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A major objective of the strong ongoing drive to realize quantum simulators of gauge theories is
achieving the capability to probe collider-relevant physics on them. In this regard, a highly pertinent and
sought-after application is the controlled collisions of elementary and composite particles, as well as the
scattering processes in their wake. Here, we propose particle-collision experiments in a cold-atom quantum
simulator for a 1 + 1D (one spatial and one temporal dimension) U(1) lattice gauge theory with a tunable
topological θ term, where we demonstrate an experimentally feasible protocol to impart momenta to ele-
mentary (anti)particles and their meson composites. We numerically benchmark the collisions of moving
wave packets for both elementary and composite particles, uncovering a plethora of rich phenomena, such
as oscillatory string dynamics in the wake of elementary (anti)particle collisions due to confinement. We
also probe string inversion and entropy production processes across Coleman’s phase transition through
far-from-equilibrium quenches. We further demonstrate how collisions of composite particles unveil their
internal structure. Our work paves the way towards the experimental investigation of collision dynamics
in state-of-the-art quantum simulators of gauge theories, and sets the stage for microscopic understanding
of collider-relevant physics in these platforms.

DOI: 10.1103/PRXQuantum.5.040310

I. INTRODUCTION

Particle collider experiments are key to unlocking the
nature of elementary particles and their interactions, and
have yielded deep insights into the Standard Model of
particle physics [1]. They unravel subatomic structures,
enable the discovery of new particles [2,3], and allow the
creation of quark-gluon plasmas that mimic the conditions
of early universe cosmology [4–6]. Future investment into
particle colliders is also taking shape, with the planned
high-luminosity upgrade for the Large Hadron Collider
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and the Future Circular Collider at CERN [7], which will
search for physics beyond the Standard Model.

The connection between theoretical predictions and
observations in collision experiments currently relies heav-
ily on numerical simulations [12]. Because of the highly
nonperturbative and quantum many-body nature of var-
ious high-energy scattering events, there is no general
ab initio method on classical computers that can sim-
ulate their real-time collision dynamics from the far-
from-equilibrium early stages to late-time equilibration.
Traditionally, quantum chromodynamics (QCD) particle
collider theory extensively relies on perturbation the-
ory and QCD factorization [1,13,14], but these methods
struggle to deal with nonperturbative phenomena such as
Schwinger pair production [15] and hadronization [16]. On
the other hand, lattice discretization enables nonperturba-
tive numerical simulations for gauge theories; however,
among the most prominent classical methods, the highly
successful quantum Monte Carlo simulations of lattice
QCD suffer from the sign problem in the application to
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real-time dynamics. Dedicated time-evolution methods,
such as the time-dependent density matrix renormalization
group method [17–20], are mostly restricted to spatially
(quasi-)one-dimensional systems and to relatively short
evolution times due to many-body entanglement buildup,
which classical computers fundamentally cannot handle as
the computational cost becomes exponential in available
resources. As such, phenomenological models have tradi-
tionally been employed on classical computers to analyze
collider data in order to better understand the underly-
ing highly nonperturbative far-from-equilibrium phenom-
ena [21]. However, these models are not exact, and they
rely on various approximations. It is thus useful to seek
alternate venues where such collider phenomena can be
understood from first-principles time evolution, and where
entanglement buildup can be naturally handled.

Inspired by Feynman’s vision of simulating the dynam-
ics of a quantum many-body system with an engineered
tunable quantum simulator [22–26], the application of
quantum simulation to high-energy physics problems has
made notable progress over the past years, with experi-
mental demonstrations using trapped-ion platforms, super-
conducting qubits, and cold-atom quantum gases [27–49].
Such quantum simulators naturally incorporate many-body
entanglement by working directly with the wave func-
tion, thereby reducing computational complexity in certain
cases from exponential to polynomial in the available
resources due to quantum advantage. As such, large-scale
robust and stabilized quantum simulators of high-energy
physics hold the promise to probe nonperturbative far-
from-equilibrium collider-relevant physics from first prin-
ciples, providing temporal snapshots of their microscopic
workings [34,37]. Furthermore, high-energy physics is an
ideal field for driving progress in quantum simulators,
as it offers a myriad of highly nonperturbative far-from-
equilibrium quantum processes that are expected to gener-
ate a lot of quantum entanglement, such as hadronization,
where quantum advantage can prove crucial [16]. This
gives rise to a two-way street between high-energy physics
and quantum simulation, where the former provides true
tests of quantum advantage for the latter, and the latter
delivers tangible devices to probe the former.

In recent years, cold-atom quantum simulators have
made a significant leap forward towards the simulation of a
model of 1 + 1D lattice quantum electrodynamics (QED).
These include large-scale setups using optical superlattices
[8,9,50–52], facilitated by controlled schemes for the stabi-
lization of gauge invariance against errors [53–56], as well
as Rydberg-atom arrays [40,57], among many others [34–
38]. Remarkably, QED in one spatial dimension serves
as a prototype for three-dimensional QCD as they share
many intriguing phenomena, from confinement to sponta-
neous pair production and string breaking. The scattering
of excitations in 1 + 1D models has attracted much atten-
tion in recent years, with numerical studies performed in

quantum field theories [58–62] as well as in quantum spin
models [63,64]. However, as the methods utilized in those
works rely on integrating over momentum eigenstates of
excitations, they are not particularly feasible to realize on
a tabletop quantum simulator. This is particularly concern-
ing given that it is of strong interest to the community to
advance state-of-the-art quantum simulators to the level
where they can probe processes mimicking those in par-
ticle collision experiments [37], as this will bring these
quantum simulators closer to their end goal of becoming
complementary venues to particle colliders.

In this work, we propose particle collision experiments
in a state-of-the-art optical-superlattice quantum simula-
tor of a U(1) gauge theory, building on the proposal
introduced in Refs [8,10]. We introduce an experimen-
tally feasible scheme to impart momenta on elementary
and composite particles through holding potential walls,
and then propose various collision experiments where rich
physics can be probed; see Fig. 1(a). Using numerical
methods based on matrix product state (MPS) techniques
[19,20,65,66], we show that collisions of a wide range
of energy scales can be accessed in our quantum simula-
tor, and they give rise to numerous interesting phenomena,
from string dynamics in and out of equilibrium, to entropy
production, and to the dynamical formation and breaking
down of mesons.

II. LATTICE QED IN A COLD-ATOM QUANTUM
SIMULATOR

We consider the canonical 1 + 1D lattice QED Hamil-
tonian [67]

Ĥ QED = − κ̃

2a

L−1∑

�=1

(ψ̂
†
� Û�,�+1ψ̂�+1 + H.c.)

+ m
L∑

�=1

(−1)�ψ̂†
� ψ̂� + a

2

L−1∑

�=1

(Ê�,�+1 + Êbg)
2,

(1)

employing the “staggered fermion” representation [68]
where opposite charges (particles and antiparticles) are
placed on alternating sites, represented by the fermionic
field operators ψ̂�, ψ̂

†
� on site � of a chain with a total of

L sites. The first term of Hamiltonian (1) is the kinetic
energy of fermionic hopping coupled by the dynamical
gauge field Û�,�+1 on the link between sites � and �+ 1,
controlled by the lattice spacing a with strength κ̃ , and
the second term is the fermionic occupation with rest
mass m. Together, these two terms control the strength
of the Schwinger pair production and annihilation pro-
cess. The last term is the energy of gauge field coupling,
where Ê�,�+1 is the electric field on the link between sites
� and �+ 1, and Êbg = g(θ − π)/(2π) is an additional
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FIG. 1. Schematics of a cold-atom particle collider. (a) Mapping the Bose-Hubbard model onto the quantum link model and Gauss’s
law [8–10]. Using the staggered-fermion representation, a single atom on an odd (even) matter site represents a particle, denoted as
“−” (electron), or an antiparticle, denoted as “+” (positron). The local U(1) gauge symmetry manifests Gauss’s law, represented
by the configurations shown in the table when working in the physical gauge sector Ĝ� |�〉 = 0. (b) The θ -m phase diagram of
quantum electrodynamics. The staggering potential χ on gauge sites tunes the topological θ angle away from θ = π , breaking the
degeneracy between the two electric fluxes, which leads to confinement. At θ = π , we have Coleman’s phase transition at critical mass
mc = 0.3275κ [11]. (c) Exploring the scattering process in U(1) lattice gauge theory. In the staggered optical superlattice, the dynamics
of atoms can be described by tunneling J , onsite interaction U, a linear tilt 	, a period-2 staggering δ, and a period-4 staggering χ .
The gauge-invariant coupling is realized by the second-order correlated hopping in the BHM, with strength κ ≈ 8

√
2J 2/U, and the

(anti)particle rest mass m = δ − U/2. In the large-mass limit, the hopping of an (anti)particle is a second-order process in gauge theory
with strength t̃ ≈ κ2/8m. To explore particle collisions in the quantum simulator, we prepare the unidirectional moving wave packets
of a single (anti)particle or a composite particle (meson) by placing a potential barrier next to the particle, which can be realized in the
experiment with a blue-detuned addressing beam.

homogeneous background electric field, where g is the
gauge coupling strength and θ ∈ [0, 2π) is the topolog-
ical angle. This term tunes a confinement-deconfinement
transition [69].

In order to facilitate the numerical simulation and exper-
imental implementation of QED on modern quantum sim-
ulators, a so-called quantum link model (QLM) formula-
tion is adopted [70–72], where the dynamical gauge field
Û�,�+1 and electric flux operators Ê�,�+1 are represented
by spin operators: Û�,�+1 → Ŝ+

�,�+1/
√

S(S + 1), Ê�,�+1 →
gŜz

�,�+1. This representation satisfies the canonical com-
mutation relation [Ê�,�+1, Ûk,k+1] = gδ�kÛk,k+1, and, in the
Kogut-Susskind limit S → ∞, the canonical commuta-
tion relation [Û�,�+1, Û†

k,k+1] = 0. We further perform the
particle-hole transformation [73] for odd sites �: ψ̂� → ψ̂

†
�

and Ŝz
�−1,� → −Ŝz

�−1,�; this renders Eq. (1) as

Ĥ QLM = − κ
√

3
4a

√
S(S + 1)

L−1∑

�=1

(ψ̂�Ŝ+
�,�+1ψ̂�+1 + H.c.)

+ m
L∑

�=1

ψ̂
†
� ψ̂� + ag2

2

L−1∑

�=1

(Ŝz
�,�+1)

2

− aχ
L−1∑

�=1

(−1)�Ŝz
�,�+1, (2)

where κ = 2κ̃/
√

3 is used to obtain a coupling constant
of κ/2 in the S = 1/2 case, which will become conve-
nient when we restrict to S = 1/2 later on [in which case,
the gauge coupling term ∝ (Ŝz

�,�+1)
2 becomes a constant
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energy shift, and so does not have any effect]. The con-
tinuum limit of QED is recovered at S → ∞ and a → 0
[74–77]. The last term is a staggering potential on the
gauge fields, which realizes the background electric field
Êbg that tunes the topological θ angle in the large-spin
limit S → ∞, with χ = g2(θ − π)/(2π) for half-integer
S [10,57,78].

The U(1) gauge transformation is generated by the local
Gauss-law operators

Ĝ� = (−1)�[Ŝz
�,�+1 + Ŝz

�−1,� + ψ̂
†
� ψ̂�], (3)

which commute with the QLM Hamiltonian (2): [Ĝ�,
Ĥ QLM] = 0 for all �; this underlines local gauge invariance
in that particle hopping must be accompanied by concomi-
tant changes in the local electric fields such as to preserve
Gauss’s law. As per convention, we choose to work in the
physical gauge sector of states |�〉 satisfying Ĝ� |�〉 = 0
for all �.

Following the experimental realization of the spin-
1/2 U(1) QLM in a large-scale Bose-Hubbard quantum
simulator [8,9,50–52], we henceforth restrict to this case
in which S = 1/2. The local electric field spans the basis
{|�〉 , |	〉} encoding two eigenstates of the spin-1/2 oper-
ator Ŝz

�,�+1; see Fig. 1(b). The gauge coupling term ∝
(Ŝz
�,�+1)

2 = 1�,�+1/4 becomes an inconsequential constant
energy term that does not contribute to the dynamics at
S = 1/2. The spin-1/2 U(1) QLM is deconfined at θ =
π and hosts Coleman’s phase transition at the critical
mass mc = 0.3275(15)κ [11,79], which is related to the
spontaneous breaking of a global Z2 symmetry connected
to charge conjugation and parity symmetry conservation;
see Fig. 1(c). For m → +∞, the ground-state mani-
fold of Ĥ QLM corresponds to the two degenerate vacua
|. . . , �, ∅, �, ∅, �, . . .〉 and |. . . , 	, ∅, 	, ∅, 	, . . .〉, where
∅ represents the absence of matter at a site. In this case
(θ = π ), no string tension is present between a particle-
antiparticle pair. Tuning the θ angle away from π creates
an additional background electric field Êbg that explicitly
breaks this global Z2 symmetry, creating an energy dif-
ference between the two electric fluxes {|�〉 , |	〉}. As a
result, a particle-antiparticle pair connected by a string of
D electric fluxes |�〉 experiences the string energy χD that
increases linearly with D. Subsequently, the spin-1/2 QLM
becomes a confining theory. A particle-antiparticle pair
in the confined 1 + 1D QED theory forms a two-particle
bound state, analogous to a meson in 3 + 1D QCD, which
is a composite particle made of a quark-antiquark pair
formed by the gluon flux tube connecting them [69,80].

The quantum simulator used to experimentally real-
ize the spin-1/2 QLM is governed by the Bose-Hubbard

model (BHM) Hamiltonian [8]

Ĥ BHM = −J
N−1∑

j =1

(b̂†
j b̂j +1 + b̂†

j +1b̂j )

+ U
2

N∑

j =1

n̂j (n̂j − 1)+
N∑

j =1

μj n̂j (4)

with b̂j , b̂†
j the bosonic field operators, J the tunneling

strength between neighboring sites, U the on-site interac-
tion, and N = 2L the total number of sites in the quantum
simulator. The chemical potential term is used to engi-
neer the correlated hopping process that implements the
gauge theory Hamiltonian (2) at S = 1/2. It takes the
form μj = j	+ (−1)j δ/2 + sin(jπ/2)χ/2, where 	 is
a linear tilt used to suppress long-range single-atom tun-
neling [81], and δ is a staggering potential generated by
a period-2 optical superlattice separating the system into
two sublattices, with the even sites denoted as “matter”
jM → � (for even j ) and the odd sites denoted as “gauge”
jG → (�, �+ 1) (for odd j ). For δ ∼ U/2 � J , we iden-
tify the resonant second-order correlated hopping process
−(κ/2√

2)[b̂j −1(b̂
†
j )

2b̂j −1 + H.c.] (with odd j ) where sin-
gle bosons on neighboring matter sites annihilate (create)
to form a doublon (hole) on the gauge site in between;
see Fig. 1(a). As a result, the Bose-Hubbard model real-
izes the quantum link model Hamiltonian (2), and we
identify κ ≈ 8

√
2J 2/U and m = δ/2 − U by using second-

order perturbation theory [8]. The confining term ∝ χ is a
staggered potential on gauge sites generated by a period-
4 optical superlattice [10], which breaks the degeneracy
between the two vacua |. . . , �, ∅, �, ∅, �, ∅, �, . . .〉 ↔
|. . . , 2, 0, 0, 0, 2, 0, 0, . . .〉 and |. . . , 	, ∅, 	, ∅, 	, ∅, 	, . . .〉
↔ |. . . , 0, 0, 2, 0, 0, 0, 2, . . .〉, where here we show their
bosonic representation on the optical superlattice.

For all numerical simulations we have performed in this
paper, we use the experimentally tested parameters J =
58 Hz, U = 1368 Hz, 	 = 57 Hz [9], and subsequently
κ ≈ 28 Hz. In order to simulate a desired mass m, we tune
the value of δ in order to satisfy the above-stated relation
m = δ/2 − U.

III. COLD-ATOM “PARTICLE ACCELERATOR”

The basic ingredients of particle collision experiments
are the spatially localized moving wave packets of ele-
mentary or composite particles [82]. An elementary
particle or antiparticle excitation in the vacuum back-
ground can be expressed as |. . . , 	, ∅, 	, −, �, ∅, �, . . .〉
or |. . . , �, ∅, �, +, 	, ∅, 	, . . .〉, which corresponds to the
state |. . . , 2, 0, 0, 1, 0, 0, 2, . . .〉 in the Bose-Hubbard model
(a single boson |1〉 on an odd matter site for a par-
ticle and an even matter site for an antiparticle); see
also Fig. 1(b). A particle-antiparticle meson excitation
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|. . . , 	, ∅, 	, −, �, +, 	, ∅, 	, . . .〉 corresponds to the state
|. . . , 2, 0, 0, 1,0,1, 0, 0, 2, . . .〉.

We first consider the regime m � mc where the rest
mass dominates, and spontaneous Schwinger pair produc-
tion is exponentially suppressed. The (anti)particle hop-
ping is a second-order process in the QLM with a virtual
pair creation as an intermediate step; see Fig. 1(a) and
Appendix A. Therefore, the low-energy effective Hamil-
tonian of the quantum link model (2) becomes

Ĥ (A)P = −t̃
∑

�(A)P

(ψ̂
†
�(A)P

ψ̂�(A)P+1 + H.c.)

+ (−1)σ(A)P2χ
∑

�(A)P

�(A)Pψ̂
†
�(A)P

ψ̂�(A)P , (5)

where ψ̂�(A)P , ψ̂†
�(A)P

are fermionic fields on (anti)particle
sublattice sites (�P for odd �, �A for even �). The back-
ground electric field created by the confining potential χ
can be understood as an effective linear tilt, with σA = 0
and σP = 1, which makes the tilt positive for the antiparti-
cle and negative for the particle. We identify this effective
(anti)particle tunneling strength to be t̃ = κ2/(8ma2) by
using second-order perturbation theory (Appendix A).

A. Single-particle quantum walk

Before we create moving wave packets, we first look
at the dynamics of a single particle localized on a lattice
site, which is a coherent superposition of all momentum
eigenstates within the first Brillouin zone. The localized
wave packet has an equal probability of tunneling in both
directions. At χ = 0, a single (anti)particle undergoes a
quantum walk, analogous to a free electron in a homo-
geneous lattice [83]. The result is a light-cone-shaped
transport, and the wave packet delocalizes, as shown in
Fig. 2(a).

To characterize the quantum walk, we numerically cal-
culate the expectation value of the charge density operator
in the Bose-Hubbard quantum simulator,

〈Q̂jM(t)〉 = 〈Q̂�(t)〉 = 〈�(t)| Q̂� |�(t)〉 (6)

with |�(t)〉 = exp(−iĤ BHMt) |�0〉 and Q̂� = (−1)�ψ̂†
� ψ̂�,

where |�0〉 is the initial state and t is the evolution time.
We choose m = 1.5κ for the numerical simulations as
it is large enough to suppress spontaneous pair creation
and maintain the mapping to the effective Hamiltonian (5)
while keeping the dynamics fast enough for experimental
implementations with limited coherence time.

For a single particle, the charge density wavefront on
the particle sublattice can be characterized by the Bessel
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FIG. 2. Single-particle quantum walk and momentum initial-
ization. (a) Single-particle quantum walk on matter sites. The
upper panel shows the wavefront at t = 0.25 s (gray dashed
line in the lower panel), and fitted to the Bessel function (7)
(blue dashed line) where t̃fit = 2.1(1) Hz, close to t̃ = 2.33 Hz
predicted by second-order perturbation theory. The propagation
speed of the wavefront is 46(2) sites/s, extracted by a linear fit
(blue line). (b) Bloch oscillation of a single particle. The wave-
front at t = 0.25 s (gray dashed line in the lower panel) is fitted
to Eq. (8) (blue dashed line) with χfit = 0.96(2) Hz ≈ 0.035κ .
(c) The moving wave packet of a single particle created by
reflection on the barrier and propagating to the right. The group
velocity initiated is v(i)g = 47.9(8) sites/s (blue line). The upper
panel shows the profile of the charge density |Q̂| at t = 0.25 s
(gray dashed line in the lower panel), which can be fitted by a
Gaussian function with width σ ≈ 2 (blue dashed line). (d) The
electric flux 〈Ê〉 changes according to Gauss’s law as the parti-
cle propagates. (e),(f) A moving meson wave packet consists of
a particle (blue) and an antiparticle (red). The group velocity is
fitted to be 37.4(4) sites/s (dark blue line).

function of the first kind J�P [84]:

|〈Q̂(t)〉|�P = A0|J�P(2 × 2π t̃ × t)|2 + B0. (7)

The first-order dynamics of spontaneous pair production
and annihilation in the QLM, as well as the direct tunneling
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in the BHM, result in a shift in the background and the
reduction of amplitude, which we account for by adding
two extra parameters A0 and B0. The effective tunneling
is fitted to be t̃fit = 2.1(1) Hz; see the dashed curve in
Fig. 2(a). The fitting result is slightly smaller than t̃ =
2.33 Hz predicted by the approximate second-order per-
turbation theory, as the actual dispersion relation deviates
slightly from the sinusoidal function expected from the
effective model in Eq. (5). This is mainly due to the first-
order pair-creation dynamics in the QLM, and thus the
actual dispersion is slightly different from the sinusoidal
dispersion expected from Eq. (5) [see also Fig. 12(a) in
Appendix C]. The propagation speed of the outer wave-
front is fitted to be 46(2) sites/s, while the maximum group
velocity estimated from the ground band of the effective
model is vmax

g = 58.6 sites/s, in particular Eq. (A8). In
fact, the group velocity fit 46(2) sites/s actually matches
pretty closely to the maximum group velocity from the
MPS calculation in Fig. 12(b), vMPS

g = 48.3 sites/s; see
Appendix A.

For χ �= 0, although there is an external force acting
on the (anti)particle, a net transport in the lattice is not
possible, as the maximum kinetic energy of the particle
is limited by the bandwidth. As a result, the (anti)particle
undergoes Bloch oscillations, as shown in Fig. 2(b). In this
case, the charge density can be characterized by modifying
the argument of the Bessel function [84] as

|〈Q̂(t)〉|�P = A0

∣∣∣∣J�P

[
4t̃
2χ

sin(2χπ t)
]∣∣∣∣

2

+ B0. (8)

The dashed line in Fig. 2(b) is a fit to Eq. (8), where
we find that χfit = 0.96(2) Hz, which agrees well with
χ = 0.035κ = 0.98 Hz. We notice an imbalance of the
wavefront related to the sign of χ , which we attribute
to higher-order processes that are not captured by the
effective model.

B. Momentum initialization

To explore collision dynamics, previous theoretical
works have typically generated unidirectional moving
wave packets by numerically building a superposition of
momentum eigenstates [59,63,64]. Although this method
is straightforward in numerical simulations, it is quite chal-
lenging in a cold-atom experiment. Here, we demonstrate
a simple scheme to experimentally prepare such mov-
ing wave packets with a potential barrier, as illustrated
schematically in Fig. 1(a). The potential barrier can be
achieved by single-site addressing with a blue-detuned
light potential through the high-resolution objective in a
quantum gas microscope experiment [52,85,86]. Initially,
the momentum superposition of a localized (anti)particle
wave packet is centered at zero quasimomentum, q = 0.
The barrier placed left (right) of the original wave packet

reflects the left- (right-)moving momentum components
to the right (left), thus shifting the center of the momen-
tum superposition to a finite value, effectively creating a
moving wave packet. We show that this method can work
for elementary particles in Figs. 2(c) and 2(d) as well as
composite particles (mesons) in Figs. 2(e) and 2(f).

We note that, unlike a free-electron theory, here the
particle hopping is coupled by the gauge fields, with corre-
sponding flips of electric fluxes as the particle moves, such
that Gauss’s law (3) is always satisfied; see Fig. 2(d). In
our numerical simulations, the barrier is encoded as a local
chemical potential placed on the two sites left of the par-
ticle with μaddress = 10κ ≈ 120t̃ large enough to suppress
the effective hopping. We remove the barrier at 0.1 s, after
the wave packet has moved away. We perform a linear fit
of the particle trajectory and find the initial group velocity
to be v(i)

P = 47.9(8) sites/s, almost identical to the maxi-
mum group velocity obtained by the MPS calculation in
Appendix A.

For a meson state, pair hopping is a fourth-order process,
illustrated on the right of Fig. 1(a). The barrier placed to the
right of the particle-antiparticle pair reflects right-moving
momentum components, while allowing the particle to hop
left, and then the antiparticle follows afterward. In the pres-
ence of the confining potential, the external force exerted
by the background electric field on the particle is FP ∝ χ

pointing towards the right, and for the antiparticle, it is
FA ∝ −χ pointing toward the left. Therefore, no net force
is exerted on the center of mass of the pair. However,
the same background field creates a string energy propor-
tional to the interparticle distance D. Subsequently, the
hopping of the particle increases the string energy, mak-
ing it energetically favorable for the antiparticle to follow.
As a result, the particle-antiparticle pair moves together as
a composite particle. We show the case in which m = 1.5κ
and χ = 0.02κ in Figs. 2(e) and 2(f). We perform a linear
fit and find the group velocity of the meson to be vM

g =
37.4(4) sites/s. To benchmark the speed of the meson, we
calculate the meson band structure using the MPS excita-
tion ansatz (Fig. 11 below; see Appendix C 2 for details).
From the ground band dispersion, we find that the maxi-
mum group velocity of a meson is about 40 sites/s, which
agrees well with the extracted group velocity.

C. Particle acceleration

The most essential feature of a real particle collider is the
ability to accelerate the particles close to the speed of light,
so that the collision creates a far-from-equilibrium system
with such a high energy density that spontaneous parti-
cle production becomes possible. To explore the relevant
physics in this high energy scale, we investigate particle
acceleration in our quantum simulator.

In analogy to conventional particle accelerators, we
could imagine imparting energy into our particles by
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FIG. 3. Real-space Bloch oscillation and particle acceleration.
(a) Upper panel: ground band dispersion relation of a single par-
ticle [Eq. (A7)]. Lower panel: group velocity calculated from the
dispersion [Eq. (A8)]. Although the quasimomentum increases
linearly due to the external force induced by χ , the maximum
group velocity is bounded by the bandwidth, and the wave packet
undergoes Bloch oscillation. (b) Real-space Bloch oscillation of
a single-particle moving wave packet. (c) Ground band disper-
sion of a single particle for different masses [Eq. (A7)]. The
group velocity is inversely proportional to the rest mass. (d) Par-
ticle acceleration by tuning the rest mass. We prepare the moving
wave packet from 0 to 0.1 s at m = 1.5κ , and starting at 0.1 s, we
linearly ramp down the mass to m = 0 in 0.25 s. Before reaching
the critical point mc = 0.3275κ , we find that the particle under-
goes continuous acceleration. Below the critical point, we can
no longer identify the moving wave packet due to spontaneous
particle creation in the vacuum background.

means of an electromagnetic field, which we could imple-
ment naively by using the background potential χ . While
this would be achievable in the continuum limit, on a
lattice, the particles will eventually undergo Bloch oscil-
lations [64]; see Figs. 3(a) and 3(b).

However, unlike a conventional accelerator, we can
make use of the tunability of the quantum simulator to
directly adjust the value of the rest mass, which, in effect,
causes the particles to accelerate. For m � mc, the effec-
tive tunneling is inversely proportional to the mass m,
t̃ ∝ m−1, and subsequently the group velocity vg ∝ m−1

(the quasimomentum of the wave packet remains constant
during time evolution for χ = 0); see Fig. 3(c). Moreover,
the tunable energy scale between the rest mass and the
kinetic energy makes it possible to access regimes where
spontaneous pair production dominates the dynamics.

After momentum initialization at a constant mass m0 =
1.5κ from 0 to 0.1 s, we ramp down the mass from m0
to 0 in 0.25 s, and observe a continuous acceleration of
the particle before reaching the critical mass mc of Cole-
man’s phase transition; see Fig. 3(d). As the critical point is
approached, we find that particle-antiparticle pair produc-
tion in the vacuum background dominates and the initial
wave packet is no longer observable.

To benchmark the acceleration, after ramping down the
mass to a final mass mf, we keep the rest mass constant at
mf and let the wave packet propagate at constant velocity
starting at t0; see Fig. 4(a). We extract the position of the
wave packet every 0.003s by Gaussian fits and then per-
form a linear fit to find the group velocity; see Fig. 4(b).
As expected from the band structure, the group velocity vg

rises linearly with m−1
f for mf � κ , and deviates from the

linear relationship approaching the critical mass mc; see
Fig. 4(d). By rescaling the evolution time of each curve
with its final mass m−1

f , we also find that all the trajectories
collapse onto a single line, while small deviations can be
found for mf ∼ mc; see Fig. 4(c).

A more interesting protocol of acceleration is instanta-
neously quenching the mass to mf at t = t0, which is a
global quench that brings the system out of equilibrium [9];
see Figs. 4(e)–4(h). For less violent quenches (mf � κ), we
find that the group velocity maintains vg ∝ m−1

f , but devi-
ates from the linear relationship faster than the ramping
protocol when approaching mc. This is expected, since the
quench creates more particle-antiparticle excitations in the
vacuum background than the ramp. In this case, the wave
packets can no longer be extracted below mf = 0.3275κ
[m−1

f m0 = 4.58 in Fig. 4(h)].

D. Initial state preparation

Here we describe how these elementary particles and
particle-antiparticle pairs can be prepared in a cold-atom
quantum simulator. We consider the well-tested experi-
ment with 87Rb atoms in optical superlattices [8]. The
proposed experiment starts with a 〈n̂〉 = 1 Mott insula-
tor state, where all atoms are prepared in the hyperfine
state |↓〉 = |F = 1, mF = −1〉; see Fig. 5(a). To prepare
a single particle excitation, we first address a single atom
with a σ−-polarized optical tweezer at a wavelength of
787.55 nm, which creates a light shift acting only on inter-
nal state |↑〉 = |F = 2, mF = −2〉 [52,85]. The addressed
atoms can then be flipped to |↑〉 with a resonant microwave
field. While this atom is pinned by the addressing beam, we
merge the remaining atoms into odd sites with a superlat-
tice [87], creating the state |. . . , 2, 0, 1, 1, 2, 0, 2, 0, . . .〉. We
now project σ− tweezers onto the single atoms along with
alternating doublons on every four sites, and flip them to
|↑〉, which are removed by a resonant laser. The resulting
state is a single (anti)particle in the vacuum background
|. . . , 2, 0, 0, 1, 0, 0, 2, 0, . . .〉.
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FIG. 4. Analysis of the particle acceleration. (a) Particle accel-
eration by the ramping mass. After preparing the moving wave
packet at m0 = 1.5κ in 0.1 s, we linearly ramp down the mass to
mf and let the wave packet propagate at the final mass. (b) During
the propagation, we perform a Gaussian fit for every 0.003 s to
extract the position of the moving wave packet, and then obtain
the group velocity by fitting the positions. (c) By rescaling the
propagation time with mf, the space-time trajectories of wave
packets with different final masses collapse on top of each other.
(d) Group velocity is inversely proportional to the final mass,
vg ∝ m−1

f , for mf � mc, and deviates from the linear relationship
when approaching the critical mass mc. (e) Particle acceleration
by quenching the mass from m0 = 1.5κ to mf at t = 0. (f)–(h)
Same as (b)–(d). With the quench protocol, the group velocity
still follows the linear relationship for larger mf. However, when
approaching mc, the deviation is faster than the ramping proto-
col, as the quench creates more particle excitations in the vacuum
background.

To prepare a particle-antiparticle pair, we first create
a Z2-ordered product state |. . . , 2, 0, 2, 0, . . .〉 from the
〈n̂〉 = 1 Mott insulator with the superlattice; see Fig. 5(b).
By addressing and removing alternating doublons with
an array of σ− tweezers, we create a Z4-ordered state
|. . . , 2, 0, 0, 0, 2, 0, 0, 0, . . .〉 corresponding to a vacuum
state in the gauge theory. We now address a single doublon
with the σ− tweezer beam and flip both atoms to the |↑〉
state; the local chemical potential μaddress created by the
tweezer tunes the rest mass locally. By tuning the intensity

(a)

MW pulse

... ...

(b)
... ...

... ...

address

⟩|↑

⟩|↓

FIG. 5. Initial state preparation and momentum initializa-
tion. Red dots denote atoms in the hyperfine state |↓〉 =
|F = 1, mF = −1〉, while blue dots denotes atoms in |↑〉 =
|F = 2, mF = −2〉. Addressing tweezer beams induce a local ac-
Stark shift on the |↑〉 state, such that the addressed atoms can be
individually transferred between |↓〉 and |↑〉 with a microwave
(MW) pulse. (a) Preparation of a single (anti)particle initial state.
(b) Preparation of a particle-antiparticle pair.

of this addressing tweezer we can tune the local rest mass
maddress to 0 and initiate the second-order correlated tunnel-
ing |0, 2, 0〉 → |1, 0, 1〉 to split this doublon into a pair of
single atoms on neighboring matter sites, corresponding to
a local particle-antiparticle pair in the gauge theory.

IV. COLLISION DYNAMICS

In this section, we demonstrate the rich physics that
can be probed with particle collisions in the quantum
simulator.

A. Particle-antiparticle collision

We first consider the low-energy collision between a
particle and an antiparticle; see Fig. 6(a). The wave pack-
ets are initiated to move towards each other, and we probe
their collision dynamics by the charge density 〈Q̂〉 and
electric flux 〈Ê〉. In the large-mass limit (m � κ), sponta-
neous pair creation and annihilation are suppressed, and
the dynamics of (anti)particles follows Hamiltonian (5).
Consequently, it is energetically unfavorable for the par-
ticle and the antiparticle to annihilate each other and the
resulting collision is elastic. We first show this elastic col-
lision for the nonconfining case; see Figs. 6(b)–6(d). The
particle and antiparticle undergo a head-on collision from
0.1 to 0.2 s, and subsequently recoil in opposite directions
at constant velocities. With linear fits, we find the postcol-
lision velocities to be v(f)

P = −47.4(5) sites/s and v(f)
A =

48(1) sites/s for the particle and antiparticle, respectively.
Compared to the group velocity initiated in Fig. 2(b), we
find that v(f)

P = v
(i)
A and v(f)

A = v
(i)
P . Since the particle and

the antiparticle are identical in mass, this indicates that
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FIG. 6. Particle-antiparticle collisions in the large-mass limit.
(a) A schematic illustration of particle-antiparticle collision in
the quantum simulator. (b),(e) Expectation value of the charge
density 〈Q̂〉 illustrating the collision of moving particle (blue)
and antiparticle (red) wave packets. (c),(f) Same data as in (b)
and (e). (d),(g) Expectation value of the electric flux 〈Ê〉. (b)–(d)
Collision dynamics in the deconfined case (χ = 0). After the col-
lision, the final group velocities of the particle and antiparticle
are fitted to be v(f)

P = −47.4(5) sites/s (dashed blue line) and
v

(f)
A = 48(1) sites/s (dashed red line), respectively, indicating an

elastic collision. (e)–(g) Collision dynamics in the confined case
(χ = 0.035κ), where the electric flux |�〉 has higher energy, and
the resulting string tension between the particle-antiparticle pair
leads to multiple collisions. (h) Illustration of collision dynam-
ics in momentum space. The particle and antiparticle exchange
momentum after the collision and move apart in opposite direc-
tions. When χ > 0, they are accelerated toward each other by the
string tension.

they exchange momenta during an elastic collision; see
Fig. 6(h).

In the confined case with positive χ , the electric flux
|�〉 has higher energy than |	〉, creating a confining
force that accelerates the particle and the antiparticle
towards each other. We keep the value of χ small to
minimize the lattice effect (i.e., the Bloch oscillations)

and therefore work within the regime of the positive
effective mass (2aq ∈ [−π/2,π/2]). After the collision,
the particle and antiparticle exchange momentum and
recoil away from each other. The string energy increases
with the interparticle distance D as they move apart,
which causes deceleration of the particle and antiparti-
cle. After reaching zero velocity, they start accelerating
toward each other again, leading to the next collision. The
string dynamics form a particle-antiparticle bound state
oscillating dynamically in the vacuum background; see
Figs. 6(e)–6(g).

Moving on from the previous low-energy particle colli-
sions, we bring the system out of equilibrium by an abrupt
global quench of the rest mass from m0 = 1.5κ to mf at
t = 0.1 s, and thus access collision dynamics on a higher
energy scale [9,51,88].

The vacuum background itself is unstable under the vio-
lent quenches of m [9,57]. Around mf = 0, the vacuum
background undergoes persistent oscillation between the
two degenerate vacua, being an instance of quantum many-
body scarring dynamics that deters the growth of entangle-
ment entropy, which has been established to appear in the
QLM by Refs [50,57,89,90]. Approaching the critical mass
mf ∼ mc, the scarring dynamics goes away and the vacuum
background thermalizes with entanglement entropy maxi-
mized. When the mass increases further to mf � mc, the
pure vacuum background is close to the ground state of the
quantum link model (2), and entropy growth is therefore
suppressed again [88].

For mf � mc, the particle production in the vacuum
background makes it difficult to distinguish the initial col-
liding particle-antiparticle pair; see Fig. 13 in Appendix D.
To better demonstrate the collision dynamics, we sub-
tract the evolution of the vacuum background (Fig. 14 in
Appendix D) from the evolution of the particle-antiparticle
collision (Fig. 13) for the same quench parameters, and
in Fig. 7 we show their difference in charge density
	Q̂ = Q̂pair − Q̂vac and the bipartite von Neumann entropy
	S = Spair

j − Svac
j , where Sj = −Tr[ρ̂j (t)lnρ̂j (t)] with the

reduced density matrix ρ̂j (t) = Trk>j |�(t)〉 〈�(t)|.
In Fig. 7(a), we show the quench to mf = 0. At the colli-

sion point, the particle and antiparticle first annihilate each
other, resulting in a lower local charge density compared
to the quench dynamics of the pure vacuum background,
with 〈	Q̂〉 < 0. Afterward, the particle and antiparticle re-
emerge due to pair production, but instead of re-emerging
in their original position, the particle shows up on the right
and the antiparticle shows up on the left, and in the next
period they reverse in relative position again. We attribute
this phenomenon to string inversion dynamics [57], where
the particle and antiparticle go through each other repeat-
edly in the small-mass limit. In Figs. 8(c) and 8(e), we
characterize the inversion by charge density imbalance
between the left and right parts of the system, i.e., IP,A =
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FIG. 7. Quenching mass in particle-antiparticle collisions.
After the same initialization as in Fig. 6 at m0 = 1.5κ , we quench
to mf < m0 at t = 0.1s, with zero confining potential χ . The
quenches lead to spontaneous pair production in the vacuum
background. For better comparison, we subtract the evolution
of the pure vacuum background from the collision dynamics for
the same quenches and show their differences in particle density
	Q̂ = Q̂pair − Q̂vac and entanglement entropy	S = Spair − Svac.
(a),(b) When quenching to mf = 0, the particle and antiparti-
cle wave packets “tunnel through” each other periodically. The
colliding wave packets produce higher entropy than the pure vac-
uum background, which undergoes scarred dynamics that deters
the growth of entanglement entropy. (c),(d) Around the critical
point mf = mc, the vacuum background thermalizes, while the
colliding wave packets oscillate at the collision point and exhibit
slowed growth of entropy that leads to the negativity in panel (d).
(e)–(h) Above the critical point, the spontaneous particle produc-
tion is suppressed with increasing rest mass, and we gradually
recover the low-energy elastic collision dynamics in Fig. 6.

|〈Q̂〉|left
P,A − |〈Q̂〉|right

P,A . The region taken into account for the
imbalance of particle IP is illustrated by the dashed blue
boxes in Fig. 13(a) of Appendix D. The particle is pre-
pared on the left with IP = 1 at t = 0, after the quench
IP turns negative, indicating that the particle wave packet
“tunneled through” the antiparticle to the right. The imbal-
ance of antiparticle IA mirrors that of the particle, as they
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FIG. 8. Quantum criticality in the particle-antiparticle colli-
sion. (a) Real-time dynamics of the average charge density
around the center (� ∈ [16, 23]). After the quench at t = 0.1 s,
we observe oscillations due to pair production and annihilation.
(b) Time-averaged charge density for different mf (t > 0.2 s).
Above mc, pair production is exponentially suppressed. (c),(e)
Density imbalance between the left and right parts of the sys-
tem for the particle and antiparticle, respectively. For mf < mc,
the imbalance oscillates across the zero point, indicating that
the particle and antiparticle tunnel through each other by string
inversion. (d),(f) Time average of (c) and (e). Above mc, the
(anti)particle is restricted to one side of the system, resulting
in a nonzero imbalance. (g) Real-time dynamics of the differ-
ence in half-chain entropy 	Sj /2. (h) Time-averaged difference
in entanglement entropy, which dips at the critical point.

reverse in position at the same frequency. In fact, the string
inversion dynamics is not a unique phenomenon in lower-
spin QLMs [57,58], but exists even in the full 1 + 1D
QED model [91], with profound connection to the string-
breaking phenomenon. While we focus on the deconfined
case (χ = 0) here, scarring persists and can even be
enhanced in the presence of confinement [92]: this behav-
ior could also be investigated in the context of collision
dynamics.

Around the critical point, the persistent string inversion
is reduced and the vacuum background quickly thermal-
izes; see Fig. 14 in Appendix D. However, with colliding
wave packets, the charge density exhibits a slower decay
of oscillations; see Fig. 13(c) in Appendix D. In Fig. 8(a),
we take the absolute value of the average charge density
near the center where particles collide, as illustrated in the
dashed black box in Fig. 13(c). We fit the oscillations of
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the case at the critical point mf ≈ mc (orange) to a damped
sine function and find the decay time to be τ ≈ 0.065 s,
which is 2.5 times longer than the decay time of the vac-
uum background [0.026 s in Fig. 15(a) in Appendix D].
These oscillations lead to slower growth of entanglement
entropy, as illustrated by the difference 	S [Fig. 7(d)].
The colliding particle-antiparticle pair has a lower entan-
glement entropy than the vacuum background, indicating
that they deter the onset of thermalization. Indeed, we plot
the difference of the half-chain entropy 	SL/2 in Fig. 8(g)
and find distinct dynamics for different mf. When we take
the late-time average of them and plot with respect to the
final mass, we find a dip at the critical point mc. Micro-
scopically, by looking at the particle density difference in
Fig. 7(c), we see that the colliding wave packets oscillate

at the collision point like a metastable state, compared to
the fast decaying dynamics of the vacuum background; see
also Fig. 14(c).

When the final mass is increased above the critical mass,
we observe the suppression of string inversion, as the
particle annihilation and production processes that facili-
tate the string inversion become energetically expensive;
see Fig. 8(b). It also becomes difficult for the colliding
wave packets to tunnel through each other; see Figs. 8(c)
and 8(e). Towards mf � mc, we recover the low-energy
elastic collision demonstrated in Fig. 6; see also Figs. 7(e)
and 7(g). As a result, the particle and antiparticle are
restricted to their initial sides, and the late-time density
imbalances ĪP and ĪA become nonzero, while their absolute
values increase with m; see Figs. 8(d) and 8(f).
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FIG. 9. Meson collisions. (a) A schematic illustration of meson collisions in the quantum simulator. (b)–(e) In the deconfined case,
the particle-antiparticle pair is unstable under the collision, and both wave packets delocalize after the collision. (f)–(i) Meson scattering
in the presence of a confining potential χ = 0.02κ . (j)–(m) Meson scattering in the presence of a confining potential χ = 0.04κ . As
the confining potential χ increases, the meson wave packets become more stable, which is reflected in the postcollision entanglement
entropy S as well as the electric flux 〈Ê〉.
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B. Meson-meson collision

We now turn to the collision of composite particles
(mesons) and demonstrate how collision dynamics reveals
their band structure. We focus on the large-mass case with
m = 1.5κ where spontaneous pair creation in the back-
ground is negligible. Following the protocol described
in Sec. III, we initiate two meson wave packets moving
towards each other; see Fig. 9(a). The barriers used to
prepare the moving wave packets are removed after up
to 0.2 s. Because the mesons move faster for χ ≤ 0.02κ ,
we remove the barriers earlier (at 0.15 s) to avoid multiple
reflections on the barrier.

In the deconfined case (χ = 0), shown in
Figs. 9(b)–9(e), the elementary particles and antiparticles
that make up the mesons scatter elastically with no string
tension between one another. We find the delocalization of
all wave packets and strong entropy production after the
collision. The initially localized electric flux |�〉 spreads
out throughout the whole system, indicating the breaking
down of the particle-antiparticle pairs. We note that there is
a refocus of wave packets at late times near the boundary,
which is caused by reflections on the boundary.

As the confining potential is increased to χ = 0.02κ ,
the mesons become more stable under the collision; see
Figs. 9(f)–9(i). In this case, the particle and antiparticle
wave packets remain localized after the collision, and their
relative position remains unchanged since the particle and
antiparticle cannot tunnel through each other in the large-
mass limit. The electric fluxes |�〉 move together with
the colliding particle-antiparticle pairs, and they remain
largely localized after the collision. We note that the elec-
tric fluxes do leave a residue of |�〉 around the center
where the mesons collide, which can be observed by
the electric flux at the center, 〈Ê〉L/2,L/2+1. This residue
is reduced as we increase χ to 0.04κ in Fig. 9(l). In
Figs. 9(e), 9(i), and 9(m), we find that the entropy pro-
duction decreases continuously with stronger confining
potential; see also Figs. 10(c) and 10(d). Both the entropy
production and the electric fluxes indicate higher meson
stability with increasing confining potential χ .

To quantify this meson stability, in Fig. 10(a), we use
〈Ê〉L/2,L/2+1 as an observable and show its dynamics for
different χ . Its real-time dynamics first grows in time and
peaks around 0.2 s as the mesons collide, while after the
collision it reaches different stationary values depending
on the confining potential. We plot the stationary values in
Fig. 10(b) and find that it plateaus around χ = 0.04κ .

To understand this behavior, we simulate the meson
collisions in the QLM and scan over m and χ . We plot
the stationary values of the center electric field in a 2D
dynamical phase diagram [Fig. 10(e)], where we see this
plateauing behavior for different masses m. The value of χ
required to reach the plateau decreases with increasing m
(solid red curve).
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FIG. 10. Probing meson band structure in the collision
dynamics. (a) Real-time dynamics of the center electric flux
〈Ê〉L/2,L/2+1, which relaxes to a stationary value after the col-
lision. (b) Stationary value of 〈Ê〉L/2,L/2+1 in (a) extracted at
late times, which decreases with χ and plateaus around χ =
0.04κ . (c),(d) Real-time dynamics and the late-time value of
the half-chain entropy SL/2, which also decreases with χ . Both
observables indicate that the meson wave packets become more
stable with increasing χ . (e) A dynamical phase diagram show-
ing the stationary value of the center electric flux 〈Ê〉L/2,L/2+1
scanning over m and χ , calculated in the QLM. The red dashed
line points to m = 1.5κ , which we calculated with the BHM in
panel (b), where we find similar behavior of plateauing around
χ = 0.04κ . As mass m increases, the value of χ required to
reach the plateau decreases (red solid curve). (f) Energy differ-
ence between the first two bands of the meson and the initial
energy 	ε = (ε1 + ε2)− (4m + 2χ).

This behavior reflects the band structure of the mesons.
In the presence of a confining potential χ , the continuum
of particle-antiparticle states separates into discrete bands
of bound mesons, where the higher energy bands are char-
acterized by a greater separation between the particle and
antiparticle. As χ is increased, the energy spacing between
these bands increases, and the higher bands become more
flat due to lattice effects (see Fig. 11 and Appendix C 2).
Initially, the meson wave packets occupy only the low-
est band. However, during the collision, it is sometimes
possible for the two mesons to scatter into a state with a
lower relative momentum, where one meson is in the first
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FIG. 11. Meson band structure. The excitation spectrum of the
two lowest meson bands in the spin-1/2 QLM (2) with lattice
spacing a = 1 and m = 1.5κ for different values of the confining
potential χ , calculated numerically using the matrix product state
excitation ansatz (see Appendix C 2). The open circles show the
initial wave-packet energies (2m + χ ), created as described in
Sec. III. For χ = 0.02κ (a), two colliding meson wave packets
can exchange relative momentum, scattering into the two states
shown with filled circles. For χ = 0.04κ (b) and 0.06κ (c), there
is no way to scatter into the second band while conserving total
energy.

band, and the other is in the second [Fig. 11(a)]. But, for
larger χ , it is not possible to scatter into the second band
while conserving total energy and momentum [Figs. 11(b)
and 11(c)]. Hence, scattering into the second band should
only be allowed when the sum of energies of the first two
bands at the minimum (q = 0) is less than the total ini-
tial energy of the two mesons (4m + 2χ ). We plot the
difference of these energies 	ε = (ε1 + ε2)− (4m + 2χ)
in Fig. 10(f), which shows excellent agreement with the
crossover in behavior of the stationary value of the electric
flux after collision shown in Fig. 10(e) (red solid curves).

V. DISCUSSION AND OUTLOOK

We presented an experimental proposal to probe particle
collisions in a 1 + 1D QED theory with a state-of-the-art
cold-atom quantum simulator. Using MPS numerical cal-
culations, we demonstrated that moving wave packets of

both elementary particles and composite particles can be
created with potential barriers on our quantum simula-
tor. We studied collision dynamics both near and far from
equilibrium, showing that the tunability of the quantum
simulator can be used to access a wide range of energy
scales. By quenching mass close to Coleman’s phase tran-
sition, we observed dynamics such as string inversion and
entropy production in the particle-antiparticle collisions.
Meanwhile, in low-energy elastic collisions, we tuned the
topological θ angle to access both confined and decon-
fined phases, and observed string dynamics that lead to the
dynamical formation of a meson state. We further demon-
strated that the meson band structure could be probed
with meson-meson collisions, opening the door to under-
standing the structure of composite particles with quantum
simulation.

Our study makes an important step towards the quantum
simulation of particle collisions, which is a major objec-
tive of current working groups in the field [34,37]. As
the underlying far-from-equilibrium dynamics of such pro-
cesses can be highly nonperturbative, this in turn presents
current quantum simulators with a true test of quantum
advantage, which is a main driver of the field of quantum
simulation in general.

Although we consider one particular quantum simula-
tor implemented with cold atoms in an optical superlattice
[8–10], our particle-collision scheme (using a potential
barrier to generate coherent wave packets) is possible in
other quantum simulation platforms, such as Rydberg-
atom setups or superconducting qubits. The required inves-
tigation time can already be reached in state-of-the-art
ultracold-atom quantum simulators [8,93]; nevertheless, to
further minimize the effect of possible decoherence, faster
dynamics can be realized by mapping the spin-1/2 QLM
to the tilted BHM [50,52].

An important next step is to explore the quantum sim-
ulation of particle collisions in higher-dimensional gauge
theories [94] as well as higher-spin QLMs [58,95], where
confinement due to the gauge coupling term becomes
important. In particular, the rich collision dynamics in the
crossover from one dimension to two dimensions can be
controllably studied by tuning on the coupling between ini-
tially isolated chains. Moreover, our methods also enable
the exploration of dynamical string breaking with propa-
gating charges [58,91,96].

With our studies of the band structure of both the
elementary particles and composite particles, our highly
controllable and versatile gauge-theory quantum simulator
also presents opportunities to explore Floquet engineer-
ing methods to study particle accelerations [84], Raman-
assisted tunneling [97–99], topological pumping [100–
102], and to access physics of mesons in higher lattice
bands.

Although our investigation here focuses on a one-
dimensional gauge theory, the protocol of creating the
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moving wave packets and studying collision dynamics can
be generalized to various platforms and used to study par-
ticle collisions in the Bose-Hubbard and Fermi-Hubbard
models, or domain wall collisions in various quantum
spin models [40,103,104], and even more exotic forms of
matter such as anyons [105].
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APPENDIX A: PERTURBATION THEORY

The Hamiltonian for the spin-1/2 QLM can be written in
terms of the diagonal and off-diagonal terms with respect
to the basis formed by the tensor product of {|∅〉 , |+〉}
for even matter sites (containing antiparticles), {|∅〉 , |−〉}
for odd matter sites (containing particles), and {|	〉 , |�〉}
for gauge sites:

Ĥ QLM = Ĥ off-diag + Ĥ diag (A1)

with

Ĥ off-diag = − κ

2a

∑

�

(ψ̂�Ŝ+
�,�+1ψ̂�+1 + H.c.), (A2)

Ĥ diag = m
2

∑

�

ψ̂
†
� ψ̂� − aχ

∑

�

(−1)�Ŝz
�,�+1. (A3)

If we have some initial state containing a single particle
|i〉 = |. . . , 	, ∅, 	, −, �, ∅, �, ∅, �, . . .〉 and we wish to
look at the state where the particle has jumped one particle
site to the right, |j 〉 = |. . . , 	, ∅, 	, ∅, 	, ∅, 	, −, �, . . .〉,
there is no term in Ĥ off-diag that directly connects these two
states. However, by second-order perturbation theory, we
can determine an effective Hamiltonian coupling these two
states by performing a Schrieffer-Wolff transformation on
the Hamiltonian

〈i|Ĥ eff|j 〉 = δij Ei + 1
2

∑

k

(
1

Ei − Ek
+ 1

Ej − Ek

)

× 〈i|Ĥ off-diag|k〉〈k|Ĥ off-diag|j 〉,
(A4)

where Ei = 〈i|Ĥ diag|i〉. The only state |k〉 that will have a
nonzero contribution is |k〉 = | . . . , 	, ∅, 	, −, �, +, 	, −,
�, . . .〉, and, thus,

〈i|Ĥ eff|j 〉 = 1
2

(
1

2m + aχ
+ 1

2m − aχ

)
κ

2a
κ

2a

= mκ2

8a2m2 − 2a4χ2 . (A5)

For m � aχ , we can approximate this expression as

〈i|Ĥ eff|j 〉 ≈ κ2

8a2m
. (A6)

This will be the strength of the hopping term in the low-
energy effective model (5) for particles (and antiparticles).

The approximate dispersion relation for a single particle
at χ = 0 is

ε(q) = m + κ2

16a2m
[1 − 4 cos(2aq)], (A7)

where we include an extra shift to the energy from renor-
malization. The group velocity is thus

vg(q) = κ2

2am
sin(2aq). (A8)

The maximum group velocity occurs at sin(2aq) = 1,
which will be vmax

g = κ2/2am. For aq � 1, we have the
linear relation

vg(q) ≈ κ2

m
q. (A9)

APPENDIX B: TIME-EVOLUTION NUMERICAL
DETAILS

To access the dynamics of particle collisions in the
Bose-Hubbard quantum simulator with minimum bound-
ary effects, we perform numerical simulations of the BHM
(4) with a system size of N � 60. We use the time-
evolving block decimation method implemented in the
TenPy package [65,106] with a time step of 1 × 10−4 s ≈
3 × 10−3J −1 and a maximum bond dimension of 3000.

For time-evolution simulations of the quantum link
model (2) itself, we use the time-dependent variational
principle algorithm for matrix product states [66,107,108],
using a single-site evolution scheme with adaptive bond
expansion, also with a time step of 1 × 10−4 s.

APPENDIX C: LOW-LYING EXCITATION
SPECTRUM OF THE QUANTUM LINK MODEL

We can calculate the low-lying excitation spectrum of
the QLM (2) using infinite matrix product state numerical
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techniques [66]. Specifically, we use the MPS excitation
ansatz [109], which is a plane-wave superposition of a
local perturbation of the ground-state MPS by changing
a single tensor, which is then optimized with respect to
energy for a specific quasimomentum q.

1. Single-particle excitations

The single-particle excitations are topologically nontriv-
ial excitations, in that they are domain walls between the
two degenerate vacua of the QLM. (For a nonzero confin-
ing potential χ , the degeneracy between these two vacua is
broken, and so this domain wall state does not have a well-
defined excitation energy, so we focus only on χ = 0 here.)
In Fig. 12(a) we plot the dispersion relations of the lowest-
energy single-particle states calculated for various m. For
m � κ , this approximately matches the sinusoidal disper-
sion relation (A7) of the effective model (5), but as we
approach the critical point mc = 0.3275κ , the dispersion
relation changes shape and becomes more linear around
q = 0.

2. Bound meson excitations

The meson excitations are topologically trivial exci-
tations, that is, they are excitations on top of a single

(a)

(b)

1.0

0.0

0.0 1.0

FIG. 12. Single-particle spectra. (a) The single-particle exci-
tation spectrum of the spin-1/2 QLM (2) with lattice spacing
a = 1 and confining potential χ = 0, scanning across various
masses, approaching the critical point mc = 0.3275κ from above,
calculated numerically using the matrix product state excita-
tion ansatz. For large m, this dispersion relation approximately
matches the sinusoidal dispersion relation (A7) of the effective
model (5) (shown as the dashed gray curves on top of the data).
(b) The corresponding group velocities.

ground state. Classically, we can picture these meson exci-
tations as being a particle-antiparticle pair with a flux string
between them corresponding to the other vacuum, which
we take to be the higher energy one for χ �= 0. For χ = 0,
the two-particle spectrum will be a continuum of scatter-
ing states, but switching to χ �= 0 will split the low-lying
spectrum into discrete oscillation modes. As the poten-
tial energy of this flux string is linearly proportional to its
length, the low-lying modes will approximately follow an
Airy spectrum [110]. The higher energy modes will have
a larger separation, and so the particle and antiparticle will
localize apart from each other due to lattice effects, and the
dispersion will be more flat [110].

In Fig. 11, we plot the two lowest bands of the meson
excitation spectrum for m = 1.5κ and various values of
χ . We can see that, as we increase χ , the second band
becomes flatter and more well separated from the first.
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0.0
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(c)(a)
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(e) (g)
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FIG. 13. Particle-antiparticle collision in the wake of a mass
quench. (a),(b) Quenching mass to mf = 0 at 0.1 s. The dashed
blue boxes in (a) show the left and right regions used to calculate
the particle imbalances IP in Fig. 8(c). (c),(d) A quench to the
critical point mf ≈ mc. The dashed black box in (c) shows the
region used to calculate the average charge density in Fig. 8(a).
(e)–(h) For mf above the critical point, the low-energy elastic
collision dynamics in Fig. 6 is gradually recovered.
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APPENDIX D: DETAILS ON QUENCHES IN
PARTICLE-ANTIPARTICLE COLLISIONS

In Sec. IV A we accessed dynamics of various energy
scales by quenching the rest mass to different mf. Further-
more, for a better comparison, we subtracted the dynamics
of the background vacuum from the colliding wave pack-
ets. Here in Fig. 13, we show the dynamics of the collision
without this subtraction. With mf � 0.8κ [Fig. 13(g)], the
phenomenon is close to Fig. 7(g), as pair creation in the
background is suppressed; see also Fig. 14(g). When mf is
reduced, the signal of initial wave packets is covered by
the particles produced in the background; see Fig. 13(e).
However, at mf = 0, the background undergoes scarred
dynamics [Fig. 14(a)], and the propagation of wave pack-
ets creates a phase shift with light-cone-shaped spread,
similar to the observation in Ref. [57]. Moreover, around
the critical point, we observe longer-lasting oscillations
of the charge density at the collision point [Fig. 13(c)]

(a) (c)

(b) (d)

(e) (g)

(f) (g)

FIG. 14. Evolution of the vacuum background in the wake
of a mass quench. (a),(b) The background exhibits quantum
many-body scarring at mf = 0, with slowed growth of entan-
glement entropy. (c),(d) Around the critical point mc, the vac-
uum background quickly thermalizes. (e)–(h) Above the critical
point, spontaneous pair production in the vacuum background is
suppressed with increasing mass.
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FIG. 15. (a) Dynamics of the average charge density of the
vacuum background when quenched to mf at 0.1 s for the same
sites as in Fig. 8(a). (b) Left-right imbalance of the vacuum
background, which shows no significant change. (c),(d) Half-
chain entropy of the vacuum background and the colliding wave
packets for quenches to various mf, respectively. Around the crit-
ical point (orange curves), the entropy of colliding wave packets
exhibits an initial dip before the linear rise, which leads to lower
entanglement entropy throughout the evolution times.

compared to the background [Fig. 14(c)]. This compari-
son is even more clear when we compare the evolution
of the average charge density around the center (orange
curves for mf ≈ mc) in Figs. 8(a) and 15(a). We extract
the decay time of their oscillations by fitting to a damped
sine function in Fig. 15(a), where the decay time of the
orange curve is found to be τ ≈ 0.026 s, which is 2.5 times
faster compared to τ ≈ 0.065 s in Fig. 8(a). These oscilla-
tions lead to a slower thermalization, which is reflected in
the half-chain entropy difference between the background
[Fig. 15(c)] and the colliding wave packets [Fig. 15(d)],
with their difference shown in Fig. 8(g).

In Fig. 15(b) we observe that, for the vacuum back-
ground, the imbalance in the particle density between the
left and right parts of the system shows no significant
change over time after the quench, since no initial wave
packets are present in the system.
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