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This national effort shall pursue development of a quantum computer at a scale 
intended to initiate the era of quantum-enabled scientific discovery, with the intent 

to deliver at least one such computer to a Department of Energy facility (…).

Within 90 days of the date of this order, the Secretary of Energy (…) shall identify 
the technical specifications required to perform transformative scientific 
applications that are (…) beyond current classical computer capabilities,
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⟨X(T) |U(T, − T) |pp(−T)⟩
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Most obvious calculation would be the scattering of LHC cross-sections. But this 
will not be possible within our lifetime
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Next best thing would be calculation of effective field theory observables. But 
still requires too many resources to feasible in near term
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Next best thing would be calculation of effective field theory observables. But 
still requires too many resources to feasible in near term

Simulating only low energy 
physics requires much fewer 

computing resources 

But still too difficult for near 
term

N = (10 − 100)3
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The world we live in obviously exists in 3+1D, and simulations are quite expensive. 
But there are many interesting simulations in lower dimensions
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How partons turn into hadrons is one of the 
most important outstanding questions in 

connecting experiments to Theory

Relevant physics is simulated using very 
simple classical models in 1+1D or 2+1D
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The world we live in obviously exists in 3+1D, and simulations are quite expensive. 
But there are many interesting simulations in lower dimensions
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Can we observe effects in quantum 
simulations of QCD hadronization 

that are not described by the 
classical models of string breaking?
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Constructing efficient 
Hamiltonians for QCD

Study quantum correlations 
in hadronization



Towards experimentally relevant quatum simulations
Christian Bauer

17

Constructing efficient 
Hamiltonians for QCD
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We very recently realized that adding an additional expansion can lead to dramatic 
simplifications in the lattice theory
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arXiv: 2402.10265v4
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One can now work out the Hamiltonians, and obtain a relatively simple result, which 
can be represented by a single qubit per plaquette

19

Ĥ = ∑
p

( 8
3

g2 −
1

2g2 ) ̂P1,p −
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A  expansion in QCD is quite standard in many classical applications. Can it help in 
quantum simulation?

1/Nc
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FIG. 6. The (trivial-) vacuum-to-vacuum persistence probability |h00| Û(t) |00i|2 (left panel) and the energy in the electric field
(right panel) of the one-plaquette system derived from the Hamiltonian given in Eq. (14) for color irreps 1,3,3,8. Dashed lines
correspond to the exact results for 2nd-order Trotterization given in Eq. (20) with �t = t, t/2, t/3, t/4, 0. Points correspond to
quadratic extrapolations of results obtained from IBM’s Athens quantum processor, with systematic and statistical uncertainties
combined in quadrature.

extrapolations to r = 0 in the number of CNOTs-per-circuit-CNOT were performed, and 1
2 |O(linear)�O(quadratic)|

was used as an estimate of the systematic uncertainty in the extrapolation of a quantity O. In many cases, the linear

fit was of relatively poor quality and gate fidelity limited the reliable extraction of su�cient samples in r to estimate

the systematic uncertainty at a comparison of higher polynomials. Hence, this comparison provides only an estimate

and should not be considered a complete quantification of CNOT errors.

Measurement errors were mitigated in two ways. The first was implementing Qiskit’s measurement filter sub-

routine [107] during production, which removes the leading order measurement errors by optimizing an approximate

inverse of the calculated all-to-all measurement matrix. When the error introduced by application of a single CNOT

gate is small compared to those of the measurement procedure, it is viable to mitigate measurement errors through the

use of auxiliary qubits by implementing a majority- or unanimous-vote for the measurement result. In this democratic

approach, each auxiliary qubit is connected as the CNOT target controlled on a qubit in the plaquette Hilbert space

and provides one correlated measurement to inform post-selected voting. After calibration, the typical single qubit

measurement error rate on the Athens processor is approximately 3% and the typical CNOT error rate is approxi-

mately 0.9% [103]. As a result, the unanimous voting criterion provides an improvement that is found in some cases

to be comparable to that of the measurement filter, with degradation for circuits implemented at times distant from

a calibration procedure. The initially positive results observed in this work, along with the scalability of the voting

procedure, inspire future exploration of the device-dependent tuning necessary to optimize this measurement error

mitigation strategy.

In addition to a choice of measurement error mitigation, the calculation shown in Fig. 6 was implemented with

both a 3- and 4-CNOT gate version of ei(aX̂⌦X̂+bŶ⌦Ŷ+cẐ⌦Ẑ), the time evolution of the Cartan subalgebra. In

the absence of noise, these two implementations should give the same results. While additional noise would be

reasonably expected for the 4-CNOT calculations, temporal fluctuations in error rates of the device instead produced

lower noise fluctuations for the 4-CNOT calculations. Thus, in order to express most accurately the uncertainties

associated with this calculation on quantum hardware, the four implementations (3-CNOT Cartan subalgebra with

unanimous voting, 4-CNOT Cartan subalgebra with the measurement filter, and others) after r-extrapolation have

been combined. The uncertainty is a quadrature combination of the extrapolation errors and standard deviations

of the four implementations. As a result, the uncertainties presented in Fig. 6 and throughout this manuscript are

not statistical confidence intervals, but also capture the systematic errors associated with gate fidelities and temporal

fluctuations of the device between calibrations that produce dominant error contributions.

Trailhead for quantum simulation of SU(3) 
Yang-Mills lattice gauge theory in the local 
multiplet basis,  
2101.10227
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FIG. 2. Average probability of a plaquette being excited from
the electric vacuum as a function of time on a 4⇥ 4 and 7⇥ 7
plaquette lattice with open boundary conditions and g = 1.
The dark green points are an exact classical simulation. The
dark blue points were obtained by tensor network simulations
of up to two Trotter steps. The light blue and green points
are the error mitigated results from ibm torino.

In this work, a large Nc expansion was combined with
electric basis truncations of the Kogut-Susskind Hamilto-
nian. This led to significant simplifications of the Hamil-
tonian and enabled a quantum simulation of SU(3) lat-
tice gauge theory in multiple spatial dimensions. It is
expected that this formalism can be extended to 3 spa-
tial dimensions and to include matter. Going to sub-
leading order in 1/Nc and to larger truncations should
also be possible systematically. The simplifications from
truncating at some order in 1/Nc and success of large
Nc expansions may allow for near term simulations of
phenomenologically relevant phenomena such as inelas-
tic scattering, jet fragmentation or thermalization. Ad-
ditionally, the connection of the large Nc limit of SU(Nc)
gauge theories to quantum gravity may allow quantum
simulations of these truncations to give insights into some
models of quantum gravity.

We would like to acknowledge helpful conversations
with Ivan Burbano, Irian D’Andrea, Jesse Stryker, and
Michael Kreshchuk. We would like to thank Martin Sav-
age, Marc Illa, and Roland Farrell for many conversations
related to quantum simulation. We would like to thank
Aneesh Manohar for helpful discussions about large Nc

expansions. We would also like to acknowledge helpful
conversations with Jad Halimeh about the emergence of
PXP models from certain limits of gauge theories. This
material is based upon work supported by the U.S. De-
partment of Energy, O�ce of Science, National Quantum
Information Science Research Centers, Quantum Sys-
tems Accelerator. Additional support is acknowledged
from the U.S. Department of Energy (DOE), O�ce of
Science under contract DE-AC02-05CH11231, partially
through Quantum Information Science Enabled Discov-

ery (QuantISED) for High Energy Physics (KA2401032).
This research used resources of the Oak Ridge Leader-
ship Computing Facility (OLCF), which is a DOE Of-
fice of Science User Facility supported under Contract
DE-AC05-00OR22725. We acknowledge the use of IBM
Quantum services for this work. The views expressed are
those of the authors, and do not reflect the o�cial pol-
icy or position of IBM or the IBM Quantum team. This
research used resources of the National Energy Research
Scientific Computing Center, which is supported by the
O�ce of Science of the U.S. Department of Energy under
Contract No. DE-AC02-05CH11231.

⇤ anciavarella@lbl.gov
† cwbauer@lbl.gov

[1] K. G. Wilson, Confinement of quarks, Phys. Rev. D 10,
2445 (1974).

[2] S. Borsanyi, S. Durr, Z. Fodor, C. Hoelbling,
S. D. Katz, S. Krieg, L. Lellouch, T. Lip-
pert, A. Portelli, K. K. Szabo, and B. C.
Toth, Ab initio calculation of the neutron-
proton mass di↵erence, Science 347, 1452 (2015),
https://www.science.org/doi/pdf/10.1126/science.1257050.

[3] F. Karsch, K. Redlich, and A. Tawfik, Hadron resonance
mass spectrum and lattice QCD thermodynamics, The
European Physical Journal C 29, 549 (2003).

[4] B. C. Tiburzi, M. L. Wagman, F. Winter, E. Chang,
Z. Davoudi, W. Detmold, K. Orginos, M. J. Savage,
and P. E. Shanahan (NPLQCD Collaboration), Double-
� decay matrix elements from lattice quantum chromo-
dynamics, Phys. Rev. D 96, 054505 (2017).

[5] S. R. Beane, E. Chang, W. Detmold, K. Orginos,
A. Parreño, M. J. Savage, and B. C. Tiburzi (NPLQCD
Collaboration), Ab initio calculation of the np ! d� ra-
diative capture process, Phys. Rev. Lett. 115, 132001
(2015).

[6] M. J. Savage, P. E. Shanahan, B. C. Tiburzi, M. L. Wag-
man, F. Winter, S. R. Beane, E. Chang, Z. Davoudi,
W. Detmold, and K. Orginos (NPLQCD Collabora-
tion), Proton-proton fusion and tritium � decay from
lattice quantum chromodynamics, Phys. Rev. Lett. 119,
062002 (2017).

[7] G. D. Moore, Shear viscosity in qcd and why it’s hard
to calculate (2020), arXiv:2010.15704 [hep-ph].

[8] H.-L. Huang, D. Wu, D. Fan, and X. Zhu, Super-
conducting quantum computing: a review, Science
China Information Sciences 63, 10.1007/s11432-020-
2881-9 (2020).

[9] R. Bianchetti, S. Filipp, M. Baur, J. M. Fink, C. Lang,
L. Ste↵en, M. Boissonneault, A. Blais, and A. Wallra↵,
Control and tomography of a three level superconduct-
ing artificial atom, Phys. Rev. Lett. 105, 223601 (2010).

[10] C. Wang, I. Gonin, A. Grassellino, S. Kazakov,
A. Romanenko, V. P. Yakovlev, and S. Zorzetti,
High-e�ciency microwave-optical quantum transduc-
tion based on a cavity electro-optic superconducting sys-
tem with long coherence time, npj Quantum Informa-
tion 8, 149 (2022).

[11] A. Wallra↵, D. I. Schuster, A. Blais, L. Frunzio, R.-S.

Quantum Simulation of SU(3) 
Lattice Yang Mills Theory at 
Leading Order in Large N, 
2402.10265



Towards experimentally relevant quatum simulationsTowards experimentally relevant quatum simulations
Christian Bauer

Recently extended these results to include 1/Nc corrections, as well as include 
higher truncations in the Hilbert space

21
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The gate count is dramatically reduced when working in the 1/Nc expansion. For the 
first few truncations we find

22

For 2+1D with 10 lattice sites per dimension

For 3+1D with 10 lattice sites per dimension

2+1D simulations possible with scientifically relevant quantum computers, 
while 3+1D requires production scale quantum computers
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Using tensor network simulation calculated glueball mass as a function of coupling 
constant. Found unexpectedly good convergence down to small values of g
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Unexpectedly good convergence and small 1/Nc effects. 
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Using tensor network simulation calculated glueball mass as a function of coupling 
constant. Found unexpectedly good convergence down to small values of g
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Surprisingly good agreement with results from traditional MC calculation
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Have recently extended our results to include fermions. Gives more complicated 
Hamiltonian, but still much more tractable than full QCD
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Large Nc Truncations for SU(Nc) Lattice Yang-Mills Theory with Fermions
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Quantum simulations of quantum chromodynamics (QCD) require a representation of gauge fields
and fermions on the finitely many degrees of freedom available on a quantum computer. We in-
troduce a truncation of lattice QCD coupled to staggered fermions that includes (i) a local Krylov
truncation that generates allowed basis states; (ii) a maximum allowed electric energy per link; (iii)
a limit on the number of fermions per site; and (iv) a truncation in the large Nc scaling of Hamil-
tonian matrix elements. Explicit truncated Hamiltonians for 1 + 1D and 2 + 1D lattices are given,
and numerical simulations of string-breaking dynamics are performed.
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I. INTRODUCTION

Gauge theories, a fundamental framework of mod-
ern physics describing interactions between elementary
particles as mediated through gauge bosons, underpin
the Standard Model of Particle Physics [1–3]. Their
lattice formulations, lattice gauge theories (LGTs) [4–
6], were conceived to study quark confinement [7, 8],
with progress made on this problem traditionally through
Monte Carlo (MC) techniques [9–21].
Non-perturbative predictions of quantum chromody-

namics (QCD), the gauge theory of the strong nuclear
force, are challenging to compute due to a number of
di”culties. These include sign problems [22, 23] in MC
calculations. The traditional approach is to work in the
imaginary-time setting and to perform MC simulations
that build ensemble-averaged Euclidean correlation func-
tions from which physical observables can be inferred.
However, this approach can rarely provide information
about the non-equilibrium dynamics or real-time evolu-
tion of the theory. One important example of real-time
evolution is the fragmentation of quarks and gluons into
hadrons [24], a process which a!ects almost all exper-
imental observables used to probe the Standard Model
of particle physics and its extensions. There are alter-
native classical frameworks that can handle dynamics,
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Have recently extended our results to include fermions. Gives more complicated 
Hamiltonian, but still much more tractable than full QCD
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Hopping Transition Matrix Element Energy (ne, nf ) Order in 1/Nc

→1,N,1|Hhop(ω) |1,1,1↑
↓
Nc (1, 1) O(1)

〈
N,N,N

∣∣Hhop(ω)
†
|N,1,N↑

1
↓
Nc

(1, 1) O(1/Nc)

→N,N,1|Hhop(ω) |N,1,1↑
↓
Nc ↔ 1 (1, 2) O(1)

→1,N,N|Hhop(ω) |1,1,N↑
↓
Nc ↔ 1 (1, 2) O(1)

→N,N,N|Hhop(ω) |N,1,N↑
Nc ↔ 1
↓
Nc

(1, 2) O(1)

→N,Ad,N|Hhop(ω)
∣∣N,N,N

〉 √
N2

c ↔ 1
Nc

(2, 1) O(1)

→Ad,Ad,Ad|Hhop(ω)
†
|Ad,N,Ad↑

√
Nc

N2
c ↔ 1

(2, 1) O(1/Nc)

〈
N,A2,N

∣∣Hhop(ω)
∣∣N,N,N

〉 √
Nc ↔ 1

2
(2, 1) O(1)

〈
A2,A2,A2

∣∣∣Hhop(ω)
† ∣∣A2,N,A2

〉 √
2

Nc ↔ 1
(2, 1) O(1/Nc)

〈
N,S2,N

∣∣Hhop(ω)
∣∣N,N,N

〉 √
Nc + 1

2
(2, 1) O(1)

〈
S2,S2,S2

∣∣∣Hhop(ω)
† ∣∣S2,N,S2

〉 √
2

Nc + 1
(2, 1) O(1/Nc)

Table III. Matrix elements for all 11 distinct (i.e., up to conjugation) hopping transitions. The matrix element is shown for
Hhop(ω) if the raising operation increases the number of electric fluxes, or for Hhop(ω)

† if the lowering operation increases the
number of electric fluxes. The minimum energy cuto! needed for the transition and the de facto order in 1/Nc (relevant for
truncations by powers of 1/Nc in 2 + 1D and higher) are provided in the third and fourth columns, respectively.

ious levels of truncation. We will focus on writing down
Hamiltonians that we intend to simulate (simulations are
performed in Section V), but our strategy extends to
arbitrary bipartite lattice geometries, and to arbitrary
truncations.

In Section IVA and Section IVB, we will implement
Krylov constraints by assuming the initial vacuum state
|0→, which is consistent with our later simulations. In
Section IVC, we will discuss how to add external charges
by modifying Gauss’s law. When truncating this mod-
ified theory, we will focus on Hamiltonians relevant to
simulating string dynamics. In that specific case, it will
be useful to implement the Krylov constraints by replac-
ing the initial free vacuum state with a meson-like string
state.

An important consideration for 1 + 1D lattice gauge
theory is that the gauge field can be exactly integrated
out. In principle, this means the 1 + 1D Hamiltonian
derivations can be discussed in the context of a dual pure-
fermion description. To stay on track with our main fo-
cus, we will restrict ourselves to the description that con-
tains both fermions and gauge fields, since that will also
naturally translate to higher dimensions. In this case, it

will prove useful to attribute quantum memory to each
link, rather than each lattice site.
Note that assigning an irrep to each link cannot always

provide a complete description for the quantum state of
the global lattice, even if that lattice has already been
point-split, because it is possible for three SU(Nc) irreps
to fuse into more than one singlet. However, the exam-
ples we consider in this paper will be simple enough to
avoid this issue, so it will su!ce for our purposes to work
purely with link irreps. How to deal with more compli-
cated cases has been explored in [132, 176, 177].
To this end, we introduce some notation here that will

be useful throughout this section. For any generic trun-
cation (henceforth denoted T), the set of allowed link
irreps is denoted ST, and we allocate one computational
basis state per irrep. For clarity, the allowed link states
are denoted directly by the irrep they represent, i.e.,

|R→ , R ↑ ST. (18)

We also provide a new notation for Pauli matrices (in-
cluding their generalizations to qudits) and projection
operators, since we will be using these regularly in our

1. Again have several possible 
truncations, specified by 
Krylov constraints (how many 
times a term in the 
Hamiltonian is allowed to act

2. Transitions can again be 
different orders in 1/Nc

3. This leads to an efficient 
formulation of QCD that is 
amenable to implementation 
on hardware
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Study quantum correlations 
in hadronization
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The hadronization that turns partons into hadrons can be modeled by the breaking 
of color strings that end on color charges (quarks)

29

Stephen Mrenna, iQus Scattering 
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The breaking of strings can be studied using Hamiltonian simulations, giving insight 
into the hadronization process for the first time

30

Simplest theory exhibiting strings and string breaking is so-called Schwinger Model

H = 1
4a ∑

n

(XnXn+1 + YnYn+1) + m
2 ∑

n

(−1)n(1 − Zn) + g2a
2 ∑

n

L̂ 2
n L̂n = ∑

k≤n

Zk + (−1)k

2
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Classical models can not include intrinsically quantum correlations, which we start 
to see are necessary for the required physics

31
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Classical models can not include intrinsically quantum correlations, which we start 
to see are necessary for the required physics
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Have clear evidence now that intrinsic quantum 
correlations exists in strings before they break, 

which shows that quantum computers are 
necessary for their studies
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Have now started a program to study the dynamics of string breaking, and 
development of intrinsic quantum correlations
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When making connections with continuum physics, need to go beyond just quoting 
results for a given lattice calculation by provide systematic uncertainties
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central statistics lattice spacing lattice volume truncation Suzuki-Trotter ???

y Δya Δyv ΔytΔys Δyst
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35

HEP has the potential to be one of the most important science 
cases for quantum simulation

I believe it is important for this community to transition to 
obtain results that provide real insight into long standing 

physics questions of HEP
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