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Outline	

•  Physics	  
•  Introduc9on	  
•  Experimental	  setup	  
•  Analysis	  
•  Results	  
•  Future	  sensi9vity	
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Neutrino	  oscilla9on	  
in	  long-‐baseline	  accelerator	  experiment	

•  High	  purity	  νμ	  beam	  is	  produced	  by	  proton	  accelerator.	  
•  Use	  the	  near	  detector	  measurement	  to	  predict	  the	  
spectrum	  at	  the	  far	  detector	  without	  oscilla9ons.	  

•  νe	  appearance	  	  	  	  	  :	  sensi9ve	  to	  θ13,	  δCP,	  Mass	  Hierarchy	  

	  
	  
	  
	  

•  νμ	  disappearance:	  sensi9ve	  to	  θ23	  &	  Δm232	  
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LongPbaseline*Analyses*
•  Use)νμ)data)from)the)near)detectors)to)predict)
the)spectrum)at)SK)without)oscillations)

•  Compare)with)SK)νμ)data:)
)
•  Compare)with)SK)νe)data:)
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CP	  viola9on	  phase,	  δCP	
•  νe	  appearance	  probability:	  sensi9ve	  to	  CP	  phase	  	

4	

0

0.02

0.04

0.06

0.08

0.1

0 1 2
ES (GeV)

P(
S R

q
S e

) I�= 0
I�= 1/2U
I�= U
I�= -1/2U

sin22V13=0.1

neutrino

CP 非対称性の測定

• P(νμ→νe) と P(νμ→νe)の比較
•最大~25%の変化
• PMNS以外のCP非保存にも感度

P(νμ→νe) 振動確率
(normal hierarchy)

0

0.02

0.04

0.06

0.08

0.1

0 1 2
ES (GeV)

I�= 0
I�= 1/2U
I�= U
I�= -1/2U

sin22V13=0.1

P(
S R

q
S e

)

anti-neutrino

295km 295km

21

ニュートリノ 反ニュートリノ
±25%	

	  	  an9-‐ν    	ν	

•  Comparison	  of	  ν/an2-‐ν	  mode	  enhances	  sensi2vity	  to	  δCP. 
 (T2K	  is	  currently	  taking	  data	  with	  an9-‐ν mode	  in	  2014.)	  

•  Short	  baseline	  length	  O(100)	  km	  
•  small	  ma]er	  effect	  
•  Dominant	  contribu9on	  from	  δCP.  
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The	  T2K	  Experiment	  

•  Searches	  for	  neutrino	  oscilla9ons	  in	  an	  intense	  high	  purity	  νμ	  beam	  
–  Intrinsic	  beam	  νe	  from	  µ,	  K	  decays	  ~1%	  

•  The	  neutrinos	  travel	  295	  km	  to	  the	  Super-‐K	  detector	  

–  νe	  appearance	  (sensi9ve	  to	  θ13	  &	  δCP)	  
–  νμ	  disappearance	  (sensi9ve	  to	  θ23	  &	  Δm232)	  
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295	  km	  

Super-Kamiokande J-PARC Accelerator 

ν	  
30	  GeV	  
Synchrotron	



T2K	  Collabora9on	
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~500 members, 59 Institutes, 11 countries 



Oscillation  
Maximum  High	  intensity	  beam	  

•  30GeV,	  ~1014	  protons/spill.	  
•  Pure	  νµ	  beam	  from	  π,	  K	  decay	  (~99%)	  	  

Off-‐Axis	  (2.5°)	  νµ	  beam	  
•  Intense,	  low	  energy	  narrow-‐band	  beam.	  

–  Eν	  peak	  at	  oscilla9on	  max.	  (~0.6	  GeV)	  
–  Reduce	  BG	  from	  high	  energy	  tail.	  

•  Small	  νe	  frac9on	  (~1%).	  
7	

T2K	  neutrino	  beam	



Near	  detectors	
•  Located	  280	  m	  downstream	  of	  the	  target	  	  
•  Measure	  unoscillated	  neutrinos	
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INGRID	  @	  on-‐axis	  (0°)	 ND280	  @	  2.5°	  off-‐axis	

•  16	  iden9cal	  modules	  (14	  in	  cross)	  
•  Iron/scin9llator	  layers	  
• Monitor	  n	  beam	  profile/rate	

•  Tracker	  (FGDs*1+TPCs*2)	  in	  a	  0.2	  T	  magnet	  
•  Principal	  n	  target	  is	  plas9c	  scin9.	  in	  FGDs	  
• Measures	  n	  flux/spectrum	

*1	  FGD:	  Fine-‐Grained	  Detector,	  *2	  TPC:	  Time	  Projec9on	  Chamber	



Super-‐K	  (Far)	  detector	
•  50	  kton	  Water	  Cherenkov	  detector	  

–  22.5	  kton	  Fiducial	  volume	  

•  Good	  performance	  for	  sub-‐GeV	  neutrinos	  
–  Good	  e/µ	  separa9on	  from	  ring	  shape	  topology	  

•  T2K	  recorded	  events	  
–  All	  interac9ons	  in	  ±500µsec	  around	  ν	  arrival	  9me	  
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ID	
OD	

Atmospheric	  ν	  
e-‐like	 µ-‐like	  	  	  	

●	  Data	  
−	  	  MC	  w/	  oscilla9on	  	  	  	  	  	  	  



Data	  set	  (un9l	  Nov.	  24,	  2014)	

•  250	  kW	  stable	  opera9on	  achieved	  in	  T2K	  RUN	  6.	  
•  Total	  delivered	  Proton	  on	  Target	  (POT):	  7.9x1020	  

–  ~10%	  of	  T2K	  full	  POT,	  7.8x1021	  
–  6.8x1020/1.1x1020	  POT	  for	  ν/an9-‐ν	  mode.	  

•  Data	  set	  in	  T2K	  RUN	  1-‐4	  are	  used	  for	  oscilla9on	  analyses	  
–  6.57	  x	  1020	  POT	  for	  ν	  mode	   10	

Total Accumulated POT for Physics 
ν-Mode Beam 
Anti-ν Mode Beam 

2010 2011 2012 2013 2014 2015 

Recovery 
from 
earthquake	

Hadron accident 
Linac upgrade 
Horn replacement	

RUN 1	

RUN 2	

RUN 3	

RUN 4	 RUN 5	
RUN 6	



Beam	  stability	

•  Event	  rate	  is	  stable	  over	  ν/an9-‐ν	  mode	  periods.	  
•  Beam	  direc9on	  is	  stable	  <	  1mrad	  over	  ν/an9-‐ν	  mode	  periods.	   11	
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First	  ν	  event	  at	  SK	  in	  an9-‐ν	  run	
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What’s	  new	

•  νµ	  disappearance	  analysis	  	  
– Results	  using	  a	  data	  set	  of	  6.57×1020	  POT	  

•  Joint	  νe	  +	  νµ	  analysis	  	  
– Results	  using	  a	  data	  set	  of	  6.57×1020	  POT	  
– Constraint	  on	  the	  CP	  viola9ng	  phase	  δCP	  by	  
combining	  our	  νe	  appearance/νµ	  disappearance	  
results	  with	  θ13	  measurements	  by	  reactor	  
experiments	  

•  T2K	  future	  sensi9vity	  study	  
– Resolving	  sinδCP≠0	  
– Determining	  Mass	  Hierarchy	

13	



Oscilla9on	  analysis	  principle	
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Super-‐K	  predic2on	  
with	  systema9cs	  

ν	  flux	  predic2on	  
•  Hadron	  produc9on	  (NA61@CERN,…)	  
•  Systema9cs	  

•  Hadron	  produc9on	  
•  Proton/ν	  beam	  monitoring	  

ν	  cross	  sec2on	  
•  Generator:	  NEUT	  
•  Systema9cs	  

•  External	  data	  (MiniBooNE,	  	  
	  	  	  	  	  	  π	  sca]ering	  exp.,	  …)	  

Super-‐K	  performance	
•  Systema9cs	  

•  Atmospheric	  ν
•  Cosmic	  ray	  µ

ND280	  measurement	  
•  Constrain	  strongly-‐correlated	  
	  	  	  	  	  systema9cs	  between	  ND280/SK	  
	  	  	  	  (Reduce	  abs.	  “flux	  ×	  XSEC”	  error)	  	  

Super-‐K	  measurement	  

Compare	



Systema9c	  Uncertain9es	

•  Near	  detector	  
constraints	  strongly	  
reduce	  the	  systema9c	  
uncertain9es.	  

•  Systema9c	  
uncertain9es	  <	  10%	  
already	  achieved.	

15	

Systema2c	  uncertain2es	  to	  #	  of	  events	  at	  Super-‐K	  	



SK	  event	  selec9on	
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Fully Contained	 Fiducial Volume	 1-Ring	

PID: e-like	 PID: µ-like	

pe > 100 MeV/c	

No decay-e	

Erec < 1250 MeV	

π0 rejection	

28	  Events	  
 

4.9±0.6(sys.)	  
unoscillated	  

pµ > 200 MeV/c	

Decay-e ≤ 1	

All Erec	

120	  Events	  
 

446±23(sys.)	  
unoscillated	

νe	  selection	 νµ	  selection	
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νµ	  disappearance	  analysis	  (6.57×1020	  POT)	
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•*Data*(120*events)*

–*No*oscilla1ons**
(446*events)*

–*Best*oscilla1on*fit*
•*Data/No*osc.*

–*Best*fit/No*osc.*

Fit*for*νμ*Disappearance*

Normal*Hierarchy*
sin2 ✓23 = 0.514+0.055

�0.056

�m2
32 = 2.51± 0.10 eV2

Inverted*Hierarchy*
sin2 ✓23 = 0.511± 0.055

�m2
13 = 2.48± 0.10 eV2

PRL)112)(2014))181801)

PRL	  112	  (2014)	  181801	



νe	  appearance	  analysis	  (6.57×1020	  POT) 
	

	  	  	  Maximum	  likelihood	  fit	  in	  (pe,	  θe)	
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Normal	  hierarchy	

Inverted	  hierarchy	

NH	

PRL	  112,	  061802	  (2014)	

Discovery	  of	  νe appearance	  at	  7.3σ!	

sin2 ✓13 = 0.140+0.038
�0.032 (NH)

sin2 ✓13 = 0.170+0.045
�0.037 (IH)

68% CL

(sin2 ✓23 = 0.5, |�m2
23| = 2.4⇥ 10�3eV 2, �CP = 0)

θ23	  dependence	  mo9vates	  a	  joint νe + νµ fit	



Joint	  νe	  +	  νµ	  analysis	  (6.57×1020	  POT)	  	
•  Simultaneous	  fit	  to	  νe	  and	  νµ	  data	  
–  4	  oscilla9on	  parameters	  Δm2

23,	  θ23,	  θ13,	  δCP	  
•  Reactor	  constraints	  (PDG2013):	  sin22θ13=0.095±0.010	  

19	

90%**
Excluded*

Frequen1st*δCP*Constraint*
•  Now)include)the)reactor)
constraint)on)θ13.)
– sin2(2θ13))=)0.095)±)0.010))
– ))

•  Feldman1Cousins)used)
to)determine)
conEidence)intervals)for)
NH)and)IH)separately.)

Alex Himmel 53 

T2K	  favors	  	  
δCP= -π/2	

Constraint	  on	  δCP	



Other	  measurements	
•  T2K	  is	  not	  only	  measuring	  the	  oscilla9on	  parameters	  at	  Super-‐K.	  
•  Many	  other	  interes9ng	  analyses	  are	  performed.	  

–  Cross	  sec9on	  measurements	  
–  Measurement	  of	  the	  intrinsic	  νe	  beam	  component	  
–  Search	  for	  short	  baseline	  νe	  disappearance	  	  

•  Very	  arbitrary	  choice	  of	  the	  results	  are	  shown	  here.	

20	

9

TABLE III. Summary of systematic uncertainties on the ex-
pected number of signal and background events. While the
CC component has the largest uncertainty, it has a relatively
small effect on the final result since there are relatively few
CC events in the final sample.

Signal Background

NCQE NC non-QE CC Unrel.

Fraction of Sample 68% 26% 4% 2%

Flux 11% 10% 12% -

Cross sections - 18% 24% -

Primary γ production 15% 3% 9% -

Secondary γ production 13% 13% 7.6% -

Detector response 2.2% 2.2% 2.2% -

Oscillation Parameters - - 10% -

Total Systematic Error 23% 25% 31% 0.8%

one or multiple γ rays. Events with secondary γ rays typ-
ically have multiple γ rays and often have primary γ rays,
as well, so the detection efficiency is kept high even with
a significant change in the secondary γ ray production
probability.
The detector uncertainty includes contributions from

uncertainties in the SK energy scale, vertex resolution,
and selection efficiency. It is estimated by comparing
simulation and data from the linear electron accelerator
(LINAC) installed above SK [48]. The systematic un-
certainty due to the atmospheric oscillation parameters,
θ23 and |∆m2

32|, is estimated by varying the parameters
within their uncertainties from the T2K measurement of
these parameters [41].
There are two final systematic uncertainties that were

evaluated but have a negligible impact on the result. We
evaluated the potential non-uniformity of the selection
efficiency with respect to Q2 by changing the value of
the MC axial mass to distort the differential cross section.
This variation changes the final calculated cross section
by less than a percent. The beam-unrelated background
is estimated from the out-of-time events which have a
statistical error of 0.8%.

V. MEASURED CROSS SECTION

The NCQE cross section is measured by comparing the
NCQE cross section as calculated in recent theoretical
work [8] averaged over the unoscillated T2K flux with the
observed number of events after background subtraction:

⟨σobs
ν,NCQE⟩ =

Nobs −Nexp
bkg

Nexp −Nexp
bkg

⟨σtheory
ν,NCQE⟩, (1)

where ⟨σobs
ν,NCQE⟩ is the observed flux-averaged NCQE

cross section and ⟨σtheory
ν,NCQE⟩ = 2.01 × 10−38 cm2 is the
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 fluxνT2K 

FIG. 6. (color online) The T2K measurement of the flux-
averaged NCQE cross section, represented by a black point,
compared with the calculated cross section from [8]. The
dashed line shows the cross section versus neutrino energy,
the solid horizontal line shows the flux-averaged cross sec-
tion. The vertical error bar on the data represents the 68%
confidence interval on the measured cross section while the
horizontal error bar is placed at the central value from our
data and represents 68% of the flux at each side of the me-
dian energy. The solid gray histogram shows the unoscillated
T2K neutrino flux.

flux-averaged cross section from [8]. The NCQE cross
section includes all spectral states since even states with-
out primary γ ray emission are often observed with sec-
ondary γ rays. The total number of observed events
is Nobs (43), the total number of expected events is
Nexp (51.0), and Nexp

bkg (16.2) denotes the expected num-
ber of background events.
The obtained flux-averaged neutrino-oxygen NCQE

cross section is 1.55 × 10−38 cm2 at a median neutrino
flux energy of 630 MeV. The 68% confidence interval on
the cross section is (1.20, 2.26)× 10−38 cm2 and the 90%
confidence interval is (0.96, 2.78)× 10−38 cm2. They in-
clude both statistical and systematic errors and were cal-
culated using a Monte Carlo method to account for the
systematic errors that are correlated between different
samples. While the underlying systematic uncertainties
are symmetric and gaussian, the confidence interval is
asymmetric around the central value because some of
the uncertainties, primarily the production of secondary
γ-rays and to a lesser extent the neutrino flux, are corre-
lated between the background expectation and the signal
expectation which are found in the numerator and de-
nominator, respectively, of Eq. 1. Figure 6 shows our re-
sult compared with a theoretical calculation of the NCQE
cross section [8]. The vertical error bar for data shows
the 68% confidence interval on the data, and the hori-
zontal error bar represents 68% of the flux at each side of
the median energy. The measurement is consistent with

ν-‐oxygen	  NCQE	  cross	  sec2on	  @	  SK	  
	  	  	  	  	  Phys.	  Rev.	  D	  90,	  072012	  (2014)	  	
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FIG. 2. Unfolded νe CC inclusive differential cross-sections
as a function of pe (top), cos(θe) (middle) and Q2 (bottom).
The inner (outer) error bars show the statistical (total) uncer-
tainty on the data. The dashed (solid) line shows the NEUT
(GENIE) prediction. Overflow (underflow) bins are indicated
by > (<) labels, and are normalized to the width shown.

used to extract νe CC inclusive flux-averaged differential
cross-sections as a function of pe, cos(θe) and Q2, and
they are found to agree with both the NEUT and GENIE
neutrino interaction generator predictions. These are the
first ever νe differential cross-sectionmeasurements at the
GeV-scale. The total νe CC inclusive flux-averaged cross-
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)2c/2 (GeV2Q
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

))2 c/2
/n

uc
le

on
/(G

eV
2

 c
m

-3
9

10× (2
Q

/d
σd

0
2

4
6

8
10

12

14
16

18
20 ) > 0.72eθ > 550MeV and cos(ep

NEUT

GENIE

T2K data

>>

FIG. 4. Unfolded νe CC inclusive differential cross-section as
a function of Q2, when only electrons with pe > 550 MeV
and cos(θe) > 0.72 are considered. The inner (outer) er-
ror bars show the statistical (total) uncertainty on the data.
The dashed (solid) line shows the NEUT (GENIE) prediction.
Overflow (underflow) bins are indicated by > (<) labels, and
are normalized to the width shown.

section is found to be 1.11 ± 0.20 × 10−38 cm2/nucleon,
which is also in agreement with the NEUT and GENIE
predictions. The data related to the measurement can be
found in [32].
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Future	  physics	  goals/strategy	
•  Physics	  goals	  
–  Exploring	  lepton	  CPV	  
–  High	  precision	  νµ	  disappearance	  measurement	  
–  ν/an9-‐ν	  cross	  sec9on	  measurements	  
–  Important	  contribu9on	  to	  Mass	  Hierarchy	  determina9on	  

•  Strategy	  toward	  the	  approved	  7.8	  x	  1021	  POT	  
–  Run	  with	  50%	  ν	  –	  50%	  an9-‐ν	  mode	  	  

•  that	  is	  op9mum	  condi9on	  to	  achieve	  the	  best	  sensi9vity	  
•  also	  keeping	  T2K	  as	  “world-‐leading”	  experiment	  

–  Our	  short-‐term	  goal	  is	  accumula9on	  of	  5	  x	  1020	  POT	  for	  
an9-‐ν	  mode	  by	  summer	  2015	  -‐>	  currently	  taking	  the	  data	  
•  World-‐leading	  an9-‐νµ	  disappearance	  measurement	  
•  Ini9al	  an9-‐νe	  appearance	  measurement	  
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Sensi9vity	  for	  resolving	  sinδCP≠0	

•  T2K	  is	  exploring	  CPV	  in	  the	  lepton	  sector	  
–  Observed	  significance	  can	  be	  much	  be]er	  than	  the	  projected	  sensi9vity	  
–  Combined	  fit	  w/	  other	  experiments	  (NOνA,	  SK	  atm.)	  enhances	  the	  sensi9vity	  
–  Improved	  systema9c	  errors/analysis	  techniques	  also	  enhances	  the	  sensi9vity.	  23	
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•  Δm2	  =	  2.4	  x	  10-‐3	  eV2	  

•  Normal	  hierarchy	  
•  T2K	  

•  7.8	  x	  1021	  POT	  (50%	  ν-50%	  an9-‐ν)	  
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•  3.6	  x	  1021	  POT	  (50%	  ν-‐50%	  an9-‐ν)	  
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Sensi9vity	  for	  determining	  MH	

•  important	  contribu9on	  to	  Mass	  Hierarchy	  determina9on	  with	  
NOνA	  data.	  
–  Combined	  fit	  w/	  SK	  atm.	  data	  also	  enhances	  the	  sensi9vity.	
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Conclusion	
•  T2K	  achievements	  w/	  8%	  of	  the	  T2K	  full	  POT	  
– Discovery	  of νµ à νe appearance	  with	  7.3σ
– World	  best	  precision	  on	  θ23 

– Constraints	  on	  δCP 

•  Future	  T2K	  
– Short	  term	  goals	  

•  5	  x	  1020	  POT	  for	  an9-‐ν	  mode	  by	  summer	  2015	  
•  an9-‐νµ	  disappearance/an9-‐νe	  appearance	  measurements	  

– Goals	  w/	  the	  T2K	  full	  POT,	  7.8	  x	  1021	  
•  Exploring	  lepton	  CPV	  
•  Important	  contribu9on	  to	  Mass	  Hierarchy	  determina9on	  
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All	  of	  these	  are	  	  
“world	  leading”	  results!	


