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Abstract. Selected topics in strangeness nuclear physics are critically reviewed. This includes production,

structure and weak decay of A-Hypernuclei, the K nuclear interaction and the possible existence of K
bound states in nuclei. Perspectives for future studies on these issues are also outlined.
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1 Introduction

The interaction between hadrons is one of the most inter-
esting topics among the basic subjects since the very be-
ginning of the discoveries of hadrons. Due to its relatively
easy access, the nucleon-nucleon (NN) interaction played
historically the key role. The theoretical works at low en-
ergies constructed either purely phenomenological interac-
tion potentials or potentials based on the meson-exchange
picture initiated by Yukawa [1]. A good description of the
NN interaction is of paramount importance since it is
the basic ingredient for the understanding of the nuclear
world. There has been a recent theoretical progress to de-
rive the nuclear force potential from quantum chromody-
namics (QCD) using Lattice QCD techniques. It success-
fully reproduced long-range attraction and short-range re-
pulsion at the same time.

Effective field theories (EFTs) provide a crucial test
for analyzing the properties and interactions of hadrons
and nuclei. The theories that describe low-energy hadron
physics embody the symmetries of the underlying theory,
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QCD, in effective Lagragians for the relevant degrees of
freedom, such as pions, photons and nucleons: they lead
to systematic expansions of observables in ratios of low-
energy to high-energy scales, making it possible to esti-
mate the uncertainties in their predictions and to system-
atically improve the accuracy of the pertinent calculations.

Chiral perturbation theory (ChPT) is the most impor-
tant of these for low-energy hadronic and nuclear physics.
It embodies the approximate SU(2) g x SU(2)r symmetry
of QCD, which is a consequence of the very small current
masses of the u and d quarks. Pions are, to a good approx-
imation, the Goldstone bosons that arise from the spon-
taneous breaking of this symmetry by the condensation
of quark-antiquark pairs in the QCD vacuum. The small
mass of the pions and the weakness of their interactions
at low energy are all consequences of this symmetry and
are embodied in the effective Lagrangian of ChPT. Ex-
tensions of the theory can describe heavy particles, such
as nucleons or D or B mesons interacting with pions. En-
larging the symmetry to SU(3)r x SU(3) 1, leads to EFTs
that include strange particles.

EFTs can be used to connect different experimental
observables within the symmetries of QCD. Increasingly,
they are also being used to relate experimental observables
to quantities that can be calculated using the methods of
Lattice QCD.

Considerable progress has been made in the deriva-
tion of nuclear forces from chiral EFT. Although there
is still an on-going debate about the renormalisation of
these forces and the resulting expansion scheme, in prac-
tice very successful potentials have been constructed using
Weinberg’s original scheme at order Q4 or N3LO. They
provide an accurate representation of two-body scattering
data and are currently being used as input to ab initio
nuclear structure calculations, using, for example, the no-
core shell model or the coupled cluster method. In addi-
tion, EFT provides a consistent framework for the con-
struction of three- and four-body interactions and also ef-
fective electroweak current operators. Calculations of light
nuclei show that these three-body forces are essential for
an accurate description of their binding energies.

These techniques are now being extended to hyperon-
nucleon (Y'N) and hyperon-hyperon (YY) forces. The
longest-range parts of these interactions arise from pion-
exchange and so they can be calculated using the same chi-
ral EFT. Here the smaller scattering lengths and weaker
pion-hyperon coupling mean that the Weinberg’s expan-
sion scheme is appropriate.

A relevant agreement from theoreticians is the strong
request of more experimental data on the YN and YY
interactions. At present, the experimental data on the
AN and XN interactions consist of not more than 850
spin-averaged scattering events, in the momentum region
from 200 to 1500 MeV /¢, while no data is available for the
Y'Y scattering. The low-energy data, in particular, fail to
adequately define even the sizes of the dominant s-wave
spin-triplet and spin-singlet scattering lengths and effec-
tive ranges.

Due to the inherent difficulty in obtaining precise di-
rect experimental data with beams of low momentum
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(200-400 MeV /¢) hyperons due to their short life, the only
way to obtain such data is that of performing experiments
on nuclear systems which bind one or more hyperons,
i.e. Hypernuclei. The possibility of exploiting in different
ways the Pauli principle for complex systems composed
by many nucleons and one or more hyperons is the key
issue for obtaining reliable and precise data.

In the last decade, spectroscopy of A-Hypernuclei
showed an impressive step forward in determining the en-
ergy levels of nearly all p-shell Hypernuclei both by ~-ray
spectroscopy from the decay of low-lying excited states
and by missing-mass measurements with magnetic spec-
trometers at KEK (SKS), JLab (Hall A and Hall C) and
LNF-INFN (FINUDA). A AN effective interaction which
is expressed by five strength parameters was introduced
and determined for the first time from a fit of y-ray data
on p-shell Hypernuclei: of particular relevance, we mention
the extraction of the spin-spin term in the AN interaction.
In the spectroscopy of A-Hypernuclei the Pauli principle
plays the crucial role that all the possible states of the A in
the many-body system are allowed, contrarily to nucleons.
For this reason, the calculation of the quantum numbers
of Hypernuclei is fully reliable.

In addition to information on the strong YN inter-
action, Hypernuclei may give access to experimental in-
formation, not otherwise accessible, on the weak Y N in-
teraction by their decays, in particular the non-mesonic
decay. A free A decays almost at 100% into a pion and a
nucleon, with a release of kinetic energy of about 5MeV
to the nucleon, corresponding to a final momentum of
about 100MeV/c. The situation changes dramatically
when the A is embedded in a nucleus, since the nu-
cleon of the mesonic decay is emitted with a momentum
which is much smaller than the nucleon Fermi momen-
tum kp ~ 280MeV/c. The Pauli principle acts now in
the opposite way and the pionic decay modes are strongly
hindered in all but the lightest Hypernuclei. However, new
non-mesonic weak decay (NMWD) modes are switched on
and are due to the weak interaction of the A with one nu-
cleon of the medium (An — nn, Ap — np). The above
weak decay reactions are possible only in Hypernuclei,
thanks to the stability of the A against the mesonic weak
decay due to the Pauli blocking and to the impossibility
of strong interaction processes involving the hyperon due
to strangeness conservation.

The study of the NMWD is of fundamental impor-
tance, since it provides primary means of exploring the
four-baryon, strangeness changing, weak interactions. The
non-mesonic process resembles the weak AS =0 NN —
NN interaction, which was studied experimentally in
parity-violating NN scattering. However, the AN — nN
two-body interaction mode offers more information, since
it can explore both the parity-conserving and the parity-
violating sectors of the AS = 1 weak four-baryon interac-
tion. In the VN system, the strong force masks the signal
of the weak parity-conserving part of the interaction.

In addition, the large momentum transfer in NMWD
processes implies that they probe short distances and
might therefore explore the role of explicit quark/gluon
substructures of the baryons. It is also possible to envisage
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in a nuclear medium a weak interaction of a A with two
correlated nucleons, ANN — nINN. It appears then that
an exhaustive study of the weak interaction in Hypernuclei
needs a big amount of correlated information from a very
systematic and coordinated series of measurements. After
several decades during which the experimental informa-
tion was scarce, due to the hardness of the measurements,
in the last years some very interesting new measurements
were carried out. For NMWD, coincidence measurements
of nucleon pairs emitted in quasi-back-to-back kinematics
performed at KEK provided values of the observables in
agreement with the most updated theoretical calculations.

The spectroscopic study of the proton distributions
from NMWD of all the p-shell Hypernuclei carried out
at DA®NE-LNF allowed to ascertain experimentally the
existence of the ANN — NNN weak interaction, whose
contribution to the total NMWD width turned out to be
non-negligible. The NMWD of Hypernuclei may be con-
sidered, literally, as the first and more spectacular exam-
ple of nuclear medium modifications of the properties of
an hadron. However with this definition or more concisely
with nuclear medium modifications we intend today the
changes of the mass and width of a strong interacting par-
ticle when produced inside a nucleus.

Theory predicts strong modifications of the kaon and
antikaon properties in a dense hadronic environment.
While a repulsive kaon-nucleus potential of a few tens of
MeV is predicted for the K+, the potential could be at-
tractive up to 100 MeV or more for the K~, depending
on the model. A broadening is also predicted for the an-
tikaon. Note that in the case of the strange mesons, no
clean decay channel can be used to access directly their
in-medium mass and width. The data taken so far, mostly
based on the study of the yield under different kinemat-
ics and geometrical conditions (flow pattern) are well ex-
plained by transport models who consistently lead to a
repulsive KN potential, as predicted by QCD based cal-
culations. The case of the K~ meson is especially diffi-
cult because strangeness exchange reactions considerably
disturb the already weak signals. More theoretical work,
taking into account off-shell dynamics, is severely needed
here.

Recently, a quite unexpected observation related to the
production of Hypernuclei by K~ at rest on nuclei at LNF-
DA®NE was reported. The mesonless absorption of K~ at
rest by 2, 3, 4 nucleons in light nuclei occurs with similar
and quite high rates (1073 /stopped K ). Rates of a simi-
lar order of magnitude were found only for the production
of some Hypernuclear states (12C). This fact suggests that
the absorption of K~ at rest should lead to the formation
of some intermediate state(s), decaying at rest into back-
to-back correlated pairs, Ap, Ad and At for 2, 3 and 4 nu-
cleon absorption, respectively. These states could be the
so-called AntiKaon Nuclear Clusters (AKNC), i.e., states
in which a K (K~) is strongly bound to few nucleons. A
phenomenological approach to this problem predicted for
these systems a large binding energy (more than 100 MeV)
with narrow width (20-30 MeV) and a density that should
be several times larger than the normal nuclear density.
The determination of the invariant mass of the Ap back-
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to-back correlated events seems to confirm the existence
of the AKNCs, but this conclusion must be strengthened
by other experiments with better statistics.

The study of nuclear and hadronic systems with
strangeness —including hyperonic atoms, Hypernuclei,
kaonic atoms and nuclei, exotic hadronic states such as
strangelets, H-dibaryons and pentaquark baryons, com-
pact stars and the phenomenon of strangeness production
in heavy-ion collisions— has attracted great interest and
experienced major advances in the last years [2,3]. Nowa-
days, one can safely say that strangeness nuclear physics
plays a major role in modern nuclear and hadronic phy-
sics and involves important connections with astrophysical
processes and observables as well as with QCD.

In the present paper we critically review some selected
topics in strangeness nuclear physics, including produc-
tion, structure and weak decays of A-Hypernuclei and the
controversial issue of kaonic nuclear states. We discuss the
present status of these issues from both the experimental
and theoretical viewpoints. We shall point out the most
recent achievements but also some flaws in the present
understanding. The key experimental aspects and the cal-
culations that must be considered in the near future will
be discussed.

The paper is organized as follows. In sect. 2 we summa-
rize the most important issues concerning general prop-
erties of Hypernuclei: the production reactions and the
evolution of the experimental facilities for A-Hypernuclei
are described in details. In sect. 3 we discuss the recent
results on Hypernuclear spectroscopy and their relevance
on the study of the baryon-baryon strong interaction. In
sect. 4 we discuss the recent results on Hypernuclear weak
decays and their relevance on the study of the baryon-
baryon weak interaction. In sect. 5 we describe recent ex-
perimental results on an unexpected high rate of mesonless
multinucleon absorption of stopped K ~, with hints on the
possible existence of exotic antikaon nuclear aggregates.
Finally, in sect. 6, we conclude with a critical summary of
the last achievements of strangeness nuclear physics, with
hints on the key measurements and calculations that must
be carried out in order to achieve the final results so far
anticipated.

2 Basic issues of Hypernuclear physics

In the present section we discuss general properties of
strangeness —1 and —2 Hypernuclei with emphasis on the
production reactions and the development of the facilities
in the experimental study of A-Hypernuclei.

2.1 General properties of Hypernuclei and relevance
for other fields

Hypernuclei are bound nuclear systems of non-strange
and strange baryons. On the one hand, studies on the
production mechanism and the structure of Hypernu-
clei [4, 5] are of interest since they provide indications on
the Y-N and Y-Y strong interactions which cannot be
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determined from the difficult scattering experiments. Hy-
pernuclear (strangeness-violating) weak decay is, on the
other hand, the only available tool to acquire knowledge
on strangeness-changing weak baryon interactions [6]. The
mentioned strong and weak interactions, whose determi-
nation requires the solution of complex many-body prob-
lems, have a direct connection with astrophysics: they
are important inputs when investigating the composition
and macroscopic properties (masses and radii) of compact
stars, their thermal evolution and stability [7]. Moreover,
interactions involving hyperons are also relevant in the
physics of heavy-ion collisions, whose main purpose is the
study of the nuclear equation of state, the possible phase
transition from hadronic matter to a quark-gluon plasma
and the modification of hadron properties in dense strong
interacting matter.

Among Hypernuclei, the most known and long stud-
ied are A-Hypernuclei, in which a A hyperon replaces a
nucleon of the nucleus; they are indicated by the suffix A
preceding the usual notation of nuclei: 4 Z. A-Hypernuclei
are stable at the nuclear time scale (10723 s) since the A
particle, the lightest of the hyperons, maintains its iden-
tity even if embedded in a system of other nucleons, the
only strong interaction which conserves strangeness and
is allowed being, in fact, AN scattering. Similarly, two
A’s may stick to a nuclear core, forming the so-called
double A-Hypernuclei, indicated by the symbol ﬁ 2 2. X
Hypernuclei do not exist, at least as nuclear systems sur-
viving for times longer than 10723s. The reason is that
the strong YN — AN conversion reaction occurring in
nuclei prevents the observation of narrow X nuclear states
as for A-Hypernuclei. A similar situation occurs for =~ -
Hypernuclei, whose importance lies in the fact that the
strong conversion reaction =~ p — AA in nuclei may be
used as a breeder for the formation of AA-Hypernuclei.
We may also think of 27 -Hypernuclei, possibly breeders
of 3A-Hypernuclei through a sequence of the two strong
conversion reactions: 27 n — A=, &~ p — AA occurring
in the same nucleus.

A series of experiments (BNL, KEK, JLab, FINUDA)
and calculations clearly showed the hyperon single-particle
structure of light to heavy A-Hypernuclei (from %He to
208Ph) and a substantial part of the energy level struc-
ture (spin-doublets, spin-orbit separations, etc.) of s- and
p-shell A-Hypernuclei [8]. This enabled us to obtain im-
portant information on the A-nucleus mean potential and
on the spin-dependence of the AN interaction. The next
generation of high-precision spectroscopy experiments of
A-Hypernuclei is under preparation at J-PARC and JLab.

Analyses [9-11] of X formation spectra in the (K,
7)) [12] and (7, K*) reactions [13,14] showed that the
Y-nucleus potential has a substantial isospin-dependence
and, with the exception of very light systems, is repul-
sive: ReVs(pg) ~ +(10-50) MeV, pg = 0.17fm~3 being
the normal density of nuclear matter. The YN — AN
conversion width is theoretically evaluated to be of about
30MeV for a X' in nuclear matter at normal density (see,
for instance, the Y N G-matrix calculation of ref. [15]). We
note that repulsive values for the X-nucleus potential can
be obtained theoretically [15] only in calculations with the
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most recent Nijmegen YN potentials, ESC08, [16] or with
quark-cluster models [17], thanks to the particular model-
ing of the short-range part of the AN interaction provided
by these approaches. We note that the construction of the
repulsive core part of the ESCO8 potentials was guided by
quark-cluster model studies. The only quasibound state
of a X in a nucleus has been observed in % He. By using
an isospin decomposition of the hyperon-nucleus poten-
tial, one has Vs = V2 + ViT 4 - tx /A, VP and Vi being
the isoscalar and isovector potentials, respectively. Phe-
nomenologically, one has positive values for both Re V2

and Re V3, which produces the above-mentioned repul-
sion. However, for a nuclear core with N < Z and small
A, the isovector term produces a significant attraction and
can bind the ¥ in %.He.

Despite their implications on the possible existence of
dibaryon states and multi-strangeness Hypernuclei and
on the study of compact stars, much less is known for
strangeness —2 Hypernuclei [2,3]. We have very little
phenomenological information on the =-nucleus poten-
tial Vz: fits performed on an inclusive (K, K1) pro-
duction experiment [18,19] provided a shallow potential,
ReV=(pg) ~ —14MeV. This experiment is interpreted as
the formation of a =~ bound state in 152, Be. Coulomb-
assisted =~ bound states are expected for medium and
heavy Hypernuclei. In calculations based on =N NSC89
and NSC97 Nijmegen potentials, the =-nucleus poten-
tial turns out to be repulsive; only the recent ESC04
and ESC08 models were constructed to provide an at-
tractive Z-nucleus potential [16]. The existence of the
strong =~ p — AA reaction makes =-Hypernuclei unsta-
ble with respect to the strong interaction. According to
ZN G-matrix calculations in nuclear matter at normal
density [15], the width of the =~ p — AA conversion reac-

tion is of about 3-8 MeV for the NSCO08 interaction model
but can be as large as 15 MeV for the NSC04 model, thus
making the experimental investigation of the level struc-
ture of =-Hypernuclei in the latter case difficult. Recently,
an experiment to study the spectroscopy of 152, Be via the
(K~, K) reaction on '2C target has been approved at J-
PARC [20] as a first priority. Valuable information on the
S = —2 baryon-baryon interaction will be obtained with
a high-resolution magnetic spectrometer; the first experi-
mental results will also stimulate further theoretical work.

Only a few AA-Hypernuclei events have been studied
experimentally up to date. In recent KEK experiments,
4 H, 5 ,He and 1, Be have been identified, while less un-
ambiguous events were recorded for § ;He and 1’ Be in the
’60s and for 13, B in the early’ 90s [21]. The recent obser-
vations imply a weak and attractive A/ interaction, i.e., a
bond energy AB44 (4 He) = Baa(§He) — 2B4(5He) =
(0.67 + 0.16) MeV for the so-called NAGARA event [22].
However, this indication may not be conclusive, as it has
not yet been possible to interpret with certainty all the
old events consistently with the NAGARA event. Theo-
retical approaches to the structure of strangeness —2 nu-
clear systems have been proposed using various models.

Small and attractive AA bond energies can be obtained
by the NSC89, NSC97 and ESC04 and ESC08 Nijmegen
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Y'Y models in three-body 24 + core calculations based
on a AA and AN G-matrix interaction [15,16]. However,
the microscopic calculation of ref. [23], based on realis-
tic NSC97 AN and AA interactions, provided values of
the bond energy which are smaller than the experimen-
tal value for the NAGARA event. Future experiments on
strangeness —2 Hypernuclei will be carried out at J-PARC
and FATR (PANDA Collaboration).

We note that information derived from Hypernuclear
structure have important implication in the study of com-
pact astrophysical objects. The composition and equation
of state of supernovae and neutron star cores sensitively
depend on the hyperon content and are poorly known
at present: these properties are mainly controlled by the
depths of the hyperon-nucleus mean field potentials Vy (p)
at high densities p. Various scenarios can be envisaged
which correspond to different hyperon compositions and
influence observable properties such as the mass-radius
relation, the maximum mass and the temperature of neu-
tron stars. Hyperons and hyperon interactions are also
important in the study of failed supernovae. These stars
evolve by first collapsing into proto-neutrons stars, which
have very high density and temperature. The appearance
of hyperons in failed supernovae makes the equation of
state of the proto-neutron star softer and triggers a sec-
ond collapse which finally ends with the formation of a
black hole [24]. The black hole formation can be studied
by detecting neutrino bursts on Earth originated in the
failed supernova collapse. The duration of neutrino bursts
becomes shorter in the presence of hyperons: this could
allow one to probe the hyperon content in failed super-
novae.

Concerning the weak decay, for A-Hypernuclei one has
the mesonic mode, A — 7N, which resembles what hap-
pens to the A in the free space, and the so-called non-
mesonic mode, with channels AN — nN, ANN — nNN,
etc., which can only occur in nuclear systems. Nowa-
days, a good agreement has been reached between the
theoretical description and the experimental data on the
mesonic decay of A-Hypernuclei. Because of the Pauli
blocking on the final nucleon, the mesonic decay is dis-
favored for medium and (especially) heavy Hypernuclei
(say from }2C). Innovative experiments (KEK, FINUDA)
on non-mesonic decay of A-Hypernuclei, which dominates
for medium and heavy Hypernuclei, have been performed
in recent times [25-29]. These advances were accompanied
by the advent of elaborated theoretical models (a vari-
ety of both finite nucleus and nuclear matter approaches)
and allowed us to reach a reasonable agreement between
data and predictions for the non-mesonic rate '\, the
ratio I,/I, = I'(An — nn)/I'(Ap — np) between the
neutron and the proton-induced decay rates and the in-
trinsic asymmetry parameter a, for the decay of polar-
ized Hypernuclei. However, discrepancies between theory
and experiment (and in some case even between differ-
ent experiments) are still present for the emission spectra
involving protons [30,31]. This could signal an imperfect
implementation of final state interaction effects in the the-
oretical and/or experimental analyses. Furthermore, it is
still unclear the role played in the non-mesonic decay by
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the A-baryon resonance and by possible violations of the
AT = 1/2 rule on the isospin change. New experiments
on non-mesonic decay will be carried out at J-PARC, GSI
and FAIR (HypHI Collaboration), while new analyses are
expected also from FINUDA.

No data is available on the A-induced A decays which
are possible in AA-Hypernuclei: AA — An, AA — X" p,
AA — X% (AS = 1) and AA — nn (AS = 2), apart
from the claim for the observation of a single event [32] at
KEK. Only a couple of predictions (in disagreement with
each other) are available for such interesting strangeness-
changing processes [33,34]. Realistic calculation of these
decays could also provide important hints on the possible
existence of the H-dibaryon. Moreover, a reliable calcula-
tion will be important in the design of future experiments
at J-PARC and FAIR (PANDA Collaboration), where the
corresponding processes could be observed for the first
time.

Finally, we note that also Hypernuclear non-mesonic
weak decay has a relevant impact on the physics of dense
stars. The equilibrium between NN — AN and AN —
NN non-mesonic weak processes is expected to be ex-
tremely important for explaining the stability of rotating
neutron stars with respect to the emission of gravitational
waves [7]. The fundamental property which controls the
stability of a neutron star is the viscosity, which dom-
inantly depends on non-mesonic weak processes involv-
ing hyperons. Other related hyperon-induced weak inter-
actions (the so-called Urca processes) provide a relevant
contribution to the cooling mechanism of neutron stars.
The occurrence of hyperon superfluidity is indispensable
for this hyperon cooling scenario to be consistent with
the observations of cold neutron stars. In particular, the
weakly attractive A/ interaction derived from the men-
tioned NAGARA event turned out to affect very much
the hyperon cooling scenario [35].

2.2 Production of Hypernuclei and experimental
facilities

2.2.1 The most used reactions for production of Hypernuclei

The first observation of a Hypernucleus (or more precise-
ly a Hyperfragment) is due to Danysz and Pniewski in
1953 [36], by analyzing the events recorded by a stack
of photographic emulsions exposed to the cosmic radia-
tion at about 26km from the Earth surface with a bal-
loon. Up to the early ’70s visualizing techniques (photo-
graphic emulsions, but also bubble chambers filled with
4He or heavy liquids) were the experimental tool used
to study the properties of Hypernuclei. Cosmic rays and
afterward K~ beams were employed for producing Hy-
pernuclei. Notwithstanding the inherent difficulty of this
technique (low statistics), the basic features of Hypernu-
clear physics and more generally of strangeness nuclear
physics (production, decay modes, inclusive spectra of
charged particles) were assessed. Twenty Hypernuclear
species were unambiguously identified by the kinematic
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Fig. 1. Kinematics of reactions (2), (3) and photoproduction (5) for forward A emission (07 = 0°). The momentum transferred

to the hyperon is plotted as a function of the incoming particle (K, 7+ or 7) in the Laboratory system. From ref. [5].

analysis of the disintegration star. In particular measure-
ments were performed of the A binding energy, B4, of the
47 Hypernuclear ground state, defined as

By = Mcore + My — Mhyp; (1)

where Mo, is the mass of the *~1 Z nucleus well known
from nuclear physics, M4 is the A hyperon mass and Mj,,
is the measured ‘/‘}Z Hypernuclear mass. It was found
that B, varies linearly with A, with a slope of around
1MeV/(unit of A), saturating at about 27 MeV for heavy
Hypernuclei. This result is the most important from the
emulsion era and even today, in spite of the tremendous
experimental effort on the magnetic spectrometers that
we will discuss later, the B4 from the emulsion technique
are the most precise and serve as a reference, due to their
extraordinary precision.

From 1972 two-body reactions producing A on a nu-
clear target have been studied. The two-body reactions
that led to practically all the present bulk of experimen-
tal information are the following.

1) The “strangeness exchange” reaction,
K +N — A+, (2)

exploited mainly in the K~ 4+n — A+4+x~ charge state,
for evident reasons of easiness in spectroscopizing the
7 final state. The reaction can be seen as a transfer
of the s-quark from the incident meson to the struck
baryon.

2) The “associated production” reaction,

™ +n— A+ KT (3)

This reaction proceeds by the creation of a (s3) pair
by the incident meson.

3) The electroproduction of strangeness on protons in the
very forward direction,

e+p—e +A+ KT, (4)

exploited quite recently. The virtual photons associ-
ated to the reaction (4) can be regarded as quasi-real
and reaction (4) is often rewritten as a two-body pho-
toproduction reaction:

y+p—A+KT. (5)

It must be noted that whereas with reactions (2) and
(3) it is possible to replace a neutron in the target nucleus
by a A, with reaction (4) a proton is replaced by a A,
and the neutron-rich mirror Hypernucleus is obtained out
from the same nuclear target. Just for example, with re-
actions (2) and (3) on a '2C target '?C is obtained, while
with reaction (4) }?B is produced.

Each one of the aforesaid reactions has its own char-
acteristics in the elementary cross-section, internal quan-
tum numbers transfer, momentum transfer, absorption of
incoming and outgoing particles in nuclear matter. The
most important parameter in determining the selectiv-
ity of the different reactions is the momentum transfer.
Figure 1 shows the momentum transferred to the A hy-
peron, gy, as a function of the momentum of the projec-
tile in the laboratory frame, prq, for reactions (2), (3)
and (4) at 04, = 0°. A striking kinematics difference ap-
pears: for (2), which is exoenergetic with a @ value of
~ 178 MeV, there is a value of prqp (505 MeV/c¢), usually
referred to as “magic momentum” [37] for which ¢, van-
ishes and recoiless production takes place; for (3), which
is endoenergetic with a @ value of ~ —530MeV, g, de-
creases monotonically with pr.p, staying always at values
exceeding 200 MeV/c. A further degree of freedom in se-
lecting g, is given by the detection angle of the produced
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meson. It is important to notice that g, for (2) with K~
at rest is not very different from that for (3).

In order to get insight on how the features of the
elementary reaction affect the production of Hypernu-
clei in well-defined states the impulse approximation may
be used. The two-body reaction t-matrix in the nuclear
medium is replaced by the free space t-matrix at the same
incident momentum and the differential cross-section for
the reaction

K~ s
7r+}+AZ—>Q‘Z+{K (6)

may be written as
4o (0)/d82y, = €[do(0)/d2 ) Newli — £, 0).  (7)

n (7) do(0)/ds2;, is the Lab. cross-section for the pro-
duction of the Hypernucleus ﬁZ in a given final state f, £
a kinematic factor arising from two-body to many-body
frame transformation, [do(0)/d€2r])qee the cross-section
for the elementary (or free) reactions (2) and (3) and
Neg (i — f, ) the so-called “effective nucleon number”.

Equation (7), simple and easy to understand, was used
by Bonazzola et al. [38] for the first time to describe the
production of Hypernuclei by the (K~, 77) reaction at
390MeV/c. All the complications and difficulties related
to the many-body strong interaction system are obviously
contained in the term Neg(i — f, 0) (the nuclear physics
“black box”). In the simplest plane wave approximation
(PWA) Neg(i — f, 0) can be written as

Neg (i — f, 8) = (Clebsh-Gordan coefficients) x F(q),

in which F(q) is a form factor, related to ¢ by simple reﬁz%z
tionships, at least in the frame of the independent particle
nuclear model.

PWA is only a rough approximation for describing Hy-
pernuclei production reactions and is unable to provide re-
liable values of the cross-sections. A better insight is given
by the Distorted Wave Impulse Approximation (DWIA).
The K and 7 distorted waves are calculated separately
by solving the Klein-Gordon equation with the use of ap-
propriate optical potentials, conventionally taken propor-
tional to the nucleon density. DWTA calculations are quite
successful in describing the features of the production of
Hypernuclei by meson beams. A comprehensive and up-
dated account on this subject can be found in ref. [39].

Similar theoretical considerations may be applied also
for describing the electroproduction of Hypernuclei by
means of the elementary reaction (4), even though the rel-
evant expressions are somehow complicated by the three-
body final-state kinematics and by the dynamics described
by the electromagnetic interaction. The relevant relation-
ships can be found, e.g., in ref. [4] and in the recent paper
of ref. [40].

From the above considerations and from fig. 1 it ap-
pears that, with the (K, 7~) in-flight reaction, substitu-
tional states of the Hypernucleus, obtained by converting
a neutron of the target nucleus into a A hyperon in the
same orbit and spin state with no orbital angular momen-
tum transfer, are preferentially populated. On the other
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hand, the (77, KT) and (e, e’ KT) reactions and also the
(K, 7 ) reaction at rest transfer a significant recoil mo-
mentum (200-300 MeV/¢) to the Hypernucleus, and then
several high-spin Hypernuclear states are preferentially
populated.

This feature is of paramount importance for Hyper-
nuclear spectroscopy studies (see sect. 3) and also for in-
vestigations on the weak decay, which occurs mainly for
Hypernuclei in the ground state (see sect. 4). Furthermore,
since the spin-flip amplitudes in reactions (2) and (3) are
generally small, they populate mainly non—spin-flip states
of Hypernuclei. On the contrary, since the amplitude for
reaction (4) has a sizable spin-flip component even at zero
degrees due to the spin 1 of the photon, both spin-flip and
spin—non-flip final Hypernuclear states may be populated
in electroproduction. From the above considerations it ap-
pears that, in principle, we have at disposal all the tools
needed for a complete study of all the Hypernuclei we wish
to investigate. In practice the experimenters have to face
many other constraints in designing their detectors. These
are:

a) the values of the cross-sections for producing Hyper-
nuclei with reactions (2), (3) and (4);

b) the presence of physical backgrounds in which the sig-
nals due to Hypernuclei formation could be blurred;

¢) the intensity and energy resolution of the beams of
projectiles (K, 7T, ¢e);

d) the availability of the above beams at the different lab-
oratories, in competition with other experiments in nu-
clear and particle physics.

A simple answer to question a) is given in fig. 2. It must
be noted that the production of Hypernuclei by means of
the (K, ) reaction with K~ at rest is reported too on a
cross-section scale, which is formally wrong, since the pro-
duction by particles at rest is defined by a capture rate and
not by a cross-section [5]. Unfortunately, the intensities
and the qualities (point c)) of the beams scale inversely to
the values of the production cross-sections. The electron
beams were always excellent concerning the intensity and
the energy resolution. Unfortunately, in the past years, the
duty cycle of the machines was very low, and the smallness
of the cross-section joined to the need of measuring the e’
and KT from (4) in coincidence did not allow to study the
production of Hypernuclei. Only the advent of CEBAF,
a machine with an excellent duty cycle, allowed the start
up of experiments on Hypernuclei. The best projectiles for
producing Hypernuclei, and in general strange nuclei, are
K~ . Unfortunately the intensity of such secondary beams
is quite low, and even worse is the quality (contamination
by 77, energy spread). For these reasons the magnetic
spectrometers that were designed were quite complicated
and the running times needed to obtain adequate statis-
tics long. The powerful complex of machines J-PARC, that
was recently put into operation and for which strange nu-
clei and atoms physics will be among the top priorities,
will allow a real breakthrough in this field. Production of
Hypernuclei by pion beams is midway concerning both the
cross-sections and the quality of the beams. For these rea-
sons experiments using reaction (3) performed mostly at
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Fig. 2. Hypernuclear production cross-section for typical re-
actions versus momentum transfer. From ref. [5].

KEK with the SKS spectrometer produced a great part of
experimental information in the last ten years by means
of advanced state-of-art technologies at an old machine,
the KEK 12 GeV ProtonSynchrotron. An overview of the
measurements done with the SKS can be found in ref. [4].
A special discussion must be given in relation to the
use of the (K~,7~) reaction at rest. Looking at figs. 1
and 2 this method seems easier to exploit, since no exper-
imental information on the momentum of the incoming
particle is needed. The main reason it has not been so
widely used stems in point b). Taking again as an ex-
ample the production of 12C from a '?C target through

reaction (2) with K~ at rest
K-

stop

+1P2C— ¥C+r7, (9)

at first sight one could think that the simple spectroscopy
of the 7~ from (9) should be enough to get information on
the excitation spectrum of 12C. The fastest 7~ should be
those related to the formation of 12C in the ground state.
Unfortunately other processes following the capture of K~
at rest produce 7~ with momenta even larger than those
from reactions like (9). The most dangerous for Hypernu-
clear spectroscopy is the capture of a K~ by a correlated
(np) pair in the nucleus:

K™+ (np) — XY~ +p, (10)
followed by the decay in flight of the X~ into 7= + n.
This process leads to the production of 7~ with a flat
momentum spectrum that extends beyond the kinemat-
ics limit due to the two-body production of Hypernuclei.
This drawback was clearly understood in the first series
of experiments on Hypernuclei with K~ at rest, done at
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KEK [41], and the background reasonably modeled by ac-
curate simulations [42]. This circumstance generated am-
biguity on the subsequent experiments with K~ at rest,
described in the following.

After the visualizing techniques era, in the early '70s the
study of Hypernuclei started by means of electronic tech-
niques (magnetic spectrometers), following the progress in
the design of new intense K~ beams and pioneering the
use of the newly developed multiwire proportional cham-
bers [43]. However, the magnetic spectrometers that were
used by the different groups were not designed specifically
and optimized for Hypernuclear physics. The first mea-
surement of the 7~ spectra emitted from K~ capture at
rest by '2C was performed by means of an apparatus ded-
icated to the measurement of the K. decay, with some
modifications of the target assembly and the trigger [44].
The energy resolution of the Hypernuclear energy levels
was 6 MeV FWHM. A similar resolution was attained in
the first experiment on the production of Hypernuclei with
the reaction (2) in flight, at 390 MeV/c. The apparatus
was realized [45] specifically for the study of the produc-
tion of Hypernuclei, but using pre-existing general pur-
pose magnets. The energy resolution on the Hypernuclear
energy levels was about 6 MeV FWHM.

~v-rays spectra emitted from low-lying excited Hyper-
nuclear states were, too, measured from A = 4 systems
in a pilot experiment performed with Nal detectors [46]
at CERN. A double spectrometer for the study of the
(K, 7 ) reaction on some nuclear targets at 900 MeV /¢
was assembled soon afterwards, always at CERN, again
using pre-existing beam elements and magnets, provid-
ing a better resolution (5MeV) and cleaner spectra with
higher statistics [47].

The first magnetic spectrometer which was specifically
designed for Hypernuclear physics, SPES 2, has quite a
funny story. It had quite a sophisticated and nice mag-
netic optics, it was assembled in 1976 and afterwards used
at the proton Synchrotron SATURNE in Saclay in an
attempt to produce Hypernuclei by the (p,p’K™) three-
body reaction in the forward direction on a nuclear tar-
get. Unfortunately, the experiment failed, due to the over-
whelming background, but the spectrometer was so prop-
erly designed that, transported at CERN and installed
at a K~ beam in 1978, produced an excellent amount of
data on Hypernuclear physics by the (K—,77) reaction
at 900 MeV /¢ [48].

A great step of quality in Hypernuclear physics was
made possible by these experiments. Production of ex-
cited states was observed for several Hypernuclei, mostly
in the p-shell, and their quantum numbers determined in
some cases. These data constituted the input for several
theoretical investigations on the description of the Hy-
pernuclear excited states in terms of microscopic models
starting from the AN potential. The most important
result from this series of measurements is the observation
that the spin-orbit term in the A-nucleus optical potential
is consistent with zero. This conclusion was recently
questioned by recent experiments on heavier Hypernuclei,
but the original hypothesis of a very small value seems
still to be the more valid.
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Looking at the very promising results obtained at
CERN, the BNL management decided to start a strong
effort on Hypernuclear physics. The first step was to set-
up a focusing spectrometer system placed on a rotatable
platform, called Moby-Dick. A suitable beam line was de-
signed to be operated in connection with the spectrometer.

From the late '70s BNL produced an impressive set of
excellent data, practically on all the experimental aspects
of Hypernuclear physics. The greater amount of data was
obtained by means of the (K ~, 7~ reaction, thanks to the
fact that BNL had the better K beams in the world. How-
ever, BNL pioneered also to exploit the associated produc-
tion reaction (3) on nuclei in a very efficient and controlled
way. As a matter of fact, the spectra obtained on heavy
targets like 7Y showed for the first time, in a very im-
pressive way, the validity of the single-particle model even
for the inner shells [49]. Tt is difficult to enumerate here all
the contributions to Hypernuclear physics provided by the
BNL experiments, without omissions. They can be found,
e.g., in the review by Chrien [50]. BNL pioneered practi-
cally all the experimental techniques that are the basis for
the present and future installations, but did not perform
a systematic study.

At the 12 GeV proton synchrotron of KEK experimen-
tal effort started with a series of experiments in which the
7 spectra emitted following the capture of K~ at rest by
several nuclei were measured with a magnetic spectrome-
ter [41]. At the beginning the apparatus was the one used
for the study of rare and exotic decays of KT. In some
sense, the situation was similar to that one occurred in
1973 for the first CERN experiment, but the results, im-
mediate and also far reaching, were completely different.
Exploiting the better beam quality, the use of dedicated
detectors for coincidence measurements and also the phy-
sics information gained by more than ten years of experi-
mental results with the in-flight reactions, the KEK results
showed that reaction (2) with K~ at rest could provide
results on Hypernuclear physics of very high quality, in
contrast to the initial perception. The main results from
the KEK experiment is summarized in ref. [41].

At the end of the '90s, a powerful detector dedicated
to Hypernuclear Physics was approved for installation at
KEK. It was based on a large superconducting dipole mag-
net with a pole gap of 50 cm and a maximum field of 3T,
optimized to provide a large solid angle (100 msr) for the
reaction (77, KT) on nuclei. A dedicated new beam line,
providing ~ 2 x 1057F /spill at about 1GeV/c was put
into operation. The spectrometer, named SKS (acronym
for Superconducting Kaon Spectrometer) was equipped
with state-of-art drift chambers and detectors for parti-
cle identification. Figure 3 shows a sketch of the detector.
The final resolution of the device was about 1.5MeV on
the Hypernucleus energy spectrum as shown in fig. 4 [51].

As a first step, excitation energy spectra were mea-
sured for {Li, {Be, "B, }2C, 13C, 160, 28Si, 'V, %Y,
139La, 3°8Pb. It is the more systematic study ever done,

and confirmed the previous result on the physical reality
of single-particle states deeply located in nuclei as heavy
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ref. [51].

as A = 208 systems. This bank of data allowed a reliable
determination of the parameters of the potential well seen
by the A in a Hypernucleus. Furthermore, thanks to the
improved energy resolution, a splitting of the peaks cor-
responding to the A in one shell was observed. The split-
ting seemingly increased with the angular momentum of
the observed shell-model orbit, asking then for a non-zero
value of the spin-orbit term.

After this series of systematic measurements, the SKS
was used to “prepare” Hypernuclei in well defined states
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(ground or excited) and study their decay by other arrays
of complex detectors. This was possible thanks to the
space left free around the targets used in the (7, K)
reaction. The most important of these additional complex
detectors was certainly the so-called Hyperball, since it
pioneered a new field in Hypernuclear physics, the v-rays
spectroscopy of excited states, allowing the achievement of
an energy resolution (of the order of keV) better by about
three orders of magnitude than that reached with the mag-
netic spectrometers. It is important to notice that the de-
vice had in any case to be coupled to a magnetic spectrom-
eter in order to prepare, with a resolution of some MeV,
the Hypernuclear energy excitation spectrum to be ana-
lyzed by means of a further coincidence with the Hyperball
detector. Details on the physics results achieved with this
technique will be given in sect. 3. The first Hyperball con-
sisted of fourteen n-type coaxial Ge detectors, arranged in
a compact geometry. The Ge detectors were surrounded
by BGO counters for background suppression (Compton
scattering, high-energy electromagnetic showers from m°
and penetration of high-energy pions and muons). The
energy resolution of the detector was ~ 3keV FWHM
and the total efficiency was 0.38% for -rays of 1 MeV.
The system was cooled at LNs temperature and equipped
with fast-readout electronics, necessary to operate at high
rates. The very successful results provided by the first Hy-
perball led to a continuous improvement of the detector.
The last one, named Hyperball-J (J stands for J-PARC)
is equipped with a mechanical cooling with a refrigerator
instead of LNy cooling, PWO counters instead than BGO
for background suppression (they have much shorter time
for light emission) and new readout electronics.

The second, complex detector fully dedicated to Hy-
pernuclear physics, built taking into account the very
interesting results obtained by using K~ at rest, is
FINUDA. FINUDA (acronym for Flsica NUcleare a
DA®NE) may be considered the more complete detector
built up to now and is completely different from all the
other detectors and spectrometers described up to now. It
was installed at an (e™,e™) collider, DA®NE, at Labora-
tori Nazionali di Frascati. Thanks to the large angular cov-
erage for detection of charged and neutral particles from
the formation and decay of Hypernuclei, many observables
(excitation energy spectra, partial decay widths for me-
sonic, non-mesonic decay and multi-nucleon absorption),
were measured simultaneously and provided a bulk of data
of unprecedented completeness, precision and cleanliness.
Furthermore, spectra corresponding to different targets
were measured simultaneously, avoiding possible system-
atic errors in comparing the properties of different Hyper-
nuclei. Under this point of view, FINUDA is the modern
electronic experiment approaching more closely the origi-
nal visualizing technique by Danysz and Pniewski.

The idea of performing an experiment on the pro-
duction and decay of Hypernuclei, which is inherently a
fixed target physics, at a collider seems not good at first
sight. The main decay channel of the @-meson, produced
nearly at rest in the collision of 510 MeV electrons and
positrons at a rate of ~ 4.4 x 102s~! at the luminosity
L£=10*2cm 2571 is (K*, K7), BR ~ 49%. Since the ®-
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meson is produced at rest, DA®NE at LNF is a source
of ~ 2.2 x 10> (KT, K~) pairs/s, which are collinear,
background free, and, very important, of very low en-
ergy (~ 16 MeV). The low energy of the produced charged
kaons is the key advantage for an experiment on Hyper-
nuclei production and decay by means of the strangeness-
exchange reaction with K~ at rest
Kaop +22 =42 +7, (11)
in which 4Z indicates the nuclear target and 4 Z the pro-
duced Hypernucleus. The K~ can be stopped in very thin
targets (a few hundreds of mg/cm?), in contrast to what
happens in experiments with stopped K~ at hadron ma-
chines, where from 80% up to 90% of the incident K~
beam is lost in the degraders facing the stopping target.
Furthermore, the cylindrical geometry of the interaction
region at a collider allows the construction of cylindri-
cal high resolution spectrometers with solid angles for de-
tecting the 7~ from (2) very much bigger (> 27 sr) than
those at fixed target machines (~ 100 msr). Last but not
least, the use of thin targets introduces lower cuts on the
measurement of the energy spectra of charged particles
(7=, p, d) from the weak decay of the Hypernuclei pro-
duced by (11) and they are detected by the same arrays of
detectors with large solid angles (> 2msr). These consid-
erations were put forward in 1991 [52] and a proposal was
afterwards elaborated [53] and soon accepted by the Sci-
entific Committee of LNF. Figure 5 shows a sketch of the
detector, immersed in a superconducting solenoid which
provides a homogeneous magnetic field of 1.0 T inside a
cylindrical volume of 146 cm radius and 211cm length.
We emphasize that different experimental features rele-
vant to different measurements (e.g., momentum resolu-
tion for the different particles wversus the statistical sig-
nificance of the spectra) may be optimized out of the
same data bank by applying with software different se-
lection criteria. The approach is then quite different from
that followed by SKS, in which different hardware layouts
were used in subsequent runs in order to obtain excel-
lent results, some of which we will present in the following
sections.
Let us now emphasize a peculiar feature of FINUDA,
not adopted in the detectors so far mentioned. It is the
presence of a powerful vertex detector, composed by two
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NUDA. The solid line represents the best fit obtained with
seven Gaussian functions. From ref. [54].

barrel-shaped arrays of Si Microstrip detectors that allow
the separation of the primary interaction vertex of reac-
tion (2) from the secondary vertexes from the decay of the
produced hyperons, A and X', to better than 1mm. For
studies of Hypernuclear spectroscopy it is of paramount
importance to measure the Hypernuclear energy spectra
minimizing the background, that should forbid the obser-
vation of states produced with a low strength. As discussed
before, the more significant contribution in the bound Hy-
pernuclear states region comes from the absorption of the
K~ ona NN pair, producing a ¥* and a nucleon. The ¥
decays in flight into N+, and the 7 from this process has
a broad flat spectrum extending beyond the kinematics
limit corresponding to the formation of the Hypernucleus
in the ground state (}2C in the example).

Thanks to these features FINUDA provided nice re-
sults on Hypernuclear spectroscopy featuring the best en-
ergy resolution on the Hypernuclear energy levels (1.29
MeV FWHM) so far reached with magnetic spectrom-
eters for meson-induced reactions like (2) and (3). Fig-
ure 6 shows the excitation energy spectrum measured for
12C [54].

As mentioned before, only recently reaction (4) has
been exploited at JLab for the production of Hypernuclei.
Two performing complexes of spectrometers were installed
in Hall A and Hall C, respectively. Since reaction (4) leads
to three bodies in the final state, two magnetic spectrom-
eters with large acceptance had to be installed for the
event-by-event reconstruction. A further difficulty, for the
Hall C spectrometer, was represented by the necessity of
using a splitter magnet after the target, keeping at min-
imum the disturbance introduced by such an element in
the magnetic optics of the spectrometers. Figure 7 shows
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a sketch of the spectrometer complex installed in Hall C.
The difficulty of spectroscopizing two charged particles in
the final state is overcompensated by the fact that spec-
trometers for electrons offer the best momentum resolu-
tion and then the final energy resolution on the Hypernu-
clear levels is considerably improved. As a matter of fact,
a resolution of 0.67 MeV FWHM was very recently at-
tained [55] by using the spectrometry’s complex installed
in Hall A, in a measurement on a '2C target, with good
statistics. Figure 8 shows the obtained ?B excitation-
energy spectrum, with peaks corresponding to the Hy-
pernucleus ground state and to both A and nuclear core
excited states [55].

2.2.2 Other reactions for the production of Hypernuclei

Several projectiles other than mesons and electrons were
used in attempts to produce Hypernuclei and measure
some observable with a precision better than that reached
with the standard reactions of sect. 2.2.1. We recall that
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low-momentum p from LEAR were used to produce heavy
Hypernuclei from Bi and U targets and measure their
lifetime by the delayed fission using the recoil shadow
method [56,57]. The same method was used some years
later [58] using the p of 3GeV from COSY to produce
fissionable heavy A-Hypernuclei. Both experiments pro-
vided values for the heavy Hypernuclei with errors which
at the end were at the same percentage level of those mea-
sured in experiments using mesons as projectiles. However,
the reported values of the lifetimes for heavy Hypernuclei
look too low when compared to those obtained for light-
medium A Hypernuclei. We notice that, otherwise than
other experiments, the lifetime determination was not di-
rect, but needed some additional hypotheses; a detailed
description will be given in sect. 4.1.

With the advent of the relativistic ion beams, some
measurements were performed on Hypernuclear observ-
ables. The first attempt was the measurement of the
lifetime for 1°O performed at the LBL Bevalac with a
2.1 GeV /nucleon 150 beam [59]. However, the obtained
value was about 3 times lower than the lifetime for neigh-
boring Hypernuclei, indicating that some serious draw-
back was affecting the measurement. The method was im-
proved at the JINR Synchrophasatron, providing reliable
results for the lifetime of light Hypernuclei [60]. More de-
tails will be given in sect. 4.1.

Heavy-ion collisions experiments are of extreme impor-
tance for exploring the phases of strongly interacting mat-
ter as a function of temperature and net baryon density. In
heavy-ion collisions at moderate energies, one has access
to the high net baryon density region of the QCD phase
diagram. Experiments of this kind, where particles with
moderate strangeness quantum number are produced, will
be performed at FAIR by the Compressed Baryonic Mat-
ter (CBM) Collaboration: their main aim is to study the
nature of the transition between hadronic and quark mat-
ter, the search for a QCD critical endpoint and for a chi-
ral phase transition. Instead, in nuclear collisions at high
energy, hot and dense matter with almost vanishing net
baryonic density is produced in the early stage of the fire-
ball evolution [61]. High-energy heavy-ion collisions ex-
periments have been carried out at RHIC and, at higher
energies, are currently running at LHC. The matter cre-
ated in such experiments contains an almost equal num-
ber of quarks and anti-quarks; it has been interpreted as
the signature of the formation of a quark-gluon plasma
(QGP) [62] and is suited for the production of Hypernuclei
and anti-Hypernuclei in addition to many other particles
and their anti-particles with large strangeness content.

The production of 3H Hypernuclei and %ﬁ antimatter

Hypernuclei was observed by the STAR Collaboration at
RHIC in Au + Au collisions at a center-of-mass energy per
nucleon-nucleon collision \/syy = 200 GeV [63-65]. This
is the first observation of an antimatter Hypernucleus.
The lifetime of hypertriton and anti-hypertriton were
measured by observing 3H — 3He + 7~ and ‘}ﬁ —3

He + 7+ mesonic decays, with a value 7 = (182752 + 27)

ps determined from the combined set of hypertriton and
anti-hypertriton data (the separate hypertriton and anti-
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hypertriton showed no difference within errors, as pre-
dicted by the matter-antimatter symmetry). The deter-
mined masses, m(3H) = (2.989 £ 0.001 £ 0.002) GeV and

m(3H) = (2.991£0.001£0.002) GeV, are consistent with

the best value for hypertriton from the literature.
The experiment determined a %H/3H ratio between

the i—ﬁ and 3 H production yields of about 0.5. This result

is consistent with %I:I and 3H production via a hadron
coalescence mechanism by the overlapping of the A, p, n
baryon wave functions for 3 H and A, p, 7 anti-baryon wave
functions for %I:I in the final stage of the collision: in a coa-
lescence picture one has 3H/3H ~ (A4/A) x (p/p) x (n/n),
where with B/B (B = A, p,n) we indicate the baryon
yield ratios. Relativistic heavy-ion collisions are expected
to produce large amounts of hyperons and anti-hyperons
with two or three units of strangeness, thus may be re-
garded as interesting sources of multi-strangeness Hyper-
nuclei and anti-Hypernuclei.

Equilibration between strange and light quarks has
been considered as a signature of the formation of a QGP.
According to recent studies [66], the evolution of the cor-
relation between the baryon and the strangeness quantum
numbers as a function of the collision energy provides
information on the onset of deconfinement which sepa-
rates the QGP and the hadron gas phases. These baryon-
strangeness correlations can be measured from the Hy-
pernuclear production yields by introducing the so-called
strangeness population factor S3 = 3H/(*He x (A/p)).
This observable is expected to increase as a function of
the collision energy for a deconfined partonic phase while
for a systems which remains in a hadronic phase is almost
independent of energy [67]. Heavy-ion collision measure-
ments at high energy can thus distinguish between the
two phases of matter in the high-temperature regime. Al-
though with large errors, S3 was measured to be about 1/3
for AGS@BNL collisions at /syn = 5GeV, and about 1

for RHIC collisions at \/syn = 200GeV [63]. A value of
S3 close to 1 indicates that the phase-space populations
for strange and light quarks are similar to each other and
favours the formation of a high-temperature matter made
up of deconfined partons. New experiments at RHIC and
LHC could elucidate this important issue.

3 Hypernuclear structure and the AN
interaction

As said in sect. 1, the spectroscopic study of A-
Hypernuclei has become an indispensable tool for the de-
termination of the AN interaction. One can distinguish
between reaction spectroscopy and ~-ray spectroscopy,
which are complementary to each other. Reaction spec-
troscopy provides the gross features of the AN interaction,
i.e., the central, spin-independent part of this interaction,
through the determination of the Hypernuclear masses,
the hyperon binding energies and the production reaction
cross-sections. With v-ray spectroscopy one has access to
high-resolution measurements of the Hypernuclear excita-
tion energies (the energy resolution is about three orders of
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magnitude better than with reaction spectroscopy), thus
opening the possibility to study the fine structure and the
hyperon spin-orbit splittings of Hypernuclei and therefore
to determine the spin-dependent part of the AN interac-
tion.

3.1 Theoretical models of the bare AN interaction

Before discussing the empirical results obtained in reac-
tion and ~-ray spectroscopy experiments and their im-
plications on Hypernuclear structure, we wish to briefly
summarize the theoretical approaches used to determine
the free-space YN and Y'Y interactions which are usu-
ally adopted in those Hypernuclear calculations which are
compared with the aforementioned experiments.

Various free-space YN and Y'Y meson-exchange po-
tentials have been constructed by the Nijmegen group
by extending the NN interaction models using (broken)
flavour SU(3) symmetry together with a fitting procedure
of the scarce AN and XN scattering data and the rich
body of NN data. The one-boson—exchange picture led
to the so-called soft-core interaction models NSC89 [68]
and NSC97 [69], while the extended soft-core models
ESC04 [70,71] and ESCO8 [16,72] consist of one-boson ex-
change, two-pseudoscalar exchange, meson-pair exchange
and multiple-gluon exchange. The Juelich group also pro-
posed meson-exchange YN and Y'Y potentials [73-75]
and other potentials based on leading-order chiral effec-
tive field theory [76-78]. In ref. [79] a chiral unitary ap-
proach is adopted to study the central part of the AN
and AA interactions. Models of the baryon-baryon inter-
actions also including quarks degrees of freedom have been
developed, for instance in refs. [17,80,81] within a spin-
flavour SU(6) quark-model supplemented by an effective-
meson exchange potential. Finally, we mention that Lat-
tice QCD calculations of the baryon-baryon interactions
are being developed in recent years [82-84], providing re-
sults for the scattering parameters in the strangeness —1
and —2 worlds and the first simulations for the YN po-
tentials. Especially the meson-exchange models differ from
each other concerning their spin-isospin structure, which
cannot be fixed by the few existing baryon-baryon scat-
tering data. Therefore, often these models provide results
in disagreement with each other concerning Hypernuclear
observables such as the hyperon-nucleus potential depths,
the Hypernuclear energy level structure, etc., as we discuss
in sects. 3.2 and 3.3.2.

3.2 Structure of A-Hypernuclei from reaction
spectroscopy experiments

Since the 70s up to the beginning of the new millennium,
many reaction spectroscopy experiments have been per-
formed at CERN, BNL, KEK and LNF with the (K—,77)
and (7%, KT) production reactions [4] and more recently
at JLab with the (e,e¢’ K1) reaction [85]. They achieved
good energy resolution and provided good quality exci-
tation spectra and the binding energy (1) of the hyperon
in Hypernuclei in wide excitation energy and mass ranges,
from 3 H to 2°8Pb. In such experiments, the energies of the
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Fig. 9. Excitation energy spectrum of %°Y obtained with the
(7t, K1) reaction at KEK-E369. The peaks shows the sa, pa,
etc., A single-particle states. From ref. [51].

various s, py, etc., A levels are directly obtained from the
production reaction. Figure 9 clearly shows, through the
well-separated peaks, the A single-particle levels structure
of Y. As a matter of fact, since there is only one A, all
the single particle states are allowed. This is not the case
for nucleons in a nucleus, due to the Pauli principle. One
often refers to this case as a textbook example of the A
independent particle behavior in Hypernuclei.

The observed excitation spectra were rather well ex-
plained by DWIA calculations based on the shell model
[86]. The observed Hypernuclear states were instead in-
terpreted with shell-model [87] and cluster-model calcula-
tions [88].

With the exception of s- and p-shell Hypernuclei, mean
field models with Wood-Saxon A-nucleus potentials repro-
duce rather well the Hypernuclear mass dependence of the
hyperon binding energies of the various orbits determined
by the reaction spectroscopy experiments by using a ra-
dius R = 1.1(A—1)"/ fm and a depth of 28-30 MeV [89]:
ReVa(py) ~ —(28-30) MeV. The fact that a simple mean
field picture turns out to be a fairly accurate descrip-
tion of the bulk Hypernuclear properties means that the
hyperon, being a distinguishable particle, maintains its
single-particle behavior in the medium; this occurs even
for states well below the Fermi surface, a property which
is not observed for the nucleons. Due to its position in the
inner part of the nucleons’ core, on a single-particle level
which is forbidden, by the Pauli principle, to the nucleons,
the A plays the role of stabilizer of the Hypernucleus.

The spectroscopy by the (K, 7~ ) reaction per-
formed with the best achieved resolution on '2C (fig. 6)
[54] showed new features of relevance for the descrip-

tion of Hypernuclear states. Besides the two wide peaks
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energy distribution for a sample free from the K~ in flight
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corresponding to the formation of 12C with the A in the
s- and p-states, there is a considerable strength for the
production of excited states lying between these two. It
is of the same order (1073 /stopped K ~) of that for the
production of the ground state of '2C. These states may
be described by mixed L-excited nuclear core configura-
tions and are predicted by some theoretical calculations
concerning their energies, not at all, to our knowledge,
their production rates. The importance of the excited nu-
clear core states was confirmed, with a better resolution,
by an experiment with the (e,e/ K*) reaction on a 2C
target [55] (see fig. 8).

Stimulated by this observation, the FINUDA Collab-
oration published recently [90] new data on the spec-
troscopy of /| Li, % Be, 12C and 180 produced by K ~ at rest.
The measured pattern of excited states is similar to that
obtained with the (71, KT) reaction at 1.05GeV/c [4];
this is expected since the two experiment feature a com-
parable energy resolution and a comparable momentum
transfer (300 MeV/c¢). As an example, the spectrum ob-
tained with the 6O target is shown in fig. 10. The only
disagreement was found for the binding energy of the
ground state of 150, 13.440.4 MeV, to be compared with
12.42 4+ 0.05MeV of ref. [4]. We believe that, in spite of
the larger error, the value from FINUDA is more reli-
able since it agrees with a previous measurement [41] with
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stopped K~ (12.940.4 MeV) and with a recent result [91]
on the (e,e’ K1) electroproduction reaction on 00 lead-
ing to the formation of !N (13.76 £ 0.16 MeV). Further-
more, FINUDA had the advantage of a continuous self-
calibrating control on the stability on the absolute value
of the momenta of the spectroscopized pions by means of
the monochromatic p* from the K5 decay.

It was not easy to draw from the data on K~ capture
probabilities of formation of the different states a simple
A-dependence for the examined p-shell Hypernuclei. As
a matter of fact, if we consider only their ground states,
there are strong differences in the description of the nu-
clear configurations, and in some cases a not completely
clean separation, from an experimental point of view, of
the ground state from low-lying excited states (e.g., 4 Li
or 12C, in which the doublet of states, one of which is
the ground state, has a spacing of some hundreds keV).
On the other hand, considering all states with binding en-
ergy greater than zero, we know that in some cases the
states at higher excitation are described by configurations
containing a Hypernucleus with a lower A. For these rea-
sons, in order to consider only well-defined Hypernuclides,
only excited states with energy below the threshold for
the decay by nucleon emission were selected. Figure 11(a)
shows a plot of the capture rates chosen following the
above criterion as a function of A. A smoothly decreas-
ing behavior appears, with the exception of a strong en-
hancement corresponding to the formation of 12C bound
states. Figure 11(b) shows, for comparison, the differential
cross-section integrated in the forward direction (2°-14°)
for the production of the same states observed with the
(7T, KT) reaction [4] and fig. 11(c) the ratio between
the two values. This ratio ranges from a large value for
T Li and 12C to a small value for 150, showing a distinct
A-dependence for the two reactions, K~ capture at rest
and in flight (77, KT). The strong A-dependence of the
(Kgops ™) rates with respect to the weak dependence
of the (n*, K1) differential cross-sections reflects the siz-
able difference between the strongly attractive K ~-nuclear
interaction at threshold and the weakly repulsive K-
nuclear interaction. This remark was the starting point for
an attempt [92] to determine the value of Re Vi -, quite
important for several items of K-nuclear physics, as it will
be discussed with more details in sect. 5.2. Theoretical ap-
proaches varying from shallow potentials (40-60 MeV) at
threshold to very deep density dependent potentials (150—
200) MeV were in fact proposed. The authors considered
only 1s, capture rates and for this reason they scaled the
experimental capture rates given in ref. [90] by appropriate
structure functions derived from neutron pick-up spectro-
scopic fractions in the target nuclei. The comparison of
these normalized experimental formation rates with the
calculations performed with a shallow or deep potential
slightly favored the second one, as shown in fig. 12.

3.2.1 Theoretical predictions based on AN effective
interactions

In various calculations, the A single-particle potential V4
is obtained via a folding procedure from G-matrix AN



Eur. Phys. J. A (2012) 48: 41
o [
°© L —i— (K, ) - FINUDA, Present data a)
2 3 | —¥— (K, x)- FINUDA, PLB 622 (2005) 35 [9]
3 [
©
_Q -
g B +
Q 21—
c -
o
“g L
s - t
- B
- ] ‘
_— 0_
2 F b)
% 3 ~+— (", K*) - PPNP 57 (2006) 564 [2]
o L
N
c L
o L
g 2 4
(7] -
o |
8
s L A
- A
T A
B A
~ 0=
5 F
S, [ formation probability (10°%) c)
o 1.5 B cross section 2°-14° (ub)
5 r
i + +
0.5
- ¢
G_I o by b by b by by by by Ly
0 2 4 6 8 10 12 14 16 18

A

Fig. 11. Formation probabilities from FINUDA (a) and cross-
section from E336 [4] (b) for bound states. In (c) the ratio
between the two is shown. From ref. [90].

interactions based on free-space YN potential. G-matrix
calculations in nuclear matter at normal densities based on
the Nijmegen soft-core (NSC97, ESC04 and ESC08) YN
potentials [16] can reasonably reproduce the depth of the
A-nucleus potential, Re V(pg) ~ —30MeV, determined
phenomenologically and (especially for the “a” version of
the ESCO08 potential) the A binding energies for the sy,
pAa, da, ete., single-particle states in medium and heavy
Hypernuclei [15] (this is the case, for instance, of Y, see
fig. 9). In ref. [93], a AN G-matrix interaction is used in
a a-a-/ three-body calculation of % Be. The AN-XN cou-
pling was introduced effectively. The main purpose was
to study the central, spin-independent AN interaction by
the B,(%Be) binding energy. The experimental value of
Ba(%Be) could be reproduced for different versions of the
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bare potentials (NSC97, ESC04 and ESCO08) by fixing the
nuclear Fermi momentum of the AN G-matrix interaction
to give the experimental A binding energy in 5 He, without
the need of any additional ANN three-body force. Cal-
culations of the A single-particle potential [94] have also
been performed via nuclear matter AN G-matrices derived
from a SU(6) quark model [80]: these calculations tend to
overestimate the potential depth at normal density.

Other many-body calculations based on Nijmegen Y N
potentials were carried out within the extended Skyrme-
Hartree-Fock model (a review of these calculations is given
in ref. [23]). The adopted YN G-matrix interactions were
obtained in a Bruekner-Hartree-Fock approach. The cal-
culations with the NSC89 and NSCI7f potentials provided
s, p, d, etc., A single-particle energies which compare well
with data.

In addition, low-momentum AN effective interactions
VA, have been constructed in ref. [95] starting from Ni-
jmegen bare potentials. In ref. [96] Vi4 . effective inter-
actions have been applied for predicting the momentum
and density dependence of the Hypernuclear A-nucleus
single-particle potential in Hartree-Fock approximation.
Reasonable results for Re Vi(pg) have been obtained for
bare NSC97 and chiral effective field theory [76] AN in-
teractions, while the use of NSC89 potentials (Juelich po-
tentials of ref. [75]) has led to a strong underestimation
(overestimation) of Re V4 (po).

Effects beyond the mean field such as three-body in-
teractions and two-body interactions with strangeness ex-
change are also relevant in Hypernuclei. The AN N three-
body force is an important ingredient to investigate the
structure of A-Hypernuclei, especially in light systems.
This is due to the AN-YN strong coupling, which is siz-
able in the nuclear medium [97], and, on the other hand,
leads to a non-negligible second-order tensor force in the
AN interaction. Especially because of the relatively small
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A-X) mass difference, my — my ~ 78 MeV, in Hypernu-
clei the AN-X'N coupling is more important than the
NN-AN coupling in conventional nuclei, where it plays
a very small role in binding few-nucleon systems since
ma —my ~ 293MeV. Four-body cluster model calcu-
lations based on YN NSC97f interactions have demon-
strated the relevance of the AN-XN coupling in A = 4
Hypernuclei (4H and % He) structure calculations [98], al-
though the data for the 17 excited states binding energies
were underestimated. New calculations with the most re-
cent Nijmegen potentials, ESCO08, are in progress [93].

Another signal of the AN-YXN coupling probably
comes from the observation that in s-wave relative states
the Ap interaction is more attractive than the An interac-
tion. This follows from a comparison of the experimental
A binding energies for the ground states and the first ex-
cited states in the A = 4, I = 1/2 doublet, formed by %4 He
and 4 H (with separations of 0.35 MeV between the ground
states and of 0.24 MeV for the excited states, the latter be-
ing determined from the ~-ray spectroscopy experiments
discussed in sect. 3.3), which implies an important charge
symmetry breaking (CSB) for the AN interaction. The
origin of this CSB is still not known. Also the relevant ex-
perimental data, from old measurements, must be taken
with some care. A cluster model study on the CSB was
performed for A = 7 and A = 8 iso-multiplets on the basis
of the phenomenological information available for A = 4
Hypernuclei [93]. The calculation showed that the few ex-
isting emulsion data on A = 7 and A = 8 Hypernuclei may
be inconsistent with the large CSB indicated by the A = 4
data. New measurements for A = 4, 7, 8 Hypernuclei are
thus important.

Another important aspect of the AN interaction is its
spin-dependence. A qualitative indication of the difference
between the singlet (J = 0) and triplet (J = 1) AN in-
teractions comes from the comparison of the A binding
energy in isobar nuclei not related by charge symmetry.
For example, B(7Li) is larger than B,(7Be) by about
0.42MeV. The greater B, value corresponds to the Hy-
pernucleus whose nucleons’ core has non-zero spin; the
above difference can be explained by the effect of the spin-
dependent A interaction with the unpaired nucleons, a
proton and a neutron, in [ Li. Moreover, reaction spec-
troscopy experiments showed for the first time that the
spin-orbit splittings of the A in Hypernuclei are small (the
evidence came from the splitting between the p; /» and the
p3/2 A states in 100 [48]). However, as we will discuss in
sect. 3.3, a complete study of the spin-dependence of the
AN interaction requires precision experiments which mea-
sure the detailed Hypernuclear excitation spectra.

3.3 Structure of p-shell A-Hypernuclei from
gamma-ray spectroscopy experiments

To have access to the complete information on the spin-
dependence of the AN interaction, one has to perform
experiments with high energy resolution. One needs to
observe the de-excitation, caused by the electromagnetic
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interaction, of the Hypernucleus produced in various ex-
cited states and study the small (sub-MeV) energy sepa-
ration of the spin-doublet and the A spin-orbit splittings
together with the larger non-doublet separations.

~-ray spectroscopy with Ge detectors is currently the
only method to access few tens keV Hypernuclear split-
tings. Experiments on Hypernuclear ~-ray spectroscopy
started in 1998 at KEK by using the Hyperball Ge de-
tector and continued within systematic programs at KEK
and BNL with Hyperball and Hyperball2 [4,99-103]: they
allowed to measure with a few keV precision various elec-
tromagnetic transitions and in some cases their lifetimes
and relative intensities.

Studies of the level structure of various p-shell Hyper-
nuclei (4Li, 9Be, 1B, !B, 12C, PN and '50) with the
reactions (7+, KT) and (K, 7~) have provided us with
reliable information on the spin-dependence of the AN
interaction and some indication on the AN-YXN strong
coupling [8,104]. This has been possible by identifying 22
~-ray transitions for a total of 7 Hypernuclei [4,105], which
led to the measure of 9 spin-doublet spacings.

3.3.1 Spin-dependent AN effective interaction

In the weak-coupling picture, information on the spin-
dependence of the AN interaction can be obtained from
the energy spacings of the J = J. 4+ 1/2 spin-doublets in
A-Hypernuclei, where the hyperon in the s-shell is cou-
pled to a (ground-state) nuclear core with non-zero spin
Je. A schematic representation of the low-lying Hypernu-
clear levels together with some v transition is shown in
fig. 13. The weak-coupling scheme turns out to work well
for A-Hypernuclei with the hyperon in the s state due to
the weakness of the AN interaction.

Shell-model calculations have been performed to in-
terpret the y-ray experiments. As input, they use a AN
interaction parametrized as follows [106-109]:

Van(r) = Vo(r) + Vo(r)sn - sa + Va(r)lan - sa
+VN(7’)lAN SN + VT(T)Su, (12)

where S12 = 3(o4-7r)(on - T)/1? — 04 - N is the tensor
operator, r = ry — 14 is the relative AN coordinate, sy
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(s4) is the nucleon (hyperon) spin operator and Iy is the
AN relative angular momentum operator. Moreover, Vy =
(V1 43V3)/4 is the spin-averaged central interaction, V,, =
V3 —V7 is the difference between the triplet and the singlet
central interactions, Vy = VIS + VAL (Vy = VIS —
VALS) is the sum (difference) between the symmetric and
antisymmetric spin-orbit interactions and V7 is the tensor
interaction. Once X degrees of freedoms are introduced,
one has similar expressions to eq. (12) for the AN — YN
and YN — XN effective interactions.

For the radial form of the effective interaction (12), AN
multirange Gaussian potentials, i.e., expansions in terms
of a number of Gaussian functions, are often used [8]. From
these radial potentials, in a shell-model approach one de-
fines two-body matrix elements with respect to a set of AN
relative wave functions. For Hypernuclei with an s-level A
coupled with a p-shell nuclear core there are 5 pyss two-
body matrix elements. These matrix elements are deter-
mined by 5 radial integrals [8], usually denoted as V' (spin-
independent interaction), A (spin-spin interaction), S,
(A-spin-dependent spin-orbit interaction), Sy (nucleon-
spin—dependent spin-orbit interaction) and T' (tensor in-
teraction), associated to the Vg, V,,, Vi, Viy and Vi terms
of eq. (12), respectively. In a schematic way, for the spin-
spin matrix element one has

A [ dr VeI (), (13
where ¢4 is the AN radial relative wave function in the
Hypernucleus. Similar equations may be written for the
other terms in (12). From egs. (12) and (13) one thus

obtain the following AN effective interaction in the p-shell:

Van =V +Asn-8sa+ Saly - sa

+Sn Iy sy + T Sqs. (14)
Note that, since the A is in the s level, the angular mo-
mentum l,y in eq. (12) is proportional to the angular
momentum Iy in eq. (14).

The spin-independent matrix element V' contributes to
the A binding energy B,. It is well known already from
emulsion data that B, increases linearly with A with a
slope of about 1MeV/(unit of A) for 6 < A < 20 and

then saturates at about 27 MeV for heavy Hypernuclei. In
a first approximation, neglecting three-body AN N inter-
action, for 6 < A < 20 the simple relation By ~ V(A —1)
(based on a shell-model picture) turns out to fit the data
quite well: a value of V of about 1 MeV is thus expected.
In the weak-coupling limit of the shell model, the energy
separations of the p-shell Hypernuclear spin-doublets for
nuclear core states with non-zero spin are linear com-
binations of the AN spin-dependent parameters A, Sy
and T and depend on the AN-YXN coupling (the shell
model fixes the coefficients of the different parameters).
In the same limit, the parameter Sy does not affect these
doublet separations but contributes to the nuclear spin-
orbit interaction and is derived from the splittings be-
tween Hypernuclear states based on different nuclear core
states.

To give an example, the (3/2%,1/2%) and (7/2%,5/21)
spin-doublet splittings in 7 Li (see fig. 14) are given
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by [109]
B(3/2%) — B(1/2%) = gA, (15)
B(7/2%) - E(5/2%) = %A + gsA - %41 (16)

respectively, in the limit of pure nuclear core configura-
tions, i.e., in the LS coupling limit, which is a fairly good
approximation for light systems. However, configuration
mixing in the nuclear core modifies these simple relations,
and for the above doublet separations ref. [104] found:

E(3/2%) — E(1/27) = 1.461 A + 0.038 S,

+0.011 Sy — 0.285 T, (17)
E(7/2Y) — E(5/27) = 1.294 A + 2.166 S5
+0.020 Sy — 2.380T. (18)

A fit of the experimental determinations of the Hy-
pernuclear excitation spectra thus allows one to deter-
mine the values of the AN interaction parameters. For
details on the shell model and the fitting procedure we
refer to refs. [8,109-111]. In the following we only dis-
cuss the final results for the fitting parameters and the
energy level separations. Figure 14 reports the Hypernu-
clear level schemes and the transitions determined since
1998 in ~-ray spectroscopy experiments. Three types of
v transitions are possible in the weak-coupling limit: core
transitions, A spin-flip transitions and A inter-shell tran-
sitions. Core transitions, denoted by 7. in fig. 13, connect
different doublets and are due to transitions in the nuclear
core: it is the case, for instance, of the E2(5/2% — 1/2T)
transition in 7 Li of fig. 14. A spin-flip transitions, denoted
by M1 in fig. 14 and by ~, in fig. 13, connect the upper
and lower members of the same doublet and are due to a
spin-flip of the hyperon spin: it is the case, for instance,
of the M1(3/2+ — 1/2%) transition again in }Li. Spin-
flip M1 transitions are also possible between Hypernu-
clear doublet members: two of these transitions are shown
in fig. 14 for 7| Li. Finally, in a A inter-shell transition, de-
noted by F1 in fig. 14, the hyperon changes the shell orbit
from py to sa: it is the case of the Ap;/p — Asy/o and
Ap3jp — Asy o transitions in 1BC.

The first experiment with Hyperball, KEK-E419, was
performed in 1998 and studied }Li, produced with the
(7T, KT) reaction. Figure 14 shows that 7 Li is the best
studied Hypernucleus: 5 v-rays were measured for it,
which led to the determination of 2 doublet splittings and
2 core transition separations. Note that here and in the
following the considered number of core transition separa-
tions does not take into account those ones which are not
independent from the other (core or doublet) separations.
The %Be Hypernucleus was then studied, again in 1998
and with Hyperball, at BNL-E930 by using the (K—,77)
reaction, with the observation of 2 ~-rays, corresponding
to 1 doublet splitting and 1 core transition measurement.
After including the AN-Y'N coupling, a fit of the exper-
imental 7 Li and %Be energy separations (the 3 doublets
and the 3 independent core transitions of fig. 14) has led
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to the following determination of the radial matrix ele-
ments [104]:

A=T7+9:

A =0430, S)=-0.015, Sy =-0.390, T =0.030,

(19)

where all numbers are in MeV.
}f’C ~v-ray measurements were performed in 1998 at

BNL-E929 with the (K, 7~ ) reaction and a Nal detec-
tor [112], with the determination of 2 A inter-shell tran-
sitions and 1 core transition. For 1'B, 12C, 1N and 50

Hypernuclei, a total of 6 spin-doublet splittings and 5 core
transitions were determined experimentally with the Hy-
perball and Hyperball2 detectors. PN and 8O were stud-
ied at BNL-E930 in 2001 with the (K, 7 ) reaction and
the Hyperball detector, while 1'B and 12C were investi-

gated in 2005 at KEK-E518 and KEK-E566, respectively,
with the (7, K) reaction and the Hyperball2 detector.

The data for Hypernuclei from }'B to 1°O (the 6 doublets
and the 1; — 0~ core transition for 150 of fig. 14) led to a

determination of smaller values for the A spin-dependent
parameters A and T and for the parameter Sy [104]:

A=11+16:

A=0.330, S,=-0.015 Sy=-0.350, T =0.024,

(20)

where again the values are in MeV.

For all the p-shell Hypernuclei, the shell-model ap-
proach [104] adopted the following predictions of the AN-
YN interaction parameters

V' =1.45, T =0.16

(21)
(values in MeV), derived from a multirange Gaussian po-
tential fitted to a G-matrix calculation [97] performed with
the NSC97a,f potentials.

The v-ray measurements of the Hypernuclear energy
level separations do not allow one to determine the AN
spin-independent parameter, V, which is related to the
A binding energy B,. To have an idea of the magni-
tude of this parameter, we quote the predictions of the
shell-model calculation of ref. [114] derived from the ex-
perimental B, values: V = —0.84MeV for 9Be and

V = —1.06 £ 0.03MeV for 1'B, }'B and 2C.

The values obtained for the spin-spin parameter A in-
form us that the AN singlet central interaction is more
attractive than the AN triplet central interaction. Some
transitions turned out to be particularly important in the
determination of the various parameters. The M1(3/2T —
1/2%) transition in 7 Li mainly contributes to the deter-
mination of the spin-spin strength A (see eq. (17)). The
small value of the A-spin-dependent spin-orbit parame-
ter Sy and the relatively large value of the nucleon-spin-
dependent spin-orbit parameter Sy mean that the sym-
metric (ST) and antisymmetric (S7) spin-orbit interac-
tions have almost the same strength and opposite sign:

A'=3.04, S =5y =-0.09,
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St = (Sa+Sn)/2 ~ —0.19MeV and S~ = (Sy—Sn)/2 ~
0.18 MeV. The 3* — 1% transition for the nuclear core
in 7Li is particularly important to determine Sy. The
value of S, mainly originates from the smallness of the
3/2%-5/2% doublet separation, (43 + 5)keV, in % Be. In-
formation on S, is in principle also given by the spin-
orbit splittings of A single-particle states, for instance the
(152 £ 54 £ 36) keV separation between the (Ap;/3) and
the (Aps2) states in *C. However, a sizable effect of the

tensor interaction and a loosely bound p,4 orbit make it
difficult to draw definite conclusions on S, and T start-
ing from the (A p;/2)-(Aps3/2) spin-orbit splitting [8]. The
small tensor parameter T is mainly determined by the
small 17-0~ doublet splitting for PO, once A is fixed from
L.

The assumption of a mass-independent AN interac-
tion is justified for p-shell Hypernuclei if one considers
that the rms charge radii of p-shell nuclei is rather con-
stant through the shell. Nevertheless, the spin-dependent
parameters of eqs. (19) and (20) exhibit some dependence
on the Hypernuclear mass number. However, this is really
evident only for the spin-spin parameter: the value of A
obtained from 7 Li is considerably larger than the deter-

minations from heavier Hypernuclei. This A-dependence
is however not confirmed by calculations of the AN inter-
action parameters based on realistic free-space AN poten-
tials [87]. For the future it is thus necessary to clarify the
reason of the A-dependence of the shell-model fit.

In table 1 we compare the Hyperball and Hyperball2
experimental data on p-shell level separations (both dou-
blet spacings and core transition separations) with the
shell-model predictions of refs. [8,104,114] obtained with
the values of egs. (19), (20) and (21) of the AN and AN-
YN interaction strengths. We see that the AN-YN cou-
pling affects in a non-negligible way the p-shell Hypernu-
clear spacings, especially the doublet ones. However, we
remind the reader that the strongest effect of this coupling
has been obtained from the analysis of s-shell Hypernuclei,
where its contribution to the 07—1% doublet splittings in
4H and % He is of the same order of the one coming from
the spin-spin AN interaction [97] and is essential to ex-
plain the level structure of all s-shell Hypernuclei. The
shell-model calculation well reproduces the data, even for
the energy separations not included in the fit, except for
the underestimation of a few core transitions separations:
the 1/27-5/2% separation in }'B and, to a lesser extent,
the 1,17 separation in }2C and the 3/27-1/2% separa-
tion in 13C. Apart from these inconsistencies, which de-

serve further investigation, the spin-dependence of the AN
effective interaction is rather well understood at present.
The interpretation in terms of the shell-model calculation
could thus serve to improve the theoretical models of the
free-space AN interaction.

We conclude this subsection with more detailed com-
ments on the consistency problems arising from the com-
parison of the shell-model fit results with the y-ray data.
The large value of A required in the beginning of the p-
shell is unlikely to be simply the effect of a smaller rms
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radius of the 7 Li nuclear core size with respect to the other
p-shell cores. Given its important role, alternative and im-
proved descriptions of the AN-YN coupling should be
considered in new fits of data. For instance, a contribution
of the AN-X'N coupling in the end of the p-shell smaller
than the one in the beginning of the p-shell could led to a
determination of a value of A for A = 15, 16 in agreement
with the determination for A = 7, 9 [105]. In addition,
new shell-model calculations should explore the effect of
an expansion of the nuclear core basis states beyond the
p-shell configurations [114]. A second major problem con-
sists in the fact that for Hypernuclei in the middle of
the p-shell (specifically, !B, 12C and 2C) the parame-
ter Sy does not supply a sufficiently attractive contribu-
tion to reproduce the observed splittings for some core
transitions (see table 1), which indeed would require more
negative values of Sy than in eq. (20). The explicit inclu-
sion of three-body AN N interactions, induced by the AN-
YN coupling, could also help in solving this second prob-
lem [114], thanks to an antisymmetric spin-orbit ANN
interaction contribution that has the same effect of the
parameter Sy on the core transition splittings. We note
that double one-pion—exchange AN N interactions were al-
ready included long ago [106-108], in an approximated
way, in shell-model analyses of the A binding energies of
p-shell Hypernuclei. Additional experimental y-ray data
for p-shell Hypernuclei will also play an essential role for
a deeper understanding of the AN interaction.

3.3.2 Theoretical predictions based on AN interactions

Various theoretical approaches, mainly based on the YN
Nijmegen meson-exchange potentials, have been used for
modeling the in-medium AN interaction and thus study
the structure of Hypernuclei.

In table 2 we summarize the results obtained with some
of these approaches for the parametrization of eq. (14) of
the AN effective interaction in the case of 7 Li. The re-
ported results are obtained from fixed radial forms of the
potentials using Woods-Saxon wave functions and Gaus-
sian [69] or Yukawa [115] representations of AN G-matrix
elements. The AX contributions adopted in the calcula-
tions, not shown in the table, are dominated by the central
matrix elements V’/ and A’. For comparison, in the table
we also report the phenomenological values of the param-
eters determined with the shell-model fit (19) of the ~-ray
data. Despite the 6 versions of the NSC97 potentials pre-
dict values of the A parameter in a rather wide range,
only NSCO7f provides a prediction for A in agreement
with the shell-model fit. Unlike the ESC04a interaction,
the ESC08a one strongly underestimates the phenomeno-
logical A value. All the Nijmegen interaction models are
inconsistent with the phenomenological determination of
the Sy and Sy parameters: this indicates that these mod-
els need to be revised. Finally, the Nijmegen potentials
can approximately explain the small parameter T' of the
phenomenological determination. The smallness of T is
expected on the basis of the absence of 7 and p exchange
at tree level in the AN interaction.



Page 20 of 64 Eur. Phys. J. A (2012) 48: 41

Table 1. Energy contributions (in keV) to the spacings for the spin-doublet and the core transition separations obtained
with the shell-model fitting procedure of refs. [8,104,114]. The transitions are indicated with J& oo — Jhwers Jinper (Jiwer)
indicating the spin-parity of the upper (lower) energy level. The contributions to the energy separation originating from the
AN-XN coupling are indicated in the AY column. The theoretical energy separations AE'™ are compared with the experimental

determinations AE“*P. Small contributions from the energies of admixed core states are not shown. AFE. is the contribution of

the nuclear core level spacing; the values of AE. are taken from experiment.

Transition A Sa Sn T AX AE. AE'™ AESP
nLi 3/2T —1/2" 628 -1 —4 -9 72 0 693 692
nLi 7/2T —5/2% 557 —32 -8 -71 74 0 494 471
L 5/27 — 1/27F 77 17 —288 33 4 2186 2047 2050
nLi 1727 — 1/2¢ 418 0 —82 -3 —23 3565 3883 3877
% Be 3/2t —5/2F —14 37 0 28 -8 0 44 43
B 27 — 17 188 —21 -3 —26 —-15 0 120 < 100
1B 7/2% — 5/2F 339 -37 -10 —80 56 0 267 264
B 3/2t —1/2% 424 -3 —44 -10 61 0 475 505
B 1/2% — 5/2* —88 —-19 391 —-38 5 718 968 1483
2c 27 =17 175 —12 —13 —42 61 0 153 162
2c 1; — 17 117 17 309 20 49 2000 2430 2834
B 3/2T —1/2F —11 22 203 —22 1 4439 4630 4880
PN 1/2f — 372} 244 34 -8 —214 44 0 99 > —100
PN 3/24 —1/2f 451 -2 —~16 —-10 65 0 507 481
TN /25,7 =1—3/2f 86 11 -6 —71 —57 2313 2274 2268
N 1/24 — 3/27 —208 13 473 —67 —-16 3948 4120 4229
0 17 =07 —123 —20 1 188 —33 0 23 26
e 27 =15 207 —21 1 —41 92 0 248 224
%0 1; — 0~ —207 -2 524 170 —70 6176 6582 6562

Table 2. Predictions for the spin-dependent parameters of the
AN effective interaction (14), in MeV, for 4Li obtained from
free-space baryon-baryon interactions. The NSC97f prediction
is from ref. [69], the ESC04a and ESC08a are from ref. [115],
while the phenomenological (Phen.) values are from eq. (19).

Y N interaction models, also the predictions for the ten-
sor parameter T agree fairly well with the phenomeno-
logical determinations of eqs. (19) and (20). However, al-
though these models provide a wide range of results for
the AN spin-dependent channels, for most of them the
(43 + 5) keV separation for the (3/2%,5/2%) spin-doublet

Model A Sa Sw r in 9Be and/or the (152 + 54 + 36) keV splitting between
NSCoT7f 0.421 —0.149 —0.238 0.055 the (Ap1/2) and (Ap;)2) states in PC are overestimated:
ESC04a 0.381 —0.108 —0.236 0.013 this implies the incapacity to reproduce the phenomeno-
ESC08a 0.146 _0.074 _0.241 0.055 logical value of the parameter S,. This is well established
Phen. 0.430 —0.015 ~0.390 0.030 for approaches based on the NSC97 and ESC04 poten-

We now comment on the general results obtained with
the approaches based on free-space baryon-baryon interac-
tions for the energy level splittings in various Hypernuclei.
In the next paragraphs we describe the individual frame-
works. For 4 H, 4 He and | Li, some calculations reproduce

the central parameters V and A as well as the AN-XN
coupling adopted in the shell-model fits. For some of the

tials [104, 116], which underestimate the antisymmetric
spin-orbit parameter ST = (S4 — Sn)/2 ~ 0.18 MeV of
the shell-model fit; only with the use of the most recent ex-
tended soft-core potential, ESC08, which was designed to
explain a large amount of Hypernuclear data in addition
to NN and YN scattering data [15,16], one can obtain
an improvement of the predictions for the small A-nucleus
spin-orbit splittings observed experimentally. Neverthe-
less, the ESCO08 potentials predict an incorrect ordering
for the ground state spin-doublets in }'B and 12C.
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Cluster models based on one-range Gaussian AN effec-
tive interactions have been used since the '80s [117]. Other
cluster models were based on G-matrix effective interac-
tions [118] derived from free-space YN meson-exchange
potentials (NSC89 [68] and the JA and JB versions of the
Juelich potential [73]): none of these approaches could re-
produce the (17,07) splitting observed for the ground-
state spin-doublet in 4H and %4He. Only with the in-
troduction of the NSC97 Nijmegen potentials [69], clus-
ter model calculations based on YN G-matrix interac-
tions [119] could reproduce the above spin-doublet sepa-
ration: six versions, a to f, were introduced for the NSC97,
each one of them predicting a different AN spin-spin in-
teraction, with the NSC97a and NSC97f versions giving
the best description of the spin-doublet separations in 4 H
and % He.

After the advent of v-ray spectroscopy, studies of the
spin-dependence of the effective AN interaction were per-
formed for p-shell Hypernuclei by comparing the obtained
data with three- and four-body calculations based on the
Gaussian expansion method, by adopting NSC97, ESC04
and ESC08 Y N interactions [93,120-123].

In ref. [123] the AN spin-spin interaction was initially
set to reproduce the 1.04 MeV (1%,0") doublet spacing
observed in 4 H, while the A-spin-dependent spin-orbit in-
teraction was fixed to reproduce the 43keV (3/2%,5/27)
doublet spacing observed in Be. Then, by an a+p+n+A4
four-body cluster model based on a AN G-matrix ob-
tained from the NSC97f potential, for the (3/2%,1/2%)
and (7/2%,5/2%) spin-doublets in 7 Li the authors pre-
dicted 690keV and 460keV separation energies, respec-
tively, in good agreement with the vy-ray data reported in
table 1. In ref. [123] it was thus demonstrated that it is
possible to explain consistently the ground- and excited-
state spin-doublet splittings in 7 Li and the (3/2%,5/2T)
spin-doublet splitting in %Be. However, a similar 3o + A
four-body calculation strongly overestimated the spin-
orbit splittings of the A single-particle states observed in
13C [88].

In ref. [93] the spin-orbit part of the AN interac-
tion was studied with a few-body cluster model for %Be
(2a0 4+ A) and 2C (3a + A) based on a AN G-matrix in-
teraction derived form ESCO8 potentials. The G-matrix
interaction was fixed to reproduce the empirical values
of the A binding energies in % He, 9Be and 3C; this re-
quired the consideration of density-dependent effects for
the interacting hyperon, which were introduced by a phe-
nomenological ANN three-body interaction. The best re-
sult for the (3/2%,5/2%) spin-doublet separation in % Be
was predicted to be of 80 keV with the ESC08a potential
(instead of the experimental (43+5) keV), largely improv-
ing the predictions based on NSC97 potentials thanks to
a less attractive symmetric spin-orbit interaction and a
more repulsive antisymmetric spin-orbit interaction. Un-
fortunately, the best prediction for the splitting between
the (Api/2) and (Aps)s) states in PC was obtained as
400keV (instead of the experimental (152 +54 +36) keV),
again with the ESC08a potential.

We can thus summarize the preformed G-matrix cal-
culations as follows. The approaches based on the NSC97
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and ESC04 interactions can reproduce the spin-spin
strength of the AN interaction derived with the shell-
model analysis of v-ray spectroscopy experiments, but
strongly overestimate the A single-particle spin-orbit split-
tings. Only with the most recent version of the Nijmegen
extended soft-core potentials, ESC08 [16], this overesti-
mation problem can be partially solved [15].

Quark-based models of the baryon-baryon interaction
were considered in Hypernuclear structure calculations.
Some of them can improve in a natural way the predic-
tion of the (empirically large) antisymmetric spin-orbit
strength S= = (S4 — Sn)/2 of the AN effective inter-
action (they reproduce the small A spin-orbit separa-
tions) [124-126], but others still have problems in repro-
ducing the phenomenological value of S~ [17,127].

The Kyoto-Niigata group [17,127] describes the free-
space YN interaction within the QCD inspired spin-
flavour SU(6) quark model supplemented by an effective-
meson exchange potential (containing scalar, pseudoscalar
and vector mesons) acting between quarks. An o + o +
A three-cluster Faddeev calculation was performed in
ref. [127] for 9 Be. While the energies of the 1/27 ground
state and the 3/2% excited state could be reproduced, the
obtained (3/2%,5/2%) splitting overestimated the ~-ray
measurement by a factor ranging from 3 to 5. The au-
thors attribute this result to an inappropriate description
of the p-wave AN-XN coupling. The A spin-orbit inter-
action strengths were previously examined in ref. [94], by
a AN G-matrix interaction derived from the SU(6) quark
model, in a calculation for symmetric nuclear matter at
normal density. The results imply a ratio S4 /Sy between
the A-spin—dependent spin-orbit and the nucleon-spin—
dependent spin-orbit effective parameters ranging from
0.08 and 0.25, which surely improves the predictions of
meson-exchange approaches but overestimates the phe-
nomenological ratio, S4/Sny ~ 0.04.

Hypernuclear structure studies were also performed
with the quark-meson coupling (QMC) model. Within this
framework, which is similar to the self-consistent quan-
tum hadrodynamics, the baryon-baryon interactions are
described by the exchange of scalar and vector mesons,
while the SU(6) quark model is adopted for the bound
nucleons and hyperon, with a baryon internal structure
modeled by the MIT bag. The first application of the
QMC model was done in ref. [124], where the exchange of
o, w and p mesons and a phenomenological AN-YXN cou-
pling were taken into account. Hypernuclei with closed-
shell nuclear core were considered. This approach nat-
urally incorporates a weak spin-orbit interaction for the
A in a Hypernucleus, due to the explicit quark structure
of the A given by the SU(6) quark model (where non-
strange mesons only couple to light v and d quarks of
baryons and the A spin is carried by the s quark), but
the predicted A single-particle energies overestimates the
experimental data. More recently [125], the QMC model
was improved by including the self-consistent effect of the
scalar field on the one-gluon—exchange hyperfine interac-
tion between quarks, that in free space leads to the A-
N and Y-A mass splittings. With the hyperfine interac-
tion, the MIT bag model can reproduce the A-N mass
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splitting. A single-particle shell model was used and Hy-
pernuclei with closed-shell nuclear cores were considered.
Again, the QMC calculation leads to a natural explanation
of the small A spin-orbit splittings. Moreover, improved
predictions are obtained for the A single-particle energies,
although the calculation tends to overbind the less bound
A states.

A quark mean field (QMF) model, in which baryons
are described by the constituent quark model, was in-
stead considered in ref. [126]. Again, baryon-baryon in-
teractions were given by o, w and p meson exchange,
where the mesons coupled exclusively to light quarks and
Hypernuclei consisting of a closed-shell nuclear core were
studied. Small A spin-orbit splittings were obtained, while
the experimental A single-particle energies were underes-
timated. The QMF and QMC models are rather similar to
each other. The underbinding in the QMF model and the
overbinding in the QMC model can be explained by the
different A-o coupling adopted in the two calculations.

Only a recent calculation, with a relativistic energy
density functional based on SU(3) chiral effective field
theory, predicted both A single-particle energies and A-
nucleus spin-orbit splittings which compare well with
data [128]. In SU(3) chiral effective field theory, the AN
interaction is described as follows: the longest range in-
teractions are described by two-pion exchange diagrams
including an intermediate Y'N state and by one-kaon ex-
change, while the short-range interactions are described
by contact terms (scalar and vector mean fields contribu-
tions). The mechanism responsible for the improvement
of ref. [128] is an almost complete cancellation between
the short-range scalar and vector mean fields contribu-
tions and the intermediate-range terms originated by the
two-pion exchange.

Finally, we note that studies on the spin-dependence of
the AN interaction can also be performed by mesonic weak
decay spectra measurements, which allows one to assign
the spin-parity to the decaying Hypernucleus (spin-parity
of Hypernuclear states are normally assigned by angular
correlations and polarizations of the emitted ~-rays). This
will be discussed in sect. 4.2.2.

3.3.3 New-generation ~-ray experiments at J-PARC

The next generation of v-ray experiments is planned
at J-PARC with the Hyperball-J detector, by using in-
tense and pure K~ beams from the 50 GeV proton syn-
chrotron [4, 103]. Improved data for s- and p-shell Hy-
pernuclei (4He, 1°B, and }!B) are expected from the E13
experiment. They will help in clarifying the present incon-
sistencies of the shell-model approach. The experiment on
the 1t — 07 transition energy in 4He is designed to de-
termine the real effect of the charge symmetry breaking
in the AN interaction. Then, sd-shell Hypernuclei will be
considered by E13, starting from PN, which requires a
shell-model approach with 8 (sd)s, additional matrix el-
ements, up to A = 30, by using the (K, 7~ ) production
reaction. The experiments will allow one to determine the
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spin-parity of the observed states and the size of sd-shell
Hypernuclei, thus also sheding light on the A-dependence
of the spin-spin parameter A. At a later stage of E13, stud-
ies on medium and heavy Hypernuclei (up to A = 208),
again with the (K, 7)) reaction, could provide informa-
tion on the p-wave AN interaction, through the observa-
tion of inter-shell E1(py — s4) transitions.

3.4 Impurity nuclear physics

In a A-Hypernucleus the Pauli principle allows the hy-
peron to occupy the s-level of the A-nucleus mean-field
potential, thus making the hyperon a good probe of the
inner part of the Hypernucleus. A A hyperon bound in a
Hypernucleus can thus be considered as an impurity for
the nuclear core. Some properties of the nuclear core, for
instance the size, shape, shell structure and collective mo-
tion, are modified by the presence of the strange baryon.

3.4.1 The A glue-like role

Theoretical studies predicted a contraction of the nuclear
core caused by the presence of the A [122,129]: the hyperon
plays a glue-like role in Hypernuclei.

This shrinking effect was then confirmed experimen-
tally when the KEK-E419 ~ spectroscopy experiment
showed that the A makes smaller a loosely-bound nuclear
core such as °Li [130]. This was possible by the observa-
tion of the E2(5/2% — 1/2%) core transition in {Li (see
fig. 14). The corresponding reduced transition probability
was derived from the lifetime (measured with the Doppler
shift attenuation method) of the 5/2% Hypernuclear state
and the branching ratio of the E2(5/2% — 1/2%) tran-
sition, with the result B(F2;] Li,5/27 — 1/2%) = 3.6 +
0.51'8‘_2 e? fm*.

B(E2) turns out to be approximately proportional
to the fourth power of the nuclear core radius. The
E2(5/2% — 1/27) Hypernuclear transition is induced by
the F2(3T — 17) transition of the °Li core. In the weak-
coupling limit, ref. [122] introduced a size factor

T - 1/4

9 B(E2;Li,5/2 — 1/27)

|7 B(E2SLi,3t — 1+) '

S (22)

which provides the change in the Li core radius due to the
addition of the hyperon. From a previous measurement of
B(E2;°1i,3" — 17) a sizable shrinkage of the °Li core
was obtained: S = 0.81 £0.04. This result agrees with the
cluster model calculation of ref. [129]. By a more recent
a+n+p+ A cluster model [122] one can interpret the
above size factor as a reduction of the distance between
the «a cluster and the center of mass of the np pair by
(19 £+ 4)%, while the shrinkage of the distance between
the proton and the neutron of the np pair is negligible.
The nuclear core compression effect is expected also
in heavier Hypernuclei, although generally at a lower
level [131,132]. In ref. [133,134] a 3ac+ A four-body model
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was applied to the study of the shrinkage in the nuclear
core of 13C. This Hypernucleus has a '>C core with pe-
culiar characteristics: the 0f ground state has a shell-
model-like compact structure, while the 22+ excited state
at B, = 7.65MeV has a loosely bound 3« structure which
can hardly be explained in a shell-model approach. Be-
cause of this behaviour, for the 3C(1/2]) and 2C(0])
ground states the presence of the hyperon implies a few %
shrinkage for the distance between two « clusters, but for

13C(5/27) a significant compression of the a-a distance,
of about 28%, is predicted with respect to the same dis-

tance in the 12C(25) core [133,134].

3.4.2 Deformation of A-Hypernuclei

Various open-shell nuclei are deformed in the ground state.
This deformation results in the existence of quadrupole
transitions and rotational spectra which can be observed
experimentally.

Relativistic mean field models [135], non-relativistic
Skyrme-Hartree-Fock approaches [136-138] and the
framework of non-relativistic nuclear energy density func-
tionals [132] were applied to the study of the collective
motion and the deformation properties of Hypernuclei.

The relativistic mean field model of ref. [135] predicted
a strong reduction of the deformation for '2C and some
of the sd-shell nuclear cores in the presence of a A hy-
peron in the s-orbit: in some cases, the change is from an
oblate shape (this is the case of 28Si) to a spherical shape
(the 28Si core in the %’Si Hypernucleus). This result does
not seem to be corroborated by other studies, for instance
by the Skyrme-Hartree-Fock approach of ref. [138], which
found that the gross features of the potential energy sur-
faces in the (3, ) plane (8 and 7 being the quadrupole de-
formation parameters) remain basically unaltered by the
addition of the A.

These predictions need empirical confirmation. Future
~-ray spectroscopy experiments at J-PARC could help in
clarifying the deformation properties and the collective
motions in Hypernuclei by measuring the B(E2) values
and possibly the excitation energies in the rotational (and
vibrational) bands.

3.4.3 Neutron-rich A-Hypernuclei

It is well known, from experiments with radioactive nu-
clear beams, that nuclei produced near the neutron (pro-
ton) drip line exhibit a neutron (proton) halo, i.e., a
density of weakly bound valence neutron(s) (proton(s))
which extend well beyond the radius of the nuclear core.
Neutron-rich nuclei are particularly important in nuclear
astrophysics, as they play a role in neutron capture nucle-
osynthesis.

Since most of the Hypernuclear experiments performed
to date with kaon, pion and electron beams used targets
of stable nuclei, spectroscopy study of Hypernuclei has
been mainly restricted to systems in the g-stability valley.
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Fig. 15. Part of the light A-Hypernuclei chart with binding en-
ergy and particle instability threshold in MeV. Unstable cores
are indicated by xxx; A-Hypernuclei produced by the (K, 7%)
reaction, the so-called mirror Hypernuclei, are indicated by <;
A-Hypernuclei produced by the (K~ ,7") reaction, neutron-
rich Hypernuclei, by #. From ref. [139].

However, as a consequence of the modification of nuclear
structure introduced by the presence of the hyperon, one
can expect that particle bound neutron-rich (proton-rich)
Hypernuclei exist even for large (small) values of the neu-
tron to proton ratio [139]. Note that we do not consider
as “neutron-rich” Hypernuclei obtained by reaction (4),
that are better defined as “mirror” Hypernuclei of those
obtained by reactions (2) and (3). Figure 15 shows some
of the predicted neutron-rich Hypernuclei.

Various neutron-rich Hypernuclei are in principle ac-
cessible to the (K—,7T) and (7=, K™) double charge-
exchange reactions using stable targets. In particular,
thanks to the glue-like role of the hyperon, one could pro-
duce a Hypernucleus with a neutron halo even by start-
ing from a weakly unbound nuclear core (see the cases of
fig. 15 indicated by xxx), thus possibly extending the neu-
tron drip line beyond the standard limits of neutron-rich
nuclei [140,141]. We remind that this effect was predicted
already in the early days of Hypernuclear physics [142].

Hypernuclei with a neutron or proton excess are suit-
able systems for studying the AN effective interaction, the
A-nucleus mean field potential and the behaviour of the A
hyperon in a low density neutron or proton halo matter.

Relevant contributions of the coherent AN-Y'N cou-
pling and the associated AN N three-body interaction are
predicted for Hypernuclei with a neutron excess [143,
144]. Studies of neutron-rich Hypernuclei could thus put
constraints on the ANN interaction. In a shell-model
approach within a perturbation theory framework, the
second-order AN — XN — AN interaction is found
to provide a contribution to the spin-doublet separa-
tions in neutron-rich Hypernuclei which is of the same
order of magnitude of the contribution from the direct
AN — AN interaction [144]. Moreover, the X' hyperon ad-
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mixture in neutron-rich Hypernuclei is found to increase
with the isospin, ¢.e. with the neutron excess number
N — Z [97,143,145], thus it could reveal particularly im-
portant also in studies of the composition and equation of
state of neutron stars; in various hadronic models, these
compact stars indeed have a substantial content of neu-
trons as well as hyperons, but particularly the effect of X
hyperons is not yet known.

Since the valence nucleons in Hypernuclei with neu-
tron and proton halos are weakly bound, these systems
can be conveniently described by resorting to cluster mod-
els. Halo and skin structures were studied theoretically in
refs. [146,147] with a three-body cluster model for A = 6
(GHe and §Li) and A = 7 (|He and Li and 7 Be) Hy-
pernuclei. The ao + A + N three-body (o« + A+ N + N
four-body) model reproduces the binding energies of the
ground states observed in A = 6 (A = 7) Hypernuclei. The
case of §He is particularly interesting, as its ground state
is only 0.17 MeV below the 5He+n threshold and the *He
core is unbound. For §He the calculation indeed predicted
a structure consisting of three distinct layers of matter: an
« nuclear core, a A skin and a neutron halo. The halo of
the valence neutron is more extended than in the neutron
halo nucleus %He, the A density distribution clearly ex-
tends beyond the « core but is well confined within the
volume of the neutron halo. Analogous three layer struc-
ture of matter are exhibited for A = 7 Hypernuclei.

Two-body reactions in which neutron-rich Hypernuclei
could be produced are

K +42 -4Z-2) +nt, (23)

induced on nuclear targets by stopped or in flight K,
and A N

T+ A7 N Z-2)+ KT (24)
by in flight 7~. In these double charge-exchange reactions,
two protons of the target nucleus are replaced by a A and
a neutron.

The simplest description of the above reactions is a
two-step process on two different protons of the same nu-
cleus, converting them into a neutron and a A, with the ad-
ditional condition that the final nuclear system is bound.

For (23) it should mean a K~ p — An reaction followed

by 7% — nzt, for (24) a 77 p — n7w° reaction followed

by 7% — Kt A or 7~p — K°A followed by K°p — K+tn.
Another mechanism which was proposed [97, 145] is a
single-step process such as 7~ pp — K+ X p — KT An via
the X' admixture in the A-Hypernuclear state due to the
coherent X ~p — An coupling. Owing to these features,
both single-step and two-step processes are expected to
occur at a much lower rate than the production of normal
A-Hypernuclei by means of the usual two-body reactions.
According to the study of ref. [148], the two-step produc-
tion reactions have a larger cross-section than the one-step
mechanisms even when considering their largest theoreti-
cal prediction for the X'~ admixture probability. Instead,
the analysis of ref. [149] favoured one-step reactions over
two-step reactions and larger X~ admixture probabilities.

The first experimental attempt to produce neutron-
rich Hypernuclei by the reaction (23) was carried out at
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Fig. 16. Binding-energy spectrum in the (7=, K*) reaction
on a B target at 1.2 GeV/c. In the inset an expanded view
containing the A bound region is shown. From ref. [152].

KEK [150]. An upper limit (per stopped K~) was ob-
tained for the production of %He, !?Be and °C Hyper-
nuclei: the results are in the range (0.6-2.0) - 107*/K 5,

while the theoretical predictions [151] for }2Be and 5C

lie in the interval (1076-1077)/Kg,,, that is at least one

order of magnitude lower than the experimental results
and three orders of magnitude smaller than the usual

(Ks_top,ﬂ'_) one-step reaction rates on the same targets

(107%/ Kiop)-

Another KEK experiment [152] reported the observa-
tion of 1°Li with the (7=, KT) double charge-exchange
reaction on a '°B target. This experiment was affected
by much less background than in the previous one with
the (Kg,p, 7") reaction. Figure 16 shows the binding en-
ergy spectrum obtained in ref. [152]: the production cross-
section (in nb/sr/MeV) is drawn wversus the A binding
energy (in MeV). The results are not directly compara-
ble with theoretical calculations [148] since no discrete
structure was observed and the production cross-section
was integrated over the whole bound region (0MeV <
By < 20MeV). Significant production yields were ob-
served in the A bound state region, with an integrated
cross-section of 11.3 & 1.9nb/sr (5.8 & 2.2nb/sr) for a
1.2GeV/c (1.05 GeV/c¢) incident momentum and a scat-
tering angle in the laboratory system ranging from 2° to
14°. Unfortunately, no clear peak was observed in the A
bound region, possibly due to the low statistics and reso-
lution. The above results were obtained by assuming that
all counts recorded in the A bound state region correspond
to the formation of the 1’Li Hypernucleus. The measured
cross-sections are in disagreement with the theoretical
study of ref. [148], which favoured a two-step production
mechanism, but agree with the prediction of ref. [149] in
the case of a 1.2 GeV /¢ incoming momentum. By assum-
ing a dominant one-step production mechanism and a X
admixture probability of the order of 0.1%, ref. [149] could
reproduce the magnitude of the 1°Li production spectrum
obtained in ref. [152].
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A further attempt to observe neutron-rich Hypernuclei
by means of the reaction (23), with K~ at rest, was done
at the DA®PNE collider at LNF by the FINUDA experi-
ment [153], on °Li and "Li targets. The limited data sam-
ple collected during the first run period of the experiment
was used to look for the production rates per stopped K~
for §H and 7 H; the inclusive 7T spectra from %Li and "Li
targets were analyzed in momentum regions correspond-
ing, through momentum and energy conservation, to the
By values predicted in ref. [139,145]. Due to the strong
contribution of the background reactions:

K +p— Xt 47~

7lz+7r+, (25)
and
K +pp— Xt +n
!
n+nt, (26)

which give the main contributions of the inclusive 7+ spec-
tra for absorption of stopped K~ on nuclei, and to the lim-
ited statistics, only upper limits could be evaluated, lead-
ing to the values (2.5 4 0.4gat 9] ast) - 1079 /K5, and
(4.5 £ 09000 703 4yu) - 107°/ K5, for the production of,
respectively, §H and 7 H; also the production rate of 1?Be
was obtained, (2.0 & 0'4Statt8:?syst) 107 /K, lowering
by a factor ~ 3 the previous determination of ref. [150].
Very recently, the full statistics collected by FINUDA
on 9Li was analyzed by requiring a coincidence between
the 7 signaling the formation of §H and its subsequent
decay into °He + 7~ within a very tight energy win-
dow [154]. This approach was possible thanks to the very
good energy resolution and instrumental stability of the
detectors. Three events were found, corresponding un-
ambiguously to the formation and subsequent decay of
SH. A very careful analysis showed that they could not
be ascribed to possible instrumental or physical back-
grounds, mainly coming from reaction (25). The mass
of §H deduced from the above events was found to be
5801.4 £ 1.1 MeV, corresponding to a A binding energy
By = 4.0+ 1.1MeV with respect to the mass of the un-
bound *H+ A. Figure 17 shows the energy level scheme for
the ground state of §H deduced by FINUDA. We remark
that the measured value of B, compares well with the
theoretical evaluation of ref. [139] but is lower by about
1.8 MeV than the theoretical prediction By = 5.8 MeV
for the ®H + A choice of the zero energy level obtained
in refs. [97,145], which also included the effect of the
AN-X'N coupling. Note that this 1.8 MeV disagreement
is close to the value attributed in refs. [97,145] to the
contribution to B, (§H) arising from the ANN three-
body interaction resulting from the coherent A-X mix-
ing. From this experiment, which provides the first ob-
servation of the hyperheavy hydrogen §H, we may not
conclude that the ANN force is negligible, but only
that its influence looks lower than predicted. The pro-
duction rate of §H, assuming a 50% probability for the
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Fig. 17. Energy level scheme for $H ground state. The red
box represents the error on the mass mean value obtained by
FINUDA [154], the blue box indicates the width of *H.

SH — 7~ + %He decay, fully justified by the measured de-
cay rates of neighbour or similar Hypernuclei (4H, 7 Li),
is (5.9 + 4.0) - 1075 /stopped K, about three orders of
magnitude lower than the production rates for bound A-
Hypernuclei, as expected.

An experiment to produce §H via the (77, KT) re-
action on SLi at 1.2GeV was recently approved at J-
PARC [155] and should run as quickly as the Laboratory
will be restored to operation. The expected resolution is
2.5MeV, on a sample of about 100 events. Further results
on neutron- and proton-rich Hypernuclei are expected
from the HypHI experiment at GSI and FAIR by using
stable heavy-ion beams and rare isotope beams [156].

3.5 In-medium hyperon properties

Hyperon properties in Hypernuclei are influenced by the
nuclear medium. A partial restoration of chiral symmetry
in the nuclear medium or even a partial quark deconfine-
ment may affect A properties such as the mass, size and
magnetic moment for an hyperon located in the inner core
of the Hypernucleus.

3.5.1 The A magnetic moment

The magnetic moment of hadrons provides interesting in-
formation on the internal structure of these particles. The
magnetic moment of a Hypernucleus is an important ob-
servable which is sensitive to the spin and angular mo-
mentum structure of this many-body system, to the spin-
dependent part of the AN effective interaction and to the
2} admixture in the Hypernucleus.

The magnetic moment operator of a Hypernucleus in
the weak-coupling limit is given by

=y [ErrxEmmiee]l e
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where j&™ and 79" are the electromagnetic currents of
the nuclear core and of the hyperon, respectively. One can
rewrite this definition as

= pot+py = (ged e+ gada)un

= [9ed + (94 — 9e) T a] v, (28)

J . (J 4) being the total spin of the nuclear core (hyperon),
J = J.+ J 4 the total spin of the Hypernucleus, g. (g4)
the effective g-factor of the nuclear core (hyperon) and
the nuclear magneton.

Already the simple-quark model reproduces quite well
the magnetic moments of the stable (non-strange and
strange) baryons by fixing the magnetic moments of the u,
d and s quarks to reproduce the magnetic moments of neu-
tron, proton and A. For free A and X' hyperons the mea-
sured values of the g-factors are: ¢'T*® = —1.226 + 0.008,
giee = 4.916 + 0.020, g're° = —2.320 £ 0.050 and g% =
3.22+0.16 (the last being the X% — A transition g-factor
for the X% — ~A electromagnetic transition) [157]. The
change in the quark structure of a A bound in the inner
core of a Hypernucleus is expected to introduce a varia-
tion in the A magnetic moment compared to the above
free-space value.

Before discussing the important question of a possible
deviation of g4 in Hypernuclei from the gI° value, a re-
lated issue has to be clarified: it concerns the role played by
the nuclear core in the Hypernuclear magnetic moments.
Relativistic mean field models neglecting the AN-X'N cou-
pling predicted Hypernuclear magnetic moments which
are very close to the (non-relativistic) Schmidt values [158]
(the Schmidt value is = g = ga /2 = —0.613 py for
a Hypernucleus with a closed-shell nuclear core and an s-
level A). Reference [159] showed that the global core con-
tribution to the Hypernuclear magnetic moment is vanish-
ingly small (u. ~ 0) due to the large contribution of the
wAA tensor coupling induced by the w vector field, which
almost cancels the wAA vector coupling contribution.

However, in the presence of an important X admix-
ture in Hypernuclei and due to large differences among
the above free A and X hyperons g-factors, the value of
the Hypernuclear magnetic moments are expected to de-
viate from the Schmidt values. This is especially true for
p-shell and heavier odd-A Hypernuclei with isospin 1 nu-
clear cores, as demonstrated in the qualitative treatment
of ref. [160] based on perturbation theory. For instance,
(P C) ~ pa+v2 B s a, where 3 is evaluated in the range
from +0.03 to +0.07 in ref. [160]. According to this result,
the deviation of the Hypernuclear magnetic moments from
the Schmidt values can be interpreted as a signal of the rel-
evance of the AN-YX'N coupling. More quantitative studies
within the shell model are needed to settle this important
issue.

The effect of the meson exchange currents on the mag-
netic moment of light Hypernuclei is studied in ref. [161]
with an effective Lagrangian method in the harmonic os-
cillator shell model. The calculation takes into account
the NN and AN 7- and K-exchange currents and the nu-
clear core polarization. For % He the magnetic moment is
reduced in absolute value by 9% from the Schmidt value
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pa = —0.613 upy: p(5He) = pa + 0.054pun = —0.559 pn.
This change is originated only by the isoscalar AN K-
exchange currents, as both the A and the *He nuclear
core have isospin 0. Smaller variations from the Schmidt
values are instead obtained for the (§He, §Li) isodoublet,
despite in these cases the magnetic moment also has an
isovector part.

We come now to the question concerning the in-medi-
um A g-factor, g4. Since it is impossible to directly mea-
sure g4, due to the very short lifetime for spin precession
in a magnetic field, an indirect method consists in the mea-
surement of the reduced transition probability B(M1) for
the strengths of A spin-flip transitions M1, which in the
weak-coupling limit is related to g4 by [109]

o 32Jdown +1

B(M1) =
(M1) 8t 2J.+1

(94— 90k, (29)
where Jyown 1S the spin of the lower state of the doublet.

B(M1) can be obtained experimentally by measuring
the v-ray energy for the A spin-flip transition AE and
the lifetime 7 of the excited state (determined with the
Doppler shift attenuation method): B(M1) o< 1/(7 AE?).
A few measurements of B(M1) have already been per-
formed, at BNL and KEK, but with insufficient accu-
racy to establish the modification of the A g-factor in a
Hypernucleus: the most precise determination is indeed
ga = —1.04 +0.41 [103].

A future measurement of B(M1) for the M1(3/2T —
1/27) transition in 7Li will be carried out at J-PARC
E13 with a 5% level accuracy [103]. In order to study the
density- and isospin-dependence of g4, experiments on the
B(M1) values will be performed at J-PARC for heavier
Hypernuclei. In experiments with heavy-ion beams such
as HypHI [156] Hypernuclei are produced with large ve-
locities and fly in free-space for tens of centimeters be-
fore decaying, thus enabling direct measurements of the
A magnetic moment by observing the spin precession in
strong magnetic fields.

4 Weak decay of Hypernuclei

A-Hypernuclei are produced in the ground state or in an
excited state of the A-particle neutron-hole configuration.
When a A-Hypernucleus is excited above the particle emis-
sion threshold it decays dominantly by the strong interac-
tion, through nucleon or cluster emission; the remaining
strange nuclear system then de-excites to its ground state
via electromagnetic transitions.

A A-Hypernucleus in the ground state decays to non-
strange nuclear systems through the mesonic (MWD) or
non-mesonic (NMWD) weak decay mechanisms.

In MWD the A hyperon decays into a nucleon and a
pion in the nuclear medium, similarly to the weak decay
mode in free space

Apree — p+ 7~ + 37.8MeV
Afree —n+ ’/TO +41.1 MeV

(B.R. = 64.2%),
(B.R. = 35.8%),

(30)
(31)



Eur. Phys. J. A (2012) 48: 41

in which the emitted nucleon carries a momentum g =
100MeV /e, for a decay at rest, corresponding to a Q-
value of about 40 MeV. The branching ratios of the chan-
nels (30) and (31) are consistent with the empirical AT =
1/2 rule, valid for all non-leptonic strangeness-changing
processes, like the X' hyperon decay and pionic K decays.

Inside a Hypernucleus the binding energy of the A (~ 3
MeV for 5He, ~ 11 MeV for 12C, ~ 27 MeV for 2°8U) fur-

ther reduces the energy available to the final-state parti-
cles; MWD is thus suppressed in Hypernuclei with respect
to the free-space decay due to the Pauli principle, since the
momentum of the emitted nucleon is by far smaller than
the nuclear Fermi momentum (kp ~ 270MeV/c) in all
nuclei except for the lightest, s-shell ones.

In NMWD the A-Hypernucleus decays through pro-
cesses which involve a weak interaction of the constituent
A with one or more core nucleons. If the pion emitted in
the hadronic vertex A — 7N is virtual, then it can be ab-
sorbed by the nuclear medium, resulting in a non-mesonic
decay of the following types:

An —nn  (I,), (32)
Ap —np  (I), (33)
ANN — NN (I3), (34)

where in parentheses we indicate their decay rates. The
channels (32) and (33) are globally indicated as one-
nucleon induced decays, in particular one-neutron induced
decay (32) and one-proton induced decay (33). The chan-
nel (34), referred to as two-nucleon induced decay and sug-
gested in ref. [162], can be interpreted by assuming that
the pion from the weak vertex is absorbed by a pair of nu-
cleons (np, pp or nn), correlated by the strong interaction.
Note that the non-mesonic processes can also be mediated
by the exchange of mesons more massive than the pion.

The NMWD mode is possible only in nuclei; the Q-
value of the elementary reactions (32)—(34) (~ 175 MeV)
is high enough to avoid any Pauli blocking effect, being
the outgoing nucleons momenta as high as ~ 420 MeV /¢
for the one-nucleon induced process and ~ 340MeV/c
for a two-nucleon induced process, if the available en-
ergy is equally distributed among the final-state parti-
cles; the final nucleons thus have a great probability to
escape from the nucleus. Indeed, the NMWD dominates
over the MWD for all but the s-shell Hypernuclei and only
for very light systems (A < 5) the two decay modes are
competitive.

The NMWD is a four-fermion, AS = 1, baryon-baryon
weak interaction and represents the only practical way
to obtain information on the weak process AN — nN,
which represents the first extension of the weak, AS = 0,
NN — NN interaction to the strange baryon sector.
We recall that the short A lifetime prevents from pro-
ducing hyperon targets or beams of suitable intensity
and only scarce AN scattering data are presently avail-
able. Moreover, the four-body AS = 1 interactions (32)
and (33) are the best candidate to allow the investiga-
tion of the parity-conserving part of the weak interaction,
which is completely masked by the strong component in
the NN — NN reaction [6,163,164].
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The total decay width of a A-Hypernucleus I'r(42)
is given by the sum of the mesonic and the non-mesonic
decay widths,

It = I'v + I'nwu, (35)

where the first term can be further expressed as the sum
of the decay widths for the emission of negative (I;-) and
neutral (I';0) pions,

Ivi =I5 + o, (36)
and the second term can be written as the sum of the one-
nucleon (I) and two-nucleon induced (I%) decay widths,

Invg = I + I, (37)
with Iy = I}, + I},. The total decay width I't(4Z) is
expressed in terms of the Hypernuclear lifetime by

Ie(42) = h/7(12). (38)

The decay observables which can be directly measured
are the Hypernucleus lifetime, 74, the branching ratios and
decay rates for the MWD channels, I~ and [0, and the
spectra of both MWD and NMWD light decay products
(pions and nucleons). The total non-mesonic rate can thus
be obtained in an indirect way as I'ny = It — Iy The
partial decay rates for the NMWD channels (I5,, I}, Ly,
etc.) cannot be directly determined from the data due to
presence of final state interactions (FSI) for the weak de-
cay nucleons; these rates are not quantum-mechanical ob-
servables [165]. Each one of the possible elementary non-
mesonic decays occurs in the nuclear environment, thus
subsequent FSI modify the quantum numbers of the weak
decay nucleons and new, secondary nucleons are emitted
as well. Daughter nuclei can hardly be detected.

A complete review of the experimental results and the-
oretical models describing the weak decay of Hypernuclei
before 1990 can be found in ref. [166]; more recent review
papers on the results obtained from 1990 on and on the de-

velopment of the theoretical interpretations can be found
in refs. [6,163,164,167].

4.1 Hypernuclear lifetimes

Among the experimental observables, the Hypernucleus
lifetime 7, or equivalently the total decay width I, is
the one which can be measured with the highest accuracy
and is free from all the distortions and corrections con-
nected to final-state interactions of the emitted particles.
Being an inclusive quantity, for its measurement one has
to detect any of the possible products of either mesonic or
non-mesonic decays (typically protons from non-mesonic
decays) as a function of time and then fit the observed
distribution with an exponential decay law. The lifetime
measurement, moreover, is the starting point for obtain-
ing, from the measured MWD branching ratios, the I'num
rates as well as the ratio I5,/I}, between the one-neutron
induced and the one-proton induced NMWD rates. How-
ever, one has to note that for the determination of the
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the “experimental” value of I},/I, (the same occurs for
the individual rates I, and I},) one needs 1) a measure-
ment of the nucleon emission spectra and 2) a theoretical
model of nucleon FSI. Indeed, the nucleon spectra turn out
to strongly depend on these FSI effects: the experimental
I, /T, ratio must thus be obtained by a deconvolution of
the nucleon FSI effects contained in the measured spectra.

The weak decay of A-Hypernuclei has been studied
since their discovery in 1953; the first determinations of 7
date back to the sixties when visualizing techniques were
used, by exposing, mainly, photographic emulsions and,
less frequently, LH, filled bubble chambers to the world-
wide available K~ beams (Argonne ZGS, BNL AGS and
Bevatron). In emulsions, Hypernuclei were produced as
Hyperfragments on the emulsion components, like hydro-
gen, carbon, nitrogen, oxygen, silver and bromine, with a
strong prevalence of the lighter nuclei; in bubble cham-
bers, the helium was an active target. Only events with
unambiguously identified Hyperfragments were used to
determine the lifetime, and both decays at rest and in
flight were considered. A maximum-likelihood method was
developed in order to extract 7(4Z) from the measure-
ments of moderation times or flight times of the selected
events. Meager samples (1-30 events each) were typically
collected due to the reduced intensity of the beams and,
consequently, big statistical errors were obtained, ranging
from 15% to more than 100%. Lifetimes of s-shell Hyper-
nuclei were measured for 3 H [168-172], 4H [168,169,173],

4 He [169] and 5 He [168-170,173]. The obtained values are
all consistent with the free A lifetime within errors.

Obvious limitations of the visualizing techniques pre-
vent from performing a complete study of the Hypernu-
cleus decay. Concerning lifetime, since the decay timing
information cannot be obtained, only indirect determina-
tions of 7(4Z) were available, as discussed before. More-
over, concerning the study of the different decay modes,
visualizing devices are blind to neutral particles, such as
7 and neutrons; thus the study was limited to the weak
decay modes with charged particles in the final state. Fi-
nally, the apparatuses were not able to count the number
of formed Hypernuclei, obstructing the determination of
the decay branching ratios.

As described in sect. 2.2, starting from the eighties,
the counter experiments at BNL AGS and at the 12 GeV
PS at KEK opened a new era in the study of Hypernu-
clear weak decay, overcoming the difficulties of the visu-
alizing techniques. These experiments used the (K~ ,77)
and (7T, KT) reactions to copiously produce Hypernu-
clei, thus allowing to perform coincidence measurements
for the study of weak decay. Actually, the counter ex-
periments dedicated to Hypernuclear spectroscopy started
in the early seventies, but high intensity K~ /7 beams
and large solid angle spectrometers for the high statistics
(103-105 events) production of A-Hypernuclei, needed for
the decay coincidence study, became available only about
ten years later.

For a direct determination of the lifetime it is neces-
sary to measure the delay in the emission of the decay
products from the ground state of the Hypernucleus. In
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counter experiments this normally requires the detection
of a particle emitted in the decay in coincidence with a
particle originating from the production reaction, 7~ or
K™, which tags the formation of the ground state or of a
low-lying excited state which is known to de-excite to the
ground state by electromagnetic decay; in this way it is
possible to identify uniquely the decaying system.

The typical apparatuses operated both at BNL and
at KEK and consisted of double spectrometers to mea-
sure with high precision the momenta of the incident (K~
or 1) and scattered (7~ or KT) mesons and to deter-
mine, by simple momentum and energy conservation, the
mass of the produced Hypernuclear state. Around the re-
action target, coincidence detectors were placed to detect
charged and neutral decay particle and to measure the de-
cay time; for charged particle the identification was per-
formed by specific ionization and range measurements and
the energy was determined by the range, while for neutrals
both the identification and the energy evaluation were per-
formed by time-of-flight measurements. For lifetime deter-
mination, the formation time was given by a fast detector
located in front of the target and the delay in the emis-
sion was determined by the difference between decay and
formation time. Lifetimes of light- and medium-A Hyper-
nuclei were extracted from the measured delay time distri-
butions for 4H [174,175], 4He [175-177], 5He [178,179],
%Be [178], {'B [178,180, 181], 12C [178-181], %TAl, 2°Si
and sFe [181], with statistical errors ranging from 3% to

20%. BNL and KEK values, when available for the same
Hypernuclear specie, are consistent within errors.

Figure 18, from ref. [181], shows the mass number de-
pendence of Hypernuclear lifetime for A < 60 obtained by
various counter experiments at BNL and KEK (open and
full circles), from 1985 to 2000. The data indicate that the
lifetime is quite stable from light- to medium-A Hypernu-
clei and is rather constant above A = 20, at ~ 210ps,
which corresponds to ~ 80% of the free A lifetime. This
smoothly decreasing behaviour is sign of an anticorrela-
tion between the MWD and NMWD modes: the rapid
decrease of the MWD, due to Pauli blocking effect, seems
to be balanced by the NMWD decay mechanism and the
asymptotic behaviour of the lifetime indicates the presence
of saturation properties for the AN — nN weak interac-
tion for increasing A analogous to those of the finite range
NN strong interaction.

In fig. 18 the dot-dashed line shows calculations by
ref. [182], where 27/p and 27/o exchange terms were
added to the one-pion—exchange potential for the NMWD.
These calculations reproduce Hypernuclear lifetime quite
well, with a slight underestimation of the saturation value
for 2Si and 5°Fe. The dashed line represents lifetime cal-
culations by ref. [183] in which a one-pion—exchange model
approach is used, including the two-nucleon induced de-
cay modes on strongly correlated np pairs, to evaluate
lifetimes for medium and heavy Hypernuclei from 2C
to 2°®Pb. The calculated values are short by a 30-40%
with respect to the measured values. By a detailed study
of baryon-baryon short-range correlations and of the A
wave function in Hypernuclei, which was obtained by
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Fig. 18. Mass-dependence of Hypernuclear lifetime, from
ref. [181]. Full circles: KEK-E307 results [181]; open circles:
previous counter experiments [175,178,180]. The dot-dashed
line shows the calculations by ref. [182] and the dashed line
the calculations by ref. [183].

reproducing the data on s and p A level energies with
Woods-Saxon A-nucleus potentials, this calculation was
then updated in ref. [184]. It was then possible to repro-
duce the experimental lifetimes from light to heavy Hy-
pernuclei (see fig. 4 in ref. [184]).

In the medium mass region, a lifetime measurement
was also performed for A ~ 16 Hypernuclei ( {52) [59] us-
ing a 2.1 GeV /nucleon °0 beam and a polyethylene tar-
get at the LBL Bevalac. The trigger for the Hypernuclear
production was given by the decay at rest of K produced
together with K~ by the associated production reaction,
but the Hypernuclear mass spectrum could not be recon-
structed and the Hypernuclear specie could not be iden-
tified. The lifetime was extracted from the recoil distance
distribution, measured by spark chambers. Only 22 decay
events were identified and the lifetime from the maximum-
likelihood fitting of the recoil distance was ~ 86 ps, much
smaller than the value for neighbor }2C and 2¥Si reported
in fig. 18. The datum on 60O, however, is very likely to
be affected by some experimental drawback due to the
presence of a very strong instrumental background and,
unfortunately, the measurement was not repeated so that
no reliable value is available for A = 16.

More recently, the lifetimes of 3H and 4H were ob-
tained with relativistic ions beams (He, He, °Li and "Li
ions with 2.2-5.1 GeV /nucleon energies) and '2C targets,
at JINR [60]; the technique used at LBL was improved
by means of a more effective trigger system for the Hy-
pernuclear production, able to identify events in which a
Hypernucleus of charge Z decays, through 7= MWD, to
a nucleus with charge Z 4 1. The lifetime was determined
by measuring the Hypernucleus recoil distance distribu-
tion with a Ne streamer chamber. Values of 220 ps were
reported for 4 H with errors at 20% level and of 240 ps for
3 H with errors of ~ 60%.

In the heavy mass region, Hypernucleus lifetimes have
been measured, between 1985 and 2003, in electroproduc-
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tion experiments on 29Bi targets [185], in low momentum
p-A annihilation at CERN on 29°Bi [56] and 23*U [57] tar-
gets and in p-A collisions at COSY on 97Au, 2°°Bi and
2387 [58] targets. For heavy Hypernuclei the application of
direct timing methods, as adopted for light and medium-
A systems, is not feasible due to the huge background
of the light particles produced. This problem is overcome
by detecting heavy fragments from fission processes, in-
duced by the high energy release due to the NMWD of
the heavy Hypernucleus. A common feature of both p-A
and p-A reactions is that the Hypernucleus is produced
with a sizable energy, in particular for high-momentum p-
A collisions and recoils over a distance of some mm before
decaying; the recoil shadow method [186], used in nuclear
physics for the measurement of fission isomers, can thus be
applied with good sensitivity to evaluate the lifetime. The
determination, however, is not direct and depends strongly
on theoretical models which describe the time evolution of
the system during the reaction: transport calculations for
the initial fast non-equilibrium phase and statistical cal-
culations for the final evaporation phase. These calcula-
tions give the mass (A) and charge (Z) distribution of the
Hypernuclei which undergo delayed fission together with
their individual, A- and Z-dependent, velocity distribu-
tion in the laboratory frame; a fit of the recoil distance
distribution allows to extract the lifetime.

Following this procedure, from p-A experiments 7(4 2)
values of 180+ 40 ps have been obtained for the 2°?Bi tar-
get and 130 4 30 ps for 238U target [57], and from p-A ex-
periments values of 130420 ps for 97 Au target, 161416 ps
for 2°9Bi target and 138 & 18 ps for 238U target were re-
ported [58]. It must be noted that, unlike (K~,77) and
(7T, KT) reactions, both p-A and p-A production mech-
anisms do not allow to identify the decaying system; the
A and Z values of the produced Hypernuclei are, indeed,
obtained from the calculated (Z, A) distributions which
span over 35-40 mass units and 8-10 charge units [58].
Considering the overlapping of the individual (4, Z) dis-
tributions for the three targets used in p-A experiments, it
is possible to average over them to obtain a mean lifetime
for Hypernuclei with masses A ~ 180225, with a disper-
sion in charge AZ ~ 3 for fixed A, of 7(4A) = 145+11 ps,
while, by averaging over the results obtained in p-A ex-
periments on Bi and U, the value 7(4 A) = 143+ 36 ps can
be quoted.

The value from p-A collisions, figuring a global 8% er-
ror, shows an uncertainty level only a factor two worse
than that obtained in recent very high statistics (7, K1)
experiments on 2C at KEK [179], 212 + 6 ps. Both p-A
and p-A averaged values represent about the 55% of the
free A lifetime and suggest a very different behaviour of
the A when bound in heavy nuclei with respect to the case
of medium-A nuclei. Indeed, if in nuclei with A = 12-56
the lifetime seems to saturate at about the 80% of the
free particle value, indicating the short-range nature of
the weak decay interaction, the presence of a much more
massive nuclear system seems to produce a stronger in-
teraction of the A with the core nucleons, as if the range
of the weak four-body NMWD interaction could increase
considerably between A = 56 and A = 180 to include large
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part of the nucleons. On the other hand, in p-A and p-
A collision experiments, the production of A-Hypernuclei
is not identified by the detection of a particle which un-
doubtedly signs the formation of a bound strange nuclear
system; the complexity of systems with 180-225 compo-
nents leads to suppose the presence of other interaction
mechanisms which could open for some threshold A value,
higher than 60 mass units, and could explain the strong
enhancement of the interaction rate for A > 180. It is
worth to remind, however, that the lifetime determina-
tion is indirect and relies on calculated, model dependent,
A, Z and velocity distributions, which take into account
the interaction dynamics during all the development of the
process. The big difference between the lifetime values ob-
tained with the recoil shadow method and those obtained
directly in (K, 77 ) and (71, KT) reactions suggests that
the first method could be affected by sources of system-
atic errors, possibly connected to the nature of the process
which causes the fission, that need to be carefully consid-
ered; anyway, further experimental work in the A ~ 200
region is necessary, with an explicit tagging of the strange
nuclear system formation.

4.2 Mesonic weak decay

In MWD, light- and medium-A Hypernuclei are converted
to non-strange nuclei through the reactions

AZ-MZ+1)+1 (T,

ﬁZHAZ+7TO (FTI'U)7

corresponding to the elementary reactions (30) and (31)
for bound A; the final nuclear states in (39) and (40) are
not necessarily particle stable.

The theory of Hypernuclear MWD was initiated by
Dalitz [187-192], based on a phenomenological Lagrangian
describing the elementary decay processes (30) and (31),
and motivated by the observation of MWD reactions in the
pioneering Hypernuclear physics experiments with photo-
graphic emulsions that provided means of extracting Hy-
pernuclear ground-state spins and parities. The J™ assign-
ment for 3H, 4H, 4He, §Li, {'B and }?B [189-195] was
done by applying the recently established properties of the
free A mesonic decay (AI = 1/2 rule; prevalence of the
s-wave, parity-violating, spin—non-flip amplitude; 7 angu-
lar distribution dependence on A spin axis) to A bound in
nuclear systems; see ref. [196] for a recent summary.

Following the development of counter techniques for
use in (K, 77 ) and (7", KT) reactions in the 1970s and
1980s, a considerable body of experimental data on I, -
and/or I'o is now available on light A-Hypernuclei up to
ISN: 4 H [174], 4He [175], 5 He [178,179,197,198], 7, Li [198],
1B [178,198-201], 12C [178,199-201] and PN [198].

Comprehensive calculations of the main physical prop-
erties of MWD were performed during the 1980s and 1990s
for s-shell [202,203], p-shell [203-205] and sd-shell Hy-
pernuclei [203,205]. The basic ingredients of the calcula-
tions are the Pauli suppression effect, the enhancement of

(39)
(40)
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MWD owing to the pion polarization effect in the nuclear
medium [206-209], the sensitive final-state shell-structure
dependence and the resulting charge-dependence of the
decay rates.

An important ingredient of MWD calculations is the
pion-nucleus potential which generates pion distorted
waves that strongly affect the magnitude of the pionic de-
cay rates. Indeed, for low-energy pions, the pion-nucleus
potential has been studied so far through m-nucleus scat-
tering experiments [210] and measurements of X-rays from
pionic atoms [211]; the study of MWD in which a pion
is created by the decay of a A hyperon deep inside the
nucleus offers important opportunities to investigate in-
medium pions and to discriminate between different off-
shell extrapolations inherent in potential models. For this
reason, MWD continues to be an interesting item of Hy-
pernuclear physics, and precise and systematic determi-
nations of I'.- and [0 are very welcome.

In the following two subsections s-shell and p-shell Hy-
pernuclei MWD will be discussed separately.

4.2.1 MWD of s-shell Hypernuclei and the AN potential

As discussed before, due to the short A lifetime, the pro-
duction of A-Hypernuclei and the investigation of their
structure is the only practical way to study the AN inter-
action. To date, the theory of few-body systems is able to
calculate directly up to five-body systems starting from
the elementary two-body AN interaction; on the other
hand, to construct a reliable AN interaction model, the
basic requirement is to reproduce the measured binding
energy values of all s-shell Hypernuclei.

In the determination of a realistic AN phenomenologi-
cal potential, a long-standing problem was that potentials
determined by fits to B4(3H), B4(4H) and B4 (% He), to-
gether with low-energy Ap scattering data, lead to over-
estimate data on B,(5He). A better agreement with data
is obtained by explicitly incorporating the AN-X'N cou-
pling [121].

The possible existence of a central repulsion in the
hyperon-nucleus mean potential has been discussed by
several authors by starting from the realistic two-body
Y N interaction: the strength of the long-range attraction
of the YV interaction is much weaker than that of the
NN interaction and it would be almost counterbalanced
by the short-range repulsion. Consequently, inner repul-
sion would be present also in the Y-nucleus potentials
constructed from the Y NV interaction with the folding pro-
cedure. The effect would be seen most clearly for very light
Hypernuclei (A = 4, 5): the hyperon would be pushed out-
ward the nucleus due to this repulsion and consequently
the overlap of the hyperon wave function with the nucleus
would be much reduced.

The existence of such a repulsive core is established
experimentally for 42He, where the ¥ N — AN conversion
is suppressed thanks to the expulsion of the X outward the
nuclear core due to the inner repulsion. This mechanism
is considered to be responsible for the narrow width of the
1 He system [212-215].
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Fig. 19. Left: mesonic weak decay scheme for 4H and %He.
Right: A radial wave functions and a-A folding potentials for
4H, calculated by the SG and Isle interactions. From ref. [218].

Moreover, the experimental evidence for the presence
of a central repulsion in the A-nucleus potential can be
obtained from the Hypernuclear decay observables, which
provide significant information on the A single-particle be-
haviour. In particular, the MWD rate, influenced by Pauli
suppression, is sensitive to the overlap between the wave
functions of the A and of the nuclear core; this overlap, in
turn, reflects the potential shape felt by the A in nuclei.

A repulsive core in the AN interaction was introduced
in ref. [216, 217] to lead to a repulsion in the a-A po-
tential: the A wave function is spread outward the nu-
cleus and the MWD rate is enhanced as a consequence
of the Pauli suppression relaxation, since on the Hypernu-
clear surface the local nuclear Fermi momentum is smaller
than in the nuclear core. The a-A potential is expressed
by a two-range Gaussian function, indicated as Isle, and
yields a 30% larger MWD rate than the single-Gaussian
a-A potential, indicated as SG, without the repulsive cen-
tral part. In the calculations, the strength parameters of
both Isle and SG potentials are determined to reproduce
B4(5He) and only MWD rate measurements can distin-
guish between them.

Other authors too suggested a central repulsion in the
A-nucleus potential and evaluated MWD rates for s-shell
Hypernuclei [202,218]. In fig. 19 the left part shows the
decay scheme for 4H and 4 He; the charge symmetry fea-
tures of A = 4 Hypernuclei can be observed by comparing
the two mesonic decays. In the right part of the figure,
the A radial wave functions and the a-A folding poten-
tials for 4H, calculated by the SG and Isle interactions,
are shown. Two-body decays are allowed only for reac-
tions producing *He in the final state, being the residual
nuclei of the other two-body channels only loosely bound.
A A-nucleus potential for A = 4 with a central repulsion
gives a two-body decay rate smaller than that of a SG
potential, due to the reduction of the overlap of the A and
final nucleon wave functions. This produces an enhance-
ment of the three-body decay rates and hence the total
MWD rate should not change so much, whereas the ratio
between two- and three-body decays is very sensitive to
the potential shape and is thus useful to investigate the
nature of the short-range part of the AN interaction.

From the experimental side, a precise measurement of
the Hypernuclear decay rates requires as a pre-requisite a
precise measurements of both lifetime and branching ra-
tios of reactions (39) and (40). The E167 experiment at
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Table 3. MWD rates of 4H in units of the free A decay rate
(I'2) measured by the KEK-E167 experiment [175]. The values
are compared with theoretical estimates obtained with SG and
Isle AN potentials [218].

Decay Rate Data SG Isle
I'r/T'a 1.037015

I'o/T'a 0.53 +£0.07 0.49 0.51
I.—/T'x 0.33 £0.05 0.25 0.31
Io/I, - 1.59 £ 0.20 2.02 1.59

Table 4. MWD rates of 4He in units of the free A decay
rate (I'4) measured by the KEK-E167 experiment [175] and
by refs. [193,194]. The values are compared with theoretical
estimates obtained with SG and Isle AN potentials [218].

Decay Rate Data SG Isle
It /T 1.361073%

Io/Ta 0.16 0.19
I.—/Ta 1.0075°1% 0.93 0.88
I~ age/Ta 0.697518 0.71 0.61
I apge/ T 0.69 = 0.02 0.76 0.69

KEK measured the MWD and NMWD rates of 4H and
“1He [175] produced with the (K, 7 ) reaction on a lig-
uid He target, measuring the momentum of the outgoing
formation 7~ with a large acceptance (~ 100 msr) mag-
netic spectrometer with a resolution of 1-2% FWHM. 7,
7~ and p coming from decay reactions were detected by
a system of Nal(T1) counters covered by thin plastic scin-
tillators for energy deposition measurement and particle
identification. The MWD rates obtained by the experi-
ment are summarized in tables 3 and 4 together with the-
oretical calculations from [218]. In table 4 results of older
visualizing techniques experiments [193, 194] are also re-
ported for 4 He.

From the comparison between the experimental results
and the theoretical calculations of ref. [218] it is possible
to observe that the Isle AN potential is able to reproduce
the data within +1o error, while SG calculations figure a
disagreement at 20 level for the I'yo /Ix~ ratio of 4 H. This
allows to conclude that the existence of a repulsive core in
the A-nucleus mean potential seems to be experimentally
established.

More recently, the E462 and E508 experiments at KEK
measured with very high statistics both 7= [179] and
70 [197) MWD rates of 5He in (7F, K™) measurements
on YLi target with the SKS magnetic spectrometer. The
results are reported in table 5 and compared with SG and
Isle based calculations [202,219]. For BR(7 ™) the calcula-
tions with the Isle potential are in good agreement with
the measured decay rates, whereas the SG potential gives
a significant underestimation [219]. For I';0 /Iy the exper-
imental value is located between Isle and SG calculations
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Table 5. MWD branching ratios and rates of 5 He in units of
free A decay rate (I'4) measured by the KEK-E462 and KEK-
E508 experiments [179,197]. The values are compared with
theoretical estimates obtained with SG and Isle AN potentials
for I' .- /I’ [219] and for I'.0/I's [202].

Decay Rate Results SG Isle
Ir/Ta 0.947 £ 0.038

BR(77) 0.359 + 0.009

I'.—/Ta 0.340 £ 0.016 0.271 0.354
BR(7%) 0.212 + 0.008

Io/l'a 0.201 £ 0.011 0.177 0.215

of ref. [202], but the Isle value reproduces the experimen-
tal result within 1o, while the SG one differs of more than
20. Thank to the very small value of the errors on the
measured BR’s, this fact strongly supports the presence of
the central repulsion in the a-A potential, independently
of the considered specific theoretical calculation.

The last conclusion is representative of the deep inter-
play between particle and nuclear physics that is realized
in Hypernuclear physics. Indeed, being at the frontier be-
tween the two fields, Hypernuclei can be studied exploit-
ing experimental techniques and models typical of both
approaches; in particular we can see here how, from mea-
surement of typical nuclear physics observables, like decay
rates, it is possible to obtain information on the baryon-
baryon potentials, a typical subject of particle physics.

4.2.2 MWD of p-shell Hypernuclei and the 7 nuclear
polarization effect

In Hypernuclei MWD is disfavoured by the Pauli principle,
particularly in heavy systems. It is strictly forbidden in
normal infinite nuclear matter, where the nucleon Fermi
momentum is about 270 MeV/¢, while in finite nuclei it
can occur because of three important effects: 1) in nuclei
the hyperon has a momentum distribution, being confined
in a limited spatial region, that allows larger momenta to
be available to the final nucleon; 2) the final pion feels
an attraction by the nuclear medium, due to the p-wave
part of the optical w-nucleus potential, which modifies the
pion dispersion relation; for a fixed momentum, the pion
carries an energy smaller than if it was free and the energy
conservation increases the chance of the final nucleon to lie
above the Fermi surface; indeed, it has been shown that
the pion distortion increases the MWD width by more
than one order of magnitude for very heavy Hypernuclei
(A ~ 200) with respect to the value obtained without the
medium distortion [220]; 3) at the nuclear surface the local
Fermi momentum can be smaller than 270 MeV /¢ and the
Pauli blocking is less effective in forbidding the decay.

In any case, the MWD rate rapidly decreases as the
Hypernucleus mass number increases. Table 6 reports the
actual experimental knowledge of both I',— and [0 for p-
shell Hypernuclei. For the sake of completeness, also 3 He,
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Table 6. MWD rates I.— and I o0 in units of free A decay
rate I'y for p-shell A-Hypernuclei obtained in recent counter
experiments. 3 He, 4"Al and %2Si results are also reported for
comparison.

Hypernucleus  I,-/Ia Io/la Ref.
° He 0.44 4 0.11 0.1440.19 [178]
0.340 + 0.016 [179]

0.201+0.011  [197]

0.332 + 0.069 [198]

WL 0.353 £ 0.059 [198]
%Be 0.178 £ 0.050 [198]
4B 0.22 4+ 0.05 [221]
0.1924+0.056  [199]

0.23 4 0.06 [200]

0.212 +0.036 [201]

0.249 + 0.051 [198]

12C 0.05270053 [178]
0.217 £0.073  [199]

0.14 4+ 0.07 [200]

0.113 +0.014 [201]

PN 0.108 £ 0.038 [198]
T Al 0.041 £ 0.010 [201]
Bsi 0.046 +0.011 [201]

27 Al and %°Si counter experiments results are included. A
significant part of the available data comes from experi-
ments at KEK [179,197,199,201] and are affected by rela-
tive errors of about 20-25%, which diminish significantly
in high-statistics measurements [179] to about 5%.

Very recently, the FINUDA experiment has performed
a systematic study of the charged MWD channel of p-
shell Hypernuclei [198], 7 Li, 4Be, !B and PN, and of

5 He with errors ranging between 15% (for A = 5) and
35% (for A = 15). Very thin target materials were used
to stop the low momentum (~ 127MeV/c¢) K~ ’s coming
from the & — K~ KT decay; moreover the high trans-
parency of the FINUDA tracker and the very large solid
angle (~ 2 sr) covered by the detector ensemble make the
FINUDA apparatus suitable to study the formation and
the decay of A-Hypernuclei by means of high-resolution
magnetic spectroscopy of the charged particles emitted in
the processes. In particular, a 7~ of about 250-280 MeV /¢
momentum has been required to identify the Hypernu-
cleus bound state production on p-shell nuclear targets,
in coincidence with a second 7~ of momentum less than
120 MeV/¢ to detect the MWD.

It must be stressed that the information available be-
fore the FINUDA measurements on the charged MWD
of light Hypernuclei consisted almost entirely of .- /"4
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Fig. 20. The I, /I's ratios obtained by the FINUDA experi-
ment (red circles) [198], compared with previous measurements
(black triangles) [178,179,200, 201, 221] and with theoretical
calculations [204,205] (green squares) and [223] (blue stars).
See ref. [198] for more details.

and I;0/I4 values obtained by means of counting mea-
surements in coincidence with the Hypernuclear forma-
tion 7~ detection, with no magnetic analysis of the decay
meson; w_ kinetic energy spectra were reported for }12(]
MWD only [201]. The 7~ spectra of ref. [198], on the
other hand, allow one to have a more careful confirmation
of the elementary mechanism that is supposed to underlie
the decay process, through the determination of the decay
rates, as well as to have information on the spin-parity of
the initial Hypernuclear ground state through the analysis
of their energy dependence. In this respect, the study of
pion spectra from MWD can be regarded as an indirect
spectroscopic investigation tool.

In particular, the ratios I',- /I'y were obtained from
the measured branching ratios, using available I't /Iy val-
ues or relying on a linear fit to the known values of all mea-
sured A-Hypernuclei in the mass range A = 4-12 [222].
Figure 20 reports the values obtained by the FINUDA
experiment (red circles) compared with previous experi-
mental data (black triangles) and theoretical calculations
(green squares and blue stars) for 5 He, 7 Li, 9 Be, }'B and
15N.

A

Being characterized by a small @-value, the MWD
mode is strongly affected by the details of both the Hy-
pernucleus and the daughter nucleus structure. Indeed,
the theoretical calculations of refs. [204,205] evaluate the
p-shell Hypernuclei total and partial MWD decay rates by
incorporating the pion final-state interaction using pion-
nuclear distorted waves and by describing the structure
of the nuclear core with the Cohen-Kurath spectroscopic
approach [224,225]. The authors found that for p-shell
Hypernuclei the total w~ decay rate is dominated by
Ajs — pi1p transitions, while only little contributions are
given by higher energy configurations of the final nuclear
system, mainly through A;5 — pas14 transitions.

Recently, in ref. [223] these calculations were revisited,
following the same approach, and a new sum rule was in-
troduced to encapsulate the suppressive effect of the Pauli
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principle on the total and partial 7= decay rates. In fig. 20,
both calculations of refs. [204,205] (green squares) and
ref. [223] (blue stars) are reported, for ground-state spin-
parity 1/2% for 5 He and 7 Li, 5/2% for !B and 3/2% for
IPN. A good agreement holds among the FINUDA results
and previous measurements (black triangles), when exist-
ing, and among the FINUDA results and the theoretical
calculations. The total decay rates for the other choice of
ground state spin-parity calculated in refs. [204,205,223]

(3/2% for |Li, 7/2% for }!B and 1/2% for I°N) are substan-
tially lower and disagree with the experimentally derived
values; an exception is given by PN, for which the calcu-

lated values reported in ref. [205] does not allow one to fix
the ground-state spin-parity, as will be discussed in the
following.

The agreement between experimental data and cal-
culations supports the correctness of the hypotheses on
which the theoretical descriptions are based. It clearly
indicates the possibility to evaluate typical nuclear phy-
sics observables, like the rates of the MWD of Hypernu-
clei, starting from the knowledge of the elementary phe-
nomenological Hamiltonian which describes the decay of
the free A; it also gives a confirmation of the presence of
the distortion of the outgoing 7~ wave function due to the
polarization effect of the nuclear medium and of the effec-
tiveness of the Cohen-Kurath spectroscopic calculations in
describing both the Hypernucleus core and the daughter
nucleus, allowing to account naturally for the strong final
state shell-structure dependence and charge dependence
of the measured decay rates.

The decay 7~ kinetic energy spectra obtained by the
FINUDA experiment for MWD of 7Li, 9Be, !B and
15N [198] show interesting structures which can be directly
related to the excitation function of the daughter nucleus
calculated by refs. [204, 205, 223], allowing to determine
the spin-parity configuration of the Hypernucleus ground
state.

In fig. 21 the 7~ spectrum from MWD of | Li is shown
(upper part) and compared with the calculated decay ra-
tios I',— /T4 to final "Be states [223] (lower part). These
calculated rates are close to those obtained in ref. [205].
The correspondence of the structures observed in the ex-
perimental spectra with the rates for decays to differ-
ent excited states of the daughter nucleus, assuming a
1/2% initial spin-parity state, is clear. The peak struc-
ture corresponds to the production of "Be in its 3/2~
ground state and in its only bound 1/2~ excited state, at
429keV, not resolved due to the FINUDA experimental
resolution (4.2MeV FWHM). The part of the spectrum
at lower energies is due to three-body decays. The shape
of the spectrum confirms the spin assigned to the Hy-
pernuclear ground state of }Li [222]. Indeed, only a 1/2%F
spin-parity for 7 Li ground state, shown by red bars, repro-
duces the fitted peak at ~ 36 MeV due to the “Be ground
state and excited state at 429keV. A 3/2% spin-parity for
7 Li ground state would imply a radically different spectral
shape [205,223], as indicated in fig. 21 by the blue bars.

In fig. 22 the spectrum for %Be is shown in the upper
part and compared with calculated decay ratios - /I's
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Fig. 21. Top: kinetic energy spectrum of MWD 7~ from 7 Li;
the solid line is a Gaussian fit to compare with theoretical
calculation. Bottom: calculated major decay rates to "Be fi-
nal states [223] for [ Li 1/2" (red bars) and 3/2% (blue bars)
ground-state spin-parity. From ref. [198].

to B final states [223] shown in the lower part. These cal-
culated rates too are close to those predicted by ref. [205].
In the %Be spectrum the energy resolution does not al-
low a separation between the two components predicted
to dominate the spectrum [205,223], the 3/2~ B ground
state and the 1/27 excited state at 2.75MeV. The cor-
respondence between the experimental spectrum and the
calculated rates of decay to different excited states of the
daughter nucleus is clear. The spectrum is consistent with
the interpretation from (7+, K™) reactions [4,226], ac-
cording to which the %Be ground state is dominantly a 1s
A coupled to the ®Be(0T) ground state.

In fig. 23 the spectrum for }'B is shown and compared
with calculated decay rates to ' C final states [223]. By as-
suming a 5/2% ground state, it is possible to identify two
major contributions in the }'B spectrum due to a 3/2~
1 ground state and its 7/27 excited state at 6.478 MeV,
both shown by red bars. It is clear from the figure that
the shape of the spectrum is well reproduced by assigning
a 5/2% spin-parity to !B ground state, while by assum-
ing a 7/2% ground state, the ''C ground-state peak is
missing and the dominant decay is to the 5/27 excited
state at 8.420MeV, shown by a blue bar. A 5/27 as-
signment for I'B ground state, first made by Zieminska
by studying emulsion spectra [227], was experimentally
confirmed by the KEK measurement [201], comparing the
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Fig. 22. Top: kinetic-energy spectrum of MWD 7~ from % Be;
the solid line is a Gaussian fit to compare with the theoret-
ical calculation. Bottom: calculated major decay rates to °B
final states [223] for % Be 1/2% ground state (red bars). From
ref. [198].

derived value of the total 7~ decay rate with the calcula-
tion of ref. [203]. The FINUDA measurement of the decay
spectrum shape provides a confirmation of the fact that
J™(4'Bgs.) = 5/2" by a different observable.

In fig. 24 the spectrum for PN is shown and compared

with calculated decay rates to 150 final states [223]. In the
experimental spectrum, the 1°0 1/27 ground-state contri-
bution stands out clearly, along with a hint for a secondary
structure separated by about 6 MeV. The fit to the lower-
energy secondary structure is strongly influenced by the
substantial error affecting the data point at the lowest
energy. According to refs. [204,223], this secondary struc-
ture derives most of its strength from sd states scattered
around 6 MeV excitation, while the contribution of the
pg/lzpl /2 150 excited state at 6.176 MeV is negligible. Be-

fore the FINUDA measurement, the ground-state spin of
15N was not determined experimentally. The most recent
theoretical study of Hypernuclear spin-dependence [228]
predicts J™(}°Nys) = 3/2%, setting the 1/2% excited
state of the ground-state doublet about 90keV above the
3/2% state. The spin ordering, however, could not be de-
termined from the ~v-ray de-excitation spectra measured
recently on a 190 target at BNL [105]. The prominence of
1504 5. in the spectrum of fig. 24 supports this 3/2% the-
oretical assignment. Moreover, as already observed, the
total 7~ decay rate of PN agrees with calculations by
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Fig. 23. Top: kinetic-energy spectrum of MWD 7~ from 4'B;
the solid line is a Gaussian fit to compare with the theoreti-
cal calculation. Bottom: calculated major decay rates to ''C
final states [223] for 4'B 5/27 (red bars) and 7/2% (blue bars)
ground states. From ref. [198].

refs. [205,223] by assuming a 3/2% ground-state spin-par-
ity assignment. These two calculations disagree for a 1/2%
spin-parity assignment, and, following the new calcula-
tion [223] for 1°N, which corrects the older calculations

of refs. [204,205], a 1/2T spin-parity is excluded and the

assignment J7™ (1PN, ) = 3/27 is made based mainly on
the decay rate and the shape of the MWD spectrum.

It is thus evident that the study of the MWD spec-
tra has strong potentialities for the determination of the
ground state spin-parity for s- and p-shell Hypernuclei; for
sd-shell strange nuclear systems, too, the spectroscopy of
particles emitted in the decay processes can help in fix-
ing the spectroscopic configuration of the ground state,
although the MWD branching ratios diminish below 10%
for these Hypernuclei and the errors become consequently
very sizable. The MWD spectra analysis has thus demon-
strated its reliability as light- and medium-A Hypernu-
clei spectroscopic tool, complementary to the y-ray spec-
troscopy of low-lying excited states [4] when the spin or-
dering cannot be determined; it represents a new version
of the old technique based on the study of the angular dis-
tribution of the MWD 7, which allowed the ground state
spin-parity determination of light Hypernuclei from emul-
sion experiments [189-195], based on the known properties
of the free A weak decay.
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Fig. 24. Top: kinetic-energy spectrum of MWD 7~ from N;
the solid line is a Gaussian fit to compare with the theoreti-
cal calculation. Bottom: calculated major decay rates to '°O
final states [223] for ’N 3/2% (red bars) and 1/2% (blue bars)
ground states. From ref. [198].

As a matter of fact, very recently plans for perform-
ing high resolution (~ 100keV) spectroscopy of 7~ from
MWD of Hyperfragments produced by electroproduction
at JLab and MAMI-C were put forward [229]. Figure 25
shows a schematic view of the experimental layout pro-
posed for operation at JLab, Hall A. However, it is diffi-
cult from such experiments to determine the spin-parity of
the Hypernuclear ground states, since the quantum num-
bers of the initial state are difficult, if not impossible, to
determine.

4.3 Non-mesonic weak decay

In NMWD, Hypernuclei are converted into non-strange
nuclei through the reactions

ﬁZHAiQZ+n+n,
AZ A2 (Z -1 +p+n,

(41)
(42)

corresponding to the elementary neutron- and proton-
induced reactions (32) and (33); as for MWD, the final
nuclear states in (41) and (42) are not necessarily parti-
cle stable and are actually not detectable, so that only
inclusive measurements can be performed.

The possibility of NMWD of A-Hypernuclei was sug-
gested for the first time in 1953 [230] and interpreted in
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Fig. 25. Schematic view of the experimental layout proposed
at JLab Hall A for performing high-resolution spectroscopy
from MWD of Hyperfragments produced by electroproduction.
From ref. [229].

terms of the free space A — N7 decay, where the pion
was considered as virtual and then absorbed by a bound
nucleon, as already mentioned before. In the ’60s, Block
and Dalitz [231] developed a phenomenological model of
NMWD, which was recently updated (see, for instance,
ref. [232]). Within this approach, some important char-
acteristics of the NMWD of s-shell Hypernuclei, mainly
the degree of validity of the AT = 1/2 rule on the iso-
spin change, can be reproduced in terms of elementary
spin-dependent branching ratios for the processes (32)
and (33), by fitting the available experimental data.

After the first analysis by Block and Dalitz, micro-
scopic models of the AN — nN interaction began to be
developed. The first of these approaches adopted a one-
pion-exchange (OPE) model [233]. This model is based on
a AI = 1/2 AN~ vertex, with the absorption of the vir-
tual pion by a second nucleon of the nuclear medium. The
results of the decay width calculation for the one-nucleon
induced NMWD were not realistic also because the em-
ployed AN7 coupling was too small to reproduce the free
A lifetime.

Since the NMWD channel is characterized by a large
momentum transfer, the details of the Hypernuclear struc-
ture should not have a substantial influence, thus pro-
viding useful information directly on the four-baryon,
strangeness changing, AN — nN weak interaction from
nuclear physics measurements, analogously to what occurs
in the description of the MWD observables starting from
the free A decay knowledge. The large momentum trans-
fer implies that NMWD probes short-distance interactions
and might, therefore, elucidate the effect of heavy-meson
exchange or even the role of the explicit quark/gluon sub-
structure of baryons in baryon weak interactions.

In order to improve the OPE model, mesons heav-
ier than the pion were thus introduced as mediators of
the AN — nN interaction. McKellar and Gibson [234]
evaluated the width for a A in nuclear matter, adding
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the exchange of the p-meson and taking into account the
AN relative s-states only. They used a AI = 1/2 AN~
vertex and made the calculation by using the two possi-
ble relative signs (being at that time unknown and not
fixed by their model) between the pion and the p poten-
tials. It is important to note that, for mesons heavier than
the pion, no experimental indication supports the validity
of the AT = 1/2 isospin rule in AN — nN (transitions
with Al = 3/2 are also possible). Some years later, Nar-
dulli [235] determined the relative sign (—) between p-
and 7- exchange by implementing the available informa-
tion from weak non-leptonic and radiative decays. Refer-
ences [234,235] obtained a NMWD width in the (p+) ex-
change model smaller than the OPE one. In 1986, Dubach
et al. [236] extended the OPE to a one-meson-exchange
(OME) model, in which the 7, p, K, K*, w and 1 mesons
were considered, in a nuclear matter calculation. Shell-
model approaches were then considered [237,238] in terms
of OME models including the mesons of the pseudoscalar
and vector octets and, more recently, also uncorrelated
and correlated two-pion-exchange (TPE) were added to
the OME potentials [239, 240]. For most of the OME
and OME+TPE calculations performed up to date, the
AT = 1/2 rule is assumed as valid, although this is justi-
fied only for the AN7 weak vertex. In sect. 4.4 we shall
discuss in detail the status of the studies performed on the
AT =1/2 rule in NMWD.

Another theoretical approach to the short-range part
of the AN — nN weak interaction is provided by the
quark model. Cheung, Heddle and Kisslinger [241, 242]
considered an hybrid quark-hadron approach for the
NMWD in which the decay is explained by two separate
mechanisms with different interaction ranges: the long-
range term (r > 0.8fm) was described by the OPE with
the Al = 1/2 rule, while the short-range interaction was
described by a six-quark cluster model including both
Al = 1/2 and AI = 3/2 contributions. More recently,
Inoue et al. [243] calculated the NMWD widths with a
direct-quark (DQ) model combined with the OPE descrip-
tion. In the DQ model, the AN and NN short-range re-
pulsion originates from quark exchange between baryons
and gluon exchange between quarks. The effective weak
Hamiltonian for quarks was obtained from the so-called
operator product expansion, which contains perturbative
QCD effects and, by construction, both AT = 1/2 and
Al = 3/2 transitions. It was found that the DQ mech-
anism gives a significant Al = 3/2 contribution in the
J =0 AN — nN channel. The approach was then ex-
tended to incorporate a OME model containing 7, K and
o exchange [244,245].

A method alternative to the finite-nucleus shell-model
approach makes use of a nuclear matter formalism. This is
a many-body technique, first introduced in ref. [208,209],
in which the calculation is performed in infinite nuclear
matter and then it is extended to finite nuclei through
the local density approximation. It provides a unified pic-
ture of both mesonic and non-mesonic decay channels. In
nuclear matter one has to evaluate the A self-energy X,
which provides the various mesonic and non-mesonic de-
cay widths through the relation Iy = —2Im X; (i = n,
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p, np, etc.). The A self-energy is derived from a diagram-
matic approach.

Shell-model- and quark-model-based calculations re-
stricted their analyses to one-nucleon induced NMWD.
In the first nuclear-matter calculations proposed for the
evaluation of the two-nucleon induced decay rates, a phe-
nomenological approach was used [162, 183]. In these
works, the Feynman diagrams contributing to the two-
nucleon induced NMWD were not explicitly evaluated,
but an approximate calculation was done by using data
on pion absorption in nuclei. In the work by Ramos et al.
[183], additionally, an argument for the phase-space avail-
able for the 2p2h configurations was introduced. This re-
sulted in a non-negligible contribution of the two-nucleon
induced rate to the total NMWD rate. According to a
quasi-deuteron approximation, the rate was assumed to
be due to a decay induced by a neutron-proton pair:
Iy =1,

More recently, a program was started for a micro-
scopic calculation of the one- and two-nucleon induced
decays [246]. A nuclear-matter formalism extended to fi-
nite Hypernuclei by the local density approximation is
adopted. All isospin channels of the two-nucleon stim-
ulated decay, nn-, np- and pp-induced, are included in
this diagrammatic approach. In particular, Pauli ex-
change (ground-state correlation) contributions were re-
cently evaluated [247] ([165]): the results showed that
Pauli exchange terms and ground-state correlations are
very important for a detailed calculation of all the NMWD
rates and that, as expected, the two-nucleon stimulated
decay width is dominated by the np-induced process. In
ref. [31], the microscopic diagrammatic approach was then
applied to the calculation of the nucleon spectra emitted
in Hypernuclear NMWD.

For a long period of time, all these theoretical ef-
forts were mainly devoted to the solution of an impor-
tant question concerning the weak decay rates. In fact,
the study of the NMWD was characterized by a long-
standing disagreement between theoretical estimates and
experimental determinations for the I, /I, ratio between
the neutron- and proton-induced decay widths: this be-
came known as the I, /I, puzzle.

It is worth to remind here that, up to a few years ago,
all theoretical calculations appeared to strongly underes-
timate the available data measured in several Hypernuclei
for the I, /I, ratio. Concerning measured values, the sit-
uation can be summarized by the following inequalities:

Fn theory Fn exp ]—,n exp
—n <=mb 05t <2
FP FP FP

(only for 4He the experimental value of this ratio is less
than 0.5), although the large experimental error bars did
not allow to reach any definite conclusion.

Nowadays, it is widely recognized that a solution has
been found to the I5,/I, puzzle. This achievement was
possible mainly by a rapid development of the experi-
ments, which measured a variety of NMWD nucleon emis-
sion spectra, and, from the theoretical side, thanks to:
1) the inclusion in the AN — nN transition potential of

(43)
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mesons heavier than the pion (two-meson-exchange was
also considered), 2) the description of the short-range AN
and NN correlations in terms of quark degrees of free-
dom, 3) the analysis of the effect of the two-nucleon in-
duced decay mechanism and (especially) 4) the accurate
study of the nucleon FSI following the elementary one-
and two-nucleon induced decays (32)-(34). In sect. 4.6 we
shall describe these recent advances in detail.

The experimental observables in NMWD are: the total
NMWD width I'nym, the spectra of the nucleons emitted
in the decay (from which one can determine, via some the-
oretical model, the partial decay rates I5,, I, Iy, etc.)
and the asymmetry of protons from NMWD of polarized
Hypernuclei. A theory which aims to explain the NMWD
reaction mechanisms must account coherently for the de-
scription of the experimental behaviour of all these ob-
servables.

In the next sections, the most important topics related
to NMWD are discussed: in sect. 4.4, the present status
on the AI = 1/2 isospin rule in NMWD is concerned; in
sect. 4.5, measurements and calculations of the total de-
cay are described; in sect. 4.6, the present status of the
experimental and theoretical results on the I, /I, ratio
is reported, with particular attention to the latest results
from the FINUDA experiment; in sect. 4.7, the existence
of the two-nucleon induced mechanism is discussed and
different methods for the determination of its strength are
described; in sect. 4.8, recent measurements of branching
ratios for two-body rare decays of s-shell Hypernuclei are
reported; in sect. 4.9 the asymmetry in the spatial distri-
bution of protons from NMWD of polarized Hypernuclei
is discussed.

4.4 NMWD and the Al =1/2 rule

The AI = 1/2 isospin rule is valid to a good degree of ap-
proximation in various non-leptonic strangeness changing
processes, for instance in free A and X hyperon and pio-
nic kaon decays. While this is a well-established empirical
rule, it is still unknown whether the large suppression of
the AI = 3/2 transition amplitudes with respect to the
AI = 1/2 amplitudes holds as a universal feature of all
non-leptonic weak processes. Also, different mechanisms
seem to be responsible for the above isospin rule in the
various hadronic processes.

A possible relevance of AI = 3/2 terms in the Hy-
pernuclear NMWD would represent the first evidence for
a AI = 1/2 rule violation in non-leptonic strangeness
changing interactions. One should note that the AN —
nN process has an important short-range part which is
not accessible to those non-leptonic strangeness changing
particle physics processes that respect the AI = 1/2 rule.
Indeed, while the MWD only involves A7 N vertex, which
in free space respects the AT = 1/2 rule, the NMWD also
calls into play mesons different from the pion in the A ver-
texes and is thus a complex source of information. Nowa-
days, no experimental indication supports nor excludes
the validity of the Al = 1/2 rule for these couplings with
heavy mesons. Indirect information could thus come from
Hypernuclear NMWD.
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Table 7. Amplitudes for the AN — nN decay in s-shell Hy-
pernuclei. The spectroscopic notation *T'L; is used. Iy is
the isospin of the final NN pair. With PC and PV we denote
parity-conserving and parity-violating channels, respectively.

Amplitude Channel Iy Parity
ap, an 1So — 1S 1 PC
by, by 1Sy — 3P, 1 PV
Cp 38, — 35, 0 PC
d, 38, = 3D, 0 PC
ep 38, =P 0 PV
Io, fn 38, =3P 1 PV

A possible violation of the AI = 1/2 rule in the
NMWD was studied within a shell model framework in
ref. [248]. In this work, a one-meson—exchange model with
hadronic couplings evaluated in the factorization approx-
imation was adopted. The conclusion reached by the au-
thors is that only large Al = 3/2 factorization terms (of
the order of the AT = 1/2 ones) have a relevant effect on
the decay rates (and also on the asymmetry parameter)
for 12C.

Tests of the AI = 1/2 rule in NMWD are customarily
discussed by adopting a model by Block and Dalitz [231].
Such an approach allows one to easily extract information
on the spin-isospin dependence of the AN — nN process
directly from data on s-shell Hypernuclei. The neutron-
and proton-stimulated decay widths of s-shell Hypernuclei
are obtained in terms of a few spin- and isospin-dependent
rates for the elementary process AN — nN. The relation-
ship among the elementary rates is strongly affected by the
isospin change experienced in the NMWD, both AT = 1/2
and Al = 3/2 transitions being in principle possible.

Within the Block-Dalitz approximation, the width
I'nm = I}, + I, of the Hypernucleus ﬁZ turns out to be
factorized as follows into a density-dependent factor and
a term incorporating the dynamics of the decay [231]:

I'na(42) = R(12)pa,
NR.(412) + ZRy(47)
= 1 A

(44)

(45)

where

pa= / drpa(r)|9a(r) 2,

is the average nucleon density at the position of the A
baryon, 1 4(r) is the A wave function in the Hypernucleus
and the nuclear density pa(7) is normalized to the mass
number A = N + Z. Morcover, R denotes a rate (per unit
nucleon density at the A position) averaged over spin and
isospin and is given in the second equality in eq. (44) in
terms of the spin-averaged rates R,, and Rp.

For s-shell Hypernuclei the AN initial pair is in the
L = 0 relative orbital angular momentum state and the
possible AN — nN transition channels are given in table 7
together with their main properties.

In terms of the amplitudes of table 7, the rates Ry
for the spin-singlet (R0, Rpo) and spin-triplet (Ry1, Rp1)
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elementary AN — nN interactions are given by

Rno = |an|2 + |bn‘25
Rpo = Iap|2 + |bp|2>
R, = |fn|27

R, = |Cp|2+|dp‘2+‘ep‘2+|fp‘2' (46)

The NMWD widths of s-shell Hypernuclei are thus derived
in the following form [231]:

N (GH) = (3Rno + Rt + 3Rpo + Rp1) % . (1)
Tiat(3H) = (o + 3Ryt +2Ry0) 22 (48)
Ina(hHe) = (2Ruo + Ryo +3Rp) & (49)
Iom(3He) = (Ruo + 3Rt + Rpo + 3R,1) % . (50)

The isospin-dependence of the Block-Dalitz rates can
be summarized by the following relation:

Rnl

Ryt

n0
<o _ o 51
~ Ry (51)

which holds for pure AI = 1/2 transitions. Instead, for
pure Al = 3/2 transitions one has

Rnl
R

R, 1
Ry 2 (52)

Various equalities and inequalities among the Hyper-
nuclear decay rates can be obtained from egs. (47)—(51)
in the limit of pure AI = 1/2 transitions. The most inter-
esting relation reads

RnO

Rypo

I (}He)
I,(4H)

— 2. (53)

Predictions of this kind turn out to be relevant for an
experimental refutation of the AI = 1/2 rule.

In various works, the Block-Dalitz rates were deter-
mined phenomenologically by fitting existing data on s-
shell Hypernuclei for I'nm and I5,/I;,. We consider here
in some detail the work by Schumacher [249]. He exam-
ined the existing data on NMWD of s-shell Hypernuclei to
obtain a quantitative estimate of the relative strength of
the two isospin channels of the A decay. He observed that
the NMWD approaches available at that time were able to
achieve reasonable agreement with the data on the total
NMWD rates, by assuming the validity of the AT = 1/2
rule, but no framework had succeeded in reproducing the
measured I, /I, ratios. To further test the isospin rule for
the less understood parity-conserving part of the weak in-
teraction, he examined the available data on I},/I}, for
4He and % He and the ratio I'vm(4He)/Inm(4H) from
refs. [178,231]. In the calculations, the 1Sy AN initial state
was isolated because it leads to isospin Iy = 1 final states,
populated by both neutron- and proton-induced processes,
while the 35; AN initial state leads to Iy = 0 final states
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that can be produced only by the proton-induced reac-
tion, being the neutron-induced transition forbidden by
the Pauli principle. From the data, Schumacher deter-
mined R,o/Ry0 = 0.23 £ 0.17, to be compared with the
value 2 predicted by pure AT =1/2 AN — nN transitions
(see eq. (51)). This seems to suggest a rather large viola-
tion of the AT = 1/2 rule for s-shell Hypernuclei NMWD.
Due to the quite large errors affecting the experimental
values of refs. [178,231], ranging from 38% to 59%, this
result, however, cannot be considered as definitive.

An analysis of more recent experimental data on s-shell
Hypernuclei was performed in ref. [232], again with the
phenomenological Block-Dalitz model. It was concluded
that the large error bars in the data do not allow to draw
definite conclusions about the possible violation of the
AT = 1/2 rule and the spin-dependence of the Block-
Dalitz transition rates. The data turned out to be consis-
tent with the hypothesis of validity of the AI = 1/2 rule
at the level of 60%. In other words, the AT = 1/2 rule
could be excluded only at the 40% confidence level. This
result is not changed much if present data are used.

The usual outcome of all investigations is that more
precise measurements of I, for 4He and I, for 4H (see
eq. (53)) are needed to reach reliable conclusions on the
possible violation of the AT = 1/2 rule. At present, we
known that I,(4He) is very small [175], compatible with
zero within the experimental error, while there is no ex-
perimental data available for I',(4H): this prevents any
further study for the possible violation of the isospin
rule in the sector of s-shell Hypernuclei with the Block-
Dalitz model. New and more precise experiments are thus
necessary. In particular, for a measurement of the 4H
NMWD one needs to tag the formation of the Hyper-
nucleus through the detection of a neutral meson, like in
(K=, 7% or (7, K°) reactions, and so very intense beams
are necessary. Such beams will be available very soon at
the J-PARC accelerator complex, where the NMWD rates
of A = 4 Hypernuclei will be determined with improved
precision [250].

4.5 NMWD: Total decay width

The total NMWD rate, I'ny, can be determined experi-
mentally from the lifetime and the MWD width measure-
ments: Inyg = I — - — Iwo. In fig. 26, taken from
ref. [201], results obtained in the 4 < A < 238 mass num-
ber range before 2001 are reported. The full circles are
data from the KEK-E307 experiment [201], the open cir-
cles are previous data from counter experiments in which
the formation of the Hypernucleus was explicitly identi-
fied [174,175,178], the open diamonds are data obtained
at COSY on heavy nuclei, Bi and U, [251,252]. Solid, dot-
dashed and dashed lines correspond, respectively, to cal-
culations by Itonaga et al. [253], Ramos et al. [183] and
Alberico et al. [184]. The open square shows a result from
the direct quark mechanism [244,245] for a A in nuclear
matter. The experimental data up to A = 56 clearly indi-
cate an increasing trend up to A ~ 30, followed by a sat-
uration of I'yy around 1.2-1.3 I'y, which mainly affects
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Fig. 26. Mass number dependence of the NMWD rate mea-
sured before 2001. Full circles are data from the KEK-E307
experiment [201], open circles are previous data from counter
experiments in which the formation of the Hypernucleus was
explicitly identified [174,175,178], open diamonds are data ob-
tained at COSY on heavy nuclei, Bi and U, [251, 252]. Solid,
dot-dashed and dashed lines correspond, respectively, to cal-
culations by refs. [183,253] and [184]. The open square shows
a result from direct quark exchange by refs. [244,245] for a A
bound in nuclear matter. From ref. [201].

the Hypernucleus lifetime A-dependence. In ref. [183], the
OPE potential was considered with pion renormalization
effects in the nuclear medium, while the local density ap-
proximation was used to study finite Hypernuclei. The
results for 'y are sensibly larger than the experimental
data. Recently, the calculation of ref. [183] was updated
in ref. [184], which obtained values of vy in agreement
with data by tuning the Landau-Migdal parameters which
fixes the short-range part of the AN and NN interactions
and by using more realistic in-medium A wave functions.

More recently, the KEK high statistics experiments
FE462 and E508 measured the lifetime, I,— and [0 for
5 He and }2C with errors reduced to the 4-5% level [179,
197]; the resulting values of I'ny, in units of the free
A decay rate I'y, are: I'nu(3He) = 0.406 £ 0.020 and
Inm(}2C) = 0.953 £ 0.032, which adhere completely to
the trend indicated by the previous data in fig. 26.

In the high mass number region, the very low values
of lifetime obtained by ref. [58] for A = 180-225, give
a very high value of the total NMWD rate, I'ny/Ia =
1.82+0.14, being the MWD mechanism completely negli-
gible in this region. However, we have to remind the reader
that, as discussed in sect. 4.1, this result was obtained
from delayed fission experiments with the recoil shadow
method, by detecting nuclear fragments which are sup-
posed to originate from Hypernuclear fission, induced by
NMWD. This method does not allow the identification of
the produced Hypernucleus and requires model-dependent
assumptions.

In table 8 we summarize the theoretical and experi-
mental determinations of the total NMWD rate for 5He
and 12C. We only list works which also determined the
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Table 8. Theoretical and experimental results for the NMWD rate I'xy in units of the free A decay rate I'x.

Ref. and model 5 He 2c
Sasaki et al. [244,245] 0.52
T+ K+ DQ
Jido et al. [239] 1.04
T+ K+2n/o+2r+w
Parreno and Ramos [254] 0.43 0.73
T+p+ K+ K +w+n
Itonaga et al. [253] 0.42 1.06
T+ 2r/o+2m/p+w
Barbero et al. [255] 0.69 1.17
T+p+ K+ K +w+n
Bauer and Garbarino [165] 0.98
T+p+K+K' +w+n
BNL [178] 0.41 +0.14 1.14£0.20
KEK [200] 0.89 4+ 0.18
KEK [256] 0.50 £ 0.07
KEK-E307 [201] 0.828 £ 0.056 £ 0.066
KEK-E462 [179] 0.404 £ 0.020

KEK-E508 [197]

0.953 +0.032

I, /I, ratio. We note that only the theoretical works of

refs. [165,239] include two-nucleon induced weak decays.
Most of the theoretical predictions agree with data. How-
ever, we have to note that with the most recent and pre-
cise KEK-E462 and KEK-E508 data one is able to distin-
guish among the different theoretical approaches. More-
over, within a particular approach, one could also deter-
mine the weak transition potential which better reproduce
the KEK-E462 and KEK-E508 data.

4.6 NMWD: The I, /T, puzzle

Table 9 summarizes, in chronological order of publication,
the results of measurements on NMWD of A = 5-56 Hy-
pernuclei, performed from 1991 on: they represent the sub-
sequent steps toward the solution of the I, /I, puzzle from
the experimental side.

As can be seen from the table, the major part of the
data have been obtained at KEK on 5 He and 12C, which
are the best known Hypernuclei as for NMWD, and were
published from 1995 to 2009 [25-27, 200, 201, 257-260).
BNL experiments explored NMWD of 4 He, 5 He and !2C
during the '90s [177,178]. Recently, the FINUDA experi-
ment performed a systematic study of the spectra of pro-
tons emitted in NMWD of 5He and the complete set of
p-shell Hypernuclei [28,29,261].

Concerning the I, /I, ratio, the first counter experi-
ments studying the NMWD processes detected only pro-
tons [178,200,256] and determined the I, value for 3 He,
B and 12C; the I, values were obtained by subtrac-
tion of all the other decay rates. Thus, the results might
have been affected by an underestimation of the number of

emitted protons due to the rescattering of the proton in-
side the residual nucleus, i.e. the nucleon FSI, and/or to
the existence of two-nucleon induced decay modes (34),
which at that time had been suggested by ref. [162], but
was not yet observed. In this way, missing protons could
be considered as neutrons and resulted in an artificial in-
crease of the I,/I), ratio, contributing, from the experi-
mental side, to the birth of the I3,/I}, puzzle. I,/I, =
0.93 4 0.55 for 5He, 1.04153% for {'B and 1.33%(47 for
12C were reported by ref. [178], while ref. [200] obtained
I/T, =216 +0.5815:8 for 1B and 1.87 + 0.597%-32 for
12C and ref. [256] reported I,/I}, = 1.97 £ 0.67 for 5 He;
the quite big statistical errors, varying from about 25%
to about 50%, were due to the limited statistics of the
data samples. On the contrary, smaller values of I5,/I,
between 0.3 and 0.5, were predicted by the most realistic
theoretical approaches for all these Hypernuclei.

4.6.1 Single nucleon spectra analyses

It must be stressed that nucleon rescattering in the resid-
ual nucleus strongly modifies the shape of the emitted
nucleon distributions. FSI affect not only the energy and
direction of nucleons, through scattering processes, but
also their charge, through charge-exchange processes, and
number, through knock-out reactions: FSI thus tend to
enhance (decrease) the low-energy (high-energy) region in
the nucleon energy spectra.

The highest-statistics experiment measuring single
proton spectra were carried out at KEK-E307 [201,257].
They measured the number of protons emitted in the
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Table 9. NMWD measurements for A = 5-56 Hypernuclei
after 1991, listed in chronological order of publication. In the
first column details of the experiment are reported, in column
two the reference is given and in column three details of the

measurement are reported.

Experiment Ref. Measurement

BNL AGS, LESB I [178] 5 He: p spectrum, I, I},

(K~,m7), 800 MeV/c I'nt; $2C: I, T /T

KEK PS E160 [200] C: p spectrum;

(7t, K1), 1.05GeV/c 4B and 2C: T, /Ty,
FNM/FA7 Fn/rp

KEK PS E278 [256] 5 He:

(7T, K1), 1.05GeV/c I'm, Do/ T

KEK PS E307 [257] }2C and %°Si:

(7t,K™), 1.05GeV/c p spectrum, I3, /I,

KEK PS E369 [258] 12C and §Y: n spectrum

(7t K1), 1.05GeV/c 2C: I,/T,

KEK PS E462, E508 [259] 5 He and C:

(zt, K1), 1.05GeV/c p and n spectra, I, /I

KEK PS E307 [201] 4'B, 12C, FTAl, %¥Si, ,Fe:

(mt, K1), 1.05GeV/c p spectrum, I'nm/I'a

KEK PS E462 [25] % He: nn and np spectra,

(=t K™), 1.05GeV/c I./I,

KEK PS E508 [26] 2C: nn and np spectra,

(7t, K1), 1.05GeV/c r,/I,

KEK PS E462, E508 [260] % He: p and n spectra

(z*,K™), 1.05GeV/c 12C: p and n spectra,

BNL AGS, LESB II [177] %He: p spectra,

(K~,77), 750 MeV/c Iy, I, I/ Ty

LNF DAGNE, FINUDA [261] 5He, 3Li, ;2C: p spectra

(Kotops ™)

KEK PS E508 [27] 2C: nn and np spectra,

(7t, K1), 1.05GeV/c

FTL>FP> FZ

LNF DASNE, FINUDA [28]
(Kstops ™)

stop?

5 Ty 9 11 12
aHe, 3Li, 3Be, 4B, 7C

PN, $0: p spectra, I

LNF DASNE, FINUDA [29]
(Kstop» ™)

stop?

5 T1: 9 11 12
AHe> AL17 ABea A B> A C

PN, 1%0: np spectra, I
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Fig. 27. Protons spectra from NMWD of 2C, 2®Si and sFe
as a function of the measured proton kinetic energy. The his-
tograms superimposed to the data represent the simulated
spectra from refs. [262,263] for different values of the I3, /I,
ratio; the continuous line histograms refer to the best repro-
duction of the experimental spectra. From ref. [201].

NMWD of 12C, 28Si and 4Fe (a mixture of 5°Fe, 5°Fe and
°’Mn), formed in the (7, KT) reaction with the SKS
spectrometer and a coincidence detector, located below
and above the reaction target, consisting of timing and
veto scintillators, range counters made up of stacks of scin-
tillators and drift chambers to detect the charged decay
products, to make particle identification (p.id.) between
m~ and p and to measure their energy. The proton yield
R was measured as a function of the detected proton ki-
netic energy £, and normalized to the number of produced
Hypernuclei, giving R = Yeoine(Ep)/Yhyp, where Yegine
is the number of protons detected in coincidence with the
K™ identifying Hypernucleus production and Y, is the
number of produced Hypernuclei.

Figure 27 shows the raw proton spectra, normalized
per NMWD and not corrected for the detector acceptance
and efficiency, as a function of the measured proton en-
ergy; a lower cut at about 30 MeV, due to the target thick-
ness, is visible. The RSP spectra were then compared with
those from theoretical calculations obtained by describing
the one-nucleon induced NMWD processes (32) and (33)
through OPE models, using the local density approxima-
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tion [262,263] and taking into account nucleon FSI ef-
fects in the residual nucleus by an intranuclear cascade
(INC) calculations and FSI effects in the target material
by the GEANT simulation [264]. The I,/I}, values for
the three targets were obtained in an indirect way, by a
comparison between the calculated spectra and the ex-
perimental ones. The theoretical calculations are reported
in fig. 27 as histograms superimposed to the experimen-
tal data, for different values of the I5,/I, ratio. The final
values of I',/I, are given in the same figure and corre-
spond to the continuous line histograms; in fig. 28 they
are reported as a function of the mass number together
with the results of refs. [178,200] and the calculations of
refs. [244,245,253,254]. Although all available experimen-
tal data agree within 1o level, the values of ref. [201] are
in the region around 0.5-1.0, whereas the previous ones
are significantly larger. It turns out that there is no the-
oretical calculation able to reproduce simultaneously the
measured values of I,/I}, and Inm. This is the core of
the I, /I, puzzle.

The single-proton experiments show evident draw-
backs in the determination of I3,/I},. In particular, to
obtain sufficient statistics, thick targets have to be used,
in which protons strongly suffer from energy losses and an
important deformation of their spectrum is produced. Nu-
cleon FSI inside the nucleus reduce the population of the
higher energy part of the spectrum and have to be taken
into account in the theoretical calculations with a weight
which is not known experimentally. Moreover, if neutrons
are not directly counted, the MWD branching ratio has
to be used, that contributes with its uncertainty to the
total error. Finally, the proton energy threshold of the
experimental apparatus produces a loss in the low-energy
proton region, which is populated not only by one-nucleon
induced decays but also by FSI and two-nucleon induced

Eur. Phys. J. A (2012) 48: 41

processes, giving a systematically higher value for I,/
if these last processes are ignored in the analysis.

It is thus clear that the measurement of the NMWD
neutrons is mandatory for a reliable measurement of
I, /T,. The detection of neutrons provides cleaner data
than for protons: neutral particles, indeed, do not un-
dergo energy loss in the target material; moreover, if neu-
trons are counted, it is no more necessary to use MWD
branching ratios in the analysis. As for FSI, the effect
on neutrons and on protons can be assumed to be sim-
ilar, due to the charge symmetry of the NN scattering
cross-section, and cancel out, at least at the first order, if
one considers the ratio between neutron and proton spec-
tra. Neutron spectra from NMWD of '2C and 87Y were
measured with high statistics by the KEK-E369 exper-
iment [258], as a by-product of the Hypernuclear spec-
troscopy measurements. For }2C the yield of neutrons from
ref. [258] was compared to that of protons from ref. [201];
the N, /N, ratio between the neutron and proton num-
bers, corrected for acceptance and efficiency, was found to
be slightly less than 2; this suggests, through the simple
relation N,,/N, ~ 2(I',/I,)+1 that holds considering the
neutron and proton multiplicities in (32) and (33), that
I, /T;, ~ 0.5, improving the agreement with the most re-
alistic theoretical predictions ranging from 0.3 to 0.5. The
dominance of the proton-induced decay channel over the
neutron-induced one was thus shown experimentally for
the first time.

A very-high-statistics measurement of NMWD proton
and neutron spectra was performed by the KEK-E462 ex-
periment for 3He and by the KEK-E508 experiment for
12C [197,259]. Protons and neutrons were identified by a
decay coincidence system analogous to that of ref. [201],
but figuring a larger angular acceptance and detection ef-
ficiency and a clear separation capability between 7/p/d
for charged particles and +/n for neutral particles. The ki-
netic energy detection threshold was 30 MeV for protons
and 15 MeV for neutrons. The number of nucleons emitted
per NMWD was determined as a function of the measured
kinetic energy; the spectra are reported in fig. 29. It is pos-
sible to observe that the neutron spectra of both % He and
12C have a shape similar to those of protons above the
proton energy threshold. To evaluate the I5,/I, ratio, a
threshold was set at 60 MeV on both nucleons spectra, to
reduce the contribution from FSI and two-nucleon induced
processes; the values of N,,/N, = 2.17£0.15 £ 0.16 and
N,,/N, = 2.00+0.09+0.14 were obtained for % He and }2C,
respectively, leading to I, /I, = (N,,/N,—1)/2 ~ 0.5-0.6.

By comparing the proton and neutron spectra from
ref. [197] with the neutron spectrum for 57Y from ref. [258]
of fig. 29(c), it is possible to see the suppression of the
high-energy neutron yield with the mass number and the
enhancement of the low-energy region in the heavy Hy-
pernuclei, which can be naturally interpreted as an effect
of the FSI. If one-nucleon induced processes dominate and
FSI can be neglected, the neutron energy spectrum is ex-
pected to show a broadened peak, due to the Fermi mo-
tion, at about one half of the reaction @)-value: this should
be the case of 5 He, due to its small mass number. On the
other hand, the shape of the KEK % He neutron spectrum
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neutron spectrum calculated in ref. [265]. From ref. [259].

of fig. 29 shows a strong increase below 30 MeV, so that
FSI and two-nucleon induced processes are supposed to
give an important contribution even in such a light Hy-
pernucleus.

The first theoretical analysis of the 3He and }?C nu-
cleon spectra was performed in refs. [265, 266], where a
OME model for the AN — nN transition in finite nu-
clei was incorporated in the INC code of refs. [262,263]
to take into account nucleon FSI. The two-nucleon stimu-
lated channel was also included, using the phenomeno-
logical approach of ref. [183]. This approach predicts
I,/T, = 0.46 and I3/ = 0.20 for 5He and I, /T, = 0.34
and I/ = 0.25 for }2C. Neutron and proton spec-
tra were calculated and compared with the KEK data
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for 5He and 12C of fig. 29, which are normalized per
NMWD. For }2C, the KEK neutron spectrum could be
explained, while the proton spectrum was overestimated,
although the shape of the experimental distribution was
qualitatively reproduced. For §1He7 the theoretical neu-
tron spectrum is overlaid on fig. 29 by the dashed his-
togram and looks significantly different from the observed
one (both in shape and magnitude), which shows a maxi-
mum at about Q/2 but levels off in the region from 20 to
80MeV. The theoretical spectrum for protons from 5He
instead has the same shape of the KEK one, but overes-
timates the data. A calculation of the ratio between the
neutron and proton spectra, N,,/N,, in the KEK exper-
imental conditions was also performed in ref. [265]. By
applying a 60 MeV kinetic-energy threshold for both neu-
trons and protons, the results are: N, /N, = 1.98 for iHe
and N,, /N, = 1.42 for }2C, to be compared with the KEK
determinations: N,,/N, = 2.17 £ 0.15 £ 0.16 for 5He and
N,,/N, = 2.00 + 0.09 + 0.14 for }2C.

Recently, the FINUDA experiment obtained single
proton energy spectra from NMWD of 5He, 7Li and
12C [261]. Exploiting the very good momentum resolu-
tion of the magnetic spectrometer (0.6% FWHM for 7~
of ~ 270MeV /¢, 2% FWHM for p of ~ 400MeV/c),
the thinness of the targets (~ 0.2g/cm? for Li and "Li,
~ 0.4g/cm? for 12C) in which the low momentum K ~’s
from @ decay are stopped and interact at rest, the large
angular coverage, ~ 2mwsr, and the very good p.id. ca-
pabilities of the detector ensemble, the energy spectra of
NMWD protons were measured, in coincidence with a 7~
identifying the formation of the ground state of the Hy-
pernuclei, with an energy threshold as low as 15 MeV.

The FINUDA proton spectra from NMWD of 5 He
TLi and 12C are given in fig. 30. They all show a similar
shape, i.e., a peak around 80 MeV, corresponding to about
a half the Q-value for the Ap — np weak reaction, with a
low-energy rise, due to the FSI and/or to two-nucleon in-
duced weak decays [6,30,163,265,266], in spite of the large
mass number difference of these nuclei. If the low energy
rises were predominantly due to FSI effects, one should
naturally expect that the broad peak structure at 80 MeV
(coming from clean Ap — np weak processes broadened
by the Fermi motion of nucleons) would be smeared out
for the heavier nuclei. As for the second effect, as already
discussed, if the weak decay @-value is shared by three
nucleons, a low-energy rise may exist even for the very
light s-shell Hypernuclei. The FINUDA data, thus, seem
to agree with the hypothesis of a substantial contribution
of the two-nucleon induced NMWD.

Figure 31 shows the comparison of the FINUDA spec-
trum for 5 He with the KEK-E462 one [197]. The two spec-
tra were normalized beyond 35MeV (the proton-energy
threshold of ref. [197]) and are compatible at a CL of
75%. Figure 32 shows the comparison of the FINUDA
proton spectrum with the theoretical one calculated by
ref. [265], which considered both two-nucleon induced de-
cays and nucleon FSI. The two spectra were normalized to
have the same area beyond 15 MeV (the FINUDA proton
energy threshold). A compatibility test between the two
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Fig. 30. Proton-energy spectrum of 5He (top), 3Li (center)
and 32C (bottom) obtained by the FINUDA experiment. From
ref. [261].

spectra provides a CL of 80%, indicating that there is a
disagreement between the two experiments, and also with
theory. However, these incompatibilities are not so severe.

The situation for }2C is completely different. Figure 33
shows the comparison of the FINUDA and KEK [197]
proton spectra: the spectra were normalized to the same
area beyond 35MeV. A compatibility test between the
two data sets provides a CL of 20%. Figure 34 shows the
comparison of the FINUDA proton spectrum with the cal-
culated one by ref. [265]. The two spectra were normal-
ized to the same area beyond 15MeV. The compatibility
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test between the theoretical and experimental spectra of
fig. 33 provides a CL of 5%. The conclusion is that there is
a strong disagreement between the two experiments and
with theory.

Concerning the discrepancy between the FINUDA and
KEK sets of data, it can be observed that in ref. [197] the
proton energy was measured by a combination of time-of-
flight and total energy deposit measurements. The energy
loss inside the thick targets was corrected on an event-
by-event basis. The energy resolution becomes poorer in
the high energy-region, especially above 100 MeV, with
the consequence that the KEK spectra could be strongly
distorted. On the contrary, with FINUDA the proton mo-
menta were measured by means of a magnetic analysis,
with an excellent resolution and no distortion on the spec-
tra is expected, in particular in the high-energy region.
The FINUDA spectrum thus is less biased, even if it has
a limited statistics.
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Fig. 34. FINUDA (red dots) and theoretical (contmuous his-
togram) [265] proton spectra from NMWD of 2C; The two
spectra are normalized to the same area beyond 15 MeV From
ref. [261].

The FINUDA experiment has then reported the
NMWD proton spectra for 3 Be, B, 2C, $2C, }°N and
160 [28]; they are given in fig. 35 together with the pre-
vious results for 3 He and { Li. Despite these distributions
are affected by considerable errors, in particular in the low-
energy region, they show a clear trend as a function of A
(from 5 to 16): a peak around 80 MeV is broadened by the
Fermi motion of nucleons and more and more blurred as
A increases. The peak is smeared, on its low-energy side,
by a rise that can be ascribed to FSI and two-nucleon
induced weak decays.

The spectra of fig. 35 complete the FINUDA sys-
tematic study of the MWD and NMWD of p-shell Hy-
pernuclei. In particular, as we shall discuss in sect. 4.7,
these spectra make possible a determination of the two-
nucleon induced decay contribution to NMWD in a model-
independent way. It must be noted that FINUDA has not
determined the value of I}, from the proton distributions,
which are affected by unavoidable FSI and two-nucleon
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induced reaction effects; the extraction of I}, would have
been based mainly on the choice of the particular theo-
retical model adopted to describe the NMWD. The study
of the A-dependence of the spectral shape, on the other
hand, made possible to obtain information on the two-
nucleon induced decay mechanism by relying only on sim-
ple theoretical assumptions, whose validity can be verified
from the results of the measurements, and on previous ex-
perimental data on the one-nucleon induced decay rates.

4.6.2 Nucleon-nucleon coincidence spectra analyses

Simultaneous measurements of NMWD neutron and pro-
ton distributions turned out to be very important in clar-
ifying the inconsistencies of the old experiments, in which
only protons were measured and the determined I,/I,
ratios were in clear disagreement with theory. To extract
the value of I, /I, from a measured nucleon spectra it is
always necessary to correct the distributions for nucleon
FSIL; by measuring the yield ratio N,,/N,, the problem
was only partially removed and a correction based on FSI
calculations was still needed to determine a reliable value
of I,/I,. In addition, the results of these single nucleon
measurements could be possibly affected by a two-nucleon
induced NMWD contribution.

Indeed, a real step forward in the solution of the I, /I,
puzzle came from the measurement of the nucleon spectra
in double coincidence and their theoretical analyses. Both
the An — nn and Ap — np processes in nuclei are (quasi)
two-body decay processes, so that the two NMWD nucle-
ons have a clean back-to-back correlation if both of them
do not suffer FSI and do not originate from two-nucleon
induced effects; the one-nucleon induced processes could
be thus clearly observed by measuring the yields of np and
nn pairs in the back-to-back configuration and requiring
that the sum of their kinetic energies correspond to the
Q@-value of the NMWD reaction. With these angular and
energy restrictions, nucleon FSI and two-nucleon induced
decay processes should provide small effects and a mea-
surement of the N,,,,/N,,, ratio could directly provide the
experimental value of I}, /T,.

A nucleon-nucleon coincidence measurement for 5He
NMWD [25] was performed at KEK-E462; the light tar-
get was chosen to reduce the influence of FSI. The up-
per panels of fig. 36 show the np and nn pair raw yields,
Y, and Y., as a function of the kinetic energy sum of
the nucleon pairs, before the application of the efficiency
correction; only events in which each nucleon of the pair
has a kinetic energy En above 30 MeV are considered,
while the back-to-back topology requirement is not yet
applied. The hatched histograms represent the contami-
nation coming from the absorption of the 7~ emitted in
the MWD of 5 He. In the energy sum spectrum of np pairs,
a peak located around the Q-value of the NMWD process
can be seen; its sharp shape indicates that the FSI ef-
fect is not severe and one-nucleon induced NMWD gives
the main contribution. The nn pair energy distribution is
instead broader, due to the limited resolution in the neu-
tron energy measurement, and has a bigger background
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details, see sect. 4.7. From ref. [28].
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contribution. In the lower panel, the raw yields, Y}, and
Ynn, are reported together with the efficiency corrected
yields normalized per NMWD, N, and N,,, as a func-
tion of the opening angle between the two nucleons, 6,,,
and 0,,,. A strong angular correlation is evident and can
be interpreted as a signature of the direct observation of
the neutron- and proton-induced NMWD processes. Simi-
lar correlation measurements were then performed for }2C
by KEK-E508 [26].

To determine I,/I, from the coincidence measure-
ments, only events with Ex > 30MeV and cosfOnyy <
—0.8 were considered. In particular, taking into account
that, in the N,,, /N, ratio, factors as the NMWD branch-
ing ratio, the FSI effect and the solid angle acceptance
cancel out in first approximation, it is possible to simply
write: I, /T, = Npn/Nup = (Yane€p)/(Yapen), where ey is
the detection efficiency of the nucleon N, if two-nucleon
induced NMWD is neglected.

In this way, the results obtained by KEK-E462 and
KEK-E508 are: I, /I,(5He) = 0.45+0.11 £ 0.03 [25] and
I,/T,(}C) = 0.51 +0.13 & 0.05 [26]. These values were
considered in refs. [25,26] to be free from ambiguities due
to FSI and two-nucleon induced NMWD, due to the par-
ticular cuts imposed on the nucleon energy and nucleons
angular correlation.

An evaluation of the effects of FSI and two-nucleon
induced NMWD in coincidence nucleon spectra was per-
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Table 10. Theoretical determinations of the I5,/I}, ratio
obtained by fitting the KEK-E462 and KEK-E508 data on
Npn/Nnp. The 1N results only include one-nucleon induced
NMWD, while the 1N 4 2N ones also include two-nucleon in-
duced NMWD.

Ref. °He 2C

265 0.40 +0.11 (1N) 0.38 +0.14 (1N)
0.274+0.11 (IN +2N)  0.29+0.14 (LN 4 2N)

[30] 0.37+0.14 (1N)

0.34+0.15 (1N + 2N)

formed in refs. [265, 266], with a OME model for the
AN — nN transition in finite nuclei, a phenomenological
approach of the two-nucleon stimulated channel and an
INC code to take into account nucleon FSI. In particular,
a weak-decay model-independent analysis of KEK-E462
and KEK-E508 coincidence measurements was performed.
A fit of the N,,,, /N, data (taken with Ey > 30 MeV and

cosfny < —0.8) allowed the determination of the val-
ues of I, /I, reported in table 10. We see that the the-
oretical fits of data prefer smaller values for I, /I, than
the purely experimental determinations of refs. [25, 26],
given in the previous paragraph, which neglected nucleon
FSI and two-nucleon induced decays. As one may ex-
pect, the differences are smaller with the fits neglecting
the two-nucleon induced channels. This may signal a non-
negligible effect of both FSI and two-nucleon induced pro-
cesses in the N, /Ny, data (however, we note that the-
oretical fits and pure data agree with each other within
1o). This conclusion was corroborated by a recent analy-
sis [30], analogous to the one of ref. [265] but performed
entirely within a microscopic, nuclear matter formalism
adapted to finite nuclei via the local density approxima-
tion. All the isospin channels for the two-nucleon induced
mechanism were taken into account in ref. [30]: this also
includes the channels Ann — nnn and App — npp besides
the standard mode Anp — nnp of the phenomenological
approach of ref. [265]. The results of ref. [30] are also re-
ported in table 10 and agree with the fits of ref. [265]
despite the difference between the two frameworks.

In table 11 we summarize the theoretical and experi-
mental determinations of I,/I},; the listed values corre-
spond to the theoretical results and experiments of table 8
for I'npyi. Some calculation can explain the recent KEK-
E462 and KEK-E508 data for both I,/I, and I'xm. It is
a widely shared opinion that this fact definitely provides a
solution of the I3, /I, puzzle. However, we note that, con-
cerning I, /I, the calculations tend to be more in agree-
ment with the fits of refs. [30,265], given in table 10, which
do not neglect FSI and two-nucleon induced decays, than
with the experimental determinations by refs. [25, 26],
in which it was assumed that I5,/I, = Ny,/Ny, when
E, > 30MeV and cosyn < —0.8. Together with the dis-
cussion of the previous paragraph, this comparison may
signal a non-negligible effect of FSI and two-nucleon in-
duced decays even in the favourable conditions of the per-
formed correlation measurements.
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4.7 Two-nucleon induced process and FSI effect in
NMWD

In ref. [260], KEK-E508 single and coincidence spectra of
nucleons from the NMWD of 12C were analyzed theoret-
ically. One- and two-nucleon induced NMWD processes
were described by phase-space arguments, without resort-
ing to any weak decay model, while an INC code was
used to incorporate nucleon FSI effects. Without the two-
nucleon induced mechanism, a quenching of the observed
nucleon spectra was found with respect to the calculated
spectra. This quenching was interpreted as the effect of
the two-nucleon induced NMWD, which cannot be sep-
arated kinematically from FSI-induced decays processes,
since, in a first approximation, these decays share the same
phase-space.

It was argued that the value of Iy could be inferred
from the measured spectra with the above theoretical de-
scription, by considering this rate as a free parameter.
Figure 37 shows the experimental energy dependence of
the sum of proton and neutron distributions, normalized
per NMWD, from ref. [260]. The experimental spectra was
simulated with different values of the Iy/I'xy ratio and
an indication of a contribution as high as 40% to the total
NMWD width was deduced.

In ref. [27], the same authors applied a different im-
plementation of the INC calculations to estimate the FSI
effect. The strengths of the used NN cross-sections were
varied to fit the measured inelastic total cross-section data
for 12C(p,p’) reactions, thus eliminating the uncertain-
ties left in the previous INC implementation. The 12C ex-
perimental single- and double-coincidence nucleon spectra
were reproduced by using the value Iy /Ty = 0.2940.13,
which is sizably lower than the previous indication. The
following experimental values of the partial decay rates
for 12C (in units of the free A decay rate I'y) were conse-
quently determined by using previous KEK-E508 data on
I'nv and I3, /T In = 0.27+0.13, It = 0.68+0.13, [}, =
0.23 £ 0.08 and I, = 0.45 £ 0.10. Figure 38 shows KEK-
E508 12C data together with the results of the theoretical
fit for the momentum sum correlation (p12 = |p; + pPo|)
of the sum of the nn and np distributions, the angular
correlation of the sum of the nn and np distributions and
the sum of the single n and p kinetic-energy distributions.

We also mention that an old BNL experiment, E788,
which observed single-nucleon spectra from 4 He NMWD,
published only recently the final results [177]. An up-
per limit for the contribution of the two-nucleon induced
mechanism to NMWD was established: I»/I'ny < 0.24
(95% CL). This result agrees with the discussed KEK-
E508 determination of ref. [27], although it is for a lighter
Hypernucleus.

The FINUDA experiment adopted a completely dif-
ferent approach to determine I'5/I'ny. Starting from the
measured inclusive single-proton spectra of 3 He, 7 Li, { Be,
B, 2C, 13C, N and 150, a technique was introduced to
disentangle the contribution coming from the two-nucleon
induced decays from those of the one-nucleon induced de-
cays and FSI [28]. The systematics over the mass number
range A = 5-16, covered by the FINUDA measurements,
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Table 11. Theoretical and experimental determinations of the I, /I, ratio.

Ref. and model °He 12C
Sasaki et al. [244,245] 0.70
T+ K+ DQ
Jido et al. [239] 0.53
T+ K+2n/o+2n+w
Parreno and Ramos [254] 0.46 0.34
T+p+K+K'+w+n
Itonaga et al. [253] 0.39 0.37
T+2r/0+21/p+w
Barbero et al. [255] 0.24 0.21
T+p+ K+ K +w+n
Bauer and Garbarino [165] 0.34
T+p+K+K'+w+n
BNL [178] 0.93 +0.55 1.3375 47
KEK [200] 1.8719:$%
KEK [256] 1.97 £ 0.67
KEK-E307 [201] 0.87 +0.23
KEK-E462 [25] 0.45 4 0.11 4 0.03
KEK-E508 [26] 0.51 £0.13 £0.05
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Fig. 37. Kinetic-energy dependence of the sum of single pro-
ton and neutron spectra per NMWD. Data are from KEK-
E508 [259]. The curves represent calculations of the energy
distribution with different contributions from the two-nucleon
induced NMWD. From ref. [260].

was exploited and only simple assumptions were made in
the calculations. Each spectrum was fitted, from 80 MeV
proton kinetic energy on, with a Gaussian function to
determine, by its mean value, the energy corresponding
to the maximum of the one-proton induced contribution.
The spectrum was then divided in two parts, one below

the mean value, with area A, and one above the mean
value, with area Apgn. It was assumed that the first part is
populated by one-proton induced decays, two-nucleon in-
duced decays and FSI processes, while the second part has
contributions from one-proton induced decays and FSI,
neglecting the two-nucleon induced decays contribution,
which, above 70 MeV, accounts for only 5% of the total
two-nucleon induced strength [265]. Then, the areas could
be written as follows:

Alow = 0.5N(Ap — np)+N(Anp — nnp)+NESL
Apigh = 0.5N (Ap — np) + Ny,

where N (Ap — np) is the number of protons coming from
the one-proton induced decay and N(Anp — nnp) is the
number of protons coming from the two-nucleon induced
decay Anp — nnp. Here the approximation I5 ~ I5,, was
made, which is suggested by ref. [247]. Moreover, NESI
is the difference between the number of detected protons
and the number of primary protons, including one- and
two-nucleon induced sources, for the low energy part of
the spectrum and N}Eﬁi is the corresponding difference
for the high-energy region.
For each Hypernucleus, of mass number A, the ratio

_ AIOW(A)
Alow (A) + Ahigh (A)

was evaluated. Figure 39 shows the A-dependence of data
for R(A) obtained for 5 He and p-shell Hypernuclei. Taking

R(A) (56)



Eur. Phys. J. A (2012) 48: 41

0.08

on
e 2
e o
=&

(N, + N, /NMWD
=3
3
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of the pair momentum sum correlation (pi2 = |p; + p5|). Bot-
tom: sum of the nn and np distributions as a function of the
pair opening-angle and kinetic-energy dependence of the sum
of single n and p spectra. Data are from refs. [26,259]. The
curves represent the different contributions to the spectra ob-
tained by the theoretical simulation of ref. [27]. Normalization
is per NMWD.

into account that, following INC models, nucleon FSI ef-
fects can be assumed to be proportional to the number of
nucleons of the residual nucleus and introducing the hy-
pothesis that the I/I, ratio is constant in the A = 5-16
Hypernuclear mass range [6, 163], one can then rewrite
eq. (56) as

where the b coefficient is the slope of the linear fit of fig. 39
and expresses the A-dependence of the FSI contribution.
This equation can be solved for I /I, giving

Iy
— =0.43 £0.25.
I

p

(58)
To determine Iy /I'nwm, the data for I, /I, obtained in
ref. [260] was used. The result is

Iy
NM

=0.24 +0.10. (59)
This value supports both theoretical predictions [30, 165,
183,184, 246,247, 267] and the latest KEK experimental
results of ref. [27], while it is lower than the KEK value
suggested in ref. [260] by about 20.

A similar approach was afterwards used by the FI-
NUDA experiment to extract the I'y/I'ny ratio for A =
5-16 Hypernuclei, but using np coincidence spectra [29].
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of the ratio. From ref. [28].

Neutrons were detected by the external scintillator bar-
rel of the FINUDA apparatus and their kinetic energy
was determined by means of time of flight measurements.
(m~, n, p) triple-coincidence events were selected, with a
7~ momentum corresponding to the formation of bound
Hypernuclear states.

To deduce the contribution of the two-nucleon induced
process, np events with a proton of energy lower than
an adequate threshold, E;)hr = pu — 20MeV, determined
considering the mean value p of the Gaussian functions
used in the proton inclusive spectra analysis, and a re-
striction on the opening angle between the two nucleons,
cos 0, > —0.8, were considered for each Hypernucleus. In
such a way, neutrons from two-nucleon induced processes
were selected and could be counted for. With the applied
selections, events due to the one-nucleon induced process
would be excluded and only a small contribution of FSI is
present.

For each nucleus the following ratio was then consid-
ered:

Nop(Ep < EE™, cos 0y, > —0.8)
Np(E, > )
0.8N (Anp — nnp) + FSIL,,

= T05N(Ap — np) + FSI, (60)

Ry(A) =

where N,,,(E, < Efghr, cos O, > —0.8) indicates the num-
ber of np events satisfying the condition which selects
two-nucleon induced candidates and N,(E, > pu) is the
number of protons in the part of the spectrum above the
Gaussian mean value of ref. [28]; F'SI,,, and F'SI,, indicate
the residual effect of FSI processes on the corresponding
samples. The factor 0.8 is due to the selections applied in
the analysis. Figure 40 shows the dependence of Ry on the
Hypernuclear mass number.

Also in this case it is possible to apply the same consid-
erations on the A-dependence of FSI and I used for the
study of the single proton spectra. In fig. 40 the trend of
the ratio (60) is shown as a function of A: a roughly linear
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Fig. 40. The experimental and fitted R» ratio of eq. (60) as a
function of the Hypernuclear mass number. From ref. [29].

behaviour of the above ratio, decreasing with A, is ap-
parent. This is consistent with the simple hypothesis that
the ratio Rs is linearly correlated with the two-nucleon
induced rate, which is in the first approximation indepen-
dent of A [28], with a small contribution of FSI, which,
in first approximation, increases linearly with A. By indi-
cating with I3, the width of the np-induced decay of the
Hypernucleus, it is possible to write

0.8,
R(4) =3 5Fp
. p

+bA, (61)

where the coefficient b is the slope of the linear fit of fig. 40

and expresses the A-dependence of the FSI contribution.
This equation can be solved for I,,/I,, getting

Iy
2 = 039 £ 016500t Py

p

(62)

The obtained I3, width can be used to obtain I by
following the theoretical predictions of ref. [247]; more-
over, by assuming again that I, /I, is independent of the
Hypernuclear species and using for this ratio the data ob-
tained by KEK [260], the FINUDA final result is

Iy
T = 0214 007 'y S (63)

NM

where the error is reduced with respect to the one of
ref. [28].

Finally, thanks to the large solid angle coverage of the
FINUDA apparatus (~ 27 srad) and to its detection effi-
ciency for neutrons and for protons with low kinetic en-
ergy, it has been possible to find one event [268] in which
also the second neutron from pn-induced NMWD was de-
tected, for which the angles between each neutron and the
proton, and between the two neutrons are greater than
/2, which is the maximum angle expected for a simple
nucleon-nucleon scattering. The projection of this event,
occurring on a ’Li target, onto the p — ¢ plane of the ap-
paratus is shown in fig. 41. The analysis of the momentum
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Fig. 41. Pictorial representation of the Anp — nnp event
seen by FINUDA on a "Li target. The blue track represents the
trajectory of the 7~ from the Hypernucleus formation reaction.
From [268].

of the production 7~ ((276.9 £ 1.2) MeV/c¢), indicated by
the blue trajectory in fig. 41, of the total energy of the
detected nucleons (T}, = (172.7 £ 16.3) MeV), together
with the determination of the kinetic energy of the miss-
ing daughter nucleus (T)iss = (6.3 & 4.3) MeV), leads to
conclude that the event is a strong candidate for the decay
reaction:

Li — ‘He +n+n +p, (64)

where the high binding energy of the *He (~ 28 MeV)
allows to perform an exclusive identification of the final
state, giving a value for the @ of the reaction as high as
@ = 167 MeV. Moreover, the topology of the event and the
particular values of the angles between the three detected
nucleons (6,,, = (154.4 £ 2.8)°, 6,,,, = (102.3 £ 2.2)°,
Onon, = (94.8£3.6)°) allow to exclude the possibility of a
proton-induced decay followed by a nucleon-nucleon scat-
tering. A final remark is that both 7= and p are emitted
in the same hemisphere (relative angle of (33.4 & 3.7)°),
avoiding the possibility that they come from a physical
event due to K~ capture on a correlated np pair, with a
7~ of momentum comprised in the range for ground-state
Hypernucleus formation, in coincidence with two random
signals from the external TOF system (see fig. 41), taken
as true neutron events. As a matter of fact, 7~ and p from
a K~ capture on a correlated np pair are emitted in op-
posite hemisphere [41]. All the reconstructed kinematical
observables are detailed in table 12.

So, from the kinematic analysis, it is possible to con-
clude that the event can safely be attributed to the exclu-
sive reaction (64) and represents the first direct (“smok-
ing gun”) experimental evidence of a two-nucleon induced
NMWD.
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Table 12. Kinematics of the A(np) — nnp event of fig. 41:
p.— indicates the momentum of the Hypernucleus formation
7w, T, the p kinetic energy, T},1 the kinetic energy of one of the
neutrons, T2 the kinetic energy of the second one, 6,1,2 the
angle between the two neutrons, 6,1, the angle between the
first n and the p, 6,2, the angle between the second n and the
D, 9,,_p the angle between the formation 7~ and the p, pmiss
the missing momentum of the final state, and MM the missing
mass for the decay of the Hypernucleus from its ground state.
The quoted error is statistical.

P (MeV/c) 276.9 £1.2
T, (MeV) 51.11 +0.85
Tn1 (MeV) 110 + 23
Th2 (MeV) 16.9 4 1.7
Oninz (deg) 94.8 + 3.8
On1p (deg) 102.2 + 3.4
On2p (deg) 154 £19
Or—p (deg) 33.4+3.7

Pmiss (MeV/c) 217 + 44

MM (MeV/c?) 3710 + 23

Various theoretical approaches were applied to the cal-
culation of I'; [30,165,183,184,246,247,267]. We summa-
rize the theoretical and experimental determinations of
I'y and I'/I'ny in table 13 together with information on
the Hypernucleus and the isospin channels considered in
the calculations and on the Hypernucleus and the kind
of spectra (single or in coincidence) analyzed in the ex-
periments. All the calculations were performed with a
nuclear matter approach and then extended to 12C via
the local density approximation. In refs. [183,184], a phe-
nomenological scheme based on data on pion absorption
in nuclei was used to predict the np-induced decay rate
Iy vef. [184] updates the predictions of ref. [183] by us-
ing more realistic A wave functions in Hypernuclei and
short-range correlations in the baryon-baryon strong in-
teractions. All isospin channels of the two-nucleon stimu-
lated decay, Ann — nnn, Anp — nnp and App — npp,
are included in the diagrammatic microscopic approach of
refs. [165,246,247,267]. In particular, Pauli exchange and
ground-state contributions were also studied in this kind
of calculation [165,247]. Among the predictions of the mi-
croscopic approach, only the most updated, from ref. [165],
are reported in table 13. The microscopic approach also
lead to the following predictions for the two-nucleon in-
duced partial rates: I, : Iy @ Iy = 0.83 : 0.12 : 0.04;
as expected, the two-nucleon stimulated decay width is
dominated by the np-induced process.

Considering instead the data reported in table 13, it
must be noted that the two values obtained by FINUDA
are not independent of each other, since the proton re-
quired in coincidence with a 7 in ref. [28] and with
a (m—,n) pair in ref. [29] belongs to the same experi-
mental sample. To compare with the KEK-E508 deter-
mination [27], the FINUDA value of ref. [29], affected by
a smaller error, can be used: the two results are com-
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pletely compatible within errors and by evaluating their
weighted mean it is possible to conclude that, for p-shell
A-Hypernuclei, I'5/I'nv = 0.23 £ 0.06.

All the predictions of table 13 are consistent with the
individual KEK and FINUDA experimental determina-
tions of Iy and I»/I'nm (however, only the microscopic
calculation of ref. [165] reproduces within 1o the weighted
mean datum of the previous paragraph). One may con-
clude that the two-nucleon induced NMWD of Hypernu-
clei is rather well understood at present.

A general conclusion concerning the study of NMWD
of Hypernuclei is now in order. As discussed in sect. 4.3,
thanks to the large momentum transfer of the NMWD
channel, one expects to obtain information on the four-
baryon, strangeness changing, AN — nN weak interac-
tion from Hypernuclear decay measurements. However,
the study of NMWD of p-shell Hypernuclei clearly indi-
cates that the nuclear effects cannot be disregarded, since
mechanisms such as FSI and two-nucleon induced decay
are not at all inessential but partially mask the elementary
four-baryon reaction.

Therefore, the best way to proceed for a detailed study
of the AN — nN reaction seems to be to learn how to
parametrize the nuclear effects from the systematic study
of Hypernuclear NMWD over an appropriate mass num-
ber range, as done by FINUDA for p-shell Hypernuclei,
and then to use this information to try to disentangle the
four-baryon reaction properties from a very high-statistics
decay measurement on a single nucleus, possibly with low
mass number.

A determination of I',, I, and I for }2C with a 10%
error level is expected from J-PARC [269], from double-
and triple-nucleon coincidence measurements. This will al-
low to lower the error on the determination of Iy /I'num.

4.8 Rare two-body NMWD of s-shell Hypernuclei

The decay of the light Hypernuclei 4He and 5 He in two-
body channels is a rare process because of the large mo-
mentum transfer and of the possible two-step mechanisms
involved. It can occur through the following reactions:

“He — d +d, (65)
“He — p+t, (66)
4 He — n +3 He, (67)
“He — d+t. (68)

The existing observations of two-body NMWD of Hyper-
nuclei are very scarce and date back to bubble chamber
and emulsion experiments [270-272]; in particular, reac-
tion (67) has not yet been observed. The only existing
calculation for the 4He two-body NMWD rates was per-
formed long ago in ref. [273], and only one theoretical eval-
uation for the expected decay rates of °He exists [274].
Recently, rare two-body NMWD have been studied by
means of the FINUDA spectrometer [275]; the large solid
angle coverage, the good p.id. properties and the good
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Table 13. Summary of the theoretical and experimental values of I and I'>/I'nwm.

Ref. Iy I/ IT'nm Notes

[183] 0.23 0.16 G, In =Ty

[184] 0.16 0.16 £C, I =Ty

[165] 0.25 0.26 RC, Ty =Ty + Do + Tpp
BNL-E788 [177] <0.24 4He, n and p spectra
KEK-E508 [27] 0.27+0.13 0.294+0.13 12C, nn and np spectra
FINUDA [28] 0.2440.10 A = 5-16, p spectra
FINUDA [29] 0.21 = 0.07stat £0:03 oys A = 5-16, np spectra

momentum resolution of the experimental apparatus al-
lowed the identification of reactions (65), (66) and (68),
which are characterized by a back-to-back topology of the
outgoing particles/clusters and by quite high momenta
(pa = 570MeV /¢ for (65), p, = 508 MeV /¢ for (66) and
pa = 597 MeV /¢ for (68)).

Reactions (65), (66) and (68) have been studied as
decays of 4 He and 5 He Hyperfragments produced by the
interaction of stopped K ~’s on the various targets used in
FINUDA and identified by means of the detection of the
7~ emitted in the production reaction; in particular, (65)
and (66) have been looked for on all the nuclear targets,
while (68) has been searched for on °Li and "Li targets
only.

Concerning the 4He — d + d decay, an average yield
value Y (4He — d +d) = (2.82 £ 0.62) x 107° /K, is
obtained. The 4He — p + t decay at rest looks favoured:
an average yield of Y (4He — p +t) = (5.42 + 3.43) x

107°/ K, is obtained. As for the 5 He — d+t decay, the

average yield value over °Li and "Li nuclei is Y (5He —
d+1t) = (1.23£0.70) x 10~*/Kg,,,, corresponding to a
branching ratio of (2.8 & 1.4) x 1072, in rough agreement
with the theoretical expectation of a factor 100 less than
the total NMWD branching ratio.

4.9 Asymmetry in NMWD of polarized Hypernuclei

A-Hypernuclei can also be produced in polarized states
[276, 277]. Thanks to the large momentum transfer in-
volved, the n(r+, KT)A reaction was used, at p, =
1.05 GeV and small KT laboratory scattering angles (2° <
Ok < 15°), to produce Hypernuclear states with a sub-
stantial amount of spin-polarization, preferentially aligned
along the axis normal to the reaction plane [278,279], the
so-called polarization axis. The origin of Hypernuclear po-
larization is twofold [276,277]. It is known that the dis-
tortions (absorptions) of the initial (77) and final (K)
meson waves produce a small polarization of the Hyper-
nuclear orbital angular momentum up to laboratory scat-
tering angles O ~ 15° (at larger scattering angles, the
orbital polarization increases with a negative sign). At
small but non-zero angles, the main source of polarization
is due to an appreciable spin-flip interaction term in the
elementary reaction 77n — AK™, which interferes with

the spin-nonflip amplitude. In a typical experimental situ-
ation with p, = 1.05 GeV and 0k ~ 15°, the polarization
of the hyperon spin in the free 77n — AK™ process is
about 0.75.

The distribution of protons produced in one-nucleon
induced NMWD of polarized Hypernuclei shows an an-
gular asymmetry: the difference between the number of
protons emitted along the polarization axis and the num-
ber of protons outgoing in the opposite direction deter-
mines this asymmetry. It can be shown that the proton
asymmetry is originated by the interference between the
parity-violating and parity-conserving AN — nN tran-
sition amplitudes with different values of the isospin of
the final NN pair [280]. Asymmetry studies are thus ex-
pected to provide new constraints on the strengths and
(especially) the relative phases of the decay amplitudes,
i.e., on the dynamics of Hypernuclear decay.

Despite the important progress on the determination
of the NMWD rates (especially the I,/I}, and Ib/Inm
ratios) discussed above, another intriguing problem which
was solved only recently concerns a strong disagreement
between theory and experiment on the weak decay asym-
metry.

The intensity of protons emitted in Ap — np decays
along a direction forming an angle 6 with the polarization
axis is given by [281]

10, J) = Io(J)[1 + A6, J)], (69)

J being the total spin of the Hypernucleus and Iy the

(isotropic) intensity for an unpolarized Hypernucleus. In

the shell-model weak-coupling scheme, one can write:

A6, J) = Ps(J) ax cosb, (70)

where P, is the polarization of the A spin and a4 the in-

trinsic A asymmetry parameter, which is a characteristic
of the elementary process Ap — np.

Nucleon FSI acting after the NMWD modify the weak
decay intensity (69): this means that the intrinsic asym-
metry a, is not an observable. The observable asymmetry,
a®(J), which is expected to depend on the considered Hy-
pernucleus, is therefore derived from the observable proton
intensity, IM. Assuming for /™ the same -dependence as
in the weak decay intensity I, one obtains the observable
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Table 14. Theoretical and experimental determinations of the asymmetry parameters.

Ref. and model °He 2C
Sasaki et al. [244,245]
7+ K +DQ ~0.68
Parreno and Ramos [254]
OME: 1+ p+ K+ K* +w+1n —0.68 —0.73
Itonaga et al. [286]
T+ K+w+2n/p+2r/o -0.33
Barbero et al. [287]
OME: m+p+ K+ K* +w+17 —0.54 —0.53
Alberico et al. [288]
OME + FSI —0.46 —0.37
Chumillas et al. [240]
OME + 27 + 27 /o +0.041 —0.207
OME + 27 + 27 /0 + FSI +0.028 —0.126
Itonaga et al. [292]
T+ K+w+2r/p+2r/0+ pr/ar + om/ax +0.083 +0.045

KEK-E462 [283,284]
KEK-E508 [283,284]

0.07 +0.087058
—0.16 £ 0.2815:18

asymmetry as

)= L MO0, J) = IM(180°, J)
Pa(J) IM(0°,J) + IM(180°, J)

One expects an attenuation of the asymmetry due to FSI,
@Y ()] < |aal.

Equation (71) is actually the relation used to deter-
mine experimentally al{l(J). These measurements gener-
ally suffer from large uncertainties, principally due to lim-
ited statistics and to the poor knowledge of the hyperon-
spin polarization. For % He, P, was measured [282] by
observing the asymmetric emission of negative pions in
its mesonic decay and by assuming that the pion asym-
metry in the mesonic decay of % He coincides with the
value measured in the free A — 7~ p decay. Unfortu-
nately, the small branching ratio and asymmetry for the
mesonic decay of p-shell Hypernuclei makes a measure-
ment of the A-spin polarization very difficult for these
systems. Therefore, in the proton asymmetry measure-
ments for Y'B and 12C [279,283,284], P, was evaluated
theoretically by adopting the distorted wave impulse ap-
proximation of ref. [285]. Such kind of calculation requires
a delicate analysis of 1) the polarization of the Hypernu-
clear states directly produced in the production reaction
and 2) the depolarization effects due to strong and elec-
tromagnetic transitions of the populated excited states,
which take place before the weak decay.

In table 14 we compare the theoretical and experimen-
tal determinations of the decay asymmetries for 5 He and
12C. While inexplicable inconsistencies appeared between
the first KEK asymmetry experiments of refs. [278,279],
the recent and more accurate KEK data [283,284] reported
in table 14 favor small al/\l/[ values, compatible with a van-
ishing value, for both 5He and 12C.

(71)

On the contrary, theoretical models based on OME po-
tentials and/or direct quark (DQ) mechanisms [244, 245,
254,286, 287] predicted rather large and negative a, val-
ues. It must be noted that, on the contrary, the mentioned
models were able to account fairly well for the weak decay
rates measured for s- and p-shell Hypernuclei. As can be
seen from table 14, not even the inclusion of FSI in the
theoretical analysis with OME potentials can explain the
experimental data. To illustrate this point, we quote the
result of ref. [288] for a proton kinetic energy threshold of
30MeV (the data of table 14 were obtained for such an
energy cut).

At this point we must note that an effective field the-
ory approach to Hypernuclear decay [289], in which the
weak two-body transition is based on tree-level pion- and
kaon exchange and leading-order contact interactions, sug-
gested a dominating spin- and isospin-independent con-
tact term. Such central term turns out to be particu-
larly important if one wants to fit the small and posi-
tive value of the intrinsic asymmetry for 5He indicated
by KEK-E462. In a calculation scheme based on a OME
model, this result can be interpreted dynamically as the
need for the introduction of a meson-exchange contribu-
tion in the scalar-isoscalar channel. Prompted by the work
of ref. [289], models based on OME and/or DQ mecha-
nisms [290,291] were supplemented with the exchange of
the scalar-isoscalar o-meson. Despite the phenomenolog-
ical character of these works (the unknown o weak cou-
plings are fixed to fit NMWD data for 5 He and 12C), they
showed the importance of o-exchange in the NMWD.

Then, an investigation was performed on the effects
of a chirally motivated two-pion—exchange mechanism on
the NMWD rates and asymmetries for s- and p-shell Hy-
pernuclei [240]. The uncorrelated (27) and correlated (in
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the isoscalar channel, 27 /o) two-pion—exchange weak po-
tentials were adopted from ref. [239] and added to the
exchange of the pseudoscalar and vector mesons, 7, p,
K, K*, w and n, of the standard OME potentials. These
scalar-isoscalar contributions are based on a chiral uni-
tary model which describes 77 scattering data in the
scalar sector up to around 1GeV, where all the coupling
constants are determined from chiral meson-meson and
meson-baryon Lagrangians by imposing SU(3) symmetry.
It was found that the two-pion—exchange mechanism mod-
ifies moderately the partial decay rates I, and I}, but
has a tremendous influence on the asymmetry parame-
ter, due to the change of sign of the central, spin- and
isospin-independent amplitudes [240]: the obtained asym-
metry values agreed with data for the first time. It must
to be noted that the main mechanism which permitted to
achieve this result is the uncorrelated two-pion exchange.
The resulting values of the asymmetry parameter are pre-
sented in table 14 for the case where no FSI are accounted
for and also when a proton kinetic energy threshold of
30 MeV is imposed in the calculation with FSI.

From table 14 we see that a more recent and dif-
ferent approach [292], whose main characteristic is the
use of correlated meson-pair exchange, proved that the
exchange of the axial-vector aj-meson is also relevant
in asymmetry calculations. We note however that the
one-meson—exchange plus two-pion—exchange model of
ref. [240] turned out to be able to reproduce satisfactorily
the total and partial NMWD rates as well as the asymme-
tries, for both 5He and '2C, within a minimal framework,
i.e., without invoking exotic decay mechanisms, nor a vi-
olation of the AT = 1/2 isospin rule.

We can thus conclude that with the solution of the
asymmetry puzzle a deeper theoretical understanding of
the Hypernuclear decay mechanisms is now reached.

5 Mesonless multinucleon absorption of
stopped K~

5.1 Recent experimental data

Data on reactions of nuclear absorption of stopped K~
with emission of A, nucleons or light nuclei (deuterons,
tritons) were very scarce up to a few years ago. The bulk
of the data was coming from bubble chamber experiments,
which mainly aimed at assessing the K~ capture rates of
multipionic final states [293]. Thanks to the clever design
of the FINUDA spectrometer, described in sect. 2.2, it
was possible to identify in a clean way the A hyperons
emitted following the interaction of stopped K~ in nuclei
(°Li, “Li, '2C, 27Al, 5'V) [294]. They can be identified
by reconstructing the invariant mass of a proton and a
negative pion, as shown in fig. 42(a). The peak position
agrees with the known A mass, and the width of the peak
is as narrow as 6 MeV/c? FWHM.

When a K~ interacts with two protons, one expects
that a hyperon-nucleon pair (A + p, X° +p or X+ + n)
is emitted in opposite directions, ignoring a final-state in-
teraction inside the nucleus. The angular correlation be-
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Fig. 42. (a) 7~ -p invariant-mass distribution; the continuous
line is a fit with a Gaussian function plus a linear background.
(b) Opening angle distribution between a A and a proton:
solid line °Li, "Li and '2C, dashed line ?Al, ®*V. The shaded
area is selected as back-to-back events (cos #"*" < —0.8). From
ref. [294].

tween a A and a proton from the same point in the target
(fig. 42(b)) clearly indicates the existence of this kind of
reaction. Even for heavy nuclei such as 27 Al and °'V sim-
ilar correlations were observed, which might suggest that
the absorption would take place at the surface of a nu-
cleus. In the following steps of the analysis A-p pairs emit-
ted in opposite directions (cos 62 < —0.8) only from the
light nuclear targets (°Li, "Li and '2C) were used. Since
the back-to-back angular correlation between a A and a
proton is so clear, it is naturally expected that the two
particles are emitted from a K~ pp intermediate system.
The angular correlation is smeared out due to the Fermi
motions of the two protons at the surface of the nucleus
by which the K~ is absorbed after cascading down the
atomic orbits by emitting X-rays. If the reaction process
were simply a two-nucleon absorption process, the mass
of the system should be close to the sum of a kaon and
two proton masses, namely 2.370 MeV /c2. The initial mo-
tion of the two protons does not affect the invariant-mass
distribution. The invariant mass distribution of the A-p
pairs is shown in fig. 43. A significant mass decrease of
the K~ pp system with respect to its expected mass is ob-
served. It can be interpreted as a bound state composed of
a kaon and two protons, hereafter abbreviated as K~ pp.
In the inset of fig. 43, the acceptance corrected invariant-
mass distribution is shown. Since the trigger and detection
acceptance are monotonically increasing functions of the
invariant mass in this mass region, the peak further shifts
to a lower mass side. By fitting the acceptance corrected
peak with a Lorentzian function (folded with a Gaus-
sian with ¢ = 4MeV/c?, corresponding to the detector
resolution estimated with a Monte Carlo simulation) in
the region of 2.22-2.33 GeV/c? values for the binding en-
ergy and width of such an hypothetical K ~pp bound state
of 1158 (stat) ™3 (syst) MeV and 6711 (stat) 3 (syst) MeV
were obtained.

An alternative, conventional explanation for the above
observed bump was put forward. In ref. [295] the bump
in the A-p invariant-mass spectrum was explained as an
artifact of the angular cuts applied to the flat spectrum
of invariant mass of A-p events resulting from genuine
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back-to-back pairs formed in simple K~ -(np) interactions
in the target nuclei that suffered a FSI. Even though such
a mechanism cannot be completely excluded, other argu-
ments are contradicting it. A first one is the shape of the
angular correlation in the approach of ref. [295], showing a
strong disagreement [296] with the steepness measured ex-
perimentally, as shown in fig. 44. A second one is a possible
inadequacy of the FSI calculations leading to an overesti-
mation of these interactions. As a matter of fact, as shown
in fig. 34, calculations following a similar approach [265]
failed to reproduce the spectrum of protons from NMWD
of 12C, recently measured with a good precision [261]. A
rough estimate on the yield of K~ (pp) — A+ p provided
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0.1% per stopped K —, that is the same order of magnitude
of the production of bound A-Hypernuclei.

Stimulated by these unexpected findings, the FINUDA
Collaboration searched for correlated A-d pairs emitted
following the absorption of stopped K~ in some selected
targets (°Li, 12C) [297]. The measurement took advan-
tage from both the excellent identification of A hyperons
by the invariant-mass measurements and of deuterons by
three independent measurements of dE/dz and time of
flight. Figure 45 shows the invariant-mass distribution of
7 -p pairs emitted in coincidence with deuterons from °Li
targets. A well-defined and narrow peak, centered at the
right mass of the A and nearly background free is evi-
dent. Figure 46 shows the invariant-mass distribution for
the A-d events selected with the above criteria. A hint for
a peak at a mass of 3251 + 6 MeV appears. By selecting
the events contained in this peak, they appear strongly
back-to-back correlated, as shown by the inset of fig. 46.
They could be interpreted as the decay of a K~ ppn bound
state with a binding energy of 58 + 6 MeV and a width of
36.6 + 14.1 MeV. This object could be formed thanks to
the predominant (a + d) substructure of %Li, already ob-
served in other K~ induced reactions [298]. As a matter
of fact, the analogous distributions relative to events ob-
tained with the '?C target did not present similar features,
as shown in fig. 47. There is no evidence for a peak in the
invariant-mass distribution and the angular correlation of
the events in the invariant mass range corresponding to
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stop?

the peak observed in 6Li is quite broad. The peak ob-
served for SLi was interpreted in ref. [299] in terms of
K~ absorption from three nucleons, leaving the remaining
ones as spectators. The back-to-back correlation reported
in the experiment of ref. [297] is reproduced too, not so
well other observables. Such an explanation looks realis-
tic, supporting also analogous measurements performed in
ref. [300]. The yield for the production of the above peak
was reported as (4.4 4 1.4) - 1073 /stopped K ~, quite sim-
ilar to that for the production of the K~ pp system from
light nuclei.

A further effort was then done by the FINUDA Col-
laboration for the search of correlated A-triton pairs emit-
ted following the absorption of stopped K~ in SLi, “Li
and ?Be. The identification of tritons was very hard, since
tracks due to these particles were completely blurred in the
huge amount of other charged particles (pions, protons,
deuterons). However a very satisfactory separation was
achieved, thanks to a clever use of the dF/dz and time-
of-flight information from the different layers of detec-
tors [301]. The triton-mass identification by conditioned
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Fig. 48. (a) Triton-mass identification. (b) Invariant-mass
distribution of 7~ p pairs in coincidence with tritons. From
ref. [301].

dFE/dx is shown in fig. 48a. It was measured that it con-
tains only 3% of other particles. As for the previous in-
vestigations the A hyperons were finally identified by the
value of the 7-p invariant mass. Figure 48b shows the in-
variant mass of 7-p pairs detected in coincidence with tri-
tons. The distribution of background events is flat out-
side the peak thus allowing for estimation of the number
of events inside the peak itself. Such background events
constitute 0.63 £+ 0.67 out of 40 A events. The A-triton
correlated events show a very nice back-to-back corre-
lation, given in fig. 49. This distribution is inconsistent
with that predicted by a four-body phase-space simula-
tion of the reaction K, A — AtNA’, the simplest that
could mimic the observed events. Detailed simulations of
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other possible reaction chains that could mask the events
attributed to mesonless At emission showed that their
importance was negligible. Due to the scarce number of
events, it was not possible to obtain statistically reason-
able distributions for the invariant mass of the A-t cor-
related events. The yield for the production of the A-t
correlated events averaged over the 3 stopping targets is
(1.01 £ 0.184at 0 10 ayst) - 1073/ K, We note that it is
the same, within the errors, of that measured for the pro-
duction of A-p correlated events, and somehow lower than
that for the production of A-d correlated events from SLi.
The similarity of the production rates for mesonless A-
few (1,2, 3) nucleons pairs induced by stopped K~ raises
doubts on the interpretation, put forward in ref. [294]
for A-p, that they are due to the decay, at rest, of a
K~-(1,2,3) nucleon(s) bound state. One should admit
that these hypothetical states are produced with simi-
lar strengths, and this circumstance seems difficult to ex-
plain with simple models, given the inherent dynamical
differences in the possible structure of these objects. To
our knowledge, there are no models, at present, developed
in order to explain the above production rates of meson-
less absorption of stopped K~ by nuclear clusters in light
nuclei.

5.2 The saga of the AntiKaonic Nuclear Clusters

The above-mentioned possible K ~-(few nucleons) bound
systems were named Anti Kaonic Nuclear Clusters
(AKNC) or Deeply Bound anti(Kaon) States (DBKS).
The first speculation about the possible existence of
AKNC was put forward in ref. [302], based on the ob-
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servation that the driving KN interaction in the isospin
I = 0 channel is strongly attractive near threshold. A large
binding energy B of about 100 MeV was found, but with
a similarly large value of the width I". The theme received
a strong boost by the prediction from ref. [303] of the pos-
sible existence of narrow discrete AKNC in few-body nu-
clear systems. The K-nucleus potential was derived from
a phenomenological KN potential accounting for several
observables, with particular emphasis to the role of the
A(1405), assumed to be a bound (K~ p) system. The pre-
dicted binding energies B for K-few nucleon systems were
quite large (from 50 to more than 100 MeV), but the dis-
tinctive feature was the narrowness (I" of 20-30 MeV). It
was due to the circumstance that, due to the high value
of B, the main decay channel K~ p (I =0) — X7 is ener-
getically forbidden, and the decay to Ax is suppressed by
the isospin selection rules. Figure 50 shows the predicted
binding energies and widths for the K ~p (A(1405)), K~ pp
and K~ ppn AKNC.

A dynamical approach, allowing for the polarization
of the nucleus by the strong K-nucleus potential has been
proposed in ref. [304]: according to this calculation, the
depth of the potential is density dependent and AKNC
are predicted with B of 100-200 MeV and narrow enough
widths of 50 MeV, but only for relatively heavy nuclei.
According to this approach, they could not be observed
in the case of light targets, since in this case they should
be too broad. The K~ pp bound system was studied in
ref. [305] by a coupled-channel Faddeev calculation ob-
taining a B of 55-70 MeV and a quite large width, of the
order of 95-100 MeV.

Reference [306] examined the possible existence of
AKNC by using energy-dependent KN interactions de-
rived with the s-wave coupled-channels amplitudes involv-
ing the A(1405) and resulting from chiral SU(3) dynamics,
plus p-wave amplitudes dominated by the X'(1385): it was
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Fig. 51. Best fit to the Ap invariant-mass distribution for
events observed following the annihilation of ’s at rest on *He
after suitable kinematical cuts. From ref. [309].

concluded that AKNC can possibly exist, with B from 60
to 100 MeV, but with decay widths of similar magnitude.

The theoretical speculation from ref. [303] received a
strong boost from the claimed discovery of an AKNC with
narrow width by KEK-PS E471 in a missing-mass experi-
ment on the reaction *He (K, ,,p/n)X, afterwards with-
drawn by the same Group (exp. KEK-PS E549) as due to
an experimental artifact [307].

The experiments on correlated A-p and A-d events de-
scribed in the previous paragraph were interpreted follow-
ing the hypothesis of the existence of the AKNCs. For
the A =2 AKNC (K~ pp) the width is close to that pre-
dicted, but B is twice. More difficult is the interpretation
of the invariant mass of A-d correlated events in terms
of formation of an A = 3 AKNC (K~ ppn). The width is
again compatible with that predicted, but the B is a half.
The mass of this state would then be larger than the X
threshold, with a consequently large width.

Due to the large interest and theoretical effort, several
experiments that took data with a A and a proton in the
final states reanalysed their data looking for a confirma-
tion of K~ pp bound state. Events containing a A and a p
following the annihilation of p’s on *He nuclei measured
by the OBELIX spectrometer at LEAR-CERN were ana-
lyzed selecting annihilations of p’s on 3 or 4 nucleons, and
using some ad hoc kinematics cuts [308,309]; the result is
shown in fig. 51. A quite nice peak appears at a mass of
2223.2 4 3. 20t £ 1.25y5t MeV /2, and a width of less than
33.9 4+ 6.2MeV/c?. The binding energy should then be of
151.043.25¢a¢ £1.24y5¢ MeV. The statistical significance of
the peak over the experimental background is 4.71c.

More recently, the data collected by the DISTO exper-
iment on the exclusive pp — pAK™ reaction at 2.85 GeV
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Table 15. Comparison between theory and experiment for the
binding energies, B, and widths, I, of the K~ pp system or ?—(H

B (MeV) I' (MeV) Ref.
ZH K~ at rest —11549 67 £15 [294]
2H  pat rest —151.0+44 <339  [308,309]
2H pp—pKtA —105 £ 2 <118 [310]
ZH theory —48 61 [311]

were also analyzed to search for a K~ pp bound sys-
tem [310]. The observed spectra of the K missing mass
(pA invariant mass) with high transverse momenta of p
and KT revealed a broad distinct peak with a mass of
2265 == 2540t £ Ssyst MeV/c2 and a width of 118 & 8¢t £+
10syst MeV. Following this experiment, the binding energy
of the Ap system should be 105 MeV. Table 15 reports the
binding energies and widths reported, as well as the the-
oretical prediction, showing in a compact way the present
contradictions. We hope that new data from the dedicated
experiments E15 and E27 at J-PARC and FOPI at GSI
could soon clarify the situation.

6 Conclusions and perspectives

Strangeness nuclear physics has demonstrated to be able
to provide a definite and precise answer to at least two
problems for strangeness —1 systems; they are related to
the fundamental issues of the AN strong interaction and
the four-baryon, strangeness changing, weak interaction.
Various experiments have shown that the above tasks are
fully achievable.

Regarding the structure of A-Hypernuclei, in addition
to the determination of the hyperon single-particle energy
level schemes for heavy systems, quite limited up to recent
times, by missing-mass (magnetic spectrometers) mea-
surements, and the study of the small spin-doublet and
A spin-orbit energy splittings performed by ~-ray mea-
surements in coincidence, a program for the determination
of other relevant observables (spin, parity and lifetime of
Hypernuclear levels, Hypernuclear deformation and elec-
tric and magnetic moments of hyperons in Hypernuclei)
should be started. To achieve this purpose, coincidence
~-rays spectroscopy or the recently assessed spectroscopy
of charged pions from mesonic weak decay were shown to
be suitable tools. A relevant improvement should come
from the fine spectroscopy of 7% from mesonic decay with
a resolution of the order of the MeV. The experiment is
hard, but in the capabilities of the present state-of-the-art
technology. ~-ray spectroscopy experiments, interpreted
within a shell model, has already allowed to extract im-
portant information on the spin-dependence of the AN
effective interaction.

Improved approaches to the structure of single-
and double-strangeness Hypernuclei, possibly establishing
solid links with analogous calculations in dense stars, will
be important. They should incorporate important effects
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such as the AN-Y'N strong coupling and, for S = —2
Hypernuclei, the coupling among the =N, AA and XX
states. Of paramount importance will be the experimen-
tal verification of the possible existence of =-Hypernuclei,
with the related possibility of extracting information on
the =-nucleus potential and then on the =N interaction.
Studies on AA-Hypernuclei will allow to determine the AA
interaction, which is poorly known at present.

Particular attention should be devoted to the search
for neutron-rich A-Hypernuclei, which are especially im-
portant in nuclear astrophysics. They provide information
on the glue-like role of the hyperon, on the X' hyperon ad-
mixture in A-Hypernuclei and on the neutron drip prop-
erties, thus they may play a role (like normal nuclei) in
neutron capture nucleosynthesis. Other impurity nuclear
physics issues such as the deformation properties and the
collective motion in Hypernuclei should be clarified by ex-
periments and new calculations.

Concerning the in-medium properties of the hyperon,
the A magnetic moment is an important observable which
is sensitive to the spin- and angular-momentum structure
of the many-body system, to the spin-dependent part of
the AN effective interaction and to the AN-X'N coupling.
This magnetic moment can be indirectly measured from
the transition probability for A spin-flip transitions. In
heavy-ion Hypernuclear production experiments such as
HypHI, direct measurements of the A magnetic moment
should be possible by observing the spin precession in a
strong magnetic field.

Concerning the weak decay of Hypernuclei, convinc-
ing evidences have been achieved for a solution of the
long-standing puzzles on the I, /I, ratio between the
An — nn and Ap — np decay rates and on the asym-
metry parameter in the non-mesonic weak decay of po-
larized Hypernuclei. On the one hand, this has been
possible thanks to experimental and theoretical analy-
ses of nucleon-coincidence emission spectra. On the other
hand, theoretical approaches considering a one-meson—
exchange weak potential supplemented by a two-pion—
exchange mechanism could reproduce all the decay data
for 5 He and }2C. The questions which will be relevant for
future developments concern the AI = 1/2 isospin rule
and the possible importance of mechanisms introduced by
the A(1232) resonance in the non-mesonic weak decay of
A-Hypernuclei.

Possible violations of the AI = 1/2 rule should be
studied for the non-mesonic weak decay of s-shell A-
Hypernuclei. A theoretical approach could establish the
link with the elementary AN — nN decay amplitudes
and rates of the approach by Bloch and Dalitz, at the
same time demonstrating the degree of reliability of this
phenomenological model which is normally adopted to in-
terpret the experimental data. A study on four- and five-
body Hypernuclei will play an important role for establish-
ing the detailed spin-isospin dependence of the AN — nN
process.

A microscopic calculation of the non-mesonic weak de-
cay emission spectra for A-Hypernuclei is very important,
since it provides a fully quantum-mechanical approach in
which a unified treatment of complex many-body effects
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such as final-state interactions, ground-state correlations
and ground-state normalization is considered. The nucleon
spectra from the non-mesonic Hypernuclear decay are the
real observables from which one extracts, via some theo-
retical scheme, the experimental values of the partial de-
cay rates. In particular, the contributions of many-body
terms introduced by the A(1232) resonance are expected
to play a role in a detailed calculation of the non-mesonic
decay rates and (especially) the nucleon emission spec-
tra, thus possibly explaining the present incompatibilities
between experiment and theory on the nucleon emission
spectra. These contributions should be included in new
calculations.

It will be also important to start a systematic inves-
tigation of rare weak decays of AA-Hypernuclei such as
AN — An, AA — Y7 p, AA — X0 (AS = 1) and
AA — nn (AS = 2). A reliable calculation of the rates for
these A-induced A decay reactions is missing and no exper-
imental evidence of such processes is available at present.

Like the majority of items related to experiments with
nuclei, the firm and reliable determination of the physical
quantities describing the AN interaction in the strong and
weak sectors requires a systematic series of measurements
that may be performed at dedicated laboratories, with
a dedicated program and a strict collaboration with the
theoreticians active in the field.

The situation is rather good worldwide in order to
achieve this goal. The J-PARC complex of accelerators
at Tokai (Japan) will be the main pillar for strangeness
nuclear physics in the next decade. More than ten experi-
ments on strangeness nuclear physics were approved with
high priority but the unfortunate event of the terrifying
earthquake in the area delayed the activity by at least one
year. Experiments will be performed on the ~-ray spec-
troscopy of light to heavy A-Hypernuclei, the production
of neutron-rich A-Hypernuclei, the A magnetic moment in
nuclei and, concerning strangeness —2 systems, on the -
ray spectroscopy of AA-Hypernuclei and the reaction spec-
troscopy of =-Hypernuclei. In addition, new coincidence
measurements of the non-mesonic weak decay of A = 4
and 12C Hypernuclei are planned. The first J-PARC re-
sults are hopefully expected for the forthcoming year.

Another laboratory which is expected to provide
a good wealth of experimental information on high-
resolution spectroscopy of A-Hypernuclei is TINAF, after
the on-going program of upgrade in energy of the electron
accelerator complex.

New laboratories that will soon enter into the game of
strangeness nuclear physics are MAMI-C in Mainz and
GSI in Darmstadt. At MAMI-C, the complex of high-
resolution spectrometers needed to perform Hypernuclear
spectroscopy with the (e,e/ K*) reaction was recently
commissioned. The results will complement those from
TINAF. At GSI, a pilot experiment on the production
of Hypernuclei by heavy ions (HyPHI), with special em-
phasis on the identification of neutron-rich Hypernuclei
and their mesonic decay, has very recently completed the
first data taking run.

The experimental teams engaged at the different lab-
oratories are in very close contact and it is natural to
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expect that the above mentioned program of coordinated
measurements will be agreed among them. The degree of
integration of the experimental teams with the theoreti-
cians has a long tradition, initiated by R.H. Dalitz, and is
very good.

In the long-term perspective, the FAIR-GSI complex
and the powerful PANDA detector will play a major role
in strangeness nuclear physics. The p source, unique in the
world, will allow to produce abundantly AA-Hypernuclei

—_——

by p annihilation into == on nuclei, with subsequent in-
teraction of the = with a proton in the same nucleus,
providing two low-momentum A’s that may stick to other
nucleons. These AA-Hypernuclei should be produced in
excited states and the measurement of their energies by
~-ray coincidence would allow the determination of the
AA strong interaction parameters, an important result in
hadronic physics. If successful, this method should be ex-
tended to the production of AAA-Hypernuclei, by using
the 2727 production from p annihilation in nuclei.

Finally, the middle-term strategy for the Anti Kaonic
Nuclear Clusters is the unambiguous assessment of their
existence and of their main features by some dedicated
experiments already approved and ready to run. In the
positive case, the long-term strategies are far reaching and
could involve several laboratories worldwide and the con-
struction of new dedicated detectors.
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