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Abstract: Kaonic atoms measurements offer the key to unlock secrets of the low-energy QCD
in the strangeness sector, a field still largely unexplored. Their experimental studies allow to ac-
cess fundamental information, such as the antikaon-nucleon isospin dependent scattering lengths
which are, in turn, vital information for understanding the mechanism of chiral symmetry bre-
aking. In the past years, the studies of kaonic atoms received a big boost with the advent of new
experimental techniques, as those pioneered by SIDDHARTA, based on the use of fast Silicon
Drift Detectors for precision X-ray spectroscopy and of the ideal kaon beam offered by DA®NE.
The precision achieved by SIDDHARTA at DA®NE in measuring kaonic helium 3 and 4 and
kaonic hydrogen is unique. In this work we’ll present the results of the measurement of the strong
interaction induced shift and width of kaonic hydrogen 1s level, and the shift measurement of the
2p level for kaonic helium 3 (first measurement ever) and 4.
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1. Introduction

The strong interaction, described by the QCD in the framework of the Standard Model, is still
hiding many mysteries, especially in the low-energy limit, the so called non-perturbative regime.
Low energy phenomena in strong interactions are described by effective field theories, which con-
tain appropriate degrees of freedom to describe physical phenomena occurring at the nucleon-
meson scale. Chiral perturbation theory was extremely successful in describing systems like pionic
atoms, however it is not directly applicable for the kaonic systems, where non-perturbative coupled-
channel techniques can be used ([1]); these theories are still waiting to be verified by experimental
data. With the advance of the experimental techniques, both in the accelerator and detector sectors,
we are presently able to perform very high precision measurements, which will bring to a deeper
and more complete understanding of the many open questions in the QCD. Among these tech-
niques which saw a huge progress in the last decade, a special place is hold by the measurements
of X-rays emitted by exotic atoms. Exotic atoms are QED bound systems, that means any system
in which a negatively charged particle, other than an electron, orbits a nucleus, under conditions in
which the principal interaction with the nucleus is electromagnetic. For example the electron might
be replaced by a negative muon, pion, kaon, sigma, or by an antiproton. Exotic atoms formed with
the muons are subject to the weak interaction, while for all other named exotic atoms the strong
interaction is involved in addition to the electromagnetic one with the nucleus. The electromag-
netic interaction with the nucleus is very well known, therefore, even a small deviation from the
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electromagnetic value e.g. due to strong interaction, could be measured by performing precision
experiments. Among the exotic atoms, the kaonic ones, having a K~ replacing an e~ orbiting the
nucleus, play a special role due to the strange quark contained in the kaon. With the advent of clean
kaon beams, as the one provided by the DA®PNE collider, and of performant, fast, X-ray detectors
as the Silicon Drift Detectors, the kaonic atoms studies entered a new era.

2. Low Z kaonic atoms puzzles

In order to improve our knowledge on the QCD in the low-energy limit, in particular in the
strangeness sector, a special role is played by the low Z (< 2) kaonic atoms, i.e. kaonic hydro-
gen, helium and deuterium. Kaonic deuterium has never been measured, while both KH and KHe
were the protagonists of two longstanding puzzles, consisting in a discrepancy between theoretical
predictions and experimental data. These two puzzles have been definitively solved by the SID-
DHARTA experiment, which performed the most precise measurements on both KH &5 [2] and
K3*He &, [3].

2.1 Kaonic hydrogen puzzle

Historically there were several measurements of the strong-interaction shift €;; and width I'j
of kaonic hydrogen ([4, 5, 6, 7, 8]). In the 1970s and the 1980s three groups ([4, 5, 6]) reported
a measured attractive shift (positive € ), while the information extracted from the analyses of
the low energy KN data ([9, 10, 11]) shows a repulsive shift (negative €;5). This contradiction
has been known as the "kaonic hydrogen puzzle". In 1997, the first distinct peaks of the kaonic-
hydrogen X rays were observed by the KEK-PS E228 group [7] with a significant improvement
in the signal-to-background ratio by the use of a gaseous hydrogen target, where previous experi-
ments had employed liquid hydrogen. It was crucial to use a low-density target, namely a gaseous
target, because the X-ray yields quickly decrease towards higher density due to the Stark mixing
effect. The observed repulsive shift was consistent in sign with the analysis of the low energy KN
scattering data, resolving the long-standing discrepancy. More recent values reported by the DEAR
group in 2005 [8], with substantially reduced errors, firmly established the repulsive shift obtained
in the previous E228 experiment.

2.2 Kaonic Helium Puzzle

For what concerns the kaonic helium, its transition to 1s level couldn’t be observed due to the
very low yield. Before the SIDDHARTA experiment, the situation was rather ambiguous. There
existed only four experiments: three [12, 13, 14], performed more than 20 years ago, giving, within
few o, results which are more than an order of magnitude higher with respect to the theoretical
predictions and a more recent one, performed at KEK [15], which was, instead, compatible with
theoretical predictions ([16, 17]), but incompatible with the previous experiments. The average
value of the first three experiments was &, = —43 =8¢V which was more than three standard
deviations different with respect to the last one; the situation is shown in fig. 1.

A conclusive precise measurement on K*He was then needed in order to close the "puzzle".
Moreover, a study including the first measurement of K*He could yield invaluable informations on
the K — p and the K — n interactions [18].
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Figure 1: Summary of experimental results on kaonic helium 4

3. The SIDDHARTA experimental setup

SIDDHARTA (SIlicon Drift Detector for Hadronic Atoms Research by Timing Application)
[19, 20, 21] is a high precision experiment dedicated to the study of kaonic atoms, on the DA®NE
collider at Laboratori Nazionali di Frascati of INFN. In fig. 2, a schematic view of the setup is
shown.
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Figure 2: Schematic and side view of the SIDDHARTA setup in the interaction region

Electrons and positrons collide in the interaction region (IR), where a cylindrical beam pipe
with a diameter of 6 cm and 350 um wall thickness is placed (AL6082 [22]). The ® mesons
which are produced in the IR, decay into back-to-back K™ — K~ pairs with a branching ratio of
49.2%. The kaons coming out from the interaction region are detected by two scintillators (BC-
420, 152 x 72mm, 1.5 mm thickness), placed above and below the beam pipe and read out at both
sides by Hamamatsu PMTs (Hamamatsu R4998). The coincidence between the two scintillators
(4 PMTs) is used as trigger for the data acquisition. In order to slow down the kaons to a velocity
compatible with their capture in the atomic orbits, a mylar degrader, ad hoc shaped taking into
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account the small boost A® in the radial direction caused by a small crossing angle between e' and
e~ beams, is placed just before the entrance window of the target cell. Degrader dimensions are
120 x 120mm, with an increasing thickness (according to the boost direction) from 100 to 800 pm.
Kaons enter in the target cell, which is a cylindrical kapton chamber of 16.5 cm height, 7 cm radius
and 75 um thickness. The target is filled with gas (hydrogen, helium or deuterium) at cryogenic
temperature. The X-rays emitted from kaonic helium atoms are then detected by Silicon Drift
Detectors [20], placed all around the target cell and cooled down to 170 K. Detectors are read out
by an ad hoc built read out electronics [21, 23], and are arranged in arrays of 3 detectors each.

4. Data analysis

4.1 Calibration

The Silicon Drift Detectors used by the SIDDHARTA experiment and developed in the frame-
work of the collaboration, were used for the first time on a collider. In order to obtain a precision of
0.1 % on the peak positions, a precise calibration of each SDD is needed; each 15 production runs,
a calibration run (in the same beam conditions as in the standard production runs) has been taken.
Calibration was performed using an X-ray tube, located below the interaction region and aligned
with the entrance window of the target cell, activating Ti and Cu foils placed inside the vacuum
chamber. Characteristic X-ray lines of Ti and Cu have been then used for the calibration of the
detectors. A typical calibration spectrum is shown in fig. 3.
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Figure 3: Typical calibration spectra for Ti and Cu; total fit (red), K, (blue) and Kp (light blue) are plotted.
Note that the fluorescence K, lines consist of K and Ky lines, both of which are shown.

4.2 Kaonic atoms spectra

In order to obtain the best kaonic atoms spectra, some cuts and selections have to be applied
to the raw data:

e SDD selection: only the SDD having a good behaviour and working properly are selected.



Investigating low energy QCD with kaonic atoms: the SIDDHARTA experimentat DAPNE A.Scordo?

o Drift time selection: using timing information coming from the Kaon Monitor scintillators,
events triggered only by kaons can be identified. Drift time represents the time difference
between a trigger from the Kaon Monitor and the hit on a SDD. Kaons related events are all
lying under a peak and can be then selected (see fig. 4).

e Kaons identification: under the drift time peak, also events of background, mostly generated
by e~ and e" lost from circulating beams and correlated in time with the kaons production,
are present. These can be separated from the kaons using the time of flight information, as
shown in fig. 5.
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Figure 4: Drift time spectrum with kaons’ peak selection evidenced, before (black) and after (red) the kaons
identification cut.

5. Results

5.1 Kaonic hydrogen

The final kaonic hydrogen and deuterium X-ray energy spectra are shown in fig. 6.

The K-series X-rays of kaonic hydrogen were clearly observed while those for kaonic deu-
terium were not visible. This appears to be consistent with the theoretical expectation of lower
X-ray yield and greater transition width for deuterium ([24]) than for kaonic hydrogen. However,
the kaonic deuterium spectrum can be used to characterize the background. The vertical dot-dashed
line in fig.6 indicates the X-ray energy of kaonic-hydrogen K, calculated using only the electro-
magnetic interaction (EM). Comparing the kaonic-hydrogen K, peak and the EM value, a repulsive
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Figure 5: 2d plot of Kaon Monitor TDCs shownig clusters related to kaons (red) and MIPs (black).
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Figure 6: A global simultaneous fit result of the X-ray energy spectra of hydrogen and deuterium data.
(a) Residuals of the measured kaonic-hydrogen X-ray spectrum after subtraction of the fitted background,
clearly displaying the kaonic-hydrogen K -series transitions. The fit components of the K-p transitions are
also shown, where the sum of the function is drawn for the higher transitions (greater than K[;). (b), (¢)
Measured energy spectra with the fit lines. Fit components of the background X-ray lines and a continuous
background are also shown. The dot-dashed vertical line indicates the EM value of the kaonic-hydrogen Ky,
energy. (Note that the fluorescence K, line consists of Ky and Ky, lines, both of which are shown.)
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shift of the kaonic-hydrogen 1s-energy level is easily seen. Many other lines from kaonic-atom
X-rays were detected in both spectra as indicated with arrows in the figure. These kaonic-atom
lines result from high-n X-ray transitions of kaons stopped in the target-cell wall made of kapton
(CxoH100O5N,) and its support frames made of aluminium. There are also characteristic X-rays
from titanium and copper foils installed for X-ray energy calibration. A global simultaneous fit of
the hydrogen and deuterium spectra has been performed, whose results are shown in Fig. 6 (b) and
(c). The kaonic-hydrogen lines were represented by Lorentz functions convoluted with the detector
response function, where the Lorentz width corresponds to the strong-interaction broadening of the
1s state. The region of interest of K-d X-rays is illustrated in Fig. 6 (c). The 1s-level shift &;; and
width I'j; of kaonic hydrogen were determined to be [2]:

€15 =283 £ 36 (stat) £ 6 (syst) eV
[y =541 £89 (stat) 22 (syst) eV

The quoted systematic error is a quadratic summation of the contributions from the systematic
errors on the SDD gain shift, the SDD response function, the ADC linearity, the low energy tail
of the kaonic-hydrogen higher transitions, the energy resolution, and the procedural dependence
shown by independent analysis.

5.2 Kaonic helium

In the case of kaonic helium, an identical procedures for calibration and data analysis was used
both for K*He and K*He. The obtained spectra are shown in fig. 7

In the upper picture, the peak seen at 6.2 keV is identified as the K3He Ly, line (the 3d — 2p
transition). In the lower picture, the peak seen at 6.4 keV is identified as the K*He Ly line. In
addition to these lines, small other peaks are clearly visible which identification has been already
explained in the previous section. The strong-interaction shifts of the kaonic helium 2p states are
obtained from the difference between the experimentally determined values and the QED calculated
ones [25, 26]. The results are:

&p(K He) =242 (stat) +4 (syst) eV
&,(K*He) = 5+ 5 (stat) £ 4 (syst) eV

where the second terms denoted as (stat) are the statistical errors and the third terms denoted
as (syst) are the systematic errors. The helium 4 result is in agreement, within the errors, with the
results reported by the ES70 [15] and SIDDHARTA [3] collaborations, while is not in agreement
with the eldest measurements ([12, 13, 14]). This is probably due to the fact that, in those exper-
iments, the helium target was a liquid one in which, as indeed was done in the KEK experiment
([15]), a big Compton effect is present and has to be taken into account in the analysis procedure.

6. Conclusions

The SIDDHARTA collaboration performed the most precise measurement on kaonic hydro-
gen, which is presently being considered by various theoretical analysis ([27, 28, 29]). Moreover,
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Figure 7: Fitted spectra of the kaonic *He (top) and “He (bottom) X-rays. The 3d — 2p transitions are
seen around 6 keV. Together with these peaks, small others are seen, which are the kaonic atom X-ray lines
produced by kaons stopping in the target window made of Kapton, and the Ti and Cu lines .

SIDDHARTA measured for the first time ever the kaonic helium 3 transitions to the 2p level and
the first, similar, measurement, of kaonic helium 4 with a gaseous target. Presently, plans for an
upgrade of the experimental setup (SIDDHARTA-2,[30]) for an enriched program for the near fu-
ture are undergoing, with the main aim to perform the first measurement ever on kaonic deuterium
and other exotic atoms studies.
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