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Motivations

Neutrino energy of ∼ 1GeV is quite important for oscillation studies
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Motivations

Neutrino energy of ∼ 1GeV is quite important for oscillation studies

σTotal = σQE +σInelastic +σDIS

In this energy region the major contribution to the cross section comes from
CCQE, CC1π, NC1π production processes.
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One pion production from nucleons and nuclei has been a topic of great
interest because of the measurements by MiniBooNE, K2K, T2K etc. and
many experiments like NOνA, MINERνA measuring pion production from
ν/ν̄ induced interaction from nuclear targets.
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One pion production from nucleons and nuclei has been a topic of great
interest because of the measurements by MiniBooNE, K2K, T2K etc. and
many experiments like NOνA, MINERνA measuring pion production from
ν/ν̄ induced interaction from nuclear targets.

Recently, Wilkinson et al. has reanalyzed ANL and BNL data and it seems
the difference between two results have reduced a lot.
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Keeping the reanalysis in mind, in this work I am going to present one pion
production off the nucleon.
We consider:

∆ Resonance(J = 3
2

+
,I = 3

2
) contribution

Background terms due to nucleon and pion pole, contact term using
non-linear σ model.

Higher resonances from second resonance region

◮ J = 1
2

+
and I = 1

2
: P11(1440)

◮ J = 1
2

−
and I = 1

2
: S11(1535), S11(1650)

◮ J = 3
2

+
and I = 1

2
: P13(1720)

◮ J = 3
2

−
and I = 1

2
: D13(1520)

For the higher resonances we have used Helicity amplitudes obtained from
the MAID analysis to determine the vector form factors. For the axial
form factors, first to fix the axial coupling strength we have used the decay
widths and branching ratio from PDG for R → Nπ pion decay mode.
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Charged current(CC)

ν
l
p → l−pπ+ ν̄

l
n → l+nπ−

ν
l
n → l−nπ+ ν̄

l
p → l+pπ−

ν
l
n → l−pπ0 ν̄

l
p → l+nπ0 ; l = e,µ
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∆ Resonance
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∆ Resonance

∆

∆

q

p
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kπ

p′

q kπ

p p′

pR

jµ
∣

∣

3
2

R
= i Vud CR

kα
π

p2
R

− M2
R

+ iMRΓR

ū(~p ′)P
3/2

αβ
(pR)Γβµ

3
2

u(~p ), pR = p + q,

jµ
∣

∣

3
2

CR
= i Vud CR

k
β
π

p2
R

− M2
R

+ iMRΓR

ū(~p ′)Γ̂µα
3
2

P
3/2

αβ
(pR)u(~p ), pR = p′ − q,
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P
3/2

αβ
(P) = −(/P + MR)

(

gαβ −
2

3

PαPβ

M2
R

+
1

3

Pαγβ − Pβγα

MR

−
1

3
γαγβ

)

.

Γ
3
2

+

νµ =

[

V
3
2

νµ −A
3
2
νµ

]
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∆ Resonance

V
3
2

νµ =

[

C̃V
3

M
(gµν /q − qνγµ) +

C̃V
4

M2
(gµνq · pR − qνpRµ) +

C̃V
5

M2
(gµνq · p − qνpµ) + gµνC̃V

6

]

A
3
2
νµ = −

[

C̃A
3

M
(gµν /q − qνγµ) +

C̃A
4

M2
(gµνq · pR − qνpRµ) + C̃A

5 gµν +
C̃A

6

M2
qνqµ

]

γ5

Vector Form Factors =⇒ CVC −→ C V
6 (Q2) = 0

C̃ i
V , (i = 3,4,5) are determined from electron scattering
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Vector Form Factors =⇒ CVC −→ C V
6 (Q2) = 0
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V , (i = 3,4,5) are determined from electron scattering

C̃V
3 (Q2) =

2.13

(1 + Q2/M2
V

)2
×

1

1 + Q2

4M2
V

,

C̃V
4 (Q2) =

−1.51

(1 + Q2/M2
V

)2
×

1

1 + Q2

4M2
V

,

C̃V
5 (Q2) =

0.48

(1 + Q2/M2
V

)2
×

1

1 + Q2

0.776M2
V

O. Lalakulich et al, Phys.
Rev. D 74, 014009 (2006).
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∆ Resonance

V
3
2

νµ =
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C̃V
3

M
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C̃V
5
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[
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6

M2
qνqµ
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γ5

Axial Vector Form Factors =⇒ Dominant Contribution from C̃ A
5 (Q2)

The Q2 dependence of C̃A
5

(Q2) is parameterized
by Schreiner and von Hippel in the Adler’s model : C̃A

5 (Q2) =

CA
5

(0)

(

1 + a Q2

b + Q2

)

(

1 + Q2/M2
A∆

)2

with coefficients a = −1.21 and b = 2.
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5
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by Schreiner and von Hippel in the Adler’s model : C̃A

5 (Q2) =

CA
5

(0)

(

1 + a Q2

b + Q2

)

(

1 + Q2/M2
A∆

)2

with coefficients a = −1.21 and b = 2.
Modified dipole form

C̃A
5 (Q2) =

CA
5

(0)
(

1 + Q2/M2
A∆

)2

1

1 + Q2/(3M2
A∆

)
.
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M 2
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Non-resonant background

SU (2) non-linear σ model Lagrangian.

All the couplings are determined in terms of well known parameters like
pion decay constant(fπ) and axial charge (gA).

Introduced form factors to incorporate the nucleon structure.

Lσ
int =

gA

fπ
Ψ̄γµγ5

~τ

2
(∂µ

~φ)Ψ −
1

4f 2
π

Ψ̄γµ~τ
(

~φ × ∂µ ~φ
)

Ψ −
1

6f 2
π

(

~φ2∂µ
~φ∂µ ~φ − (~φ∂µ

~φ)(~φ∂µ ~φ)
)

+
m2

π

24f 2
π

(~φ2)2 −
gA

6f 3
π

Ψ̄γµγ5

[

~φ2 ~τ

2
∂µ

~φ − (~φ∂µ
~φ)

~τ

2
~φ

]

Ψ + O(
1

f 4
π

)

Vector and axial vector current are obtained using the above Lagrangian.

E. Hernandez, J. Nieves and M. Valverde
Phys. Rev. D 76, 033005 (2007).
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Non-resonant background
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Non-resonant background

Γµ = V µ −Aµ
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Non-resonant background
V µ −→ f̃1(Q2)γµ + f̃2(Q2)iσµν qν

2M

Aµ −→
(

f̃A(Q2)γµ + f̃P(Q2)qµ

M

)

γ5
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Non-resonant background

Γµ ∼ γµ − gAγµγ5 Γµ ∼ γµ Γµ ∼ γµγ5
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Charged Current Process

f̃1,2(Q2) −→ f V
1,2(Q2) = f

p
1,2(Q2)− f n

1,2(Q2),

Axial form factor(f̃A(Q2)) is generally taken to be of dipole form,

f̃A(Q2) = fA(Q2) = fA(0)

[

1+
Q2

M 2
A

]−2

,

fP(Q2) =
2M 2 fA(Q2)

m2
π +Q2

.

OSAKA, JAPAN NuINT‘2015 2015 12 / 34



jµ
∣

∣

NP
= Vud ANP ū(~p ′)/kπγ5

/p + /q +M

(p + q)2 −M 2 + iǫ

[

V
µ
N (q)−A

µ
N (q)

]

u(~p ),

jµ
∣

∣

CP
= Vud ACP ū(~p ′)

[

V
µ
N (q)−A

µ
N (q)

] /p′ − /q +M

(p′ − q)2 −M 2 + iǫ
/kπγ5u(~p ),

jµ
∣

∣

CT
= Vud ACT ū(~p ′)γµ

(

gAf V
CT (Q2)γ5 − fρ

(

(q − kπ)2
)

)

u(~p ),

jµ
∣

∣

PP
= Vud APP fρ

(

(q − kπ)2
) qµ

m2
π +Q2

ū(~p ′) /q u(~p ),

jµ
∣

∣

PF
= Vud APF fPF(Q2)

(2kπ − q)µ

(kπ − q)2 −m2
π

2Mū(~p ′)γ5u(~p ),

with Vud = cosθC for charged current process.
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Spin 1
2 resonance

1 P11(1440) (1
2

+
)

2 S11(1535) (1
2

−
)

3 S11(1650) (1
2

−
)

V
µ
1
2

=
F1(Q2)

(2M)2

(

Q2γµ + /qqµ
)

+
F2(Q2)

2M
iσµαqα

A
µ
1
2

= −FA(Q2)γµγ5 −
FP(Q2)

M
qµγ5,
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Spin 1
2 resonance

jµ
∣

∣

1
2

R
= i Vud CRū(~p ′)/kπγ5

/p + /q + M

(p + q)2 − M2 + iǫ
Γµ

1
2

u(~p ),

jµ
∣

∣

1
2

CR
= i Vud CRū(~p ′)Γµ

1
2

/p′ − /q + M

(p′ − q)2 − M2 + iǫ
/kπγ5u(~p ),
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= i Vud CRū(~p ′)Γµ

1
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(p′ − q)2 − M2 + iǫ
/kπγ5u(~p ),

Electromagnetic transition form factors calculated in terms of
Helicity amplitudes taken from MAID analysis

A
p,n
1
2

=

√

2πα

M

(MR ∓ M)2 + Q2

M2
R

− M2

[

Q2

4M2
F

p,n
1

+
MR ± M

2M
F

p,n
2

]

S
p,n
1
2

= ∓

√

πα

M

(M ± MR)2 + Q2

M2
R

− M2

(MR ∓ M)2 + Q2

4MRM

[

MR ± M

2M
F

p,n
1

− F
p,n
2

]

upper sign for Positive & lower sign for Negative parity state.

OSAKA, JAPAN NuINT‘2015 2015 15 / 34



Spin 3
2 & Isospin 1

2 resonance

1 D13(1520) (3
2

−
)

2 P13(1720) (3
2

+
)

R R
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3
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=
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Axial–Vector form factors

No data are available for higher resonances to fix axial form-factors
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Experiments were performed on Deuteron targets

BNL 7-foot deuterium bubble chamber
Argonne 12-foot bubble chamber

νµd → µ−pπ+ns

νµd → µ−pπ0ps

νµd → µ−nπ+ps

(

dσ

dQ2dW

)

νd

=

∫

dpd
p |Ψd(pd

p)|2
M

Ed
p

(

dσ

dQ2dW

)

off shell

,

Deuteron four momenta pµ = (Ed
p ,pd

p)
energy of the off shell proton inside the deuteron

Ed
p (= MDeuteron −

√

M 2 + |pd
p |2)

MDeuteron is the deuteron mass
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νµp → µ
−pπ

+

0 1 2 3
Eν (GeV)

0

0.2

0.4

0.6

0.8

1

σ 
(1

0-3
8  c

m
2 )

ANL Extracted
∆
BNL Extracted pπ+

OSAKA, JAPAN NuINT‘2015 2015 21 / 34



νµp → µ
−pπ

+

0 1 2 3
Eν (GeV)

0

0.2

0.4

0.6

0.8

1

σ 
(1

0-3
8  c

m
2 )

ANL Extracted
∆
∆ + BG
BNL Extracted

pπ+

OSAKA, JAPAN NuINT‘2015 2015 21 / 34



νµp → µ
−pπ

+ C A
5 (0)|∆ = 1 and MA = 1.026 GeV
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Neutrino induced Charged-current pion production
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Neutrino induced Charged-current pion production
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Neutrino induced Charged-current pion production
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Neutrino induced Charged-current pion production
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Antineutrino induced Charged-current pion production
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Antineutrino induced Charged-current pion production
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Antineutrino induced Charged-current pion production
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Individual contribution of various resonances for νµn → µ−nπ+ and
ν̄µp → µ+pπ− channel.
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Neutral Current induced one pion production
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Non-resonant background
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ū(~p ′)/kπγ5

/p + /q + M

(p + q)2 − M 2 + iǫ

[

V
µ
N

(q) − A
µ
N

(q)
]

u(~p ),

j
µ
∣

∣

CP
= A

CP
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Neutrino induced neutral-current pion production

0 0.5 1 1.5 2
Eν(GeV)

0

0.05

0.1

σ 
(1

0-3
8  c

m
2 )

∆

0 0.5 1 1.5 2
Eν(GeV)

0

0.05

0.1

ANL 1980

0 0.5 1 1.5 2
Eν(GeV)

0

0.05

0.1

0 0.5 1 1.5 2
Eν(GeV)

0

0.05

0.1

pπ0
pπ− nπ0

nπ+

No Cut

No Cut No Cut No Cut

OSAKA, JAPAN NuINT‘2015 2015 30 / 34



Neutrino induced neutral-current pion production

0 0.5 1 1.5 2
Eν(GeV)

0

0.05

0.1

σ 
(1

0-3
8  c

m
2 )

∆
∆+B

0 0.5 1 1.5 2
Eν(GeV)

0

0.05

0.1

ANL 1980

0 0.5 1 1.5 2
Eν(GeV)

0

0.05

0.1

0 0.5 1 1.5 2
Eν(GeV)

0

0.05

0.1

pπ0
pπ− nπ0

nπ+

No Cut

No Cut No Cut No Cut

OSAKA, JAPAN NuINT‘2015 2015 30 / 34



Neutrino induced neutral-current pion production
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Antineutrino induced neutral-current pion production
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Antineutrino induced neutral-current pion production
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Antineutrino induced neutral-current pion production
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Individual contribution of various resonances for νp → νpπ0 and ν̄p → ν̄pπ0.
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Conclusion

We have studied single charged current and neutral current one pion
production in the energy region of Eν/ν̄ ≤ 2GeV and have considered the
following contributions:

◮ ∆ resonance
◮ Background nonresonant
◮ Higher resonances

The axial mass MA = 1.026GeV and C 5
A(0) = 1.0 in the axial form factor

C 5
A(Q2) for ∆ resonance are obtained from the reanalyzed data of ANL

and BNL when nonresonant background terms and higher resonances are
taken into account in a coherent way.

The enhancement in the cross section due to the presence of non-resonant
background terms at Eν =1 GeV is around 12% for νµp → µ−pπ+

process, and about 24% for ν̄µn → µ+nπ− process.
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The non-resonant contributions in the case of νµn → µ−nπ+ process is
around 14% which becomes 42% when higher resonances are also included.

In the case of ν̄µp → µ+nπ0 process the enhancement in the cross section
due to the presence of non-resonant background terms is ∼42% at Eν =1
GeV, which in the case of ν̄µp → µ+pπ− process is ∼16%.

The maximum contribution due to non-resonant terms is for νn → νpπ−

process and the minimum contribution is for ν̄p → ν̄pπ0.

When contribution of higher resonances are taken into account we find
the major contributions from P11(1440) and D13(1520).

We plan to apply these calculation to obtain ν/ν̄ nucleus scattering cross
section for charged current as well as neutral current pion production
processes. We also plan to calculate the Q2, pion energy and pion angle
distribution.
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