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Goal of the talk

▶ We present a general decomposition of (anti)neutrino-nucleon charged-current elastic
scattering amplitudes.

▶ We evaluate the expressions for the unpolarized cross section and single-spin asymmetries in
terms of these invariant amplitudes.

▶ We plot the numerical results for all observables as a function of Q2 at relevant fixed
neutrino energies with tree-level nucleon form factors.

▶ We explore the impact of both unpolarized cross-section and polarized observables on
constraining the amplitudes.
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Amplitude decomposition for elastic (anti)neutrino-nucleon scattering
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▶ In the mℓ = 0 limit, the matrix element of the charged-current elastic process can be given
by,

T mℓ=0
νℓn→ℓ−p

=
√

2GFVud ℓ̄
−

γ
µPLνℓ p̄

(
γµ (gM + fAγ5) −

(
f2 + f 3

A γ5
) Kµ

M

)
n

T mℓ=0
ν̄ℓp→ℓ+n

=
√

2GFV ∗
ud ν̄ℓγ

µPLℓ
+ n̄
(

γµ

(
ḡM + f̄Aγ5

)
−
(

f̄2 − f̄ 3
A γ5
) Kµ

M

)
p

where, Kµ = (kµ + k′
µ)/2, the averaged nucleon momentum.

▶ For mℓ ̸= 0, the matrix element for charged currents contains four more invariant amplitudes,

Tνℓn→ℓ−p = T mℓ=0
νℓn→ℓ−p

−
√

2GFVud
mℓ

M
ℓ̄

−PLνℓ p̄

(
fP5 + fP γ5 −

f3

4
�P
M

γ5

)
n

+
√

2GFVud
mℓ
M

fT
4 ℓ̄−σµν PLνℓ p̄σµν n

Tν̄ℓp→ℓ+n = T mℓ=0
ν̄ℓp→ℓ+n

−
√

2GFV ∗
ud

mℓ

M
ν̄ℓPRℓ

+ n̄

(
f̄P5 + f̄P γ5 −

f̄3

4
�P
M

γ5

)
p

+
√

2GFV ⋆
ud

mℓ
M

f̄T
4 ν̄ℓσµν PRℓ+ n̄σµν p

where, Pµ = (pµ + p′
µ)/2, the averaged lepton momentum.
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Unpolarized Cross Section

▶ The charged-current elastic cross section, in the laboratory frame, is expressed in terms of
invariant amplitudes as,

dσ

dQ2 (Eν , Q2) =
G2

F|Vud |2

2π

M2

E 2
ν

[(
τ + r2

)
A(ν, Q2) −

ν

M2 B(ν, Q2) +
ν2

M4
C(ν, Q2)

1 + τ

]
▶ The quantities A, B, and C are given by,

A = τ |gM |2 − |gE |2 + (1 + τ)|fA|2 − r2
(

|gM |2 + |fA + 2fP |2 − 4 (1 + τ)
(

|fP |2 + |fP5|2
))

− τ(1 + τ)|f 3
A |2 − 2r2

Re
[ (

gE + 2gM + (1 + τ) f 3
A

)
f ⋆
T

]
− ηr2

(
1 + τ + r2

)
Re
[

fAf ⋆
3

]
+

r2

4

(
ν

2 + 1 + τ −
(

1 + τ + r2
)2
)

|f3|2 − 2ηr4
Re
[

fP f ⋆
3

]
− r2

(
1 + 2r2

)
|fT |2

,

B = Re
[

4ητ f ∗
A gM + 2ηr2 (fA − 2τ fP )∗ f 3

A + 4r2gE f ⋆
P5 − 2ηr2 (3fA − 2τ (fP − ηfP5)) f ⋆

T

+ r4
(

f 3
A − fT

)
f ⋆
3

]
,

C = τ |gM |2 + |gE |2 + (1 + τ)|fA|2 + τ(1 + τ)|f 3
A |2 + 2r2 (1 + τ) |fT |2 + ηr2 (1 + τ) Re

[
fAf ⋆

3

]
,

where, η = ±1 for neutrino/antineutrino scattering.
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Single Spin Asymmetries

▶ The single-spin asymmetry is determined as the difference of the cross section σ (S) with a
definite spin four-vector S of one initial- or final-state particle and the cross section with an
opposite spin direction σ (−S) normalized to the unpolarized cross section as given by,

T, R, L =
dσ (S) − dσ (−S)
dσ (S) + dσ (−S)

,

where we denote target, recoil, and lepton asymmetries as T, R, and L.

▶ We can express T, R, and L in terms of new structure-dependent functions as follows,

T, R, L =

(
τ + r2

)
AT,R,L(ν, Q2) − νBT,R,L(ν, Q2) + ν2

1+τ CT,R,L(ν, Q2)

(τ + r2) A(ν, Q2) − νB(ν, Q2) + ν2
1+τ C(ν, Q2)

▶ We explore 3 special cases for each of T, R, and L.

▶ For example, in the case of T,

▶ Tt : target polarization is transverse to the beam direction with the spin vector in the
scattering plane

▶ Tl : target polarization is along the beam direction

▶ T⊥ : target polarization is transverse to the scattering plane
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Single Spin Asymmetries
▶ For example, in the case of T,

AT = Re

[
(fA − ηgE ) g⋆

M

(
p′ · S

)
− 2ηgM g⋆

E

(
k′ · S

)
+ 2r2

(
ηgE − fA + 2τ fP

τ + r2

((
p′ · S

)
+
(

k′ · S
))

− fP
(

p′ · S
))

g⋆
M − 2

1 + τ

τ + r2

(
τ f 3

A + 2r2fP5
)

f ⋆
A

((
p′ · S

)
+
(

k′ · S
))

+
(

(1 + τ) f 3
A + 2r2fP5

)
f ⋆
A

(
p′ · S

)
+ ηf 3

A g⋆
E

(
p′ · S

)
+ ηr2

(
2
(

gE − 2ηfA + r2fT
)

− r2f3

τ + r2

((
p′ · S

)
+
(

k′ · S
))

+
(

f 3
A −

f3

2

)(
p′ · S

))
f ⋆
T − ηr2 (1 + τ) fP5f ⋆

3

(
k′ · S

)
− r2

(
τ − r2

τ + r2

(
p′ · S

)
+

2τ
(

k′ · S
)

τ + r2

)
(ηgM + fA − 2fP ) f ⋆

T − ηr2
(

(1 + τ) fP5 +
r2gM

τ + r2

)
f ⋆
3

((
p′ · S

)
+
(

k′ · S
))]

−
ρ⊥

τ + r2 Im
[

2r2
(

gM f ⋆
P5 − fAf ⋆

P

)
+ ηfAg⋆

E − τ f 3
A g⋆

M

+ r2
(

ηfA + f 3
A + gM − 2fP5

)
f ⋆
T

]
+ ηr2

Re

[(
4ηfP + r2f3

)
f ⋆
P5 −

1
2

gM f ⋆
3

](
p′ · S

)
− ρ⊥ηr2

Im

[(
fP −

1
2

fA

τ + r2

)
f ⋆
3

]
,

where ρ⊥ = εµνλρkµk′
ν pλSρ

M3 = 2
√

τν2 − (1 + τ) (τ + r2)2 cos ϕ⊥.
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Current Constraints on Various Amplitudes

▶ Best constraint for RefP5 comes from precise measurements of the beta decay rates. [J. C.
Hardy and I. S. Towner, 2009]

RefP5(0)/f V
1 (0) = 0.0 ± 1.8

▶ ImfP5 is constrained by triple-correlation coefficient in the neutron decay. [A. Kozela et al.,
2012]

ImfP5(0) = −13 ± 54
▶ fT and ImfA are constrained from the fit to beta decay data. [ M. González-Alonso et al.,

2019, N. Severijns et al., 2006 ]
RefT (0)= −7.2 ± 8.0
ImfT (0)= 1.4 ± 11.9
ImfA(0)= 0.00034 ± 0.00058

▶ For Ref 3
A , we have the following constraint. [M. Day and K. S. McFarland, 2012]

|Ref 3
A (0)| < 0.15

▶ For numerical estimates, we consider only either the real or the imaginary part of one
additional amplitude at a time, assuming dipole form for Q2 dependence with Λ = 1 GeV.

f j
i (ν, Q2) =

Ref j
i (0) + iImf j

i (0)(
1 + Q2

Λ2

)2
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Unpolarized cross Section for Muon Neutrino
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The ratio of the unpolarized cross section with one extra real-valued amplitude

f j
i (ν, Q2) =

Ref j
i (0)(

1+ Q2
Λ2

)2 , where RefP5(0)/f V
1 (0) = −0.0 ± 1.8, RefT (0) = −7.2 ± 8.0,

Ref 3
A (0) = 0 ± 0.15, and Λ = 1 GeV, to the tree-level result is shown as a function of the

momentum transfer Q2 at various fixed muon neutrino energies. The dark black band
corresponds to the vector form-factor uncertainty and the light gray band represents the
uncertainty that comes from the axial-vector form factor.
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Unpolarized cross Section for Muon Neutrino
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The ratio of the unpolarized cross section with one extra imaginary amplitude

f j
i (ν, Q2) =

iImf j
i (0)(

1+ Q2
Λ2

)2 , where ImfP5(0)/f V
1 (0) = −13 ± 54, ImfT (0) = 1.4 ± 11.9,

ImfA(0) = 0.00034 ± 0.00058, and Λ = 1 GeV, to the tree-level result is shown as a
function of the momentum transfer Q2 at various fixed muon neutrino energies.
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Polarization Observable for Muon Neutrino, Tt
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The transverse polarization observable Tt , target nucleon single-spin asymmetry, with one

extra real-valued amplitude f j
i (ν, Q2) =

Ref j
i (0)(

1+ Q2
Λ2

)2 , where RefP5(0)/f V
1 (0) = −0.0 ± 1.8,

RefT (0) = −7.2 ± 8.0, Ref 3
A (0) = 0 ± 0.15, and Λ = 1 GeV, is compared to the tree-level

result at various fixed muon neutrino energies.
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Polarization Observable for Muon Neutrino, Tl
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The longitudinal polarization observable Tl , target nucleon single-spin asymmetry, with one

extra real-valued amplitude f j
i (ν, Q2) =

Ref j
i (0)(

1+ Q2
Λ2

)2 , where RefP5(0)/f V
1 (0) = −0.0 ± 1.8,

RefT (0) = −7.2 ± 8.0, Ref 3
A (0) = 0 ± 0.15, and Λ = 1 GeV, is compared to the tree-level

result at various fixed muon neutrino energies.
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Polarization Observable for Muon Neutrino, T⊥
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The transverse polarization observable T⊥, target nucleon single-spin asymmetry with zero
spin projection in the scattering plane, with one extra imaginary amplitude

f j
i (ν, Q2) =

iImf j
i (0)(

1+ Q2
Λ2

)2 , where ImfP5(0)/f V
1 (0) = −13 ± 54, ImfT (0) = 1.4 ± 11.9,

ImfA(0) = 0.00034 ± 0.00058, and Λ = 1 GeV, is compared to the tree-level result at
various fixed muon neutrino energies.
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Conclusion

▶ Expressions for the unpolarized cross section and single-spin asymmetries in terms of
(anti)neutrino-nucleon charged-current elastic scattering amplitudes are calculated under a
general framework.

▶ Numerical results for all observables are plotted as a function of Q2 at relevant fixed neutrino
energies with tree-level nucleon form factors.

▶ QED contributions to unpolarized muon (anti)neutrino-nucleon charged-current elastic
scattering cross sections are of the order of the theoretical uncertainty, and negligible for
single-spin asymmetries.

▶ Assuming only dipole form for Q2 dependence, for possible new physics contributions to the
invariant amplitudes, the influence of beta decay constraints on unpolarized cross sections
and polarization observables is estimated.

▶ The available constraints on both real and imaginary parts of the tensor amplitude as well as
constraints on the imaginary part of the scalar amplitude can be significantly improved with
current data on the unpolarized antineutrino-hydrogen and neutrino-deuterium cross sections.
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Backup Slides
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Unpolarized cross Section for Muon Antineutrino
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The ratio of the unpolarized cross section with one extra real-valued amplitude

f j
i (ν, Q2) =

Ref j
i (0)(

1+ Q2
Λ2

)2 , where RefP5(0)/f V
1 (0) = −0.0 ± 1.8, RefT (0) = −7.2 ± 8.0,

Ref 3
A (0) = 0 ± 0.15, and Λ = 1 GeV, to the tree-level result is shown as a function of the

momentum transfer Q2 at various fixed muon neutrino energies. The dark black band
corresponds to the vector form-factor uncertainty and the light gray band represents the
uncertainty that comes from the axial-vector form factor.
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Unpolarized cross Section for Muon Antineutrino
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The ratio of the unpolarized cross section with one extra imaginary amplitude

f j
i (ν, Q2) =

iImf j
i (0)(

1+ Q2
Λ2

)2 , where ImfP5(0)/f V
1 (0) = −13 ± 54, ImfT (0) = 1.4 ± 11.9,

ImfA(0) = 0.00034 ± 0.00058, and Λ = 1 GeV, to the tree-level result is shown as a
function of the momentum transfer Q2 at various fixed muon neutrino energies. The dark
black band corresponds to the vector form-factor uncertainty and the light gray band
represents the uncertainty that comes from the axial-vector form factor.
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Polarization Observable for Muon Antineutrino, Tt
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The transverse polarization observable Tt , target nucleon single-spin asymmetry, with one

extra real-valued amplitude f j
i (ν, Q2) =

Ref j
i (0)(

1+ Q2
Λ2

)2 , where RefP5(0)/f V
1 (0) = −0.0 ± 1.8,

RefT (0) = −7.2 ± 8.0, Ref 3
A (0) = 0 ± 0.15, and Λ = 1 GeV, is compared to the tree-level

result at various fixed muon neutrino energies.
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Polarization Observable for Muon Antineutrino, Tl
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The longitudinal polarization observable Tt , target nucleon single-spin asymmetry, with one

extra real-valued amplitude f j
i (ν, Q2) =

Ref j
i (0)(

1+ Q2
Λ2

)2 , where RefP5(0)/f V
1 (0) = −0.0 ± 1.8,

RefT (0) = −7.2 ± 8.0, Ref 3
A (0) = 0 ± 0.15, and Λ = 1 GeV, is compared to the tree-level

result at various fixed muon neutrino energies.
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Polarization Observable for Muon Antineutrino, T⊥
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The transverse polarization observable T⊥, target nucleon single-spin asymmetry with zero
spin projection in the scattering plane, with one extra imaginary amplitude

f j
i (ν, Q2) =

iImf j
i (0)(

1+ Q2
Λ2

)2 , where ImfP5(0)/f V
1 (0) = −13 ± 54, ImfT (0) = 1.4 ± 11.9,

ImfA(0) = 0.00034 ± 0.00058, and Λ = 1 GeV, is compared to the tree-level result at
various fixed muon neutrino energies.
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Polarization Observable for Muon Neutrino, Rt
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The transverse polarization observable Rt , recoil nucleon single-spin asymmetry, with one

extra real-valued amplitude f j
i (ν, Q2) =

Ref j
i (0)(

1+ Q2
Λ2

)2 , where RefP5(0)/f V
1 (0) = −0.0 ± 1.8,

RefT (0) = −7.2 ± 8.0, Ref 3
A (0) = 0 ± 0.15, and Λ = 1 GeV, is compared to the tree-level

result at various fixed muon neutrino energies.
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Polarization Observable for Muon Neutrino, Rl
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The longitudinal polarization observable Rt , recoil nucleon single-spin asymmetry, with one

extra real-valued amplitude f j
i (ν, Q2) =

Ref j
i (0)(

1+ Q2
Λ2

)2 , where RefP5(0)/f V
1 (0) = −0.0 ± 1.8,

RefT (0) = −7.2 ± 8.0, Ref 3
A (0) = 0 ± 0.15, and Λ = 1 GeV, is compared to the tree-level

result at various fixed muon neutrino energies.
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Polarization Observable for Muon Neutrino, R⊥
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The transverse polarization observable R⊥, recoil nucleon single-spin asymmetry with zero
spin projection in the scattering plane, with one extra imaginary amplitude

f j
i (ν, Q2) =

iImf j
i (0)(

1+ Q2
Λ2

)2 , where ImfP5(0)/f V
1 (0) = −13 ± 54, ImfT (0) = 1.4 ± 11.9,

ImfA(0) = 0.00034 ± 0.00058, and Λ = 1 GeV, is compared to the tree-level result at
various fixed muon neutrino energies.
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Polarization Observable for Muon Antineutrino, Rt
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The transverse polarization observable Rt , recoil nucleon single-spin asymmetry, with one

extra real-valued amplitude f j
i (ν, Q2) =

Ref j
i (0)(

1+ Q2
Λ2

)2 , where RefP5(0)/f V
1 (0) = −0.0 ± 1.8,

RefT (0) = −7.2 ± 8.0, Ref 3
A (0) = 0 ± 0.15, and Λ = 1 GeV, is compared to the tree-level

result at various fixed muon neutrino energies.
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Polarization Observable for Muon Antineutrino, Rl
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The longitudinal polarization observable Rt , recoil nucleon single-spin asymmetry, with one

extra real-valued amplitude f j
i (ν, Q2) =

Ref j
i (0)(

1+ Q2
Λ2

)2 , where RefP5(0)/f V
1 (0) = −0.0 ± 1.8,

RefT (0) = −7.2 ± 8.0, Ref 3
A (0) = 0 ± 0.15, and Λ = 1 GeV, is compared to the tree-level

result at various fixed muon neutrino energies.
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Polarization Observable for Muon Antineutrino, R⊥
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The transverse polarization observable R⊥, recoil nucleon single-spin asymmetry with zero
spin projection in the scattering plane, with one extra imaginary amplitude

f j
i (ν, Q2) =

iImf j
i (0)(

1+ Q2
Λ2

)2 , where ImfP5(0)/f V
1 (0) = −13 ± 54, ImfT (0) = 1.4 ± 11.9,

ImfA(0) = 0.00034 ± 0.00058, and Λ = 1 GeV, is compared to the tree-level result at
various fixed muon neutrino energies.
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Polarization Observable for Muon Neutrino, Lt
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The transverse polarization observable Lt , recoil lepton single-spin asymmetry, with one extra

real-valued amplitude f j
i (ν, Q2) =

Ref j
i (0)(

1+ Q2
Λ2

)2 , where RefP5(0)/f V
1 (0) = −0.0 ± 1.8,

RefT (0) = −7.2 ± 8.0, Ref 3
A (0) = 0 ± 0.15, and Λ = 1 GeV, is compared to the tree-level

result at various fixed muon neutrino energies.
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Polarization Observable for Muon Neutrino, Ll
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The longitudinal polarization observable Lt , recoil lepton single-spin asymmetry, with one

extra real-valued amplitude f j
i (ν, Q2) =

Ref j
i (0)(

1+ Q2
Λ2

)2 , where RefP5(0)/f V
1 (0) = −0.0 ± 1.8,

RefT (0) = −7.2 ± 8.0, Ref 3
A (0) = 0 ± 0.15, and Λ = 1 GeV, is compared to the tree-level

result at various fixed muon neutrino energies.
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Polarization Observable for Muon Neutrino, L⊥
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The transverse polarization observable L⊥, recoil lepton single-spin asymmetry with zero spin

projection in the scattering plane, with one extra imaginary amplitude f j
i (ν, Q2) =

iImf j
i (0)(

1+ Q2
Λ2

)2 ,

where ImfP5(0)/f V
1 (0) = −13 ± 54, ImfT (0) = 1.4 ± 11.9, ImfA(0) = 0.00034 ± 0.00058,

and Λ = 1 GeV, is compared to the tree-level result at various fixed muon neutrino energies.
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Polarization Observable for Muon Antineutrino, Lt
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The transverse polarization observable Lt , recoil lepton single-spin asymmetry, with one extra

real-valued amplitude f j
i (ν, Q2) =

Ref j
i (0)(

1+ Q2
Λ2

)2 , where RefP5(0)/f V
1 (0) = −0.0 ± 1.8,

RefT (0) = −7.2 ± 8.0, Ref 3
A (0) = 0 ± 0.15, and Λ = 1 GeV, is compared to the tree-level

result at various fixed muon neutrino energies.
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Polarization Observable for Muon Antineutrino, Ll
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The longitudinal polarization observable Lt , recoil lepton single-spin asymmetry, with one

extra real-valued amplitude f j
i (ν, Q2) =

Ref j
i (0)(

1+ Q2
Λ2

)2 , where RefP5(0)/f V
1 (0) = −0.0 ± 1.8,

RefT (0) = −7.2 ± 8.0, Ref 3
A (0) = 0 ± 0.15, and Λ = 1 GeV, is compared to the tree-level

result at various fixed muon neutrino energies.
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Polarization Observable for Muon Antineutrino, L⊥
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The transverse polarization observable L⊥, recoil lepton single-spin asymmetry with zero spin

projection in the scattering plane, with one extra imaginary amplitude f j
i (ν, Q2) =

iImf j
i (0)(

1+ Q2
Λ2

)2 ,

where ImfP5(0)/f V
1 (0) = −13 ± 54, ImfT (0) = 1.4 ± 11.9, ImfA(0) = 0.00034 ± 0.00058,

and Λ = 1 GeV, is compared to the tree-level result at various fixed muon neutrino energies.
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