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Abstract Baryons with three heavy quarks are the last
missing pieces of the lowest-lying baryon multiplets in the
quark model after the discovery of doubly heavy baryons. In
this work, we study nonleptonic weak decays of triply heavy
baryons QFF, €, Qjcb, and Q?bb. Decay amplitudes for
various processes have been parametrized in terms of the
SU(3) irreducible nonperturbative amplitudes. A number of
relations for the partial decay widths can be deduced from
these results that can be examined in future. Some decay
channels and cascade decay modes which likely to be used
to reconstruct the triply heavy baryons have been also listed.

1 Introduction

Triply heavy baryons which consist of three heavy c or b
quarks are of great theoretical interests since they refrain
from light quark contaminations. Being baryonic analogues
of heavy quarkonium, the study of triply heavy baryons
can help us to better understand the dynamics of strong
interactions and would yield sharp tests for QCD. Besides,
these baryons also provide particular information on the
three body static potential. Previous studies on triply heavy
baryons mainly concentrated on spectroscopy, relevant theo-
retical tools such as nonrelativistic constituent quark model
(NRCQM) [1], potential nonrelativistic QCD (pNRQCD)
[2], and the QCD sum rule (QCDSR) [3] have been developed
to investigate the nature of these baryons.

In the past decades, hadron spectroscopy has experienced
a continuous progress. Since 2016, the BESIII Collabora-
tion has reanalyzed the singly charmed baryon decays with
higher precision [4,5]. One milestone for the doubly charmed
baryon spectroscopy is the discovery of E} by the LHCb
Collaboration [6,7]. Afterwards, baryons with three heavy
quarks are the last missing pieces of the lowest-lying baryon
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multiplets in quark model, with this in mind, it is timely and
meaningful to analyze triply heavy baryon on both theoret-
ical and experimental sides at this stage. The flavor SU(5)
group includes all types of baryons containing zero, one,
two or three heavy quarks. One should note that the differ-
ences of quark masses break the flavor symmetry, the larger
the group, the bigger the amount of breaking. The masses of
three light quarks u, d, s are much smaller than the masses of
c and b quarks, this makes the flavor SU(3) symmetry basi-
cally maintained in weak decays of heavy baryons. How-
ever, the SU(5) group algebra helps us identify the triply
heavy baryons which are interested in this paper. As an exam-
ple, two sets of corresponding baryons projected along the
u,d,s,candu,d, s, b quarks are depicted in Fig. 1.

The production of triply heavy baryons is difficult and no
experimental signal for any of them has been observed yet.
The production rate of triply heavy charmed baryon in e™e™
collision has been estimated to be very small [8], however,
a recent investigation finds that around 10* — 10° events
of triply heavy baryons can be accumulated for 10 f5~!
integrated luminosity at LHC [9]. The heavy quarks can
be produced via gg fusion and quark—antiquark annihila-
tion at hadron colliders. LHC and the future high luminosity
LHC provide us a good chance to discover these triply heavy
baryons. LHC has helped us find out doubly heavy baryon,
undoubtedly, it will provide a sustained progress in heavy
baryon field as well as the breadth and depth necessary for a
vibrant research environment.

Many studies about the triply heavy baryons can be found
in the literature [9-21], however, despite the great progress,
little attention has been paid to the decay properties. Various
types of weak decays of triply heavy baryons occur, but unfor-
tunately, a universal dynamical (factorization) approach has
not be established yet. There are several distinct energy scales
involved in the weak decays of triply heavy baryons which
make the systematic factorization unavailable at present,
these are the mass m of heavy ¢ or b quark, the momen-

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1140/epjc/s10052-021-09729-x&domain=pdf
mailto:fhuang@sjtu.edu.cn
mailto:xuji_phy@zzu.edu.cn

976 Page2of 11

Eur. Phys. J. C (2021) 81:976

Fig. 1 Baryons with spin 3/2
made from four quarks of the
typesu,d,s,c(a)and u,d, s, b
(b). Triply heavy baryons €2F
and 2, are localized in the
highest layers

Qb

tum of the heavy quark mv, the off-shell energy of the heavy
quark mv?, and the energy of light hadron in the final state.
This poses an obstacle for us to predict the decay width of
triply heavy baryons. On the other hand, the approach of fla-
vor SU(3) symmetry allows us to relate decay modes in the b
and c-hadron decays despite the unknown non-perturbative
dynamics of QCD [22—48]. In this work, we consider non-
leptonic decay channels of triply heavy baryons by utiliz-
ing flavor SU(3) analysis, it is an extension and supplement
of a series of previous works. Reference [46] has discussed
semileptonic and nonleptonic decay modes of QFF, Qs
Qjcb and ngc. Beyond these modes, several two-body and
some three-body decay which are not covered in previous
work would be considered in this work. The experimental
data of the doubly heavy baryon E " indicated that the decay
modes of this particle are not saturated by two-body inter-
mediate states. One may naturally expect this would happen
to the triply heavy baryons, some CKM allowed three-body
decay processes of QT considered in this paper might be
helpful for finding this particle in future. Certain particular
interesting signature modes of triply heavy baryon decays
such as QT — Q_ + 37" will be discussed in the frame
of SU(3) analysis. The main motivation of this work is to
provide some suggestions which may help experimentalists
find triply heavy baryons in future.

The present manuscript is arranged as follows. In Sect. 2,
we present the irreducible forms of baryon and meson states
under flavor SU(3) symmetry. In Sect. 3, nonleptonic decays
of triply charmed baryon Q7.F, triply bottom baryon Q,,,
the mixed triply heavy baryons Qjcb and ngc will be studied
in order. A short summary is given in the last section.

2 Particle multiplets

In this section, we will collect the representations for hadron
multiplets under the flavor SU(3) group. The best determi-
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nation of the magnitudes of CKM matrix elements and the
Cabibbo parametrization will be also presented.

We start with the baryon sector. The initial triply heavy
baryon singlet is given by

- + 0
(Qj—c-f) 4 (beb) ’ (Qccb) ’ <thc) . (1)
The doubly heavy baryons are an SU(3) triplet:
=++ =+ g0
See “be “bb
Tee=| EL |, Toe=|E) |, Tv=|Ep
0 —
Qf 2pe 2y
(2)

Singly charmed baryons with two light quarks can form an
antitriplet or sextet which are

+ =+
0 AfE
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Lyt Lot
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Light baryons made of three light quarks can group into an
SU(3) octet and a decuplet. The octet has the expression:

LEO—F%AO »+ p

V2 NG
- _ 1 50 1 A0
) ﬁZ +J6A n

2" =0 /240

The indices of the decuplet is symmetric, it can be written in
a compact form,

Ty _C)
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For the meson sector, the light pseudoscalar mesons form
an octet:
0

3—5 + 3—% at K+t
0
Mg=| == —-Z-4+-L KO |. (6)
K~ ﬁko v —2 18
J6

We note that the 7 in our calculations is only considered as a

member of octet, while the singlet 11 is not considered here

to avoid the octet-singlet mixture complexity. The charmed

and bottom mesons form similar SU(3) antitriplet,

D =(D% p* D). B=(8"B.B). @
Here we also present the best determination of the mag-

nitudes of the CKM matrix elements [49]

matrix elements. Tree operators of charm-quark decays into
light quarks are categorized into three groups: Cabibbo-
allowed, singly Cabibbo-suppressed, and doubly Cabibbo-
suppressed,

¢ — sdu, c—>ud_d/§s, c— dsu. (10)

These tree operators transform under the flavor SU(3) sym-
metry as 3® 3® 3 = 3® 3 ® 6 & 15. Thus the effec-
tive Hamiltonian can be decomposed in terms of a vector
Hj3; a traceless tensor antisymmetric in upper indices, Hg; a
traceless tensor symmetric in upper indices, His. The rep-
resentation H3 will vanish as an approximation by taking
V¥ Vua = =V} Vus = —sinf. [44]. The nonzero compo-
nents of hadron-level Hamiltonian are listed below:

(Hp3' = —(Hp) =1, (Hi5)3' = (Hi5))* =1,
Cabibbo allowed ;

(Hg)3' = —(Hg)y® = (Hg)y)> = —(Hg)3' = sin6,
Singly Cabibbo suppressed ;

(Hi5)3! = (H15)3® = —(H15)3 = —(H)5)3! = siné,,
Singly Cabibbo suppressed ;

(Hp)3' = —(Hg)y* =sin® 6., (Hys)3' = (Hys)y> =sin 6,

Doubly Cabibbo suppressed . (11)

[Vud! Vsl Vsl 0.97370 £ 0.00014  0.2245 £ 0.0008  0.00382 +£ 0.00024
[Veal 1 Ves| Vel | = 0.221 £ 0.004 0.987 £0.011 0.0410 £0.0014 | , 8
[Vial | Visl Vil 0.0080 +0.0003  0.0388 = 0.0011 1.013 £0.030

and the Cabibbo parametrization formalism

|:Vud VMS:| _ |: cosf. siné, i| ©)
Vea  Ves —sinf. cos6. |’
to make the following discussions more comprehensible.
To depict the processes of various decay modes under
the frame of flavor SU(3) analysis, we need to construct the
hadron-level effective Hamiltonian in addition to the repre-
sentations for initial and final states which have been listed
above. It is necessary to point out that a hadron in the final
state must be created by its antiparticle field. For instance,
for a X1+ appearing in the final state, we need the /" in
the Hamiltonian. The construction of hadron-level effective
Hamiltonian will shown in the next section.

3 Nonleptonic decays of triply heavy baryons

3.1 Nonleptonic Q7+ decays

cee

We start with the nonleptonic QF} decays. We have

neglected penguin contributions in charm-quark decays
since they are highly suppressed by the relevant CKM

For Q1 decays into two D-mesons and a light baryon,

the corresponding Hamiltonian can be constructed as
Hey = a1t eiji(T){ D' D" (Hg),,
i .
+axQf;teij(Ty)fD D" (Hg)m
+az QZ’I&jk(TS)f‘Ble (Hys)i!

ey ij
+a4Q} 5 (T0)ijD D (His), .

cee

12)

Where the g;’s are SU(3) irreducible nonperturbative ampli-
tudes. The first three terms in Eq. (12) denote the light baryon
containing in the final states belongs to SU(3) octet, the last
term denotes the light baryon in SU(3) decuplet. Feynman
diagrams for these modes are given in Fig. 2. Decay ampli-
tudes for various channels can be deduced from the Hamil-
tonian in Eq. (12), and are collected in Table 1 (light baryon
in octet) and Table 2 (light baryon in decuplet).
A few remarks are given in order:

1. The initial state 7 is flavor SU(3) singlet, thus has
no index to connect to the final states and Hg s, this is a
unique property comparing with previous works on weak

decays of singly and doubly heavy baryons.
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C
D
Qs Y ® T3/ T
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Fig. 2 The Feynman diagrams for Q'+ decays into two D-mesons
and a light baryon (octet or decuplet)

cee

2. Tables 1 and 2 are arranged according to the decay ampli-

tude’s dependence on sin ., ¢ — s transition is propor-
tional to Vs ~ 1, while ¢ — d transition has a Cabibbo
suppressed CKM matrix element Vg ~ 0.2.

. A number of relations for decay widths can be readily
deduced from Tables 1 and 2,

r@Qtt — p’nfzh =r@ll - pto'p),
rQtt - p*ptn) =@ - by DFEY),

cce cece

rQ - p’nfah)y =r@ti -

= QT - D Df "),

cce

rQtt - p'ptat) = r(sz++ — D'DFxh)

cce cce

DDA

F(szjj — D DFE").
(13)

cce

= 51“(52++ — DtDTA%) =

. Current researches about weak decays of doubly heavy

baryon concentrate on two-body modes and there are
few studies on decay modes of triply heavy baryon
[50-56]. In terms of quasi two-body decay approach
as well as the idea of quark—diquark correspondence,
the transition Q/f — Tg/10 D D might be related to
B — D*D — M D D.For B — D* D, the branch-
ing ratio may reach several percent and most of D* would
decay to D-meson plus a light meson [49,57]. There-
fore BR(B. — M D D) may reach percent level. Take
the smallness of V,;, into consideration, it is plausible to
expect BR(QIE — Ty 10 D D) at the same level.

cee

However, it is necessary to point out that the above rela-

tionships between decay widths are obtained in the flavor
SU(3) symmetry limit, in which the mass differences between

r@tt - p’ntst) = F(Qj; DtDTE0),
rQ - b™pfA% = g1“(ij — DFIDTEY),
r@tt - ot =r@tt - pfpte’

=T(QT > D*DTEY),

cece

Table 1 Amplitudes for Q}
decays into two D-mesons and a

light baryon (octet)

Table 2 Amplitudes for Q7
decays into two D-mesons and a
light baryon (decuplet)

@ Springer

final state hadrons have been ignored. Although the influence

of identical particles on phase space integration has been con-

sidered, these relationships will be modified when calculating

the

kinematic corrections. Besides, the hadronization pro-

cesses whose information contained in different decay con-

Channel Amplitude Channel Amplitude
Qi - D'DTET —a+2a —a3 Qft — DTDTA° \/§<_a, +2a + 3a3)
Qi — D*DTx0 V2(ar — 2a; + a3) Qit - DtDfE 50 —ay +2a; +as

Qtt D0D+p

cce

Qi > DD

cce

(a1 — 2ap + a3) (—sin6,)
2 (—ay 4+ 2ay + a3) sin 6,

Q- pOpFx+t

cece

Qft — DTDFA°

cce

(a1 — 2a3 + a3) (—sin6,)

(a1 —2ax+3a3) .
== 6in 6,
NG ¢

Qtt - ptpfs0  lw2adia) ‘232;3"3) sin @, Qtt > DIDFEY  2(—ay +2a; + a3) sin6,
Qft - DD p (a1 — 2a3 + a3) sin® 6, Qft — DtDin (a1 — 2ay — a3) sin” 6,
QFF — DI DFA° —\/g (a1 — 2a») sin? 6, Qf+ — DiD}x0 —24/2a3 sin? 6,

Channel Amplitude Channel Amplitude
Qft - DOp+yt 2 Qft - DDt \/§a4
Qi+ — DFDTE" %

Qit » DOptat 2}3* sin 6, Qit » pOprxt ng sin 6,
QFF — DTDTA° —4% sin 6, Qf+ — DFDFE? ‘i;’% sin 6,
Qift — DODFAT 2% sin” 4, Qit - DFDTA0 2;% sin” 4,
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stants and form factors would also affect the relationships
derived in this paper. Once the mass of Q. is experimen-
tally measured in the future, a rigorous analysis would be
necessary.

Particular decay processes of Q} in the detectors can
be used as signatures to reconstruct this triply heavy baryon.
The ground states of triply heavy baryons can decay only
through the weak interaction. An interesting decay mode has

been proposed by Ref. [9]:

Qs of +at - ot - Q 437",

(14)

With this cascade mode, Q! finally decays to Q5 + 37+
and every step is Cabibbo-allowed. Having the results of pre-
vious works at hand [19,44,46], we can write down other
Cabibbo-allowed cascade modes of Q% which might be
useful for finding this triply heavy baryon. They are col-
lected in Table 3. All the processes shown in this table can be
categorized into color-allowed external W-emission, color-
suppressed internal W-emission and sum of these two. The
most color-favored cascade decay mode has been presented
in Eq. (14), other relatively color-favored processes are
Q5 B 4K > e+ K 4t

S 298+t £ K,
Ot 5 Qf 47t 5 QY 427t —» B0/E°

cce ccs CcSS
—0
+2rt + K,

++ + + =+ =t +
Qe = Qg +7 = ES /B +m

4K’ 5 080y ot + K. (15)

3.2 Nonleptonic €2,,, decays

For the bottom-quark decay, we can categorize the quark-
level transitions into four kinds,

b — ccd/s b — cud/s, (16)
b—ucd/s, b— qqq.
We will study €2,,, — Tpc B and 2, — Tp B M for
the first quark-level transition b — ccd/s case. For the
second b — cud/s case, decay modes ,,, — Tj B,
Q= Tpe BM and Q,,, — B B Tcé/s will be discussed.
The b — ucd/s is highly suppressed by the corresponding
CKM matrix elements as illustrated by Eq. (8), therefore it
is not considered in this paper. For the last b — ggq case,
the decay modes €2,,, — B B Tg;19 would be analyzed.
The transition operator b — ccd/s can form an SU(3)
triplet with (H3)> = V!, and (H3)3 = V7, one has the

cs?

Table 3 Cabibbo-allowed cascade modes of 1+

Channel

Cascade

Channel

Cascade

A+t 4 3K°

ZL‘.L‘L + 2?0—>

+EO—>

++
EL

—
=

++
QCCC g

Qi+ 3zt
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0

+rt—

+
QCCX

++
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bolax +2?O+n+

—>

0

T 42K

+EO—>

=++
See

++
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0 4ot 4 KO

=
=

+2rt—
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0

+rt—

+
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Q
Q

++
Q cee g

E++2E0+n+

—>

0

T 42K

+f0—>

++
B

042t 4+ K° Qft— E

=
=

+2rt—

0
css

+ +
ccs trnt—

++
Q cce -

>t 4+t 4—2?0

+ K 4t

/5t

/-
i

—I—fo—)

++
SHee

—
©
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>t 4+t 4—2?0

t/EF frt+ K

I+

c

=
[l

+ +
ccs +trnt—

++
QCCC -

04 ort + K

=
=

+K
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=+
EL
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=++
Hee

++
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=
=
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++
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Fig. 3 Feynman diagrams for b
Q,,,, decays into a doubly heavy
baryon Tj,, plus a B, meson and b
a light The
ght meson The
Qyp Qi
M
B. B,
b
Table 4. Amplitudes for €2 Channel Amplitude Channel Amplitude
decays into 7j. and a B, meson
lus a light mes - o
plus a light meson Q5 — 52030 by ViV
_ . _ - baVep V2
Qyy, — Epm Be by Vep Vi Qy, — Ep70Be 5
_ - by Ve Vi _
Q. = EpenBe * \/% Q. = KB baVep Ve

Hamiltonian for €2,,, decays into a doubly heavy baryon
Tpe, plus a B, and a light meson:

Hep= b1, (The)i Be(H3)' + b2, (Toe)i B-Ms (H3)! .

a7

The relevant Feynman diagrams are presented in Fig. 3.
Decay amplitudes for different channels are obtained by
expanding the above Hamiltonian and are collected in
Table 4. These lead to the relations for decay widths:

- =0 _0 1 - _t _—
L(R2p,, = Epem Be) = EF(beb — &, Be)

1 — — —
= 5T — Q).K°B.) = 30(2;,, — Ep.nBe).

(18)

The transition operator b — ciid /s forms an SU(3) octet
Hg with nonzero entries

(H)} = VeV, (Hg) = Vap Vi . (19)

Thus, we have the effective Hamiltonian for €2,,, decays
into a doubly heavy baryon T}, plus a B-meson and a light
meson:

Her = 125y, (Tre)i B! (Hg)'; + €22, (Toe)i B’ MIZ(HS)IJC'
+¢32,, (The)i B’ M} (Hg)"
+C4Q[;bb(7bc)iﬁj M;((HS);( (20)

The Feynman diagrams for these decays modes are given
in Fig. 4. Expanding the above equations, we will obtain the
decay amplitudes given in Table 5, which lead to one relation

@ Springer

for decay widths:
- - | —0__
F(Qy,, — B ) = ST (€ =~ QB 7). 2D

The quark-level transition operator for €2,,, decays into
two B-mesons and one singly charmed baryon (antitriplet
or sextex) is also b — cud/s whose nonzero entries have
been already shown in Eq. (19). The effective Hamiltonian
is derived as

Her = di Q;;,;,El B’ (ch)[ik](HS)];
+d22,,,B' B’ (Te6)jin) (Hy)’; . (22)
The Feynman diagrams for these decays channels are given

in Fig. 5 and the decay amplitudes are collected in Table 6,
the relations of different decay channels are presented below:

_ o _ =0
r(Q;,, — B"B"A}) =2I'(Q;,, — B B,E)),

- R - —50
rQ,,, —» B"B &) =2I'(Q,,, > B B &),

— o — =0, -
r(Q,,, - BB~ 35 =2rQ;,, > B,B"EL)

=12, > B B'%Y),
rQ;,, — B~ B E.") =2I(Q;,, > B B &)
=1(Q,,, > B B.QY). (23)
For the last kind of quark-level transition b — ¢gq, we
will study the decay modes €2,,, — B B Tg,10. The charm-

less b — ¢ /s transition is depicted by the weak Hamiltonian
HL’.W. ’

Hw. - T =
e. «/5

{vubvjq [cl 0™ + ¢, 03“]
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Table 5 Amplitudes for €2,,, Channel Amplitude Channel Amplitude
decays into a T, and a B-meson
and a light meson @, = EpB” ctVer Vi R, = B c1VenViis
Q,, > ELB ™ (c2+¢3) Vb Vi, Q,,, > LB K~ (c2 +¢3) Vep V&
Qpp, = Ep B - (53762%% = 2, > 8.8 K e3Ven Vi
- g0 B- steVer Vy, - =0 70—
Qpp, = Epe BTN v @y = EpB T (c2+ca) Vap Vi
_ 0 =0 _ 0 50
Q;,, > EYB K Ve Vi Q;,, = &) B.K VeV,
- _ W Vep Vi - _
Q;,, = Q) B~x0 v, 2 Q;,, = QO B~ K° Ve Vi
_ _ —2e3)Vep Vi _ —0__
Qpp, = BN “ Cj/)g - Q> BT caVen Vi
Q- — Q0 Bn Vep V* Q. —» Bk~ ) Vi V7
bbb > S8 BT 2VebViyg bbb > S2pe By (c2 +ca) Vep Vi

b
o I
U © y
B

Fig. 4 Feynman diagrams for €,,, decays into a doubly heavy baryon T, plus a B-meson and a light meson

b
B
_ b
o X U T/ T
b B

Fig. 5 Feynman diagrams for €2,,, decays into two B-mesons and a
singly charmed baryon (antitriplet or sextet)

where the explicit expressions for O; can be found in Ref.
[58]. Penguin operators in Eq. (24) are not suppressed, they
behave as 3 representation in the SU(3) group,

(H3)> =1 (for AS =0,i.e.,b — d case),
(Hz)? =1 (for AS=1,i.e.,b — s case). (25)

Tree operators can be decomposed in terms of a vector Hz,
two traceless tensors Hg and Hy5 whose nonzero entries are

12 21 23 32
(Hg)," = = (Hg), = (Hg);" =~ (Hg)y =1
0 2(Hi5);" =2 (H15)7 = =3 (H15)5
=—6(H5)3 = —6 (Hi5)3* = 6.
~VipVy | Y Ci0; | § + He., (24) (Hi5)s (His)s
i (for AS =0,i.e.,b — d case) (26)
Table 6 Amplitudes for €2,,, Channel Amplitude Channel Amplitude
decays into two B-mesons and a
smgly charmed baryon Ql:bb > BfoAj» 2d1 VL‘b Vu*d Q}:bb -~ B B~ EZL 2dl VL‘h vu*s
(antitriplet or sextet) a 0 . B 0y .
beb — B"B E; d\Vep Vi thb — B" B E, —d VebViy
Q;,, = B B %} V22 Vep VY Q;,, —> BB EL N2dyVep Vi
Qpp = B_EOEg dVer V), Qo — BB g D Ver Vs ‘i‘%v:"
_ _=0 VeV _ _=0
Q,,, — BB, EL i Qp,, — BB, d2Veb Vs
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Table 7 Amplitudes for €2;,, decays into two B-mesons and a light baryon (octet)

Channel Amplitude Channel Amplitude
_ o _=0
Qppp =~ B"B7p 2= f3+2fa+3f5) Qpp > BB n = f+2fa-=5f
Qupp = B*E?AO w Qy,, — B*Ef)jo _w
_ —0—0 —0—0
Qppp = B ByET —f=f3+2fa+ fs Q,,, = B,B,E” U=fr— 42 1+ f5)
- o , . X _50 p X
Q;,, — B~ BTt A=+ f—2f] = 3fD) Q;,, — B-B'AY NEXG Y/
- _—=0 , _=0
Q,, > B"B x° V2(f;+13) @, — BB, & —H+ -2+ 5]5
- —0—0_ 050 X
$ppp, > B B'X 2h+ =205 Sy, > BB E hL+ =201
Fig. 6 Feynman diagrams for b b
;) decays into two B-mesons B B
and a light baryon (octet or
decuplet)
- — b t
Dy & Ty/Tho oy X T3/ T
B B
b b
(Hg)," = — (Hg),' (H6) = (Hﬁ) =1
— — — _=0 — ]
2 (His)y? 2(H15) = 3(H15) r(Q;,,, —» B B A% =2I'(Q;,, > B B,%"),
= —6(Hi5)3" = —6 (H)5)3°

(for AS = l, i.e.,b — s case)

Thus, for €2,,, decays into two B-mesons and one light

baryon (octet), the effective Hamiltonian is given as
Her = f1Q,B' B eiju(Ts)f (Hy)!
+ 9y, B B eiju(Ty)} (H3)
+ /32, B B eiju(Ts)f (Hoh
+f4Q;bb§m§lsijk(Ts)f‘(Hg g
+ /52, B B eiju(Ts)f (His)i

Similarly, the decay amplitudes are obtained and collected in

27)

(2, > B B,x) = 2r(sz;bb —~ BB,

r;,, —» B B ) = EF(Q;M, — BYB~E"),

_ —0—0 2 _ —0-=0__

I'(Q,,, > B B;E7) = 3T @y, > ByBQT),
3

rQ;,, — B B'A™) = ST (g = BB'Y)

—0—0

=3I (Q,,, > B,B,E"),
1

[(2, — B'B'S") = 3Ty, ~ BB &)

1
@8) = IT(y, BBLQ). 31)

A few remarks are given in order:

Table 7, the corresponding Feynman diagrams are presented
in Fig. 6. Two relations for decay widths can be read off

_ —0—=0 _ _—
r(Q,, — B B,£7) = —r(sz,,bb ET),

r(Q;,, — B B X7) =2I(%;,, — EOE? ).

[a]

1. The channels in Tables 7 and 8 are arranged according
to its quark level transition is whether b — d or b — .
Note that their CKM matrix elements which have been

(29) absorbed in the nonperturbative coefficients are different,

therefore the coefficients in SU(3) irreducible amplitudes

For the case 2;,, decays into two B-mesons and one light for the b — s transition are primed (f/ and g.).

baryon (decuplet), the effective Hamiltonian is given as

Her = 812, B' B’ (T10)ijx (H3)*
— il = ik
+822,, B B (T10)ijc(His)]

2. One can infer that the typical branching fractions are at
the order 107 through a simple analogy with the B-
meson decay data. Thus there is little chance to discover

(30) the triply bottom baryon through these decay channels,

but they can be utilized to study the direct CP asymme-

The decay amplitudes are obtained and collected in Table 8. tries once large amount of data have been accumulated

Various relations for decay widths can be deduced:

@ Springer
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Table 8 Amplitudes for €2,

g Channel Amplitude Channel Amplitude
decays into two B-mesons and a
light baryon (decuplet) _ o _ _—=0
ghtbary P Q;,, — BB~ A* VA +65) Q;,, — B B'A A+ 25
— _=0 — 050\ _
o, — B-B's" JE @i+ 20 @, — B'B'A 21— 282)
— _ _ —050 ~,—
o, — BBy’ NEXTIrS) Q,, > BYB Ve 20
_ _ _=0
Qy, > B"B7E \/fg(gﬁ +683) Q,, > BB 2" \/g(gﬁ +283)
) _ —0—0_,,_
Q,, — B~ B, 8" \/g(g/l +2¢3) Qupp —> B BY \/g(g/l —28)
_ 030 4 _ S0 o =0 4
Qpp — B B E \/;(3/1 —2g) Qppp = ByBTE \/;(3/1 +283)
—0—0 . _
Qp,, = ByBQ Z(g/1 - Zg/z)
Fig. 7 Feynman diagrams for
ng ,, decays into a doubly heavy
baryon T, and a D-meson. The
final hadron into which the
spectator ¢ quark flows is
marked with red
C
Q bb
Table 9 Cablbbo—all(ixxed Channel Channel Channel Channel
decay channels for Q7" and
CKM-allowed decay channels Qtt s pOptx+ Qtt _s ptptAD Ot _ prptxo Ot _ ptptgEo
for 527 cce cece cece cce s
bbb Qi+ > pOptyt Qi+ — DDz Q- DFDHED
- =0 - =0 p—
Qppp = EpeBe Qypp = BB
- 0 0 - ot - - =0 _0 - =0
Qppp = 2 K" Be Qppp = Epet Be Qppp = EpeT Be Qppp = Epent Be
- 0 R0_— - =t p— — - =0 p—_0 - =0 p—
Qppp = 2By Qppp = EpBT T Qppp = Ep BT Qppp = Epe BTN
— =0 -0 _ — =0 =0, — 0 p— 7270 — J——
Q. = EpB Qpp = Ep B K Qpp = %.B°K Q,,, = BTBTAY
_ _=0, _ o _ _=0 _ _=0,,
Q;,, > B~ B,&° Q,,, > BB 2} Q,,, —> B B %0 Qs — B BJEL

3.3 Nonleptonic Q;b and Q?bb decays
Most decay modes of Qjcb and ngb can be obtained from
the results of /. and Q,,, with some replacements. For
example, decays of Q:'cb induced by the charm quark can
be obtained from the ones of Q" through replacing one
charmed meson by the corresponding bottom meson, a
charmed baryon by the corresponding bottom baryon, or a
doubly charmed baryon T, by its counterpart 7p.. In addi-
tion, there is another kind of decay modes of the mixed triply
heavy baryons, i.e., the W-exchange transition which has
been discussed in Ref. [46]. Therefore we won’t explicitly
show the effective Hamiltonian for various decay modes of
Q:“Cb and Q?bb here.

As we have mentioned before, one significant advantage
of the SU(3) analysis is that it is independent of the fac-

torization details, this can be clearly revealed through, for
instance, the weak decay of ngb into a mixed doubly heavy
baryon Tj. and a D-meson. There are two possibilities in
this weak decay: the spectator ¢ quark in ngb may flow in
the final mixed doubly heavy baryon T} or interact with a
light antiquark to form a D-meson after hadronization. The
typical Feynman diagrams corresponding to these two cases
are depicted in Fig. 7. However, from the perspective of fla-
vor SU(3) analysis, there is no difference between these two
cases since the heavy ¢ quark is SU(3) singlet. As long as
one assumes the flavor SU(3) symmetry is approximately
preserved in the weak decays of triply heavy baryon, the
SU(3) transformation invariant effe_ctive Hamiltonian can be
written as Hop = 7190, (Tpe)i D’ (Hg)';.
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4 Discussions and conclusions

Based on the above analysis in Sect. 3, a collection of
Cabibbo-allowed decay channels for Q7 and CKM-allowed
decay channels for €2, has been presented in Table 9. For
the " decay, the branching fractions for the Cabibbo-
allowed processes might reach a few percent, thus presum-
ably lead to discovery of triply charmed baryon. For the €2, ,
decay, the CKM-allowed largest branching fraction might
reach 1073, which would be even much smaller when con-
sidering detecting charmless final states in experiment.

The triply heavy baryons are of considerable theoretical
interests, since they are free of light quark contamination
and can help to probe the interplay between perturbative and
nonperturbative QCD [59,60]. The observation of doubly
heavy baryon makes it more reliable to look forward the triply
heavy baryon in future colliders such as the high luminosity
LHC.

This work is an extension of previous studies, we have sys-
tematically analyzed the nonleptonic weak decays of triply
heavy baryons. Decay amplitudes for these processes have
been parametrized in terms of the SU(3) irreducible nonper-
turbative amplitudes (a;’s ~ g;’s). A number of relations for
the partial decay widths can be deduced from these results
and can be examined once we have a large amount of data in
future. We also list the decay channels of triply heavy baryons
and some cascade decay modes of QF which likely to be
used to reconstructing in experiments. It is worth empha-
sizing here, that the triply heavy baryons are still absent in
particle data booklet after the discovery of the heavy quarko-
nium J /vy over four decades. Therefore we encourage our
experimental colleagues performing searches of this kind of
particles since the reward could be high and will be a mile-

stone in hadron physics.
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