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Neutrino oscillations

6 parameters: 3 mixing angles, 2 mass differences, 1 CP violation phase

Nowadays we know the 3 angles and the 2 mass differences

θ13 measured very recently by T2K and reactor experiments

CPV phase is completely unknown
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Solar sector 
parameters 
(θ12, Δm12)

Measured by 
solar (SNO) 
and reactor 
(KamLAND) 
experiments

Atmospheric
sector parameters 

(θ23, Δm23)
Measured by 

Super-
Kamiokande and 

accelerator based 
experiments 

(MINOS, T2K)
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Les neutrinos: Connaissance actuelle

   Soutenance de thèse                Laura Zambelli                23 Septembre 2013               LPNHE, UPMC & P7                              

Secteur Solaire

θ12 et Δm221 sont mesurés par deux méthodes:

- Avec la disparition des neutrinos solaires, comparés aux prédictions du Modèle
  Standard Solaire

Expériences SNO, GALLEX, SAGE, Super-Kamiokande, Borexino

- Avec les anti-neutrinos de réacteurs à 
    longue distance, expérience KamLAND
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Expériences solaires
KamLAND

combinaison
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FIG. 4. The 90% C.L. contour regions for sin2(2θ23) and
|∆m2

32| for the primary T2K analysis, are shown for octant 1
(solid) and octant 2 (dashed). The T2K 2011[2], SK[26], and
MINOS[5] 90% C.L. contours with different flavor assump-
tions are shown for comparison.

on the 3.01× 1020 POT off-axis beam exposure, has de-
termined, assuming octant 1(2), a best-fit mass splitting
of |∆m2

32| = 2.44(2.44)× 10−3 eV2/c4 and mixing angle,
sin2(2θ23) = 1.000(0.999). The results from either octant
assumption favor maximal mixing. We anticipate future
T2K data will improve our neutrino disappearance mea-

surements, and our own measurements combined with
other accelerator and reactor measurements will lead to
important constraints and more precise determinations
of the fundamental neutrino mixing parameters.
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The measurement of  θ13
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Accelerators (T2K, Minos→Nova):

✓ Appearance experiment: P(νμ → νe)
✓ νμ neutrino beam 
✓ Neutrino energy ~1 GeV
✓ Distance L >~ 300 km

✓Signature: appearance of νe in the νμ beam
✓Degeneracy of θ13 with δCP, sign of Δm2  

Reactors (DChooz, RENO, Daya Bay)

✓ Disappearance of anti-νe P(νe → νe)
✓ anti-νe produced in nuclear reactors
✓Neutrino energy few MeV
✓Distance L ~ 1 km

✓ Signature: disappearance of the anti-νe 

produced in the reactor → depends on θ13
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Measurements of  θ13

First indications for large θ13: T2K in 2011 (6 
events, 2.5σ)

Confirmed by Daya Bay (reactor experiment) 
with more than 5σ in 2012

Today θ13 is known with <10% precision
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FIG. 5. Same as Fig. 4 for the reconstructed neutrino energy spectrum of the events which pass

all ⌫
e

appearance signal selection criteria with the exception of the energy cut. The vertical line

shows the applied cut at 1250 MeV.

probabilities and matter e↵ects [36] with �m2
12 = 7.6⇥ 10�5 eV2, �m2

23 = +2.4⇥ 10�3 eV2,

sin2 2✓12 = 0.8704, sin2 2✓23 = 1.0, an average Earth density ⇢=3.2 g/cm3 and �CP = 0 unless

otherwise noted. The expectations are 0.03(0.03) ⌫
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0.1(4.1) ⌫
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oscillation events for sin2 2✓13=0(0.1), and 0.6 NC events. As shown in Ta-

ble III, the total systematic uncertainty on N exp

SK

depends on ✓13. Neutrino flux uncertainties

contribute 14.9%(15.4%) to the far(near) event rates, but their ratio has an 8.5% error due to

cancellations. The near detector ⌫
µ

CC selection e�ciency uncertainty yields +5.6
�5.2% and the

statistical uncertainty gives 2.7%. The errors from cross-section modeling are dominated

by FSI uncertainties and by the knowledge of the �(⌫
e

)/�(⌫
µ

) ratio, estimated to ±6%.

The systematic uncertainties due to event selection in SK were studied with cosmic-ray

muons, electrons from muon decays, and atmospheric neutrino events. Their contribution
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F.P. An et al: Improved Measurement of Electron Antineutrino Disappearance at Daya Bay 19
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The observed νe spectrum in the far hall was com-
pared to a prediction based on the near hall measure-
ments αMa+βMb in Fig. 24. The distortion of the
spectra is consistent with that expected due to oscilla-
tions at the best-fit θ13 obtained from the rate-based
analysis.
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9 Conclusions

We have updated the measurement of the neu-
trino mixing angle θ13 with a 116.8 kton-GWth-day
livetime exposure at the far hall. A total of 138,835,
66,473, and 28,909 electron antineutrino candidates
were detected in the Daya Bay near hall, the Ling
Ao near hall, and the far hall, respectively. Com-
pared with the prediction based on the near-hall mea-
surements, a deficit of 5.6% was observed in the far
hall. The rate-based analysis has yielded sin2 2θ13 =
0.089± 0.010(stat.)± 0.005(syst.). This is the most
precise measurement of sin2 2θ13 to date with a pre-
cision of 12.6%, and supersedes our previous mea-
surement [8]. We anticipate additional improvements
following the installation of two additional ADs in
advance of an extended data run.
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What’s next
θ13 is different from 0

Open the way to new measurements 
accessible with accelerator experiments

6

Open questions (with accelerators):

Is CP violated in the leptonic sector ? → 
differences between ν and anti-ν and 
combination of  reactors and accelerators

Mass hierarchy: is m3 larger than m1?

Is θ23 maximal?

Is there any sterile neutrinos?

Open questions (without accelerators)

Which is the absolute neutrino mass?

Neutrinos are Dirac or Majorana particles?



T2K experiment
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T2K Collaboration

~500 members, 59 institutes, 11 countries
8
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T2K experiment
High intensity ~700 MeV νμ beam produced at J-PARC (Tokai, Japan)

Neutrinos detected at the Near Detector (ND280) and at the Far 
Detector (Super-Kamiokande) 295 km from J-PARC

Observation of  νe appearance → determine θ13 and δCP

Precise measurement of  νμ disappearance → θ23 and Δm2
23

9
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L’expérience T2K
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Tokai
Accélérateur

Détecteurs proches
Kamioka

Détecteur lointain

Itinéraire vers Super-Kamiokande

Tokai, cible, JPARC         

NIM A659 (2011) 106-135 [1106.1238]
T2K, Tokai To Kamioka, est une expérience de neutrinos sur accélérateurs

Buts de l’expérience (à moyen termes):
- Mesure de θ13 via νμ→νe

- Mesure de θ23 via νμ→νx

- Mesures de sections efficaces d’interaction de neutrinos

PRL 107 (2011) 041801 [1106.2822], PRD 88 (2013) 032002 [1304.0841]

PRD 85 (2012) 031103 [1201.1386], soumis à PRL [1308.0465]

PRD 87 (2013) 092003 [1302.4908]

295 km
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Long Baseline ν experiment

Accelerate a proton beam that interact onto a Carbon target 
producing hadrons (π and K)

Hadrons are focused and selected in charge by a system of  magnetic 
horns (π+ and K+ are selected for a neutrino beam) and enter into a 
decay volume

Decay volume: mainly π+ → μ+ + νμ but also some νe and anti-ν 

The surviving charged particles are then absorbed by a beam dump

10

π+
π− π ν νπ

µ

π, π, Κ
p
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Off-axis beam

First experiment using an off-axis technique (detectors at 2.5° with respect 
to the center of  the beam)

Increase the intensity of  the beam at the desired L/E → maximize 
oscillation probability
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L’expérience T2K: Prise de données

   Soutenance de thèse                Laura Zambelli                23 Septembre 2013               LPNHE, UPMC & P7                              
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T2K experimental 
setup
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J-PARC (Japan Proton Accelerator Complex)

13

J-PARC

11

Materials and Life Science 
Experimental Facility 

Hadron Beam Facility�

Nuclear 
Transmutation 

J-PARC = Japan Proton Accelerator Research Complex 
Joint Project between KEK and JAEA 

Linac 

180→400 MeV 

Neutrino to 
Kamiokande 

Rapid Cycling 
Synchrotron 

(3GeV, 25 Hz, 1MW) 

Main Ring 

(30 GeV, 0.3 Hz,  

0.75 MW→ 1.66 MW) 
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Neutrino beamline

14

30GeV 
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J-PARC Neutrino beam facility

proton beam

to Super-K
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Helium cooling
110m length

3 Horns w/ 250kA
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intensity, position
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Near  DetectorIntense Beam

protons

π, π, π, π, Κ

ν, ν, ν, ν 
oscillation

Gigantic Far Detector

P(νµ→ νµ)≈1 - sin2
 2θ23 sin2

 (1.27 Δm2
23 L/Eν)
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T2K neutrino beam

νμ are mainly produced 
by pions and kaons

Small intrinsic νe 
component (~1%) 
produced by decays of  
K and μ

15
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L’expérience T2K - Parents de neutrinos
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π→μνμ  Γ=99.9%
   →eνe  Γ=10-4%

K→μνμ  Γ=63.5%
  →π0eνe  Γ=5.1%
  →π0μνμ  Γ=3.3%

+ contributions d’hadrons négatifs mal défocalisés

K0L→πeνe  Γ=40.5%
     →πμνμ  Γ=27.0%

 μ→eνeνμ  Γ=100%

Principales sources de neutrinos:

Sources

Fraction Totale ⇡± K±
2 K±

3 K0
L µ±

⌫µ 92.353 95.1 4.5 0.24 0.1 0.01
⌫µ 6.474 85.8 4.6 0.2 1.3 8.0
⌫e 1.016 1.0 - 33.0 12.5 53.3
⌫e 0.157 0.4 - 14.7 77.6 7.2

SK

PRD 87 (2013) 012001 [1211.0469]

Proportion de parents donnant naissance à 
un neutrino allant dans Super-Kamiokande

p-θ des parents π 
donnant un neutrino 

vers SK
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ND280

Detectors installed inside the UA1/NOMAD magnet (0.2 T magnetic field)

Allow to select the charge of  the particles from their curvature

In the analysis described today we use the ND280 tracker: 

2 Fine Grained Detectors (target for neutrino interactions)

3 Time Projection Chambers: reconstruct momentum and charge of  
the particles produced in ν interactions, PID based on ionization

Electromagnetic Calorimeter do distinguish tracks from showers
16

FGD FGD
TPCTPCTPC

ν
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Super-Kamiokande
50 kton water Cherenkov detector (22.5 kton FV)

~11000 20’’ PMT inner detector (~2000 8’’ PMT outer detector 
used as veto)

~1000 meters underground in the Kamioka mine

Operated since 1996 (upgraded for T2K)

Very good PID capabilities to distinguish electrons from muons

17

ID
OD
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ν detection at SK
Neutrinos interact in the water 
producing charged leptons (νμ → μ and 
νe → e)

The charged lepton travels with a speed 
larger than the speed of  the light in 
water (nwater = 1.3)

The lepton emits bluish light in a cone 
(Cherenkov effect) that is then collected 
by the PMT on the wall

18

 e (MC)

 μ (MC)
νµ

νµ → µ (clear 

single ring)

νe → e (electromagnetic 

shower, fuzzy ring)

νe



T2K oscillation 
analyses
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Data-sets

Total delivered: 6.33 x 1021 proton on target (pot)

νe appearance analysis: 96.3% of  Runs 1-4

νμ disappearance analysis only use Run 1-3 (3.01 x 1021 pot)

Full data-set will be analyzed soon

20

Run1

Run2 Run3
Run4
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Typical oscillation analysis
Combination of  several inputs 

21

Flux prediction:
✓  Proton beam stability
✓  Hadron production (NA61 

and others external data)

ND280 measurements:
✓  νμ selection to constrain flux 

and cross-sections
✓ Measure νe beam component

Neutrino interactions:
✓  Interaction models
✓  External cross-section 

data

Super-Kamiokande measurements:
✓  Select CC νμ and νe candidates after 

the oscillations

Prediction at the Far Detector:
✓  Combine flux, x-section and ND280 to 

predict the expected events at SK

Extract oscillation parameters!!!
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Flux prediction
Hadro-production cross-section

ν comes from π and K produced in p+C interactions

Cross-section for those processes not well known

Need of  a dedicated experiment → NA61/SHINE

Neutrino beam monitoring

Stability of  the beam during the data taking

Determination of  the ν fluxes and uncertainties

22

Decay volume

ν
Target

Magnetic Horn B

P

π+, K+,..

μ

π

ν
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NA61/SHINE

T2K proton interacts on a 90 cm long 
Carbon target producing π and K → ν 

Main uncertainty comes from hadro-
production cross-section → NA61/
SHINE dedicated experiment @ 
CERN to measure hadro-production 
cross-section

23
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L’expérience NA61/SHINE au CERN

   Soutenance de thèse                Laura Zambelli                23 Septembre 2013               LPNHE, UPMC & P7                              

2 types de mesures pour T2K: proton à 31 GeV/c contre
- Cible mince (4%λint) étude de l’interaction primaire
- Cible réplique (1,9 λint) étude de la production hadronique 
  le long de la cible

Année Cible Mince Cible Réplique Statut
2007 630 k 230 k Publiés
2009 4.4 M 2.4 M En cours d’analyse
2010 - 10 M Calibration

Grande acceptance, Champ magnétique de 1.14 Tm, 5 TPCs, 3 ToF

PRC 84 (2011) 034604 [1102.0983]
PRC 85 (2012) 035210 [1112.0150]
NIM A701 (2013) 99-114 [1207.2114]

2 targets: thin target and T2K target
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L’expérience NA61/SHINE au CERN

   Soutenance de thèse                Laura Zambelli                23 Septembre 2013               LPNHE, UPMC & P7                              

2 types de mesures pour T2K: proton à 31 GeV/c contre
- Cible mince (4%λint) étude de l’interaction primaire
- Cible réplique (1,9 λint) étude de la production hadronique 
  le long de la cible

Année Cible Mince Cible Réplique Statut
2007 630 k 230 k Publiés
2009 4.4 M 2.4 M En cours d’analyse
2010 - 10 M Calibration

Grande acceptance, Champ magnétique de 1.14 Tm, 5 TPCs, 3 ToF

PRC 84 (2011) 034604 [1102.0983]
PRC 85 (2012) 035210 [1112.0150]
NIM A701 (2013) 99-114 [1207.2114]

π+

p K+ e+
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Mesure de production d’hadrons chargés

   Soutenance de thèse                Laura Zambelli                23 Septembre 2013               LPNHE, UPMC & P7                              
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3 techniques d’analyse développées:
- h-: Fait l’hypothèse que tous les hadrons négatifs sont des π-, corrections par Monte-Carlo
- dE/dx: Utilise seulement l’information dE/dx pour les traces de p < 1 GeV/c
- ToF+dE/dx: Permet une extraction simultanée des 4 espèces (π, K, p et e) pour p >1 GeV/c

π+

pK+e+

π+

p

K+
e+

ToF dE/dxToF+dE/dx

Section efficace 
différentielle de  
p ro d u c t i o n e n 
fonction de l’angle  
polaire θ 

PRC 84 (2011) 034604 [1102.0983]

Full coverage of  the phase-space 
of  π and K giving neutrinos to T2K

First NA61 data on thin target already 
added to T2K flux prediction
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T2K predicted fluxes

Fluxes in T2K are predicted with a 10-15% 

Main error still come from hadronic 
interaction cross-section → to be further 
reduced with addition of  more NA61 data

Intrinsic νe component ~1.2% of  the total flux
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Cross-section models
At the T2K energies ν interactions occurs 
through many processes (CCQE, CC1π, 
CC DIS, NC)

Approach: use external data (mainly 
MiniBooNE data) and add effective 
parameters with uncertainties that span 
models and data

Constrain those parameters using ND280

25

Cross Section Model

8

๏ Charged Current Quasi-Elastic (CCQE)
๏ Llewellyn-Smith base model
๏ Smith-Moniz fermi gas model for 

nucleus
๏ Single Pion Production (CC/NC1π) with 

Rein-Seghal resonance model
๏ Deep Inelastic Scattering (DIS) and 

Charged Current multi-π
๏ GRV98 PDF
๏ Bodek-Yang correction

๏ Final State Interactions (FSI)
๏ Cascade model—track secondary 

particles until they exit the nucleus
๏ Separate models used for low (<500 

MeV) and high momentum

(NEUT/GENIE) νμ μ

n p

W CCQE

νμ μ/νμ

N N’

W/Z

π

CC/NC 
1π

νμ μ/νμ

N N’

W/Z π,etc
DIS

Neutrino interactions at T2K 

K Mahn, NuFACT 

W 
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N’ 
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ν 

NCπ 

Most interacEons are Charged Current Quasi ElasEc  

  Neutrino flavor determined from flavor of 

 outgoing lepton i.e. e for νe, μ for νµ


  Llwellyn Smith base model, with Smith‐Moniz 

 relaEvisEc Fermi Gas representaEon of nucleus 

W 

l ν 

N 
N’ 

Δ 
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CCπ 
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2
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AddiEonal interacEons important for analysis 

are CCπ and NCπ (single pion producEon) 

  Rein‐Seghal resonance model 

Eν ( GeV)  

)2QE (GeV/cAM
1 1.5

T2K Prior

NOMAD (C)

MINOS (Fe)

MiniBooNE (C)

K2K SciBar (C)

K2K SciFi (O)

World Average (n,p)

Cross Section Systematic Parameters

9

Parameter Type
Interaction 

Type

MAQE axial mass CCQE

MARES axial mass 1π

CCQE (3) normalization CCQE

CC1π (2) normalization CC1π

NCπ0 normalization NC1π

pf fermi momentum CCQE/RFG

Eb binding energy CCQE/RFG

spectral function model comparison CCQE/SF

Also allow normalizations in three 
energy bins to allow for systematic error 

on shape variations

MAQE
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ND280: νμ analysis

Select neutrino interactions in the 
FGD FV with tracks entering the TPC

Identify the lepton as the most 
energetic negative track → require 
the TPC PID compatible with a μ 

Distinguish 3 samples according to 
the topology of  the other tracks 

0 π, 1 π+, others 

26

TPC 1 TPC 2 TPC 3FGD 1 FGD 2
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Event displays

27

Off-axis: νμ analysis

27

Off-axis ND280 analysis
 real events

CC0π+ CC1π+

CCother

Off-axis: νμ analysis

27

Off-axis ND280 analysis
 real events

CC0π+ CC1π+

CCother

Off-axis: νμ analysis

27

Off-axis ND280 analysis
 real events

CC0π+ CC1π+

CCother
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ND280 νμ analysis

28

Off-axis: νμ analysis

28

Puri0es Efficiency

CC0π$ CC1π$ CCOther$

CC0π 73.5% 6.5% 6.1% 50.1%

CC1π 8.5% 50.5% 8.3% 29.5%

CCOther 10.9% 29.8% 72.9% 35.2%

Bkg 2.2% 6.8% 8.7%

OOFDG1FV 4.9& 6.4% 4.0%

CC0π+ CC1π+

CCother

Off-axis ND280 analysis
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PID capabilities of  ND280 

Beam νe component is the main background to the νe appearance 
analysis → ~1.2% of  the flux is composed by intrinsic νe

Has to be measured at ND280

To select electrons is fundamental to fully exploit the PID capabilities of  
ND280 detectors → TPC and ECal
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7

showers. It is defined as the ratio of the second480

and first moments of the hit charge distribution.481

• FrontBackRatio: FrontBackRatio is the ratio of en-482

ergy deposited in the first quarter of the track to the483

last quarter of the track. This is expected to be one484

for minimum ionizing tracks which deposit energy485

uniformly, less than one for electromagnetic show-486

ers and greater than one for highly ionizing par-487

ticles such as protons which deposit most of their488

energy at the end of the track as they slow down.489

Monte Carlo samples of electrons and muons at a range490

of energies and angles are used to generate PDFs that are491

used to construct the likelihood ratio. Fig. 8 shows the492

R
MIP/EM

parameter for data samples and Monte Carlo493

for electrons and muons.494
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FIG. 8. The distribution of RMIP/EM for electrons and
muons in the downstream ECal. The electron sample is pair-
produced electrons in the FGD. This muon sample is through-
going particles from interactions upstream of the TPCs.

In addition to the ECal particle identification the en-495

ergy deposited in the ECAL can also be used to discrim-496

inate between electrons and other particles. A charged497

particle that enters the ECAL from the TPC has mo-498

mentum measured in the tracker and this can be com-499

pared to the energy deposited in the ECAL. Energy is500

reconstructed in the ECAL under the hypothesis that501

the energy deposit is due to an electromagnetic shower.502

A maximum likelihood fit for the shower energy is con-503

structed using the following variables:504

• The total visible energy in the cluster: the total en-505

ergy deposited into the scintillator is very strongly506

correlated to the energy of the particle responsible507

for the EM shower and this parameter dominates508

the energy measurement in the ECal.509

• The Charge RMS: this is the ratio of the first and510

second moments of the charge distribution.511

• The Charge Skew: the third moment of the charge512

distribution. These latter two parameters contain513

information about the high charge centre of the514

shower and provide additional energy information.515

The fit uses PDFs constructed from Monte Carlo photons516

at energies from 50 MeV to 25 GeV, with the majority of517

photons below 2 GeV. The energy resolution for electrons518

at 1GeV is approximately 10%. Figure 9 shows the en-519

ergy response of the ECAL to electrons collected during520

test beam running at CERN.521

FIG. 9. The energy resolution for electrons of the down-
stream ECAL measured in test beam running at CERN and
in Monte Carlo simulation.

IV. ELECTRON NEUTRINO EVENT522

SELECTION AT ND280523

The signal for this analysis are ⌫
e

CC interactions oc-524

curring in FGD1 or FGD2. Events in which there are525

electron-like tracks starting in either FGD are selected,526

and veto cuts are then applied to reduce the contami-527

nation from photons converting into an e+e� pair in an528

FGD. The events are then split into separate CCQE-like529

and CCnonQE-like selections. A typical ⌫
e

CC candidate530

selected in the analysis is shown in Fig. 19.531

After requiring good ND280 data quality—all subde-532

tectors were functioning correctly— and good beam spill,533

the reconstructed objects in each spill are split into 8 time534

bunches (6 for run I). For each bunch the highest momen-535

tum negatively charged track is selected as the lepton536

candidate. If this track does not start in an FGD the537

event is rejected. The event is also rejected if the recon-538

structed momentum is smaller than 200 MeV/c as that539

region is dominated by background from photon conver-540

sions.541

Another criteria required to ensure good TPC PID542

performances is that the selected track needs to have at543

least 36 reconstructed clusters in the TPC, roughly cor-544
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FIG. 5. TPC deposited energy as a function of the recon-
structed momentum for negative charged tracks.
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FIG. 6. TPC deposited energy as a function of the recon-
structed momentum for positive charged tracks.

structed momentum for negatively and positively426

charged particles starting in the FGD is shown in Fig. 5427

and in Fig. 6 compared with the expected curves: in the428

energy region of interest for T2K the ionization di↵erence429

between electrons and muons is about 30-40% allowing430

a clean separation between the two particles: the distri-431

bution of the pulls in the electron hypothesis �
e

for an432

enhanced sample of crossing muons (obtained using the433

selection that will be shown in Sect. VA and of electrons434

and positrons coming from � conversions (obtained435

using the selection of Sect. VB) is shown in Fig. 7: the436

separation between electrons and muons is clearly shown.437

438

B. ECal reconstruction and PID performances439

Each ECal module has scintillator bars in two orien-440

tations. The reconstruction is based on forming two sets441

of 2D clusters, one for each orientation, then combining442
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FIG. 7. Pull in the electron hypothesis for e+/e� pairs and
for muons in data and MC.

them to form a 3D cluster. The 2D objects are built by443

basic clustering of adjacent hits, combining nearby ba-444

sic clusters, then adding any extra nearby hits. If more445

than one 2D object exists in a particular orientation, the446

choice of which should be used in the 3D object is based447

on a likelihood combining time and spatial information,448

and whether there is a TPC track ending near the hy-449

pothesized location of the 3D cluster.450

After an ECal cluster is reconstructed we calculate451

PID parameters to classify the cluster. In particular we452

construct a parameter to separate electromagnetic show-453

ers and minimum ionizing tracks called R
MIP/EM

. The454

parameter R
MIP/EM

is determined via a likelihood ratio455

constructed using four cluster parameters. These are:456

• Circularity: clusters due to tracks that traverse457

the ECAL are expected to be long and thin, while458

showers are expected to be much more spherical.459

This is characterized in the circularity parameter.460

A principle component analysis of each cluster in461

each view is carried out and the circularity for that462

view C
i

is defined as:463

C
i

= (2⇥ (2nd principle component))� 1 (2)464

The overall circularity is the product of the circu-465

larity in the two views and is constructed to lie466

between 0 and 1.467

• Truncated Max Ratio: the truncated max ratio is468

the ratio of the charge of the highest charge layer469

to the lowest charge layer after the top and bot-470

tom 20% of hit charges are removed. Electromag-471

netic showers have a highly non-uniform charge dis-472

tribution compared to a minimum ionizing track473

and therefore tend to produce clusters with a much474

higher value of the Truncated Max Ratio. To in-475

crease the robustness of the parameter only the476

middle 60% of his are used.477

• QRMS: this parameter also make use of the much478

greater change non-uniformity of electromagnetic479

TPC → based on dE/dx ECal → based on MVA 
(track vs shower)
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ND280 νe analysis

Combine TPC and ECAL PID capabilities

99.9% of  muons are rejected

Purity in selecting electrons 92%

30

Momentum 
before PID selection

After PID selection

1st: require TPC 
e-like track

2nd: require ECal 
shower like track
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ND280 νe analysis

Largest background from γ conversions in the FGD 

65% νe purity 

γ background constrained using a pure sample of  γ conversions

Separated between 1 track (CC0π) and > 1 track (CC1π/other)

Fit to extract the νe component → direct confirmation of  the expected 
νe component at the 10% level

31

CC 1π/otherCC 0π 
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Predicted events at SK

32

Constrained flux

37

• SK νμ and νe flux predictions are constrained by the fit.  The cross-section parameters are also 
constrained.

• Plots show central values and error bands for normalisation parameters.

• Change between 2012 and 2013 is due to the addition of samples sensitive to high energy 
neutrinos.

Parameter Prior to ND280 
Constraint

After ND280 
Constraint

MA
QE (GeV) 1.21 ± 0.45 1.223 ± 0.072

MA
RES (GeV) 1.41 ± 0.22 0.963 ± 0.063

CCQE Norm. 1.00 ± 0.11 0.961 ± 0.076

CC1π Norm. 1.15 ± 0.32 1.22 ± 0.16

NC1π0 Norm. 0.96 ± 0.33 1.10 ± 0.25

Cross-section parameters

Constrained flux

37

• SK νμ and νe flux predictions are constrained by the fit.  The cross-section parameters are also 
constrained.

• Plots show central values and error bands for normalisation parameters.

• Change between 2012 and 2013 is due to the addition of samples sensitive to high energy 
neutrinos.

Parameter Prior to ND280 
Constraint

After ND280 
Constraint

MA
QE (GeV) 1.21 ± 0.45 1.223 ± 0.072

MA
RES (GeV) 1.41 ± 0.22 0.963 ± 0.063

CCQE Norm. 1.00 ± 0.11 0.961 ± 0.076

CC1π Norm. 1.15 ± 0.32 1.22 ± 0.16

NC1π0 Norm. 0.96 ± 0.33 1.10 ± 0.25

Cross-section parameters

Neutrino 
flux models

Neutrino x-
sec models

Constrained with 
ND280 νμ data (0, 1, multi-π)

Reduce the error on the envelop 
from 27% to 3%!
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Observed events at SK
Define event selection at Super-Kamiokande for νμ and νe candidates

First steps are common: 

Select events compatible with beam timing 

Fully contained events in the SK FV (FCFV)

Then the selection is separated between νμ and νe essentially looking 
for single-ring events compatible wiht a muon or with an electron

33
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SK νe event selection

34

νe Selection Cuts

- Fully Contained FV 

events

- # of  rings = 1

- Ring is e-like

- Evisible > 100 MeV

- no Michel electrons

- 0 < Eν < 1250 MeV

- fiTQun π0 cut

e-like

single ring multi-ring
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Figure 21: 2-d distributions of the fiTQun π

0 cut variables m

γγ

and ln(L
π

0/L

e

) after the selection
cuts #1-6 are applied. The right figure shows MC expectations which are separated in terms
of neutrino interaction modes, and the left figure shows the sum of all modes. RUN1-4 data is
overlaid in each plot as black markers. The blue line indicates the fiTQun π

0 cut, and we select
the events below the line as ν

e

candidates. The bins outside the gray line are overflow bins,
and two data points lie outside the axis ranges. MC distributions are for sin2 2θ13 = 0.1 and
normalized to data using POT.
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Figure 22: Distributions of the distance from the π
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the selection cuts #1-6 are applied. The right plot is for RUN4, and the left is for RUN1-4
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μ-like

28 events are selected
Exp. Bcg 4.6 events 

(mainly from beam νe)
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fiTQun: new reconstruction algorithm

For each event → measured charge and time 
on each PMT

A single track in the detector can be specified 
by a particle type and 7 kinematic variables (x):

Vertex position (X,Y,Z,T), momentum (P) and 
direction (θ, φ)

For a given x the charge and time PDF is 
produced for each PMT

All 7 track parameters are fit simultaneously

To perform PID: compare final likelihood for 
different particle hypotheses

Can improve the PID for all the tracks → for 
now it has been used only for the π0 rejection

35

Time PDF

Charge PDF

PMT Charge 
Response:

Property of the 
electronics and PMT 

properties

Predicted Charge (μ):

- Number of photons that reach the 
PMT
- Depends on detector properties 
(scat, abs, etc.)

L(x) =
�

unhit

P (iunhit;x)
�

hit

P (ihit;x)fq(qi;x)ft(ti;x)
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π0 rejection at SK

2 backgrounds to νe appearance: 
intrinsic νe component and π0 → γγ 

π0 → γγ if  the 2 rings overlap → it 
might be identified as 1 single ring

fiTQun reduce 70% more of  the π0 
background than previous methods

36

Background
νμ-(X+π0)

Signal
νe-CCQE

π0

γ 

γ 
π0

γ γ 

Single-ring
electron

candidates

Passes 
previous T2K 
νe Cut
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νμ selection 

37

νμ Selection Cuts

- Fully Contained FV 

events

- # of  rings = 1

- Ring is μ-like

- Pμ> 200 MeV

- Less than 2 Michel 

electrons

115 events are selected
(but I will present results only 

for Run1-3 → 58 events, 
3.01x1020 pot)
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Typical oscillation analysis

38

Flux prediction:
✓  Proton beam stability
✓  Hadron production (NA61 

and others external data)

ND280 measurements:
✓  νμ selection to constrain flux 

and cross-sections
✓ Measure νe beam component

Neutrino interactions:
✓  Interaction models
✓  External cross-section 

data

Super-Kamiokande measurements:
✓  Select CC νμ and νe candidates after 

the oscillations

Prediction at the Far Detector:
✓  Combine flux, x-section and ND280 to 

predict the expected events at SK

Extraction of  the oscillation 
parameters!!!



Oscillation results
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νμ disappearance
Observed number of  events: 58 

Expect numbers 205±17 → 78% CCQE

Full disappearance thanks to the off-axis configuration

40

Nobs(θ23, Δm2
32)= φ(ν) x σint(ν)x εsel x Pνμ→νμ(θ23, Δm2

32)  
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FIG. 1. The ND280 momentum data distributions of (a) the
CCQE and (b) CCnQE-enhanced selections. The predicted
total, CCQE, CCnQE and background event distributions
from the ND280 fit are overlaid on both figures.

uncertainties. The reconstructed ND280 µ− momentum
distribution for CCQE and CCnQE selections and pre-
dicted event distributions from the ND280 fit to data is
shown in Fig. 1. For the oscillation fits, the ND280 fit
provides a systematic parameter error matrix which con-
sists of 11 Eνµ SK flux normalizations, 5 Eν̄µ SK flux
normalizations and the 7 common neutrino interaction
parameters. The fractional error on the predicted num-
ber of SK candidate events from the uncertainties in these
23 parameters, as shown in Table I, is 4.2%. Without the
constraint from the ND280 measurements this fractional
error would be 21.8%.
SK Measurements.—The SK far detector νµ candidate

events are selected from fully-contained beam events.
The SK phototube hits must be within ±500 µs of the
expected neutrino arrival time, and there must be low
outer detector activity to reject entering background.
The events must also satisfy: visible energy > 30 MeV,
exactly one reconstructed Cherenkov ring, µ-like particle
ID, reconstructed muon momentum > 200 MeV, and ≤ 1
reconstructed decay electron. The reconstructed vertex
must also be in the fiducial volume (at least 2 m away
from the ID walls). Criteria to remove “flasher” (inter-
mittent light-emitting phototube) backgrounds are also
applied. More details about the event selection and re-
construction in SK are found elsewhere [14].
Assuming a quasi-elastic interaction with a bound neu-

tron and neglecting the Fermi motion, the neutrino en-
ergy is deduced from the detected muon and given by

Ereco =
m2

p − (mn − Eb)2 −m2
µ + 2(mn − Eb)Eµ

2(mn − Eb − Eµ + pµ cos θµ)
, (2)

where pµ, Eµ, and θµ are the reconstructed muon mo-
mentum, energy, and the angle with respect to the beam
direction, respectively; mp, mn, and mµ are masses of
the proton, neutron, and muon, respectively, and Eb =
27 MeV is the average binding energy of a nucleon in
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FIG. 2. The 58 event 1-ring µ-like SK reconstructed energy
spectrum. Top: The expected spectrum assuming no oscilla-
tions, and the best fit from the primary analysis for octant
1. The octant 2 best-fit spectrum is almost identical. Bot-
tom: The ratio of the observed spectrum and best fit to no
oscillations. The fit uses finer binning than is shown here.

16O. The Ereco distribution of the 58 events satisfying the
selection criteria is shown in Fig. 2. The no-oscillation
hypothesis prediction is the solid line in Fig. 2 and the
MC expectation is 205±17 (syst.) events, of which 77.7%
are νµ+ν̄µ CCQE, 20.7% are νµ+ν̄µ CCnQE, 1.6% are
NC and 0.02% are νe+ν̄e CC. The expected resolution
on reconstructed energy for νµ+ν̄µ CCQE events around
the oscillation maximum is ∼0.1 GeV.
Eight SK detector systematic uncertainties are asso-

ciated with event selection and reconstruction. The SK
energy scale uncertainty is evaluated by comparing en-
ergy loss in data and MC for samples of cosmic-ray stop-
ping muons and associated decay-electrons, as well as
by comparing reconstructed invariant mass for data and
MC for π0s produced by atmospheric neutrinos. The
other seven SK event-selection-related uncertainties are
also evaluated by comparing MC and data results for
atmospheric neutrino samples. The νµ+ν̄µ CCQE ring-
counting-based selection uncertainty is evaluated in three
energy bins, including correlations between energy bins.
Other uncertainties result from additional νµ+ν̄µ CCQE
selection criteria, as well as selection criteria (including
ring-counting) for νµ+ν̄µ CCnQE, νe+ν̄e CC, and NC
events. These uncertainties (8 parameters) produce a
10.1% fractional error on the expected number of SK
events, as listed in Table I.
Systematic uncertainties on pion interactions in the

target nucleus (FSI) and SK detector (SI) are evaluated
by varying underlying pion scattering cross sections in
the NEUT and SK detector simulations. These uncer-
tainties are evaluated separately for νµ+ν̄µ CCQE in
three energy bins, νµ+ν̄µ CCnQE, νe+ν̄e CC, and NC
events. The total FSI+SI uncertainty (6 parameters) on
the predicted SK event rate is 3.5% as listed in Table I.
Oscillation Fits.—The oscillation parameters are esti-

accepted for publication 
on PRL
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νμ disappearance octant

Disappearance probability:

41

P (⌫µ ! ⌫µ) = 1�4cos2(✓13)sin
2(✓23)[1�cos

2(✓13)sin
2(✓23)]sin

2(1.27�m

2
32L/E)

If  θ13 = 0 → P(νμ → νμ) = 1 - 2 sin2(2θ23)sin2(1.27Δm2L/E)

Not sensitive to θ23 octant

θ13 is not 0:

The νμ disappearance is sensitive to the octant (θ23 > or < 45°)

Neutrino oscillation experiments → precision experiments

The uncertainty on θ13 propagate to uncertainties on θ23

2 flavor approximation not valid anymore → Need a full 3 flavor 
analysis

Present results in (Δm2
23, θ23) plane
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νμ disappearance results

With half  of  the statistics taken so far → most precise measurement 
of  θ23 in accelerator based experiments 

Analysis with the full available statistics is on-going and will provide 
world best measurement of  θ23

42

Accepted for publication on PRL
http://arxiv.org/pdf/1308.0465v2.pdf

For comparison

http://arxiv.org/pdf/1308.0465v2.pdf
http://arxiv.org/pdf/1308.0465v2.pdf
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νe appearance analysis

Scan over sin2(2θ13) space to find the best fit value

Likelihood is calculated by comparing the number of  observed events 
(Nobs) and the electron momentum and angle (p-θ) distribution with MC

43

θ13=0.0 θ13=0.1
Npred=4.6 Npred=20.4

νe appearance

52

137

• We scan over sin22θ13 space to find the best fit value of 

sin22θ13, where the likelihood (� ) becomes maximum. 
• Likelihood is calculated by comparing the number of 

observed events (Nobs) and the electron momentum & 
angle (p-θ) distribution with MC.
• We fix the oscillation parameters other than sin22θ13.

θ13=0.0 θ13=0.1
Npred=4.6 Npred=20.4

Fit procedure

 

 
 

Systematic parameter 
constraint term

pred
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νe appearance systematics

44

sin2(2θ13) = 0.1

sin2(2θ13)=0.1

νe app. signal 17.3

νe background 3.2

νμ background (π0) 1.1

Total 20.44

sin2(2θ13)=0 sin2(2θ13)=0.1

Beam flux and ν int. 4.9% 3.0%

Far Detector 6.7% 7.5%

FSI + SI 7.3% 3.5%

Total 11.1% 8.8%

<10% systematics!

Main background comes from beam νe → 
directly checked at ND280

sin2(2θ13) = 0
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νe appearance results

45

Assuming δCP=0, normal 
hierarchy,
|Δm2

32|=2.4×10-3 eV2, sin22θ23=1 

 
Best fit w/ 68% C.L. error:

90% allowed region:
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FIG. 5. The 68% and 90% CL allowed regions for sin22θ13,
as a function of δCP assuming normal hierarchy (top) and
inverted hierarchy (bottom). The solid line represents the
best fit sin22θ13 value for given δCP values. The values of
sin2θ23 and ∆m2

32 are varied in the fit with the constraint
from [28]. The shaded region shows the average θ13 value
from the PDG2012 [8].

a value of 7.3σ. Though the significance is calculated at424

fixed δCP and θ23, the significance remains above 7σ over425

all values of δCP and when θ23 is allowed to vary within426

its uncertainty.427

As the precision of this measurement increases, the un-428

certainty from other oscillation parameters becomes in-429

creasingly important. The uncertainties on θ23 and ∆m2
32430

are taken into account in the fit by adding a Lconst term431

and marginalizing the likelihood over θ23 and ∆m2
32. The432

Lconst term is the likelihood as a function of sin2θ23 and433

∆m2
32, obtained from the T2K νµ disappearance mea-434

surement [28]. The value of δCP and the hierarchy are435

held fixed in the fit. Performing the fit for all values of436

δCP, the allowed 68% and 90% CL regions for sin22θ13437

are obtained as shown in Figure 5. For δCP = 0 and438

normal (inverted) hierarchy case, the best-fit value with439

a 68% CL is sin22θ13 = 0.136+0.044
−0.033 (0.166+0.051

−0.042). With440

the current statistics, the correlation between the νµ dis-441

appearance and νe appearance measurements in T2K is442

negligibly small.443

Constraints on δCP are obtained by combining our re-444

sults with the θ13 value measured by reactor experiments.445

The additional likelihood constraint term on sin22θ13 is446

defined as exp{−(sin2 2θ13 − 0.098)2/(2(0.0132))}, where447

0.098 and 0.013 are the averaged value and the error of448

sin22θ13 from PDG2012 [8]. The −2∆ lnL curve as a449
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FIG. 6. The −2∆ lnL value as a function of δCP for
normal hierarchy (solid line) and inverted hierarchy (dotted
line). The likelihood is marginalized over sin22θ13, sin2θ23

and ∆m2
32. The solid (dotted) line with markers corresponds

to the 90% CL limits for normal (inverted) hierarchy, evalu-
ated by using the Feldman-Cousins method. The δCP regions
with values above the lines are excluded at 90% CL.

function of δCP is shown in Figure 6, where the likeli-450

hood is marginalized over sin22θ13, sin2θ23 and ∆m2
32.451

The combined T2K and reactor measurements prefer452

δCP = −π/2. The 90% CL limits shown in Figure 6453

are evaluated by using the Feldman-Cousins method [29]454

in order to extract the excluded region. The data ex-455

cludes δCP between 0.19π and 0.80π (−π and −0.97π,456

and −0.04π and π) with normal (inverted) hierarchy at457

90% CL.458

The maximum value of −2∆ lnL is 3.38 (5.76) at459

δCP = π/2 for normal (inverted) hierarchy case. This460

value is compared with a large number of toy MC exper-461

iments, generated assuming δCP = −π/2, sin22θ13 = 0.1,462

sin2θ23 = 0.5 and ∆m2
32 = 2.4 × 10−3 eV2. The MC463

averaged value of −2∆ lnL at δCP = π/2 is 2.20 (4.10)464

for normal (inverted) hierarchy case, and the probabil-465

ity of obtaining a value greater or equal to the observed466

value is 34.1% (33.4%). With the same MC settings,467

the expected 90% CL exclusion region is evaluated to be468

between 0.35π and 0.63π (0.09π and 0.90π) radians for469

normal (inverted) hierarchy case.470

Conclusions—T2K has made the first observation of471

electron neutrino appearance in a muon neutrino beam472

with a peak energy of 0.6 GeV and a baseline of 295 km.473

With the fixed parameters |∆m2
32| = 2.4 × 10−3 eV2,474

sin2 θ23 = 0.5, δCP = 0, and ∆m2
32 > 0 (∆m2

32 < 0), a475

best-fit value of sin2 2θ13 = 0.140+0.038
−0.032 (0.170+0.045

−0.037) is476

obtained, with a significance of 7.3σ over the hypothesis477

of sin2 2θ13 = 0. When combining the T2K result with478

the world average value of θ13 from reactor experiments,479

some values of δCP are disfavored at the 90% CL.480

T2K will continue to take data to measure the neutrino481

oscillation parameters more precisely and to further ex-482

νe appearance results

T2K allowed region of  sin2(2θ13) for 
different values of  CP violation δ

Compared to the measurements of 
the reactor experiments (Daya Bay 
2013) → some sensitivity to δCP 
from the combination

46

 Probability of  observing 
>=28 events if  θ13 = 0

p-value 9.9x10-14 → 7.4σ

T2K preliminary

T2K preliminary

Normal hierarchy

Inverted hierarchy

Reactor 
constraint on θ13

submitted for publication 
on PRL
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Other θ13 measurements

47

θ13: other results

57

Daya-Bay result NuFact’13 

Reactor experiments measure θ13 with no degeneracies.

Daya-Bay result NuFact2013
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Complementarity
Look at the θ13 vs δCP plane

Reactor experiments measure θ13 → straight line 

T2K measures a combination of  θ13 and the CP violation phase δ 

S-shape in the θ13 vs δCP plane

Combine them to measure CP violation! 7
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FIG. 5. The 68% and 90% CL allowed regions for sin22θ13,
as a function of δCP assuming normal hierarchy (top) and
inverted hierarchy (bottom). The solid line represents the
best fit sin22θ13 value for given δCP values. The values of
sin2θ23 and ∆m2

32 are varied in the fit with the constraint
from [28]. The shaded region shows the average θ13 value
from the PDG2012 [8].
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32 = 2.4 × 10−3 eV2. The MC463
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the expected 90% CL exclusion region is evaluated to be468
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Conclusions—T2K has made the first observation of471

electron neutrino appearance in a muon neutrino beam472

with a peak energy of 0.6 GeV and a baseline of 295 km.473

With the fixed parameters |∆m2
32| = 2.4 × 10−3 eV2,474

sin2 θ23 = 0.5, δCP = 0, and ∆m2
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FIG. 5. The 68% and 90% CL allowed regions for sin22θ13,
as a function of δCP assuming normal hierarchy (top) and
inverted hierarchy (bottom). The solid line represents the
best fit sin22θ13 value for given δCP values. The values of
sin2θ23 and ∆m2

32 are varied in the fit with the constraint
from [28]. The shaded region shows the average θ13 value
from the PDG2012 [8].
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creasingly important. The uncertainties on θ23 and ∆m2
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are taken into account in the fit by adding a Lconst term431

and marginalizing the likelihood over θ23 and ∆m2
32. The432

Lconst term is the likelihood as a function of sin2θ23 and433
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Constraints on δCP are obtained by combining our re-444

sults with the θ13 value measured by reactor experiments.445

The additional likelihood constraint term on sin22θ13 is446

defined as exp{−(sin2 2θ13 − 0.098)2/(2(0.0132))}, where447

0.098 and 0.013 are the averaged value and the error of448

sin22θ13 from PDG2012 [8]. The −2∆ lnL curve as a449
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FIG. 6. The −2∆ lnL value as a function of δCP for
normal hierarchy (solid line) and inverted hierarchy (dotted
line). The likelihood is marginalized over sin22θ13, sin2θ23

and ∆m2
32. The solid (dotted) line with markers corresponds

to the 90% CL limits for normal (inverted) hierarchy, evalu-
ated by using the Feldman-Cousins method. The δCP regions
with values above the lines are excluded at 90% CL.

function of δCP is shown in Figure 6, where the likeli-450

hood is marginalized over sin22θ13, sin2θ23 and ∆m2
32.451

The combined T2K and reactor measurements prefer452

δCP = −π/2. The 90% CL limits shown in Figure 6453

are evaluated by using the Feldman-Cousins method [29]454

in order to extract the excluded region. The data ex-455

cludes δCP between 0.19π and 0.80π (−π and −0.97π,456

and −0.04π and π) with normal (inverted) hierarchy at457

90% CL.458

The maximum value of −2∆ lnL is 3.38 (5.76) at459

δCP = π/2 for normal (inverted) hierarchy case. This460

value is compared with a large number of toy MC exper-461

iments, generated assuming δCP = −π/2, sin22θ13 = 0.1,462

sin2θ23 = 0.5 and ∆m2
32 = 2.4 × 10−3 eV2. The MC463

averaged value of −2∆ lnL at δCP = π/2 is 2.20 (4.10)464

for normal (inverted) hierarchy case, and the probabil-465

ity of obtaining a value greater or equal to the observed466

value is 34.1% (33.4%). With the same MC settings,467

the expected 90% CL exclusion region is evaluated to be468

between 0.35π and 0.63π (0.09π and 0.90π) radians for469

normal (inverted) hierarchy case.470

Conclusions—T2K has made the first observation of471

electron neutrino appearance in a muon neutrino beam472

with a peak energy of 0.6 GeV and a baseline of 295 km.473

With the fixed parameters |∆m2
32| = 2.4 × 10−3 eV2,474

sin2 θ23 = 0.5, δCP = 0, and ∆m2
32 > 0 (∆m2

32 < 0), a475

best-fit value of sin2 2θ13 = 0.140+0.038
−0.032 (0.170+0.045

−0.037) is476

obtained, with a significance of 7.3σ over the hypothesis477

of sin2 2θ13 = 0. When combining the T2K result with478

the world average value of θ13 from reactor experiments,479

some values of δCP are disfavored at the 90% CL.480

T2K will continue to take data to measure the neutrino481

oscillation parameters more precisely and to further ex-482

48

Inverted hierarchy

Normal hierarchy

Favorite value of  δ
 (CP violation phase) 

from the combination of  
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Future prospects



Expected sensitivities

T2K results are still limited by the 
statistical uncertainties

With 3 times more data the error on 
θ13 will be reduced of  a factor of  ~2

Very important for T2K/reactor 
combination to extract δCP

For this combination it’s also 
important to further reduce the 
error on θ23

We also plan to run in anti-ν mode to 
observe anti-νe appearance

ν and anti-ν add additional 
information on δCP
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Figure 24: The uncertainty of sin2 2θµe plotted as a function of T2K POT. The ∆χ2 for sin2 2θµe
is calculated by fixing all oscillation parameters other than sin2 2θ13 in the fit. Plots assume true
sin2 2θ13 = 0.1, δCP = 0◦, sin2 θ23 = 0.5, ∆m2

32 = 2.4×10−3 eV2, and normal MH. The solid curves
include statistical errors only, while the dashed curves assume the 2012 systematic errors (black)
or the projected systematic errors (red). No reactor constraint is included; these plots show the
sensitivity of T2K alone.
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(b) θ23 Octant

Figure 25: The region where maximal mixing or one θ23 octant can be rejected at the stated
confidence levels (the shaded region), as a function of POT in the case of 50% ν-, 50% ν̄-running.
These plots are made under the condition that the true mass hierarchy is normal and δCP = 0. The
dashed contours include the 2012 systematic errors fully correlated between ν and ν̄. A constraint
based on the ultimate reactor precision is included.
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(c) 100% ν-running.
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(d) 50% ν, 50% ν̄-running.

Figure 23: The uncertainty of sin2 θ23 and ∆m2
32 plotted as a function of T2K POT. Plots assume

true sin2 2θ13 = 0.1, δCP = 0◦ (or 90◦), sin2 θ23 = 0.5, ∆m2
32 = 2.4 × 10−3 eV2, and normal MH.

The solid curves include statistical errors only, while the dashed curves assume the 2012 systematic
errors (black) or the projected systematic errors (red). A constraint based on the ultimate reactor
precision is included.
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Upgrade plans

T2K is currently not taking data → J-PARC hadron hall accident + 
some upgrades already foreseen

LINAC upgrade → should be able to increase the neutrino beam 
power up to 400 kW

Restart the operation in April 2014

Main Ring upgrade by 2018 → up to nominal power (750 kW)

Possible scenario:

Double current pot by early 2015

Next-to-next doubling by early 2017

Full planned statistics → end 2020
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T2K future sensitivity
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Future sensitivity
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2012 systematic errors



Systematics

T2K reached ~10% systematics 
for νe appearance
Improve flux knowledge → 
NA61
Improve cross-section modeling
Measure cross-section at 
ND280 → see next slide
Add extra samples

ND280 νe measurement
Far detector π0 sample

Reduce uncertainties on the 
oscillation parameters

Combined fit of  νe and νμ 
samples expected early 2014 
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Comparison to 2012 Results

18

Parameter Prior Constraint 
(2012)

Constraint 
(2013)

MAQE 
(GeV)

1.21±0.45 1.27±0.19 1.223±
0.072

MARES 
(GeV)

1.41±0.22 1.22±0.13 0.963± 
0.063

Predicted NSK Percent Error

No ND280 
constraint

22.6 26.5%

ND280 
constraint 2012

21.6 4.7%

ND280 
constraint 2013

20.4 3.0%

๏ The 2012 ND analysis 
comprised only two samples: 
CCQE and CCnonQE. 

๏ The three-sample analysis done 
for 2013 improves the 
constraints due to:
๏ The increased purity of the 

samples
๏  Finer binning of the data to 

increase the power of the 
shape information 

Appearance analysis predictions

Change in MA parameterssin2(2θ13)=0 sin2(2θ13)=0.1

Beam flux and ν int. 4.9% 3.0%

Far Detector 6.7% 7.5%

FSI + SI 7.3% 3.5%

Total 11.1% 8.8%



Cross-section analyses @ ND280

CCQE: select CCQE νμ interactions at ND280 
→ single track events with 1 μ
Bin in (Pμ, θμ) → model independent

Fit to extract CCQE σ vs true neutrino energy

Future improvements: reconstruct also the 
proton

Many other cross-section analyses are on-
going (CC1π, NC, νe cross-section 
measurements) 
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Reconstructed Kinematics

)µθcos(
0 0.2 0.4 0.6 0.8 1

ev
en

ts
 /

 0
.1

0

500

1000

1500

2000

2500

3000

Nominal NEUT

background

data

 [GeV]QE
νreconstructed E

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

ev
en

ts
 /

 0
.2

 G
eV

0

200

400

600

800

1000

1200

1400

1600 Nominal NEUT

background

data

 [MeV]
µ

p
0 500 1000 1500 2000

ev
en

ts
 /

 1
0

0
 M

eV

0

200

400

600

800

1000 Nominal NEUT

background

data

]2 [GeV
QE

2reconstructed Q
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

2
ev

en
ts

 /
 0

.2
 G

eV
0

1000

2000

3000

4000

5000
Nominal NEUT

background

data

I CCQE e�ciency=40%, purity=72%.

I Dominant background from CC resonant pion production.

I
E⌫ and Q

2 calculated from muon momentum assuming QE kinematics.
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I CCQE e�ciency=40%, purity=72%.

I Dominant background from CC resonant pion production.

I
E⌫ and Q

2 calculated from muon momentum assuming QE kinematics.

NEUT CCQE Model

I Smith-Moniz implementation CCQE
I Dipole form factor (MQE

A

= 1.2GeV)
I Initial Nucleon state given by relativistic Fermi gas model

I FSI with semi-classical cascade model

I No additional contribution from multi-nucleon e↵ects

Measurement of the CCQE Cross Section
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A �2 test comparing the fitted result with the nominal NEUT model,
with M

QE

A

= 1.2GeV, gives a p-value of 17% indicating agreement
between the data and the cross section model.
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Conclusions

T2K is running well and we collected 8.3% of  the expected statistics

First observation (7.4σ) of  νe appearance (ν appearance?)  

Measurement of  θ13 independent from the one of  the reactor → 
combination allow to put some constraint on δCP

Precise measurement of  νμ disappearance parameters

Try to determine the θ23 octant

T2K will restart in 2014 with an upgraded setup

Able to reach larger beam power to increase statistics faster

Plans to start running in anti-neutrino mode

Pilot run foreseen in 2014
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νe candidates: vertex
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