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Abstract We study the lifetime and weak decays of the
full-heavy S-wave 07 tetraquark T{%}. Using the operator
product expansion rooted in heavy quark expansion, we find
a rather short lifetime, at the order (0.1 — 0.3) x 10~ !2s
depending on the inputs. With the flavor SU(3) symmetry, we
then construct the effective Hamiltonian at the hadron level,
and derive relations between decay widths of different chan-
nels. According to the electro-weak effective operators, we
classify different decay modes, and make a collection of the
golden channels, such as T{{Lbé};} — B~ K"B_ for the charm

quark decay and T{{Eb;;} — B~ D™ for the bottom quark decay.

Our results for the lifetime and golden channels are helpful to
search for the fully-heavy tetraquark in future experiments.

1 Introduction

In the past decades, quark model has achieved great suc-
cesses in the hadron spectroscopy study. In addition to
the quark-anti-quark assignment for a meson and three-
quark interpretation of a baryon, it allows the existence of
non-standard exotic states [1-6]. Since the observation of
X (3872) in 2003 [1], many exotic candidates have been
announced on the experimental side in the heavy quarko-
nium sector in various processes [7]. Charged heavy quarko-
niumlike states Z.(3900)*, Z.(4020)*, Z,(10610)*, and
Z5,(10650)* observed by BES-III and Belle collaborations
[2-4] have already experimentally established as being
exotic, since they contain at least two quarks and two anti-
quarks with the hidden Q Q. Until now, extensive theoretical
studies have been carried out to explore their internal struc-
tures, production and decay behaviors [8-37]. Most of the
established states tend to contain a pair of heavy quark, and
thus the discovery of exotic states of new categories will be
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valuable. Fully-heavy four-quark state with no light quark
degrees of freedom is of this type and might be an ideal
probe to study the interplay between perturbative QCD and
non-perturbative QCD.

Generally speaking, more heavy quarks correspond to a
larger mass. For instance, there have been some phenomeno-
logical studies to determine the mass and the spectrum prop-
erties of the fully-heavy tetraquark bcbce, including the con-
stituent quark and diquark model [38,39], simple quark
model [40], nonrelativistic effective field theory(NREFT)
[41], QCD sumrules [42,43], and quark potential model [44].
In Ref. [41], the authors utilize the NREFT to determine the
mass with the upper bound as 12.58 GeV, consistent with the
mass calculated in the simple quark model [40]. Despite of
these studies, it is still not conclusive that whether the bche
(or its charge conjugate chcb) is above or below the B, B,
threshold. It is likely that the bcbc lies below the threshold of
the B, B, pair, which means that such a state is stable against
the strong interaction. In this case, the dominant decay modes
would be induced by weak interaction. In a diquark-diquark
model [45], the S-wave fully-heavy tetraquark state bchce can
form 0 and 2. In this paper we will mainly focus on the
lowest lying state 0, which might be assigned as a weakly-
coupled state.

In this paper, we will first use the operator product expan-
sion (OPE) technique and calculate the lifetime of the S-wave
0" bcbe. The light flavor SU(3) symmetry is a useful tools to
analyze weak decays of a heavy quark, and has been success-
fully applied to the meson or baryon system [46—61]. Though
the SU(3) breaking effects in charm quark transition might be
sizable, the results from the flavor symmetry can describe the
experimental data in a global viewpoint. To be more explicit,
one can write down the Hamiltonian at the hadron level with
hadron fields and transition operators. Some limited amount
of input parameters will be introduced to describe the non-
perturbative transitions. With the SU(3) amplitudes, one can
obtain relations between decay widths of different processes,
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which can be examined in experiment. Such an analysis is
also helpful to identify the decay modes that will be mostly
useful to discover the fully-heavy tetraquark state. Since the
SU(3) analysis is based on the light quark flavor symmetry,
thus the analytical results can work well in all states with
the same bcbce flavor constituents but with different quantum
numbers, even for those molecular states B.B.s. Generally,
the molecular states may decay against the strong interaction
than the weak interaction.

The rest of this paper is organized as follows. In Sect. 2,
we give the particle multiplets under the SU(3) symmetry.
Section 3 is devoted to calculate the lifetime of the tetraquark
state using the OPE. In Sect. 4, we discuss the weak decays
of many-body final states, including mesonic two-body or
three-body decays and baryonic two-body decays. In Sect.
5, we present a collection of the golden channels. Finally, we
provide a short summary.

2 Particle multiplets in SU(3)

The tetraquark with the quark constituents bchbe does not
contain any light quark and thus is an SU(3) singlet. Recalling
that diquark [Q Q] or [gq] live in Acolor ® Sfiaver ® Sspin
spaces, with A and S representing the symmetry and anti-
symmetry representation respectively, we find the allowed
spin quantum numbers are 1 ® 1 = 0 @ 2. In this paper, we
will mainly focus on the lowest lying state with J* = 07,
which is abbreviated as T{{E}’E};}.

In the baryon sector, we give the SU(3) representations
for baryons with different charm quantum numbers (C) or
bottom quantum numbers (B) as follows. The triply heavy
baryon With C = —3denoted as F ... can form an SU(3) sin-
glet Q. . Baryons with doubly heavy quarks(i.e. C = —2,
B,C = 1, B = 2) are supposed to be an anti-triplet(triplet)
given as

&, (cci) g, (bcu)
(Froi=| Eo@ed | F.=|&)ea |,
Q..(ce5) Q). (bes)
g9, (bbu)
Fl, = | E,,bbd) |. (1)
Q;, (bbs)

Consistently, the singly heavy baryons with C = —1 (B =
1) are expected to form a triplet(anti-triplet) and a anti-
sextet(sextet) as [62]

0 A, B,
— — =0
(Fa)uj1=| —A, 0 E, |
“E, -E 0

c
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— 1 =0 1 :/0
(Fegtijy = szc X, 75‘:‘0
1=- 170 &
Tidc Tjdc QC
0 A) EY
(P = -A) 0 B |,
—-8) -8, 0
I %22 JLE:;?
(Foe) = | 5% = 58 &)
N 2t 2, Rl 2 IS
1 =/0 1 /= QT
ol ket b

In the meson sector, singly heavy mesons form an SU(3)
triplet or anti-triplet, while the light mesons form an octet
plus a flavor singlet. These multiplets can be written as

_0
Mg = T~ —f/—%+i6 KO ’BiT= EO s
— 0 _ L
K K 2% B,
D0 B D’
pf=|bpt]|, D=|p|. (3)
Df Dy

The weight diagrams of the multiplets are given in Figs. 1
and 2.

3 Lifetime

In this section we will discuss the lifetime of T{{%}

OPE [63,64]. The decay width of 7
>

Z/ H (27)32E;

(pT—Zp»Z|<X|H|T{{§}’?>|2, @)
i A

using the
— X are as follows:

bb
Pl - x) = ](271)484

where mrp, p’;, and A are the mass, four-momentum and spin

of T{-b-’;}, respectively. The electro-weak effective Hamilto-
nian Heff is given as

ew Gr

= vic,0! +c,09) —
eff \/5 Z ¢ (C1 1 22)

vV, ) Cj0;
q=u,c j:3

®)

here, C; and O; are Wilson coefficients and operators. V's are
the combinations of Cabibbo—Kobayashi—-Maskawa(CKM)
elements. Using the optical theorem, the total decay width of

I'( {{_b_h} — X) can be rewritten as



Eur. Phys. J. C (2019) 79:645

Page 3 0of 12 645

B ap o i

(a) (b)

(©) d)

Fig. 1 The weight diagrams for the anti-charmed meson triplet, charmed meson anti-triplet, bottom meson triplet and light meson octet

(a)

® (2

(d (e)

Fig. 2 The weight diagrams for the doubly heavy baryon are given in a—c, which anti-triplet F. tobe (a), triplet Fp. to be (b), or triplet F};, to be

(¢). The singly anti-charm baryon multiplets are F .3,

(bb) 1
F(T{c_c_} —> X) = M

> (rEsmirs) ©
A
T=Imi / d4xT{He.f:f' () Herr(0)} (7

In the heavy quark expansion (HQE), the transition operators
up to dimension 6 contribute:

X |:C3 Q(QQ) + 2 (ngU/wG Q)

"o
+2°2 (0g)r (g Q»} , ®)
"o

F g shown in d, e, and the singly bottom baryon multiplets are given in f, g signed as Fy3, Fe

with Gr being the Fermi constant and Vcgy being the
CKM mixing matrix. The coefficients ¢; o are the pertur-
bative short-distance coefficients. The contribution to decay
width from the lowest dimension operator is given as

2.5

G FIy
bb}
M = X)= 3 5 S VekmlPeso
0=b.c
bb}
(00T
5 : ©)
mr
where the matrix element
bb bb
(001
(10)

2mT

corresponds to the bottom and charmed number in the
tetraquark state. The matrix elements of the bb operator and
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the cc operator give the bottom-quark and charm-quark num-

ber in the T{{ze}} tetraquark respectively given as

{bb} {bb}
(Tier 1bb| Ty
eey P et 1 2400 /my),
2mT

bb}, - bb
(Tieey 1€l Ty )

=24+ 0(/m,). (11)
2mT

The short distance coefficients c3 os have been calculated
as c3p = 5.29 £0.35, 3, = 6.29 = 0.72 at the leading
order(LO) and ¢3, = 6.88 £ 0.74, ¢3 . = 11.61 £ 1.55 at
the next-to-leading order(NLO) [63]. Therefore we expect

that the total decay width and lifetime of the T{{Eé}} tetraquark
as

(bb) (2.44 +£0.23) x 10712 GeV, LO
MTg) = { (3.97 +1.50) x 10-2 Gev, NLO * (1%
(7)) — (0.27 £0.02) x 107125, LO 13)
fec} (0.17£0.02) x 107125, NLO °

where we use the heavy quark masses m. = 1.4 GeV and
mp = 4.8 GeV. The lifetime of T{Ehg} is much smaller than
that of B, meson

T(BF) =0.507 x 10725, (14)

and in particular, their ratio is about one third.

4 Weak decays

In this section, we will discuss the possible weak decay
modes of the tetraquark. Usually, the b and ¢ quark in
tetraquark state can decay weakly. For simplicity, we will
classify the decays modes by the quantities of CKM matrix
elements.

e For the b/c quark decays into lepton pair, semi-leptonic
decay process, we consider the following groups.

b— c/ul™ vy, ¢— d/5€ V. (15)

The general electro-weak Hamiltonian for the above
semi-leptonic transition can be expressed as

G B _
Hepy = 7; [V,53'y" (1 = y5)bly, (1 — y5)ve

+VegCy(1 = y5)qlyu (1 — ys)ve] + hec.,
(16)

with ¢ = (u, ¢), ¢ = (d, s), in which the operator of
b — u/ct™ v, transition forms an SU(3) flavor triplet
Hj or singlet, with (H3’)] = 1 and (H3’)2’3 = 0. Fur-
thermore, it is easy to see that the ¢ — g£~ v transition
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forms a triplet Hs, particularly (H3); = 0, (H3)2 =

Vea, (H3)3 = Vs
The ¢ quark non-leptonic decays are classified as

¢ — 5dii, ¢ — udd/s5, ¢ — dsii, (17)

The three kinds of decays are Cabibbo allowed, singly
Cabibbo suppressed, and doubly Cabibbo suppressed
respectively. Under the flavor SU(3) symmetry, the tran-
sition ¢ — 14293 can be decomposed as 3033 =
3® 3@ 6 @ 15. For the Cabibbo allowed transition
¢ — Sdu, the nonzero tensor components are given as

(Ho)} = —(Ho)}y = 1, (Hp)3, = (H)i = 1.
(18)

For the singly Cabibbo suppressed transition ¢ — idd
and ¢ — uss, the combination of tensor components are
given as

(He)3; = —(He)33 = (He), = —(He)3, = sin(6c),
(Hi9)3; = (H3)i3=— (Hi5)T,= — (H5)3; = sin(fc).
(19)

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

(He)3; = —(Hg)}, = —sin®fc,
(H3)3, = (H)i, = —sin’fc. (20)

The b quark non-leptonic decays are classified as:

b— ccd/s, b — cud/s, b — ucd/s, b - q14293,
2D

here g1 3 represent the light quark(d/s).

The transition operator for the b — ccd/s forms an
triplet, with (H3)? = Vi, (H3)? = V. The oper-
ator of the transition b — cud/s can form an octet
8, whose nonzero composition followed as (Hg)2 =
V* . (Hg); = V' . For the transition b — ucs, the
operator can form an anti-symmetric 3 with (Hg”)13 =
—(Hg”)31 = VX plus a symmetric 6 tensors with
(He)"® = (He)?! = V. It is straightforward to obtain
the similar transition b — ucd by exchanging the index
2 — 3 and the V.; — V4 in previous transition.

The charmless transition b — q14293 (qi = d, s) can
be decomposed as3 3 ®3 =33 ® 6 @ 15, where
the triplet H3 behave as the penguin level operator. In
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(a) (b)

Fig. 3 Feynman diagrams for T[{Eb;]’}

(©) (d)

semi-leptonic decays within b/¢ quark decay. Panel a represents a meson final state, while the panel b—d

correspond with two mesons final states. In panel a, b, the quarks in initial state interact by the exchange of W boson

the AS = 0(b — d) decays, the nonzero components of
these irreducible tensors are given as

(H3)? =1, (Hp!*=—(Hp7'
= (Hg)3' = —(Hp)3* =
2(1"115)}2 = 2(1‘115)%1 = —3(1‘115)%2
= —6(Hy5)3° = —6(H}5)3* = 6. (22)

For the AS = 1(b — s) decays, the nonzero entries in
the irreducible tensor H3, Hg, H1s can be obtained from
Eq. (22) with the exchange 2 <> 3.

In the following, we will study the possible decay modes

of T{{Eb;;} in order.

4.1 Semi-leptonic T bb) decays

4.1.1 b — c/ul™ v, transition

At the hadron level, the b —> u transition can be real-
ized by the process that T decays to a anti-charmed
meson plus B, meson and Evg Following the SU(3) anal-
ysis, the Hamiltonian at the hadronic level is constructed as

T{{--l;}(Hé)iDiﬁcﬁ_v, with the coefficient a; representing
the non-perturbative parameter. For completeness, we give
the corresponding Feynman diagram at quark level shown in
Fig. 3c. It is convenient to obtain the decay amplitudes by
expanding the Hamiltonian constructed above and the ampli-
tude M(T{{Ebél;} — BOBC_Z_T)) = a1 Vyp.

For the SU(3) singlet b — ¢ transition, the final hadrons
of the many-body semileptonic decays of T{{EIEI;} can be a B,
meson, B, plus J/y, charmed meson plus bottom meson
respectively. Consequently, the Hamiltonian at the hadron
level is constructed as

Hefr = arTiom Belv +asTiom Bed /yriv

+as T DiB' v, (23)

Table 1 Amplitudes for tetraquark T{T k) decays into two mesons and
three mesons for the transition b — c€~v

Channel Amplitude Channel Amplitude
T — B0 aVep T — BJjyl™ a3V
T DB 170 sV T > D B0 asVe
Tk DS Eol Vo agVep

Feynman diagrams are shown in Fig. 3a, b. One then obtain
the amplitudes of different decay channels listed in Table 1,
from which we derive that the simple relations between

different decay widths as: F(T{{-b-l;} BOB_Z_D) =
r — p-B'15) = (@) - DB

4.1.2 ¢ — d/5L" vy transition

Similarly, one can find the allowed process in hadronic level
for the ¢ — d/s¢ v, transition. For the channels with
the B meson plus B, meson in the final state, we con-

struct the Hamiltonian as ¢ T{-b-b} (H3) B'B.iv. Then the
decay amplitudes are deduced as M (T{{Elzb EOBC_ [7v) =
c1Ved, M(T{{EIEI;} — BS B 17v) = ¢1 V. For completeness,
we give the corresponding Feynman diagram given in Fig. 3d.

4.2 T{{Eb;;} : non-leptonic multi-body decays

4.2.1 b — ccd/s transition

The operators in the transition can form an triplet under the
SU(3) light quark symmetry, and accordingly, we can write
down the effective Hamiltonian of T{{;EZ;} producing two or
three final states as follows:

Hepy = ar T (H3) Di B,
Herr = arTin (H3) DiJ /W Be + a3T,on) (H3)' D M] B,

@ Springer
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b s/d

<

ujc

®

(® (h) (@

() (k)

Fig. 4 The Feynman diagrams for T{{EI’EI;} non-leptonic decays within b quark decay. Panels a, b represent the two-body mesonic decays, two-body
baryonic decays are shown in panels j, k and the panels c—i indicate the three-body mesonic decays

+ay T2 (H3)' DiD B,

{cc}
Heps = asTom (H3) (Fee) (Fp3)i1
b}
+as T (H3)' (Fee) (F ) 1))
+a7T“} (H3) (Fbc)t cce- (24)

{cc

The corresponding Feynman diagrams are given i 1n F1g 4.
In particular, the diagrams in Fig. 4a, b represent T --} ! two-
body mesonic decays into anti-charmed and B, mesons, and
the diagrams in Fig. 4c, d denote the three-body final states
with anti-charmed meson plus B, meson and a light meson.
In addition, the a3 term in Hamiltonian with the final states
of two anti-charmed mesons plus B meson and the a4 term
with the final states of a anti-charmed meson plus B, meson
and J /v are represented in several Feynman diagrams which
given in Fig. 4e, f; g—i respectively. The two-body baryonic
processes induced from as, ag, a7 terms are shown in Fig. 45,
k. Expanding the Hamiltonian above, one obtains the decay
amplitudes which are listed in Table 2, Table 3. Besides,
the relations between the different decay widths are given as
follows.

bb -0, _ bb o
ray —D'Bin™) = 6I'(T\ — DB n)
=11 - Dy B K% =201 — DB 70,
bb R bb o
rTs — D'BK) = EF(T{{CC}} — D Bn)
=TT - D B K,
bb bb -0 . _
ras — B~ DDy =TI T2 — B,D™D;)

bb -0 =
— EF(T{{EE}} B D D),

@ Springer

bb bb -0 .
rTs — B~ D)_F(T{} — B D™ D;)

bb e U
:—F(T{L} — B,D; D),

bb -
rris - B =)
= —F(T{bb}

{cc}

=y {bb}
BeeZy) =T (Tggy = Qe By,

{bb} =" =0 {bb} —_
Iﬂ(T{EE} See = g ) - Iﬁ(T{cc} See E‘;J )

W g o
:—F(T - Q.Q),

{cc}
F(T{{.”_ﬁ} )
_F(T{_b_b} - Q8. T > 5. 8)
=TT = BoEp).

4.2.2 b — cud/s transition

The hadron-level effective Hamiltonian of two-body and
three-body decays can be constructed as

bb i
Hepy _blT{EE}}(H8)l M{B.+ b, {{55}}(H8)’J-BJDi,

bb
Heps = baTie) (Hs)iM] J /Y B + baT {5y

ée)
—I—bsT{{bb}(Hg)’ B'DiJw

Tbb}
cc}

(Hy); D' Di B,

bb i 5/
+ b T (Hs) B DiME + by T, (Hy), B D M
(bb) k
+b8T{5g} (HS)kB DiMj
+bo T (Hg) B M MY,

Herr = bio {CC}}(HB) (F VM (Fpa)ping
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Table 2 Tetraquark T{E[g;) decays into two and three mesons for the
transition b — ccd /s

Channel Amplitude Channel Amplitude
T — DB aVy T — Dy B Vg
e = D7BI/v aVy T > DIBII/Y axVs
T DD B WV T - D'DrBT Vg
T~ DD B 2avy T - D DB Vi
T D DB, WV T — DyDIB, 24V
T S D'Brn wVy T S D'BIK a3V
T > pBx0  —m T poBTRY avg
T > DBy T - Dy BIK" sV
(bb) _ 2

T — DBy

Table 3 Tetraquark T~ decays into doubly charmed baryon plus
singly bottom baryon for the transition of b — ccd/s

Channel Amplitude  Channel Amplitude
TN > B A)  —asVy T > B, &)  —asV
T — i;.a; —asV? T > Q.8 asVy
T B w) To > EEp W
T - B8, asVy o > .8 s
O T = ey asVa
Tigy = B0 @1V Tigy = BeQe @1V

+ b T (Hy)', (F )M (F ) iny

+ b1 T8 (Hg)' (Fo6) ¥ (Faa)jing

+ 13T (Hy)' (Feo) M) (F ) ity

+biaT i (Hy)', (Fee) (Fpe);. (25)

At the topological level, the relevant Feynman diagrams are
shown in Fig. 4. One derives the decay amplitudes given
in Tables 4 and 5, respectively. Accordingly, we obtain the
relations between different decay widths as follows:

r(r — Boak ™) =30 — B K n)
bb} _ _=0
- —F(T{CC} — B n K),

{bb) 0p—y _ 3 mlbb)
(T — B K°K™) = ST (Tigy

— B m ). DT — B~ Dy n°)

= -r( {“} — B'D ),

F(T{{_”_’;} — 3, ) =TT -3, %)

=20 (T — B 8.
el - e -arag - 5
= DT — B ).
F(T{{Ebab} > A, %) = 21"(7"{{_}’_’;} SEED),
r - A, gy
= ST S B0,
Tl — =7 A) =or@ - 2 g;).
F(T{{Ebi‘b} f:_ Db)

=201 — T, §)).

4.2.3 b — ucd/s transition

The effective Hamiltonian at the hadron level for T{{L-bgl;} pro-

ducing three mesons or two baryons are constructed as

Hers = 1T (He)'") D; DB,

Hes = 2T\ }(H3)[” (F13)1ij) Fece

{cc}

b
+e3 T{{aa}}(Hé){”}(Fbg){ij}Fccc. (26)

It should be noticed that the operator H3 in mesonic process
vanishs as the two antisymmetry superscripts contract with
the two symmetry anti-charmed fields. Though the Hamilto-
nian for the mesonic process follows only ¢ term, the corre-
sponding Feynman diagrams can be allowed with different
topologies given in Fig. 4g—i. One then proceed to obtain

the decay amplitudes M(T{{!’fl;} EOD_BT) = 2c1Vy,

Ma D'D-B- ) = 201V,
cesses and M(T{{bb}

éc)
Qccc) = 20V, cs’ M( {cL}

fOI' the mesonic pro-
bb
ccc) =2c2 cd’ M(T{{EE}} -
l(;)Qccc) = \/56‘3 ctl’
bb —
MTE — 80Q,.) = Vac

@@ V& for the baryonic pro-
cesses, from which we derive the equation as

bb -0 . _ . _ bb
r(r’ — D' D-B;) F(T{CC}}—>AOQCCC)
-0 . _ bb
ra - DDy BY) F(T‘} 290...)
{bb}
Fmaexﬂmygmﬂ
TR g Wl

4.2.4 b — q1g2q3 charmless transition

At the hadron level, the effective Hamiltonian for T{{-b-l;}

decaying into mesons or baryons is constructed as follows,
Herr = di T (H3) B’ D;D; + do T2 (His)i B D; D,
Heps = dsT i) (H3) M{ DB, +dyT\%) (Hg) M¥ D, B,

CC

@ Springer
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Table 4 Tetraquark T[{Eb;;}
decays into two mesons and
three mesons for the transition

b — cud/s

Fig. 5 The Feynman diagrams for T({Ebg;

Channel Amplitude Channel Amplitude
Tigy — By b1V T — K B: biVis

T — B~D- bV T — BD; bV,

T 7=/ B; b3V, Tih — K~ J/VB; b3V

T — D°DB; sV, T — DDy B bV,

T — 8D /v bV Ty — BDSI /v bsVy,

T{{Z{g;} —~ B D’ (be + b7) Vi, T[{gg;} — B DK~ (be + b7) Viis
T BDx0 by T~ DK’ b6 Vs

e 0y sy ) 5D i

T B D KO beV, T B Dy =201
7% B'p-a- (b7 +bs) V4 T B'D K- b1V

T — B'D 7 bg Vi T — B/D K~ bs Via

T Bpyn- bV, T BID; K~ (b7 + bg) V&
T > 20K~ B b T > 7 K'B; bV

T — 2B \/gbgvu’g T — KOK~B; %

T — K-yB; = 2

(b)

}

mesonic decays shown in panels a—c and two-body baryonic decays given in panel d

Table 5 Tetraquark 7
decays into singly charmed
baryon plus singly bottom
baryon for the transition

b — cud/s

@ Springer

non-leptonic decays within ¢ quark decay. The lowest allowed many-body charmed decays are three-body

Channel Amplitude Channel Amplitude
Ty — Ac €5 —b1o Vs, Ty — B 8 b1oVaa
e - Ry b Vi T =R gy G
Tiy — B 8 s Ty 5.9, buVs

B A RS
- 505 i -y s
T -7 b';‘;“*d T 3, gy ””7‘;
s ot e
L E LV, T > B0, X
T — B, &), b4V T = Be 9, bia Vi
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Table 6 Tetraquark T[{Eb;;]

Channel Amplitude Channel Amplitude
decays into three mesons
induced by the charmless by 50— p- ds — ds + 3d T p-0p- —d3+ds+5ds
b — d transition [‘;’; ¢ 3T 3 (L;-; ¢ NG
Tiy — D nB; D) T — Dy KBS d3 + dy — ds
T DD B~ (d) + 6d) ¥ - p-D-B’ 2 (d) — 2dy)
50
T — DD B, (di —2d>)
bb)
Table 7 Tetraquark T{{“} Channel Amplitude Channel Amplitude
decays into three mesons
1nduge.d by the charmless b — s T{{Eb;;} N EOK*B; dy — dy + 3ds T{(cc}] N foOBc— ds +dy — ds
transition
T - D708 V2 (dy + 2ds) T - Dy B; ~/% @~ 3ds5)
— _ 50
T - D°D; B (d + 6d>) T — DD B (di —2d>)
50
T — D DB, 2(di — 2d»)
bb
Table 8 Tetraquark T[{EE]] Channel Amplitude Channel Amplitude
decays into doubly charmed
baryon plus singly bottom T{{EbE[;] T Ag 2d7 — dg T{(gbc'[;) - Qg de +2d;
baryon induced by the b = 0 do+6d b m— e
charmless b — d transition Tize) . X 8[2 2 Tazy = BeeZp dg — 2dy
{bb} o =/ dg—2d
Tiesy = See ), Sﬁ"
bb} {ij} 5 sk {bb = e
+dsT) (Hs) Mt D; B, ra — g, zh)
{bb} bb bb = o=
Herr = doTigsy (H3)' (Fe)? (Fi)ii = 2N (T — Qo By, T (T — B )
{bb} N . bb —_
+d7T, (éc} (Hﬁ)k (Fcc) (Fb3)[t]] = _[‘( {{ZE}} Qcch ).
bb . g
+ds T8 (Hs)! (Fee) (F ) 1))
b {ij} ki - - ..
+d9T{{EE}}(H15) HFe) (Fpeiify- (27)  4.2.5 ¢ — §1q2q3 transition

In the three-body mesonic decays, the decay amplitudes are
given in Table 6 for the transition » — d and Table 7 for the
transition b — s. In the two-body baryonic decays, the cor-
responding amplitudes are listed in Table 8 for the transition
b — d and Table 9 for the transition b — s. We obtain the
relations of these decay widths given as

The effective Hamiltonian at the hadron-level for T &) bb}

pro-

ducing two or three body final states can be constructed as

follows,

Herr = [T (His)f, B B Dy,
Heff = fZTLL} (H6)[,]]M]l<B' Bc

{bb} 50— n— {bb} .
I'(T:, — B D" D7) =2I'(T=- bb —j—
o o 0 +f3 {{cc (His){y;, M{B'B..
—>BD_D_,F T~ —>B D™D
pbn ) TTe ) Hepr = FaTE8) (Holf) (F.) W (Fie
wyy _  B'p—p- bb}
- EF(TCC} Bs Ds Ds ), + fST{{“} (Hﬁ){ij}(FCG){ll}(be)k (28)
b
Table 9 Tetraquark 7, Channel Amplitude Channel Amplitude
decays into doubly charmed
baryon plus singly bottom T - B, &) 2d7 — ds T - .5, —dg — 2d7
baryon induced by the 1bb) o Py 1bb} -, de—2d
charmless b — s transition Tz = Bee EZO % Tizey = BecB) Sﬁ ’
bb - o—
T - Q.9 ds — 2do
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bb
Table 10 Tetraquark T{{EE)) Channel Amplitude Channel Amplitude
decays into three mesons for the
transition ¢ — ¢1¢243. In 70 _ p-B'p- 2 7 _ p—g0p— +
particular, the amplitudes are [‘;Z — y fi e ¢ EE
shown as Cabibbo allowed, T[{Ea} — B,n~ B L= f
singly Cabibbo suppressed, (bb) 0. ) (bb} e
doubly suppressed respectively Tey > BB D —2/1sC Teey — B™ B Dy 2fisC
bb — — s bb
T{{EE}J — B B; (fz%g)gc T{( ]) — BB —\/g(f2+f3)sc
bb =0__ e
T B'nB; (fr — f2)sC T — BKB; (fs = f2)sC
bb —50 5= bb 0,
T2 — B=B'D; 2 f1sC2 T — B~K'B; (f2+ f3)sC?
bb 50— p—
T — B'K~B; (f2 = f3) (=sC?)

Table 11 Tetraquark T([Clzl;} decays into singly charmed baryon and dou-
bly bottom baryon for the transition ¢ — ¢1¢2g3. In particular, the
amplitudes are shown as Cabibbo allowed, singly Cabibbo suppressed,
doubly suppressed respectively

Channel Amplitude Channel Amplitude
bb) | == bb) | == o

Tee) = Bc By —2/a Tea) = Be By V2S5
b} | = e by == .

Ty > N, 8y, 2fisC 1o > B. 9y,  —2fisC
{bb} SEcH bh) | =mo-

Tewy = Zc By —V2/55C Ty = B. @ V2fssC
bby | - S o—

TN > A, —2fsC? TP ST VafssC?

Here, it should be noticed that the above effective Hamil-
tonian can not lead to the two-body mesonic decays of
T{{g}. Further more, the corresponding Feynman diagrams
are given in Fig. 5. Expanding the Hamiltonian above and we
can obtain the decay amplitudes shown in Tables 10 and 11.
The relations between different decay widths are given as

) 1—-(T{bb}

{cc}

o) - Wbl -
I (T, — D™ B~ B = M(Tg — Dy B~

_ _ 1 bb _
- B 7'B7) = 3 ra — BnB),
ra — B'x B =@
NI — R, gy =TT — E, @

55}
by =
{cc} “"C bb)'

— ESK—B;)
bb
— 3. 8,) =1

5 Golden decay channels

In this section we will discuss the golden channels to recon-
struct the T b5} Our previous classifications are mainly based
on the CKM elements In principle, the amplitudes of b-quark
decay transitions suchasb — c€~ vy, b — ccsandb — cud
will receive the largest contribution as V., ~ 10~2. For the
c-quark decay, the ¢ — sdu and ¢ — 5~ v, transition has
the largest decay widths as VZ ~ 1. In our analysis, the
final meson can be replaced by its corresponding counterpart

@ Springer

with the same quark constituent but with the different J ¢

quantum numbers. For instance, one can replace a fo by
?*0

Following the criteria [65], we can obtain the golden decay
channels in Table 12.

e Branching fractions: For c-quark decays, one should
choose the corresponding channels with the transition
of ¢ — sdu or ¢ — s¢” vy, while for b-quark decays,
the process with the quark level transition b — c£~ vg or
b — ccs or b — cud should be chosen.

e Detection efficiency: At hadron colliders like LHC,
charged particles have higher rates to be detected than
neutral states. So we will remove the channels with
the final states 70, n, ¢, n, p*(— n*x%), K**(—
K*7%) and w, but keep the modes with 7%, KO(—
atn), p%(— ntn).

6 Conclusions

Although many charmonium-like and bottomonium-like
states have been found on experimental side, our current
knowledge on hadron exotics is still far from mature. The
understanding on the hadron spectroscopy can be deepen by
the study of exotic states of new categories. In this direc-
tion, the fully-heavy tetraquark T{{Eb;;} are of great interest.
In this paper, we have discussed the lifetime and the weak
decays. From our calculation, the lifetime of T{{%} is found
about 0.1-0.3 ps. We have systematically discussed the pos-
sible weak decay modes, such as two- or three-body mesonic
decays and two-body baryonic decays. Finally, we have col-
lected the golden channels of T{{Eb;;} with the largest branching
fraction and experimental detector efficiency. Certainly, the
framework and analysis can be applicable to the states with
the same quark structure bbcc. Our results for the lifetime
and golden channels are helpful to search for the fully-heavy
tetraquark in future experiments.
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Table 12 Cabibbo allowed

T({Ebc_b}} c-quark and b-quark

decays respectively Ty — BeBol™v Tee
T[{g;} — B By Tz
T — BI7v T
T — BeJ/yi™D T2
L A
T DB K- T
T — B=D= /v T
T BD K~ T
sy
T - Q.9 Y
T — T.7AY T
(A I e T
o =0

—~ B"B'D- T — B-K"B; T Bln By
Y :‘;b
— 7 BT T — B~D- T — DS
— DB 1% T — DB D T — DB
e — b} Y (bb) — =70
—~ DD B T — p~D;B T — Dy Dy By
0 (bb} _ _ (bb} 0 pe
D B K T — n=1/yB; T — p°D=B
— B D'~ T — B~D K° T B D
0 (bb) 0gp—p— N
- B,D;m T2 — KK~ B; T — DDy B;
= {bb} = - {bb} = ==
— B8, Tizy = Bee ~;70 Ty — EocEp
0 {bb} _=— {bb} —
— QbCQL“ T{Eé} — B, B T{EE] - A X,
= bb) | = e {bb} 0
- E, g T > 3, &, (I S o1
= - bb) _ == =0 b} . m0m—
— B By Tize) S Spe Tieey = EpQeec
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