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We motivate the use of quantum algorithms in particle physics and
provide a brief overview of the most recent applications at high-energy col-
liders. In particular, we discuss in detail how a quantum approach reduces
the complexity of jet clustering algorithms, such as anti-kT, and show how
quantum algorithms efficiently identify causal configurations of multiloop
Feynman diagrams. We also present a quantum integration algorithm,
called QFTIAE, which is successfully applied to the evaluation of one-loop
Feynman integrals in a quantum simulator or in a real quantum device.
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1. Introduction

Quantum algorithms have emerged recently as a promising avenue to effi-
ciently tackle complex problems in the field of particle physics [1]. Events oc-
curring at high-energy colliders, such as the CERN’s Large Hadron Collider
(LHC), are typically analysed by factoring them according to the character-
istic energy scale of their subprocesses. In this respect, recent applications
of quantum algorithms in particle physics have considered specific aspects
of the collision. For example, quantum algorithms have been explored for
track reconstruction [2-4| and jet clustering [5-8|, including analysing the
formation of jets in a medium [9-11|. Applications include also the sim-
ulation of parton showers [12-14], quantum machine learning [15-17], and
the determination of parton densities [18]. On the most theoretical side,
quantum algorithms have been used to evaluate helicity amplitudes [19] and
the colour algebra [20] of elementary processes, and have been applied in
the quest for selecting the causal configurations of multiloop Feynman di-
agrams [21-24]. This concerns also quantum integrators [25-27|, including
their application to loop Feynman integrals [28].
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As quantum computers continue to advance, further applications are ex-
pected to appear offering a more complete picture. In general, it is assumed
that the main advantage of a quantum approach is the potential speedup
gain and the possibility of solving problems whose complexity scales expo-
nentially or superpolynomially. These problems would become intractable
at some point with classical computers. While this is true if the quantum
principles of superposition and entanglement are exploited in the design of
the quantum algorithm, it is also true that the current development of quan-
tum technologies and hardware devices is still very limited due to the low
coherence time of qubits and the inevitable quantum noise.

The most interesting aspect of quantum algorithms in particle physics,
in my opinion, is related to the original motivation of Feynman [29], sug-
gesting that quantum effects, in this case particle collisions, should be better
simulated with a quantum system.

This presentation is devoted to describe in detail three recent applica-
tions of quantum algorithms in high-energy physics. Jet clustering in Sec-
tion 2, the bootstrapping of the causal representation of multiloop Feynman
diagrams in the loop-tree duality in Section 3, and the quantum integration
of loop Feynman integrals in Section 4.

2. Jet clustering

Clustering is one of the most frequent classical problems in many fields,
such as machine learning and computational geometry. In particular, jet
reconstruction in particle physics is fundamental in the majority of experi-
mental analyses. The most widely used jet clustering algorithm at the LHC
is anti-k7 [30], which corresponds to the class of hierarchical or sequential jet
recombination algorithms. In this type of clustering algorithm, a distance
is defined and at each step of the clustering process, the pair of particles
separated by the smaller distance is recombined into a new pseudoparticle
until all pairs of pseudoparticles are separated by a distance greater than a
minimum reference distance.

Having to determine at each stage of clustering what is the absolute
minimum distance between all pairs of particles is computationally expensive
and the computation time increases rapidly with the multiplicity of the
event. The computational complexity of the classical anti-kr is O(N?),
where N is the number of particles to cluster. However, the FastJet [31]
implementation reduces this complexity to O(N log(N)) by identifying each
particle’s geometrical nearest neighbour and optimizing the clustering by
means of Voronoi diagrams.

A quantum version of anti-kp with simulated LHC data has been pre-
sented in Refs. |7, 8]. Without any optimization, this quantum counterpart
of anti-k1 would require O(N?log(N)), and could achieve the same complex-



Quantum Algorithms in Particle Physics 2-A14.3

ity as FastJet by applying just geometric nearest-neighbour optimization. A
comparison of the classical and quantum versions of anti-kr is illustrated in
Fig. 1, where one can hardly appreciate any difference. There is, however,
a fundamental difference between them as a quantum algorithm determines
the minimum distance in a probabilistic way. Consequently, while the clas-
sical version of anti-kT is deterministic, i.e., given a set of particle data, the
clustering ordering will always be the same, in the quantum version, the
clustering ordering may be altered. This probabilistic determination of the
minimum distance reduces the complexity of the algorithm. The final jet
reconstruction is nevertheless quite similar due to the prevalence of collinear
radiation as predicted by QCD. In Ref. [7], we have also presented quan-
tum versions of kr [32, 33] and of the general purpose clustering algorithms
K-means [34, 35| and Affinity Propagation [36].
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Fig.1. Jet reconstruction of an event in the classical (left) and quantum (right)
versions, respectively, of the anti-kt jet clustering algorithm with radius R = 1.

3. Causal configurations of multiloop Feynman diagrams

A Feynman propagator describes the propagation of a particle between
two interaction points in space-time in either of directions. Therefore, we

can formally write
1
Gr(g) = ﬁ

where the two propagation states are represented by |0) and |1). The total
number of states in a Feynman diagram is 2", where n is the total num-
ber of Feynman propagators. However, not all of these states are physical.
Configurations in which a particle returns to the departure point, ¢.e., those
configurations in which a particle describes a closed cycle, require travelling
back in time and thus breaking causality.

(10) +11)) (1)
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In Feynman’s representation, these non-physical configurations are in-
trinsically present in the integrand and inevitably lead to non-physical singu-
larities. An unconventional approach is the loop-tree duality (LTD) [37, 38|
where a manifestly causal representation exists [39-46] and non-physical sin-
gularities are absent, giving rise to numerically more stable integrands. On
the one hand, the LTD representation fixes the directions of propagation al-
lowed by causality. On the other hand, once the propagation directions are
fixed, the manifestly causal LTD representation can easily be bootstrapped.

Given a multiloop Feynman diagram, our goal is to select from among
all possible configurations obtained by identifying each Feynman propagator
with a qubit, those configurations allowed by causality, and thus reconstruct
its LTD representation. In this sense, there is an interesting connection
with the graph theory since the causal configurations correspond to directed
acyclic graphs, which are commonly studied in many other fields.

We have presented two different quantum algorithms to identify the
causal configurations of a multiloop Feynman diagram. The first one is
based on Amplitude Amplification or Grover algorithm [21, 22]. The sec-
ond one selects the causal configurations by minimizing a Hamiltonian in a
Variational Quantum Eigensolver (VQE) approach [23, 24]. Different energy
levels of the Hamiltonian correspond to configurations with different number
of cycles, and by construction, the ground state is directly associated with
the subspace of states related to directed acyclic graphs.

In Fig. 2, we present the quantum circuit used to select the causal con-
figurations of a three-vertex multiloop Feynman diagrams in the Grover
approach. Note that the number of loops is not relevant because the only
causal configuration of a group of propagators connecting two interaction
vertices is the one in which all propagators are aligned in the same direc-
tion. The qubits |¢;), which are initially set in a uniform superposition,
represent the three propagators. The ancillary qubits |¢;) and |a;) are bi-
nary and loop clauses, respectively, that probe if a combination of qubits is
in the same state. The qubit |out) is the Grover marker. Measurements are
done over classical bits.
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Fig.2. Quantum circuit used to bootstrap the causal LTD representation of a
three-vertex multiloop Feynman diagram using amplitude amplification.
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In both the VQE and Grover-based algorithms, the main difficulty lies
in the large number of causal configurations to be identified with respect to
the total number of possible states, approximately half of all configurations,
which requires several adaptations to implement the quantum algorithms
efficiently. In both cases, we successfully identified all the causal configura-
tions of Feynman diagrams with up to six interaction vertices, or four loops.
In the case of the non-planar diagram that appears for the first time at four
loops, the u-channel [41], it was necessary to resort on the quantum simulator
Quantum Testbed (QUTE) provided by Fundacion Centro Tecnologico de la
Informacion y la Comunicaciéon (CTIC) that supports simulations with 33
qubits. VQE requires less quantum resources than Grover’s algorithm (i.e.
fewer qubits and shorter circuits), still a larger number of executions must
be performed in order to achieve high success rates.

4. Loop Feynman integration

The next step after selecting the causal configurations of a loop Feyn-
man diagram and constructing its LTD representation is to integrate over
the loop momenta. To this purpose, we have proposed a new quantum
integration algorithm called Quantum Fourier Iterative Amplitude Estima-
tion (QFIAE) [27] and applied this algorithm to benchmark one-loop Feyn-
man integrals [28], including its implementation in a real quantum device.

The main novelty introduced by QFIAE consists of efficiently decom-
posing the integrand of the target function into its Fourier series using a
Quantum Neural Network (QNN). Then, each trigonometric component of
the Fourier series is quantumly integrated using Iterative Quantum Ampli-
tude Estimation (IQAE) [47]. The Fourier decomposition encodes the target
function with a minimum number of quantum arithmetic operations, and
takes advantage of the fact that the trigonometric functions are more suit-
able for integration in a quantum approach. Moreover, the QNN is central
to achieve a potential quadratic speedup.

There are several reasons to choose the LTD representation. The absence
of non-physical singularities makes the integrand more stable numerically.
The number of integration variables is independent of the number of exter-
nal particles. The integration domain is defined by the loop three-momenta,
which is Euclidean. Finally, a local renormalisation of ultraviolet (UV) sin-
gularities easily renders the integrand UV finite.
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For example, the LTD representation of a locally-renormalised one-loop
bubble Feynman integral, with internal masses m; and msg, and external
momentum p, is [39]

(LR) Y N N T R 0
) (qu,o)
where z9 = Hi:L2 Qq%), At = Zi:m qi%) =+ po, and the on-shell energies

are given by q%) = (€2 +m? —10)"/2 with i € {1,2}, assuming the external

momentum has vanishing spatial components, p = (pg,0). The last factor

of the integrand that depends on q[(;:,)o = (£2 + u%v — 10)1/ 2 implements

the local UV renormalisation, where uyy is the renormalisation scale. The
integration measure reads [, = [d*€/(2m)3.

Numerical results for several one-loop Feynman integrals using QFIAE
in a quantum simulator have been presented in Ref. [28], in full agreement
with known analytic expressions. Moreover, for the one-loop tadpole inte-
gral, QFIAE was successfully implemented in real devices, including several
strategies to mitigate quantum noise during execution. Deviations of less
than 4% were observed, which represents a noteworthy achievement for the
current state of quantum computing technology.

5. Conclusions

Quantum algorithms represent a potential paradigm shift in computa-
tional methodologies for particle physics. Although still in its infancy, inter-
est in quantum technologies in the field of high-energy physics is growing and
several interesting applications covering different aspects of collider events
have already emerged. We have discussed in detail three of these applica-
tions, which focus on jet reconstruction and loop Feynman integrals. At
the moment, most of these applications can only be tested in quantum sim-
ulators, while their implementation in real quantum devices is limited by
quantum noise. Besides a potential speedup, quantum algorithms in parti-
cle physics represent an appealing quantum way to analyse data and provide
theoretical predictions. After all, quantum field theory is quantum by defi-
nition.
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