-

View metadata, citation and similar papers at core.ac.uk brought to you byﬁ CORE

provided by idUS. Depésito de Investigacion Universidad de Sevilla

Interuniversity Master’s Degree in Nuclear Physics

Master Thesis

>, — Y N transitions
in the decay of g rHe

Ariadna Aixut Loépez

Superviors: Assumpta Parreno Garcia (UB)
Laura Tolés Rigueiro (ITP, FIAS, ICE)
Universitat de Barcelona

Quantum Physics and Astrophysics Department
December 2019


https://core.ac.uk/display/288003517?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

”If a theory is complicated, its wrong”

Richard Feynman



Acknowledgments

Aquest treball ha representat per a mi un abans i un després en la meva manera de veure la
fisica. I és que la recerca no es tanca mai definitivament, siné que sempre hi haura una nova manera

d’enfocar una recerca i nous calculs per a desenvolupar o afinar.

M’agradaria agrair a les dues meves tutores, I’Assumpta i la Laura, tot ’esfor¢ i dedicacio
que han volcat en aquest treball. Sense elles, no hagiies estat possible. M’agradaria agrair a
I’Assumpta, en especial, tots els moments en que ha estat més que una tutora i m’ha recolzat,
cuidat i esperonat quan més ho necessitava, des que ens vam coneixer quan jo només era al tercer

any del grau. Gracies a les dues de tot cor.

Es obligatori agrair també al Jordi Maneu tota la feina feta per al meu treball, tant davant d’un

teclat com d’un full en blanc.

Sense menys importancia, gracies a I’Anna per recolzar-me i ajudar-me en aquest treball, i en

tot el cami que hem fet juntes fins aqui.

Com sempre, no pot faltar una mencié als meus pares, I’Ernest i la Rosa, sense els quals no

hagués arribat mai on séc.



Contents

I. Introduction
I1. Decay rate

ITI. One Meson Exchange Model
A. Exchange Diagrams
B. Vertices and Final Potential Expression
C. Coupling Constants
D. Isospin dependence
E

. Spin dependence
IV. Discussion of results
Appendices
A. r-space integrals
B. Isospin matrix elements

C. Example of calculation of coupling constants
1. Strong example: the X~ 7T — %0 vertex
2. Weak PV example: the X7~ — n vertex
3. Weak PC example: the X771~ — n vertex

4. Total coupling constants contribution.

12

13

14

19

23

28

31

34

34

37

41

41

42

43

43



I. Introduction

A hypernucleus is a bound system of nucleons and at least one hyperon, where hyperons are
baryons containing strange quarks. The presence of the strange quark makes hyperons spaecially
attractive to study since these systems are unstable with respect to the weak force, leading to the

appearance of weak decays which do not conserve neither parity, isospin nor flavour.

Traditionally, the study of the decay of single-A hypernuclei has captured most of the attention
[1][2][3] , since they are the lightest strange bound systems and consequently the easiest to produce.
Hypernuclei are usually produced with hadronic reactions in excited states. To reach the ground
state, these nuclei typically experiment a deexcitation process which often includes the emission of
particles or electromagnetic radiation. Once in the ground state, these nuclei decay through weak

interaction processes, as the ones studied in the present work.

A A hyperon in free space decays weakly, with a lifetime of 74 = (2.631 4 0.020) x 10710
s, leading to nucleons and pions (mesonic decay mode) in the final state with an approximate
ratio (A — pr~)/T(A — n7¥) ~ 2 | which is compatible with a change in isospin along the
decay process of Al = 1/2. The observed suppression of Al = 3/2 transitions over Al = 1/2
ones has motivated a number of theoretical investigations, as that of Ref. [4], but a fundamental
understanding of its origin is still missing. When the hyperon is bound in the nuclear medium
this decay mode is Pauli blocked, since the emerging nucleon tries to access momentum states that
are already occupied by the surrounding nucleons, and non-mesonic decay modes induced by the

presence of these nucleons (AN — NN) become dominant.

Recently, the attention has been focused on doubly strange systems which offer a richer scenario
that includes additional decay channels. In the present work we study the decay of ?\ AHe. This
hypernucleus was first observed in the KEK-E373 experiment [5], which aroused great interest
on theoretical and experimental studies involving the AA interaction. Since then, other AA-
hypernuclei have been observed, allowing for a precise extraction of the AA binding energy, as well
as many other nuclear properties. More recently, the EO7 experiment at J-PARC [6, 7] aims to
produce AA nuclei throughout the capture of Z hyperons, with the subsequent strong conversion
into AA pairs. It is estimated that the statistical sample will be an order of magnitude greater than
the one in experiment KEK-E373, allowing for a more accurate extraction of the strong and weak

baryon-baryon (BB) interaction observables in the strange sector.

Due to the strong interaction acting on the baryons, the AN and AA pairs in the initial hy-
pernucleus can mix with other baryon-baryon (BB) channels with either one-unit or two-units of
strangeness, XN and ZN and > respectively. The different components of the wave functions are
contained in the solution of the G-matrix equations. These initial two-body particle states will in
turn decay via weak processes leading to BB states which leave the system with enough momenta

to be treated with a T-matrix formalism, where no medium corrections are considered.



In Ref. [8] the decay of §,He induced by AN — NN and AA — AN(XN) transitions was
studied. In this work, the decay rates to the different final states were calculated to be: I'yy =
0.96Tx, 'an = 3.58 x 1072I"y and I'sy = 3.0 x 107374, where I'y = 3.8 x 10%s~! corresponds to
the decay rate of a A in free space. The total contribution added up to a final value for the rate of

I' =0.96I'y, dominated by the exchange of 7 and the K mesons in the weak model.

As it can be seen from Fig. 1 (taken from Ref. [9]), the dominant component of the AA wave
function is the diagonal AA — AA one, with the AA — =N being the quantitatively second in
importance in the relevant region. This fact motivated the work of Refs. [9, 10], with the inclusion
of the EN — Y N decay channel in the formalism, which modified the results presented in [8].
While the AN contribution experimented a decrease, giving a value of I'yny = 1.31 x 1072I"y, the
YN contribution increased its value to 'y = 2.67 x 10724, adding to a total contribution of
I' = 3.98 x 1072T's. Nevertheless, a complete study of the decay process must include all the
components of the wave function. The remaining contribution is the one coming from the AA — X%
channel, for which one expects an even smaller contribution. In any case, it is necessary to give
a realistic estimation of its value as it can give us additional information on the baryn-baryon

interaction as compared to the other channels.
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Figure 1: Comparison of the harmonic oscillator AA radial wave function in % AHe with the
different components of this same wave function obtained from a G-matrix calculation, and
corresponding to the 1Sy channel for a value of the relative momentum of 100 MeV. Figure taken
from Ref.[9]

In the present work we study the (AA—X¥) — Y N decay mode in gAHe . To describe the weak
transition we use a one-meson-exchange model which includes the contribution of the pseudoscalar

m and n mesons. The evaluation of the corresponding Feynman amplitude requires the knowledge



of a set of strong and weak baryon-baryon-meson coupling constants. Only the ones involving
decays into pions with enough phase-space can be directly extracted from experiments. To obtain
the rest of couplings one must use effective lagrangians, based on the use of SU(3) flavor symmetry,

formulated for the strong and weak interaction among hadrons.

For an easier understanding of the diagrams we are using, the baryons and mesons relevant for
this work are shown in Tables I and II [11]. Due to the lack of time, K mesons are not considered

in the present work and their inclusion is postponed.

The structure of this master thesis is the following. In Chapter II the expression for the decay
rate is presented. In Chapter III the One Meson Exchange model used in our calculations of
the two-body weak transition is explained, including the representation of the exchange diagrams
and corresponding strong and weak vertices. Once the weak transition potential is derived, the
coupling constants are computed using effective lagrangians and the pole model. Last two sections
of Chaper III are dedicated to obtain the matrix elements for the isospin and the spin operators.
Finally, in Chapter IV we discuss the results obtained and present some conclusions. We have
added some appendices at the end to illustrate some specific computations, as well as the integral

for the radial contributions.

. Quark . Non-Leptonic
Particle | Q . I | I3 S Mass (MeV) Mean Life 7 (s)
composition Decay Modes
A 0 uds 0 0 | -1 [ 1115.683 £0.006 | (2.632+0.020) 10719 pr~ / nn°
0 0 uds 1| 0 | -1 |1192.642+0.024 (7.440.07) - 10720 -
ot 1 uus 1 1] -1 1189.37 £ 0.07 | (0.8018 £ 0.0026) - 1071 | pa¥ / nat
- -1 dds 1 | -1 ] -1 |1197.449+0.030 | (1.4794+0.011)-10719 nmw-
1 1 939.565413 +
n 0 udd 5 |—5] O 880.2 £ 1.0 -
0.000006
938.272081 £
D 1 uud 51310 > 2-10%Y (years) -

0.000006

Table I: Physical properties of the (J) = (%Jr) baryons used in the present work.



Particle | Q | Quark composition I3 Mass (MeV) Mean Life 7 (s)
0 0| (va—dd)/v2 0 134.9770 £ 0.0005 |  (8.52 % 0.18) - 10~'7
Tt 1 ud 1 139.57061 4+ 0.00024 | (2.6033 & 0.0005) - 10~8
T -1 du -1 139.57061 4 0.00024 | (2.6033 4 0.0005) - 108
n 0 e (uti — dd) + ea(s3) 0 547.862 = 0.017 ;

Table II: Physical properties of the pseudoscalar (J) = (07) mesons used in the present work.



II. Decay rate

The aim of this work is to obtain the decay rate expression of AA-hypernuclei when the AA—X3%
strong coupled wave function is considered. The nonmesonic weak decay mechanism is studied

within the one boson exchange model.

If we suppose that the initial hypernucleus is at rest, we can express our decay rate as [12]:

d3k dk
I'= /(27r1 2 DI 2J+1Z m)3(E) M, (1)

m1m2 Nuc.res

where M is the nuclear transition amplitude M =< NY4Z|O|?\AHe > with O the two-body
operator responsible of the transition AA — Y N, k1 and ks are the two final particles momenta, J
is the quantum number for the initial hypernucleus, M its projection and the §(E) stands for the

energy conservation. The first sum is over the spin projections of the two final particles whereas

the second is over the quantum numbers of He. The two initial integrals [ d;f)g i é‘irk)%, )O(E)

are to be done over the two final particles, it is, over all final momenta possibilities.
To compute the weak transition amplitude, we need to decouple the AA pair from the initial
hypernuclear wave function. This is relatively simple, since the two A’s are weakly coupled to the

residual *He core.

It is known experimentally that the AA system has a quantum number L = 0, which contributes
to the total wave function with a symmetric factor. Because these two particles are identical
fermions, its compulsory for their total wave function to be antisymmetric. Then, an antisymmetric

factor for the spin is needed, and therefore they must be coupled to S = 0.

|\I/(?\AHG) >— ’?XAHe >J S=L=T=0_ ‘AA >J S=L=T= 0®’4H€ >J S=L=T=0 (2)

Our final wave function contains the two baryons coming out from the two-body weak process,
and a residual 4-particle state which has to coincide with the initial *He core, acting as spectator

in the weak reaction.

<VUy = <Nlp<Y|®<'Z=
1 1 1 5 o
= Z < §m1§m2’5M5 > SMs‘ Z < §t1TQt2|TMT > TMT‘ < ]CN,ky‘ <4 Z| =

SMS TMr
1 1 1 R
= Z Z < §m1§m2|SMg >< §t1TQt2’TMT > SM5’ < TMT‘ < kN,ky| <4 Z| (3)
SMg T M

Al = 1/2 variations in the weak transition can be incoporated through the coupling of the

|1/2 — 1/2 > isospurion to one of the A’s in the initial AA pair, that fixes the isospin state of the
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couple to be [1/2 —1/2 >. Once this is done, isospin conservation can be implemented through

the transition:
1 1 1 1 1 1 1 - o
—mi— SM —tyTyty|= — = SM - — = kn, k 171,
§<2m12m2| S><2N Yy|2 2>< 5|<2 2|< N, ky| <" Z| (4)
5

The amplitude M with both the initial and the final wave functions can be written, once we

have performed the change to separate between the center of mass and the relative wavefunction:

= - A 1 1
M =< kNSNtN,kySyty;4Z’O|?\AH€ > |§ — 5 >=
1 1 1 1 1 -
= Z < fmlmeISMg > ftNTyty’* — = >< K|¢CM >
2 2 2 2 2
SMg
. 1 LA REL 1 1 4 714
X <k,SMg,§—§\O|¢ ,50:0M50:0,§—§>< Z|*He > . (5)

Introducing this on the expression for the decay rate we can do more simplifications:
§(E)|M* =
I C LY

3
r - / d°k /
(2m)3
mims nuc.res

Bk d3K
:/(27r / DD 2J+1Z m)3(E)

m1m2 NUC.TeS

1 1 -,
< —myi=ma|SMg >< ~t;Tots|= — = >< KM >
\S%: 2m12m2\ S 2122|2 5 ¥
S

X

- 1 1,4 1 1
x <k, SMg, 5~ 5yO(S)\szEL,SO =0Mgo=0,5 =5 ><t Z[*He > |2. (6)
Where we can take out the 2J + 1 = 1 term. As we previously explained, the total angular
momenta for theAA system is J = 0. Also with J(*He) = 0, we only have the J(§ , He= 0 possibility.
Firstly, <* Z|*He > becomes a dzy. that forces Z = He. Secondly, we do a simplification on the
sums over the spin. This can be done taking out the Clebsch-Gordan coefficients for the spin

outside the square value of M to obtain a single and easier expression:

1 1 T o1,
Z Z < imlimngMS > Z < §m1§m2\5 MS >= Z 555’5M5Mé' (7)

mima SMg S/ My SMsg

So now the decay rate becomes:
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3 3
r = /(‘217:;3/ (‘;WI; (2m)d(E) Y | < %tNTyty% — % >

SMg

- - 1 1 4 1 1
x < KM >< k, SMs, 5 — §|O|¢REL,SO =0 Mgy =0,5 -5 > > =

d3k K 1 1 1 .,

[ G | G emaB < ginTyivls — 5 > Bl < R > |

o R 1 1 4 1 1

><Z\<k,SMS]O(S)\wREL,SO:OMSO:0>\2]<§—§]O(T)§—§>]2. (8)
SMg

Where we have factorized some terms to compute them individually.

The first block < %tNTyty% - % > is the Clebsch-Gordan value resulting when coupling the

1

two final isospin values to the only possibility 7' = %, t=—35

<K |p“M > is the corresponding overlaping factor between final and initial CM wave function.
Similarly, we have < E, SMS|O]¢REL , S0 = 0 Mgy = 0 >, the ovelaping factor between relative
initial and final wave function, which contains spatial and spin combinations. This is going to give

us some restriction to other quantum numbers once the spin operator is applied.

Finally, < 3 — 2|O(T)|} — 1 > is the isospin term.

We develop all these terms in the next sections.
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ITII. One Meson Exchange Model

To compute the decay rate we use a One Meson Exchange Model, which has been successful
in describing the decay of single-A hypernuclei as well as previous calculations of the decay of AA

hypernuclei.

By (9-G0»— 73

Figure 2: General representation of the Feynman diagram for the weak ¥¥ — Y N transition.

To derive the corresponding potential we start from the free Feynman amplitude depicted in

the diagram shown in Figure 2, which can be expressed as:

M= / dawd by s (2) 1001 (2) A (2 — y)Pa(y)Tarha(y) | (9)

where 9,(z) = e "%u(p) are the free baryon fields, T'; the operators describing the baryon-

baryon-meson dynamics involved in each of the vertices, and Aj; the meson propagator:

diq et4(z—y)

0= | r@r

Ap(x — (10)
Performing a change to center-of-mass and relative variables and integrating over the center-of-
mass, time and energy variables, one obtains an expression that, in the non relativistic limit, gives

—\

us the Fourier transform of the transition potential in coordinate space V(7)

Ll dSq e~ iqr
V() = - / dPrei )T / A ) Do) = (p) Cau(pa). (11)
(2n)? e

With this expression, we are in a position to obtain the weak transition potential for each of

the specific exchange mechanisms shown in Figs. 3 and 4.
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Figure 3: Feynman diagrams for the possible weak transitions starting from an initial %0 pair.
A. Exchange Diagrams

Since our work focusses on the effects of the AA — XY component of the initial wave function to
the decay rate, only weak transitions with an initial 33 state are considered. Figure 2 represents
the transition from an initial 339 state (with the subindices denoting different charge) to a final
NY state, with Y = AorX. The crossed circle stands for the weak vertex while the strong vertex
is generally denoted by a little full circle or without a symbol, as it is presented here. Both vertices
must conserve charge. The strong vertex must preserve quark flavor and isospin, while the weak
vertices follow the AT = 1/2 rule and can change the quark flavor. The dashed line represents the
exchange of a meson between the two vertices, i.e. the particle that will mediate the transition.
The convention is to take Its direction towards the strong vertex. The structure of the I' operators

in Eq. (11) depends on the type of particles involved in each of the vertices.

Taking into account all these restrictions, we end up with the Feynman diagrams included in

Figs. 3 and 4, representing weak decays starting from neutral X° or charged X(*:=) hyperons.



14

B. Vertices and Final Potential Expression

For m and 1 meson exchanges we have a similar structure for weak and strong Hamiltonians

except for isospin and coupling constants.

As it is said before, the nonrelativistic limit of the free space Feynman amplitude can be
associated with the transition potential. So, what we need to calculate is the potential associated

from the Hamiltonians we have at each vertex.

For this, we are going to need both strong and weak Hamiltonians, one of each associated at the
corresponding vertex. For the strong Hamiltonian we use the usual ggvs parametrization, where
gs stands for the strong baryon-baryon-meson coupling, which will be given later on. For the weak
vertex we need to incorporate two terms which will lead to the partity-violating (PV) piece ( ”7A”

term) and the parity conserving (PC) one ("B” term): G3,(A + B7s).

P S T R A $T - 30

E+ / - / - /

Figure 4: Feynman diagrams for the possible weak transitions starting from an initial X=X pair.
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The propagator for the mesons is:

1 1 e, —1

Comh G- g, P m
where ¢ is the momentum carried by the meson directed towards the strong vertex.

The terms needed are:

S o E'+ M ; E+ Mg
( _ 7k Lo+ My, .
YN (k )A¢El (k) = 2F (1 _E'/lJrM) A 28 ( _c: -k )

(B + M)(E + My, ) ( W) -k) ) M=M=
A\/ AEE' (1_ (E + My, )) B

:A\/(E’+M)(E+M) (1_ G
AEE E' +

— - - E'+ My ool 01 E + Ms 1 Ms,=My=M
Yy (=K )5, (k) = Y (1 ﬁ) (]1 0 TQ —o5k F =

E+M22
_ JE+AME+M) (L 1\
- AEE' (E’+M 1) Eo}j o
+
_\/(E’+M)(E+M)(03-k7 03-1%')
- AEE' EE+M E+M

o9 k' —05 -k 1 ooy B=m 1

= = ap g W R = —gy(@ 0. (1)

The PC term can be obtained as in the previous case, leading as final result:

(E=E')

M=Msy, =M

. q E+M)E+Ms,), di-k | 6k
KB k :B\/( = (-
¢N( ) ’Y511Z)21( ) 4EE/ ( E/_|_M E+M21

(E+M)( tﬂ@)E;M oi-q
2F “E+M oM

)

= B

(15)

Combining Egs. (13), (12) and (14), and taking the leading contribution, we obtain the PV

potential:

1 1 E~M 1 A

(0'2 Cj) = =5 [ 9 7(0_:2(?) (16)

Vo (@) ~ = A
Pv(@) 72> +m2, 2M 7%+ m2, 2M

Analogously, the combination of Egs. (14) (12) and (15), leads us to the leading PC potential:

1 1
2M 72 +m2 2M

Vpc(q) ~ —(F2- 7). (17)
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The potential is the sum of these two terms including G%Vgg factor and the isospin operator,

which will be given at the end of this section:

1 A o1-¢ 1 1 .
V — _G2 = . B _ (A - OT e
1 1 01 @\ A
= —Glgs———"s—(52- A+B——— | O(T). 18

In order to calculate the transition amplitude we have to perform a Fourier transformation.

The calculation of the PV contribution is given by:

1 et VS etar 1 e—mr
V() = 7. NdBPg = 293 / 3g — Fo - T
") = o [ T2 @ D= 25 (=55 7)

d’qg =
q?% + m?2 dim r
which can be solved using the Cauchy’s residue theorem.

The PC potential in r-space is similarly calculated:

V) = G | @ D e (20)

q_’2+m2

Here we use the relation (¢ - §)(02 - §) = {19029 — %010'2(]2} + %0’10’2q2 = Si19 + %0102q2 to
split the PC potential in a central and a tensor contribution. Note that, as explained in section

[IITE], the tensor operator will not contribute because the X% system is in the singlet state.

Again, using the Cauchy’s residue theorem, we obtain the PC potential

. 2 [ elr o109 €~ M
Vi = 0102 / By — — 2 91
(™) 32m)3 ir J_ oo G2+ m2? % 6r r 1)
The final potential then becomes
A1 e~ mr 1 B o109 e ™" A
A 2 - N 102 2
— _ ) Z - _ T) —
Vi) GWQS[ S A T U Uy v Y VA il )} o)
1 e ™ 1 1 B, o0 A
> . 102 o
= — —A(=(d5 - - — (= T). 22
Ghasgygs | ~AG@ D)+ (-T2t O() (22

Both PC and PV contributions can be splited in three terms: one containing the spin operator,

another for the isospin one, and a final term including all radial dependences. For our case:

V() = [#162Vss(r) + G2 - #Vpy ()| O(D), (23)

B 1 [fe™
\% — G2 - - 2
59 W95 9M2M 3 < omr >

A e™ m
2
Vpy = Giy9s—— 1+ — 24

(r) ¢ gSQMm4i7Tr < r )’ (24)

where O(T) is the isospin operator.
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To obtain the isospin matrix elements we enforce the AT = % rule through the coupling of

isospurion to the initial hyperon in the weak vertex

~ 1 1
Y >=|- -
¥ >=

5> 8y >. (25)

Given that the X is an isospin triplet, the coupling with the isospurion gives us two spurion
states, one with 7' = 1/2 and the other with 7" = 3/2:

~ 0 1 1 3 3
XT> =X >R =l 2>l -1>=|=-2

2
8 11
YW = 20> _7—7> 10 > \[ > 4—|--->
| | <> | ®| | ﬁrz .
0 11 1 31 111
5t > = ot =|=—= 11>=—=|== \f . 26
X7 > = | >®<> !2 2>®| > \/322>+ 3|22> (26)

Since we are only considering the exchange of non-strange mesons (7, 7), the £¥3 — Y N transition

will always have the weak vertex located in the XN baryonic line. This vertex can be expressed as

=

Msovm = [ (A7 + B¥5) + I (4% + B¥45)| O(T) - B, (27)

where the first term represents the decay from the isospin 1/2 of the ¥ spurion, and the second
one involves T instead of 7, that is the decay from the isospin 3/2 component of the ¥ spurion.
Only when a 7 is the meson being interchanged this two cases will appear in contraposition with
the n case, where the isospin can only come from a 1/2 — 1/2 transition. This is explained more

accurately in section [IIID].

Putting together all the contributions the final potential is given by

B3 B> _
A 2 37 A%3
( 2+2M01q> ( aTad

Where Grpm?, = G3,. Now we apply the same relation as before ((&1 - ¢)(52 - §) = {o1902q —

O(T)i. (28)

gs
Vs(q) = —Grm
2(Q) = ~CGrm 72+ m2,

moM

%alaqu} + %0’10’2(]2 = S19+ %0102q2), and do a Fourier transform to obtain the potential decom-

position as before.

The structure is the same, but taking into account that we have two different options for each



isospin operator.

Bl/2 1 [e—mr
V1/2 — G2 - - 2
55 (7) Forram 3\ 2mr

PV (r) = G%ﬁgim

1/2 —mr
V1/2 A e . (1 m)
2M  darwr

r

3/2 —mr
32, _ o BV 1 [e 2
Vss () = Grsimnr 3 ( omr )

A3/2 —mr
Vir(r) = 63 1+,

Fgﬁm dimr r
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C. Coupling Constants

At this point, we must derive the values of the weak and strong baryon-baryon-meson (BB¢)

constants that appear in the expression of our potential. To do that, we will use the appropriate
effective Lagrangians in each sector.

For the strong vertices the Lagrangian at lowest order is given by the expression:

_ D _ F_ -
L5 = Ty[B(iy*V,, — Mp)B] + ETr[B'y“%{uu, B} 4+ =Tr[By" 5w, Bl (30)
with B and B the baryon and anti-baryon matrices:

1504 1 +
ﬁE—F\/éA by

The operators appearing in Eq. (30) are defined as:

v# aﬂ + [FMB]

u, = i(uld,u —ud,ul)

T, = i(u'du+ ud,ul).

(33)
The u matrix contains the meson fields, ¢, through the expression :

VTR
e iV o1 - !

foéf)@)T- (34)

which has been expanded to first order to account for the exchange of a single meson. The explicit
expressions for the meson matrix is:

i

%7‘(’0 + %n s KT
o T —%WO + %77 K° |. (35)
K~ I_{O 2
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One can see that at lowest order, the contribution of the I';, and w,, terms are:
T, =i(u'duu +udu’) =0 (36)

and

uy, = i(u'du — ud,u') = _}ﬁa,@, (37)

allowing us to rewirte the first term in the Lagrangian of Eq.(30) as:
B(iy*V, — Mp)B = iBy*V,B — BMpB =

_ _ _ _ _ (38)
= iB~"d,B + iBy"[T,,,b|B — BMpB = iBy"8,B — BMgB,

contributing only to the kinetic energy and the mass term of the baryons in diagonal channels.
The BB¢ coupling constants will be given by the second and third terms in Eq.(30), where the
constants D and F are the octet baryon to meson couplings, with values D = 0.85 MeV, F' = 0.52
MeV [13][14]. To exemplify the procedure we have added in Appendix (C 1) the explicit calculation
of the strong ¥~ 7" — X0 vertex. Our results for the strong coupling constants required to perform
the present calculation, which includes only the exchange of the m and 7 mesons, are presented
in Table III. Note that, for completeness, we have added the ones corresponding to the kaon,

although its contribution has not been evaluated in the present work.

For the weak vertices, one must perform an equivalent calculation but using the appropriate
weak lagrangian. It is important to note that the effective lagrangian can only give us the parity-
violating coupling constants [15] because it does not contain the CP transformation properties

needed to compute PC constants.
£V = Grm2V2f; (hoTe{Biehe, BY] + heTr{Blehe, B)) (39)

where Gpm?2 = 2.21 x 1077, f = 93 (MeV) is the pion decay constant, hp = —1.69 x 1077 and
hp = 3.26 x 10”7 constants taken from [16], & is a matrix which effectively accounts for the change

in strangeness,

000
h=1|o0o01], (40)
000

and the meson fields are included in the £ matrix in analogy with the u matrix appearing in the

strong Lagrangian, giving at leading order:

¢'he = h+ [h, ] (41)

i
V2f
As before, an explicit example of the calculation is included in Appendix C 2, and the values of

the relevant coupling constants for the weak sector are presented in Table V.
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Channel DTv[Bytys{uy, B} + £ Tr[By*ys[uy, B]] Numerical values
Yt - 20 +F 00, m e 4 13.36
Yrem — X0 —F'y“’mioﬁuﬂ'*i]*% - 13.32
»Or0 — 30 0 0

»0n — %0 Dw%ioaﬂnzo\%ﬂf 12.59
Yor— —»%- Pty S0, %04 13.36

YO0 5 A Dv“vsﬂauonof%f 12.18
Lot 5 A +Dwy5]\a#7r+2*\%3f 12.21
a0 = - -FrtysE70,m08 ¢ -13.39
YtrT = A Dw%[\aﬂ—z—%f 12.16
YOKO 5 n D50, K020 35 + Fykys0, KO%0 5 -3.78
YKt s p Dﬁ’y“’m@uK"‘ZO% —Fﬁ'y“’yg,aMK*'KO% 3.78
»tK? = p D]‘)’y“’yg,a#KOE*f%f —Fﬁv“vgﬁuKOK*ﬁf 5.34
YKt —n Dﬁw%&HK*E*\[%f -Fm#%a,th*\%Qf 5.36
YXTnp—= X7 Di‘y“%aunz_\%?f 12.64

Table III: Values of the strong baryon-baryon-meson coupling constants involving pseudoscalar

mesons. The numerical values are presented in terms of the corresponding baryons and meson.

The weak PC coupling constants can be obtained with the use of the pole model, as explained
in Ref. [15]. To illustrate the method, we give the expression for the coupling entering the diagram
depicted in Fig.(5), where the weak transition has been moved from the vertex to the corresponding
baryon line. The first diagram on the right hand side of the figure represents the same weak process
but with the weak transition shifted after the strong interaction takes place, while in the second
diagram it is shifted onto the baryonic line right before the strong coupling occurs. The final
expression for this particular vertex is given by:

1 1 1
g5+ Ar— miAAn + gst50n- ————5 Ason + Gppr- —————— Ay (42)

n — MA My — M, my+ — My

In the equation above, the g constants stand for the strong BBM couplings at each of the strong
vertices, the denominator contains the mass difference between the baryons appearing in the baryon

line where the weak vertex occurs, and the A take into account these weak transitions.

For this specific case, since the pion can connect two X baryons or a ¥ and a A baryon through
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Channel DTv[Bytys{uy, B} + £ Tr[By*ys[uy, B]] Numerical value
nrd —n 8,m°(D + F) gznin 13.84
+ I
nrt —p 9t (D + F)np ff 19.56
Yort —» Bt ~0,mTEOFET S -13.32
YK~ =~ K —3(D+ F)E" 55 18.52
nK= — X~ 8HK (D F)nE_ff 5.36
YK - = 29, K°Z%(D + F) 55 18.47
nK°® — %0 nd, K50 (— D+F)if -3.78
yhrl — ¥t F¥t9,mn087 ¢ 13.30
pr® = p ppdum® (D + F) 55 13.82
_ —= 1
prT = n po, (D + F)ij 19.56
LK== $70,K°27(D + F) 5 26.24
K- — 20 YT, K~E-(D + F)f%f 26.09
pK— = A —pduK~N(D + 3F)%2 -15.37
pK— —x° pEP9, K (D — F) 3 5.35
nn —n —no,nn(D — 3F)£ 4.14

Table IV: Strong coupling constants entering the expression of the PC weak vertices through the

pole model. The numerical values are presented in terms of the corresponding baryons and meson.

the strong interaction, we get an additional term, depicted as the third.
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Channel hpTr[B{¢The, BY] + hpTr[B[EThE, Bl Numerical values
YO0 5 n —BoZhe S0 f + i) frn G rm?, 4.95x10~7
Yort —p h’i’[?F S0t pfmGrm?2, 3.50x10~7
00 —n (o RS0 (=2 f + V/Bin)ii fn GEm?, -4.29x107
YOK0 5 A f%zoz@m fimGrm?, 9.75x10~8

SOK— — %~ R2Y0K -5 fmGrm2, 4.61x1077
YORO - »0 b ¥0 KOX0i f,, Gpm?, -1.69x10~7

Yty —p hD hF (2f — Vin)pET fmGrm2, 6.06x10~7
Yl —p h?[;”” 2f +in)pYt £, Grm2, -3.5x1077
STrt = —hoZhe it £, G emy, 4.95x1077
Strm —n 0 0

NTKO - ¥ BoLhe KOS5 frnGrmy, 1.57x1077
SOK— = A \/%hDi]\K*E+fmGpm$n -1.38x10°7
SHK- — 30 —Y2iSOK S frnGpm2, -4.61x1077

Table V: Values of the weak PV baryon-baryon-meson coupling constants involving pseudoscalar
mesons. Note that, for completeness, we have added the ones corresponding to the kaon,
although its contribution has not been evaluated in the present work. The numerical value is
always the term containing the meson. The results are given in terms of Gpm2, and the

corresponding baryons and meson.

D. Isospin dependence

In analogy with the formalism presented in Ref. [9], we write the general structure of the isospin

operator which enters Eq. (8) as:

1 1 1
g < 2th,Tty‘Ol‘ t,Toty >< t’ltl,f >+

2 2
1 3 1 1
+go < §th,Tty‘02‘ t,Toty >< t’ltl, 573 >+ (43)
1 1 1
Ztng, Tty |Os|=t, Toty >< —t|1ty, = — =
+gs < 5tny, vl 3|2,22><2| L35>

where the Clebsh-Gordan coefficients on the right in each line represent the coupling of he isospurion
(|3 — 3)) to the & enterlng the weak vertex (|1t1)), to give an isospurion state (X) with isospin

projection t = t; — 5. We also recall here that |Thts) stands for the isospin state corresponding to
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0
T 5 )3ns . >t u
n n n
ot RN
/ T T
/I, Tr_
4
I/ 7T+
(a) (b) (c) (d)
Figure 5: Ilustrative example of using a pole model.
Channel hpTr[B{¢The, BY] + hpTr[B[EThE, B Numerical value
ZOTFO —nNn g’n’nTK‘O rnzu%mAEO" + gEOEOﬂ-O m%MAEOn 2.25)( 10_5
n n P
Nort — p Inpr+ 77"/201_”171, Azon + g0+ 5+ prrm—— —1"">:+ A2+p 9.80x 1078
207’] —n gnrmmAzon + gzozonmAzon -1.44x 10_6
EOXO — A 92050K0 mAEOA + gnAEUQm,LmAEOn 1.21X10_6
SOK— 9 gyo=— K- mAE—E— + gny-K- WAEOH 4.18%x1076
YOO 5 30 5020 o WAEOZO + 9,500 mz‘lgon 1.7x10~6
Ytn — R — + —1 A 2.57x1076
n p Is+xtn Myp—My 4 Stp T Gppn Myt —My Stp :
Ttr0 gwmﬂomflmp + gpmom%%/xwp -1.26x1077
Yot —n J5— An+ mAAn +ggfgoﬂ+mz420n -7.90x1077
Ytr- —n Gpnn— 77%;,% Astpgst A e Adn + g5t s0r- s Ason -9.99x1077
— 7 — _ 1 —6
> KO -3 ngngoWAE—z— 6.70x10
YOK- — A gst=0K— ﬁAEOA + gprk - mAE*P 1.14x107°
Z+K_ — EO gZ*EOK* WAEOEO + ngOK* mAEﬂD 240)( 10_6

mesons. Note that, for completeness, we have added the ones corresponding to the kaon,

although its contribution has not been evaluated in the present work.

Table VI: Values of the weak PC baryon-baryon-meson coupling constants involving pseudoscalar

the ¥ entering the strong vertex, while (1¢y | and (T'ty| represent the final nucleon and hyperon
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isospin states respectively.
The operational structures in Eq. (43) are:

O =7 T, Or =T, - Th, O3 =1, L. (44)
but not all of them contribute to all final states. When our final state is given by a nA pair we
will only have contributions from the two first operators, due to the fact that the A has T = 0
and thus, it is not possible to connect the corresponding states with an identity operator. This

is illustrated in Figure 6, where only the two possibilities that are allowed are drawn. All three

operators contribute when the final state is VY, as shown in Figure 7.

S1(T = 17N (T = 1/2) S(T = F/ 28N (T = 1/2)

(T = AN (T =1/2) £(T = V(T = 1/2) 51 (T = V(T = 1/2
So(T = 1,')'1 o (T = 1/)’,
(T, %'/:{n (T, ://;/ﬁn
7 7

(a) (b) ()

Figure 7: Diagrams showing the different isospin operators that contribute to a final NY state.

The matrix elements for these operators can be easily obtained. Explicit calculations are in-

cluded in section B, and here only the final results are given. The connection between % and %

isospin states is given by:

00 —L 0 042 0 0 -1 000
T;%; = V3 Tg; = ’ Té_ll = 1 ) (45)
22 00 0 -1 22 0 0 %0 22 0 7 00

while 7 matrices connect % states:

\]
N[ = =
D=

Il
R
o O
%
~—

\]
NI
W

Il
7
S e
o O
~—_—

\]
NI=O
D=

Il

1 0
(o) "
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Using the relations:

< 00|T*1m > = (=1)F <001 — k|1m >= (—1)"6us,
< 1/|THim > = V2 < 1m/|[Im1k > | (47)

we get the corresponding matrix elements for 1 — 0 and 1 — 1 transitions:

Tlloz(—100> Tﬁ):(olo) T151=(00—1) (48)
0 -1 0 10 0 000

=100 —1| =00 0o | T;'=]100]. (49)
00 O 00 —1 010

In our work we consider the exchange of only two pseudoscalar mesons. When dealing with
isoscalar mesons (7)), the only operator that will contribute to the transition will be flfg, so the

matrix element will follow the structure:

1 N | 1 1 1
—tnrll1 - I2| =t —t|1t1, = — = 50

because the strong vertex will conserve all quantum numbers of the hyperons involved. The
Clebsch-Gordan restricts the expression to 0 and ¥~ being the only ones that leads to a non-zero
result. The contributions to the Ty = 1 /2 and Ty =3 /2 states, given by the product of strong and

weak coupling constants, are given in Table VII.

Channel Ty = 1/2 Ty = 3/2
2050 — nx? 950nn 95050, 75 0
— - w S 2
LY — pX It pn95-s-n\/ 3 0

Table VII: Product of weak and strong coupling constants that contribute to the weak transitions
when the initial isospurion state takes the values Ty = 1/2 and Ty = 3/2, for the exchange of a 7

meson.

Now let’s concentrate on the m mesons. We must differentiate between two cases. The first
one will take place when our weak vertex starts with ¥~. The coupling of this hyperon with the
isospurion leads us to only one final isospin possibility: T = %, t= —%. This will restrict our initial

expression again. In this case the unique operator allowed is the T Ty:
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1 N 3 1 1
—tn Tty | T - To|=tTht —t|1t1, = — = 1
92 < 5ing y|T1 2|2 22><2\ L3~ 5> (51)
Here, we are dealing with two different final states (A and X9), both with an n, calculated in

Table VIII. Finally, we face the other two initial possibilities (3 and X%). For both cases we have:

1 - =3 3 1 1
—tn, Tty |T1 - To|=t, Tot —t|lty, = — =
92 <3ty v T 2!2, 22><2| Ly —g >
+ < 1t Tty |77 11t Toty >< 1t]lt 11 > (52)
g3 2Nf, YT1722, 212 5 Ly =5~

These are the cases when the initial spurion state can take the value T = 3 /2. All the final values
are also given in Table VIIL. As we can see, the coupling constants for the 3°%° — 3% transition
are equal to 0. This is due to the Clebsch-Gordan factor < 10|T5|10 >= /2 < 10|101k >= 0.

Channel T, = 1/2 Ty = 3/2

2080 — An gggmroggomro (2/3) ggﬁmoggo,\ﬂo(—%)

20RO 5 $p 9 G (—L2) 0 G (—\/2)

2050 — 30, 0 0

T = 27 95+ pro 95— r0(— 5075) ggvﬂpﬂogéfgwo(—\/g)

TEET = An I st G5 amt (—1/3) 9t 95 amt (5)
—05 - nin %4 A

YT =20 92V3V+M+g§—zo,r+(*%) ggv+m+g§-goﬂ+(\/g)
+03 i G5 w0

Table VIII: Product of weak and strong coupling constants that contribute to the weak
transitions when the initial isospurion state takes the values Th = 1 /2 and Ty =3 /2, for the

exchange of a m meson.

An explicit computation is given in Apendix (C4), as well as the special case X020 — X0 .
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E. Spin dependence

As we have previously said, our initial wave function is 1Sy. This means that we start with
S = 0. The possible final spin values in the coupled basis are S = 0,1. Because our quantum
number J must be always conserved, our two possibilities for the final wave function are 'Sy and

3Py, as represented in Table IX.

¥ YN
Central 1S — LS,
PV 1 So — 3P0

Table IX: Initial (¥X) and final (Y'N) partial waves connected through the weak potential.

From the results obtained in Section III B for the transition potential involving the exchange of
pseudoscalar mesons, one can see that the operator that can connect the initial and final 1.5y states
is the one appearing in the central spin dependent piece & - 62, while the one that transforms our
initial wave function to the 3 P, state is the parity-violating one &-7#. Note that, even though we also
obtain a tensor operator in our derivation of the potential, this operator carries two units of spin
and angular momentum and cannot connect singlet states, and therefore, it does not contribute to

our matrix elements.

Let us start with the computation of the matrix element corresponding to the parity violating

operator:

O=dy (53)

1 1
< SMs|Gy - 7[SoMso > = Y D < SMg|gmigmy >
mi1m2 miomz20
< Lo |7 - 7| >< L |SoMso >
o M15Ma|02 - Tlgmio5mao 5M105M20[50 M50
1 1 1 1
= Z Z <SMS|§m1§m2 >< §m10§m20|SOMSO>

mi1m2 miomz20

X

X <1 |& A|1 ><1 ]1 > (54)
2m2 ago-T 2m20 2m1 2m10 .

Using again the Wigner-Eckart theorem [17]:

(=1 < j'm'kqljm >< j|T"j >
V25 +1 ’

with < 3|oa|3 >=< 3[25|3 >= 24/3/2 = V6 being the reduced matrix element, and using the

relations: A - B = > (—DFAMB_ ) and 7y = \/%fylu , we obtain:

(55)

< jm|Tq]"’]j'm' >=
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R 1 1 1 1
< SMS‘UQ . T‘S()Mso > = Z Z < SMS‘imlimQ >< §m10§m20]SOM50 >

mima2 mi10Mm20

1= 1
< S (1) < Lol — plims > <'“ﬁ'> V() =
1 1 11
= Z Z < SMS‘imlimQ >< §m10§m20]SOM50 >
mi1ms2 mipma20
X Omymyg »_(—1)F < 1nml - MylmQ >3 411/1 (7). (56)
~ 2 2 3

To simplify the sums we can do some algebra taking in account that Mg and Mgg are fixed and

that a dynymy, appears due to the < $mjima|Gs - #|lamigsmag > term in Eq.(54):
Mg = m1 + ma, Mso = mio + mao, mo = Moy — [ (57)

Combining these relations one can express the quantum numbers as a function of myy, Mgy and
Mg:

p= Mgy — Msg, mao = Msg — m1g, mo = Mg — myp, mi = mip. (58)

leading to a final expression for the PV spin matrix element:

A 1 1 1 1
< SMS‘O'Q . T‘S()MSO > = Z < SMS|§m10§(MS — ml()) > §m10§(M50 — m10)|S()MSO >

mio
_ 1 1
x (—1)MsoMsy/3 < 5 (Mso —mao)1(Ms — Mso)|5(Ms —mao) >

47 N
Eyl(MS*Mso)(,r)' (59)

Further simplifications can be performed knowing that the radial integration (as we will see later)

imposes the constraints: Sg = Mgy =0 and S = 1:

1 1 1 1
1Mg|oo - 7 = 1Mg|= —(Mg — — - —
< 1Mg|&s - 700 > Z < S|2m102( 5 —mig) >< 57105 m10/00 >
mio
Mg 1 1 4r .
X (—1) \/g < 5(—m10)1MS|§(M5 — ml(]) > ? 1Ms(’l“). (60)
The second and last spin operator is the central one:

0O=3d,-d2, (61)

which can be easily evaluated knowing that:
|
S = 5 +55= 5(5’14‘5’5)
Gy -Gy = 282 —32/2 —5%/2 =257 — 25% — 252, (62)
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Therefore,

< SMg|dy - 02| So Mgy >=< SM5|2§2 — 25_? — 2§%’50M50 >=

(63)
=2 < SMg||SoMgo > [S(S+1) —3/2] = 55505M5M502[S(S +1)—3/2].

Since Sp = 0 (and thus S = 0) the numerical value for the corresponding matrix element is:

< 00|5; - 52|00 >=2[S(S + 1) — 3/2] = —3. (64)



IV. Discussion of results

(AA —AA) = An | (AA—AA) = X% | (AA—AA) = X7 p Tan

T 0.1350 2.3824 4.7648 7.2822

n 0.8945 0.2557x1073 0.5114x1073 0.8953

T+ 1.2983 2.3526 4.7052 8.3560
(AA—ZEN) = An | (AMA—ZN) = X% | (AA—ZN) =S p =y

T 0.8274 0.7726 1.5451 1.6015

n 0.25486 0.05339 0.1068 0.4151
T+ 1.9892 1.2320 2.4639 5.6851
(AA—%%) 5 An | (AMA=X%) X% | (AMA-X%) > X p I'ss

T 0.1862 0.1281 0.2563 0.5706

n 0.2123 0.0534 0.1068 0.3725

T+ 0.07772 0.2001 0.4003 0.6781
AA = An AA — X% AN —=X7p | R

T 1.7746 3.0415 6.0831 10.8992

n 0.9643 0.4015x1073 0.8030x10~3 0.9655

T+ 5.3129 2.9921 5.9842 14.2893

Table X: In the first row we show the results obtained for the weak decay of § , He when only the
diagonal term of the initial AA wave function, (AA — AA), is considered Ref.[18]. In the second
row: when only the (AA —ZEN) component is considered Ref.[18]. In the third one the new results
obtained in this work are shown considering only the (AA — ¥¥) component. In the fourth row
the combined results considering the three components of the initial wave function are presented.
All results have been obtained exchanging a 7, a 7 ans the combination of both. All the values

are given in units of x1073I'y with I'y = 3.8 x 10%s~! the decay rate of a A in free space.

T'(AA — AA) I'(AA — EN) I'(AA — ¥%)
ﬁ 0.02 0.36 0.48
n 1166.01 1.59 1.33
T+ 0.19 0.54 0.13

Table XI: An/YN ratio for the three wave function components and for the two mesons involved.
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L(AA — AA) I['(AA — EN) [(AA — %)
n 3.96 3.35 0.02

n 0.02 6.42 x 1074 6.25 x 1073
T+ 2.37 1.66 0.01

Table XII: PV /PC contributions ratio for the three wave function components and for the

exchange of m, n and both.

In this section the results from all the previous computations are presented. This is an ex-
ploratory study of the contribution of the 7 and 7 mesons to the decay rate produced by the
AA — ¥Y component. All of the results are computed in a previously on Refs. [10, 12].

As it can be seen on the results, the transition rate for %7 and X ~p differs only by a factor 2.
This is due to the fact that they have the same final state structure except for the Clebsch-Gordan
coefficient for the spin. For X°n the Clebsch-Gordan is %, while for X7 p is \/g Since we are
dealing with a transition amplitude, all this values are squared, leading to this factor 2.

Regarding the contribution of each pseudoscalar to the final decay rate, the n exchange is
negligible as compared to the pion exchange. For the (AA — AA) value it represents a 10, 71% of
the total contribution and similar values are obtained for (AA — ZN) which is a 7,3%, and also
for the total contribution which leads to a 6,75%. For the case (AA — ¥X) the exchange of 5
contributes in a 54, 9% and cannot be neglected. Also the 7 meson exchange has a remarkable role
in the An final state in all cases, specially in the (AA — AA) channel. For the pions and also for
the contribution of both, the XN final state has a larger decay rate, as it can be seen in Table (X).

If we compute the PV/PC ratio, as displayed in table (ref), it is easy to see the leading
contribution for each meson. In all channels except (AA — X3), the largest contribution to PV
comes from the 7 exchange up to a 5 factor, while for the 7 meson exchange, the contribution to
PC can be up to three orders of magnitude bigger than PV. When the two exchanges are taken
into account, the ratio balances again in favour of PV. For the (AA — XX) channel, the exchange
of a 7, an n as well as the combination of both exchanges contributes more significantly to the PC

term.

As we can see in Table (X), the role played by AA — X3 component of the wave function
is not very significant at the level of the total rate, being one order of magnitude below to the
corresponding I'yp and I'sy. Regarding the rates of the (AA — AA) — An, the sum of both
contributions is constructive when leading to final An state while is slightly destructive when
dealing with (AA — XN) states. On the contrary, the AA — ZN component of the of the wave
function shows a constructive interference for all final states. The behaviour we obtained for the
AA — 33 contribution is similar to the one shown for the AA — AA one.
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It is difficult to reconcile this numbers with what we see from Fig. (1) since we would expect

much more similar values for I'sy and I'sy, and much more difference between these rates and

1INV

Our calculations of the decay rates have been based on the exchange of m and n. In order to
have a complete picture of the contribution of the ¥ — Y N transitions to the decay of % AHe, we
need to incorporate the exchange of not only 7w and 7, but also K and vector mesons, such as p, w

and K*. This is out of the scope of the present thesis and will be addressed in a future work.
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Appendices

A. r-space integrals

In this section we compute » g, | < k, SMg|O[WREL Sy = 0Mgy = 0 > |2 = | <
;S]{}(E, F)|OA|@Z)12%)(F) > |2 appearing in Eq. (8). We calculate separately the terms for § = 1
and for S = 0, taking in account the results from the previous section. To illustrate the calcula-
tion, we take for the initial wavefunctions harmonic oscillator wavefunctions, while for the outgoing
ones take plane waves. Nevertheless, the final result has been computed using the correlated wave

functions obtained solving the appropriate G-matrix and T-matrix equations.

1 - 4 _r2/9p2 N
2 =\ o= YnlP)
So(k,7) = @R =N dmil i (kr,r) Yoy, (Br) Yo, (7). (A1)
LM,

with b a parameter of the plane wave functions.

For S = 0, the spin-dependent term, we have:
— ~ 1 -
NE DO (7) >=
= 3/2 /di’wfﬂv s(PYFFE < 8 =0 Mg = 0|5, - 52|So = 0 Mgy = 0 >= (A2)

= e | AT Vss (YU (-3),

Where we know from Eq. (24):

Vsg = G?rgs b1 m2 = Vi ¢ (A3)
WISoNaM 3 27T7“ S omr

Uy Bk, 7 O [y (7) >=
1 P L * 7 ~
- (277)3/2/ d”2/ di | > Ami® ji(kr)YEag, ()Y, (7)
LM,

B 1 /e ™ 2 2 /o2 .
[G%Vgs 2M2M 3 < ot mgﬂ [7r1/41)3/2€ P Yo()] (-3). (Ad)

X

Integrating the terms depending on 7:

. ~ . 1
/drYLML (7)Yoo(7) = E5L05ML07 (A5)
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So our integral becomes:

S0 E Rl O b
<tyn(k,7)] O g (F) >
1 ~ B m2 . e~ mr _r2/9p2
B 1 - o [sin(kr)] e™™ 2o
= (471’)5/4 Oo(k)GWgSMM 32 /d [k?" ] 77" e =
1 - B m? sin(kr)] _ _p2 /o2
= )y oo(k)GWgSMM B2 /dr [ p ] oMo /207 (A6)

For S =1 we take again from Eq. (24):

A e™ m
e AT
VPV( ) GWgSQM dimr <1+ r> (A7)

< G (E, POl (7) >=

1
= 2 )3 /dBTQ[)REL*va(F)U)REL<1M5|5)2-T_“‘SOZOM50:O>:

T
R S b 7 4 (kr)Y, Wiar ()] [GRoge 2 e (1™
~ (2n)p rr? | di Z i 1 (k)Y g, ()Y, (7) WgS2M47rr< +7>

2
X |:e—r2/2b2y(]0(f’):| < 1M5"52 . FISO =0Mgy =0 >=
T
1 ~ . . * ~ R
= <2>3/2/drr2/dr Z 47”LJL(k7">YLML(k)YLML(T)
m LMy

Ame ™" m 2 2 79p2
2 L e —7r4/2b A
X {ngs 2M dimr <1+ r )] [711/4133/26 YOO(T)]

1 1 1 1
Z < 1Ms‘§m10§(Ms — mlo) > =mig= — m10|50 = OMSO =0>

X
2 2
mio
M 1 1 dT R
X (—1) S\/g < 5(—m10)1M3’§(M5 — mlo) > §Y1MS(7') . (AS)
Performing the [ d7 integral as we did before:
. . 1
/dTYLML(T)Yoo( VY1 (7) \/—/dTYLML 7)Y (7) = E(SLNSMLMS; (A9)

we can simplify our expression:
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<¢

N (F;

?T‘l

)]

X

s (f) >=
~ Am (—1)Ms
(27 3/2 LML(k)G M xl/Ap3/2

(Z < 1Ms|2 505 (MS —myg) ><

mio

2
1 - Am (=1)Ms
(2m)3/2 YLML(k)GWQS TL/4p3/2 <

1 1
< §m10§ — m10|SD = OMSO =0><

1
2

sMiogy 9

< *( mlo)lMs‘ (MS — mlo) >> /d?"T’le(kY’)

1
- mlO‘So = OMSO =0>

Z < 1MS| mios (MS —mig) >

mio

2

1 1
*(_mlo)lMS‘g(MS — mlo) >>

sin(kr) —mr_—r2/2b? m
/dr ( 2 T cos(kr)) e e (1 + 7) .

Lre*ﬁ/?b2 (1 4 T) —
T T

(A10)
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B. Isospin matrix elements

In this section we work with the isospin part of our decay rate expression:

1 1 1 1

Z_Z210(T)= = = >=
1 1 1 1 (Bl)
=<g- §|T10t10T2ot20 >< Thot10T20t20|O(T) | T1t1 Toty >< T1t1T2t2|§ -3

For that, we need to know the reduced matrix elements of the operators themselves. In this

section, we are using the Wigner-Eckart theorem (Eq. 55):

(—1)%* < j'm'kq|jm >< j|T*|j >

V25 +1 ’

< Jm|Ty|j'm’ >= (B2)

to get rid of m dependence.

To calculate < j|T*|j' > we are going to use two properties. The first one will be the relation

between cartesian and spherical components:

< 0 |7, |1 >=< ! 1 1\3 > =
—ma|Tan|=m =< -mpnyl—1|=m —
o MAITAN 5N 5N 5MA NG

1 3 0 1 3 !
+ < me10|§mA >10]+< *lelfimA > (—

1 .
2 2 \/§> N
1 0

SO:

3 211 1 1 3 1 3
— T = = —(< = 1—-1|= —< = 11]=
< 2mA] \ZmN > \/§(< 2mN ]2m,4 > — < 2mN ]2m,4 >)

1 1 3
3 1 1 3 1 3
< Smalrlsmy > = (< Zmyl - 15ma >+ < gmyllfSma >). (B4)

2 V2 2 2

<3m]
—malT
5mA

With this, we can express it in spherical components:

1 1 3 3 1
T = —— (1" +1i7Y) =< me11|§mA >=< *mA|7'1‘§mN >

V2 2 2

1 3 3
T =77 =< imNIOBmA >=< QmA|7'
1 1

1 3 3 1
T = —(" =) < zmnl — 1|§m,4 >=< fmA|7'_1]§mN > . (B5)

V2 2 2

1
0|§m]\[ >

The second property comes from the Wigner-Eckart theorem mentioned previously:

(-1)*0 < Imp103ma >< 37|32 >
5 .

<3 !0|1 >
—mal|T | zmy >=
o AT TN
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Combining these two expressions we get:

1 3 —1)20 < Limn10|2ma >< 3||7|L >
< Lon10/2ma > = (-1) 3N 10[3ma 2lI7l3 (B7)
2 2 2
3 1
< = - > = 2. B8
2HT|2 (B8)

Due to the fact that the reduced matrix elements do not depend on the projection values for

the isospin, it can be obtained with all other projections, leading to the same exact result.

For the reduced matrix elements involving integer numbers we used [10]:

< 00|T*|1m >= (=1)F < 001 — k|1m >= (—1)*6,u (B9a)
< 1m|T*00 >= 6, (B9b)
< 1w |T*)1m >= V2 < 1m/|1m1k > . (B9c)

We are now capable of obtaining the matrix for each operator. We are going to compute T,
an operator that allows us to connect 7' = 3/2 states and T = 1/2 states, and 7 that allows us to

connect two T' = 1/2 states.

11,.,3 1 3 1, 11 1 1,3
SITHE =2 > = <2 —Z11]== > (=) —= < [T S >=
52171573 5 a5y > \/§<2| 5>
1 1 1.3 1 1 1
= =)' =< THE>=—=1-—=(-2) = ——=
6( ) 7 51T 15 5 \/5( ) 7
1 1,.,3 3 3 3.1 1 1 1.3
S THE 2> = <2211 — = > (mDH — < Z|TYE >=
<57 3TlE 3 <3 Ml =3> (=Y 2<2’ 2~
1 1 1.3 1 1
= (D) —=< TS >= —=-1-—=(-2)= -1 B10
2( ) 7 51T 15 5 2( ) (B10)
00 -1v3 0
T! = V3 (B11)
00 0 -1
11,431 31, 11 1 1,43
<53Tl53> 5210055 > (=1 \/§<2| 5>
1 1 1,43 1 1 2
= —— (D) —= < T >= ——- —2) =4/=
\/g( ) 7 51T 15 7 \/i( ) 3
1 1,03 1 3 1,1 1 o1 1 1,43
ST -S> = < 22105 — 2 > ()P < 2 TS >=
> 3 T15 73 <3735 3> = 2<2| 5>
1 1 1,43 1 1 2
= (D =< TS >= —= 1 —=(-2) =1/ B12
2( ) 7 51T 15 5 2( ) 3 (B12)
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o [© 300
0 0 /20
11 33 33 11 1 1 3
T HEE > = <SSl 1= > (1D — < TS >=
<22’ ‘22> <22 |22>( ) V2 2| ’2>
1 t 1.3 1 1
B R L R I, (e
1 1 31 31 1 1 1 1 3
<o TMEZ2 > = <211 — 2> (D) = < T2 >=
2 2’ ‘22 22 ’2 2 (=1) V2 2’ ‘2
1 1 1 3 1 1 1
= ()< T =1 = (-2) = ——
Tl_(—l 0 oo)
= . ,
0 %OO
We can do the same for the transition % — % with a 7 operator:
1 1, ,11 111 1 a1 1 1
S s> = <221 = 2 > (1) = < Sl s >=
<5373l = <l > (DT E<glrls >
2 1 1 3 2 1
= /(1= < S|THS >= /5 1 —=(V6) = —V2
(02
0 0
11, ;1 1 1 1,11 a1 11
—_—— - — = = 7—7177 R — =
22| |2 2> 2 2 |22 (=1) ﬂ<2| |2>
2 .1 1. .3 2 1
=4/ =< Se=y/s 1 —=(V6) =2
. 0 0
T =
V20
1 1 4,1 1 1 1 1 b1 1 1 1
S s — s = <o =S -S> ()P — = >=
2 2| |2 2 <2 2 |2 2 (=1) \/§<2| |2>
1 1 1 1 3 1 1
= ﬁ(_ )215<§| O|§>_%'1 ﬁ(\/é)_
11, 411 11, 11 b1 1 1 1
SoEs s = < 22122 — < Z10= >=
<33lml53> = <53lllas > VT E <glrls >
1 1 1 3 1 1
= =D —= < O = 1 2 (V6) = 1
SV < gy 2= e 1 (V)

(B13)

(B14)

(B15)

(B16)

(B17)

(B18)

(B19)

(B20)
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o (1 0
TV = (0 _1>. (B21)

The last step is to obtain each value for the different diagrams we get at the very beginning of

this work. The general expression can be obtained combining all the terms obtained before:

1 1, 4 1 1
2 210D - 2 >=
1 1 A 1 1
= < 5 — §|T10t10T20t20 > T10t10T20t20|O(T)|T1t1T27f2 >< T1t1T2t2|§ — 5 >=
1 1 1 1
=<5- §|T1o7510T20t20 >< Thot10To0t20| A1 - Aa|Titi Toty >< T1t1T2752!§ —5>=
1 1 1 1
— < - — ~|TiotiThot TitiTots| = — = e
<3 2|10102020>< 1122!2 2>Zﬂ:( )
X < Tl()tlo’Alf’Tltl > Tgotgo‘AQ_u|T2t2 >, (B22)

where here the operator A can be both 7 or T depending on the isospin value of initial and final

states.
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C. Example of calculation of coupling constants

1. Strong example: the X~ 71t — X0 vertex

As an example, the computations for the ¥~7T — X0 vertex strong coupling constant are
explicitly written down. As we previously said, only the two last terms of the Lagrangian will

contribute to the final value:
D = F =
gTr[B’Y Ys{upu, BY] + §T1“[B’Y Vs [up, Bll, (C1)

with the particular values for B, B and ¢:

0 00 52 00 0xt 0
B=|[%"00| B=] 0 —%200 ¢=1(0 0 0 (C2)
0 00 0 0 0 00 0

The first step is to compute both the commutator and anticommutator for each term we need.
Using u,, = i(u'd,u — ud,u’) = —Tﬁa“(p we get:

7 010\ (000 000\ (010
{uu,B}:Tﬁu(ﬁ)E_ 0Oo0O0l|l1o0O0|+|100]]O0OO]]|=
000/ \ooo 000/ \ooo
s (100
=~ 0ur= o 1o (C3)
000
S [ (010) (000 000\ (010
[uM,B]:TGM(wJF)E_ oool|l1o00|—f100]]0o0O]]|=
000/ \ooo 000/ \ooo
5 (1 0 0
:Tau(ﬁ)z* 0-10]]- (C4)
00 0

Both traces may now be evaluated, taking in account that «5 and +* are in Dirac space, which

allows us to take this terms out of the trace:

D, - D _
5 TrlBy*ysiu, BY = 57" s Te[Bluy, B} =

1 00 (C5)
:27“75 l@<9u(7r+)2*(i20) Tr{o-10]=0
? / V2 000



42

F_ _ D _
ETr[B'y“%[uM,B]] = — s Tr[Bluy, B]] =

2
100 (C6)
- gv“’f’ (}ﬁ u(w*)Z(\}iio)> Tr(010]|= —21;7“753”(77*)2(50)-

000

2. Weak PV example: the 77~ — n vertex

Analogously as the strong coupling constants, the computations for the PV weak values is pretty
straightforward. For the weak case, though, all the Lagrangian terms are used. In this example it
is computed the vertex X~ 7" — n starting, once more, by computing both the commutator and

anticommutator from:

£V = Gpm2v2fy (hoTe(Bie'he, BY + he Bl ne, B)) (€7)

with the particular values for B, B and ¢:

0 00 000 07t 0
B=|x" 00| B=|l000| ¢=]0 0 0 (C8)
0 00 0nO0 0 00
The value for ¢Th¢ is:
+ Tt
T . 000 . 000 00mx 00 VT
Ehé=h+hd¢——=[001|+—|loo0o0o]l-]o0o 0 ||=]o0 1 [|. (C9
V2f V2f
000 000 00 O 00 O
This result is used now to get the commutator and anti-commutator:
000
l€the, B] = i ™ s loo01 (C10)
) \/if
000
000
(ethe, BY = —i ™ s loo1 (C11)
b \/if .
000
The last step is computing the trace of these last steps times the antibaryon matrix B:
000
2 ot 2 7t
GFmﬂ.\/ifW[—hD + hF]Z Tr 100 0| = —Gpmﬂfw[hD — hF]Zf. (012)

V2f f

00

S0
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3. Weak PC example: the XT7~ — n vertex

To exemplify one of the PC weak coupling constants using the pole model, we are going to use
the example depicted before in Figure (5). This is the case for the transition ¥*7~ — n. The Eq.
(42) is explicitly written again:

1 1 1
g5+ An— Apn + g5+507— AEOn + 9pnn— AEP' (013)
My — MA My — Mx0 My+ — My

The pole model, as we mentioned before, is based in shifting the strong vertex along the baryonic

line. Each appearing diagram will have its corresponding term.

As if they were separate vertices, we take the corresponding strong baryon-baryon-meson cou-
pling constant, which are also written down in Table IV, and we divided by the difference of
masses we get, towards the strong vertex. This term must be multiplied by the corresponding

Ap, B, [10][12] constant, with By and By the initial and final baryons of the new weak vertex.

The expressions obtained with this model are shown in Table VI.

4. Total coupling constants contribution.

Here is an example of how strong and weak coupling constants are finally integrated. The

computations here are given for the X~ 3+ T nA transition:

1 - - 3 3 1 1
< gthvatYITszlft,thz >< St =15 — 5 >=
1 1
=D (-)r< th|T1|*t >< Tyty |[Th|Tats >< t‘l_li_i >=
I
3 3— 1 1 (C14)
( Il < S - 7|T1!— — 2 ><00|Th[11 >< ffzu it
2 2 2
3 3 1 1 11713
< s —2luls — 5 >< 5|T1|5
=(-1) 27 2 N‘Q 2 2‘ ‘2 (—1) = —1.

\/ﬁ

0
It is necessary to mention why there is a null term in the product of coupling constants for 2920 "

nX?. The responsible is the following term:
< Tyty |Ty|Taty >=< 10|T5|10 >= 0, (C15)

which leads to a zero result.
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