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electroweak meson production reaction beyond Delta

GeV neutrino in current and future accelerator neutrino experiments.
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Description of neutrino reactions in the resonance region is important.

Reaction model should be constrained as much as possible from available
pion, photon, and electron induced meson production data.

Resonance region (W < 2GeV ) and DIS(W > 2GeV,Q2 ≥ 1GeV 2)
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Isobar Models

N N

W

Transition form factor

pion coupling constant

R

For each partial wave amplitude (JπI)

FJπI =
gπNR gJNR

W −MR + iΓR/2

Mass(MR), Width(ΓR) of resonance R from PDG.

Coupling constantsgπNR, gV NR can be estimated from branching ratio(Bα), gANR: use
quark model estimation or use gπNR assuming PCAC.

gπNR =

√
Γ

2
Bπ , gV NR =

√
Γ

2
Bγ

No control of non-resonant mechanism, relative phases between non-res ↔ res, (Jπ , I)
channels.

model implemented in neutrino generators.(Rein-Sehgal model)
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ANL-Osaka Coupled channel model

new feature beyond ∆33(1232)

many N∗ and ∆ resonances MR < 2GeV
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opening of ηN, ππN,KΛ,KΣ, , , channels

→ needs multi-channel unitarity including three-body(ππN).
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(ANL-Osaka model)

Meson exchange picture of meson-baryon interaction.

coupled-
channels effect

s-channel u-channel t-channel contact

N*bare

Included Meson-baryon channels:
πN, ηN, ππN(σN, ρN, π∆),KΛ,KΣ

Satisfy three body(ππN) unitarity

T = V + V G0T
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Step 1: πN reactions. [fix strong interaction part of model]

Step 2:Analysis of γ, γ∗(σ/dΩ, P,Σ, ..).[fix model of Vector current]

validity of reaction mechanisms(non-resonant, resonant) are tested through the analysis of

extensive data.

Step 3 Axial vector coupling of N to N∗,∆( only parameters left undetermined.):

PCAC(not all coupling constants are determined.), Q2 dependence: assume dipole
T. Sato (Osaka U.) neutino reaction and PV Nov. 19 2017 7 / 24



Overview of neutrino induced reaction (ANL-Osaka Model) dσ/dW/dQ2 at Eν = 2GeV

νµ + p → µ− + π+ + p νµ + p → µ− + π+ + π0 + p
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S. X. Nakamura et al. PRD 92, 074024 (2015)
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Single pion production data

Data on Neutrino induced Single pion production
(http://hepdata.cedar.ac.uk/review/neutrino/)

1π 2π
GGM Lerche 1978 ν Propane 1-10

Bolognese 1979 ν̄ Propane-Freon 1-7.5
BEBC Allen 1986 ν p 10-80

Allasia 1990 ν, ν̄ d 5-150
BNL Kitagaki 1986 ν d 0.5 - 3 0.5 - 3
ANL Barish 1979 ν p,d 0.4 - 6

Radecky 1982 ν d 0.5 - 1.5
Day 1983 ν d 0.75-5.55

FNAL Bell 1978 ν p 15-40
SKAT Ammosov 1988 ν Freon(CF3Br) 4-18

Grabosch 1989 ν, ν̄ Freon(CF3Br) 3.5-6

Reanalysis of ANL/BNL data
(C. Wilkinson et al. PRD90 (2014), Rodrigues et al. arXiv:1601.01888)
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Single pion production in N ∗,∆ region

dσ/dW of single pion production Eν = 40GeV
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Neutrino anti-neutrino BEBC NP343,285(1990)

Only qualitative comparison can be made for higher W region.
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Two-pion production

pi N � pi pi N reaction

Kamano, Julia-Diaz, Lee, Matsuyama, Sato, PRC79 025206 (2009)
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Parameters used in the calculation are from ππππN ���� ππππN analysis.

Full result

C.C. effect off

Phase spaceFull result

Data handled with the help of R. Arndt

H. Kamano@BARYON10
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Neutrino induced two pion production

νµp → µ−π+π−p νµp → µ−π+π+n νµn → µ−π+π−n
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Inclusive cross section and parity violating asymmetry

How well our model accounts total strength of reaction?

Q2 = 0 PCAC (compare with πN total and elastic cross sections)

Large Q2

vector current : data and parton model
axial vector current : parton model, PV electron scattering
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Axial vector current at Q2 = 0

Axial Vector current FCC
2 at Q2 = 0

Proton Neutron

Total

pi-N final

Using PCAC, FCC
2 (Q2 = 0) =

2f2
π

π σ(virtualπ +N)
open box, green cross are data.
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Vector current at large Q2
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Axial vector current at large Q2

strength of axial vector current at large W,Q2 in DCC model may be too weak.
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Approximate relation between structure functions

FCC
3 and F γZ

3 (Fα
i = (Fα

ip + Fα
in)/2)

2F γZ
3 = FCC

3 ∝ VIV (AIV )
∗ DCC

2F γZ
3 ≈ FCC

3 ∼ u− ū+ d− d̄ PDF

* W γN
3 can be used to test FCC

3 for neutrino reaction.
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Parity violating electron scattering

Parity violating asymmetry of N(e⃗, e′)X reaction < σ⃗ · p⃗e >

APV =
σ+ − σ−

σ+ + σ−
= −

Q2GF√
24πα

N

D
N

e e'

N = cos2
θ

2
W γZ

2 + sin2
θ

2
[2W γZ

1 + (1− 4 sin2 θW )
Ee + E′

e

MN
W γZ

3 ]

D = cos2
θ

2
W em

2 + sin2
θ

2
W em

1

Here

W em
i ∝

∑
f

δ(pi + q − pf ) < f |Jµ
em|N >< f |Jν

em|N >∗

W γZ
i ∝

∑
f

δ(pi + q − pf )[< f |Jµ
em|N >< f |Jν

NC |N >∗ + < f |Jµ
NC |N >< f |Jν

em|N >∗]
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Parity Violating Asymmetries

Using V µ
NC = (1− 2 sin2 θW )Jµ

em − V µ
IS

Q2APV =
σ+ − σ−

σ+ + σ−
= −

GF√
24πα

[2− 4 sin2 θW +∆V +∆A]

= −8.99× 10−5[1.075 + ∆V +∆A]

∆V = −[cos2
θ

2
W em−is

2 + 2 sin2
θ

2
W em−is

1 ]/D

∆A = sin2
θ

2
(1− 4 sin2 θW )

Ee + E′
e

MN
W γZ

3 /D

∆V : only isospin 1/2 final state contributes. expected to be small in the Delta region

W γZ
3 might be seen in backward electron scattering
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Estimation of ∆V ,∆A
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Parity Violating Asymmetries

Parity violating asymmetry of d(e⃗, e′) reaction in DCC model with simple estimation for
deuteron reaction

Q2APV = −
GF√
24πα

Np +Nn

Dp +Dn
= −8.99× 10−5[1.075 + ∆V +∆A]
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Summary

Current status of DCC model on neutrino-nucleon reaction in the resonance region is
discussed.

In ν − p(ν̄ − n) reaction, ∆33(1232) plays dominant role.For other channels, N∗

resonances contribute appreciably.

One can obtain hint on the validity of the model comparing with parton model, suggesting
missing strength of axial vector current at non-zero Q2 in DCC model.

PV asymmetry, in principle, give us information on WCC
3 .

To disentangle nuclear effects from model dependence of nucleon reaction, benchmark
test will be necessary. (Rein-Sehgal, Hernandez-Nieves, Leitner-Lalakulich-Mosel,
Aligah,Kabirnezhad,Nakamura et al. )
not only σ(Eν),

dσ

dWdQ2
,

dσ

dWdQ2dΩ∗
π
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NPB62 (1973) 61, C. Wilkin et al. σ̄ = [σπ− + σπ+ ]/2, ∆σ = [σπ− − σπ+ ]/2
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NPA209 (1973)1, B.W.Allardyce et al.
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