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Figure 1: On the left the global view of the FINUDA apparatus and on the right the interaction-target region.

1. The FINUDA experiment

The FINUDA experiment was installed at one of the two interaction points of theDAΦNE
e+e− collider in LNF (Frascati-Italy). DAΦNE is a unique source of low energy negative kaons
(∼ 16MeV) from theΦ(1020) decay (Φ → K−K+). TheK− can be tagged by detecting in co-
incidence the associatedK+ and in this way an efficient background rejection can be performed.
These charged kaons slow down crossing the internal region of the FINUDA apparatus until they
interact at rest in thin targets. The FINUDA apparatus in Fig.1, whose structure details can be
found in Ref. [1], was a non-focalizing magnetic spectrometer within a superconducting solenoid,
which provided a highly homogenous magnetic field of 1.0 T. The tracking volume (∼ 8m3) was
immersed in a He atmosphere to reduce multiple scattering, a crucial task to achieve the required
momentum resolution. Its three main regions were:

• Vertex: the 500µm Beryllium beam pipe, a segmented detector made of plastic scintillators
(TOFINO), used to start the TOF system and discriminate kaons from MIPsat trigger level,
a layer of 8 double-sided microstrip silicon detectors (ISIM) facing the targets (up to 8 dif-
ferent tiles). Targets’ thickness (0.2-0.3 mg/cm2) caused negligible energy degradation and
was accurately chosen to stop the negative kaons close to their external surface to minimize
momentum straggling of the emitted particles.

• External Tracker: a layer of 10 double-sided microstrip silicon detectors (OSIM) facing
the external side of the targets, two arrays of Low Mass Drift Chambers (LMDC), filled with
a He-iC4H10 mixture and a system of longitudinal and stereo straw tubes (STB).

• External Time-Of-Flight detector: an array (TOFONE) of 72 slabs of plastic scintillator,
10 cm thick, for first level trigger purposes, TOF measurements and neutron detection with
a 10 % efficiency.

The FINUDA main features were: 1) precise kaon vertex reconstruction; 2) Particle Identification
(PID) using the information of the specific energy loss in ISIM, OSIM, the two layers of LMDC
and TOF; 3) high momentum resolution of the tracking system (∼ 0.6% FWHM for pions of∼
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270 MeV/c ); 4) multiple targets; 5) large angular acceptance,∼ 2π sr.
During the first FINUDA data taking period (from October 14th, 2003 to March 22nd, 2004) a
maximum luminosity of 7·1031 cm−2 s−1 was reached, with 100 bunches per ring. The average
integrated luminosity per day was about 2pb−1, and a total integrated luminosity of 250pb−1 was
collected (190pb−1 useful for physics analyses).
The second FINUDA data taking started on October, 2006 and ended on June, 2007. During the
second data taking period an increased peak luminosity of 1.4 ·1032 cm−2 s−1 was reached. The
average integrated luminosity per day was about 7pb−1 and a total integrated luminosity of 964
pb−1 was collected. The targets chosen in the first exploratory data-taking were 6Li (two), 7Li
(one),12C (three),27Al and 51V, while in the second run the set-up was made of6Li (two), 7Li
(two), 9Be (two),13C and D2O.

2. K−
stop physics with FINUDA

The stoppedK− may be absorbed by one nucleon producing a pion and a slow hyperon. This is
the basic mechanism of the hypernuclear formation via strangeness exchange reaction (K− +n→

Λ + π−). The K− absorption may occur also on two or more nucleons without pion emission
(K− +(2N) → Y + N ,K− +(3N) → Y +(NN) ,K− +(4N) → Y +(NNN) ). These non mesonic
channels can be exploited to search for kaon-nuclear clusters. The hyperon momentum in the multi-
nucleon absorption reactions is rather large (>500MeV/c) in spite of its low momentum in the one
nucleon absorption reaction.
In the following I will focus on two items of the kaon induced reactions:Λ hypernuclei weak
decays and the study of multi-nucleonK− absorption to search for antikaon-nuclear clusters.

2.1 Λ hypernuclei weak decays

A Λ hypernucleus may decay by emitting a nucleon and a pion (Mesonic channel,MWD) as
it happens for theΛ hyperon in the free space (τ f ree

Λ = h̄/ Γ f ree
Λ =2.632× 10−10 s) according to the

processes:Λ → π−p(B.R. = 63.9×10−2, Γπ−) andΛ → π0n(B.R. = 35.8×10−2, Γπ0) (not de-
tectable by FINUDA). In the hypernuclei an alternative channel is opened due to the many-baryon
weak interaction of theΛ with the nucleons: the Non Mesonic Weak Decay (NMWD). The NMWD
mode is dominant in medium-heavy nuclei (A≥12), where the mesonic decay is suppressed be-
cause of Pauli blocking. The NMWD can be induced by one or two nucleons: in the first case the
hyperon interacts with a single nucleon (Λn → nn(Γn) andΛp → np(Γp)) in the second with a
pair of correlated nucleons (ΛNN → nNN (Γ2)). The total weak decay rate of aΛ–hypernucleus is
ΓT = ΓM +ΓNM , whereΓM andΓNM are, respectively, the mesonic and non mesonic decay widths,
which can be written asΓM = Γπ− + Γπ0, ΓNM = Γ1 + Γ2 with Γ1 = Γn + Γp. A systematic study
of MWD [4] of p-shellΛ-hypernuclei was performed by the FINUDA experiment and, for the first
time, a magnetic analysis ofπ− spectra from MWD of7ΛLi, 9

ΛBe, 11
Λ B and 15

Λ N was made. The
lower threshold for the detection momentum of theseπ−’s is ∼ 80 MeV/ and their momentum
resolution is∆p/p∼ 6% FWHM at 110 MeV/c. The data analysis required coincidence events of
two negative pions from the K− vertex reconstructed in the target, one of them giving the signature
of the formation of the ground-state of an hypernucleus, while the secondone, of low momentum
(≈ 100 MeV/c), was emitted in the decay.
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Figure 2: Upper figure: kinetic energy spectrum of MWDπ− after acceptance correction for11
Λ B. The solid

curve is a three Gaussian fit to the spectrum to compare with theoretical predictions in the lower part; dashed
curves are the single components. Lower figure: mesonic decay strength functions calculated [2] for initial
hypernuclear ground-state spin 5/2+[4].

MWD decay ratesΓπ−/ΓΛ have been evaluated and compared to previous measurements and theo-
retical calculations. Decay rates were calculated, using knownΓtot/ΓΛ values or relying on a linear
fit to the known values of all measuredΛ-hypernuclei in the mass rangeA = (4÷12). The study
of the pion spectra from MWD can be an indirect spectroscopic investigation tool providing infor-
mation on the spin-parity of the hypernuclear ground state; this is based on acomparison between
both MWD spectrum shape and the evaluated decay rate and the theoreticalcalculations. In this
way the spin-parity assignmentJπ(11

Λ Bg.s.) = 5/2+, shown in in Fig. 2, was confirmed and a new
assignment,Jπ(15

Λ Ng.s.) = 3/2+, was made.
Thanks to the large mass number range and to the low energy threshold (15 MeV) featured for
the proton detection, FINUDA could give a precious contribution to the NMWDstudies. The pro-
ton identification efficiency was about 90% while the proton energy resolution was∆E/E ∼ 2%
FWHM at 80 MeV.
The FINUDA experiment performed a complete analysis of the proton energy spectra emitted

in the NMWD of 5
ΛHe, 7

ΛLi, 9
ΛBe, 11

Λ B, 12
Λ C, 13

Λ C, 15
Λ N and16

Λ O hypernuclei. The analysis method
required a coincidence of a proton and a negative pion, which carried the information of the hy-
pernuclear state and therefore it was selected in the momentum region corresponding to theΛ–
hypernucleus formation. In the12

Λ C case the momentum selection was extended to the wholeΛ
bound region for statistics reasons. The details of the interval choice areexhaustively described
in Ref. [4, 5]. The main background source was theK−(np) → Σ−p absorption on two correlated
nucleons, followed by the in–flightΣ− → π−n decay, The reaction was simulated, reconstructed
with the same analysis program used for the real data and subtracted fromthe spectra. Among
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Figure 3: On the left two proton kinetic energy spectra from the NMWD of7
ΛLi, 9

ΛBe. In the blue filled
area the two–nucleon induced NMWD contribution is negligible; the last figure on the rigt shows the ratio
Alow/(Alow +Ahigh) as a function of the hypernuclear mass number [5].

the latest achievements by FINUDA on NMWD, let me focus on the Final State Interactions (FSI)
and the two–nucleon induced NMWD contributions to the decay process. Each proton spectrum,
background subtracted and acceptance corrected, was fitted by a Gaussian function from 80 MeV
onwards. The spectrum was divided in two parts: an area below the mean value obtained by the
gaussian fit, Alow, and Ahigh above that value, as shown in Fig. 3 on the left for7

ΛLi and9
ΛBe. The

Ahigh area is fed mainly by the one-proton induced reaction, assuming the 2N-induced channel
contribution in this region can be neglected as suggested by theoretical calculations. The Alow

region is due to protons from bothΛp→ np and 2N-induced decays. FSI also affects the proton
spectra: NFSI−low

p (NFSI−high
p ) represents the difference between the number of protons detected in

the region below (above) the peak of the spectrum and the (unknown) number of primary protons
which originate from one– and two–nucleon induced weak decays. So one can write:

R≡
Alow

Alow +Ahigh
=

0.5N(Λp→ np)+N(Λnp→ nnp)+NFSI−low
p

N(Λp→ np)+N(Λnp→ nnp)+NFSI−low
p +NFSI−high

p

. (2.1)

where N(Λp→ np) is the total number ofΛp→ np decays, assumed distributed half in Alow and
half in Ahigh, and N(Λnp→ nnp) is the total number ofΛnp→ nnpdecays. Due to FSI effects, both
A low and Ahigh are expected to be proportional to A, and the results of the fit of such a dependence
induced to consider R as a simple linear function of A as shown in Fig. 3 . All thedetails of
this analysis can be found in Ref. [5]. Assuming theΛnp→ nnp process as the dominant in the
2N-induced NMWD channel andΓ2/Γp independent from A, R(A) can be re-written as one:

R(A) =

0.5+
Γ2

Γp

1+
Γ2

Γp

+bA . (2.2)

This equation can be solved forΓ2/Γp considering each hypernucleus. From the weighted average
of the solutions the experimental valueΓ2/Γp=0.43±0.25 is determined for the first time and the
valueΓ2/ΓNMWD=0.24±0.10 for the two–nucleon stimulated decay rate to the total decay rate can
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also be extracted. ThisΓ2/ΓNMWD ratio is in agreement with both theoretical predictions [6] and
the latest experimental results of Ref. [7, 8].

2.2 Search for Bound K-Nuclear Clusters

In the hadronic physics field the existence of BoundK-Nuclear Clusters is a controversial and
interesting topic from both the theoretical and the experimental point of view.The existence of
these aggregates (nucleons bound rather tightly by an anti-kaon) could have important implications
expecially in the astrophysics field and in the understanding of the featuresof the strange nuclear
matter.
The general understanding of theKN andKA interactions does not foresee the existence of de-
tectable states, because their width (80-100 MeV) is forseen to largely exceed their separation
[9][10], except maybe in heavy nuclei [11].
On the other hand the phenomenological approach developed by Akaishiand Yamazaki [12] claimed
the existence, expecially in light nuclei, of strongly bound systems (DBKS)(up to 110 MeV), with
a width as narrow as 20 MeV and therefore clearly detectable.
From the experimental point of view the observation have been very few until now. FINUDA can
exploit both the analysis techniques used so far to identify DBKS, the invariant mass spectroscopy
and the missing mass method, thanks to its large acceptance and to the completeness of the PID
information provided.
To search for kaon-nuclear clusters their non-mesonic decay channels can be exploited: (Λp), (Λd),
(Λt) distributions have been studied by FINUDA to investigate (K−pp), (K−ppn) and (K−ppnn)
systems. The main source of background is played by the multinucleon absorption reaction fol-
lowed by FSI of the outgoing particles, increasing its relevance with the mass number. FINUDA
could measure in coincidence high resolution momentum spectra for protons,Λ’s, deuterons and
tritons with a full topological event reconstruction. In the data from light targets (6Li ,7Li ,12C) an
enhancement was observed by FINUDA at about 2.25 GeV/c2 in the (Λp) invariant mass spectrum
for back-to-back pairs, as shown in Fig. 4. It could not be explained by the the simpleK− absorp-
tion mechanism in theΛp channel leaving the daughter nucleus in the ground state, which peakes
at 2.34 GeV/c2. TheK− absorption intoΣ0p and subsequentΣ0 decay inΛγ cannot explain the
signal, because the signature in this case would be much narrower and moreover the branching
fractions of the two channels do not comply with the observed strength of thebump [13]. The
Breit-Wigner fit of the observed bump leads to assign a binding energy of 115+6

−5(stat)+3
−4(syst) MeV

and a width of 67+14
−11(stat)+2

−3(syst) MeV, with a production rate of the order of 0.1%/K−
stop. Further

details of the analysis can be found in Ref.[14].
For the (K−ppn) system a mass of (3120-3152) MeV/c2, corresponding to a binding energy of
(170-190) MeV, and a width of (13-21) MeV are predicted by Ref.[12], depending on the isospin
configuration. FINUDA studied the6Li(K−

stop,Λd) reaction and a strong(Λd) correlation was
found. In the(Λd) invariant mass distribution, shown in Fig. 5 on the left, a bump can be observed
at∼ 3250 MeV/c2 , fed by strongly back-to-back correlated(Λd) pairs, which is compatible with
the existence of a (K−ppn) system with a binding energy of about 60 MeV. The details of the ana-
lysis can be found in Ref.[15].
The clean Particle IDentification of tritons in FINUDA allows also the study of the(Λt) channel.
Coincidence events with a triton, a pion and a proton were found and the (π−p) invariant mass of
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Figure 4: Λ− p invariant mass distribution, acceptance-corrected, in light targets whenΛ− p pair is back-
to-back correlated [14].

these events shows a narrow peak around theΛ mass value as shown in the Fig. 5 on the right,
practically without background. (Λ t) pairs feature a strong back-to-back correlation and the mo-
mentum of both the particles is larger than 450 MeV/c. FINUDA could detect, overall, 40 (Λ t)
events produced in light targets (6Li ,7Li ,9Be); the capture rate of theK− absorption reaction in
theΛt channel could be measured for the first time: averaged on the three nuclei, a value of about
10−3/K−

stop was found of the same order of the other kaon absorption channels.

3. Conclusions

A total integrated luminosity of 1.2 fb−1 was collected by FINUDA in two differents data-
takings. Thanks to its large acceptance and to the provided PID information FINUDA was able to
explore a rich scientific program of K− stopped physics. Focussing on hypernuclear decays, the
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Figure 5: On the leftΛ−d invariant mass distribution from Ref. [15] and on the right (π−p) invariant mass
in coincidence events with a triton, a pion and a proton from Ref. [16]

first magnetic analysis of the MWD negative pions was performed forp-shellΛ-hypernuclei and the
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MWD decay ratesΓπ−/ΓΛ have been evaluated and compared to previous measurements and the-
oretical calculations. With these information FINUDA could suggest a newJπ(15

Λ Ng.s.) = 3/2+ as-
signement and confirmJπ(11

Λ Bg.s.) = 5/2+. On the Non Mesonic Weak Decay side FINUDA could
study the proton kinetic energy spectra following the NMWD ofΛ–hypernuclei in theA= (5÷16)
mass range. Thanks to this large systematics and the low kinetic energy threshold for proton de-
tection a linear dependence of FSI on the hypernuclear mass number A wasfound. FINUDA made
the first experimental determination of the ratioΓ2/Γp = (0.43± 0.25) in a model-independent
analysis.
Thanks to the FINUDA capabilities theK− absorption processes on nuclei can also be investigated.
The strong angular correlations found in (Λp), (Λd), (Λt) can suggest the existence of an interme-
diate strange state. The data analysis of the last run of the (Λp), (Λd) channels is underway and
the larger statistics will allow to disentangle the contributions of the two channels inthe different
nuclei and shed light on the hot and controversial topic of the kaonic nuclear clusters existence.
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