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Abstract. The strong interaction of charged antikaons (K− ) with nucleons and nuclei
in the low-energy regime is a fascinating topic. The antikaon plays a peculiar role in
hadron physics due to the strong attraction antikaon-nucleon which is a key question for
possible kaonic nuclear bound states. A rather direct experimental access to the antikaonnucleon scattering lengths is provided by precision X-ray spectroscopy of transitions to
low-lying states in light kaonic atoms like kaonic hydrogen and deuterium. After the
successful completion of precision measurements on kaonic hydrogen and helium isotopes by SIDDHARTA at DAΦNE/LNF, new X-ray studies with the focus on kaonic
deuterium are in preparation (SIDDHARTA2). In the future with kaonic deuterium data
the antikaon-nucleon isospin-dependent scattering lengths can be extracted for the ﬁrst
time. An overview of the experimental results of SIDDHARTA and an outlook to future perspectives in the SIDDHARTA2 experiments in this frontier research ﬁeld will be
given.

1 Introduction
Hadronic atoms are belonging to the group of exotic atoms in which instead of an electron a heavier
particle is bound in the atom. In the case of hadronic atoms pionic and kaonic atoms were studied
for a wide range of elements (see reviews [1]). In these systems the low-energy strong interaction
of Goldstone bosons with nucleons and nuclei can be studied experimentally with high accuracy.
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Especially the lightest hadronic atoms (i.e. hadronic hydrogen and helium isotopes) are of great
interest for understanding the fundamental strong interaction in the framework of modern theory.
With light kaonic atoms like kaonic hydrogen/deuterium one is able to study the low-energy strong
interaction involving the strange quark. Due to the mass of the strange quark (more than one orderof-magnitude heavier than the up and down quarks but much lighter than the next quark generations)
it provides access to spontaneous and explicit symmetry breaking related to the mass generation.
There are several sources of information about the low-energy strong interaction with strangeness:
Scattering data in elastic, charge exchange and hyperonic channels, branching ratios of inelastic
processes (K− p capture) and last-but-not-least data from the X-ray spectra of kaonic atoms (hadronic
shift and width).
In contrast to kaon scattering data and branching ratios (no new data are available) new and precise data on X-ray transitions in light kaonic atoms were obtained by the SIDDHARTA experiment
recently. The availability of high quality K− sources like DAΦNE/LNF and high resolution solid
state X-ray detectors lead to a remarkable progress in the study of light kaonic atoms. The electronpositron collider DAΦNE plays a crucial role as a world-wide unique source of nearly mono-energetic
low-energy K− from the Φ vector meson decay.

2 Lightest kaonic atoms
The measurement and results of experiments on the lightest kaonic atoms are presented in the following.
2.1 Measurement of X-ray transitions

The lightest hadronic atoms with strangeness are kaonic hydrogen (K− p), kaonic deuterium (K− d) and
kaonic helium isotopes (3 He, 4 He) in which one can study the antikaon (K− )-nucleon interaction in an
bound state, i.e. at lowest energies, in a fairly direct way. A big advantage is the rather direct access
to the strong interaction observables - the shift  and width Γ of low-lying states.
The experimental method used is precision X-ray spectroscopy of the K transitions (Lyman series)
np-1s (kaonic hydrogen) or L transitions (Balmer series) nd-2p (kaonic helium) X-ray transitions
respectively. The shift is given by the deviation from the pure electromagnetic transition energy which
can be calculated with suﬃcient precision. It has to be noted that only the lowest quantum states are
showing measurable eﬀects caused by strong interaction (e.g. ground state 1s in the case of kaonic
hydrogen).
2.2 Experimental data on K− p interaction
2.2.1 SIDDHARTA experiment

In the SIDDHARTA experiment at DAΦNE/LNF the X-ray transitions in kaonic hydrogen and helium atoms were measured with a cylinder-shaped array of 144 Silicon Drift Detectors (SDDs) [2]
surrounding a cryogenic gas target with pure hydrogen or helium ﬁllings. These SDDs have an active
area of 100 mm2 providing a large solid angle, high intrinsic eﬃciency in the region of interest, very
good energy resolution (ΔE ∼ 150 eV at 5.9 keV) and timing capability. Especially important is the
timing capability of SDDs in order to overcome a limitation of the former DEAR experiment which
suﬀered from the high asynchronous background. With the time correlation between the incoming K−
and the emitted X-ray the asynchronous background can be suppressed by orders of magnitude. The
layout and detailed information of the experiment can be found in [3].
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Figure 1. Measured X-ray spectrum of kaonic
hydrogen with background components removed. The
calculated e.m. position of the Kα line is indicated by
a dashed line.

2.2.2 X-ray spectrum

The SIDDHARTA experiment [4] measured the X-ray spectrum of kaonic hydrogen in a gaseous
target (see Fig. 1). We could also deduce the yields for Kα =0.012+0.003
−0.004 and the yield for all K
transitions Ktot =0.045+0.009
[5]
which
is
very
important
for
the
theory
of
the electromagnetic cascade.
−0.012
The deviation of the measure transition energy Emeas.
np→1s from the pure electromagnetic transition
calc.
energy Enp→1s of the Lyman lines and the line broadening due to strong interaction was determined.
meas.
calc.
− Enp→1s
1s = Enp→1s

(1)

A comparison of the results of recent experiments on kaonic hydrogen is given in the Fig. 2.

Figure 2. Hadronic shift and width from recent X-ray experiments on kaonic
hydrogen. KEK-PS E228 [6], DEAR [7] and SIDDHARTA [3]. One can see
that the SIDDHARTA delivered the most precise results up-to-now.

2.3 Open issue: Kaonic deuterium

In spite of the big success of SIDDHARTA some goals of new sophisticated experiments are still to be
met. Top priority has the measurement of the shift and width of the ground state of kaonic deuterium
providing the most stringent constraint on the isospin-dependent antikaon-nucleon interaction. This
information is heavily demanded by theory to test the current description in the framework of eﬀective
ﬁeld theory.
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Figure 3. Monte Carlo
simulation of the kaonic
deuterium X-ray spectrum [8]
in a realistic SIDDHARTA2
setup at DAΦNE. Here as
input parameters 1s =-800 eV
and Γ1s =800 eV and an
integrated luminosity of 600
pb−1 were used. The
signal-to-background ratio
Kα to background signals
amounts to 1:2.7.

KDKEKJ

In a ﬁrst attempt the X-ray spectrum with a pure deuterium ﬁlling was measured by SIDDHARTA.
We could not deduce the shift and width values but we obtained an upper limit for the K X-ray yield.
The total yield was found to be <0.0143, the yield of Kα < 0.0039 [9].
For the SIDDHARTA2 experiment a strongly improved apparatus was designed and is in preparation: Optimized geometry and target density, K+ discrimination, active shielding, operation of SDDs
at lower temperature for improved timing performance. The expected X-ray energy spectrum according to Monte Carlo study is shown in Fig. 3.

3 Antikaon-nucleon scattering lengths
The precise determination of the strong interaction parameters is essential to determine the K− -p
scattering length a p . For the extraction of a p the Deser-Trueman formula [10] was used:
i
1s + Γ1s = 2α3 μ2c a p ,
(2)
2
where α is the ﬁne structure constant and μc the reduced mass.
This simple formula 2 had to be reﬁned in order to take into account Coulomb corrections. An
improved Deser-type formula was accordingly developed [11]:
i
1s + Γ1s = 2α3 μ2c a p (1 − 2αμc (lnα − 1)a p ),
(3)
2
from the knowledge of a p one gets the sum of isospin 0 a0 and isospin 1 a0 scattering lengths:
a p = a0 + a1 .

(4)

In order to extract the isospin scattering lengths a0 and a1 the values of hadronic shift and width of
kaonic deuterium are mandatory giving the information on the K− n scattering length which is related
to a1 .
K − n = a1 .
01017-p.4
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Figure 4. Results on the shift 2p and
width Γ2p of the 2p level in kaonic
helium obtained in X-ray
experiments. The old experiments
[13, 14] revealed an average of
2p =43±8 eV for kaonic 4 He whereas
the results of the recent SIDDHARTA
experiments [15] give a small shift in
agreement with theory.

From the kaonic deuterium data using equ.3 one can determine analog to kaonic hydrogen aK − d . and
subsequently with equ.4 the isospin scattering lengths a0 and a1 .
aK − d =

4[mN + mK ]
Q + C,
2[mN + mK ]

(6)

1
1
(7)
[aK − p + aK − n ] = [a0 + 3a1 ].
2
4
However, several corrections like multiple scattering have to be considered which are still matter of
theoretical studies [12].
Q=

3.1 Kaonic helium isotopes

The study of kaonic helium isotopes opens the access to the interaction of antikaons with simple
nuclei. In kaonic helium the Balmer X-ray transtions (e.g. 3d → 2p) are in a similar energy range like
the kaonic hydrogen Lyman lines. The big advantage of kaonic helium is the much higher X-ray yield
compared to kaonic hydrogen. Therefore, in SIDDHARTA the measurement of kaonic helium-4 was
also used as check of the experiment but has also high importance for the understanding of the physics
involved. SIDDHARTA also succeeded to measure the 2p state shift 2p [15] and width Γ2p [16] of
kaonic He-4 and He-3 (ﬁrst time measurement of kaonic helium-3 X-ray spectrum). The large shift
found in old experiments can be ruled out (see Fig. 4). However, theoretical studies yielded a possible
2p state shift of up to ∼ 10 eV and a isotopic diﬀerence between K− He-3 and K− He-4 [17] under the
assumption of the existence of kaonic nuclear bound states. A possible (small) isotopic diﬀerence
between kaonic He-3 and He-4 cannot be ruled out by the SIDDHARTA data. Additionally the X-ray
yields of the L transitions in kaonic helium were extracted [18] from the SIDDHARTA data which are
valuable input for theoretical cascade models.

4 Outlook to new experiments
The SIDDHARTA experiment at DAΦNE ﬁnished the kaonic hydrogen data analysis recently and obtained values of the low-energy strong interaction parameters of kaonic hydrogen with unprecedented
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accuracy. Therefore, crucially improved constraints for the theory are available now. The impact
of SIDDHARTA on the theoretical work on the K− -nucleon interaction at threshold is remarkable.
Subsequently a consistent picture was achieved using eﬀective ﬁeld theory with coupled channels and
putting together various sources of information on the antikaon-nucleon interaction [19]. In spite of
the big success of SIDDHARTA an extremely important information is still open - the case of kaonic
deuterium has the highest priority for the SIDDHARTA follow-up experiment SIDDHARTA-2.
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