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High-Energy Physics:
• B-meson decays with lattice gauge theory
• Composite models for the Higgs boson
• Applications of the Renormalization Group
• Tensor formulations of lattice field theory
• Machine learning in MC simulations
Quantum computing:
• Real-time evolution of field theory models
• Quantum computing (IBMQ, trapped ions)
• Quantum simulations (Rydberg, QuEra)
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QuLAT Collaboration

Principal Investigators    
            
Alexei Bazavov, Michigan State University
David Berenstein and Xi Dong, UCSB
Richard Brower, Boston University
Simon Catterall, Jay Hubisz, Alex Maloney 
Jason Pollack, Syracuse University
Patrick Dreher, NCSU
Yannick Meurice, Univ. of Iowa (Spokesperson)

https://qulat.sites.uiowa.edu/

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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Contents

Short review of the compact Abelian Higgs Model (Scalar QED)
and its Rydberg atom simulator (PRD 104, 094513 (2021))
Effective theory for the simulator (with J. Zhang and S.W. Tsai
PRD 110, 034513 (2024))
Phase diagram of the simulator
First experimental observation of a floating phase (with QuEra,J.
Zhang and S.W. Tsai, arXiv 2401.08087)
Estimation of entanglement using mutual information of
experimental bitstrings (arXiv 2404.09935)
Improved entanglement estimators using “filtered" probabilities
(arXiv 2411.07092)
Asymptotic behavior of low probabilities (divergent in a
non-normalizable way in the infinite volume limit?)
Classical competition for real-time evolution: HOTRG (arXiv
2411.05301)
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QuEra
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Hybrid hadronization in event generators?

Evolution of a particle-antiparticle pair with the Lund model/Pythia
(left), the Abelian Higgs model in 1+1 dimensions (middle), and a
Rydberg atom simulator for this model (right).
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Hadron Multiplicity (graph by K. Heitritter, 2212.02476)

Pythia/Lund

Entanglement Entropy (simulator)

First attempt on a small lattice
 with detuning playing the role
of energy 
(see arxiv 2212.02476)
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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).
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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
Initial state: particle-antiparticle (connected by an electric field +1)
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Qutrit Trotter implementation (M. Asaduzzaman)

Figure: Left: Trotter evolution of the electric field in 3-spin scalar QED. Right:
Comparison with ED and Cirq for the left site (M. Asaduzzaman).
Experimental work in progress with M. Blok group (Rochester) plus N. Cross
and R. Naik (Advanced Quantum Testbed, LBNL).
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Configurable Arrays of Rydberg Atoms (CARA)

One can adapt (Y.M., PRD 104) the optical lattice construction (J.
Zhang et al. PRL 121, A. Bazavov et al. PRD 92) using 87Rb
atoms separated by controllable (but not too small) distances,
coupled to the excited Rydberg state |r⟩ with a detuning ∆ to
quantum simulate the Abelian Higgs model.
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 . Note:
when r = Rb, V = Ω.
This repulsive interaction prevents two atoms close enough to
each other to be both in the |r⟩ state (blockade mechanism)
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One site spin-1 with 2 and 3 atoms (Y.M. PRD 104)

Solid line: target, Symbols: simulator
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QuEra (as seen by users)
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Phase diagrams with lobes
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Figure: Left: The phase diagram of a single chain quantum simulator with
continuously tunable parameters, composed of Rydberg atoms in a study of
the Kimble-Zurek mechanism (Keesling et al.). Middle: A heatmap of the
specific heat from the Extended-O(2) model with a symmetry-breaking
hq cos(qϕ) (Hostetler, Bazavov et al., PRD 109, 054514 (2024)). Right: Phase
diagram for the Rydberg ladder (Zhang et al., arXiv 2401.08087 ).
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Work with experimentalists

Figure: Left: Beta test of QuEra for two atoms starting in the ground state.
Middle: Entanglement proxy 2SX

A − SX
AB vs. Rb/ax with three methods

described in arXiv 2404.09935, empty symbols are Aquila results with 1000
shots (tomorrow’s seminar); Right: Example of Floquet engineering for the
two qutrit systems developed by M. Blok with undergraduate student Max
Niederbach and Ray Parker. The dash lines correspond to a simulation with
QuTIP including noise that they expect to implement on their facilities, while
the continuous lines are obtained with exact diagonalization.
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Nersc/Quera

QuLAT had 2 awards: simulations on hyperbolic spaces (Goksu Con
Toga), multipartite entanglement in 2D arays (YM).
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Teaching quantum mechanics with public quantum
devices?

It is possible to implement “gedanken experiments” in Feynman, Sakurai and Townsend 
textbooks using universal quantum computers
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Effective Hamiltonian (with J. Zhang and S. W. Tsai)
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Comparison between ladder Heff . and HCAHM

Phys.Rev.D 110 (2024) 3, 034513 arXiv 2312.04436

HCAHM = U
2
∑Ns

i=1
(
Lz

i
)2 − Y

∑Ns−1
i=1 Lz

i+1Lz
i − X

∑Ns
i=1 Ux

i

Heff . = −∆
∑Ns

i=1(L
z
i )

2 + V1−V2
2

∑Ns−1
i=1 Lz

i Lz
i+1 +Ω

∑Ns
i=1 Ux

i + Hquartic

Hquartic = V1+V2
2

∑Ns−1
i=1

(
Lz

i
)2 (Lz

i+1
)2
.

Matching
∆ = −U/2 (sign matters!)
The coefficient for Lz

i Lz
i+1 is positive (V1 > V2) for the simulator

(repulsive/antiferromagnetic) but the CAHM has ferromagnetic
interactions. This can be remedied by redefining the observable
Lz

2i+1 → −Lz
2i+1 (staggered)

After redefinition V1 = −V2 = Y > 0 but V2 > 0
Ω = −X (sign does not matter)

Everything agrees with two-rung results (YM, PRD104)
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Effect of new quartic term (arXiv:2312.04436)
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Figure: Ground-state phase diagram for the effective Hamiltonian of the
two-leg Rydberg ladder. Here L = 512, V0 = 1000, ρ = dy/dx = 0.5. The
PRDW phase is disordered in even or odd sites, and the FRDW phase is FM
in even or odd sites.
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Probing quantum floating phases in Rydberg atom
arrays, arXiv:2401.08087, graphs by J. Zhang (th.)
and S. Cantu (exp.)
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Set up and phase diagram
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Experimental and Numerical Fourier transforms

The floating phase is characterized by a continuous dependence in the
lattice spacing (at infinite volume!).
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Figure: The structure factor for different system sizes. a, The structure
factor as a function of Rb/a is measured along the cut ∆/Ω = 3.5 for
L = 21,33,45. The magenta curves are peak positions from numerical
results. The results for L = 141 is from numerics. b, The structure factor is
measured along the cut ∆/Ω = 0 in the disordered phase.
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Entanglement entropy

Starting with
ρAB = |vac.⟩⟨vac.|

We assume that the Nq qubits are split into NqA and NqB qubits for a
bi-partition A-B. Writing the 2Nq dimensional vector c{n} corresponding
to the vacuum as a 2NqA × 2NqB matrix

C{n}A,{n}B
= c{n},

we find that the reduced density matrix ρA = TrBρAB can be written as

ρA{n}A,{n′}A
= (CC†){n}A,{n′}A

,

in the computational basis. The von Neuman entropy is

SvN
A = −TrAρA ln(ρA) = −

∑
m

λm ln(λm),

with λm the eigenvalues of ρA which are independent of the basis used
in A.
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twin copies
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Experimental entanglement without twin copy (YM,
arxiv 2404.09935)

Preparing and interfering twin copies is not easy experimentally!
We propose to use the entropy associated with the experimental
measurements of the vacuum of a single system of entangled
qubits SX

AB and the reduced entropy SX
A obtained by tracing the

experimental probabilities over one half of the system.
Using Rydberg arrays, we found from exact diagonalization and
local QuEra simulations that the von Newman entanglement
entropy SvN ≃ 1.25(2SX

A − SX
AB).

The errors subtract to some extend making 2SX
A − SX

AB a robust
quantity.
We conjectured that SvN ≥ 2SX

A − SX
AB should hold in general.
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Experimental entropy SX
AB

Given an arbitrary prepared state |ψ⟩, we can expand it in the
computational basis

|ψ⟩ =
∑
{n}

c{n}|{n}⟩.

This implies that the state |{n}⟩ will be observed with a probability

p{n} = |c{n}|2.

These probabilities define an “experimental" (Shannon) entropy

SX
AB ≡ −

∑
{n}

p{n} ln(p{n})

It is clear that this quantity depends on the computational basis and
that it contains no information about entanglement.
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Experimental reduced entropy SX
A

We can define a reduced probability in the subsystem A by tracing
over B:

p{n}A
=

∑
{n}B

p{n}A{n}B
,

and define the corresponding reduced experimental entropy

SX
A ≡ −

∑
{n}A

p{n}A
ln(p{n}A

).

Again, this quantity depend on the computational basis used and
cannot be identified with the von Neuman entropy SvN

A . However, it is
possible to show that SX

A ≥ SvN
A .

Similarly, we can define SX
B by interchanging A ad B.
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First model calculation

Ns=10 chain; Ω = 5π MHz; ∆ = 17.5π MHz; Rb = 8.375µ; A and B are
the left and right halves so SX

A = SX
B .

Geometry: 10 atom chain
Adiabatic vacuum preparation

Bitstrings  for 1000 shots

Average Rydberg occupations
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SvN
A ∝ 2SX

A − SX
AB with Exact Diagonalization

Figure: Entropies for a chain of 10 atoms with ∆/Ω = 3.5 as a function of
Rb/ax . Top: SX

AB, SX
A and SvN

A ; the vertical line is at Rb/ax = 1.11; Bottom:
1.25(2SX

A − SX
AB) and SvN

A .

Yannick Meurice (U. of Iowa) simulations with Rydberg atoms HHIQCD2024 YITP 11/14



Observations/Conjectures

For large Shannon entropies: 2SX
A ≃ SX

AB
In the limiting case where all the probabilities are equal to 2−Nq ,
the reduced probabilities are all equal to 2−Nq/2 and
2SX

A − SX
AB → 0.

This limiting case can be realized for a state which is the sum of
all the computational states with equal coefficients 2−Nq/2. This
state is a product state

|PS⟩ =
Nq−1⊗
j=0

(|0⟩j + |1⟩j)/
√

2,

and the corresponding density matrix has zero entanglement.
We observed that in good approximation

SvN
A ∝ 2SX

A − SX
AB.

The important point is that it can be extracted from the bitstring
measurements of a single copy of AB.
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Experiments with Aquila

Figure: 2SX
A − SX

AB vs. Rb/ax with three methods: 1) exact diagonalization
(continuous curve); 2) local simulator with no ramping down of Ω at the end
(filled circles), the errors bars are calculated using 10 independent runs of
1000 shots; 3) 2 runs with 1000 shots with Aquila (empty symbols); SvN

A
(dashed line) is also given for reference.
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Rigorous inequalities

The classical mutual information is defined as

IX
AB ≡ SX

A + SX
B − SX

AB.

It was found by Shannon that this quantity is always positive or zero.

Upper bounds can also be found by reducing ρA to the diagonal part ρX
A

SvN
B = SvN

A ≤ SX
A (orSX

B ).

Holevo bound:

0 ≤ IX
AB ≤ SvN

B = SvN
A ≤ SX

A (orSX
B ).
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Probabilility filtering and mutual information

YM arXiv 2404.09935 (supplementary material)
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Probabibility filtering and mutual information

Avi Kaufman

September 23, 2024
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Entanglement entropy and mutual information (ladder)

Figure: Left: von Neumann entanglement entropy for a six-rung ladder with
ay = 2ax as a function of Rb/ax and ∆/Ω. Right: Comparison of SX

AB, SX
A ,

SvN
A and IX

AB at a fixed ∆/Ω = 3.5.
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Effect of low probability truncation (filtering)

arXiv 2411.07092 with A. Kaufman, J. Corona, Z. Ozzello, and M.
Asaduzzaman (Asad). Truncation: remove states with p ≤ pmin and
renormalize.

Figure: Left: IX
AB(pmin) for a six-rung ladder with exact diagonalization

(continuous line) and DMRG sampling (open circles). Right: IX
AB(pmin) and

SvN
A (pmin) for a six-rung ladder with exact diagonalization. The ground state is

also modified if we remove the corresponding states and renormalize so
IX
AB(pmin) ≤ SvN

A (pmin) and no contradiction.
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Effect of size and lattice spacing

Figure: Effects of the system size on IX
AB(pmin) for 6, 8, ...., 22

rungs,Rb/a = 2.35 and 10 million counts obtained via DMRG. Effects of the
lattice spacing on IX

AB(pmin) for Rb/a = 1.0,1.25, . . . ,3.0, 6 rungs and 10
million counts obtained via DMRG.
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Filtered Aquila data (M. Asaduzzaman)

Figure: Filtered mutual information obtained from DMRG (10 million counts)
vs Aquilla (1000 shots) for varying Rb/a and system sizes.
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Distribution of probability values

When the computational basis has a large dimension, many
states have a low probability.
We define the number of states NS(p,dp) having a probabilty
between p − dp/2 and p + dp/2.
For systems large enough and bins small but not too small, it is
tempting to try to use a continuous approximation

NS(p,dp) ≃ Nlin.(p)dp.

In the following, we will see that in good approximation for small p,

Nlin.(p) ≃ Cp−1−ζ ,

If we assume that in the infinite volume limit, the power behavior
extends to arbitrarily small values of p, then the normalization of
the probability requires that ζ < 1.
What should we do if ζ ≥ 1?
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log-log fits (using J. Corona DMRG sampling)
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Nlin.(p) ≃ Cp−1−ζ (preliminary)
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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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Introductions to Tensor Lattice Field Theory
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Interdisciplinary effort

SVD and TN methods developed in condensed matter (T. Nishino,
X-G. Wen, M. Levin, Tao Xiang, ...). Character expansions used in
strong coupling expansions (C. Itzykson, ...). Cutting edge effort in
Japan: S. Akiyama, D. Kadoh, Y. Kuramashi, R. Sakai, S. Takeda, Y.
Yoshimura, ...
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Gaussian Wave Packets (Michael Hite)

arXiv 2411.05301
Michael Hite: Two-particle Scattering

• Initialize a right moving wave packet centered at site 0 
and left moving wave packet centered at site 4.
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Principal chiral model in 2+1 D

テンソルネットワーク法を用いた素粒子物理学の...Judah Unmuth-Yockey - Postdoctoral ...
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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).
Ladder-shaped Rydberg arrays with two (or three) atoms per site
proposed as simulators for the compact Abelian Higgs model.
Matching between simulator and target model should be
understood in the continuum limit (universal behavior).
Effective Hamiltonians for the simulator: same three types of
terms as the target model plus an extra quartic term.
The two-leg ladder has a very rich phase diagram that can be
studied with the mutual information.
Implementations with AWS/QuEra
Progress with hybrid hadronization, evolution in AdS.
Thanks for listening!
For questions, email: yannick-meurice@uiowa.edu .
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Thanks for listening!

Figure: Isingized version of Yukawa
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