
Theoretical challenges in neutrino scattering 
studies: weak pion production off the nucleon

E. Hernández, U. Salamanca
J. Nieves, IFIC (CSIC & UV)

KEK Theory Center
Neutrino-nucleus interactions in the few GeV region



Outline

Juan Nieves, IFIC (CSIC & UV)

1. Motivation: Neutrino oscillations, neutrino detectors, nuclear cross 
sections and systematic errors

2. Llewellyn-Smith: Δ(1232) & the  𝜈𝜈𝑙𝑙 𝑁𝑁 ⟶ 𝑙𝑙−𝑁𝑁′𝜋𝜋 reaction
3. Chiral symmetry and non-resonant contributions
4. Deuteron effects and ANL & BNL data
5. Unitarity corrections and Watson’s theorem
6. The 𝜈𝜈𝜇𝜇 𝑛𝑛 ⟶ 𝜇𝜇−𝑛𝑛𝜋𝜋+ channel and the crossed Δ term: spin 1/2 dof in the 

Δ propagator & contact terms
7. Parity-violating contributions to the pion angular differential cross 

section and T-odd correlations.
8. Conclusions
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1. Motivation
• Details on the axial structure of hadrons in the free 

space and inside of nuclei
• Neutrinos are detected through nuclear interactions

Theoretical knowledge of 
QE, 1π and DIS cross 
sections is important to 
carry out a precise neutrino 
oscillation data analysis...

12C → Liquid scintillators
16O → Cerenkov detectors
40A → TPC’s (time projection            
chambers)   ….

Th: NUANCE (D. Casper, 2002) 
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SuperKamiokande
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Pion production → misidentification of 1 Cherenkov ring events that are assumed to be produced by charged 
current (CC) QE reactions   𝝂𝝂𝜶𝜶 𝑨𝑨 → 𝒍𝒍𝜶𝜶 A’  

Even distinguishing between µ- and e-like rings

• Appearance Probability 𝑷𝑷 𝝂𝝂𝝁𝝁 → 𝝂𝝂𝒆𝒆 : The CC QE signature 𝜈𝜈𝑒𝑒𝐴𝐴 → 𝑒𝑒 A′ used to identify  𝜈𝜈𝑒𝑒 can be 
confused with the NC 1π production 𝜈𝜈𝜇𝜇𝐴𝐴 → 𝜈𝜈𝜇𝜇𝐴𝐴′𝜋𝜋0

• Survival Probability  𝑷𝑷 𝝂𝝂𝝁𝝁 → 𝝂𝝂𝝁𝝁 : The CC QE signature 𝜈𝜈𝜇𝜇𝐴𝐴 → µ A′ used to identify  𝜈𝜈𝜇𝜇 can be confused 
with the CC or NC 𝜈𝜈𝜇𝜇,𝜏𝜏𝐴𝐴 → 𝜈𝜈𝜇𝜇,𝜏𝜏 𝑜𝑜𝑜𝑜 µ, 𝜏𝜏 𝐴𝐴′𝜋𝜋 when only one of the particles emits Cherenkov light. For 
instance, processes (𝜈𝜈𝜇𝜇 , µ,𝜋𝜋) might produce an incorrect reconstruction of the neutrino energy E → 
L/E analysis ?

Nuclear cross sections are crucial to reduce the systematic errors of oscillation analysis !

There exist dedicated experiments as MINERνA (FermiLab), which seeks to measure low 
energy neutrino interactions both in support of neutrino oscillation experiments and 
also to study the strong dynamics of the nucleon and nucleus that affect these 
interactions
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Neutrino Energy Reconstruction:
QE:   𝜈𝜈𝜇𝜇 + 𝑛𝑛 ⟶ 𝑝𝑝 𝜇𝜇− (bound in the nucleus) GENIE 𝐸𝐸𝜈𝜈 = 1 GeV

QE-like:   problem absorbed or not 
detected pions and…

exp: only 1µ (from the lepton  vertex). But, 
for instance if pions are produced:

• pion decays and the extra muon is 
detected (2 muons in the final state)

• pion is absorbed or not detected 
(MC corrected if the pion production cross 
section is well known…)  

Exp
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Neutrino Energy Reconstruction:
QE:   𝜈𝜈𝜇𝜇 + 𝑛𝑛 ⟶ 𝑝𝑝 𝜇𝜇− (bound in the nucleus)

QE-like:   problem absorbed or not 
detected pions and  2p2h (nucl. effect)

M. Martini, M. Ericson, PRD 87 (2013)

Exp

QE Energy Reconstruction will be wrong !!
2p2h:   𝜈𝜈𝜇𝜇 + 𝑁𝑁𝑁𝑁 ⟶ 𝑁𝑁′𝑁𝑁′′ 𝜇𝜇−

MC correct for this effect:              cross section 
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P. Coloma, P. Huber, PRL 111 (2013) 
Quantitative impact in the 
determination of the oscillation 
parameters

Effects of a simple 
model for QE-like 
events ….

Reconstructed from naive QE 
dynamics

true

α parametrizes the fraction of two-
nucleon absorption that is 
neglected in the fit   
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Systematic uncertainties in long-
baseline neutrino-oscillation 
experiments,

Artur M Ankowski and Camillo Mariani, 
J.Phys. G44 (2017) 054001
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𝝂𝝂
+
𝑨𝑨
⟶

𝒍𝒍+
X

PRD93 (2016) 014016 (Watson’s theorem) 
PRD95 (2017) 053007 (1/2 dof in 𝚫𝚫 propagator)
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Resonance Production
Deficiencies of the Rein Sehgal model !   ⇒ Improved models

Electron data ⇒ Resonance vector form factors !
PCAC ⇒ Resonance axial form factors !
Background: chiral symmetry (when possible !)
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Nuclear effects are relevant! (see talk by E. Hernández)

𝜟𝜟,𝑵𝑵∗ …

𝜟𝜟,𝑵𝑵∗ …
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There exist 
some 
discrepancies 
between 
theoretical 
predictions 
and data!

New J.Phys. 16 (2014) 075015 
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2. Llewellyn-Smith: 𝜟𝜟(𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏) & the  𝝂𝝂𝒍𝒍 𝑵𝑵 ⟶ 𝒍𝒍−𝑵𝑵′𝝅𝝅 reaction
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only ∆
provides 
already  a 
good 
description 
of data!  
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3. Chiral symmetry and non-resonant contributions PRD76 (2007) 033005
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Non-linear σ−model ⇒ EFT involving pions and nucleons 
which implements chiral symmetry and its pattern of 
spontaneous breaking.



Juan Nieves, IFIC (CSIC & UV)



Juan Nieves, IFIC (CSIC & UV)



Juan Nieves, IFIC (CSIC & UV)



Juan Nieves, IFIC (CSIC & UV)



Juan Nieves, IFIC (CSIC & UV)



Juan Nieves, IFIC (CSIC & UV)



Juan Nieves, IFIC (CSIC & UV)



Juan Nieves, IFIC (CSIC & UV)



Juan Nieves, IFIC (CSIC & UV)



Juan Nieves, IFIC (CSIC & UV)



Juan Nieves, IFIC (CSIC & UV)



Juan Nieves, IFIC (CSIC & UV)



Juan Nieves, IFIC (CSIC & UV)



Juan Nieves, IFIC (CSIC & UV)

PCAC predicts ~ 𝟏𝟏.𝟏𝟏
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problems ?
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NC



Juan Nieves, IFIC (CSIC & UV)



Juan Nieves, IFIC (CSIC & UV)
PLB 647 (2007) 452
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data do not discriminate 
Adler’s constraints

4. Deuteron effects and ANL & BNL data
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PRD 81 (2010) 085046 
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Later we included the D13(1520) resonance [E.Hernández., J. 
Nieves and M.J. Vicente-Vacas, PRD 87 (2013) 113009]
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5. Unitarity corrections and Watson’s theorem PRD 93 (2016) 014016
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PRD 93 (2016) 014016
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We include chiral background terms in a combined fit to ANL & BNL data that takes into account deuteron 
effects, flux normalization uncertainties and unitarity corrections (Watson’s theorem)

no deuteron effects included.

no deuteron effects included. PRD 81 (2010) 085046

PRD 76 (2007) 033005  

WAYWATSON

PRD 93 (2016) 014016

Juan N
ieves, IFIC (CSIC &

 U
V)
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𝐶𝐶5𝐴𝐴 0 compatible with its GTR value (∼ 1.2) at the 1σ level.

moderately small vector and axial 
Olsson phases!
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ANL and BNL reanalyzed data: C. Wilkinson, P. Rodrigues, S. Cartwright, L. Thompson, and K. McFarland, 
PRD 90 (2014) 112017 (similar results) 

problems ?

ANL reanalyzed data:  
P.Rodrigues, C. Wilkinson 
and K. McFarland, Eur. 
Phys. J. C 76, 474 (2016).

𝝂𝝂𝝁𝝁 𝒏𝒏 ⟶ 𝝁𝝁−𝒏𝒏𝝅𝝅+

This underprediction of experimental data is a common problem to other models.
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6. The 𝝂𝝂𝝁𝝁 𝒏𝒏 ⟶ 𝝁𝝁−𝒏𝒏𝝅𝝅+ channel …

• sensitive  to the 
propagation of spin 
1/2 dof in the Δ
propagator

• large contribution to  
the 𝜈𝜈𝜇𝜇 𝑛𝑛 ⟶ 𝜇𝜇−𝑛𝑛𝜋𝜋+
channel

reaction spin-isospin factor direct term spin-isospin factor crossed term

𝝂𝝂𝝁𝝁 𝒑𝒑 ⟶ 𝝁𝝁−𝒑𝒑𝝅𝝅+ 3 1/ 3
𝝂𝝂𝝁𝝁 𝒏𝒏 ⟶ 𝝁𝝁−𝒑𝒑𝝅𝝅𝟎𝟎 2/ 3 −2/ 3
𝝂𝝂𝝁𝝁 𝒏𝒏 ⟶ 𝝁𝝁−𝒏𝒏𝝅𝝅+ 1/ 3 3

PRD95 (2017) 053007
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the spin-1/2 
component does not 
propagate giving rise to 
contact interactions

In an EFT the strength of the
contact terms have to be fitted
to experiment. According to
this, we propose a minimal
modification of our model, in
which the contact terms that
derive from the spin 1/2 part of
the Δ propagator are multiplied
by an extra parameter (low
energy constant), that will be
fitted to data.

see also discussion of 
consistent couplings to select 
spin-3/2 dof [V. Pascalutsa, 
Phys. Lett. B 503 (2001) 85]
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• the LEC 𝒄𝒄 is a free parameter that will be fitted to data
• 𝒄𝒄 = 𝟎𝟎 original model
• 𝒄𝒄 = −𝟏𝟏 only propagation of spin-3/2 dof (consistent 𝜋𝜋𝑁𝑁Δ coupling, 

see V. Pascalutsa) in the Δ propagator, up to finite ∆ width corrections.  
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𝝂𝝂𝝁𝝁 𝒏𝒏 ⟶ 𝝁𝝁−𝒏𝒏𝝅𝝅+ data 
included in the fit!

close to −𝟏𝟏 (large 
reduction of  propagation 
of spin 1/2 dof) 

better description!  

perfect agreement with
the PCAC prediction ~𝟏𝟏.𝟏𝟏



Olsson phases are significantly smaller than in the previous model. This means the present model 
without the phases is closer to satisfying Watson theorem!

Juan N
ieves, IFIC (CSIC &

 U
V)
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Effect of the new terms in pion eletroproduction

in collaboration with J.E. Sobczyk
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discrepancies for 
momentum transfers 
above 1 GeV, but cross 
sections are much 
smaller! 

in collaboration with J.E. Sobczyk
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7. Parity violating....

• Explicit dependence on 𝜙𝜙𝜋𝜋∗
• 𝐴𝐴∗,𝐵𝐵∗,𝐶𝐶∗,𝐷𝐷∗ and 𝐸𝐸∗are 

functions of 𝐸𝐸, 𝑞𝑞2,𝑊𝑊𝜋𝜋𝜋𝜋 and 𝜃𝜃𝜋𝜋∗
• For NC, 𝐶𝐶∗ and 𝐸𝐸∗ are the same 

for 𝜈𝜈 and �̅�𝜈

𝜋𝜋𝑁𝑁 CM frame

these are also T-odd 
terms
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results  from the old-model (no Watson theorem, no modified 
propagator etc..). Update is needed !
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only resonance: 
parity-violating 
terms vanish   
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8. Conclusions: Model for CC and NC weak pion production off the nucleon,

• In addition to the 𝛥𝛥 resonance, we include non-resonant contributions ⟸ QCD SχSB.
• Non resonant contributions are important ⇒ re-adjust of 𝐶𝐶5𝐴𝐴(𝑞𝑞2). GTR prediction 

𝐶𝐶5𝐴𝐴(0) ∼ 1.2. 
o Fit to ANL ⟹ 𝐶𝐶5𝐴𝐴 0 = 0.867 ± 0.075
o Fit to ANL & BNL + normalization uncertainties + deuteron effects ⟹ 𝐶𝐶5𝐴𝐴 0 = 1.00 ± 0.11
o Fit to ANL & BNL + normalization uncertainties + deuteron effects + unitarity corrections (Watson’s 

theorem) ⟹ 𝐶𝐶5𝐴𝐴 0 = 1.12 ± 0.11, but poor description of 𝝂𝝂𝝁𝝁 𝒑𝒑 ⟶ 𝒏𝒏 𝝅𝝅+ reaction
o Addition of extra contact interaction terms that mostly cancel the propagation of spin-1/2 dof in 

the 𝜟𝜟 propagator (related to the use of a consistent 𝜋𝜋𝑁𝑁Δ coupling, see V. Pascalutsa) 
⟹ 𝑪𝑪𝟓𝟓𝑨𝑨 𝟎𝟎 = 𝟏𝟏.𝟏𝟏𝟏𝟏 ± 𝟎𝟎.𝟎𝟎𝟎𝟎 and much better description of data, including the 𝝂𝝂𝝁𝝁 𝒑𝒑 ⟶ 𝒏𝒏 𝝅𝝅+
reaction and pion photo- and electro-production. Olsson phases become also much smaller.   
Nevertheless, FSI effects on single pion production off the deuteron might induce corrections on 
the nucleon spectator approximation,  and they might be of special relevance precisely in the
𝝂𝝂𝝁𝝁 𝒑𝒑 ⟶ 𝒏𝒏 𝝅𝝅+ channel (T. Sato et al.)

• There exist parity violation (T-odd correlations) effects due to the interferences between the 
non resonant and 𝜟𝜟 contributions.

• 𝝂𝝂 − �𝝂𝝂 asymmetries might be used to distinguish 𝝂𝝂𝝉𝝉 from �𝝂𝝂𝝉𝝉 below the 𝝉𝝉 −lepton production 
threshold. 
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