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1. — Introduction

The focus of these lectures is on the weak decay modes of hypernuclei, with special
attention to A—hypernuclei. The subject involves many fields of modern theoretical and
experimental physics, from nuclear structure to the fundamental constituents of matter
and their interactions. The peculiar behaviour of matter containing strange quarks has
raised in recent years many interesting problems, one of which being the physics of
hypernuclei.

Hypernuclear physics was born in 1952, when the first hypernucleus was observed
through its decays [1]. Since then, it has been characterized by more and more new
challenging questions and answers. The interest was further raised by the great advances
made in the last 15-20 years. Moreover, the existence of hypernuclei gives a new dimen-
sion to the traditional world of nuclei (states with new symmetries, selection rules, etc).
They represent the first kind of flavoured nuclei, in the direction of other exotic systems
(charmed nuclei and so on).

Hyperons (A, ¥, =, Q) have lifetimes of the order of 10719 sec (apart from the %°,
which decays into Ay). They decay weakly, with a mean free path A ~ ¢ = O(10 cm).
A hypernucleus is a bound system of neutrons, protons and one or more hyperons. We
will denote with éHZ a hypernucleus with Z protons, A — Z neutrons and a hyperon Y.
In order to describe the structure of these strange nuclei it is crucial the knowledge of the
elementary hyperon—nucleon (Y N) and hyperon—hyperon (YY) interactions. Hyperon
masses differ remarkably from the nucleonic mass, hence the flavour SU(3) symmetry is
broken. The amount of this breaking is a fundamental question in order to understand
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the baryon—baryon interaction in the strange sector.

Nowadays, the knowledge of hypernuclear phenomena is rather good, but some open
problems still remain. The study of this field may help in understanding some important
questions, related to:

1. some aspects of the baryon—baryon weak interactions;

2. the YN and Y'Y strong interactions in the J¥ = 1/2% baryon octet;

3. the possible existence of di-baryon particles;

4. the renormalization of hyperon and meson properties in the nuclear medium;

5. the nuclear structure: for instance, the long standing question of the origin of the
spin—orbit interaction and other aspects of the many—body nuclear dynamics;

6. the role played by quark degrees of freedom, flavour symmetry and chiral models
in nuclear and hypernuclear phenomena.

Many of these aspects can be discussed and understood by investigating the hypernuclear
weak decays. Important related arguments, which here will not be considered or only
briefly mentioned, can be found in the lectures by A. Gal [2] and T. Nagae [3], while the
experimental viewpoint on the same subject is presented by H. Outa [4].

In these lectures the various weak decay modes of A~hypernuclei are described: in-
deed in a nucleus the A can decay by emitting a nucleon and a pion (mesonic mode) as it
happens in free space, but its (weak) interaction with the nucleons opens new channels,
customarily indicated as non—-mesonic decay modes. These are the dominant decay chan-
nels of medium-heavy nuclei, where, on the contrary, the mesonic decay is disfavoured by
Pauli blocking effect on the outgoing nucleon. In particular, one can distinguish between
one-body and two—body induced decays, according whether the hyperon interacts with
a single nucleon or with a pair of correlated nucleons.

An interesting rule for the amount of isospin violation (Al = 1/2) is strongly sug-
gested by the mesonic decay of free A’s, whose branching ratios are almost in the pro-
portion 2 to 1, according whether a 7~ p or 7%n are emitted. This totally empirical rule
has been generally adopted in most of the models proposed for the evaluation of the A—
hypernuclei decay widths: some of the expected consequences, however, seem to require
additional work and investigation. Indeed, the total non-mesonic (I'nm = I'y +T'p (41'2))
and mesonic (I'yy = T'yo + I'z—) decay rates are well explained by several calculations;
however, for many years the main open problem in the decay of A—hypernuclei has been
the discrepancy between theoretical and experimental values of the ratio I',/T',. This
topic will be discussed at length here, together with the most recent indications toward
a solution of the puzzle.

Another interesting and open question concerns the asymmetric non—mesonic decay
of polarized hypernuclei: strong inconsistencies appear already among data. Also in
this case, as for the I'), /T, puzzle, one can expect important progress from the present
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and future improved experiments, which will provide a guidance for a deeper theoretical
understanding of hypernuclear dynamics and decay mechanisms.

For a comprehensive review on the subject of these lectures we refer the reader to
Ref. [5] and references therein.

2. — Weak decay modes of A—hypernuclei

In the production of hypernuclei, the populated state may be highly excited, above
one or more threshold energies for particle decays. These states are unstable with respect
to the emission of the hyperon, of photons and nucleons. The spectroscopic studies of
strong and electromagnetic de—excitations give information on the hypernuclear structure
which are complementary to those we can extract from excitation functions and angular
distributions studies. Once the hypernucleus is stable with respect to electromagnetic
and strong processes, it is in the ground state, with the hyperon in the 1s level, and can
only decay via a strangeness—changing weak interaction, through the disappearance of
the hyperon.

2'1. Mesonic decay. — The mesonic mode is the main decay channel of a A in free
space:

A - 77p (B.R. =63.9 x 1072)
7 (BR.=358x1072)

with a lifetime 7¢® = h/T'Fe¢ = 2.632 x 10710 sec
Semi-leptonic and weak radiative A decay modes have negligible branching ratios:

A — ny (B.R. = 1.75 x 1073)
prTy (BR.=84x107%)

pe T, (B.R. =8.32 x 107%)
PR T, (B.R. = 1.57 x 107%)

and will not be considered here.
The A hyperon is an isospin singlet (Iy = 0), while the 7N system can be either
in I =1/2orin I = 3/2 isospin states. The customary angular momentum coupling

implies:
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while a AI = 3/2 process should give:
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Experimentally the above ratio turns out to be:

Exp
I\frcc 3
{ _A=mTp } ~ 1.78,

free
A—mOn

which is very close to 2 and strongly suggests the AT = 1/2 rule on the isospin change.
From the above considerations and from analyses of the A polarization observables it
follows that the measured ratio between AI = 1/2 and Al = 3/2 transition amplitudes
is very large:

~ 30.

‘141/2
Aszjo

The AI = 1/2 rule is based on experimental observations but its dynamical origin is not
yet understood on theoretical grounds. It is also valid for the decay of the ¥ hyperon
and for pionic kaon decays (namely in non-leptonic strangeness—changing processes).
Actually, this rule is slightly violated in the A free decay, and it is not clear whether it
is a universal characteristic of all non—leptonic processes with AS # 0. The A free decay
in the Standard Model can occur through both Al = 1/2 and Al = 3/2 transitions,
with comparable strengths: an s quark converts into a v quark through the exchange of
a W boson. Moreover, the effective 4—quark weak interaction derived from the Standard
Model including perturbative QCD corrections gives too small |A; /5 /A3 /5| ratios (~ 3+4,
as calculated at the hadronic scale of about 1 GeV by using renormalization group
techniques [6]). Therefore, non—perturbative QCD effects at low energy (such as hadron
structure and reaction mechanism), which are more difficult to handle, and/or final state
interactions could be responsible for the enhancement of the AT = 1/2 amplitude and/or
the suppression of the AT = 3/2 amplitude(*).

The Q—value for free—A mesonic decay at rest is Qp >~ mpy—mpy—m, ~ 40 MeV. Then,
taking into account energy—momentum conservation, my =~ \/ P2+ m2 + \/ P2+ m?v in
the center—of—mass system and the momentum of the final nucleon turns out to be p ~ 100
MeV. Inside a hypernucleus, the binding energies of the recoil nucleon (By ~ —8 MeV)
and of the A (Bpy > —27 MeV) tend to further decrease Qa [QA,bound = @a + Ba — Bn]
and hence p.

As a consequence, in nuclei the A mesonic decay is disfavoured by the Pauli principle,
particularly in heavy systems. It is strictly forbidden in normal infinite nuclear matter

(*) See, for example, a recent work based on the Instanton Liquid Model [7]
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(where the Fermi momentum is k% ~ 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 medium such that for fixed momentum ¢'it
has an energy smaller than the free one [w(q) < \/@? + m2], and consequently, due
to energy conservation, the final nucleon again has more chance to come out above
the Fermi surface. Indeed it has been shown [8, 9] that the pion distortion increases
the mesonic width by one or two orders of magnitude for very heavy hypernuclei
(A ~ 200) with respect to the value obtained without the medium distortion;

3. At the nuclear surface the local Fermi momentum is considerably smaller than k%,
and the Pauli blocking is less effective in forbidding the decay.

In any case the mesonic width rapidly decreases as the nuclear mass number A of the
hypernucleus increases.

The mesonic channel also gives information on the pion—nucleus optical potential
since I'yy = T'x- 4+ o is very sensitive to the pion self-energy in the medium: the
latter is enhanced by the attractive P—wave m—nucleus interaction and reduced by the
repulsive S—wave one. Evidence for a central repulsion in the A—nucleus mean potential
was obtained from the mesonic decays of s—shell hypernuclei [10, 11].

2'2. Non—mesonic decay. — In hypernuclei the weak decay can occur through processes
which involve a weak interaction of the A with one or more nucleons. Sticking to the
weak hadronic vertex A — 7w N, when the emitted pion is virtual, then it will be absorbed
by the nuclear medium, resulting in a non—mesonic process of the following type:

(1) An—nn  (T,),
(2) Ap—mnp (Tp),
3) ANN = nNN (I2).

The total weak decay rate of a A-hypernucleus is then:
I =Ty + I,
where:

y=TF-+Tr, I'nm=T1+T2 F1:Fn+Fp7

and the lifetime is 7 = /T'r. The channel (3) can be interpreted by assuming that the
pion is absorbed by a pair of nucleons, correlated by the strong interaction. Obviously,
the non—mesonic processes can also be mediated by the exchange of more massive mesons
than the pion (see figure 1).
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Fig. 1. — One—nucleon (a) and two—nucleon (b) induced A decay in nuclei.

The non—mesonic mode is only possible in nuclei and, nowadays, the systematic study
of the hypernuclear decay is the only practical way to get information on the weak
process AN — NN (which provides the first extension of the weak AS =0 NN — NN
interaction to strange baryons), especially on its parity—conserving part, which is masked
by the strong interaction in the weak NN — NN reaction.

The final nucleons in the non-mesonic processes emerge with large momenta: dis-
regarding the A and nucleon binding energies and assuming the available energy Q) =
mp —mpy =~ 176 MeV to be equally splitted among the final nucleons, it turns out that
pN ~ 420 MeV for the one—nucleon induced channels [Egs. (1), (2)] and py ~ 340 MeV
in the case of the two—nucleon induced mechanism [Eq. (3)]. Therefore, the non—-mesonic
decay mode is not forbidden by the Pauli principle: on the contrary, the final nucleons
have great probability to escape from the nucleus. The non-mesonic mechanism dom-
inates over the mesonic mode for all but the s—shell hypernuclei. Only for very light
systems the two decay modes are competitive.

Since the non-mesonic channel is characterized by large momentum transfer, the
details of the hypernuclear structure do not have a substantial influence (then providing
useful information directly on the hadronic weak interaction). On the other hand, the
NN and AN short range correlations turn out to be very important.

It is interesting to observe that there is an anticorrelation between mesonic and non-
mesonic decay modes such that the experimental lifetime is quite stable from light to
heavy hypernuclei [12,13], apart from some fluctuation in light systems because of shell
structure effects: 74 = (0.5 + 1) 7. Since the mesonic width is less than 1% of the
total width for A > 100, the above consideration implies that the non—mesonic rate is
rather constant in the region of heavy hypernuclei.

This can be simply understood from the following consideration. If one naively as-
sumes a zero range approximation for the non—mesonic weak interaction AN — nlV, then
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Fig. 2. — Qualitative behaviour of mesonic, non—mesonic and total decay widths as a function
of the hypernuclear baryonic number A + 1.

T"; is proportional to the overlap between the A wave function and the nuclear density:

Ty (A) / 07 [ (7) 2 pa (7).

where the A wave function ¢ (nuclear density p4) is normalized to unity (to the nuclear
mass number A). This overlap integral increases with the mass number and reaches
a constant value: by using, e.g., A harmonic oscillator wave functions (with frequency
w adjusted to the experimental hyperon levels in hypernuclei) and Fermi distributions
for the nuclear densities, we find T'1(52C)/T'1(3%Pb) ~ 0.56, while I'; is 90 % of the
saturation value for A ~ 65.
mesonic and total widths as a function of the nuclear mass number A is shown.

For A < 11 the experimental data are quite well fitted by I'ny /TR ~ 0.14: Ty
is proportional to the number of AN pairs, A, as it is expected from the above simple
description, where we neglect the contribution of I's. However, I'; saturates when the
radius of the hypernucleus becomes sensitively larger than the range of the AN — nNV

In figure 2 the qualitative behaviour of mesonic, non-

interaction. For a more quantitative explanation it will be important to collect data with
good precision. Yet, from the available data one can roughly say that the long distance
component of the AN — nN transition has a range of about 1.5 fm and corresponds, as
we expect, to the one—pion—exchange component of the interaction.
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23. The I', /T, puzzle. — Nowadays, an important question concerning the weak decay
rates is the longstanding disagreement between theoretical estimates and experimental
determinations of the ratio I',, /I, between the neutron— and the proton-induced decay
widths.

This problem will be extensively discussed in Section 5. However, it is worth re-
calling here that, up to short time ago, all theoretical calculations appeared to strongly
underestimate the available central data measured in several hypernuclei:

Th Exp Exp
T, r, r,
{2 <{g} . es{p} s
1—‘1) Fp 1—‘1)

Until recently the data were quite limited and not precise because of the difficulty in
detecting the products of the non—mesonic decays, especially the neutrons. Moreover,
the experimental energy resolution for the detection of the outgoing nucleons does not
allow to identify the final state of the residual nuclei in the processes fZ — 4727 4 nn
and QZ — A472(Z — 1) + np. As a consequence, the measurements supply decay rates
averaged over several nuclear final states.

In the one—pion—exchange (OPE) approximation, by assuming the Al = 1/2 rule in
the A — 7~ p and A — 7%n free couplings, the calculations (which will be reported
later) give small ratios, in the range 0.05 = 0.20 for all the considered systems. However,
as we shall see in Section 4, the OPE model with AT = 1/2 couplings has been able to
reproduce the one-body stimulated non—mesonic rates I'y = I'), 4+, for light and medium
hypernuclei. Hence, the problem seems to consist in overestimating the proton—induced
and underestimating the neutron-induced transition rates.

In order to solve this puzzle (namely to explain both I', +T', and I',,/T,), many
attempts have been made up to now, mainly without success. We recall the inclusion in
the AN — nN transition potential of mesons heavier than the pion (also including the
exchange of correlated or uncorrelated two-pions) [14-18], the inclusion of interaction
terms that explicitly violate the AT = 1/2 rule [19] and the description of the short
range baryon—baryon interaction in terms of quark degrees of freedom [20,21], which
automatically introduces AI = 3/2 contributions.

3. — Theoretical models for the decay rates

We illustrate here the theoretical approaches which have been utilized for the formal
derivation of A decay rates in nuclei. We discuss first the general features of the approach
used for direct finite nucleus calculations. It is usually called Wave Function Method
(WFM), since it makes use of shell model nuclear and hypernuclear wave functions (both
at hadronic and quark level) as well as pion wave functions generated by pion—nucleus
optical potentials. Then we consider the Polarization Propagator Method (PPM), which
relies on a many—body description of the hyperon self-energy in nuclear matter. The
Local Density Approximation allows then one to implement the calculation in finite
nuclei. Finally, a microscopic approach, based again on the PPM, is shortly sketched: in
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this case the full A self-energy is evaluated on the basis of Feynman diagrams, which are
derived, within a functional integral approach, in the framework of the so—called bosonic
loop expansion.

3'1. Wave Function Method: mesonic width. — The weak effective Hamiltonian for
the A — ©N decay can be parameterized in the form:

(4) HY v = iGm2Y (A + Bs)T - griba,

where the values of the weak coupling constants G' = 2.211 x 10~7/m2, A = 1.06 and
B = —7.10 are fixed on the free A decay. The constants A and B determine the strengths
of the parity violating and parity conserving A — 7N amplitudes, respectively. In order
to enforce the AI = 1/2 rule (which fixes T''°¢/T'¢¢ = 2) in Eq. (4) the hyperon is
assumed to be an isospin spurion with I =1/2, I, = —1/2.

In the non-relativistic approximation, the free A decay width F?{ee = Fffﬁe + Ff{{fe is
given by:

ree qu P2 78
U = cal@n)” [ iy ol @~ B (8°+ )

where ¢, = 1 for I';o and ¢, = 2 for T',— (expressing the Al = 1/2 rule), S = A,
P = m.B/(2my), whereas Enx and w(q) are the total energies of nucleon and pion,
respectively. One finds the well known result:

Tee 1 MNGc.m. P2
Iy = Ca(Gmi)Q%TZ (52 + qu.m. ;

which reproduces the observed rates. In the previous equation, g..,. >~ 100 MeV is the
pion momentum in the center—of-mass frame.

In a finite nucleus approach, the mesonic width I'yy = I'y— + I'ro can be calculated
by means of the following formula [8, 9]:

=c m2)? 7d(7 T —w —
Fo = a(G 7r) %/(27‘.)3200(@2 5[EA (‘T) EN]

2+ P2
m;

/ dF oA ()5 b (d, 7) 6% (7)

2
s {52 [ aron 96019057 } ,
where the sum runs over non—occupied nucleonic states and Fp is the hyperon total
energy. The A and nucleon wave functions ¢, and ¢y are obtainable within a shell
model. The pion wave function ¢, corresponds to an outgoing wave, solution of the
Klein—-Gordon equation with the appropriate pion—nucleus optical potential V5p:

(T = m2 = 20V () + [w = Ve } 6(@.7) = 0.
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where V(7) is the nuclear Coulomb potential and the energy eigenvalue w depends on

—

q.

Different calculations [8, 9] have shown how strongly the mesonic decay is sensitive to
the pion—nucleus optical potential, which can be parameterized in terms of the nuclear
density, as discussed in Refs. [9], or evaluated microscopically, as in Ref. [8].

32. Wave Function Method: non—-mesonic width. — Within the one-meson—exchange
(OME) mechanism, the weak transition AN — nNN is assumed to proceed via the media-
tion of virtual mesons of the pseudoscalar (7, n and K) and vector (p, w and K*) octets
[14,15] (see Fig 1).

The fundamental ingredients for the calculation of the AN — nN transition within
a OME model are the weak and strong hadronic vertices. The A7 N weak Hamiltonian
is given in Eq. (4). For the strong N N7 Hamiltonian one has the usual pseudoscalar
coupling;:

Hy N = IGNN=ONTV5T - GrON,

gn N~ being the strong coupling constant for the N N7 vertex. In momentum space, the
non-relativistic transition potential in the OPE approximation is then:

Ve(@) = —Gmigﬁ; (A + %51 : (j) 7551 :@i 7T,
where m = (ma + my)/2 and ¢ is the momentum of the exchanged pion.

Due to the large momenta (~ 420 MeV) exchanged in the AN — nN transition,
the OPE mechanism describes the long range part of the interaction, and more massive
mesons are expected to contribute at shorter distances.

Non—trivial difficulties arise with the heavier mesons, since their weak couplings in the
AN vertex are not known experimentally. For example, if one includes in the calculation
the contribution of the p—meson, the weak ANp and strong N Np Hamiltonians give rise
to the following p—meson transition potential:

(@ +B)(9Xn, + INN,)
dm,m

Vo(@) = GmZ 9NN, = (1 x @) (3> x @)

W e o TITR
X0

€(gXn, + 9NN,)
4i—ZNNp T INNp/
2Mum,

where the weak coupling constants «, 5 and € must be evaluated theoretically and turn
out to be quite model-dependent.

The most general OME potential accounting for the exchange of pseudoscalar and
vector mesons can be expressed through the following decomposition:

(5) V) =D Vil =Y Va0 (7],
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where m = 7, p, K, K*, w, n; the spin operators O are (PV stands for parity—violating):

1 central spin-independent,

a1 - 09 central spin—dependent ,
O(F) = { Sia(F) = 3(61 - 7)(Fa - 7) — &1 - G2 tensor,

G T PV for pseudoscalar mesons,

(F1 X &a) - T PV for vector mesons,

whereas the isospin operators I, are:

1 isoscalars mesons (7, w),

m — Fl 'FQ isovi >
1, 1sovector mesons s s

linear combination of 1 and 7 - 7 isodoublet mesons (K, K*).

For details concerning the potential (5), see Ref. [15,17].
Assuming the initial hypernucleus to be at rest, the one—body induced non—mesonic
decay rate can then be written as:

(6) I = /%/ (;lf; 2W6(E.C.)§|M(ﬁluﬁ2)|2u

where §(E.C.) stands for the energy conserving delta function:

bt b3
5(EC):5 mH—ER—2mN— L — 2 .
2mN 2mN

Moreover:

M(Pr, P2) = (Ur; N(@1)N (52) | Tanv—nn [P )

is the amplitude for the transition of the initial hypernuclear state |¥ ) of mass my into
a final state composed by a residual nucleus |¥ ) with energy Fr and an antisymmetrized
two nucleon state |N (p1)N(52)), 71 and j, being the nucleon momenta. The sum Y in
Eq. (6) indicates an average over the third component of the hypernuclear total spin and
a sum over the quantum numbers of the residual system and over the spin and isospin
third components of the outgoing nucleons. Customarily, in shell model calculations
the weak—coupling scheme is used to describe the hypernuclear wave function |V ), the
nuclear core wave function being obtained through the technique of fractional parentage
coefficients [15]. The many-body transition amplitude M (p1,ps) is then expressed in
terms of two—body amplitudes (NN|V|AN) of the OME potential of Eq. (5).
Two merits of the WFM must be remarked:
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e Since the A decays from an orbital angular momentum [ = 0 state, in the non—
mesonic decay rate one can easily isolate the contributions of neutron— and proton—
induced transitions [15], and the I',, /T, ratio can be directly evaluated.

e The nN final state interactions and the AN correlations (which are absent in
an independent particle shell model) can also be implemented in the calculation
[15,17].

3'3. Polarization Propagator Method and Local Density Approzimation. — The hyper-
nuclear decay rates can be studied by using the Polarization Propagator Method [22] to
evaluate the A self-energy inside the nuclear medium. The polarization propagator is
conveniently calculated for a homogeneous system (nuclear matter), within the Random
Phase Approximation (RPA) and eventually accounting for additional correlations. The
calculation can then be extended to finite nuclei via the Local Density Approximation
(LDA).

This many-body technique provides a unified picture of the different decay channels
and it is equivalent to the WFM [23] (in the sense that it is a semiclassical approxima-
tion of the exact quantum mechanical problem). Obviously, for the mesonic rates the
WFM is more reliable than the PPM in LDA, since I'j; is rather sensitive to the shell
structure of the hypernucleus. On the other hand, the propagator method in LDA offers
the possibility of calculating the hypernuclear decay rates over a broad range of mass
numbers, while the WFM is hardly exploitable for medium and heavy hypernuclei.

To calculate the hypernuclear width one needs the imaginary part of the A self-energy:

(7) FAZ -2 ImEA,

which, in the non—relativistic limit, reads:

d*q

(2!

The nucleon and pion propagators in nuclear matter are, respectively:

© s s [ S (st D) ros- 060

07| —ke) O(kr— | 71)

(9) GN(p)_pO_EN(ﬁ')_VN+iE po — Ex(p) — Vi — i€’
and:

(10) G=(q) :

@G- -m2—-35(g)

The above form of the non-relativistic nucleon propagator refers to a non-interacting
Fermi system but includes corrections due to Pauli principle and an average binding.
In the previous equations, p = (po,p) and ¢ = (qo, ) denote four—vectors, kp is the
Fermi momentum, Ey is the nucleon total free energy, Vy is the nucleon binding energy
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Fig. 3. — Lowest order terms for the A self-energy in nuclear matter. The meaning of the various
diagrams is explained in the text.

(which is density—dependent), and X% is the pion proper self-energy in nuclear matter.
This quantity has been carefully evaluated within several many—body frameworks and
includes the (strong) coupling of the pion to particle-hole (p—h) states, collective RPA
states and more complicated nuclear correlated states (e.g., the two—particle two—hole
states). A monopole form factor Fy(q) describing the hadronic structure of the TAN
vertex is also included in Eq. (8).

We note here that the parity—conserving term (I = 1 term) in Eq. (8) contributes
only about 12% of the total free decay width. However, the P-wave interaction becomes
dominant in the nuclear non—mesonic decay, because of the larger exchanged momenta.

In Fig. 3 we show the lowest order Feynman diagrams for the A self-energy in nuclear
matter. Diagram (a) represents the bare self-energy term, including the effects of the
Pauli principle and of binding on the intermediate nucleon. In (b) and (c) the pion
couples to a p—h and a A-h pair, respectively. Diagram (d) is an insertion of S—wave
pion self-energy at lowest order. In diagram (e) we show a 2p—2h excitation coupled to
the pion through S—wave 7wV interactions. Other 2p—2h excitations, coupled in P—wave,
are shown in (f) and (g), while (h) is a RPA iteration of diagram (b).

In Eq. (8) there are two different sources of imaginary part. The analytical structure
of the integrand allows the integration over g [24]. After performing this integration,
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an imaginary part is obtained from the (renormalized) pion—nucleon pole and physically
corresponds to the mesonic decay of the hyperon. Moreover, the pion proper self-energy
%% (¢) has an imaginary part itself for (qo, §) values which correspond to the excitation of
p—h, A-h, 2p—2h, etc states on the mass shell. By expanding the pion propagator G (q)
as in Fig. 3 and integrating Eq. (8) over qg, the nuclear matter A decay width of Eq. (7)
becomes [24]:

—

Ca(Fp) = ~6(Gm2)? [ L5600 = 7| ~ke)otho — En(E - ) = Vi)

(2m)3
(11) <Im ()] g _po— By (Feq)— v >
where:
ale) = (52 + 150 ) Fa)Gh) + 1oy a0
) PR@Ule) , , PR@)Ur(g)

1-Vi(Q)Urle)  ~1-Vr(9)Ur(q)’

In Eq. (11) the first 6 function forbids intermediate nucleon momenta smaller than the
Fermi momentum, while the second one requires the pion energy ¢y to be positive. More-
over, the A energy, kg = Ex (E) + Vi, contains a phenomenological binding term. With
the exception of diagram (a), the pion lines of Fig. 3 have been replaced, in Eq. (12),
by the effective interactions S , PL, PT,VL, Vr (L and T stand for spin—longitudinal and
spin—transverse, respectively), which include 7— and p—-exchange modulated by the effect
of short range repulsive correlations. The potentials V, and Vi represent the (strong) p—h
interaction and include a Landau parameter g’, which accounts for the short range repul-
sion, while S, Py, and Py correspond to the lines connecting weak and strong hadronic
vertices and contain another Landau parameter, g}, which is related to the strong AN
short range correlations.
Furthermore, in Eq. (12):

Goa) = 57—
@) @@ — q?

is the free pion propagator, while UL (g) and Ur(q) contain the Lindhard functions for
p—h and A-h excitations [25] and also account for the irreducible 2p—2h polarization
propagator:

(13) Urr(a) = UP(q) + U () + UL (a)-
They appear in Eq. (12) within the standard RPA expression:

Urir(q)
1= Vi (@)Urry(q
(14) ULy @Ver) ( QUL (@ Vi) (@)U (q) + -

j = Uy (@) + ULy (@) Vi) (UL (@) +
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The decay width (11) depends both explicitly and through Uy, v(¢) on the nuclear matter
density p = 2k%./37.
The Lindhard function UP" (UA") is given by:

(15) U = ~ti [ SLGR GG 0+ )

with the free nucleon and Delta propagators:

0P| —kr) O(kr— | P1)
(16) G?V(p)_po—TN(@+i€+P0—TN(m_i€,
(17) GA(p) = = 1

9 po— Ta(p) — SMaNn +iTa/2’

where Ty (a) is the nucleon (Delta) kinetic energy, I'a the free A width and 0May =
ma —my. We remind that UP*(q) and U”"(q) can be analytically evaluated in nuclear
matter.

For the evaluation of sz)%h we discuss two different approaches. In Refs. [26,27)

a phenomenological parameterization was adopted: this consists in relating Uzp%h to
the available phase space for on—shell 2p—2h excitations in order to extrapolate for off-
mass shell pions the experimental data of P—wave absorption of real pions in pionic
atoms. In an alternative approach [28], Ug’_’ %h is evaluated microscopically, starting from
a classification of the relevant Feynman dia’grams according to the so—called bosonic loop
expansion, which is obtained within a functional approach.
We notice here, in connection with Egs. (8) and (10), that the full (proper) pion
self-energy
Si(q) = =" (q) + 207 (g),

T

contains a P—wave term, which is related to the spin—longitudinal polarization propagator
UL(q) according to:

—»2f_72r 2
- F2(@)UL(q)

7r2 ,
- %QL(Q)UL(Q)

(18) =% (g) =

the Landau function gr,(¢q) being given in the appendix of Ref. [5]. £%(gq) also contains
an S—wave term, which, by using the parameterization of Ref. [29], can be written as:

(19) S *(q) = —dnr <1 + ﬁ) bop.
my
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AN o
A Polarization
n S +~ Propagator
W & _ W e --
_ \
Z/\ =N ’| T + N UL(T)
9--~ w §---
w TS
A /\

Fig. 4. — Schematic representation of the total A self-energy in terms of the m—self energy and
polarization insertions; in the vertexes w = weak, s = strong.

The parameter by is usually taken from the phenomenology of pionic atoms (see, for
example, Ref. [30]). The function 2" s real (constant and positive), therefore it
contributes only to the mesonic decay [diagram (d) in Fig. 3 is the relative lowest order].
On the contrary, the P—wave self-energy is complex and attractive: Re EE}” *(¢) < 0. It
contributes to all the decay channels, in particular to the two—body induced non—mesonic
decay width. A schematic picture of the relation between the A and m self-energies
is illustrated in Fig. 4, where the polarization propagator insertion on the pionic line
summarizes all contributions explicitly shown in Fig. 3 and many others, up to infinite
order.

The propagator method provides a unified picture of the decay widths. A non-—
vanishing imaginary part in a self-energy diagram requires placing simultaneously on—
shell the particles of the considered intermediate state. For instance, diagram (b) in
Fig. 3 has two sources of imaginary part. One comes from cut 1, where the nucleon and
the pion are placed on—shell. This term contributes to the mesonic channel: the final
pion eventually interacts with the medium through a p—h excitation and then escapes
from the nucleus. Diagram (b) and further iterations lead to a renormalization of the
pion in the medium which may increase the mesonic rate even by one or two orders of
magnitude in heavy nuclei [8,9,24]. The cut 2 in Fig. 3(b) places a nucleon and a p-h
pair on shell, so it is the lowest order contribution to the physical process AN — niN.
Analogous considerations apply to all the considered diagrams.

A couple of remarks may be useful, here, for those who are not familiar with the
language of many—body theory.

1. The one-body induced process AN — nN (for example via the exchange of a pion)
translates, inside the nuclear medium, into the creation of a particle-hole pair, the
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(particle) (hole)
-1
N N N N N
Tt
G ,,,,,, —— G ,,,,,,
(in nuclear medium) T
A N A

Fig. 5. — One-body induced process in the language of particle-hole states.

hole representing the state of the initial nucleon, which turns out to be vacant, in
the medium, after the weak interaction with the A. This is schematically illustrated
in Fig. 5.

2. The relation between the one-body induced decay width, I';, and the imaginary
part of the A self-energy, say, of diagram (b) in Fig. 3, is represented in the upper
panel of Fig. 6, where the modulus square of the decay amplitude is pictorially
related to the Imaginary part of the considered diagram, with a cut putting on—
shell the 2 nucleon, 1 hole intermediate state. Analogously, the two—body induced
decay width is related to the Imaginary part of diagrams like, e.g., Fig. 3(f), the
cut being placed on the 2p—2h intermediate state of the polarization propagator.
This is represented in the lower panel of Fig. 6.

In order to evaluate the various contributions to the width stemming from Eq. (11),
it is convenient to consider all the intervening free meson propagators as real. Then the
imaginary part of (12) will develop the following contributions:

. Upr(q) _ ImUP"(g) + Tm U2"(q) + Tm U (q)
1=V r(¢)ULr(q) | 1=V r(¢)ULr(q) |?

(20) I

The three terms in the numerator of Eq. (20) can be interpreted as different decay
mechanisms of the hypernucleus. The term proportional to Im UP" provides the one—
nucleon induced non-mesonic rate, I';. There is no overlap between Im UP"(q) and the
pole g = w(q) in the (dressed) pion propagator G (q): thus the separation of the mesonic
and one-body stimulated non—mesonic channels is unambiguous.

Further, Im U2" accounts for the A — 7N decay width, thus representing a (small)
contribution to the mesonic decay.

The third contribution of Eq. (20), proportional to Im sz)%h, intervenes in a wide
kinematic range, in which the above mentioned cuts put on the mass shell not only the

2p—2h lines, but possibly also the pionic lines. Indeed, the renormalized pion pole in
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2p-2h polar. prop.

(strong) ph-interaction

Fig. 6. — Schematic relation between the one-body (upper panel) and two—body (lower panel) A
decay amplitudes and the Imaginary part of specific contributions to the A self-energy.

Eq. (10) is given by the dispersion relation:
w*(q) — % —mz —Re X} [w(q), 7] = 0,

with the constraint:

—

w(q) =ko — En(k—q) — Vn.

At the pion pole, Im Uz{”%h # 0, thus the two—body induced non—mesonic width, I's,

cannot be disentangled from the mesonic width, I'y;. In other words, part of the decay
rate calculated from Im Uip %h is due to the excitations of the renormalized pion and gives
in fact 'y, with the excebtion of the mesonic contribution originating from Im U*",
which is, however, only a small fraction of I'y.

In order to separate I'y; from I'o, in the numerical calculation it is convenient to eval-
uate the mesonic width by adopting the following prescription. We start from Eq. (11),

setting:

21) al0) = an(o) = (57 + 507 640

™

and omitting Im ¥* in G (which corresponds to assume Im UP"* = Im UA" = Im Uz’)) %h =
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0). Then Im «a/(g) only accounts for the (real) contribution of the pion pole:
I G (q) = =6 [q5 — ¢* = m7 —Re;(q)] -

Once the mesonic decay rate is known, one can calculate the three—body non—mesonic
rate by subtracting I'yy and 'y from the total rate I'r, which one gets via the full
expression for a(q) [Eq. (12)].

Using the PPM, the decay widths of finite nuclei can be obtained from the ones
evaluated in nuclear matter via the LDA: in this approach the Fermi momentum is made
r—dependent (namely a local Fermi sea of nucleons is introduced) and related to the
nuclear density by the same relation which holds in nuclear matter:

(22) k() = {§w2p<f>}l/3.

More specifically, one usually assumes the nuclear density to be a Fermi distribution:

Po

S {1+ o |2

2
with R(A) = 1.1241/3_0.86A~/3 fm, a = 0.52 fm and p = A {%WR3(A) (1 + [%} )

Moreover, the nucleon binding potential Vi also becomes r—dependent in LDA. In
Thomas—Fermi approximation one assumes:

With these prescriptions one can then evaluate the decay width in finite nuclei by
using the semiclassical approximation, through the relation:

(23) OB = [ drloaPTa [Fplo)].

where 1 is the appropriate A wave function and I's [k, p(7)] is given by Eqs. (11), (12)
with a position dependent nuclear density. This decay rate can be regarded as the k-
component of the A decay rate in the nucleus with density p(7). It can be used to
estimate the decay rates by averaging over the A momentum distribution |z/~JA(/2)|2 One
then obtains the following total width:

(24) Iy = / R [ () 2T a (F),

which can be compared with the experimental results.

—1
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3'3.1. Phenomenological 2p—2h propagator. Coming to the phenomenological evalu-
ation of the 2p—2h contributions in the A self-energy, the momentum dependence of the
imaginary part of Ug’f%h can be obtained from the available phase space, through the
following equation [26]:

. P(qo, B
(25) U220, ¢ p) = A0 TL) 1 (202 1, G, o),

P(mz,0; pest)

where peg = 0.75p. By neglecting the energy and momentum dependence of the p—
h interaction, the phase space available for on—shell 2p—2h excitations [calculated, for
simplicity, from diagram 3(e)] at energy—momentum (qo, ) and density p turns out to
be:

4

P(qo,q; p) x /%ImU’)h (g —i—k;p) Im UPP (g — k;p)

02 rh)o($ )

In the region of (go,q) where the p—h and A-h excitations are off-shell, the relation

between Uzp 2h and the P-wave pion-nucleus optical potential V¢ is given by [see also

Eq. (18), in the language of pion self-energyl:

2
iQ%Fﬁ(q)U?zh(q)
(26) 7'rf2 = 2q()‘/opt (q)
1- m—ggL(Q)UL(Q)

™

At the pion threshold V,p¢ is usually parameterized as:
(27) 240 Vopt (90 = M, G = 0; p) = —4wg>p Co,

where Cj is a complex number which can be extracted from experimental data on pionic
atoms. By combining Eqs. (26) and (27) it is possible to parameterize the proper 2p—2h
excitations in the spin—longitudinal channel through Eq. (25), by setting:

o [? L = 5 L o . .
(28) q2WF3(qo ~ M, § = 0)UP (o =~ miy, 7= 0; p) = —4nq?p?C.

K

The relation between Cy and C is fixed on the basis of the same RPA expression for
the polarization propagator contained in Eq. (26); hence the value of C¥ also depends
on the correlation function gr. From the analysis of pionic atoms data made in Ref. [31]
and taking ¢’ = g1, (0) = 0.615, one obtains:

Cg = (0.105 + i0.096) /m?.
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The spin-transverse component of U2?P2" is assumed to be equal to the spin-longitudinal
one, Uz? 2h — o 2h and the real parts of U 2 and Uzp 2hare considered constant [by
using Eq. (28)] because they are not expected to be too sensitive to variations of ¢g and
¢. The assumption U;” 2h — o M is not a priori a good approximation, but it is the
only one which can be employed in the present phenomenological description. Yet, the
differences between Uip 2 and U%p 2 can only mildly change the partial decay widths [5]:
in fact, Uz{” %h are summed to UP", which gives the dominant contribution. Moreover, for
U = U2 the transverse contribution to I’y [fourth term in the right hand side of
Eq. (12)] is only about 16% of I's (namely 2 < 3% of the total width) in medium-heavy
hypernuclei.

The simplified form of the phenomenological 2p—2h propagator, together with the
availability of analytical expressions for UP* and U”~", makes this approach particularly

suitable for employing the above mentioned LDA.

3'3.2. Functional approach to the A self-energy. In alternative to the above men-
tioned phenomenological approach for the two—body induced decay width, we briefly
discuss here a truly microscopic approach. Indeed the most relevant Feynman diagrams
for the calculation of the A self-energy can be obtained in the framework of a functional
method: following Ref. [28], one can derive a classification of the diagrams according to
the prescription of the so—called bosonic loop expansion.

The functional techniques can provide a theoretically founded derivation of new classes
of Feynmann diagram expansions in terms of powers of suitably chosen parameters. For
example, the already mentioned ring approximation (a subclass of RPA) automatically
appears in this framework at the mean field level. This method has been extensively ap-
plied to the analysis of different processes in nuclear physics [32-34]. Here it is employed
for the calculation of the A self-energy in nuclear matter, which can be expressed through
the nuclear responses to pseudoscalar—isovector and vector—isovector fields. The polar-
ization propagators obtained in this framework include ring—dressed meson propagators
and almost the whole spectrum of 2p—2h excitations (expressed in terms of a one—loop
expansion with respect to the ring—dressed meson propagators), which are required for
the evaluation of I's.

Let us first consider the polarization propagator in the pionic (spin—longitudinal)
channel. To illustrate the procedure, it is useful to start from a Lagrangian describing a
system of nucleons interacting with pions through a pseudoscalar—isovector coupling:

(29) Lon =T — mn) + 50,60 = Zm2 2 — Gy -G,

where 9 (5) is the nucleonic (pionic) field and L= g7 (9 = 2fxmy/my) is the spin—
isospin matrix in the spin—longitudinal isovector channel. We remind the reader that in
the calculation of the hypernuclear decay rates one also needs the polarization propagator
in the transverse channel [see Egs. (11) and (12)]: hence, one has to include in the model
other mesonic degrees of freedom, like the p meson. Since the bosonic loop expansion is
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characterized by the topology of the diagrams, this is relatively straightforward and the
same scheme can be easily applied to mesonic fields other than the pionic one.

The generating functional, expressed in terms of Feynman path integrals, associated
with the Lagrangian (29) has the form:

@) 2i61= [ D [Fed]en{i [ (o) - B - 40 |

where a classical external field ¢ with the quantum numbers of the pion has been in-
troduced (here and in the following the coordinate integrals are 4-dimensional). All the
fields in the functional integrals have to be considered as classical variables, but with the
correct commuting properties (hence the fermionic fields are Grassman variables).

The physical quantities of interest for the problem are then deduced from the gener-
ating functional by means of functional differentiations. In particular, by introducing a
new functional Z,. such that:

(31) Z[7] = exp{iZ.[F]},

the spin—longitudinal, isovector polarization propagator turns out to be the second func-
tional derivative of Z. with respect to the source ¢ of the pionic field:

(32) () = - |

0*Z.[7] }
i ()00 (1) | gy

We note that the use of Z. instead of Z in Eq. (32) amounts to cancel the disconnected
diagrams of the corresponding perturbative expansion (linked cluster theorem). From
the generating functional Z one can obtain different approximation schemes according
to the order in which the functional integrations are performed.

For the present purpose, it is convenient to integrate Eq. (30) over the nucleonic
degrees of freedom first. Introducing the change of variable 5 — (5 — ¢ one obtains:

@zl —en]s [ddn 6 @]
X /D {E,w,(ﬂ exp {i/dﬂidy [0(2)GN (z — y)¥(y)
#3000 62 (@ =) (d0) + 2000 | |

where the integral over [w, M is gaussian:

JrEvlen{i [aarB@cy @ - nem} = dee) .
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Hence, after multiplying Eq. (33) by the unessential factor det G (G% being the free
nucleon propagator), which only redefines the normalization constant of the generating
functional, and using the property det X = exp {TrIn X'}, one obtains:

—1

(34) 2i¢) = exp {5 [ eyt 63 (@ - )50

< [[5)esp{isth 3]}

In this expression we have introduced the bosonic effective action:

B [7 1- 0-1 - . -
5 s (3] = [ vy {5¢>(a¢) -GS (@ =) [6) +280)| + Va |9 } ,
where(?):

-1 . N R
(36) Vi M - m; - (zl" : qSGN)

1
= 3 ST [ dedy IO (e, g)x(a)es ()
i,

3 ST [ dedydeI0(o,y,2)6:(2)6; ()on(z) + O,

ivdk
and:
(37) —ill’(z,y) = iGy (x — y)iGY (y — ),
(38) —iI(z,y, 2) = iG (x — y)iGX (y — 2)iG (2 — x), ete.

The bosonic effective action (35) contains a term for the free pion field and also a highly
non—local pion self-interaction V. This effective interaction is given by the sum of all
diagrams containing one closed fermion loop and an arbitrary number of pionic legs.
We note that the function in Eq. (37) is the free particle-hole polarization propagator.
Moreover, the functions I1°(x,y,...,2) are symmetric for cyclic permutations of the
arguments.

The next step is the evaluation of the functional integral over the bosonic degrees of
freedom in Eq. (34). A perturbative approach to the bosonic effective action (35) does

(?) Eq. (36) is a compact writing: for example, the n = 2 term must be interpreted as:

%T& G &G?vf = % / dedyTry DGR (x —y) il G (y — 2)di(2)d; (y),

ij

where the trace in the right hand side acts on the vertices 1:7 and so on.
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not seem to provide any valuable results within the capabilities of the present computing
tools and in Ref. [28] another approximation scheme, the semiclassical method, was
followed.

The lowest order of the semiclassical expansion is the stationary phase approximation
(also called saddle point approximation in the FEuclidean space): the bosonic effective
action is required to be stationary with respect to arbitrary variations of the fields ¢;:

554 3]
56i(2) =0.

From the partial derivative of Eq. (35) one obtains the following equation of motion for
the classical field ¢:

. Vi |
(39) (D + m721') ¢i(x) = /dy G?r (x —y)pily) + —(5@([;5)} ,

whose solutions are functional of the external source .
It can be shown that in the saddle point approximation the polarization propagator
coincides with the well known ring expression:

iy (,y) = 55, [H%x, D+ T () [ dudo IO, )G — T yﬂ
= 611" (z, y),
where:

GO

ring __
Gr 1— Tr (I?) GOII0

is the ring—dressed pion propagator. Hence, the ring approximation corresponds to the
mean field level of the present effective theory.

In the next step of the semiclassical method, the bosonic effective action is expanded
around the mean field solution:

) ) 5255 4
Sk [0] = s [@] +§iZj/dxdy W&Hy)

x [pi(z) — &) (x)] [¢5(y) — 89 (y)] -

=3°

Then, after performing the gaussian integration over (E, the generating functional (34)
[up to an uninteresting normalization factor| reads:

5288 |4
o o8 [0] _ 1 eﬂ{}
(40) Z ] = exp 15;ﬂ[¢ }—'nghl 60i ()00, (y) |

=5°
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@ (b) © (d)

(e )

Fig. 7. — Feynman diagrams for the polarization propagator of Eq. (41): (a) particle-hole;
(b) exchange; (c) and (d) self-energy—type; (e) and (f) correlation diagrams. Only the first
contribution to the ring expansion has been drawn. The dashed lines represent ring—dressed
pion propagators.

Lengthy but straightforward calculations [28] lead then to the following total polarization
propagator:

(41) Hij (Ia y) = 5ij [Hring(xv y) + HOBL (Ia y)} )

where:
OB (z,y) = ZTr (TkIy) / du dv GT8 (y, — v)I1°(, u, y, v)
kel
+ Z Tr (TxIy) / dudv GE"E(u — v) [I°(z,u, v, y) + 1%z, y, v, u)]
kl

+ / du dv dw ds GE8 (u — w)GE 8 (v — $)TT° (2, u, v)

(42) x> [T (TeLiL D) Oy, w, 5) + Tr (Te LU L) Ty, 5, w))]

klmn

The Feynman diagrams corresponding to Egs. (41) and (42) are depicted in Fig. 7.
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Diagram (a) represents the Lindhard function II°(x,y), which is just the first term of
"8 (z, y). In (b) we have an exchange diagram (the thick dashed lines representing
ring—dressed pion propagators); (c) and (d) are self-energy diagrams, while in (e) and (f)
we show the correlation diagrams of the present approach. The approximation scheme
discussed here is also referred to as bosonic loop expansion (BLE). The practical rule
to classify the Feynman diagrams according to their order in the BLE is to reduce to a
point all its fermionic lines and to count the number of bosonic loops left out. In this
case the diagrams (b)—(f) of Fig. 7, which correspond to II°BL Eq. (42), reduce to a
one-boson-loop (OBL).

The polarization propagator of Eq. (42) is the central result of the present microscopic
approach and it has been used [28] for the calculation of the A decay width in nuclear
matter. Note that the model can easily include the excitation of baryonic resonances,
by replacing the fermionic field with multiplets. The topology of the diagrams remains
the same as in Fig. 7 but, introducing for example the A resonance, each fermionic line
represents either a nucleon or a A, taking care of isospin conservation. Obviously this
procedure substantially increases the number of diagrams.

Moreover, being the BLE characterized by the topology of the diagrams, additional
mesonic degrees of freedom together with phenomenological short range correlations can
be included by changing the definition of the vertices I'; in Eq. (42). In particular, the
formalism can be applied to evaluate the functions Uy, 7 of Eq. (13), which are required
in Egs. (11), (12). In the OBL approximation of Eq. (41) and Fig. 7 one has to replace
Eq. (12) with:

2 &2
(43) alq) = <82 Tii ”2) FE(Q)GQ(CJH%
P?(q)U1(q) PZ(q)U1(q)
1_VL()U<q)+21—VT() 01 (q)
7 (

+ [5%(0) + PE(@)]| U™ (q) + 2P2 (UL (a),

where

Uy = UPh + UA,
while UPRY are evaluated from the diagrams 7(b)-7(f) using the standard Feynman
rules. The normalization of these functions is such that UP*(z,y) = 411°(x, y), II° being
given by Eq. (37). One relevant difference between the OBL formula (43) and the RPA
expression of Eq. (12) lies in the fact that in the former, to be consistent with Eq. (42),
the 2p—2h diagrams (which contribute to ULO)]%L) are not RPA-iterated.

4. — Theory versus Experiment

In this Section the predictions of different theoretical models for the total mesonic
and non—mesonic weak decay rates are compared with experimental data. We mainly
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TaBLE L. — Sensitivity of the decay rates to the A wave function for }2C.

Micr.  Dover H.O. New BNL KEK KEK New
W-S W-S 37] [38] 39-41]

Tar 0.25 0.25 0.26 0.25 0.11+£0.27 0.36=£0.13 0.31+£0.07
I 0.69 0.77 0.78 0.82
Iy 0.13 0.15 0.15 0.16
T'nw 0.81 0.92 0.93 0.98 1.14£0.20 0.89+0.18 0.83 £0.09
I'r 1.06 1.17 1.19 1.23 1.25+0.18 1.25+0.18 1.14+0.08

refer to recent works. For a more specialized discussion of theoretical and experimental
results see Ref. [5].

4'1. Phenomenological approach. — We illustrate here the results which have been
obtained for the decay rates by employing the PPM in the phenomenological approach.

In order to evaluate the widths from Egs. (23), (24), one needs to specify the wave
function for the A. In Ref. [27] it has been obtained from a Woods—Saxon A-nucleus
potential with fixed diffuseness a = 0.6 fm and with radius and depth such that it exactly
reproduces the first two single particle eigenvalues (s and p A-levels) of the hypernucleus
under analysis.

A crucial ingredient of the calculation is the short range part of the strong NN
and AN interactions, V7, Vi, S, Pr and Pp entering Eq. (12). They are expressed by
the functions gy, r(g) and g? ;(g) reported in the appendix of Ref. [5] and contain the
Landau parameters ¢’ and gg, respectively. No experimental information is available
on ¢), while many constraints have been set on ¢’, for example by the well known
quenching of the Gamow—Teller resonance. Realistic values of ¢’ within the framework
of the ring approximation are in the range 0.6--0.7 [22]. However, in the present context g’
correlates not only p—h pairs but also p—h with 2p—2h states. Accordingly, the correlation
parameters have been fixed to ¢’ = 0.8 and g}, = 0.4 [27] in order to reproduce the non-
mesonic width measured for }2C.

Using these values for the Landau parameters, we illustrate in Table I the sensitivity of
the calculation to the A wave function in }*C. In addition to the Woods—Saxon potential
(New W-S) that reproduces the s and p A-levels, other choices have been introduced: an
harmonic oscillator wave function (H.O.) with an ”empirical” frequency w, obtained from
the s — p energy shift, the Woods—Saxon wave function of Ref. [35] (Dover W-S) and the
microscopic wave function (Micr.) calculated, in Ref. [36], from a non-local self-energy
using a realistic AN interaction. The results (in units of the free A width) are compared
with the experimental data from BNL and KEK. By construction, the chosen ¢’ and
g reproduce the experimental non-mesonic width using the W—S wave function which
gives the right s and p hyperon levels in 2C. We note that it is possible to generate
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TaBLE II. — Mass dependence of the hypernuclear weak decay rates (taken from Ref. [5]).

N INY; I Iy 'y

3 He 0.60 0.27 0.04 0.91
12¢ 0.25 0.82 0.16 1.23
28Si 0.07 1.02 0.21 1.30
100 0.03 1.05 0.21 1.29
%6 Fe 0.01 1.12 0.21 1.35
89y 6 x 1073 1.16 0.22 1.38
139, 6 x 1073 1.14 0.18 1.33
08P 1x107* 1.21 0.19 1.40

the microscopic wave function of Ref. [36] for carbon via a local hyperon—nucleus W—S
potential with radius R = 2.92 fm and depth Vj = —23 MeV. Although this potential
reproduces fairly well the experimental s-level for the A in }>C, it does not reproduce
the p—level. A completely phenomenological A—nucleus potential, that can easily be
extended to heavier nuclei and reproduces the experimental A single particle levels as
well as possible, has been preferably adopted in Ref. [27]: the potential parameters
obtained for carbon are R = 2.27 fm and Vj = —32 MeV.

To analyze the results of Table I, we note that the microscopic wave function is sub-
stantially more extended than all the other wave functions. The Dover’s parameters [35],
namely R = 2.71 fm and Vy = —28 MeV, give rise to a A wave function that is somewhat
more extended than the New W-S one but is very similar to the one obtained from a
harmonic oscillator with an empirical frequency fiw = 10.9 MeV. Consequently, the non—
mesonic width from the Dover’s wave function is very similar to the one obtained from
the harmonic oscillator and slightly smaller than the new W—-S one. The microscopic
wave—function predicts the smallest non—mesonic widths due to the more extended A
wave—function, which explores regions of lower density, where the probability of inter-
acting with one or more nucleons is smaller. From Table I one can also see that, against
intuition, the mesonic width is quite insensitive to the A wave function: the different
choices give rise to total decay widths which may differ at most by 15%.

Using the New W-S wave functions and the Landau parameters ¢’ = 0.8 and ¢}, = 0.4,
in Refs. [5,27] the calculation has been extended to hypernuclei from 3He to 3’8Pb.
Notice that, in order to reproduce the experimental s and p levels for the hyperon in
the different nuclei one must use potentials with nearly constant depth, around 28 =+ 32
MeV, in all but the lightest hypernucleus (3 He). For this hypernucleus the A-nucleus
mean potential has a repulsive core and the most convenient A wave function turns out
to be the one derived in Ref. [42] within a quark model description of 3 He.

Table II shows the resulting hypernuclear decay rates in units of the free A width. We
observe that the mesonic rate rapidly vanishes by increasing the nuclear mass number A.
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This is well known and it is related to the decreasing phase space allowed for the mesonic
channel, and to smaller overlaps between the A wave function and the nuclear surface,
as A increases. In Fig. 8 the results of Ref. [5,27] for I'y; are compared with the ones of
Nieves—Oset [8] and Motoba-Itonaga-Bando [9, 43], which were obtained within a shell
model framework. Also the central values of the available experimental data are shown.
Although the WFM is more reliable than the LDA for the evaluation of the mesonic
rates (since the small energies involved in the decay amplify the effects of the nuclear
shell structure), one sees that the LDA calculation of Ref. [27] fairly agrees with the WFM
ones and with the data. In particular, Table I shows that the results for }*C and 3°Si are
in agreement with the very recent KEK measurements [41]: Ty (}2C)/T'Fe¢ = 0.31+£0.07,
[ (33Si)/Tfee = 0.0464-0.011. The results for °Ca, 35Fe and §?Y are in agreement with
the old emulsion data (quoted in Ref. [12]), which indicates T'x— /T'nam =~ (0.5 +1) x 1072
in the region 40 < A < 100. Moreover, the recent KEK experiments [41] obtained the
limit: T',- (3°Fe)/I'f¢ < 0.015 (90% CL). It is worth noticing, in figure 8, the rather
pronounced oscillations of Ty in the calculation of Refs. [9,43], which are caused by shell
effects.

As a final comment to Table II, we note that, with the exception of 3 He, the two—
body induced decay is rather independent of the hypernuclear dimension and it is about
15% of the total width. Previous works [26,44] gave more emphasis to this new channel,
without, however, reproducing the experimental non—mesonic rates. The total width
does not change much with A, as it is also shown by the experiment.

In Fig. 9 the results of Table I are compared with recent (after 1990) experimental
data for 'y and I'v. The theoretical results are in good agreement with the data
over the whole hypernuclear mass range explored. The saturation of the AN — nN
interaction in nuclei is well reproduced.

4°2. Microscopic approach. — The results discussed in this subsection have been ob-
tained by applying the one—boson—loop formalism developed in Section 3°3.2 for nuclear
matter. Although, in principle, one could extend this calculation to finite nuclei through
the local density approximation, in practice this would require prohibitive computing
times. Indeed, the latter are already quite conspicuous for the evaluation of the dia-
grams of Fig. 7 at fixed Fermi momentum. Hence, in order to compare the results with
the experimental data in finite nuclei, different Fermi momenta have been employed in
the nuclear matter calculation. The average, fixed Fermi momentum, which is appropri-
ate for the present purposes, has been obtained by weighting each local Fermi momentum
k#(r) with the probability density of the hyperon in the considered nucleus:

(44) (kr)a = / A7k () oa (7).

It is then possible to classify the hypernuclei for which experimental data on the non—
mesonic decay rate are available into three mass regions (medium-light: A ~ 10; medium:
A ~ 30+ 60; and heavy hypernuclei: A > 200), as shown in Table ITII. The experimental
bands include values of the non—mesonic widths which are compatible with the quoted
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Fig. 8. — Mesonic width as a function of the nuclear mass number A. The results of Ref. [5,
27] (thick solid line) are compared with the calculations of Nieves—Oset [8] (dashed line) and
Motoba-Itonaga—Bando [9,43] (solid line). Available experimental data [37,38,41] are also
shown. See text for details on data (taken from Ref. [5]).

experiments. For medium and heavy hypernuclei the available experimental data actually
refer to the total decay rate. However, the mesonic width for medium hypernuclei is at
most 5% of the total width and rapidly decreases as A increases. Hence, one can safely
approximate I'yh, with T'2" for medium and heavy systems. In the third column of
Table IIT we report the average Fermi momenta obtained with Eq. (44). According
to the Table, in Ref. [28] the following average Fermi momenta have been employed:
kr = 1.1 fm~! for medium-light, kr = 1.2 fm~! for medium and kr = 1.36 fm~! for
heavy hypernuclei.

In addition to (kg), other parameters enter into the microscopic calculation of hy-
pernuclear decay widths, which are specifically related to the baryon—meson vertices and
to the short range correlations. With the exception of the Landau parameters ¢’ and
g, the values of these parameters have been kept fixed on the basis of the existing
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Fig. 9. — Partial A decay widths in finite nuclei as a function of the nuclear mass number A.
Experimental data are from Refs. [37-39, 45, 46] (taken from Ref. [5]).

TABLE I1. — Average Fermi momenta for three representative mass regions. The experi-
mental data are in units of the free A decay rate (taken from Ref. [28]).

' (kp) (fm™1)
Medium-Light: !B - 12C 0.94 < 1.07 [37,38] 1.08
Medium : 23Si - 36Fe 1.20 <+ 1.30 [39] ~1.2

Heavy: 209Bi - 238U 1.45 + 1.70 [45, 46] 1.36
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Fig. 10. — Dependence of the non—mesonic width on the Fermi momentum of nuclear matter.
The solid curves refer to the one-boson—loop approximation (with ¢’ = 0.7,0.8,0.9 from the top
to the bottom), while the dashed lines refer to the ring approximation (¢" = 0.5,0.6,0.7). The
experimental data are also shown (taken from Ref. [28]).

phenomenology (for example in the analysis of quasi-elastic electron—nucleus scattering,
spin—isospin nuclear response functions, etc). For the complete list of these quantities we
refer the reader to Ref. [28].

Instead, the zero energy and momentum limits of the strong VNV and AN correlations,
¢’ and g}, are considered as free parameters. We remind the reader that the physical
meaning of these Landau parameters is different in the present scheme (see Fig. 7) with
respect to the customary phenomenology based on the ring approximation.

Fixing ¢/, = 0.4, in ring approximation the experimental decay rates can be repro-
duced by using ¢’ values which are compatible with the existing literature (0.5 < ¢’ <
0.7). However, larger ¢’ values (0.7 < ¢’ < 0.9) appear to be more appropriate in the
framework of the full OBL approximation. In addition, the OBL calculation allows for
a good description (keeping the same ¢’ value) of the rates in the whole range of kg
considered here.

In Fig. 10 we see the dependence of the non—mesonic widths on the Fermi momentum.
The solid lines correspond to the OBL approximation, with ¢’ = 0.7,0.8,0.9 from the
top to the bottom, while the dashed lines refer to the ring approximation, with ¢’ =
0.5,0.6,0.7, again from the top to the bottom. One can then conclude that for the
OBL calculation the best choice for the Landau parameters is the following one: ¢’ =
0.8, g) = 0.4. Accidentally, this parameterization turns out to be the same employed
in the phenomenological evaluation of the 2p—2h polarization propagator, although the
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TABLE IV. — Mesonic decay rate for 3 He.

33

Ref. [y /Tiree Model
Oset—Salcedo 1985 [24] 0.65 PPM
Oset—Salcedo—Usmani 1986 [49] 0.54 PPM
Ttonaga—Motoba—Bando 1988 [43] 0.331+0.472 WFM
Motoba et al. 1991 [47] 0.608 WFM + Quark Model
Motoba 1992 [48] 0.61 WFM
Straub et al. 1993 [42] 0.670 WFM + Quark Model
Kumagai-Fuse et al. 1995 [50] 0.60 WFM

Exp BNL 1991 [37]
Exp KEK 2004 [51]

0.597044
0.541 + 0.019

role of strong short range correlations is different in the two approaches.

4°3. Other evaluations. — In this subsection we briefly discuss how other calculations
—performed within the Polarization Propagator Model (PPM) and the Wave Function
Model (WFM) previously illustrated— compare with existing data.

In Table IV results for the mesonic decay width for 3 He are reported. All the theoreti-
cal evaluations agree with the BNL datum but discrepancies appear if one compares them
with the more accurate KEK observation. A repulsive core in the A—a mean potential
(used in all but the calculation of Ref. [24]) is favoured. Moreover, it comes out naturally
in the quark model descriptions of Refs. [42,47]. The results of Refs. [43, 48] refer to the
use of different pion—nucleus optical potentials. On this point, we note that the more
recent datum is able to discriminate between different pion—nucleus optical potentials.
Thanks to such precise determinations of I'yf, novel information on this potential will
be possibly extracted in the next future. The experimental and theoretical values of
the ratio I';- /T';o, not shown in the table, do not deviate much from the AT = 1/2
value (= 2) for free decays. We expect this result, since 3 He has a closed shell core with
N=17Z7.

The theoretical results for the mesonic rate for }?C, reported in Table V, are fairly
compatible with data. The most notable exception is the calculation of Ref. [52], supply-
ing a decay rate which strongly underestimates the KEK data. Also in this case, accurate
measurements such as the one of Ref. [51] would provide important information on the
pion—nucleon optical potential. The estimates obtained with the WFM of Refs. [8,9,43|
are consistent with the experimental ratio (Iyo/T';—)®P ~ 1 +2 > (I'o /T, ) = 1/2,
which reflects the particular nuclear shell structure of }2C.

Table VI refers to the non-mesonic rate for 3He, }>C and nuclear matter. The dif-
ferent AN — nN potentials used in the calculations reflect in a broad spectrum of
predictions. In particular, Dalitz [55] (and more recently Jun et al. [56]) used a phe-
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TABLE V. — Mesonic decay rate for }2C.

Ref. [y /Tiee Model
Oset—Salcedo 1985 [24] 0.41 PPM
Ttonaga—Motoba-Bando 1988 [43] 0.233 = 0.303 WFM
Ericson-Bando 1990 [53] 0.229 WFM
Nieves—Oset 1993 [8] 0.245 WFM
Itonaga—Motoba 1994 [9] 0.228 WFM
Ramos et al. 1995 [26] 0.31 PPM
Zhou—Piekarewicz 1999 [52] 0.112 Relativistic PPM
Albertus et al. 2003 [54] 0.25 WFM
Exp BNL 1991 [37] 0.11£0.27
Exp KEK 1995 [38] 0.36 +0.13
Exp KEK 2004 [41] 0.313 £ 0.070
Exp KEK 2004 [51] 0.288 £ 0.017

nomenological model in which the OPE model at large distances is supplemented by a
4-baryon point interaction (4BPI) for the short range AN — nN interactions. Ref. [20]
used a hybrid model in which the long range interactions are treated in terms of the
OPE, while the short range interactions are described by a 6—quark cluster model which
includes both AT = 1/2 and AI = 3/2 components. The PPM of Ref. [24] overesti-
mate the data, although the decay rate is reduced when a more realistic A—wave function
(less superimposed with the nuclear core) is used [27,28, 49], and particularly if different
short range correlations are considered [27,28] (see results discussed in subsections 41
and 4°2). Antisymmetrization of the final nucleons, as in Ref. [18], would also moderately
decrease the non-mesonic rate. Sasaki et al. [21] treated the non-mesonic decay within
a direct quark (DQ) model combined with a OME potential containing pion and kaon
exchange. In their model the NN and AN repulsion at short distance originates from
quark exchange between baryons (induced by the quark anti-symmetrization) and gluon
exchange between quarks. The intervals shown for the OME calculation of Ref. [17]
correspond to the use of different Nijmegen models for the hadronic coupling constants.
Ttonaga et al. [16] considered the correlated two—pion—exchange.

Large part of the predictions of Table VI agree with the available data. The non—
mesonic width in }*C seems to be reduced by a factor of about 2 with respect to the
nuclear matter value. From inspection of data on heavy hypernuclei one concludes that
realistic values of the A decay rate in nuclear matter lie in the range 1.5 + 2. From both
experiment and theory, it also follow that I'nyv(52C) ~ 2 Tnm (3 He).
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TaBLE VL. — Non-mesonic decay rate for } He, 32 C and nuclear matter in units of the free

A decay width.

Ref. and Model

5
1 He

12
AC

Nuclear Matter

Dalitz 1973 [55]
(WFM: OPE + 4BPI)
Cheung et al. 1983 [20]

(WEFM: hybrid)
Oset—Salcedo 1985 [24]
(PPM: Correlated OPE)

Oset—Salcedo—Usmani 1986 [49]
(PPM: Correlated OPE)
Sasaki et al. 2000 [21]
(WFM: 7 + K+ DQ)

Jun et al. 2001 [56]
(WFM: OPE + 4BPI)
Jido et al. 2001 [18]
(PPM: 7+ K + 27 + w)
Parreno—Ramos 2001 [17]
(WEM: 7+ p+ K + K* +w+1n)
Ttonaga et al. 2002 [16]
(WFM: 7w 4 27 /p+ 27 /0 + w)

0.5

1.15

0.54

0.519

0.426

0.317+0.425

0.422

1.28

1.5

1.174

0.769

0.554 + 0.726

1.060

2

2.2

2.456

Exp BNL 1991 [37]
Exp CERN 1993 [45]

Exp KEK 1995 [38]
Exp KEK 1995 [57]
Exp COSY 1998 [46]
Exp KEK 2000 [39, 40]
Exp COSY 2001 [58]
Exp COSY 2001 [59]
Exp KEK 2004 [51]

0.41+0.14

0.50 £0.07

0.406 £ 0.020

1.14£0.20

0.89+0.18

0.83+0.11

0.953 £+ 0.032

p+Bi: 1.467583
p+U: 2.02F004

p+Bi: 1.637919
6Fe: 1.22 + 0.08
p+Au: 2.027958
p+U: 1.9119:25

5. — The ratio I, /T,

Up to very recent times, the main challenge of hypernuclear weak decay studies has
been to provide a theoretical explanation of the large experimental values for the ratio
I',,/T, between the neutron— and the proton-induced decay widths. Until recently, the
large uncertainties involved in the extraction of the ratio from data did not allow to
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reach any definitive conclusion. The data were quite limited and not precise due to the
difficulty of detecting the products of the non—mesonic decays, especially the neutrons.
Moreover, up to now it has not been possible to distinguish between nucleons produced
by the one-body induced and the (non—negligible) two—body induced decay mechanism.
However, due to recent theoretical [16-18,21,60] and experimental [61-63] progress, we
are now towards a solution of the Iy, /") puzzle. In this section we review these important
developments.

The one-pion—exchange approximation with the AI = 1/2 rule provides small ratios:

T OPE
(45) {—"} ~ 0.05 = 0.20,
I‘P

for all the considered systems. This is due to the AT = 1/2 rule, which fixes the vertex
ratio Vyr—p/Varon = -2 (both in S— and P—wave interactions), and to the particular
form of the OPE potential, which has a strong tensor component requiring isospin 0 np
pairs in the antisymmetric final state. In p—shell and heavier hypernuclei the relative
AN L =1 state is found to give only a small contribution to tensor transitions for the
neutron—induced decay, so it cannot improve the OPE ratio. The contribution of the ANV
L = 1 relative state to I'nm seems to be of about 5 =+ 15% in p-shell hypernuclei [17].
For these systems we expect the dominance of the S—wave interaction in the initial state,
due to the small AN relative momentum. By using a simple argument about the isospin
structure of the transition AN — nN in OPE, it is possible to estimate that for pure
Al = 3/2 transitions (Vir-,/Varo, = 1/v2) the OPE ratio can increase up to about
0.5. However, the OPE model with AT = 1/2 couplings has been able to reproduce the
one-body stimulated non—mesonic rates I'y = I'y, + I, for light and medium hypernuclei
[16-18,21,27,28].

Other interaction mechanisms beyond the OPE might then be responsible for the
overestimation of I', and the underestimation of I',. Many attempts have been made up
to now in order to solve the I',, /T", puzzle. We recall here the inclusion in the AN — nN
transition potential of mesons heavier than the pion [14-18], the inclusion of interaction
terms that explicitly violate the AT = 1/2 rule [19] and the description of the short range
baryon—baryon interaction in terms of quark degrees of freedom [20, 21], which automat-
ically introduces AT = 3/2 contributions. It is important to note that a few calculations
with AN — nN transition potentials including heavy—meson—exchange and/or direct
quark contributions [16-18,21] have improved the situation, without providing, never-
theless, a satisfactory explanation of the origin of the puzzle. The tensor component
of K—exchange has opposite sign with respect to the one for m—exchange, resulting in a
reduction of I',. The parity violating AN (3S1) — nN (3P;) transition, which contributes
to both the n— and p-induced processes, is considerably enhanced by K-exchange and
direct quark mechanism and tends to increase I';,/T').

In table VII we summarize the calculations that predicted ratios considerably en-
hanced with respect to the OPE values. Experimental data are given for comparison.
Almost all calculations reproduce the observed non-mesonic widths I',, +I'y,, as one can
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TaBLe VIL - T, /T, ratio.

Ref. and Model 2He 12C
Sasaki et al. 2000 [21] 0.701
™+ K+ DQ
Jido et al. 2001 [18] 0.53
T+ K+2n4+w
Parreno-Ramos 2001 [17] 0.343 + 0.457 0.288 <+ 0.341
T+p+K+K" +w+n
Ttonaga et al. 2002 [16] 0.386 0.368
T+ 27/p+ 27/ +w
BNL 1991 [37] 0.93 +0.55 1.33%5 47
KEK 1995 [38] 1.87H99%
KEK 1995 [57] 1.97 £0.67
KEK 2004 [41] 0.87 £ 0.23
KEK 2004 (coincidence) [61] 0.40 + 0.11 0.38 +0.14

(with Garbarino et al. [60, 64] analysis)

see in Table VIII [we remind the reader that the experimental data should also include
(at least a part) of the two—nucleon induced decay rate]. Although no calculation is able
to explain the old data on I',,/I',, some predictions are in agreement with the recent
determinations [60,64] from KEK nucleon coincidence data [61]. We discuss in detail
these analyses in 5°2.2.

5'1. Two—body induced decay and nucleon final state interactions. — The analysis of
the ratio I',, /T, is influenced by the two-nucleon induced process ANN — nNN, whose
experimental identification is rather difficult and it is a challenge for the future. By
assuming that the meson produced in the weak vertex is mainly absorbed by an isoscalar
np correlated pair (quasi—deuteron approximation), the three-body process turns out to
be Anp — nnp, so that a considerable fraction of the measured neutrons could come
from this channel and not only from An — nn and Ap — np. In this way it might
be possible to explain the large experimental I',, /T, ratios, which originally have been
analyzed without taking into account the two—body stimulated process. Nevertheless, the
situation is far from being clear and simple, both from the theoretical and experimental
viewpoints. The new non-mesonic mode was introduced in Ref. [44] and its calculation
was improved in Ref. [26], where the authors found that the inclusion of the new channel
would bring to extract from the experiment even larger values for the I',,/T', ratios, thus
worsening the disagreement with the theoretical estimates. However, in the hypothesis
that only two out of the three nucleons coming from Anp — nnp are detected [65], the
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TaBLE VIIL. — Non-mesonic width T, + T (in units of T'Fe¢).

Ref. and Model 2He 12C
Sasaki et al. 2000 [21] 0.519
™+ K+ DQ
Jido et al. 2001 [18] 0.769
T+ K+2n4+w
Parreno-Ramos 2001 [17] 0.317 <+ 0.425 0.554 <+ 0.726
T+p+K+K" +w+n
Ttonaga et al. 2002 [16] 0.422 1.060
T+ 2n/p+2n/o+w
BNL 1991 [37] 0.41£0.14 1.144+0.20
KEK 1995 [38] 0.89 £ 0.18
KEK 1995 [57] 0.50 £ 0.07
KEK 2000 [40] 0.83+0.11
KEK 2004 [51] 0.406 + 0.020 0.953 £+ 0.032

reanalysis of the experimental data would lead back to smaller ratios.

These observations show that I'y, /T',, is sensitive to the detailed kinematics of the non-
mesonic processes and to the experimental threshold for nucleon detection. In Ref. [66]
the nucleon energy distributions have been calculated by using a Monte Carlo simulation
to describe the nucleon rescattering inside the nucleus: the ratio I';, /T, has been taken as
a free parameter and extracted by comparing the simulated spectra with data. The mo-
mentum distributions of the primary nucleons were determined within the polarization
propagator scheme. In their way out of the nucleus, the nucleons, due to the collisions
with other nucleons, continuously change energy, direction, charge, and secondary nucle-
ons are emitted as well. Then, the energy distribution of the observable nucleons, which
also loose their energy by the interactions with the experimental set—up, is quite different
from the one at the level of the primary nucleons. The nucleons from two-body stimu-
lated decays appear mainly at low energies, while those from the one—nucleon stimulated
process peak around 75 MeV only for light hypernuclei such as 3 He.

Quite recently, at KEK-E307 [67], the proton spectra for }*C, 23Si and 3%Fe were
measured and compared with theoretical simulations of the intranuclear cascades after
the weak processes, obtained with the MC code of Ref. [66]. Corrections for the detector
geometry and the nucleon interactions inside the target and detector materials were
necessary: they were implemented through a GEANT MC code. After fitting the KEK-
E307 spectra using I',,/T', as a free parameter, the following results were obtained [41]
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by neglecting the two—nucleon induced decay channel:

(46)

Iy
2 (}2C) = 0.87 £ 0.23,

=~
]

L) = 07903,
p

!

T (VFe) = 1.13793.
p

All the existing calculations underestimate the }2C result (see Table VII). The I',/T,
ratios of Eq. (46) confirm the results of previous experiments: the neutron— and proton—
induced decay rates appear to be of the same order of magnitude over a large hypernuclear
mass number range. However, since the new experiments have significantly improved the
quality of the data, small values of ', /T, (say smaller than 0.5 for }*C, as predicted by
theory) seem to be excluded.

52. Towards a solution of the I'), /T, puzzle. — Fortunately, recent important devel-
opments have contributed to approach the solution of the I',,/T', puzzle. This progress
has been based on the following main ideas:

1)

The proton spectra originating from neutron— and proton—induced processes (and,
eventually, from two-nucleon stimulated decays) are added incoherently in the
Monte Carlo intranuclear cascade code used to determine I', /T, from data. In
this way a possible quantum—mechanical interference effect between the two chan-
nels is lost. Therefore, extracting I', /T, from data with the help of a classical
intranuclear cascade calculation may not be a clean task. The consequences of this
idea have been explored in Ref. [60].

In order to perform, as desirable, a direct measurement of I',,/I', one needs to
detect the outgoing neutrons. In principle, neutron spectra can be measured down
to about 10 MeV kinetic energy since they are less affected than the proton ones
by energy losses in the target and detector materials. Besides, the joint observa-
tion of proton and neutron spectra could help to disentangle the set—up material
effects from the nucleon FSI occurring inside the residual nucleus. A recent ex-
periment, KEK-E369, measured neutron spectra from }>C and %Y non-mesonic
decays [62]. With other experiments, KEK-E462 and KEK-E408 [63], proton and
neutron spectra could be simultaneously measured for 3 He and }*C. An analysis
of these data has been done in Ref. [60] and is discussed in 5°2.1.

One could avoid the possible deficiencies of the single nucleon spectra measure-
ments discussed in point 1) by employing nucleon—nucleon coincidence measure-
ments, which should indeed permit a cleaner extraction of I',/T',. Coincidence
observations are also expected to be less affected by FSI effects and to help in the
direct observation of two—nucleon induced decay events. In the experiments KEK—
E462 and KEK-E508 [61], nn and np angular and energy correlation measurements
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have been performed for the decay of 3 He and }>C. Other experiments, at BNL
[68] and J-PARC [69], will determine I, /T, for s—shell hypernuclei, again by nn
and np coincidence measurements. More data are expected in the near future from
Da®ne [70].

52.1. Analyses of single nucleon spectra. In Ref. [60] a OME model for the AN — nN
transition in finite nuclei was incorporated in the intranuclear cascade code of Ref. [66]
for the calculation of single and coincidence nucleon distributions from hypernuclear non—
mesonic weak decay. The OME weak transition potential [17] contained the exchange
of m, p, K, K*, w and n mesons. Strong couplings and strong FSI acting between
the weak decay nucleons were taken into account by means of a nN wave function
from the Lippmann—-Schwinger equation obtained with NSC97 (versions “a” and “f”)
potentials [71]. The two—nucleon stimulated channel is also taken into account, using the
polarization propagator method and treating the nuclear finite size effects by means of
a local density approximation.

Single neutron and proton spectra have been calculated and compared with data for
3He and }2C. In Fig. 11 we show results of Ref. [60] for the kinetic energy neutron dis-
tribution from }*C based on two models [OPE and OMES (using the NSC97f potential)],
which predict quite different I',, /T, ratios. The KEK-E369 spectrum [62] is well repro-
duced by the calculations. Unfortunately, the dependence of the neutron spectrum N,
on variations of I', /T', is very weak (the same is true also for the proton spectrum) and
a precise extraction of the ratio from the KEK-E369 distribution is not possible. The
little sensitivity of N,, and N, to I',/T', is mainly due to the fact that these numbers
are normalized to the same total non—mesonic decay rate (i.e., per non—mesonic weak
decay). The non-normalized nucleon spectra, S,, = N,I'nm and S, = N, T'nu [see
Eq. (47)], have indeed a stronger dependence on I',/T',. As a consequence, in order to
discriminate between different weak decay models, one should separately compare the
complementary observable, I'ny, with experiment. For }2C, the calculations of Ref. [60]
supply I'nm =I'y, + ', + I'2 = 0.91 or 0.69 when model OMEa or OME( is used, which
agree quite well with the experimental determinations (see Table VIII).

Let us now introduce the number of nucleons of the type N (N = n,p) produced
in n-induced (NAP™), p-induced (Np'P) and two-nucleon induced (N3F) decays. If we
normalize these quantities per n—induced, p—induced, and two—nucleon induced decay,
respectively, the total number of nucleons of the type N (normalized per non—mesonic
weak decay) is given by:

NPT, + NPT, + NPT
T,+T,+Dy

— pnTAn—nn Ap—np Anp—nnp

(47) Nn

where N4 =nn N]/\\,p " and Nf},"p ~"P have obvious meaning and are shown in Fig. 11
for the neutron spectrum from }?C. All these nucleon numbers can be considered either
as being functions of the nucleon kinetic energy, Ny (Tn), as it is in Fig. 11, or as
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Fig. 11. - Single neutron kinetic energy spectra for the non-mesonic weak decay of }2C. The total
spectrum N, (normalized per non—mesonic weak decay) has been decomposed in its components
Njn=nmn NAPZP and NAP7"P according to Eq. (47) (taken from Ref. [60]).

np

the corresponding integrated quantities, Ny = [ dTnNn(Tw). By construction, NAP™,
NiPP and N2B (Njr=nmn NAPZ™ and NA™7"P) do not depend (do depend) on the
interaction model employed to describe the weak decay.

The problem of the small sensitivity of N,, and N, to variations of T, /T", can be
overcome if one concentrates on another single nucleon observable, the ratio N, /N,.
The number of weak decay neutrons and protons produced per non—mesonic weak decay
are given by N4 = (2T, + I';)/T'num and N;D”d = I'p/T'nm, respectively. Thus, the ratio
I',/T, can be obtained as:

(48)

Due to two—body induced decays and (especially) nucleon FSI, one expects the inequality:

r 1 /N,
4 2L (2 -1) = AT,, AT,
(19) %3 (§ 1) = RAT.aT)

to be valid in a situation, such as the experimental one, in which particular intervals of
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TaBLE IX. — Predictions of Ref. [60] for the quantity Ry of Eq. (49) for } He corresponding
to different nucleon kinetic energy thresholds T and to the OPE, OMEa and OMEf
models.

T (MeV)
0 30 60 T,/T,
OPE 0.04 0.13 0.16 0.09
OMEa 0.15 0.32 0.39 0.34
OMEf 0.19 0.40 0.49 0.46
KEK-E462 [63] 0.59 +0.11

variability of the neutron and proton kinetic energy, AT,, and AT}, are employed in the
determination of the observable numbers N, and N,,.

The results of Ref. [60] clearly show a pronounced dependence of Ry on AT, and
AT, (see Table IX); N,,/N, turns out to be much less sensitive to FSI effects and varia-
tions of the energy cuts than NN, and IV, separately. The OMEf prediction of Table IX
corresponding to vah = 60 MeV is compatible with the very recent determination by
KEK-E462 [63].

52.2. Analyses of coincidence spectra. Due to the reduction of interferences and FSI
effects, nucleon correlation analyses are expected to provide a cleaner determination of
I',/T, than single nucleon observables [5]. Ref. [60] evaluated doublenucleon energy
and angular correlations and analyzed the data obtained by the experiments KEK-F462
and KEK-E508 [61] for 3 He and }2C.

In Fig. 12 we report the prediction of Ref. [60] for the kinetic energy correlation of np
pairs emitted in the non-mesonic decay of }C. To facilitate a comparison with experi-
ments, whose kinetic energy threshold for proton (neutron) detection is typically of about
30 MeV (10 MeV), and to avoid a possible non-realistic behaviour of the intranuclear
cascade simulation for low nucleon energies, the distributions correspond to 715, T}, > 30
MeV. A narrow peak, mainly originated by the back—to—back kinematics (cos 6, < —0.8)
of the one—nucleon induced decay, is predicted around 155 MeV, i.e., close to the Q—value
expected for the proton-induced three-body process 2C —!°B +n + p. A broad peak,
predominantly due to Ap — np or An — nn weak transitions followed by the emission of
secondary (less energetic) nucleons, has been found around 110 MeV for cos 6,,, > —0.8.

Figure 13 shows the opening angle correlations of nn,np and pp pairs from the non—
mesonic weak decay of }2C and for a 30 MeV energy threshold. The peaking structure at
cos 0 ~ —1 for the nn (np) distribution is a clear signal of the back—to—back kinematics
of the neutron (proton) induced decay. For a discussion of the different effects of FSI in
the energy and angular coincidence distributions for 3 He and }2>C see Ref. [60].



WEAK DECAY OF HYPERNUCLEI 43

02 - | —— Total |
- | ----cos6, >-0.8 |
------------ cos6,, < -0.8
0.15 + ]
I T, Tp > 30 MeV 7
N, T '
0.1 ]
0.05 ]
0
5 250

T +T, (MeV)

Fig. 12. — Kinetic energy correlations of np pairs emitted per non—mesonic decay of 2C (taken
from Ref. [60]).

The ratio I',, /T, is defined as the ratio between the number of weak decay nn and np
pairs, N3¢ and Ny However, due to two-body induced decays and (especially) nucleon
FSI effects, one has:

r, N¥ N,
50 — =" £ —— = Ry [Ab13, AT, AT,
(50) T = N o = Rl 3

when the observable numbers N, and N, are determined by employing particular
intervals of variability of the pair opening angle, Af12, and the nucleon kinetic energies,
AT, and AT),. The discussion of Ref. [60] proves that N, /Ny, is much less sensitive to
FSI effects and variations of the energy cuts and angular restrictions than N, and N,
separately.

The numbers of nucleon pairs Ny discussed up to now and normalized per non—
mesonic weak decay are related to the corresponding quantities for the one—nucleon
(NiB,) and two-nucleon (N25;) induced processes [the former (latter) being normal-
ized per one-body (two—body) stimulated non-mesonic weak decay] via the following
equation:

N T+ N T

51 N,
( ) NN I'y+1'

— arAn—nn Ap—np Anp—nnp
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Fig. 13. — Opening angle correlations of nn, np and pp pairs emitted per non—mesonic decay of
22C (taken from Ref. [60]).

where:

N, + NyRT
59 N1B _ NN Tn NN P
( ) NN 1‘11 )

and the remaining N’s have obvious meaning. Therefore, the quantities NV ]1\5\‘,‘, N leE;\],’ and
NZB, (Njnnmn NAPZ™ and NATP ™) do not depend (do depend) on the interaction
model employed to describe the weak decay.

In Table X the ratio Ny, /Ny, predicted by the OPE, OMEa and OMEf models of
Refs. [60,64] for 3He and }2C is given for a nucleon energy threshold of 30 MeV and for
the back—to—back kinematics (cos Oy < —0.8). The predictions of the different weak
decay models for I, /T, are also quoted. The results of the OMEa and OMEf models are
in agreement with the preliminary KEK-E462 and KEK-E508 data [61]: this comparison
provides an indication for a ratio I',, /Iy 2~ 0.3 in both hypernuclei.

A weak—decay—model independent analysis of KEK coincidence data has been per-
formed in Ref. [60]. The six weak—interaction-model independent quantities N'B» N1Bp

nn nn
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TaBLE X. — Predictions of Refs. [60, 64] for the ratio Ny, /Npp for 3 He and $2C. They
correspond to an energy thresholds TS of 30 MeV and to the back-to-back kinematics
(cos Onn < —0.8). The (preliminary) data are from KEK-E462 and KEK-E508 [61].

AHe 20
Now/Nup /T, Now/Nup /T,
OPE 0.25 0.09 0.24 0.08
OMEa 0.51 0.34 0.39 0.29
OMEf 0.61 0.46 0.43 0.34
EXP 0.45+0.11 0.40 + 0.09

NZZ, NAB™, NpPP and N72J of Eqs. (51) and (52) are used to evaluate I',, /T, as:

nn? np

wi e N - (i wip ) S

(53) Lo _ I L1/ Nop
FZD Nan + NQBE Nnn _ Nan _ NQBE

np np 1—\1 an nn nn Fl

[which can be easily obtained from Egs. (51) and (52)], using appropriate values for
I';/T'y and data for N, /N,,. For the KEK values of Table X the following ratios have
been determined:

Ly . T, . T

(54) =2 (3He) = 0404011 if To =0, =2 (3He) = 0.27+0.11 if =2 =0.2,
» r, I

(55) 2 (}2C) =0.38+0.14 if To =0, = (32C) = 0.29+£0.14 if —> = 0.25,
T, T, Iy

where the non—vanishing values adopted for I's/T'; are predictions obtained in Ref. [27]
within the polarization propagator method in local density approximation. The I',/T',
values of Eqgs. (54) and (55) are in agreement with the pure theoretical predictions of
Refs. [16-18] but are substantially smaller than those obtained experimentally from sin-
gle nucleon spectra analyses (see Table VII). Actually, all the previous experimental
analyses of single nucleon spectra, supplemented in some cases by intranuclear cascade
calculations, derived I',,/I", values in disagreement with all existing theoretical predic-
tions. The fact that the calculations of Refs. [60, 64] reproduce coincidence data for values
of I',, /T, as small as 0.3 + 0.4 could signal the existence of non—negligible interference
effects between the n— and p—induced channels in those old single nucleon data.

In our opinion, the achievements discussed in this subsection clearly exhibit the in-
terest of analyses of correlation observables and represent an important progress towards
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the solution of the I',,/T", puzzle. Forthcoming coincidence data from KEK, BNL [68],
J-PARC [69] and FINUDA [70] could be directly compared with the results discussed
here and in Refs. [60,64]. This will permit to achieve better determinations of I, /T,
and to establish the first constraints on I's/T'.

6. — Hypernuclei of the s—shell and Al = 1/2 rule

The analysis of the non—mesonic decays for s—shell hypernuclei offers an important
and complementary tool for the solution of the I',, /T, puzzle. In addition, it is very
suitable for testing the validity of the related Al = 1/2 rule.

For s—shell hypernuclei the AN pair is necessarily in the L = 0 relative state, thus
the only possible AN — nN transitions are the following ones (we use the spectroscopic
notation 25H1L ):

(56) 1S — 1Sy (Iy=1)
=3P (If=1)
381 =381 (I =0)
=P (I; =0)
=3P (If=1)
—3Dy (I; =0).

The An — nn process has final states with isospin Iy = 1 only, while for Ap — np both
Iy =1 and Iy =0 are allowed.

6°1. Phenomenological model of Block and Dalitz. — In the following we discuss an
analysis performed by the authors [72] in order to explore the validity of the AT = 1/2
rule in the one—nucleon induced A-decay. This analysis is based on a phenomenological
model due to Block and Dalitz [73], which we briefly outline now.

The interaction probability of a particle which crosses an infinite homogeneous system
of thickness ds is, classically, dP = ds/\, where A = 1/(op) is the mean free path of the
projectile, o is the relevant cross section and p is the density of the system. Then, if we
refer to the process AN — nN, the width I'ny = dPAn—nn /dE can be written as:

I'nm = vop,

v = ds/dt being the A velocity in the rest frame of the homogeneous system. For a finite
nucleus of density p(7), after introducing a local Fermi sea of nucleons one can write,
within the semiclassical approximation:

Pt = (v0) / d7p(F) | () I

where 95 (7) is the A wave function in the hypernucleus and () denotes an average over
spin and isospin states. In the above equation the nuclear density is normalized to the
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mass number A = N + Z, hence the integral gives the average nucleon density pa at the
position of the A hyperon. In this scheme, the non-mesonic width I'nm = I'y, + ', of the
hypernucleus XH'lZ turns out to be:

NR,(4t'2)+ ZR, (411 z
Taw (4717) = (A )A (A )pA,

where R, (R,) denotes the spin-averaged rate for the neutron-induced (proton-induced)
process appropriate for the considered hypernucleus.

Furthermore, by introducing the rates Ry for the spin—singlet (R0, Ry0) and spin—
triplet (Rpn1, Rp1) elementary AN — nNN interactions, the non-mesonic decay widths of
s—shell hypernuclei are [73]:

(57) T (

8H) = (3Rno + Rt + 3Rpo + Ryp1) %7
Pxn(AH) = (Ruo + 3R + 2Ry0) 2,

He) =

He) =

Taar(4 (2R + Ryo + 3Rp1) %,

BN (?\ (RnO +3Rp1 + Ry + 3Rp1) %

These relations take into account that the total hypernuclear angular momentum is 0 for
4H and }He and 1/2 for 3H and 3 He. In terms of the rates associated to the partial-wave
transitions (56), the Ry ;’s of Egs. (57) read:

the quantum numbers of the nN final state being reported in brackets.

If one assumes that the AN — nN weak interaction occurs with a change AT = 1/2
of the isospin, the following relations (simply derived by angular momentum coupling
coefficients) hold among the rates for transitions to Iy = 1 final states:

(58) Rn(*So) = 2R,(*So), R.(*Py) =2R,(*Py), R.(*P1) =2R,(*P)).
Hence:
(59) Ry < Bno _ 2
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TABLE XI. — Ezxperimental data for the non—mesonic weak decay of s—shell hypernuclei.

I, /Tiree I, /Diree D /e r,/T, Ref.
1H 0.22+0.09 reference value
0.17£0.11 KEK [11]
0.294+0.14 [73]
1He 0.04 £0.02 0.16 £0.02 0.20 £0.03 0.25£0.13 BNL [74]
2He 0.20£0.11 0.21 £0.07 0.41£0.14 0.93 £0.55 BNL [37]

For pure AI = 3/2 transitions, the factors 2 in Egs. (58) are replaced by 1/2. Then, by
further introducing the ratio:

(Iy = 1[A1po||l; = 1/2)

Iy = 1||A32l[l; = 1/2)

between the Al = 1/2 and AT =3/2 AN — nN transition amplitudes for isospin 1 final
states (r being real, as required by time reversal invariance), for a general AI =1/2-3/2
isospin mixture one gets:

(60) Ry 42 —dr+1  _ Rpp 4% —dr+1
Ry 2r24+4r+246X2 = Ry 212 +4r+2’
where:
I =0||Ay ||l =1/2
(61) )\:<f I 1/2|| /2)

Iy = 1| Az pol||I; = 1/2)°

The partial rates of Eq. (60) supply I',, /T, for s—shell hypernuclei through Egs. (57).

By using Eqgs. (57) and (60) together with available data it is possible to determine
the spin—isospin structure of the AN — nN interaction without resorting to a detailed
knowledge of the interaction mechanism.

6°2. Experimental data and AI = 1/2 rule. — In Ref. [72] a phenomenological analysis
of the data summarized in Table XI is employed to study the possible violation of the
Al =1/2 rule in the process AN — nN.

Unfortunately, no data are available on the non-mesonic decay of hypertriton (3 H)
and on I, /T, for 4 H. Indeed, we shall see in the following that future measurements of
I, /T, for 4H at BNL [68] and J-PARC [69] will be of great importance for testing the
AI = 1/2 rule. The BNL data [37,74] for 4 He and 3 He of Table XI together with the
reference value for 4H have been used in the analysis of Ref. [72]. This last number is
the weighted average of two previous estimates [11, 73], which have not been obtained
from direct measurements but rather by using theoretical constraints. One has then 5
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independent data which allow to fix, from Eqs. (57), the 4 rates Ry s and ps. Indeed,
the average nucleon density at the A position for 3 He, also entering Egs. (57), has been
estimated to be py = 0.045 fm~3 by employing the A wave function of Ref. [42] (which
was obtained through a quark model description of the AN interaction) and the gaussian
density for *He that reproduces the experimental mean square radius of the nucleus. For
1H and 4 He, instead, no realistic hyperon wave function is available and we can obtain
the value ps = 0.026 fm =3 from the data of Table XI, by imposing that [see Eqs. (57)]:

Ty (3He) _ 3 pa
Ip(3He)  4ps

The best choice to determine the rates Ry, s by fitting measured values corresponds
to use the relations for the observables:

T,
Inv(AH), Tnu(3He), Tnu(3He), F—(4AH6),
p

which have the smallest experimental uncertainties. After solving these equations we
obtained the following partial rates (as usual, the decay widths of Eqgs. (57) are considered
in units of the free A decay width):

Rno = (4.7+2.1) fm

)

) pO _( 9+16 5) fm

) nl—(103j:86)fm

) Ry = (9.8 +5.5) fm?®,
(

1
Rn(?\He) = — (Rpo +3Rn1) =

4
— 1
R,(31He) = 7 (Boo +3Rp1) = (93+5.8) fm?

8.9+ 6.5) fm®,

The errors have been obtained with the standard method, i.e., by treating the data as
independent and uncorrelated.
For the ratios of Eq. (60) we have then:

RnO 1.3
66 22— 0.6%)
( ) RpO —0.6»
R
67 = 1.0t
( ) Rpl —1.0

while the ratios of the spin—triplet to the spin—singlet interaction rates are:

Rnl

— =224+21
RnO ’
Ry +2.7
— =1.2"7,.
RpO 1.2
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The large uncertainties do not allow to draw definite conclusions about the possible
violation of the AT = 1/2 rule and the spin-dependence of the transition rates. Eqgs. (66)
and (67) are still compatible with Eq. (59), namely with the AT = 1/2 rule, although the
central value in Eq. (66) is more in agreement either with a pure AI = 3/2 transition
(r ~0) or with r ~ 2 [see Eq. (60)]. Actually, Eq. (66) is compatible with r in the range
—1/4 + 40, while the ratio A of Egs. (60) and (61) is completely undetermined.

By using the results of Eqgs. (62)—(65) one predicts:

I'n
TG = 071,
p
Ln
T () = 23758
r

n

(3 He) = 0.95 4+ 0.92,
FP

and, by using p2 = 0.001 fm =3 [73],
T (R H) = 0.007 £ 0.006.

The ratio obtained for 3 He is in agreement with the data of Table XI and with the recent
determinations discussed in 52.2. An accurate measurement of I'ny (3 H) and Ty, /T, for
2H and 4 H would then provide a test of the weak decay model of Egs. (57) if the rates
of Egs. (62)—(65) could be extracted with less uncertainty from data.

The compatibility of the data with the Al = 1/2 rule can be discussed in a different
way: by assuming this rule, we fix Ry,0/Rpo = 2. Then, by using the observables:

L'

p

FNM (?\He)a FNM(EI)\He)v (?\He)a

the extracted partial rates are (R0, Rn1, R,, and ﬁp are unchanged with respect to the
above derivation):

Rno = (4.7 £2.1) fm?,
Ryo = Rno/2 = (2.3 £ 1.0) fm?,
Rn1 = (10.3 4 8.6) fm®,
Ry = (11.7 +2.4) fm®.

These values are compatible with the ones in Eqs. (62)—(65). For pure AI = 1/2 transi-
tions the spin—triplet interactions seem to dominate over the spin—singlet ones:

Rnl

nl_994921
RnO ’
Bt _ 504904

R0
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Moreover, since:

Rnl
— =09+£0.8
R )

pl

from Eq. (60) one obtains the following estimate for the ratio between the AI = 1/2
amplitudes:

(If =0[[Aypo|lls =1/2)| 1

~

+2.3.
(If = 1|Aypol||I; = 1/2) | 3.7

The other independent observables which have not been utilized are then predicted to
be:

I'ym(RH) = 0.17£0.11,

Iy

(68) T,

(RHe) = 0.95 4+ 0.72,

in agreement with the data of Table XI, with a x? for one degree of freedom of 0.31
(corresponding to a 0.56 o deviation). This means that these data are consistent with
the hypothesis of validity of the AT = 1/2 rule at the level of 60%. In other words, the
Al = 1/2 rule is excluded at the 40% confidence level. On the contrary, if, according
to the analysis of subsection 5'2.2, one compares with the datum I',,/T', = 0.40 £ 0.11
for 5 He, the AT = 1/2 rule turns out to be completely excluded by the central value of
Eq (68).

The observables for which experimental data are not available at present are predicted
to be:

=

L (3H) =1.3+0.6,
FP
|
—“(4H) = 7.6 + 6.2,

FP
and, for py = 0.001 fm =3,

T (RH) = 0.005 + 0.003.

We note that the central value of I',,/T', for 4H in the analysis which enforces the
Al = 1/2 rule is considerably larger than the central value obtained in the general
analysis previously discussed. Thus, the future measurements [68,69] of this quantity
will represent an important test of the AI = 1/2 rule.
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7. — Non—mesonic decay of polarized A—hypernuclei: the asymmetry puzzle

Lambda hypernuclear states can be produced with a sizeable amount of polarization
[75]. The development of angular distribution measurements of decay particles (photons,
pions and protons) from polarized hypernuclei is of crucial importance in order to extract
new information on hypernuclear production, structure and decay.

Despite the recent progress discussed in section 5, the reaction mechanism for the
non—-mesonic weak decay does not seem to be fully understood. Indeed, a new intriguing
problem, of more recent origin, is open: it concerns a strong disagreement between
theory and experiment on the asymmetry of the angular emission of non—-mesonic decay
protons from polarized hypernuclei. This asymmetry is due to the interference between
parity—violating and parity—conserving Kp — np transition amplitudes [76]. The non—
mesonic rates I', and I', are dominated by parity—conserving amplitudes. The study
of the asymmetric emission of protons from polarized hypernuclei, with its information
on the spin—parity structure of the Ap — np process, is thus supposed to provide new
constraints on the dynamics of the non—mesonic decay.

Thanks to the large momentum transfer involved, the n(7*, K™)A reaction has been
used [77,78], at pr = 1.05 GeV and small K+ laboratory scattering angles (2° < 0k <
15°), to produce hypernuclear states with a substantial amount of spin—polarization pref-
erentially aligned along the axis normal to the reaction plane. The origin of hypernuclear
polarization is twofold [75]. It is known that the distortions (absorptions) of the initial
(7T) and final (KT) meson—waves produce a small polarization of the hypernuclear or-
bital angular momentum up to laboratory scattering angles 0 ~ 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 term in the
elementary reaction 7Tn — AK™T, which interferes with the spin-nonflip amplitude. In
a typical experimental situation with p, = 1.05 GeV and 0 ~ 15°, the polarization of
the hyperon spin in the free 77n — AK™ process is about 0.75.

7'1. Spin—polarization observables. — The intensity of protons emitted in Kp — np
decays along a direction forming an angle © with the polarization axis is given by (see
Ref. [79] for more details):

(69) I1©,J)=I)(J)[1+ A(0,J)],
where

_ 2mo(, M)
(70) Iy(J) = %

is the (isotropic) intensity for an unpolarized hypernucleus. In Eq. (70):

o(J, M) = [(FIM|I; J, M)[®
F
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is the intensity of protons emitted along the quantization axis for a projection M of the
hypernuclear total spin J. The proton asymmetry parameter, A, can be written in the
following form [79]:

(71) A(©,J) = Py(J) Ay(J) cos ©.
The quantity:

3 Y uMoa(J,M)
I+ o, M)

Ay(J)

which is a property of the hypernuclear non—-mesonic decay only, is usually referred to
as the hypernuclear asymmetry parameter. The hypernuclear polarization P, depends
both on the kinematics (p, and 0k ) and dynamics of the production reaction.

In the shell model weak-coupling scheme, P, is directly related to the polarization
pa of the A spin in the hypernucleus as follows:

J
-2 p(J) ifJ=Jco—1
(72) ) =4 JT+1 y(J) i 2
P,(J) if J=Jo+ 3,

Jc being the total spin of the nuclear core. It is useful to introduce an intrinsic lambda
asymmetry parameter ap, which is characteristic of the elementary process Ap — np and
should be independent of the hypernucleus, such that:

(73) A(©,J) =pa(J) ap cos .

From Eqgs. (71) and (72) it follows then:

J+1 :
on — —= Ay ) it T =Jo - i
Ay (J) if J=Jc+ 3.

7°2. Experiment versus theory. — Nucleon FSI acting after the non—mesonic weak
decay are expected to modify the weak decay intensity of Eq. (69). Experimentally one
has access to a proton intensity I™ (0, J) which is generally assumed to have the same
©-dependence as (0, J):

(74) ™M(©,J) =1(J) [L+ pa(J) a) (J) cos O] .

The observable asymmetry, a}!(J), which is expected to depend on the hypernucleus, is
then determined as:

1 1™(0°,J) — 1M(180°, J)

(75) ax (J) = pa(7) T(0°, 7) + IV (180°, )
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TABLE XII. — Theoretical and experimental determinations of the asymmetry parameters
(an and al, respectively). The predictions for ay have been obtained with different OME
weak transition potentials and with the direct quark mechanism (DQ).

Ref. and Model ?\ﬁe }fé
Sasaki et al. [21]
7+ K +DQ ~0.68
Parreno et al. [17]
T+p+ K+ K +w+n ~0.68 ~0.73
Ttonaga et al. [81]
T+ K+2n/p+2r/c+w -0.33
Barbero et al. [82]
THp+ K+ K +w+n ~0.54
KEK-E160 [77] —0.94+0.3*
KEK-E278 [78] 0.24£0.22
KEK-E462 (preliminary) [80] 0.07 +£0.08
KEK-E508 (preliminary) [80] —0.44+0.32

* This result correspond to the weighted average (discussed on pag. 95 of Ref. [5]) among
different p—shell hypernuclear data.

Until now, four KEK experiments measured the proton asymmetric emission from
polarized A-hypernuclei. The experiment KEK-E160 [77], which studied p-shell hy-
pernuclei, suffered from large uncertainties: only poor statistics and energy resolution
could be used; moreover, the values of the A polarization py needed to determine the
asymmetry a%, had to be evaluated theoretically. More recently, aIXI was measured by
KEK-E278 [78] from the decay of ?\ﬁe. The values of py used to obtain a)! were deter-
mined by observing the asymmetry, A™ = pja} , in the emission of negative pions in
the iﬁe mesonic decay, after assuming a} to be equal to the value for the free A — 77 p
decay, a,- = —0.642 + 0.013. Unfortunately, the small branching ratio and expected
asymmetry A™ for the mesonic decay of p—shell hypernuclei makes a similar measure-
ment of py very difficult for these systems; even the recent and more accurate experiment
KEK-E508 [80] had to resort to theoretical estimates for the A polarization in 2C and
}3].3). In the other recent experiment KEK-E462 [80], aX! was measured again for ?\ﬁe,
but with improved statistics.

In Table XII we report the results for aX! obtained by the above mentioned exper-
iments together with available theoretical estimates for ay. While theory predicts a
negative intrinsic A asymmetry, with a moderate dependence on the hypernucleus, the
measurements seem to favor positive values for a})! (iﬁe) and negative values for a}! (}fé)

7'3. Recent developments. — Concerning the above comparison between theory and
experiment, it is important to stress that, while one predicts a (3 He) ~ a, (52C), there
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TaBLE XIII. — Results of Ref. [64] for the proton intensities [Egs. (69) and (74)] from the
non-mesonic weak decay of 3He and }2C.

 fie 120}

I ay Iy ay
Without FSI Ip =069 ap=-068 Ih=0.75 apr = —0.73
FSI and 73" = 0 1.27 —0.30 2.78 —0.16
FST and 73" = 30 MeV 0.77 —0.46 1.05 —0.37
FST and 73" = 50 MeV 0.59 —0.52 0.65 —0.51
FST and T;" = 70 MeV 0.39 —0.55 0.38 —0.65
KEK-E462 (preliminary) [80] 0.07 £0.08
KEK-E508 (preliminary) [80] —0.44 £0.32

is no known reason to expect this approximate equality to be valid for alxl. Indeed,
the relationship between (0, J) of Eq. (69) and I™(0©,.J) of Eq. (74) can be strongly
affected by FSI of the emitted protons: this fact prevents establishing a direct relation
between a, and a% and to make a direct comparison among results for these quantities.
In order to overcome this obstacle, an evaluation of the effects of the nucleon FSI on the
non-mesonic weak decay of 3 He, }'B and §2C has been performed very recently [64]. We
summarize here some results of this investigation, which is the first one evaluating a}}l.

The simulated proton intensities turned out to be well fitted by Eq. (74), then one
can actually evaluate aX! through Eq. (75). In Table XIII we show predictions of the
OMEf model (a OME model built with the NSC97f potential) for the weak decay and
observable proton intensities, 1(©,.J) and IM(©,.J), respectively. As a result of the
nucleon rescattering in the nucleus, |aa| > |a)!| for any value of the proton kinetic
energy threshold: when T = 0, ay/a)l ~ 2 for 5He and ap/a)l ~ 4 for 2C; |a)!|
increases with Tgh and ap/a)! ~ 1 for T;h = 70 MeV in both cases. Asymmetries a})!
rather independent of the hypernucleus are obtained for Tgh = 30, 50 and 70 MeV.
The KEK data quoted in the table refer to a T;h varying between 30 and 50 MeV: the
corresponding predictions of Ref. [64] agree with the }fé datum but are inconsistent with
the observation for } He.

In conclusion, nucleon FSI turn out to be an important ingredient also when studying
the non—mesonic weak decay of polarized hypernuclei, but they cannot explain the present
asymmetry data. Further investigations are then required to clarify the issue. On the
theoretical side there seems to be no reaction mechanism which may be responsible for
positive or vanishing asymmetry values. On the experimental side the present anomalous
discrepancy between different data needs to be resolved. Future experimental studies
of the inverse reaction pn — pA should also be encouraged, since they could help in
disentangling the puzzling situation. Indeed, the weak production of the A—hyperon
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could give a richer and cleaner (with respect to the non—mesonic hypernuclear decay)
piece of information on the lambda-nucleon weak interaction and especially on the A
polarization observables [83].

8. — Summary and perspectives

In these Lectures we have discussed several aspects of the weak decay of A~hypernuclei.
Beyond the mesonic channel, which is observed also for a free A, the hypernuclear decay
proceeds through non—mesonic processes, mainly induced by the interaction of the A
with one nucleon or with a pair of correlated nucleons. This channel is the dominant one
in medium—heavy hypernuclei, where the Pauli principle strongly suppresses the mesonic
decay.

Various models have been proposed to describe the mesonic and non—mesonic decay
rates as well as the asymmetry parameters in the decay of the A~hyperon in nuclei. The
results obtained within these models have been thoroughly discussed. The mesonic rates
have been reproduced quite well by calculations performed in different frameworks. Also
the non—mesonic rates have been considered within a variety of phenomenological and
microscopic models. In this context, particular interest has been devoted to the ratio
I'y,/T'p. Indeed, in spite of the fact that several calculations were able to reproduce,
already at the OPE level, the total non-mesonic width, I'nyas = I'y, + T'p(+T2), the val-
ues therewith obtained for I'y, /T, revealed a strong disagreement with the experimental
data. Although some of these calculations represented an improvement of the situation,
further efforts were required in order to approach a solution the I',,/T', puzzle. From the
experimental side, recent experiments measured nucleon—nucleon coincidence observables
with good statistics. Recent analyses of these data, complemented with the theoretical
estimate of final state interactions, allowed the determination of I',,/T', values in agree-
ment with the theoretical expectations. Yet, good statistics coincidence measurements
of nn and np emitted pairs are further required. These correlation measurements will
also allow to establish the first constraints on the two—nucleon induced decay width, thus
testing the various models which have been proposed for the evaluation of the different
decay channels.

The analysis of the Al = 1/2 rule in the non—mesonic decay of light hypernuclei
appears to be feasible, also within a relatively simple phenomenological model: again,
the measurements of a few delicate, missing decay rates, would help in understanding
the role of this empirical selection rule.

As far as the decay of polarized hypernuclei is concerned, the situation is even more
puzzling. While theory predicts negative values for both the intrinsic asymmetry aj and
the observable asymmetry a%, with a moderate dependence on the hypernucleus, experi-
ments seem to favour negative values for a}}! (}fé) but small, positive values for a}! (?\}fe)
Further investigations are then required to clarify the issue. Theoretically, there seems to
be no reaction mechanism which may be responsible for positive or vanishing a}! values.
Improved experiments, establishing with certainty the sign and magnitude of aIXI for s—
and p—shell hypernuclei, are strongly awaited.
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We conclude this work by reminding the reader that hypernuclear physics is 52 years
old, yet a lot of efforts remain to be done, both experimentally and theoretically, in order
to fully understand the hyperon dynamics and decay inside the nuclear medium. The
impressive progress experienced in the last few years is promising and we hope that it
deserves a definite answer to the intriguing open questions which we have illustrated
here.
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