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ABSTRACT: We study the semileptonic and non-leptonic charmed baryon decays with
SU(3) flavor symmetry, where the charmed baryons can be B, = (20,5, A}), B =
(2L 210 00) B, = (E4F, 25, QF), or Bee = Q5. With BY denoted as the
baryon octet (decuplet), we find that the B, — B/ {1, decays are forbidden, while the
Q0 — Q Ty, OF — Q%Ur Yy, and QS — Q0T v, decays are the only existing Cabibbo-
allowed modes for B!, — B! (T, B.. — BLTyy, and Bee — B((;Qfﬂ/g, respectively. We
predict the rarely studied B, — BY M decays, such as B(Z) — A'KY = — =071) =
(8.34£0.9,8.0+£4.1)x 1073 and B(A} — AT+ 7=, =20 - Q- K ') = (5.5+1.3,4.840.5) x 1073.
For the observation, the doubly and triply charmed baryon decays of QFf — ZFKO,
ELF — Efqt, SITK?), and QFF — (ELFK, QfaT, =5 DY) are the favored Cabibbo-

allowed decays, which are accessible to the BESIII and LHCb experiments.
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1 Introduction

Since 2016, the BESIII collaboration has richly reanalyzed the singly charmed baryon de-
cays, such as A} (2286) — pKY ArT, 270 and X7+ [1, 2], with higher precision. In addi-
tion, the Cabibbo-suppressed decays are measured for the first time, where B(A (2286) —
pn) = (1.24 £ 0.28 £ 0.10) x 1073 and B(A}(2286) — pr’) < 3 x 107* (90% C.L.) [3].
On the other hand, the LHCb collaboration has recently observed the decay of Z1 T —
A.K~7tnt [4], which is used to identify one of the doubly charmed baryon triplet,
(B4, 2L, QF), consisting of ccq with ¢ = (u,d, s), respectively. These recent develop-
ments suggest the possible measurements for the spectroscopy of the singly, doubly and
triply charmed baryons in the near future, despite the not-yet-observed triply charmed
baryon ones. Moreover, the charmed baryon formations and their decays would reveal
the underlying QCD effects, which helps us to understand the recent discoveries of the
pentaquark and XYZ states that contain the charm quarks also [5-10].

The spectroscopy of the charmed baryons is built by measuring their decay modes. For
example, the existence of the =7, state was once reported by the SELEX collaboration [11,
12], but not confirmed by the other experiments [13—16]. Until very recently, LHCb has
eventually found the doubly charmed Zf " state at a mass of (3621.40 & 0.72 & 0.27 +
0.14) MeV [4], which is reconstructed as the two-body ZL+ — ©F1(2455)K*0 decay with
the resonant strong decays of 37+ — At7" and K*0 — K~7F, as shown by the theoretical

calculation [17].



Note that the corresponding decay lifetime has not been determined yet. It should be
interesting to perform a full exploration of all possible charmed baryon decays, and single
out the suitable decay channels for the measurements.

To study the charmed baryon decays, since the most often used factorization ap-
proach in the b-hadron decays [18-20] has been demonstrated not to work for the two-
body B, — B, M decays [21, 22], where B,,(.) and M are denoted as the (charmed) baryon
and meson, respectively, one has to compute the sub-leading-order contributions or the
final state interactions to take into account the non-factorizable effects [23-27], whereas
the QCD-based models in the B, decays are not available yet. On the other hand, with
the advantage of avoiding the detailed dynamics of QCD, the approach with SU(3) fla-
vor (SU(3)¢) symmetry can relate decay modes in the b and c-hadron decays [22, 28-37],
where the SU(3) amplitudes receive non-perturbative and non-factorizable effects, despite
the unknown sources. In this paper, in terms of SU(3); symmetry, we will examine the
semileptonic and non-leptonic two-body B. decays, search for decay modes accessible to
experiment, and establish the spectroscopy of the charmed baryon states. The analysis
will explore the consequences of neglecting a decay amplitude expected to be small.

Our paper is organized as follows. In section 2, we develop the formalism, where the
Hamiltonians, (charmed) baryon and meson states are presented in the irreducible forms
under SU(3) f symmetry. The amplitudes of the semileptonic and non-leptonic decay modes
are given in sections 3 and 4, respectively. In section 5, we discuss all possible decays and
show the relationships among them as well as some numerical results, which are relevant

to the experiments. We conclude in section 6.

2 Formalism

2.1 The effective Hamitonian

For the semileptonic ¢ — ¢f* vy transition with ¢ = (d, s), the effective Hamiltonian at the
quark-level is presented as
Hest = \G/I;ch(qC)V—A(UVW)V—Ah (2.1)
where Gp is the Fermi constant and Vj; are the Cabibbo-Kobayashi-Maskawa (CKM)
quark mixing matrix elements, while (¢1¢g2)v—4 and (@,v¢)v—a stand for giv,(1 — v5)q2
and u,v"(1 — v5)vg, respectively. For the non-leptonic ¢ — sud, ¢ — ugq and ¢ — dus
transitions, one has the effective Hamiltonian to be
Gr
V2
with the four-quark operators Oi) and O1 = O% — O written as
1

Hot = —={VesVud(c1 O +c-O_) 4+ VegViua(c: O +c-O_ )+ VegVus (¢ Oy +¢-0")}, (2.2)

Oi = 5[(@(1){/,,4(50)\/,14 + (Ed)V,A(ﬂC)V,A] ,
0% = %KEQ)V—A(‘?C)VfA + (qq)v—a(tuc)y_al,
OL = L[(as)v—a(de)y—a % (ds)y—alic)y—a], (2.3)



where V4Viyg = —VesVius has been used. According to |[VegViual/|VesVua| = sinf. and
\VeaVus|/|VesVua|l = sin? 6, with 6. known as the Cabibbo angle, the operators for the
¢ — sud, ¢ — uqq and ¢ — dus transitions represent the Cabibbo-allowed, Cabibbo-
suppressed and doubly Cabibbo-suppressed processes, respectively. As the scale-dependent
Wilson coefficients, ci are calculated to be (c4,c_) = (0.76,1.78) at the scale p = 1 GeV
in the NDR scheme [38, 39].

Based on SU(3) s symmetry, the Lorentz-Dirac structures for the four-quark operators
in eq. (2.3) are not explicitly expressed with the quark index ¢; = (u,d, s) as an SU(3)y
triplet (3), such that in eq. (2.1) the quark-current side of (gc) forms an anti-triplet (3),
which leads to

Mo = “LHE) @00y (24

e \/5 v V—A,
with the tensor notation of H(3) = (0, V.4, Vis), where Vos = 1 and V.q = —sinf.. For the
¢ — sud and ¢ — uq(j transitions in eq. (2.2), the four-quark operators can be presented as
(ﬁquk)(% ), with Gi¢* qj being decomposed as 3 x 3 x 3 = 3+ 3'+ 6+ 15. Consequently, the

operators O() (O +) fall into the irreducible representations of o)

6.15 ((’)6 15), given by

1
O = 5(ﬂdg — sdu)c,
L
O = i(uds + sdu)c,
1 _
O = 5(add —ddu + ssu — uss)c,

1 _
O = 5(ﬂdd + ddu — ssu — uss)c,

1 - —
O = §(ﬂsd —dsu)c,
/ Lo o 5
O = §(USd + dsu)c, (2.5)
which are in accordance with the tensor notations of H(6);; and H (B)Z * with the non-zero
entries:
H22(6) = 2,H23(6) = H32(6) = *2807 H33(6) = 283,
Hy*(15) = H3'(15) = 1,
Hy*(15) = H3'(15) = —H3*(15) = —H3' (15) = sc,
H3*(15) = H3'(15) = —s?, (2.6)

respectively, with s. = sin 6. to include the CKM matrix elements into the tensor notations.
Accordingly, the effective Hamiltonian in eq. (2.2) is transformed as

/Heﬁ = ?/g
where the contribution of H(6) to the decay branching ratio can be 5.5 times larger than
that of H(15) due to (c_/cy)? ~ 5.5. The simplifications resulting from the neglect of the
15-plet will be investigated below.

[c_ H(6) + c4 H(T5)], (2.7)



2.2 The (charmed) baryon states and mesons

For the singly charmed baryon states, which consist of ¢1g2c with ¢1¢g2 being decomposed as
the irreducible representation of 3 x 3 = 3 + 6, there exist the charmed baryon anti-triplet
and sextet, given by

Bc — ('—'O =+ A+)

V2Te T
I 1 v+ 0 1 =0
B, = | 5% 2 5BEe | (2:8)
1 =+ 1 =/0 QO
9—¢c \/5‘—‘0 c

respectively. Similarly, B.. and B... to consist of qcc and ccc represent the doubly charmed
baryon triplet and triply charmed baryon singlet, given by

B.. = (255, =5,08),

B = QFF (2.9)

cce )

respectively. The final states, B,,, M and M., being the lowest-lying baryon octet, meson
octet, and the charmed meson anti-triplet, are written as

. 1 50 +
\/6A+ \/52 1 - 1 50 !
=— =0 2
= = —\/;A
1.0 1 —
ETF + %7’] s
M = at —771' +\f77 KO ,
KT KO o %77
M, = (D°, D", D), (2.10)

respectively. We note that in our calculations, 7 is only considered as a member of an
octet, without treating it as an octet-singlet mixture to simplify the analysis. In addition,
we have the baryon decuplet, given by

X VAT AT B AT A0 2D e+ Ee 20
B, = 7 At A0 35 N VNURVEY.NaD Yl I E\/% Y- BT . (2.11)
E/+ X\]/’% E/O X\:;% 2/7 Elf E,O =/ \/39_

3 Semileptonic charmed baryon decays

In this section, we present the amplitudes for the semileptonic Bgl) — Bg)frug, B. —
B,@K*w, and Bee. — Bl Ty decays under SU(3) ; symmetry. In terms of Heg in eq. (2.4),
the amplitudes of A(Bg) — Bg)éﬂ/g) = <B§{)€+ug|Heﬂ|B§’)> are derived as A(Bg) —



B,({)Eﬂ/g) = %chT(BS) — Bﬁ{))(a,,vg)v_A, where T(Bg) — Bq({)) are given by

T(Be — By) = a1(Bn);H (3)(Be); ,
T(B; — By) = az(Bn)jH'(3)(BL) e,
T(B, - By,) = a3(B;)irH'(3)(B)" (3.1)

with SU(3) parameters «; (i = 1,2,3) associated with the BY - Bg)frw decays. Note
that T(B. — B/)) disappears in eq. (3.1). This is due to the fact that the symmetric baryon
decuplet (B/,);jx and the anti-symmetric €;;; coexist in the forms of (BY,);;xH'(3)(B.)€!*
and (B/,);;xH'(3)(B.);¢*, which identically vanish [33]. We also obtain the 7' amplitudes
of the B, — Bg)€+l/@ and B... — Bl decays, given by

T(Bee = Be) = f1H;(3)(Be) eijn(Bee)'
T(Bec — By) = foHj(3)(BL)ij(Bee)'
(Bccc — Bcc) - 51 ) 3) (32)

with SU(3) parameters 12 and 01, where the subscript ¢ refers to the d or s quark in
B... It is interesting to note that, for T'(Beee — Bee), Beee = Qj‘cﬁ as the charmed baryon
singlet has no SU(3) flavor index to connect to the final states and Hamiltonian. The full
expanded T amplitudes in eqs. (3.1) and (3.2), corresponding to the semileptonic charmed

baryon decays, can be found in table 1.

4 Non-leptonic charmed baryon decays

To proceed, we start with the non-leptonic charmed baryon decays, in which the charmed
baryons are the singly, doubly, and triply charmed baryon states, B., = (Bg),BCC,BCCC),
respectively.

4.1 The two-body Bg') — Bg)M decays

In terms of SU(3) s symmetry, the amplitudes of the singly charmed Bg) — Bg)M decays
in the irreducible forms are derived as

ABY - BYM) = (BYM|HsBY) = ?/ET(B() —BYM), (4.1)
where
T(B, — B,M) =
ar Hij (6)T™ (By), (M)] + az Hij(6)T™ (M) (Bn)] + asHyj(6)(By)j(M)] T
+ag(By)F(M)LH (T5) (Be); + as(By)L (M) H(15)7"(B.),
+ ag(B,)F (M)} H(T5)) (Bo)k + ar(B,) (M)} H(15)]%(B.)y,, (4.2)
T(B. — B/,M) =
as (B},)ij(Be)t Hom (6) (M) eF™ + ag (B, )ij1,(M ) H(I5)Ir (Be)ne
+a1o(BY)ije(M > H(15)IF(Be)ne™ + a11(B),)iji (M)}, H(I5)7 (Be)ne™ ,  (4.3)



B. — B, T-amp B, — B, T-amp B, — B, T-amp
=0~ = o B0 E | =i | B0 ES 2a3
=+ 5 20 o 5 =2 | (fle | S o2 204
AF =AY | — /2y
DI N —arp DI N tag
¥+ %0 —ay yF = %0 Tag
SH S| ap | SFt ot Log
Qg — O~ (%}
20— %~ —a S, U —\/gagsc IS YA %agsc
EF -0 \@alsc DANEESS WY —%agsc SR W —\/gagsc
EF = A° —\/goqsc B A0 | - %agsc
Af —n —Q1 S,
¥0 - A~ —a3Se
S —n \/gagsc =AY | - Sasse
Yt —op 95, Yt AT —\/gOégSC
Q=" —28, Q) == —\/gagsc
Bice — Bee T-amp B.. — B, T-amp B.. — B. T-amp
gt — =0 — By =t — =20 \/gﬁg
=Ht 5 =F B =ht = \/gﬁg
QL —0f o1 QL — 22 B
52;: - E(c] _IBQSC
B — AL B18e BN =T —\/2/3280
Off 5L | —bise | Qo= | —Bise | QL -E0 | -\ /L.

Table 1. The T amplitudes (T-amps) related to the semileptonic charmed baryon decays.




T(B, = B, M) =
a12Hy;(6)(BL)7 (Bn)i (M)} + a13Hii (6)(BL)M (B, (M)]
(BL)7"(Bn)i (M)] + a15H;;(6)(B)7" (B, (M)j,

+ a14H;;(6)

+a16(By) S (M)FH (T5)]™ (BL) " ekmn + a17(By)s (M)F H(15)1™ (BL) " e

+ ars(By) 7 (M) H(T5) (BL) €t + ar9(Bn)] (M)} H(T5)5,(BL) "€

+ az0(Bn)}, (M)} H(T5);, (BL) ™" €iji (4.4)

and

T(B;, = B, M) = a2 (B}, )k (M), Hij (6)(BL) " ™" + aza(B], )um (M);, Hij (6) (Bp) ™
M) H(T5);%(BL)Y + aza(B1,)ije(M)y, H (15) (BY)"™
M), H(15); )i (BO)™

(B c) +a26(B )wk( ){H

JFCLQB( )z]k( )lm ( ) (1
+ az5(By,)ijr (M)}, H(T5), (15

(4.5)

with T% = €7%(B.);. Note that the Wilson coefficients c+ have been absorbed in SU(3)
parameters a;, which can relate all possible decay modes. The full expansions of the T
amplitudes in egs. (4.2)—(4.5) are given in tables 2-7.

4.2 The doubly charmed B.. — B,S{)Mc and B.. — Bg)M decays

In the doubly charmed baryon decays, the T amplitudes of B.. — B, M, and B.. — B! M,
are written as

T(Bcc — BnMc) = bl(Bcc)i(Mc)j(B )ksz:( )+b2( )Z(M) ( ) H ( )
i

+ b3<Bcc)l(Mc) B ) H(15)]m€zjk + b4( ) (M) ( ) H(ﬁ){mﬂﬂm
(4.6)

and
T(Bee = B, Me) = bs(Bee) (Me)! (B, )imi H (T5) 1 +b6(Bee)' (Me) (By,) i H(T5)7, (4.7)

where B,, and B] represent the octet and decuplet of the baryon states in egs. (2.10)
and (2.11), respectively. It is interesting to note that measuring the processes in eq. (4.7)
can be a test of the smallness of the 15-plet. For the B.. — B((;/)M decays, the T" amplitudes
are expanded as
T(Bee — BeM) = by(Bee)'(Be)’ (M)f Hj(6) + bs(Bee)' (Be)* (M)3, Hij (6)

+ by (Bee) H(15)]* (Be) ™ (M)} €5t + b1o(Bee) H(15)]" (Be)* (M) ™ €igom »

(4.8)
and
T(Bee — BLM) = biy(Beo)' (B ju(M)LH (I5)]* + bra(Bee)' (BL) ju(M); H (T5)]!

b1 (Bee)'(BY) ju (M) H (T5)]' + bua(Bee)'(BL)ij (M)[ Hym (6)e™"
+b15(Bee) (BL) ji(M)] Him (6)e™" (4.9)

The full expansions of the T" amplitudes in eqs. (4.6)—(4.9) are given in tables 8 and 9.



Table 2. The B, — B, M decays, where the notations of CA and (D)CS T-amps stand for
Cabibbo-allowed and (doubly) Cabibbo-suppressed T amplitudes, which are the same as those in

the following tables.

=9 CA T-amp =9 CS T-amp =0 DCS T-amp
_ + _ + p
St K 2(&2#»%) str —2(a2+ %)sc pm —2(@2+%)55
st —Q(al i u,r-guﬁ )Sc s— K+ 2(«11 4 n-:-;u,ﬁ )gz
0RO | —v2(as +ag
=070 | —(az+as 0RO | v2(ag + 25596 )52
_ag—a
2 Se
=050 —\/5(01 —asg nr? \/E(az - a4;“7)s%
=0K0 2(a1 a3 — a3
7(14705)
2
U0 )s, nn V2 (201 — az — 2a3
Enn \/%(m — 2a3 — a3z )
=0y «/%(a1+a2+a3 +24=225T07 ;5+a7)
+ud+ur—2u1)
2
+a4+a5—23a(3+a7)s‘: ==t 2({“ + a;;at;)
g7t | 2(ay + 25F08)
=kt 2(a1+15§—a@)5(; A0 KO 7‘/%(a1 — 2a5 — 2a3
AO KO -2 (2{1,1 — a2 —as
AO70 \/%(01 +az — 2a3 +7a5+a272a7)
+205*ﬂ(;*a7)
2 +ar(,-;uﬁfuz)s(_
A%y (m +as
4—agtag—
_aa—asteg "Z)sc
nKY —2(a1 —ag —asg
_as—a )S
FEST ) se
=5 CA T-amp =t CS T-amp = DCS T-amp
=0t | vZ(ar —az SOkt | V2(ar - 255962
s+ K0 ,2(,13 - %@) +a4*ﬂ542rﬂ6+ﬂ7)sc »+ K0 2(«11 _ “'E;‘lﬁ)si
2+ 70 7\/5(@ —ay pr0 2(02 + “4;“7)53
— <l4+<15;a(3*a7)5C
0 . agta
=07t 2(“34—%) pn —\/%(2a1—a2—2a3
=ty \/%(ﬂ1+02+03
_ag—2a5+taz) 2
7@4‘#0,5«;30.64»(17)38 2 ) c
nat 2(,12 _ %);z
=0K+ 2((12 +az + 16;—”1>5(;
pKO 2((11 —as + “45“5)& AOKF |2 (a1 - 205 — 205
AOrt /%(a1 4+ oas — 2a3 *%)55
73u4+ﬂ5+a6+a7)8
S c
AF CA T-amp A CS T-amp A DCS T-amp
s+z0 \/5(0,1 —az —a3 sHEO | —2(m —as*%)sc
- %507 SOKF | —v3(ar - as - W8 )s,
=ty *\/%(01 +az — a3 pK™ 2(a2+a42ﬁ)sc
+2u4—;§—u1) pr0 72(a2+a3 _ uﬁ;az)s(.
pK© 2(ag — 2432652
c
»0xt 7\/5((11 — a2 —ag pn —\/%(2(11 —ag + ag
nkK+ —2(@3 + %)s%
_ag—azg 2a4+42a5+3ag—a
2 ) + 5 )sc
=0 +
SOr+ | —2(ay - 2af0T) AOKT | /2 (a1 — 202 +ag
=0 as+ta 3ag—a5+2 2
pK —2(111—4—@2 ) _3a ataJr“)sc
At | —\/2 (al +as + a3 nxt —2(:12 +ag — fater )s“
ag—2ag+a
_ e )




=0 CA T-amp =0 CS T-amp =0 DCS T-amp
STK- \/2(2% —ag — 2am> ATK~ 7\/2(2% —ag — 2a10) Se YKt 7\/2(2% — ag)sz
E/OKO \/%(30,8 — %’ AORO 7\/%(20,8 —ag — 20,10 — 20,11)86 E/OKO \/g(ag + %’
—aio + an) +%)S?
=gt \/§<2a8 — (l_()) Se ‘
=gt —\/g<2ag - ag) At | — (2(18 - ag) 52
Str— —\/g(Zag —ag — 2a10>s,; )
At~ \/g(Qag —ag — 2a10) s2
=070 7\/2(% + %+ 204 1) »/070 \/g<3a8 -3% —a;0— au)sc
A00 ,\/g(Qag —ag — aw) 52
=10y 7\/§<a87 L /0 (a ,@,M»g
1 2 Ui 8~ 3 3 c A% 7\/5(‘“0’32‘“1)32
,2a10+f111> )
3
=00 7\/%(2(18 + ag + 2a19 — 2(1,11)86
QK+t | — <2(Lg — ag) =K+ \/g(gag _ a9> Se
Sha CA T-amp Chy CS T-amp hy DCS T-amp
ATTK— (2(13 + ag) Se KO —\/E(Q(l,g + (I,g)Sz
ATEO ﬁ (2(13 Tag+ 2(111) S SORH ﬂ (Zag + ag
EH—RO 7\/%&11 +2(11072(111)S?
Ot *\/g(ang%’ +a10+(111)8c
Atta= | — (2a8 + a9> s2
=0+ \/gau w0 —\/g(ag + %ﬁ + alg)s(;
3 Atr0 \/2(2(18 +ag + (1,1())(93
= —\/i((lg +3+ alo?au)sc + a10—2a 2
Aty ﬂ(%) 52
=OK+ 7\/%(2(18 + ag + 2a19 — 2(111)SC
AF CA T-amp A CS T-amp A DCS T-amp
ATTK— 7<2a3 +ag) At+ta— (2&8 +(19)SC ATKO —\/gausz
ATKO 7\/§<2a3 +a9) ACKF \/gausz
A7t —\/%(2(1,8 + ag + 2a19 — 2(1,11)86
07+ \/g((lg + %’
+aio — a,11> Atr0 —\/2(2(13 +ag+ap — a11)sc
>t g0 \/g(ag + %9
A+7] _\/ﬁ(alofgan)sc
+aio — au)
¥ty \/5(“8 + % KO \/%(2(13 + a9 + 2a11)sc
aipta
+%) SORt 7\/%(20,84' “79+a10+a11)sc
=0+ \/g(Qag + a9 + 2(110)

Table 3. The B. — B/, M decays.




Ei’+ CA T-amp Ej+ CS T-amp Ei’+ DCS T-amp
stat 2a13 + a6 + a17 str+t (2a13 +aie +a17)sc pKT (2a13 +aie +a17)s§
prt (2a13 +aie + a17)5c
=t CA T-amp =t CS T-amp =t DCS T-amp
=t a0 —a13 —aiq +ais »t K0 @ (2a13 +2a14 + a1 pKO @ (2@13 + a1 — a17)s§
a7 | a18
—aie — 5~ + 5
2 2 —a17—a20)sc nKt %(2(113 7a16+a17)52
SOKT (—a13+al4+a%6
sty @ (2a13 + 2a14 + 2a15
a a
4T f a9 + %)sc
—3a17 +a18 —aig — 31120)
pr ( —a13 + a5 — a1 — <47
20nt —a13 +aig —ais
a a
a17 _ a18 | ajg +55 - 2 7a20)sc
-2 Tz t 3
+L30 pn % (2a13 —4aiq + 2a15
=0t 4(2&15 + a16 + a1s + (119) —3a17 + a18 — '119)Sc
pK° 32 (2a14 — a20) ot 2 (2015 + 2015 + arr
AOrt ?(2«113 + 2a14 + 2a15 +aig +a19)8c
+a17 + a18 + 3aig +a20) AOKT %(2(113 + 2a14 — 4ays
—3ai6 + a7 — 2a18 + a20)5c
22 CA T-amp 22 CS T-amp Eg DCS T-amp
sta— 2a19 + 2a15 — a1 »0 k0 g ( — 2a13 — 2a14 + aie nK? (2(113 —aie — 1117)55
—aig
+a17 + 2a19 + azo)sc
=070 2a12 +a13 +aiq
> KT (2(1 + a )5
+a1s + “% — a% 14 20 )Se
—419 4 220 p (2a15 —aie — ais
0 *g (2a13 + 2a14 + 2a15 *alQ)Sc
—3a17 + a1 —aig — 3'120) nr? % ( — 2a13 — 2a15 — a7
sTat 2a12 + 2a14 — a18 + az0 +a1g —aig — 20,20)3C
=0 70
=°K 2a12 + 2a15 + a16 + aig
nn @(21113 —4a14 + 2a1s
= KT 2a12 — aig
_ —3a17 —aig + aw)sc
pK 2a12 + a1g
_ 070 V6
nk® 2a12 + 2a14 + a18 — azg ATK 5 (2a13 +2a14 — 4a1s
A0z *§(2a13 + 2a14 + 2a15 —3a16 — a17 + 2a18 — azo)sc
+ai7 + ai1g +3a1g + azo)
A% | 2ara s e g g

— 417 4 218 4 219 _ 220
2 2 2 2

Table 4. The B/, — B,,M decays, where B/, = (X*+, 3+ ¥0).
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CA T-amp =+ CS T-amp =t DCS T-amp
V2 (2a15 + a16 — a17) sta® | (—aratas - 48 2RO | (2014 - azo) s
72(2n,137n,16+al7) —ay7+ 48 - 219 “%)sc SO+ (a14+alg+%)sf
ntn (*4u|3+2u14+2u15 pr? (a|5—%—a|7
—3a16 + a1g — a1g — 3020)5( +248 _ 219 _ azn)Sf
207t ('114 — a5 — 256 Pn 3 ( —4ajz —4ayy + 2a15
,&12_&+‘B2&+5§Q)s(. ~3a1g + a1s — a19)s?
20K+ {(2013+2015+017 nat {(2“15+016+‘11&+010>53
+as + a1 se A0kF | B (= 2415+ ars - 215
pK° ﬂ(2a13+2a14+a15 *a17*018+%02(1)83

—a17 — u?o)bc
A0nT ‘?( —da13 + 2a14 + 2a15 + 3a16

—2a17 + a1s + 3a19 + (120)5(‘

CA T-amp =0 CS T-amp =10 DCS T-amp
— 2
g(zalf)*alb*alx*al!)) str Y2 (4a12 + 2a15 — aie 20K (*014+019+(%Q)5c
—a13 — a5 + 47 + 8 4 40 +ars — a1g)se SR | L2 (2014 + azo ) s?
— — 16 _ @17 _ 920
13— et g 2 2 070 G (8012+2014+2a15+aw pr g(Zals —aig —aig *019)53
ﬁ(ga .
13 + 2a14 — 4a15 — 3ai6 alg
6 0 +2a17 — aig 7’119"’“20)5\" nm® (*'115 - ’%b —air
—3a17 + 2a18 — 2a19 — 3azg
D a1 ajg 2
s %0y Y2 (4a15 — 2a14 — 2a15 — 3asg 448 oy —agg)sc
T2(2ﬂ14 +a20)
—3a1s — 3a10 + :sagg)sp nn {( — 4a13 —4a1q + 2a15
%z (21113 —dar4 + 2a15
st (4a12 + 2014 — 2a15 + az0) s +3a16 — a1g +a19)s2
—ay7 — a1 + 3a19 + 2azg
=0KO 72(4a12+201;;+2a14+2015 AOKO 3 (*2n1:;+al472a15
1 s2
—ai7 +aig +aig — azp)sc +ai7 + a8 — 5a20)s;
=ETKT (4a12 + 2a14 — 2a18 +<l20)5c
pPK™ 72(4ﬂ12+2a15*a16
+aig — alg)sc
ni® 2 (4a12 + 2a13 + 2a14 + 2a15
—ai7 +aig +aig — u:o)ac
AO70 VS (mw — 2a14 — 2a15
—3a16 — 3a1s — 3atg + 3a20)sc
A% Y2 (24012 — 8a15 + 10014
+10a15 + 9ay16 + 6a17
+3a1s + 3a1g — 3azo )sc
CA T-am [234 CS T-am f DCS T-am
P e P c P
2a13 — a1 — a17 stir- (2(115—(116—(113—(119)5,: sta— (2u12+a|5)s§
— 0_0 2
sORO | — é(2015+a15 —aig 7019)50 = 201257
~0 1 2
— i - —(a 2a19)s
0_0 _ %(2a]4+2a]7+u20)% n 3 (@18 + 2a19 ) s

7\/%(20137014+2a15 st (20.12 7(”8)53
*ﬂ15+a19+%a20) Sc =0k (2‘112+2a14+a1x *a2n)s§
=t (2a14 + azu)sc =TKT (2'112 +2a14 — a1 + azo)ﬁf
AORO {(72a1372014+015+%a16 pK~ (2a12+2u15—um—a19)5§
+a17 — faig + %a|9+a20)55 nk? (2“12+2“15+016+a19)sf
A070 \/g(zu” —ais + Zugg)af
A%y 2[a12+%(a1x+014+a15)]55

Table 5. The B/, — B,,M decays, where B/, = (Z.F, 20, Q0).

—c
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Zj’+ CA T-amp Ej*’ CS T-amp Z;_!'+ CDS T-amp
ATTRO - (2a21 - azs) AT+ R0 7,/%(2@1 — ag3)sC ATT KO (2a21 - a23)53
A++n §(2(121 7a23)s,
v 5 ¢
=/tat \/%(2%1 + az23 AT KT *\/%(2%1 + az23
N —\/%(21121 + az23 +2a25)8c
+2a25) +2a25)s§
KT \/%(21121 + az3 +2a25)sc
Ej CA T-amp E:r CS T-amp Ej CDS T-amp
ATt K~ - %(2@22 —aga) Att o= ,/%(Qagg 7a26)sc
AT KO ,/%(26121 — a23
At KO — é(4ﬂ421 + 2a22 At 70 -\/3 (2a21 + 2a99 — a3
—a25)sz
—2ag3 — a26) +ag4 — azs)sc
/70 V3 (a22 + a2 Aty (2021 — a23
AV *\/%(2%1 + az23
,a25+%) _%)SC
+a25)sg
=ty %(31122 + ag4 + azs Al %( — 4daz1 — 2a22 — 2a23
*%) —2a24 — 2a25 — a26)sc
=07+ NE: (2@21 + a2z + a23 o'+ KO % (2a22 +2v6az5 — a26)8c
+aza + ags + 239
s0 K+ @(4@1 — 2a99 + 2a23
20Kt V%(azz +a24)
—2a24 + 2a25 — a26)5c
+6a2¢
0 0
=0 CA T-amp =0 CS T-amp 0 CDS T-amp
AT K~ — %(2(122 - GQG) Atr— @ (2¢l22 — 2a24 — a26)sc
AQ KO0 ? (2(121 — ag3
A0 RO _ %(2(121 + 2a99 AO70 @( — 2a21 — 4dazz + az3
72a25)53
—a23 — a26) +2a24 + 2a25)5c
s/tr= \/ a2 N % (Gam — 3a23 — 2a24
ATKT 7(2a21 +a23)sz
=070 ./%(an — a4 —2a25 — 2“26)50
—ass +“—§Q) ATt (—2a21 — 2a22 — a23 _QZG)SC
=/0n %(31122 + agq »/0 K0 % (2a22 — 2a24 + 2a25 — a26)8c
+az5 — u% ) V3
s — K+ Td (20,21 — 2ag2 + ag3 — agg)sc
s/~ at ,/%(21121 + 2as2
+a23 + a25)
=70 ;0 2\/§3a24
=Kt \/ % (2a22 + aza)
Table 6. The B/, — B!, M decays, where B/, = (X7 31 30).
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=/ =/ = S
.:C+ CA T-amp .:j’ CS T-amp .:j’ CDS T-amp
ATt~ @( — 2a92 + aze)sc Attr @ (2(122 — a%)sz
>+ KO {(—21121 + az3 +a25) N %(*2022 — 2a2s5 +a26)5c At a0 @(*2&22 *a24)53
»/+ 50 %( — 4asy + 2a29 + 2a23 Aty %( — agq + 2a05 — azg)si
+2a24 + 026)5.3 Azt %( — 2a22 — 2a24 — a26)53
=g %(12@1 + 6ags — 6ags =+ KO0 5 (4a21 + 2a99 — 2a03 — a%)si
+2a24 — 4azs — a26)5c
0K+ ’ ( — 4as1 — 2a29 — 2a03
=05+ %( — dasy + 2a22 — 2as3
—2a24 — 2a25 — aZG)Si
+2a24 — 2a25 + ags)sc
=0+ NG (4a21 + 2a99 + 2a23
=0+ { (2a21 + az3 + azs)
+2a24 + 2a25 + a26)5c
=0 CA T-amp =/0 CS T-amp =0 CDS T-amp
ATK™ %( — 2a95 — 2a04 + (lze)sc Atr— @ (2a22 — 2a24 — azs)sg
AORO %( 2495 — 2a54 — 2as5 AO70 @( — 2a95 + a24)s§
2K %(*20«22 + 2a24 +a26)
+‘126)Sc A%y %( — az4 + 2a25 — azs)si
»/0 KO %(741121 — 2a32 + 2a23
»ta- v (2(1,22 1 2a04 — 0,25>3c A= nT @( — 2a95 — a%)sﬁ
+2a24 + 2a25 + azc)
/070 %( — 2a21 — a22 + ao3 20 KO 3 (4a21 + 2a99 — 2a23
=050 % (2&22 — 2a25 + L126)
—azq + az2s + 6026)-% 2a24 — 2a35 — azs)Sﬁ
=0y %(60022 —dazyg
»'0 @ (4t121 + 2a22 — 2a23
+2a25 — a26)
+2a24 — 2a25 — a26)3(: s Kt —4az1 — 2a32 — 2a23 — azs)Sf
= xt % (4(121 + 2a92
= at ?( — 2a21 — a23)sc
+2a23 + a26)
=0 K0 N (mm + 2a24 + 2a25
QKT | 2 (2a22 + a26)
*a26)55
=Kt %(2&21 +a23)sc
Qg CA T-amp Qg CS T-amp Qg CDS T-amp
st K- —\/%(a227a247%)sc AtK— 71/%a24s3
- 070 P 2
570 g0 _ /%(QQQ —agq +azs AYK —\/ 5az2as;
=/0 20 1
=2YK — 5(2a21 — az3 — 2a25)
V o), St | B 20)2
=070 71/§(a21 — a22 2070 71/%(12255
ags N\
_ 234;“26 )Sc ='0n %(a24 +ags — 238 )QE
Q= nt | 2a21 + ass =0, \/5(&21 +ags st ﬂ/g(azz + 426 )si
_ 3Bagy +44124g-4a2r+a2 )Sc =70 O \/g(a21 T ags — a2342ra26 )sf
= —at 7\/%(a21 — a2 _4/%(@1_*_@224_%)53
+%23-926 )SC
Q Kt 2(“21 +@2+W)Sc

Table 7. The B, — B/ M decays, where B/,
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Bee —» B, M, CA T-amp B.. - B, M, CS T-amp Bee — B, M, DCS T-amp

giF = StDT | 20p — by EfF o =tD | = (ba 4 ba)se =++ & ppt (262 — ba)s2
=f - =tpo 2b1 — b
ce 1o it - pDt (22 — ba)se g, — nD7 (262 + ba)s2
=t - =Dt —V2(b1 + b2
ce ( =h - x0pf V3 (bz +2b3 + b4)sc of, - 2°pf ﬁ(bs + b4)82
b3 +by
+ 2
) =t - pDO (21 = b3)se ot - pD° (261 = bs)s2
=t - =20pf 2by + b3
cc s
=f - nD*t 2(b1 + b + 2850 )5, Qf, > nD* (261 + b3)s2
=+ o AOD+ \/E(b b
—cc 3 1 2 -
=k - A9DF _4/%(4131 +b2+3b4)sc Qf. » A°DF 71/3(171 +b2)s§
af. > 5tD% | —(by+bg)se
Qf, - =D 2b + ba

ot - x0p+ \/g(bl +bs + 2b4)sc

of, > =p7 7(171 + by — by — b4)sc
Qf = A°DT 7\/%(171 + 4by — 31:3,)5c
Bee — B, M, CA T-amp Bee — B, M. CS T-amp B.. — Bl M. DCS T-amp
=ttt - =t Dt | 2v3bs =fF - ATDY | —2v3bss. =ttt - AtDE | —2/3b5s2
=f, - 2'*tD° 21/3bg =ht - 't DE | 2v/3bsse =5 - A%DF —2/3b5s2
=i, - =Dt \/5(735 + b6) =l - atDO —2v/3bg s Qf. - atDpO —2v/3bg 52
=L - 2°DF | 2v3bg =t - a%D* 72\/5(1)5 T bs)sc Qf = A°DtT | —2/3bgs?
Qb - =Dt | 2v3bs = > =0DF | VB(bs - bg)se af, 5> 5°DF | —VB(bs +bs)s?

ot — '+ Do 2v/3bg sc

ot » »Op+ 7\/6(275 - bg)sc

of. > =°DF | 2v3(bs + bs)se

Table 8. The B,.. — Bg)Mc decays.

4.3 The triply charmed B¢.cc — BeeM and Beee — Bg)Mc decays

For the triply charmed baryon decays, there are three types of decay modes, that is,
Be.e = BeeM, Beee — BLM,, and B... — B.M,.. The corresponding 7' amplitudes are
given by

T(Beee — BeeM) dl(Bcc)i(M){;H(ﬁ);’.’ﬂ + dy(Bee)i (M) Hyy (6)ei*!
T(Bccc - B/CMC) = dg(B/C)ij (MC)RH(TS)ZJ ,
T(Beoe — BoM,) = di(Bo) (Mo H(6),5. (@.10)

where B... = QF} as the charmed baryon singlet has no SU(3) flavor index to connect to

the final states and H(6,15). The full expansions of the 7" amplitudes in eq. (4.10) are
given in table 10.

5 Discussions

5.1 Semileptonic charmed baryon decays

By taking B(A} — AY%*v,) = (3.6+£0.4) x 1072 [1] as the experimental input, and relating
the possible B, — B,,/*v,; decays with the SU(3) parameter o in table 1, the branching

— 14 —



Bee = BeM CA T-amp Bee = BeM CS T-amp Bee —» BeM DCS T-amp
S o Efet | 267 e N R R S o AR | (267 = by)s?
=t = AFKRC 2bg =it s =kt 2b7se

=
Zce hd

~v2 (b7 + bs)

V(o)
2bg

2b7

VEbrse

— /& (b7 - 4bs
+2bg )se

2(b7 + bs) s
2bgse

— (b7 +bs)se
Sbsse

= 0
=f o AT K
Qt, = Aktgy

= 0
ot - =tk

=0
o, - =0kt

(2177 + bg)sf
(2175 + bm)s?

(2bs — b10) 52

—bm)sc
ot - =0t —bgse
Bee — BLM CA T-amp Bee — BLM CS T-amp Bee — BLM DCS T-amp
=HE o SFTRO | biy 4 big — 2614 P Al BVEY (SR S o sETRY | (b big - 20182
=Lt - =t \/g(b” +bis ~2b14) s R S N 1T

ERE S o

= 0
SR i

0
ot - Qdnt

+2b14)

biz — 2b15

V3 (11 + 012 + b1
Y2 45

V3 (b1 + b1z + 013
+2b14 + 2015)

bis + 2615

7b14)

bi1 + b1z + 2b14

=++ ++
EfT =Xy

=++ + ot
SRR

=++ o =K+
EfT 2 ETK

=+ o
El. =X

gt - =fa®

ce

of, - sitK-
0
o, - SFK

+ =+ ,0
Qf. - =

Qf, - =ty

ce

+ =/0__+
Q. > BT

0
af, » Qdk+

_ g(bu + bm)sC
+2b14)sc

~b1a)se

_(bu - 2b15)5s
Yo vois

~2b14 — dbys ) s

—(br1+br12+ b1y
+2b14 + 2015 ) se

_ %(512 _ 2b15>s¢
—bia — 2b15) s

(bu + b15>5c

bz bis
) P

b11=bija+big
,ﬁ(f

bis
+ora + 18 )se
(’111 + b1z + big

—b1a — b15>5c

= 0
=l - otk

=f, - =29kt
ot - stta-
af, » stal
of, - =iy
ot - s0nt

+ =+ KO
Q. =+ EJNK

= (b11+ b1 + 261452
—(b12 = 2b15) 2
~2b1552

— /L1282

—(b12 + 2615) 52

=5 (b1 + baz + b
~2b14 — 2by5) 52

=5 (b1 + brz + b

+2b14 + 2b15)53

Table 9. The B.. — BgI)M decays.
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Bece - BeeM CA T-amp Beee - Bee M CS T-amp Bece - BeeM DCS T-amp
Qld = E8KO | di — 2ds Qft & =hta0 \/g(dl — 2dy)se || Qe = EELTKO | —(dy - 2d2)s?
Qb —» Qlent | di+2dy QL 5 BLKT | —(di +2d2)s2
Qff > | \/3(d - 2d2)
Qctt — Ectﬂ'Jr —(d1 + 2d2)se
QfE = QLKT | (di + 2d2)se
Beee 5 BYM. | CA T-amp || Beee — BY M. CS T-amp Beee - BY M. | DCS T-amp
QL 5 =Dt | 2d4 QL - 2IDT | 2dase QL = ATDT | 2d4s?
Qlt » =Dt | Vads Qlk — AYDT | 2dss. Qlk 5 SIDE | —v/2dss?
Ol - EFFDE | Vadsse
Qft = Dt | —V2d3s.
Table 10. The B... — Bo..M and B,.. — BY M. decays.
ratios of the Cabibbo-allowed decays are predicted to be
BEY = = efr,) = (11.94 1.6) x 1072,
BEF - 2%Ty,) = (3.04£0.5) x 1072, (5.1)
while the Cabibbo-suppressed ones are evaluated as
BEY - 2 ety.) = (6.04£0.8) x 1073,
B(A} = netv,) = (274£0.3) x 1072,
BES - x%*y,) = (0.84£0.1) x 1073,
BES — A%Tr,) = (2.54+0.4) x 1074, (5.2)

where we have taken (zo, 7=+, 7y+) = (1.12¥015,4.42 + 0.26,2.00 + 0.06) x 1075 and
se = 0.2248 [1]. Our result of B(A} — netre) in eq. (5.2) agrees with that in ref. [22]
by SU(3)s symmetry also. The B, — B/ ¢Tv; decays are forbidden modes, reflecting the
fact that the B, and B/ states are the uncorrelated anti-symmetric triplet and symmetric
decuplet, respectively, which can be viewed as the interesting measurements to test the
broken symmetry.

In table 1, we illustrate the possible B, — Bg)frug decays, where B/, stands for
the singly charmed baryon sextet in eq. (2.8). We remark that currently it is hard to

(ST, 25, 29) and B, = (2.5, E9), as the X, and =,

observe the weak decays with B/, = =l
decays are dominantly through the strong and electromagnetic interactions, with B(X,. —
A7) = 100% and =, — Z.v, respectively. In contrast, the Q0 state that decays weakly
can be measurable. In particular, the Q0 — Q /Ty, decay with Q= = sss becomes
the only possible Cabibbo-allowed QU case [33], whereas the Q0 — B, (Tv, decays with
the baryon octet are forbidden. This is due to the fact that, via the Cabibbo-allowed
¢ — sty transition, the Q0 baryon consists of ssc transforms as the sss state, and has no
association with the baryon octet. In the Cabibbo-suppressed css — dss transition, one
has the Q0 —

=0=¢ty, decays with =~ and =/~ from both baryon octet and decuplet.
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For B.. — Bg)fﬁzg, it is found from table 1 that
(= - 20%F ) =1(EL - 204ty (5.3)

which respect the isospin symmetry. Like the singly charmed QU cases, the Cabibbo-
allowed Q}.(ccs) — css transition forbids the QF, — B.*v, decays, but allows QFf, —
Q% * v, with QY = css. The Cabibbo-suppressed Q. (ccs) — cds transition permits 0}, —
(Ec_v E/c_)f+yg.

In the Beee — Bl vy decays, SU(3)f symmetry leads to two possible decay modes,
of which the branching ratios are related as

BT = Q) = BT — =5ty (5.4)

ccce cce

suggesting that the Cabibbo-allowed QL5 — QF T, decay is more accessible to exper-

iment.

5.2 Non-leptonic charmed baryon decays

e The B, — Bg)M decays
In the A} — B, M decays, the PDG [1] lists six Cabibbo-favored channels, in addition
to two Cabibbo-suppressed ones, whereas no absolute branching fractions for the =2+
decays have been seen [1]. Being demonstrated to well fit the measured values of
B(A}; — ByM) [37], SU(3); symmetry can be used to study the =t & B,M

decays. For example, according to the data in the PDG [1], it is given that

B(E+ — =0qF)

—< =0.24+0.11,
B(ES — Z0etr,)
B(=0 — A°K°
(Ec = ) 0.07+003, (5.5)

B(EY - ==etr,)
which result in

Br(EF - 2%") = (7.243.5) x 1072,
Br(EY — A’K%) = (8.3+3.7) x 1073, (5.6)

by bringing the predictions of eq. (5.1) into the relations. On the other hand, the
SU(3) parameters for B, — B, M have been extracted from the observed B(Af —
B,, M) data, given by [37]

(a1,as,a3) = (0.257 £ 0.006,0.121 & 0.015,0.092 & 0.021) GeV?,
(Bay:0as) = (79.0 +6.8,35.2 + 8.8)° (5.7)

where 04,4, are the relative phases from the complex as and a3 parameters, and a;

is fixed to be real. Besides, we follow ref. [22] to ignore a4 5. 7 from H(15), which
are based on (c_/cy)? = 5.5 from Heg in eq. (2.7), leading to the estimation of
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B(A, — TKY) with the (10-15)% deviation from the data [37]. By using SU(3)
parameters in eq. (5.7), we obtain

B (2 - =) = (8.0+£4.1) x 1073,
— AK%) = (8.3+£0.9) x1073. (5.8)

In egs. (5.6) and (5.8), By,;r indeed come from semileptonic and non-leptonic SU(3)
relations, respectively, even though the data inputs have very different sources. As
a result, the good agreements for =} — Z%7+ and 2 — A°K? clearly support the
approach with the SU(3)s symmetry.

As seen from table 3 for the B, — B/, M decays, one has that

BAF = ATHE") = SB(AF - At

1
= BEf - ATTK™
SgR+ ( c )
_ 3 B(El — ¥TK%) = ! BEF - ATTr7), (5.9)
SgR_A,_ ¢ 8§R+ ¢ ’
and
BEY - Q K') =3B(E% - =T
3 =0 I— _+ =l e+
= 4823(20 - X ETKT)
Lo -+ Ly I— g+
= ;B(:C%A ) = 345’(:0%2 K™), (5.10)
(& (&
with Ry () = T+ /T Ab whose amplitudes are commonly proportional to 2ag + ag
and 2ag — ag, respectively. Besides, we obtain
1
BEY - ¥TK™) = 8—28(52 — ATK™ Y )
C
| p—; +, - L o 0.0
= 4 B(E. = ATr ):2 BE: = A'rY),
SC SC
— R
BEF - 2K 207t) = S—fB(Aj — ATKY), (5.11)

C

corresponding to T' « 2ag — ag — 2a11 and aq, respectively. Currently, apart from
B(A} — ATTK™), it is measured that B(ZY — Q- K*) = (0.297 +0.024) x B(Z? —
E-7t) [1], such that we can estimate B(Z0 — Q= K*) with the input of B(Z? —

7t) = (1.6 £0.1) x 1072, Subsequently, with the two branching ratios, given by

—

—_——
—

—

B(A; — ATTK™) = (1.09+0.25) x 1072 [1],
BEY - QO KT) = (48+0.5) x 1073, (5.12)
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and the relations in egs. (5.9) and (5.10), we predict that

B(AF = Attrm) = (5.5+1.3) x 1073,
B(EF - ATTK™) = (1.24£0.3) x 1073,
BEF = STKY AT TrT) = (21+£05,6.2+1.5) x 1077, (5.13)

and

BEY - = 7)) = (1.6 £0.2) x 1072,
B(E — ¥ 7H(E"KT)) = (32+0.3) x 1074,

c

BEY - A 7T, Y K%)= (1.240.1,3.7+0.4) x 107°. (5.14)

We remark that, if H(15) is negligible, one has B(Z0 — Q" K*) ~ RyB(Al —

ATTK™) with Ry = 0.56 £ 0.07, which agrees with the value of 0.44 + 0.11 from
eq. (5.12).

The B, — B M decays
From table 4 to table 7, we show the B/ — BY M decays with B, = (X, EL, Q).
Experimentally, we have that [1]

B0 = 7t
B(Q2 — Q-etr,)

=0.414+0.19 £0.04, (5.15)

where QY — Q= 7t and QY — Q" et v, are identified from tables 1 and 7 as Cabibbo-
allowed processes, with 2~ belonging to the baryon decuplet B/,. On the other hand,
as the only Cabibbo-allowed QY — B,,M mode, Q0 — Z°K? has not been measured
yet, which calls for the other accessible decay modes. Although it seems that there
is no relation for Q0 — B, M in table 5, if H(15) is ignorable, we have

B(Q) — STK™) = 2B(Q) — X°KY),
B - = at) = 2B(Q° — 2%0), (5.16)

for the Cabibbo-suppressed processes, and

B(Q2 — =K = B(QY - = K™),
B(QY — pK~) = B(QY — nK"), (5.17)
for the doubly Cabibbo-suppressed ones, which can be regarded to recover the isospin

syminetry.
For Q0 — B! M, as seen in table 7, it is found that

B(Q - ATK™) = B(Q) - A’K?),

B - QKT =

1 -
;26(92 —ZTKT). (5.18)
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In addition, ignoring H(15), we derive the relations with the recovered isospin sym-

metry, given by

B(Q) — ¥TK™) = B(Q) — £°K"),
B — 2~ xt) = B — 2’77, (5.19)

[

and

B(Q) = X% x7) = B(Q — £°7°),
B - ="K =B - =KY), (5.20)

for the Cabibbo- and doubly Cabibbo-suppressed decays, respectively.

The B.. — Bg)MC decays

For the possible B.. — B, M, decays in table 8, the Cabibbo-allowd decay modes
can be related to the (doubly) Cabibbo-suppressed ones, given by

1 . J

—T(EL = pD¥) = 4 T(EL — pDY),

2 4
S¢ Se

L(ET - XtTDT) =

_ 1. 1
I - 2tDY = ?r(:jc — pDY) = Sjr(Qjc — pDY),
C C

_ _ 1
NEL - 2D = 8—41“((2;; —nDT),

Cc

1
(= —nD]),

C
1

NEL - 2D = —T(Ef, - nD"). (5.21)

2
2s;

By keeping by 2 from H(6) and disregarding bs 4 from H(15), similar to the demon-

strations for B, — Bq(ql)M , we obtain additional relations such as

NEL - x°DT) = 3T(EL, — A°DT),
_ _ 3
[(EL —nDT) =41(Qf — =°DF) = @r(gjc — A°DY),
(&
LQf —pD% = 10(Qf — nDY). (5.22)

C

It is interesting to note that, in contrast with B.. — B, M., the B.. — B/ M,
decays are suppressed, where the amplitudes in eq. (4.6) consist of b5 ¢ from H(15)
only, resulting in contributions 5.5 times smaller than H(6). According to table 8,
one gets that

NEL - YD) =1(Qf, - =°DT)

_ 1.
MELS — ATDT YD) = gr(;jj — ATDY)
C

1
s
| -
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IEL -2t =T(EL - =°D))

1 1
= D(EL - ATDY) = SI(Qf, —» £ D°%)
SC SC
1
= —(Qf = ATD? A'DT), (5.23)
SC
and
— 1 1 _ 1
NEL - ¥'D%) = Q—Sgr(:jc — A'DT) = z—sgr(gjc — 2D = ;%r(ﬂjc — YD),
Lt - »'Dr) =1rQf - x°Dt). (5.24)

The B.. — Bg)M decays

In the B.. — B.M decays, the Cabibbo-allowed amplitudes are composed of SU(3)
parameters az g from H(6), instead of ag 19 from H(15), which indicate that the decays
are measurable. In fact, the decay mode of =} — EF 7T has been suggested to be

worth measuring by the model calculation [17]. Here, we connect these Cabibbo-
allowed decays to be

NES - 5T = 1), - 2FK%),
Iz - 2% =1(@EL - AFKY),
I'Ef - 2% =3rEL - =), (5.25)

which are the most accessible decay modes to the experiments. We note that the
accuracy of the prediction involving 7 is limited by the assumption that 7 is a pure
octet. Next, the Cabibbo-suppressed decays are related as

PESF - EFKT) =4 (E = AlrT) =8T(ELT — AfaT),
=f = Z0KT) = 4r(Qf, - 2%T) = 81}, — =F7Y),

C

F(_‘c
N(EL — EFKY) = 41(Qf, — AT K?). (5.26)

For the doubly Cabibbo-suppressed ones, only when ag 19 from H(15) are negligible,
we can find that

rELF = ATKT)

rQf —=Z0K)

(Ed = ATK?),

=T
=T(Qf - 25 K?). (5.27)

There are three kinds of relations in the B.. — B.M decays, given by

_ _ 2 1 1.
IEF - SR = ?F(:jj - S = STEL - SITKY) = Sjr(:; — XFKY),
(& c C

NQf — Qh) =2(ELT — 2frT)

2 2 1.
= ?F(:jj - Yrrt) = sjr(:jj - YFKT) = ij(:ic — 2FKY),

rQl - =K% =2rE; - 2FKT). (5.28)
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Note that, Zf+ — S+ K*0 with the strong decays of ¥+ — AXzx* and K*0 —
ST - AFK 7ntat [4, 17]. Since the

K~7", corresponds to the observation of =

vector meson octet (V') is nearly the same as the pseudo-scalar meson ones (M) in
eq. (2.10), the non-leptonic charmed baryon decays with V' and M have similar SU(3)
amplitudes. Therefore, as the counterpart of Z1,% — YT+ K*? observed by LHCb,
EfF — YFTKY is promising to be observed. Moreover, with the amplitudes that
contain 2a14+2a15 from H(6) to give larger contributions, provided that the two terms
have a constructive interference, it is possible that the decays of =, — (X K9 =Z071)
can be more significant than that of =5 — S+ K0,

e B.. - BoeM and B — BY M, decays
In table 10, the By state is indeed the singlet of Q.+
have two types, given by

and the B... — B..M decays

cce

_ 2 _ 2 _ 1 _
(e 2Ee KY)= 5T (0 2B )= 5L 2B )= T (L 2L KY),

38 cce cce

C C c

1 1
DL Qb )= (L »Ehrt ELK ) == T(QLF SELKT), (5.29)

cece cee ‘—‘cc ) —ce S cee
c c

where T’s are proportional to d; — 2dy and d; + 2ds, respectively, with dy(9) from
H(15(6)). The Q. — BY M. decays can be simply related, given by

cce

ccce ccce cce

D@L > EIDY) = STQLE +EIDEAIDY) = ST@LE > ALDY),
S¢ S

c

cece cce cce
c C

1 1
QL - =Dt = = QL = =D 2fpt) = o QL - xrDh). (5.30)

Note that the decay modes with B, and B/, are in accordance with d4 3 from H(6) and
H(15), respectively, such that it is possible that the Cabibbo-allowed Qf 1+ — =+ D+
decay can be more accessible to the experiments.

6 Conclusions

We have studied the semileptonic and non-leptonic charmed baryon decays with SU(3)
symmetry. By separating the Cabibbo-allowed decays from the (doubly) Cabibbo-
suppressed ones, we have provided the accessible decay modes to the experiments at BE-
SIIT and LHCb. We have predicted the rarely studied B, — Bg{)ﬁﬂ/g and B, — Bg)M
decays, such as B(E! — Z ety =8 — Zetr,) = (11.9 £ 1.6,3.0 £ 0.5) x 1072,
B(EY — A’K° =F — =Z%t) = (8.340.9,8.0 £4.1) x 1073, and B(A} — AT+r— =0 —
Q"K*) = (5. 5i1 3,4.840.5) x 1073, We have found that the B. — B/ ¢ty decays are for—
bidden due to the SU(3); symmetry. On the other hand, the QY — Q= ¢ Ty, QF — Q2T v,
and QF T — QFf*y, decays have been presented as the only existing Cabibbo-allowed
cases in B, — B!/ (Tyy, B, — BL{Ty, and B — B£2€+Vg, respectively, where only
Q0 from B/ decays weakly. Moreover, being compatible to Qf, — =K% the doubly

charmed ZXt — EfnT decay is favored to be measured, which agrees Wlth the model
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calculation. As the counterpart of =} — X+ K*Y which is observed as the resonant
Bl = (S5 9)AfrT(KY —)K - wt four-body decays, =57 — ST KO is promising

to be seen. Finally, the triply QfF — (E57KY Qf7T ZFDT) decays are the favored
Cabibbo-allowed decays.

Acknowledgments

This work was supported in part by National Center for Theoretical Sciences, MoST
(MoST-104-2112-M-007-003-MY3), and National Science Foundation of China (11675030).

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.

References

[1] PARTICLE DATA GROUP collaboration, C. Patrignani et al., Review of Particle Physics,
Chin. Phys. C 40 (2016) 100001 [INSPIRE].

[2] BESIII collaboration, M. Ablikim et al., Measurements of absolute hadronic branching
fractions of AT baryon, Phys. Rev. Lett. 116 (2016) 052001 [arXiv:1511.08380] [INSPIRE].

[3] BESIII collaboration, M. Ablikim et al., Evidence for the singly-Cabibbo-suppressed decay
A} — pn and search for Af — pr®, Phys. Rev. D 95 (2017) 111102 [arXiv:1702.05279]
[INSPIRE].

[4] LHCbD collaboration, Observation of the doubly charmed baryon =3+

—cc

Phys. Rev. Lett. 119 (2017) 112001 [arXiv:1707.01621] [InSPIRE].

[5] LHCD collaboration, Observation of J/v¥p Resonances Consistent with Pentaquark States in
AY — J/K~p Decays, Phys. Rev. Lett. 115 (2015) 072001 [arXiv:1507.03414] [INSPIRE].

[6] LHCb collaboration, Model-independent evidence for J/yp contributions to A — J/ypK~
decays, Phys. Rev. Lett. 117 (2016) 082002 [arXiv:1604.05708] [INSPIRE].

[7] LHCb collaboration, Evidence for exotic hadron contributions to A) — J/ipr~ decays,
Phys. Rev. Lett. 117 (2016) 082003 [arXiv: 1606.06999] [INSPIRE].

[8] LHCb collaboration, Determination of the X (3872) meson quantum numbers,
Phys. Rev. Lett. 110 (2013) 222001 [arXiv:1302.6269] [INSPIRE].

[9] LHCb collaboration, Quantum numbers of the X (3872) state and orbital angular momentum
in its p° J decay, Phys. Rev. D 92 (2015) 011102 [arXiv:1504.06339] [INSPIRE].

[10] LHCb collaboration, Observation of the resonant character of the Z(4430)~ state,
Phys. Rev. Lett. 112 (2014) 222002 [arXiv:1404.1903] [INSPIRE].

[11] SELEX collaboration, M. Mattson et al., First observation of the doubly charmed baryon
=1, Phys. Rev. Lett. 89 (2002) 112001 [hep-ex/0208014] [INSPIRE].

—ccr

[12] SELEX collaboration, A. Ocherashvili et al., Confirmation of the double charm baryon
=1.(3520) wvia its decay to pDT K~ , Phys. Lett. B 628 (2005) 18 [hep-ex/0406033]
[INSPIRE].

— 23 —


https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1088/1674-1137/40/10/100001
https://inspirehep.net/search?p=find+J+%22Chin.Phys.,C40,100001%22
https://doi.org/10.1103/PhysRevLett.116.052001
https://arxiv.org/abs/1511.08380
https://inspirehep.net/search?p=find+J+%22Phys.Rev.Lett.,116,052001%22
https://doi.org/10.1103/PhysRevD.95.111102
https://arxiv.org/abs/1702.05279
https://inspirehep.net/search?p=find+EPRINT+arXiv:1702.05279
https://doi.org/10.1103/PhysRevLett.119.112001
https://arxiv.org/abs/1707.01621
https://inspirehep.net/search?p=find+EPRINT+arXiv:1707.01621
https://doi.org/10.1103/PhysRevLett.115.072001
https://arxiv.org/abs/1507.03414
https://inspirehep.net/search?p=find+EPRINT+arXiv:1507.03414
https://doi.org/10.1103/PhysRevLett.117.082002
https://arxiv.org/abs/1604.05708
https://inspirehep.net/search?p=find+EPRINT+arXiv:1604.05708
https://doi.org/10.1103/PhysRevLett.118.119901
https://arxiv.org/abs/1606.06999
https://inspirehep.net/search?p=find+J+%22Phys.Rev.Lett.,117,082003%22
https://doi.org/10.1103/PhysRevLett.110.222001
https://arxiv.org/abs/1302.6269
https://inspirehep.net/search?p=find+J+%22Phys.Rev.Lett.,110,222001%22
https://doi.org/10.1103/PhysRevD.92.011102
https://arxiv.org/abs/1504.06339
https://inspirehep.net/search?p=find+J+%22Phys.Rev.,D92,011102%22
https://doi.org/10.1103/PhysRevLett.112.222002
https://arxiv.org/abs/1404.1903
https://inspirehep.net/search?p=find+J+%22Phys.Rev.Lett.,112,222002%22
https://doi.org/10.1103/PhysRevLett.89.112001
https://arxiv.org/abs/hep-ex/0208014
https://inspirehep.net/search?p=find+J+%22Phys.Rev.Lett.,89,112001%22
https://doi.org/10.1016/j.physletb.2005.09.043
https://arxiv.org/abs/hep-ex/0406033
https://inspirehep.net/search?p=find+EPRINT+hep-ex/0406033

[13] S.P. Ratti, New results on c-baryons and a search for cc-baryons in FOCUS,
Nucl. Phys. Proc. Suppl. 115 (2003) 33 [iINSPIRE].

[14] BABAR collaboration, B. Aubert et al., Search for doubly charmed baryons =}, and ZF in
BABAR, Phys. Rev. D 74 (2006) 011103 [hep-ex/0605075] [INSPIRE].

[15] BELLE collaboration, R. Chistov et al., Observation of new states decaying into AT K7+
and AF K2n~, Phys. Rev. Lett. 97 (2006) 162001 [hep-ex/0606051] [INSPIRE].

[16] LHCb collaboration, Search for the doubly charmed baryon =7, JHEP 12 (2013) 090
[arXiv:1310.2538] [INSPIRE].

[17] F.-S. Yu, H.-Y. Jiang, R.-H. Li, C.-D. Lii, W. Wang and Z.-X. Zhao, Discovery Potentials of
Doubly Charmed Baryons, arXiv:1703.09086 [INSPIRE].

[18] A. Ali, G. Kramer and C.-D. Lii, Experimental tests of factorization in charmless
nonleptonic two-body B decays, Phys. Rev. D 58 (1998) 094009 [hep-ph/9804363| [INSPIRE].

[19] C.Q. Geng, Y.K. Hsiao and J.N. Ng, Direct CP-violation in B¥ — ppK()*,
Phys. Rev. Lett. 98 (2007) 011801 [hep-ph/0608328] [INSPIRE].

[20] Y.K. Hsiao and C.Q. Geng, Direct CP-violation in Ay decays,
Phys. Rev. D 91 (2015) 116007 [arXiv:1412.1899] [INSPIRE].

[21] J.D. Bjorken, Spin Dependent Decays of the A., Phys. Rev. D 40 (1989) 1513 [InSPIRE].

[22] C.-D. Lii, W. Wang and F.-S. Yu, Test flavor SU(3) symmetry in exclusive A. decays,
Phys. Rev. D 93 (2016) 056008 [arXiv:1601.04241] [INSPIRE].

[23] H.-Y. Cheng and B. Tseng, Nonleptonic weak decays of charmed baryons,
Phys. Rev. D 46 (1992) 1042 [Erratum ibid. D 55 (1997) 1697] [INSPIRE].

[24] H.-Y. Cheng and B. Tseng, Cabibbo allowed nonleptonic weak decays of charmed baryons,
Phys. Rev. D 48 (1993) 4188 [hep-ph/9304286] [INSPIRE].

[25] P. Zenczykowski, Quark and pole models of nonleptonic decays of charmed baryons,
Phys. Rev. D 50 (1994) 402 [hep-ph/9309265] [INSPIRE].

[26] Fayyazuddin and Riazuddin, On the relative strength of W exchange and factorization
contributions in hadronic decays of charmed baryons, Phys. Rev. D 55 (1997) 255 [Erratum
ibid. D 56 (1997) 531] [INSPIRE].

[27] R. Dhir and C.S. Kim, Azial-Vector Emitting Weak Nonleptonic Deacys of Q¥ Baryon,
Phys. Rev. D 91 (2015) 114008 [arXiv:1501.04259] InSPIRE].

[28] X.-G. He, Y.K. Hsiao, J.Q. Shi, Y.L. Wu and Y.F. Zhou, The CP-violating phase v from
global fit of rare charmless hadronic B decays, Phys. Rev. D 64 (2001) 034002
[hep-ph/0011337] [INSPIRE].

[29] H.-K. Fu, X.-G. He and Y.K. Hsiao, B — n(n')K(7) in the standard model with flavor
symmetry, Phys. Rev. D 69 (2004) 074002 [hep-ph/0304242] [INSPIRE].

[30] Y.K. Hsiao, C.-F. Chang and X.-G. He, A global SU(3)/U(3) flavor symmetry analysis for
B — PP with n —n' Mizing, Phys. Rev. D 93 (2016) 114002 [arXiv:1512.09223] [INSPIRE].

[31] X.-G. He and G.-N. Li, Predictive CP wviolating relations for charmless two-body decays of
beauty baryons =, O and AY with flavor SU(3) symmetry, Phys. Lett. B 750 (2015) 82
[arXiv:1501.00646] [INSPIRE].

— 24 —


https://doi.org/10.1016/S0920-5632(02)01948-5
https://inspirehep.net/search?p=find+J+%22Nucl.Phys.Proc.Suppl.,115,33%22
https://doi.org/10.1103/PhysRevD.74.011103
https://arxiv.org/abs/hep-ex/0605075
https://inspirehep.net/search?p=find+EPRINT+hep-ex/0605075
https://doi.org/10.1103/PhysRevLett.97.162001
https://arxiv.org/abs/hep-ex/0606051
https://inspirehep.net/search?p=find+EPRINT+hep-ex/0606051
https://doi.org/10.1007/JHEP12(2013)090
https://arxiv.org/abs/1310.2538
https://inspirehep.net/search?p=find+EPRINT+arXiv:1310.2538
https://arxiv.org/abs/1703.09086
https://inspirehep.net/search?p=find+EPRINT+arXiv:1703.09086
https://doi.org/10.1103/PhysRevD.58.094009
https://arxiv.org/abs/hep-ph/9804363
https://inspirehep.net/search?p=find+J+%22Phys.Rev.,D58,094009%22
https://doi.org/10.1103/PhysRevLett.98.011801
https://arxiv.org/abs/hep-ph/0608328
https://inspirehep.net/search?p=find+J+%22Phys.Rev.Lett.,98,011801%22
https://doi.org/10.1103/PhysRevD.91.116007
https://arxiv.org/abs/1412.1899
https://inspirehep.net/search?p=find+J+%22Phys.Rev.,D91,116007%22
https://doi.org/10.1103/PhysRevD.40.1513
https://inspirehep.net/search?p=find+J+%22Phys.Rev.,D40,1513%22
https://doi.org/10.1103/PhysRevD.93.056008
https://arxiv.org/abs/1601.04241
https://inspirehep.net/search?p=find+J+%22Phys.Rev.,D93,056008%22
https://doi.org/10.1103/PhysRevD.55.1697
https://inspirehep.net/search?p=find+J+%22Phys.Rev.,D46,1042%22
https://doi.org/10.1103/PhysRevD.48.4188
https://arxiv.org/abs/hep-ph/9304286
https://inspirehep.net/search?p=find+J+%22Phys.Rev.,D48,4188%22
https://doi.org/10.1103/PhysRevD.50.402
https://arxiv.org/abs/hep-ph/9309265
https://inspirehep.net/search?p=find+J+%22Phys.Rev.,D50,402%22
https://doi.org/10.1103/PhysRevD.55.255
https://inspirehep.net/search?p=find+J+%22Phys.Rev.,D55,255%22
https://doi.org/10.1103/PhysRevD.91.114008
https://arxiv.org/abs/1501.04259
https://inspirehep.net/search?p=find+EPRINT+arXiv:1501.04259
https://doi.org/10.1103/PhysRevD.64.034002
https://arxiv.org/abs/hep-ph/0011337
https://inspirehep.net/search?p=find+J+%22Phys.Rev.,D64,034002%22
https://doi.org/10.1103/PhysRevD.69.074002
https://arxiv.org/abs/hep-ph/0304242
https://inspirehep.net/search?p=find+J+%22Phys.Rev.,D69,074002%22
https://doi.org/10.1103/PhysRevD.93.114002
https://arxiv.org/abs/1512.09223
https://inspirehep.net/search?p=find+J+%22Phys.Rev.,D93,114002%22
https://doi.org/10.1016/j.physletb.2015.08.048
https://arxiv.org/abs/1501.00646
https://inspirehep.net/search?p=find+J+%22Phys.Lett.,B750,82%22

[32]

[33]

[34]

[35]

M. He, X.-G. He and G.-N. Li, CP-Violating Polarization Asymmetry in Charmless
Two-Body Decays of Beauty Baryons, Phys. Rev. D 92 (2015) 036010 [arXiv:1507.07990]
[INSPIRE].

M.J. Savage and R.P. Springer, SU(3) Predictions for Charmed Baryon Decays,
Phys. Rev. D 42 (1990) 1527 [INSPIRE].

M.J. Savage, SU(3) wiolations in the nonleptonic decay of charmed hadrons,
Phys. Lett. B 257 (1991) 414 [INSPIRE].

G. Altarelli, N. Cabibbo and L. Maiani, Weak Nonleptonic Decays of Charmed Hadrons,
Phys. Lett. B 57 (1975) 277 [INSPIRE].

[36] W. Wang, Z.-P. Xing and J. Xu, Weak Decays of Doubly Heavy Baryons: SU(3) Analysis,

[37]

[38]

[39]

arXiv:1707.06570 [INSPIRE].

C.Q. Geng, Y.K. Hsiao and Y.-H. Lin, Non-leptonic two-body weak decays of A.(2286),
arXiv:1708.02460 [INSPIRE].

S. Fajfer, P. Singer and J. Zupan, The Radiative leptonic decays D° — ete™ vy, utu= in the
standard model and beyond, Eur. Phys. J. C 27 (2003) 201 [hep-ph/0209250] [INSPIRE].

H.-n. Li, C.-D. Lii and F.-S. Yu, Branching ratios and direct CP asymmetries in D — PP
decays, Phys. Rev. D 86 (2012) 036012 [arXiv:1203.3120] [INSPIRE].

— 25 —


https://doi.org/10.1103/PhysRevD.92.036010
https://arxiv.org/abs/1507.07990
https://inspirehep.net/search?p=find+J+%22Phys.Rev.,D92,036010%22
https://doi.org/10.1103/PhysRevD.42.1527
https://inspirehep.net/search?p=find+J+%22Phys.Rev.,D42,1527%22
https://doi.org/10.1016/0370-2693(91)91917-K
https://inspirehep.net/search?p=find+J+%22Phys.Lett.,B257,414%22
https://doi.org/10.1016/0370-2693(75)90075-1
https://inspirehep.net/search?p=find+J+%22Phys.Lett.,B57,277%22
https://arxiv.org/abs/1707.06570
https://inspirehep.net/search?p=find+EPRINT+arXiv:1707.06570
https://arxiv.org/abs/1708.02460
https://inspirehep.net/search?p=find+EPRINT+arXiv:1708.02460
https://doi.org/10.1140/epjc/s2002-01090-5
https://arxiv.org/abs/hep-ph/0209250
https://inspirehep.net/search?p=find+J+%22Eur.Phys.J.,C27,201%22
https://doi.org/10.1103/PhysRevD.86.036012
https://arxiv.org/abs/1203.3120
https://inspirehep.net/search?p=find+J+%22Phys.Rev.,D86,036012%22

	Introduction
	Formalism
	The effective Hamitonian
	The (charmed) baryon states and mesons

	Semileptonic charmed baryon decays
	Non-leptonic charmed baryon decays
	The two-body B(c)**(('))-> B(n)**(('))M decays
	The doubly charmed B(cc)-> B(n)**(('))M(c) and B(cc)-> B(c)**(('))M decays
	The triply charmed B(ccc)-> B(cc)M and B(ccc)-> B(c)**(('))M(c) decays

	Discussions
	Semileptonic charmed baryon decays
	Non-leptonic charmed baryon decays

	Conclusions

