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Neutrino oscillation parameters and PMNS matrix
Flavor weak eigenstates related to mass eigenstates

SK, K2K, MINOS Solar, KamLANDCHOOZ, MINOS

7.38 x 10-5 eV2  <  Δm2
12< 7.80 x 10-5 eV2 

0. 84< sin22θ 12< 0.89

2.3 x 10-3 eV2  < |Δm2
23| < 2.56 x 10-3 eV2 

0.92 < sin22θ23 < 1.0 

For Δm2
23 = 2.4 x 10-3 eV2, 90% C.L.

CHOOZ 1999: 0 < sin22θ13< 0.15

MINOS 2010: for sin22θ23=1.0 and δCP =0

0<sin22θ13<0.12(0.20) for normal (inverted) mass 

hierarchy

Inverted or normal mass hierarchy?
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Neutrino oscillation parameters: three angles θ12, θ23, θ13; CP-phase δCP; 
two mass squared differences Δm2
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~ 500 members, 58 national institutes, 12 countries

T2K collaboration



T2K (Tokai-to-Kamioka) experiment

Main Ring

Nu beam

3GeV 
synchrotron

LINAC

J-PARC site
High intensity neutrino beam from
J-PARC 30 GeV MR to 
Super-Kamiokande

MR

Kamioka
KEK

Tokai
295 km
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T2K physics goals

Search for νμ→νe oscillations and hence non-zero θ13

- last unknown PMNS mixing angle; 
non-zero θ13 is crucial for further lepton CPV and
mass hierarchy experimental observations

- expected T2K sensitivity w/full T2K dataset (8x1021 p.o.t.):
~20 times better than CHOOZ limit
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~20 times better
than CHOOZ

Precise measurements of Δm2
23 and sin2(2θ23) in νμ→νμ channel

- expected sensitivity w/ full T2K dataset:  
δ(Δm23

2) ~ 1×10-4 eV2, δ(sin22θ23) ~ 1%   (90% C.L.)
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T2K off-axis conception and neutrino interactions
T2K is the first LBL experiment using off-axis
neutrino beam conception 

T2K utilizes 2.5o off-axis angle
optimize beam energy for oscillation max

E_nu ~ 600 MeV
small high energy tail

Crucial: accurate beam direction monitoring!
OA2.5 ˚

CCQE interactions are dominant
at T2K energy T2K signal

Background increases with energy:
CC1π, NC1π, π`s from DIS, intrinsic νe 
reduced due to off-axis beam

μ(e)
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“Pre-oscillation” neutrino beam monitoring

Muon monitor (MUMON):
- installed behind the beam-dump
- spill-by-spill monitoring via
detecting high energy muons

- muon direction and intensity
monitoring

ND280 on-axis detector 
(INGRID):
- direct neutrino beam

day-by-day monitoring
- beam profile and center position
monitoring

- neutrino beam intensity 
monitoring

ND280 off-axis detector :
- neutrino spectra measurements

before oscillations 
- cross-section measurements
- background estimation 

K.Abe et al. (T2K collaboration), arXiv:1106.1238 [physics.ins-det] accepted by NIM 
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Детектор мюонного пробега SMRD
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SMRD детектор

• Стабильная работа детектора в течение
~3 лет

• Число «проблемных» каналов
~5 (один полностью мертв)(!) из 4016
• Детектор успешно запущен после
землетрясения в Японии 11 марта 2011 года

Космический мюон SMRD

June 2010
June 2011 
(after the earthquake)
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Far Detector Super-Kamiokande (SK)

39 m

42
 m

50 kT water Cherenkov  detector
11k PMTs (Inner Detector ID)

Detector performance is well-matched
at sub GeV

Excellent performance for  single
particle events

Good e-like (“fuzzy” ring)/μ-like rings separation
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Анализ нейтринных осцилляций
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Neutrino beam data used in analysis

Muon-monitor beam direction stability < 1mrad

Stable operation of neutrino beam during data collecting
- beam direction stability is well within 1mrad (δE/E<2%)

INGRID day-by-day  interaction rate is stable

• Jan 2010 – start of data taking

• 145 kW stable operation 
achieved in Run 2

• Run1 + Run2 total datasets:
1.43 x 1020 p.o.t. 
(2% of T2K final goal)

• all collected data used in analysis

INGRID nu beam direction stability < 1mrad



13

T2K oscillation analysis principles
Flux prediction:
• proton beam measurements
• hadron production data
(NA61 CERN)

Neutrino interactions:
• ν interactions models
• external cross-section data

ND280 measurements:
• inclusive CC νμ

Rμ
ND,Data/Rμ

ND,MC

• νe rate measurement as
a cross-check

Super-K measurements:
• select CCQE νμ and νe 

candidates
• compute NSK

MC w/o oscillations
• normalize NSK

MC using ND280
measurements 
NSK

exp=(Rμ
ND,Data/Rμ

ND,MC)x NSK
MC

• evaluate oscillations 
parameters by comparing 
with NSK

obs

• νe: number of events
• νμ: number of events and

E spectra shape combined
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T2K neutrino flux prediction

N.Abgrall et al., arXiv:1102.0983 [hep-ex]
accepted by Phys.Rev.C (2011) 

Proton monitors measurements
as inputs for actual beam profile
and position

31 GeV/c protons on carbon target; 2007 data 
Hadron production in T2K target:
• NA61 experiment

- pions in p+C interactions
- same as T2K proton energy and
target material

- systematic uncertainty evaluated
in each (p,θ) bin, typically 5-10%

- normalization error 2.3%
• kaon production, pion outside    

NA61 acceptance, other target     
interactions modeled with FLUKA

Out of target interactions, horn 
focusing, secondary interactions, 
particle decays 
• GEANT3 simulation
• interaction cross-sections tuned 

to existing data
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Flux predictions and uncertainties
SK νμ flux SK νe flux

Expected intrinsic beam νe 
contamination ~ 1% in the oscillation 
region
• mainly comes from muon decays
• NA61 pion data predicts νe  from    

pion parents    

Systematic errors from beam uncertainty 
(νe appearance): 

• significant uncertainty reduction when 
normalizing to near detector 
(far/near correlation)

• kaon production uncertainty is dominant (7.6% out of 8.5%) 
to be improved with NA61 kaon measurements 
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Neutrino interactions uncertainties

μ(e)

SK signal: 
CCQE neutrino interactions producing 
leptons (μ or e)

Background: 
• νe appearance:

πο from NC interactions 
γ misidentified as e at SK

• νμ disappearance:
CC1π interactions

Neutrino interaction uncertainties
come from:
• comparison of models to data:

SciBooNE, MiniBooNE, SK atm.
• different models
• parameter variation in models

Total influence on systematics:
• 14% for νe appearance background

(w/o osc.)
• 8% for νμ disappearance

Cross section ratio νe/νμ uncertainty is ~6%
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ND280 input
• Run I (2.9x1019 p.o.t.) used for ND280 analysis
• measure inclusive CC νμ and intrinsic beam νe
• analysis based on Tracker (FGD+TPC) data
• useTPC PID (dE/dX) to select muons and
electrons

• 90% purity and 38% efficiency in 
CC selection

• systematics mainly from tracking
efficiency and TPC-FGD matching

• good agreement between Data and
MC based on NA61 + FLUKA (flux)
and NEUT (neutrino interactions)

0.044
0.0371.036 0.028(stat) (det. syst) 0.038(phys. model)

obs
ND
MC
ND

N
N

+
−= ± ±

• intrinsic beam νe form main background 
for νe appearance

• observed ND280 νe/ νμ ratio is in 
consistence with MC expectations

• confirms flux predictions

Intrinsic beam νe component

Inclusive νμ CC analysis

( / ) (1.0 0.7(stat) 0.3(syst))%eR v vμ = ± ±
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Neutrino events selection in Far Detector
T2K selection cuts predefined and fixed prior to analysis using MC and 
atmospheric data

• GPS time synchronization between SK and J-PARC beam: -2~+10 μs on-time window
• Select fully contained (FC) events in ID; <16 PMT clusters in Outer Detector (OD)
• 121 total FC events selected

expected background (cosmics ) 0.023 
• Event vertex >200 cm from the ID wall
(fiducial volume FV cut) FCFV events
- poor reconstruction accuracy for events

too close to ID walls
- reject events outside ID
- 22.5 kT fiducial volume

• Select events with exactly one ring
• PID based on ring shape to select e`s and μ`s

33 μ− an 8 e-like events selected88 FCFV events 41 one-ring FCFV events



19

T2K νμ disappearance analysis
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T2Κ νμ events selection
After “basic” selection cuts 33 μ-like event
candidates remained

Additional Far Detector cuts applied for
remaining events:

• number of reconstructed decay electrons <2
• reconstructed muon momentum > 200 MeV
• 31 events survived all cuts

Vertex distribution

T2
K b

eam

Fiducial volume

MC w/ sin22θ23=1.0 and
Δm2

23=2.4x10-3 eV2
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Selected and expected νμ events in T2K
31 events remained after selection cuts

No oscillation hypothesis:
103.7 events expected

For sin22θ23=1.0 and Δm2
23=2.4x10-3 eV2:

28.3 events expected

Expected events systematics

Null-oscillation hypothesis is excluded at 4.5 sigma level!
Data/MC w/o oscillations



22

Τ2Κ νμ disappearance analysis methods
• Fit with 2 flavor oscillation

scenario
• Two independent methods to extract 

oscillation parameters
• Feldman-Cousins method to produce  confidence intervals

• Method A – maximum likelihood

- Lnorm – number of the observed events (Poisson distributed) 
- Lshape - unbinned energy spectrum shape
- f = f(fFlux,fXsec,fND,fSK)– parameter representing systematic errors

• Method B – likelihood ratio

- i – SK energy bin
- ni

obs(exp) – number of observed (expected) events in particular SK energy bin

• Main difference: systematic parameters fitting in A, no fitting in B
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Τ2Κ νμ disappearance analysis results

Results
Method A

Best fit: sin22θ23=0.99, Δm2
23=2.6x10-3 eV2  

90% C.L.: sin22θ23>0.85, 2.1x10-3 eV2<|Δm2
23|<3.1x10-3 eV2

Method B
Best fit: sin22θ23=0.98, Δm2

23=2.6x10-3 eV2

90% C.L.: sin22θ23>0.84, 2.1x10-3 eV2<|Δm2
23|<3.2x10-3 eV2

Two methods are in a good agreement

Method A w/ syst fit Method B w/o syst fit
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T2K νe appearance analysis
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T2K νe events selection
Start from 8 e-like single-ring FCFV events after
“basic” T2K selection criteria

T2K νe selection cuts in SK optimized for intrinsic
beam νe and NCπo background minimization

After all cuts: 
- signal efficiency 66%
- intrinsic  νe  rejection 77%
- NC background rejection 99%

Energy deposited in ID
>100 MeV 7 events

No Michel electrons 
6 events

Force reconstruction to 
fit light pattern under two
e-like rings assumption,
require Minv<105 MeV 6 events

Reconstructed neutrino energy 
<1250 MeV 6 events
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Expected events in Far Detector

1.5 νe candidates expected with zero θ13 hypothesis

Systematic uncertainties

Smaller cross-section and 
SK uncertainties for signal 
events

After all cuts 6 final candidate events remained!

exp 20
, 1.5 0.3  ( 1.43 10 . . .)SK totalN for accumulated p o t= ±   ×

0.8 0.10.6 1.5
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Reconstructed vertex distribution
Selected events clustering at large R
KS test gives 0.03 p-value for such R2 

distribution

More checks of vertex 
distributions:
• good Data-MC agreement
• if outside source then    

expect events excess at       
large R2 outside FV

• vertex distributions in 
OD data sample show no 
significant data excess 

Vertex distribution
in Outer Detector

Vertex distribution in  ID;
MC interactions simulated
out to 550 cm from ID wall

Event outside SK FV

T2
K b

eam
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T2K νe appearance result
Probability to observe 6 or more events under zero θ13  hypothesis is 0.7%
(2.5 sigma significance)

Feldman-Cousins method used to produce confidence intervals
For sin22θ23=1.0 and Δm2

23=2.4x10-3 eV2:

Normal mass
hierarchy Inverted mass

hierarchy

Normal mass hierarchy and δCP=0:
• best fit: sin22θ23=0.11
• 0.03<sin22θ23<0.28 at 90% C.L.

Inverted mass hierarchy and δCP=0:
• best fit: sin22θ23=0.14
• 0.04<sin22θ23<0.34 at 90% C.L.
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Conclusion
T2K performed two oscillation analysis based on 1.43x1020 p.o.t. 
dataset (2% of final T2K goal)

νμ disappearance analysis results:
• no oscillation hypothesis excluded at 4.5 sigma level
• sin22θ23>0.85 and 2.1x10-3 eV2<Δm2

23<3.1x10-3 eV2 at 90% C.L.

νe appearance analysis results:
• 6 events selected with 1.5±0.3 expected w/o oscillations
• probability to observe 6 or more events is 0.7% (2.5 σ significance)
• 0.03(0.04)<sin22θ13<0.28(0.34) at 90% C.L. for normal (inverted)

mass hierarchy, sin22θ23=1.0, Δm2
23=2.4x10-3 and δCP=0 

• published in PRL, Phys.Rev.Lett.107:041801,2011

The T2K is now recovering from the March 11th earthquake
Investigations taken so far indicate that all damage is repairable
Plan to restart J-PARC accelerator in December 2011 
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Backup slides
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Comparison of T2K νμ disappearance result with SK and 
MINOS



32

Comparison of T2K νe appearance result with recent MINOS results

Significant overlap of 90% C.L. allowed regions



J-PARC T2K neutrino beamline

PS proton beam

to Super-K

Graphite, Φ26 x 900 
mm long

Helium 
cooling

~96 m long

3 Horns w/ 
250kA

Si array 
+ IC array

intensity, position
profile
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T2K νe CCQE event candidate
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ND280 neutrino events

DIS candidateCC1π candidate

CCQE candidateSand muon + DIS candidate

DsECAL

P0D
TPC1 TPC2 TPC3

FGD2FGD1
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νe vertex distribution from SK atmospheric data

T2K-like νe selection cuts applied to sub-GeV atmospheric neutrinos 


	T2K collaboration
	J-PARC T2K neutrino beamline


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /FlateEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [1000 1000]
  /PageSize [2383.937 3257.008]
>> setpagedevice


