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Abstract Motivated by the recent LHCb observation of
doubly charmed baryon E} " inthe AT K~z "7 final state,
we analyze the weak decays of doubly heavy baryons E..,
Qeces Ebes Lpes Epp and Qpp under the flavor SU(3) sym-
metry. The decay amplitudes for various semileptonic and
nonleptonic decays are parametrized in terms of a few SU(3)
irreducible amplitudes. We find a number of relations or sum
rules between decay widths and CP asymmetries, which can
be examined in future measurements at experimental facil-
ities like LHC, Belle II and CEPC. Moreover, once a few
decay branching fractions have been measured in the future,
some of these relations may provide hints for exploration of
new decay modes.

1 Introduction

The existence of doubly heavy baryons is predicted in the
quark model, but the experimental search for doubly heavy
baryons has been a while [1-6]. Recently, the LHCb collab-
oration has observed the doubly charmed baryon E} with
the mass given as [7]

Mg = (362140 £ 0.72 £ 0.27 £ 0.14) MeV. 0

Without no doubt, this observation will make a great impact
on the hadron spectroscopy and it will also trigger more inter-
ests in this research field [8,9]. Moreover after this observa-
tion, we also anticipate more experimental investigations of
decays of doubly heavy baryons. Thus theoretical studies on
weak decays of doubly heavy baryons will be of great impor-
tance and are strongly required [10-21].

QCD as the fundamental theory for strong interactions
shows two distinct facets. At high energy, the interaction
strength is weak that allows the use of perturbation theory.
At low energy, quarks and gluons are confined into hadrons.
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The large coupling constant prohibits a direct application
of perturbative expansions. For a high-energy process with
generic hard scattering, one often uses the factorization to
separate the high-energy and low-energy degrees of free-
doms. The factorization approach has been widely applied
to heavy meson decays [22—30], in which the long-distance
contributions are parametrized in terms of the low-energy
inputs, mostly the light-cone distribution amplitudes. For
heavy baryon decays, the factorization analysis is much
more involved due to the lack of knowledge on low-energy
inputs and the complicated hard-scattering kernels, and see
Refs. [31-36] for some recent discussions.

In heavy quark decays, the flavor SU(3) symmetry is an
useful tool [37-71]. There are a few advantages to adopt the
SU(3) symmetry. First once the branching fractions for a few
decay channels have been measured, the flavor SU(3) sym-
metry offers an opportunity to obtain the knowledge on the
related channels. Secondly, the investigation of a few related
decay channels can allow one to examine the CKM parame-
ters with the help of SU(3) symmetry. Thirdly, when enough
data is available, one may use the data to extract the SU(3)
irreducible amplitudes. These amplitudes are expected to cal-
culable in different factorization approaches, and can then be
used to examine the factorization schemes themselves. Thus
in this paper we will use the flavor SU(3) symmetry and ana-
lyze various decays of doubly heavy baryons.

The rest of this paper is organized as follows. In Sect. 2, we
will collect the representations for the particle multiplets in
the SU(3) symmetry. In Sect. 3, we will analyze the semilep-
tonic decays of the doubly heavy baryons. The nonleptonic
decays of doubly charmed baryons, doubly bottom baryons
and the baryons with b, ¢ quarks are investigated in Sects. 4, 5
and 6, respectively. The last section contains a brief summary.

2 Particle multiplets

In this section, we will collect the representations for the
multiplets of the flavor SU(3) group.
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Table 1 Quantum numbers for

T P b4 P
the ground state of doubly heavy Baryon Quark content Sy J Baryon Quark content Sy J
baryons. The light quark ¢ - 1+ 1/2+ = bb 1+ 12+
corresponds to u, d quark. The :ff {eelq N / + :ib (bblq N / N
JP denotes the total spin and See {eclq 1 32 Zpb {bblq 1 3/2
parity of the baryons. The label Qe {ccls 1+ /2% Qpp {bb}s it /2%
Sy corresponds to the spin of Q. {cc)s 1+ 32+ Q, {bb)s 1+ 3/2+
the heavy quark system — n 4 , " N
g, {bclq 0 1/2 Q. {bc)s 0 1/2
Epe {bclq I+ 1/2% Qe {bc)s it /2%
g, {bclq I+ 372+ Q. {bc})s it 372+

Fig. 1 Anti-triplets (a) and sextets (b) of charmed baryons with one
charm quark and two light quarks

Quantum numbers of the doubly heavy baryons are
derived from the quark model [72] and are given in Table 1.
These baryons can form an SU(3) triplet which are expressed
as:

EXF(ccu) ). (bcu)
Tee = | Elfi(ccd) |, Tpe=| EY.(bcd) | .
QF (ces) QY (bes)
29, (bbu)
Tpy = | E,,(bbd) 2)
Q;, (bbs)

The singly charmed baryons can form an antitriplet or
sextet as shown in Fig. 1. In the antitriplet case, we have the
matrix expression:

0 Af EfF
Ts=|—-Af OOES 3)
—-EF -8 0
For the sextet, we have the multiplet
++ Ly+ L =+t
DN ﬁEC 75 Ee
1 0 1 =0
To=| 52 = 78 |- €

This is similar for baryons with a bottom quark.

@ Springer

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

150 4 1 A0 +
ﬂz " “/EA 1 o2 1 A0 !
Ty = % —%E + TEA n (5)
ok =0 _ /20
g g J3a
while the light baryon decuplet is given as
(Ti)™ = AT, (Ti)''? = (Ty0) ™
1
= (T10)*!"' = —=AT,
V3
(T =A™, (Ti9)"** = (T10)*"?
1
= (T10)**' = —=A°,
V3
1
(i)' = (T1o)"P! = (Tp)*!! = EE“F, (T10)**
1
= (T110)*? = (T10)*? = =%,
V3
(Ti0)'# = (T10)'?? = (T10)*"* = (T10)*'
1
= (T10)’"? = (T1)?' = —=%",
V6
1
(T10)'% = (110)*" = (T10)*! = ﬁE/O, (T10)*?
1
= (T10)*" = (M) = —=E&",
V3
(Mo =" (6)

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

_ U/ + +
atw T K
= - _ i 0
M;g i ﬁ_+ 7 K , @)
K- K -2

and we will not consider the flavor singlet 1 in this paper.
The following analysis is also applicable to the vector meson
octet and other light mesons. The charmed meson forms an
SU(3) antitriplet:

D; = (D° D%, D}), ®)
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and the anticharmed meson forms an SU(3) triplet:
D' =(D" p. Dy ). ©)

The above two SU(3) triplets are also applicable to the bottom
mesons.

3 Semi-leptonic decays
3.1 E¢c and .. decays

The ¢ — g£v transition is induced by the effective Hamilto-
nian:

GFr
V2
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 H3 with the components (H3)! =
0, (H3)?* = vV, (H3)3 = V. At the hadron level, the
effective Hamiltonian for decays of E.. and Q2. into a singly
charmed baryon is constructed as:

Heft = a1 (Tee)' (H3)! (T 3)ijy il
+ a2 (Tee)' (H3)! (T e6) 1y 01l - (11)

Hetr =~ [ Vi @y (L = y9)ciyu(l = ys)l | + he.y (10)

Here the a; and a; are SU(3) irreducible nonperturbative
amplitudes. The Feynman diagrams for these decays are
given in Fig. 2.

The decay amplitudes for different channels can be
deduced from the Hamiltonian in Eq. (11), and given in
Table 2. From these amplitudes, we can find the relations
for decay widths in the SU(3) symmetry limit:

cc c

P (25— AfITy) =T (2F — EUtv)

| Veal?

= Izr(aj; — Eftty), (12)
cS
M (g5 — gf1tv) =T (:jc N E‘C’Iﬂ;) , (13)

r(gf > sHtv) =T (szjc N E/COZ“LU)

ce

1
= EF (Ej‘c — Egl‘W)
[Veal - -
|VL | ( Zf" — afl"'v), (14)
CcS
r (g4 — gfrty) =1 (:;; = Ej?#v)
1
= 3T (szjc N ng) . (15)

Recently, inspired by the LHCb observation of E.., the
weak decays of doubly heavy baryons have been studied
in Ref. [21], where the authors first derived the hadronic
form factors for these transitions in the light-front approach

c d/s
)

c c

q q

Fig. 2 The Feynman diagrams for the semileptonic decays of E.. and

Table 2 SU(3) amplitudes for doubly charmed baryons E.. and Q..
decays into a singly charmed baryon

Channel Amplitude Channel Amplitude
EXf — =ity az}f’ EXF — ATty arvy
ELT — Bty % B — BHty aV}

Ef — 20ty a VY Ef — 80ty a Vi

g — 80+ ajz Qf — 8%ty —a V¥,
Qf > &0ty 2

Qf — QOrty aV

and then applied the results to predict the partial widths for
the semi-leptonic and nonleptonic decays of doubly heavy
baryons. The SU(3) symmetry can be confronted with these
results. We should note that the same comparison in semilep-
tonic Epp, Qpp and Epe, 2pe decays and in nonleptonic
decays of doubly heavy baryons can also be made. Compared
to these explicit model calculations, we found that the SU(3)
symmetry works well for the bottom quark decays, while the
symmetry breaking effects are sizable for the charm quark
decays, largely due to the phase-space differences.

3.2 Semileptonic Epp and 255, decays
The b quark decay is controlled by the Hamiltonian

GFr
He = —=
ff 7 [

Vand@'y" (1 — y5)bly, (1 — ys)v] + h.c.,

(16)
with ¢’ = u, c¢. The b — c transition is an SU(3) singlet,
while the » — u transition forms an SU(3) triplet H; with
(Hy)! = 1 and (H;)** = 0. The Feynman diagrams can be

obtained from Fig. 2 by replacing the ¢ quark by b quark, and
the final d /s quarks replaced by the c/u quark. The hadron-
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b u/c
X)

b b

q q

Fig. 3 The Feynman diagrams for the semileptonic decays of E;;, and
Qpp

Table 3 Similar to Table 2 but for the doubly bottom baryons

Channel Amplitude Channel Amplitude
g, > AN — a4 Vip g), — Ef 17D a3Veo

Q,, > 8)D —asVp Ep— B0ITD a3V

D, > TfI0 as Vup Q= QI azVep

g, — =0b i

Q> EQITD e

level Hamiltonian for the semileptonic Ep, and 2,5 decays
is constructed as

Hetr = a3(Top) (The)i luy + 04(Tbb)i(H3/)j(Tb3)[ij] Iy
+as(Tpp) (H3)? (Twe)(ijy i 17

The Feynman diagrams for these decays are given in Fig. 3.
The decay amplitudes can be deduced from this Hamiltonian,
and the results are given in Table 3. It leads to the relations
for the decay widths:

r (agb N E;Cl—a) =T (
=T (Q*b N Qgcra) , (18)
(

r (g5, > A7) =1 (2, > ), (19)

—or (Q;b N 5;,01—\7) . (20)

3.3 Semileptonic Ep. and 25, decays

The effective Hamiltonian for the semileptonic Ep. and
decays is given by

Her = a6(Tbc)i(ch)i I_Vl + a7(TbC)i(H3/)j(Tc3)[ij] l_vl
+ag(Tpe)' (Hz) (Te6)yijy v

@ Springer

Table 4 Similar to Table 2 but for the doubly heavy bcg baryons

Channel Amplitude Channel Amplitude
g — Agﬁv agV¥ ch — BXTID aeVep
g, — g)ty agVy E). - ELID a6 Vep
B) — B, 1Ty agV Q) — Qi a6 Vep
Q) — gty —ag V¥ B) — AFITD —a7Vup
=t 07+ a Vg, 0 a2+
Epe = ZplTv 7“’ Q. — BFl7 —a7Vup
*
El:rc - E,bol+v a]?/‘gm “;c g E:—+l_1_1 agVup
E). > 3, 0Ty apVy E). = =HD s
=0 ==+ aio Vs 0 -5 agVup
Epe = 8, My T” Q. — BTV \é‘
0 ==+ a0V,
Q. — 8, [Ty ﬁl
Q) — Q;l+ apo V%
+ao(Tpe)' (H3)! (T p3)1ij1 Vil
i i -
+aio(Tpe)' (H3) (Tve)(ijy Vil (21)

In this equation, we have included both charm quark and bot-
tom quark decays. The decay amplitudes for different chan-
nels are obtained by expanding the above Hamiltonian and
are collected in Table 4.

Apparently, the Ep. and 2, decay amplitudes can be
obtained by the ones for 7., and Ty, decays. For the charm
quark decays, one would derive the results with the replace-
ment, Tec — Tpe, T, — Tp. The replacement in bottom
quark decays is Tpp — Tpe, Ty — T.. Thus we have the
following relations for the decay widths:

r (g5 > Atv) =1 (9f. - 5;1%)

|Vcd| =+
_ |V”|2r<ubc — &0ty ) 22)
r(s) — gtv)=r (:26 — g1, (23)
r(ey > sitv) =r(e )

=%r<ubc—> ;1)

_ z“z—‘::jr (:,jc — 80ty ) (24)
r (g, » &) =T (8 — g 1™)

- %r (szgc — ot ) (25)
(8, — BL170) =T (ESC — Bl )

=T (szgc N Qjcra) , (26)
r( AT ) r (sz?,c > Ejl—a), 27)
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r

—~

) — »tv) =2r (agc N Ejra)

—or (Qgc > E/C+l_1')) . (28)

4 Nonleptonic E .. and 2., decays

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

¢ — sdu, c¢— udd/ss, c— dsu.

(29)

The tree operators transform under the flavor SU(3) symme-
tryas3®3®3 =3@3® 6 15. So the 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, Hys. As we will show in the
following, the vector representation Hz will vanishes as an
approximation.

For the ¢ — sud transition, we have
(Hg3' = —(Hg)y) =1, (H53' = (His),) =1, (30)

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

(Ho)3'= — (Hz)Y=sin* ¢, (H5)3' = (Hy5)3*=sin’6c.

(3D
For the transition ¢ — udd, we have
(Hy)' =1, (Hg3' = —(Hg)}* = (Hp)?}
1
= —(H)3' = 2,
(Hg)3 >
1 o 1 12 1 11 13
§(H15)2 = §(H15)2 = _E(Hls)l = —(His5)3
311
=—(H5)3 = rE (32)

with all other remaining entries zero. The overall factor is
Vi Vua = —sin(fc). Meanwhile, for the transition ¢ —
uss, we have

C C

(H)' =1, (Hp3' = —(Hpy’
= (H¥ = (e =,
%(Hw)%l = %(H15)§3 = _%(HIS)%I
= —(H5))> = —(Hi5)3' = %
with all other remaining entries zero. The overall factor is
Vi Vus = sin(6¢). With both the ¢ — udd and the c — uss,

the singly Cabibbo-suppressed channel has the following
effective Hamiltonian:

(33)

(H)3!' = —(Hp) P = (Hz)? = —(Hp)3! = sin(fc),
(1"115)§1 = (1"115)§3 = —(HIS)éZ

= —(Hls)%l = sin(@c). (34)

4.1 Decays into a charmed baryon and a light meson

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

Hefr = b3(ch)i(Tcg)[ij]Mlk(Hg)il
+b4(ch)i(Tcg)[jl]Mik(Hg)il
+bs5(Tee) (T 3) iy MY (H)!
+b6(Tee) (T 3)ii) MF (His)]!
+b7(Tee) (T )i MY (Hys)]. (35)

For the sextet baryon, we have the Hamiltonian

Her = blO(ch)i(Tcﬁ){ij}Mzk(HIS);{l
+b11(Teo) (Teo) jny ME(His)]!
+blZ(ch)i(706){jk}M1k(H15),jl
+bi3(Tee) (Teo) iy MF (H)
+b1a(Tee) (Teo) iy MJ (Hp)!' (36)

The Feynman diagrams for these decays are given in Fig. 4.

LN [
Y L

R
&)

& C C
N e o
q q@

Fig. 4 The Feynman diagrams for E.. and 2. decays into a charmed baryon and a light meson
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Table 5 Doubly charmed baryons decays into a cgq (antitriplet) and a light meson

Channel Amplitude Channel Amplitude

Eff > Efnt b3 — 2by + be Bt > Afmt (b3 — 2by + bg) (—sin(6¢))
gf > ATK’ by — bs — bg + by Ert — BrK (b3 — 2bs4 + be) sin(6c)
Ef — Efn® % g5 - Atn® (b3—2b4—b%2b7)sin(ec)

Ef, - Bl ‘”’%”5‘31’7 g+ - Atn (—3b3+zb4+%?%+3b6)sin(ac>
Ef — Elnt b3 — bs + be — by gt — 8fK° (2b4 — bs + b7) (—sin(f¢))
Qf > 8K by — 2bs — b g — 80K+ (by — bs + bg — b7) sin(6c)
Eft > AFKY (b — 2by + bg) sin(0c) Qf — AYK (2bs — bs + b7) sin(6¢)

gL — AFK° (b3 — 2bs — bg) sin®(8¢) Qb — Efn° W

Q. — Afn® —/2b7 sin? (0c) Qi — Eip bt Abarkbsrt g=307) o)
QF - Ay g (2by — bs) sin?(6¢) QFf — 80+ (b3 — bs + bg — b7) sin(6¢)
Qi — 8fk° (b3 — bs — bg + b7) sin® (B¢)

Qf — 8lK* (b3 — bs + bs — b7) (— sin>(6¢))

Table 6 Doubly charmed baryons decays into a cqq (sextet) and a light meson

Channel Amplitude Channel Amplitude

ELF — E;H'fo bio — b3 ElXt — oitg0 7@07}'%9"(%)

Bl — Efat bty by B > S /3 1o — bi3) sin(c)

gl — Ttk b1z — by ERt —» 2iat — Gt dale)

gt — Ejfo b10+b12J§kl]3—b14 gX+ > gFK* (h1o+2h1]j}l%13)sin(9c)

Ef — Efn0 3 (=2b11 + bio + b1a) Ef — ftn- (b14 — b12) sin(B¢)

BL — € W Ef — T} L (b1o+2b11 — b1z — 2b1) sin(6c)
Ej—c N r;/con+ b10+b12\-/¢—§b]3+b14 E:—c - 2;{_77 7(3b1o+2h|1+22b\|}3—3b|3)Sin(@c)

gL — 2kt b2 + bis gL — 20nt (b1o + b12 + b13 + b1g) (—sin(0¢))
ot - &K but?iy—bia B — EKO @btz the)snttc)

QZ N Q(C)n.+ bio + by3 Ej—c N E/COK+ (b]O—b12+blj§—bl4)Sin(0C)

EXt — xHk0
Bt » ikt

oh + g0
ElL.—> XK

Ef — 20K+
QFf — otta-
Qt — 370
QL — Ty
QFf — 20n
Qf — Bk

+ =/0 r+
QL. — BYK

(b1o — bi13) sin*(6c)
(b10+2b11+b13) sin>(0c)
72
(b10+2b11—by3) sin>(Bc)
72

(b1o + b13) sin®(0¢)
(b12 — b14) sin® (O¢)

by sin®(O¢)
(b12—2b1) sin*(0c)
NG
(b12 + b1a) sin*(Oc)
(b1o+b12—b13—b1a) sin® (B¢)
2

(bro+bia+b13+b14) sin?(Oc)
V2

cc

—0
+ +
Qb - =1k
Qt - ':/+n0
cc e
+ =+
QL’C — &
+ =0+
Qcc > &7
+ 0 pr+
Qh — QUK

(b12 — b14) sin(6¢)
_ @bii=bia+bia) sin(6c)
72
% (b10 + b12 — b13 + b1a) sin(6c)

__ (3b10+4b11+b12—3b13—3b14) sin(6c)
2V3
__ (bio=b12+b13—b14) sin(0c)
V2

(b1o + b12 + b13 + b14) sin(0¢)

@ Springer
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Expanding the above equations, we will obtain the decay
amplitudes given in Table 5 for the antitriplet baryon and
Table 6 for the sextet. Thus we have the following relations
for decay widths:

(gl — Afn")=r (gl - gfk™), (37)
r(el - gfk’) =1 (2% > /K", (38)
r (Q;; N E?f) =1 (gl - &%), (39)

1
r (Ejj — zj+n°) = JT@EL — o), (40)
(8L — 2" =T (8 - gfk™), (41)
FEL—->sr)=r(Qf - = Kk"), (42)
r(gt—sirt) =r(eh - olk*). 43)
r (:jc N EQ*KO) =T (szjc - zjf"), (44)
r (Qjc — E’fn*) =T (ch — E/COK+), (45)
C C C C
C C
& &
) . & \ / \
q pod q q

Fig. 5 The Feynman diagrams for E.. and Q.. decays into a light
baryon and a charmed meson

4.2 Decays into a light octet baryon and a charmed meson

The effective Hamiltonian for the decays of 7. into a light
octet baryon and a charmed meson is given as

Heir = ca(Tee) D" €1 (T3)f (Ho )

+os(Teo) D" € (Ty)Y, (o)}

+c6(Tee)! D' i (T)L, (He)!™

+e7(Te) D e (To)l, (He)l™

+ CS(ch)lBiEijk(TS)fn(HIS)ljm

+eo(Teo) D e (To)k, (His)i™. (46)
In the above Hamiltonian we find the following relations:
(Te) D" €iji(T)f (Ho)jh = —2(Toe)' D €31 (Tl (o)™
(Te) D" eiji (To)k, (He) = —2(To)' D' eju(To)k, (He)i™.

@7)

Thus two of the reduced matrix elements are not independent.
In the following, we will eliminate the c4 and c5 and use the
effective Hamiltonian:

Hetr = co(Tee)' D' €iji (T, (He)]™
+e(Te) D e (Ty)k, (He)l™
+3(To0) D' eju (T, (Hys)!™
+eo(Tee) D €ji (T)k, (Hi5)i™. (48)

The Feynman diagrams for these decays are given in Fig. 5.
Expanding the above equations, we will obtain the decay
amplitudes given in Table 7, which leads to the relations for
decay widths:

r(gff - pp") =T (E}" - =" D)),

C C

Table 7 Doubly charmed

. ) hannel Ampli hannel Amplit

baryons decays into a light Channe mplitude Channe mplitude

baryon in the octet and a EXt > TtD* —er—co Eft > $+DF (—e7 — co) sin(6c)

charmed meson et e
gr — A'D* W Eft — pDT (=¢7 — ¢9) sin(0¢)
EZ — 2tpo —c6 — cg E:Q N AOD:- (26'6—C7+j%'9)3in(0(7)
= 0 +ertest+ = 0 +2cg+c9) sin(Oc
Ef — 20Dt < 67\/58 <9 g5 — x0pF (c742¢s jzg)%ln c)
gt — 8'pf —c6 + cg gf — pD° (—ce — cg) sin(O¢)
Qf — g%p+ —c7+c9 EL — nD* (—cg — 7 + g + ¢9) sin(O¢)
EXT — pDF (¢7 + c9) sin(6¢) QFf — A'DT _%
EX — nD} (c7 = ¢9) sin%(6¢) Qf - =*tDp° (—c¢ — c3) sin(0¢)
Qf — ADf \/g (—ce — c7) sin?(6¢) Qf — x0p+ 7“6*“8*3%9)“"(90
Qf — =0pf —V/2 (cg + ¢9) sin®(6¢) Qf - 29pf (—c6 — ¢7 + c8 + c9) sin(6¢)
Qf. — pD° (c6 + cg) sin*(6c)
Qf — nD* (c6 — cg) sin(6¢)

@ Springer
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r(eh - X 0% =r (g - pp°).

(49)

4.3 Decays into a light decuplet baryon and a charmed

meson

The effective Hamiltonian for a light decuplet in the final

state is given as
Hett = da(Toe)' D" (T10)ij1(His)s
+ds(Tee) D" (T10)ijm (His)) -

(50)

The Feynman diagrams for these decays are the same as

in Fig. 5. The corresponding decay amplitudes are given in

Table 8 and it leads to the relations for decay widths:

r (:jc N A°D+) =T (Qjc N E/ODj) , (52)
r (:;;, N 2’+D°) =r (s~ E/OD;’> : (53)
r (Qjc N A+D°) =T (Qjc — A'DY), (54)
r (Qjc N 2’0D+) =T (ch = E’ODS*)
(= — atpf) =r (s > AODj) ,
r(Efr — »*pH) =T (Q;Lj N E’0D+),
r (Ejj N A*DO) =T (ij N 2/+D°), (55)

In addition from the decay amplitudes, one can see that
there are relations between the widths between Cabibbo-

C(Eff > ATDY) =T (2t - 2t D), (51)  allowed, singly Cabibbo-suppressed and doubly Cabibbo-
cc cc s gly pp y
Table 8 DOUbl)., charmed Channel Amplitude Channel Amplitude
baryons decays into a light
baryon in the decuplet and a —— Ja—— 2dy . +n+ 2dy sin(6c)
charmed meson B > 27D V3 Ee" > ATD IV
= 0 2d = 2dy sin(6
Ef - TD 2 EL" - =Dy M0
gL — 0D+ \/2@ +ds) gL - ATDO — 2dssinc) j‘%“’c)
- = 2d - 2(da+ds) sin(0c
Er — E°Df 7 Ef — AOD* _2(ds j/)gsm( )
=0 2d = 0 2 .
Qf - 0D+ e gt > £OpF \/;(d4 — ds)sin(6c)
= 2dy sin? (6 0 2ds sin (6,
Bl — ATDY 2t b0 QL > THD dssintec)
gl — A'Df 2desin (el Si;;“)f’ Q. —» 3D+ \/g (ds — dy) sin(6¢)
0 2ds sin’ (6 =0 2(d4+ds) sin(6c
Qf. - ATD %(C) QFf - g°pF %;mc)
0 2ds sin® (¢
Qf — A'DF ool o)
Qf — »OpF @ (dy + ds) sin(6¢)

Table 9 Relations for Cabibbo-allowed, singly Cabibbo-suppressed and doubly Cabibbo-suppressed processes in Tables 5 and 7

Channel 1 Channel 2 r Channel 1 Channel 2 r

EXt — Afrnt Bt — ATKT —csc (6,) Bt — gfK° QFf — AFKO -1

Eft — AfnT Bl > Efnt —sin (6;) gr — 80nt Ef — 8K+ cse (0c)
EXt > Afn™ EXt — BFXKT -1 gf — 80nt QFf — B0t csc ()
B - AFKT gt - Bfat sin® (6,) Ef — 80t Qf - g0kt —csc? (6c)
Eft — AFKT Bt — BfKT sin (6,) Er — Bkt QFf — B0t 1

Eft —» Efnt Bt > BEFKT csc (6;) gt — 8lk+ + — Bk —csc (0;)
Ef — AFKO QFf — gFk° sin? (6c) Qf - 8%zt + - 820kt —csc (6c)
Ef — AFKO QFf — k0 esc? (8e)

Ert - pD} EXt > 2*tD* —sin® (6,) gr — pD° EX - x*tD0 sin (6c)
Ef — nDY QFf — %D+ —sin® (8,) QFf - 2D Er — ntD0 sin (6,)
QFf — pDO Ef — =tD0 —sin? (6,) Xt — pDf EfY — =tDf — sin (6,)
Qf — nD* El — E°DF —sin® (6,) gt - pDF gt — pD* — sin ()
Eft — ntDF Eft — =tDT sin (6,) QFf — pD° Ef — pD° — sin (6,)
Ert - pD* EXt > 2*tD* sin (6,) QFf — pD° Qf — =+tpo — sin (6,)
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Table 10 Relations for Cabibbo-allowed, singly Cabibbo-suppressed and doubly Cabibbo-suppressed processes in Table 6

Channel 1 Channel 2 r Channel 1 Channel 2 r
Eff — xita0 B mity —% CHSD Y & Qf - stta- esc? (6e)
gt — 5ftal it - K0 o) gL - itk Qt - =itk esc (6c)
=++ ++,0 =++ ++ g0 sin(6c) =+ + g0 + =2+ g0 2
Elm =X BT —> XK TZ{ ElL.— XK QL — BK sin” (6;)
. ,
B — oty Eft — mttk© _ﬁcsc (CH) Ef — oFKO Qf - 2FK° csc? (6.)
= = 0 3 = =’ 0 0
B5+ - $y g5+ > R —\/;sm (6c) gf > 8K Qf > THK —1
L 3 L] ~ r—w/ .
EXt — xH+k0 ErXt — xH+K0 sin? (8,) EX — x0x* EX — Eont —+/2sin (6,)
= = o 0 =0
Eff - =fnt Eff > KT —csc () g8f - 2nt QL — E2KT —~/2cse (6;)
— — ' . — 0 0
Eff > =fnt Eff > Efnt — sin (6,) EL —» 20nt Qf — @'kt -1
, .
Eft —» Siat Bl - BFKT -1 Ef — 20k+ QFf — Qnt sin® (8,)
’ . — - '
EXf - =Fkt EXf - Efnt sin? (6,) B — 802t Qf — Bk csc? (6.)
’ . — — sc (6,
it - =kt gt > EFKt sin (6) gL — g%t Qb — QK eele)
’ ! /, !,
Eft - gfnt Bl - BFKT cse (6;) Er - Bkt QFf — B0zt -1
- — = — . = 0 0 2
EL -t EL - K — sin (6;) L - Qk+ Qf - 2o0nt csc” (0;)
EL - 2ffn— Qf - = tn- —csc (6;) Qt - ot tn- QL — oK~ sin (6,)
=+ ++ - + ++ - + =0 g+ + 0 g+ sin(6.)
EX - f*tn Qf — oItk -1 Qf - 0k Qf - Q'K =5

Table 11 Decay width relations for Cabibbo-allowed, singly Cabibbo-suppressed and doubly Cabibbo-suppressed processes in Table 8

Channel 1 Channel 2 r Channel 1 Channel 2 r

Eft — ATDT EXY — ATDY} —csc (6,) gr — A'D* gL - 2D+ —+/2sin (6,)
gt - ATD?t Eff —» £ tDt —Lsin(60) gf — A'D+ Qf — x£0p¢ —V2csc (6,)
Eff - ATDT Eff —» £tDf -1 gf — A'D+ Qf - 2%pF -1

EfT - AtDT Ef — A'DF —1cse (@) Ef — A'DF Qf - 20D+ sin? (6,)
EfT - AtDT Qf —» 20D+ —1sin (6. gL - =D - — 2°%Df 1

gt - ATD} gt - s*pt 1sin® (6 gt - ='*p° Qt - AtDO 2csc? (6,)
gt - ATD} git - =t pf dne) gt - ='*p° Qf — A'D+ esc? (6e)
EfT - ATD} Ef — A'DF 5 gL - =D Qf - £+Dp° esc (6;)
gt - ATD} Qf - g%pt 1 sin (6c) gt - =p+ Qt — =0pf esc? (6,)
git - =Dt gt - =t pf esc (6c) gt — 20pt Qt - g°pf %

Eff > £+DT Ef — A'DF esc? (8c) gL — ='pf Qf — ¥0p+ —1

git - =Dt Qf - g%pt 1 gt - g%pf Qb — AtDO 2csc? (6,)
git - =t pf gL — A'Df csc (6,) gt - g%pf Qt - A'D+ csc? (6,)
Eff —» £+DF Qf - 20D+ sin (6,) gf — 2°pf Qf — £+po esc (6;)

Ef — AtDO Ef — £*Dp0 —1sin(6,) Qf — AtDY QFf — A'D+ 3

gf - ATDO gL — g°pf —Lsin(6,) Qb — ATDO Qf — ='+po dne)

Ef — ATDO Qf — ATDO —csc (6,) Qf — A+t Qf — £+po sin (6,)

Ef — ATDO Qf — A'D+ —Lesc 6 Qf — £0pt Qf - 2°%pF %

gL - atD0 Qf — ='+po -1
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suppressed decay modes:

) ["(channel 1)

= - 56
" I'(channel 2) (56)

These relations are given in Tables 9, 10 and 11, respectively.

5 Nonleptonic Z;; and 2, 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, (57)

with g1 2 3 being the light quarks. Each of them will induce
more than one types of decay modes at hadron level, which
will be analyzed in order in the following.

5.1 b — ccd/s
5.1.1 Decays into J /yr plus a bottom baryon

Such decays have the same topology as semileptonic b —
s€T ¢~ decays. The transition operator b — c¢d/s can form
an SU(3) triplet, leadings to the effective Hamiltonian:

Hetr = ay(Tpp) (H3) (Ty3)1ij1 I /¥

+ax(Tpp) (H3) (Tre)ijy J /¥, (58)

with (H3)2 = V}; and (H3)3 = V. Feynman diagrams for
these decays are given in Fig. 6.

The decay amplitudes are given in Table 12. Thus we have
the following relations for decay widths:

U (89, — /) =T (2, — & 1/¥), (59)
r (g}, > =0J/v) =T (25, > 5 //¥). (60)
r (&) > =p0/v) =T (2, — &5 J/¥)
1
=T (B = B I). D
b c
&
c

L

Fig. 6 The Feynman diagrams for Ej, and 25, decays into J /¢ and
a bottom baryon

K
| —

@ Springer

Table 12 Doubly bottom
baryons decays into a J /¢ and
a light baryon

Channel Amplitude

=0 0

Epp, = NI /Y
g8, —> 8/ aVi
8, B, /0 alVi

Q= B I/ —a1V
=0 0 aVy
g — 2 J /Y ﬁd
=0 =/0 a2 Ve
Spp —> ;_427 J/l// T
gy — Xy J/Y aV}
—_ —/— a Vi
8 — 8y J/Y 7
_ —— a Vi
Q,, = &y J/¥ ﬁd
Q= QI /Y a VE
b b

b
j Y
7

q

Fig. 7 The Feynman diagrams for &y, and 2, decays into a doubly
heavy baryon and an anticharmed meson

r (g5, — &0J/v) =T (85, ~ &;7J/¥)

1

= 3T (2 — 24, 7/¥). (62)

5.1.2 Decays into a doubly heavy baryon bcq plus a
anticharmed meson

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

Hesr = a3(Tpp)' (H3)! (Tpe)i Dj + as(Tpp)' (H3)! (Tpe) ; Di,
(63)

which corresponds to the decays into doubly heavy baryon
bcg plus a anticharmed meson. The Feynman diagrams for
these decays are given in Fig. 7. The decay amplitudes are
given in Table 13. Thus we obtain the following relations for
the decay widths:

(64)
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Table 13 Doubly bottom baryons decays into a bcq and an anticharmed
meson

Channel Amplitude
g), — Ef D~ a3V

Epy — EpDy a3 Vi

g0, - 80 D’ asVy

Egb — 522(‘50 as Vi

g,, = E).D"™ (a3 +az) V4
Epp =~ Egc s az V%

Ep, — 2D ag Ve

2 = Dy @V

Q,, > Q) D™ azVi

@, — @)Dy (a3 +aq) V3

5.2 b — cud/s transition

5.2.1 Decays into a doubly heavy baryon bcq plus a light
meson

The operator to produce a charm quark from the b-quark
decay, cbqu, is given by

GF

/2

The light quarks in this effective Hamiltonian form an octet
with the non-zero entry

Heir = — Ve Vg [C1OF" + C205*] + he. (65)

(Hg)} = V5,

for the b — ciid transition, and (Hg)} = V%, for the b —
cus transition. The hadron-level effective Hamiltonian is then
given as

(66)

Hefr = as(Tbb)i(Tbc)iMf(HS)l{
+a6(Tp) (Tpe) ;M (Hs)]
+ar (o) (Tpe)e M¥ (Hs)]. (67)

The Feynman diagrams for these decays are given in Fig. 8.
The decay amplitudes are given in Table 14, which leads to:

1 _ _
r (g, — of.") = 5T (5 — 2her). (68)

5.2.2 Decays into a bottom baryon bqq plus a charmed
meson

The effective Hamiltonian from the operator chqu gives
Hetr = ag(Tpp)' (T 13)1ij1D" (Hg)
PR _k .
+ ag(Tpp)' (T y3)1j) D (Hg)!
. — _k .
+ai0(Tew) (Tre)(ijy D" (Hs);,
PR _k .
+an (Tep) (The)(jky D (Hg)] .

The Feynman diagrams for these decays are given in Fig. 9.
Results are given in Table 15, thus we have the relations for

(69)

b c b
)
< \
b
b b
q q q

)
%Y

b b b
c/ \b ® c/
q q

&

Fig. 8 The Feynman diagrams for &, and 25, decays into a doubly heavy baryon and a light meson

Table 14 Doubly bottom

baryons decays into a beg and a Channel Amplitude Channel Amplitude
light meson 20— & (as +an) V% 20, > 0 g (aﬁ_f/(g)vu*s
g) — LK~ (as + a7) Vi g, > 8).n (as + ag) V.
g9, — 80 70 o Db g, — 89 K- asvy
Egb - Egcfo a7Vu*s E;b - Qgcn_ a6VL:ks
2, = Ehen e Q;, — E.K" a5V
g, — Q) 70 % Q,, = Q) asV
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C

@ Y
b b b b
\ /] . o\

q q et

Fig. 9 The Feynman diagrams for E;;, and €2, decays into a bottom
baryon and a charmed meson

Table 15 Doubly bottom baryons decays into a bgg and a charmed
meson

Channel Amplitude Channel Amplitude
), = MDY (ag—a9) Vi Ep, — T)D° (al()?zl)v"d
Ep, — EpD° (ag—ao) Vi  EY — 3, DY anVy
=0 F—— _ =0 =/0 170 (@otai) Vi
Spp =~ B D a9 Vs Epp = 8y D 72
g g- D+ =0 g-p+ Vi
E;p, — &, Dj as Vi By, = B D 7
E;; g; D° =0 g-p+ 9V
Ep — & D ag Vi Epp — 8 Dy ﬁd
— —~— 0 ~0 —
Q,, = €, D —agV}y gy, — Q, D an Ve
g, — Z, D% anvy
—— =/— 10 aio Ve
> 8, D 7
_ =/— 10 aio Ve
2, > 8 D Td
Q,,—> ;D aV}
decay amplitudes:
=0 -—nt) — =0 =/ +
r(gh, - =5 0%) =2r (), > g7 pf).
r(z0, - & pt) = +r (2 - o DF
~bb ~b - ) ~bb b s
o -pY%) — - == pY
r (g, - 55 0°) =2r (2, - g7 0°).
r(g;, — = 0°) = L1 (2, — @ D° (70)
“bb “b - 2 bb b

5.3 b — ucd/s: decays into a bottom baryon bgq plus an
anticharmed meson.

For the anticharm production, the operator having the quark
contents (ub)(gc) is given by

Gr
V2
The two light antiquarks form the 3 and 6 representations.

The antisymmetric tensor Hé” and the symmetric tensor Hg
have non-zero components

" 13 " 31 *
(1) " == ()" = v

Hett = —= Vip V25, [C1 OV + c20§°‘] +he. (71)

(H;) " = (H;)" =V,

cs?

(72)

@ Springer

b . b b
%9
/ b
q q q

Fig. 10 The Feynman diagrams for E,;, and 25, decays into a bottom
baryon and an anticharmed meson

for the b — ucs transition. For the transition b — ucd one
requires the interchange of 2 <> 3 in the subscripts, and V
replaced by V4.

The effective Hamiltonian is constructed as

Hest = b1 (Top)' (T 3)1ij) Dr (H3 )
+ ba(Top) (T 3)1ij) Dr ()Y
+ b3(Tip) (T 3)1ij) Di (HY )
+ba(Tpw) (Th6)1ijy Dk (HG )
+b5(To)* (Tw6) iy Di (HY )
+be(To) (Tv6) iy Dk (HE) ¥ (73)

The Feynman diagrams for these decays are given in Fig. 10.
The decay amplitudes for different channels are given in
Table 16.

Thus we have the relations for decay amplitudes:
r(gh, - =p7) =2r (2, > &'p7),
r (g, - =foy) =2r (8, - =9p5).,
, > 5 D) =2r (2, > g D'),

— =0 1 _ _—0
r (g, - & D):EF(beaﬂbD»

As one can see, the Zp;, can decay into both ;,D° and
2,D". The D° and D’ can form the CP eigenstate D,
and D_. Thus using the Ep, decays into the E,Dy, one
may construct the interference 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 [73-78], B — DK, [79,80] and others. This is
also similar for the 2, — Q’bi decays and the following
Epe = Ec.Dy and Qp — Q9D modes.

5.4 Charmless b — ¢1g2q3 decays
5.4.1 Decays into a bottom baryon and a light meson

The charmless b — g (¢ = d, s) transition is controlled by
the weak Hamiltonian Heg:
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Table 16 Doubly bottom

baryons decays into a bgg and Channel

Amplitude

Channel Amplitude

an anticharmed meson —0
&), — AID
0

(=b1 +2by +b3) V3

E), — Ty D (bs + b) V;

g), — BYD (=by +2by + b3) V& g), — XDy (bs + be) V¢
gy, — AD- — (b1 — 2by + b3) VY, g9, — =0D° et bt
Sy~ AYDY — (b1 +b3) Ve g9, - gD (a2t bV
g, — EOD~ 2b, Vg E,, — 9D~ <b4+2b$b6>v;d
85— 8D (bs — b1) V. g;, — 0D- A
Q;, — AYDS 26,V gy, — %, D (bs — be) V5,
Q;, — EID™ — (b1 +b3) VY g,, > 80D~ V2bsV(
Q;, = EVD; — (b1 —2by + b3) Vi, g, —> &, D =
Q;, — 8, D (by — b3) Vi, Q;, — 30D; V2bsV,
Q,, — 20D~ Griela
Q, — E9D; (b4+2bj%rb6)vci
Q,, —> 8, D Gt

_ _—0
Q, — QD (bs — be) V&

10
{VubV;q [ci0f" + ¢y 02';”] - Vi Vi, [ZCi 0;} } +hec.,
i=3

GFp

Hefr = E

(74)

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
of the effective Hamiltonian are [37,45,58]
(H3)* = 1. (Hp){* = —(Hp)7'

= (Hp? = —(Hp)* =1,
2(H15)1* = 2(Hi5)1' = —3(H15)3

= —6(H15)7’ = —6(Hi5)3” = 6, (75)
and all other remaining entries are zero. Forthe AS = 1(b —
s) decays the non-zero entries in the H3, Hg, H1s are obtained
from Eq. (75) with the exchange 2 < 3.

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

Hefr = Cl(Tbb)i(Tbﬁ)[ij]Mlj(HS)l
+C2(Tbh)i(Tb§)[jl]Mlj(H3)l
+e3(Tow) (T3 M (H)Y!
+C4(Tbb)i(Tbi)[jl]Mik(Hé)'/il
+Cs(Tbh)i(Tbg)[jk]Mlk(Hg){l
+e6(Ton) Ty M (His)]!

+1(Ton) (Ty3) M (His)! (76)
while, for the sextet baryon, we have
Hefr = CS(Tbb)i(Tb6){ij}Mlj(H3)l
+C9(Tbh)i(Tbﬁ){jl}Mij(H3)l
+ClO(Tbb)i(Tb6){ij}M1]((H15)]{[
—|—611(Tbb)i(Tba){jl}M,-k(Hls)‘,fl
+C12(Tbh)[(Tbﬁ){jk}Mlk(HIS),ﬂ
+C13(Tbb)i(Tbé){ij}Mlk(Hé)]{l
+c14(Tow) (Toe) o Mf (Ho)!'. (77)

The Feynman diagrams for these decays are given in Fig. 11.
The decay amplitudes for different channels are given in
Tables 17 and 18 for the b — d transition and the b — s
transition, respectively. Thus, it leads to the relations for the
decay widths,

r (g}, - sy) =2r (8, - g7 K*). (78)
1

r (agb - E;—yﬁ) = 3T (agb - Q;K+> . (79)

5.4.2 Decays into a bottom meson and a light baryon octet

The effective Hamiltonian is given as

Her = dl(Tbb)iEJEijk(Ts)f‘(Hﬁl
+dy(Typ) B €5 (T3)F (H3)
+d3(Tpp) B €ijuc(T3)f (H)'
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Fig. 11 The Feynman diagrams for E;; and €25, decays into a bottom baryon and a light meson

b b b
®
oo ]

I al

q q

b b b b
oo ) o ]
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N
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Table 17 Doubly bottom baryons decays into a bgg and a light meson induced by the charmless b — d transition

Channel Amplitude Channel Amplitude
—~0 0_0 c1—cr+c3—2c4—506+6¢ —~0 +_ -
By, = Apm —% By = I, cg +3c10+3c1p +c13 + 14
=0 0 c1+c2—3¢3+2c4+2c54 3¢ =0 0.0 1
g = Apn 2==s Jg4 — 8y = X7 5 (=c8 +c9 + 5c10 + 6¢11 — ¢13 — 2¢14)
C‘gb — 32K0 ¢l —c3+cs5s—ce+ 3¢y E(b)b — 2277 ("8+69+3“0J;6\%1+6m_3€13
Egb — E[;K+ —cp + 2¢4 — ¢5 + 3¢7 Egb — Zb_rfr c9 —2c11 + 3c12 —c14
E;, — A~ —c1 42— 3+ 24 — 3c6 + 2¢7 g), — EPKO Gmtutdop_crtas
=— == 10 S R =0 ==+ c9—=2c11+3cip—=cia
B~ B K c1—cy—c3+2cq4 —ce—2c7 8 —> B, K 7
Q) = AgK_ ¢y +2c4 —c5+c7 E,, — Egn_ “8+C9+3C‘°+\?§‘]72m+c‘3
Q;,, > 8in~ —c1 —¢3+c¢5 —3c6 +c7 g, = %, 1" —63“975“‘“3%”72“2“‘3
Q,, — E;no CI+CS—CSJ§—556—C7 O cs+c9+3c'107\2;6117201273613
Q;h N E}:Vl _Cl—2€2—3€3+‘f;‘%+65+366—3€7 E;b N E;:KO Cg+€97(‘]07«2/c£1—25‘127013
— — 9+6¢11—Ccl2+cla
QT — ):OK co+6c11—=c12
bb b >
_ _—0
Q= X, K cg —2c11 —c12 F 4
- =0 — cgt3cio—ciatciz—cia
Q,, —> By N
- —~/—_0 1
Q,, —> &, 5 (—cg +5c10 +ci2 —c13 +c14)
- —/— —2c9+3ci9+4c11+c12—3c13—3c14
Q. — = €g—2C9 3
bb > Ep 1 23
— — 20
Q= QK cg —Clo0 —Cl2 —C13 — Cl4

+d4(Thb)l§n€ijk(T8)5€(H6)izj
+ds (Tbb)lﬁneijk (Ts)k (He)fj
+ d()(Tbb)lEieijk(TS)]:,(Hé)ljn
+dr (Tyw)' B €11 (Ty) s (Ho)]"
+ds(Ty) B i (To)! (His)]"

+do(Thp) B €jx(Ts)k (His)]". (80)

@ Springer

Similarly, we find the reduced matrix elements d4, d7 and
ds, dg are not independent. So we use the following effective
Hamiltonian:

Her = dl(Tbb)iEJEijk(Ts)f‘(Hﬁl
+dy(Typ) B €5 (T3)F (H3)
+d3(Tpp)' B’ € (T3)} (H3)!
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Table 18 Doubly bottom baryons decays into a bgq and a light meson induced by the charmless b — s transition

Channel Amplitude Channel Amplitude
=y — A?’fo c1—c3tes—cpt3er )y = T K™ cg +3c10 + 3c12 +c13 + c1a
Egb — Egﬂo 02—2€3+2€4j§5+466—367 Egb N 22?0 687010+3L\‘/1%7C13+c‘14
By — Egn 72"‘+"2+2‘z‘fg"5+6"679"7 Egb — E;;Ono % (cg +4cio + 6¢11 + 3c12 — 2¢13 — c14)
Egh — Byt ¢y —2c4 +c5 —3c7 Egb — E;,OU 7208“9%”0;\/6;”730273014
g, — AJK~ —c1 —c3+c5 —3c6+¢7 g), — g, nt G=Zenticn=cu
g, — Edn~ 2 4+2c4 —cs+c7 g), > Q K+ c9g —2ci1 +3c12 —cia
By — E;no _w CHA 22[(‘ Ww
E;h N E;') —201+cz—26:4/-£65+605+357 E;b N Eh_fo 8 — Clo — Cly — €13 — C14
Q,, > YK~ —c1 4+ — 3 +2c4 — 3¢+ 2¢7 g, —> Eln~ Cotbey—cppters
Q,, — E;fo —c1 4+ ¢y +c3 —2¢c4 + ¢+ 2¢7 B — E/b*no % (—c9 +4c1o + 2¢11 + ¢12 — 2¢13 — c14)
g, — &)1 7263+C9+6r1;;§011+612+3014
Epy — 2, K° c9g—2ci1 —ci2+cua
Ql:b - E;)OK_ Cg+09+3010+\;}§1172c‘]2+(‘]3
Q;, — E;}—fo 08+09*010*\2/%11*2012*013
Q,, — Q7" V2 @2ci0 —c13)
Q= O /% (es + 09 — 310 — 2611 — 2e12)
b b b b b b
T AR o\
&
Fig. 12 The Feynman diagrams for E;; and €25, decays into a bottom meson and a light baryon
+ ds(Tbb)ZEiEijk(Ts)ﬁ(H6)1jn + f4(Tbb)l§n(Tlo);jz(Hls)Zj
+d7 (Typ) B eijn (o)X (He)!" + f5(To) B" (T10)ijn (His); - (82)

=i k in
+ds(Th)' B €iji (Tg)”(H]S)l]_ The Feynman diagrams for these decays are the same as in
+do(Tpp)" Flei i (Te)k (H, )" (81)  Fig.12. The decay amplitudes for different channels are given
in Tables 19 and 20 for the b — d transition and the b — s
transition, respectively.
We summarize the relations for decay widths for Ep; and
Qpp decay into a bottom meson and a light baryon,

The Feynman diagrams for these decays are given in
Fig. 12. The decay amplitudes for different channels are given
in Tables 19 and 20 for the b — d transition and the b — s
transition, respectively.

r(zh, —~ a"B") =2r (&), > =°B,), (83)
5.4.3 Decays into a bottom meson and a light baryon s
decuplet r (E_b — A7§0>
. . _ _—0 _ _—=0
The effective Hamiltonian is given as =3r (Ebb - ¥ BS> =3r <Q » = & BS)
_ . _ _—=0
Hetr = f3(Top) B (T10)ij1(H3)' =3r (be - X7B ) (84)
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Table 19 Doubly bottom baryons decays into a bottom meson and a
light baryon induced by the charmless b — d transition

Table 20 Doubly bottom baryons decays into a bottom meson and a
light baryon induced by the charmless b — s transitio

Channel Amplitude

Egb N Aog? _d1+2d2—d3\—/%d6+d7—3d9

g0, — x°B" dicttrd—Gly=dy

Ep, = PB” dy — d3 — dg — d7 + 3dg + 3do
Ep, = 1B dy + dy — dg — 3dg — 2dy

2y, > $B, di +ds — d7 + 2ds — do

Eyp — nB —dy — d3 — d7 — 2dg — 3do
Q,, —> A'B~ d —d2+2d3;%(,+zd7+3dg

—dy —dy —dg — dg + 2dy

@y, = 2B~ — ittty
@y — E’E(S) —dy +dsy — dg — d7 + dg + do
Epp — ATB" L6l

Dy — A"B’ Lj{rﬁfﬁ

=), > =B, bzt

By, — A'B” LH62Ls
‘:‘bb_>A_EO B2t fs)
Spp 2/75? W

Q,, > 28" LA6I20s

Qp, — E/*EO W

Q,, — E’*E(; %

(Egb N E’OE‘?), (85)

5.4.4 U-spin for Epp and Qpp decays

For Epp, Qpp decays induced by the b — ¢1¢293, there are
two amplitudes with different CKM factors. We consider the
connected decays with the decay amplitudes

AAS=0)=r (Vubvu*dAgbbszb + Vi IZAgbb»be) ’

AAS = 1) = V,, V¥ AL

* A P
Epb, 20 + th Vm Ag

Epb, 26"

(87)

As pointed out in Refs. [40,43,44], there exists a relation for
the CP violating quantity A = I" — I". The relation about

@ Springer

Channel Amplitude
=0 0RY —2d1 —dy—d3+dg+d7+9ds +3d
Epp — A B 1 2 3 J% 7 8 9
=0 00 dy—dy—dg+d7+3dg —d.
Epp — 2 B 2 3 6ﬁ7 8 9
Egb — XtB~ —dy + d3 + dg + d7 — 3ds — 3dy
40
g), > E"B, —dy — da + dg + 3dg + 2do
_— 0p_ 2d1+d> +d3+ds+d7+3ds+9d.
Eup — A B 1 2 3 jg 7 8 9
40
‘:‘bb_)ZJrB dy—dy+dg+dy —dg — dgy
- 0 p— dy—d3+ds—d7—dg+3dy
€ — 2 B 2 3 6ﬁ7 8 9
_ —0
Ep, = E7 By di +dy +dg + dg — 2doy
Q= 20B- —dy —d3 +d7 —2dg + dy
Q,, —> 88~ di + dz + d7 + 2dg + 3do
=0 +p— S[3+6(fatf5)
By, — B 3 ﬁ 5
=0 0pY [3=2f1+6f:
g), » =B e
= =070 J3=2fa+6f5
By, — EVB; 3 \/43 5
- 0p— [3+6f1-2Ff:
g,, —> =B ORSAs
o -30 [3=2(fatf5)
g, > Y B 12Ut
c =B [=20fatf5)
E,, = &7 B : ﬁ =
/0 p— S3+6f4=2fs
Q, — EYB 2 \/‘5 2
- =-70 [=2(fa+f5)
Q,,—> &°B 3 f;‘ 5
_ —0
Q,, = QB f3=20fa+ f5)

decay widths I'(AS = i) and CP asymmetry Acp(AS = i)
is

Acp(AS=0)  ,T'(AS=1)
Acp(AS=1) | T(@AS=0)

In Tables 21 and 22, we collect the Epp, 25 decay pairs
related by U-spin. The CP asymmetries and decay widths for
these pairs satisfy relation in Eq. (88). The experimental data
in the future is important to test flavor SU(3) symmetry and
also the CKM mechanism for CP violation.

(88)

6 Nonleptonic Z;, and 2, decays

The decays of Ej. and 25, can proceed via the b quark decay
or the ¢ quark decay, which are induced by the following
quark transitions:

c— sdu, c¢— u(id/Es, ¢ — dsu,
b— ccd/s, b— cud/s, b— ucd/s, b— q19293.

(89)

As we have shown in the semileptonic case, for the charm
quark decays, one can obtain the decay amplitudes from those
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Table 21 U-spin relations for

- . Channel 1 Channel 2 r Channel 1 Channel 2 r
Epp, Qpp decays into a bottom
baryon and a light meson — / /
- =0 050 =0 =0 20 =0 S —0 VA
. « s g, > AK g2, —> &8, K 1 g, > & g, —> & K 1
Results in the “channel 1” are bb b bb b bb b bb b
for b — d processes and the g8, —> gyt g9, —> & -1 g), — Q K+t g) - x, 7t 1
. b » ,
ones in the “channel 2” are for gy, — AgK* Q;, — 0, - 1 Egb — Kt E(b)b > g Kt NG
b — s processes. r denotes the 7 o 7 0 _ o ” o
ratio of the two amplitudes Spp T ST Q,, = A K 1 8 — ZpK Q,, — By 1
- =0 g — == 0 - o 20— - 0 g —
Q,, = E,K 8, = Apm 1 8, — By Q,, = K 1
Q,, > B K > EL K 1 B > 2, K Q= QK 1
=0 - =0 + - m— — g0 - -0
gy > 2y K Epp > Zp T 1 > QK Q> Z, K 1
=0 00 =0 ='0 10 - =0 pr— _— 0. —
gy, —> 2K E —~ B, K 1 Q, —> B K g, — X1 1
’ ’ - !
20 8 7t 20 5 yogt 1 Q- — =-KO - 5-kO 1
bb b bb b V2 bb b bb b
Zable 22 U—spln.relatlons for Channel 1 Channel 2 r Channel 1 Channel 2 r
Epp, Qpp decays into a bottom
meson and a light baryon. 0 - 0 +p— - 0p— - 0 p—
X g, — pB 2., > XB —1 g, > A”B Q.. — EVB 1
Results in the “channel 17 are ug” P_O ug” 020 ~bb o bb “, .
for b — d processes and the Epp — 1B Epp — B B; =1 Epp = X7 Bg 8y > X7B 1
: « » = — 50 - =— R0 _ _— — n0 m— =/— p0
Znes in the channehz atre f:})lr 8, —> =B Q,,—> E B 1 8, = =/ B! 8, — &' B! 1
— s processes. r denotes the —— _ _ - — — 50 _ —— 50
. . =, — nB Q.. — B —1 5., —> X B Q.. — E™ B 1
ratio of the two amplitudes Sbb . bb . =bb _i) bb " = . 1
- - o ok — = = - - L
Q, > X B g, > E°B 1 g, > X By Q,, = Q7 By 7
- =— R0 —_ — 30 _ - — B0 f—— - 0
Q,, > E7 By 8, > 2B 1 Q,, > X8 g, x"B 1
g), — A°B° g), — x0p° V2 Q;, > '~ B° g,, — & B! 1
=0 030 =0 =10 R0 - I— R0 - =/— R0
g), - A'B g), — E°B 1 Q,, > =B Q,, —» &7 B 1
g), » 2B gy, — $B° 1 Q,, —> =" B° Q,, > QB 7
=0 0 R0 =0 = 1 - 0 p— = 0 p—
gy, — 2B E), — E - Q,, —> =B g,, — "B 1
s -39 - - o - 0pg- - _, g0p- bl
g, > AB g, > ¥ B NG Q;, - =B Q,, — 2°B =
(o - R0 m— = 0 - =/— p0 m— — n0
g, > A B g, > & B! V3 Q;, — & B¢ g, > 2B 1
g,, > A B’ Q,, — &~ B° V3 Q,, — & B g,, = & B! 1
m— — R0 - 0 - =/— o - =/—go
g,, > A™B Q, —> Q7B 1 Q,, > E7 By Q,—~> & B 1
ok 0p— ok 0 p— — =/— np0 — - R0 1
g,, — A'B g, —> 2B V2 Q;, - & BY Q;, - QB! 5

for the E.. and . decays with the replacement of 7., —
Tpe, T — Tp and D — B. For the bottom quark decay,
one can obtain them from those for Ep; and 2p;, decays with
Toy — Tpe, Ty — T, and B — D. Thus it is not necessary
to repeat the tedious calculations here.

7 Conclusions

Quite recently, the LHCb collaboration has observed the dou-
bly charmed baryon E}" in the final state A K " 7wtr™.
Such an important observation will undoubtedly promote the
research on the hadron spectroscopy and also on weak decays
of doubly heavy baryons.

In this paper, we have analyzed the weak decays of doubly
heavy baryons E.¢, Qcc, Eé?_, Qgg, Epp and Qpp under the
flavor SU(3) symmetry. The decay amplitudes for various

semileptonic and nonleptonic decays have been parametrized
in terms of a few SU(3) irreducible amplitudes. We have
found a number of relations or sum rules between decay
widths and CP asymmetries, which can be examined in future
measurements at experimental facilities like LHC, Belle II
and CEPC. Moreover, once a few decay branching fractions
have been measured in the future, some of these relations
may provide hints for the exploration of new decay modes.
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