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  T2K (Tokai-to-Kamioka) [1] (Fig. 1) is a long baseline neutrino oscillation experiment. 
T2K uses a neutrino beam produced in the conventional way at J-PARC. The beam axis is 
directed 2.5° off-axis to the far detector Super-Kamiokande (Super-K) which locates 295 
km away from J-PARC (a distance L is 295 km). This configuration produces a narrow band 
νμ beam [2] tuned at the first oscillation maximum Eν =|∆m23| L/(2π) ~ 0.6 GeV, reducing 
backgrounds from higher energy neutrino interactions. Figure 2 shows the expected neutrino 
flux at Super-K.
  The main physics goals are precise measurement of the neutrino oscillation parameters, 
Δm223 and θ23 with precision of δ(∆m223) ∼ 10−4eV2 and δ(sin22θ23) ∼ 0.01 via the νμ 
disappearance studies, and search for the νµ -> νe appearance via the mixing angle θ13 with a 
factor of about 20 better sensitivity compared to the θ13 measurement of the CHOOZ 
experiment [3]. In addition to the neutrino oscillation studies, the T2K neutrino beam (with 
Eν ~ 1 GeV) will enable a rich fixed-target physics program for the νµ neutrino interaction 
studies.
  Precise prediction of the neutrino beam flux is necessary for the neutrino oscillation 
analysis and the neutrino interaction studies. Uncertainty in the neutrino flux is due to 
several error sources. The dominant error arrises from the uncertainty of the production of 
the hadrons which are parents of the neutrinos. We can reduce this flux uncertainty by 
optimizing our neutrino beam simulation using the data from the dedicated NA61 
measurement [4] and other external hadron experiments. Another error arrises from the 
uncertainty of the proton beam condition. When the proton beam center deviates from the 
target center, the beam axis deviates from the original one and the neutrino flux changes We 
measured the actual proton beam optics parameter at the target with beam monitors and 
controlled the proton beam well. Also, we confirm the neutrino beam direction with a 
measurement of the neutrinos at an on-axis detector 280 m away from the target. In T2K, 
the neutrino beam direction must be controlled within 1 mrad to achieve the physics goals. 
This level of stability is achieved during the whole data collection period (Fig. 3). Figure 4 
shows the assigned fractional flux uncertainty in the current situation.
  In the T2K oscillation analysis, we extrapolate the near detector measurements to Super-K 
based on the neutrino beam production simulation. Some of the beam uncertainties from 
neutrino flux and neutrino interaction can cancel in this method. The systematic error in the 
νe appearance analysis arising from the neutrino flux is about 16% without the near-to-far 
extrapolation, while that with the extrapolation is 8.5%.[5].
  This poster will describe the method for the precise prediction of the neutrino flux in T2K.
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Abstract

The T2K experiment is a long-baseline neutrino oscillation experiment. Its main goal is to measure the last unknown lepton
sector mixing angle θ13 by observing νe appearance in a νµ beam. It also aims to make a precision measurement of the known
oscillation parameters, ∆m223 and sin2 2θ23, via νµ disappearance studies. Other goals of the experiment include various neutrino
cross section measurements and sterile neutrino searches. The experiment uses an intense proton beam generated by the J-PARC
accelerator in Tokai, Japan, and is composed of a neutrino beamline, a near detector complex (ND280), and a far detector (Super-
Kamiokande) located 295 km away from J-PARC. This paper provides a comprehensive review of the instrumentation aspect of the
T2K experiment and a summary of the vital information for each subsystem.
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1. Introduction1

The T2K (Tokai-to-Kamioka) experiment [1] is a long base-2

line neutrino oscillation experiment designed to probe the mix-3

ing of the muon neutrino with other species and shed light on4

the neutrino mass scale. It is the first long baseline neutrino os-5

cillation experiment proposed and approved to look explicitly6

for the electron neutrino appearance from the muon neutrino,7

thereby measuring θ13, the last unknown mixing angle in the8

lepton sector.9

T2K’s physics goals include the measurement of the neutrino10

oscillation parameters with precision of δ(∆m223) ∼ 10−4eV211

and δ(sin2 2θ23) ∼ 0.01 via νµ disappearance studies, and12

achieving a factor of about 20 better sensitivity compared13

to the current best limit on θ13 from the CHOOZ experi-14

ment [2] through the search for νµ→νe appearance (sin2 2θµe $15
1
2 sin

2 2θ13 > 0.004 at 90% CL for CP violating phase δ = 0). In16

addition to neutrino oscillation studies, the T2K neutrino beam17

(with Eν ∼ 1 GeV) will enable a rich fixed-target physics pro-18

gram of neutrino interaction studies at energies covering the19

transition between the resonance production and deep inelastic20

scattering regimes.21

T2K uses Super-Kamiokande [3] as the far detector to mea-22

sure neutrino rates at a distance of 295 km from the accelerator,23

and near detectors to sample the beam just after production.24

The experiment includes a neutrino beamline and a near de-25

tector complex at 280 m (ND280), both of which were newly26

constructed. Super-Kamiokande was upgraded and restored to27

40% photocathode coverage (the same as the original Super-28

Kamiokande detector) with new photomultiplier tubes in 2005–29

06, following the accident of 2001. Fig. 1 shows a schematic30

layout of the T2K experiment as a whole.31

T2K adopts the off-axis method [4] to generate the narrow-32

band neutrino beam using the new MW-class proton syn-33

chrotron at J-PARC4. In this method the neutrino beam is pur-34

4Japan Proton Accelerator Research Complex jointly constructed and oper-
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Figure 1: A schematic of a neutrino’s journey from the neu-
trino beamline at J-PARC, through the near detectors (green
dot) which are used to determine the properties of the neutrino
beam, and then 295 km underneath the main island of Japan to
Super-Kamiokande.

posely directed at an angle with respect to the baseline connect-35

ing the proton target and the far detector, Super-Kamiokande.36

The off-axis angle is set at 2.5◦ so that the narrow-band muon-37

neutrino beam generated toward the far detector has a peak38

energy at ∼0.6 GeV, which maximizes the effect of the neu-39

trino oscillation at 295 km and minimizes the background to40

electron-neutrino appearance detection. The angle can be re-41

duced to 2.0◦, allowing variation of the peak neutrino energy, if42

necessary.43

The near detector site at ∼280 m from the production tar-44

get houses on-axis and off-axis detectors. The on-axis detec-45

tor (INGRID), composed of an array of iron/scintillator sand-46

wiches, measures the neutrino beam direction and profile. The47

off-axis detector, immersed in a magnetic field, measures the48

muon neutrino flux and energy spectrum, and intrinsic electron49

neutrino contamination in the beam in the direction of the far50

detector, along with measuring rates for exclusive neutrino re-51

actions. These measurements are essential in order to charac-52

terize signals and backgrounds that are observed in the Super-53

Kamiokande far detector.54

ated by KEK and JAEA.

3

Figure 1: A schematic of a neutrino’s journey from the neutrino beamline at J-PARC, through the near 
detectors which are used to determine the properties of the neutrino beam, and then 295 km underneath the 
main island of Japan to Super-Kamiokande (Super-K).
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FIG. 2. Beam centering stability in horizontal (x, South–North) and vertical (y, Down–Up) direc-

tions as a function of time, as measured by INGRID. Errors shown are only statistical. The dashed

lines correspond to a change of beam direction by ±1 mrad.

TABLE I. Summary of systematic uncertainties for the relative rate of di↵erent charged-current

(CC) and neutral-current (NC) reactions to the rate for CCQE.

Process Systematic error

CCQE energy-dependent (7% at 500 MeV)

CC 1⇡ 30% (E
⌫

< 2 GeV) – 20% (E
⌫

> 2 GeV)

CC coherent ⇡± 100% (upper limit from [27])

CC other 30% (E
⌫

< 2 GeV) – 25% (E
⌫

> 2 GeV)

NC 1⇡0 30% (E
⌫

< 1 GeV) – 20% (E
⌫

> 1 GeV)

NC coherent ⇡ 30%

NC other ⇡ 30%

FSI energy-dependent (10% at 500 MeV)

cross-check of the assumed cross-sections and uncertainties, and yields consistent results. A

list of reactions and their uncertainties relative to the CCQE total cross-section is shown in

Table I. An energy-dependent error on CCQE is assigned to account for the uncertainty in

the low energy cross-section, especially for the di↵erent target materials between the near

and far detectors. Uncertainties in intranuclear final state interactions (FSI), implemented

with a microscopic cascade model [33], introduce an additional error in the rates (see e.g.
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Figure 3: Measured neutrino beam center by the on-axis neutrino beam monitor. X/Y correspond to 
horizontal / vertical direction. Error bars are only statistics error. Red doted line shows 1 mrad 
difference from the beam axis. Beam direction is stable within 1 mrad.

Figure 2: The expected T2K neutrino flux energy spectrum at Super-K for each neutrino 
flavor.



Figure 4: The fractional flux uncertainty for the νµ / νe neutrino flux at Super-K. “Nucleon Production”, “Pion Production”, 
“Kaon Production” and “Prod x-section” are each uncertainty of the production of parent hadrons. “Proton Beam Pos./
Profile” is due to the uncertainty of the proton beam optics. “Beam Direction Measurement” is due to off-axis uncertainty. 
“Horn Abs. Current” is due to the uncertainty of the current of the focusing horns.


