G/\P/\ sz i1 Universidad
Universidad Zaragoza 11 Za ragoza

1542

Annual Report

2024

Centro de Astroparticulas y
Altas Energias (CAPA)




Outline

Message from the Director

1 General description of CAPA

11
1.2
1.3

Mainobjectives . . . . . . . ..
Organizative structure . . . . . . . . . . . . .
Areas of activity and research groups . . . . . . . . . ... ... ...

2 Human resources

3 Research lines & achievements

3.1 Axion searches with the International Axion Observatory (IAXO)

3.2

3.3

3.4

3.5

3.1.1 Achievementsin2024 . .. ... ... .. ... ... .. ...
312 References . ... ... ... . . .. ...
ANAIS Experiment . . . . . . .. ...
3.21 Achievementsin2024 . ... ... ... ... ... ... ...
322 References . . .. ... .. ...

Search for low-mass WIMPs with the TREX-DM experiment

3.3.1 Achievementsin2024 . ... . ... ... . . ... ... ...
332 References . . ... ... ... ...
The DarkSide-20k project . . . . . . . . . ... . ... .
3.4.1 Achievementsin2024 . ... .. ... ... . . ... .....
342 References . ... ... . .. ...
Support to experimentsatthe LSC . . . . ... ... .. ... ... ..
35.1 The CROSS experiment . . . . ... ... .. .........
352 The NEXTexperiment . . . ... ... ... ... .......

Outline



Outline 3

3.5.3 Achievementsin 2024 . . . . . . .. e 41
3.5.4 References . . . . . .. e 42
3.6 New search strategies for relic axion detection (RADES) . . . . . .. .. ... ... ... ..... 43
3.6.1 Achievementsin 2024 . . . . . . . . e 44
3.6.2 References . . . . . . .. e e 46
3.7 Generic R&D on novel low-background time projection chambers (TPC) concepts . . . . . . . . .. 47
3.7.1 Achievementsin 2024 . . . . . . . . e a7
3.7.2 References . . . . . . . e 48
3.8 Studies on the application of opaque scintillators in rare eventsearches . . . . . . .. ... ... .. 49
3.8.1 Achievementsin2024 . . . . . . . . . e e e 49
3.8.2 References . . . . . . . e 50
3.9 LABAC . . . . e 51
3.9.1 Achievementsin 2024 . . . . . . . . e e 51
3.9.2 References . . . . . .. e e 52
3.10 AXioNn PhysiCs . . . . . . . e e e 53
3.10.1 Achievementsin 2024 . . . . . . . . . . e 54
3.10.2 References . . . . . . . . e e e 55
3.11 Quantum gravity phenomenology . . . . . . . . . 56
3.11.1 Achievementsin 2024 . . . . . . . . e 56
3.11.2 References . . . . . . . .. e 57
3.12 Beyond the Standard Model Phenomenology . . . . . . . . . . . . . . . .. .. ... ..o 59
3.12.1 Achievementsin 2024 . . . . . . .. e 59
3.12.2 References . . . . . . .. e 60
3.13 Lattice eldtheory . . . . . . . 61
3.13.1 Achievementsin 2024 . . . . . . . .. 61
3.13.2 References . . . . . . . . e e 62
3.14 Beyond General Relativity . . . . . . . . . . . 63
3.14.1 Achievementsin 2024 . . . . . . .. e 64
3.14.2 References . . . . . . . e e 64
3.15 Astrophysical and cosmological probes of the darksector . . . . . . .. ... ... ... ...... 65
3.15.1 Achievementsin 2024 . . . . . . . . . . e e 66
3.15.2 References . . . . . . . .. e e 66
3.16 Quantum Mathematical Physics . . . . . . . . . . . . . . . e 68
3.16.1 Achievementsin 2024 . . . . . . . . e 69
3.16.2 References . . . . . . . . e 70
Scienti ¢ Publications in 2024 71
Organization of conferences and seminars 73

5.1 Conferences . . . . . . . . o e e 73



5.2 Seminars . . . . . . . e e e

6 Training and teaching activities

6.1 Master on Physics of the Universe at UNIZAR . . . . . ... ... ... .. .....
6.2 Participationinschools . . . . . . . .. . . ...

7 Outreach activities

7.1 DarkMatterDay . . . . . . . . . . e
7.2 HandsonParticlePhysics . . . . . ... ... .. ... ..

7.3 Open Days of the Faculty of Sciences and Science Immersion Week (physics)

7.4 Europeanresearchers'night. . . . . . . . ... .. ..
7.5 Activitieswith Women'sNames . . . . . . .. .. ... . ...
7.6 OpenDayatLSC . . . . . . . . . e
7.7 Documentary Cazandoloinvisible . . . .. ... ... ... ... ... .. ...
7.8 Socialmedia. . . . . ...
7.9 Otheractivities . . . . . . . . .

8 Equipment and facilities

8.1 Gedetectors . . . . . . . . e
8.2 IAXOlab . . . . .
8.3 AIphaCAMM . . . . .
8.4 ANAIS . . .
8.4.1 ANAIS-112 experimentatLSC . . .. ... .. ... ... .. ........
8.4.2 ANAIS laboratoryat UNIZAR . . . . . . . . . ... ... .
8.5 TREX-DM . . . . . .
8.6 IAXO-D1 . . . . .
8.6.1 IAXO-D1atLSC . . . . . . .
8.6.2 IAXO-DlatIAXOLab . . . . . . ... . .
8.7 LABAC . . . .
8.8 Computing infrastructure . . . . . . . . . . .
8.9 Dilutionrefrigerator . . . . . . . . L

9 Strategic plan

9.1 Generalapproachandjustication . . ... ... ... ... ... . ... ...
9.2 Actions aligned with CAPA's mainresearchlines . .. ... ... ... .......

9.3 Actions focused on emerging/synergistictopics. . . . . . ... ... ..
9.4 Actions for the Consolidation of the Technological Unit (TU) at CAPA . . . . . . . ..

Annex A Research grants

Annex B Networking grants

Outline

........ 98



Outline

Annex C

Annex D

Annex E

E.1 Theses defended in 2024
E.2 Theses ongoing in 2024

Annex F

Organization of conferences, workshops and schools
Seminars and Colloquia at CAPA

PhD Theses

Bachelor and Master Theses

F.1 Bachelor Theses presented in academic year 2023-24
F.2 Master Theses presented in academic year 2023-2024

Annex G

Annex H

Annex |

Annex J

Annex K

Annex L

Annex M

Annex N

Annex O

Presentations in conferences, workshops and schools
Seminars by CAPA members

Outreach activities

Research stays by CAPA members

Guest researchers visiting CAPA

Memberships of editorial boards

Scienti ¢ evaluation and committees

List of publications in 2024

Members of CAPA

155

163

165

167

169

177

183






Message from the Director

The past year has been an important one foiGbetro de Astroparticulas y Fisica de Altas Enerdi@&PA). Our
long-standing ambition to become a University Institute is now closer than ever. The administrative process has
progressed smoothly through various evaluation and approval stages during 2024. As we write these words, we have
justreceived nal approval from the external evaluation agency. The o cial establishment of the new CAPA Institute

is expected to take place very soon this may well be the last report we write as a research center!

This milestone marks a signi cant achievement for CAPA, bringing new opportunities as well as new challenges.
One of our rst tasks as an Institute will be to develop a ve-year Strategic Plan. Anticipating this transition, the
CAPA community has already taken the initiative to incorporate a dedicated strategy chapter in this annual report.
This section lays out the main guidelines that will shape the rst Strategic Plan of the new CAPA Institute.

2024 has also been a successful year in further securing research funding. A particularly gratifying achievement
has been CAPA's successful application to the National Research Agency (AEI) Scienti ¢ Equipment call, which will
fund the acquisition of a cryogen-free dilution refrigerator value@8420,000. This is the rst time CAPA competes
(and succeeds!) in this call that supports institutions in acquiring shared, cutting-edge research equipment. Another
notable success is the approval of a COST Action (the third one in recent years) with strong CAPA patrticipation.
BridgeQG launched in 2024, will explore potential signatures of quantum gravity by bridging both the high- and
low-energy frontiers.

Additionally, this year marked the launch of tBarkQuantumERC-SyG an ambitious project set to enhance
our work in axion dark matter detection and quantum sensor development. Another noteworthy success comes
from CAPAs external member Diego Blas (IFAE), who secured another ERC-SyG prGjentNet This project
focuses on detecting high-frequency gravitational waves using experimental techniques similar to those employed
in axion dark matter searches. The overlap betwgrmvNetand DarkQuantumpresents exciting opportunities for
collaboration and synergy within CAPA.

CAPA has continued to expand, now boasting a total of 92 members an increase of more than 50% since its
founding. Encouragingly, this growth is not limited to temporary researchers but extends to permanent and tenure-
track positions. This year, we welcomed three new permanent faculty members, Alejandro Vaquero (previously
Ramén y Cajatesearcher), Jacobo Asorey and Justo Lopez Sarrion, who will further strengthen our astrophysics
and theoretical research area. Additionally, Laura Segui has joined the experimental divisiBaasray Cajal
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8 Outline

researcher. However, not all news is without a bittersweet dégia Zambranoresearchers Julia Vogel and Jaime

Ruz are departing to establish a new research group in axion experimental physics at the University of Dortmund.
While their departure is a loss for CAPA, we take pride in their achievements and remain connected, as they will
continue to be CAPA external members, maintaining strong research ties with our institution.

As highlighted in this report, CAPA members have continued to produce high-quality research and maintain a
strong presence at international conferences, scienti ¢ boards, and evaluation panels. Outreach remains a de ning
hallmark of CAPA, with a particular focus on promoting the role of women and girls in science and technology. This
year has witnessed a notable expansion of CAPAs outreach on social networks, thanks to the e orts of our youngest
members. CAPA is now present binkedinandTikTok in addition toX, Instagram andYouTubeand enjoys more
than 1600 followers across all those platforms.

A signi cant milestone this year was the release, in January 2024, of the docum&daando lo Invisible
(Hunting the Invisible), directed by Mirella R. Abrisqueta. The documentary showcases some of CAPA's research
and features the participation of several CAPA researchers. It premiered in Zaragoza and Huesca, followed by a
screening in Teruel, and has also been broadcast on Aragonese television. The Zaragoza premiere completely packed
a 300-seat cinema hall, demonstrating the public's strong interest in fundamental research on the Universe. It was a
rewarding moment after all CAPAs outreach e orts.

CAPAs commitment to specialized training through thkaster in Physics of the Universsg UNIZAR also
marked a successful year in 2024. Despite undergoing a transition from 90 to 60 ECTS credits to align with new
national legislation the program attracted the highest number of enrolled students since its launch in 2021.

We close a successful 2024 for CAPA. As we stand on the verge of becoming an institute, we look forward to the
exciting developments and challenges that lie ahead. The strong foundation we have built over the years will serve as
a platform for future growth, ensuring that CAPA remains at the forefront of astroparticle and high-energy physics
research.

Igor G. Irastorza
CAPA Director



General description of CAPA

TheCentro de Astroparticulas y Fisica de Altas Enerdi@dPA) of the University of Zaragoza, is a research center
created in 2019 to foster the research in the elds of high energy physics, particle and nuclear physics, astrophysics,
cosmology, astroparticle physics and theory, as well as in related technological developments. The center was built
encompassing the research groups and lines already active in the University of Zaragoza in the aforementioned topics,
some of them with a long and recognised trajectory.

1.1 | Main objectives

Apart from the general aim stated above, CAPA has the following speci c objectives, as stated in its memoria de
creacion :

1. Promote the presence of CAPA researchers in national and international scienti ¢ forums, increasing their
speci ¢ weight in the mentioned elds of research.

2. Promote and support administratively new funding requests from the CAPA members, both in national programs
(e.g. national R&D plans, Maria de Maeztu,...), as well as in international ones (European Research Council
(ERC), European Innovation Council (EIC), European Cooperation in Science and Technology (COST), and
others.)

3. Foster the creation of new synergies among the di erent research lines, especially between the theory and
experimental areas.

4. Strengthen the participation of CAPA members in the Aragonese research centers related with the mentioned
areas: théaboratorio Subterraneo de CanfraficSC) and theCentro de Ciencias de Benasque Pedro Pascual
(CCBPP), as well as to promote collaboration with @entro de Fisica del Cosmos de Arag@EFCA).

5. Promote activites of specialized training and facilitate the incorporation of young scientist and technical
manpower to the scienti c community.

6. Ensure the corresponding transfer of the knowledge created in this eld of research to the industrial sector.

9



10 Chapter 1. General description of CAPA

7. Promote the scienti ¢ culture of the society through the realization of outreach activities addressed to the
general public.

In order to better align the activities presented in this report to the aforementioned objectives, they will be referred
to when appropriate in the following chapters.

1.2 | Organizative structure

CAPA was created as @nterof the University of Zaragoza and as

such it is regulated by the University's statutes. The CAPA orgahiSingIe-person governing positions:

zative structure includes the centeEsuncil which is composed by | Director: Igor G. Irastorza
. Deputy Director: Gloria Luzon

all the PhDs of the center plus representatives of the PhD stud rggcretary: Eduardo Follana

and technical personnel. The Council is the body that, among othegienti ¢ advisory board:

things, elects th®irector of the center, and approves (after the Dj- Inés Gil-Botella CIEMAT, Madrid

, ) itsl Di ditsS The Di Axel Lindner DESY, Hamburg
rector's proposal) itsleputy Directorand itsSecretary The Director | 1. viaroqdan MPIK, Heidelberg
represents the CAPA and, among other things, organizes and leads thénio Pich IFIC, Valencia
actions needed to better achieve the center's objectives. The cenomenec Espriu U. Barcelona

also counts with an external scienti ¢ advisory board, chaired by the

Director and including at least other ve scientists of recognized prestige. This board is in charge of evaluating the
annual report of CAPA, and advising its governing bodies on the activities of the center and strategical matters. The
name of the persons currently holding the mentioned uni-personal positions at CAPA, as well as the members of
the advisory board, are listed in the attached table. The advisory board has been exceptionally running with four
members in last times, but we nally welcomed Prof. Domeénec Espriu as fth member in February 2025.

1.3 | Areas of activity and research groups

The CAPA community encompasses several research groups active in the elds mentioned above, both in theoretical
and experimental aspects. Regarding experimental research, CAPA inherits from the long-standing trajectory of the
Nuclear and Astroparticle Physics groups, responsible of the pioneering research on low background techniques and
underground experimentation that were the seed of the current Laboratorio Subterraneo de Canfranc (LSC). These
groups are nowadays involved in several of the experiments at LSC and in particular are the leaders of WIMP dark
matter experiments like ANAIS or TREX-DM, as well as in axion searches like BabylAXO and RADES. The CAPA
researchers are also active in more transversal developments of novel detector concepts and low background know-
how in general, and participates in several other international collaborations. The center counts with the LABAC,

a laboratory performing environmental radioactivity monitoring, as a node of a network funded by the Consejo de
Seguridad Nuclear (CSN, Spanish Nuclear Regulatory Commission). Regarding the theoretical research, CAPA
members also inherit a long standing trajectory in Theoretical and Particle Physics. At present they are active in a
number of frontier aspects of particle and astroparticle physics. The most relevant are: axion theory, astrophysics
and cosmology; the phenomenology of beyond-SM particle physics models; quantum gravity phenomenology and
lattice eld theory. CAPA is an institution represented in the EUCAPT Council and participates in the COST Action



1.3. Areas of activity and research groups 11

CA23130, "bridging high and low energies in search of quantum gravity", that started in September 2024. J. M.
Carmona is one of the two Spanish Management Committee members. Detailed information of the research lines
performed at CAPA is given in section 3.






Human resources

At the end of 2024, CAPA had a total of 91 members, a slight increase with respect the previous year. This tops up a

growing trend, shown in Fig. 2.1 (right), that accumulates more than 50% increase since the creation of the center in
2019. The age distribution of CAPA members is shown in Fig. 2.1 (left).

Its gender gap is shown in Fig. 2.2. It has slightly decreased with respect to 2023, but not signi cantly. CAPA has

been continuing carrying out speci ¢ activities addressed to female students to attract women to science, as described
in Sec. 7.

CAPA members are distributed in the following personnel categories:

1. Teaching and researpermanent sta of the University of Zaragoza.

Figure 2.1: CAPA members current age distribution (left) and temporal evolution during the last years (the situation
shown corresponds to the one a the end of the indicated year).

13



14 Chapter 2. Human resources

Figure 2.2:Left: CAPA gender gapRight: Distribution of CAPA members in categories of personnel as percentage.

2. Teaching and researtdmporary sta of the University of Zaragoza, including here project-funded postdoc-
toral contracts, but also recipients of excellence postdoctoral programs (e.g. Ramén y Cajal, Beatriz Galindo,
etc...)

3. Research traineeswhich include early-stage researchers (PhD student level) normally enrolled in the doctoral
program of the University.

4. Collaborators from the University of Zaragoza. This is a recognized category in the University including
researchers from other institutions with recognized ascription to the University.

5. Technologistsand technical sta , including project-based positions.
6. Administration sta .
7. Collaborators fronexternal institutions.

The distribution in percentages is shown in Fig. 2.2 (Right). Compared with the situation at the end of 2023,
CAPA has increased the proportion of permanent sta and considerably decreased the proportion of temporary sta .
The increase in permanent sta is due to the hiring of new faculty members J. Lopez Sarrion (new member of CAPA),
J. Asorey (formerly an external collaborator), and A. Vaquero (formerly temporary sta, Ramén y Cajal contract).
The strong decrease in temporary sta comes both from several members leaving CAPA for other institutions, some
of which have become external collaborators (thus increasing their proportion), as well as from some of them entering
the category of research trainees.



The list of members as of end of 2024is in appendix O.
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Research lines & achievements

This section describes the various core research lines being pursued at CAPA, in the elds of cosmology, astrophysics,
astroparticle and particle physics. It covers both theoretical and experimental aspects, emphasizing the achievements
in 2024. 1t directly aligns with the main overarching objective of CAPA, as expressed in section 1. To the extent
this research is conducted in international networks, or utilizes strategic regional infrastructure like the LSC, it also
addresses speci ¢ objectives 1 and 4 (see section 1.1). Some of the lines simultaneously target similar objectives
from both theoretical and experimental perspectives, thus addressing also objective 3, as explained below.

Several of these lines describe activities corresponding to well-de ned funded projects (see annexes A and B).
Others correspond to more speci ¢ research lines framed within larger projects (but of su cient entity to deserve
their own subsection here), research activity of more transversal character (e.g. R&D), or emerging activities or
collaborations with external colleagues. Some CAPA members are also members of other neighboring research
institutes like the BIFI (Biophysics and Complex Systems Institute) or the INMA (Nanotechnology and Materials
Institute) and not all their research output can be ascribed to genuine CAPA research lines, something that can be
seen in the automatically-produced list of publications in annex N. Furthermore, some of the newer members still
enjoy scienti ¢ production from the previous projects in non-CAPA a liations. In the following section we describe
only the research lines fully considered within the CAPA scope. We divide them in experiment and theory research
lines.

Experiment

The experimental research lines at CAPA largely inherit from the long-standing trajectory of the Nuclear and Astropar-
ticle Physics group (GIFNA), responsible of the pioneering research on low background techniques and underground
experimentation that were the seed of the current Laboratorio Subterraneo de Canfranc (LSC). Nowadays, GIFNA is
an associated unit to the LSC, and its members participate actively in several of the approved experiments at the LSC.
In particular they are the leaders of WIMP dark matter experiments like ANAIS (section 3.2) or TREX-DM (section
3.3), and participate in the DarkSide-20k project to be hosted at Gran Sasso Laboratory, but with a ancillary setup
DART at the LSC (section 3.4). They play a leading role in axion experiments like BabylAXO (section 3.1) and
RADES (section 3.6), the former to be hosted at DESY, but with detector prototyping activity at the LSC, and funded

17



18 Chapter 3. Research lines & achievements

by a prestigious ERC-AdG grant and, since last year, also by a ERC-SyG. The relation with LSC maked&A&éta
gateway to LSC for many external collaborators that seek the collaboration of CAPA members when implementing
their projects at LSC. In this respect there are more speci ¢ contributions to other current (or future) neutrino projects
like CROSS, NEXT, Hyper-Kamiokande or others (section 3.5), mostly on radiopurity and low background detector
expertise. The CAPA researchers are also active in more transversal developments of novel detector concepts for
gaseous detectors (Micromegas) for low background in general (section 3.7). As we did in last year's report, we
promote also the emerging activity on novel scintillator detector concepts within the LiquidO/CLOUD consortium
(section 3.8). Finding ways to transfer the research knowledge to the society is also one of the goals of CAPA. In this
respect, we count with he long-standing activity of the LABAC laboratory (section 3.9), which applies the expertise
on low radioactivity techniques to the environmental radioactivity monitoring, contributing to the public health of
the population within the net of the Spanish Nuclear Regulatory Commission.
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3.1 | Axion searches with the International Axion Observatory (IAXO)

The International Axion Observatory (IAXO) is the largest international
collaboration in search for axions, with more than 125 scientists fronResponsible investigator(s) / coordinator(s):

more than 20 institutions. Axions are hypothetical particles appearin I"'Q'Ijrasjtorza Stta
. . . . . oria Luzon sta
in extensions of the Standard Model (SM) of particle physics featuringacaarchers invoived:
the Peccei-Quinn (PQ) mechanism. This mechanism was postulatediineopisti Dafni sta
the 1970s to solve thetrong CP problema somewhat technical but fun-| Susana Cebrian sta
d | bl fthe SM. th d hy shre . . Javier Redondo sta
amental problem of the SM, that regards why sheng interactions | . . " sta (ITA)
do not seem to violate the time-reversal symmedsythe electroweak | Javier Galan postdoc
interaction does. In addition, axions are an excellent candidate to coriuan A. Garcia Pascual postdoc (MC)
. . Jaime R tdoc (MZ
pose the Dark Matter (DM) of the Universe, and that is the reason vxhya'.me Hz postdoc (M)
ulia Vogel postdoc (MZ)
they are now among the most important goals of experimental search@§ier Galindo postdoc (ITA)
of new physics beyond the SM. Axions (as well as their relatives, axionCristina Margalejo predoc
like particles or ALPs) are sought in various ways [1], depending i Sear Perez predoc
o . ) ’ [ Luis Obis predoc
the origin of these axions: cosmological, laboratory or astrophysicapavid biez Ibafiez predoc
axions. Ana Quintana predoc
. Ivaro Ezquerro predoc
IAXO belongs to the latter category, as it follows the concept Dﬁaﬁa Jiménez Puyuelo predoc

an axion helioscopewhose main goal is to search for axions emittedTechnical support:
from the Sun, although it could additionally host other setups targetinglfonso Ortiz de Solérzano  engineer

. . . . . Hector Mirallas engineer
di erent sources of axions. A generic property of axions is that they or
i i ) } “[7Juan Castel engineer
couple with photons in a way that axion photon conversion (and Vi¢eorge Marqués engineer
versa) can occur in the presence of strong magnetic or electric eldgavier Mena technician
. . . . . . Angel de Mira technician
This phenomenon is the basis of axion production in stars, as well- 45

of most strategies for detecting axions. Magnets are therefore at the

core of any axion experiment, as is the case for axion helioscopes. In these experiments, solar axions crossing the
magnet may convert into x-rays that can be subsequently detected in devices placed at the end of the magnetic eld
region. This is the strategy followed by the CERN Axion Solar Telescope (CAST) that, using a decommissioned LHC
magnet, has been the most powerful axion helioscope built so far. After almost two decades of operation, CAST has
put the strongest limits yet on the axion photon coupling across a range of axion masses [2] (see Fig. 3.2), surpassing
previous astrophysical limits for the rst time and probing relevant axion models of sub-electron-volt mass. IAXO
was conceived as a new generation axion helioscope that builds on the CAST experience [3], and aims to provide a
substantially improved sensitivity to go deep into unexplored axion parameter space [4].

The central component of IAXO is a purpose-built large-scale superconducting magnet similar to those used in
large HEP detectors. It follows a toroidal con guration, and includes eight large user bores in which the solar
axions can convert into x-rays. All of them are equipped with optics that concentrate the signal x-rays into small
very sensitive low-background detectors. These x-ray optics are based on the re ection of x-rays by mirrors at
grazing incident angle, technologies used in x-ray astronomy. The detectors will image the signal photons at the
focal spot with very low level of background, achieved by means of techniques similar to that used in underground
experiments: the use of radiopure detector components, passive and active shielding of environmental and cosmic
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radiation, and o ine event discrimination techniques. The whole infrastructure is installed on a movable platform
that allows tracking the Sun for about half the time. The baseline design of IAXO, shown in gure 3.1, is endowed
with a sensitivity to solar axions of about 5 orders of magnitude better in signal-to-noise-ratio than CAST.
As a prior stage towards IAXO, the collabo-
ration is planning the construction and operation
of BabylAXO, an intermediate scale version of
IAXO. Itis conceived to test all IAXO subsystems
(magnet, optics and detectors) at a relevant scale
for the nal system and thus serve as a prototype
for IAXO, but at the same time as a fully- edged
helioscope with relevant physics reach itself. The
conceptual design of BabylAXO [5] is shown in
gure 3.3. The BabylAXO magnet will feature
two 10 m long, 70 cm diameter bores, and will
host two detection lines (optics and detector) of

dimensions similar to the nal ones foreseen forigure 3.1:Sketch of the IAXO infrastructure as described in its conceptual
IAXO design [3], showing the magnet and the eight detection lines including optics and

. detectors. The overall assembly is placed on a rotating platform to follow the
The project has been approved to be hostgg,,

by DESY, which o ers an ideal environment to
BabylAXO as part of its emerging axion exper-
imental program. The collaboration has been
strengthened during the last years, and counts now
125 scientists, which make IAXO the largest col-
laboration in axion physics. In particular, the
project relies on the superconducting magnet ex-
pertise from CERN. Indeed both the designs of the
IAXO and BabylAXO magnet have been carried
out by CERN magnet experts.

One of the two x-ray optics to be used in Babyl-
AXQis a ight spare module of the XMM-Newton
mission that has been kindly lent to the collabo-
ration by the European Space Agency (ESA). The
second one will be built by the collaboration, as

a prototype for the future IAXO optics. It will Figure 3.2: Sensitivity plot of IAXO and BabylAXO in the primary axion-
be the rstlarge-scale optics speci cally designedhoton coupling versus axion mass parameter space, compared with the QCD
and built for axion physics. The baseline detecto%ion (yellow) band and other current (solid) and future (dashed) experimental

. . and observational limits
to be placed at the focal point of the optics are
small time projection chambers read with Micromegas readout planes of microbulk type. These detectors have
achieved record background levels after many years of development especially within the CAST experiment. How-

ever, a portfolio of additional x-ray detection technologies is being developed in the collaboration, especially in view
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of IAXO, including Ingrid detectors, Magnetic Metallic Calorimeters, Silicon Drift Detectors or Transition Edge
Sensors. These technologies could provide improved performance (e.g. in terms of energy threshold and resolution)
that could be particularly important e.g. in case of a positive detection, to extract additional information from the
data, like the mass or other couplings of the axion.
BabylAXO will detect or reject solar axions
with axion-photon couplings down to 1.5
10 1 GeV 1, and masses up t00.25eV. Baby-
IAXO will o er additional opportunities for ax-
ion research in view of 1AXO, like the tests of
improved detectors such as the ones mentioned
above, or the implementation of radiofrequency-
cavity-based setups to search for dark matter ax-
ions, something being explored withinthe RADES
project. The latter concept connects with quantum
technologies, a connection that will be boosted by
the DarkQuantum project, a ERC-SyG granted in
2023 (see section 3.6). Figure 3.2 shows the sen-

Figure 3.3:CAD design of the full BabylAXO infrastructure, updated fromsm\my prospects of both BabyIAXO and IAXO
the one described in its conceptual design [5], including the two-bore magi@ttheir baseline con gurations, within the cur-

and the two detection lines, with x-ray telescopes and focal plane detectorsygi§t context of axion searches. BabylAXO, and
latter surrounded by their shielding. All the assembly is placed on a sup[lort

frame and positioner to keep the optical axis of the experiment pointing to ﬁ%er on IAXO, WII.I go well beyond .Current upper
Sun. The overall system length is about 19 meters. The focal length is of P@UNds on the axion-photon coupling from CAST

m for the line equipped with the XMM optics, and of 5 m for the custom-maggnd astrophysics, and venture deep into unexplored
optics. areas, in particular probing a large fraction of QCD
axion models in the meV to eV mass band. This region encompasses the values invoked to solve the transparency
anomaly, and the ones solving the stellar cooling anomalies, as well as a number of other possible hints. It also
includes some of the axion models that can account to the totality of dark matter. Most of this region can only be
reached realistically by using the helioscope technique, and therefore the BabylAXO/IAXO program is unique in
the wider landscape of experimental axion searches. In the case of a positive detection, (Baby)IAXO will permit
high-precision measurements campaigns to determine axion parameters and getting further insight into the underlying
axion models. In any case, IAXO is bound to play an important role in the future of axion and ALP research, with
potential for a discovery, already at the BabylAXO stage.

The CAPA group in IAXO plays a central role in the IAXO collaboration, as continuation of the long trajectory of
research in the CAST experiment at CERN, that culminated with the IAXO path nder system that took data in CAST
in the last data taking campaigns of the experiment. CAPA researcher and IAXO spokesperson Igor G. Irastorza was
a recipient a ERC-AdG in 2019-2024 that has allowed to push BabylAXO to construction phase. The CAPA group
leads the conception, design and construction of the low background Micromegas detectors for the two BabylAXO
focal points. In this respect, IAXO-D1, the rst prototype with form-factor fully compatible with the BabylAXO
geometry was nalized in 2022. Two replicas of such prototype are now taking data, one underground at the LSC,
and the other one at the IAXOlab of CAPA, with the goal to provide insight on the background components. CAPA
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members are also leading the software and radiopurity working groups of the collaboration.

3.1.1 | Achievements in 2024

In 2024 the collaboration has continued preparing many of the experiment's subsystems for construction. Most
importantly, substantial progress has been achieved clarifying the critical issues that were threatening the magnet
construction timetable. On one side, a road-map to procure aluminum-stabilized superconducting cable is now
established, and rst productions are ongoing. On the other side, a roadmap for the full construction of the BabylAXO

is also getting established, and discussions are ongoing with CERN at this respect. The updated conceptual design of
the BabylAXO magnet, together with rm estimations of costs and schedule were successfully reviewed by a external
panel of experts in April-2024. Other important achievements for 2024, particularly those involving work at CAPA,
are the following.

1. In 2023, the new IAXO-D1 setup was installed underground at the LSC (a picture of it during installation is
shown in Fig. 3.4, right). During the data taking campaign of 2023, the main conclusions were that running
with Xe, a background level df5.5 1.0) 10 / nfu! was measured, while running with Ar an even lower
level of about(1.7 0.5) 10 7 nfu was obtained. The unexpectedly high result with Xe, which a priori is
preferred to avoid th&’Ar present in natural Ar gas, suggested the presence of radon in Xe data, as the detector
is operated in closed loop with moisture and oxygen lters, known to emaif8Rn. To investigate this
issue, the data taking continued in 2024 using Ar with di erent circulation conditions and gain modes. When
operating in closed loop, the measured background ley®.5 0.8) 10 7 nfu, whereas, in open-loop
operation, itig1.8 0.3) 10 ’nfu. Additionally, when the detector was operated in low-gain mode, which
involves reducing the ampli cation of the signal, alpha particle contamination levels of (10-20)°Rugne
measured in closed loop, compared to an estimated activity < 1%8ig/wpen-loop. These results con rm
that the intrinsic background level of IAXO-D1 in Ar meets BabylAXO's requirements and reinforce the

Figure 3.4:1AX0-D1 setup at the LSCLeft: Picture with the lead shielding opened. The di erent components of the experimental setup are
labeled.Right: Picture of one of the shielding con gurations tested, with a lead wall in front of the calibration system.

Infu  normalized ux units counts/keV/cri/s
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