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Department of Energy Road Map

Energy Department Announces
Initiative to Create and Deploy the
World'’s First Scientifically Relevant,
Fault-Tolerant Quantum Computers

June 23, 2026

WASHINGTON—The U.S. Department of Energy (DOE) today announced the establishment of the ambitious new Quantum Genesis
Initiative to develop and deploy the world's first fault-tolerant, scientifically relevant quantum computing capability for research and
development by 2028. The Quantum Genesis effort will serve as a foundational element of the broader Genesis Mission, designed to
usher in a new era of computational power for the nation to accelerate scientific discovery and innovation.
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2nd International Workshop on

Many-Body Quantum Magic

Co-design for Fundamental Physics
in the Fault-Tolerant Era
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The second international workshop on Many-Body Quantum Magic - 2025
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Katie Hennessey

Organizers:
Tobias Haug (Abu Dhabi) Caroline Robin (Bielefeld)

Organizers:
Elisa Baumer (IBM, Zurich)

2024: Abu Dhabi; 2025: Seattle.
https://iqus.uw.edu/events/iqus-workshop-2025-1/ https://iqus.uw.edu/events/iqus-workshop-2025-2/
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Quantum Complexity Beyond NISQ and
Beyond Qubits

: 6
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B e




Introduction to Quantum
Information in Fundamental
Physics




Particles & Simulation Phases & Dynamics of Matter

Interactions
@ Quarks Leptons — .
Gauge ® Higgs 0100 BN
Bosons Boson 0011 e
Classic Early Universe \\\/
Computing '
—— = High-energy Particle Collisions
Quantum Quantum
Computing Gate Set

Neutron
Star Core

Perspective | Published: 21 June 2023

Quantum simulation of fundamental particles and Decades Of High PerfOrmance COmpUting experience

forces

» Physics-Aware Algorithms and Hardware (into the peta-scale)

Nature Reviews Physics 5, 420-432 (2023) | Cite this article




Ordinary Matter

Quarks
and

Gluons

Nucleus

O

Spin-pairing Shell-structure Vibratignal and rotational
excitations

Aocp

Ty, d T g

Agecp  Aqep  Aqep
e

Small number of input parameters
responsible for all of strongly
interacting matter

Dimensionless plus a scale

Finely-tuned - QCD Vs Electroweak

8

Ordinary matter is unnatural !



Hierarchies

Neutron-Induced Fission
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Discovery Accelerated by Quantum Simulation and Technology
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Why Quantum computers?

 Probe processes/mechanisms at yocto-sec time scales
* Predictions for experimentally inaccessible environments
 Nuclear reactions

 Non-equilibrium dynamics and thermalization

e (Can ask unphysical questions”




e.g., High-Energy Matter in Collision and Discovery

Pb-Pb
5.02 TeV

Xe-Xe
5.44 TeV

>
0
1 N
QO
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e.g., the ALICE Detector at CERN

Hydrodynamics
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QGP/L
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Hadrons and Nuclel



e.g., Hot and Dense Non-Equilibrium Matter
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Compact Stars

Possible early universe signals in proton collisions at the Large Hadron Collider

Raghunath Sahoo!?* and Tapan Kumar Nayak?3
! Department of Physics, Indian Institute of Technology Indore, Simrol, Indore 453552, India
2CERN, CH 1211, Geneva 23, Switzerland and
3School of Physical Sciences, National Institute of Science Education and Research, HBNI, Jatni-752050, India
(Dated: January 4, 2022)
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Next-Generation 3D Core-Collapse
Supernova Simulations

P1 Adam Burrows, Princeton University

co-pI David Vartanyan, University of California Berkeley
Matt Coleman, Princeton University

Chris White, Princeton University



Moving Through New Exotic Matter - Transport
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* Probe created matter via signatures” entering detectors
* e.g., production of heavy quarks and their composites

* Electromagnetic energy loss by particles is well measured/understood



Simulation Objectives for the Standard Model and Beyond

Gauge Theories and Descendent Effective Field Theories and Models

Real-time dynamics
particle production, fragmentation
vacuum and in medium

Low-energy reactions
Electroweak processes (e.g., nu-A)

Neutrino dynamics

Matter-antimatter asymmetry

Temperature T [MeV]

Precision structure and interactions
of nuclei

Equation of state of dense
hot matter and dynamics

viscosity, etc Many-body systems

Conquering some “sign problems” Rare processes, double-beta decay

QMA .
— svmmeﬁries

The early universe

Supernova/Neutron stars



Quantum Systems for Quantum Systems

Quantum Mechanics “is the same” at all
scales we have probed (so far)

Quantum Simulation uses quantum systems
at one scale to simulate quantum systems at
another scale!

New Zealand Silver Fern - The Koru



Flipping the Switch: 2016 - 2018

NUCLEAR PHYSICS

N EXASCALE
&' REQUIREMENTS
SRRV REVIEW

IBM
Cloud-accessible
quantum computers

Finite-density and Real-time
beyond exascale for NP

(2016) Exascale Resource
Requirements
For NP

JUNE 15-17, 2016

GAITHERSBURG,
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e — |deal evolution =—=a Exp. error model
~—a Discretization errors ¢ ¢ Experimental data
t
(a) (b)
H—X MH—{ x| ®
\T)—Y(e)—L MH—ym) l Y(‘ﬂ)i—L
H—y )}

20 1 8 - O R N L FIG. 1. Low-depth circuits that generate unitary rotations in

Eq. (panel a) and Eq. (panel b). Also shown are the
single-qubit gates of the Pauli X matrix, the rotation Y (6)

T h e De u te ro n with angle 6 around the Y axis, and the two-qubit CNOT gates.

of a Hamiltonian is to use UCC ansatz in tandem with
the VQE algorithm [12} 15, 21]. We adopt this strat-
egy for the Hamiltonians described by Egs. and 1l
We define unitary operators entangling two and three or-
bitals,

U(H) = ee(agal—alao) = e’ ig(XoY1— X1Y0) (7)



Superconducting

2016-2019 @

Ran quantum circuits
BM Quantum Plz

Development
Roadmap
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Applying algorithms
to applications

Discovering new algorithms
for advantage

Orchestrating
workloads for
quantum + HPC

Accurately and
efficiently executing
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Qiskit Runtime
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Functions (@)

Advanced classical (@)
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Resource Management

Qiskit Plugins
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Execution
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Workflow
accelerators.
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Circuit libraries

Example Road Maps for Quantum Processors

3+
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>mputers

on quantum IBM Quantum Experience OpenQASM 3 D_ynamlc Er 200K CLOPS Uulny-_scale 1O} Fault-tolerant ISA
computers Circuits dynamic circuits
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Trapped lon

5 qubits

Albatross  Penguin Prototype 27 qubits
16qubits  20qubits  53qubits

127 qubits

g Heron

(5K)
Error mitigation

5K gates | 133 qubits

lonQ Roadmap for Large-Scale, Fault-Tolerant Quantum Computers

Built on pioneering trapped ion research, lonQ’s roadmap is enabled by the nearly 1,000 patented hardware and software
breakthroughs that were developed at lonQ integrated from strategic acquisitions.

Original lonQ #AQ R
2024

36 Algorithmic Qubits

oadmap
2025

64 Algorithmic Qubits

Updated Technology Development Roadmap

2024

36+ Physical Qubits

99.96% Physical Qubit Fidelity

All-to-All Connectivity
Optical Gate Operations

D Qubit Array

2025

64-100+ Physical Qubits
99.99% Physical Qubit Fidelity

All-to-All Connectivity
Microwave Gate Operations
2D Qubit Array

Mid-Circuit Measurement

Parallel Operations

2026

256 Algorithmic Qubits

2026

100-256+ Physical Qubits
99.99% Physical Qubit Fidelity
12 Logical Qubits

<1.00E-7 Logical Error Rate

All-to-All Connectivity
Microwave Gate Operations
20D Qubit Array

Mid-Circuit Measurement

Parallel Operations

2027

384 Algorithmic Qubits

2027

10,000 Physical Qubits
99.99% Physical Qubit Fidelity
800 Logical Qubits
<1.00E-7 Logical Error Rate

All-to-All Connectivity
Microwave Gate Operations
2D Qubit Array

Mid-Circuit Measurement

Parallel Operations

Nighthawk ¥ NFENGEWTS
(5K)

Error mitigation

Nighthawk Nighthawk
(20K) (15K)

Starling Blue Jay
(100M) aB)

5K gates | 120 qubits

2028

1,024 Aigorithmic Qubits

2028

20,000 Physical Qubits
99.99% Physical Qubit Fidelity
1,600 Logical Qubits

<1.00E-7 Logical Error Rate

All-to-All Connectivity
Microwave Gate Operations
2D Qubit Array

Mid-Circuit Measurement
Photonic Interconnect

Parallel Operations

10K gates | 120 qubits 15K gates | 120 qul
Up to 120x9 = 1080 qubits ll Up to 120x9 = 108!

2029

C Quantum C

100M gates 18 gates
qubits

2030

200,000 Physical Qubits
99.99% Physical Qubit Fidelity
8,000 Logical Qubits

<1.00"-12 Logical Error Rate

All-to-All Connectivity
Microwave Gate Operations
2D Qubit Array

Mid-Circuit Measurement
Photonic Interconnect

Parallel Operations

Error-Corrected Quantum Computing Roadmap

System

Aquila

2d generation

3rd generation

4t generation

C Quantum C
2,000,000 physical Qubits
99.99% Physical Qubit Fidelity
80,000 Logical Qubits

<1.00"~12 Logical Error Rate

All-to-All Connectivity
Microwave Gate Operations
2D Qubit Array

Mid-Circuit Measurement
Photonic Interconnect

Parallel Operations

Copyright

2025.10n0, Inc

Quantum simulation, optimization
and machine learning

Explore QEC, NISQ algorithms

Customer Impact with hundreds of qubits

Prototype applications Practical quantum advantage

QEC Capabilities N/A

Neutral Atom

Error-corrected qubits
with fidelities exceeding
physical qubits

Transversal gates Non-Clifford gates Deep logical circuits

Logical gqubit simulator

Availability i m i

256

Physical Qubits >10,000




IBM Quantum Summit - NYC December 2023

Jay Gambetta N

IBM Fellow & VP
I1BM Quantum

Gtility-scale experiments

Evidence for the utility of quantum computing before fault "ﬂtu:rc !
With quantum systems composed of 100+ qubits, foerance
. . 127 qubits / 2880 CX gates Nature, 618, 500 (2023)
researchers are beginning to explore algorithms and
applications at scales beyond brute-force classical o , o L
. : Simulating large-size quantum spin chains on cloud-based Wit e
computation using IBM Quantum systems. superconducting quantum computers M ododo
102 qubits / 3186 CX gates arXiv:2207.09994 -
- Estimated mean number of qubits used on hardware
O AllQPU vendors Uncovering Local Integrability in Quantum Many-Body Dynamics ’I‘Z'IL ot
A External Eagle users | D
120 - 124 qubits / 2641 CX gates arXiv:2307.07552 o<, e s
v Internal Eagle users
N QO Utility-scale experiments
100 Utility scale Realizing the Nishimori transition across the error threshold for
1% constant-depth quantum circuits
Qo 125 qubits / 429 gates + meas. arXiv:2309.02863
=
o 80-
5 —
ks Scalable Circuits for Preparing Ground States on Digital Quantum E ; ﬁ
Q2 60- ORNL S i+ (all st Computers: The Schwinger Model Vacuum on 100 Qubits g
g ALt '('a‘ = %a ““““““““ 100 qubits / 788 CX gates arXiv:2308.04481 : W
> k
401 Nvidia DGX H100_____ e
Efficient Long-Range Entanglement using Dynamic Circuits | ‘—'
20 -_ IBM PC (1981) 101 qubits / 504 gates + meas. arXiv:2308.13065 RS i
o
0000000
: ; : : : Quantum reservoir computing with repeated measurements on = | .
2016 2021 2026 2031 2036 2041 superconducting devices o m =
Year 120 qubits / 49470 gates + meas. arXiv:2310.06706 © . " 7R

IBM Quantum



Select Advances in Quantum Computing

P2
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Cold-Atom arrays with
Optical Tweezers

FIG. 1. Level scheme of the “°Ca™ ion.

4 Logical Qubits Qudits with trapped ions

32-qubit H2-1 trapped ions
(Quantinuum-Microsoft)
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June 2018 - International Journal of Theoretical ... 57(4)



From Classical to Error-Corrected Quantum Computing

Precision simulations
@ Fortress of Fault

Tolerance

Magic Moat of

Error Correction

Verdant Plains W w
of NISQ w ‘

o

Insights,
ideas,
Desert of Deathly sub-parts,
Decoherence observables,
‘P \P algorithms
"!y Ewan Munro, Co-Founder of Entropica Labs. Physics Output
Landscape of quantum computing from an error correction perspective. Inspired by a figure by Daniel ()ptimization

Gottesman.



Encoding Physical Systems
Different Architectures and Different Formulations
Physics-Aware Quantum Simulations

qubit

H

il
= {1 TN

&

¢ . imize for targe
Map fundamental fields P Jet.
- observables - Physics Aware

Neutral Atoms

Annealer

Human-intensive co-design exploration



Quantum Complexity
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Lectures by Professor Dmitri Kharzeev
covered Entanglement wonderfully



A Review

Quantum Complexity and New Directions in Nuclear Physics
and High-Energy Physics Phenomenology

HARD
(quantum

advantage?)

Caroline E. P. Robin!'?  ® and Martin J. Savage3®

Magic

! Fakultét fiir Physik, Universitit Bielefeld, D-33615, Bielefeld, Germany.
2 GSI Helmholtzzentrum fiir Schwerionenforschung, Planckstrake 1, 64291 Darmstadt, Germany.
3 InQubator for Quantum Simulation (IQuS), Department of Physics, University of Washington, Seattle, WA 98195, USA.

Abstract. Advances in quantum information science (QIS) are providing transformative insights into
the complexity of quantum many-body systems, potentially defining new frontiers in nuclear and high-
energy physics. This review explores how QIS-derived techniques are fostering new analytic frameworks
and algorithms—both classical and quantum—to tackle (some of the) present barriers to discovery in
fundamental physics, with applicability to other science domains. We highlight how these techniques are
shedding new light on the structure and dynamics of hadrons, nuclei, matter in extreme conditions, and
beyond. Importantly, they are expected to play an essential role in the development of large-scale quantum
simulations of such systems, particularly in setting the balance among quantum and classical computational
resources.

arXiv:2604.26376 [quant-ph] Entang|ement



Quantum Complexity Classes - Computer Science Perspective

If N(comp)=cn N2 and tcomp)=dntP
N aSym ptOt I Cal Iy ’ _Grou.nd Stcate of k-body
then simulation can be performed B familtonian

“efficiently”.

The "most general problem”
QMA BQP-Complete

Vacuum-to-vacuum matrix
elements of interacting lattice scalar
field theory with classical sources

Subleading is important

BQP: Bounded Quantum Polynomial
- Think "P” and "PSPACE”
QMA: Quantum Merlin Arthur - Think "NP”

Kitaev, Kempe, Preskill, Jordan, Lee, ....



Errors/Uncertainties are a Defining Consideration in Simulations

Theory errors, mapping errors
algorithm errors, workflow errors,
device errors, analysis errors .....

Can find the source(s) of the largest errors Example sources
and relax the others. of error
Exponential improvability is good!
Device
Theory/Mapping

Hamiltonian Truncation




Quantum Complexity Classes - Physicists Perspective

Run science problem (application) on cutting-edge,
near-term quantum computer, with finite resources/
limited access...

~ Ground State of k-body
Hamiltonian

Not asymptotic, optimization trade offs, etc

QMA-Complete

BQP-Complete

Wow - that took longer/shorter than we thought it
would! ... or... that is a better result than we expected

Vacuum-to-vacuum matrix
elements of interacting lattice scalar
field theory with classical sources

l.e. benchmarking performance of available hardware,
each with distinct limitations

Quantum Complexity measures inform optimization

and hybridization
-\What to use HPC for and what to use QC for?
* Neutral atom for memory, superconducting for QPU?



Solovay-Kitaev Theorem (1995, 97)

: I /1 1

v\l -1)

1-Qubit SU(2) rotations

10 Experimental results

We implemented Algorithm 7.6 in the programming language Haskell; the implementation is available from [13].
Running on a single core of a 3.4GHz Intel i5-3570 CPU, we approximated the operator R,(7w/128) up to various
e. The results are summarized in the leftmost four columns of Table 1. For example, here is the approximation of
R,(m/128) up to € = 10~1°:

1

\/552
1
\/552

U = HTSHTSHTSHTHTHTHTSHTHTSHTSHTSHTHTHTSHTSHTHTHTSHTHTSHTHTHTHTHTHTHTSHTSHT
SHTHTSHTHTSHTHTHTHT SHTHTHTSHTHTSHTHTHTHTSHTSHTSHTHTHTSHTSHTSHTSHTHTSHTS
HTSHTSHTHTSHTHTSHTSHTHTHTHTHTSHTHTHTHTSHTSHTSHTHTSHTSHTHTHTSHTHTHTHTHTS

HTSHTHTHTHTHTSHTHTHTHTSHTHTHTHTHTHTHwW'

u = (—26687414w? + 10541729w? + 1061451 2w + 40727366)

t = (30805761w® — 23432014w? + 2332111w + 20133911)

In addition to €, the T-count of the computed operator, and the actual error, we have also reported the lower bound
on the T-count, which was computed according to Remark 8.9. It can be seen that the actual T-count achieved by

I 0

, T =

1

0

0 4 ) ei™ /4

€ T-count | T-bound Actual error Runtime | Candidates | Time/Candidate
10-10 102 > 102 | 0.91180-1010 0.0190s 3.0 0.0064s
1020 200 > 198 | 0.87670- 1020 0.0433s 7.0 0.0061s
10—30 208 > 298 | 0.99836 - 103 0.0600s 7.0 0.0085s
1040 402 > 400 | 0.77378 - 1040 0.0976s 11.7 0.0084s
10—°0 500 > 500 | 0.82008 - 10~ 0.1353s 20.3 0.0067s
10~% 602 > 596 | 0.61151-109° 0.1548s 16.0 0.0097s
10—70 702 > 698 | 0.40936- 10~ 0.1931s 20.9 0.0093s
1080 804 > 794 | 0.92372- 1080 0.2402s 27.2 0.0088s
10790 898 > 898 | 0.96607 - 10~ 0.2696s 22.2 0.0121s
10100 1000 > 998 | 0.78879- 10100 0.3443s 31.2 0.0110s
10200 1998 | > 1994 | 0.73266 - 10200 1.1423s 62.3 0.0183s
10500 4990 | > 4986 | 0.67156 - 10—5%0 8.6509s 170.4 0.0508s
101000 0974 | > 9966 | 0.80457 - 101990 || 47.9300s 270.4 0.1773s
10—2000 19942 | > 19934 | 0.88272- 102000 || 383.1024s 556.7 0.6881s

Figure 1: Excerpt from the Ross-Selinger paper [5|, showing a gate sequence that is exponentially

w

close to R,({55). w = €'%




Classical _Gate Sets

-1 /1 1 '* 1
1-Qubit Operations H = \/§ (l —1) ’ e (O (Z)) -

CNOTlg
Ao

A0®f2+A1®X
0)(0] , Ay = [1)(1

2-Qubit Operations

The Clifford Group - maps Paulis to Paulis



_ Universal Quantum Gate Sets

-1 (1 1 f~ 10 " Lo
1-Qubit Operations H = \/§ (1 _1) ’ 5 = (O Z) 1= (O 6iﬂ/4)

CNOT12
Ao

A0®f2+A1®X
0)(0] , Ay = [1)(1

2-Qubit Operations



The Gottesman-Knill Theorem
1998

The Heisenberg Representation of Quantum

Theorem 1 (Knill’s theorem) Any quantum computer performing only: a)
Clifford group gates, b) measurements of Pauli group operators, and c) Clifford
group operations conditioned on classical bits, which may be the results of earlier
Computers measurements, can be perfectly simulated in polynomial time on a probabilistic

. classical computer.
Daniel Gottesman® /4

Improved Simulation of Stabilizer Circuits

2008 Scott, Aaronsorl* Clifford Gates ‘ ,%/" L

MIT
N

W SN/
Dani.el Gottesmanﬂ H g S 9 C N OT //\/\/\‘/\\‘ %
Perimeter Institute ///\"/Q/ /

N\

S
Clifford Circuits can be simulated efficiently with classical computers
Subset of the Hilbert space, including large-scale multi-partite entangled states.

Stabilizer states form a projective 3-design for qubits %Z (Ip) ()™ = / d (|) ()™

YeS



e.g., 1 and 2-Qubit Stabilizer States

state||00) |01) |10) |11)||state||00) |01) |[10) |11)
1 |1 1 1 1 (3]0 1 1 0
1 2 [1 -1 1 -1(38|1 0 0 -1
‘ 1> (“Z ) 3 /1 1 -1 -13/|1 0 0 1
4 |1 -1 -1 1]4]0 1 -1 0
= %(\O) + \1>), —) = %(\0) — |1>) (£X) 5 01 1 i i 4|1 0 o0 i
X ) 6 [1 -1 i ~-i|42]|0 1 i 0
_ 71 1 -4 -i|[43]0 1 - 0
\/§(|O> +Z|1>)7 7’> o \/§(|0> 7"1>) ( Y) 8 |1 -1 -4 i 4|1 0 0 -
9 |1 1 0 04 |1 1 1 -1
101 -1 0 0/ 46 |1 1 -1 1
11 /0 0 1 1|47 |1 -1 1 1
120 0 1 -1(48 |1 -1 -1 -1
131 i 1 if[49 |1 i 1 -
14 |1 -4 1 -i|[50 |1 i -1 i
5|1 i -1 - 511 -4 1 i
16 |1 -i -1 i |[52]1 4 -1 -i
17 |1 i i -1|583 |1 1 i -
18 |1 -i i 1541 1 - i
19 |1 i - 1551 -1 i i
20 [ 1 - - -15 |1 -1 -i -
21 [ 1 i 0 0|57 |1 i 1
22 (1 -4 0 0| 58] 1 i -1
23 [0 0 1 i 59| 1 -i 3
24 [0 0 1 -/ 60| 1 -i 1
25 (1 0 1 0
26 [0 1 0 1
27 |1 0 -1 0
28 (0 1 0 -1
29 (1 0 i 0
30 [0 1 0 i
31 |1 0 - 0
32 (0 1 0 -
331 0 0 0
34 [0 1 0 0
3 [0 0 1 0
36 |0 0 0 1

Tensor-product - 1Q  Entangled States



Stabilizer States are Special |

o , Qubits: d=2 : 6 for nQ=1, 60 for n=2, 1080 for nQ=3, ...
Nyiar, = d”€ H (d* 4+ 1) Quitrits: d=3 : 12 for nQ=1, 360 for n=2, 30240 for nQ=3, ...
i=1

d=prime: stablilizer states == undirected graphs

A A A

.1 A A
A p:EZCPP , P = P,®P,®..B,_
P={X,Y,Z 1} ol
cp ="Tr | pP| = (¥[Ply) .
For stabilizer states: 2n of the P have |cp| = 1 and 4n-2" have |cp|=0

|

=p = cp/d sz:l



L. Leone, S. F. E. Oliviero, and A. Hamma, Stabilizer Rényi Entropy, Phys. Rev. Lett. 128, 050402 (2022),

Magic Measures
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L. Leone, S. F. E. Oliviero, and A. Hamma, Stabilizer Rényi Entropy, Phys. Rev. Lett. 128, 050402 (2022),

. 2 Lo
) =alo)+ 890, o = (Lo V)

clezaz—l—ﬁQ, C, = a® — B2 cy = 2afcos¢, ¢y = —2afsin¢

(@)

stabilizers e
‘ O> T = type O
P = H — type

\’ |+ 7)




When is a Quantum Computer Required?
Quantum Complexity of Physical Systems?

M>(8, 9)

Iy ’.'\ Non-local
> (R magic
. \." H 0 ’ A/

Magic| %

How far from
“Classically Easy”

s the state //7 “ A
max.
a
CW’ E4s'cf ;
Classical gate set — =—— STAB ;

operations

Alioscia Hamma Entanglement



When is a Quantum Computer Required?
Quantum Complexity of Physical Systems?
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Non-Local Magic - Looking tor Dragons

MDD (@)= min = My (Ua, ®...0Ua,, |¥))

UA]. ®"'®UAM

MYE($) a) <Ms({A:}) R W R e
Saturates in all numerical experiments XA/ Nianiznis M rishia Manishia ) 5

Magic

Ua (angles(d)) = U (angles(B))

A B

Entanglement



R(

A

0

Local and Non-Local Robustness oI Magic

) =ngn{ folly | 5= xp} olh-1+2 ¥ o

0

and the corresponding non-local minimization

- numerically challenging due to number of stabilizers
- Valid for both pure and mixed states
- Require an optimization for x; and non-local require further optimizations.

If R=1, then the x; form a probability distribution and
can be sampled classically without a sign problem.

R>1 indicates 1 or more negative x;and
a growing sign problem



Qubits and Qutrits

2-Qubits or Qutrit wave functions randomly-selected wave functions
(Haar measure) W= a0 = aey) fwarvev@, [ ao

Qutrits

® TOtaI M|inear

» Non—Local M inear
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Entanglement and Magic Phase Transitions

Entanglement—magic separation in hybrid quantum circuits

Gerald E. Fux ®,! Emanuele Tirrito ®,!»2 Marcello Dalmonte ®,1:3 and Rosario Fazio ®!:4
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occurring with probability p.
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Quantifying the Rise and Fall of Complexity in Closed Systems:

Scott Aaronson*
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disorder
complexity

order
simplicity

The Coftee Automaton

Sean M. Carroll’ Lauren Ouellette?
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low complexity  high complexity low oompleXity
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Order and
Complexity
in the Universe

time
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Is there a law of thermodynamics governing
the evolution of complexitv?
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T Quantum Complexity in Neutrinos - Qutrits

Quantum magic and computational complexity in the

neutrino sector For the two-qutrit system, explicit calculation gives a maximum value of magic in a tensor-product state of M2 = 2

Ivan Chernyshev ®"*, Caroline E. P. Robin %3, and Martin J. Savage ®'+3

(consistent with 2x the maximum value for a single three-flavor neutrino),

Show more v

while entangled states can support a maximum value of M2 =2.23379.
Phys. Rev. Research 7, 023228 - Published 4 June, 2025

DOIL: https://doi.org/10.1103/PhysRevResearch.7.023228
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1-Plaguette of SU(2) Yang-Mills
Magic to Guide Truncations (?)

L 5. . 1
) Hjj = 59°5( + 18,5 + g2 (205" = 0315 = 0-1,5°)

e
7 N\
P

|

>
|

>
.—’.

Mo :‘ in the GS

1.0 /
08 //

0.6

qudit

04.

0.2

\\\\\\\\\\\\\\\

ivax =1/2,1,3/2,2, ... .




Anti-Flathess

t flat spectrum t non-flat spectrum
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Renormalization Group Flow of Complexity

Gaussian Smearing Sequency Truncation
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Entanglement Suppression and Emergent Symmetries of
Strong Interactions

— . ]
Silas R. Beane' , David B. Kaplan? , Natalie Klco' 2, and Martin J. Savage? _I ta gle e t a d ag]-C _)O ; / \ ; e:r Of t e
Quantum complexity fluctuations from nuclear and S _ ‘\ /‘ atl/]_ >< . Oﬂ AT — e [ ] el’ % a]_/ O [ ] _ % a]_/ O [ ]
hypernuclear forces . |

. P. Robin ®"2* and Martin J. Savage ®3 1+

S-wave, elastic, coupled spin channels

sa _ i (362'253 1 ez’251) i 1 ;l (6'5253 o 62’251) -

36
MIP(S) = 225 MNP (81v:)
1=1

3 Vanishing entanglement and magic power:
20

2-flavor = SU(4) spin-flavor emergent
£(S) = ésinz(Z AJ) , 3-flavor = SU(16) spin-flavor emergent
Conformal symmetries

(3 + cos(4 A(S)) sin®(2 AJ) ,



Entanglement Suppression and Emergent Symmetries of
Strong Interactions

~ntanglement and Magic Power of the

Show more v

Phys. Rev. Lett. 122, 102001 - Published 14 March, 2019 Exy

Sy mememmmmsens 5= VAITIX - LOW-energy Baryon-Baryon

Caroline E. P. Robin ®"2* and Martin ], Savage 31+

Show more v

Phys. Rev. C 112, 044004 - Published 17 October, 2025
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Baryon-baryon interactions and spin-flavor symmetry
from lattice quantum chromodynamics

Michael L. Wagman'+?, Frank Winter3, Emmanuel Chang?, Zohreh Davoudi4 William Detmold?, Kostas
Orginos>3, Martin J. Savage'-?, and Phiala E. Shanahan* (NPLQCD Collaboration)

Phys. Rev. D 96, 114510 - Published 28 December, 2017

Unnatural case

[.attice QC.

( 20/ o
15}
1.0}
0.5
00, @ @ ¢ P P
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D Results and Symmetries

~800 MeV pion mass
Results consistent with SU(6) and SU(16)



Spin versus Magic: Lessons from Gluon and Graviton —

Scattering ['otal Magic Power of Gluons

John Gargalionis*!, Nathan Moynihan'?, Sokratis Trifinopoulos*3#, Ewan N. V. Wallace3!,

Chris D. White¥2, and Martin J. Whitel? __De rturb at]_O n I____I h@ O ry

arXiv:2508.14967v1 [hep-th] 20 Aug 2025
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Non-local nonstabiliserness in Gluon and Graviton

Non-Local Magic Power of Gluons

John Gargalionis*!, Nathan Moynihan?, Michael L. Reichenberg Ashby*?, Ewan N. V.
Wallace$!, Chris D. White12, and Martin J. White!?

arXiv:26()3.04148V_1 [hep-th] 4 Mar 2026 Derturb atl@n he er
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C.D. White, M.J. White, Magic states of top quarks.
Phys. Rev. D 110(11), 116016 (2024). https://doi.
org/10.1103/PhysRevD.110.116016. ADP-24-10/T1249.

arXiv:2406.07321 |[hep-ph]
Observation of magic states of top quark pairs produced

in proton-proton collisions at /s = 13 TeV (CMS-PAS-

TOP-25-001) (2025)

22“‘ 1.4
1.

1
0.8
0.6
0.4

0.2
0

Production at LHC

138 fb' (13 TeV)

CMS I Data

Preliminary

- MG5+P8

... MINNLO+P8

300-400 400-600 600-800

stat, total unc.

Powheg+P8
--------- Powheg+H7

S R

> 800
m(tt) [GeV]




Quantum Complexity
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From NISQ to Fault Tolerant - Sequency Hierarchies

Magic in a Gaussian: My, = 0.362007

Physical Qubit | e e
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: 10~ e,
1072 e T,
“ 102 |
= . = :
<1073 = %
e,
1073 ¢
. |
104 .
\ 10~ 3
10-° . °
9 16 25 36 49 64 2
ng
Hierarchical quit maps and hierarchically implemented quantum Sequency Hierarchy Truncation (SeqHT) for Adiabatic State Preparation and Time
error correction Evolution in Quantum Simulations

Natalie Klco and Martin J. Savage

Phys. Rev. A 104, 062425 — Published 15 December 2021 « e-Print: 2407.13835 [quant-ph] Zhiyao Li®,* Dorota M. Grabowska ®," and Martin J. Savage ®*


https://arxiv.org/abs/2407.13835
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Magic and Multi-Partite Entanglement in Nuclel

Quantum magic and multipartite entanglement in the
structure of nuclei

Florian Brokemeier @', S. Momme Hengstenberg @', James W. T. Keeble ®', Caroline E. P. Robin ®'"27,

Federico Rocco ®', and Martin J. Savagg*if:;j:’i%i’:‘»3"r

Show more v

Phys. Rev. C 111, 034317 - Published 11 March, 2025

DOL: https://doi.org/10.1103/PhysRevC.111.034317
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Magic and Multi-Partite Entanglement in Nuclel

Quantum magic and multipartite entanglement in the
structure of nuclei

Florian Brokemeier ®', S. Momme Hengstenberg @', James W. T. Keeble ®', Caroline E. P. Robin
Federico Rocco @', and Martin J. Savage 31
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Show more v
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Phys. Rev. C 111, 034317 - Published 11 March, 2025

DOL: https://doi.org/10.1103/PhysRevC.111.034317
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Neural Quantum States in Non-Stabilizer Regimes: Benchmarks with Atomic Nuclei
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Complexity Rearrangment,
Effective Model Spaces and Ssymmetries

: : : Z O0CpoCpo Z CpoCqoCq-aCp-0o
Multi-body entanglement and information pqo
rearrangement in nuclear many-body

systems: a study of the Lipkin—Meshkov-

Glick model 9

o
Regular Article - Theoretical Physics | Published: 17 October 2023 pq

Volume 59, article number 231,(2023) Cite thisarticle V
A A2 A
el < (J7 +J?) (Jid-+J-J=N)

S. Momme Hengstenberg, Caroline E. P. Robin K1 & Martin J. Savage
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Complexity Rearrangment,

W=V (y= 0) W=2V
(x=1/3
% ‘T;%%
I I I I — I | |
V=0 2 4 6 8 10 12 14
(x=+1) (A-1)/2
Effective +
Effective projected .
Bare truncated
0 2 4 6 8 10 12 14

(A-1)/2

Effective Model Spaces and Ssymmetries

Naive truncation: power law corrections

Optimized truncation: exponential corrections
over some of the Hilbert space

Likely to be of utility more generally for EFT
developments



Complexity Rearrangment,
Effective Model Spaces and Ssymmetries

Self-Consistent
Orbital
Optimization

Harmonic Oscillator wave function (lower)

Self-consistent wave function (upper)



Stabilizer Acceleration in Many-Body Systems

Stabilizer-accelerated quantum many-body ground-state
estimation

Caroline E. P. Robin ®*
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Stabilizer Acceleration in Many-Body Systems

Stabilizer-accelerated quantum many-body ground-state
estimation

Caroline E. P. Robin ®*
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Quantum Complexity
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Quantum Complexity for Fundamental Quantum
Many-Body Systems

- Essential for optimal quantum simulations in fundamental
physics - baloncing quantum and classical resources

- At the beginning stages
- Potentially new methods for classical simulations
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