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High-energy particle collisions can convert energy into matter through the
inelastic production of new particles. Quantum computers offer aroute to
simulating these out-of-equilibrium processes, but accessing post-collision

dynamics and determining the abundance of produced particles remain
challenging. Here we report evidence for inelastic particle production

in one-dimensional Ising field theory using a digital quantum processor.
We collide two wavepackets, each containing the lightest particle in the
theory, and use the skewness of the measured energy density to identify
aninelastic component containing one outgoing light particle and one
heavier particle. The experiment uses 104 qubits and up to 5,589 two-qubit
gates to access the post-collision dynamics. The computationrelies on
aquantum algorithm that extends protocols for efficiently creating W
states—multipartite entangled states with a single excitation distributed
across many qubits—to prepare the initial wavepackets. With mid-circuit
measurements followed by operations conditioned on their outcomes,
the circuit depthisindependent of the wavepacket’s spatial volume,
rather than scaling polynomially as in previous methods. We construct
wavepacket-preparation circuits for one-dimensional Ising and scalar field
theories, the Schwinger model and two-dimensional Ising field theory.

Quantum computers promise to be powerful tools able to simulate
the dynamics of strongly coupled quantum many-body systems' ™.
In many instances, these simulations are beyond the capabilities of
even the most powerful supercomputers’. Quantum simulations of
quantum field theories (QFTs) would enable first-principles studies
of the behaviour of matter present in extreme astrophysical environ-
ments, high-energy particle collisions and the early universe® ™ This
pinnacle of ab initio scientific investigation, along with advances in
quantum technologies, has motivated the first simulations of QFTs
on quantum devices” *. Notably, quantum simulations of QFTs have
been among the first to surpass the capabilities of exact statevector
simulations*®*and are strong candidates for a quantum advantage.
A fundamental process in QFTs is scattering, in which particles
travel towards each other, collide and eventually form an asymptotic

state. The evolution of the quantum state throughout the collision
encodes information about the interactions, particle content and
mechanisms that govern dynamics in the theory. At the ultrarelativis-
tic energies accessed in particle collider experiments, kinetic energy
is converted into matter through the production of many particles.
Predicting the abundances of particles produced in these processes,
aswell as their collective dynamics, is aforefront theoretical problem.
In this work, evidence for particle productionis observed for the first
time in a quantum simulation of inelastic scattering. A key element of
this simulation is anew algorithm for preparing the initial state, that s,
single-particle wavepackets. The algorithm has two steps:
(1) Prepare a state |W(ky)) that establishes the spatial profile, mo-
mentum content and quantum numbers of the target wavepack-
et but has contributions from multi-particle states.
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(2) Project |W(ky)) onto single-particle eigenstates by minimizing
the energy with symmetry-preserving quantum circuits. The en-
ergy minimum corresponds to the target wavepacket.

Theinitial state |W(ko))is similar to the W state** that has been well
studied in quantuminformationscience duetoits robust entanglement
structure and applications to quantum communication, sensing and
optimization®* ", Recent work has shown that W states canbe prepared
inconstant circuit depth using mid-circuit measurement and feedfor-
ward (MCM-FF)***, Inspired by techniques from refs. 68,69, we
improve the W state preparation protocol in ref. 64 by removing the
need for ancillas. We present an ancilla-free protocol for preparing W
states in constant depth, and a straightforward generalization of this
method is used to efficiently initialize |W(k)) in the first step of the
wavepacket preparation algorithm.

The symmetry-preservingcircuits that minimize the energy in step
2 are found using the variational algorithm ADAPT-VQE’® running on
classical computers. Inthe future, energy-minimizing circuits could be
determined using ADAPT-VQE or a different algorithm with provable
performance guarantees on a fault-tolerant quantum computer. Our
wavepacket preparation algorithm can be applied to a wide range of
lattice models. Furthermore, the required circuit depthisindependent
of wavepacket size and only scales with the correlation length. Thisisa
substantial improvement over previous methods, which either incur
an exponentially scaling classical computing overhead**®or require a
circuit depth thatscales polynomially with the wavepacket size'**>"",

We demonstrate the utility of this algorithm by constructing
wavepacket preparation circuits inone-dimensional Ising field theory,
scalar field theory, the Schwinger model and in two-dimensional Ising
field theory. In one-dimensional Ising field theory, the circuits that
prepare wavepackets on lattices with 100+ qubits are determined using
amatrix product state (MPS) simulator. These wavepacket preparation
circuitsare then usedtoinitialize a scattering simulation on104 qubits
of IBM’s quantum computer ibm_marrakesh. For current hardware
capabilities, we find that linear-depth unitary circuits are more practi-
cal for preparing |W(ko)) than the MCM-FF method. The application of
up to 45 steps of Trotterized time evolution (5,589 two-qubit gates)
evolvesthe systemwellbeyond the collision. The paths of the particles
throughout the scattering process areidentified from measurements
of the energy density. The creation of a slow-moving heavy particle
duringthe collision causes the energy density in the post-collision state
tobe skewed. The skewness is extracted from our quantum simulations
andis evidence for inelastic particle production.

‘Overview of the wavepacket preparation algorithm’, ‘Quantum
simulations of scattering in one-dimensional Ising field theory” and
the ‘Discussion’ constitute the main text of this Article and are designed
tobereadsequentially. ‘Overview of the wavepacket preparation algo-
rithm’ provides a high-level overview of the wavepacket preparation
algorithm. ‘Quantum simulations of scattering in one-dimensional
Ising field theory’ presents results from using ibm_marrakesh to simu-
late inelastic scattering in one-dimensional Ising field theory. The
‘Discussion’ concludes and discusses prospects for anear-term quan-
tum advantage insimulations of scattering. The Methods supportthe
results presented inthe Article. In particular, the constant-depth circuit
that prepares |W(ko))is given inthe ‘A constant-depth circuit for initial-
izing |W(ko)Y section of the Methods. Circuits that prepare wavepackets
in one-dimensional Ising field theory are determined using an exact
statevector simulator in the ‘Quantum circuits for preparing wavepack-
ets in one-dimensional Ising field theory’ section in the Methods. In
the ‘Quantum circuits for simulating scattering in one-dimensional
Ising field theory’ section in the Methods, circuits that prepare
wavepackets on large lattices in one-dimensional Ising field theory are
constructed using a MPS circuit simulator. In the ‘MPS simulations of
scattering in one-dimensional Ising field theory’ section in the Meth-
ods, they are used to simulate scattering with MPS. Details about the

experiments performed onibm_marrakesh, including the error mitiga-
tion techniques used, are given in the ‘Details on the simulations per-
formed using IBM’s quantum computers’sectionin the Methods. The
‘Calculating skewness’ section in the Methods shows how inelastic
effects can be detected from the asymmetry in the outgoing energy
density and explains our method for quantifying this with skewness.
The Supplementary Information provides additional information and
expands on discussions in the Methods.

Overview of the wavepacket preparation
algorithm

A quantum simulation of particle scattering begins with the prepara-
tion of single-particle wavepackets. Our method prepares wavepackets
of the lightest particles with given quantum numbers by minimizing
the energy starting from asuitableinitial state. The circuits that mini-
mize the energy could be determined from running variational algo-
rithms on a quantum computer. For one-dimensional systems these
variational algorithms caninstead beimplemented using a MPS circuit
simulator. Importantly, the energy minimization circuits can be made
hardware-efficient by adapting the ansatze to the connectivity and
native gate set of the target quantum computer. Therefore, this method
is particularly advantageous for simulations on near-term quantum
computers that arelimited by circuit depth. For simplicity, this section
focuses on preparing wavepackets in one-dimensional lattice QFTs.

Consider a system with a unique ground state that is invariant
under time reversal and spatial translations, and has periodicboundary
conditions (PBCs). Its Hamiltonian A is block diagonal, with each block
labelled by a momentum k. If the Hamiltonian has a mass gap, the
ground state and first excited state of the k=0 block correspond to the
vacuumand thelightest particle atrest, respectively. The lowest-energy
states of the other k # 0 blocks are the lightest single-particle eigen-
states with momentum k which we define as |¢;). The block-diagonal
structure ofthe Hamiltonianisillustratedin Fig. 1, left. These properties
of the Hamiltonian motivate a variational quantumalgorithm for pre-
paring single-particle wavepackets.

Awavepacketisasuperposition of single-particle eigenstates that
islocalized around a position x,and amomentum k,. Awavepacket with
asmallspreadin momentum space owill have alarge spreadin position
space ~o~'and will propagate for along time as a localized particle. The
wavepacket wavefunctionis

; 2
'wwp> — NZ e—ikxo g—(ko—k) /(40%) W) §))
k

where 2V is a normalization factor. A consistent phase convention is
necessary when defining the single-particle eigenstates |;) (Supple-
mentary Section H). The sum runs over k € 2rin/L, where L is the num-
ber of latticesites, and nis aninteger such that k € (-m, Tt]. For systems
with a dispersion relation that is monotonic in |k|, a wavepacket that
propagates to the right (left) will have the bulk of its amplitude in eigen-
states with k> 0 (k < 0). As a warm up, first consider the task of
preparing ).

The state |¢;) with k # O can be prepared in two steps. First, some
state |k) that is ina definite momentum block of the Hamiltonian (that
is, an eigenstate under spatial translations, e~#" |k) = e~ |k) is initial-
ized. One simple choice for |k)is the superposition of all states related
by translation to |00 ... 001) weighted by the appropriate phase. This
assumes a basis where |00 ... 001) has the quantum numbers of the
target single-particle state. For example, in scalar field theory,
single-particle states are odd under the Z, symmetry that takes ¢ > —¢.
If one lattice site maps to one qubit, this state would be

1 L-1 )
k) = 7 D, eknan, @
n=0
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Fig.1| Wavepacket preparation using W states and symmetry-preserving
energy minimization. Left: due to translational invariance, the Hamiltonian
decomposes into blocks Hy, each with definite momentum k. The lowest-energy
state in each block corresponds to the single-particle momentum eigenstate ¢ ).
Higher-energy states can be interpreted as multiple particles with total
momentum k (or heavier single-particle states not shown). Right: quantum
circuits that prepare the target wavepacket |, ). First, the state | W(k,)) is

prepared with a constant-depth circuit using MCM-FF (step 1). This initial state
has the momentum content of the target wavepacket but incorrectly contains
higher-energy components. Next, the energy is minimized using circuits that are
translationally invariant, real and conserve other system-specific symmetries
(step 2). These constraints preserve the momentum content of | W(k,)) while
projecting the wavefunction onto the desired single-particle states. The energy
minimum corresponds to |yy).

where the state is specified by its binary value on L bits, for example,
[2!) =100 ... 010). This state isin the correct kblock of the Hamiltonian
and has the long-range entanglement inherent to momentum eigen-
states” but needs to be rotated to the lowest-energy state. A circuit
that approximately implements this rotation |¢;) ~ U(0,) |k) canbe
determined by minimizing the energy

0@,) = argmin (Yanee| U8) AU®) [$ansars) » 3)

where |nsar,) = |K) and 0(@) is a translationally invariant unitary
operatore’k”U(e)e""” U(@)that depends on variational parameters
0. This circuit must also preserve the other quantum numbers of |¢),
and translational invariance ensures that the resulting state remains
in the correct k block of the Hamiltonian. This forms the basis for a
variational algorithm, and circuits that prepare |k) and minimize the
energy canreadily be constructed.

The generalization of this strategy to prepare |¢,,,) begins with
theinitialization of some state | W(ko)), which has the correct amplitude
and phase in each k block of the Hamiltonian. A simple choice is a
wavepacket built from ),

[Wiko)) = 7 F et et b1

. )
= Zeltpncn |27y,

where the magnitude of ¢, follows a Gaussian centred at n = x,. The
special case of a uniform superposition is the W state®. Using tech-
niques fromrefs. 68,69 weimprove the W state preparation circuitsin
ref. 64 and generalize them to prepare |W(ko)). The circuit is given in
the ‘A constant-depth circuit for initializing | W(k,)Y sectionin the Meth-
ods and utilizes MCM-FF to prepare | W(ko)) intwo-qubit gate depth 7.
The depthisindependent of lattice geometry, system size and target
wavepacket size. The use of W states for preparing wavepackets in
analogue quantum simulations was recently proposed in ref. 76.

A simplified description of the circuit is the following: first,
single-qubit rotations produce thestate |000 ...) + V6 [W(ko)) + 6 1X),
where |X) contains states with two or more 1s in their binary repre-
sentations, and & is an input parameter. Next, the parity [] Z, (and
only the parity) is measured using the constant-depth circuit from
ref. 64. Post-selecting on odd parity prepares |W(ko)) with infidelity
7 = 0(6%) and succeeds with probability pg,.cess = 0.436 (assuming

6 <1).Forlarge wavepackets, the success probability and infidelity are
independent of wavepacket size (‘A constant-depth circuit for initial-
izing|W(ko)y sectioninthe Methods). The state | W(ko))has the momen-
tum content of the target wavepacket but incorrectly contains
components with two or more particles, as well as heavier
single-particle components. This is illustrated by the first step in
Fig.1, right.

After preparing |W(k,)), the wavefunction in each k block is
rotated to the lowest-energy state while preserving its amplitude
(e~ko=R)’/(40)) and phase (e~*x0), The circuit that approximately
performs this rotation |,,) ~ U(0,) |W(ko)) is again determined
from minimizing the energy in equation (3). Now, [(ansar,) = [W(Ko)),
and U(@) is translationally invariant, real and conserves the other
quantum numbers of |W(ky)). Translational invariance preserves the
amplitude of theinitial statein each kblock and reality preserves the
phase. Ata practical level, U(@) can be constructed from translation-
ally invariantand imaginary operators O;as U(6) = I, €®0, Each of
the terms €99 is then convertedtoa quantum circuit Vla Trotteriza-
tion. Operators O; generated from the Lie algebra of the Hamiltonian
are particularly effective at minimizing the energy and guide the
circuit design in this work. The energy minimization effectively
projects out all unwanted multi-particle and heavy single-particle
components of the [W(ky)) wavefunction, leaving only the target
single-particle wavepacket |¢,). This is illustrated by the second
step inFig. 1, right.

This wavepacket preparation method can be applied to a wide
range of lattice models in any finite spatial dimension. The required
circuitdepthisindependent of wavepacket volume, provided that the
qubit connectivity matches that of the target lattice. Supplementary
Section B discusses the limitations and possible extensions of the
wavepacket preparation method. In the next section, this algorithm
isused toinitialize simulations of scattering in one-dimensional Ising
field theory onIBM’s quantum computers. In Supplementary Section
B, itis applied to the preparation of wavepackets in one-dimensional
scalar field theory, the Schwinger model and two-dimensional Ising
field theory.

Quantum simulations of scatteringin
one-dimensional Ising field theory

The physics of the Ising model illustrates the complexity of quantum
phenomenathat can emerge from simple interactions. This has made
it atarget for quantum simulations, with recent demonstrations of
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n n

Fig. 2| Low-energy versus high-energy collisions. A heat map of the energy
density throughout the scattering process as a function of lattice position n and
time t. Propagating particles are identified as beams of energy with a constant
velocity. Left: the elastic scattering of two light |1) particles (blue), 11~ 11. Right:
theinelastic process 11> 12 that produces a heavy |2) particle (red).

many-body localization”, discrete time crystals’®, Majorana edge
modes’® and string breaking®*. Our work focuses on the field theory
that emerges when the Ising model Hamiltonian

n—lZn + Zn2n+l) + gx)en + gzzn]
(5)

I
el
5:':

istunedto criticality:g,~>1,g,~> 0 and L > . The energy density H, will
beanimportant observable and is defined inthe second line. The phys-
icsatthe critical pointis described by the conformal field theory (CFT)
ofafree, massless Majorana fermion. A family of Ising QF Ts is reached
by tuning to criticality, but keeping the scaling invariant ratio

-1 -1
Mate = gX—D_Ae = éxlm (6)
82| P-2e z

held fixed. The second equality uses the spacetime dimension D=2
and scaling dimensions of the relevant Conformal field theory defor-
mations 4,=1and 4,=1/8. For generic values of ., the field theory
describes massive interacting particles andis non-integrable. The lat-
tice spacingis set to 1throughout this work and all lengths are expressed
inlattice units. The Hamiltonian H is dimensionless; hence, timeis also
dimensionless, and the operator e~ describes evolution for dimen-
sionless time t. More information on Ising field theory can be found in
refs. 80-82.

Dynamical simulations of scattering in Ising field theory were
recently performed using MPS methods in ref. 82. By changing the
energy of theinitial state, clear distinctions between elastic scattering,
scattering near aresonance and particle production viainelastic scat-
tering were observed. This work showcased the wealth of information
that can be accessed with real-time simulations of collisions.

Our quantum simulations use g, =1.25 and g, = 0.15 where there
are two stable particles: one light particle |1) with mass m, =1.59 and
oneheavy particle|2) with mass m,=2.98. Theinitial state for our scat-
tering simulations consists of two wavepackets of 1) particles that are
separated in space. As time goes on, they travel towards each other,
collide and separate. For low centre-of-mass energies E,,, only the
elastic process 11~ 11showninFig. 2, left, is kinematically allowed. The
lowest-energy inelastic process is 11> 12 where a single heavy |2) par-
ticleis produced during the collision. The observation of this process
is the goal of our quantum simulations. This inelastic channel opens

up for energies above the particle production threshold, £, > Ey;,, = m,
+m,=4.57 and canbe detected from additional outgoing tracksin the
energy density. Thisis seenin Fig. 2, right, which depicts the production
of the heavy |2) particle. In the kinematic regime illustrated by Fig. 2,
right, three different scattering outcomes occur in superposition:
elastic scattering, inelastic scattering with the heavier particle moving
right and inelastic scattering with the heavier particle moving left.
Hence four outgoingtracks are visible, even though there are only two
outgoing particles for each outcome.

Forenergies E,,, > E,, there are additional inelastic processes that
produce many particles. Such processes generate substantial entangle-
mentand are challenging to simulate with MPS methods. Simulations
ofthese ultrahigh-energy collisions are also beyond the capabilities of
current quantum hardware. At the energies accessed in our quantum
simulations allinelastic channelsbesides11->12 canbe neglected. The
three-body channel 11 - 111 is kinematically allowed but has a much
smaller branching ratio than the 11> 12 channel®’ (see Supplementary
Section Cfor details).

Inelastic scattering on IBM’s quantum computers

In this section, inelastic scattering is simulated on L = 104 qubits of
ibm_marrakesh using the lattice-to-qubit mapping shownin Fig.3a. A
lattice with open boundary conditions (OBCs) is chosen to avoid noisy
gates. The boundary has exponentially small effects on wavepackets
created in the bulk but causes the wavefunction to deviate from the
ground state near the lattice edges. See ‘Details on the simulations
performed using IBM’s quantum computers’ section in the Methods
for a discussion, along with the modifications to the simulation pro-
tocols that are necessary to accommodate OBCs. The first step of the
wavepacket preparation algorithm outlined in ‘Overview of the
wavepacket preparation algorithm’is the initialization of |W(ko)). The
‘A constant-depth circuit for initializing | W(k,)) sectionin the Methods
shows that this can be achieved with a constant-depth circuit using
MCM-FF. This approach is currently not optimal on IBM’s heron r2
quantum computers due, in part, to readout being about 3x noisier
and 38x slower than two-qubit gates (2,584ns versus 68ns). Instead of
MCM-FF, |W(ko)) is initialized with the unitary circuit in
Extended Data Fig. 1, upper left. Wavepackets are then prepared by
applying symmetry-preserving circuits J(@, )that minimize the energy.
These circuits are determined using ADAPT-VQE running on the MPS
circuit simulator Quimb®. Information on wavepacket preparationis
given in the ‘Quantum circuits for preparing wavepackets in
one-dimensional Ising field theory’ and ‘Quantum circuits for simulat-
ing scattering in one-dimensional Ising field theory’ sections in the
Methods. The structure of the circuit that prepares two wavepackets
isshownin Fig. 3b. The initial state is chosen so the wavepackets have

a b

OO0 = = == OO = ===
1 1 1 | — - |-

1 1 1 1
O = - -_—_—— - O ==
1 + 1
1 1
O— -I I- - - _IA(} - -I |W(k0)>
1

- -I$I- -I+'- - -
Z:E: | | U(eﬂ) 02(0
o —O0—@—0—0——4

| ——
Fig. 3| Qubit layout and circuit structure used to simulate scattering in Ising
field theory. a, The L =104 qubit layout used on ibm_marrakesh. b, The structure
of the quantum circuits used to simulate scattering in Ising field theory. The
coloursindicate the qubits used in the lattice-to-device mapping. The energy
minimization circuit U(0 ) creates wavepackets when actingon | W(tko)). The
circuit U,(t) implements time evolution with second-order Trotterization.
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Fig. 4 |Simulations of inelastic particle production in one-dimensional Ising
field theory. a, The energy density E, throughout the scattering process
obtained with a MPS circuit simulator ona =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 ¢, = 0 and collide around ¢,
=8.25. 0utgoing particles begin to format ¢,=16.5and t; = 24.75. The asymmetry
ofthe energy density in each ‘bump’ signals the formation of the |2) particle
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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 k, = 0.32mand o0=0.13, and each wavepacket is supportedond >
21sites. A Trotter step size of 6t =1/16 is used to evolve the systeminaand 6t =
0.55isused inb. The sample size for bis (from bottom to top) {2.56,1.28,1.28,
2.56} x10°, and the statistical error bars are the bootstrap standard error centred
around the mean.

supportond > 21sites, and the total energy is E,,,/E, =1.2. These param-
eters give the strongest signal of inelastic scattering in the least circuit
depth (‘Details on the simulations performed using IBM’s quantum
computers’ section in the Methods).

Once established, the wavepackets are time evolved with a
second-order Trotterized unitary U,(¢). A Trotter step size of 6t=0.55
ischosentobalance the Trotter error and circuit depth (Supplementary
Section G). For each simulation time, the vacuum-subtracted
energy density

En = <w2wp'l:ln(t) |¢2wp> - (‘pvac“:ln(t) |¢'vac> (7)
is measured. Here, H,(t) = U,(t)' H,U,(¢) with H, defined in equation
(5), |¢awp) is the prepared two-wavepacket state and |¢py,.) is the pre-
pared vacuum. The circuits that prepare |},,,) and [¢,.) have very
similar structure and are explained in the ‘Details on the simulations
performed using IBM’s quantum computers’ section in the Methods.

MPS calculations of the energy density throughout the scattering
process are shownin Fig. 4a. Two pairs of particle tracks emerge from
the collision region. The majority of the energy is in the outer pair of
tracks, which correspond to the trajectories of the light |1) particles.
The inner pair of tracks has a lower velocity compared to the elastic
trajectoriesandrepresent the heavy |2)particles producedin theinelas-
tic process 11> 12. Schematically, this process is

[1(ko) 1(—ko)) — [L(k)2(—k")) + 1 2, (8)

where k’is the momentum of outgoing particles. The kinematics are
suchthat thetrajectories of the outgoing|1) particles overlap with the
elastic tracks and cannot be distinguished in Fig. 4a (see ‘MPS simula-
tions of scattering in one-dimensional Ising field theory’ sectionin the
Methods for details). It is shown in Supplementary Section C that the
identification of the outgoingtracks with |1yand |2) particles is consist-
entwith their velocities predicted from the single-particle dispersion
relations. We emphasize that the elastic and inelastic processes occur
in superposition, and there are no components of the wavefunction
with four particles.

The energy density measured on ibm_marrakesh is shown for a
selection of simulation times in Fig. 4b. Two distinct wavepackets ini-
tialized at ¢, = O propagate towards each other and collide around ¢, =
8.25. Later simulation times probe the formation and evolution of the
post-collision state. At ¢, =16.5 the outgoing wavepackets begin to
separate, and by t;=24.75, asymptotic particlesbegintoform.Upto¢,
=16.5,thereisgood agreement between the energy density determined
from ibm_marrakesh (data) and MPS (dashed grey line). Significant
systematic errors develop in the quantum data at ¢; = 24.75 due to the
larger circuit volume. For ¢ > ¢;, the asymptotic|2) particle producedin
the 11 > 12 process becomes identifiable as a separate ‘bump’ in the
energy density that propagates at alower velocity. Unfortunately, the
cumulative effects of noise made simulations beyond ¢t =24.75impos-
sible onibm_marrakesh.

Despite the device noise, we observe evidence for the inelastic
production of the heavy |2) particle. Long after the collision, the pres-
ence of a heavy particle could be confirmed by projecting onto exclu-
sive scattering channels. Before this, the energy density of the outgoing
particles on each side of the collision becomes skewed towards the
centre of the lattice. Thisis due to the presence of the |2) particlein the
wavefunction that travels slower and is absent for scattering below
inelastic threshold, as shown in the ‘Calculating skewness’ section in
the Methods. We compute the skewness, y, from the third moment of
the energy density of each region of outgoing particles as described
inthe ‘Calculating skewness’ section in the Methods. The left column
of Fig. 5shows the energy density of the bumps after the collision, and
gives y obtained from both MPS and ibm_marrakesh. The quantum
results of the post-collision state at ¢, are right-skewed (y > 0) and in
agreement with MPS. The right-skewness increases at ¢; due to the
emergence of the heavy |2) particle. Some of this skewness is due to
systematic errors in the quantum data that increase £, between the
outgoing particles. To isolate skewness due to inelastic effects from
systematicerrors, additional simulations of single wavepacket propa-
gation are performed. The energy density of a single wavepacket at
times¢, and t;are shownin the right column of Fig. 5. The MPS simula-
tions of single wavepacket propagation still exhibit positive skewness
due to boundary effects as discussed in the ‘Calculating skewness’
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Fig. 5| Asymmetry in the post-collision and single-particle energy densities.
Theregions of positive energy density on the left half of the lattice in the 11> 12
scattering process (left column) and in the 1> 1process of single particle
propagation (right column). Results at times ¢, and ¢; obtained from ibm_
marrakesh and MPS are shown. The skewness of the energy density, y, is
computed by considering pointsin aninterval determined by an energy cutoff
(dotted black line). The uncertainty in y comes from varying the energy cutoff as

n

described in the ‘Calculating skewness’ section in the Methods and from
statistical error. The skewness isincreased in the 11> 12 energy density compared
to1-1duetotheinelastic production of the heavy |2) particle. The simulation
parameters are the same as in Fig. 4b. The sample size for the left column is (from
bottom to top) {1.28, 2.56} x 10° and for the right columniis {2.56, 5.12} x10°. The
statistical error bars are the bootstrap standard error centred around the mean.

sectioninthe Methods. The skewness of the post-collision stateis 0.60
larger thanthe single-particle state at¢,and 1olarger at t;. This provides
evidence that the post-collision skewness is, at least partially, due to
inelastic particle production.

The quantum resources used for these simulations are detailed in
the ‘Error mitigation’ section in the Methods. The latest simulation
time corresponds to ny =45 Trotter steps and requires 5,589 two-qubit
gates with a two-qubit gate depth of 130. With such a large quantum
volume, effective error mitigation is crucial for recovering reliable
results. A full description of our error mitigation strategy is provided
in the ‘Error mitigation’ section in the Methods, with certain aspects
highlighted here. Pauli twirling (PT)** shapes the noise into a stochastic
Pauli channel. For each simulation time, circuits that evolve both |,,,,)
and |y,) are run. The time evolution of the vacuum is used to learn
how the Paulinoise channel affects local observables. Noise-free expec-
tation values in the scattering simulations are then estimated using
thelearned noise model. This method, known as operator decoherence
renormalization (ODR)*°, is an extension of refs. 26,85.

Two unforeseen features of the device noise were encountered
during the simulations. First, the Pauli noise channel is very asymmet-
ric, and (Z,) measurements are effectively =3x noisier than (X,,) and
(Z242Z,,1y measurements (see the ‘Error mitigation’ section in the Meth-

ods for details on device noise characteristics). The source of this
asymmetry is amystery but could be due toincomplete twirling of the
(non-Clifford) R,,gate. In addition, we observed that one faulty single-
or two-qubit gate could degrade the whole simulation. This was not
noticed in previous simulations of wavepacket dynamics on IBM’s
quantum computers performed by the authors that utilized similar
circuit depths**%, We attribute this increased sensitivity to the larger
simulation light cone of ct,,, = 40 qubits reached in this work, com-
pared withct,,,, =8 qubitsin our previous works. This effectively allows
the noise to contaminatealarger region of the device inthe same circuit
depth. Toreduce these effects, IBM’s calibration data was used to care-
fully avoid high-error gatesin the lattice-to-qubit mapping. The simula-
tion light-cone also explains the increase in systematic errors at ¢,
compared with t,, despite the circuit depth only increasing by 30. This
isbecause the simulation light-cone at ¢;encapsulates approximately
2.5xmore two-qubit gates than at ¢,. These observations highlight that
the effects of circuit noise on the results of a quantum simulation
depend heavily on the physical process being simulated.

Discussion
The quantum simulations in this work are the first to probe the
non-equilibrium QFT dynamics generated in the wake of particle

Nature Physics


http://www.nature.com/naturephysics

Article

https://doi.org/10.1038/s41567-026-03436-8

collisions. This is a substantial improvement over previous quantum
simulations of scattering that were constrained to early times and low
energies. Advancing beyond this regime required sophisticated strate-
giesfor managing device errors that are amplified by alarge simulation
light conect,,,,. Algorithmicerrors and quantumresource requirements
must be balanced in an optimal simulation that operates within the
correct regime of length scales. Our simulations of Ising field theory
used: system size L =104, particle propagation distance vt,,,, = 40,
wavepacket size d=21and correlation length {<1/m=0.6 (where mis
the mass of the lightest particle). Even with these minimal parameters,
observing evidence of inelastic particle production required the full
capability of state-of-the-art quantum hardware.

Our simulations are far from the continuum limit of £ = (in lat-
tice units) and are not designed to make precise predictions about
the underlying QFT. Instead, our work demonstrates that simula-
tions far from the continuum can still be informative and capture
features of non-equilibrium processes in QFTs. The use of quantum
computers to explore quantum many-body dynamics, without the
goal of making precise quantitative predictions, aligns with the
capabilities expected in the pre-fault-tolerant era. Precision simula-
tions of scattering are possible in one-dimensional QFTs using MPS
techniques®*, For example, the Ising field theory simulations
inref. 82 utilized an L, vt,,,, d, §and inverse time step 1/6t that were
about 10x larger than are used in this work. The smaller systematic
errors in their simulations allowed individual inelastic channels to
be isolated and enabled robust predictions of the underlying QFT.
Future quantum simulations, probably incorporating some form of
error correction, may be able to access ultrahigh-energy scattering
where the production of highly entangled, many-particle states
renders MPS methods unreliable.

The wavepacket preparation algorithm developed in this work is
particularly advantageous in higher dimensions. By utilizing MCM-FF,
wavepackets in any finite spatial dimension can be prepared with a
circuit depth that is independent of the wavepacket size, provided
that the qubits share the connectivity of the target lattice. By contrast,
existing methods have a circuit depth that scales polynomially in the
spatial volume of the wavepacket. This scaling is often worse if all-to-all
connectivity is not assumed. The speedup from using MCM-FF arises
because some long-range correlations in quantum states can be built
with constant-depth circuits that are supplemented with local opera-
tions and classical communication. Efficient algorithms allocate the
minimal amount of two-qubit gates needed to create the requisite
entanglement, which is then distributed throughout the system with
MCM-FF. The key insightis that the long-range entanglementinherent
to momentum plane waves” is also present in W states”. Therefore,
wavepackets can be built from W states by only modifying correla-
tions localized over = sites. Finding a basis where this observation is
useful was guided by the symmetries and hierarchies in length scales
characteristic of the target system.

The efficient preparation of wavepackets is a prerequisite for
achievinga quantum advantage in simulations of scattering. An advan-
tage could be realized in two dimensions, where no dynamical simu-
lations of QFT scattering have ever been performed. The underlying
assumption of classical hardness is supported by empirical evidence
that simulations of dynamics in two dimensions are challenging using
classical computers®*°. Such simulations would unlock the ab initio
study of many phenomena absent in one-dimensional systems. For
example, in two dimensions, spatial rotations on the circle allow sin-
gle particles to have spin, pairs of particles to have anyonic statistics,
and multiple particles to have relative orbital angular momentum.
Dynamical studies of these effects in QFTs are now possible!*%1%¢
due to the emergence of flagship quantum computers with native
two-dimensional connectivity'®"°. These advancements have the
potential to open a new frontier of scientific exploration that is pow-
ered by quantum computing.
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Methods

Throughout this Article, the qubits are labelled |g;_; ... ¢2¢:190)
(little-endian notation) and the top wire in every circuit corresponds
to g,. Thesystemsizeis L and all systems have PBCs (with g, =q,) unless
otherwise stated. The wavepacket size is d, the mass of the lightest
particleism, |, )is the exact wavepacket, |(,nsar,) is the approximately
prepared wavepacket and |¢,,.) is the vacuum.

A constant-depth circuit for initializing |W(k,))
The efficient preparation of the state in equation (4) ond sites

d-1

[Wko)) = D €®ncy |27, ©)
n=0

isanimportant primitive for the preparation of wavepackets. For ¢, =
0and ¢, = 1/v/d this reduces to the W state. The authors of ref. 64 pre-
sented aningenious circuit for preparing the W state in constant depth
that requires d ancilla qublts Their method begins by initializing
[¥o) = (W1—6/d|0) + \/6_/d|1>) on the system qubits. Then the parity
11 Z, is measured using a constant-depth circuit. Odd parity occurs
With Py > 0.436 and prepares the W state with infidelity 7 = 0(6?).
We generalize their method to prepare |W(k,)) for arbitrary c,and ¢,.
Inaddition, we remove the ancillas and provide exact expressions for
psuccessand J.

The circuit that prepares |W(ko)) is shown in Extended Data Fig. 2.
Thesstates|¢,), |¢1), |¢,)arelabelled at intermediate stages of the cir-
cuitand are described here. First, g, is prepared in |+)and

d/2-1
® [cos (%22) j0) + sin (222 )], ©

03041 _ 2
sin (222 = 5./, + &, ..

is prepared on the odd-numbered qubits by applying single-qubit R,
rotations, [T, e~ ®»n"»+/2 Then, the parity is kicked back to qubit g, by
applying H:fo_l Zyncontrolled ong,. This controlled-parity operation
is implemented with the constant-depth circuit developed in ref. 64
and shown in Extended Data Fig. 2, right. Several details about this
circuitare described here. The second layer of CNOTs acts on pairs of
qubits g,g,.,withn=0,4, ...,d-6.The p,in the first round of MCM-FF
arethe sums of the outcomes on all measured qubits g, withm<n, and
the p in the second round of MCM-FF is the sum of all measurement
outcomes. After applying the controlled Hd/z ' 23241 and a Hadamard
on qubit g,, the state of g, is correlated with the parity, that
is, ) =| even parity ) |0) + | odd parity ) 1).

Next, g,is measured and outcomes are post-selected on odd parity,
which occurs with success probability

[$o) =

d/2 1
I1 [1-26(c2,
0

2n+1)]

N =

1
Psuccess = 2
n=

d/2-1
=6—62[1— ¥ (2, +02n+1)
n=0 (11

d/2-1

1-3 z @,

d/2-1

+3 2 +c§n+1) +2 E (3,

2n+1)

+O(6Y > - (1 e2%) > 0.436.

This expression has been simplified by using the normalization condi-
tion Y, ¢z = 1. The lower bound of py,..; is derived in Supplementary
Section A for § <1. The even-numbered qubits are reset to |0y and the
state after a successful measurement outcomeis

d/2-1

[P = D A/ + o 12)
n=0

22041y 4 O(6).

Foragiven pair of neighbouring qubits, this state has concentrated the
probability of finding either in|1)to the odd-numbered qubits. Inspired
byref. 68, the final step spreads this probability to the evensites, previ-
ously used as ancillas. This is done using the controlled-R, CNOT
sequence fromref. 69, with rotation angles

tan(ez") = G

. (13)
2 Con+1

Lastly, the phases in |W(k,)) are added with single-qubit R, rotations,

H"e—i"’nznﬂ. The final state |,) is an approximation to |W(ko))
with infidelity

7 =1— [(Wko)l)?
d/2-1

= DIRICALAY };[[1-5@5”5“1)1
n

psuccess n=0

52 d/2-1 d/2-1 (14)

1-3 Z (CZn+C§n+1) +2 Z (C

£@-2d-
az

2n+1)

+O8) < +0(6%).

Theupperboundon 7isderived in Supplementary Section A. Note that
expanding 7 to the first non-zero order required p, ... in equation (11)
to third order. Both p,,....; and 7 are independent of d for large d, and
their worst case bounds are saturated for W states.

Quantum circuits for preparing wavepackets in
one-dimensional Ising field theory

The algorithm outlined in ‘Overview of the wavepacket preparation
algorithm’ can prepare wavepacketsinawide range of lattice QF Ts. This
section provides the circuits for wavepackets in one-dimensional Ising
field theory, with additional applications to A¢* scalar field theory and
theSchwinger model, as well as two-dimensionallsing field theory, given
inSupplementary SectionB. Circuits that prepare wavepackets onsystem
sizeswith <28 qubits are found using the giski t statevector simulator,
and the prepared state is benchmarked against the exact wavepacket
determined fromexactdiagonalization. Our exact diagonalization meth-
ods are explained in Supplementary Section H. In the ‘MPS simulations
of scattering in one-dimensional Ising field theory’ section, the circuits
that prepare wavepackets in one-dimensional Ising field theoryonal =
256 lattice are determined using a MPS circuit simulator.

MCM-FF isinefficient on classical circuit simulators because each
measurement outcome creates a new branch in the circuit that must
be computed separately. In the worst case, this causes the simulation
cost toscale exponentially with the number of measurements. There-
fore, all simulations that use classical computing in this work initialize
|[W(ko)) with the unitary circuit in Extended Data Fig. 1, top left. The
wavepackets prepared in this section using statevector simulators have
the wavepacket size d equal to the system size L. Additional circuits for
preparing |W(k,)) that reduce the circuit depth by utilizing
beyond-linear connectivity and/or MCM-FF are givenin Supplementary
Section D. The approximate wavepacket is then prepared by variation-
ally minimizing the energy using circuits that are translationally invari-
ant, real and preserve the other system-specific symmetries. We
perform this optimization using ADAPT-VQE, which provides an effi-
cient framework for symmetry-aware optimization. ADAPT-VQE is a
greedy algorithm that builds the structure of the ansatz circuits layer
by layer. At each step in the algorithm, the circuit layer that is most
effective at minimizing the energy is identified from a pool of
symmetry-preserving parameterized circuits {0(6)}. This circuit layer
is appended to the ansatz circuit and the values of the variational
parameters 0 are optimized to minimize the energy. The key ingredient
inADAPT-VQE is the choice of circuit pool, or equivalently an operator
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pool {0} from which the circuits are generated, that is, U;(6) = %0,
Guided by symmetries, an operator poolinspired by the Lie algebra of
the Hamiltonian will be used throughout this work. Operator pools
inspired by the Hamiltonian algebra have previously been used to great
successinrefs.46-49,112-114. A full description of ADAPT-VQEis given
inSupplementary SectionF.

Inone-dimensionalIsing field theory, onelattice site maps to one
qubit and the initial state for preparing wavepackets is the |W(k)) in
equation (9). A unitary circuit that prepares |W(k,)) is shown in
Extended Data Fig. 1, top left. This circuit is most efficient for odd
wavepacket sizes d. The R, angles are given by recursively solving
the equations

2 d-1

sin(&)] -

cos(%)}j}sin(%) = Cpj ,Jj€l0,1,...,n-1],

cos(i—”)cos(e”;f");f[zsin(%) =cpy.Jjel2,...,n-1],
(15)

where n=(d-1)/2. The R, rotation angles are the ¢, from equation (9).
The circuit depth scales linearly with wavepacket size

CNOT depth: 2|d/2] + 2, 16)

andis probably optimal assuming linear connectivity and no MCM-FF.

Thenextstepinthe wavepacket preparationalgorithmis toapply
translationally invariant and real circuits that minimize the energy.
This is achieved by using ADAPT-VQE to optimize parameterized cir-
cuits {9} constructed from asymmetry-preserving pool of operators
{Ohy ising- ENforcingreality and hermiticity constrains all pool operators
tobeimaginary and anti-symmetric, and the union of all unique opera-
tors generated from i} [A.X,] and i}, [H.[H.[H.X,]]] is found to
be effective

L-1

(Zn)?n+l )711+2 + ynxn+12n+2)} .
az)

Circuits implementing unitary evolution generated by the operators
in the pool are given in Extended Data Fig. 1, top right. The construc-
tion of the circuits is based on the methods in ref. 115, and details can
befoundinSupplementary Sectionl. The CNOT depth corresponding
tothe unitary evolution with respect to each pool operatorin equation
(17)is{0,4,4,4,8}.

To assess the quality of the ADAPT-VQE-prepared wavepacket
|$ansarz)» W€ cOMpareit to the exact wavepacket |y, ) by computing the
deviation of the energy (E,,, — Esnear,)/m in units of the mass gap m, and
the infidelity 1 - [((p|Wansarz)|*- Extended Data Fig. 1 shows these two
quantities as functions of CNOT depth, obtained from up to 12 steps
of ADAPT-VQE for L =28 and 0=0.13, k,= 0.36T. Results are shown for
four sets of couplings that approach the field-theory limit of vanishing
mass gap {(g,,g,, m)}={(1.25,0.15,1.6), (1.18,0.08,1.1), (1.15,0.05,0.8),
(1.08, 0.03, 0.7)}. The circuits are optimized to minimize the energy
(left plot), which improves the overlap with the target wavepacket
(right plot). An infidelity <0.12 is reached by depth 16 for all
couplings considered.

A plateau in the convergence is observed around the sixth step
(depth 16) of ADAPT-VQE for all couplings except g, =1.25, g, = 0.15.
In Supplementary Section F, it is shown that these plateaus can be
overcome by expanding the operator pool to include terms in the Lie
algebra of the Hamiltonian that correspond to fifth- and seventh-order

commutators. In general, the convergence to the target wavepacket
degrades with decreasing mass gap (increasing correlation length).
Thisis expected as deeper circuits are generically needed to build out
longer correlations. Recently, ithasbeen demonstrated that variational
quantum algorithms that utilize MCM-FF have a more favourable opti-
mization landscape™® and are able to more efficiently prepare states
with long-range correlations” ™, This is an exciting direction where
further improvements are expected. The sequence of operators and
variational parameters corresponding to the eighth step of ADAPT-VQE
in Extended Data Fig.1are given in Supplementary Section].

Quantum circuits for simulating scattering in
one-dimensional Ising field theory
Toreduce finite-size effects, the system size L must be much larger than
the spatial extent of the wavepackets ¢”". Because of this, it is pragmatic
tosetamplitudesin the |W(k,)) wavefunction below some threshold to
zero (and then normalize the wavefunction). This defines awavepacket
size d that depends on obut isindependent of L. The initial state is of
the form

ansarz) % 10)°¢ @ |Wiko)) ® 1072, (18)
and has errors that can be exponentially suppressed by increasing d.
Awavepacket size of d=21isshownto have negligible truncation errors
for o= 0.13 (Supplementary Section G) and will be used throughout
this section. Roughly speaking, the ADAPT-VQE circuit U(0, ) that mini-
mizes the energy acts as

00, (100%™ @ Wiko)) ® 10)*“ ™) = (1grac) ® [Ywp) ® 1¢rac)) -
19)

This expressionis only schematic, as the wavefunction on the RHS does
not factorize between vacuum and wavepacket components. However,
sufficiently far from the region where |W(k,)) was constructed, local
observables are indistinguishable from their vacuum expectation
value. Thisis due to the exponential decay of correlations inherent to
one-dimensional gapped systems'?, As a result, the vacuum can be
approximately prepared from

0010 ~ [¢vac)- (20)
In Supplementary Section F, it is shown that this approximately
prepared vacuum is of even higher quality than the corresponding
wavepacket. All results presented have the energy density of this
approximate vacuum subtracted, as defined in equation (7). This
includes the results fromscattering simulations, which have the energy
density of the time-evolved approximate vacuum subtracted.

The structure of the circuit that is used to simulate scattering in
one-dimensional Ising field theory is shown in Extended Data Fig. 3a.
First, two wavepackets are prepared with opposite momenta. This is
done by initializing |W(k,)) and |W(—k)) at the desired locations (light
red) and then acting with the circuit that minimizes the energy, 0(0,)
(grey). Note that the U(8,.) for preparing |@ansar. (ko)) works equally well
for preparing |nsa (—ko)) because

|‘pansatz(_k0)> = (0(9*)|W(k0)>)* = U(B*”W(_ko)) (21)
Thefirstequality follows from time-reversal symmetry, and the second
equality follows from using real unitaries in ADAPT-VQE. Lastly, steps
of second-order Trotterized time evolution are applied (blue).

MPS simulations of scattering in one-dimensional Ising

field theory

In this section, the circuit elements in Extended Data Fig. 3a are used
to simulate scattering in one-dimensional Ising field theory with MPS.
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The simulation parameters are: L =256,0=0.13,d=22and g, =1.25,
g, = 0.15, with corresponding mass gap m = 1.59 determined from
finite-size extrapolations (Supplementary Section C). The circuits that
minimize energy and prepare wavepackets are determined by imple-
menting ADAPT-VQE on the Quimb MPS circuit simulator®, Itisimpor-
tant to set optimization bounds on the variational parameters so that
the optimizer does not explore highly entangled states that are not
well represented by MPS. Some of the MPS simulations are performed
using CuPy' for GPU acceleration. Due to the separation of length
scales, L > d, special care must be taken with the energy minimization
in ADAPT-VQE. When L > d, the majority of |,nsac,) in equation (18) is
|00 ... 0), and ADAPT-VQE prioritizes circuits that locally prepare the
highest-quality vacuum. We address this problem by instead minimiz-
ing the energy density summed across aninterval thatis afew correla-
tion lengths larger than d. This instance of ADAPT-VQE minimizes the
energy density over 28 =d + 6 =~d+10m™ sites, and slight variationsin
the size of the interval have negligible effects.

In the ‘Quantum circuits for preparing wavepackets in
one-dimensionalIsing field theory’ section, the prepared wavepackets
were benchmarked against the exact wavepacket for L =28. As compari-
son with the exact wavepacket on a L =256 lattice is not possible, the
energy densities of wavepacketson L =256 and L =28 lattices are com-
paredinstead. Differencesin the energy density of the exact wavepack-
etsare expected to be small due to the exponential convergence of the
single-particle spectrum with increasing systemsize (Supplementary
Section C). The energy density of wavepackets with k,=0.36m prepared
from eight steps of ADAPT-VQE, as well as the energy density of the
exact L =28 wavepacket are shownin Extended Data Fig. 3b. Extended
Data Fig. 3b, inset, shows that the differences in the energy density
between the two prepared wavepackets are AE, <107, This is strong
evidence thatthe . =256 and L =28 wavepackets are of similar quality.
Inaddition, the energy density of the approximate vacuumon L =256
sites, prepared as in equation (20), agrees to 0.01% with the vacuum
onL=28.Theprepared wavepackets at other momenta exhibit similar
behaviour. Further verification of the ADAPT-VQE circuits obtained
with MPS comes from comparing the variational parameters deter-
mined for L =28 and L =256, which agree to four decimal places. The
variational parameters and operators that prepare all of the wavepack-
etsused in this section are provided in Supplementary Section].

Agoal of our simulationsis to observe aclear distinction between
scattering at energies above and below inelastic threshold. There are
twostable particles for g,=1.25,g,=0.15: |1y withmass m;=m=1.59 and
|2) with mass m, = 2.98. Away from E,z theory®*®!, a stable particle is
defined to have a mass less than 2m, so that decay is kinematically

forbidden. The existence of two stable particles at n;,; = ‘(:*‘—;3 ~ 0.69

is consistent with ref. 82. The lowest-energy inelastic threshold cor-
responds to two |1) particles colliding and producing one |1) particle
and one |2) particle, that is, the process 11 > 12. This threshold is at a
centre-of-mass energy of Ey,, = m; + m,. The corresponding threshold
momentum canbe found frominverting the single-particle dispersion
relation and solving E(k,) = E./2. In Supplementary Section C, the
dispersionrelationis computed exactly for L ={16,17, ...,28} and shown
to beexponentially converged in systemsize. The predicted threshold
momentum is |k, = 0.241. However, since our wavepackets are
obtained via variational energy minimization, their energy is strictly
higher than that of the exact wavepacket. Because of this, the actual
momentum threshold is a bit lower, closer to |k, | = 0.221. Moreover,
theinelastic thresholdisnot sharp dueto the spread in momentum (or
equivalently in energy) coming from a finite o.

Results from MPS circuit simulations of scattering are shown in
Extended DataFig.4. These simulations compute the vacuum-subtracted
energy density £, in equation (7) as a function of lattice position and
simulationtime. Each plotislabelled by the total energy £, and momen-
tum k, of the wavepackets. The elastic process 11 > 11 is identified from

outgoing particles with the same velocity as the incoming particles. As
shown schematically in Fig. 2, theinelastic process 11> 12 converts some
of the kinetic energy to mass to produce the heavier |2) particle. As a
result, the outgoing particles travel slower than theincoming ones. The
lowest momentum, k,=0.181, is well below inelastic threshold, and only
elasticscatteringis observed. Scattering at k,= 0.2mreveals a very faint
track in the middle of the lattice that does not propagate. This corre-
spondsto1l->12wherethe post-collision particles are at rest. Increasing
the momentum further causes the left- and right-moving particle |2)
tracks to be more identifiable, as shown in the plots for k,> 0.281. The
kinematics are suchthatthe particle|1)tracksin11->12 are hiddenbehind
the elastic scattering trajectories. It is important to remember that
expectations are averaged over the whole scattering wavefunction,
which, in the case of k,< 0.36T, is a superposition of components with
atmost two particles. This discussion hasignored three-particle produc-
tionthat canoccurfor E,,,>3m,=1.04E,,, asithasamuch smaller branch-
ingratiocompared to 11> 12 (ref. 82). See Supplementary Section C for
adiscussion ofthe otherinelastic processes. The MPS simulations used
amaximum bond dimension of max_bond=350 and the energy density
was converged to 0.01%.

Details onthe simulations performed using IBM’s

quantum computers

The simulations performed on IBM’s quantum computers in ‘Quan-
tum simulations of scattering in one-dimensional Ising field the-
ory’ use parameters that are chosen to maximize the clarity of the
inelastic effects in the results. The interplay between the parame-
ters is nontrivial, and our simulation choices were informed by the
following considerations:

« OBCs: OBCs are chosen instead of PBCs due to increased flex-
ibility in the lattice-to-qubit mapping (see next point).

« L =104:this was the largest lattice that could be mapped to
ibm_marrakesh while maintaining a maximum CZ gate error of
7.5x1072,

« 6t=0.55: this was the largest Trotter step size that did not have
notable Trotter errors. See Supplementary Section G for a quan-
tification of the Trotter errors.

ot =24.75 (n;=45 Trotter steps): this was the maximum simula-
tion time that could be reached before the results were over-
whelmed by device errors.

» k,=0.32m: informed by the results of MPS scattering simulations
shown in Extended Data Fig. 4, we determined that a wavepacket
momentum of k, = 0.321 has the strongest signal of inelastic
scattering at ¢, = 24.75.

« 0=0.13:the wavepacket extent in momentum space was chosen
to minimize the wavepacket’s spatial size and its spreading
under time evolution. Wavepacket spreading is most signifi-
cant for low-energy, elastic scattering, for example, k, = 0.181
in Extended Data Fig. 4. Clearly resolving elastic and inelastic
scattering, that is, distinguishing wavepacket delocalization and
particle production, requires o < 0.13. This is shown in Supple-
mentary Section G.

+ d=2I:thisis the smallest spatial extent of |W(k,)) that could be
chosen for o= 0.13 while keeping truncation effects small, see
Supplementary Section G.

+ No MCM-FF: the unitary |W(k,)) preparation circuit in
Extended Data Fig. 1, top left, was less noisy when run onibm_
marrakesh than the constant-depth circuitin
Extended Data Fig. 2 that utilizes MCM-FF.

» Seven steps of ADAPT-VQE: the quality of the prepared
wavepacket notably improves at seven steps.

« Two-site wavepacket separation: this is the smallest separation
that keeps interactions between the initial wavepackets negligible
and preserves the £,=F, ,_, reflection symmetry.
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The wavepacket preparation algorithm presented in this work
relies on having a Hamiltonian that is block-diagonal in momentum
space. Thisis a consequence of translational symmetry, whichis broken
inasystemwith OBCs. However, with OBCs, thereis stillanapproximate
translational symmetry in the bulk. For this reason, the quantum cir-
cuits that prepare PBC wavepackets can also be used to prepare
wavepacketsinasystemwith OBCs, if they act sufficiently far from the
boundaries. Theinitial state of the quantum simulations in ‘Quantum
simulations of scattering in one-dimensional Ising field theory’ has
wavepacketslocalized 230 sites from the boundary. Thisis much larger
than the correlation length and therefore boundary effects may be
ignored. The circuits that minimize the energy and prepare wavepack-
ets are determined in a system with PBCs to preserve the momentum
content established by |W(k,)). The wavepacket with OBCs is prepared
using the same circuit as for PBCs, but with all elements corresponding
to Pauli strings that couple g,, g,_, removed. This causes the local vac-
uumnear the boundaries to be of slightly lower quality than the rest of
the state. Time evolutionis thenimplemented with the OBC Ising field
theory Hamiltonian, equation (5) without the 7,7, _, term.

The effects of OBCs on the quantum simulations in ‘Quantum
simulations of scattering in one-dimensional Ising field theory’ are
illustrated in Extended Data Fig. 5. Extended Data Fig. 5, left, shows a
MPS simulation of the energy density throughout the inelastic scatter-
ing processinal =100 system with OBCs. The quality of the vacuum
near the boundaries is lower thanin the bulk, causing small perturba-
tions to propagate inwards. At ¢ = 20, these perturbations interact
with the post-collision state and generate small ripples in the energy
density between the outgoing particles. This is shown in more detail
in Extended DataFig. 5, right, which compares the energy densityinan
OBCandPBCsimulation. At £=20 the energy density isnearly identical
and there are almost noboundary effects. At t=30, fluctuations coming
from the boundaries can be identified in the energy density between
the particles. These small fluctuations could be mitigated by adding
boundary operators to the ADAPT-VQE operator pool to improve the
vacuum near the edges*.

The structure of the circuit that simulates scattering in Ising
field theory is shown in Extended Data Fig. 3a. The initial state is
prepared using the unitary circuit whose structure is shown in
Extended Data Fig. 1, top left. The symmetry-preserving circuits
that minimize the energy and prepare wavepackets are determined
by implementing ADAPT-VQE with a MPS circuit simulator. This is
described in the ‘MPS simulations of scattering in one-dimensional
Ising field theory’ section, and the operator ordering and variational
parameters that minimize the energy are given in Supplementary
Section]. The corresponding circuits used in ADAPT-VQE are shownin
Extended Data Fig. 1, top right. Time evolution is implemented using
n; second-order Trotter steps with ordering {Ry, R, R;,, R,}. The total
circuit depth for the simulationsis

two-qubit gate depth: 22 + 18 + 2ny, (22)

with the terms corresponding to the preparation of |W(k)) withd=21,
seven steps of ADAPT-VQE and n; steps of Trotterized time evolution.
The total circuit depth and number of two-qubit gates used in the
quantum simulations are provided in Extended Data Table 1.

IBM’s heron quantum computers support fractional gates'??,
whichinclude a native R,,(0) = e-922/2for § [0, T1/2). Trotterized time
evolution requires €622 with the opposite sign of 8. This could be over-
come by sandwiching the R,,gates with X to flip the sign of 6 at the cost
of two additional single-qubit gates per R,,. To eliminate the
single-qubit gate overhead, we instead swap the positions of the
wavepackets and evolve backwards in time. Time reversal symmetry
ensures that this simulates exactly the same scattering process. By
using R, instead of CZgates, the two-qubit gate depth of each Trotter
stepisreduced from4 to 2. At the beginning of each run, we execute a

suite of R, calibration circuits to tune the rotation angles and reduce
coherenterrors.

Attheend of the simulations, the energy density inequation (7) is
measured and compared to the expected, noise-free, value obtained
by simulating the same circuits with the Quimb MPS simulator. With
OBCs, the energy density H,inequation (5) onsites 0 and L —1contains
only asingle ZZ term without the 1/2 prefactor. A relatively large 6t =
0.55 causes the bond dimension to become quite large to maintain
accuracy. Our MPS simulations required a bond dimension up to
max_bond = 2,250 to be well converged at ¢ = 40. Increasing the maxi-
mum bond dimension from 2,000 to 2,250 only changes the energy
density by 8 x 107*. In comparison, max_bond = 350 was sufficient for
the MPS scattering simulations shownin Extended Data Fig. 4 because
they used amuch smaller Trotter step size of 6t =1/16.

Error mitigation. A suite of error mitigation methods allows accurate
predictions of observables to be made fromnoisy device data. Dynami-
cal decoupling'”"** removes the effects of idle noise and crosstalk
between qubits. PT® is applied to every two-qubit gate to convert
coherent errors into stochastic noise. The 16 combinations of Pau-
lis are used to twirl CZ gates, while the eight combinations given in
Extended Data Fig. 6 are used for R,, (a larger set compared with the
one used inref.125). The complete Pauli basis for twirling R,(6) is not
available becauseitis anon-Clifford operation for arbitrary 8. Twirled
readout error extinction (TREX)' is used to mitigate measurement
errors. In the limit of infinite PT and TREX, the noise is characterized
by a Pauli channel®

p = 2 piPipP;, (23)
i

where the sumruns over all4* Pauli operators A;and 3, p; = 1withp;> 0.

Under this channel, expectation values of observables O are given by

(O)meas = 2. Pi Tr (PipP;0). (24)
i

For Pauli observables, P,0P; = +0,and this channel scales the measured

values (0),,.,relative to their predicted (noise-free) counterparts (0),, 4

(O meas = Po{O)preq Thesignal strength |p,| < 1characterizes how much

anobservable isimpacted by the Pauli noise channel.

Expectation values of local observables are then estimated using
ODR***755 For each observable O, the signal strength p,is determined
using a ‘mitigation’ circuit whose noise profile is similar to the original
‘physics’ circuit but whose output can be efficiently computed with
classical computers. Inthis work, the Trotterized time evolution of the
vacuum state, U,(0) |yqc) is used for the mitigation circuit. With exact
state preparation and time evolution, e~ |i,,.) is trivial since |¢,,c) is
aneigenstate of A.Inour simulations, errors coming from the approxi-
mate preparation of the vacuumin equation (20) are negligible. How-
ever, Trotter errors are large and cause the energy density to fluctuate
up to 15% during time evolution (Supplementary Section G). These
fluctuations can be mitigated by enforcing energy conservation in
post-processing (see Supplementary Section K for more details).

The observables evaluated in the time-evolved (approximate)
vacuum are calculated via MPS. For early times, this is efficient in
one dimension due to the correspondence between ground states of
gapped systems and area law entanglement'?. The signal strength is
computed from the mitigation circuit results,

Olmess _ Bracl GO0 OPuac)meas

5 — 25)
Ohorea (@yacl U005 (Olhrac) preq

pbo =

This pyisthen used torescale (0),,.,,in the physics circuit and estimate
its noise-free value. The p, are also able to identify device runs with
anomalously large amounts of noise. We filter out observables with
po < 0.01(ref. 47) and observables that involve a qubit with readout
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€ITOr €,¢uq0u > 0.035. Inaddition, there is a parity symmetry that equates
the energy density of sites that are related by reflection about the col-
lision point. For our simulations this implies £, = E,_;_,. By combining
the uncorrelated measurements of observables related by this sym-
metry, our number of shots is effectively doubled.

Atotal of 16 TREX twirls, each with 500 shots, is used to mitigate the
measurement errors for every PT,and the number of PTs run for each of
the physics and mitigation circuits is given in Extended Data Table 1.
Moreover, measurements must be performedinboth the X-and Z-bases
todetermine the energy density. For t;=24.75, this gives a total of 500 x
16x80x2x2=2.56x10°shots. Itisimportant that the PTand TREX twirls
are applied identically for each pair of physics and mitigation circuits,
sothat their noise profiles are as similar as possible. The mitigation cir-
cuits also work for TREX calibration, and no additional circuits are
needed to mitigate readouterrors. Theinitial state used for mitigation,
|vac), is prepared by acting the wavepacket ADAPT-VQE circuit on the
1000 ...)state (see the discussion around equation (20)). Itis desirable to
have maximal similarity between the structure and noise profiles of the
physics and mitigation circuits. This is accomplished by preparing
|000 ...ywith the|W(k))circuitin Extended DataFig. 3a, but withthe angle
of the first R -gate set to zero and the second CNOT changed from a
controlon|0)ytoacontrol on|1). An average over TREX twirlsis taken to
compute an expectation value for each observable for each PT. This is
thenused asinputtotherest of the error mitigation pipeline. The expec-
tation values (Z,), (X,)and (Z,Z,..)are computed separately thenadded
together to formthe energy density.

The raw and error-mitigated results are compared in
Extended DataFig. 7 for t;=24.75. The raw data from the deviceis close
to the limit of pure depolarizing noise, which is far from the expected
values determined from MPS. The results after error mitigation are
significantly improved and lie close to MPS expectations. There exist
points in the bottom panel of Extended Data Fig. 7 where the device
results disagree withthe MPS expectations by several standard devia-
tions, despite all error mitigation techniques. Thisis particularly notice-
able in the regions containing the outgoing particles, highlighting a
weakness of the chosen mitigation circuits for ODR. The time evolution
ofthe vacuum used as the reference state in ODR, U, (£) |¢y,c), does not
capture effects of state-dependent noise on the wavepackets.

Thesignal strengthsfor (Z,), (X,.),and (Z,Z,.,)at t;=24.75are shown
in Extended DataFig. 7, top left. The signal strength for Z is consistently
=3x lower than for the other observables. This indicates that the
weights p;in the Pauli noise channel equation (23) are larger for the
Paulis that anticommute with Z,. The Extended Data Fig. 7, top right,
shows both the raw and ODR-predicted estimates for the different
observables at a single site n =40. The extra noise in (Z,) leads to sub-
stantially larger variations in the ODR-predicted (Z,) across Pauli twirls
compared tothe other observables. These large variations are amajor
cause of uncertainty in the final results, shownin Extended Data Fig. 7,
bottom. We additionally computed (X, X,.,;)and found that itis as noisy
as (Z,). More extensive simulations are needed to identify the origin of
thisasymmetry. One cause could be theincomplete twirling of the R,
gate (only 8 combinations of the 16 are possible). Another could be the
imbalance of the couplings g, =1.25,g,=0.15.

Calculating skewness

The inelastic process 11> 12 probed by the quantum simulations pre-
sented in ‘Quantum simulations of scatteringin one-dimensional Ising
field theory’ produces a heavy |2) particle that travels slower than the
lighter |1) particle. At late times, the |2) particle can be identified as a
distinctbump inthe energy density that travels slower. Before this, but
after the collision, the emergence of the heavy |2) particle skews the
outgoing energy profile towards the point of the collision. This skew-
ness was identified in the data presented in ‘Quantum simulations of
scattering in one-dimensional Ising field theory’ and is evidence for
inelastic particle production.

Our metric for the skewness is designed to account for the discrete
nature of the data and incorporate statistical errors and device noise.
We compute the skewness of the energy density over an interval of
sites) € [Nn, Nmaxd that captures the region of positive energy density
onone halfofthelattice (the energy density is symmetrized about the
centre of the collision as a part of error mitigation; see the ‘Details on
the simulations performed using IBM’s quantum computers’ section
for details). Given an energy cutoffe, the window [, 11n.,] is chosen by
contiguously including siteswhere £, + 0, > €, where E, and its standard
deviation g,are computed viabootstrap resampling as detailed in the
‘Details on the simulations performed using IBM’s quantum comput-
ers’ section. The energy cutoffs are chosen to capture as much of the
region of excitations as possible, while omitting outliers caused by
noise. For each time, the energy cutoff is varied across a range given
in Extended Data Table 2 to estimate systematic errors. For each €, we
compute the third moment y. of the distribution of the energy density

E](./_I'I)SEJ
e= " 3

O;

(26)

where the normalized energy density £, mean zzand standard deviation
o.aredefined as

En

E =
" ZjEj

u=YjE. =Y G-wE @7
J J

The sums runover all sitesin the window [, aJ- The skewness met-
ricyreportedin ‘Quantum simulations of scattering in one-dimensional
Ising field theory’is calculated from {y.}

_ maxy, +miny,

V= 3 (28)

A positive value of y corresponds to a right-skewed distribution,
while a negative y corresponds to a left-skewed one. Considerable
variations are observed in the y, values computed from different €.
Reflecting this, the error bars for y include both the statistical errors
frombootstrap resampling y. and the variation of y, with the cutoffe.
Extended DataFig. 8, top, shows an example of the choice of cutoffs for
t,=16.5,aswell as the resulting values of y.for each ¢, and the reported
values of yalong with the error bars.

Extended Data Fig. 8, bottom, compares the skewness in MPS
simulations of elastic (k, = 0.18m) and inelastic (k,= 0.321) scattering.
Despite small fluctuations coming from the discrete nature of the
data, aclear trend is identified distinguishing the elastic and inelastic
channels. The skewness is consistent with O before the collision for
both momenta. After the collision (¢ =12-15), the skewness increases
for inelastic scattering and stays close to zero for elastic scattering.
This reinforces the use of skewness of the energy density as a quan-
titative metric to detect inelastic effects shortly after the collision.
Extended Data Fig. 8a shows the skewness in a large system with PBCs
and larger wavepackets, whereas Extended Data Fig. 8breplicates the
simulations that were ran on ibm_marrakesh for Figs. 4 and 5. Differ-
ences between Extended Data Fig. 8a,b are primarily due to boundary
effects and Trotter errors.

Data availability

The processed data supporting the experimental findings of this work
are included in Supplementary Section L. The remaining raw data-
sets generated during this work are available from the corresponding
author uponreasonable request.
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Extended Data Table 1| Resources used in the quantum simulations performed on 104 qubits of ibm_marrakesh

t n; # of two-qubit gates Two-qubit gate depth #of PTs # of shots
0 0 954 40 80 2.56 x10°
8.25 15 2,499 70 40 1.28 x10°
16.5 30 4,044 (4,022) 100 40 (80) 1.28 x10° (2.56 x 10°)
2475 45 5,589 (5,567) 130 80 (160) 2.56 x10° (5.12 x 10°)

For a given simulation time t (first column), the number of Trotter steps n; is given in the second column. The total number of two-qubit gates and corresponding two-qubit gate depth is given
in columns three and four, respectively. The total number of Pauli twirls and shots per simulation time, including all error mitigation overhead, are given in columns five and six, respectively.

The quantities in parentheses correspond to the single wavepacket simulations.
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Extended Data Table 2 | The ranges of energy cutoffs, ¢, used for calculating y from the energy density obtained from MPS
simulations and ibm_marrakesh

Initial state t € MPS €_ibm_marrakesh y_MPS y_ibm_marrakesh
|Wawp) 2475 0.02-0.04 0.065-0.085 0.37(13) 0.27(13)
|Wiwp) 2475 0.03-0.05 0.05-0.07 0.13(4) 0.12(6)
|Wawp) 16.5 0.055-0.075 0.055-0.075 0.16(4) 0.21(8)
|Wiwp) 16.5 0.03-0.05 0.05-0.07 0.09(7) 0.14(9)
|Wawp) 0 0.02-0.04 0.02-0.04 0.0(0) -0.09(7)
Cutoffs in increments of 0.005 are used.
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Extended Data Fig. 1| Ising field theory preparation circuits and ADAPT-VQE
performance. Upper: Circuits used to prepare wavepackets in one-dimensional
Ising field theory. Left: a unitary circuit that prepares |W(ko))in Eq. 9 across 9
sites. The rotation angles are given in Eq. 15. Right: circuit elements used in
ADAPT-VQE to prepare wavepackets in Ising field theory. They implement the
unitary evolution of the operatorsin Eq.17.a) implements exp[—i(6/2)(YZ + ZY)]
and b) implements exp[—i(6/2)(YX + XY)]. Examples of circuits thatimplement
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exp[—i(8/2) 3} ZYZ]and exp[—i(0/2) > (ZXY + YXZ)]across 8 qubits with PBCs
areshowninc)andd), respectively. Lower: Quality of prepared wavepackets in
one-dimensional Ising field theory. The deviation in energy (left) and infidelity
(right) of the prepared wavepacket as a function of CNOT depth. The CNOT depth
ismonotonically related to the step of ADAPT-VQE, and corresponds to the
additional depth after | W(k,)) preparation. Results are shown for wavepacket
parameters 0=0.13,k,=0.36/7Tand L =28 for various couplings g,, g,.
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Extended DataFig. 2| Circuits that prepare | W(k0)> in constant depth using MCM-FF. Left: a circuit that prepares |W(ko)) in Eq. 9. Right: the circuit from ref. 64 that
implements the global controlled unitary in constant depth.
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Extended Data Fig. 3 | Scattering circuits and wavepackets on large versus
smalllattices in one-dimensional Ising field theory. a) Circuits for simulating
scattering in one-dimensional Ising field theory. A circuit that simulates the
scattering of two d=5wavepackets ona L=12 lattice. The pieces of the circuit
highlightedin light red prepare |W(ko)) and |W(—ko)), the layer in gray represents
the symmetry-preserving energy minimization circuit U(6*), and the layer in blue
is two steps of second-order Trotterized time evolution U,(t). b) Comparison of
wavepackets prepared on large and small lattices in one-dimensional Ising field
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theory. The vacuum-subtracted energy density E, of a wavepacket with g, =1.25,
g,=0.15,ky,=0.361, 0=0.13 and d=22. The approximate wavepackets |, nsacz) are
prepared from 8 steps of ADAPT-VQE on a L=256 lattice (dark blue) and aL=28
lattice (light blue). The energy density of the exact L=28 wavepacket is also shown
(tan). The inset shows the difference in the energy density AE, between the
approximate L=28 and L=256 wavepackets. Only the energy density of the 56 sites
inthe center of the lattice is shown, and the L=28 wavepackets are translated to
align with the L=256 wavepacket.
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Extended Data Fig. 4| MPS circuit simulations of scattering in one- step of 6t =1/16. The wavepackets are constructed from 8 steps of ADAPT-VQE
dimensional Ising field theory. The vacuum-subtracted energy density E,, except for k,=0.2mrwhichis constructed from 10 steps. Results for L=256 and 6=
throughout the scattering process for a selection of center-of-mass energies E,. 0.13,d=22,g,=1.25,g,=0.15and max bond dimension 350 are shown.

Theinitial wavepackets are separated by 10 sites and evolved with a Trotter time
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Extended Data Fig. 5| Comparison of OBCs and PBCs in one-dimensional

Ising field theory. Left: the vacuum-subtracted energy density E, throughout a
MPS simulation of scattering on a L=100 lattice with OBCs. Wavepacket
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parameters 0=0.13, k,=0.36m and a time step of 6t =1/16 are used. Right:
the energy density at t =20 and t=30 for OBCs (blue) and periodic boundary

conditions (PBCs) (tan).
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Extended Data Fig. 6 | Pauli twirling of the R,,(0) gate. The Pauli gates P, are appended before and after R,,(6) as shown on the left. The table on the right shows the
sets of P, that leave R ,(6) invariant for all 6.
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Extended Data Fig. 7| The effect of error mitigation on the quantum
simulation results from ibm_marrakesh. The data corresponds to the quantum
simulation resultsin Fig. 4 for L=104 and t, = 24.75 (130 two-qubit gate depth).
Top left: the median signal strengths p, defined in Eq. 25 as a function of lattice
positionnfor0=27,,X,,Z,Z,.,.. The signal strength is computed for each n by
averaging over the TREX twirls, and then computing the median over the set of
PTs. Top right: the effect of ODR on the expectation values of the same O for one
lattice site, n=40. The data points are determined by averaging over TREX twirls

for each PT. The gray dotted lines represent the expectation value of acompletely
decohered state, while the gray dashed lines are the MPS predictions. The
colored bands represent +1standard deviation of the mitigated results. Bottom:
the vacuum-subtracted energy density E, of the raw device data (diamonds) and
after all error mitigation (circles). The raw device data represents the median
over PTs (averaged over TREX twirls). The error bars for both the raw and the
mitigated data are obtained via bootstrap resampling.
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Extended Data Fig. 8| Calculation of skewness to indicate inelasticity. Upper:
Calculation of skewness for t,=16.5. Left: the range of energy cutoffs ¢ (dotted
lines) are overlaid on the energy density from Fig. 4. The sample size is 1.28 x 10°
and the statistical error bars are the bootstrap standard error centered around
the mean. Middle: the third moment of the energy density distributiony, is
calculated for a contiguous interval of points where E,, + 0, > €. The error bars
represent the standard deviation computed via bootstrap resampling centered
around the mean. Right: the reported value of y is computed via Eq. 28, with error
bars centered at the mean that cover the range of y, coming from the variation
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t

ofthe energy cutoffand, for the quantum results, statistical errors from the
bootstrap standard error. Lower: Skewness as an indicator of inelasticity. a) The
skewness yyps calculated for MPS simulations of elastic (k,=0.187) and inelastic
(ko =0.32m) scattering with L=256, 6t =1/16, d=27,0=0.1, PBCs, and max bond
dimension 350. The energy cutoffs eare chosentobe [E, ,+ 0.01,E, , + 0.03] in
increments of 0.005, and y,s is set to 0 if the maximum value of E, occurs at L/2
orifthere are no points with E,>€.b) The same but for L=104, §t=0.55,d =21,
0=0.13,0BCs, and amax bond dimension 1,500. The vertical lines show the times
t,=16.5and t;=24.75at which the skewnessin Fig. 5is calculated.
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