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Abstract: The doubly charmed baryon E}* was recently observed by LHCb via the decay processes of
EXf > AJK ntxnt and Efx*. These discovery channels were successfully predicted in a framework in which the
short-distance contributions are calculated under the factorization hypothesis and the long-distance contributions are
estimated using the rescattering mechanism for the final-state-interaction effects. In this paper, we illustrate the
above framework in detail by systematic studies on the two-body baryonic decays B.. — B.P involving the doubly
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charmed baryons B.. = (E/,E}.,Qf.), the singly charmed baryons B. = (85,8¢) and the light pseudoscalar

mesons P = (m,K, 11 ).
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I. INTRODUCTION

The doubly heavy baryons with two heavy flavor
quarks (the b or ¢ quark) were predicted by the quark
model and quantum chromodynamics (QCD) several dec-
ades ago [1-3]. Their structure, analogous to a heavy
double-star system with an attached light planet [4], is
very different from single-heavy-flavor baryons and light
baryons. Furthermore, research on the doubly heavy bary-
ons is a powerful tool in investigations of doubly and
fully heavy tetraquark states [5, 6]. Therefore, the doubly
heavy baryons open a new window for research on the
properties of QCD [7].

However, there have been many twists and turns in
the history of experimental searches for doubly heavy ba-
ryons. In 2002, =¥, was first reported as observed by the
SELEX collaboration via the mode of £}, - A7 K~ n* [8].
None of the following measurements by FOCUS [9],
BaBar [10], Belle [11], and LHCb [12] found signatures

using the same decay mode. Actually, the production rate
of the doubly charmed baryons was large enough at the
beginning of LHCb running [13, 14]. The remaining
problem is the decay properties, i.e. which decay pro-
cesses have the largest branching fractions and final
particles which can easily be detected in the experiments
[15]. In 2017, a theoretical analysis of all the decay pro-
cesses found that EXY - AYK n*n™ and Ezn* are the
most favorable for the discovery of doubly charmed bary-
ons [16]. Subsequently, the LHCb collaboration ob-
served the doubly charmed baryon for the first time via
B > AYK ntx* [17], following the theoretical sugges-
tions, and confirmed the discovery via E}F — Efzn* in
2018 [18]. It is clear that theoretical studies of the decay
properties play an important role in experimental searches
for the doubly heavy baryons.

There are two difficulties in theoretical calculations of
the dynamics of doubly charmed baryon decays: charm

decay with large non-perturbative contributions, and ba-
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ryon decay with a three-body problem. For charm decays,
QCD-inspired methods do not work well at scales of
around 1 GeV. In the charmed meson decays, there are
significant non-perturbative contributions to the topolo-
gical amplitudes which are extracted from the experi-
mental data of the decay branching fractions [19-23].
However, the topological diagrammatic approach cannot
be directly used in doubly charmed baryon decays, since
there are no available data. The charmed baryon decays
are even more complicated [24-50]. As a first attempt to
study non-leptonic doubly charmed baryon decays, in
Ref. [16], the factorizable contributions were calculated
under the factorization hypothesis, and the non-factoriz-
able contributions calculated considering the rescattering
mechanism of the final-state-interaction (FSI) effects. In
this work, we will systematically illustrate this theoretic-
al framework in the decays of doubly charmed baryons
into a charmed baryon and a light pseudoscalar meson.

The success of the factorization and rescattering
mechanism in suggesting the discovery channels of the
doubly charmed baryons shows that the above frame-
work roughly describes the correct dynamics of doubly
charmed baryon decays. There is no doubt that the factor-
ization approach works well for the short-distance tree-
emitted diagrams [20, 21, 23, 51, 52]. The problem is
how to calculate the long-distance contributions, which
are usually considered as FSI effects. Much work has
been done to calculate the FSI effects of weak decays of
heavy-flavor mesons [53-60]. Before Ref. [16], there was
no work on the long-distance contributions of doubly
heavy baryon decays, and only a few works on the short-
distance factorizable contributions [61, 62]. The non-per-
turbative contributions are very important in charm de-
cays. The rescattering mechanism of the FSI effect was
first investigated for A} decays in Ref. [60], and first
studied for doubly charmed baryon decays in Ref. [16].

The theoretical framework of the rescattering mech-
anism is as follows. The doubly charmed baryon decays
via a short-distance tree-emitted process into one baryon
and one meson, which scatter with each other by exchan-
ging one particle as a long-distance effect into the final
states. It forms a triangle diagram at the hadron level. The
short-distance and long-distance contributions are separ-
ated to avoid the double-counting problem. In this work,
the calculation techniques follow Ref. [58], in which the
cutting rules are used to compute the imaginary part of
the triangle diagram. There is a basic difference between
our framework and those of Refs. [54, 58]. The triangle
diagrams of the rescattering mechanism are taken as an
independent method by the calculation of hadron-level
Feynman diagrams, while in Refs. [54, 58] the triangle
diagrams are calculated corresponding to the quark topo-
logical diagrams. The problem of the latter method is dis-
cussed elsewhere [63].

FSI calculations suffer large theoretical uncertainties.
The branching fractions could be changed by one order of

magnitude with the variation of the non-perturbative
parameters like 7 in the form factor of the cutting rules or
the cut-off A in the loop calculation. The parameters are
always determined by the measured results of the branch-
ing fractions [54, 58]. However, in the case of doubly
charmed baryons, there is no available data to determine
the non-perturbative parameters. Therefore, the biggest
problem in the FSI calculations is how to control the the-
oretical uncertainties. The innovation of our method is to
calculate the ratios of branching fractions, which are not
sensitive to the non-perturbative parameters. The uncer-
tainties of the ratios are thus well under control. That is
why Ref. [16] could correctly and reliably predict the
modes with the largest branching fractions.

Knowledge of the relative sizes of the topological dia-
grams of heavy baryon decays leads to important implica-
tions for the predictions of the most favorable modes to
discover the doubly charmed baryons. In the soft-collin-
ear effective theory [64, 65], the power counting rules of

h
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relations are manifested by the most precise measure-
ments of the A} decays performed by the BESIII collab-

oration [66]. In addition, the discovery channel of
Er - AJK n*n* dominated by ZfF —>Z;’+E*O can be
directly related to the result of A} — p¢ [67] by exactly
the same topological diagram, with an interchange of a
spectator quark. In this work, we will calculate the topo-
logical diagrams by the rescattering mechanism to test the
above relations. The flavor SU(3) symmetry and its
breaking effects will also be discussed. It has to be
stressed that the weak decays of doubly charmed baryons
have been widely studied [61, 62, 68-94], especially after
the work of Ref. [16] and the experimental observation of
Ex¥. The clarification of our framework will be helpful to
understand the dynamics and nature of doubly charmed
baryons.

This paper is arranged as follows. In Sec. II, we intro-
duce the theoretical framework of the rescattering mech-
anism and demonstrate the calculation details with
Eff - Efx* as an example. Then the parameter inputs,
numerical results of branching fractions and relevant dis-
cussions are presented in Sec. III. At the end, we give a
brief summary. The effective hadron-strong-interaction
Lagrangians and corresponding strong coupling con-
stants are collected in Appendix A. The expressions of
the decay amplitudes for all the decay modes considered

are gathered in Appendix B.

are obtained. These

II. THEORETICAL FRAMEWORK

A. Effective Hamiltonian and topological diagrams

The exclusive non-leptonic weak decays of doubly
charmed baryons are induced by the charge currents of
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charm decays at the tree level. The penguin contributions
are safely neglected in the branching fractions of charm
decays, due to the smallness of the corresponding CKM
matrix elements. The effective Hamiltonian is given by

Gr
Her =—— V: Viug[C1()O1 ()
fr \/iq;x ¢ Vug[Cr ()01 (u

+Co(W02 ()] +h.c. (1)

with the four-fermion operators of

01 =(tiaqp)v-a(q gCa)V-as
03 =(@aqa)v-a(q’ gCp)v-a, ()

where ¢ = (s,d), @ and B are color indices, V., and V,,
are the Cabibbo-Kobayashi-Maskawa (CKM) matrix ele-
ments, and Gp=1.166x 107> GeV~? is the Fermi con-
stant. C;,(u) denote the Wilson coefficients, which in-
clude the short-distance QCD dynamics scaling from
u=My to u=m.. To obtain the amplitudes of
B.. — B.P decays, one needs to evaluate the next had-
ronic matrix element of the effective Hamiltonian:

Gr .
<BCP|7_{CE|BCC> = _FVC 'qu Z Ci<BcP|0i|Bcc>' (3)

q
\/z i=1,2

The general tree-level topological diagrams of doubly
charmed baryons decaying into a singly charmed baryon
and a light meson are displayed in Fig. 1. These dia-
grams can be sorted by their different topologies. Each
diagram contains both short-distance and long-distance
contributions. T describes the color-allowed external W-
emission diagram, while C and C’ can both be used to
represent color-suppressed internal #-emission diagrams.
The C diagram is the one with both the quark and anti-

quark of the final light meson state coming from the weak
vertex, while for C’ only the antiquark is generated from
the weak vertex and the quark is directly transferred from
the light spectator of the doubly charmed baryon. There
are also two different types of W-exchange diagrams,
labeled E; and E,. In E|, the light quark produced by the
charmed quark decay is absorbed into the light mesons.
In E;, the light quark produced from the charmed quark
decay is absorbed into a singly heavy baryon. The pos-
sible quark loop (penguin) diagrams relevant to the tree-
level topological diagrams also have a non-negligible im-
pact on the estimation of the long-distance contributions
in our framework.

In the calculation of these topological diagrams, it has
been demonstrated that 7' is dominated by factorizable
contributions [95] and can be calculated under the factor-
ization hypothesis. However, this factorizable contribu-
tion of the C diagram is heavily suppressed by the color
factor at charm scale, with the effective Wilson coeffi-
cient ar(m.) = C;(m.) + C(m.)/N.. The factorizable short-
distance contributions are therefore negligible, but the
long-distance dynamics of C can play an important role
[16]. The short-distance amplitudes of topological dia-
grams C’, E; and E, are also expected to be suppressed
at least by one order [95], while the long distance dynam-
ics is more important at the scale of the charm quark
mass.

In the following sections, we take the second discov-
ery channel =/ — Efx* [16, 18] as an example to intro-
duce our framework in detail. This decay contains two
contributions of topological amplitude, i.e. T+C’, in
which T is dominated by the short-distance dynamics,
while C’ is dominated by the non-factorizable long-dis-
tance dynamics. T usually plays the central role com-
pared with C’ (mainly due to the colour suppression).
However, from our calculation, it can be seen that the
non-factorizable contributions of C’ may have a signific-
ant impact on the total amplitude.

I |
-

Ey

Fig. 1.
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(color online) Tree-level topological diagrams for two-body non-leptonic decays of the doubly charmed baryons

Bee = (EFF, 2., Q%) to a singly heavy baryon 8. with a light pseudoscalar meson P = (m,K,n1,73).
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B. Short-distance amplitudes under the ation approach, with the matrix elements (B.M|0;|B,.) in
Eq. (3) factorized into the product of two parts. One is

factorization hypothesis : .
P parameterized as the decay constant of the emitted

In this section, we discuss how to calculate the factor- mesons and the other is expressed as the transition form
izable short-distance contributions of the topological  factors. The factorizable contribution of the T diagram is
amplitudes 7 and C. The feasible approach is the factoriz- expressed as:

|
Gr _, _ )
<BCM|7_{eff|Bcc>g:D = TI%V:q' qual(ﬂ)(leﬂ(l =75)q101B|q 7;1(1 —v5)clBee), “4)
while the factorizable C diagram is given by
G * -/ -
(BMIHegtBee)§ )y = T%chf Vigaz (Mg v (1 = y5)glOXBlity, (1 = ys5)clBee), (%)
where a;(a,) represents the effective Wilson coefficients, PPy (1 =ys5)gl0) = —i fop", (6)

ai(w) = Ci(w) +C2(w)/3 and ax(u) = C2(w) + C1(w)/3, with

the Wilson coefficients C(u) = 1.21 and C,(u) = —0.42 at

the scale of charm decays y = m, [21]. The meson M rep- (V(play" (1 = y5)ql0) = my fye™. @)

resents both the pseudoscalar and vector mesons, since,

as will be seen in the next subsections, the vector meson where fp and fy are the corresponding decay constants of

contributes to the long-distance dynamics as an interme-

diate state. o )
In both Egs. (4) and (5), the first hadronic matrix ele- polarization of the vector meson. The second matrix ele-

ment is parameterized in the same way, as: ment is usually defined as:

the pseudoscalar and vector mesons, and € denotes the

v M
(Belp! DI Y1 = ¥5)elBec(p,52) =0 SOy @) i3 (43— (@D i, 5) = 7 50

2 . qv 2 qﬂ 2
x| yu81(q )+1<T,NM—&gz(q )+ M—&g3(q )|ysu(p. s). (®)
: Y _ Mg —Mg
with ¢ = p—p’, Mg_ the mass of the doubly charmed ba Ay == Afym| g1 (m?) + ga(m?) =22 3
ryon, and f;, g; the heavy-light transition form factors, Mg,
which can only be extracted from non-perturbative ap- Ay ==2Afymgr(m?), (12)
proaches.
In general, the weak decay amplitudes of B.. — B.P By =Afym ( Fi(m?) = fo(m?) Mg, +MB,.)
and B,V have the following parametrization form: Mg, '
By =2 fym fr(m?). (13)
A(Bee = B.P) =lug (A+ Bys)ug,_, ©)
G .
2u(By) where A= —FVCKMal,z(u), and m is the mass of the
A(Bee = BV) =g |A1yuys + Az X/IB ~s pseudoscalar or vector meson.
+Biy,+ B, p;/;ﬂ-) ]MB“» (10) C. Long-distance contributions from the
8.

rescattering mechanism

The long-distance contributions are important but not
easy to evaluate. As is done in Ref. [16], we calculate the
FSI effects by the rescattering of two intermediate
particles at the hadron level using the hadronic strong-in-
A =Afp(Mgp, - Mg) fi(m"), teraction effective Lagrangian. The diagram description
of the rescattering mechanism is shown in Fig. 2. The
weak vertex displayed in hadron-level diagrams only in-

The formulas of the parameters A,B and A ,,B; under
the factorization approach are:

B =Afp(Mg_+ Mg )g(m?), (11)
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Fig. 2. Diagram description of the rescattering mechanism at
the hadron level.

volves the short-distance contributions and thus can be
evaluated under the factorization hypothesis. The sub-
sequent scattering process could in principle be either a s-
channel resonant-state process or a t/u-channel one. The
dominant contribution of the s-channel diagram comes
from the momentum region k*~mZ,, which demands
that the mass of the exchanged particle (a singly charmed
baryon in this case) approaches mz. ~ 3.6 GeV. However,
the heaviest observed singly charmed baryons to date are
much lighter than mz. . Therefore, the s-channel diagram
is usually highly suppressed by the off-shell effect and
can be safely neglected. In our calculations, the main con-
tribution will be the #/u-channel triangle diagram, as
shown in Fig. 2.

The particles in the triangle diagram are labeled as
P,, where the subscripts n =i,1,2,3,4,k represent the par-
ent doubly charmed particle (i), two intermediate had-
rons (1,2), two final hadron states (3,4) andthe ex-
changed hadron(k), respectively, as seen in Fig. 2. The
corresponding momenta are assigned as p,. In general,
there are several methods to calculate the amplitude of a
triangle diagram [53-59]. The main difference between
them is the method of dealing with the hadronic loop in-
tegration.

We adopt the optical theorem and Cutkosky cutting
rule, as in Ref. [58]. The absorptive part of the amplitude
of P; — P3P, is a product of two distinct parts, the decay

ihi
Fig. 3.

of P; — {P|P,} and the rescattering of {P|P,} — P3Py,
with the internal particles (P; and P;) being on-shell. Ac-
cording to the optical theorem, the absorptive amplitude
should sum over all possible on-shell intermediate states
{P1 P>} with a phase integration. It can be expressed as

1 d&p; &pa
b Pi— P3Py)] =5
AbSIM(P; — P3Py)] 2{1’21';]f (2m3*2E, J (2m)*2E;

X (27)*6*(p3 + ps = p1=p2)
X M(P;—{PP,)T"(P3P4—{P1Py}).
(14)
Based on the argument in Refs. [96, 97], the 2-body = n-
body rescattering is negligible. In this approach, the loop
integration is transferred into the dispersive part, which
can be calculated via the dispersion relation

Distmuy = L [ TPIMEN 0 g5

T Js s’ —m%
However, it suffers from large ambiguities, since we can-
not reliably describe M(s") for the whole region. On the
other hand, in the charmed meson decays, the large strong
phases of the topological diagrams [20, 21] indicate that
the absorptive (imaginary) part is dominant. Therefore,
we will only calculate the absorptive part and neglect the
dispersive part, as done in Ref. [58]. In a phenomenolo-
gical analysis, the non-negligible dispersive contribu-
tions can be effectively absorbed into the varying of the
parameter n, which will be introduced in the following.
Next we express the amplitude of the decay mode
EfY > Efn* asan example. All the rescattering dia-
grams are represented in Fig. 3, which can be summar-
ized as Eff - EN(ENDnt(p") - Efxt. The intermediate

particles can be either light pseudoscalar or vector

Ml

¥ —c

—
i

i

Long-distance rescattering contributions to Z} — Z*x* manifested at hadron level.

=c
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mesons, or anti-triplet or sextet singly charmed baryons.
We use the symbol M(Py,P,;P;) to denote a triangle
amplitude with the intermediate states of Py, P, and P.
Figure 3(a) contains two different triangle diagrams,
with the intermediate two-particle states of {Efx*} and
{E/*7*}, respectively. The amplitudes of the weak vertex

AbsIM(n*, EF 2T o)

Z f )
=2 (271)32E1 (2n)Y2E,

X 1it(pa4, 54) (flpo(Ej/Eﬁ)ﬁEj Yv—

F2([’mp)

2 .
t—m,+ imyl’,

ifope(E: /2 )5
2m3+

=++ =+t =++ =+ 3
Eff > Efxt and Eff —» E/nt are taken from Eq. (9) in

the factorization approach for the short-distance contribu-
tions. The rescatterlng amplitudes of Efn* — Efz* and
Elfnt —» Efn* can simply be found from the hadronic
strong Lagrangian in Appendix A. Then the absorptive

part is written as:

@n)*s*(pi— p1 - p2)

- o-yvkﬂ) u(pa, s2)€” (k, )

(—igrr—prn JE (ky A)(P1 + P3)a (P2, 52)(A + Bys)u(pi, s;)

|Pilsin6dodg F2(t,my)  _ k-(p1+p3)k
f 3271'2171'“ ( 1g7r —p! Ir*)t_ m/% " impr M(P4, 54) flp"(.:: Z)—-E! ﬂl ﬂ3 + m/%
JoprE: /-3
L e— (= k(p1 + P3) + k- (p1+p3) |- (P2 + m2)(A + Bys)u(pi, si).

where 7= p? = (p3—p1)*. In the center-of-mass frame of
E¥F, the 3-momentum of the final-state baryon j; is
defined in the positive z axis direction, with two angles 6
and ¢ standing for the polar and azimuthal angles of j; in
the spherical coordinate system. gy, fiz:z:p and foz =
are the relevant strong coupling constants, which are usu-
ally extracted or calculated in the on-shell condition.
However, the exchanged p° is generally off-shell, so that
the strong coupling constants are not exactly correct. To
include the off-shell effect of p°, a form factor F(z,m,)
[58] is introduced as
A% - ml% 8
F(t,mp)z[ﬁ] (17)

This form factor is normalized to unity in the on-shell

1Pl |sm9d0d¢

=+,

AbsIM(p*,E ] =

( gp — it )(lgn“(_

(16)

[
situation ¢ = p{ = m?. The cutoff A has the form of
A= mp-'rnAQCD, (18)
with Agcp =330MeV for the charm decays. The para-
meter n cannot be calculated from the first-principles
QCD method, and usually needs to be determined phe-
nomenologically by the experimental data. The results are
always sensitive to the value of n. More discussions
about 7 can be found in Sec. III. Usually, the exponential
factor n in Eq. (17) can be taken as 1 or 2, as a monopole
or dipole behavior. For the B meson decays in Ref. [58],
the resultant branching ratios are almost the same for both
choices. Hence in our work, we choose n = 1 for conveni-
ence, following Ref. [58].
In the same way, the absorptive amplitudes of the re-
maining triangle diagrams in Fig. 3 are:

=)-E)il(pa, S4)iys(pa +my)

s 3272m
F2 t, 2
y ( mn") ((_2¢3+ P3P ]él](Aly5+Bl)
t—m o T impl g0 1
—2m P3-P2+2p3-pipi-p2
+— (A2ys +Bz))u(pz-,s,»>, (19)
mlmEﬁ
—t et |p11sin0dOdé¢ _
AbsIM(x*, 5} /2120 = wlgn+zy—>5;g(s;/z;f)—>ayn+ a(ps, s3)ys(k+my)
32n*mz:-
F2(t,mz))
X ys5(p2 +ma)(A + Bys)u(pi, s;) (20)

l‘—m%0 + imz=ol'=0 ’
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AbsTM(p™,EF /2%, 20)] = f Ip1|s1n0d9d¢ 5

i(ps3,s3) (fp FEVE Yy T

if2pm05:
—O—uvp/ll) 8(E: /BB ( k+ my)

32n2m my +ms
Fz(l,mz‘?) pipy
— 5 [—gm sl )(1152 +my) (Amﬁ’s +As —7’5 +B1ya+ sz—)M(Pu 5i),
t—mg, + lmggrgg 1 -
21
R |p1sin6dOde . _
AbsIM(* B} /25 ED)] = ngwagmayg@; =92 WP, $3)ys(k+my)
F2(t,mz))
Xys(Po+ma)(A+ Bys)u(pi, si) ——5————, (22)
r— mEq + lmggrgy
. |p1|51n0d6d¢ 32 ifoprEnsz:
AbsIM(p™,EC /B, E)] = f 322m u(ps,s3) fp;b-w Yy — W‘Tyqul
Fz(t,mE“) plpl

X gz jmry oz (f+my) ————— Yy —

g(HL /& o7 (k k)t—ng0+imE?FEn,y ( g ml

P2a P2a
X (p2+m2) (Al)’a)’s +Ax —¥s+Biyat+ By m_~) u(pi, 5i)- (23)
Collecting all the pieces together, the amplitude of the decay E/f — Efx* can be written in the following form:
AEH S Efat) =Tsp(EH - Efnt) + 1Abs[M(7r+ EF/EF 00+ M(pt B /270 + M(nt L B /2 ED)
(24)

+M(p*, 2 EH ED) + M(nt, 22

The short-distance contribution of this decay mode is
labeled by Tsp. The analytical expressions for all the oth-
er channels are given in Appendix B.

III. NUMERICAL RESULTS AND DISCUSSION
The width of a two-body decay B.. — B.P is

. __A 1 NN ?
[(Bee(d) > Be()P) = 1 2;}» |AB() = B)P)
(25)
where
1= \Jmy = Gng, +mp2Aim, = Gmg, —mp)?12ms ),

and A;, A5 are the corresponding spin polarizations.

A. Inputs

All the inputs used in this work are clarified here. The
mass of EF has been well measured by LHCb [17, 18].
Many theoretical papers have studied the masses of the

’+. '—/O)+M(p+ '—+ ::+’:,0)]

doubly charmed baryons [4, 7]. For the ground states,

there should be not much difference between the theoret-
ical predictions on the masses benefitting from the meas-
urement of the mass of EfF. We adopt the results from
Ref. [98], as shown in Table 1.

The lifetimes of the doubly charmed baryons play an
essential role in theoretical predictions and experimental
searches [15]. The branching fractions are proportional to
the lifetimes, BR; =T;- 7. Besides, the longer lifetime will
be helpful for experiments to reject the large back-
grounds at the decay vertex. However, the theoretical pre-
dictions of the lifetimes of the doubly charmed baryons
have large ambiguities due to the non-perturbative contri-
butions at the charm scale [62, 68, 100, 101]. Currently,
the lifetime of =/f has been well measured by LHCb
[102]. After this measurement, a phenomenological ana-
lysis considering the contributions of dimension-7 operat-

Table 1. Masses and lifetimes of the doubly charmed bary-
ons used in this work.
baryon B Y Q
mass (GeV) 3.621[17, 18] 3.621 [98] 3.738 [98]
lifetime 256 [102] 140 [99] 180 [99]
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ors gives 7(E}F) =298 fs, 7(E},) =44 fs and 7(Qf,) =206
fs [90]. Another work predicts 7(E},)=140 fs and
T(QF) =180 fs [99]. It can be seen that there are still
large uncertainties in understanding the lifetimes of =,
and Q.. Since it is just an overall factor of the branching
fractions of individual initial particles, the values of the
lifetimes could easily be changed in our results. No one
result is preferred, but we have to use one of them; our
choices are shown in Table 1.

The masses and decay constants of all the final state
hadrons come from Refs. [4, 103, 104]. The heavy-light
transition form factors of B.. — B, have been calculated
using several methods. The results of form factors from
the light-front quark model [72] have been successfully
used in the prediction of the discovery channels in Ref.
[16], and are also used in this work. The strong coupling
constants of the various hadrons are also important in-
puts. Some of these can be extracted from the experi-
mental decay widths, such as from I'(p° — 7*7~) and
DK™ = KO1"): gpnn(8prmon s goonem) and gi-gor- are re-
spectively determined as 6.05 and 4.6 [58]. Under the fla-
vor S U(3) symmetry, gg-kor+ can be related to goqr, with

. 1 .
8k kop = @gp,m =4.28 . It deviates from the extracted

value of 4.6 by about 7%~ w, which is the flavor

S U(3) breaking effect, mainly caused by the mass differ-
ence of the s and u,d quarks. In our calculation, we take
gk~kor =4.6 and relate any other VPP coupling with
strange mesons participating to this value, e.g.

3 .
8K Ky, = % gk~xor =5.63. For coupling constants of

the singly heavy baryons coupled with light mesons, we
adopt the theoretical calculation results from Refs. [105-
110]. A simple calculation of the uncertainty of the strong
coupling constants is about 30%, caused by the QCD sum
rules [105, 110]. All the strong coupling constants which
appear are gathered in Appendix A.

B. Dependence on 7 and its cancellation by ratio of
branching fractions
The form factor in Eq. (17) is introduced into the

)]
(=]

_ N
o O

e 4120
Ze—L K

Branching ratio(x10™%)
o

2 St —AKD

1
1.0 1.2 1.4 16 18 20

n
(a)

Fig. 4.

(b) ratio of branching fractions with n varying from 1.0 to 2.0.

amplitude of triangle diagrams, to describe the off-shell
effect of the exchanged particles. When the exponential
factor and Aqcp are fixed with specified values (in our
case, we take n=1 and Agcp =330 MeV), the form
factor is a function of three variables, i.e. the momentum
squared, the mass of the exchanged particle, and the para-
meter n, F(k*,m%..n). k* (varying in a range) and mexe
are definite for any individual diagram. The remaining
parameter, n, however, is a process-dependent parameter
which cannot be calculated from first-principles QCD
methods. The value of 7 is usually determined by experi-
mental data, as in Ref. [58]. In the case of the doubly
charmed baryon decays, without any available data, it can
be expected that n will cause large uncertainties in the
theoretical predictions of the branching fractions.

In Fig. 4(a), we display the dependence of the branch-
ing fractions on the parameter n, taking Z* —>Z:+f0
and B/, - Ajfo as examples, which are both dominated
by the long-distance dynamics. It is clear that the branch-
ing fractions are very sensitive to the value of . With
varying in the range between 1.0 and 2.0, the branching
fractions could be changed by nearly one order of mag-
nitude. This is a well-known feature of FSI effects, which
have very large theoretical uncertainties.

The problem of large uncertainty induced by varying
the value of 5 can be solved by the ratio of branching
fractions, first proposed in Ref. [16]. From Fig. 4(a), we
can easily find that the dependences of the branching ra-
tios of EXF — Z:ﬁfo and Ef, —» AJEO on n have similar
line shapes. That means that the dependence of the ratio
of the two branching fractions on n can be mostly can-
celed. Therefore, the ratio of branching fractions will be
insensitive to the value of 7, as Fig. 4(b) shows. From
Fig. 4(a), the branching fraction of E}" — £:*K changes
from 0.59 x 1073 to 4.06 x 10~ with the parameter 5 vary-
ing from 1.0 to 2.0. Similarly, for Z;, — A:fo, it changes
from 0.29x 1073 to 2.15x1073. The branching fractions
of both processes vary by nearly one order of magnitude.
Taking the central values of the above results, they are
(2.33+£1.74)x 107 and (1.22+0.93)x 1073, respectively,
with the uncertainties around 75%. However, the ratio of

1.0
2
T o8
g
506
=
@
S04
[=]
° =t LA KD
% 02 -
li4 SH—Ti K°

0.0
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(color online) (a) Theoretical predictions for the branching ratios of =/} — Ej*fo and £/, — A:fo in logarithmic coordinates;

=cc
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the above branching fractions is 0.48 ~ 0.53, seen in Fig.
4(b). Written as 0.51 £0.03, the uncertainty of the ratio is
5%. Therefore, almost 70% of the uncertainties of the ab-
solute branching fractions are cancelled by the ratio of
branching fractions. Similar cancelation behavior also
happens between all other decay channels. The reason for
this cancelation is as follows. The difference in 5 _%f the
triangle di_agrams for the two modes of E} - X *K and
Ef. — A7K mainly stems from the strong coupling con-
stants and the masses of the particles in the rescattering
diagrams. The corresponding quantities for different de-
cay modes can be related under the flavor SU(3) sym-
metry. The dependence on 7 should be similar for both
these modes, and can thus be mostly cancelled in the ra-
tio of branching fractions. In this way, the theoretical un-
certainties can be brought under control. That is why we
could successfully predict the discovery channels of =/
in Ref. [16]. In this work, we will present the results of
branching fractions with different values of 5, to show
the absolute uncertainty of any individual mode. The
reader can take a ratio between any two processes to get a
more reliable result.

Note that the above cancellation can be broken down
by the so-called triangle singularity, in which all the in-

termediate particles are on-shell. We will not tackle this
issue in this work. Besides, as discussed in Ref. [58], the
values of n are not identical for different classes of decay
modes. For example, the values of n are different for
B — Drn and B — nr decays, to satisfy the constraints
from the experimental data. This can be easily under-
stood in that the exchanged particles are different in dif-
ferent decay modes. Therefore, we should be careful to
consider the values of n for different classes of decay
processes.

C. Numerical results of branching fractions

We list all the branching ratios of the decay modes
B.. = B.P in Tables 2-5. The short-distance dynamics
dominant channels (with T topology) are presented in
Table 2. For the long-distance-dominated processes, the
numerical results are classified into three groups accord-
ing to the CKM matrix elements: (a) the Cabibbo-favored
(CF) decays induced by ¢ — sud (with the CKM element
Vi Viua) are listed in Table 3; (b) the singly Cabibbo-sup-
pressed (SCS) decays induced by ¢ — dud or ¢ — sus
(with the CKM element V?,V,; or Vi V) are listed in
Table 4; and (c) the doubly Cabibbo-suppressed (DCS)
decays induced by c¢— dus (with the CKM element

Table 2. Branching ratios for the short-distance dynamics dominated modes. "CF", "SCS" and "DCS" represent CKM favored, singly

CKM suppressed and doubly CKM suppressed processes, respectively.

Particle Decay mode Topology BRr, (%) BRy=1.0(%) BRy=1.5(%) BRy=2.0(%) CKM
Chn - Efnt Asa(T+C") 6.76 7.11 8.48 10.75 CF
— Bt 1/ V2254(T + C") 471 472 472 474 CF

- Xt 1/ V224(T +C") 0.248 0.251 0.255 0.261 SCs

— Afrt (T +C") 0.386 0.390 0.393 0.396 SCS

— ZFK* 1/ V2A,(T +€) 0.303 0.304 0.304 0.305 SCs

S Kt (T +C) 0.538 0.538 0.538 0.538 SCs

— AYK* Aas(T+C") 0.028 0.029 0.030 0.031 DCS

S IFKT 1/ V24T + ") 0.016 0.016 0.018 0.021 DCS

B — 20t A5a(T — E3) 4.08 434 4.58 4.74 CF
- 507+ 1/ V24,4(T + E») 2.84 2.84 2.84 2.84 CF

— 307+ A4(T + Ey) 0.31 0.32 0.33 0.35 SCS

— ZOKt 1/ V2(,T + A4E) 0.18 0.18 0.18 0.18 SCS

— 20K+ AT + A4Ey 0.32 0.32 0.33 0.33 SCS

— 20K+ AgsT 0.02 DCS
Q7 — Q0n* AT 6.09 CF
— =20+ 4T = A,E> 0.23 0.23 0.23 0.23 SCS

— 20+ 1/ V24T + A,Ey) 0.16 0.16 0.17 0.17 SCS

— QUK+ A(T + E») 0.38 0.40 0.40 0.40 SCs

— 20K+ Ags(=T +Ey) 0.019 0.091 0.091 0.091 DCS

— EOK* 1/ V2245(T + E») 0.011 0.011 0.011 0.011 DCS
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Table 3. Branching ratios for the long-distance-dominated Cabibbo-favored (1,4) modes. For the channels involving internal #-emis-
sion contributions, the short-distance factorizable contributions are also listed in the fourth column, for comparison.

Particles Decay modes Topology BRre, (x1073) BR=1.0(x1073) BRy=15(x1073) BRy=2.0(x1073)
B SIHE ¢ 0.015 0.59 1.91 4.06
e - QK+ E, 0.049 0.15 0.29

SEK 1/V2(C +Ey) 0.009 1.55 4.72 9.95
S A —C+E, 0.017 0.29 0.98 2.15
- XK E 0.075 0.26 0.55
— a0 1/2(-C’ +Ey) 0.33 0.98 1.97
- Efm 1/ V6(C +Ey + E) 0.57 1.73 3.50
- Ens 1/2V3(C’ —2E, + Ey) 0.22 0.66 1.37
- Efnd ~1/V2(C’' +E») 3.24 10.2 21.0
- Eim 1/V3(C’ +E| - Ey) 0.18 0.57 1.20
- Elng 1/V6(C’ —2E) - E») 0.11 0.35 0.66
Qf, S EK 1/V2(C+C) 0.010 1.10 338 6.84
5K —c+C’ 0.017 0.73 230 438

Table 4. Same as Table 3 but for the long-distance-dominated singly Cabibbo-suppressed modes.

Particles ~ Decay modes Topology BRrs,(X1075)  BRy19(x1075)  BRy15(x1075)  BRy0(x1075)

= s -1/V2¢ 0.062 3.39 11.5 25.4
- I 1/ V314 +1,)C 0.022 1.18 243 435

- Xt 1/ V6(1g-215,)C 0.059 3.24 8.62 153

= —zn0 1/224(=C=C' +E\ + Ey) 0.038 3.85 12.1 25.0
I 1/ VO[A4(C +C" + By + En) + 4,C] 0.026 2.52 7.69 16.4

— g 1/2V3[24(C +C + E| + E2) - 24,C] 0.016 1.64 452 8.70

— Afn0 1/ N244(C~C' —E) - E») 0.057 1.53 4.76 9.79

— Afm 1/ V3[44(C’ = C + E| — E;) - A,C] 0.031 0.84 1.90 4.07

- Al 1/ V6[24(C’ — C + Ey — E2) +24,C] 0.020 0.55 0.93 1.59

- S WE 0.38 1.18 2.46

— BFKO 1/ V2(4,C" + AaEr) 1.17 3.79 8.00

— =K A:C" + A4E) 277 8.75 18.1

o, S5 K 1/ V2(24C" + A, Er) 0.26 0.75 1.48
S AR 24C + AE 0.52 1.66 3.49

S THK- AE 0.23 0.77 1.69

— E+ a0 1/2(= 24C + A,Ey) 0.38 1.48 3.61

- Efm 1/ V6[A(C + €' + Ey + Ep) + 14C) 0.49 1.71 3.45

AT 1/2V3[A,(Ey —2C —2C" —2E1) + 2,C] 2.04 6.26 13.0

— =0 1/ V2(24C - A,Ey) 4.50 13.2 26.0

- Em 1/V3[A,(C’ = C + E| — E3) - 14C] 113 373 773

— Eng 1/V6[A,(2C =2C" +2E) — E3) — 24C] 6.66 21.9 455
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Table 5.

Same as Table 3 but for the long-distance-dominated doubly Cabibbo-suppressed modes.

Particles Decay modes Topology BRr,,(x1070) BRy=10(x1076) BRy=15(x1076) BRy=20(x107°)
Ch - K0 é 0.043 1.31 4.69 10.75
=Y, - XFKO 1/V2(C+¢) 0.035 4.52 16.0 36.4
— AYKO -C+C’ 0.05 2.39 8.88 21.0
[} —za0 1/2(-E, + E») 0.07 0.23 0.52
- Iim 1/ V6(C' +Ey + Er) 0.14 0.45 0.89
- 3rng 1/2V3(-2C +Ey + E») 0.09 0.30 0.66
— A0 —1/V2(E| +E») 0.19 0.61 1.34
- Aim 1/V3(C' +E| - Ey) 0.59 1.89 413
- Alng -1/ V6(2C’' —E| +E») 0.28 0.89 1.97
— 07+ E» 0.14 0.45 0.91
- E, 0.16 0.59 1.31
- KO 1/V2(C +Ey) 0.028 9.68 319 68.0
- 57 K0 —C+E; 0.045 0.82 2.84 6.54
V* Vus) are given in Table 5. The topological amplitudes ~ =i 450
for the channels with the sextet single charmed baryons KELD' MES 227K )l _ 021~055  (26)
are distinguished from the anti-triplet baryons by adding ITspl V2 |ﬂ(::: — B mh)lsp

atilde,e.g. T.

In Table 2, it is clear that the factorizable short-dis-
tance contributions of diagram amplitude 7 are dominant
relative to the long-distance contributions of C’ and E,.
When the parameter n tends to 2.0, the long-distance con-
tributions of C’ and E; also have a visible or comparable
effect. On the other hand, from Tables 3-5, the long-dis-
tance dynamics dominates the decay modes in Table 3 to
5, since the only calculable short-distance amplitude Csp
is heavily suppressed by the effective Wilson coefficient
ar(u) at the charm mass scale, i.e. ax(m.)=-0.017 is
much smaller than a;(m.) = 1.07. The latter is used at the
weak decay vertex of the triangle diagram in our calcula-
tions.

D. Discussions on the topological diagrams
The topological diagrams have the relations of

€l _ICT _JEl_JEal _ (Aaco
VA (O (O I (8 mg
cays, manifested by the soft-collinear effective theory
[64, 65]. These relations are important in phenomenolo-
gical studies on the searches for double-heavy-flavor ba-
ryons, and give us more hints on the dynamics of heavy
baryon decays. From the above relations, all the tree-level
topological diagrams are at the same order in charmed ba-
ryon decays, due to A’éCD/mC ~ 1. It would be very use-
ful to numerically test these relations in our framework.

From the amplitudes of ='* —x+K (€) and

s Efrt (1/V2(T+C’)), we obtain the ratios
CLD/TSD and C"LD/C'LD :

] in heavy baryon de-

|C~"LD|
ICrol

V2IAEH —
[AE —

EF )

9
= XK )

=133~145. (27)

The ratio C},,/Crp can also be calculated by the de-
cay channels ZEr —THa0(-1/V2C), = —Iia*
(1/ V2T +C")), :jj — EFKY(1/ V2T +C)) and EX —
THKO(C), EFF - KT (1/ V2T +C)) as:

Clol  \AGH > Sint

Cupl _ | (_fj 7D o5 088, (28)
ICpl  [AEE — Z 70\

ICopl _ MG = EF K)o

_ —ce =0.69 ~ 0.85, 29
ICrpl  AEH - X1\ 29)

|C~"LD|
ICrpl

V2IAEY - XKD
\AEL > T KO

=098~124.  (30)

In the following, to consider the relations between C,
E; and E, it would be more convenient to study the pro-
cesses with a pure topological diagram. The advantage of
avoiding interference between diagrams is that they could
be directly determined by experimental data in the future.

In Table 3, by the three single amplitude channels
gt 53K (By), B — QUK (£,) and =5 - 3K
(C), the ratios among the amplitudes E;;p, E>;p and C;p
can easily be calculated, giving:
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|E1LD| [AE:, = ZIK )
|Crpl |AEH — 2++K Mo

=045~046, (31

E AE — QUK

Eaupl | WG 2 QKo _ 35 40, (32)
ICol | AEE - 2K )l

E AE, > I K

Eiuol_| (_Cj . o _j1pe124 33
|[Earpl  |AEL = Qe Kl

From above, the ratios E,,5/Csp and Earp/Csp have
similar values, at first order. The ratios between E,;p and
Csp can also be calculated from Table 4, i.e. from the
modes = —EHa0(-1/V2C), EX -3 (E)) and
Q. - IHK(EY):

E AEL - T

| ~1LD| |AEL, 7)o —028~026, (34)
ICool  V2IAE - = 7%

E A Q+ Z++K—

Evenl 1A = Mo _ 029030, (35)
ICopl  V2JAE - = 7)1

We can verify the results using the data from Table 5
By the three channels =% — =K (C), Q. — X" (E,)

Zee

and QF, — I+ n (E), we get the ratios as:

E AQF, — X0t

Eapl _ | £++ et o _ o34 037, (36)
ICrpl  [AGEE - ZE KO

|E1LD| [AQ: - )

— =0.40~041. 37
Cool AL =T K)o 37)

From Egs. (26-37), considering the relatively large
parameter uncertainty, all these results are consistent with
the relations found in [64, 65],

~N—_———~ —— ~

VA I (G (G (O

’ Ah
il _1C_IE I 0( QCD]~0<1>. G8)

me

Some results in Eqgs. (26-37) are different from each
other. This can be understood by the flavor S U(3) break-
ing effects, shown in the following subsection.

w

w

d

Quark-loop topological diagrams and their corres-
- X,

Fig. 5.
ponding hadronic triangle diagrams for =7,

As mentioned in Sec. II A, the long-distance quark-
loop diagrams are also taken into account in our calcula-
tions. Taking Ef. — X *z~ as an example, the quark-loop
topological diagrams and the corresponding hadronic tri-
angle diagrams are shown in Fig. 5. It can be expected
that any individual loop diagram is as large as the tree
diagrams. However, the d-quark and s-quark loop dia-
grams are mostly cancelled due to the GIM mechanism.
Therefore, the total contribution of quark loop diagrams
comes from the flavor S U(3) symmetry breaking effects.
Numerically, the magnitudes of the d-quark loop, s-quark
loop and the sum of the both loop diagrams are
AN =2.6x1077 GeV, [Al=1.0x10"7 GeV, |Asp,l=
1.5x 1077 GeV, respectively. It can be seen that the long-
distance dynamics contributes the relatively large SU(3)
breaking effect. It is difficult to test this effect in the
doubly charmed baryons in experiments. We will invest-
igate the long-distance quark-loop contributions in the D
meson and A, decays in a future study.

E. Discussions on flavor S U(3) symmetry
and its breaking

Flavor SU(3) symmetry is very significant in the
weak decays of heavy hadrons. In terms of a few SU(3)
irreducible amplitudes, a number of relations between the
widths of doubly charmed baryon decays are obtained
[73]. It is important to numerically test the flavor S U(3)
symmetry and its breaking effects.

In the following, we show our numerical results for
the ratios of decay widths. In the S U(3) limit, they should
be unity. Any deviation would indicate SU(3) breaking
effects.

L(E - Arah)T(E — EFKT) = [4(T + C) /14T + C") = 0.73 ~ 0.74, (39)
[(E, - Z KO)/TQL — ATK) = 14,C" + E1 P /1AaC’ + A,Eq? = 6.67 ~ 6.85, (40)
0(Q}, — 20" /T(E!, = Z2KY) = | = T — AE [ |AT + A4Eo* = 0.54 ~ 0.56, (41)
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[Er - z:+n°)/%r(sj; ST g) = - %Cm -~ %ud —21,)CI* =3.14 ~ 4.98, (42)
[(E - Iia")TE} - EFKY) = |%/ld(f +CI? /|%ﬂs(f +C* = 1.28 ~ 1.30, (43)
[(E, - = n)/T(QF, - ZTK) = [ /IAE P =187 ~2.12, (44)
(&}, = 20" /T(QF. — QUKY) = [Au(T + Ep)? /|A(T + E»)* = 1.03 ~ 1.13, (45)
(&, - 2 KY)/I(Qf - =K = |%(asc”’ + A4E)P /|%udé’ +A,E))F =579 ~ 6.95, (46)
0(Q, - =%%)/I(E!, - E°K") = |%(/ldf' + B, /|%(/15T' + A2 =0.69 ~ 0.74. (47)

From the above numerical results, it can be found that
the long-distance final-state interactions can contribute to
the large SU(3) breaking effect. It stems from the ex-
changed particles, hadronic strong coupling constants,
transition form factors, decay constants, and interference
between different diagrams. In our calculation of Eq. (40)
and Eq. (46), the large values mainly stem from the
strong coupling constants. Taking T(E! — Z K")/
rQ: —» Ajfo) =6.67 ~6.85 as an example, a factor of
2.5 in the amplitude could account for the large ratio. The
decay mode E;, — = K" is dominated by the triangle dia-
gram M(K*,2%p"), while QF. — AK" is dominated by
M+, 22 K*). To evaluate these two triangle diagrams,
we need strong coupling constants fi(E} — Z%") =8.5,
HEF—E%")=10.6 [105] and f;(EY — AJK*") = —4.6,
H(E? — AYK*™) = -6 [105]. Therefore, I'(E], — =X K°) is
much larger than T'(Q], — Ajfo) As for T(E], — EFK?)/
rQ: —» Z:fo) =5.79 ~ 6.95, with the dominant triangle
diagrams M(K*,2%;p%) and M(x*,Z%; K**), the relevant
strong coupling constants are f;(E.f — E0")=2.1,
HEF - E%) =116 [105] and fi(T} — E0K) = -2.2,
HEF — Z2K*) = —13 [105], respectively, which leads to
the large value in Eq. (46). All the values of strong coup-
lings are taken from the literature. These non-perturbat-
ive quantities actually have large theoretical uncertainties,
and need to be carefully studied in the future.

IV. SUMMARY

In this work, we have introduced the whole theoretic-
al framework of the rescattering mechanism by investig-
ating the forty-nine two-body baryon decays B.. — B.P,
where B = (£}, E.,Q;,) are the doubly charmed bary-

ons, B, =(B5,8B6) are the singly charmed baryons and

P =(m,K,mg) are the light pseudoscalar mesons. It has
been interpreted in detail for the physical foundation of
the rescattering mechanism at the hadron level. Further-
more, as a self-consistent test of the rescattering mechan-
ism, the relations of topological diagrams and flavor
SU(3) symmetry have been discussed. The main points
are the following:

(1) We have provided theoretical predictions for the
branching ratios of all the B.. — B.P decays considered,
and discussed the dependence on the parameter 7.

(2) The numerical results of the branching ratios
show the same conclusion as the charm meson decays:
the non-factorizable long-distance contributions play an
important role in doubly charmed baryon decays.

(3) We have obtained the same counting rules as the
analysis in SCET for the topological amplitudes in charm

0 ICT BBl (Ao

decays, that is e ~0 e

which will be significant guidance for further studies of
charmed baryon decays.

(4) Large SU(3) symmetry breaking effects are ob-

tained in our method. More studies on the S U(3) break-

ing effects of the doubly charmed baryon decays are

needed in the future.

~0(1),
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~om K+
APPENDIX A: EFFECTIVE LAGRANGIANS V2o Ve
Pt =0=| LN R
The effective Lagrangians used in the rescattering V2 V6 5
. . . - o0
mechanism are those given in Refs. [105-110]: K K ~\3™m®
m 0 0
i —1 0 0 Al
Lopp= gVPPTr[VH[P,aﬂP]]’ (A1) + m , (A9)
V2 0 0 m
i P w
Lywy = SZETH@V V" =V, V)V, (A2) St K
0
vUt=1)=l - LR L@ g |,
V2 V2
Lpp,s, = 8rp,5,Tr[BeiysPBe], (A3) K K0 ¢
(A10)
Lpp,, = gps,5,Tr[BsiysPBs], (A4) v+
ot = =
V2 V2
Lps,, = gprp,8,Tt[BsiysPBs] +h.c (A5) Bg|JF = T s % =i
6 D3 6 D3 3 > 6 = ) = \/5 c \/E s
=+ =0
_ —c —c QO
Lvs,s, =five,s,Tr[Bsy.V* Bs] V2 2 ¢
Jars,b, Tr[Bsoruy®' V" Bg), (A6) 0 Af EF
me +
1
B; (JP =3 ) =l -A; 0 = (A11)
_ " =+ _=0 0
Lvp.p, =fiprs,s,Tr[ B3y, V" Bs] Te TTe
JoPBiB; = v . .
Tr[B307,y0" V" B3], (A7) Strong coupling constants are collected in Tables A1,
3
A2 and A3.
Lys,s, ={fiva.p Tr[Bey, V" B3] APPENDIX B: EXPRESSIONS OF AMPLITUDES
" Jov,s, Tr[Bec @ V" Bs]} +hec., (A8) The expressions of amplitudes for all forty-seven
Mme +m3 ) B.. — B.P decays considered in this paper are as follows:
Table Al. Strong coupling constants of VPP and V'V vertices.
Vertex g Vertex g Vertex g Vertex g Vertex g
ot > nlnt 6.05 00 >t 6.05 ot > KK 4.60 0 = KR -3.25 0° = KK~ 3.25
¢— K K* 4.60 K 5k’ 5.63 %0 Kkt 4.60 Ny -3.25 K — K0 3.25
K** - ngK* 5.63 K > 1+ KO 4.60 K95 KF 4.60 K — KOng 5.63 K - 70g0 -3.25
w— KK~ 3.25 ¢ — KK 4.60 w— KR 3.25
pt = pOp* 7.38 o= ppt 7.38 ot = KK 5.22 00— KK 3.69 w— K K* 3.69
ey e 522 KoK -3.69 ' L%% 3.69 K* — ptK*0 5.22 K — ¢K** 522
K = wK™ 3.69 K0 - p0g*0 -3.69 K0 = k"0 3.69 K0 — K0 522 ¢— KK+ 5.22
w— KK 3.69 ¢ >K K 5.22 o = KR -3.69 K™ > K0 3.69 X' S kpt 522
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Table A2. Strong coupling constants of PB;8B;, PB;Bs and PBsB; vertices.

Vertex g Vertex g Vertex g Vertex g Vertex g
= 5 AR 0.9 Af - KO 0.9 B > Eing -0.7 A = Al 0.81 20— ATK™ -0.9
20 — =g -0.7 20— Efam 0.99 = — =20t 0.99 20 — =200 -0.7 EF - Efal 0.7
zrk° -5.0 B - SHK —7.1 TH - EXKT -7.1 Ef - Elfns 5.4 Bl — Erns 5.4

TF— Afad 6.5 Af 5Tt —6.5 TH - Arat —6.5 A - 0t 6.5 20— Afnm 6.5
= 5 AR —4.6 AF — EOK* 4.6 20 5 ATK- 44 I - -5.0 r - 50K+ -5.0
30— =0g0 -7.1 20— 208 5.4 =0 — =0 5.4 =0 - QK0 6.5 o - ng‘) 6.5
=2 — 20t 44 =0 — =040 3.1 =0 — 2070 3.1 =F - QUK+ 6.5 Q> =rK- 6.5
Bt — Erad 3.1 gt - 20t 44 BN =i 4.4 g 53K 6.4 5F > ErKO 6.4
Zi* — EFKY 9.0 AR AN 2.3 DREEED NN 4.6 DD Nar 8.0 s S At 8.0
TH 30 8.0 EO Sk 6.4 ot — 20kt 6.4 =0 ggﬁ’ 9.0 30— =0k0 9.0

Q0 — QO -10.4 Q0 B K 9.0 - QK+ 9.0 Q- =9%° 9 g — QKO 9
zj. — Z0nt 8.0 30 — 20 4.6 30 — 3070 -8.0 20— Efn 5.7 ARSI ol 5.7
A CIAP 4.0 Af — 20K+ -0.9 A 2+E0 -5.0 Af =20 6.5 Af - =rKO 4.6

20 - 2K’ —6.5 80— Etam 4.4 EF - Etal 3.1 A Yal & 9.0 T - S 4.6
0 — =03 -23 20 > ¥inm 6.5 =0 5 =070 -4.0 Ef o Eim 0.07 Ar - A 0.75
20— =0 0.07 AT 2.6 TF - Shy 2.6 Pl Bl 2.6 g0 - 20 2.6

Q0 — 11.0 0 50 2.6
Table A3. Strong coupling constants of V8383, V838 and VBB, vertices.

Vertex fi f Vertex h f Vertex f b Vertex A f
Af = Afw 4.9 6 Af - EFKO 4.6 6 = > AR 4.6 6 Ef > Efg 4.6 6
EY > AK 46 -6 20— =0 4.6 16 25 Efpm 8.5 10.6 B - =t 8.5 10.6
g0 - =00 -6 =15 Ef > Elw 5.5 7.5 Ef > Erpd 6 7.5 A > 30 2.6 16
AF = ZHpm 2.6  -16 TS Afpt 26 16 A} S EFKO 23 -4 = L ACKD 230 14
F -5tk -22  -13 S THET 31 -184 TPt EIKT 31 -184 B Eltg -2.1 -13
AF - 20p* 2.6 16 2> Afp” 2.6 16 Ar — EOK 2.3 14.1 20 - AYK 2.3 14.1
T+ — B0kt 22 -13 =0 3K 2.2 -13 30 - 20k*0 2.2 -13 0 — =90 -2.1 -13
E2 - k0 33 20 Q? - =0g"’ 33 20 E) > Elfpm 2.1 115.6 g — 20+ 2.1 115.6
5;0 - Ew 12 8 E) — =00 -1.5 -11 20 5 5000 -1.5 -11 E:T - QK+ 33 20

s 0t 2.1 15.6 B > Efp” 2.1 15.6 EF - 2w L5 11 EF 5 Efw 1.5 11
B - Erp0 L5 11.0 S ) 3.5 24 Py VAT 4.0 27.0 i - Shot 4 27
Sk 35 212 I oXfte 3.5 24 T w0 4 27 TH s EIFK 5 30
AR 4 21 Q0 - Q% 11 52 Q) - Bk 7 35 B - QK 7 35
0 — QK0 7 35 o 3ip” 4 27 Tt - 30t 4 27 20 - 20w 35 24
30— =0g*0 5 30 =0 - g 5 30 T — B0k 3.5 21.2 20 > 3rK 35 21.2
2= o 35 226 = EOt 35 22.6 AR 2.4 15 g0 > 290 25  -16
ARl 2.5 16 A:T - Bk 46 -6 20 - 2w 5.5 7.5 - Afp° 2.6 16
Syk? 220 13 che) 2.1 -3 sg SEKT 220 -13 g0 - 2.1  -13
2 - 2w 12 8 Q) - Ef K 3.5 20 + om0 12 8 T+ B K0 35 21.2
B -IHKT 500 300 0 =g 5 30 20 — 3000 —4 27 EQ - 8% 4 21
Ef > Efw 24 15
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AE 5> ATK) =T (E - AJK)+ MK, AL w)+ MK, X +;,00)+/\/((K*+ Al + MK, X7 n°)
+M(K+’A:’:O)+M(K+ At :l0)+M(K+ s+, ~0)+M(K+’2;-’:/0)+M(K*+ A:-’:O)

co=c »&cer=c

+ MK AL ED) + MK, 252D + MK, 25 ED), (B1)

AET = A =T (ES - Afa) + Mat,25:0%) + M, 25 7%) + MK, E5 K0 + M(KT, 204, K)

+ MK EN KD+ MK EF K + Mt AL EY) + Mt 2520 + M(pt, AFED)

FMET.Z5ED+ MK, ERED) + MK, EDED) + MK, EL5EY) + MK, ELED)

+ MK EDLED) + MK ERED) + MK, E5ED) + MK, 20 ED), (B2)
AET S EKY) =T (B - EFK) + MK, E5: 0% + MK, E w) + MK, EL 00 + MK, EL w)

+ MK BN ) + MK ES 15) + MK E5720) + MK B ) + Mt A K)

+ Mt Z5E )+ Mt AL ED) + Mt 25K D) + MK ES ¢)+ MK, EL 1 ¢)

+ MK EXng) + M(K* 2 mg) + MK, 25 Q0 + M(KT, 24,90 + M(K*,EF, QD)

+ MK EF QYD) + Mt AL ED) + Mt AL ED) + M 25 EY) + Mt 28 ED)

+ Mp* AHED + Mt AL ED) + M(pt, EHED) + M(p* £ ED), (B3)

AE — i) =T (EL — Ein) + M E530%) + Mt B3 0) + Mp* BL7°) + M(p* B3 70)
=0 =+, =0 =r+. =0 =+, 50 = ~0
+ M ELE)+ M ELED) + M ETE) + ML ECED) + Mt ESEY)
=+. =0 =r+. =0 —=r+. =0
+ M@ ESLED)Y + Mt B ED + M(pt, EL5ED), (B4)

AE! - A*K ) =Csp(E]. — A*EO)+M(;ﬁ,E?;K**)+M(n*,E;°;K*+)+ Mt EL KN + Mt EX K)

=i

+M#, 2L 20 + Mt ED 0 + M, 2220 + M(pt, 202D, (BS)
AE! = ATKY) =Csp(E!. = ATKY) + MK, 22 07) + MK, 22 %) + M(K+,22%,E0) + M(KT, 22, E10)
+ MK, 2020 + MK, 20,20, (B6)

AE! = A% =Csp(E!. = A %) + M, 2% 00) + M+, 2025 + MK, EY K + M(KT,ER K™)
+ MK, ZYS K+ MK ER KD + M, 20520 + Mpt, 2020 + Mk, 22 E0)

y=ic

+ MK, 2% E0) + M(KT,ED 2D + MK, ED0;E0), (B7)

AE], - Arm) =CspEL, — Aln)+ MK, ELED + MK, EL;ED) + MK, ELED + MK, 2 EY)

» S

+ M, 2020 + M(pt, 20 20), (B8)

s &

AE!, — Alng) =Csp(EL, — Alng) + MK EYL K+ MK, ED K + MK, E0 K + MK, EL KT
+ MK, 2020 + MK, EY 20+ MK, 2020 + MK, 20,20 + MK, 22 ED)

s = 2= »=cr=c
+ MK, ELED) + MK EDED) + MK ED ED) + M, 2% 20) + M(p*, 225 20), (B9)
AE!, - EFK") =Csp(E, — ZF KN+ M(K,Z%07) + MK, Z007) + M(K*, 2% 07) + M(K*, 20 p™)
+ M(K, E°~ QY+ M(K*,E0,Q%) + MK, 2% Q%) + M(K*, 22, Q%) + M(z*, 20, E0)
+ M, 2020+ M(pt 2220 + M(pt, 2% E0), (B10)
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AEE - EKY) =T (B, - 2K )+ M, 55K )+ Mo, 50K + MK, ES ) + MK, ;)
+ MK, Eim) + MK™,E:7gg), (B11)

AE!, - Z) =T EL - 20 + M, 2% 0% + M, 22:0%) + M(p*, 22, 7% + M(p*,220;7°), (B12)

AE! - E51% =Csp(E, = EF )+ M, 20 p") + M(nt EL:p") + M(p™ . E0 ") + M(p*, 20 1)

=0.=0 —~0,—~ — — — — —0, —
+M(ﬂ-+a'—‘L9—‘ )+M(7T+7—‘8’_‘/0)+M(ﬂ-Jr’—‘:O"—‘O)+M(ﬂ'+9‘—‘207‘—‘l0)+M(p+9‘—‘99‘—‘0)

+ M(p*, 2% 20 + M, 22,20 + M(p*,E0;E), (B13)
AEL, - Ein) = M ELED + Mt ELED) + M(p* ELED + M(pt, 2 ED), (B14)

= =0. =0 =0. =0 =0. =0 =0. =10 =0. =0
AEL, - Eing) =Mt ELED) + Mt 2L ED) + M, 2D, 2D + M ERED) + M(pt, 25 ED)

+ Mt EZYED) + M, 2 EY + M+, 2 ED), (B15)
AEL - Z ) = Mt 2L ED) + Mt 2020 + Met, 2L ED) + Mt 2 ED), (B16)

AEL - Eng) =M@, ZLED + M(n, EYED) + Mt 20 EY) + M(nt 2020 + M(pt, Y ED)

+ Mp*, 2% E0) + M, L EY) + M, 20 E0), (B17)
AE! - 2K =T (5], - =K, (B18)
AQF, — Q) = T(QF, — Q0n), (B19)

A — Al = Csp(QF, — A + MK, ESED) + MK, Z0,20) + MK, E2 20 + MK, 20, E0), (B20)
AQ — Afng) =Csp(QF. — Afng) + MK, E% K + MK, EL, K ) + M(K*, 2%, K™)
+ MK, 20 K + MK, 222D + MK, EGED) + MK, 22D + MK, ED;E0)

+ MK, 2020 + MK, EY 20 + MK, 2D ED) + MK, E,E19), (B21)

AR, = EFm) =Csp(Qf. = E. ) + MK, Q%00 + MK*,90:Q0) + M(x*,ELED + M(n*, Z,E))

+ M(p*,E%E) + M<p+,:;°,:'°) (B22)
AQ — Erng) =Csp(QF. = Eng) + MK, QY K ) + MK, Q%K) + MK, Q2,00 + MK, Q0,0

+ M, 2% 20 + M(nt 2L E :0) + M, 2% 20 + Mt 20, 20)

+ Mt ELED) + M 2L EN + M(pt,ELED + Mt 2D ED), (B23)

AQ], = Eim) =Csp(Q), — Efn) + MK, Q0,00 + M(K™,02%,Q0) + M(x*,EY ED) + M(n*, 2L, E)
+ M(p*,E5ED) + M(p*, B ED), (B24)

AQE — Eng) =Csp(QF, = Erng) + MK, Q% K™ + M(K*, Q% KM + M(KT,Q%,Q%) + M(K*,0%,Q0)

+ M(x*, 2%, 20 +M(n+,:;,:°) + M(x*,Z%ED) + Mt 20, E0)

+ M, ELED + M(pt 2L ED + Mt L ED + M(pt, 2D ED), (B25)
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AQE — i) = Csp(QF. — i) + MK, EY 20 + MK, E0;20) + MK, 2%, 20) + MK, 20, E09), (B26)
A, — ing) =Csp(QF. — Zrng) + MK, EY K™ + MK, EX K™) + M(K™,E% K)

+ MK Z0 KD + MK, EYED) + MK, ELED) + MK, ERED) + MK, ED; )

+ MK,2% 20 + MK, 2L ED) + MK, ED 2D + MK, 2D ED), (B27)
AQ], — A*K ) =Csp(Q}, — A*KO) + M ZYL K+ Mt ZR K + Mt YL K + Mt ER K

+ M, 2050 + Mt Z0 20 + Mt EL 2D + M, 2R 20 + MK, Q% ED)

+ MK, Q% ED) + MK, Q%20 + MK, Q0. 219), (B28)
AQL, - A% = MK EL K + MK EX K™) + MK, EL K + MK, ED; KT

+ MK,E%ED) + MK, ELED) + MK, EDED) + M(KT,E0,E10)

+ MK 2% 2D + MK, ELED) + MK, EDED) + MK, EDED), (B29)
AR, - EIKY) = T(Q, - EXK) + M(K™, B ¢) + MK, E; ) + M(K™ D mg) + M(K*,E ;). (B30)

A — Z0M) =T(QF. — E27) + M7, 22 0%) + M(x*, 20, 0% + M(p™, 2% 7%) + M(p*, 2 2%)

s =ic =i "_‘"

+ M(K*, Q% K*%) + M(K**,Q% K?), (B31)
+ —+70 + —+70 + 0 K + O0. p+ + 00.=0 0, =70
A, 5> EXK ) =Csp(Q, 5 EXK )+ M, QLK™ + M, QLKD) + M(at, QL) + M(rt, QL EY)
+M(p*,Q%E) + M(p* Q‘g,"go) (B32)
AR, = ETK®) =Csp(Qf. = EFK) + MK, 00" + MK ZL:p") + MK B2 ") + MK, ;)
+ MK, 225,00 + MK, 20— Q%) + M(K**, 2%, Q%) + M(K**, 210, Q0), (B33)

A, — En%) =Csp(Qf, = EXa%) + Mt Z%p") + M, Z0:p1) + M(p* Z% ) + M(p™, 2

s =i ,_‘L /e

+ MK, Q%K)+ MK, Q%K)+ M(x*, 2% 20 + M(n*, 2% 20) + M(a*, 2, "0)

"_'C 5 —

+ M, = :;0, 209+ Mp*, 2% E) + M, EYE0) + M(pt, 20 EY) + M+, 20 ED), (B34)

AET S TTKN =T (EH - K+ MK, AL 0% + MK, Z5 0) + MK, AL 7% + MK, 255 m8)

sy

+ MK AL ED + MK AL ED) + MK, Z5ED) + MK, E5E0) + MK, AT ED)

cr=¢c cr=c

+ MK, AL E)) + MK, 25 ED) + MK, 25 ED), (B35)

AET - I =T EH - 25t + M, AL 0% + M, Al 7% + MK, E8 K0+ MK, 204 K)

+ M(K*,E5 KO + M(K* 24 KO + Mt AL E0) + M, 25 50) + M(p*, AFE0)
+ Mt 25N + MK, ERED + MK, EDED) + MK ELED) + MK, ELED)

s =ic = s =—ic »=—¢

+ MK, E5 2D + MK, 2520 + MK, Z05 20 + MK, 204, E0) (B36)

y=ic s=ic />

AET - E++K ) =Csp(ELS — Z++EO)+M(JT+,::’,K*+)+M(7T+ BN KT+ Mt BN K

+ M" E KD + Mt E5ED + Mt 5 AN + Mt B S0 + M, 205 A
+ Mp* ELEN + Mt E5 AN + Mt B0 + M(p™ ELF A, (B37)
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AEH 5 SHEKY) =Csp(EH - THEO) + MK AL ) + MK St + MK, AL pt)
+ MK* S5 p0) + MK AL ED + MK AL ”'+)+M(K+ SED + MK EN

c>*=c »Secr=c

+ MK AFED) + MK AL ES) + MK S5 B + MK 55 B, (B38)

c>=¢c

ﬂ( —>E++ 0) CSD('—'++ —)2:+7T0)+M(7T+ A+;p+)+M(ﬂ,+’2:;p+)+M(p+ A+. +)+M(p+ 2+' +)
+ Mt AL+ M S AN + Mt AR SN + Mpt EH AT + MK, ER K

+ MK ES KDY+ MK EL KD+ MK ES KN+ MK ED EY

i =ic C"“_‘

+ MK ESLED) + MK ESED + MK ESEN + MK, ENED)

N '_‘L' 5=

+ MK EDEN + MK 2 ED + MK, B B (B39)

"_'C "_'C [}

AET S EFKN) =T (B - XKD+ MK EN p%) + MK, 2 w) + MK, 20400 + M(KT,E0F w)

s S

+ MK, B 70 + MK, 255 m8) + MK 05370 + MK, 20 mg) + M, ALK )

s=ic > 7'—'09

+M(n+,z:;E )+M(p+,A;;K )+ Mt ZH K )+M(1<+,::,¢>)+M(K+ =)

s

+ MK, E5Q0 + MK, E4,Q0) + MK, 25, Q0) + M(K*,Z/,Q%) + Mz, AFED)

9—‘c ’ c '

+ Mt AFED) + Mt S5 ED) + Mt S5 E0) + Mp™ AL EY) + Mt AT ED)

c>=c c>=c

+ Mt ZHEYD) + M(p*, 2 ED), (B40)

ﬂ(:::- H— +) T(:::- H— +)+M(ﬂ,+’::-’p )+M(7T+,:£+,p0)+M(p+ =+t. 0)+M(p+ =/+.

=i ’ =i ,
+M(7r+,":f,:0)+M(7r+,":,:’0) + Mt 2 ED) + Mt EED) + Mt 2R ED)

"_'C"_'

+ Mt EHED) + M, E5ED) + M(p* 2L ED), (B41)

AET 5 I =Csp(EH = S0 + M, 5550 + Mt AL AN + M(p* S5 5H) + M(p™, A A
+ M(K*ESED + MK B E) + MK E5ED + MK 204 B (B42)

"—‘(;7 c "_'C "_'C i

AEL = X ng) =Csp(E = Z ng) + M 25 X0 + Mt AL AD + Mt 252D + M(p* AL AY)

»=cerTce

+ MK ELKD) + MK E KD + MK ED KD+ MK ES S KD + MK ESES

+ MK ELED) + MK EED + MK ESESN) + MK 2D ES
+ MK ELED) + MK ESED + MK E BT

s =ic = > '—‘C > '—‘C s
(B43)
AEL - QK) = M, 2% K )+ M, 20K + Mo, 25K + Mo, 20 KD, (B44)
AE, - T K) =Csp(EL - TK )+ M, ES K + Mt 2% K + M(p*, E K
+ Mt LK)+ Mt EY 20 + Mt 2R 20 + Mpt, ELED) + M(pt,ED: ), (B45)
AE! - 2K =Csp(E!, - ZFK) + MK, 220" + MK, 20 77) + M(KF, 22, E0) + M(K*, 20, E0)
+ MK, 2020 + MK, 20,21, (B46)
AE! - 2% =Csp(E!, = ZH %) + M@ 220 + M, 2% 2) + MK, E% K + MK, ED K™
+ MK EL KD+ MK ER KD + M, 2020 + M(pt, 22020 + Mk, 22 ED)
+ MK, EYED) + MK, EDED + MK, EDE0) + MK, EYED) + MK, 22 E09)
+ MK, 2920 + MK, 20, E19), (B47)
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AE!, — i) =Csp(EL — Zin) + MK, 2L EY) + MK, E020) + MK, 22, E0)
)+ Mt 2020 + M, 20 20),

+M(K*+ =70, =0

’_'L ,u

ﬂ('—+ N 2+

=cc

EGKD + MK ED KT
+ MK, Z% 20 + MK, EYED) + MK, EDED) + M((KT,ELED) + MK, EYED)
+ MK ELEL) + MK ELED) + MK EL EQDM Z0 50 + M(p* 2% 50), (B49)
- 307 =T (&, - 20" + M(n*, 2% 0%) + M(p*, 2% 7%) + M(K*, 20, K*0) + M(K*,E0, K*0)
+ MK, 2% K% + MK, 2D, K0),

(B48)
n8) =Csp(EF, — Ting) + MK, ZL K + MK, Z; K*) + M(K

s+ ’—'0 K+

.ﬂ(._,“

AEL 5 K =Mt ELZH + Mt L AN + Mt ER N + Mt 20 AN + M(pt BT
+F Mt ELAD + Mt ED N + M(pt DAY,

(B50)

(B51)

AEL > T a) =Mt 55 I + Mt S5 AN + M. 5550 + M(p™ . 5 A + MK

+ MK ELED) + MK EDED + MK, ED E) + MK, EYE
+M(K*+,H?,:/+)+M(K*+,::0,:+)+M(K*+,H£‘0,:,+)

.ﬂ(._,“ ,OK+) T(“cc

EYED

(B52)

—x0 —0
ECK) + M@t 5K )+ Mt Z55K ) + MK E) )+ MK, ED; ¢)
+ MK, E% g) + MK, E ;).

(B53)
AE!, - E0) =T (&L - E07%) + Mt 2% 0°%) + M, EL: %) + M(p*, 2 7°%) + M(p*, 2 20), (B54)
EFKO) + MK Eph) + M(KT,E: ph) + MK, Edi )

+ MK EL )+ MK, EL Q) + MK, E2;:Q0) + MK, 22, Q0) + M(K*,21°,Q0)

+ M2 ED + Mt 2 B0 + Mt 252D + M(pt, 555 EL), (B55)
— 2%+ Mt 22 0 + Mt 2R o) + M(p*, 2L,

- —rt 20 -
AEL, - EFKY) =Csp(E].

0 —_
3{(_.“ £+7T )zCSD(C':-—C

LEL )+ Mpt B )
+ Mt 2% EY) + Mt 2L ED) + Mt 2R EY + Mt EDED) + M(pt, ESED)
+M(p+,:(c],:'0)+M(p+,:20,:0)+M(p+ =70, =70

"_'C"_'
"_‘C v'—‘ )
AQ, — QK =T(QF - QKD + M, Z% K ) + Mt 20K ) + Mp* EL K
+ M(K*, Q05 6) + MK™,Q0379),

=0.% —0
9= C’K )+M(p+3‘—‘: ’ )

(B56)

AQ, —>Z+K) =Cyp(Q, —>Z+K Y+ M(x
+M(p+ =70, K+

(B57)

EGKTY + Mt EL K + M(pt EY K

ED KD + Mt ELED) + ML ED D) + M(pt L ELED + Mp
+ MK, Q%20 + MK, Q% E0) + MK, Q% E) + MK, Q0 219), (B58)

AQE - %) =M EL K + MK ED K + MK, EL K + MK, ED KT

+ MK, EYED) + MK, ELED) + MK, EDZ0) + MK, ER ED) + MK, 22 ED)

+ MK, 2L ED) + MK, EDE)) + MK, 2,20

s =icr—c
3HL 7'—‘ )

+ =0, ZO

,_.C N

(B59)
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A, - 20) = MK, Z% K0 + MK, 20 K0+ MK, 2% K0) + MK, E0; KO), (B60)
AQE 5 ZHKT) =Mt ELEH + Mt B AN + Mt ER N + Mt 2D AN + M(pt L E T
+ M, EL AN + Mt EXED + Mt X AN + MK, Q%2 + MKT,Q0, 20
+ MK, Q% E5) + M(K*, Q% E), (B61)
AQE 5T =MK,EYLEND + MK EYEN) + MK, EDED) + MK, ED E) + MK, EYET)
+ MK EYLE + MK, EDED) + MK, ED 2, (B62)
AQ — EOK) = T(QF, — K + MK, E; ) + M(KT,ED; ) + MK, ED 1pg) + MK, 2 1pg), (B63)
AR, — Z0) =T(QF, — E%7) + Mn*, 22 0%) + M, E; %) + M(p*, 2% 72%) + M(p*, E; 7°)
+ MK, Q%K)+ M(K*, Q0 K?), (B64)
AQY, - Z K ) =Csp(@, = EFR ) + M, QL K™ + Mp*, Q%K)+ M(x, Q0 E0) + M(r*, Q% 210)
+ M(p* QLEDM(p* Q% ED), (B65)
A, - EFKY) =Csp(QF, — EF K + MK, EY: p") + M(KT,ED:p") + M(K* B %) + M(K*,ED; %)
+ M(K*EDQ0) + MK*, 2200 + MK, E):.Q0) + MK, E0:Q0), (B66)
A, - E %) =Csp(QF, — Z %) + M EY p") + Mt ERL p") + M, ES ) + M(pt B 1)
+ MK, Q%K)+ MK, Q%K)+ M(n, 2%, 20 + M, 2% 20 + Mt 21020
+ M 220 + Mt ELED + Mpt, ESED) + M, 2R ED) + Mt ED; ED). (B67)
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