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Single Hyperon Production

ν̄l(k)+p(p) → l+(k′)+Λ(p′)
ν̄l(k)+p(p) → l+(k′)+Σ0(p′)

ν̄l(k)+n(p) → l+(k′)+Σ−(p′)

l+

ν̄
W

Y

N

Generally, these processes are Cabibbo suppressed as compared to the
∆S= 0 associated production of hyperons. However, forEν̄ < 2 GeV,
the associated production of hyperons is kinematically suppressed by
the phase space.
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Transition matrix element

M =
GF√

2
sinθcl

µ Jµ
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Transition matrix element

M =
GF√

2
sinθcl

µ Jµ

lµ is leptonic current andJµ(∆S= 1) is the strangeness changing
hadronic current

Jµ = 〈Y(p′)|Vµ−Aµ|N(p)〉

Vector and Axial Vector Currents

〈Y(p′)|Vµ|N(p)〉 = ūY(p
′)

[

γµf1+ iσµν
qν

M+MY
f2+

f3
M+MY

qµ
]

uN(p)

〈Y(p′)|Aµ|N(p)〉 = ūY(p
′)

[

γµγ5g1+ iσµνγ5
qν

M+MY
g2+

g3

M+MY
qµγ5

]

uN(p)
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The six form factorsfi(q2) andgi(q2) (i = 1,2,3) are determined
using following assumptions about the weak vector and axialvector
currents in weak interactions:

(a) The assumptions of T invariance implies that all the form factors
fi(q2) andgi(q2) are real.
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currents in weak interactions:

(b) Assumed that∆S= 0 and∆S= 1 weak currents along with the
electromagnetic currents transform as octet representation under
SU(3).
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The six form factorsfi(q2) andgi(q2) (i = 1,2,3) are determined
using following assumptions about the weak vector and axialvector
currents in weak interactions:

(c) fi(q2) (gi(q2)) occurring in the matrix element of vector(axial
vector) current is written in terms of two functionsD(q2) and
F(q2) corresponding to symmetric octet(8S) and antisymmetric
octet(8A) couplings of octets of vector(axial vector) currents.
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The six form factorsfi(q2) andgi(q2) (i = 1,2,3) are determined
using following assumptions about the weak vector and axialvector
currents in weak interactions:

(d) The assumption of SU(3) symmetry and G invariance together
implies absence of second class currents leading to

f3(q
2) = g2(q

2) = 0
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FF p→ Σ0 p→ Λ

f1(q2) −1√
2
(f p

1 (q
2)+2f n

1 (q
2)) −

√

3
2f p

1 (q
2)

f2(q2) −1√
2
(f p

2 (q
2)+2f n

2 (q
2)) −

√

3
2f p

2 (q
2)

g1(q2) −1√
2

D−F
D+F gA(q2) D+3F√

6(D+F)
gA(q2)

F andD are determined from the semileptonic decays and are taken as
0.463 and 0.804 respectively.

f p,n
1 (q2) =

1

1− q2

4M2

[

Gp,n
E (q2)− q2

4M2Gp,n
M (q2)

]

f p,n
2 (q2) =

1

1− q2

4M2

[

Gp,n
M (q2)−Gp,n

E (q2)
]
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C.H. Llewellyn Smith, Phys. Rep. 3C, 261 (1972)
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INSIDE NUCLEUS

1 Fermi motion and Pauli blocking effects of initial nucleonsare
considered.

2 The Fermi motion effects are calculated in a local Fermi gas
model, and the cross section is evaluated as a function of local
Fermi momentumpF(r) and integrated over the whole nucleus.

Differential scattering cross section

dσ
dQ2dEl

= 2
∫

d3r
∫

d3p

(2π)3 nN(p, r)

[

dσ
dQ2dEl

]

free
,

Phys. Rev. D88, 077301 (2013)
Phys. Rev. D74, 053009 (2006).
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FINAL STATE INTERACTION(FSI) EFFECT

The produced hyperons are further affected by the FSI withinthe nu-
cleus through the hyperon-nucleon quasielastic and chargeexchange
scattering processes like

Λ+n→ Σ−+p,

Λ+n→ Σ0+n,

Σ−+p→ Λ+n,

Σ−+p→ Σ0+n, etc.
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The produced hyperons are further affected by the FSI withinthe nu-
cleus through the hyperon-nucleon quasielastic and chargeexchange
scattering processes like

Λ+n→ Σ−+p,

Λ+n→ Σ0+n,

Σ−+p→ Λ+n,

Σ−+p→ Σ0+n, etc.

This has been taken into account by using a MC code where Y-N scat-
tering xsec is the basic input, the details of the prescription is given in
PRD 74, 053009, 2006.
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Λ+p→ Σ++n,

Σ0+p→ Σ++n
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HYPERON GIVING RISE TO PIONS

As the decay modes of hyperons to pions is highly suppressed in the
nuclear medium(E Oset et al. Phys. Rep.188, 79 1990), making them
live long enough to pass through the nucleus and decay outside the
nuclear medium.
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HYPERON GIVING RISE TO PIONS

As the decay modes of hyperons to pions is highly suppressed in the
nuclear medium(E Oset et al. Phys. Rep.188, 79 1990), making them
live long enough to pass through the nucleus and decay outside the
nuclear medium.

Therefore, the produced pions are less affected by the strong interac-
tion of nuclear field, and their FSI have not been taken into account.
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1pi Prod.

Pion Production through∆ excitation
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Pion Production through∆ excitation

ν̄l(k)+N(p)→ l+(k′)+∆(p∆)�

N′(p′)+π(kπ)

Cross Section in local density approximation

σ =
1

(4π)5

∫ rmax

rmin

ρN(r)d~r
∫ Q2

max

Q2
min

dQ2
∫ k′max

k′min

dk′
∫ +1

−1
dcosθπ

×
∫ 2π

0
dφπ

π|~k′||~kπ|
ME2

νEl

1

E′
p+Eπ

(

1− |~q|
|~kπ|

cosθπ

)

¯∑∑ |Mfi|2,
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Eur. Phys. J. A43, 209 (2010).
J. Phys. G37, 015005 (2010).
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νl(k)+n(p) → l−(k′)+p(p′)+η(p2)

ν̄l(k)+p(p) → l+(k′)+n(p′)+η(p2).

p(p′)n(p)

N∗

S11
(p + q)n(p) p(p′)

W+(q)
η(p2)

N∗

S11
(p − p2)n(p) p(p′)

p(p + q)n(p) p(p′)

η(p2)
W+(q)

W+(q)
η(p2)

n(p − p2)

W+(q)
η(p2)

N(1535)I (JP) 1
2 (1

2
−
)

N(1650)I (JP) 1
2 (1

2
−
)
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Photoproduction of Eta Mesons

γ(q)+p(p)→ p(p′)+η(p2)

Cross section in lab frame:

dσ = (2π)4δ4(pη +p′−q−p)
1

4q0M
d3pn

(2π)32Eη

d3p′

(2π)32E′∑|M (s)
r |2,

The transition amplitude isM (s)
r

|M (s)
r |2 = e2ε∗(s)µ ε(s)ν Hµν

For unknown photon polarization:

∑s=±1ε∗(s)µ ε(s)ν −→−gµν.

And for the polarization states of hadrons which are remain
undetected

∑|M (s)
r |2 =−1

4
e2gµνHµν
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The hadronic tensorHµν

Hµν = Tr
[

( /p+M)J̃µ( /p′+M)Jν] , J̃µ = γ0(J
µ)†γ0

Currents corresponding to the nucleon Born terms are obtained using
χPT:

Jµ
N(s) =

D−3F

2
√

3fπ
ūN(p

′) /pηγ5 /p+ /q+M
(p+q)2−M2O

µ
NuN(p)

Jµ
N(u) =

D−3F

2
√

3fπ
ūN(p

′)Oµ
N

/p− /pη +M
(p−pη)2−M2 /pηγ5uN(p),

where

O
µ
N ≡ f N

1 (q2)γµ+ f N
2 (q2)iσµρ qρ

2M

For real photonsq2 = 0, therefore, one may write the above
expression as,

O
µ
N ≡ f N

1 (0)γµ+ f N
2 (0)iσµρ qρ

2M
.
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For the resonant terms, currents corresponding to s-channel Jµ
R(s) and

the u-channelJµ
R(u) are:

Jµ
R(s) = igηNS11ūN∗(p′) /pη

/p+ /q+MR

(p+q)2−M2
R+ iΓRMR

O
µ
RuN(p)

Jµ
R(u) = igηNS11ūN∗(p′)Oµ

R
/p− /p2+MR

(p−pη)2−M2
R+ iΓRMR

/pηuN(p),

where

O
µ
R ≡ ±FN

2 (q
2 = 0)

2M
iσµρqργ5

+(-) sign for s(u) channel diagram.
gηNS11 is fixed using the resonant decay width.
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Γ(S11 → Nφ) partial decay width is:

ΓS11→NΦ = CΦ

(

gΦ

fπ

)2 |~pCM|
8π

(W2−M2)2−m2
Φ(W

2+M2−2MMR)

W2

whereCΦ = 3 for pion andCΦ = 1 for eta meson and

|~pCM|=
1

2W

√

[W2− (M+mΦ)2] [W2− (M−mΦ)2].

W is the energy at resonance rest frame, which for on-mass shell
reduces to the mass of resonance i.e.Won-mass= MR.
To fix the coupling, following decay fraction for theN∗ resonance are
taken

N∗(1535) → Nπ 35−50%
N∗(1535) → Nη (42±10)%
N∗(1535) → Nππ 1−10%

N∗(1650) → Nπ 50−90%
N∗(1650) → Nη 5−15%
N∗(1650) → ΛK 3−11%
N∗(1650) → Nππ 10−20%.
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S+11(P
∗)

g1650
π = −0.105

g1650
η = −0.088

g1535
η = 0.284

g1535
π = 0.092

S−11(N
∗)

g1650
π = 0.131

g1650
η = 0.0868

g1535
η = 0.286

g1535
π = 0.106
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A1
2

is generally parameterized as(following MAID convention):

Ap,n
1
2

=

√

2παe

M
(MR+M)2

M2
R−M2

MR−M
2M

FN
2 (0)

Table:Parameters fitted using the data from the MAMI Crystal Ball
experiment

Resonance→ S11(1535) S11(1650)
Helicity Aλ(0) Aλ(0)

Amplitude↓ 10−3 10−3

Ap
1/2(0) 89.38 53.0

Sp
1/2(0) -16.5 −3.5
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Photoproduction ofη Mesons

0.8 1 1.2
Eγ  (GeV)

0

5
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15

20

σ 
 ( 

µb
)

Present Result
PRC82,035208(2010)

γ + p  →  p + η

Crystal Ball detector at the Mainz Microtron(MAMI-C)
E. McNicoll et. al. Phys. Rev. C82 (2010) 035208
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Weak production ofη Mesons

The current has structureV−A
Hadronic currents for nonresonant terms usingχPT is obtained as,

Jµ
N(s) =

gVud

2
√

2

D−3F

2
√

3fπ
ūN(p

′) /pηγ5 /p+ /q+M
(p+q)2−M2O

µ
NuN(p)

Jµ
N(u) =

gVud

2
√

2

D−3F

2
√

3fπ
ūN(p

′)Oµ
N

/p− /pη +M
(p−pη)2−M2 /pηγ5uN(p),

where

O
µ
N ≡ f V

1 (q2)γµ+ f V
2 (q2)iσµρ qρ

2MN
− fA(q

2)γµγ5− fP(q
2)qµγ5
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For the resonantS11(1535) andS11(1650) channels the hadronic
currents are given by,

Jµ
R(s) =

gVud

2
√

2
igηūN(p

′) /pη
/p+ /q+MR

(p+q)2−M2
R+ iΓRMR

O
µ
RuN(p)

Jµ
R(u) =

gVud

2
√

2
igηūN(p

′)Oµ
R

/p− /p2+MR

(p−pη)2−M2
R+ iΓRMR

/pηuN(p),

where

O
µ
R ≡ FV

1 (q
2)

(2M)2 ( /qqµ−q2γµ)γ5±
FV

2 (q
2)

2M
iσµρqργ5

−FA(q
2)γµ∓ FP(q2)

M
qµ
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The isovector form factorsFV
1,2, are given in terms of the

electromagnetic transition form factors of protons and neutrons as

FV
1 (Q

2) = Fp
1(Q

2)−Fn
1(Q

2); FV
2 (Q

2) = Fp
2(Q

2)−Fn
2(Q

2).

Fp,n
1,2(Q

2) are obtained from the helicity amplitudesAp,n
1
2

andSp,n
1
2

,

given as

Ap,n
1
2

=

√

2παe

M
(MR+M)2+Q2

M2
R−M2

(

Q2

4M2 Fp,n
1 (Q2)+

MR−M
2M

Fp,n
2 (Q2)

)

Sp,n
1
2

=

√

παe

M
(MR−M)2+Q2

M2
R−M2

(MR+M)2+Q2

4MRM

(

MR−M
2M

Fp,n
1 (Q2)−Fp,n

2 (Q2)

)
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The parametersA1
2

andS1
2

are generally parameterized as:

A1
2
(Q2) = A1

2
(0)
(

1+α Q2) e−βQ2

S1
2
(Q2) = S1

2
(0)
(

1+α Q2) e−βQ2
,

Table:Parameters used for the helicity amplitude

Resonance→ S11(1535) S11(1650)
Helicity Aλ(0) α β Aλ(0) α β

Amplitude↓ 10−3 10−3

Ap
1/2(Q

2) 89.38 1.61364 0.75879 53 1.45 0.62

Sp
1/2(Q

2) -16.5 2.8261 0.73735 -3.5 2.88 0.76

An
1/2(Q

2) -52.79 2.86297 1.68723 9.3 0.13 1.55

Sn
1/2(Q

2) 29.66 0.35874 1.55 10.0 -0.5 1.55
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We derived Goldberger-Treiman relation for
the axial couplings and assumed a dipole
form for Q2dependence for the axial form
factors.

n P ∗

W+

π+

FA(Q
2) = FA(0)

(

1+
Q2

M2
A

)−2

;

FP(Q
2) =

(MR−M)M
Q2+m2

π
FA(Q

2).

FA(0) = 2gη MA = 1.03GeV
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arXiv:1311.2293
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Outline

1 Single Hyperon Production
Pion Production

2 Eta Production

3 Associated Production

4 Single Kaon Production

5 Conclusion
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Processes

Neutrino

νln → l−Σ+K0

νln → l−ΛK+

νln → l−Σ0K+

νlp → l−Σ+K+

Anti-neutrino

ν̄lp → l+Σ−K+

ν̄lp → l+ΛK0

ν̄lp → l+Σ0K0

ν̄ln → l+Σ−K0

42 / 63



1Y Prod. η Prod YK Prod. 1K Prod. Conclusion

Feynman diagram

N(q + p)N(p) Y (p′)

W (q)
K(pk)

K(p − p′)

N(p) Y (p′)

W (q)
K(pk)

Y ′(p − pk)N(p) Y (p′)

W (q) K(pk)

A B C

Y (p′)

K(pk)W (q)

N(p)

D

W (q)

Y (p′)N(p)

K(pk)
π(q)

E
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jµ|s = iASYVud

√
2

2fπ
ūY(p

′) /pkγ5 /p+ /q+M
(p+q)2−M2H

µuN(p)

jµ|u = iAUYVud

√
2

2fπ
ūY(p

′)H µ /p− /pk+MY′

(p−pk)2−M2
Y′

/pkγ5uN(p)

jµ|t = iATYVud

√
2

2fπ
(M+MY) ūY(p

′)γ5 uN(p)
qµ−2pµ

k

(p−p′)2−m2
k

jµ|CT = iACTVud

√
2

2fπ
ūY(p

′)
(

γµ+BCT γµγ5)uN(p)

jµ|πF = iAπVud

√
2

4fπ
ūY(p

′)( /q+ /pk)uN(p)
qµ

q2−m2
π

H µ = FV
1 γµ+ i

FV
2

2M
σµνqν −GA

(

γµ− /qqµ

q2−m2
π

)

γ5,

whereH µ is the transition current forY⇆ Y′ with Y= Y′ ≡ Nucleon
and/or Hyperon.
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The standard form factors for weak CC transitions of the
SU(3) baryon octets.

Sl. No. Weak transition F1(Q
2) F2(Q

2) GA(Q
2)

1 p→ n f p
1 (Q

2)− f n
1 (Q

2) f p
2 (Q

2)− f n
2 (Q

2) gA(Q
2)

2
p→ Λ −

√

3
2 f p

1 (Q
2) −

√

3
2 f p

2 (Q
2) −

√

1
6

3F+D
F+D gA(Q

2)

n→ Λ −
√

3
2 f p

1 (Q
2) −

√

3
2 f p

2 (Q
2) −

√

1
6

3F+D
F+D gA(Q

2)

3 Σ± → Λ −
√

3
2 f n

1 (Q
2) −

√

3
2 f n

2 (Q
2)

√

2
3

D
F+D gA(Q

2)

4 Σ± → Σ0 ∓ 1√
2
[2f p

1 (Q
2)+ f n

1 (Q
2)] ∓ 1√

2
[2f p

2 (Q
2)+ f n

2 (Q
2)] ∓

√
2 F

F+D gA(Q
2)

5
p→ Σ0 − 1√

2
[f p

1 (Q
2)+2f n

1 (Q
2)] − 1√

2
[f p

2 (Q
2)+2f n

2 (Q
2)] 1√

2
D−F
F+D gA(Q

2)

n→ Σ0 1√
2
[f p

1 (Q
2)+2f n

1 (Q
2)] 1√

2
[f p

2 (Q
2)+2f n

2 (Q
2)] − 1√

2
D−F
F+D gA(Q

2)

6
n→ Σ− −f p

1 (Q
2)−2f n

1 (Q
2) −f p

2 (Q
2)−2f n

2 (Q
2) D−F

F+D gA(Q
2)

p→ Σ+ −f p
1 (Q

2)−2f n
1 (Q

2) −f p
2 (Q

2)−2f n
2 (Q

2) D−F
F+D gA(Q

2)
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Couplings for∆S= 0 K production

Process ACT BCT ASY AUY ATY Aπ

Y′ = Σ Y′ = Λ

ν̄l p→ l+Σ−K+

0 0 D−F D−F 1
3 (D+3F) 0 0

νl n→ l−Σ+K0

ν̄l p→ l+ΛK0

−
√

3
2

−1
3 (D+3F) −1√

6
(D+3F) −

√

2
3 (D−F) 0 −1√

6
(D+3F)

√

3
2

νl n→ l−ΛK+

ν̄l p→ l+Σ0K0
∓ 1√

2
D−F ∓ 1√

2
(D−F) ∓

√
2(D−F) 0 ± 1√

2
(D−F) ± 1√

2
νl n→ l−Σ0K+

ν̄l n→ l+Σ−K0

−1 D−F 0 F−D 1
3 (D+3F) D−F 1

νl p→ l−Σ+K+

Table:Constant factors appearing in the hadronic current. The upper sign
corresponds to the processes withν̄
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With Resonance

N(1650)I (JP) 1
2 (1

2
−
)

N(1720)I (JP) 1
2 (3

2
+
)
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Comparison of total cross section for the CCνµ/ν̄µ induced
KΛ channel with the results of
Shrock et al. PRD12 (1975) 2049.

Process
σ×10−41cm2

Eνµ =1.2 GeV Eνµ =1.6 GeV Eνµ =2 GeV

νµn→ µ−ΛK+ Present Work 0.2 4.0 15.0
Shrock et al. 0.14 1.8 5.4

ν̄µp→ µ+ΛK0 Present Work 0.1 2.0 8.0
Shrock et al. 0.12 1.4 4.1
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Currents for∆S= 1 K production

Jµ|CT = iACTVus
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Jµ|KP = iAKPVus
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Process BCT ACT AΣ AΛ ACrΣ ACrΛ AKP Aπ Aη AΣ∗

νn→ l−K+n D-F -1 0 0 -1 0 -1 -1 -1 0
νp→ l−K+p -F -2 0 0 − 1

2 1 -2 1 -1 0
νn→ l−K0p -D-F -1 0 0 1

2 1 -1 2 0 0
ν̄n→ l+K−n D-F 1 -1 0 0 0 -1 1 1 2
ν̄p→ l+K−p -F 2 − 1

2 1 0 0 -2 -1 1 1
ν̄p→ l+K̄0n -D-F 1 1

2 1 0 0 -1 -2 0 -1

Table:Constant factors appearing in the hadronic current
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σ for νµ+p→ µ−+K++p
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Q2 Distribution
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σ for ν̄µ+p→ µ++K−+p
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Conclusion

We have presented the results for single hyperon production, η
production, associated particle production and single
K-production.

The study may be useful in the analysis of neutrino as well as
antineutrino experiments at MINERνA, NOνA, T2K and others.

We find the contribution of contact term to be significant in
single kaon production as well as in the associated particle
production processes.

We findS11(1535) dominance inη production.

We find the contribution fromS11(1650) interference terms inΛ
production through A.P.P. process to be about 15-20% at
1.5-2GeV, while fromS11(1720) the contribution is almost
negligible.
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