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Kaonic atoms, formed when a negatively charged kaon replaces an electron, provide a unique laboratory
to test fundamental interactions at low energies. EXKALIBUR (EXtensive Kaonic Atoms research: from
LIthium and Beryllium to URanium) is a program to perform systematic, high-precision X-ray spec-
troscopy of selected kaonic atoms across the periodic table at the DA®NE accelerator at the National
Laboratory of Frascati. Here, we outline its detector-driven strategy: silicon drift detectors for 10-40 keV
transitions in light targets (Li, Be, B, O), CdZnTe detectors for 40-300 keV lines in intermediate-Z sys-
tems (Mg, Al, Si, S), and a high-purity germanium detector for high-Z atoms (Se, Zr, Ta, Mo, W, Pb),
complemented by VOXES, a high-resolution crystal spectrometer for sub-eV studies. EXKALIBUR
plans to (i) reduce the charged-kaon mass uncertainty below 10 keV, (ii) produce a database of nuclear
shifts and widths to constrain multi-nucleon K~ -nucleus interactions models, and (iii) provide preci-
sion data for testing bound-state quantum electrodynamics in strong fields. We summarize the planned
measurements and expected sensitivities within DA®PNE luminosities.
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1. Introduction

A kaonic atom forms when a free negatively
charged kaon (K ™) is captured by an atomic nu-
cleus and replaces an atomic electron [1]. Because
the kaon is about 966 times heavier than the elec-
tron, the atom forms in a highly excited state and
decays to its ground state through a cascade pro-
cess [2] (see Fig. 1). The Auger process dominates
in the early part of the cascade [3], ejecting elec-
trons from the atom. Radiative emission dominates
at lower levels, where energy differences fall in the
X-ray range, until the final stage, when the kaon is
absorbed by the nucleus [4].

During the cascade, the kaon probes different ra-
dial distances from the nucleus. These distances
define the scale of the fundamental interactions it
experiences. Far from the nucleus, quantum elec-
trodynamics (QED) dominates the transition en-
ergies. Closer to the nucleus, quantum chromody-
namics (QCD) contributes, and in the final cascade
levels, QCD becomes dominant, causing observable
shifts and broadenings in the X-ray transition lines.
Kaonic atoms thus allow simultaneous studies of
QED and QCD effects at low energies by select-
ing suitable atoms and X-ray lines. Recently, it has
been shown that they can also be used to search for
physics beyond the standard model (BSM) [5].

For instance, the kaonic hydrogen (Kp, with
K for K~) measurement [6] by SIDDHARTA
experiment [7] at the INFN National Labora-
tory of Frascati (INFN-LNF) using the DA®NE
accelerator [8, 9] yielded a 1s level shift
of €15 = —283 £ 36 (stat) = 6 (syst) eV and width
I's = 541 £ 89 (stat) + 22 (syst) €V, tightly con-
straining KN amplitudes at threshold. In he-
lium, SIDDHARTA measured the 3d — 2p tran-
sitions of 3He and *He [10], constraining the 2p
strong-interaction effects (for example, 3He shift
—2 + 2 (stat) =4 (syst) eV), providing an impor-
tant cross-check of theoretical and cascade models.
The next crucial step is kaonic deuterium (Kd) [11];
combining Kp and Kd results allows the deter-
mination of the isospin-dependent KN scattering
lengths. SIDDHARTA-2 experiment is now opti-
mized to observe and measure the 1s level shift and
width, induced by the strong interaction of Kd with
target precisions of ~ 30 eV (shift) and ~ 100 eV
(width) [12].

Beyond hadronic physics, kaonic atoms have re-
cently proven to be an excellent platform for study-
ing QED in bound-state systems (BSQED) [13], as
shown with kaonic neon [14, 15]. Traditionally, such
studies have focused on highly charged ions [16, 17],
where removing nearly all electrons suppresses elec-
tronic correlation effects and isolates clean tran-
sitions, allowing QED contributions to be tested
at parts-per-million level precision and beyond. Ex-
otic systems (u~, 7=, K~, p) offer a competitive
alternative for BSQED studies [18-20], where finite
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Fig. 1. Cascade level structure showing the main

de-excitation mechanisms: Auger emission dominat-
ing the initial stages, followed by radiative X-ray
transitions, and nuclear absorption occurring at the
lowest, 1s level of the cascade.

nuclear size (FNS) effects can be reduced by select-
ing suitable atoms and transition lines between cir-
cular states (i.e., states with £ =n — 1).

Despite major advances, experimental coverage
remains limited. Precision data exist mainly for hy-
drogen and helium, while a systematic, detector-
matched survey across light, intermediate, and
heavy elements is still missing. Such a survey is
essential to separate hadronic and QED contri-
butions with BSQED-level accuracy. The ongoing
SIDDHARTA-2 upgrades address the key challenge
of kaonic deuterium [11], and a broader coordinated
program has now been launched.

We introduce EXKALIBUR (EXtensive Kaonic
Atoms research: from Llthium and Beryllium to
URanium), a detector-based campaign to build
a periodic-table dataset of kaonic-atom transi-
tions. The experiment uses silicon drift detectors
(SDDs) [21, 22] for 10-50 keV lines in light tar-
gets, cadmium zinc telluride (CZT) [23] detectors
for 50-300 keV lines in intermediate Z targets,
high-purity germanium (HPGe) [24] detectors for
high-Z transitions, and the VOXES crystal spec-
trometer [15, 25] for sub-eV precision X-ray mea-
surements. EXKALIBUR aims to provide: (i) a
precise determination of the kaon mass with total
uncertainty below 10 keV; (ii) a database of nu-
clear shifts and widths to constrain multi-nucleon
K~ -nucleus interaction models; (iii) precision data
for testing bound-state QED in strong fields. This
work presents the concept, supporting calculations,
and a preliminary measurement plan.

The article is structured as follows. Section 2 de-
scribes the methodology, including the proposed
measurements, the calculation approach, and the
cascade framework that can be used to select
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Proposed kaonic atom measurements by EXKALIBUR compared with those performed by SID-

the detector technology best suited to each transition

energy range: silicon drift detectors (SDDs) for 10-50 keV (red), cadmium zinc telluride (CZT) for 40-300 keV
(green), and high purity germanium (HPGe) for 100-600 keV (blue).

optimal transitions. Section 3 covers the physics
perspectives of EXKALIBUR, focusing on the kaon
mass, low-energy QCD constraints from transi-
tion shifts and widths, and BSQED opportunities.
Section 4 presents the conclusions and possible out-
looks for EXKALIBUR.

2. The EXKALIBUR proposal

The EXKALIBUR proposal seeks to systemati-
cally study QCD and BSQED by performing X-ray
spectroscopy of selected transitions of kaonic atoms
across the periodic table, extending the investiga-
tion to heavier elements. As the atomic number
(Z) increases, the transition lines shift to higher
energies, scaling approximately as ~ Z2, thus re-
quiring different detector technologies optimized
for specific energy ranges. The detectors planned
within EXKALIBUR (SDDs, CZTs, and HPGe),
along with the selected kaonic atoms and their
comparison with SIDDHARTA, are summarized
in Fig. 2. Below, we provide details for each detec-
tor class, the corresponding measurements, and the
required luminosity with the DA®NE accelerator at
INFN-LNF.

Efforts have already been made with
SIDDHARTA-2 to extend the operating range
of SDDs up to 50 keV. Further development is
currently ongoing at POLIMI in Milan, in col-
laboration with the Bruno Kessler Foundation
(FBK), to enhance the efficiency of these detectors
by increasing the active thickness from 450 pm
to 1 mm [26]. This improvement leads to higher
efficiency in the 10-40 keV range, with an energy

resolution of 150-200 eV. These detectors will be
designed to study solid targets such as Li, Be and
B and, additionally, O, aiming for a precision of

2-3 eV over a period of 2-3 months (~ 150 pb~1).

To accommodate solid targets, a dedicated setup
is being developed, as shown in Fig. 3, featur-
ing a conical geometry optimized to maximize
the solid angle, as supported by Monte Carlo

simulations.

For heavier elements, kaonic atoms such as Mg,
Al, and Si have transitions in the 50-300 keV range.
For this purpose, CZT detectors are more suitable,
offering higher detection efficiency at these ener-

gies (e.g., 100% at 63 keV and 70% at 162 keV).

Prototypes have been developed by IMEM-CNR
in Parma in collaboration with the University of
Palermo and INFN-LNF. These detectors were in-
stalled at the interaction point of DA®NE, and their
first characterization was performed in preparation
for future kaonic atom measurements [23]. For even
heavier elements such as lead, a high-purity p-type
germanium (HPGe) detector [24] was preliminarily
used to measure transitions in KPb (9-8, 8-7) with

a precision better than 5 eV.

Additional efforts will be

X-ray emission lines [15].
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initiated by
EXKALIBUR to further enhance the energy
resolution using crystal detectors. At INFN-LNF, a
crystal spectrometer employing a graphite mosaic
crystal for large sources has been developed. The
VOXES spectrometer [25], operating in the Von
Hamos configuration, is capable of measuring
X-rays in the 5-20 keV range with a precision
below 0.1 €V and a tunable energy resolution in the
1-10 €V range, featuring a dynamic range of 600 eV
that enables the simultaneous study of multiple
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Adapted SIDDHARTA-2 setup for the EXKALIBUR campaign with SDDs, equipped with solid Li,

Be, and B targets. The apparatus integrates a cylindrical target cell and the 1 mm SDD X-ray detectors.

Experimental searches and data analysis in
EXKALIBUR will be supported by theoretical
calculations, which will assist in the identifica-
tion of transitions and broaden the impact of
the experimental results. Calculations are being
performed using the multiconfigurational Dirac—
Fock from general matrix elements (MCDFGME)
code [27, 28]. Within the MCDFGME framework,
transition energies are obtained as the difference in
total energies from the self-consistent solution of
the Klein—Gordon equation for the kaon-atom sys-
tem with reduced mass p. Several properties can be
calculated, including contributions to the transition
energies, recoil terms, finite nuclear size (FNS) ef-
fects, and electronic screening effects. An additional
key factor, particularly for kaonic atoms, is the un-
certainty in the kaon mass. The MCDFGME code
enables the calculation of the derivative of the tran-
sition energy with respect to the kaon mass, which
is essential for propagating kaon mass uncertain-
ties, as recently investigated by SIDDHARTA for
KNe [29].

Further theoretical developments will involve us-
ing MCDFGME results as input for cascade simu-
lations [30].

3. Perspectives for EXKALIBUR

Building on the proposed experimental and the-
oretical framework, the EXKALIBUR project can
open new perspectives in the study of fundamen-
tal interactions. Its impact will span precise kaon
mass measurements, the characterization of low-
energy QCD effects, and tests of BSQED in strong
fields.

The first aspect that EXKALIBUR plans to ad-
dress is the kaon mass. This was already demon-
strated during the 2023 data-taking campaign with
neon, conducted in preparation for the KD mea-
surement [14]. By combining the 7-6 and 8-7
transitions, a statistical uncertainty of 18 keV
was achieved [29] (see Fig. 4). This result is
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Fig. 4. Residuals of kaon mass determinations

from past experiments compared with the result ob-
tained by SIDDHARTA-2 in kaonic neon. The sta-
tistical (orange) and systematic (blue) uncertainties
are shown, along with the total uncertainty (black)
and the expected precision (< 10 keV) achievable
with EXKALIBUR (green).

already comparable to the two most precise existing
measurements [31, 32] in the Particle Data Group
(PDQG) [33]. EXKALIBUR has planned a dedicated
measurement on KNe to reduce the total uncer-
tainty below 10 keV (see Fig. 4). This will be
achieved by constructing a setup specifically opti-
mized for KNe, as the 2023 KNe measurement was
designed as a preparatory step for the subsequent
Kd measurement. Using a dedicated and optimized
setup for KNe will improve the efficiency by a fac-
tor of two, while an additional factor of two will be
gained by doubling the total integrated luminosity
from 150 to 300 pb~!, corresponding to about one
month of data taking. Finally, the systematic un-
certainty will be reduced below 0.1 eV through a
dedicated calibration system based on known fluo-
rescence reference lines, such as Ti and Co, for the
7-6 and 87 KNe transitions. This will yield a total
uncertainty below 0.2 €V and a corresponding kaon
mass uncertainty below 10 keV.
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TABLE I

Calculated transition energies for the planned kaonic atoms to be measured with EXKALIBUR using SDD and
CZT detectors. Reported are the transition energy, QED contributions (divided into first and second orders),
recoil, finite nuclear size (FNS), kaon mass (PDQG), and 1s-electron screening corrections. All values are in V.

Kaonic atom | Transition | Calculated QED QED1 QED2 | Recoil FNS PDG Screen
K°Li 3d-2p 15152.26 50.95 50.60 0.35 0.05 0.17 | 0.37 —0.11
K™Li 3d-2p 15329.91 52.02 51.66 0.36 0.05 0.15 | 0.38 —0.08
K°Be 3d-2p 27708.39 | 116.86 | 116.05 | 0.81 0.12 1.04 | 0.69 —0.09
K''B 3d-2p 43567.22 | 212.06 | 210.58 | 1.48 0.27 3.60 | 1.09 —0.11
K'B 3d-2p 43767.03 | 213.61 | 212.12 1.49 0.25 3.57 | 1.10 —0.09
K0 4f-3d 39754.20 160.72 | 159.62 1.11 0.19 0.10 1.02 —0.02

K?*Mg 4f-3d 90553.64 | 474.71 | 471.41 | 3.30 0.67 0.38 | 2.34 —0.01
K?7Al 4f-3d 106567.96 | 584.65 | 580.56 | 4.09 0.83 096 | 2.76 —0.01
K?8Si 4f-3d 123719.40 | 706.29 | 701.32 | 4.96 1.08 2.58 | 3.21 —0.01
K3%3 4f-3d 162071.29 | 991.27 | 984.23 | 7.04 1.64 | 10.45 | 4.21 —0.02

For heavy elements, Pb measured with an HPGe
detector could be used as an additional cross-check
for existing measurements on metallic targets (i.e.,
Pb) [32], thanks to its several high-yield lines. This
serves as an alternative and complementary bench-
mark for the kaon mass determination. In this case,
the remaining electrons inducing screening effects
on the transitions can be accurately accounted for
using the MCDFGME code.

The planned measurements on heavier elements
will provide new insights into QCD at low ener-
gies, particularly in kaon multi-nucleon interactions,
where current theoretical models still struggle to re-
produce the experimental results [34-37].

Measurements on %7Li, Be, and %' B will pro-
vide a rich description of the QCD shift and width
across different isotopes. In particular, for the 3d—2p
transitions, the shift and width of the 3d level will
induce observable effects on the transition line (see
Table I). This will constrain models of the QCD
interaction.

For heavier elements, planned measurements with
CZT will investigate pending open issues regarding
kaonic sulfur, which still show discrepancies with
certain models [36].

For higher Z, nuclear effects can be investigated
through nuclear resonance effects, as in the case
of Mo isotopes, which are already extensively dis-
cussed in the KAMEO (Kaonic Atoms Measuring
nuclear resonance Effects Observable) proposal [38].

EXKALIBUR will also impact transitions where
QCD effects are absent, offering a valuable op-
portunity to study QED contributions to transi-
tion energies. The SIDDHARTA experiment has
already demonstrated that kaonic atoms are suit-
able for BSQED investigations [29]. This remains
highly relevant, as there is growing interest in
exploring QED expansion at intermediate atomic
numbers. Kaonic atoms present several advantages
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over other exotic systems, i.e., their larger mass
compared to the muon and pion enhances contri-
butions to the vacuum polarization diagram, am-
plifying the BSQED effect [18]. Unlike antiprotonic
atoms, which have an even higher mass, the spin-0
nature of the kaon simplifies the analysis by elim-
inating hyperfine splitting. Therefore, in addition
to the planned EXKALIBUR measurements, spe-
cific transitions can be selected to maximize the
BSQED effect while minimizing the FNS contribu-
tion. Additional tests could be performed by care-
fully choosing Z values and comparing experimental
results with QED predictions at matching precision
levels.

A further motivation for studying transitions
within the BSQED framework is the presence of
strong electromagnetic fields. Research in this area
focuses on transitions that exceed the Schwinger
limit, where the electric field experienced by the
exotic particle can trigger spontaneous emission of
electron—positron pairs [39]. Kaonic atoms of heav-
ier elements within EXKALIBUR will provide a
unique opportunity to explore such extreme sys-
tems and investigate QED effects in strong-field
regimes.

Moreover, establishing a comprehensive database
of kaonic atom transitions will support the develop-
ment of cascade codes required to predict transition
yields. Measuring multiple transition yields across
various elements in the periodic table will help con-
strain microscopic parameters of cascade calcula-
tions, such as the initial level and I-distribution, the
electron-shell population during the cascade, and
refilling effects [40, 41].

Finally, recent results [5] indicate interest in using
kaonic atom transitions to put bounds on hypotheti-
cal force mediators. Again, having a reliable dataset
of transitions and kaonic atoms will help constrain
mediators in the coupling-mass parameter space.
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4. Conclusions

In summary, we have presented the concept un-
derlying the EXKALIBUR proposal, which aims to
study a wide range of kaonic atoms across the pe-
riodic table to investigate QCD, QED, and BSM
physics.

We first presented the methodology proposed by
EXKALIBUR, highlighting that, unlike the SID-
DHARTA experiment with hydrogen and helium,
moving to heavier elements requires different de-
tector technologies. The various types of detectors
and their planned applications to specific kaonic
atoms were described, i.e., 1 mm SDDs for Li, Be,
B, and O; CZT for Mg, Al, S, and Si; and HPGe
for Se, Zr, Mo, Ta, W, and Pb. Additionally, the
use of the VOXES crystal spectrometer for sub-eV
spectroscopy was discussed. The MCDFGME code,
employed to support and analyze the data, was in-
troduced not only as a tool for interpreting results
but also for guiding future measurements. The con-
nection with ongoing developments in cascade simu-
lations, aimed at further supporting the experimen-
tal program, was also addressed.

We then outlined the perspectives of the proposed
EXKALIBUR measurements in relation to current
studies of fundamental interactions. In particular,
the proposed measurements of QCD-induced shifts
and widths will provide essential input for refin-
ing models of kaon—nucleon interactions and absorp-
tion processes. At the same time, the relevance of
BSQED precision studies at intermediate Z and in-
vestigations of strong-field effects was emphasized.
Finally, we highlighted the importance of construct-
ing a comprehensive database of kaonic atom transi-
tions to guide future research toward BSM physics,
by constraining the parameter space of hypothetical
mediators.

We conclude by underlining that part of these
measurements could also be realized at the J-PARC
Hadron facility. EXKALIBUR can contribute to ex-
ploring fundamental interactions at low energies.
Owing to the unique properties of kaonic atoms,
it will be possible to selectively study transitions
in which QCD, QED, and BSM effects are either
isolated or interrelated, thereby deepening our un-
derstanding of the fundamental forces of nature.
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