
15th September 2012

Cross Section Measurements 
in T2K
Jim Dobson for the T2K Collaboration

Outline of talk:
• Overview of T2K and motivation for cross section measurements.
• The T2K near detector and event selections.
• First cross section results for charge current inclusive scattering.
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The T2K (Tokai-to-Kamioka) experiment

2

First off-axis long-baseline ν-oscillation experiment:
‣ Measure νμ → νe appearance and precision νμ disappearance.  
‣ νμ beam (~1% νe) with peak ~ 600 MeV → oscillation max @ far detector.

Full T2K description: Nucl.Instrum.Meth. A659, 106 (2011), 1106.1238

Far detector 
measures oscillated 
spectrum: Rate = 
flux × cross section.

Near detectors @ 280 m 
characterise un-oscillated 
beam.

Data for todayʼs talk (full data set up to now) = 3.01 x 1020 p.o.t.  
(18% of increase from Neutrino2012)

Run1 + 2 (2010-2011)
1.43 x 1020 p.o.t.

* ND280 Run1+2 data is used for
  oscillation analysis

Run3 (2012) : 1.58 x 1020 p.o.t  
* including 0.21 x 1020 p.o.t. with 200kA horn
  operation (13% flux reduction at peak) 
  (250kA horn current for nominal operation)
* ND280 Run3 data is checked and  consistent with Run1+2

Run 1 Run 2 Run 3

Great East Japan
Earthquake

(March 11,2011)

Beam re-commissioning,
Repairing horn power supply

Recovering facility 
(acc., beam-line etc..)  

200kW
Data collected and analyzed 
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Data collected (3.01 × 1020 POT, ~4%of final):
In 2011 using (Run 1+2):
✤ First indication of non-zero θ13 at 2.5σ 

significance (Phys.Rev.Lett.107:041801,2011).
✤ Also first off-axis νμ disappearance result 

(Phys.Rev.D.85:031103,2012).

Earlier this year (Run 1+2+3):
✤ Non-zero θ13 at 3.2σ! 

Covered in plenary talk by 
Gabriella Catanesi.
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Motivation for cross section measurements

3

T2K uses two MC generators to simulate ν-interactions :
✤ NEUT: Acta Phys. Polon. B40 (2009) 2477–2489.
✤ GENIE: Nucl. Instrum. Meth. A614 (2010) 87–104.
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Lepton 
kinematics → Eν: + DIS and other inelastic 

processes.
+ Final state interactions.
+ Nuclear modelling.

Signal is: Mis-reconstruct as CCQE:

* Good summary of neutrino nucleus interactions: Ann.Rev.Nucl.Part.Sci. 61 (2011) 355-378.

T2K now entering precision phase:
✤ At ~1 GeV ν cross sections poorly known. Not much data and need better theoretical models*. 
✤ Cross section measurements at T2K are important for both T2K and other experiments.
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6.5 m

~ Beam direction

z

x
y

0.2 T field in x ~ 
perpendicular to 
beam

Tracker region

The T2K off-axis near detector (ND280)

4

280m downstream of beam production → characterise beam before osc and 
measure ν cross sections.

Upstream is P0D: 
• Measure π0s (plastic scintillator planes 
interleaved with brass and lead, ~13.3 tons).
• Removable H2O targets (~2.8 tons).

Downstream is tracker:
Measure charged current interactions:
•2 FGDs: 

• 1.1 tons each, Carbon + H2O targets.
• Tracking and PID.
•3 TPCs:

• Tracking, momentum and PID.

ECals surround P0D and tracker:
• Provide tracking and PID.

+ Side muon range detector (SMRD): 
Embedded in magnet yoke. 
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Tracker-based νμ selection

✤ Select νμ-CC in FGD1:
✤ Negative TPC-FGD1 matched track.

✤ Forward-going. 

✤ TPC1 veto.

✤ TPC PID: dE/dx → muon.

✤ Subdivide into CCQE-like:
✤ Only 1 TPC-FGD matched track.

✤ No Michel electron signal in FGD1.

✤ And all else = CCnQE-like.

5

FG
D

1

TPC1 TPC2 TPC3

FG
D

2

Sideways view of Run1 data event: μ from dE/dx 

Beam 

y

z

Binned output in terms of reconstructed 
lepton angle and momentum.

Positive track.
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Results for Run 1+2 data
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2131 events:
Dominated by:
   CC-RES (29%)
   CC-DIS (38%).

2354 events:
Select CCQE 
interactions with:
ε = 40.0%
η = 71.6% 

Muon momentum(MeV/c) Muon momentum (MeV/c) 

CCnQE-likeCCQE-like

Muon momentum (MeV/c) 

Select 4485 νμ CC candidates in FGD1:
C
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in

e 
m
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n 
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e ‣ 1.08 × 1020 POT.
‣ Efficiency ~40% (forward peaked acceptance.)
‣ ~13% BG contamination:
‣ 9% Non-FGD:

‣ 7% Outside-FGD.
‣ 1% Outside FV but inside FGD.
‣ 1% Outside magnet.   

‣ 3% NC.
‣ 1% CC νe or anti-νe/νμ.    
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νμ detector systematics

✤ Many considered - dominant 
sources:
✤ Magnetic field distortions (scale, 

non-linearities, mis-alignments):
✤ Momentum bias, track matching 

and TPC-PID.
✤ Out of fiducial volume events:

✤ Mis-reconstruct incoming particle 
stopping in FGD as outgoing.

✤ Reconstruction failures break 
through-going.

✤ Neutral particles from outside 
tracker.

✤ Secondary pion absorption in 
detector:
✤ Migration between CCQE and 

CCnQE.

7

Fractional error: CCQE-like, 0.94 < cos(θ) < 1.0 

Stat errors dominate

Muon momentum (MeV/c) 
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Other ND280 samples: P0D NC-π0   

8

Look for 2 γ’s from π0 decay:
‣ Vertex in P0D FV ( H2O ~1900 kg, Scintillator 
~2675 kg and Brass ~740 kg).
‣ No μ-like tracks.
‣ 2 EM-like (π0 → 2γ) in forward dir.
‣ Energy based PID for μ/EM separation.
‣ π0 invariant mass < 500 MeV. 

July 5th, 2012 Glenn Lopez - Stony Brook University 6

T2K PØD

• EM calorimeter optimized for observing 0 events 
on a water target

• 40 tracking modules with xz/yz scintillator bars and 
WLS fiber and MPPC readout

• Removable water targets allow measurement of 
cross sections on water

• US. and Cen. ECals provide energy containment 
• Particles reconstructed from tracks in the active 

regions
• Energy-based PID provides /EM discrimination

Identify 0 events as having 2 EM showers and nothing else

xz/yz projection of an NC1 0 interaction in the PØD

1

2

2

1x 
[m

m
]

Plus many other (CC and NC) Tracker, P0D and ECal selections in development.

115 selected 
NC1π0:
ε = 3.6%
η = 55% 

Likelihood fit for signal and BG: 
NC1π0Data/NC1π0MC = 
        0.84 ± 0.16 (stat) ± 0.18 (syst)   

MC simulation of energy deposits 
for NCπ0 interaction → 2γ.
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T2K’s first cross section measurement 

9
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νμ-CC differential cross section
✤ Use tracker-based νμ  CC inclusive (CCQE-like + CCnQE-like).

✤ Flux averaged double differential cross section:

✤ Nkl = number of events in true pμ bin k and true θμ bin l:
✤ Inferred from reconstructed kinematics using unfolding algorithm.

✤ T is the number of target nucleons/nuclei.

✤ φ is the integrated flux at the near detector.

✤ Δpμ,k and Δcosθμ,l  are bin widths.   

10

� ∂2σ

∂pµ∂ cos θµ
�kl =

�Nkl
Tφ∆pµ,k∆ cos θµ,l
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Unfolding algorithm 

✤ Bayesian unfolding method to infer # events in true bin tk: 

11

Unsmearing matrix: Gives 
probability of event in true bin 
tk given event in reconstructed 
bin rj(details on next slide).

Purity correction 
based on MC 
prediction of BG.

Sum over nr 
reconstructed 
bins (0 → 19).

Efficiency for 
reconstructing CC 
inclusive event in 
true bin k.

Measured number of events 
in reconstructed bin rj.

Ntk
=

1
�k

nr

∑
j=1

P(tk|rj)× (N
meas
rj

−
n

Data

POT

nMC

POT

× Brj
)
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The Unsmearing matrix
✤ Bayes’ theorem → probability event in true bin tk given in reco bin rj: 

12

Unsmearing matrix for NEUT MC for νμ CC 
(CCQE-like + CCnQE-like):

P(tk|rj) =
P(rj|tk)P(tk)

∑nt
α=1 P(rj|tα)P(tα)

Directly from 
MC.

Reconstructed global bin # → 

Tr
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Figure 6: Left: Data distribution in the (Pµ, cos θµ) plane for run I and II. Right: Background distribution

given by the NEUT MC in the (Pµ, cos θµ) normalized to the number of POT in data. The last momentum

bin contains the total number of event from 900 MeV to 30 GeV.
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Figure 7: Left: Unsmearing matrix after the first iteration (see Eq. 16). Right: Efficiency for the nominal

NEUT MC in the (Pµ, cos θµ) plane (see Eq. 14). The last momentum bin contains the total number of

event from 900 MeV to 30 GeV.
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Binning convention:
‣ 5 bins pμ (GeV): 
‣0→0.4→0.5→0.7→0.9→∞       

‣ 4/5 bins cos(θμ):  
‣ Reco:-1→0.84→0.9→0.94→1.0
‣ True:-1→0→0.84→0.9→0.94→1.0

20(25) global bins in increasing (true)
momentum/angle: single momentum 
bin subdivided into angular bins.
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Neutrino interaction modelling uncertainties
✤ Rely on neutrino interaction MC for prediction of BGs and efficiency corrections.
✤ Parameterisation of NEUT MC  and uncertainties from fits/comparisons to external data.

13

T2K-TN-108-v1.3a

Parameter Eν Range Nominal Error CCQE CCnQE Total Cat.

MQE
A all 1.21 GeV/c2 0.45 15.5% 5.2% 10.5% 1

CCQE E1 0 < Eν < 1.5 1.0 0.11 6.7% 1.5% 4.2% 1

CCQE E2 1.5 < Eν < 3.5 1.0 0.30 6.7% 1.5% 4.2% 3

CCQE E3 Eν > 3.5 1.0 0.30 6.7% 1.5% 4.2% 3

pF
12C all 217 MeV/c 30 1.6% 0.2% 0.8% 2

SF 12C all 0 (off) 1 (on) 0.9% 0.8% 0.6% B/2

MRES
A all 1.16 GeV/c2 0.11 3.7% 6.0% 4.8% 1

CC1π E1 0 < Eν < 2.5 1.63 0.43 3.7% 6.0% 4.8% 1

NC1π0 all 1.19 0.43 3.7% 6.0% 4.8% 1

CC1π E2 Eν > 2.5 1.0 0.40 1.9% 4.8% 3.2% 3

CC Coherent all 1.0 1.0 1.7% 3.9% 2.7% 3

CC Oth shp all 0.0 0.40 0.7% 3.5% 2.0% 3

NC Other all 1.0 0.30 0.5% 1.6% 1.0% 3

W Shape all 87.7 MeV/c2 45.3 0.6% 2.2% 0.9% 3

FSI all Section 2.1 0.5% 0.7% 0.2% 3

Total 17.0% 10.1% 12.8%

Table 14: NIWG 2012a cross section parameters for the BANFF fit, showing the applicable

range of neutrino energy, nominal value, prior error and effect of the variation of each

parameter on the CCQE, CCnQE and inclusive ND280 sample. Note that the CCQE

normalizations (uncorrelated) were varied together to produce a single value, and similarly

with MRES
A , CC1π E1 and NC1π0 (correlated). The Category of each parameter is defined

in the text.

51

Nuclear model

QE shape and 
normalisation

1π production 
shape and 
normalisation.

Other (DIS, COH, NC) 

Final state interactions
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Flux, detector and statistical uncertainties
✤ Flux:

✤ Based on fits/constraints to 
NA61(π and K) and external 
hadron production data + 
beam run conditions.

✤ Detector:
✤ Described earlier - use 

combined CCQE-like and 
CCnQE-like covariance 
matrices.

✤ Statistical:
✤ Toy-experiments where fake 

data and MC are fluctuated 
according to poisson statistics.

14

Reweighting methods + Cholesky decomposition → account for correlations.
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Differential cross section results
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Figure 26: Differential cross-section results with systematic and statistical error bars together. The differ-
ential cross-section is given in cm2/nucleon/MeV. Each graph corresponds to a bin angle.

where the data agrees well with the MC predicted values that are:1

�σNEUT
CC �φ = 8.78× 10−38 cm2

av. nuclei
�σNEUT

CC �φ = 7.26× 10−39 cm2

nucleons
(76)

�σGENIE
CC �φ = 8.09× 10−38 cm2

av. nuclei
�σGENIE

CC �φ = 6.68× 10−39 cm2

nucleons
(77)

From this result, we observe that data agrees better with GENIE than with NEUT. This might suggest that2

prediction with MA ∼ 1 are more accurate than prediction for MA > 1. Since the result agree with both3

generators, inside the error bars, no real conclusion can be made on that subject. It can be shown that4

previous flux were underestimating the MC, allowing better agreement with NEUT than with GENIE. The5

application of the tuned flux 11bv3.1, increases the flux in general along the phase space. Because of the big6

flux uncertainty, that we still have, a better agreement with one of the MC cannot show any conclusion in7

the intrinsic modeling of the generator. We see, in addition, that the total cross-section is bigger than the8

GENIE prediction, this is due to the fact that the backward going region has been extrapolated using NEUT.9

If on the contrary the extrapolation was done with the GENIE MC, we would have get, 6.68×10−39 cm2

nucleons10

which has about 3% of difference with the prediction obtained with the NEUT MC. This value is however11

well below the systematic error which is about 12% of the result.12

To compare with other experiment, it can be useful to calculate the mean energy of our flux, that is 0.8513

GeV. Fig. 29 shows the T2K total cross-section result together with the other experiments. We see that the14

NEUT prediction, in green, for the T2K experiment corresponds to the NEUT prediction for the SciBooNE15

experiment. The good agreement between the two predictions gives us confidence that no major mistake16
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Figure 26: Differential cross-section results with systematic and statistical error bars together. The differ-
ential cross-section is given in cm2/nucleon/MeV. Each graph corresponds to a bin angle.
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From this result, we observe that data agrees better with GENIE than with NEUT. This might suggest that2

prediction with MA ∼ 1 are more accurate than prediction for MA > 1. Since the result agree with both3

generators, inside the error bars, no real conclusion can be made on that subject. It can be shown that4

previous flux were underestimating the MC, allowing better agreement with NEUT than with GENIE. The5

application of the tuned flux 11bv3.1, increases the flux in general along the phase space. Because of the big6

flux uncertainty, that we still have, a better agreement with one of the MC cannot show any conclusion in7

the intrinsic modeling of the generator. We see, in addition, that the total cross-section is bigger than the8

GENIE prediction, this is due to the fact that the backward going region has been extrapolated using NEUT.9

If on the contrary the extrapolation was done with the GENIE MC, we would have get, 6.68×10−39 cm2

nucleons10

which has about 3% of difference with the prediction obtained with the NEUT MC. This value is however11

well below the systematic error which is about 12% of the result.12

To compare with other experiment, it can be useful to calculate the mean energy of our flux, that is 0.8513

GeV. Fig. 29 shows the T2K total cross-section result together with the other experiments. We see that the14

NEUT prediction, in green, for the T2K experiment corresponds to the NEUT prediction for the SciBooNE15

experiment. The good agreement between the two predictions gives us confidence that no major mistake16
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Figure 26: Differential cross-section results with systematic and statistical error bars together. The differ-
ential cross-section is given in cm2/nucleon/MeV. Each graph corresponds to a bin angle.
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From this result, we observe that data agrees better with GENIE than with NEUT. This might suggest that2

prediction with MA ∼ 1 are more accurate than prediction for MA > 1. Since the result agree with both3

generators, inside the error bars, no real conclusion can be made on that subject. It can be shown that4

previous flux were underestimating the MC, allowing better agreement with NEUT than with GENIE. The5

application of the tuned flux 11bv3.1, increases the flux in general along the phase space. Because of the big6

flux uncertainty, that we still have, a better agreement with one of the MC cannot show any conclusion in7

the intrinsic modeling of the generator. We see, in addition, that the total cross-section is bigger than the8

GENIE prediction, this is due to the fact that the backward going region has been extrapolated using NEUT.9

If on the contrary the extrapolation was done with the GENIE MC, we would have get, 6.68×10−39 cm2

nucleons10

which has about 3% of difference with the prediction obtained with the NEUT MC. This value is however11

well below the systematic error which is about 12% of the result.12

To compare with other experiment, it can be useful to calculate the mean energy of our flux, that is 0.8513

GeV. Fig. 29 shows the T2K total cross-section result together with the other experiments. We see that the14

NEUT prediction, in green, for the T2K experiment corresponds to the NEUT prediction for the SciBooNE15

experiment. The good agreement between the two predictions gives us confidence that no major mistake16
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Figure 26: Differential cross-section results with systematic and statistical error bars together. The differ-
ential cross-section is given in cm2/nucleon/MeV. Each graph corresponds to a bin angle.
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From this result, we observe that data agrees better with GENIE than with NEUT. This might suggest that2

prediction with MA ∼ 1 are more accurate than prediction for MA > 1. Since the result agree with both3

generators, inside the error bars, no real conclusion can be made on that subject. It can be shown that4

previous flux were underestimating the MC, allowing better agreement with NEUT than with GENIE. The5

application of the tuned flux 11bv3.1, increases the flux in general along the phase space. Because of the big6

flux uncertainty, that we still have, a better agreement with one of the MC cannot show any conclusion in7

the intrinsic modeling of the generator. We see, in addition, that the total cross-section is bigger than the8

GENIE prediction, this is due to the fact that the backward going region has been extrapolated using NEUT.9

If on the contrary the extrapolation was done with the GENIE MC, we would have get, 6.68×10−39 cm2

nucleons10

which has about 3% of difference with the prediction obtained with the NEUT MC. This value is however11

well below the systematic error which is about 12% of the result.12

To compare with other experiment, it can be useful to calculate the mean energy of our flux, that is 0.8513

GeV. Fig. 29 shows the T2K total cross-section result together with the other experiments. We see that the14

NEUT prediction, in green, for the T2K experiment corresponds to the NEUT prediction for the SciBooNE15

experiment. The good agreement between the two predictions gives us confidence that no major mistake16
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Figure 26: Differential cross-section results with systematic and statistical error bars together. The differ-
ential cross-section is given in cm2/nucleon/MeV. Each graph corresponds to a bin angle.
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From this result, we observe that data agrees better with GENIE than with NEUT. This might suggest that2

prediction with MA ∼ 1 are more accurate than prediction for MA > 1. Since the result agree with both3

generators, inside the error bars, no real conclusion can be made on that subject. It can be shown that4

previous flux were underestimating the MC, allowing better agreement with NEUT than with GENIE. The5

application of the tuned flux 11bv3.1, increases the flux in general along the phase space. Because of the big6

flux uncertainty, that we still have, a better agreement with one of the MC cannot show any conclusion in7

the intrinsic modeling of the generator. We see, in addition, that the total cross-section is bigger than the8

GENIE prediction, this is due to the fact that the backward going region has been extrapolated using NEUT.9

If on the contrary the extrapolation was done with the GENIE MC, we would have get, 6.68×10−39 cm2

nucleons10

which has about 3% of difference with the prediction obtained with the NEUT MC. This value is however11

well below the systematic error which is about 12% of the result.12

To compare with other experiment, it can be useful to calculate the mean energy of our flux, that is 0.8513

GeV. Fig. 29 shows the T2K total cross-section result together with the other experiments. We see that the14

NEUT prediction, in green, for the T2K experiment corresponds to the NEUT prediction for the SciBooNE15

experiment. The good agreement between the two predictions gives us confidence that no major mistake16
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Figure 26: Differential cross-section results with systematic and statistical error bars together. The differ-
ential cross-section is given in cm2/nucleon/MeV. Each graph corresponds to a bin angle.
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From this result, we observe that data agrees better with GENIE than with NEUT. This might suggest that2

prediction with MA ∼ 1 are more accurate than prediction for MA > 1. Since the result agree with both3

generators, inside the error bars, no real conclusion can be made on that subject. It can be shown that4

previous flux were underestimating the MC, allowing better agreement with NEUT than with GENIE. The5

application of the tuned flux 11bv3.1, increases the flux in general along the phase space. Because of the big6

flux uncertainty, that we still have, a better agreement with one of the MC cannot show any conclusion in7

the intrinsic modeling of the generator. We see, in addition, that the total cross-section is bigger than the8

GENIE prediction, this is due to the fact that the backward going region has been extrapolated using NEUT.9

If on the contrary the extrapolation was done with the GENIE MC, we would have get, 6.68×10−39 cm2

nucleons10

which has about 3% of difference with the prediction obtained with the NEUT MC. This value is however11

well below the systematic error which is about 12% of the result.12

To compare with other experiment, it can be useful to calculate the mean energy of our flux, that is 0.8513

GeV. Fig. 29 shows the T2K total cross-section result together with the other experiments. We see that the14

NEUT prediction, in green, for the T2K experiment corresponds to the NEUT prediction for the SciBooNE15
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Integrated cross section
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Summary and outlook

✤ Cross section measurements at ND280 important for T2K and other beam 
experiments. 

✤ Selections developed at ND280 → constrains rate at far detector as well as 
checks on BG rates.

✤ First νμ CC inclusive cross section result from ND280.

✤ Cross section publications under preparation.

✤ Only 4% of final data: 
✤ More cross section measurements expected (NCπ0, CC-1π, etc...).
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BACKUP SLIDES
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The T2K neutrino beam

19

!"#$%!&'%()*+,%-../01)+%2345%60+'7)4'%
899'7'*0,3*%:';,*)43%-+9)770,)34%<1='*)>'4,%

!"#$%&#'()*)+,#
-().#/01234#

1()*)+#5%6.#)+#
7(6'89*%#*6(7%*#
!#.67+%*9:#8)(+,#-):;,#
#<=>"?2@=""?2A#
B%:6C#9+#6#DE.#

B%:6C#F)G;.%#
<H%IJ6*.A##
K.6GG# %#-(6:*9)+#IJL##

M;)+#M)+9*)(#*)#*67#
.;)+,#-().#'9)+#B%:6C##

N%6(#O%*%:*)(,#
PN$3PO#<)+06Q9,AR#S)#'()-9G%#*8%#
+%;*(9+)#5%6.#
NO=T"#<)--06Q9,AR#S)#.%6,;(%#+%;*(9+)#
9+*%(6:*9)+,#6+B#56:?7();+B,##

U6(#O%*%:*)(#<K;'%(0VA#
*)#.%6,;(%#),:9GG6*%B#
+%;*(9+)#
,'%:*(;.#

!"#$%

$%)(79),#48(9,*)B);G);W#N;U6:*="J=#X#

&''()(*+,-*%.(/012%1-+)3%4#5%67%
8(+'9(:%;(<-*(%(+*,9=>+6(3%?@#%67%
A-/,B(+*,9=>+6(3%%!55%67%

)--06Q9,#

5C% ??DC% !D5C% !E#6C%

J!@"Y@="J=#

Off-axis @ far detector:
- Narrow band. 
- Peak @ osc maximum.

! "! #!!$%

&'()$*()+

,-./)0'12 3-'%4()-

5#6 71-8'1'9(/)$:-.9(/)
5;6 <1.$:-.9(/)
5=6 >()'4$?/.@:()+$:-.9(/)
5A6 B'1+-9$:9'9(/)
5"6 C-.'2$D/4@%-
5E6 F-'%$0@%8

GC;H!

5#6

5;6

5=6

5A65"65E6

(a)

!"#$%&'(&"&)*+

,%"-'./-0

123

143

153

163 173
183

9/*+ -*+)&*#

123 ,%"-':)+.*:
143 ,";;<%
153 =!>
163 !"#$%&'"+.
;)#(&'?*#+

173 @%A*+.'?*#+
183 !?)#.'?*#+

(b)

Figure 2.2: Shows an overview of primary and secondary sections of the T2K beamline

in (a) and a side view of the secondary beamline in (b), where the decay volume is ∼ 96

m in length and the beam enters from the left [57].

a closed cylindrical volume. When pulsed (in time with the beam spill) with 320 kA, the

horns generate a maximum magnetic field of 2.1 T. Before installation the magnetic field

of the horns was measured using a Hall probe to within an uncertainty of 2% for the first

horn and 1% for the second and third horns. The horns were designed to maximise the

neutrino flux at the far detector—with the current design, the flux at Super-Kamiokande

is increased by a factor of about 16 compared to that when the horns are switched off.

The focused beam of pions
2
then enter the decay volume, a 96 m-long steel tunnel

surrounded by 6 m of concrete shielding. In total, the distance from the centre of the

target and the start of the beam dump is 109 m, meaning that almost all of the π+
s

will have decayed to µ+
+ νµ pairs before reaching the beam dump. The beam dump is

composed of a graphite core (with a total thickness of 3.174 m) and 15 iron plates (total

thickness 2.4m), through which only muons above about 5 GeV can penetrate.

2.1.3 Beamline Monitoring

The primary beamline contains a number of different monitoring systems to ensure a

stable proton beam. Five current transformers (CTs) measure the proton beam intensity

to within 2% absolute and 0.5% relative intensity, and also measure the beam timing to

within 10 ns. The beam position is measured non-destructively to better than 450 µm (the

design requirement is 500 µm) using 21 electrostatic monitors (ESMs). The beam profile

is measured using 19 segmented secondary emission monitors (SSEMs)
3
giving a beam

width measurement to 200 µm. The optical parameters of the beam (Twiss parameters

and emittance) are reconstructed from the profiles. Because the SSEMs make a destructive

measurement causing 0.005% beam loss, they are only inserted during beam tuning. There

are also 29 beam loss monitors (BLMs) installed around the beam pipe and in the final

2In addition to this there will be a contamination from accidentally focused kaons.
3See [59] for description of the workings of an SSEM.

35

30 GeV protons @ 200 kW



Slide Jim Dobson  ⎯  NOW 2012  ⎯  15th September 2012

Figure 9: ND280 detector complex. The off-axis detector and
the magnet are located on the upper level; horizontal INGRID
modules are located on the level below; and the vertical IN-
GRID modules are located on the bottom two levels.

and the spill number are sent to Super-Kamiokande through a663

private network, and are returned from Super-Kamiokande to664

check consistency. The LTC module also provides the beam665

trigger for the beam monitors.666

At each site, two independent GPS systems run in parallel at667

all times to eliminate downtime during T2K running.668

4. Near Detector Complex (ND280)669

As stated earlier, the T2K experiment studies oscillations of670

an off-axis muon neutrino beam between the J-PARC accel-671

erator complex and the Super-Kamiokande detector, with spe-672

cial emphasis on measuring the unknown mixing angle θ13 by673

observing the subdominant νµ→νe oscillation. The neutrino674

energy spectrum, flavor content, and interaction rates of the675

unoscillated beam are measured by a set of detectors located676

280 m from the production target, and are used to predict the677

neutrino interactions at Super-Kamiokande.678

The primary detector at the 280 m site is a magnetized off-679

axis tracking detector. The off-axis detector elements are con-680

tained inside the magnet recycled from the UA1 experiment681

at CERN. Inside the upstream end of this magnet sits a pi-682

zero detector (PØD) consisting of tracking planes of scintillat-683

ing bars alternating with either water target/brass foil or lead684

foil. Downstream of the PØD, the tracker, comprising three685

time projection chambers (TPCs) and two fine grained detec-686

tors (FGDs) consisting of layers of finely segmented scintillat-687

ing bars, is designed to measure charged current interactions in688

the FGDs. The PØD, TPCs, and FGDs are all surrounded by an689

electromagnetic calorimeter (ECal) for detecting γ-rays that do690

not convert in the inner detectors, while the return yoke of the691

magnet is instrumented with scintillator to measure the ranges692

of muons that exit the sides of the off-axis detector. In addi-693

tion to the off-axis detector, a separate array of iron/scintillator694

detectors called INGRID measures the on-axis neutrino beam695

profile at the 280 m site, while a set of muon monitor detectors696

located downstream of the beam dump monitors the beam di-697

rection and profile by detecting high energy muons from pion698

decay, as described earlier in Section 3.3. All detectors use the699

same coordinate convention: z is along the nominal neutrino700

beam axis, and x and y are horizontal and vertical respectively.701

These detectors are housed in a pit inside the ND280 hall702

(see Fig. 9). The pit has a diameter of 17.5 m and a depth of703

37 m, and has three floors. The B1 floor, about 24 m below the704

surface, houses the off-axis detector, which is located on the705

line between the target point and the Super-Kamiokande posi-706

tion. The Service Stage, about 33 m deep, houses the horizontal707

modules of the INGRID detector. It also holds the electronics708

and many of the services for the off-axis detectors. The B2709

floor, about 37 m deep, houses the bottom modules of the verti-710

cal INGRID detector. The current off-axis angle is 2.5◦, which711

has the extrapolated on-axis beam passing at about 1 m above712

the Service Stage. This facility design can accommodate off-713

axis angles in the range of between 2.0 and 2.5◦, constrained714

by the requirement that the beam axis pass through the central715

area of the on-axis detector. Outside of this area, the measure-716

ment of the beam axis direction would deteriorate. A hut with717

an internal area of 21 m × 28 m covers the pit, and has a 10 ton718

crane.719

4.1. Multi-Pixel Photon Counter (MPPC)720

The ND280 detectors makes extensive use of scintillator de-721

tectors and wavelength-shifting (WLS) fiber readout, with light722

from the fibers being detected by photosensors that must oper-723

ate in a magnetic field environment and fit into a limited space724

inside the magnet. Multi-anode PMTs, successfully used in725

other scintillator and WLS based neutrino experiments, are not726

suitable for ND280 because most of the detectors in the ND280727

complex have to work in a magnetic field of 0.2 T. To satisfy728

the ND280 experimental requirements, a multi-pixel avalanche729

photodiode was selected for the photosensor. The device con-730

sists of many independent sensitive pixels, each of which oper-731

ates as an independent Geiger micro-counter with a gain of the732

same order as a vacuum photomultiplier. These novel photo-733

sensors are compact, well matched to spectral emission of WLS734

fibers, and insensitive to magnetic fields. Detailed information735

and the basic principles of operation of multi-pixel photodiodes736

can be found in a recent review paper [33] and the references737

therein.738
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ND280: beam composition, 
off-axis rate and BG 
processes.

INGRID: beam profile and rate.  
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Figure 2.6: A profile of the INGRID on-axis detector where the beam direction is into

the page. The 14 modules sample the neutrino beam over a ∼ 10 m × 10 m transverse

area. The red cross indicates the approximate location of ND280 and line of sight to

Super-Kamiokande [57].

event from T2K beam data can be seen in Fig. 2.7. Here the neutrino has entered from

the left and has most likely interacted in the fifth iron plane producing a charged particle

which leaves a clearly visible track in both views.

INGRID has been operational since the start of physics data taking in January 2010

and has been used both to check the beam profile and measure the beam centre. Fig. 2.8

shows the beam position as measured by INGRID throughout the Run 1 and 2 data taking

periods, demonstrating the sub-mrad stability of the beam direction. In the future the

INGRID module will be used in combination with the off-axis detector to constrain the

flux systematics.
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Results

This result is consistent with 
rate+shape (rec. Eν) method and 
rate only method
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value of δCP

best fit w/ 68% CL error @δCP=0
normal hierarchy:

inverted hierarchy:
sin2 2θ13 = 0.116+0.063

−0.049

sin2 2θ13 = 0.094+0.053
−0.040

c.f 2011 result for normal (inverted) hierarchy 

sin2 2θ13 = 0.11+0.10
−0.06 (0.14+0.12

−0.07)
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νe candidate event selection

11 candidate events are observed
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RUN 1+2+3 3.010!1020 POT Data Signal
#$!#e

BG total CC (#$+# !$) CC(#e+# !e) NC

Fully contained FV at beam timing 174 12.35 165.47 117.33 7.67 40.48
Single ring 88 10.39 82.78 66.41 4.82 11.55

e-like 22 10.27 15.60 2.72 4.79 8.10
Evis>100MeV 21 10.04 13.53 1.76 4.75 7.01
No decay-e 16 8.63 10.09 0.33 3.76 6.00

2% invariant mass cut 11 8.05 4.32 0.09 2.60 1.64
E#rec < 1250 MeV

(MC sin22"13=0 case) 11 7.81
(0.18)

2.92
(3.04)

0.06
(0.06)

1.61
(1.73)

1.25
(1.25)

Efficiency [%] 60.7 1.0 0.0 20.0 0.9

The probability (p-value) to observe 11 or 
more events with θ13=0 is 0.08% (3.2σ)

Nexp=3.22±0.43 for sin22θ13=0

Evidence of νe appearance
11

νe appearance results 
with Run 1 + 2 + 3:

✤ Non-zero θ13 at 3.2σ! 

νμ-disappearance with  Run 1 + 2:
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TABLE II. Systematic uncertainties on the predicted number

of SK selected events without oscillations and for oscillations

with sin
2
(2θ23) = 1.0 and |∆m2

32| = 2.4 × 10
−3

eV
2
.

Source δNexp
SK /Nexp

SK δNexp
SK /Nexp

SK

(%, no osc) (%, with osc)

SK CCQE efficiency ±3.4 ±3.4

SK CC non-QE efficiency ±3.3 ±6.5

SK NC efficiency ±2.0 ±7.2

ND280 efficiency +5.5 -5.3 +5.5 -5.3

ND280 event rate ±2.6 ±2.6

Flux normalization (SK/ND280) ±7.3 ±4.8

CCQE cross section ±4.1 ±2.5

CC1π/CCQE cross section +2.2 -1.9 +0.4 -0.5

Other CC/CCQE cross section +5.3 -4.7 +4.1 -3.6

NC/CCQE cross section ±0.8 ±0.9

Final-state interactions ±3.2 ±5.9

Total +13.3 -13.0 +15.0 -14.8

culation of Nexp
SK until

2

�

Er

�
Ndata

SK ln

�
Ndata

SK

Nexp
SK

�
+ (Nexp

SK −Ndata
SK )

�
(5)

is minimized. The sum in Eq. 5 is over 50 MeV bins of

reconstructed energy of selected events in the far detector

from 0-10 GeV.

Using the near-detector measurement and setting

Psurv = 1.0 in Eq. 4, we expect a total of 103.6
+13.8
−13.4

(syst) single µ-like ring events in the far detector with-

out disappearance, but we observe 31 events. If νµ → ντ
oscillations are assumed, the best-fit point determined

using Eq. 5 is sin
2
(2θ23) = 0.98 and |∆m2

32| = 2.65 ×
10

−3
eV

2
. We estimate the systematic uncertainty in

the best-fit value of sin
2
(2θ23) to be ±4.7% and that in

|∆m2
32| to be ±4.5%. The reconstructed energy spectrum

of the 31 data events is shown in Fig. 3 along with the

expected far-detector spectra without disappearance and

with best-fit oscillations.

We construct confidence regions
1
in the oscillation pa-

rameters using the method of Feldman and Cousins [28].

Statistical variations are taken into account by Poisson

fluctuations of toy MC datasets, and systematic uncer-

tainties are incorporated using the method of Cousins

and Highland [29, 30]. The 90% confidence region for

sin
2
(2θ23) and |∆m2

32| is shown in Fig. 4 for combined

statistical and systematic uncertainties.

1 In the T2K narrow-band beam, for a low-statistics data set,
there is a possible degeneracy between the first oscillation maxi-
mum and other oscillation maxima in L/E. Therefore we decided
in advance to report confidence regions both with and without
an explicit bound at |∆m2

32| < 5 × 10−3eV2. For this data set,
the bounded and unbounded confidence regions are identical.
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FIG. 3. Reconstructed energy spectrum of the 31 data events

compared with the expected spectra in the far detector with-

out disappearance and with best-fit νµ → ντ oscillations. A

variable binning scheme is used here for the purpose of il-

lustration only; the actual analysis used equal-sized 50 MeV

bins.
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2
(2θ23) and

|∆m2
32|; results from the two analyses reported here are com-

pared with those from MINOS [5] and Super-Kamiokande

[6, 31].

We also carried out an alternate analysis with a max-

imum likelihood method. The likelihood is defined as:

L = Lnorm(sin
2
(2θ23),∆m2

32, f)

L
shape

(sin
2
(2θ23),∆m2

32, f)Lsyst(f), (6)

where the first term is the Poisson probability for the ob-

served number of events, and the second term is the un-

binned likelihood for the reconstructed neutrino energy

spectrum. The vector f represents parameters related to

systematic uncertainties that have been allowed to vary

in the fit to maximize the likelihood, and the last term

in Eq. 6 is a multidimensional Gaussian probability for

the systematic error parameters. The result is consistent

with the analysis described earlier. The best-fit point for

this alternate analysis is sin
2
(2θ23) = 0.99 and |∆m2

32|
= 2.63 × 10

−3
eV

2
. The 90% confidence region for the

neutrino oscillation parameters is shown in Fig. 4.

In conclusion, we have reported the first observation
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reconstructed energy of selected events in the far detector

from 0-10 GeV.

Using the near-detector measurement and setting

Psurv = 1.0 in Eq. 4, we expect a total of 103.6
+13.8
−13.4

(syst) single µ-like ring events in the far detector with-

out disappearance, but we observe 31 events. If νµ → ντ
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32| to be ±4.5%. The reconstructed energy spectrum

of the 31 data events is shown in Fig. 3 along with the

expected far-detector spectra without disappearance and

with best-fit oscillations.

We construct confidence regions
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Statistical variations are taken into account by Poisson
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tainties are incorporated using the method of Cousins

and Highland [29, 30]. The 90% confidence region for
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32| is shown in Fig. 4 for combined
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1 In the T2K narrow-band beam, for a low-statistics data set,
there is a possible degeneracy between the first oscillation maxi-
mum and other oscillation maxima in L/E. Therefore we decided
in advance to report confidence regions both with and without
an explicit bound at |∆m2

32| < 5 × 10−3eV2. For this data set,
the bounded and unbounded confidence regions are identical.
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where the first term is the Poisson probability for the ob-

served number of events, and the second term is the un-

binned likelihood for the reconstructed neutrino energy

spectrum. The vector f represents parameters related to

systematic uncertainties that have been allowed to vary

in the fit to maximize the likelihood, and the last term

in Eq. 6 is a multidimensional Gaussian probability for

the systematic error parameters. The result is consistent

with the analysis described earlier. The best-fit point for

this alternate analysis is sin
2
(2θ23) = 0.99 and |∆m2

32|
= 2.63 × 10
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2
. The 90% confidence region for the

neutrino oscillation parameters is shown in Fig. 4.

In conclusion, we have reported the first observation
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ND280 νe selections
Measure beam νe contamination → νe appearance BG. 

22

P0D high energy νe:
‣ Run 1+2 water-in (8.6 × 1019 POT).
‣ Single P0D track in FV.
‣ Track width > 1mm (reject MIP-like).
‣ No additional low-pT (reject π0 γ’s).
‣ Reco Eν > 1.5 GeV (assume QE-kinematics).    

T2K-TN-053-v15
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Figure 40: Reconstructed neutrino energy distribution of events passing all cuts. All
MC scaling factors described in Section 4 are applied, along with the flux weights.
The last bin is an overflow.

58

129 selected 
CC νe:
ε = 12%
η = 65% 

61% of CC νe 
are QE

Tracker νe:
‣ Select tracks in FGD1 FV as in Tracker-νμ.
‣ TPC and ECal PID select electrons.
‣ Very challenging as ~1% νe comp to BG:
‣ Large amount of μ’s from νμ interactions.
‣ Large amount of e+/e- (γ-conversion in 
FGD). 

‣ Fit to extract Data/MC scale factor:
‣ f(νe) = 0.845 ± 0.15(stat) ± 0.11(syst)
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Figure 132: Momentum distribution for the selected events in the negative analysis after the fit for the
sample with the W shape reweight.
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Figure 133: Momentum distribution for the selected events in the positive analysis after the fit for the
sample with the W shape reweight.

Figure 134: Effect of the CC1π+ E(ν) reweighting on the νe sample selected in the negative analysis.

98

432 selected CC νe:
ε = 32%
η = 24% (42% if  > 300 MeV) 



Slide Jim Dobson  ⎯  NOW 2012  ⎯  15th September 2012

Tracker-based CC νμ cuts
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νμ-CC Binned in terms inferred pμ and cos

✤ Same binning as output of νμ-CC-Inclusive.   

✤ Additional cos(θ) bin when going from reconstructed to true.
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True muon momentum (MeV/c)
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Figure 3: True Muon momentum and angle distribtion by using the tuned flux 11b, applying magnetic

field corrections. The distribution is normalized to the data POT. The fraction of the signal due to a

wrong identification of the muon candidate is shown in orange, yellow, pink and blue.
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Figure 4: Left: Efficiency as a function of the true muon kinematics. Right: Purity as a function of the

reconstructed kinematics.
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Tracker-based CC νμ selected events

25

Selected μ purity from MC

Run I
Event type CC Inclusive CCQE enhanced CCnQE enhanced
CCQE 0.450± 0.014 0.716± 0.017 0.145± 0.015
RES 0.212± 0.012 0.141± 0.013 0.294± 0.019
DIS 0.191± 0.011 0.0418± 0.0077 0.361± 0.020
COH 0.0297± 0.0047 0.0175± 0.0051 0.0438± 0.0084
NC 0.0319± 0.0049 0.0131± 0.0044 0.0534± 0.0093
anti-numu 0.0110± 0.0029 0.0010± 0.0012 0.0225± 0.0061
out of FGD 0.0646± 0.0069 0.0606± 0.0092 0.069± 0.010
out FGD FV 0.0099± 0.0028 0.0091± 0.0037 0.0107± 0.0042

Run II
Event type CC Inclusive CCQE enhanced CCnQE enhanced
CCQE 0.4491± 0.0085 0.708± 0.011 0.1455± 0.0089
RES 0.2138± 0.0070 0.1458± 0.0082 0.293± 0.011
DIS 0.1927± 0.0067 0.0374± 0.0044 0.375± 0.012
COH 0.0282± 0.0028 0.0176± 0.0031 0.0406± 0.0050
NC 0.0323± 0.0030 0.0144± 0.0028 0.0534± 0.0057
anti-numu 0.0073± 0.0015 0.0027± 0.0012 0.0127± 0.0028
out of FGD 0.0668± 0.0043 0.0644± 0.0057 0.0696± 0.0064
out FGD FV 0.0098± 0.0017 0.0096± 0.0023 0.0099± 0.0025

Table 4: Composition of the selected events for Run II for the CC-inclusive, CCQE and CCnQE
enhanced samples.

Particle type Fraction
µ+ 0.44± 0.11%
µ− 88.91± 0.54%
e+ 0.281± 0.090%
e− 1.06± 0.17%
π+ 1.20± 0.19%
π− 6.7± 0.43%
proton 1.28± 0.19%

Table 5: True identification of the muon candidate as predicted by the Monte Carlo

CCQE-like sample
Cut Efficiency Purity
Good negative track in FV 49.72± 0.24% 26.36± 0.09%
TPC veto 48.62± 0.24% 33.52± 0.11%
PID cut 47.11± 0.24% 44.96± 0.14%
TPC-FGD multiplicity 40.29± 0.24% 66.87± 0.18%
Michel electron 39.99± 0.24% 71.57± 0.18%

Table 6: Purity of CCQE-like sample (fraction of real CCQE) and efficiency for selecting CCQE
events in the FGD1 fiducial volume in this sample.
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bin contains the total number of event from 900 MeV to 30 GeV.
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νμ CC differential cross section uncertainties
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Table 17: Summary of the systematic errors. The error on the number of target ( 0.67 %) have been

added in quadrature to the total systematic error. φ, det., FSI label the systematic uncertainty of the

beam flux, detector response and FSI changed systematically following the covariance matrix showed in

Fig. 9,11,10,12, x-s design the influence of the change of all the cross-section modeling parameter and

channel rate.

Pµ (GeV/c) cos θµ algo. (%) φ (%) x-s (%) det. (%) FSI (%) syst (%) stat (%) tot (%)

[0.0, 0.4] [−1, 0] 0.03 11.92 15.45 2.97 0.96 19.78 2.86 19.98

[0, 0.84] 0.10 12.82 5.44 3.70 1.23 14.49 5.03 15.34

[0.84, 0.9] 0.06 13.17 10.25 2.67 1.35 16.98 9.37 19.39

[0.9, 0.94] 0.06 13.95 10.02 4.73 3.32 18.14 11.82 21.65

[0.94, 1] 0.24 14.00 11.09 4.49 2.57 18.61 13.78 23.16

[0.4, 0.5] [−1, 0] 0.98 12.05 48.06 2.79 0.47 49.64 3.52 49.77

[0, 0.84] 0.13 11.39 5.68 1.31 0.34 12.83 4.27 13.52

[0.84, 0.9] 0.18 11.41 4.96 0.94 0.38 12.51 8.55 15.15

[0.9, 0.94] 0.90 11.71 4.90 1.19 0.44 12.82 9.97 16.24

[0.94, 1] 0.34 13.12 6.25 2.06 0.83 14.73 11.42 18.64

[0.5, 0.7] [−1, 0] 7.15 11.22 47.37 1.97 0.63 49.25 30.30 57.83

[0, 0.84] 0.10 11.12 3.76 1.10 0.37 11.83 3.86 12.44

[0.84, 0.9] 0.10 10.87 3.25 0.79 0.29 11.41 6.18 12.98

[0.9, 0.94] 0.55 11.06 5.62 0.76 0.32 12.48 7.18 14.39

[0.94, 1] 0.22 11.71 9.15 0.98 0.24 14.92 7.67 16.77

[0.7, 0.9] [−1, 0] 3.18 13.48 101.82 1.59 0.48 102.77 28.89 106.75

[0, 0.84] 0.19 11.35 2.93 1.14 0.41 11.81 5.23 12.92

[0.84, 0.9] 0.23 10.93 5.84 0.83 0.19 12.45 6.85 14.21

[0.9, 0.94] 0.04 10.75 10.59 0.95 0.40 15.15 7.57 16.94

[0.94, 1] 0.03 11.01 15.59 0.79 0.30 19.13 6.90 20.34

[0.9, 30.0] [−1, 0] - - - - - - - -

[0, 0.84] 0.20 11.83 4.97 1.46 0.69 12.97 5.88 14.24

[0.84, 0.9] 0.07 11.30 2.31 0.89 0.26 11.60 6.05 13.09

[0.9, 0.94] 0.05 11.09 2.08 0.72 0.36 11.34 5.33 12.53

[0.94, 1] 0.09 10.90 2.25 0.75 0.26 11.19 2.97 11.58

subtraction. On the contrary the uncertainty on the CCQE channel, comes mainly from the propagation1

through the unfolding matrix.2

We see, that the spectral function implementation does not really influence the background but the migration3

of events from one bin to another bin.4

For a better understanding, we also split the detector response systematic following the different sources5

listed in Table 12. Table 26 shows only the main contribution of the detector sub-systematics as the rest6

of the systematics have a contribution below < 0.02 %. The main contribution comes from the outside of7

fiducial volume background uncertainty, specially at low momentum.8

10.5 CC inclusive cross-section results9

In this section, we discuss the final cross-section result with the statistical and systematic errors. In Tables 1810

and 20, we show the number of reconstructed events in each bin as well as the number of neutrino interactions11

simulated in the NEUT and GENIE MC.12

Furthermore the background as well as the inferred number of event obtained unfolding the data with NEUT13

MC is also shown. We see good agreement between data and MC.14
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Elemental breakdown of FGD1 module
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✤ Approximately: 86% C, ~4% O, 7% H, O(1%) Ti, Si, N.

✤ Detailed calculation of FGD module masses and comparison to 
measured values → mass uncertainty = 0.67%.

✤ As CC-Inclusive do not distinguish between protons and 
neutrons → calculate total number of nucleons.

Stacked scintillator XY modules for FGD1  
30 alternating X Y layers: 
192 bars/layer



Slide Jim Dobson  ⎯  NOW 2012  ⎯  15th September 2012

Cross check of model independence
✤ As pμ and θμ parameterise efficiency to reconstruct CC-Inclusive event → 

expect model independent, i.e. do not depend on which MC is used to 
unfold - see good agreement:
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Figure 27: Differential cross-section results with systematic and statistical error bars together for the

NEUT MC. The error bars for the data unfolded with GENIE only represents the statistical error.
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Figure 28: Differential cross-section for the backward-going muon extrapolation with systematic and

statistical error bars together. The differential cross-section is given in cm
2
/nuclons/MeV. Left: The

NEUT MC is used to unfold the data and is compared to the truth of GENIE and MC. Right: The data

is unfolded with NEUT and GENIE. The errors bar for GENIE only includes statistical errors while the

systematic errors are included in the result when unfolding with NEUT.

has been made computing the result. However, it does not shelter us from any mistake. As the T2K result1

is a flux averaged cross section, it has been decided to put the point separately from the other points, since2

it is not trivial to calculate the horizontal energy uncertainty of a non-gaussian flux. The T2K flux is shown3
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