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Full disclosure - I work on MINERvA, GENIE, may show some biases… 

Pion production

Story for today: 
• Strong recent progress by experiments - 

driven by improved understanding of modeling 
and the power of model independent 
measurements becoming the norm.

• Particle theorists are engaging with the 
problem - new focus on improved nucleon-
level physics, bridging from free nucleons to a 
nuclear environment, and beginning to bring 
understandings about nuclear modeling from 
electron scattering into neutrinos.
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Introduction



A very brief motivation
• Current and future neutrino oscillation 

experiments have a very ambitious 
program.

• U. Mosel, NuInt 2017: DUNE is “an 
impossible” experiment:
- Flux not fully specified,
- Beamline is over 1,000 km, diameter is 

over 1 km at Far Detector,
- Cross sections are tiny (10-11 mb) and 

plagued by numerous theory and 
experimental uncertainties,

- Somehow we need to extract evidence of 
physics beyond the Standard Model!

• Control of cross section systematics is a 
critical piece - requires a multi-pronged 
effort involving theorists, experimenters, and 
and Monté Carlo authors all working 
together.
- No single measurement or calculation will 

solve it all!
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Why do we care that the 
cross-sections are poorly known?

 We are now in a period of precision 
neutrino oscillation measurements

Can't ignore systematics 
uncertainties

Systematic errors due to neutrino 
interaction cross sections are a large 
fraction of the error

 Need better models (generators) based 
on high precision data 

→  Enter MINERnA

Figure by 
V. Paolone
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Free Nucleon: 
Parameterize  

w/ Form Factors…

Nucleus:  
What is the initial state?  

What escapes the nucleus?

ν lepton

d u

W±

f f

ν ν

Z0
Charged Current Neutral Current

ν lepton

?

Bare fermions: 
Graduate 

homework 
problem

Framing the issue

???

How do we get 
there?

What do we 
measure?

What can we 
calculate?

Progress on all three!



Reaction Channel Menagerie: A Glossary
• Charged current: exchange a W boson; neutral current: exchange a Z (not 

shown) - no charged lepton in the final state for NC.
- CCQE : Charged-Current Quasi-Elastic
- CC π±, π0 
• Coherent (no break-up) & Resonance Production

- Deep Inelastic Scattering (DIS - scatter on a parton)
• Our descriptive language is something of a historical accident. These 

terms are really only proper when discussing scattering on free nucleons.
- When scattering on nuclei, final state interactions (FSI) mix up the 

particles leaving the nucleus, making this sort of assignment impossible.
- Modern language prefers specification by visible particles in the final 

state.
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The Basic Problem: we must interpret with models
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E1, P1

E2, P2

E3, P3

We must leverage every 
possible observable!

E ~ E1P1 + E2P2 + E3P3 + …

Need to integrate - we 
interpret results statistically 
using event generators.(and so on…)

(Energy1, Probability1)



Organizing the challenges - NuSTEC

• New paper from NuSTEC (http://nustec.fnal.gov) outlines the current 
challenges facing the field of neutrino-nucleus scattering
- https://arxiv.org/abs/1706.03621 (I am one of the authors)

• The paper summarizes
- the impact of interaction uncertainties on oscillation physics,
- the role of event generators in accelerator-based neutrino experiments,
- how electron-nucleus scattering experiments inform our understanding of 

neutrino-nucleus scattering,
- our current understanding of the various interaction channels (ranging 

from the elastic regime through deep inelastic scattering).
• This presentation was inspired by the structure of the NuSTEC paper, with 

additional emphasis specifically on new results from the past year.
- NOTE: while neutrino flux estimation is central  to understanding the results 

of neutrino-nucleus scattering experiments, we don’t have space to do the 
topic justice here.
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http://nustec.fnal.gov
https://arxiv.org/abs/1706.03621
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New Results:
Experiment
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Charged particle multiplicities

• Model independent quantity!
• Contained events with conservative quality requirements, fitting neutrino and 

cosmic components in 4 samples of varying purity.
• No efficiency or acceptance corrections, no separation into particle type, no 

background subtraction, conservative thresholds, and systematics are not final.
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Par;cle&Mul;plicity&Results&

Andy&Furmanski& 17&

•  Good'agreement'seen&with&GENIE&default&and&2&alternate&QEPlike&models&
•  Rela2vely'high'proton'threshold'

–  Interes;ng&to&see&how&this&distribu;on&changes&as&this&is&reduced&
–  Next&itera;on&already&has&a&reduced&proton&threshold&

•  Sta;s;csPlimited&at&higher&mul;plici;es,&but&can&track&4&or&5&par;cles!&

Recent&results&from&MicroBooNE&

Andy&Furmanski&for&the&MicroBooNE&
collabora;on&
June&26th&2017&

NuInt&2017,&Toronto,&Canada&

Andy&Furmanski& 1&

The MicroBooNE 
Experiment

Raquel Castillo Fernández 
03/13/2017 

PINS2017, SLAC

On behalf the MicroBooNE 
collaboration

• See also
- A. Rafique from Tuesday morning on charged 

particle multiplicities in MicroBooNE.



                                              MINERνA - Neutrino Scattering

• Fine-grained, high-
resolution scintillator 
tracker for detailed 
kinematic reconstruction 
of neutrino-nucleus 
interactions.
• Cross-section program.
• Nuclear effects with a 

variety of target 
materials ranging from 
Helium to Lead.
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A status report on the 
MINERQA neutrino 

Experiment 

Steven Manly, University of Rochester 
Representing the MINERQA collaboration 
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GENIE, Pion base, RPA, 2017 Tuned 2p2h
X2 = 50 for 19 bins

New: weighting up the 2p2h events with a 2D Gaussian weight

this base tune designed to empirically “Fill in” the dip region

not whole kinematic range.  Adds ~50% overall, but x2 in dip region

More on this in upcoming slides, and D. Ruterbories poster

X2 =  76 for 21 bins

neutrino
3.33e20 POT

anti-neutrino
1.02e20 POT

Tune is fit to neutrino data only... ...and describes anti-nu well

  
11

0.0 < q3 < 0.4 GeV  no RPA, no 2p2h

neutrino
3.33e20 POT

Rodrigues, Demgen, Miltenberger
et al. [MINERvA] PRL 116 071802

Reco data and chisquares
(and unfolded cross sections)
are from distributions made

with resolution-driven six bins
condensed into just two plots

good for physics interpretation

Can put one or two on a slide
nice and big, flipbook models

0.4 < q3 < 0.8 GeV
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GENIE, Pion base, RPA, Valencia 2p2h

Add Valencia 2p2h, improves the dip region
Nieves, Ruiz Simo, Vicente Vacas PRC83 (2011) 045501

and R.G., Nieves, Sanchez, Vicente Vacas PRD 88 (2013) 113007
Same code as in Genie 2.12.6:  J. Schwehr, R.G., D. Cherdack, arXiv:1705.02932

X2 = 84 for 19 binsX2 = 138 for 21 bins

neutrino
3.33e20 POT

anti-neutrino
1.02e20 POT
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Saint Surrounded by
Three Pi Mesons

Salvador Dali
Figueres, Spain, 1957

Model uncertainties
in light of MINERvA

momentum and
energy transfer data

Rik Gran
University of Minnesota Duluth

For the 

MINERvA collaboration

Talk at NuInt17, Toronto, June

,
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Saint Surrounded by
Three Pi Mesons

Salvador Dali
Figueres, Spain, 1957

Model uncertainties
in light of MINERvA

momentum and
energy transfer data

Rik Gran
University of Minnesota Duluth

For the 

MINERvA collaboration

Talk at NuInt17, Toronto, June

After model 
adjustments

After model 
adjustments

Improved modeling: By adding a weak charge screening model (“RPA”), a 2p2h model 
(Valencia), and re-weighting the 2p2h using hadronic energy for neutrinos, MINERvA is able to find 
very good agreement between their simulation and the antineutrino distributions as well. 
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GENIE, pion base, RPA, no 2p2h

Add (updated) Valencia RPA weight and model error band
Valverde, Amaro, Nieves PLB 638 (2006) 325 with unpub. followup by F. Sanchez

plus muon capture uncertainty and implementation R. Gran, arXiv:1705.02932

X2 = 237 for 19 binsX2 = 227 for 21 bins

neutrino
3.33e20 POT

anti-neutrino
1.02e20 POT



Antineutrino CC inclusive “low recoil” cross sections
• Leverage improved modeling: Electron scattering “style” measurement in variables meant to 

separate QE, resonance peaks and isolate “dip region” 2p2h contributions.
- Available Energy = proton KE + charged pion KE + neutral pion E + electron and photon E
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Unfolded anti-neutrino cross section
The resulting full unfolding matrix is not optimal for unfolding,

not optimal, but not pathological, it works within limits.

So many events
with neutron-only

final states in
lowest bin

Fewer bins than 
the neutrino case, 

respecting the
wide resolution

breakdown of systematic uncertainties on next page
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(& J. Kleykamp 
here at DPF)



MINERvA double-differential CCQE-like cross sections
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n-Result

21

MINERvA Preliminary Data POT: 3.34e20

Similar results available for anti-neutrinos, see C. Patrick FNAL JETP, 2016 June 17 

MINERvA (n)n-CC0pi Results 

Daniel Ruterbories
NuInt 2017

June 29th, 2016
(& J. Kleykamp 
here at DPF)

Fiducial, QE-like:
Model independent!



Double-differential CCQE-like vertex E: model evolution
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What Do The Models Say?

29

MINERvA Preliminary Data POT: 3.34e20 MINERvA Preliminary Data POT: 3.34e20

MINERvA (n)n-CC0pi Results 

Daniel Ruterbories
NuInt 2017

June 29th, 2016
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GENIE, pion base, RPA, no 2p2h

Add (updated) Valencia RPA weight and model error band
Valverde, Amaro, Nieves PLB 638 (2006) 325 with unpub. followup by F. Sanchez

plus muon capture uncertainty and implementation R. Gran, arXiv:1705.02932

X2 = 237 for 19 binsX2 = 227 for 21 bins

neutrino
3.33e20 POT

anti-neutrino
1.02e20 POTImproved

modeling!

(& J. Kleykamp 
here at DPF)



More MINERvA cross sections at DPF

• See also
- D. Rimal from Tuesday morning on Deep Inelastic Scattering in 

MINERvA.
- L. Ren from Tuesday morning on antineutrino to neutrino charged-

current cross section ratios in MINERvA.
- A. Bercellie from Tuesday afternoon on the nuclear A-dependence 

of Quasi-elastic scattering in MINERvA.
- J. Kleykamp from Tuesday afternoon on the double-differential 

CCQE cross section with lepton kinematics in MINERvA.
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˚ NOvA (NuMI Off-axis ⌫e Appearance) is
a neutrino oscillation experiment

˚ Baseline of 8�� km
˚ NuMI, beam of mostly ⌫µ
˚ �� mrad off-axis from the beam
˚ Two functionally identical detectors

˚ Oscillation channels accessible to
NOvA:

˚ ⌫µ(⌫̄µ) to ⌫e(⌫̄e) (appearance)
˚ ⌫µ(⌫̄µ) to ⌫µ(⌫̄µ) (disappearance)

˚ Can also do sterile searches

Far Detector
15m X 15m X 60m
896 planes

Near Detector
4m X 4m X 16m
214 Planes

Far Detector (FD)
˚ �� kt, Á ���,��� channels

˚ On surface

˚ 8�� km from source

Near Detector (ND)
˚ �.� kt, Á ��,��� channels

˚ ��� m below surface

˚ � km from the NuMI

Alexander Radovic 
College of William and Mary

NOvA

perpendicular in orientation
Kanika Sachdev

@novaexperiment

11/17 NuInt 2015 Xuebing Bu (Fermilab) 5

  NuMI Beam              

➔ Detectors are installed by being
off beam axis

➔ Narrow band beam peaked at 2 GeV

➔ Near maximum oscillation

➔ Reduced NC background

➔ Electron neutrino flux counts ~1%
of total flux.

The Neutrino Flux
NO𝜈A detectors are sited 
14 mrad off the NuMI 
beam axis 
 
With the medium-energy NuMI 
tune, yields a narrow 2-GeV 
spectrum at the NO𝜈A detectors 
 
 
    → Reduces NC and 𝜈e CC 
 backgrounds in the  
 oscillation analyses 
 while maintaining 
 high 𝜈𝜇 flux at 2 GeV. 
 
 

NuMI off-axis beam 

Ryan Patterson, Caltech Fermilab JETP, August 6, 2015 7 

14 mrad 
(NO𝜈A) 

on axis 

5

• Narrow band neutrino beam 1~3GeV peak at ~2GeV, Dominated by 
νμ (94%) 

• Hadron production uncertainty constraint by external hadron 
production data. (See Leo Aliaga’s talk on Monday)

Jonathan M. Paley
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νµ CC inclusive - Summary of Uncertainties

14

• Statistical uncertainties are typically < 2%

• Systematics are still being assessed, but we expect for the differential measurement 
~10% highly correlated (normalization) flux uncertainties, and all others systematics 
combined to be 5-8%.

• σ(E) measurement systematics will be similar, although systematics from energy 
scale uncertainties will be larger on the rising and falling edges of the spectrum.

NOvA Pion Measurements
Hongyue Duyang 

University of South Carolina 

For the NOvA Collaboration

1



Electron neutrino inclusive cross sections
• Analysis is very advanced.
• Excellent control of systematics through data-driven samples - here “Muon 

Removal Event” sample to benchmark performance of convolutional neural 
net used for particle ID.
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Jonathan M. Paley

νe CC inclusive - Selection Efficiency

26

Top
View

Side
View

MINERvA (n)n-CC0pi Results 

Daniel Ruterbories
NuInt 2017

June 29th, 2016

J. Paley

& P. Ding 
at DPF!

Improved
modeling!

More efficient reconstruction!

Alexander Radovic 
College of William and Mary



NC coherent pion production in NOvA
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NC Coherent π0 

• Coherent signal measurement by subtracting normalized background from data in 
energy and angle 2D space.  

• Measured flux-averaged cross-section:  
σ = 14.0 ± 0.9(stat.) ± 2.1(syst.)×10-40cm2/nucleus 

• Total uncertainty 16.7%, systematic dominant.

Table 11: List of systematic and statistic uncertainties.

Source �(%)
Calorimetric Energy Scale 3.4
Background Modeling 10.0

Control Sample Selection 2.9
EM Shower Modeling 1.1
Coherent Modeling 3.7

Rock Event 2.4
Alignment 2.0

Flux 9.4
Total Systematics 15.3

Signal Sample Statistics 5.3
Control Sample Statistics 4.1

Total Uncertainty 16.7

• N

Sig,raw

= N

Data,selected

�N

Bkg,norm

= 987.4391

The ⌫
µ

flux (�) has been discussed in Sec. 2. The number of integrated neutrino flux (0⇠120392

GeV) we use is393

• �

⌫

= 123.2/cm2
/1010POT394

The e�ciency of coherent signal selection(✏) and the number of target nucleus in the fiducial395

volume (N
Target

) will be discussed in the following subsections.396

7.1 E�ciency397

The e�ciency (✏) is defined as the ratio of the final selected ⌫

µ

coherent ⇡

0 signal events to398

the total generated signal events in the fiducial volume. We use the SA ART files to count the399

number of coherent ⇡0 signal interactions at generated level. The numbers we get are400

• N

sig,selected

= 857.7401

• N

sig,generated

= 20832.9402

corresponding to the data pot, which leads to the e�ciency403

• ✏ = N

sig,selected

/N

sig,generated

= 0.041404

7.2 Number of Target Nucleus405

The targets for neutrino coherent interactions are nuclei rather than individual nucleons. The406

NOvA ND is mainly composed of scintillator oil and PVC [30]. The fiducial mass is calculated407

by scaling from the total detector volume (table 12). The mass of each element is calculated408

using CAFAna script reading gdml files [27]. The total number of target nucleus is calculated409

as410

N

Target

=
X

i

M

i

⇤N
A

W

molar,i

(3)
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Measurements scaled to C12 by A2/3
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Charged Pion production in ⌫µ CC interactions

• Charged pion production in ⌫µ CC interactions.

⌫µ + N ! µ⌥+ N + ⇡± + X
I a single charged pion produced could make the event mimic the CCQE

topology.

Fig. Summary of the current knowledge of ⌫µ charged-current cross sections (Plot courtesy of G. Zeller) and
Feynmann diagram for ⌫µ CC resonant single pion production, the dominant channel for pion production.
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NOvA Pion Measurements Overview
• Pion production makes background to oscillation analysis. 

• We want to measure them in our own detector! 
• Pion kinematics are sensitive to final-state interaction (elastic/inelastic 

scattering, absorption, charge-exchange).  
• We are in 1~3 GeV region: cross-check with MINERvA, MiniBooNE, T2K. 
• Working on several pion analysis: 

• NC COH π0 : reporting preliminary result first time! 
• Work in progress: 

• CC π0

• NC π0 
• CC π+/π-

6

NOvA Pion Measurements
Hongyue Duyang 

University of South Carolina 

For the NOvA Collaboration

1

MINERvA (n)n-CC0pi Results 

Daniel Ruterbories
NuInt 2017

June 29th, 2016

20

Alexander Radovic 
College of William and Mary

(& this 
conference!)

Improved
modeling!



More NOvA cross sections at DPF

• See also 
- D. Kalra from Tuesday morning on Inclusive NC neutral pion 

production.
- H. Duyang from Tuesday morning on NC coherent neutral pion 

production.
- B. Behera from Tuesday afternoon on an alternative measurement 

of the inclusive muon neutrino CC cross section in NOvA.
- A. Tsaris from Tuesday afternoon on charged pion semi-inclusive 

CC cross sections in NOvA.
- P. Ding from Tuesday afternoon on electron neutrino CC inclusive 

cross sections in NOvA.
- J. Bian from Tuesday afternoon on neutrino-electron elastic 

scattering for flux constrains in NOvA. 

Gabriel N. Perdue // DPF 2017 // Neutrino interactions August 2nd, 201721
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                    T2K
• Oscillation experiment (far detector 

Superkamiokande) with high 
granularity, magnetized near detector 
complex for comprehensive cross 
section program on Carbon, Oxygen.
- P0D contains water layers, 

scintillator, and absorbers.
- TPC and segmented scintillator 

modules.

Gabriel N. Perdue // DPF 2017 // Neutrino interactions August 2nd, 201722

Stephen Dolan LLWI 2017, Lake Louise, Canada

ND280 (off axis near detector)

7

PØD

Stephen Dolan LLWI 2017, Lake Louise, Canada

The Flux

• Off-axis 𝜈𝜇 beam
• Tightly-peaked at 600 MeV 2.5° off-axis towards SK
• Low contamination from non-𝜈𝜇 components
• Flux estimation aided by hadron production measurements from 

NA61/SHINE at CERN
Phys. Rev. D 87, 012001

Peak: 0.6 GeV

Peak: 1.1 GeV

(ND280)

32

T2K	neutrino	flux

5

• Primarily	νμ in	neutrino	mode
• Other	flavors	mainly	from	
decays	of	muons,	kaons,	
and	wrong-sign	pions
• 3%	wrong-sign	
contribution	

• Constrained	by	hadron-
production	data	
(NA61/SHINE)  (GeV)νE
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T2K ND280 Upgrade
Masashi Yokoyama

(Department of Physics, The University of Tokyo)
for the T2K Collaboration

masashi@phys.s.u-tokyo.ac.jp



Inclusive 2d muon-neutrino cross sections on plastic

• Inclusive measurements are high purity and relatively insensitive to 
problems modeling the hadronic response.

• Update a result from 2013 (PRD 87) with 5x the statistics and better 
reconstruction and event selection.

Gabriel N. Perdue // DPF 2017 // Neutrino interactions August 2nd, 201723

● Event selection focused on the TRACKER region (FGDs+TPCs). 

o Select tracks starting in the FGD1 entering in TPC2. 

o Momentum/charge (curvature) and PID (energy loss) reconstructed using TPC. 

o Other detectors used as veto.

Alfonso Garcia , IFAE (Barcelona)    |    νµ inclusive CC cross section measurement on C at T2K (NuInt 17, 26/06/2017) 6

x

νµ
x

µ-
TPC1 TPC2 TPC3FG

D
2

SMRD 
(Side Muon Range Detector) 

[plastic scintillator inside 
magnet yokes]

ECal 
(Electromagentic 

CALorimiter) 
[plastic scintillator layers 

interleaved with lead]

P0D  
(π0 detector) 

[plastic scintillator modules 
interleaved with water, 
brass and lead layers]

Previous νµ CC Selection:

Three TPCs 
(Time Projection Chamber)

[Ar:CF4:iC4H10 [95:3:2]]

Two FGDs
(Fine Grained Detector)

[plastic scintillators layers]

T2K ND280 Upgrade
Masashi Yokoyama

(Department of Physics, The University of Tokyo)
for the T2K Collaboration

masashi@phys.s.u-tokyo.ac.jp

● Robust cross-section measurement (same results with two models).

Alfonso Garcia , IFAE (Barcelona)    |    νµ inclusive CC cross section measurement on C at T2K (NuInt 17, 26/06/2017)
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Inclusive 2d muon-neutrino cross sections on plastic
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Models comparison:

T2K preliminary

● Event selection focused on the TRACKER region (FGDs+TPCs). 

o Select tracks starting in the FGD1 entering in TPC2. 

o Momentum/charge (curvature) and PID (energy loss) reconstructed using TPC. 

o Other detectors used as veto.

Alfonso Garcia , IFAE (Barcelona)    |    νµ inclusive CC cross section measurement on C at T2K (NuInt 17, 26/06/2017) 6

x

νµ
x

µ-
TPC1 TPC2 TPC3FG

D
2

SMRD 
(Side Muon Range Detector) 

[plastic scintillator inside 
magnet yokes]

ECal 
(Electromagentic 

CALorimiter) 
[plastic scintillator layers 

interleaved with lead]

P0D  
(π0 detector) 

[plastic scintillator modules 
interleaved with water, 
brass and lead layers]

Previous νµ CC Selection:

Three TPCs 
(Time Projection Chamber)

[Ar:CF4:iC4H10 [95:3:2]]

Two FGDs
(Fine Grained Detector)

[plastic scintillators layers]

T2K ND280 Upgrade
Masashi Yokoyama

(Department of Physics, The University of Tokyo)
for the T2K Collaboration

masashi@phys.s.u-tokyo.ac.jp



Charged current “zero pion” with μ + p kinematics

• Fiducial flux-integrated cross 
section in bins of cos(θμ) 
cos(θp) and pp (pp > 500 MeV/c).

• May also extract the number of 
protons with pp > 500 MeV/c.

• Excess is observed over GENIE 
2.8.0 (no 2p2h model in 2.8.0).

Gabriel N. Perdue // DPF 2017 // Neutrino interactions August 2nd, 201725
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CC0𝜋 using 𝜇 + 𝑝 kinematics
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Detector: ND280 – FGD1  Target: CH  Signal: CC0𝜋+Np  Variables: 𝜇 + 𝑝 kinematics  Status: Paper in preparation

• Cross-section extraction method also allows simultaneous 
extraction of number of protons with 𝑝𝑝 > 500 𝑀𝑒𝑉/𝑐

• Observe interesting excess over GENIE prediction (which 
has no 2p2h contribution)

T2K
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Fiducial, QE-like:
Model independent!
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New Results:
Theory



Overarching themes
• The particle theory community has begun to really engage with neutrino 

interactions (the field has long been of interest to nuclear theorists).
• We’ve begun to organize problems more clearly around leptonic, nucleon, 

and nuclear effects in the full picture, with particle theorists beginning to work 
more vigorously on the first two.
- Our model involves going from quarks to nucleons and again to nuclei. For 

precision, we “need to control both form factors and nuclear effects” 
and we must properly separate them (G. Paz, NuInt 2017).
• e.g., MA from the dipole parameterization of the vector axial form factor is 

often presented with inflated uncertainties to cover nuclear modeling 
effects. It is time to do better than that and recent work shows us how.

- Our understanding of proper nucleon level uncertainties has leapt forward, 
but understanding how to fully leverage this information in a nuclear 
context is important and will help direct all of our efforts (R. Hill, Radiative 
Corrections at the IF, Perimeter Inst. 2017).

- Nuclear modeling must first succeed with electrons: good progress here!

Gabriel N. Perdue // DPF 2017 // Neutrino interactions August 2nd, 201727



Lattice QCD and neutrino-nucleus scattering
• New neutrino-nucleon data will be hard to come by, making lattice 

contributions potentially critical.
• While not precisely new (and not exactly a lattice result), lattice theorists 

have already re-defined the way neutrino physicists talk about the axial 
form factor. We have started to phase out the dipole form factor in favor 
of the model-independent z-expansion:

Gabriel N. Perdue // DPF 2017 // Neutrino interactions August 2nd, 201728

Dipole Form Factor

Most analyses assume the Dipole axial form factor
(Llewellyn-Smith, 1972):

F dipole
A (Q2) = gA1

1 + Q2

m2
A

22

[Phys.Rept.3 (1972),261]
Dipole is an ansatz:

unmotivated in interesting energy region
=∆ uncontrolled systematics and therefore underestimated uncertainties

Large variation in mA over many experiments
(dubbed the “axial mass problem”):
I mA = 1.026 ± 0.021 (Bernard et al., [arXiv:00107088])
I me�

A = 1.35 ± 0.17 (MiniBooNE, [arXiv:1002.2680])

Essential to use well-motivated parameterization of FA
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z Expansion
The z Expansion [arXiv:1108.0423] is a conformal mapping which takes

kinematically allowed region (t = ≠Q2 Æ 0) to within |z| < 1

z(t; t0, tc) =
Ô

tc ≠ t ≠ Ô
tc ≠ t0Ô

tc ≠ t +
Ô

tc ≠ t0
FA(z) =

Œÿ

n=0

anzn tc = 9m2
fi

I Motivated by analyticity arguments from QCD
I Only few parameters needed to get good description of form factor
I Sum rules regulate large-Q2 behavior

17 / 41
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z-expansion: conformal mapping taking kinematically allowed region (t = -Q2) to |z| < 1.

Model-independent determination of the axial mass parameter
in quasielastic neutrino-nucleon scattering

Bhubanjyoti Bhattacharya, Richard J. Hill, and Gil Paz
Enrico Fermi Institute and Department of Physics, The University of Chicago, Chicago, Illinois, 60637, USA

(Received 18 August 2011; published 13 October 2011)

Quasielastic neutrino-nucleon scattering is a basic signal process for neutrino oscillation studies.

At accelerator energies, the corresponding cross section is subject to significant uncertainty due to the

poorly constrained axial-vector form factor of the nucleon. A model-independent description of the axial-

vector form factor is presented. Data from the MiniBooNE experiment for quasielastic neutrino scattering

on 12C are analyzed under the assumption of a definite nuclear model. The value of the axial mass

parameter, mA ¼ 0:85þ0:22
#0:07 $ 0:09 GeV, is found to differ significantly from extractions based on tradi-

tional form factor models. Implications for future neutrino scattering and pion electroproduction

measurements are discussed.

DOI: 10.1103/PhysRevD.84.073006 PACS numbers: 13.15.+g, 11.55.#m, 13.60.#r, 14.20.Dh

I. INTRODUCTION

High statistics neutrino experiments are probing the
hadronic structure of nuclear targets at accelerator energies
with ever greater precision. Extracting the underlying
weak-interaction parameters, or new physics signals, re-
quires similar precision in the theoretical description of the
strong interactions.

A basic cross section describes the charged-current qua-
sielastic scattering process on the neutron,

!" þ n ! "# þ p: (1)

Recent evidence indicates a tension between measure-
ments of this process in neutrino scattering at low [1–4]
and high [5] neutrino energies, and between results from
neutrino scattering and results inferred from pion electro-
production [6]. In particular, with a commonly used dipole
ansatz for the axial-vector form factor of the nucleon,

Fdipole
A ðq2Þ ¼ FAð0Þ

½1# q2=ðmdipole
A Þ2(2

; (2)

different experiments have reported values for the so-

called axial mass parameter mdipole
A . World averages

reported by Bernard et al. [6] find comparable values
obtained from neutrino scattering results prior to 1990,

mdipole
A ¼ 1:026$ 0:021 GeV, and from pion electro-

production, mdipole
A ¼ ð1:069# 0:055Þ $ 0:016 GeV.1 The

NOMAD Collaboration reports [5] mdipole
A ¼ 1:05$

0:02$ 0:06 GeV. In contrast, MiniBooNE reports [3]

mdipole
A ¼ 1:35$ 0:17 GeV, and other recent results from

the K2K SciFi [1], K2K SciBar [7], and MINOS [8]
Collaborations similarly find central values higher than
the above-mentioned world average. Quasielastic

neutrino-nucleon scattering (1) is a basic signal process
in neutrino oscillation studies. It is essential to obtain
consistency between experiments utilizing different beam
energies, and different nuclear targets.
While a number of effects could be causing this tension,

we here investigate perhaps the simplest possibility: that
the parametrizations of the axial-vector form factor in
common use are overly constrained. Such a possibility
seems natural, considering that the dipole ansatz has
been found to conflict with electron scattering data for
the vector form factors. We do not offer new insight on
whether other effects, such as nuclear modeling, could also
be biasing measurements. However, we point out that by
gaining firm control over the nucleon-level amplitude, such
nuclear physics effects can be robustly isolated.
The axial mass parameter as introduced in (2) is not

well-defined, since the true form factor of the proton does
not have a pure dipole behavior. Sufficiently precise mea-
surements forced to fit this functional form will necessarily

find different values for mdipole
A resulting from sensitivity

to different ranges of q2. Let us define the axial mass para-

meter in terms of the form factor slope at q2 ¼ 0: mA ¼
½F0

Að0Þ=2FAð0Þ(#1=2. This definition is model-independent,
and allows us to sensibly address tensions between differ-
ent measurements. To avoid confusion, whenever (2) is

used we refer to the extracted parameter asmdipole
A . We will

show that the slope at q2 ¼ 0 is essentially the only rele-
vant shape parameter for current data atQ2 & 1 GeV2, and
introduce the formalism to systematically account for the
impact of other poorly constrained shape parameters on the
determination of mA. A related study of the vector form
factors of the nucleon was presented in [9].
The paper is structured as follows. In Sec. II we discuss

the application of analyticity and dispersion relations to the
axial-vector form factor of the nucleon. Section III presents
results for the extraction of the axial-vector form factor
slope from MiniBooNE data. We illustrate constraints

1The difference 0.055 is a correction to the conventional
representation of the pion electroproduction amplitude, as pre-
dicted by heavy baryon chiral perturbation theory [6].
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Lattice QCD showcase: gA and GA(Q2)
• Nucleon axial charge and form factor
• Lots of activity in the past year!
- LHPC 1703.06703
- ETMC 1705.03399
- CLS 1705.06186
- PNDME 1705.06834
- Also gA: CalLat 1704.01114

Gabriel N. Perdue // DPF 2017 // Neutrino interactions August 2nd, 201729

Summary
Ref. gA Èr2

AÍ [fm2]
LHPC 1.208(6)(16)(1)(10) 0.213(6)(13)(3)(0)
CalLat 1.278(21)(26) ≠
ETMC 1.212(33)(22) 0.267(9)(11)
CLS 1.278(68)(+00

≠87) 0.360(36)(+80
≠88)

PNDME 1.195(33)(20) 0.22(7)(3)

I One ensemble only
I z expansion fit

CLS FA(Q2):

27 / 41

Plenary given by S. Collins, Lattice 2016

Nucleon axial form factor GA(Q2)
Previously, [Lin,0802.0863], [Yamazaki,0904.2039], [Bratt,1001.3620], [Bali,1412.7336]

Needed for neutrino oscillation experiments:
Charged current quasielastic (CCQE) neutrino-nucleus interaction must be known
to high precision.
Connecting quark - nucleon level: GA(Q2) form factor.

nucleon - nucleus level: nuclear model.
Traditionally: information on GA(Q2) extracted from expt. using dipole fit:

GA(Q2) = gA

(1 + Q2

MA2 )2
Èr2

AÍ = 12
MA2

World average (pre 1990) from ‹ scattering MA = 1.026(21) GeV.
Overconstrained form: di�erent measurements, di�erent MA.
Lower energy expts: e.g. MiniBooNE: MA = 1.35(17) GeV

[Aguilar-Arevalo,1002.2680]

Systematics being explored including new analysis of old expt data:
Èr2

AÍ = 0.46(22) fm2 æ MA = 1.01(24) GeV from z-expansion [Meyer,1603.03048].
26 / 49

21 / 41

Under the dipole approximation:
(some here are dipole, some z-exp.)

Gupta et al, 
1705.06834
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grey band in the bottom row is the fit neglecting both the lattice spacing and the finite volume corrections. The rest is the
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for the four ensembles a12m310, a09m130, a06m220 and
a06m135. Including the O(a) improvement of the axial

current, the ratios in Eqs (29)–(32) become

RI
1

=
Q2

4M2

N

G̃I
P (Q

2)

GA(Q2)
, (34)

RI
2

=
2bm
2MN

GP (Q2)

GA(Q2)
, (35)

RI
3

=
Q2 +M2

⇡

4M2

N

G̃I
P (Q

2)

GA(Q2)
, (36)

RI
4

=
2bm2MN

M2

⇡

GP (Q2)

G̃I
P (Q

2)
, (37)
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Precise nucleon form factors
• Nucleon inputs will play an important role in assessing the 

overall nuclear uncertainties, whether they come from 
calculations or measurement.
- For another calculation, see e.g. Meyer, Hill, Kronfeld, Li 

and Simone, arXiv 1610.04593
• Also, new (this week!) nucleon vector form factors 

from Ye, Arrington, Hill and Lee in arXiv 1707.09063
• Re-analyzing existing deuterium data using the z-

expansion from above is important for properly specifying 
the axial-vector form factor and its uncertainties.

Gabriel N. Perdue // DPF 2017 // Neutrino interactions August 2nd, 201730

σνn→μpðEν ¼ 1 GeVÞ ¼ 10.1ð0.9Þ × 10−39 cm2;

σνn→μpðEν ¼ 3 GeVÞ ¼ 9.6ð0.9Þ × 10−39 cm2; ð38Þ

for neutrinos and

σν̄p→μnðEν ¼ 1 GeVÞ ¼ 3.83ð23Þ × 10−39 cm2;

σν̄p→μnðEν ¼ 3 GeVÞ ¼ 6.47ð47Þ × 10−39 cm2; ð39Þ

for antineutrinos.

C. Neutrino nucleus cross sections

Connecting nucleon-level information to experimentally
observed neutrino-nucleus scattering cross sections
requires data-driven modeling of nuclear effects. Our
description of the axial form factor and uncertainty in
Eqs. (31), (32), and (33) can be readily implemented in
neutrino event generators that interface with nuclear
models.15

A multitude of studies and comparisons are possible.
As illustration, consider MINERvA quasielastic data on
carbon [56]. Figure 9 shows a comparison of the Q2

distribution of measured events with the predictions from
our FAðq2Þ, using a relativistic Fermi gas nuclear model in
the default configuration of the GENIE v2.8 neutrino event
generator [6]. For comparison, we display the result
obtained using a dipole FA with axial mass central value
and error as quoted in the world average of Ref. [55]. The
central curves differ in their kinematic dependence, and the
dipole result severely underestimates the uncertainty propa-
gated from deuterium data.
The z expansion implementation within GENIE includes

a complete description of parameter errors and correlations.
This will provide a systematic approach for testing different
nuclear models and fitting nuclear model parameters, and
for propagating uncertainties in nucleon-level amplitudes
through to oscillation observables.

D. Discussion

The dipole ansatz has been commonly used to para-
metrize the axial form factor in neutrino cross section
predictions. The axial mass parameter in this ansatz often
appears with either a very small uncertainty, e.g. mA ¼
1.014ð14Þ GeV [55], or a very large uncertainty, e.g. mA ¼
1.21ð45Þ GeV [14].
In the first case, the small error estimate results from the

restrictive dipole ansatz, and is likely an underestimate of
the actual uncertainty: as a point of comparison, the ≲1.5%
axial radius error is comparable to or smaller than the

uncertainty on the proton charge radius [35,69]. Recall that
the charge radius is defined for the vector charge form
factor analogously to the axial radius for the axial form
factor. In contrast to the axial radius from neutrino-deuteron
scattering, the charge radius from electron-proton scattering
involves much higher statistics, amonoenergetic beam, and
a simpler, proton, target.
In the second case, the large uncertainty on mA is

typically included to account for tensions in external inputs
from other experiments [14], and/or poorly constrained
nuclear effects. Neither of these approaches is suited to the
kinds of analyses that can be undertaken with modern cross
section data such as the MINERvA example considered in
Fig. 9. Underestimating nucleon-level uncertainties will
bias conclusions about neutrino parameters or nuclear
models. Inflating errors on mA within a dipole ansatz fails
to capture the correct kinematic dependence of either
nucleon-level uncertainties, or of nuclear corrections.16

VIII. SUMMARY AND CONCLUSION

The constraints of elementary target data are critical to
precision neutrino-nucleus cross sections underlying the
accelerator neutrino program. Oscillation experiments rely
on event rate predictions using nucleon-level amplitudes
corrected for nuclear effects. Cross section experiments on
nuclear targets can measure these nuclear effects but a
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FIG. 9. Cross section for charged-current quasielastic events
from the MINERvA experiment [56] as a function of recon-
structed Q2, compared with prediction using relativistic Fermi
gas (RFG) nuclear model with z expansion axial form factor
extracted from deuterium data. MINERvA data uses an updated
flux prediction from [82]. Also shown are results using the same
nuclear model but dipole form factor with axial mass mA ¼
1.014ð14Þ GeV [55].

15The z expansion will be available in GENIE production
release v2.12.0. The code is currently available in the GENIE
trunk prior to its official release. The module provides full
generality of the z expansion, and supports reweighting and
error analysis with correlated parameters.

16Nondipole parametrizations have been considered in
Refs. [67,83]. Similar remarks apply to these examples.

MEYER, BETANCOURT, GRAN, and HILL PHYSICAL REVIEW D 93, 113015 (2016)

113015-14

analysis, we modify the original fits displayed in Table V.
First, we allow a correlated acceptance correction as in
Eq. (28). Second, we include a 10% error added in
quadrature to statistical error in each Q2 bin to account
for residual deuteron or other systematic corrections, as
described at the end of Sec. IV B. With these corrections in
place, we perform a χ2 fit to all data up to Q2 ¼ 1 GeV2.
The neglect of data above Q2 ¼ 1 GeV2 has only minor
impact on the extraction of FAðq2Þ, and allows a simple
treatment of these combined uncertainties with full covari-
ance using a χ2 fit.
As an alternative, we also provide a log-likelihood fit to

the data up to Q2 ¼ 3 GeV2, but without inflated errors to
account for deuterium and other residual systematics. This
has the benefit of including data over the entire kinematic
range, but omits sources of systematic error that would
need to be treated separately.

VI. AXIAL FORM FACTOR EXTRACTION

The best axial form factor is extracted from a joint fit to
the three data sets. We choose Na ¼ 4 free parameters with
t0 ¼ toptimal

0 ð1 GeV2Þ and data with Q2 ≤ 1 GeV2. As
discussed above, this corresponds to a kmax ¼ 8 z expan-
sion, where five linear combinations of coefficients are
fixed by the Q2 ¼ 0 constraint and by the four sum rules
(16). The acceptance correction free parameter is indepen-
dent for each experiment in the joint fit.
Our knowledge of the axial form factor resulting from

deuterium scattering data is summarized by constraints on
the coefficients ak. Central values and 1σ errors determined
from Δχ2 ¼ 1 are13

½a1; a2; a3; a4% ¼ ½2.30ð13Þ;−0.6ð1.0Þ;−3.8ð2.5Þ;2.3ð2.7Þ%:
ð31Þ

The diagonal entries of the error (covariance) matrix,
computed from the inverse of the Hessian matrix for
χ2ðfakgÞ, are

Ediag ¼ ½0.0154; 1.08; 6.54; 7.40%: ð32Þ

Note that ðEdiagÞi ≈ ðδaiÞ2, reflecting approximately
Gaussian behavior. The four-dimensional correlation
matrix is

Cij ¼

0

BBB@

1 0.350 −0.678 0.611

0.350 1 −0.898 0.367

−0.678 −0.898 1 −0.685
0.611 0.367 −0.685 1

1

CCCA ð33Þ

and as usual the error matrix is given by Eij ¼ δaiδajCij.
This description can be systematically improved when and
if further data or externally constrained deuterium models
become available. The form factor is plotted versus Q2 and
versus z in Fig. 7, and compared with a previous world
average dipole form factor from Ref. [55].
We also provide an alternate log-likelihood determina-

tion of the axial form factor to the range Q2 < 3.0 GeV2,
but without deuteron systematic corrections. Central values
and 1σ errors determined from Δð−2LLÞ ¼ 1 are

½a1; a2; a3; a4% ¼ ½2.28ð8Þ; 0.25ð95Þ;−5.2ð2.3Þ; 2.6ð2.7Þ%:
ð34Þ
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FIG. 7. Final form factor from Eqs. (31), (32) and (33). Also
shown is the dipole axial form factor with axial mass mA ¼
1.014ð14Þ GeV [55].

13The complete specification for the form factor involves the
normalization gA ¼ −1.2723 from Table I; the pion mass mπ ¼
0.14 GeV employed in the specification of tcut ¼ 9m2

π in
Eq. (12); and the choice t0 ¼ −0.28 GeV2. The remaining
coefficients, a0, a5, a6, a7 and a8, are determined by FAð0Þ ¼
gA, and by the sum rule constraints (16); for ease of comparison
we list the complete list of central values here: ½a0;…;a8%¼
½−0.759;2.30;−0.6;−3.8;2.3;2.16;−0.896;−1.58;0.823%.
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Amplitudes derived from scattering data on elementary targets are basic inputs to neutrino-nucleus cross
section predictions. A prominent example is the isovector axial nucleon form factor, FAðq2Þ, which
controls charged current signal processes at accelerator-based neutrino oscillation experiments. Previous
extractions of FA from neutrino-deuteron scattering data rely on a dipole shape assumption that introduces
an unquantified error. A new analysis of world data for neutrino-deuteron scattering is performed using a
model-independent, and systematically improvable, representation of FA. A complete error budget for
the nucleon isovector axial radius leads to r2A ¼ 0.46ð22Þ fm2, with a much larger uncertainty than
determined in the original analyses. The quasielastic neutrino-neutron cross section is determined as
σðνμn → μ−pÞjEν¼1 GeV ¼ 10.1ð0.9Þ × 10−39 cm2. The propagation of nucleon-level constraints and
uncertainties to nuclear cross sections is illustrated using MINERvA data and the GENIE event generator.
These techniques can be readily extended to other amplitudes and processes.
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I. INTRODUCTION

Current and next generation accelerator-based neutrino
experiments are poised to answer fundamental questions
about neutrinos [1–5]. Precise neutrino scattering cross
sections on target nuclei are critical to the success of these
experiments. These cross sections are computed using
nucleon-level amplitudes combined with nuclear models.
Determination of the requisite nuclear corrections presently
relies on data-driven modeling [6–9] employing experi-
mental constraints [10–17]. Ab initio nuclear computations
are beginning to provide additional insight [18–20].
Regardless of whether nuclear corrections are constrained
experimentally or derived from first principles, independent
knowledge of the elementary nucleon-level amplitudes is
essential. In this paper, we address the problem of model-
independent extraction of elementary amplitudes from
scattering data, and the propagation of rigorous uncertain-
ties through to nuclear observables.

The axial-vector nucleon form factor, FAðq2Þ, is a promi-
nent source of uncertainty in any neutrino cross section
program.While the techniques employed in thepresent paper
may be similarly applied to other elementary amplitudes,
such as vector form factors [21], we focus on the axial-vector
form factor, which is not probed directly in electron scatter-
ing measurements, and which has large uncertainty.
The axial form factor is constrained, with a varying

degree of model dependence, by neutron beta decay [22],
neutrino scattering on nuclear targets heavier than deuterium
[11,23–28], pion electroproduction [29] and muon capture
[30]. Existing data for the neutrino-deuteron scattering
process provide the most direct access to the shape of the
axial-vector nucleon form factor. The assumption of a neutron
at rest and barely bound in the laboratory frame permits
unambiguous energy reconstruction, eliminating flux uncer-
tainties. The abundant neutrino scattering data on heavier
targets involve degenerate uncertainties from neutrino flux,
and from large and model-dependent nuclear corrections,
complicating the extraction of nucleon-level amplitudes.
Antineutrino scattering on hydrogen would entirely elimi-
nate even the nuclear corrections required for deuterium, but
there are no high-statistics data for this process. Given the
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†betan009@fnal.gov
‡rgran@d.umn.edu
§richardhill@uchicago.edu

PHYSICAL REVIEW D 93, 113015 (2016)

2470-0010=2016=93(11)=113015(18) 113015-1 © 2016 American Physical Society

Meyer, Betancourt, Gran, Hill (2016)

where ni is the number of events in the ith bin, and μi is the
theory prediction (7) for the bin. Errors correspond to
changes of 1.0 in the −2LL function.
Because we do not use an unbinned likelihood fit, we do

not expect precise agreement even when the original
choices of constants in Table I are used. Comparing the
first two columns of Table II, the size of the resulting
statistical uncertainties are approximately equal, and only
FNAL shows a discrepancy in central value. A similar
exercise was performed in Refs. [66,74,75], and similar
results were obtained. Having reproduced the original
analyses to the extent possible, we will proceed with the
updated constants as in the final column of Table I.

III. z EXPANSION ANALYSIS

The dipole assumption (9) on the axial form factor shape
represents an unquantified systematic error. We now
remove this assumption, enforcing only the known analytic
structure that the form factor inherits from QCD. We
investigate the constraints from deuterium data in this
more general framework. A similar analysis may be
performed using future lattice QCD calculations in place
of deuterium data.

A. z expansion formalism

The axial form factor obeys the dispersion relation,

FAðq2Þ ¼
1

π

Z
∞

tcut
dt0

ImFAðt0 þ i0Þ
t0 − q2

; ð11Þ

where tcut ¼ 9m2
π represents the leading three-pion thresh-

old for states that can be produced by the axial current. The
presence of singularities along the positive real axis implies
that a simple Taylor expansion of the form factor in the
variable q2 does not converge for jq2j ≥ 9m2

π ≈ 0.18 GeV2.
Consider the new variable obtained by mapping the domain
of analyticity onto the unit circle [31],

zðq2; tcut; t0Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tcut − q2

p
− ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

tcut − t0
p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tcut − q2

p
þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

tcut − t0
p ; ð12Þ

where t0, with −∞ < t0 < tcut, is an arbitrary number that
may be chosen for convenience. In terms of the new
variable we may write a convergent expansion,

FAðq2Þ ¼
Xkmax

k¼0

akzðq2Þk; ð13Þ

where the expansion coefficients ak are dimensionless
numbers encoding nucleon structure information.
In any given experiment, the finite range of Q2 implies a

maximal range for jzj that is less than unity. We denote by
toptimal
0 ðQ2

maxÞ the choice which minimizes the maximum
size of jzj in the range −Q2

max ≤ q2 ≤ 0. Explicitly,

toptimal
0 ðQ2Þ ¼ tcut

"
1 −

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þQ2

max=tcut
q #

: ð14Þ

Table III displays jzjmax for several choices of Q2
max and t0.

The choice of t0 can be optimized for various applica-
tions. We have in mind applications with data concentrated
below Q2 ¼ 1 GeV2, and therefore take as default choice,

t̄0 ¼ toptimal
0 ð1 GeV2Þ ≈ −0.28 GeV2; ð15Þ

minimizing the number of parameters that are necessary to
describe data in this region. Inspection of Table III shows
that the form factor expressed as FAðzÞ becomes approx-
imately linear. For example, taking jzjmax ¼ 0.23 implies
that quadratic, cubic, and quartic terms enter at the level of
∼5%, 1% and 0.3%.
The asymptotic scaling prediction from perturbative QCD

[76], FA ∼Q−4, implies the series of four sum rules [35]

X∞

k¼n

kðk − 1Þ % % % ðk − nþ 1Þak ¼ 0; n ¼ 0; 1; 2; 3: ð16Þ

We enforce the sum rules (16) on the coefficients, ensuring
that the form factor falls smoothly to zero at large Q2.
Together with the Q2 ¼ 0 constraint, this leaves Na ¼
kmax − 4 free parameters in Eq. (13). From Eq. (16), it can
be shown [35] that the coefficients behave as ak ∼ k−4 at
large k. We remark that the dipole ansatz (9) implies the
coefficient scaling law jakj ∼ k at large k, in conflict with
perturbative QCD.
In addition to the sum rules, an examination of explicit

spectral functions and scattering data [31] motivates the
bound of

jak=a0j ≤ 5: ð17Þ

As noted above, from Eq. (16), the coefficients behave as
ak ∼ k−4 at large k. We invoke a falloff of the coefficients at
higher order in k,

jak=a0j ≤ 25=k; k > 5: ð18Þ

The bounds are enforced with a Gaussian penalty on the
coefficients entering the fit. We investigate fits using a

TABLE III. Maximum value of jzj for different Q2 ranges and
choices of t0. t

optimal
0 is defined in Eq. (14).

Q2
max GeV2 t0 jzjmax

1.0 0 0.44
3.0 0 0.62
1.0 toptimal

0 ð1.0 GeV2Þ ¼ −0.28 GeV2 0.23
3.0 toptimal

0 ð1.0 GeV2Þ ¼ −0.28 GeV2 0.45
3.0 toptimal

0 ð3.0 GeV2Þ ¼ −0.57 GeV2 0.35

DEUTERIUM TARGET DATA FOR PRECISION NEUTRINO- … PHYSICAL REVIEW D 93, 113015 (2016)

113015-5

(Form factor fully specified 
in the paper, etc.)

Here, Minerva for illustration 
- fit was to deuterium data.

Measurement from re-analysis

Nucleon physics



Single pion production on nucleons
• Understanding single pion production reactions on nucleons is 

required to describe these processes in nuclei.
• Reanalyze previous studies of 1-pion production on nucleons for W < 1.4 

GeV to improve description of νμn → μ-nπ+ (current theoretical models give 
values significantly below data).

• Here change the strength of the spin 1/2 components in the Δ 
propagator and use the νμn → μ-nπ+ data to constraint its value.

• Now find good reproduction for νμn → μ-nπ+ without affecting the (good) 
results previously obtained for other channels.
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Understanding single pion production reactions on free nucleons is the first step towards a correct
description of these processes in nuclei, which are important for signal and background contributions in
current and near future accelerator neutrino oscillation experiments. In this work, we reanalyze our
previous studies of neutrino-induced one-pion production on nucleons for outgoing πN invariant masses
below 1.4 GeV. Our motivation is to get a better description of the νμn → μ−nπþ cross section, for which
current theoretical models give values significantly below data. This channel is very sensitive to the
crossed Δð1232Þ contribution and thus, to spin 1=2 components in the Rarita-Schwinger Δ propagator.
We show how these spin 1=2 components are nonpropagating and give rise to contact interactions. In this
context, we point out that the discrepancy with experiment might be corrected by the addition of
appropriate extra contact terms and argue that this procedure will provide a natural solution to the
νμn → μ−nπþ puzzle. To keep our model simple, in this work, we propose to change the strength of the
spin 1=2 components in the Δ propagator and use the νμn → μ−nπþ data to constraint its value. With this
modification, we now find a good reproduction of the νμn → μ−nπþ cross section without affecting the
good results previously obtained for the other channels. We also explore how this change in the Δ
propagator affects our predictions for pion photoproduction and find also a better agreement with
experiment than with the previous model.

DOI: 10.1103/PhysRevD.95.053007

I. INTRODUCTION

New and more precise measurements of neutrino cross
sections in the few GeVenergy region have renewed interest
in a better understanding of electroweak interactions on
nucleons and nuclei. This interest comes from neutrino
oscillation experiments and their need to reduce systematic
errors to achieve the precision goals of the neutrino
oscillation program, making new discoveries, like the CP
violation in the leptonic sector, possible. Neutrinos are
detected through their interactions with the nuclei that form
part of the detectors. For nuclear physics, this represents a
challenge because precise knowledge of neutrino oscillation
parameters requires an accurate understanding of the detector
responses, and it can only be achieved if nuclear effects are

under control [1–6]. Neutrino fluxes used in contemporary
and near future long and short baseline experiments (T2K,
NOνA, MINERνA, DUNE, …) are peaked in the 1–5 GeV
energy domain, whereweak pion production becomes one of
the main reaction mechanisms [3]. Nuclear effects, arising
from the fact that the reaction takes place inside of a nuclear
medium, or from the final-state interactions (FSI) of the
produced hadrons through their path across the nucleus will
certainly need to be incorporated.1

Nevertheless, the first requirement to put neutrino
induced pion production on nuclear targets on a firm ground
is to have a realistic model at the nucleon level.2 Data on
neutrino pion production off nucleons all come from
deuterium bubble chamber experiments carried out in the
1980’s at Argonne (ANL) [17] and Brookhaven (BNL) [18]

1Weak pion production in dense matter is strongly affected by nuclear corrections, which might not be under control. As example of
the theoretical difficulties faced, we refer the reader to the MiniBooNE flux-folded differential dσ=dpπ cross section data in mineral oil
reported in Ref. [7], which cannot be described by the state of the art theoretical calculations of Refs. [8] and [9]. The latter approach is
based in the chiral-inspired model of Ref. [10] for weak pion production reaction off nucleons, which will be updated in this work.
MINERνA pion production data for higher neutrino energies (Eν ∼ 4 GeV) have recently become available [11–13] and show some
appreciable inconsistencies, mostly in the magnitude of the cross sections, with MiniBooNE measurements. This is an open problem
that deserves further discussion. Charged current pion production data from T2K will be an important check, since the neutrino energy
range in this experiment is similar to that of MiniBooNE.

2At this point, we should stress that the Rein-Sehgal model [14] used by almost all Monte Carlo generators, provides a really poor
description of the pion electroproduction data on protons [15,16]. Indeed, the model underestimates significantly the electron data, and it
also reveals itself unsatisfactory in the axial sector at q2 ¼ 0, where the divergence of the axial current can be related to the πN amplitude
by PCAC (partial conservation of the axial current).
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panel) and νμn → μ−nπþ (bottom panel) cross sections compared to data from ANL [17] (upper left panel) and the reanalyses of
Refs. [19] (upper right panel) and [20] (bottom panel). In the bottom panel, we also show the original ANL [17] and BNL [18] data. Red
solid and black dashed lines show the results obtained in this work, obtained using the best fit parameters of Eq. (36), and those derived
from fit B of Ref. [21], respectively. In the upper left and bottom panels, ANL data (both original and reanalyzed) and theoretical results
include a WπN < 1.4 GeV cut in the final pion-nucleon invariant mass. Brown (gray) theoretical bands account for the variation of the
results when CA

5 ð0Þ (LEC c) changes within its error interval given in Eq. (36). ANL reanalyzed cross sections have no systematic errors
due to flux uncertainties. Besides, theoretical results in the upper left panel have been divided by β ¼ 1.23, accounting for flux
uncertainties [see Eq. (35)]. Deuteron effects have been taken into account as explained in Ref. [25].
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from fit B of Ref. [21], respectively. In the upper left and bottom panels, ANL data (both original and reanalyzed) and theoretical results
include a WπN < 1.4 GeV cut in the final pion-nucleon invariant mass. Brown (gray) theoretical bands account for the variation of the
results when CA

5 ð0Þ (LEC c) changes within its error interval given in Eq. (36). ANL reanalyzed cross sections have no systematic errors
due to flux uncertainties. Besides, theoretical results in the upper left panel have been divided by β ¼ 1.23, accounting for flux
uncertainties [see Eq. (35)]. Deuteron effects have been taken into account as explained in Ref. [25].
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FIG. 4. Total νμn → μ−pπ0 (left) and νμn → νpπ− (right) cross sections. Red solid and black dashed lines show the results obtained in
this work and those derived from fit B of Ref. [21], respectively. Experimental cross sections in the left panel have been taken from
Ref. [17] (ANL), Ref. [18] (BNL), and Ref. [20] (ANL reanalyzed), while in the right panel the data have been taken from Ref. [48]
(ANL). Theoretical results, ANL and ANL reanalyzed cross sections include a WπN < 1.4 GeV cut in the final pion-nucleon invariant
mass. Experimental errors and theoretical bands have been evaluated as described in Fig. 3. ANL reanalyzed data have no systematic
errors due to flux uncertainties. Deuteron effects have been taken into account as explained in Ref. [25].
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The isoscalar form factors are given in Ref. [9]. For them,
we use the same functional form as for the ~CV

j while their
values at q2 ¼ 0 have been taken from Ref. [29].
Finally, the differential γN → N0π cross section in the
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the amplitudes jμem as

d2σ
d cosðθπÞdEπ

$$$$
LAB

¼ −
αj~kπj

16Mj~qjE0

×
%X̄

spins

jμemj'μem

&

× δðq0 þM − Eπ − E0Þ: ðA33Þ

The energy conservation Dirac delta fixes the pion polar
angle in the LAB frame as

cosðθπÞ ¼
2MðEπ − q0Þ þ 2q0Eπ −m2

π

2q0j~kπj
: ðA34Þ

In addition, the average and sum over the initial and
final nucleon spins in Eq. (A33) is readily done
thanks to
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where the spin dependence of the Dirac’s spinors is
understood and Sμ is a matrix in the Dirac’s space for
each value of the Lorentz index μ.
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Single pion production on nucleons

• Low-energy models describe neutrino production of pions in the Delta 
region, but fail in the high-energy region (W > ~2 GeV).

• Here developed a single model for electroweak pion production which 
is applicable to the entire energy range of interest (DUNE, etc.).

• Start with the low-energy model of [Hernández, Nieves, and Valverde, PRD 
76, 033005 (2007).], which includes resonant contributions and 
background terms derived from the pion-nucleon Lagrangian of chiral-
perturbation theory.

• From the background contributions, build a high-energy model using a 
Regge approach.

• Low- and high- energy models are combined, phenomenologically, into a 
hybrid model. The model is then compared to a MC event generator 
(NuWro) and to data.

Gabriel N. Perdue // DPF 2017 // Neutrino interactions August 2nd, 201732

Electroweak single-pion production off the nucleon:
From threshold to high invariant masses
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Neutrino-induced single-pion production (SPP) provides an important contribution to neutrino-nucleus
interactions, ranging from intermediate to high energies. There exists a good number of low-energy models
in the literature to describe the neutrino production of pions in the region around the Delta resonance. Those
models consider only lowest-order interaction terms and, therefore, fail in the high-energy region (pion-
nucleon invariant masses, W ≳ 2 GeV). Our goal is to develop a model for electroweak SPP off the
nucleon, which is applicable to the entire energy range of interest for present and future accelerator-based
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I. INTRODUCTION

Single-pion production constitutes an important contri-
bution to the neutrino-nucleus cross section in the region
covered by accelerator-based neutrino-oscillation experi-
ments such as MiniBooNE and T2K [1,2], with a beam
energy of εν ∼ 0.5–2 GeV. These experiments, which use
nuclei as target material, select the events of the dominant
charged-current (CC) quasielastic (QE) νμn → μ−p chan-
nel to reconstruct the neutrino energy. Single-pion pro-
duction νμN → μ−N0π is an important background in the
identification process: if the produced pion is absorbed in
the nucleus the signal mimics a QE event in the detector.
These events are subtracted from the QE sample using
event generators which base their predictions on theoretical
models. Thus, if such predictions are not accurate, the error
is propagated systematically to the reconstructed energy
which is subsequently used to obtain the neutrino oscil-
lation parameters. Weak-neutral current (WNC) π0 pro-
duction, νN → νN0π0, is also an important background in
νe (ν̄e) appearance experiments due to the difficulty to

distinguish between a π0 and an electron (positron) signal.
Therefore, in order to make precise estimates for the desired
oscillation parameters, it is essential to have theoretical
models capable of providing reliable predictions for the
pion-production process at the vertex level as well as for the
pion propagation through the nuclear medium. In addition,
weak pion production offers a unique opportunity to learn
about the axial form factors of the nucleon resonances and,
in general, about the nucleon axial current. In this line, the
recent sets of neutrino-induced SPP data from MiniBooNE
[3–5] and MINERvA [6–8], as well as the inclusive
neutrino-nucleus data from T2K [9] and SciBooNE [10],
offer an excellent opportunity to test and improve the
existing models on pion production in the nuclear medium.
There exists a good number of models in the literature

describing the neutrino production of pions in the region
around the Delta resonance [11–21] (see Refs. [22–24] for
a review), that is, from the pion threshold to W ≈ 1.4 GeV
(where W is the πN-invariant mass). In spite of the
differences between these models, all of them describe
the reaction amplitude using lowest-order interaction terms,
which is appropriate near the pion-production threshold. At
increasing energies, however, higher-order contributions*Raul.GonzalezJimenez@UGent.be
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Superscaling models with MEC
• Recent progress on the relativistic modeling of electron-

nucleus reactions.
• Nuclear model originally based on superscaling phenomenon of 

electron-nucleus scattering - has been improved by including 
relativistic mean field theory effects that model the 
enhancement of the QE transverse scaling function compared to 
the longitudinal.

• Model extended to include the complete inelastic spectrum—
resonant, nonresonant and deep inelastic scattering.

• Consider impacts of meson-exchange currents through two-
particle two-hole (2p2h) contributions to EM response functions 
within the framework of the relativistic Fermi gas, examining for 
the first time the longitudinal channel in addition to the 
transverse.
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We present our recent progress on the relativistic modeling of electron-nucleus reactions and compare
our predictions with inclusive 12C (e, e0) experimental data in a wide kinematical region. The model,
originally based on the superscaling phenomenon shown by electron-nucleus scattering data, has recently
been improved through the inclusion of relativistic mean field theory effects that take into account the
enhancement of the quasielastic transverse scaling function compared with its longitudinal counterpart. In
this work, we extend the model to include the complete inelastic spectrum—resonant, nonresonant and
deep inelastic scattering. We also discuss the impact of meson-exchange currents through the analysis of
two-particle two-hole contributions to electromagnetic response functions evaluated within the framework
of the relativistic Fermi gas, considering for the first time not only the transverse but also the longitudinal
channel. The results show quite good agreement with data over the whole range of energy transfer,
including the dip region between the quasielastic peak and the Δ resonance.
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I. INTRODUCTION

One of the challenging goals of current neutrino oscillation
experiments is a proper and precise description of neutrino-
nucleus scattering at intermediate energies (from a few
hundred MeV to a few GeV). Particular emphasis is placed
on the evaluation of effects linked to the nuclear structure
involved in the analysis of experiments. In recent years,
several models, originally developed to study electron-
nucleus scattering, have been further extended to the descrip-
tion of neutrino-nucleus cross sections [1–8]. These models
are required to provide a precise enough description of
electron scattering data before they can be applied to neutrino
reactions. In some cases, such as the simple and commonly
used relativistic Fermi gas model (RFG), they fail to repro-
duce both inclusive electron scattering in the quasielastic
(QE) regime as well as recent measurements of QE neutrino
and antineutrino scattering cross sections. This is connected
with the approaches assumed by the specific nuclear models
and, more importantly, with the simplified description of the
reactionmechanism that, in most of the cases, is based on the
impulse approximation (IA) with additional nonrelativistic
reductions. Hence, a proper evaluation of the effects intro-
duced by final-state interactions (FSI) and mechanisms
beyond the IA, such as nuclear correlations and two-particle
two-hole excitations, are needed. In this context, a consistent

and complete description of the electron scattering cross
section that includes not only the QE regime but also regions
at higher energy transfer (nucleon resonances, inelastic
spectrum) is essential for the analysis of current neutrino
oscillation experiments. This provides a critical baseline for
the validation of theoretical neutrino-nucleus interaction
models.
In recent years, the scaling [9] and superscaling

properties [10,11] of electron-nucleus interactions have
been analyzed in detail and used to construct a
semi-phenomenological model for lepton-nucleus scatter-
ing [1]. This model, denoted as the superscaling approach
(SuSA) [10–12], assumes the existence of universal scaling
functions for electromagnetic and weak interactions. The
general procedure adopted in this analysis consists of
dividing the (e, e0) experimental cross section by an
appropriate single-nucleon one to obtain a reduced cross
section. When this is plotted as a function of the “scaling”
variable (ψ), itself a function of the energy (ω) and
momentum transfer (q), some particular properties emerge.
Specifically, analyses of inclusive (e, e0) data have shown
that at energy transfers below the QE peak, the reduced
cross section is largely independent of the momentum
transfer, which is called scaling of the first kind, and of the
nuclear target, which is defined as scaling of the second
kind. This simultaneous occurrence of scaling of both kinds
is denoted as superscaling. At higher energies, above the
QE peak, both kinds of scaling are shown to be violated as a
consequence of the contributions introduced by effects

*Corresponding author.
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Quick refresher - scaling
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Introduction
Results

Conclusions
Theoretical framework
Theoretical Models and Description

.. Theoretical description: Scaling phenomenon

f (ψ) ≡ f (q,ω) ∼
σQE (nuclear effects)

σsingle nucleon(no nuclear effects) ; ψ-scaling variable

.In inclusive QE scattering we can observe:

..

......

✰ Scaling of 1st kind (independence on q)
✰ Scaling of 2nd kind (independence on Z )

=⇒ SuperScaling

Scaling violations in
the T channel ⇒
2p-2h MEC, correla-
tions

G.D. Megias (University of Seville) Analysis of (e,e’) scattering data within the SuSAv2-MEC approach
Plus - 0th kind: the scaling function is the same for the 
transverse and longitudinal responses - assumed in 
original SuSA model, but SuSA v2 (based on RMF) 
predicts fT > fL as a genuine relativistic effect.
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Application of the calculation to neutrinos
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Comparison with (e,e’) experimental data
Comparison with CCQE νµ-12C experimental data
Analysis of inclusive CC cross sections
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Ab initio nuclear many body theory

• QCD is non-perturbative at large distances. Lattice QCD is our best method for 
handling low energy QCD, but it is limited in a nuclear physics context to small (A < 
4) systems and restricted to a relatively large pion mass. Therefore we must 
employ effective theories.

• Ab initio approaches are based on a non-relativistic Hamiltonian and are able (e.g. 
Argonne v18) to predict the spectrum of light nuclei:
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Ab initio approaches accurately predict the energy spectrum of light nuclei
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The nuclear Hamiltonian 
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NMBT response functions (here for electron scattering)
• The plan is to compute response functions 

(ground state, currents, propagation) for 
electrons and use the common pieces for 
neutrinos.

• Longitudinal and transverse electromagnetic 
response functions for Carbon-12 are 
computed using a "first-principles" Green's 
Function Monte Carlo (GFMC)
- Calculation uses realistic 2- and 3-nucleon 

interactions and associated 1- and 2-body 
currents.

• Find good agreement with experiment and 
no evidence for the quenching of the 
measured versus calculated longitudinal 
response.
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scattering as being dominated by a single-nucleon knock
out. This fact also has implications for the nuclear weak
response probed in inclusive neutrino scattering induced by
charge-changing and neutral current processes. In particu-
lar, the energy dependence of the cross section is quite
important in extracting neutrino oscillation parameters. An
earlier study of the sum rules associated with the weak
transverse and vector-axial interference response functions
in 12C found [42] a large enhancement due to two-body
currents in both the vector and axial components of the
neutral current. Only neutral weak processes have been
considered so far, but one would expect these conclusions
to remain valid in the case of charge-changing ones. In this
connection, it is important to realize that neutrino and
antineutrino cross sections differ only in the sign of this
vector-axial interference response, and that this difference
is crucial for inferring the charge-conjugation and parity
violating phase, one of the fundamental parameters of
neutrino physics, to be measured at the Deep Underground
Neutrino Experiment (DUNE)[43].
We conclude by updating in Fig. 3 the results for the

Coulomb sum rule of 12C obtained in Ref. [5]. The
theoretical calculation (solid line) is identical to the one

reported in that work. In the present analysis of the
experimental data (empty and full circles), the inelastic
threshold has been assumed to correspond to the energy of
the 4þ state rather than to that of the 2þ state, as we have
explicitly accounted for the transitions to the low-lying
states. We recall that the empty circles are obtained by
integrating RLðq;ωÞ up to ωmax, the highest measured
energy transfer, while the full circles also include the “tail”
contribution for ω > ωmax and into the timelike region
(ω > q), which cannot be accessed in (e, e0) scattering
experiments, by assuming that the longitudinal response in
12C is proportional to that of the deuteron [5]. As the direct
calculations demonstrate in Figs. 1 and 2, there is non-
vanishing strength in the timelike region (see in particular
the top panels of these figures which extend to ω > q), and
this strength needs to be accounted for before comparing
theory to experiment.
The square data points in Fig. 3 have been obtained by

adding to the full circles the contribution due to the low-
lying Jπ ¼ 2þ, 0þ2 , and 4þ states. Given the choice of
normalization for SLðqÞ in Fig. 3, this contribution is
simply given by the sum of the squares—each multiplied
by Z ¼ 6—of the (longitudinal) transition form factors
listed in Table I. Among these, the dominant one is the form
factor to the 2þ state at a 4.44 MeV excitation energy. The
contributions associated with these states, in particular the
2þ state, were overlooked in the analysis of Ref. [5] and, to
the best of our knowledge, in all preceding analyses—the
difference between the total inelastic and quasielastic
strength alluded to earlier was not fully appreciated.
While they are negligible at large q (certainly at
q ¼ 570 MeV=c), they are significant at low q. They help
to bring theory into excellent agreement with experiment.
Figures 1 and 2 clearly demonstrate that the picture of

interacting nucleons and currents quantitatively describes
the electromagnetic response of 12C in the quasielastic
regime. The key features necessary for this successful

FIG. 2. Same as Fig. 1 but for the electromagnetic transverse
response functions. Because pion production mechanisms are not
included, the present theory underestimates the (transverse)
strength in the Δ peak region; see in particular the q ¼
570 MeV=c case.

FIG. 3. Coulomb sum rule in 12C: theory (black solid line
labeled 1bþ 2b) and analyses of experimental data (blue empty
and full circles labeled EXP-TR and EXP) are from Ref. [5]; the
(red square) data points, labeled EXP-TFF, include the contri-
butions of the low-lying Jπ ¼ 2þ, 0þ2 (Hoyle), and 4þ states,;
see the text for explanations.
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description are a complete and consistent treatment of
initial-state correlations and final-state interactions and a
realistic treatment of two-nucleon currents, all fully and
exactly accounted for in the GFMC calculations. In the
transverse channel the interference between one- and two-
body current (schematically, 1b and 2b) contributions is
largely responsible for enhancement in the quasielastic
peak, while this interference plays a minor role at large ω,
where 2b-2b contributions become dominant. The absence
of explicit pion production mechanisms in this channel
restricts the applicability of the present theory to the
quasielastic region of RTðq;ωÞ, for ω’s below the
Δ-resonance peak. Finally, the so-called quenching of
the longitudinal response near the quasielastic peak
emerges in this study as a result of initial-state correlations
and final-state interactions.
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description are a complete and consistent treatment of
initial-state correlations and final-state interactions and a
realistic treatment of two-nucleon currents, all fully and
exactly accounted for in the GFMC calculations. In the
transverse channel the interference between one- and two-
body current (schematically, 1b and 2b) contributions is
largely responsible for enhancement in the quasielastic
peak, while this interference plays a minor role at large ω,
where 2b-2b contributions become dominant. The absence
of explicit pion production mechanisms in this channel
restricts the applicability of the present theory to the
quasielastic region of RTðq;ωÞ, for ω’s below the
Δ-resonance peak. Finally, the so-called quenching of
the longitudinal response near the quasielastic peak
emerges in this study as a result of initial-state correlations
and final-state interactions.
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description are a complete and consistent treatment of
initial-state correlations and final-state interactions and a
realistic treatment of two-nucleon currents, all fully and
exactly accounted for in the GFMC calculations. In the
transverse channel the interference between one- and two-
body current (schematically, 1b and 2b) contributions is
largely responsible for enhancement in the quasielastic
peak, while this interference plays a minor role at large ω,
where 2b-2b contributions become dominant. The absence
of explicit pion production mechanisms in this channel
restricts the applicability of the present theory to the
quasielastic region of RTðq;ωÞ, for ω’s below the
Δ-resonance peak. Finally, the so-called quenching of
the longitudinal response near the quasielastic peak
emerges in this study as a result of initial-state correlations
and final-state interactions.
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The longitudinal and transverse electromagnetic response functions of 12C are computed in a
“first-principles” Green’s function Monte Carlo calculation, based on realistic two- and three-nucleon
interactions and associated one- and two-body currents. We find excellent agreement between theory and
experiment and, in particular, no evidence for the quenching of the measured versus calculated longitudinal
response. This is further corroborated by a reanalysis of the Coulomb sum rule, in which the contributions
from the low-lying Jπ ¼ 2þ, 0þ2 (Hoyle), and 4þ states in 12C are accounted for explicitly in evaluating the
total inelastic strength.

DOI: 10.1103/PhysRevLett.117.082501

One of the challenges in quantum many-body physics is
calculating the electroweak response of a nucleus by fully
accounting for the dynamics of its constituent nucleons.
In this Letter we report the first such calculation for the
electromagnetic response of the 12C nucleus.
The nucleons interact with each other via two- and three-

body forces and with external electroweak fields via one-
and two-body, and smaller many-body, currents. This
dynamical picture of the nucleus in which the conse-
quences of the nucleons’ substructure on its structure
and response are subsumed into effective many-body forces
and currents is by now well established. When coupled to
numerically exact methods, such as the Green’s function
Monte Carlo (GFMC) methods adopted in this work, it has
led to a quantitative and successful “first-principles” under-
standing of many nuclear properties including the low-
lying energy spectra of nuclei up to 12C (Ref. [1] and
references therein), their radii and magnetic moments [2,3],
their elastic and inelastic electromagnetic form factors
[4,5], electroweak transitions between their low-lying states
(M1 and E2 widths [2,3], and β-decay and electron-capture
rates [6]), and properties of their ground-state structure,
such as the momentum distributions of nucleons and
nucleon pairs [7], and insights into the role that the
dominant features of the nuclear interaction—the short-
range repulsion and long-range tensor nature—have in
shaping their ground-state structure [8], and more (for a
recent review see Ref. [1]). One of the key features of this
approach is the assumption that the couplings of the
external fields to the nucleons are governed by those in
free space with modifications induced primarily by two-
nucleon currents. However, it should be emphasized that
the GFMC method, as presently formulated, cannot
account for explicit π-production processes; in particular,
it is not suitable to describe the Δ-excitation peak region.

Here, we report calculations of the 12C electromagnetic
longitudinal and transverse response functions, denoted,
respectively, as RLðq;ωÞ and RTðq;ωÞ, where q and ω are
the electron momentum and energy transfers. These
response functions are obtained experimentally by the
Rosenbluth separation of inclusive ðe; e0Þ scattering data
[9,10]. The calculations are based on the AV18þ IL7
combination of two- and three-nucleon potentials [11,12]
and the accompanying set of two-body electromagnetic
currents (for a review see Ref. [1] and references therein).
GFMC methods are used to compute these responses as
functions of imaginary time [13,14], and maximum-
entropy techniques to infer from these imaginary-time data
the actual RLðq;ωÞ and RTðq;ωÞ [15–17]. These latter two
aspects of this study are discussed below.
Accurate calculations of the nuclear response are necessary

to reliably test this realistic framework of nuclear dynamics.
In simplified approaches, for example, an increase in nucleon
size has been advocated to explain the depletion of the nuclear
structure functions measured by deep inelastic scattering
(the European Muon Collaboration (EMC) effect [18]), the
quenching of the quasielastic longitudinal responsemeasured
in (e, e0) scattering off light and heavy nuclear targets [19,20],
and the suppression in the ratio of transverse to longitudinal
polarization transfers in 4He relative to the ratio in hydrogen,
measured via the 4Heð~e; e0 ~pÞ3H reaction at quasielastic
kinematics at JeffersonLab (Ref. [21] and references therein).
Clearly, the question of in-medium modifications is

model dependent. Indeed, theoretical approaches based
on the realistic picture outlined above indicate that binding
and correlation effects, included by employing realistic
spectral functions, lead to average removal energies much
larger than those adopted in standard EMC calculations,
and provide a quantitative account of both the size
and density dependence of the EMC effect [22–24].
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Electromagnetic scaling functions in GFMC

• Studied scaling properties of the EM response functions for 4He and 
12C using GFMC, retaining only the one-body current contribution.

• Obtained longitudinal and transverse scaling functions in the relativistic 
and non relativistic cases and compared to experiment.

• Characteristic asymmetric shape of the scaling function seen in data is 
reproduced in the calculations despite a non-relativistic model.

• The results are consistent with scaling of zeroth, first and second kinds.

Gabriel N. Perdue // DPF 2017 // Neutrino interactions August 2nd, 2017

Electromagnetic scaling functions within the Green’s Function Monte Carlo approach

N. Rocco,1 L. Alvarez-Ruso,1 A. Lovato,2 and J. Nieves1

1
Instituto de F́ısica Corpuscular (IFIC), Centro Mixto CSIC-Universidad de Valencia, E-46071 Valencia, Spain

2
Physics Division, Argonne National Laboratory, Argonne, Illinois 60439, USA

(Dated: January 19, 2017)

We have studied the scaling properties of the electromagnetic response functions of 4He and 12C
nuclei computed by the Green’s Function Monte Carlo approach, retaining only the one-body current
contribution. Longitudinal and transverse scaling functions have been obtained in the relativistic
and non relativistic cases and compared to experiment for various kinematics. The characteristic
asymmetric shape of the scaling function exhibited by data emerges in the calculations in spite of
the non relativistic nature of the model. The results are consistent with scaling of zeroth, first and
second kinds. Our analysis reveals a direct correspondence between the scaling and the nucleon-
density response functions.

PACS numbers: 24.10.Cn,25.30.Pt,26.60.-c

I. INTRODUCTION

A realistic description of the electromagnetic response
of atomic nuclei is a challenging many-body problem as
it requires an accurate understanding of both the nuclear
dynamics and of the interaction vertex. In this regard a
valuable strategy consists in analyzing the scaling prop-
erties of nuclear response functions in a variety of kine-
matic setups [1–3]. Scaling of the first kind is said to
occur when the electron-nucleus cross section or longi-
tudinal/transverse response functions, divided by an ap-
propriate function describing the single-nucleon physics,
do no longer depend on two variables (for example en-
ergy transfer ! and absolute value of the 3-momentum
transfer |q| in the Laboratory frame), but only upon a
specific function of them, which defines the scaling vari-
able. Scaling of the second kind takes place when there is
no dependence on the nuclear species. Finally, the simul-
taneous occurrence of both kinds of scaling is denoted as
superscaling [4].

Superscaling is exactly fulfilled by the Global Rela-
tivistic Fermi gas (GRFG) model, for which a simple and
symmetric scaling function can be derived in terms of the
dimensionless scaling variable  [5] (explicit expressions
are provided in Sec. II B below). However, contrary to the
GRFG model predictions, the results extracted from ex-
perimental data reveal an asymmetric shape of the scal-
ing function, with a tail that extends to high values of  
(and !) [6]. These results represent a strong constraint
for theoretical models of electron scattering reactions.
Extensive studies with a large variety of models reveal
the importance of a proper description of the interaction
of knocked-out nucleons with the residual nucleus—final
state interactions (FSI)—to obtain the tail of the scaling
function [7–11]. The authors of Refs. [7, 8] argue that,
while this asymmetry in the scaling function is largely
absent in non-relativistic mean-field models, it can be
recovered within the relativistic impulse approximation,
given that FSI are described using a strong relativistic
mean field (RMF) potential. Asymmetric scaling func-
tions also emerge in semi-relativistic models when FSI

are described by local potentials derived from the RMF
one [9]. On the other hand, the comparison between
semi-relativistic and relativistic results shows a break-
down of the zeroth-kind scaling, i.e. di↵erent scaling
functions in the longitudinal and transverse channel, only
when the fully relativistic mean field approach is em-
ployed. According to Ref. [9] this e↵ect has been ascribed
to the dynamical enhancement of the lower component
of the Dirac spinors, which are not present in the semi-
relativistic approach.
In this work we analyze the scaling properties exhib-

ited by Green’s Function Monte Carlo (GFMC). GFMC
is an ab initio method allowing for a very accurate de-
scription of the properties of A  12 nuclei, in which
the dynamics of constituent nucleons are fully consid-
ered [12–14]. The longitudinal and transverse electro-
magnetic response functions of 12C, recently computed
within GFMC turn out to be in very good agreement
with experiment, when two-body currents are accounted
for [15]. Despite this remarkable result, GFMC is cur-
rently limited to 12C because of the exponentially grow-
ing cost of the calculation with the number of nucleons.
In addition to that, the inclusion of relativistic kinematic
and baryon resonance production would involve non triv-
ial di�culties.
The study of the behavior of the scaling functions ob-

tained from the GFMC calculations, while being inter-
esting in its own right, is aimed at elucidating the role
of initial and final state correlations in the asymmetric
shape of the scaling function.
In Section II we review the derivation of the electron-

nucleus cross section, as well as its expression in terms
of longitudinal and transverse response functions, which
are necessary to introduce the concept of scaling. In
Section IIA, the main elements of the Green’s Function
Monte Carlo approach are briefly outlined, while in Sec-
tion II B we explicitly derive the expression of the longi-
tudinal and transverse scaling functions in the context of
the GRFG model, both in the relativistic and non rela-
tivistic cases. In Section III we report the results of our
analysis of the scaling features of the GFMC response
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FIG. 5. Experimental scaling functions of 12C obtained from the
longitudinal responses for |q| = 300, 380, 570 MeV [23].

different in the kinematic setups considered. In particular,
for |q| = 570 MeV, these are very similar for −1.5 ! ψ ! 0
where their ratio is almost 1, while in the region ψ " 0 their
trend is significantly different and Gnr

T /GT increases for larger
values of ψ . Relativistic corrections have opposite effects in
GL and GT . This further contributes to the breaking of zeroth
kind scaling shown in the lower panels of Figs. 2, 3, and 4.

Figure 5 shows the experimental scaling functions of 12C
extracted from the experimental data of Ref. [23] for |q| =
300, 380, and 570 MeV. Although scaling is expected to occur
in the limit of large momentum transfer, within the error bars of
the different data points, the longitudinal response functions
scale to a universal curve over the entire quasielastic peak,
even in the region of moderate |q|.

In Figs. 6 and 7 the longitudinal and transverse GFMC
scaling functions are shown as a function of ψnr for |q| =
300, 380, and 570 MeV. In the transverse channel, the diff-
erence between the three curves in the ψnr < 0 region suggests
that, for |q| = 300, 380 MeV, the requirement " = "nr

2
[see Eq. (36)]—which is necessary to introduce the scaling
variable—is not satisfied for all the values of ω. Indeed,
the scaling violation in the low-energy transfer region is
clearly visible. In the longitudinal case, although theoretical
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FIG. 6. Longitudinal scaling functions of 12C obtained from
GFMC calculations for |q| = 300, 380, 570 MeV as a function
of ψnr .
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FIG. 7. Transverse scaling functions of 12C obtained from GFMC
calculations for |q| = 300, 380, 570 MeV as a function of ψnr .

results seem to indicate that first-kind scaling occurs, the
interpretation of the differences between the three curves is
obscured by the residual effect of the low-lying transitions
discussed above.

To better elucidate the scaling properties of the GFMC
calculations, it is worth to analyze the 4He nucleus, whose
longitudinal response functions are not affected by low-lying
transitions. In Fig. 8, the scaling functions obtained from the
experimental data of the longitudinal responses of 4He at |q| =
300, 400, 500, 600, and 700 MeV are shown. Choosing the
Fermi momentum equal to 180 MeV, we observe that the
points corresponding to different values of the momentum
transfer tend to lay on top of each other, and the agreement
with the 12C data at |q| = 570 MeV is also remarkable.

In Figs. 9–13 we show the longitudinal (solid blue) and
transverse (dashed red) scaling functions extracted from the
GFMC calculations of 4He at |q| = 300, 400, 500, 600, and
700 MeV. In the upper and lower panels the same scheme
followed to present the 12C scaling functions has been
adopted. In the longitudinal channel, theoretical calculations
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0.5
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0.7

-1.5 -1 -0.5 0 0.5 1 1.5 2 2.5 3

4He q=700 MeV
4He q=600 MeV
4He q=500 MeV
4He q=400 MeV
4He q=300 MeV
12 C q=570 MeV

FIG. 8. Experimental scaling functions obtained from the longi-
tudinal responses of 4He for |q| = 300, 400, 500, 600, and 700 MeV
[18]. The value of the Fermi momentum of 4He has been set
to 180 MeV. The black dots correspond to the scaling function
obtained from the experimental longitudinal response of 12C at
|q| = 570 MeV [23].
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FIG. 12. Same as in Fig. 9 but for |q| = 600 MeV.
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FIG. 13. Same as in Fig. 9 but for |q| = 700 MeV.
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FIG. 14. Longitudinal scaling functions obtained from GFMC
calculations of the longitudinal response of 4He for |q| =
400, 500, 600, 700 MeV and of 12C at |q| = 570 MeV.

Although the peak positions coincide in the impulse approx-
imation, this is not necessary true when nuclear dynamics is
fully taken into account. This is most likely due to the charge
exchange and tensor components of the nuclear interaction.
They are accounted for in the GFMC calculations, both in the
initial and in the final states. As shown in Ref. [27], these
features of the nuclear interactions bring about differences
between the nucleon and the proton Euclidean responses as
well as the spin-longitudinal and transverse ones.

The curves of Figs. 14 and 15, where we compare the lon-
gitudinal and transverse scaling functions of 4He for different
values of the momentum transfer, exhibit a satisfactory scaling
behavior. The 4He results for |q| = 600,700 MeV are almost
coincident and in good agreement with the longitudinal scaling
function of 12C computed at |q| = 570 MeV.

Figures 14 and 15 prove that the asymmetric shape of the
scaling function does not depend upon the momentum transfer.
Consequently, it is not likely to be ascribed to collective
excitation modes, that can be accounted for within the random
phase approximation.

This analysis, carried out for a variety of kinematics
suggests that scaling occurs in the GFMC calculations of the
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FIG. 15. Transverse scaling functions obtained from GFMC
calculations of the transverse response of 4He for |q| =
400, 500, 600, 700 MeV and of 12C at |q| = 570 MeV.
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Conclusions



What have we learned?

• Theory and experiment are racing together in neutrino interactions in an exciting way. 
This is a rewarding time to be working in the field - many good ideas and many fun and 
interesting collaborative opportunities that cut across theory/experiment and particle/
nuclear bounds.

• There is MUCH I didn’t cover!
- Lots of results (running and recent experiments) and theory papers.
- New experiments coming online (e.g., ANNIE, Icarus, SBND [See J. Crespo-

Anadón’s talk from Monday morning], etc.), vibrant supporting program (e.g. pion, 
neutron scattering measurements [See the Wednesday afternoon neutrino parallel 
session]), amazing concepts and proposals (e.g. nu-Prism [See C. Viela on 
Thursday morning]), and a lot of additional activity in the theory community.

- Closely related fields like very-low (~MeV to 10’s of MeV) energy neutrinos (e.g. 
COHERENT [See K. Scholberg from earlier this afternoon], supernovae [S. Locke 
from this morning], etc.).

- Implementation in MC event generators remains a major problem. We need to 
dedicate more effort to helping these codes absorb new developments like those 
discussed here.

Gabriel N. Perdue // DPF 2017 // Neutrino interactions August 2nd, 201741



Looking ahead

• Vibrant cross section program at dedicated and oscillation experiments - 
impressive pipeline of results to come.

• Multidisciplinary cooperation is critical:
- Important to have nuclear and particle theorists engaged.
• Nuclear experimentalists too! There is much we can learn from electron 

scattering experiments with regards to nuclear models and final state 
processes when we have better control over the probe particle.

- Working across the NP/HEP divide can be tricky, but it is important!
• Major effort being invested in cross-experiment communication - how do we 

make the best, most useful measurements?
- Excellent spirit of cooperation over rivalry. 
- Many recent workshops aimed at these questions:
• Tensions in Neutrino-nucleus Cross Section Data (PittPACC), State of the Nu-

tion (Toronto), Theoretical Developments in Neutrino-Nucleus Scattering (INT, 
Seattle), etc.
- CRITICAL to continue to do this!

Gabriel N. Perdue // DPF 2017 // Neutrino interactions August 2nd, 201742
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Thank you!
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Back-up



The Basic Problem

Gabriel N. Perdue // DPF 2017 // Neutrino interactions August 2nd, 201745

A neutrino comes in (unobserved).

A lepton comes out…  
(maybe)

...along with some 
hadrons (maybe).

What was the neutrino's energy?
We really want flavor too...

This (flux) is a major problem which we will not consider much here....
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MiniBooNE

SBN Program: Three LAr TPC Detectors

4

ICARUS	T600

MicroBooNE

Short	Baseline	Near	
Detector	(SBND)

nµ

Detector
Distance from	

Target
Instrumented	
LAr Mass

SBND 110	m 112	ton

MicroBooNE 470	m 87	ton

ICARUS 600	m 476	ton

MiniBooNE

4/5/17 Michael Kirby | Short Baseline Neutrino Discussion
Figure by M. Kirby



                   ArgoNeuT

• 175L Liquid Argon Time 
Projection Chamber (TPC).
• First step in the US liquid 

argon program 
(MicroBooNE, LBNE) & first 
LArTPC in a low-energy 
neutrino beam.
• Physics run in the NuMI 

Beam June ’09 ⊕ Sept. ’09 - 
Feb. ’10.
- Located between MINOS 

ND and MINERνA & 
utilized MINOS for muon 
momentum and charge 
sign. (NuMI “LE” beam.)

Gabriel N. Perdue // DPF 2017 // Neutrino interactions August 2nd, 201747

J. Spitz, arXiv: 1009.2515v1

TPC	
  /	
  Cryostat	
  Volume 175	
  /	
  500	
  L

#	
  of	
  Electronics	
  Channels* 480

Wire	
  Pitch 4	
  mm

Max	
  Drift	
  Length 0.5	
  m	
  (330	
  μs)

Electric	
  Field 500	
  V/cm

*Two readout planes: Induction & Collection 
Each Channel: 2048 Samples / 400 µs
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Differential cross sections - numu CC 1pi
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Antineutrino also new!
Tingjun Yang (Fermilab) for the ArgoNeuT Collaboration

June 27, 2017
NuINT 2017, University of Toronto

First Measurement of Single Charged Pion Production in 
Charged Current Neutrino and Antineutrino Events on Argon

Tingjun Yang (Fermilab) for the ArgoNeuT Collaboration

June 27, 2017
NuINT 2017, University of Toronto

First Measurement of Single Charged Pion Production in 
Charged Current Neutrino and Antineutrino Events on Argon

⌫µ +Ar ! µ� + 1⇡± +X

• Exactly one 
charged pion with 
momentum over 100 
MeV/c.

• No neutral pions or 
charged or neutral 
kaons.

• No restriction on the 
number of nucleons, 
or on other mesons.
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Simulations
• We have made considerable progress in modeling neutrino interactions lately, thanks to 

GENIE collaboration!
• We use GENIE (2.8.4) Monte Carlo generator 
• We are using one of the theoretical predictions and latest GENIE implementation of  

Valencia model for QE-like 2p2h, arXiv:1601.02038, PRC 83, 045501 (2011)

• We add the Valencia RPA to GENIE by reweighting the QE events,  Valverde, Amaro, 
Nieves PLB 638 (2006) 325

• We modify the GENIE non-resonance pion production to agree with deuterium data, 
Rodrigues P., Wilkinson C. & McFarland K. Eur. Phys. C (2016) 76:474

7

Weight only 2p2h np events: no scaling down
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• We use a 2d Gaussian in true variables 
(q3,q0) as a reweighting function applied 
to the 2p2h events, and fits its 
parameters to get the best agreement 
between data and MC (QE and RES are 
unchanged)

MINERvA Event Generator Development and Evolution

Minerba Betancourt
NuInt 2017



Charged current inclusive cross sections

• Use the “low-nu” to extract a flux; then use that flux to measure the inclusive 
cross sections.

• Here we normalize to the reference model (GENIE) and look at data extracted 
using that model (low-nu correction) and data extracted with an alternate model 
(nuWro), plus the behavior of that alternate model.

Gabriel N. Perdue // DPF 2017 // Neutrino interactions August 2nd, 201750

CC Inclusive Cross Section: Model Comparison

13	

Data points extracted using GENIE hybrid model correction 
favor lower total cross section  

L. Ren et al., PRD 95 (2017) no.7, 072009
L. Ren, PhD Thesis, University of Pittsburgh, 2017

CC Inclusive Cross Section: Model Comparison

13	

Data points extracted using GENIE hybrid model correction 
favor lower total cross section  

L. Ren et al., PRD 95 (2017) no.7, 072009
L. Ren, PhD Thesis, University of Pittsburgh, 2017

Measurement of Antineutrino and Neutrino CC 
Inclusive cross section and their ratio in MINERvA

Dipak Rimal
University of Florida  

for MINERvA Collaboration 

(Presented by Jeff Nelson of W&M) �

L. Ren et al.,  PRD 95 (2017) no.7, 072009
L. Ren, PhD Thesis, University of Pittsburgh, 2017

  
1

Saint Surrounded by
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Charged current ν / ν cross section ratios 

• Extract fluxes with “low-nu” method, then extract cross sections.
• The muon-antineutrino/neutrino cross section is the most 

precise in the world below 6 GeV and uncertainties are 
dominated by statistics.
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Systematic Uncertainties on Cross Section Ratio

15	

Common "
uncertainties "

cancel!

L. Ren et al., PRD 95 (2017) no.7, 072009
L. Ren, PhD Thesis, University of Pittsburgh, 2017

Antineutrino/Neutrino Cross section Ratio

16	

Most  precise ratio below 6 GeV ! 

L. Ren et al., PRD 95 (2017) no.7, 072009
L. Ren, PhD Thesis, University of Pittsburgh, 2017

CC Inclusive Cross Section: Model Comparison

13	

Data points extracted using GENIE hybrid model correction 
favor lower total cross section  

L. Ren et al., PRD 95 (2017) no.7, 072009
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Double-differential CCQE-like vertex energy

• These measurements 
are NOT of exactly the 
same quantity.

• Improvements in 
MINERvA reconstruction 
mean much more of 
the energy is tracked 
in 2017, and so not part 
of the same “non-vertex 
recoil” distribution 
(where the vertex region 
is very tight around the 
event vertex).

• What IS interesting 
about these distributions 
is the data-MC 
agreement!
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Vertex Energy

28

Vertex Energy in 100mm (MeV)
Non-tracked Vertex Energy in 150mm (MeV)

MINERvA Preliminary Data POT: 3.34e20

A different picture than in 2013!

Note: Because of improved selection 
and reconstruction the vertex energy 
definition changed

Vertex Energy"

•  8�WPaSTa�b_TRcad?�AU�eTacTg�T@TaVh�Xb�AQbTaeTS�X@�@TdcaX@Ab�

•  8>>�bhbcT?PcXRb�RA@bXSTaTS��X@R>dSX@V�T@TaVh�bRP>T�TaaAab�A@�RWPaVTS�WPSaA@b�
P@S�=I#�?AST>�d@RTacPX@cXTb��

•  8c�cWXb�_AX@c��fT�?P=T�cWT�F!A�� ���%%D�"C�! �cWPc�cWT�PSSXcXA@P>�eTacTg�
T@TaVh�_Ta�TeT@c�X@�SPcP�Xb��D��C!�"A!C! %����

David"Schmitz,"UChicago" Fermilab"Joint"Experimental=Theore?cal"Seminar"="May"10,"2013" 56"

⌫µ ⌫̄µ
r < 30 cm

r < 10 cm

D. Ruterbories, NuInt, June 2017

D. Schmitz, FNAL JETP, May 2013
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q3 < 0.4 GeV, GENIE, pion base, no RPA, no 2p2h
X2 = 245 for 19 binsX2 = 407 for 21 bins

neutrino
3.33e20 POT

anti-neutrino
1.02e20 POT

Rodrigues, Demgen, Miltenberger
et al. [MINERvA] PRL 116 071802

new for NuInt17
equivalent anti-neutrino distribution

neutrons dominate final state

Next slide is same data and model, just zoomed in to see detail

MINERvA adds weak charge screening model (“RPA”), a 2p2h model (Valencia 
(below)), and re-weighting the 2p2h using hadronic energy for neutrinos…  

  
11

0.0 < q3 < 0.4 GeV  no RPA, no 2p2h

neutrino
3.33e20 POT

Rodrigues, Demgen, Miltenberger
et al. [MINERvA] PRL 116 071802

Reco data and chisquares
(and unfolded cross sections)
are from distributions made

with resolution-driven six bins
condensed into just two plots

good for physics interpretation

Can put one or two on a slide
nice and big, flipbook models

0.4 < q3 < 0.8 GeV

  
15

GENIE, pion base, RPA, no 2p2h

Add (updated) Valencia RPA weight and model error band
Valverde, Amaro, Nieves PLB 638 (2006) 325 with unpub. followup by F. Sanchez

plus muon capture uncertainty and implementation R. Gran, arXiv:1705.02932

X2 = 237 for 19 binsX2 = 227 for 21 bins

neutrino
3.33e20 POT

anti-neutrino
1.02e20 POT
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Neutral pion production in MINERvA
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• pπ0 Invariant	Mass	is	calculated	using	proton	and	pion	4-momentums
• Proton	kinetic	energy,	Tp,	is	required	to	be	greater	than	0.1	GeV
• Size	of	background	subtracted	sample	=	1522	data	events	(48.8%	of	original	sample)

July	7,	2017

Proton-Pion	Invariant	Mass	(Proton	Reco sub-sample)

 Invariant Mass (GeV)0πp
1.0 1.2 1.4 1.6 1.8

/n
uc

le
on

/G
eV

)
2

 c
m

-4
0

 (1
0

0 πp
/d

M
σd

20

40

60 Data (3.33e20 POT)

GENIE w/ FSI
GENIE w/o FSI

POT Normalized
 > 0.1 GeVpT (a)

Ozgur	Altinok	- Tufts	University 51

 Invariant Mass (GeV)0πp
1.0 1.2 1.4 1.6 1.8

/n
uc

le
on

/G
eV

)
2

 c
m

-4
0

 (1
0

0 πp
/d

M
σd 0

20

40

60 Data (3.33e20 POT)
Delta resonance
Other resonances
Non-Resonant

POT Normalized
 > 0.1 GeVpT (b)

• pπ0 Invariant	Mass	is	calculated	using	proton	and	pion	4-momentums
• Proton	kinetic	energy,	Tp,	is	required	to	be	greater	than	0.1	GeV
• Size	of	background	subtracted	sample	=	1522	data	events	(48.8%	of	original	sample)

July	7,	2017

Conclusion:	New	Measurements

!	" + CH → ", + #$ + nucleon(s)

Ozgur	Altinok	- Tufts	University 59

• Muon	Momentum
• Muon	Production	Angle
• Pion	Momentum
• Pion	Kinetic	Energy
• Pion	Production	Angle

• Four-momentum	transfer	squared,	Q2

• Hadronic	Invariant	Mass,	W
• Neutrino	Energy
• Proton-pion	Invariant	Mass
• Δ+(1232)	Decay	Polarization	Angles

These	measurements	provide	
a	detailed	view	of	the	signal	channelMeasurement	of		!"−CC #$

on	Hydrocarbon	using	MINERνA

Ozgur	Altinok
MINERνA Neutrino	Experiment

July	7,	2017

%	& + CH → +, + -. + nucleon(s)

FNAL JETP Seminar, July 2017

MINERνA (Main	INjector ExpeRiment:	ν-A)

July	7,	2017

The	MINERvA	international	collaboration	consists	of	
65 particle	and	nuclear	physicists	from	21	institutions	

• Uses	high-intensity	beam	to	study	neutrino	and	antineutrino	reactions	with	
different	nuclei	(Scintillator(CH),	Carbon,	Iron,	Lead)

• Neutrino	and	Antineutrino	induced	CC	Single	Pion	Production	Cross	Sections
• PRD	94,	052005	(2016),	PRD	92,	092008	(2015),	PLB	749, 130-136	(2015)

Ozgur	Altinok	- Tufts	University 12

!	"−CC #@ In	Progress

This	Work !	"−CC #$
!F"−CC #,
!F"−CC #$

Aim	is	to	complete	the	set	of	dominant		CC 9# channels.

Published

Published
New!

Coming soon!



Neutral pion production in MINERvA
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 NuInt 2017    Alejandro Ramírez – Universidad de Guanajuato
24

Pion Kinetic Energy

● Enhancement at ~ 100 MeV due to π+ → π0 feed-in events.
● Depletion at ~240 MeV from π0 absorption feed-out events. 

νν
μμ
 -  - CC  πCC  π00           Cross Section Measurements

 NuInt 2017    Alejandro Ramírez – Universidad de Guanajuato
24

Pion Kinetic Energy

● Enhancement at ~ 100 MeV due to π+ → π0 feed-in events.
● Depletion at ~240 MeV from π0 absorption feed-out events. 

νν
μμ
 -  - CC  πCC  π00           Cross Section Measurements

 NuInt 2017    Alejandro Ramírez – Universidad de Guanajuato
22

Muon Momentum

Comparison with previous pion results at MINERvA

  GENIE 2.6.2   GENIE 2.6.2   GENIE 2.8.4

ν
μ
-CC π± ν

μ
-CC π0 ν

μ
-CC π0

νν
μμ
 -  - CC  πCC  π00           Cross Section Measurements
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Stephen Dolan NuInt 2017, Toronto, Canada 9

ND280 (off axis)

Peak Eν

On Axis ~ 1.1 GeV

Off Axis ~ 0.6 GeV

Fine-Grained Detectors 
(FGD 1/2):
• CH scintillator tracker
• Target for 𝜈
• FGD2 contains water

Time Projection Chambers (TPC): 
• High-res tracking
• Accurate charged-particle momenta

Former UA1 Magnet:
• Provides 0.2 T field

𝝅𝟎 detector (PØD):
• CH scintillator tracker
• Target for 𝜈
• Interwoven heavy targets 

+ drainable water bags

• Precise particle ID
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Inclusive muon neutrino CC π0 production on CH

• Dominant production 
channels are resonance, 
DIS.

• Results are consistent with 
cross section model 
exceptions - discrepancies 
are likely due to secondary 
interactions.

• Systematics are still being 
finalized but the result is 
nearly ready.

Gabriel N. Perdue // DPF 2017 // Neutrino interactions August 2nd, 201757
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● Total (single bin) flux-averaged cross section:

● For 5.49·1020 POT (run 2 – 4) measured cross section is

● Cross section expected by the NEUT generator is

● Results agree within errors. Main source of discrepancy probably from 
secondary interactions

σ=
N sel−data−Nexpected bkgd

ϵ⋅Φ⋅T

σdata=(1.239±0.034(stat )+0.157

−0.158
(syst )+0.175

−0.149
( flux))⋅10−39

cm
2 /nucleon

σNEUT=(1.0522±0.0028(stat ))⋅10−39
cm

2/nucleon

Inclusive 6µCC50
cross section on CH

T2K ND280 Upgrade
Masashi Yokoyama

(Department of Physics, The University of Tokyo)
for the T2K Collaboration

masashi@phys.s.u-tokyo.ac.jp

27 June 2017, Toronto M.Batkiewicz (IFJ PAN), Pion production 11

(6µCC50)inc on CH

● Event selection
– event quality
– highest momentum 
negative (HMN) track 
starting in FGD1 FV

– HMN must be muon-
like

– out-of-fiducial-volume 
veto

– at least two
50 decay products
(2 showers/
1 shower + 1 e-like 
track/2 e-like tracks)

T2K Preliminary

T2K Preliminary
T2K Preliminary

T2K Preliminary

Momentum and cosQ of a muon candidate after all cuts

Neutrino energy for signal events before cuts and for events 
selected after all cuts

27 June 2017, Toronto M.Batkiewicz (IFJ PAN), Pion production 9

NC150 event rate on water
● Number of signal events on water (WI – water in, WO – water out):

● For 3.49·1020 POT (+2.64·1020 POT for WO, run 1 – 4), the measured number is[1]:

● Measured to expected (by neutrino interaction generator NEUT[2,3]) ratio:

● Expected number of NC150 background is not underestimated  in oscillation analyses
[1] Measurement of the single 50 production rate in neutral current neutrino interactions on water - T2K Collaboration, 
arXiv:1704.07467
[2] A neutrino interaction simulation program library NEUT – Y.Hayato, Acta Phys.Polon. B40 (2009) 2477-2489 
[3] Neut - Y.Hayato, Nucl.Phys.Proc.Suppl. 112 (2002) 171-176  

NOn−Water=NWI−
ϵWI POTWI

ϵWO POTWO

NWO

NOn−Water=106±41(stat )±69(syst )

data /MCratio=0.68±0.26(stat)±0.44(syst)±0.12(flux)

Cross-section measurements of neutral 
pion production in neutrino-nucleus 

scattering in T2K
Marcela Batkiewicz
The H. Niewodnicza ski
Institute of Nuclear Physics

Polish Academy of Sciences, Cracow

for the T2K Collaboration

11th International Workshop on Neutrino-Nucleus Scattering in the Few-GeV 
Region
NuInt 2017

27 June 2017, Toronto

27 June 2017, Toronto M.Batkiewicz (IFJ PAN), Pion production 10

Inclusive 6µCC50
cross section on CH

● Main sources of (6µCC50)inc:
– Resonance CC150
– CC DIS

Tracker part + Tracker ECal
Signature: muon-like track starting in 
FGD1 fiducial volume + at least two 50 
decay products (shower in ECal and/or 
e-like track in TPC).



Single π0 production in water

• Resonance and coherent 
production dominate the 
signal.

• Statistical subtraction 
method (events in target 
with water vs events in 
target without).

• Results are consistent with 
MC expectations, leading 
to confidence that 
backgrounds are not 
grossly mis-predicted for 
oscillation measurements.

Gabriel N. Perdue // DPF 2017 // Neutrino interactions August 2nd, 201758
27 June 2017, Toronto M.Batkiewicz (IFJ PAN), Pion production 8

NC150 event rate on water
● Event selection

– event quality
– 3D vertex in P0D fiducial 
volume

– whole event contained in 
P0D

– no muon decay cluster
– two EM showers 
containing most of total 
charge

– reconstructed 50 direction 
< 60 degrees

– 50 candidate invariant 
mass < 500 MeV/c2

● Sideband selection:
– muon decay cut reversed

Reconstructed invariant mass in signal-enriched and 
background-enriched sample

Comparison of the data to the best fit invariant mass 
distribution, with the best fit energy scale applied to the data

T2K Preliminary

T2K Preliminary

T2K Preliminary

T2K Preliminary

arXiv:1704.074672

27 June 2017, Toronto M.Batkiewicz (IFJ PAN), Pion production 9
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(Department of Physics, The University of Tokyo)
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Final State Interactions
• Hadrons produced at the hard-scattering vertex must propagate out of the nucleus - very 

complex process (everything is an off-shell, many-bodied, non-perturbative, strongly coupled 
mess).

• Three ways of handling it on the market: transport theory (GiBUU - http://gibuu.hepforge.org 
- , best theory), intranuclear cascade (“billiard balls”), parameterized cascade.

Gabriel N. Perdue // DPF 2017 // Neutrino interactions August 2nd, 201759

Final state interactions [FSI]

Plan
MC in experiment

Neutrino interactions

Nuclear effects
Fermi gas
Spectral function
Final state interactions
Intranuclear cascade
FSI in GENIE

Generating splines

Generating events

Analyzing an output

Tomasz Golan MINERvA101 GENIE 14 / 45

Two models available: hA and hN

Figure by T. Golan

http://gibuu.hepforge.org
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How Does Lattice Help?

Lattice is well suited to compute matrix elements:

M‹µnæµp(p, pÕ) = Èµ(pÕ)| (Vµ ≠ Aµ) |‹(p)ÍÈp(q)| (Vµ ≠ Aµ) |n(0)Í

p ≠ pÕ = q

n(0)

‹µ(p)

p(q)

µ≠(pÕ)

pen & paper

Lattice QCD

7 / 41
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Well-determined from electron scattering expts


can be related to        by pion pole dominance

Cross-section for quasi-elastic neutrino-nucleon scattering

Quasi-elastic scattering

  6 

When considering neutrino scattering from nucleons, an axial current comes into play.  The 

total nucleon current coupling to the charged weak leptonic current is an isovector one 

body nucleon current with both vector and axial‐vector components: 

. The full nucleon weak current had been written down by 

Llewellyn‐Smith (1) but for our purposes it suffices to write the axial current of the nucleon 

as 

jA
µ
(Q

2
) = u (p ') GA (Q

2
)γ µ

+
1

2M
GP (Q

2
)q

µ⎛
⎝⎜

⎞
⎠⎟
γ 5
u(p)          (4) 

where the induced pseudoscalar GP(Q
2
)=4mN

2
GA/(mπ

2
+Q

2
)

 
is determined by PCAC and the 

axial-vector form factor GA(Q
2
) is established from experiment. 

 

The weak leptonic current is 

                                                              
 

jµ
l
=ψ

l
−

l
+

(1 γ 5 )γ µψν
ν

             (5) 

The lepton‐nucleon coupling is the scalar product of the two currents.  The change in sign 

for the axial coupling arises from the opposite helicity of neutrinos and anti‐neutrinos 

leading to constructive interference between the transverse vector and axial vector 

amplitudes for neutrino cross sections and destructive interference for anti‐neutrinos.   

 

It follows that the differential cross section for neutrino QE scattering off free nucleons can 

be expressed in the form (1):  
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Figure 2. The percent change in the neutrino
cross section for a 1% change in the form factors.

cross sections from deuterium. We plan to study
the nuclear corrections, adopting models which
have been used in precision electron scattering
measurements from nuclei at SLAC and JLab.

4. Extraction of FA(q2)

A substantial fraction of the cross section
comes from the form factor FA(q2). Therefore,
we can extract FA(q2) from the differential cross
section. Figure 2 and 3 show the contribution
of FA(q2) to dσ/dQ2. Figure 2 shows the per-
cent change in the neutrino cross section for a 1%
change in the form factors. Figure 3 shows the
fractional contribution of the form factor deter-
mined by setting the form factor to zero and by
determining the fractional decrease in the differ-
ential cross section. Since some terms are prod-
ucts of different form factors, the sum of the
curves do not have be 1.

To extract FA, we write the equation for
dσ/dq2(q2, Eν) in terms of a quadratic function
of FA(q2).

a(q2, Eν)FA(q2)2 + b(q2, Eν)FA(q2)

+ c(q2, Eν) −
dσ

dq2
(q2, Eν) = 0

Figure 3. Fractional contribution of the form
factor determined by setting the form factor
to zero and by determining the fractional de-
crease in the differential cross section, 1 −
(dσ/dQ2(formfactor = 0))/(dσ/dQ2).

For each q2 bin, we integrate the above equation
over the q2 bin and the neutrino flux.
∫∫

dq2dEν{a(q2, Eν)FA(q2)2 + b(q2, Eν)FA(q2)

+c(q2, Eν) −
dσ

dq2
(q2, Eν)} = 0

The above equation can be written as a
quadratic equation in FA at the bin value q2

bin.

αFA(q2
bin)2 + βFA(q2

bin) + γ − ∆ − NData
Bin = 0

The terms of this equation are given below:

α =

∫∫

dq2dEνa(q2, Eν)

β =

∫∫

dq2dEνb(q2, Eν)

γ =

∫∫

dq2dEνc(q2, Eν)

F1,2

GP
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where (‐)+ refers to (anti)neutrino scattering, (s ‐ u) = 4MEν ‐ Q2 ‐ m2, and m is the lepton 

mass. The factors A, B, and C are functions of the Q2‐dependent vector, axial‐vector, and 

pseudoscalar form factors:  

 

A =
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1
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    (7) 

 

and F1 and F2 are the aforementioned isovector Dirac and Pauli vector form factors. With 

the vector form factors determined from electron scattering and small contributions from 

the pseudoscalar form factor for νµ scattering, early studies of neutrino QE scattering 

focused on investigating the axial‐vector form factor of the nucleon. 

 

2.2 – Early Investigations of the Weak Hadronic Current 

Some of the earliest experimental investigations of neutrino QE scattering,  vµ + n→ µ−
+ p , 

were performed in the late 1960's using spark chambers (aluminum, iron) (2,3) and bubble 

chambers (propane, freon) (4) as neutrino detectors.   These early experiments provided 

the first neutrino QE scattering event samples from which initial determinations of the 

underlying nucleon form factors were made.   In the early 1970's, many experiments 

dominant contribution

largest uncertainty

GA

Budd, Bodek, Arrington
Nucl.Phys.Proc.Suppl. 139 (2005) 90-95 

N

ν
l

N

Phiala Shanahan 
MIT

Lattice QCD input for  
neutrino-nucleus interactions                             is a historically difficult calculation

Recent calculations in agreement with experiment with fully-controlled 
uncertainties
      -dependence well-determined in LQCD — competitive with experiment
z-parameterisations remove assumption of dipole form

Nucleon Axial FFs from LQCD
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FIG. 11. Results for GA(Q
2) (left) and Gp(Q

2) (right) for momentum Q2 = 0.2848 GeV2. The notation is as in Fig. 10.

FIG. 12. Results for Gu�d
A (Q2) (left) and Gu�d

p (Q2) (right) as a function of Q2 for three source-sink time separations, namely
ts = 0.94 fm (red filled circles), ts = 1.13 fm (blue crosses) and ts = 1.31 fm (green filled triangles). We also show results
extracted from the summation method (open brown diamonds) and two-state fit (open magenta pentagons). The experimental
value of gA is shown with the black asterisk. Results are slightly shifted to the right for clarity.

results for G

u�d

A

that calls for a further study of excited states and volume e↵ects on the lattice determination of
G

u�d

p

(Q2).
In order to compute the individual light quark axial form factors one needs, besides the isovector form factors, the

Alexandrou et al., arXiv:1705.03399

gA = GA(Q
2 = 0)

Q2
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FIG. 9. The 8-point fit using Eq. (23) without the finite volume correction (c4 = 0) to the data for the axial radius hrAi. The
grey band in the bottom row is the fit neglecting both the lattice spacing and the finite volume corrections. The rest is the
same as in Fig 8.
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FIG. 10. (Left) The data for GA(Q
2)/gA from the eight ensembles is plotted versus Q2 (GeV2). We show the dipole fit with the

phenomenological estimates of the axial mass, MA = 1.026 GeV and with our best estimate MA = 1.39 GeV corresponding
to hrAi|dipole = 0.49(10) given in Eq. 24. The experimental data have been provided by Ulf Meissner [9]. (Right) A zoomed in
view of the data and the two dipole fits in the region Q2 < 0.5 GeV2.

for the four ensembles a12m310, a09m130, a06m220 and
a06m135. Including the O(a) improvement of the axial

current, the ratios in Eqs (29)–(32) become

RI
1

=
Q2

4M2

N

G̃I
P (Q

2)

GA(Q2)
, (34)

RI
2

=
2bm
2MN

GP (Q2)

GA(Q2)
, (35)

RI
3

=
Q2 +M2

⇡

4M2

N

G̃I
P (Q

2)

GA(Q2)
, (36)

RI
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=
2bm2MN

M2

⇡

GP (Q2)

G̃I
P (Q

2)
, (37)

Gupta et al., arXiv:1705.06834

MiniBooNE MA 
=1.35(17) GeV 



• Lattice prospects
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Calculations of Interest

Di�culty in lattice QCD
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62 Gabriel N. Perdue // DPF 2017 // Neutrino interactions August 2nd, 2017

Putting into Generators:

Quantum at the vertex:
• full 1- and 2-body interference
• inclusion of full two-nucleon FSI
• sum of positive contributions
 
Can match to classical generator 
    after the vertex

Need to include 
•full weak currents (at 2N level)
•relativistic effects
•pion/delta production
….

NMBT J. Carlson, LANL
NuInt 2017
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Analysis of experimental cross sections

Experimental scaling function: F (q, y) =
[dσ/dωdΩ′]exp

σeN (q,ω; p = −y, ε = 0)

σeN (q,ω; p, ε) ≡
1

2π

∫
dφN

EN

q
[Zσep(q,ω; p, ε,φN) + Nσen(q,ω; p, ε,φN)]

Scaling of the first kind: q → ∞ =⇒ F (q, y) −→ F (y) ≡ F (∞, y)

JAC, Toronto, 06/26/2017 – p. 4

J. Caballero, Seville
NuInt 2017



Quick refresher - scaling

• Scaling of the first kind occurs when the electron-nucleus 
cross section or longitudinal/transverse response functions 
(divided by a function describing free nucleon physics) no 
longer depend on two variables (e.g. energy transfer and the 
absolute value of the 3-momentum transfer), but only on a 
specific function of them, which defines the scaling variable.
• Scaling of the second kind takes place when there is no 

dependence on the nuclear species.
• The simultaneous occurrence of both kinds of scaling is called 

superscaling.
• Scaling of the zeroth kind occurs when the scaling function is 

the same for the longitudinal and transverse responses.

Gabriel N. Perdue // DPF 2017 // Neutrino interactions August 2nd, 201764



SuSA models

Gabriel N. Perdue // DPF 2017 // Neutrino interactions August 2nd, 201765

Introduction
Results

Conclusions
Theoretical framework
Theoretical Models and Description

.. Theoretical description: Scaling phenomenon
.Original SuSA model:
..

......

✪ Fit of the (e, e′) longitudinal
scaling data
✪ Assumption fL(ψ) = fT (ψ)

.SuSAv2 PRC90, 035501, 2014

..

......

✪ An improved SuperScaling
model based on RMF calcula-
tions (FSI).
✪ Decomposition into isoscalar
and isovector components which
is of interest for CC neutrino re-
actions.
✪ RMF & RPWIA models are
employed to get a set of scal-
ing functions valid for all lepton-
nucleus scattering processes

G.D. Megias (University of Seville) Analysis of (e,e’) scattering data within the SuSAv2-MEC approach

Introduction
Results

Conclusions
Theoretical framework
Theoretical Models and Description

.. Theoretical description: Scaling phenomenon

.RMF/RPWIA transition: PRD 94, 013012 (2016)

..

......

✪ RMF ⇒ FSI between the outgoing nucleon
and the residual nucleus ⇒ low-intermediate q
✪ RPWIA ⇒ outgoing nucleon as a relativistic
plane wave ⇒ higher q values
➥ SuperScaling Approach as a combination of
RMF and RPWIA scaling functions:

FT=0,1
L ≡ cos2 χ(q, q0)f̃ T=0,1

L + sin2 χ(q, q0)f̃ RPWIA
L

FT ≡ cos2 χ(q, q0)f̃T + sin2 χ(q, q0)f̃ RPWIA
T

➣ q0(q): RMF/RPWIA transition parameter,
determined by performing a χ2 analysis of the
(e, e′) data in a wide kinematical region.
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