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Quantum Noise and Error Mitigation

Lecture 1
Big picture Mitigation fundamentals  Next lecture
Learning noise
Quantum computers status Probabilistic error cancelation (PEC) State-of-art mitigation experiments
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_ . Outlook
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Noise in quantum computers
Overview of error mitigation
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A 127-qubit quantum
computer installed in
the the lobby cafeteria
of a research building
dutifully executing jobs
almost all the time.

at Cleveland Clinic






IBM Quantum

1BM Quantum | IBM Quantum

Osprey

2019 2020 2021 2022
Falcon Hummingbird Eagle Osprey
27 Qubits 65 Qubits 127 Qubits 433 Qubits
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100,000-qubit
quantum-centric
supercomputer

Classical connections

.~ Quantum connections
s Transducers to
optical interconnects

IBM Quantum System Two
25,000-qubit cluster
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Development Roadmap IBM Quantum

2016-2019 e 2020 2021e 2022e 2023 e 2024 2025 2026 2027 2028 2029 2033+
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Example: Quantum simulation
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Quantum simulation on a quantum computer

| Map to quantum circuit
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Quantum simulation on a quantum computer

Execute on a real qguantum computer device and obtain results as classical data
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Biggest challenge?

Please do share

Zlatko Miney,

IBM Quantum (17
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Biggest challenge

Noise
(Errors)

i

i
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Hello World with a real experiment!

Introduction to superconducting
qubits (cQED)

Lecs. 16-21 Minev

QGSS 2020 at giskit.org/learn
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Hello World! building blocks

A qubit

(3>~

1> Computational

O> basis states

Operations: qubit gate

X

Measurements: qubit observable

—

refresher:

1) Z10) = +1]0)
0) Z|1) = —-1]1)
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Hello World! Even-odd algo: qubit flipper

Task: Classify or report if a classical positive
integer d is even or odd.

flip spin d times, measure polarization

refresher: X [0) = 1) Z10) = +1]0)
X [1) = [0) Z1) = —1]1)
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Hello World! qubit flipper quantum circuits

refresher: X |O> — |1> Z |O> = +1 ’O>
X [1) =10) Z|1)=-1]1)
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Hello World! “debugger” step through

depth |
0)i——%| - Measurement Z,7g
O; 1) — (0/Z]0) = +1
|>§_E§_/7( — (1]Z]1) = —1
J— 1y
O X X
R
O x FH X HxH~

refresher: X |O> — |1> A |O> = +1 ’O>
X [1) =10) Z|1)=-1]1)
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Hello World! “debugger” step through

3

Measurement 2/7(

1) — (0]Z]0) = +1
Ei_dl; — (1|Z]1) = -1

[1)—0) — (0]Z|0) = +1
XX

1)__joy__ii1) (Z) = (~1)

where d is the circuit depth

s
:
jla

3

refresher: X |O> — |1> A |O> = +1 ’O>
X [1) =10) Z|1)=-1]1)



Hello World! Ideal expectation results
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Hello World! Real expectation results
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Real & noisy quantum processors: Why study noise?
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“Quantum phenomena
do not occur in a Hilbert space,
they occur in a laboratory.”

Asher Peres

Zlatko Minev, IBM Quantum (31)
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How to deal with errors due to noise?

Monitor Monitor No monitor
Error occurs Error anticipated Error occurs
Error detect Tell signal detected Error undetected

Quantum error correction Catch and reverse Error mitigation

Shor, PRA (1995), ... Minev, Nature (2019), ... ... subject of today

Zlatko Minev, IBM Quantum (33)



Quantum simulation on a noisy qguantum computer

Execute on a real qguantum computer device and obtain results as classical data
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Quantum error mitigation overview

Execute on a real qguantum computer device and obtain results as classical data
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Error mitigation and error correction

Error mitigation: working with what you have

* benefit suppress errors on classical results (expectation values)
* q-cost no extra qubits or hardware resources needed
* c-cost trades classical resources (post-processing) for lower error

* limitation bad asymptotic scaling: high number of samples & circuits

Error correction: protecting quantum information

* benefit suppress & correct errors to arbitrarily small level
e (q-cost very large qubit and hardware overhead
e c-cost decoding and encoding can be classically costly

* challenge requires fault-tolerant operations and readout

Zlatko Minev, IBM Quantum (36)



Error mitigation landscape
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Error mitigation landscape

Zero-noise extrapolation (ZNE)

Fynartation valis of interes?
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Error mitigation landscape

Zero-n

(F )zp

. lation (ZNE)

Probabilistic error cancelation (PEC)

&3 Qiskit IBM Qiskit
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(F)ire

Ndg

backend.run vs. Qiskit Runtime

more
speed

[1]:
Tutorials

Get started with Estimator
b Get started with error suppression and

error mitigation
VQE with Estimator

CHSH with Estimator

Qiskit Runtime IBM Client documentation > Error supression and error mitigation with Qiskit Runtime —

Q_ Search Qiskit Runtime 1BV

Get started This page was generated from docs/tutorials/Error-Suppression-and-Error-Mitigation.ipynb. —
Overview
aetng Hiied Error supression and error mitigation with

Introduction to primitives Q i S k it R u n ti m e

 Pmmm mialli dammamd Mmoo el

Overview Learn Community

import datetime

import numpy as np H H
e e s e . more information,
import matplotlib.pyplot as plt

plt.rcParams.update ({"text.usetex": True}) accu racy

plt.rcParams["figure.figsize"] = (6,4)
mpl.rcParams["figure.dpi"] = 200

from gqiskit_ibm runtime import Estimator, Session, QiskitRuntimeService,
Options
from giskit.quantum info import SparsePauliOp

Zlatko Minev, IBM Quantum (39)



1000

Cumulative papers on arXiv

Adoption of error mitigation

Papers involving error mitigation over time

800

600

400

200

Examples

ARTICLE
OPEN

Error-mitigated quantum gates exceeding physical
fidelities in a trapped-ion system

Shuaining Zhang@ ', Yao Lu', Kuan Zhang'Z, Wentao Chen', Ying Li® **, ling-Ning Zhang"** & Kihwan Kim® '*

Matrix product channel: Variation
to mitigate noise and reduce errors

Sergey Filippov,” Boris Sokolov, Ma
Borrelli, Daniel Cavalcanti, Sabrina
Algorithmig Ltd, Kanavakat

Probabilistic error cancellation with sparse Pauli-
Lindblad models on noisy quantum processors

Ewout van den Berg, Zlatko K. Minev, Abhinav Kandala & Kristan Temme =

Quantum Error Mitigation

Zhenyu Cai,"* * Ryan Babbush,’
McClean,? and Thomas E. O'Brie
! Department of Materials, Universit
2 Quantum Motion, 9 Sterling Way.

npj | quantum information

ARTICLE OPEN
Fundamental limits of quantum error mitigation

Ryuji Takagi @'#, Suguru Endo (7™, Shintaro Minagawa (> and Mile Gu'*®

" Google Quantum Al, Venice, Calife
YNTT Computer and Data Science
" Graduate School of China Academ,

(Dated: July 3, 2023)

Single-shot error mitig:

PHYSICAL REVIEW LETTERS 127, 200505 (2021)

Ewout van den Berg, Sergey B
Dmitri Maslo

Error Mitigation for Universal Gates on Encoded Qubits

Christophe Piveteau

intum, [BM T.J. Watson Resea

Dece

—————————————

values

Ewout van den Berg, Zlatko K. Miney, and Kristan Temme
Phys. Rev. A 105, 032620 — Published 30 March 2022

Model-free readout-error mitigation for quantum expectation

Zlatko Minev, IBM Quantum (40)



|s science with noisy devices of
broad interest today?



Some of these ideas covered
in other lectures at the
school




Deep dive:
Probabilistic error cancellation (PEC)

Got Slides?

SCAN ME

Ewout van den Berg, Zlatko K. Minev, Abhinav Kandala, Kristan Temme
Nature Physics (2023)

Zlatko Minev, IBM Quantum (43)



Cancel quantum noise

Zlatko Minev, IBM Quantum (44)



High-level message

Learn Cancel Cost

noise with noise,
practical

-

accurate, efficient, scalable more noise more cost

( ) )

\

Zlatko Minev, IBM Quantum (45)



ldea

Zlatko Minev, IBM Quantum (46)



ldeal (noise-free) quantum circuit

NN

\

ideal multi-qubit unitary

A circuit can be decomposed into a layer construction
Example: Trotterization of Ising model simulation

Zlatko Minev, IBM Quantum (47)



Real (noisy) quantum circuit

Q1
Q2

S

n

g
X

multi-qubit noise channel
inseparable from gate

completely positive and trace preserving (CPTP)
representable by a 4" x 4" matrix
Zlatko Minev, IBM Quantum (48)



Why not invert noise?

MIN

Ay

\ ——————— - . e mm me e o . - A

inverse operation of noise channel

unphysical

would need to know lost information due to noise
Not possible? non CPTP map

has negative eigenvalues

Zlatko Minev, IBM Quantum (49)



Probabilistic error cancelation

A

I I I

MIN

inverse operation of noise channel
implement on average

K. Temme, S. Bravyi, and J. M. Gambetta
PRL 119, 180509 (2017)

See also S. Endo, S. Benjamin, and Y. Li
Phys. Rev. X 8, 031027 (2018)

Zlatko Minev, IBM Quantum (50)




Q1 —

Toy model

- - - - - - =

Zlatko Minev, IBM Quantum (51)



Toy model: noise unraveling into quantum trajectories

______ R Y
I
I
I 1
Qr— 1 7 Qi — A I~
|
______ /
bit-flip noise 1
unraveling L
(quantum trajectories) I’ \
|
probability 1-p Q1 —H I [ I /7 *
|
\ ——————
e
R 0
|
probability p (01 -3 Xl
)
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Toy model: noise unraveling into quantum trajectories

Bloch sphere |0) contraction

loss of information
reduced purity
eigenvalues >0

X is eigenvector
of map

Zlatko Minev, IBM Quantum (53)



Inverse of noise map is not physical

contraction
loss of information
reduced purity
eigenvalues >0

dilation

information gain

increase purity
eigenvalues <0

Zlatko Minev, IBM Quantum (54)



Inverse of noise map is not physical

/’:7(

ansatz
A—l
1 ravel quantum
trajectory
— 7 — probability 1-¢
+
— X — probability ¢

Zlatko Minev, IBM Quantum (55)



Blackboard derivation
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Blackboard derivation
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Blackboard derivation

QOur circuit then is equivalent to either

R I S S R s
& - . i : Wik 6
Simple Example | P{ﬂm—; =3 :ZF ita prob p

Weepine it sraple wed Hleeadia | Lff db a £is® cose
] J

Lt V=T
ws I'r

Far & s, ey play efte M pplst BiF ~ ol cheiinef
Nig = f'{lﬂp.ﬁ,?-’:pf 1 .F'?"}ﬁ‘ T}Lﬂ i fjad( QY{MEC JE}‘A/M Ve, "rr“'-fﬁ '-r
2 4l =g 2 P I"(Zﬁtd’oJ = Tr[?ﬁ;) = e
L{/Lﬁ‘m iLLt ﬁhﬁ?ﬁm/ in f)’baiw,f Gy LTrer hawfw#;

ﬂ={;§';ii % EI 2 = Ti‘(%}(j»k) = Tr(XZY »)
= Tr[“ZP)

— —EE:

fag = fi- e+ Py Equivalent sugesegerator

chanhel representation

Zlatko Minev, IBM Quantum (58)



Blackboard derivation

J\/ ideally, we what to interfere trajectories so that the no-error on will coherently add
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Blackboard derivation

L
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Blackboard derivation
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Blackboard
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Zlatko Minev, IBM Quantum (63)




Raveling quantum trajectories to undo noise

Qi — A *HA{I
[
probability E—— ~
No error (1-9) (1-p) Q1 I'Mlg! | s
T

Zlatko Minev, IBM Quantum (64)




Raveling quantum trajectories to undo noise

No error

ERROR!

ERROR!

Error
CANCELED!

probability
(1-9) (1-p)

(I-9) p

g (1-p)

qp

Solution to noise free!

Ql—A_liA-I N
N

Q: 1%1-1\5 >
i

Q1—I;X-IE s
S

Ql—XEI-I\E ¥
3

Q1—X;X-IE s

q = 7
1 —2p
Sign & scale:

guasi-probability

Zlatko Minev, IBM Quantum (65)
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probability

Py =[1-gl/y

Px = laliy

P, + Py= 1

How to implement?

random circuits

(quantum trajectories)

Q1 —

Q1 —

Q1 —

T A M
ATHAR T e
][___
Jr— . M si=sign(l-g)
1 : AH I | - XS B=
+ .
P v Mx  sy=sign(q)
XHAQI 7 Xsx F

- e = e == =

sampling overhead
Y =1-g] +q|

mitigated expectation

(M) =~ (srPrM; + sx PxMx)

Gain: Bias-free estimate!

Cost: Variance

Zlatko Minev, IBM Quantum (66)



Canceling noise with noise

Q1 —

-— e =-—

ATHAR T FH—#
[
— I
+ T
X_

\

Zlatko Minev, IBM Quantum (67)



Canceling noise with noise: Drunkard’s classical random walk analogy

P(1 step left) = %-p P(1 step right) = %+p

b2

Distribution of random walk

~
I
o

—— ===

Ji\

t>0

wind blows

P(1 step left) = %+g P(1 step right) =7%-¢

24

add 2" random process

Distribution of random walk with wind

i cancel:g=-p
t>0 i

= .

Gain: Bias-free estimate!

Cost: Variance

Zlatko Minev, IBM Quantum (68)



Quantum Noise and Error Mitigation

Lecture 1
Big picture Mitigation fundamentals  Next lecture
Learning noise
Quantum computers status Probabilistic error cancelation (PEC) State-of-art mitigation experiments
Introduction Hardware
_ . Outlook
Why error mitigation? One qubit example

Noise in quantum computers
Overview of error mitigation

Zlatko Minev, IBM Quantum (69)



Noise tomogram for
127Q Trotter layer
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Noise-model legend
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Zlatko Minev, IBM Quantum



Scaling and error budget



3 PEC on 50 qubit observables

Z stabilizers of increasing weight

Without PEC

With PEC

______

Expectation value

. 500
2 layers of

. 1 2 4 8 16 24 32 50
._* 1 cNOT gates Weight of mitigated observable

See research.ibm.com/blog/gammabar-for-quantum-advantage Zlatko Minev, IBM Quantum (72)



Path to 100+ qubits?

1012
Depth 400
- Depth 4000
1010 4
o . $ .
bstimating 5 108 - 1 day of runtime_
PEC overhead %
for Trotter £
circuits £ IR~
comprising ©
. ()
100 qubits 2 10%-
=
102 -
10° — ——eere—
10—5 10—4 10—3

Error (1— f)

See also on speed: A. Wack, et al., Quality, speed, and scale: three key attributes to measure the
performance of near-term quantum computers (2021). Zlatko Minev, IBM Quantum (73)



Path to quantum computing

Noise-free estimators can be obtained from noisy quantum computers
TODAY, at a runtime cost that is exponential in number of qubits n and
circuit depth d

Runtime = IB d ( 'y_) nd seconds You can further reduce runtime using light
cones and other strategies.

d is the depth of the quantum circuit -
Improvements Y

®1s a measure of the time per circuit layer Hurmingbird 12 G

operation (CLOPS) (increase by pushing speed) (Brooklyn, 65Q)
v is a measure of the collective quantum noise b B F i 1.024
aca, 650Q) Improvements over r2

(increasing quality brings it closerto 1)
Falcon rl0 (Prague, State-of-the-art two-qubit 1.012

32Q) gates, reduced crosstalk

nis the number of operational qubits

(increase by pushing scale)

https://research.ibm.com/blog/gammabar-for-quantum-advantage Zlatko I\/Iinev, IBM Quantum (74)



Path to utility of qguantum computers before error correction

Runtime

Classical computer

Quantum error
correction

We want tg

Quantum error
mitigation

We need improvements in
scale, quality, and speed.

Quantum circuit complexity

https://qiskit.org/documentation/partners/qiskit_ibm_runtime/tutorials/Error-Suppression-and-Error-Mitigation.htm| Zlatko Minev, IBM Quantum (75)



https://qiskit.org/documentation/partners/qiskit_ibm_runtime/tutorials/Error-Suppression-and-Error-Mitigation.html

PEC + ZNE for 127 qubits

Article
—— T Youngseok Kim"**, Andrew Eddins®***, Sajant Anand?, Ken Xuan Wei', Ewout van den Berg’',
Ewdencg fOl" the Utll Ity quuantum Sami Rosenblatt', Hasan Nayfeh', Yantao Wu®*, Michael Zaletel®®, Kristan Temme' &
computing beforefaulttolerance Abhinav Kandala™
& 2 62 =
: Al -' —— MPS (y=1024) LCDR
f | 1.0 I;i! —— MPS (extrap.) LCDR |
_:11 Tt ,.._IHI._”E.,__ -,.m.]wéﬁ: 1-;|.~,._-.-E1~,1;| 1 L -.<r§ e . - R B P__TNS {X= 2 00}
=1,|.-.1-<-E-._-.- --n"_l...-_.:.,.r.i;...:n.:"..u_...rE.m- ::.|ﬁ'._.“__.|m£ _f".tu'. A I: 0 I 8 B 1: HEiSi [X= 5 12 }
% | !u e B T ,,v;..,. 2 24 quit
T s 0.6} CPT (K=10)
d EE T W
5 A v A v, |
Sl ) - !
CUTTING D DR W e —
THROUGH « N S | T S i : . ' i
‘ D 0 /8 /4 3m/8 /2
Rx angle 64

Kim, Eddins, Anand, et al. Nature (2023) Zlatko Minev, IBM Quantum (76)



one gate layer

7

AT
Q1 —{ Bx (o) [ R2(0) | ’
Q2 —{ Fx(9) |4 & 120) [
Qs —{ Bx(0) [ r2(0) | @ —

.

4 qubits x 4 gate layers

/

Zlatko Minev, IBM Quantum (77)



140

Circuit
width x depth 120
one layer
_ 4 e B
0o Q0 —{Rx(®) ]
5 —l
3 30 Q1 — Rx(¢) P R~ (0) \ul ’
U y—
Tg o) Q2 Rx(¢) 'l /LW Rz(0) HD
mg 60 Qs — Bx(9) [n Bz(0) rO— -
S N /
= 40 o
20 ¢V’
’.0
; @
0 20 40 60 80 100 120 140

Number of two-qubit gate layers (depth)

Zlatko Minev, IBM Quantum (78)



Some early utility-scale 140
experiments

120
M 2l [0] Kim, Eddins, ..., Temme, Kandala.
iﬁ . Nature 618, 500-505 (2023)
W & [1] Yu, Zhao, Wei. 100
piig s arXiv: 2207.09994 (2022) g
[2] Shtanko, Wang, Zhang, Harle, Seif, ‘%
Movassagh, Minev. O 80
arXiv: 2307.07552 (2023) D u
o O
[3] Farrell, llla, Ciavarella, Savage. ©
=+ . v O
E arXiv: 2308.04481 (2023) o 60
[4] Baumer, Tripathi, .... Seif, E
2344 Minev. APS Y45.4 2
E-o-f,ri-; arXiv: 2308.13065 (2023) — 40

[5] Chen, Zhu, Verresen, Seif,
Balimer, ... Trebst, Kandala.
arXiv: 2309.02863 (2023) APSN51.13 20

[6] Liao, Wang, Sitdikov, Salcedo, Seif,

Minev.
arXiv: 2308.13065 (2023) 0
=

[5] Nishimori
cat

[4] Dynamic
circutis

Utility paper

[0]

0-0---@

[1] Spin [3] Ground

chain

Easier

state

[6] ML-QEM

[2] Uncovering

‘ integrability

MBL/LIOMs

Harder

0

* signal stops or decays more than 50% beyond this depth, capped at 140
* note: quantum advantage with shallow circuits, Bravyi, Gosset, Konig, and related

20

Number of two-qubit gate layers (depth)

40

60

80

100

120

140

Zlatko Minev
IBM Quantum



Check out related utility-scale work

Efficient Long-Range Entanglement Machine Learning for
using Dynamic Circuits (invited) Practical Quantum Error Mitigation (ML-QEM)
N 0.00 /\ " o, SR
A 100 qubits
Gate teleportation over 100+ qubits Efile T @2t o g rnl
. Tratler steps

A2 A2 (2022) arXiv:2308.13065 (2023)
Baumer, Tripathi, Wang, Rall, Chen, Majumder, Seif, Minev Liao, Wang, Sitdikov, Salcedo, Seif, Minev

Learning about Quantum Noise at Scale Demonstration Of RObUSt and Eff|C|ent

Quantum Property Learning with Shallow Shadows

_@_i HoH HOH=

1 Hall HoH= l _____
oM SR

] Rl _G}’@ Bayesian Learning of Noise

4°H HoH HoH=A

~ O-C
5
& D O«
1
OR020

Seif, Liao, Majumder, Chen, Wang, Badumer, Malekakhlagh, arXiv:2402.17911 (2024)

Javadi-Abhari, Jiang, Minev Hu, Gu, Majumder, Ren, Zhang, Wang, Minev, You, Seif, Yelin

adM
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Can quantum computers be useful for

many-body physics in the next 3-5 years?

Zlatko Minev
IBM Quantum



Uncovering the dynamics of many-body systems

and

’

Symmetries, conservation laws

Many-body quantum systems and

their dynamics

tegrability

in

can unravel intricacies of these complex systems

but generically difficult to discover

* fundamental and technological

but generically difficult to simulate and

understand

Zlatko Minev
IBM Quantum


https://www.chalmers.se/en/current/news/mc2-breakthrough-in-magnetic-quantum-material-paves-way-for-ultra-fast-sustainable-computers/
https://supersimple.com/article/butterfly-symmetry/

Classical Physics: Integrals of Motion

0

Before

7 —

Integrals of motion:
Total Linear Momentum
Total Kinetic Energy

Balls: boris-farias

After

[8) .

Zlatko Minev
IBM Quantum



Classical Physics: Integrals of Motion

Bgfo re
&)\

If you can find enough
Integrals of Motion (IOM),

After

Integrals of 1 you fully learn the system.
—

TotaI Linear Murrernicurm ! , _
Zlatko Minev

Total Kinetic Energy
Balls: boris-farias IBM Quantum




QSim on 100Q+: 2D interacting many-body Floguet system

Experimental setting

Number of qubits 124Q
Connectivity 2D h-hex
Depth in 2Q layers 60
Floquet steps 20

Total num. of cX gates 2,641

Circuits (entire paper) 3.5x 10°
Shots (entire paper) 5.3 x 108

QPU runtime 80 hours -
Environment Cloud
y ,-"'"::_‘ 2 .j—.ﬁ!;,.r—'-;'_-;d.__.’.;
)i%'%:f e =2 S
‘m'd'-"."f_' 3 i — - ‘-'—r" : :k—;ﬁ-“ﬁ =
< “:f‘é: T = 2 “‘f}-:-k-ﬁf
2= - o
e T ermtko M
arXiv:2307.07552 o o
Spin image cartoon based on: Samuel Velasco/Quanta Magazine =T



Interaction map and device layers

interaction

Number of qubits

Connectivity

Depth in cX gates
Floquet steps

Total number of cXs

124Q
2D h-hex

60
20
2,641

qubit
I

Zlatko Minev
IBM Quantum



Initialize lattice in fun states

qubit interaction

= /\ excitation
. _—"_"*’ T initialized here

9.0.0
p O
()
(J
(N
) O
&
P
()
o
O O

OO o o’o o 0 o \

Number of qubits 124Q
Connectivity 2D h-hex

Depth in cX gates 60

Floquet steps 20
Total number of cXs 2,641

_ o Zlatko Minev
Color represent spin polarization IBM Quantum



Quantum dynamics in different regimes

step8 T T stepE8 T T
H = msss nfBE = = EEE W
L

N B B B BN B i BN H B BN B
J = IJ_I_I_I | J = IJ—I_I_I |

Number of qubits 124Q

Fonnectity 20 hhex OO T

Depth in cX gates 60

Floquet steps 20

& Thermalizing regime %ﬁ Prethermal regime
Total number of cXs 2,641

Zlatko Minev

Color represent spin polarization
IBM Quantum



A more detailed portrait

Spin One-particle density Local integrals of motion
imbalance matrix (OPDM) (LIOMs) Zlatko Minev

IBM Quantum



Operational LIOM description on observation timescales

Pauli 10771071

©,
@@

L © © O ©C
e, s

G, L O0C | ©
0000 --0@

U

Zlatko Minev
IBM Quantum




The important thing is not to stop questioning. Curiosity
has its own reason for existence.

One cannot help but be in awe when they contemplate
the mysteries of eternity, of life, of the marvelous
structure of reality.

It is enough if one tries merely to comprehend a little of
this mystery each day.

Albert Einstein

YW @zlatko_minev zlatko-minev.com IBM Quantum



Quantum Working Groups

From utility to advantage

IBM Quantum working groups bring together the best scientists in our field to
accelerate our path to achieving Quantum Advantage by 2025, across domain areas:

Optimization Materials & HPC  High-Energy Healthcare &
Physics Life Sciences

Quantum Optimization: Quantum-centric Quantum Computing for High- Towards quantum-enabled
Potential, Challenges, and the ~ Supercomputing for Materials Energy Physics: State of the Art cell-centric therapeutics.
Path Forward Science: A Perspective on and Challenges. Summary of

Challenges and Future the QCAHEP Working Group

Directions
arXiv:2312.02279 arXiv:2312.09733 arXiv:2307.03236 arXiv:2307.05734

IBM Quantum

Sustainability

Collaborative projects in the
fields of Materials and
Energy leveraging quantum
computers.
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