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Abstract. The LUXE experiment (LASER Und XFEL Experiment) is a new experiment in
planning at DESY Hamburg, which will study Quantum Electrodynamics (QED) at the strong-
field frontier. In this regime, QED is non-perturbative. This manifests itself in the creation of
physical electron-positron pairs from the QED vacuum. LUXE intends to measure the positron
production rate in this unprecedented regime by using, among others, a silicon tracking detector.
The large number of expected positrons traversing the sensitive detector layers results in an
extremely challenging combinatorial problem, which can become computationally very hard
for classical computers. This paper presents a preliminary study to explore the potential of
quantum computers to solve this problem and to reconstruct the positron trajectories from the
detector energy deposits. The reconstruction problem is formulated in terms of a quadratic
unconstrained binary optimisation. Finally, the results from the quantum simulations are
discussed and compared with traditional classical track reconstruction algorithms.

1. Introduction

LUXE [1] is a proposed experiment at DESY with the aim to study QED in the strong-field
regime where QED becomes non-perturbative. The experiment uses the high-energy electron
beam from the European XFEL and a high-power laser. Both the interactions of the electron
beam with the laser and the interactions of a beam of bremsstrahlung photons with the laser are
studied. The two processes of interest are the Compton scattering process of a photon radiated
from the electron in the laser field,
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where n is the number of laser photons vy, participating in the process, and the Breit-Wheeler
pair creation
y4+ny, — et +e” (2)

from the interaction of a photon (which can be the photon from the Compton process) in the
laser field.
An important parameter that characterises these interactions is &, the laser field intensity

parameter, defined as
m
¢ = Vira —£ = L (3)
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where « is the fine structure constant, €, is the laser field strength, wy, is the frequency of the
laser, m, is the electron mass, and €., is the critical field strength, also known as the Schwinger
limit.

2. Experimental setup

The experimental setup of LUXE in the e-laser mode is shown in Figure 1. In this setup, the
electron beam is guided to the interaction point (IP), where it collides with the laser beam.
The initial phase-0 of the experiment will use a 40 TW laser, whereas phase-1 will utilise an
upgraded laser power of 350 TW. The electrons and positrons produced in these interactions are
deflected by a magnet and then detected in a variety of detectors. The tracking study presented
here concerns mainly positrons, which are detected using a silicon pixel tracking detector. The
tracker consists of 4 layers, each comprising two & 27 cm long staves placed next to each other,
which overlap partially, as illustrated in the figure. Each stave contains nine sensors, which each
is made up of 512 x 1024 pixels of size 27 x 29 pm?.

One of the main measurements at LUXE is the positron flux as a function of the laser field
intensity parameter £ over a large range of £ values. The positron flux is especially relevant
for the e-laser case to measure the Breit-Wheeler pair creation rate without the huge electron
beam background. The number of positrons per bunch crossing as a function of & spans over
ten orders of magnitude, as shown in Figure 2. The two main tracking challenges maintain good
linearity up to very high multiplicity and keep a very low background rate below 10~ per bunch
crossing at low £&. To cope with these challenges, we investigate the potential use of quantum
computing in track reconstruction. A review of various quantum computing algorithms studied
for charged particle tracking can be found in Ref. [2].

3. Data sets and selection

Simulated data sets are used in this study. The positrons resulting from the signal interactions
at the IP, generated using a custom Monte Carlo code named PTARMIGAN [3], are propagated
through the dipole magnet and tracking detector using a simplified simulation. In this
simulation, four detection layers without gap or overlap are considered and the complexity
(position resolution, multiple scattering, etc.) of the simulation can be tuned.

The data set used here corresponds to the e-laser phase-1 setup with £ values ranging from
3 to 7, and with positron multiplicities between 800 and 500,000. In this study, the tracking
problem is limited to the 500 tracks closest to the beamline, such that the size of the problem
remains constant but the complexity, due to increasing track density, increases with &.

The starting point for the tracking is either doublets or triplets, defined as a set of two or
three hits in consecutive detector layers. A pre-selection is applied on the initial doublet or
triplet candidates to reduce the combinatorial candidates while keeping the efficiency at around
100%. Doublets are formed first, after applying a pre-selection based on the expected angles
from the knowledge of the geometry. Triplets are subsequently constructed by combining doublet
candidates with the requirement on the maximum angle difference of the doublet pairs allowed
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Figure 1. Schematic layout of LUXE for
the e-laser setup. Reproduced from Ref. [1].

by multiple scattering in the detector. Since triplets consist of three hits, they are formed from
either the first to the third layer or from the second to the fourth layer.

4. Methodology

4.1. Classical benchmark

A tracking based on A Common Tracking Software (ACTS) toolkit [4] with the combinatorial
Kalman Filter (CKF) technique for track finding and fitting is used as a benchmark. In this
classical tracking method, track finding starts from seeds, which are the triplets formed from
the first three detector layers. An initial estimate of track parameters is obtained from the seed
and is used to predict the next hit and is updated progressively, with the measurement search
performed at the same time as the fit. Finally, after the track finding and fitting procedures,
an ambiguity-solving step is applied to remove tracks with shared hits from the initial track
collection.

4.2. Graph neural network

Another tracking method explored in this study is based on a graph neural network (GNN) [5, 6].
The graph is constructed from doublets, where the hits are nodes and the connections between
hits are edges. All nodes of consecutive layers are connected and only the ones that satisfy
the pre-selection criteria are kept. Alternating EdgeNetwork and NodeNetwork are applied in
the model, such that the model adaptively learns with each iteration which hit connections are
important. A hybrid quantum-classical version of the GNN-based tracking also exists [7], but is
not explored in this work.

4.8. Quantum approach

In the quantum approach to tracking, the correct pairs of triplet candidates (where one triplet
has hits from the first three layers and the other triplet has hits from the last three layers),
which can be combined to form tracks, are identified using a quadratic unconstrained binary



optimisation (QUBO), similar to Ref. [8]. The QUBO is expressed as the objective function

N N
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where T; and Tj are triplets, T;,T; € {0,1}, and a; and b;; are coeflicients.

Minimising the QUBO is equivalent to finding the ground state of a Hamiltonian, as explained
below. The linear term of the QUBO weighs the individual triplets by their quality quantified
by the coefficient a;. The quadratic term expresses the interactions between triplet pairs, where
the coefficient b;; characterises the compatibility. The coefficient b;; is positive if the triplets are
in conflict, negative if they are compatible to form a track, and zero otherwise.

The QUBO in Eq. (4) can be mapped to an Ising Hamiltonian and solved using the Variational
Quantum Eigensolver (VQE) in Qiskit [9]. VQE is a hybrid quantum-classical algorithm to find
the minimum eigenvalue of a Hamiltonian. The Ising Hamiltonian

N N
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has a similar form to the QUBO. An exact solution using the Numpy Eigensolver is available
and used as a benchmark. For the VQE, noise is disabled in this study and a simple entangled
TwoLocal ansatz with Ry gates and a circular CNOT entangler is chosen, as shown in Figure 4.3.
The selected optimiser is Constrained Optimization by Linear Approximation (COBYLA).
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Figure 3. Layout of the variational quantum circuit using the TwolLocal ansatz with Ry gates
and a circular CNOT entangling pattern. For simplicity, only four qubits are shown.

To solve the QUBO, the number of required qubits is determined by the number of triplet
candidates. Due to the limited number of qubits available, the QUBO in this work is split into
sub-QUBOs of size 7 to be solved iteratively.

Figure 4 shows a sketch of the QUBO solving process. An initial binary vector is defined by
randomly assigning the values {0,1} to the triplet candidates. The vector is sorted in order of
impact, which is assessed by the change in the value of the QUBO when a bit flip is performed.
The splitting into sub-QUBOs is done by partitioning the sorted vector into sub-QUBO size.
After the sub-QUBOs are solved, the solution is combined and a tabu search is performed. These
steps are repeated for a number of iterations.

5. Results

The performance of various tracking methods is assessed using the efficiency and the fake rate
as metrics, which are computed on the final set of tracks. A track is required to have four hits,
which is either found directly with a classical CKF tracking method or by combining selected
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Figure 4. Sketch of the full QUBO solving procedure.

triplet pairs into quadruplets. A track is only considered matched if the track has all four hits

matched to the same particle.
The efficiency and fake rate are defined as

Jy matched N fake
Efficiency = ge&i and Fake rate = % . (6)
N ook N racke

Figure 5 and 6 show the track reconstruction efficiency and fake rate as a function of the
laser field intensity parameter £ for the four methods tested: conventional CKF-based tracking,
GNN-based tracking, VQE, and the VQE exact solution using the Eigensolver.
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Figure 5. Track reconstruction efficiency as . .
a function of the field intensity parameter £. Figure 6. Track fake rate as a function of £.

The conventional CKF-based tracking, while performant, deteriorates with £, The
performance of CKF-based tracking is used as a benchmark to demonstrate the performance that
can be realistically achieved. The intial results using the Eigensolver are slightly poorer than the
CKF tracking, which thus need to be further optimised. The results for VQQE demonstrate that
our initial implementation is less effective; however, it can also be further optimised, e.g., by
using a more appropriate choice of circuit ansatz and optimiser. The limited size of the quantum
device, which prompts the sub-QUBO algorithm, is also a potential contributing factor to the



initial degradation of the quantum approach. We will study these different factors in detail in
future work. Finally, the preliminary result for the GNN-based tracking is shown for a specific
& value of 4. Here, the current underperformance is likely caused by a lack of statistics in the
training sample, which will also be extended and further optimised in future work.

6. Conclusion

The use of a hybrid quantum-classical algorithm in track reconstruction is studied along with
a conventional tracking method as well as a GNN-based tracking. A first implementation of
track reconstruction in the LUXE experiment using quantum devices is in place. In its current
version, the performance is less effective than the conventional tracking method, which implies
that the quantum algorithm needs to be further optimised, in particular by improving the circuit
ansatz. Moreover, the performance of the sub-QUBO algorithm is currently limited by the size
of the quantum device. We plan to mitigate these effects in extended future studies.
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