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In the parton model

dh/j(z) =
Trcolor
Nc,j

∑
X

⟨j , k | h,X , out⟩ ⟨h,X , out |j , k⟩
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Some FF

From recent global analysis 2503.21311
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QCD in the LF - nutshell format

From the QCD Lagrangian density

LQCD = −1

4
G a
µνG

µν,a + ψ̄
(
i /∂ −m

)
ψ + g Aa

µJ
µ,a
D

take A+ = 0 (LF gauge) to obtain

P− =
1

2

∫
dx+d

2x⊥

[
ψ̄γ+

m2 −∇2
⊥

i∂+
ψ − Aµr ∇2

⊥Ar ,µ

+ gJµr Ar ,µ +
g2

4
Bµνr Br ,µν

−g2

2
Jµr

1

(∂+)2
Jµr − i

g2

2
ψ̄γµTrAr ,µ

γ+

∂+
(γµTsAs,νψ)

]
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Expand the �elds in terms of plane waves

ψα,r (x) =
∑
σ

∫
[p]
(
uασ(p)bpσre

−ipx + vασ(p)e
ipxd†

pσr

)
Aµ

a (x) =

∫
[p]
[
ϵµσ(p)ap,σ,ae

ipx + ϵµ∗σ (p)a†p,σ,ae
−ipx

]
,

p2 = m2 & Schrödinger picture ⇒ 3-vectors !!
1-particle states are |p, σ, a⟩ = a

†
p,σ,a |Ω⟩ and:[

apσa, a
†
kσ′b

]
= δ

(
k+ − p+

)
δ2
(
p⊥ − k⊥

)
δσ

′
σ δ

a
b

Memory divided in particle registers:

Presence Color Spin Momenta

0 000 00 0 0 0
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One-particle encoding

How to write a and a† in terms of quantum gates?

q0: presence

q1: spin

q2-q4: colour

q5-qN : momentum

Gluon register

Empty register

|Ω⟩ = |0⟩ ⊗ |0⟩ ⊗ |00⟩ ⊗ |0...0⟩

Pack/unpack with operators

s†s,c,p|Ω⟩ = |1⟩ ⊗ |s⟩ ⊗ |c⟩ ⊗ |p⟩
ss,c,,p|1⟩ ⊗ |s⟩ ⊗ |c⟩ ⊗ |p⟩ = |Ω⟩

Presence Spin Momenta

1 1 1 01 0

Color

0 0 1
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Think of memory as
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Add particles only downn-up
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Antisymmetrize:

1

2

2

1
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Boson operators

Field-theory like b
(n)†
q =

∑
j b

(n)†
q,j :

b
(n)†
q =

n∑
j=1

Sj←j−1 · P(n−j)
0 ⊗

(
C10 ⊗ s†q

)
j
⊗ P(j−1)

j−1

Adjoint to �nd annihilator. They ful�l

Commutation relations

[
b
(n)
q1 , b

(n)†
q2

]
=

canonical︷ ︸︸ ︷
δq1,q2 (C00 ⊗ I)n ⊗ I(n−1)

− Sn←n−1 ·
(
C11 ⊗ s†q1sq2

)
n
⊗ P(n−1)

n−1 · Sn←n−1︸ ︷︷ ︸
boundary term
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Hamiltonian exponentiation

Using the above equations, exponentiate

and calculate ⟨ψ|U∆t |ψ⟩

Front Master thesis of Nicolás A. Martínez-Arenaza
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FF

Let time pass and measure "meson" (qq̄ state)

ψm(x , s, c) =
√
N [x(1− x)]α σms ηc
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Hello quantum world

Quantum memory advances by single-qubit gates and at least an
entangling gate:

Single-qubit: H, Pauli X,Y,Z,

Rots Rx(θ) = exp (−iθX ), etc.

Entangling: CNOT, To�oli Preps Φ00 =
1√
2
(|00⟩+ |11⟩)
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Pauli strings

Four basic (non-unitary) qubit transformations:

C00 ≡ |0⟩⟨0| = I + Z

2
C10 ≡ |1⟩⟨0| = X − iY

2

C01 ≡ |0⟩⟨1| = X + iY

2
C11 ≡ |1⟩⟨1| = I + Z

2

From these:

s†3 ≡ |11⟩⟨00| = C10 ⊗ C10 =
1

4

 XX︸︷︷︸
Pauli string

− iXY − iYX − YY


Encoding: Discretization of Hilbert space, |ψ⟩ ≈

∑2n−1
i=0 ci |i⟩.

General transformation is then

e−it|ψf ⟩⟨ψ0| = e
−it

∑2n−1
i,j=0 cjc

∗
i
|j⟩⟨i | = e

−it
∑2n−1

i,j=0 cjc
∗
i
s†
j
si
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Add more registers for multi-particle states

0 00 0 00 0 00

How to match 1-particle operators s†p, sp to

a†p1 |Ω⟩ = |p1⟩ , a†p2 |p1⟩ = |p2⟩ |p1⟩ , etc.?

Divide a:
a†p1 = a

†
p1,1

+ a
†
p1,2

+ a
†
p1,3

and use presence qubits as controls:

C00|0⟩ = |0⟩ , C11|0⟩ = 0, etc

so that memory is �lled in order.
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Particle-statistics & unitarity

[
b
†
p1 , bp2

]
= δp1p2I → Add symmetrizers S:

1 10 1 011 01 1 10
Compatible with unitarity?

P(n)
i , C10 ... are not unitary → exponentiate or decompose

S is not unitary → scrap qubits

Decompose Sn = Sn←n−1...S2←1 with S j←j−1:

S j←j−1 ≡
1√
j

(
I⊗j + Pj(j−1)) + ...+ Pj2 + Pj1

)
.

and de�ne:

b
(n)†
p,j = S j←j−1 · P(n−j)

0 ⊗
(
C10 ⊗ s†p

)
j
⊗ P(j−1)

j−1
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Hamiltonian exponentiation

Using the above equations, exponentiate

U10(∆t) = e
−i∆t

∑
λq

(
a
†
p+ap

)

and calculate ⟨0|U10(∆t) |0⟩

Simulation setup:

2 and 3 particles with
3 modes

Start with empty
registers

Measure presence
qubits, 100
shots/point
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Asymptotic costs

Operator CNOT & single qubit costs

Kinetic U11 O (nNp)

Potential U22 O
(
n2N3

p log
2 Np

)
Tadpole U10 O

(
Np log

2 Np

)
Splitting 1 U21 O

(
nbn

2
f N

2
p log

2 Np

)
Splitting 2 U ′21 O

(
nbnf N

3
p logNp

)
Np: # of modes on each register

nb: # of gluon registers

nf : # of fermion registers

n: total # of registers

19 / 21



Fixed particle number

We can now get unitaries by exponentiation:

Ĥ
(n)
11 =

∑
p

Ep a
(n)†
p a

(n)
p =

∑
p

Ep
∑
j ′,j

a
(n)†
p,j a

(n)
p,j ′

=
∑
j

Aj←j−1 · P(n−j)
0 ⊗

(
C11 ⊗

∑
p

Eq s
†
psp

)
j

⊗ P(j−1)
j−1 · Aj←j−1

Fixed particle # → antisymmetrizers can be conmmuted:

Ĥ
(n)
11 =

∑
j ,k

P(n−j)
0 ⊗P(k)

k ⊗

(
C11 ⊗

∑
p

Eps
†
psp

)
j−k

⊗P(j−1−k)
j−1−k ·

Aj←j−1√
j

Antisymmetrizers to the right just simplify!
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For Pauli exlusion principle, de�ne fermion interchanger:

fXj (p) = (C00)j ⊗ fSj (0, p) + (C11)j ⊗ fSj (L, p)

Empty register

(C00)j ⊗ fSj (0, p) |Ω⟩j (...|1p⟩i ...)A
p there

= |0p⟩j (...|10...0⟩i ...)A
creation avoided

(C00)j ⊗ fSj (0, p) |Ω⟩j (...|1q⟩i ...)A
no p

= |Ω⟩j (...|1q⟩i ...)A
creation allowed

Occupied register

(C11)j ⊗ fSj (L, p) |1P⟩j (...|1p⟩i ...)A
p there, swap

= |1p⟩j (...|1P⟩i ...)A
p on j , annihilation

(C11)j ⊗ fSj (L, p) |1P⟩j (...|1q⟩i ...)A
no p no swap

= |1P⟩j (...|1q⟩i ...)A
no p on j , no annihilation
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