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Abstract. The AMADEUS experiment deals with the investigation of the low-energy
kaon-nuclei hadronic interaction at the DA®NE collider at LNF-INFN. This study is fun-
damental to solve longstanding questions concerning interactions of strange quarks in the
non-perturbative QCD. AMADEUS step 0 consisted in the reanalysis of the 2004/2005
KLOE data, exploiting K~ absorptions in H, “He, °Be and '>C, leading to the first in-
variant mass spectroscopy study with very low momentum (100 MeV/c) in-flight K~
captures. In this paper, we present an overview of the analysis strategy, with particular
emphasis on the results obtained in the analyses of the events with correlated X° and p.

1 Introduction

The AMADEUS experiment [1] studies the low-energy interactions of the negatively charged kaons
with light nuclei. Such type of physics, important for the understanding of the non-perturbative QCD
in the strangeness sector, has an important impact on hadron and nuclear physics and astrophysics. In
this context, useful information can be obtained from the strength of the K~ binding in nuclei. The
study of the K™ -nucleus interaction at low energies is of interest for quantifying the meson—baryon
potential with strange content [2], and for its impact on models describing the structure of neutron stars
(NS) [3], especially after the recent observations of heavy NS [5]. One of the most useful methodes
to acquire information on the strength of the KN interaction is represented by the investigation of the
absorption of the K~ from one or more nucleons. Since one or more nucleons could be kept together by
the strong attractive interaction between antikaons and nucleons, the formation of the so-called kaonic
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bound states, as ppK~ or ppnK~, might occur. The observation of such states and the measurement
of their binding energies and widths would provide a measurement of the K-nucleon interaction in
vacuum, as an important reference for the investigation of the in-medium properties of kaons. For the
di-baryonic kaonic bound state ppK~ theoretical predictions deliver a wide range of binding energies
and widths [6] and experimental results are contradictory [7—13]. For the search of such states in K~
absorption experiments, the competing multi-nucleonic absorption plays a fundamental role, but the
contribution of the different single- and multi-nucleon absorption components has not been evidenced
yet. Absorption processes also play an important role in the understanding of kaonic atoms, where a
substantial multi-nucleon component is put forward by some theoretical models [14]. Measurements
of these processes have been carried out and reported in [15, 16]. From the analysis of the KLOE
data from 2004-2005, information on both the strength of the K~ binding in nuclei and the in-medium
modification of the £* and A* resonances properties can be extracted by analysing, respectively, the
A/Z — p,d,t correlated pairs and the resonances decay channels A/X — x. In this paper, we present
an overview of the analysis procedure and of different ongoing analyses. Particular emphasis is put
on the results of the analysis of the X°p final state produced in absorption processes of K~ on two or
more nucleons, occurring in the entrance wall of the KLOE drift chamber (DC), and on the search for
a signature of the ppK~ — X°p kaonic bound state.

2 AMADEUS step 0

The AMADEUS experiment [1] studies the low-energy interactions of the negatively charged kaons
with light nuclei; it is conceived to integrate the high acceptance and momentum resolution of the
KLOE detector with the low momentum K~ beam of the DA®NE collider in a future dedicated setup.
DA®NE [17] (Double Anular ®-factory for Nice Experiments) is a double ring e* e~ collider, designed
to work at the center of mass energy of the ® particle; the ® meson decay produces charged kaons
with low momentum (= 127 MeV/c) which is ideal either to stop them, or to explore the products
of their low-energy nuclear absorptions. The KLOE detector [18] is centered around the interaction
region of DA®NE and is characterised by a ~ 47 geometry and an acceptance of ~98%; it consists
of a large cylindrical Drift Chamber (DC) and a fine sampling lead-scintillating fibers calorimeter,
all immersed in the axially simmetric magnetic field with intensity of 0.52 T, provided by a super-
conducting solenoid. The DC entrance wall composition is 750 ym of carbon fibre and 150 um of
aluminum foil. Dedicated GEANT Monte Carlo simulations of the KLOE apparatus show that out of
the total number of kaons interacting in the DC entrance wall, about 81% are absorbed in the carbon
fibre component and remaining 19% in the aluminum foil. The KLOE DC is filled with a mixture of
helium and isobutane (90% in volume “He and 10% in volume C4H o). As a step 0 of AMADEUS, we
analysed the 2004-2005 KLOE data, for which an important contribution of in-flight K~ nuclear cap-
tures, in different nuclear targets from the KLOE materials, was evidenced and characterised, enabling
to perform invariant mass spectroscopy of in-flight K~ nuclear captures [19].

3 The particle identification procedure

The investigation of the negatively charged kaons interactions in nuclear matter is performed through
the reconstruction of hyperon-pion and hyperon-nucleon/nucleus correlated pairs productions, follow-
ing the K~ absorptions in H, *He, °Be and '>C. The investigation of the K~ multi-nucleon absorptions
and the properties of possible antikaon multi-nucleon bound states proceeds through the analyses of
the A/ —p,d, t, correlations; this last channel is, in particular, extremely promising for the search and
characterisation in different nuclear targets of the extremely rare four nucleon absorption process. The
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search for the A(1405) is performed through its decay into °z° (purely isospin I=0) and £*n~. Given
the excellent momentum resolution for charged particles, also the analysis of the Az~ (isospin I=1)
production, both from direct formation process and from internal conversion of a primary produced
X hyperon N — A N’) is presently ongoing. The aim is to measure, for the first time, the mod-
ule of the non-resonant transition amplitude (compared with the resonant £*~) below threshold. The
presence of a hyperon always represents the signature of a K~ hadronic interaction inside the KLOE
setup materials. All the analyses introduced before start with the identification of a A(1116), through
the reconstruction of the A — p + 7~ (BR = 63.9 +0.5%) decay vertex. The reconstructed M- in-
variant mass shows a mean value of 1115.753+0.002 MeV/c2, with a resolution of 0-=0.5 MeV/c?, in
agreement with the PDG value. The particle identification is done using energy information coming
from the Drift Chamber wires and, only for the protons, also from the Calorimeter, while the mo-
menta are reconstructed from the tracks collected in the DC; the final selection is performed via the
two-dimensional plot of energy and momentum. A common vertex between the A candidate and an
additional proton or deuteron or triton track is then searched for. As an example, the obtained resolu-
tion on the radial coordinate (o, ,) for the Ap vertex is 12 mm, and this topological variable is used to
select the K~ absorption processes inside the DC wall. The £ candidates are identified through their
decay into Ay or pr pairs. The photon selection is carried out via its identification in the EMC. Pho-
ton candidates are selected by applying a cut on the difference between the EMC time measurement
and the expected time of arrival of the photon within —1.2 < ¢ < 1.8 ns. Using the time and energy
information from the electromagnetic calorimeter, 7° particles can be reconstructed through their yy
decay. In order to select K~ interactions in the various targets, cuts on the radial position (pa) of the
A decay vertex are optimised in order to separate the two samples of K~ absorption events occurring
in the DC wall and the DC gas: pp = 25 £ 1.2 cm and ps > 33 cm, respectively. The p, limits were
set based on MC simulations and a study of the A decay path. In particular, the pp = 25 + 1.2 cm cut
guarantees, for the first sample, a contamination of K~ interactions in gas as low as (5 .Sﬁizg%). More
details on the particle identification procedure are given in [20]

4 K- absorption on two nucleons in the X°p final state

The first result we report on is the search for K~ absorption on two nucleons in the £°p final state. The
analysed data corresponds to a total integrated luminosity of 1.74 fb~! collected in 2004-2005 with
the KLOE detector. The number of stopped K~ in the DC entrance wall is calculated by combining
the experimental K* tagging efficiency, the luminosity information and a Monte Carlo simulation to
determine the rate of K~ stopped in the DC wall. The decay nearly at rest of the ® meson allows to tag
K~ events by the identification of a K* track in the opposite hemisphere of the DC. The total number
of stopped K~ obtained in this way is equal to (3.25 + 0.06) x 10% . This value is used to normalise
the measured yields of the different absorption processes. The following kinematic distributions are
used simultaneously in a global fit to extract the contributions of the different absorption processes:
the °p invariant mass, the relative angle of the =° and proton in the laboratory system cos(fso ») > the
20 and the proton momenta. The processes that are taken into account in the fit of the experimental
data are: (1) KA — X0 — (M)Pspec(A”), (2) K pp — 20p (2NA), (3) K ppn — X%pn (3NA), (4)
K~ppnn — X°pnn (4NA). This list includes the K~ absorption on two nucleons (2NA) with (2NA-
FSI) and without (2NA-QF) final state interaction for the X%p state and processes involving more
than two nucleons in the initial state (3NA, 4NA). For all the details on how the distributions of the
different contributions are modelled and sampled please refer to [20]. Panels (a)—(d) in Fig. 1 show the
experimental distributions for the >0 p invariant mass, the cos(fso,) , and the >0 and proton momenta,
together with the fit results. The black points represent the experimental data after the subtraction
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Figure 1. (Colour online.) Experimental distributions of the £°p invariant mass, cos(fso BE *% momentum and
proton momentum together with the results of the global fit. The experimental data after the subtraction of the
machine background are shown by the black circles, the systematic errors are represented by the boxes and the
coloured histograms correspond to the fitted signal distributions where the light-coloured bands show the fit errors
and the darker bands represent the symmetrised systematic errors. The gray line shows the total fit distributions
(see text for details).

of the machine background with the systematic errors shown by boxes. The gray-filled histogram
represents the 7°p background. The cyan distributions show the sum of the 4NA simulation together
with the uncorrelated production of the =°p final state. The blue distribution represents the 3NA and
the magenta histogram the 2NA-FSI. The red distribution shows the 2NA-QF. The gray line is the
resulting total fit. For each fitted distribution the light error band corresponds to the statistical error
resulting from the fit, while the darker band visualises the symmetrised systematic error (refer to [20]
for more details). The fit results lead to the first measurements of the genuine 2NA-QF for the final
state %p in reactions of stopped K~ on targets of '>C and >’Al. This contribution is found to be
about 9% of the total absorption cross-section including 2NA, 3NA and 4NA processes with also the
contribution of the uncorrelated background leading to a £%p final state taken into account. The last
step of the analysis consists in the search for the ppK~ bound state produced in K~ interactions with
nuclear targets, decaying into a X°p pair. The ppK~ are simulated similarly to the 2NA-QF process
but sampling the mass of the ppK~ state with a Breit-Wigner distribution, rather than the Fermi
momenta of the two nucleons in the initial state. The event kinematic is implemented by imposing
the momentum conservation of the ppK~ -residual nucleus system. Different values for the binding
energy and width varying within 15-75 MeV/c? and 30-70 MeV/c? in steps of 15 and 20 MeV/c?
, respectively, are tested. This range is selected according to theoretical predictions [6] and taking
into account the experimental resolution. The global fit is repeated adding the ppK~ state to the
processes 1-4. The best fit ( x> / ndf = 0 . 807) is obtained for a ppK~ candidate with a binding
energy of 45 MeV/c? and a width of 30 MeV/c? , respectively. The resulting yield normalised to the
number of stopped K~ is ppK~ /K, = (0.044 + 0.009star* )¢ syst) x 1072, Considering also that

~0.005
the improvement of the y? is only marginal, an F-Test is carried out to compare the two models: with
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and without ppK~ bound state. This test consists in evaluating the statistical significance of the model
with the ppK~, accounting for the additional fit parameter, by comparing the residuals and numbers of
degrees of freedom of two models. The results of this F-Test shows that even the best fit corresponds
to a p-value equal to 0.25 and hence to a significance of 1o (see [20] for more details). This implies
that although the fit favours the presence of an additional component that can be parametrised with a
Breit-Wigner distribution with a certain mass and width, its significance is not sufficient to claim the
observation of the bound state.

5 KN interaction studies in other channels
5.1 4NA process in At events

The experimental search for a A and a triton in the final state of K~ induced interactions on helium,
representing the golden channel for the study of the 4NA process, was published by two experiments
[21, 22] but the contribution from 4NA K~ capture was not clearly identified. Analysing the KLOE
2004-2005 data, the highest statistics ever of correlated Af pairs from K~ nuclear absorption in “He
(150 events) can be obtained; in addition, as shown in Fig. 2, for the first time the 4NA process events
can be kinematically evidenced. Following energy and momentum conservations, the events related to
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Figure 2. (Colour online.) At invariant mass and cosfy,; in green, events for cosf,, < —0.95 are shown.

the simultaneous absorption of a K~ on the 4 nucleons of the “He are characterised by an almost back-
to-back configuration. The simultaneous fit of At invariant mass, momentum and angular correlation,
presently undergoing, will enabled to isolate for the first time the contribution of the K~ +* He — At
4NA process.

5.2 The key role of the A(1405) and its detection through the ~*n~ decay

The full understanding of the A(1405) structure is one of the hottest topics in the low energy KN
interactions domain. In order to understand its nature, new measurements involving non-zero mo-
mentum K~ absorptions are mandatory [24]. Analysing the events occurring in the DC entrance wall
it is possible to identify a subsample of K~ interacting on the hydrogen and the carbon contained in it.
These events provide, indeed, the proof of the presence in the 2002-2005 KLOE data of both in-flight
and at-rest interactions. To confirm this hypothesis, in 2012 a dedicated run with a pure carbon target
was performed with the KLOE detector at DA®NE; in this configuration, all the kaons are stopped in
the carbon target, so only at-rest events can be found. Fig. 3 shows the £* 7~ invariant mass spectra for



EPJ Web of Conferences 130, 01016 (2016) DOI: 10.1051/epjcont/201613001016
MESON 2016

the 2004-2005 (left) compared to the 2012 (right) data. In 2004-2005 data, in-flight (green), at-rest
(violet) and total (blue) events are shown together with interactions with hydrogen atoms present in
the DC entrance wall. In the right panel, 2012 data (blue) are compared with the 2004-2005 (black)
data to show the difference due to in-flight events [24]. These spectra enable unique possibility to
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Figure 3. (Colour online.) Left panel: 2004-2005 data in-flight (green), at-rest (violet) and total (blue) events
are shown together with events occurring on hydrogen atoms also present in the DC entrance wall. Right panel,
2012 data (blue) are compared with the 2004-2005 (black) data to show the difference due to in-flight events.

explore higher invariant mass region, not accessible untill now in experiments using kaons.

In addition to the analysis shown above, other interesting processes can be studied. Multi-nucleon
absorption can be also studied in the X% channel. Analysis on A/Zp,d, and Xt channels are also
ongoing. The A(1405) resonance can be studied in its pure [=0 3070 decay channel, whilst the ratio
between the resonant and non-resonant contribution to the X7 channel can be studied starting from the
pure [=1 An~ decay of the X*(1385) [25].

6 Conclusions and outlook

The broad experimental program of AMADEUS, dealing with the non-perturbative QCD in the
strangeness sector, is supported by the quest for high precision and statistics measurements, able
to set more stringent constraints on the existing theoretical models. We demonstrated the capabilities
of performing high-quality research on nuclear interactions of strange particles, taking advantage of
the KLOE detector and the DA®NE factory. Our investigations, presently spread on a wide spec-
trum of physical processes like A/X — p,d, t correlations and A*(1405)/X*(1385) properties investi-
gations, represent the most ambitious and systematic effort in the field of low energy KN interactions.
In particular, after general considerations on the analysis procedures and a brief overview on the
K~ +*He — At and K™p — X*7~ analyses, in this report we have presented the results of the K~
absorption processes leading to the X°p final state measured with the KLOE detector. The absorption
on two nucleons without final state interaction (2NA-QF) is isolated and its yield normalised to the
number of absorbed K~ is presented. The possibility to accomodate in the final spectra a ppK~ bound
state decaying into a £°p pair has been also carried out and the best value of the total reduced y? is
achieved for the hypothesis of a ppK~ with a binding energy of 45 MeV/c? and a width of 30 MeV/c?.
A F-test is conducted to compare the simulation models with and without the ppK~ signal and to ex-
tract the significance of the result. A significance of only 1o is obtained for the ppK~ yield result.
For the future we plan to realise a dedicated AMADEUS setup, where to explore more in details the
various processes with a broad range of dedicated targets.
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