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Motivation

Early fault-tolerant quantum computing architectures are expected to exhibit highly non-uniform error rates:

Noisy operations

Within a chip

Connecting fridges

Connecting chips
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Distillation

» Distillation provides a natural way to trade additional
operations and qubits for higher-fidelity ones:

Distilled operations ¢
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U N = Entanglement distillation
- N === = Magic state distillation
yZ = Synthillation: Distillation of larger, synthesized gates
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== //// » Development of suitable distillation and synthillation

protocols can drastically improve the scalability of

algorithms!
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Development Roadmap

Applying algorithms
to applications

Discovering new
algorithms for
advantage

Orchestrating
workloads for
quantum + HPC

Accurately
and efficiently
executing on
quantum
computers

Hardware —

@ Completed
W) On target

2020 2021 @

Released multi-
dimensional
roadmap publicly
with initial focus
on scaling

2016—-2019 @

Ran quantum circuits on

IBM Quantum Platform execution speed

by 100x with
Qiskit Runtime

Qiskit Runtime

OpenQASM 3

IBM Quantum Experience

Early Falcon

Benchmarking

27 qubits

Canary
5 qubits

Albatross

16 qubits

Penguin
20 qubits

Prototype
53 qubits
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Enhanced quantum

2022 ®

Brought dynamic
circuits to unlock
more computations

Dynamic
Circuits

Eagle

Benchmarking

127 qubits

2023

Enhanced quantum
execution speed

by 5x with Quantum
Serverless and
execution modes

Resource Management

Qiskit
Serverless

Execution

modes

Error
mitigation

2024 @

Demonstrated
accurate execution
of a quantum circuit
at a scale beyond
exact classical
simulation (5K gates
on 156 qubits)

Code assistant

Functions

Advanced
classical
transpilation tools

Plugins
for HPC

200K CLOPS

Heron
(5K)

Error mitigation

5K gates
133 qubits

2025 @

Deliver quantum +
HPC tools that will
leverage Nighthawk,
a new higher-
connectivity
quantum processor
able to execute more
complex circuits

Advanced
classical
mitigation tools

Utility-scale
dynamic
circuits

Nighthawk
(5K)

Error mitigation

5K gates
120 qubits

2026

Enable the first
examples of
quantum advantage
using a quantum
computer with HPC

Use case
benchmarking
toolkit

Utility mapping Q)

tools

Profiling tools {9

Nighthawk %

(7.5K)

7.5K gates
120 qubits

Up to 120x3 =
360 qubits

)

2027

Improve quantum
circuit quality to
allow 10K gates

Computation
libraries

Nighthawk
(10K)

Error mitigation

10K gates
120 qubits

Up to 120x9 =
1080 qubits

2028

Improve quantum
circuit quality to
allow 15K gates

Workflow
accelerators

Nighthawk
(15K)

Error mitigation

15K gates
120 qubits

Up to 120x9 =
1080 qubits

2029

Deliver a fault-
tolerant quantum
computer with
the ability to run
100M gates on
200 qubits

Circuit libraries

Fault-tolerant ISA

Starling
(100M)

Fault-tolerant

100M gates
200 qubits

IBM Quantum

2033+

Beyond 2033,
quantum computers
will run circuits
comprising a billion
gates on up to

2000 qubits,
unlocking the full
power of quantum
computing

Blue Jay
(1B)

Fault-tolerant

1B gates
2000 qubits




Quantum computing
Key milestones in bringing usetul quantum computing to the worla

2023

Establish quantum utility

©
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2026

Demonstrate guantum
advantage

S

2029

Deliver the first large-
scale, rault-tolerant
quantum computer
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Quantum computing
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Utility vs. Advantage

Quantum Utility (2023) 9

Demonstration that a quantum computer can
‘un quantum circuits beyond the ability of a
classical computer simulating a quantum
computer

Contirmation via research, papers, & theory

IBM’s 2023 research paper (“Evidence for
the utility of quantum computing before

| fault tolerance”) provided evidence and
CUTTING . methods to move the industry into the
THROUGH Utility era

Error miti gationem powers quantu m
processor to probe sics that classica

el i g g https://www.nature.com/articles/s41586-023-06096-3

© 2025 IBM Corporation
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Theory Utility Advantage

\

Quantum Advantage (TBD) imamas

Demonstration that a quantum computer can
solve a problem more accurately, cheaper, or
more etficiently than classical computing alone

Contirmation via real-world usage

Advantage will come at different times in
different domains and depends on the
continued advancement of quantum
algorithm implementations across
iIndustries



https://www.nature.com/articles/s41586-023-06096-3
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“Evidence ot utility betore
fault tolerance” (2023)

A noisy quantum computer
Droduces accurate
expectation values

on 127 qubits and 2880
gates, outside of brute force
classical computation.
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Y. Kim, A. Eddins, et al, Nature. 618, 500-505 (2023)
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Quantum computing

Key milestones in bringing usetul quantum computing to the worla
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What is quantum advantage?

Performing an information
processing task more
efficiently, cost-etfectively,
or accurately using quantum
computers than i1s known to
be possible with classical
computers alone

We must establish trust
IN the outputs of a real
and noisy quantum
device.

A scientific experiment
IS only as good as
confidence in methods.

Quantum advantage Is
not something that will
nappen at a singular
moment In time.

It 1s a hypothesis that is
subject to falsification.




We predict that quantum
advantage will be tound

... but only It we

© 2025 IBM Corporation



Application use cases
Working groups

IBM Quantum is not in this alone. Working groups bring

together the best industry pioneers and scientists in

their tfield to accelerate our path to achieving Quantum
Advantage across several domain areas:

Optimization
July 19-20, Zurich, 2023

UKRI:STFC Fraunhofer
E.On Los Alamos

Materials and HPC
April 17-18, Chicago, 2023

Riken Univ. Chicago
Univ. Tokyo Oak Ridge Nat. Labs

High energy physics
November 2-3, Geneva, 2023

CERN PSNC
DESY Univ. Tokyo

Healthcare and life sciences
April 13-14, Cleveland, 2023

Univ. Chicago
Yonsel Univ

Cleveland Clinic
Univ. Toronto

IBM Quantum | © 2025 IBM Corporation | Elisa Baumer Marty | eba@zurich.ibm.com




Application use cases
White papers

A first outcome of the working groups Is the white papers

In their respective domains.

Optimization

Quantum Optimization: Potential,
Challenges, and the Path Forward
https://arxiv.org/abs/2312.02279

Materials and HPC

Quantum-centric Supercomputing for
Materials Science: A Perspective on
Challenges and Future Directions
https://arxiv.org/abs/2312.09733

High energy physics

Quantum Computing for High-Energy
Physics: State of the Art and Challenges.
Summary of the QC4HEP Working Group
arxiv.:2307.03236

Healthcare and life sciences

Towards quantum-enabled cell-
centric therapeutics
arxXiv.2307.05734

2312.02279v1 [quant-ph] 4 Dec 2023

arX1v

arX1v:2312.09733v1 [quant-ph] 14 Dec 2023

Quantum Optimization: Potential, Challenges, and the Path Forward*

arXiv:2307.05734v2 [quant-ph] 1 Aug 2023

IBM Quantum | © 2025 IBM Corporation | Elisa Baumer Marty | eba@zurich.ibm.com

2307.03236v1 [quant-ph] 6 Jul 2023

arXiv

Quantum-centric Supercomputing for Materials Science:

A Perspective on Challenges and Future Directions

Towards quantum-enabled cell-centric therapeutics

Quantum Computing for High-Energy Physics
State of the Art and Challenges
Summary of the QC4HEP Working Group
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Quantum-centric supercomputing

Delivering impacttul guantum computing requires the
interplay of quantum and classical resources at scale

centric supercomputing is the path toward

iIndustrial-scale applications

Quantum-
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Quantum computing
Key milestones in bringing usetul quantum computing to the worla

2023 2026 2029
Establish quantum utility Demonstrate quantum Deliver the first large-
advantage scale, tfault-tolerant

quantum computer

© S

© 2025 IBM Corporation
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Errors In Quantum Systems

Classical error correction: repetition code 0 - 000,1 - 111

Quantum error correction: No-Cloning Theorem

- Quantum Information cannot be copied

= We cannot copy arbitrary qubits, but need to protect bits and phases
=» Huge overhead needed, e.g. surface code requires

physical qubits per logical qubit with distance d ~ d°




Scaling beyond the surtace code

outline
Cancer
vaccines

The gross code is 10x more efficient
than the surface code
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IBM fault-tolerant quantum computing roadmap

Loon (2025)

[ 2 logical qubt}

6-way connectivity

c-coupler demo

Automated design

© 2025 IBM Corporation

Kookaburra (2026)

“Long” c-couplers

Real-time decoding

LPU (+~100 qubits) for
logical operations

Cockatoo (2027)
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Two blocks of gross code + LPU

Module-to-module logical
communication over
[-couplers

Starling (2028)
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Multiple blocks of gross code + LPUs

Universal computation with magic
state distillation




What can you c
large-scale, taL

o with a
T-

tolerant quantc

M

computer?

Adoption of quantum
computing systems enables
new applications or use cases
to be discovered, potentially
with current or

near-future systems.

Investments in algorithm
research should enable known
applications to be realized
sooner.
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How to compute on the Gross code

« The basic instruction set is given by the bicycle instruction set architecture (ISA) — very far from what

we currently use on near-term devices

g, Primal_pivet In-module measure Automorphism Inter-module measure
dalq
L3 ¢
G Y} 22
g, el pwet Qu ) CX (A

g dota Pe {""7‘*301

» This enables fault-tolerant implementation of the full Clifford group

» Toreach a universal gate set, we need so-called «magic states», which are then injected via

teleportation using Cliffords and measurements e o Magic

> General gates are typically decomposed into /P - State
- TP P o0 ol 0 Factory

o7 Zuny Ay 7 Zany AvsZ Gany A&7 h

[ L.‘.ogiucal me‘lmofrfyﬂ J [ ngical memo.r-y-:’j

So now we can do any quantum computation?

IBM Research / IBM Corporation © 2024

26



Resource estimation on the Gross code

> Goals:

Even on fault-tolerant devices we will have a fixed error budget and thus

error

need to optimize our resources

Costs for different operations drastically change in the fault-tolerant regime,
e.g. an arbitrary phase gate with precision € = 10~ requires ~200 T-gates
- Phase gates that used to be “for free” are now very expensive
T-injection and inter-module measurements dominate the costs

Layout and transpilation matter a lot, e.g. teleportation of gates vs qubits

error

Resource estimates to check feasibility and identity bottlenecks

Re-design and optimize quantum algorithms according /

Algorithms

to the resource costs in the fault-tolerant regime

IBM Research / IBM Corporation © 2024 \ J
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Distillation factories

-
=

- Magic state distillation: Using many copies of a noisy |, — g1
magic state and (fault-tolerant) Clifford operations plus 3: :i:
measurements we can distill a few higher-fidelity :Z?
magic states 32;:
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-  Entanglement distillation: Using many noisy inter-
module gates we can distill a few higher-fidelity links

» We can trade time and number of qubits for precision

> Goals:

. Find suitable distillation protocols for our architecture

.  Find a good balance of distillation depending on the algorithm

IBM Research / IBM Corporation © 2024

Figure 4: 20-to-4 distillation circuit.

D. Litinski, Magic State Distillation: Not as Costly as You Think, Quantum 3, 205 (2019)
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Standard entanglement distillation protocols

1) Generate several noisy Bell pairs.
2) Use only local operations and classical communication.

3) Postselect to obtain fewer, higher-fidelity Bell pairs. The protocols accept if
C1 262/\632(34/\(35 — Cg

Z-recurrence: X-recurrence: Y-recurrence: Two-round recurrence
o) {H]o o) {H 2 0) {H o2 ST}[H]I_(H ! 0) {H |+ ,LO
0y {H ~—€L/7< 0) {H H—e 1/-[/% 0) {H H—s BAE 0) 1 H |19 S
0) -? - J\ o—ﬁ= C3
0) <. ,L 0) S—+—P 0) o rs’r]{H]l—{H s} 0) {H v}
0) DDz} 0) & cz 0) b A=,
0) S, ,LO
o T\ T_ Co
> Single recurrence cannot 0) T O
- D XL ¢,
detect an arbitrary error 0) D J\ gl
0> S “AFes

> Two-round recurrence can
detect an arbitrary error

IBM Research / IBM Corporation © 2024



Standard entanglement distillation protocols

1) Generate several noisy Bel
2) Use only local operations a
3) Postselect to obtain fewer,

» Higher output protocols:

IBM Research / IBM Corporation © 2024

| palrs.
nd classical communication.
higher-fidelity Bell pairs. The protocols accept if
c1 =cCa2/\Nc3 =cq4/\Cx = Cg
Maneva-Smolin Leung-Shor
o {H]e o 0) {7 }e 0 D
0) { H H—e o 0) 1 H 19 o a
o) {H s o 0) { H o S \LEH:]
0) {H ; 0) {H —O o£ A}
o) {H ; oooclu Ak R
0) D 0 %
0) D o 0) 2 . D
0) D 0 0) ) 4 T_ A} e
0) b ' 0) 6 o\,l, A ey
0 © l » Detects arbitrary error
0) S DDDD>A} e

and outputs two Bell pairs
» Cannot detect an arbitrary error
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arXiv:2605.26757

Our new protocols

Main idea: Use the noisy inter-module entangling operation also inside the distillation circuit.

Space-optimal High-rate
0) { H |9~ D 0) {H e ‘ D 7
0) E DAL |0) T 22X A%, 0) E - o D Z
0) - H o o - Z
0) ST P 0) {H . . D -
0) S—D{=A}e [0) OTO A} 0) {1 H 5 oo Té:m :
0) {H_ PLD-DD oé e
Space-optimal reduced The protocols accept if
0) 'E_' 4 D @' 0 @ ! N ancj3 %n?a)cgdgiﬁir;ll(;ir,equires
0) E +ALe |0 H -[s}j—o—% 0) D ’ P cg =c4 =0
0) D 0 D
0) D P 0) D ? P
0) ay (L@z o) i Ji st I(_} AL 0) > ,L. e T-/x
0) DS DD A Fes
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arXiv:2605.26757

# qubits Depth Depth  Duration # output # Inter- Output
Protocol per . module
1-D all-to-all [ns] Bell pairs . error rate

module operations
Single recurrence 2 2
Two-round recurrence 3 10 (+2) 5 (+2) 3296 (+1288) 1 A 8 (g1 + 2g5)2
[Fig. 1(d)] [15] 4 14 (+1) 3 (+1) 2688 (+1288) ’ ’
M -Smol; . .
[Fﬁ?ﬁ?e)ﬁq'}? m 10m —18 m (+1) seeFig.4c) m—1 m ™ (e1+ 2e2)
Leung-Shor 14 5  \2
Fig 100] [18] 4 19 (+2)  4(+2) 3240 (+1440) 2 4 U (g1 + 2¢5)

. 2 8 (+2 5(+2) 2608 (+1376

Sllg"ace-zoptlmal ) ) ) 1 4 _El + 4&,% + 275152
ety 2l [aure] 3 11 (+1) 3 (+2) 1856 (+1320)
Space-optimal reduced| 2 7(+2)  4(+2) 2520 (+1376) ; 27 1 4,
[Fig. 2(b)] [ours] 3 6 (+4)  3(42) 688 (+1648)
High-rate m  8m—13 (+2) m (+2) seeFig.4(c) m —?2 m  (im?—Im+2)(e1+2e,)?

IBM Quantum

[Fig. 2(c)] [ours]

QOutput error rates are conditioned on successful postselection and reported to leading order in the inter-module error
probabilities. For multi-output protocols, the reported error is the joint error. Linear error suppression is colored red due
to Its inefficiency.
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arXiv:2605.26757

S | m U l.a.t | O ﬂ S Single-qubit errors Two-qubit errors
local error: 1e-4 1 local error: 1e-4
107+ -
_1 |
10773 - ?
--@- No distillation 4
: S -2 o g
--¥- Single recurrence S5 1072 @ Y o 10775 o o
Two-round recurrence = -V 3 .f.’.:" = ] V S
-4 Leung-Shor 5 5 ,.‘“ '
--l- Leung-Shor (normalized) % 103 - o % 103 - .:;::..
-4 Space-optimal reduced O ; ot s O 5‘. .-.:ff;-.‘.':: ....... ¢
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» Clear difference between the linearly scaling protocols and those with quadratic error suppression.

» Reduced protocol shows expected quadratic suppression in €1, but o
emphasizes its limited utility that is confined to single-qubit errors.

» All other protocols show a fairly invariant behavior under the two different noise models.

» Output errors are lower bounded by the local errors.

nly linear suppression in€2, which

> Across all simulations our general space-optimal protocol shows the best performance
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Total and normalized output error Total and normalized output error
¢ 0.8 A
0.90 - ¢ ® No distillation
4 Vv Single recurrence [ —¥— Maneva-Smolin 0.6 -
. 8 Maneva-Smolin (normalized) _
£ 0.15 - o © £
o v v Two-round recurrence o
§ o a.t O ® Leung-Shor /—€— High rate ?’1 0.4 1
S 0.10 1 s o " B Leung-Shor (norm.) /--m- High rate (norm.) a
4 ; # Space-optimal reduced 0.2 1
0.05 - —~ Space-optimal
0.07 0.08 0.9 0.10 011 0.12 > 4 6

Raw CZ error

» Output error rate lower bounded by the local operations, which is here only
roughly one order of magnitude better.

# output Bell pairs

Total and normalized duration

» Single recurrence gives only very small improvement over no distillation, 8000 -
but second round improves the error substantially (as expected) and —
achieves similar performance as normalized Leung-Shor protocol. — 6000 -

» High-rate protocol clearly better fidelity than Maneva-Smolin protocol. ® 4000 -

A
> The best-performing protocol is our space-optimal protocol, as it 000 -

consistently yields the lowest output error and achieves the shortest

overall runtime among the protocols with quadratic error suppression. ! A . .

# output Bell pairs




Conclusion & Outlook

* Reusing the noisy inter-module entangling operation during distillation can reduce both space and time

overhead

» Our space-optimal protocol is a practical primitive for overcoming noisy links in modular guantum

computing, as It requires only two qubits per module to reach quac

ratic suppression of inter-module

errors and also achieves the best performance in our simulations a
» Potential next steps:
 Compare distillation on physical level vs logical level
» Look for further suitable distillation and synthillation protocols

nd experiments

-

« IBM’s mission to bring useful quantum computing to the world requires that

hardware, software and error correction advance together!

> We need to re-evaluate resources for quantum algorithms in the fault-tolerant \

regime and optimize them accordingly

Thank you for your attention!
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