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Abstract. The strong-interaction shifts and widths of kaonic hydrogen, deuterium, 3 He,
and 4 He were measured in the SIDDHARTA experiment. The most precise values of
the shift and width of the kaonic hydrogen 1s state were determined to be ϵ1s = −283 ±
36(stat) ± 6(syst) eV and Γ1s = 541 ± 89(stat) ± 22(syst) eV. The upper limit of the kaonic
deuterium Kα yield was found to be ≤ 0.39%. In addition, the shifts and widths of the
kaonic 3 He and 4 He 2p states were determined to be ϵ2p (3 He) = −2 ± 2(stat) ± 4(syst)
eV and Γ2p (3 He) = 6 ± 6(stat) ± 7(syst) eV; ϵ2p (4 He) = +5 ± 3(stat) ± 4(syst) eV and
Γ2p (4 He) = 14 ± 8(stat) ± 5(syst) eV. These values are important for the constraints of the
low-energy K̄N interaction in theoretical approaches.

1 Introduction
X-ray spectroscopy of kaonic atoms plays an important role on the fundamental study of the K̄N interaction in the low energy regime. Currently the most interesting topics in this field are measurements
of the shifts and widths of the kaonic hydrogen and deuterium 1s states, which are needed for the
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extraction of the isospin dependent scattering lengths (a0 and a1 ). However, these measurements are
diﬃcult because of low X-ray yields and large broadening of the peaks.
To overcome this diﬃculty, new experimental technique was developed by the SIDDHARTA collaboration. Using large-area silicon drift detectors, together with the unique characteristics of the
kaon production in the DAΦNE e+ e− collider, X-rays from kaonic hydrogen (and deuterium) were
measured with an excellent energy resolution and a good signal-to-background ratio. In addition, we
also measured the shifts and widths of the kaonic helium isotope 2p states using gaseous targets for
the first time. Detailed descriptions of the experimental methods and the data analysis were reported
in [1–5]. Here, we summarize the experimental results obtained in the SIDDHARTA experiment,
along with historical overview.

2 Kaonic hydrogen and deuterium

Figure 1. The energy spectra of kaonic hydrogen measured in the
SIDDHARTA experiment. (b) shows the energy spectrum without
subtraction of the background. The kaonic hydrogen X-ray lines are
seen as bumps around the 6-10 keV region. Together with the kaonic
hydrogen X-ray signals, several X-ray lines were observed, which
were identified as kaonic atom X-rays produced in Kapton. (a) shows
the energy spectrum of kaonic hydrogen with subtraction of the
continuous background and the kaonic atom X-rays produced in
Kapton. The strong-interaction shift and width of the kaonic
hydrogen 1s state were determined by the fit of the Kα and Kβ lines.

There was a serious discrepancy in the sign of the strong-interaction shift of the kaonic hydrogen
1s state. A negative sign is expected in the data analysis of the scattering experiments, while earlier
experiments on kaonic hydrogen X-ray spectroscopy gave a positive shift. This discrepancy was
known as “the kaonic hydrogen puzzle” [6].
This puzzle was solved by measuring a negative shift in the KpX [6] and DEAR [7] experiments.
However, the results of these experiments are not fully consistent. Thus a new precise determination
of the shift and width of kaonic hydrogen was awaited to constraint theoretical parameters in the K̄N
interaction close to threshold [8].
The SIDDHARTA experiment was performed using large area silicon drift detectors (SDDs) [9]
at LNF (Italy). Since the SDDs have a good timing information, beam background can be eﬀectively
suppressed together with the detection of K + K − pairs in coincidence [1]. Figure 1(b) shows the
energy spectrum of kaonic hydrogen measured in the SIDDHARTA experiment. X-ray signals from
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kaonic hydrogen are seen as bumps around the 6-10 keV region. In addition to the kaonic hydrogen
X-rays, several peaks were observed, which were produced in the target window material made of
Kapton [1, 10]. Since Kapton contains carbon, nitrogen, oxygen, X-ray transitions from kaonic carbon
(K − C), nitrogen (K − N) and oxygen (K − O) were observed [10].
Figure 1(a) shows the energy spectrum of kaonic hydrogen after subtracting the X-ray lines from
Kapton and the continuous background. The energy shift and broadening of the kaonic hydrogen
peaks were determined by the fit of the energy spectrum. Compared to the QED calculated value, the
strong-interaction shift of the kaonic hydrogen 1s state was determined to be
ϵ1s = −283 ± 36(stat) ± 6(syst) eV.

(1)

The 1s state width was determined to be
Γ1s = 541 ± 89(stat) ± 22(syst) eV.

(2)

These values are very important for the constraints of the low-energy K̄N interaction. Theoretical
calculations using the SIDDHARTA results have been performed, providing new results on the K̄N
interaction at the low-energy regions (e.g., [11, 12].)
The first measurement of kaonic deuterium was performed [2]. However, due to the limited signalto-background ratio, no clear signals from kaonic deuterium were observed. Using expected values
of the shift and width of the kaonic deuterium 1s state, possible X-ray signals from kaonic deuterium
were extracted. Compared to Monte Carlo simulations, the upper limit of the kaonic deuterium Kα
yield was extracted as
Y(Kα) < 0.0039 (C.L. 90%).
(3)
This is consistent with theoretical predictions in cascade models.

3 Kaonic 3 He and 4 He
There was a discrepancy in the shift of the kaonic 4 He 2p state [13]. Earlier experiments on kaonic
4
He determined a large shift (−40 ± 8 eV in average), while an estimated shift derived from kaonic
atom data with Z > 2 is very small (∼ 0 eV). This inconsistency was known as “ the kaonic helium
puzzle”. Related to deeply bound kaonic nuclei, a possible large shift of the order of 10 eV was
estimated either in kaonic 3 He or 4 He 2p states [14]. Thus, precise measurements both of kaonic 3 He
and 4 He were of interest.
The KEK E570 experiment measured kaonic 4 He X-rays with better precision, giving a rather
small shift [15]. Although this value is consistent with theoretical estimations, confirmation of this
result is needed to clarify the situation.
In the SIDDHARTA experiment, both kaonic 3 He and 4 He X-rays were measured using a gaseous
target for the first time [3–5]. All the previous experiments used a liquid target, requiring a correction
of the Compton scattering in helium, whereas the Compton scattering is negligible in the case of the
gaseous target. The X-ray peaks of the kaonic 3 He and 4 He 3d → 2p transitions were fitted using the
Voigt functions. Compared to the QED calculated values, the strong-interaction shifts and widths of
the kaonic 3 He and 4 He 2p states were determined to be
ϵ2p (3 He) = −2 ± 2(stat) ± 4 (syst) eV
ϵ2p (4 He) = +5 ± 3(stat) ± 4 (syst) eV

and
and

Γ2p (3 He) = 6 ± 6(stat) ± 7 (syst) eV;
Γ2p (4 He) = 14 ± 8(stat) ± 5 (syst) eV.

(4)
(5)

These values are in good agreement with the theoretically estimated values, while they are much
smaller than the values determined by the earlier experiments [3–5]. No abnormal shift or width was
found both in kaonic 3 He and 4 He. Thus, the “kaonic helium puzzle” was solved both in the shift and
width, for the first time.
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4 Summary
The SIDDHARTA experiment measured the X-rays from light kaonic atoms ranging from hydrogen to
4
He using newly developed large area SDDs. Using the time information of the SDDs and the K + K −
pairs produced by DAΦNE, X-ray energy spectra of kaonic atoms were obtained with an excellent
energy resolution and good signal-to-background ratios. As a result, the most precise values of the
shift and width of the kaonic hydrogen 1s state were determined. The first measurement of kaonic
deuterium was performed, giving the upper limit of the kaonic deuterium Kα yield. In addition, both
the shifts and widths of the kaonic 3 He and 4 He 2p states in gaseous targets were determined for the
first time. In conclusion, new precision era of experiments on the strong interaction with strangeness
at DAFNE/LNF-INFN was successfully created. An upgraded experiment, which is designed for the
observation of kaonic deuterium X-rays, is planned in SIDDHARTA-2 at LNF [2].
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