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Experimental study of the (K+,K0) interactions on 7Li close to threshold

FINUDA Collaboration

M. Agnello a,b, G. Beer c, L. Benussi d, M. Bertani d, H.C. Bhang e, S. Bianco d, G. Bonomi f,g,
E. Botta b,h, M. Bregant i,j, T. Bressani b,h, S. Bufalino b,h, L. Busso b,k, D. Calvo b, P. Camerini i,j,

M. Caponero l, P. Cerello b, B. Dalena m,n, F. De Mori b,h, G. D’Erasmo m,n, D. Di Santo m,n, D. Elia n,
F.L. Fabbri d, D. Faso b,k, A. Feliciello b, A. Filippi b, V. Filippini g,�, R.A. Fini n, E.M. Fiore m,n,
H. Fujioka o, P. Gianotti d, N. Grion j, O. Hartmann d, H.B. Kang e, A. Krasnoperov p, V. Lenti n,

V. Lucherini d,∗, V. Manzari n, S. Marcello b,h, T. Maruta o, N. Mirfakhrai q, O. Morra b,r, T. Nagae s,
A. Olin t, H. Outa u, E. Pace d, M. Pallotta d, M. Palomba m,n, A. Pantaleo n, A. Panzarasa g,

V. Paticchio n, S. Piano j, F. Pompili d, R. Rui i,j, G. Simonetti m,n, H. So e, V. Tereshchenko p,
S. Tomassini d, A. Toyoda s, R. Wheadon b, A. Zenoni f,g

a Dipartimento di Fisica, Politecnico di Torino, Corso Duca degli Abruzzi 24, Torino, Italy
b INFN, Sezione di Torino, Via P. Giuria 1, Torino, Italy
c University of Victoria, Finnerty Rd., Victoria, Canada

d Laboratori Nazionali di Frascati dell’INFN, Via E. Fermi 40 Frascati, Italy
e Department of Physics, Seoul National University, 151-742 Seoul, South Korea
f Dipartimento di Meccanica, Università di Brescia, Via Valotti 9, Brescia, Italy

g INFN, Sezione di Pavia, Via Bassi 6, Pavia, Italy
h Dipartimento di Fisica Sperimentale, Università di Torino, Via P. Giuria 1, Torino, Italy

i Dipartimento di Fisica, Università di Trieste, Via Valerio 2, Trieste, Italy
j INFN, Sezione di Trieste, Via Valerio 2, Trieste, Italy

k Dipartimento di Fisica Generale, Università di Torino, Via P. Giuria 1, Torino, Italy
l ENEA, C.R. Frascati, Via E. Fermi 45, Frascati, Italy

m Dipartimento InterAteneo di Fisica, Via Amendola 173, Bari, Italy
n INFN, Sezione di Bari, Via Amendola 173, Bari, Italy

o Department of Physics, University of Tokyo, Bunkyo, Tokyo 113-0033, Japan
p JINR, 141980 Dubna, Moscow region, Russia

q Department of Physics, Shahid Behesty University, 19834 Teheran, Iran
r INAF–IFSI, Sezione di Torino, Corso Fiume 4, Torino, Italy

s High Energy Accelerator Research Organization (KEK), Tsukuba, Ibaraki 305-0801, Japan
t TRIUMF, 4004 Wesbrook Mall, Vancouver BC V6T 2A3, Canada

u RIKEN, Wako, Saitama 351-0198, Japan

Received 5 December 2006; received in revised form 28 March 2007; accepted 28 March 2007

Available online 31 March 2007

Editor: D.F. Geesaman

* Corresponding author.
E-mail address: vincenzo.lucherini@lnf.infn.it (V. Lucherini).

� Deceased.
0370-2693/$ – see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.physletb.2007.03.040

http://www.elsevier.com/locate/physletb
mailto:vincenzo.lucherini@lnf.infn.it
http://dx.doi.org/10.1016/j.physletb.2007.03.040


26 FINUDA Collaboration / Physics Letters B 649 (2007) 25–30
Abstract

The inelastic charge exchange reaction (K+, K0) on 7Li has been experimentally investigated close to threshold with the FINUDA spectrometer
at the e+e− collider DA�NE by searching for K0

S
decays. It is the first time that this process has been studied at such low momentum. An upper

limit of 2.0 mb (at 95% confidence level) has been measured for the total cross section.
© 2007 Elsevier B.V. All rights reserved.

PACS: 13.75.Jz; 25.80.Nv; 29.20.Dh
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1. Introduction

The charge exchange reaction induced by low energy K+
was intensively studied in the fifties and early sixties using
emulsions, bubble chambers and finally counter experiments
[1–5], while, in subsequent years, this subject attracted only
sporadic interest [6,7]. The reason was that, contrary to K−,
a low momentum K+ has no access to states containing hy-
perons with their interesting and rich dynamics (see, for in-
stance, [8,9]), and its interaction was hence thought to simply be
smoothly decreasing at low momenta. Therefore, later, more re-
fined experiments focused only on higher energies to search for
possible S = +1 resonances [10–12]. When it was understood
that the relative weakness of the K+ strong interaction with nu-
cleons could probe the interior of nuclei [13], an intense phase
of studies devoted to this item started at intermediate energies to
compare K+–nucleus interactions with those on deuterons [14–
22], and to look for possible evidence of strange quark content
in nucleons. Later on, however, the interest in K+ interactions
on nucleons and nuclei again subsided, until the very recent up-
surge of activity related to the pentaquark search [23–25] (and
references therein).

Taking advantage of the FINUDA spectrometer installed on
the DA�NE collider at LNF, we studied whether FINUDA
could explore the K+ charge exchange reaction on medium-
light nuclei from ≈ 100 MeV/c down to the threshold of the
reaction, in order to provide experimental information on the
scattering amplitude 1

2 (f1 − f0) of the process. Here f0 and
f1 are, respectively, the isospin I = 0 and isospin I = 1 ampli-
tudes.

2. The FINUDA experiment at DA�NE

The DA�NE collider, described in detail in Ref. [26], is a
source of K+K− pairs via the decay of Φ(1020) mesons cre-
ated in the collision of 510 MeV e+, e−. The charged kaons
are created (almost) back-to-back and with a momentum of
127 MeV/c, slightly modulated in the radial plane by the tiny
outward boost (≈ 13 MeV/c) of the decaying Φ due to the
small crossing angle (≈ 25 mrad) of the e+, e− beams.

FINUDA is a high acceptance, high resolution, non-focusing
magnetic spectrometer consisting of a superconducting sole-
noid (B = 1 T) located around the thin (500 µm) Be beam pipe
of DA�NE, and instrumented with several tracking detectors
and two scintillator barrels for triggering, t.o.f. measurements
and neutron detection. The momentum resolution, optimized
Fig. 1. The FINUDA vertex-target region. The Be pipe, the inner thin scintil-
lator barrel (tofino), the ISIM and OSIM Si-microstrip detectors and the eight
targets (numbered from 1 to 8) between them are shown. The bold arrow indi-
cates the direction of Φ boost.

for detecting the prompt π− from Λ hypernuclear formation
(260–270 MeV/c), is at present < 0.6% (FWHM). The appara-
tus is also able to detect the hypernuclear decay products. A full
description of FINUDA is given in Ref. [27]. In the FINUDA
detector, up to eight different thin (≈ 200 mg/cm2) targets
can be installed. The FINUDA vertex-target region is shown in
Fig. 1. The two arrays of bi-dimensional Si-microstrips, ISIM
placed before and OSIM after the nuclear targets, allow precise
tracking of the K+, K− and of the charged particles originating
from their interactions. Moreover they provide a dE/dx mea-
surement.

For the first round of data taking three natural C (slots 1,
5, 8), two 6Li (enriched to 90%) (slots 2, 3), and one each of
7Li (slot 4), 27Al (slot 6), and natural V (slot 7) were used as
targets.

In the following, we report the result obtained for the
(K+,K0) charge exchange reactions on the 7Li target mounted
in the first FINUDA run, never measured before in this low K+
momentum range.

3. Data taking and data analysis

The data were collected in the 2003/04 FINUDA run devoted
to the study of Λ-hypernuclei [27] and kaon-nuclear bound sys-
tems [28,29]. The experimental details (trigger selection and
data taking procedures) can be found in the mentioned pa-
pers. In this analysis, we selected events originating from K+
interactions. Such events are collected in FINUDA using the
same trigger as in hypernuclear data taking; hence no dedi-
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cated trigger was needed to study this process. The majority
of the K+ entering the FINUDA targets are brought to rest
and then decay. The Kμ2 and Kπ2 decays of the stopped K+,
producing 235 MeV/c μ+, and 205 MeV/c π+, allowed a con-
tinuous check of the performance of both the detector and the
reconstruction-analysis code [27,30]. The events of the present
analysis have been selected by looking for a pair of positive
and negative charged particles coming out from the K+ interac-
tion in the selected targets. Proton tracks have been excluded by
checking the energy loss in the Si microstrips with a rejection
power of better than 96% in the momentum region of interest
[31]. The events selected by the reconstruction program were
subject to topology and invariant mass analysis to test the hy-
pothesis of pions produced in the decay:

(1)K0
S → π+π−, B.R. = 0.69.

Due to the very low momenta of the produced K0
S (≈10–

90 MeV/c), a nearly back-to-back topology of the π+π− pairs
(both of momentum ≈ 205 MeV/c) is expected.

It is very important, before continuing the discussion, to re-
call that the reaction (K+, K0) occurs inside a nucleus. Indeed,
even the elementary process,

(2)K+ + n → K0
S + p

cannot be studied experimentally on free neutrons and, in fact,
existing data were obtained mainly on deuterium targets. This
means that the actual threshold of the reaction increases with re-
spect to that of the elementary one (63.8 MeV/c), depending on
the selected nucleus. In the case of 7Li, for instance, the thresh-
old is 68.9 MeV/c. This is a very important point for FINUDA.
The K+ produced by DA�NE have a maximum momentum of
≈ 133 MeV/c but, after crossing the beam pipe and the inner
detectors, they reach the targets with momenta not higher than
≈ 100 MeV/c. This reaction, therefore, turns out to be below
threshold on several nuclei. Moreover, due to the low momen-
tum of the involved K+, the Coulomb barrier plays a role in
its interaction on nuclei, increasing with the Z of the target nu-
cleus. Fig. 2 shows the K+ momentum thresholds Q of the
(K+, K0) reaction for a selection of different nuclei. In the first
FINUDA run, the experimental conditions allowed exploration
of the (K+, K0) reaction only for the 7Li target.

In Fig. 3 (top), as an example, one of the candidate events
detected in the first FINUDA run is displayed. This candidate
event appears, however, quite surprising: in fact, it originates
from a target nucleus (12C, slot 5) whose threshold is well
above the maximum momentum of the incident K+ (Fig. 2).
This indicates that background processes exist, simulating a
K0

S → π+π− decay from a K+ interacting in a FINUDA tar-
get. Among all the possible background sources, (π+, e−) pairs
originating from the K+ decays at rest in the targets are by far
the largest. The K+ decays produce, with the B.R. of ≈ 21%,
π+π0 pairs whose topology and momentum are similar to that
of the π+π− pairs from K0

S decay at rest.
The π0 decays in ≈ 10−16 s mainly into γ γ . One of the

γ s can be emitted in the same direction as the decaying π0,
and can create an e+e− pair within the same target. If the e−
Fig. 2. The threshold momentum Q of the reaction (K+,K0) for several nuclei
as a function of their mass number A. The horizontal line indicates the max-
imum K+ momentum reachable (in the Φ boost direction) on the FINUDA
targets.

is also forward emitted, it keeps the topology and momentum
of the parent π0, similar to the π− from the decay at rest,
K0

S → π+π−. At the momenta involved, FINUDA cannot dis-
criminate between an e− and a π−, hence this background is
very insidious. In Fig. 3 (bottom), a background event of the
type described above, picked up by the FINUDA Monte Carlo
simulating the decay of stopped K+ in FINUDA, is shown.

An experimental signature of the presence of such a back-
ground can be seen by looking at the invariant mass distribution
of two positive charged tracks, assumed to be both π+, emit-
ted following a K+ interaction in any of the FINUDA targets.
Such events can only occur from pair creation in which the e+,
instead of the e−, is forward emitted.

Fig. 4 shows the invariant mass distribution of the measured
(+,+) tracks (assumed to be π+ and with relative angles larger
than 145◦) occurring in K+ interactions in any FINUDA tar-
get. A wide peak, close to the K0

S mass, can be seen. This is
also found in the equivalent distribution obtained using (+,−)
tracks. The peak due to (+,+) tracks is depressed simply due to
the lower acceptance of FINUDA for (+,+) tracks with respect
to (+,−) tracks of momenta ≈ 200 MeV/c. A simple inspec-
tion of the figure shows that the peak around the K0

S mass is
too wide to be due to K0

S decays, since FINUDA has a res-
olution in this energy interval of better than 2 MeV/c2 [32],
i.e. well within the bin width (10 MeV/c2) in the histograms
of Fig. 4. The conclusion is that events occurring in the decay
K0

S → π+π− cannot be selected simply looking at distributions
of the type shown in Fig. 4.

We studied the contamination of the above reaction by us-
ing the FINUDA Monte Carlo. We generated a number of
K+ → π+π0 decays comparable with those expected from the
experimentally measured number of stopped K+, and then we
examined the distributions in relative angle and invariant mass
of the resulting π+e− events with the hypothesis that these are
π+π− pairs. With further simulation, events due to the decay
K0

S → π+π− were also generated and their relative angle and
invariant mass reconstructed. The high resolution of FINUDA
on the K0

S mass (better than ±2 MeV/c2) and on the relative
angle of the (+,−) or (+,+) tracks (≈ 1◦) should allow one
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Fig. 3. Top: Display of a candidate K0
S

→ π+π− event from a K+ interaction on the FINUDA target #5. The curved tracks cross all the tracking detectors; the
vertex Si-microstrips, the two octagonal layers of drift chambers, the six circular straw tube layers, and hit the external scintillator barrel. The inset shows the
vertex-target region with the highly ionizing K+ and K− hitting target #5 and the one opposite, respectively. Bottom: Display of one Monte Carlo event in which
the decay: K+ → π+π0 of a K+ stopped on the FINUDA target #5, is followed by the reactions, π0 → γ γ ; γ + A → A′e+e− . The e− can be misidentified
as a π− , simulating an event topologically very similar to that shown at the top.
to distinguish the difference (if any) between the topologies of
the two processes. From this study it was indeed possible to de-
fine, at a 95% confidence level, a background free, signal region
of 494–502 MeV/c2 and 176◦–180◦, in the (π+,π−) invariant
mass and relative angle, respectively.

4. Results and discussion

In the first FINUDA run only the 7Li target was effectively
accessible to the reaction (K+,K0) with a reasonable flux of
K+ above threshold. The momentum distribution of K+ enter-
ing in the 7Li target had the shape expected from the Landau
distribution of the momentum losses, with a peak at 95 MeV/c

and FWHM 15.0 MeV/c. The topological analysis of the ex-
perimental data showed that for the 7Li target we could observe
5 candidate (π+,π−) pairs, all of which, when displayed on
an invariant mass versus relative angle scatter plot, lay outside
the signal region expected for (π+,π−) pairs from K0

S decay
almost at rest, as can be seen in Fig. 5.

In conclusion, no good event has been detected.
Using the FINUDA Monte Carlo, that takes into account

the threshold of the reaction and the K+ flux and momen-
tum distribution, we obtained the experimental integrated lu-
minosity for the 7Li target: 16.15 × 1027 cm−2. With the same
Monte Carlo, the FINUDA global efficiency (geometrical ac-
ceptance × trigger efficiency × detectors efficiency) to detect
(π+,π−) pairs from K0

S decay almost at rest has been also cal-
culated. We verified that in the limited range of the involved K0

S

momenta (10–90 MeV/c) the efficiency remains constant and
equal to 0.099 ± 0.005. With the experimental integrated lumi-
nosity and the FINUDA global efficiency to detect (π+,π−)

pairs from K0
S decay almost at rest, we achieved a sensitivity
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Fig. 4. Invariant mass distributions of the measured (+,−) and (+,+) (open
and filled histogram, respectively) tracks (assumed to be π±) with relative
angles greater than 145◦ , following K+ interactions in all FINUDA targets.
Protons have been rejected using dE/dx information provided by the Si mi-
crostrips.

Fig. 5. Scatter plot of the invariant mass versus relative angle for the (+,−)
measured tracks, which were assumed to be π± , following K+ interactions in
the 7Li target. Protons have been rejected using dE/dx information provided
by the Si microstrips. The signal region expected (at 95% C.L.) for events from
K0

S
→ π+π− is indicated by the grey area.

of ≈ 0.62 mb per event with the collected statistics. Having
found no good event, and no background, within the overall
integrated luminosity, the result indicates, following standard
Fig. 6. Existing data and calculations on the total cross section of the elementary
charge exchange reaction K+ +n → K0 +p below 800 MeV/c K+ laboratory
momentum pLab (the calculations from [7] and [25] are adapted). The threshold
momentum pthr and the region explored by FINUDA are also indicated, as
well as the 0.5 mb level (horizontal dotted line). The 0.5 mb level is equal to
the value obtained dividing the FINUDA result (< 2.0 mb) by the number of
neutrons in 7Li.

statistical analysis methods, that the near threshold cross sec-
tion for 7Li(K+,K0)7Be is less than 2.0 mb at 95% C.L.

There are no previous measurements of the (K+,K0) cross
section on nuclei close to threshold, deuteron included. More-
over, theoretical calculations are also lacking in this energy re-
gion. The charge exchange reaction of a K+ on a nucleus is, of
course, related to the elementary process (2). A compilation of
the existing experimental data and theoretical calculations for
the elementary cross section from 200 MeV/c up to 800 MeV/c

K+ laboratory momenta is shown in Fig. 6. The experimental
data were extracted from measurements on deuterium or from
heavier nuclei. As one can see, in the low momentum region,
the data or calculations available are very old and go down
to a minimum momentum twice as high as that accessible by
FINUDA. The data are reasonably consistent (within the exper-
imental errors) and show a rather smooth decreasing trend in
the low momentum tail. In the region accessible by FINUDA,
indicated in the same figure, a prediction of less than 0.5 mb
for the elementary charge exchange cross section seems quite a
reasonable upper bound. The 0.5 mb upper limit corresponds to
the FINUDA result for 7Li divided by the number of neutrons
in the nucleus.

The relationship of the (K+,K0) cross section on nuclei to
that for the elementary process is not trivial at low momenta.
The most relevant effect is the Pauli exclusion principle, as the
created proton is below the Fermi momentum, and the cross
section would be heavily damped. At higher laboratory mo-
menta (from 300 MeV/c up to and above the threshold for pion
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emission) Pauli blocking becomes progressively less effective.
In such a momentum region, it is known that the interaction
cross section of K+ with nuclei tends to become proportional
to volume, i.e. rather accurately (within 10%) proportional to
the number of nucleons in the nucleus [33].

It is difficult without an explicit calculation to predict the
actual near threshold value, but we can try to put two limit-
ing expectations for the possible value of the cross section of
(K+,K0) on 7Li close to threshold; (1) an upper bound equal
to that of the corresponding cross section for the elementary
process times the number of neutrons in the target (i.e. no Pauli
damping); (2) a lower bound equal to, or less than, the cross
section of the corresponding elementary process (i.e. complete
Pauli damping). Taking ≈ 0.5 mb as the estimate for the near
threshold elementary cross section (Fig. 6) and assuming the
volume approximation, we get for the 7Li(K+,K0)7Be cross
section an upper bound value of ≈ 2 mb.

In conclusion, the estimated cross section window (� 0.5–
2.0 mb) is compatible with the FINUDA measured upper limit,
confirming, for the first time experimentally, a smooth and de-
creasing cross section on 7Li in this momentum region. In the
FINUDA data run of 2006/07, the following targets will be
available: 6Li, 7Li, 9Be, 13C and 2H2O [34]. It will therefore be
possible to repeat the measurement on the (K+,K0) reaction
on 7Li, with a scheduled tenfold increase in integrated luminos-
ity respect the present measurement. It will also be possible to
study simultaneously the (K+,K0) reaction on 13C and D in
the K+ momentum region from their respective thresholds to
≈ 100 MeV/c.
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