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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). Work in progress
towards an hybrid algorithm QuPyth : arXiv:2212.02476 with K.
Heitritter (qBraid) and S. Mrenna (Pythia + Fermilab). This model is not
intended to be realistic but it is a quantum lattice model (we can
compute the entanglement entropy ...)
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Climbing the Kogut ladder with TRG and QC

Real-time scattering for the quantum Ising model with mitigated
IBMQ (PRD 99 (2019), Q. Sci.Tech. 6 (2021))
Phase shifts (PRD 104 (2021), PRD 109 (2024))
Multiple wave packets (PRD 111 (2025), M. Hite 2505.00476)
Digitized ϕ4 (PRD 107 (2023))
O(2) model with chem. pot. on optical lattices (PRA 90 (2014))
Abelian Higgs model on optical lattices (PRD 92 (2015))
Polyakov loop on ladder shaped optical lattices with Rydberg
dressing (PRL 121 (2018), PRD 98 (2018))
Spin-1 Abelian Higgs model with ladder Rydberg arrays and
qutrits (PRD 104 (2021) , PRD 110 (2024), Nat. C. 16 (2025))
Gross-Neveu model with Quantinuum (PRD 106 (2022))
Quantum Ising model on two-dimensional anti de Sitter space
(PRD 109 (2024))
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First step: Compact Abelian Higgs Model (CAHM)

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).

Discrete Tensor Lattice Field Theory (TLFT) formulation (character expansion, Fourier modes): Gauss’s law removes
matter quantum numbers (like in the unitary gauge) and truncations do not break symmetries but may affect criticality
(see RMP 94, 025005)

Implementations with cold atoms: see PRD 92, PRL 121, PRD 104

Ab-initio lattice model
Tensor Lattice Field Theory: path integral → transfer matrix → Ĥ, see
RMP 94
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Ab. Higgs: Hamiltonian and Hilbert space in 1+1 dim.

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).

Implemented with two blockaded Rydberg atoms (YM PRD 104)
U-term: electric field energy (U → 0 : O(2) in dual form)
Y -term: matter charges (determined by Gauss’s law)
Y → ∞: pure gauge
X -term: currents inducing temporal changes in the electric field
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Qutrit for scalar QED (UIowa-Rochester-LBNL)
Qutrit: 3 state QPU; Lz : spin-1 rotations

exp(iγLz
0 ⊗ Lz

1) = CSUM 01D0
1 CSUM 01D0

2 CSUM 01

CSUM 01 = H1 Cϕ01 H1

D0
1 = exp(i

2γ
3

s01
z ) exp(i

γ

3
s12

z ), D0
2 = exp(i

γ

3
s01

z ) exp(i
2γ
3

s12
z )

Figure: Preliminary two qutrit evolution using LBNL facilities with various error
mitigation methods (Noah Goss).
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Ladder of Rydber atoms

One can adapt (Y.M., PRD 104) the optical lattice construction (J.
Zhang et al. PRL 121, A. Bazavov et al. PRD 92) using a ladder of
87Rb atoms to simulate the Abelian Higgs model. The Hamiltonian is

H = Ω
2
∑

i(|gi⟩⟨ri |+ |ri⟩⟨gi |)−∆
∑

i ni +
∑

i<j Vijninj ,
with |g⟩ and |r⟩ the ground and Rydberg states (as qubit), and
Ω: Rabi frequency; ∆: detuning; Vij = ΩR6

b/r6
ij , the Rydberg potential

When r = Rb, the Rydberg radius, V = Ω.
n|r⟩ = |r⟩; n|g⟩ = 0.
For rungs small enough, the blockade provides a spin-1:
|gg⟩ → |m = 0⟩, |rg⟩ → |m = 1⟩, |gr⟩ → |m = −1⟩, |rr⟩ decouples
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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

.

∆ = −U/2 (sign matters, penalizes electric flux)
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)
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Long stories short

Rich phase diagram at ∆ > 0, critical points, continuum limits ...
∆ > 0 can be used for multiparticle state preparation
Experimental observation of a “floating" incommensurate phase
for the ladder, with QuEra, Nature Communications, 2025 16:712 )
Phase boundaries from bitstring correlations and full quantum
wave function are very similar
Phase diagram: Rb/a versus ∆/Ω
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Exp. evidence for a floating phase (J. Zhang, S.
Cantu, QuEra, YM, SW. Tsai, Nature Comm. 16:712)
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Entanglement from “experimental" bitstrings?

Entanglement from a single copy?
Theorists can run QuEra on the cloud without help
Is this an “experiment"?
Output: bitstrings: 00110100010010...(0: ground ; 1: Rydberg)
Shannon entropy and mutual information for bitsring are “cheap"
We need to understand and mitigate the errors
Can we get reliable results with a few thousands shots?
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Lattice QCD: reliable results from a few thousands
gauge configurations. Can we do the same with
quantum simulators? The answer is yes!

This lattice calculation predicted the shape of the differential decay rate for the Bs decay into a Kaon and leptons.
After the analysis of the experimental data from LHCb is completed, it will provide a new determination of the CKM 
matrix element Vub. Checking the unitarity of the CKM matrix is an important test of the standard model.  
The CKM matrix  relates mass and weak eigenstates.
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bitstrings from QuEra: fast and unexpensive
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SvN
A ∼ IX

AB with Exact Diag. and Aquila (QuEra)
YM 2404.09935; PRR Letter 7, L022023 (2025)

Bitstring probabilities: ⟨{n}|ρAB|{n}⟩ = p{n}, bipartite: {n} = {n}A{n}B
Reduced bitstrings: ⟨{n}A|ρA|{n}A⟩ = p{n}A

=
∑

{n}B
p{n}A{n}B

Bitstring Shannon entropy: SX
AB ≡ −

∑
{n} p{n} ln(p{n})

Reduced Shannon entropy: SX
A ≡ −

∑
{n}A

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

)

Classical mutual information (Shannon): 0 ≤ IX
AB ≡ SX

A + SX
B − SX

AB
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Bipartite rigorous inequalities (see YM 2404.09935)

Density matrix of the vacuum of an AB system: ρAB = |vac.⟩⟨vac.|
Reduced density matrix: ρA = TrBρAB

von Neumann entanglement entropy: SvN
A ≡ −Tr(ρA ln(ρA))

We want to estimate the entanglement with a single copy
Bitstring probabilities: ⟨{n}|ρAB|{n}⟩ = p{n}, {n} = {n}A{n}B

Reduced bitstrings: ⟨{n}A|ρA|{n}A⟩ = p{n}A
=

∑
{n}B

p{n}A{n}B

Bitstring Shannon entropy: SX
AB ≡ −

∑
{n} p{n} ln(p{n})

Reduced Shannon entropy: SX
A ≡ −

∑
{n}A

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

)

Classical mutual information (Shannon): 0 ≤ IX
AB ≡ SX

A +SX
B −SX

AB

Diagonal upper bounds SvN
B = SvN

A ≤ SX
A (orSX

B ) (not sharp!)
Holevo showed that IX

AB ≤ SvN
B = SvN

A

Summary: 0 ≤ IX
AB ≤ SvN

B = SvN
A ≤ SX

A (orSX
B )

Yannick Meurice (U. of Iowa) Abelian models with Rydberg arrays QuantHEP, September 29, 2025 16 / 36



Tightness of the MI (Holevo) bound

Figure: SvN , IX
AB and their ratio for a 10 sites chain (left) and a 5 rung ladder

with ay/ax = 2 (right). The shapes of SvN are similar to the shapes of IX
AB but

a bit darker. The bound is reasonably tight (∼ 0.8-0.9 saturated when SvN is
large and not so tight when SvN is small). IX

AB is a good indicator for regions of
large entanglement. We have used exact diagonalization for these figures,
but IX

AB can be easily obtained from empirical bitstrings. For details see arXiv
2404.09935; PRR 7, L022023.
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Filtered probabilities

Before measuring the occupation, you need to turn off Ω
This need to be done fast or you end up adiabatically to the Ω = 0
vacuum
By turning Ω too slowly I noticed that it enhanced the high
probabilities
In this process, the mutual information got closer to SvN

A !
Then, we did it controllably by removing low probabilities and
renormalizing (“filtering")
Optimization: inflection point of conditional entropy
Decent estimates of the quantum entanglement
For details see Avi Kaufman, James Corona, Zane Ozzello, Blake
Senseman, Muhammad Asaduzzaman, Yannick Meurice,
Improved entanglement entropy estimates from filtered bitstring
probabilities, arXiv:2411.07092, Phys. Rev. A 112, 032430
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Effect of low probability truncation (“filtration")

see arXiv 2411.07092 Phys. Rev. A 112, 032430
Truncation/filtration: remove the bitstrings with
p{n} ≃ N{n}/Nshots ≤ pmin and renormalize.

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

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

A (pmin) for a six-rung ladder with exact diagonalization. If we
project out the states corresponding to the truncated bitstrings, we have a
new Hamiltonian and ground state: IX

AB(pmin) ≤ SvN
A (pmin) (no contradiction).
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Inflection point of conditional entropy

To filter the distribution effectively requires a scheme for determining
when to stop. We have found the conditional entropy, another measure
of correlation between subsystems, to provide a useful metric for
sufficient filtering. The conditional entropy is defined as

SX
A|B ≡ SX

AB − SX
B

and under filtering, it reduces gradually from an asymptotic initial value
to zero. This curve is often well fit with a sigmoid (shifted hyperbolic
tangent), the inflection point of which often lands very close to the
optimal truncation value. This also closely corresponds to the location
where SX

A|B has been reduced by half.
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Optimized filtering (blows my mind!)

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

line) and DMRG sampling (open circles). Graph by Blake Senseman.
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Optimized filtering

Figure: Effects of the system size on IX
AB(pmin) for Rb/a = 2.35, 6,8...22 rungs

obtained via exact diagonalization; comparing sigmoid and mid height.

Yannick Meurice (U. of Iowa) Abelian models with Rydberg arrays QuantHEP, September 29, 2025 22 / 36



QuEra bitstring probabilities

Everybody can use QuEra (+ NERSC help)

1000 shots=$10.3

Easy to build dictionaries: {11010101011100 : 27, 00101000101010 : 7, ...}
p{n} ≃ N{n}/Nshots, so the resolution is limited to 1/Nshots.

In a broad region of phase diagrams where the ground state is not obviously
ordered or disordered, for a given Nshots and a sufficiently large system size, you
end up seeing any given state at most once.

States with very low (true) probabilities may be observed because of large
multiplicities or experimental errors.

We should try to have Nshots large enough to at least observe a few states more
than once. This is a exponential cost with the size of the system!

Interesting things to do: cumulative probabilities, density of probabilities and
asymptotic behavior as p → 0, filtration of observables (contributions from
different probability sectors), multipartite entanglement and mutual information
approximations.
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Volume effects

Figure: Cumulative probabilities tend to “move left" when the volume
increases (approximate collapse). The largest probability appears to
decrease exponentially with the size. Preliminary graphs by Avi Kaufman.
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Executive summary of error analysis

1 Sorting fidelity: incorrect presequences can be removed by
postselection. This leads to data loss that does not exceed 40%
for the cases considered here. Getting close to (0.995)Natoms .

2 Adiabatic preparation: this is probably the main cause of errors.
Longer rampup times seem to improve the situation for numerical
calculations but not on the actual machine where longer
preparation times have become available a few weeks ago. So
there are things we don’t know about experimental errors.

3 Ω Rampdown: a 0.05 µs is possible and only causes small errors
compared to slower process.

4 Readout errors: they are very significant but they can be mitigated
very efficiently after getting the bitstrings (M3 method).
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Progress in sorting fidelity

Fraction of correct presequences (no missing atoms)
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For details see Kaufman et al. arXiv: 2507.14128

Avi Kaufman is applying for grad. school (avi-kaufman@uiowa.edu)
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Rubidium vs. Strontium (or soon Ytterbium)

with Avi Kaufman and Joonhee Choi (preliminary with 6 atoms)

Cumulative probabilities: Σ(pΛ) =
∑

{n}:p{n}≤pΛ
p{n}.

Probability to observe any state having a probability less than pΛ.
Strontium data from arXiv:2308.07914, Nature 628, 71-77 (2024),
Benchmarking highly entangled states on a 60-atom, ... by Adam L.
Shaw, Zhuo Chen, Joonhee Choi, Daniel K. Mark, Pascal Scholl, Ran
Finkelstein, Andreas Elben, Soonwon Choi, and Manuel Endres.
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Quick search for critical points with multipartition?

Sweak = SAB + SBC − SA − SC ≥ 0 (weak monotonicity)
Sstrong = SAB + SBC − SB − SABC ≥ 0 (strong subadditivity)
Cancellation of IR and UV contributions in 1+1 dimensions
Appear to spot phase boundary more sharply
Mutual information approximation, filtration and optimization from
conditional entropy work.
see Zane Ozzello and YM, arxiv 2507.14422
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CFT and multipartition: Lin and McGreevy (PRL 131)

A linear combination of entanglement

S∆ := (SAB + SBC)− η(SA + SC)− (1 − η)(SB + SABC)

where η = (x2−x1)(x4−x3)
(x3−x1)(x4−x2)

with partition edges xi , has remarkable
extremal properties and is a convex combination of the nonnegative
quantities Sweak and Sstrong .

Sweak = SAB + SBC − SA − SC ≥ 0
≃ IAB + IBC − IA − IC
= HAB + HCD + HBC + HAD − HA − HBCD − HC − HABD

Sstrong = SAB + SBC − SB − SABC ≥ 0
≃ IAB + IBC − IB − IABC

= HAB + HCD + HBC + HAD − HB − HACD − HABC − HD.

See also their arXiv:2509.04596, A systematic search for conformal
field theories in very small spaces.
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Sharper localization of critical points

Zane Ozzello and YM, arxiv 2507.14422

ĤIsing = −h
Ns∑
i=1

σ̂z
i − J

Ns∑
i=1

σ̂x
i σ̂

x
i+1.

See also ϕ4 and Rydberg chains.
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Filtering works!

Figure: From left to right, filtering applied to Ising, ϕ4, and Rydberg chain
systems

Optimization with conditional probability also seems to work. Z.
Ozzello, preliminary work.

Yannick Meurice (U. of Iowa) Abelian models with Rydberg arrays QuantHEP, September 29, 2025 32 / 36



For details see Z. Ozzello and YM arXiv: 2507.14422

Zane Ozzello will be applying for postdoc in Fall 2026
(zane-ozzello@uiowa.edu)
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Particle 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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Preparing high multiplicity states using ∆ > 0

Particle multiplicity (top) and entanglement entropy (bottom) (graphs
by Heitritter, Senseman, Ozzello, see 2212.02476 for particle
production; time scales under reconsideration.)
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Conclusions

Matching between simulator (ladder of Rydberg atoms) and target
model (scalar QED) should be understood in the continuum limit.
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.
First experimental observation of the floating phase.
Mutual information from bitstrings: good estimation of the order of
magnitude of the von Neumann quantum entanglement SvN

A .
Bitstrings: e. g., 0101101011 is measured 78 times in 1000 shots,
are easy to obtain from a single copy.
Filtration of probabilities improves the bound; optimization using
conditional entropy (systematic understanding in progress).
Device errors under control, bi-partite estimates
Multipartite estimates
Thanks for listening!
For questions, email: yannick-meurice@uiowa.edu .
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Cumulative probabilities

A simple way to characterize the importance of the low-probability
states is calculate their probability weighted sum below some maximal
value pΛ

Σ(pΛ) =
∑

{n}:p{n}≤pΛ

p{n}.

This quantity is the probability to observe any state having a probability
less than pΛ. If we sample the distribution Nsh times, we expect to
observe NshΣ(pΛ) states having a probability less than pΛ.
This cumulative probability distribution can be estimated by using Nsh
measurements and counting the number of times N{n} a state |{n}⟩ is
observed. We then have an approximation for the occupation
probability

p{n} ≃ N{n}/Nsh.
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M3 restores the initial distribution with good accuracy

Figure: Comparison of cumulative distributions (left) and mutual information
(right) for the 6-rung ladder. (No Hardware Data).
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