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Outline

T2K experiment

T2K oscillation results

νe appearance

νμ disappearance

joint νμ/νe analysis

ND280 νe analyses

Measurement of  the beam νe component

Inclusive νe CC cross section

Sterile analysis: search for νe disappearance at ND280

I don’t have time to show INGRID and ND280 νμ cross section 
results → many results were presented at NuINT
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T2K experiment
High intensity ~700 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
23
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TokaiKamioka

Super-Kamiokande: 22.5 
kt fiducial volume water 

Cherenkov detector

ND280

JPARC accelerator:
Design power: 750 kW



Physics goals

Off-axis beam centered at the oscillation 
maximum

Ideal place to look for νe appearance 
(driven by θ13 and δCP) and νμ 
disappearance (θ23 and Δm2

32)
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Oscillation searches at T2K 

Appearance!

06/04/2014! Chris!Walter!9!Results!from!T2K!9!Neutrino2014!

T2K is optimized for both appearance and disappearance searches.  

νe!appearance: determine θ13 constrain δCP!!!

Disappearance:!

For maximum power fit both data samples 
jointly 

νµ disappearance:  determine θ23 and Δm2
32 
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J-PARC neutrino beamline
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MR design: 750kw 
150kw before quake 

J9PARC!Site!

Muon$Monitor$
Si$+$IonizaQon$

Beam$Dump$

Beam$Monitors$

SC$+$Normal$magnets$

Target$

3$Horns$
Decay$Volume$
94m$
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Flux predictions

30 GeV proton beam → produce a νμ beam with <Eν>~700 MeV

Small intrinsic νe component (~1.2% )

Neutrino fluxes predicted with NA61/SHINE hadronproduction 
data ~10-15% uncertainties

Beam stability controlled day-by-day with INGRID
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FIG. 4: The time dependence of the POT-normalized reconstructed neutrino event rate (a) and the beam direction
(b) measured by INGRID. The error bars show the statistical uncertainty only. The points shown for the direction

measurement include sequential data grouped in periods of stable beam conditions.

III. ANALYSIS OVERVIEW

We search for ⌫
µ

! ⌫
e

oscillations via charged cur-
rent quasi-elastic (CCQE) interactions of ⌫

e

at SK. Since
the recoil proton from the target nucleus is typically be-
low Cherenkov threshold, these events are characterized
by a single electron-like ring and no other activity. The
most significant background sources are ⌫

e

from muon
and kaon decays that are intrinsic to the neutrino beam,
and neutral current ⇡0 (NC⇡0) events where the detector
response to the photons from the ⇡0 decay is consistent
with a single electron-like ring. The selection of ⌫

e

can-
didates is described in Section VIII.

We estimate the oscillation parameters and produce
confidence intervals using a model that describes the
probabilities to observe ⌫

e

candidate events at SK in
bins of electron momentum (magnitude and direction),
as described in Section IX. The probabilities depend on
the values of the oscillation parameters as well as many
nuisance parameters that arise from uncertainties in neu-
trino fluxes, neutrino interactions, and detector response.
The point where the likelihood is maximum for the ob-
served data sample gives the oscillation parameter esti-
mates, and the likelihood ratio at other points is used to
construct confidence intervals on the parameters.

We model the neutrino flux with a data-driven simu-
lation that takes as inputs measurements of the proton
beam, hadron interactions and the horn fields [44]. The
uncertainties on the flux model parameters arise largely
from the uncertainties on these measurements. The flux
model and its uncertainties are described in Section IV.

We model the interactions of neutrinos in the detec-
tors assuming interactions on a quasi-free nucleon using a
dipole parametrization for vector and axial form factors.
The nuclei are treated as a relativistic Fermi gas, and
outgoing hadrons are subject to interactions in the nu-
cleus, so-called “final state interactions”. We validate the
neutrino interaction model with comparisons to indepen-
dent neutrino cross section measurements at O(1) GeV
and pion scattering data. We set the uncertainties on the
interaction model with comparisons of the model to data
and alternate models. The neutrino interaction model
and its uncertainties are described in Section V.

We further constrain the flux and interaction model
parameters with a fit to samples of neutrino interaction
candidates in the ND280 detector. Selections containing
a negative muon-like particle provide high purity sam-
ples of ⌫

µ

interactions, which constrain both the ⌫
µ

flux
that determines signal and NC⇡0 backgrounds at SK,
and the intrinsic ⌫

e

flux. In the energy range of interest,
the intrinsic ⌫

e

are predominantly produced from the de-
cay chain ⇡+ ! µ+ + ⌫

µ

, µ+ ! e+ + ⌫
e

+ ⌫̄
µ

, and to a
lesser extent by three-body kaon decays. Hence, the ⌫

e

flux is correlated with the ⌫
µ

flux through the production
of pions and kaons in the T2K beam line. The charged
current interactions that make up most of the ND280
samples constrain the charged current interaction model.
While ⌫

e

interactions are indirectly constrained by ⌫
µ

interactions, we also include uncertainties which account
for di↵erences between the ⌫

µ

and ⌫
e

cross section model.
The ND280 neutrino interaction sample selection is de-
scribed in Section VI, and the fit of the neutrino flux

ν beam stability → INGRID



ND280 off-axis

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

Allow to select the charge of  the particles from their curvature

In the analysis described today we use the ND280 tracker: 

2 Fine Grained Detectors (target for neutrino interactions)

3 Time Projection Chambers: reconstruct momentum and charge of  
the particles produced in ν interactions, PID based on ionization

Electromagnetic Calorimeter do distinguish tracks from showers
7

FGD FGD
TPCTPCTPC

ν



Super-Kamiokande
50 kton water Cherenkov detector (22.5 kton FV)

~11000 20’’ PMT inner detector (~2000 8’’ PMT outer detector 
used as veto)

~1000 meters underground in the Kamioka mine

Operated since 1996 (upgraded for T2K)

Very good PID capabilities to distinguish electrons from muons

8

ID
OD

T2K far detector: Super-Kamiokande

• Water Cherenkov detector (50 kton)

• Fiducial mass 22.5 kton 

• Inner detector (~11k PMTs)

• Outer detector (2k PMTs) determine fully 
contained events

• Very good e/μ separation 

• Muons misidentified as electron <1% Inner Detector

Outer Detector
Atmospheric !

7



Data taking

Delivered 6.57 x 1020 proton on target (<10% of  the final design goal)

~97% of  the POT used for physics analyses

Reached stable beam power 235 kW

Recentely restarted with anti-neutrinos

9



Run status

All the detectors working well

Steadily taking data focusing negative hadrons → anti-neutrinos 
beam

Plan is to collect >5x1020 POT by Summer 2015 in anti-neutrino 
mode to perform:

Best measurement of  anti-νμ disappearance

Start searching for anti-νe appearance

 Then run 50% ν - 50% anti-ν to have best sensitivity to δCP

10
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The!width!of!the!beam!is!
comparable!to!the!measured!
Gaussians!in!the!previous!runs.!

ND280 anti-ν event 

The!detectors!are!all!working!
well.!
!
Here!is!our!first!idenQfied!!anQ9
neutrino!event!from!an!anQ9
neutrino!test!run!!

Run!Status!

Measured with INGRID 

µ+ 
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The!width!of!the!beam!is!
comparable!to!the!measured!
Gaussians!in!the!previous!runs.!

ND280 anti-ν event 

The!detectors!are!all!working!
well.!
!
Here!is!our!first!idenQfied!!anQ9
neutrino!event!from!an!anQ9
neutrino!test!run!!

Run!Status!

Measured with INGRID 

µ+ 

anti-νμ CC at ND280
Fully contained event at SKbeam profile at INGRID



T2K oscillation analyses
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Flux prediction:
✓  Proton beam stability
✓  Hadron production (NA61 

and others external data)

ND280 measurements:
✓  νμ selection to constrain flux 

and cross-sections
✓ Measure νe beam component

Neutrino interactions:
✓  Interaction models
✓  External cross-section 

data

Super-Kamiokande measurements:
✓  Select CC νμ and νe candidates after 

the oscillations

Prediction at the Far Detector:
✓  Combine flux, x-section and ND280 to 

predict the expected events at SK

Extract oscillation parameters!!!



Neutrino interactions
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At T2K energies neutrino 
interactions occurs through many 
different processes (CCQE, CC1π, 
NC1π, DIS) each with large model 
uncertainties

Model the parameters for each 
interaction type by selecting 
neutrino interactions at ND280

T2K

CCQE CCRES CCDIS



ND280 νμ CC analysis

Select neutrino interactions in the 
FGD FV with tracks entering the TPC

Identify the lepton as the most 
energetic negative track → require 
the TPC PID compatible with a μ 

Distinguish 3 samples according to 
the topology of  the other tracks 

0 π, 1 π+, others 

13

TPC 1 TPC 2 TPC 3FGD 1 FGD 2



ND280 νμ CC analysis

Fit the three distributions to 
jointly constrain flux and 
cross-section parameters 

14

CC0π (CCQE) CC1π (CCres)

CCNπ (DIS)



Systematic errors
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ResulQng!SystemaQc!Errors!

SystemaQc$Source$ RelaQve$Uncertainty$in$$
#$of$νe$Candidates$(%)!

RelaQve$Uncertainty$in$$
#$of$νμ$Candidates$(%)!

Flux!+!cross!secQon!(ND280!constrained)! 3.1! 2.7!

Cross!secQon!(ND2809independent)! 4.7! 5.0!

π!Hadronic!InteracQons! 2.3! 3.5!

SK!Detector! 2.9! 3.6!

Total$ 6.8$ 7.6$
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SK νe event selection
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28 νe candidates are 
selected

Exp. Bcg 4.92±0.55 events 
(mainly from beam νe)

5. T2K oscillation results

Fig. 5.3: Criteria to discriminate ⇡0 events from ⌫e CC events at SK. The X axis corresponds to the
reconstructed ⇡0 mass making the hypothesis of two electron-like rings. The Y axis represents the
likelihood ratio between the ⇡0 and the electron hypothesis. The events above the red line are rejected,
corresponding with the peak of the ⇡0 background (blue).
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Fig. 5.4: Reconstructed neutrino energy distribution for ⌫e events at SK. Left: In blue is shown the
expected events while the dots represent the data. A clear excess due to the ⌫µ ! ⌫e is observed.
Right: e↵ect of the ND280 ⌫µ constrain of the systematic errors.

5.3 ⌫µ disappearance

The most precise measurement on sin2(✓
23

) is set by the T2K ⌫µ disappearance analysis. The ⌫µ

survival probability is

P (⌫µ ! ⌫µ) ' 1� 4 cos2 ✓
13

sin2 ✓
23

sin2
✓
1.267

�m2[ eV2]L[ km]

E⌫ [ GeV]

◆

� 4 cos4 ✓
13

sin4 ✓
23

sin2
✓
1.267

�m2[ eV2]L[ km]

E⌫ [ GeV]

◆

where �m2 is the relevant mass splitting according to the hierarchy (�m2

32

for the normal and �m2

13

for the inverted). The first term dominates since sin2(2✓
13

) ⌧ 1. A precise measurement of sin2(✓
23

) is
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) after the selection
cuts #1-6 are applied. The right figure shows MC expectations which are separated in terms
of neutrino interaction modes, and the left figure shows the sum of all modes. RUN1-4 data is
overlaid in each plot as black markers. The blue line indicates the fiTQun π

0 cut, and we select
the events below the line as ν

e

candidates. The bins outside the gray line are overflow bins,
and two data points lie outside the axis ranges. MC distributions are for sin2 2θ13 = 0.1 and
normalized to data using POT.
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reject > 80% NCπ0
 more than the 

previously used cuts

νe Selection Cuts

- Fully Contained FV 

events

- # of  rings = 1

- Ring is e-like

- Evisible > 100 MeV

- no Michel electrons

- 0 < Eν < 1250 MeV

- fiTQun π0 cut
06/04/2014! Chris!Walter!9!Results!from!T2K!9!Neutrino2014! 43!



νe appearance analysis

28 observed events → 7.3σ 
significance for non-zero θ13

First ever observation of  an 
explicit ν appearance 
channel!!

Combination with the reactor 
results for θ13 → put 
constraints on δCP

Also depends on θ23 → need 
to do a joint fit

17

T2K!observaQon!of!νe!Appearance!

06/04/2014! Chris!Walter!9!Results!from!T2K!9!Neutrino2014!

normal hierarchy

7.3 σ significance for non-zero θ13 
First ever observation (>5σ) of an explicit ν appearance channel  

14!

Inverted hierarchy

Phys. Rev. Lett. 112, 061802 (2014) 

sin2 2θ13 = 0.140−0.032
+0.038

sin2 2θ13 = 0.170−0.037
+0.045

4.92 ± 0.55  events expected background 
28 events    observed 
21.6 events expected @ sin22θ13= 0.1 
                                    δCP= 0, sin2θ23= 0.5 
                                                 

•  Comparing!with!the!
external!reactor!
constraint!the!best!
overlap!is!for!the!
normal!hierarchy!with!
δcp=–π/2.!

•  This!is!a!lucky$point!!
•  You!also!need!to!
increase!the!θ23!mixing!
angle!to!account!for!
the!number!of!
observed!events.!

06/04/2014! 15!Chris!Walter!9!Results!from!T2K!9!Neutrino2014!

Let’s!think!about!these!regions!!

Note: Marginalized  
over θ23 and Δm2

32   

PRL 112, 061802 (2014)



SK νμ event selection
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νμ Selection Cuts

- Fully Contained FV 

events

- # of  rings = 1

- Ring is μ-like

- Pμ> 200 MeV

- Less than 2 Michel 

electrons

120 selected events 
(450 expected without oscillation) 
→ power of  off-axis technique

T2K!νμ!Results!

06/04/2014! Chris!Walter!9!Results!from!T2K!9!Neutrino2014!

Shows!the!power!of!the!off9axis!technique!!

Maximal mixing is not the same as maximum 
disappearance if θ13 is not zero! 

16!

Phys. Rev. Lett. 112, 181801 (2014) 

For!θ13!given!by!reactor!experiments:!

Poster$
#068!$

120 selected events 
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νμ disappearance analysis

For the first time the mixing angle θ23 is better constrained by 
an accelerator experiment than by atmospheric neutrinos

sin2(θ23) = 0.514 ± 0.055 (NH) → 10% uncertainty corresponding 
to an uncertainty of  3° on the angle

19

Best5fit$±$FC$68%$CL$$
(Δm2!!units!1093!eV2/c4)$

NH$
sin2θ23$ 0.514+0.05590.056!
Δm2

32! 2.51!±!0.10!

IH$
sin2θ23$ 0.511!±!0.055!
Δm2

13! 2.48!±!0.10!
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Joint fit analysis
A joint fit is needed because of  the correlations between the mixing 
parameters → θ23, θ13, δCP ...

νe appearance only analysis → marginalize over θ23 and Δm32

A better procedure is to jointly fit νe and νμ samples

Including reactor measurement of  θ13 → put constraints on δCP

20

2 different analyses:
- Frequentist based on Feldman-Cousin
- Bayesian based on Markov Chain MC



Joint fit analysis

Both analyses give similar results

Although they seem completely 
reversed 

Best fit value of  δCP ~ -π/2 

Values of  ~0.2<δCP<~0.8 excluded at 
more than 90% CL

Bayesian analysis can compare 
probabilities for hierarchy and for 
octant of  θ23 → both weak 
preferences
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Future of  T2K 

T2K collected so far <10% of  the expected POT

Thanks to the large values of  θ13 and to the good control of  the 
systematics errors (already smaller than 10%) we already 
observed νe appearance

But we also started to put some constraints on δCP

More data will allow to put better constraints and if  we are lucky 
have hints (2-3 σ level) of  CP violation in the leptonic sector!
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ND280 νe analyses
The main background to appearance 
analysis is the beam νe component

ND280 can measure this component

Difficult since only 1% of  the flux is 
composed by νe

Combine TPC and ECAL PID to 
select electrons and reject muons

23

8

Momentum (MeV/c)
200 400 600 800 1000 1200 1400 1600 1800 2000

En
er

gy
 lo

ss
 (k

eV
/c

m
)

1

1.5

2

2.5

3

3.5

4

4.5

5

0

20

40

60

80

100

120

140muons
pions
electrons
protons
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R

MIP/EM

is a statistic to separate electromagnetic show-
ers and minimally ionizing tracks and is a likelihood ratio
using characteristics that distinguish tracks and showers:

• circularity: clusters due to tracks are expected to
be long and thin, while showers are expected to
have a more spherical shape;

• charge distribution: electromagnetic showers have
a highly non-uniform charge distribution compared
to a minimally ionizing track. The charge distri-
bution is parameterized using the ratio of the sec-
ond and first moments and the ratio of the highest
charge to the lowest charge layer;

• charge ratio between first quarter and last quar-
ter of the track: it is expected to be one for min-
imally ionizing tracks which deposit energy uni-
formly, greater than one for electromagnetic show-

ers and less than one for highly ionizing particles
such as protons which deposit most of their energy
at the end of the track.

Samples of simulated electrons and muons are used to
generate probability density functions (PDFs) that are
used to construct the likelihood ratio. Fig. 6 shows the
R

MIP/EM

statistic in data and simulation for samples of
e

+

e

� from photon conversions and from crossing muons.
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FIG. 6. Distribution of R
MIP/EM

for electrons or positrons
coming from photon conversions, and for muons in the down-
stream ECal in data (points) and in the simulation (lines).

The energy deposited in the ECal (E
EM

) is used for
particles with reconstructed momenta in the TPC larger
than 1 GeV/c, to discriminate between electrons and
muons. A charged particle that enters the ECal from the
TPC has momentummeasured in the tracker and this can
be compared to the energy deposited in the ECal. Energy
is reconstructed under the hypothesis that the energy de-
posit is due to an electromagnetic shower. A maximum
likelihood fit for the shower energy is constructed using
the following variables:

• the total visible energy in the cluster: the total en-
ergy deposited into the scintillator is strongly cor-
related to the energy of the particle responsible for
the EM shower and this parameter dominates the
energy measurement in the ECal;

• the RMS and the skewness of the deposited en-
ergy: these parameters provide additional informa-
tion that refines the energy measurement.

The fit uses PDFs constructed from simulated photons
at energies from 50 MeV to 25 GeV, with the majority of
photons below 2 GeV. The energy resolution for electrons
at 1 GeV is approximately 10%.
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a highly non-uniform charge distribution compared
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The energy deposited in the ECal (E
EM

) is used for
particles with reconstructed momenta in the TPC larger
than 1 GeV/c, to discriminate between electrons and
muons. A charged particle that enters the ECal from the
TPC has momentummeasured in the tracker and this can
be compared to the energy deposited in the ECal. Energy
is reconstructed under the hypothesis that the energy de-
posit is due to an electromagnetic shower. A maximum
likelihood fit for the shower energy is constructed using
the following variables:

• the total visible energy in the cluster: the total en-
ergy deposited into the scintillator is strongly cor-
related to the energy of the particle responsible for
the EM shower and this parameter dominates the
energy measurement in the ECal;

• the RMS and the skewness of the deposited en-
ergy: these parameters provide additional informa-
tion that refines the energy measurement.

The fit uses PDFs constructed from simulated photons
at energies from 50 MeV to 25 GeV, with the majority of
photons below 2 GeV. The energy resolution for electrons
at 1 GeV is approximately 10%.
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electron-like track reconstructed in TPC3 and showering in
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IV. SELECTION OF ELECTRON NEUTRINO
CC EVENTS AT ND280

The signal events for this analysis are ⌫

e

CC interac-
tions occurring in FGD1 or FGD2. Events in which there
are electron-like tracks starting in either FGD are se-
lected, and additional cuts are applied to reduce the con-
tamination from photons converting into an e

+

e

� pair in
an FGD. The events are then split into separate CCQE-
like and CCnonQE-like samples. A typical ⌫

e

CC candi-
date selected in the analysis is shown in Fig. 7.

After requiring a good beam spill and good
ND280 data quality—all subdetectors were functioning
correctly—the reconstructed objects in each spill are split
into 8 time bunches (6 for Run I). For each bunch the
highest momentum negatively charged track is selected
as the lepton candidate. If this track does not start in
the fiducial volume (FV) of one of the FGDs the event is
rejected. The FGD fiducial volume is defined by remov-
ing the outer 48 mm at each edge in x and y (distance
equivalent to five scintillator bars) and the front 21 mm
(7 mm) at the begin of the FGD1 (FGD2), corresponding
to the first x-y (x) layer.

The track is also rejected if the reconstructed momen-
tum is smaller than 200 MeV/c as that region is domi-
nated by background from photon conversions. To ensure
good TPC PID performance the selected track needs to
have at least 36 reconstructed clusters in the TPC, cor-
responding to tracks crossing at least half of the TPC in
the direction parallel to the beam.

Applying these criteria, 79% of the tracks are expected
to be muons and just 6.5% electrons (see the inset in
Fig. 8). To select electrons, the TPC and ECal PID ca-
pabilities are combined. The PID criteria applied depend

TABLE III. Fraction of electrons entering each PID branch,
and e�ciency and purity of the PID selection.

FGD1 vertices FGD2 vertices

Category
events e↵. (%) events e↵. (%)
(%) [pur. (%)] (%) [pur. (%)]

TPC only 45.4
56.6

34.1
53.1

[92.6] [90.9]

TPC+DsECal 32.0
82.6

59.0
89.1

[97.8] [93.8]
TPC+Barrel

22.6
86.1

6.9
88.6

ECal [91.4] [86.5]

upon which sub-detectors are used for the track recon-
struction:

• if the electron candidate does not enter the ECal,
the energy loss in the TPC is required to be
electron-like (�1 < �

e

< 2), not muon-like (|�
µ

| >
2.5) and not pion-like (|�

⇡

| > 2). This selection is
also used for all tracks with reconstructed momen-
tum in the TPC below 300 MeV/c as the ECal PID
is not optimized for such low energy particles;

• for tracks entering the ECal, the TPC PID is re-
laxed, only requiring an electron-like track (�2 <

�

e

< 2.5). The ECal particle identification crite-
ria depend on the momentum of the track as it
enters the ECal module. For tracks with a momen-
tum greater than 1 GeV/c, the energy deposited
in the ECal module is used to separate electro-
magnetic showers from minimum ionizing particles.
Tracks are required to have E

EM

> 1100 MeV. For
lower-momentum particles, the multi-variate anal-
ysis quantity R

MIP/EM

is used. These tracks must
have R

MIP/EM

> 0.

Tab. III shows the performance of the di↵erent PID
cuts, and highlights the e↵ectiveness of combining the
TPC and ECal information.
The momentum distribution of the particles passing

the PID cuts is shown in Fig. 8. 99.9% of muons are
rejected by the PID cuts, and the sample is 92% pure
in electrons. Although a high-purity sample of electrons
has been selected, 65% of the tracks arise from � ! e

+

e

�

conversions in the FGD, and only 27% are from ⌫

e

CC
interactions. The majority of the photons come from
neutrino interactions upstream of the FGD in which the
conversion occurred.
To reduce the contamination from these photons, veto

cuts are applied to require no reconstructed tracks in the
P0D, TPC or Barrel ECal in the same bunch, starting
more than 100 mm upstream of the initial position of the
electron candidate.
An additional cut in the selection removes electrons

that are part of an e

+

e

� pair. The event is rejected if
there is a positive track which is electron-like (|�

e

| < 3),
starts within 100 mm of the electron candidate, and if the
e

+

e

� pair has an invariant mass of less than 100 MeV/c2.



νe selection at ND280
Combining TPC and ECAL PID → reject > 99.8% of  the muons

Separate the selected sample in CC0π and CCNπ (N>=1) 

Purity of  the νe sample ~65%

Large background from γ conversions from π0
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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.

erly designed near detector.
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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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Why it’s important
Beam νe component is the main background to appearance analysis

T2K oscillation analyses are done constraining flux and cross 
section systematics using ND280 νμ data

Strong correlations between νμ and νe fluxes

No differences are expected between νμ and νe x-sections

25

a. Build a model to include flux and x-section 
systematics
b. Fit ND280 νμ data
c. Reduce errors on νμ and νe fluxes and x-
section from ~20% to ~3%

- The model used cannot be checked at SK → 
impossible to disentangle from oscillations 
- The only cross-check is to use ND280 νe 
selection and compare data with the 
expectations (after ND280 νμ fit)  



Measurement of  beam νe
Log-likelihood ratio to measure the data/MC ratio for νe

γ→e+e- sample is used to constrain the background

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

R(νe from K) = 1.10 ± 0.14
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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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the three samples after the fit are shown in Fig. 16.

As far as the nuisance parameters are concerned, 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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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.

IX. SUMMARY
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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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interactions is predicted by the same model used for the
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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 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 ⌫
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component is the main background for
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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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νe cross sections

νe appearance → depends on νe cross-section → need to measure 
them!

We performed a first measurement of  νe cross-section on carbon 

First νe cross-section measurement since Gargamelle (1978)

First differential measurement of  νe cross-section
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UNFOLDING

EVENT SELECTION

SYSTEMATICS

νe CROSS-SECTIONS ARE IMPORTANT!

RESULTS

Ben Smith
for the T2K Collaboration

MEASURING THE νe CC INCLUSIVE CROSS-SECTION AT 
THE GEV-SCALE USING ND280, THE T2K NEAR DETECTOR
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where E#
‘ is the center-of-mass frame lepton energy.

In the case of elastic scattering, the relationship in !B

between E‘ and the scattering angle, $‘ simplifies the
calculation because there is at most one z in the integrand
for which the cross section does not vanish for a particular
lepton angle:

z¼
$
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We then obtain the remaining cross section by integrating
Eq. (19) over the final-state lepton energy. Note that this
procedure only gives a prescription for evaluating
d!ðE%;trueÞ=dQ2

true; however, the radiation of real photons
means that the relationship between lepton energy and

angle and E% and Q2 in elastic scattering will no longer
be valid. The effect of this distortion of the elastic kine-
matics will depend on the details of the experimental
reconstruction and the neutrino flux seen by the experi-
ment, so the effect must be evaluated in the context of a
neutrino interaction generator and full simulation of the
reconstruction for a given experiment.
The difference of the effect on the total cross sections as

a function of neutrino energy is shown in Fig. 2. We
estimate a difference of approximately 10% over the en-
ergies of interest in oscillation experiments. The largest
fractional differences in cross sections are at high true Q2

and low neutrino energies. The magnitude of the lepton leg
correction to the muon neutrino total cross section is
smaller, roughly 0.4 times this difference, so the larger
effect is on the electron neutrino cross section.
Our estimation of the effect is surprisingly large at the

relevant energies for oscillation experiments. Some portion
of this difference in the total cross section in Fig. 2 may be
canceled by diagrams missing from the leading log correc-
tion in the lepton leg, such as box diagrams involving W&
exchange between the leptonic legs and the initial or final
state, which will also depend on the final-state lepton mass
[27]. We stress that this is only an approximate treatment
which should be confirmed in a full calculation imple-
mented inside a generator, and to date radiative corrections
are not included in the commonly used neutrino interaction
generators [6–9].

C. Uncertainties in F1
V, F

2
V and FA

As noted above, the vector form factors F1
V and F2

V are
precisely measured in charged lepton scattering [17]; how-
ever, the axial form factor is still uncertain because neutrino
experiments that measure it do not agree among themselves
or with determinations in pion electroproduction as
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tion of the fractional difference between the electron and muon
neutrino total charged-current quasielastic cross sections, " as
defined in Eq. (15), as a function of neutrino energy. The
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Energy(GeV)
0.5 1 1.5 2 2.5 3

 (N
o 

K
 L

im
s)

-
-310

-210

-110
 Minimum2 Q

 Maximum2 Q

Energy(GeV)
0.5 1 1.5 2 2.5 3

 (N
o 

K
 L

im
s)

-

-310

-210

-110
 Minimum2 Q

 Maximum2 Q

FIG. 1. The total charged-current quasielastic cross-section
difference for neutrinos (top) and antineutrinos (bottom) due to
the kinematic limits in Q2. This difference is $" defined in
Eq. (15), meaning that the electron neutrino cross section is
larger than the muon neutrino cross section.

MELANIE DAYAND KEVIN S. MCFARLAND PHYSICAL REVIEW D 86, 053003 (2012)

053003-4

 (GeV)�E
0 1 2 3 4 5 6 7 8 9 10

/n
uc

le
on

)
2

 c
m

-3
9

10× (
�

 C
C 

e�

0

10

20

30

40

50 PO
T)

21
/5

0M
eV

/1
0

2
 /c

m
9

10×
 fl

ux
 (

e�0

2

4

6

8

10Full phase-space

 fluxe�T2K 
NEUT prediction
GENIE prediction
NEUT average
GENIE average
Gargamelle data
T2K data

)c (GeV/ep
0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.4

))c
/n

uc
le

on
/(G

eV
/

2
 c

m
-3

9
10× (p

/d
�d 0

2

4

6

8

10 ) > 0.72e� > 550MeV && cos(ep

NEUT

GENIE

T2K data

>>

)e�cos(
0.75 0.8 0.85 0.9 0.95 1

/n
uc

le
on

/(1
))

2
 c

m
-3

9
10×

) (
�

/d
co

s(
�d 0

20

40

60

80

100
) > 0.72e� > 550MeV && cos(ep

NEUT

GENIE

T2K data

)4c/2 (GeV2Q
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

))4 c/2
/n

uc
le

on
/(G

eV
2

 c
m

-3
9

10× (2
Q

/d
�d

0

2

4

6

8

10

12

14

16 ) > 0.72e� > 550MeV && cos(ep

NEUT

GENIE

T2K data

>>

       Selection is not sensitive to low momentum and high angle tracks.   
   Unfolding into these regions depends on the MC model (NEUT).
Present two results – with and without unfolding into unseen region.
These are the first GeV-scale νe cross-section results since Gargamelle!
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FIG. 43: Fractional flux error including all sources of uncertainties.

Constrain 5 sources of uncertainty using 
beam measurements and NA61 hadron 
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Dominant uncertainties on total cross-section are
•  Flux (12.9%)
•  Data statistics (8.7%)
•  Detector systematics (8.4%)

All ND280 uncertainties are 
constrained by data.


Separate systematics cover
•  FGDs
•  TPCs
•  ECals
•  External interactions


Uncertainty on number of 
target nucleons is 0.67%.

Long baseline oscillation experiments 
are searching for CP violation. 


νµ ! νe oscillations are golden channel 
for this.


We need to understand differences 
between νµ and νe cross-sections!

Many theoretical differences 
between νµ and νe cross-
sections (PRD 86, 053003, 2012).


These need to be constrained 
by data!

discussed above. Therefore the axial form factor will
dominate any differences in the electron and muon cross
sections due to uncertainties in leading form factors.

Figure 3 illustrates the change in the fractional differ-
ence of muon and electron neutrino CCQE cross sections
when the axial form factor is varied by changing the
assumed dipole mass in a range consistent with experi-
mental measurements. The size of the effect is of order 1%
at very low energy and drops with increasing energy. This
difference in cross section may be accounted for in varia-
tions of the axial form factor within the analysis of an
experiment using a modern neutrino interaction generator.

D. Pseudoscalar form factor

At low Q2, the pseudoscalar form factor does have a
significant contribution to the muon neutrino CCQE cross
section of nearly the same order of the leading terms.
However, Eq. (13) shows that the contribution will be
suppressed for Q2 * M2

!, and all terms involving FP are
suppressed by m=M and so the contribution to the cross
section is negligible for electron neutrinos. At low neutrino
energies, the pseudoscalar form factor effect on the cross
section difference, !ðE"Þ is nearly as large as that of the
kinematic limits. The effect of the form factor as a function
of neutrino energy and Q2 is different for neutrinos and
antineutrinos.

Current neutrino interaction generators [6–9] include the
effect of FP shown in Eq. (13) under the assumptions of
PCAC and that the Goldberger-Treiman relation holds for
all Q2. Experimental tests of the Goldberger-Treiman re-
lation have identified small discrepancies which imply that
the left-hand side of Eq. (12) is between 1% and 6% less
than the right-hand side [28,29]. Guidance from models
suggests that this effect is likely to disappear at high Q2

[30]. We examine the effect of varying FPð0Þ by 3% of
itself as a reasonable approximation to the possible differ-
ence due to this effect. A more significant difference may
arise due to violations of PCAC. This has been directly

checked in pion electroproduction studies [23] which can
directly measure FPðQ2Þ in the range of 0.05 to
0:2 GeV=c2. Uncertainties in this data limit the reasonable
range of pole masses in Eq. (11) to be between 0:6M! and
1:5M!. Effects due to these possible deviations from
PCAC and the Goldberger-Treiman relation are shown in
Fig. 4 along with the effect of assuming FP ¼ 0 for
comparison.

E. Second-class currents

As noted in the introductory material, nonzero second-
class currents violate a number of symmetries and hypoth-
eses, and are therefore normally assumed to be zero in
analysis of neutrino reaction data and in neutrino interac-
tion generators. For this paper, we take a data-driven
approach and look at the effect of the largest possible
second-class current form factors, F3

V and F3
A that do not

violate constraints from this data.
Vector second-class currents enter the cross sections for

neutrino quasielastic scattering always suppressed by
m=M and therefore only appear practically in muon neu-
trino scattering cross sections. Both vector and axial vector
form factors give large contributions to the BðQ2Þ term
given in Eqs. (4) and (7), and therefore typically have very
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with current experimental data.
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1) Proton beam measurement
2) Hadron production
3) Horn current and field
4) Horn, target and beam alignment
5) Beam direction
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FUTURE PROSPECTS
Many exciting analyses planned!
•  CCQE-enhanced selection to give νe CCQE cross-section as a function of Eν
•  Running T2K in anti-neutrino mode will give anti-νe cross-sections
•  νµ/νe cross-section ratio measurement will benefit from cancelling of many 

systematic uncertainties.$

globally describes the transition between these processes or
how they should be combined. Moreover, the full extent to
which nuclear effects impact this region is a topic that has
only recently been appreciated. Therefore, in this section, we
focus on what is currently known, both experimentally and
theoretically, about each of the exclusive final-state processes
that participate in this region.

To start, Fig. 9 summarizes the existing measurements of
CC neutrino and antineutrino cross sections across this inter-
mediate energy range

!"N ! "!X; (54)

!!"N ! "þX: (55)

These results have been accumulated over many decades
using a variety of neutrino targets and detector technologies.
We immediately notice three things from this figure. First, the
total cross sections approaches a linear dependence on neu-
trino energy. This scaling behavior is a prediction of the quark
parton model (Feynman, 1969), a topic we return to later, and
is expected if pointlike scattering off quarks dominates the
scattering mechanism, for example, in the case of deep
inelastic scattering. Such assumptions break down, of course,
at lower neutrino energies (i.e., lower momentum transfers).
Second, the neutrino cross sections at the lower energy end of
this region are not typically as well measured as their high-
energy counterparts. This is generally due to the lack of high
statistics data historically available in this energy range and
the challenges that arise when trying to describe all of the
various underlying physical processes that can participate in
this region. Third, antineutrino cross sections are typically
less well measured than their neutrino counterparts. This is
generally due to lower statistics and larger background con-
tamination present in that case.

Most of our knowledge of neutrino cross sections in
this intermediate energy range comes from early experiments
that collected relatively small data samples (tens-to-a-few-
thousand events). These measurements were conducted in

the 1970s and 1980s using either bubble chamber or spark
chamber detectors and represent a large fraction of the data
presented in the summary plots we show. Over the years,
interest in this energy region waned as efforts migrated to
higher energies to yield larger event samples and the focus
centered on measurement of electroweak parameters (sin2#W)
and structure functions in the deep inelastic scattering region.
With the discovery of neutrino oscillations and the advent of
higher intensity neutrino beams, however, this situation has
been rapidly changing. The processes discussed here are im-
portant because they form some of the dominant signal and
background channels for experiments searching for neutrino
oscillations. This is especially true for experiments that use
atmospheric or accelerator-based sources of neutrinos. With a
view to better understanding these neutrino cross sections,
new experiments such as Argon Neutrino Test (ArgoNeuT),
KEK to Kamioka (K2K), Mini Booster Neutrino Experiment
(MiniBooNE),Main INjector ExpeRiment: nu-A (MINER!A),
Main Injector Neutrino Oscillation Search (MINOS), Neutrino
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FIG. 9. Total neutrino and antineutrino per nucleon CC cross
sections (for an isoscalar target) divided by neutrino energy and
plotted as a function of energy. Data are the same as in Figs. 28, 11,
and 12, with the inclusion of additional lower energy CC inclusive
data from m (Baker et al., 1982), # (Baranov et al., 1979), j
(Ciampolillo et al., 1979), and ? (Nakajima et al., 2011). Also
shown are the various contributing processes that will be inves-
tigated in the remaining sections of this review. These contributions
include quasielastic scattering (dashed), resonance production (dot-
dashed), and deep inelastic scattering (dotted). Example predictions
for each are provided by the NUANCE generator (Casper, 2002).
Note that the quasielastic scattering data and predictions have been
averaged over neutron and proton targets and hence have been
divided by a factor of 2 for the purposes of this plot.
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Lots of νµ cross-section 
measurements…
(Rev.Mod.Phys., 84:1307, 2012)

…but only Gargamelle 
results for νe.
(Nucl.Phys.B, 133(2), 1978) 
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νe CROSS-SECTIONS ARE IMPORTANT!

RESULTS
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for the T2K Collaboration

MEASURING THE νe CC INCLUSIVE CROSS-SECTION AT 
THE GEV-SCALE USING ND280, THE T2K NEAR DETECTOR
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where E#
‘ is the center-of-mass frame lepton energy.

In the case of elastic scattering, the relationship in !B

between E‘ and the scattering angle, $‘ simplifies the
calculation because there is at most one z in the integrand
for which the cross section does not vanish for a particular
lepton angle:

z¼
$
2E‘ðMþE%Þðm2þ2ME%Þ$2cos2$‘E‘E%

%
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m4þ4E2

%ðM2$m2sin2$‘Þ$4m2M2$4m2ME%

q &

=½m4þ4E%ðE%ðm2cos2$‘þM2Þþm2MÞ*: (20)

We then obtain the remaining cross section by integrating
Eq. (19) over the final-state lepton energy. Note that this
procedure only gives a prescription for evaluating
d!ðE%;trueÞ=dQ2

true; however, the radiation of real photons
means that the relationship between lepton energy and

angle and E% and Q2 in elastic scattering will no longer
be valid. The effect of this distortion of the elastic kine-
matics will depend on the details of the experimental
reconstruction and the neutrino flux seen by the experi-
ment, so the effect must be evaluated in the context of a
neutrino interaction generator and full simulation of the
reconstruction for a given experiment.
The difference of the effect on the total cross sections as

a function of neutrino energy is shown in Fig. 2. We
estimate a difference of approximately 10% over the en-
ergies of interest in oscillation experiments. The largest
fractional differences in cross sections are at high true Q2

and low neutrino energies. The magnitude of the lepton leg
correction to the muon neutrino total cross section is
smaller, roughly 0.4 times this difference, so the larger
effect is on the electron neutrino cross section.
Our estimation of the effect is surprisingly large at the

relevant energies for oscillation experiments. Some portion
of this difference in the total cross section in Fig. 2 may be
canceled by diagrams missing from the leading log correc-
tion in the lepton leg, such as box diagrams involving W&
exchange between the leptonic legs and the initial or final
state, which will also depend on the final-state lepton mass
[27]. We stress that this is only an approximate treatment
which should be confirmed in a full calculation imple-
mented inside a generator, and to date radiative corrections
are not included in the commonly used neutrino interaction
generators [6–9].

C. Uncertainties in F1
V, F

2
V and FA

As noted above, the vector form factors F1
V and F2

V are
precisely measured in charged lepton scattering [17]; how-
ever, the axial form factor is still uncertain because neutrino
experiments that measure it do not agree among themselves
or with determinations in pion electroproduction as
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FIG. 43: Fractional flux error including all sources of uncertainties.

Constrain 5 sources of uncertainty using 
beam measurements and NA61 hadron 
production data.
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Many theoretical differences 
between νµ and νe cross-
sections (PRD 86, 053003, 2012).


These need to be constrained 
by data!

discussed above. Therefore the axial form factor will
dominate any differences in the electron and muon cross
sections due to uncertainties in leading form factors.

Figure 3 illustrates the change in the fractional differ-
ence of muon and electron neutrino CCQE cross sections
when the axial form factor is varied by changing the
assumed dipole mass in a range consistent with experi-
mental measurements. The size of the effect is of order 1%
at very low energy and drops with increasing energy. This
difference in cross section may be accounted for in varia-
tions of the axial form factor within the analysis of an
experiment using a modern neutrino interaction generator.

D. Pseudoscalar form factor

At low Q2, the pseudoscalar form factor does have a
significant contribution to the muon neutrino CCQE cross
section of nearly the same order of the leading terms.
However, Eq. (13) shows that the contribution will be
suppressed for Q2 * M2

!, and all terms involving FP are
suppressed by m=M and so the contribution to the cross
section is negligible for electron neutrinos. At low neutrino
energies, the pseudoscalar form factor effect on the cross
section difference, !ðE"Þ is nearly as large as that of the
kinematic limits. The effect of the form factor as a function
of neutrino energy and Q2 is different for neutrinos and
antineutrinos.

Current neutrino interaction generators [6–9] include the
effect of FP shown in Eq. (13) under the assumptions of
PCAC and that the Goldberger-Treiman relation holds for
all Q2. Experimental tests of the Goldberger-Treiman re-
lation have identified small discrepancies which imply that
the left-hand side of Eq. (12) is between 1% and 6% less
than the right-hand side [28,29]. Guidance from models
suggests that this effect is likely to disappear at high Q2

[30]. We examine the effect of varying FPð0Þ by 3% of
itself as a reasonable approximation to the possible differ-
ence due to this effect. A more significant difference may
arise due to violations of PCAC. This has been directly

checked in pion electroproduction studies [23] which can
directly measure FPðQ2Þ in the range of 0.05 to
0:2 GeV=c2. Uncertainties in this data limit the reasonable
range of pole masses in Eq. (11) to be between 0:6M! and
1:5M!. Effects due to these possible deviations from
PCAC and the Goldberger-Treiman relation are shown in
Fig. 4 along with the effect of assuming FP ¼ 0 for
comparison.

E. Second-class currents

As noted in the introductory material, nonzero second-
class currents violate a number of symmetries and hypoth-
eses, and are therefore normally assumed to be zero in
analysis of neutrino reaction data and in neutrino interac-
tion generators. For this paper, we take a data-driven
approach and look at the effect of the largest possible
second-class current form factors, F3

V and F3
A that do not

violate constraints from this data.
Vector second-class currents enter the cross sections for

neutrino quasielastic scattering always suppressed by
m=M and therefore only appear practically in muon neu-
trino scattering cross sections. Both vector and axial vector
form factors give large contributions to the BðQ2Þ term
given in Eqs. (4) and (7), and therefore typically have very
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with current experimental data.
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1) Proton beam measurement
2) Hadron production
3) Horn current and field
4) Horn, target and beam alignment
5) Beam direction
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FUTURE PROSPECTS
Many exciting analyses planned!
•  CCQE-enhanced selection to give νe CCQE cross-section as a function of Eν
•  Running T2K in anti-neutrino mode will give anti-νe cross-sections
•  νµ/νe cross-section ratio measurement will benefit from cancelling of many 

systematic uncertainties.$

globally describes the transition between these processes or
how they should be combined. Moreover, the full extent to
which nuclear effects impact this region is a topic that has
only recently been appreciated. Therefore, in this section, we
focus on what is currently known, both experimentally and
theoretically, about each of the exclusive final-state processes
that participate in this region.

To start, Fig. 9 summarizes the existing measurements of
CC neutrino and antineutrino cross sections across this inter-
mediate energy range

!"N ! "!X; (54)

!!"N ! "þX: (55)

These results have been accumulated over many decades
using a variety of neutrino targets and detector technologies.
We immediately notice three things from this figure. First, the
total cross sections approaches a linear dependence on neu-
trino energy. This scaling behavior is a prediction of the quark
parton model (Feynman, 1969), a topic we return to later, and
is expected if pointlike scattering off quarks dominates the
scattering mechanism, for example, in the case of deep
inelastic scattering. Such assumptions break down, of course,
at lower neutrino energies (i.e., lower momentum transfers).
Second, the neutrino cross sections at the lower energy end of
this region are not typically as well measured as their high-
energy counterparts. This is generally due to the lack of high
statistics data historically available in this energy range and
the challenges that arise when trying to describe all of the
various underlying physical processes that can participate in
this region. Third, antineutrino cross sections are typically
less well measured than their neutrino counterparts. This is
generally due to lower statistics and larger background con-
tamination present in that case.

Most of our knowledge of neutrino cross sections in
this intermediate energy range comes from early experiments
that collected relatively small data samples (tens-to-a-few-
thousand events). These measurements were conducted in

the 1970s and 1980s using either bubble chamber or spark
chamber detectors and represent a large fraction of the data
presented in the summary plots we show. Over the years,
interest in this energy region waned as efforts migrated to
higher energies to yield larger event samples and the focus
centered on measurement of electroweak parameters (sin2#W)
and structure functions in the deep inelastic scattering region.
With the discovery of neutrino oscillations and the advent of
higher intensity neutrino beams, however, this situation has
been rapidly changing. The processes discussed here are im-
portant because they form some of the dominant signal and
background channels for experiments searching for neutrino
oscillations. This is especially true for experiments that use
atmospheric or accelerator-based sources of neutrinos. With a
view to better understanding these neutrino cross sections,
new experiments such as Argon Neutrino Test (ArgoNeuT),
KEK to Kamioka (K2K), Mini Booster Neutrino Experiment
(MiniBooNE),Main INjector ExpeRiment: nu-A (MINER!A),
Main Injector Neutrino Oscillation Search (MINOS), Neutrino
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FIG. 9. Total neutrino and antineutrino per nucleon CC cross
sections (for an isoscalar target) divided by neutrino energy and
plotted as a function of energy. Data are the same as in Figs. 28, 11,
and 12, with the inclusion of additional lower energy CC inclusive
data from m (Baker et al., 1982), # (Baranov et al., 1979), j
(Ciampolillo et al., 1979), and ? (Nakajima et al., 2011). Also
shown are the various contributing processes that will be inves-
tigated in the remaining sections of this review. These contributions
include quasielastic scattering (dashed), resonance production (dot-
dashed), and deep inelastic scattering (dotted). Example predictions
for each are provided by the NUANCE generator (Casper, 2002).
Note that the quasielastic scattering data and predictions have been
averaged over neutron and proton targets and hence have been
divided by a factor of 2 for the purposes of this plot.
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Lots of νµ cross-section 
measurements…
(Rev.Mod.Phys., 84:1307, 2012)

…but only Gargamelle 
results for νe.
(Nucl.Phys.B, 133(2), 1978) 
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EVENT SELECTION

SYSTEMATICS

νe CROSS-SECTIONS ARE IMPORTANT!

RESULTS

Ben Smith
for the T2K Collaboration

MEASURING THE νe CC INCLUSIVE CROSS-SECTION AT 
THE GEV-SCALE USING ND280, THE T2K NEAR DETECTOR
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dÊ‘d!

""""""""Ê‘¼E‘=z
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where E#
‘ is the center-of-mass frame lepton energy.

In the case of elastic scattering, the relationship in !B

between E‘ and the scattering angle, $‘ simplifies the
calculation because there is at most one z in the integrand
for which the cross section does not vanish for a particular
lepton angle:

z¼
$
2E‘ðMþE%Þðm2þ2ME%Þ$2cos2$‘E‘E%

%
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m4þ4E2

%ðM2$m2sin2$‘Þ$4m2M2$4m2ME%

q &

=½m4þ4E%ðE%ðm2cos2$‘þM2Þþm2MÞ*: (20)

We then obtain the remaining cross section by integrating
Eq. (19) over the final-state lepton energy. Note that this
procedure only gives a prescription for evaluating
d!ðE%;trueÞ=dQ2

true; however, the radiation of real photons
means that the relationship between lepton energy and

angle and E% and Q2 in elastic scattering will no longer
be valid. The effect of this distortion of the elastic kine-
matics will depend on the details of the experimental
reconstruction and the neutrino flux seen by the experi-
ment, so the effect must be evaluated in the context of a
neutrino interaction generator and full simulation of the
reconstruction for a given experiment.
The difference of the effect on the total cross sections as

a function of neutrino energy is shown in Fig. 2. We
estimate a difference of approximately 10% over the en-
ergies of interest in oscillation experiments. The largest
fractional differences in cross sections are at high true Q2

and low neutrino energies. The magnitude of the lepton leg
correction to the muon neutrino total cross section is
smaller, roughly 0.4 times this difference, so the larger
effect is on the electron neutrino cross section.
Our estimation of the effect is surprisingly large at the

relevant energies for oscillation experiments. Some portion
of this difference in the total cross section in Fig. 2 may be
canceled by diagrams missing from the leading log correc-
tion in the lepton leg, such as box diagrams involving W&
exchange between the leptonic legs and the initial or final
state, which will also depend on the final-state lepton mass
[27]. We stress that this is only an approximate treatment
which should be confirmed in a full calculation imple-
mented inside a generator, and to date radiative corrections
are not included in the commonly used neutrino interaction
generators [6–9].

C. Uncertainties in F1
V, F

2
V and FA

As noted above, the vector form factors F1
V and F2

V are
precisely measured in charged lepton scattering [17]; how-
ever, the axial form factor is still uncertain because neutrino
experiments that measure it do not agree among themselves
or with determinations in pion electroproduction as
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       Selection is not sensitive to low momentum and high angle tracks.   
   Unfolding into these regions depends on the MC model (NEUT).
Present two results – with and without unfolding into unseen region.
These are the first GeV-scale νe cross-section results since Gargamelle!
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FIG. 43: Fractional flux error including all sources of uncertainties.

Constrain 5 sources of uncertainty using 
beam measurements and NA61 hadron 
production data.
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discussed above. Therefore the axial form factor will
dominate any differences in the electron and muon cross
sections due to uncertainties in leading form factors.

Figure 3 illustrates the change in the fractional differ-
ence of muon and electron neutrino CCQE cross sections
when the axial form factor is varied by changing the
assumed dipole mass in a range consistent with experi-
mental measurements. The size of the effect is of order 1%
at very low energy and drops with increasing energy. This
difference in cross section may be accounted for in varia-
tions of the axial form factor within the analysis of an
experiment using a modern neutrino interaction generator.

D. Pseudoscalar form factor

At low Q2, the pseudoscalar form factor does have a
significant contribution to the muon neutrino CCQE cross
section of nearly the same order of the leading terms.
However, Eq. (13) shows that the contribution will be
suppressed for Q2 * M2

!, and all terms involving FP are
suppressed by m=M and so the contribution to the cross
section is negligible for electron neutrinos. At low neutrino
energies, the pseudoscalar form factor effect on the cross
section difference, !ðE"Þ is nearly as large as that of the
kinematic limits. The effect of the form factor as a function
of neutrino energy and Q2 is different for neutrinos and
antineutrinos.

Current neutrino interaction generators [6–9] include the
effect of FP shown in Eq. (13) under the assumptions of
PCAC and that the Goldberger-Treiman relation holds for
all Q2. Experimental tests of the Goldberger-Treiman re-
lation have identified small discrepancies which imply that
the left-hand side of Eq. (12) is between 1% and 6% less
than the right-hand side [28,29]. Guidance from models
suggests that this effect is likely to disappear at high Q2

[30]. We examine the effect of varying FPð0Þ by 3% of
itself as a reasonable approximation to the possible differ-
ence due to this effect. A more significant difference may
arise due to violations of PCAC. This has been directly

checked in pion electroproduction studies [23] which can
directly measure FPðQ2Þ in the range of 0.05 to
0:2 GeV=c2. Uncertainties in this data limit the reasonable
range of pole masses in Eq. (11) to be between 0:6M! and
1:5M!. Effects due to these possible deviations from
PCAC and the Goldberger-Treiman relation are shown in
Fig. 4 along with the effect of assuming FP ¼ 0 for
comparison.

E. Second-class currents

As noted in the introductory material, nonzero second-
class currents violate a number of symmetries and hypoth-
eses, and are therefore normally assumed to be zero in
analysis of neutrino reaction data and in neutrino interac-
tion generators. For this paper, we take a data-driven
approach and look at the effect of the largest possible
second-class current form factors, F3

V and F3
A that do not

violate constraints from this data.
Vector second-class currents enter the cross sections for

neutrino quasielastic scattering always suppressed by
m=M and therefore only appear practically in muon neu-
trino scattering cross sections. Both vector and axial vector
form factors give large contributions to the BðQ2Þ term
given in Eqs. (4) and (7), and therefore typically have very
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1) Proton beam measurement
2) Hadron production
3) Horn current and field
4) Horn, target and beam alignment
5) Beam direction
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FUTURE PROSPECTS
Many exciting analyses planned!
•  CCQE-enhanced selection to give νe CCQE cross-section as a function of Eν
•  Running T2K in anti-neutrino mode will give anti-νe cross-sections
•  νµ/νe cross-section ratio measurement will benefit from cancelling of many 

systematic uncertainties.$

globally describes the transition between these processes or
how they should be combined. Moreover, the full extent to
which nuclear effects impact this region is a topic that has
only recently been appreciated. Therefore, in this section, we
focus on what is currently known, both experimentally and
theoretically, about each of the exclusive final-state processes
that participate in this region.

To start, Fig. 9 summarizes the existing measurements of
CC neutrino and antineutrino cross sections across this inter-
mediate energy range

!"N ! "!X; (54)

!!"N ! "þX: (55)

These results have been accumulated over many decades
using a variety of neutrino targets and detector technologies.
We immediately notice three things from this figure. First, the
total cross sections approaches a linear dependence on neu-
trino energy. This scaling behavior is a prediction of the quark
parton model (Feynman, 1969), a topic we return to later, and
is expected if pointlike scattering off quarks dominates the
scattering mechanism, for example, in the case of deep
inelastic scattering. Such assumptions break down, of course,
at lower neutrino energies (i.e., lower momentum transfers).
Second, the neutrino cross sections at the lower energy end of
this region are not typically as well measured as their high-
energy counterparts. This is generally due to the lack of high
statistics data historically available in this energy range and
the challenges that arise when trying to describe all of the
various underlying physical processes that can participate in
this region. Third, antineutrino cross sections are typically
less well measured than their neutrino counterparts. This is
generally due to lower statistics and larger background con-
tamination present in that case.

Most of our knowledge of neutrino cross sections in
this intermediate energy range comes from early experiments
that collected relatively small data samples (tens-to-a-few-
thousand events). These measurements were conducted in

the 1970s and 1980s using either bubble chamber or spark
chamber detectors and represent a large fraction of the data
presented in the summary plots we show. Over the years,
interest in this energy region waned as efforts migrated to
higher energies to yield larger event samples and the focus
centered on measurement of electroweak parameters (sin2#W)
and structure functions in the deep inelastic scattering region.
With the discovery of neutrino oscillations and the advent of
higher intensity neutrino beams, however, this situation has
been rapidly changing. The processes discussed here are im-
portant because they form some of the dominant signal and
background channels for experiments searching for neutrino
oscillations. This is especially true for experiments that use
atmospheric or accelerator-based sources of neutrinos. With a
view to better understanding these neutrino cross sections,
new experiments such as Argon Neutrino Test (ArgoNeuT),
KEK to Kamioka (K2K), Mini Booster Neutrino Experiment
(MiniBooNE),Main INjector ExpeRiment: nu-A (MINER!A),
Main Injector Neutrino Oscillation Search (MINOS), Neutrino
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FIG. 9. Total neutrino and antineutrino per nucleon CC cross
sections (for an isoscalar target) divided by neutrino energy and
plotted as a function of energy. Data are the same as in Figs. 28, 11,
and 12, with the inclusion of additional lower energy CC inclusive
data from m (Baker et al., 1982), # (Baranov et al., 1979), j
(Ciampolillo et al., 1979), and ? (Nakajima et al., 2011). Also
shown are the various contributing processes that will be inves-
tigated in the remaining sections of this review. These contributions
include quasielastic scattering (dashed), resonance production (dot-
dashed), and deep inelastic scattering (dotted). Example predictions
for each are provided by the NUANCE generator (Casper, 2002).
Note that the quasielastic scattering data and predictions have been
averaged over neutron and proton targets and hence have been
divided by a factor of 2 for the purposes of this plot.
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Lots of νµ cross-section 
measurements…
(Rev.Mod.Phys., 84:1307, 2012)

…but only Gargamelle 
results for νe.
(Nucl.Phys.B, 133(2), 1978) 

Many νμ measurements
Only νe x-sec 

from 1978
Theoretical models predict 
νe/νμ x-sec differences → 
need to check with data!



Inclusive νe CC cross-section

Good agreement between data and MC 

Good agreement with Gargamelle data

Some discrepancies at low Q2 → most 
interesting region for νe/νμ differences

In the future many more νe cross-
section measurements will be needed 
if  we want to measure CPV using νe 
appearance channels!
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EVENT SELECTION
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νe CROSS-SECTIONS ARE IMPORTANT!

RESULTS
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MEASURING THE νe CC INCLUSIVE CROSS-SECTION AT 
THE GEV-SCALE USING ND280, THE T2K NEAR DETECTOR
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where E#
‘ is the center-of-mass frame lepton energy.

In the case of elastic scattering, the relationship in !B

between E‘ and the scattering angle, $‘ simplifies the
calculation because there is at most one z in the integrand
for which the cross section does not vanish for a particular
lepton angle:

z¼
$
2E‘ðMþE%Þðm2þ2ME%Þ$2cos2$‘E‘E%

%
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m4þ4E2

%ðM2$m2sin2$‘Þ$4m2M2$4m2ME%

q &

=½m4þ4E%ðE%ðm2cos2$‘þM2Þþm2MÞ*: (20)

We then obtain the remaining cross section by integrating
Eq. (19) over the final-state lepton energy. Note that this
procedure only gives a prescription for evaluating
d!ðE%;trueÞ=dQ2

true; however, the radiation of real photons
means that the relationship between lepton energy and

angle and E% and Q2 in elastic scattering will no longer
be valid. The effect of this distortion of the elastic kine-
matics will depend on the details of the experimental
reconstruction and the neutrino flux seen by the experi-
ment, so the effect must be evaluated in the context of a
neutrino interaction generator and full simulation of the
reconstruction for a given experiment.
The difference of the effect on the total cross sections as

a function of neutrino energy is shown in Fig. 2. We
estimate a difference of approximately 10% over the en-
ergies of interest in oscillation experiments. The largest
fractional differences in cross sections are at high true Q2

and low neutrino energies. The magnitude of the lepton leg
correction to the muon neutrino total cross section is
smaller, roughly 0.4 times this difference, so the larger
effect is on the electron neutrino cross section.
Our estimation of the effect is surprisingly large at the

relevant energies for oscillation experiments. Some portion
of this difference in the total cross section in Fig. 2 may be
canceled by diagrams missing from the leading log correc-
tion in the lepton leg, such as box diagrams involving W&
exchange between the leptonic legs and the initial or final
state, which will also depend on the final-state lepton mass
[27]. We stress that this is only an approximate treatment
which should be confirmed in a full calculation imple-
mented inside a generator, and to date radiative corrections
are not included in the commonly used neutrino interaction
generators [6–9].

C. Uncertainties in F1
V, F

2
V and FA

As noted above, the vector form factors F1
V and F2

V are
precisely measured in charged lepton scattering [17]; how-
ever, the axial form factor is still uncertain because neutrino
experiments that measure it do not agree among themselves
or with determinations in pion electroproduction as
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FIG. 43: Fractional flux error including all sources of uncertainties.

Constrain 5 sources of uncertainty using 
beam measurements and NA61 hadron 
production data.
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Dominant uncertainties on total cross-section are
•  Flux (12.9%)
•  Data statistics (8.7%)
•  Detector systematics (8.4%)

All ND280 uncertainties are 
constrained by data.


Separate systematics cover
•  FGDs
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•  External interactions


Uncertainty on number of 
target nucleons is 0.67%.

Long baseline oscillation experiments 
are searching for CP violation. 
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We need to understand differences 
between νµ and νe cross-sections!

Many theoretical differences 
between νµ and νe cross-
sections (PRD 86, 053003, 2012).


These need to be constrained 
by data!

discussed above. Therefore the axial form factor will
dominate any differences in the electron and muon cross
sections due to uncertainties in leading form factors.

Figure 3 illustrates the change in the fractional differ-
ence of muon and electron neutrino CCQE cross sections
when the axial form factor is varied by changing the
assumed dipole mass in a range consistent with experi-
mental measurements. The size of the effect is of order 1%
at very low energy and drops with increasing energy. This
difference in cross section may be accounted for in varia-
tions of the axial form factor within the analysis of an
experiment using a modern neutrino interaction generator.

D. Pseudoscalar form factor

At low Q2, the pseudoscalar form factor does have a
significant contribution to the muon neutrino CCQE cross
section of nearly the same order of the leading terms.
However, Eq. (13) shows that the contribution will be
suppressed for Q2 * M2

!, and all terms involving FP are
suppressed by m=M and so the contribution to the cross
section is negligible for electron neutrinos. At low neutrino
energies, the pseudoscalar form factor effect on the cross
section difference, !ðE"Þ is nearly as large as that of the
kinematic limits. The effect of the form factor as a function
of neutrino energy and Q2 is different for neutrinos and
antineutrinos.

Current neutrino interaction generators [6–9] include the
effect of FP shown in Eq. (13) under the assumptions of
PCAC and that the Goldberger-Treiman relation holds for
all Q2. Experimental tests of the Goldberger-Treiman re-
lation have identified small discrepancies which imply that
the left-hand side of Eq. (12) is between 1% and 6% less
than the right-hand side [28,29]. Guidance from models
suggests that this effect is likely to disappear at high Q2

[30]. We examine the effect of varying FPð0Þ by 3% of
itself as a reasonable approximation to the possible differ-
ence due to this effect. A more significant difference may
arise due to violations of PCAC. This has been directly

checked in pion electroproduction studies [23] which can
directly measure FPðQ2Þ in the range of 0.05 to
0:2 GeV=c2. Uncertainties in this data limit the reasonable
range of pole masses in Eq. (11) to be between 0:6M! and
1:5M!. Effects due to these possible deviations from
PCAC and the Goldberger-Treiman relation are shown in
Fig. 4 along with the effect of assuming FP ¼ 0 for
comparison.

E. Second-class currents

As noted in the introductory material, nonzero second-
class currents violate a number of symmetries and hypoth-
eses, and are therefore normally assumed to be zero in
analysis of neutrino reaction data and in neutrino interac-
tion generators. For this paper, we take a data-driven
approach and look at the effect of the largest possible
second-class current form factors, F3

V and F3
A that do not

violate constraints from this data.
Vector second-class currents enter the cross sections for

neutrino quasielastic scattering always suppressed by
m=M and therefore only appear practically in muon neu-
trino scattering cross sections. Both vector and axial vector
form factors give large contributions to the BðQ2Þ term
given in Eqs. (4) and (7), and therefore typically have very
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2) Hadron production
3) Horn current and field
4) Horn, target and beam alignment
5) Beam direction
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FUTURE PROSPECTS
Many exciting analyses planned!
•  CCQE-enhanced selection to give νe CCQE cross-section as a function of Eν
•  Running T2K in anti-neutrino mode will give anti-νe cross-sections
•  νµ/νe cross-section ratio measurement will benefit from cancelling of many 

systematic uncertainties.$

globally describes the transition between these processes or
how they should be combined. Moreover, the full extent to
which nuclear effects impact this region is a topic that has
only recently been appreciated. Therefore, in this section, we
focus on what is currently known, both experimentally and
theoretically, about each of the exclusive final-state processes
that participate in this region.

To start, Fig. 9 summarizes the existing measurements of
CC neutrino and antineutrino cross sections across this inter-
mediate energy range

!"N ! "!X; (54)

!!"N ! "þX: (55)

These results have been accumulated over many decades
using a variety of neutrino targets and detector technologies.
We immediately notice three things from this figure. First, the
total cross sections approaches a linear dependence on neu-
trino energy. This scaling behavior is a prediction of the quark
parton model (Feynman, 1969), a topic we return to later, and
is expected if pointlike scattering off quarks dominates the
scattering mechanism, for example, in the case of deep
inelastic scattering. Such assumptions break down, of course,
at lower neutrino energies (i.e., lower momentum transfers).
Second, the neutrino cross sections at the lower energy end of
this region are not typically as well measured as their high-
energy counterparts. This is generally due to the lack of high
statistics data historically available in this energy range and
the challenges that arise when trying to describe all of the
various underlying physical processes that can participate in
this region. Third, antineutrino cross sections are typically
less well measured than their neutrino counterparts. This is
generally due to lower statistics and larger background con-
tamination present in that case.

Most of our knowledge of neutrino cross sections in
this intermediate energy range comes from early experiments
that collected relatively small data samples (tens-to-a-few-
thousand events). These measurements were conducted in

the 1970s and 1980s using either bubble chamber or spark
chamber detectors and represent a large fraction of the data
presented in the summary plots we show. Over the years,
interest in this energy region waned as efforts migrated to
higher energies to yield larger event samples and the focus
centered on measurement of electroweak parameters (sin2#W)
and structure functions in the deep inelastic scattering region.
With the discovery of neutrino oscillations and the advent of
higher intensity neutrino beams, however, this situation has
been rapidly changing. The processes discussed here are im-
portant because they form some of the dominant signal and
background channels for experiments searching for neutrino
oscillations. This is especially true for experiments that use
atmospheric or accelerator-based sources of neutrinos. With a
view to better understanding these neutrino cross sections,
new experiments such as Argon Neutrino Test (ArgoNeuT),
KEK to Kamioka (K2K), Mini Booster Neutrino Experiment
(MiniBooNE),Main INjector ExpeRiment: nu-A (MINER!A),
Main Injector Neutrino Oscillation Search (MINOS), Neutrino
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FIG. 9. Total neutrino and antineutrino per nucleon CC cross
sections (for an isoscalar target) divided by neutrino energy and
plotted as a function of energy. Data are the same as in Figs. 28, 11,
and 12, with the inclusion of additional lower energy CC inclusive
data from m (Baker et al., 1982), # (Baranov et al., 1979), j
(Ciampolillo et al., 1979), and ? (Nakajima et al., 2011). Also
shown are the various contributing processes that will be inves-
tigated in the remaining sections of this review. These contributions
include quasielastic scattering (dashed), resonance production (dot-
dashed), and deep inelastic scattering (dotted). Example predictions
for each are provided by the NUANCE generator (Casper, 2002).
Note that the quasielastic scattering data and predictions have been
averaged over neutron and proton targets and hence have been
divided by a factor of 2 for the purposes of this plot.
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Lots of νµ cross-section 
measurements…
(Rev.Mod.Phys., 84:1307, 2012)

…but only Gargamelle 
results for νe.
(Nucl.Phys.B, 133(2), 1978) 
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MEASURING THE νe CC INCLUSIVE CROSS-SECTION AT 
THE GEV-SCALE USING ND280, THE T2K NEAR DETECTOR
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where E#
‘ is the center-of-mass frame lepton energy.

In the case of elastic scattering, the relationship in !B

between E‘ and the scattering angle, $‘ simplifies the
calculation because there is at most one z in the integrand
for which the cross section does not vanish for a particular
lepton angle:

z¼
$
2E‘ðMþE%Þðm2þ2ME%Þ$2cos2$‘E‘E%

%
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m4þ4E2

%ðM2$m2sin2$‘Þ$4m2M2$4m2ME%

q &

=½m4þ4E%ðE%ðm2cos2$‘þM2Þþm2MÞ*: (20)

We then obtain the remaining cross section by integrating
Eq. (19) over the final-state lepton energy. Note that this
procedure only gives a prescription for evaluating
d!ðE%;trueÞ=dQ2

true; however, the radiation of real photons
means that the relationship between lepton energy and

angle and E% and Q2 in elastic scattering will no longer
be valid. The effect of this distortion of the elastic kine-
matics will depend on the details of the experimental
reconstruction and the neutrino flux seen by the experi-
ment, so the effect must be evaluated in the context of a
neutrino interaction generator and full simulation of the
reconstruction for a given experiment.
The difference of the effect on the total cross sections as

a function of neutrino energy is shown in Fig. 2. We
estimate a difference of approximately 10% over the en-
ergies of interest in oscillation experiments. The largest
fractional differences in cross sections are at high true Q2

and low neutrino energies. The magnitude of the lepton leg
correction to the muon neutrino total cross section is
smaller, roughly 0.4 times this difference, so the larger
effect is on the electron neutrino cross section.
Our estimation of the effect is surprisingly large at the

relevant energies for oscillation experiments. Some portion
of this difference in the total cross section in Fig. 2 may be
canceled by diagrams missing from the leading log correc-
tion in the lepton leg, such as box diagrams involving W&
exchange between the leptonic legs and the initial or final
state, which will also depend on the final-state lepton mass
[27]. We stress that this is only an approximate treatment
which should be confirmed in a full calculation imple-
mented inside a generator, and to date radiative corrections
are not included in the commonly used neutrino interaction
generators [6–9].

C. Uncertainties in F1
V, F

2
V and FA

As noted above, the vector form factors F1
V and F2

V are
precisely measured in charged lepton scattering [17]; how-
ever, the axial form factor is still uncertain because neutrino
experiments that measure it do not agree among themselves
or with determinations in pion electroproduction as
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FIG. 43: Fractional flux error including all sources of uncertainties.
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discussed above. Therefore the axial form factor will
dominate any differences in the electron and muon cross
sections due to uncertainties in leading form factors.

Figure 3 illustrates the change in the fractional differ-
ence of muon and electron neutrino CCQE cross sections
when the axial form factor is varied by changing the
assumed dipole mass in a range consistent with experi-
mental measurements. The size of the effect is of order 1%
at very low energy and drops with increasing energy. This
difference in cross section may be accounted for in varia-
tions of the axial form factor within the analysis of an
experiment using a modern neutrino interaction generator.

D. Pseudoscalar form factor

At low Q2, the pseudoscalar form factor does have a
significant contribution to the muon neutrino CCQE cross
section of nearly the same order of the leading terms.
However, Eq. (13) shows that the contribution will be
suppressed for Q2 * M2

!, and all terms involving FP are
suppressed by m=M and so the contribution to the cross
section is negligible for electron neutrinos. At low neutrino
energies, the pseudoscalar form factor effect on the cross
section difference, !ðE"Þ is nearly as large as that of the
kinematic limits. The effect of the form factor as a function
of neutrino energy and Q2 is different for neutrinos and
antineutrinos.

Current neutrino interaction generators [6–9] include the
effect of FP shown in Eq. (13) under the assumptions of
PCAC and that the Goldberger-Treiman relation holds for
all Q2. Experimental tests of the Goldberger-Treiman re-
lation have identified small discrepancies which imply that
the left-hand side of Eq. (12) is between 1% and 6% less
than the right-hand side [28,29]. Guidance from models
suggests that this effect is likely to disappear at high Q2

[30]. We examine the effect of varying FPð0Þ by 3% of
itself as a reasonable approximation to the possible differ-
ence due to this effect. A more significant difference may
arise due to violations of PCAC. This has been directly

checked in pion electroproduction studies [23] which can
directly measure FPðQ2Þ in the range of 0.05 to
0:2 GeV=c2. Uncertainties in this data limit the reasonable
range of pole masses in Eq. (11) to be between 0:6M! and
1:5M!. Effects due to these possible deviations from
PCAC and the Goldberger-Treiman relation are shown in
Fig. 4 along with the effect of assuming FP ¼ 0 for
comparison.

E. Second-class currents

As noted in the introductory material, nonzero second-
class currents violate a number of symmetries and hypoth-
eses, and are therefore normally assumed to be zero in
analysis of neutrino reaction data and in neutrino interac-
tion generators. For this paper, we take a data-driven
approach and look at the effect of the largest possible
second-class current form factors, F3

V and F3
A that do not

violate constraints from this data.
Vector second-class currents enter the cross sections for

neutrino quasielastic scattering always suppressed by
m=M and therefore only appear practically in muon neu-
trino scattering cross sections. Both vector and axial vector
form factors give large contributions to the BðQ2Þ term
given in Eqs. (4) and (7), and therefore typically have very
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•  νµ/νe cross-section ratio measurement will benefit from cancelling of many 

systematic uncertainties.$

globally describes the transition between these processes or
how they should be combined. Moreover, the full extent to
which nuclear effects impact this region is a topic that has
only recently been appreciated. Therefore, in this section, we
focus on what is currently known, both experimentally and
theoretically, about each of the exclusive final-state processes
that participate in this region.

To start, Fig. 9 summarizes the existing measurements of
CC neutrino and antineutrino cross sections across this inter-
mediate energy range

!"N ! "!X; (54)

!!"N ! "þX: (55)

These results have been accumulated over many decades
using a variety of neutrino targets and detector technologies.
We immediately notice three things from this figure. First, the
total cross sections approaches a linear dependence on neu-
trino energy. This scaling behavior is a prediction of the quark
parton model (Feynman, 1969), a topic we return to later, and
is expected if pointlike scattering off quarks dominates the
scattering mechanism, for example, in the case of deep
inelastic scattering. Such assumptions break down, of course,
at lower neutrino energies (i.e., lower momentum transfers).
Second, the neutrino cross sections at the lower energy end of
this region are not typically as well measured as their high-
energy counterparts. This is generally due to the lack of high
statistics data historically available in this energy range and
the challenges that arise when trying to describe all of the
various underlying physical processes that can participate in
this region. Third, antineutrino cross sections are typically
less well measured than their neutrino counterparts. This is
generally due to lower statistics and larger background con-
tamination present in that case.

Most of our knowledge of neutrino cross sections in
this intermediate energy range comes from early experiments
that collected relatively small data samples (tens-to-a-few-
thousand events). These measurements were conducted in

the 1970s and 1980s using either bubble chamber or spark
chamber detectors and represent a large fraction of the data
presented in the summary plots we show. Over the years,
interest in this energy region waned as efforts migrated to
higher energies to yield larger event samples and the focus
centered on measurement of electroweak parameters (sin2#W)
and structure functions in the deep inelastic scattering region.
With the discovery of neutrino oscillations and the advent of
higher intensity neutrino beams, however, this situation has
been rapidly changing. The processes discussed here are im-
portant because they form some of the dominant signal and
background channels for experiments searching for neutrino
oscillations. This is especially true for experiments that use
atmospheric or accelerator-based sources of neutrinos. With a
view to better understanding these neutrino cross sections,
new experiments such as Argon Neutrino Test (ArgoNeuT),
KEK to Kamioka (K2K), Mini Booster Neutrino Experiment
(MiniBooNE),Main INjector ExpeRiment: nu-A (MINER!A),
Main Injector Neutrino Oscillation Search (MINOS), Neutrino
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FIG. 9. Total neutrino and antineutrino per nucleon CC cross
sections (for an isoscalar target) divided by neutrino energy and
plotted as a function of energy. Data are the same as in Figs. 28, 11,
and 12, with the inclusion of additional lower energy CC inclusive
data from m (Baker et al., 1982), # (Baranov et al., 1979), j
(Ciampolillo et al., 1979), and ? (Nakajima et al., 2011). Also
shown are the various contributing processes that will be inves-
tigated in the remaining sections of this review. These contributions
include quasielastic scattering (dashed), resonance production (dot-
dashed), and deep inelastic scattering (dotted). Example predictions
for each are provided by the NUANCE generator (Casper, 2002).
Note that the quasielastic scattering data and predictions have been
averaged over neutron and proton targets and hence have been
divided by a factor of 2 for the purposes of this plot.
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Lots of νµ cross-section 
measurements…
(Rev.Mod.Phys., 84:1307, 2012)

…but only Gargamelle 
results for νe.
(Nucl.Phys.B, 133(2), 1978) 
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MEASURING THE νe CC INCLUSIVE CROSS-SECTION AT 
THE GEV-SCALE USING ND280, THE T2K NEAR DETECTOR
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where E#
‘ is the center-of-mass frame lepton energy.

In the case of elastic scattering, the relationship in !B

between E‘ and the scattering angle, $‘ simplifies the
calculation because there is at most one z in the integrand
for which the cross section does not vanish for a particular
lepton angle:

z¼
$
2E‘ðMþE%Þðm2þ2ME%Þ$2cos2$‘E‘E%

%
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m4þ4E2

%ðM2$m2sin2$‘Þ$4m2M2$4m2ME%

q &

=½m4þ4E%ðE%ðm2cos2$‘þM2Þþm2MÞ*: (20)

We then obtain the remaining cross section by integrating
Eq. (19) over the final-state lepton energy. Note that this
procedure only gives a prescription for evaluating
d!ðE%;trueÞ=dQ2

true; however, the radiation of real photons
means that the relationship between lepton energy and

angle and E% and Q2 in elastic scattering will no longer
be valid. The effect of this distortion of the elastic kine-
matics will depend on the details of the experimental
reconstruction and the neutrino flux seen by the experi-
ment, so the effect must be evaluated in the context of a
neutrino interaction generator and full simulation of the
reconstruction for a given experiment.
The difference of the effect on the total cross sections as

a function of neutrino energy is shown in Fig. 2. We
estimate a difference of approximately 10% over the en-
ergies of interest in oscillation experiments. The largest
fractional differences in cross sections are at high true Q2

and low neutrino energies. The magnitude of the lepton leg
correction to the muon neutrino total cross section is
smaller, roughly 0.4 times this difference, so the larger
effect is on the electron neutrino cross section.
Our estimation of the effect is surprisingly large at the

relevant energies for oscillation experiments. Some portion
of this difference in the total cross section in Fig. 2 may be
canceled by diagrams missing from the leading log correc-
tion in the lepton leg, such as box diagrams involving W&
exchange between the leptonic legs and the initial or final
state, which will also depend on the final-state lepton mass
[27]. We stress that this is only an approximate treatment
which should be confirmed in a full calculation imple-
mented inside a generator, and to date radiative corrections
are not included in the commonly used neutrino interaction
generators [6–9].

C. Uncertainties in F1
V, F

2
V and FA

As noted above, the vector form factors F1
V and F2

V are
precisely measured in charged lepton scattering [17]; how-
ever, the axial form factor is still uncertain because neutrino
experiments that measure it do not agree among themselves
or with determinations in pion electroproduction as
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       Selection is not sensitive to low momentum and high angle tracks.   
   Unfolding into these regions depends on the MC model (NEUT).
Present two results – with and without unfolding into unseen region.
These are the first GeV-scale νe cross-section results since Gargamelle!
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FIG. 43: Fractional flux error including all sources of uncertainties.

Constrain 5 sources of uncertainty using 
beam measurements and NA61 hadron 
production data.

)4c/2 (GeV2Q
0 0.2 0.4 0.6 0.8 1

Fr
ac

tio
na

l e
rro

r

0

0.1

0.2

0.3

0.4

0.5

0.6
Full phase-space

Statistical MC training Detector
Flux and x-sec OOFV Total

>>

FG
D
1

FG
D
2TPC2 TPC3TPC1P0D

E
C
al


ECal

ECal

Summary

Use covariance matrix method with 1000 throws.


Dominant uncertainties on total cross-section are
•  Flux (12.9%)
•  Data statistics (8.7%)
•  Detector systematics (8.4%)

All ND280 uncertainties are 
constrained by data.


Separate systematics cover
•  FGDs
•  TPCs
•  ECals
•  External interactions


Uncertainty on number of 
target nucleons is 0.67%.

Long baseline oscillation experiments 
are searching for CP violation. 


νµ ! νe oscillations are golden channel 
for this.


We need to understand differences 
between νµ and νe cross-sections!

Many theoretical differences 
between νµ and νe cross-
sections (PRD 86, 053003, 2012).


These need to be constrained 
by data!

discussed above. Therefore the axial form factor will
dominate any differences in the electron and muon cross
sections due to uncertainties in leading form factors.

Figure 3 illustrates the change in the fractional differ-
ence of muon and electron neutrino CCQE cross sections
when the axial form factor is varied by changing the
assumed dipole mass in a range consistent with experi-
mental measurements. The size of the effect is of order 1%
at very low energy and drops with increasing energy. This
difference in cross section may be accounted for in varia-
tions of the axial form factor within the analysis of an
experiment using a modern neutrino interaction generator.

D. Pseudoscalar form factor

At low Q2, the pseudoscalar form factor does have a
significant contribution to the muon neutrino CCQE cross
section of nearly the same order of the leading terms.
However, Eq. (13) shows that the contribution will be
suppressed for Q2 * M2

!, and all terms involving FP are
suppressed by m=M and so the contribution to the cross
section is negligible for electron neutrinos. At low neutrino
energies, the pseudoscalar form factor effect on the cross
section difference, !ðE"Þ is nearly as large as that of the
kinematic limits. The effect of the form factor as a function
of neutrino energy and Q2 is different for neutrinos and
antineutrinos.

Current neutrino interaction generators [6–9] include the
effect of FP shown in Eq. (13) under the assumptions of
PCAC and that the Goldberger-Treiman relation holds for
all Q2. Experimental tests of the Goldberger-Treiman re-
lation have identified small discrepancies which imply that
the left-hand side of Eq. (12) is between 1% and 6% less
than the right-hand side [28,29]. Guidance from models
suggests that this effect is likely to disappear at high Q2

[30]. We examine the effect of varying FPð0Þ by 3% of
itself as a reasonable approximation to the possible differ-
ence due to this effect. A more significant difference may
arise due to violations of PCAC. This has been directly

checked in pion electroproduction studies [23] which can
directly measure FPðQ2Þ in the range of 0.05 to
0:2 GeV=c2. Uncertainties in this data limit the reasonable
range of pole masses in Eq. (11) to be between 0:6M! and
1:5M!. Effects due to these possible deviations from
PCAC and the Goldberger-Treiman relation are shown in
Fig. 4 along with the effect of assuming FP ¼ 0 for
comparison.

E. Second-class currents

As noted in the introductory material, nonzero second-
class currents violate a number of symmetries and hypoth-
eses, and are therefore normally assumed to be zero in
analysis of neutrino reaction data and in neutrino interac-
tion generators. For this paper, we take a data-driven
approach and look at the effect of the largest possible
second-class current form factors, F3

V and F3
A that do not

violate constraints from this data.
Vector second-class currents enter the cross sections for

neutrino quasielastic scattering always suppressed by
m=M and therefore only appear practically in muon neu-
trino scattering cross sections. Both vector and axial vector
form factors give large contributions to the BðQ2Þ term
given in Eqs. (4) and (7), and therefore typically have very

Energy(GeV)
0.5 1 1.5 2 2.5 3

)2
=1

.1
 G

eV
/c

A
(m

(m
od

if
ie

d)
) -

 
A

(m

-0.03

-0.02

-0.01

0

0.01

0.02

0.03
=0.9A m
=0.9A m
=1.4A m
=1.4A m
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globally describes the transition between these processes or
how they should be combined. Moreover, the full extent to
which nuclear effects impact this region is a topic that has
only recently been appreciated. Therefore, in this section, we
focus on what is currently known, both experimentally and
theoretically, about each of the exclusive final-state processes
that participate in this region.

To start, Fig. 9 summarizes the existing measurements of
CC neutrino and antineutrino cross sections across this inter-
mediate energy range

!"N ! "!X; (54)

!!"N ! "þX: (55)

These results have been accumulated over many decades
using a variety of neutrino targets and detector technologies.
We immediately notice three things from this figure. First, the
total cross sections approaches a linear dependence on neu-
trino energy. This scaling behavior is a prediction of the quark
parton model (Feynman, 1969), a topic we return to later, and
is expected if pointlike scattering off quarks dominates the
scattering mechanism, for example, in the case of deep
inelastic scattering. Such assumptions break down, of course,
at lower neutrino energies (i.e., lower momentum transfers).
Second, the neutrino cross sections at the lower energy end of
this region are not typically as well measured as their high-
energy counterparts. This is generally due to the lack of high
statistics data historically available in this energy range and
the challenges that arise when trying to describe all of the
various underlying physical processes that can participate in
this region. Third, antineutrino cross sections are typically
less well measured than their neutrino counterparts. This is
generally due to lower statistics and larger background con-
tamination present in that case.

Most of our knowledge of neutrino cross sections in
this intermediate energy range comes from early experiments
that collected relatively small data samples (tens-to-a-few-
thousand events). These measurements were conducted in

the 1970s and 1980s using either bubble chamber or spark
chamber detectors and represent a large fraction of the data
presented in the summary plots we show. Over the years,
interest in this energy region waned as efforts migrated to
higher energies to yield larger event samples and the focus
centered on measurement of electroweak parameters (sin2#W)
and structure functions in the deep inelastic scattering region.
With the discovery of neutrino oscillations and the advent of
higher intensity neutrino beams, however, this situation has
been rapidly changing. The processes discussed here are im-
portant because they form some of the dominant signal and
background channels for experiments searching for neutrino
oscillations. This is especially true for experiments that use
atmospheric or accelerator-based sources of neutrinos. With a
view to better understanding these neutrino cross sections,
new experiments such as Argon Neutrino Test (ArgoNeuT),
KEK to Kamioka (K2K), Mini Booster Neutrino Experiment
(MiniBooNE),Main INjector ExpeRiment: nu-A (MINER!A),
Main Injector Neutrino Oscillation Search (MINOS), Neutrino
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data from m (Baker et al., 1982), # (Baranov et al., 1979), j
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for each are provided by the NUANCE generator (Casper, 2002).
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Lots of νµ cross-section 
measurements…
(Rev.Mod.Phys., 84:1307, 2012)

…but only Gargamelle 
results for νe.
(Nucl.Phys.B, 133(2), 1978) 
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MEASURING THE νe CC INCLUSIVE CROSS-SECTION AT 
THE GEV-SCALE USING ND280, THE T2K NEAR DETECTOR
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where E#
‘ is the center-of-mass frame lepton energy.

In the case of elastic scattering, the relationship in !B

between E‘ and the scattering angle, $‘ simplifies the
calculation because there is at most one z in the integrand
for which the cross section does not vanish for a particular
lepton angle:

z¼
$
2E‘ðMþE%Þðm2þ2ME%Þ$2cos2$‘E‘E%

%
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m4þ4E2

%ðM2$m2sin2$‘Þ$4m2M2$4m2ME%

q &

=½m4þ4E%ðE%ðm2cos2$‘þM2Þþm2MÞ*: (20)

We then obtain the remaining cross section by integrating
Eq. (19) over the final-state lepton energy. Note that this
procedure only gives a prescription for evaluating
d!ðE%;trueÞ=dQ2

true; however, the radiation of real photons
means that the relationship between lepton energy and

angle and E% and Q2 in elastic scattering will no longer
be valid. The effect of this distortion of the elastic kine-
matics will depend on the details of the experimental
reconstruction and the neutrino flux seen by the experi-
ment, so the effect must be evaluated in the context of a
neutrino interaction generator and full simulation of the
reconstruction for a given experiment.
The difference of the effect on the total cross sections as

a function of neutrino energy is shown in Fig. 2. We
estimate a difference of approximately 10% over the en-
ergies of interest in oscillation experiments. The largest
fractional differences in cross sections are at high true Q2

and low neutrino energies. The magnitude of the lepton leg
correction to the muon neutrino total cross section is
smaller, roughly 0.4 times this difference, so the larger
effect is on the electron neutrino cross section.
Our estimation of the effect is surprisingly large at the

relevant energies for oscillation experiments. Some portion
of this difference in the total cross section in Fig. 2 may be
canceled by diagrams missing from the leading log correc-
tion in the lepton leg, such as box diagrams involving W&
exchange between the leptonic legs and the initial or final
state, which will also depend on the final-state lepton mass
[27]. We stress that this is only an approximate treatment
which should be confirmed in a full calculation imple-
mented inside a generator, and to date radiative corrections
are not included in the commonly used neutrino interaction
generators [6–9].

C. Uncertainties in F1
V, F

2
V and FA

As noted above, the vector form factors F1
V and F2

V are
precisely measured in charged lepton scattering [17]; how-
ever, the axial form factor is still uncertain because neutrino
experiments that measure it do not agree among themselves
or with determinations in pion electroproduction as
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       Selection is not sensitive to low momentum and high angle tracks.   
   Unfolding into these regions depends on the MC model (NEUT).
Present two results – with and without unfolding into unseen region.
These are the first GeV-scale νe cross-section results since Gargamelle!
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FIG. 43: Fractional flux error including all sources of uncertainties.
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discussed above. Therefore the axial form factor will
dominate any differences in the electron and muon cross
sections due to uncertainties in leading form factors.

Figure 3 illustrates the change in the fractional differ-
ence of muon and electron neutrino CCQE cross sections
when the axial form factor is varied by changing the
assumed dipole mass in a range consistent with experi-
mental measurements. The size of the effect is of order 1%
at very low energy and drops with increasing energy. This
difference in cross section may be accounted for in varia-
tions of the axial form factor within the analysis of an
experiment using a modern neutrino interaction generator.

D. Pseudoscalar form factor

At low Q2, the pseudoscalar form factor does have a
significant contribution to the muon neutrino CCQE cross
section of nearly the same order of the leading terms.
However, Eq. (13) shows that the contribution will be
suppressed for Q2 * M2

!, and all terms involving FP are
suppressed by m=M and so the contribution to the cross
section is negligible for electron neutrinos. At low neutrino
energies, the pseudoscalar form factor effect on the cross
section difference, !ðE"Þ is nearly as large as that of the
kinematic limits. The effect of the form factor as a function
of neutrino energy and Q2 is different for neutrinos and
antineutrinos.

Current neutrino interaction generators [6–9] include the
effect of FP shown in Eq. (13) under the assumptions of
PCAC and that the Goldberger-Treiman relation holds for
all Q2. Experimental tests of the Goldberger-Treiman re-
lation have identified small discrepancies which imply that
the left-hand side of Eq. (12) is between 1% and 6% less
than the right-hand side [28,29]. Guidance from models
suggests that this effect is likely to disappear at high Q2

[30]. We examine the effect of varying FPð0Þ by 3% of
itself as a reasonable approximation to the possible differ-
ence due to this effect. A more significant difference may
arise due to violations of PCAC. This has been directly

checked in pion electroproduction studies [23] which can
directly measure FPðQ2Þ in the range of 0.05 to
0:2 GeV=c2. Uncertainties in this data limit the reasonable
range of pole masses in Eq. (11) to be between 0:6M! and
1:5M!. Effects due to these possible deviations from
PCAC and the Goldberger-Treiman relation are shown in
Fig. 4 along with the effect of assuming FP ¼ 0 for
comparison.

E. Second-class currents

As noted in the introductory material, nonzero second-
class currents violate a number of symmetries and hypoth-
eses, and are therefore normally assumed to be zero in
analysis of neutrino reaction data and in neutrino interac-
tion generators. For this paper, we take a data-driven
approach and look at the effect of the largest possible
second-class current form factors, F3

V and F3
A that do not

violate constraints from this data.
Vector second-class currents enter the cross sections for

neutrino quasielastic scattering always suppressed by
m=M and therefore only appear practically in muon neu-
trino scattering cross sections. Both vector and axial vector
form factors give large contributions to the BðQ2Þ term
given in Eqs. (4) and (7), and therefore typically have very
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1) Proton beam measurement
2) Hadron production
3) Horn current and field
4) Horn, target and beam alignment
5) Beam direction
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FUTURE PROSPECTS
Many exciting analyses planned!
•  CCQE-enhanced selection to give νe CCQE cross-section as a function of Eν
•  Running T2K in anti-neutrino mode will give anti-νe cross-sections
•  νµ/νe cross-section ratio measurement will benefit from cancelling of many 

systematic uncertainties.$

globally describes the transition between these processes or
how they should be combined. Moreover, the full extent to
which nuclear effects impact this region is a topic that has
only recently been appreciated. Therefore, in this section, we
focus on what is currently known, both experimentally and
theoretically, about each of the exclusive final-state processes
that participate in this region.

To start, Fig. 9 summarizes the existing measurements of
CC neutrino and antineutrino cross sections across this inter-
mediate energy range

!"N ! "!X; (54)

!!"N ! "þX: (55)

These results have been accumulated over many decades
using a variety of neutrino targets and detector technologies.
We immediately notice three things from this figure. First, the
total cross sections approaches a linear dependence on neu-
trino energy. This scaling behavior is a prediction of the quark
parton model (Feynman, 1969), a topic we return to later, and
is expected if pointlike scattering off quarks dominates the
scattering mechanism, for example, in the case of deep
inelastic scattering. Such assumptions break down, of course,
at lower neutrino energies (i.e., lower momentum transfers).
Second, the neutrino cross sections at the lower energy end of
this region are not typically as well measured as their high-
energy counterparts. This is generally due to the lack of high
statistics data historically available in this energy range and
the challenges that arise when trying to describe all of the
various underlying physical processes that can participate in
this region. Third, antineutrino cross sections are typically
less well measured than their neutrino counterparts. This is
generally due to lower statistics and larger background con-
tamination present in that case.

Most of our knowledge of neutrino cross sections in
this intermediate energy range comes from early experiments
that collected relatively small data samples (tens-to-a-few-
thousand events). These measurements were conducted in

the 1970s and 1980s using either bubble chamber or spark
chamber detectors and represent a large fraction of the data
presented in the summary plots we show. Over the years,
interest in this energy region waned as efforts migrated to
higher energies to yield larger event samples and the focus
centered on measurement of electroweak parameters (sin2#W)
and structure functions in the deep inelastic scattering region.
With the discovery of neutrino oscillations and the advent of
higher intensity neutrino beams, however, this situation has
been rapidly changing. The processes discussed here are im-
portant because they form some of the dominant signal and
background channels for experiments searching for neutrino
oscillations. This is especially true for experiments that use
atmospheric or accelerator-based sources of neutrinos. With a
view to better understanding these neutrino cross sections,
new experiments such as Argon Neutrino Test (ArgoNeuT),
KEK to Kamioka (K2K), Mini Booster Neutrino Experiment
(MiniBooNE),Main INjector ExpeRiment: nu-A (MINER!A),
Main Injector Neutrino Oscillation Search (MINOS), Neutrino
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dependence on neutrino energy as the neutrino energy increases.
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FIG. 9. Total neutrino and antineutrino per nucleon CC cross
sections (for an isoscalar target) divided by neutrino energy and
plotted as a function of energy. Data are the same as in Figs. 28, 11,
and 12, with the inclusion of additional lower energy CC inclusive
data from m (Baker et al., 1982), # (Baranov et al., 1979), j
(Ciampolillo et al., 1979), and ? (Nakajima et al., 2011). Also
shown are the various contributing processes that will be inves-
tigated in the remaining sections of this review. These contributions
include quasielastic scattering (dashed), resonance production (dot-
dashed), and deep inelastic scattering (dotted). Example predictions
for each are provided by the NUANCE generator (Casper, 2002).
Note that the quasielastic scattering data and predictions have been
averaged over neutron and proton targets and hence have been
divided by a factor of 2 for the purposes of this plot.

Joseph A. Formaggio and G. P. Zeller: From eV to EeV: Neutrino cross sections . . . 1323

Rev. Mod. Phys., Vol. 84, No. 3, July–September 2012

Lots of νµ cross-section 
measurements…
(Rev.Mod.Phys., 84:1307, 2012)

…but only Gargamelle 
results for νe.
(Nucl.Phys.B, 133(2), 1978) 

dσ/dp dσ/d(cosθ) dσ/dQ2



Search for sterile neutrinos

Several “anomalies” exist in the neutrino sector

νe appearance (Pμe) → LSND, MiniBooNE

νe disappearance (Pee) → reactor and gallium anomalies

No sign of  νμ disappearance (Pμμ)→ limits from MINOS and 
MiniBooNE

All the three channels are related: 

2Pμe ~ (1-Pee)(1-Pμμ)

29

Tensions when all the channels are 
combined together → some of  them has to 

be wrong?
We decided to concentrate on the νe 

disappearance channel (reactor anomaly)
use ND280 νμ data to constrain the 
systematics (no νμ disappearance)



Sterile neutrino analysis

3+1 model: 

No hints of  νμ disappearance exist → sin2(2θμμ)=0 

Look for νe disappearance in (sin2(2θee), Δm2
41) plane

Study gallium and reactor anomaly

Use ND280 νe and γ selections and fit Erec distributions 

Constrain flux and x-sec systematics using ND280 νμ sample

30

3

TABLE I. Fractional variation (rms/mean in %) on the ex-
pected total number of events for ⌫e and � control sample in
the non oscillation hypothesis due to the e↵ect of the system-
atic uncertainties. Existing correlations between systematics
are taken into account.

Error source (no. of parameters)
⌫e � ! e+e�

sample sample
Flux and common cross sections (40) 4.4% 6.7%
Not common cross sections (5) 3.7% 17.8%
Detector + FSI (10) 5.1% 5.5%
Total (55) 7.6% 19.9%

(E
reco

< 600 MeV) and the � control sample, with an182

”in situ” calibration of the OOFV from � ! e+e� in the183

fit, assures to avoid any overestimation of the background184

and consequently the fit to find any fake ⌫
e

disappear-185

ance.186

Statistical and systematic uncertainties on the flux,187

cross section and detector are taken into account. The188

systematic uncertainties on the flux and ⌫
e

-⌫
µ

common189

cross sections are constrained by fitting the ⌫
µ

ND280190

sample as described in sec. V. The same approach used191

in [? ] has been used.192

The unconstrained cross section systematic uncertain-193

ties are the contributions from the di↵erence between the194

interaction cross section of ⌫
µ

and ⌫
e

, between ⌫ and ⌫̄,195

the FSI and the uncertainty given by the interaction out-196

side the fiducial volume (30%). The detector systematics197

are parameterized with a covariance matrix in bins of198

E
reco

following the same procedure of [? ].199

In fig. 1, E
reco

distributions of the ⌫
e

and the � con-200

version samples are shown. The chosen range of E
reco

201

is from 0.2GeV to 10GeV. The binning has been op-202

timized to avoid asymmetric poissonian fluctuations. A203

small deficit in the number of events with respect to the204

expectation is present in both distributions at low energy.205

In tab. I the e↵ect of each group of systematics on the206

total number of events is shown.207

VII. OSCILLATION FIT208

The sterile oscillation parameters sin22✓
ee

and �m2
41209

are estimated with a binned likelihood ratio method. The210

templates are given by the expected reconstructed energy211

distributions of the selected ⌫
e

and � conversion sam-212

ples, that are compared to the data by a simultaneous213

fit. 55 systematic parameters are constrained by a gaus-214

sian penalty term taking into account all the correlations215

with a 55 ⇥ 55 covariance matrix. The systematic pa-216

rameters as well as the oscillation probability scale each217

event of the expected distributions.218

The best-fit oscillation parameters are sin22✓
ee

= 1219

and �m2
41 = 2.14 eV2, �2/ndf is 43.57/49 and the good-220

ness of fit is 0.75. Almost all the best-fit systematic pa-221

rameters are well within a 0.5� deviation from the prior222
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FIG. 1. Reconstructed energy distributions of the ⌫e (top)
and � conversion (bottom) samples. The distributions are
broken down by signal, background inside the fiducial vol-
ume (In-FV), background outside the fiducial volume (OOFV
� ! e+e�) coming from � conversion and all the remaining
background outside the fiducial volume (OOFV other). The
distributions are tuned taking into account the prior system-
atic uncertainty. The ratio data to the expected MC in the
non oscillation hypothesis is shown for both samples. The red
error bars correspond to the fractional systematic uncertainty.
Black dots represent the data with the statistical uncertainty.

value. The systematic parameter corresponding to the223

normalization of the OOFV from � ! e+e� component224

has a 1� deviation and is reduced of about the 30% to225

accommodate for the deficit at low energy in the gamma226

sample.227

The ratio between the best-fit and the expected non os-228

cillated MC distributions is shown as a function of E
reco

229

for both the ⌫
e

and the � conversion samples in fig. 2.230

The 2-dimensional confidence intervals in the231

sin22✓
ee

- �m2
41 parameter space are performed using232

the Feldman-Cousins method [? ], where the systematic233

uncertainties are incorporated using the Cousins-234

Highland method [? ] and profiled. The 68%, 90% and235

95% confidence regions are shown in fig. 3. Approxi-236

mately the region sin22✓
ee

> 0.2 - �m2
41 > 8 eV2/c4 is237

excluded at 95% CL.238

The p-value of the non oscillation hypothesis is com-239

puted using a profile likelihood ratio�2 ln� as test statis-240
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and � conversion (bottom) samples. The distributions are
broken down by signal, background inside the fiducial vol-
ume (In-FV), background outside the fiducial volume (OOFV
� ! e+e�) coming from � conversion and all the remaining
background outside the fiducial volume (OOFV other). The
distributions are tuned taking into account the prior system-
atic uncertainty. The ratio data to the expected MC in the
non oscillation hypothesis is shown for both samples. The red
error bars correspond to the fractional systematic uncertainty.
Black dots represent the data with the statistical uncertainty.
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• Used the near detector for sterile searches

• 3+1 sterile neutrino framework

• No hints of νμ disappearance → sin22ɵμμ = 0

• Look for νe disappearance {sin22ɵee; Δm241} → study gallium and reactor anomalies

• Fit Ereco distributions

• Use the constrained flux and cross section systematics by the νμ sample (slide 10)

• Log-likelihood ratio method 

CC inclusive νe selection Control sample to constrain γ bkg 
and out-FV component (OOFV)
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Results

Frequentist method for 
confidence intervals (FC)

Out of  fiducial volume reduced of  
~30% → compatible with 
systematics uncertainties

Best fit values: sin22θee=1 and 
Δm2

41=2.14 eV2
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PRELIMINARY

sin22ɵee > 0.2 && Δm241
 > 8 eV2/c4

Observed p-value 
wrt null oscillation 
hypothesis is 6.069%

Large part of the gallium 
anomaly is excluded as well 
as a small part of the reactor 
anomaly

More data are needed 
to get conclusions
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PRELIMINARY

95% CL excluded intervals 

• Frequentist method for confidence intervals
• Out-FV rescaled of ~30% (1!)

Best-fit values:
sin22ɵee = 1
Δm241 = 2.14 eV2/c4 
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p-value with respect to null 
oscillation hypothesis: 6.1%
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FIG. 2. The ratio of the best-fit spectrum over the expected
MC distribution both leaving free (blue) and fixing to the non
oscillation hypothesis (red) the oscillation parameters in the
fit. The black dots show the data. Statistical uncertainties
are shown. The top plot shows the ⌫e sample while the �
conversion sample is shown in the bottom plot. A coarser
binning is used above 1.2 GeV.

tic. Many toy MC experiments are generated in the non241

oscillation hypothesis and the expected distribution of242

�2 ln� is obtained by computing for each toy the di↵er-243

ence of the fitted log likelihood values obtained by fixing244

the oscillation parameters at the non oscillation hypoth-245

esis and leaving them free. The one sided p-value of the246

non oscillation hypothesis is calculated starting from the247

�2 ln� value measured from the data and is 5.822%.248

In fig. 4 the T2K excluded region at 95% CL is com-249

pared with the other experimental results available in250

literature: gallium anomaly, reactor anomaly, ⌫
e

-Carbon251

interaction data and solar data. The corresponding252

global fit [? ] is shown as well. It is interesting253

to see that the T2K data can exclude a large part of254

the gallium anomaly region at �m2
41 > 10 eV2/c4 and255

also some part of the reactor anomaly in the region256

10 eV2/c4 < �m2
41 < 30 eV2/c4.257

VIII. CONCLUSIONS258

T2K has performed a first search for sterile neutrinos259

at the near detector in the 3+1 sterile model assuming no260

⌫
µ

disappearance. The reactor and the gallium anomalies261

have been tested by looking to ⌫
e

disappearance at the262
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FIG. 3. 68% and 90% CL allowed regions and 95% CL
exclusion region for the sin2 2✓ee - �m2

41 parameters. The
systematic uncertainties are taken into account.
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FIG. 4. T2K excluded region in the sin2 2✓ee - �m2
41 param-

eter space at 95% CL is compared with the other experimen-
tal results available in literature: gallium anomaly, reactor
anomaly, ⌫e-Carbon interaction data and solar data. The
corresponding global fit [? ] is shown as well.

near detector. The excluded region at 95% CL is approx-263

imately sin2 2✓
ee

> 0.2 - �m2 > 8eV2/c4. The p-value of264

the non oscillation hypothesis is 5.822% and is driven by265

a small deficit in the number of events at E
reco

< 1 GeV266

in the selected ⌫
e

samples with respect to the expecta-267

tion. It will be very important to accumulate more data268

to verify the result and reduce the statistical uncertainty,269

that is still the main limitation for the measurement.270
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PRELIMINARY

95% CL excluded intervals 

• Frequentist method for confidence intervals
• Out-FV rescaled of ~30% (1!)

Best-fit values:
sin22ɵee = 1
Δm241 = 2.14 eV2/c4 
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95% CL excluded intervals: 
sin22θee>0.2 and Δm2

41>8 eV2

need to repeat this analysis when 
more data will be available!



With and without oscillations

γ sample is reduced to fit the data

That’s not enough for the νe sample in the low energy part

Mild preference to include oscillations → p-value no oscillations ~6%

Interesting to see what happen when more statistics is collected!
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global fit [? ] is shown as well. It is interesting253

to see that the T2K data can exclude a large part of254

the gallium anomaly region at �m2
41 > 10 eV2/c4 and255

also some part of the reactor anomaly in the region256

10 eV2/c4 < �m2
41 < 30 eV2/c4.257

VIII. CONCLUSIONS258

T2K has performed a first search for sterile neutrinos259

at the near detector in the 3+1 sterile model assuming no260

⌫
µ

disappearance. The reactor and the gallium anomalies261

have been tested by looking to ⌫
e

disappearance at the262
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FIG. 3. 68% and 90% CL allowed regions and 95% CL
exclusion region for the sin2 2✓ee - �m2

41 parameters. The
systematic uncertainties are taken into account.
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FIG. 4. T2K excluded region in the sin2 2✓ee - �m2
41 param-

eter space at 95% CL is compared with the other experimen-
tal results available in literature: gallium anomaly, reactor
anomaly, ⌫e-Carbon interaction data and solar data. The
corresponding global fit [? ] is shown as well.

near detector. The excluded region at 95% CL is approx-263

imately sin2 2✓
ee

> 0.2 - �m2 > 8eV2/c4. The p-value of264

the non oscillation hypothesis is 5.822% and is driven by265

a small deficit in the number of events at E
reco

< 1 GeV266

in the selected ⌫
e

samples with respect to the expecta-267

tion. It will be very important to accumulate more data268

to verify the result and reduce the statistical uncertainty,269

that is still the main limitation for the measurement.270
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Conclusions

T2K has performed world leading results by taking only 8% of  the 
total expected statistics

First observation of  ν (νe) appearance at 7.3 σ 

Best measurement of  θ23 through νμ disappearance → 3° error

Joint appearance and disappearance analysis, combined with 
reactor constraints allow to have hints for δCP=-π/2 

A lot of  interesting physics is also done at the Near Detectors

νμ and νe cross sections

Searches for sterile neutrinos

We recently started the first anti-neutrino run

Measure anti-νμ disappearance and anti-νe appearance

Running 50% anti-ν allow to optimize the δCP sensitivity 
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