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Kaonic atom spectroscopy provides key observables for investigating low-energy strong interac-
tions in strange systems. In this paper, we present an overview of the SIDDHARTA-2 collabora-
tion’s activities in the field of kaonic atoms, with a particular focus on the development of a new
Cadmium-Zinc-Telluride (CZT) detector system for the study of intermediate-mass kaonic atoms.
This novel detection system, applied for the first time in fundamental physics research at a collider,
is designed to extend the energy range accessible in kaonic atom spectroscopy. We report on
the characteristics of the detector and the results of test measurements conducted at the DAΦNE
collider between 2022 and 2024.The tests demonstrated that the detector’s energy resolution,
efficient background rejection, and good timing performance make it ideal for performing kaonic
atom measurements.
The ultimate goal of these developments is to refine our understanding of kaon-multinucleon
low-energy strong interactions by providing high-precision measurements of intermediate-mass
kaonic atoms.
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1. Introduction

Kaonic atoms are a type of exotic atoms [1] formed when a negatively charged kaon, after
being stopped in matter, replaces an electron in an atomic orbit and binds to the nucleus through
electromagnetic interaction. This process occurs when the wave functions of the electron and kaon
overlap the most [2], resulting in the creation of a highly excited quantum state. The kaon then
undergoes a series of de-excitation processes, which are predominantly radiative in the final stages
of the cascade. In the energy levels closer to the fundamental state, the kaon and the nucleus begin
to experience strong interaction in addition to the electromagnetic one. In Figure 1, a scheme of
the cascade process of kaonic hydrogen atom is reported.

Figure 1: Scheme of Kaonic Hydrogen Cascade process. The shift (𝜖1𝑠 and the width (Γ1𝑠) due to the strong
interaction in the 1s level are indicated, together with the radiative transitions to the level that can be detected
through the spectroscopy (K𝛼, K𝛽, K𝛾).

From an experimental perspective, spectroscopic measurements of radiative de-excitation tran-
sitions provide a unique method to study at-threshold strong interaction with strangeness in these
systems. The effect of the additional interaction, indeed, manifests in a shift (𝜖) of the energy level,
and in an intrinsic width (Γ) of the level itself, that causes a broadening of the spectral line [3–5].

These two important observables can be connected to theory through the scattering lengths, key
quantities that describe the kaon-nucleon/kaon-multinucleon (K-N/K-multiN) low-energy strong
interaction. These quantities are predicted by chiral perturbation theory (𝜒PT), a low-energy
extension of Quantum Chromodynamics (QCD) [6, 7]. The experimental values derived from
kaonic atoms are a unique observable at-threshold, and can be used to both test and refine theoretical
models.

The SIDDHARTA-2 collaboration [3–5] is particularly active in kaonic atom studies at the
DAΦNE collider at Frascati National Laboratories (INFN-LNF). A significant contribution in this
field comes from the measurements of kaonic hydrogen performed by DEAR [8] and SIDDHARTA
[9], as well as the upcoming measurement of kaonic deuterium, the real target of the collaboration.
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This new measurement will finally help determine the isospin-dependent scattering lengths and
clarify the differences between kaon-proton and kaon-neutron interactions. Besides this important
goal, it is also crucial to explore the behavior of strong interactions in multinucleon systems. Moving
in this direction, the SIDDHARTA-2 collaboration has already measured the kaonic helium X-ray
spectrum [10]. The next step is to study light and intermediate-mass kaonic atoms. To investigate
the strong interaction in these systems, it is necessary to extend the energy range beyond that of the
current apparatus.

To achieve this, the SIDDHARTA-2 collaboration is pursuing two approaches: developing
state-of-the-art detectors for kaonic atom spectroscopy. For light-mass kaonic atoms (K-Li, K-Be,
K-B), the collaboration developed new 1mm SDDs [11] with an extended energy range compared
to those currently used in the experiment. For intermediate-mass kaonic atoms, A novel Cadmium-
Zinc-Telluride (CZT)-based detection system has been successfully developed and tested.

In the following chapter, we will briefly discuss why new measurements of intermediate-mass
kaonic atoms are required by the theoretical community, and in the third chapter we will report the
results of the CZT detector tests performed at DAΦNE.

2. Intermediate-mass Kaonic Atoms

Until now, theories on kaonic atoms and models of kaon interactions with nucleons have been
based on multiple fits to earlier measurements conducted with different target nuclei more than
three decades ago. These measurements, along with the detailed connection between the data fits
and the model describing K-multiN interactions, are reported in [12].

Among these measurements, conflicting results have been observed in transitions such as
kaonic aluminum and kaonic sulfur, while transitions like kaonic carbon suffer from large uncer-
tainties. These discrepancies lead to significant uncertainties in global fits, ultimately limiting our
understanding of kaon-nucleus interactions.

Furthermore, recent measurements of kaonic hydrogen [8, 9, 13] and helium [10, 14, 15] have
demonstrated that results from older experiments respectively on hydrogen [16–18] and helium [19–
21] were incorrect, casting doubt on the current understanding of low-energy strong interactions in
kaonic atoms.

Advancements in radiation detector technology over the past thirty years, combined with new
methodologies and the expertise of our group, could enable significant new measurements in the
field and greatly enhance our understanding of strong interactions in these systems [22].

3. Tests in DAΦNE

To conduct new experiments on intermediate-mass kaonic atoms, the SIDDHARTA-2 collabo-
ration is developing a new CZT detector system. As this is the first application of such a detector in
fundamental physics studies at a collider, it must undergo a series of crucial tests to verify its timing
performance − essential for kaonic atom studies at DAΦNE −, its resolution, and its resistance to ra-
diation damage. The first two tests were conducted to demonstrate the feasibility of the experiment,
as well as to estimate the resolution and background rejection factor. In June 2022, a first prototype
of a quasi-hemispherical CdZnTe detector system, with an active surface of 1 cm2, was placed at
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the DAΦNE collider, 43 cm from the interaction point [23]. The spectrum of a 241Am source
was measured, achieving peak resolutions of 6% at 60 keV and 2.2% at 511 keV. Additionally, a
trigger system was developed, based on time-of-flight kaon selection using the luminometer of the
SIDDHARTA-2 experiment [24] and on time difference measurements, to exploit the fast readout
of the detector and effectively suppress machine-related background. The detector was connected
to low-noise charge-sensitive preamplifiers with an equivalent noise charge of 100 electrons and
processed by digital electronics. The signals from the CdZnTe detector were acquired by two CAEN
DT5724 digitizers, controlled by custom firmware. The signals from the luminometer (LM) were
also acquired using the same digitizers for offline data selection when a charged kaon pair was
produced. The digital signals from the LM were processed by an ORTEC 566 Time-to-Amplitude
Converter (TAC) module. In Figure 2, a spectrum of the TAC, and an estimation of the background
rejection after the cuts showing 241Am spectra with different selections are reported.

A second test was conducted using four custom 13 × 15 × 5 mm3 quasi-hemispherical CdZnTe
detectors provided by Redlen Technologies (Saanichton, BC, Canada) [25], with a setup nearly
identical to the first, but placed 22 cm from the DAΦNE interaction point. The main goal of this
second test was to observe a time-coincidence peak between the CZT detectors and the luminometer,
demonstrating the good timing capability of the detector system and enabling the application of
a drift-time-based cut during the physics run, as was done in the SIDDHARTA kaonic hydrogen
measurement analysis [9]. The peak observed in the test is shown in Figure 2.

Finally, the last test conducted in 2024 with the same setuop using eight custom 13 × 15 ×
5 mm3 quasi-hemispherical CdZnTe detectors provided by Redlen Technologies and IMEM-CNR,
demonstrated the good stability of the apparatus after a long data-taking period at DAΦNE. It also
provided a reliable calibration method and a model for the electromagnetic background at DAΦNE
to which the CZT detector is exposed [26].

4. Conclusions

The SIDDHARTA-2 collaboration is working towards the measurement of intermediate-mass
kaonic atoms, which are important for the understanding of the strong interaction in K-multiN
systems. For this purpose, the collaboration has developed a new state-of-art Cadmium-Zinc-
Telluride (CZT) detector system, which is being applied for the first time in fundamental physics
research at a colliders.

The three tests conducted at the DAΦNE collider have successfully demonstrated the capabili-
ties of the CZT detector system for kaonic atoms spectroscopy. The first test confirmed the detector’s
excellent resolution and background rejection capabilities. The second test further validated the
timing performance of the system, showing the time-coincidence peak between the detector and the
luminometer. The third test, provided valuable insights into the stability of the apparatus over long
data-taking periods and established a reliable calibration method for the system.

These results indicate that the CZT detector system has the potential to significantly enhance
future measurements of intermediate-mass kaonic atoms. This will provide new measurements
important for the kaon-nucleon interaction and will contribute to refining the theoretical models
that describe low-energy strong interactions with strangeness.
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Figure 2: Up: A spectrum of the signal on the luminometer from the first test, and the correspondent kaon
selection (red) and minimum ionising particle-related background (green) [23].
Centre: Spectrum of a 241Am source recorded in the first test, with kaon selection (red) and MIP selection
(green), and then correspondent number of events, useful to estimate the background rejection capability
[23].
Down: Evidence of a time-coincidence peak between a signal on CZT detector and a signal on luminometer
observed in the second test [25].
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