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Abstract We shed new light on the standard current alge-
bra approach to the nonleptonic two-body decays of single
and double heavy charm baryons. By making use of the com-
pleteness relation for the flavor wave functions of the ground
state baryon 20’ representation we are able to rewrite the
results of the current algebra approach in terms of the seven
topological tensor invariants describing the decays. The rep-
resentation of the current algebra results in terms of topo-
logical tensor invariants depends only on the initial and final
state of the process. The summation over intermediate states
inherent to the current algebra result is automatically taken
care of in the tensor representation. In this way one arrives
at a new, quick and very compact assessment of the results
of the current algebra/pole model calculation. For example,
one can quickly identify the decays in which the p.v. S-wave
amplitude is predicted to vanish implying zero polarization
asymmetries in these decays. We provide tables of the val-
ues of the seven topological tensor invariants for all Cabibbo
favored and singly and doubly Cabibbo suppressed nonlep-
tonic single and double charm baryon decays. In total we
treat 196 charm baryon decays. We also discuss the charm
preserving AC = 0 decays of single charm baryons and the
usual hyperon decays.

1 Introduction

The experimental landscape of charm baryon decays has
considerably changed in 2015 through the detection of A
pair production by the BESIII collaboration at the Beijing
et e™ collider BEPCII [1]. Not only was it now possible
to determine the absolute branching ratios of various non-
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leptonic A, decays through tagging techniques (see also
Ref. [2]), but the BESIII collaboration could also deter-
mine the asymmetry parameters of the nonleptonic two-body
decays A} — ng, A% t, t70and =%+ [3] (see also
the review [4]). The decay asymmetry parameter of the decay
E?. — B~ 7T was recently measured by the Belle collabo-
ration with the result ago_, g—,+ = —0.60 &= 0.04 [5].

Both the absolute brzlnching ratios and the asymmetry
parameters provide essential input for attempts to theoret-
ically understand the nonleptonic two-body decays of charm
baryons. The first Cabibbo suppressed decay A, — p ¢ was
measured by the CLEO collaboration in 1995 [6], followed
by more precise measurements of this mode later on [7,8].
At a later stage the BESIII collaboration measured the singly
Cabibbo suppressed decay A7 — pn [9], later on made
more precise in Ref. [10] including an improved upper limit
on the Cabibbo suppressed decay Al — p 70, By using
double tag techniques, the BESIII collaboration also iden-
tified the decay A}f — nK%z* involving a neutron [11]
which raises the hope that final states including a neutron
can be measured in the future. A considerably larger data
sample of A pairs is expected in the near future at BEPCIL.
The rate of A} pairs is to be increased by a factor of 16
from a total of about 103 to 1.6 x 10% A} pairs [12] which
will considerably enlarge the data sample of A decays. At
the same time an approved energy upgrade will increase the
energy of BEPCII to 4.9 GeV, opening the possibility of 2.
pair production. If the energy of the BEPCII could be further
increased to a little above 4.95 GeV one could also detect the
production of EF and E? pairs.

Absolute values of the branching fractions of the E}
and EY have recently become available again from the
BELLE collaboration through tagging techniques in the
decays B~ — A EY and B® — A E} [13,14]. Using
similar techniques one could also determine the absolute val-
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ues of the branching fractions of the decays of the 98 e.g.

in the kinematically accessible decay B~ — Qg ES [15].
This would be quite welcome since the absolute branching
ratios of the decays of the 92 are experimentally unknown
at present.

The LHCb collaboration has shown that it is now even
possible to detect doubly Cabibbo suppressed (DCS) non-
leptonic charm baryon decays by their measurement of the
decay Ej — p¢ [16]. Furthermore, the LHCb collaboration
recently provided results on a branching ratio measurement
of the charm conserving AC = 0 singly Cabibbo suppressed
(SCS) decay 8% — AF 7~ [17]. Finally, the LHCb collabo-
ration has extended the scope of possible charm baryon decay
measurements by presenting results on the nonleptonic dou-
ble charm baryon two-body decay EX" — EF n [18].

It is apparent that the experimentalists have provided us
with a rich sample of results on exclusive charm baryons
decays with the hope of much more to come. This has led to an
upsurge of interest in charm baryon decays in the theoretical
community documented by the many recent papers on this
subject.

Basic to the current—current (more precisely coined
currentx current) quark model description of nonleptonic
charm baryon two-body decays are the five generic quark
diagrams depicted in Fig. 1 which are also termed topolog-
ical diagrams. Diagrams Ia and Ib are usually referred to as
factorizable diagrams or tree diagrams while diagrams Ila,
IIb and III are referred to as nonfactorizable or W-exchange
diagrams. In this paper we concentrate on the structure of
the W-exchange diagrams Ila, IIb and III which we relate
to the s- and u-channel contributions of the current algebra
approach.

The theoretical papers on exclusive two-body charm
baryons decays roughly fall into three classes which differ
by their dynamical input. In the simplest case one exploits
SU(3) symmetry to relate the amplitudes of different charm
baryon decays [19-29]. An open issue is whether to apply
SU(3) symmetry to the invariant or to the helicity amplitudes
of these decays. This will make a big difference for decays
involving the n and 1’ mesons. The SU(3) approach has
been extended to include SU(3) symmetry breaking effects
[20,27]. Even more insight can be gained by incorporating
the topological diagram approach [30-33] into the SU(3)
analysis where the topological diagrams are characterized by
the five diagrams Fig. 1 described above. It is, however, not
sufficient to simply associate a given decay with its accom-
panying topological diagrams, but one has to calculate the
appropriate weight factors for each decay. The SU(3) fit in
Ref. [34] using topological diagrams must therefore be con-
sidered to be invalid.

In the constituent quark model approach one attempts to
calculate the nonleptonic transitions represented by Fig. 1
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in terms of constituent quark model transitions. While dia-
grams Ia, Ib and IIb are directly accessible to a constituent
quark model calculation [35,36], diagrams Ila and Il involve
the creation of a quark pair from the vacuum in addition to
the constituent quark model transitions. In the covariantized
constituent quark model (CCQM) calculations [30,37] the
quark pair creation from the vacuum is effectively described
by the 3 Py model where the strength of the 3 Py interaction
is fixed by a fit to the data. Both of the above papers are
based on an approach developed much earlier by Hussain
and Rotelli [38] and by Korner and Gudehus [39] for study-
ing nonleptonic hyperon decays. In the covariant confined
quark model calculations of Refs. [40-42] the five diagrams
in Fig. 1 are interpreted as multiloop Feynman diagrams with
nonlocal interactions describing the three- and four-point
hadron-quark vertices.

Even more dynamics is added in the standard current alge-
bra plus pole model approach [21,43-54]. This approach has
its roots in the description of nonleptonic hyperon decays
developed in the 1960s [55-58] which is based on current
algebra and the soft pion theorem. Even if the criterion of a
soft pseudoscalar meson is not always satisfied in the nonlep-
tonic decays of single and double charm baryons (in excep-
tion are the AC = 0 single charm baryon decays), the current
algebra approach to charm baryon decays provides a definite
calculational framework which can be tested against exper-
iment. In a recent series of papers Cheng and collaborators
presented a detailed analysis of the nonleptonic decays of sin-
gle and double charm baryons using a variant of the current
algebra approach in which the purported current algebra con-
tributions of the topological diagram Il in Fig. 1 are dropped
[59-62]. The authors of Ref. [36] make use of the current
algebra approach in addition to calculating the diagram I and
IIb transitions in the constituent quark model. This possibly
amounts to a double counting of the contribution from the
W-exchange diagram IIb.

Our paper is structured as follows. In Sect. 2 we write
down the effective Hamiltonian for the nonleptonic current—
current transition. In Sect. 3 we discuss issues of SU(4) and
SU(3) relevant to the nonleptonic single and double charm
baryon decays. In particular, we introduce the 20 ground
state baryons comprising the 20" representation of SU(4)
and write down the third rank flavor tensors that are asso-
ciated with them. We present the orthonormality and com-
pleteness relation of the third rank flavor tensors of the 20/
representation. We introduce a minimal set of seven topo-
logical tensor invariants in flavor space, built from the ten-
sor representations of the ground state baryons, the ground
state pseudoscalar mesons, and the effective Hamiltonian.
The seven tensor invariants are each associated with one of
the corresponding topological quark diagrams.

In Sect. 4 we present tables of the values of the topological
tensor invariants for the antitriplet and sextet single charm
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Fig. 1 The topological diagrams contributing to the nonleptonic charm baryon decays

baryon decays, the AC = 0 single charm baryon decays,
the triplet double charm baryon decays to the antitriplet
and sextet single charm baryons, and the double charm
baryon decays to the light baryon octet and heavy D, Dy
mesons, each for the Cabibbo favored (CF), singly Cabibbo
suppressed (SCS) and doubly Cabibbo suppressed (DCS)
decays. Altogether we list the values of the topological ten-
sor invariants for 196 single and double nonleptonic charm
baryon decays. For each class of decays we explicate the
linear relations among the associated tensor invariants. For
completeness we also list the values of the tensor invariants
for the ordinary nonleptonic hyperon decays.

In Sect. 5 we briefly recapitulate the current algebra plus
pole model approach to nonleptonic charm baryon decays
where we closely follow the presentation and notation of
Refs. [59-62]. Using the completeness relation for the ground
state baryons we explicitly derive the relation of the so-called
s-channel and u-channel contributions of the current algebra
approach to the topological tensor invariants. The represen-
tation of the current algebra results in terms of topological
tensor invariants depends only on the initial and final state of
the process. The summation over intermediate states inher-
ent to the current algebra result is automatically taken care
of in the tensor representation. In Sect. 6 we discuss several
explicit examples, leading to the exposure of general features
of the topological tensor and current algebra approaches in
Sect. 7. Sect. 8 contains our summary and outlook, while
technical issues are treated in five Appendices.

In Appendix A we list explicit values of the tensor com-
ponents of the ground state baryons, the ground state pseu-
doscalar mesons, and the effective Hamiltonian. Appendix B
contains the derivation of the completeness relation for the
members of the 20’ representation. In Appendix C we define a
set of flavor tensor invariants describing the strong and weak
transitions (B y M|B;) and (B y|Hefr| B;) involving the charm
baryon states, the values of which are needed for the com-
parison of the current algebra and the topological diagram
approaches. We provide tables of the values of the strong
and weak tensor invariants needed for the example cases dis-
cussed in the main text. In Appendix D we clarify the impli-
cations and shortcomings of the variant of the current algebra

approach introduced in Refs. [59-62]. In Appendix E we are
dealing with the spin kinematics.

2 The effective weak current—current Hamiltonian

The AC = 1 effective Hamiltonian for the Cabibbo favored
(CF) decays is given by

Gr
Hett = —=Ves Vi (¢4 04 +¢_O_) + H.c. 1
eff Wi q (c+O4 ) (D

where the four-quark operators read
Oy = (5¢)(ud) £+ (uc)(5d) 2)

with (g192) = g1y (1 — ¥5)qa.

The AC = 1 singly Cabibbo suppressed (SCS) decays
are induced by two distinct effective Hamiltonians which are
labeled by a and b. They read

Gr
Hett(a) = > ﬁ Ves VL:‘;

2G—\/_F2va V(4O (b) +c-O_(b)) + H.c. (4)
with O (a) = (5¢)(its) £ (iic) (5s) and O (b) = (dc)(id)+
(i) (dd), respectively. Using e.g. the Wolfenstein
parametrization one finds that Vo Vi = =V Vi, + oI0%)
from unitarity, i.e. to a very good approximation one has
Ves Vijs = —VeaV,;; which we shall always use.

The AC = 1 doubly Cabibbo suppressed decays (DCS)
are induced by the effective Hamiltonian

(c+O4(a) +c-0O_(a))+ H.c. 3)

Hei (b) =

GFr
272
where O (¢) = (dc)(its) £ (iic)(ds).

Finally, the AC = 0 charm baryon decays are induced by
the two SCS effective Hamiltonians

Heit (€) = —=VeaVity (c+O4() + c—O_(¢) + H.c. (5)

G
Heit(a') = z—jiVus i (c+O04(@) +c_O_(a")) + H.c.
(6)
/ G * / /
Hegr (b)) = z_jivc"’v” (c+ O+ (") +c—O_(b)) + H.c.
@)

@ Springer



297 Page 4 of 41

Eur. Phys. J. C (2022) 82:297

with O+(a’) = (ias)(du) + (ds)(iu) and OL(b)) =
(dc)(Es) + (Gc)(ds), respectively. From unitarity one has
VeaViy = — VsV, which again is true up to OO in the
Wolfenstein parametrization.

In this paper we will mostly be concerned with the so-
called W-exchange contributions which, according to the
Korner—Pati-Woo (KPW) theorem [63,64], are related to

the operators O_ = (7192)(3394) — (§392)(q194) only, i.e.
induced by the effective Hamiltonian

Gr
Heft (O-) = —=Vgoq, Vo

Zﬁ a1 Vaygs (c-O-) + Hoc. (8)

3 SU4), SU(3) and topological tensor invariants

The 20 ground state baryons with spin parity quantum num-
bers J¥ = 1/2% make up the 20’ representation of SU(4)
associated with the Young tableaux

In the C = 0 sector one has the usual light baryon octet
comprised of the eight light baryons (p, n, A0, =+, 20,
>, BT, EO). The C = 1 single charm sector contains the
antitriplet charm baryons (AF, EF, ) and the sextet charm
baryons (3}, 0, -, 8/F, /0, Q0).

In HQET (or in the spectator quark model) the nine C = 1
antitriplet and sextet single charm baryons can be viewed as
the 21 members of the 21 representation of the approximate
light spin—flavor symmetry group SU(6) with the subgroup
SU(2)xSU(3). The decomposition reads

21C1@393®6 )

where 1 and 3 denote the / = 0 and J = 1 representa-
tions of spin SU(2) with dimensions 2J + 1. The SU(6)
spin—flavor wave functions of the antitriplet and sextet single
charm baryons can be found e.g. in Ref. [60].
Finally, the C = 2 double charm baryons are made up by
the triplet of the double heavy charm baryons (E}", EX,
Q). In Table 1 we list the quark content, the quantum num-
bers and, when available, the experimental mass values [65]
of the 12 charm baryon states. The masses of the double
charm states E, and Q. have not been measured yet. For
E7. we assume equality of the mass value with E}", drop-
plng, however, the fifth digit and the error specification. For
Q+ we list the mass prediction of Refs. [37,66] based on the
one-gluon exchange model of de Rujula, Georgi and Glashow
which features a Breit—Fermi spin—spin interaction term [67].
In as much as the model prediction (dated from 1992) for the
mass of the E.. iso-doublet of 3621 MeV is very close to the

measured value of 3621.2£0.7 MeV [65], we feel quite con-
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fident about the predicted mass of the €2/ listed in Table 1
based on the same model calculation [37,66].

In the charm sector the single charm baryons b ++.0
decay dominantly via one-pion emission while the dominant
decay modes of the E/" and E! 0 are the one-photon emis-
sion modes. The remaining seven single and double charm
baryons (A}, EF, BY, 0, 8+, B, Q) decay via weak
interactions. An important class of these weak charm baryon
decays are their nonleptonic two-body decays into a ground
state baryon with J” = 1/2% and a pseudoscalar meson
with J¥ = 07. The two-body nonleptonic decays of the
seven single and double charm baryons (A, EF, __40 QO
ELT, B, Q1) are the subject of this paper.

In this paper we will not be concerned with the 20 C =
0,1,2,3JF = 3/2%F ground state baryons which, in SU(4),
belong to the 20 representation with the associated Young
tableaux

LI 1]

The properties of the 20 representation are discussed in
Ref. [66]. In principle, the states of the 20 representation
could contribute as intermediate states in the current alge-
bra plus pole model approach discussed in Sect. 5 but are
prevented from contributing as intermediate states by the
KPW theorem [63,64] which states that the contraction of
the flavor antisymmetric current—current operator with a fla-
vor symmetric final state configuration is zero in the SU(3)
limit.

It is quite illuminating to represent the baryon flavor wave
functions as third rank tensors B,y in flavor space instead of
the second rank tensors Bfl’ frequently used in the literature.
In this way one can keep track of the quark content of the
baryons. Moreover, in the transitions involving baryons one
can identify the flavor flow in the transitions which directly
leads to the concept of topological diagrams and the topo-
logical tensor invariants associated with them. Explicit rep-
resentations of the third rank flavor tensors of the twenty
JP = 1/27 ground state baryons are given in Appendix A.
For the ground state baryons and mesons we have used the
phase conventions of Lichtenberg [68].

The flavor wave functions of the J” = 1/2% ground state
baryons satisfy a Jacobi-type identity which reads

c

¢ ¢ ¢
Baipe) + Bpjea) + B

cla

p =0, (10)

for each of the flavor wave functions of the ground state
multiplet, where £ = 1,...,8inSUB)and ¢ = 1,...,20
in SU(4). They are normalized and orthogonal according to

k ! !
> By B = 8¢ - (11)

k,m,n
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Table 1 Ground state charm baryon states with J” = 1/2%. The square and curly brackets [ab] and {ab} denote antisymmetric and symmetric

flavor label combinations

Notation Quark content SU@3) (1, I3) S C Mass (MeV)
AT clud] 3 0,0) 0 1 2286.46 +0.14
EF c[su] 3 (1/2,1/2) -1 1 2467.95 +0.19
E(C) c[sd] 3 (1/2,-1/2) —1 1 2470.99 + 0.40
=it cuu 6 1,1 0 1 245397 +0.14
=F {cud} 6 (1,0) 1 2452.94+0.4
2? cdd 6 (1,-1) 0 1 2453.75 £ 0.14
A c{su} 6 (1/2,1/2) -1 1 2578.44+0.5
E/CO c{sd} 6 1/2,-1/2) —1 1 2579.2+0.5
Q? css 6 0,0) -2 1 26952+ 1.7
EXF ccu 3 (1/2,1/2) 2 3621.24+0.7
EL ced 3 (1/2,-1/2) 0 2 3621

Q. ccs 3 0,0) -1 2 3710

Furthermore, they satisfy the completeness relation

blcd]
2 Binm B

—(8;’38:,;555 — 808,87

1
—8(55,15;5,5 — 82 sds0)

—é(s,’;s,gaf; — 8bsdse ). (12)
Contracting the completeness relation (12) with 8,’; 87" 81 one
obtains the dimension d = N (N? — 1)/3 of the ground state
representation in SU(N) which agrees with the dimension of
the representation calculated according to the hook rule with
the result

dim <

One thus obtains d = 8 and d = 20 for SU(3) and SU(4),
respectively, as expected.

The completeness relation (12) is central to the chain of
reasoning in Sect. 5 which, in the limit of SU(3) and the
absence of hyperfine interactions, links the results of the cur-
rent algebra approach to a linear superposition of topological
reduced matrix elements with coefficients given by the topo-
logical tensor invariants. For the interested reader we provide
an explicit proof of the completeness relation in Appendix B.
Using the completeness relation we never invoke SU(4) sym-
metry but rather make use of the SU(3) symmetry of the
separate C = 0, C = 1 and C = 2 sectors of the complete-
ness relation (12). For a given flavor configuration defined
by the in and out states, the sum over intermediate states
£ in Eq. (12) extends either over one of the ground state
baryons or, in the case of the flavor degenerate pairs of states
(A%, 29, (af, =hH), (B, E9) and (EF, E/F), over maxi-

N(N2 D).

!) NN+DWN =D _ 1
3.1-1

(13)

mally two ground state baryons. In most of the cases analyzed
in this paper, due to symmetry and constituent quark model
considerations only one state of the flavor degenerate pair
of states contribute as intermediate state. When both flavor
degenerate states contribute to a given intermediate state we
assume mass degeneracy of the two states to sum the two
contributions. More details can be found in Sect. 5.

In flavor space the ground state to ground state transi-
tions 1/2% — 1/2% 4+ 07 (17) induced by the antisymmet-
ric flavor-changing tensor H, qqf(;] representing the effective
Hamiltonian Hegr (O-) in Eq. (8) are represented by the seven
topological tensor invariants

17 ) = BYBL, My Hi

I, (¢, ) = Bg[bC]Blf[c’a]Mj’H[Cch]”

i, ¢ = BB, M H Y]

140, 0) = ”[C“]ij peME H[;b]

B ¢y = BB MG B

fye. oy = BB MG

I5(e. €y = B{"IBY o ME HY (14

for the baryonic transitions £’ — £, where the fourth rank fla-
vor changing tensor H, [;12;14] takes the values £1 as specified
in Appendix A. A summation over doubly occurring indices
in Eq. (14) is implied. In the present application in which we
consider various SU(3) subsector transitions, the summation
runs over the three light quarks (u = 1,d = 2,5 = 3) and
the charm quark which we label as ¢ = 4. After having used
the Jacobi identity (10) and/or by rearranging tensor labels
including the exchange of dummy summation indices, the
set of seven tensor invariants comprise the minimal set of
possible tensor contractions. For example, the tensor invari-

@ Springer
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ant 1£(0, ) = B“[b‘le,[L,a Mf/H[;};b/l is redundant since
it can be seen to be equal to Is(¢’, £) by simply rearrang-
ing the tensor labels. The list (14) contains only connected
tensor contractions. We have thus not included the tadpole-
bC]Bﬁ[bc Md H[ch]]
which vanishes for the AC = 1 transitions since H[[CCj]] =0
(see Appendix A).

In Table 2 the SU(3) and SU(2) properties of the fourth
rank flavor changing tensor are listed. Note that each of the

tensors H[CSY”]] and H, [;i;] inducing the SCS transition trans-

type unconnected tensor contraction B

forms separately as 6 @ 3 in SU(3). Only their difference
H [CAV“] — H[[Cd;]] transforms as the 6 representation in SU(3)
as can be explicitly verified by using the Clebsch—Gordan
tables of Kaeding [69]. In Fig. 2 we display the weight dia-
grams of the 6 and 3 representations where we have marked
the locations of the CF, SCSa, SCSb and DCS effective quark
transitions in the two weight diagrams. When taking the dif-
ference of the two SCS contributions one remains with a
U-spin triplet at the left boundary of the 6 weight diagram.
We have somewhat dwelt on this point because we have not
found an adequate discussion concerning this cancellation in
the literature.

We mention that the reduction to a minimal set of ten-
sor invariants has not been attained in Refs. [31,33]. As
an example we take the Cabibbo enhanced decays of the
antitriplet charm baryons. The authors of Ref. [33] introduce
six and three topological tensor invariants each for the topol-
ogy classes Ila and III where only two and one are needed
(I3, 14 and I, resp.) while Kohara [31] defines four and one
topological tensor invariants for the same topology classes
IIa and III where, as before, only the two invariants /3, I
and the invariant /s are needed. This makes it quite cumber-
some to compare mutual results. Note that the distinction of
whether the strange quark from the charm quark transition
ends up in the meson or the baryon for the topology class Ila,
as done in Ref. [33], is not warranted in SU(3).

Let us briefly pause to discuss the charge conjugation
properties of the seven tensor invariants (14). In flavor space
the charge conjugation operatlon raises or lowers the ten-
sor indices, i.e. one has B/!"! = B¢ e Blipe = By,

M) = M;, and H[[a‘g] = H[Cd] . As an example we consider
the charge conjugation operation on the tensor invariant /3.
One has

L. ) = By BE I MGH) = Il o). (15)

Similarly one has I4(¢,¢) = Is (e, 0), 11_’2(& 0y =
17,0, £),and Is(¢, ¢ = Is(¢', £). Therefore, there are two
aﬂtisymmetric and five symmetric tensor combinations under
the flavor charge conjugation operation. The two antisym-
metric combinations are

@ Springer

(I = B)(E.0) = =1y = (', ),
(Iy — L)€, €) = —(Is — L) (', 0). (16)

They would contribute to the parity violating (p.v.) amplitude
A of Sect. 5. The five symmetric combinations read

(I + )4, €)= +(5 + B)(¢, 0)
(Is+ I, 0) = +(Is + L)L, 0)
17, ¢) =17, ¢
L t)=1 0
Is(0, 0 = Is(Z, 0). (17)

They would contribute to the parity conserving (p.c.) ampli-
tude B of Sect. 5. Note, however, that the dynamics of the tree
diagram contributions leads to an extra factor of (m; — m>)
in the case of the p.v. amplitude A which implies that the tree
diagram invariants also contribute to the amplitude A.

Returning to the topological analysis one can associate
each of the tensor invariants (14) with one of the topolog-
ical diagrams in Fig. 1 by following the flavor flow in the
diagrams. It is important to realize that it is not sufficient to
just associate a given decay with a given set of topological
diagrams. Instead, one needs to calculate the projection of
that given decay onto the topological diagrams in terms of
the topological tensor invariants. The association reads

(I, ,1,) <— diagramsIa,Ib

(I3, I4) <— diagram Ila (18)
(f3,i4) <—> diagram IIb
Is «<— diagram III. (19)

Note that this relation is not one-to-one. For example, from
the flavor flow the decay A} — E°K* can be seen to be
contributed to by the topology I1a. However, from an explicit
calculation one finds that only the topological tensor invariant
14 becomes populated. This has important ramifications for
the structure of the decay as will be discussed in Sect. 4.

To conclude, in flavor space a general amplitude A y;
describing the decay B; — B + M can be expanded along
seven topological reduced amplitudes 7; with coefficients
given by the seven topological tensor invariants I, ..., Is.

One has
_ J
=) 1T
J

j=17,27,3,43,4,5

A(B; A, ByMy) = Agii

(20)
where the B; and By belong to some given SU(3) repre-

sentation. The 7 are the topological invariant amplitudes

of the process while the tensor invariants 1 ]]ckl. project onto
these invariant amplitudes. Put in a different language, the
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Table 2 SU(3) and SU(2) properties of the effective AC = 1 and AC = 0 Hamiltonian H. (O-) in Eq. (8), represented in flavor space by the

fourth rank tensor H, %244

[q143]
Y I SU@®) Al AU AU; AV
CF H 2/3 -1 6 1 1 1 0
SCS HEY -1/3 -1/2 633 1/2 1,0 0,0 1/2
Hl) ~1/3 ~1/2 603 12 1,0 0,0 1/2
s d
HE — Bl —1/3 -1/2 6 1/2 1 0 1/2
DCS HlY —4/3 0 6 0 1 ~1 1
AC=0 Hld -1 1/2 8 1/2 1 ~1 1/2
H ~1 172 8 12 1 ~1 172
Fig. 2 Weight diagrams of the
sextet (left) and antitriplet
(right) representation of the Y
effective weak Hamiltonian. The U V
locations of the CF, SCS and
DCS transitions are marked by a Y
i +2
circle dot symbol © CF @)oo D USSR /3
6 +2/3 ] 3
3 —1/2. +1/2 1
L 0 | L 0 % 3
-1/3 -
-1 @® -+ +1 ® At ®
SCS . SCS -1/3
a,b N a,b
®
DCS T_4/3

topological tensor invariants / ] +; would correspond to SU(3)
Clebsch—Gordan coefficients while the reduced matrix ele-
ments 7; would correspond to the SU(3) invariant ampli-
tudes. All SU(3) relations between given transition ampli-
tudes including the subclasses of I, U and V sum rules are
implicit in the expansion (20).

In the general case one is overcounting the number of ten-
sor invariants in the expansion (20), i.e. the number of signif-
icant SU(3) invariants can generally be less than the number
of seven SU(3) invariants in Eq. (20). In general, the rank of
the coefficient matrix 7 ’jfkl. linking A f; with 7 is less than
seven. This implies that one cannot, in general, determine
the reduced topological amplitudes 7; from a given set of
experimentally measured amplitudes A z;. In such a case
there will be a number of linear relations among the seven
tensor invariants / JJC «; Which will be commented on and writ-
ten down for the different SU(3) transitions treated in this
paper. Some of the linear relations involve tensor invariants
of the same topology class. In such a case the linear rela-
tions can be obtained by combining the information on the
symmetry or antisymmetry of the (u, d, s) light quark com-
ponents of a given class of charm baryons with the use of the

Jacobi identity. The remaining linear relations between ten-
sor invariants involving different topology classes cannot be
obtained by mere tensor manipulations. We conjecture that
one needs Schouten type identities to derive these additional
tensor identities. In this paper we use linear algebra meth-
ods to construct these additional linear relations explicitly.
With the help of the linear relations between tensor invari-
ants one can recombine the topological invariant amplitudes
to a minimal set of significant (nontrivial) topological invari-
ant amplitudes. However, it should be clear that this set of
minimal reduced amplitudes is not unique.

The flavor space tensor contractions represent a conve-
nient way of calculating Clebsch—Gordon coefficients enter-
ing in nonleptonic charm baryon decays. They were first
introduced in Ref. [30] which also contains some supple-
mentary background material. The values of the topolog-
ical tensor invariants for all Cabibbo favored (CF), singly
Cabibbo suppressed (SCS) and doubly Cabibbo suppressed
(DCS) nonleptonic charm baryon decays needed in this paper
are for instance given in Tables 3,4, 5, 6 and 7.
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The transition to the isoscalar states are written in terms of
the ideally mixed states 1, = \/LE (uii +dd) and ne = ss.For
each decay we have factored out the products of the denomi-
nator factors appearing in the flavor space wave functions, the
inverse of which appear as factors multiplying the amplitude
of the respective decays.

4 Tables of the topological tensor invariants

In this section we proceed to discuss the various classes of
charm baryon decays. They are classified according to the
SU(3) transitions that specify the decays. Even though we
do not discuss the factorizable contributions, we also list the
values of the tensor invariants I;” and [, since they enter
in the linear relations between the seven O~ induced tensor
invariants. The corresponding tensor invariants Il+ and 12+
induced by the operator O can be easily obtained from 7,
and I, as described in Appendix A.

For the transitions involving the isospin zero neutral
meson states we separately list results for the octet state
ng = (uit + dd — 2s5)/+/6 and the singlet state 1, =
(uit + dd + s5)/~/3. The physical n and 7’ states are lin-
ear superpositions of these two states according to
n =cosfng —sinfn; 1 =sinOng + cosHn; 21
with @ = —15.4° [70,71]. We also list the transitions into the
ideally mixed states 1, = (uu + dd) / V2 and ng = ss with
obvious applications to the corresponding 1/2% — 1/2F +
17 transitions involving the ideally mixed vector states w and

¢.

4.1 The charm baryon decays B, 3) Ii@) B(8) +M(8,1)

The nonleptonic two-body decays of the three antitriplet
charm baryons (A}, EF, 2%) belong to this class of decays.
The SU(3) decomposition of the transitions read (we use the

notation of Kaeding for multiple SU(3) representations [69])

35608R8=3-304-6d5-15
@15 ®2102402-42060. (22

As explained in Sect. 3, the effective Hamiltonian induc-
ing the W-exchange contributions transforms as a sextet in
SU(3). For the SCS decays this comes about by a cancellation
of the antitriplet contributions when the two effective Hamil-
tonians Hegr (¢ — s; s — u) and Hegr(c — d; d — u) are
subtracted from one another. The 3 representation appears
three times in the decomposition. Therefore, there are three
SU(3) invariant amplitudes. This in turn implies that there
are four linear relations among the seven topological tensor
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invariants. They read

2i3 + i4 =0,
20 = I+ . (23)

=1,
I3+ 1y = 215,

Therelation /;” = I, can be obtained by rewriting the tensor
labels of the parent baryon in the tensor invariant I, in the
way Bg[c’a] — —B;[C,b] — B;[bc/] by realizing that the
indices a and b refer to light quarks. Similarly one can proof
213 + Iy = 0 by realizing that  and ¢’ are the light quarks
in the parent baryon Bl&’[c’a] and using the Jacobi identity
Bg'[c'a] + Bcl’[ab’] + Bal[b’c'] =0.

A more direct access to a minimal set of independent ten-
sor contractions is to switch to second rank tensor represen-
tations of the antitriplet charm baryons, the octet baryons
and the effective Hamiltonian [19,29]. As a result one now
has only three independent tensor contractions, the number
of which agrees with the above number of SU(3) invariants.
The linear relations (23) can be seen to be in agreement with
the analysis of Jia et al. [29].

Equations (23) are very useful when checking the results
for the topological tensor invariants [ ( fki) that will be listed
later on. Note in particular that the linear relations (23) do not
separately hold for the contributions of the two transitions (@)
c—s; s —u and (b) c — d; d — u. They can be seen to
hold true only for the sum of the two contributions. Note that
the last equation does not hold for all decay processes listed
in Tables 3, 4, 5, 6 and 7, in particular not for decays into 7
and, related to that, into 7,, and 14, as those are members of
(a mixture of M (8) and) M (1).

H(6)

Therefore, we also need to discuss the transition B..(3) —>
B(8) + M (1) involving the singlet meson state M (1). In this
case the SU(3) decomposition reads

3-6081=306915024. (24)

Thus there is only one SU(3) invariant amplitude describing

the transition B, (3) Iﬂ; B(8) + M (1) which means that all
transitions involving a singlet meson state M (1) are propor-
tional to one another which is manifest in the decays into ;.
In the corresponding rows of Tables 3, 4, 5, 6 and 7 one has

I[ =1, =0, L=-2Iy=2I3=—I=4I5. (25)

The vanishing of the tree diagram invariants can be argued
again directly, as the single quark line transition 1 — 6 ®
1 ® 3 = 8 & 10 into singlet meson states vanishes in SU(3).

We list the values of the seven topological tensor invari-
ants separately for the Cabibbo favored (CF) (Table 3), singly
Cabibbo suppressed (SCS) (Tables 4, 5 and 6), and doubly
Cabibbo suppressed (DCS) (Table 7) antitriplet charm baryon
decays. The SCS decays are induced by the two SCS transi-
tions (@) c — s; s — u and (b) ¢ — d; d — u which are
listed separately in Tables 4 and 5. As explained in Sect. 2, in
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Table 3 Values of the seven topological tensor invariants for the
antitriplet charm baryon decays B.(3) — B(8) + M(8, 1) induced
by the CF flavor transitions (¢ — s; d — u). We have always factored
out the products of the normalizing denominator factors appearing in

the flavor space quark model wave functions. The product of the denom-
inator factors appear as overall factors of the process specification in
column 2

I Iy I Iy I Iy Is
CF 12AF - Aoz + -2 -2 -2 +4 -2 +4 +1
4/3AF - 2O0rt 0 0 +2 0 -2 +4 +1
4/3AF - IR & 0 0 -2 +2 —4 —1
43 AF — DI 0 0 -2 0 -2 +4 -1
2/6AF — IR 0 0 -2 +2 0 0 0
12AF — =tng 0 0 +2 —4 -2 +4 -1
62N} — >tm 0 0 —4 +2 -2 +4 -1
26 AF - pk® +1 +1 +2 -2 0
26 AF - EOk+ 0 0 0 -2 -1
26 EF - »+KO +1 +1 0 0 +2 —4
26 EF - g0nt —1 —1 -2 +4
12 89 - AOKO —1 —1 —4 +2 +2 —4 —1
4/38° - »0k0 +1 +1 0 -2 +2 —4 —1
2/6 &Y — TTK- 0 0 +2 0 0 +1
4/38° - E070 0 0 +2 -2 -2 +4
4/38° — 2%, 0 0 +2 -2 +2 —4
2680 - g% 0 0 +2 0 0 0 +1
12 22 — E0ng 0 0 -2 -2 +2 —4 -2
6+/2 EY — g% 0 0 +4 -2 +2 —4 +1
2./680 - E~xt —1 -1 -2 +2 0 0 0

the SU(3) limit dealt with in this paper one has to subtract the
two contributions (a) and (b). The result of this subtraction
is shown in Table 6.

As discussed in Sect. 3, Kohara has introduced four
reduced matrix elements d1, da, d3, d4 for the topology class
ITa where only two are needed [31]. Using the results of
e.g. Table 3 for the decays involving octet mesons one finds
that the four topological reduced matrix elements of Kohara
are related to our topological reduced matrix elements by
di =2T3,dy = —2(T3—T4),d3 = 2Ty, and dy = 2T3—Ty.
This shows again that the set di, d», d3, ds is redundant
since one has d; = d3 + d4 and dp = —d4. We do not agree
with Ref. [31] on the contributions of the d; to the decays
involving the SU(3) singlet meson 7.

4.2 The charm baryon decays B, (6) &6) B@) +M(8,1)

The nonleptonic two-body decays of the charm baryon Q(C)
belong to this class of decays. The SU(3) decomposition of
the direct product 6 ® 8 ® 8 has been written down before
in Eq. (22). One notes that the 6 representation appears four
times in the decomposition. The transition 6 - 6 ® 8§ ® 8

is thus described by four SU(3) invariants. This implies that
there are 7 — 4 = 3 linear relations among the 7 tensor

invariants. These are
IT+1;, =0, IL4=0, 2I] =h+5. (26)

The first relation I;” + I,” = 0 follows from the Jacobi
identity rewriting I, as

_ N _ palbel pt’ d glc'd’]
L (6. 8) = B;"" By My Hicyy
__ palbc] V4 v d gld'd]
=By (= Buap) = Bapper)Mar Hica) @7

and noting that the first term on the r.h.s. of Eq. (27) van-
ishes due to the fact that ¢/ must be the charm quark, and
that the light quarks a, b are symmetric in the 6 represen-
tation. With the same reasoning one can show that f4 = 0.
The relation 21, = I3 + f3 cannot be obtained by tensor
label manipulations but can be derived from the values of the
three respective tensor invariants in Table 8. In the case of
the SCS transitions the suffixes a and b identify the origin
of the respective flavor transitions (a) and (b) including the
relative sign. Note that we always keep the (a)- and (b)-type
contributions in the SCS contribution apart for two reasons:

@ Springer
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Table 4 Values of the seven topological tensor invariants for the SCS antitriplet charm baryon decays B, (3) — B(8) + M(8, 1) induced by the

flavor transition (¢ — s; § — u)

I 1 I Iy I Iy Is
SCSa 12AF - AOK* +2 +2 0 0 +2 —4 0
43 A - 20K+ 0 0 0 0 +2 —4 0
2V/6 AT — 2tKO 0 0 0 0 -2 +4 0
26 AF - nrt 0 0 0 0 0 0 0
43 AF - pr® 0 0 0 0 0 0 0
43 A — Plle 0 0 0 0 0 0 0
26 AF - g -1 -1 0 0 0 0 0
12 A} - png 42 42 0 0 0 0 0
62 A} - pm -1 —1 0 0 0 0 0
2/6EF - 80K+ +1 +1 0 -2 +2 —4 —1
438} — 2tz0 0 0 -2 0 0 0 -1
4/38f - RIS 0 0 -2 -1
2/6 EF - =0 -1 -1 -2 +2 -2 +4 0
128f - =g +2 +2 +2 —4 +4 -8 ~1
6v2EF — =t -1 -1 —4 +2 -2 +4 -1
2V/6 EF - pK° 0 0 +2 -2 0
12 8} — At 0 0 -2 +4 +1
438} — 2Ozt 0 0 +2 0 0 0 +1
2/6 EY - g0K0° 0 0 0 12 —4 1
2/6 22 - ETKT +1 +1 -2 0 0 0
2.6 E? — DI o 0 0 0 0 -1
2/6 &Y - ot 0 0 +2 0 0 0
46 8% - 0570 0 0 -2 0 0 +1
4/6 % - 2%, 0 0 -2 0 0 —1
4/3 8% - 20, —1 —1 -2 +2 -2 +4 0
12V2 8] - =0ns +2 +2 +2 —4 +4 -8 -
12 22 - 20 -1 -1 —4 +2 -2 +4 —1
1242 82 - A0x0 0 0 -2 +4 0 +1
12V2 &} - A%, 0 0 -2 +4 0 -1
12 82 - A%y +1 +1 -2 -2 -2 +4 0
126 87 - Alng -2 -2 +2 +8 +4 -8 -1
12V3 &} - A%, +1 +1 —4 +2 -2 +4 ~1
2/6 8] - pK- 0 ) 0 0
26 E? — nk® +2 0 0 0

in order to incorporate some SU(3) breaking effects in this
way, and for comparison with parts of the literature in which
the two contributions have been kept apart. Note that the ten-
sor relation 21, = I3 + I3 does not hold separately for the
transitions (a) and (b) but only for their sum, and it does not

hold if the singlet meson state is involved.

The transitions involving the singlet meson state 1, are
again described by a single SU(3) invariant, as can be read

@ Springer

off from the decomposition (24).
finds I, =1, =Il4=0and I3 =

For these transitions on
=21y =213 =41s.

4.3 The AC = 0 singly Cabibbo suppressed charm baryon
decays B.(3) H® B.(3) + M(8) and

B.6) *® B.3) + M@8)
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Table 5 Values of the seven topological tensor invariants for the SCS antitriplet charm baryon decays B, (3) — B(8) + M(8, 1) induced by the

flavor transition (¢ — d; d — u)

I Iy I I I Iy Is

SCSb 12A7 — AOK T 0 -2 -2 0 0 -2
43NS - 20K+ 0 +2 -2
26 AF - KO 0 -2 +2
2V/6 AF - nmt —1 —1 0 +2 -2 +4 +1
4/3AF - pr® +1 +1 0 -2 +2 —4 -1
A3AE - Pl -1 -1 —4 +2 -2 +4 -1
2V AS - Py 0 0 0 0 0 0 0
12 A} - g -1 -1 —4 42 -2 +4 -1
62 AT — P -1 -1 —4 +2 -2 +4 -1
2/6EF - B0k 0 0 0 0 0 0 0
438} - PRE +1 +1 0 0 0 0 0
4/3EF - R -1 -1 0 0 0 0 0
2/6EF - =0, 0 0 0 0 0 0 0
12gf - Ttng —1 -1 0 0 0 0 0
62 BF - RN -1 -1 0 0 0 0 0
V6 ES . pK° 0 0 0 0 +2 4 0
12gf - Aozt -1 -1 0 0 —4 +8 0
438} - 20zt —1 -1 0 0 0 0 0
2:/6 22 - EOKO 0 0 +2 0 0 0 0
2/6 E° - B Kt 0 0 -2 0 0 0 0
24/6 &2 - DRF 0 0 0 +2 0 0 0
2/6 &Y - ot —1 -1 0 +2 0 0 0
46 8% - 20570 +1 +1 0 —4 0 0 0
46 8% - =%, —1 —1 0 0 0 0 0
43 8% - =04 0 0 0 0 0 0 0
1242 80 - »0ng -1 -1 0 0 0 0 0
1282 - =0 -1 -1 0 0 0 0 0
1242 82 — A0 -1 -1 0 0 —4 +8 0
12V2 8 - A, +1 +1 +8 —4 +4 -8 0
12 82 - Ay 0 0 0 0 0 0 +2
12V6 87 - Al +1 +1 +8 —4 +4 -8 —4
12V3 8! - Al +1 +1 +8 —4 +4 -8 )
2V6 E - Pk~ 0 0 +1
24/6 E? — nk® +2 —4 —1

The AC = 0 charm baryon decays are induced by the
SCS quark flavor transitions (a’) s — u; u — d and (b')
¢ — d; s — c. The kinematical constraints of the AC =0
decays only allow for the pionic modes. Therefore, there is
no need to discuss the decays into the 1 and n’ states or the
K -meson states. As concerns the application of the current
algebra approach to charm baryon decays, the AC = 0 charm
baryon decays are the favorites of all charm baryon decays
since the emitted pion has very little energy, i.e. the pion

satisfies the requirement of the soft pion theorem. The AC =
0 charm baryon decays have been discussed before in Refs.
[72-76].

There are two isospin decays in each the two classes
B.3) *® B.(3) + M(8) and B.6) 22 B.(3) + M(8).
The four kinematically accessible decays are listed in Table 9
together with the values of the topological tensor invariants.
As mentioned in the Introduction, the decay EQ — Afrm~
has recently been observed [17].
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Table 6 Values of the seven topological tensor invariants for the SCS antitriplet charm baryon decays B, 3) — B(8) + M(8, 1) induced by both

flavor transitions (a) and (b)

Iy I I3 I I Iy Is
SCS 12AF - Ak +2 +2 +2 +2 +2 —4 +2
4/3AF — 20K+ 0 0 -2 +2 +2 —4
26 A - K0 0 0 +2 -2 -2 +4
VoA - nmt +1 +1 0 2 42 4 -1
43N - pr® -1 —1 0 +2 -2 +4 +1
4V3AF - P +1 +1 +4 —2 +2 —4 +1
26 AL — g -1 -1 0 0 0 0 0
12AF - pns +3 +3 +4 -2 +2 —4 +1
V2 AF - pm 0 0 +4 -2 +2 —4 +1
2/6ES - 20K+ +1 +1 0 -2 +2 —4 -1
438} — 0 —1 -1 -2 0 0 0 -1
438} — =+, +1 +1 -2 0 0 0 —1
2V/6 8F - = ng —1 —1 -2 +2 -2 +4 0
128F - =t +3 +3 +2 —4 +4 -8 ~1
62 8F - =t 0 0 —4 +2 -2 +4 -1
2/6ES — pK° 0 0 +2 -2 -2 +4 0
128+ — Aozt +1 +1 -2 +4 +4 -8 +1
438} — 20zt +1 +1 +2 0 0 0 +1
24/6 &2 N g0K0 0 0 -2 0 +2 —4 -1
26 20 — 2 Kt +1 +1 +2 -2 0 0 0
27/6 82 - Str- 0 0 0 -2 0 0 —1
2/6 80 — ot +1 +1 +2 -2 0 0 0
446 €7 — 2070 -1 -1 -2 +4 0 0 +1
46 8% - =%, +1 +1 -2 0 0 0 -1
4/389 — 20, -1 -1 -2 +2 -2 +4 0
12V2 8! - =0ns +3 +3 +2 —4 +4 -8 -1
1282 — =0 0 0 —4 +2 -2 +4 -1
1242 &2 . A0 +1 +1 -2 +4 14 -8 +1
1242 &2 - A%, -1 -1 -10 +8 —4 +8 —1
128° — A%y +1 +1 -2 -2 -2 +4 -2
12/6 &2 — Al -3 -3 -6 +12 0 0 +3
12/3 0 — A% -12 +6 —6 +12 -3
24/6 E2 - pK~ 0 -2 0 0 —1
2/6 20 — nk?® +2 0 -2 +4 +1
For the Ej’o and Q0 decays the SU(3) decomposition  tensor manipulations alone one finds the relations 213 = — I

reads

358038=3-303-604-15015'02-24042
(28)

6->8R38=3-603-604-15015' @2 24042
(29)

One concludes that one should have four linear relations
each among the seven tensor invariants. With the help of
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for both transitions 3 & 3+ 8and 6 ﬂs) 3 + 8. The data
base in Table 9 is not large enough to identify the remaining
tensor identities. From a group theoretical point of view one
could, of course, enlarge the data base by including also off-
shell decays. We have not pursued this possible avenue.
While there are three SU(3) reduced matrix elements each
for the two classes of decays there is only one isospin SU(2)
reduced matrix element for each of the two classes of decays.
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Table 7 Values of the seven topological tensor invariants for the DCS antitriplet charm baryon decays B, 3) — B(8) + M(8, 1) induced by the

flavor transition (¢ — d; s — u)

I Iy I Iy I n Is
DCS 2V/6 AF - pK° -1 -1 0 0 ) +4

26 AT - nk+ +1 +1 0 0 +2 —4
128f — AOK* +1 +1 -2 -2 +4 -8 -2
4/3EF - »OK+ +1 +1 +2 -2 0 0
26 EF - Ttk —1 —1 -2 +2 0 0
4/3EF - pr” 0 0 0 -2 0 0 -1
2V6EF - nat 0 0 0 +2 0 0 +1
4/3EF N Pl 0 0 —4 +2 0 0 -1
2/6 EF - P 0 0 0 0 -2 +4 0
12EF — png 0 0 —4 +2 +4 -8 -1
62 EF - P 0 0 —4 +2 -2 +4 -1
12 80 - AOKO +1 +1 -2 -2 +4 -8 -2
43 8% - 20k —1 —1 -2 +2 0 0
2680 - oKt +1 +1 +2 -2 0 0
2/6 EY - pr 0 0 0 -2 0 0 —1
43 Eg — n® 0 0 +2 0 0 +1
43 8% - nny 0 0 —4 +2 0 0 —1
2620 - nig 0 0 0 0 -2 +4 0
12 82 — nng 0 0 —4 +2 +4 -8 -1
6+/2 BY — nin 0 0 —4 +2 -2 +4 —1

This becomes evident when doing the same exercise as in
Eq. (28) but now for isospin SU(2). One finds
2-5201®3=2064
(in spin notation § - 1 ®@0® 1 =1 @ 3),
1-20203=102-305

(()_>%®%®1:O®2~1®2). (30)
This leads to the Al = 1/2 isospin relations

V2MEF - AF7% = M@E - Afr) (31)

V2m(? — %% = -Mm( 2 - gfn) (32)

in agreement with the entries in Table 9.

4.4 The double charm baryon decays
H(6 =
Bee ™% B3+ M. 1)

The nonleptonic two-body decays of the triplet of double
charm states 1, EF and Q. into the antitriplet single
charm baryons belong to this class of decays. Of the many
possible two body decays only the decay EX;Y — Ef xt
has been identified to date [18].

The 3 representation occurs twice in the decomposition

3560308=2-302-603-15015 24542 (33)

There are thus 7—2 = 5 relations for the tensor invariants
which read

I3 +21, =0,
Is=0, 207 =hL+1 (34)

I7 +21; =0,
I+ 1y =0,

As before, the last relation does not hold for the decay involv-
ing the octet singlet state. For the transitions involving the
singlet meson state one finds

356301=3015 (35)

which implies that all transitions involving the singlet meson
are proportional to each other with I;” = I,” = I5 = 0 and
I3 = —2I4 = 213 = —2ls. In Table 10 we list the values of
the tensor invariants for all the decays of this class.

4.5 The double charm baryon decays

Bee(3 % B.(6) + M(8. 1)

The nonleptonic two-body decays of the double charm states
ELT, Ef and Q. into the sextet single charm baryons

belong to this class of decays. Of the many possible decay
modes none has been identified to date.
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Table 8 Values of the seven topological tensor invariants for the non-
leptonic CF, SCS and DCS decays of the sextet charm baryon state Q?
belonging to the class of decays B.(6) — B(8) + M (8, 1). The SCS
decays are induced by the flavor transition (a) (¢ — s; s — u) and

(b) (¢ = d; d — u). The subscripts a and b of the tensor invariants
identify the origin of the respective flavor transitions where the relative
sign of the two transitions has been accounted for

Iy Iy I Iy I Iy Is

CF 200 - g0k —1 +1 0 0 -2 0

SCS 2290 — 2070 +1p -1, +2, -2, 0
2/200 - g%, 1, +1, 42, -2, 0 0
20 - E%4 +1, —1, +2, 0 +24 0 11,
2./620 — 2% -2, —1p +24 4 1p -2, -2, —4, 0 -2,
2390 - 2% +la—1p —la+1p +4q 24 +24 0 +1q
2./690 - AKO 0 0 —4q4 +2, +4y 0 —lg
2/290 - 20k0 0 0 -2, 0 0 —1,
200 — K- 0 0 +24 0 0 +1q
200 - Ext —1p +1p -2, +24 0 0 0

DCS 200 — pK~ 0 0 0 0 0 0 +1
290 - nk® 0 0 0 0 —1
4/3Q0 - A0 0 0 0 0
4/390 — A%, 0 0 +8 —4 0 0
2./690 — Ay 0 0 0 0 +4 0 +2
1200 — Ang 0 0 +8 —4 -8 0 —4
6290 — A% 0 0 +8 —4 +4 0 +2
490 - 2070 0 0 0 —4 0 0 0
490 - 2% 0 0 0 0 0 0
2200 - =0 0 0 0 0 0 0
4/3Q0 - T 0 0 0 0 0 0
2./620 — =0 0 0 0 0 0 0
260 - DR o 0 0 0 +2 0 0 0
200 - ot 0 0 0 +2 0 0 0
200 - E"K* —1 +1 -2 0 0 0
200 - g0k +1 -1 +2 0 0 0 0

The 3 representation occurs twice in the decomposition

35606 R8=2-3D2-604

150215022402 - 420 48. (36)

Therefore, there are 7 — 2 = 5 relations among the seven
tensor invariants which can be derived by either tracking the
charm quark flavor flow in the respective topological dia-
grams or by taking into account that the single charm baryons
B (6) are symmetric in the light quark indices. The relations

read
If:]3=i3:f4=15=0, (37)

i.e. the only nonvanishing tensor invariants are I, and 4. In
particular, the tensor invariants I3 and I are zero because
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of the KPW theorem. The KPW theorem holds only in the
SU(3) limit. Violations of the KPW theorem due to the SU(3)
constituent mass breaking effect mg # m,, were calculated in
Ref. [77] for the decays X+ — Bzt and QF — EF KO
and turned out to be of the order of (1 — 4)%. The authors
of Ref. [59] obtained a mass breaking effect of the KPW
theorem of the order of 2% in their bag model calculation of
the same decays.

The singlet meson state 1 does not contribute to this class

of decays as can be seen from the decomposition
3560601 =6d15®15. (38)

In Table 11 we list the values of the seven topological flavor
invariants.
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Table 9 Values of the seven tensor invariants for the AC = 0 SCS
decays of the single charm baryons E}, 20, and Q¥ into antitriplet
charm baryons induced by the flavor transitions (a’) s — u; u — d

and (') c — d; s — c. The subscripts a’ and b’ of the tensor invariants
identify the origin of the respective flavor transitions where the relative
sign of the two transitions has been accounted for

I Iy Iz Iy Iz Iy Is
12428F - Afr® —54 +dy —2 4y 8y 4y 1y
1280 — Afm —5y +4, —2p 4y —8, 4y 1y
2/6 90 - g8fn- 1y 2 +2p —4y 0 0 0
430 - 82070 —1y +24 —2 +4y 0 0 0

Table 10 Values of the seven topological tensor invariants for the CF,

—

SCS and DCS decays of the triplet double charm baryon states EF.,

cc

EJ. and Q. into the antitriplet single charm baryon states A, E} and

E? belonging to the class of decays Be.(3) — B.(3) + M (8, 1). The
notation of the subscripts a and b is explained in Table 8

Iy Iy I L Iy i Is

CF 26 ELT - Efnt -2 +1 0 0 4 +4 0
265 - g0t -2 +1 —4 +2 0 0 0
4V3EL, - g’ 0 0 +4 -2 —4 +4 0
43 Ef, - ES Mo 0 0 +4 ) +4 —4 0
2V6 Ef, - Efng 0 0 +4 ) 0 0 0
1285 - Efns 0 0 —4 +2 +4 —4 0
6V2 8 - B 0 0 +8 —4 +4 —4 0
2V6 B - AFRO -2 +1 —4 +2 0 0 0
2V/6 Q] - EFK° -2 +1 —4 +4 0
SCS /6B - BFKT +24 —lq +4, —4, 0
2/ B - Afmt +2 —1 0 0 +4y —4, 0
2V EL, - EOKT +24 14 +4y -2 0 0 0
4V3EL - Afn® +2) —1p 0 0 +4y 4, 0
4V3EL - Afne —2p +1p =8 +4p —4p +4y, 0
V68 - Afng +2, —1, 0 0 0 0 0
128f, - Afng —4q =2 +2, + 1y -8 +4y —4y +4y 0
6v2 &L, - Al +2, -2 —la+1p ~8) +4y —4 +4y 0
439, - gfa” +2p —1p +4, —24 0 0 0
439f, - EL N -2 +1p +4, =3 0 0 0
2V6 2 - Ed g +2, ~14 +4q -2 vy —4, 0
1297, - Efns —44 =2 24+ 1p —4, +2, ~8, +8, 0
6v29, - Efm +24 =2 —la+1p +8, —4, +4, —4 0
260, - gt -2 +1 —44 2,4 0 0 0
2veQf, - AFKO 0 0 —4, +24 4 —4 0
DCS 2/6 85" — AFKT +2 -1 0 0 +4 —4 0
2V/6 EL - AFKO +2 —1 0 0 +4 —4 0
2V/6 Q. - gkt -2 +1 —4 +2 0 0
2./697 - EFKO +2 —1 +4 -2 0
4/3QF - AFn0 0 0 0 0 0
4/3QF - Afn, 0 0 +8 —4 0 0
2/6 9 - Afng 0 0 0 0 +4 —4 0
12QF, - Alns 0 0 +8 —4 -8 +8 0
6vV2 0, - Afn 0 0 +8 —4 +4 —4 0
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Table 11 Values of the seven tensor invariants for the CF, SCS and subscripts a and b for the SCS decays has been explained in Table 8.
DCS decays of the triplet double charm baryon states Ejﬁ, E:rc, and Decays into n; states are not listed since they vanish identically

QT into sextet single baryon states, B..(3) — B.(6) + M(8). The

cc

I Iy I Iy I Iy Is
CF 228" - Bifnt 0 -1 0 0 0 0
24T — KO 0 +1 0 0 0 0

2287, — g0+ 0 -1 0 +2 0 0 0

EL - Bt n0 0 0 0 -2 0 0 0

gf - EF N 0 0 0 -2 0 0 0

22 ER, - Clan 0 0 0 +2 0 0 0

4324 — Bt 0 0 0 —6 0 0 0

Oh — b 0 0 0 +2 0 0 0

228} — 2K 0 +1 0 -2 0 0 0

2EL - QUK+ 0 0 0 -2 0 0 0

2720 — EF K0 0 +1 0 0 0 0 0

20t - QO 0 —1 0 0 0 0 0

SCS 228 — KT 0 +1, 0 0 0 0 0
228 — srat 0 +1p 0 0 0 0 0

2285 - a0 0 —1p 0 0 0 0 0

228t - 20, 0 +1, 0 0 0 0 0

28LF - =g 0 P 0 0 0 0 0

26 85" - g 0 424+ 1p 0 0 0 0 0

2/2 8} - g0k 0 +1, 0 +25 0 0 0

2EF — 2O0nt 0 +1p 0 —2p 0 0 0

B - zn0 0 —1, 0 +4y, 0 0 0

Oh - 2 0 0 +1, 0 0 0 0

22 EL - 2 ng 0 1, 0 0 0 0

4384 — g 0 +2, + 1, 0 0 0 0

23729, - 2K 0 0 0 -2, 0 0 0

2297 - &0+ 0 +1p 0 +24 0 0 0

2QF - QUK+ 0 +14 0 —24 0 0 0

DCS 228 — Ikt 0 +1 0 0 0 0
28 - KO 0 —1 0 0 0 0

EL - 20K+ 0 +1 0 0 0 0

2V2EL N KO 0 -1 0 0 0 0

27297 - BOK+ 0 +1 0 -2 0 0 0

V29, — gt KO 0 -1 0 +2 0 0 0

4 — 20 0 0 0 —4 0 0 0

4Qt — = 0 0 0 0 0 0 0

27297 - = ne 0 0 0 0 0 0

4304 — 2 ns 0 0 0 0 0 0
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Table 12 Values of the seven topological tensor invariants for the non-
leptonic CF, SCS and DCS decays B..(3) — B(8) + M(3) of the
triplet double charm baryon states E/F, B} and Q. into the light

baryon octet and the charm mesons D+, DY and D;. The notation for
the SCS decays is explained in the caption of Table 8

cc » e
I 1 I Iy I n Is
CF gLt - z+p*t 0 0 0 0 0 -2 0
EL — »+Dpo 0 0 0 0 0 0 +1
2287, - =0p+ 0 0 0 0 0 -2 -1
2./687, — A'D™ 0 0 0 0 0 -2 +1
EL — gD} 0 0 0 0 0 0 +1
207, - E'D* 0 0 0 0 0 -2 0
SCS Lt - pD* 0 0 0 0 0 +2p 0
EL — pD° 0 0 0 0 0 0 -1
Oh - nD* 0 0 0 0 0 +2 +1,
gLt - s+Df 0 0 0 0 0 +2, 0
V2EL — =0pf 0 0 0 0 0 +24 0
2V/6EL - AODF 0 0 0 0 0 +24 -2
207 — z+p0 0 0 0 0 0 0 +24
237291 - =0p+ 0 0 0 0 0 0 —1,
2./697 - AOD* 0 0 0 0 0 +4y, —1,
207, — E'D} 0 0 0 0 0 +24 +1,
DCS gLt - pDY 0 0 0 0 0 +2 0
EL — nD} 0 0 0 0 0 +2 0
2Q7 — pD° 0 0 0 0 0 0 +1
204 - nD* 0 0 0 0 0 +1
2320 - 20D} 0 0 0 0 0 0
2./69 - AOD} 0 0 0 0 0 +4 +2

4.6 The double charm baryon decays
H(6 =
B3 X9 B(8) + M(3)

None of this class of decays into a light baryon and a charm
meson in the final state has been observed. The final states in
these decays have a very distinct signature which could lead
to their discovery in the not too distant future. To our knowl-
edge the only theoretical paper dealing with these decays is
Ref. [78]. As a seed for the B..(3) — B(8) + M (3) decay,
Li et al. first consider the short distance decay of a double
charm baryon state into a single charm baryon anda C = 0
meson [78]. The charm quantum number is then transferred
from the baryon to the meson by long distance final state
interactions. The authors of Ref. [78] estimate that the CF
decays of this class of decays could be of the order of 1%
with the SCS and DCS decays suppressed by the respective
CKM suppression factors.
For the SU(3) decomposition one obtains

3560803=2-3¢2-603-15015 02442 (39)

The decomposition shows that there are two indepen-
dent SU(3) invariants. Therefore, one expects 7 —2 = 5

relations among the seven topological tensor invariants.
By visual inspection of the five topologies one finds that
I =1, = I3 = I3 = 0. The topological invariant
L, o) = BZ[bC]Bf[b,C,]MjH[[;Z;/] vanishes since b’ and
¢’ are heavy charm quark labels which are necessarily sym-
metric such that the initial state tensor Bf[ el vanishes. Alto-
gether one has

Iy =1, =h=1I4=1I=0. (40)

The only nonvanishing topological tensor invariants are Iy
and /5. In Table 12 we list the values of the nonzero tensor
invariants i4 and Is5 for the altogether 22 CF, SCS and DCS
double charm decays B.. — B D*/°, B D} . Note that the
decay Q. — 29D is forbidden in the SU(3) limit because
of the KPW theorem.

4.7 The hyperon decays B(8) H—(8>) B(8) + M(8)

In complete the picture obtained so far, we also consider the
decays of hyperons into light baryons. The decomposition

@ Springer
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Table 13 Values of the seven SU(3) tensor invariants for the nonleptonic hyperon decays induced by the transitions (s — u; u — d)

Iy Iy I Iy I Iy I — Iz I — Iy Is

276 A° — pr— +1 +1 0 -2 +2 —4 -2 +2 -1
43 A0 — nm¥ -1 -1 0 +2 -2 +4 +2 -2 +1
2257 — pr® -1 +1 0 -2 -2 0 +2 -2 -1
2%t — nmt 0 0 0 +2 0 0 0 +2 +1
2%~ — nmw~ —1 +1 0 -2 0 +2 0

2/6 8 — Aoz~ -2 +1 0 —4 +4 +4 —4

4380 — A0 -2 +1 0 —4 +4 +4 —4

8 >8R88=2-108-8¢4-1004
1096-2702-3502-35@ 64 41)

suggests that there are eight SU(3) invariant couplings which
outnumber the seven invariant tensor couplings by one. How-
ever, one with the help of a Fierz-type identity one can show
that the eight SU(3) couplings are not independent.

To proof this, consider the usual second rank tensor baryon
representation

_A_O_|_2_0 _E+ p

Vo 2 0 0
B=| m A=, | 42)
ok _=0 2A°
—d —d Jg

together with the representations for mesons and the weak
transition tensor

ng o x0 - -
| wte T K 000
M = Tt ’778_”7_1(0 N S=1001]. (43)
6 2
. 0 000
NG

In SU(3) a Levi-Civita tensor with four indices in three
flavor dimensions vanishes. Therefore, one can write down
a Fierz-type identity which reads

se 8] 88 8"

s¢ s 8% sl
efeh = b B b= 0. (44)
8¢ 81 58 8!
58 sh
53 84 84 84

€abcd€

When one contracts the Fierz-type identity with B B? Mg SZZ
one obtains the relation

0 =tr(BBMS) + tr(BBSM) + tr(BM SB)
+tr(BMBS) + tr(BSMB) +
+tr(BSBM) — tr(BB) tr(M S)
—tr(BM) tr(BS) — tr(BS) tr(BM). (45)

We conjecture that the use of this Fierz-type identity would
provide for the missing linear relations between tensor invari-

@ Springer

ants of differing topologies. In Table 13 one can identify the
Al = 1/2 (or octet) rules [79,80]

AN — prT) = —V2AAY = nz% (46)
V2AET = pr%) = —AEt 5> i) + AE™ > )

(47)

AE" = A%7) = V2AE? > A%70). (48)

However, for some reason the Lee—Sugawara relation [81,
82] is not satisfied,

2AE~ = A% ) + AN = pr7) £ VBAGET - pr¥)
(49)

Topological tensor invariants for this class of processes
have been considered in Ref. [83].

5 The current algebra description of nonleptonic charm
baryon decays

In the second part of this general survey we add elements
of the current algebra approach to the information contained
in the tables. The current algebra approach was originally
developed for the description of nonleptonic hyperon decays
(see Refs. [84-87] and references therein) and later applied
to nonleptonic decays of charmed baryons [88,89]. As will
be described in the following it turns out that the flavor invari-
ants of the W-exchange contributions to the current algebra
amplitudes can be expressed in terms of the topological fla-
vor invariants I; (i = 3,4,5) and f, (i = 3,4) introduced
in Sect. 3. We briefly recapitulate the standard current alge-
bra plus soft pion approach to nonleptonic two-body charm
baryon decays B(1/2%) — B(1/2%7) + M(0™) where we
will stay quite close to the presentation and notation of Refs.
[54,59-62].

We define S- and P-wave amplitudes A ry; and B yy; , resp.,
by writing

(BfMi|Hett|Bi) = t £ (A i — Brrivs)u;. (50)
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We follow the convention of Refs. [54,59-62] in that A fy;
and Byy; are defined with a relative minus sign in Eq. (50).
Note that the choice of this sign will affect the sign of the cal-
culated asymmetry parameter of the nonleptonic two-body
decays.

Again in the notation of Refs. [54,59-62] the p.v. and p.c.
amplitudes A and B are given by

A g = AT + AT + AT
1
By = B + BY + BT (51)

The factorizing contributions Agf‘,fl and B;a,g related to the
topological invariants /;” and [, are complemented by the
nonfactorizing contributions, consisting of a pole and a com-
mutator part.

com

5.1 The parity violating S-wave amplitude Af I

For the commutator contribution one obtains

2
ki = {(BH[MI( HEIB:), (52)

where prf is the p.c. part of the effective Hamiltonian,
My is the SU(3) vector charge associated with the pseu-
doscalar meson k, and where the f; are the pseudoscalar
coupling constants, with e.g. f; = 0.95 m. One then intro-
duces a sum over intermediate baryon states ), |Be)(B|
and ), |By)(By| to rewrite Eq. (52) as

2
= “TC(Z(Bf|Mk|Be><Be|Heff|B,~>

14
—Z By M2 | B (B | Mkl B))

= 335? (5) — A ) (53)
Since M, is a conserved vector charge operator, the sum over
intermediate states extends only over the twenty J” = 1/2%
ground state baryons of the SU(4) 20’ representation.

The notation “s” and “u” stands for the s- and u#-channel
contributions in the current algebra approach where the s-
channel contribution refers to the process where one has a
weak transition at the first stage followed by meson emission
and vice-versa for the u-channel contribution, as depicted in
Fig. 3. One can associate the topological diagrams with the s-
channel and u-channel contributions by cutting the diagrams
IIa, IIb and [T in Fig. 1 at the appropriate places. Diagrams Ila
and IIb are clearly associated with the s- and u-channel con-
tributions, respectively, whereas diagram III can be seen to be
associated with both s- and u-channel contributions depend-
ing on where diagram III is cut. As it turns out, diagram III
contributes in equal amounts to the s- and u-channel parts
for both S- and P-wave transitions. Altogether the s-channel
contribution correspond to the contribution of diagram Ila

M
//
32 A /// 32 A
v’ ® ;M
/7
Bl 3 Bl‘ L ///
® ¢
B, A B, 1

Fig. 3 s-channel contribution (left) and u-channel contribution (right)

and one half of diagram III, while the u-channel contribution

corresponds to diagram IIb and one half of diagram III.
Our aim is to proof that the commutator contributions

Aj?kr? (s) and A?Ok‘? (1) can be rewritten in terms of a linear

superposition of the topological tensor invariants I3, Iy, I,
I3 and I5 introduced in Sect. 3. This is achieved by making
use of the completeness relation (12) The same can be done
for the pole term contributions Apo e(s) A1}<;(11€ (u) in the
absence of hyperfine mass sphttmgs for the flavor degenerate
members of the 20" representation, as will be written down
later.

In Appendix C we demonstrate that the f-type baryon
matrix element (B ¢|My|By) of the conserved vector charge
can be expressed in terms of two basic SU(3) contractions I 1
and fz. One has
(Bf|My|By) := (I') o = 4(11) pre + 2(12) fre (54)
and similarly for (By/|My|B;). The two basic tensor contrac-
tions /1 and I are given by

() fre = ;lc[ DB e (MO
(1) gkt = BV B (M. (55)

The matrix element (B |H£§f | B;) of the effective Hamilto-
nian (called a, ; in Ref. [60]) splits into a dynamical piece and
a symmetry factor. In the bag model calculation the factors
ag; can be expressed in terms of a single tensor contraction.
In the normalization of Ref. [60] one writes

(Be|HY | Byr) i= ager = 6X2(470)(IP) g0 (56)
with

_ A [v'c1
(I*)p = B Ba[,,/ 1Hppey - (57)

In addition, one has

AT~ A58
= ﬁéizwn) (Ao - Apw) (58)
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with
AR () — AR ) =D U pre (1)
J2
=D U pr () g (59)
Z/

In Ref. [60] the values of the bag integrals as e.g. X, are
given as dimensionless numbers. This is puzzling at first sight
since the amplitude A‘;Ok‘? is dimensionless. This conundrum
is resolved after a literature search. As stated some time ago
in Ref. [43], the values of the bag integrals are given in units
of ¢ Gr GeV? which should be augmented by the CKM
factor Cckwm.

The relation to the topological tensor invariants is obtained
by using the completeness relation (12) in order to perform
the sum over the intermediate baryon states in Eq. (53). We
begin with the s-channel contribution Acfok‘? (s) for which
we go through the derivation step by step. As discussed
in Appendix C, the flavor invariant contribution 7/ can be
expressed as alinear superp0s1t10n of the two building blocks
11 and Iz in the form 1/ = 411 + 212 Let us write out the
contributions of the two building blocks I 1 and 12 to the sum
over intermediate states in ACom (s). The result of taking the
sum over the intermediate states via the completeness rela-
tion (12) can be expressed in terms of the topological tensor
invariants I3, I4 and Is. One has

Z(il)fkllpc = B} bl
¢

(Z Ba[hc

= %13 - %14 + 515, Z(lz)fkﬂff
¢

albc] r[vt] [a’'b']
— Bl (agy )”(ZBHM] ) Bl Hi

[a'b']
) rla’d’] H[vt

——§I3+%I4+§15. (60)

The contribution of 4 cancels in the sum I/ = 4f1 + 2f2 of
the two contributions (60), and one arrives at

AT (s) = 4 Y (I predy;
4

+2 ) (D) prel]; =215 + 41s. (61)
14

Doing the same exercise for the u-channel contribution
ASE}(T () in Eq. (53) one obtains

b ’
ZUP ) e eki = B! THpe (ZBﬁ{h/ ,]B’[”])B,’[m/](Mk)f'
-

= 3L -1+ 31

b b']
> (%) s (e = BB, <ZBMC BT ) Bl (MO
-

=7§I3+§[4+§[5, (62)
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leading to

89 ) = 43 1%) o ()
el

+2) ) () eni =203+ 415, (63)
e/
Calculating the difference of the s- and u-channel contribu-
tions Acf"k’? (s)and A;Okr? (u) according to Eq. (53), one obtains
the remarkable result that the contribution of the topological
tensor invariant /5 cancels out. The final result is

A5 = AS0(s) — A () = 2(13 — ). (64)
We mention that the result A°°m ~ Iz — 13 was already been
derived in the early paper [30]

The p.v. pole contributions not dealt with in detail in this
paper read

by bre guki
Apole —_ 8fkeOei

7 mf—my
1 1
= ARG ) + AT, (65)
where by = (B(|Heff|Bg/> are the p.v. matrix elements

which are much smaller than the p.c. matrix elements agy
[90,91]. For the same reason, one also skips

2
com — %(Z(BﬂMHBZ)(BUH v 1B;)

l
- 2B B (Bu| M| Bi))- (66)

5.2 The parity conserving P-wave amplitude B?‘;{lf

Using again the notation of Refs. [54,59-62], the pole con-
tribution to the p.c. P-wave amplitude B is given by

8fkeaei age 8eki
Bpole _ +
ki ;mi—mg ;mf—mp

= BYS(s) + BYS (). (67)

Again, the first and second terms in Eq. (67) represent the
s- and u-channel pole contributions, respectively. The sum
over the intermediate state labels ¢ and ¢’ extends over all
20 JP = 1/2% ground state baryons that have the correct
quantum numbers to contribute to the s- and u#-channel pole
contributions (67). In the present application one has zero,
one or maximally two contributions in the sum over inter-
mediate ground state baryons. The latter case occurs when
pairs of flavor degenerate states contribute to the sum as e.g.
the states (A%, £°) in the C = 0 sector or (A}, =), (87,
E/%) and (E}, E/T) in the C = 1 sector. The members of
the ground state J© = 3/2% 20-plet do not contribute to the
sum over intermediate states since the weak transitions ay;



Eur. Phys. J. C (2022) 82:297

Page 21 of 41 297

and a gy with €, ¢ from the J¥ = 3/27% 20-plet vanish in the
SU(3) limit because of the KPW theorem.

The s- and u-channel pole contributions involve the strong
coupling coefficients denoted by g ri¢ and the weak parity
conserving transition matrix element a, ; which also appeared
in A;f}(m One then uses the generalized Goldberger—Treiman
relation

V2
gkt = ——(my +me)ghy (68)

fi

to express the strong coupling coefficients g s, by the appro-
priate axial vector elements g?k ¢~ One has

pole pole A MmyA+my
fkl()+Bfkl (ngklim — e agi

+my
+Zaﬂ/;—f gg‘kl) . (69)

As in the p.v. case we factor out the parameters depending on
the dynamic model to remain with a purely flavor dependent
contribution B. In the bag model calculation of Refs. [54,59—
62] this is achieved by writing

B () + BYS )

fkl sz
_ ?6X2(471) Z(47t)( () + é?‘;l,.‘“‘(u)) (70)
where
BYE (s) + BRI ()
Rif(By)  (71)

CQM ;pc pc CQM
= Zlsz Iy; Ryi(Be) + Zlfl/ Uki
¢

with the compact notation for the two mass ratio expressions

myg+my
Rpi(Bo) = - L% = Ry(Bo).
l
m; + my
Rif(By) = ———— = R,(By), (72)
mf — my

the second ones used as pseudonyms. The flavor invariant
1 CQM denotes the flavor structure of the matrix element
<Bg/ My | B;) in the constituent quark model. In the bag model
the flavor structure of the strong coupling is given by a d/f
ratio of d/f = 3/2 (cf. Appendix C). In terms of the two
building blocks I; and I introduced in Eq. (55) the strong
matrix element is given by

Ifc-;SM = (41 +5D) fxi

b - ;
B (4Bl ) + 5By ) (M (73)

Different from the p.v. S-wave case the sum over intermediate
states cannot be taken because of the mass ratio factors which
differ for the contributions of the hyperfine doublet partners.
However, if one neglects the hyperfine mass splitting, the

sum over intermediate states can be performed as in the p.v.
S-wave case. To proceed, we define average values of the
masses of the set of hyperfine doublet partners { By} denoted
by m, and correspondingly average values for the mass ratio
factors by writing

_ mf+n_1g

Ry = — = Ry({B¢)),
n; —my

— m; —I—}';le/ -

Rif = ————— = R,({By}). (74)
mf — My

The average mass ratio factors R ri and R;  can then be
factored out from the sum over intermediate states and one
obtains

1 A pol
B + B w

CQM ;pc CQM
=Rpi ) Iyl +leZ’ff' ki (75
¢

The sum over the intermediate states can now be performed,
using again the completeness relation (12). The task is sim-
plified by the fact that the strong transition /M = 4], +51,
is a linear superposition of the same two building blocks I
and I that were used in the evaluation of the correspond-
ing sums in the amplitude A. The result of calculating the
sum (75) is then given by

CQM ,pc
Z[W 1) = I+ 214 + 61,

Z 105 1™ = Iy + 214 + 615, (76)

The flavor content of the pole model contributions is thus
given by

1 1 =
Bl,)c(;l,e( s) + B?(,)(,e(u) = (I3 +2I4+6I5)Ry;

+(I5 + 21y + 615)R; . (77)

We have found again the quite remarkable fact that, in the
absence of hyperfine mass splittings for the flavor degenerate
members of the 20’ representation, the pole model represen-
tation of the p.c. P-wave amplitude B depends only on the
initial and final states of the nonleptonic decays and not on
the detailed structure of the intermediate states.

Equations (76) can be generalized to the case where the
strong d/f ratio takes on general values (see Appendix C).
One obtains

gen ;pe. \
Zlszlzz(s) =

14

3d(I3 + 214 + 615)

—(3d — )23 +4I5),

Z 19,150 ) = 3d([3 + 214 + 615)
—(3d — f)Q2L3 +4I5). (78)
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One can check that one recovers Egs. (76) for d/f = 3/2,
ie.ford =3/5and f =2/5.

6 Some more sample decays

Initiated by a thorough analysis of the methods applied in
Refs. [59-62] with details found in Appendix D, in this sec-
tion we present explicit results for some sample decays on the
connection of the current algebra results with the topological
tensor invariants. We emphasize again that this connection
holds true in the SU(3) limit. The relation between the two
approaches derived in Sect. 5 is explicitly verified in these
examples. We include at least one decay of each of the classes
of decays discussed in Sect. 4. For each decay we include in
the header the values of the seven tensor invariants in the
same sequence (/| , 1, , I3, I4, f3, i4, Is) as in the tables.
For a better perception we have underlined the nonvanishing
contributions of the topological tensor invariants.

6.1 The CF decay A} — A%z
12(11) = (_21 _21 _21 47 _27 4” 1)

In this case, all seven tensor invariants are non-zero. Together
with the SCS decay Af — AY K, this decay is the only one
in which I3 = 13 # 0. Since one has I3 — I3 = 0, one con-
cludes that in these decays the W-exchange contribution to
the p.v. amplitude A is zero. Nevertheless, there are also tree
diagram contributions which will contribute to the amplitude
A. Expressed in terms of the topological tensor invariants, the
W-exchange contributions to the reduced amplitudes A and
B are given by

Acom _

(213 +415) = QI3 +415) =0 -0,
= (I3 + 214 + 615) Ry(Z) + (I3 + 204 + 615) Ru(5)
1 Ry(Z%) + 1+ Ry (ZD). (79)

épole

The same result is obtained by explicit summation over the
intermediate states. The intermediate states are £ in the s-
channel and 20 in the u-channel. The intermediate states do
not contribute to the p.v. amplitude A since Fj + is a con-

served charge operator which implies / Ion +y+ = O and
I)J:CO FAF = = 0. The contribution of the intermediate states

to the p.c. amplitude B is given in terms of the flavor fac-
tors multiplying the relevant mass ratio factors Ry (%) and
R, (22). One has

A pol cQM
BIE(E0) 1A8n+z+lgc+/\+ =1

By 30y ¢ 1% 1S

Aozo SOrtAF L (80)
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C
where I35, , = —4/2./6, oge = 4246, 15, =
—6/2v/6, and 1.2, . = 6/23/6 (see Tables 16 and 18 in
Appendix C). The mass ratios read
R, (2%) = mp0 +mso =211
s mA9 — MmMx0 )
0 m a0 + myxo
R,(X;) = ——— = —3.54, &1
mMa0 — ng

Our results are in agreement with the results in Ref. [60] up
to an overall sign difference. Note that there is a contribution
to BP€ in Eq. (79) from the topology III given by the term
proportional to /5. We conclude that this term was in fact
included in the analysis of Ref. [60] despite the claim of the
authors that the contributions from the type III diagram were
omitted.

6.2 The CF decay A7 — =077
4/3(1) = (0,2,2,0, =2, 4, 1)

The second decay we discuss is the CF decay A} — 20rt.
Again, this decay proceeds only by W-exchange. The asym-
metry parameter has been measured and is given by (A, —
»07+) = —0.73 £ 0.17 & 0.07. This implies that the S-
wave amplitude must be nonvanishing. And in fact, a glance
at Table 3 shows that one has a s-channel contribution while
the u-channel contribution vanishes since 2f3 +41s = 0. Let
us check this in more detail. The W-exchange contributions
to the reduced amplitudes A and B are given by

Acom _ QL3 +415) — (%4_4&) = 2//3—0(u),
ppole _ (173—1-214—{-6&) RS(E+)+ (];3—1—&4-%) Ru(E?)
= 2/V3Ry(T) +3/V3 Ru(50) (82)

A direct summation over the intermediate state results in

Aeom(s; 5%) ¢ 1, e 10 =23,

A 30 f _

ACom( ) 12020120 +A+ _07

a CQM

B (s; my 12(‘)971+E+1§C+A+ =2//3,

1 0 CcCQM

B (u; £0) : 12(,2012%+A+ =3//3 (83)

where we have used IEO tyt = —4/24/2, IEJrA+ =
CQM

—4/2/6, 120 iar = O I, = —4/2V2 and
IS = 6/23/6 from Tables 16 and 18 in Appendix C.

6.3 The SCS decay & —> pK~
2/6(1;) = (0,0, O, —24,0,0, —1p)

This decay is interesting from the point of view that there are
altogether four states that contribute as intermediate states.
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These are (A%, £°) in the s-channel and (A, ) in the
u-channel. The structure of the tensor invariants can be seen
to be identical for this decay and the decay A7 — EC K+
treated in the previous section. We anticipate that the treat-
ment in terms of tensor invariants will be a much simpler
undertaking than the explicit summation of the four con-
tributing intermediate states. In our analysis we shall retain
the identification of the weak transitions in terms of the (a)
and (b) type contributions.

The reduced commutator term A®™ and pole term BPole
are given by
ASM = (213 + 415) — (213 + 415)
(—4p/2V6) — (—4p/2/6) = 0,
BPO® = (I3 4 214 + 615) Ry (A, £°)

+(I3 + 214 + 615) Ry (T2)

= —(4q +65) /26 Rg(AY, £0)

—6,/2v6 R, (20). (84)

When taking the intermediate state route one has to take
into account that sz+ P = 0 and 1 ~g0 = 0 (see
Appendix C). For the relevant products of ﬂavor factors one
obtains

Aom (s A% E0 1T G IN o 1 ol R0 o

= (= 20 +4) +24)/2V6,

ACM iy AT 1"°A+1[{+K — (—4p)/27/6,
ppole /.. A0 50 CQM ,pc CQM  ,pc
BPOC(S’ A ) E ) IpK A()IAO'-'O + IpK 20120”0
= (= GBa+6p) — 14)/2V6,
Bl £ : 1P2+1§9¥ =—6b/2¢8. (85)

Keeping in mind that the two S-wave contributions have to
be subtracted while the two P-wave contributions have to be
added, one finds agreement of the two calculational routes.
The netresult is that the commutator contribution to the decay
EY — pK~ vanishes.

6.4 The CF decay Q¥ — EK?
2(;) = (—=1,-1,0,0,-2,0,0)

The only W-exchange contribution to this decay is from the

tensor invariant I3 = —1 (see Table 8). Therefore, the decay

proceeds only via the u-channel, which becomes obvious

from

AM = (20 + 415) — 2[5 + 415) = 0(s) — (-2,
0(s) + (/3 + 213 + 615) Ru(E, E)

= 0(s) — R, (2%, E/0). (86)

épole

where O(s) stands for the absence of an s-channel contri-
bution. The interest in this decay is caused by the fact that
both intermediate states & and contrlbute to the P-wave

amplitude BP°'®(u). In terms of the flavor invariants 7/, IP°
and 1M one obtains

com ='0 f
A (u; B, : I~0~’0 I~’0K090 -2,
pole M0 r—~/O cQM pe cQM —
(3 &) g0 om0 Teogoqo T 1zozo Iz goge = ~1-

(87)

The results are in agreement with Ref. [62]. There is no
need to differentiate between the current algebra approach
and the modified current algebra result in this case since
Is =0.

In the limit of vanishing hyperfine splitting mgo = mgo
one can sum the two P-wave u-channel contributions to
obtain

~ ~ ~ mg
Brle = 2([3 + 214 + 6ls)—

mg, — m~o

: (88)

e
Mmoo —Mn
@ &

where /1o denotes a suitable mass average of the two fla-
vor degenerate states & and oy 0 . The decay was analyzed in
Ref. [50], again in the context of the current algebra approach.
In the first version of Ref. [50] there was the claim that the
contributions of the intermediate states EO and &/ 0 cancel
each other for mgo = mgoo. This statement was corrected
later on in an Erratnm to Re(yf. [50] with a result in agreement
with Eq. (88). That the two contributions do not, in fact, can-
cel can be easily checked by a mere visual inspection of the
tensor invariants in Table 8. We have provided this example
to illustrate the power of the current algebra approach when
expressed in terms of topological tensor invariants because
the compactness of the tensor invariant expressions allows
one to easily trace mistakes in a current algebra result.

6.5 The SCS decay Q¥ — x°K°
23/2(1;) = (0,0,0, =24, 0,0, —1,)

The decay proceeds only through W exchange and via the
(a)-type weak interaction. The interest in this decay is based
on the fact that up to normalization factors the topological
invariant structure is identical to the one of the previous decay
A} — BY K. The same statement holds true for the decays

CF: A} — 8% %, 20— ntk-
SCS : QO - 2Tk, 2% 8% =Fx7, pk~
DCS: Ef — pn nrt; Eg — pm, nr®. (89)
One obtains
A™ = (21 4+ 415) — (213 + 415)
= (=4,/2V2) — (—4,/2v/2) =0,
BP® = (I + 214 + 615) Ry (E°)
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+(13+2I4+615)R &% 80 =
= —(10,)/2v2 Ry(E®) — 6,/2v/2 R, (B, E.9)

(90)
or
A (53 8% Iy pogolhgn = —4a/2V2
Acom(yy; 89) : IEOE?M0 gogo = —4a/2V2
BP(s; €)1 Igdhozolghge = —104/2V2
Broe(y; 80, 29 : 1203915%90 + 14 Loz Iffgll‘fom
= (=24 — 44)/2V2, oD
where
R,(BY) = Map Fmey 4.83,

myo — mag

R (B0 = ¢ = _ 453 92)

6.6 The AC = 0 SCS decays EF — A} 7” and

20 5> Atx

C C
12V2(1;(EF — AF 70) = 12(1;(E0 — Af 7)) =
(_Sa’a 4a’v Zb’v 4b’» 8a ) 4 7y lb’)

The decays are contributed to by both the factorizing tree
diagram and the nonfactorizing W-exchange contributions.
The tree diagram contributions induced by the transition (a’)
s — u; u — d are purely p.v. S-wave contributions, as
follows from the light diquark transition 07 — 0% + 0~ in
the background field of the heavy charm quark. It is therefore
interesting to have a closer look at the structure of the W-
exchange contributions.

Let us first state that the two decays are related by the
Al = 1/2 rule as follows (see Table 9)

V2 M(E}

For the tree level contribution this comes about since we are
using only the Hefr (O—) contribution. For the W-exchange
contributions the A/ = 1/2 rule is a consequence of the
KPW theorem.

Let us concentrate on the W-exchange contribution to the
decay E? — A 7~. We begin with the tensor invariant
representation. Since 213 + 415 = 0 (see Table 9), the S-
wave s-channel contribution vanishes, i.e. one has A°°™ (s) =
0. The nonvanishing S-wave u-channel and P-wave (s, u)-
channel contributions read

- AT 7% = MEY - Af 7). (93)

Acom _ 0(s) — @4_4&) =0(s) — (=164 +45)/12,
BPOI® = (I3 + 214 + 615) Rs (£0) + (I3 + 214 + 615) Ru (EY)
= 124 /12 Ry(Z2) + 6, /12 Ry (ELT), (94)

@ Springer

where 2f3 4+ 415 = (—164 + 4p)/12, I3 + 214 + 615 =
125 /12 and I3 + 214 + 615 = 6, /12 in agreement with the
result of the intermediate state route where

Ami B Il Il o= (<160 +4y)/12.

épole(s; E?) L CM G H

CiAFro 0 E0EY =12h//12,

B gty 1", 17T ) =6, /12, (95)

A+H/+ /+ ()

Note that P-wave transitions are solely induced by the quark
level transition (') ¢ — d; s — c. The transition (a’)
s — u; u — d does not contribute because of a quan-
tum number mismatch for the P-wave s-channel amplitude
as exemplified by the fact that the W-exchange topologies
ITa and IIT do not admit a contribution (a’). The KPW the-
orem is responsible for the absence of a contribution (a’)
to the P-wave u-channel amplitude. Contrary to what is
stated in the literature [74,75,92], one obtains a nonvanish-
ing P-wave contribution from the transition (b") which, in
addition, is considerably enhanced by the mass ratio factors
RS(E?) = 278.82 and RM(E/C“L) = —17.29. Such a large P-
wave contribution is quite welcome since the present model
calculations, which are based on an assumed S-wave transi-
tion, are below or far below the experimental rate measure-
ment [17].

6.7 The AC = 0 SCS decays Q¥ — Ef 7~ and
Q0 - 2070
261 (szo B 7)) = 4V3(0(Q) — 8n") =

(1 7y _2(1 ) 2}7/9 _4b/’ 0’ 07 0)

The decays are contributed to by both tree diagram and W-
exchange contributions. Since one now has a D(17) —
D(0™) 40~ diquark transition in the background field of the
heavy charm quark, the tree contribution is purely P-wave.

The W-exchange contributions are induced by the quark
level transition (b") ¢ — d; s — ¢ whichisapure AT = 1/2
transition for both Heg (O_) transitions. Therefore, for the
W-exchange contributions one has the Al = 1/2 relation
V2M@QE - B9 = - M@0 — EFn), (96)
regardless of whether one invokes the KPW theorem.

As Table 9 shows, the topologies IIb and III do not con-
tribute as can be surmise from the fact that f3 = f4 =15=0,
i.e. there are no u-channel W-exchange contributions. One
obtains

A"com

= (23 +4I5) — (213 + 415) = 43, /236 — O(u),
= (I3 + 214 + 615) Ry(E.%) + 0(u)
—6p/27/6 Ry(EL) + 0(u), 97)

épole
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where 213 = 45, /2+/6 and I3 + 214 = —6,/2+/6. It is appar-
ent that the W-exchange contributions generate an S-wave
contribution through the topology Ila.

Let us confirm that we obtain the same result for the
intermediate state representation The s-channel intermedi-
ate states are E/ 0 and E g/ 0, resp., since IL g0 = = 0 and

1 ;Q}:{ —o = 0. One therefore has

Acom(s HO) Iﬁ+ _—~0 OQO _4;//2«/_
épole(s H/O) I_C,?M,H/O [BfOQO = 65/2«/6. (98)

Again, the P-wave contribution is enhanced by the mass
factor RS(E’CO) = 43.51, but not as much as in the previous
case B0 — A}~

6.8 The CF decay Ef;t — Efn ™
2\/_(1 ) - ( 27 17 Oy O’ 47 4’ 0)

The decay belongs to the class of decays B..(3) — B.(3) +
M (8). One has

Acom = 0(s) — 213 + 415) = —8/2/6,
BP® = 0(s) + (I3 + 214 + 615) Ry (L)
= 4/2v/6 R,(EL.) e
or
Aem BY) I L =GR (1) = —8/246,
B (s BF) - 1233;’5%%? = GR® =42/ (100

6.9 The CF decay E, —
4\/5(11) = (05 07 45 _25 _4’ 47 O)

Erm®

This decay also belongs to the class B (3) — B.(3)+M(8).
The decay is not related to the previous decay Eff —
Efm™ by isospin symmetry, as a comparison of the ten-
sor invariants shows. There are, in fact, two reduced isospin
amplitudes describing the decays E.. — E.m. Analyzing
the flavor flow in diagram III one concludes that the topolog-
ical invariant /5 vanishes. From the general analysis in Sect. 4
we know that I3 + 214 = 0 is a general result for this class
of decays. In the language of the current algebra approach
this implies that the P-wave s-channel contribution vanishes.
Candidates for the intermediate s-channel states are E; and
E/F. Still, E/* does not contribute since the weak transmon
(ELF|HPC|ET) vanishes in the SU(3) limit due to the KPW
theorem. In terms of the topological tensor invariants one has

= QL +415) — (213 + 415) = 8/4/3 — (—8/4Y/3),
= (I3 + 214 + 615) Ry(E}) + (i3 + 214+ 615)
R,(EL) = 4/4V3R,(EL.

A"com
épole

(101)

with 2(/3 — I3) = 4/+/3 and [3 + 204 + 615 = 1/+/3. The
same result is obtained by the intermediate state analysis
where one has

ACm (s 8F) L+ WIPC Lo = 8/4V3,
Acom (4 EFH) : I”Jr”f(lf(cnﬂ = —8/4\/§,

BCQM(M H+) Iv—+r—~+ ICQM

(U=
‘-‘c( T ‘-‘c(

= 4/4/3. (102)

6.10 The CF decay Ef. — ZFtK~
2(1 ) - (Os 07 Os 2a O» 01 0)

This decay belongs to the class B..(3) — B.(6) + P(8).
From the discussion in Sect. 4 we know that I3 = fg = f4 =
Is = 0 for this class of decays. The only nonvanishing con-
tribution is I4 = 1, i.e. there is no factorizing contribution
to this decay. When stated in terms of the current algebra
approach, this implies that the only nonvanishing contribu-
tion to this decay is the P-wave s-channel contribution.

We verify this in explicit form using the current algebra
representation. First note that there is no candidate for the u-
channel intermediate state. As concerns the s-channel, due
to the KPW theorem E/" does not contribute as intermediate
state. On the other hand ’"+ does not contribute to the S-wave

s-channel since 77 . = 0. One thus remains with the

rHtk-g
P-wave s-channel contribution BP(s). One has

=2R;(E) +0(u), (103)

where I3 + 214 + 615 = 2. In terms of the intermediate state
path one has

A — CcQM
BPe(s, By i 1
( ¢) sirk-gf

=2 (104)

in accord with the result in terms of tensor invariants. This
result is in agreement with the result in Ref. [59]. Note that
there is no need for modify the current algebra approach in
this case since Is = 0.

6.11 The CF decay E.F — =t DT
2(1 ) - (01 Ov Os Oa 07 _29 O)

This decay belong to the class B..(3) — B(8) + M 3). The
current algebra approach applies to the P-waves only where
we can check the structure of the 1/2% pole contributions. As
Table 12 shows, there are only u-channel pole contributions
since the only nonvanishing tensor invariant is I4. This agrees
with the observation that, from the flavor flow, there can be
no intermediate s-channel contributions. One has

BP®(u; 55, AD) = (I3 + 204 + Is) Ru(ST, A))

= —2R,(Z,A)) (105)
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or
a CQM
B £, Ah) 12+2+128D+H++
CQM
+12+A+1A§SD+E$+ —1/2-5/2=— (106)

6.12 The CF decay E}, — =+ D°
2(1) = (0,0,0, 0, 0,0,1)

This decay belongs to the same class as the previous one,
B..(3) — B(8) + M(3). Since I 1j,E2 = 0, there are no tree
diagram contributions. The only nonvanishing tensor invari-
antis /5. This implies that one has both s- and u-channel pole
contributions. The current algebra approach only applies to
the P-wave pole contribution where we can check on the
structure of the 1/27 pole contributions. The s-channel inter-
mediate state is E;. In the u-channel both A} and £ con-
tribute as intermediate states. The structure of the P-wave
contributions is given by

B (s; BF) = (I3 + 214 + 615) Ry(EF) = 3R,(EY).

BY"(u; AT, S5 = (I3 + 214 + 615) Ry(AS, =)
= 3R, (AL, T. (107)
. CQM CQM CQM
SlnceIE?DOHJrIﬂH+ = 3and1A9D0H+ +12+E+I>39003$ =

1/2 4 5/2 = 3, the result obtained via intermediate states
agrees with this result. Note that the modified current algebra
approach predicts that the decay E}. — X DO vanishes.

7 Some general features of the topological tensor and
current algebra approaches

The tables in Sect. 4 contain a wealth of physics infor-
mation on the nonleptonic decays of charm baryons. Just
by visual inspection one can identify many interesting pat-
terns of physical relevance concerning the nonleptonic charm
baryon decays. We divide the general remarks into two parts.
In the first part we list general features of the various charm
baryon decays without using any dynamical input. In the sec-
ond part we identify some general features in the tables using
elements of the current algebra approach. We begin with by
listing decays that have all zero entries in the tables, i.e. their
decay rates are predicted to be zero. They are all DCS decays
and read

r@? — A°z% =% @) =0,

L@l — Al 7% =500 =0,

r; — x° D_j) =0. (108)

A corresponding prediction is given in the following. Note
that there are no tree contributions to any of these decays
which implies that one only has transitions induced by the
effective Hamiltonian Hegr (O—). According to Table 2 the

@ Springer

DCS Hamiltonian Hegr(O-) from Eq. (5) transforms as an
isosinglet (Al = 0). From the isospin assignments of the
charm baryons in Table 1 and the fact that / (Dﬁ*)Jr) =0
one can see that all the listed decays are isospin forbid-
den. A related derivation of the vanishing of the decay
QFf — 3% D*T can also be obtained from a topological
point of view and the KPW theorem. Both the isospin forbid-
den decay Q. — x0 D¥™ and the isospin allowed decay
Qf — A° Dj”r proceed via the topological diagrams IIb
and IIT in which the final state quark pair [du] emerging
from the weak vertex is antisymmetric. It then follows that
the decay QF. — X0 D!+ is forbidden while the decay
Qf — Al D;‘ * is allowed. In view of this observation the
result N(QY. — 20D )/ T(Qf — A°D;) = 16.71
obtained in Ref. [78] is rather puzzling.

We discuss a sample of linear relations between pairs
of partner amplitudes that follow from the tables which
are based on SU(3) invariance. These relations can also be
derived by making use of the SU(2) isospin (/-spin), U-spin
and V-spin subgroups of SU(3). The identification of such
bilinear relations in terms of their /-spin, U-spin or V-spin
origin may sometimes be helpful from the mnemonic point
of view. We discuss a few examples for each of the I-spin,
U -spin and V -spin subgroup relations where we restrict our-
selves to bilinear relations between pairs of particle decay
amplitudes, leaving out triangular relations between three
decay amplitudes. We thus concentrate on bilinear ampli-
tude relations which are governed by a single /-spin, U-spin
or V-spin reduced matrix element.

7.1 I-spin sum rules

As an example we take the CF relation

AN - 2F7% = —AAf - =%7F) (109)

following from Table 3. The relation (109) can also be derived
from the I-spin subgroup using the isospin decomposition
0 — (Al = 1)®1®1.! Wehave used a calligraphic notation
A in Eq. (109) where A stands either for the p.v. amplitude
A or for the p.c. amplitude B. If one neglects isospin mass
breaking effects, this leads to the equality of the two rates

rA; — »07 ).

2t =rf - (110)

There are many such isospin relations which can be read off
from the tables. We do not list them all except for an interest-
ing prediction on the vanishing of amplitudes following from
I-spin symmetry. This prediction comes about by noticing

! Note that in this section we prefer to use the angular momentum
notation instead of the notation in irreducible representations of SU(3)
which are characterized by their multiplicity (in boldface). In terms
of these irreducible representations, the decomposition at hand reads
1-303®3.
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that the DCS transition ¢ — d; s — u is an isospin scalar
with A7 = 0. As a result one has three DCS decays that are
altogether isospin forbidden. These are

0 0_0 0
rQ— Az =0, @} - afn"=o0, (111)

with an isospin decomposition 0 — (Al = 0) ®0® 1 or
0 — (Al =0) ® 1 ® 0. Of physical relevance are also the
related six forbidden decays involving the vector mesons w,
¢ and D;“Jr. First of all, these are the five AC = 1 DCS
decays

r@? — =%, %) =0,
QL — =tns, 2Fn) =0.

cc

(112)

Finally, the AC = 2 DCS decay Q. — X° D is allowed
from the topological diagram point of view IIb and III but
forbidden by the KPW theorem.

7.2 U-spin sum rules

First of all, note that the three effective CF, SCS and DCS
Hamiltonians belong to the same AU = 1 multiplet with
AUs3 quantum numbers +1, 0, and —1, respectively (cf.
Table 2 and Fig. 2). Again we shall only discuss bilinear
U-spin sum rule relations. As an example we consider the
four decays 2 — ZTKT (CF), 80 — Xtz (SCS),

c c
Eg — p K~ (SCS) and Eg — pm~ (DCS). There is only
one U-spin reduced matrix element for all four decays, as
can be seen from the decomposition of the U-spin product
0 - (AU = 1) ® 1/2 ® 1/2. Accordingly, one has the

amplitude relations
AEY > £TK™)  AE?— Ttr)
2 N cs

CAE2 > pK) . AE! > pr)
- . ,

(113)
cS S

where we have divided the amplitudes by the relevant
Cabibbo angle factors (one has V,; = A = s = sinf¢c =~
0.224 and ¢ = cosf¢c ~ 0.975). The relations (113) are in
agreement with the SU(3) analysis in the respective tables.
More U-spin relations involving also more than two decay
amplitudes can be found in Refs. [29,30].

7.3 V-spin sum rules

Again we shall only discuss bilinear V-spin sum rule rela-
tions. For example, using Table 3 for the CF decays B.(3) —
B(8) + M (8) one reads off

AN - pK% = —AEY - B~ nh),

AES - 8%%) = —AES - =T K?) (114)

which also follow from V-spin symmetry via the decompo-
sition of the V-spin products 1/2 - (AV =0)® 1 ® 1/2

and0 — (AV =0)® 1/2® 1/2. In the same way one finds
the V-spin CF amplitude relation

AN - B KTy = —AE) - =t k7). (115)

The V-spin sumrules (114) and (115) have been listed before
in Ref. [30] but have been missed in Ref. [29].

7.4 Combined sum rules

One can then combine the U-spin sum rule (113) and the
V-spin sum rule (115) into one sum rule involving the five
decays in Eqgs. (113) and (115), as will be discussed further
on.

The U-spin and V -spin amplitude relations do not directly
translate into the corresponding rate relations since the rate
formula involves different kinematical factors for the p.v.
|A|? and p.c.|B |2 contributions which can differ considerably
from one another, as can be seen by the rate expression (cf.
Appendix E)

=~ o(041aP + 0-187)
i
p ( pvo2 pe 2)
= ——|(|H + |H 116
32mm? |Hy p0l” + 1Hi 0l (116)

(Q+ = (mp £ mj)* —mi, p = /Oy0_/2m;)). In the
last expression of Eq. (116) we have written the rate in terms
of the two helicity amplitudes of the process. As discussed
in the following, it can make a big difference for the SU(3)
rate predictions depending on whether one postulates SU(3)
invariance for the invariant amplitudes A and B or for the
helicity amplitudes Hlp/v20 and Hlp/CZO‘ The SU(3) analysis in
Refs. [26,27,29] has been done using the helicity amplitude
option while the SU(3) analysis in Refs. [23,24,28] is based
on the invariant amplitude option. The authors of Ref. [25]
take an extreme view and postulate SU(3) invariance for the
rates or equivalently branching fractions, thereby disregard-
ing all kinematic factors. This may be justified for isospin
related decays but not for decays where the final states are
composed of differing hypercharges. Savage and Springer
advocate the use of an average of the kinematical S-wave
and P-wave factors Q4+ and Q_ when comparing rates to
SU(3) predictions [19].

7.5 More sum rules

Returning to the sum rules, more sum rules can be obtained
by visually scanning the tables for decays with repeating
patterns of the values of the tensor invariants. For example,
for the pattern (0, 0, —2, 0, 2, —4, —1) one has the amplitude
relation

\/E.A(Aj' - 307t = —\/EA(Aj' — xt 7%

=-AEY - B'Kk% = AEY - n K. (117)
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The four listed decays proceed via W-exchange alone.

The four decays Af — nnt, AT — A0zt AF —
>0 7+ and Aj — p K~ follow from the pattern (x, x, x, x,
x, —4, —1). The tensor invariant relation f4 = 415 holds in
addition to the four inherent relations listed in Eq. (23). This
implies that there are only two topological invariants each
for the amplitudes A and B describing the four decays. For
definiteness we take the topological invariants 73 and 7s. In
this way one can then derive the sum rule

JAP(AF = nat)/s? =3 |APR A — A7)

+HAPAS = 2070 —JAPAf — pK®)  (118)

involving only squared magnitudes of the amplitudes A =
A, B. A corresponding sum rule was listed in Eq. (27) of
Ref. [25]. However, the authors of Ref. [25] have written
their sum rule in terms of rates, or equivalently, in terms of
branching fractions assuming SU(3) to hold for the rates. In
view of the widely diverging kinematical factors in the rate
expression Eq. (116) the validity of their sum rule may be
called into question.

Further sum rules are obtained by visually scanning the
tables for decays with repeating patterns of the values of ten-
sor invariants. One of the patterns is (0, 0,0, —2,0,0, —1)
/Nj, where N; is the product of normalization factors of the
flavor wave functions in the decay process (B — B+ M) ;.
Collecting the decays with this pattern, we leave out decays
related to isospin. Left are the four decays Eg - TK™,
B - *77, B2 - pK~ and E? — pn listed in
Eq. (113), and the decay A7 — ECK* (CF) listed in
Eq. (115). The decay Q(C) — 2TK~ (SCS) also possesses
the aforementioned flavor pattern and will be included in our
analysis by appealing to SU(6) symmetry (as discussed in
Sect. 3), even though the decay belongs to the class B.(6) —
B(8) + M (8) and not to the class B.(3) — B(8) + M (8) as
the other five decays. The SU(3) analysis can then be done
by relating the amplitudes of these six decays by the inverse
of the normalization factors 1/N;. There are no tree-graph
contributions to these decays and, adding a bit of dynam-
ics from the current algebra approach, one expects that the
p.v. amplitude A vanishes since I3 = I3 = 0 in these cases.
This observation will be the basis of our following analysis
where we assume that the decays proceed via p.c. P-wave
W-exchange contributions and where we assume that SU(3)
invariance holds for the dimensionless amplitude B.

7.6 Spin kinematics
When comparing rates, one has to take into account the spin

kinematical P-wave rate factor which, according to Eq. (116)

reads p Q,/ml.2 =0_J0+ Q,/Zm?. One can then write

down predictions for the six relative rates which read
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Par oo+ Te0s+k— Talos+a Ta0s k-
Poostk—T20

=1c%:225¢%: 2.83¢%5% : 3.86¢%5% : 19.22¢25% : 4.545%,
(119)

If instead one assumes that SU(3) holds for the dimension-
ful helicity amplitudes (see Appendix E) the corresponding
kinematical factor is I' ~ p/ ml.2|H P¢|2, and one arrives at
the relative rate prediction

Paroeok+ ‘Te0s+k- "Te0s+r Ta0l k-
FQE-)*)E+K7 : FEgﬁpn*
=1c*:1.13c¢% 123252 1296252 1 670252 1.385%.
(120)

Itis apparent that the SU(3) symmetry predictions diverge
widely depending on whether one postulates SU(3) symme-
try for the invariant amplitudes or for the helicity amplitudes.
As the numbers in Eqgs. (119) and (120) show, the differ-
ence in the predicted rate ratios can amount up to a factor
of 3.3 for the rate ratio I'go_, , 7~/ T'A+_, go g+ The issue
of whether to assume SU(3) invariance for the invariant or
helicity amplitudes cannot be decided on a purely theoretical
basis except for an aesthetic argument favoring the invariant
amplitude option because the invariant amplitudes carry no
mass dimension. In the long run only experiment can decide
which of the two options has to be favored.

7.7 Exclusive W-exchange contributions

The hope is that from these decays one can glimpse a hint of
the dynamics governing the W-exchange contributions with-
out interference from the tree diagram contributions. Apart
from the six decays listed in Eq. (119) there are a large num-
ber of decays that proceed via W-exchange contributions
alone. Some examples are the CF decays A} — 207+ and
EY — E°70 in Table 3. All of the decays B.. — B + D in
Table 12 have solely W-exchange contributions.

7.8 Tree diagrams alone

While theoretical progress on the dynamics of the W-
exchange contributions has been rather slow, there exist a
large body of literature on the treatment of the tree dia-
gram contributions to charm baryon decays. The tree dia-
gram contributions are related to the current induced charm
baryon to light baryon transitions which have been studied in
a large number of papers using a variety of theoretical mod-
els, including also lattice calculations. Among the models are

(i) the relativistic quark model [93-95]
(ii) the MIT bag model [96]
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(iii) the covariant confined quark model [42,97-99]
(iv) the relativistic quark—diquark model [100,101]
(v) the semirelativistic quark model [102,103]
(vi) SU(3) based analysis [25,26]

(vii) light-cone sum rules [104—107]

(viii) the light front quark model [108]
(ix) QCD sum rules [109]
(x) lattice calculations [110].

For the single charm baryon decays one finds only one decay
which proceeds via the tree diagram alone: the well-measured
SCS decay A, — p ¢ [6-8] listed in Tables 4 and 5. This
decay has gained a certain prominence since it allows one to
fix the effective number of colors N.(eff) coming into play
when calculating the nonleptonic decay amplitude from the
current induced transition amplitudes.

Contrary to the single charm decays, there are a large
number of double charm decays from the class B..(3) —
B.(6) + M (8) in Table 11 which decay via the tree diagram
alone. From the CF decays of this class these are the four
decays EXf — T KO BXF — Bt nt, Qf - Q0nt
and Q@ — B/ K 0 From the flavor flow of diagram ITa one
can check that these four decays cannot proceed via diagram
ITa. As concerns the SCS and DCS decays, one finds a num-
ber of decays of this class in Table 11 which we do not list
separably.

7.9 Weak 1 — 3 quark decays

The topological diagrams in Fig. 1 can be divided up into two
classes. Diagrams Ia, Ib and IIb are characterized by weak
1 — 3 short distance quark transitions while diagrams Ila
and III are governed by 2 — 2 short distance quark tran-
sitions. Diagrams Ila and III both involve the creation of a
quark pair from the vacuum. Quantum mechanically such a
situation can be handled by the 3 Py model which, however,
brings in a considerable amount of uncertainties in terms
of model parameters and an unknown energy dependence
of the quark pair creation process. The covariant confined
quark model (CCQM) is a quantum field theoretical model
where the topological diagrams are interpreted as Feynman
loop integrals with nonlocal quark particle interactions. In
principle, a field theoretical model as the CCQM should also
be able to describe transitions involving quark pair creation.
However, as it turns out, the CCQM calculation of diagrams
IIa and III becomes unreliable because the energy release in
charm baryon decays is quite large and the energetic light
quark corresponding to one of the light quarks in the created
pair probes the nonlocal Gaussian wave functions in a prob-
lematic region. The CCQM does, however, provide reliable
results for diagrams Ia, Ib and IIb as exemplified by the recent
calculation of the decay E/F — E} 7t which obtains con-
tributions only from diagrams Ia, Ib and IIb. Therefore, it

is interesting to provide a list of decays that decay via the
rearrangement diagrams Ia, Ib and IIb. It would be interest-
ing to calculate this class of decays either in the quantum
mechanical model or in the quantum field theoretical CCQM
model.

As an inspection of the tables shows, there are many
decays that belong to this class. Listing again only CF decays,
we find the quark rearrangement transitions (13, I4, I5 = 0)

g - »Tk% %", @ — 2°K°,

gf - gfzxt, =Dt Qf - EfK°.

2T ®
See e e

(121)
7.10 No S-wave contributions from W-exchange

According to the current algebra analysis, the W-exchange
contr1but10n to the p.v. amplitude A is proportional to
Iz — 13, i.e. A(W-exchange) ~ I3 — 13 The vanishing of
A(W-exchange) can be realized in two ways. One can have
() I3 = I3, I3 # 0 or (ii) I3 = I3 = 0. The tables show
that the first case I3 = i3, I3 # 0 is rather rare. We found
only two decays with this signature, namely the CF decay
A} — A%z and the SCS decay A} — A® K*. Both of
these decays also have tree graph contributions which will
also contribute to the S-wave amplitude. Therefore, concern-
ing the vanishing of the p.v. amplitude A and thus about
the vanishing of the asymmetry parameter, one cannot say
anything general about these two decays. The second case
Iy = I3 = 0 occurs rather frequently. Among them are the
six decays listed in Eq. (119) including their isospin partners.
There are five DCS decays of the Q?. charm baryon with the
signature Iz = fg = 0. These are

=, 2%% =7xt, pk—, nK°.

DCS: Q% — vtx (122)

Since there are no tree graph contributions to these decays,
within the current algebra approach the five decays are thus
predicted to have zero asymmetry.
All of the double charm baryon decays B..(3) — B.(6)+

M (8) listed in Table 11 have the signature I3 = I3 = 0. Of
particular interest are those decays that have no tree contri-
butions. These are

CF:gf - =ik, Q%+,

SCS : Q.. — E'nt,

DCS : Q. — 217" (123)

The asymmetry parameters of these decays are predicted in
the current algebra approach to be zero.

As concerns the p.c. amplitude B, one cannot find a single
example in the tables for which B(W-exchange) = 0 holds
fully nontrivially. The signature would be /3 4214+ 615 = 0
and I3 + 214 + 615 = 0. Independently, each of these sig-
natures is found in many decays where the other signature
is not given. Still, there are a few examples in which both
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conditions are satisfied, though the second only in the trivial
way P=r=r=0o. Except for a single DCS exam-
ple SZ? — A%, from Table 8, all the examples are from
Table 10. We distinguish between cases with and without
tree contributions.

(1) The pattern (0, 0, +4, —2, 0, 0, 0) or multiples of it, indi-
cating a transition without tree contributions, is found
in the CF decay E}. — EIny, and in the DCS decays
Q0 — A%, and Q. — A9, with the common prop-
erty that the meson is an 7.

(ii) The pattern (-2, +1, +4, —2,0,0,0) is found in the
SCS decay Q. — Efn,.

(iii) The pattern (42, —1, +4, —2, 0, 0, 0) or multiples of it,
indicating a transition with tree contributions, is found
in the CF decays Ef. — En% and Ef — AFKY,

in the SCS decays Ef, — YK+, QF — Efn” and

QFr — E%*, and in the DCS decays QF. — EVK T
and Qf, — EF K", i.e. for decays into pions and kaons.

8 Summary and outlook

We have collected and organized a wealth of material on
196 nonleptonic B; (1/27) — Bf(1/2+) + M (07) decays
of single and double charm baryons which else is scattered
among many papers in the literature. We have collected some
group theoretical material on the symmetry groups SU(2);,
SUR2)y, SUR2)y, SU(3) and SU(6) needed in the analysis of
the decays. We have presented the results of calculating the
values of the seven topological tensor invariants for each of
the 196 decays in a number of tables. Without having to do
any explicit numerical calculation, the information contained
in the tables leads to a number of important observations on
the structure of the nonleptonic decays which we explicate.
In the second part of the paper we have discussed a dynamical
approach based on current algebra and the pole model, the
results of which can be represented very compactly in terms
of the topological tensor invariants introduced in the first part
of the paper. The compact result was achieved by performing
the sum over the intermediate baryon ground states inherent
to the current algebra approach, using a completeness rela-
tion. We have critically examined a modified version of the
current algebra approach introduced recently in the literature.
From the experimental point of view, the key experiment to
discard or to keep this new modified approach is to measure
the asymmetry parameter in the decay A} — E° KT and,
for that matter, to measure the asymmetry parameter in all the
decays listed in Eq. (119) plus their isospin partners. While
the asymmetry parameters in these decays are predicted by
the modified current algebra approach to be large, in the stan-
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dard current algebra approach they are predicted to be zero
ore close to zero. Our results on the topological tensor invari-
ants are useful also for other dynamical calculations of charm
baryon decays such as constituent quark model approaches.
In this context we are planning to refine the covariantized
constituent quark model calculation of Ref. [37] and extend
it to include also the SCS and DCS decays of single charm
baryons.

An overall picture is difficult to obtain, as the experiments
are on the way. Therefore, no definite decision can be made on
whether and to what extend our estimates are compatible with
the current data, except for the examples we have exposed.
Still, we hope that the material presented in this paper will
aid and provide extra stimulus for the experimental search
of the many missing decay modes of charm baryon decays
including a measurement of their absolute branching ratios —
and, what is of utmost importance, to measure the asymmetry
parameters in their decays. We are thus looking forward to
new experimental results on charm baryon decays from Belle
II, BESIIT and LHCb which should be forthcoming in the near
future.
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Appendix A: Representations of tensors

For the tensor representations of the meson and baryon flavor
wave functions we use the phase convention of the second
edition of Lichtenberg [68] (differing from the first edition).
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A.1 Flavor space wave functions for the mesons

For the meson flavor wave functions we use Table 12.7 in
Ref. [68],

7T+ZM12 -1,

_:le =1,
nO:Mllz— 2—1/«/5,
KO Mm% =1,
IEO:M32= -1,
KT:M'5=1,

K~ :M3 =1,
Ne : MY = M% = 1//2,
ng s M3 =1,

g M'y = M?* = —IM*5 = 1/6,
m:M'y =M= M5 =1/V3,

DT :M*% =—1, D™ : M* =—1,
D’ m* =1, D°: M'y=—1,
Df:M*5 =1, D7 : M3, =—1. (A1)

By employing the conjugate representation M f =Mt =
M*}, of the flavor space wave functions in the main text we
take into account that the outgoing mesons are considered
as incoming antiparticles to the interaction. The matrix M =
My is identical to the conserved vector charge operator of the
pseudoscalar meson k given in the first column of this list.

A.2 Flavor space wave functions for the baryons

For the baryon flavor wave function use the second set listed
in Table 12.4 labelled as “Octet 2 and the second set listed
in Table 12.5 labelled as “Second 20,,” in Ref. [68]. Instead
of the ordering B{,p}c We use the ordering B[4 such that
our flavor wave functions are antisymmetric in the last two
indices.

e The light baryon octet:

pluud) : Bin=—Bi1=1/V2

n(udd) : Byia = —By = 1/v/2

St (uus): Biiz=—Biz1 =1/v2

2%uds): Bz = —Bi3 = Bz = — By = 1/2
¥7(dds): Bai=—Bapn =1/v2

Auds): Bizy = —Bi3 = Byz = —B31 = 5B

= —3Byn1 =1/V12
E%uss): Baz = —Ba = 1/v/2
E7(dss) : —B33p = 1/«/5

B3z = (A2)

e The C = 1 charm baryon antitriplet:

A} (udc): Biay = —Bioa = Baja = —Bouy
= 1By = —4Bu = 1/V12
Ef(usc): Bz = —Biza = B3is = — B3
=1Bus =3B = 1/V12
E%(dsc) : Bz = —Byu = Bya = —Bap
= 1By = —%3432 = 1/V/12. (A3)
e The C = 1 charm baryon sextet:
S (uue): Biia = —Bia = 1/v2
SF(ude): Boia = Bioa = —Biyp = —Bu1 =1/2
»0(ddc) . Bys = —Bap = 1/v2
E(usc): Bsia = Bisa = —B3yy = —Biz = 1/2
8/%(dsc) : Bia = Baza = —Bsa = — Bz = 1/2
Q0(ssc): Bszu = —Baz = 1/V2. (A4)
e The C = 2 double charm baryon triplet:
Eftuee): Baig = —Bua = 1/¥2
2f.(dce) . Bups = —Bap = 1/V2
QF(scc): By = —Baz = 1/V2. (A5)

The flavor space wave functions of the conjugate 20" states
are given by B;jx = Bk

A.3 The weak transition tensor H[[,g]] (0O2)

Early foundations for the properties in this section and in
Table 2 are found in Ref. [63].

e The AC = 1 effective Hamiltonian

CF: c¢c—s, d—u: H[31] H[3214] H[[g]]
=Hly =1

SCS:(a) c—s, s—>u: H%f]] H[3314]
i =l =

(b) ¢c—d, d—>u:H[[;12]]— H[zzf]

_ H[[1422]] _ H[[f;]] -1

DCS: ¢c—d, s—u: H[[;f]] = H[[2314] H[[1423]]
=Hiy = 1. (A6)
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A A
%% A A A
A A

Fig. 4 Weak transition (left) and strong transition (right)

e The AC = 0 effective Hamiltonian

[13]
H[21 =1

®) c—d, s—c:HY =—HS,
_ [43] _ 7y[34]
= —Hjp) = Hyy =1 (A7)
e The AS = 1 hyperon decay effective Hamiltonian
SCS: s—u, u—>d: H[[le]] = —H[[I];]]
[31] [13]
—Hpy = Hppy =1 (A8)

Appendix B: Derivation of the completeness relation

The completeness relation (12) can be derived by writing
down a sixth rank tensor Tkijflz built from a linear combina-
tion of the products of three §-functions which is separately
antisymmetric under the exchange of the tensor labels ¢ <> d

and m <> n. One has

Z Bk[mn]

+b((5” scod — sb 8950y 4 (sbocsd — 55;5,?3;1)). (B1)

Pled) — g (shsc 8¢ — 5084 59)

By contracting (B1) again with Bﬁc d] and using Bf;/[nk] +
Bﬁl[km] = —B,f{mn] one obtains a —b = 1/2. The coefficients
a and b can be determined by contracting Eq. (B1) with

88m 8" which gives

%N(Nz —1)=a(N> = N?) +2b(N — N?) (B2)

due to the normalization and orthogonality relation (11) with
the solution b = —a/2.Onethushasa = 2/6andb = —1/6
as in the completeness relation (12).
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Table 14 SU(3) properties of the weak transition matrix elements

Matrix element Direct product Nsu@3)

AC=1  (B(8)|H(6)|B.3)) 368 1
(B(8)|H"(6)| B.(6)) 62638 1
(B-(3)|H™(6)|B.c(3)) 3®6®3 1
(B:(6)|[H(6)|B.c(3)) 3®6R6 0

AC =0  (B.(3)|H™(8)|B.(3)) 383 1 (@, b)
(B.(6)| H™(8)|B.(3)) 386 1 )
(B(3)|H(8)| B.(6)) 628®3 L @)
(B:(6)| HP*(8)| B-(6)) 6286 1 @)

Appendix C: SU(3) structure of weak and strong transi-
tion matrix elements

In this appendix we present explicit values for the weak and
strong matrix elements needed in the current algebra analysis
of Sect. 6 and Appendix D and depicted in Fig. 4. We begin
with a discussion of the weak transition matrix elements.

C.1 Weak matrix elements

In Table 14 we list the SU(3) decomposition of the four
classes of decays each for the AC = 1 and AC = 0 decays.
The SU(3) analysis shows that all matrix elements but one
are allowed. The forbidden transition is the AC = 1 tran-
sition (B.(6)| HP°(6)|B.-(3)) which vanishes in the SU(3)
limit since the direct product 3 ® 6 ® 6 does not contain the
unit representation. All the other transitions are governed by
one SU(3) reduced matrix element. While the AC = 0 quark
transition (b’) ¢ — d; s — c contributes to all four possi-
ble matrix elements, the quark transition (a’) s — u; u — d
contributes only to the matrix element (B..(3)| H?*(8)| B.(3))
because of the KPW theorem.? This pattern is confirmed
by the tensor analysis. The only possible connected tensor
invariant is given by the contraction

17 = BBy HY . (C1)

The notation /P is a short-hand notation for Igj B =
(Br|H|B;). That the tensor invariant /P vanishes for the
transition B..(3) — H(6) + B.(6) can be understood by
realizing that the flavor of the noninteracting quark line a
must be charmed. But then the quark lines b and ¢ that go
into the final baryon must be light and symmetric {bc} in the
6 representation. This clashes with the antisymmetry of the
flavor wave function B?[%¢] of the final state.

2 We do not agree with the AC = 0 analysis of Cheng et al. [75,92]
who assert that the nondiagonal matrix elements (B.(6)|H?°(8)|B.(3))
and (B.(3)|H(8)| B.(6)) are zero.
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Table 15 AC = 1 values of the weak transition matrix element /P° = (B ¢|HP°(6)|B;). The suffix labelling (a) and (b) for the SCS decays is

explained in the caption of Table 8

Matrix element IP° Matrix element I

CF 2V6(ZF[HP(6)|AS) —4 Ne 2V6(p|HP(6)|AF) +4,
2V/6(E0[HP(6)| EL) +4 2V/6(SF|H(6)|EF) —4,
2V2(SF|HP(6)| ) +4 4V/3(01 HP(6)|EQ) —44
2V2(0 | HPC(6)| ) +4 12(A°| HP(6)|E2) —4,— 8
2V6(A°|HP(6)[20) +4 2V2(p|H™(6)|Z]) —4
2/2(E%| HPe(6)| ELD) +4 4(z01HP°(6)| ELD) +4,
2V6(EF|HP(6)|E) +8 4/3(A01HP(6)|E.°) +4q — 8
2V2(ELF | HP(6)|EF,) 0 2(2°1HP¢(6)|220) +44

Table 16 AC = 0 values of the weak transition matrix element /P¢ =
(By|HP(8)|B;). The suffix labelling (a’) and (') is explained in the
caption of Table 9

Matrix element IP¢

SCS 12(AF|HP(8)|E) —164 + 4y
2/6(x01H(8)|EY) —4
4V3(AFIH(8)|EF) —4y
2./6(E2|HP°(8)|20) +4y
2/2(E10|HP*(8)|220) +4y

We will not provide an exhaustive list of weak matrix
elements. Instead, in Tables 15 and 16 we list all the weak
matrix elements that appear in the sample decays discussed in
Sect. 6 and Appendix D. In Table 15 we confirm the vanishing
of the matrix element (E/7| HP°| E%.) by explicit calculation.

C.2 The AY = 1 hyperon decay

Forthe AY = 1 hyperon decays there are two reduced SU(3)
matrix elements as can be seen by the reduction of the direct
product 8 8®8 — 2-16- - - . Itis common practise to char-
acterize the two couplings by their symmetry structure which
are labelled by d (symmetric coupling) and f (antisymmetric
coupling). As we shall see in a moment, the invariant (C1)
has a d/f structure of d/f = —1. In addition to the tensor
invariant (C1) one has a second tensor invariant given by the
contraction B/[%1B; [bel H, [[r’jr]] This second invariant does not
contribute to the AC = 1 transitions because i) there are no
two same light quarks in the effective Hamiltonian for the
CF and DCS transitions and ii) the two contributions from
the internal contractions (a) (s5) and (b) (dd) cancel in the
SCS contributions.

To analyze the d / f structure of the two invariants it is con-
venient to switch to the second rank tensor representation of
the baryon flavor wave function and the effective Hamilto-
nian. For the baryon flavor wave function this is achieved by

the transformation

Bupe = \/Li Gich[i; 4 B:; = \/LE 6ichabc (C2)
0 0
_i\/_g 4 % _OEJr 0 p
_ - A X
B = D %5 (C3)
== _ 70 M
= =) \/6

Compared to the conventional 3 x 3 representation of the
baryon octet we have changed the phases of the =%, A ad
£ components to be in agreement with our phase convention
from Lichtenberg [68]. In the same vein one can transform the
fourth rank tensor H[[aa,i],] to a second rank “spurion” tensor
S} by writing

, o . L
H[[;/b]/] = €y 6"”’5} & 8= 1€irs €S HI,.

(C4)

The so-called spurion has S% = 1 as only nonvanishing com-
ponent. One obtains

BB, Bl = 2B¢B]S} = 2w (BBS)
=t ((BB+ BB)S — (BB — BB)S),

B0 i) = 815, = wiws
— (BB + BB)S + L (BB — BB)S), (€5

indicating the ratios d/f =+landd/f = -1 for the two
couplings Cr = V2t([B, B]S) and Cp = 2 tr({B, B}S)
mentioned by Lichtenberg in Sec. 9.7 of Ref. [68].

C.3 Strong matrix elements

In Sect. 5 we have introduced the two basic flavor tensor
invariants /; and I, to describe the strong matrix element
(ByMy|B;). They read

Iy = BB oM, I = B By ME (C6)
Depending on the class of the transition, the two basic tensor
invariants are not always independent. This becomes evi-

@ Springer



297  Page 34 of 41

Eur. Phys. J. C (2022) 82:297

Table 17 SU(3) properties of the strong transition matrix elements

Matrix element Direct product Nsu@3) il / iz
(B(8)M (8)| B(8)) 8288 2 Indefinite
(B.(3)M(8)|B.(3)) 39308 1 —5/4
(B-(6)M(8)|B.(3)) 368 1 —-1/2
(B.(3)M (8)| B.(6)) 6238 1 —1/2
(B:(6)M (8)| B(6)) 6068 1 +1/0
(B@)M(3)|B:(3)) 3823 1 +1
(B-(3)M(3)|Bcc(3)) 393®3 1 -2
(Be(6)M (3)|Bec(3)) 3623 1 0/—1

( 1

B (3)M(8)| Bec(3)) 3308

dent when one analyzes the strong transitions in terms of
the three partaking SU(3) multiplets, as shown in Table 17.
In the second column we list the direct products of the par-
ticipating SU(3) representations and in the third column we
register the number Ngy3) of SU(3) reduced matrix elements
needed to describe the transitions. For the cases Ngy3) = 1
with only one SU(3) reduced matrix element we list the
ratio 11/I, of the two basic couplings (C6) in column 4.
The respective ratios can be obtained by rewriting the ten-
sor invariant /5 in terms of 7 i) following the flavor flow of
the transitions, ii) using the Jacobi identity, and iii) mak-
ing use of the wave function symmetries of the involved
baryons. By the same reasoning one finds I, = 0 for the class
of decays (B.(6)M(8)|B.(6)) and I, = 0 for the class of
decays (B.(6)M (3)| B.(3)). This is specified in column 4 of
Table 17 by the notation “1/0” and “0/1”. Note that the class
of light baryon transitions (B(8)M (8)| B(8)) is described by
two SU(3) invariant amplitudes, i.e. the ratio I / I, is not
definite for this class of transitions as annotated in Table 17.
One can relate the two invariants /; and /> to the usual pair
of SU(3) d and f couplings as has been done for the weak
transition matrix elements (see Eq. (C5)). One finds

I = -1w(BBM)= —3tr ((BB+ BB)M)

+lu(BB-BBYM) = —111+ 117,
L=4uw((BB+BBM) = 1. (C7)
In the usual way of SU(3) labelling, the invariant /; can be

seen to correspond to a coupling ratio d/f = —1 while the
invariant I, corresponds to a pure d coupling. One obtains

=20, 17 =4I, +2b. (C8)

It is common knowledge that the generator of SU(3) is pro-
portional to the antisymmetric coupling of two baryon octets.
As Eq. (C7) shows, the antisymmetric coupling is propor-
tional to the linear combination I/ ~ 21 1+ 12 The normal-
ization of the f coupling must be chosen such that the expec-
tation value of the charge operator between proton states
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is given by the charge of the proton which is 1 in units of
the elementary charge e. Let us verify this for the choice
17 = 41} + 21,. First we express the 3 x 3 charge operator
Q in terms of its 7° and 5g components. One has

2/3 0 0 1 1
0= 0 -1/3 0 |=—7=0G@"+—=0@ms), (C9)
0O 0 -—-1/3 V2 Vo
where the charge operator components are given by
1 100 100
Q)= —=|0-10]. Qs)=—=(01 0
V2 000 Vo 00 -2
(C10)

The expectation value of the charge operator between two
proton states can then be calculated to be 1 according to the
decomposition of the charge operator (C9). One has

1

\/— pﬂ P + \/—I IfVISP L.
This is in accordance with Table 18 where we list the val-
ues of the strong transition matrix elements for the invari-
ants il, iz, and for the linear combinations of invariants
19 = 2], (notshown), I/ = 41,42 and IM = 4], +51,
which appear in the current algebra description of the charm
baryon nonleptonic decays. The notation (B s, M| B;) means
either (B s My|B;) or (B y|M|B;), depending on whether one
deals with 7/ or I°M  respectively. The same result can be
obtained by direct calculation of the matrix elements I, 1 and iz
for the charge operator. The resultis I; = 1/6 and I, = 1/6
which confirms again that the invariant / I =41, + 21, has
the correct normalization. Table 18 shows that the genera-
tor matrix element Ig_nJrAO = (7|0 )|A) vanishes
which follows from the fact that Q (™) is a generator of the
subgroup SU(2).

We want to ascertain that 1/ = 41, 1+ 2f2 is the correctly
normalized generator matrix element also from SU(4). As
an example we calculate the charge of the charm baryon
state |ET). In SU(4) the charge operator is given by 0 =
diag (2/3, —1/3, —1/3, 2/3). For the matrix elements of the
charge operator one finds /; = 1/4 and I, = 0 which gives
17 = 41, + 21, = 1, as required. Table 18 shows that
I/ = 0 for the two classes of transitions (B¢ B)YM(8) | B-(6))
and (B.(6)M (8)| B.(3)). The vanishing of the f-type matrix
elements follows from the fact that the vector charges My
associated with the members My, of light meson octet M (8)
are generators of SU(3) which do not connect different SU(3)
multiplets.

The second linear combination of 7 1 and iz that enters the
current algebra calculation is the constituent quark model
(CQM) tensor invariant / CQM which reads

(pIQlp) = (C11)

1M =4l +5L =31+ 1'. (C12)
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Table 18 Values of tensor invariants for the strong transitions B; — By + M. [ I and 1M are related to I; and I» by 1 I = 4], + 21, and
JCM — 4i1 + Siz

I b 17 QM
2v2(p. 7°p) 0 +1 +2 +5
2V6(p. 1s|p) +2 ~1 +6 +3
2V2(p, K~ |29 -1 +1 ) +1
2/6(p, K~ |A") +1 +1 +6 +9
2V2(2 7, 71|29 -1 0 —4 —4
2/6(=, 7 t|A%) -1 +2 0 +6
2V6(A0, nt |zt +1 -2 0 -6
2J/2(20, 7t Tt -1 0 —4 —4
2(8% Ktz 0 +1 +2 +5
24/2(x0, K0|E0) 0 -1 -2 -5
2(80%, K|z 0 +1 +2 +5
2V/6(AF, 77 |20) +1 -2 0 -6
2/6(20, 7t AF) -1 +2 0 +6
12(89, K*|AT) -5 +4 —12 0
4V/3(E0, KT|AT) +1 -2 0 -6
12v2(2}, 7012h) +5 —4 +12 0
2V6(ZF, KT|ES) -1 +2 0 +6
12(EF, 7~ |18Y) +5 —4 +12 0
4V/3(EF, 7 |18Y) +1 -2 0 -6
12(EF, 7~ |18Y) +5 —4 +12 0
4V/3(EF, 7 |8Y) +1 -2 0 —6
12(2F, 7189 +5 —4 +12 0
4V/3(EF, 7 |18Y) +1 -2 0 —6
12(EY, n+|E}) -5 +4 —12 0
2V/12(B0, wt| &) -1 +2 0 +6
4/3(zF, K~ |8Y) -1 +2 0 +6
12(A}, K~|EY) -5 +4 -12 0
2/6(E0, K010 —1 +2 0 +6
2/2(810, K0120) -1 0 —4 —4
2V2(ELF, 0L +1 -1 +2 -1
2EL, +|Ej+) -1 +1 -2 +1
2V2(EL, 70| EL) -1 +1 ) +1
2/6(z+ D0|”+) +1 +1 +6 49
2/6(AF, DTIELY) -2 +1 -6 -3
2V/2(sH, DY EEh) 0 -1 -2 -5
2J€(A+ DIEE) -2 +1 -6 -3
2V/2(xF, DOEL) 0 +1 +2 +5
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Q o,1" O

Fig. 5 Light diquark transitions

The constituent quark model coupling 7™ can be seen
to correspond to a d/f ratio of 3/2. Table 18 shows that
the constituent quark model coupling /M vanishes for
the class of decays (B.(3)M(8)|B.(3)). This can be under-
stood from a LS coupling analysis of the light-side transi-
tion 07 — 0" + 0~. In the constituent quark model (or
in the Heavy Quark Effective Theory (HQET)) the light
side transition effectively decouples from the heavy side
charm quark transition as illustrated in Fig. 5. The light side
diquark has the quantum numbers J¥ = (0%, 11) depend-
ing on whether the two light quark spins are in the spin sin-
glet or the spin triplet state. One can then do a LS anal-
ysis of the light side transitions D(0T) — D(0%) + 07,
DOY)Y - DY) +0-, bdt) - DO%) + 0~ and
D(17) — D(%) + 0~. From parity the orbital angular
momentum of the final state must be odd. One concludes
that the transition D(0T) — D(0") + 0~ must vanish since
even for the lowest possible angular momentum L = 1 the
final state D(0™)+0~ cannot couple to the initial D(0™) state
because the total spin § of the final state is § = 0. A simi-
lar LS analysis for the other three diquark transitions shows
that these transitions are allowed. The coupling/decoupling
arguments presented here do not hinge on the diquark repre-
sentation of the light quarks but follow also in a single quark
picture as long as the two light quarks move independently
[66,111].

In Sect. 5 we have also considered the possibility that
the strong transition is described by a general mixture of
SU(@3) d and f couplings. We denote the general coupling by
18°"(d / f) which we choose to parametrize by
15%(d/f) =

d3 1°M - (C13)

21+ 1!

with d + f = 1. We have chosen the parametrization (C13)
such thati) ford = 0 and f = 1 onerecovers the f-coupling
structure 1/ = 41, 4+ 21, and ii) ford = 3/5 and f = 2/5
one recovers the coupling structure /M = 4], + 51,.
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Appendix D: Scrutinizing the Cheng et al. modification
of the current algebra approach

As the authors of Ref. [60] put it, the CF single charm baryon
decay AT — E0K* deserves special attention. First, there
is no factorizing contribution to the decay as evidenced by
Table 3, i.e. the decay is contributed to only by the nonfac-
torizing W-exchange contributions. Second, as we reconfirm
below, the W-exchange contribution to the S-wave amplitude
Aom = A?Okm vanishes for this decay in the standard current

algebra approach since I3 = 0 and f3 = 0 (see Table 3).
Thus the current algebra approach predicts the decay to be
purely P-wave. This implies that the asymmetry parameter
in this decay is predicted to be zero. Cheng et al. point out
that it will be difficult to reproduce the rather large experi-
mental branching ratio of this decay (B = (5.5+0.7) x 1073
[112]) with a P-wave contribution alone. They also suggest
a way out of what they call a puzzle by reinstalling an S-
wave contribution by appealing to the topological structure
of the decay. We believe that the construction of Ref. [60] is
based on an erroneous assumption about the contribution of
the topological diagram Ila to the S-wave amplitude A“°™ as
we shall demonstrate in the following.

In order to shed more light on the problem, we list the
current algebra W-exchange contributions to the amplitudes
A°™ and BPOle — ch;(lie in terms of the intermediate baryon
states for the s- and u-channel contributions. The intermedi-
ate state in the s channel is given by X . In the u channel
the intermediate states are given by the flavor degenerate pair
of states B and B, 0 where = ’“0 contributes to A°°™(x) and
A contnbutes to BPOle(u) since (E.°|K*T|A}) = 0 and
(’?OK + |A+) = 0 (see Appendix C). One therefore has

20K+t Z+A+

AcOm — T 6(4JTX2)< FO R+t I)p:iA+ IE?)HOI£0K+A+>
BPle = f—6(4n)5(2§(4n)2( IR L 1 L Ry(3)

pc CQM
oz lgpgen:

R (5;0)). (D1)

In line with the fact that we are working in the SU(3) limit we
define X; and Z as SU(3) averages of the bag model integrals
listed in Ref. [60]. Note that the bag model integral X| does
not appear in Egs. (D1), since X vanishes in the SU(3) limit.
Intrinsic SU(3) breaking effects are accounted for in the bag
model calculations but are quite small of O(1 — 2)%, as can
be estimated from the ratio X1/ X3 and the relative size of the
bag model integrals Xg and X‘ZI ,and Z; and Z; in Ref. [60].
One can check that Egs. (D1) agree with Eq. (40) of Ref. [60]
when the SU(3) limit is taken.

The flavor coefficients in Egs. (D1) are given by
S-wave (s; £1) : 17, 1 =—4/2V6

BOKTEt “m+al T
=203+ 415
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S-wave (u; B0, 80y 1% 10 =—4/2V6 om 1 ol e
c Oc 2050 50K+ A Acom _ ffKé(4nxz)(130K+2+ - 0(14)),
N 1 _ _
=2y + 415 B — ]TK6(47rXz)%(4nZ)(1§?I§/ﬂE+I§C+MRS(Z+) +0w)),
+
P-wave (s; ©1) : 15%\1(1( )P —-10/2v6 (D3)

SHAF T

= I3+ 2L + 615
P-wave (u; 20,89 1> JEQMK™) _ —6/2v/6
—_

[a] =0 = - +
c c =0 HQO _./C() Ad
0

=L+ 204+ 615, (D2)

where we have included the corresponding results in terms
of the topological tensor invariants. As proven in Sect. 4,
the two results agree with each other. We emphasize that
the topological tensor invariants depend only on the initial
and final state particles. The summation over intermediate
states is automatically accounted for. It is for this reason
that the representation of the current algebra results in terms
of topological tensor invariants is much compacter than the
representation in terms of intermediate states.

The S-wave contribution in the first line of Egs. (DI)
clearly vanishes for the decay A} — E°K ™ since A™ ~
Iz — f3, and both /3 and f3 vanish. As emphasized in Sect. 5,
the contribution of the nonvanishing topological invariant /5
cancels out in the total sum of the s- and u-channel contribu-
tions. Therefore, there is no need to banish the contribution
of the topological diagram III represented by the single topo-
logical invariant /5 as done in Ref. [60] since /5 does not con-
tribute to the S-wave amplitude altogether. Instead, Cheng et
al. reinstall an S-wave contribution by appealing to the topo-
logical structure of the nonleptonic transitions. Their idea is
that diagram Ila (see also Fig. 1b in Ref. [60]) allows for
an s-channel S-wave contribution to Aj — 20K, since
14 # 0. However, our analysis shows that the topological
tensor invariant /4 associated with diagram Ila does not con-
tribute to the S-wave s-channel amplitude A°°™. The flaw in
the reasoning of Ref. [60] results from an incomplete knowl-
edge of how the topological diagrams are connected with the
current algebra contributions which are now available from
our analysis.

Nevertheless, let us present the results of the modified cur-
rent algebra approach of Ref. [60] where we again use the
representation in terms of topological tensor invariants. In
the modified current algebra approach the u-channel contri-
butions to A — E0K ™ are relinquished by observing that
i) there are no contributions from the topological diagram IIb
and from the postulate that ii) contributions from the topo-
logical diagram III must be set to zero. In the modification
of the current algebra approach one therefore has

where O(u) stands for the banished u-channel contributions.
As a result of their modifications, in their numerical evalu-
ation Cheng et al. obtain a rather large value for the asym-
metry parameter oy+_, gog+ = 0.90 due to the fact that
A®™ is no longer zero. This result is in crass contradiction
to the current algebra result where o AF>g0g+ = 0. The
issue of a vanishing or non-vanishing S-wave contribution to
the decay A} — E°K™ can be settled by a measurement of
the asymmetry parameter in this decay. Unfortunately, such
a measurement is not available at present. As concerns the
rate, however, Cheng et al. succeed in their original goal to
increase the branching ratio to B = 7.1 x 1073 close to the
experimental branching ratio B = (5.540.7) x 1073 [112].
Since the arguments in Ref. [60] are based on an incom-
plete knowledge of how the topological invariants contribute
to the current algebra results, it is difficult to follow their rea-
soning in the treatment of some of the other charm baryon
decays. A case in point is the SCS decay EF — 2%z +. The
W -exchange contributions proceed via the (¢ — s; s — u)
transitions (called (a) in Appendix A) with the nonvan-
ishing tensor invariants I3y = 2/4+/3 and Is = 1/4/3
(see Table 4). The intermediate state in the s-channel is
»t for both A°™(s) and BP°'¢(s) while the intermediate
states in A°™(x) and BP°'(y) are E (9 and E/CO, respec-
tively, as follows from the fact that (E°|z+|EF) = 0 and
(8% *|8}) = 0 (see Appendix C). One has
_ e g/ )

B0 BO0x+ AT

1 _
Acom _ f—6(4nX2)<1f i
K

B0ttt Tm+al

Ry(Z7)

1 - = (,CQM
prole _ f_K6(471))(2%(471)2(13(‘3”+2+I§°+ At

CQM —
1% o IS, L RU(ED)) (D4)
and
S-wave (s; =) : 1£0n+2+ Igi = = (—v/2)(—2v/6)

=2/V3=2L+4Is
CADE Igcoaglégﬂsj
0
= (—1/V3)(=1) = 1//3 =203+ 415
P-wave (s; £7) : IgOQ:iE+I§C+Ej = (—ﬁ)(—\/2/3)

=2/V3 =15 +2I4+6Is

S-wave (u; &
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70 =0

P-wave (u; 20,20 : 1% _, 1S
——

2080 g0t Es
0

= ()(V3/2) =/3/2 = I3+ 214 + 615, (D5)

leading to

Acom _ (I3 + 4Is) — (2i3 +4ls)
prole _ (]_3+2]4 —|—%) RS(E+)

+([3 + 204 + 615) Ry (E"°). (D6)
The results can be checked to be in agreement with the results
in Ref. [60] up to sign differences due to different sign con-
ventions for the flavor wave functions. The above results for
the decay Ej — 2071 in Ref. [60] were calculated in the
modified current algebra approach as defined earlier on in
the paper. An obvious question is why the u-channel con-
tributions were dropped in Egs. (D1) and not in the decay
EF — Z%7T. In both cases the u-channel contributions are
proportional to the tensor invariant /s which are banished in
one case but not in the other case.

Another case of puzzlement are the SCS decays Q(C) —
»+tK~ and Qg — %O9K0 treated in a follow-up paper
[62], again in the framework of the modified current alge-
bra approach. That the authors of Ref. [62] use the modified
current algebra approach is evident from the fact that they do
not even list the decays Q¥ — pK~ and Q¥ — nK in their
list of Qg decays since these decays are proportional to /s
alone (see Table 8). Up to a normalization factor, the above
two decays Q0 — £tK~ and Q¥ — £OK° can be seen to
have a topological invariant structure which is identical to the
one in the decay A¥ — EK™ treated above (see Tables 3
and 8). Therefore, one would expect substantial S-wave con-
tributions and large values of the asymmetry parameter in
these decays in the modified current algebra approach, con-
trary to the numerical results listed in Ref. [62].

Apart from the misidentification in the S-wave contribu-
tion mentioned above, a second serious objection against
the prescription of Cheng et al. is the following. As writ-
ten down in Eq. (20), the topological tensor invariant /5
projects onto the reduced topological matrix element Zs. The
reduced matrix element 75 in turn is calculated in terms of
bag model integrals which certainly do not vanish as shown
in Refs. [59-62]. However, one cannot arbitrarily set 75 to
zero and keep the other reduced topological matrix elements
at their nonzero bag model values. As an additional justifi-
cation of their prescription to banish the contributions pro-
portional to /s, the authors of Ref. [60] cite the constituent
quark model calculation of Ref. [37] where the contributions
proportional to /5 were found to be numerically small. How-
ever, in Ref. [37] the reduced matrix element 75 given in
terms of an overlap integral H3 was found to be numerically
small which had no implications for the other two topologi-
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cal contributions IIa and IIb since they are proportional to an
unrelated overlap integral Hj.

Appendix E: Amplitudes, rates and asymmetry parame-
ter

As before we shall use the abbreviations Q4 = (m; £m ) —
m% such that the magnitude of the rest frame momenta of the
daughter particles read p = /O O_/2m;. We follow the
conventions of Ref. [37] except that we change the sign of
the p.c. amplitude B.

Invariant amplitudes: (ByM|H|B1) = u (A — Bys)u;
Helicity amplitudes: HF/Vzo =2/04+A, Hlp/c20

=2,/0_B

p pv 2 pc 2
Rate: T = — 2 ( HPY 2+ |H )
3202 |Hy 0l + [Hi )0l
p
= L (0+14P+ 0-1BP)
8mm;

|Hipp0l* — |H-1/20/?
|Hi/201% + [H-1/201?

Asymmetry parameter:
_ 2Re(HPVHP® ™)
O IHPY]P + | HPe P
207 0_Re(AB¥)

(Q+1A2 + 0-|B]?)

(ED)
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