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T2K experiment
High intensity ~600 MeV νμ beam produced at J-PARC (Tokai, Japan) 

Neutrinos detected at the Near Detector (ND280) and at the Far 
Detector (Super-Kamiokande) 295 km from J-PARC 

Main physics goals: 

Observation of  νe appearance → determine θ13 and δCP 

Precise measurement of  νμ disappearance → θ23 and Δm2
32
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TokaiKamioka

Super-Kamiokande: 22.5 
kt fiducial volume water 

Cherenkov detector

ND280

J-PARC accelerator: 
Design power: 750 kW



ND280

Detector installed inside the UA1/NOMAD magnet (0.2 T magnetic field) 

A detector optimized to measure π0 (P0D) 

A tracker system composed by:  

2 Fine Grained Detectors (target for ν interactions). FGD1 is pure 
scintillator, FGD2 has water layers interleaved with scintillator 

3 Time Projection Chambers: reconstruct momentum and charge of  
particles, PID based on measurement of  ionization 

Electromagnetic calorimeter to distinguish tracks from showers
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Goals of  ND280

Constraint the 𝜈μ and 𝜈e spectra before 
the oscillations 

Measure neutrino cross-sections 

Measure background processes to the 
oscillation analyses (π0, CC1π, etc)
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Strength and limits of  ND280

Magnet + TPCs → reconstruct the charge of  the particles, 
precise measurement of  their momenta 

Fully active target for vertex reconstruction 

FGD2 has water and carbon layers → allow to constraint 
cross-section systematic uncertainties on both targets 

Designed to have excellent efficiency for forward going 
tracks but not for high angle tracks 

Efficiency drops below ~600 MeV 

The tracker mass is not huge (~2 ton) so the statistics for 𝜈e 
interactions is limited 
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ND280 analyses

The main use of  ND280 is to constrain flux and 
cross-section uncertainties in the T2K 
oscillation analyses 

Neutrino interactions are selected in the FGD 
and the charged particles produced are 
tracked in the TPC 

The most energetic forward going negative 
track is selected as the lepton candidate  

Positive track if  we are taking data in �̅� 
mode  

Precise measurement of  momentum and angle 
of  the muon
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ND280 νμ analyses

The inclusive sample is sub-divided according to the number of  
observed pions (0π, 1π, Nπ) using TPC and FGD reconstruction
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Figure 4.2: Momentum distribution for the events selected in the CC0⇡-like selection. The MC is
broken down by topology (left) and by reaction (right) in the FGD1.
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Figure 4.3: Momentum distribution for the events selected in the CC1⇡-like selection. The MC is
broken down by topology (left) and by reaction (right) in the FGD1.

for interactions in the FGD2 the time of flight between FGD1 and FGD2 is used to select backward
going tracks: for this reason the e�ciency in FGD1 goes to zero for cos ✓ smaller than 0.4 (where
✓ is the angle with respect to the beam direction) while in the FGD2 the e�ciency has a minimum
at ⇠ 0 and it increases again for cos ✓ < �0.4 since backward going tracks entering in the FGD1
are also selected. The work done to increase the angular e�ciency of the ND280 analyses will be
described in Sect. 4.4.

Once the samples were selected, uncertainties in the modeling of the FGD and TPC responses
and of neutrino interactions outside the fiducial volume of the FGD (that contribute to ⇠ 5% of
the selected events) have been assessed.
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and of neutrino interactions outside the fiducial volume of the FGD (that contribute to ⇠ 5% of
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Figure 4.4: Momentum distribution for the events selected in the CCOther-like selection. The MC
is broken down by topology (left) and by reaction (right) in the FGD1.
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Figure 4.5: E�ciency versus cos ✓ for tracks starting in the FGD1 (left) and in the FGD2 (right).

TPC systematics are divided in selection e�ciency, momentum resolution and PID. They are
all evaluated using control samples from cosmics or from tracks crossing several TPCs.

The FGD systematic uncertainties are evaluated separately for tracks connected to the TPC
and for tracks contained in the FGD. For this latter category stopping protons are used to de-
termine the systematics. Stopping muons and protons are also used to evaluate the FGD PID
systematics. Finally the Michel electrons tagging e�ciency is evaluated with cosmics. Another im-
portant systematic uncertainty concerns the modeling of the pions interactions traveling through
the FGD. This is evaluated from di↵erences between external pion interactions data and the un-
derlying GEANT4 simulation. More details are given in [85].

Finally the out-of-fiducial-volume systematic is calculated studying nine di↵erent categories
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W

µ
‹µ

p

N Õ

N

W

µ
‹µ

fi

N Õ

N

W

µ
‹µ

fi

N Õ

N
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W

µ
‹µ

p

N Õ

N

W

µ
‹µ

fi

N Õ

N

W

µ
‹µ

fi

N Õ

N
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ND280 �̅�μ analyses

Similar analysis but selecting positive muons 

�̅�μ + p → μ+ + n 

Thanks to the magnetic field the contamination of  𝜈 in the 
selection is <5%  

Divide the sample in 1 track (mainly CC0π) and N tracks

8
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Detector systematic errors

Detector systematic uncertainties are 
small in the ND280 analysis 

1.7% for the CC0π sample, 3.9% 
for the CC1π 

The dominant systematics is due to 
the pion secondary interactions → 
work is on-going to use ND280 data to 
reduce this source of  systematic 
uncertainty

9

Table 98: Integrated systematic error for each of the systematic uncertainties for production 6B files and
production 6 systematic errors for FGD2.

systematic error source prod6B total error in (%)
CC CC0Pi CC1Pi CCOther

Observable-variation systematics
Field distortions 0.0971 0.0822 0.1581 0.0989
Momentum resolution 0.1082 0.0786 0.1354 0.3404
Momentum scale 0.0791 0.0478 0.0780 0.2343
TPC PID 0.4538 0.4273 1.2179 0.7854
FGD PID 0.0003 0.0088 0.0322 0.0185
Time of flight 0.0783 0.0735 0.0721 0.1130
E�ciency-like systematics
Charge ID e�ciency 0.0935 0.1220 0.0766 0.0777
TPC cluster e�ciency 0.0006 0.0004 0.0005 0.0014
TPC track e�ciency 0.5231 0.4624 0.6984 0.6801
FGD track e�ciency 0.0030 0.0084 0.0320 0.0864
TPC-FGD matching e�ciency 0.2850 0.2213 0.3186 0.6063
Michel electron 0.0043 0.0916 0.4294 0.0065
Normalization systematics
OOFV background 0.4699 0.5255 0.4508 0.2053
Pile-up 0.1219 0.1219 0.1218 0.1218
FGD mass 0.3893 0.3879 0.3888 0.3984
Pion secondary interactions 2.0518 1.4350 3.6126 5.5949
ALL
All magnet 2.2734 1.6909 3.8818 5.9080
Sand muon background 0.0332 0.0364 0.0211 0.0281
TOTAL 2.2737 1.6913 3.8818 5.9081

9.7 Throws distribution1783

In this section, we discuss the throw distribution for the binning used in the T2K oscillation fits. The throw1784

distribution is simply defined as the number of selected events for a given bin for a given throw. We see1785

that both FGD1 and FGD2 gives reasonable good gaussian answer in general. For few bins, we see that the1786

throw distributions are not gaussian as shown in Fig. 38. For these distributions, 5000 throws have been1787

done on the run2 water-in MC.1788

The non-gaussian tails comes from the secondary pion interaction and charge ID e�ciency and not from1789

observable variation systematics. This is verified by allowing only weights smaller than 10 when running1790

over all systematics together. In this case all the throw distributions show a gaussian behaviour as we can1791

see in Fig. 391792
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8.3 True CCQE Events classified as CC-1-pion733

There is also a set of CCQE events that get mis-categorised as CC-1⇡. This happens for the734

following reasons:735

• 45% of the time because protons in the TPC are mis-identified as pions. This can happen736

because of reconstruction failures but also because the dE/dx separation between pions737

and protons becomes poor above 1 GeV/c.738

• 45% of the time there are spurious short tracks in the FGD that look pion-like. This can739

be either from mis-reconstructed protons or muons.740

• 10% of the time because of spurious Michel electrons from other magnet interactions.741

9 ND280 Detector Systematics742

This Section discusses the ND280 systematics relevant for this analysis. For some of the sys-743

tematics we defer to the details in the dedicated technical notes.744

Figure 22 give a pictorial overview of the systematics dealt with and is described in the subse-745

quent sub-Sections.746

The control samples used for estimating the systematic errors are indicated in the discussion747

of each systematics and they consist of: sand muons, cosmic muons, interactions in the P0D,748

stopping muons, etc.749

Figure 22: Sketch of the sub-detectors relevant for this analysis with the corresponding associ-
ated systematic components.
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Detector Systematics

15

10.5 Result of the propagation1629

The muon momentum and angle data and expected MC events with the total systematic uncer-1630

tainty are shown in Figure 52 for the three samples. Note that both the statistical and systematic1631

errors are show in the plots.1632

Figure 52: Muon momentum (left) and angle (right) data (dots) with their statistical error and
expected MC events (histo) with the red band indicating the total systematic uncertainty. The
first row is CC-0-pion, the second CC-1-pion and finally the third is CC-Other events.

The relative systematic error per each systematic uncertainty and their total can be found in1633

the Appendix C, with the corresponding systematic error per bin in Table 107. The dominant1634

contributions to the overall error are due to the pion re-interaction (also reported in this Sec-1635

tion in Figure 53) and out-of-fiducial-volume (Figure 54 in this Section) systematic errors, but1636

some others can be dominant in certain regions of the phase space. The total error is shown in1637

Figure 55 in this Section. Note that those plots are just for illustration, as the BANFF fit uses1638

the pdf of the number of entries and not the RMS estimation of the distribution obtained by toy1639

MC, like in the plots presented in this note, and that gives the spiky behaviour 4. The central1640

4This has actually changed recently. Due to instabilities in the BANFF fit, a covariance matrix was computed
and used for the propagation of the errors. This is not the final result and we expect to change this during the
Summer. Further studies on the smoothness of these distributions are been carried out.
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CC1π+CC0π CCother

As far as possible, use data 
to constrain systematics; e.g. 

use cosmic samples to 
evaluate interdetector 

matching

Dominant systematics are 
pion secondary interactions 
and out of fiducial volume 

events

CC0π 



Systematic reduction in Oscillation 

For the T2K oscillation analyses we model flux and cross-section 
systematic uncertainties 

Flux: mainly based on NA61/SHINE data (currently 10-15% 
uncertainties) 

Cross-section: use external data to constraint the neutrino 
interaction model based on NEUT
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Figure 6.6: The pre-fit and post-fit SK flux parameters and their uncertainties. The fitted parameter
values are shown with the bias correction included.
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Figure 6.7: The pre-fit and post-fit cross section parameters and their uncertainties. Post-fit param-
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Beam And ND280 Flux extrapolation task Force 20 / 59

Ajustement aux données de ND280
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Systematic errors in OA

Change the expected rate of  events at SK 

Reduce the systematic uncertainties → from ~15% to ~5%
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41Near detector analysis
Systematic uncertainty reduction

Both changes the nominal rate predictions
and reduces the uncertainties
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Systematic errors in OA

Flux and cross-section systematics within the model used for the 
ND280 fit are reduced to the 3% level 

We also implemented fake data studies to  study the effect of  
different cross-section models on the extraction of  oscillation 
parameters 

The other main systematic uncertainty for δCP is due to the 𝜈e/𝜈μ  
cross-section difference → can we do something with ND280?

12

𝜈μ	sample	
1Rμ	FHC

𝜈e	sample	
1Re	FHC

�̅�μ	sample	
1Rμ	RHC

�̅�e	sample	
1Re	RHC

1Re		
FHC/RHC

𝜈	flux+cross-section	
	constrained	by	ND280

2,8% 2,9% 3,3% 3,2% 2,2%

𝜈e/𝜈μ			and	�̅�e/�̅�μ	cross-sections	 0,0% 2,7% 0,0% 1,5% 3,1%

NC	γ 0,0% 1,4% 0,0% 3,0% 1,5%

NC	other 0,8% 0,2% 0,8% 0,3% 0,2%
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𝜈e analysis: ND280 PID capabilities

In T2K beam there is a residual beam 𝜈e component of  ~1% of  
the total flux → main background to 𝜈e appearance at SK 

To select them we need to reject the dominant muon signal 
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data is available. With the present statistics both num-
bers are compatible with unity showing no discrepancies
between the predicted and the observed beam ⌫

e

compo-
nent. The larger systematic uncertainty for R(⌫

e

(µ)) is
due to the fact that the detector, flux and cross-section
systematic uncertainties are larger at low momenta. The
distribution of the reconstructed electron momentum for
the three samples after the fit are shown in Fig. 16.

As far as the nuisance parameters are concerned, the
fitted values are in good agreement with the expecta-
tions. The out of FGD electron component is reduced
in the fit by 0.64 ± 0.10, compatible with the prior sys-
tematic uncertainty of 30%. This reduction might point
to the fact that the simulation does not properly repro-
duce the amount of ⇡0 produced in neutrino interactions
in the materials surrounding the ND280 tracker region.
Those interactions are mainly high energy deep inelastic
scattering events for which the ⇡0 multiplicity is not well
measured. This reduction does not have a large impact
on the measurements presented here because of the pres-
ence of the photon conversion sample used to evaluate
this background.

IX. SUMMARY

In summary, a selection of ⌫
e

CC interactions has been
performed using the T2K o↵-axis near detector combin-
ing the PID capabilities of the TPC and ECal. The com-
bination of these two detectors allows the selection of
a clean sample of electrons with a purity of 92% and a
muon misidentification probability smaller than 1%.

The selected sample is mainly composed of electrons
coming from ⌫

e

CC interactions but a non negligible com-
ponent comes from photon conversions in the FGD. This
background is constrained in the analysis using a sample
of e+e� pairs coming from photon conversions in which
both outgoing particles are reconstructed in the TPC.

To extract the beam ⌫

e

component from the data a
likelihood fit is performed. The expected number of ⌫

e

interactions is predicted by the same model used for the
T2K oscillation analyses where the neutrino fluxes and
the neutrino cross sections are evaluated by the ⌫

µ

CC
samples selected at ND280.

The observed number of events is in good agreement
with the prediction, providing a direct confirmation of
this method. This measurement is still statistically lim-
ited but when additional data is collected it will be pos-
sible to further improve the measurement of the intrinsic
⌫

e

component in the T2K beam and perform measure-
ments of ⌫

e

cross sections and of the ⌫

e

/⌫
µ

cross section
di↵erences that have not been measured at T2K energies.

This measurement is particularly important because
the intrinsic ⌫

e

component is the main background for
all the proposed long-baseline neutrino oscillation exper-
iments aiming to measure CP violation in the leptonic
sector. In this paper it is shown that, although the com-
ponent is small, it is possible to measure it with a prop-
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FIG. 16. Reconstructed electron momentum distribution for
the events selected in the three samples after the fit to ex-
tract the beam ⌫e component: CCQE-like selection (top),
CCnonQE-like selection (center) and � selection (bottom).
The last bin contains all the events with reconstructed elec-
tron momentum larger than 3.5 GeV/c. The signal is divided
into ⌫e produced by muon and kaon decays. The background
is divided into the same categories as Fig. 8. The error on the
points is the statistical error on the data.
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between the predicted and the observed beam ⌫
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compo-
nent. The larger systematic uncertainty for R(⌫
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(µ)) is
due to the fact that the detector, flux and cross-section
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distribution of the reconstructed electron momentum for
the three samples after the fit are shown in Fig. 16.

As far as the nuisance parameters are concerned, the
fitted values are in good agreement with the expecta-
tions. The out of FGD electron component is reduced
in the fit by 0.64 ± 0.10, compatible with the prior sys-
tematic uncertainty of 30%. This reduction might point
to the fact that the simulation does not properly repro-
duce the amount of ⇡0 produced in neutrino interactions
in the materials surrounding the ND280 tracker region.
Those interactions are mainly high energy deep inelastic
scattering events for which the ⇡0 multiplicity is not well
measured. This reduction does not have a large impact
on the measurements presented here because of the pres-
ence of the photon conversion sample used to evaluate
this background.
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muon misidentification probability smaller than 1%.

The selected sample is mainly composed of electrons
coming from ⌫

e

CC interactions but a non negligible com-
ponent comes from photon conversions in the FGD. This
background is constrained in the analysis using a sample
of e+e� pairs coming from photon conversions in which
both outgoing particles are reconstructed in the TPC.

To extract the beam ⌫

e

component from the data a
likelihood fit is performed. The expected number of ⌫

e

interactions is predicted by the same model used for the
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The observed number of events is in good agreement
with the prediction, providing a direct confirmation of
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tron momentum larger than 3.5 GeV/c. The signal is divided
into ⌫e produced by muon and kaon decays. The background
is divided into the same categories as Fig. 8. The error on the
points is the statistical error on the data.
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data is available. With the present statistics both num-
bers are compatible with unity showing no discrepancies
between the predicted and the observed beam ⌫

e

compo-
nent. The larger systematic uncertainty for R(⌫
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(µ)) is
due to the fact that the detector, flux and cross-section
systematic uncertainties are larger at low momenta. The
distribution of the reconstructed electron momentum for
the three samples after the fit are shown in Fig. 16.

As far as the nuisance parameters are concerned, the
fitted values are in good agreement with the expecta-
tions. The out of FGD electron component is reduced
in the fit by 0.64 ± 0.10, compatible with the prior sys-
tematic uncertainty of 30%. This reduction might point
to the fact that the simulation does not properly repro-
duce the amount of ⇡0 produced in neutrino interactions
in the materials surrounding the ND280 tracker region.
Those interactions are mainly high energy deep inelastic
scattering events for which the ⇡0 multiplicity is not well
measured. This reduction does not have a large impact
on the measurements presented here because of the pres-
ence of the photon conversion sample used to evaluate
this background.
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In summary, a selection of ⌫
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CC interactions has been
performed using the T2K o↵-axis near detector combin-
ing the PID capabilities of the TPC and ECal. The com-
bination of these two detectors allows the selection of
a clean sample of electrons with a purity of 92% and a
muon misidentification probability smaller than 1%.

The selected sample is mainly composed of electrons
coming from ⌫
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The observed number of events is in good agreement
with the prediction, providing a direct confirmation of
this method. This measurement is still statistically lim-
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cross sections and of the ⌫
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cross section
di↵erences that have not been measured at T2K energies.
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FIG. 16. Reconstructed electron momentum distribution for
the events selected in the three samples after the fit to ex-
tract the beam ⌫e component: CCQE-like selection (top),
CCnonQE-like selection (center) and � selection (bottom).
The last bin contains all the events with reconstructed elec-
tron momentum larger than 3.5 GeV/c. The signal is divided
into ⌫e produced by muon and kaon decays. The background
is divided into the same categories as Fig. 8. The error on the
points is the statistical error on the data.
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data is available. With the present statistics both num-
bers are compatible with unity showing no discrepancies
between the predicted and the observed beam ⌫

e

compo-
nent. The larger systematic uncertainty for R(⌫
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(µ)) is
due to the fact that the detector, flux and cross-section
systematic uncertainties are larger at low momenta. The
distribution of the reconstructed electron momentum for
the three samples after the fit are shown in Fig. 16.

As far as the nuisance parameters are concerned, the
fitted values are in good agreement with the expecta-
tions. The out of FGD electron component is reduced
in the fit by 0.64 ± 0.10, compatible with the prior sys-
tematic uncertainty of 30%. This reduction might point
to the fact that the simulation does not properly repro-
duce the amount of ⇡0 produced in neutrino interactions
in the materials surrounding the ND280 tracker region.
Those interactions are mainly high energy deep inelastic
scattering events for which the ⇡0 multiplicity is not well
measured. This reduction does not have a large impact
on the measurements presented here because of the pres-
ence of the photon conversion sample used to evaluate
this background.
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In summary, a selection of ⌫
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CC interactions has been
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ing the PID capabilities of the TPC and ECal. The com-
bination of these two detectors allows the selection of
a clean sample of electrons with a purity of 92% and a
muon misidentification probability smaller than 1%.
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coming from ⌫
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interactions is predicted by the same model used for the
T2K oscillation analyses where the neutrino fluxes and
the neutrino cross sections are evaluated by the ⌫
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samples selected at ND280.

The observed number of events is in good agreement
with the prediction, providing a direct confirmation of
this method. This measurement is still statistically lim-
ited but when additional data is collected it will be pos-
sible to further improve the measurement of the intrinsic
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component in the T2K beam and perform measure-
ments of ⌫
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cross section
di↵erences that have not been measured at T2K energies.

This measurement is particularly important because
the intrinsic ⌫
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component is the main background for
all the proposed long-baseline neutrino oscillation exper-
iments aiming to measure CP violation in the leptonic
sector. In this paper it is shown that, although the com-
ponent is small, it is possible to measure it with a prop-
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FIG. 16. Reconstructed electron momentum distribution for
the events selected in the three samples after the fit to ex-
tract the beam ⌫e component: CCQE-like selection (top),
CCnonQE-like selection (center) and � selection (bottom).
The last bin contains all the events with reconstructed elec-
tron momentum larger than 3.5 GeV/c. The signal is divided
into ⌫e produced by muon and kaon decays. The background
is divided into the same categories as Fig. 8. The error on the
points is the statistical error on the data.
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data is available. With the present statistics both num-
bers are compatible with unity showing no discrepancies
between the predicted and the observed beam ⌫

e

compo-
nent. The larger systematic uncertainty for R(⌫
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(µ)) is
due to the fact that the detector, flux and cross-section
systematic uncertainties are larger at low momenta. The
distribution of the reconstructed electron momentum for
the three samples after the fit are shown in Fig. 16.

As far as the nuisance parameters are concerned, the
fitted values are in good agreement with the expecta-
tions. The out of FGD electron component is reduced
in the fit by 0.64 ± 0.10, compatible with the prior sys-
tematic uncertainty of 30%. This reduction might point
to the fact that the simulation does not properly repro-
duce the amount of ⇡0 produced in neutrino interactions
in the materials surrounding the ND280 tracker region.
Those interactions are mainly high energy deep inelastic
scattering events for which the ⇡0 multiplicity is not well
measured. This reduction does not have a large impact
on the measurements presented here because of the pres-
ence of the photon conversion sample used to evaluate
this background.
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FIG. 16. Reconstructed electron momentum distribution for
the events selected in the three samples after the fit to ex-
tract the beam ⌫e component: CCQE-like selection (top),
CCnonQE-like selection (center) and � selection (bottom).
The last bin contains all the events with reconstructed elec-
tron momentum larger than 3.5 GeV/c. The signal is divided
into ⌫e produced by muon and kaon decays. The background
is divided into the same categories as Fig. 8. The error on the
points is the statistical error on the data.
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nent. The larger systematic uncertainty for R(⌫
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(µ)) is
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the three samples after the fit are shown in Fig. 16.

As far as the nuisance parameters are concerned, the
fitted values are in good agreement with the expecta-
tions. The out of FGD electron component is reduced
in the fit by 0.64 ± 0.10, compatible with the prior sys-
tematic uncertainty of 30%. This reduction might point
to the fact that the simulation does not properly repro-
duce the amount of ⇡0 produced in neutrino interactions
in the materials surrounding the ND280 tracker region.
Those interactions are mainly high energy deep inelastic
scattering events for which the ⇡0 multiplicity is not well
measured. This reduction does not have a large impact
on the measurements presented here because of the pres-
ence of the photon conversion sample used to evaluate
this background.
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FIG. 16. Reconstructed electron momentum distribution for
the events selected in the three samples after the fit to ex-
tract the beam ⌫e component: CCQE-like selection (top),
CCnonQE-like selection (center) and � selection (bottom).
The last bin contains all the events with reconstructed elec-
tron momentum larger than 3.5 GeV/c. The signal is divided
into ⌫e produced by muon and kaon decays. The background
is divided into the same categories as Fig. 8. The error on the
points is the statistical error on the data.
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Inclusive beam νe component 

R(νe)  = 1.01 ± 0.06 (stat.) ± 0.06 (flux + x-sec) ± 0.05 
(detector)  → 1.01 ± 0.10  

Separate νe from μ and from K decays 

R(νe from μ) = 0.68 ± 0.30 → mostly at low energy 

R(νe from K) = 1.10 ± 0.14 → mostly at high energy 

Even with more POT it will be difficult to constraint the 𝜈e 
cross-section at low energy at the level due to the low ND280 
efficiency at this energy
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ND280 efficiency

The efficiency of  ND280 is flat at high energy but it goes 
down rapidly for E<600 MeV 

This is mainly due to the requirement of  having tracks 
entering the TPC 

Low momentum leptons are often emitted at high angle 
and do not reach the TPC
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V. CONTROL OF THE BACKGROUNDS

The selection of νe CC interactions is designed to reject
two large backgrounds. The first one is due to the muons
produced in νμ CC interactions that are the dominant
component of the T2K beam. This component is rejected
using the PID capabilities of ND280. The second back-
ground is due to the conversions of photons in the FGD
producing electrons in the TPC and it cannot be rejected
using PID algorithms.
For the muon background, the combined PID of the TPC

and ECal is vital to reject 99.9% of the muons. Such a large
muon rejection power has been verified using a clean, data-
driven sample of muons, as described in Sec. VA below.
The photon background is constrained using a selection of
photon conversions in the FGD in which both the electron
and the positron are reconstructed in the TPC, as described
in Sec. V B below.

A. Muon misidentification

A data-driven study has been carried out to confirm the
muon rejection power expected by simulation. A clean
sample of muons, produced by neutrino interactions in the

sand or in the concrete walls of the ND280 pit, is selected.
The selection is done by requiring one and only one track in
a bunch with negative charge crossing all the 3 TPCs and
starting at the upstream edge of the P0D. The TPC PID of
the selected track must be compatible with a muon in the
TPC upstream of the first FGD (TPC1). This requirement
does not bias the sample since the TPC1 PID is not used in
the analysis. Once a clean sample of muons is selected from
the data, the muon misidentification probability is computed
as the ratio between the number of tracks passing the PID
selection and all the selected tracks. The same PID selections
described in Sec. IV for the cases with and without ECal
information are used. In Fig. 12 the misidentification
probability as a function of the track momentum measured
in the TPC is shown. The muon misidentification probability
is below 1% for all the momenta and is much smaller if the
TPC and the ECal PID are combined. Compatible results are
obtained using simulated data confirming that the PID
performances of ND280 detectors are well understood
and well reproduced in the simulation.

B. Photon selection

The background, especially at low momentum, is domi-
nated by electrons coming from photon conversions. Those
electrons are background to the νe CC analysis as they
typically come from νμ interactions that occur inside or
outside the FGD producing a π0 in the final state which
immediately decays into two photons. One of the two
photons then converts inside the FGD producing an eþe−

pair. If the positron is not reconstructed in the TPC the
event is topologically equivalent to a νe CC interaction.
This background can be estimated using a selection of

photon conversions in which both the electron and the
positron are reconstructed. A typical example of a photon
conversion with the eþe− pair reconstructed in the TPC is
shown in Fig. 13.
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FIG. 12 (color online). Muon misidentification probability as a
function of the muon momentum estimated using a sample of
through going muons for the case in which the TPC PID only is
used and for the case in which TPC and ECal PID are combined.
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FIG. 11 (color online). Efficiency of selecting νe CC inter-
actions as a function of true neutrino energy, and the predicted νe
flux at ND280.

TABLE IV. Fractions, expected, and observed number of events
for the CCQE and CCnonQE selections.

CCQE selection CCnonQE selection

Category Fraction (%) Events Fraction (%) Events

νe CCQE 48.2 132.6 12.7 56.8
νe CCnonQE 19.6 54.1 52.8 234.7
γ bkg (in FGD) 6.4 17.8 19.2 85.3
γ bkg (out FGD) 15.0 41.4 4.5 19.9
μ background 4.0 10.9 6.2 27.6
Other background 6.8 18.8 4.6 20.6
Total simulation 100.0 275.6 100.0 444.9
Data 225 392
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Angular acceptance

One of  the main limitation of  current ND280 analyses is that it 
only select forward-going muons 

In SK the acceptance is flat with respect to the lepton angle and 
events with backward leptons are also selected 

Currently we constraint the models in the forward region and 
we let the model constraint the backward region → model 
dependent
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ND280 acceptance

SK acceptance



Increasing angular efficiency

Working to increase the angular acceptance by selecting 
high angle and backward going tracks 
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Sélection à l’arrière avec les temps de vol 25 / 59

Temps de vol FGD-Second détecteur pour reconstruire le sens

P0D-FGD1
ECal-FGD1

FGD1-FGD2
ECal-FGD2

Sélection à l’arrière avec les temps de vol 25 / 59

Temps de vol FGD-Second détecteur pour reconstruire le sens

P0D-FGD1
ECal-FGD1

FGD1-FGD2
ECal-FGD2

Sélection 4fi 30 / 59

On combine les 3 sélections :
à l’avant
high angle
à l’arrière

æ En cours d’inclusion dans le BANFF (été 2017)

Backward tracks: use ToF between 
FGD and ECAL or P0D → not 
optimized for ToF, low efficiency

Efficiency for 
FGD1 ~ 20%

High angle → no TPC tracks, larger 
systematic uncertainties are expected



Conclusions

ND280 is stably running and contributing in a decisive way 
to the results of  T2K 

Excellent detector to reconstruct the momentum of  the 
leptons produced in neutrino interactions 

The magnetic field allows excellent separation between 
𝜈 and �̅�  

Thanks to the ND280 inputs the systematic uncertainties 
on the oscillation analysis are reduced from ~15 to ~5% 

After some years of  running some limitations have been 
identified and might be fixed with an upgraded version of  
ND280  

Low efficiency for low momentum and high angle tracks 

 The number of  reconstructed 𝜈e is not enough to 
effectively constraint 𝜈e/𝜈μ cross-section below 1 GeV
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