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Introduction Formalism Results Conclusion Backup

Plan of the presentation

z Quasielastic Hyperon production with ν̄l and e−

The results are presented only for ν̄µ induced reactions on the
free nucleon target.

Standard model calculation with SU(3) symmetry

Effect of SU(3) breaking using Holstein-Fasseler et al. model

Effect of second class currents with and without T invariance

Effect of SU(3) breaking and second class currents
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Introduction Formalism Results Conclusion Backup

Hyperon production

The observation of hyperons produced in the antineutrino (ν̄l +
p −→ l+ + Y ;Y = Λ,Σ0,−) and electron (e− + p −→ νe + Y ) induced
processes may provide an opportunity to:

z test the SU(3) symmetry, G invariance and T invariance.

z determine the N −Y transition form factors.

z get some information about the second class currents.

The measurement of the hyperon polarization may determine inde-
pendently the form factors appearing in the weak hadronic current.

Using high luminosity electron beam at the JLab and MAMI, or
antineutrino beam at DUNE using LArTPC detector, such studies
could be possible.
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T-violation in weak interactions

The asymmetry in the angular distribution of pion (Λ→ pπ−
or nπ0 and Σ−→ nπ−) determines the polarization
component.

The polarization measurement of the hyperons produced in
the antineutrino and electron induced processes gives an
alternative method to study T-violation.

The measurement of PT , which lies perpendicular to the
reaction plane, gives information about T violation.

Atika Fatima Importance of study of hyperon production NDNN (NuSTEC Workshop) 4 / 14



Introduction Formalism Results Conclusion Backup

T-violation in weak interactions

The asymmetry in the angular distribution of pion (Λ→ pπ−
or nπ0 and Σ−→ nπ−) determines the polarization
component.

The polarization measurement of the hyperons produced in
the antineutrino and electron induced processes gives an
alternative method to study T-violation.

The measurement of PT , which lies perpendicular to the
reaction plane, gives information about T violation.

Atika Fatima Importance of study of hyperon production NDNN (NuSTEC Workshop) 4 / 14



Introduction Formalism Results Conclusion Backup

Matrix element: ν̄µ(k) +p(p)−→ µ+(k ′) + Λ(p′)

M= GF sinθc√
2

lµJµ lµ = ū(k′)γµ(1∓γ5)u(k) for e−/ν̄ processes

Jµ = ūB′ (p′)
[
Vµ

B′B(p′,p)−AµB′B(p′,p)
]

uB(p)

Vector operator Axial vector operator

Vµ
B′B(p′,p) = f B′B

1 (Q2)γµ+ iσµν qν

MB+M ′
B

f B′B
2 (Q2) + 2qµ

MB+M ′
B

f B′B
3 (Q2)

AµB′B(p′,p) = gB′B
1 (Q2)γµγ5 + iσµνγ5

qν

MB+M ′
B

gB′B
2 (Q2) + 2qµ

MB+M ′
B
γ5gB′B

3 (Q2)

Vector FF Magnetic FF Scalar FF

Axial vector FF Electric FF Pseudoscalar FF
First class current form factors: f1(Q2), f2(Q2),g1(Q2) and g3(Q2)
Second class current form factors: f3(Q2) and g2(Q2)
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lµJµ lµ = ū(k′)γµ(1∓γ5)u(k) for e−/ν̄ processes
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First class currents (contribution from f1(Q2), f2(Q2), g1(Q2)
and g3(Q2)): MA variation

ν̄µ(k) + p(p)−→ µ+(k ′) + Λ(p′)
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First class currents with SU(3) breaking

ν̄µ(k) + p(p)−→ µ+(k ′) + Λ(p′)
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SU(3) breaking effects: A. Faessler et al., PRD 78, 094005 (2008)
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Effect of second class currents with T invariance:
gR

2 (0) variation

ν̄µ(k) + p(p)−→ µ+(k ′) + Λ(p′)
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AF, MSA, SKS, Phys. Rev. D 98, 033005 (2018).
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Effect of second class currents with T violation: gI
2(0) variation

ν̄µ(k) + p(p)−→ µ+(k ′) + Λ(p′)
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σ vs Eν̄µ for the antineutrino induced Λ production
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Effect of second class currents with T invariance and SU(3)
breaking

ν̄µ(k) + p(p)−→ µ+(k ′) + Λ(p′)
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Effect of second class currents with T invariance and SU(3)
breaking

ν̄µ(k) + p(p)−→ µ+(k ′) + Λ(p′)
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Effect of second class currents with T violation and SU(3)
breaking

ν̄µ(k) + p(p)−→ µ+(k ′) + Λ(p′)
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Effect of second class currents with T violation and SU(3)
breaking

ν̄µ(k) + p(p)−→ µ+(k ′) + Λ(p′)
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Conclusion

z In the hyperon production processes induced by electrons and
antineutrinos, it is feasible to study the effect of T violation.

z The presence of SCC form factor with T invariance taken to
be negative in sign (gR

2 (0) =−1) and without T invariance
compensates the effect of SU(3) breaking.

z In the absence of SU(3) symmetry breaking effects, the
presence of SCC with or without T invariance would lead to a
smaller value of MA.

z These results would be important for the experiments like
MicroBooNE and DUNE, which use LArTPC detectors.
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Polarization components of final hyperon

ν̄µ(k) + p(p)−→ µ+(k ′) + Λ(p′)
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σ vs Ee for Λ, Σ0 and ∆0 productions induced by electrons
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σ vs Eν̄µ for Λ, Σ0 and Σ− productions induced by antineutrinos
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σ vs Eν̄µ for the process ν̄ννµ+++p −→→→ µµµ+ +++n
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σ vs Eν̄µ for the process ν̄ννµ+++p −→→→ µµµ+ +++ ΛΛΛ
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σ vs Eν̄µ for the process νµ+n −→ µ−+p and ν̄µ+p −→ µ+ +n

νµ+ n −→ µ−+ p ν̄µ+ p −→ µ+ + n
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Polarization components vs Eν̄µ for the process ν̄µ+p −→ µ+ + Λ
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Polarization components vs Q2 for the process ν̄µ+p −→ µ+ + Λ
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Polarization components vs Ee for the process e−+p −→ νe + Λ
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Polarization components vs Q2 for the process ν̄τ +p −→ τ+ + Λ
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σ vs Eν̄µ for the process ν̄µ+p −→ µ+ + Σ−
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Polarization components vs Eν̄µ for the process
ν̄µ+p −→ µ+ + Σ−
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Polarization components vs Q2 for the process
ν̄µ+p −→ µ+ + Λ
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Polarization components vs Ee for the process e−+p −→ νe + Σ0
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Polarization components vs Q2 for the process ν̄τ +p −→ τ+ +Σ0

0.5 1 1.5 2 2.5 3 3.5 4 4.5

Q
2
 (GeV

2
)

-1

-0.8

-0.6

-0.4

-0.2

0

P
L
 (

Q
2
)

M
A

 = 0.9 GeV

M
A

 = 1.026 GeV

M
A

 = 1.1 GeV

M
A

 = 1.2GeV

E
ν
 = 5 GeV

0 2 4 6 8 10 12 14

Q
2
 (GeV

2
)

-0.5

0

0.5

P
L
 (

Q
2
)

M
A

 = 0.9 GeV

M
A

 = 1.026 GeV

M
A

 = 1.1 GeV

M
A

 = 1.2GeV

E
ν
 = 10 GeV

0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 5.5

Q
2
 (GeV

2
)

0

0.1

0.2

0.3

0.4

0.5

P
P
 (

Q
2
)

M
A

 = 0.9 GeV

M
A

 = 1.026 GeV

M
A

 = 1.1 GeV

M
A

 = 1.2GeV

E
ν
 = 5 GeV

0 2 4 6 8 10 12 14

Q
2
 (GeV

2
)

-0.4

-0.2

0

0.2

0.4

0.6

0.8

P
P
 (

Q
2
)

M
A

 = 0.9 GeV

M
A

 = 1.026 GeV

M
A

 = 1.1 GeV

M
A

 = 1.2GeV

E
ν
 = 10 GeV

Atika Fatima Importance of study of hyperon production NDNN (NuSTEC Workshop) 14 / 14



Introduction Formalism Results Conclusion Backup

|∆S | = 1 processes

Antineutrino induced single hy-
peron 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′)

ν̄l(k)

l+(k′)

W−(q = k − k′)

Y (p′)

N(p)

Electron induced single hyperon
production

e−(k) + p(p) → νe(k′) +Λ(p′)
e−(k) + p(p) → νe(k′) +Σ0(p′)
e−(k) + n(p) → νe(k′) +Σ−(p′)

e−(k)

νe(k
′)

p(p)

Y (p′)

W−(q = k − k′)
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Differential cross section

ν̄l(k) +N (p)−→ l+(k ′) +Y (p′),

dσ = 1
4MN Eν

(2π)4δ4(k +p− k′−p′) d3k′

(2π)32Ek′

d3p′

(2π)32Ep′

∑∑
|M|2

e−(k) +N (p)−→ νe(k ′) +Y (p′),

dσ = 1
4MN Ee

(2π)4δ4(k +p− k′−p′) d3k′

(2π)32Ek′

d3p′

(2π)32Ep′

∑∑
|M|2

q = p′−p = k− k′ is the four momentum transfer
M is the transition matrix element
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G-parity

z This is a symmetry of strong interactions, defined as

G = CeiπIy

z Under G-parity, Vµ and Aµ transforms as

GVµG−1 = Vµ GAµG−1 =−Aµ

z f1(Q2), f2(Q2), g1(Q2) and g3(Q3) transform the same way as
above and are terms as first class currents.

z f3(Q2) and g2(Q2) transform in opposite way and are termed
as second class currents.
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Symmetry properties

z T-invariance ⇒ form factors are real

z CVC ⇒ f3(Q2) = 0

z G-invariance ⇒ f3(Q2) = 0 and g2(Q2) = 0

z PCAC ⇒ relates g3(Q2) with g1(Q2) through GT relation
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Vector form factors

The assumption of SU(3) symmetry and CVC leads to the
determination of f1(Q2) and f2(Q2) in terms of EM form factors of
the nucleon f N

1 (Q2) and f N
2 (Q2).

FF p→ n p→ Λ p→ Σ0

f1(Q2) f p
1 (Q2)− f n

1 (Q2) −
√

3
2 f p

1 (Q2) − 1√
2

(f p
1 (Q2) +2f n

1 (Q2))

f2(Q2) f p
2 (Q2)− f n

2 (Q2) −
√

3
2 f p

2 (Q2) − 1√
2

(f p
2 (Q2) +2f n

2 (Q2))

The EM form factors of the nucleon f N
1 (Q2) and f N

2 (Q2) are
expressed in terms of the electric and magnetic Sach’s form
factors

f p,n
1 (Q2) =

1
1 + Q2

4M2

[
Gp,n

E (Q2) +
Q2

4M2 Gp,n
M (Q2)

]
f p,n
2 (Q2) =

1
1 + Q2

4M2

[
Gp,n

M (Q2)−Gp,n
E (Q2)

]
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Axial vector form factors

g1(Q2) and g2(Q2) are given in terms of two functions FA(Q2) and
DA(Q2).

FF p→ n p→ Λ p→ Σ0

g1(Q2) gA(Q2) − 1√
6

DA(Q2)+3FA(Q2)
DA(Q2)+FA(Q2) gA(Q2) 1√

2
DA(Q2)−FA(Q2)
DA(Q2)+FA(Q2) gA(Q2)

g2(Q2) g2(Q2) − 1√
6

DA(Q2)+3FA(Q2)
DA(Q2)+FA(Q2) g2(Q2) 1√

2
DA(Q2)−FA(Q2)
DA(Q2)+FA(Q2) g2(Q2)

F and D are determined from the semileptonic decays and are
taken as 0.463 and 0.804 respectively.
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Axial vector form factor (Contd.)

gA(Q2) =
gA(0)(

1+ Q2

M2
A

)2 , gA(0) = D(0) + F(0) = 1.267

gpn
2 (Q2) =

g2(0)(
1+ Q2

M2
2

)2 , M2 = 1.026 GeV.

g3(Q2) is determined in terms of g1(Q2) assuming PCAC along
with the GT relation.

gnp
3 (Q2) = 2M 2gA(Q2)

m2
π + Q2

gNY
3 (Q2) = (M + MY )2gNY

1 (Q2)
2(m2

K + Q2)
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Differential and total scattering cross sections

dσ
dQ2 =

G2
Fa2

8πM 2E2LµνJ
µν

a = sinθC for ∆S = 1 processes,
a = cosθC for ∆S = 0 processes.

Lµν = bTr
[
γµ(1±γ5)Λ(k′)γν(1±γ5)Λ(k)

]
b = 1 for ν/ν̄ induced processes, b = 1

2 for e− induced processes.

Jµν = 1
2Tr

[
Λ(p′)ΓµΛ(p)Γ̃ν

]
Γµ = Vµ−Aµ, Γ̃ν = γ0γ†νγ

0, Λ(P) = /P + MP
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Helicity projection operator

z projects spin states of the particle

z must commute with /p

F a four-vector for spin polarization ξµ is required

ξµ satisfies the following relations:
ξξξ2 ===−−−1
ξξξ ···p === 0

ΛΛΛ(((ξξξ))) === 1
2(((1−−−γγγ5/ξ)))(((/p +++ M p)))
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In the covariant density matrix formalism

the spin density matrix

ρρρf === LαβΛΛΛ(((p′′′)))JαΛΛΛ(((p)))J̃βΛΛΛ(((p′′′)))

the polarization vector ξτ ; average of the spin density matrix

ξτ =
Tr[γτγ5 ρf ]

Tr[ρf ]

ξξξτ
ττ ===

(
gτσ−−− p′τp′σ

m2
Y

)
LαβTr[γσγ5Λ(p′)JαΛ(p)J̃β ]
LαβTr[Λ(p′)JαΛ(p)J̃β ]
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Case I: When T-invariance is assumed

The vector part of the hyperon polarization ξτ is given by

~ξ = A(Q2) ~k + B(Q2) ~p′

~ξ = ξP êP + ξLêL

the independent unit vectors are taken along:

longitudinal direction, ~eL = ~p′

|~p′|

transverse direction, ~eT = ~p′×~k
|~p′×~k|

perpendicular direction, ~eP =~eL×~eT

ξL = ~ξ ·~eL; ξP = ~ξ ·~eP ; ξT = ~ξ ·~eT
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Polarization of the final hyperon

Longitudinal component: PL(Q2) = MY
EY

~ξ ·~eL

PL(Q2) = MY
EY

A(Q2)~k.~p′+ B(Q2)|~p′|2

|~p′|

Perpendicular component: PP(Q2) = ~ξ ·~eP

PP(Q2) = A(Q2)[(~k.~p′)2−|~k|2|~p′|2]
|~p′| |~p′×~k|
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Case II: When T-violation is assumed

The vector part of the hyperon polarization ξτ is given by

~ξ = A(Q2) ~k + B(Q2) ~p′+ C (Q2) Mp(~k×~p′)

~ξ = ξP êP + ξLêL + ξT êT

Transverse component: PT (Q2) = ~ξ ·~eT

PT (Q2) = C (Q2)MP [(~k.~p′)2−|~k|2|~p′|2]
|~p′×~k|
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Expression of A(Q2), B(Q2) and C (Q2)

A(Q2) = f 2
1 A1(Q2) + f 2

2 A2(Q2) + g2
1A3(Q2) + g2

2A4(Q2) + f1f2A5(Q2)
+ f1g1A6(Q2) + f2g1A7(Q2)

B(Q2) = f 2
1 B1(Q2) + f 2

2 B2(Q2) + g2
1B3(Q2) + g2

2B4(Q2) + f1f2B5(Q2)
+ f1g1B6(Q2) + f2g1B7(Q2)

C (Q2) = Im(g1g2C1(Q2) + f1g2C2(Q2) + f2g2C3(Q2))

If T-invariance is assumed

C (Q2) = 0, PT (Q2) = 0
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