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Abstract The newly-discovered Ef* decays into the
ATK T m, but the experimental data has indicated that
this decay is not saturated by any two-body intermediate
state. In this work, we analyze the multi-body weak decays
of doubly heavy baryons B¢, Qccs Epes Lpes Epp and Qpp,
in particular the three-body nonleptonic decays and four-
body semileptonic decays. We classify various decay modes
according to the quark-level transitions and present an esti-
mate of the typical branching fractions for a few golden decay
channels. Decay amplitudes are then parametrized in terms of
a few SU(3) irreducible amplitudes. With these amplitudes,
we find a number of relations for decay widths, which can
be examined in future.

1 Introduction

Nowadays Lattice QCD is the sole approach that can
study nonperturbative strong interactions from first princi-
ple. Despite the fact that there have been great progresses
on Lattice QCD, hadron structures are still often encoded by
phenomenological approaches like quark models or QCD
sum rules. The quark model can be used to classify the
hadrons, in which a baryon is assigned as a three-quark sys-
tem. Among various baryonic states, doubly heavy baryons
are of particular interest since they provide a platform to
study the nonperturbative dynamics in the presence of heavy
quarks. These states have been searched for a long time [1—
6], and in 2017 the LHCb collaboration has announced
an observation of the E/*(ccu) with the mass Mg+ =
(3621.40 + 0.72 &£ 0.27 &+ 0.14)MeV [7]. This analysis is
based on the 1.7 f b1 data accumulated at 13 TeV, and con-
firmed in the additional sample of data collected at 8 TeV.
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By all means the observation of E}" (ccu) is a milestone
in hadron physics on both theoretical and experimental sides.
One would anticipate that more experimental data on pro-
duction and decays of doubly heavy baryons will be released
based on the larger data sample to be collected by LHCb in
future [8]. On the other side, to reveal the internal structures
of doubly heavy baryons, more detailed theoretical efforts
are needed [9-25].

To handle weak decays of heavy mesons, factorization
approach is widely adopted in order to separate high-energy
and low-energy degrees of freedoms. High-energy contribu-
tions are calculable using the ordinary perturbation theory.
The low-energy degrees, or equivalently the long-distance
contributions, are usually parameterized as low energy inputs
such as light-cone distribution amplitudes. In terms of heavy
baryon decays, neither the low-energy inputs nor the short-
distance coefficients are available in the literature. Only
recently the “decay constants” were studied in QCD sum
rules [26].

This work is an extension of a series of previous works [ 10,
11,14,24,26]. In Ref. [14], instead of factorization, we have
adopted the flavor SU(3) symmetry and classified various
decays of doubly heavy baryons. In that work, however,
we have limited ourselves to two-body nonleptonic decay
modes. The EXt baryon has been firstly observed in the
mode /" — AT K~ txT [7], and experimental data has
indicated that this mode is not saturated by two-body interme-
diate state. This motivates us to study the multi-body decays.
The main objective of this work is to do so, and we will focus
on the cases where the final states contain one additional light
meson, namely three-body nonleptonic decay and four-body
semileptonic decays.

The rest of this paper is organized as follows. In Sect. 2,
we will collect representations for the particle multiplets in
the SU(3) symmetry. In Sect. 3, we will give a list of golden
channels that can be used to reconstruct the doubly heavy
baryons, and we present an estimate of their branching frac-
tions. In Sect. 4, we will analyze the semileptonic decays of
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the doubly-heavy baryons, in which the final state contains
two hadrons. The three-body nonleptonic decays of doubly-
charmed baryons, doubly-bottom baryons and the baryons
with b, ¢ quarks are investigated in Sects. 5, 6 and Sect. 7,
respectively. The last section contains a brief summary.

2 Particle multiplets

In this section, we start with the representations for the mul-
tiplets of the flavor SU(3) group. Quantum numbers of the
doubly heavy baryons are derived from the quark model.
These baryons can form an SU(3) triplet:

ElF (ccu) g/ (beu)
Tee = | Blccd) |, Tpe = | EL(bca) |,
Q. (ces) QY (bes)
g9, (bbu)
Top = | E,,(bbd) | . (1)
Q,, (bbs)

The light baryons form an SU(3) octet and a decuplet. The
octet has the expression:

150, 1 A0 +
e R | (? 1 A0 4
Ts = X _sz +76A n , @)

— 0 2 A0
/i

[l
1]

and the light decuplet is given as

(Tlo)lll — A++,

1
(T )112 — (T )121 — (T )211 — —A+,
10 10 10 7
(T10)*% = A™,
1
(Ti0)'** = (T10)*"* = (T10)?' = —=A",
V3
1
(To)'"? = (119! = (1)’ = —=3'*,
V3
1
(T1)** = (T10)*? = (T19)*** = —=%",
1 1 1 7
(T10)'3 = (T19)"?
= (T10)*"?
= (T10)*!
1
= (T10)’"? = (T1)*' = —==",
V6
1
(T10)' = (110)*" = (T10)*! = 2",
V3
1 _,_
(T10)* = (110)** = (110)*¥ = ﬁE/ ,
(T10)** =~ 3)

@ Springer

In the meson sector, the light pseudo-scalar meson is an octet,
which can be represented as:

LANUR + +
At T K

My=| 7= —Z+2 KO | )
K- K° 2%

and we shall not consider the flavor singlet 1 in this work.
This is also applicable to the vector meson octet and other
light mesons.

Charmed baryons form an anti-triplet or sextet:

+ =+
0 ArE
Tc3= —Ai 0O Ee |
-8 -8, 0
++ Lt Lot
1ZC \_fzi:c‘ ZEHCO
+ =/
Te=| 52 X o |- o)
o Lgo Yqo
ﬁ c ﬁ c c

Charmed mesons forms an SU(3) anti-triplet:
D =(D° D*, D¥), D = (5({ D D;) )

The above classification is also applicable to bottom mesons.

3 Golden decay channels

Before presenting the decay amplitudes for various chan-
nels, we will make a list of the golden channels and give
an estimate of the decay branching fractions in this sec-
tion [10]. In the following list we give, a hadron is generic
and can be replaced by the states with the same quark struc-
ture, for instance one can replace x’ by & which decays
into K~ . Since the 7°, 1, p* (decaying into 7 +7°), and
o (mainly decaying into 77 ~7°) are difficult to recon-
struct at LHC, we have removed the modes involving these
hadrons.

3.1 E¢c and Q¢

The Feynman diagrams for the Cabibbo-allowed decays are
given in Fig. 1. We only show one type of penguin diagrams.
The C, C’, B, E diagrams are suppressed by 1/N, compared
to the tree amplitude 7. For the E.. and Q. decays, we
collect Cabibbo allowed decays in Table 1. From the D and
A, decay data, we infer that these Cabibbo allowed decay
channels have typical branching fractions at a few percent
level.
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Fig. 1 Feynman diagrams for two-body decays of doubly charmed baryons. We only show one type of penguin diagrams. The C, C’, B, E diagrams

are suppressed by 1/N,

Table 1 Cabibbo allowed ccq
decays whose typical branching Eff - EfnT
ratios are at a few percents level

—0 — 0
git > <Ej+K SHEY)

Elf — Elfnt

gft - (EtDY, =t DY)

—0 *0 —0 —x*0
8- — (ArK AYE ) Qt (st JEFK )
— —t 0
g5 - gtp
Er — 8nt
— _ 50 0
EL » =Tk Q. — (.:{.*K , B )
-0 -0
= + + + 0+
gf — ():(. K’ 5K ) ot - QOn

=t — (E/ero E/Orr*)
. +p0, a8l

EL —» QK+

EL — (A'D*, 20D+, =0pt) Qf — (2°D*, 8°D+)

Ef — (E*DO’ 2/+D0)

Ef — (8°D;, E°Dy)

3.2 Epe and Qp

A list of possible modes to reconstruct the bcq baryons is
given in Table 2. For the charm quark decay, the typical
branching fractions might be a few percents. The final state
contains either a bottom meson, or a bottom baryon, whose
decay branching fraction is then at the order 1073. So the
branching fraction to reconstruct the E;. and Q. is very
likely at the order 1075,

If the bottom quark decay first in the bcg baryons, the
branching fraction might be even smaller than 1073, since
the total width of Ep. and ;. is dominated by charm quark

decay. In this case, the branching fraction to reconstruct Ep.
and 25, might be even smaller than 1073,

3.3 Epp and QLpp

The channels that can be used to reconstruct the Epp and Qpp
are collected in Table 3. Their typical branching fractions are
at the order 10~3. However in order to reconstruct the bottom
meson and bottom baryons in the final state, the price to pay
is another factor of 1073, Including the fraction for J /4 or
D or charmed baryons, we have the largest decay branching
fraction for &, and pp at the order of 1078,
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Table 2 Decay modes of the

=+ =0 0
bcg baryons. Typical branching Charm: &, “be e
ratios for charm quark decays 0 =0 —0 =0
. . =+ =0+ =0 0 07 0 =0 =07
might be a few percents, while Spe 7 EpT Sbe (AbK MK ) $2pe = ("‘bK EpK )
BR for decays induced by b =0 =0 0 o=+
lecay yb 8. — (890", 8,7 T)
quark may reach the order 10 N R — 0 N 0 I —
[l — —_ =/ /|
g~ (5K 5K 80 - oK o, — (5PK". 20K
g, — 80"t E) — (Zofo Zof*()) Q) - @t

he = (8" By =)

E) > @, kKt

E). > (ZtB~,%"B") Q0
ch (EOBO, E/OBO, AOBO)

E). — (E°BY, E"BY)

N (EOBO, E/OBO)

.t
Bottom: &,

=0 0
She th

=+ =+ =+ =0 =0 =/0 0 0
be (“c J/vf* e ‘]/d/) be (“c‘l/]//’ e ‘I/df) ch - Qc‘]/w
=+ 2t+p- 0 =t D Q0 Qt D
Spe ™ See ¢ be 7 Secls be 7 Séecls
—0
g — QLD E). — Qf.D-
—+ ot++_— =+ 0 0 2t - 0 o
b= (Birn=, 8400 E). = Elm Q) — ELK
Bl — (LK% Qf k™) Q) — Qin-
=+ 0 + o 0+ =0 070 0 =0 n0 =/0 n0
Ef — (AfDY, =D =20 E). - =D Q) — (E2D°, 2°DY)
+ =0 n+ "‘/0 +
She ("‘( Ds D )
Table 3 Doubly bottom baryon 0 ,0 _ _ — _ _
. . . B, — J E)J E,— (& J 2 J Q. —Q,J
decays with branching fractions bb ( /v EpI/Y) o = (Ey 1/ 8y 1Y) bb Al
at the order of 1073 —~0 _—t y— _ 0 y— 0 r—
pp —> ubCD 8, = 8p. Dy Qp, —> Q. Dy
=0 0 — 0 ~—
gy, —> Q D g, —> QD
bb be bb be
=0 mt - =0 0 = =0 _— = =0 p—
8 — (Bpe™. Eper) Spp T SpeT 2, — Epc K
=0 0 0 00 g*0 — 0 _—
8 — (KO 2 K*) 2, = 7
=0 00 00 _— —n0 - =—n0 =/—no
uhh—>(AhD,EbD) Ep—> X, D the(ubD,uhD)

g), — ¥, DF
=0 o =Dt
g), — (8, D}, 8, DY)

4 Semi-Leptonic decays
4.1 E.c and Q. decays

The ¢ — gfv transition is induced by the effective Hamilto-
nian:

G
Hepr = 7; [ @V (1= ys)eveyu (1 — ys)z] +h.c., (1)

where ¢ = d,s and the V.4 and V. are CKM matrix
elements. The heavy-to-light quark operators will form an
SU(3) triplet, denoted as H3 with the components (H3)' =
0, (H3)?* = foR (H3)3 = . At the hadron level, the
effective Hamiltonian for decays of E.c and Q. into a singly
charmed baryon and a light meson is constructed as:

Hepr = a1(Tee) (H3) (T 3ty M| vel

@ Springer

+ax(Tee) (H3) (T 3) ) MF Dol
+a3(Tee)' (H3)! (Teg) i My Vel
+ag(Tee) (H3)! (T e6) 1) M et 8)

Here the a; are SU(3) irreducible amplitudes.

The decay amplitudes for different channels can be
deduced from the Hamiltonian in Eq. (8), and given in
Table 4. The channels with the CKM factor V., can have
branching fractions about a few percents, while the ¢ — d
induced channels have the branching fractions at the order of
1073, From these amplitudes, we can find the relations for
decay widths in the SU(3) symmetry limit. For decays into a
singly charmed baryon (anti-triplet), we have
F(H++ — A+ OE+U5)

= Afr ety

1
ZF( ¢

1
= zr(ajc — 20Kt y),
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Table 4 Semileptonic E.. and 2., decays into a singly charmed baryon (anti-triplet or sextet) and a light meson

Channel Amplitude Channel Amplitude Channel Amplitude
Eft — Afalety, % EL — Efn ety a Vi ELT — Ajfoeﬁ)g arVy
EF — E0n0ty, —“ZJV; EXF = AFnttug % B — EOKO¢Hy, (a1 —ax) V5,
gt o Enlety, % gt — &%ty % g — BF KOy, avy
Qf > AFK— VY gh - Ernlty ooV Qf - Bfa ety —a V¥
Bt — Blrtety, a Vi Qf — EXK ety (a2 —a))V, B — 8lKktety, —a V%
Qf — 200y, al\gd EL — Afn— ey, (a2 —ay) Q. — E??OE+U( (aa—ay)V,
EL — ATK €Ty, —a1 Vi QFf — Ednety, —7(01_%/%2)‘/:”
EXt — Stta—ety, a3V} Er — Efn0ty, —tasVy EXt — SH Kty a Vi
B — BOKOCHy, 7(“”;%)% g — nralety, Gays g — B0t 7(“4‘22&1%)”3
EXt — K ey, o B — QUK+, asVy EXF - Sty e
QZL( — E;LK*PLW \}%’;’ Ejj — E?n*@*vz asV} SZZLC — ng%*vz asVy
Bt — B0ty Lay Ve Qb — Bt ety “ﬁ EXt — B KOty “bvg'
Q. — EFK % gt - Bt % QF — B070¢+y, —lavy
EXt — E0ntety, % Qb — Ei.ofoﬁﬂ)z 7(037%)‘/:‘ EXt — BOK*ety ai}?
QF — B0t v, 2oV EF - QUK ety asVy, QF = QUK asV’
Ef - Dra—ety 7(””\‘;‘%% Qf — Qnetu, —\/§<a3 tay Vv gf - TFK “3"5
Ef — ety % gf, — 20n’ty, —% EL — Efm ety a‘i/‘%'-“i
EL — E?f%*w azV
g+t 5t 00t g =t — ot =+ +70,+ 1 =+ st
P(ELT — BInw) = ST (EL — Bln 7w PEL = 2K v = ST(EL — 51K ¢hw)
= %F(Ejj — Bt etuy), = %F( — ZOK AR
NS — EfntTv) =T(EST - EF KTy =T(EL - ZFK thw),
=2r(Qf — 2% %), TELT — 20ntety) = 2I (BT — EPKTeTvy)
F(ELT — ATK CTv) = T(EL — ATK €Ty, =20(Q, — T K ¢Tvy)

=++
ME,. —

1
rE - g8%%ty) = EF(E; —

cc

rt — 8%ty = 1@ -

—~0 _
EYKTeTv) =T(QL — ATK Ty,

+ —p+
e T V4 VK),

=t
ESK £y,

Relations for decays into a singly charmed baryon (sextet)

are given as:

M(ELT

— X ety =2INELT —
=2 Q) —

2Kty

Efaetyy)

=I(Qf — QUK %)

= 4F(QCC —

:‘/0 0)+
s_ACT[ E U(),

rEF - efnl%t

ce

=@} - 'K e+w),

1
ve) = —T(ELT — QUK ety

I

B~
—
A

lr(ﬁ++

2
=T(8f,

— E/conOK“L

B ety)

L — QUK

=/0__+p+
B, w4 vy)

Ve),

MEL - 2fn ety = 6F(’“++ — Xrnetvy)

=3I(E}
= F(acc —
=T(El —

= 20ty
B0k )
070% vy),
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Nt — 87K ¢Tu) = QL — 89K vy

3
= ZF(Q; — Qe vy).

4.2 Semileptonic Epp and 25y decays

The b quark decay is governed by the electro-weak Hamil-
tonian

G _ _
Hefr = 7; [Vyp@ v (1 = y5)blyu(l — ys)ve] + hec..  (9)

with ¢’ = u, c. The b — c¢ transition is an SU(3) singlet,
while the b — u transition forms an SU(3) triplet H3/ with
(H_q:)l = 1 and (H3/)2'3 = 0. The hadron level Hamiltonian
for semileptonic Epp and 25, decays is constructed as

Herp = as(Top) (Tpe) j M} vy
+as(To)' (H3) (Ty3)t M e
+a7(Tpp) (H5)! (T 3) MY e
+as(Tyw)' (H3)! (Te) i) M Evg
+ag(Tp)' (H3)! (Te) (jxy M) Cve. (10)

The decay amplitudes can be deduced from this Hamiltonian,
and the results are given in Table 5.

For decays into a bcq, we have the relations for decay
widths

[(8), — Ef 7% vy) = 3T (8), — & ne )
1
= 5r(Egb — Q) KTey)
| _t_—py—-=
= EF(abb = Byt L Vp)
=3I'(8,, — EY.n¢ vy
| 0 p0p)—=
= EF(abb — ;. K€" vp)
|
= 5T, — 8K 7€)
1 _ 0 =0 __
= EF(be — EY K €7 1y)
3 _ 0 P
= ZF(be — Qp.nf " vp)

29, — EY.7 T y)

I
|
—
~
[x
<>
S

=T(g,, > Ep.n"1y).
For Ep; and Q5 decays into a singly bottom baryon, we
have the relations for decay widths:
[(8Y, — AdrTe i) = T(E), — EVK 0 1y)
= 2T (8, — AYr’e™ D),
[(Q,, — 8,7 ¢ ) = 2I(Q,, — Epr’e 1)
=T(E,, = 8, KTt vy,

@ Springer

N8y, — BOK 07, = T'(Q;, — AYK L79)),
T(EY), — =7 ) = 30(EY, — =, nt )
=T(8), - EPKT¢ 1)
= 6I(E;, — Zpnl )
=T(8), = Sdn e vy,
[(E;, — X7 € by) =2I(E,, — ELK 0 1y)
=T(Q,, > X K {1
= 2I(Qy, — DIK L),
['(E,, = =, n ) =2I'(E,, — B, KT )
= 4T(Qy, — EPn % by)
=T(Q;,, > Q, KTt )
=2I'(Qy, > B, T D).

4.3 Semileptonic Ep, and 2p. decays

For the charm quark decays in Ep, and €25, one can obtain
the decay amplitudes from those for E.. and 2., decays with
the replacement of T, — Tpe, Tc — Tp and D — B. For
the bottom quark decay, one can obtain them from those for
Epp and Qpp decays with Tpp, — Tpe, Ty — To and B — D.
Thus we do not repeat the tedious results here.

5 Non-Leptonic Z .. and .. decays

Usually the charm quark decays into light quarks are clas-
sified into three groups: Cabibbo allowed, singly Cabibbo
suppressed, and doubly Cabibbo suppressed:

c— sdu, c¢— uc?d/Es, c — dsu. (11D

Under the flavor SU(3) symmetry, the tree operators like scud
transform as 3®3®3 = 3@ 3@ 6 15. So the hadron-level
Hamiltonian can be decomposed in terms of a vector (H3),
a traceless tensor antisymmetric in upper indices, Hg, and a
traceless tensor symmetric in upper indices, His. As we will
show in the following, the representation Hz will vanishes
from the unitarity of CKM matrix.

For the ¢ — sud transition, we have the nonzero matrix
element:

(Ho' = —(Hp)¥ =1, (H15)3' = (Hi)Y =1,  (12)

while for the doubly Cabibbo suppressed transition ¢ — dus,
we have

(Hg)3' = —(Hg)3® = sin’ b,
(Hi5)3' = (His)}* = sin® 6c. (13)

For the transition ¢ — udd, we have
H)' =1, (Hp3' = —(Hp)}?
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Table 5 Amplitudes for doubly bottom baryons E,;, and 25, decays into a triplet bcq and a light meson

Channel Amplitude Channel Amplitude Channel Amplitude
=0 =+ _0p—5 asVep _— =0 —= asVep = =+t -5 asVep
Epp = Bp Tl —\/25 Epp = Epnl g 7\/5 Epp = Bp.nt g \/66
—_— - - - _- - ——t p—p—-=
8 — QECKOZ 1) asVep agb — aganrZ vy asVep Qy, —> B K7y asVep
- . - 0 0 ,— - _— _—t _—p—o
agb — QECKJ“Z ) asVep Q= ach £ vy asVep B — azrvn I asVep
— . 2 —_— - - V.
Q,, — Q) 10l —y/ 3a5Ven Epp = Epl Ve _asﬁ
g0 AV te v 1% B, — B KTe v 1% =0 EOKTe D v,
Sy > AT Ve (a6 +a7) Vup Epp T By Ve ae Vub Epp ™ &y Ve (a6 +a7) Vup
_ —0 __ o _ _ ~ .
Q,, —> AJK €79, a7Vup gy, — Adr0e v, —% @, — Byl _%
ok 0,.p—5 _ (as—an)Vup - =0 p— _ (ag+2a7)Vip
Epp = Apnlyg NG i Qp, = Epnl g 76 “
8 EgKOZ*Dg a7 Vup Q,, —> Ep 7Tl v, —aeVup
=0 +_0p—5 (ag+a9) Vi = =/0 10 p— a9 Vup =0 + -5 (ag+a9) Vup
Epp = Xyl ﬁ“ 8, = &, Ky, f; pp, = Xy nl v feu
o 2Kty agVup =0 0 +p— (ag+a9) Vup - + -5
8y, = By KT \/i“ Epp = Zpm Ly 7 u Q> Z Ky aoVyp
=0 =0 4 p— 5 (as+a9) Vup - 070 )— = a9 Vyp = +_— =
8y = B KT g 73 i Q= Ty K v \/5 By, —> Xy LTy aoVyp
Q, = E;)ONOZ_\_J@ ‘18‘2/1«}; B, — 22710[—‘}[ % (ag — ao) Vip Q,, — E},Oﬂﬁ_l_/z (08_2{%)Vuh
== 0,p—5 (ag+a9) Vup - ol ey agVup
Epp = Zpnt e 2J§u Q= By ey \/5
B, — X, e, agVup Q,, — QKT agVup

1
13 31
(H5)3 = _(Hg)j, = E,

1 o _ 1 12
g(HIS)z §(H15)2

1 1
= —E(Hls)%l = —H19)P = - =, (14

2’

with all other remaining entries zero. The overall CKM factor
is V¥ Vya >~ —sin(fc). While for the transition ¢ — uss,
we have

(H3)' =1, (Hg)3i' = —(Hn)Y
1
= (Hg);* = —(Hp)3' = 7,
1
—Z(H:1
2( 15)1

1 1
—(Hi5)3' = =(H5)%?
3( 15)3 3( 15)3

1
= —(Hi5)}? = —(H15)3' = n (15)

with all other remaining entries zero. The overall CKM factor
is VX Vs = sin(f¢). Since the CKM factors for ¢ — udd
and ¢ — uss are almost equal in magnitudes, we combine the
two transitions. Thus the singly Cabibbo-suppressed channel
has the following hadron-level Hamiltonian:

(Hp)3!

(H15)3!

= —(Hp)¥ = (Hp)? = —(Hp)}! = sin(0c),
(Hi5)} = —(H15))? = —(Hy5)3' =sin@c).  (16)

5.1 Decays into a charmed baryon and two light mesons

With the above expressions, one may derive the effec-
tive Hamiltonian for decays involving the anti-triplet heavy
baryons as

Herr = b1(Tee) (T 3)ij1Mj MJ" (Hg)!!
b (Tee) (T 5) i M M) (Hp)X!
+b3(Tee) (T ) M7 ME(Hp) "
+04(Tee) (T ) ymy M M (i)
+bs(Too) (T 3) iy ML, MJ" (H) T
+be(Tee)! (T 5) ML M (H)
by (Teo) (T 3) i M MY (H) /¢
+bs(Tee) (T )iy MY ML, (Hys)F™
+bo(Tee) (T 311 ML, MY (His)j*
+b10(Toe) (T 3) 1 M; M) (Hy5)¥!
+b11(ch)i(Tcg)[lm]M,jMfl(HIS)];l
+b1a(Tee) (T 3) ML, M (Hy5)/

51 (Tee) (T ) ML, M (Hg) (17)

For the sextet baryon, we have the Hamiltonian

Herr = bl(ch)i(Tc6)[ij]M;{M["(H15)’fnl
+ by (Tee)' (Teo) i1 MY, MY (Hi5)] ¢
+b3(ch)i(Tcé)[jk]M,jM["(Hls)ﬁf
+04(Tee) (T e6)ym) M ME (Hy5)}"
+bS(ch)i(Tcﬁ)[lm]MlelT(HIS)];l
+bﬁ(ch)i(Tc6)[jk]M;l11M1rn(H15){k
+b7(Tee) (T o)y ML, M (Hys)!

@ Springer



56 Page 8 of 43

Eur. Phys. J. C (2018) 78:56

+bs(Tee) (T e6) M M (Hys)!
+bo(Tee) (T o) 1ij) MY ML, (Hg) ™
+b10(Tee) (Teo)jiyM] M (Hg)!
+ 011 (Tee)' (T c6)yim) M} M (H)¥!
+bio(Tee) (Teo)jn MY, MY (Hg)
+59(ch)i(Tc6)[ij]M£,1M1?l(HE){k-

(13)

We have checked that the b; and by terms give the same con-
tribution as the b and by, and the corresponding amplitudes
always contain the factor by — b, for anti-triplet and bg — 59
for sextet. So we can remove b and bg term in the expanded
amplitude.

It should be mentioned that the dynamical mechanisms
of these terms are not all the same. For the production of
final two light mesons, some terms contain one QCD cou-
pling while the others contain two QCD couplings. Expand-
ing the above equations, we will obtain the decay ampli-

tudes given in Tables 6, 7 for the anti-triplet baryon and
Tables 8, 9, 10 for the sextet. Based on the expanded ampli-
tudes, we derive the relations for decay widths collected in
Appendix A 1.

5.2 Decays into a light baryon, a charmed meson and a
light meson

The hadron-level Hamiltonian for the decays of 7. into a
light octet baryon, a charmed meson and a light meson is
given as
Hepr = c1(Tee) D’ €1jx M (T3)F (Hg)™

+co(Tee) D €iju My (Ty)} (He)"

+c3(Tee) D €iju M]" (Tg)y; (Ho )t

+ca(Tee) D €ijuM;y (Ty), (o)™

+c5(Tee) D €iju M) (Tg)y, (He); "

Table 6 Doubly charmed baryon decays into an anti-triplet cqgg and two light mesons

Channel Amplitude Channel Amplitude
- - - by+by+big—b
RPN Ajn*fo by + by + 2bg — b1g + b1y gt > gtata0 %
- - —2b| +by—4b3—by—2bg+2bg+bjg—3b - ot et 0
gt > gfaty 177227203 4\58 CREAT LAY gt > efktx —by +by —2b3 +bg +bg —byg
E$+ﬁ39ﬂ+ﬂ+ 2(1)2+h4+b]07b]1) E:;.ﬁA:.rnJrK* —by — bg +2b7 —bg —bg + b1
- 0 by —by—by+bg—2b7—bg+bo+b1g—by | —b - =0 by +by+by+bg—2b7—bg+bg—byo+b1| b
&t — AFa0F 1=ba—batbe 7\/289 10=b11=b12 gt ArEy 1+ba+by+bs 7@89 10+b11=b12
& — &fntn~ by —2b3 — 4bs — bg + b1 — b1o gd — &5 70:0 —2b3 — by —4bs —bg +b1| — b1
- - 2b3+by—bg+2b7+b1 | —b - - _
.:j; — :‘(fﬂor) 3704706 ﬁ7 117712 a(t — ch+K —2(2b5 + bg — b7)
gl —» sF k0% by —2b3 — 4bs — bg — byo + b2 gk - efm L (~2b3 — by — 125 — Sbg + 4b7 — 3by| +3b1p)
i - by+bytbio—b - - —2b | +by+by—2bg+4b7—2bg+2bg+b1g—by —2b
gk & 20rt0 ,% gt » g0ty by +by—2bg 7\/68 9+b10=b11=2b12
gl —» g0k +x0 —by — b +2by +bg +bg — by ok - afx%° 2(by +bg —byo +b11)
of - efatk— —b| + by —2b3 — bg — by + by o - gt 20%° b1+2b3+b4jib +bg—by]
by —2by+2b3—by—bg+bo+2b1—3b
of - =& 12674253 4[68+ 9+2b10=3b1) ok - 20 +%° by + by — 2bg +b1g — by
in2
by —by+2b3+bg—bg—b1+2b bc
E5F — AFaTKO —sin2(0c) (by — by +2b3 — bg — by + byg) ght - AFa0k+ _ (b =y +2b3+bg - 10+2b11) sin” )
2
_ by +by+2b3+2bs+bg—bg+b 1) sin (0c) _ _ )
edt — afkty (b1 +hp+2b3 20 \/g 9:+b10) sin” G gl - efktk0 (by + by +2bg — by + by ) sin® (6c)
in2

) by —bp+2b3—bg+bo+b1g—2b11) sin® (B

gt - &k tkt —2(by + by + b1 — by1) sin? (¥c) gt > ata0k0 (b —by+2b3—bg \9/5 10=2b1) sin” (%)

—sin2(6c) (b1 — by +2b3 + bg +bg — 1)

gl — 5F k00 2 (by + by — byo +by1) sin26c)
ol - Afxta— —2(2bs + bg — b7) sin2(6¢)
02
+ 2(by1—b sin“ (6¢)
Q[t — Al non 7( 11 1\/2%
b — aF kO%° (by — 2b3 — 4bs — bg — by + by2) sin? (0c)
by b1s) sin2
Qb & 500 (b1+b6—2b7—bg+bg—b12) sin” (Bc)
V2
+ —+ 0 (bl —2by —2by+bg—2b7—bg+bg+2b1(—2b] | 7b12) sin2 Bc¢)
Qee = Ef K
76
_ _ sinZ (6,
ot > 20x0k+ (b1+b6—2b7+bg—bg+b15) sin (0c)

7

(b1 +by+2b3+2b4 —bg+bg—b 1) sin (0c)

= > A:.rKon

cc \/6

gt — 20k +k0 (by + by —2bg +b|0—b]1)(— sinz(HC))
Qfe > Af 7070 —2(2b5 + b — b7) sin2 (6¢)
Qf. > ATKTK— (by — 2b3 — 4bs — b + b1 — b1n) sin2 (6c)
ol — adm ~2 (4b + 2by + 6bs + b + by) sin?(6c)
of > gtr—kt (by + b = 2b7 + bg + by — by2) (—sin? (@)
ot - gdx T k0 (b1 + b — 2b7 — bg — bg +b12) sin? (6c)

(b1 —2by —2b4+bg—2b7+bg—bg—2b1+2b1 | +b12) sin® (6c)
NG

ok - g%ty -
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Table 7 Doubly charmed baryon decays into an anti-triplet cgg and two light mesons

Channel

Amplitude

g+ + 70
Elm = AlnTm
EXf — Afnty
—0
g+t + g+
it > ATKTK
EfntKO

Efnlk+

ENF —
ELF —
EXf > EfK™y

EL - Afntn~

ElX — AfnOzn0

+70
s = Aty

=+ +rtr—
Ef - ATKTK
=+
EL — Alnm
El — EFnOk0
Ef — EFK'p
cc c
Ef — Blntk?O
EXt — Blntk*
+ 5+ KK
Qf — BXKK
—0
Qf — Afn'K
—0
+ +
QL. — ATK
Qf - Bfnta~
Qf — EFaOx0
+ =+..0
QL. — Bln'y
+ +ot K-
Ql.— AJnTK
Qf — 80%k+K°
+ =0+
QL — Bomry
Ef — B0n%k
Ef — BVK*p
cc c
+ =+
QL — EInm
_ —0
Ef — ATKOK
EL - Efn K™t
+ s+ K+HK—
QL — BIKTK
Qf — Bl tn0

V2 (bg — bio + b11) sin(6,)
3 @1 =262+ 2by — by — 205 — by + bio) sin(6r)

(b1 + 2b3 + by + bg — bg + by1) sin(6;)

(b1 +2b3 + bs + bg — bg + b11) (—sin(b,))
(b1 —2by+2b3—bs—bg—by+b11) sin(6,)
V2
(b1 —2by+2b3—bs—5bg—bg+4b10—3b11) sin(6,)
NG
(b1 — by + 2b3 + 4bs + 2bg — 2b7 + bg + b9 — byg) sin(6.)

(b1 — by 4 2b3 + 4bs + 2bg — 2b7 — bg + bg + b1o — 2b11) sin(6,)
_ (b1—=2by+2b3—by—bg+byg+2b10—b11—2b12) sin(6,)

V3
(by — 4bs — b + b + by — b12) (— sin(6,))

%(—3b1 — 3by 4+ 2b3 — 2bs + 12bs + 2bg + 2b7 + 3bg — 3bg + 3b10) sin(6.)
(b2 +2b3+2by—be+2b7—b10+b12) sin(6,)
NG
_ (3b2—2b3+2bs+b6—2b7—3b10+4b11—b12) sin(6,)
NG
(b1 — by — by + bg — 2b7 4+ bg — bg — b1g + b11 + b12)(—sin(6,))

2 (b2 + bg + b1o — b11) sin(6,)

(2b3 + by + 4bs + b + b1y — b12) (—sin(6,.))
(by—=2b3+b6—2b7—b10+2b11 —b12) sin(6.)
V2
_ (3b2+2b3+4by—be+2b7—3b10+2b11+b12) sin(6,)
V6
(by — 4bs — bg + bg + by — by2) sin(6,)

(b1 — 4bs — bg — bg + by — b12) sin(6,)
_ (b1+b2+bs+be—2b7—bg+by—b1o—b11+b12) sin(6.)
V3

(by — 2b3 + be — 2b7 + b1 — b12) (—sin(6,))
(by — by — by + b — 2b7 + bg — by — b1o + b11 + b12)(— sin(8,))

—\/g(bl + by + by + be — 2b7 — 2bg — by + b1p — b1 + b12) sin(0,)
_ (b1+by+ba+be—2b7—bg—by+b1o—b11+b12) sin(fc)
V2
(b1 +by+ba+be—2b7—5bg—bg+b1o—by1+b12) sin(0,)
NG

%(—3171 + 6by — 8b3 + 2by — 12b5 — Sbg + 4b7 + 3bg — 3bg — 6b1o + 6b11 + 3b12) sin(6,)

(2b3 + b4 + 4bs + b + b11 — b12) sin(6,)

(b2 — 2b3 + bg — 2b7 + b1o — b12) sin(6,)

(b1 — by + 2b3 + 4bs + 2bg — 2b7 + bg + by — b1o)(—sin(0,))
—+/2bg sin(6.)

+ c6(Tee) D' € ju M (Ty) K (He)3)"
+c7(Tee) D" €1 M (T3)¥ (He)y/
+c8(Tee) D" €1k M (T3)K (He )i
+co(Tee)' D' € M (T3)X (He)i"
+c10(Tee)' D" € jx M (Ts)X (He)y!
+c11(Tee) D" € M (T3)X (He )15
+c12(Tee)' D" € jx M (T3)X (He)iy'

+e13(Tee)! D' egji M (To)E, (He)}™"
+e1a(To) D erju M2 (Ty) S, (He) )"
+ 15 (Tee) D" e ME(Ts)X, (He)]"
+c16(Tee)' D" €1 M (T3)k (Hﬁ)fj
17 (Tee) D" e My (T (Ho)i"
+e18(Tee) D € M2 (Ty) K ()l
+619(ch)i516ijkM,§'1(Ts)f(Hls)im
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Table 8 Doubly charmed

. Channel Amplitude
baryon decays into a sextet cqq
light meson = -
and two light mesons Bt - 2ttntk b1 + by + bs + by + b1y
=2++ 4,070 bi—by+b3—byo—b1o
e g EC T K T
40 _ _ _
=+ ++ b1 —by+b3—bg—b1o
BT —>XITK — %
- -0 2b1+b3+bs—big+b
= ++ + -+ 11+03+b5—b10+b11
B =X nTK N
gt - gfatal 3 (b3 +bs +bio — bi1)
[SEES 2t o+ —=2b1+2by+b3+4bs—bs—2bo+b1o—3b11
BT — By 23
40 _ _
EZLL+ N EéfK*K b1+bz+b3+j§l74 bo—big
Bt — B0ntnt V2 (b3 + bs + bio — i)
ELY - Qntkt b3 +bs +bio — b1
=+ ++ 0 g — _ bs—b7—2bg+bi1+b1>
e g EC T K T
_ _—0
N M 4 b3 + b7 —bio — b1z
=+ ++ K- bs—b7+2bg+b11+b1p
El.—> XTTK™n NG
E:—c _ E:’n"’K_ b1+b2+b7ir/2§bs+b9*b12
_ —0
;:uz;. — EZFHOK % (by — by — bz — bs — b7 +2bg — by + b1g — b11 + b12)
- 7l b1 —by+b3+bs—by+2bg—bg—b1o+b11+b
=+ + 1 —b2+b3+b5s—b7+208—D9 —D10+D11 1012
El.—> XKy 25
— —0
g8l —» XrtK 2 (b1 + by)
=+ = — b3+2bg+4be+b7+b1o+b12
El.— B n'w 7
gl - QKO b3 + b7+ Dbio + b1z
=+ 00 g+ —bs+b7+bi11+b1n
See ™ Qcﬂ K 2
40 _
QL - ZITKK b3 +bs —bio + b1
—0—0
Qf - 5K K V2 (b3 + bs — bio + bi1)
4 4 — b1 +by+b3+2bs+bo+b1o
QL‘C — e s K #
—_ 0
Qf — gtq'K 3 (by — by — 2by + bs — by — b11)
=+ 370 by —by—2b3—2by—bs—byg+2b19—3b
+ —/+ 1—by—2b3—2b4—bs—by+2b10—3b1s
QlL.—>E K n NG
+ =0+ 0 2by+b3+bs+bio—bui
QCC e e T K T
2
QFf — Qnty —\/;(bl — by + b3 + by + bio)
—0
QFf — QKK bi+0by+bs—by—bi
Ez—c N E/C+7T07TO 2b4—b5+4bf:7§b7+b11+b12
- 0 —2by+bs+br—2bg+b11+b
dz—c > EJC+7T 77 4 S 1/6 8 11 12
Bl > BFKTK V2 (2bs + by + bs)
= - ¥7ad bro—
gt — .:‘/C+KOK b3+2h4+4b5j§b7 bio=bi2
- o) 1
Er — Efntr0 7 (=b3 —bs — b1+ b11)
=t =0+ —2b142by+b3+bs+2b7—4bg—2bg+b19—b11+2b12
e ™7 SN 2.3
=t 20+ 70 bi+by+b7+2bs—bo+b1n
El.— B KTK 7
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Table 9 Doubly charmed

. Channel Amplitude

baryon decays into a sextet cqq

n light meson - — .

and two light mesons Bl — nftata (b1 + by + bs + by + byy) (—sin(,))
ElXf — ot a0x0 (b1 — by 4 b3 — by — byg) sin(6,)
=++ ++.0 (b1 =ba+b3—by—byp) sin(f,)
ElT =Xy - 7 <
Eff > THKTK- (b1 + by + bs + by + by1) sin(6,)
BlF = 2t (b1 — by + b3 — by — byo) (—sin(6,))
Bl > Siatal (b1 — bio + b1y) sin(6,)
Ej;.+ N E;LnJrr) _(2b1+b2+2b3+2b4j§75*b9*b10)Sln(9c)

—0 L .

=++ + + (b1 —=by—2b4+bs5+by+bi;) sin(0c)
BT = XTKTK e s
Bt — S0rtat —2(b3 + bs + b1y — byy) sin(6,)
=++ =/4 o+ g0 (by —=by —2b4~4-bs+bo+byy) sin(6,)
BT —> BnTK - 7 <
BLF > gfn'k* L (b1 + by + 2b3 + 2bs + bs — by — by1) sin(6,)
Bl — QUKTKT 2 (b3 + bs + bio — bi) sin(6,)
=+ ++,.0_— (b3+bs5—2bg—bio+b11) sin(6,)
Bl — X nn 72 <
E:c — Ecﬁnfn _(3h3+h5+2b7+2h8*f/hém+hn721712)51"(95)
Ef — KOk~ (bs — b7 + b11 + b12) sin(6c)
Ej—c N E+7T+7T _ (b1+by+b3+2bs+4be+2b7+2bg+b9+b10) sin(6.)

g V2
E:rc — Ejnoﬂo (bl—bz—b3—2174—4b6—2b7j-§2b8—b9+b10—2b11)Sin(9c)
Ez_c N E:'ﬂon _(bl—b2—2b3—2b4—b5—ﬁ%—2b10—b11+2b12)Sin(ec)
—_—t I (b1+by—=4bs—b7+b9—b12) sin(6,)

B, — XTK"K 7 -

=t + 00 (2b4—bs+4be+b7—b11—b1o) sin(6,)

Bl — X7K°K - V3 <

E:—c N Eé’nn _ (3b1=3bp+3b3+2bs+2b5+12b6+2b7+2bg —3b9—3b0) sin(6,)
3V2

Ei - ESJT+7T0 (2b1+b3+b5+2bja/-§*-b10—b11)Sin(9c)

- 0 4b14+2by+b3+b5+2b742bg—2bg+b19—b11+2b12) sin(b,

C‘Jc%zcﬂ-'-’] _ (4by 2+b3+bs5+2b7 i/é 9+bio—b11 12) sin(6c)

- -0 .

Ef — 20KtK (b1 — by — by + by — b12) sin(6,)

40 _ _ _ _ i

+ + (3b3—2bs+4bs+b7—2bg—3b10+2b11 —b12) sin(6.)

Qcc g Ec Kn - 273 -
—0 .
Qf, - Btk (b3 + bs — 2bg + bio — bi1) (— sin(6,))

+ =it — (b1+by—4be —b7+bg—b12) sin(6,)

QL — B n"xw — 73 <
+ =4 0.0 (b1 =by+4be+b7—by+bi2) sin(0¢)
QL — B n'n 73 <

+ =40 (b1 =by+b3+bs—b7+2bg—bg—b10—b11—b12) sin(6,)
QL — By - 7 L
Qj—c N E?— K+K— (b1+ba+b3+2by+4be+2b7+2bg+bo+b1p) sin(6,)

V2
n Al (2by—bs+4be+b7—b11—b12) sin(0,)
Q. — B."'K°K 7 :
Qj’c > E;—an _ (3b)—3by—6b3—8by—2bs5—12bs—5b7+4bg—3bg+6b10—6b1+3b12) sin(0c)
3V2
Qf. - Ednta® by sin(6,)

+ =0+ (2b1+by—b3+bs—by+2bg—bg—b19—b11—b12) sin(6,)
QL — Brn™y — 7 <
Qf - g0kK’ (b1—by+b3—bs+b7+2bg+bg—bio+bio+b11+b1) sin(6,)

cc c ﬁ
QFf — Qnt kO by — by — b7 + by — b12) (—sin(d

e > 2T (b1 — by — b7 + by — b12) (—sin(6,))

+ 0.0+ (b1+ba+b7—bo+b12) sin(6.)

Q. — QK 7 <

- — 1 :

ng’c — Q,C+JTOKO 5 (b3 — 2by + 2bs + b7 — 2bg — b1g — b13) sin(6,)
Ei N E?’]TiK*» (b3+2b4—b7—2bjg/-§b10+b12) sin(6,)

- — 0 3b3+2bs+2bs—b7+2bg—3b19+4b11+b12) sin(6,
djc—>542+K’7 _ (3b3+2b4+2bs—by 28\/§ 10 11+b12) sin(6c)
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Table 9 continued

Amplitude

Channel
g » g0 tK°
Er — EPOx0k+
= =0
B — EPK™y

+ 40 g —
QL — XK

—0
+ o —
QL — XK

Qf - Ky
Qt - TFfntK~

—0
Qf — rn%%

_ (bi=by+b3—bs5+b7+2bg+by+bio+bi1+bi12) sin(0c)

NG
1 .
5 (b1 + b2 — b3 +bs — by + 2bg — by — bio — b1 — bi12) sin(6,)
__ (5b1+by—b3+bs—b7+2bg—bg—bio—b11 —b12) sin(6.)

2V3
(b3+b7+2bg—b19—b12) sin(6,)

72

(bs — b7 + b11 + b12) (—sin(6,))
_ (3b3+2b5+b7—2bg—3b10+2b11 —bi12) sin(0c)
NG
_ (b342b4—b7—2bg+bi9+b12) sin(6.)
V2

% (b3 + 2by — b7 4 2bg — b1 + 2b11 + b12) sin(6,)

+20(Tee) D' €rju M (Ty)X (His)l
+ a1 (ch)iBZEijkMI{ (Ty)%, (Hys)™
+en(Te) D e M (To)k, (His) )"
+en(Te) D' e MIL (Ty)E (His)i"
+ 02 (Tee) D" €1 ML (Ts) S (His)3y!
+e25(Te) D' erju M (Ty)L, (His)"
+e26(Tee) D" erjx MY (To)K (His)iy!
+e2(Tee)! D' € My (T)k, (His)}"
+ea3(Too)' D' €1 M2 (To)E (His)!™
+020(Tee) D" €1 ME(To)X, (His)]"
+e30(Tee) D" erju ME(TR) S (HLs)] " (19)

Expanding the above equations, we will obtain the decay
amplitudes given in Tables 11, 12 and 13. This leads to the
relations for decay widths: in Appendix A 2.

For a light decuplet in the final state, the Hamiltonian is
given as

Herp = c1(Tee) D" (T10)imi Mil (Hys)!
+e2(Too) D" (T10)ijs ML (His)id
+c3(To) D" (T10)iji ML (His)
+ca(Tee) D" (T10)ijm M} (His)y!
+¢5(Tee) D™ (T10)iju M} (His)hy'
+c6(Tee) D" (T10)ijm MY (Hi5)]"
+07(To) D" (T10)iju ML, (H15)]"
+¢8(Tee) D" (T10)imi M1 (He) T
+co(Tee) D" (T10)ij1 M (He )yl
+¢10(Tee) D" (T10)ijm M} (He)] " (20)

The corresponding decay amplitudes are given in Table 14,
and it leads to the relations for decay widths also collected
in Appendix A 2.

@ Springer

6 Non-Leptonic Z;; and 25, decays

For the bottom quark decay, there are generically four kinds
of quark-level transitions:

b—ccd/s, b— cud/s, b— ucd/s, b— q1q2q3,

2n
with g1,2,3 as a light quark. Each of them can induce more

than one types of decay modes at hadron level, which will be
discussed in order.

6.1 b — ccd/s: decays into J /v, a bottom baryon and a
light meson

These decays have the same topology with semileptonic b —
s€T¢~ decays, and thus the SU(3) relations derived in this
subsection are also applicable to semileptonic b — s€T ¢~
decays. The transition operator b — ccd/s can form an
SU(3) triplet, which leads to the effective Hamiltonian:
Herr = ar(Top) (H3) M5 (T 3y J /¥

+ax(Tow)' (H3) ME(Ty3)im I/

+a3(Ty)' (H3)! MY (Twe)jix) J /¥

+as(Top) (H3) M (Tvg) (jxy I/, (22)
with (H3); = V;; and (H3)3 = V. Decay amplitudes are
given in Table 15, from which we derive the relations for
decay widths: Appendix A 3.

6.2 b — ccd/s: decays into a doubly heavy baryon bcg, an
anti-charmed meson and a light meson

The b — ccd /s transition can induce another type of effec-
tive Hamiltonian:

Hery = as(Top)' (H3)! (The)i DeMYy

+ag(Top) (H3)! (Tpe) j Dy MF
+a7(Typ) (H3)! (Tpe)i D; MY
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Table 10 Doubly charmed
baryon decays into a sextet cqq
and two light mesons

Channel

Amplitude

EXt — nita0k0

=++
Hee
=++

See

=++
See

=++
See

gt
gt
Eit
st
g%

=+
o
See

=+
o
See

=+
o
See

ok
cc
ok
cc
=2t
cc
E+
cc
+
Qcc
+
Qcc
+
Qf

Qt

cc

Vol

[ )

—

—

}

¥

+

i

{

{

L

L

{

|

+
QL‘C e

+
QCC

+
QCL‘ — S

+
QCL‘

+
QCC

+
QCC -

\

—
+
Qcc — e
—

DRSS Y G
KO
rat k0
a0kt
FKty
2ontk+
BFKTKO
BOK+KT
Ha kO
Zj’ﬂOKO
2fn Kt
K%
2otk

2070k +

+ 40—
QL — X'

QL - Tty

QFf - 2FTKk~

cc
Qt

cc

Qt

cc

— Ej’n‘*n_

— 2Fn070

QFf — 2f7%

cc

Qb - SFKTK-

cc

(b1=by+b3—by—byp) sin*(6,)
V2

(b1 + by + bs + by + byy) sin®(6,)

(b1 —by+b3—bg—byg) sin*(6,)
NG

(b1 +by+b3+2bs—bg—b19) sin*(6,)
2

—% (b1 — by — by — 2b4 + by — b1g + 2b11) sin®(6,)

(b1 —by+b3—2b4+2bs+bo+byg) sin® (6,)
23

(b3 + bs + bio — b1) sin?(6,)

@by +b3+bs—bio+bi1) sin®(6,)
V2

V2 (b3 + bs + bio — bi1) sin®(6c)
(b3 + bs — bio + by1) sin®(6,)
% (b1 — b2 — b3 — 2b4 - b9 + b]o — 21)11) Sinz(ec)

(b1 +b2+b3+2b4+bo+byg) sin®(6,)
V2

(b1 —by+b3—2b4+2bs—bg—byg) sin*(6,)
23

(by + by + bs — bg — by1) sin2(6,)

_ (bi=by+bs+bo+bio) sin®(6,)
V2
(b1=by+b3+bo+bi) sin®(6,)
/6

N2 (b3 + bs — byg + b11) sin?(6,)

(2by+b3+bs+b1g—bi}) sin®(0,)
V2

$+/2 (4bs — 2bs + 6bg + b7 + bs) sin® (6,)
—/2bg sin?(6,)

/3 (bs by — by — b1y — bio) sin? (@)

(b3 + b7 + bio + b12) sin® (6,)
3 (b — by — by + 2bg — by + by2) sin* (8.

(b1 +by+b7+2bg+bg—by5) sin®(6,)
V2
(b1 —by—2b3—2bs—by+2bg —bo+2b10—2b11 +b1) sin® (¥)
23

(b1 +by+b7+2bg—bo+b15) sin®(6,)
V2

—1(by — by — by + 2bg + by — by2) sin?(6,)

(b1 —br—2b3—2bs—by+2bg+bo —2b10+2b11 —b1) sin® (@)
2J3

2 (by + bg) sin®(6,)

/2bg sin (6

—\/g(bs — by — bg + b11 + bip) sin?(6;)
(b3 + b7 — bio — b12) sin®(6,)

V2 (2b6 + by + bg) sin*(8,)

V2 (2bg + b7 — bg) sin*(8,)

\/g(bn + bi2) sin® (6,)

(b3+2b4+4be+b7+b10+b12) sin® (6c)
V2
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Table 11 Doubly charmed

Amplitude

. . h 1
baryon decays into a light Channe
baryon in the octet, a charmed
meson and a light meson gt — AOD*rt

Elt — tDOn
Eft — otDtr0
Bt - DTy
Eft - 20ptg T
g5+ - pDtK’

gt — 8'Dfnt

El — A'DOn+
Ef — A'D*x0

gf — AOD*y

—_ —0
gl — A'D}K
Ef — 2+tD0x0
2+ +po
El.— XDy
EfL > =tDVn~
gt — 20pOx+
g — 20p*xr0
Ef — 20Dy
EL > Dtxt
—0
El — pD°K
Ef — pDTK~
=+ =Dt t
El.—> B Dim
gt — 8°DFk°
=+ 20D+ 70
El.— &' Dfrm
= =0
EL — E°Dfy

Qt — ntp'K’
Qt - TtDTK™
Qt - x0p*K°
Qf - g Dtrt
Qf — 20D+
QF QOD+7T0

cc

—ﬁ@q +c24+2c4 45 —co —cg +c9g —2c10 — 2c11 + c12
+2c18 + c19 + 2¢21 + €22 — €23 — €24 — 3¢25 — 3¢26)
—c2+c¢3 — 6+ 207 — 9+ 2c10 — C19 — €20 — €23 — €25
—%(03 +c5+2¢7 +cg — 2c11 +c12 — c20 + €22 + €24 + C26)
ﬁ(% —2¢4 —¢5+2c7 + g +2c11 — 12 — €20 + 221 — €22 — 324 — C26)

%(02 +¢5 +c6+ s +cg —2c10 — 211 +c12 + €19 + €22 + €23 + €24 + €25 + €26)

—C] —C4+c6+cgtcigt+ 21 — 23 —C4

—cp — ¢ — 9+ 2c10 — C18 — €19 + €25

ﬁ(ch + 2+ ez —cg+2c7 —2c13 — c1a + 15 + 2¢16 + €17
2c18 + c19 + 3c20 — €23 — 227 — €28 + €29 — 3¢30)

—%(03 —2¢c4 —c54+2c7 +cg —co+2c10 +2c11 —c12 —2¢13 — c14 + ¢15 + 2c16
c17 + 3c20 — 2c21 — €22 + €24 + 3¢25 + 3c26 — 2027 — €28 + 29 — 3¢30)

%(03 +4cq + 5¢5 4+ 2¢7 + ¢g — c9 + 2¢10 + 2¢11 — ¢12 +4c13 + Scia + ¢15
+2c16 + c17 + 3¢20 — 3c22 — 3¢24 + 3c25 + 3c26 — 3c28 — 3c29 — 3¢30)

ﬁ(—cl —2c3 4¢3 —ce+2¢c7+c13 —c1qa — 2c¢152¢16
€17 + c18 + 2c19 + 3c20 + €23 — ¢27 + ¢28 + 2c29 — 3¢30)
ﬁ(@ —2c10 — €14 — €15 + 2¢16 + €17 + €25 — €28 — €29 + €30)
*ﬁ(@ —2c10 + 2¢13 + 14 — €15 — 2¢16 — €17 + €25 — 2¢27 + €28 + 3¢29 — €30)
2c1) —c12 + 2c16 + €17 — c26 + €30
%(02 —c3+c6 — 207 + 14+ 15 — 2¢16 — €17 + €19 + €20 + €23 + €28 + €29 — €30)
5(c3+ 5 +2¢7 4 cg — c9 + 210 + 2¢11 — c12 + c1a + ¢15 + 2c16

+c17 — €20 + €22 + €24 — 25 — €26 + €28 + €29 + €30)

ﬁ(—cz +2c4 +¢5 —2¢7 —cg +c9 — 2c10 — 2c11 +c12 + 213 +C14 — €15
—2c16 — €17 + €20 — 2¢21 + €22 + 3c24 + €25 + 26 — 2¢27 + 28 + 3¢29 — €30)
2+ c¢5s+cet+cg+cia+ci5s+c19+ o+ 23+ c2a + 28 + 29
€1+ c2—c13+ 15 —c18 — €19 + €27 — €29
¢4+ cs+c13+cia—c21 — 22— 27 —C28
c1+c2—c13+ci15s+c1g+cr9 — a7 + 29
2c11 — c12 + 2c16 + €17 + €26 — €30
%(09 —2c10 + €13 — €15 — €25 + €27 — €29)
ﬁ(—@ +2c10 +c13 + 2c14 + c15 — 4cie — 2¢17 + ¢25 + 27 — 2¢28 — 329 + 2¢30)
—cp — ¢ —¢9+2ci10+ 18 + 19 — €25
—c4 —c¢5+2c11 —ci2+c21 + 622 — 6
%(61 +ca+cy+ces+c9g —2c10 — 2¢11 + 12 — €18 — €19 — €21 — €22 + €25 + C26)
—C1 — €4 +C6 +cg —C1g — €21 + €23 +C24
c1+e3—ce+2c7+cig+c0—c3

S SN 2 —
ﬁc3 c4 +2¢7 +cg + 0 — €21 +C24

+ag(Tpp) (H3)? (T pe )i D Mf.

(23) 6.3 b — cud/s transition: decays into a doubly heavy
baryon bcg plus two light mesons

This Hamiltonian denotes the decays into doubly heavy  The operator to produce a charm quark from the h-quark
baryon bcq plus an anti-charmed meson. Decay amplitudes decay, chqu, is given by
are given in Table 16. Thus we obtain the following relations

for decay widths: Appendix A 4.

@ Springer



Eur. Phys. J. C (2018) 78:56 Page 150f43 56

Table 12 Doubly charmed baryon decays into a light baryon in the octet, a charmed meson and a light meson

Channel Amplitude

g+ 5 AOD+E+ —ﬁ(ch + ) —cq4 —2c5 —cg —cg +c9g —2ci0 + 4eqy
“ —2c12 4 2¢18 + 19 — €21 — 2¢20 — €23 — €24 — 3¢25) sin(6,)
%(Cl +2cp —2c4 —¢5 4 c6 + cg + 2c9 —4cig + 2c11
—c12 + 18 +2¢19 — 2¢21 — €22 + €23 + 24 + 3¢26) Sin(60,)
i > ZTDOKT (2 —c34c6 —2¢7 + co — 2c10 + €19 + €20 + €23 + €25) (— sin(6.))

Eft — StDYK?  (c3 —ca+2¢7 + 5 — c20 + €21 — c24) sin(8,)

Eft — AODFnt

— 1 .
ELF - =Dl 7 (c1 —c5 —c6 —cg +2c11 —c12 —c18 — 22 + €23 — €24 — C26) Sin(0;)
gl - =Dtk % (c2 —ca+c6+cg +cog —2c10 + c19 — c21 + €23 + €24 + €25 + 2¢26) 8in(B,)

L — 20D}at %fz (—c1+c5+ce+cg —2c11 +cr2 — 18 + ¢ + €23 + €24 + 2025 + ¢26) Sin(0;)

gt —» pDOn (2 — ¢34 c6 —2¢7 +c9g — 2c10 + c19 + €20 + €23 + ¢25) (— sin(6.))
Ej—g+ - PD+7TO —% (c1 +c34+cq4+c5—ce+2c7 —2c11 +c12 — 18 — 20 — €21 + €22 + €23 + 2¢24 + ¢26) Sin(6,)
Bl — pDTy ﬁ (Ber + 3+ ¢4 —c5 —3c6 +2c7 — 2c8 + 2c11 — 12 — 3c18 — €20 — €21 — €22 + 323 — €26) sin(6,)

ELF — pD;rfO (c3 — ¢4 +2¢7 4+ ¢cg — 20 + 21 — ¢24) sin(6,)
%(201 + e+ c3—ce+2c7 + 13+ 2c14 + 15 — 4cis
—2¢17 + 2¢18 + €19 + 3¢20 — €23 + €27 + 2c28 + €29) sin(6,)
ﬁ(% + ¢4 +2¢5 + 207 + cg — 9 + 2c10 — 4ery + 2c12 + 13 + 2c14 + €15
—4ci6 — 2¢17 + 320 — €21 — 2¢22 — €24 + 325 — €27 — 2¢28 — €29) sin(6,)

=+ 00 g+
El. — A°DK

2f - AODtkO

—ﬁ(q +2c3 —2c4 —c5+c6 + cg +2c9 —4dcip +2¢11 —c12 —c18
—2c19 — 2¢21 — €22 — €23 + €24 + 326 + 227 — 2c28 — 4c29) sin(be)
Ej’c — »+pOk0 (cg —2c10 + €13 — €15 + €25 — €27 + €29) (— sin(6.))

ElX — A'Dfr0

Bl = ZtDfn™ et —cia+c13 4 c1a — c26 — c27 — c28) sin(6,)

Ej; — xO0pOk+ \% (ca—c3+c6—2c7 —c13+ 15+ 19+ 20 + €23 — €27 + €29 — 2¢30) sin(6,)

Ej’c — 20ptKO —ﬁ (3 —ca+2c7+cg—c9g+2ci0—c13 4+ c15 — €20 + €21 — €24 — €25 — 2¢26 + €27 — €29 + 2¢30) sin(6,)
E;t g EOD:—T[O —% (c1 —c5 —ceg —cg —2¢11 + 12 —2¢13 — 2¢14 — €18 — €22 + €23 — €24 + 225 + ¢26) sin(6,)

2%/3(3@ +2¢3 + 2¢4 + ¢5 — 3¢ +4c7 — g — 2¢11 + c12 — 3c13 — 2¢0
—2¢21 + 22 4+ 3¢23 + 3c24 + 2025 + 26 + 227 + 2c28 + 4c30) sin(6,)

EX. > Z°DTKY  (c2—c4+ce+cg—ci13+cis+cio— o + a3+ s — a7 + ¢29) sin(6e)
Ej’c — E_D;Wﬁ' (—c1+c¢5s+ce+cg+ci3+cia —c1g + 22 + 23 + coa + €27 + ¢28) sin(6;)

Ef — =D}y

g%, — pD'n° \%2 (c1 +c2+c9 —2c10 — 13 — c14 + 2c16 + €17 — €18 — €19 + €25 + €27 — €28 — 2¢29 + €30) 8in(6;)

Ej’c — pDOn fﬁ (Bey +3c2 +c9 —2c10 — 13 + c14 + 2¢15 — 2¢16 — €17 — 3c18 — 3¢19 + €25 + €27 + 28 — €30) sin(6,)
Ef, - pDtn~ (ca4 +c5 —2c11 +c12+c13+c1q — 2c16 — €17 — €21 — €22 + €26 — €27 — €28 — ¢30) (— sin(6,))

Ej’c — pD;"K_ (cq4 + ¢5 + 2c16 + €17 — €21 — €22 + ¢30) sin(6,)

QF — AP0+ —%(Cl —c2 +2¢3 — 2¢6 + 4c7 + 2¢13 +c14 —c15 - 2c16

“ —c17 + €18 — ¢19 — 2¢23 + 2¢27 + €28 — €29 + 3¢30) sin(6,)

T\l/g(cl — 2+ 2c3 — 2c6 +4c7 + 2c13 + c14 — €15 — 2¢16 — €17 — €18

+c19 — 2c21 + 2¢20 + 223 + 4c24 4 2007 + 28 — €29 + 3¢30) sin(6.)

%(—301 4+ 3¢y — 2¢3 — 2¢4 + 2¢5 + 6c¢ — 47 + 4eg + 2c9 — deio + 8¢y — 4ein + 43
+5¢c14 4+ c15 + 2¢16 + 17 + 3c18 — 3c19 — 6¢23 — 6¢25 — 3c28 — 3¢9 — 3c¢30) Sin(6.)

Qt — A'D*n0

Qr — A%DTy

_ 1 _ _ _ _
Qf - AODjKO 75 (23 —catos +de7 +2e8 — 209 +dcio — 2e1 + ez — a3 + ‘14 +2c15
’ —2c16 — €17 + €21 — €22 — 2¢24 — 3c26 + €27 — €28 — 229 + 3c30) sin(6)

Ql. — =tp70 —% (c1+c2+c1a+c15 —2c16 — 17 — €18 — €19 + €28 + €29 — ¢30) sin(6,)
Ql. — =TD% ﬁ (Bet + 32 + 2¢9 — 4c1o — 2¢13 — 14 + €15 + 2¢16 + 17 — 3c18 — 319 + 2¢25 + 2¢27 — c28 — 3¢9 + ¢30) sin(6,)
Qf. > TTD ™ (ca+cs+2c16+ 17 — 21 — €22 + ¢30) sin(6,)

Qf. = ZTDFK™  (ca+c5 —2ci1 + 1o+ c13 +ciq — 2c16 — €17 — €21 — €22 + €26 — €27 — €28 — €30) (— sin(B,))
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Table 12 continued

Channel

Amplitude

QFf - 20pOg+t
Qf — x0ptg0

Qf — 2Dty

Qf — 2OD+K’
Qb - = Dtxt
Qt - pD'K’
Qb — pDTK~
Qb - E"DTKT
Qb — E-Dfnt
QFf — 2°D0k+
Qf — 2°DtK0
—

+
QCC

% (c1 +c2+cr1a+c1s —2c16 — c17 + €18 + €19 + 2¢20 + €28 + €29 — ¢30) 8in(0e)
3 (c1+c2+2¢4 +2¢5 + 14 + €15 + 2c16 + €17 — €18 — c19 — 2¢20 + 28 + €29 + €30) sin(6,)
_zlﬁ(%l + 3¢y + 2c9 —4c10 — 2¢13 — c14 + 15 + 2¢16 + 17 — 3c18 — 3¢9
—2¢20 — 2c21 — 2¢22 4 2¢25 + 4ca6 + 2¢27 — €28 — 329 + €30) sin(6,)
% (ca+cs —2c11 + ezt 13 +c1a —2c16 — 17 + 2020 — €21 — €22 + 2¢25 + €26 — €27 — €28 — €30) Sin(6c)
(c1+c2+ca+cs+ca+cis+cig +ci9 + car + 22 + 28 + ¢29) sin(6e)
(cog —2¢10 + 13 — €15 + €25 — €27 + €29) (= sin(6,))
(2c11 — c12 + €13 + c1a — 26 — €27 — €28) sin(6;)
(=c1+c¢5+c6+cs+c13+cra —cig + a2 + €23 + €24 + €27 + ¢28) sin(0,)
(c2 —ca+c6+cg —c13+c15+c19 — ca1 + €23 + €24 — €27 + €29) 8in(6,)
(c1+e3—c6+2¢7 —c13 —cia+2ci6 + c17 + c18 + c20 — €23 — €27 — €28 — ¢30) sin(6c)
(c3 4 5 4 2¢7 + cg + 2c16 + €17 + €20 — €22 — €24 — €30) Sin(6,)

1 .
v (c2 —c4+c6+cg—ci3+c15s —cl9 — a1 — €23 + €24 — €27 + €29) sin(6)

Table 13 Doubly charmed baryon decays into a light baryon in the octet, a charmed meson and a light meson

Channel

Amplitude

Bt — AODFK+

Eft — pDOK+
Eft — pDTKO
Lt — pDin®
Ej’c"' — pD;"n
Ef — A'Df KO
gl — pD°k®
E:rc — ij]Tf
QFf — A'DOk+
Qf — A'DFTKO
Qf — A'Df 0
Q. - A'Dfy
QFf — »TDOK0
Qf > 2tDin

Qf — 20pOg+

Qt

cc

0 0
2Dl n

Qf — ¥~ DTK*
Q. - = Dfrt

Q. — pDOxn°

-
N
N

Qf — 20p*k0
—
—
—

Qf. — pD’y
Qj’c — pDtn~
QY. — pDFK~

_%(CI +2c2 + ¢4+ 2¢5 4 c6 + cg +2c9 —4cig — 4eir + 2crn
+c1g + 2¢10 + €21 + 262 + €23 + €24) sin?(6,)
(c2 — 3+ ¢6 — 2¢7 + cg — 2c10 + €19 + €20 + €23 + C25) sin®(8)
(c1 4¢3 —c6 +2¢7 — c18 — c20 + €23) (—sin® (@)
% (ca +¢s — 211 + 12 — €21 + 22 + 2c24 + €26) sin? (6,
% (2c3 — ¢4 + €5 +4c7 + 2c8 — 2¢11 + €12 — 2020 + €21 + €22 + €26) sin (6c)
—ﬁ (1 422 + ¢4+ 2¢5 + 6 + ¢8 + 2c9 — dejg — 4oy + 2c12 — ¢18 — 2619 — €21 — 2022 — €23 — €24) sin (6c)
(c1 +¢2 +cg —2¢10 — c15 — c19 + c25) sin®(6;)
(ca4 + s — 2c11 + €12 — €21 — €22 + ¢26) sin? (6,)
ﬁ (c1 — c2 + 23 — 2¢6 + 4c7 — c13 — 2c14 — 15 + 4eig + 2017 + €18 — €19 — 223 — 27 — 2e28 — €29) sin?(6)
ﬁ (c1 — €2+ 2¢3 — 2¢6 + 4c7 — €13 — 2¢14 — €15 + 4c16 + 2¢17 — €18 + €19 + 2623 + €27 + 2¢28 + €29) sin* (6,)
% (ca1 — c22 — 224 + €27 — €28 — 2¢29) sin? (6;)
—% (2¢3 — ¢4 + ¢s5 +deq + 2e5 — 2c9 + dejo 4 der — 2¢12 — c13 + c1a + 2¢15 4 der + 2¢17) sin?(6;)
(c1+c2—c13+ 15— c1g — c19 + ¢27 — €29) (—sin®(6e)
(ca+cs+ 13+ cra — a1 — 22 — €27 — c23) (— sin®(6))
—% (c1 +c2—c13 + c15 4 c18 + c19 + 2020 — €27 + €29 — 2¢30) sin?(6,.)
% (c1+c2—c13+c1s — c1g — 19 — 2020 + €27 — €29 + 2¢30) sin? (0,
(c4+ ¢s +c13 + c14) (—sin?(6,))
(c1+c2—c13+cis+cig + c19 — 27 + ¢20) (— sin®(6e)
(ca+cs+c13+cia+ a1 + e + 7 + c28) (— sin?(6e)
% (c13 + €14 — 216 — €17 — €27 + €28 + 2c29 — c30) sin? (6,)
—%[6 (2c9 — 4c1g + €13 — c14 — 215 + 2¢16 + €17 + 2¢25 — €27 — €28 + €30) sin? (e
(c13 + c1a — 2c16 — €17 — €27 — €28 — €30) in* (6,
(2c11 — c12 + 216 + €17 — €26 + ¢30) (— sin?(6,))
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Table 14 Doubly charmed
baryon decays into a light
baryon in the decuplet, a
charmed meson and a light
meson

Channel Amplitude Channel Amplitude
—2¢7) sin(®,
gt » a++pog? el —cg Qf - tpta- _ (e3=2¢7) sinCGc) ”%"“( ©)
gl > Attptk— c3 Ql, > ATtDpOK— c6 sin(0c)
gt o AtptR° e te3—cg ot o A+ pOE? (c6—2c4) sin(0c)
cc /3 cc ™ 3
o +p0.+ €1 +2cp+2¢c4+cg + +p+g- (c6—2c5) sin(6c)
gL > ¥+ D crzeptocatey Q AYDYK Lm=cs) Stbe)
cc T /3 cc ™ /3
gt o w4 ptn0 —2cp+e3+2cs + 0p+x° (=2¢4=2¢5+cg) sin(0c)
gft > v*p TSepeyraes Qf. —» A'DTE TS TR )
cc ks 76 cc 73
gt o $0ptat ] +r3+2f/46+2c5 +cg ok & w00 (e} +C6+2£\7/g68) sin(0c)
e | +20p —cg—2c si
ght o g0pFat €1+2\7§t+cs Qf - 5005+ _ (e1+2ep—c Jé7+08)3‘"(96)
Ej,c At DOK_ s Q(Jr[ = 2/0 D+7r0 (c|+2c'2+(7672c7 "'8) sin(f¢)
g 2V3
o dep — — sin(fe
gl — ATDIK® 7‘”% °g Qf - =~ Dptat _ lerte3—coteg) sin@e) ”f;”s)““( )
e 2¢4—2c5—cg) sin(8
8k - ATDTK™ i} \%‘ gl - =0 (crtest ‘42j§5 cg) sin(Gc)
2
| benter —c 2c4—cg) sin® (O
gh - AOp+E? 61+63}366 8 gl > AtDOKO (c1+2¢4 j%)sm (0c)
_ 2 +2¢5 ) sin2 (B¢
Ejz o o5t DOJ'[O 254-%:;‘5-%—%7 E;t N A+Ds+7'[_ (L3+2(5)\/?Slﬂ (6c)
2 )
gt - =+ pta- % Qf - A—Dtnt c6 sin2(6c)
o) sin 6.
gt o 500+ L‘]+262+\C/66+2L‘7+68 Qf - S DT (L3+L6\)/%ln c)
2
-2 —2c4—2c5+cg—2 sin? (6,
gt - £0p+a0 crte3 c{t/gLSHG 7 Qf - - DF At (03+06}%1" ()
2
e 2 sin? (0
g - w-Dtat 61+c3}3€6+03 gt o AOpOK+ (c1+ fz+j§) sin” (0c)
02
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Qf - g0p0x+ 61+2\;%+fs gt — AOp+KO (c14+2cp+ C43<s)sm ()
Qf - g9ptx0 % gt - AOpFz0 —\/ch sin2(8e)
Qf > & ptat 7“”%“8 gL — A"DTKF (c1 + cg) sin? (0c)
- —cq) sin(Ge .
git > AT+ D00 % gL > A—Dfxt ¢3 sin? (0,

gft - AttDtr—

glt > ATDOrt

cc

gt > Atpta0

gl > Dt

gttt - AOptat

cc

glt - vt pfa0

s

c >

—

—

—

— 30ptat

A+ DO~
AT D070
A+D0n
ATD 7~
AOpOy+
AOD+50

A~Dtrt

c3(—sin(6c))
(cl +252+2('4+cg) sin(f¢)
V3

(L‘] +2cp —2c5 —cs) sin(f¢)

NG
(cl —c3 +c6+cg) sin(f¢)

V3

(1 +e342c4+2c5+cg) sin(@c)

V3
(L‘] +c3+2c5 —cg) sin(6¢)
NG
(c] —c342c4—2c5+cg) sin(fc)

NG
c6(—sin(0c))

(c1+2cq—2c7—cg) sin(f)
NG

(361 +2L‘4+2(‘6+2E7—3L‘8) sin(0c)

3V2
(e342¢5+c6+2¢7) sin(6)
V3
(cl +2cp+c+2c7 +4:8) sin(f¢)

el

(cl +2cp+2c4+2c5+2¢7 7”8) sin(f¢)

NG

(c1 + 3 +cg + cg) (—sin(6e))

(2c5—cg) sin(6c)
NG
(c1+e34cg—cg) sin(6c)
NG
(c] —c3—cg+eg) sin(Bc)
V3

ot — ATt D07~
Ql. > ATDO70
ot - AaTDOy
Q. > AtDTr—
Qf. > AtDf K~
ot — AP0+
QF. — A0ptz0
k. — A%pty
ol - A%p}x°

gl > At+pOk0

Bt > ATtDF A

cc
gt - atpOk+
gl - AatDTKO
Ej;r — A+DS+7TO
gfF > AOptk+

chf — AOD_:WTJr

ce sin?(6¢)
\/g c75in?@c)
—1V2 Q4 — 6 — c7)5in> @c)

(cg+2c7) sin®(6c)

S

2(cs+eq) sin (0c)

S5

("6 +2c7) sin? (CH)
V3

—/3ersin (@)
— V2 Qs — 6 — ¢7)5in2 (6e)
2(c5+c7) sin (6c)

V3
(c1 — cg) sin®(8c)
3 sin2(6c)
(q +2¢cp +2L‘4+L‘8) sin? Oc)
V3

(c1+2cp—cg) sin2 (6¢)
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\/g ¢s sin%(6c)
(Ul +2cq +cg) sin2 (D)
7
(c3+2¢5) sin2 (0c)
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Table 15 Doubly bottom baryon decays into a J /v, light baryon and a light meson

Channel Amplitude Channel Amplitude Channel Amplitude
o @ +a)Vv;, S - _
g), — A)0J/y — g, = BV J /Y —a V5 Q= AK-J/y —a VY,
= 0 —— —— Vi - ~0._ —
g9, —> AVK J /¥ arV; 8y, — 8,70 /y v Q,, > Epr I /Y —arVy
= (@ —a)Vy _— e e
E), — AnJ/y e g, — 8, K"J/y (a1 +ax) V¥ Q,, — EYKJ /¢ — (a1 +a2) V2,
- = 144 L oa— Qaj+a)Vy, e v
‘:‘gh — agnoj/lp _ai/il 8 = Epnd/¥ —% Q,, — &, 700/ al\ﬁd
= = o o _ =0
g), — ENKOJ/y aVy g), — &, Kty a VY Q,, > E, K J/¥ — (a1 +a2) VJ
- - 2a;+ay) Vi - _ - - (a1+2a2)V:
Yy — EpnJ /¥ - Latal al;gz) : Epp = AT I /Y — (a1 +a) V} Q= Eynd /Y — AT jg d
g), — B, ntJ /¢ —ay V¥ g, — AYK~J/¥ —a1V}
- - _— _ (a3+an)V?, - _ v
g, > Sfr Iy asVy 8 = S, 00 /Y e Q,, > BOK T/ ok
= - _— 0 — v _ _—0
g, > S K Iy a3V 8y, — BT /¥ v Q, >, K Iy asVy
= _— —r— - 0 — 3V
agb — 227{0]/@[/ % (a4 —a3) VY g,y — .:‘; 700/ —%a4V;§, Q= _:;}071 J/v ‘”7,4
89, — 30K J /v ai}%ﬁ- g;, — Ey KOJ/y <a3+j%)vL,4 Q;, — EYK- I/ (a3+;%)V;§.
- (a3+a) VY, _— e —2a3)V - e
agb—>22nj/1p 032‘\1}% d B, — r‘/b n]/w (ag 2;%) be_> :‘/b JTOJ/l// _%(13‘/;;1
g - = - - =70 Vs
80 — =, atI/y asV g;, — Q5 KOJ /v as V¥ Q,, — ;K J/¥ %
29, > 200y vy g, = KTV asV @, — By nd /v e
= = a3V _— _ (az+ag) Ve - -
g9, — EPK Iy *fzd E,, = X0 J/Y % Q;, = , K°J /¢ a3V
- - ~2a3) V3, . - 3V - -
agb — %0,71/1// (aq 25%) Epp — E}?K J/y aiﬁ Q= nd /Y —\/g(a3 +ag) Vi
=0 /= as Vi == -0 (a3+a4)vtt
EY, — Byt Y e g, — =, 7% /v — B
- e % —_— _—0
), — &y Kty S g, = 5K I aVE
Gr ) ) 6.4 b — cud/s transition: decays into a bottom baryon
Hepr = 7 Veb Vg [C10f" + C, 05"] +h.c. (24 bqq, a charmed meson and a light meson

The effective Hamiltonian from the operator chqu gives
The light quarks in this effective Hamiltonian form an octet
with the nonzero entry (Hg)? = Vu*d for the b — cud tran-
sition, and (Hg)? = Vi, for the b — ciis transition. The
hadron-level effective Hamiltonian is then given as

Herr = ars(Top) (T ,3)1i51 D’ Mf (Hs),
R
+ai6(Tpp)' (T y3)1ij1 D" Mj, (Hg)f
T :
+ar7(Tyy) (T y3)1i) D M (Hg),

Heps = ao(Tpp) (Tpe)i M| MY (Hg)f +a18(Tyy) (T y3) 0 D’ M! (Hg)¥

+a10(Tww)' (Tpe) ;M Mf (Hg),
+ a1 (Tyy) (Tpe) ;M M| (Hg)f
+an(Ty) (The) ; MM (Hg)]
+a13(Tyw) (Te) ;M Mf (Hs)!
+ a1 (Typ)' (Tpe) ; Mf M (Hg)!.

(25)

Decay amplitudes are expanded in Table 17, which leads to
the relations: Appendix A 5.
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+al9(Tbb)i(Tbg)[jk]BlMij(HS)é{
+6120(Tbb)i(Tbé)[jk]ﬁlM]k(HS){
+ a1 (Typ)' (Tbg)[knﬁle(Hs)‘f
+a22(Tbb)i(Tbﬁ)[ij]BjMf(Hs)i
+ax3(Tow)! (Toe)iij1 D My (Hg)}
+a24(Top)! (Toe) 111 D M} (Hs)]
+ a5 (Tpp)' (Tbé)[jk]ﬁj M; (Hg)]
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Table 16 Doubly bottom baryon decays into a bcq, an anti-charmed meson and a light meson

Channel Amplitude Channel Amplitude Channel Amplitude

Epp =~ Eljrcﬁ)”_ (as +ag) Vi, Q) = Egcﬁ)K_ asVyy Bpp = E}jcﬁoK_ (as +ag) V¥

o, > 8Dk @+a)Vy 8, gLp 0 e Q, — 8,D;x’ -t

), > 8L.DK a5V Q- 80D K (@rtapVi 8 — 8LDn %

Q,;, —> E).Din % gp, — 8y Dy’ % @, > 9§.D'7" as Vg

89, > 8Dy K" a5V Q> XDk~ (as+a) Vi 89 — 8Dy (o Zav

Q, — @) D’ _% Epp =~ Qgcﬁ)”o % £, = Qch_fo (as +as) V&

29, > 8 DK’ asVr Q;, — Q).D 2V 20— 20 B LA

Q,, > Q) Dy K° (as +ag) V, g), —> ). D xt (ag +a7) V¥ Q;, > Q). Dy _\fg(as +ag + a7 +as) Vi
g), — E) Dyt a; V3 g,, —> E).D; K° (as + as) V}, g), — B) Dy K+ as V5

€ — Ep.Dyn % Egb — Qgcﬁ)no “f/‘%ﬁ 8 — Qgcﬁon_ ag V%,

Spp 920501(0 as V:;] E;b - Qch_no % Ehh - Qgcbon %

gy, > D~ K° (a7 +ag) Vi gy, > Q.D " ag V" g, - Q0 Dy %

), — QD KT arVey E — Dy K° (as + a7) V; gy, — .y KT (ag +a7) V¥

Q,, > 8D K~ a7V g, > E.D 7" (a7 +ag) V¥ Q,, > B Dyn~ agV

E,, > B, D K~ agVy Q,, —> E.D; K™ (a7 +ag) VX 8, — B Dy~ ar; V5

g,, — &) DK (as + ag) V" g,, — B0 D'n~ (as+ag) VY, &), — 8).D7n 7(“5*“6*%*“8%
gy~ DK asV g, — B0 0 - B> QD R0 ltetel

PR _l :
+ a6 (Top) (Tpe)( ji) D' M7 (Hg)f
PR _l :
+a27(Typ) (Tpe)( ju D' M (Hsg)!

+ass(Tyow) (Tre)un D My (Hs)! . (26)
Results are given in Table 18 for anti-triplet and Table 19
for sextet, thus we have the relations for decay amplitudes:
Appendix A 6 for sextet. Actually, for the anti-triplet case
there’s no definite relations between the decay withs.

6.5 b — ucd/s: decays into a bottom baryon bgq plus
anti-charmed meson and a light meson

For the anti-charm production, the operator having the quark
contents (ub)(gc) is given by

G _ _
Herf = T;Vub Vo [C101° + Ca 05”] +h.c.. (27)

The two light anti-quarks form the 3 and 6 representations.
The anti-symmetric tensor Hg” and the symmetric tensor

)13 — _(H’_;/)31 — V*

cs?
(Hg))13 = (H5)31 = V* forthe b — ucs transition. For the

cs?
transition b — ucd one requests the interchange of 2 <> 3

in the subscripts, and V., replaced by V4.

Hg have nonzero components (Hg//

The effective Hamiltonian is constructed as

Hers = bi(Ton) (T y3)) DM (HY)Y

+bo(Tp)' (Tbé)[ij]DlM]l((Hgﬁ)jk
+b3(Top) (T y3)1 1) Di Mlj(Hg//)kl
+ ba(Top) (T 3)1 k) DzM,-j (Hg”)kl
+bs(Tep) (T y3) k11 D M;/ (Hg//)kl
+ be(Thp)' (Tb?,)[ij]DlM]{ (HHM
+b7(Tp) (T y3)1ijy DMy (HY ),
+ b3 (Top) (T 3) 111 D Mlj(Hé/)kl
+bo(Tep) (T 3)111 D1 Ml-j (H)HM
+b10(Top) (T (i1 DM}, (HE)M
+ b1 (To) (Tre)ijy DMy (HS)
+b12(Typ) (Toe) ) Di M (H
+b13(Typ) (T o) 0 DM (HY)!
+ b1a(Tip)' (Tb6)[kl]DjM,-j (HHM
+bi5(Tpp)' (Tbé)[ij]DlM;{(Hé/)kl
+b16(Top)" (T p6)1ij) D1 My (HE )
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Table 17 Doubly bottom baryon decays into a bcg and two light mesons

Channel Amplitude Channel Amplitude
v _ PR
Egb N E-bt-”0”7 (aln+\(lflzl) d Ebb N EQL.K’n (aro \;lg)v,,,Y
- _ — (ag+ajo+aii+aiz) Vi = -
g), - gL 7'k —n - g, > Q1 K’ (aro +an) vV},
= =t —70 —_ _ 2
“2b 7 EpcTt K (a9 +ai3) Vu*s Spp Qgcﬂ n \/;(1112 —ai) Vu*s
=0 -t (2ag+ajo+ay+2a13)Vy, == 0 50— *
Epp = EpcT N - % Epp = KK (@10 + a12) Vg
ot — - _—t -
9, — Ef KK (as + a13) V¥, Q,, —> Efn7K (a0 +a) V¥
- - (=ayg+ajo+ai—aiz) Ve - - o
ugh — c;rCK n — % - L Q,, — .:;CK K 2 (a0 +an) V)
- — _ - - _ (app—a1)Vy
ugb — ngcn*'zr (aro +ap +aiz+2a14) V) Q= agcnol( T""
- - _ _ 0 =0
.:gh — agcn*'K (a0 +a3) Vi Q= .:2671 K (ajo + aiz) Vu*d
— — ~0 70 . —
=), — ED.n0r0 (—an +ain +aiz +2a14) Vyy, Q,, > YK K (a10 +an) Vy;
—0 _ * _ _ V*
Ep, — Epn'K Cuonte \%3)‘/“ Qy, — E).K 1 Cntnty 3132) ud
=0 =0 _0 (aiz—a13)Vyy - 0 _0p— (agtain) Vy,
Epp = EpcT0 i Q= QK —an "

g), - E) KTK~ (a2 +2a14) V.,

= =0 1070
g) — 29 KK (a13 +2a1) V.,

=0 =0 0 (a11—a3)Vy,
Epp = EpcK 0 o
=0

= 1
g), — Ep.mn 3 (@ + a2 + a1z + 6a1s) Vyy

Epp — 522671+7T7 (a12 +2a14) V),

Epp = Qgcnono (a12 +2a14) V),

=0 0 050 (an—ai3)Vy
— Q, 7K —0a 4

0 0 (arz—a1) Vi,

— Qp.7on - -

- Q) K* (a10 +a13) Vi)

- Q) KK~ (a10 + a1 + ai3 + 2a1s) Vi,
4()
- ) KK (a13 + 2a14) V55
0 g0 (ar1—a3)Vy,
— Q, . K"n Tof

(a9 + az) Vi

\/g(a‘) —ai) V)

(a9 +an) Vyy,

— _ 2 2 i
be N Q(b)(,.K n _ (ao+ alo+\/agn+a|z)v,,s
- 1
agb — Qgcnn 3 (=2a11 + aiz +4ai3 + 6a14) V,
By — E;’Ln b4 2(ar0 +an) vy
_— ——t
B, — Epm K (ar0 +an) V),
ok =0 _0_— (aro+ai)Vyy
Epp > Bpotm -~ -

—-— =0 0 — (a9—aio) Vi
Epp = Bpa K 72 s
- =0 _—70
Ep — Epn K (a9 +ar1) V5,
=0 _— Qag+ao+an+2a12)Vyy
Eypp = Ep TN 75 “

(a9 +an) Vyy,

+ b17(Top) (Tpo)jxy Di M (HY YN
+ bis(Top) (T pe) 1 jiy DM (H{H™. (28)

Decay amplitudes for different channels are given in
Tables 20 and 21. We derive relations for decay amplitudes
given in Appendix A 7.

The Epp can decay into both DY and D°. The D° and
D’ can form the CP eigenstates Dy and D_. Thus using
the Epp decays into the D4, one may construct the inter-
ference between the b — cus and b — ucs. The CKM
angle y can then be extracted from measuring decay widths
of these channels, as in the case of B — DK [27-32],
B — DK{, [33,34] and others. This is also similar for
the Qpp — ’Di decays and the following E;. — D+ and
Qpe — D+ channels.
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6.6 Charmless b — g1g2g3 decays: decays into a bottom
baryon and two light mesons

The charmless b — g (¢ = d, s) transition is controlled by
the weak Hamiltonian H,s:

GFr

V2
10

—Va Vi[> G oi]} +he., (29)
i=3

Heopr = {vub ve[Ciof + ¢, 03“]

where O; is a four-quark operator or a moment type operator.
At the hadron level, penguin operators behave as the 3 repre-
sentation while tree operators can be decomposed in terms of
avector H3, atraceless tensor antisymmetric in upper indices,
Hg, and a traceless tensor symmetric in upper indices, His.
For the AS = 0(b — d)decays, the non-zero components
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Table 18 Doubly bottom baryon decays into a bggq(anti-triplet), a charmed meson and a light meson

Channel Amplitude

Channel

Amplitude

(—a6+arr+aig+aig—ax+az) Vi

V2

*
(a6 — a21) Vi
(a16+a17+aig+arg—ax—ax)Vy,

76

(a15 +a17 —ax +a2) Vyy

&), — AP0

—0
g), - AIDK

Egb — A2D0n

g), — A)DFr-
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g), > AIDf Kk~ (a17 — ax) V¥

_ *
Egb - EgDoﬂo (a17+aig+ai9—az) Vs

V2
=0 =0 n0 0
g, = E,D°K (alf,—azl)V;d
=0 =070 (—2ai6+ai7+aig+aro—ax+2a) Vi
gy = EpD7n 7

=0 =0 —
E), —> EVDtr (a7 — ax) V5

g), — E)Dfn~ (a1s + az1) VY,
Egb — EOD;K7 (a15 + a7 —axo +021)Vu*s
(a9 — ax) V5

y
(a0 —arg) Vo,

D+ 70 (a18+a20) V5
NG

*
(a2 —an1) Vi
(a18—az+2a) Vi

g), — &, D'n*
=0 N ':*DOKJr
Spp T S
=0 2=
Sp e Sy
=, ~ & DK’

g), — §, D'y

V6
—_ —_ aijg+ax)V*
Ep, — €, D n° ki LA \/251) ud
By, — B, DK™ (a15 + a17) V,j,

Q;, > AIDOKk~
Q;, — E)D7~
Q;, - EYDOK -
Q;, — 8, D'7°
g, DK’
g, D'

_ e
o — Ep Dy K

=0 5D

8, > B, DF K
0

g, — &, D1

(a1g +a9) Vi,
—(a15 +aie) Vyy

(—ais — aig + aig + aig) V,j;

(a16—a1) V.5
V2

*
(a19 — aie) Vs
_ (aetarz—2a19)Vyy

NG
—(a1s+a1n) Vyy

*
(a18 — a15) V5

— (a7 +aig) Vyy

(a21 — az0) V,j
(—a13—2az0+az1) V5

V6
(—a15 —ais + aig +a) Vi,
—(ais +aie) V,
(a13 + ai9) Vi

(a17—a19) Vijs
7

*
(a16 —a19) V,
(2aj6+ai7+a19) Vi

76
(ar7 + aig) V.,

*
(a15 —as) Vo,

of the effective Hamiltonian are [35-37]:

(H3)? =1, (Hp)|*=—(H)?

= (H)3* = —(Hp)3* = 1.
2(H15)}' = —3(H5)3* = —6(His)3
—6(H5)3* = 6, (30)

2(Hjs) |

and all other remaining entries are zero. Forthe AS = 1(b —
s) decays the nonzero entries in the H3, Hg, Hjs are obtained
from Eq. (30) with the exchange 2 < 3.

The effective hadron-level Hamiltonian for decays into the
bottom anti-triplet is constructed as

Herr = C1(Tbb)i(Tbg)[ij]M;{Mf(Hﬁl
+ca(To) (T y3)1ij) My M (H3)?
+e3(Ton) (T y3) i) M M (H)!
+C4(Thb)i(Tbg)[anijMf(Hﬁl
+ s (To) (T )i M M) ()Y
+c6(Tow) (T 3) 10 M M]" (Ho)¥!
+7(Ty) (T y3) i) M ME(H)"
+Cg(Tbb)i(Tbg)[km]M,-jMW(Hg)]}l

+co(Ton) (T3 MY, My (Hz) !
+c10(To) (T 3) jm) ML M (Hz)!*
+e11(To)' (T y3) ) MM (Hg) !
+Clz(Tbb)i(Tb§)[ij]Mj(iMlm(H15)fyf
+013(Thb)i(Tbg)[ij]M,lnM;T(Hls){k
+c1a(To) (T 3) (g M7 MY (Hys)!
+e15(Ton) (T ) pem MY M (Hi5)!
+c16(Ton) (T3 jm MEM]" (His))*

+25(To) (T3 ML MY (Hp)] ", (31)

while for the sextet baryon, we have

Herr = 1 (Tep) (Tro)ij) M} M} (H3)!

+c2(Ton) (To6)1ijy My, My (Hz)’
+e3(Ton) (To)y i M M (H3)'
+64(Tbb)i(Tbﬁ)[kZ]MijMf(Hﬁl
+Cs(Tbb)i(Tbé)[ij]M,fM["(Ha)ﬁf
+C6(Tbb)i(Tbé)[jk]M,jMf"(Hg)ﬁf
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Table 19 Doubly bottom baryon decays into a bgg(sextet), a charmed meson and a light meson

Channel Amplitude Channel Amplitude
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=0 ==+ (ags5+ay; —2a28) Vi == R s *
8, — By DT -5 - s 8, — 2, DK axuVy,
X
E), — €, D n’ 3 (azs — azg) V. g, —> EXD7~ (azs+\%s)vw
=0 =2+ (a27+axs) Vy, = =/— 0.0 1 *
8, — By DK T“‘ 8, > &, D'm 5 (a24 — aze) Vs
=0 ==+ (a5 —2ax7+az8) Vi —— == 10 g0 (ax3+ax)Vyy
gy = &, Din T“ g, > &, DK T“
- - - o -2 V¥
gy, — Q, D'K+ (a2 + ax7) V5 E,, — &, D' ( “23+;l;7_;§+326)
M
Ebb — Q;D+K0 ay; u*s E[:b N E;—DJrJT— (u24+\1;2§5)vm
- - \ _— =/ - v
29, > Q, Djﬂo L\/EM Epp = a; D;LJT %
X
g9, - Q; D} K" axVi E;, = Z0D°K~ ftoni
- - —2 W - - — Ve
Sy = @, D SR tenVis g, — ¥ D'x° ~ Cmat )y
—_— _ an—+ax+tays+ax)VE —_ — 00
g,, — 20D"x Loty bonsVia g,, — 3, D'K anVy,
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Table 20 Doubly bottom baryon decays into a bgg(anti-triplet), an anti-charmed meson and a light meson

Channel

Amplitude

Channel

Amplitude

Egb — Agﬁono
g0, — AVD'K"
Egh — Agﬁon

g), — AID nt
g), — AID;nt

g), —> AID; K+

(b1—by—ba+2bs—be+b7+2bg+bo) V3
V2

— (b1 + b3 — bg + bg) V

(—b1—by—2b3—by+2bs5+be+b7 +b9)V;{
NG

(b1 — by — by +2bs + bg + b7 — bo) V3,

(b1 — by + b — bo) V%
(—by + 2bs + b7) VCZ

(—by—b3—by+2bs5+by+bg+bo) Vi
V2

— (b1 + b3 — bs +bg) V7

(2b1 —by+b3—by+2b5—2be+b7+3bg+b9o) V3

V6
(=by +2bs5 4+ b7) V3,

(b1 — by +be — bo) V7

(b1 — by — bsy + 2b5 + be + b7 — bo) V%

(—=b3 — by + bg + bo) V/;
(b3 +bs — bg — bo) Vjy

(b|—bz—b4+2b5—b6—b7+b9)vgz

(by —by — b —b7) V3
(—bl+b2+b4—2b5—b6+b7+2b3+bg)ij
V2

— (b + b3+ b7 + bg) Vi
_ (b1 +by+2b3+bs—2bs+be+b7+by)V*

cd
NG
(=b1+bs—be+bo) Vi
V2
—(by —2bs +b7) VY
_ (b1=2by+ba+be—2b7+b9) Vi
76

(—ba +2bs + bo) V§
(=b3—2bs+bg) Vs

V2
— (b3 +bs+bg+bo) V3
(b3+2bs+3bg) Vi

NG

- 0 p—70
Q, = ADy T

Sl
\
0

|

SN
Vol
ol
[
GU‘ >
S
+

Sl
Vol
kol

Sl
S

V2bs Ve,
— (b3 4+ bs + bg + bo) V:,

—JE s+ 269V,
(b1 — by —be —b7) Vi

(b1 — by — by +2bs — bg — by + bo) V%

(=bi1+by—bs+b7) V3
7

— (b —2bs +b7) Vi

_ (b1+by—2bs+be+b7 —Zbg)VL’Z

NG
_ (bi+b3t+be—bg) Vi
V2

— (b2 +b3+b7+bg) V3

(=b142by+b3+2by—4bs—be+2b7+3bg+2b9) Vi

NG
(=b1+ba+bs—b7) V2

V2
(b1 — bgy — bg + bo) Vi

(b1 +by—2by—be—b7+2b9) V%)
V6

— (b1 —ba+be +b7) VY
— (b1 + b3 + b — bg) V5
(by + bz — b7 — bg) V;;,

(=by+by+b7—bo) Vi
V2

(=b1 + bg + bg — bo) V;

(2b1—by—bs—2be+b7+bo) V.
NG
(—=by — b3+ b7 + bg) V5

(b1 + b3 +be — bs) Vi

(by — by + b + b7) VC*S
(—byg + 2bs + bg) V;;{
— (by —2bs +bo) V7,
— (by — 2bs + bo) V%

+67(Tbb)i(Tb6)[km]M;/Mf”(H5)1}l
+ s (Ton)! (T6) jm) ML M (Hz) !
+ ¢o(To) (Tre)1ij1 M MJ" (Hy5)X!
~I—Clo(Tbb)i(7b6)[ij]M,lnM;T(H15){k
+ e (Top) (T M M" (His) !
+12(Ton) (T ) i M MK (Hys5) "
+c13(Ton) (T yem M{ M]" (Hi5)!
+c14(Ton) (Te) i Ml M]" (Hys)?*

- ik
+c15(Top) (T o) jm) ML M[" (Hs)]

o "
+c16(Ton) (T p6)im My M (His)]
_ = ik
+Cs(Tow) (T y3)1i ) MY, M (Hg)

(32)

There also exists an extra term with irreducible amplitude
¢c5. We will remove this term since it always appears in
the amplitude in the form of c¢;5 — c¢5. Decay amplitudes
for different channels are given in Tables 22, 24 and 25 for
b — d transition; Tables 23, 26 and 27 for b — s transi-
tion. Thus, it leads to the relations for decay widths given in

Appendix A 8.
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Table 21 Doubly bottom baryon decays into a bgg(sextet), an anti-charmed meson and a light meson

Channel Amplitude Channel Amplitude
Egb — E;rﬁ)rr_ (=b1o + b1y + b1o +bia +bis + bis) V) b = :;;50?0 4(_b10—b13:1%14+b17)‘/2§
80, — 5D K~ (=bio+bi1 + bz + bia+ bis + big) V: e
_ _ * _ *
Egb N Z;’Dfno (b0 b|1+h13+j; bis+bi1)Vy = E;;D’n* (b0 h|1+j%4+b15)vrd
E), — B DK (bi+bis) Vi Q,, = 8, Dyt <b10—b12+%4+b16)wi
x h_ X
Egb N Z;Dfr] (h]0+bl]+h]3+%+h15+h17)VCd i ﬁ/—D K+ (=b1 hlzﬁ:/’;s+h|5)vrd
Egb N E;DS_HO (b10+b13+5%4+b17)VZ§ Q;, — QI:EOHO (bIS—jél)V;;
89, = T DK (b +bis) VY = DK’ (b —bi)V,
Egh N 2+Ds_77 (b10—2b11+b13+%4—2b15+b17)V4§ p— ngor] (2b10—1711+2b13—j§14+b15—2b17)VL*\

~ 40 - - -

89 — 0D 7% § (bio — b1 —2b1a — biz — bis + bis + bi7 + 2b18) VE, @, — , D™n T (bis — bi1) V7,

- 00 —b10+b12+b14+b16) Vi — R

g, > DD K (eeleon o = U DTKT (bio+bia) V,

(=b10—b11—b13+b1a+b15+2b16+b17+2b13) VY
273

(b10—=b11+b13+b14+b15+b17+2b15) VY

29, — 9D by = 2y Dy KT (bio — bii — bia + bia + bis + bie) V5

_ —0 .
o YOp-K (b12+b13+bi16+b17) VY

g), — 2)D "t

V2 bb bs 2
Egb N EgD;nJr (b10+b13+5%4+b17)‘{3§ Q;, — EOD;r] (blef?/l%ls)‘{f‘d
g0, — 30D K+ % 5= S, DK (bir — bi3) V5
Egb — 275071"' (=b12 — b1z +bis +b17) V}; Q= E;D;rﬁ' (b1 —b12) V.
Epp — NOD 70 L (=b11 —bi2 — b3 + bis + by + by7 + 2big) Vi b = Eﬁ,oﬁ)ﬂf M
52,, N ""OD KO (—blo+b124\r/l;4+bm)V;, > E;?ﬁOK‘ (—bm+b“—b13+bgb15+b17+2b13)v;
Egb N E;OD " (2b10*h11*3}712*1)13*2/211;;}715*b16+b17+2h18)V,f\- R E;}OD—HO % (b1o — by + b1 — bys) V;j
32;, N E;}()DfnjL (7b11+b15\/;2b18)vi; ‘ o EZOfoO (b“H)IS\EZbIS)V:S
g), — E)D K+ W =D (bm+h”72;;1321\]/,?;,1572;717)%
E), — Ef Dy KT (blo_bl1+bl3+bl%b]5+b”+2blg)m Q= EPD;0 L (bro — b1z + bia + big) Vi
Egb N E’_D T+ (*bIZ*bIB;g16+bl7)Vg§ i EZOD;KO (b1|+b|z+\l;1725+b|5)vcf,
g0, — ~r—50K+ <*b12*b13+f';m+bw>vza 7y = 89Dy <bm—2hn—3bn—21713+b;;§2h15—hm—zbn—4bm>v,i
gy, — 9;5 K+ (=b1a — b1z + big + b17) V5 o 5/—5 70 L (b0 — b1y — s+ bis) V7,
8, = XZp D™ (bia 4+ b13 + bis + bi7) V g, — &, D D'k —(_bm_b”%“bmvfd
Epp = Z;D7K7 (b12 + b16) V5 E;, = E;ﬁon (2}110*1’117b|3;2/b§14+h15+h17)vgg
E,, = o Dy~ (bi3 +bi7) Vi E,, —> &, Dt —(_bll_b12;§15+b'6)‘/‘§
gy, — EOD 71 (*b|o+b11*b13+b14\/;1715+b17+2b18)V(.*d g, — E/beijL (blO*b12+5]§4+b16)V;1
g5, — ESEOK— (—b10+b11:§14+b15)VZ§ R E;;DX—K-%— (blo_bll+j1§4+b15)‘/£
Epp = 22D77T0 %(bl()_bll —2b1y — b13 + b4 — bis — bi7 — 2b13) Vi) By — Q;EOKO (b17 —b13)V,
o X g5, = @ DK (bie — bio) V;
g5, — EIE)D_U (blo+b11+b13+b14+33;—2b16+b17+2b18)VZZ, o E;D_K_ (bi3 +b17) V
g8y, > Z0D; 70 L (bio —biz+bu—bip) VS v = DDy (bra+bie) V,
8y, — Ty Dy K° % Q= Ty DK™ (b +biz+bis+bin) Y,
E;, — 221);77 (b10*2h11+b13;%*2b15+b17)vé . 2250K7 (*b13+h1\7;2r2}718)‘/;}
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Table 21 continued

Channel Amplitude Channel Amplitude

—_— -5=9_o (b1o—b11+b13—b1a+bis—b17)V; - 0y—7"0 (b13+b17+2b13) V.
Ep—> X, D 7 g Q,, = L, DK ﬁd
—_— _—0—0 - _

g, %, DK (bia —bo) V3 Q;, — =)Dy 0 —b1a V%

(—=bio—b11—b13+b1a+b1s+b17) VY
NG

(bro — b11 — b1z + b1a + b15 +bi) V3

Y _—0
> 2, D
Epp — E;D‘n*’

g, — =, Dyt (b1o + b1a) V5,

8 — T, Dy KT (bis —b11) V3

(=b13+b17+2b15) Vi

=070 —
- E,Dm 7

Sbb

8y, — By D’ —1 (b1 — big +2b1g) Vi

—_ - — b12+b13+bi6+b17)VE
Dbb_)ﬁ;goD KO (bia+b13+b16+b17)V,,

72

- =0 y— (3b12+b16—2b18) Vi
g, > 8, D71 - Vel =
= =0 y— 10 (b13+b17+2b13) Vi
g,, > By DK 7 -

0
8y, > B, D 1’ 3 (=b11 + bz + bis — bi7) Vi

6.7 Charmless b — g1g2q3 decays: decays into a bottom
meson, a light baryon octet and a light meson

The effective Hamiltonian is given as

Hepr = dl(Tbb)iﬁjeijk(TS)é{M,é,,(Hﬁm
+dy (o) B €ix (To), M (H3)™
+d3(Top) B 35 (To) S, MJ" (H3)!
+d4(Tbb)i§I€ijk(T8)5<MrJr.z(H3)m
+ds(Typ) B €1j1 (T) s Miy (H3)"
+de(Tpp) B" €1k (To)f M}, (H3)?
+d7 (Top)' B €30 (To) s, M (H3)™
+dy (Top) B €1j1 (To), M (H3)
+do(Tp) B" € (To)k, M} (H3)?
+d10(Tbb)i§j€ijk(Ts)fM,',i(Hg,)fqm
+di1 (Top)' B €3 (Ty)k M2 (Hz)3"
+d12(Tbb)i§l€ijk(Ts)ﬁM["(Hé)Z{
+diy(To)' B €j1 (T)k, M ()™
+d14(Tbb)i§l€ijk(Ts)]anf(Ha){n
+dlS(Tbb)lEieijk(TS);(M;;(HG){;m
+dy6(Top) B" € (T)¥ MU (H)Y
+d17(Tbb)lEm€ijk(T8)fo;(Hg)%n
+d18(Tbb)lEiEijk(TS);Mln(Hé)r];m
+dio(Typ) B €1 (Ts)%, M} (Hy)i!
+ oo (Typ) B €1 (Ts) X M (Hg)3
+dn (Tbb)lEmEijk(TS)]:LMli(Hé)jnn
+doy (Tyy)' B’ eijn (To)k M (Hg)1™
+dyy(Ty)' B €33 (T)k, M (H) 1"

+doa(Tp) B €10 (), ML (Hp)]"
+das(Top) B €;jx (Tg) M, (H(‘,)fj

+ oo (Typ) B €1 (Ts) M3y (Hz)!"

+ d27(Thh)i§j€ijk (Ts)¥ M2 (Hys)!™m
+dg(Tyy)' B €33 (Ty) s M2 (Hiy5)i™
+d29(Tbb)i§l€ijk(Ts)ﬁM["(Hls)fr{
+d30(Tyy)' B €33 (To)b, M (i s)p"
+d31(Tbb)iEIGijk(TS)];,,M:,"(HIS){"
+ d32(Tbb)l§i€ijk(Ts)fMZ(Hls)ﬁm
+ d33(Thh)lEm€ijk(T8);(Myi, (Hys)
+ 34 (Top) B €1ju (T)k, M (L 5)"
+dss(Typ) B €1 (T) MY (Hi5)3
+ d36(Thh)lEi€ijk(T8)anr{ (Hs)™"
+d37 (To) B €ju (T)k, M2 (Hys)]"
+dag (Ty) B €0 (Ts) %, ML (1))

+ d3o(Top) B € (To)k M, (Hy5)i". (33)

Decay amplitudes for different channels are given in Tables 28
and 29 for b — d transition; Tables 30 and 31 for b — s
transition respectively.

6.8 Charmless b — g1g2g3 Decays: Decays into a bottom
meson, a light baryon decuplet and a light meson

The effective Hamiltonian is given as
Hepr = f1(Ton) B (Ti0)iju M} (H3)!
+ f2(Tpw) B (Tho)ira My (H3)'

+f3(Tbb)iEj(Tl())jklMik(H3)[
+ fa(Tpp) B (T10)ije M (Hi5)X!
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Table 22 Doubly bottom

. Channel
baryon decays into a

Amplitude

bqq(anti-triplet) induced by the
charmless b — d transition and g, > At

two light mesons

Egh — Agﬂ,’oﬂo

0 0.0
oo = DTN

=
[

=0 0p+p—
pp = AbK K
—0

g), — AYKOK
8y = Apn

g, — EgnOKO

E) — BIn Kkt

=0 =0 0
Ep, = EpKn
g), — B, ntK"
E‘gh — 8, 70K+
=0 _—

pp, = 8 K*n
8, —> A2ﬂ0n7

g,, = AVKOK~
> Egﬂ_KO
g, — 8, 1°K°
B, = Eym KT
g, — E, K%

Q= AgnoK*
Q;, — A K’
Q,, = AVK ™1

Q,, — E,KTK~

— == k0
Q,, > E, K°K

Q;h — E;m]

c1+2c—c3+ca+cs —ce+2c7+4c9
+2c10 — 2c11 + 3c12 + ¢13 — 3c14 + 2¢15
c1+2c2 —c3+ca+c5—ce+2c7+ 4y
+2c10 — 2c11 — Sci2 + 13 + Sci4 — 6c15
%(_Cl +ea+e5s—2¢6+2¢7+cg+cin
+5c13 +4c14 — 3c15 — 6¢16)
2¢y + ¢4 + 2¢7 — cg + 4cg + c1o + 2¢13 + ¢15 — 316

c1+2c2 —cs5s+4c9g+cr0 —c12 — 3c13 + 316
%(Cl +6¢2 + 3+ ¢4 — 3¢5 — 3¢6 + 2¢7 + 2cg
+12¢9 + 2¢10 + 2¢11 + 3c12 — 3¢13 + 3c14)

1 e — _
75(—c1t+e3—cs—ce+ g —cio+ 2
+5c12 + c13 — c14 + 3c15 — 3c16)

¢l —c3+cs5s—ce+cg+cro—2cr1
+3c12 — c13 — 3c1a + €15 + 3ci6
1
J(merte—cs—cotes—cio
+2c11 + Sci2 + 13 — c1a + 3c15 — 3c16)
c3—c4 — 6+ 2c7 —c10+ 2c11 — c14 — 2¢15 + 3ci6
c3—ca4tcet+2c7—2c8—c1o+2c11 —5c1a+2c15+3c16
2
—c3+ca+3c6—2c7—2cg+c10—2¢11 —3c14+6¢15—3c16
/6

—4/2(c12 — c14 +¢15)

\/g(—cl +c4+c5 —2c6 + 2c7
+cg — 3c12 — 3c13 + 15 + 2¢16)
—c1 + ¢4 +c5+2c7 —cg +c12 — 3c13 + 15 + 2c16

—2c6 + 2cg — 4cg + 4cys
—c1+cas—cs+2c6—2c7—cg+5ci2+c13—4c1a+c15+2c16

V2
c1 —ca+cs+2c7 —cg+3c12 —c13 + 3c1s — 2c16
—c1tea—cs+2c6—2c7—cg+5cip+ci3—4erateis+2ci6

NG
—c3tea—ce+2c7—cio+2c11+5¢14—6ci5+ci6

V2

—c3 +c4 —c6+2¢7 — c10 +2c11 — 3c14 + 2¢15 +c16
c3—c4—3ce—2c7t+4cg+cio—2ci1+3c1a—2¢ci5—cie

NG
—4/2¢12

\/g(—m +c3+ces+c6—cs+cio—2ci
—3c12 — 3c13 + 3c14 — ¢15 + c16)

—c1 +c3+cs5s —ce+cg+cro — 21
+c12 —3c13 — c14 + 3¢5 + c16

—c1 —2c2 — ¢5 +4eg + c10 — 3c12 — ¢13 + c16
—c1 —2cy —c5+4c9g+cio+ 5c12 —c13 +cie

%(Cl ——cs—ceteg—Cio
+2c11 — c12 — Sc13 + 5¢14 + €15 — c16)
—2¢p — ¢4 + 2¢7 — cg +4cg + c10 — 2¢13 + 315 — 16
—c1 —2c2 4+ ¢3 —cq4+¢c5 —ce + 2¢7 + 4cg + 2c10

—2¢11 +c12 +3c13 —c14 — 2c¢15

%(—C] — 602 +2c3 —4cqg + 3¢5 — 6¢c6 + 8¢7 + 2cg

+12¢9 + Sc19 — 4c11 — 3c12 + 3¢13 + 6¢14 — 6¢15 — 3c16)
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Table 23 Doubly bottom
baryon decays into a
bqq(anti-triplet) induced by the
charmless b — s transition and
two light mesons

Channel

Amplitude

=0 0+ p—
8y, > Ay TK
—0
— Ak
070
— NK
— Egnﬂ'ﬁ

— 32710710

(1] oo o [0
TO TO TO TO
S ST & >

By —> Epmtm
g, — 2 7070
o- -0

_ _ 0
g,, — &, K'K
:‘bb e :‘b nn

_ —0

o — MK K™

b = EgﬂoK_

_ —0

L, — Son K

— =0 g —

b HbK n

o —> Sy TTKT

_ —0

b — B 79K

- =0

b~ Zp Kn

c1—c3+c5s—ce+cg+cro— 2cqi
+3c12 — c13 — 3c14 + c15 + 3c16

—ci1te3—cs—cet+cg—ciot+2cii+5ciateiz—cia+3cis—3cie
V2

—c1te3—cs—cet+eg—cio+2ci1+3cip+ci3—cia+3ci5—3ci6
NG

2¢y + ¢4 +2¢7 — cg +4cg + 10 + 2¢13 + 15 — 3c16

2¢y +c4 — 2c6 + 2¢7 + g +4cg + 1o
+2¢13 4+ 4c14 — 3c15 — 3ci6

\%3(—63 +c4+2c5 —c6+2c7+cio
—2c11 —4c12 +4c13 + 5c14 — 6¢15 — 3c16)

c1+2c —c3+cs+c5s—ce+ 207 +4eg
+2c10 — 2c11 + 3¢12 + 13 — 3c14 + 2¢15

c1 4+ 2cr —c5+4c9g +c10 — c12 — 3c13 + 3c16

%(401 + 6¢p —2¢3 + ¢4 +2¢7 —cg + 12¢9
+5¢10 — 4c11 — 12¢12 — 6¢13 + 6¢14 — 9c15 + 9ci6)

V2 (—c6 4 g + 2c14 — 2¢15)
\/g(—cg +c4 —2¢7 + cg + c10 — 2c11 + 3c14 — 3ci6)

—c3 + ¢4 +c6 —2c7 +c10 — 2c11 +c14 + 2¢15 — 3c16
—citeatestee—cgtcio—2ci11=Tcia—=3ci3+3c1a—cis+cie
2
—c1 +c¢3+c5 —ce+cg +cro — 2c11
4c12 —3c13 — c14 + 3¢5 + c16

c1—c3—cs—ce+eg—cio+2ci1 —9cip+3c13—3ciatcis—cie
J6

V2 (—c6 4 g + 2c14 — 2¢15)

\/g(—@ + ¢4 +2¢7 — cg — 10 + 2c11 + 3c14 — 4e15 + c16)

—c3 + ¢4 —c6 +2¢7 —c10 + 2c11 — 314 + 2¢15 + 16
2¢3 + ¢4 —2¢7 + cg — deyg — 10 + 2¢13 — 3c15 + c16
2¢y + ¢4 4+ 2¢c6 — 2¢7 — c3
—dcg — c10 + 2c13 — 4c1a + ¢15 + c16
%(63 —c4+2c5 —co +2c7+cro

—2¢11 —4cip +4ci3 — ¢4 — 2¢15 — Cl6)
¢l +2cp +c5s —4cg —cio+3c12+c13 — i
c1+2c0 —c3+cs—c54+c6 —2c7 — 4o

—2c10 + 2¢11 — c12 — 3c13 + c14 + 2c15

%(461 +6¢p —2¢3 + ¢4 —2¢7 +cg — 12¢9

—5c10 +4c11 — 12¢12 — 6¢13 + 6¢14 + 3c15 — 3c16)
—2c6 + 2cg — 4c1a + 45

—c1+catcs—2c6+2c7+cg—Tc12—3c13+4c14—3c15+2¢16
V2

—c1 + ¢4 +c5+2c7 —cg +c1p —3c13 + 15 + 216
c1—ca—cs+2c6—2c7—cg—9c12+3c13+12c14a—13¢15—2c¢16
V6

—c1 4+ ¢4 —c5 —2c7 4¢3 —3c12 + 13 — 3c15 + 2c16

c1—ca+cs—2c6+2c7+cg—5cip—ci13+H4cia—ci5—2c16
V2
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NG
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Table 24 Doubly bottom

. Ch: 1
baryon decays into a bgg(sextet) anne

Amplitude

induced by the charmless b — d

-C . Sy — '
transition and two light mesons
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Table 25 Doubly bottom

. Channel Amplitude
baryon decays into a bgg(sextet) P
i ssb — - = -
mducp@ by the cha.rmlessb d Q;, — c‘;)oﬂoﬂ 4co
transitionand two light mesons
Q7 — r;w/On— c1—c3—cs—ce+c7—cg+3c9+3ci0—3c11+ci13—ci15+2¢16
bp 7 =p TN NG
- =/0 0 r— c1+e3—cs—ce+c7—cg—co+3cio—ci1+3ci3—ci5—2c16
Q,, = EK°K 7
- o=t — c14+2cp+cs—cg+3co+cig—4cia—cis
Q> B,y el
- =/—_0._.0 c1+2¢r+ces—cg—Sco+cjp—4cia—cis
Q,, — B, n'm 7
- =/—_0 —c1te3testee—crteg+co+5ci0—5¢1 —c3+eis—2cie
Q= 8, 7n 76
- ==t - 2cytea—cytes+2ci0—2ci2+3c13—4c14—cis
Q,, —> B, KTK 7
— /= 070 c1+2c0+c3+ca—cs—ce—co—3cio—ci1—2c12—2c13—4c14—2c15—2c16
Q, —~ g, KK 77
c1+6c2—2c34+4c4—3c5+6c6+6c74+3cg+3c9—3c10—6¢11 —8c12—2c13—12c14—5¢15+4c16

@, — B, m
Q;, — @, 7°Kk°
Q,—~> Q" Kt
Q;, - @, kK%

V2
—c1—cs+eg+5c9+ciotcis
V2
c1+es —cg+3c9 —cio—cis
—c1=2c3—c5+2¢6+2c7+cg+5c9+c10+2¢11 +2¢13+¢15+4¢16
NG

+ f5(Top) B (Th0)irt M (His) s
+ fo(Top) B (T10)itm M (H15)Y
+ f1(Tpp) B (T10) ju M (Hy5)X!
+ fS(Tbb)iEj(Tlo)klmM,m(Hls)l;[
+ fo(Tep) B! (T10) ju M, (Hy5)k™
+ f10(Thp) B” (T10)kim M}?’(Hls)f-d
+ f11(Top) B (T10)iju M]" (Hz) X!
+ f12(To) B (T10)itm M} (Hg)"!
+ f13(Tpp) B (T10) ju ML, (Hp)*™.

Decay amplitudes for different channels are given in Tables 32
and 33 for b — d transition; Tables 34 and 35 for b — s tran-
sition. We summarize the corresponding relations for decay
widths in Appendix A 9.

(34)

7 Non-Leptonic Z;. and ;. decays

Decays of Ep. and €2j. can proceed via the b quark decay
or the ¢ quark decay. As we have shown in the semileptonic
channels, for the charm quark decays, one can obtain the
decay amplitudes from those for E.. and Q.. decays with
the replacement of 7o — Tpe, Tc — T and D — B. For
the bottom quark decay, one can obtain them from those for
Epp and Qpp, decays with Tpp — Tpe, Ty — T, and B — D.
Thus we do not present the tedious results again.

8 Conclusions

Quite recently, the LHCb collaboration has observed the E*
in the final state A.K 7 7. Such an important observa-

tion will undoubtedly promote the research on both hadron
spectroscopy and weak decays of doubly heavy baryons.

In this paper, we have analyzed weak decays of dou-
bly heavy baryons E.., 2., Egg, 91(727 Epp and Qpp under
the flavor SU(3) symmetry, where the final states involve
one or two light mesons. This is inspired by the experi-
mental fact that the E}" — AK 7zt is not dom-
inated by any two-body intermediate state. Decay ampli-
tudes for various semileptonic and nonleptonic decays
have been parametrized in terms of a few SU(3) irre-
ducible amplitudes. We have found a number of relations
or sum rules between decay widths, which can be exam-
ined in future measurements at experimental facilities like
LHC [8], Belle II [38] and CEPC [39]. On the one hand,
at first sight the number of relations is desperately large.
On the other hand, once a few decay branching frac-
tions were measured in future, these relations can provide
richful important clues for the exploration of other decay
modes.

It should be stressed that our analysis in this work using
the flavor SU(3) symmetry is only applicable to non-resonant
contributions. For a complete exploration of three-body
decays, one should also take into account resonant contri-
butions from two-body states and this has been given in
Ref. [14]. Relative phases between them can be obtained
in a Dalitz plot analysis or measurements of invariant
mass distributions. In addition, SU(3) symmetry breaking
effects might also be relevant. Such effects in the phase
space can be incorporated once masses of all involved
hadrons are known. This will remedy the relations for decay
widths we derived. Actually, we have removed the chan-
nels kinematically prohibited. Further deviations, if found
by experimentalists in future, would have the indications
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Table 26 Doubly bottom
baryon decays into a bgg(sextet)
induced by the charmless b — s
transition and two light mesons
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Channel

Amplitude
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Table 27 Doubly bottom

baryon decays into a bgg(sextet) Channel

Amplitude

induced by the charmless b — s

" ] Q, - ZFK K~
transition and two light mesons bb b
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_ —0—0
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NG
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+c11 + 8c12 + Sc14 + 2¢16 + 8¢17)
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V3

c1+2c+c4+c5 —ce —cg+3cio + 11 +3c14 — 216

c1+2c2+ca—cs+c6+cs—cio— 311 —cia —2ci6
2(2c1 +3c2 + 263 + 2¢4 — 61
—3c11 — 6c12 — 4cia —4cie — 4er7)

on decay dynamics in the doubly heavy baryon system.
We hope this analysis together with experimental mea-
surements in future will help to establish a QCD-rooted
approach to handle the production and decays of doubly
heavy baryons.

Acknowledgements The authors are grateful to Jibo He, Xiao-Hui
Hu, Cai-Dian Lii, Fu-Sheng Yu, Zhen-Xing Zhao for useful discus-
sions. W.W. thanks Cai-Dian Lii, and Qiang Zhao for their hospital-
ity when this work is finalized at IHEP, CAS. This work is supported
in part by National Natural Science Foundation of China under Grant
Nos. 11575110, 11655002, 11735010, Natural Science Foundation of
Shanghai under Grant Nos. 15DZ2272100 and 15ZR1423100, Shang-
hai Key Laboratory for Particle Physics and Cosmology, and by MOE
Key Laboratory for Particle Physics, Astrophysics and Cosmology.

Open Access This article is distributed under the terms of the Creative
Commons Attribution 4.0 International License (http://creativecomm
ons.org/licenses/by/4.0/), which permits unrestricted use, distribution,
and reproduction in any medium, provided you give appropriate credit
to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made.

Funded by SCOAP3.

Appendix A: Relations between nonleptonic decay widths

A.1: Doubly charmed baryon decays into a charmed baryon
and two light mesons

For decays into an anti-triplet baryon, we have thee relations:

0 _+_+ -++ =+_+_0
THT) =4(ET = BEln )

=48 —» 8% *xn0),

MELT - Bln

rEH — gfntk% = NEL - ATKTED),
MNEL - Efn KT =T(QL > AfnTK),
It — 8% K% = @l - 2k &),

r@t - Afn’2% = %F(Q;@ — Afnta7),
F(sz+ Efntn™)=T(E; - ATK K™,
reh — A+K0E°) =I(Q. - 7KK,

INEL - AfnTn7) =T(QL - EFKTK).

We derive the relations for decays into a sextet baryon:
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Table 28 Doubly bottom
baryon decays into a bottom
meson, a light baryon(8)
induced by the charmless b — d
transition and a light meson

Channel Amplitude
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20 _, g0 k0 —dy —dy+dio+di +diz+dis +dos
bb § +drg + dy7 + dog + d3o + d31 + 3d37 + 3dsg
ﬁ(Zdl +dy —ds —dy —2dg — dy — 2d\o — dy1 +di3 +2d14 +dys
Ep, — A"BTK? +di7 — dig + 2d19 — 4do + 2da1 — 2d7 — dag + 3d30 + 6431

+d32 + 3d33 + 3d34 + 2d36 + 4d37 + 2d33)
%(dl +2dy +ds +d7 — dg — 2dy + dyo + 2d11 — 2d13 — di4 + di5
&y, > A"Byn +d17 + 2d1g — 4d1g + 2dr — dp1 + 3dy7 + 6dag — 2d30
—d31 + 3d3p + d33 + 3d3s — 2d36 + 2d37 + 4d3g)
%(CM +ds +d7 —dy — dyy +di3 — dis — di7 — dig + 2dy9
—dag + 3d30 — d32 — 3d33 — d34 — 6d35 — 2d36 + 2d33)
—0 L(dy —ds —dy — ds + dio — dia — dis — di7 + 2da0 — doy

g, — X0B 7w~ V2
+3dy7 — d31 — 3d32 — d33 — 6d34 — d35 + 2d36 + 2d37)

g,, —> 2B K°
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Table 28 continued Channel

Amplitude

8, > X B K"

g;, > Y B K°

dy —de +dia — di3 + 2d16 + di7 — da9 + 3d3o — 3d33 — 2d39
dy+dy+ds —de +d7 —dy — diy + dip — dis + 2d16 — dig + 2di9
—dpg — dyg — 2d30 — d3p + 2d33 — d34 + 2d35 — 2d36 + 2d3g — 2d39
5 (—di +ds +dy + ds — dio + dis + dis + di7 — 2z +
+5dy7 + d31 — 5d3p + d33 — 2d34 + d3s — 2d36 — 2d37)
%(dl —2dy — ds + 2de — d7 — dg — 3d10 — 2d12 — 2d13 — d14
+3d15 — 4dy6 + di7 + 2dap — doy + 3da7 + 2dag + 2d30 — d3)
—3d3y — 3d33 + 2d34 — d3s5 + 2d36 + 2d37 + 4d39)

—dy —dy +dg +dy —dyp —dyy —diz —dig —dig +2dyg
+2dyo — dyy — 3dp7 — 3dag — 3d30 — 3d31 + 3d34 + 3d35 — 2d37 — 2d33
dy +dy —dg —dy —dyp —diy —diz3 —dig —dig +2dyg
+2dy0 — day — dy7 — dog — d3o — d31 + d3g + d3s + 2d37 + 2d3g
—ﬁ(dl —dy +d3 — dy — 2ds5 + 2de + dio — di1 + 2d12 — 2d5

+4di6 + 2don + do3 — dog — 2das — dag — 5da7 + S5dag — 6d3p
+6d31 + 10d3p + 12d33 + 2d36 + d37 — d3g + 3d39)

FEL — 5+79%°) = 30(ELT — =K ),
rE - 2%tnhH =rEt - QPktkh),

1
rEST - efntn’) = -F(ajj — Qlntk™),

reEh - 2%%*) =3rEL - =%k,

NEL - Efn KN =T(Q, - 2fnTK"),
—0—0

rel -k K) =11} — 2++K K™),

Q. — Efnrtn) =T (E, - Tk K,
r@l - Q= k% =rE, - = K+K)

F(H++ ZO +K+) _ IF(H++ E£0K+K+),

rEl —» 3FKK") = 1@ — 8 KK,

(a;; — 2 a7 Kk% = 1r(Ef, - 2F kK9,

reh — 8% tk% = r@Q - 8Pk tK),

Nl - 2% 7% =@t - 2%,
rQb — =Hr k) =(EL - SHKK).

A.2: B, and 2, decays into a octet baryon , a charmed

meson and a light meson

The following relations are derived for decays into an octet

baryon:
r(ett — =+tp*tK% = r(ELr — pDIED),
F(H++ s pDO +) — F(H++ N 2+DOK+),

r(w+ — =DK% = (@t — pDK),

r( - XtDirT) =1(Qf — pD+K_),
MNEL - 2 Dfah =T(QL - E-DTK™),
r( . — pDTnT) =T(Q} — 2+D+K*)
rQt - x"ptr™) =r(EL - pDFK™),
Qe - e bfr") =rEL - DK™

For a decuplet baryon, we have
FEST - A'Dint) =T(BL, - ATDf "),
<“++ — 2Dfx%) =I(ELT — 2ODTK),
FEL — AT D7) =T(@Qf - AT DK ),
r( . — ATDfxT)y =T(EST — ATTDI ™),
NEL - 2"Dfn7) =T@QL - ATDTK™),
F(QCC — A'DO7 ) =T (Qf, - ATD ),
r@t — A°DIK’) = 1@, — ATDSK ),
M@ — A™D*nh) =T(Qf — AT D7),
L@ — =7 Dfa") =@} — 2" Dfx"),
rQt - g8 bzt =rE! - 2" DTK™),
r@t - Atp'=% = —F(Qjc — A'DFx0),
r@y — A*Dn) =@ - A°D*y),
rEH - ATDI 2% =T(EL — A'D} 0.

A.3: Epp and Qp, decays into a bottom baryon, J /v and a
light meson

Decays into an anti-triplet baryon have the relations:
=0 0_0 _ 1 = 0_—
C(Ep, = Apm I /Y) = Er(dbb — Ay J/Y)

|
= ST(Ey ~ & KT/,
r(Q,, — By~ J/y) =T (&), — ENK JI/¥)
=2I'(Q,, > E,m 0 /),

r gy, — 8dr’J/v) z! g, ntJ/y)

1
|
e
[
g

i

1 _ —0_
= 5T(Ey, — EhnJ/¥)

=T(g,, - g, 7°7/¥),

@ Springer



56 Page 34 of 43 Eur. Phys. J. C (2018) 78:56

Table 29 Doubly bottom
baryon decays into a bottom

i‘gzz‘zr;habl‘%‘ﬁ:fgr ‘;r‘l’l(fs)s b Ldy +dy — dy — dy — 2ds — 2d + 2d; + 4dg + 2dy — 3dyo + 3diy
transition};nd a light meson Q> — A'By —2d12 = 2d13 + 2d14 + 6d15 — ddig +dd17 + 2d1g — ddig + 8doo
& bb —4dy) + 4d + 5daz + dag + 2dos + dag + 3da7 — 3dag — 6d3y — 6d34
—3d37 — 3d3g — 3d39)
0 ﬁ(—dlﬁ—dz—tb +dy +2ds — 2dg — dyo + d11 — 2d12 + 2ds5
@y, — A'Bn” —4di6 — 2dy — da3 + dag + 2dos + dre — 3dr7 + 3dog — 2d30
+2d31 + 6d3p + 4d33 — 2d36 — d37 + dag — 3d3o)
%(dz —d3 —2de +d7 —dg — 2dg — 2d12 + d13 — d14 — 4de
_ 050 1 — 6
@, > A"B K —2d17 + 2d1g — 4dy9 + 2dr — da1 + dap — daz — 2dpy + 2dbs
+dae — d3o + d31 + 2d33 + 3d3s — dse + d37 + 2d3g — 3d3o)
dy +dy +dyo +diy +di3 +dig +dos
+dorg + 3dr7 + 3dag + 3d3o + 3d31 + d37 + dag
%(dl —dy —d3 +ds+dyo+dy +2di3 +2dg +dos
+doa + 2das + dae — Sdy7 — Sdag — 6dr9 + d37 + d3g + d3o)
—%(dl +dy +d3 +dy + 2d7 — 2dy — 3dyo — 3dy1 — 2d18 + 4dyy
Q) = 2087y +2doy + do3 — doy — 2das — dag + 3do7 + 3dog + 6dag + 6d3
+6d31 — 2d34 — 12d35 — 2d36 + d37 + 3d33 — d39)
—\%(dl +dy 4+ d3z +dy + dio + di1 + dz + drs — 2d>s
—da6 + 3dy7 + 3dag + 6dr9 — 2d30 — 2d31 + d37 + d3g — d39)
—%(dz +d3+d7+dg +di3 +dig — 2dry + dry 4 dy 4 d3
—2dp5 — dos + 6drg — dzo — d31 + 6d34 + d35s — d3g — d37 — d39)
—dy — d3 + di3 + di4 + 2d>s
+dae + 2drg — 3d3o — 3d31 + d39
%(dl +do +d3 +dy +dio + dyy + doz + dog — 2das — dog
—5da7 — Sdag — 2dp9 — 2d30 — 2d31 + d37 + dag — d3o)
—ﬁ(d] +dy + d3s + dy + 2d7 — 2dy — 3dyo — 3dy) — 2d3 + 4dy9

Channel Amplitude

Q,, » StB "

Q;, - 2B~ =

Q;, — SVB'7-
Q;, — SVBUK-
Q,,—> X Bt

— -0
Q,, > 2B x°

_ =0
Q,, > Z7B +2d + daz — drg — 2dos — dye + 3da7 + 3dag — 2dho
—2d30 — 2d31 — 2d34 + 4d35 — 2d36 + d37 + 3d33 — d39)
0 —dy —d3y —d7 —dg —di3 —dig +2dro — dpy — dn2
Q,, > T7BK —dy3 + 2drs + dog + 2drg + d3o + d3 + 2d34
—d35 + d36 + d37 + d39
Q;, — pB K ds +do — dig + 2d19 + 2dyo — da1

+dr3 + doa + 3d34 + 3d3s — dz7 — dag
—d3 —de + di2 + dia + 2d16 + di7 + 2das
+da6 + dag — 3d31 — 3d33 — d3g
—dy —d3 +ds —ds + dip +dio — dis + 2d16 — dro — do3

Q,,— E"B K°
bh +2drs5 + dye + da7 + dog + 2d31 — d32 + 2d33 — d3e — d37 — d3g

O — 5-B%0 %(d4+d5+d11 —diz+dis+di —dn+doy
bb ' —Sdyg — d3o — 5d32 + d3z — d3e + d3g)
%(2613 —dy —ds + 2de + 2dg + 2dy + 3dy1 — 2d12 + di3
_ =0 _ _ _
Q,, - & By +2d14 + 3di5 — 4die + di17 + 2d1g — 4d19 — 4doo + 2dr1 + dr

+2dy3 + dag — 4dys — 2dr6 — 3dag — 2dag + d3o — 2d3
—3d3y — 3d33 — 2d34 — 2d35 + d3g — 2d37 — 3d3g + 2d30)
dy —ds —dyo +dig +dis +di7 +dn
+daz — da7 + 3d31 + d3p + 3d33 + dse + d37
~050 dy +ds +dyy —di3 +dis +di7 —dn

Q. — 8B~
o s +dyg + 3das — daog + 3d3p + d3z — dzg + dag

- =0 p— 0
Q,, > E'BK
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Table 30 Doubly bottom
baryon decays into a bottom
meson, a light baryon(8)
induced by the charmless b — s
transition and a light meson

Channel

Amplitude

g), — A'B nt

—0
g), > A"B =0

Egh — 2tB™p

- =0 _
agh—> >*Bn

=0 +R70 -
gy, = XTBK

Egh — 20—t

—ﬁ@dz +d3 —de + 2d7 + dg — do + d12 — 2d13 — d14 + 2d16 + d17
—d18 + 2d19 + 2dpo — doy — 2don — do3 + dog + 2das
+drg — 3drg + 6d30 + 3d31 — 3d33 — 3d34 — 9d3s5 + 6d3g + 3d37 — 3dzg + 9d39)
575 Qe + d3 — de + 2d7 + dg — do + 4dyo + 2d11 +dio +2d13 + da
—2d\5 + 2d16 — d17 + dig — 2d19 — 2dop + doy — 2day — doz + doy
+2dy5 + drg — 8dr7 — 4drg — 3drg — 2d3y — d31 + 4d3p + d3z + 9d3g
+3d3s5 + 6d3g + 3d37 — 3dzg + 9d3g)
+(@d — 2dy — d3 + 2dy — 2ds + d + 2d7 + dy — dy — d12 — 4d)3
—5d14 — 2d16 — d17 + di1g — 2d19 — 2dr + do1 — 4dan — Sdo3
—d42drs5 — dog — 12dy7 — 6dag + 3drg — 3d31 + 6d32
—3d33 + 9d34 + 3d3s — 9d37 — 9d3g — 9d39)
—2dy — d3 — 2d4 — ds + do + d10 + 2d11 — d12 +di15 — 2d6
—dy + daz + 2dry — 2dys — dog + dp7 + 2dog + 3dao
+4ds0 + 2d3) + d32 — 2d33 — 3d36 + 3d37 + 6d33 — 9d39)
—%(@ +de +ds +dy — 2d1y +diz — dig — 2d15 + 2dy6 — di7 — dig
+2d19 + 2drg — dr1 — do3 — dag + 2dos + dae + 4dog
+3d9 + 3d31 + 4d3p + 3d33 + 3d3s + 3dss + 3d37 + 3dzg — 3d39)
—ﬁ(fh —2dy — 2ds + dg + dg + dg + d12 — 2d13 — d14 + 2d6
+dy7 — dig + 2d19 + 2dag — dp1 — 2dap — dp3 + dos
+2dps5 + dae + 6drg + 3drg — 6d30 + 3d31 + 6d3p + 9d33 + 3dag
+3d35 — 6d36 + 3d37 + 9d3g — 3d39)
—d3 —dg — di2 — d14 — 2d16 — d17 — 2das — dre — 3dp9 + d31 + d33 + 3d39
—dy —d3 +ds — dg — dyo — di2 +di5 — 2d16 + dn
+das — 2das — dae — 3dy7 — 3dag + 2d3,
+3d33 + 2d33 + 3d36 + 3d37 + 3d39
%(ﬁb +de +ds +dy — dip — dig — 2d16 — di7 +dis
—2d19 + 2dp0 — day — doz — day + 2dps + dog — dro + 3d31
+3d33 — d34 + 3d35 + 3d37 + 3d3g — 3d39)
$(—=d3 — do +ds + do — 2dyy +di2 — di4 — 2dys + 2d16 — dy7 — dis
+2d19 — 2do + dp1 — doz — daa — 2dos — dae + 4dag + dag
+d31 + 4d3p + d33 + 3d34 — d3s5 + 3d37 + 3d38 + 3d39)

%ﬁ(da —2dy — 2ds +d +ds + do — d12 + 2d13 + di4 — 2d16 — d17
—dig + 2dy9 — 2dr + do1 — 2dan — dp3 + day + 2drs + dog + 6dag — doo
+2d30 — d31 + 6d3z — 3d33 + 3d34 — d35 — 6d36 + 3d37 + 9d3g — 3d39)
%(dl +d3 —ds +de —dip — dia + di5s — 2d16 — dy — dr3 + 2das
+dag — dy7 — dyg — 2d31 + d3p — 2d33 — 3d36 — 3d37 — 3d39)

ds+dy+dig — 2d19 — 2dao+day — doz — doa — d3a — dss+3d37+3d3s

da+ds — dii+diz — dis — di7+do — doa — dag+3d30 — d3p — 3d33+3d36 — 3d3g
dy—ds+dyo—dis—dis—di7—dn—dp3+3da;—d31 —3d32—d33—3d36—3d37
dy+dy—2dr0+dar1 —dro—dp3—2d3a+dss+3d36+3d37

|
%(—dl

—d7+do+d1§—2d 9+dry —drs+dis—2d3zs—3d36+3d3g
—dy —d3 —d7 —ds +di3 + dia — 2dy0 + do1 + do + doz — 2das
—dae + 2drg — 3d3g — 3d31 + 2d3s + 3d3s — 3dag — 3d3z7 — 3d3o
—dy — d3 — di3 — di4 — 2dps — dae + 2dr9 + d3p + d31 — 3d39
—do +2dio +2d11 + dis — 2d19 — dp + dpa — 4dy7 — 4dog
+3d34 + 2d3s + 3d36 — 3d3g)
%(Zdl +2dy +2d3 +2dy + d7 — dy + dig — 2d19 — doy — 2daz — doy

+ddos 4 2dr — 6dy7 — 6dog — 4dro — 4dzg — 4d3y + 3dzs + 2d3s
+3d36 — 6d37 — 9d33 + 6d39)

|
Wil (d7
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Table 30 continued Channel

Amplitude

g,, = A’B~n°

g,, = A’B™y

— -0
g, = A'B n~

— —0
g,, = A'B K~
8, > 2tB -

—— 0p—.0
g, > XB™mw

2—\15(251’2 +d3 —dg + 2d7 +dg — dyg — 4dyo — 2d11 — d12 — 2d13 — d14
+2di5 — 2d16 + d17 — dig + 2d19 + 2drg — doy + 2drn + d3

—dyy — 2dys — dog + 8dr7 + 4dag + 9drg + 6d3o + 3d3;

—4d3y — 3d33 — 3d3a — 9d35 — 2d36 — d37 + d3g — 3d3o)
$(—4d) +2dy + d3 — 2dy + 2d5 — dg — 2d7 — dy + do — dip — 4d13
—5d14 — 2d16 — d17 + d1g — 2d19 — 2dao + do1 — 4day — Sdp3 — dos

—2dps — dos + 12dy7 + 6drg + 9dr9 — 9d31 — 6d32
—9d33 + 3d34 + 9d3s5 — 3d37 — 3d3g — 3d39)

ﬁ@dz +d3 —ds +2d7 +dg — do — di2 + 2d13 + d14 — 2ds6
—d\7 +dig — 2d19 — 2dop + doy + 2dan + doz — doy
—2dps5 — darg + 9drg — 2d3g — d31 + d3z + 9d3y
+3d3s — 2ds6 — d37 + dsg — 3d39)

ﬁ(dl +2dr +d3 +2dsy + ds — ds + dio + 2d11 — di2 + di5s — 2dis
—dy + doz + 2drg — 2dos — dog + 3do7 + 6dog + 99 — 4d3o — 2d3
+3d30 + 2d33 — d3g + d37 + 2dag — 3d3g)

—dg — do + dig — 2d19 — 2dp0 + dr1 — doz — dry — 3d34 — 3d35 + d37 + d3g
1(d3 +ds — dg — do — 2dyy + dip — dis — 2dys5 + 2dy6 — dy7 — dig
+2d19 — 2do + dp1 — doz — day — 2dps — dag + 4dag + 3da9 + 3d31

+4d3 + 3dsz + d3a — 3d3s + d37 + dag + d39)

I'(E), — 8, KTJ/¥) =T(Q, = ALK J/¥),
[(8,, —» Ajn~J/Y) = (8}, — 8, K°J/¥).
(89, — AYK J/y) = (E;, — AIK~J /),
r(Qy, — &, K J/y) =T(Q;, — EIK~J/v).

Decays into a sextet baryon have the relations:

[(8), — T 7 J/¥) =2I(8), — ELK I /)
=T(Q,, > 9, K" J/y)
=4T(Q,, — 8, 7% /¥)
=20(Q,, — EXn " J/¥)

_11-' QT =/0__—
—E ( pp > Ep T J/¥),

1 _
r(gY, — g7 /y) = Zr(ubb — Q, KTJ/9)
1 — —~
= ;T (Ey, — g0~ J/Y)

1 N
= Zr(abh — @, KT /9)

! 2t

Er(ubb — o, T J/)
= (&, — B 7%J/¥),

I'(E,, — Ebn J/v) = 6F(ubb — Ean/llf)
=3I(E,, — X, nJ/¥)
=T(g,, — &, K°J/¥)
=I(8, > X, J/lﬂ),

@ Springer

1—‘("‘bb 2E0J/W) = _F("‘bb - E;K_J/I/f)
= F(‘:‘bb — Z)K"J/Y)
= -F<~bb - 5K T/,

1—‘(“bb - X, 7Z+J/1ﬂ) = zr(ubb = u;)_K+]/w)
= 20(Qy, > ZK7T/Y)

_ _—0
=T, — %, K J/¥),
3

LRy, = EYKT/Y) = JT(Q — 01 /¥)

=, ~> &, K’ J/¥).

A.4: Bpp and Qpp decays into a beg, an anti-charmed
meson and a light meson

_ 1 ,
T(8), — &f Dyn’) = ST (&, — B D7)

1
Emgb — B D7t
=T(g,, — ).D;y "),
— —0 | _
reEy, - Q). D% = ST (Ep, — Q0. D7)

= lr(w— — Q) D70
- 4 ~bb bc

1 _
-r(ub,, — Q) D7 h),

_ — - —_ —0
r(Q,, — &.Dyn") =T(E), - Q). D K
=2I(Q,, — 89.D;70),
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Table 31 Doubly bottom
baryon decays into a bottom
meson, a light baryon(8)
induced by the charmless b — s
transition and a light meson

Channel

Amplitude

g, — 2By

_ —0
g, — 2B -

— A'B~K

~ P
Q;, — StBK
- 308K’

— 0 —
Q,, » "Bk

21?(0'3 —2dy — 2ds + dg + dg + do + di2 — 2d13 — d14 + 2d16 + d17
+dig — 2d19 + 2dr0 — do1 + 2dan + doz — day — 2drs — dog + 6dag + 3dg

—6d30 + 3d31 + 6d3; + 9d33 — d3s + 3dzs + 2dzg — d37 — 3dag + d39)
53 +do +ds + do + diz + dia + 21 + di7 — dig + 2d1o

—2dp0 + doy + do3 + dog — 2dos — dog + 3dag — d31 — d33

+3d34 — d3s5 — d37 — d33 + d39)
%(dl +d3 —ds +ds + dio + di2 — di5 + 2d16 + dro + doz — 2d>s
—dhe + 3dy7 + 3dy9 — 2d31 — 3d3y — 2d33
+d36 + d37 + d39)
d3 +ds — dip — di4 — 2d16 — d17 — 2das5 — dae — doy
+3d31 4 3d33 + d3g
—%(43 +de +ds +do + 2dy| — di2 + di4 + 2d15 — 2d16 + di7
+dig — 2d19 — 2dog + doy + do3 + doy — 2drs — drg — 4dag — dao
—d31 — 4d3p — d33 — d3g — d35 — d37 — d3g + d39)
ﬁ((h —2dy — 2ds5 + dg + ds + do — d12 + 2d13 + dia — 2d16 — d17

+dig — 2d19 — 2dr0 + do1 + 2dy + doz — dry — 2dps — dag + 6drg — dog
+2d30 — d31 + 6d32 — 3d33 — d34 — d3s + 2d36 — d37 — 3d38 + d39)

dy +d3 — ds +de — dio — d12 + di5 — 2d16 + dp + daz — 2d>s
—dae — dp7 — dyg — 2d31 + d32 — 2d33 + d3e + d37 + d3o
—dy —dy — dyo — di11 — d13 — d14 — do3 — drg — 3dx7 — 3dg
—3d30 — 3d31 - d37 - d38
dy +d3 — di3 — dig — 2dys — dog — 2da9 + 3d3o + 3d31 — d3g

dy +d3 +dy +ds +diz + dig — 2dag + doy + dao + daz — 2drs — dag
—2dy9 — d3o — d31 — 2d34 + d35 — d36 — d37 — d39

—dy —2dyo — 2dy| — dig + 2d19 + dpp — doa + 4dx7
+4drg — dag + 2dzs — dzg + dig)
%(—2(11 —2dy —2d3 — 2dy — d7 +do + dig — 2d19 — dop — 2dr3

—do4 + 4dos + 2dog + 6da7 + 6dog + 4dog + 4dzo + 4d31 + dzs — 2d3s
+d36 — 2d37 — 3d3g + 2d39)

—d7 — dg — 2dy + dp1 — do2 — dp3 + 2d34 + 3d35 + d3e + d37

i
5 (d7

d7 — do + dig — 2d19 + dp — doa + 3d34 + 2d35 — d3e + d3g
%(dl —dy —2d5 — 2d7 — dg + dg — dyo + dy1 — d13 + d14 + 2d,5

+2dy7 + dig — 2d19 — 2do + dry — dy7 + drg — 3d30 + 3d31 + 2d3
+6d33 + 3d34 + 9d35 + 4d3e + 2d37 — 2d33)

ﬁ(*d] +dy + 2ds + 2d7 + dg — do — dio + di1 — di3 + di4 + 2d;5

+2d17 + dig — 2d19 — 2dz0 + day — 3dy7 + 3dog — d3o + d3)
+6d33 + 2d33 + 9d34 + 3d3s5 — 4d3ze — 2d37 + 2d33)

dy +ds —dg — do + dio +di1 + diz +dia + dig — 2d19 — 2dxo
+dor1 + 3da7 4 3dag + 3d30 + 3d31 — 3d3q — 3d3s + 2d37 + 2d3g

%(_dl —dy+ds+dy+dio+di —diz —dig+dig — 2dy9
+2dp0 — da1 + dp7 + dag — 3d30 — 3d31 — d34 + 3d3s — 2d37 — 2d33)
%(—dl —dy +dg+dy —dyo —dy +diz +dig —dig +2dy9 — 2dyy

+dy1 — 3do7 — 3dag + d3o + d31 + 3d34 — d3s — 2d37 — 2d3g)

—dy — dy +dg +do + dyo + di1 + di3 + dig + dig — 2dy9 — 2dr + doy
+do7 + dog + d30 + d31 — d3g — d3s — 2d37 — 2d3g

—dy +ds — diz2 + di3 — 2d16 — di7 + da9 — 3d30 + 3d33 + 2d39
de + 2dio + dy2 + di3 — 2d15 + 2d16 — di7 — 4da7
—dyg — d3p + 4d3y + d3z — 2d39)
ﬁ(zm —dy —2ds + ds — 2d7 — 2dg — dio — di3 — 2d14 — 2d16 — d17

+4dyo — 2d1 — 6da7 + dog + d3p — 2d31 + 6d3p — 3d33 + 4dzs — 2d3s
+4dse + 4ds7 + 2d39)

1
ﬁ(dz -
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Table 31 continued Channel

Amplitude

Q,, > &7

Q,, > 8B

_ 00 _
Q> 2B n

0RO e
Q,, > E'B.K

—dy —dy —ds +de — d7 +do + diy — di2 + di5s — 2d1 + dig — 2d19
“+dog + dog + 2d30 + d3o — 2d33 + d34 — 2d35 + 2d36 — 2d3g + 2d39

%(dz —de —2d1o — d12 — d13 + 2d15 — 2d16 + d17 + 4dx7
+3dy9 + 3d3g — 4dsy — 3dzz — 2d39)
—ﬁ@dl —dy — 2ds + dg — 2d7 — 2d3 + d12 + d13 + 2d14 + 2d16 + d17

—4dy + 2dy1 — 6da7 — 3dy9 — 3d3o + 6d31 + 6d32 + 9d33 + 4dza
+6d35 + 4d3e + 4dz7 + 2d39)
dy —dg — di2 + di3 — 2d16 — di17 + 3dag — d3o + d33 — 2d39

dy+dy +ds —dg+d7 —dy +diy —dyp +dis — 2die + dig — 2d19
+3das + 3dpg — 2d30 + 3d3y + 2d33 + 3d34 + 2d3s — 2d36 + 2d33 — 2dag

r(Q,, — Q0 D'n) =T(8), — g, .D; K
=20(,, — Q). D70,

rEy, — &5 D'r ) = (e, — 2.0 K°),
rEy, — 80K =T(g;, — 82D K"),
T'(Ey, = Ep.D D'K") = T'(Ey, — By D™K7),
F(ubb — ubcD 7)) = (2, — ubcD K )
r(gy, » Q) .D K" =TI(Q,, > Ef. D K),

r(8), — Q.Dy K" =T(§;, — Q).D; K%,

['(8,, — §,.D ") =T(g, - Q.D K,
r(gy, > &,D'77) =I(g;, — 2).D; K°),
['(E,, — "‘bcD_ %) =3T(E,, — E).D ),

(8, — 8D k') = (&, — :Z_C‘_OK ):
I, — Ep. Dy ) =T, > “bcD K™),

Ly, > DK =I(Qy, — 4,D'K"),
. —0 —_— -
(&), — @D 1) =T(§,, > QD ),
r(E), — EN.DyK") =T(Q,, — E).D Yt

HO ~ —_ —~— —
gy, — c:l':cDS n) = F(abb — C‘bch n).

A.5: Epp and Qpp, decays into a beg and two light mesons

_ | _
r(g), — g.7%") EF(abb — Q) 77K

gln K"

@ Springer

rd, - 80.7°%") = 3r&%, — 9 X’y

= 3r(8Y, — 804K,
r(Q,, - g)7°K™) =3r(Q,, — E).K 1)

=3I (R, — abcan)
['(E,, — Ep.n"K™) =3I'(8,, - E).K 1)

=3I(g,, > Ep.nk "),
rQ;, — 8K K™) = %F(ng — EfK"K")

I'(E,, > Bl n"K"),
=3r(g), — Q).K%)
= 3F(E‘,}b — QY nKY),

rEY, — Q) 799

=0 0 _0_0 0 -
gy, — Q77" = —F(ubb — QprtrT),

r(sz,;,, - QK =202y, — Q7°

K™),
1 _ .
— Q) 7%) = ST &y, — QY ).

A.6: Epp and Q2p), decays into a bottom sextet, a charmed
meson and a light meson

r(g), » =, D’n") =2I(8), — B, D'K™),
_ | B _
rgy, — g, D'z%) = 51“(a2,, — @, D'K™),
_ 1. __ _ _
T(8), — @, Dfr" = STEy — 2, D),
- ~10_0 1 - -t —
(R, — Q, D'7") = EF(Q“’ — Q, D).

A.7: Bpp and Qpp decays into a bottom baryon, an
anti-charmed meson and a light meson

Channels involving an anti-triplet baryon have
[(8), - AYD; ) =20 (E;, — A)D; %),
r(Q,, — g, D;n%) =2r(Q,, - E)D; "),
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Table 32 Doubly bottom
baryon decays (induced by the
b — d transition) into a bottom
meson, a light baryon(10) and a
light meson

Channel

Amplitude

g), — AYTB -
E%h — AT*B~ 70
g), — AtB™y
=0__
E), —> A*Bx
—0
g), — AYB K~
g) — A'B
—0
gy, > A'B'x0
—0
g), — A'Bn
=0 04040
gy, > AB K
—0
gy > A Bt
g), — =*+B K"
=0 R0
gy, > X Bw

9, — xO0B-K+

-
[

—0
gy, > =B K°

gy, — =B’

gy, — 2Bn
0 40

g, —> 2B

—0
g), — X" B,xt

—0
g), — 8B, k"°
g0, - & BK*
“bb = s
g, > ATB 1~
g, = A'B~n°
g, = A’B™n
o —0__
g, — A'Bm
— —0

g,, = A'B K~

g,, —> A"B 7"

g, > A"B'n
_ —0—0

g, > A"B'K

fi+3fa+3fe+3fo+ fui— fut+ fi3
*fl+f2+f3+5f4+6fs+6fz/t6fs+6floff11+2f1272f13
6
Sitfo+f3+3 fa+6 f5+6 fo+6 f1+6 fs+6 fo+6 fi0—3 fi
3V2
Ji+fo+3fa+6f5—2f6+3 fo+6 fio+f11+[13
NG

Lt6fs—fe+6f10=S12
V3

L+ 321543 f6—2/7+6f8+3 fo+6 fio+fi2— fi3
V3

_htfo—f-5f1—-2f5 *2f6\/16f7+2fs+6f10+f1 1+2/13
6
fit o+ f3+3fa—=2f5—2f6+6 f1=2fs+6fo+6 fio—=3 fi1
3V2
S2=2f5— f6+6/10—f12
V3

B=2f1=2f3+3fo— f13
Ji—fat3fe+3fo— fii—fiotfi3
3
Si+3fa—fe+3fot i1+ fia+fi3
V3
f2+f3*2f5+3f6*2.f74:/6>f8+3f9+6f10+f12*fl}
6
Sitfo—fa=2fs—2f6+3 fo+6flo—fui+ f13
V6
_ h=f=5fa—fe—6f1+2fs+ fii+fio+2f13
2V3

S =2f+ f3+3fa+4f5+ fo+6f7—2fs +6fo — 12fi0 — 3 fi1 +3/12)

[=2f1-2f3+3fo—f13
V3

[=2f-2f3+3fo—f13
V3

Si—fa—fe+3fo—fuitfiat+fia

V3
[=21-2f3+3fo—f13
V3

Sitf3+3fa+3f6+67+6f3—2 fo+ fi1—fi2

V3
_N—h+ 35652114632 fo+2 fio+f11—2f12

V6
Sit ot f3+3fa+6f5+6f6—2f1+6f3—2f9—2fi0—3f11
3V2
S +f2+f3+3.f4+6f5—2.ff/t6f7—2f8 —2fo=2fi0+ /11
3

S2+6fs—fe—2fi0—fi2
V3

fr=2f54+3f6 —2fi0+ fiz
_Nt+H+-5f=2f-2f—2f-2f3—2f—2fio+fu
V2

Sit ot f3+3fa—2f5-2f6—2f1-2f3—2fo—2fi10—3 fi1
76

fr=2f5— fo —2fi0— fiz

Sitfi—fa+3f6—2f1+6f3—2fo—fi1—fi2

N
Sitf3+3fa—fo+6f1-2f3=2fo+ fi1+fi2

V6
L=2f5+3f6—2fi0t fio

V3
fit ot fa—fa=2fs—2fe—2f1—-2fs=2f9—2 fio— fui
V3
_ it B-S5fa—fe—211-2/8—2 fo+ fii+fi2
NG

bil *2f2+ﬁ+3f4+4f5+f6*2{7[*2f8*2f9 +4f10-3/11+3f12
32

fi+fi= fa= fo=2f1=2fs=2fo— fii+ fi2
73
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Table 32 continued

Table 33 Doubly bottom
baryon decays into a bottom
meson, a light baryon(10)
induced by the charmless b — d
transition and a light meson

while decay modes involving a sextet baryon have
[(EY), — =)D n") = [(E), — =, D; 70,
Ny, — =, D'nt) = ZF(Ebb — 8, DKM,

°
—~/—
r(g), > &, Dnt) =

[(E,, — /D7) = 2F(E;b — EYD™KY),

2, — Eb

r(Q,, — &, Dynt) =2I(Q,, - XDy 7%,

Channel

Amplitude

Q,, > ATB K~
Q;, — A’B K"
Q;, — AYB K-
Q> A-B'K°
Q> B

S34+6f746 fs—
V3

L2160 fs—fot+fis
V3

[4+6f1-2f3—fotfi3
V3

fot+fi3

fB=2f=-2fs— fo+ f13
S143fa43fo— fot+ fii—fio—fi3
V3

Channel

Amplitude

Q,, —» 2B~ 7"
Q;,, - =By

Q= 0B~
Q;, — SOBIK-
Q,, > X Bt
Q,, — =~ B'n°
Q;, — = B'n

Q,, > =Bk’
Q;, > BB K"
Q, —> &
Q,, > "B Kt
Q, — &

Q,, —> E

_ ——
Q,, > E°B

—fitfrt+5f+6f5+fo

=2fio—fu+2fio+fis

273

LA+ h-2f+
S1+fo+3f4+6f5—2f6—

3fa+6fs+6fc+4f7—12fs+ fo—2f10—3f11 —3f13)
So=2fio+/11—/f13

NG

fs—fo=2fio—fiat+fi3

Sotf3+6f5—fo+6/7-2
76

[2=2f5+3f6=2fi0+ 12

3
—fi=H+5fut+2fs5+2f6

+fo+2fio—fiit+fi3

76
NA+H=2f343fa—2f5—

2fet+4f1+4f3+fo—2fi0—-3f11-3f13

Ltf3=2f5—fe=2/1=2

V2
S8—fo=2fio—fia+f13

V3

fio—fi3

Si—fat3f6—fo—fii—
73

S1+3fa—fo—fo+ i1+ fio—f13

3

fr=2fs+3f6—2fio+ f12

V3
fitfo—fa=2fs=2fo—fo=2fio=fui—fi3
V3
—f145 fatfot+fo—fir—fiat+fi3
V6

N=2H-2f43 fatd fs+ fo+4 fr+4 fs+ fo+4 flo—3fui+3f12—3f13

3W2

Si—Jfa—fo— fo— fu+ fiz— fi3

—r(agb — @, DK™,

X)) = —F(be — XD K7),

T(E), — £} D;n) =2I(E,, — ZpD; n).

A.8: Bpp and Qpp decays into a bottom baryon and two

light mesons

For the anti-triplet baryon, we have

rEy), — eir’k% =3rEy, — g9k,

@ Springer

r'(g,, — g,7°K%) =3I(g,, — ubK m).
1), — AVr'K") = 3r (8%, — AYK ).
r(g), » g,n"n% =TI(g,, - E)n’n),

(€2,

—— 00 _ 0
— g8,7'K) =3T(Q,, —> E,K n).

Decays into a sextet heavy baryon have

rEY, — g27°k% =3rEY, - 22k%),

r'(g,,
r(EY
I'(E),

r(e;

I'(

— Zb TowT) =2I(Q,, — Zb - K7),
, — 207K’ = 30 (&Y, — 0K y).
—/—

0
— &g, n)—F(ubbaubnn)

, — @770 = 5r(sz;b — @, rtr0),

- oy 1 - e
g, —> X7 K )= 5Ty, — T KTK).
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Table 34 Doubly bottom
baryon decays into a bottom
meson, a light baryon(10)
induced by the charmless b — s
transition and a light meson

Channel

Amplitude

=0 ++p—Kx—
g, > ATTBTK

E), — AtB-

&’

-0
g), — AYB K~

=0
“bb

0
bb

o)
=0
“bb
0
bb

0
bb

0
bb

0
bb

=
@)
—
[
=
[
—
[

=0
“bb

0
bb

0
bb

0
bb

0
bb

o)
o)
)
=0
“bb
=0
“bb
=0

)

0
bb

-
[

=0
“bb

Epp
Epp
Epp
Epp
Epp
Epp

—_—
©

—

—

—

—

—

AVBK°

»+B 70
~*+B™p

S4B -
SH+BUK-
OB gt
0B 70
E/OEOn

SOBK’

»-B'nt

E9B-Kt

B K"

fi+3fa+3fc+3fo+ fui— fiz+ fis
Si—fat3fe+3fo— fui—fiat+ fi3

V3
Si43fa—fe+3fo+ fuitfiot+fi3
3
Ji—fa—fe+3fo—fii+fio+ /13
NG

f2+f3+4f4+6f5+3f6+6f7+j[8+3f9+6f10—2f1 1+fia—fi3
6

—2fi+fr+f3+6fa+6f5—3f6+6f7+6f3—3 fo+6f10+3f12—3 13

V2
fot+6fs—fe+6fio—fi2
3

Si+ /43 fa+6/5—2f6+3fo+6fio+ f11+/13

V3
Lot f3-2f5+43f6—2f1+6fs+3 fo+6 fio+ fio— fi3

76
—fot+f3+4fa+2 fs+ fo+6 /72 f3+3 fo—6f10=2f11+ f12— f13
2V3

F2fit+ o+ i+ 6fs—2fs+ fo+6f1—2fs —3fo+6fi10 —3fi2 — 3f13)
Si+fo—fa=2fs=2f6+3 fo+6 fio—fui+ f13
NG

[3=2f1-2f3+3fo—f13

/3
Lt 3-215+43f6—2f1+6f3+3 fo+6 fio+ fio— fi3

73

S2=2f5—fe+6 10— fi2

3
f[4+4fat6/1-2f3+3fo—-2f11—[f13

V6
—2f1=2fr+f3+6fa+4f5+4f6+6f1—2f3—3 fo—12 fi0—3 f13
V2

/3

f[=2/-2fs+3fo—f13
V3
f3=2f=2fs+3fo— fi3

S1+3fa+3fo— fot+ fui—fia—fi3
3

SN—fat3fe—fo—fi1—fia—f13
NG

fi43fa—fo—fo+fiitfia—fi3
NE]

fi—fa—fo— fo— fuu+ fiz— fi3
LHOf146fs—fot fis
V3
So—[3+4fa+6f5+3 f6+2f7—6 fs+fo—2f10=2fui+fi2—f13
2V/3
F(2fit+ o+ i+ 6fs+6f5—3fs—2f1+6fs+ fo—2fi0+3fi2+3f13)
ot 346 f5—fo+6f1=2f3—fo—2fio—fia+fi3
NG

Si+ 43 fa+6f5—2f6—fo=2 fio+ fui—fi3

NG
fr=2f543f6—2fio+ f12
V3
— = f3+4fa+2 5+ fe+2 /142 fs+ fo+2 fio—2f11+ fia—f13

76
—2fi+ o+ 346/a—=2f5+fo—2/1=2f3+fo—2fi0—=3/12+3 /13
3V2

SNi+fo—fa=2fs=2fo—fo—2fio—fl1—f13
V3
[=2f1+6fs—fot /13
V3

[46f1-2f3—fo+fi3
V3

S2=2fs43f6—2fi0+ /12
V3
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Table 34 continued Channel

Amplitude

_ —0
g,, > & B K°

- ~—70
g,, > &7 Bx’
0

[l —/—

g, = &7 B
— -0

g,, = Q@ B,K°

Q,, > ZTB K~

Lt f3-2fs—f6—2f1-2fs—fo—2fio—fia+ f13
V3

=4 fat2 42 fs+ fo—2 fi1—fi3
NG
=2/1=2/>+f3+6fa+4f5+4f6—2f1—2 f3+ fo+4 f10+3 f13
V2

f3=2f1-2fs— fo+ fi3

Jit 343 fa43 f6+6 /746 fs—2 fo+ fi1— fi2

Table 35 Doubly bottom
baryon decays into a bottom

meson, a light baryon(10)
induced by the charmless b — s
transition and a light meson

Na

Channel Amplitude
Q;, — =0 BK° i +f3*f4+3/6*2f7\/26f8*Zﬁ;*/]1*.flz
Q;, — N f1+f3+3f4ffo+6{7/g2fs*2f9+f11+f12
Q- s-B%° il +.f3—f4—f6—2fz/—§2.fs—2/1)—f1 1+/12

= =0 p—_0 fr+4fa+6f5+3 fo—2flo—2f11+ /)
be —~ 207 2+4/4+0)5 56 10=2f11+/12

—2fi+fo=2f3+6f4+6f5-3 fe+4 /112 fs+4 fo—2 fi0+3 f12

Q,, > E®B™y
Q,, > "B ™
Q,, —> &
Q, > &
Q, — &

Q,, > E

32
Jot6fs—fo=2fro=fia
3

fitfot 343 fat6fs—2fo+6f1—2fs—2fo—2 fio+ fi1

N
S2=2f5+3f6—2f10+ f12

3
—fo+4fa+2 fs+ fe+2fio=2f11+ 12
NG
—2/1+/=2f3+6f4—=2fs+ fe+4 /1 +4f3+4fo—2 103 /12
3V2

fit ot fa—fa=2fs—2f6—2f1-2f3—2fo—2flo—f1

7

Jf2=2f5+3f6 —2fi0+ fi2

f2=2fs = fo—2fio— fi2

V2Qfi— fin)

R+ =3 = 2fs —2fs — 261~ 2fs — 2o — 210)

A.9: Epp and Qpp, decays into a bottom meson, a light

decuplet baryon and a light meson

The relations for decay widths are given as:

r&), —» A"B'zt) = 3r(&), — Bk

= /=30
=3r(E), — EB,

Kt
=3I (8Y, > ¥ Bonh),
I8, > A"B n")=3I(g,, > £ B K")
=3I(Q;,, > E"B K"
=3I(Q,, > =B xh),
Y, — A’B n") =2r(8), - =B K™).

rEd, — v Bzt =&Y, — 8B K™

1
51“(521, — Q Bk

@ Springer

g, —> ¥ B 7)) =T(g,, > 8 B K"

! - -p-x+
= 3 T(@y, > @ BK")

rQ,,— & B "),

1
rgp, —» 2B nt) = Er(agb — BB K™).
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