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T2K experiment

J-PARC

3

T2K (Tokai to Kamioka)  experiment

High intensity beam from J-PARC MR to Super-Kamiokande @ 
295km

Discovery of e appearance Determine 13
Last unknown mixing angle
Open possibility to explore CPV in lepton sector

Precise meas. of disappearance 23, m23
2

Really maximum mixing? Any symmetry? Anytihng unexpected?

132312sin ssse prob.  in term odd CP sin 12~0.5, sin 23~0.7, 
sin <0.2)

Precise measurement of νµ disappearance (νµ→νx)

Search for νe appearance (νµ→νe)
Goals

Physics run start from 2010.1.
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νe appearance
Three-neutrino oscillation scenario

P (νµ → νe) ∼ sin2 2θ13 sin2 θ23 sin2(
∆m2
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= UPMNS

• θ12 ~34° : solar/reactor ν (Kamland, SNO)
• θ23 ~ 45° : atmospheric/accelerator ν (Supar-K, K2K, MINOS)
• sin22θ13 < 0.15 (90% C.L.) ← CHOOZ, MINOS

Current measurement of mixing angle

Define last unknown mixing angle.

→ Possible to measure CP violation in lepton sector

CPV term in P(νμ→νe)      sinθ12sinθ13sinθ23sinδ∝
If θ13 measured > 0 ...
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T2K overview
!"
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on-axis

Near 

Detector

Far Detector

(Super-K)
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protons 
from J-PARC 
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280 m 295 km0 m

High stat. ν experiment (high proton beam intensity)

Super-Kamiokande(SK) as far neutrino detector

Off-axis beam method (optimize to oscillation, less 
background)

Event synchronization (near/far) with GPS

NA61(@CERN) → Precise prediction of neutrino 
flux for oscillation analysis
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Off-Axis beam method

• More sensitive to oscillation.
• Less high energy neutrino tail 

(→ background)

Need to control beam 
direction precisely (< 1mrad)
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Off-axis beam configuration
T2K

Oscillation maximum: L=295km, m23
2~2.5×10-3eV2 E ~0.7GeV

Signal: Charged Current Quasi Elastic events(dominant at E ~0.7 GeV)

Major background: Higher energy events with unobserved energy

E spectrum vs angle
On-axis: large tail at high energy

Off-axis: narrow E spectrum 

Our choice: off-
Adjust E at the oscillation maximum

Increase flux in most interesting E region

Reduce high energy background from non-CCQE events 5

@SK

第 2章 T2K長基線ニュートリノ振動実験 6

　

図 2.3 ビーム軸に対する角度 (Off-axis角)を変化
させた際の親パイオンの運動量とニュートリノの
エネルギーの関係。
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図 2.4 スーパーカミオカンデでの振動確率 (上)
と、いくつかの Off-axis 角に対するニュートリノ
エネルギースペクトル (下)。下図の水色の部分が
スーパーカミオカンデでの振動確率が最大になる
エネルギー領域を示す。

スーパーカミオカンデでのニュートリノスペクトルのピークエネルギーが約 13 MeV変化し。、フラック
スは約 3 %変化する。ニュートリノエネルギーの 13 MeVのふらつきはニュートリノエネルギースペク
トルのピーク値 (約 650 MeV)に対して、2 %程度のふらつきに相当する。また、フラックスの 3 %のふ
らつきはスーパーカミオカンデで予測されるニュートリノ事象数の不定性につながる。エネルギースケー
ル、スーパーカミオカンデでの事象予測が振動パラメータの決定精度に及ぼす影響については既に研究が
なされており [18]、これによると、スーパーカミオカンデでのニュートリノ事象の予測数、ニュートリ
ノのエネルギースケールの不定性がそれぞれ 5 %, 2 %以内であれば、ミューオン消失モードの振動パラ
メータに対して、統計誤差よりも小さい系統誤差での測定が実現できる。このため、1 mradよりも十分
良い精度でビーム方向をモニターすることが、T2K実験において最重要な課題になる。

2.2 大強度陽子加速器施設 J-PARC (Japan Proton Accelerator
Research Complex)

J-PARC の航空写真を図 2.5 に示す。T2K 実験で使用する陽子ビームは線形加速器 (LINAC) から 3

GeV 陽子シンクロトロン (RCS)、30 GeV 陽子シンクロトロン (MR) の順に加速された後、MR 内側の
ニュートリノビームラインへ蹴り出される。

陽子ビーム
T2K実験で使用する陽子ビームは図 2.6のような時間構造を持つ。
表 2.1に現在のビーム設計値をまとめる。ただし、ビームエネルギー 30 GeVで、ビームパワー 750 kW

を達成するために、今後パラメータは変わる可能性がある。
MRで加速された陽子ビームはあるタイミングでキッカー磁石で急激に曲げられることにより、ニュー
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Figure 7: Photograph of the muon monitor inside the support
enclosure. The silicon PIN photodiode array is on the right side
and the ionization chamber array is on the left side. The muon
beam enters from the right side.

3.3.3. Ionization chamber419

There are seven ionization chambers, each of which contains420

seven sensors in a 150×50×1956 mm3 aluminum gas tube. The421

75 × 75 × 3 mm3 active volume of each sensor is made by two422

parallel plane electrodes on alumina-ceramic plates. Between423

the electrodes, 200 V is applied.424

Two kinds of gas are used for the ionization chambers ac-425

cording to the beam intensity: Ar with 2% N2 for low intensity426

and He with 1% N2 for high intensity. The gas is fed in at427

approximately 100 cc/min. The gas temperature, pressure and428

oxygen contamination are kept at around 34◦C with a 1.5◦C429

gradient and ±0.2◦C variation, at 130 ± 0.2 kPa (absolute), and430

below 2 ppm, respectively.431

3.3.4. Silicon PIN photodiode432

Each silicon PIN photodiode (HAMAMATSU® S3590-08)433

has an active area of 10×10 mm2 and a depletion layer thickness434

of 300 µm. To fully deplete the silicon layer, 80 V is applied.435

The intrinsic resolution of the muon monitor is less than436

0.1% for the intensity and less than 0.3 cm for the profile center.437

3.3.5. Emulsion trackers438

The emulsion trackers are composed of 2 types of modules.439

The module for the flux measurement consists of 8 consecutive440

emulsion films [10]. It measures the muon flux with a system-441

atic uncertainty of 2%. The other module for the momentum442

measurement is made of 25 emulsion films interleaved by 1mm443

lead plates, which can measure the momentum of each particle444

by multiple Coulomb scattering with a precision of 28% at a445

muon energy of 2 GeV/c [11, 12]. These films are analyzed by446

scanning microscopes [13, 14].447

The measured muon flux at profile center is 1.09x104
448

tracks/cm2/4x1011pot (protons on target) when horns are not449

operated and increased to 4.08x104/tracks/cm2/4x1011 pot450

when horns are operated at 250kA.451

3.4. Beamline Online System452

For the stable and safe operation of the beamline, the online453

system collects information on the beamline equipment and the454

beam measured by the beam monitors, and feeds it back to the455

operators. It also provides Super-K with the spill information456

for event synchronization by means of the GPS (Global Posi-457

tioning System).458

3.4.1. Event synchronization459

At both the J-PARC and Super-K sites, the event timing is460

measured by using one pps (pulse per second) from two GPS461

receivers (for redundancy) and a 100 MHz clock from a ru-462

bidium clock with a precision of approximately 10 ns. When463

the timing signal synchronized with the MR extraction is re-464

ceived, the time is recorded to a local time clock (LTC) module465

at J-PARC. The LTC module counts the accumulated number466

of the received signals as the spill number. This time informa-467

tion and the spill number are sent to Super-K through L2-VPN,468

and are returned from Super-K to check consistency. The LTC469

module also provides the beam trigger for the beam monitors.470

3.4.2. DAQ system471

The signals from beam monitors are lead to one of 5 build-472

ings on the beam line. SSEM, BLM, Horn current are digitized473

by 65 MHz Flash ADC of COPPER system [? ] . CT and474

ESM are digitized by 160 MHz VME Flash ADC [15]. The475

GPS for the event synchronization and OTR use each special476

readout electronics. All of these readout systems are managed477

by MIDAS [16] framework and the event builder records fully478

concatenated event every spill before the next spill issue. The479

event monitoring system of MIDAS locks the internal buffer of480

data holding. If many monitor programs locks the buffer, the re-481

sponse time of DAQ system for the next trigger becomes worse.482

To minimize this locking time and keep rapid response, we de-483

veloped an event distributor. It receives event data from MI-484

DAS server and distributes the re-formatted data to clients. To485

use similar programs for online and offline analysis, we choose486

the ROOT format for the data recording. Therefore the event487

distributor converts the event data in native MIDAS format into488

a ROOT object and sends the object copy for each client. We489

are not applying any reduction to the output from ADCs and the490

event data size is constant, 1.6MB.491

3.4.3. Beam Line control system492

Information on the beam line (the beam monitor outputs,493

spill number, status of the beam line equipment and so on) is494

recorded by EPICS [? ]. EPICS also controls the beam line495

equipment using programmable logic controllers (PLCs).496

Based on the data from EPICS, the beam orbit and optics are497

simulated by SAD [? ], and the magnet currents to be adjusted498

are also calculated.499

3.4.4. Interlock500

The function of the interlock system is to protect people501

(PPS: person protection system) and the machines (MPS: ma-502

chine protection system). The PPS is fired by an emergency503

7

νµ
µ+ π+
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Chapter 4. Muon Monitor Design
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Figure 4.4: Schematic view of the muon monitor. The beam enters from the left side. On
the upstream side, 49 silicon PIN photodiodes are placed on the support enclosure. On the
downstream side, the large moving stage holds seven ionization chambers, each of which contains
seven sensors. The whole structure is covered with aluminum insulation panels, which are not
drawn in this figure.

The ionization chamber is suitable for the T2K muon monitor because its structure and
operation are simple and robust and because it can be made out of radiation tolerant material.
However, to get stable response, fine control of the gas quality is necessary. On the other hand,
the silicon PIN photodiode is easy to handle, and its response is expected to be stable unless
radiation damage. Only radiation damage is the disadvantage of the photodiode. Because the
signal of the photodiode is larger than the one of the ionization chamber, the photodiode is
useful at the early stage of T2K in particular when the beam intensity is low and the signal of
the ionization chamber is small. Hence, these different types of detectors provide redundant and
complementary measurements.

The signals of the detectors are read by 65 MHz FADCs. The signal of the silicon PIN
photodiode needs to be attenuated by 30 dB at the maximum. An attenuator which has linearity
within ±0.9% up to 30 V of an input pulse and cross-talk of less than 0.02% between adjacent
channels is used for the photodiode.

The detectors are put inside an aluminum support enclosure. The support enclosure has
three roles: to align the detectors, to keep the temperature inside the enclosure for the ionization
chamber gas, and to be equipped with a moving stage for each detector array. The sensors are
relatively calibrated using the muon beam by moving the stage.

Almost all components of the muon monitor in the muon pit are made out of radiation

45

Secondary beam line monitor : 
Muon monitor (MUMON)

Detect decay µ from π
→Indirect measurement of v beam direction 
spill-by-spill.

Ion chamber array (7×7ch)

Silicon pin photo diode array (7×7ch)

Beam
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Near detector

Figure 8: ND280 detector complex. The off-axis detector and
the magnet are located at the upper level, and the vertical and
horizontal INGRID modules are located at the bottom right.

4. Near Detector Complex (ND280)614

As stated earlier, the T2K experiment studies oscillations of615

an off-axis muon neutrino beam between the J-PARC accel-616

erator complex and the Super-Kamiokande detector, with spe-617

cial emphasis on measuring the unknown mixing angle θ13 by618

observing the subdominant νµ→νe oscillation. The neutrino619

energy spectrum, flavor content, and interaction rates of the620

unoscillated beam are measured by a set of detectors located621

280 m from the neutrino production target, and are used to pre-622

dict the neutrino interactions at Super-Kamiokande.623

The primary detector at the 280 m site is a magnetized off-624

axis tracking detector. The off-axis detector elements are con-625

tained inside the magnet recycled from the UA1 experiment626

at CERN. Inside the upstream end of this magnet sits a Pi-627

Zero Detector (PØD) consisting of tracking planes of scintil-628

lating bars alternating with lead foil. Downstream of the PØD629

three time projection chambers (TPCs), together with two fine630

grained detectors (FGDs) consisting of layers of finely seg-631

mented scintillating bars, are optimized to measure charged cur-632

rent interactions. The PØD, TPCs, and FGDs are all surrounded633

by an electromagnetic calorimeter for detecting γ-rays that do634

not convert in the inner detectors, while the sides of the mag-635

net are instrumented with scintillator to measure the ranges of636

muons that exit the sides of the off-axis detector. In addition to637

the off-axis detector, a separate array of iron/scintillator detec-638

tors called INGRID measures the on-axis neutrino beam profile639

at the 280 m site, while a set of muon monitor detectors located640

downstream of the beam dump monitors the beam direction and641

profile by detecting high energy muons from pion decay, as de-642

scribed earlier in Section 3.3.643

These detectors are housed in a pit inside the ND280 hall.644

(See Fig. 8.) The pit has a diameter of 19 m and a depth of 37645

m, and has three floors. The B1 floor, about 24 m deep from the646

surface, houses the off-axis detector, which is nearly located on647

the line between the target point and the SK position. The B2648

floor, about 33 m deep, houses the horizontal modules of the649

INGRID detector. The B3 floor, about 37 m deep houses the650

bottom modules of the vertical INGRID detector. The current651

off-axis angle is 2.5 degrees and the on-axis beam line passes652

at about 4 m above the B2 floor. This facility design can ac-653

commodate the off-axis angles in the range of between 2.0 and654

2.5 degrees with the condition that the on-axis detector covers655

the 4 m area. The hut with a size of 21 m × 28 m covers the pit,656

and has a 10 ton crane.657

4.1. Multi-Pixel Photon Counter (MPPC)658

The ND280 detector makes extensive use of scintillator de-659

tectors and wavelength-shifting (WLS) fiber readout, with light660

from the fibers being detected by photosensors that must oper-661

ate in a magnetic field environment and fit into a limited space662

inside the magnet. The multi-anode PMTs widely used in ac-663

celerator neutrino experiments are not suitable for ND280 be-664

cause most of the detectors in the ND280 complex have to work665

in a magnetic field of 0.2 T. To satisfy the experiment require-666

ments, a multi-pixel avalanche photodiode was selected as a667

candidate for the T2K photosensor. Such a device consists of668

many independent sensitive pixels, each of which operates as669

an independent Geiger micro-counter with a gain of the same670

order as a vacuum photomultiplier. These novel photosensors671

are compact, well matched to spectral emission of WLS fibers,672

and insensitive to magnetic fields. Detailed information and the673

basic principles of operation of multi-pixel photodiodes can be674

found in a recent review paper [17] and the references therein.675

After R&D and tests provided by several groups for three676

years, the Hamamatsu Multi-Pixel Photon Counter (MPPC)677

was chosen as the photosensor for ND280. The MPPC gain678

is determined by the charge accumulated in a pixel capacitance679

Cpixel: Qpixel = Cpixel ·∆V , where the overvoltage ∆V is the dif-680

ference between the applied voltage and the breakdown volt-681

age of the photodiode. For MPPCs the operation voltage is682

about 70 V, which is 0.8 − 1.5 V above the breakdown volt-683

age. The pixel capacitance is 90 fF, which gives a gain in the684

range (0.5−1.5)×106. When a photoelectron is produced it cre-685

ates a Geiger avalanche. The amplitude of a single pixel signal686

does not depend on the number of carriers created in this pixel.687

Thus, the photodiode signal is a sum of fired pixels. Each pixel688

operates as a binary device, but the multi-pixel photodiode as a689

whole unit is an analogue detector with a dynamic range limited690

by the finite number of pixels.691

9

Neutrino 
beam

Off-Axis Near 
detector : ND280

On-Axis beam 
monitor : 
INGRID
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INGRID (On-axis near detector)

14 identical modules + 2 off-cross modules
Sandwiched Tracking (scintillator-layer) / Iron planes
(6.5cm thickness) & VETO planes.

Measure beam direction well better than 1 mrad.

XIV International Workshop on Neutrino Telescopes (2011)A. Rubbia
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ND280 on-axis detector overview
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Page 13

On-axis neutrino beam monitor (INGRID)

14 identical modules + 2 off-cross modules
Beam coverage ~ 10×10 m2, Iron target mass ~ 7 ton/module
Sandwiched scintillator/iron planes + veto planes
Plastic scintillator + WLS fiber + Multi-Pixel Photon Counter (MPPC)

Monitor neutrino beam profile/direction/intensity
~700 interactions/day at 50 kW operation
Off-axis angle precision goal is well better than 1 mrad.
(1 mrad corresponds to 2% change in the SK flux at the peak energy)

MPPC
1.2 m

First large scale
application of MPPC
(~56,000 MPPCs are 
used for ND280 /INGRID)

12

~10,800 ch. in INGRID

11Monday, March 14, 2011

Beam

10m

10m
Plastic scintillator(1cm×5cm×120cm) + WLS 

fiber + MPPC

Neutrino beam direction/intensity monitor

Iron 
plane

Tracking plane
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Event display of INGRID DATA.

ν beam 
→ 

Chapter 5

Measurement of beam
profile

The beam profile is measured on a monthly basis, which corresponds to MR
run number. Figure 5.1 shows the horizontal and vertical beam profile for the
RUN 32 data. The profile is fitted with gaussian function with least square
method and fitted center and sigma are defined as the beam center and width,
respectively.
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Figure 5.1: Horizontal profile (left) and vertical profile (right) for the RUN 32
data
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Figure 14: A typical neutrino event in the Proton module. A
neutrino enters from the left and interacts within the module,
producing charged particles whose tracks are shown as the red
circles. One of them penetrates the proton module to join the
INGRID horizontal module. Each of the green cells in this fig-
ures is a scintillator, and the size of the red circles indicates
the size of the obserbed signal in that cell. Blue cells indicate
VETO scintillators.

backgrounds to the νe appearance search at Super-Kamiokande806

can be predicted. These backgrounds are dominated by neutral807

current single π0 production. To meet these goals the ND280808

off-axis detector must have the capability to reconstruct exclu-809

sive event types such as νµ and νe charged current quasi-elastic,810

charge current inelastic, and neutral current events, particularly811

neutral current single π0 events. In addition, the ND280 off-axis812

detector should measure inclusive event rates. All of these re-813

quirements were considered in designing the off-axis detector.814

The constructed off-axis detector consists of the π0 detector815

(PØD) and a TPC-FGD sandwich, both of which are placed816

inside of a metal frame container, called “basket”; an electro-817

magnetic calorimeter (ECal) that surrounds the basket; and the818

recycled UA1 magnet instrumented with scintillator to perform819

as a muon range detector (the SMRD). (See Fig. 15).820

The basket has dimensions of 6.5 m (length) 2.6 m (width)821

2.5 m (height). It is completely open at the top, to allow the822

Figure 15: An exploded view of the ND280 off-axis detector.

insertion of the various detectors. Two short beams are fixed823

at the center of the two faces of the basket perpendicular to the824

beam axis. The short beams are connected outside the magnet825

to a structure fixed on the floor, which holds the basket. The826

beams connect the basket to the external support structure pass-827

ing through the holes in the magnet coils, originally designed to828

allow the passage of the beam pipe. When opening the magnet,829

the Cs and the coils move apart, while the basket and the in-830

ner detector remain in the position chosen for data taking. The831

UA1 magnet provides a field of up to 0.2 T to momentum ana-832

lyze the charged particles in the inner detector. In the following833

sections, more detailed descriptions of these elements are pro-834

vided.835

4.3.1. UA1 Magnet836

The ND280 off-axis detector is built around the old CERN837

UA1/NOMAD magnet providing a dipole magnetic field of838

0.2 T, to measure momenta with good resolution and determine839

the sign of charged particles produced by neutrino interactions.840

The magnet consists of water-cooled aluminum coils, which841

create the horizontally oriented dipole field, and of a return842

yoke. The dimensions of the inner volume of the magnet are843

3.5 m × 3.6 m × 7.0 m. The external dimensions are 5.6 m ×844

6.1 m × 7.6 m and the total weight of the yoke is 850 tonnes.845

The coils are made of aluminum bars with 5.45 cm × 5.45 cm846

square cross-section, with a central 23 mm diameter bore for847

water to flow. The coils are composed of individual “pancakes”848

which are connected hydraulically in parallel and electrically in849

series.850

The magnet consists of two mirror-symmetric halves. The851

coils are split into four elements, two for each half, and are me-852

chanically supported but electrically insulated from the return853

yoke. The two half yoke pieces each consist of eight C-shaped854
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Figure 1. Energy loss distribution for negative particles with 400 < p(MeV/c) < 500
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Figure 2. Energy loss distribution as a function of the reconstructed momentum for negative
particles.

ND280 (Off-axis near detector)

Time projection chambers (TPC)
- <10% dE/dx resolution

Fine Grained Detectors (FGD)
- Neutrino target (FV:1.6ton)
- Fine grain scintillator bars 
(1cm×1cmx186cm)

Count # of neutrino before oscillation with trackers

Trackers

TPC : dE/dx (Data)

UA1 magnet : 0.2T (nominal)

FGD : Hit efficiency (Data)
0.99

1000
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Event display of ND280

CCQE candidate (v+n→µ-+P)

TPC1

FGD1

TPC2

FGD2

TPC3

DATA.

ν beam 
→ 
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Far detector: 
Supar-Kamiokande (SK)

XIV International Workshop on Neutrino Telescopes (2011)A. Rubbia
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SuperK (Far) Detector
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Far Detector: SK-IV
50kt Water Cherenkov detector (Fiducial 22.5kt)

@ underground (2700 m water equivalent)
20’ ID PMT 11,129: 40% Photo coverage
+ 8’ OD PMT 1885 :
Dead-time less DAQ system (2008~)
Good performance for sub-GeV detection

1st oscillation maximum : E ~0.6GeV at SK position.
Charged current quasi-elastic (CC QE) interaction is 
dominant process.

• Good e / separation
• Energy reconstruction: E/E ~10% ( 2-body kinematics)

ICRR, Univ. of Tokyo

e

neutron proton
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l

neutron proton
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Un-oscillated 

Signal e
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Super-Kamiokande
50kton water
32kt ID viewed by 
20-inch PMTs
~2m OD viewed 
by 8-inch PMTs
22.5kt fid. vol. 
(2m from wall)
Etotal=~4.5MeV 
energy threshold
SK-I: April 1996~
SK-IV is running

Electronics hutLINAC

Control room

Water and air 
purification system

SK

2km3km

1km
(2700mwe)

39.3m

41.4m

Atotsu
entrance

AtotsuMozumi

Ikeno-yama
Kamioka-cho, Gifu
Japan

Inner Detector (ID) PMT:   ~11100 (SK-I,III,IV),  ~5200 (SK-II)
Outer Detector (OD) PMT: 1885

ID

OD

http://www-sk.icrr.u-tokyo.ac.jp/sk/

See J. Wilkesʼ talk

17Wednesday, March 16, 2011

• Water Cherenkov detector w/ 
fiducial volume 22.5kton

• Dead-time less DAQ system 
(2008~)

• Detector performance is well-
matched at sub GeV
- Excellent performance for single 

particle event

- Good e-like(shower ring) / μ-like 
separation

ν
e

p
νe/νµ µ
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μ-like

e-like

Electron-like and muon-like 
event at SK
Particle identification using 
ring shape & opening angle

sim
ula

tio
n

sim
ula

tio
n

μ is mis-identified 
as electron : ~1%

●Atmospheric 
v data
- MC

e-like µ-like
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2011.3.11 東日本大震災

ニュートリノビームダンプ周辺

南側 ビーム上流から下流を見る

私は20分ほど前まで前置検出器ホール地下で作業 → KEK東海一号館
→ 2日ほど東海村で避難生活

ニュートリノ用前置検出器

外からはほとんど異常が見られない。底に ほど水が。
大きく陥没

→ 6月には地中の電気工事、
埋め立て完了

目立った被害なし。
→ 宇宙線測定進行中。INGRIDな
どは問題ないことを確認済み！
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ニュートリノグループとしては11月中にビーム受け入れ準備完了！
今年中にビーム試験を開始する！
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Physics Run 1&2
(2010.1~2011.3)
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Accumulated # of protons
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Run1 : 2010.1~6
- 6 bunch/spill, 3.52 sec cycle
- Total protons : 3.23 × 1019 

- Average power : 50kW

Summer 
shut down

Run2 : 2010.10~2011.3
- 8 bunch/spill, < 3.2 sec cycle
- Max stable power : ~145kW
- Achieve 1020 protons (2011.2)

Total # of protons used for analysis is 1.43 x 1020 protons
= 2% of T2K’s final goal

2010.3 2010.7 2010.11 2011.3

100

× 1018

50

×1012
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Beam commissioning
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Horizontal: 1mm

Vertical: 2mm

Beam orbit is tuned within 2mm from design orbit.
(Critical for controlling beam loss)

SSEM in
SSEM out

SSEM foil: 5x10-5 loss
real loss << 0.5W

@50kW

No significant beam loss w/o SSEM

Beam loss along proton beam line

OTR detector just in front of 
target worked very well!

OTR beam
Potision meas.
Linearity

Primary proton beam measurementBeam commissioning

12

Horizontal: 1mm

Vertical: 2mm

Beam orbit is tuned within 2mm from design orbit.
(Critical for controlling beam loss)

SSEM in
SSEM out

SSEM foil: 5x10-5 loss
real loss << 0.5W

@50kW

No significant beam loss w/o SSEM

Beam loss along proton beam line

OTR detector just in front of 
target worked very well!

OTR beam
Potision meas.
Linearity
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e

Beam profile (just 
upstream target)

Beam position, size, angle on Target from 
extrapolation of profile measurements.
→ Input of flux prediction for 

oscillation analysis.

Control beam orbit (optimize before/after )

Target
Beam direction
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x[mm]

y[
m

m
]

Po
si

tio
n 

[m
m

]

2010.1 2011.3

0

10

-10

D
iff

. f
ro

m
 c

en
te

r

212011年7月1日金曜日



MUMON measurement
Recon. beam profile center by Si-arrays

Beam direction diff. from center << 1mrad 
→ well-control

RMS: 
X:0.62, Y:0.42 [cm]

RMS: 
X:0.53, Y:0.48 [cm]

0

10

-10

Run1 Run2

•X profile center
•Y profile center

•X profile center
•Y profile center

0

10

-10

+1mrad

-1mrad

+1mrad

-1mrad
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INGRID measurement
Select neutrino event in FV
•Coincident hits in X-Y plane & Timing cut → Reject accidental hits
•Reconstruct one track.
• Select vertex inside fiducial volume → Veto sand muon, cosmic

ν beam 
→ 

μ
νμ P→miss 

(due to iron-plane)

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

/

!"#$%&'()*+,-&./%*,/*%#&0$.&1).#%2#3

01&23$&4/
Event timing
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INGRID measurement

DATA/MC(Run1&2) = 1.057 ± 0.001(stat.) ± 0.040(syst.)

Event rate is stable in whole period.
Average=1.512 /1014 # of protons (χ2/ndf=1.44)

ν event rate stability: Run 1+2 / Run 1 < 1%Figure 4.3: daily event rate of neutrino event candidate

Figure 4.4: daily event rate of sand muon candidate
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(only stat. error)
Run1 Run2

Measurement of daily ν event rate
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INGRID measurement

Run1&2 Beam direction diff. form exp. << 1mrad
- Horizontal: -0.014±0.025 (stat.)±0.33 (syst.) mrad
- Vertical: -0.107±0.025 (stat.)±0.37 (syst.) mrad

5.1 Stability of beam center

Figure 5.2 shows the monthly horizontal center and Fig.5.3 shows the monthly
beam vertical center. We measure the profile center with about 2.4 cm statistical
error for each month. Because the beam tuning was done between RUN34 and
RUN36, the beam direction, especially vertical direction, was changed. The
beam direction is still well controlled within ± 1 mrad.
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Figure 5.2: Horizontal profile center.

5.2 Systematic error

The systematic error is estimated using the toy profile MC simulation in which
the number of events at each module is varied with 3.7%, the systematic error
of the neutrino event rate as discussed in Sec.4.3, from original profile obtained
with real data. The 100’000 profiles are generated and the beam center is recon-
structed with the same method as the data analysis. Figure 5.4 and 5.5 show
the reconstructed x center distribution and y center distribution, respectively.
The RMS is taken as the systematic error. The systematic error of the hori-
zontal center measurement is taken to be 9.2 cm and that of the vertical center
measurement is taken to be 10.4 cm.

The beam center measurements are summarized in Tab.5.1 in which the
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Figure 5.3: Vertical profile center
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Run1 Run2 Run1 Run2

Profile X-center [cm]

Reconstructed neutrino beam profile center (monthly)

→ Input for oscillation analysis

Time(Period) Time(Period)

+1mrad

-1mrad

+1mrad

-1mrad

Profile Y-center [cm]
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Count # of neutrino events at ND280 
Inclusive νμ charged current (CC) events with FGD-TPC
• Reconstruct track & matching of FGD-TPC
• No track in TPC1 → Veto sand muon
• ≧1 negative charge track in TPC2(or TPC3)
• Track start fiducial volume of FGD1(or FGD2)
• TPC PID → Select negative particle

High purity: 90% 
νμ CC int. 
(50% CCQE)

CC int.candidate (DATA)μ
νμ

FGD1

TPC3
TPC1

FGD2

ν beam 
→ 

TPC2
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Muon Momentum (MeV/c)
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FIG. 3. Measured muon momentum of νµ CC candidates reconstructed in the FGD target. The

data are shown using points with error bars (statistical only) and the MC predictions are in

histograms shaded according to their type.

quasi-elastic kinematics and neglecting Fermi motion. No events are rejected by requiring

Erec
ν < 1250 MeV, aimed at suppressing events from the intrinsic νe component arising

primarily from kaon decays (Fig. 5). The data and MC reductions after each selection

criterion are shown in Table II. The νe appearance signal efficiency is estimated from MC

to be 66% while rejection for νµ + ν̄µ CC, intrinsic νe CC, and NC are > 99%, 77%, and

99%, respectively. Of the surviving background NC interactions constitute 46%, of which

74% are due to π0 mesons.

Examination of the six data events shows properties consistent with νe CC interactions.

The distribution of the cosine of the opening angle between the ring and the incoming beam

direction is consistent with CCQE events. The event vertices in cylindrical coordinates

(R,φ,z) show that these events are clustered at large R, near the edge of the FV in the

upstream beam direction. A KS test on the R2 distribution of our final events yields a

p-value of 0.03. If this was related to contamination from penetrating particles produced

in upstream neutrino interactions, then the ID region outside the FV should show evidence

for such events, however this is not observed. In addition, an analysis of the neutrino

interactions occurring in the OD volume is consistent with expectations.

12

Rµ, Data
ND = 1529 events / 2.9× 1019 p.o.t.

Rµ, Data
ND

Rµ, MC
ND

= 1.036± 0.028(stat.)+0.044
−0.037(det. syst.)± 0.038(phys. syst.)

Recon. muon momentum Normalized by # of 
protons

Only Run1 DATA

Count # of neutrino events at ND280 
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Summary of this talk
• T2K実験は2010年1月から物理ランをスタートし、2011年3月
までで1.43x1020 # of protons (2% of design)の統計を貯めた。

• 各検出器は期待通りに動作し、ニュートリノビームを安定
して生成することができた。

• 振動解析のインプットとして以下の結果を使用する:

• ビームラインモニターによる陽子ビームの情報
• INGRIDによるニュートリノビームの方向

• ND280による振動前のニュートリノ数

• 次の講演者がνe appearanceの最新結果について報告。
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Back up
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Primary beam line monitor

Figure 3: Photographs of the primary beam line monitors. Up-
per left: CT. Upper right: ESM. Lower left: SSEM. Lower
right: BLM.

Figure 4: Location of the primary beam line monitors.

slings, alignment dowel pins, and quick connectors for cooling169

pipes and power lines.170

For the quadrupole magnets, “flower-shaped” beam ducts171

whose surface is made in a shape of the magnetic pole surface172

is adopted to maximize their apertures.173

3.1.2. Superconducting combined function magnet (SCFM)174

There are 28 SCFMs in total and each SCFM provides a175

dipole field of 2.6 T combined with a quadrupole field of176

18.6 T/m in a coil aperture of 173.4 mm at a nominal current of177

7345 A. The combined field is generated with a left-right asym-178

metric single layer coil made of the Rutherford type NbTi/Cu.179

Two SCFMs are set in one cryostat in forward and backward180

directions to constitute a defocus-focus doublet, while each181

dipole field is kept in the same direction. In series, all the182

SCFMs are cooled with supercritical helium at 4.5 K and are183

excited with a power supply (8 kA, 10 V).184

3.1.3. Beam intensity monitor (CT)185

The five current transformers (CTs) are toroidal coils; each186

consisting of 50 turns of a copper wire around a ferromagnetic187

core. To achieve a wide dynamic range of the response linearity188

for the short-pulsed bunches, CTs use a FINEMET® (nanocrys-189

talline Fe-based soft magnetic material) core, which has high190

saturation flux density, high relative permeability and low core191

loss over a wide frequency range. The core’s inner diameter is192

260 mm and it weighs 7 kg. It is impregnated with epoxy resin.193

Between the core and the copper wire, radiation tolerant insu-194

lators are used: polyimide and alumina fiber tapes. Each CT is195

covered by an iron shield, to block electromagnetic noise.196

A CT’s signal is read by a 160 MHz FADC. The CT is cali-197

brated using another coil around the core, to which a beam-like198

pulse current from a pulse generator is applied. The CT mea-199

sures the absolute proton beam intensity with a 2% uncertainty200

and the relative intensity with a 0.5% fluctuation. It also mea-201

sures the beam timing with a fluctuation of 5 ns in RMS.202

3.1.4. Beam position monitor (ESM)203

Each ESM has four rectangular electrodes surrounding the204

proton beam orbit (80-degree coverage per electrode). By205

measuring top-bottom and left-right asymmetry of the beam-206

induced current on the electrodes, it monitors the proton beam207

center position nondestructively (without direct interaction with208
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Figure 6: Left: Photograph of the OTR. Right: Cross section
of the first horn and target.

3.2.6. Magnetic horn327

Each magnetic horn consists of two coaxial (inner and outer)328

conductors which encompass a closed volume [6, 7]. A toroidal329

magnetic field is generated in that volume. The field varies as330

1/r, where r is the distance from the horn axis. The maximum331

field is 2.1 T.332

T2K adopts the three-horn configuration. The first horn col-333

lects the pions; the second and third horns focus them. The334

horn conductor is made of aluminum alloy (6061-T6). Its di-335

mensions (minimum inside diameter, inner conductor thick-336

ness, outside diameter and length) are 54 mm, 3 mm, 400 mm337

and 1.5 m for the first horn, 80 mm, 3 mm, 1000 mm and 2 m338

for the second horn, and 140 mm, 3 mm, 1400 mm and 2.5 m339

for the third horn, respectively. They are optimized to maximize340

the neutrino flux; the inside diameter is as small as possible to341

achieve the maximum magnetic field, and the conductor is as342

thin as possible to minimize pion absorption while still being343

tolerant of the Lorentz force from the 320 kA current and the344

thermal shock from the beam. The horns operated at 320 kA345

increase the neutrino flux at Super-K by approximately by a346

factor of 16 at the spectrum peak energy (∼0.6 GeV).347

The horns are connected in series by four pairs of aluminum348

bus-bars, through which the pulsed current (a few ms wide) is349

loaded. The currents on the bus-bars are monitored by four350

Rogowski coils per horn with the 200 kHz FADC. The mea-351

surement uncertainty of the absolute current is less than 2%.352

The horn magnetic field was measured with a hall probe before353

the installation, and the uncertainty is approximately 2% for the354

first horn and less than 1% for the second and third horns.355

3.2.7. Decay volume356

The decay volume is a 96 m long steel tunnel. The cross sec-357

tion is 1.4 m wide and 1.7 m high at the entrance, and 3.0 m358

wide and 5.0 m high at the end. The decay volume is sur-359

rounded by 6 m thick reinforced concrete shielding. Along the360

beam axis, 40 plate coils are welded on the steel wall to cool361

the wall and concrete to below 100◦C using water.362

3.2.8. Beam dump363

The beam dump sits at the end of the decay volume. Its core364

is made of 75 ton graphite (1.7 g/cm3), and is 3.174 m long,365

1.94 m wide and 4.69 m high. It is contained in the helium ves-366

sel. Two and 15 iron plates in and outside the vessel, respec-367

tively, are placed at the downstream end of the graphite core.368

The total iron thickness is 2.40 m. Only muons above 5 GeV/c369

can go through the beam dump to reach the downstream muon370

pit.371

The core is sandwiched on the both sides by aluminum cool-372

ing modules which contain water channels. The temperature in373

the center is kept at around 150◦C for the 750 kW beam.374

3.3. Muon Monitor375

The muon monitor [8, 9] is located just behind the beam376

dump, where the distance from the target is 118 m. It measures377

the bunch-by-bunch intensity and profile of muons, which are378

mainly produced along with neutrinos from the pion two-body379

decay. Since the muon beam is correlated with the neutrino380

beam, the muon monitor can monitor the neutrino beam inten-381

sity and direction in real time by measuring the muon beam.382

The neutrino beam direction is measured as a direction from383

the target to the center of the muon profile. The muon moni-384

tor is required to measure the neutrino beam direction with a385

precision better than 0.25 mrad, which corresponds to a 3 cm386

precision of the muon profile center. It is also required to mon-387

itor the stability of the neutrino beam intensity with a precision388

better than 3%.389

In the commissioning period, a detector made of nuclear390

emulsion was installed just downstream of the muon monitor391

to measure the absolute flux and momentum distribution of392

muons.393

3.3.1. Characteristics of the muon flux394

The intensity and profile of the muon flux for 3.3× 1014 pro-395

tons/spill and 320 kA horn currents are estimated by using396

a beamline simulation code JNUBEAM (described in Sec-397

tion 3.5) as follows: ∼1 × 107 charged-particles/cm2/bunch398

(muons are around 87% and δ-rays make up the remaining per-399

centage), a Gaussian-like profile around the beam center and400

approximately 1 m width.401

3.3.2. Muon monitor detectors402

The muon monitor consists of two types of detector arrays:403

ionization chambers and silicon PIN photodiodes (Fig. 7). Each404

array holds 49 sensors at 25 cm intervals and covers a 150 ×405

150 cm2 area. The collected charge on each sensor is read by406

the 65 MHz FADC. The 2D muon profile is reconstructed in407

each array from the distribution of the sensors’ charge.408

The arrays are fixed on a support enclosure, which is covered409

by double aluminum panels for thermal insulation. The tem-410

perature inside the enclosure is kept at around 34◦C4 (within411

±0.7◦C variation) with a sheathed heater for the benefit of the412

ionization chamber gas.413

An absorbed dose at the muon monitor is estimated at about414

100 kGy for a 100-day operation at 750 kW. Therefore, ev-415

ery component in the muon pit is made of radiation-tolerant416

and low-activation material such as polyimide, ceramic, or alu-417

minum.418

4The temperature in the muon pit could vary up to 33◦C due to heat transfer
from the cooling water pipes for the beam dump.
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Event sync. near/far with GPS

2011/3/11KEK Physics Seminar 20

GPS: Event synchronization
Baseline measurement (Survey)
L = 295,335 7 m

ToF of = 985.132 0.02 sec ( TOF)
Expected event timing @ SK ( TSK)
= Spill timing @ Tokai ( Tbeam) + TOF.
Off-axis angle = 2.515 0.004

(Tunable within 2 ~2.5 ) 

DAQ synchronization
SK signals in 500 s timing window are 
recorded as “T2K beam events”.
Stability of GPS is checked by comparing 
2 GPS hardware and atomic clock.

Require |GPS1-GPS2| < 200nsec Spill 
timing

transfer
via

Network

~3 sec

TSK

Tbeam

2011/3/11KEK Physics Seminar 20

GPS: Event synchronization
Baseline measurement (Survey)
L = 295,335 7 m

ToF of = 985.132 0.02 sec ( TOF)
Expected event timing @ SK ( TSK)
= Spill timing @ Tokai ( Tbeam) + TOF.
Off-axis angle = 2.515 0.004

(Tunable within 2 ~2.5 ) 

DAQ synchronization
SK signals in 500 s timing window are 
recorded as “T2K beam events”.
Stability of GPS is checked by comparing 
2 GPS hardware and atomic clock.

Require |GPS1-GPS2| < 200nsec Spill 
timing

transfer
via

Network

~3 sec

TSK

Tbeam

(Dead-time less DAQ)

• Baseline measurement (GPS Survey)
• L = 295,335 ± 7 m  (ToF = 

985.132 ± 0.02 µsec)

•DAQ synchronization
• Store events in ±500µsec 

window from exp. beam timing 
at SK: “T2K beam event”
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第 7章 T2Kビームコミッショニング 77

のずれに対して MUMONでもビーム方向のずれを測定できると言える。ただし、相関係数については、
今後同様の測定を行い、統計数を増やす必要がある。
電磁ホーンが運転してない場合 (図 7.20、7.21)については、電磁ホーンが運転している場合と逆の相関
関係が見える。中心付近から ± 8 mmまでの範囲でMUMONでのビーム中心と標的上でのビーム位置が
線形な相関を持っているのが分かる。また、標的の端付近では負の相関に逆転する傾向も見られる。しか
し、ビーム位置の原点に対して、MUMONでは 3 cm程度ビーム中心がずれて観測されている。MUMON

のビーム中心の測定は前節の時間安定性の試験から 2 mm程度で安定しているため、これは優位なズレで
ある。MUMONの設置位置をもう一度精査し直す等して、今後原因を特定する。
今回の標的付近での測定結果から、陽子ビームの入射位置が標的中心から 1 mmずれると、MUMON

でのビーム位置が数センチ単位でずれることが確認できた。前節の結果より、MUMONのビーム中心測
定が 2 mmの非常に良い精度で安定していることを考えると、MUMONで標的上でのビーム位置に対し
て非常に良い感度を持っていることが確認できた。
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図 7.17 SSEM18,19と OTR,標的, MUMONの位置関係 (水平方向について)。陽子ビームは図の左側から入射する。

7.3 INGRID解析
INGRIDでは、4,5月は陽子ビームの強度が低く、またショット数も少なかっため、ニュートリノイベ
ントは観測できなかったが、11 月のランで T2K 実験初のニュートリノイベントの観測に成功した (図
7.26)。その後も観測数を増やし、それらの観測タイミングを元に、データ取得のトリガーを微調整した。
11,12月での照射陽子数は期待よりも少なかったため、再構成したビームプロファイルからのビーム方向
の測定精度は不十分であったが、今後統計数を増やしていけば、精度良い測定が行える事を確認した。
本節では 11,12月のコミッショニング結果について述べる。まず、解析方法について簡単に述べた後、
ニュートリノイベント検出数を求め、検出器シミュレーションとの比較を行う。さらに、本コミッショニ
ングのデータだけでビームプロファイルの再構築を行った際の，ビーム方向の測定精度を算出し、シミュ
レーションとの結果と合わせて、INGRIDでのビーム方向の測定精度について評価した。

Measure proton beam @Target

Estimate beam position, width, angle @Target by 
extrapolation of profile measurements.
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Proton beam measurement
Width [mm] Angle [mrad]Position [mm]
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Proton beam measurement
• Shot-by-shot accumulated beam profile on target

• Gaussian assumption for shot-by-shot beam profile
• Targeting efficiency

• Geometrical overlap b/w 2D gaussian beam and 
upstream target surface.
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Beam measurement of MUMON
Total muon yield measured by Si-arrays

Beam generation is stable in whole period

RMS/Mean: 0.68% RMS/Mean: 0.68%
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Systematic error of profile 
center of MUMON

• Profile asymmetry: due to asymmetric or non-Gaussian 
beam  profile.

• Chamber/silicon discrepancy: due to difference of nearby 
structure silicon moving stage(7.5mm thick aluminum plate)

Chapter 6. Beam Tuning by Monitoring the Muon Beam

Table 6.10: Summary of the systematic error of the muon monitor.

Error source Profile center Beam direction
∆x (cm) ∆y (cm) ∆θx (mrad) ∆θy (mrad)

Alignment 0.63 0.65 0.054 0.055
Sensor gain uncertainty 0.08 0.30 0.007 0.026
Profile asymmetry 1.25 1.12 0.106 0.095
Beam dump non-uniformity 0.38 0.38 0.032 0.032
Tilted beamline effect – 0.22 – 0.019
Chamber/silicon discrepancy 0.55 1.77 0.047 0.150
Total 1.56 2.26 0.132 0.192

6.5 Summary of the beam tuning with the muon monitor

The muon monitor worked over the entire runs from the commissioning periods to the physics
data taking. Due to some electronics troubles of the muon monitor, 513 spills (0.05% of the
total) are discarded as bad spills which cannot be used for the ND280 and Super-K analyses.
Except for these bad spills, the muon monitor ensured the stability of the neutrino beam: less
than 0.06 mrad fluctuation of the beam direction and less than 0.8% fluctuation of the beam
intensity. The systematic error on the beam direction is evaluated to be 0.2 mrad. Thus, it
is concluded that we succeeded in the construction and operation of the muon monitor which
stably monitors the neutrino beam with a precision better than the requirement and in the
neutrino beam operation with the muon monitor.

84
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Data taking efficiency
Select good quality data for analysis.

# of protons Run1 Run2 Total

Total delivered 3.35×1019 1.12×1020 1.46×1020

Physics Run 3.28×1019 1.12×1020 1.45×1020

Good spill 3.26×1019 1.12×1020 1.45×1020

SK Good spill 3.23×1019 1.11×1020 1.43×1020

98% data used for oscillation analysis in Run1&2.

•DAQ alive & good event sync b/w J-PARC and SK.
• Stable beam operation & monitoring.

382011年7月1日金曜日



3.4.5

30 34 hit efficiency

31

hit efficiency

3.31: hit efficiency z

98 INGRID 0.6

3.32:

z

3.33:

z

INGRID 10
( 3.33)

25

• VETO hit efficiency ( 3.24)
VETO

1 VETO

2 VETO

hit efficiency =
1 2

1
(3.5)

hit efficiency(%)
95 96 97 98 99 100

# 
of

 c
h

1

10

210

310 side view
top view

FVlowbadch_hist_m00v0

3.25:
hit efficiency

hit efficiency(%)
95 96 97 98 99 100

# 
of

 c
h

-310

-210

-110

1

VETOlowbadch_hist_m00v0

3.26: VETO
hit efficiency

hit efficiency 99.1±0.4 VETO
hit efficiency 98.3±0.7 hit efficiency INGRID

0.6 ( ??)

3.27: hit efficiency

top view hit efficiency ( 3.27)
( 2mm)

23

INGRID Performance
Detector Total ch. Bad ch.

INGRID 10796 0.17%

Hit effieiency

• VETO hit efficiency ( 3.24)
VETO

1 VETO

2 VETO

hit efficiency =
1 2

1
(3.5)

hit efficiency(%)
95 96 97 98 99 100

# 
of

 c
h

1

10

210

310 side view
top view

FVlowbadch_hist_m00v0

3.25:
hit efficiency

hit efficiency(%)
95 96 97 98 99 100

# 
of

 c
h

-310

-210

-110

1

VETOlowbadch_hist_m00v0

3.26: VETO
hit efficiency

hit efficiency 99.1±0.4 VETO
hit efficiency 98.3±0.7 hit efficiency INGRID

0.6 ( ??)

3.27: hit efficiency

top view hit efficiency ( 3.27)
( 2mm)

23

D
iff

 fr
om

 b
ef

or
e 

ru
n3

1

392011年7月1日金曜日



!"

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

#$%&

'$%&

()*)+,-. )+,*-" )+,*-/

)01020340*56738

9:;<730=,>)=?

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

,#--.*.$/.%-*)0%*.-.*.$/.%1"#$

INGRID Performance

オフライン解析時には温度による補正をかける
402011年7月1日金曜日



INGRID measurement
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Figure 3.13: Vertex position in z-direction of selected events (left) and data/MC
(right)
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Figure 3.14: Reconstructed track angle of selected events (left) and data/MC
(right)
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Figure 3.15: Vertex resolution in the x direction
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Figure 3.12: Vertex position in y-direction of selected events (left) and data/MC
(right)
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Figure 14: A typical neutrino event in the Proton module. A
neutrino enters from the left and interacts within the module,
producing charged particles whose tracks are shown as the red
circles. One of them penetrates the proton module to join the
INGRID horizontal module. Each of the green cells in this fig-
ures is a scintillator, and the size of the red circles indicates
the size of the obserbed signal in that cell. Blue cells indicate
VETO scintillators.

backgrounds to the νe appearance search at Super-Kamiokande806

can be predicted. These backgrounds are dominated by neutral807

current single π0 production. To meet these goals the ND280808

off-axis detector must have the capability to reconstruct exclu-809

sive event types such as νµ and νe charged current quasi-elastic,810

charge current inelastic, and neutral current events, particularly811

neutral current single π0 events. In addition, the ND280 off-axis812

detector should measure inclusive event rates. All of these re-813

quirements were considered in designing the off-axis detector.814

The constructed off-axis detector consists of the π0 detector815

(PØD) and a TPC-FGD sandwich, both of which are placed816

inside of a metal frame container, called “basket”; an electro-817

magnetic calorimeter (ECal) that surrounds the basket; and the818

recycled UA1 magnet instrumented with scintillator to perform819

as a muon range detector (the SMRD). (See Fig. 15).820

The basket has dimensions of 6.5 m (length) 2.6 m (width)821

2.5 m (height). It is completely open at the top, to allow the822

Figure 15: An exploded view of the ND280 off-axis detector.

insertion of the various detectors. Two short beams are fixed823

at the center of the two faces of the basket perpendicular to the824

beam axis. The short beams are connected outside the magnet825

to a structure fixed on the floor, which holds the basket. The826

beams connect the basket to the external support structure pass-827

ing through the holes in the magnet coils, originally designed to828

allow the passage of the beam pipe. When opening the magnet,829

the Cs and the coils move apart, while the basket and the in-830

ner detector remain in the position chosen for data taking. The831

UA1 magnet provides a field of up to 0.2 T to momentum ana-832

lyze the charged particles in the inner detector. In the following833

sections, more detailed descriptions of these elements are pro-834

vided.835

4.3.1. UA1 Magnet836

The ND280 off-axis detector is built around the old CERN837

UA1/NOMAD magnet providing a dipole magnetic field of838

0.2 T, to measure momenta with good resolution and determine839

the sign of charged particles produced by neutrino interactions.840

The magnet consists of water-cooled aluminum coils, which841

create the horizontally oriented dipole field, and of a return842

yoke. The dimensions of the inner volume of the magnet are843

3.5 m × 3.6 m × 7.0 m. The external dimensions are 5.6 m ×844

6.1 m × 7.6 m and the total weight of the yoke is 850 tonnes.845

The coils are made of aluminum bars with 5.45 cm × 5.45 cm846

square cross-section, with a central 23 mm diameter bore for847

water to flow. The coils are composed of individual “pancakes”848

which are connected hydraulically in parallel and electrically in849

series.850

The magnet consists of two mirror-symmetric halves. The851

coils are split into four elements, two for each half, and are me-852

chanically supported but electrically insulated from the return853

yoke. The two half yoke pieces each consist of eight C-shaped854

12

ND280

UA1 magnet
- 0.2T (nominal)

Side Muon Range 
Detector (SMRD)
- Scintillator planes in magnet
- Detect muon from inner/
outer

PiZero Detector (P0D)
- Detect π0 from vµ w/ water.
- Scintillator planes interleaved 
w/ water & lead/brass layers.

Time projection 
chambers (TPC)
- <10% dE/dx resolution

Fine Grained Detectors (FGD)
- Neutrino target (FV:1.6ton)
- Fine grain scintillator bars 
(1cm×1cmx186cm)

ECALs
- Capture γ/e/µ from 
P0D or tracker
- Scintillating layers & 
Pb absorber

Count # of neutrino before oscillation with trackers

Tracker
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Event display of ND280
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multi meson)
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TPC3

ECAL

DATA.

Sand muon
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Cosmic 
event
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ND280 performance
Detector Total ch. Bad ch.

FGD 8448 0.24%
TPC 124416 0.01%
P0D 10400 0.07%

ECAL 25736 0.17%

SMRD 4016 0.17%

Horizontal bars

Vertical bars
FGD : Hit efficiency 

> 99%
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Study of neutrino charged current interactions in the ND280 tracker 48

enu_nd5_tune10d_numu_ratio

Entries  1406178
Mean    1.838
RMS     2.261

E GeV
0 1 2 3 4 5 6 7 8 9 10

tu
ne

d1
0d

/n
om

in
al

 1
0a

0.7

0.75

0.8

0.85

0.9

0.95

1

1.05

1.1

ratio to 10a nominal fluxratio to 10a nominal flux

Figure 57. Correction f(E  µ) used to update the results to the flux release 10d-tuned-v2.

12.4. Summary of the interaction models systematics
The total systematics due to the interaction models are evaluated to be 3.7% divided in the following
components:

• Nucleon Ejection: −2.7%

• FSI tuning: ±0.7%

• Kinematical variationMA + MV : ±2.4%

13. Effect of reweighting with the 10d-tuned-v2 flux release
The Monte Carlo used in the analysis is based on the flux release 10a. In order to test the effect of using
a more recent flux release (10d-tuned-v2) we reweighted the simulated interactions on an event-by-event
basis with a correction which depends on the true neutrino energy (f(E  µ)) [1]:

f(E  µ) =  10dv2/  10a (23)
The applied correction f(E  µ) is shown in Fig. 57.
The distribution of the muon momentum before and after the reweighting is shown in the top plot of

Fig. 58 with two different colors. The reweighted Monte Carlo integral number of events is 0.6 % lower
than the not reweighed one leading to the data/MC ratio after the flux reweighting

Rdata/NEUT MC,reweighted = 1.061 ± 0.028(stat.)+0.044
−0.038(det.sys.) ± 0.039 (phys. model). (24)

The bottom plot of Fig. 58 shows the ratio between the reweighed and not reweighed distributions of
the reconstructed muon momentum. This plot reflects the basic features of the input correction f(E  µ)
(Fig. 57) the differences being related to the precise form of the correlation between the true neutrino
energy, the reconstructed momentum and the energy dependence of the efficiency.

14. Inputs to the 2010a oscillation analysis
The number of events observed in ND280 will be used in the 2010a oscillation analysis as a normalization
factor. As we have shown in the previous sections with our selection we selected 1529 events in the data
while from the MC we expected to have 1441 events after the correction for CMM , Cpu and 10a →
10d-tuned-v2 reweighting.
This number includes all the selected events and we need to subtract the Out of FGD background that is
expected to be 4.8% (see Tab. 5). Once this component is subtracted we obtain the number of selected
events in the FGD:

Systematic error of INGRID, ND280

Item Error[%]
Iron mass 0.1

Accidental MPPC noise 0.7
Beam related background 0.2

Fiducial selection 1.1
Hit efficiency 1.8

Tracking efficiency 1.4
Track matching selection 2.7

Not beam-related background <0.1
p.e./active layer selection <0.1
Beam timing selection <0.1

Total 3.7

Table 4.10: Systematic error table

41

INGRID ND280

Physics syst.
= 3.7%

Study of neutrino charged current interactions in the ND280 tracker 43

Figure 53. Example of Out of FGD events that would be considered as Out of FGD also from the visual

scanning.

Source Section err. sys. + err sys -

TPC1 veto 9.1 0.012 0.012

TPC eff 9.2 / 0.020

TPC ch misid 9.3 0.01 0.01

TPC-FGD match 9.4 0.021 0.021

FV 9.5 / /

FGD mass 9.5 0.005 0.005

T0 9.6 0.001 /

highest mom tk 9.7 / /

PID pull width 9.8.3 0.030 /

Low gain MM 9.8.2 0.004 0.004

pile-up 9.9 0.009 0.009

cosmics 10.1 / 0.004

Out of FGD 10.3 0.009 0.009

Total 0.042 0.036

Table 19. Summary of the systematical uncertainties.

magnet by selecting tracks µ− like in the TPCs that start in an SMRD Fiducial Volume. The interaction

rate in data and Monte Carlo is compatible and this is another indication that the Monte Carlo is able to

simulate in the proper way the interactions in the magnet.

To conclude this section we assign to the Out of FGD background a systematical uncertainty of:

δROutOfFGD = ±0.9% (19)
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