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Recent Projects in ICEPP
• software:

• quantum simulation (this talk!)

• circuit optimization (AQCEL)  

• quantum machine learning
• classical data: vanishing gradient 

problem (barren plateau) induced by 
data-encoding

• quantum data: HEP application  

• middleware: qutrit-based Toffoli 
implementation via pulse control  

• hardware: development of transmon

[work in progress with IBM]

[work in progress, K. Kamisoyama, LN, K. Terashi]

[Jang, et.al. Quantum 6, 798 (2022), collaboration with LBNL]

[work in progress with IBM]

[Jang, et.al. Poster presented in IEEE Quantum Week 2022, with IBM]
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Fig. 1. Circuit diagram of our Toffoli gate decomposition. See the text for
the definition of the X� and X+ gates. The CNOT gates are denoted with
the state label (1) of the control qubits for clarity.

tended relative phase offsets between the three basis states. In
previous works reporting successful implementations of two-
qutrit gates, these phase errors are suppressed via a dedicated
hardware design, and/or corrected through careful calibration
and in some cases ad-hoc direct phase adjustments [9]. This
makes it nontrivial to generalize and scale up the reported
schemes over a large device and an extended duration of time.

In this poster, we propose a novel all-microwave implemen-
tation of a qutrit-based Toffoli gate that can be deployed on
existing devices, but is free of phase errors without requir-
ing frequent calibrations. The main contributions in the new
scheme are a stable-phase two-qutrit generalized CNOT gate
and a dynamical decoupling (DD) sequence that automatically
corrects the pulse phase errors of single qutrit gates. The full
pulse sequence is verified on IBM Quantum machines, where
we measure the gate fidelity via quantum process tomography.

II. THE TOFFOLI GATE PULSE SEQUENCE

In the following, we outline the components that constitute
our Toffoli gate implementation. The Toffoli gate is decom-
posed into an X� gate, three CNOT gates, and an X+ gate,
as shown in the circuit diagram in Fig. 1. A linear device
topology is assumed. The X+ and X� gates are defined as

X+ = X⌅,

X� = ⌅X,
(1)

where X is the standard qubit-space X gate and ⌅ is its
counterpart in the |1i $ |2i subspace. As is evident from
the circuit diagram, only the second control line is operated in
the qutrit space and thus is affected by the phase errors arising
from charge fluctuation and AC Stark shift.

A. Single qutrit operations

Single qutrit gates are effected with microwave drive pulses
oscillating at the |0i $ |1i and |1i $ |2i transition fre-
quencies, which induce Rabi oscillations between the corre-
sponding energy states. The generators for the respective Rabi
oscillations are denoted in the (|0i , |1i , |2i) basis as
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When the amplitude and duration of the drive pulse is tuned to
advance the Rabi oscillation phase by ⇡, the unitary matrices
of the resulting gates are

X ⌘ exp
⇣
�i

⇡

2
x

⌘
= �i

2

4
0 1 0
1 0 0
0 0 i

3

5 and (3)

⌅ ⌘ exp
⇣
�i

⇡

2
⇠

⌘
= �i

2

4
i 0 0
0 0 1
0 1 0

3

5 . (4)

Qutrit phase gates are realized in the exact same way as for
qubits, by shifting the phase of the drive pulse (the “virtual-
Z gate”) [12]. Phase shifts of the two drive frequencies
correspond to gates generated by
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B. Qutrit echoed cross-resonance CNOT

The central CNOT gate in the circuit diagram of Fig. 1 must
be generalized, i.e., must apply an X gate to the target qubit
only when the control qutrit is in the |1i state, and otherwise
act as identity. Furthermore, we require that this gate be robust
against phase errors. We describe how such a gate can be
implemented using echoed cross-resonance (CR) drives.

A CR drive is a drive signal applied to a qubit at the
transition frequency of another, coupled qubit [13], [14]. In
the qubit subspace, the effective Hamiltonian of the CR tone
includes a zx term, from which the CNOT gate can be
constructed with the first qubit as the control. On a qutrit pair,
the dominant terms of this effective Hamiltonian are
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where I is the identity operator, and terms with both signs
change their polarity when the drive phase is shifted by ⇡.

The zI and ⇣I terms above are due to the AC Stark
shift of the |0i $ |1i and |1i $ |2i transition frequencies,
respectively, of the control qutrit. Their coefficients ⌫zI and
⌫⇣I are quadratically dependent on the drive strength and
are typically on the order of tens of megahertz, which is
an order of magnitude greater than ⌫zx and ⌫⇣x, whose
corresponding operators are responsible for entangling the two
qutrits. Therefore, the zI and ⇣I terms must be cancelled, but
the sensitivity of ⌫⇣I to random charge errors in the second
excited state renders a direct correction via e.g. a calibrated
Rz gate not viable for a robust gate design. We instead opt for
generalizing the echoed CR, which is commonly employed on
qubits to cancel the zI term, into a sequence depicted in Fig. 2.
In the circuit diagram, CR(±T ) represents the gate effected
by applying a normal and sign-inverted cross resonance drive
for time T with a simultaneous qubit-resonant rotary drive on
the target qubit.

To convince ourselves that this sequence indeed cancels the
AC Stark terms, we first denote the CR effective Hamiltonian

Qutrit cyclic gate

( |0⟩⟨0 | + |2⟩⟨2 | ) ⊗ I + |1⟩⟨1 | ⊗ X01
[cf. Inada et al., arXiv:2109.00086]

https://arxiv.org/abs/2109.00086


Numerical study of Quantum Field Theory
• (conventional) lattice QFT

• discretize spacetime  
using Monte Carlo method

• infamous sign problem
• topological term
• real-time dynamics, etc.

• Hamiltonian simulation  
• discretize space
• no sign problem!

• need exponential resources…

→
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• quantum computer = natural Hamiltonian simulator!
• application to HEP (ex. scattering)

• state preparation (vacuum/wave packet)
• time evolution (scattering)
• measurement 

• exponential speedup!
• but still need many resources… can we reduce them?
• in general, when do we have an advantage?
• NISQ simulation? interesting and feasible problems?

Quantum Simulation
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Schwinger model
• ultimate goal: 3+1d non-Abelian gauge theory
• simple toy model: 1+1d U(1) gauge theory = Schwinger model

• exactly solvable when 

• simple but still non-trivial
• screening/confinement transition
• we can include topological term (cannot be treated in MC method)

m = 0
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Contents
• Introduction
• Quantum simulation of Schwinger model

• state preparation in the presence of probe charges 

• real-time dynamics via variational method
• gauge invariance in variational ansatz

• Conclusion

[Honda-Itou-Kikuchi-LN-Okuda, Phys. Rev. D 105, 014504]

[work in progress with A. Bapat and C. W. Bauer]

[work in progress with A. Bapat]



State preparation 
in Schwinger model



Lattice Hamiltonian of Schwinger model
• : staggered fermion 

• : link variables (gauge field)

• gauge invariance: Gauss’s law constraint

• we can eliminate gauge fields!
• automatically gauge invariant, no boson fields
• cannot be used in higher dimension

χn
Ln, ϕn
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Spin Hamiltonian of Schwinger model
• fermion formalism spin system (Jordan-Wigner transformation)

• constant background electric field   (constant)

• introducing probe charges position-dependent 

→

↔ θn = θ
↔ θn
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Screening vs Confinement in Schwinger model

•  (exactly solvable):  

•  (mass pert.): 

m = 0

m ≠ 0

<latexit sha1_base64="vO0HTzujnD1468uGGJB9a26YYcc="></latexit>

V (x) =
q2g2

2µ
(1� e�µx)

<latexit sha1_base64="kD8IzqLg60O0jPrzpgjYklCNhUY="></latexit>x

<latexit sha1_base64="dlHpfTvbSEakgqXw9YJ0S3LUVZ8="></latexit>

V (x)

screening
<latexit sha1_base64="kD8IzqLg60O0jPrzpgjYklCNhUY="></latexit>x

<latexit sha1_base64="dlHpfTvbSEakgqXw9YJ0S3LUVZ8="></latexit>

V (x)

confinement

screening

<latexit sha1_base64="Ns+nsy3LZrwtOYwjA1rhRjmrSLY="></latexit>

V (x) ⇠ m⌃ [1� cos(2⇡q)]x

<latexit sha1_base64="kD8IzqLg60O0jPrzpgjYklCNhUY="></latexit>x
<latexit sha1_base64="8wZZ6iDEUUTX3wUivwjvJzVWg9o="></latexit>

+ <latexit sha1_base64="bdwKs9oBPXBYR4mH0PvgFBFYjo8="></latexit>�
<latexit sha1_base64="qbcM+2J0Dz2SdArxOHgTk+gi7JQ="></latexit>

+q <latexit sha1_base64="JTr7aRol0H8L4CFYz8bYwfaae8M="></latexit>�q

screening, q ∈ ℤ
confinement, q ∉ ℤ

[Gross-Klebanov-Matytsin-Smilga, Iso-Murayama] 
[Schwinger]



Adiabatic state preparation
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Results for q ∉ ℤ
• digitized adiabatic state preparation  compute energy 
• expect confinement for massive case (in infinite volume and continuum limit) 

              screening        massless
• linear behavior for massive case!

→ ⟨Ω |H |Ω⟩
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Variational quantum simulation
in Schwinger model



• Trotterized time evolution

• depth  #(time steps)
• severe decoherence in long-time evolution! 

• one way to avoid problem: 
variational quantum simulation (VQS)

• fixed depth NISQ friendly!
∝

→

Problem in Trotterized time evolution

depth  (#step)∝ depth fixed
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Variational Quantum Simulation
• GOAL: compute   from a given initial state 

• parametrize family of states along time evolution by :  

• evolution of evolution of 

|Ψ(t)⟩ ∝ e−iHt |Ψ(0)⟩
θ(t) |ψ(θ(t))⟩ ≈ |Ψ(t)⟩

|Ψ(t)⟩→ θ(t)
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VQS in Schwinger model

• real-time dynamics under external electric field  nonzero ↔ θ

electric field
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Gauge invariant ansatz
in Schwinger model



Gauge invariance in Schwinger model

• fermion model
• gauge fields are eliminated by Gauss’s law  

no truncation
• automatically gauge invariant!
• cannot be used in other dimensions… 

• original model
• gauge fields remain: need truncation
• have to impose Gauss’s law
• can be used in other dimensions

→
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MPS-based approach
• matrix product states (MPS): class of quantum states

• can be mapped to parametrized quantum circuit

• Gauss’s law constraints on MPS block   
                   constraints on unitary gates 

→ A
→ U
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Gauge invariant ansatz in Schwinger model
• Schwinger model with two-level truncation (  gauge theory)

• construct MPS ansatz                  
• minimize                                          (variational quantum eigensolver: VQE)
• compare and gauge inv. MPS and general MPS

• gauge inv. MPS: with constraint energy with constraint

• general MPS: without constraint energy without constraint

ℤ2

→
→
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Summary and Future direction
• quantum simulation is a natural direction for HEP
• Schwinger model is a simple but still interesting model!

• screening/confinement via adiabatic preparation
• time evolution by a circuit with fixed depth: variational quantum dynamics

• extension to higher dimensions? keeping gauge invariance is important!
• MPS-based gauge invariant ansatz

• future direction
• noise robust problem/implementation/encoding?
• towards full-fledged models (non-Abelian, higher dim., boson, etc.)

→


