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Hadronic Tensor

2

Wμν(q2, ν) =
1
2 ∑

n
∫

n

∏
i=1 [ d3 ⃗p i

(2π)32Ei ]⟨N |Jμ(0) |n⟩⟨n |Jν(0) |N⟩spin ave.(2π)3δ4(pn − p − q)

Wμν(q2, ν) =
1
π

Im Tμν(q2, ν) = ∫
d4x
4π

eiq⋅x⟨N |Jμ(x)Jν(0) |N⟩spin ave.

Wμν = (−gμν +
qμqν

q2 ) F1(x, Q2) +
̂pμ ̂pν

p ⋅ q
F2(x, Q2)

W2 = (q + p)2 = m2
N − Q2 + 2mNν,

W2 > 10 GeV2 Q2 = 4 GeV2

ν > 7 GeV



Euclidean Hadronic Tensor
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W̃μν( q , p , τ) =
Ep

mN

Tr[ΓeC4]
Tr[ΓeC2]

→ ∑
x 2 x 1

e−i q ⋅( x 2− x 1)⟨p, s |Jμ( x 2, t2)Jν( x 1, t1) |p, s⟩ = ∑
n

Ane−νnτ

W̃μν( ⃗q , ⃗p , τ) = ∫ dν e−ντWμν( ⃗q , ⃗p , ν)

Wμν( ⃗q , ⃗p , ν) =
1

2mNi ∫
c+i∞

c−i∞
dτ eντW̃μν( ⃗q , ⃗p , τ)
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Contractions
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qv+cs q̄cs qds + q̄ds

Higher twist
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Large Momentum Transfer Case
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clover anisotropic lattice, 243 × 128, as ∼ 0.12 fm, ξ ∼ 3.5, mπ ∼ 380 MeV,
2π
L

∼ 0.42 GeV

(0,3,3) (0,-6,-6) 2.15 2.15 3.57 [2.96, 3.28] [4, 2] [0.16, 0.07]

p q Ep En=0 |q | ν Q2 x
andμ = ν = 1 p1 = q1 = 0 W11(ν) = F1(x, Q2)
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Form Factors
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C0 C1 C2

Figures are for u quark



Form Factors
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32IF lattice (a ~ 0.063 fm, pion mass ~ 370 MeV), clover on domain wall, first 4 momentum transfers

W̃44( p , q , τ) = ∑
x 2 x 1

e−i q ⋅( x 2− x 1)⟨p, s |J4( x 2, t2)J4( x 1, t1) |p, s⟩ = ∑
n

Ane−νnτ

A0 = ⟨p, s |J4( q ) |n = 0⟩⟨n = 0 |J4(− q ) |p, s⟩ = G2
E(Q2)
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u quark



Beyond the Elastic Contribution
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u quark with elastic contribution subtracted

32IF lattice (a ~ 0.063 fm, pion mass ~ 370 MeV), clover on domain wall, first 4 momentum transfers



Summary and Outlook
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The hadronic tensor can be used to study both the nucleon structure and neutrino-nucleus 
scattering.

We now have good results for the elastic form factors.

Finer lattice spacings are essential!

We are working on lattices with smaller lattice spacings (~ 0.045 fm) to have better results for 
the neutrino-nucleon scatterings.

To study parton physics, one needs lattices that can accommodate, say,  ν > 7 GeV

Thank you!


