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Cross section measurements in the T2K experiment



Overview of the T2K experiment
Long-baseline neutrino oscillation measurement
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● High intensity, almost pure (anti-)neutrino beam
● Use off-axis method (2.5 degrees)
● Measure neutrino oscillation parameters
● Aim to discover CP violation of the lepton sector



T2K Near-detectors
Measure the unoscillated neutrino flux
for constraining the flux & cross section

(Off-axis angle : 2.5 degrees)

Some detectors are installed
in the UA1 magnet (0.2 T)

Tracker
● FGD : Scintillators (FGD1)

Scintillators + H2O (FGD2)
● TPC : Mainly Ar (95%) filled

Tracking & Particle ID

･ P0D
･ TPC
･ FGD
･ ECal
･ SMRD

Measure the beam direction, beam profile,
and beam stability (located at on-axis)

INGRID (16 modules)
● Fe + Scintillators (sandwich structure)

Proton Module (1 module)
● Fully active scintillator tracker

Proton Module

INGRID horizontal modules

INGRID
vertical
modules

ND280

INGRID
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T2K systematic errors
● Target difference between Near-detector (CH) and Far-detector (H2O)

- Some measurements on carbon & on water are described later

● 2p2h interaction can look like CCQE signal event in the final state at SK
- Due to nuclear effects, 2p2h contributes to the signal

Systematic error source
Error

(𝝂𝝁 -> 𝝂𝝁)
Error

(𝝂𝝁 -> 𝝂𝒆)
Error

( 𝝂𝝁 ->  𝝂𝝁)
Error

( 𝝂𝝁 ->  𝝂𝒆)

ν flux & cross section 3.1% 2.7% 3.4% 3.0%

ν cross section
(Non-cancelled)

4.7% 5.0% 10.0% 9.8%

SK FSI & SI 3.0% 2.4% 2.1% 2.2%

Total 6.8% 7.7% 11.6% 11.0%

CCQE
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Need model-independent measurements !
● As a function of measured variables (muon kinematics)

- No dependence on model to translate to neutrino energy
● Charged current process w/o pions in the final state (CC0pi)

- Less dependence on FSI model

Large nuclear-model uncertainties...

W

W



CC0pi on carbon @ND280
In order to confirm the robustness of the measurement,
two analyses have been performed

Analysis I Analysis II

Selection
① Only muon in TPC

② 1 muon + 1 proton in TPC

③ 1 muon in TPC + 1 proton in FGD

④ 1 proton in TPC + 1 muon in FGD

Selection
● Only muon in TPC + no pion

in final state

(e.g. no pion-like tracks in FGD)

- No proton information used

Method to extract the cross section
● Likelihood fit

Method to extract the cross section
● Bayesian unfolding

arxiv:1602.03652,
under publication on PRD

Good agreement can be seen between two analyses
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CC0pi on carbon @ND280
Results indicate the presence of 2p2h interactions,
but it is difficult to make a conclusion ...more data desired !

Analysis I

arxiv:1602.03652,
under publication on PRD
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Results are in agreement
with both NEUT and GENIE predictions

Integrated cross sections [×10-38 cm2 nucleon-1]

Ⅰ : 0.417 ± 0.047 (syst.) ± 0.005 (stat.)
(NEUT prediction : 0.444)

Ⅱ : 0.202 ± 0.0359 (syst.) ± 0.0026 (stat.)
(NEUT prediction : 0.232)

Muon cos θ 0.70 - 0.80

Muon momentum [GeV]

Muon cos θ 0.80 - 0.85 Muon cos θ 0.85 - 0.90

Muon momentum [GeV] Muon momentum [GeV]



CC0pi on carbon @Proton Module

No B-field at Proton Module...
-> Use INGRID penetration distance

for 𝑝μ determination (~100 MeV/c resolution)

Proton Module INGRID

PID is based on dE/dx

Charge corrected per hit [p.e.]

P
[p

.e
.] - μ

- π
- p

- μ tracks
- π tracks
- p  tracks

P
ro

b
a
b
ili

ty

ln(μCL)

μ-like

proton-like
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44%

5%

Not 
used

Selection cut for PID
● C.L. > -2.5 : μ-like, C.L. < -3.5 : proton-like
● π track looks μ-like

-> Only 1 μ-like track is required

Selection efficiency is about 80% in MC

MC study is now on-going !

Combination of measurements at on/off-axis would give a model-independent  
estimation of the energy dependence of the cross section



CC0pi on water @ND280 (FGD)
● Extract the dependence of nuclear effects on the target nucleus

･ Useful since the T2K far detector is composed of water

● Scintillators : Water = 50 : 50 (volume) in FGD2
･ FGD1 contains only scintillators

● Subtraction method used to extract the cross section (σwater) and ratio (
σ𝑤𝑎𝑡𝑒𝑟

σ𝑠𝑐𝑖𝑛𝑡𝑖)

･ Water = FGD2 - Scintillators MC study is now on-going !

10

Vertical scintillators

Horizontal scintillators

Glue, G10 sheets and

polypropylene sheets
Air w/ G10 spacers

Water

Polycarbonate structure

Neutrino energy is well reproduced
by MC for both FGDs

Neutrino energy [MeV]
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New experiment for measuring H2O / CH cross sections
- WAGASCI experiment -



Motivation of the WAGASCI experiment
ND280
Target : CH
Acceptance : Forward

SK
Target : H2O
Acceptance : 4π

Systematic error source
Error

(𝝂𝝁 -> 𝝂𝝁)
Error

(𝝂𝝁 -> 𝝂𝒆)
Error

( 𝝂𝝁 ->  𝝂𝝁)
Error

( 𝝂𝝁 ->  𝝂𝒆)

ν cross section
due to target difference 

btw. ND280 and SK
4.7% 5.0% 10.0% 9.8%

Total 6.8% 7.7% 11.6% 11.0%

In order to reduce this large uncertainty, we are constructing
a new detector for measuring... (for charged current interactions)

● Cross section on H2O and CH with 10% accuracy, respectively
Flux uncertainty is a main error

● Cross section ratio between H2O and CH within 3% accuracy
Taking the ratio, flux uncertainty is expected to be canceled 12



Detector geometry
Central detector
● H2O module ×2 + CH module ×2
● Target (H2O/CH) + plastic scintillators
● Each target has 1×1×1 m3 volume

and 1 ton mass

Muon range detectors (MRDs)
● Iron plates + plastic scintillators
● Identify muons

and measure their momentum
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Similar energy spectrum
between targets

(MRDs)

Muon Range Detectors

Central detector

■ : CH  target

■ : H2O target

Neutrino energy [GeV]

□ : H2O
□ : CH

ν



Detector components
Scintillator
● 3 mm thickness
● WLS fiber is put on each groove

Connected to MPPCs
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3D grid-like scintillators
● Each space is filled with target materials
● Target : scintillator = 79 : 21 (volume)

32 ch array-type MPPC
WAter Grid And SCIntillator

→ WAGASCI 

Box for Japanese cake,“wagashi”



Expected performance in MC

CC 
(Signal)

NC
Background
from outside

All

Event rate
/ 1021 POT

29450 1060 1640 32150

Fraction 91.6% 3.3% 5.1% 100%

High statistics & Low backgrounds are expected

● Large angular acceptance
● Wide momentum coverage

[ MC events after the selection ]
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w/ grid layer



Detector construction
1 water module has been constructed
as a prototype detector (Oct. - Dec. 2015)

Designed by LLR group 16

Complete module is installed
into the water tank Electronics boards have been

also prepared



Schedule
Prototype detector
● ～ May 2016 : Performance test by cosmic-rays

- Event displays (3 samples) show a muon is well reconstructed

● Jun 2016 ～ Summer 2016  : Commissioning / Cosmic data taking
● Autumn 2016 ～ : Start neutrino beam measurement

WAGASCI detector
● ～ Summer 2017 : Detector construction
● Autumn 2017 ～ : Start neutrino beam measurement
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Summary

● Model-independent measurements in the T2K experiment
- Measure CC0pi cross section on C at off-axis

･ Hint of 2p2h interaction
- Measure CC0pi cross section on C at on-axis

･ Combine with measurements at off-axis
-- Measure CC0pi cross section on H2O at off-axis

･ Extract the dependence of nuclear effects on target nucleus

● New experiment is on-going to measure H2O/CH cross section ratio
- Detector has 3D grid-like scintillators -> large angular acceptance
- Prototype H2O module has been complete, and the data taking

will be started from the beginning of Jun 2016
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Projects are all very fine !
Stay tuned for more results of cross section measurements...
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Neutrino Oscillation Probability
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Oscillation phase
to be minimum...

E ≃ 0.6 GeV



Neutrino interaction ratio (CC)
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The fraction of CC events at the T2K energy is about 80%



T2K Near-detector (Off-axis)

ND280
Measure the unoscillated neutrino flux
for constraining the flux & cross section

(Off-axis angle : 2.5 degrees)

Some detectors are installed
in the UA1 magnet (0.2 T)

Tracker
● FGD : Scintillators (FGD1)

Scintillators + H2O (FGD2)
● TPC : Mainly Ar (95%) filled

Tracking & Particle ID

･ P0D
･ TPC
･ FGD
･ ECal
･ SMRD
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T2K Near-detector (On-axis)

INGRID

Upstream view Top view

Measure the beam direction, beam profile,
and beam stability.

INGRID (16 modules)
● Fe + Scintillators (sandwich structure)

Proton Module (1 module)
● Fully active scintillator tracker

Proton Module

INGRID horizontal modules

INGRID
vertical
modules
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CC0pi on carbon @ND280
In order to confirm the robustness of the measurement,
two analyses have been performed.

Analysis I Analysis II

Selection
① Only muon in TPC

② 1 muon + 1 proton in TPC

③ 1 muon in TPC + 1 proton in FGD

④ 1 proton in FGD + 1 muon in FGD

Selection
● Only muon in TPC + no π in final state

- No proton information used

Good efficiency

arxiv:1602.03652,
under publication on PRD
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CC0pi on carbon @ND280
There are two additional control regions are selected
in order to constrain charged current event rate 
with single-pion and multiple-pion production.

arxiv:1602.03652,
under publication on PRD
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After pre-selection (e.g. ①), a reconstructed negative track in TPC with muon-
like PID and a positive track in TPC with pion-like PID are required.

Analysis I

･ Events with exactly two tracks are included in region 5 : CC1π control region

･ Events with more than two tracks are included in region 6 : CCother control region

The fraction of CC0π signal in the control regions is very low 
and the CC1π (CCother) purity is quite good !



CC0pi on carbon @ND280
arxiv:1602.03652,
under publication on PRD
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CC0pi on carbon @ND280
arxiv:1602.03652,
under publication on PRD
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CC0pi on carbon @ND280

muon cos θ 0.60 - 0.70 muon cos θ 0.70 - 0.80

muon cos θ 0.80 - 0.85 muon cos θ 0.85 - 0.90

pμ [GeV] pμ [GeV]

pμ [GeV] pμ [GeV]

σ
 [

fb
]

σ
 [

fb
]

σ
 [

fb
]

σ
 [

fb
]

Good agreement between two analyses

arxiv:1602.03652,
under publication on PRD
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CC0pi on carbon @ND280
Results indicate the presence of 2p2h interactions,
but it is difficult to make a conclusion ...more data desired !

Analysis I

arxiv:1602.03652,
under publication on PRD
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Results are in agreement
with both NEUT and GENIE predictions

Integrated cross sections [×10-38 cm2 nucleon-1]

Ⅰ : 0.417 ± 0.047 (syst.) ± 0.005 (stat.)
(NEUT prediction : 0.444)

Ⅱ : 0.202 ± 0.0359 (syst.) ± 0.0026 (stat.)
(NEUT prediction : 0.232)

Analysis Ⅱ

Muon cos θ 0.70 - 0.80

Muon momentum [GeV]

Muon cos θ 0.80 - 0.85 Muon cos θ 0.85 - 0.90

Muon momentum [GeV] Muon momentum [GeV]



CC0pi on carbon @Proton Module 31

PID selection
● Estimate a confidence level that a particle is a muon on a plane-by-plane basis

● The expected dE/dx distribution of muons is obtained from the beam-induced

muon backgrounds which are mainly created by the neutrino interactions

in the walls of the detector hall

C.L. = P× 𝑖=0
𝑛−1 − ln 𝑃 𝑖

𝑖!
, P =  𝑖=1

𝑛 𝐶𝐿𝑖

n ： Number of penetrated scintillator plane
CLi ： Calculated confidence level at the i-th plane as a function of dE/dx

In the case where the track penetrates only two planes, 

C.L. = 1 -  𝑃
1
𝑑𝑥  𝑃/𝑥

1
𝑑𝑦

= P (1 - ln P)



CC0pi on carbon @Proton Module

Bayesian unfolding method is used.

[True] : Event in bin pμ, θμ [Recon.] : Event in bin dμ, θμ

Pμ [GeV] dμ [cm]

θ
μ

[d
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g
re
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s

]

θ
μ

[d
e

g
re

e
s

]

P(Recon.|True)

P(True|Recon.)

(MC simulation)

(Baye theorem)

Reconstruction distribution Angle distribution
Uncertainty : 10～20%
- Not enhanced by

the unfolding method

dμ [cm] θμ [degrees]
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Data box will be
opened very soon !
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CC0pi on carbon @Proton Module 33



CC0pi on carbon @ND280 (FGD)
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Detector candidate location

ND280

WAGASCI

□ : WAGASCI
□ : ND280

In the T2K near-detector hall at an off-axis angle 1.6 degrees
- ND280 is located at an off-axis angle 2.5 degrees

Neutrino energy spectrum is similar between WAGASCI and ND280

On-axis

INGRID
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Detector components
Scintillator
● 3 mm thickness
● WLS fiber is put on each groove

Connected to 
array-type MPPCs

Multi-pixel photon counter (MPPC)
● 32 ch new MPPC
● Low noise

● Old type
● New type 1
● New type 2

ΔV [V]

N
o
is

e 
ra

te
 [

H
z]

3D grid-like scintillators
● Each space is filled with target materials
● Target : scintillator = 79 : 21 (volume)
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WAGASCI electronics

Read-out electronics is
tested by LLR group, in France
OMEGA SPIROC2D chip will be
used in ASU boards.

Setup for the test operation
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WAGASCI event selection 38

① Identify muon
- At least one track should penetrate more then one iron layer in MRD

② Measure muon momentum
- Track should stop in MRD or penetrate all layers

③ Reject background from outside
- Vertex should be in Fiducial volume
- Track should go outside from target module

MRD

Fiducial volume


