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All results are data from 
Sept 2010–May 2013

T2K
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tector data samples (Section VI and Section VIII respec-
tively). The fit to near detector data, described in Sec-
tion VII, is used to constrain the far detector rate and as-
sociated uncertainties. Finally, Section IX describes how
the far detector ⌫

e

sample is used to estimate sin22✓
13

.

II. EXPERIMENTAL OVERVIEW AND DATA
COLLECTION

The T2K experiment [31] is optimized to observe elec-
tron neutrino appearance in a muon neutrino beam. We
sample a beam of muon neutrinos generated at the J-
PARC accelerator facility in Tokai-mura, Japan, at base-
lines of 280 m and 295 km from the neutrino production
target. The T2K neutrino beam line accepts a 31 GeV/c
proton beam from the J-PARC accelerator complex. The
proton beam is delivered in 5 µs long spills with a period
that has been decreased from 3.64 s to 2.56 s over the
data-taking periods described in this paper. Each spill
consists of 8 equally spaced bunches (a significant subset
of the data was collected with 6 bunches per spill) that
are ⇠ 15 ns wide. The protons strike a 91.4 cm long
graphite target, producing hadrons including pions and
kaons, and positively charged particles are focused by a
series of three magnetic horns operating at 250 kA. The
pions, kaons and some muons decay in a 96 m long vol-
ume to produce a predominantly muon neutrino beam.
The remaining protons and particles which have not de-
cayed are stopped in a beam dump. A muon monitor
situated downstream of the beam dump measures the
profile of muons from hadron decay and monitors the
beam direction and intensity.

We detect neutrinos at both near (280 m from the tar-
get) and far (295 km from the target) detectors. The far
detector is the Super-Kamiokande (SK) water Cherenkov
detector. The beam is aimed 2.5� (44 mrad) away from
the target-to-SK axis to optimize the neutrino energy
spectrum for the oscillation measurements. The o↵-axis
configuration [32–34] takes advantage of the kinematics of
pion decays to produce a narrow band beam. The angle
is chosen so that the spectrum peaks at the first oscilla-
tion maximum, as shown in Fig. 1, maximizing the signal
in the oscillation region and minimizing feed-down back-
grounds from high energy neutrino interactions. This
optimization is possible because the value of |�m

2

32

| is
already relatively well known.

The near detectors measure the properties of the beam
at a baseline where oscillation e↵ects are negligible. The
on-axis INGRID detector [35, 36] consists of 16 mod-
ules of interleaved scintillator/iron layers in a cross con-
figuration centered on the nominal neutrino beam axis,
covering ±5 m transverse to the beam direction along
the horizontal and vertical axes. The INGRID detector
monitors the neutrino event rate stability at each mod-
ule, and the neutrino beam direction using the profile of
event rates across the modules.

The o↵-axis ND280 detector is a magnetized multi-
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FIG. 1: The muon neutrino survival probability (top)
and electron neutrino appearance probabilities (middle)

at 295 km, and the unoscillated neutrino fluxes for
di↵erent values of the o↵-axis angle (OA) (bottom).
The appearance probability is shown for two values of
the phase �

CP

, and for normal (NH) and inverted (IH)
mass hierarchies.

purpose detector that is situated along the same di-
rection as SK. It measures the neutrino beam compo-
sition and energy spectrum prior to oscillations and is
used to study neutrino interactions. The ND280 detec-
tor utilizes a 0.2 T magnetic field generated by the re-
furbished UA1/NOMAD magnet and consists of a num-
ber of sub-detectors: side muon range detectors (SM-
RDs [37]), electromagnetic calorimeters (ECALs), a ⇡

0

detector (P0D [38]) and a tracking detector. The tracking
detector is composed of two fine-grained scintillator bar
detectors (FGDs [39]) sandwiched between three gaseous
time projection chambers (TPCs [40]). The first FGD
primarily consists of polystyrene scintillator and acts as
the target for most of the near detector neutrino inter-
actions that are treated in this paper. Hence, neutrino
interactions in the first FGD are predominantly on car-
bon nuclei. The ND280 detector is illustrated in Fig. 2,
where the coordinate convention is also indicated. The
x and z axes are in the horizontal plane, and the y axis
is vertical. The origin is at the center of the magnet,
and the magnetic field is along the x direction. The z

axis is the direction to the far detector projected to the
horizontal plane.
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tector data samples (Section VI and Section VIII respec-
tively). The fit to near detector data, described in Sec-
tion VII, is used to constrain the far detector rate and as-
sociated uncertainties. Finally, Section IX describes how
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is chosen so that the spectrum peaks at the first oscilla-
tion maximum, as shown in Fig. 1, maximizing the signal
in the oscillation region and minimizing feed-down back-
grounds from high energy neutrino interactions. This
optimization is possible because the value of |�m

2

32

| is
already relatively well known.

The near detectors measure the properties of the beam
at a baseline where oscillation e↵ects are negligible. The
on-axis INGRID detector [35, 36] consists of 16 mod-
ules of interleaved scintillator/iron layers in a cross con-
figuration centered on the nominal neutrino beam axis,
covering ±5 m transverse to the beam direction along
the horizontal and vertical axes. The INGRID detector
monitors the neutrino event rate stability at each mod-
ule, and the neutrino beam direction using the profile of
event rates across the modules.

The o↵-axis ND280 detector is a magnetized multi-
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FIG. 1: The muon neutrino survival probability (top)
and electron neutrino appearance probabilities (middle)

at 295 km, and the unoscillated neutrino fluxes for
di↵erent values of the o↵-axis angle (OA) (bottom).
The appearance probability is shown for two values of
the phase �

CP

, and for normal (NH) and inverted (IH)
mass hierarchies.

purpose detector that is situated along the same di-
rection as SK. It measures the neutrino beam compo-
sition and energy spectrum prior to oscillations and is
used to study neutrino interactions. The ND280 detec-
tor utilizes a 0.2 T magnetic field generated by the re-
furbished UA1/NOMAD magnet and consists of a num-
ber of sub-detectors: side muon range detectors (SM-
RDs [37]), electromagnetic calorimeters (ECALs), a ⇡

0

detector (P0D [38]) and a tracking detector. The tracking
detector is composed of two fine-grained scintillator bar
detectors (FGDs [39]) sandwiched between three gaseous
time projection chambers (TPCs [40]). The first FGD
primarily consists of polystyrene scintillator and acts as
the target for most of the near detector neutrino inter-
actions that are treated in this paper. Hence, neutrino
interactions in the first FGD are predominantly on car-
bon nuclei. The ND280 detector is illustrated in Fig. 2,
where the coordinate convention is also indicated. The
x and z axes are in the horizontal plane, and the y axis
is vertical. The origin is at the center of the magnet,
and the magnetic field is along the x direction. The z

axis is the direction to the far detector projected to the
horizontal plane.
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FIG. 2: An exploded illustration of the ND280 detector.
The description of the component detectors can be

found in the text.

The SK far detector [41], as illustrated in Fig. 3, is a
50 kt water Cherenkov detector located in the Kamioka
Observatory. The cylindrically-shaped water tank is op-
tically separated to make two concentric detectors : an
inner detector (ID) viewed by 11129 inward-looking 20
inch photomultipliers, and an outer detector (OD) with
1885 outward-facing 8 inch photomultipliers. The fidu-
cial volume is defined to be a cylinder whose surface is
2 m away from the ID wall, providing a fiducial mass
of 22.5 kt. Cherenkov photons from charged particles
produced in neutrino interactions form ring-shaped pat-
terns on the detector walls, and are detected by the pho-
tomultipliers. The ring topology can be used to iden-
tify the type of particle and, for charged current inter-
actions, the flavor of the neutrino that interacted. For
example, electrons from electron neutrino interactions
undergo large multiple scattering and induce electromag-
netic showers, resulting in fuzzy ring patterns. In con-
trast, the heavier muons from muon neutrino interactions
produce Cherenkov rings with sharp edges.

The T2K experiment uses a special software trigger to
associate neutrino interactions in SK to neutrinos pro-
duced in the T2K beam. The T2K trigger records all
the photomultiplier hits within ±500 µs of the beam ar-
rival time at SK. Beam timing information is measured
spill-by-spill at J-PARC and immediately passed to the
online computing system at SK. The time synchroniza-
tion between the two sites is done using the Global Po-
sitioning System (GPS) with < 150 ns precision and is
monitored with the Common-View method [42]. Spill
events recorded by the T2K triggers are processed o✏ine
to apply the usual SK software triggers used to search
for neutrino events, and any candidate events found are
extracted for further T2K data analysis. Spills used for
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y
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Control room
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41m
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FIG. 3: An illustration of the SK detector.

TABLE I: T2K data-taking periods and the integrated
protons on target (POT) for SK data collected in those

periods.

Run Period Dates Integrated POT by SK
Run 1 Jan. 2010-Jun. 2010 0.32⇥ 1020

Run 2 Nov. 2010-Mar. 2011 1.11⇥ 1020

Run 3 Mar. 2012-Jun. 2012 1.58⇥ 1020

the far detector data analysis are selected by beam and
SK quality cuts. The primary reason spills are rejected
at SK is due to the requirement that there are no events
in the 100 µs before the beam window, which is necessary
to reject decay electrons from cosmic-ray muons.

In this paper we present neutrino data collected during
the three run periods listed in Table I. The total SK data
set corresponds to 3.01 ⇥ 1020 protons on target (POT)
or 4% of the T2K design exposure. About 50% of the
data, the Run 3 data, were collected after T2K and J-
PARC recovered from the 2011 Tohoku earthquake. A
subset of data corresponding to 0.21 ⇥ 1020 POT from
Run 3 was collected with the magnetic horns operating
at 205 kA instead of the nominal value of 250 kA. The size
of the total data set is approximately two times that of
T2K’s previously published electron neutrino appearance
result [21].

We monitor the rate and direction of the neutrino
beam over the full data-taking period with the INGRID
detector. As illustrated in Fig. 4, the POT-normalized
neutrino event rate is stable to within 1%, and the beam
direction is controlled well within the design requirement
of 1 mrad, which corresponds to a 2% shift in the peak
energy of the neutrino spectrum.

Primary Interaction Material: Oxygen
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tector data samples (Section VI and Section VIII respec-
tively). The fit to near detector data, described in Sec-
tion VII, is used to constrain the far detector rate and as-
sociated uncertainties. Finally, Section IX describes how
the far detector ⌫

e

sample is used to estimate sin22✓
13

.

II. EXPERIMENTAL OVERVIEW AND DATA
COLLECTION

The T2K experiment [31] is optimized to observe elec-
tron neutrino appearance in a muon neutrino beam. We
sample a beam of muon neutrinos generated at the J-
PARC accelerator facility in Tokai-mura, Japan, at base-
lines of 280 m and 295 km from the neutrino production
target. The T2K neutrino beam line accepts a 31 GeV/c
proton beam from the J-PARC accelerator complex. The
proton beam is delivered in 5 µs long spills with a period
that has been decreased from 3.64 s to 2.56 s over the
data-taking periods described in this paper. Each spill
consists of 8 equally spaced bunches (a significant subset
of the data was collected with 6 bunches per spill) that
are ⇠ 15 ns wide. The protons strike a 91.4 cm long
graphite target, producing hadrons including pions and
kaons, and positively charged particles are focused by a
series of three magnetic horns operating at 250 kA. The
pions, kaons and some muons decay in a 96 m long vol-
ume to produce a predominantly muon neutrino beam.
The remaining protons and particles which have not de-
cayed are stopped in a beam dump. A muon monitor
situated downstream of the beam dump measures the
profile of muons from hadron decay and monitors the
beam direction and intensity.

We detect neutrinos at both near (280 m from the tar-
get) and far (295 km from the target) detectors. The far
detector is the Super-Kamiokande (SK) water Cherenkov
detector. The beam is aimed 2.5� (44 mrad) away from
the target-to-SK axis to optimize the neutrino energy
spectrum for the oscillation measurements. The o↵-axis
configuration [32–34] takes advantage of the kinematics of
pion decays to produce a narrow band beam. The angle
is chosen so that the spectrum peaks at the first oscilla-
tion maximum, as shown in Fig. 1, maximizing the signal
in the oscillation region and minimizing feed-down back-
grounds from high energy neutrino interactions. This
optimization is possible because the value of |�m

2

32

| is
already relatively well known.

The near detectors measure the properties of the beam
at a baseline where oscillation e↵ects are negligible. The
on-axis INGRID detector [35, 36] consists of 16 mod-
ules of interleaved scintillator/iron layers in a cross con-
figuration centered on the nominal neutrino beam axis,
covering ±5 m transverse to the beam direction along
the horizontal and vertical axes. The INGRID detector
monitors the neutrino event rate stability at each mod-
ule, and the neutrino beam direction using the profile of
event rates across the modules.

The o↵-axis ND280 detector is a magnetized multi-
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FIG. 1: The muon neutrino survival probability (top)
and electron neutrino appearance probabilities (middle)

at 295 km, and the unoscillated neutrino fluxes for
di↵erent values of the o↵-axis angle (OA) (bottom).
The appearance probability is shown for two values of
the phase �

CP

, and for normal (NH) and inverted (IH)
mass hierarchies.

purpose detector that is situated along the same di-
rection as SK. It measures the neutrino beam compo-
sition and energy spectrum prior to oscillations and is
used to study neutrino interactions. The ND280 detec-
tor utilizes a 0.2 T magnetic field generated by the re-
furbished UA1/NOMAD magnet and consists of a num-
ber of sub-detectors: side muon range detectors (SM-
RDs [37]), electromagnetic calorimeters (ECALs), a ⇡

0

detector (P0D [38]) and a tracking detector. The tracking
detector is composed of two fine-grained scintillator bar
detectors (FGDs [39]) sandwiched between three gaseous
time projection chambers (TPCs [40]). The first FGD
primarily consists of polystyrene scintillator and acts as
the target for most of the near detector neutrino inter-
actions that are treated in this paper. Hence, neutrino
interactions in the first FGD are predominantly on car-
bon nuclei. The ND280 detector is illustrated in Fig. 2,
where the coordinate convention is also indicated. The
x and z axes are in the horizontal plane, and the y axis
is vertical. The origin is at the center of the magnet,
and the magnetic field is along the x direction. The z

axis is the direction to the far detector projected to the
horizontal plane.
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FIG. 2: An exploded illustration of the ND280 detector.
The description of the component detectors can be

found in the text.

The SK far detector [41], as illustrated in Fig. 3, is a
50 kt water Cherenkov detector located in the Kamioka
Observatory. The cylindrically-shaped water tank is op-
tically separated to make two concentric detectors : an
inner detector (ID) viewed by 11129 inward-looking 20
inch photomultipliers, and an outer detector (OD) with
1885 outward-facing 8 inch photomultipliers. The fidu-
cial volume is defined to be a cylinder whose surface is
2 m away from the ID wall, providing a fiducial mass
of 22.5 kt. Cherenkov photons from charged particles
produced in neutrino interactions form ring-shaped pat-
terns on the detector walls, and are detected by the pho-
tomultipliers. The ring topology can be used to iden-
tify the type of particle and, for charged current inter-
actions, the flavor of the neutrino that interacted. For
example, electrons from electron neutrino interactions
undergo large multiple scattering and induce electromag-
netic showers, resulting in fuzzy ring patterns. In con-
trast, the heavier muons from muon neutrino interactions
produce Cherenkov rings with sharp edges.

The T2K experiment uses a special software trigger to
associate neutrino interactions in SK to neutrinos pro-
duced in the T2K beam. The T2K trigger records all
the photomultiplier hits within ±500 µs of the beam ar-
rival time at SK. Beam timing information is measured
spill-by-spill at J-PARC and immediately passed to the
online computing system at SK. The time synchroniza-
tion between the two sites is done using the Global Po-
sitioning System (GPS) with < 150 ns precision and is
monitored with the Common-View method [42]. Spill
events recorded by the T2K triggers are processed o✏ine
to apply the usual SK software triggers used to search
for neutrino events, and any candidate events found are
extracted for further T2K data analysis. Spills used for
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FIG. 3: An illustration of the SK detector.

TABLE I: T2K data-taking periods and the integrated
protons on target (POT) for SK data collected in those

periods.

Run Period Dates Integrated POT by SK
Run 1 Jan. 2010-Jun. 2010 0.32⇥ 1020

Run 2 Nov. 2010-Mar. 2011 1.11⇥ 1020

Run 3 Mar. 2012-Jun. 2012 1.58⇥ 1020

the far detector data analysis are selected by beam and
SK quality cuts. The primary reason spills are rejected
at SK is due to the requirement that there are no events
in the 100 µs before the beam window, which is necessary
to reject decay electrons from cosmic-ray muons.

In this paper we present neutrino data collected during
the three run periods listed in Table I. The total SK data
set corresponds to 3.01 ⇥ 1020 protons on target (POT)
or 4% of the T2K design exposure. About 50% of the
data, the Run 3 data, were collected after T2K and J-
PARC recovered from the 2011 Tohoku earthquake. A
subset of data corresponding to 0.21 ⇥ 1020 POT from
Run 3 was collected with the magnetic horns operating
at 205 kA instead of the nominal value of 250 kA. The size
of the total data set is approximately two times that of
T2K’s previously published electron neutrino appearance
result [21].

We monitor the rate and direction of the neutrino
beam over the full data-taking period with the INGRID
detector. As illustrated in Fig. 4, the POT-normalized
neutrino event rate is stable to within 1%, and the beam
direction is controlled well within the design requirement
of 1 mrad, which corresponds to a 2% shift in the peak
energy of the neutrino spectrum.
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2. Samples1387

Unlike the frequentist analyses described above, the joint near-far analysis does not use1388

the covariance matrix produced by the ND280 analysis described in Sec. V. Instead, this1389

analysis is performed simultaneously with the three ND280 ⌫µ CC, SK 1Rµ, and SK 1Re1390

samples. By fitting all samples simultaneously, this analysis avoids any error coming from1391

neglecting non-linear dependencies of the systematic parameters constrained by ND280 anal-1392

ysis on the oscillation parameters.1393

The systematic uncertainties used for the ND280 samples are nearly identical to those in1394

Sec. V with the following exceptions: the uncertainties on the cross section ratios �⌫
e

/�⌫
µ

1395

and �⌫̄/�⌫ are applied and the NC normalization uncertainties are divided into NC1⇡0,1396

NC1⇡±, NC coherent, and NC other for all samples. Additionally, the number of bins in the1397

ND280 detector systematic covariance matrix is reduced to 105, in order to reduce the total1398

number of parameters. There are no di↵erences in the systematic uncertainties for the SK1399

samples. The negative log of the posterior probability is given by,1400

� ln(P ) = c +
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where c is a constant. The vector ~

✓sr contains the solar oscillation parameters and, for1401

combined fits with reactor data, sin2 2✓13, with priors described in Sec. VIIB. The priors on1402

the other oscillation parameters of interest are uniform in sin2
✓13 between 0 and 1, sin2

✓231403

between 0 and 1, |�m

2
32| between 0.001 and 0.005 eV2/c4, and �CP between �⇡ and ⇡.1404

Additionally, the prior probability of the normal hierarchy and inverted hierarchy are each1405

0.5. Priors for the systematic parameters are the multivariate Gaussian terms shown, with1406

the exception of the cross section spectral function parameters which are given a uniform1407

prior between 0 and 1.1408
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prediction? 

What prior understanding did 
we put into our prediction?
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POT+RFG+RPA POT+RFG+RPA+MAQE POT+RFG+RPA+PF POT+RFG+RPA+MEC
CC0pi 3658.71 3424.24 3623.36 3521.87
CC1pi 973.38 963.33 973.02 970.35
CCOth 729.60 722.54 729.24 726.83

⌘ ⌘ nb � nb̄
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= (6.14± 0.08)⇥ 10�10

nb

n�
⇡ nb̄

n�
⇡ 10�18

P (~z|data) / P (data|~z)P (~z)
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Markov Chain Monte Carlo and GPUs

๏ High dimensionality 
problem: 750 parameters 

๏Use Metropolis-Hastings 
algorithm with MCMC; 
doesn’t require calculating 
likelihood derivatives

Start here 
Calculate Pcurrent

Propose another point 
Calculate Pproposed; if better, step to that point 

if not, step with probability Pproposed/Pcurrent

Repeat!

Don’t step here— 
P too small

A Markov Chain maps out the 
probability density of a 
likelihood function, P
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Estimating Parameters and Uncertainties
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Current Cross Section Model
๏ Try to use fundamental parameters of the models 

๏ Simulation is NEUT (numbers) 

๏ Twenty-six parameters 

๏ Five for 1p1h  

๏ Three for 2p2h 

๏ Three for 1π (CC and NC) 

๏ Six FSI 

๏ Nine for CC Coherent, CC DIS, NC

11



Focus on 1p1h
๏ MA

QE is the only nucleon level parameter 

๏ Assume a RFG nuclear model  

๏ Separate pF and Eb parameters for 
carbon and oxygen 

๏ Apply fixed RPA correction 

๏ Binned pμ–cosθμ ‘1p1h’ uncertainty 
coming from different models 

๏ For 2017: include uncertainties for RPA
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Focus on 2p2h
๏ Use ‘Nieves’ 2p2h model 

๏ Normalization parameter for carbon and 
oxygen separately 

๏ Relative uncertainty for ν ̅vs ν 
๏ For 2017: 

๏ Add ‘shape’ parameter to allow slosh 
between π-less-∆-like and non-π-less-∆-like

13
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CC0π

CC1π+

CCOther

ND280 ν-mode samples

๏ Three samples allow sensitivity to different beam energies and cross section 
interaction modes 

๏ High statistics in neutrino mode provide strong constraints 

๏ CC0π and CC Other samples are underestimated by model; CC1π+ is 
overestimated

15

Stacked histograms are MC  
before data fit

FGD1 samples shown; 
FGD2 similar
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νμ̅ CC-1Track νμ̅ CC-NTrack
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ND280 ν-̅mode Samples

๏ Samples are still statistically small compared to ν-
mode
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Near Detector Results
๏ Flux parameters are generally increased 

๏ Some cross section parameters—especially the carbon multinucleon 
parameter—are changed significantly from prior values
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• Flux parameters increase by ~15%
• Cross sections ~ consistent with input value
• Flux and cross section highly anti-correlated after the data fit
• The p-value to the pre-fit prediction is acceptable (8.6%)
• Systematic uncertainties in neutrino oscillation analyses from 12-14% to 5-6%

Near Detector Fit: flux and cross-section uncertainties

νµ  flux

• Measure neutrino flux and cross section at ND280 

axial mass, 2p-2h, CC DIS, 
binding energy, FSI 

!(νe) and NC are not 
measured at ND280

Cross section
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• Flux parameters increase by ~15%
• Cross sections ~ consistent with input value
• Flux and cross section highly anti-correlated after the data fit
• The p-value to the pre-fit prediction is acceptable (8.6%)
• Systematic uncertainties in neutrino oscillation analyses from 12-14% to 5-6%

Near Detector Fit: flux and cross-section uncertainties

νµ  flux

• Measure neutrino flux and cross section at ND280 

axial mass, 2p-2h, CC DIS, 
binding energy, FSI 

!(νe) and NC are not 
measured at ND280
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CC0π Samples

๏ Clear that data is in better agreement after the analysis 

๏ Multinucleon component of distribution is noticeably 
increased

19

Before analysis After analysis



CC1π Samples

๏ CC Res 1π component is reduced in both absolute 
and relative terms as part of the CC1π sample

20

Before analysis After analysis



Near Detector Results
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Two Models?
๏ Big question: why 

not include alternate 
nuclear models? 

๏ We tried this, 
several analyses 
ago! 

๏ Gave up on this 
because what does 
0.25 spectral 
functions mean?
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Figure 20: Joint posterior for sin2
(✓13) and the oxygen spectral function. When marginal-

izing the spectral function, due to the correlations between both parameters and the

boundary at 0, a shift in probability to positive values is caused in the 1D marginal

posterior of sin2
(✓13). Plot constructed from a nominal data set posterior.
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Figure 21: Correlation between quasi-elastic axial mass and spectral function parameters

for carbon. Plot constructed from a nominal data set posterior.
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Marginalization
๏ There are (at least) two 

ways to eliminate systematic 
parameters from your 
analysis: marginalization 
and profiling 

๏ On T2K, we have found that 
cross section parameters, 
because they can be 
significantly non-gaussian, 
are a notable source of 
difference between the 
methods
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Figure 25: The full marginal posterior of sin2
(✓23) for FDS1 (cyan) compared with a “re-

stricted posterior” constructed from MCMC steps taken only from a small region around

the best fit point of sin2
(✓13) and �m2

32 (darker blue). Restricting the posterior to points

only around the most probable regions of the marginalized oscillation parameters is simi-

lar in approach to the frequentist profiling technique. Red arrows indicate the 1D poste-

rior mode for each distribution. This exercise highlights the difference in best fit points

between analyses.
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Fake Data Sets

๏ Take set of model changes 

๏ Make fake data without statistical 
error for both ND and SK 

๏ Fit with the ‘default’ model  

๏ Adjust model, if necessary

24



Model Choices
๏ Spectral function 

model for 1p1h  

๏ Martini 2p2h 
model 

๏ Nieves 1p1h model 

๏ 2p2h shape  

๏ RPA uncertainties
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Figure of Merit
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Differences in 1p1h model
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Flux generally pushed down; no large 
changes in cross section parameters 



Differences in 1p1h model
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Martini 2p2h
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Something wacky happens to flux; no huge 
changes in cross section parameters



Martini 2p2h
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Spectral Function
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Spectral Function
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Extrapolation
• Use high statistics ND data/MC to adjust prediction at FD 

• Translate ND data/MC observation to true energy 

• Oscillate ratio to the FD 

• Smear back into reconstructed energy

17

Cross section model dependence is here

B. Zamorano - Use of GENIE in NOvA 24

Future challenges
disappearance appearance

ND measurements
•Uniquely sensitive to QE, RES and DIS 

(almost equally across the three)
•Absolute cross section or yield 

measurements will be limited to ~10% 
due to flux uncertainties

•Ability to measure a huge number of 
FSI channels

"#CC	Interactions

• NOvA	has	access	to	all	
interction types with	a	
narrow-band	beam.

• ~5%	energy	resolution,	~2%	
angular

6/9/16 CETUP- Mathew	Muether 14

"e CC	Interactions

6/9/16 CETUP- Mathew	Muether 16

νµCC

νeCC

•νµCC inclusive and channels (0-π, 2p2h, 
Coh, π0, …)

•νeCC inclusive and channels (0-π, π0, …)
• NC inclusive and channels (π0, 2p2h, …)
•νµ on νe scattering (flux constraint)

And all of the above with 
antineutrinos



Conclusions and Pleas
๏ Current data statistics seem to indicate that we can hide behind 

statistical errors for model differences at the moment, but that 
day ends soon! 

๏ Fake data sets, though an imperfect tool, are extremely 
important for testing how sensitive oscillation analyses are to 
cross section models  

๏ Plea: if you release a model, make sure it has the hadronic side!  

๏ Plea: Models that come with reasonable sets of uncertainties 
are more likely to be used! 

๏ Plea: Help us check our generators! 
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