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ABSTRACT:

BabyIAXO is the intermediate stage of the International Axion Observatory (IAXO)
to be hosted at DESY. Its primary goal is the detection of solar axions following the axion
helioscope technique. Axions are converted into photons in a large magnet that is pointing
to the sun. The resulting X-rays are focused by appropriate X-ray optics and detected
by sensitive low-background detectors placed at the focal spot. The aim of this article
is to provide an accurate quantitative description of the different components (such as
the magnet, optics, and X-ray detectors) involved in the detection of axions. Our efforts
have focused on developing robust and integrated software tools to model these helioscope
components, enabling future assessments of modifications or upgrades to any part of the
TAXO axion helioscope and evaluating the potential impact on the experiment’s sensitivity.
In this manuscript, we demonstrate the application of these tools by presenting a precise
signal calculation and response analysis of BabylAXO’s sensitivity to the axion-photon
coupling. Though focusing on the Primakoff solar flux component, our virtual helioscope
model can be used to test different production mechanisms, allowing for direct comparisons
within a unified framework.
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1 Introduction

The search for axions and axion-like particles (ALPs) remains one of the most appeal-

ing and compelling experimental goals in modern physics, as an axion discovery would not

only solve fundamental issues in particle physics but also have a profound impact on as-

trophysics and cosmology. Arguably, the most well-known and motivated ALP is the QCD

axion, commonly referred to simply as “the axion”. Axions were originally introduced to

solve the strong CP problem in Quantum Chromodynamics (QCD) via the Peccei-Quinn

mechanism [1-3]. However, it was soon shown that, due to non-thermal production mech-

anisms, they may contribute a substantial fraction of the dark matter in the universe [4-9].



More general ALPs, whose existence is not related to the strong CP problem, share much
of the axion phenomenology and can be detected with similar strategies [10-13]. They
arise naturally in many extensions of the Standard Model, including string theory. In fact,
they appear to be a natural consequence of the compactification of extra dimensions (see,
e.g., Ref. [14]). Unlike axions, where a specific relationship between coupling and mass is
expected, no such constraint exists for ALPs. This significantly broadens the viable param-
eter space for their detection, and expands the horizons on the search for these hypothetical
particles (see, e.g., Refs. [14-17]). While ALPs are generally pseudoscalar particles, scalar
fields are also of interest, especially the so-called Chameleon particles which are additional
targets of BabyIAXO and can be detected in ALP type experiments [18-21]. Chameleon
particles are a result of chameleon gravity [22, 23|, an alternative theory to General Rela-
tivity that potentially explains the observed accelerated expansion of the universe [24, 25]
while remaining consistent with all known tests of General Relativity to date.

Building on previous developments in helioscope experiments such as CAST [26-31],
the International Axion Observatory (IAXO)[32, 33] aims to achieve unprecedented sen-
sitivity in detecting solar axions and ALPs using the axion helioscope technique [34]. Its
pathfinder setup, BabyIAXO, serves as a crucial intermediate step in this ambitious en-
deavor, functioning both as a technological prototype and an independent physics experi-
ment [35]. BabyIAXO’s primary goal is to test and validate key subsystems—such as the
magnet, optics, and detectors—all of which are essential for the full-scale IAXO experi-
ment. Additionally, BabyIAXO has the potential to explore new regions of ALP parameter
space, including significant portions of the QCD axion band [36, 37]. Utilizing spectral in-
formation, TAXO may also provide valuable insights into the axion couplings to photons,
electrons, and nucleons [38, 39].

2 BabyIAXO

BabyIAXO’s design (see Figure 1) has been optimized to probe previously unexplored
regions of the ALP and axion parameter space, targeting areas strongly motivated by both
cosmology and astrophysics [35, 40]. The helioscope’s drive system has been designed
to assure proper alignment with the sun line of sight and provide an effective tracking
time of at least 12hours per day. Axions generated in the sun’s core travel all the way
towards the helioscope’s magnetic field region, where they can be converted into photons.
These photons are then focused by the X-ray optics placed behind the magnet into a small
detection area, or spot. The experiment enhances its sensitivity through the accumulation
of long exposure times, with data collection spanning several years.

The experimental program of BabyIAXO includes two data-taking campaigns: the
vacuum phase and the gas phase. In the vacuum phase, any gas present in the magnetic
field region will be evacuated, optimizing the sensitivity to the low-mass axion range. The
gas phase introduces a light atomic buffer gas into the magnetic field region, which enhances
sensitivity to higher-mass axions by adjusting the axion-photon resonance condition. Both
phases are essential to extend the sensitivity of BabyIAXO over a wide range of axion
masses favored by theoretical QCD axion models.
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Figure 1. On the left, the latest version design of the BabyIAXO moving structure hosting the
different helioscope components (currently under revision). A vacuum vessel will host a supercon-
ducting dipole magnet providing an intense magnetic field where axion-photon conversion takes
place. On the right, the magnetic field configuration generated by the superconducting dipole.

BabyIAXO benefits from a dedicated magnet design specifically developed for solar
axion searches, substantially increasing its figure of merit (FOM) compared to previous
searches due to the large magnet aperture. One of the detection lines will use a spare XMM-
Newton optics while the second line will host a custom-designed X-ray optics design. An
X-ray detector placed at the focusing region, and optimized with ultra-low background rare
event techniques [41], will magnify the signal-to-noise ratio further. Unlike in accelerator
physics, the homogeneity of the magnetic field is not a strict requirement in axion helioscope
physics. Therefore, it is necessary to include the BabyIAXO inhomogeneous magnetic field
profile in our calculations and conduct a more refined computational study to validate the
expected axion signal. In addition, we have to convolve the solar axion flux distribution
with the larger magnet aperture.

We have developed an accurate model of BabylAXQO’s response to solar axions through
ray-tracing. A rigorous software implementation of the helioscope components, including
the magnet, X-ray optics, and detectors, allows for detailed analysis of signal sensitivity
and to assess the impact of future potential upgrades on the experiment performance. By
simulating the conversion of solar axions into X-rays within the magnetic field of BabyIAXO
and tracing these photons through advanced optics and detection systems, we provide a
precise estimate of the instrument’s sensitivity to the axion-photon coupling, g4~ .

The following sections offer a detailed overview of the ray-tracing model, software
tools, and sensitivity analysis, showcasing BabylAXO’s potential to make significant ad-
vancements in the search for axions and to address fundamental questions in astrophysics
and cosmology.

Our software implementation accurately reproduces the experimental conditions of
these campaigns, enabling us to model axion-photon conversion and photon propagation
under both vacuum and gas-filled conditions. The progress presented in this work is essen-



tial to evaluate the impact a large-aperture inhomogeneous magnetic field would have on
the experimental sensitivity of Babyl[AXO, which had previously only been assessed under
the constant-field approximation.

3 Software implementation of helioscope components

The different axion helioscope components required to calculate the apparatus re-
sponse have been implemented inside the REST-for-Physics framework [42] as metadata
descriptors, consisting of C+4 data members that define the behavior of a particular class,
and that can be integrated inside the REST-for-Physics framework I/O scheme, based
on ROOT [43]. The new classes have been contributed to a dedicated REST-for-Physics
library for axion physics—azionlib [44]—which can be optionally compiled as a module
into the REST-for-Physics framework. The classes have been designed to describe and
provide access to the main helioscope components: the solar axion flux (SolarFluxz*), the
magnetic field map (MagneticField), the optics response (Optics), and the X-ray windows
transmission (Xray Window). The software implementation of those components has been
carefully designed to allow future modifications, e.g. adding new solar axion flux compo-
nents, loading a different field map configuration, integrating a new focusing device, or
creating different X-ray windows setups.

This section details the specific components used in producing ray-tracing MC data
for this work and explains how the software metadata describes the main features of each
BabyIAXO helioscope component.

3.1 Solar axion flux

The sun produces ALPs through a variety of mechanisms, depending on their couplings
to photons (gq~), electrons (gqe) and nucleons.

The most important production mechanisms associated with gq, are the Primakoff
process, originally investigated in Refs. [45—48], and plasmon conversion [49-52]. Primakoff
production converts photons into ALPs inside the electromagnetic fields of electrons and
ions in the plasma, v + Ze — Ze + a, while the plasmon conversion is most relevant in
the sun’s macroscopic magnetic fields. Another important difference is that the theoretical
uncertainties on the Primakoff flux are at the percent level [53], while the structure and
intensity of the sun’s macroscopic magnetic field is not well known and hence subject to
much larger uncertainties.

For g4, there are a number of processes to consider, namely the “ABC processes” of
atomic recombination and de-excitation, axion bremsstrahlung in electron-electron (e-e)
and electron-ion collisions, and Compton scattering [46-48, 54—60).

*The class naming convention inside REST-for-Physics uses a common root, TRest, for the class defini-
tions, and an extended common root, or prefix, to designate the belonging to a particular library, such as
the TRestAzion prefix for classes belonging to the REST-for-Physics axion library. Those prefixes will be
omitted in the main text while an enhanced text will indicate the direct relation with the code repository
class.



Axions coupled to nucleons can be produced via nuclear fusion and decays, as well as
thermal excitation and subsequent de-excitation of the nuclei of stable isotopes (see, e.g.,
Refs. [39, 61, 62]). While there is a large number of possible ALP production channels from
nuclear reactions inside the sun, the corresponding expected axion fluxes are comparably
small. The most relevant examples include proton-deuterium fusion (p + ?H — 3He +
a; 5.5MeV), lithium de-excitation ("Li* — “Li + a; 0.478 MeV), and 5"Fe de-excitation
(57Fe* — Fe+a; 14.4 keV). Note that the axion-nucleon coupling is an effective quantity,
which has to be specified for each of nuclear process since it depends on a combination of
couplings to protons and neutrons (see, e.g., Refs. [39, 63]).

In this work, we focus on the Primakoff and ABC processes. The spectral solar axion
flux can then be written as

2
dN, YJay YGae 2
ddo <% ny (W) + o Nye(w) (3.1)
where ng, and ng, respectively are the flux contributions from the Primakoff and ABC

processes at some reference values of the couplings, g;., and gg..

The REST-for-Physics axion library —azionlib [44]— implements the spectral solar
axion flux components in Equation (3.1) using tabulated values computed with the external
SolarAxionFlux library [53] for the B16-AGSS09 solar model [64].f In particular, the
Solar@QCDFluz metadata class uses these tabulated spectral fluxes for Monte Carlo (MC)
event generation. In addition to the spectral dependence, we can also consider the radial
dependence of the flux components — i.e. as a function of the radius p on the solar disc. We
include this option in Figure 2, where we show the radial and spectral fluxes (left panel) in
addition to the spectral dependence alone (right panel) as obtained from a MC simulation
with 105 events. The p dependence can be useful as it has been shown that it may be used
to infer the solar temperature profile in case of an axion detection [65]. Moreover, since
the ABC flux is peaked at slightly lower energies than the Primakoff process, we may even
use the spectral information alone to separately measure g,y and gqe [38].

For the smooth components of the solar axion flux, we can fit analytical expressions
to the numerical results using previously proposed fitting formulee [66, 67]. For the B16-
AGSS09 solar model [64], g5, = 1071°GeV™!, and g, = 10713, we find the following
numerical results values, updating parts of the literature where inconsistent or outdated
solar models have been used:!

M) 5100029 e 080w, (3.2)
cm—2s~lkeV ™!

nhe (W) g we 0819w 6 298 —0.786
— % ~489Ix 10— +6.78 x 10 IO eTUCbw L 3.3
cm—2s~lkeV ! % 1+0.941 w!12 * . v * ’ (3:3)

where w is in units of keV and where the first term in Equation (3.3) corresponds to axion
production from e-e and e-ion bremsstrahlung, while the second one approximates the

"We acknowledge contributions from Lennert J. Thormaehlen in preparing these tables.

#Recently, new solar models have been put forward based on updated abundances, which claim to resolve
the “solar abundance problem” [68]. While there is at least some debate about this claim [69, 70], any future
data analysis should update the tables to future state-of-the-art solar models.
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Figure 2. Binned spectral and radial solar axion flux from a Monte Carlo simulation with 10¢ events
for the B16-AGSS09 solar model. On the left, the two-dimensional distribution shows the correlation
between the normalized solar radius and the axion energy for the Primakoff flux component. On
the right, the one-dimensional distribution shows the dependence on the axion energy alone.

ALP emission from a Compton-like process. Note that, for the ABC flux, two independent
tables are provided to the MC generator: one containing the smooth, slowly varying spectral
component, and another with a more refined table (10eV energy resolution) that describes
the sharp spectral features originating from monochromatic lines generated by atomic
transitions and other physical processes taking place in the solar medium. Both tables are
combined in the MC simulation to reproduce the ABC flux shown in Figure 2. The relative
intensity of Primakoff and ABC fluxes depends on the specific axion model. In general, if
Gary 2 8.7 x 10711 GeV 1 (gae/10713), Primakoff production will dominate the solar axion
flux [53].

3.2 Magnetic field

The BabyIAXO magnet features a common-coil configuration, generating a transverse
magnetic field of approximately 2T across two free bores, each with a diameter of 70 cm.
The superconducting cold mass is constructed from aluminum-stabilized Nb-Ti/Cu cables,
arranged in pancake windings, and operates at a current of 6kA. The cryogenic cooling
system is innovative, utilizing cryo-coolers to cool helium gas to 50 K and 25 K for thermal
shield cooling, and to locally condense liquid helium at 4.5 K. Currently, the magnet design
is being prepared for industrial fabrication, with parallel efforts underway to procure the
required aluminum-stabilized conductor. Unlike its predecessors, the BabyIAXO magnet is
designed with large-aperture bores in which the magnetic field is non-homogeneous [71, 72].

3.2.1 Axion probability and field map description

A proper convolution of the axion solar flux with the inhomogeneous magnetic field
profile and subsequent helioscope components, such as optics and window interfaces, may
benefit from ray-tracing capabilities that require the evaluation of the transverse field



component along the particle track. This involves a corresponding numerical integration
of the field equations for axion motion propagating in a magnetic medium [73, 74|, which
reduces to the computation of the probability of an axion to convert to an X-ray photon,
given by the following expression:

2

1
Py = Zggvexp (-T'L) ‘/Lexp(Fl/2 +igl)B, (1)dl (3.4)

where [ is the parameterization length along the particle trajectory, I' is the X-ray at-

tenuation length in the medium, and ¢ = (mj — m2)/2E, is the corresponding momen-
tum transfer. Here, m., is determined by the medium’s plasma frequency, wg = m% =

A7ro(Na/Amy)pf1, where r, is the classical electron radius, N4 is the Avogadro’s number,
A is the atomic mass number of the medium, m,, is the atomic mass unit, p the gas medium
density, and f; is the atomic scattering form factor.

The calculations needed to determine I' and f; as functions of energy have been im-
plemented inside the REST-for-Physics BufferGas axion metadata class, enabling the use
of any gas mixture whose atomic properties can be extracted from the NIST database. For
BabyIAXO we use a pure helium gas at different densities, while we can set I' = 0 and
m~ = 0 in equation (3.4) for the vacuum case.

The numerical integration of equation (3.4) has been implemented inside the Field
class of azionlib. The Field class utilizes the BufferGas construction, and the MagneticField
vectorial map description. The MagneticField class not only provides interpolation routines
to evaluate the field at any point but also serves to reconstruct the magnetic field profile
along a chosen track (see Figure3). We assume the trajectories to be straight lines, as
prior studies have shown that the bending of the axion-photon wave due to magnetic field
inhomogeneities is negligible in our case [75].

— 25
€ F E b
£ 10001 S -
> - L
C 2
500 C
[— r
C 151 /\ \
of == - |
: 1 ‘
[— ! [
500\ - \
= 0.5_— \
-1000f -
C 1 " 1 L 1 L 0 1 " 4
~5000 0 5000 -5000 0 5000
Z [mm] Z [mm]

Figure 3. On the left, a bounding box illustrates the cylindrical magnet projection on the YZ-plane
where we observe test particles traversing the magnetic region with different trajectories. On the
right, the transverse field component obtained along the path for each particle using the same color
legend as on the left plot.



The field map used in this work has been generated using a Finite Elements Method
(FEM) COMSOL simulation of the latest magnet design and can be found in the REST-for-
Physics axion library repository. The original input field map resolution is Ax x Ay x Az =
10x10x50 mm?, where z is aligned with the magnet axis. The field map description extends
over a region from z = —10m to z = 10m along this axis, although the effective length
where the field intensity is strong enough is only about 10 m. In the other dimensions, the
map covers a circular area of radius 35 cm in the xy-plane. The field map can be used to
determine the magnet FOM (MFOM) by computing a three-dimensional integral of the
transverse magnetic field using the expression:

2
MFOM (3-D) = / </ B, (z,vy, z)dz) dx dy, (3.5)
A L
where the integral along the length L runs over all possible trajectories parallel to z in the
magnet aperture A. The calculation of this integral for BabyIAXO yields 265 T?m?, which

is equivalent to an average field of B} = 2T for an effective length of L = 9.3 m.

3.2.2 Numerical integration

The relation in Equation (3.4) is integrated within the Field class using the GSL
libraries [76]. The QAG adaptive integration method is used when the momentum transfer
is ¢ = 0, while the QAWO adaptive integration method for oscillatory functions is used
when ¢ # 0. The GSL integration routines return both the integral result and its associated
error. Several factors, such as the boundaries of the field map definition, the resolution of
field grid, and the tolerance of the integration method, can affect the integral result and
its error.

A fundamental question in the field numerical integration is the choice of the field
map boundaries. Indeed, as the field boundaries along the z-axis are approached, the field
intensity rapidly decreases. In Figure 4 we observe how the field—plotted on a logarithmic
scale—drops in intensity at around z = —5m as we move further from the center of the
field map, placed at z = Om. re4 illustrates how the choice of integration limits affects
the integral’s result. In vacuum, the axion-photon conversion probability approaches its
maximum around z = —6m. In contrast, for a buffer gas filling the magnetic field volume,
a clear maximum probability is observed around z = —5.5m. In this latter case, extending
the field map boundaries further results in a decrease in axion-photon probability due to the
additional gas photon absorption in the end region. This graph suggests then the optimal
position for a differential window separating the buffer gas medium from a vacuum region
where photons would not undergo gas absorption.

Furthermore, we must consider the impact of the field map spatial resolution on the
probability calculation. Table1 summarizes the results obtained for different cell sizes.
In resonance conditions (Am=0meV), the impact of cell resolution on the probability is
acceptable up to cell sizes of 40x40x200 mm?3. However, the impact is more pronounced
when the integral is calculated outside the resonance, at Am=10meV. Here, deviations
become noticeable starting at 20x20x100mm?® and become unacceptable for cell sizes
equal to and greater than 40x40x200 mm?.
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Figure 4. The magnetic field profile (logarithmic scale) along the z-axis for the first 6 meters of the
field map definition is shown, together with the axion photon probability calculated using different
integration limits over the interval (—Zcutoft, Zeutofr)- The calculation assumes a photon energy
of 4.2keV. The buffer gas helium density is p=0.327 mg/cm?, corresponding to an axion mass of
0.368€eV. In both cases the axion mass used in the calculation was in resonance with the medium.
For reference, using a constant L=9.3m and B=2T the axion-photon conversion probability in
vacuum is higher, at 8.48x10719.

3 Probability

Az X Ay x Az [mm’] Am=0meV 1meV 10 meV
10x10x50 6.273+£0.003 1.10940.015 3.67740.029
20x20x 50 6.2734£0.002 1.10940.015 3.66340.037
20%x20x 100 6.272+0.022 1.10940.015 3.57940.036
40x40x100 6.269+0.015 1.10540.017 3.6284+0.025
40x40x200 6.268+0.012 1.1034+0.016 3.33540.045
40x40x400 6.304+0.041 1.09940.020 2.20040.029

x10~19 x10~19 x10723

Table 1. Axion-photon conversion probability in gas for different field map granularities, and
different axion mass offsets, Am, from the resonance mass. Calculated using the same conditions
to those given in Figure4. The integration method’s tolerance was chosen equal to 0.01.

The tolerance of the numerical integration method also affects the result. Lower tol-
erances yield lower errors but may cause the integral computation diverge, leading the
method to fail to return a value. This issue is observed in Table 2, where convergence
problems occur for larger off-resonance cases. For example, for Am = 100meV, no re-
sponse is obtained for lower tolerances, while at higher tolerances, the error is compatible
with zero, making it impossible to obtain an accurate probability value. Despite this, the
estimated value does not impact the final sensitivity, as the off-resonance axion signal at



Am=100meV is more than 10 orders of magnitude below the probability obtained at the

resonance.
Tolerance Probability
Am = 0meV 1meV 10 meV 100 meV
0.001 6.27240.003  1.109+0.002 N/A N/A
0.01 6.27240.003 1.114+0.01 3.68+0.03 N/A
0.1 6.27240.003 1.1340.12 3.68+£0.21 3.2646.21
0.5 6.27+1.85 1.134+0.12 2.91+1.93 23140
x10719 x10719 x10723 x10739

Table 2. Axion-photon conversion probability in gas for different tolerances and various axion
mass offsets, Am, from the resonance mass, calculated using the same conditions as those given in
Figure4. The field map cell resolution chosen was 10x10x50 mm?.

3.3 X-ray optics

The BabyIAXO magnet will feature two 70 cm-diameter ports, integrated into the
helioscope as separate detection lines. Fach port will be equipped with different optical
instruments designed to focus X-ray photons, converted in the magnetic field, into a small
spot or region where a low-background detector will be placed. By utilizing X-ray optics,
the large magnet aperture can be fully exploited while reducing background noise by focus-
ing on a small area of the detector only. This method allows for a more effective detector
design, minimizing intrinsic background levels through rare event search techniques, such
as using radiopure materials and implementing both passive and active shielding, which
would be more challenging with larger detector setups.

The baseline strategy involves covering one of the two magnet bores with custom-
designed BabyIAXO optics, whose performance is comparable to a final IAXO optics. The
other bore will be equipped with a flight-spare module from the X-ray Multi-mirror Mission
(XMM) Newton [77], using Wolter-I-type optics. While the custom optics is presently
being implemented in the software library, the XMM optics has been already implemented
inside the TrueWolterOptics class and is available inside axionlib, capable of simulating
the reflections in a hyperbolic-parabolic mirror system. The reflection of photons in the
mirrors is modeled using the optical properties of the materials employed in the device’s
construction (see Figure 5). These optical properties are encoded in the OpticsMirror class,
which utilizes the Henke database [78]. Specifically, the XMM mirror is made of a 250 nm
gold single layer on a nickel substrate.

The current optics software implementation does not include all the physics available
in dedicated photon ray-tracing software for optical instruments; effects such as diffuse
reflection, mirrors deformation, or as-built metrology have not been included, yet. However,
integrating the reflection process of X-ray optics into the library will, for the first time,
allow for the convolution of the axion-photon conversion probability with the optics system
in an inhomogeneous magnetic field. Additionally, common tools such as the PatternMask
from the REST-for-Physics framework or the OpticsMirror metadata class can be used
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Figure 5. On the left, the reflectivity extracted from the XMM mirror properties used on the optics
implementation, as a function of the incidence angle (top), and as a function of energy (bottom).
On the right, a schematic illustrating the mirror shells in a section of the geometry. The mirror
shells are represented with a line thickness proportional to the mirror shell thickness. Photons
blocked in the first entrance mask are drawn in black. The photon tracks acquire the color of the
mirror shell where they are reflecting. Only photons that experience two proper reflections and
exit through the same inter-mirror aperture will continue their path towards the focal spot. For
example, the second track from bottom enters the optics device but it is not properly reflected out.

together with the Optics class interface to construct new optics. In general, constructing
ray-tracing components requires defining regions of space where photons are not allowed
to propagate; the PatternMask class is used to define a spatial mask versatile enough to
reproduce a realistic entrance pattern of the optics. An example for this usage is shown
in Figureb, where we observe that some photons are blocked due to the masks defined
at different z-planes (see Appendix A for more details). This class is also used to define
masks in other ray-tracing components, such as the X-ray transmission windows described
in Section 3.4.

3.3.1 XMM optical efficiency estimation

The ray-tracing results will be shown later in Section 4.1. In order to compare those
results with a simplified calculation of the signal, we will estimate the optical efficiency
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under certain assumptions. First, we must consider the mechanical structure that holds
and aligns the XMM X-ray mirrors. This mechanical structure adds opacity to photon
transmission. Specifically, we calculate the optical transparency considering both the spider
arms structure (see [35, 77| for additional details) and the thickness of mirror shells, which
block photons from entering the focusing device. Assuming that the thickness of the mirrors
is much smaller than the radius of the mirror shells, d,, < r,, the optical transmission is
given by the following relation:

(1 252e)
RQ

out

T, ~ (R3u — RE) — 2 Z dnTn (3.6)
n

where Royt = 35cm and R;, = 15.3 cm are the radii of the outermost and innermost mirror
shells, respectively, and n, = 16 and w, = 2.29° are the number of spider arms and its
corresponding angular width.S

For photons that enter the focusing device, only those undergoing double reflection
will be correctly imaged on the X-ray detector at the focal plane. To estimate the average
response to the optics reflectivity, we need to convolve the squared reflectivity of the mirrors
with the solar axion flux (given in section3.1) as a function of energy using the following
expression:

B = [ oumyE) [ [ oue) (37)

where ¢, (E) is the axion flux, and R(E) is the reflectivity as a function of energy.
The overall optics efficiency can then be estimated by assuming an average incidence
angle of 0.2° and considering the flux from Primakoff production. We obtain

€, =T, x R%; = 0.57 x 0.825 = 0.47. (3.8)

Another relevant optical parameter to consider in the sensitivity calculation is the
spot size. A ray-tracing calculation using a realistic solar axion flux as input places the
Half-Energy Width (HEW) of the focal spot at 7.83 mm, while 90% of the focused photons
are contained within a diameter of 16.83 mm. The spot size values will be used later on
for estimating the background counts that must be taken into account in the sensitivity
analysis. Those values, as obtained by the ray-tracer, have been found comparable to those
obtained from experimental measurements of the HEW and the off-axis effective area.

3.4 Windows transmission

Photons converted in the magnetic field region travel through space, are focused by
the optics, and ultimately reach the X-ray detector located at the focal plane. To maximize
the detection efficiency of the helioscope and avoid photon absorption, it is important to
minimize the distance over which photons travel through the gas between the magnetic
field and the detector. Therefore, when operating with a buffer gas inside the magnetic

$These parameters can also be found on the optics geometry file, zmm True Wolter.rml, within the azionlib
data repository, library release 2.4.
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field region, it is desirable to use a differential window that maintains pressure within the
region where the magnetic field is confined. This window must be sufficiently transparent
in the X-rays energy range, absorbing far fewer photons than the buffer gas would if it
filled the space between the magnet and the detector. In Section 3.2, we identified the
optimal position! for this differential window (see Figure4).ecessary differential pressure
window is required for gaseous particle detection technologies, such as Micromegas [79, 80]
or GridPix [81], which typically operate with a gas at atmospheric pressure or higher to
increase their detection efficiency. The X-ray windows should be constructed using thin
layers of materials with good photon transparency in the energy range between a few
hundred eV to tens of keV. Additionally, the thin material layers used in the window
construction must be robust enough to withstand the pressure difference. To enhance
robustness, a solid thin-framed structure, known as a strongback, is glued to the window
layers.

A differential window for the Micromegas detection line has already been designed and
constructed (see Figure 6). A mechanical support holds the window and allows it to be
inserted into the vacuum pipeline. This support, including the strongback, is made from
radiopure copper. The strongback structure frame, 200 pm thick, is designed to minimize
opacity while enhancing the window’s robustness, which is enclosed in a circle with an
8.5 mm radius. The foil glued to the strongback consists of a 40 nm aluminum layer on top
of a 3.51um Mylar layer.

Transmission

— Mylar

— Aluminum

8 9 10
Energy [keV]

Figure 6. On the left, a picture of the detector-vacuum mechanical interface containing the dif-
ferential window. The top-left corner shows a zoomed detail of the window, where the strongback
structure and the aluminized Mylar foil are visible, along with a MC-generated image of the mask
that reproduces the window strongback. The mask was generated using the PatternMask class.
Each region is drawn in different colors to illustrate the mask’s capability to identify the different
regions through which the photons passed. On the right, the effective photon transmission of the
window layers, 40 nm aluminum foil and 3.5 pm Mylar foil.

To construct an X-ray window within the software implementation, the different layers
must be defined separately using the XrayWindow class. The transmission of the different
layers will be combined during the ray-tracing stage. Each layer may define a patterned
mask; in this case, only the transmission of photons that hit the mask pattern will be

INote that this optimal window position may vary slightly depending on the magnet gas density.
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calculated. Photons that do not hit the pattern will have a transmission equal to 1 (e.g.
the copper strongback). If no mask pattern is defined, the full window area will effectively
contribute to the optical transmission (e.g. Mylar and aluminum foils). In both cases,
transmission is calculated based on the thickness and material used to define the window
layer. Photon absorption from solid materials used in the window construction is derived
from the Henke database [78] for the relevant energy range.

3.4.1 Micromegas window efficiency estimation

The Micromegas window design will be used as a reference for estimating the sensitivity
later in Section 4.1. Here, we estimate the average window transmission, first considering
the transparency of the strongback structure. Assuming that all photons are stopped by
the copper strongback structure, its geometrical shape leads to the following expression:

TqWq

o) (Rou — L) + S (3.9)

Ty ~ out

I%Eut (1
where Royt = 8.5mm is the radius of the window boundary, R;, = 4.55mm is the outer
radius of the inner circle, R, is the inner radius of the inner circle, while n, = 8 and
wy = 2.64° are the number of strongback arms and their corresponding angular width I.
The average contribution of the aluminum and Mylar foils to the optical transparency
is convolved with the solar axion Primakoff flux as a function of the energy, similar to
the method used in Equation (3.7) for optical reflectivity. The contributions from each
component—strongback, aluminum and Mylar—are combined to provide the final efficiency

of the Micromegas X-ray window:

€w = Teb X Tatuminum X Thiglar = 0.92 x 0.99 x 0.89 = 0.82. (3.10)

4 From ray-tracing to helioscope sensitivity

The helioscope components described in the previous section operate as standalone
modules, each providing access to specific calculations. To construct a complete helioscope
setup, we interconnect these modules using a REST-for-Physics event processing chain [82],
which processes a dedicated axion event type unique to the axion library. This axion event
type includes essential physical properties for each step of the ray-tracing calculation, such
as position, momentum, axion mass, and energy. The processing chain involves several
dedicated processes: Generator™, FieldPropagation, Optics and Transmission. Calculations
performed within these processes are recorded in the ROOT analysis tree, which contains
all relevant information for subsequent analysis (see Figure7). Each process takes the
position and momentum of the particle as input and may alter its trajectory, as illustrated

IThese parameters can also be found on the windows file, windows.rml, inside the axionlib data reposi-
tory, library release 2.4.

*In the text, process names such as Generator translate to class names like TRestAzionGeneratorProcess
in the C++ code.

— 14 —



by the Optics component calculations shown in Figure 5. Consequently, the order of the
calculations in different ray-tracing steps may not commute within the processing chain.

| Solar flux | | Field map | | Buffer gas | | Optics device | | X-ray windows |
¥
v A d Detector O Metadata
<©>----< TB O»—---D --------- .H _______ {D O Processes
D v Q l P le . [0 Observables
ay o w

| Analysis tree |

Figure 7. A schematic of the four main processes in the ray-tracing event processing chain:
Generator, FieldPropagation, Optics, and Transmission. Metadata components correspond to those
described in Section 3. All processes, except for Generator, add observables to the analysis tree,
such as the axion-photon conversion probability, P,,, the optics efliciency, €,, and the windows
transmission efficiency, €,,, for each event.

It is important to note that azionlib encapsulates the standard REST-for-Physics
event process, adding capabilities for applying rotations and translations to the helioscope
components once integrated within a process. This functionality allows components to be
positioned in physical space with arbitrary rotations. Therefore, components are designed
to be perfectly centered and aligned with the helioscope axis, while the event process han-
dles any requested misalignments. This way, we can translate and rotate any existing or
future helioscope component/process using a common interface. This capability is cru-
cial for studies that consider component misalignment in signal acceptance studies [83].
Nevertheless, in the present work, we will focus on studying the signal assuming perfect
alignment of the components.

The axion helioscope signal is calculated through the ray-tracing of the particles across
different helioscope component processes. The Generator process uses Monte Carlo meth-
ods to generate a particle positioned at the solar disc with a distribution defined by the
solar axion model. The particle is launched toward an extensive target, which in this case is
a circle matching the magnet bore aperture radius, located at the end of the magnetic field
map. The FieldPropagation process positions the center of the field map at z = —10m,
meaning that the field extends from z = —20m to z = O m. This process integrates the field
and calculates the axion-photon conversion probability, F,, as described in Section 3.2.
The Optics process, located at z = 7m performs ray-tracing and applies reflectivity based
on the incidence angle and photon energy, providing the optical efficiency, ¢,, for each par-
ticle. Finally, the Transmission process, positioned at the X-ray detector entrance (at the
focal plane, at z = 7538 mm, measured from the optics location), calculates the window
efficiency, €,, for each particle. An additional Analysis process may be used at various
points in the chain to extract the particle’s state at intermediate stages (see Figure 8).
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Figure 8. Spatial particle track distributions extracted at different stages of the event ray-tracing
processing chain. On the left, a homogeneous particle position distribution at the end of the
magnetic field map, z = Om. In the middle, the photon distribution at the X-ray optics entrance,
z = 7m, showing shadows from the optics spider structure. On the right, the photon distribution
at the X-ray detector window, where we identify the shadows produced by the strongback structure
and concentration towards the center due to focusing optics.

4.1 Monte Carlo signal production

BabyIAXO is sensitive to a wide range of axion masses. When the helioscope’s mag-
netic field is in vacuum, the experiment can measure the axion-photon coupling, gq, for
masses up to a few tens of meV, where the axion-photon conversion in the vacuum starts
to lose coherence. For higher masses, the magnetic field region might be filled with a light-
weight gas, such as helium, recovering the coherence for higher masses, and extending the
search towards a wider mass range.

Introducing a buffer gas medium enhances sensitivity at a narrow mass resonance
determined by the gas density, as detailed in Section 3.2. To achieve a continuous mass
scanning, these narrow resonances must overlap by gradually increasing the gas density.
Figure 9 illustrates the mass scanning strategy using discrete density settings labeled as
P;.

The density interval for each setting is chosen so that the next step is positioned at
the full-width-half-maximum (FWHM) from the previous mass resonance when evaluated
at 4.2keV. This energy corresponds to the peak solar axion flux rate of the Primakoff
component’. The optimization for this solar flux component is evident in Figure 9, when
comparing the expected number of photons, IV, from Primakoff and ABC fluxes. The
modulation amplitude as a function of the mass for the expected photons produced by the
Primakoff flux is lower than that expected from ABC flux, highlighting the importance
of carefully tuning the scanning node densities for smoother mass scanning. This tuning
ultimately depends on the energy shape of the axion signal component being measured.

Determining the sensitivity curve of BabyIAXO (see Section 4.2) requires calculating
the axion signal through ray-tracing at each mass and density setting via MC simulations.
The magnitude of the calculated signal, as described in Equation (3.4), depends on both
the axion mass and the gas density, which cannot be easily factorized. Consequently,

See also class method TRestAxionField::GetMassDensityScanning.
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Figure 9. Axion-photon conversion probability for g., = 10719 GeV~! in a constant magnetic
field of 2T, and length of 10m, for a photon of energy 4.2keV. The probability is shown for
the vacuum phase (shaded blue) and the first eight density settings (shaded red) leading to a
continuous mass scan. The integrated probability at 4.2keV is also shown, together with the
effective number of photons expected after convolution with the axion-photon flux (Primakoff and
ABC flux components). We have integrated the flux over a magnet area of 7 - 352 cm? and an
exposure time of 45x12hours for each setting. The ABC flux intensity was convoluted assuming
Jae = 10712 GeV L,

each ray-tracing event must be integrated separately. The ray-tracing produces a signal
distribution as a function of the detector position and energy, constructed by summing the
contributions to the expected rate of each independent MC event for a given mass and
density. The data workflow required to produce these signal component distributions is
detailed in Appendix B.

To ensure accurate sensitivity curves, sufficient statistics must be generated for each
density setting (including vacuum) that contributes to a given mass. We will discuss in
Section 4.3 that at least ten million MC events per mass and data-taking condition are
necessary to reduce signal uncertainties affecting the calculated axion-photon coupling. The
computation time required to produce sufficient statistics is considerable, largely driven by
the computational cost of the field integration, as described in Section 3.2. Building the
axion signal likelihood in vacuum for a total of 83 masses required approximately 25,000
CPU hours, while the density scanning of 73 density settings, covering masses up to 0.25eV,
required about 69,000 CPU hours. This computation was carried out thanks to the National
Analysis Facility (NAF) hosted at DESY [84]. To facilitate parallelization, these tasks were
divided into approximately 2,400 and 20,800 runs, respectively, producing a total of more
than 12 billion events. The MC ray-tracing presented in this work was performed with
full field map accuracy of 10x10x50 mm? and a tolerance of 0.01 (see Tables 1 and 2).
Note that the computational cost depends on the experimental conditions under which
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the field integration is performed. As detailed in Section 3.2.2, when moving far from
mass resonance conditions, the numerical method for field integration must solve a highly
oscillatory function, affecting both computation time and accuracy (see Figure 10).
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Figure 10. The required computing time normalized to 10 million events for each calculated axion
mass. We differentiate the computational times required for the vacuum and gas data-taking phases.
The data points corresponding to the flat minimum in both scenarios represent the case where the
calculated data point is near the mass resonance. The average computing time per event starts to
increase as soon as we move far away from the resonance conditions.

4.2 Sensitivity prospects

A tentative physics program for BabyIAXO involves dividing the data collection into
two phases, each with an exposure time of 1.5 years with 12 hours of effective solar tracking
per day [40, 85]. The first phase would take data with a vacuum inside the magnetic
field volume, while in the second phase a density scanning program following the strategy
described in the previous section would take place. In order to reach the mass range up to
0.25eV we require to setup at least 73 discrete density settings. The exposure time, fexp,
at each of those settings has been distributed such that teyp o< m ™%, which guarantees the
sensitivity curve will follow the theoretical prediction of the KSVZ line. The total time
required for the gas phase to reach this benchmark at each mass resonance exceeds the 1.5-
year constraint. Therefore, we reduce the time allocated to the first five density settings—
those requiring longer exposure times to reach KSVZ—and redistribute it equally among
them. A list with the exposure times used at each density setting is given in Appendix C.

The signal prediction from the ray-tracing simulation does not account for the detector
response since the detector’s quantum efficiency typically does not depend on the photon’s
position or direction. The energy response matrix can thus be convolved with the signal
prediction in a later step.
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In this study we considered the response matrix of a gaseous TPC with a 3 cm drift,
simulated using restG4* for a gas mixture of 50% xenon and 50% neon at 1.4 bar, mea-
sured in volume (see Figure 11). This is a potential gas mixture under investigation for
the micromegas detection line [87]. The resulting overall detector efficiency, €4, for this
xenon-neon mixture is 0.66 when integrated over the range from 0.5keV to TkeV. The
detector response matrix is implemented within the REST-for-Physics sensitivity classes.
These classes provide the necessary interfaces to integrate the different experimental con-
ditions required for the calculation - including background, signal, tracking counts, and the
detector response - and combine different data taking periods and detection lines through
a likelihood analysis (see Appendix D).
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Figure 11. Photon detection response showing the detector energy measured as a function of the
initial axion-photon incident energy. Most photons detected fall on the bisector line, where the
incident photon is fully absorbed by the photoelectric effect.

The sensitivity curves generated (see Figure 12) assume a flat spectrum background
flux of 107" keV~'em™2s~! and use the corresponding average for the number of simulated
tracking counts at each data taking period. The signal was produced by adding the contri-
butions from two detection lines with the same characteristics. We have defined 77 mass
nodes where the experimental signal was calculated, covering masses up to 0.25eV. In the
vacuum phase, the signal component was calculated using ray-tracing for each mass node,
while in the gas phase, it was calculated only at the mass resonance of each density setting
and one additional mass node on either side of the resonance.

The axions signal contribution to the sensitivity for the first density settings is wider
in mass range than that for settings at higher masses. Therefore, we need to calculate

See example #14 in the restG4 repository [86].
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Figure 12. Sensitivity curves generated using the ray-tracing signal components for the scenarios
described in the text. The ”extended ray-tracing” version refers to the sensitivity curve where
a larger number of mass nodes have been included in the first density settings, in the 10 meV
to 50meV range. For comparison, conventional calculations using a uniform field and constant
coherence length under different scenarios are shown. For those cases, we use the average values
obtained for the optical and windows efficiencies from Section 3, ¢, = 0.47 and ¢,, = 0.82, and the
overall detector response given in this section, €4 = 0.66.

the signal for a greater number of mass neighbors in the first density settings, as their
contribution in a reasonable number of mass nodes is not negligible. An extended ray-
tracing MC simulation was carried out to include the contribution of the first five density
settings for masses between 10 meV and 50 meV, which required 22 additional mass nodes
per setting.

The ray-tracing sensitivity achieved is comparable to that obtained using the conven-
tional helioscope signal calculation®, where a homogeneous magnetic field and a uniform
event distribution at the detector focal plane are assumed. In this conventional approach,
the two main sources of uncertainty are the estimated magnetic field coherence length and
the assumed focused spot area of the optics. As shown in Figure 12, different magnetic
lengths, satisfying B2L? ~ 340 T?m?, and different fiducial spot sizes have been consid-
ered, including a spot size of 4mm with 50% efficiency and a spot size of 8 mm with 90%
efficiency. The resulting sensitivity curves provide an idea of the uncertainties in the cal-
culation. Additionally, it should be noted that the ray-tracing signal calculation fails to
reproduce the sensitivity in regions outside the mass resonance, as observed for axions
masses above 0.25eV, due to the numerical integration errors discussed in Section 3.2.2.

$See example #3 found in the axionlib repository [44].
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4.3 Impact from background and signal uncertainties

The sensitivity curve for BabylIAXO in Figure 12 used the expected number of counts
and ignored statistical fluctuations of the data. Here we remedy this by performing MC
simulations of mock datasets. Figure 13 shows the confidence levels for the BabyIAXO sen-
sitivity prospects obtained from about 1,000 simulated experiments, covering both vacuum
and gas phases. In the vacuum phase, the central value for g, is

Gy = 2.03107% - 1071 Gev! (68% C.L.).

As seen in Figure 13, the fluctuations associated with a single experiment during the
gas phase are significantly larger than those obtained using the average number of tracking
counts per density setting (see Figure 12). This is due to the arbitrary number of tracking
counts measured across different density settings. Nevertheless, during the data-taking
phase of the experiment, these fluctuations might be minimized by increasing the exposure
time for settings where a higher number of tracking counts are observed. If the higher-
than-expected count rate does not decrease to the expected level with increased exposure,
the significance of the observed signal could potentially lead to a 5-sigma discovery.

The reconstruction of the signal component is also a source of uncertainty on the
calculation of g,,. To study its impact on the axion-photon coupling, we reconstructed
the axion signal distribution using different statistical sample sizes. For this purpose, we
prepared a large MC ray-tracing sample of approximately 107 events, simulating a single
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Figure 13. Contour levels showing the likelihood of BabyIAXO achieving a given sensitivity in
ga~- The darkest red area represents the area where 25% of the experiments fall at each given mass,
while the lighter red regions correspond to the 68% and 95% confidence levels, respectively. The
black data points represent the sensitivity curve generated by a randomly selected single-experiment
MC simulation.
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mass node under vacuum data-taking conditions. We then randomly extracted sub-samples
of various sizes — 10k, 50k, 100k, 500k and 2 M — and used these to reconstruct the signal.
For each sample size, we generated a distribution of the calculated g, (see Figure 14).
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Figure 14. Distribution of g4, calculated under vacuum conditions for a 50-day tracking period
during which 15 tracking counts were observed. The signal position and energy distributions are
reconstructed for each calculation using a random sample from the ray-tracing simulation. Distri-
butions for the 10k, 100k, and 2 M cases are shown.

We tested different tracking count configurations compatible with a background level
of 107"ecm™2?s ' keV~! using the signal reconstruction technique based on various sub-
samples. The results are presented in Table 3. Configurations A and B consist of two
different position and energy distributions of 15 tracking counts over a 75-day tracking
period, while configuration C was generated using a 10-day tracking period with only
2 tracking counts observed. Each tracking day corresponds to an effective exposure of
12 hours. As previously noted in Figure 14, the uncertainty related to statistical signal
reconstruction is significantly reduced as the sub-sample size increases, with all three con-
figurations displaying similar behavior. It is important to highlight that all the ray-tracing
sensitivity prospects presented in this work were obtained using at least 20 million events
per MC simulation setting.
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Number of A B C
sub-samples

Mean Sigma Mean Sigma Mean Sigma

10,000 2.74 0.29 2.46 0.21 3.88 0.10
50,000 2.93 0.20 2.57 0.19 3.89 0.12
100,000 2.98 0.15 2.60 0.17 3.90 0.12
500,000 3.04 0.08 2.65 0.09 3.92 0.09
2,000,000 3.05 0.04 2.66 0.05 3.92 0.06

Table 3. Statistical mean and standard deviation (sigma) of the axion-photon coupling distribution,
in units of 107''GeV~!. Each value is derived from 1,000 different experiments conducted under
the same experimental conditions (vacuum phase), updating the signal reconstruction sub-sample
for each calculation. Results for different experimental conditions, A, B, and C, as described in
the text, are shown.

5 Conclusions

We reviewed the fundamentals of calculating the axion signal in BabyIAXO to provide
an accurate estimate of the signal likelihood distribution in both position and energy, as
observed by the experiment’s X-ray detectors. Precisely computing the signal is essen-
tial for determining the experimental sensitivity and prospects. To achieve this, we have
developed azionlib, a dedicated library in REST-for-Physics that incorporates the vari-
ous helioscope components affecting axion-photon propagation inside the apparatus. The
motivation behind this work is to establish a benchmark analysis pipeline for IAXO.

For the first time, we have tackled the challenge of calculating the axion-photon con-
version probability within an inhomogeneous magnetic field in axion helioscopes. This is a
significant advancement that enables the calculation of the axion signal using Monte Carlo
simulations through the ray-tracing technique. Computing the axion-photon conversion
in an inhomogeneous magnetic field is computationally intensive and represents a bottle-
neck in signal computation—a challenge that we have thoroughly addressed in this work,
including error estimations under various conditions.

We included an idealized optical response that accounts for the detailed mirror ge-
ometry and the properties of the reflecting layers. However, additional effects, such as
diffuse reflection, mirrors deformation, or as-built metrology were not included but could
be implemented in future studies. Moreover, the final sensitivity of the experiment could
benefit from incorporating an experimentally measured optical response, encoded in a com-
prehensive optics response matrix. This matrix could then be directly integrated into a
REST-for-Physics process to produce a more realistic representation of the apparatus’s
response.

We have demonstrated that the sensitivity levels obtained from ray-tracing signal cal-
culations are comparable to those from simplified homogeneous magnetic field models.
However, this does not imply that the simplified calculation is sufficiently accurate. Varia-
tions in sensitivity curves arise even within different scenarios of the simplified calculation,
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such as changes in the magnetic length or the optics focal spot size, resulting into uncertain-
ties based on our assumptions about these parameters. Obtaining an accurate sensitivity
curve thus requires ray-tracing simulations that account for all features of the magnetic
field map, in combination with the other helioscope components.

We focused on calculating the sensitivity prospects of BabyIAXO solely for the Pri-
makoff solar axion component. A more comprehensive analysis should include additional
components, such as the ABC axion-electron flux, the 5“Fe axion-nucleon component, or
axion-photon production mechanisms in macroscopic solar magnetic fields. The REST-for-
Physics library provides a complete toolkit for studying these various solar components and
facilitates comparative studies in a unified framework. Thanks to being publicly available,
its outputs—such as the BabyIAXO instrument response function—is accessible to the
community for studying the potential of solar axion searches.

In summary, this work represents a significant milestone for BabylAXO by provid-
ing a reference for future calculations. It facilitates the evaluation of various helioscope
component modifications, such as new optics or magnetic field configurations. Finally, it
establishes the REST-for-Physics axion library we developed as a promising platform for
testing and refining axion helioscope searches.
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A Optics interface

The REST-for-Physics Optics event process implemented within azionlib uses the Op-
tics metadata class to describe focusing devices. This class is a pure abstract class that
defines a common pattern or interface for implementing various specific optical geometries.
It defines common methods that must be implemented by any specific optics implemen-
tation inheriting from this class. Additionally, it defines three virtual planes (entrance,
middle, and exit) that serve to control and constrain the movement of particles inside the
device (see Figure 15). The derived class is responsible for providing all the necessary de-
tails to describe a particular optics device, such as the TrueWolterOptics class used in this
work. These details include the mirror’s geometrical parameters and properties, as well
as the physics of the reflection specific to that particular focusing device, like the particle
reflection unique to a given shape of the mirror*.

‘ FirstMirrorReflection(pos,dir) ‘

‘ SecondMirrorReflection(pos,dir)

\

\

GetRadialLimits() \
\

~

\ \
S entrance \ middle | exit

\ \
N A ‘
o ~ —— ! \
E—
~—_
1-reflection constrain 1-reflection constrain
Optical axis
‘ GetEntrancePositionZ() ‘ ‘ GetExitPositionZ() ‘

Figure 15. Schematic of the software implementation of geometrical optics within the Optics class.
Yellow boxes represent pure virtual methods that must be implemented by any derived optics class.

The three virtual planes serve to constrain the direction of photon propagation from the
entrance to the exit plane. For a photon to be successfully focused, it must be found ahead
of the entrance plane and moving towards it. The REST-for-Physics framework includes a
set of classes capable of constructing two-dimensional masks with various patterns, allowing
us to identify specific regions (see Figure 16). Each of the three virtual planes has a different
mask implementation. Photons passing through a specific region on the entrance mask,
identified by a unique ID number, must necessarily pass through the corresponding region
with the same ID on the middle and exit masks. Obviously, the masks at each inter-face
should be designed to match the geometric constrains of each specific optical device.

The photon propagation is implemented by the base Optics class through a method
called PropagatePhoton, which makes use of the methods implemented at the specific de-
rived optics classes. While the base Optics class reads the optics data file, the derived
class is responsible for interpreting the detailed geometry of the mirrors, including the

*Basic geometrical reflections, such as conic, hyperbolic or parabolic reflections, can be found in the
REST_Physics namespace along with other basic vector operations.
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Figure 16. A dummy mask pattern illustrating the result of a RingMask and SpiderMask class built
through the CombinedMask class. This illustration was produced using a Monte Carlo simulation.
Different colors represent regions with unique IDs, while black dots represent areas where no region
is found.

boundaries where photon reflectivity is allowed. An additional constrain ensures that the
number of reflections on each mirror, between the entrance and middle planes and between
the middle and exit planes, is exactly one.

B Data management and workflow

The axion signal ray-tracing is conducted by implementing a Monte Carlo generator
process within a REST-for-Physics event processing chain. This Generator process simu-
lates axions originating from the solar disk following the spatial and energy distributions
of a specific solar model, and directs them toward and extensive target. Photons then
pass through various helioscope components, each encoded as a process that translates its
weight on the axion signal into the analysis tree for each event. The last process prop-
agates the photons to the plane where the detector is located. As shown in Figure 17,
the processing chain produces a ray-tracing file that contains all the metadata information
used during the file’s generation, as well as an analysis tree with relevant data for the final
analysis. This includes the x and y positions at the X-ray detector plane, the final photon
energy, the axion mass, and the contribution to the signal weights from each helioscope
component.

The ray-tracing calculations for a specific axion mass and experimental setting are
divided into parallel jobs, with each job producing an independent run file. Once all the
run files have been generated, they are merged using the Dataset class, which allows for
the selection of run files based on particular metadata criteria. In this work, we compiled
a single dataset containing all simulated masses for each measurement condition, whether
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Figure 17. Data work flow for generation of an axion signal component in REST-for-Physics.

in a vacuum or under any of the simulated density settings. The Dataset class provides
access to a unified ROOT tree and/or ROOT RDataFrame that contains all the simulated
entries. Additionally, the Dataset class can store some quantities derived from any existing
metadata available inside the run file, such as the total number of simulated entries (which
may differ from the number of entries in the combined tree), or the integrated solar axion
flux, ®,, and generator area, Ay, extracted from the Generator process, which are crucial
to determine the final event rate in the detector.

During dataset generation, new columns (or branches in ROOT terminology) can be
added based on the available dataset quantities and pre-existing columns. This enables the
calculation and inclusion of the event rate into the dataset, specifically the contribution
of each Monte Carlo event to the overall event rate of the detector, which is calculated as
follows:

Ny = Puy®,A, H €

where P, represents the axion-photon conversion probability calculated by the FieldProp-

~ 98 —



agation process and ¢; accounts for the efficiency contributions from various helioscope
components, such as the X-ray window transmission or the optics reflectivity.

Once a dataset has been compiled for each measurement condition, the Component-
DataSet class is used to generate N-dimensional density maps, referred to as components,
based on the dataset’s columns (see Figure 17). In this work, we partitioned our signal
using the final detector event position and energy, with a spatial resolution of 100 ym, and
an energy resolution of 0.5 keV, which are suitable for the characteristics of a micromegas
detector. The ComponentDataSet class enables the parameterization of the density maps
based on one of the dataset columns. This approach allows us to create a density map for
each axion mass.

Each cell in this N-dimensional signal description is normalized by the number of
simulated entries, Ny, per axion mass in our Monte Carlo ray-tracing simulation. The
signal component rate (measured in cm 2 keV ! s71) can then be evaluated for each mass at
any point within the defined range (between -10 mm and 10 mm for both spatial dimensions,
and from 0keV to 20keV for energy) at the specified resolution.

C Density settings exposure times

For reference, Table 4 provides the exposure times allocated during the second data-
taking phase of BabylAXO. The distribution of the exposure time per density setting is
estimated such that the sensitivity curve will follow the tendency of the KSVZ theoretical
expectation. The distribution is calculated for a total exposure time of 1.5 years, 12 hours
tracking per day. The constrain of 1.5 years exposure avoids the first five density settings
reaching the KSVZ line, therefore, the remaining time is equally distributed between those
five first settings. The steep rise of the KSVZ line as a function of the mass creates a big
difference of tracking exposure between the first settings, of the order of a month, and the
last settings, requiring just few hours per tracking.
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P1 438.0 | P2 438.0 | P3 4380 | P4 438.0| P5 438.0 | P6 859.0
P7 604.0 | P8 445.0 | P9 340.2 | P10 267.8 | P11 215.5 | P12 177.0
P13 1476 | P14 1248 | P15 106.9 | P16 92,5 | P17 80.7 | P18 71.1
P19 63.0 | P20 56.3 | P21 50.5 | P22 45.6 | P23 413 | P24 376
P25 344 | P26 31.6 | P27 29.1 | P28 269 | P29 249 | P30 232
P31 216 | P32 202 | P33 189 | P34 17.7 | P35 16.6 | P36 15.7
P37 148 | P38 14.0 | P39 132 | P40 125 | P41 119 | P42 11.3
P43 108 | P44 103 | P45 98 | P46 94 | P47 9.0 | P48 8.6
P49 82 | P50 79 | P51 76 |P52 73 | P33 7.0 |P54 6.7
P55 65 | P56 62 | P57 60 | P38 58 | P59 56 |P60 54
P61 53 | P62 51 | P63 49 | P64 48 | P65 46 | P66 4.5

P67 44 | P68 42 | P69 41 | P70 40 | P71 39 | P72 38
P73 3.7

Table 4. Exposure times in hours for each gas density setting, P;, used to generate the BabylIAXO
sensitivity prospects.

D REST-for-Physics sensitivity classes

The REST-for-Physics sensitivity-related classes (see Figure 18) provide interfaces for
calculating the sensitivity of a data-taking period based on the detector’s background,
the expected axion signal, and the observed or simulated tracking data. The Component
class provides access to parametric N-dimensional density maps, facilitating the evaluation
of background and signal rates within the detector’s parameter space, typically z and y
positions and energy. Initialization of such components can be done through various mech-
anisms. In this work, we used the ComponentDataSet class (see Appendix B) to construct
the axion signal from our Monte Carlo ray-tracing simulations and the ComponentFor-
mula class to model a flat background. The ComponentDataSet can be used to describe
components from either experimental or Monte Carlo datasets, enabling the incorporation
of more complex background models into the sensitivity calculation, or even the use of
experimental background data measured by the detectors during the data-taking phase.

The Sensitivity class implements an unbinned likelihood method, where the likelihood
L, for a specific axion mass m is calculated as follows [88]:

_%X2(9) =log Ly, = 94 : SZ; “lexp + Z log Rm(xa Y, E) (D'l)
Tck
where S7 is the total integrated axion signal rate over the full detection area and energy
range, tezp is the measured exposure time, and the sum runs over all the observed counts
under tracking conditions. The observed rate in tracking conditions, R,,, is a direct func-
tion of the expected background rate in the detector, B, and the axion signal contribution
at a specific axion mass S, as a function of position and energy:

R(z,y,E) = B(z,y,E) + ¢* - Sm(2,y, E) (D.2)
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Figure 18. REST-for-Physics sensitivity-related classes: The class descriptions have been simpli-
fied for brevity. For more detailed information, please refer to the code implementation.

where the axion-photon coupling, g, arising from production and detection interactions
has been explicitly factored out of S,,. The resulting g at 95% C.L. is obtained when
Xx(g) = 2. Several experimental likelihoods for different experiments can be included into
the sensitivity calculation to obtain a combined sensitivity:

['total = H ‘Cm(x’ Y, E) (DS)
Ezxp

The Sensitivity class computes this expression using a collection of experimental de-
scriptors that leverage the Ezperiment class to standardize access to background, signal
components, and tracking data. The tracking data is provided inside the Fxperiment
class through the DataSet class, which can originate either from experimental sources or
from Monte Carlo mock-generated data. In the absence of experimental tracking data,
the Fxperiment class generates a Monte Carlo tracking dataset based on the background
component and the predefined exposure time for the given experiment. If experimental
tracking data is available, the DataSet produced by the detector’s processing chain will

include the exposure time corresponding to the data in the dataset.
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