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(e.g., hadron masses)

Non-efficient for real-time dynamics.

TODAY 
Quantum Co-Design for QCD

Solved dynamical properties


(e.g., string dynamics)

“History doesn't repeat itself, but it often rhymes.”
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Three ingredients to describe Nature

atoms• Quantum matter as the basic 
building block

nucleons
• Gauge symmetry as a fundamental principle 

and at the origin of every force

quarks

• Renormalisation group as a tool to 
study Nature at different scales
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18th July '12! Introduction to Particle Physics! 38!

+Higgs 125 GeV!

but non-perturbative part (hadron structure and formation) still a vast, partly unexplored field
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modern microscopes

(semi-inclusive)  
deep-inelastic lepton scattering

highly virtual photons resolve 
inner (partonic) structure

factorization theorems 
separate non-calculable from 

calculable parts 
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• Implementing the gauge invariant dynamics

energy

penalty

U color singlet 
hopping


Internal symmetry

b)

encoding

gauge invariant 

degrees of freedom
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After a particle collision, pairs of quarks remain confined in color singlet states through a flux 
tube (Wilson line) connecting them.


As the flux tube evolves, it stretches giving rise to the string breaking and string fragmentation

The witnesses to the existence of the predicted confining phase of the model are provided by 
nonlocal order parameters from Wilson loops and disorder parameters from ’t Hooft strings.

Hadron structure study requires the measurement of flux tubes (Wilson lines) 
among its constituents (partons) in space and real-time
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Superconducting 
circuits implementation

Local degrees of  freedom.-

We need: 

Tuneable (spectrum) device 

two-level atom (anharmonic) 
cavity (harmonic) 

Coherent dynamics (low dissipation)

Chris Wilson

See the next ta
lk by Tommaso Rainaldi
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Al

Josephson Hamiltonian:

HJ = −EJ

2

∑

n

[|n⟩⟨n+ 1|+ |n+ 1⟩⟨n|]

Al AlOx

- couple two superconductors via oxide layer 
- oxide layer acts as tunnelling barrier 
- superconducting gap inhibits electron tunnelling

Josephson tunnelling:

= −EJ cosφ
written in terms of  the conjugate variable 

(Fourier transform) 
Physically: difference of  the SC phases

[φ, n] = i



Local degrees of  freedom.-

−−−−−−−−

+

+
+
+
+
+

+
+

Charging hamiltonian of  the SC: Junction also acts as a capacitor

H =
(2e)2

2C
n2 = 4ECn

2

Superconducting 
circuits ingredients



Local degrees of  freedom.-

−−−−−−−−

+

+
+
+
+
+

+
+

Charging hamiltonian of  the SC: Junction also acts as a capacitor

H =
(2e)2

2C
n2 = 4ECn

2

Non-linear oscillator - anharmonic cavity - Josephson junction:
−−−−−−−−

+

+
+
+
+
+

+
+

φ

ECEJ

H = 4ECn
2 − EJ cosφ

Energy

φ

Superconducting 
circuits ingredients



Local degrees of  freedom.-

−−−−−−−−

+

+
+
+
+
+

+
+

Charging hamiltonian of  the SC: Junction also acts as a capacitor

H =
(2e)2

2C
n2 = 4ECn

2

2 (ω − Ω)= ωb†b− Ωb†2b2 } ω}

ω ∼ GHz Ω ∼ 100MHz

Non-linear oscillator - anharmonic cavity - Josephson junction:
−−−−−−−−

+

+
+
+
+
+

+
+

φ

ECEJ

H = 4ECn
2 − EJ cosφ

Energy

φ

Superconducting 
circuits ingredients



Local degrees of  freedom.-

Important parameter: EJ/EC

Non-linear oscillator - anharmonic cavity - Josephson junction:

H = 4ECn
2 − EJ cosφ

2 (ω − Ω) } ω}

Energy

φ

EC → Fixed by the geometry of  the circuit

φ

ECEJ

Superconducting 
circuits ingredients



Local degrees of  freedom.-

Important parameter: EJ/EC

Non-linear oscillator - anharmonic cavity - Josephson junction:

φ

EC
EJ H = 4ECn

2 − EJ cosφ
2 (ω − Ω) } ω}

Energy

φ

φext

EC → Fixed by the geometry of  the circuit

EJ →

EJ (φext) = EK�t
J cos (φext)

Introduction of  a SQUID makes the 
junction tuneable with an external flux

Transmon regime, maximum anharmonicityEJ/EC ∼ 20

Superconducting 
circuits ingredients



SQUID

5µm
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20µm

Geometry to increase

EJ/EC

Superconducting 
circuits ingredients
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measurement

antenna

coupling

qubit

nonlinear
oscillator

Electric term 
(on-site energy)

Matter-gauge coupling 
(correlated hopping)

Staggered mass 
(energy off-set)

H =
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∑
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[
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xUx,x+1ψx+1 + ?X+X

]
+m

∑
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(−1)xψ†
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Integrating the different elements
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could simulate string physics on a chip

String on a chip
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Quantum Real-Time Dynamics of the  Higgs modelℤ2
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t
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hZ
i

m = 0.00, g = 0.00, dt = 0.250
Analytical

Raw

GDD

GDD + PT

GDD + PT + GCR

GDD + PT + GCR + ODR

Customized error  
mitigation techniques:

Gauge dynamical decoupling (GDD)

Pauli Twirling (PT)


Gauge configuration recovery (GCR)

Operator decoherence renormalization (ODR)



String dynamics:

bending mode

String dynamics:

io-io mode
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The degeneracies in the protected regime of the             qubit 
are a remnant of the anomalous symmetry.  

Degeneracies independent of energy parameters

0 π-

Qubit alive thanks to the anomaly

In quantum physics an anomaly or quantum anomaly appears when the 
symmetry of a classical theory is not equally represented by the quantum theory.
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Classical group symmetry of the ring

O(2) = SO(2) × ℤ2

Rotation 
by any angle

Reflexion 
by an axis

Quantum particle on a ring Ĥ = Ec ( ̂n − ng)
2

Any rotation is a symmetry of the quantum Hamiltonian: Ûα = ei ̂nα SO(2) ∼ U(1)
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θ

Classical group symmetry of the ring

O(2) = SO(2) × ℤ2

Rotation 
by any angle

Reflexion 
by an axis

Quantum particle on a ring Ĥ = Ec ( ̂n − ng)
2

Any rotation is a symmetry of the quantum Hamiltonian: Ûα = ei ̂nα SO(2) ∼ U(1)

About the reflexion symmetry…

-3 -2 -1 1 2 3

2
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8

ng = 0

O(2) = SO(2) × ℤ2
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8

ng = 1/2

O(2)
anomalous realisation = projective representation 

=double cover of

two-fold 
degeneracy
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H0-π = 4ECJ
Q̂2

ϕ + EL
̂ϕ2 + 4ECs ( ̂nθ − ng)
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− 2EJ cos ̂θ cos ( ̂ϕ −

φext

2 )

Hamiltonian0 π-
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Hamiltonian0 π-
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2 )
[ ̂θ, ̂nθ] = i spect (n̂) ∈ ℤθ ∈ (−π, + π]

[ ̂ϕ, Q̂ϕ] = i Q̂ϕ ∈ ℝϕ ∈ ℝ

{ { {harmonic oscillator diagonal interaction

ng = 1/2, φext = π

nθ → 1 − nθ
θ → − θ

̂VP = e−i ̂θÛP

Ûπ = ei ̂nθπ ̂Pϕ

̂VPÛπ = − Ûπ
̂VP

θ → θ + π
ϕ → − ϕ

high symmetry point

Hamiltonian0 π-
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̂ϕ2 + 4ECs ( ̂nθ − ng)

2
− 2EJ cos ̂θ cos ( ̂ϕ −

φext

2 )
[ ̂θ, ̂nθ] = i spect (n̂) ∈ ℤθ ∈ (−π, + π]

[ ̂ϕ, Q̂ϕ] = i Q̂ϕ ∈ ℝϕ ∈ ℝ

{ { {harmonic oscillator diagonal interaction

ng = 1/2, φext = π

nθ → 1 − nθ
θ → − θ

̂VP = e−i ̂θÛP

Ûπ = ei ̂nθπ ̂Pϕ

̂VPÛπ = − Ûπ
̂VP

θ → θ + π
ϕ → − ϕ

high symmetry point

the whole spectrum is 
two-fold degenerate 
independent of any 

energy scales
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Hardware-native 
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