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A study of neutrino cross sections neutrino-nucleus interaction plays an important role for
the precise measurement of the neutrino oscillation parameters. We present current status
of the measurements of the muon neutrino cross sections in the T2K long baseline neutrino
oscillation experiment. At the near detectors we have measured the inclusive charged current
cross section on CH and Fe, charged current quasi elastic cross section on CH, and neutral
current quasi elastic cross section on H2O in sub GeV to a few GeV energy region. We also
present recent progresses on the neutrino interaction Monte Carlo generator which is used in
the T2K experiment.

1 Introduction

Since Super-Kamiokande (Super-K) reported the evidence of neutrino oscillation in 1998, much
progress has been made in the understandings of the phenomenon. A recent result from the
T2K experiment showed that electron neutrino (v.) appears from muon neutrino (v,) beam
with a significance of 7.30 3. This enabled the first constraint on the CP violating phase (6cp)
in the lepton sector. Determination of dop is essential to complete the picture of the mixing in
the leption sector. In addition, dop could be a key to solve the matter-antimatter asymmetry
in the universe through leptogenesis. Uncertainty of the neutrino interaction potentially gives
large systematic errors to determine the oscillation parameters including dcp. Therefore, the
measurement of the neutrino interaction is very important.

2 T2K experiment

The Tokai-to-Kamioka (T2K) experiment is a long baseline neutrino oscillation experiment in
Japan 2. T2K employs an almost pure v, beam, which is generated as follows. An intense 30 GeV
proton beam produced at J-PARC main ring hits a graphite target and produces secondary
particles. Positively-charged secondary particles (mainly 7%) are focused by three magnetic
horns. The v, beam is then produced as the decay products of 7t. The beam is measured at
near detectors which are located 280 m downstream from the target. After traveling 295 km,
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Figure 1 — Overview of the T2K experiment.

neutrinos are detected at a far detector: Super-K. Oscillation parameters are then determined
by measuring the beam before and after oscillation at the near and far detectors, respectively.
An overview of the T2K experiment is shown in Figure 1. The neutrino energy spectrum at SK
has a narrow-band and it peaks at 0.6 GeV where the oscillation probability maximizes.

3 Near detectors

There are two near detectors: an off-axis detector (ND280) and on-axis detector (INGRID).
ND280 (left in Figure 2) uses a dipole magnet with a magnetic field of 0.2 T. ND280 has three
active target regions: two FGD’s and POD detectors, which are followed by time projection
chambers (TPC) and surrounded by electromagnetic calorimeters and muon range detectors.
The most upstream FGD (Fine Grained Detector ?) (FGD1) consists of layers of plastic scintil-
lator bars. FGD1 provides the target mass and reconstruction of the short-ranged tracks near
the vertexes. TPCs provide PID based on dF/dx information and momentum from the track
curvature in the magnetic field. The FGD’s and TPC’s are called the tracker section. POD ©
consists of plastic scintillators, brass sheets and water bags. The detector is installed to measure
the neutrino interaction accompanied with 7% production by using the water target.

INGRID 7 (right in Figure 2) consists with 14 independent modules (7 vertical and 7 hori-
zontal modules) , each of which are composed of iron plates and scintillator planes. The modules
make up a cross-shape with center on beam-axis. It measures the v, beam direction and in-
tensity. Another detector called Proton Module sits on-axis between the horizontal and vertical
modules. The Proton Module is a fully-active tracking detector which is made of layers of plastic
scintillator bars.

ND280 is located in the direction of Super-K. Therefore, the neutrino energy spectrum at
ND280 is similar to that at Super-K. INGRID and the Proton Module are located at on-axis
(beam-axis). The neutrino energy spectrum at INGRID (and the Proton Module) has a wide-
band compared to that at ND280 and it’s peak energy is about 1 GeV. The neutrino energy
spectra at ND280 and INGRID are shown in Figure 3.

4 Cross Section Measurements at the near detectors

As underlined in Section 1, measurement of the neutrino interaction is important for neutrino
oscillation experiments. We have performed measurements of the neutrino interaction cross
section in the energy region from Sub-GeV to Few-GeV with the near detectors. In the T2K
experiment, neutrino interaction with nuclear targets is simulated with a MC neutrino event gen-
erator: NEUT?. Additionally, a different MC generator, GENIE !9, is also used for comparison
of the cross section.
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Figure 2 — An exploded view of the ND280 off-axis detector (left) and INGRID detector (right).

4.1 Fluz averaged CC inclusive cross section measurement with the ND280 tracker

The charged current (CC) inclusive cross section on hydrocarbon (CH) was measured with the
tracker section in ND280. The events with a reconstructed p~ starting within the FGD1 fiducial
volume were selected. Efficiency and purity for this selection are 50% and 87%, respectively. The
flux averaged CC inclusive cross section was extracted by subtracting background contribution
which was estimated by a Monte-Carlo (MC) simulation. The result with a total of 1.08 x 102"
protons-on-target (p.o.t) is (coc) = 6.91 + 0.13(stat) + 0.84(syst.) x 1073%m? /nucleon for a
mean neutrino energy of 0.85 GeV 8. It is consistent with the predictions from NEUT (7.27 x
1073%em? /nucleon) and GENIE (6.54 x 10~3%cm? /nucleon) MC generators as shown in Figure 4.

4.2  CC quasi-elastic cross section measurement with the ND280 tracker

The charged current quasi-elastic (CCQE) scattering is a primary interaction in the T2K exper-
iment. This is a quasi two-body interaction: v, +n — u~ + p. Therefore, neutrino energy can
be determined by measuring the momentum and scattering angle of outgoing p~. The CCQE
cross section on CH was measured with the tracker section. The CCQE candidate events are
selected by requiring no pions in the final state to the CC inclusive samples. The efficiency and
purity of this selection are 40% and 72%, respectively. The result obtained with 2.63 x 10%° p.o.t
and prediction from the NEUT model are shown in Figure 5. The result is consistent with the
model.

4.8 Fluz averaged NC elastic cross section measurement with ND280 P0OD

The neutral current elastic (NCE) cross section (v, +p — v, + p) on water was measured with
POD. In order to select proton tracks, PID based on dFE/dx information was applied to the
events occurring in the POD fiducial volume. The efficiency and purities are 13.7% and 45.6%,
respectively. The flux averaged NCE cross section measured with a total of 9.92 x 10 p.o.t is
(oncE) = 2.24 £ 0.07(stat) 023 (syst.) x 10~*em? /nucleon. The result is consistent with the
predictions from NEUT (2.02 x 10~3%cm? /nucleon) and GENIE (1.78 x 10~3*%cm? /nucleon).
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Figure 4 — CC inclusive cross section on CH with the
NEUT and GENIE prediction and the external experi-
ment. The T2K flux at ND280 is shown in grey.

4.4 CCinclusive cross section measurement with INGRID and the Proton Module

CC inclusive cross sections on Fe and CH were measured with INGRID and the Proton Module,
respectively. In the neutrino event selection with INGRID, the center module of the horizontal
ones was used. A long track (i.e. p-like track) generated by the neutrino interaction in that
module is searched. The neutrino events were then selected by requiring the interaction vertex
to be in the fiducial volume. The same selection criteria were applied to the Proton Module. In
addition, existence of a track which matches the track from the Proton Module is required for the
INGRID module which is put behind that module to select events accompanied by a muon. To
make efficiency of the INGRID module event selection similar to that of the Proton Module, an
additional acceptance cut is applied to the long track of the INGRID module. The measured flux
averaged CC inclusive cross section on Fe (INGRID) and CH (the Proton Module) with a total of
6.04 x 1020 p.o.t are respectively (o5¢) = 1.444+0.002(stat.) £0.178(syst.) x 10~38cm? /nucleon
and (¢&H) = 1.3794+0.009(stat.)£0.170(syst.) x 10~38cm? /nucleon for a mean neutrino energy of

1.51 GeV. The ratio of the cross section on Fe to CH is ‘7€) — 1.04740.007(stat.) £0.028(syst.).

(O.Fe
The systematic error for the cross section ratio is reducegcto 3%. This is because the errors from
the neutrino flux and neutrino interaction uncertainties canceled out between the two detectors.
The result for the cross section ratio is shown in Figure 6. All the results are in agreement with
NEUT and GENIE models.

5 Progresses on the neutrino interaction Monte Carlo generator

There are some improvements on the neutrino event MC generator "NEUT” which is used
for our analyses in the T2K experiment. In simulating CCQE, NEUT had used Relativistic
Fermi Gas Model (RFG) for the nucleus model for a long time. Recently a new model is being
developed: Spectral Function (SF) replaces RFG as the new nucleus model because it gives
better agreement with electron scattering data than RFG. Measurements of the CCQE by the
MiniBooNE experiment gives a higher value (1.35 GeV /c?) of the axial vector form factor, MEE,
than those from other experiments. To solve this discrepancy, Meson-Exchanged current (MEC)
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Figure 6 — CC inclusive cross section ratio on Fe to
Figure 5 — CCQE cross section on CH. Results from CH with the NEUT a?d GENIE predi(?ti?n. Energy
other experiments and the prediction by NEUT are spectrum of the neutrino flux at on-axis is shown in

also shown. grey.

scattering was introduced and it is implemented in NEUT.

Another improvement was made for the CC single pion production (CClr), v + N —
[ + N’ + m, where N(N’) is a nucleon. So far the form factor of the Rein-Sehgal model !
had been used in the process of CClmx. It is now replaced with the more realistic one. The new
form factor is parametrized by the axis form factor (C#), axial vector mass (MFFS). These
parametrizations are obtained from the fit of bubble chamber data.

6 Conclusion

The T2K experiment has performed neutrino cross section measurements at the near detectors.
Obtained results so far are in agreement with the predictions of present neutrino models, which
demonstrate the validity of our understanding of the neutrino-nucleus interaction in a few GeV
energy region. There have been improvements implemented on the neutrino interaction event
generator: NEUT. We expect these measurements and improvements on the generator contribute
more precise measurements of the neutrino oscillation parameters, and therefore of dgp.
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