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The big picture
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Large Hadron Collider

CERN

Brookhaven National Lab

Electron Ion Collider



Non-perturbative physics
• Simulations of scattering experiments


• Nonpertubative physics and dynamics


• Lattice: Euclidean (path integral) and Hamiltonian

3

Wilson; Kogut, Susskind `70 s

PDG

https://pdg.lbl.gov/2019/reviews/rpp2019-rev-qcd.pdf


P/BPP

BQP

NP

EXP

How (computationally) difficult are QCD simulations?

Solvable in polynomial time

Solvable quantumly in polynomial time

Verifiable in polynomial time

Eg: Multiplication of an  matrix is N × N (O)(N3)

Verifiable in exponential time

Eg: Shor’s algorithm for factoring large numbers

Eg: Sudoku

BQP-completeness of scattering in scalar quantum field theory
Jordan, Krovi, Lee, Preskill `12-`17 (in 2+1 D)

What about QCD?
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Scattering process
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Scalar field theory


Prepare wave packets


Time evolve


Measurement |⟨X |U(t, t0) |φφ⟩ |2
Sample efficiently (BQP) from 

BQP-completeness of scattering in scalar quantum field theory
Jordan, Krovi, Lee, Preskill `12-`17 (in 2+1 D)



Perturbative

Non-perturbative

fa/p

fa/p

Q2
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d�ep!h+X =
X

ab

fa/p ⌦Hab ⌦D
h
b Collins, Soper, Sterman et al.

• Non-perturbative dynamics at low energies

N-point lightcone correlation functions
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→ F.T. ↑p|O(t, ωx)O(0)|p↓
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t2 → ωx 2 = 0

Zhao et al. `22
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Momentum fraction x

Factorization and hadronic structure
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Open quantum systems
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ρ(t = 0) = ρS ⊗ ρE

ρ(t) = U(t)(ρS ⊗ ρE) U†(t)

TrE [ρ(t = 0)] = ρS

TrE [ρ(t)] = TrE [U(t)(ρS ⊗ ρE) U†(t)]

Environment

System

U
ni

ta
ry

N
on-U

nitary

Heavy quark pairs Quark Gluon Plasma

Htotal = HS ⊗ IE + IS ⊗ HE + Hint



Open quantum systems 
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ρ(t = 0) = ρS ⊗ ρE

ρ(t) = U(t)(ρS ⊗ ρE) U†(t)

TrE [ρ(t = 0)] = ρS

TrE [ρ(t)] = TrE [U(t)(ρS ⊗ ρE) U†(t)]

Environment

System

U
ni

ta
ry

N
on-U

nitary

Qubits/qumodes 
representing the 

model

Thermal fluctuations, 
Material imperfections, 
Electromagnetic noise

Htotal = HS ⊗ IE + IS ⊗ HE + Hint

See later for real hardware application



Technology and Research
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Industry level effort (some examples)
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Superconducting qubits Trapped ion qubits Neutral atoms qubits Photonics qubits



New paradigm: Hybrid architectures
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Girvin, Wiebe et al `24

Platform dependence: Native gates, Coherence time, Connectivity, …



Quantum resources

12



The elementary units for quantum computing
Gate based digital quantum computing

• Qubits (Qudits )

• Realization with: superconducting circuits, cold 

atoms, trapped ions, topological qubits,…


• Two-dimensional Hilbert space per qubit


• Digital gate-based computing with discrete 
variables (DV)

2 → d • Qumodes ( )

• Realization with: photonics, trapped ions, 

superconducting circuits,…


• Infinite-dimensional Hilbert space per 
qumode


• Gate based with continuous variables (CV)

d → ∞

Araz, Grau, Montgomery, Ringer `24 13



Qubit states and operations

Superposition

|ψ⟩ = α |0⟩ + β |1⟩

Entanglement

|Bell⟩ =
|00⟩ + |1⟩

2

Gate = Unitary operation

14



Qumode states and operations

Ladder operators Quadratures

a, a† ⟺ ̂q, ̂p

|n⟩ ∝ (a†)n |0⟩

Lloyd and Braunstein `99 

15

Wigner function 

https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.82.1784


•Displacement
•Squeezing

• Two-qumode beam splitter

•Non-Gaussian operations

see Lloyd, Braunstein `99
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D(z) = ezâ
†�z⇤â
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S(z) = e
1
2 (z

⇤â2�zâ†2)
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z = ✓ei�

e.g. Kerr gate or cubic gate
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Ubs(z) = ezâb̂
†�z⇤â†b̂

<latexit sha1_base64="YElDW8zkHqVIO9IZeutX7pgA2Pc=">AAACAnicbZDNSsNAFIVv/K31r+rSzWARKkhJRKrLgiAuK9im0IYymU7aIZNJnJkIJXTnC7jVN3Anbn0RX8DncNpmYVsPDHycey5zOX7CmdK2/W2trK6tb2wWtorbO7t7+6WDw5aKU0lok8Q8lm0fK8qZoE3NNKftRFIc+Zy6fngzmbtPVCoWiwc9SqgX4YFgASNYG8t1K4/nKDnrlcp21Z4KLYOTQxlyNXqln24/JmlEhSYcK9Vx7ER7GZaaEU7HxW6qaIJJiAe0Y1DgiCovm547RqfG6aMgluYJjabu340MR0qNIt8kI6yHam7mSxxSPV7MT4L/5TupDq69jIkk1VSQ2edBypGO0aQP1GeSEs1HBjCRzNyPyBBLTLRprWiKcRZrWIbWRdWpVWv3l+X6bV5RAY7hBCrgwBXU4Q4a0AQCIbzAK7xZz9a79WF9zqIrVr5zBHOyvn4BLFCXDA==</latexit>

W (q, p)

Universal gate set
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Hybrid states and operations Lloyd and Braunstein `99 

17

https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.82.1784


Qubit and qumode universality

Qubit only Qumode onlyHybrid

Universal
Gaussian

D(α)
R(θ)
S(ζ)
BS(θ, ϕ)

Non − Gaussian {V = e−iθ ̂q3

Universal
CD(α) = eZ⊗(αa†−α*a)

Rσφ
(θ) (qubit rot.)

BS(θ, ϕ)Universal
Clifford

S = Z1/2

H
CNOT

Magic {T = e−i π
8 Z

There exists a minimal set of gates from which any other gate (unitary) can be built

18
Pauli string σi

Barenco et al, Gottesman, Knill

σi ⊗ P( ̂x, ̂p)
Girvin, Wiebe et al. `24

Polynomial P( ̂x, ̂p)
Lloyd, Braunstein `97

NEW  e−iθ cos(P( ̂x, ̂p))⊗σj

Non-polynomial 
(trigonometric) gates
RT, Rico, Ringer et al. `25



Mapping physical models to quantum resources
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Algebra representation with quantum resources

[ ̂πn, ̂ϕn′￼] = − iδnn′￼ {ψn, ψ†
n′￼} = δnn′￼

Bosonic CCR Fermionic CAR

There is no finite 
dimensional faithful 

representation of the 
Weyl/CCR algebra

There exists finite 
dimensional faithful 

representations of the 
CAR algebra

20

* plus gauge group algebra



L =  ̄ (i@µ�µ �m) + gs ̄�
µTa A

a
µ � 1

4
Fµ⌫
a F a

µ⌫

Qubits Qumodes
Qubit-qumode interaction
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H
m
qumode ⌦H

n
qubit

QCD with hybrid platforms

QCD Lagrangian

Simulate quarks and gluons with different quantum resources

Hybrid qubit/qumode approach
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QED in 2+1 dimensions

2222



Staggered QED in 2+1 dimensions
Hamiltonian for a general lattice

HE =
g2

2 ∑
n

(E2
n,ex

+ E2
n,ey)

HB = −
1

2g2a2 ∑
n

(Pn + P†
n − 2)

HM = m0 ∑
n

( − )nx+nyΨ†
nΨn

HK =
1
2 ∑

n
[iΨ†

nU†
n,ex

Ψn+ex
− ( − )nx+nyΨ†

nU†
n,ey

Ψn+ey] + h.c. Pn ≡ Un,xUn+ex,yU
†
n+ey,x

U†
n,y 23



One plaquette world

[ ̂En, ̂χn′￼] = − iδnn′￼

Un = ei ̂χn ∈ U(1)

[ ̂En, Un′￼] = Unδnn′￼

{ψn, ψ†
n′￼} = δnn′￼

24

HE =
g2

2 [E2 + (E − Q2)2 + (E + Q3)2 + (E − Q1 − Q2)2]
HB = −

1
2g2 (U + U† − 2)

HM = m0

4

∑
i=1

(−1)1+iΨ†
i Ψi

HK =
i
2 (Ψ†

1Ψ4 + Ψ†
2U

†Ψ3) −
1
2 (Ψ†

1Ψ2 − Ψ†
4Ψ3) + h.c.



Mapping non-compact bosons to Qumodes
One-to-one map for scalar theories

[ ̂πn, ̂ϕn′￼] = − iδnn′￼

Spec( ) , Spec( )̂x = ℝ ̂p = ℝ
25

[ ̂pn, ̂xn′￼] = − iδnn′￼

It is an isospectral representation



Quantum electrodynamics in 2+1 D

26

With the operator constraint

( ̂q0)2 + ( ̂q1)2 = 𝕀
U ↦ ̂q0 + i ̂q1

E ↦ J ≡ ̂q0 ̂p1 − ̂q1 ̂p0

Spec( ) , Spec( )̂χ = S1 ̂E = ℤ
Compact gauge bosons

Solution: two-modes per link variable

No discretization of the gauge group 

No discretization of the algebra 

Direct extension to SU(2) done

Alternatively, use non-polynomial (trigonometric) gates

RT, Rico, Ringer et al `25

Experimental realization in preparation
Ringer, Siopsis et al JHEP06(2025)084 
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Enforcing the constraint

27

[H, ( ̂q0
n)2 + ( ̂q1

n)2] = 0 ∀n
Enlarged phase space but


Gauge invariance is preserved

Physical sector is protected

Inner product modificationHamiltonian penalty term

|ψ⟩ ↦ |ψ(Λ)⟩ ∝ ∫ d2q e− Λ2
g2 (q2−1)2

ψ(q) |q⟩H ↦ H + Hμ

Hμ =
μ
2 ∑

n,i

(q2
n,i − 1)2

𝒟μ(s) = e−isq2
μqa Λ =

g
2

serDisfavors non-physical configurations



Testing quantum algorithms

28

Time evolution

Ground state preparation


(QITE)

Ground state energy 
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Due to Gauss’s law

Electron/photon coupling
<latexit sha1_base64="37IrB7Gp1ZV6Nc/lKF++tA1A6GM=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMgCGFXJHoMevEY0TwgWcPspJMMmZ1dZmaFsOQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7glhwbVz328mtrK6tb+Q3C1vbO7t7xf2Dho4SxbDOIhGpVkA1Ci6xbrgR2IoV0jAQ2AxGN1O/+YRK80g+mHGMfkgHkvc5o8ZK9/h41i2W3LI7A1kmXkZKkKHWLX51ehFLQpSGCap123Nj46dUGc4ETgqdRGNM2YgOsG2ppCFqP52dOiEnVumRfqRsSUNm6u+JlIZaj8PAdobUDPWiNxX/89qJ6V/5KZdxYlCy+aJ+IoiJyPRv0uMKmRFjSyhT3N5K2JAqyoxNp2BD8BZfXiaN87JXKVfuLkrV6yyOPBzBMZyCB5dQhVuoQR0YDOAZXuHNEc6L8+58zFtzTjZzCH/gfP4A56SNkQ==</latexit>

e+

<latexit sha1_base64="/Zn7JXPfx9QLR/mR6vUf4ryNJ7g=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgxbArEj0GvXiMaB6QrGF20kmGzM4uM7NCWPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dQSy4Nq777eRWVtfWN/Kbha3tnd294v5BQ0eJYlhnkYhUK6AaBZdYN9wIbMUKaRgIbAajm6nffEKleSQfzDhGP6QDyfucUWOle3w86xZLbtmdgSwTLyMlyFDrFr86vYglIUrDBNW67bmx8VOqDGcCJ4VOojGmbEQH2LZU0hC1n85OnZATq/RIP1K2pCEz9fdESkOtx2FgO0NqhnrRm4r/ee3E9K/8lMs4MSjZfFE/EcREZPo36XGFzIixJZQpbm8lbEgVZcamU7AheIsvL5PGedmrlCt3F6XqdRZHHo7gGE7Bg0uowi3UoA4MBvAMr/DmCOfFeXc+5q05J5s5hD9wPn8A6qyNkw==</latexit>

e→
<latexit sha1_base64="Za2AY9kWNCLQyiW+4sCAc9Auqck=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKRI9BLx4jmAckS+idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnAkM5k7RpmeW0k2gKIuK0HY1vZ377iWrDlHywk4SGAoaSxYyAdVKrNwQhoF+u+FV/DrxKgpxUUI5Gv/zVGyiSCiot4WBMN/ATG2agLSOcTku91NAEyBiGtOuoBEFNmM2vneIzpwxwrLQrafFc/T2RgTBmIiLXKcCOzLI3E//zuqmNr8OMySS1VJLFojjl2Co8ex0PmKbE8okjQDRzt2IyAg3EuoBKLoRg+eVV0rqoBrVq7f6yUr/J4yiiE3SKzlGArlAd3aEGaiKCHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPin2PIA==</latexit>ω

Ale, RT, Rico, Ringer, Siopsis `25

The full Hamiltonian



An alternative approach * in preparation
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Non-polynomial (trigonometric) gates
Complementing hybrid universality

Fourier-like decomposition of the bosonic Hermitian exponent 

f(x̂, p̂) =
N

∑
i,j

∑
n,m

cij,nm ̂xn
j ̂pm

j , cij,nm ∈ ℝ

f(x̂, p̂) =
N

∑
i,j

∑
n,m

∑
k,l

c(kl)
ij,nm cosn( ̂xk

j + ϕx,j)sinm( ̂pl
j + ϕp,j), c(kl)

ij,nm, ϕx,j, ϕp,j ∈ ℝ

Taylor-like decomposition of the bosonic Hermitian exponent 

e−iθ f(x̂,p̂)⊗∏j σjAny hybrid gate
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Trigonometric gates representation
Encoding compactness in a mode and error correction

 via stabilization operationsL2(ℝ) → L2(S1)

Natural error correction to protect the  topologyS1

HU(1) = 2g2 ̂E2 +
1
g2 [1 − cos( ̂χ)]

HU(1) ↦ 2g2 ( ̂p
α )

2

+
1
g2 [1 − cos(α ̂x)] − J Stabilizer

Like a qunaught GKP stateOnly allowed (stabilized) states remain

* in preparationInspired by Drell, Quinn et al `79
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Experimental realization
with QSCOUT at Sandia National Lab

≈ e−it cos(c ̂x)

t
RT, Ringer, Grau, Montgomery, S. Clark et al 

In preparation



Error models with the OQS formalism
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d ̂ρ
dt

= − i[Ĥ, ̂ρ] + ∑
i

(Ĉi ̂ρĈ†
i −

1
2

{C†
i Ci, ̂ρ})

Ĉ = γ ̂n dephasing

Ĉ = γ ̂a† linear heating

⟨n | ·ρ |m⟩ = −
γ
2

(n − m)2ρnm

⟨n | ·ρ |m⟩ = κ (n + 1)(m + 1)ρn+1,m+1 −
κ
2

(n + m)ρnm

Ĉ = κ ̂a photon/phonon loss

⟨n | ·ρ |m⟩ = γ nmρn−1,m−1 −
γ
2

(n + m + 2)ρnm



Error models with the OQS formalism
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Ĉ = γ ̂n dephasing

Ĉ = γ ̂a† linear heating

⟨n | ·ρ |m⟩ = −
γ
2

(n − m)2ρnm

⟨n | ·ρ |m⟩ = κ (n + 1)(m + 1)ρn+1,m+1 −
κ
2

(n + m)ρnm

Ĉ = κ ̂a photon/phonon loss

⟨n | ·ρ |m⟩ = γ nmρn−1,m−1 −
γ
2

(n + m + 2)ρnm

d ̂ρ
dt

= − i[Ĥ, ̂ρ] + ∑
i

(Ĉi ̂ρĈ†
i −

1
2

{C†
i Ci, ̂ρ})



Summary

• Hybrid formalism to map bosons to Qumodes and fermions to Qubits for lattice 
gauge theories 

• Feasibility with different existing  hybrid platforms


• Ground state preparation, Time evolution, etc…


• Scattering process, hadronization, structure, etc… 


• Explicit example for Abelian U(1) gauge theory with fermions in any dimension 

• Extensions to non-Abelian theories are possible (SU(2) Ringer et al JHEP06(2025)084)


• New class of gates: non-polynomial (trigonometric) gates (important for physics 
and much more) 

• Open quantum systems: physical & error models 36
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Extra slides
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Error correction

Ancilla qubit register or mode
Syndrome extraction with:

Non demolition measurement

Syndrome correction

|n 2π + δ⟩s
Feedback |n 2π⟩s

Peak recentered



Gauss Law
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Mapping fermions to qubits
The Jordan-Wigner transform (not unique or the only one)

ψj ↦ ∏
k<j

− i Zk σ−
j

ψ†
j ↦ ∏

k<j

+ i Zk σ+
j
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QITE method A

Need one ancilla (extra) qubit + postselection (measurement)

a⟨0 |HaeiΔτÔ⊗Ya |0⟩a =
1

2
e−ΔτÔ + 𝒪((Δτ)2)

Zero qubit state



QITE method B

Need one ancilla (extra) qubit + postselection (measurement)

A⟨0 |ei2 Δτ ̂o⊗ ̂pA |0⟩A ∝ e−Δτ ̂o2
U†e−Δτ ̂o2U = e−ΔτÔ

Zero Fock state



Building trigonometric gates
Learning from qubit exponentiation

Any Hermitian unitary operator P can be exponentiated using one ancilla qubit

e−i t
2 P⊗Za |ψ⟩ |0⟩a = e−i t

2 P |ψ⟩ |0⟩a

ancilla qubit
!! It naively works only for qubits !!

= 𝕀 ⊗ | + ⟩a⟨ + |a + P ⊗ | − ⟩a⟨ − |a

44



Building trigonometric gates
Extending and expanding the logic to bosonic unitaries

Embed the bosonic unitary U into a larger Hilbert space

 by entangling it with an ancilla qubit to make it Hermitian

Σ = ei ̂A⊗X ⋅ (I ⊗ Z) =
1
2 (U + U† U† − U

U − U† −U − U†) = cos( ̂A) ⊗ Z + sin( ̂A) ⊗ Y

U = ei ̂AWe only need to be able to create 
 controlled-U to make Σ

*This is just one example of many possible ones

Σ = (I ⊗ Z) ⋅ ei ̂A⊗X =
1
2 ( U + U† −U† + U

−U + U† −U − U†) = cos( ̂A) ⊗ Z − sin( ̂A) ⊗ Y

45



CΣ = = ei ̂A⊗Xa⊗Πb
− (𝕀 ⊗ CZab)

Building trigonometric gates
Now we can exponentiate  and/or  using the ancilla trickΣ Σ

Exponentiation of Pauli string Exponentiation of hybrid Hermitian unitary

eitΣ⊗Z |ϕ⟩ |ψ⟩ |0⟩
The circuit produces:

46



Building trigonometric gates
Last step

Σ + Σ = 2 cos ̂A ⊗ Z, Σ − Σ = 2 sin ̂A ⊗ Y

ei t
2 Σ⊗Zei t

2 Σ⊗Z = eit cos( ̂A)⊗Z⊗Z + 𝒪(t2)

ei t
2 Σ⊗Ze−i t

2 Σ⊗Z = eit sin( ̂A)⊗Y⊗Z + 𝒪(t2)

Since it is

It follows that

and
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