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Scientist:

Answer:-623999.9999999994

Solution time: 2.17 us (2 billion times faster)

The determinant
A sub-routine for linear-systems solutions, and used 
extensively in vector calculus 
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la.det(np.array([[1, 23, 16, 4, 21],
                 [15, 14, 7, 18, 11],
                 [24, 17, 13, 9, 2],
                 [20, 8, 19, 12, 6],
                 [5, 3, 10, 22, 25]]))

NumPy:

Why do we use computers?  
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Accuracy Speed Scalability Versatility

Why do we use computers? 

We have learned to trust that classical computers 
can be accurate at scale.



Quantum computers are the only novel 
hardware that changes the game

Hard problems 
(NP hard)

Easy problems 
(polynomial)

Quantum 
easy

Quantum computing is not just a faster or 

better version of classical systems.

It is an entirely new branch of computing: 

• Applies principles of quantum mechanics

• Qubits can be in more states than 0 and 1

Quantum computing follows the laws of 

nature to represent data in ways that 

mimic the randomness and 

unpredictability of the natural world.

Ultimately, GPUs and classical hardware 

are not built for this.

Classical computer

Well suited for many problems. 

Quantum computer

Unlock classically intractable problems
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Quantum Computing’s basic properties:

Superposition

A quantum system existing in 

multiple states simultaneously 

until it is measured

Entanglement

Information shared jointly 

between entangled pairs or 

groups

Interference

Interaction that affects 

likelihood of solutions

Moore’s law: the number 

of transistors in a classical 

integrated circuit doubles 

about every two years

… but we are approaching the 

end due to physical limitations

Approaching the physical limit: 

IBM created the world’s first 2 nm 

node chip in 2021, with transistors 

as small as 10 silicon atoms

5

N qubits → 2N bits
127 qubits → 2127 bits = 1.7×1038 bits
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https://research.ibm.com/blog/2-nm-chip
https://research.ibm.com/blog/2-nm-chip
https://research.ibm.com/blog/2-nm-chip
https://research.ibm.com/blog/2-nm-chip
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Bring useful quantum 
computing to the world

Our IBM mission
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Since 2016, we’ve made quantum 

computers available through the cloud

7

Enterprise 
Client

API Qiskit Runtime

IBM Quantum 
Data Center

Dedicated System

IBM Quantum 
System Two

Qiskit Runtime Service

Running quantum workloads requires infrastructure that 
coordinates quantum resources with near-time and real-
time classical resources.
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The IBM Quantum platform unlocks research with quantum

Qiskit QPUs

IBM Quantum

System Two

+ =

Quantum 
Software

(powered by Qiskit add-ons 
and Qiskit Functions)

+

Useful Work
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https://quantum.ibm.com/

https://quantum.ibm.com/


Run quantum circuits faster 
on quantum hardware

Chart a path to develop 
quantum technology (hardware 
+ software) that runs noise-
free estimators of quantum 
circuits faster than can be done 
using classical hardware alone.

Map interesting problems to 
quantum circuits

We need applications that can 
be solved only with quantum 
circuits that are known to be 
difficult to simulate. This must 
be done in partnership with our 
clients and users.

Useful
quantum

computing

The path to useful quantum computing
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Development Roadmap

Hardware
Innovation

Software
Innovation

Researchers

Quantum 
Physicist

Data Scientist

Run quantum circuits 
on the IBM Quantum Platform

Release multi-
dimensional  
roadmap publicly 
with initial  aim 
focused on scaling

Enhancing quantum 
execution  speed by 
100x with Qiskit 
Runtime

Bring dynamic 
circuits to unlock 
more computations

Enhancing quantum 
execution speed by 
5x with quantum 
serverless and 
Execution modes

Improving quantum 
circuit quality and 
speed to allow 5K 
gates with 
parametric circuits

Enhancing quantum 
execution speed and 
parallelization with 
partitioning and 
quantum modularity

Improving quantum 
circuit quality to 
allow 7.5K gates

Improving quantum 
circuit quality to 
allow 10K gates

Improving quantum 
circuit quality to 
allow 15K gates

Improving quantum 
circuit quality to 
allow 100M gates

Beyond 2033, quantum-
centric supercomputers 
will include 1000’s of 
logical qubits unlocking 
the ful l power of 

quantum computing

Platform

Qiskit Code 
Assistant

Qiskit Functions 
Service

General purpose 
QC libraries

Middleware

Qiskit 
Serverless

Qiskit Transpiler 
Service

Resource
Management

Circuit Knitting x P Intelligent Orchestration Circuit libraries

Qiskit Runtime Service 

QASM3 Dynamic circuits Execution Modes

Falcon

Benchmarking
27 qubits

Eagle

Benchmarking
127 qubits

Heron (5K)

Error Mitigation

5k gates
133 qubits

Classical modular

133x3 = 399 qubits

Flamingo (7.5K)

Error Mitigation

7.5k gates
156 qubits

Quantum modular

156x7 = 1092 qubits

Flamingo (10K)

Error Mitigation

10k gates
156 qubits

Quantum modular

156x7 = 1092 qubits

Flamingo (15K)

Error Mitigation

15k gates
156 qubits

Quantum modular

156x7 = 1092 qubits

Starling (100M)

Error correction

100M gates
200 qubits

Error corrected
modularity

Falcon

Demonstrate scaling 
with I/O routing with 
Bump bonds

Hummingbird Eagle

Demonstrate scaling 
with MLW and TSV

Osprey Condor Flamingo

Demonstrate scaling 
with modular 
connectors

StarlingKookaburra

Demonstrate scaling 
with nonlocal c-coupler

Cockatoo

Single system 
scaling and fridge 
capacity

Flamingo (5K)

Error Mitigation

5k gates
156 qubits

Quantum modular

156x7 = 1092 qubits

Heron Crossbill

m- coupler

Demonstrate path to 
improved quality with 
logical communication 

Early

Canary
5 qubits

Albatross
16 qubits

Penguin
20 qubits

Prototype
53 qubits

IBM Quantum Experience

Mapping Collection Specif ic Libraries

Qiskit

Circuit and operator 
API with compilation 
to multiple targets

Application
modules

Modules for domain 
specific application 
and algorithm 
workflows

Qiskit 
Runtime

Performance and 
abstract through 
Primitives

Qiskit 
Serverless

Demonstrate 
concepts of  
quantum centric-
supercomputing

AI enhanced 
quantum

Prototype 
demonstrations of AI  
enhanced circuit  
transpilation

Resource
management

System partitioning to 
enable parallel 
execution

Scalable circuit 
knitting

Circuit partitioning 
with classical 
reconstruction at HPC 
scale

Error correction 
decoder

Demonstration of a 
quantum system with 
real-time error 
correction decoder

Early

Canary
5 qubits

Albatross
16 qubits

Penguin
20 qubits

Prototype
53 qubits

IBM 
Quantum 
Experience

Demonstrate path to 
improved quality with 
logical memory 

2016–2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2033+

Innovation Roadmap

Executed by IBM

On target

Demonstrate path to 
improved quality  with 
logical gates 

Demonstrate 
scaling with 
multiplexing 
readout

Enabling  scaling 
with high density 
signal delivery 

Architecture 
based on tunable-
couplers

Blue Jay (1B)

Error correction

1B gates
2000 qubits

Error corrected
modularity

@ 2024 IBM Corporation

Egret

Tunable coupler 
demonstration

https://www.ibm.com/quantum/assets/IBM_Quantum_Development_&_Innovation_Roadmap.pdf

https://www.ibm.com/quantum/assets/IBM_Quantum_Development_&_Innovation_Roadmap.pdf


Hardware

From 2020 to 2023, we focused 
on solving single-chip scaling 
with the IBM Quantum Falcon, 
Hummingbird, Eagle, Osprey,  
and Condor chips.

In 2023, we debuted the IBM 

Quantum Heron chip,  Heron will 
serve as the basis for modular 
scaling of quantum processors. 

Through classical and quantum 

modularity, we plan to achieve an 
IBM Quantum Flamingo system 
capable of running 15,000 gates 
with the help of error mitigation 
by 2028.

2029: We foresee advances in 
quantum error correction 
allowing us to debut IBM 
Quantum Starling, a system 

capable of running circuits with 
100 million gates on 200 logical 
qubits 

In 2033, we will debut IBM 

Quantum Blue Jay, a system 
capable of running circuits with a 
billion gates on 2,000 logical 
qubits.

11

As we roll out error correction, developers need not change how they write quantum 
programs. They will simply notice that they can run longer workloads.

https://docs.quantum.ibm.com/guides/processor-types

@ 2024 IBM Corporation

https://docs.quantum.ibm.com/guides/processor-types


Middleware and Software,

Execution and orchestration

Running quantum workloads 
requires infrastructure that 
coordinates quantum resources 
with near-time and real-time 
classical resources. 

Since 2016, we have worked to 
create Qiskit and a variety of 
application libraries.

 In 2024 we redefined Qiskit to 
represent the full-stack software 
for quantum at IBM, extending 
the Qiskit SDK with middleware 
software and services 

Useful quantum computing requires 
performant software. 

In 2025, we will introduce 
quantum functions so users can 
create and share reusable blocks 
of Qiskit code.

2026 will bring mapping 
collections so users can start 
automating the process of 
mapping their specific use cases 
to quantum circuits.

12

By 2033, we expect to see 
general-purpose quantum computing libraries that 
users can incorporate into a wide variety 
of quantum applications.

https://www.ibm.com/quantum/qiskit

@ 2024 IBM Corporation
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600K 3K+
Registered users worldwide Research papers using IBM 

quantum computers

250+ 500+
Organizations in the IBM 

Quantum Network

Qiskit Advocates

IBM Quantum Network
The largest quantum ecosystem in the industry

Universities and research laboratories

Business partners

Startups

Industry leaders

The IBM Quantum Network is the core of our 

global user community and ecosystem — driving 

innovation and shaping the future of quantum 

computing.

@ 2024 IBM Corporation



Run quantum circuits faster 
on quantum hardware

Chart a path to develop 
quantum technology (hardware 
+ software) that runs noise-
free estimators of quantum 
circuits faster than can be done 
using classical hardware alone.

Map interesting problems to 
quantum circuits

We need applications that can 
be solved only with quantum 
circuits that are known to be 
difficult to simulate. This must 
be done in partnership with our 
clients and users.

Useful
quantum

computing

The path to useful quantum computing
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Quantum state of play

Since we put the first quantum computer on the cloud in 2016, 

quantum computing has largely been in an exploratory phase.

Experiments validate the tenets of quantum computation, but 

do not push the field beyond the reach of classical compute.

To move beyond simple experiments to demonstrate the utility of 

quantum computing in multiple domains, 

We need a disruptive change!
Data for all vendors taken from: arXiv:2307.16130

Estimated mean number of qubits used on hardware
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We are already seeing a 
disruptive change in how 
researchers are doing quantum

D
is
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e

With quantum systems composed of 100+ qubits, 

researchers are beginning to explore algorithms and 

applications at scales beyond brute-force classical 

computation using IBM Quantum systems.

Evidence for the utility of quantum computing before fault 

tolerance

Nature, 618, 500 (2023)127 qubits / 2880 CX gates

• Comparison of various approaches to 
simulating the kicked transverse-field Ising 
model on the 127-qubit Eagle processor with 
new classical heuristic methods

• Results vary by ~20%, and no one knows which 
method is the most correct!

Flip the script: using quantum computers to verify the 
accuracy of classical simulations

@ 2024 IBM Corporation



Characterizing quantum processors using 
discrete time crystals
arXiv:2301.07625
80 qubits / 7900 CX gates

Uncovering Local Integrability in 

Quantum Many-Body Dynamics 

arXiv:2307.07552

124 qubits / 2641 CX gates

Efficient Long-Range Entanglement using 

Dynamic Circuits

arXiv:2308.13065

101 qubits / 504 gates + meas

Quantum Simulations of Hadron Dynamics in 

the Schwinger Model using 112 Qubits

arXiv:2401.08044

112 qubits / 13,858 gates

Unveiling clean two-dimensional discrete time 

quasicrystals on a digital quantum computer

arXiv:2403.16718

133 qubits / 15,000 CZ gates

4

tion requires n + 1 measurements, n + 6 CNOT gates, and 5
feed-forward operations divided across two sequential steps.
Notably, as most qubits are projectively measured early in the
circuit, the idling error should be low. Thus, we expect this
shallow implementation with dynamic circuits to be advanta-
geous over its unitary counterpart, especially for large n.

FIG. 2. CCZ with (a) unitary circuit and (b) a dynamic circuit over

long ranges.

I I I . STATE PREPARATION: GHZ

Dynamic circuits can also beused to prepare long-rangeen-
tangled states. A prototypical example is the GHZ state [3],
shown schematically in Fig. 3(a). While it can be created us-
ing only Clifford gatesand thuscan besimulated efficiently on
a classical computer [32], it becomes non-simulatable when
followed by a sufficient number of non-Clifford gates in a
larger algorithm, or when inserted as a crucial ingredient in
e.g. efficient compilation of multi-qubit gates [33, 34].

Here, we show that GHZ states with long-range entangle-
ment can be prepared with dynamic circuits. Although we
do not see a clear advantage of dynamic circuits over unitary
onesin thiscase, weprovideadetailed description of thechal-
lenges that must be addressed to realize such an advantage.

For preparation of a GHZ state on a 1D n-qubit chain, in
Fig. 3, we show the equivalence between the unitary circuit
(left) and dynamic circuit (right). (For a detailed derivation,
see Appendix A 2.) Notably, the unitary equivalent has a two-
qubit gate depth that scales as O (n) with quadratically in-
creasing idle time and n − 1 total CNOT gates, while the
depth of the dynamic circuits remains constant with linearly

increasing idle time, 3n/ 2− 1 total CNOT gates, and n/ 2− 1
mid-circuit measurements (see Fig. 3(c)). The dynamic cir-
cuit incurs less idle timeand fewer two-qubit gatedepth at the
cost of increased CNOT gates and mid-circuit measurements.
Therefore, we expect dynamic circuits to be advantageous for
large system sizes n and low errors in mid-circuit measure-
ment. For a more detailed analysis of the error budget, see
Appendix D 1.

We explore whether current large-scale superconducting
quantum devices enable an advantage with dynamic circuits
for preparation of theentangled GHZ state. To efficiently ver-
ify the preparation of a quantum state σ, we use the Monte
Carlo statecertification that samples from Pauli operatorswith
non-zero expectation values, as implemented in Ref. [27] and
described in detail in Appendix C1. As the n-qubit GHZ
state is a stabilizer state, we can randomly sample m of the
2n stabilizers { Si } i = 1..2n and approximate the fidelity by

F = 1
m

P m
k= 1hSk i σ + O

⇣
1p
m

⌘
.

Theexperimental resultsof GHZ statepreparation with uni-
tary and dynamic circuits are shown in Fig. 3(d). They all
include measurement error mitigation on the final measure-
ments [35]. On the left, we show the results without dynami-
cal decoupling. In the unitary case, we observe genuine mul-
tipartite entanglement, defined as state fidelity F > 0.5 [36],
within aconfidence interval of 95% up to 7 qubitswith arapid
decay in fidelity with increasing system size due to coherent
errors in two-qubit gates and ZZ crosstalk errorsduring idling
time [37]. In the dynamic case, we observegenuine entangle-
ment up to 6 qubits. Here, we do not find a crossover point
after which dynamic circuits have an advantage over unitary
circuits. We attribute the performance of dynamic circuits to
several factors, including the fact that the current implemen-
tation results in an average classical feedforward time that
scales with the number of potential mid-circuit measurement
bitstring outcomes, which itself growsexponentially with sys-
tem size. By reducing the error induced by idle time during
classical feedforward, we expect dynamic circuits to surpass
unitary circuits at &10 qubits—we can see this by studying
the post-processing case, which is equivalent to the dynamic
circuit implementation except that the classical logic is exe-
cuted in post-processing, not during execution of thequantum
circuit itself. We expect the exponential scaling of classical
feedforward time to bereduced to linear or constant scaling in
the near term.

On the right of Fig. 3(d), weshow the results using dynam-
ical decoupling (DD) [38, 39]. We observe improved fideli-
ties for both the unitary and dynamic circuit cases, but not for
the post-processing case as there is little error induced by idle
times to quench with dynamical decoupling in the first place.
For the unitary case, we observe genuine multipartite entan-
glement up to 17 qubits, morethan twiceasmany compared to
theunmitigated unitary case. This result isclose to thestateof
the art on superconducting quantum processors and is limited
by the fact that we do not leverage the 2D connectivity of the
device, as in Ref. [40]. While the fidelities are improved with
DD for dynamic circuits, the improvement is less dramatic.
We attribute this difference to two reasons: First, the unitary
circuit hasaquadratic idling error term in contrast to aleading

Towards a universal QAOA protocol: Evidence of 

quantum advantage in solving combinatorial 

optimization problems

arXiv:2405.09169

109 qubits / 21,200 gates

4

the given layout that swing the average lower. As an ex-
ample, in Fig. (4) we plot the single-qubit polarizat ion
values for the qubits comprising layout 8 in Fig. (3). It is
clear that two qubits, Q15 and Q18, fail to perform even
a single meaningful oscillat ion, and thus great ly dimin-
ish the visibility of the set as a whole. Once again, this
agrees with the calibrat ion data, Fig. (5), where two out
of the four CNOT gates in the layout failed calibrat ion
due to their large error rates. Layout 3 also covers Q15
and Q18, see Fig. (1), and shows even lower cycle visibil-
ity, suggest ing there are addit ional faulty qubits in that
set . That individual qubits can be corrupted without af-
fect ing the layout as a whole is a direct result of noise
localizat ion in many-body localized systems; qubits are
primarily sensit ive to only those noise sources that act
direct ly on the qubit itself. A simulat ion of this noise
localizat ion is given in App. (A). From Eq. (2), our char-
acterizat ion based on average number of visible cycles
can be approximately viewed as the average of the in-
verse gate errors act ing on individual qubits in a layout ,
with each component weighted by a term proport ional to
the qubit readout error.

Although much of the DTC characterizat ion perfor-
mance corresponds well to device calibrat ion data, this is
not universally the case. For example, layout 4 in Fig. (1)
covers a sect ion of the Auckland system with error rates
well below the device average [see Fig. (5)], yet the DTC
characterizat ion in Fig. (3) reveals that this sect ion of
the chip performs poorly, failing to achieve double-digit
numbers of visible cycles; system data derived from one-
and two-qubit calibrat ions can fail to capture real-world
performance. This underscores the need for character-
izat ion methods like DTC in evaluat ing the quality of
quantum systems.

Having examined DTC characterizat ion of a single
quantum system, we now turn to performance compar-
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FIG. 3: Mean amplitude of layouts in a covering set ,
Fig. (1), as a funct ion of the number of DTC cycles on
the 27-qubit IBM Quantum Auckland system. Dashed
horizontal line shows the 2/ e threshold for visibility.

FIG. 4: Qubit polarizat ion per cycle from Fig. (3) for
qubits [10, 12, 15, 18, 17] forming layout 8.

isons across mult iple quantum processors. We repeat the
same characterizat ion performed on the Auckland device
across a wide range of compat ible IBM Quantum systems
with the results presented in Fig. (6). The same covering
set as Auckland was used for all 27-qubit machines, while
a new covering set was generated for other unique system
topologies. Figure (6) shows that , like the earlier results
on Auckland, there is a large variability in device perfor-
mance on systems with 27+ qubits, where there is lit t le
overlap between the individual layouts within the cover-
ing sets. Many processors include subgraphs with visibil-
it ies in the single-digits indicat ing that a wide range of
systems have one or more qubits with st rong local noise
that can great ly shift the mean cycle visibility lower at
the granularity considered here. The systems with lay-
outs support ing the largest visible cycles, the Kyiv and
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Readout error Readout error

SX error rate [Avg. 3.6⋅10 -4 ] CNOT error rate [Avg. 9.9⋅10 -3 ]

FIG. 5: Error map for the 27Q IBM Quantum
Auckland system generated from calibrat ion data taken

on October 31, 2022. Edges of the graph colored red
indicate CNOT gates that failed the calibrat ion

procedure; nominally a signature of gates with outsized
error rates.

Evidence for the utility of quantum 
computing before fault tolerance
Nature, 618, 500 (2023)
127 qubits / 2880 CX gates

Simulating large-size quantum spin chains 

on cloud-based superconducting quantum 

computers 

Phys. Rev. Research 5, 013183 (2023)

102 qubits / 3186 CX gates

(a) (b)

Figure 1: Variational Ansatz, layout of a 102-qubit quantum computer, and simulation results of the Ansatz. (a)

The variational Ansatz structure, (b) the layout of the 127-qubit ibm_washington backend, where a chain of 102

qubits is illustrated by the thick, shaded line.

rate observable values, such as the energy of the

simulated quantum states. So far, most experi-

ments with quant itat ively accurate results have

been limited to small numbers of qubits, around

ten or below [9, 10, 11, 12, 22], with a few oth-

ers reaching beyond twenty [15, 23]. None of

them has demonstrated accurate results over a

wide range of system sizes with the same model

and across different devices. There are also chal-

lenges to overcome for large-scale experiments

(around or over one hundred qubits) with use-

ful outcomes, including the need for high-fidelity

gates and readout as well as scalable and effica-

cious approaches to mit igat ing the effects of noise

and errors on the measured observables.

In this work, using nine dist inct cloud quan-

tum computers, wepresent realizat ionsof approx-

imate ground states (GS) of spin chains having

nineteen different system sizes, ranging from 4

to 102 qubits. To dist inguish our work from ex-

periments performed on in-house devices or cus-

tomized physical apparatuses, we shall refer to

our use of third-party hardware as ‘cloud experi-

ments,’ as well as to make a dist inct ion from nu-

merical simulat ions. We report the extracted GS

energies, accurate to within a few percent level

of error, including the inference of the energy

density in the thermodynamic limit from these

values. We emphasize that these cloud exper-

iments are not equivalent to numerical simula-

t ions, as the actual devices have substant ial noise

and errors and devices’ condit ion can drift over

t ime, and somet imes the same submit ted jobs

can fail. Nevertheless, cloud-based experiments

offer a new paradigm for research and develop-

ment . To achieve our accurate results, we have

designed a physics-mot ivated variat ional Ansatz,

and developed efficient approaches for measuring

energies. We have ut ilized our improved, scal-

able, mit igat ion methods to extract accurate GS

energy values for large systems, despite the pres-

ence of noise and errors in the gates and the read-

out . The int roduct ion of a reference state in the

zero-noiseextrapolat ion (rZNE) substant ially im-

proves the accuracy of the results. In addit ion,

we have used our procedure to measure the ener-

gies of several Ansatz states that have randomly

chosen parameters, and obtained accurate mit i-

gated energy values. Our work thus establishes a

simple–yet substant ially improved–quantum vari-

at ional protocol with mit igat ion, and paves the

way for massive use of large NISQ computers for

fundamental physics studies of many-body sys-

tems, as well as for pract ical applicat ions, includ-

ing opt imizat ion problems.

2

Best practices for quantum error 

mitigation with digital zero-noise 

extrapolation

arXiv:2307.05203

104 qubits / 3605 ECR gates

Realizing the Nishimori transition across the 

error threshold for constant-depth quantum 

circuits

arXiv:2309.02863

125 qubits / 429 gates + meas.
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FIG. 2. Decoded fidelity estimation by randomly sampling GHZ
stabilizers. a. Because our decoder was implemented as Pauli cor-

rections on the system qubits, the characterization of random stabi-
lizers, which is measured in basis rotated by single-qubit rotations

(small gray boxes), needed to bedone in conjunction with the imple-

mented decoder (symbolized by the monitor). See Methods for de-
tails. b. Estimated fidelities relative to GHZ states for measurement-

based (filled blue circles) and unitary-based (red X-marks) prepara-
tion of long-range Ising ordered stateson two-dimensions. The error

bars represent the standard deviation of the fidelities estimated from
bootstrap resampling random sets of stabilizers (See Methods for

more details).The theoretically predicted fidelities for measurement-
based protocol (dashed gray line) were based on an inferred noise

model with auxiliary and site readout errors with a range of parame-
tersgiving risetoa25th-75th percentileconfidenceinterval in shaded

gray [35]. The inset shows the ratio of the experimentally evaluated
measurement- to unitary-based fidelities increasing for system size

up to 54 sites.

which resembles the partition function of the random bond
Ising model (RBIM) [18]. Concretely, by Eq. (2) we analyt-
ically map our protocol onto a RBIM precisely tracking the
Nishimori line [35] with an effectivedisorder probability

p̃ =
1− (1 − 2ps) sin(2tA )

2
, (3)

as a joint action of both coherent and incoherent errors that
drives the phase transitions across the blue line in Fig. 1c.
In particular, this implies that every point in the extended
transition line shares the same Nishimori criticality. This
scenario for the quantum protocol is quite distinct from the
classical RBIM, whose schematic phase diagram is shown in
Fig. 1d, where theNishimori lineonly occursat thefine-tuned
solid line – demonstrating an unprecedented robustness of
Nishimori criticality in the quantum case.

GHZ fidelity in Clifford limit. For a baseline character-
ization of the measurement-based protocol, we estimated the
fidelity of the prepared states in the Clifford limit (tA = ⇡ / 4)
relative to the GHZ state. Because the final state in this limit
is a stabilizer state, it was sufficient for a desired accuracy to
consider only a constant number of randomly sampled mea-
surements of the system qubits [36, 37]. For the specific case
of the GHZ state, half the sampled stabilizers contain only

Pauli Z operators, while the other half are combinations of
Pauli-X and Pauli-Y operators (See Methods for more de-
tails). To assess the relative performance of our protocol, we
also implemented a standard unitary protocol for construct-
ing GHZ states [9]. In Fig. 2, we see that the fidelities of the
measurement-based protocol outperformed the unitary prepa-
ration. This can be rationalized by the latter experiencing
more errors due to the long idle times of deep circuit with
size-dependent depth between O(N ) and O(log(N )).

For a system of 10 qubits, the measurement-based protocol
resulted in a GHZ fidelity above 50%, but with increasing
system size the fidelity was found to decrease exponentially
(Fig. 2b). We note, however, that this does not imply the
absence of long-range order or entanglement for these larger
systems. In fact, we expect exponentially decaying GHZ
fidelities versus system sizes in the presence of noise for
virtually all states in the same phase of matter. We emphasize
that no form of error mitigation, for measurement or unitary
gates, was used estimating these fidelities. To explain the
experimentally measured fidelities, we compared our results
against the predicted fidelities based on a noise model with
⇡ 5% incoherent auxiliary errors and ⇡ 3% data readout
errors – values inferred in the next section. This places
us in the long-range ordered phase in Fig. 1c (green star),
which in the absence of any additional errors, has long-range
GHZ-type entanglement, whilst its predicted GHZ fidelity
shown in gray in Fig. 2 decaysexponentially with thenumber
of system qubits. We see that the experimentally obtained
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FIG. 3. Exper imentally measured local observables used to gen-
erate the state. a. For two observables, weplot the ideally expected

outcomes (dashed lines), the unprocessed experimental data (dots),
and a one parameter fit (solid line) for each observable for sweep-

ing tA from 0 (trivial) to ⇡ / 4 (long-range ordered). The average 3-
qubit-bond (red) observablereached ashigh as0.8 across the72 total

bonds, while theaverage6-qubit-plaquette (blue) observablereached

0.5 across the 18 plaquettes. Although in a noiseless setting both
were expected to reach unity, the measured values agree well with

thefit by ps = 5.6%, and pσ = 2.3%, which areapproximately con-
sistent with the known errors on the device [35]. The experimental

data exhibits an absence of a singularity in these observables, con-
sistent with expectations for both local shallow quantum circuit, and

the internal energy of Nishimori line. b. 125 of the 127 qubits used
on ibm sherbrooke where each bond (hZ X Z i ) and plaquette (hW i )

observable values are shaded according to the measured value. The
numbers inside plaquettes show hW i with parenthesis showing stan-

dard error.

Scalable Circuits for Preparing Ground States on 

Digital Quantum Computers: The Schwinger 

Model Vacuum on 100 Qubits

PRX Quantum 5, 020315 (2024) 

100 qubits / 788 CX gates

7

FIG. 3. (a) The definit ion of the R± (✓) gate, which implements exp[i✓/ 2(X̂ Ŷ ± Ŷ X̂ )]. The R± (✓) gate is used to implement

(b) exp[− i✓/ 2(X̂ Ẑ 2Ŷ − Ŷ Ẑ 2X̂ )] and (c) exp[i✓/ 2(X̂ Ẑ 4 Ŷ − Ŷ Ẑ 4 X̂ )] (note the change in sign).

FIG. 4. Simplificat ions of quantum circuit s for the Trot terized unitaries corresponding to (a) ÔV
m h (1), (b) ÔV

m h (3), and (c)

ÔV
m h (5) for L = 6, as explained in the main text . Cancellat ions between R+ (± ⇡

2
) are highlighted with red-dashed-out lined

boxes.

cancellat ions among neighboring R+ (± ⇡
2

) gates. As depicted in Fig. 4, this is made possible by arranging the circuit
elements so that sequent ial terms are o↵set by d − 1 qubits, i.e., start on qubit { 0, d − 1, 2(d − 1), . . .} . This allows
for the outermost gates to cancel (using the ident ity in the upper left of Fig. 4). Also, for d ≥ 5, the next layer
should start (d − 1)/ 2 qubits below the previous one, as the circuit depth can be reduced by interleaving the legs of
the “ X” . Further opt imizat ions are possible by not ing that dist inct orderings of terms, while equivalent up to higher
order Trot ter errors, can have di↵erent convergence propert ies; see App. C.

B . B ui ld ing a St at e P r epar at ion Quant um Cir cu i t using A D A P T -V QE wit h C lassical Com put ing

In this sect ion, ADAPT-VQE is used to prepare approximat ions to the vacuum of the lat t ice Schwinger model on
up to L = 14 spat ial sites (28 qubits), using classical simulat ions of the quantum circuits developed in the previous
sect ion. In addit ion to the energy density and chiral condensate int roduced in Sec. I I A, the fidelity density, FL , is
also studied. The fidelity density provides a measure of the average local quality of the ansatz wavefunct ion,

F L =
1

L
1− |h ansat z| exact i |

2 , (9)

where | exact i is the exact vacuum wavefunct ion on a lat t ice with L spat ial sites.

Scaling Whole-Chip QAOA for Higher-Order 

Ising Spin Glass Models on Heavy-Hex Graphs

arXiv:2312.00997

127 qubits / 420 CX gates

Benchmarking digital quantum simulations and 

optimization above hundreds of qubits

using quantum critical dynamics

arXiv:2404.08053

133 qubits / 1440 CX gates

Chemistry Beyond Exact Solutions on a Quantum-

Centric Supercomputer

arXiv:2405.05068

77 qubits / 3590 CZ gates
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Figure 4. Exp er im ent s: Chem ist r y on lar ge basis set s. (a) 58 qubit s are used to model the N2 dissociat ion (cc-pVDZ basis

set ). (b) 45 qubit s are used for the [2Fe-2S] cluster (TZP-DK H basis set ) and (c) 77 qubits for the [4Fe-4S] cluster (TZP-DK H
basis set ). The top panels show a 3-dimensional representat ion of the geomet ry of each molecule. The middle panels show the
qubits selected on a Heron quantum processor layout , following the same color convent ion as panel (b) in Fig. 3. The bot t om

panel in (a) shows the potent ial energy surface comparison, as well as the energy di↵erence ∆ E between the Heat -Bath
Configurat ion Interact ion (HCI) energy and the energies obtained from di↵erent methods, including the quantum est imator.

The brown scat ter plot shows the value of E ( k ) for all batches of configurat ions and the connected dots show mink (E ( k ) ).

The bot t om panel in (b) shows the energy-variance analysis for three di↵erent eigenstates that both HCI and our method

find upon increasing the value of d, as labeled by the color bar. For each approximate eigenstate | ( k ) i , t he horizontal axis

∆ H = h ( k ) |Ĥ 2 | ( k ) i − h ( k ) |Ĥ | ( k ) i 2 . The bot t om panel in ( c) shows a comparison of the energy-variance analysis applied
to quantum measurement outcomes and bit st rings (with the correct part icle number) sampled from the uniform dist ribut ion.

The DMRG energy in panels (b) and (c) is from Ref. [45].

quantum and classical accuracy, runt imes, and costs. If
one can stat ist ically sample from a good approximat ion
of an eigenstate, points at finite number of samples will
be dist ributed linearly in the energy-variance plane [48].

This gives us a tool to detect eigenstates for both quan-
tum and classical methods.

The bot tom panel in Fig. 4(b) shows an energy-
variance comparison of HCI and our est imator. The ac-

Quantum reservoir computing with repeated 

Measurements on superconducting devices

arXiv:2310.06706 

120 qubits / 49470 gates + meas.

spin models

materials

tools

tools

High energy physics

chemistry
optimization

Examples of utility-scale problems * (>70qubits, >150 CX /200 ECR gates)

spin models

materials

materials

optimization

High energy physics

materials

spin models

spin models
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A landscape of single circuits: 

“This variant of my algorithm 

was undiscovered for 30 

years and came out of the 

blue. There’s still probably 

lots of other quantum 

algorithms to be found.”

Peter Shor

@ 2024 IBM Corporation

Pre-utility regimePre-utility regime

Quantum hardware 
and software 

progress

Algorithmic 
advances



High-Energy 

Physics

Quantum Computing for High-

Energy Physics: State of the Art 

and Challenges. Summary of 

the QC4HEP Working Group

PRX Quantum 5, 037001

Partners

CERN QTI, DESY CQTA, Oak 

Ridge National Lab, U. of 

Washington, U. of Tokyo, and 

more

Healthcare & 

Life Sciences

Towards quantum-enabled 

cell-centric therapeutics

arXiv:2307.05734

Partners

Cleveland Clinic, U. of 

Chicago, QuantumBasel, 

Virginia Tech, Algorithmiq, 

and more

IBM Quantum working groups bring together the best scientists in our field to accelerate our path to achieving 

Quantum Advantage with near term devices, across domain areas:

@ 2024 IBM Corporation

Quantum Working Groups

Sustainability

Collaborative projects in the 

fields of Materials and 

Energy leveraging quantum 

computers.

-

Partners

PINQ2, Hydro-Quebec, 

University of Sherbrooke, 

E.ON., DTU, and more

Optimization

Quantum Optimization: 

Potential, Challenges, and the 

Path Forward

arXiv:2312.02279

Partners

STFC Hartree Centre, E.ON., 

Fraunhofer, Los Alamos 

National Lab, University of 

Amsterdam/QAL, and more

Materials & HPC

Quantum-centric 

Supercomputing for Materials 

Science: A Perspective on 

Challenges and Future Directions

arXiv:2312.09733

Partners

Oak Ridge National Lab, 

University of Chicago, Argonne 

National Lab, RIKEN, BasQ, and 

more



The QC4HEP community paper

https://journals.aps.org/prxquantum/abstract/
10.1103/PRXQuantum.5.037001

Proposed applications

Experiment |  Theory

Approach Algorithm 

A study initiated by workshop on high-energy physics (HEP) 
held in November 2022 at CERN in Geneva to define a 
Roadmap to outline the current state of quantum computing in 
HEP that can be pursued with near-term quantum computers

@ 2024 IBM Corporation
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QCD is the theory of the strong force that binds the nuclei 
of atoms together, and it presents enormous challenges 
when it comes to observing, modelling, and predicting the 
behaviour of fundamental particles.

The Schwinger model is quantum electrodynamics in ( 1 + 1 ) 
space-time dimensions. This model shares many properties 
with QCD, including confinement (in the massive case) and 
chiral symmetry breaking. 

https://www.ibm.com/quantum/blog/
hadron-dynamics-simulations

Quantum Simulations of 
Hadron Dynamics in the 
Schwinger Model using 112 
Qubits
arXiv:2401.08044
112 qubits / 13,858 gates

spin models

Schwinger model used to demonstrate the first essential step in building future 
simulations of high-energy collisions of matter: preparing a simulation of the 
quantum vacuum state in which particle collisions would occur:

A follow-up to that paper shows techniques preparing a beam of particles time 
evolving in the quantum vacuum:

Scalable Circuits for Preparing 

Ground States on Digital Quantum 

Computers: The Schwinger Model 

Vacuum on 100 Qubits

PRX Quantum 5, 020315 (2024) 

100 qubits / 788 CX gates

@ 2024 IBM Corporation
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Our formula for bringing useful quantum computing to the 
world includes:

Maintaining the industry's largest fleet of utility-scale 
quantum systems on the cloud for our clients and the 
quantum community to experiment with. 

Building and updating a development and innovation roadmap 
that will help us scale quantum computing, from the hardware 
to the software necessary for quantum advantage.

Nurturing a community of clients and partners that includes 250+ 
Fortune 500 companies, academic institutions, national labs and 
startups—all working to solve real scientific and business problems 
with quantum computing.

Developing Qiskit, an open source toolkit and world-class user experience  
that makes quantum computing easy to learn and use by bringing 

resources together in one place. 

Making the world quantum safe with technologies that will secure enterprises 
in the quantum future.

22
@ 2024 IBM Corporation



Development Roadmap

Hardware
Innovation

Software
Innovation

Researchers

Quantum 
Physicist

Data Scientist

Run quantum circuits 
on the IBM Quantum Platform

Release multi-
dimensional  
roadmap publicly 
with initial  aim 
focused on scaling

Enhancing quantum 
execution speed by 
100x with Qiskit 
Runtime

Bring dynamic 
circuits to unlock 
more computations

Enhancing quantum 
execution speed by 
5x with quantum 
serverless and 
Execution modes

Improving quantum 
circuit quality and 
speed to allow 5K 
gates with 
parametric circuits

Enhancing quantum 
execution speed and 
parallelization with 
partitioning and 
quantum modularity

Improving quantum 
circuit quality to 
allow 7.5K gates

Improving quantum 
circuit quality to 
allow 10K gates

Improving quantum 
circuit quality to 
allow 15K gates

Improving quantum 
circuit quality to 
allow 100M gates

Beyond 2033, quantum-
centric supercomputers 
will include 1000’s of 
logical qubits unlocking 
the ful l power of 
quantum computing

Platform

Code assistant Functions General purpose 
QC libraries

Middleware

Quantum 
Serverless

Transpiler Service Resource
Management

Circuit Knitting x P Intelligent Orchestration Circuit libraries

Qiskit Runtime

QASM3 Dynamic circuits Execution Modes

Falcon

Benchmarking
27 qubits

Eagle

Benchmarking
127 qubits

Heron (5K)

Error Mitigation

5k gates
133 qubits

Classical modular

133x3 = 399 qubits

Flamingo (7.5K)

Error Mitigation

7.5k gates
156 qubits

Quantum modular

156x7 = 1092 qubits

Flamingo (10K)

Error Mitigation

10k gates
156 qubits

Quantum modular

156x7 = 1092 qubits

Flamingo (15K)

Error Mitigation

15k gates
156 qubits

Quantum modular

156x7 = 1092 qubits

Starling (100M)

Error correction

100M gates
200 qubits

Error corrected
modularity

Blue Jay (1B)

Error correction

1B gates
2000 qubits

Error corrected
modularity

Falcon

Demonstrate scaling 
with I/O routing with 
Bump bonds

Hummingbird Eagle

Demonstrate scaling 
with MLW and TSV

Osprey Condor Flamingo

Demonstrate scaling 
with modular 
connectors

StarlingKookaburra

Demonstrate scaling 
with nonlocal c-coupler

Cockatoo
Enabling scaling 
with high density 
signal delivery 

Demonstrate scaling 
with multiplexing 
readout

Single system 
scaling and fridge 
capacity

Flamingo (5K)

Error Mitigation

5k gates
156 qubits

Quantum modular

156x7 = 1092 qubits

Heron

Architecture 
based on tunable-
couplers

Crossbill
m- coupler

Demonstrate path to 
improved quality with 
logical communication 

Early

Canary
5 qubits

Albatross
16 qubits

Penguin
20 qubits

Prototype
53 qubits

IBM Quantum Experience

Mapping Collection Specif ic Libraries

Qiskit

Circuit and operator 
API with compilation 
to multiple targets

Application
modules

Modules for domain 
specific application 
and algorithm 
workflows

Qiskit 
Runtime

Performance and 
abstract through 
Primitives

Serverless

Demonstrate 
concepts of  
quantum centric-
supercomputing

AI enhanced 
quantum

Prototype 
demonstrations of AI 
enhanced circuit 
transpilation

Resource
management

System partitioning to 
enable parallel 
execution

Scalable circuit 
knitting

Circuit partitioning 
with classical 
reconstruction at HPC 
scale

Error correction 
decoder

Demonstration of a 
quantum system with 
real-time error 
correction decoder

Early

Canary
5 qubits

Albatross
16 qubits

Penguin
20 qubits

Prototype
53 qubits

IBM 
Quantum 
Experience

Demonstrate path to 
improved quality with 
logical memory 

2016–2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2033+

Innovation Roadmap

Executed by IBM

On target

Demonstrate path to 
improved quality 
with logical gates 

IBM Quantum / © 2023 IBM Corporation

\

Development Roadmap

Innovation Roadmap

Quantum-centric 
supercomputing

01 Modularity for quantum

02 Communication for quantum

03 Middleware for quantum
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Quantum is a component in the 

future of advanced computing

In the future, quantum 

will integrate with other 

components, including 

AI, to enhance the 

overall capability of our 

computational tools.

Each tool is best suited 

for certain types of 

tasks, and all will work 

together to solve the 

hardest problems that 

face society today.

C  

   

Q  
24

Classical HPC

AI infrastructure

Quantum
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What we have accomplished:

Hardware

From 2020 to 2023, we 
focused on solving single-chip 
scaling with the IBM Quantum 
Falcon, Hummingbird, Eagle, 
Osprey,  and Condor chips.

In 2023, we debuted the IBM 
Quantum Heron chip, which 
uses tunable couplers to 
achieve our lowest error rates 
yet. Heron will serve as the 
basis for modular scaling of 
quantum processors. 

In 2024, Heron is capable 
of running 5,000 gates.

27IBM Quantum | © 2024 IBM Corporation https://quantum.ibm.com/

https://docs.quantum.ibm.com/guides/processor-types

https://quantum.ibm.com/
https://docs.quantum.ibm.com/guides/processor-types


Looking forward:

Hardware

Now, we use error mitigation and 
interconnects to run larger circuits  
so users can look for quantum 
advantages in their domains. 
Through classical and quantum 
modularity, we plan to achieve an 
IBM Quantum Flamingo system 
capable of running 15,000 gates 
with the help of error mitigation by 
2028.

2029: We foresee advances in 
quantum error correction allowing 
us to debut IBM Quantum Starling, 
a system capable of running 
circuits with 100 million gates on 
200 logical qubits 

In 2033, we will debut IBM 
Quantum Blue Jay, a system 
capable of running circuits with a 
billion gates on 2,000 logical 
qubits.

28IBM Quantum | © 2024 IBM Corporation

As we roll out error correction, developers need not change how they write quantum 
programs. They will simply notice that they can run longer workloads.



Looking forward:

Execution and orchestration

Running quantum workloads 
requires infrastructure that 
coordinates quantum resources 
with near-time and real-time 
classical resources. 

Since 2016, we have worked to 
create Qiskit and a variety of 
application libraries which has 
now evolved into Qiskit SDK 
(Open Source), Qiskit Runtime 
Services and Qiskit Transpiler 

29IBM Quantum | © 2024 IBM Corporation



Looking forward:

Execution and orchestration

In 2021, we released Qiskit 
Runtime, a service allowing users 
to orchestrate their programs 
across IBM Quantum processors 
and the cloud. 

In 2023, we introduced 
middleware for quantum tools to 
automate and optimize 
heterogeneous compute tasks. 
That included quantum serverless 

In 2024, our AI-powered transpiler 
service will optimize circuits with 
fewer gates.

In 2025, we will introduce 
resource management tools to 
facilitate system partitioning and 
enable parallel execution.

2026 will bring us circuit 
knitting across parallel quantum 
processors

From 2027 we will focus on 
intelligent orchestration: 
optimizing workflows to combine 
classical and quantum efficiently, 
thus improving performance.

30IBM Quantum | © 2024 IBM Corporation



What we have accomplished:

Software

Useful quantum computing requires 
performant software. 

In 2024 we redefined Qiskit to 
represent the full-stack software 
for quantum at IBM, extending 
the Qiskit SDK with middleware 
software and services to write, 
optimize, and execute programs 
on IBM Quantum systems.

In 2025, we will introduce 
quantum functions so users can 
create and share reusable blocks 
of Qiskit code.

2026 will bring mapping 
collections so users can start 
automating the process of 
mapping their specific use cases 
to quantum circuits.

From 2027 onward, we will work 
alongside clients to build use-
case-specific libraries as 
quantum advantages emerge for 
a variety of use cases.

31IBM Quantum | © 2024 IBM Corporation

By 2033, we expect to see 
general-purpose quantum computing libraries that 
users can incorporate into a wide variety 
of quantum applications.

quantum.ibm.com/functions 

http://quantum.ibm.com/functions


Qiskit
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Quantum state of play
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Qiskit addons

Map

A collection of research capabilities developed as modular tools that can plug into a workflow 
to scale or design new algorithms at the utility scale—starting with multiproduct formulas 
(MPF), operator backpropagation (OBP), and sampling-based quantum diagonalization (SQD).

Optimize Post-process

Qiskit Circuit Library Transpiler Primitives Quantum Info

MPF OBP SQD

Output:
Circuits, observable

Output:
ISA circuit, observable

Input:
ISA circuit, observable

Output:
Expectation value/samples

Input:
Expectation value/samples

Input:
Domain inputs

Input:
Circuits, observable

Output:
data objects/visualizations

Execute
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Qiskit Functions are abstracted services, 

designed to accelerate development

In late September, we’re previewing a catalog of 

managed, utility-scale services to unlock new users:

• Circuit Functions: Enabling quantum 

computational scientists to discover new 

algorithms and applications, without needing to 

manage transpilation, error suppression, or error 

mitigation 

• Application Functions: Enabling data scientists and 

enterprise developers to integrate quantum into 

industry workflows, while leveraging familiar 

domain abstractions

IBM Quantum | © 2024 IBM Corporation 35



Qiskit Code Assistant Preview
Transforming the Quantum developer experience

Intelligent Code Completion

• Context-aware suggestions for Qiskit SDK 

• Auto-completion for complex quantum gates and 

algorithms

IBM Quantum | © 2024 IBM Corporation

Quantum Specific Features

• Helps identify and resolve common quantum 

programming pitfalls 

• Assists in implementing quantum algorithms (e.g., VQE)

Integration and Workflow

• Seamless integration with popular IDEs and Jupyter Lab

• Version-aware: adapts to your Qiskit SDK version

36

https://docs.quantum.ibm.com/guides/qiskit-code-assistant 

https://docs.quantum.ibm.com/guides/qiskit-code-assistant


Qiskit Serverless

37

With Qiskit Serverless 

users can build, deploy, 

and run workloads 

remotely using the 

compute resources of 

the IBM Quantum 

platform.

Qiskit Serverless is available as a 

hosted service for IBM Premium 

clients or as an open-source tool 

that you can deploy on your own 

infrastructure.
docs.quantum.ibm.com/guides/serverless 

github.com/Qiskit/qiskit-serverless

IBM Quantum | © 2024 IBM Corporation

https://docs.quantum.ibm.com/guides/serverless
https://github.com/Qiskit/qiskit-serverless


Organization of 

the QC4HEP WG

Two main 

research 

Areas 

Theory Experiments

IBM Quantum / © 2024 IBM Corporation / Ivano Tavernelli

Groups

Teams

Theory - main groups

1. Real-time evolution, 

2. Quantum Link Models

3. Neutrino physics

4. ….

Experiments - main groups:

1. Jet Reconstruction

2. Beyond SM (BSM) and 

3. Anomaly Detection

4. …..

Researchers working together on a speficic topic defined in the groups

Teams include students



Highlights 2023-2024

Quantum data learning for quantum 

simulations in high-energy physics

Phys. Rev. Research 5, 043250

Quantum anomaly detection in the 

latent space of proton collision events 

at the LHC

Commun Phys 7, 334 (2024)

Symmetry Breaking in Geometric 

Quantum Machine Learning in the 

Presence of Noise

PRX Quantum 5, 030314

Explores quantum machine learning (QML) applications for quantum data, extending the 

Quantum Data Learning (QDL) framework to high-energy physics. In particular, by applying  

quantum convolutional neural networks to quantum data sets generated from quantum 

simulations of LGT and QFT models. Multiparticle State Analysis with QCNN effectively 

extracted fermion flavors and coupling constants from simulated parton showers, 

outperforming conventional methods in certain scenarios.

IBM Quantum 39

Study  presents a realistic study of QML models for anomaly detection in proton collisions at 

the LHC. A proposed combination of an autoencoder that compresses raw HEP jet features 

to a tractable size, with quantum anomaly detection models proved to be a viable strategy 

for data-driven searches for new physics at the LHC.

Geometric QML incorporates inductive biases to ansatz design. This can lead to:

Less parameters / shorter circuits (no BPs). This work enhances understanding of how 

hardware noise interacts with GQML models and proposes strategies to improve resilience. 

The findings pave the way for future research aimed at developing robust and scalable GQML 

applications on quantum hardware.



Tested QML applications

IBM Quantum 40

Preliminary  Resource 
Estimation for Lattice QED 
and for neutrino oscilations



Quantum-centric supercomputing

Runtime 

cluster
CPU

GPU

QPU

Delivering impactful quantum computing requires 

the interplay of quantum and classical resources at 

scales; quantum-centric supercomputing is the 

path toward industrial scale applications

Runtime 

cluster

Refrigerator 

and QPU
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IBM offers all the needed 

components

1. Hybrid cloud
(i.e., classical compute)

2. watsonx
(artificial intelligence)

3. Quantum

4. IT consulting

Integrations are still 

evolving between quantum 

and classical compute. 

IBM is already partnering 

with other institutions to 

help define the future of 

quantum-centric 

supercomputing (QCSC).

IBM Quantum | © 2024 IBM Corporation
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The road to improved 2Q gate errors
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Utility vs. Advantage

Quantum Utility (2023)

Demonstration that a quantum computer can 

run quantum circuits beyond the ability of a 

classical computer simulating a quantum 

computer

Confirmation via research, papers, & theory

IBM’s 2023 research paper (“Evidence for 

the utility of quantum computing before 

fault tolerance”) provided evidence and 

methods to move the industry into the 

Utility era

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

Quantum Advantage (TBD)

Demonstration that a quantum computer can 

run quantum circuits beyond the ability of all 

known classical methods

Confirmation via real-world usage

Advantage will come at different times in 

different domains and depends on the 

continued advancement of quantum 

algorithm implementations across 

industries

IBM Quantum | © 2024 IBM Corporation

Theory Utility Advantage

44

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


Quantum computing 

is expected to have 

impact across industries

IBM Quantum | © 2024 IBM Corporation 45

Search and 
optimization

Mathematics and 
processing data with 
complex structure

Simulating 
nature

Aerospace & 
Automotive

Financial Services

High Tech

Energy, 
Environment, 
Utilities

Health Care & 
Life Sciences

Customer Experience
Materials Design
Structural Design Optimization
And more

Fraud Detection
Derivatives/options pricing
Portfolio optimization
Risk analysis
And more

Seismic Imaging
Catalysts

Supply chain planning
Manufacturing scheduling
And more

Portfolio optimization
Grid optimization
Risk Analysis and Options Pricing
Battery Design
And more

Disease risk prediction
Drug discovery and design
Protein folding predictions
And more



IBM Quantum

Upskilling your teams 
in quantum computing
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Education

IBM Quantum 
Learning Mission:

Empower people 
around the world to 
use and advance 
quantum



Documentation

Getting started with Qiskit

is easy.

The Documentation can help

walk you through the following

steps:

Start: Setup and Install

Build: Quantum Circuits

Transpile: Optimize Circuits

Verify: Evaluate your circuits

Run: Execute on hardware

IBM Quantum / © 2024 IBM Corporation



IBM Quantum Learning

Learn the basics of quantum computing and 
how to solve real-world problems with IBM 
Quantum services and systems

– Access courses, tutorials, and other 
learning resources created by leading 
quantum experts like John Watrous

– Log in to track course progress

– Earn badges for selected courses

49

Get started today

↓

IBM Quantum | © 2024 IBM Corporation

https://learning.quantum.ibm.com/


Composer

Prototype visually with the Quantum Composer

Interactively build circuits with the the Composer drag 

and drop interface. You can also visualize amplitude 

and probabilities within the tool.

IBM Quantum / © 2024 IBM Corporation
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