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Why quantum computing

> Quantum Biotechnology, N. Mauranyapin, et.al, arXiv:2111.02021

> Emerging quantum computing algorithms for quantum chemistry, M. Motta, et.al.,

arXiv:2109.02873

> Quantum Theory Methods as a Possible Alternative for the Double-Blind Gold Standard of

Evidence-Based Medicine: Outlining a New Research Program, D.k Aerts, et.al.,

arXiv:1810.13342

> Quantum Battery with Ultracold Atoms: Bosons vs. Fermions, Tanoy Kanti Konar, et.al.,

arXiv:2109.06816

> Hybrid Quantum-Classical Algorithms for Loan Collection Optimization with Loan Loss

Provisions, J. Tangpanitanon, et.al, arXiv:2110.15870

> A Quantum Natural Language Processing Approach to Musical Intelligence E. Miranda,

et.al., arXiv:2111.06741
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Evidence-Based Medicine: Outlining a New Research Program, D.k Aerts, et.al.,

arXiv:1810.13342

> Quantum Battery with Ultracold Atoms: Bosons vs. Fermions, Tanoy Kanti Konar, et.al.,

arXiv:2109.06816

> Hybrid Quantum-Classical Algorithms for Loan Collection Optimization with Loan Loss

Provisions, J. Tangpanitanon, et.al, arXiv:2110.15870

> Developing a Framework for Sonifying Variational Quantum Algorithms: Implications for

Music Composition, Paulo Vitor Itaboraí, Peter Thomas, Arianna Crippa, Karl Jansen, Tim

Schwägerl, María Aguado Yáñez, arXiv: 2409.07104
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The CQTA group
> The present group in Zeuthen (missing 3 female members)
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Center for Quantum Technology and Applications
> Quantum Field Theoretical models from condensed matter and high energy

physics → sign problem, real time phenomena
> Optimization/classification

– Particle track reconstruction/jet classification

– Flight gate assignment

– Gene/exon classification
> Others

– factoring, Feynman diagrams, matrix models, ...

> training
> Algorithm development

– Expressivity

– controllability

– warm starts
> Quantum art

– Quantum computer music, Quantum painting, WS 9.7.-11.7.
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ERA Chair QUEST
(QUantum computing for Excellence
in Science and Technology)

> European Research Executive

Agency funding (2.5 million Euro)
> focus activities

– Building up a quantum computing group

at the CyI

– develop applications of uses case

for industry, governmental agencies

and academia

– Act as hub for Eastern Mediterranean region

– closely connected to

Center for Quantum Technology

and Applications (CQTA) at DESY
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Why a quantum computer

> systems in e.g.

– high energy physics

– chemistry

– biology

– material science

– condensed matter physics

> are quantum systems

”Nature isn’t classical, dammit, and if you want to make a simulation of Nature, you’d

better make it quantum mechanical, and by golly it’s a wonderful problem because it

doesn’t look so easy.”, R. Feynman, around 1980, see

https://arxiv.org/pdf/2106.10522.pdf

> potential to solve problems very hard or inaccessible for classical computers

→ models with sign problem (topological models, non-zero baryon density, ...)

DESYª | Quantum Computing: , a future perspective , for scientific computing | Karl Jansen | Perugia, 8.5.2025 Page 10



Quantum computer: from the outside
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Quantum computer: from the inside

• Shielded to 50,000 times less

than Earth’s magnetic field

• In a high vacuum: pressure is 10 billion

times lower than atmospheric pressure

• Cooled 180 times colder than

interstellar space (0.015 Kelvin)

→ prevent quantum noise

• IBMQ: 433 qubits 2022, >1000 qubits 2023, >4000 qubits 2024

→ 10K to 100K error corrected, parallelized

• Google promise: 1.000.000 qubits 2030, 1000 qubits error corrected
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How to quantum compute

> python programming language

→ company provides quantum libraries

> very convenient setup

→ simulator runs on your local machine

→ hardware usable through quantum cloud service

→ build on reservation system

> documentation, tutorials and examples availabe on website,

e.g. IBM’s textbook: https://qiskit.org/textbook/preface.html

→ you can start now!
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Quantum computing the Heisenberg model

> 1-dimensional Heisenberg model

Heisenberg, W. Zur Theorie des Ferromagnetismus. Z. Physik 49, 619–636 (1928)

H =
∑N

i=1 β [σx(i)⊗ σx(i+ 1) + σy(i)⊗ σy(i+ 1) + σz(i)⊗ σz(i+ 1)] + Jσz(i)

> microscopic description of magnetism

> phase transition from un-magnetized to magnetized phase

> mathematical structure typical for models in Lattice Gauge Theories (LGT)

> very flexible: can use N = 2 or N = 1000 lattice sites

→ can be studied already now on quantum computers
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Variational Quantum Eigensolver (VQE)

> a hybrid quantum/classical variational approach
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Quantum computing the Heisenberg model

> Quantum computing the lowest physical energy using 3 qubits

> Using the exact simulation on laptop

> dashed line exact result

• exact simulation

• find correct result
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Quantum computing the Heisenberg model

> Quantum computing the lowest physical energy using 3 qubits

> On quantum computer: exist quantum noise

⇒ add noise model

• noisy simulation

• fail to find correct result
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Error mitigation and expressivity of quantum circuits

> Quantum computers are noisy: bit-flips in readout process

> analytically correct for readout errors

(L. Funcke, T. Hartung, S. Kühn, P. Stornati,

X. Wang, K.J., arxiv:2007.03663, to appear in PRA)

> dimensional expressivity analysis of quantum circuits

(L. Funcke, T. Hartung, S. Kühn, P. Stornati,

K.J, Quantum 5 (2021) 422)

→ remove superfluous gates

> both methods scale polynomially

⇒ they are efficient

> methods are developed from applications in

fundamental research
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Quantum computing the Heisenberg model

> Mitigate quantum noise through analytical method

on minimal, but maximally expressive circuit

• error mitigated noisy simulation

• find correct result

> develop new methods from basic research (LGT)
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The Hamiltonian of 2+1 dimensional QED ĤQED

> Electric field operator: g2

2

∑
~n

(
Ê2
~n,x + Ê2

~n,y

)
> Plaquette operator: − 1

2a2g2
∑

~n

(
P̂~n + P̂ †

~n

)
> mass term +m

∑
~n(−1)nx+ny φ̂†~nφ̂~n

> kinetic term Û~n,x = eiagÂ~n,x

i
2a

∑
~n

(
φ̂†~nÛ

†
~n,xφ̂~n+x − h.c.

)
− (−1)nx+ny

2a

∑
~n

(
φ̂†~nÛ

†
~n,yφ̂~n+y + h.c.

)
> investigated the running coupling with matching to Markov Chain Monte Carlo

> looked at electric flux configurations for Coulomb, confinement and string breaking

regimes of static potential

> developed lattice Chern-Simons Hamiltonian
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Chern-Simons term in 2+1 dimensional QED
(C. Peng, C. Diamantini, L. Funcke, A. Hassan, K. Jansen, Stefan Kühn, D. Luo, P. Naredi,

arxiv:2407.20225)

Ĥ =
∑

x∈ sites
e2

2a2

[(
p̂x;1 − ka2

4π Âx−2̂;2

)2
+
(
p̂x;2 +

ka2

4π Âx−1̂;1

)2
]
+ 1

2e2

(
�Âx;1,2

)2

> energy bands

pure Maxwell theory adding Chern-Simons term

massless photon topological mass generation

> opens door to investigate e.g. fermion/boson dualities, fractional quantum Hall effect,

...
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Quantum computing the flight gate assignment problem

> A classical optimization problem: flight gate assignment

(Y. Chai, L. Funcke, T. Hartung, S. Kühn, T. Stollenwerk, P. Stornati, K. Jansen,

Phys.Rev.Applied 20 (2023) 6, 064025)

> Find shortest path between connecting flights

> Different incoming and outgoing flights

need to be assigned to gates

→ find optimal assignment

> Classical optimization problem

→ quantum advantage?

www.DLR.de Chart 8 > DLR > TM, EL and TS > Quantum Heuristic Algorithms for Hard Planning Problems from Aerospace Research

Flight Gate Assignment - Decision Variable

Gate 1 Gate 2 Gate 3 Gate 8 Gate 9 Gate 10

Gate 20Gate 19Gate 18Gate 13Gate 12Gate 11

...

...

Gate

Flight i

Decision variable

xi =

(
1 if flight i is assigned to gate

0 otherwise
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Quantum computing the flight gate assignment problem

> binary variables encoding gates and flights

xiα =

{
1, if flight i ∈ F is assigned to gate α ∈ G
0, otherwise

x ∈ {0, 1}F⊗G → x binary variable → x ∈ {−1, 1}F⊗G

eigenstate of third Pauli matrix σz

> leads to mathematical description of Hamiltonian

H =
∑n

j=1Qjjσ
z
j +

∑n
j,k=1
j<k

Qjkσ
z
j ⊗ σzk

> Task: find lowest energy ⇔ shortest path

> Same mathematical description for problems in traffic, logistics, particle tracking,

...

www.DLR.de Chart 8 > DLR > TM, EL and TS > Quantum Heuristic Algorithms for Hard Planning Problems from Aerospace Research

Flight Gate Assignment - Decision Variable

Gate 1 Gate 2 Gate 3 Gate 8 Gate 9 Gate 10

Gate 20Gate 19Gate 18Gate 13Gate 12Gate 11

...

...

Gate

Flight i

Decision variable

xi =

(
1 if flight i is assigned to gate

0 otherwise
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Variational Quantum Eigensolver (VQE)

> a hybrid quantum/classical variational approach
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Quantum computing the flight gate assignment problem

> Started with QUBO implementation

> Implementation of various improvements

– using binary encoding

– reformulation of Hamiltonian through projectors

– Using Conditional Value at Risk (CVaR)

Feasible ratio
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Quantum hardware runs of flight gate assignment problem
(Y. Chai, E. Epifanovsky, K. Jansen, A. Kaushik, S. Kühn, arxiv:2309.09686)

> hardware runs on IonQ’s Aria trapped ion quantum computer

> circuit: efficientSU2

> real VQE and inference runs
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Scattering on a quantum computer
(Yahui Chai, Arianna Crippa, Karl Jansen, Stefan Kühn, Ivano Tavernelli, Francesco Tacchino,

Quantum 9 (2025) 1638)

> Continuum Lagrangian of Thirring model

L = iψγµ∂µψ −mψ(x)ψ(x)− λ

2
(ψγµψ)(ψγ

µψ)

> Hamiltonian lattice version

H =

N−1∑
n=0

{
i

2a

(
ξ†n+1ξn − ξ†nξn+1

)
+ (−1)nm ξ†nξn

}
+

N−1∑
n=0

g(λ)

a
ξ†nξnξ

†
n+1ξn+1

> Spin representation → Jordan Wigner
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Spin representation

> Jordan-Wigner transformation

ξ†n =
∏

l<n σ
z
l σ

−
n , ξn =

∏
l<n σ

z
l σ

+
n

σ±l =
(
σxl ± iσyl

)
/2

> Hamiltonian

H =
i

2a

N−2∑
n=0

(
σ−n+1σ

+
n − σ−n σ

+
n+1

)
+

i

2a

(
σ−0 σ

z
1 . . . σ

z
N−2σ

+
N−1 − σ−N−1σ

z
N−2 · · ·σz1σ+0

)
+
m

2

N−1∑
n=0

(−1)n (1 − σzn) +
g

4a

N−1∑
n=0

(1 − σzn)
(
1 − σzn+1

)
DESYª | Quantum Computing: , a future perspective , for scientific computing | Karl Jansen | Perugia, 8.5.2025 Page 28



Gaussian wave packets

> Gaussian wave packets φ
c(d)
k = 1

N c(d)
k

e−ikµ
c(d)
n e−(k−µ

c(d)
k )2/4σ2

k

> time evolution: Givens rotation

> time evolution for free fermions: charge distribution
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Quantum circuit

> blue box: vacuum preparation

> green and yellow boxes: wave packet preparation and time evolution
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Interacting case
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Hardware runs on ibm peekskill

> Ideal versus hardware
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FIG. 8. (a) particle density for N = 12 and m = 1.0 as a
function of time obtained from an ideal simulation. (b) Same
as panel (a), but with the time steps at t = 0, 6, 12, 18, 24
replaced by the ones obtained from the quantum hardware
(indicated by the gray dashed boxes).

agreement between the exact result and the experimental
data from the quantum device, in most cases both results
agree within the error bar. In particular, the time-slices
for the particle density illustrate once more the presence
of two separated wave packets, showing up as a peak in
the particle density around site 2 and a dip at site 9 for
t = 0 (c.f. Fig. 9(a)). These are moving towards the
center as time progresses resulting in a particle density
noticeably di↵erent from zero in the center of the system,
as shown in Fig. 9(b). Eventually, after the two wave
packets pass through each other, we observe again a well
separated peak and a dip in the particle density around
t = 18 in Fig. 9(c).

V. CONCLUSION AND OUTLOOK

In this work, we proposed a framework for studying
fermion scattering on digital quantum computing. Using
the lattice Thirring model as an example, we demon-
strated our framework by simulating the elastic collision
for fermion-antifermion wave packets both classically and
on quantum hardware.

Guided by the free theory, corresponding to the
Thirring model at vanishing coupling, we derived a set
of operators that allow us to create approximate fermion
and antifermion wave packets for the interacting theory
on top of the ground state. Starting from such an initial
state, we showed how to e�ciently obtain the expected
value of observables from a quantum device throughout
the evolution and provided the necessary quantum cir-
cuits to measure them.

To demonstrate our approach, we first simulated the
dynamics of a fermion-antifermion wave packet in the
free theory exactly before proceeding to the interacting
case. Observing the particle density and the von Neu-
mann entropy produced throughout the elastic scatter-
ing, we characterized the process and showed that our
framework provides an avenue towards simulating these

0 2 4 6 8 10

-0.6

-0.3

0.0

0.3

0.6

�h
�† n� n

i t

(a) t = 0

ideal simulation

hardware run

0 2 4 6 8 10
-0.6

-0.3

0.0

0.3

0.6

�h
�† n� n

i t

(b) t = 12

0 2 4 6 8 10
position n

-0.6

-0.3

0.0

0.3

0.6

�h
�† n� n

i t

(c) t = 18

FIG. 9. Time slices showing the site-resolved particle density
for N = 12 and m = 1.0, the di↵erent panels correspond to
t = 0 (a), 12 (b), and 18 (c). The blue diamonds correspond
to the ideal result on a noise-free quantum computer taking
an infinite number of measurements. The yellow dots repre-
sent the data from the quantum hardware, where error bars
represent uncertainties due to a finite number of measure-
ments. As a guide for the eye, the data points are connected
with lines. The horizontal dashed grey line indicates the zero
value of �h⇠†n⇠nit.

dynamics on quantum devices. While the entropy can
in general not be obtained e�ciently on a quantum de-
vice, the particle density can be readily measured on a
digital quantum computer. Moreover, we carried out a
proof-of-principle demonstration simulating the scatter-
ing of a fermion and an antifermion wave packet for the
free theory on IBM’s quantum devices. Using state-of-
the-art error mitigation methods, the data obtained from
the quantum device is in good agreement with the the-
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Jordi Tura,12, 41 Cenk Tüysüz,2, 11 Sofia Vallecorsa,1 Uwe-Jens Wiese,42 Shinjae Yoo,43 and Jinglei Zhang44, 45

1European Organization for Nuclear Research (CERN), CH-1211 Geneva, Switzerland
2CQTA, Deutsches Elektronen-Synchrotron DESY, Platanenallee 6, 15738 Zeuthen, Germany

3Computation-based Science and Technology Research Center,
The Cyprus Institute, 20, Constantinou Kavafi str., 2121 Nicosia, Cyprus
4IBM Quantum, IBM Research – Zurich, 8803 Rüschlikon, Switzerland
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Abstract

Quantum computers offer an intriguing path for a paradigmatic change of computing in the natural

sciences and beyond, with the potential for achieving a so-called quantum advantage, namely a significant

(in some cases exponential) speed-up of numerical simulations. In particular, the high-energy physics

community plays a pivotal role in accessing the power of quantum computing, since the field is a driving

source for challenging computational problems. ...
DESYª | Quantum Computing: , a future perspective , for scientific computing | Karl Jansen | Perugia, 8.5.2025 Page 33



QC4HEP: Experiment summary
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QC4HEP: Theory summary

Classification

Trotter 
Dynamics

VQE/varQITE

TN/QTN

Quantum 
Dynamics

Neutrino 
oscillations

varQTE

QNNs

t

𝑂

Hybrid Qu-Cl

Optimisation

+
p p

aa

Low dimension 
LGT

QLM/D-Theory

𝜈𝜏

𝜈𝑒 𝜈𝜇

Quantum 
Kernels

Real-time 
Phenomena

DESYª | Quantum Computing: , a future perspective , for scientific computing | Karl Jansen | Perugia, 8.5.2025 Page 35



Quantum computing enhances biomarker discovery
(Frederik Flöther, Daniel Blankenberg, Maria Demidik, Karl Jansen, Raga Krishnakumar, Rajiv

Krishnakumar, Numan Laanait, Laxmi Parida, Carl Saab, Filippo Utro, arXiv:2411.10511)
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Summary and outlook

> It took 40 years to start realizing Feynman’s vision of using quantum computers

> Now: first computations in high energy physics with O(10) qubits on NISQ devices

– experiment: particle tracking, Boltzmann machines, quantum neural networks, ...

– theory: low-dimensional, abelian and non-abelian models

in 1+1 and 2+1 dimensions, scattering, ...

> soon: demonstrations, O(100) qubits and circuit depth of O(100)

– identify and evaluate applications for quantum computers

– develop further quantum algorithms and methods

– evaluate scaling with the number of qubits

→ quantum advantage? for what? when?

> future: fault tolerant quantum computing
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Thank you!

Contact

DESYª Deutsches Karl Jansen

Elektronen-Synchrotron 0000-0002-1574-7591
Center for Quantum Technologies and Applications
karl.jansen@desy.de

www.desy.de +49–33762–77286
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