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First simultaneous K−p → �0π0, �π0 cross section measurements at 98 MeV/c

Kristian Piscicchia,1,2 Magdalena Skurzok ,3,4,* Michael Cargnelli,5 Raffaele Del Grande,6,2 Laura Fabbietti,6,7

Johann Marton,5 Pawel Moskal,3,4 Àngels Ramos,8 Alessandro Scordo,2 Diana Laura Sirghi,2,9,1 Oton Vazquez Doce,2

Johann Zmeskal,2,5 Sławomir Wycech,10 Paolo Branchini,11 Filippo Ceradini,12,11 Eryk Czerwiński,3,4 Erika De Lucia,2
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Simultaneous measurements of the K− p → �0 π 0 and K− p → � π 0 cross sections below 100 MeV/c kaon
momentum have been performed. The kaon beam delivered by the DA�NE collider was exploited to detect K−

absorptions on hydrogen atoms populating the gas mixture of the KLOE drift chamber. The cross sections are
determined with the highest yet obtained precision in the low kaon momentum regime [σK− p→�0π0 = 42.8 ±
1.5(stat)+2.4

−2.0(syst) mb and σK− p→�π0 = 31.0 ± 0.5(stat)+1.2
−1.2(syst) mb] impacting on pending questions in several

fields, ranging from nuclear and particle physics, to astrophysics.

DOI: 10.1103/PhysRevC.108.055201

I. INTRODUCTION

The present work provides precision cross section mea-
surements in the neutral meson-baryon sector with
strangeness S = −1. This is the closest to the K̄N threshold
and a simultaneous and independent measurement of the
isospin I = 0 and I = 1 cross sections, hence boosting
our understanding of the meson-baryon interaction at low
energies, which is a crucial ingredient to comprehend several
interesting phenomena in various fields of research.

Presently, the available data for the inelastic K− p →
�0π0 cross section close to threshold are obtained by means
of indirect extrapolations, in bubble chamber experiments
[1,2], from the measurements in the �π0 channel, by ex-
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ploiting isospin symmetry. Three cross sections are given at
mean kaon momenta pK− = 120, 160, and 200 MeV/c, which
are affected by sizable relative errors (as large as 50% at
pK− = 120 MeV/c), the pK− momentum intervals around the
central values being 25 MeV/c wide.

This work takes advantage of the low momentum negative
kaons beam produced at the DA�NE e+e− collider [3], which
delivers almost monochromatic charged kaons with pK− ≈
127 MeV/c. The gas filling the drift chamber of the KLOE [4]
spectrometer is used as an active target. In order to disentangle
in-flight K− absorptions on hydrogen in the gas mixture of the
KLOE drift chamber [5], a complete characterization of all
possible nuclear absorption reactions was achieved. This al-
lowed the first simultaneous and independent measurement of
the K− p → (�0/�) π0 cross sections, with greatly improved
precision with respect to other available (indirect) measure-
ments, at the lowest energy ever (pK− = 98 ± 10 MeV/c).
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The simultaneous measurement of the I = 0 and I = 1
cross sections, considerably closer to the K̄N threshold, will
allow to precisely pin down the K− p and K−n scattering
amplitudes below the threshold. While all recent chiral models
give a rather similar description of the K− p scattering length
(thanks to the precise SIDDHARTA measurement [6]), the
subthreshold elastic and inelastic amplitudes differ by factors
of three or more [7].

A proper comprehension of the subthreshold K̄N ampli-
tudes will sizably reduce the uncertainty in the �(1405) pole
[8], thus strongly contributing to a solution of this puzzle. The
�(1405) has, since its discovery, eluded a proper description
in terms of quark models. It is presently consolidating as an
exotic resonant structure in a coupled-channel formulation of
the K̄N interaction, more than 50 years after its prediction
[9,10]. This picture finds support in the two-pole structure pre-
dicted for this state by all coupled-channel unitarized models
[11–18], which would also explain the observed dependence
of the spectral shapes on the production mechanism and mea-
sured decay channels [19–23]. The discovery by LHCb of the
Pc(4312)+ and Pc(4450)+ pentaquarks [24,25], and the sug-
gested tetraquark nature for the Zc(3900) state seen at BESIII
and Belle [26,27], have triggered a lot of activity in the search
of exotic mesons and baryons. Their interpretation as compact
multiquark objects or as molecular systems ultimately relies
on a deep understanding of the dynamics of their constituents
(see, e.g., [28–34]). In this respect, a more precise knowledge
of the K̄N interaction will serve to better constrain the mod-
els employed to confront lattice quantum chromodynamics
(QCD) simulations of the low lying odd-parity � spectrum
[35–38], as well as guiding future studies of S = −1 meson-
baryon systems in the all-to-all quark propagator technique
(where the S = 1 sector [39] and coupled channel approaches
[40] were explored), hence moving towards a final answer as
to the long-sought nature of the �(1405) and also contributing
to one of the many expected lattice QCD developments in the
low energy regime [41].

Hadron interactions at low and subthreshold energies have
an impact in several other fields. The search for exotic
mesic (kaonic, η, η′) nuclear bound states [42–48] and the
interpretation of the big amount of contradicting experimen-
tal findings on K̄-multi-N bound states (see [49–61] and
references therein) greatly benefit from a subthreshold extrap-
olation of the K̄N interaction with reduced uncertainties. The
size of the strong attraction in the K̄N I = 0 channel critically
influences the debated shrinkage effect of bound �(1405)-
matter systems, a dark matter component conjectured to be
formed during the Big Bang quark gluon plasma period in
the early universe [62–64]. The properties of (anti)kaons
in dense nuclear matter are investigated in heavy-ion and
proton-nuclei collisions. The data are interpreted by means
of transport models and collision calculations, which re-
quire precise knowledge of the low-energy K−-nucleon cross
sections [65–67]. Finally, combination of astrophysical and
heavy-ion collisions data is providing new constrains on neu-
tron star matter [68], hence providing an improved framework
to elucidate whether strange hadrons, such as kaons or hy-
perons, may appear in neutron stars, which is a hot topic in
astrophysics, as their presence influences the structure and

dynamical evolution of those dense stellar objects (see, e.g.,
[69–76] and references therein). The precise knowledge of
the interactions of strange hadrons is fundamental to deter-
mine, for instance, whether it is possible to reconcile the
presence of kaon condensation or hyperons in the neutron star
interiors with the recent observations of millisecond pulsars
with unusually large masses [77–79]. Our data provide basic
information to develop realistic models of nuclear dynamics
at the core of compact objects.

II. DATA SAMPLE

In this work a total integrated luminosity of 1.74 fb−1,
corresponding to the 2004/2005 KLOE data taking campaign,
was analyzed by the AMADEUS collaboration. The KLOE
detector is centered around the DA�NE interaction point
and consists of a large cylindrical drift chamber (DC), for
tracking analysis, and a fine sampling lead-scintillating fibers
calorimeter [80], used in this study to determine position,
time, and energy of the ionization deposits in the fibers caused
by particles hitting the calorimeter (clusters), all immersed
in the axial magnetic field of a superconducting solenoid
(0.52 T). The DC is filled with a mixture of helium and
isobutane C4H10 (90% of helium and 10% of isobutane in
volume). For more details on the DC and calorimeter perfor-
mances and resolutions we refer to [5,80]. The strategy for
the measurement of the K− p → �0π0 and K− p → �π0

cross sections consists in the identification of K− absorptions
in-flight on the hydrogen atoms of the isobutane molecules.

III. EVENTS SELECTION

The identification of a �(1116) hyperon, through its decay
into a proton and a negatively charged pion [BR�→pπ− =
(63.9 ± 0.5)%] [81] represents the signature of a hadronic
interaction and the starting point of this analysis. Protons
and pions are selected by combining dE/dx (truncated mean
of the analog to digital converter (ADC) counts due to ion-
ization in the DC gas) versus momentum information, with
the measurement of the clusters energies, as described in
Refs. [60,82]. K− nuclear absorptions in the gas filling the
DC volume are sorted by requiring the radial distance of
the � decay vertex from the DA�NE beam pipe axis (ρ�)
to be greater than 30 cm. The cut is optimized based on
Monte Carlo (MC) simulations [performed by means of the
standard KLOE GEANT digitization (GEANFI [83])], in order
to minimize the contamination with K− absorptions in the
DC entrance wall (aluminated carbon fiber), which amounts
to less then 3% for the selected sample.

The events selection proceeds through the photons identifi-
cation by time of flight. Following the convention π0 → γ1 γ2

and �0 → �γ3, for the two channels under study, the two
(or three) neutral clusters in the calorimeter (characterized by
energy E > 20 MeV, no associated track, and not produced in
a K+ decay) are first selected by minimizing a time of flight
based χ2

t variable. Further, the photons are associated to the
π0 (and to the �0) by a second χ2

m analysis, using the mγ1γ2

or the combined mγ1γ2 and m�γ3 invariant masses informa-
tion, respectively. The constraints χ2

t < 20, χ2
mγ1γ2

< 5, and
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FIG. 1. The plot shows the m�γ3 distribution as a function of
mγ1γ2 . A black ellipse represents the applied selection in the two
invariant masses space.

χ2
m�γ3

< 4 are tuned based on MC studies. A check against
cluster splitting (single clusters in the calorimeter erroneously
recognized as two clusters) is performed by analyzing the
clusters distance as a function of energy (see Ref. [82]). The
selected sample is not significantly affected by splitting.
The algorithm’s efficiency for the photons clusters recognition
is 0.98 ± 0.01 [82].

In Fig. 1 m�γ 3 is represented as a function of mγ 1γ 2.
Gaussian fits to the invariant mass distributions yield the
resolutions σγ1γ2 ≈ 20 MeV/c and σ�γ3 ≈ 15 MeV/c, respec-
tively. Accordingly the following additional cuts are applied
for the two channels: (m�γ3 − m�0 )2/(3σ�γ3 )2 + (mγ1γ2 −
mπ0 )2/(3σγ1γ2 )2 < 1 and |mγ1γ2 − mπ0 | < 3σγ1γ2 .

The optimization of the following phase space selec-
tions is aimed to disentangle the signal processes (K−H →
(�0/�) π0 absorptions in flight) from the competing back-
ground reactions, taking advantage of the signal’s distinctive
kinematics. This requires simulations of the involved reac-
tions, which also serve for the data fit.

When a negative kaon is absorbed in the DC gas, the final
state �0π0 can be produced in K− + H → �0 + π0 at rest
(ar) or in flight (i f ), or due to K− absorption on a bound
proton in 4He or 12C, ar or i f . Analogous reactions also give
rise to the �π0 production both in direct processes (K− p →
�π0) or as a result of a �0 decay (K− p → �0π0 → �γπ0).
Besides the direct processes and �0 decay, in the nucleus also
elastic or inelastic final state interactions (FSI) can end up
with the observed hyperon (Y = �0 , �) and π0. After phase
space selections the contribution of the FSI is minor, and will
be considered in the evaluation of the systematic uncertainties.

The case of K− absorption on H is straightforward, since
the kinematics is determined by energy-momentum conserva-
tion, for both ar and i f . Calculation of the i f reaction requires
as input the negative kaon momentum, which is sampled
according to the true MC (i.e., not passed for events recon-
struction) momentum distribution of the negative kaons inside
the DC volume. The simulations of the K− nuclear absorption
processes are performed according to a phenomenological
model (see Refs. [84–86]) which provides, for each reaction,
the total hyperon-pion momentum probability distribution

FIG. 2. The plot shows reconstructed MC pπ0 vs. pY distribu-
tions for the K− H → �0 π 0 i f reaction (top) and K− H → � π 0 i f
reaction (bottom). The phase space selections are represented as
black contours.

P(pY π0 ). The kinematics of an event is completely defined
by the momentum vectors (pY , pπ0 ) [the residual(s) nucleus
track(s) is not detected], which are generated by sampling
the P(pY π0 ) distribution, and applying energy and momentum
conservation. For each event the calculated (pY , pπ0 ) pairs
represent the input for the KLOE GEANT digitization, followed
by the event reconstruction.

The K−H → (�0/�) π0 i f signal is characterized by
an almost back-to-back production of the emerging Y − π0.
We use this feature to enhance the signal over background
ratio. In Fig. 2 (top) and (bottom) the reconstructed MC pπ0

versus pY distributions are shown, for signal events in the
�0π0 and �π0 channels, respectively. The simulations are
used to optimize two-dimensional cuts, which are represented
in Fig. 2 as black contours. Additionally, thanks to the good
resolution in the � momentum (σp�

≈ 1.9 MeV/c for �s
produced in the DC gas [82]), K−H → �π0 (ar and i f )
events can be effectively sampled as they are characterized
by the sharp angular correlation cos θ�π0 < -0.85 (where θ�π0

is the angle between the two particles momentum vectors).
Hence, this additional condition is set for the �π0 sample.

Panels (a) in Figs. 3 and 4 exemplify the core of the fi-
nal analysis step. Due to momentum conservation, the total
hyperon-pion momentum (pY π0 ) distributions of the K−H →
Y π0 i f samples reflect the original K− momentum spectrum,
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FIG. 3. From top to bottom the figure shows the result of the
simultaneous fit of p�0π0 , m�0π0 , and cos θ�0π0 . The experimental
data and the corresponding statistical errors are represented by black
crosses, the systematic errors are light blue (gray) boxes. The con-
tributions of the various physical processes are shown as colored
histograms, according to the color code shown in the caption. The
light and dark bands correspond to systematic and statistical errors,
respectively. The gray (solid) distribution reproduces the global fit
function.

as demonstrated by the preeminent peaks centered at pY π0 ≈
98 MeV/c. This hallmark allows to efficiently disentangle the
remaining background due to the competing K− absorption
processes.

FIG. 4. From top to bottom the figure shows the result of the
simultaneous fit of p�π0 , m�π0 , p�, and pπ0 . The experimental data
and the corresponding statistical errors are represented by black
crosses, the systematic errors are light blue boxes. The contributions
of the various physical processes are shown as colored histograms,
according to the color code shown in the caption. The light and dark
bands correspond to systematic and statistical errors, respectively.
The gray distribution reproduces the global fit function.
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At this stage of the events selection 6.5% of the �0π0

events lie in the p�0π0 > 300 MeV/c region, a phase space
sector far away from the region of interest, mainly populated
by FSI processes (see, e.g., Ref. [86]). A final phase space
selection p�0π0 < 300 MeV/c is then applied.

The selected �0π0 and �π0 samples amount to 2130 and
7106 events, respectively.

IV. K− p → (�0/�) π0 CROSS SECTIONS
DETERMINATION

The data are fitted by minimizing the following χ2 func-
tion:

χ2 =
∑

q

Nq
bins∑

n=1

(
Nq

n − Fq(qn)
)2

σ
q2
n

, (1)

in which q ranges over the observables, n over the number
of bins of the qth spectrum and Nq

n is the measured content
of the corresponding nth bin. The fit function F contains the
following physical processes (with the color code adopted in
Figs. 3 and 4):

(1) K− H → (�0/�) π0 i f (red),
(2) K− H → (�0/�) π0 ar (blue),
(3) K− + 4He / 12C → �0/� + π0 + 3H / 11B

(magenta).

In Ref. [86] equivalent contributions are measured, within
the uncertainties, for K− absorptions on 4He and 12C nuclei
in the DC gas, as well as for the competing in-flight and at-
rest nuclear interactions of the negative kaon. Accordingly,
component 3 is prepared as an equal weight cocktail of the
mentioned reactions and the related uncertainty is considered
as a systematic effect. For the �π0 channel, besides the direct
processes 1–3, F also accounts for the same reactions initiated
by �0π0 production and followed by �0 → �γ decay.

F is given by the linear combination

Fq(qn) =
Npar∑
i=1

αi · hq
i (qn) (2)

with the index i running over the number of free parameters αi

and hq
i representing the distribution of the observable q, for the

ith physical process, normalized to the data entries. In Eq. (1)

the errors are evaluated as σ
q2
n =

√∑Npar

i=1 (αi · hq
i (qn))2 + Nq 2

n

and the χ2 function minimization is performed by means of
the SIMPLEX, MIGRAD, and MINOS routines of ROOT
[87].

For the �0π0 sample a simultaneous fit is performed over
q = m�0π0 , cos θ�0π0 , p�0π0 , which indicate the �0π0 invari-
ant mass, angular correlation, and total momentum, respec-
tively. In the �π0 channel the sharp selection of back-to-back
events renders the cos θ�π0 variable insensitive to the un-
correlated K− nuclear absorption reactions, hence the (kine-
matically equivalent) combination q = m�π0 , p�, pπ0 , p�π0

is chosen. The fits results are presented in Figs. 3 (for �0π0)
and 4 (for �π0) and the obtained parameters values are sum-
marized in Table I.

TABLE I. The table summarizes the reduced χ -squares and the
fit parameters obtained from the fits of the �0π 0 and �π 0 samples.

�0 − π0 channel ( χ2

dof = 92
54 ) fit par. σstat.

K−H → �0π 0 (i f ) 0.511 ± 0.018
K−H → �0π 0 (ar) 0.017 ± 0.005
K−+4He / 12C → �0π 0+residual (ar/i f ) 0.463 ± 0.018

� − π0 channel ( χ2

dof = 165
57 ) fit par. σstat.

K−H → �π 0 (i f ) 0.659 ± 0.011
K−H → �π 0 (ar) 0.021 ± 0.003
K−+4He / 12C → �π 0+residual (ar/i f ) 0.298 ± 0.012
K−H → �0π 0 → �γπ 0 (ar) 0.018 ± 0.006

The fit is not sensitive to the �π0 kinematic distributions
originated in �0 decays, for the K− H interaction (i f ) and the
nuclear K− absorptions, it yields negligibly small contribu-
tions which are set to zero in the final fit.

The cross sections are calculated in accordance with

σ =
Ni f

K− p→Y π0

NK− · n · L
, (3)

where the total number of expected signal events Ni f
K− p→Y π0

is obtained rescaling for the detection and reconstruction
efficiencies and for the branching ratio of the � → pπ−
decay. Normalization to an absolute number of negative
kaons is performed taking advantage of the K+ tagging (see
Refs. [60,61]). The number of projectiles NK− corresponds to
the number of tagged kaons corrected for the decay, by means
of a MC simulation following the K− tracks (till the decay)
in steps of 1 cm. n is the numerical density of hydrogen scat-
tering centers. L is the effective mean path length, obtained
through a MC simulation, accounting for the K− impinging
angle, i.e., the angle between the tangent vector to the particle
trajectory at the DC entrance point, and the radial direction.

The obtained cross sections,

σK− p→�0π0 = 42.8 ± 1.5(stat)+2.4
−2.0(syst) mb

σK− p→�π0 = 31.0 ± 0.5(stat)+1.2
−1.2(syst) mb,

correspond to a mean kaon momentum pK = (98 ± 10)
MeV/c, calculated on the basis of the true MC information
of the negative kaons momentum distribution inside the DC
volume.

The systematic errors are determined by repeating several
times the fit procedure, by varying independently all the analy-
sis cuts which were optimized for the �0π0 and �π0 samples
selection. The systematic error on the ith parameter of the fit,
due to a variation of the jth cut, is defined as

σ
j

sist,i = α
j
i − αi. (4)

Total positive and negative systematic errors are obtained by
summing in quadrature the positive and negative systematic
fluctuations.

With the exception of those quantities for which the sta-
tistical error is known (e.g., mγ1γ2 , m�γ 3, and cos θ�π0 ), in
which case the systematics are evaluated by applying 1σ

fluctuations to the corresponding cuts, and of the background
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sources whose contribution is known by simulations (e.g., the
background introduced by the ρ� cut), for the other selections
we chose to change the cuts of the amount necessary to in-
crease (or decrease) the selected number of events of 15%
with respect to the standard. This is the case of the constraints
on χ2

t , χ2
mγ1γ2

, and χ2
m�γ3

, and of the phase space selections
in the pπ0 − p�0 and in the pπ0 − p� planes. The systematic
uncertainty introduced by setting equal contributions of K−
absorptions on helium and carbon, both for the ar and i f
processes, is set by performing 15% variations of the relative
contribution of each process.

The p�0π0 constraint was optimized based on a scan in the
range (280–350) MeV/c, in steps of 10 MeV/c (compatible
with the resolution σp

�0π0 ≈ 15 MeV/c) yielding the mini-
mum reduced χ2 for p�0π0 = 300 MeV/c. The contribution to
the systematic errors is obtained by the condition p�0π0 < 310
MeV/c.

The systematics introduced by the decay correction in the
NK− calculation and by the evaluation of L are estimated by
doubling the 1 cm step length, and diminishing of 15% the
number of simulated kaons.

V. CONCLUSIONS

Concluding, an innovative technique was exploited to per-
form the simultaneous and independent measurement of the

K− p → (�0/�) π0 cross sections, at the lowest energy
ever, by improving the relative errors of about one order
of magnitude. The achieved precision, the narrower pK−

momentum range, and the closeness to the K̄N threshold,
will significantly improve the theoretical models fit results
[the analysis including AMADEUS data [8] (this article and
[86]) resulted in 20% higher precision for �(1405) res-
onance position determination]. Hence the K− p and K−n
scattering amplitudes below the threshold, and resonances
poles, will be precisely determined, leading to a solution
of longstanding issues in hadron and nuclear physics and
boosting the knowledge on hot sectors of particle physics and
astrophysics.
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