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ABSTRACT: We investigate the nonleptonic two-body weak decays of the single bottom baryon
Q} into QX P(V) final states within the factorization framework. Employing this framework and
incorporating the contributions from the current-current operators, we compute the tree-level decay
amplitudes and decay widths of the Qf — QfP(V) processes in terms of the Qf — QF transition
form factors. Here, P and V denote pseudoscalar and vector mesons, respectively. Using the
form factors obtained in our previous work, we evaluate the numerical values of the decay widths
and branching fractions for all relevant weak channels. This study complements our previous
analysis of the semileptonic weak transitions 2} — Q}¢, reported in Ref. [1], thereby providing a
comprehensive investigation of all possible 2 — QF weak decays of the €} baryon.
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1 Introduction

One of the central topics in heavy baryon physics is the investigation of their decay modes, par-
ticularly weak transitions, which provide essential insights into the origin of CP violation, offer
stringent tests of the Standard Model (SM), constrain possible new physics effects, and assess the
reliability of theoretical approaches used to describe such processes. In theoretical studies, sig-
nificant progress has been achieved in understanding both the semileptonic and nonleptonic weak
decay processes. For semileptonic decays, the primary challenge is the evaluation of heavy-to-light
transition form factors, which encode nonperturbative QCD dynamics. These form factors have
been extensively investigated using a variety of QCD-based approaches and quark models [1-11].
Compared with semileptonic decays, the nonleptonic weak decays of heavy baryons involve more
intricate QCD dynamics due to strong interactions among the final state particles. Their theoretical
treatment typically relies on various factorization approaches originally developed for the study of
B-meson decays. The study of two-body nonleptonic B decays began with the naive factorization
approach [12-14]. However, this method exhibited certain limitations in describing specific decay
channels and was subsequently refined through the development of QCD factorization (QCDF) [15—
17]. The factorization framework has since been successfully applied to a wide range of hadronic
systems, including mesons [15, 18-30], exotic hadrons [31, 32], and baryons [33-38].

The €2} baryon is one of the fifteen single-heavy bottom baryons whose existence is predicted
by the quark model; however, its definitive experimental establishment remains challenging due
to current experimental limitations [1]. Since no Okubo-Zweig-Tizuka (OZI)-allowed strong decay
channels are available, this baryon is expected to decay only through electromagnetic and weak
interactions. Although the radiative transition Q; — 7y is allowed, the small hyperfine mass
splitting between the {2} and ), states results in the emission of a very soft photon, rendering its
detection extremely difficult in a hadron-collider environment [1, 39].



In this context, weak decays of the Q; baryon may provide a more promising avenue for its
experimental identification. Unlike radiative decays, weak decays do not rely on the reconstruction
of soft photons and instead produce final states containing charged hadrons and/or leptons, which
can be detected with high efficiency. In particular, semileptonic decays such as Qf — Qilvf
benefit from clean lepton triggers, while nonleptonic modes of the type Q) — Q;P(V) allow for
full reconstruction and invariant-mass analyses. Despite challenges related to limited production
rates and combinatorial backgrounds, these weak decay channels may offer a viable strategy for the
experimental observation of the Q7 baryon, especially at experiments such as LHCb.

Various strong, radiative, and semileptonic weak decay modes of € have been investigated in
previous studies [1, 39, 40]. In the present study, we employ the factorization approach to investigate
the nonleptonic two-body weak decays of the spin-% bottom baryon €2; to €f. This analysis is
intended as a complement to our earlier study of the semileptonic weak decays Q} — Qilw, [1],
with the aim of providing a comprehensive investigation of all possible weak decay channels of the
Qp baryon. Such a theoretical analysis may contribute to and support its eventual experimental
establishment. Under the diquark approximation, a baryon can be treated analogously to a meson,
which allows the factorization framework to be extended naturally to heavy baryon decays. We
perform a systematic study of the decays Qf — QfP(V), where P and V denote the pseudoscalar
and vector mesons, respectively. The analysis includes the contributions of the current-current
operators at leading order in the effective weak Hamiltonian. Using the factorization formalism,
we derive the decay amplitudes and decay widths in terms of the transition form factors of the
QF — QF process. Employing the form factors previously computed in our earlier work [1], we then
obtain numerical predictions for the decay widths and branching fractions of all relevant channels.
In this analysis, we neglect long-distance contributions arising from interactions between the P(V)
meson and the Q) Q% system, which are discussed in detail in Ref. [37]. Further information on the
higher order QCD corrections in terms of o for the baryonic and mesonic decays can also be found
in Refs. [36, 41-43].

The paper is organized as follows. Section 2 presents the theoretical framework of this study,
including the effective weak Hamiltonian, the factorization approach, and the derivation of the
decay amplitudes and decay widths. In Section 3, we provide the numerical analysis, where the form
factors, decay widths, and branching fractions are evaluated. The main conclusions are summarized
in Section 4. Finally, Appendix A contains the explicit expressions for the squared decay amplitudes.

2 Theoretical framework

In this section, we outline the theoretical framework of our analysis, including a brief review of the
effective weak Hamiltonian, the factorization approach, and the derivation of the decay amplitudes
and decay widths for the nonleptonic weak decays of the Q2 baryon.

2.1 Nonleptonic decays of {2

The dominant nonleptonic weak decays of €} proceed via the underlying quark-level transition
b — W~ec. Accordingly, in this study we focus on the nonleptonic decays 2} — Q:P(V). In these
processes, P denotes the pseudoscalar mesons 7=, K~, D~ and D, while V represents the vector
mesons p—, K*7, D*~ and D}~. These pseudoscalar and vector mesons in the final state originate
from the hadronization of the W~ boson, which decays into quark-antiquark pairs du, su, dé and
sc, respectively.

2.2 Effective weak Hamiltonian

To describe the weak decays of the ) baryon, it is essential to consider the corresponding effective
weak Hamiltonian. In these processes, three distinct energy scales are involved: my > my >



Agcp. The most suitable framework for such a multiscale problem is the Effective Field Theory
(EFT) approach, where the high energy degrees of freedom are integrated out and the interactions
are expressed through a series of local effective operators using the Operator Product Expansion
(OPE). In this formalism, all short-distance (high energy) effects above the scale my are encap-
sulated in the Wilson coefficients, which can be computed perturbatively order by order through
matching at the quark level. Accordingly, the effective weak Hamiltonian governing the nonlep-
tonic weak decays of €)}, corresponding to the underlying b — c transition at the tree-level, is given

by [44],
G
Herr =75 Voo Vg [C1() Q1 + Cap) Q2. (2.1)

The coefficients C;(p) and Ca(p) are the Wilson coefficients evaluated at the renormalization scale
1, while the corresponding current-current operators, Q1 and Q5 are defined as,

Q1= (Gigi)v—-a(Ebj)v—a, Q2= (Gqj)v-a(Cbi)v_a, (2.2)

where ¢ = d,s and ¢’ = u,c, while i, j denote the color indices. The vector minus axial-vector
current is given by (Gi1g2)v—a = @17 (1 — 75)q2.

The theoretical description of these tree-level nonleptonic weak decays of the 2; baryon can be
formulated through the evaluation of the matrix elements of the local effective operators between
appropriate hadronic states. The amplitudes of such processes can be effectively computed using
the naive factorization approach, in which the decay amplitude is expressed as the product of the
decay constant of the pseudoscalar (or vector) mesons P(V') and the weak transition form factors
governing the Q0 — 7 transition.

2.3 Factorization approach

In nonleptonic weak decays of hadrons, the final state typically involves at least three hadrons.
Consequently, the evaluation of the hadronic matrix elements of the local operators appearing
in the effective Hamiltonian, Eq. (2.1), represents a nonperturbative and technically challenging
problem. To simplify these challenging calculations, the factorization approach was proposed. The
earliest and most straightforward version of this method is the naive factorization approach [12-14].
To illustrate the underlying idea, consider a typical two-body decay of a heavy meson, such as M —
M Ms, where M7 denotes the recoiling meson containing the spectator quark, and Ms represents
the emitted meson produced directly from the weak current. The key assumption of factorization
is that the emitted meson My decouples from the remaining M M; system, a simplification known
as the vacuum insertion approximation. Under this assumption, the three hadron matrix element
factorizes into the product of a transition form factor and a decay constant. Although the naive
factorization approach describes color-allowed tree-level processes reasonably well [12-14, 28], it
fails for color-suppressed and penguin-induced transitions [36].

In this study, both the initial and final states involve heavy baryons, while the emitted meson
carries large momentum in the heavy-quark limit. Under the diquark approximation, a heavy baryon
can be treated analogously to a heavy meson, which allows the extension of factorization arguments
to baryonic decays. In this framework, soft gluon interactions between the energetic emitted meson
and the recoiling baryonic system are suppressed due to color transparency, particularly for energetic
pseudoscalar or vector mesons. Consequently, the leading contribution to the decay amplitude
factorizes into the product of a meson decay constant and a baryonic transition matrix element. The
inclusion of hard spectator-scattering effects would require modeling the internal structure of the
diquark via an additional form factor, which is currently not well constrained from first principles.
Therefore, following established studies of nonleptonic heavy baryon decays, such contributions are
commonly neglected at leading order [36, 37].



For the tree-level, color-allowed processes induced solely by current-current operators in the
Qf — QfP(V) transitions considered here, we adopt the naive factorization approach to compute
the nonleptonic decay amplitudes.

2.4 Decay amplitudes and decay widths

The decay amplitudes of the weak transition Qf — QP(V), corresponding to each four-quark
operator in the effective Hamiltonian given in Eq. (2.1), can be generally expressed in terms of the
hadronic matrix elements of these operators as follows,

Ai(Qy = QeP(V)) = (QP(V)[Hesr|0) = i;/g Verm Y CUQEP()IQIE) . (2:3)
l

As discussed in subsections 2.2 and 2.3, within the naive factorization approximation, these hadronic
matrix elements can be decomposed into the product of the decay constant of the emitted meson
P(V) and the form factors describing the Qf — 7 transition,

(QeP(V)|Qil2) = (P(V)(@rq2)v-al0) x (Q|(Erbe)v—al2) - (2.4)

By evaluating the hadronic matrix elements (QFP(V)|Q;|€2;) in Eq. (2.3) for each current-current
operator ()12 using Eq. (2.4) and performing a Fierz transformation to match the flavor quantum
numbers of the currents with those of the physical hadrons, the decay amplitude for the Q; —
O P(V) transition can be written as:

Ay = QcP(V)) = \G/g Voe Vagr ((QeP(V)[C1(1)Qu[$2) + (2 P(V)|Co (1) Q21€%))
=Gry, Vo ar(p) (P(V)[(@d;)v—al0) x (Q2](€b;)v-al€) - (2.5)

V2

For pseudoscalar and vector mesons, the decay amplitudes are explicitly given by,

A (p) = Q) Pa) =3gwcnz, ar (1) (P(0)]din (1 — 75)2]0) o
< (9 (0)]E (1 — 15)b51% ()
A (p) — 20V (0)) =3gvacv;;, @ () (V(@)|@ya(1 = 35)0) o

X (2 (P)1e (1 = 75)512% ()
where a1 () denotes the effective Wilson coefficient combination associated with the color-allowed
tree-level contribution, defined as,

1

ar(p) = Ci(p) + E@(“) ; (2.8)

with N, = 3 being the number of quark colors. In Egs. (2.6) and (2.7), the first matrix element can
be parametrized in terms of the mesons decay constants as follows,

(P(@)|iv.(1 = 75)q;[0) = ifpq , (2.9)

V(@)1@ivu(1 = 75)gi|0) = mv fve,, (2.10)

where fp and fiy, denote the decay constant of the pseudoscalar and vector mesons, respectively,
while my and €, represent the mass and polarization vector of the vector meson. The second matrix



element, (% (p")|¢;v,(1—"5)b;]Q; (p)), encodes the nonperturbative dynamics of the 0y — Q0 weak
transition and is expressed in terms of the corresponding form factors [1],

* = * —Q . Qv q
(€ @)]ejvu(1 = 5)bs[925 (p)) = ug: (0, 8) [gaﬁ (wFl(qg) — 0 ——F(¢%) + = Fs(qQ))
. mey max
4op ( Pl — o g2y W 2) (Yands = 98uda) f; 2} 8
+ 2, Vula(q”) . 5(q7) + - 6(q”) +—mﬂz 7(¢7) | ug, (p, )

— . qv q daq,
~ 50 (905 (WO ) o Ciala?) + - Gale?)) + 5 (Gala?)
b b

; Qv 4 Jopdp — 9puda
0 G (0%) + - Gol(e?) ) + %Gmﬂ)} % Uy (P:5) (211)
b b b

*
b

where ¢ = p — p’ denotes the transferred momentum, with p and p’ being the four-momenta of the
initial and final baryons, respectively.

At this stage, the decay amplitudes for the f — QfP(V) transitions can be computed using
the relations introduced above. For the weak decay € — 2P, where the final state contains a
pseudoscalar meson, substituting Egs. (2.9) and (2.11) into Eq. (2.6) and performing the required
algebraic manipulations lead to the following expression for the decay amplitude:

Gr 2

Ap(2(p) = Q) P(q) =i 75 ViV (7 [((mgg —ma) Fi(q) + = F3(q2))
b
o me; — Mma; 'S o
9as s (08 sy (9, 8) = (2 Fu(q?) + —5— Fo(q®) ) paloty, (s gy, (9 5)
2 2
2
q —a
+ ((ma; +ma)G1(2%) — —Gs() ) sy, (o ' Vrstuy; (0. 5)
b
mo; + ma; 'S o
- ( . 2 G4(q2) - 3 Gﬁ(q2)>pap23uﬂé‘ (p/75/)75ugz (pa S):| . (212)
ng sz

For the weak decay € — 3V, where the final state contains a vector meson, substituting
Egs. (2.10) and (2.11) into Eq. (2.7) and carrying out the necessary algebraic manipulations yield:

Av (9 (p) > WV @) = T5VheVig ar(wrmy fye [ (F(6) + YY)
2

s (0, 8 )iy (0, 8) = —— Fa(4°)P)gaps. (0, ' Yuly: (b, 5)

mQ;
1 mqr + maosx _
— (o Fue®) + R B (62) ) ey, (0 ) vy, (0 9)
Moy Mo b
2 _ _
+ — Fx (qz)pgpap'ﬁugz (', s')ugZ (p,s) — pray (gaup,/ﬁ + g,eppa)F7(q2)u3: ', S’)ugg (p,s)
Q; b
maox* — mQ: B
(= 61(@) + = G() ) g, (0 Py (0. 9)
b
2 _
o Gala D9y (5 1500y (b 5)
b
1 mqy — Mo _
+ (m2 Galq®) — %73(;5((12))100429/5”?1; ', S’)vws,ufz; (p,s)
2 @

2 _
— oG (@)L pably T, (0 ') vy (0 ) +

Q*

o~ (9ouPs + 9pupa) G7(a*) g (1, S')%ug; (p, 8)] :
b b

(2.13)



’ meson ‘ fpvy(MeV) mp(yy(MeV) ‘ Quantity ‘ Value

= 131 139.57 £0.00017 | mq; (6084 + 84) MeV
K= | 155.72+0.51 | 493.677+0.013 | maq: (2765.9 + 2) MeV
D~ | 2037447 | 1869.66+0.05 Gr 1.17 x 10™° GeV 2
DI | 257.8+4.1 | 1968.30+0.07 [Viel 0.0422 + 0.00008
P~ 216 775.26 +0.23 Viud| 0.9742 4 0.00021
K= 210 891.67 +0.26 Vs | 0.2243 + 0.0005
D*~ 230 2010.26 + 0.05 Ve 0.218 + 0.004
D*- 271 2112.2 4 0.4 Vsl 0.997 + 0.017

Table 1. Decay constants and masses of the final state pseudoscalar and vector mesons. The CKM matrix
elements are also included.

The decay widths of the nonleptonic 2} — QP (V) transitions can be obtained by applying
the following general relations:

* * 1 2y, 2 2 2

Ly — Qp) = WMP' A2 (mQ’g7mQ;7mP)' (2.14)
* * 1 1

PO = Q1Y) = AV A G s ). (2.15)

where \(z,y,2) = 22 + y? + 22 — 22y — 222 — 2y2 is the usual triangle function. We evaluate
Egs. (2.12) and (2.14) at ¢> = m% for pseudoscalar mesons, and Eqs. (2.13), (2.15) at ¢> = m$, for
vector mesons, corresponding to the physical kinematics of the respective final states. The explicit
expressions for the squared amplitudes, |Ap|? and | Ay |?, are provided in Appendix A.

3 Numerical Results

In this section, we first summarize the input parameters employed in our numerical analysis. Utiliz-
ing these parameters, we calculate the decay widths and branching fractions for the two categories
of nonleptonic €} decays, namely Qy — QX P(V), by applying Egs. (A.1), (2.14), (A.2), and (2.15).

3.1 Input parameters

The input parameters employed in the numerical calculations are summarized in Table 1 [32, 37, 45].
This table lists the decay constants and masses of the final state mesons, as well as the relevant CKM
matrix elements. The Wilson coefficients Cy(u = my) and Co(p = my), including next-to-leading
order QCD corrections, are taken from Ref. [32],

Ci(my) = 1.117,  Cy(my) = —0.257. (3.1)

3.2 Form factors

An essential ingredient in the calculation of the decay widths for the Qf — QP (V) transitions is
the set of form factors governing the QF — € transition. As introduced in Eq. (2.11), these form
factors capture the nonperturbative dynamics of the baryonic transition. In the present work, we



Process Fi(m3%) F3(m3) Fy(m3%) Fs(m3%)
Qf - Qir~ | 921£1.05 | —0.60+0.05 | —3.27+0.32 | —0.85+0.08
QF - UK~ | 930+1.06 | —0.60+£0.05 | —3.31+£0.32 | —0.86 £ 0.09
Q= QD™ | 10.83+1.23 | =0.70£0.06 | —3.93+0.38 | —1.09 £ 0.11
QO = Q;D; | 11.03+1.25 | —0.71£0.06 | —4.02£0.39 | —1.124+0.12

Table 2. The vector form factors contributing to the processes with a pesudoscalar meson in the final
state.

Process ‘ G1(m%) ‘ G3(m%) ‘ Ga(m?) ‘ Go(m?) ‘
Q = Qim~ | 3.07£0.29 | —2.344+0.27 | 3.41£0.33 | —=3.16 £ 0.33
Q - QK | 3.09£0.30 | —2.36 £0.28 | 3.45+£0.33 | —3.21 £0.34
QF = QD™ | 3.34+0.32 | —2.76 £0.32 | 4.03£0.40 | —4.00 % 0.42
QF = QD | 337+0.33 | —2.81+£0.32 | 411+£0.40 | —4.114+0.43

Table 3. The axial vector form factors contributing to the processes with a pseudoscalar meson in the final

state.
Process Fi(m%) Fy(m?) Fy(m%) F5(m%) Fr(m?)
Qp — Qip~ 9.454+1.08 | =3.57+0.45 | —3.37+£0.33 | 3.02+0.30 | 2.52 +0.21
Qp = QFK* | 9.564+1.08 | —=3.60+£0.46 | —3.404+0.33 | 3.05£0.30 | 2.54+0.21
Qp — QED* | 11.12+£1.27 | —4.24£0.54 | —4.06+0.39 | 3.78 £0.37 | 2.91+0.24
Qp = QD™ | 11.36+£1.29 | —4.34£0.55 | —4.16 £0.40 | 3.89+0.38 | 2.97+0.25

Table 4. The vector form factors contributing to the processes with a vector meson in the final state.

employ the form factors obtained in our previous study [1], where they were calculated in detail for
the semileptonic € — %¢v, decays. These form factors are parameterized as follows,

Fi1(0)
2 2 2 2 3 2 4.
t-o () +o (i) +e (5) +a ()

The relevant form factors are subsequently evaluated at ¢> = m% and ¢*> = m2, for the processes
with pseudoscalar and vector mesons in the final states, respectively. These values are then inserted
into Egs. (2.14) and (2.15) to determine the corresponding decay widths. The resulting numerical
values for the form factors across the different decay channels are summarized in Tables 2, 3, 4,

(3.2)

Fi(q?) =

and 5.

3.3 Qp — Qi P decays

In these decay channels, the final mesonic state is a pseudoscalar meson, specifically 7=, K—, D~
and D, . The decay widths were computed using the input parameters and form factors listed in
Tables 1, 2, and 3, together with Egs. (A.1) and (2.14). The obtained results are presented in
Table 6.



Process Gi1(m3) Ga(m?) Ga(m?) G5(m?) G7(m3,)
Qp — QZp~ | 312+£0.30 | —2.714+0.30 | 3.51+0.33 | 0.48 £0.05 | —0.27 £0.05
Qp = QEK*™ | 3.13+£0.30 | —2.73+0.30 | 3.54£0.34 | 0.48£0.05 | —0.27 +0.05
Qp = Q:D*~ | 3394+0.32 | —3.24+0.36 | 4.14+£0.40 | 0.58+0.06 | —0.30 % 0.06
Qp = Q;D;~ | 3424033 | —3.31£0.37 | 4.234+0.41 | 0.59£0.07 | —0.31 +0.06

Table 5. The axial vector form factors contributing to the processes with a vector meson in the final state.

| Process | Qo | o ook | o op- | oo |

| T4(GeV) | 5.59718 x 10713 | 4187092 x 10714 | 6307155 x 10714 | 2125053 x 1012 |

Table 6. The decay widths of the Qf — QF P transitions.

| Process | o | ook | oo | oo |

| Tu(GeV) | 1475082 x 10712 | 7287178 x 1071 | 6447150 x 10714 | 1707042 x 1012 |

Table 7. The decay widths of the QF — Qs V transitions.

3.4 Q; — QIV decays

In these decay channels, the final mesonic state is a vector meson, namely p~, K*~, D*~ and D} .
The decay widths were evaluated using the input parameters and form factors listed in Tables 1, 4,
and 5, together with Eqgs. (A.2) and (2.15). The resulting decay widths are summarized in Table 7.

3.5 All O — ) weak decays

As discussed in our previous work [1], we performed a detailed analysis of the semileptonic weak
decay €1y — Qifv,. In the present study, we adopt the decay width of these processes from that
work and combine it with the results obtained in subsections 3.3 and 3.4 to determine the branching
fractions across all £2; — Q7 weak decay channels. The resulting branching fractions are presented
in Table 8. For the semileptonic channels, we adopt the total decay width 6.797157 x 10712 GeV
obtained in Ref. [1], which corresponds to a branching fraction of 52.3%. The nonleptonic decay
modes considered in the present analysis yield a combined decay width of 6.18fﬁ§ x 10712 GeV,
corresponding to a branching fraction of 47.7%. The branching fractions reported in Table 8 are
normalized with respect to the total weak decay width obtained by combining the semileptonic
channels from Ref. [1] and the nonleptonic channels analyzed in this work. Among the nonleptonic
transitions, the Cabibbo-suppressed processes )y — XK, QfF — Q:D~, Q; — Q;K~, and
Qp — Q7 D~ exhibit the smallest decay widths and branching fractions.

4 Conclusions

The experimental observation of the 2} baryon remains challenging, which underscores the impor-
tance of theoretical investigations of its weak decay channels. In this work, we have conducted
a comprehensive analysis of the nonleptonic weak decays Q; — Q¥P(V), within the factorization
framework, a method that has proven reliable for studying two-body baryonic decays with a meson
in the final state. Utilizing the Qf — €} transition form factors obtained in Ref. [1], we have



Process I'i(GeV) Branching fraction

Qr — Qi 6.797157 x 10712 52.3%
QF — Qi 5.59713% x 10713 4.3%
QF = QK- 4187099 x 10714 0.32%
QF — QD 6.397155 x 1014 0.50%
QF — Q:D; 2.1275:23 x 10712 16.3%
QF — Qp~ 1471032 x 10712 11.3%
QF — QK 7.281 78 x 10714 0.60%
QF — Q:D* 6.4471:5% x 10714 0.50%
QF — QDI 1.7970:42 5 10712 13.8%
Total (QF — Q:X) | 12.9773:98 x 10712 100%

Table 8. The decay widths and branching fractions of all weak decay channels of the 2 baryon.

calculated the decay amplitudes, decay widths, and branching fractions for all relevant nonlep-
tonic channels. The numerical results are summarized in Table 8. Our findings indicate that the
semileptonic weak decays account for approximately 52.3% of the total branching fraction, while
nonleptonic weak decays contribute about 47.7%, emphasizing the significant role of nonleptonic
channels in the overall weak decay dynamics of the € baryon. For the complete set of weak decay
modes considered in this study and in our earlier work [1], we obtained a total decay width of
12.9775:9% x 10712 GeV. Together with Ref. [1], the present study provides a purely theoretical
framework and quantitative predictions that may assist and support the eventual experimental
establishment of the {2} state.

A Amplitude squared

The squared amplitude for the processes with a pseudoscalar meson in the final state (i.e., the
squared modulus of the amplitude Ap (2 — QfP)) is expressed as,

1
Ap[? = SCHVaclIVay a3 () £3{

_ 28 myg B 2m§1 4 8m(2l i 40mb}
9 9my 9Imy, 9

28m,  2m3  8m?2 40mb}

- ( - ;nj; G(mp) +my Gl(m%))z {
b

+ ( mi F3(m%) +m_ Fl(mfp))z[

mQ; 9 9mb 9mb 9
m2 m2 m_ 2m2  m? m3
o 2( P F 2 ,F 2 ) ( P F 2 F 2 ) |: _ a a a
mag 3(mp) +m_Fi(mp) mg; 6(mp) + m%; 4(mp) 9 + om? + 3
Amamy  8mj mp 2 2 mp 2 m4 2
- o= 2oy s Gt (- 2 ot + B )
o [sz m + m3 dmgmy, Smﬂ
9 9mZ  3my, 3 9
2 214 3 5 4 8 2 8 2 16m3
mp 2 m4 2 myg, Mg, myg, MMM Mg MMy, b
L N R |
( mj, o(mp) + m3, Amp)) 179"~ T3z o 9 9 9



2 _ 2 4m3 5 4 8m?2 8mem?  16m?
mP 2 m 2 ) |: ma ma ma mamb aTly, b:| }
F F, — —
* (m%* s(mp) + g Falm) o "18mZ T om, 9 9 9 15
b b
(A1)

Similarly, the squared amplitude for the processes with a vector meson in the final state (i.e., the
squared modulus of the amplitude Ay (Qf — Q%V)) is given by,
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where the quantities my, m_, mgy, my, and m,. are defined as follows:

M4 = mqor +mqx,

mp = Mo mo: ,

2 2
Me = Mg: + Mg,

2 2 2
Mm_ =Mmaz —Ma:, Ma =My + Mgy —Mp,

—md

In the derivation of Egs. (A.1) and (A.2), the following relations have been employed [1, 37]:
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