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QUANTUM SIMULATORS
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Model Hamiltonian
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QUANTUM SIMULATORS
APPLICATIONS

Material Science HEP?



COLD ATOMS IN OPTICAL LATTICES



COLD ATOMS
OPTICAL LATTICES

Laser standing waves: dipole-trapping
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Lattice theory: Bose/Fermi-Hubbard model



COLD ATOMS
QUANTUM SIMULATION

Bosons/Fermions:

Spins:
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CONDENSED MATTER PHYSICS



HIGH ENERGY PHYSICS?

COLD ATOMS
QUANTUM SIMULATION



QUANTUM SIMULATIONS OF HEP MODELS



QUANTUM SIMULATION HEP MODELS
INGREDIENTS

Matter + Gauge Fields
Relativistic theory

Gauge invariant
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Hamitonian formulation:
Gauss law
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QUANTUM SIMULATION HEP MODELS
INGREDIENTS
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Lattice Fermion-gauge field
coupling

Gauge field
dynamics

Lattice



HEP LATTICE MODELS
HAMILTONIAN FORMULATION

Matter (Fermions): can move Gauge fields (Bosons): Static

intM KSH H H H= + +Hamiltonian:



HEP LATTICE MODELS
HAMILTONIAN FORMULATION

intM KSH H H H= + +

Gauge invariance: Gauge group: U(1), ZN,SU(N), etc

Hamiltonian:

Matter (Fermions): can move Gauge fields (Bosons): Static



HEP LATTICE MODELS
HAMILTONIAN FORMULATION

intM KSH H H H= + +

Gauge invariance: Gauge group: U(1), ZN,SU(N), etc

Gauss law: | 0plaquetteG phys〉 =

Hamiltonian:

Matter (Fermions): can move Gauge fields (Bosons): Static



Example: compact-QED in 1D

Hamiltonians:

HEP LATTICE MODELS
HAMILTONIAN FORMULATION

SCHWINGER MODEL

Gauge invariance:Gauss law: n ni G i Ge He Hθ θ− =| 0nG phys〉 =
†

1n n n n nG E E ψ ψ+= − −

(ie, compact)



QUANTUM SIMULATION
SCHWINGER MODEL 1+1

Fermions:

internal states

2M
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Staggered Fermions:

Even sites: hole = particle
Odd sites:   fermion = antiparticle
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Bosons:

na nb
† †[ , ] [ , ] 1n n n na a b b= =

Schwinger rep:

internal states

QUANTUM SIMULATION
SCHWINGER MODEL 1+1

1>> iL e φ
+ ≈ 

zL i φ≈ ∂

If is small (eg 2 atoms), we obtain a truncated version


One can also use a single atom with few internal levels (       is the gauge group)MZ



Bosons:

na nb
† †[ , ] [ , ] 1n n n na a b b= =

Schwinger rep:
2
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internal states

QUANTUM SIMULATION
SCHWINGER MODEL 1+1



Interactions:
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conserves angular momentum locally

internal states
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QUANTUM SIMULATION
SCHWINGER MODEL 1+1

Gauge invariance



Physical processes:

| 0 e〉 | 0 p〉

TABLE

|1 e〉 | 0 p〉

|1 e〉 |1 p〉

| 0 e〉 |1 p〉

non-interacting
vacuum

p e

p e

p e

p e

QUANTUM SIMULATION
SCHWINGER MODEL 1+1



| 0 e〉 | 0 p〉

TABLE

|1 e〉 | 0 p〉

|1 e〉 |1 p〉

| 0 e〉 |1 p〉

non-interacting
vacuum

p e

switch on interactions

interacting
vacuum

Excitations: vector + scalar
Time-dependent phenomena

Confinement

First experiments: few bosonic atoms

QUANTUM SIMULATION
SCHWINGER MODEL 1+1

Preparation:



QUANTUM SIMULATION
HIGHER DIMENSIONS, NON-ABELIAN

Plaquette interactions:

Non-abelian gauge theories:

Link

L R
{a1 ,a2 } {b1 ,b2 }

bosonic modes



QUANTUM SIMULATION
HIGH ENERGY MODELS



ROAD MAP

1D QED

2D QED
(matter & fields) 2D QED

(fields only)

1D (2D) QCD

STANDARD 
MODEL???

See also:

Gauge fields: Lewenstein et al
Banerjee,…, Wiese, Zoller, PRL110, 125303 (2013) 
Banerjee,…, Wiese, Zoller, PRL109, 175302 (2013) 
Kapit,Mueller, PRA83, 033625 (2011) 

QUANTUM SIMULATION
HIGH ENERGY MODELS
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