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Two-body weak decays of doubly charmed baryons
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The hadronic two-body weak decays of the doubly charmed baryons Z/.", 5., and QF, are studied in
this work. To estimate the nonfactorizable contributions, we work in the pole model for the P-wave
amplitudes and current algebra for S-wave ones. For the £}, - 2zt mode, we find a large destructive
interference between factorizable and nonfactorizable contributions for both S- and P-wave amplitudes.
Our prediction of ~0.70% for its branching fraction is smaller than the earlier estimates in which
nonfactorizable effects were not considered, but agrees nicely with the result based on an entirely different
approach, namely, the covariant confined quark model. On the contrary, a large constructive interference
was found in the P-wave amplitude by Dhir and Sharma, leading to a branching fraction of order (7-16)%.
Using the current results for the absolute branching fractions of (A}, Ef) — pK~z* and the LHCb
measurement of /" — Ef 7" relative to Ef;" — AFK~ 7" x", we obtain B(E!" — Ef a7 ), ~ (1.83 +
1.01)% after employing the latest prediction of B(E}:" — Zf*+K*0). Our prediction of B(Ef" — Efz27) ~
0.7% 1is thus consistent with the experimental value but in the lower end. It is important to pin down the
branching fraction of this mode in future study. Factorizable and nonfactorizable S-wave amplitudes
interfere constructively in 2%, — 2977, Its large branching fraction of order 4% may enable experimen-
talists to search for the Z%, through this mode. That is, the E, is reconstructed through the =, — E0z+
followed by the decay chain 2% — 2~ 727 — pz~n~z". Besides B/, — E0z*, the Ef, — EF(°, 1) modes
also receive large nonfactorizable contributions to their S-wave amplitudes. Hence, they have large
branching fractions among =}, — B, + P channels. Nonfactorizable amplitudes in 2f;" - ="z and

Q¥ — E+ KO are very small compared to the factorizable ones owing to the Pati-Woo theorem for the inner

W-emission amplitude. Likewise, nonfactorizable S-wave amplitudes in 2, — 2/ (z°, ) decays are also

suppressed by the same mechanism.

DOI: 10.1103/PhysRevD.101.034034

I. INTRODUCTION

The doubly charmed baryon state E/;" was first dis-
covered by the LHCD in the weak decay mode A7 K=zt z™
[1] and subsequently confirmed in another mode Ef 7+ [2].
Its lifetime was also measured by the LHCb to be [3]

Tz = 0.2561 0053 (stat) + 0.014(syst) ps. (1)
The updated mass is given by [4]

mg++ = 3621.55 +0.23 &+ 0.30 MeV. (2)
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As the first two-body weak decay Efz" of the doubly
charmed baryon E/." was reported by the LHCb with the
result [2]

BEL — Eint) x BE! ~ pK-r)
BE > AfK ntzt) x B(Af - pK~zn™)
— 0.035 = 0.009(stat) - 0.003(syst), 3)

we would like to investigate in this work the nonleptonic
two-body decays of doubly charmed baryons ", 2. and
Q.. This has been studied intensively in the literature
[5-18]. Many authors [7,12,14,18] considered only the
factorizable contributions from the external W-emission
governed by the Wilson coefficient a,. It is well known that
in charmed baryon decays, nonfactorizable contributions
from W-exchange or inner W-emission diagrams play an
essential role and they cannot be neglected, in contrast with
the negligible effects in heavy meson decays. Unlike the
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meson case, W-exchange is no longer subject to helicity
and color suppression. The experimental measurements of
the decays A} — Xz+, Z+2% and E°K*, which do not
receive any factorizable contributions, indicate that W-
exchange and inner W-emission indeed are important in
charmed baryon decays. By the same token, it is expected
that nonfactorizable contributions are also important in
doubly charmed baryon decays.

In the 1990s various approaches were developed to
describe the nonfactorizable effects in hadronic decays
of singly charmed baryons A, =0, and QY. These include
the covariant confined quark model [19,20], the pole model
[21-24], and current algebra [23,25]. In the same vein,
some of these techniques have been applied to the study of
W-exchange in doubly charmed baryon decays. For exam-
ple, W-exchange contributions to the P-wave amplitude
were estimated by Dhir and Sharma [8,10] using the pole
model. However, nonfactorizable corrections to the S-wave
amplitudes were not addressed by them. Likewise, long-
distance effects due to W-exchange have been estimated in
[11,13,17] within the framework of the covariant confined
quark model. Long-distance contributions due to W-
exchange or inner W-emission were modeled as final-state
rescattering effects in [6,15]. This approach has been
applied to B.. — B.V (V: vector meson) [15].

In the pole model, nonfactorizable S- and P-wave
amplitudes for 1/2% — 1/2" + 0~ decays are dominated
by 1/2~ low-lying baryon resonances and 1/2" ground-
state baryon poles, respectively. However, the estimation of
pole amplitudes is a difficult and nontrivial task since it
involves weak baryon matrix elements and strong coupling
constants of %* and %‘ baryon states. As a consequence, the
evaluation of pole diagrams is far more uncertain than the
factorizable terms. This is the case in particular for S-wave
terms as they require the information of the troublesome
negative-parity baryon resonances which are not well
understood in the quark model. This is the main reason
why the nonfactorizable S-wave amplitudes of doubly
charmed baryon decays were not considered in [8,10]
within the pole model.

It is well known that the pole model is reduced to current
algebra for S-wave amplitudes in the soft pseudoscalar-
meson limit. In the soft-meson limit, the intermediate
excited 1/27 states in the S-wave amplitude can be
summed up and reduced to a commutator term. Using
the relation [Q¢, HYY] = —[Q% HE§], the parity-violating
(PV) amplitude is simplified to a simple commutator term
expressed in terms of parity-conserving (PC) matrix ele-
ments. Therefore, the great advantage of current algebra is
that the evaluation of the parity-violating S-wave amplitude
does not require the information of the negative-parity 1/2~
poles. Although the pseudoscalar meson produced in B, —
B+ P decays is in general not truly soft, current algebra
seems to work empirically well for A7 — B + P decays
[26,27]. Moreover, the predicted negative decay

asymmetries by current algebra for both A} — Xtz
and X°z" agree in sign with the recent BESIII measure-
ments [28] (see [26,27] for details). In contrast, the pole
model or the covariant quark model and its variant always
leads to a positive decay asymmetry for aforementioned
two modes. Therefore, in this work we shall follow [26,27]
to work out the nonfactorizable S-wave amplitudes in
doubly charmed baryon decays using current algebra and
the W-exchange contributions to P-wave ones using the
pole model.

In short, there exist three entirely distinct approaches for
tackling the nonfactorizable contributions in doubly
charmed baryon decays: the covariant confined quark
model (CCQM), final-state rescattering, and the pole model
in conjunction with current algebra. As stressed in
[11,13,17], the evaluation of the W-exchange diagrams
in CCQM is technically quite demanding since it involves a
three-loop calculation. The calculation of triangle diagrams
for final-state rescattering is also rather tedious. Among
these different analyses, current algebra plus the pole model
turns out to be the simplest one.

Since the decay rates and decay asymmetries are
sensitive to the relative sign between factorizable and
nonfactorizable amplitudes, it is important to evaluate all
the unknown parameters in the model in a globally
consistent convention to ensure the correctness of their
relative signs once the wave function convention is fixed. In
our framework, there are three important quantities: form
factors, baryonic matrix elements and axial-vector form
factors. All of them will be evaluated in the MIT bag model.
We shall see later that the branching fractions of =" —
Efat and . — Z%" modes are quite sensitive to their
interference patterns.

This paper is organized as follows. In Sec. II we set up
the framework for the analysis of hadronic weak decays of
doubly charmed baryons, including the topological dia-
grams and the formalism for describing factorizable and
nonfactorizable terms. We present the explicit expressions
of nonfactorizable amplitudes for both S- and P-waves.
Baryon matrix elements and axial-vector form factors
calculated in the MIT bag model are also summarized.
Numerical results and discussions are presented in Sec. III.
A conclusion will be given in Sec. IV. In the Appendix, we
write down the doubly charmed baryon wave functions to
fix our convention.

II. THEORETICAL FRAMEWORK

In this work we shall follow [22,23] closely with many
quantities and operators well defined in these references.

A. Topological diagrams

More than two decades ago, Chau, Tseng and one of us
(HYC) have presented a general formulation of the topo-
logical-diagram scheme for the nonleptonic weak decays of
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Topological diagrams contributing to 5. — B, + P decays: external W-emission 7, internal W-emission C, inner W-emission

C', W-exchange diagrams E; and E,, where ¢ = u, d, s and ¢’ = d, s.

baryons [29], which was then applied to all the decays of
the antitriplet and sextet charmed baryons. For the weak
decays B.. — B, + P of interest in this work, the relevant
topological diagrams are the external W-emission 7', the
internal W-emission C, the inner W-emission C’, and the
W-exchange diagrams E; as well as E, as depicted in
Fig. 1. Among them, 7 and C are factorizable, while C" and
W-exchange give nonfactorizable contributions. The rel-
evant topological diagrams for all Cabibbo-favored decay
modes of doubly charmed baryons are shown in Table I.

We notice from Table I that (i) there are two purely
factorizable modes: Zff — K% and Q. — Qlzt,
(i) the W-exchange contribution manifests only in
Ef. decays, and (iii) the topological amplitude C’ in
Bl > Efat, EL ->EHa%n), and Qf, - EFK°
should vanish because of the Pati-Woo theorem [30] which
results from the facts that the (V — A) x (V — A) structure
of weak interactions is invariant under the Fierz trans-
formation and that the baryon wave function is color
antisymmetric. This theorem requires that the quark pair
in a baryon produced by weak interactions be

antisymmetric in flavor. Since the sextet 2. is symmetric
in light quark flavor, it cannot contribute to C’. We shall see
below that this feature is indeed confirmed in realistic
calculations.

B. Kinematics
The amplitude for two-body weak decay B; — B;P is
given as
where B;(By) is the initial (final) baryon and P is a

pseudoscalar meson. The decay width and up-down decay
asymmetry are given by

F_pc (mi+mf)2_m%’A2 (mi_mf)z_m%’Bz
_g m2 | | + m2 | | ’
i i
_ 2xRe(A*B) (5)
AP+ B

TABLE 1. Topological diagrams contributing to two-body Cabibbo-favored decays of the doubly charmed
=t++ =+ +

baryons E77, 5., and Q..
=F Contributions =L Contributions QL Contributions
Bl - KO C BEf — Bipt T,E, Qf - Qnt T
B> Eiat T, C BEf - 5;0@ T,E, Q. - 5 1{0 C
Bt - Bt T, C Ef > AfK° C,E, Qi — =K Cc

=+ + 10

Zee g ZC K C, E2

B - Efad CE,

=t =40 /

R CE,

5t 5 8 4

—'cc_)—'jr] C7E13E2

= =02 !

L > Efy C,E\,E,

=+ ++ g

Bi. > XK E,

=+ 0 g+

=2 - QK E,
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where p. is the three-momentum in the rest
frame of the mother particle and x = p./(E; +my) =
V/(Ef —my)/(E; 4 my). The S- and P- wave amplitudes
of the two-body decay generally receive both factorizable
and nonfactorizable contributions

A= Afac +Anf’ B = Bfac + an‘ (6)

Gr

Heff = ﬁ

VCSV’,;d(qu + C202) + H.C.,

0, = (5¢)(ud),

C. Factorizable amplitudes

The description of the factorizable contributions of the
doubly charmed baryon decay B.. — B_.P is based on the
effective Hamiltonian approach. In the following we will
give explicitly the factorizable contribution of S- and P-
wave amplitudes.

The effective Hamiltonian for the Cabibbo-favored
process reads

0, = (uc)(3d), (7192) = g7, (1 =75)q2,  (7)

where ¢; and ¢, are Wilson coefficients. Under the factorization hypothesis the amplitude can be written as

M= <PBC|Heff|Bcc> = v

V2

Gr *
=L VCSVudal

(P|(ad)|0)(B.[(5¢)|Bec), P =x,
75 VesViaar (PI(5d)|0) (Be| () | Be..)

- (®)

where a; = ¢ + 3. a, = ¢; + 3~ One-body and two-body matrix elements of the current are parametrized in terms of

decay constants and form factors, respectively,

(K(q)[s7,(1 = 75)d|0) = if kg,

with f, = 132 MeV, fx = 160 MeV and

(z(q)|ay, (1 —75)d|0) = ifzq,. ©)

(Belp2ler, (1 =15 B p) = | F 0, =10 Vi By 1) o (1P 1= ()i S () )15

M M M

(10)

with the initial particle mass M and the momentum transfer ¢ = p; — p,. Then the factorizable amplitude has the

expression

M(B.. — B.P) = i&dl,zvzdvcsfpﬁz(m)[(ml —my) f1(q*) + (my + my)g1(q*)ys|u (p1). (11)
V2

where we have neglected the contributions from the form
factors f3 and g3.1
Hence,

G
ARe = =L g Ve Ve fp(mg, —mp ) f1(4?),

V2

. G
Bfac — ——F01,2V:,dvcsfP<chc + mBC)gl (qz)' (12)

V2

'To see the possible corrections from the form factors f5 and
g3 for kaon or n production in the final state, we notice that
mp/m3 = 0.047 for the kaon and 0.057 for the . Since the form
factor f3 is much smaller than f| (see, e.g., Table IV of [31]),
while g5 is of the same order as g, it follows that the form factor
f3 can be safely neglected in the factorizable amplitude, while g;
could make ~5% corrections for kaon or # production. For
simplicity, we will drop all the contributions from f3 and g;.

There are two different nonperturbative parameters in the
factorizable amplitudes: the decay constant and the form
factor. Unlike the decay constant, which can be measured
directly by experiment, the form factor is less known
experimentally. Form factors defined in Eq. (10) have been
evaluated in various models: the MIT bag model [32], the
nonrelativistic quark model [32], heavy quark effective
theory [33], the light-front quark model [7,18], and light-
cone sum rules [12].

In this work we shall follow the assumption of nearest
pole dominance [34] to write down the ¢> dependence of
form factors as

£i(0)
(1-¢*/m})*

(n2) — (A2 — gi(o)
fi(a®) 9:(q°) =g/ (13)
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TABLE II. The calculated form factors with ¢ — s transition in the MIT bag model at maximum four-momentum transfer squared

4> = ghax = (m; —my)? and at ¢*> = mj.

Modes J1(Gmax) F1(mp) ] f1(qhax) fi(mp) 91 (Gmax) 91(m3)/ 91 (qmax) g1(mp)
B - KO Y, 0.540 0.476 %Yz 0.673 0.862
BN - Efat @ Ys 0.496 0.577 % Y3 0.634 0.222
Bl > Bt @ Ys 0.575 0.386 %5 Y3 0.695 0.703
Ef - AFKO @ Y, 0.487 0.526 @ Y, 0.632 0.198
Ef - KO @ Y, 0.622 0.388 %5 Y, 0.734 0.665
Bf - 80t @ Y3 0.572 0.666 \/TE Y3 0.693 0.243
BEf = B0zt ¢T§ Y 0.648 0.435 %5 Y3 0.749 0.758
Qf — Qlzt Y3 0.532 0.505 %Y; 0.661 0.947
Q. —» EFXK° _ \/75 Y, 0.406 —0.438 _ % Y, 0.568 -0.178
Qf - EHK° @ Y, 0.495 0.309 %5 Y, 0.638 0.578

where my = 2.01 GeV, m, = 2.42 GeV for the (cd) quark content, and m, = 2.11 GeV, m, = 2.54 GeV for the (c5)
quark content. In the zero recoil limit where g2, = (m; —mf)z, the form factors are expressed in the MIT bag
model to be [23]

" ghs) = (B0 1B1) [ el () (1) 5 0, (04, 1),

ngfBi (Qrznax> = <BfT|b21blho-z‘BiT> / &r (uql(r)uq2<r) _%Uql(r)l)(h(r))’ (14)

where u(r) and v(r) are the large and small components, respectively, of the quark wave function in the bag model. Form
factors at different ¢° are related by

(1-qi/my) (1 - qt/m3)?
T oaafildd).  g(@d) = 5—5 55 0(q0). (15)
S SR (1= gg/mi)2

Numerical results of the form factors at ¢g> = m2 for various B,. — B, transitions are shown in Table II. In the calculation
we have defined the bag integrals

fi(qg) =

Y, = 471/ rdr(u,u, + v,v,) = 0.8825, Yy = 47:/ r2dr(ugu. + v,v.) = 0.9500,

1 1
Y, = 471/ r’dr (uuuc - 3vuvc> = 0.7686, VS = 47z/ rzdr<usuc - 31)S1Jc> =0.8588. (16)

TABLE III.  Form factors f,(¢?) and g, (¢?) at g> = m? for various B,. — B, transitions evaluated in the MIT bag model, the light-
front quark models, LFQM() [7] and LFQM(II) [18], and QCD sum rules (QSR) [12].

S (mzzz) 91 (mﬁ)
B.. — B. MIT LFQM() LFQM(I) QSR MIT LFQM() LFQM(II) QSR
ORI 0.577 0.920 0.734 0.664 0.222 0.259 0.172 0.095
ORI 0.386 0.541 0.407 0.360 0.703 0.731 0.496 0.208
L - Eg 0.606 0.920 0.734 0.664 0.243 0.259 0.172 0.095
=L - Eﬁ) 0.435 0.541 0.407 0.360 0.758 0.731 0.496 0.208
Ql. — Qg 0.505 0.758 0.420 0.947 1.025 0.150
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In Table III we compare the form factors evaluated in the
MIT bag model with the recent calculations based on the
light-front quark model (LFQM) [7,18] and light-cone sum
rules (QSR) [12]. There are two different LFQM calcu-
lations denoted by LFQM() [7] and LFQMUI) [18],
respectively. They differ in the inner structure of B,.. —
B, transition: a quark-diquark picture of charmed baryons
in the former and a three-quark picture in the latter. We see
from Table III that form factors are in general largest in
LFQM(I) and smallest in QSR.

D. Nonfactorizable amplitudes

We shall adopt the pole model to describe the non-
factorizable contributions. The general formulas for A (S-
wave) and B (P-wave) terms in the pole model are given by

|:gB/B,*,an*i
2 +
i (/2 LT e
|:ngBnPam'
[,
m; —m,

Bﬂ

Apole — _

bfn*gB,*,B,-P
mp—m, |’

Bpole

Arn9B,B,P
my—m, |’

with the baryonic matrix elements

<Bn|H|Bt> = un(ani + bm’75)ui7
(Bi (1/27)|H|B;) = ;b ju;. (18)

It is known that the estimate of the S-wave amplitudes in
the pole model is a difficult and nontrivial task as it involves
the matrix elements and strong coupling constants of 1/2~
baryon resonances which we know very little [22].2
Nevertheless, if the emitted pseudoscalar meson is soft,
then the intermediate excited baryons can be summed up,
leading to a commutator term

V2

2
-2 5,03 HEYI) v2

o =2 510, HEEIB),
Pd
(19)
with
0 = /d%@y"%q,

Likewise, the P-wave amplitude is reduced in the soft-
meson limit to

_ A4
Q¢ = / d3qu°75361- (20)

me-+m, m; +m
= Z[gg’,zs f_m ni t Afn- l mng‘gs

(21)

2Attempts of explicit calculations of intermediate 1/2~ pole
contributions to the S-wave amplitudes had been made before in
[22,23].

where the superscript “ca” stands for current algebra and
we have applied the generalized Goldberger-Treiman
relation

V2
9B BPt =
"

(mB —l—mg/)g’g,s. (22)

In Eq. (21) a;; is the parity-conserving matrix element
defined in Eq. (18) and gf] is the axial-vector form factor
defined in Eq. (22). Equations (19) and (21) are the master
equations for nonfactorizable amplitudes in the pole model
under the soft meson approximation.

1. S-wave amplitudes

As shown in Eq. (19), the nonfactorizable S-wave
amplitude is determined by the commutator terms of
conserving charge Q¢ and the parity-conserving part of
the effective Hamiltonian HES. Below we list the A®™
terms for various meson production:

1
Acom(Bi - Bf”i) = ]T<Bf|[1¢ HePf(g]|Bi>7

2
A (B, - Bya®) = —<Bf|[13’HeP§HBi>,

31
A°°m<zs,-ﬁsfn8>:ﬂ 7 (B HEEB).
ng

AN (B; — BiK*) = ]TK<Bf|[V HEEIB;),

- 1
AC™(B; — B;K") = 7o (By|[U,.. HES]IB), (23)

where we have introduced the isospin 7, U-spin, and V-spin
ladder operators with

Iild) = |u),  I_u) =|d),
U+|s> = |d>’

Vils) =lu),  V_|u) =|s). (24)

In Eq. (23), 5g is the octet component of the # and #’

n = cos Ong — sin Oy, 7' = sinfng + cosBny,  (25)

with & = —15.4° [35]. For the decay constant f, , we shall
follow [35] to use f, = fgcos@ with fg =1.26f,. The
hypercharge Y is takentobe Y = B + S — C [26], where B,

C, and S are the quantum numbers of the baryon, charm,
and strangeness, respectively.
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A straightforward calculation gives the following results:

1
ASNELE - Efat) = — (~azizs ).

1
Acom(EZfF - EZL”Jr) == (—aErE;)v
V1

ACMNEY, - Bfn’) = == (ag+=:),

com (=+
A (‘:cc -

E ‘c =cc
E/+ﬂ'0) — Q
‘ fr

(Cl:/+:+ )7
—c =cc

ACMNEL = Bln) = —— (aaj? ) ACMEL = Bt y) = — (aa’;ag)’

1
ACNEL > EHKT) = ——(agpg),  ACM(EL > AIK?) = —(agrs).

K K

- 1
ACMNEL - LIKY) = —(agrs;).  ACMEL - Bort) = (az=y).

fK ¢ flr

1
ACNES - Efnt) = —(agzriz ),

- 1
AC™(Qf, — EFK?) = e (-asisy).  AC™QL - BFKO) = e (—azrsy,), (26)
L\ TheE L\ TheE

where the baryonic matrix element (B'|HEG|B) is denoted by ap 5. Evidently, all the S-wave amplitudes are governed by the
matrix elements az+z+ and ag-z+. We shall see shortly that this is also true for the P-wave pole amplitudes.

2. P-wave amplitudes

We next turn to the nonfactorizable P-wave amplitudes given by Eq. (21). We have

1 Mg+ + Mgt g+

ca/—=+—+ —_r 1\ Eee e (7")

B (‘:cc = =T ) = \l==.— U ++
fx Mg — Mz

=ce=cc

1 Mg+ + Mgt g+
ca(—=++ =4\ = = (7[ )
B <‘:‘CC R T ) =2 | dzrzg), » <Gt | (27)
7 Mert — Mgt “cc=ce
—c —cc

for Cabibbo-favored E/" decays,

\/E 2mg+ A0 0 2mg+ 0y Mg+ + Mg+
a/— — Z, s A(m = A(n =, =
BB, —» Eln’) = == agtgr ——— :(+ ~)+ + :+_l ————dagigy + ~<+=/)+ ——————aggy |,
fﬂ M+ — Mgt Teeec c Mo+ — Me+ = Met+ — Mg+
= =cc =c
\/i 2m=+ A0 A0 Me+ + Mg+ A0 2mgr+
Bca(E‘:‘rc - E‘/c+”0) = azr= = g:Er :Zr + g':’(Jr':)Jr ‘ - azizi + g:/(+:2+ : azrizi |,
fﬂ CTC Mgt — Mgt Tee=ee e T Mgt — Met ¢ = Mg+ — Mg+ ¢ e
=cc =c = =cc
\/E 2mz+ Al 2mz+ Mg+ + Mg+
= = _ Ece 1) A(ng) Ee Ang) "B B
BBl - Efng) = — | azrsy, ————Goim: + Goint ——dgigy + gigr T AzitEs |,
Met — Mgt~ =S BB mgr — mgt BB mgr — mgr+
B = Zee Ze = Zee Ze
V2 2m=+ A Mg+ + Mg+ 2mzr+
—_ —/ =, 7, A(n = B] A(n, =
BBl = BEfng) = — | agrgs ——— :(+ §)+ + :r(+8:)+ ————dagrgr T+ 9:/(+8:>r+ —dagz |,
" Mg+ — Mg+ TeeTee e T Mgt — Met e T Mgt — Mg+
8 =c =cc =cc =c =cc =c
1 A(K-) M —+ me+ A(K-) Mxi+ —+ Mg+
ca(m -\ 4 B ! =,
BU(EL - XTKT) = Gsi+tgr —— “Agigt t Goiege —— —agzrz |,
f]( c T M+ — Mg+ ) c T Met+ — Mer+
—cc = =cc —c
_ 1 ARY) Ma+ + Mg+ ARYY A+ + Mg+
Bt o arRY) = L (pOR M e e e e )
cc 4 AJE =c =cc AJE —c =cc
fx <2 Mgr — Met <= Mg — Mg
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_ 1 A(RO) Myt + Mg+ A(RY) Mg+ + Mg
BO(EL — 5iRY) = — (AR Mm e e e T,
fK ZIES Mat — Met =c =ce DIICA m':'+ — m':/+ e =ce
—cc =
) 1 Azt M=o + m:'{r Alr mv—O —|— m-—/+
BA(El = Eln') = — g:[(]=+) ———agizy + g:(():u) —————dagigy
fﬂ EeEe Mor — Me+ ¢ =cc BB s — Mot c =cc
cc 'c
1 Alnt M= + Me+ Alx m-—/() + m~/+
Bca(::rc - .:20 ) — g,,(o_f — Y dagig + gw(o_,l ——agz: |,
o \TBE0 mgs —mgse oS EVES mee — men ¢ e
=cc =cc —c
; 1 A(K on + m'—+ A(KT mQO "‘ m—-/+
BO(E - QUKY) = — (gEp e T e gk R T e (28)
fx QB Mg — Mg 7 QE Mg — Mg 7
for Cabibbo-favored E/, decays, and
1 Mo+ + Mg+ 4(go
Bca(Q+ K0> Ao+ = —( )
cc f = =cc m —m _.:r(Q:r( ’
% =+ =t ceQce
) _ 1 Mo+ + Mg+ 4RO
BCd(Qjc - E/C+KO) = | dzres — :'Sr Q}r ’ (29)
K Mg+ — Mg+ Tecttee
= =cc

for Cabibbo-favored €, decays.

Gy
22 ¢

where O, = (5¢)(ad) £ (3d)(iac) and ¢y = ¢ £ ¢;. The
matrix element of O, vanishes as this operator is sym-

E. Hadronic matrix elements and axial-vector

form factors app = (B'|Hg|B) =

V. Vi (B10_|B), (30)

There are two types of nonperturbative quantities
involved in the nonfactorizable amplitudes: hadronic
matrix elements and axial-vector form factors. We will

calculate them within the framework of the MIT bag
model [36].

1. Hadronic matrix elements

The baryonic matrix element agy plays an important

metric in color indices. In the MIT bag model, the matrix
elements az:z: and ag+z: are given by3

(EFO_[EL) = 46X, (4n).

42

role in both S-wave and P-wave amplitudes. Its general (EF|O-|EL) = —7X (4r), (31)

expression in terms of the effective Hamiltonian Eq. (7) is

given by
R
X, :/ r2dr(ug
0

R
X, = / r2d"<”s”u + 050, (Uetty + vevg) = 1.74 % 1074, (32)
0

where we have introduced the bag integrals X; and X,
|

v, — vouy ) (Uevg — veuy) = 3.56 x 1079,

To obtain numerical results, we have employed the following bag parameters

m,=my;=0, m,=0279GeV, m,=1551GeV, R=35GeV, (33)

where R is the radius of the bag.

2. Axial-vector form factors

The axial-vector form factor in the static limit can be expressed in the bag model as

1
gB/ = (B \bj,lqua |BT>/d3 <uqluq2 §U(I1U42)’ (34)

3For the evaluation of baryon matrix elements and form factors in the MIT bag model, see, e.g., [22,23].

034034-8



TWO-BODY WEAK DECAYS OF DOUBLY CHARMED BARYONS

PHYS. REV. D 101, 034034 (2020)

where o, is the z-component of Pauli matrices. The relevant results are

A(z) A0y 1

Alng)

N — gtz T - ez L ()
Gaah = %6 (47Z,).  goloh = 2{ (4az,). o) = —% (472,),
A =Pz, =Dz 48 =2 4z,
ae) = —?(amzl), ) = ?(4::2 ) g = %(4:;21),
gz = —? (“nz). g = ? (n2)), g% =1 (4nz),
A =tz =tz g =Lz,
L ) (35)
and
N =0, gt =0, gl =0, g =0, (36)
where the auxiliary bag integrals are given by
Z, = /rzdr<uﬁ —%vﬁ), Z, = / rzdr<uuus —%vuvs>. (37)

Numerically, (4z)Z; = 0.65 and (47)Z, = 0.71.

III. RESULTS AND DISCUSSIONS

A. Numerical results and discussions

For numerical calculations, we shall use the Wilson
coefficients ¢, (u) = 1.346 and cz(y) = —0.636 evaluated

at the scale p = 1.25 GeV with A( = 325 MeV [37]. We

follow [26] to use the Wilson coefflclents a; =1.26+0.02
and a, = —0.45 £ 0.05, corresponding to N ~ 7. Recall

of Al - p¢ [38], which proceeds only through the internal
W-emission diagram. For the CKM matrix elements we use

Ve =0.9743 and V., = 0.9735. The mass of the QC*C is
taken to be 3.712 GeV from lattice QCD [39]. For the =},
we assume that it has the same mass as the E/;" which is
taken to be 3621 MeV from Eq. (2). This is justified
because the isospin splitting in the doubly charmed baryons
with light quarks has been estimated to be very small,
mg+ —mg: = O(1.5) MeV (see [40] and references
therein).

To calculate branching fractions we need to know the
lifetimes of the doubly charmed baryons E/. and Q. in
addition to the lifetime of =1~ measured by the LHCb. The

|
lifetimes of doubly charmed hadrons have been analyzed
within the framework of heavy quark expansion [41-47].
Lifetime differences arise from spectator effects such as
W-exchange and Pauli interference. The E/" baryon is
longest-lived in the doubly charmed baryon system owing
to the destructive Pauli interference absent in the =}, and
Q.. As shown in [46], it is necessary to take into account
dimension-7 spectator effects in order to obtain the ="
lifetime consistent with the LHCb measurement [see
Eq. (D)]. It is difficult to make a precise quantitative
statement on the lifetime of ., because of the uncertainties
associated with the dimension-7 spectator effects in the
Q/.. It was estimated in [46] that 7(€/.) lies in the range of
(0.75 ~ 1.80) x 10713 s. For our purpose, we shall take the
mean lifetime 7(Q}.) = 1.28 x 1013 5. On the contrary,
the lifetime of Z7, is rather insensitive to the variation of
dimension-7 effects and 7(2f) =0.45x 10713 s was
obtained [46]. The lifetimes of doubly charmed baryons
respect the hierarchy pattern 7(E/) > 7(Q{.) > 7(E{.).
Factorizable and nonfactorizable amplitudes, branching
fractions and decay asymmetries for Cabibbo-favored two-
body decays B.. — B.P calculated in this work are
summarized in Table IV. The channel E/;F - Efz" is
the first two-body decay mode observed by the LHCb in the
doubly charmed baryon sector. However, our prediction of
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TABLEIV. The predicted S- and P-wave amplitudes of Cabibbo-favored 3., — B, 4 P decays in units of 107G, GeV?. Branching
fractions (in units of 1072) and the decay asymmetry parameter o are shown in the last two columns. For lifetimes we use
7(BXF) =256 x 10713 s, 7(E%) = 0.45 x 10713 s and 7(Qf,) = 1.28 x 10713 s (see the main text).

Channel Afae Acom At B B B*! Bineo Qheo
Bl S Efxt 7.40 -10.79 -3.38 —-15.06 18.91 3.85 0.69 -0.41
ORREECIA 4.49 -0.04 4.45 —48.50 0.06 —48.44 4.65 —-0.84
B - 2C++1_<0 -2.67 0 -2.67 25.11 0 25.11 1.36 —-0.89
EL - E:(C)iz:+ 8.52 10.79 19.31 —16.46 -0.08 —-16.54 3.84 -0.31
Ef - B0t 5.05 0.04 5.09 -52.31 —-17.63 —69.94 1.55 -0.73
EL - Ejﬂo 0 15.26 15.26 0 —-10.49 —10.49 2.38 -0.25
=L - Ei."'ﬂ'o 0 0.06 0.06 0 -24.97 -24.97 0.17 -0.03
=L - Efp 0 21.75 21.75 0 4.86 4.86 4.18 0.07
Tt o Eity 0 0.09 0.09 0 ~17.87 ~17.87 0.05 ~0.07
Bl - XK 0 0.07 0.07 0 22.14 22.14 0.13 0.04
Bl - AFK° -3.37 8.90 5.53 5.62 -0.07 5.55 0.31 0.40
B - ijo -2.17 0.04 -2.14 19.37 15.64 35.02 0.38 -0.62
Ef - QKT 0 0.05 0.05 0 —-22.98 —-22.98 0.06 -0.03
Qf - Qrt 5.71 0 5.71 —67.48 0 —67.48 3.96 -0.83
Ql. — Ejf(o 2.62 —-8.90 —6.28 -5.29 13.40 8.11 1.15 —-0.45
QL — Ei."'l_(o —-1.68 -0.04 -1.72 17.44 0.06 17.50 0.29 —0.88

TABLE V. Comparison of the predicted S- and P-wave amplitudes (in units of 1072G GeV?) of some Cabibbo-favored decays
B, = B, + P decays in various approaches. Branching fractions (in unit of 1072) and the decay asymmetry parameter o are shown in
the last two columns. We have converted the helicity amplitudes in Gutsche et al. [11] into the partial-wave ones. For the predictions of
Dhir and Sharma [8,10], we quote the flavor-independent pole amplitudes and two different models for B.. — B, transition form
factors: nonrelativistic quark model (abbreviated as N) and heavy quark effective theory (H). All the model results have been normalized
using the lifetimes 7(2/) = 2.56 x 1073 s, 2(E/.) = 0.45 x 10713 s and 7(Q.) = 1.28 x 107" s.

—cc

Afac Anf Atot Bfac an Btot Btheo Qheo
Eft > Efat
This work 7.40 -10.79 -3.38 —15.06 18.91 3.85 0.69 —-0.41
Gutsche et al. —8.13 11.50 3.37 12.97 —18.53 -5.56 0.71 —0.57
Dhir & Sharma (N) 7.38 0 7.38 —-16.77 —24.95 —41.72 6.64 —-0.99
H) 9.52 0 9.52 —19.45 -24.95 —44.40 9.19 -0.99
Ezr;r N E/CJrﬂ.Jr
This work 4.49 -0.04 4.45 —48.50 0.06 —48.44 4.65 —0.84
Gutsche et al. —4.34 —0.11 —4.45 37.59 1.37 38.96 3.39 —-0.93
Dhir & Sharma (N) 4.29 0 4.29 —53.65 0 —53.65 5.39 —0.78
(H) 5.10 0 5.10 -62.37 0 —62.37 7.34 -0.79
B - Bt
This work 8.52 10.79 19.31 —16.46 —0.08 —16.54 3.84 —0.31
Dhir & Sharma (N) 7.38 0 7.38 —16.77 28.30 11.54 0.59 0.54
(H) 9.59 0 9.59 —19.45 28.30 8.85 0.95 0.34
Qf — EFXK°
This work 2.62 —-8.90 —6.28 -5.29 13.40 8.11 1.15 -0.45
Gutsche et al. —4.02 12.17 8.15 6.20 —19.23 —-13.02 1.98 —0.54
Dhir & Sharma (N) 3.42 0 3.42 —8.12 —-25.22 —33.33 1.36 —0.85
H) 5.57 0 5.57 —11.54 —25.22 -36.75 2.12 —0.98
Q. - B KO
This work —1.68 —0.04 -1.72 17.44 0.06 17.50 0.29 —0.88
Gutsche et al. 2.26 —0.11 2.14 —-17.34 0.69 —16.64 0.31 —-0.97
Dhir & Sharma (N) -2.15 0 -2.15 26.8 0 26.8 0.61 -0.79
(H) —2.95 0 —2.95 37.6 0 37.6 1.19 -0.78
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0.69%" for its branching fraction is substantially smaller
than the results of (3 ~9)% given in the literature (see
Table VI below). This is ascribed to the destructive
interference between factorizable and nonfactorizable con-
tributions for both S- and P-wave amplitudes (see
Table 1V). If we turn off the nonfactorizable terms, we
will have a branching fraction of order 3.6%. In the
literature, nonfactorizable effects in E/;f - ZXz" have
been considered in [11] and partially in [8] (cf. Table V). It
is very interesting to notice that our calculation agrees with
[11] even though the estimation of nonfactorizable effects
is based on entirely different approaches: current algebra
and the pole model in this work and the covariant confined
quark model in [11]. On the contrary, a large constructive
interference in the P-wave amplitude was found in [8],5
while nonfactorizable corrections to the S-wave one were
not considered. This leads to a branching fraction of order
(7-9)% ((13-16)%) for flavor-independent (flavor-depen-
dent) pole amplitudes.

Since the absolute branching fractions of (Af,E};) —
pK~z" have been measured with the results B(A —
pK n") = (6.28 +0.32)% [48] and B(Ef — pK zn") =
(0.45£0.21 £ 0.07)% [49], it follows from Eq. (3) that

B(EH+ - Efrt)

—cc

BELF - AfK nt2)

=0494+027,  (38)

where the uncertainty is dominated by the decay rate of =

into pK~z*. Although the rate of Z;" — ATK™ 7Z'+7T+ 1s
unknown, it is  plausible to  assume  that
B(EL - AfK ntn") m3B(EL - ZITK). Since
Bl - K™ is a purely factorizable process, its rate
can be reliably estimated once the relevant form factors are
determined. Taking the latest predlctlon B(E -
SHK*0) = 5.61% from [17] as an example,” we obtain

BEL = Eia e~ (183 £ 1.01)%.  (39)

‘A straightforward calculation in our framework yields a
branching fraction of 0.66% and a = 0.04 for E/f - Efxt.
The tiny decay asymmetry is due to a large cancellation between
Bf%¢(= —15.06) and B**(= 14.69). Normally, a huge cancellation
between two terms will lead to a unreliable prediction. Hence, we

—15.31 [8], where the sign of the strong coupling is ﬁ;ed by

the axial-vector form factor gﬁi HL given in Eq. (35).

The pole amplitudes obtained by Dhir and Sharma shown in
the tables of [8,10] were calculated using their Eq. (8) without a
minus sign in front of >, . Therefore, it is necessary to assign an
extra minus sign in order to get B, For example, BP¢ (£} —
Efx") should read —0.372 rather than 0.372 for the flavor
mdependent case (see Table III of [8]). Hence, the pole and
factorizable P-wave amplitudes in Ef;" — Ef z" interfere con-
%tructlvely in [8].

®The branching fraction is given by (5. 407329)% in the
approach of final-state rescattering [15].

Therefore, our prediction of B(El" — Efz1) ~0.7% is
consistent with the experimental value but in the lower end.
In future study, it is important to pin down the branching
fraction of this mode both experimentally and theoretically.

In contrast to E/;" — Ef 2", we find a large constructive
interference between factorizable and nonfactorizable
S-wave amplitudes in Zf. — Z0z%, whereas Dhir and
Sharma [8] obtained a large destructive interference in
P-wave amplitudes (see Table V). Hence, the predicted rate
of 2/, - Z2" in [8] is rather suppressed compared to
ours. The hierarchy pattern B(Z/, — Ez") > B(E/ —
Efxt) is the analog of B(EY —» Z=77) > B(E! —» E%21)
we found in [27]. It should be noticed that the hierarchy
pattern B(Ef, —» Z0z") < B(E/:;* —» Efz") obtained in
[8] is opposite to ours.

The large branching fraction of order 3.8% for B}, —
E977 may enable experimentalists to search for
the Ef. through this mode. That is, E},. is reconstructed
through the Ef — E%2" followed by the decay chain
EY - B nt — pa~a x". Another popular way for the
search of =, is through the processes Ef. — A7 K~z and
Af = pK~xt [50,51]

From Table IV we see that the nonfactorizable ampli-
tudes in 27 — Bzt and Q. — EFK° are very small
compared to the factorizable ones. As stated before, the
topological amplitude C’ in these decays should vanish due
to the Pati-Woo theorem which requires that the quark pair
in a baryon produced by weak interactions be antisym-
metric in flavor. Since the sextet =.. is symmetric in the light
quark flavor in the SU(3) limit, it cannot contribute to C’. It
is clear from Egs. (26), (27), and (29) that the C" amplitude
is proportional to the matrix element agz-+z: governed by
the bag integral X introduced in Eq. (32), which vanishes
in the SU(3) limit Likewise, the nonfactorizable S-wave
amplitudes in 2, — 2.+ (2°, ) governed by C’ also vanish
in the limit of SU(3) symmetry. However, this is not the
case for nonfactorizable P-wave amplitudes due to the
presence of W-exchange contributions E; and/or E,.

Finally, we notice that the two decay modes E/ —
K0 and QF, — Q%™ are purely factorizable processes.
Therefore, their theoretical calculations are much more
clean. Measurements of them will provide information on
B - X5 and QF — QU transition form factors. Our
result of B(Q}, — Qrt) ~ 4% suggests that this mode
may serve as a discovery channel for the Qf.. More
explicitly, it can be searched in the final state

" An estimate of the branching fraction of Ef, — Af K~z can
be made by assuming B(EL, >AfK z7)~B(EL->ZtTK™)+
IB(EL.>ASK™). Since B(E[ - Z"TK™)~0.13% in our
work, while B(E{. - AfK*°) = (0.487033)% is obtained in
the final-state rescattering approach [15,52] for z(Ef.) =
0.45 x 10735, it appears that B(E{. - AfK~z") is not more
than 0.8%.
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TABLE VL

Predicted branching fractions (in %) of Cabibbo-favored doubly charmed baryon decays by different groups. For the

predictions of Dhir and Sharma [8,10], we quote the flavor-independent pole amplitudes and two different models for B.. — B.
transition form factors: nonrelativistic quark model (abbreviated as N) and heavy quark effective theory (H). For the results of Gutsche
et al. [11,13,17], we quote the latest ones from [17]. All the model results have been normalized using the lifetimes
7(BEXF) =256 x 1073 s, 7(EL) = 045 x 1073 s and 7(Q,) = 1.28 x 10713 s.

Dhir Gutsche et al. Gerasimov

Mode Our et al. [8,10] [11,13,17] Wang et al. [7] et al. [14] Ke et al. [18] Shi et al. [12]

B> Efxt 0.69 6.64 (N) 0.70 6.18 7.01 348 £0.46 3.1+04
9.19 (H)

Bl > Bl gt 4.65 5.39 (N) 3.03 4.33 5.85 1.96 £0.24 0.93 +0.19
7.34 (H)

Bt 5 SHEKO 1.36 2.39 (N) 1.25
4.69 (H)

Bf - 80t 3.84 0.59 (N) 1.08 1.23 0.61 +0.08 0.53 +0.08
0.95 (H)

B - B0xt 1.55 1.49 (N) 0.76 1.04 0.35+0.04 0.16 £0.03
2.12 (H)

Ef - AFKO 0.31 0.27 (N)
0.37 (H)

Bl - XK 0.38 0.59 (N)
0.90 (H)

Ef - Efad 2.38 0.50

B - 80 0.17 0.054

EL = EMn 4.18 0.063

=L > By 0.05 0.036

2L > TITKT 0.13 0.22

B — QUK 0.06 0.10

Q. - Qo 3.96 5.38 (N) 3.08 3.34 5.30 0.554+0.23
7.34 (H)

Qf - ErK° 1.15 1.36 (N) 1.98
2.10 (H)

Qf. —» EFK° 0.29 0.61 (N) 0.31
1.19 (H)

pK-n~ntzt through the decay QI — Qlz* followed
by Q- Q 2t - pr Kzt

B. Comparison with other works

In Table V we have already compared our calcu-
lated partial-wave amplitudes for some of doubly charmed
baryon decays with Gutsche et al. [11], Dhir and Sharma
[8,10]. We agree with Gutsche et al. on the interference
patterns in S- and P-wave amplitudes of E/;" — Efz" and
Qf. - EFK, but disagree on the interference patterns in
EXF - EFat and Q. — EFKC. Nevertheless, the dis-
agreement in the last two modes is minor because of the
Pati-Woo theorem for the C' amplitude. We agree with
Dhir and Sharma on the interference patterns in P-wave
amplitudes of Zf, — Z07z+, EFK°, AT K, but disagree on
that in Ef —» Efzt, Ef - 2%, and QFf — EFKC.
Consequently, the hierarchy pattern of B(E}. — Elzt)
and B(E/;" - Efz") in this work and [8] is opposite to
each other.

In Table VI we present a complete comparison

of the calculated branching fractions of Cabibbo-favored

B.. = B. + P decays with other works. Only the factor-
izable contributions from the external W-emission gov-
erned by the Wilson coefficient a; were considered in
Refs. [7,12,14,18] with nonfactorizable effects being
neglected. We see from Table I that only the decay modes
gt 5 BV B - 2% and QF — Q07" receive
contributions from the external W-emission amplitude 7.
Branching fractions calculated in Refs. [7,12,18] were
based on the form-factor models LFQM(I), LFQM(II),
and QSR, respectively. Since B.. — B, transition form
factors are largest in LFQM(I) and smallest in QSR (see
Table III), this leads to B(E/r — Efz") and B(E/. —
E927%) in [12] two times smaller than that in [7], for
example. The authors of [14] employed LFQM(I) form
factors, but their predictions are slightly larger than that
of [7].

We see from Table VI that the predicted B(Z}, — Ef7°)
and B(E{. — E}n) in [8] are much smaller than ours. This
is because we have sizable W-exchange contributions to the
S-wave amplitudes of . — Z(z°, ), which are absent in
[8]. This can be tested in the future.
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IV. CONCLUSIONS

In this work we have studied the Cabibbo-allowed
decays B..— B.+ P of doubly charmed baryons
= EL, and QF.. To estimate the nonfactorizable con-
tributions, we work in the pole model for the P-wave
amplitudes and current algebra for S-wave ones.
Throughout the whole calculations, all the nonperturbative
parameters including form factors, baryon matrix elements,
and axial-vector form factors are evaluated within the
framework of the MIT bag model.

We draw some conclusions from our analysis:

(i) All the unknown parameters such as B.. — B,
transition form factors, the matrix elements agpg
and the axial-vector form factors gg,(? are evaluated
in the same MIT bag model to ensure the correctness
of their relative signs once the wave function
convention is fixed. For the Ef;F — Efzt mode,
we found a large destructive interference between
factorizable and nonfactorizable contributions for
both §- and P-wave amplitudes. Our prediction of
~0.70% for its branching fraction is smaller than the
earlier estimates in which nonfactorizable effects
were not considered but agrees nicely with the result
based on an entirely different approach, namely, the
covariant confined quark model. On the contrary, a
large constructive interference was found in the P-
wave amplitude by Sharma and Dhir [8], leading to a
branching fraction of order (7-16)%. It is the relative
sign between the form factor g; and the combination
Agtzr X gzt .+ that accounts for the different P-
wave interference pattern in 27,7 — Ef 7" found in
this work and the work by Sharma and Dhir.

(i1) Using the current results of the absolute branching
fractions of (A,Ef) - pK~x* and the LHCb
measurement  of =T — EfzT  relative to
Elf > AfK ztnt, we obtain B(E[ —

—_—

B )expe ® (1.83 £ 1.01)% after employing the
latest prediction of B(E/ — Tf*K*) and the
plausible assumption of B(El" — AfK ntz")~
IB(ELT — ZSTK0). Therefore, our prediction of
B(E{ - Efz') ~0.7% is consistent with the ex-
perimental value but in the lower end. It is important
|

Bl = ——=|ccuy, + (23) + (13)], B =-

[
& —_

V3

where abcys = (2atbtct —albtet —atbleh)/V6.

+(23) + (13)],

1
— [cedy;

to pin down the branching fraction of E};" — Ef 7+
in future study.

(iii) Factorizable and nonfactorizable S-wave amplitudes
interfere constructively in Zf. — Z077. Its large
branching fraction of order 4% may enable
experimentalists to search for the E[. through
this mode. In this way, E. is reconstructed through

the Ef — =07t followed by the decay chain

B s Bt - praat.

(iv) Besides Z}. — 207", the Ef. — Ef (2, 1) modes
also receive large nonfactorizable contributions to
their S-wave amplitudes. Hence, they have large
branching fractions among Z/. — B, + P decays.

(v) The two decay modes Z/t — X+ K% and Q. —
QOz" are purely factorizable processes. Measure-
ments of them will provide information on Zf;F —
= and QF — QU transition form factors. Our
calculation of B(Q}. — Qzt) ~ 4% suggests that
this mode may serve as a discovery channel for the
Q.. That is, it can be searched in the final state
pK~n~ntxt through the decay Q. — Q% fol-
lowed by Q0 - Q 7" — pa K~ zn*.

(vi) Nonfactorizable amplitudes in =" — Efz* and
Qf. - EFK? are very small compared to the
factorizable ones owing to the Pati-Woo theorem
for the inner W-emission amplitude. Likewise, non-
factorizable S-wave amplitudes in 2/, — E. (7%, 7)
decays are also suppressed by the same mechamsm
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APPENDIX: WAVE FUNCTIONS OF DOUBLY
CHARMED BARYONS

Throughout the whole calculation, baryon wave func-
tions are adopted from the convention in [26]. Here we
add the wave functions of doubly charmed baryons
with S, = 1/2:

+
Qcc__

+(23) + (13)],
(A1)
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