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Abstract
This work is a critical re-analysis of the results obtained by the AMADEUS collaboration,
concerning the measurement of the K~ multi-nucleon absorption reactions, on a '*C target, in the
Ap final state (Del Grande et al 2019 Eur. Phys. J. C79, 190). We show that a good estimate of
the K™ two-nucleon absorption total branching ratio can be extracted, given that the measured
final state interactions and conversion reactions contain information on almost all the remaining
hyperon-nucleon final state combinations. The main contribution to the total branching ratio of
the K™~ two-nucleon absorption in Carbon is extracted from the measured ratios and is found to
be (16.1 £+ 2.9(stat.)f§:§(syst.))%, which is in agreement with recent theoretical predictions. The
missing contribution, from those few channels for which a Ap pair could not be detected in the
final state of the interaction, is also estimated combining both the measured branching ratios and
the available theoretical information, and amounts to (5.5 £ 0.1(stat.)f(1)j8(syst.))%. All together
the total branching ratio of the K™ two-nucleon absorption in Carbon is found to
be (21.6 £ 2.9(stat.y ¢(syst.)) %.
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1. Introduction

The strong interaction, described by the Quantum Chromo-
dynamics (QCD) theory, is still not yet well understood at the
low-energies frontier, in the so-called non-perturbative
regime. This difficulty is connected to the non-abelian char-
acter of the strong interaction, linked to the fact that gluons
are QCD-charged particles (they carry colours). For a deeper
understanding of the QCD, experimental data, especially in
low-energy regime, are badly needed, to fuel the models and
effective QCD theories and approaches, presently under
development. Among the experimental studies, those invol-
ving ‘strange’ particles, i.e. having a strange quark inside,
play a special role, due to the fact that the strange quark mass
is in between that of the lightest quarks (u, d) and the one of
the heavy quarks (c, b, f). Such studies allow to test a broad
class of models/theories, which have an impact going from
particle and nuclear physics to astrophysics.

In this context the AMADEUS collaboration aims to
provide experimental constraints to the low-energy interaction
of antikaons, containing a strange quark, with nucleons. The
antikaon-nucleon (K N) interaction is the ideal testing ground
to explore the fundamental symmetries of the strong inter-
action. In the low-energy regime the interplay between
spontaneous and explicit chiral symmetry breaking emerges,
as a consequence of the large strange quark mass with respect
to the u and d quark masses [1]. Motivated by colour con-
finement, effective field theories are introduced, having
mesons and baryons as fundamental degrees of freedom
instead of quarks and gluons. Due to the existence of broad
resonances (the isospin I = 0 A(1405) and the isospin I = 1
¥(1385)) in the KN sub-threshold region, chiral perturbation
theory can not be applied. Therefore, chiral unitary approa-
ches [2-6] or phenomenological models [7, 8] are introduced.
The predicted s-wave K p and K™ n scattering amplitudes,
and the positions of the corresponding poles, are strongly
model dependent [9]. The K p interaction at threshold is
constrained by the measured shift and width of kaonic
hydrogen [10] (see also [11] for a complete review); the
corresponding information in the K n channel will be
extracted from the kaonic deuterium measurement [12, 13].
Experimental information above the threshold, at low kaon
momenta (p, < 120 MeV/c), is strongly demanded. Below
the threshold just one measurement exists, for the modulus of
the s-wave K™ n scattering amplitude [14, 15].

Recent theoretical calculations also renewed the interest
for the K™ multi-nucleon absorption reactions. In [16] it is
shown that K™ -nuclear optical potentials based on K™N
scattering amplitudes fail to reproduce the kaonic atoms data
along the periodic table of the elements, unless a K~ multi-
nucleon phenomenological potential term is added. In
[17, 18] the K™ two-nucleon (K"2NA) interaction process
was approached by means of a microscopic description of the
three body problem. In [18] the Branching Ratios (BRs) were
calculated for all the hyperon-nucleon final states at various
baryon densities. Important experimental tests to the models
can be provided by the measurement of the K™ two, three and

four nucleon absorption (2NA, 3NA and 4NA) on different
nuclear targets, i.e. at various nuclear densities [19-22].

In [19] the BRs and low-energy cross sections for the
K™ 2NA, 3NA and 4NA were extracted for K~ capture on
12C nuclei giving rise to Ap correlated production in the final
state of the interaction. The detected Ap pairs can be produced
in Quasi-Free (QF) processes, either with a direct A produc-
tion, or as a result of the X% — A~ decay. Final State Inter-
actions (FSIs), as well as ¥N — AN’ conversion processes,
can also occur and are found to give a dominant contribution
to the Ap final state (in agreement with the result in [23]). As
described in this paper a comprehensive description of all the
contributions listed above, to the measured Ap distributions,
allows to extract an estimate of the total BR of the K™ 2NA in
Carbon. The BRs of those few final states outside the
acceptance of the measurements in [19] are carefully esti-
mated and presented in section 3.

The paper is organised as follows: in section 2 the results
obtained in [19] are summarised; the details of the FSI and
conversion processes simulations are given in section 3,
where a total 2NA BR is extracted and the few missing
contributions are estimated; the conclusions are given in the
section 4.

2. Details of the data analysis

The AMADEUS collaboration is analysing the data
collected with the KLOE detector during the 2004 /2005
data taking campaign, corresponding to 1.74fb~"' total
integrated luminosity. Low-momentum and monochromatic
K™s (px ~ 127MeV/c), produced at the DADPNE collider
[24] from the ¢-meson decay nearly at-rest, are absorbed in
the materials of the KLOE detector [25] used as an active
target. The K™ absorptions at-rest and in-flight in the
nuclei contained in the beam pipe and detector materials
(H, *He, °Be and '*C) are investigated reconstructing the
emitted hyperon-pion (Y7) [15] and hyperon-nucleon/
nuclei (YN/multi-N) pairs [19, 21, 22] in the final state. In
[19] a pure sample of Ap correlated production events was
reconstructed, when the K™ is absorbed in the entrance wall
of the KLOE drift chamber, which is an almost pure Carbon
target. The events selection was optimised in order to reject
the pionic processes, the production of a hyperon-pion pair
being the signature of a K™ single-nucleon absorption.
When a K™ absorption occurs on a single nucleon, protons
in the final state of the interaction originate only in nuclear
fragmentations. Such protons are characterised by a Fermi
momentum distribution. The key selection criterion is then
represented by the measurement of the protons mass by
Time Of Flight (TOF). For the measurement of the mass,
information on the time and on the protons energy from the
calorimeter is needed. The calorimeter momentum threshold
(pp > 240MeV /c) efficiently discards the majority of the
‘Fermi’ protons from nuclear fragmentations. A pure sample
of K™ multi-nucleon absorption processes was then selected.
The detected As can be produced (i) directly in the K~
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Figure 1. Ap invariant mass (panel a), Ap angular correlation (panel b), A momentum (panel ¢) and proton momentum (panel d) distributions
are shown for the K~ absorption on '2C listed in the legend. Black points represent the data, black error bars correspond to the statistical
errors, cyan error bars correspond to the systematic errors. The grey line distributions represent the global fitting functions, the coloured
distributions represent the contributing processes according to the colour code reported in the legend and the widths correspond to the
statistical error. The figure is adapted from [19] with kind permission of The European Physical Journal (EPJ).

multi-nucleon absorption (ii) as secondary products of a X°
decay (X% — A~y) or a ¥ conversion (XN — AN/).

Monte Carlo (MC) simulations of the K™ 2NA, 3NA and
4NA were performed based on [14, 26] for both at-rest and in-
flight K~ captures in '2C nuclei. In the case of the K~ 2NA,
three contributions were considered: (1) the QF production of
the A(X%)p pairs, i.e. without FSIs with the residual nucleons;
(2) the primary A(X)N production followed by elastic FSIs
(only single collisions of the hyperon or the nucleon with the
residual nucleus are accounted for); (3) the primary XN
production followed by the inelastic YN — AN’ conversion
reaction. Further details of the simulations for the processes
(2) and (3) are given in section 3.

A simultaneous x? fit of the measured Ap invariant mass
(myyp), Ap angular correlation (cos 6,,,), A momentum (p, ) and
proton momentum (p,,) was performed. The result of the fit is
shown in figure 1. The reduced chi-squared is x2/dof=
194/206 = 0.94.

From the fit the BRs (for the at-rest K™~ captures) and the
cross sections (for the in-flight K™ captures) of all the pro-
cesses contributing to the measured Ap events are extracted
and summarised in table 1.

3. Measurement of the total 2NA branching ratio

Starting from the BRs listed in table 1 we give an estimate of
the total K~ 2NA BR for captures on 12C; a few channels are

missing in this estimate, for which we can not detect a Ap pair
in the final state. The missing contribution from these chan-
nels is evaluated taking advantages of the theoretical and
experimental results obtained in [18, 27].

The K~ 2NA-FSI and the conversion processes, used to
fit the measured Ap distributions, were simulated as two steps
reactions. The primary interaction is

K +”C—-K +‘NN+R—Y+N+R (1)

where ‘NN’ are the absorbing nucleons bound in the Carbon
nucleus, R represents the residual nucleus (‘°Be or '°B), Y
and N are the produced hyperon and nucleon. Two types of
FSIs can give rise to the measured Ap final state (the part-
icular case of the hyperon conversion is treated separately for
the sake of clarity): (i) the detected proton corresponds to the
proton produced in the primary interaction (with or without
having suffered re-scattering on the residual) (ii) the detected
proton is a fragment of R produced in the re-scattering. The
primary pairs contributing to the observed Ap final state are
Ap, An, Eop, ¥%n; the secondary interaction can then be

schematically represented as:

Y+R—-Y+ N +R—-Y+N+FR 2)
or

N+R—-N+ ‘N +R >N+ N +FR 3)

being N’ and R’ the nucleon and the residual emerging in the
FSI process. The calculated Ap invariant mass distributions
for the K~ 2NA processes producing a primary AN pair,
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Table 1. Branching ratios (for the K™ absorbed at-rest) and cross sections (for the K™ absorbed in-flight) of the K™ multi-nucleon absorption
processes. The K~ momentum is evaluated in the centre of mass reference frame of the absorbing nucleons, thus it differs for the 2NA and
3NA processes. The statistical and systematic errors are also given. The table is adapted from [19] with kind permission of The EPJ.

Process Branching Ratio (%) o (mb) @ px MeV/c)
2NA-QF Ap 0.25 4 0.02 (stat.) 39 (syst.) 2.8 £ 0.3 (stat.) *0 (syst.) @ 128 4+29
2NA-FSI Ap 6.2 & 1.4(stat.) F03(syst.) 69 + 15 (stat.) & 6 (syst.) @ 128 +29
2NA-QF %% 0.35 + 0.09(stat.) *343(syst.) 3.9 & 1.0 (stat.) ¥4 (syst.) @ 128 +29
2NA-FSI 2% 7.2 4+ 2.2(stat.) T¥3(syst.) 80 =+ 25 (stat.) *45 (syst.) @ 128 +29
2NA-CONV X /A 2.1 + 1.2(stat.) Z52(syst.) —

3NA Ap-—n 1.4 4 0.2(stat.) Q) (syst.) 15 £ 2 (stat.) £ 2 (syst.) @ 117 £23
3NA X0 p-n 3.7 + 0.4(stat.) T93(syst.) 41 + 4 (stat.) *2 (syst.) @ 117 £23
4NA Apnn 0.13 £ 0.09(stat.) *3:98(syst.) —

Global A(X%)p 21 + 3(stat.) *3(syst.)
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Figure 2. Calculated invariant mass distributions for the Ap pairs
produced in FSI (top panel) and in the ¥/A conversion processes
(bottom panel). The legend shows the considered elementary
reactions: the primary productions according to equation (1) in the
text (left column) and the secondary interactions as given by
equations (2)—(3) in the text (right column). The distributions refer to
the Ap pairs marked in bold red.

followed by FSI and contributing to the measured Ap sample
are shown in figure 2 top panel. Left column of the legend
corresponds to the primary interaction equation (1). Right
column of the legend corresponds to the secondary interaction
equations (2)—(3). The detected particles (from which the

invariant mass is built) are marked with bold red colour. The
processes (1, 6), (2, 3) and the reactions (4, 5, 7) are char-
acterised by similar shapes in all the relevant kinematic dis-
tributions; hence, they are not experimentally distinguishable
given the available resolutions. For these groups of similar
reactions one shape is considered in the fit for each kinematic
variable, corresponding to a free parameter. All the other
processes contribute to the fit independently. The orange
distribution in figure 1 is the weighted sum of all the inde-
pendent reactions, the weights corresponding to the para-
meters which minimise the x> function.

An analogous procedure is applied when a X° or a
charged ¥ is produced with a nucleon in the primary inter-
action, followed by the conversion:

Y+R—-YX+ N +R —-A+N+R. “)

The corresponding invariant mass distributions are shown in
figure 2 bottom panel.

From the discussion above it emerges that the sum of all
the BRs for the K~ 2NA reactions (with or without FSIs or
conversion) amounts with good approximation to the total BR
of the K~ 2NA; more precisely it corresponds to the total K™
2NA BR with the following missing contributions:

e the ¥n primary production, which could give rise to the
observed Ap in the final state of the interaction as a result
of a double collision (both of the >~ and the neutron in
the secondary interaction step). Such a reaction was not
accounted for in the analysis. The BR of this process is
quoted in [18] to be (0.12+£ 0.01(syst.))%. The uncer-
tainty on the BR is due to the systematic effect introduced
by the cut-off on the K™ NN potential which is applied in

the calculation [18];
the QF An and X%n productions. The contributions of

these reactions can be easily obtained. Given that for a
nucleon momentum of the order of 560 MeV /c (typical
momentum of the primarily produced nucleons) the n-n
and p—n scattering cross sections are comparable, we can
assume that the ratio of the QF [19] over the total
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L]

production [18]

BRor(YN
Py = ST )
BR(YN)
is the same for the An (X°n) and Ap (Eop) channels.
Using this ratio and the total An and ¥%n production BRs
[18] the BR of the QF An and ¥%n productions is found
to be

BRQF(AH) + BRQF(EOH)
= BR(An) - P2 + BR(Zn) - P3P
= (0.76 % 0.09(stat.) "33 (syst.)) %. (6)

The statistical error is obtained propagating the corresp-
onding uncertainties of the measured BRs (table 1). The
systematic errors originate from propagation of the
systematic uncertainties on the experimental BRs (table 1)
and the systematics which are involved in the theoretical
calculation [18];

the FSI of primarily produced An and X:%n pairs without
the emission of a proton in the re-scattering on the
residual nucleons. The probability of the YN pairs to
perform FSI with the residual nucleus can be estimated
as:

BRr(YN)

BR(YN) ™

YN YN
Prsi =1 — PQF =

In the case of primary X%n production the secondary
processes in equations (2)—(3)—(4) contribute to the
probability in equation (7) as follows

Pie = P(X% — %) + P(X%n — X0n)
+ P(X% — Ap) + P(X°n — An)
+ P(np — np) + P(nn — nn). ®)

Given that the residual Boron-10 has equal amount of
neutrons and protons and assuming isospin symmetry we
have P(X% — X%) = P(X°n — X%n), P(X% — Ap)=
P(X°n — An) and P(np — np) = P(nn — nn). The
probability that ¥° or neutron undergo FSI without
producing a proton in the final state is:

P(Z%n — %) + P(X%n — An) + P(nn — nn) = %P%S}‘. 9)
The corresponding BR is

BR i (200) = BR(E%)%P%;’}‘ = BR(EOn)%(l -p3n,  (10)
where the BR(X%n) is given in [18] and ng is obtained
combining the theoretical calculations [18] and the

measured BRs in table 1. In the case of primary An
production, following the same procedure, we find

BRyw(An) = BR(AW P = BRGAn) (1 — P (1)

The missing contribution is then given by:

BRmiss(Eon) + BRmiss(An)
= (1.62 + 0.04(stat.) 5B (syst.)) %. (12)

The statistical error is obtained propagating the corresp-
onding uncertainties of the measured BRs (table 1). The
systematic errors are derived by propagating the systematic
uncertainties on the experimental BRs (table 1) and the
systematics which are involved in the theoretical calcul-
ation [18]. It is worth to notice that, whether the primary
produced Y or neutron re-scatter with a neutron, a proton
in the final state is always produced because a Boron-9 is
left as a residual of the FSI which is unstable with respect
to the proton emission reaction: B — p + 2*He (the
mean lifetime is of about 10~2%s [28]). By a dedicated
simulation we estimate the maximum momentum achieved
by these protons to be less than about 130 MeV /c. The
experimental detection efficiency for such low momentum
protons is negligible due to the mass requirement by TOF;

the contribution due to the X+ and ¥~ hyperons which do
not convert into a A hyperon. It is not trivial to estimate
this contribution because all the conversion probabilities
quoted in literature refer to the conversion of charged Xs
which are produced in K™ single nucleon absorptions. We
then take as a reference value a conversion probability (for
both ¥* and X~ particles) of Cy, = 0.62 £ 0.02(syst.) =
0.04(syst.) (see [27]). As a consequence, the BR of the
missing contribution is found to be

BRyo—conv = BR(Ep)(1 — Cg-) + BR(ETn)(1 — Cy+)
= (3.04 + 0.03(stat.) + 0.92(syst.)) %. (13)

The branching ratios BR(3X"p) and BR(X"n) are taken
from [18]. The statistical error is calculated propagating the
corresponding uncertainties of the measured conversion
probabilities [27]. The systematic error is obtained from
propagation of the systematic uncertainties on the exper-
imental conversion probability [27] and the systematics
which are involved in the theoretical calculation [18].
Summarizing, the global K~ 2NA BR for all those pro-
cesses in '2C which give rise to the production of a Ap pair in
the final state of the interaction (both in direct production, or
following any kind of FSI or conversion) is measured to be:

BRAp final slate(KizNA e YN)
= (16.1 £ 2.9(stat.) 43 (syst.)) %, (14)

obtained as the sum of the measured BRs of all the K™ 2NA
contributions listed in table 1. This is an estimate of the total
K™ 2NA BR, but misses those few processes without a Ap in
the final state. Still, a good estimate of the missing contrib-
ution can be given combining the measured BRs in table 1
with the available theoretical/experimental information in
literature, and results to be:

BRmissing =55+ O-I(Stat.)féjg(syst.))%. (15)
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Finally we can infer the total BR of the K~ 2NA in
Carbon, which is the sum of equations (14) and (15):

BR(K2NA — YN) = (21.6 + 2.9(stat.y" ¥ (syst.)) %.
(16)

4. Conclusions

In this work the total K~ 2NA BR in '*C is estimated based
on the measurement of the corresponding ratios having a Ap
in the final state given in [19]. This is made possible by the
fact that final state interactions and /A conversion processes
(carefully quantified in [19]) dominate in the observed Ap
final state, thus containing rich information on almost all the
remaining hyperon-nucleon final state combinations.

The main contribution to the total BR of the K™ 2NA in
Carbon, obtained by summing the BRs measured in [19], is
found to be (16.1 + 2.9(stat.)f§_‘§(syst.)) %, in agreement with
the recent prediction in [18] at 0.3 py baryon density, which is
the relevant density region for the absorption of low-energy
K~ on '°C nuclei. The missing contribution from those few
channels for which a Ap pair can not be detected in the final
state of the interaction is also estimated and amounts to
(5.5 & 0.1(stat.) ") I(syst.))%. Including the missing comp-
onent, the total BR of the K~ 2NA in Carbon is found to
be (21.6 + 2.9(stat.) ¥4 (syst.)) %.
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