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欧氏空间作用量

欧氏空间的格点 QCD为强子谱、矩阵元和散射信息提供了精确的非微扰方法。

⟨O⟩E =
1

ZE

∫
DΦ O[Φ] e−SE[Φ]

实时演化

⟨O⟩M =
1

ZM

∫
DΦ O[Φ] eiSM[Φ]

• 粒子散射

• 光锥关联函数，例如 PDFs

有限密度

⟨O⟩E,µ =
1

ZE(µ)

∫
DΦ O[Φ] e−SE[Φ;µ]

• 有限密度下的相结构

• 较高密度的强相互作用物质
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闵式空间哈密顿量

哈密顿量方法：经典张量网络与量子计算

物理量直接由量子态与算符计算，无需从欧氏关联函数间接重建： ⟨O⟩ = ⟨ψ|O |ψ⟩

量子态制备

|ψ⟩ = U0 |000 · · · ⟩ .
实时演化

|ψ(t)⟩ = e−iHt |ψ(0)⟩ .
从简单初态制备目标态

|0⟩
|0⟩
|0⟩
|0⟩
|0⟩
|0⟩
|0⟩
|0⟩
|0⟩
|0⟩

U0 |ψ⟩

调节 U0，最小化能量 E = ⟨ψ|H |ψ⟩。
最低能量 →真空。
目标量子数、p = 0：m = Eparticle − E0。

制备后进行实时演化

|0⟩
|0⟩
|0⟩
|0⟩
|0⟩
|0⟩
|0⟩
|0⟩
|0⟩
|0⟩

U0 e−iHt |ψ(t)⟩

测量 ⟨ψ(t)|O |ψ(t)⟩，
得到粒子数、能量密度等可观测量。
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场自由度到量子比特的编码

场自由度

比特自由度

ξ1

qf,1

ξ2

qf,2

ξ3

qf,3

ξ4

qf,4

L1

qg,1 qg,2

L2

qg,3 qg,4

L3

qg,5 qg,6

费米子

编码：每个模式一个 qubit。

费米子 |0⟩F |1⟩F
比特 |0⟩q |1⟩q

费米子算符映射成泡利算符：

ξn =

(∏
k<n

σz
k

)
σ−
n , ξ†n =

(∏
k<n

σz
k

)
σ+
n

规范场

编码：|ℓ| ≤ Λ，nq = ⌈log2(2Λ + 1)⌉。
Λ = 1：三个态，两个 qubits。
规范场 |−1⟩L |0⟩L |1⟩L
比特 |11⟩q |10⟩q |01⟩q

规范场 Ug 也表示成泡利算符：

Un |Ln⟩ = |Ln − 1⟩
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闵式空间哈密顿量
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qf,1 |0⟩
qg,1 |0⟩
qg,2 |0⟩
qf,2 |0⟩
qg,3 |0⟩
qg,4 |0⟩
qf,3 |0⟩
qg,5 |0⟩
qg,6 |0⟩
qf,4 |0⟩

U0 |ψ⟩

调节 U0，最小化能量 E = ⟨ψ|H |ψ⟩。
最低能量 →真空。
目标量子数、p = 0：m = Eparticle − E0。

制备后进行实时演化
qf,1 |0⟩
qg,1 |0⟩
qg,2 |0⟩
qf,2 |0⟩
qg,3 |0⟩
qg,4 |0⟩
qf,3 |0⟩
qg,5 |0⟩
qg,6 |0⟩
qf,4 |0⟩

U0 e−iHt |ψ(t)⟩

测量 ⟨ψ(t)|O |ψ(t)⟩，
得到粒子数、能量密度等可观测量。
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线路分解

线路分解量子态制备

E = ⟨ψ|H |ψ⟩

qf,1 |0⟩
qg,1 |0⟩
qg,2 |0⟩
qf,2 |0⟩
qg,3 |0⟩
qg,4 |0⟩
qf,3 |0⟩
qg,5 |0⟩
qg,6 |0⟩
qf,4 |0⟩

U0 |ψ⟩

调节 U0，使能量 E 最低，

得到基态（真空）。

目标量子数扇区：提取最轻粒子。

参数化旋转门与 CNOT

通用量子门：{Rx(θ), Ry(θ), Rz(θ),CNOT}
Rα(θ) = e−iθσα/2, α = x, y, z
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线路分解

线路分解含时演化

|ψ(t)⟩ = e−iHt |ψ(0)⟩

qf,1 |0⟩
qg,1 |0⟩
qg,2 |0⟩
qf,2 |0⟩
qg,3 |0⟩
qg,4 |0⟩
qf,3 |0⟩
qg,5 |0⟩
qg,6 |0⟩
qf,4 |0⟩

U0 e−iHt |ψ(t)⟩

测量 ⟨ψ(t)|O |ψ(t)⟩，
得到粒子数、能量密度等

可观测量。

Trotter分解后的局域演化：t = Ntrotter δt

|0⟩
|0⟩
|0⟩
|0⟩
|0⟩
|0⟩
|0⟩
|0⟩

U0

Uδt ≃ e−iHδt Uδt ≃ e−iHδt

· · · ⟨O(t)⟩

|ψ(t = 0)⟩ |ψ(t)⟩
单步误差 O(δt2)

长时间演化，过深量子线路！
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态制备的代表性进展
Schwinger模型

SC-ADAPT-VQE
真空态制备

IBM超导：100比特
R. C. Farrell et al.,
PRX Quantum 5, 020315 (2024).

2 + 1维 QED

VQE
单 plaquette：基态制备与测量
离子阱：4 qubits + 1 qutrit
M. Meth et al.,
Nature Physics 21, 570–576 (2025).

1 + 1维 SU(3)

变分热态制备

两格点的有限密度热态

离子阱：6比特
A. T. Than et al.,
Nature Communications 16, 10288 (2025).
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实时动力学的代表性进展

量子模拟格点场论的动力学研究十分活跃。

• 弦断裂（String breaking）

弦的演化与粒子对产生。

• 粒子散射

入射波包制备、碰撞与出射态演化。

• PDFs等光锥关联函数

通过实时关联函数研究强子的内部结构。

2

FIG. 1. Static potential of two charges: The expected be-
havior of the static potential V (r) for this model as a function
of the distance of two static charges, r. For small r (blue sec-
tion) there is a Coulomb potential. Then, an electric flux tube
forms between the charges when the distance increases (green
section) dominating the potential in this regime. At a certain
r the flux tube breaks and a new pair of charge/anticharge
forms (orange section), and hence the linear part of the poten-
tial is not continuing. This is the qualitative non-perturbative
picture of the transition between confinement and charge
screening in QED with light matter fields, and it is similar
to the one in QCD in (3 + 1) dimensions.

to indefinitely large distances. For sufficiently large sep-
arations it is energetically favourable to pair-produce a
particle and antiparticle with opposite charges, thereby
breaking the string. The static charges are screened by
the dynamical matter fields and now bound in heavy-light
mesons.
With the advent of quantum technologies, and quan-

tum computing in particular, the study of confinement,
and in general lattice gauge theories, has become one
of the exciting areas of discovery and development. In
recent years, lower dimensional LGTs are helping to ex-
plore the potential of applying quantum computing to
high energy physics, to develop quantum algorithms and
are opening new ways of computations to tackle physical
problems, see the reviews in Refs. [12–15]. For example,
the phenomenon of string breaking has been considered
in the context of quantum simulators in Refs. [16–18], us-
ing tensor networks in Refs. [19–21] and, more recently
using quantum hardware in Refs. [21–23].
While the focus in these latter papers is more on the

dynamics of the string in some specific LGTs, in our work
we will study static flux configurations in the different
regimes of the static potential as well as the probability
of the states contributing at different bare gauge cou-
plings. Moreover, our work is the first one addressing
the static potential of QED in (2 + 1) dimensions by
preparing the ground state of the QED Hamiltonian at
multiple couplings across a variety of distances. In this
work, we perform a qualitative analysis of the static po-

tential, in the regimes described above, by considering
QED in (2 + 1) dimensions and a quantum computing
approach with ion-trap devices. We consider two fixed
static charges and we increase the electric energy between
them by varying the bare coupling g. This is applicable
since the lattice spacing a, defining the physical distance
rph = arlatt, is implicitly and non-perturbatively deter-
mined by the coupling, g = g(a). Thus, by changing
g, we change the physical distance rph(g), scanning the
static potential V (rph) = V (r).
One advantage we want to point out is our ability

to visualize the electric fluxes appearing in the ground
state and thus obtain direct information about the flux
configurations in the different regimes of the static po-
tential. We observe this phenomenon experimentally on
the quantum computer H-series System Model H1-1 at
Quantinuum [24]. This not only allows to achieve new
insights in the physics of the considered model but also
sets the basis for future quantum analyses on this inter-
esting topic and also showing the precision of the results
with ion-trapped devices.

The paper is structured as follows: in Sec. II we in-
troduce the QED Hamiltonian for a (2 + 1)-dimensional
((2 + 1)-d) lattice and give a description of the trunca-
tion technique for the gauge fields. Sec III defines the
encoding of gauge fields and fermionic degrees of free-
dom for numerical calculations and describes the param-
eterized circuits developed for the variational quantum
computation. We also give a concise description of the
Quantinuum ion-trap hardware and the noise mitigation
techniques applied in the analysis. In Sec. IV, we discuss
the results of the static potential at different couplings
for a 3× 2 lattice (10 qubits), and in Sec. V we consider
a larger system, with 4×3 fermionic sites (24 qubits). In
Sec. VI, we report our summary and conclusions, and we
give an outlook on future possible extensions of this work.
Appendix A shows the quantum circuit developed for the
3 × 2 system with a brief description of the mutual in-
formation and how it was considered to build the circuit
entanglement. In Appendix B we consider an analysis of
the computation of the static potential with a selected
range of shots (measurements of the quantum circuit)
on the emulator H1-1E. We study the dependence on
the truncation applied to the gauge fields and the effects
when applying Gauss’s law in Appendix C. Lastly, in Ap-
pendix D we give the explicit form of the parameterized
quantum circuit for the 4× 3 lattice.

II. QED HAMILTONIAN

In this work, we consider a lattice discretization of (2+
1)-d QED using Kogut-Susskind staggered fermions [25–
27]. This formulation has been introduced in order to
deal with the so-called doubling problem [2, 28, 29], i.e.
an incorrect continuum limit of the theory, that arises
with a naive lattice discretization of the fermionic degrees
of freedom.

A. Crippa, K. Jansen, E. Rinaldi,
Communications Physics 9, 46 (2026).
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散射的整体量子线路
1 Scattering Process on Quantum Computing

𝑓1

𝑔1

𝑓2

𝑔3

𝑓3

𝑓4

𝑔4

𝑔2
𝑈𝐺𝑆 ⋯𝑒−𝑖𝐻𝛿𝑡 𝑒−𝑖𝐻𝛿𝑡 𝑒−𝑖𝐻𝛿𝑡

⟨𝒪⟩

1. Preparing vacuum

    — ground state

            VQE

2. Creating particle 

     wave packets

               ?

3. Time evolution

    Trotterization

4. Measuring 

  observables

𝑒−𝑖𝐻𝛿𝑡

𝑈𝑊𝑃(−𝑘)

𝑈𝑊𝑃(𝑘)

Complicated non-unitary operator

14

qf,1
qg,1
qf,2
qg,2
qf,3
qg,3
qf,4
qg,4

U0

1. 真空态制备 2. 波包制备 [1–4] 3. 实时演化 4. 测 量

|Ω⟩ = U0 |0 · · · 0⟩
VQE

B†
WP =

∑
n fne

iknO†
n

fn：包络；k：动量

非幺正、结构复杂

e−iHt

Trotter 分解
⟨O⟩t

可观测量

[1] Y. Chai et al., Quantum 9, 1638 (2025).

[2] Y. Chai, Y. Guo, S. Kühn, Phys. Rev. Research 8, 033298 (2026).
[3] Z. Davoudi et al., Quantum 8, 1520 (2024).
[4] Z. Davoudi et al., arXiv:2505.20408.
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粒子散射（Scattering）
制备相向传播的粒子波包，实时演化碰撞过程，测量出射态。

1 + 1维 Ising场论：IBM ibm_marrakesh，104比特。 6
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FIG. 4. Simulations of inelastic particle production in one-dimensional Ising field theory. a) The energy density En throughout
the scattering process obtained with a MPS circuit simulator on a L = 256 lattice. b) Results from simulations of scattering
using L = 104 qubits of ibm marrakesh for a selection of times depicted in a). The wavepackets are initialized at t0 = 0 and
collide around t1 = 8.25. Outgoing particles begin to form at t2 = 16.5 and t3 = 24.75. The asymmetry of the energy density in
each “bump” signals the formation of the |2⟩ particle produced in the inelastic process 11 → 12. The y-axis range at each time
is different to clearly show the features of the energy density. The initial wavepacket parameters are k0 = 0.32π and σ = 0.13,
and each wavepacket is supported on d ≳ 21 sites. A Trotter step size of δt = 1/16 is used to evolve the system in a) and
δt = 0.55 is used in b).

The energy density measured on ibm marrakesh is
shown for a selection of simulation times in Fig. 4b).
Two distinct wavepackets initialized at t0 = 0 propa-
gate toward each other and collide around t1 = 8.25.
Later simulation times probe the formation and evolu-
tion of the post-collision state. At t2 = 16.5 the outgoing
wavepackets begin to separate, and by t3 = 24.75 asymp-
totic particles begin to form. Up to t2 = 16.5, there is
good agreement between the energy density determined
from ibm marrakesh (data) and MPS (gray dashed line).
Significant systematic errors develop in the quantum data
at t3 = 24.75 due to the larger circuit volume. For t > t3,
the asymptotic |2⟩ particle produced in the 11 → 12 pro-
cess becomes identifiable as a separate “bump” in the
energy density that propagates at a lower velocity. Un-
fortunately, the cumulative effects of noise made simula-
tions beyond t = 24.75 impossible on ibm marrakesh.

Despite the device noise, we observe evidence for the
inelastic production of the heavy |2⟩ particle. After the
collision, the energy density of the outgoing particles on
each side of the collision becomes skewed toward the cen-
ter of the lattice. This is due to the presence of the |2⟩
particle in the wavefunction that travels slower, and is
absent for scattering below inelastic threshold, as shown
in Methods F. We compute the skewness, γ, from the

third moment of the energy density of each region of
outgoing particles as described in Methods F. The left
column of Fig. 5 shows the energy density of the bumps
after the collision, and gives γ obtained from both MPS
and ibm marrakesh. The quantum results of the post-
collision state at t2 are right-skewed (γ > 0) and in agree-
ment with MPS. The right-skewness increases at t3 due
to the emergence of the heavy |2⟩ particle. Some of this
skewness is due to systematic errors in the quantum data
that increase En between the outgoing particles. To iso-
late skewness due to inelastic effects from systematic er-
rors, additional simulations of single wavepacket prop-
agation are performed. The energy density of a single
wavepacket at times t2 and t3 are shown in the right col-
umn of Fig. 5. The MPS simulations of single wavepacket
propagation still exhibit positive skewness due to bound-
ary effects as discussed in Methods F. The skewness of
the post-collision state is 0.6σ larger than the single-
particle state at t2, and 1σ larger at t3. This provides
evidence that the post-collision skewness is, at least par-
tially, due to inelastic particle production.

The quantum resources used for these simulations are
detailed in Methods E. The latest simulation time cor-
responds to nT = 45 Trotter steps and requires 5,589
two-qubit gates with a two-qubit gate depth of 130. With

左：MPS时空演化。 右：量子硬件与MPS的时间切片对照。
R. C. Farrell, N. A. Zemlevskiy, M. Illa, J. Preskill, Nature Physics (2026).
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40比特：散射动力学

entangling states and compress short-time evolution circuits, we sig-
nificantly reduced the circuit depth compared to conventional methods.
This enabled successful hardware runs for 40 qubit dynamics and 80 qubit
state preparation on IBM superconducting quantum devices; after error
mitigation we achieved results consistent with ideal simulations, even for
circuits with two-qubit gate depths up to 96 and total two-qubit gate counts
up to 1872.

Specifically, we use the tensor network simulations to prepare the
fermion-antifermion scattering state before the collision, where the
entanglement is relatively low, and can be constructed by a shallow
quantum circuit. This state serves as the initial configuration for
execution on quantum hardware. To simulate the post-collision
dynamics, where entanglement between subsystems increases due to
interactions, we apply a sequence of time-evolution circuits starting
from this state, implemented using Trotterized dynamics. Each Trotter-
step time-evolution circuit can also be variationally optimized and
compressed to reduce circuit depth and thereby lessen the impact of
hardware noise, without significantly compromising accuracy. By
executing these circuits for a sufficiently large number of steps, we are
able to probe distinct dynamical behaviors following the interaction. In
particular, the real-time fermion-density evolution exhibits qualitative
signatures consistent with different scattering behaviors, ranging from
transmission-like to reflection-like dynamics depending on the inter-
actions encoded in the Hamiltonian.

While classical simulations based on MPS remain feasible for the
current system sizes and time scales, they already approach the limits of
tractability as entanglement grows with time evolution. In this setting,
MPS results can still serve as a valuable benchmark for validating
quantum hardware runs. However, we anticipate that near-future
experiments, leveraging advanced error mitigation techniques such as
probabilistic error cancellation (PEC) and probabilistic error amplifi-
cation (PEA)62–65, or post processing tensor network approaches (e.g,
TEM)66 will enable the simulation of increasingly complex scattering
phenomena on larger quantum systems (with 100 qubits and more) and
over significantly longer time scales.

Our method highlights the potential synergies between classical
tensor network circuit compression and state propagation on a
quantum computer, offering a practical path for simulating scattering
in lattice field theories. While our study focuses on the Thirring model,
the approach can be extended straightforwardly to other (1+1)D
models, such as the Schwinger model. In addition, there are recent
developments about the circuit construction for hadronic wave
packets36,40,41. It would therefore be valuable to compare their resource
costs with those of the tensor-network optimization strategy adopted
here. In the (1+1)D setting considered in this work, we expect the TN-
based optimization to offer a more resource-efficient route, whereas
such an advantage is much less clear in higher dimensions. Moreover,
incorporating finite lattice spacing and volume effects67 will be a
necessary step toward connecting quantum simulation results to their
continuum counterparts. A further important direction will be tomove
beyond the present density-based qualitative characterization of the
dynamics and connect the real-time simulations more directly to
standard scattering observables, such as phase shifts, time delays, or

Fig. 4 | Dynamics of the scattering process. Data
for times slices above the dotted horizontal line is
obtained from simulations on quantum hardware,
while those below are computed using MPS simu-
lations. a (m, g) = (0.2, 0.4), data are from MPS
simulation for t≤11, and are from hardware run for
time t > 11. b (m, g) = (0.4, 0.5), data are from
hardware run for time t> 18. c (m, g) = (0.4, 0.7), data
are from hardware run for time t > 16. For a com-
parison with the exact simulation values (computed
via tensor network methods) see Fig. S5 (Supple-
mentary Note 5).

Fig. 5 | Hardware run results for 80 qubit state preparation. a The fermion
densities from the MPS simulation (blue diamonds), hardware run result without
error mitigation (gray upward triangles), and with ZNE (orange dots). Even sites are
shown with filled markers, odd sites with empty markers for visual distinction.
b Results after ZNE when averaging data related by CP symmetry, which improves
outliers and enhances the agreement with the ideal simulation.

https://doi.org/10.1038/s41534-026-01311-1 Article

npj Quantum Information |          (2026) 12:100 5

虚线下方：经典模拟；上方：量子硬件。

80比特：波包制备

entangling states and compress short-time evolution circuits, we sig-
nificantly reduced the circuit depth compared to conventional methods.
This enabled successful hardware runs for 40 qubit dynamics and 80 qubit
state preparation on IBM superconducting quantum devices; after error
mitigation we achieved results consistent with ideal simulations, even for
circuits with two-qubit gate depths up to 96 and total two-qubit gate counts
up to 1872.

Specifically, we use the tensor network simulations to prepare the
fermion-antifermion scattering state before the collision, where the
entanglement is relatively low, and can be constructed by a shallow
quantum circuit. This state serves as the initial configuration for
execution on quantum hardware. To simulate the post-collision
dynamics, where entanglement between subsystems increases due to
interactions, we apply a sequence of time-evolution circuits starting
from this state, implemented using Trotterized dynamics. Each Trotter-
step time-evolution circuit can also be variationally optimized and
compressed to reduce circuit depth and thereby lessen the impact of
hardware noise, without significantly compromising accuracy. By
executing these circuits for a sufficiently large number of steps, we are
able to probe distinct dynamical behaviors following the interaction. In
particular, the real-time fermion-density evolution exhibits qualitative
signatures consistent with different scattering behaviors, ranging from
transmission-like to reflection-like dynamics depending on the inter-
actions encoded in the Hamiltonian.

While classical simulations based on MPS remain feasible for the
current system sizes and time scales, they already approach the limits of
tractability as entanglement grows with time evolution. In this setting,
MPS results can still serve as a valuable benchmark for validating
quantum hardware runs. However, we anticipate that near-future
experiments, leveraging advanced error mitigation techniques such as
probabilistic error cancellation (PEC) and probabilistic error amplifi-
cation (PEA)62–65, or post processing tensor network approaches (e.g,
TEM)66 will enable the simulation of increasingly complex scattering
phenomena on larger quantum systems (with 100 qubits and more) and
over significantly longer time scales.

Our method highlights the potential synergies between classical
tensor network circuit compression and state propagation on a
quantum computer, offering a practical path for simulating scattering
in lattice field theories. While our study focuses on the Thirring model,
the approach can be extended straightforwardly to other (1+1)D
models, such as the Schwinger model. In addition, there are recent
developments about the circuit construction for hadronic wave
packets36,40,41. It would therefore be valuable to compare their resource
costs with those of the tensor-network optimization strategy adopted
here. In the (1+1)D setting considered in this work, we expect the TN-
based optimization to offer a more resource-efficient route, whereas
such an advantage is much less clear in higher dimensions. Moreover,
incorporating finite lattice spacing and volume effects67 will be a
necessary step toward connecting quantum simulation results to their
continuum counterparts. A further important direction will be tomove
beyond the present density-based qualitative characterization of the
dynamics and connect the real-time simulations more directly to
standard scattering observables, such as phase shifts, time delays, or

Fig. 4 | Dynamics of the scattering process. Data
for times slices above the dotted horizontal line is
obtained from simulations on quantum hardware,
while those below are computed using MPS simu-
lations. a (m, g) = (0.2, 0.4), data are from MPS
simulation for t≤11, and are from hardware run for
time t > 11. b (m, g) = (0.4, 0.5), data are from
hardware run for time t> 18. c (m, g) = (0.4, 0.7), data
are from hardware run for time t > 16. For a com-
parison with the exact simulation values (computed
via tensor network methods) see Fig. S5 (Supple-
mentary Note 5).

Fig. 5 | Hardware run results for 80 qubit state preparation. a The fermion
densities from the MPS simulation (blue diamonds), hardware run result without
error mitigation (gray upward triangles), and with ZNE (orange dots). Even sites are
shown with filled markers, odd sites with empty markers for visual distinction.
b Results after ZNE when averaging data related by CP symmetry, which improves
outliers and enhances the agreement with the ideal simulation.
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散射中的共振态：局域态重构

Schwinger model（1 + 1 D QED，staggered fermions）。
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两个赝标量介子的散射
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散射中的共振态：局域态重构

Schwinger model（1 + 1 D QED），l0 = 0，C, P 守恒，C = P = +1。
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散射中的共振态：局域态重构

Schwinger model（1 + 1 D QED），l0 = 0，C, P 守恒，C = P = +1。

0

10

20

30

Ti
m

e 
t

(a) l0 = 0.0 (b) l0 = 0.05

0.00

0.02

0.04

|Δ
Q

st
ag

n
|

0 100 199
Site / link n

0

10

20

30

Ti
m

e 
t

(c)

0 100 199
Site / link n

(d)

−0.04

0.00

0.04

L n
−
L n

,v
ac

0

10

20

30

Ti
m

e 
t

(a) l0 = 0.0 (b) l0 = 0.05

0.00

0.02

0.04

|Δ
Q

st
ag

n
|

0 100 199
Site / link n

0

10

20

30

Ti
m

e 
t

(c)

0 100 199
Site / link n

(d)

−0.04

0.00

0.04
L n

−
L n

,v
ac

费
米
子
密
度

0

10

20

30

Ti
m

e 
t

(a) l0 = 0.0 (b) l0 = 0.05

0.00

0.02

0.04

|Δ
Q

st
ag

n
|

0 100 199
Site / link n

0

10

20

30

Ti
m

e 
t

(c)

0 100 199
Site / link n

(d)

−0.04

0.00

0.04

L n
−
L n

,v
ac

0

10

20

30

Ti
m

e 
t

(a) l0 = 0.0 (b) l0 = 0.05

0.00

0.02

0.04

|Δ
Q

st
ag

n
|

0 100 199
Site / link n

0

10

20

30

Ti
m

e 
t

(c)

0 100 199
Site / link n

(d)

−0.04

0.00

0.04
L n

−
L n

,v
ac

电
场
密
度

|Ψ(t)⟩ = αR(t) |R(t)⟩ + αV V (t) |ψV V (t)⟩

中心共振态 双介子出射态

中心窗口W 中心窗口W

优化后的局域重构态：∣∣∣ψ̃r(t)
〉
=
∑
i

copti (t)Oi |Ω⟩

= αR(t) |R(t)⟩
αR(t)：振幅 |R(t)⟩：共振态

13



共振态的重构结果：成分与衰变

Schwinger model（1 + 1 D QED），C, P 守恒，C = P = +1。
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重构态权重的衰减

Pres(t) = ⟨ψ̃r(t)|ψ̃r(t)⟩

Pres(t) ≃ Ae−ΓP (t−t0)

2f, C = +1

4f, C = +1

(2f, 4f, 6f), C = −1

t 6f, C = +1

各类算符在共振态

|R(t)⟩ =
∣∣∣ψ̃r(t)

〉
/
√
Pres(t)

中的贡献（2f、4f、6f）。
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散射中的共振态：振荡与双模分离

Schwinger model（1 + 1 D QED），C, P 破缺。
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中心电场的振荡：两个态的相干叠加。∣∣∣ψ̃r(t)
〉
≃ a1e

−iE1t−Γ1t/2 |R1⟩+ a2e
−iE2t−Γ2t/2 |R2⟩

⟨L⟩(t) = Ldiag(t) +A(t) cos
[
(E1 − E2)t+ ϕ

]
我们从重构系数 copti (t)中可以分离出

两种振荡模式，并提取出两种振荡因子。

R1 R2

E − EΩ 15.931 14.696

Γ 0.049790 0.009219
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两个能量态叠加：电场期望值出现干涉项∣∣∣ψ̃r(t)
〉
≃ a1e

−iE1t−Γ1t/2 |R1⟩+ a2e
−iE2t−Γ2t/2 |R2⟩

⟨L⟩(t) = Ldiag(t) +A(t) cos
[
(E1 − E2)t+ ϕ

]
电场振荡周期：T =

2π

|E1 − E2|
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〉
≃ a1e

−iE1t−Γ1t/2 |R1⟩+ a2e
−iE2t−Γ2t/2 |R2⟩

⟨L⟩(t) = Ldiag(t) +A(t) cos
[
(E1 − E2)t+ ϕ

]
电场振荡周期：T =

2π

|E1 − E2|
≃ 5.09

TL ≃ 5.06
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两个能量态叠加：电场期望值出现干涉项∣∣∣ψ̃r(t)
〉
≃ a1e

−iE1t−Γ1t/2 |R1⟩+ a2e
−iE2t−Γ2t/2 |R2⟩

⟨L⟩(t) = Ldiag(t) +A(t) cos
[
(E1 − E2)t+ ϕ

]
电场振荡周期：T =

2π

|E1 − E2|
≃ 5.09

TL ≃ 5.06

算符组 R1 R2

2f, C = +1 53.4% 22.8%
2f, C = −1 36.2% 71.6%
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光锥 PDFs：定义与离散化

fq(ξ) =

∫ ∞

−∞

dz−

4π
e−iξP+z−

⟨h(P )| ψ̄(z−)γ+W [z−, 0]ψ(0) |h(P )⟩

光锥关联函数 离散光锥上的Wilson line

Definition

𝑑𝑠2 = −𝑑𝑡2 + 𝑑𝑧2 = 0

Minkowski spacetime

𝑑𝑠 = (−𝑧, 𝑧)

Euclidean spacetime

𝑑𝑠2 = 𝑑𝑡2 + 𝑑𝑧2 = 0

𝑑𝑠 = (0,0)

𝑧

𝑡
𝜓0(𝑡 = 0)

𝜓𝑧(𝑡 = −𝑧)†

𝑓(𝜉) = ∫−∞

∞ 𝑑𝑧−

4𝜋
𝑒−𝑖𝜉𝑧−𝑃+

⟨ℎ(𝑃)|𝜓(𝑧−)𝛾+𝑊[𝑧−, 0]𝜓(0)|ℎ(𝑃)⟩

43

Discretization in (1+1)D: Wilson line

𝑡
𝜓0

𝜓𝑧
†

𝑧

𝑓(𝜉) = ∫−∞

∞ 𝑑𝑧−

4𝜋
𝑒−𝑖𝜉𝑧−𝑃+

⟨ℎ(𝑃)|𝜓(𝑧−)𝛾+𝑊[𝑧−, 0]𝜓(0)|ℎ(𝑃)⟩

𝑑𝑠2 = −𝑑𝑡2 + 𝑑𝑧2 = 0

Minkowski spacetime

𝑑𝑠 = (−𝑧, 𝑧)

Euclidean spacetime

𝑑𝑠2 = 𝑑𝑡2 + 𝑑𝑧2 = 0

𝑑𝑠 = (0,0)
44

Ut

Ut

Ut

Uz

Uz

Uz
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Schwinger模型的介子 PDFs

赝标量介子 (C = P = −1) 我们的结果：标量介子 (C = P = +1)
5

0 0.25 0.5 0.75 1
0

5

10

ξ

f Ψ
(ξ
)

m̃ = 40 Ṽ = 320

m̃ = 20 Ṽ = 200

m̃ = 10 Ṽ → ∞
m̃ = 5 Ṽ = 100

m̃ = 2.5Ṽ = 100

FIG. 4. PDFs for different fermion masses m̃ = m
√
π

g
. The

continuum limit x → ∞ is taken with the volume Ṽ = m̃ · N√
x

kept fixed. The error bands denote the uncertainties due to
the continuum extrapolations, and are smaller than the line
width of the plot in most regions. For m̃ = 10, instead, we
estimate the errors due to finite D, Nτ , and x, and take the
infinite volume limit. The error band in this case includes all
uncertainties, dominated mostly by the volume effects. See
main text and Appendix D [67] for details.

works can be used to directly compute PDFs from light-
cone matrix elements in Minkowski space. In our ap-
proach, the light-front Wilson line becomes a stepwise
evolution in space and time on the lattice that can be
applied on the Hamiltonian eigenstate representing a
hadron at rest. Tensor networks provide an efficient
representation of eigenstates and enable simulating the
necessary time evolution. This framework allows us to
compute the PDFs of the fermion and the antifermion
in the vector meson of the Schwinger model from first
principles, yielding accurate results that fulfill the physi-
cal constraints. We present the PDFs for several fermion
masses in the continuum limit. In previous TN calcula-
tions, the continuum limit of lattice gauge theories was
only taken for time-independent properties. Our work
extends this to a simulation including a time evolution
for the first time, further establishing TNs for the di-
rect calculation of dynamical quantities in lattice gauge
theories.

Tensor network states can be applied for higher-
dimensional lattice gauge theories. Even though the
numerical costs are higher, several works have success-
fully demonstrated the applicability of projected entan-
gled pair states (PEPS), multi-scale entanglement renor-
malization ansatz (MERA) and tree tensor networks
(TTN) for lattice gauge theories, see [30, 31] for re-
views. While the Schwinger model is a 1+1 dimensional
model, our results demonstrate that light-cone physics
can be directly addressed with TNs in a well-controlled
way, and motivate further investigations in higher di-

mensions and with non-Abelian gauge theories towards
QCD. Our study demonstrates that the relevant light-
cone observables can be computed with moderate bond
dimensions, which is a promising foundation for higher-
dimensional systems. The stepwise evolution of the Wil-
son line can be adapted there as well, and static charges
can be utilized to mimick the Wilson line if the Hilbert
space is restricted to the physical space obeying the con-
straints of Gauss’s law. Although further theoretical in-
vestigations are needed, notably to address renormaliza-
tion effects [84], this would open the path on spin- and
transverse-momentum-dependent partonic functions, as
well as gluon PDFs.

As a related and complementary approach, tensor net-
work formulations like the one presented in this work can
also be realized on quantum simulation platforms [31].
The hadronic state that was represented by a tensor net-
work in our work can be transformed into a quantum cir-
cuit which prepares the initial state on a quantum com-
puter, see for example [85] and references therein. The
stepwise evolution of the Wilson line through a time evo-
lution with a Hamiltonian containing static charges can
be readily implemented with established time-evolution
techniques on quantum devices [86–88].
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光锥 PDFs：硬件结果
6

FIG. 2. (Upper) Combined result of the imaginary part
of D(z) with DD+PT+ODR from ibm sherbrooke and
ibm kyiv with 4,000 shots each. The triangles are results
from a classical simulator. (Lower) The f(x) result from the
Fourier transform of the D(z) result above.

tion (Eq.(32)) are applied such that D(z) becomes purely
imaginary and odd in z. Error mitigation is applied using
DD, PT(randomization=100), and ODR (step (4) of Sec.
III). The result is based on 4,000 shot calculations ofD(z)
with qiskit built-in functions of DD and PT together with
16,000 shot calculations of the ODR factor, both run on
the ibm sherbrooke quantum computer. The bitstring
result is divided into N = 4, 5, 8 batches to compute the
standard error. If the underlying error distribution is
Gaussian, the standard errors would be N independent.
This seems to be the case except for the points at the
boundaries where the errors of N = 4 and 8 are about
50% larger than those of N = 5.

In the lower plot of Fig.1, the ODR normalization en-
hancement factor used in the upper plot is shown as a
function of the length of the Wilson line, z. The z = 2
result is interpolated with quadratic fits.

In the upper plot of Fig.2, the 4,000 shot N = 4 re-
sult of D(z) in Fig.1 is combined with another 4,000 shot
result from ibm kyiv using the Cochran(1977) weighted
standard error formula of Ref.[39]. This formula yields
results consistent with the bootstrap method. The com-
bined result is consistent with Fig.1, but with standard
errors reduced by about one-half. This is because the
standard error, SE, is related to the standard deviation,

σ, through SE = σ/
√
Nshots with Nshots being the num-

ber of times (shots) the quantum computation is car-
ried out. Since σ ∝ 1/

√
Nshots, then SE ∝ 1/Nshots.

This result is consistent with the classical simulator re-
sult marked by triangles, with their central values almost
coinciding for points away from the boundary. This sug-
gests that our error mitigation is working, although the
errors are still large.
In the lower plot of Fig.2, we take the Fourier transform

of the combinedD(z) result to obtain the PDF f(x) using
Eq.(15) and the positronium mass Ma = 1.617 ± 0.002
from the difference of the Hamiltonian expectation val-
ues between the first excited state and the ground state
(vacuum) using a classical simulator. The distribution
outside the physical region x = [−1, 1] is consistent with
zero. The total momentum carried by the partons is∫ 1

−1

dxxf(x) = 1.04+0.66
−0.76, (34)

where the errors are asymmetric because the positivity of
xf(x) is imposed in the error computation. It is encour-
aging that the central value agrees with the sum rule of
Eq.(17) at the 4% level, although the error is still large.
Our result also yields the number of fermion anti-

fermion pairs in the positronium:∫ 1

0

dxf(x) = 1.37+0.89
−1.02, (35)

where the positivity of f(x) for x = [0, 1] is imposed in
the error calculation. As mentioned above, this integral
is not a conserved quantity. Its value depends on e/m
and the renormalization scheme and scale. In our QED2

calculation, f(x) depends on 1/a, although the theory is
super-renormalizable. In the heavy fermion and contin-
uum limit (e/m→ 0 and a→ 0), one expects that there
is just one fermion pair in the lightest positronium since
the potential energy is much smaller than 2m, pair pro-
duction is highly suppressed. For finite e/m, one expects∫ 1

0
dxf(x) ≥ 1. At finite a and finite volume, this bound

might be modified [29]. Our central value is consistent
with this bound, although the error is large, while the re-
sults of the 1+1 D Nambu-Jona-Lasinio model are below
this bound [27, 40].
In our calculation, all the partons, valence or not, are

accounted for since they all show up in the positronium
state. There is no difference in the resource requirement
to compute the valence or nonvalence PDFs, which is an
interesting distinction from lattice QCD approaches.
In this work, the errors presented are all statistical. As

discussed above, the standard errors scale as 1/Nshots,
which can be reduced with more resources. For example,
if Nshots = 160, 000 (20 times more than this work) is
available, then the momentum sum rule statistical error
can be reduced to 4%.
Systematic errors, such as the discretization errors and

the finite volume effect, require more advanced quan-
tum computers to reduce them. Numerically, we find
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上图：光锥关联函数 ImD(z)

下图：傅里叶变换得到的 PDF f(x)

上图红色三角为经典模拟结果。
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总结与 Outlook
总结

• 闵式空间哈密顿量：无符号问题。

• 1 + 1 D、2 + 1 D的进展：低能态制备、有限密度、实时演化。

• 我的工作：1 + 1 D下的粒子散射、共振态提取、PDFs的计算。

Outlook

• 物理量：可靠提取散射振幅与光锥关联函数的含时量子算法。

• 更高的维度：2 + 1、3 + 1 D，可控的态制备方法和含时演化。

• 走向 3 + 1 D QCD：场自由度的高效编码。
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附录：弦断裂（String breaking）

静态势的物理图像 2

FIG. 1. Static potential of two charges: The expected be-
havior of the static potential V (r) for this model as a function
of the distance of two static charges, r. For small r (blue sec-
tion) there is a Coulomb potential. Then, an electric flux tube
forms between the charges when the distance increases (green
section) dominating the potential in this regime. At a certain
r the flux tube breaks and a new pair of charge/anticharge
forms (orange section), and hence the linear part of the poten-
tial is not continuing. This is the qualitative non-perturbative
picture of the transition between confinement and charge
screening in QED with light matter fields, and it is similar
to the one in QCD in (3 + 1) dimensions.

to indefinitely large distances. For sufficiently large sep-
arations it is energetically favourable to pair-produce a
particle and antiparticle with opposite charges, thereby
breaking the string. The static charges are screened by
the dynamical matter fields and now bound in heavy-light
mesons.
With the advent of quantum technologies, and quan-

tum computing in particular, the study of confinement,
and in general lattice gauge theories, has become one
of the exciting areas of discovery and development. In
recent years, lower dimensional LGTs are helping to ex-
plore the potential of applying quantum computing to
high energy physics, to develop quantum algorithms and
are opening new ways of computations to tackle physical
problems, see the reviews in Refs. [12–15]. For example,
the phenomenon of string breaking has been considered
in the context of quantum simulators in Refs. [16–18], us-
ing tensor networks in Refs. [19–21] and, more recently
using quantum hardware in Refs. [21–23].
While the focus in these latter papers is more on the

dynamics of the string in some specific LGTs, in our work
we will study static flux configurations in the different
regimes of the static potential as well as the probability
of the states contributing at different bare gauge cou-
plings. Moreover, our work is the first one addressing
the static potential of QED in (2 + 1) dimensions by
preparing the ground state of the QED Hamiltonian at
multiple couplings across a variety of distances. In this
work, we perform a qualitative analysis of the static po-

tential, in the regimes described above, by considering
QED in (2 + 1) dimensions and a quantum computing
approach with ion-trap devices. We consider two fixed
static charges and we increase the electric energy between
them by varying the bare coupling g. This is applicable
since the lattice spacing a, defining the physical distance
rph = arlatt, is implicitly and non-perturbatively deter-
mined by the coupling, g = g(a). Thus, by changing
g, we change the physical distance rph(g), scanning the
static potential V (rph) = V (r).
One advantage we want to point out is our ability

to visualize the electric fluxes appearing in the ground
state and thus obtain direct information about the flux
configurations in the different regimes of the static po-
tential. We observe this phenomenon experimentally on
the quantum computer H-series System Model H1-1 at
Quantinuum [24]. This not only allows to achieve new
insights in the physics of the considered model but also
sets the basis for future quantum analyses on this inter-
esting topic and also showing the precision of the results
with ion-trapped devices.

The paper is structured as follows: in Sec. II we in-
troduce the QED Hamiltonian for a (2 + 1)-dimensional
((2 + 1)-d) lattice and give a description of the trunca-
tion technique for the gauge fields. Sec III defines the
encoding of gauge fields and fermionic degrees of free-
dom for numerical calculations and describes the param-
eterized circuits developed for the variational quantum
computation. We also give a concise description of the
Quantinuum ion-trap hardware and the noise mitigation
techniques applied in the analysis. In Sec. IV, we discuss
the results of the static potential at different couplings
for a 3× 2 lattice (10 qubits), and in Sec. V we consider
a larger system, with 4×3 fermionic sites (24 qubits). In
Sec. VI, we report our summary and conclusions, and we
give an outlook on future possible extensions of this work.
Appendix A shows the quantum circuit developed for the
3 × 2 system with a brief description of the mutual in-
formation and how it was considered to build the circuit
entanglement. In Appendix B we consider an analysis of
the computation of the static potential with a selected
range of shots (measurements of the quantum circuit)
on the emulator H1-1E. We study the dependence on
the truncation applied to the gauge fields and the effects
when applying Gauss’s law in Appendix C. Lastly, in Ap-
pendix D we give the explicit form of the parameterized
quantum circuit for the 4× 3 lattice.

II. QED HAMILTONIAN

In this work, we consider a lattice discretization of (2+
1)-d QED using Kogut-Susskind staggered fermions [25–
27]. This formulation has been introduced in order to
deal with the so-called doubling problem [2, 28, 29], i.e.
an incorrect continuum limit of the theory, that arises
with a naive lattice discretization of the fermionic degrees
of freedom.

粒子对屏蔽电荷，静态势趋于平台。

实时弦断裂（Google，35比特）
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we prepared. Already after a short temporal evolution, the t( )ZZS  cor-
relations of the qubits both at the bottom and at the top of the grid 
quickly decay to zero and the string is equally likely found on either 
side of the system. In this regime, the string is floppy and fluctuates 
strongly, even though charges remain confined11,12. (3) Deep in the con-
fined regime, for large hE = 1.4, we see dynamics of the initial bump at 
the top of the grid but very little probability that the string moves to 
the bottom on the timescales of the simulation. This can be understood 
from the large string tension in the deeply confined regime, which 
suppresses the flopping to the other side within experimentally acces-
sible timescales. However, the string is still moving freely around the 
top qubits despite the large string tension. These length-scale-preserving 
moves result from the lattice discretization of our LGT, as the plaquette 
terms Bp of the Hamiltonian can deform the string without changing 
its length.

Having visualized the vibrations of the string connecting two electric 
charges in the confined regime, we now investigate string-breaking and 
pair-creation dynamics. The coupling λ can dynamically create pairs 
of electric excitations. When this process occurs in the ground state, 
the energy is increased as a result of the cost of creating an excitation 

pair (Fig. 5a). When, by contrast, this process occurs on a string, there 
is a string-energy gain that competes with the energy cost of the pair 
creation.

To investigate string breaking in our experiment, we first measure 
the electric excitations through ⟨Av⟩ in the presence and absence of 
an initial string excitation in the confined regime hE = 1.4. In Fig. 5b, we 
show the difference of ⟨Av⟩ for these two initial states at time t = 2.7 for 
different strengths of string breaking set by the coupling λ. When λ = 0, 
the charge density in the presence of the string is comparable with the 
one in the absence of the string, ⟨Av⟩string − ⟨Av⟩vacuum ≃ 0. However, for 
finite λ values, the time-evolved string initial state has considerably 
more charges. We track the dynamics of ⟨Av⟩ for electric excitations 
at the top and at the bottom of the system. As demonstrated, for this 
confinement field hE, the string stays mainly at the top qubits within 
the accessible timescales. For λ = 0, both vertex operators A1 on the 
top and A2 at the bottom show the same trend as the vacuum state Avac 
(Fig. 5c), which can be understood from decoherence of the device 
(grey region). However, as λ is increased to 0.25 and 0.50, the electric 
charge A1 on the top side, at which the string has been created, shows a 
much higher number of excitations compared with A2, which remains 
indistinguishable from the vacuum. This differential measurement is 
evidence for excitation creation from string breaking.

In the lowest-order string-breaking process, the coupling reduces 
the length of the string by one, leading to an energy gain of 2hE and, at 
the same time, two electric excitations are created with a cost of 4JE. 
Therefore, we predict that this energy trade-off could enhance the 
probability of string breaking near hE = 2JE. We measure the probability 
of electric charge creation P(Av) on A1 as a function of hE (Fig. 5d). For 
finite couplings, we observe a maximum charge creation in the vicin-
ity of hE ≈ 2, demonstrating that string breaking is facilitated at the 
resonance condition.

In this work, we imaged the dynamics of deconfined and confined 
excitations in a (2+1)D 2Z  LGT and measured the vibrations of the string 
connecting them. Our work demonstrates the potential for quantum 
processors to study the dynamics of emergent excitations in correlated 
quantum matter, which are prohibitively hard to predict theoretically 
owing to their non-perturbative nature. The dynamical observables 
measured in this work are related to those measured in more conven-
tional scattering experiments but examine complementary regimes; 
our approach provides insight into the microscopic nature of 
non-equilibrium dynamics of quasiparticles, as compared with the 
measurement of their spectral properties. Our space-resolved and 
time-resolved measurements provide a new visualization approach 
for characterizing the dynamics of interacting emergent excitations.

Online content
Any methods, additional references, Nature Portfolio reporting summa-
ries, source data, extended data, supplementary information, acknowl-
edgements, peer review information; details of author contributions 
and competing interests; and statements of data and code availability 
are available at https://doi.org/10.1038/s41586-025-08999-9.
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we prepared. Already after a short temporal evolution, the t( )ZZS  cor-
relations of the qubits both at the bottom and at the top of the grid 
quickly decay to zero and the string is equally likely found on either 
side of the system. In this regime, the string is floppy and fluctuates 
strongly, even though charges remain confined11,12. (3) Deep in the con-
fined regime, for large hE = 1.4, we see dynamics of the initial bump at 
the top of the grid but very little probability that the string moves to 
the bottom on the timescales of the simulation. This can be understood 
from the large string tension in the deeply confined regime, which 
suppresses the flopping to the other side within experimentally acces-
sible timescales. However, the string is still moving freely around the 
top qubits despite the large string tension. These length-scale-preserving 
moves result from the lattice discretization of our LGT, as the plaquette 
terms Bp of the Hamiltonian can deform the string without changing 
its length.

Having visualized the vibrations of the string connecting two electric 
charges in the confined regime, we now investigate string-breaking and 
pair-creation dynamics. The coupling λ can dynamically create pairs 
of electric excitations. When this process occurs in the ground state, 
the energy is increased as a result of the cost of creating an excitation 

pair (Fig. 5a). When, by contrast, this process occurs on a string, there 
is a string-energy gain that competes with the energy cost of the pair 
creation.

To investigate string breaking in our experiment, we first measure 
the electric excitations through ⟨Av⟩ in the presence and absence of 
an initial string excitation in the confined regime hE = 1.4. In Fig. 5b, we 
show the difference of ⟨Av⟩ for these two initial states at time t = 2.7 for 
different strengths of string breaking set by the coupling λ. When λ = 0, 
the charge density in the presence of the string is comparable with the 
one in the absence of the string, ⟨Av⟩string − ⟨Av⟩vacuum ≃ 0. However, for 
finite λ values, the time-evolved string initial state has considerably 
more charges. We track the dynamics of ⟨Av⟩ for electric excitations 
at the top and at the bottom of the system. As demonstrated, for this 
confinement field hE, the string stays mainly at the top qubits within 
the accessible timescales. For λ = 0, both vertex operators A1 on the 
top and A2 at the bottom show the same trend as the vacuum state Avac 
(Fig. 5c), which can be understood from decoherence of the device 
(grey region). However, as λ is increased to 0.25 and 0.50, the electric 
charge A1 on the top side, at which the string has been created, shows a 
much higher number of excitations compared with A2, which remains 
indistinguishable from the vacuum. This differential measurement is 
evidence for excitation creation from string breaking.

In the lowest-order string-breaking process, the coupling reduces 
the length of the string by one, leading to an energy gain of 2hE and, at 
the same time, two electric excitations are created with a cost of 4JE. 
Therefore, we predict that this energy trade-off could enhance the 
probability of string breaking near hE = 2JE. We measure the probability 
of electric charge creation P(Av) on A1 as a function of hE (Fig. 5d). For 
finite couplings, we observe a maximum charge creation in the vicin-
ity of hE ≈ 2, demonstrating that string breaking is facilitated at the 
resonance condition.

In this work, we imaged the dynamics of deconfined and confined 
excitations in a (2+1)D 2Z  LGT and measured the vibrations of the string 
connecting them. Our work demonstrates the potential for quantum 
processors to study the dynamics of emergent excitations in correlated 
quantum matter, which are prohibitively hard to predict theoretically 
owing to their non-perturbative nature. The dynamical observables 
measured in this work are related to those measured in more conven-
tional scattering experiments but examine complementary regimes; 
our approach provides insight into the microscopic nature of 
non-equilibrium dynamics of quasiparticles, as compared with the 
measurement of their spectral properties. Our space-resolved and 
time-resolved measurements provide a new visualization approach 
for characterizing the dynamics of interacting emergent excitations.
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we prepared. Already after a short temporal evolution, the t( )ZZS  cor-
relations of the qubits both at the bottom and at the top of the grid 
quickly decay to zero and the string is equally likely found on either 
side of the system. In this regime, the string is floppy and fluctuates 
strongly, even though charges remain confined11,12. (3) Deep in the con-
fined regime, for large hE = 1.4, we see dynamics of the initial bump at 
the top of the grid but very little probability that the string moves to 
the bottom on the timescales of the simulation. This can be understood 
from the large string tension in the deeply confined regime, which 
suppresses the flopping to the other side within experimentally acces-
sible timescales. However, the string is still moving freely around the 
top qubits despite the large string tension. These length-scale-preserving 
moves result from the lattice discretization of our LGT, as the plaquette 
terms Bp of the Hamiltonian can deform the string without changing 
its length.

Having visualized the vibrations of the string connecting two electric 
charges in the confined regime, we now investigate string-breaking and 
pair-creation dynamics. The coupling λ can dynamically create pairs 
of electric excitations. When this process occurs in the ground state, 
the energy is increased as a result of the cost of creating an excitation 

pair (Fig. 5a). When, by contrast, this process occurs on a string, there 
is a string-energy gain that competes with the energy cost of the pair 
creation.

To investigate string breaking in our experiment, we first measure 
the electric excitations through ⟨Av⟩ in the presence and absence of 
an initial string excitation in the confined regime hE = 1.4. In Fig. 5b, we 
show the difference of ⟨Av⟩ for these two initial states at time t = 2.7 for 
different strengths of string breaking set by the coupling λ. When λ = 0, 
the charge density in the presence of the string is comparable with the 
one in the absence of the string, ⟨Av⟩string − ⟨Av⟩vacuum ≃ 0. However, for 
finite λ values, the time-evolved string initial state has considerably 
more charges. We track the dynamics of ⟨Av⟩ for electric excitations 
at the top and at the bottom of the system. As demonstrated, for this 
confinement field hE, the string stays mainly at the top qubits within 
the accessible timescales. For λ = 0, both vertex operators A1 on the 
top and A2 at the bottom show the same trend as the vacuum state Avac 
(Fig. 5c), which can be understood from decoherence of the device 
(grey region). However, as λ is increased to 0.25 and 0.50, the electric 
charge A1 on the top side, at which the string has been created, shows a 
much higher number of excitations compared with A2, which remains 
indistinguishable from the vacuum. This differential measurement is 
evidence for excitation creation from string breaking.

In the lowest-order string-breaking process, the coupling reduces 
the length of the string by one, leading to an energy gain of 2hE and, at 
the same time, two electric excitations are created with a cost of 4JE. 
Therefore, we predict that this energy trade-off could enhance the 
probability of string breaking near hE = 2JE. We measure the probability 
of electric charge creation P(Av) on A1 as a function of hE (Fig. 5d). For 
finite couplings, we observe a maximum charge creation in the vicin-
ity of hE ≈ 2, demonstrating that string breaking is facilitated at the 
resonance condition.

In this work, we imaged the dynamics of deconfined and confined 
excitations in a (2+1)D 2Z  LGT and measured the vibrations of the string 
connecting them. Our work demonstrates the potential for quantum 
processors to study the dynamics of emergent excitations in correlated 
quantum matter, which are prohibitively hard to predict theoretically 
owing to their non-perturbative nature. The dynamical observables 
measured in this work are related to those measured in more conven-
tional scattering experiments but examine complementary regimes; 
our approach provides insight into the microscopic nature of 
non-equilibrium dynamics of quasiparticles, as compared with the 
measurement of their spectral properties. Our space-resolved and 
time-resolved measurements provide a new visualization approach 
for characterizing the dynamics of interacting emergent excitations.
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Fig. 5 | String breaking. a, Schematics for pair creation from vacuum fluctuation 
and string breaking. b, Difference in the charge excitation values in the presence 
and absence of the string ⟨Av⟩string − ⟨Av⟩vacuum, for λ ∈ {0, 0.25, 0.50} at hE = 1.4 and 
t = 2.7, with dt = 0.3. c, Probability of a vertex excitation P(Av) on three distinct 
vertices A1 (gold), A2 (green) and Avac (black) for λ ∈ {0, 0.25, 0.50} and hE = 1.4. 
The grey ‘decoherence-limited’ region is defined by the average of P(Av) over  
all vertices having evolved the initial state with the X string for λ = 0, hE = 1.4.  
d, Dependence of P(Av) on hE, acquired at t = 2 (dt = 0.2), for λ = 0 (pluses), λ = 0.25 
(crosses) and λ = 0.50 (pentagons).
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附录：费米子散射实验误差缓解

张量网络压缩态制备与演化线路，结合零噪声外推（ZNE）。

线路压缩与保真度估计

Hardware run using 40 qubits

26

Error mitigation: zero-noise extrapolation (ZNE) 零噪声外推

Hardware run using 40 qubits

26

Error mitigation: zero-noise extrapolation (ZNE)

Hardware run using 40 qubits

26

Error mitigation: zero-noise extrapolation (ZNE)

增加噪声进行测量，再外推至零噪声极限。
Y. Chai et al., npj Quantum Information 12, 100 (2026).
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附录：介子非弹性散射

1 + 1维 Z2 规范理论（staggered fermions）：两个赝标介子波包对撞（张量网络模拟）。

H =
1

2a

∑
n

(
ξ†nZg,nξn+1 + h.c.

)
+m

∑
n(−1)nξ†nξn + ε

∑
nXg,n.

费米子密度

标量
介子

初态：赝标介子

介子数

t

赝标介子 C = −1

标量介子 C = +1

能量转移

0 50 100
t

电场能

质量项

动能

Y. Chai, Y. Guo, S. Kühn, Phys. Rev. Research 8, 033298 (2026).
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附录：Trotter分解与局域门
将哈密顿量写为局域项之和：H =

∑m
j=1Hj，取 δt = t/r。

e−iHt =
(
e−iHδt

)r
=
(
e−i(

∑
j Hj)δt

)r
=
(
e−iHmδt · · · e−iH2δte−iH1δt

)r
+O(t δt).

BCH：非对易项带来对易子修正。以两个局域项为例：

e−iH2δte−iH1δt = exp
[
−i(H1 +H2)δt+

δt2

2
[H1,H2] +O(δt3)

]
.

单步误差 O(δt2) −→ r = t/δt步累积为 O(t δt)。

例如 Hj = gjZ1Z2，局域演化由 CNOT与旋转门实现：
e−igjδtZ1Z2 = CNOT1→2R

(2)
z (2gjδt)CNOT1→2.

Rz(2gjδt)
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附录：共振态的空间重构

Schwinger model（1 + 1 D QED），C, P 守恒，C = P = +1。
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各图展示归一化后的空间分布。
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附录：PDFs的量子数
在两费米子近似中，标量通道的光前波函数满足反对称性：

ψ2(x, 1− x) = −ψ2(1− x, x), ψ2(1/2, 1/2) = 0.
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