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Introduction

Neutrino Anti-neutrino

σTotal = σQE
νlN→lN′ +σInelastic +σDIS

σInelastic = σ1π +σ2π + · · ·+σ1Y +σ1K +σ1η +σYK + · · ·
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∆S = 1 processes are Cabibbo suppressed as compared to ∆S = 0
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MINERνA experiment at Fermi Lab is studying strange particle

production with high statistics.

MicroBooNE, ArgoNeuT, T2K, NOνA are taking data in the few

GeV region to determine precisely ν-oscillation parameters.

In some of the MC Generators some of the reactions are missing

and some are not well described.

Nucleon Decay searches in Atmospheric neutrino experiments :

background estimation of K and η production by neutrinos.

In the understanding of the basic symmetries of the SM, strange

quark content of the nucleon, structure of weak hadronic form

factors, etc.
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Weak Processes

Single K-meson

νlp → l−K+p

νln → l−K0p

νln → l−K+n

ν̄lp → l+K−p

ν̄lp → l+K̄0n

ν̄ln → l+K−n

Single Hyperon Production

ν̄lp → l+Σ0

ν̄lp → l+Λ

ν̄ln → l+Σ−

Single K-meson

νlp → l−K+p

νln → l−K0p

νln → l−K+n

ν̄lp → l+K−p

ν̄lp → l+K̄0n

ν̄ln → l+K−n

Single Hyperon Production

ν̄lp → l+Σ0

ν̄lp → l+Λ

ν̄ln → l+Σ−

Single K-meson

νlp → l−K+p

νln → l−K0p

νln → l−K+n

ν̄lp → l+K−p

ν̄lp → l+K̄0n

ν̄ln → l+K−n

Single Hyperon Production

ν̄lp → l+Σ0

ν̄lp → l+Λ

ν̄ln → l+Σ−

Selection rule ∆S = ∆Q restricts ∆S = 1 single
hyperon production to ν̄ rather than ν reactions

∆S = 0, ∆Q =±1 Allowed

∆S = ∆Q =±1 Allowed

∆S = −∆Q =±1 Forbidden

νl+ n → l−+Σ+

0 +1 Q

0 −1 S

ν̄l+ n → l++Σ−

0 −1 Q

0 −1 S
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Single η Production

νln → l−pη

ν̄lp → l+nη

Associated Production(Charged Current Channel)

νln → l−K+Λ

νlp → l−K+Σ+

νln → l−K+Σ0

νln → l−K0Σ+
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ν̄lp → l+K0Σ0

ν̄lp → l+K+Σ−

ν̄ln → l+K0Σ−

Associated Production(Neutral Current Channel)

Similar to electroproduction with additional

contribution from axial currents

νln → νlK
0Λ0

νln → νlK
0Σ0

νln → νlK
+Σ−

νlp → νlK
+Λ0

νlp → νlK
+Σ0

νlp → νlK
0Σ+

ν̄ln → ν̄lK
0Λ0

ν̄ln → ν̄lK
0Σ0

ν̄ln → ν̄lK
+Σ−

ν̄lp → ν̄lK
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SuperK has not observed nucleon decay—-260kT-year

They have put limits(90% CL) on the partial lifetimes for decay modes

τ

B(p → e+π0)
> 1.3×1034 yrs

τ

B(p → K+ν̄)
> 0.59×1034 yrs

Uniqueness of proton decay signatures in a LArTPC

LArTPC technology is expected to out perform water Cherenkov in

Detection efficiency

Atmospheric neutrino background rejection

for most nucleon decay modes
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Decay Mode Water Cherenkov Liquid Argon TPC

Efficiency Background Efficiency Background

p → K+ν̄ 19% 4 97% 1

p → K0µ+ 10% 8 47% < 2

p → K+µ−π+ 97% 1

n → K+e− 10% 3 96% < 2

n → e+π− 19% 2 44% 0.8

Proton decay

lifetime limit

for p → K+ν̄

as a function

of time for

underground

LArTPCs
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Most of the experiments are carried out on detectors containing

complex nuclei such as iron, oxygen or carbon.

In the case of p → e++π0, maximum detection efficiency is limited

to 40−45% because of inelastic intranuclear scattering of the π0.

We could remember here that some of the major nuclear effects for

pion production are originated by the modification of the ∆(1232)
properties in nuclei.

Fortunately, this question is much simpler for the kaons.
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First, because there is no K+ absorption and the final state interac-

tion is reduced to a repulsive potential, small when compared with

the typical kaon energies.

Second, because of the absence of resonance channels in the pro-

duction processes.

Other nuclear effects, such as Fermi motion and Pauli blocking will

only produce minor changes on the cross section and can easily be

implemented in the Monte Carlo codes.
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σ(ν+K0 +Λ)

σ(µ−+K++Λ)
= 1.5± 1.5

⇒ Perhaps A.P. in NC is stronger than in CC

Charged current Λ0K+ and π−production cross sections:

σ(νµ + n → µ−+K++Λ)

σ(νµ +N → µ−+N +mπ)
= 0.04± 0.03

Charged current pK(∆S = 1) and π−production cross sections

σ(νµ +N → µ−+K++ p)

σ(νµ +N → µ−+N +mπ)
= 0.03± 0.03
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Gargamelle Experiment: PLB58, 361(1975)

Bubble Chamber using Freon

Ratio of CC Strange particle production accompanied by Kaon
to total CC particle production

All strange particle events(νµ +N → µ−+S+X)

All charged currents events(CC with W > MΛ +MK)
= 0.08±0.02
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Gargamelle Experiment: PLB58, 361(1975)

Bubble Chamber using Freon

Ratio of CC Strange particle production accompanied by Kaon
to total CC particle production

All strange particle events(νµ +N → µ−+S+X)

All charged currents events(CC with W > MΛ +MK)
= 0.08±0.02

σSNC(∆S = 0)

σSCC(∆S = 0)
= 0.34+0.17

−0.09
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FermiLab Experiment: PRL41, 1008(1978)

Bubble Chamber filled with hydrogen (15 GeV ≤ Eν ≤ 40 GeV)

Ratio of pK to pπ

σ(νµ +p → µ−K+p)

σ(νµ +p → µ−π+p)
= 0.017±0.010
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FermiLab Experiment: PRL41, 1008(1978)

Bubble Chamber filled with hydrogen (15 GeV ≤ Eν ≤ 40 GeV)

Ratio of pK to pπ

σ(νµ +p → µ−K+p)

σ(νµ +p → µ−π+p)
= 0.017±0.010

Measured

σ(νµ +p → µ−π+p) = 0.80±0.12×10−38 cm2

Estimated

σ(νµ +p → µ−K+p) = 1.4±0.8×10−40 cm2
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ANL Bubble Chamber Experiment: PRD19, 2521(1979)
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Ratio of strange particles to all particles

R =
σ(ν+d → µ−+ strange particles)

σ(ν+d → µ−+all)
≥ 0.052±0.018
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ANL Bubble Chamber Experiment: PRD19, 2521(1979)

Eν ≥ 1.5 GeV

Ratio of strange particles to all particles

R =
σ(ν+d → µ−+ strange particles)

σ(ν+d → µ−+all)
≥ 0.052±0.018

Cut on hadronic masses

1.4 GeV ≤ W ≤ 3 GeV

R ≥ 0.075±0.027

14 / 80



1K Prod. 1Y Prod. η Prod YK Prod.

ANL Bubble Chamber Experiments: PRD34, 2545(1986)

15 / 80



1K Prod. 1Y Prod. η Prod YK Prod.

ANL Bubble Chamber Experiments: PRD34, 2545(1986)

For 1 < Eν < 5 GeV

15 / 80



1K Prod. 1Y Prod. η Prod YK Prod.

ANL Bubble Chamber Experiments: PRD34, 2545(1986)

For 1 < Eν < 5 GeV

Atmospheric neutrinos

15 / 80



1K Prod. 1Y Prod. η Prod YK Prod.

ANL Bubble Chamber Experiments: PRD34, 2545(1986)
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ANL Bubble Chamber Experiments: PRD34, 2545(1986)

For 1 < Eν < 5 GeV

Atmospheric neutrinos

σ(K0CC)

SCC
= 0.18±0.12

σ(K+CC)

SCC
= 0.82±0.12

σSCC(∆S = 0)

σSCC(∆S = 0)+σSCC(∆S = 1)
= 0.74±0.27
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Formalism

The general expression for the scattering cross-section is given by,

d9σ =
(2π)4

4ME

n

∏
f=1

d~kf

2k0
f (2π)3

δ4(ki − kf )Σ̄Σ|M |2,
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Leptonic CurrentHadronic Current

L =− g

2
√

2

[

W+
µ ν̄lγ

µ(1− γ5)l+ h.c.
]

.

Hadronic currents are obtained using Chiral Perturbation Theory

16 / 80



1K Prod. 1Y Prod. η Prod YK Prod.

Meson-Meson Interaction
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interaction of the Goldstone bosons
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f 2
π
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Tr(DµU†DµU)
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boson fields

U(x) = exp

(

i
Φ(x)

fπ

)

,

SU(3) representation of pseudoscalar fields:

Φ(x) =
8

∑
k=1

φk(x)λk =







π0 + 1√
3

η
√

2π+
√

2K+

√
2π− −π0 + 1√

3
η

√
2K0

√
2K− √

2K̄0 − 2√
3

η






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Interaction of pseudoscalar fields with baryons

We consider the octet of 1
2

+
baryons. With each member of the octet

we associate a complex, four-component Dirac field
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1K Prod. 1Y Prod. η Prod YK Prod.

The lowest-order chiral Lagrangian for the baryon octet in the presence

of an external current may be written in terms of the SU(3) matrix B

as,

L
(1)
MB = Tr

[

B̄(i /D−M)B
]

− D

2
Tr
(

B̄γµγ5{uµ,B}
)

− F

2
Tr
(

B̄γµγ5[uµ,B]
)

,

covariant derivative of B:

DµB = ∂µB+[Γµ,B],
Γµ = 1

2

[

u†(∂µ − irµ)u+u(∂µ − ilµ)u†
]

DµU ≡ ∂µU − irµU+ iUlµ

DµU† ≡ ∂µU† + iU†rµ − ilµU†,

uµ = i
[

u†(∂µ − irµ)u−u(∂µ − ilµ)u†
]

19 / 80



1K Prod. 1Y Prod. η Prod YK Prod.

ν̄µ +n → µ++K−+n

ν̄l(k)
l+(k′)

W−(q)

n(p)

Σ−

n(p′)

K−(pK)

s− channel
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s− channel

ν̄l(k)

l+(k′)

−ig
2
√
2
l+γµ(1 + γ5)ν̄ n

W−

Σ−(p+ q)
−ig
2
√
2
Vus[γµ + (D − F )γµγ5]Σ̄

−W−
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1K Prod. 1Y Prod. η Prod YK Prod.

Σ−(p+ q)

n(p′)

K−(pK)

n̄(F−D)γσγ5Σ
−∂σK+√

2fπ
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1K Prod. 1Y Prod. η Prod YK Prod.

Σ−(p+ q)

n(p′)

K−(pK)

n̄(F−D)γσγ5Σ
−∂σK+√

2fπ

W−(q)

n(p)

Σ−(p+ q)

n(p′)

K−(pK)

g
n̄(F−D)γσγ5(ip

σ
k )(Σ

−Σ̄−)Vus[γµ+(D−F )γµγ5]n

(
√
2fπ)(2

√
2)
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ν̄l(k)

l+(k′)

W−(q)

K−(pK)

π0(pπ)

p(p) p(p′)
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K−(pK)

π0(pπ)

p(p) p(p′)

ν̄l(k)

l+(k′)

−ig
2
√
2
l+γµ(1 + γ5)ν̄

π0(pπ)
i

p2π−m2
π

i
4gVusW−(−K+Dπ0 +DK+π0)
= i

4gVus(ip
µ
k)π0

π0

W−(q) K−(pk)
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1K Prod. 1Y Prod. η Prod YK Prod.

π0(pπ)

p(p) p(p′) − p̄(D+F )γσγ5∂
σπ0p

2fπ
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1K Prod. 1Y Prod. η Prod YK Prod.

π0(pπ)

p(p) p(p′) − p̄(D+F )γσγ5∂
σπ0p

2fπ

p

p

π0

W−

K−

−ig
2
√
2

1
2
√
2fπ

Vus

(q−pK)2−m2
π

ū(p′)(D + F ) 6 pπγ5u(p)pµK
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1K Prod. 1Y Prod. η Prod YK Prod.

Outline

1 Single Kaon Production

2 Hyperon Production

Pion Production

3 Eta Production

4 Associated Production
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1K Prod. 1Y Prod. η Prod YK Prod.

νlp → l−K+p

νln → l−K0p

νln → l−K+n

W+

K

N Λ,Σ N ′

CrossΛ, CrossΣ Terms

W+

K

N N ′
ContactTerm

W+

K

N N ′
Kaon Pole Term

K−

W+
K

N N ′
π, η in flight

π, η
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1K Prod. 1Y Prod. η Prod YK Prod.

ν̄lp → l+K−p

ν̄lp → l+K̄0n

ν̄ln → l+K−n

W−
K̄

N Λ,Σ N ′

CrossΛ, CrossΣ Terms, s− channel

W−

K̄

N N ′
ContactTerm

W−

K̄

N N ′
Kaon Pole Term

K−

W− K̄

N N ′
π, η in flight

π, η

W−
K̄

N Σ∗ N ′

Σ∗ − resonance
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1K Prod. 1Y Prod. η Prod YK Prod.

Currents for single K production by ν off the nucleon

Jµ |CT = iACT Vus

√
2

2fπ
N̄(p′) (γµ +BCT γµγ5) N(p)

jµ
∣

∣

CrΣ = iACrΣVus(D−F)

√
2

2fπ
N̄(p′)

(

γµ + i
µp +2µn

2M
σµνqν +(D−F)(γµ − qµ

q2 −M2
k

/q)γ5

)

/p− /pk +MΣ

(p−pk)
2 −M2

Σ

/pkγ5N(p),

jµ
∣

∣

CrΛ = iACrΛVus(D+3F)

√
2

4fπ
N̄(p′)

(

γµ + i
µp

2M
σµνqν −

D+3F

3
(γµ − qµ

q2 −M2
k

/q)γ5

)

/p− /pk +MΛ

(p−pk)
2 −M2

Λ

/pkγ5N(p),

Jµ |Σ = iAΣ(D−F)Vus

√
2

2fπ
N̄(p′)pk/ γ5

p/+q/+MΣ

(p+q)2 −M2
Σ

(

γµ + i
(µp +2µn)

2M
σµνqν +(D−F)

{

γµ − qµ

q2 −Mk
2

q/

}

γ5

)

N(p)

Jµ |Λ = iAΛVus(D+3F)
1

2
√

2fπ
N̄(p′)pk/ γ5 p/+q/+MΛ

(p+q)2 −M2
Λ

(

γµ + i
µp

2M
σµνqν −

(D+3F)

3

{

γµ − qµ

q2 −Mk
2

q/

}

γ5

)

N(p)

Jµ |KP = iAKPVus

√
2

2fπ
N̄(p′)q/ N(p)

qµ

q2 −M2
k

Jµ |π = iAπ
M
√

2

2fπ
Vus(D+F)

2pk
µ −qµ

(q−pk)
2 −mπ

2
N̄(p′)γ5N(p)

Jµ |η = iAη
M
√

2

2fπ
Vus(D−3F)

2pk
µ −qµ

(q−pk)
2 −mη

2
N̄(p′)γ5N(p)

Jµ |Σ∗ = −iAΣ∗
C

fπ

1√
6

Vus
pλ

k

P2 −M2
Σ∗ + iΓΣ∗MΣ∗

N̄(p′)PRSλρ
(Γ

ρµ
V +Γ

ρµ
A
)N(p)
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1K Prod. 1Y Prod. η Prod YK Prod.

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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1K Prod. 1Y Prod. η Prod YK Prod.

Neutrino Induced K-Production

σ for νµ +p → µ−+K++p
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ν̄−induced K-production

σ for ν̄µ +p → µ++K−+p

0.8 1 1.2 1.4 1.6 1.8 2

E`ν  (GeV)

0

1e-41

2e-41

3e-41

4e-41
σ 

(c
m

2
)

Full Model
Contact
π
Λ
Σ*

`ν m  p ® m +
 p K

-

30 / 80



1K Prod. 1Y Prod. η Prod YK Prod.

ν̄−induced K-production

σ for ν̄µ +p → µ++K−+p

0.8 1 1.2 1.4 1.6 1.8 2

E`ν  (GeV)

0

1e-41

2e-41

3e-41

4e-41
σ 

(c
m

2
)

Full Model
Contact
π
Λ
Σ*

`ν m  p ® m +
 p K

-

MA changed by ±10%

❅
❅
❅
❅❅❘

30 / 80



1K Prod. 1Y Prod. η Prod YK Prod.

ν̄−induced K-production
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1K Prod. 1Y Prod. η Prod YK Prod.

ν̄−induced K-production
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1K Prod. 1Y Prod. η Prod YK Prod.

Outline

1 Single Kaon Production

2 Hyperon Production

Pion Production

3 Eta Production

4 Associated Production
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1K Prod. 1Y Prod. η Prod YK Prod.

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′)
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Study of single hyperon production provides an opportunity to

measure N-Y transition form factors

which are presently known only at low Q2 (from semileptonic

decays)
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for pion production are originated by the modification of the

∆(1232) properties on nuclei where Cabibbo suppressed pion

production through hyperons (Λ and Σ) production may be

important.

Hyperons decay primarily through pionic decay modes

Therefore contribute to the ν̄ induced pion production processes
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Transition matrix element

M =
GF√

2
sinθclµ Jµ

lµ is leptonic current and Jµ(∆S = 1) is the strangeness changing

hadronic current

Jµ = 〈Y(p′)|Vµ −Aµ|N(p)〉

〈Y(p′)|Aµ|N(p)〉= ūY(p
′)
[

γµγ5g1 + iσµν γ5 qν g2

M+MY
+ g3

M+MY
qµγ5

]

uN(p)

Axialvector FF Electric FF Induced Pseudoscalar FF
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The six form factors fi(q
2) and gi(q

2) (i = 1,2,3) are determined using

following assumptions about the weak vector and axial vector currents:

(a) The assumptions of T invariance implies that all the form factors

fi(q
2) and gi(q

2) are real.
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2) (i = 1,2,3) are determined using

following assumptions about the weak vector and axial vector currents:

(a) The assumptions of T invariance implies that all the form factors

fi(q
2) and gi(q

2) are real.

(b) ∆S = 0 and ∆S = 1 weak currents along with the electromagnetic

currents transform as octet representation under SU(3).

(c) fi(q
2) (gi(q

2)) occurring in the matrix element of vector(axial

vector) current is written in terms of two functions D(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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fi(q
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i (q
2)+bDV

i (q
2)

gi(q
2) = aFA

i (q
2)+bDA

i (q
2)

a, b are Clebsch-Gordan coefficients
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fi(q
2) = aFV

i (q
2)+bDV

i (q
2)

gi(q
2) = aFA

i (q
2)+bDA

i (q
2)

a, b are Clebsch-Gordan coefficients

Transitions a b

p → Λ −
√

3
2 −

√

1
6

n → Σ− −1 1

p → Σ0 − 1√
2

1√
2
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The assumption of SU(3) symmetry and G-invariance together

implies the absence of second class currents

f3(q
2) = g2(q

2) = 0

The assumption of SU(3) symmetry and CVC leads to the

determination of f1(q
2) and f2(q

2) in terms of electromagnetic

form factors of the nucleon f N
1 (q2) and f N

2 (q2)

FF p → Σ0 p → Λ

f1(q
2) −1√

2
(f

p
1 (q

2)+2f n
1 (q

2)) −
√

3
2 f

p
1 (q

2)

f2(q
2) −1√

2
(f

p
2 (q

2)+2f n
2 (q

2)) −
√

3
2 f

p
2 (q

2)

g1(q
2) 1√

2

D−F
D+F gA(q

2) − D+3F√
6(D+F)

gA(q
2)
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We assume dipole form for the axial form factor

gA(q
2) =

gA(0)

(1+ Q2

M2
A

)2
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We assume dipole form for the axial form factor

gA(q
2) =

gA(0)

(1+ Q2

M2
A

)2

gA(0) = D(0)+F(0) = 1.26

The contribution of g3(q
2) is very small as it is proportional to

the lepton mass in the matrix element. We neglect its

contribution.

41 / 80



1K Prod. 1Y Prod. η Prod YK Prod.

0 2 4 6 8 10
E`ν  (GeV)

0

1

2

3

4

σ
 (

1
0

-
4

0
 c

m
2
)

Ammosov
Eichten
Brunner (SKAT)

Brunner
Erriquez

Our Result (M
A

=1.03 GeV)

Wu et al. (x 3)

Finjord et al.

σ vs Eν̄µ
, for ν̄µ +p → µ++Λ

process.

0.5 1 1.5 2
E`ν  (GeV)

0

0.1

0.2

0.3

0.4

0.5

0.6

σ
  
(
1

0
-
4

0
 c

m
2
)

Our Result
Finjord & Ravndal 
Wu et al. (x 3)

σ vs Eν̄µ
, for ν̄µ +p → µ++Σ0

process.

42 / 80



1K Prod. 1Y Prod. η Prod YK Prod.

INSIDE NUCLEUS

1 Fermi motion and Pauli blocking effects of initial nucleons are

considered.

2 The Fermi motion effect is calculated in a local Fermi gas model,

and the cross section is evaluated as a function of local Fermi

momentum pF(r) and integrated over the whole nucleus.

Differential scattering cross section

dσ

dQ2dEl

= 2

∫
d3r

∫
d3p

(2π)3
nN(p,r)

[

dσ

dQ2dEl

]

free

,
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FINAL STATE INTERACTION(FSI) EFFECT

The produced hyperons are further affected by the FSI within the nu-

cleus through the hyperon-nucleon quasielastic and charge exchange

scattering processes like

Λ+n → Σ−+p,

Λ+n → Σ0 +n,

Σ−+p → Λ+n,

Σ−+p → Σ0 +n, etc.
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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 cross section is the basic input.
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HYPERON GIVING RISE TO PIONS

As the decay modes of hyperons to pions are highly suppressed in the

nuclear medium, 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 are highly suppressed in the

nuclear medium, 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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1−π Prod.
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1−π Prod.

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
d cosθπ

×
∫ 2π

0
dφπ

π|~k′||~kπ|
ME2

νEl

1

E′
p +Eπ

(

1− |~q|
|~kπ|

cosθπ

)

¯∑∑ |Mfi|2,
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1−π Prod.
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Outline

1 Single Kaon Production

2 Hyperon Production

Pion Production

3 Eta Production

4 Associated Production
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1K Prod. 1Y Prod. η Prod YK Prod.

Eta production induced by virtual and real photons is being

studied theoretically & experimentally

ELSA in Bonn, MAMI in Mainz have revealed properties

associated with eta meson

Recently Mainz Microtron(MAMI-C) reported results for cross
section using

Crystal Ball

TAPS multiphoton spectrometer

In the energy range of 707MeV < E < 1.4GeV
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Photoproduction of eta meson off the nucleon

γ+N → η+N

A tool to study nucleon resonances which is dominated by

N∗(1535)

This process is comparatively more cleaner and selective to

distinguish other resonances

ηN couples only to nucleon resonances with isospin I = 1
2
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Weak η Production

The ν/ν̄ induced η production is interesting because

η is one of the important probes to search for the strange quark

content of the nucleons

subtracting the background in proton decay searches
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Weak η Production

The ν/ν̄ induced η production is interesting because

η is one of the important probes to search for the strange quark

content of the nucleons

subtracting the background in proton decay searches

Precise measurements of the cross section allows to determine

the axial properties of this resonance

Finally, theoretical models like the present one allow to improve

the Monte Carlo simulations which are being used to analyze

neutrino oscillation experiments.
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We have considered

S11(1535)
S11(1650)
Contribution from Born diagrams

We have studied γ induced η production to fix E.M. form factors

Made comparison with the results of C.S. from Crystal Ball

experiment

Then use to obtain the isovector form factors for ν/ν̄ induced

scattering
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⋆ Born terms are calculated using a microscopical model based

on the SU(3) chiral Lagrangian.

56 / 80



1K Prod. 1Y Prod. η Prod YK Prod.

⋆ Born terms are calculated using a microscopical model based

on the SU(3) chiral Lagrangian.

⋆ The vector form factors of the N-S11 transition are obtained

from the helicity amplitudes extracted from

world pion photoproduction data

world pion electroproduction data

56 / 80



1K Prod. 1Y Prod. η Prod YK Prod.

⋆ Born terms are calculated using a microscopical model based

on the SU(3) chiral Lagrangian.

⋆ The vector form factors of the N-S11 transition are obtained

from the helicity amplitudes extracted from

world pion photoproduction data

world pion electroproduction data

⋆ Properties of the axial N-S11 transition current are basically

unknown

56 / 80



1K Prod. 1Y Prod. η Prod YK Prod.

⋆ Born terms are calculated using a microscopical model based

on the SU(3) chiral Lagrangian.

⋆ The vector form factors of the N-S11 transition are obtained

from the helicity amplitudes extracted from

world pion photoproduction data

world pion electroproduction data

⋆ Properties of the axial N-S11 transition current are basically

unknown

⋆ Assuming the pion-pole dominance of the pseudoscalar form

factor, together with PCAC one can fix the axial coupling

using the empirical N∗ → Nπ partial decay width

56 / 80



1K Prod. 1Y Prod. η Prod YK Prod.

⋆ Born terms are calculated using a microscopical model based

on the SU(3) chiral Lagrangian.

⋆ The vector form factors of the N-S11 transition are obtained

from the helicity amplitudes extracted from

world pion photoproduction data

world pion electroproduction data

⋆ Properties of the axial N-S11 transition current are basically

unknown

⋆ Assuming the pion-pole dominance of the pseudoscalar form

factor, together with PCAC one can fix the axial coupling

using the empirical N∗ → Nπ partial decay width

⋆ We make an educated guess for the Q2 dependence which

ultimately remains to be determined experimentally
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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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γ

p

p

η

p

γ

p

S11

η

p

γ

p

p

η

p

γ

p

S11

η

p

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)
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The transition amplitude is M
(s)
r

|M (s)
r |2 = e2ε

∗(s)
µ ε

(s)
ν Hµν

For unknown photon polarization:

∑s=±1
ε
∗(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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1K Prod. 1Y Prod. η Prod YK Prod.

The hadronic tensor Hµν

Hµν = Tr
[

(6 p+M)J̃µ(6 p′+M)Jν
]

, J̃µ = γ0(J
µ)†γ0

Currents corresponding to the nucleon Born terms are obtained using

χPT:

J
µ

N(s) =
D− 3F

2
√

3fπ
ūN(p

′) 6 pηγ5 6 p+ 6 p+M

(p+ q)2−M2
O

µ
NuN(p)

J
µ

N(u)
=

D− 3F

2
√

3fπ
ūN(p

′)Oµ
N

6 p− 6 pη +M

(p− pη)2 −M2
6 pηγ5uN(p),

The hadronic tensor Hµν

Hµν = Tr
[

(6 p+M)J̃µ(6 p′+M)Jν
]

, J̃µ = γ0(J
µ)†γ0

Currents corresponding to the nucleon Born terms are obtained using

χPT:

J
µ

N(s) =
D− 3F

2
√

3fπ
ūN(p

′) 6 pηγ5 6 p+ 6 p+M

(p+ q)2−M2
O

µ
NuN(p)

J
µ

N(u)
=

D− 3F

2
√

3fπ
ūN(p

′)Oµ
N

6 p− 6 pη +M

(p− pη)2 −M2
6 pηγ5uN(p),

where

O
µ
N ≡ f N

1 (q2)γµ + f N
2 (q2)iσµρ qρ

2M

For real photons q2 = 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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1K Prod. 1Y Prod. η Prod YK Prod.

For the resonant terms, currents corresponding to s-channel J
µ

R(s) and

the u-channel J
µ

R(u) are:
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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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1K Prod. 1Y Prod. η Prod YK Prod.

Γ(S11 → Nφ) partial decay width is:
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1K Prod. 1Y Prod. η Prod YK Prod.

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

where CΦ = 3 for pion and CΦ = 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.
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1K Prod. 1Y Prod. η Prod YK Prod.

To fix the coupling, following decay fraction for the N∗ 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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1K Prod. 1Y Prod. η Prod YK Prod.

A 1
2

is generally parameterized as(following MAID convention):
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1K Prod. 1Y Prod. η Prod YK Prod.

A 1
2

is generally parameterized as(following MAID convention):

A
p,n
1
2

=

√

2παe

M

(MR +M)2

M2
R −M2

MR −M

2M
FN

2 (0)

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

A
p

1/2
(0) 89.38 53.0

S
p

1/2
(0) -16.5 −3.5
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1K Prod. 1Y Prod. η Prod YK Prod.

Photoproduction of η Mesons
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1K Prod. 1Y Prod. η Prod YK Prod.

Weak production of η Mesons

The current has V −A structure
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2
√

2

D−3F

2
√

3fπ
ūN(p

′) /pηγ5 /p+ /q+M

(p+q)2 −M2
O

µ
NuN(p)

J
µ

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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1K Prod. 1Y Prod. η Prod YK Prod.

For the resonant S11(1535) and S11(1650) channels the hadronic

currents are given by,

J
µ

R(s) =
gVud

2
√

2
igηūN(p

′) /pη
/p+ /q+MR

(p+q)2 −M2
R+ iΓRMR

O
µ
RuN(p)
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(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(q

2)

M
qµ
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1K Prod. 1Y Prod. η Prod YK Prod.
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1
2

and S
p,n
1
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,

given as

A
p,n
1
2

=

√

2παe

M

(MR +M)2 +Q2

M2
R −M2

(

Q2

4M2
F

p,n
1 (Q2)+

MR −M

2M
F

p,n
2 (Q2)

)

S
p,n
1
2

=

√

παe

M

(MR −M)2 +Q2

M2
R −M2

(MR +M)2 +Q2

4MRM

(

MR −M

2M
F

p,n
1 (Q2)−F

p,n
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1K Prod. 1Y Prod. η Prod YK Prod.

The parameters A 1
2

and S 1
2

are generally parameterized as:

A 1
2
(Q2) = A 1

2
(0)
(

1+α Q2
)

e−βQ2

S 1
2
(Q2) = S 1

2
(0)
(

1+α Q2
)

e−βQ2

,

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

A
p

1/2
(Q2) 89.38 1.61364 0.75879 53 1.45 0.62

S
p

1/2
(Q2) -16.5 2.8261 0.73735 -3.5 2.88 0.76

An
1/2

(Q2) -52.79 2.86297 1.68723 9.3 0.13 1.55

Sn
1/2

(Q2) 29.66 0.35874 1.55 10.0 -0.5 1.55
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1K Prod. 1Y Prod. η Prod YK Prod.

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

Outline

1 Single Kaon Production

2 Hyperon Production

Pion Production

3 Eta Production

4 Associated Production
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1K Prod. 1Y Prod. η Prod YK Prod.

Channels Considered

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
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1K Prod. 1Y Prod. η Prod YK Prod.

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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1K Prod. 1Y Prod. η Prod YK Prod.

jµ|s = iASYVud

√
2

2fπ
ūY(p

′) /pkγ5 /p+ /q+M

(p+q)2 −M2
H 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 −2p

µ
k

(p−p′)2 −m2
k

jµ|CT = iACT Vud

√
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,

where H µ is the transition current for Y ⇆ 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
(Q2)− f n

1 (Q
2) f

p
2
(Q2)− f n

2 (Q
2) gA(Q

2)

2
p → Λ −

√

3
2

f
p
1
(Q2) −

√

3
2

f
p
2
(Q2) −

√

1
6

3F+D
F+D gA(Q

2)

n → Λ −
√

3
2

f
p
1
(Q2) −

√

3
2

f
p
2
(Q2) −

√

1
6

3F+D
F+D gA(Q

2)

3 Σ± → Λ −
√

3
2

f n
1
(Q2) −

√

3
2

f n
2
(Q2)

√

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
(Q2)+2f n

1
(Q2)] − 1√

2
[f

p
2
(Q2)+2f n

2
(Q2)] 1√

2

D−F
F+D gA(Q

2)

n → Σ0 1√
2
[f

p
1
(Q2)+2f n

1
(Q2)] 1√

2
[f

p
2
(Q2)+2f n

2
(Q2)] − 1√

2

D−F
F+D gA(Q

2)

6
n → Σ− −f

p
1
(Q2)−2f n

1 (Q
2) −f

p
2
(Q2)−2f n

2 (Q
2) D−F

F+D gA(Q
2)

p → Σ+ −f
p
1
(Q2)−2f n

1
(Q2) −f

p
2
(Q2)−2f n

2
(Q2) D−F

F+D gA(Q
2)

75 / 80



1K Prod. 1Y Prod. η Prod YK Prod.

Couplings for ∆S = 0 K production

Process ACT BCT ASY AUY ATY Aπ

Y ′ = Σ Y ′ = Λ

ν̄lp → l+Σ−K+

0 0 D−F D−F 1
3 (D+3F) 0 0

νln → l−Σ+K0

ν̄lp → l+ΛK0

−
√

3
2

−1
3
(D+3F)

−1√
6
(D+3F) −

√

2
3
(D−F) 0

−1√
6
(D+3F)

√

3
2

νln → l−ΛK+

ν̄lp → l+Σ0K0

∓ 1√
2

D−F ∓ 1√
2
(D−F) ∓

√
2(D−F) 0 ± 1√

2
(D−F) ± 1√

2
νln → l−Σ0K+

ν̄ln → l+Σ−K0

−1 D−F 0 F−D 1
3
(D+3F) D−F 1

νlp → l−Σ+K+

Table: Constant factors appearing in the hadronic current. The upper sign

corresponds to the processes with ν̄
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1 1.5 2
Eν (GeV)

0

5

10

15

20

25

σ
 (

10
-4

1 
 c

m
2
)

Full Model
Contact Term
π - Pole
s- Channel
u - Channel (Σ)
t- Channel (K Exchange Term)

 νm + n  ® m -
+ K

+ + Λ

1 1.5 2
E`ν  (GeV)

0

5

10

15

20

σ
 (

10
-4

1 
 c

m
2
)

Full Model
Contact Term
π - Pole
s- Channel
u- Channel (Σ)
t- Channel (K Exchange Term)

`ν m + p  ® m +
+ K

0 + Λ

78 / 80



1K Prod. 1Y Prod. η Prod YK Prod.

With Resonance

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

2

−
)

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

2

+
)
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