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RESUM

n el model estandard de la fisica de particules els constituents fonamentals

de la materia son els quarks i els leptons, que segueixen I'estadistica de Fermi-

Dirac. Els quarks experimenten totes les interaccions fonamentals i, a causa de
la seva carrega de color, interaccionen a través de la interaccio6 forta. Dins d’aquest grup
de particules, el quark estrany o quark s és el tercer més lleuger i permet la classificacio
de les particules en base al seu contingut d’estranyesa, sent zero per als nucleons i —1,
—2 0 —3 per als hiperons. Els hiperons son particules inestables respecte la interaccié
feble a causa del seu contingut en quarks, i decauen prpincipalment a través de processos
que no conserven ni paritat, ni isospin ni estranyesa. Entre ells el més representatiu és
potser I'hiperé A, sent el més lleuger els seus modes de decaiment a I’espai lliure s’han

mesurat amb bona precisio.

Els hipernuclis doble A sén sistemes de diversos nucleons i dos hiperons A i per
tant també es tracta de sistemes inestables respecte la interaccié feble. Donat que els
hiperons es troben immersos en el medi nuclear el principal mode de decaiment mesonic
esdevé bloquejat degut al principi d’exclusié de Pauli i aixo provoca I'aparicié de nous
mecanismes amb abséncia de mesons a I'estat final. Entre aquests processos trobem no
només aquells mediats per les reaccions AN — NN, AA — An i AA — ZN siné també,
degut a la barreja de canals barionics (AN — 2N, AA - EN,AA - Z%) possible per la
intervenci6 de la interacci6 forta, els canals febles 2N — NN, EN — An, EN — XN,

22— AniX2X—XN.



A causa de la conservaci6 d’estranyesa en les reaccions fortes i electromagnetiques
els hipernuclis sén de gran utilitat a I’'hora de realitzar espectroscopia nuclear. No només
aixo, siné que fent servir la variacié d’estranyesa com a signatura de procesos febles
permeten obtenir informacié sobre les components amb i sense conservaci6 de paritat de

la interaccié feble.

Malgrat els sistemes amb una sola particula A s’han estudiat de manera exhaustiva
durant més de 20 anys, relativament poc es coneix sobre els sistemes de doble estranyesa,
principalment a causa de les dificultats de lligar dues A després de la captura de =™.
Aquest projecte completa 1’estudi del decaiment dels hipernuclis doble-A tot tenint
en compte els efectes microscopics de la interaccié forta en estats de dos barions en
els sectors d’estranyesa —2, —1, i 0, corresponents als possibles estats barié-barié que
apareixen en els estats inicial i final. La funcié d’ona incial d’estranyesa —2 s’ha obtingut
mitjancant la resolucié d'una equacié de matriu G amb la contribucié de potencials barié-
barié forts realistes, mentre que les funcions d’ona hiperé-nucleé finals s’han derivat
de manera analoga mitjancant un calcul microscopic de matriu T. Conseqiientment
s’ha hagut de considerar 'obertura del canal induit per la parella =N (amb un llindar
energetic més baix que aquell corresponent a la parella XX). Per evaluar aquests nous
canals de desintegraci6 s’ha derivat el potencial que governa la interaccié6 =N amb un
canvi d’estranyesa |AS| =1 per tal d’incorporar-los a I'estudi de Asze. Aquest potencial
esta basat en el model d’'intercanvi de mesons i inclou els estats fonamentals dels octets

pseudoescalar i vector, permetent aixi el calcul de 'amplitud de transicio.

Lincorporacié dels estats = p i =%z ha requerit el calcul de noves constants
d’acoblament a través de Lagrangians quirals i la simetria de sabor SU(3) en el cas de
mesons pseudoescalars i una extensio6 a la simetria d’spin-sabor SU(6) per al cas dels
mesons vector. A més a més, per al cas de les contribucions amb conservacié de paritat

s’ha utilitzat un pole model en que la transicié feble es desplaca del vertex mesonic a la
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linia barionica.

Addicionalment també s’han construit noves estructures operacionals per tal de tenir
en compte els diferents canals de transicié d’isospin en funcié del mes6 intercanviat.
Aquestes estructures donen la informacié necessaria per construir les combinacions de
constants d’acoblament que es veuen involucrades en el calcul de les taxes de desinte-

gracié corresponents als nous canals estudiats.

Quan s’incorpora la component AA — ZN — Y N als calculs mitjancant les constants
d’acoblament proporcionades pel model de Nijmegen NSC97f s’observa que l'efecte
principal per a un estat final An prové dels intercanvis de pions i kaons. L'efecte combinat
fa disminuir la taxa de desintegracié en més d’'un factor dos, mentre que el canal ZN

experimenta un increment d’'un factor quatre.

Si per contra s’utilitzen les constants d’acoblament obtingudes a partir del model
desenvolupat en aquesta tesi s’observa una disminucié d'un 30% sobre la desintegracio
considerant tiinicament els canals diagonals. Per a estats finals Lambdan s’observa
una reduccié d'un factor cinc, deguda a una disminucié en I'intercanvi de kaons i a un
potenciament de l'intercanvi de pions i mesons eta, per als quals hi ha interferéncia

destructiva. Pel que fa als estats finals XN, la reducci6 és d'un 15%.

En general, la component AA—Z=N de la funcié d’ona redueix el quocient I'p,/(I'so,, +
I's-,) obtingut amb la component AA — AA en un factor 40, fins a un valor de 0.13
reforcant I'efecte de 'acobalment AA — =N en I'inversi6 de la dominancia pel que fa als

modes de desintegracié An/EN.

La nova taxa de desintegracié AA — Y N estudiada, amb with YN = An, 2%n i X7 p,
representa el 3-4% del decaiment no-mesonic induit per un barié i es troba notablement
afectada pels efectes de la interacci6 forta. En particular la importancia relativa dels rates
parcials, en la relacié I'y,/(I'so,, + I's- ), es veu invertida quan s’incorpora 'acoblament a

estats ZEN en la funcié d’ona AA inicial correlacionada.
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D’aquesta manera malgrat que els efectes introduits per la inclusié d’estats forts
addicionals en el decaiment envers estats finals AN i ZN tenen un impacte reduit, sén
no obstant distingibles i per tant mesures de la desintegraci6 de Af\"He proporcionarien
informacié molt necessaria respecte la importancia dels efectes de la interacci6 forta
en els estats inicial i final i permetrien un millor constrenyiment de les constants
d’acoblament bari6-bari6-mesé. Prospectivament, la inclusié d’estats intermitjos XX
contribuira en aprofundir el nostre coneixement de la fisica de les reaccions en el sector
d’estranyesa S = —2 i requerira, de manera analoga als estats =N, de la derivaci6 de

noves constants d’acoblament i operadors d’isospin.
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ABSTRACT

ouble-A hypernuclei are bound systems of several nucleons and two A hy-

perons. These systems are unstable with respect to the weak interaction

and chiefly decay through two-body processes that conserve neither par-
ity, isospin or strangeness. Among such processes we can find those mediated by the
AN — NN, AA — An and AA — ZN reactions but also, thanks to the baryon channel
mixing (AN —ZN, AA—Z=N,AA - Z%) made possible by the strong interaction, the weak
2N —-NN, =N — An,EN — 2N, 2% — An and XX — ZN channels.

This work completes the study of the decay of double-A hypernuclei by taking into ac-
count the microscopic effects of the strong interaction on two baryon states in strangeness
sectors -2, -1 and 0, pertaining to the possible baryon-baryon states appearing in the
initial and final states, as previously stated. The initial strangeness —2 wave function
is obtained from the solution of a G-matrix equation with the input of realistic strong
baryon-baryon potentials, while the final hyperon-nucleon wave functions are derived
analogously from a microscopic T-matrix calculation. Consequently the opening of the
channel induced by the ZN pair (with a lower energy threshold than that corresponding
to the ZZ pair) had to be considered. In order to evaluate these new decay channels the
potential that governs the ZN interaction with a strangeness variation |[AS| =1 had to
be derived for its incorporation in the study of the decay of Asze. This potential is based
on the meson exchange model and includes fundamental states of the pseudoscalar and

vector octets.



The inclusion of 2~ p and Z%n states required the derivation of new coupling constants
using chiral Lagrangians and SU(3) flavour symmetry (extended to SU(6) spin-flavour
symmetry for vector mesons), as well as the construction of new operational structures
to account for the different isospin transition channels.

The new AA — YN decay rate studied in this work, with YN = An, 2% and = p,
represents 3-4% of the total one-baryon induced non-mesonic decay and is remarkably
affected by strong interaction effects. In particular, the relative importance of the partial
decay rates, encoded in the ratio I'y,/(I'so,, +I's-,), gets inverted when the mixing to ZN
states is incorporated in the initial correlated AA wave function. This sensitivity can be

used experimentally to learn about the strong interaction in the strangeness —2 sector.
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CHAPTER

INTRODUCTION

n the Standard Model of Particle Physics the fundamental constituents of matter

are quarks and leptons, which collectively follow Fermi-Dirac statistics. Quarks

experience all the fundamental interactions and, due to their color charge [1],
interact through the strong interaction. Out of this group of particles, the strange
quark or s-quark is the third lightest quark and allows the classification of the particles
belonging to the baryon octet according to their strangeness, being zero for nucleons and
-1, -2 or -3 for hyperons. The main objective of strangeness physics is the investigation of
the hyperon-nucleon (YN) and hyperon-hyperon (YY) interactions in order to obtain a
unified understanding of the baryon-baryon (BB) interaction in the SU(3)r sector. The
current understanding of the nuclear force is phenomenological in nature, but there is
no clear physical comprehension at the fundamental level. Studies which extend this
force to the strange sector are expected to improve our understanding of the underlying

theory governing nuclear interaction.

Hyperons are unstable with respect to the weak interaction due to their quark com-

position and decay through reactions that do not conserve neither parity, strangeness
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CHAPTER 1. INTRODUCTION

nor isospin. The A hyperon is the most illustrative example. Being the lightest strange
baryon, its weak decay modes in free space, A — N, have been measured experimen-
tally with good precision. These mesonic decay channels show that transitions which
involve a change in isospin of 3/2 are suppressed with respect to those involving Al =1/2
variations[2]. This is the well-known AT =1/2 rule of weak hyperon decays. The origin of
this suppression is not well understood, and although there are several investigations
that try to understand this experimental fact, most of the theoretical work involving

weak interactions among hadrons assume the validity of such phenomenological rule.

Since the discovery in 1952 of the first strange fragment in emulsion chamber ex-
periments, many efforts have been put in extending our knowledge of the nuclear chart
towards the SU(3) sector. Worldwide, the study of the interactions among nucleons and
hyperons has been a priority in the research plan of many experimental facilities. After
more than sixty years of A-hypernuclear studies, some attention has moved recently to
doubly strange systems, with the production of AA-hypernuclei and more recently, with

proposals to study Z-hypernuclear spectroscopy.

The most effective way of producing doubly strange hypernuclei is through the
(K~,K*) reaction, which transfers two strangeness and charge units to the target nucleus.
Employing high intensity K~ beams of 1.8 MeV/c and high resolution spectrometers,
the E05 experiment at J-PARC [3] plans on producing 1EZBe hypernuclei, with the goal
of studying their spectroscopy, as well as obtaining information on the = potential
depth and the =N — AA conversion width. On the other hand the E07 experiment at
J-PARCI[4] aims at producing double-A hypernuclei in emulsion, following the capture of
Z~ hyperons at rest, with ten times more statistics than the KEK-E373 experiment that
led to the observation of the A/(\;He hypernucleus (Nagara event) [5] which established
the mild attractive character of the AA interaction. A recent analysis of the KEK-E373

experiment also provided direct evidence for the existence of a bound =~ hypernucleus
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1550 (Kiso event), produced in the reaction =~ +14N —>é5 C —»}\0 Be +?\ He [6, 7].

In hypernuclei, which are bound systems composed of nucleons and one or more
hyperons, the A is embedded in the nuclear medium and its dominant decay mode,
A — Nn, becomes Pauli blocked, as the emerging nucleon tries to access momentum
states that are essentially occupied by the surrounding nucleons. Under such circum-
stances, new decay mechanisms appear, with no mesons in the final state, involving the
participation of another baryon. The dominant decay mode for single-A hypernuclei with
A >5is AN — NN. For double-A hypernuclei additional hyperon-induced mechanisms,
AA — An, AA — X" p and AA — X1 (referred to as AA — YN in general henceforth),
become possible. Because of the conservation of strangeness in strong and electromag-
netic interactions, hypernuclei can be used for nuclear spectroscopy. In addition, using
the change in strangeness as a signature of the weak process, the decay of hypernuclei is
thus a suitable framework to obtain information not only of the strong baryon-baryon
interaction but also on the baryon-baryon interaction in the weak sector, and, using the
change of strangeness as signature, one has access to both its parity-conserving (PC)
and parity-violating (PV) components. Moreover, the study of multi-strange nuclei is of
benefit to the understanding of dense systems, where due to charge neutrality s quarks

are preferred.

The inner core of neutron stars have a high chance of containing hyperons, as the
density increases hyperonic matter is preferred from an energy point of view. The
presence of these hyperons would soften the equations of state (EoS) considerably,
consequently lowering the maximum mass these celestial bodies could achieve. This
leads to a so-called "hyperon puzzle" due to the unusually high measured masses of
millisecond pulsars, that would require new mechanisms to stiffen the EoS: stiffer
hyperon-nucleon and/or hyperon-hyperon interactions, repulsive three-body forces with

hyperons, new hadronic degrees of freedom that push the onset of appearance of hyperons
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to higher densities or the phase transition to quark matter below the hyperon onset

[8-10].
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Figure 1.1: Effects of the presence of hyperons on the equation of state and mass of a
neutron star. Figures from Ref. [8]

There’s also evidence that hyperons play a glue-like role inside the nuclear core, low-
ering the binding energy and allowing the nucleus to have more neutrons than otherwise
possible. Furthermore, the presence of hyperons seems to also induce a reduction in the

nuclear radius [11, 12].
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Figure 1.2: Density distributions for the ground states of ®Li and Z\Li[ll].

The decay of single-A hypernuclei has been studied thoroughly for more than 20
years, both experimentally and theoretically (see the reviews [13—16]) and a consistent
picture of the experimental data[17—23], which includes not only lifetimes but also partial
decay widths, the decay asymmetries of the emitted particles, single nucleon, and two-
nucleon coincidence spectra, has emerged. Crucial elements for this success have been
the inclusion of a scalar-isoscalar component in the weak decay mechanism[24-34], the
consideration of final state interactions in the data analysis[24—34], and the estimation
of the role played by multiabsorption processes, among others.

Little is known, comparatively, about the double strangeness systems, due to the
small yields for binding two A particles after =~ capture and the ambiguities in inter-
preting events owing to the formation of particle-stable excited species. However, this

situation might change with the planned experiments at J-PARC which will have much

Table 1.1: Mass and binding energies of helium nucleus and hypernuclei.

iHe ?\He AI‘EHe
Mass (Mev) 3738.93 4852.08 5960.97
Binding Energy (MeV) 16.7485 19.2721 26.0639
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higher statistics. Some theoretical studies have addressed the weak decay of double-A
hypernuclei [35—-37] since the new hyperonic mechanisms provide new information to

constraint the theoretical models.

This work aims at obtaining the weak decay rates of the doubly strange A/E\;He
hypernucleus, focusing especially in the new weak decay modes associated to the presence
of two A particles, and including all the intermediate baryonic channels allowed by the
strong interaction. Specifically, the weak decay process may occur from a AA, EN or ZZ
state, which can be excited via the strong interaction from the initial AA pair, while the
strong interaction also determines the final Y N wave function component, which may

have transitioned from either a AN or a XN intermediate state.

For the weak transition we employ the meson-exchange model, built upon the ex-
change of mesons belonging to the ground state of pseudoscalar and vector octets,
thoroughly employed for single-A hypernuclei, and extended to the decay of double-A
hypernuclei in Ref. [35]. The tree-level values for the baryon-baryon-meson coupling
constants are derived using SU(3) symmetry for pseudoscalar mesons and the Hidden
Local Symmetry for vector mesons. In the computation of the decay rate, the effects
of the strong interaction on the initial state are introduced through the solution of a
G-matrix equation, with the input of realistic baryon-baryon potentials[38], while the
final hyperon-nucleon wave functions are obtained in an analogous way, by solving the
corresponding T-matrix equation. The essential development with respect to previous
calculations [35] is the consideration of the weak decay processes from the intermediate
states than can be coupled to the initial AA. This requires the use of G-matrix wave
functions for the coupled transitions AA-AA and AA-EN (we will see that the AA-ZZ
component is very small and will be neglected in our calculations). Furthermore, the
transition potential for the weak =N — Y N decay, where Y can be either the A or X

baryon, requires the derivation of novel decay constants. These two new ingredients have
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allowed us to obtain an update on the decay rate for the (AA—AA) — (Y N-Y'N) channel
as well as new results for the (AA—ZN) — (YN —Y'N) channel, where Y’ follows the

same criteria as Y.
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Figure 1.3: Energy thresholds for the AA, =N and ZX hyperonic states.

It is important to note that since we’ll be dealing with strangeness -2 initial states
the possible starting pairs will be AA, ZN or 2X. In Fig. 1.3 we can observe the two
particle thresholds in free space and in the presence of a medium. By considering the
medium we lower the thresholds but we do not change its order.

The physical properties and decay modes of the most relevant hyperons for this work
are collected in Table 1.2[39]. The weak instability of hyperons precludes a clean extrac-
tion of the strong and weak hyperon-nucleon interactions in free space. Consequently,
experimental data regarding YN scattering is pretty limited both statistically and in
momentum range. Baryon-baryon interaction models are constructed typically as SU(3)
flavour extensions of nucleon-nucleon (NN) models which use a large set of NN scattering
data, a very poor database of YN scattering points (< 40) and the binding energies of
light strange bound systems.

Some information on the strong YN interaction can also be obtained from the study

of associated A-kaon and Z-kaon production in nucleon-nucleon collisions near threshold
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[40—46]. These analysis, nevertheless, present large model dependencies related to the
strong interactions between the final particles. Recently, model independent determina-
tions of the low-energy scattering parameters have been successfully obtained through
numerical calculations based on Lattice QCD (Quantum Chromodynamics) methods,
which rely on extrapolations on the lattice parameter and pion mass[47, 48]. Although
promising, an extrapolation of the results to the physical quark masses is still missing,

except for the 2™ n channel [48].

With respect to the weak interaction, there was a proposal to measure the Ap
production in free space through the np — Ap mechanism [49-51]. The small cross-
sections associated to the process made it impossible to extract any signal for the weak
YN interaction. This is the reason why, during the last 60 years or so, the most important
source of information on these interactions comes from the study of the spectroscopy and

decay of hypernuclei.

The doubly strange baryon =™, which is the focus of the present work, decays in free
space with 99.987% probability through the channel =~ — An~, while in the medium
the presence of nucleons favors strong and weak non-mesonic decays such as =N —
AN, 22X, AX, AN, ZN. While the strong =~ p — AA reaction provides information on
AA-hypernuclei, little to no information is available on the V=- potential. Production
experiments provided a shallow potential (-14 MeV), mistakenly interpreted as a bound
state of 11\2Be. Calculations with NSC89 and NSC97 Nijmegen models provide a repulsive
Z"-nucleus potential, while recently constructed ESC04 and ESC08 models give an

attractive =™ -nucleus potential[52].

The most effective way of producing doubly strange hypernuclei is through the
(K~,K™) reaction [53], in which the two strangeness and charge units are transferred to
the target nucleus. This reaction is one of the most promising when it comes to studying

systems with double strangeness. Research into these type of hypernuclei allows to
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deepen the knowledge of strong interactions between octet baryons. = hypernuclear
spectroscopy is expected to reveal single-particle orbits and determine the = potential
depth, which is one of the most important magnitudes to constrain the baryon-baryon

interaction models used to describe the cores of neutron stars.

There is evidence of the existence of = hypernuclei in emulsion events, but no bound
states have been observed in the experiments conducted so far, due in part to the limited
statistical and detector resolution. Other experiments, planned at J-PARC (Ibaraki,
Japan), are expected to obtain measures of the energy levels that would give information
about the single-particle potential. These experiments are based on a high purity and
intensity kaon or pion beams, of energies up to ~ 2GeV/c, which have a high cross-section
for the production of S = —1 or S = —2 hyperons. For example, at the K1.8 beamline at
J-PARC the =~ particle is produced through the (K~ ,K*) reaction at 1.8GeV/c where the
cross section for the process p(K~,K*)=Z~ reaches its maximum value. The produced =~
is stopped inside the iron target, where it forms a =~ atom (with the target nucleus).
This atom then emits X-Rays, which are detected by Hyperball-J. The study of these X
rays will yield information on the Z-nucleus interaction, since the difference between

the calculated and the measured X-ray energies is caused by these interactions [54].

Certain considerations must be taken into account for the choice of experimental
target. From a physics point of view one must take into account that for a given atomic
state the energy shift and width are wider for heavier atoms, although the heavier
the atom for the chosen target is, the faster the absorption by the target at the initial
state, and thus detection becomes impossible. From the point of view of experimental
viability the most important characteristics to bear in mind are: production rate, stopping

probability and X-ray absorption in the target.

In addition to the different topics going to be investigated by the PANDA experiment

at GSI (Darmstadt, Germany) [55], a high intensity antiproton beam will be used to
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generate a Z* =" pair. This reaction has a cross section of 2ub at 3GeV/c. The goal is to
maximize the amount of stopped Z~ in the target. The nuclear target presents certain
advantages such as a higher cross section and =~ slowing down in dense matter. On the

other hand there are some disadvantages like high background and beam losses.
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CHAPTER

BARYON-BARYON INTERACTIONS AT LOW ENERGIES

uantum chromodynamics (QCD) is a non-abelian description of strong inter-
actions, using quarks and gluons as basic degrees of freedom. This theory is
born, partially, due to the success of the the abelian gauge theory describing
the interaction between charged particles, Quantum Electrodynamics (QED). The QCD
analog of electric charge is a notion called color, related to the strong interactions of
quarks and gluons. This property was proposed shortly after the existence of quarks
was first suggested in 1964 by George Zweig and Murray Gell-Mann[56, 57] in order to
explain the coexistence of quarks with identical quantum states inside some hadrons,

which would violate the Pauli exclusion principle.

While QED and QCD share a formal similarity there exist two crucial differences
between the two theories: color confinement and asymptotic freedom. The phenomenon
of color confinement may be understood in comparison to the behaviour of the photon
field in QED. While the electrical field between charged particles decreases in strength
rapidly as they are separated, the gluon field between two color charges forms a narrow

flux tube instead and as such the strong force between the pair is constant regardless
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CHAPTER 2. BARYON-BARYON INTERACTIONS AT LOW ENERGIES

of their separation. Eventually, as the particles become separated from one another, a
point is reached in which it is more energetically favourable to produce another gq pair
rather than extend the flux tube further. In counterpart, asymptotic freedom means that
as the energy scale of the interactions between quarks and gluons increases (or as the
length scale decreases) the interactions between particles becomes weaker, which entails
perturbation theory is only applicable at short distances.

While these difficulties preclude rigorous QCD predictions there exist two cases in
which reliable theoretical predictions may be obtained from this theory: the high and low
energy limits.

As stated, due to colour confinement, QCD may not be treated perturbatively at low
energies. To proceed, one must then construct an effective field theory with hadronic
degrees of freedom that preserves the symmetries of the underlying theory.

The SU(3) group is integral to strong interactions, since it is the gauge group of
QCD, and the SU(3);, x SU(3)g direct product is the chiral symmetry group of QCD for
vanishing u-, d-, and s-quark masses. We shall remind here that quarks are spin-1/2
fermions with six different flavours on top of the three possible colours.

There is a large energy gap between the three light quarks (u, d, s) and the three
heavy ones (c, b, t). Since the masses of the three lightest quarks are well below the
typical hadronic scale (1 GeV) one might simplify the problem by considering that
my,mq,ms — 0 in the description of low-energy QCD. Under this assumption, the QCD

Lagrangian is then given by

_ . 1
(2.1) Locp= Y. QiY'Duqi— =G4,
l=u,d,s 4

in terms of the covariant derivative

)
(2.2) D,=0,-ig ) ?w a

a=1
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and the field strength tensor, which corresponds to
(2.3) (g/,w,a = a,udv,a - avdu,a + gfabcdu,bdv,m

being <7, , the eight independent gauge potentials (as it is known, the number of gen-
erators may be related to the dimension through the formula N2 -1, and as such for
N =3 we obtain eight generators), f,». the totally antisymmetric structure constants of
SU(3), and A, the Gell-Mann matrices which satisfy the following commutation relation
[%",%’] = ifabe %

The idea of chirality is defined by the right-handed (R) and left-handed (L) projection

operators
1 i
(2.4) Pp = 5 (1 +y5) =Py,
1
(2.5) Pr=(1-v5)=Pp,

1,2,.3

with y5 being the chirality matrix y5 = iy%y'y?y® which satisfies {y*,y5} =0 and y2 = 1.

Both Pr and P;, matrices satisfy the completeness, idempotence and orthogonality

relations,

(2.6) PR +PL=1,
(2.7) P: =Pp,
(2.8) P:=Pp,
(2.9) PgrPr =P1Pg =0.

These operators project the Dirac field to its chiral right- and left-handed components:

(2.10) qgr = PRrq,
(2.11) gL, =Prq.

To understand why these chirality states are called right- and left-handed one must
examine the helicity (defined as the projection of the spin onto the direction of momentum)
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eigenstates of the Dirac equation. For ultrarelativistic or massless particles with mass

m and energy E, helicity and chirality become the same concept:

E+ X 1 X
(2.12) u(p) = o N Oy ,
2E ap 2 —> -~
E+m X opx

where the spin in the rest frame is assumed to be either parallel or antiparallel to
the direction of momentum & - py. On the other hand, the projector operators in the

representation of Dirac matrices can be expressed as:

1([1ex2 loxe 1 loxz  —loxe
(213) PR:§ ,PL:§
laxa 1ax2 —laxa  laxg
One can see that in the zero-mass limit these operators project to the positive and
negative helicity eigenstates, which means that in this particular limit chirality equals
helicity.
Before writing the QCD Lagrangian in the chiral limit it is useful to decompose the g

fields in terms of its ¢ and g1, components as follows
(2.14) qlig=qrliqr+qrliqL.

Applying this expression to the term containing the contraction of the covariant
derivative yields a decoupled expression for a quadratic quark form in which only the
sum of two terms connecting left-handed with left-handed and right-handed with right-

handed quark fields appear:
_ . _ . 1
(2.15) Locp= Y. (Qriiv"Dugri+qr,0v"Duqry) - Z%v,a‘ﬁv-
l=u,d,s

Since the covariant derivative is flavour-independent, £2 . is invariant under chiral

QCD

flavour transformations, that is:

UR,L UR,L UR,L
e RLAa| _jeRL
(2.16) drr|— Ur,.L drp|=exp|—i Z 0, > e dr.L |-
a=1
SR,L SR.L SR,L
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2.1. CHIRAL PERTURBATION THEORY

Applying Noether’s theorem[58] to this Lagrangian exhibiting global U(3)r xU(3)r
symmetry one would expect a total of 2 x (8 + 1) (L, R) x (N? — 1) + 1))conserved currents.
These may be identified using the method of Gell-Mann and Lévy[59], which consists of

promoting this global symmetry to a local one, thus yielding the left and right currents:

)\/d

(2.17) LHe = aLy“qu, 0,L"* =0,
Aa

(2.18) RM® = aRy“qu, o.R"* =0.

2.1 Chiral Perturbation Theory

Chiral Perturbation Theory (ChPT) provides a systematic method for discussing the
consequences of the global flavour symmetries of QCD at low energies by means of
an effective field theory (EFT), developed so as to determine the low-energy hadronic
observables. This effective Lagrangian is expressed in terms of the hadronic degrees of
freedom which, at low energies show up as observable asymptotic states. At low energies
these are just the members of the pseudoscalar octet, regarded as the Goldstone bosons
of the spontaneous breaking of the chiral SU(3);, xSU(3)g symmetry.

EFTs are low-energy approximations to more fundamental theories, as such they
are described with a set of variables suited (i.e. convenient for calculations) for the
particular energy region of interest. As QCD cannot be solved analytically and standard
perturbation theory cannot be applied for energies below 1 GeV, quarks and gluons are
not efficient degrees of freedom and light hadronic states, such as mesons and baryons,
have to be used instead.

To construct an EFT one has to write down the effective Lagrangian, which includes
all terms that are compatible with the symmetries (and the breaking thereof) of the
underlying theory. The coefficients of these terms are calculable from the underlying

theory but since QCD cannot be solved as of yet, in the case of chiral perturbation theory
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the parameters are taken as free parameters which one has to fit to experimental data.

In the case of chiral symmetry pion fields can be described in terms of an exponential
parametrization, but since this description contains infinite terms an energy expansion
is necessary in order to make it manageable. At low energies the matrix elements of
the terms of the expansion are small, since each derivative contributes with a factor of
g when matrix elements are taken. From dimensional analysis one can determine the
behaviour of the coefficient of an operator with n derivatives as ﬁ, and as such the
effect of an n-derivative vertex is Man_4, which for large n will be suppressed for energies

smaller than M.

The description of the interaction between two baryons of the (1/2)* octet through the
exchange of either a pseudoscalar or a vector meson, needs the knowledge of the interac-
tion Lagrangian connecting two baryons and a meson for each of the vertices involved
in the corresponding diagram. In particular, the formalism for the construction of such
meson-exchanging Lagrangians was developed by Callan, Coleman, Wes and Zumino in
1968 [60, 61]. In these types of realizations whenever functions of the Goldstone bosons
appear, they are always accompanied by at least one space-time derivative (terms with
no derivatives will not be relevant to describe the dynamics of the system, as they would
contribute as a constant). Since the interaction with Goldstone bosons must vanish at
zero momentum in the chiral limit the expansion of the Lagrangian at low energies is in

powers of derivatives and pion masses.

The end-game is the construction of the most general theory describing the dynamics
of the Goldstone bosons associated with the spontaneous symmetry breakdown in QCD.

This effective Lagrangian should be invariant under SU(3)z, xSU(3)g xU(1)y.
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2.1. CHIRAL PERTURBATION THEORY

The dynamical variables are collected in matrix form as follows

%”0 + %n a K*
(2.19) ¢= T _%HO + %n K% |,
_ —0 9
K K —\/—6—7']
defining the SU(3) matrix U(¢) as:
(2.20) U(¢p) = exp (\/5 sz) .
b4

An expansion in terms of powers of momentum should be performed. As such, the
basic building blocks of one such expansion will be the U matrix and its successive deriva-
tives. This fulfils the aforementioned SU(3);, xSU(3)g xU(1)y symmetry requirement,
but in order to also satisfy Lorentz invariance only even powers of these derivatives may

be present. As such the Lagrangian may be expressed as:
(2.21) L=y L@ P,

The first term of this Lagrangian preserves the requested symmetries, with the
leading term being £, involving the derivatives of U. Consequently the most general
effective Lagrangian density with the minimal number of derivatives reads:

(2.22) £? = %Tr(OyUa“UT).

The derivative of the chiral field transforms

(2.23) U— RUL"

(2.24) 3,U — 0,(RUL"Y=0,RUL" + RO, UL +RU3,L" =R3,UL".
Similarly one may find:

(2.25) U'— LU'RT

(2.26) 0,U" — Lo, U'RT
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Treating baryons as matter fields coupled to mesons and external sources allows
us to incorporate them into a chiral perturbation theory. Similarly to the meson fields,
the baryon fields should transform non-linearly under the chiral SU(3);, xSU(3)g but
linearly under the vector subgroup SU(2)y. When constructing the Lagrangian involving
baryons, it is more convenient to work with the square root of the unitary matrix U, u,

U = u?, with the matrix u transforming in the following way:
(2.27) u— VLUR" =LuK"(L,R,U)=K(L,R,U)uR",

where K(L,R,U) e SU(3) depends on L, R and U non trivially. Therefore this transfor-
mation is local since U is defined as an exponential of a matrix which collects continuous
functions in a Minkowski space. This is in contrast to what happens to U where its
transformation under SU(3)z, xSU(3)g is global. This local character of the transforma-
tion makes mandatory the introduction of a covariant derivative, D* = 0% + I'*, which
transforms in the same way as the baryon fields.

The baryon octet is collected in a traceless 3 x 3 matrix B where each member of the

octet is represented by a Dirac spinor field:

150, 1 +
\/EZ +\/€A z p
2.2 B= - _Lly0, 1
(2.28) )y FX0+ A s
cn =0 -ZA

transforming under SU(3);, xSU(3)g as B — KBK". Hence, turning to the covariant
derivative, D* acting on B, D*B = 0B +[I'*,B], should transform as DB — KD"B.
Indeed, this is a usual property that could not take place unless the chiral connection

(T* ) were defined as

(2.29) T+ = % (uf (0~ ir#)u+uf (0 - it")u)
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which transforms as IT'* — KTHK " — (0, K)K T. Apart from T*, there is another O(p) build-

ing block, known as chiral vielbein which can be written as
(2.30) ut =ut (0" —irf)u—u' (0" - il")u,

that also fulfils the transformation law u* — Ku*K'. Now, we are able to proceed to

introduce the most general effective Lagrangian for meson-baryon (MB) systems

o0
MB _ (n) _ cp(1) (2) (3)
(2.31) xeff(B,U)_’;z(pB =ZLyp+Lyp+Lyp ..

2.1.1 Pseudoscalar mesons

From this expression one appreciates that the effective MB Lagrangian comes not only
in even powers of momenta, such as in meson ChPT, but also odd powers are possible
due to Dirac structures. Each 2&)’3 term consist of bilinears of the B field with the chiral
order O(p"). At lowest order (O(p)), one finds that for pseudoscalar mesons, o/ P —0~, the

Lagrangian reads

85y =Tr |B(iyuD* - Mo) B| + D Tr | By"ys {u,., B} |

(2.32) +FTr [Ey”m [u u,B]]

where F' = 0.52 MeV and D = 0.85 MeV are the octet baryon to meson couplings, whose nu-
merical values are found through the use of the five known experimental data on hyperon
semileptonic decay constants[62, 63]. M is the baryonic mass matrix, B (B_j. = (B{ ) r4)
is the matrix representing the inbound (outbound) baryons and V,B =9,B + [FH,B] the
covariant derivative introduced to account for gauge invariance. The dependence on the

meson fields is contained in the I';, and u, operators:

(2.33) r,= %(uTO#u+u6”uT) uu:%(uayuT—uTGHu),
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¢
where v is defined as u =e' V27r ~1+ iﬁ;f(,b, with f; =93 MeV the pion decay constant,

and ¢ the self-adjoint matrix of inbound pseudoscalar mesons,

ﬁno + %n at K*

= - 1 _0, 1 0

(2.34) ¢ T T+ s K
K- K _2

One should note that, while the calculation for the exchange of pseudoscalar mesons
other than the pion require the use of SU(3); symmetry, the inclusion of vector mesons
in the formalism requires the use of SU(6) = SU(2);, x SU(3); spin-flavour symmetry

(SU(6)w for the weak vertices), as will be explained in the next Section.

2.1.2 Vector mesons

The interaction between baryons and vector mesons has not been as extensively studied
as the one involving pseudoscalar mesons, but one can use the Hidden Local Symmetry
(HLS) model[64], to accommodate vector mesons consistently with chiral symmetry.

The Hidden Local Symmetry model is based on a GxH symmetry where the global
symmetry G corresponds to SU();, xSU()r and the local symmetry H=SU()y is the hidden
local symmetry. The GxH symmetry is spontaneously broken down to a diagonal sum H
which is nothing but the H of the G/H of the non-linear sigma model.

The p-meson is such a dynamical gauge boson of the hidden local SU(2), symmetry
in the SU(2);, xSU(2)g/SU(2), non-linear chiral Lagrangian.

In order to incorporate these mesons in our formalism, the following Lagrangian is

used:

_ B .
Zapy =~ g{BY,V,B) + ByBYV{) + L1 (FBo 0"V ~ 0" VY BY)

_ _ Co —
(2.35) +D(Boyul0"Vy - 0"VY',BN) + (BY,BY(V) + - Bow Vi "B},
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2.1. CHIRAL PERTURBATION THEORY

which may be obtained from the generalization of the HLS formalism in SU(2) to the
SU(3) sector. There, Vg and V|, are the octet and singlet terms in the vector meson matrix

respectively,

p’+o V2ot V2K**
1
(2.36) V'u:§ V2o~ —-p'+w V2K,
VZK* V2K V2

U

The octet and singlet matrices can be obtained by considering the mixing of the octet
and singlet components of the physical w and ¢ meson, which under the ideal mixing

assumption leads to[65]:

(2.37) = 1 2
. w = §w8+ gwo,
(2.38) = —2 1

. ¢$=- 3 ¢ + § o,

yielding:
p0+\/gw8 V2 pt V2K** \/gwo 0 0
(2.39)  Ve=3| vEp~ %+ /lws VZKC|. Vo=3| o \/Zwo 0
_ *0
V2K* VZK s 0 0 \/?(po

The SU(3) D and F' constants take now the values D = 2.4 and F = 0.82, and the
constant Cy is chosen such that the value for the ¢ NN vertex is null (according to naive
expectations based in the Okubo Zweig lizuka, OZI, rule) which translates into a value of
3F — D, and the anomalous magnetic coupling of the w NN vertex gives x,, = 3F — D[66].

The baryon mass is represented in Eq. (2.35) by M, while g takes the form:

m

T VRt

(2.40) g

where m is the mass of the exchanged meson.
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2.2 Weak baryon-baryon-meson interaction

In this section the formalism for the calculation of the weak baryon-baryon-meson
vertices will be presented. First we will take a look at the parity-violating amplitudes for
both pseudoscalar and vector mesons. Next we will introduce the so-called Pole Model as

a means to calculate the parity-conserving contributions.

2.2.1 Parity-violating contribution
2.2.1.1 Pseudoscalar mesons

The starting point to derive the weak vertices is the heavy baryon chiral perturbation
Hamiltonian introduced by Jenkins and Manohar in the early ninenties [67, 68] to
account for strangeness changing amplitudes, all the while neglecting those terms in

which the decuplet baryon matrix appears.

Using a lowest-order chiral analysis one can only generate parity-violating ampli-
tudes, since the weak chiral Lagrangian describing parity-conserving transitions has the
wrong transformation property under the combined action of the charge and parity (CP)

operators [69]. The effective Lagrangian:
(2.41) 2y =V2(hoTr |B{¢'he, B} | + heTr B |¢'he, B |),

is written in terms of the dimensionless constants Ap = —1.69x 107 and Ar =3.26x 1077,
which can be fitted to reproduce known meson decay amplitudes and the s-wave non-
leptonic weak decays of the baryon octet members [68]. The 2 operator is a 3 x 3 matrix
with a single non-zero element, A3 = 1, which accounts for strangeness variations of
|AS| = 1. The operator ¢ plays a role equivalent to the one of the u operator in the strong

Lagrangian defined in the previous section.
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2.2.1.2 Vector mesons

For the weak vertices the introduction of the SU(6)w group is necessary. This group
describes the product of the SU(3) flavour group with the SU(2)w spin group, which is
the proper group to consider when dealing with particles in motion, as the ones involved
in weak decay processes [70]. In this representation the meson fields are expressed in
terms of a quark-antiquark product ¢¢, where the upper and lower indices refer to the

spin-flavour antiquark and quark combinations respectively:

e=1 if both a and b even
(2.42) ¢y = €qpq, With

e=-1 otherwise.

The labels used correspond to the fundamental representation of SU(6)w, and as
such, both indices range from 1 to 6. The spin up and spin down u quarks are assigned
to 1 and 2 respectively, the d quarks are assigned to 3 and 4 and the strange quarks to 5

and 6.

For the baryons one must define the symmetric tensors

1
(2.43) B*¢ ==Y S%1)S°(2)S°(3)
perm
a,b,c
_ 1 —y —b  —
(2.44) Bape =B == ¥ 51S°@5°G),
perm
a,b,c

where the constants ¢, b and ¢ run over the same numerical values stated before. The
couplings may be found by expressing the Hamiltonian in terms of the SU(6)w tensors.
This Hamiltonian is the product of two currents, each belonging to the 35 representa-
tion, and using the Clebsch-Gordan series one can extract the parity-conserving and
parity-violating pieces of the Hamiltonian. As discussed before, imposing the right CP

transformation leads to only PV contributions, which can be expressed in terms of
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reduced matrix elements for the product of the appropriate representations:

(2.45) 2ar: [(EB)35 x M35 280,
(2.46) 2av : |(BB)as x Mas |
(2.47) br: [(EB)405 x M35 250,
(2.48) by : [(EB)405 x M35 555,
(2.49) ov:|(BB)as x Mas

with the constants b7, by and cy determined directly through the pion decay amplitudes

from either a A or X initial state, while a7 and ay are extracted from factorization

calculations[71]:
1 3 . 0173 3
(2.50) ar = §GV = gG cos0.sinf.(p"|V,/]0) (p|A*°|p),
1
(2.51) bV :_bT:6(\/_§AAp +Az+p),
(2.52) ey = 3(\/§AAP +Az+p).

The values As+, = —3.27 x 10~7 and App =3.25 x 1077 obtained from data on the
experimental angular distribution of the decay products and on the polarization of the
final baryon [72] are used. The final general expression accounting for the weak PV
baryon-baryon-vector meson couplings is:

H?‘xg/ =ar [EiﬂB ij1$g -8’ ij6$§ -B7'B ij2$i +B/'B ij5$%]
+ay (BB, 503 -B"°Bi;285 - BBy j64 + BB, 13
+b7[B*Bi166% - B °Bi1sgy~B" Bijoh; +B - Biijpy
BBy + B Bgs T + BB 57— B B 57 )
by (B2 Bus5) B Bigs )+ BBy~ B By o
~B"B1;#,+ B B1;#, -B''B ijﬁﬁ_b} +BB 1ijq—b§ ]

—ijk —k oijd, —6 wijk, -k =ij3, -5
(2.53) +cy[B7"B;jeps—B " Bjjr¢r—B" B;jsp3+B " Bjijpdr],

where the SU(6)w tensor terms must be expanded in terms of the physical fields to write

down the (B'M|Hpy|B) elements of interest.
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2.2.2 Parity-conserving contribution

As stated above, the use of the weak effective Hamiltonian at lowest order allows us
to obtain only the parity-violating amplitudes. The standard method to compute the
parity-conserving amplitudes is based in the pole model[73], according to which the
weak transition is shifted from the meson vertex to the baryonic (and mesonic) line. The
starting point is to consider the transition amplitude for the non-leptonic emission of a

meson, B — B'M;(q)
(2.54) (B'M;(q)|Hw|B) = f d*xe!?*0(x°)(B'|[0A;(x), Hw1B),

where A;(x) is the axial current associated to the meson field and Hw is the weak
interaction Lagrangian. Inserting a complete set of states ), [n)(n| into Eq. (2.54) leads
to a series of contributions among which the dominant one corresponds to the baryon
(1/2)* pole terms, that become singular in the SU(3) soft-meson limit and represent the

leading contribution to the PC amplitudes [72]:

(B'|AY(0)In)(n|Hw(0)|B)

(B'M(q)|Hw|B) ~ Y.

n

5(ﬁn _ﬁB’ - c_j))

J e
R (B’IHW(O)In’)(n’|Af(0)|B)]

(2.55) +y

nl

6(pB—Pn —q)

p%-q°-p°

An illustrative portrayal of this equation may be found in the following figure. One
may easily identify the first sum term of the equation to the diagram with the weak
vertex shifted onto the baryonic line before the strong vertex, and in the same manner
relate the diagram with the weak baryonic-line vertex after the strong one with the

second summation.
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B, B’ B7
Af(O) Aé‘(O) Hy In')
HW -p—- H S 4 SH> -
u
B
B B

Figure 2.1: Diagrammatic representation of Eq. (2.55)

For the calculation of the weak pole vertices it is necessary to express the physical
states in terms of the baryon octet fields |B;), as well as the meson states in terms of
|M;)[74]. Furthermore, the mesonless weak transition between baryons, (B|Hw(0)|B’),
can be computed using low-energy theorems for mesons. These theorems express the
matrix element for the emission of a meson of zero (or small) four-momentum in terms of
the corresponding matrix element in the absence of the soft meson and some equal-time
commutators of currents[75]. They are based in the existence of certain symmetry in
a given physical process, which give rise to degenerate multiplets (a state containing
an arbitrary number of Goldstone bosons) with couplings related by the symmetry.
Therefore, we will be able to relate the strong scattering amplitudes to the weak vertices,

(2.56) lim (B PV By = lim(B'M;|Hpv |B) = —fL(B'I[Fi,H(,-]IB),
q— q—

n
where, following Cabibbo’s theory, we have assumed that the weak hamiltonian trans-
forms like the sixth component of an octet, Hg, according to the CP invariance of H ‘%,S =1
and F; are the corresponding SU(3) generators.

To compute the last term of Eq.(2.56), one can use the completely antisymmetric,
fijx, and symmetric, d; jz, SU(3) coefficients[76] to express the action of the F; generator

on a baryon field,
(2.57) F;|B;) =ifijr|Bg),

and the weak transition between baryon fields in terms of two reduced matrix elements,

28



2.2. WEAK BARYON-BARYON-MESON INTERACTION

A and B,
(2.58) (Br|Hg|Bj) =iAfgjr + Bdsjp,

which can be determined by a fit to experimental data for specific PV transitions, for

which we choose the Z* — p + 7° (As+p)and A — p+7~ (App) processes,

(2.59) Asip= #(B _A),
(2.60) Anp = —fi_iA—\/%B.

Combining these expressions, we obtain:

T

(2.61) —fiA = Az, —V3Ay,,

(2.62) —éB = —VBAxp—3As,.

Therefore, when inserting the above relations in Eq. (2.58), one can obtain the weak PC
baryon transitions required in the pole model, Bj < B}, , in terms of the Z* — p + 7% and
A — p+n~ PV amplitudes.

One should note that, in principle, contributions to the PC amplitudes coming from
the poles in the meson propagator are also possible. These contributions have not been
included, in part due to their small contribution in comparison to those of baryon poles,
but also due to the uncertainty in the phase between baryon and meson pole terms[73].

With all this input we will be able to derive the baryon-baryon-meson coupling

constants which will appear in the calculation of the hypernuclear decay rate.
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raditionally, hypernuclear decay studies have been focused into the decay of
single-A hypernuclei. These studies have relied chiefly in three observables:

total decay rates, partial decay rates (i.e. An — nn, Ap — np) and asymmetry.

In this context asymmetry refers to the angular asymmetry in the distribution of the
decay particles coming from the nonmesonic weak decay of polarized hypernuclei with
respect to their polarization axis, and can be theoretically understood in terms of the
interference between parity-conserving and parity-violating amplitudes. The observable
used to evaluate the asymmetry is the intensity of the outgoing nucleons, which may be
expressed in terms of the transition operator of the weak decay, as well as the states of

the outgoing particles, residual nucleus and the initial hypernucleus.

In the present work, however, focus will be placed solely in total and partial (induced
by AA, Z%n, =~ p pairs) decay rates of S = —2 hypernuclei and as such no further detail

will be given on asymmetry.
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3.1 Decay Rate

In order to describe the nonmesonic weak decay of hypernuclei one requires the knowl-

edge of the initial and final wave functions, as well as the two-body mechanism. Further

details on both of these basic ingredients will be given in Chapter 4 and 5 respectively.
The nonmesonic decay rate of a hypernucleus decaying into a residual nucleus and

two outgoing baryons is given by

d3kq f d3ks

(3.1) Lum = | Gy

om6(My —Eg —E1~E
(2”)3M,Z{;§}ﬂ)(H r-Ei-Edxor s

{142}

|2,

where My, Er, E1 and E4 correspond to the mass of the hypernucleus, the energy of the
residual (A —2)-particle system, and the total asymptotic energies of the emitted baryons,
respectively. The integration variables 751 and Eg stand for the momenta of the two
particles in the final state. Note that the momentum conserving delta function has been
used to integrate over the momentum of the residual nucleus. The sum, together with the
factor 1/(2J + 1), indicates an average over the initial hypernucleus spin projections, M7,
and a sum over all quantum numbers of the residual (A — 2)-particle system, {R}, as well
as the spin and isospin projection of the emitted final particles, {1} and {2} (henceforth
referred to as Y). M i stands for the transition amplitude from an initial hypernuclear
state (?\ AHe in the present study) to a final state composed of a residual nuclear core
plus two outgoing baryons. When a transformation to the total momentum, P=Fi+ 1_52,
and relative momentum, % = (k1 — £3)/2 of the two outgoing particles is performed the

expression for I',,,, becomes

d’P [ d’k =

(3.2) Tom = | o3 Wx2<2n)6(MH—ER—El—Ezn./%f,-F.

We will write the hypernuclear transition amplitude, .#4;, in terms of the elemen-
tary two-body transitions, B1Bo — B1'By. Working in a shell-model framework, the A

hyperons and nucleons are described, in a first approximation, by harmonic oscillator
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single-particle orbitals. The oscillator parameter of the A particle (b = 1.6 fm) is chosen
to simulate the probability to find two A particles in Af\sHe, }&Be and 11‘3/\B hypernuclei
for which experimental binding energies are available[77], while that of the nucleon
(by = 1.4 fm) is fixed by the “He charge form factor which determines the size of the
nuclear core. In addition, a weak coupling scheme is assumed, by virtue of which the A
hyperons couple only to the ground state of the nuclear core. Therefore, in the case of the

Af\;He hypernucleus studied here, with quantumspin and isospin numbers J; = M; =0,

T1=Mr, =0, the state will be given by

6 _ JAn=Mp=0 4 Je=M.=0
3.3) IaaHe) = |AA>TAA=MTAA=O ®"He)r _pp -0

where antisymmetry forces the two A hyperons to be in a 1S, state, since they are
assumed to be in the lowest s-shell (1s12) before the weak decay occurs. This is so
because, in general, a A in an excited orbital will rapidly decay into the ground state
through electromagnetic or strong de-excitation processes, which are orders of magnitude
faster than those mediated by the weak interaction.

The AffHe has two A hyperons and four nucleons and therefore the most important
decay channel for such a nucleus is the one induced by one nucleon, AN — NN. The
evaluation of the AN — NN transition rate requires to decompose the nonstrange
nuclear core as one nucleon coupled to a conveniently antisymmetrized three-particle
system, while decoupling one of the two A particles, so that the initial AN pair can
convert into a final NN pair. The details and final expression for the hypernuclear decay
amplitude in terms of two-body AN — NN ones can be found in Ref. [35]. Here, we
focus on the AA — YN decay mode, which is the one we improve with respect to earlier
calculations. In this case, the A hyperon does not need to be decoupled from the cluster,
neither a nucleon from the core. The residual 4-particle system, which coincides with
the “He nucleus, contains no strangeness, while the final two-particle state contains one

hyperon than can be eithera A ([YTy) =100)),aX” (|[Yty)=|1-1))ora S0 (|Y ty) = 110)).
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The AA — Y N amplitude is then given by

Mnp—yN = knsntn, kysyty; HelO|§ \He) 3 — 1A

= Y (sn,35YISMg)(3tn, Yty TMy)
S Mg

(3.4) < (K1WSMy(k,SMs, TM7|0IW'E,SoMs,, ToMr,)

where the initial AA wave function has been written as a product of relative and center-of
-mass wave functions, ‘I’y\ef\ and ‘l’g% , respectively, and % and K are the relative and total
momentum of the emitted Y N pair. The amplitude (l_é ,SMg, TM TIOAI‘I”[’\‘?[{, SoMs,, ToMT,)
represents the two-body transition matrix element. The spin quantum numbers of the
AA pair are Sg = Mg, =0, due to antisymmetrization, while its isospin quantum num-
bers are Ty = 1/2, M7, = —1/2, which contain the coupling to the isospurion field I% - %) A
introduced to account for the AI = % rule in the weak transition. The isospin quan-
tum numbers of the emitted pair fulfil 7' = Ty = 1/2 and M7 = M1, = —1/2 by isospin
conservation.

These two-body matrix elements are calculated using a two-body interaction potential
and the inclusion of initial and final correlated wave functions which are derived through
the resolution of the G-matrix formalism for the former and the Lippmann-Schwinger
equation for the latter.

In the case of the AA — YN decay, and since the strong interaction allows for the
conversion to other baryon-baryon channels, the weak interaction will take place not
only from the initial AA pair, but also from pairs containing other members of the baryon
octet, =~ p, Z%7 and X* 2", which will in turn decay weakly into either 2%z, An or = p
states. Moreover, the strong interaction acting between the final baryons will produce
additional YN —Y'N transitions, with Y,Y’ being A or X hyperons.

The two-body weak potential is based on a meson-exchange model, according to which,

every AA - YN and ZN — Y N transition can be understood in terms of the exchange
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of mesons between the interacting particles, with masses related to the inverse of the
interaction range and with quantum numbers allowed by the symmetries governing the
underlying dynamics. Within this model, a transition can be understood as a product
of a strong vertex and a weak one, where the change in strangeness occurs, connected
through the meson propagator (see Fig. 4.2 next chapter). Only a limited number of
vertice can be accessed from experiments, for instance, the ones involving pions. The
calculation corresponding to the exchange of pseudoscalar mesons other than the pion
requires the use of SU(3); symmetry to obtain the baryon-baryon-meson vertices, while
the inclusion of vector mesons in the formalism requires the use of the generalization of
the Hidden Local Symmetry (HLS) formalism extended to the SU(3) sector[78] (SU(6)w
for the weak vertices). The formalism and the results for our specific decay channels are
presented in the next chapter.

One might also use the less model dependent effective field theory approach to
describe the four-fermion weak interaction, which would replace those vector meson
exchanges by contact terms [29-32]. These approaches are organized as an expansion
of increasing dimension (powers of some small ratio of physical scales), providing a
more systematic and controllable framework to study the weak process. The size of the
coefficients in the expansion is constrained by fitting to accurate experimental data. At
present, there are no precise measurements for the required weak transitions in the
strangeness —2 sector, and the effective field theory approach is not feasible. Therefore,
one has to rely on model determinations of the decay mechanism as the one employed in

the present work.
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s discussed in the previous chapter the AA — Y N transition can be explained

through the exchange of a meson connecting a strong and a weak vertex, where

the strangeness variation occurs. Each one of these transitions is governed by
underlying symmetries and conservation laws that determine which quantum numbers
are allowed and set an interaction range compatible with the exchanged meson.

For the zero charge transition channel, since the strong interaction allows for the
conversion to other baryon-baryon channels, the weak interaction will take place not only
from the initial AA pair, but from pairs containing other members of the baryon octet,
= p, 2%, 2930 or 2*>~, which will in turn decay weakly into either X°n, An or =~ p
states. Moreover, the strong interaction acting between the final baryons will produce

additional AN — 2N transitions.
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?AA

? A A ? A A ? A
) ) (c) (d)
Figure 4.1: Examples of decay diagrams involving AA — =~ p mixing states originating
from the strong interaction. Wiggly lines represent the strong interaction between
baryons, while dashed lines represent weak transitions with the weak vertex denoted by

a Cross.

(a (o)

As heretofore been mentioned, the vector meson exchanges could be replaced by
contact terms in effective field theory methods but these types of approaches would
require experimental data that as of yet does not exist for the S = —2 sector. For all
calculations performed from this point onwards the frame of reference depicted in Fig.

4.2 will be used.

B E By
EA A_f
g=k—ko
Tw¥----w»----|Tg
EoA A-%,
B, E B

Figure 4.2: Diagrammatric representation of a B1Bg — B'lB’2 transition within a one-
meson exchange model. The cross represents an insertion of a weak vertex.
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4.1 The One-Meson Exchange Potential

The evaluation of the two-body transition matrix elements of Eq. (3.4) requires the
knowledge of the operator that triggers the weak AS = —1 transition from an initial
baryon pair to a final one. In the meson exchange description employed here these
transitions are assumed to proceed via the exchange of virtual mesons belonging to the
pseudoscalar and vector meson octets. The corresponding transition potential is obtained

from the amplitude displayed in Fig. 4.2, which is written as
(4.1) M= f d*xd*y¥ (0T 1P 1(x)Ap(x — y) P (y)T2Pa(y),

with I'; being the Dirac operators characteristic of the baryon-baryon-meson vertices and
Ag(x —y) the meson (¢) propagator:

diq ety
2n)* (g% -G2 - m?p '

Combining the above two expressions, performing a change to center-of-mass (c.m.)

4.2) Aplx—y) =

and relative variables and integrating over the c.m., time and energy variables, one
obtains the amplitude in terms of the vertices that come from the matrix elements
between fields, ¥(x)I'¥(x). In Table 4.1 we show the strong and weak I' operators for
pseudoscalar (PS) and vector (V) mesons. The constants A, B, a, f and € correspond to
the weak baryon-baryon-meson (BBM) couplings, while g (g¥,g7) represents the strong
(vector, tensor) one. The y matrices are taken under the Dirac representation. Note the
presence of a y5 factor in the PV vertices.

We take the non-relativistic reduction of this transition amplitude and the static
q° = 0 limit, allowing us to identify .#(g) with V(§), which is the Fourier transform of
the transition potential in coordinate space. As we detail below, the general structure of

this potential for pseudoscalar meson exchange reads:

ve BpY G2
(4.3) ve@G) =Y [A]?+—L—51G oY,
%’( k 2M m k
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Table 4.1: Pseudoscalar (PS) and vector (V) I vertices entering Eq. (4.1) (in units of
Grm;2=2.21x107").

PS \'%

T
. . 8
Strong igys gVt + i U”qul

Weak i(A+Bys) |ay*-pi Y+ eytys

aq
5T

where M is the average mass of the baryons involved in the weak vertex, my is the
mass of the exchanged meson and the index % in the sum runs over the different isospin
structures associated to each type of meson. Similarly, the potential for vector meson

exchange reads:
Y Yu
1 AY

C
(4.4) VG =Y [i=t— (G, xFo)G+B " + -2 (G xG)(FexG)|——OY.
Q%2M12qk4MMIQZqEI,2+m%k

The explicit expressions for the A, B and C constants, in terms of strong and weak

coupling constants, will be given at the end of this section.

4.1.1 Spin Structure

So far we have seen the interaction potential in momentum space, but in order to use
the initial and final state wave functions, which are calculated in coordinate space (as
we shall see in Chapter 5), one must Fourier transform the above expression to obtain

the potential in configuration space:
VA=Y Y VP#H =YY VP01
i1 a i «a
i

(4.5) +(niGy P+ (L=nD) 51 x 2] F) VNG, ],

Ve (I +V3(r5182Ig, + Vi (IS 1A +
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where the i index runs over the different mesons exchanged with each number
representing either 7, p, K, K*, 1 or v and a being an index that represents the different

spin operators. As such the O, operator may take the following forms:

Central spin-independent (C): 1 (only for vector mesons)

Central spin-dependent (SS): G162

Tensor (T) 812(7) = 361?&2?— 6’162

Parity-Violating (PV): igoF (for pseudoscalar mesons)

Parity-Violating, [G1 x G2]- 7 (for vector mesons)

Additionally in Eq. (4.5) n’ = 1(0) for pseudoscalar (vector) mesons. Thus, the explicit
expressions for the (L'S)JM.j|04|(L,So)J M) coefficients appearing in the transition
amplitude will be given. The quantum numbers L,, So, J and M correspond to the
initial strangeness S = —2 state, while L', S, J and M dovetail with the final YN
system. Each vertex also incorporates a monopole form factor in order to account for the
finite size and structure of the particles involved, with the expression[35]:

2 .9
Ay~
A2 +G?’

12

(4.6) Fi(g® =

where the value of the cut-off, A;, depends on the meson (with mass pu;) exchanged. The

utilization of form factors prompts the successive regularization[79]:

A2 - /,tz e Nir )
(4.7) Ve(r;u) — Ve(r;u) = Ve(r; Ay) — A ———— (1_ ),
2 4n Air
AZ - ,ﬂ e Nir 9
(4.8) Vss(r; i) = Ves(r; i) — Vss(r; Aj) — Aj———— (1_ )
2 4 Air
A2 —_ l,l,2 e_Air 2
(4.9) Vr(r; ;) — Vp(r; pi) — Vp(r; Ay) — Ay ——— (1 + ) ,
2 4 A;ir
A2 - ,ﬂ e MAir
(4.10) Vpv(ri ) = Vey(rsp) = Vey(riAi) = Ai— == —.

The values for the cut-offs used in the present work have been collected in Table

4.2, and are modified from those extracted from the Nijmegen soft-core hyperon-nucleon

41



CHAPTER 4. THE WEAK A-INDUCED DECAY

Table 4.2: Cut-offs for the vertices involved in the calculation of the AA — YN and
ZN — Y N decay rates.

Meson A; (MeV)

n 1749.87
n 1749.87
P 1231.64
w 1310.31
k 1788.58
k* 1649.28

potentials[38, 80], which use an exponential form factor, in order to match the monopole-

type form factor used in the present work.

4.1.1.1 Central transition

Since the operator for the central transition is On=1:

(4.11) (L'S)TM 1TI(L,So)I M) =81, 1/85,s-

4.1.1.2 Spin-Spin transition

(4.12) (L'S)JM ;161G 2l(LSo)J M) =(2S(S + 1)~ 3)dL,1,85,s-

4.1.1.3 Tensor transition

(4.13) (L'S)I M | (3617527 - 5152 (LS} M.s) =S{ ;,6L,1:08,s,

where the Sg 1, coefficients are given in Table 4.3.

42



4.1. THE ONE-MESON EXCHANGE POTENTIAL

Table 4.3: Coefficients involved in the calculation of the tensor transition spin matrix
elements.

s],, L'=Jd+1 L'=J L'=J-1
_ —-2(J+2)) 6vVJ(J+1)
Le=dJ+1 2J+1 0 2J+1
L.=dJ 0 2 0
_ 6V J(J+1) —2(J+2))
Ly=d-1 2J+1 0 2J+1

4.1.1.4 Parity-Violating transition

There exist two possible operators for the parity-violating transition depending on
whether the exchanged meson belongs to the pseudoscalar or the vector octet. For

pseudoscalar mesons O, = GoF, and thus:

(L'S)TM j|GoF (L So) I My = (-1 L' \/6\ /280 + 1v/2L, +1V2S + 1

SollL' L, 1
(4.14) x (10L,0|L'0) 0

= D=

2 \So S J

CD N[

Conversely if the exchanged meson belongs to the vector octet 6a =[01x0G2]-T

(L'S)IM |[G1 x F2)-FIL,So) I My =i(-1)? L +56v6\/2So + 1 /2L, + 1V2S + 1

11 1
L' L. 1
(4.15) x (10L,.0|L'0) 11 g
So S Jf|
2 2 So

In both cases the 2 x 3 array denotes a Wigner 3-j symbol, which may be given in

terms of the Clebsch-Gordan coefficients by:

Ji J2 J3 |  (=1)rizms

mi mg ms \/2j3+1
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CHAPTER 4. THE WEAK A-INDUCED DECAY

4.1.2 Isospin Structure

In order to build the isospin operators O}: one needs to know the isospin nature of the
meson being exchanged (isoscalar for n and w, isodoublet for K and K™, and isovector for
7 and p) and the specific baryons involved in the two-body weak transition. Note that the
AI =1/2 rule is implemented through the insertion of an isospurion | % - %) in the initial
state. We focus on developing the isospin structure for the transitions =N — YN, with
Y = A,Z, which are the new contributions considered in the present work. Attending

only to the isospin quantum numbers, the general structure of the =N — Y N matrix

element is:
g1V ty, 3 tnslOY10t=— 3, b tniy x Otz 413 1=,3 - §)
+8y " (Viy, S tnslOF 11tz =3, S tni) x (Lt=— 3§13 8,5 - B)
4.17) +g§"’b<Y ty,tnr1OF 11tz -4, Teni) x(Ltz—L1dt=,1 - D).

where the isospurion has been coupled to the isospin % of the = giving states with isospin
I =0,1, which in turn couple to the initial nucleon isospin (¢y; = % for a p and —% for a
n) to give the final YN state.

We first examine those cases where the final state is of the AN type, i.e. |Y¢y) =100).

The possible isospin operators can be argued to be

(4.18) Ol =11 ®ly,
(4.19) 0y =T @7,
(4.20) 0l =o,

where 7 stands for the Pauli matrices and To; is an operator that allows the transition
from a I =1 state to a I = 0 one. Its spherical coordinates have the following matrix

elements
(4.21) (00| TE, 11m) = (=1)%(00,1 — kl1m) = (~1)*5,, _z.
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4.1. THE ONE-MESON EXCHANGE POTENTIAL

We note that, in the case of a AN final state, we have set the Oé\ operator to zero to
account for the fact that there is only one possible scalar operator (63) connecting the
initial |1¢= — %, %tNi) pair with the final (00, 1 tnrl one. In the case of a ZN final state,

we have |Yty) =|1¢y) and the corresponding appropriate set of operators is:

(4.22) 0 =T®Ts,
(4.23) Or =l ®ly,
(4.24) O0F=T11®7,,

where T1o mediates transitions from isospin 0 to isospin 1, with matrix elements
(4.25) (Am|T%,100) =6,z

as can be inferred taking the adjoint in Eq. (4.21). Likewise T17 induces transitions from

an initial I =1 state to a final I =1 one. Its matrix elements are given by:
(4.26) Am/|T* 11m) = V2 (Am/'|11m1k) .

In the following, we will write the isospin coefficients gf’(p (1 =1,2,3) in terms of the
weak and strong coupling constants characteristic of the meson exchanged in either the
ZN — AN or EN — ZN process. The Appendix A contains an example calculation of the
weak and strong coupling constants that are used in the formalism.

In the case of the isoscalar mesons ( 77 or w ) only the [; ® l2 operator contributes to
the transition. Therefore, for AN final states, the transition will match the following

structure

).

[\

(4.27) g S tnpl ey Otz— 413 ¢2,1 -
The Clebsch-Gordan coefficient will only be non-zero when the initial state contains a =°

hyperon. By matching the former expression with that for the Z°» — An transition, one
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CHAPTER 4. THE WEAK A-INDUCED DECAY

obtains the corresponding relation between the isospin coupling and the product of weak

and strong coupling constants. Thus, one has:

A,
(4.28) g = ‘/gg‘éVOAng%Nn ’
(4.29) gy =0,
(4.30) 25" =0.

and similarly for the w meson.
Considering now the case of ZN final states, only the O% operator can contribute to
the isoscalar meson exchange. Hence, following similar steps as in the previous case but

for the 2% — X% transition, we find:

(4.31) g7"=0,

z,
(4.32) gy 7= \/ggg'()zon g%NU,
(4.33) 25" =0.

Let us now turn to the isovector (;r or p) mesons. For AN final states the first isospin
structure does not contribute because the isovector meson cannot connect an isospin 0

initial state with the final A at the weak vertex. The combined analysis of the Z°p — Ap,

=0
=

n — An and =~ p — An amplitudes therefore determines:

(4.34) g =0,
1
Am _ w S _ w S
(4.35) gy = _ﬁ Z-An- 8npn~ = “8=-An-8NNn >
A,
(4.36) gy =0,
where the generic strong coupling g?vN” = gipno = —gﬁmo = g*,gl pr-! V2 has been employed

in the last two terms. Similarly, for the ZN final states one finds:

s
(4.37) gl’” = \/Eg‘gozono gJSVNna
(4.38) g7 =0,

s
(4.39) gs" :g‘év_z_nog}ng,, :
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4.1. THE ONE-MESON EXCHANGE POTENTIAL

Finally, the case of the isodoublet (K or K*) mesons involves the exchange of an
isospin % particle. After including the isospurion, as seen in Eq. (4.17), the isospin
conserving transitions are then mediated by isoscalar or isovector operators. In the
case of AN final states, working out the Z°p — Ap and 2% — An amplitudes (and the

=~ p — An one as a consistency check), we find:

Ak 1 g W W
(4.40) 0" = =8 (287 g0+ 8k
Ak 1 s w
(4.41) 89 = _EgEAKgnpKJr ’
(4.42) gy¥ =0,

S

written in terms of the generic strong coupling g‘; AK ~8z0pg0 = gé- AR+

Other weak processes are possible in the case of K-exchange when the weak vertex is
the ZENK one. Those processes involve an interchange of particles either in the initial or
final state of the amplitude but the operators mediating the transition are the same as

before. Therefore, after analyzing the p=° — Ap, nZ° — An and p=~ — An amplitudes,

we find:
AK 1 g W w
(4.43) 81 __ﬁ ANK(gEOnKO_ngOpK+)’
Ak 1 g W
(4.44) &9 —ﬁ ANK8=0,K0 >
(4.45) g =0,

written in terms of the generic strong coupling giNK = gip K+ = gin Ko

For the XN final state, we find

1

XK _ S w

(4.46) g, =~ \/ggEZKgan*"
1
K _ S w w
(447) g2 - \/ggEZK (gan+ +2gppK0)7
1

XK _ S w

(4.48) 83 = ﬁgEZKganJ’ ’
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CHAPTER 4. THE WEAK A-INDUCED DECAY

written in terms of the generic strong coupling ggﬂ{ = g‘g()zo k0=~ g‘gf - KO/ V2 = —ggfzo K+
For the processes in which the weak vertex is the ZNK in the ZN baryon line, which

involve an interchange of particles in the initial or final state, we find:

1

K _ s W
(4.49) 81 = /5 SINK 8 0, %"
sk_ 1 g W o W
(450) g2 - \/5 SNK (gEOrLI_{O 2gEOpK_) ’
sk 1 o W
(451) g3 - _ﬁ ZNKgEOnI_{O’

: . : : S _ 55 — _s5 — 55 —
written in terms of the generic strong coupling g3, = 8psik- = gnzol_{o = gpz+1_{°/ V2 =
ghs-x-IV2.

In summary, in the expression of Eq. (4.3) for the potential mediated by pseudoscalar

mesons, the constants Az’(p and BZ"P correspond to the gZ’(p coefficients just derived,

which contain products of weak and strong couplings. The weak coupling constants
employed should be the parity-violating ones in the case of the AkY’(P constants and the
parity-conserving ones in the case of the BZ’¢ ones.

Similarly, the AZ’U, Bz’v and Cz’v couplings appearing in the vector meson exchange
potential of Eq. (4.4), correspond to the gz’v coefficients, but taking into account the

following considerations:

o Az’v contains the parity-violating weak coupling constant times the sum of the

vector and tensor strong coupling constants.

. Bz’v contains the parity-conserving weak vector coupling constant times the strong

vector one.

o CZ’U contains the sum of the parity-conserving vector and tensor weak coupling

constants times the sum of the vector and tensor strong coupling constants.
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4.2. STRONG BARYON-BARYON-MESON COUPLINGS

Table 4.4: Strong pseudoscalar meson couplings to the octet baryons, where D and F are
the couplings of the pseudoscalar Lagrangian of Eq. (4.52) and M denotes the average
mass of the baryons at the baryon-baryon-meson vertex.

Coupling Analytic value glsgB @

NNn S2M 13.83
3F-D oas

NNp : gg ﬂfﬂi 4.14

+

ANK - g fHZi/I ~15.87

AAn _\gfnzﬂ"’ ~11.77

A7 - fHZZ\_J 12.19

>NK ’;—gzM 3.78

>3 %2H 13.36

B

> ¥n 3“1? fﬁzzz 12.60

ZAK e fnzzt_/z 5.36

EXK -5fom ~18.47

== _D-Foar _

=Ex 3}{% 7 2z\£ 4.68

4.2 Strong baryon-baryon-meson couplings

4.2.1 Pseudoscalar mesons

As discussed in Chapter 2, the strong Lagrangian corresponding to the exchange of a

pseudoscalar meson has the following form:

255, = Tr|B(iy"V,) B| - MpTr | BB|

(4.52) +DTr|By"ys {u,, B} | + FTr [ By"ys [u,,B] |,

which allows us to derive the Yukawa-type coupling constants of the baryons to the

pseudoscalar mesons displayed in Table 4.4.
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4.2.2 Vector mesons
The Lagrangian used to implement the exchange of vector mesons is the following:
_ _ 1 _
ZLiny =~ g{BYuV{, B + BYBYVE) + - (FBoyul0"Vy ~0"V{,BD
_ _ Co — Y
(4.53) +D (B0, 10"Vg — 0"V BY) + (By BV + ﬁwawvo“ B)}.

The Yukawa couplings involving vector mesons are displayed in Table 4.5.

4.3 Weak baryon-baryon-meson vertices

In this section the coupling constants for the weak baryon-baryon-meson vertices will
be presented. In line with the formalism discussed in Chapter 2, we will first take a
look at the parity-violating amplitudes for both pseudoscalar and vector mesons while

introducing the parity-conserving contributions next.

4.3.1 Parity-violating contribution
4.3.1.1 Pseudoscalar mesons

As a reminder, the effective Lagrangian used will be:
(4.54) 2y =VZ(hoTr [B{¢'he, B} | + hrTr B |¢'he, B |),

with the dimensionless constants being Ap = —1.69 x 1077 and Ay = 3.26 x 1077, The
Lagrangian of Eq. (4.54) allows one to find the weak PV coupling constants of the baryons
to the pseudoscalar mesons displayed in Table 4.6. Refer to the Appendix section A.2 for

an example calculation.

4.3.1.2 Vector mesons

For the weak vertices we have used the SU(6)w group, in which meson fields are ex-
pressed in terms of a quark-antiquark product and baryons are defined as symmetric
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4.3. WEAK BARYON-BARYON-MESON VERTICES

Table 4.5: Vector (V) and tensor (T) strong vector-meson couplings to the octet baryons
components, with g, D, F and C( being the couplings of the strong BBV Lagrangian of

Eq. (4.53).

Coupling Analytic value gISSBV

NNp (V) —3g 2.95
NNp (T) -2 g 9.49
NNow (V) 2;@—\/§+3g 3.54
NNo(T) — 2Dl 5.62
ANK* (V) g ~5.11
ANK* (T) —I;‘L—\%Fg -8.27
Ao (V) VZilg 8.22
Ao (T) ﬁ%&” 2.77
AZp (V) 0 0
AZp (T) %g 8.17
INK* (V) —%ag -2.95
INK* (T) blg 4.66
23p (V) -g ~5.89
>3 (T) —Fg ~4.83
V2+1
3w (V) 2ilg 8.22
T30 (T) SR 2D 8.31
EAK* (V) _V3g 5.11
ZAK* (T) l;_—gg 0.10
EXK* (V) -1g -2.95
EXK* (T) ~DiE g ~9.49
2Zp (V) ls 2.95
EEp (T) D ~4.66
EZw (V) %g 6.51
22w (T) %g 2.69
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Table 4.6: Weak parity-violating pseudoscalar meson couplings to the octet baryons.

Vv

Coupling Analytic value BBo
pnK* hp +hp 1.57x 1077
ppK° hp—hp 4.95x 1077
nnK® 2hp 6.52x 1077
0K’ 0 0
=Z0pK- 0 0
Z0AR0 % 3.31x1077
=A™ % ~4.68x1077
=0An hp-Shp ~5.73x 1077
203070 —~Apthe ~7.84x 1078

=370 % 1.11x 1077
=307~ —% ~1.11x 1077
=050 V3pthe) 1 36x 1077
=73 % 1.92x 107

tensors. The final general expression accounting for the weak PV baryon-baryon-vector

meson couplings is:
—ij2, -6 =ijs, -1 =wijl, -5 wijd_, -2
H]%Eq/ =ar[B7"B;j1¢p3-B"Bjjepa—B" Bijaps+B" B;5¢1]
—ij2, -2 =ij3, -5 =ijl, -1 wijd, -6
+ay[B""Bjjs¢3—B ' "B;japo~B" Bjjeps+B " B;j11]
—ij2 —j =ijd3, —j =23i, -1 —=23i_ —6
+br[B"B;16¢3~B ' "B16¢s~B " Bjjep;+B" Bi;jp;
—ilj  —j —ijd,. —j =—ild_ -2 =ild_ —5
~B “Bosipy+B" Bigsp1+B  Bijsh;—B  Bijad;]
—ij2,  —j =ij3, —j =i23, -2 =23i_ —5
+by [B"Bigs ¢} ~B"Bios ¢+ B Bijsp; —B" Bjjod;
—1ij . —j —=ijd. —j =l4i, -1 =ild_ -6
-B BlGi(P{;"'B BlGi(Pi_B Bijepj+B  Bi;jd;]
—ijk, —k Sijd, —6 wijk, —k w=ij3, =5
(4.55) +cy[B " Bijeps—B" Bjjp¢p—B " Bijsdz+B"Bijrdy],
The resulting expressions and numerical results of the weak PV coupling constants

of baryons to vector mesons are shown in Table 4.7.

4.3.2 Parity-conserving contribution

Since the use of the weak effective Hamiltonian only allows for the generation of parity-

violating amplitudes, in order to compute the parity-conserving ones the pole model is
employed.
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Table 4.7: Weak parity-violating vector meson couplings to the octet baryons.

Coupling Analytic value B‘];V
pnK** 5(=b7+2by —5cy) -6.72x1077
ppK*° $(8ar+br—3by +cv) 1.38 x 1077
nnK*° $(-2ar-3br+by+ey) —4.34x1077
=0k 0 0
=0pK* 3 (b —2by) 2.79x1077
Z0Ap° D(ap+ibr-lby+ley)  1.31x1077
= Ap~  Y(-ay+ibr-lby+icy) 2.84x1077
E%Aw s(zar+ibr—1by+icy)  1.69x1077
20%0°  L(-Bar-Ibr+2by-2cy) -4.25x1077
53 p° ~52 9ar +cv) —2.07x1077
=°3%  ¥2(-Bay +1br-Llby+3cy) 5.56x1077
2050 Y3 (-Bap-lbr-lby-3cy) -8.47x1078
E X w 58 (ar+Ley) ~1.20x 107"

The expressions of the weak PC coupling constants of baryons to pseudoscalar and
vector mesons are shown in Tables 4.8 and 4.9, respectively. The strong coupling constants
in the expressions of Table 4.8 should be replaced by the numerical values listed in
Table 4.4, to obtain the weak PC couplings involving pseudoscalar mesons. Analogously
the weak PC vector and tensor couplings involving vector mesons are obtained by
inserting, respectively, the vector and tensor values of the strong coupling constants

listed in Table 4.5 into the expressions of Table 4.9.
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Table 4.8: Weak baryon-baryon-pseudoscalar meson parity-conserving couplings, g% B w ¢

Coupling Analytic value
+ 1 —Ap 1 —As+
;Nmo %>E~m+ mp— SW ,\JKu +%Mo§~w+ Mp—Mx0 ,\me
1
@@.NW %.%M+Moy>M+%
0 S 1 A S 1 TAsy
N@;NO %. n—mMmA /\M +%.§MON\WOS=ISMO /\M >
=0, 7 1 1 F 1 —Aa 1 TAs+
[o§~m %>:~mo Mmoo §> NG3 T»\wn /\J>M+ v+%Mo:No Moo SMo m,\l ﬁbHM+ + /\J\w?ev +%1o>~mo Mom— S> ,\Jm +%loMo~mo P ,\Mm
Uoﬁmmo %?E? me0Tme V2 /\J ﬁb\:eu V3as ») +%M§N+ m0 =m0 ENE) T»MM +V3An) +%19M+.N+ mp= SM+>M+
= A7 8202070 my-mg ﬂgi VBAs v+%>M§o§m,\1 (Ag+p+V3An,)
—— A S 1 1
EAn 8% nrv e 3 (VB AN +Asp) + 82 o 75 (Anp — VB Aszsy)
=0 S 1
= A1 Ammom m>>:v§3$€ V3As+p)
=050 0 S 1 -1 1 1
=2 %.mOmOﬁosMo|§u@§ﬁ S*tp +/\J>>hv+%.Mo>ﬁo5 o- 3>Hﬁ>>ﬁlz\w‘>M+ﬁv
=350 S
=2 ﬁmm-ml% mM > a& 3M||SE T\Jmf{f»@ )
=-y0. - S 1 i s
—_ M T HMMIMO§+ m=-—-myz-— /\J%.] ]O§+ SMO S|]Ov ﬁ/\J>>Nu +>M+ v
=050 S 1
=2 ﬁmmomo: |mMoMOL §m,\J (As+p +V3AL)
==y S S
=2 h%m‘m‘almm‘msuq (VBArp +As+p)
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7 —2u—-Sw (m_3T_% =_= —_
ﬁ +W<+ Q<<,|\/V,Iﬂ\/l|w ﬁ m..%| m_.%u M 3 =
0= 02w KXY Mo=o= —
HQ<<,|\/+ +N<vﬂ|\+h 050 .%I 0 om?%v 3ONOU
= [ 0 yE_E r\, \N:T\ms [l diice
5y g [ St S 0 3
. d g ~Ew—-Jw ((0__X Jz.E =
(@2 +9Vyga) € |ﬁ 5 - mv ] 0I_X_E
A +N<[\/ &<¢wu RIAREL ﬂo[E oo.<ow%+ ﬁm)\d\[\/ + +wa\v T\,Nﬁoa.o]ow.% oQ.oNom
(“ygp—dvy) L K, ?Eﬁ Vu h3<<% solom%w OV =
(43ygh— a<$k,|o-ﬁ Vo Q?-[mi Ty 4 Wy gp) EU_ZUL OV Tg dy_=
% 03w — 0= 2V g, 0= 090Z0= _
B 0t S i G T (S Ve
+N<+ w— S+*V~+No[%+ ﬁQ<<,|\/ + +N<v T\/NEfwvw oN.%.TH +N<,|\/ Q/\«Nv T\/E+*V~Q<m I*MQ —
u < u < = =
QJrTNw\a”y\ w Ho EO*VNONO[.%I_. &ﬂﬂ\zl E.H<E o*VN<oW_.%+ AQ/\«N[\/ + +N¢Nv T\/N 0 EHo EO*VN\EON.MnTA +N¢N.|\/ Q<¢NV T\/EO*M\:/\% O*MQ
o) 0Fw—vw o*NoN:.% BN Vv g AVY
—_— + g quu
443y T S y- T S 0
.zd
Q+N< +Xw—dw L g *MNQQ
8N 0Rw—tw tonwH g, %S%S X4V °
T §7 A o w2 ud
anfea snjAreuy Surdno)

>m g &% ‘s3ur[dnod 3urarasuod-Ajrred UOSOUW 10309A-UOATR(-UOATE] JBIM :

RAICLAR
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CHAPTER

THE STRONG INTERACTION AND THE BARYON-BARYON

WAVE FUNCTION

n this chapter we discuss how to incorporate the strong interaction effects into the

calculation of the weak decay amplitude. We employ the G-matrix formalism to

obtain the correlated wave function for the initial hyperon-hyperon state, which
takes into account the Pauli blocking effects on the nucleon of the intermediate =N pair.
For the description of the final YN system, the relevant strong interaction effects in
the evaluation of decay rates are those associated with their mutual interaction, which
can be addressed by solving the corresponding 7'-matrix equation. The propagation of
these two baryons through the residual nuclear medium induces additional final state
interactions, which modify energy and angular spectra of the emitted particles. Using an
intranuclear cascade code (Monte-Carlo), one can then compare to experimental data at
the level of the detected particle spectra. Since our interest with the present calculation
is to estimate decay rates, we will omit the involved analysis of the particle spectra and

focus only on the interaction between the two weakly emitted baryons. Note that, given
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FUNCTION

Table 5.1: Possible 25*!L; channels involved in the weak process
AA?BlBg W’BllB,zg'YN , contributing to the weak (W) decay of AffHe, where

the first and last transitions are mediated by the strong (S) interaction. Each state has
been labelled by the relevant hyperon.

AA — Bi1By — BB, — YN
S ~ w S
(N) (Y) 048] (Y)
2s+1LJ 2S+113J 2S’+1131] 2s’+1L£]
'Sy - 1S - 1So - 18
1S - 18 - Y )

the angular quantum numbers of the AA initial state, 1Sy, the possible 25*1L ; channels
involved in the process AA — B1Bs — BB, — Y N are the only ones listed in Table 5.1,
where conservation of total angular momentum, as well as conservation of parity for the
strong 1Sg —1 8o and 3Py —3 Py transitions, have been taken into account. The symbols
in between brackets denote the labels that will represent the different baryon-baryon

channels in the two-body states.

5.1 Final State Interactions

When one introduces the effect of the strong interaction, the wave function describing the
relative motion gets modified with respect to the free wave function. Let the Hamiltonian
be H = Hy+V, with Hy the Hamiltonian describing the situation in which the two
systems do not interact and V being the interaction potential. If we denote by ® the
plane wave solution, kY S'M g) with momentum % and spin S, of the Hamiltonian
H, with energy E, i.e. Hy® = E®, then the possible solutions for ¥ are given by the
Lippmann-Schwinger equation,

Vl‘P(i))

5.1 PE) = |0y + ————
(5.1) ) = 19) + Z—
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where the positive (negative) solution corresponds to a plane wave plus an outgoing

(incoming) spherical wave at sufficiently large distances.

- - > | > —>|—>——>—
| |
T _ V) N ' T
| |
| |
> > L - ——1 |

Figure 5.1: Diagrammatic representation of the Lippmann-Schwinger equation.

An alternative formulation of the Lippmann-Schwinger equation written in terms of

the transition matrix 7 yields

T|®)

52 ‘~P(+) = q) + -
(5.2) | ) =1D) E—Hytic’

_ olva
5.3 YO = (@ + ————,
(5.3) ( | = (D] E—Ho—ic
where the T operator fulfils
5.4 T=V+V—v-—.
( ) E—-Hy+ie

Projecting into coordinate space and inserting a complete set of states on the r.h.s in

Eq. (5.3) we find:

(VY S'MIF) = RY S'Ml7)
<kYS’M’ ITIR'Y'S' M) R'Y'S' M)

(5.5) +S§/ﬂ ; E_Ho—ic ,

where the quantum numbers follow the notation used in Table 5.1. We perform a par-
tial wave decomposition in the coupled (LS)J representation of the wave functions
(‘P%—)YS’M 5I7) and (REYS'M 5I7), the latter being the adjoint of the free plane wave,

e_iE?(YS’Mgl, and obtain:

(=)= _ L\ (=)*d 7
vy (r)xM, _4n§4L’M/ZL’S,;(—) Yy e ying Yo, (k)

(5.6) x (L'M},S'MglIM) g 17 (7),

59



CHAPTER 5. THE STRONG INTERACTION AND THE BARYON-BARYON WAVE
FUNCTION

where the generalized spherical harmonic ¢ is defined as
(5.7) My = N (LML S M| IMYYS, -, (7).
s ¢ — L S L'
MLMS
The partial wave decomposition for the free plane wave may be obtained by replacing

po)xd

VLIS Y,L,S,(k,r) with jr(kr)dyyb;1,05 g in Eq. (5.6), where jr(kr) is the spherical

Bessel wave function.

For the T matrix elements one can write

EYS'MGTIEY'S M=) Y Y Yo WY}, B
JMLIM’ L/M/ L

x (L'M}S'Mg|JM)L'M; S'Mg|JM)
(5.8) x (RY(L'SJM|T\E'Y'(L'S"JM) .

Inserting the previous equation, together with the partial wave decomposition of the
wave functions in Eq. (5.5), one obtains the equation that determines the partial wave

components of the correlated wave function:

\Ij( )k (k,r):jL/(kr)(SY'Y6Iz’L/6S’S'+

YL'S,Y'L'S'
(RY(L'S"JMI|T|E'Y'(L'S )JM)JL,(k’r)
E(k)-E')+ie

(5.9) + f K'2dE’
where the partial wave T-matrix elements fulfill the integral equation:
(RY(L'S"YIM|T|k'Y'(L'S"YIM) = (Y (L'S)JM|VIE'Y'(L'S")J M)+
+ ) fk"zdk"(kY(L’S’)JMIVIk”Y”(L"S”)JM)
L"S"Y"

y (R"Y"(L"S"JM|T|E'Y'(L'S’ )JM)
E(R)-ER") +ic€

(5.10)

Note that, since the AA pair is in a 1S state, conservation of angular momentum and
parity prevents a change of the spin and orbital angular momentum quantum numbers
between the pre- and post-strong transition states, as seen in Table 5.1. Consequently,
the above equations could be simplified by applying L"” =L'=L', My = My, 8" =S' =S’

and MS! :MS/,
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T T T
jo(kor) T1S0-1S0
AN-AN - - - - 2N - ZN

1.5 -150_15'0

r (fm) r (fm)

Figure 5.2: Different components of the final state wave function, showing the diagonal
AN — AN and the N — ZN components in dashed red and dot-dot-dashed green, res-
pectively, as well as the off-diagonal 2N — AN and AN — ZN terms in dotted blue and
dot-dashed orange for the 1So—1S and 3Py—3 P, transition channels, for a representative
momentum value of 2o = 100 MeV.

5.2 Initial State Interactions

For the initial state interactions a similar framework to that of the Lippmann-Schwinger
equation is applied, but considering the fact that the interacting particles feel the
presence of the medium where they are embedded. This is known as the Brueckner-
Goldstone theory, which considers the interactions of a pair of particles within the Fermi
sea, with the collisions fulfilling the requirements of the Pauli principle. We will solve
the problem in infinite nuclear matter and the obtained results will be adapted to the

finite hypernuclear problem that we are dealing with.

Working within the (%)+ baryon octet, the strange AA, ZN and XX pairs can couple
through the strong interaction to the initial AA state. The correlated state, |\V), is defined

through G|¥) = V|®), where |®) is the free-particle state, and G is given in terms of the
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ksl

kF(BZ) """"""" ’4
I
I
1
1
|
1
1
1

kF(Bl) |k1|

Figure 5.3: Schematic representation of the value of the Pauli operator as a function
of the single particle momenta k21 and ko with £ Fy and & Fgy) the radii of the Fermi
surface.

bare baryon-baryon potential, V', by:

Q

A1 = -
G-1D @ V+VE—H0+i€

This is an integral equation, where @ corresponds to the Pauli blocking operator, as
shown in Fig. 5.3, which restricts the summation to unoccupied states above the Fermi

level, and E is the energy of the interacting two-body system.

- - — ——T
| |
G - Vi + v.Q |G
| |
| |
> > e — |

Figure 5.4: Visual representation of the G-Matrix equation.

The correlated state can therefore be written as:

_ Q
(5.12) |¥) = |D) +E_H0+i€G|q>>.
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Working in the coupled (LS)< representation, we find

J .
(5.13) Vo5 aLskm) =JL(kr)day 011055

.\ fk,zdk,(k’Y(iS)JMlG|kYA(LS)JM)§(k’) ji(k'r)
E(k)-E(k)+ie ’

where @ stands for the angle-averaged Pauli operator[81], which imposes certain re-
strictions to the values of the momenta of the involved particles, and the partial wave

G-matrix elements fulfill the integral equation:

('Y (LS)JM|G|EALS)IM) = (k'Y (LS)JI M|V |k ALS)J M)

+ ) f E"2dR"(E'Y (LS)JM|V|E"Y"(L"S")J M)
LIIS//Y//

§ QE"E"Y"(L"S")IM|G|EALS)J M)

(5.14) E) —EG" +ic

As before, conservation of angular momentum and parity, together with the fact that
the initial AA is in a 1S state, simplifies the above equations considerably, as the only
permitted transition is 1Sg —1 Sy.

In order to obtain the wave functions corresponding to a finite hypernucleus a corre-
lation function is defined:

J *
VirsaLs®r)

JL(k*r)

(5.15) firsm=

J

This function ascribes the correlated wave function in nuclear matter, ¥ ALSAL S(k,r),

with the non-interacting one for a relative momentum £*, taken to be 100 MeV, which is
representative of the average momentum of the AA pair in Af\sHe. The same correlation
effects are assumed for finite nuclei, thusly defining the diagonal terms of the relative

motion wave function in a finite nucleus as:

r
(516) Q/J\Ls(r)EfXLS(r)(DNL (E)a

where ®p7,(r/v/2b) is the relative harmonic oscillator wave function of the two A parti-

cles.
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For the non-diagonal ALS — Y LS components, we rescale the nuclear matter wave

function ‘P; 15 ALS by the same normalisation factor affecting the diagonal components,
namely:
On(r=0) J
5.17 Qf_ . = ————Wo. . (RTn),
(5.17) vis.aLs Tk r=0) vs,aLs® 7

as can be inferred upon inspecting Eqgs. (5.15) and (5.16).

0.5 T T

Harmonic oscillator
0.4 F From Gaa - An 1
From G/\/\ =N

03 L From G/\/\ -3y T

0.2 i

T \_

0.1 - ! ! ! ! !

r(fm)

Figure 5.5: Different components of the relative AA wave function corresponding to the
18, channel, and for a value of the relative momentum of 100 MeV. The uncorrelated
H.O w.f is also represented for the sake of comparison.

W (fm~/2)

In Fig. 5.5 we represent the initial AA wave function for N =1 and L =0 as a function
of the relative distance between the two A particles. The black solid line displays the
uncorrelated harmonic oscillator wave function, while the green dashed line displays the
correlated wave function for the dominant diagonal AA — AA component. The red dot-dot-
dashed and the blue dotted lines represent, respectively, the AA — XX and the AA—ZEN
components. It is clear that the dominant contribution to the AA — YN decay mode
of A/‘fHe will come from the diagonal AA — AA component of the wave function, which

at distances of around 3 fm behaves as the uncorrelated harmonic oscillator w.f., while
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at distances below 1.2 fm its strength gets reduced due to the short-distance repulsive
behavior of the strangeness S = —2 baryon-baryon NSC97f interaction employed [38].
With regard to the non-diagonal components of the wave function one can see that,
despite having a comparable size at the origin, the strength of the AA — XX term is
essentially located at distances under 0.5 fm, which will be strongly suppressed by the r2
factor in the integrand of the two-body matrix element. On the other hand, the AA - EN
component is still sizable around 1 fm and it is expected to contribute non-negligibly
to the AA — YN decay mode of Af\;He. We will see that, even if non-negligible, this
non-diagonal component gives only a ten percent correction to the diagonal contribution,
a finding that justifies that in this work we disregard the contributions to the decay

coming from the AA —ZX component of the initial AA wave function.
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CHAPTER

RESULTS

he results for the non-mesonic A-induced, AA — Y N, decay rate of , ﬁHe are
displayed in Tables 6.1 to 6.7 and are given in terms of the free decay rate of
the A hyperon, I'y = 3.8 x 10957 1. The possible final states are An, X%z and
27 p but, by virtue of the AI = 1/2 rule, isospin coupling algebra relates the decay rates
of the two later modes by a factor of 2. Therefore, the AA — 27 and AA — =~ p channels
fulfil I'yo,, = I'sn/3 and I's-, = 2I'sn/3, respectively, where I'sy collects the total ZN
decay rate, which is the one quoted in the Tables. We also give the contribution of each
individual meson separately, in order to asses its importance in a given transition, and
we add up the contribution of the lightest pseudoscalar mesons sequentially for a better

interpretation of our results.

We start by presenting in Table 6.1 the contribution to the AA — YN decay coming
from the diagonal AA — AA component of the initial wave function without the inclusion
of final state interactions, followed by the results of Table 6.2 where these effects are
considered. The strong coupling constants required to describe the AA - AA—-YN

transition are taken from the Nijmegen soft-core NSC97f model [38], which has been
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Table 6.1: Individual and combined meson-exchange contributions to the non-mesonic
decay rate of AffHe, when only the diagonal AA — AA component of the initial wave
function is included, and in the absence of final state interactions. Results given in units
of Ty =3.8x10%s7 1.

Meson An 2N
T - 1.94 x 1072
K 1.45%x1073 2.41x1073
n 1.67x1074 -
P - 2.20x 1073
K* 3.32x107* 2.73x1073
w 3.20x 107 -

7+K 1.45x107% 2.69x1072
a+K+1n 1.72x1072 2.69x1072
All 2.39x1073 4.22x1072

proved to reproduce satisfactorily the scarce Y N scattering data, as well as the structure
of A-hypernuclei and their decay properties. Consequently, the results presented in
Tables 6.1 and 6.2 are obtained following the same approach as that of Ref. [35], except
for minor changes in the initial AA and the final Y N wave functions, which have been
obtained with higher precision here. Therefore, they have to be considered as benchmark
results against which we can later asses the importance of the new AA - =ZN - YN
transition explored in the present work.

Isospin conservation at the strong vertex excludes the exchange of a 7 or a p meson
in the AA — An transition presented in Table 6.1, which ignores final strong interaction
effects, and this is reflected as a null contribution to the decay rate for those mesons.
Instead, we find that the dominant contribution to this decay mode is coming from K
exchange, with a rate of 1.45 x 1072T",, corresponding to roughly 60% of the rate obtained
when all mesons are considered (I'p, = 2.39 x 1073T'4). The remaining 40% of the T,
rate originates from the exchange of K*, w and 1 mesons, with individual contributions
which are one order of magnitude smaller than that for K exchange. Conversely, for XN
final states, one sees a clear dominance of the 7 meson contribution, giving practically

half of the total =N rate of I'sy = 4.22 x 1072T 5. In this case, and also due to isospin
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considerations, the isoscalar 1 and w mesons do not contribute, so the remaining rate is
provided by the K, p and K* mesons with similar contributions, and again, one order of
magnitude smaller. Adding the partial decay rates of the An, X%z and X~ p final states,
one obtains a total AA — YN decay rate of I'yy = 4.46 x 1072T',, distributed into an
almost negligible An contribution (~ 5% of I'y ) in front of the XN one (~ 95% of I'yn).

Table 6.2: Individual and combined meson-exchange contributions to the non-mesonic
decay rate of Af\iHe, when only the diagonal AA — AA component of the initial wave
function is included, and considering final state interactions. Results given in units of
Iy=3.8x109s71.

Meson An N
7T 1.35x107% 7.15x1073
K 2.22x1072 9.69x107*
n 8.95x107* 7.67x1077
p 1.32x107% 2.37x107°

K* 428x1073 2.35x107*

w 495x107° 1.42x1077
a+K 217x1072 6.34x1073
7+K+n 141x1072 6.29x1073
All 3.00x1072 5.81x1073

As mentioned before, the results of Table 6.2 also correspond to the contributions to
the rate from the diagonal AA — AA component of the wave function, but incorporate the
effect of final state interactions, which, as can be seen, reduce the total AA — YN decay
rate by about 20% to a value 'y y = 3.58 x 1072T'5. Of special note is the contribution
of K exchange to the An mode, which gets enhanced by one order of magnitude when
final state interactions are implemented, becoming the dominant mechanism for the
transition. Note also that a similar enhancement is seen for the contribution of the K*
meson, which represents the second dominant contribution, yet, one order of magnitude
smaller than its pseudoscalar partner. In the case of ZN final states, we observe that final
state interactions cause a similar reduction, of about a factor 2.5, for the pseudoscalar
n and K contributions, while the reduction is even larger for p and K* vector meson

exchange, giving rise to an overall decrease of the ZN rate by almost one order of
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magnitude. Consequently, the inclusion of final state interactions has inverted the
relative importance of the decay modes, from 5% to 84% for the AA — An channel and
from 95% to 16% for the AA — ZN one, increasing the value of the I'y,/(I'yo,, +I's-5)
ratio by more than a factor 90, from 0.06 to 5.16. Since these decay channels could, in
principle, be detected separately in experiments, this ratio could be used to learn about
the weak decay mechanism in the strangeness S = —2 sector and the role played by the

strong interaction in the decay process.

Another change associated to the effect of final state interactions that can be inferred
from Table 6.2 is that previously excluded meson exchanges now contribute, albeit in
a very moderate manner. This is the case of the 7 meson, for example, which now con-
tributes to the AA — An decay rate through the intermediate weak AA — ZN transition

followed by the XN — An strong one.

Up to this point, our results are totally in line with those found in Ref. [35], as
expected, since the only essential difference here is the use of slightly different correlated
baryon-baryon wave functions. The novelty of the present work is the consideration of
the strong non-diagonal AA — =N mixing of the AA wave function. However, contrary
to the previous case, the new strong coupling constants required for the description
of the EN — Y N transition do not have an experimental support. For this reason,
we will compare the results obtained when these additional coupling constants are
taken either from the same NSC97f model employed in the description of the diagonal

AA — AA — Y N transition or from the chiral Lagrangians given in the appendix.

When the AA — ZN — Y N component is added to the calculations using the strong
coupling constants given by the Nijmegen soft-core NSC97f model [38], we obtain the
results of Table 6.4. We observe that the only significant effect of the AA — ZN mixing to
the decay into a final An state comes from 7 and K exchanges. Their combined effect

ends up decreasing the decay rate by more than a factor two, from I'y,, = 3.00 x 1072T"5 to
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1.831 x 1072T"5. The XN decay channel experiences an increase of over a factor four, from
I'sy =5.81x1073T 4 to 2.67 x 1072T'5. Altogether, the AA — =N component of the wave
function brings the value of the I'y,/(I'so,, + I's-,) ratio to 0.49, a factor 10 times smaller
than that found when this mixing is neglected. Adding the An, 2%z and =~ p partial
rates, the total AA — YN decay rate amounts to 'y y = 3.98 x 1072T's, which represents
a modest increase of around 10% over the case that ignored the AA — =N piece in the

initial wave function.

In order to assess the model dependence of the AA — =N mixing to the AA - YN
decay rate, we perform another calculation which keeps the experimentally constrained
NSC97f coupling constants in the description of the weak AA — YN transition but
employs, for the =N — Y N one, the decay model developed in this work, based on
effective lagrangians, which is described in the appendix. The results of this hybrid
model are presented in Table 6.5. We observe that the addition of the partial rates
yields a total contribution from the AA — YN decay mode of I'y iy = 2.55 x 1072T's, which
represents an overall decrease of around 30% over the rate obtained for the diagonal
AA channel only. Comparing the results of this hybrid model with those of Table 6.4,
obtained with the strong NSC97f coupling constants, we observe a drastic reduction of
almost a factor five in the An rate. This comes from the reduction by about a factor of
two in the K-exchange rate, together with the enhancement of the 7- and n-exchange
contributions, with which the K-exchange one interferes destructively. The ZN rate
of the hybrid model is only 15% smaller than that of the model employing the strong
NSC97f coupling constants. Within the hybrid model we can see that the interferences
between the various meson-exchange contributions are such that the final decay rate
for the AA — An channel decreases a whole order of magnitude with respect to the case
that ignores the AA — ZN mixing, from Iy, = 3.00 x 1072T) to 2.86 x 1073T'4. This is

partially compensated by a major increase in the XN decay, from I'sy =5.81 x 1073T'y
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to 2.27 x 1072T". Altogether, the AA — =N component of the wave function reduces the
value of the I'y,/(I's0,, +I's- ) ratio obtained with only the diagonal AA — AA component
by a factor of 40, down to a value of 0.13, further highlighting the effect of the AA - =N
mixing in inverting the dominance with regards to the An/ZN decay modes.

The effect of the AA — ZN mixing to the AA — YN decay modes of Af\;He is summa-
rized in Table 6.7, where we observe that, even if it induces a small component in the
wave function, this mixing can moderately modify the rate, either by increasing it in
about 10% (NSC97f model) or by decreasing it in about 30% (hybrid model). A more
substantial change is observed in the relative importance between the An and ZN decay
rates, which is inverted drastically, from a factor five in the absence of the AA —ZN
mixing to about 0.5 (NSC97f model) or 0.1 (hybrid model) when this new wave function
component is considered. An exclusive measurement of the decay of A/E\;He hypernuclei
into An and X7 p final states would provide valuable information to confirm the impor-
tance of the strong interaction mixing effects in the decay mechanism, and could possibly
help constraining some of the strong coupling constants involving a = hyperon.

The complete two-body non-mesonic decay rate I" of Af\sHe, contains also the processes
induced by a AN pair and as such one may write I' =I'yy_nn +'aa—yn. The decay rate
for the AN — NN channel has been computed[35] to be Tay—nn = 0.96T 5 ~ 2T (5 He).
Comparing this result to those of the AA induced mode calculated in the present work,
one can see that the decay rate for the AA — YN transition with AA — AA diagonal
correlations amounts to a 3.7% of the one-nucleon induced rate I'yy_nn, while the
inclusion of the AA — =N mixing produces a slight increase in this percentage up to 4.1%

(NSC97f model) or a decrease down to 2.6% (hybrid model).
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Table 6.4: Individual and combined meson-exchange contributions to the non-mesonic
decay rate of A/?’He, considering final state interactions and both components of the initial
wave function, AA — AA and AA —ZN. The results, given in units of I'y =3.8 x 109571,
have been obtained using the strong NSC97f model.

Meson An 2N
T 3.65x107% 5.85x1073
K 1.13x1072 1.37x1072
n 8.62x107* 1.41x107*
p 1.31x107® 1.86x 1076
K* 427x1073 2.31x107*
w 485x107° 1.36x1077
a+K 7.87x1073 1.97x1072
a7+K+1n 3.66x1072 2.28x1072
All 1.831x1072 2.67x1072

Table 6.5: Individual and combined meson-exchange contributions to the non-mesonic
decay rate of A/({\He, considering final state interactions and both AA— AA and AA—ZEN
components of the initial wave function The results, given in units of 'y = 3.8 x 109571,
have been obtained using the hybrid model discussed in the appendix.

Meson An N
T 9.73x10™* 5.87x107°
K 5.15x107% 9.54x 1073
n 2.08x1073 1.77x107*
p 1.31x107° 1.95x 1076
K* 427%x1073 2.32x1074
w 4.85%x107° 1.36x1077

7+K 1.86x1073 1.63x102
a+K+n 3.75x107% 1.93x1072
All 2.86x1073 2.27x1072
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CHAPTER 6. RESULTS

Table 6.7: Total AA — YN contribution to the weak decay rate of AI‘\SHe and ratio
I'An/(T's0,, + I's-p), considering only the diagonal component of the AA wave function and

including also the AA — =N mixing employing two different models. The rates are given
in units of 'y =3.8 x 109571,

Model rYN FAn/FZN
AA—AAN—YN 3.58 x 1072 5.2
AA—AA—YN

-2
AA =N yy (NSCOTD 3.98x107 049

AN—-AAN—-YN

: -2
AA =N YN (Hybrid) 2.55x10 0.13
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CHAPTER

CONCLUSIONS

istorically strange systems have been used as a framework for the study of
the weak interaction through their leptonic and non-leptonic decay modes.
This function is still relevant today, as new technological advances allow for

the production of ever increasingly heavier and stranger nuclei.

Indeed the field of experimental strangeness physics is in its heyday, as new proposals
for experiments to be carried out at beamlines around the world are discussed yearly. Just
last year at J-PARC several experiments were submitted for approval, including: Decay
Pion Spectroscopy of ?\ AH produced by E-hypernuclear Decay[82], Direct measurement
of the ‘j’\H and iH lifetimes using 3*He (7™, KO)?[’\AH reactions[83] and ?\H and jl\H
mesonic weak decay lifetime measurement with 3*He (K, no)iAH reaction[84], with
more proposals to be submitted in the following months.

Since previous studies of double-A hypernuclei decay only included the channels
induced by either the AN, ZN or AA pairs, it became necessary to evaluate the con-

tribution of additional decay modes that arise from the complete consideration of the

strong interaction. The microscopic resolution of G-Matrix and T-Matrix equations using
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up-to-date and realistic baryon-baryon potentials for the initial and final two-body states
respectively, yielded the coupled wave function for the initial AA system, which includes
AA, EN and ZX components, as well as for the final hyperon-nucleon wave function, with

AN and XN components, and nucleon-nucleon wave functions.

The first step in this endeavour was the inclusion of the channel induced by the =N
pair, which has a lower energy threshold than the XX one. In order to accomplish this, the
two-body potential that governs the =N interaction with a change in strangeness of one
unit had to be constructed, in order to include it in the computation of the decay of A,E\;He.
This potential is based on a meson exchange model which includes the fundamental

states of the pseudoscalar and vector meson octets.

The inclusion of the weak transitions corresponding to the Z°n and = p intermediate
states required the calculation of new coupling constants, which have been derived using
chiral Lagrangians and SU(3) flavour symmetry (extended to S(6) flavour-spin symmetry
for vector mesons). Additionally, the new transitions that appeared in the isotopic spin

space also demanded the construction of new operational structures.

This research and calculation undertaking has been paired with a programming effort,
modifying existing FORTRAN code in order to implement in a clear and concise manner
all the fragments involved in the computation of the decay rate when the =N — YN
transition is included. A by-product of this refinement is a better interpretation of the
underlying physics present in the code, as well as an improvement to the modularity of
the program which translates into a greater degree of future-proofing by increasing the
flexibility regarding the modification of the elements that are involved in the calculation
and paving the way for the incorporation of new ones, such as the weak XX — YN

channel.

Certainly, regardless of the actual results for the decay rate, the tool developed in

this work will provide an easy, fast and reliable way to study the decay of hypernuclei
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within a one-meson-exchange model either by allowing a somewhat on-the-fly swapping
of coupling constants or by opening the possibility of adding new decay modes to the

overall calculation.

As a preceding step to the outright calculation, we have chosen to update our results
for the (AA — AA) — YN decay channel using amended wave functions in order to assess
the validity of the modifications introduced in the main program and its subroutines.
As was to be expected, the obtained results fall in line with previous ones barring some

minor discrepancies originating from the use of newer wave functions.

Once everything has been put together one can consider the impact that the inclusion
of the strong non-diagonal AA — ZN component of the AA wave function has on the
decay rate. Not only that, but one can go one step further and consider also possible
variations on the results produced by the use of different models for the derivation of the
additional coupling constants. In our case we have chosen to keep the coupling constants
derived from the NSC97f model that has already been used for the description of the
diagonal (AA—AA) — YN transition while implementing the ones derived from the chiral

Lagrangians discussed throughout this thesis for the (AA —=N) — YN channel.

For the direct decay induced by the AA — AA component of the wave function and
disregarding final state interactions for the moment, one finds that the dominant meson-
exchange contribution leading to final An states is that of the kaon with a rate of
1.45 x 1073T 5, with the following three allowed contributions (K*, w and n exchanges)
amounting to a 40% of the I'y,, rate. In contrast, the leading contribution for XN final
states is that of the 7 meson, adding up to half of the total I'sy = 4.22 x 1072T 5 rate.
Comparing these rates one finds that the ZN final state dominates the total decay rate,

contributing at the 95% level.

When one considers the inclusion of final state interactions to the rate induced by

the diagonal AA — AA components of the wave function, it can be immediately seen that
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the total rate is reduced by about 20% to a value of I'y; = 3.58 x 1072I"5. This inclusion
produces an enhancement of the K and K* contributions to the An final state while
inhibiting the 7, K, K* and p contributions to the ZN final states, giving rise to an
inversion of the relative importance of the partial decay modes, with the AA — An now

amounting to a 84% of the total decay rate.

Including the (AA —=N) — YN wave function component to the calculations and
using the strong coupling constants given by the Nijmegen soft-core NSC97f model yields
a small effect in the An decay rate chiefly through the modification of the 7 and K
exchanges. This combined effect ends up decreasing the decay rate by more than a factor
of two, down to I'y, = 1.81 x 1072T'5. Comparatively the decay rate to the N channel
experiences an increase up to I'sy = 2.67 x 1072T'5. Adding these partial rates gives
Iyny =3.98 x 1072T'y, a 10% increase with respect to to the case without the AA — =N

component of the wave function.

A second calculation has been performed, this time substituting the strong coupling
constants needed for the evaluation of the (AA—=N) — Y N transition with the ones
obtained using the decay model developed in this work while keeping the experimentally
constrained NSC97f constants describing the AA — YN transition. Through the use
of this hybrid model the total contribution to the rate from the AA — YN decay mode
is of Tyny = 2.55 x 1072T"), a 30% decrease with respect to the consideration of only the

diagonal component of the wave function, (AA—AA)—YN.

The effect of the AA — =N baryon mixing on the AA — YN decay rate of A;\5He can
either be to increase it by about 10% in the case where the NSC97f model is used, or to
decrease it by about 30% when dealing with the hybrid model. The relative importance
between the An and XN decay rates is inverted drastically, from a factor five in the
absence of the AA — =N mixing to about 0.5 with the NSC97f model or 0.1 using the
hybrid model.
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The major takeaway is that despite the effect introduced by the inclusion of additional
strong states in the decay into the AN and ZN final states being small, it is nonetheless
distinguishable. Specifically measurements of the A/(Z’He decay would provide much
needed insight into the importance of the strong interaction mixing effects and would be
useful in confining fundamental physics in different sectors leading to the baryon-baryon-
meson coupling constants involving a = hyperon, and constraining which model is best
suited for the description of strangeness-changing decays. Prospectively, the inclusion of
the XX intermediate states will contribute further to our understanding of the physics
involved in the strangeness S = —2 decay reactions and would require, analogously to

the =N states, the derivation of new coupling constants and isospin operators.
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APPENDIX

0
PRACTICAL CASE - THE AZ° 2 An DECAY

n order to improve the understanding of the procedure followed to obtain the
coupling constants used in the calculation of the hypernuclear decay rate, the
transition from a =%# to a An final state through the exchange of a 7° meson will

be studied in detail.

AA An
70
X--—--p----
=0 A An

Figure A.1: Diagrammatic representation of the decay. Weak vertex denoted by a cross.
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A.1 Strong Vertex

Since only the baryon-baryon-meson vertex is of interest the relevant terms of the

Lagrangian (Eq. (4.52) from the relevant section of the main text) are:
(A1) 85y =D'Tr | By'ys {u, B} | + FTr|Byys [u,,B]|.

where F' and D are the octet baryon to meson couplings, y* are the Dirac matrices
and B (B_;. = (B{ )'y4) is the matrix representing the inbound (outbound) baryons. The

dependence on the meson fields is contained in the u, operator:
A2 = L (uout—u'o
(A.2) uu—E(u ' —u #u),

¢
where u is defined as u = e’ V2/r which may be expanded and truncated to first order in

order to account for the exchange of a single meson:

1
A3 =1+i—¢,
( ) u +L\/§fﬂcp

with f; the pion decay constant, and ¢ the selfadjoint matrix of inbound pseudoscalar
mesons.
0

Thinking in terms of an inbound baryon and meson the strong vertex is nn° — n.

This gives the following baryon and meson matrices:

1 _0
000 0 00 o 0 0
(A.4) B=|o 0 n|,.B=|0 0 of,¢ 0 Vo 0
000 0m o0 0 0 0

The first step in the calculation is computing the value for u, for which we need u as

a prerequisite. This yields:

_ 1 0
(A.5) u=1+| 0 —5F T 0f,
0 0 0
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which translates into a u, value of

a,n°
| 7 00
_ ! Tt _ 8,10
(A.6) Up =5 (uauu -u Ouu) =l 0o -3~ of
0 0 0

Thus, the value for the commutator and the anti-commutator terms are:

—2 0
nno,n

2fn

(A7) Tr [Ey“y5 {uH,B}] =Tr [Eyu% [uu,B]] -

which in turn yields the following strong vertex:

D+F

(A.S) gs = 2fn

A.2 Weak Vertex

A.2.1 Parity Violating

The parity violating amplitudes can be obtained using the weak Lagrangian at lowest

order (Eq. (4.54) in the main text):
(A.9) 2, =V2(hoTr [B{¢'he, B} | + hrTr B [¢'he¢, B ),

written in terms of the dimensionless constants Ap and Ar, which can be fitted to
reproduce known meson decay amplitudes and the s-wave non-leptonic weak decays of
the baryon octet members [68]. The A operator is a 3 x 3 matrix with a single non-zero
element, 93 = 1, which accounts for strangeness variations of |[AS| = 1. The operator ¢
plays a role equivalent to the one of the u operator in the strong Lagrangian.

For this particular decay the weak vertex may be written as Z°7° — A, which means

the incoming (B) and outgoing (B) baryon and meson matrices will be:

1A 1.0
0 0 O A0 0 o 0 0
(A.10) B={o o0 ol,B 0 A 0 P 0 =1’ 0
0 20 0 0 0 /2R 0 0 o0
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The ¢ThE term is:

0 0 0
il __T —
(A.11) ¢'hS=h f‘p ffh¢ 01+2f 0]
0 0 0

Consequently the commutator and anti-commutator traces are:

(A.12) Tr[Blehe,BY] = - EOKS%?”O)
(A.13) Tr|B|¢'he,B]| = - ﬁa?\%,; +in’)

Thus, the Lagrangian for this vertex:

(hp —3hp)EOA (2f +in®)

A.l4 L=-
(A.14) 2V3'f

A.2.2 Parity Conserving

As discussed in Section 2.2.2 parity conserving amplitudes cannot be obtained through
the use of a weak effective Lagrangian. As such, one may use the pole model in order to
extract these coupling constants. The decay, then, may be decomposed into a series of

baryon-pole diagrams:

AA An AA An AA An
70 70
< | F==--4 e e Y -
=0 A An AA An 30 A An
0
/1
_____ - - - )
=0 A An =04 An =04 An
(@) 20— =04 70 decay b)) A— A+7° decay © > A+n° decay

0

Figure A.2: Baryon-pole model diagrams for the ="n — An transition
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yields the following expression for the vertex:

W 1 1
8o o+~ =Gz0m0,0—————Azop +Gap,0———Aro
20,07 n n — e 2A T a0 Ao

1
(A15) +GAZO7IO MAEOZO

where Gy correspond to the baryon-baryon-meson (B'B¢) coupling constants obtained
from the strong Lagrangian in Eq. (A.1).

For the calculation of the weak pole vertices it is necessary to express the physical
states in terms of the baryon octet fields |B;), as well as the meson states in terms of
|M;)[74]. Furthermore, the mesonless weak transition between baryons, (B|Hw(0)|B’),
can be computed using low-energy theorems for mesons. These theorems express the
matrix element for the emission of a meson of zero (or small) four-momentum in terms of
the corresponding matrix element in the absence of the soft meson and some equal-time
commutators of currents[75]. Therefore, we will be able to relate the strong scattering

amplitudes to the weak vertices,

(A.16) lim (B 2. B'M;) = lim(B'M;|Hpy |B) = —fi<B'|[Fi,H6]|B>,
q— q—

4

where, following Cabibbo’s theory, we have assumed that the weak hamiltonian trans-
forms like the sixth component of an octet, Hg, according to the CP invariance of H %,S =1
and F; are the corresponding SU(3) generators.

To compute the last term of Eq. (A.16), one can use the completely antisymmetric,
fijk, and symmetric, d;z, SU(3) coefficients[76] to express the action of the F'; generator

on a baryon field,
(A.17) Fi|Bj)=ifijr|Bg),

and the weak transition between baryon fields in terms of two reduced matrix elements,

A and B,

(A.18) (Br|Hg|Bj) =iAfgjr + Bdsjp,
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which can be determined by a fit to experimental data for specific parity violating

transitions, for which we choose the X" — p + 7% (A s+ p)and A — p+7a~ (App) processes,

i
(A.19) As+p = E(B —-A),
i ~3A-B
A.20 Ap, =227 58
(4.20) N

Combining these expressions, we obtain:
i
fr

(A.22) —éB = —V3Ap, —3As,.

(A.21) A=Az, —V3A,,,

Let us start with the A-o, weak transition:

1 .
Azop = (An° | Hpy | %) = (BgM3s | Hpy | —2(| Bg) —i | B))

1
= —[(BgM3 | Hpy | Bg) —i{BgM3 | Hpy | B7)]
V2
11 }
(A.23) = —an\/—g[(Bs |[F3,Hgl|Bg)—i{Bg|[F3,Hg]|B7)].

The commutator terms are:

(Bg |[F3,Hgl|Bg) =(Bg | FsHg | B) — (Bg | HeF's | Bg)

i i V3
(A.24) :§<BS|H6|B7>:§(lAf678 +Bd678):_TA’

(Bg | [F'3,Hgl | B7) =(Bg | F'sH7 | Bg) — (Bg | Hel's | B7)
i

1 i
A.25 =——(Bs|Hg | Bg) =——(GA B -
( ) 2( s | He | Bg) 2(1 fees + Bdges) 13

B,

which once introduced into the main expression yield:

i -3A+B 1
(A.26) e W W |Arp - VB As,|.
/4
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For the other weak transition, A=oyo:

1 .
Azoso = (X°7° | Hpy | 2°) = (BsM3 | Hpy | —2(|Bﬁ> —i|B7))

f
1
=—[(BsMs|H Bg)—i1(BsMs | H B
\/§[< sMs | Hpy | Bg) —i(BsM3 | Hpy | B7)]
11 .
(A.27) = —FT”\/—E[<B3 |[F's,Hgl| Bg) —i(Bs|[Fs,Hg]| B7)]1,

(B3 |[F3,Hgl| Bg) = (B3 | FsHg|Bg)— (B3 | HeF's | Bg)

i i, 1
(A.28) = 5(Bs|He|Br) =5 (idfers + Bders) = 4,

(B3 |[F3,Hgl|B7) =(Bs | FsH7|Bg)— (B3| He¢F3 | B7)

l i, l
(A.29) :_§<BS|H6|BG>:_§(lAf663 +Bd663)=ZB.

Thus we obtain:

i1 A+B 3
Fr 42

1
(A.30) Aszogo = o7 VBN, + A5,
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APPENDIX

CONVENTIONS: SU(3) COEFFICIENTS

he values for the SU(3) structure constants[85] used in the soft-meson reduction

theorem calculations are collected in Table B.1 of this appendix.
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Table B.1: Non-zero SU(3) coefficients

ik fogr ik

U
~.
S
bl

123 1 118 @
147 1 146 :
156 -3 157 3
246 : 228 @
257 1 247 -1
345 3 256 2
367 -1 338 3
458 V3 344 1
678  3v3 355 1
366 -3
377 -1
448 ~5v5
558 ~3v5
668 - =
778 ~5/5
888 —\/g
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