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T2K実験

• 大強度ニュートリノビームを用いた長基線ニュートリノ振動実験

- 電子ニュートリノ出現モード探索によるθ13測定

- ミューオンニュートリノ消失モードによるΔm2
23、θ23の精密測定
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T2K Beam-lineChapter 3. Experimental Components
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Figure 3.3: Overview of the T2K neutrino beamline.

monitor locations are shown in Fig. 3.5. The most downstream ESM and SSEM are installed in
the “monitor stack” located in the 70 cm thick wall at the end of the primary beamline. Because
of the high radiation level, the monitor stack is equipped with a remote-handling system for the
monitors.

Beam intensity monitor (CT)

The CT is a toroidal coil: 50 coils of a copper wire around a ferromagnetic core. To realize wide
dynamic range of the response linearity for the short pulsed bunches, the CT uses FINEMET R©

(nanocrystalline Fe-based soft magnetic material) core, which has high saturation flux density,
high relative permeability and low core loss over wide frequency range. The core’s inner diameter
is 260 mm and it weights 7 kg. It is impregnated with epoxy resin. Between the core and the
copper wire, radiation tolerant insulators are used: polyimide and alumina fibar tapes. Each
CT is covered by an iron shield against electromagnetic noise.

The CT signal is read by a 160 MHz FADC. The CT is calibrated by using another coil
around the core, to which a beam-like pulse current from a pulse generator is applied. The
precision of the calibration is 2% in the absolute scale. The shot-by-shot fluctuation of the
intensity measurement is 0.5%. The CT also measures the beam timing. The shot-by-shot
fluctuation of the timing measurement is 5 nsec in RMS.

Beam position monitor (ESM)

The ESM has four rectangular electrodes surrounding the proton beam orbit (80-degree coverage
per electrode). By measuring top-bottom and left-right asymmetry of the beam-induced current
on the electrodes, it monitors the proton beam center position nondestructively (without direct
interaction with the beam). The longitudinal length of the ESM is 125 mm for the 15 ESMs
in the preparation and final focusing sections, 210 mm for the five ESMs in the arc section and
160 mm for the ESM in the monitor stack.

The ESM signal is read by a 160 MHz FADC. The systematic error of the beam center
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図 2.1: J-PARCの構図。線形加速器、RCS、MRの 3つの加速器から構成されている。

58ns581ns

3.52s (̃Jun. 2010)

3.2s (Nov. 2010̃)

図 2.2: 速い取り出しで取り出されるバンチ構造。スピル周期は 3.2 s(2010年 6月までは 3.52 s)であり、1ス
ピル当たりのバンチ数は 8バンチ (2010年 6月までは 6バンチ)である。また、バンチ間隔は 581 nsで、バ
ンチ幅は 58 nsとなっている。
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Muon monitor を用いた
ビーム測定

4



T2K Run Time

Run 1
2010/1 - 2010/6

Run 2
2010/11 - 2011/3

Run 3Run 3
Total Run 1

2010/1 - 2010/6
Run 2

2010/11 - 2011/3 2012/3 2012/4-2012/6
Total 

Horn 
operation

250 kA 250 kA 205 kA 250 kA -

POT (*) 0.32x1020 1.11x1020 0.21x1020 1.37x1020 3.01x1020Data 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 

5
(*) Proton on Target 5



• 地震後、Run 3のデータ取得前に、Commissioning Runを実施

- 電磁ホーンは電源故障のため稼動せず

- 地震前の再現性の確認
• Target / Baffle (コリメータ)の地震後の状況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 

5

T2K Beam Commissioning
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Muon Monitor

• Beam dump (ハドロン吸収体)の下流に位置

- 5 GeV/c以上の運動量を持ったµを検出

• 2種類の独立な検出器によって構成

- Si PIN Photodiode 

- Ionization Chamber (Ar + N2)

- 共に7 x 7 = 49 ch分のセンサ−を使用
• 有効領域：150 cm x 150 cm

• πの2体崩壊の際に、νµと共に生じる µ のビー
ムプロファイルを二次元的に再構成する

- µビームプロファイル中心 (µビーム方向)

- µビームプロファイル幅

• 全chで収集した電荷から、µビームの強度を
測定

Si PIN 
Photodiode Ionization 

Chamber

µ

これらの情報から、Target / Baffleのalignment情報を引き出せないか？ 7



Target/Baffle Alignment Check

• Proton beam のTarget/Baffleにおける位
置をScanしていく

- 各位置におけるµビームをMuon 

Monitorで測定

- µビームのプロファイル情報を解析
し、Target/BaffleのAlignmentを
チェック

BaffleMuon 
Monitor Target

Proton 
Monitor

P
Φ=30 mm

Φ=26 mm

1.7 m0.6 m118 m

0.9 m

2 mm gap

Target

Baffle

陽子ビームをスキャン 8



Baffle Alignment -Result-
• Baffle（Φ=30 mm）とTarget（Φ=26 mm）には2 mmの隙
間がある

- この隙間を陽子ビームが突き抜けると、２次粒子があ
まり生成されず、µビームのプロファイル幅が小さくな
る、と考えられる

- 極小値をFit（2次関数）によって求め、隙間の位置を
算出

• Baffle-Target間のAlignmentが正しいかを確認できる

Target

9

X方向でBaffle alignmentのずれている可能性がある事が分かった
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Target Alignment -Result-
• Muon monitorで測定したµビーム
強度を陽子数で規格化し、この値
と各陽子ビームのTargetの位置と
の関係を調べた

• X方向に関して、X=0に対して分布
が非対称

• ビーム軸に対して、Targetの位置が
X方向で1mm程ずれている可能性
がある事が分かった
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地震前の状況との比較
• 地震前のデータはそもそも限りがあ
る。陽子ビームをY方向にScanした
データのみで比較。

• Target Alignment

- µ収量の陽子ビーム位置依存性に大
きな違いは見られない。

• Baffle Alignment

- 地震前と後で、µビームプロファイ
ル幅の陽子ビーム位置依存性に違
いが見られる。

• ＋Y方向で、Baffle-Target間の隙
間に違いが見られる。

- -Y方向で、地震前のデータ点がも
う少し欲しいところ。

- いずれにせよ、Baffle alignmentが
ずれてきている可能性は大きい。
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Summary so far

• T2K Commissioning runにおけるMuon monitorを用いた測定。

- 地震前の再現性の確認。

- X方向でBaffle及びTargetのAlignmentがずれている可能性があ
る事が分かった。

• 地震によるものなのかは不明。

- 物理ランにおいては、陽子ビームはTarget中心に合わせてい
る。従って、現状ではデータ取得において問題は無い。

- しかしながら、ビームを用いたAlignmentの定期的なチェック
は重要である。
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振動解析への応用
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ND280 νµ 
measurement

(Pµ-cosθµ 
distribution)

co
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det. uncertainties

振動解析の戦略 -全体の流れ-
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振動解析の戦略 -ν Flux-
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ν Flux Prediction
P π,K

π,K
P

Target

P

Horn
B

π,K
B

1 2

3

1.  実験で求めた陽子ビームのParameter

（中心値、幅、角度等）を用い、
SimulationによってTargetへ入射。

ハドロン生成モデルを用い、Primary 

(Secondary) Interactionによって生じた
π、K等のMultiplicityを計算。さらに外
部データの結果を用い、調整も行う。

2.  

3.  2.で生じた粒子を電磁ホーンまで外挿し、磁場中の振る
舞いをよって再現。この際に電磁ホーンで衝突して生じ
たπ、K等のMultiplicityについても、外部データの結果
を用いて調整している。その後、ニュートリノを生む反
応を計算し、各検出器でのFluxをSimulateしている。
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Flux Uncertainty
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陽子ビームモニター
による測定

電磁ホーン電流•磁場

ビーム方向
ハドロン生成

Super-K

p
π

µ
ν

Target/電磁ホーン
設置精度

• ハドロン生成の不定性

- 外部データの測定誤差等
• 陽子ビームモニターの測定誤差

- 陽子ビーム幅、角度、中心位
置

• Target/電磁ホーン設置精度
• 電磁ホーン電流

- ホーン電流モニターの長時間
安定性、絶対精度等

• 電磁ホーン磁場

- 磁場の非軸対称性
• νビーム方向 (Off-axis角)

- INGRID の測定精度

νµ Uncertainty at Super-K

INGRID
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振動解析の戦略 -Fit for ND280 data-
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L1 = Poisson(Ndata;Nexp(f))× exp(−1
2
fT V −1f)
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Fit for ND280 Data 
ND280で測定された、荷電カレント
反応で生じるµの運動量 (Pµ)と放出角
(θµ)の分布をFit

Fit に用いるLikelihood
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LND280 =
�

i

Poisson(Ndata
i (pµ, cos θµ);Npred

i (pµ, cos θµ))

× syst. error terms (Flux, X-sec, & Detector)
co
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Data MC
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Flux syst. error =
1

(2π)k/2 Vb
exp(−1

2
�δφ V −1

b ( �δφ)T ) δφ =
∆φ

φ : Fractional error of  Φ

φ : ν Flux,

δΦをnuisanceなパラメータとして扱い、
ND280データにFit →Fitで得られたδΦを新
たなエラーとして用い、Vbを再計算する

ND280データにFitするため
にはVbが必要となる

Vb : Covariance Matrix



Covariance Matrix, Vb の計算
• Covariance Matrix, Vbはエネルギー、ν flavor、Detector 

(ND280, SK)間の相関を考慮して計算される。各エラー
ソースに起因するCovariance Matrixを計算し、最終的に
足し上げる。

• Vbの各成分(i,j)：Fluxの不定性の原因となる各エラー
ソースのパラメータが、

- 1変数のみ (ホーン電流、Off-axis角など)

• パラメータを±1σだけ動かしたときのFluxを見積
もる( Φ+ = Φ(p+δp), Φ- = Φ(p-δp) )

- 多変数（陽子ビームのパラメータなど）
• 変数間の相関を考慮し、各エラーパラメータを

p→p+N(0, δp)に従い変化させ(N ：正規分布)、

その時のFlux (Φk )からVijの成分を計算

V total
b =

Ns�

s

V s
b

Ns: # of  error 
source
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Figure 48: Left: Error on the SK νµ flux from the primary components of the Run 1 and Run
2 proton beam flux covariance as evaluated by the eigendecomposition method. Right: Error
on the SK νµ flux evaluated for shifts of the proton beam position and angle at the target.

Figure 49: Left: Fractional covariance of the flux due to proton beam uncertainties for runs 1
and 2 combined using the method described here. Right: Fractional covariance of the flux for
Run 2 only.
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Figure 48: Left: Error on the SK νµ flux from the primary components of the Run 1 and Run
2 proton beam flux covariance as evaluated by the eigendecomposition method. Right: Error
on the SK νµ flux evaluated for shifts of the proton beam position and angle at the target.

Figure 49: Left: Fractional covariance of the flux due to proton beam uncertainties for runs 1
and 2 combined using the method described here. Right: Fractional covariance of the flux for
Run 2 only.
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Figure 48: Left: Error on the SK νµ flux from the primary components of the Run 1 and Run
2 proton beam flux covariance as evaluated by the eigendecomposition method. Right: Error
on the SK νµ flux evaluated for shifts of the proton beam position and angle at the target.

Figure 49: Left: Fractional covariance of the flux due to proton beam uncertainties for runs 1
and 2 combined using the method described here. Right: Fractional covariance of the flux for
Run 2 only.
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Fit for ND280 data 
→ 振動解析へのInput

• (Pµ, cosθµ)分布に対し、構築したVbを用い
て Fitを行う

• Fit結果により、新しいflux systematic 

parameterを会得、そしてVbを再計算

• これらを使って、振動解析へのInput 

(Likelihoodのparameter)に用いる（昨日の
中平さんのTalkより）
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The predicted number of events 
and systematic uncertainties

Event category sin2 2θ13 = 0.0 sin2 2θ13 = 0.1
Total 3.22±0.43 10.71±1.10
νe signal 0.18 7.79
νe background 1.67 1.56
νµ background 1.21 1.21
νµ + νe background 0.16 0.16
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(mainly NCπ0)

Expected number of signal+background events
0 5 10 15 20

ar
bi

tra
ry

 u
ni

t

0

500

1000

1500

2000  = 0.113!22sin

 = 1.023!22sin
2 eV-310" = 2.432

2m#
(Normal hierarchy)

 = 0CP$

 p.o.t.20 10"3.010 

w/o ND280 fit
w/   ND280 fit

Expected number of signal+background events
0 5 10 15 20

ar
bi

tra
ry

 u
ni

t

0

1000

2000

3000

4000

 = 013!22sin

 = 1.023!22sin
2 eV-310" = 2.432

2m#
(Normal hierarchy)

 = 0CP$

 p.o.t.20 10"3.010 

w/o ND280 fit
w/   ND280 fit

Figure 9: The predicted number of events distribution for the Run1+2+3b+3c POT until

June 9 (= 3.010× 1020) with sin
2
2θ13 = 0.1 (left) and sin

2
2θ13 = 0 (right).

3.3 Effect of systematic uncertainties441

How much the systematic uncertainty affect the prediction is checked by throwing442

the systematic parameters. Specifically, a total of 20000 sets of the systematic443

parameters following the multivariate normal distribution and covariance matrix444

are generated, and then the reconstructed neutrino energy distribution and total445

number of events are calculated for each set by using Equations (6) and (7). The446

central values of systematic parameters in the multivariate normal distribution are447

set at the “Post ND280 fit” values. As for the error size and correlation among448

parameters, the covariance matrices both before and after the ND280 fit are tested449

for checking the improvement by the ND280 fit.450

Figure 9 shows the predicted number of events distributions over the 20000451

throws of systematic parameters for the Run1+2+3b+3c POT until June 9 (=452

3.010× 1020). The distribution made with error values before the ND280 fit (blue453

hatched) and the distribution after the ND280 fit (red solid) are shown together454

for both sin2 2θ13 = 0.1 and = 0 cases. As seen in the figure, the uncertainty on455

the predicted number of events is largely reduced after the ND280 fit. The size of456

error reduction by the ND280 data is larger in sin2 2θ13 = 0.1 case than that in457

sin2 2θ13 = 0 case. The main reason is that the νe signal sample is mostly composed458

of CCQE events, whose uncertainty is well constrained by the ND280 data, while459

the uncertainty of NC1π0 events, one of the major backgrounds, can be constrained460

only slightly by the ND280 data.461

The systematic uncertainty on the predicted number of events due to each indi-462

vidual error source is also estimated by throwing only relevant systematic parame-463

ters and fixing the other parameters at their prior values. The result is summarized464

in Table 10, together with sizes of the total systematic errors. The dominant error465

sources in sin2 2θ13 = 0.1 case after the ND280 data fit are the uncertainties on466

the beam flux prediction, MQE
A , CCQE normalization and Spectral function. You467

may notice that the total error size is not equal to the quadratic sum of individual468

errors. This is because some of the systematic parameters can vary in a correlated469

way.470

The systematic uncertainty on the predicted number of events due to each group471

of error sources is summarized in Table 11. The table also includes the size of to-472

tal errors in this analysis and in the 2010a analysis. In addition to constraints on473
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Uncertainties are reduced 
after the flux & ν int. xsec fit 

Error source sin2 2θ13 = 0 sin2 2θ13 = 0.1
Beam flux+ν int. 8.7 % 5.7 %in T2K fit
ν int. (from other exp.) 5.9 % 7.5 %
Final state interaction 3.1 % 2.4 %
Far detector 7.1 % 3.1 %
Total 13.4 % 10.3 %
(T2K 2011 results:                   ~23%                 ~18%)

big improvement from 2011 results

Systematic uncertainties

the predicted # of event
distribution 

10

Predicted # of νe (signal +bkg) events at SK
Fit前/後のsyst. parameter
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Summary

• ν flux prediction:

- T2Kでは外部データも用いて、より精密な予測を行っている。

- 考えられる全ての不定性の原因を考察し、最終的にCovariance 

Matrix (Vb)を構築し、ND280データのFitに用いる。

• 振動解析へのInput：

- ND280のデータを用いてFitを行い、ν flux, ν cross sectionの不
定性に対してあらかじめ抑制をかけている。

- 新しく求めた各Parameterを用い、Likelihoodに導入して振動
解析を行っている。
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Backup
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µ Profile Center
Measured by Muon Monitor
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µ Yields 
Measured by Muon Monitor
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Baffle Alignment Check 
by the other monitor

26

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! Elder Pinzón  |  February 21, 2012                                                6!!

Analysis 
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(a) The OTR components near the beam. (b) A view of the OTR system from the rear, showing components

mounted on the front plate of the horn support module.

Figure 5: The OTR system components

Table 1: Foils used in the OTR system

Material (number of foils) Thickness (µm) Operation

AF995R (1) 100 < 1 kW beam power

Al 1100 (1) 1 − 40 kW beam power

Ti 15-3-3-3 (4) 50 > 8 kW beam power

Ti 15-3-3-3 (1) calibration with no beam

images of the calibration foil, taken periodically with351

back-lighting, provide the position of the nominal beam352

line on the camera pixel matrix. After final installation353

and alignment of the arm and disk, the calibration foil354

was rotated into the beam position and surveyed with a355

theodolite. The central calibration hole position with re-356

spect to the nominal beam line along the horn axis was357

measured with 0.3 mm precision.358

The disk-rotation motor system is positioned 1.5 m359

underneath the helium vessel lid, above the iron and360

concrete shielding shown in Fig. 3. A long rigid steel361

shaft couples to a flexible steel shaft that follows a 90362

degree bend to the arm supporting the foil disk. A spline363

coupling is made at the end of the arm to another flexi-364

ble shaft which runs along the arm and connects to the365

disk. The motor is connected to the shaft through a366

100:1 gearbox, so that the disk rotates slowly. Access367

for maintenance or replacement of the motor system is368

possible through the window in the lid.369

The foil position can be determined in principle by370

Ceramic wafer

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

Aluminum foil

Calibration foil

Helium 
nozzle

Figure 6: The foil disk (upstream side).
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Optical Transition Radiation Monitor (OTR)

Figure 2: This figures illustrates the direction of the forward and back-
ward OTR light from a foil oriented at 45 degrees with respect to the
beam.

case, �1 = 1 and �2 = �. Equation 3, with β ∼ 1, now119

reduces to120

d
2
N

dωdΩ
=

2e
2

πhcω
×
������

√
� − 1√
� + 1

������

2

× θ2

(θ2 + γ−2)2 . (5)121

The geometry changes slightly for the case where the122

particle is not at normal incidence to the surface. The123

forward lobe, produced by the charged particle exiting124

the foil, is still oriented around the line of motion of the125

charged particle. However, the backward, or reflected126

lobe, now surrounds the axis of reflection from the foil127

surface. For a thin foil oriented at 45 degrees with re-128

spect to a beam of charged particles, the backward lobe129

will be reflected at 90 degrees from the original beam130

direction, as shown in Fig. 2. It is this backward lobe131

that we transport and detect in the T2K OTR monitor.132

3. Optical System133

3.1. Overview134

Fig. 3 shows the optical layout of the OTR system.135

The beam strikes a foil oriented at 45 degrees with re-136

spect to the beam line. As described in the previous137

section, the backward lobe of the OTR is emitted around138

the reflection axis, in this case 90 degrees relative to the139

incident proton beam direction. The foil sits immedi-140

ately upstream of the target, and is downstream of the141

beam collimator.142

The OTR light must travel through several bends in143

the shielding to avoid a direct path for the radiation from144

the target region. A series of 4 parabolic mirrors trans-145

port the light through this path. These parabolic mirrors146

are 90 degrees off-axis, giving an effective focal length147

(the distance from the centre of the mirror to the focal148

point) twice the focal distance of the parent parabolic149

surface. The light diverges from the foil to mirror 1,150

travels as a parallel beam to mirror 2 and comes to an in-151

termediate focus halfway between mirrors 2 and 3 (see152

Fig. 3). This pattern repeats using mirrors 3 and 4 before153

the final focus at the camera position. A 25 cm diameter,154

fused silica window in the aluminum lid of the helium155

vessel allows the OTR light to emerge for capture at the156

camera situated on top of the lid.157

It is desirable to have the first mirror as far away as158

possible from the foil to reduce radiation exposure, and159

also the aperture size must be large enough to collect a160

large fraction of the light. The mirror diameter is lim-161

ited by the maximum allowable size for the channels in162

the shielding. Given these considerations, mirror 1 is163

placed 110 cm from the foil (requiring an effective fo-164

cal length of 110 cm) and has a diameter of 12 cm.165

Mirrors 2 and 3 have the same focal length and size as166

mirror 1. However mirror 4 has a shorter focal length167

of 30 cm (effective focal length of 60 cm). This reduces168

the size of the foil image at the camera by 45% to allow169

the image of the 5 cm diameter foil to fit within a 4 cm170

diameter fiber taper connected to the face of the camera.171

The fiber taper reduces the image diameter from 4 cm to172

1.1 cm to fit onto the size of the camera sensor.173

Figure 3: This figure shows a slice through the optical path of the OTR
system where the proton beam is going into the page and striking the
foil. Three light rays illustrate the focussing properties of the optics.
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Baffle Alignment check

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! Elder Pinzón  |  February 21, 2012                                                7!!

Comparison with NUMON 
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Hadron Production Tuning

• What are we tuning ?

- Production x-sec (Al) : σprod = σinel. - σqe 
• σinel : inelastic interaction x-sec
• σqe : quasi-elastic interaction x-sec

- Multiplicity : d2n/dpdθ = 1/σprod・d2σ/dpdθ 

• Pion production
• Kaon production

• These multiplicities are tuned by using experimental 
data
✓ NA61, etc..

27



CERN NA61

28

2

Figure 2: (Color online) The layout of the NA61/SHINE experiment at the CERN SPS (top view, not to scale). The chosen

right-handed coordinate system is shown on the plot. The incoming beam direction is along the z axis. The magnetic field

bends charged particle trajectories in the x − z (horizontal) plane. The drift direction in the TPCs is along the y (vertical)

axis.

NA61/SHINE experimental set-up is described. Details
on the beam, trigger and event selection are given in
Sec. III. Data reconstruction, simulation and detector
performance are described in Sec. IV. Analysis techniques
and final results are presented in Secs. V and VI, respec-
tively. These results are compared with hadron produc-
tion models in Sec. VII. A summary in Sec. VIII closes
the paper.

II. THE NA61/SHINE SET-UP

The NA61/SHINE experiment is a large acceptance
hadron spectrometer in the North Area H2 beam-line of
the CERN SPS. The schematic layout is shown in Fig. 2
together with the overall dimensions.

The main components of the current detector were con-
structed and used by the NA49 collaboration [17]. A set
of scintillation and Cherenkov counters as well as beam
position detectors (BPDs) upstream of the spectrometer
provide timing reference, identification and position mea-
surements of the incoming beam particles. Details on this
system are presented in Sec. III. The main tracking de-
vices of the spectrometer are large volume Time Projec-
tion Chambers (TPCs). Two of them, the vertex TPCs
(VTPC-1 and VTPC-2 in Fig. 2), are located in a free
gap of 100 cm between the upper and lower coils of the
two superconducting dipole magnets. Their maximum

combined bending power is 9 Tm. In order to optimize
the acceptance of the detector at 31 GeV/c beam mo-
mentum, the magnetic field used during the 2007 data
taking period was set to a bending power of 1.14 Tm.
Two large TPCs (MTPC-L and MTPC-R) are positioned
downstream of the magnets symmetrically to the beam
line. The TPCs are filled with Ar:CO2 gas mixtures
in proportions 90:10 for VTPCs and 95:5 for MTPCs.
The particle identification capability of the TPCs based
on measurements of the specific energy loss, dE/dx, is
augmented by time-of-flight measurements using Time-
of-Flight (ToF) detectors. The ToF-L and ToF-R ar-
rays of scintillator pixels have a time resolution of better
than 90 ps [17]. Before the 2007 run the experiment
was upgraded with a new forward time-of-flight detec-
tor (ToF-F) in order to extend the acceptance. The
ToF-F consists of 64 scintillator bars with photomulti-
plier (PMT) readout at both ends resulting in a time
resolution of about 115 ps. The target under study is
installed 80 cm in front of the VTPC-1. The results pre-
sented here were obtained with an isotropic graphite tar-
get of dimensions 2.5(W)×2.5(H)×2(L) cm and with a
density of ρ = 1.84 g/cm3. The target thickness along
the beam is equivalent to about 4% of a nuclear interac-
tion length (λI).
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Figure 22: (Color online) Differential cross sections for π+ meson production in p+C interactions at 31 GeV/c. The spectra
are presented as a function of laboratory momentum (p) in different intervals of polar angle (θ). Results obtained using three
analysis methods are presented by different symbols: red open squares - dE/dx analysis and black full triangles - tof − dE/dx
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p-θ distribution of  parent particles
whose daughters go to Super-K

29

Table 2: Proportion of parent particles of neutrinos (Eν < 10 GeV) at SK in the 10d fluxes.

Parent particle νµ ν̄µ νe ν̄e

π+ 94.91% - 0.97% -
π− - 83.22% - 0.36%
K+(2-body) 4.73% - - -
K+(3-body) 0.25% - 31.71% -
K−(2-body) - 6.09% - -
K−(3-body) - 0.33% - 17.31%
K0

L 0.10% 1.49% 12.73% 76.32%
µ+ - 8.87% 54.59% -
µ− 0.01% - - 6.01%
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Figure 3: p-θ distribution of secondary π+ (upper left), π− (upper right), K+ (lower left) and
K− (lower right) whose descendant neutrinos go to SK estimated with the JNUBEAM version
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Figure 4: Secondary kaon production p − θ phase-space contributing to neutrinos at SK. The
approximate coverage of the different data sets is shown.

(a) Bi-cubic spline interpolation on a grid of data
points

(b) An example of a cubic spline interpolation for a
given angular bin

Figure 5: Illustration of the bi-cubic spline interpolation for a grid of data points.

The ratios of the measured to predicted double differential multiplicities:

w(p, θ) =
dnEichten,Allaby

dpdΩ
/
dnFLUKA

dpdΩ
(3)

are used to tune the K+ production outside of the NA61 phase-space with data sets of
Eichten et al. and Allaby et al.. The Eichten data are the multiplicity defined as:

ω(p, θ) =
1
σa

2E

p2

d2σ

dpdΩ
, (4)

where the normalization in the multiplicity is from the absorption (inelastic) cross section,
σa = 227 mb, measured for 19.3 GeV/c protons on Be [10]. To obtain the multiplicity used
in the tuning ratio, we divide out the factor of 2E/p2 and renormalize to the production
cross section for protons on Be. The production cross section is derived by subtracting the
quasi-elastic prediction from the measured inelastic cross section:

σprod = σinel − σqel = 227− 32 = 195 mb (5)

The quasi-elastic cross section is derived using the method discussed by Bellettini [10] and152

described in TN-38 [1]. The Allaby data is normalized by the same σprod. The production153

cross section evaluated for FLUKA is 195.6 mb. We check for a quasi-elastic component in154

the events FLUKA labels as inelastic by looking at the momentum transfered squared, |t|,155

distribution and find no such component. Since the production cross sections in FLUKA156

6
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Figure 4: Secondary kaon production p − θ phase-space contributing to neutrinos at SK. The
approximate coverage of the different data sets is shown.

(a) Bi-cubic spline interpolation on a grid of data
points

(b) An example of a cubic spline interpolation for a
given angular bin

Figure 5: Illustration of the bi-cubic spline interpolation for a grid of data points.

The ratios of the measured to predicted double differential multiplicities:

w(p, θ) =
dnEichten,Allaby

dpdΩ
/
dnFLUKA

dpdΩ
(3)

are used to tune the K+ production outside of the NA61 phase-space with data sets of
Eichten et al. and Allaby et al.. The Eichten data are the multiplicity defined as:

ω(p, θ) =
1
σa

2E

p2

d2σ

dpdΩ
, (4)

where the normalization in the multiplicity is from the absorption (inelastic) cross section,
σa = 227 mb, measured for 19.3 GeV/c protons on Be [10]. To obtain the multiplicity used
in the tuning ratio, we divide out the factor of 2E/p2 and renormalize to the production
cross section for protons on Be. The production cross section is derived by subtracting the
quasi-elastic prediction from the measured inelastic cross section:

σprod = σinel − σqel = 227− 32 = 195 mb (5)

The quasi-elastic cross section is derived using the method discussed by Bellettini [10] and152

described in TN-38 [1]. The Allaby data is normalized by the same σprod. The production153

cross section evaluated for FLUKA is 195.6 mb. We check for a quasi-elastic component in154

the events FLUKA labels as inelastic by looking at the momentum transfered squared, |t|,155

distribution and find no such component. Since the production cross sections in FLUKA156
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production data. However, the angular coverage of the Eichten data is not large enough132

to completely cover 20-140 mrad (angular bin width of the NA61 data). The direct compar-133

ison of the two data sets is, therefore, not possible. There is a significant overlap between134

the high energy kaon production measurements of Eichten et al. and Allaby et al. allowing135

to compare these data to each other(see Fig. 19 in Section 3.3).136

Table 1: Data used in tuning kaon production. The exact target lengths are not specified

in the Eichten paper. The Allaby paper describes the targets as having a surface density of

approximately 1 g/cm
2.

Experiment Beam (GeV/c) Target Target Length (cm) Particles

Allaby et al. [6] 19.2 Be ∼ 0.5 K±

Eichten et al. [7] 24 Be ? K±

NA61 [8] 31 C 2.0 K+

Following the approach of [9], the charged kaon data is also used to estimate the neutral

kaon production using a combination of K+
and K−

data sets:

K0
L =

1

4
(K+

+ 3K−
) (1)

The coverage of each data set of the kaon production relevant for the T2K neutrino137

flux predictions is summarized in Table 2. Figs. 1 through 3 show the momentum and138

the production angle, which is calculated relative to the direction of the interacting beam139

proton, of the secondary kaons contributing to the neutrino flux at SK. The parts of the140

phase-space covered by the data sets listed in Table 1 are shown as well in these figures.141

The two dimensional p− θ distributions are shown in Fig. 4.

Table 2: Data coverage of the kaons contributing to the neutrino flux at SK

NA61 Eichten Allaby Total

Secondary K+
60.0% 30.5% 0.9% 91.4%

Secondary K−
0.0% 40.5% 1.3% 41.8%

Secondary K0
L 0.0% 35.3% 0.7% 36.0%

All K+
59.0% 30.8% 1.0% 90.8%

All K−
0.0% 39.9% 1.2% 41.1%

All K0
L 0.0% 35.5% 0.7% 36.2%

142

Before comparing the Eichten and Allaby measurements to the model prediction, a bi-143

cubic spline interpolation is performed on these data. Fig. 5 illustrates the procedure on the144

case of the Eichten K+
data. At first, a set cubic splines is constructed for each angular bin145

Sθi(p); one of such splines is shown along with the data points in Fig. 5(b). An interpolated146

value of the cross-section at any given p, θ is obtained by constructing a cubic spline Sp(θ)147

from the values of Sθi(p) and evaluating it at the appropriate θ.148

2.1 Tuning procedure149

The ratio of the measured to predicted of multiplicities (Eq. 2)

w(p, θ) =
dnθ

NA61

dp
/
dnθ

FLUKA

dp
(2)

are used to tune K+
production in the phase-space covered by the NA61 data. Fig. 6 shows150

this ratio for the two angular bins.151
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case of the Eichten K+
data. At first, a set cubic splines is constructed for each angular bin145

Sθi(p); one of such splines is shown along with the data points in Fig. 5(b). An interpolated146

value of the cross-section at any given p, θ is obtained by constructing a cubic spline Sp(θ)147

from the values of Sθi(p) and evaluating it at the appropriate θ.148

2.1 Tuning procedure149

The ratio of the measured to predicted of multiplicities (Eq. 2)
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(a) Tuning weights for νµ
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(b) Tuning weights for ν̄µ
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(c) Tuning weights for νe
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(d) Tuning weights for ν̄e

Figure 10: Kaon tuning weights for the SK neutrino fluxes.
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Kaon tuning uncertainty
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(a) Uncertainty on νµ
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(b) Uncertainty on ν̄µ
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(c) Uncertainty on νe
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(d) Uncertainty on ν̄e

Figure 23: The uncertainties on the SK neutrino flux due from the kaon production.

Figure 24: The error matrix for the flux from kaon production errors. The binning is the
standard flux binning from 0-10 GeV for each neutrino flavor and detector combination. The
error matrix is defined as Ei,j = sign(Vi,j)

�
|Vi,j | where Vi,j is the covariance.
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Total tuning result
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(a) νµ flux
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(b) ν̄µ flux
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(c) νe flux
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(d) ν̄e flux

Figure 66: Tuning result of 11b tuning version 3.1 for each neutrino flux at SK
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Tuned ν Flux at Super-K
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(a) νµ flux
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(b) ν̄µ flux
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(c) νe flux
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(d) ν̄e flux

Figure 68: Neutrino flux broken down by its parents for each neutrino typs for SK.
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ν Flux uncertainties

35

Figure 72: Flux uncertainty in ND5 energy bins for νµ (upper left), ν̄µ (upper right), νe (lower
left), ν̄e (lower right) fluxes.

Figure 73: Flux uncertainty in SK energy bins for νµ (upper left), ν̄µ (upper right), νe (lower
left), ν̄e (lower right) fluxes.
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Correlation matrix after ND280 
fitting
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Figure 24: Fitted SK Run 1+2 flux parameters and the collapsed SK Run 1+2+3b+3c

flux parameters.
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Figure 25: The correlations between flux and cross section parameters after the fit to

the tracker νµ data. The parameter numbers are: 0-21=SK flux parameters, 22=MQE
A ,

23=MRES
A , 24=CCQE E1, 25=CC1π E1, 26=NC1π0 norm.
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