

ND280 upgrade configuration

ND280 upgrade
•T2K phase 2 goal: reduce systematics 

to ~4%

•Requirements for upgraded detector:
•Full polar angle acceptance
•Fiducial mass of a few tons
•High efficiency for short tracks
•Good timing information to 

determine track direction

•Strong collaboration of experts from 
Europe (incl. CERN neutrino group), 
Japan, & USA

•Submitted proposal to CERN SPSC
•supported as a Neutrino Platform 

project, http://cds.cern.ch/record/
2299599

•TDR expected by the end of 2018

•Aiming for installation in 2021
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Albert De Roeck 
(CERN EP-NU leader) 
visiting J-PARC CCR  

with T2K 
spokespersonsMore information:

F Sanchez’s talk later today see posters by:
J, Łagoda,  #120, Wed
Y. Kudenko, #121, Wed



Super-K upgrade w/ Gd loading

• Loading Gd to the SK pure water to enhance neutron detection capability


• ~90% Gd capture probability with 0.1% Gd loading


• Primary goal is to detect supernova relic neutrinos


• Could also benefit T2K with:


• Improved neutrino-antineutrino separation


• Improved energy reconstruction


• Improved measurement neutrino interaction
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Far detector upgrade

Imperial College  
London

Morgan O. 
WasckoNeutrino 20182018 / 06 / 04 28

see M. Ikeda’s talk on Tuesday 

2011/3/11KEK Physics Seminar 15

Far Detector: SK-IV
�50kt Water Cherenkov detector (Fiducial 22.5kt)

@ underground (2700 m water equivalent)
�20’ ID PMT�11,129: 40% Photo coverage

+ 8’ OD PMT�1885 :
�Dead-time less DAQ system (2008~)
�Good performance for sub-GeV � detection

�1st oscillation maximum : E� ~0.6GeV at SK position.
�Charged current quasi-elastic (CC QE) interaction is 

dominant process.
• Good e / � separation
• Energy reconstruction: �E/E ~10% (�2-body kinematics)

��ICRR, Univ. of Tokyo

�e
neutron proton

e
�l

��
neutron proton

�
�l

Un-oscillated ��

Signal �e

MC

MC

• Additional SK data samples under study
• CC1π± and NCπ0, in both FHC and RHC data

• SK-Gd project
• Initiative to add Gd to SK water 

• enhance neutron detection capability

• improves low energy antineutrino detection

• could provide WS BG constraint in  T2K ν̅ data

• Three step timeline

• T0: repairs to SK tank ongoing now!

• T1: load 0.02% Gd2(SO4)3, planning ongoing

• T2: load 0.2% Gd2(SO4)3, farther future

see posters by:
G. Pronost, #258, Wed
C. Simpson, #358, Wed
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J. F. Beacom and M. R. Vagins, Phys. Rev. Lett. 93 (2004) 17110SK-Gd project



SK-Gd status
• To realize SK-Gd, a major refurbishment of the SK tank 

started on May 31, 2018


• The tank was opened for the first time in 12 years for:


• Leak fixing

• Water piping upgrades


• PMT replacements


• Major part of refurbishment finished and started filling 
pure water again


• New water system for SK-Gd is now being commissioned

• Planning ongoing for initial loading of 0.01% Gd 

(corresponds to ~10 tons of Gd2(SO4)3)
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Summary
• Discussed recent results from the two leading long-baseline 

neutrino oscillation experiments: T2K and NOvA


• Interesting hints for δcp, MH and θ23 octants from both experiments.


• A lot more to come, including:


• NOvA-T2K joint analysis


• T2K upgrades


• Gd loading to Super-K


• And many more!
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Stay tuned for the future results!


