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WG2: ν Scattering Physics
• Present & future ν oscillation meas. 

have contribution from multiple 
interaction modes:
• CCQE-like

• CCQE, CC-multi nucleon

• Resonant-π
• Coherent-π / Diffractive-π
• Multi-π
• Deep Inelastic Scattering

• ν osc. measurement requires precise 
knowledge of each of int. modes

• Current status on measurements and 
systematics handling well summarized
by Jeff Nelson and Dan Cherdack 
(Plenary#6)
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Cross Sections of Interest

● The energy range of the flux 
determines the cross sections of 
interest

● T2K / HK

– Mostly quasi-elastic

– Some single pion production

– Very few DIS

● NOvA

– Mostly single pion production

– Some quasi-elastic

– Some DIS

● DUNE

– Wide-band beam

– All three contribute roughly equally

DUNE

T2K / HK
NOvAν

ν̅

2



ν-Nucleus interaction

• ν-A interactions
• Fundamental reaction cross section (free nucleon)

• Nuclear model (nucleons are not at rest)

• Multi-nucleon contributes in the reaction (ex. 2p2h)

• FSI / nuclear effect in nuclear medium

• In order to reduce ν-A int. systematics, each 
component needs to understand precisely

3Patrick Stowell

§ Building up global model fits with the generators in a similar way. 
§ Group available data as:

1. Quasi-Elastic (QE) scattering on D2

2. Resonant pion production (RES) on D2

3. QE scattering data on C

4. Inclusive scattering on C

§ Some generators build up models in discrete components

Building a set of model tunings

Currently showing 
comparison studies

Performed free 
reweight dial tunings.
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2p2h

• T2K/MINERvA/NOvA 
data favors 2p2h 
contributions

4
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ν
μ
 CC inclusive scattering in NOvA

Also reconstruct the energy in the 
hadronic part of the system...

ν
μ

Nucleus

μ

Hadrons

q=(q0, q⃗)
(four-

momentum 
transfer) Q

2=2 Eν(Eμ−pμ cos(θμ)−Mμ
2)

|⃗q|=Q
2+q0

q0=Ehad

E ν=Eμ+Ehad … constrained 2p2h estimate has 
figured prominently in NOvA 

oscillation analyses
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NOvA: CC inclusive

Stephen Dolan NuFact 2016, Quy Nhon, Vietnam 14

ND280 Off-Axis CC0𝜋 Result
• Results compared to Martini et al. model with(red)/without(black) 2p2h

• Data prefer a 2p2h contribution

Detector: ND280 – FGD1   Target: Carbon    Signal: CC0𝜋 Unfolding: Matrix + Fit    Status: Phys. Rev. D 93, 112012
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T2K: CC0π

MINERvA: CCQE

Cheryl Patrick, Northwestern University

CCQE ν̄ Scattering at MINERvA, 2013 edition
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In 2013, the MINERvA 
collaboration published cross 
sections, dσ/dQ2, for charged-

current quasi-elastic ν̄" scattering 
on scintillator, at DUNE energies

Our measurement showed tension with 
the Relativistic Fermi Gas model (shown 
in blue), and hinted at the possibility of 

further nuclear effects such as those 
parametrized by the transverse 

enhancement model.

Our double-differential measurement will expand on this

Double differential (muon kinematics) 
antineutrino QE-like analysis 

NuFact2016 Scattering, Nelson 39 

C. Patrick,  
FNAL seminar,  
6/18/16 

•  Improved reconstruction and 
systematics WRT prior publications 

•  Double differential in muon transverse 
and longitudinal momentum 

•  Data indicates extra strength at 
moderate transverse momenta 

Without a  
2p2h model  

T2K: Stephen Dolan (WG2 parallel#1)
MINERvA: Jeff Nelson (WG2 parallel#1)
NOvA: Jeremy Wolcott (WG2 parallel#1)



Data/MC comparison

• Data: MINERvA CC inclusive ‘Available 
Energy distributions’
• Sum of final state ‘visible’ particle energies

• MC generators struggle to explain 
MINERvA data: “dip disagreement”

• Smaller disagreement for NUWRO comes 
from CCQE (1p1h) model

• 1p1h: QE+nuclear model+FSI, ...

• Need to understand 1p1h model as well 5

Patrick Stowell
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0.0<q3/GeV<0.2 0.2<q3/GeV<0.3 0.3<q3/GeV<0.4

0.4<q3/GeV<0.5 0.5<q3/GeV<0.6 0.6<q3/GeV<0.8

Data
Total

CCQE
MEC

Pion Prod.

§ NEUT/NuWro/GENIE show 
difference in the “DIP 
Region” between the CCQE 
and Pion production peaks.

Original GENIE prediction from 
Phys. Rev. Lett. 116, 071802 (2016)

NEUT v5.3.6

DIP

§ Model tuned to Free 
Nucleon best fit result. Rest 
of the model parameters left 
at generator nominal.
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NEUT v5.3.6

DIP

§ Model tuned to Free 
Nucleon best fit result. Rest 
of the model parameters left 
at generator nominal.

NEUT v5.3.6 GENIE 2.8.4

Patrick Stowell

NEUT/NuWro comparison
§ Smaller “DIP disagreement” for NuWro comes from differences in the 1p1h model.
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ν
μ
 CC inclusive scattering in NOvA

Also reconstruct the energy in the 
hadronic part of the system...

ν
μ

Nucleus

μ

Hadrons

q=(q0, q⃗)
(four-

momentum 
transfer) Q

2=2 Eν(Eμ−pμ cos(θμ)−Mμ
2)

|⃗q|=Q
2+q0

q0=Ehad

E ν=Eμ+Ehad … constrained 2p2h estimate has 
figured prominently in NOvA 

oscillation analyses
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Dip

Patrick Stowell (WG2 parallel#4)

Patrick Stowell

Low recoil MINERvA data

§ Study of nuclear effects by looking at hadronic energy deposited in the detector 
(Phys. Rev. Lett. 116, 071802 (2016)).

§ CC-inclusive 2D differential cross-section in three-momentum transfer (q3) and 
energy available (Eav). NOVA looking at similar measurements.

24/08/2016 Generators vs Cross-section Data 18

Energy available tries to get at true 
energy transfer q0 in neutrino 

interactions.

Eav/q0 relation given by 
true NEUT events



T2K: disentangle the effects

• Lepton/proton ‘transverse 
imbalance’ can be a probe to 
disentangle effects of nuclear 
model, QE, 2p2h, FSI, ...

6

Detector: ND280 – FGD1 Target: Carbon             Signal: CC0𝜋+Np Unfolding: Fit             Status: Blind

Stephen Dolan NuFact 2016, Quy Nhon, Vietnam 30
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Single Transverse Variables
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• 3 single transverse variables (STV) characterise 
imbalance in plane transverse to incoming 𝜈 *

CC0𝜋 and transverse imbalance

*Phys. Rev. C 94, 015503

• Minimal dependence on 𝐸ఔ for 𝛿𝑝் and 𝛿𝛼்

• For CCQE case any deviation from 𝛿𝑝் = 0,
𝛿𝜙் = 0 is indicative of nuclear effects 

Contact:
Stephen Dolan
s.dolan@physics.ox.ac.uk

Detector: ND280 – FGD1 Target: Carbon             Signal: CC0𝜋+Np Unfolding: Fit             Status: Blind
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NuWro, 0.6 GeV 𝝂𝝁 on C, CC0𝝅, FSI On, LFG

NuWro, 0.6 GeV 𝝂𝝁 on C, CC0𝝅, FSI On, LFG
• STV shape invariant with 𝑀஺

- No ambiguity over 𝑀஺ or nuclear effect contributions (MiniBooNE 𝑀஺ puzzle) 

CC0𝜋 in STV - 2p2h and MA
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CC0𝜋 in STV - Fermi Motion and FSI

NuWro, 0.6 GeV 𝝂𝝁 on C, CC0𝝅, LFG

NuWro, 0.6 GeV 𝝂𝝁 on C, CC0𝝅, FSI Off 

• Moving from CCQE→CC0Pi+Np, STV still a probe of nuclear effects

Quasi-real CC0Pi selection, keep events within rough ND280 acceptance :
No Pions, 1 Muon, >0 Protons. 𝑝ఓ > 250 𝑀𝑒𝑉, 𝑝௣ > 450 𝑀𝑒𝑉, cos 𝜃ఓ > −0.6, cos 𝜃௣ > 0.4

Detector: ND280 – FGD1 Target: Carbon             Signal: CC0𝜋+Np Unfolding: Fit             Status: Blind
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Detector: ND280 – FGD1 Target: Carbon             Signal: CC0𝜋+Np Unfolding: Fit             Status: Blind

Stephen Dolan (WG2 parallel#1)



CC1π on CH

• T2K/MINERvA data indicate FSI contribution

• Note: T2K/MINERvA not an apple-to-apple comparison... 7
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νμ CC 1π+ on CH 
• Results 

 Restricted phase-space 
θμ, θπ < 780; pμ, pπ > 200 MeV 

 d2σ/dpμdcosθ μ 
 dσ/dpπ 

 dσ/dθπ 
 dσ/dQ2 

 
 

 
 

 
 
 

T2K Preliminary 
 

Note: NEUT = ν MC generators 
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νμ CC 1π+ on CH 
• Results 

 Restricted phase-space 
θμ, θπ < 780; pμ, pπ > 200 MeV  

 d2σ/dpμdcosθ μ 
 dσ/dpπ 

 
 
 

 
 
 

T2K Preliminary 
 

Note: NEUT = ν MC generators 

Q2

Pπ

T2K ν CC1π
(cosθμ/π>0.2, Pμ/π>200MeV)

T2K: Erez Reinherz-Aronis (WG2 parallel#8)
MINERvA: Jorge G. Morfin (WG2 parallel#8)

Final State Interactions (FSI) !
Conclusions for Pion Energy !
(Shape Comparisons – W < 1.8 GeV) 

◆  Data prefer GENIE with FSI although even with FSI GENIE 
tends to over-predict compared to data for π+

15

16

duced ⇡

± and for the produced ⇡

0 of these samples
(Figs. 16a,b respectively). The data points depict the
same signal obtained with the same procedures reported
in the main text, including the restriction on the invari-
ant hadronic mass, W < 1.8 GeV. For the ⌫̄µ-CC(⇡0)
sample, the updated ⇡

0 distributions are shown for the
same energy range, 1.5GeV < E⌫ < 10GeV, as is used
for the ⌫µ-CC(⇡+) sample. The quantity plotted for
charged pions in Figs. 15 and 16 is same as in Ref. [5].
Although not a true cross section, it arises from the cross
section definition, Eq. (7), when each event can produce
one or more pions.
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FIG. 15. Di↵erential cross sections for pion kinetic energy,
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, for the ⌫
µ

-CC(⇡+) (a) and ⌫̄
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-CC(⇡0) (b) samples.
The data (solid circles) are compared to GENIE predictions
neglecting versus including pion FSI (dashed vs solid-line his-
tograms). Improved descriptions for shapes of the pion spec-
tra are obtained with FSI e↵ects included in the simulations.

Figures 15 and 16 show comparisons with GENIE pre-
dictions; for both samples it is clearly seen that the pion
FSI treatment causes the simulation to move closer to
the data. The main change in these updated results
compared to the earlier ones is reduction of the large
disagreement in absolute normalizations of the di↵eren-
tial cross sections between data and GENIE-based pre-
dictions. This reduction comes about because the calcu-
lated data normalization is now higher by ⇠ 20% (⇠ 5%)
for the ⌫µ-CC(⇡+) (⌫̄µ-CC(⇡0)) sample. Thus the GE-
NIE predictions are now closer to the data but still ap-
pear to be too high, with the normalization di↵erences
approaching 15% in the ⇡

+ data set.
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⌫
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-CC(⇡+) (a) and ⌫̄
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-CC(⇡0) (b) samples. As in Fig. 15,
the data is compared to GENIE predictions without and with
pion FSI e↵ects included; marked improvement with the data
is observed when pion FSI is taken into account (solid-line
distributions).
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Comparison – Q2 Distribution!
W < 1.8 GeV

◆  Sensitive largely to V-A structure and nucleon-nucleon correlations as well as 
Pauli Blocking at low Q2.

◆  NuWro (LFG), NEUT and GENIE (RFG) have good shape agreement despite 
differences and overall simplicity of models used.  

◆  In charged pion both GENIE and NEUT over estimate the cross section. NuWro 
has normalization right for π+ but has problems for π0.

◆  Coherent contribution in (an older version?) NEUT unrealistically large. 
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CC scattering, the V � A interference terms have oppo-
site sign compared to corresponding terms in the struc-
ture functions of neutrino CC scattering. The V � A

terms interfere destructively in the hadronic currents of
⌫̄µ-CC scattering, whereas the interference is construc-
tive in ⌫µ-CC interactions. The interferences contribute
significantly to the cross sections in the sub-GeV to few
GeV range of E⌫ and they account for the di↵erent trends
in evolution with E⌫ observed in Fig. 10a,b [23].

Figure 10 compares the measured cross sections to the
predictions of GENIE, NEUT, and NuWro. The pre-
dictions for all of these generators exceed the measured
⌫µ-CC(⇡+) cross section, with GENIE and NEUT ex-
hibiting a much larger disagreement (Fig. 10a). For the
⌫̄µ-CC(⇡0) cross section (Fig. 10b), there is less varia-
tion among the generator predictions and much better
agreement with the data.

Figures 11a,b show the component reaction processes
that are included in the GENIE predictions for cross sec-
tions of the ⌫µ-CC(⇡+) and ⌫̄µ-CC(⇡0) samples, respec-
tively. Notably absent are dramatic changes in the mix-
ture of components with increasing E⌫ . Although the
�(1232) resonance is expected to dominate at low E⌫ in
all models, its relative contribution would be expected
to decrease at higher E⌫ where more energy is available
to excite the struck nucleon. The W cut at 1.8 GeV
however mitigates such an e↵ect. The pion non-resonant
processes feature prominently in the GENIE predictions
for both cross sections. The separation into resonant and
non-resonant processes is model dependent and could be
di↵erent in other models.

IX. d�/dQ2 OF CC(⇡) REACTIONS

The di↵erential cross sections as a function of Q2 for
the ⌫µ-CC(⇡+) and ⌫̄µ-CC(⇡0) samples are shown in
Fig. 12. Note the large di↵erence in the ordinate scales
for the two distributions in corresponding Q

2 bins.
For the generator predictions displayed in Fig. 12,

NEUT and GENIE use a relativistic global Fermi gas
model for nucleon momentum, while NuWro uses a lo-
cal Fermi gas model. The three calculations have very
similar shapes for Q

2

> 0.2 GeV/c2. At the lowest Q

2,
it is possible that nucleon-nucleon correlations and Pauli
blocking may contribute. These e↵ects have been studied
theoretically and experimentally in quasielastic neutrino
scattering [44, 45].

Other e↵ects can modify the cross section in Q

2 bins
below 0.20 GeV2. Recall that coherent scattering can
contribute to ⌫µ-CC(⇡+) but not to ⌫̄µ-CC(⇡0). By its
nature, coherent scattering involves a very small four-
momentum transfer to the target nucleus and so its con-
tribution is confined to very low Q

2. Di↵erent models
are commonly used; while NEUT and GENIE use dif-
ferent implementations of the Rein-Sehgal [31] model,
NuWro uses the Berger-Sehgal [43] model. NEUT pre-
dicts a distinctly larger rate for coherent reaction (9)

than does GENIE. Consequently the NEUT prediction
(Fig. 12a) peaks near Q2 ' 0.0 GeV2, while GENIE and
NuWro do not predict such an e↵ect. In fact, GENIE
and NuWro predict a mild turnover in d�/dQ

2 as Q2 ap-
proaches zero GeV, in agreement with the turnover ex-
hibited by the data. MINERvA has published total cross
section data for coherent pion production [30] using the
same initial data samples as the analyses presented here.
The NEUT prediction for the total coherent cross section
is much larger than those data, while the GENIE predic-
tion roughly agrees with the measured cross section in
both shape and absolute rate.
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FIG. 12. Di↵erential cross sections in four-momentum trans-
fer squared Q2 for the ⌫

µ

-CC(⇡+) sample (a) and the ⌫̄
µ

-
CC(⇡0) sample (b). Data are shown as solid circles. The solid
(dashed) distributions are GENIE predictions with (without)
FSI, shown together with predictions from the NuWro and
NEUT event generators. Ordinate-scale di↵erence reflects the
larger cross section for the ⌫

µ

-CC(⇡+) sample.

Figure 13 shows the GENIE predictions for the sample
compositions compared to the d�/dQ

2 data points. The
three main reaction categories are predicted to distribute
broadly over the range 0.0  Q

2  2.0 GeV 2. The co-
herent scattering contribution to the ⌫µ-CC(⇡+) sample
is predicted to be mostly confined to Q

2

< 0.4GeV2.
At high Q

2, the non-resonant processes in GENIE have
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agreement with the data.

Figures 11a,b show the component reaction processes
that are included in the GENIE predictions for cross sec-
tions of the ⌫µ-CC(⇡+) and ⌫̄µ-CC(⇡0) samples, respec-
tively. Notably absent are dramatic changes in the mix-
ture of components with increasing E⌫ . Although the
�(1232) resonance is expected to dominate at low E⌫ in
all models, its relative contribution would be expected
to decrease at higher E⌫ where more energy is available
to excite the struck nucleon. The W cut at 1.8 GeV
however mitigates such an e↵ect. The pion non-resonant
processes feature prominently in the GENIE predictions
for both cross sections. The separation into resonant and
non-resonant processes is model dependent and could be
di↵erent in other models.

IX. d�/dQ2 OF CC(⇡) REACTIONS

The di↵erential cross sections as a function of Q2 for
the ⌫µ-CC(⇡+) and ⌫̄µ-CC(⇡0) samples are shown in
Fig. 12. Note the large di↵erence in the ordinate scales
for the two distributions in corresponding Q

2 bins.
For the generator predictions displayed in Fig. 12,

NEUT and GENIE use a relativistic global Fermi gas
model for nucleon momentum, while NuWro uses a lo-
cal Fermi gas model. The three calculations have very
similar shapes for Q

2

> 0.2 GeV/c2. At the lowest Q

2,
it is possible that nucleon-nucleon correlations and Pauli
blocking may contribute. These e↵ects have been studied
theoretically and experimentally in quasielastic neutrino
scattering [44, 45].

Other e↵ects can modify the cross section in Q

2 bins
below 0.20 GeV2. Recall that coherent scattering can
contribute to ⌫µ-CC(⇡+) but not to ⌫̄µ-CC(⇡0). By its
nature, coherent scattering involves a very small four-
momentum transfer to the target nucleus and so its con-
tribution is confined to very low Q

2. Di↵erent models
are commonly used; while NEUT and GENIE use dif-
ferent implementations of the Rein-Sehgal [31] model,
NuWro uses the Berger-Sehgal [43] model. NEUT pre-
dicts a distinctly larger rate for coherent reaction (9)

than does GENIE. Consequently the NEUT prediction
(Fig. 12a) peaks near Q2 ' 0.0 GeV2, while GENIE and
NuWro do not predict such an e↵ect. In fact, GENIE
and NuWro predict a mild turnover in d�/dQ

2 as Q2 ap-
proaches zero GeV, in agreement with the turnover ex-
hibited by the data. MINERvA has published total cross
section data for coherent pion production [30] using the
same initial data samples as the analyses presented here.
The NEUT prediction for the total coherent cross section
is much larger than those data, while the GENIE predic-
tion roughly agrees with the measured cross section in
both shape and absolute rate.
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FIG. 12. Di↵erential cross sections in four-momentum trans-
fer squared Q2 for the ⌫

µ

-CC(⇡+) sample (a) and the ⌫̄
µ

-
CC(⇡0) sample (b). Data are shown as solid circles. The solid
(dashed) distributions are GENIE predictions with (without)
FSI, shown together with predictions from the NuWro and
NEUT event generators. Ordinate-scale di↵erence reflects the
larger cross section for the ⌫

µ

-CC(⇡+) sample.

Figure 13 shows the GENIE predictions for the sample
compositions compared to the d�/dQ

2 data points. The
three main reaction categories are predicted to distribute
broadly over the range 0.0  Q

2  2.0 GeV 2. The co-
herent scattering contribution to the ⌫µ-CC(⇡+) sample
is predicted to be mostly confined to Q

2

< 0.4GeV2.
At high Q

2, the non-resonant processes in GENIE have

Comparison – Q2 Distribution!
W < 1.8 GeV

◆  Sensitive largely to V-A structure and nucleon-nucleon correlations as well as 
Pauli Blocking at low Q2.

◆  NuWro (LFG), NEUT and GENIE (RFG) have good shape agreement despite 
differences and overall simplicity of models used.  

◆  In charged pion both GENIE and NEUT over estimate the cross section. NuWro 
has normalization right for π+ but has problems for π0.

◆  Coherent contribution in (an older version?) NEUT unrealistically large. 
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CC scattering, the V � A interference terms have oppo-
site sign compared to corresponding terms in the struc-
ture functions of neutrino CC scattering. The V � A

terms interfere destructively in the hadronic currents of
⌫̄µ-CC scattering, whereas the interference is construc-
tive in ⌫µ-CC interactions. The interferences contribute
significantly to the cross sections in the sub-GeV to few
GeV range of E⌫ and they account for the di↵erent trends
in evolution with E⌫ observed in Fig. 10a,b [23].

Figure 10 compares the measured cross sections to the
predictions of GENIE, NEUT, and NuWro. The pre-
dictions for all of these generators exceed the measured
⌫µ-CC(⇡+) cross section, with GENIE and NEUT ex-
hibiting a much larger disagreement (Fig. 10a). For the
⌫̄µ-CC(⇡0) cross section (Fig. 10b), there is less varia-
tion among the generator predictions and much better
agreement with the data.

Figures 11a,b show the component reaction processes
that are included in the GENIE predictions for cross sec-
tions of the ⌫µ-CC(⇡+) and ⌫̄µ-CC(⇡0) samples, respec-
tively. Notably absent are dramatic changes in the mix-
ture of components with increasing E⌫ . Although the
�(1232) resonance is expected to dominate at low E⌫ in
all models, its relative contribution would be expected
to decrease at higher E⌫ where more energy is available
to excite the struck nucleon. The W cut at 1.8 GeV
however mitigates such an e↵ect. The pion non-resonant
processes feature prominently in the GENIE predictions
for both cross sections. The separation into resonant and
non-resonant processes is model dependent and could be
di↵erent in other models.

IX. d�/dQ2 OF CC(⇡) REACTIONS

The di↵erential cross sections as a function of Q2 for
the ⌫µ-CC(⇡+) and ⌫̄µ-CC(⇡0) samples are shown in
Fig. 12. Note the large di↵erence in the ordinate scales
for the two distributions in corresponding Q

2 bins.
For the generator predictions displayed in Fig. 12,

NEUT and GENIE use a relativistic global Fermi gas
model for nucleon momentum, while NuWro uses a lo-
cal Fermi gas model. The three calculations have very
similar shapes for Q

2

> 0.2 GeV/c2. At the lowest Q

2,
it is possible that nucleon-nucleon correlations and Pauli
blocking may contribute. These e↵ects have been studied
theoretically and experimentally in quasielastic neutrino
scattering [44, 45].

Other e↵ects can modify the cross section in Q

2 bins
below 0.20 GeV2. Recall that coherent scattering can
contribute to ⌫µ-CC(⇡+) but not to ⌫̄µ-CC(⇡0). By its
nature, coherent scattering involves a very small four-
momentum transfer to the target nucleus and so its con-
tribution is confined to very low Q

2. Di↵erent models
are commonly used; while NEUT and GENIE use dif-
ferent implementations of the Rein-Sehgal [31] model,
NuWro uses the Berger-Sehgal [43] model. NEUT pre-
dicts a distinctly larger rate for coherent reaction (9)

than does GENIE. Consequently the NEUT prediction
(Fig. 12a) peaks near Q2 ' 0.0 GeV2, while GENIE and
NuWro do not predict such an e↵ect. In fact, GENIE
and NuWro predict a mild turnover in d�/dQ

2 as Q2 ap-
proaches zero GeV, in agreement with the turnover ex-
hibited by the data. MINERvA has published total cross
section data for coherent pion production [30] using the
same initial data samples as the analyses presented here.
The NEUT prediction for the total coherent cross section
is much larger than those data, while the GENIE predic-
tion roughly agrees with the measured cross section in
both shape and absolute rate.

)2 (GeV2Q
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

)2
/n

uc
le

on
/G

eV
2

 c
m

-4
0

 (1
0

2
/d

Q
σd

20

40

60

80

100

120

140

(3.04e20 POT)Data 
GENIE w/ FSI
GENIE w/o FSI
NuWro
NEUT

 + X±π + -µ → + CH µνa)  
POT Normalized

 

)2 (GeV2Q
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

)2
/n

uc
le

on
/G

eV
2

 c
m

-4
0

 (1
0

2
/d

Q
σd

5

10

15

20

25

(2.01e20 POT)Data 
GENIE w/ FSI
GENIE w/o FSI
NuWro
NEUT

 + X0π + +µ → + CH µνb)  
POT Normalized

FIG. 12. Di↵erential cross sections in four-momentum trans-
fer squared Q2 for the ⌫

µ

-CC(⇡+) sample (a) and the ⌫̄
µ

-
CC(⇡0) sample (b). Data are shown as solid circles. The solid
(dashed) distributions are GENIE predictions with (without)
FSI, shown together with predictions from the NuWro and
NEUT event generators. Ordinate-scale di↵erence reflects the
larger cross section for the ⌫

µ

-CC(⇡+) sample.

Figure 13 shows the GENIE predictions for the sample
compositions compared to the d�/dQ

2 data points. The
three main reaction categories are predicted to distribute
broadly over the range 0.0  Q

2  2.0 GeV 2. The co-
herent scattering contribution to the ⌫µ-CC(⇡+) sample
is predicted to be mostly confined to Q

2

< 0.4GeV2.
At high Q

2, the non-resonant processes in GENIE have

13

CC scattering, the V � A interference terms have oppo-
site sign compared to corresponding terms in the struc-
ture functions of neutrino CC scattering. The V � A

terms interfere destructively in the hadronic currents of
⌫̄µ-CC scattering, whereas the interference is construc-
tive in ⌫µ-CC interactions. The interferences contribute
significantly to the cross sections in the sub-GeV to few
GeV range of E⌫ and they account for the di↵erent trends
in evolution with E⌫ observed in Fig. 10a,b [23].

Figure 10 compares the measured cross sections to the
predictions of GENIE, NEUT, and NuWro. The pre-
dictions for all of these generators exceed the measured
⌫µ-CC(⇡+) cross section, with GENIE and NEUT ex-
hibiting a much larger disagreement (Fig. 10a). For the
⌫̄µ-CC(⇡0) cross section (Fig. 10b), there is less varia-
tion among the generator predictions and much better
agreement with the data.

Figures 11a,b show the component reaction processes
that are included in the GENIE predictions for cross sec-
tions of the ⌫µ-CC(⇡+) and ⌫̄µ-CC(⇡0) samples, respec-
tively. Notably absent are dramatic changes in the mix-
ture of components with increasing E⌫ . Although the
�(1232) resonance is expected to dominate at low E⌫ in
all models, its relative contribution would be expected
to decrease at higher E⌫ where more energy is available
to excite the struck nucleon. The W cut at 1.8 GeV
however mitigates such an e↵ect. The pion non-resonant
processes feature prominently in the GENIE predictions
for both cross sections. The separation into resonant and
non-resonant processes is model dependent and could be
di↵erent in other models.

IX. d�/dQ2 OF CC(⇡) REACTIONS

The di↵erential cross sections as a function of Q2 for
the ⌫µ-CC(⇡+) and ⌫̄µ-CC(⇡0) samples are shown in
Fig. 12. Note the large di↵erence in the ordinate scales
for the two distributions in corresponding Q

2 bins.
For the generator predictions displayed in Fig. 12,

NEUT and GENIE use a relativistic global Fermi gas
model for nucleon momentum, while NuWro uses a lo-
cal Fermi gas model. The three calculations have very
similar shapes for Q

2

> 0.2 GeV/c2. At the lowest Q

2,
it is possible that nucleon-nucleon correlations and Pauli
blocking may contribute. These e↵ects have been studied
theoretically and experimentally in quasielastic neutrino
scattering [44, 45].

Other e↵ects can modify the cross section in Q

2 bins
below 0.20 GeV2. Recall that coherent scattering can
contribute to ⌫µ-CC(⇡+) but not to ⌫̄µ-CC(⇡0). By its
nature, coherent scattering involves a very small four-
momentum transfer to the target nucleus and so its con-
tribution is confined to very low Q

2. Di↵erent models
are commonly used; while NEUT and GENIE use dif-
ferent implementations of the Rein-Sehgal [31] model,
NuWro uses the Berger-Sehgal [43] model. NEUT pre-
dicts a distinctly larger rate for coherent reaction (9)

than does GENIE. Consequently the NEUT prediction
(Fig. 12a) peaks near Q2 ' 0.0 GeV2, while GENIE and
NuWro do not predict such an e↵ect. In fact, GENIE
and NuWro predict a mild turnover in d�/dQ

2 as Q2 ap-
proaches zero GeV, in agreement with the turnover ex-
hibited by the data. MINERvA has published total cross
section data for coherent pion production [30] using the
same initial data samples as the analyses presented here.
The NEUT prediction for the total coherent cross section
is much larger than those data, while the GENIE predic-
tion roughly agrees with the measured cross section in
both shape and absolute rate.
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FIG. 12. Di↵erential cross sections in four-momentum trans-
fer squared Q2 for the ⌫

µ

-CC(⇡+) sample (a) and the ⌫̄
µ

-
CC(⇡0) sample (b). Data are shown as solid circles. The solid
(dashed) distributions are GENIE predictions with (without)
FSI, shown together with predictions from the NuWro and
NEUT event generators. Ordinate-scale di↵erence reflects the
larger cross section for the ⌫

µ

-CC(⇡+) sample.

Figure 13 shows the GENIE predictions for the sample
compositions compared to the d�/dQ

2 data points. The
three main reaction categories are predicted to distribute
broadly over the range 0.0  Q

2  2.0 GeV 2. The co-
herent scattering contribution to the ⌫µ-CC(⇡+) sample
is predicted to be mostly confined to Q

2

< 0.4GeV2.
At high Q

2, the non-resonant processes in GENIE have
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CC inclusive

• MINERvA CC inclusive 

• General agreement 
between data/MC within 
stat+syst error

• Lead data hints additional 
nuclear shadowing at low 
xBj 

8

 Restrict to MINERvA DIS sample for cleaner theoretical picture 
DIS Cross Section Ratios – dσ/dx 

Joel Mousseau - Phys. Rev. D 93, 071101 (2016)

◆  The shape of the data at low x, 
especially with lead is 
consistent with additional 
nuclear shadowing. 

◆  At <x> (0.07) & <Q2 >  (2 
GeV2)  negligible shadowing 
is expected with l±. 
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Suggesting a Nuclear-effect in 
Axial-vector FF (?)
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νμ CC Inclusive in Eν range 1-3 GeV 
• Results 

 Required continuous at the 4 energy bins edges  
(linear interpolation) 

 Final 3 Eν measurements  
(averaging on neighboring bins) 

 
 
 
 
 Dominant systematics uncertainties:  

Flux (8%-9%), FSI/SI (6%-7%),  
Detector (~4%)  
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Anti-νμ CC inclusive on CH and O 
• Results 

 Phase-space: (both analyses) 
Restricted measurement →  Full  extrapolate 

 
 

 Dominant systematics : 
Flux (~9%), Statistics (~5%) ,  
Physics parameters (~2%) 
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Anti-νμ CC inclusive on CH and O 
• Results 

 Phase-space: (both analyses) 
Restricted measurement →  Full  extrapolate 

 
 

 Dominant systematics : 
Flux (~9%), Statistics (~5%) ,  
Physics parameters (~2%) 

 

 
  )syst(019.0)stat(011.0368.0 



T2K Preliminary 
 

Note: NEUT and GENIE = ν MC generators 

    nucleon
cm10)syst(09.0)stat(03.091.0

238

 Restricted  

Analysis 1: θμ < 78o,  pμ > 200 MeV 
Analysis 2: θμ < 74o,  pμ > 250 MeV 

PDG 2014 

Erez Reinherz-Aronis (WG2 parallel#8)

ν̅ CC inclusive on CH
(ND280; Off-Axis)

Eν

T2K INGRID & ND280

73 

Anti-νμ CC inclusive on CH and O 
• Results 
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NC coherent/diffractive π

• MINERvA results suggesting a 
diffractive interaction off a light 
target (H)

• NOvA NC coherent-π analysis in 
progress; release results shortly 10

Observation compared to Predictions !
Eθ2 distribution 

◆  The Eθ2 distribution is the 
NC equivalent of the “t” 
distribution in CC 
coherent / diffractive 
scattering.  This is a strong 
indication that we are 
observing a diffractive 
process.
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(d)

FIG. 3. The data excess (points) as compared (via shape) to GENIE samples of NC coherent and

incoherent ⇡0 production. The comparisons are made as a function of E
shower

(upper left), E
shower

✓

2

(upper right),  (lower left), and in-line upstream energy (lower right). Data uncertainties are

statistcal only; predictions include systematic uncertaintes added in quadrature with statistical.

more in-line upstream energy than the NC coherent process and are more consistent with

the NC incoherent process, suggesting a small nuclear recoil from the neutrino interaction.

Corroborating this hypothesis, the charge-weighted distance from that energy to the shower

vertex was examined in the data sample and seen to fit the exponential decay distance

expected for a photon conversion after propagating through the detector from the interaction

point defined by the upstream activity.

The results described above were supplemented by a visual scan of event displays for

11

Observation compared to Predictions !
In-line Upstream Energy

◆  In line energy upstream of 
the shower vertex.  Much 
more energy is observed 
here then expected with NC 
coherent – again suggesting 
a diffractive interaction off 
a light target.
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FIG. 3. The data excess (points) as compared (via shape) to GENIE samples of NC coherent and

incoherent ⇡0 production. The comparisons are made as a function of E
shower

(upper left), E
shower

✓

2

(upper right),  (lower left), and in-line upstream energy (lower right). Data uncertainties are

statistcal only; predictions include systematic uncertaintes added in quadrature with statistical.

more in-line upstream energy than the NC coherent process and are more consistent with

the NC incoherent process, suggesting a small nuclear recoil from the neutrino interaction.

Corroborating this hypothesis, the charge-weighted distance from that energy to the shower

vertex was examined in the data sample and seen to fit the exponential decay distance

expected for a photon conversion after propagating through the detector from the interaction

point defined by the upstream activity.

The results described above were supplemented by a visual scan of event displays for
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Diffractive Scattering !
Called “Coherent” off a nucleus – diffractive off a nucleon

21

J. Wolcott / U. of Rochester FNAL JETP / 18 Sept. 2015 52
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 (analogous)

● We believe our excess is due to NC di4ractive 
scattering from Hydrogen

– MINERvA tracker is hydrocarbon (lots of H)

– No default model in GENIE

– Event characteristics very similar... (next slide)
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MINERvA



CC, NC Kaon prod.

• MINERvA CC and NC kaon 
production measurements

• GENIE prediction reasonably 
reproduce data

• Observed CC coherent K+ 
production at 3σ

• NC Kaon production is major 
background for proton decay 
search p→ν̅K+

11

Jorge G. Morfin (WG2 parallel#8)
Jeff Nelson (Plenary#6)

CC Cross section favors GENIE prediction

28

2015-02-05 Chris Marshall - University of Rochester 66

Cross section: good agreement 
with GENIE

2015-02-05 Chris Marshall - University of Rochester 67

Data disfavors NuWro

● Kaons in NuWro 
come only from 
hadronization 
(PYTHIA)

● Shape is inconsistent 
with NuWro at low 
energy

https://arxiv.org/abs/1604.03920

◆  Charged current K+ production cross section, based on 885 events, shows 
reasonably good agreement with simulation.

◆  This measurement increased the world’s sample of K+ production events from 
neutrinos from dozens to hundreds!

CC
NC Kaon Production!

Background for SUSY-preferred proton decay p → K+ ν

29

◆  Neutral current K+ production cross section, based on 200 events, 
shows reasonably good agreement with simulation.

◆  We need improvements in the interaction and FSI models, but this 
result supports the idea that background estimates in proton decay 
searches are reasonable.

C. Marshall, 
FNAL Seminar, 5 Feb 2016
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Kaon production: NC, CC, and first 
evidence for Coherent production 

NuFact2016 Scattering, Nelson 54 
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NC Coh: PRL 117, 061802 (2016) 
CC:  arXiv:1604.01728 
NC:  C. Marshal FNAL Seminar (2/16) 



NC-elastic on O

• Look for de-excitation γ’s in SK 
around T2K beam bunch timing

• Observed: 43 e-like events

12

Erez Reinherz-Aronis (WG2 parallel#8)

NUFACT201429th August, 2014 2

What is a target?
De-excitation gamma ray after NCQE interactionGamma Ray after NCQE interaction 

O16 *15   *15 ON or

(~ 6MeV) 
ν ν 

O16

γ 

*15   *15 ON or

γ p or n 

Primary Gamma 

Secondary Gamma 

Z0 

Observe Cherenkov light 

3 

T2K SK

56 

SK: νμ NCQE Cross section on O 
• Motivation 

 Direct impact on the atmospheric 
background for low-energy  
phenomena in neutrino experiments 

• Topology 
 We look for de-excitation γs  in  SK’s   

lowest-energy sample (4-30 MeV) 
 To be able to isolate γs from NCQE  

interactions on oxygen 

• Event selection: 
 Tight timing cut (around beam bunch time) 
 4 MeV < EReco < 30 MeV 
 Remove beam-related background 

o Reject likely decay electron events  
o Cherenkov angle cut > 340 

 Observed: 43 electron-like events 

 
 
 

PRD 90 072012 
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SK: νμ NCQE Cross section on O 

PRD 90 072012 

• Measurement method 
 Cross section extracted from  

a 𝜎ே஼ொா௢௕௦ = ே೚್ೞିேಳಸ
೐ೣ೛

ே೐ೣ೛ିேಳಸ
೐ೣ೛ 𝜎ே஼ொா

௧௛௘௢௥௬  

 obs = observed in data 
 exp = expected by MC 
 BG = background  

 a 𝜎ே஼ொா
௧௛௘௢௥௬ = 2.01 × 10ିଷ଼cmଶ [PRL 108 (2012) 052505]  

• Results 
 Flux-averaged ν-Oxygen NCQE 
 a 𝜎ே஼ொா௢௕௦ = 1.55ି଴.ଷହା଴.଻ଵ × 10ିଷ଼cmଶ/nucleus 
 Dominant systematics 

o Primary (15%) and secondary (13%) γ productions 
o Flux uncertainty (10%) 

• First measured ν-Oxygen NCQE cross section! 
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SK: νμ NCQE Cross section on O 

PRD 90 072012 

• Measurement method 
 Cross section extracted from  

a 𝜎ே஼ொா௢௕௦ = ே೚್ೞିேಳಸ
೐ೣ೛

ே೐ೣ೛ିேಳಸ
೐ೣ೛ 𝜎ே஼ொா

௧௛௘௢௥௬  

 obs = observed in data 
 exp = expected by MC 
 BG = background  

 a 𝜎ே஼ொா
௧௛௘௢௥௬ = 2.01 × 10ିଷ଼cmଶ [PRL 108 (2012) 052505]  

• Results 
 Flux-averaged ν-Oxygen NCQE 
 a 𝜎ே஼ொா௢௕௦ = 1.55ି଴.ଷହା଴.଻ଵ × 10ିଷ଼cmଶ/nucleus 
 Dominant systematics 

o Primary (15%) and secondary (13%) γ productions 
o Flux uncertainty (10%) 

• First measured ν-Oxygen NCQE cross section! 
 

 
 
 

First measured ν-Oxygen NCQE cross section



Theoretical 
developments
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Quasi-elastic 
hyperon prod.

• |ΔS|=1 processes
• Cabibbo suppressed 

by tan2θC=0.054

• In ν̅-A reaction, π 
prod. from hyperons 
can be enhanced
• ~30-40%

• Need to compare w/ 
data

14

NuFact 2016

Introduction

|∆S| = 1 processes

Antineutrino induced Single Hyperon Production

ν̄l(k) + p(p) → l+(k′) + Λ(p′)

ν̄l(k) + p(p) → l+(k′) + Σ0(p′)

ν̄l(k) + n(p) → l+(k′) + Σ−(p′)

ν̄l

l+

W−

Y

N

These processes are Cabibbo suppressed as compared to the ∆S = 0 associ-
ated production of hyperons.
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Y
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These processes are Cabibbo suppressed as compared to the ∆S = 0 associ-
ated production of hyperons.

νe / νµ

ν̄l + p → l+ + n + π− Eth = 0.15/0.28GeV
ν̄l + p → l+ + Λ Eth = 0.19/0.32GeV
ν̄l + p → l+ + Λ + K Eth = 0.91/1.09GeV
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π production: Y vs ∆
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for 16O averaged over the SuperK flux for e+ & µ+. The results are presented for the incoherent π0

production with medium effect and pion absorption, and for the π− production from the quasielastic

hyperon production

scaled by a factor of 1.3 i.e ∼ 30%
Phys. Rev. D 88, 077301 (2013)
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π production: Y vs ∆

Hyperon giving rise to pions

As the decay modes of hyperons to pions are highly suppressed in the
nuclear medium, making them live long enough to pass through the nucleus
and decay outside the nuclear medium.
Therefore, the produced pions are less affected by the strong interaction of
nuclear field, and their FSI have not been taken into account.
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CC quasi-elastic ν/ν̅-A scattering

15
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Results

0 0.2 0.4 0.6 0.8
Eν (GeV)

0

0.2

0.4

0.6

0.8

(σ
A

/N
) 

/ σ
fr

ee

ν
e
 LFG

νµ LFG

ν
e
 LFG+RPA

νµ LFG+RPA

0 0.2 0.4 0.6 0.8
Eν (GeV)

0

0.2

0.4

0.6

0.8

ν
e
 LFG

νµ LFG

ν
e
 LFG+RPA

νµ LFG+RPA

ν - 
12

C ν - 
12

C

0 0.2 0.4 0.6 0.8
Eν(GeV)

0

0.2

0.4

0.6

0.8

(σ
A

/N
) 

/ σ
fr

ee

ν
e
 LFG

νµ LFG

ν
e
 LFG+RPA

νµ LFG+RPA

0 0.2 0.4 0.6 0.8
Eν(GeV)

0

0.2

0.4

0.6

ν
e
 LFG

νµ LFG

ν
e
 LFG+RPA

νµ LFG+RPA

ν - 
40

Ar ν - 
40

Ar

18 / 49

NUFACT
Results

�
I

= ‡

‹

e

≠‡

‹

µ

‡

‹

e

�
I

= ‡

‹̄

e

≠‡

‹̄

µ

‡

‹̄

e

0

0.2

0.4

0.6

0.8

1

∆
Ι

Free
LFG
LFG + RPA

0 0.2 0.4 0.6 0.8

E
ν
 (GeV)

0

0.2

0.4

0.6

0.8

1

∆
Ι

0.2 0.4 0.6 0.8

E
ν
 (GeV)

ν
12

C 

ν ν40
Ar

40
Ar

12
Cν

22 / 49

NUFACT
Results

�
I

= ‡

‹

e

≠‡

‹

µ

‡

‹

e

�
I

= ‡

‹̄

e

≠‡

‹̄

µ

‡

‹̄

e

0

0.2

0.4

0.6

0.8

1

∆
Ι

Free
LFG
LFG + RPA

0 0.2 0.4 0.6 0.8

E
ν
 (GeV)

0

0.2

0.4

0.6

0.8

1

∆
Ι

0.2 0.4 0.6 0.8

E
ν
 (GeV)

ν
12

C 

ν ν40
Ar

40
Ar

12
Cν

22 / 49

NUFACT
Results

�
I

= ‡

‹

e

≠‡

‹

µ

‡

‹

e

�
I

= ‡

‹̄

e

≠‡

‹̄

µ

‡

‹̄

e

0

0.2

0.4

0.6

0.8

1

∆
Ι

Free
LFG
LFG + RPA

0 0.2 0.4 0.6 0.8

E
ν
 (GeV)

0

0.2

0.4

0.6

0.8

1

∆
Ι

0.2 0.4 0.6 0.8

E
ν
 (GeV)

ν
12

C 

ν ν40
Ar

40
Ar

12
Cν

22 / 49

Mohammad Sajjad Athar 
(WG2 parallel#4)

NUFACT
Results

Theoretical Observations

At low energies E

‹/‹̄

< 0.5 GeV there is appreciable nuclear model
dependence on ‹/‹̄ ≠ A cross sections for both flavors of ‹/‹̄.

The suppression due to NME is larger in the LFG as compared to the
Fermi gas model of Llewellyn Smith.

The suppression in the Fermi gas models of Smith and Moniz and
Gaisser and O’Connell are larger than LFG.

When RPA e�ects are included in LFG, the suppression is largest.

29 / 49



Nuclear medium effect in DIS 

• The model reproduces EM data

• Compare with MINERvA CC 
inclusive results: Pb/CH
• Seems not well reproduce at 

xBj≤0.1 (‘shadowing’ region)

• Improvement on-going

16

NME in the deep inelastic l±/ν(ν̄) − A scattering

Results

MINERνA: PRD93 071101(2016)
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Neutrino induced π production

17

Comparison	with	single	pion	data	

ANL	Data	:	PRD	19,	2521	(1979)	
BNL	Data	:	PRD	34,	2554	(1986)	

DCC	model	predic:on	is	consistent	with	data		

•  DCC	model	has	flexibility	to	fit	data		(ANN*(Q2))	
•  Data	should	be	analyzed	with	nuclear	effects	
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Comparison	with	double	pion	data	
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Fairly	good	DCC	predica:on		

First	dynamical	model	for	2	π produc:on	in	resonance	region	
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Current understanding of neutrino-nucleus 
reaction cross sections 

Gallagher et al., 2011 

energy  transfer  ω (MeV) 

 Higher  N*  and  Δ*  productions  result   
     in various (multi-)meson productions: 
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•  Reasonable	fit	to	data	for	applica:on	to	neutrino	interac:ons	

•  Important	2π contribu:ons	for	high	W	region 	

��	

�	

Inclusive	electron-proton	sca5ering	

DCC	vector	currents	has	been	tested	by	data	for	whole	kinema<cal	region	

relevant	to	neutrino	interac<ons	of	Eν ≤ 2	GeV	

Similar	analysis	of	electron-neutron	sca@ering	data	has	also	been	done	

NeutrinoAinduced'meson'produc=on'in'the'resonance'region'

Discrepancy'between'BNL'and'ANL'data''
Recent'reanalysis'of'original'data''

A>'discrepancy'resolved'(!?)''

PRD'90,'112017'(2014)''

S.'Nakamura'talk:'Dynamical'coupled'channel'(DCC)'model''

•  DCC'model'predic=on'is'consistent'with'1π'data'
•  Fairly'good'DCC'predic=on'of'2π'produc=on'(first'dynamical'model)''

arXiv:'1506.03403''
Satoshi Nakamura (Plenary#6)
Hiroyuki Kamano (WG2 parallel#2)

DCC model prediction 
consistent with 1π 
data (BNL, ANL)

Fairly good DCC 
prediction of 2π prod.



New results from
LAr experiments
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MicroBooNE first results

• Error bars in the plots only statistics
• Systematics not fully addressed yet

• CC-inclusive corss section will follow soon 19

08/22/16 P. Hamilton, NuFact 2016 27

Results – Track Length

Shape-only comparison – simulation normalised 
to data.

νμ CC distributions
Track length

08/22/16 P. Hamilton, NuFact 2016 28

Results - cos(q)

NC interactions form 
dominant background

Z (beam direction)

q

µ

Scattering angle (cosθ)

Philip Hamilton (WG2 parallel#3)



LArIAT

20

Liquid Argon In A Test Beam

08/22/16 P. Hamilton, NuFact 2016 34

Uncertainties

Systematics Considered:
● dE/dX calibration: 5%
● Energy loss prior to entering the TPC: 3.5%
● Through-going µ contamination: 3% (p decay and capture still present)
● Wire chamber momentum uncertainty: 3%

08/22/16 P. Hamilton, NuFact 2016 23

LArIAT defines a total cross-section containing multiple 
processes:

s
Total

=s
elastic

+s
inelastic

+s
ch-exch

+s
absorp.

+sπ -production

P̀ion - Elastic 
Scattering Candidate

Pion - Elastic 
Scattering Candidate

Pion - Absorption (→3p) 
Candidate

Pion - Absorption (→3p) 
Candidate

Pion - Inelastic Scattering CandidatePion - Inelastic Scattering Candidate

Pion - Charge Exchange 
Candidate

Pion - Charge Exchange 
Candidate

Pion Production CandidatePion Production Candidate

08/22/16 P. Hamilton, NuFact 2016 5

The LArIAT Experiment

Liquid Argon In A Test Beam

● LArIAT uses the 
refurbished 
ArgoNEUT TPC to 
take data in the 
Fermilab test beam.

● LArIAT began 
taking data in May 
2015.

– Run 1: 3 months

– Run 2: 5.5 months

08/22/16 P. Hamilton, NuFact 2016 5

The LArIAT Experiment

Liquid Argon In A Test Beam

● LArIAT uses the 
refurbished 
ArgoNEUT TPC to 
take data in the 
Fermilab test beam.

● LArIAT began 
taking data in May 
2015.

– Run 1: 3 months

– Run 2: 5.5 months

π-Ar cross section

World’s first π-Ar Xsec results
Philip Hamilton (WG2 parallel#3)



On-going experiments
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J-PARC T60

• Precise measurement of neutrino-nucleus interaction 
with Nuclear Emulsion at J-PARC

• The emulsion technique can measure all the final state 
particles with very low energy/tracking threshold
• Tracking threshold: ~200μm

• Provide essential input for multi-nucleon int. modeling

• νe cross section with electron/gamma separation capability

• Installed emulsion in front of T2K INGRID detector
• Time-stamp technique: Emulsion-INGRID track matching

• Data taking began in 2014~

• Data collected 60kg iron data in 2016
• Expect totally >3000 events!  Data being analyzed

22

Tsutomu Fukuda (WG2 parallel#9)
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Feasibility study: 2kg Iron target ECC T. Fukuda, NuFact 2016 Tsutomu Fukuda (WG2 parallel#9)
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Tsutomu Fukuda (WG2 parallel#9)



J-PARC T60

• Emalsion+INGRID hybrid analysis
• Thanks to the time-stamp functionality

23
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Emulsion-INGRID Hybrid analysis 

 

Feasibility study: 2kg Iron target ECC 

<Event time> 
2015/Mar./13  1:42:23.9 

<Event time> 
2015/Mar./22  15:06:35.0 

Event topology is clearly matched. 
Expected range for each tracks is consistent with INGRID hits. 

Time resolution for emulsion tracks 

T. Fukuda, NuFact 2016 

20 

Time  stamp  for  ν  event  with  Emulsion  Shifter 

Spot 13 
   Mar.12   2:23:35 
~ Mar.14 14:23:57 

Spot 7 
   Mar.21   2:25:49 
~ Mar.23 14:26:12 

All tracks 

Neutrino event tracks 

Emulsion films are set on moving stages controlled by stepping 
motor. 
Time stamp is given by coincidence of tracks on each stage. 
   Position difference from reference point 
       = Timing information 

Feasibility study: 2kg Iron target ECC 

Information from  
Top stage  

T. Fukuda, NuFact 2016 
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νμ CC Inclusive in Eν range 1-3 GeV 
• Measurement method 

 Least 2 fit to vertex Z position  
 Fit 14 PDFs 

(7 module groups  2 topologies) 
 For 4 energy bins  

(0.5-0.8, 0.8-1.4, 1.4-2.6, 2.6-4.0 [GeV]) 
 

 
 
 
 
 
 

PRD 93 072002 

 

+

22 

Water target emulsion chamber 
We installed a water target emulsion chamber during ν  exposure in May 2015. 

emulsion tracker Water 

Emulsion films (vacuum packed) 

Frame type 
plastic spacer 
( 2mm thickness) 

Feasibility study: 1.5kg Water target ECC 

Pouring water 
Sandwich structure of Emulsion 
films and Frame type spacers  

T. Fukuda, NuFact 2016 
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Water target emulsion chamber 
We installed a water target emulsion chamber during ν  exposure in May 2015. 

emulsion tracker Water 

Emulsion films (vacuum packed) 

Frame type 
plastic spacer 
( 2mm thickness) 

Feasibility study: 1.5kg Water target ECC 

Pouring water 
Sandwich structure of Emulsion 
films and Frame type spacers  

T. Fukuda, NuFact 2016 

Fe, water targets 
data collected so far

Able to employ 
different nuclear targets

Emulsion+INGRID hybrid analysis
(Thanks to the time-stamp technique)

ex. Water target emulsion

Tsutomu Fukuda 
(WG2 parallel#9)



ντ CC cross section
• ντ CC cross section measured by 

only DONuT experiment 
• 9 ντ events observed

• Large systematics (50%)
• Main syst. come from uncertainties of Ds 

production at beam source

• ντ CC cross section uncertainty is one of 
major systematic sources in Super-K 
atmospheric ν MH measurements

• DsTau project
• Ds→τ→X precision measurement in 

high energy proton interactions using 
Nuclear Emulsion
• Aim to collect data with 1000 Ds→τ→X 

events

• LoI submitted to CERN SPSC
• CERN-SPSC-2016-013; SPSC-1-245 24

Module structure for Ds →  τ → Xmeasurement (current baseline) 
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Y 10 cm 

X 12.5 cm 

Z 5.9~8.6 cm  
(5~10 units + ECC) 

5~10 units  
(total 50~100 emulsion films) 

ECC for momentum measurement 
(26 emulsion films interleaved 
with 1 mm thick lead plates) 

Proton beam (Z)  

1 module 

105 protons/cm2 

(uniform irradiation) 

• In case of 5 units  0.025 λint in tungsten  8x109 pot needed to get 2x108 proton int. 
• Track density in emulsion: keep <105 tracks/cm2 at the upstream side 
• To expose 8x109 pot  detector surface 8x104 cm2 (800 modules) 

Ds  X 

D+ 

X 

Osamu Sato (WG2 parallel#9)

 CC cross section was calculated as a function of one parameter. 
The energy-independent part was parameterized as 

)()( EE KEconst

  

Results from DONuT (1) 
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dependence 

)exp()1( 2
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T
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d
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

transverse 
dependence 
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ντ CC cross section 

where n is the parameter controlling the longitudinal part of the Ds differential cross section 
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xF is Feynman x (xF =2pCM
z/√s)  and   

pT is transverse momentum 

Phenomenological formula 
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ANNIE
• Gadolinium doped water cherenkov detector at BNB

• Measure the abundance of final state neutron from 
neutrino interactions in water 0.5~3GeV

• Provide important input for modeling of multi-nucleon 
contribution

25

Frank Krennrich (WG2 parallel#9)

 F.	Krennrich																																																						XIIth					Rencontres	du	Vietnam	NuFact	2016 7

… additional processes …

‘‘CCQE-like" 

e.g.

NN
π

i) Initial state nucleon-nucleon correlations: excitation of particles.

ii) Final state correlations: scattering between a struck nucleon and spectator particles.

iii) Two-nucleon meson currents: meson exchange between two interacting nucleons.

neutron(s):  
neutron capture in Gd-doped water 
produces delayed signal (30 us)

proton multiplicity:   
liquid-argon technique
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Frank Krennrich (WG2 parallel#9)

 F.	Krennrich																																																						XIIth					Rencontres	du	Vietnam	NuFact	2016 24

Water Fill

8-inch

 F.	Krennrich																																																						XIIth					Rencontres	du	Vietnam	NuFact	2016 25

First Events

 F.	Krennrich																																																						XIIth					Rencontres	du	Vietnam	NuFact	2016 27

ANNIE Summary

! Science:	measure	final	state	neutron	abundances	(Gd-doped	water)	
and	provide	cri5cal	input	for	modeling	mul*-nucleon	contribu*ons	
to	CCQE-like	neutrino	interac5ons	—	augment	mul5-proton	
detec5on	by	liquid-Ar	technique	—	help	to	improve	energy	
resolu5on	of	oscilla5on	experiments.	

! Science:	ANNIE	results	will	provide	a	be_er	understanding	of	
neutron	tagging	techniques	for	reducing	background	from	
atmospheric	neutrinos	(proton	decay,	supernova	neutrinos).	

! Technology:	breakthrough	for	water	Cherenkov-technique	by	using	
high	5me/spa5al	resolu5on	LAPPDs.	

! Opera*on	of	ANNIE	Phase-I	is	underway,	data	analysis	has	started	
to	evaluate	beam-correlated	neutron	background.	

! ANNIE	Phase-II	(2017	-	2021)	with	the	deployment	of	LAPPDs		is	in	
the	planning	stages.	



Near Detector constraint
• T2K/NOvA Near Detector constrain flux and ν-int. 

cross section uncertainties successfully
• with hadron production measurement

• Parallel#5 Katarzyna Kowalik

• T2K and NOvA employ different techniques

• Total systematic uncertainties (νe app.): ≥10% → ~6% so far

• Expect further improvement
• Parallel#6: Leila Haegel (T2K),  Gregory Pawloski (NOvA)

• Next generation experiments, Hyper-K, DUNE, target 
~1% level systematic uncertainties on ν-int.
• ND designs adopted the same ν targets in ND/Far, and 

adapted new technique, ex. Gd-water Č  
• WG1+2 parallel: Mark Rayner (Hyper-K), Hongyue Duyang (DUNE)

• New techniques being tested by on-going exps. and/or in 
R&D stage 26

• How the present Near Detectors (ND) 
constrain the flux and cross section 
uncertainties



Summary
• Many new developments/results from Theory 

and Experiments
• There are many other new results that cannot be 

covered in this talk
• Please take a look at slides in WG2 sessions

• But still outstanding issues need to be solved
• ex. Nuclear modeling, multi-nucleon contribution, 

final state interaction, etc

• Present/on-going experiments with new 
approaches & new apparatus can make 
significant contributions to improve the models

• Close communication & collaboration between 
theorists and experimentalists are indispensable

27


