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We present the first measurement of the muon neutrino spectrum at the T2K near detector, ND280,
using the data collected at the JPARC accelerator facility in Tokai, Japan. ND280 is located 280
meters downstream from the target and 2.5° off-axis from the direction of the beam. The measured
spectrum at ND280 constrains the flux and cross section uncertainties in the T2K oscillation anal-
ysis. We select inclusive charged-current (CC) events from muon neutrinos in ND280. These are
separated into a charged current quasi-elastic (CCQE) enhanced sample and a CC non-QE sam-
ple. We then fit the muon spectrum for both samples to extract flux and cross section parameters,
which are used as inputs into T2K’s oscillation analysis. We separately produce a flux-averaged
differential inclusive CC cross-section in the 2-dimensional plane of muon momentum and angle.
For the cross-section measurement the flux is given by the MC and tuned to data from the NA61
experiment. We present the event selection, detector uncertainties, and final measurement result

for both the spectrum measurement and for the cross-section result.
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1. The T2K experiment

T2K is a neutrino oscillation experiment that is described in detailed in [1]. It contains a
far detector, Super-Kamiokande (SK), at 295 km from the neutrino source and a near detector at
280 m. In the near detector complex, there is an on-axis detector INGRID and a 2.5° off-axis
detector, ND280, which is used to measure the neutrino charged curent (CC) rate and cross section.
Neutrinos are generated from the 30 GeV J-PARC (Japan Proton Accelerator Research Complex)
proton beam located at Tokai-mura, Japan. The protons are extracted and interact with a graphite
target. The positively charged hadrons produced in the interactions (mostly pions and kaons) are
focused by three magnetic horns and directed into 96 m long decay pipe. Here most of the pions
and kaons decay, mainly into muons and muon neutrinos.

ND280 is a multi-purpose set of sub-detectors installed inside a 0.2 T dipole magnet (recycled
from the UA1 and NOMAD experiments at CERN). The tracker is the main component used for
the results presented here. It comprises three TPCs and two Fine Grained Detectors (FGDs). For
this measurement, the first FGD has been used as active target for neutrino interactions, while the
second FGD has only been used as a tracking detector. The composition of the first FGD is mainly
Carbon at 86% (Cgga, O3.7%, H7.49, Tii 79, Sii%, No.1%), while the second FGD is a water-rich
detector.

The TPCs perform three key functions in the near detector. Firstly, they reconstruct charged
particle crossing the detector in three dimensions. Secondly, they measure the momentum of the
charged particle thanks to the magnetic field. Thirdly, they provide particle identification using the
amount of ionization left by each particle combined with the measured momentum. These three
functions allow the selection of high purity samples of different types of neutrino interactions.
Fig. 1 shows a charged current event candidate in the tracker of ND280.
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Figure 1: Charged current event candidate in the tracker region of the near detector.

2. Event samples, selections and systematic errors

The same event samples is used to obtain the inclusive charged current (CC) interaction rate
and cross section measurement in the tracker. From January 2010 up to the major Earthquake in
Japan in March 2011, a total of 10.796 x 10" protons on target (POT) have been used.
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The inclusive charged current selection is done by first selecting at least one negative track in
the TPC. This track should start in the fiducial volume of the first FGD and have an energy loss
compatible with the muon hypothesis. With this selection a total of 4485 data events have been
selected as inclusive charged current interaction candidates.

An additional step to this basic selection is then done to distinguish the quasi-elastic (CCQE)
interactions in the case of the interaction rate measurement. The quasi-elastic sub-sample is ob-
tained by requiring in addition the existence of only one TPC-FGD track and the absence of any
Michel electron. Comparison with Monte-Carlo (MC) simulations has been done using two neu-
trino interaction generators, NEUT [2] and GENIE [3]. The final purity and efficiency are 72% and
40%, respectively, for the CCQE sample and 87% and 50 % for the CC sample. As can be seen
in Fig. 2, this selection is optimized for forward-going muons, and the purity is very high starting
from ~ 500 MeV.
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Figure 2: Purity vs the muon momentum (left) and efficiency vs muon angle (right).

Most of the systematic error sources are the same for the rate and the cross section measure-
ments. They can be subdivided in three independent categories: flux prediction uncertainties, cross
section model uncertainties and detector response uncertainties. For the cross section measurement
there are two additional systematic errors, namely the number of target uncertainty in the first FGD
and the unfolding uncertainty. The flux uncertainty is the main systematic error due to the big
uncertainty in hadron production cross sections and secondary interactions. The hadron production
in proton-Carbon interactions at 30 GeV has been measured by the NA61/SHINE collaboration [4]
and used for neutrino flux prediction in T2K.

The cross section model uncertainties are estimated comparing our main generator NEUT with
the MiniBOONE data. The MiniBooNE data corresponds to the same range of energy as T2K and
presents no angular dependence due to its spherical design. The main contribution of detector
systematic uncertainty is coming from the out of fiducial volume background and momentum dis-
tortions due to the magnetic field. The systematic error due to the algorithm is less than 1% for all
forward bins, while the number of target uncertainty represents an overall uncertainty of 6.7%.

3. Muon neutrino interaction rate measurement

The rate measurement method is based on a Likelihood fit on the tracker charged current data.
The number of reconstructed events at the near detector is fitted for 40 angular and momentum bin,
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where the first 20 bins are for the CCQE selection, and the last 20 bins are for the CCnQE.

The likelihood is constructed from the binned number of events in data and prediction, Nid‘””
and NtMC, where i is the one-dimensional bin index.The likelihood depends on parameters that
describe the uncertainties in the underlying flux and cross section models, b and X. The likelihood
also depends on nuisance parameters that model the detector systematic uncertainties, d.

The quantity that is maximized is the likelihood ratio,
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Systematic errors are taken into account inside the fit by the use of a prior probability density
function (PDF) defined similarly for detector, cross section and flux parameters,
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where A5 corresponds to the set of fitted parameters that is related to a given source of systematic
uncertainty, V; is the covariance matrix for the given systematic uncertainty, and & the dimension
of the parameter vector 5.

The result of the fit gives a much better agreement between data and MC. While the data to
MC ratio is 95.0 % and 98.7% for the CCQE selection and CCnQE selection for the nominal MC,
the ratio becomes 99.9 % and 99.4 % after fit as can be seen in Fig. 3. In addition to a better data
to MC agreement after fitting, the fit to the near detector data constrains the flux and the cross
section at the far detector. The systematic error of the neutrino flux parameters at SK is reduced
with the use of the ND280 data fit. In particular, the total systematic error on the flux parameters is
decreased from 20% before the ND280 fit to 10% after the ND280 fit.
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Figure 3: Comparison between nominal and reweighted MC for the muon momentum. The post-fit result is
shown in blue and labeled as BANFF-rw MC (left). The SK v, flux parameters with 16 uncertainties before
and after the near detector v, fit. The flux parameters, B, scale the flux prediction in each true neutrino
energy bin (right).
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4. Muon neutrino cross section measurements

Based on Bayes’ theorem, the method employed to extract the cross section is a 2-Dimensional
unfolding of the muon momentum and angle reconstructed distributions. The result of the unfold-
ing gives the number of inferred events in “true” bins, where we correct the smearing due to the
response of the detector. The binning used for the reconstructed distributions is the same as for the
rate measurement. As there are very few tracks reconstructed as going backward, the first recon-
structed bin in angle takes into account the entire backward region up to cos 6, = 0.84. To account
for the fact that backward going tracks are badly reconstructed, the binning on the inferred number
of events is slightly different and splits the first angular bin into two. The two bins are the backward
region and the forward region up to cos 6, = 0.84.

The final cross section result is a flux-averaged double differential cross section in muon mo-
mentum and angle. It is obtained from the result of the unfolding divided by the total number of
target nucleons, the total flux of the incoming muon neutrinos and by the bin widths. The final
result is shown in Fig. 4.
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Figure 4: The differential cross section results with systematic and statistical error bars together given in
cm?/nucleon/MeV. Each graph corresponds to a bin angle. Each color represents a systematic error source,
T: number of Target uncertainty, FSI: Final State Interaction uncertainty, det.: detector uncertainty, X-s: cross
section modeling uncertainty, ¢: flux uncertainty, algo: algorithm uncertainty, stat: statistical error.

Systematic and statistical errors have been propagated through the algorithm by reweighting
the MC for each source of error separately. The main systematic error source is the muon neutrino
flux. In particular the hadron production cross section at the target and the multiplicity of kaons
and pions that decay into muon neutrinos. The cross section model uncertainty is also very impor-
tant. In particular, we changed the nucleon distribution inside the nucleus in the FGD1, from the
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simple Relativistic Fermi Gas Model to the more sophisticated Spectral Function of the NuWro
generator [5]. The difference of the two results has been taken as systematic error and mainly af-
fect forward-going muons with relatively high momentum. The other systematic uncertainties are
almost negligible in comparison. Fig. 5 shows the final double differential cross section only for
forward-going muons, since the efficiency of selecting charged current interactions with backward-
going muons is very small.
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Figure 5: The T2K total cross section result together with the NEUT and GENIE predictions for T2K and
SciBooNE. The predictions for SciBooNE are for a CgHg target, which is comparable to the mixed T2K
target. BNL data has been measured on deuterium.

A flux averaged total cross section is also provided by extrapolating to the backward going
bin. The final result is shown in Fig. 5. The total flux averaged cross section result for our target
is: (GRATAY, — (6.91+0.13(star) +0.84(syst)) x 10739 <o

cm
nucleon

5. Conclusion

The T2K collaboration has presented a notable improvement in the precision of the predicted
event rates at the T2K far detector based on the measurements at the near detector. A reduction of
the systematic error on the flux parameters at the far detector from 20% to 10% has been estimated
due to the new near detector data. In addition to constraining flux and cross section models at
the far detector, the near detector data has also been used to extract the charged current inclusive
differential cross section. While the results presented here are all preliminary, publications on the
various topics are in preparation.
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