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Goals of the collaboration
Quantum computers are expected to exceed the 
capacity of classical computers and to revolutionize 
several aspects of computation especially for the 
simulation of quantum systems. We develop new 
methods for using quantum computers to study aspects 
of the evolution of strongly interacting particles in 
collisions, the quantum behavior of gravitational 
systems and the emergence of space-time which are 
beyond the reach of classical computing. Our goal is to 
design the building blocks of universal quantum 
computers relevant for these problems and develop 
algorithms which scale reasonably with the size of the 
system. 
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Big picture

Monte Carlo methods applied to Lattice Quantum
Chromodynamics (QCD) at Euclidean time have been very
successful at calculating the static properties of strongly
interacting particles (masses, form factors, ...).
These methods are not effective to deal with the real-time
evolution of strongly interacting particles in collisions (jet physics,
fragmentation, ...).
Quantum computers or quantum simulation experiments offer new
ways to deal with real time evolution.
We need to start with simple models, use existing resources and
build up towards Quantum Chromodynamics following the
Euclidean time roadmap (the “Kogut sequence").
We need to use actual Noisy Intermediate Scale Quantum (NISQ)
machines and demonstrate progress for methods (economical
truncations, large Trotter steps ...) and hardware.

Yannick Meurice (U. of Iowa) LGT with Rydberg atoms ECT Trento, June 6 2023



Ab-initio jet physics : a realistic long term goal?

Pythia, Herwig, and other jet simulation models encapsulate
perturbative QCD results at short distance and empirical models
to describe the large distance behavior.
Crucial for the interpretation of collider physics experiments.
Could we replace the large distance part by ab-initio lattice QCD
calculations?

Figure: pp → bb̄ + jets, from CMS.
Yannick Meurice (U. of Iowa) LGT with Rydberg atoms ECT Trento, June 6 2023



A first step: the quantum ising model in 1+1 dim.

Basic Trotter steps: PRD 99 09453
IBMQ Mitigations
JQST 6 045020

Phase shifts 
PRD 104 054507
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Discretization of problems classically intractable

Quantum computing (QC) requires a complete discretization
Discretization of space: lattice gauge theory formulation
Discretization of field integration: tensor methods

Important ideas of the tensor reformulation:
Character expansions (such as Fourier series): partition function
and averages become discrete sums of contracted tensors.
The “hard" integrals are done exactly and field integrations provide
Kronecker deltas that encode the symmetries.
For continuous field variables, the sums are infinite, but
truncations to finite sums do not break symmetries. Y. M., PRD
100, 014506 (2019) and PRD 102 014506 (2020).
Tensors are the local building blocks of a new formulation

Refs: Y. M., R. Sakai, and J. Unmuth-Yockey, Tensor field theory with
applications to quantum computing, arXiv:2010.06539; Reviews of
Modern Physics Rev. Mod. Phys. 94, 025005.
Y. M., QFT: a quantum computation approach, IoP book.
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Introductions to Tensor Field Theory
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Interdisciplinary effort
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TLFT: From compact to discrete (O(2) example)

ZO(2) =
∏

x

∫ π

−π

dϕx

2π
e
β
∑
x,µ

cos(ϕx+µ̂−ϕx )

= Tr
∏

x

T (x)
nx−1̂,1,nx,1,...,nx,D

.

eβ cos(ϕx+µ̂−ϕx ) =
∞∑

nx,µ=−∞
einx,µϕx+µ̂ Inx,µ(β)e−inx,µϕx .

Tensor : T (x)
nx−1̂,1,nx,1,...,nx−D̂,D ,nx,D

=
√

Inx−1̂,1
Inx,1 , . . . , Inx−D̂,D

Inx,D × δnx,out,nx,in ,∏
x

∫ π

−π
dϕx =⇒

∑
{n}

The gauged version is the Abelian Higgs model.
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Coarse-graining/point-splitting
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Compact Abelian Higgs Model (CAHM)

The lattice compact Abelian Higgs model is a non-perturbative
regularized formulation of scalar quantum electrodynamics (scalar
electrons-positrons + photons with compact fields).

ZCAHM =
∏

x

∫ π

−π

dϕx

2π

∏
x ,µ

∫ π

−π

dAx ,µ

2π
e−Sgauge−Smatter ,

Sgauge = βplaquette
∑

x ,µ<ν

(1− cos(Ax ,µ + Ax+µ̂,ν − Ax+ν̂,µ − Ax ,ν)),

Smatter = βlink
∑
x ,µ

(1− cos(ϕx+µ̂ − ϕx + Ax ,µ)).

local invariance: ϕ′x = ϕx + αx and A′x ,µ = Ax ,µ − (αx+µ̂ − αx ).
ϕ is the Nambu-Goldstone mode of the original model. The
Brout-Englert-Higgs mode is decoupled (heavy).

Yannick Meurice (U. of Iowa) LGT with Rydberg atoms ECT Trento, June 6 2023



Assembly of the A (links, blue ) and B (plaquette, red)
tensors for D = 2 (Figures by Ryo Sakai)
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Assembly of the A (links, blue ) and B (plaquette, red)
tensors for D = 3 (Figures by Ryo Sakai)
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Transfer matrix and Gauss’s law with NISQ machines
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FAQ: Do truncations break global symmetries? No
(Y.M. arXiv 1903.01918, PRD 100, 014506)

Truncations of the tensorial sums are necessary, but do they break
the symmetries of the model?
Non-linear O(2) sigma model and its gauged version (the compact
Abelian Higgs model), on a D-dimensional cubic lattice:
truncations are compatible with symmetry identities.
This selection rule is due to the quantum number selection rules
at the sites and is independent of the particular values taken by
the tensors (e. g. 0, discrete form of a vector calculus theorem).
Extends to global O(3) symmetries (you need to keep all the m’s
for a given `, related to Wigner-Eckart)
The universal properties of these models can be reproduced with
highly simplified formulations desirable for implementations with
quantum computers or for quantum simulations experiments.
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AHM: Hamiltonian and Hilbert space in 1+1 dim.

The continuous-time limit yields the Hamiltonian

H =
U
2

Ns∑
i=1

(Lz
i )

2
+

Y
2

∑
i

(Lz
i+1 − Lz

i )2 − X
Ns∑
i=1

Ux
i

with Ux ≡ 1
2(U+ + U−) and Lz |m〉 = m|m〉 and U±|m〉 = |m ± 1〉.

m is a discrete electric field quantum number (−∞ < m < +∞)
In practice, we need to apply truncations: U±| ±mmax〉 = 0.
We focus on the spin-1 truncation (m = ±1,0 and Ux = Lx/

√
2.)

U-term: electric field energy.
Y -term: matter charges (determined by Gauss’s law)
X -term: currents inducing temporal changes in the electric field.
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Target simulations (E-field, spin-1, 5 sites)

H = U
2
∑Ns

i=1
(
Lz

i
)2

+ Y
2
∑

i(L
z
i+1 − Lz

i )2 − X
∑Ns

i=1 Ux
i
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Target (E-field, spin-1, 5 sites, various limits)

H = U
2
∑Ns

i=1
(
Lz

i
)2

+ Y
2
∑

i(L
z
i+1 − Lz

i )2 − X
∑Ns

i=1 Ux
i

Yannick Meurice (U. of Iowa) LGT with Rydberg atoms ECT Trento, June 6 2023



Target (E-field, spin-1, 5 sites, other examples)

H = U
2
∑Ns

i=1
(
Lz

i
)2

+ Y
2
∑

i(L
z
i+1 − Lz

i )2 − X
∑Ns

i=1 Ux
i
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Stark localization
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Nearest neighbor Rydberg-dressed interactions

Proposal to quantum simulate the 1+1 Abelian Higgs model using a ladder of Rydberg atoms. The horizontal dimension 
is space, the vertical direction is the  electric field degree of freedom. 
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Optical lattice proposal (with J. Zeiher, MPQ)

Earlier spin-2 proposal on an optical lattice with Rydberg dressed
atoms (PRL 121 223201); vertical dimension is the spin

H =
U
2

∑
i

(
Lz

(i)

)2
+

Y
2

∑
i

(Lz
(i) − Lz

(i+1))2 − X
∑

i

Ux
(i)

Figure: Ladder with one atom per rung: tunneling along the vertical direction
only (Lz = ±2, ±1, 0, green), short range attractive interactions (blue). A
parabolic potential is applied in the spin (vertical) direction (red).
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Configurable Arrays of Rydberg Atoms (CARA)
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Configurable Arrays of Rydberg Atoms (CARA)
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CARA simulators

One can adapt the optical lattice construction to configurable
arrays of Rydberg atoms denoted CARA.
They can be configured by positioning 87Rb atoms separated by
controllable (but not too small) distances, homogeneously coupled
to the excited Rydberg state |r〉 with a detuning ∆.
The ground state is denoted |g〉 and the two possible states |g〉
and |r〉 can be seen as a qubit. n|g〉 = 0, n|r〉 = |r〉.
The Hamiltonian reads

H =
Ω

2

∑
i

(|gi〉〈ri |+ |ri〉〈gi |)−∆
∑

i

ni +
∑
i<j

Vijninj ,

with
Vij = ΩR6

b/r
6
ij ,

for a distance rij between the atoms labelled as i and j .
This repulsive interaction prevents two atoms close enough to
each other to be both in the |r〉 state. This is the so-called
blockade mechanism.
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One site spin-1 with 2 and 3 atoms (PRD 104)

Solid line: target, Symbols: simulator
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Two sites with 4 and 6 atoms (PRD 104)

|S >⌘ 1

2
(|0, 1 > +|0,�1 > +|1, 0 > +| � 1, 0 >).

<latexit sha1_base64="9yh8soyK2qhoq5D3GAQtjj+aBx4="></latexit>

⇢ ⌘ ar

as
,

<latexit sha1_base64="10VD3J6jBqjUI+aq/lUAClOdNqM=">AAACBXicbVC7TsMwFHXKq5RXgBEGiwqJAVVJQYKxEgtjkehDaqLIcZ3WqmMH26lURV1Y+BUWBhBi5R/Y+BucNgO0HOleHZ1zr+x7woRRpR3n2yqtrK6tb5Q3K1vbO7t79v5BW4lUYtLCggnZDZEijHLS0lQz0k0kQXHISCcc3eR+Z0ykooLf60lC/BgNOI0oRtpIgX3syaHwyENKx9CLJMIZCuTUNDU9rwR21ak5M8Bl4hakCgo0A/vL6wucxoRrzJBSPddJtJ8hqSlmZFrxUkUShEdoQHqGchQT5WezK6bw1Ch9GAlpims4U39vZChWahKHZjJGeqgWvVz8z+ulOrr2M8qTVBOO5w9FKYNawDwS2KeSYM0mhiAsqfkrxENkstAmuDwEd/HkZdKu19yLWv3ustqoF3GUwRE4AWfABVegAW5BE7QABo/gGbyCN+vJerHerY/5aMkqdg7BH1ifP4V0mIU=</latexit>

ar
<latexit sha1_base64="uJ9Dwzm/77TDdkXP3LeBXvQ0wUY=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeCF48V7Ae0oUy2m3bp7ibsboQS+he8eFDEq3/Im//GpM1BWx8MPN6bYWZeEAturOt+O6WNza3tnfJuZW//4PCoenzSMVGiKWvTSES6F6BhgivWttwK1os1QxkI1g2md7nffWLa8Eg92lnMfIljxUNO0eYSDnVlWK25dXcBsk68gtSgQGtY/RqMIppIpiwVaEzfc2Prp6gtp4LNK4PEsBjpFMesn1GFkhk/Xdw6JxeZMiJhpLNSlizU3xMpSmNmMsg6JdqJWfVy8T+vn9jw1k+5ihPLFF0uChNBbETyx8mIa0atmGUEqebZrYROUCO1WTx5CN7qy+uk06h7V/XGw3Wt2SjiKMMZnMMleHADTbiHFrSBwgSe4RXeHOm8OO/Ox7K15BQzp/AHzucPfOqN0g==</latexit>

as
<latexit sha1_base64="/bWQLmSpGOvCFwdCfwpsp2RE7Ns=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeCF48V7Ae0oUy2m3bp7ibsboQS+he8eFDEq3/Im//GpM1BWx8MPN6bYWZeEAturOt+O6WNza3tnfJuZW//4PCoenzSMVGiKWvTSES6F6BhgivWttwK1os1QxkI1g2md7nffWLa8Eg92lnMfIljxUNO0eYSDk1lWK25dXcBsk68gtSgQGtY/RqMIppIpiwVaEzfc2Prp6gtp4LNK4PEsBjpFMesn1GFkhk/Xdw6JxeZMiJhpLNSlizU3xMpSmNmMsg6JdqJWfVy8T+vn9jw1k+5ihPLFF0uChNBbETyx8mIa0atmGUEqebZrYROUCO1WTx5CN7qy+uk06h7V/XGw3Wt2SjiKMMZnMMleHADTbiHFrSBwgSe4RXeHOm8OO/Ox7K15BQzp/AHzucPfm+N0w==</latexit>

Solid line: target, Symbols: simulator. Note: precise matching is not
crucial, what is important is the continuum limit. Rich critical behavior .
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Exact matching vs. study of continuum limit

1 site, 2 atoms: exact up to |rr〉 transitions (when Ω = 0, can be
implemented by setting ∆ = −U/2 and Ω = −X
2 sites, 4 atoms: when X = Ω = 0 reads
∆ = −U/2− Y

2 , V1 = Y , V2 = −Y . No solution with current
technology (homogeneous setup).
1 site, 3 atoms: it’s complicated! (ideally: inhomogeneous ∆ to
split m = 0 and m = ±1, otherwise use degenerate perturbation
theory as a guide, James Corona’s work in progress).

A better approach may be to study all the continuum limits (where
correlation lengths become large) that can be obtained with the
simulator.
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Experimental implementation in progress

Experimental Plans: 

Check the real-time evolutions for 
2, 3, 4 and 6 atoms with realistic 
choices of parameters:
Rabi frequency Ω ∼ 2π MHz 
Detuning |∆| < 2π 20 MHz
Lattice spacing: dx, dy > 3μm 
Total run time T < 4μs 

Explore the critical behavior of 
long ladders using arrays with 
hundreds of atoms
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QuEra projects

Quasi-independent pairs with strong Rydberg blockade 

Interacting ladders
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QuEra projects

Yannick Meurice (U. of Iowa) LGT with Rydberg atoms ECT Trento, June 6 2023



QuEra- Aquila
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Easy access to quantum hardware

Yannick Meurice (U. of Iowa) LGT with Rydberg atoms ECT Trento, June 6 2023



Easy access to quantum hardware
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Easy access to quantum hardware
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Aquila run (Kenny Heitritter)
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Fragmentation with a two-leg ladder (Kenny Heitritter)

E-fields: Bright is S=+1, Dark is S=-1, Pink=0
Matter: Bright is quark, Dark is antiquark, Pink is vacuum
22 atoms; ∆/Ω = 2.2, Rb/a = 2, dy = 2dx .
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CARA phase diagrams

Probing many-body dynamics on a 51-atom quantum simulator (single
chain) Hannes Bernien, Sylvain Schwartz, Alexander Keesling, Misha
Lukin et al. (Nature 511). Ladder phase diagram under study (Jin
Zhang, S.-W. Tsai et al.)

Yannick Meurice (U. of Iowa) LGT with Rydberg atoms ECT Trento, June 6 2023



Phase diagram for a two-leg ladder (Jin Zhang)
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Phase diagram for a two-leg ladder (Jin Zhang)

Figure: (a) Experimental Image of the pattern (average/sorted). (b)
Ground-state phase diagram for the two-leg ladder of Rydberg atoms with
lattice spacing ay = 2ax = 2a. The structure factor as a function of wave
length p = 2π/k is calculated. The color depth and the dotted lines represent
the peak height and the peak position of the structure factor, respectively.
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Experimental implementation (S. Cantu, QuEra)
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Interpolation among Zq clock models
Leon Hostetler, Jin Zhang , Ryo Sakai , Judah Unmuth-Yockey , Alexei
Bazavov , and YM; arXiv:2105.10450, PRD 104 054505.

O(2) model with Symm. breaking :
∆S = γ

∑
x cos(qϕx )

γ →∞: ϕ = 2πk
q k = 0,1, .., bqc

Integer q: Zq symmetry
Non-integer q: Z2 symmetry
Phase diagram: see right panel

β?
2 3 4 5 6q

γ
γ = 0

γ = ∞

Implementation with Rydberg arrays?
A. Keesling, .., M. Lukin et al. Nature 568: 1D array of 87Rb atoms
evenly separated by a controllable distance, homogeneously coupled
to the excited Rydberg state |r〉 with detuning ∆.
H = Ω

2
∑

i(|gi〉〈ri |+ |ri〉〈gi |)−∆
∑

i ni +
∑

i<j Vijninj

For Rb/a ' q integer and ∆ large enough: Zq ordering.
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More numerical work at finite γ

�?
2 3 4 5 6q

�
� = 0

� = 1

Phase diagram with symmetry
breaking (numerical work by 

Leon Hostetler and Ryo Sakai)
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Pythia hadronization (with K. Heitritter and S. Mrenna,
2212.02476))

Figure: Hadron multiplicity predictions with default pythia hadronization from
an initial uū pair. A primary goal for a hadronization model based on Rydberg
atoms is to achieve a similar logarithmic behavior. Inset depicts the same
data with a logarithmic x-axis and smoothing applied.
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Pythia tutorial by K. Heitritter (kenny@qbraid.com)

Hadronization:

Note: for QIS work related to parton showers (before hadronization,
not discussed here) see C. Bauer, Z. Davoudi et al., arXiv:2204.03381,
PRX Quantum 4 (2023) 2, 027001
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Fragmentation with a two-leg ladder

Figure: Two-leg ladder arrangement of Rydberg atoms where h is the
inter-rung spacing and a is the outer-rung (lattice) spacing. The ladder can be
specified by an inverse aspect ratio ρ = h/a, and we work with ρ = 2 unless
otherwise specified, whereas previous studies (YM PRD 104) have focused
on ρ ∼ 0.4. The red circle represents an excited atom, while the white circles
correspond to ground states. Staggered interpretation (below).
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Evolution of particle-antiparticle state (K. Heitritter)

Each column displays the field evolution (a-c) for Rb/a = 2.173 and
variable ∆/Ω increasing toward the right. For ∆/Ω = 2.0 (a), the initial
field spreads nearly ballistically. As ∆/Ω is increased, the initial field
spreads less readily and tends to form greater relative field densities at
or close to the central site. It may be possible to interpret the initial
excitation as having a higher (lower) energy for lower (higher) ∆/Ω.
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Maximal entropy, K. Heitritter (2212.02476)
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Hadron Multiplicity (K. Heitritter, 2212.02476)
1 Pythia produces parton-level configurations that are organized

into color singlets of strings with (usually) quark-antiquark
endpoints. The quark and antiquark pair can be boosted to their
rest frame with equal and opposite three-momentum.

2 A linear interpolating function translates the energy of the
quark-antiquark pair into the global detuning of the initial string
configuration on the Rydberg simulator. Energy of the string is set
by the Rydberg Hamiltonian and therefore lower (higher) detuning
corresponds to higher (lower) energy of the initial state.

3 The string state is prepared on the ladder configuration using local
detuning and an adiabatic ramping procedure.

4 The string state is subjected to constant global Rabi flipping and
detuning up until excitations reach the lattice boundary. At this
time (tf ), the system state is measured. For the 13-rung ladder,
this time is set to tf = 0.35 µs.

5 The measured state is post-processed according to steps
explained on the next slide
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The measured state is post-processed according to the following
steps:

1 The staggered spin-1 mapping transforms the ladder into the field
representation. The measured state now appears as a number of
strings, each with length ≥ 1.

2 The initial string energy is fractionally distributed to the measured
strings such that the assigned energies are proportional to the
string lengths.

3 The strings are converted to quark-antiquark pairs (mesons)
separated by their corresponding string lengths using Gauss’ law .

4 Each meson is assigned a velocity by calculating the average
velocity of its constituent quark-antiquark pair with respect to the
initial string configuration.

5 Each meson is assigned a mass using the previously calculated
energy and velocity as inputs to the relativistic energy-mass
relation.
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Hadron Multiplicity (graph by K. Heitritter, 2212.02476)

Figure: Hadron multiplicity output of the Rydberg hadronization model for
Rb/a = 2.173. ∆/Ω is plotted in decreasing order, since smaller values seem
to be interpretable as having lower initial system energy and vice versa. The
scaling is clearly not logarithmic as for pythia in but does display a monotonic
increase in multiplicity for ∆/Ω ∈ [2,3], which displayed confining-like
features. We see clearly, by looking at multiplicity output of smaller ladders,
that number of rungs is the main limiting factor on the measured hadron
multiplicity. The recently public Rydberg simulator, Aquila, has the ability to
investigate ladders with 128 atoms.
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Conclusions

QC/QIS in HEP and NP: big goals with many intermediate steps
Tensor Lattice Field Theory (TLFT): generic tool to discretize path
integral formulations of lattice model with compact variables
Truncations preserve symmetries
TRG (blocking), pert. theory are “friendly competitors" to QC
TRG: gauge-invariant approach for gauge theories.
We have proposed a ladder-shaped CARA with two (or three)
atoms for a single spin-1.
Matching between simulator and target model should be
understood in the continuum limit (universal behavior).
Approximate implementations with AWS/QuEra (ongoing)
Simulators have interesting features beyond our target model.
Progress with hybrid hadronization
Thanks for listening!
For questions, email: yannick-meurice@uiowa.edu .
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Thanks for listening!

Figure: Isingized version of Emmy Noether
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Building blocks of spin-1 simulators (PRD104)

One spin-1 with two atoms:
H2R = −∆(n+1 +n−1)+V0n+1n−1 + Ω

2
∑
±1(|g±1〉〈r±1|+|r±1〉〈g±1|)

Coupling two spin-1 as above (four atoms):

H4R = H2R
L + H2R

R

+ V1(n+1Ln−1R + n−1Ln+1R) + V2(n+1Ln+1R + n−1Ln−1R)

One spin-1 with three atoms:
H3R = −∆0n0 −∆

∑
j=0,±1 nj + V0(n0n+1 + n0n−1) + V ′0n+1n−1 +

Ω
2
∑

j=0,±1(|gj〉〈rj |+ |rj〉〈gj |)
Note: ∆0 is an inhomogeneous detuning that should become
experimentally possible soon.
Coupling two spin-1 as above (six atoms):

H6R = H3R
L + H3R

R + V1(n+1Ln−1R + n−1Ln+1R)

+ V2(n0L(n+1R + n−1R)) + V2((n+1L + n−1L)n0R)

+ V3(n+1Ln+1R + n−1Ln−1R)
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Critical behavior of Spin truncations in the O(2) limit

with Jin Zhang and Shan-Wen Tsai PRB 103 245137

Ĥcharge = Y
2
∑L+1

l=1 (Ŝz
l )2 − X

2
∑L

i=1(Û+
l Û−l+1 + Û−l Û+

l+1)

Energy gaps ∆EV =∞ for spin truncations S = 1,2,3,4 (by J. Zhang).
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E

S = 1
S = 2
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S = 4

Fits:
S ≥ 2: A exp(−b/

√
Y − Yc)

(regular KT)
S = 1: A

√
Y − Yc exp [−b/(Y − Yc)]

(SU(2) symmetry; KT separatrix)

Yc = 0.350666928(2) for S = 1; 1.101304(6) for S = 2; ... using
level crossing spectroscopy.
The dual field representation is gapped at finite S.
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Tensors as computational building blocks

The partition functions are traces of product of tensors
Observables can be calculated by introducing “impure" tensors
Tensors are local
They contain all the information about the model, its dimension
and symmetries (universality)
Most lattice models have a tensor reformulations
They can be coarse-grained exactly
RG procedure require truncations (this is the hard part)
The space of tensors is easier to handle than the space of
interactions
Tensors can be used to build quantum circuits
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