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Abstract

The multi-purpose secondary beamlines of the SPS
North Experimental Area are invaluable for a rich and di-
verse physics programme, providing many different particle
species and beam characteristics to fixed-target experiments
and test-beam users. Many optical elements are required to
enable such flexibility, posing a significant challenge in the
design and optimisation of the beamline optics. Here, we
present an initial optimisation of the H4 and M2 beamlines
using genetic algorithms. The aim of this study is to explore
the applicability of fast optics-based tracking models (here
Xsuite), to enable large-scale, multi-objective optimisation
using standard computing hardware. The model is bench-
marked with high-fidelity Monte Carlo simulations such
as BDSIM and with feedback from experiments. The opti-
mised optics, applied to the H4 electron configuration for
NAG64, achieved a 30 % increase in available electron yield
and a five-fold reduction in beam-related background. In
the M2 line, the optimised configurations yielded a two-fold
increase in electron yield and a 67 % improvement in muon
transmission.

INTRODUCTION

The North Experimental Area (NA) of the Super Proton
Synchrotron (SPS) at CERN hosts a network of secondary
beamlines delivering a wide variety of particle species to
fixed-target experiments and test-beam users over a momen-
tum range from 10 GeV/c to 400 GeV/c [1]. To accommo-
date diverse experimental requirements, the NA beamlines
are equipped with a large number of magnetic optical ele-
ments [2], providing significant operational flexibility but
resulting in high-dimensional parameter spaces that make
systematic optimisation non-trivial.

Large-scale optimisation techniques such as genetic algo-
rithms [3] offer an effective framework to simultaneously
address multiple figures of merit and operational constraints.
Their practical application to realistic beamline simulations,
howeyver, typically requires thousands of evaluations, mak-
ing fast simulation tools essential. Fast optics-based track-
ing models, such as Xsuite [4] (used here), fulfil this role,
enabling large-scale optimisation on standard computing
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hardware. We applied this approach to two representative
NA beamlines, the 100 GeV/c electron beam in H4 and the
40 GeV/c electron and 160 GeV/c muon beams in M2 (see
Fig. 1), obtaining improved optics that were successfully
deployed in the 2025 run. A full account of the models,
their validation against high-fidelity BDSIM [5] simulations,
the optimisation process, and the commissioning results are
currently under preparation. The fast model reproduces key
beam parameters at the few-percent level when compared to
BDSIM, while absolute rates are known to be overestimated.
Relative performance gains are nevertheless well captured.

The availability of fast models additionally enables sys-
tematic studies of optimiser behaviour that would be oth-
erwise impractical with high-fidelity simulations alone. In
this contribution we focus on the configuration of the opti-
miser: a two-stage workflow, the choice of algorithm and
initialisation strategy, and a first systematic characterisation
of their performance on H4.

OPTIMISATION WORKFLOW
Fast Tracking Models

The optimisation relies on fast tracking models imple-
mented in Xsuite [4], an open-source particle tracking li-
brary developed at CERN. For the electron beams in both
H4 and M2, a purely optics-based model is sufficient, as
no material intercepts the beam in the optimised sections.
For the M2 muon beam, the model was extended to include
the physics of muon production and transport: hadrons pro-
duced at the T6 target from the 400 GeV/c proton beam
of the CERN Super Proton Synchrotron (SPS) (here at a
172 GeV/c momentum) are transported for 700 m in the so-
called hadron section (see Fig. 1) while decaying to muons.
At the end of the hadron section, 9.9 m of beryllium are
inserted inside a vertical bend, where the muons further lose
energy. Downstream of this section, the muon momentum
(here 160 GeV/c) is selected and the hadrons are absorbed.
The following muon section is used to shape the beam and
suppress the beam halo. The resulting speed advantage over
BDSIM amounts to approximately three orders of magni-
tude for the electron beams in both H4 and M2, and two
orders of magnitude for the M2 muon beam, as shown in



| PAC 26

H4

12 Bending magnet

10 Quadrupole magnet fi—h EHN1
Sextupole magnet f
8 Kicker magnet Q13
I Collimator

y [m]
(o)}

01 T2

0 100 200 300 400 500 600
s [m]

Prelim nary proceedings (edited version):

THP4073
M2
Bending magnet EHN2
Quadrupole magnet
15 Kicker magnet
I Collimator
—_ W Scraper
E 10
” Q21
5 \
Be absorbers
0] T6 172 GeV/c_[160 GeV/c

-200 0 200 400 600 800

s [m]

1000 1200

Figure 1: Vertical projections of the H4 (left) and M2 (right) beamline layouts from their target stations to the experimental
halls. The breaking points at Q13 (H4) and Q21 (M2) are indicated.

Table 1, allowing large numbers of evaluations to be run on
a standard workstation with 8 parallel cores.

Table 1: Wall Time per Electron/Hadron Tracked in H4 and
M2 for Both the Xsuite and BDSIM Models

Beamline Xsuite [ms/part.] BDSIM [ms/part.]
H4/M2 (e7) 0.003 3
M2 (mrt/K*) 0.15 18

Double-staged Optimisation Strategy

The optimisation strategy is structured in two sequential
stages to manage the dimensionality of the problem. In the
mono-objective stage, all quadrupoles are optimised to max-
imise the particle yield at the experimental location. At the
end of this stage the settings upstream of a breaking point
are frozen, reducing the free parameters for the subsequent
stage. For M2, the quadrupole Q21, located at 690 m from
the target, is a natural boundary as it separates the hadron
decay section from the muon section, each requiring dis-
tinct optical designs. For H4, the quadrupole Q13, located
at 370 m from the target, was chosen so that the number
of free parameters in the multi-objective stage equals the
number of optimisation objectives plus one. A dedicated
high-fidelity simulation then generates a particle distribution
at the breaking point as input to the next stage.

In the multi-objective stage, the downstream section is
optimised simultaneously for maximum yield and minimum
transverse beam size and divergence at the experiment (lo-
cated at 1079 m from T6 in Fig. 1), with constraints encoding
the experimental requirements, such as the preferred beam
spot size, divergence and momentum spread. For M2, the
scraper apertures (magnetic collimators) in the muon section
are included as additional free parameters. The figures of
merit (yield, beam size, and divergence) are evaluated from
the tracked particle distributions as the yield and the standard
deviations of the marginal phase-space distributions.

Optimiser Configuration

The NSGA-II algorithm [6,7] is used for all optimisation
stages using a population size of 100 individuals per gen-

eration. As an alternative initialisation strategy, the initial
population can be generated using a Tree-structured Parzen
Estimator (TPE) Bayesian optimiser [8], as implemented
in the NSGAIIWithTPEWarmupSampler available via Op-
tunaHub [9]. The TPE samples promising regions of the
parameter space based on the history of previous evalua-
tions, providing the evolutionary algorithm with a better-
than-random starting population. This warm-up phase is
continued until the population contains only solutions trans-
mitting at least one particle. Both algorithms are accessed
through the Optuna optimisation package [10].

OPTIMISER PERFORMANCE
Mono-objective Stage

The performance of the mono-objective stage was char-
acterised by running 500 independent optimisation exper-
iments for each of three configurations: NSGA-II + TPE
warmup with fixed upstream polarity, NSGA-II with fixed
upstream polarity, and NSGA-II + TPE warmup with uncon-
strained upstream polarity. Here, fixed polarity constrains
the quadrupoles upstream of the breaking point to retain
their polarity, while unconstrained polarity lifts this con-
straint; in all cases the downstream quadrupoles are free
to assume either polarity. The study is performed on H4,
whose deterministic objective function isolates the optimiser
behaviour directly; in M2 the stochastic nature of the muon
production introduces an additional source of variance in
the objective evaluations that would be convolved with the
optimiser performance.

The NSGA-II + TPE warmup configuration
reaches the nominal, simulated, H4 electron yield of
3.77 x 10~ e~ per proton on target with a median of
4.8 x 10 evaluations, compared to 10* for NSGA-IT (see
Fig. 2). The faster initial progress of the warm-up comes at
the cost of a less diverse population and leads to less robust
long-run exploration; NSGA-II performs better on average
for larger evaluation budgets. The preference between the
two therefore depends on the available evaluation budget.

The NSGA-II + TPE warmup (unconstrained polarity)
configuration fails to exceed the nominal electron yield in
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Figure 2: Statistical characterisation of the H4 mono-objective stage over 500 independent trials per configura-

tion.

Left: distribution of the number of evaluations required to first exceed the nominal H4 electron yield of

3.77 x 10~ e~ per proton on target, for NSGA-II with TPE warm-up and fixed polarity (blue), NSGA-II only with fixed
polarity (orange), and NSGA-II with TPE warm-up and unconstrained polarity (green). Trials that never exceed the threshold
are counted at the maximum budget. Right: evolution of the mode of the best yield found across trials as a function of

evaluations; bands cover 66 % of trials.

40 le-5
2.4

35 X

30 2.2

25 2.0

oy [mm]

20 Eri .

15) |\ Semetongden

¢
g
[=)]

._.
oo
muon per proton on target

10
5 X Nominal optics: 1.4 x 107> y/pot 1.4
Y New optics: 2.7 x 10~ p/pot 1o
00 5 10 15 20 25

Ox [mm]

Figure 3: Solutions from the M2 multi-objective stage pro-
jected onto the STD(x)-STD(y) plane. Grey points show
all solutions; coloured points are selected via a weighted
dominance criterion (see text), coloured by the muon yield.
The simulated nominal operating point is shown as a black
cross; the commissioned solution as a black star.

approximately 95 % of experiments within 10* evaluations,
and in 90 % within 2 x 10%, This indicates that the sampling
strategy adopted here is not sufficient to efficiently explore
the unconstrained polarity space. Alternative parameter
sampling strategies are under investigation.

Multi-objective Stage

The multi-objective stage yields a Pareto front: a family of
solutions trading off yield against transverse beam size at the
experimental location. In H4, for the NA64 [11] experiment,
this led to a 30 % improvement in electron yield and a five-
fold reduction in beam-related background.

For M2, Fig. 3 shows the solutions projected onto the
STD(x)-STD(y) plane. Since the objective evaluations are
inherently stochastic, the displayed Pareto front is restricted
to solutions not dominated in yield within a 5 % tolerance,
corresponding to approximately twice the single-evaluation

uncertainty; all other solutions are shown in grey. The opti-
miser identifies a broad family of configurations that simul-
taneously improve muon yield and reduce beam size with
respect to the nominal optics (black cross). The operating
point selected for the MUonE [12] experiment (black star)
is one possible trade-off between muon yield and beam spot
size within the 10 cm x 10 cm detector acceptance required
for this run; other points along the front remain available
should experimental requirements change. During dedicated
commissioning tests, the improvement in muon yield was
measured to be two-thirds, in good agreement with the pre-
diction. Similarly, optimising the M2 electron beam yielded
an 80 % increase in electron rate.

CONCLUSION

We have presented a two-stage optimisation workflow
based on fast tracking models implemented in Xsuite, en-
abling large-scale multi-objective optimisation of high-
dimensional beamline parameter spaces on standard com-
puting hardware. Applied to the H4 and M2 beamlines of
the CERN SPS North Area, an initial optimisation campaign
yielded a 30 % increase in electron yield and a five-fold re-
duction in beam-related background for H4, an improvement
in muon transmission by two-thirds for M2, and an 80 % in-
crease in M2 electron yield deployed for the MUonE [12]
calorimeter calibration run. A systematic study on H4, con-
ducted over 500 independent experiments per configuration,
shows that TPE warm-up provides faster initial convergence
at the cost of population diversity, making its advantage
over plain NSGA-II dependent on the available evaluation
budget. The sampling strategies investigated here are not
sufficient to explore unconstrained polarity configurations
within a practical budget; alternative approaches are under
investigation. These results demonstrate that, despite the sig-
nificant improvements already achieved, margin for further
optimisation remains.
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