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Parton Distribution Functions Tensor Network States Schwinger Model Results Summary

Parton Distribution Functions

▸ PDF: probability of constituent with momentum fraction ξ

▸ factorization at large energy Q2 = −q2, e.g. DIS:

σ(ξ,Q2) = σ̂(ξ,Q2) ⊗ f(ξ)
experiment perturbative non-perturbative

fΨ (ξ) = ∫ dz−e−iξP+z− ⟨P ∣ ψ̄(z−)γ+W (z− ← 0)ψ(0) ∣P⟩

▸ z−: lightcone coordinate

▸ lattice QCD in Euclidean space: lightcone → point

▸ Hamiltonian formalism: lightcone in Minkowski space
→ tensor network states / quantum devices

[EIC]

Deep Inelastic Scattering
[Schwartz 2014]
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Tensor Network States

▸ generic state scales exponentially

▸ tensor network state as ansatz

▸ truncation to bond dimenion D

▸ polynomial resource scaling

▸ good for ground states and low excited
states [Hastings 2007]

▸ no sampling, fundamentally different
systematics compared to Monte Carlo

∣ψ⟩ = ∑
s1,s2,...,sN

Ψs1s2...sN ∣s1⟩ ⊗ ∣s2⟩ ⊗ . . .⊗ ∣sN⟩

Ψs1s2...sN = ∑
{ix}

A1,s1
i1 ⋅A

2,s2
i1,i2 ⋅A

3,s3
i2,i3 . . .A

N,sN
iN−1

=
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Schwinger model [Hamer et al. 1997]

▸ quantum electrodynamics in 1+1 dimensions, U(1) symmetry
▸ fermion couples to gauge boson → partons
▸ bound states → hadrons [Bañuls et al. 2013]
▸ scattering → PDF [Dai et al. 1995]
▸ Lagrange density:

L =Ψ̄(i /∂ − g /A−m)Ψ−1
4

FµνFµν−A0ρ

Fµν =∂µAν − ∂νAµ

▸ for TN/QC: transform action into spin-model Hamiltonian:

s0 s1 s2 s3 s4 s5
L1

��@@L1

L2

��@@L2

L3

��@@L3

L4

��@@L4

L5

��@@L5

H = x
N−2
∑
n=0
[σ+nσ−n+1 + σ−nσ+n+1]+

µ

2

N−1
∑
n=0
[1 + (−1)nσz

n]+
N−2
∑
n=0
[1

2

n
∑
k=0
((−1)k + σz

k + 2qk)]
2

(x = 1
a2g2 , µ =

2m
ag2 )
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PDF in the Schwinger model

▸ matrix elements:

M= ⟨P ∣ Ψ̄(z−)γ+W (z− ← 0)Ψ(0) ∣P⟩

▸ lightcone
→ small time- and space-like steps

▸ spatial evolution:
change electric field along the path

▸ trotterized time evolution
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Results: Matrix elements
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Results: PDF

−1 −0.8 −0.6 −0.4 −0.2 0 0.2 0.4 0.6 0.8 1
−6

−4

−2

0

2

4

6

Bjorken parameter ξ

PD
F

f Ψ
(ξ
)

m̃ = 10; x = 100; D = 80; Nτ = 100; Ṽ = 100

observations:
▸ ξ > 0: fψ ≈ symmetric

around ξ = 0.5
▸ antifermion PDF from

negative ξ:

fψ(ξ) = −fψ(−ξ)

▸ observed symmetry
→ fψ(ξ) = fψ(ξ)
⇒ meson ✓

▸ peak broadens with
decreasing fermion mass ✓
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Results: Nτ -dependence

−2 −1 0 1 2−8

−6

−4

−2

0

2

4

6

8

z−/
√

8x

Im
(M
)⋅

N
m̃ = 10; x = 100; Ṽ = 100; D = 80
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Results: Nτ -dependence – too small
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Results: x-dependence
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Results: N-dependence
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Results: PDF [*preliminary]
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Lightcone Distribution Amplitude (LCDA) [preliminary]

LCDA: decay or hadronization

π0 → q(u)q̄(1 − u) → γγ
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if ϕ (u) = ∫ dz−e iuP+z− ⟨0 ∣ ψ̄(z−)γ+γ5W (z− ← 0)ψ(0) ∣P⟩
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Summary

Summary:

▸ PDF → universal structure of hadrons

▸ Euclidean space: lightcone → point
x

t

▸ ⇒ use tensor network states / quantum devices
▸ Schwinger model:

fermion- and anti-fermion-PDF for the vector meson

Outlook:
▸ further lightcone observables
▸ same analysis for QCD
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