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In light of the recent discovery of the Z/." by the LHCb Collaboration, we study the stable doubly heavy
tetraquarks. These states are compact exotic hadrons which can be approximated as the diquark-antidiquark
correlations. In the flavor SU(3) symmetry, they form a SU(3) triplet or antisextet. The spectra of the stable
doubly heavy tetraquark states are predicted by the Sakharov-Zeldovich formula. We find that the T, +(3)
is about 73 MeV below the BB* threshold at SET I. We then study the semileptonic and nonleptonic
weak decays of the stable doubly heavy tetraquark states. The doubly heavy tetraquark decay amplitudes
are parametrized in terms of flavor SU(3)-irreducible parts. Ratios between decay widths of different
channels are also derived. At the end, we collect the Cabibbo allowed two-body and three-body decay
channels, which are most promising to search for the stable doubly heavy tetraquark states at the LHCb and

Belle II experiments.
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I. INTRODUCTION

Up to now most hadrons found by experiments can be
well established as quark-antiquark pair and triquarks
configurations [1]. Based on the principle of color confin-
ing, the multiquark color singlet states such as gqgq
(tetraquarks) and ggqqg (pentaquarks) can also exist. On
the experimental aspect, many multiquark candidates have
been observed even though their physical figures are still
not established. The most aged of these exotic resonances
is the neutral X(3872) discovered in B* - K*X(X —
J/wrt ™) by Belle in 2003 [2]. Four years later, the Belle
Collaboration observed a charged hidden charm tetraquark
candidate, i.e., Z"(4430) [3]. In 2013, the BESIII
Collaboration discovered Z/(3900) through the channel
Y(4260) — 7~z J/w [4], which directly hadronic decays
into J/wrt, and then implies that it shall be a meson with
quark contents ccud. Tn 2015, the LHCb Collaboration
discovered two exotic baryons P.(4380) and P.(4450)
hadronic decaying into J/wp, which are candidates for
pentaquark states and shall be a baryon with quark contents
céuud [5)].
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The LHCb Collaboration have recently observed the
doubly charmed baryon Z/." in the AT K~z z" invariant
mass spectrum, whose mass is measured to be 3621.40 +
0.72(stat) &+ 0.27(syst) = 0.14(A}) MeV [6]. This discov-
ery has attracted wide attention from both the theoretical
and experimental sides in high energy physics. From the
diquark-based model, the doubly heavy quarks can provide
a static color source as the attractive diquark in the color 3
representation. The attractive heavy diquark and the light
quark in the color 3 representation then form a color singlet
hadron. Thus, it is natural to conceive the doubly heavy
tetraquark states with attractive heavy diquark and attrac-
tive light diquark. From the basic principles of QCD, the
long-distance interactions among light quarks and gluons
has a characteristic scale of the order of 300 MeV. When the
two heavy quarks attract each other and their separation is
smaller than the separation to the light quark, the two heavy
quarks interact with a perturbative one-gluon-exchange
Coulomb-like potential. When the two heavy quarks have
a large separation, the four quarks will form two weakly
interacting mesons. It is an important issue to be discussed
about whether or not the stable doubly heavy tetraquark
states exist. When they steadily exist, it is another important
issue on how to detect them.

On the theoretical aspect, the mass spectra of the
doubly heavy tetraquark states have been studied in
much of the literature [7-21]. Most of them supported
the existence of the doubly heavy tetraquark states;
however, they predicted differently the spectra of the
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doubly heavy tetraquark states in these works. The
structures of the doubly heavy tetraquark states were
also different in their descriptions. Unlike the QqQg
system which can be classified into four kinds of four
quark structures [22], the structures of the QQgg system
are relatively simple. Take the bbgg, for example. The
four quark structures may be classified into two groups:
one is treated as a bound state made of a loosely bound
BB meson pair or two far separated and essentially weak
interacting B mesons; the other one is treated as a bound
state made of a heavy diquark with color antitriplet and a
light antidiquark with color triplet.

Theoretical descriptions of doubly heavy tetraquark states
decays are few in current studies. Whether or not the QCD
factorization is valid in the doubly heavy tetraquark states
decays is an open question. An alternative and model-
independent approach is to employ the flavor SU(3) sym-
metry, which has been successfully applied into the B meson
and the heavy baryon decays [23—41]. In this paper, we will
investigate the amplitudes and decay widths of doubly heavy
tetraquark states under the flavor SU(3) symmetry.

The paper will be presented as follows. In Sec. 1I, we
classify the doubly heavy tetraquark states into a SU(3)

+ +
0 chud chus 0
_Tt ot _ +

TCC3 - chud 0 chds ’ TbC3 - Tbcud
+ + +

—Tieas _chas‘ 0 _Tbcus

triplet or antisextet according to the decomposition of
3® 3 =3 @ 6. Other related baryons and mesons are also
listed in SU(3) flavor symmetry. In Sec. III, we give the
spectra of the doubly heavy tetraquark states. Their stability
properties are essential for the discovery and will be
discussed. In Secs. IV and V, we mainly study the semi-
leptonic and nonleptonic weak decays of the stable doubly
heavy tetraquarks. The decay amplitudes are explored with
the SU(3) flavor symmetry. The ratios between the decay
widths of different decay channels are predicted. We
summarize and conclude in the end.

II. PARTICLE MULTIPLETS

Following the flavor SU(3) group, the doubly heavy
tetraquark states and their decay products can be grouped
into the particle multiplets.

In principle, doubly heavy tetraquark states with the
0Qgq are similar to the QQqq. We are focusing on the
0Q0qq states for simplification. The doubly heavy tetra-
quark (QQgq) can form a SU(3) triplet or antisextet by the
decomposition of 3® 3 =3 @ 6. The triplet has the
expression

+ + + +
Tbcud Tbcﬁs‘ 0 Tbbud Tbbﬁs‘
++ _ + ++
0 Thcds v Typz = Tbhud 0 Thhds
7+t 7t ottt
Tbcds‘ 0 T bpas Tbbd‘ 0

(1)

Since the doubly heavy tetraquark in an antisextet can usually strongly decay into the triplets and are not stable, we will not

consider them here.

When we study the weak decays of the doubly heavy tetraquarks under the flavor SU(3) symmetry, we should classify the
products. The charmed bottom baryons can form a SU(3) triplet with Fj,. = (E;(bcu), B (bed), Q) (bes)). The charmed

antibaryons are classified into a triplet and an antisextet

0 A7  EZ
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—_ =0
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Similarly, the singly charmed baryons F 5 and F.¢ can be described in the same way, whose explicit expressions can be

found in Refs. [35,38].

The antibaryons with light quarks can be classified into an octet and an antidecuplet. We write the octet as

1504 1
\/_Z \/_A
FSI 2_

p

while the antidecuplet can be written as [34,35]

S+ 5+
_ 1 50 4 1 AO =0
m Ry TN B (3)
7 —\/2A°
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FIG. 1. Flavor SU(3) weight diagrams for the triplet and
antitriplet hadrons. Panel (a) corresponds with doubly heavy
tetraquark triplet; panel (b) corresponds with the charmed bottom
baryons triplet; panel (c) and (e) stand for the anticharm mesons
triplet and the charmed mesons antitriplet; panel (d) and (f)
represent the anticharm antibaryons triplet and the charmed
baryons antitriplet respectively.

(Fm)m —A,
-
(Fp)'"? = (Frp) ™! = (Fp)*!' = = A",
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1 —
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(F10)123 — (F )132 — (Fl_)213 — (Fm)231 (Fm)312
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1 -
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I =
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The light pseudoscalar mesons belong to an octet and a
singlet. The explicit expression of the octet can be found in
Refs. [35,38]. The flavor singlet 77; will not be considered
here for simplicity. For the heavy flavor mesons, we can
write them as B; = (B~,B°, BY) and B' = (B*,B° BY).
Similarly, the charmed mesons can be written as D; =
(D, D*,D¥) and D' = (D°, D=, D;). To a summary of
the particle multiplets, we plot the flavor SU(3) weight
diagrams for hadrons with different representations in Figs. 1
and 2.

III. SPECTRA OF THE DOUBLY HEAVY
TETRAQUARKS

The wave function of a tetraquark consists of four parts:
space-coordinate, flavor, color, and spin subspaces,

lP(Q’ Ql’ q’ q_/) = R<X17X2’X37X4) ®)(f(f1’f2’f3’f4)
® x1(A1: A2, A3, Aa) @ (1,52, 53, 54),
(5)

where R(X;), x/(fi), x.(4;), and y(s;) denote the radial,
flavor, color, and spin wave functions, respectively. The
sublabels 1, 2, 3, 4 in the above equation denote Q, Q’, ¢,
q_’ , respectively.

For the two quark system, there are eight distinct diquark
multiplets in flavor ® color ® spin space. According to
the Pauli exclusion principle, the diquark-antidiquark
configuration [QQ'][ ¢'] of doubly heavy tetraquark states
only has four possible topologies'

[15(5).3£(A)) ® [3:(4).3.(4)) ® [15(5).0,(4)).  (6a)
[17(5).3£(A)) ® 6:(5).6.(S)) ®[0(A). 1,(S)).  (6b)
[17(5).6/(S)) ® [3:(4).3.(4)) ® [1,(5). 1,(S)).  (6¢)
[17(5).6/(S)) ® [6.(5).6.(S)) ® [05(A).04(A)).  (6d)

where the sublabels f, ¢, s denote the flavor, color, spin
spaces, respectively. S and A denote the symmetric and
antisymmetric properties. Each half bracket denotes the
diquark configuration. For example, |1(S),3/(A)) denotes
that the diquark [Q Q'] is the singlet in flavor space and thus
is symmetric (S), while the diquark [g ¢'] is the triplet in
flavor space and thus is antisymmetric (A). Consider that
the color sextet diquarks have larger color electrostatic
energy and thus are not a well-favored configuration, and
the odd parity diquark operators will vanish in the single
mode configuration. The diquarks |3.(A)) ® |0,(A)) and
3.(4)) ® |1,(5)) in Egs. (6a) and (6¢) are the “scalar” and
“axial-vector” diquarks, respectively, indicated as the
“good” and “bad” diquarks by Jaffe [42]. According to
Jaffe’s diquark, the good and bad diquarks have mass
splitting. Approximately, for the up and down diquark, the
mass difference between the good and bad diquarks is
around 210 MeV, and for the up and strange diquark, the
mass difference becomes around 150 MeV [42]. While for

'One should note that the two quarks and two antiquarks can
be encoded by three different ways of the color basis. One of
them is the color basis of {|3;5,334), [612, 634) }, and the other two
are {[1i3,15).(813.854)} and {|114,123),(8,4.823)}, respec-
tively. Through decomposition, the singlet-singlet and octet-octet
basis can be described by the triplet-antitriplet and antisextet-
sextet base.
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FIG. 2. Flavor SU(3) weight diagrams for the sextet, antisextet, antidecuplet, antioctet, and octet hadrons. Panel (a) corresponds with
the charmed baryons sextet; panel (b) corresponds with the anticharm baryons antisextet; panel (c) and (d) represent the light
antibaryons antidecuplet and the light antibaryon antioctet respectively; panel (e) stands for the light mesons octet.

the charm and light diquark, the mass difference is around
60 MeV [43]. One can assume the diquark mass difference
for the doubly heavy quark is around 50 MeV. Other
configurations of the diquark are “worse” diquarks. For
simplification, we will not consider these worse diquarks in
the prediction of the spectra.

The constituent quark models have a robust power to
predict hadron spectra, especially for the S-wave states. In
these quark models, the hadrons are bound states composed
of the constituent quarks. In the Sakharov-Zeldovich
formula, the interaction Hamiltonian through the color-
spin interaction is given by [42,44]

3\ CV -~ -_
—Z(-g) mom Ai‘ﬂjsi'sj', (7)

i<j

Hcolor spin

where the overall strength can be given as CV = v"/(5(r;;))

with the coupling "/ and the strength of the radial wave
function at zero separation (5(r;;)) which is dependent

on the hadron constituent quark flavors. The Z,» is the
Gell-Mann matrix for the color SU(3) group, and 5; = 6;/2
is the quark spin operator with the Pauli matrix &;. The
effects of the color-Coulomb potential and the color
confining potential are included in the fitted quark mass.
We give the matrix elements of color and spin operators in
Table L.

The parameters in Eq. (7) can be fitted by the hadron
spectra [45], which have been given in Table II. The overall

factor C"/(m;m;) can be extracted from the hadron
mass differences. From Table II, one gets the following
results: C99/m2 = 193 MeV, C*/(m,m,) = 118 MeV,
ce/(m,m,) =23 MeV, and C"/(m,m,) = 2.3 MeV
for the diquark configuration; and C99/m?2 = 318 MeV,
C%/(m,m,) = 199 MeV, C/(m,m,) = 69 MeV, C*7/
(m,my,) =23 MeV, C*/m2 =118 MeV, C*/(m;m,) =
72 MeV, C’/(mgmy,) =24 MeV, C¢/m2 =57 MeV,
and C*”/m? =31 MeV for the quark-antiquark configu-
ration. These fittings are consistent with the previous
literature [43,46-48]. The effective quark masses are
fitted as follows: m,, =305 MeV, m, =490 MeV,
m. = 1670 MeV, and m;, = 5008 MeV for SET I (fitted
from the mesons [43,46]); and m,, = 330 MeV,
my=500MeV, m, = 1550 MeV, and m, = 4880 MeV
for SET III (widely used in quark potential model [49]);
and m, ;,=362MeV, m; = 546 MeV, m, = 1721 MeV,
and m;, = 5050 MeV for SET II (fitted from the baryons

TABLE I. Matrix elements ;fi v ;5; - §; for two quarks in color
3.6,1,8 configurations.

3 6 1 8
(% 25) -3 4 -1 2
(25 5,) (s = 1) -2 ! _s )
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TABLE II.  Fitting the overall factors C%// (m;m;) from the baryon and meson spectra. The fitted results for these
factors become the following: C%9/m?2 = 193 MeV, C**/(m,m,) = 118 MeV, C//(m,m.) =23 MeV, and
Ccb/(m,m,) =23 MeV for the diquark configuration; C%9/m2 =318 MeV, C*/(m,m,) = 199 MeV,
C/(mym,) = 69 MeV, C*7/(m,m,) = 23 MeV, C**/m? = 118 MeV, C*/(m;m,) = 72 MeV, C* /(m,m,,) =
24 MeV, C¢/m? = 57 MeV, and chP /m2 =31 MeV for the quark-antiquark configuration. These fitted results

are consistent with the previous literature [43,46-48].

Mass MA_Mn ME_MA MZL._MA(, MEb_MA/;
Form. 3qu/(2m%) qu/mi - qu/(msmu) qu/mﬁ - ch/(mcmu) qu/mlzt - qu/(mbmu)
Exp. [1] 290 MeV 75 MeV 170 MeV 191 MeV
Mass M,-M, My — Mg Mp —Mp Mg — My
Form, 29 /m3 201/ (m,m,) 201/ (m.m,) 2%/ (mym,)
Exp. [1] 635 MeV 397 MeV 137 MeV 46 MeV
Mass M,-M, Mp: —Mp Mp. —Mp

Form. 205 /m? 2C [ (m my) 2CH /(mym)

Exp. [1] 235 MeV 144 MeV 48 MeV

Mass M, —M, My —M,,

Form. 2C°C /m? 20 /m?

Exp. [1] 113 MeV 61 MeV

[43,46]). For the tetraquark, it is approximate to use the
quark mass parameter values extracted from the mesons.
The spectra of the triplet doubly charmed tetraquark for

SET I are determined as
m(T" _-(3)) = 3.86 GeV,

ccid

JF=1t, (8

JP =1
©)

Above, T -(3) lies on the spectrum at about 16 MeV
below the DD* threshold and at about 120 MeV above the
DD threshold. However, the 7! -(3) is an axial-vector
meson and cannot directly hadronic decay to DD. Thus,
chmi(3) with spin-parity 17 may be a stable tetraquark,
but the situation is not optimistic if we consider the
large uncertainty from the good and bad diquark’s mass
splitting. The binding energy 16 MeV may be polished if
the good and bad diquark’s mass splitting increases
16 MeV. T/ ;5(3) and T% (3) lie on the spectrum at
about 124 MeV above the D D* threshold and at about
118 MeV above the DD threshold. These two states can
hadronic decay and thus, are not stable.

The spectra of the triplet charm-beauty tetraquark for
SET I are determined as

m(T!::(3)) = m(T% (3)) = 4.10 GeV,

ceds

m(T9 (3))=720Gev, JP=1%  (10)
JP =1+,

(11)

0
(T ez

(3)) = m(T,

- (3)) = 7.43 GeV,

In this kind, 79 _-(3) lies on the spectrum at about 86 MeV
below the BD* threshold but at about 5.8 MeV above the
B*D threshold. Thus, T(b)cm(3) can hadronically decay to

B*D and has a large decay width. T}, ;<(3) and T} - (3) lie
on the spectrum at about 56 MeV above the B;D* threshold
and at about 137 MeV above the B* D threshold. These two
states are also not stable.

The spectra of the triplet doubly bottomed tetraquark for

SET I are determined as

m(T;bL73(3)) =10.53 GeV, JP = 1+, (12)
m(Tppa5(3)) = m(T9,.(3)) = 10.77 GeV,  JF =1%.
(13)

For the bottom sector, 7', _-(3) lies on the spectrum at about
hitd

73 MeV below the BB* threshold. Thus, 7', _-(3) with spin-
parity 11 is a stable tetraquark, which shall be tested in
experiment. T,;<(3) and 79, . (3) lie on the spectrum at
about 78 MeV above the B B* threshold and at about
75 MeV above the BB threshold, which are not stable.
Considering the uncertainties from the quark masses and
the heavy diquark mass splitting, we adopt another input
for these parameters. When we adopt the quark masses with
SET II and increase the heavy diquark mass splitting by
100 MeV, we can easily get the tetraquark mass differences
and then predict the doubly heavy quark tetraquark spectra.

The mass of T _-(3) will been reduced by 90 MeV, while
T:.;(3) and T~ (3) will be reduced by 105 MeV. The

conclusions of the stability discussions of them are
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unchanged. For the triplet charm-beauty tetraquark with
SET I1, the mass of T9__-(3) will be reduced by 98 MeV,

while 79 ;+(3) and T - (3) will be reduced by 113 MeV.

bciis
Then Tgcﬁ 4(3) is about 179 MeV below the BD* threshold
and about 87 MeV below the B*D threshold, which
indicates that 79 _-(3) may be a stable state. For the triplet
doubly bottomed tetraquark with SET II, the mass of
T,,.7(3) will be reduced by 86 MeV, while T;,,:(3)
and Tgb 5(3) will be reduced by 101 MeV. Thus,
T, .+(3) becomes more stable. T},.(3) and T(z:bcig(?’)
are about 43 MeV below the B B* threshold and about
46 MeV below the BB threshold, which become stable. If
one uses the quark mass values of SET III and considers the
uncertainty of the heavy bad diquark mass, only one state
T, .7(3) is near its hadron threshold. Other states stay away
from their hadron threshold.

In Ref. [8], Karliner and Rosner predicted a stable
doubly bottomed tetraquark T (bbiid) with J¥ =11 at
10.389 £0.012 GeV. In Ref. [9], Eichten and Quigg
predicted two stable doubly bottomed tetraquarks
T(bbad) with J* = 1 at 10.482 GeV and T(bbgs) with
JP =17 at 10.643 GeV. Our work also supports the
possibility of a stable doubly bottomed tetraquark with
JP =11 at (10.45-10.53) GeV. On the other hand, Karliner
and Rosner predicted a doubly charmed tetraquark
T(ccid) with J? =17 at 3.882 4 0.012 GeV, which is
7 MeV above the DD* threshold in Ref. [8]. Our work gives

the T _-(3) state also near the DD* threshold but above

that by 16 MeV. But one should note that the theoretical
uncertainties for the doubly charmed tetraquark become
larger than that of the doubly bottomed tetraquark.

To hunt for these possible doubly heavy tetraquarks in
the flavor triplet, we will study their weak decay properties.
Their semileptonic and nonleptonic decay amplitudes can
be parametrized in terms of SU(3)-irreducible amplitudes.
For completeness, we will investigate the weak two-body,
three-body, and four-body decays of the doubly heavy
tetraquarks.

IV. SEMILEPTONIC DECAYS

A. Semileptonic Tz, decays

1. Decays into mesons and €v,

First we study the decays into mesons and £7,, where the
electroweak Hamiltonian is

ew. OF

eff _\/E

with ¢’ = u, c. The corresponding Feynman diagrams are
given in Fig. 3. The transition of b — ¢£~ i, belongs to a
SU(3) singlet, while the b — u¢~ i, transition belongs to a
SU(3) triplet and they can be described as H5 which has the
matrix elements (Hs)! =V, and (H3)*®) =0 with the
Cabibbo-Kobayashi-Maskawa (CKM) matrix element V ;.

[Vq’hC_]/V”(l —Vs)bbz}’ﬂ(l - 75)”/] +He., (14)

(d)

FIG. 3.

(b)

(e)

Feynman diagrams for semileptonic decays of doubly bottomed tetraquark. Panels (a),(b) correspond to the decays into a pair

of mesons. In panel (c), there is only one meson in the final states. Panels (d),(e) denote the decays into baryonic states. In panels (b),(c),
(e), the two bii quarks in the initial state can annihilate, but such contributions are usually power suppressed.
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TABLE III.  Decay amplitudes for doubly bottomed tetraquark 7,45 semileptonic decays into mesons.

Channel Amplitude Channel Amplitude
T;bu? - B_Djf_ﬂf a3vcb Tl:bus d B Dof I/f —daj Vcb
Tgbd- - EOD;‘Ff_I;f a3Vch Tgbd - BOD+f_l7f —a3VCb
T;b iid - B_D+I'ﬂ_17f a3VCb T;b id - B Dobﬂ l/f —daj Vcb
Channel Amplitude Channel Amplitude
Thpas = BTK €70, (as +as)Vup Typas = B'KOC 0, asVup
Tl:bl;j_‘ - B ﬂof_ﬂf - % Vub Tl:bﬁf Ed Eei’]bﬂ_ljf — % Vub
Tgbd— - BOK+{_I;K as Vub T([:hd - E?ﬂ+f_ljf —aSVM,,
Topaa = B €70, (as +as)V., T, .= B2 0, ey,
T;b iid - B ,]f I/f %Vub T;[; iid - ngof_ljf a4Vub

Except for the two three-body decay channels shown in
Fig. 3(c), i.e.,

T- —>leﬂ l/f,

— 50 o— —
bbid Typas = B3 g,

most modes involve four particles in the final states. The
semileptonic 7,3 decays can be described through the
hadron-level Hamiltonian which is written as

H = a3(Typ3) i) B'D/Cvp + ay(Typs) i (Hs) B*M;, 2z
+ as(Typa ) (H)*B'MiZvy. (15)
|

[(T5,u: = Bl 0) = —1(T°

bbds

N[ =

(T, - — B n"l0) =

[(Tyyq5 = B°K°I"0) =TT,

— BK+I5) = —F(T

Here the a;’s are the nonperturbative model-independent
parameters. The as and a5 will be present in Fig. 3(a), and
ay is related to the annihilation diagrams in Fig. 3(b).
Through the Hamiltonian, we can obtain the decay ampli-
tudes for different decay modes, which are given in
Table III.

To satisfy the SU(3) flavor symmetry, one can ignore
the effects of phase space when analyzing their decay
widths. From Table III, all six decay channels into a B
and a D meson have the same decay widths. Besides, we
can get the relations for the decays into a B meson and a
light meson:

B0+ -5
wis = Bsm D),

[(T;,.: = B-K'I79) =2I(T;, - — B°z°I"D),
(T, - — BYK°I D).

bbiid

2. Decays into a bottom baryon, a light antibaryon, and €v,

As shown in the last two panels in Fig. 3, the T3 can transit into a bottom baryon and a light antibaryon. Since the
decuplet is antisymmetric for light quarks in flavor space, the two spectator light quarks will not go into the decuplet. We

write the Hamiltonian as

H = by(Tpp3) €7 (Fs) L (H3)'(F
+ b3(Top3) 1€ (Fs)(H3)
+ b5 (Tpes) 3 ejk( 8)h
+ b7(Twi3) i

Fu)pafve + ba(Tpus) i€ (Fs)k(H3) (Fy3) g fve
K(Fp5)pnfve + ba(Thps) i€ el (Fy)i(Hy)*(F, $)gfve
(H3) (Fps) 1y Cve + be(Top3 )€™ (Fy ) (H3 ) (F

el (Fg)k(Hs)*(F b6) (ks 20 + bs(Top3) 1) (Fo) VA0 (H3)(F

){kl}?’zyf
6) (yCve- (16)

For convenience, we label the decay channels with different final states: class I for an octet baryon plus a heavy triplet
baryon, class II for an octet baryon plus a heavy sextet baryon, and class III for a decuplet light baryon plus a heavy sextet
baryon. The last type of decays can occur only through the annihilation of bit shown as in Fig. 3(c). The explicit amplitudes

can be found in Table IV.
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TABLE IV.  Amplitudes for doubly bottomed tetraquark 7’54 decays into a light antibaryon octet plus a bottom
baryon antitriplet (class I) or sextet (class II), and a light antibaryon decuplet plus a bottom baryon sextet (class III).

Class I Amplitude Class III Amplitude
Thpas =~ AN, —(2]"_4b2_\/2£3_b4)v“*’ Topis = XX 70, bx\}’_;h
Thpas = ZONGE 0, 7(%375“)‘/“/’ Topas = 220070, bs\}%ub
Typas = ETE, €70, —(b1 =2b2)V Tipas = 255670, ”8%
Typas = EVE) g (b1 =2by = 2b3 — by)V Typas = BB 0, 24V
gbd_E = ZEAD (263 +b4)V s Typas > VB, €70, 508Vup
s = ETENCTD, (2b3 + b4)V Tipas = QY Q07 0, bV
Ty, .:— A=07p, (b1—2(bz+\2/lés+b4))Vub T = Az 70, béi/_\;l,h
il = 2 BN D, _% T, .. — AZ) i, 2V
poid = = Byl 0y —(b1 = 2b2)V T, .= AYE 7, byV,p
il = TNYE T, —(by = 2by —2b3 — b))V, T, . — S8, bgfv;b
e 25V
Tpaq = ErQp i, L\}%ﬂb
Class II Amplitude Class II Amplitude
Tppas = 50225‘% —% T(zb‘k — i*ng_if %
Thpas = ZXy ¢ 70y (bs =2b — b7)Vup T = ETERC D, %
Tipas = 202000, L(=6bs + 6bg + 3b7)V T, .o~ NEY 5, &S
Typas = T E,0 70, —bsVyp T, 280, bV
Tipas = BV B, €70, —% Topaa = B0 b%h
Topis = E° B0, % Ty, o= Py, —(bs = 2bs — b7)V
Thyas = AT, 070, Boet iV T;, - — iS¢0, — Cstbe bV
oods ~ =2y € Tr % il = B0, bsV b

From them, the relations for class I decays can be found as follows:

B _ L 1
C(T s = ZOAgl ) = EF(Tgbas

bbid

_ 1
DT, = EEY0) = 5T (Tiys — E45;1°0) =

).

(T

bbiid s

The relations for class II decays become
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TABLE V. Amplitudes for doubly bottomed tetraquark 7,45 decays into a light antibaryon octet and a charmed
and bottomed baryon.

Channel Amplitude Channel Amplitude

Typas — A°E) 670, —%Vﬁ) Topas = L B 70, (=2bg — b1)Vep

T3, — S50 /-1, L\%’Hovch Ty = E°Q0 070, (=2b9g = b10)V s

szd_ = NEw %97\7617]0 Vb T(b)bds 2B, O 0, % Veb

0 . - StE) 0, (2by + 1)V, 70, . > E°Q0 70, (2bg + b19) Ve

T; o= N°Q) 70, _ \/%ng b))V T, = PEhl 0y (2bg + b10)Vep

T,, .- — AZy.0 70, (2bg + b1g)Vep

1 = 1 - _ 1 - 1 - .
D(Typs = A2 0) =—I(T), . - E'EP D) = EF(Tgbd-_)AOZZI )_EF(T(b)bd-_)ZJngl D)= 6F(T2bd_—>202';l ),

6
U(Typas = £ 25 170) =20 Ty = EOZP 1 0) =20(T,, - = AZ)I"0) =1(T}, - — pEi170),

bbid
F(T;bﬁ§—>2+Z;l_z7):2F(T;b__—>§ By o) =4I(T; —>ZOH’OI D) =2I(T;, f—>2+"’ I"0)=T(T7

St O)— -
- (=)
s bbiad poia ~ = D).

bbiid

The relations for class III decay widths are

_ _ _ 1
C(Thpas = Z/_E}J;rl_’;) =(Tppz5 = 2’0221‘17) =T (Tpps = X5, 170) = ZF(T;bﬁE - HIOH/OI )

1 1 I v
ZEF(T,W - EFES D) = F(Thb-_ - QFQ; D) = 2F(T;b =A%) = 3F(Tbb = AT D)
- | - - =t - _
=I(T,, . —» E'EPI D) = ZF(Tbb = XTESID) =T(Ty, o = BT QD) =1(T,, - = A2/ 170).

3. Decays into a charmed and bottomed baryon plus a light antibaryon and v,

T3 can also decay into a light octet or antidecuplet antibaryon and a charmed and bottomed baryon for the b — ¢
transition. After removing the forbidden constructions, the Hamiltonian becomes

Hetr = bo(Tpp3) 1€ (Fy ) (Fpe)ifvp + bro(Tpps) )€™ (F )4 (F e ) v. (17)
The amplitudes are derived and given in Table V. From them, the relations of the related decay widths are
D(Tyyss = A°B)I70) = ér(T;m_ - B0Q) D) = ér(rgb 5= BT ITD) = lr(r;b 7= A°Q D)
= (T = SBLID) = 3T (Tiygg — S8,170) = (D10, = $50,170) = ({5, ~ #5,17)
= 118, — A4,170) = ST(TY, 5. — SU%},170) = LTy, 0~ PELID)
B. T,.45 decays

The effective Hamiltonian from the charmed semileptonic decays into a light quark is
Gr v - _
H =—=[Vear' (L —ys)cvzr (1 —ys)€] + He., (18)
V2
where ¢ = d, s. A SU(3) triplet denoted as H with the elements (H3)' = 0, (H3)? = V?,, and (H;)® = V7, is introduced

for the heavy-to-light quark operators. We plotted the corresponding Feynman diagrams in Fig. 4. The triplet state 7.3 can
decay to a charmed meson plus £t wv:

0 +t ++
Cm/T vaq = DMy, Tt — D'y, Tt — Dil'y, (19)
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(a) (b) (©)
FIG. 4. Feynman diagrams for semileptonic decays of doubly charmed tetraquarks. Panels (a),(b) correspond to the decays into a pair

of mesons, and in panel (c), there is only one meson in the final state. In panels (b),(c), the two cd/§ quarks in the initial state can
annihilate, and usually such contributions are power suppressed.

and their Feynman diagram is given in Fig. 4(c). Thus we obtained
(Tl = D°l'y) =T(T/ 5 = D¥IMy), 0T/t = Dflty) =0(T! . — DlI'v).

The effective Hamiltonian for decays into a charmed meson and a light meson is written as
H=a(Tes) (H3)!(D)*M{p,¢ + az(ch3)[ij](Hs)k(D_)iMiﬂff- (20)

The related Feynman diagrams are plotted in Figs. 4(a) and 4(b), and the related results for the decay width relations are
given in Table VI. Thus, we have

1 1
_ — - _ ++ 0

(T )z = D°n°lTy) =T(T' 5 — DY alty) = EF(T;FC,ZS- - Dfn ") = QF(ch'i - Dz tIty),
o(rit - DYK*Ity) = O(T! .= DiK I"v), o(rit — DK ltv) =T(T},;; » DYK-Iv),
(T 5= D'K°Uw) =T(T! . — DYK~ "), D(Td.z5 = Donltv) =T(T' 5 — Dylty),

— 0 0 — 0
D(Tl.zs = DinIv) = T(T/zs —» D'KOl'v) = 20(T ! — D a’l*),
1 1
0.0 — ++ 0 — + —

0(T! . = D2%l*v) = §F<chas- - DTKI'y) = EF(TCCM - Dtn Ity).
TABLE VI.  Amplitudes for doubly charmed tetraquark 7T'..;; decays into a charmed meson and a light meson.
Channel Amplitude Channel Amplitude
Tl = DOn°lw —”‘—\)%“ T/ = D°K°lIv a Vi,
T, — Dyltv _% Th.s—> D nlty —a, Vi,
T!.e— Din Ity —-a, V¥, T!.-— DfK I'v —(a; + ay) Vi
T:r:b = DOzt —a, Vi, TZE; - DYKF[ty aVi,
Tt =Dl “1\)/;\ T: 5 = DK™y (ay + a))Vi,
T::‘%E - Dplty _(‘“L\/”Ez)vix T:C'ES, - Diallty "2\/.‘/2?4
T4 = DI —(ar + ax)Vi, T 5= Dinltv _%
Tt - = DOROIty _(ata)Vvy, TH . — DKty aVig

ccid V2 ccitd

+ 0 ay—a;)V* + + =7+ — *
T .= Dnltv (a> \/16) ad T! = Dfnlty (ay + ay) Vi,
T:CM - DTK Ity —a, Vi T:’ma — DK Ity -\ V¥,
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b

®

FIG. 5.

(h)

@

Feynman diagrams for nonleptonic decays of doubly heavy tetraquarks. Panels (a),(b) correspond to the two mesons

W-exchange process; panels (c),(d) correspond to the baryon and antibaryon processes; and panels (e),(f),(g),(h),(i),(j) correspond to
three mesons processes [Panels (e),(f) match with J/y plus the B meson and the light meson; panels (g),(h) match with the B; plus D
and light meson; and panels (i),(j) match with the B plus D and D meson].

C. Semileptonic 7'z, decays

Both the bottom and charm quarks can decay in the
semileptonic 7.5 decays. For the bottom decay in T4,
one can easily get the decay amplitude from those for 7,55
decays with Tp;,55 = T)jegq, B — D. For the charm decays
in T).z5, one can easily get them from those for T'..g;
decays with the replacement of T..55 = Tpeg. D — B.
Thus, we do not need to give the tedious results here.

V. NONLEPTONIC T},;; DECAYS

Next, we will study the nonleptonic decay amplitudes.
For the bottom quark decay, there are four types:

b—ced/s, b-cudl/s, b-ucd/s, b-q,4,q3,
(21)

where ¢; with i = 1, 2, 3 denote the light flavors. We will

discuss these decay modes one by one in the following.

A. b - ccd/s transition

1. W-exchange topology

The transition b — ¢ or d/§ — ¢ can be signed as a
W-exchange topology, and we plotted the corresponding
Feynman diagrams in Fig. 5. The effective Hamiltonian by
this kind of transition is

H = f1(Tpp3);)(B) (H3)'J Jwr + f2(Tip3) (D) (H3) B
(22)

where (H3), =V, and (H3); = V. We gave the decay
amplitudes in Table VII, from which the relations of the
decay widths are

D(Thpas = B™J/w) = F(Tgbgsf — B%J /),
D(Ty,.q = B7J/w) =T(T), 5. — B /y),

[(Thpa: = D°B;) = F<T2bgs— — D" B;),
(77, - — D°B;) — D{B7).

0
bbiid F<Tbb&s‘

2. Decays into an anticharmed antibaryon
and a charmed bottom baryon

The transition » — ¢¢d/s can lead to the process of an
antibaryon plus a baryon, where the anticharmed antibary-
ons form a triplet or antisextet and the charmed bottom
baryon forms a SU(3) triplet. The effective Hamiltonian is
described as

TABLE VII.  Amplitudes for the W-exchange T,,5; decays
induced by the b — ccd/s transition. Note that these amplitudes
have an additional identical CKM factor V.

Amplitude Amplitude
Channel (/Vep) Channel (/Vep)
Thppas = BTy =f1Vi T(b)bjg — B /)y —f1Vis
Vi = By [V Tha—B v —fiViy
Tipas = D°B;  —f2Vi 19, = D'B;  —faVi
Toas 2 DVBc  foVea Ty = D°Be oV
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TABLE VIII.  Doubly bottomed tetraquark 7', ; decays into an
anticharmed antibaryon triplet (class I) or antisextet (class II) and
a charmed bottom baryon.

H= al(Tbb3)[ij] (Fc'3>[jk](H3)i(Fbc>k
+ a2(Tbb3>[ij](Fc'3)[ij] (H3)*(Fpe)s

+ a3(Typ) i) (Fog) VY (H3) (Fpe)i- (23)

Amplitude Amplitude
Class 1 (/Vep) Class 1T (/V.p)
Thpas = EpelAz —aVes Typas = EpeZi —a3Vi
- =0 = - =0 v— v The related decay amplitudes are given in Table VIII, in
Typas = BEpeEe 2a,Vey Topas = EpcZe = ai@” . y amp . & .
which class I represents a triplet antibaryon plus the
Typas = Q.57 —(ay —2a,)Vi Ty, — Q) B _”*\}’5 charmed bottom baryon in the final states, and class II
. . . . v denotes the antisextet antibaryon plus the charmed bottom
_ _ * = - .
Tipas = Bpeh arVes Thpas = BpeZe  —9 baryon.
0 e v o o av For class I, we have the relations:
Thpas = BBz Ve Topas = BpcBe 5
9. -85 —(a-2a)V;, T9,. —E)E —a3Vi
0 0 =0 _ * 0 =0 =0 V* - 0 ==\ — 0 0 =0
Thpas = B2 —(a1 =2a)Ve T) ;o — E) B “3\/5‘” (T = Q B2) = T(T, 5 =~ Qp.E2).
- =0 A= (g _ S— 0 =0 Ve (T, -—>E2Az)=T(7TY . - 59 50
Ty paq = Bpee (a1 =2a)V, Typas = e ai/i’ ( lgbud lf z) ( bbds beZe)s
= - = ) = P = -
T, - Q) Az 2a, V7 T2b3§ ->Q) QY a3V, F(Tbde- = By A7) =T(Thpas = EpcA7),
_ - _ —_ __ 0 =2t 5m-) — - 0 ==
Taa Q) E; —aiVe wid = e —a3Viy F(Tbbds’ = B, E) F(Thhﬁd - 2 57)
- =0 y— a3V,
woaa = e — U5
- 0 mi- v .
Topaa = QneBe =2 For class II, we have the following:

C(Thpas = E‘ZCZE‘_) = 20(T s — Egczc?) = 20(T s = Qch‘/E_) = 2F(TO - B.27)

bbds “bc

= F(T([:b[jf - Egcig) = 2F(T2b3§ - Qgcé‘/éo)’

N —0 = 1 - | ot e

F(Tgbgs— - :‘l;rc:‘/c’ ) = F(T(;:b[ls- :‘(b)c:‘/c'o) = EF(Tgbgs- - Qgcgg) = EF(Tbbaa? - :‘ZCZE )
=T(T},.3 = E0.27) = (T}, > @.EF).

3. Decays into three mesons

The transition b — ¢cd/s leads to three-body decays where the effective Hamiltonian becomes
H = ay(Tos) i (H) " Mi(B) Jy + ao(T 3 1y (H3) MY (BT /w + as(Typs) 1 (H3 )M}, (D)'B,
+ a4(Tbh3)[ij](H3)iMi(D_)ch + as(Typ3) i) (H3) De(D) B* + ag(Typ3) 15 (H3) Dy (D) B
+ a7(Tw3) i) (H3) Dy (D) B/

(24)

The T3 decay amplitudes into J/y plus a bottom meson and a light meson are given in Table IX, from which we have

(T3, = B2 Jw) = %F(T;WS_ - B2 J/y) = F(Tgbas_ - B%2%) Jy) = %F(Tgb[zs_ - B ntJ/y),
(1), .. = B K"J/y) =T(T,, - — BIK~J /), (T, . = BYK°J Jw) = T(Ty05 = BIK™J Jy),
(T, = B K /w) =T(T,, - — B°K~J/y). D(Typas = B70d fw) = T(T), . — B°nd /y),

(T3, = BdnJ/w) =T(Ty,,. > B"KJ Jy) = 2F(T2b0-ls_ - B2 y),

(T, - — B2 Jy) = %F(T‘b)m — B'K%J Jy) = %F(T;bm? — B J/y).

Decay amplitudes for 7,3 decays into B, meson plus a charmed meson and a light meson are given in Table X. The decay

width relations are
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TABLE IX. Doubly bottomed tetraquark T,z decays into a J/y, a bottom meson and a light meson.

Channel

Amplitude (/V ;)

Channel

Amplitude (/V ;)

Tpas = B2 [y
Typas = B™nJ/w

Typas = Bl J [y
T - = B nt]/y

bbds

boas =~ B2 /w
Tyyas = B'nJ /v
19, .. = BIKJ [y
T,,..— B2y
T,,.a= B nlly

— 50—
T;, o= B°K~J/y

)
_aVi

=

_ Qarta)ve,

V6

_(al + a2)V§s

_ (a+a))V?,
V2
(a—a))V?,

NG
—dap st

Typas — B"K I Jy
Typas = B'n Iy
Tyyas = BIK™J [y
o
Tng* - B K'J/y

0 R0 0
70, — B'KJ [y

0 500
T, = Bsn'J/w

T)as = Bind [w

- 0
Tbbtw? - BK .]/l//

- RO
T, .2~ B J|y

— 50 p—
Tbbtw? - BSK J/l//

ag de
_aZst
_(al + Clz)st
an’C‘d
(a) + az)VZid

aViy

V2

(e 2a)V3,
76

%
ap Vcs

—(a; + az)Vid

*
—azvcd

TABLE X. Doubly bottomed tetraquark 7’54

decays into a charmed B meson, a charmed meson and a light

meson.
Channel Amplitude (/V,p) Channel Amplitude (/V,,)
Typas — D°7°B; _% Typas — D°K°B; a3V,
Tppas = DB —(ZHL\/‘%‘)V;“ Tipas = D ™ B: —ayVig
Thpas =~ Din™B; —asVey Typas = DK™ B: —(as +as)Vi,
79, . — D'mtB; —a,Vi 79, .. = D'K™B; a,Vi,
0 +0p- asVi, 0 +r0p- x
79, = Dn°B; s 79, .= D'K"B; (az + aq) Vi,
0 +a R 2a3+ay)Vi, B + .0 p— azV:
T, = D nB; _% 79, = Din°B; %
Thyis = DIROB; ~(as +ag)Vey T5ya5 =~ DinB: —l
- IV - - *
T, . — D'n'B; _(“3+\2) e T;, .- — D'K°B; asVes
T;, .2 — DnB; <as-j4€>Vid T,,.:— D n B —(a3 +as) Vi,
Ty, - — DK BZ —a;V?, Ty, -~ DIK™B; —a,V?,
(T D°z°B7) = ! D n~B; Dt n°B; ! Dzt B;
(Thpas = D°n ) L(Tppss > DP 7B ) = was YT <) = — D" By),

I(1° . — DK*B:

bbds

I(T-, . — D°R°B:

bbiid

(T}, = Din~ B,

bb id
T;b iid
(T3, — D°K°B;) = 21 (

—>D+KB)
-— D'K™B;),

0 + 20—
10,. — DiK°B;)

(T s — D°B; )=

- D;_ﬂOB;),

= F(T;bﬁs‘ — Dy K™B7),
— D*yB7),

bbds

[

1
“I(T;, .- D'n By).

I(T7, - — D°z°B;) = STz

Tl (7% . — D*K°B;) =

2\ bbds

The T3 decay amplitudes into a bottom meson plus a charmed meson and an anticharmed meson are given in Table XI.
And the relations of decay widths become
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TABLE XI.  Doubly bottomed tetraquark 7,5, decays into a B meson, a charmed meson, and an anticharmed
meson.
Channel Amplitude (/V,,) Channel Amplitude (/V,;)
Tjpas — D'D°B- (as —a7) Vi, Typas — D°D~B° asVes
Tbbﬁ? - DOD BO a6V:d T;hu? - DOD_FO (115 + aé)st
Typue = D™D B~ —a; Vi Ty = DED™ B~ —agV?,
Tppas =~ Dy Dy B~ —(a + a7) Vi 19,.. — D'D'B° —a, Vi,
79 .. — D'D'BY a;V:, 79 = D™D°B~ asVis
T9,..— DD B (as —a7)V 79 .. — D'DB) (as +a7)Vi,
T(;bd—f - D+D:§9 ((15 + aﬁ)st T(}ibd - Dj§037 —ds de
Thpas = DiD™B° —(as +ae)Viy Ty, = DY DB —(as +az)Vi,
70 = D D; B (a7 = as)Viy Typia = D'D°B (as = a)Vey
Tpea — D°D™B° (as +ae)Viy T;paq = D'Di B’ agV s
T,,..— DDy B} asVz, T,,.:—D"D" B~ —(ag +a7)Vi,
T,,.0~> D DyB~ —agV T~ DiDyB~ —a; Vi,
I(T;,.; = D°D°B™) = F(Tbbd_ - DTD~BY), The corresponding Feynman diagrams are showed in
r(r;, D+D-B- o(T D000 Fig. 6. From the above Hamiltonian, the light quarks
(Thpas = ) =TTy~ ), reduce an octet where the nonzero component is (Hg)? =
[(T;,.;: = DyD™B™) =I(T;,,. — D°D™BY), v*  for the b — ciid or bd — cii transition, and (Hg)} =
I(T;,.. » DiD;B™) = F(Tgbd‘ — D D7 BY) Vi for the b — ciis or.bE - Cl/? trar.lsition. We then obtain
. - s o o the hadron-level effective Hamiltonian
(T, = D"D°B™) =T(T},;; — D°D™BY),
_ _ _5 H = T (BY(H)i (D)
F(T(b)bgs- — D;i-DOB ) — F(Tbb,;j N DODS Bg), f3( bb3>[11]( ) ( 8) ( )_
- S0 p— -5 T Hg)! (D 26
0(T;, - — D°D°B-) = F(Tgbds‘ — D#D;BY), + fa(Top3) i (B B)*(Hs)i (D). (26)
(T, > D'DB") = F(T?,,,ds- — D*D™BY), Decay amplitudes are collected in Table XII, from which
- +P-B-) — 07)- 30 the relations of decay widths become
(r,, -— DTD;B~) =T(T,, . — D°D;B’), Yy
(T, .=~ DID;B™) = I(T), .. — D°D"BY), 0(19,..—~ B™Df) T(T9,. — BID°)
_ - 0 20 150
T (Thpas = D"D;BY) = F(Tgba- — D*D; BY), F(Tgbds - B™D7) F(Tbbd' - B°D?)
- - -no
D(Ty5q = D°D™B%) = T(T}, 5 > DYD™BY) _ T (Typaq — B7DY)
- I(T3,,; — B~D")
B. b — cad/s transition |V d|2
Vil

1. Decays into a bottom meson and a charmed meson
by the W-exchange process

For the bottom quark decays to a charm quark, the
effective Hamiltonian is given by

Gr

Heff = ﬁ

Ve Vi [C1O5 4 C,05"] + Hec.

2. Decays into a light antibaryon and a charmed

(25)

bottom baryon

There are two kinds of multiplets for the final states,

which lead to the Hamiltonian

H = ay(Tpp3) ;€ (Fs)\ (H

+ a7(Tpp3) i€ (F3)s (Hg )i (Fpe); 4 asg(Tpp3) i (F

8)k(Fuc)i + as(Topps)ip € (Fs )< (Hg) i (Fpc); + ao(Tops)ipe™ (Fs )i (Hs)i (Fie ),

053005-14
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TABLE XII. Doubly bottomed tetraquark 7,45 decays into a bottom meson and a charmed meson.

Channel Amplitude (/V ;) Channel Amplitude (/V ;)
Tz = B™D° —(f3+ fa)Vis T9 .. — B DV —f4Vig
79 .= B™Df faVig 79 - — B°D° —f3Vus
Ty, = BID° f3Via T, - — B D —(fs + f)Viy

Decay amplitudes are presented in Table XIII, where different final states are labeled as class I or II. Note that the factor
2ay + a, always appears in the results; thus, we remove @ in the final results. For class I, we have the relations:

D(Typas = 27 Qgc) = 2F(Tbbd_ — 2_‘.0926).
For class II, we have the relations:
[(Tppas = AE}) = 3T (Tpes = AE),) = 30Ty — £70Q0,) = 30(TY, ;. —~ A°),)
= 6F(Tgbd_ — Z’OQO o) = ( i = A_:IJ;C
(1Y, .. = £78),) = 20(TY, .. » £E) ) = I(TY, .. = E°QY ) =T(T;,.. = A™E).)
_ _ | N
= F(Tbb g > QO o) = 3F(Tbbud - A :.;fc).

3. Decays into a bottom meson, a charmed meson and a light meson

The effective Hamiltonian for decays into a bottom meson, a charmed meson, and a light meson is
H = as(Ty3) (E)i(E)IMk(Hs) + ag(Tpp3))(B) (D) M (Hg);, + a7(Tbb3)[ij](E)i(ﬁ)kM{(Hs)i
+ ag(Twp3) (i) (B) (D) M (Hg)j, + ao(Tpy3)(B)! (D) M (Hy); + ao(Tpp3) i (B)"(D)'M{(Hsy);
+ a11(Typ3) i (B) (D)’ MY (Hg)!. (28)

Decay amplitudes are collected in Table XIV, where no relation for the decay widths is found.
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FIG. 6. Feynman diagrams for nonleptonic decays of doubly heavy tetraquarks. Panels (a),(b) correspond with the two mesons
W-exchange process; panels (c),(d) correspond with the baryon and antibaryon process; and panels (e),(f),(g),(h),(1),(j) correspond with
the B plus D and light meson processes.
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TABLE XIII
II) and a charmed bottom baryon.

Doubly bottomed tetraquark 7';45 decays into a light antibaryon octet (class I) or antidecuplet (class

Class 1 Amplitude (/V,;) Class 1T Amplitude (/V,;)
S—=0 _ * - =t _
Tbb" - X e 2a7vud Tbbm - A _‘hc a9vm
— 0 _ * — _aV;,
Tppas = 27 (as + ag — 2a7) V3, Tipas = ATE), el
— ==0 _ * — s /— ()0 agVis
Tppas = PEpe (as +ag)Vis Typas = 78, - f/g
0 A 0=0 (ay—as—2ag+2a7) V", 0 A-=+ _ a9V,
Tyas = N'Epe R 79 = A°E}, s
0 _ A0OO (—2ay—as+ag+2a;7) Vi, 0 A 0=0 gV
Thpas = N2, — % Thpas = AEpe 73
0 - * 0 S/t ayV*
Topas = 75 (a4 +as)Vig Typas = & Zpe 7
0 _ 500 (ay+as—2a7)V*, 0 5/0=0 aV;
Topas = X Epe — 5 727) g - 7)Y ua T),a — ZE). e
0 500 (as+ag—2a;)Vi, 0 5/0 )0 _ a9V
Typas = T B Typas = 2" e NG
0 St * 0 =000 agV*
Tpas = PEpe (aq +as)Vi Tpas = B, %
0 —-—() _ * — __r—!+ _ *
Tbb(j&“ - n._.bc (a4 a(,)V,” Tbb ad - A Hh(, agVud
0 =000 — * - -50 a9V
Typas = B 8% (a3 = a)Vig Typas = A7Ey -
- -00 * - '—00 agVs,
T, o= Q) (as+ag)V:, Ty, .o = 2Q) — B
— J— _ _ *
Tbbud p':‘bc ((’15 + de 2a7)vud
— *
Tpad = P 2a7Vus

C. b — ucd/s transition

1. Decays into two mesons by the W-exchange process

We write the effective Hamiltonian for the anticharm quark production as

Heff

Vs Vig[CL0% + C,0%] + Hec. (29)

Gr
V2

According to the flavor SU(3) group, the H;” is antisymmetric while the Hg is symmetric. The nonzero components are

(") = —(Hy") = V, and (Hg)"* =

(Hg)!

= Vi, for the b — ucs transition. When interchanged with 2 <> 3 and

s <> d, we get the nonzero components for the transition » — ucéd. The corresponding Feynman diagrams are showed

in Fig. 7.
We get the effective Hamiltonian

H = f5(Top3) 1) (B (HY) (D) + fo(Thp3)iy)(B) (H)M(D)y + f7(Tis) iy (B) (HE) (D),

+ £ (Tops) ) (H)WMIB, + fo(Tpp3);(

H)H MIB,. (30)

For a bottom meson and an anticharmed meson produced, the amplitudes are given in Table XV and we have

[(T 55 = B°D7) F( bbd’ - B°D) (T = B°D7)

D(Tyyq = BIDT)  T(T9,5— BID°)  T(Tj — BIDT)
F(Tbbas‘ - BID; ) F(T;bﬁs' - B_DO) |V:s|2
(T voad = B'D7) (T g = B D% Vi
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FIG. 7.

TABLE XIV. Doubly bottomed tetraquark 7’45 decays into a bottom meson, a charmed meson, and a light meson.

Channel Amplitude (/V.;) Channel Amplitude (/V;)
Typas = B~D7° w Typas — B~DK® (a7 +an)Viy,
Topis = B_Don (‘15—207—“8—63(_:010—2“11)Vﬁ: Topas = B Dtn™ (as — a9)V;S
Typas = B" D~ (a6 —ai1)Viy Thpas — B™DIK™ (as +as —ag —ay ) Vi,
Ty = B'Dn —(ag + a0)Vis Typas — BIDn~ —(ag +a7)Vi,
Tpypas = BID°K™ —(ag + a7 + ag + ai)Vis 79, .. — B D'z* —(ag + ap) Vi,
T(l:bé'f — B"DK* (a9 + alO)VZd Tgb,;'g -~ B D"z’ (@L\/%)Vﬁv
Tyyas ~ B"D'K° (a9 +an)Vig Ty = B~ D - faten el
T(l:bck - BD{n’ 7("”?/‘%)‘/;'1 Tgbés‘ - B D{K° —(ag 4+ ay,) Vi,
T9,..— B D{n % 79, — B°D 2" (astagl;
Thyas = B°DK° (a7 + ai0)Via Thyas = BD'n (et i
Tgbé’f - §0D+ﬂ_ (a5 - aS)VZs Tgba_’f — EOD;TL'_ (Cls + aS)VZd
Tgb,;s— - EOD?—K_ (aS + aé)V;x Tgbz?s‘ g E?Doﬂo (a7—:;5§)Vﬁd
79, .. — B{D'K° —(a7 + a9) Vi, 79, — BYD% B (a5+a7\+/26am)v;d
Ty, — BID ™ —(as +ae)V3y 70,. — BIDVK~ —(ag + ag)V,
Tgbé'f — BIDYK~ (as —as)Viy T, 7~ B~Dz (aS_a7_a8_4i;§—010—a11)Vzd
boid B~D°K’ (a7 4+ an)Vis T, 2~ B~D% (05+”7—‘18—‘19\/€—alo+011)‘724
ooad = B"DT” (as +ag —ag —ay)Vi, T,,.0~ B DK™ (ag = ay)Vis
waa ~ BDS K™ (as —ag)Vyy T,,.; = B'Dn~ —(ag + a; +ag + ayp) Vi,
T[:b,za - EODOK_ _(aﬁ + a7)VZs Tl:btic? - E?DOK_ —(618 + alO)VZd
b u b

® (®

Feynman diagrams for nonleptonic decays of doubly bottomed tetraquarks. Panels (a),(b) correspond with B plus D or B,
plus light meson W-exchange processes, respectively. Panels (c),(d) correspond with the baryon and antibaryon process and panels
(e),(f),(i),(j) match with B plus D and light mesons. Panels (g),(h) match with B, plus two light mesons.
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TABLE XV.  Doubly bottomed tetraquark 77,545 decays into a bottom meson and an anticharmed meson. Note that
these amplitudes have an additional identical CKM factor V.

Channel Amplitude (/V ;) Channel Amplitude (/V ;)
Typas — B D° (2fs—fe—f1)Vis Typas — B°D™ 2fsVis
Typas = BID™ (f7 = f6)Vea Tipas = BIDY (2fs = fe+ f1)Vis
19, — B'D" ~(fs + f21)Vis 19, = BD (fo +f1)Via
T;, - — B D° (2fs—fe—f1)Viy T,,.: = B°D™ (2fs=fe+f1)Via
Tpia™ B°Dy (f7 = fe)Vis T, 7= BID; 2fsVea
TABLE XVI.  Doubly bottomed tetraquark 7';,;; decays into an anticharmed B meson and a light meson.
Channel Amplitude (/V ;) Channel Amplitude (/V ;)
Topas = Ber Mol Tipas = BoK° (fs +fo)Viy
T3, — Bon _ (fs+3fJ;9>Vf-\ 70, — B:n* (fs = fo)Vis
Th,as = BiK* (fo=f5)Via Topea = Ben’ V2oV,
T;,.:— Bk’ (fs + fo)Vi T, aa = Ben \/%fSV;d

T3 decay amplitudes into a charmed bottom meson and a light meson for different channels are given in Table XVI and

we have

0
1—‘(Tbbds

— Bon") = 2I(T;,.: — Bzn°).

2. Decays into an anticharmed antibaryon and a bottom baryon

The effective Hamiltonian for decays into an anticharmed antibaryon and a bottom baryon is

Herr = b1(Tip3) (i) (Foa) M HD W (Fy5) g + bo(Tipa )i (Fa) P (H) M (F5)

+ b3 (Top3) i (Fe3) I (HE) KU (Fy3) ) + a(Tps) 1 (Fea) V0 (HE) UM (Fy3) g
+ b5 (Tys) 37 (Fe3) V2 (H) R (F i) gy + bo(Toa) i (Fea) VP (HE) ™ (Fig) 1y
+ by(Topa) 1) (Fe3) 9 (HE) Y (Fig) 0y + bs(Towa) i) (F ) U (HS) M (Fy5) g
+ bo(Tp3) i (Feg) YV (H) W (F i) i + D10 (Tows) 1) (F o) ¥ (HE) W (Fig) 0y

+ b1 (Typ3) i) (Feg) U0 (H) R (Fig) .- (31)

Different decay channel amplitudes are given in Table XVII, where class I corresponds with the triplet antibaryon plus
antitriplet baryon, class II corresponds with the triplet anti-baryon plus sextet baryon, class III corresponds with the
antisextet antibaryon plus antitriplet baryon, and class IV corresponds with the antisextet antibaryon plus sextet baryon.

For class I, we obtain the relations of decay widths:

D(Thpas = AZA) _ T(Thpas = EG 2;E)) — DT paq = Ac_:g)
D(Typeq = B28))  T(Ty,05 = AZA)  D(Thpas — E7A)
== 0 _, 5050 "
Iﬂ(Tbbus ‘:_‘g‘:b) . F(Tbbds == |V |2
F( bbid EgE;) F(Tgbd— EgAO) |V d|2
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TABLE XVIL.  Doubly bottomed tetraquark 77,545 decays into an anticharmed antibaryon triplet and a bottom
baryon antitriplet (class I) or sextet (class II), an anticharmed antibaryon antisextet and a bottom baryon antitriplet

(class III) or sextet (class IV).

Class 1 Amplitude (/V,;) Class IV Amplitude (/V ;)
Tiopas = AZA (4by + by = by) Vi, 79, — QU= SULA
Tipas = Ee ) (by +4bs + by) V7, Toaa = 2 T, (2b19 + b11)Viy
Tiopas = B2 2(2b, + by +2b3) Vi T, .- %% (2b1g + b)) V7,
Typas = E0E; (4by + by + by) Vi, T, - — S;EP Lb, Vi,

0 = B0 (by +4bs — by) Vi, Ty, o= 3%, (2b10 + b11) Vi
Typas = Z05) (by +4b3 = by) Vi, T, . — S8 butis
T, 2= AZA 2(2by + by +2b5)VY, Ty, .- ErED L(dbg+ b))V,
T paa = N5y (by +4b3 + by) Vi T;aq = BPEY 3(4b1o +b11)Viy
T;,.q~ E:E) (4by + by — by) V%, T, o — E0Q, %
Thpna = 055 (4by + by + ba)Vy T;,. 2~ QX 2V,
Class III Amplitude (/V ) 79, > EPEY 1b Vi
Typas = Ze ) % Typas = 2 2y (2b19 + b)) Vis
Typas = B A} —% Typas = Z3Z) 5(4b1o + by Vi
Typas = B¢ E) —\V2byV?, Ty, — 305> 2b V%,
Tipas = E25, —% Typpas = E}.‘Zg %bll Ve
Thpas — Q= (bs +b9)Vey Typis = B¢ B (2b19 + b11) Vs
Tgb(k - igAg (bg = bo) Vs Thpis = E_I’C-OE; bl\l/iul
Thas = Z0A % Typas = E0E, 5(4byo + by )V
Tovis = =05 M\/%)V:v Thpas = QU= %

was ~ Q) (by = D)V Thpas = Q0L (2b19 + b11)Ves
Trpaa = ZeA —V2by Vi, 70, = 3% N
Typaa = Ze8) bt 79, — 5050 b,
Tpia ~ 288, —(bg + by) Vi, T, = EFZ) _buV 2(,1
Tiopaa =~ ECE) L_%)Vj” Thpas = B¢ —3bnV
T, .2~ 528, <b8+\[;9§)v;i
Class 1T Amplitude (/V ;) Class 1T Amplitude (/V ;)
P 7@5_5%) Ve Tipas = B2 ——<b5+b°\;;b7)v‘x”
Typas = EzEY —V2(bs = 2b7)V, Thpas = EOZ; —(bs + bs)Viy
Thpas = Zegy —% T),a: = AZZy (bg — bs) Vs
T),as = EeZy (bs = be)Vi, 79,5, = B3%) (b5_b5;;;b7>vf‘d
Thas = EeE) “’TL/E””M" Topaa = AT —V2(bs = 2b7)V7y
Tipaa = AeEY —WLW Tipaa = EZ5) %
Tppaa ~ EeEp % Thaq = 200 (bs + be) Vi
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For class II, we obtain the relations of decay widths:

- _ S0/ - S0m-y — Lo _
F(Tbbﬁs’ - ) 2F(Tbb id - ':‘g':‘;; )7 F(Tbbﬁ - ':g':‘;; ) EF(T;,;,,;& - :‘EQb)’
019, . — Az z*) =20 (Typss = AZZ)),  D(TY,.. = B7%y) = 20(Ty, .. = EZEp).

For class III, we obtain the relations of decay widths:

=00 1 .

P(Typa = B7AD) = D10, = B05)) = ST, = SUY).
b i - =0=— 1 — ~NO——

T(Thpas ~ B Ap) = (T = - B05;)) = EF(Tbbas- - QUF;),
g - —g 1 ..

D(T},5 = EEA) = T(T05 = E6E)) = EF(T(ZI)JE - Q).

- _ =0my L —
F(T;h 7 Z;_g) L(T; 0 — :/L-f):b) = EF(ThhﬁJ - Eg.:h).

For class IV, the results are

M(Tyias — S5 ) = T3, ~ B9 = 3T (T — B0,
%r(rgbds QEY) = %F(T(Zbax 2T,
[(T0,5 = T7%5) = D(TY, 5, — T959) = (T2, ;. ~ EPEP) = 20(T,.; — T7EY)
=0(Ty,0— 8y = (T8 = EPQ;).
(T}~ 2%, = DTy~ X)) = D(T}, 00 = ZeZy)-
(T = Z27%)) = [(T5,. = BFED) = T(T5, .. — Q2Q7)
0(T;, .. = BFEY) = (T, .. = EPE),
(T = Z759) = (T3, s — EXZ)

3. Decays into three mesons
The effective Hamiltonian is written as
H = by (Tyy3) i (B) DiME(H5") U + by (Ty3) 1 (B) DMy (H5")
+ b3(Tpp3) i) (B) DM (H5") D + by(T3) 1 (B B) DM/ (H;")!"
+ bs(Typ3) i (B)' DM(H35") ™ + b6(T 3 i) (B)' DM, v (Hy) Uk
+ b7(Tps3) 1) (B)'D; MY (HY) W + by (T 5 i)(B)D, My (Hp){
+ bo(Tpp3) i (B B)!DMi(Hy)™ + b1o(Tppa) i MM} (Hs") B,
+ b11(Tpe3) Mij( 5")B, +b12(Tbb3)[1,]Mij(H3”)[kl
+ b13(Tye3) i Mij(H”){ll}B

)
)

(32)

The decay amplitudes into a bottom meson plus an anticharmed meson and a light meson are given in Table X VIII. Deriving

the formulas, we get
F<T2bd- — B{D; s7) = 20(T 5 — B{D;n ) F(Tbb a = B Dy z') = 2F(Tl:b id B'D;x )

053005-20



WEAK DECAYS OF STABLE DOUBLY HEAVY TETRAQUARK ...

PHYS. REV. D 98, 053005 (2018)

TABLE XVIIL

Doubly bottomed tetraquark 7,45 decays into a bottom meson, an anticharmed meson, and a light meson.

Channel Amplitude (/V ;) Channel Amplitude (/V,;)
Tppas = B Dz° (_bl+2b3+b4+\b/5§+b6_b8_b9)vx Tppas = B~D°K° (=by+ bs + b7+ by)V3,
Ty = BD' — (b B B Ty = B! (=b1 +2bs + bo) Ve,
Tppas = B-DK* (by + by + b7+ bg)Vy, Thpas = B"DTK™  (=by + by +2b3 + by + be + by + bg) Vi,
Tppas = B"Dz~ (2b3 4 by = bg) Vi, Thpas = B°D~ 70 %
Typas = B°D™K” (by + bs + by + by) Vi, Ty, — B°Dp Qbicbez o)V,
Tyyas = B’DIK° (2b3 + by + bg) Vs Tyyas = BID 1~ =(by = by + b+ b7)Vi,
Tl:blif - E?EOK_ _(bl - b2 - 2b3 - b4 + b6 + b7 + bg)st T;bﬁs' — ESD_R'O (bl_hz"’j%_bﬂvzd
T;bﬁj' N E?D_fo _(bl —2by + bﬁ)vzs TZbgg- N EQD_’? _ (b|+bz+2b4+j%+b7+2bs)Vzd
Tppas = BID; 20 — Uty bV, Tppas — BYDSK° (=by + bs = bs +bo) Vi,
Ty, — B°Diy (217[—b2—4h3—2174—175\;%2/7(,—/;7—2178—3;)9)v;x T(b)bas- = B Dzt (by + bs — by — bo) V%,
T?,b,;_g — B"D°K* (=by = bs + bg 4 by) V7, Tgbaf — B'D2° w
2175?5 — B'DYk?® (=by — by + b7 + bg)Vﬁd T(b)bJE - EOEO;/] (—bl+2/’2+’74+Zo—2’77—bs)vﬁx
79, —B'Dxt (=by + bs + bg — bo) Vi, 79, .. — B°D K+ (by = bs + by +bo)Viy
T9,.. = B'DyK* (=by + by + bg + b7) Vi 79, . = BID"n° <bn—bz—3a§+b7>vzd
oas = BsD'K’ (b2 + by — by — bs) Vi, T),4: = BIDn (b'+b2+2b4_¢b%_b7_2b")vid
Tght;,'f b d E?D_ﬂ+ (b] - b2 - bﬁ - b7)Vzd T(libds‘ bad E?D:ﬂ'+ —(b2 - b5 + b7 + bg)VZs
79,..— BID;K" (by = bs — bg + by) V7, T,,..— B Dx’ <-b1+bz+2bs+b4;§e—bv—bs—2be>vzd
opid B~D°K° (=by + bs + by + b)) Vi, Tppaa = B~D% (—1’1—b2+2b3+b4t/26b5+bo+b7—bx)Vf[,
ooy = BD™n" (=by 4+ by +2bs + by +bs + by +bs)Vi, T, .- B Dix" (by + by + by + bg) Vi,
l:blit? - B_D;K+ (_bl + 2b3 + bﬁ)de Tl;blic? — EOBOﬂ,’_ _(bl — b2 — 2b3 - b4 + b6 + b7 + bg)V;d
;bw — B'D°K- _(bl — by + bg + bﬂVﬁs Tl:bm? - B'D— 70 (/’1—/72—2/73—b4+j%—b7—bg—2b9)vjd
oag = B'DTK? (=by + bs — bg + b)) Vi, T, .a— B'D™n _ (hl+bz—2hs—h4—j%s+h6+bv—bs)m
- BDA LT T BD;K ~(by = 2b3 + bo) Vi
id = B°D;y (2bl‘b2+b4+%6‘b7+b8)vfw Ty 7= B'DK- (2b3 + by — bg)V?,
T 0= ggD-fz (263 + by + bg)Vyy Thpua = BjoD;zro —V2byV?,
Tyaa = BiDTK (ba b5 + by + bo) V-, Tipaa = BsDsn Vs =262,

The related decay amplitudes of an anticharmed bottom meson plus two light mesons are given in Table XIX. Thus, we
obtain the relations as follows:

1
D(Tppes — Ben'n®) = EF(T;W& - Bon'nT),

F(T;bﬁ&

1
- B:2%7°) = EF(T— -

ppid ~ Bemtm),

1
C(Thpas = B;n°K’) = 30(Thpas = B;K') = EF(T;bﬁs’ - B;n"K"),

F(Tgbcis‘ — Bir'K%) = 6F(T2b&s‘ — BZK™n) = 2F(T2ba‘ls‘ - B;n°K™),
F(Tghaf — B K*K") = 30(T a5 = B;zn) = %F(T2h55 - B;z'y),
F(T;bmi - BE”+K_) = 6F(T;bu& - BZEO”) = ZF(T;W& - B;”OEO)’
[(Ty,.q = B:n'K") = 30(T;, o — BinK").
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TABLE XIX. Doubly bottomed tetraquark 7,4, decays into an anticharmed B meson and two light mesons.

Channel

Amplitude (/V ;)

Channel

Amplitude (/V,;)

Tppas = Ben ™

Tppas = B;2’K"

Typas = Ben K+
Typas — BZK'K°

s
Typas = Bomm
2bd§
T9,.. = B:K'K°
T;b 7 Borx"n~

— 0 0
Tbbut? - BC T

- Born'y

- -0
TbbuJ - BC” n

— - 070
T;, - B:K'K

Tyaa = Bem

(4b1g + b1y — b13)Vis
_ (b1 =2b1y+b13)Vi,

V2
(b1 = 2byp + b13) Vi,
(4D1g + byy + by3) Vi

1(12byg + 5byy — 4b1y + 3by13) Vi,

VAl =201 = b Ve,
(b11 = 2b1y = b13) Vi
2(2byg + by = b))V,
2(2byg + by = b))V,

26V,
V3
(4b1o + b1y + b13) Vi,

%(61710 + by + b))V,

— -0_0
Tbbus_)BCﬂOﬂ
Typas = Bem'n

Tppas = BiKTK™

(41 + by — by3) Vi
(b]]_Zblz_blfi)V?'\

V3
2(2byg + by = b)) Vi

T, — Be Koﬂ _ (bu=2by+bi3)V,
' V6
79 . — Bia' KO (=byy +2byy + bi3)VE,
70 - - B;zz'o[(+ (=b11+2b15+b13) V3,
bbds R
-K+ by =2b—by3)V*
Toyas = BcK'n %
Tppaa = Bem K™ (biy = 2b1y + b13) Vi
- - 70K0 by —2b,+b
T3~ Ben’K M
Typia = BeKTK™ (4D + b1y = by3) Vi,
- -K° by =2b1y+b3) Vi
Thbm} — BZ K"y _ (b =2b5+by3)

NG

D. Charmless b — ¢§,q; transition

1. Decays into a bottom meson and a light meson by the
W-exchange process

The bottom to light quark transition leads to the effective
Hamiltonian:

Gr
V2

10
Vi Vi, {Z C,-o,} } +Hec.,
i=3

where O; is the weak four-fermion effective operator. The
tree operators are described as a vector H3, a tensor Hg, and

Heff = {VubV;q [Cl 0L17M + CZOgu]

(33)

TABLE XX. Doubly bottomed tetraquark 7,5, decays into a
bottom meson and a light meson induced by the charmless b — d
transition.

a tensor Hys. The penguin operators are described as
another vector Hz. The nonzero components of these
operators are

(Hs)? =1,
(Hg)\* = —(Hg)i' = (Hg)?> = (H6)32 =
2(Hys5)1? = 2(H,5)t' = —3(H;5)3* (H15)23

= —6(H,5)3> =6, (34)

for the nonstrange decays. After doing the exchange of
2 < 3, we will get the formulas for the AS = 1(b — )
decays. We get the effective hadron-level Hamiltonian for
decays into the bottom antitriplet

TABLE XXI. Doubly bottomed tetraquark 7', decays into a
bottom meson and a light meson induced by the channless b—s
transition.

Channel Amplitude Channel Amplitude
Typpas = E_KO fu+fiz+fuu+fis+3f16 Typas =~ B _f'°+2f'2+2f'3;f]4_4f]5_3f16
Thpis = B?ﬂ_ —fu+tSist+fuut3fis+Sis Typas = B _f10+2f11—2f12jf14+6f15+9f16
T . — B K" S0+ 2f 12— fia+3f16 o B 6
Tgb({s — B°K° Sro+fu+2fiu+fis+fis—2f16 Lovas _)EOE w2 u-tut e
Tgbdf B0 fu—=fiz=rf1at+5fis—fie T;bus - B.(Y)Ki _fIO _fll + 2f12 +f“ + 3f15 + 2f16
bhds — 5T vz 79, = Bx —fro=2f12+fia—3f16
(13177?‘ - E?}’] — 2iotfu A 43 st 1315 =3 e 70 ,' — B0 fro42f 0 +2f 3+ 1a=4f15—f16
ds 6 bbds 2
Ty, -~ B Sl 79 . - B% — L2260 15 i
Topaa = Bn T e 0.4 = BK? ~fro=fn=2f=fis=fis+2f1s
T, - — B'7~ —fio—fu+2fu+fia+3fis+2fis T,,.,— B K futfistfiutfis+3fie
T;bd EOK_ _f10+2f]2_f14+f]6 T;bLJ_)BOK_ —fu+fi3+fia+3f1s+ fie
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Hetr = f10(Thp3) U]( k(H3)iM£ +fll(Tbb3)[ij](E)i(H3)kMi
+ F12(Tona) i (B) (He )” M} + f13(Tows) (B)j(Hé)/[:Z]M]f
+f1a(Thoa) 3 (B)* (Hg )i M| + f15(Top3) i (B)j(Hls)}Eil}Mf
)iyl (B)

+ f16(Thb3) i)

)
( [
(B

(B)*(H,s5){" M. (35)

The amplitudes are given in Table XX for the AS = 0(b — d) decays and Table XXI for the AS = 1(b — s) decays.

2. Decays into a light antibaryon and a bottom baryon

There are four kinds of different final states which are light octet or antidecuplet antibaryon plus antitriplet or sextet
baryon, respectively. Thus, the Hamiltonian becomes

Hetr = €1 (Thp3) 1167 (F8) L (H3) (Fi3) iy + €1 (T )i €™ (Fs )4 (H3) (Fy3) g
+ 2(Tpp3) €™ (Fs) L (Hz)* (Fh3_)[kl] + C_Q(Tbb%)["]enk(FS)i(HS)l(Flﬁ_)[kl}

)
+ &3(Tha) € wk<F8> <H6>[ ]<Fb3>um] + ca(Toa )i (Fy)2 (Hg Li” @3-)[,(1]
+ ¢s5(Tpps) €™ (Fs)x (He))" (Fu3) n) + C5(Tp3) 1€ (F3)Y (Hg)m (Fp3)
+ C5(Typs) €™ (Fy Yo (H )[kl](Flﬂ) 1+ c6(Thpa) }€xJk(F8)§"(H15)1{<il}(Eﬂ)[zm]
eI (Fy) <H15>{”}<Fb3>[k4 + (T €™ (F k()™ (Fys) o
+ dy (Tysa) €7 (Fy )4 (Hs )’ <Fb6>{k,} + dy (T €™ (F) (HE) (Fie)
+ dy(Typs) € (Fs)7 (H ) (Fbé){lm}+d2(Tbb3)[zj] eI (Fg)L(H3)* (Fe) 1y
+ dy(Typ3) € e (Fg)k(Hs)! (Fhs){kZ} +d3(Thb3)[z]]€x]k(F8)m(HG)[ ](Fh6){kl}
+ dy(Tpp3) 6" (Fs)x (H6) (Fb6){km}+d5<Tbb3)[1]]€ K(Fg)y (HIS){ }(Fbﬁ){lm}
+ do(Tpp3) i€ (Fg)? (Hys)h (Fbs){kl}+d7(Tbb3)ij]€XIm(F8)' (Hs))' }(F%){km}
+d8(Tbb3)[z/€x”( $) (Hys)h! (Fb6){kl}+d8(Tbb3)zj]€x”n(F8) (Hs)i' (Fbé){kl}
ay(Tys3) H(Hg),
by (Thp3)
(Top3) i)

+ c7(Tpp3

i
)i

ay(Tops) i) (Frg) VA (Hg )I:M](Fb’i)lm] + ay(Tpp3) i (F—){jkl}(Hls){lm}(sz)[zm]
YUY (H3 )i (Fye) gy + b2(T o) iy (Frg) 4™ (HE) ) (Fog) 1y
JF) U (He) ™ (Fio) iy + 0a(Tons) i) (F15) V9 (1) 1™ (F) (36)

Tpp3 [,,( 1

(=)

+ b3(Tpp3

Decay amplitudes are given in Table XXII for the transition b — d, and Table XXIII for the transition b — s. We remove the
similar contributions in the amplitudes, such as ¢; — 2¢y,2¢, — &5, ¢3 —2C3 + €3, ¢5 + 2C5 + C5,2dy + dy, dy — 2d, + dy,
and 2dg + dg. There is no relation of decay widths for class I. The relations of decay widths for class II become

0719, . — £v%;) = 20(T19, . — E'E)).

The relations of decay widths for class III become

F(Tbb" - Zl_AO) F(Tbb“ - :0._.;) F(Tbbﬁs‘ N Z"AO) = Zr(Tbb 0= E'OE;),
1 o - 1 _ _—
F(Tgbd‘ Z'OAO) EF(Tgbds _'Odg), F(Tbbd‘ Z'OAg) = > (Tbb i - .:2),

O(T;, -8 =01 —E'%), T(T:

_ 1 _
0=—) — — =0=—
ool S Is - ¥E)) = 21"(Tbbas_ - 5YE;).

bbid

The relations of decay widths for class IV become
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TABLE XXII.  Doubly bottomed tetraquark 7’55 decays into a light antibaryon octet and a bottom baryon antitriplet (class I) or sextet
(class II), a light antibaryon antidecuplet and a bottom baryon antitriplet (class III) or sextet (class IV) induced by the charmless b — d
transition.
Class I Amplitude
T 2 208 e a2 m Petpn o
Tbbjf — A Ab C1—2¢+ C3+\/L‘g+c‘5+‘ c7—3¢g T};b&f - Ab = L2—64+L5\}—§LG+ c7tcg

0 _ 5 BtEr —cy +2¢y —2¢3 —2¢4 + ¢5 — 3c6 — 3¢y 70 =0=0 ¢ +2c3+ ¢y —3c6 — 7 — 2y

bbds = b

- AO=— c1—=4cy—2c34c4—2c5=3c6—3¢7 - 5 — =0 _ . — ., =13 .
Thhﬁd — A ':‘b \/6 bbiid 3 =) Cq =+ 263 + Cy Cgq 367 + 268
- 0= — c1—2c3—c4+cg—5¢7+6¢g - = A0 _ — — — —
Tbbﬁd -2 =5 —\/i bbiid - pAb C 2C2 2C3 26‘4 + Cs Cqe — Cg

Class II Amplitude
- AOS— 2dy+3d3+3dy=2ds+5de+7d;—4d - v —3°0 —2d,+d3+dy+2ds+3ds+d;—12d,
Tbbﬁ.\‘- - A Eb 2y odytody g 6 [d7—4dg Tbbﬁs‘ - Zb 2d3tdy ; 6tdy 8
- S0y — 2dy—d;—d,—2ds—3ds—d;—4d, - =0=— 2d,+d;+d,—2ds+dg+3d;—4d,
Thpas = Z°%, e Typpas = E'Fy Y I
0 A 050 2dy+3(d3+dy+2ds—dg—3d;+4d, y— 3+ —
03— A% »+3(dy+dy 2\/% 6 —3d;+4dy) whds PIRDIN dy —d3 +3ds + 3dg
O ds = =) 5(=2d, +2dy + d3 — dy — dg — dy + 12dy) i = =%y —dy +2dy — dy + 3ds + 2dg — d7 — 4ds
0 _, St _ dy=2dy+dy=3ds—2dg+d;+4ds _ _, 500 di+dy+2d,+3ds—dg—4d;
bbds = = /2 bbds — == Na
- Romr— 3d,~4dy +3ds+ds—ds—2d;+8dy S =0 dy—dy=2dy—ds+3dg+4d;
Tpaa = NEy W3 woia = 5 5
- S0m/— 1/_ - —d,+2dy+dy—ds—6ds—5d,+12d,
Thhﬁa—>2 = 5( dl +d3+2d4+d5+5d6+4d7) bbﬁa—>p2b 1 2174 \}E 677 8
Tl:blic] bd ﬁZ; _dl + 2d2 + d4 - d5 + 2d6 + 3d7 - 4d8 bhid - E-.OQ; d] + d3 - d5 - dﬁ
Class 1IT Amplitude
T — Y-A0 2(a;+2ay) T, — B0=- _ 2(a;+2ay)
2 e 2 3
b > _ =0 2(a;—2a,)
pois 2 N \g(al —2a,) Thpas = E7E 7
- A—AO 8a, - S/ — =0 2(a;—2ay)
Tbblid - A Ab V3 TbbL?d - Z =b _T
_ S0=—
Thhﬁli - X =b _\/%(al + 2(12)
Class IV Amplitude
— 5 /—30 — /03—
= I
Thpas > 27X \/g(b3 +2by) Thpas = 272 \/%(b3 +2b)
— S10m/— 0 SI—s+ by +2by—by+3b,
Tobas = \@(ba +2by) Topas = 275 V3
0 510570 by+2by+by 0 S/t by+2by+b3—by
bbds 2_ z 73 Topas = T % /3

Vb1 + 20+ by)
by +2by + by — by
\/g(—bl +2by + by + by)

—\f3b1 =20, + by)

by =2by+by—by
V3

0 =/ r=—
Tpas > ETE)
- R——s+
Topaa =AY,
— NOs—
Tbbmi - A%

— /0= /—
Tbbl?t; - =b

Vb1 + 26, + by — b
—b, +2by + by — 3b,
—by+2by+b3+5b,

V3

—by+2by+3b,
V3

C(Thpas = 2_/_22) =(Tppas = 2/021;)7

C(Typas = 2/025) =T (Typas = E’OEZ‘),

I

I°(

bbds

bbds

_ 1 _
- $HES) = =I(T0 . — EHEL),

2 bbds
Sy _ 2 SO
T, = ETEy) =0(TY, .. = Q°Qp).

3
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TABLE XXIIL

Doubly bottomed tetraquark 77,5, decays into a light antibaryon octet and a bottom baryon antitriplet (class I) or

sextet (class II), a light antibaryon antidecuplet and a bottom baryon antitriplet (class III) or sextet (class IV) induced by the charmless

b — s transition.

Class I Amplitude
Tl:bﬁj- - AOE; C1+2C2—2C3—2C4\</F6C5+3C(,—667+9Cg T;bﬁf N Z__Eg —c + 202 + 263 4 264 —c¢s+ ¢ + g
Thpas = 25 01_262_2(73_5/55_06_407%68 Thpas = PA) 1 —2¢3— ¢4+ cg+ 3¢y — 2y
0 _ A 0=0 —c1=2¢;=2¢c3=2c4+c5+9c6+6¢7 43¢ (U 500 ¢1—=2cp+2c3+cs+3c+4c7—cg
Thpas = N5y NG Topas = T8 NG
Tgbaf—>2+E; 1 —2¢y+2¢3+2¢4 — 5+ 3¢ + 3¢y T‘;b‘_ﬁ—»ﬁ/\g c1+2¢3+ ¢4 — 3¢ — 7 —2cy
T, = pEg —2¢y —cy+ 5 —2c —3¢c7 + g Ty 2= 8y —2¢y + ¢4 —c5 —2c + ¢7 — 3¢y
Class 11 Amplitude
- N O~ 3d,~2dy~3dy~ds—8ds~Td; +4d - 5—/0 di=2dy—dy+ds+6dg+5d;—12d,
Tbba,f_’/_\:'b == 42\}5 St Typas = X7 5, = s\fz" —==
T;bﬁ:‘ N ZOEZ— —d, +2d2—2d3—d./lz—d5—2dﬁ—d7—4dg T;bﬁs_ - ﬁzg —d, +d3+2d4:)—§d5—3d6—4d7

Typas = 1,

0 A 0=/0
Tbb‘z? - A5}

—d| —dy+ds + dg
—3d,+2d,~3d,~3ds+3dy+12dy
2V3

_ =00—
Tppas = E°Q,

0 S0=/0
Topas = X'

dy —2dy — dy + ds — 2dg — 3d; + 4dg

—d, +2dy+2d3+ds+3ds—2dg—5d;+12dy
2

This = X7y - d1_2(12+d4_335§_2d6+d7+4d8 Topas = PZp dy —d3 + 3ds + 3dj
bvas ~ TZh ot t2dut sl 70, — E'Q; ~dy + 2dy — dy + 3ds + 2dg — dy — 4d
- X0 — — S0y —
Topaa = NV \/g(—zczz +2ds + dg — dy + 4dy) Typaa = % V2(d3 + dy +2(dg + dy))
- _— 2dy—dy ~dy—2ds—3dg—dy+12d - = 2, +ds-+dy=2ds+dg+3d,—4d
Tbbﬁc? — pE), h—ds—d, \;3 s—d+12dy Tbbﬁd - nZ; h+ds+dy \/55 o+3dy—4ds
Class III Amplitude
Typas =~ A™AY —L\};az) Typas —~ 78} 8—\%2
- S0~ 0 KO0 AO 2(a,-2a
Tipas = 78, \@(m +2a,) T9, 7 = A°A) _%
0 5 /07=0 — A—=0 2 2a
Thpas = 275 —\/%(al —2a,) Tea = ATE %
- AO=~ 2(a;+2
T;, - — A°E; 2ort2e)
Class IV Amplitude
Thpas = ATy —by +2by + b3 = 3by Thpas — ATZ) —\/3(b; = 2by + by)
- X b1=2by+by=b - 51— /0
Topas = A% v Thas = 275, VA=D1 20y + by + by)
Tipas = By e T, — E°Q; bbb he
0 K-+ bi+2by=bs+3b 0 K050
Thpas = A% e Thpas = A% —\/g(bl +2by + by)
Thpas = A7Z; —by =2by = b3 + by Thpas = Z°85) _%
0 /43— 0 =+ 0O— b +2by+b3—b
Tois = 275y _\/%(bl +2b;y 4 by — by) Thpas = BT, —%
— A—=/0 — AO=/—
TbbLZJ —A =b \/%(b3 + 2b4) Tbbtia_l —A =b \/%(bg, + 2[94)
— S0 y—
Thpaa = X Q \/%(;73 +2b,)
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There are no relations of decay widths for class I.
The relations of decay widths for class II become

! S
010 . — &+0;).

T(T},5 = E° ;) = 5 T(T) 5

bbds

The relations of decay widths for class III are

[Ty — AAY) = 21(T8,5 ~ S920),  T(T, — A°AY) = 21(79, , — S92,
D(T,0q > ATE)) =20 (Thb“ - 2VE;), T(T g = ATE) = F(Tbb 2~ A5,
L(Typas = A- AO) = F(T(b)bd‘ AOAg), F(T;b . Ao:[;) =2I(Tpus = >0 5;).

The relations of decay widths for class IV become

=0 _ B 3 o
F(Tgbds — A%%)) = 21T, bbds - 20Ep), F(Tgbd' - ATY)) = 2F<T2bds XTE),
D(Thyas = ATE}) = 30(T) 5 > E7 Q). 0T, . — 2E;) =20(TY, . = E7 Q).
D(Tpyq = AED) =T(Ty, ~ AEY), (T, — AER) = (T, — £°Q3).
[(Ty,.5 = A°E)) = (T, .0 — £°0%).

3. Decays into a bottom meson and two light mesons

The Hamiltonian for decays into a bottom meson and two light mesons is

Hetr = 1 (Top3) i (B) MIM (H3) + c2(Thp3) ](E)iMjMﬂH3)l

+ ¢3(Tppa) i) (B)IM]Mk(H3) + c4(Tpea)y; ](E)kMiM{(Hﬁl

(T ) (BY" MM (H)w" + c6(T )35 (B) Mi My (Hg)

1T i (BY" MM, (He) ) + e4(T i) 5 (B)" Mi, ME(H )

+ co(Typa)jij (BY MYM (Hg) | + ¢10(T i) i (B)" MM, (Hg)

et (T (BY MM (He) ! + ¢1a(T ) 1 (B MM} (H 5)5"

+ 13(Tpp3 )i (B)' MMy (Hs)M + c14(Twp3) i (B) "ML, M (H,ys)

+ c15(Thp3)jij) (P)mMiMﬁn(Hls)}{jk} + c16(Tp3) i) (B )'"MinMﬂHls)l{jk}

+ 11 (T ) 1y (B) MM (Hg ). (37)

The ;7 and ¢y; terms give the same contribution which always contains the factor c¢q; — ¢7;. We remove the ¢17 term in the
expanded amplitudes. The amplitudes are given in Table XXIV for the transition » — d and Table XXV for the transition
b — s. The relations are

[(T5,. - B~ 2°K%) = 30(T5,.. - B"K%),  T(T° . — B%z9K°) = 31(T° . — B°K).

bbds bbds
F(Tgbj- = Bt n%) = [Ty — B'n'n7), F(T(ZM- - Bin’K°) = 3F(T2hd' — BIK"),
(75, . — B2K°) = 3[(T;, . — B"K).

VL. NONLEPTONIC T,,;; DECAYS

The charm decays or (and) bottom decays can be present in the decays of 7, ;;. For the bottom decay, there is a new
decay channel in which two heavy quarks of tetraquark interact by a virtual W-boson. The others can be obtained from those
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TABLE XXIV. Doubly bottomed tetraquark 7,44 decays into a bottom meson and two light mesons induced by
the charmless b — d transition.

Channel

Amplitude

Typas — B~ K0
T, .— B n Kt

bbis
Typas =~ B~K"n
Typas = B'nK°
Tppas = Bz~
Typas = Bonn
Tyas — BYKOK™
T, = B 'K
Thyas = BAK"
Typis = B7K™n
boas ~ B'7K°
Tgbd_E - Bz K*
boas — BOK
Typas = Bomn”
Ty = B
boas = By
T, .. = BIKTK~
boas — BeKK"
boas = By
Ty 7= B rntrn
Typa = B2’
Tyea = B2
Topag =~ B KK
Tyig = B KK’
Typaa = Bm
;bﬁz? - B'zz”
ppaa ~ B
l:bm? — B°K°K~
bbid Eg”OK B
;b:zc? - E-(Y)”_ko
T, = BYK™n

—Cotc4+2c5+cg—c7—cg+cp+5¢i+c13+3¢14—3c15—C16
V2
Cy—c4—205—cg—C7—cg—cCy+3c1n— 13 —3c14 — €15 — 3Cy6
—cytcy+2cs+cg—c7—cg+cy1+5cp+c13+3c14=3c15—Cci6

6
—=2(c7 + g +2(c15 + ci6))
—4\/56'12
—\/g(q —cq+2c5+co—c7—cg+ 3¢+ 3¢13 4 ¢4 — €15 = 3¢46)
—cytcy—2cs—cg—cy—cg—ciptcp—3ci3— iy — 3¢5 — Ci6

€3+ ¢y + 205+ cg—cg+2c0— 3¢y + 2015 — ¢

c3tcgt2cs+ce+2c7+cg+2c19—=3c14—2c15=5¢16

V2
_ e3tegt2es+cg—2c7=3cg+2¢19=3¢ 14 +6¢15+3¢56
NG
—cy—c3tcg+2c3—2c)9+cy +H5¢pp ez —2c14—c15—4c
V2

ey +c3ter+2c0—cpp + 3¢ —cp3+2c14 — 3¢5
—cy—c3te7+2c5—2¢ 9+ +5¢p i3 —2¢14—c15—4¢)6
V6
—201 — Cy) — Cq +4C9 + Cl1 —3C12 —Ci13—Clg

=2¢c1—cy—cgt4cg ey +5ci—ci3—cpy

cy—cy+2cs+cg—c7—cgtc —cp=Sci3t+ciu—cis+5¢i6

3
—2C1 +c3—¢C6+Cy +4C9 + 2C10 - 2C13 +cCy — 3C15
—2C1 — Cy —+ C3 =+ Cy — 2C5 - 2C6 —Cg +4C9 =+ 2C10 —C11 =+ Cip =+ 3C13 -+ 2C15 —Ci6
—6c)—cy+4c3+2c4—4cs—5c6—2c7—6c3+12c9+8¢19—3¢1 ;=3¢ 1, +3¢13+3¢14+6¢15+6C16
3

2ci1+cy—c3—c4—2c5—2c — cg +4cog +2c19 — 11 + 3¢1p + ¢13 — 2¢15 — 3¢
2C] +C2 —C3 —Cy4 —2C5 - 266 —Cg +4C9 +2C10 —Cq —5C12 + C13 +6C'15 +5C16
_ cotestert2eg—2cigtc —Ccip=5c13=6¢14—3¢15—4ci
V3
2C1 —C3 — Cq + C7 +4C9 +2C10 +2C13 + 3C14 —Ci5
2c; + ey —cgt+4cg+ oy —cpp—3c13 =3¢y
6¢1+cr—c3tey+2c5=2c6—2c7=3cg+12c9+2¢19+3¢11+3¢p=3¢13+3¢y6
3

4V2(=cpy + ¢15 + ¢16)
—\/%(Cz +C3 + Cc7 +2C8 —26’10 + Cl1 +3C12 + 3013 "‘26]4 + Cls)

—cy—c3tceg+2cip—cpp e —3ci3—2c4— 5
_ catey—2cs—cetcg—2c9+c14—6¢i5—5¢6
V2
—c3— ¢4+ 2¢5+ g —cg+2c190— c14 — 2¢15 — 3¢y
c3Fc4—2cs—cg—4c7=3cg—2c1pFc1a+2¢15+3¢16
V6

for T34 decays with B — D and B. — J/y. For the charm decays, the decay amplitudes can be obtained from those for
T .5 decays with the replacement of D — B and J/y — B,. Thus, we do not present those results again.

A. bc — ud/s or bc — cd/s transition

1. Decays into two mesons

The transitions bc — cd/s and bc — ud/s can lead to the tetraquark to decays to two mesons, whose corresponding
Feynman diagrams are given in Fig. 8(a). The Hamiltonian becomes

Heie = f1(Toe3) i (D) M (Hs)* + f2(Tpes)ij) (D) My(H)! + f3(Tpea) i MM (H5) 0 +f4(Tbc3)[ij]M;¢M{(H3_)[kl]
+ f5(Tpea) iy MM (H3) )+ fo(Tpes )iy MMy (Hg) U (38)
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TABLE XXV. Doubly bottomed tetraquark 7’55 decays into a bottom meson and two light mesons induced by
the charmless b — s transition.

Channel Amplitude
Thpas = B ntn™ 2¢i —c3— ¢+ 7+ 4cog + 2¢19+2¢13 + 3¢14 — €15
Typme = B~ 70 2¢) —c3—cg— 7 —2cg +4cog+2c1g+ 213 + 3c14 + 3¢15 + degg
Thoas = B~ ”0,1 _C}+CA+2€5+Cﬁ+Cg_ZC|Q+2C;y.+4C]2—4C|3—3C|4—6C|5—5(7|6
us
3
Tl:bﬁf_)B_K+K_ 2C1+C2 (,4—26'5 2C6—C8 +4C9+2C10—C11+3C12+C13—2C15—3C16
Typas —~ B~K'K° 2c) + ey —cgFdeg+ e —cp =33 =3¢y
Tbbm - B—m/’ 6c|+4cos—c3—2c4—4cs—5ce+c7+12c9+2c10—12¢1,—6¢13—9¢14+9¢ 5+6¢16
: 3
— B0.0_—
Typas = Bz —V2(c7 + ¢ = 2(c15 + c16))
— B0 —
>
Tbbus B’z n \/g(—C3—C4+2C5+C6+C7+2C|0—C14+4C15+3C|6)
T;blif - EOKOK_ —C3 — C4 + 2C5 + Ce — Cg + 2C|0 —Ci4 — 2C|5 - 36]6
Tbb“ N EEHOK_ _ 02+C3+C7+208*2010+Cn‘\7}124‘3013+2014*3C|5*4016
is )
T;bl,?f g B?ﬂ'_KO —Cy — C3 + C7 + 2(,’10 —Cq + Cip — 3C13 - 2C14 —Ci5
— R0 p— cytc3teg+2c5=2¢19+c11=9¢1+3¢13+2¢14+13¢y5+12¢46
Tgm - BK a 2
—-at . N . .
phas > BT —V2(c7 + ¢ = 2(c15 + c16))
TO > B gt
bbds zn — %(C3+C4+2C5 +C6+C7+2C10—3C14—3C16)
Thyas = BKTK® —C3 = €4 = 2¢5 — €+ €3 = 2019 + 3c14 = 2¢15 + ¢y
2bd_§ - E0ﬂ+7[_ 2C1 —C3 + Ce — Cq —4C9 - 2C10 + 2C13 —C4 + 3C15
T(lzbaf — Eoﬂ'oﬂo 2C1 —C3 + Co + C7 + 2C8 - 4(,’9 - 2C10 =+ 2C13 —Ci4 — Cy5 _4C16
0 7R0_0 c3tcy—2cs—cg—cg+2c9—2c) —4cp+H4c 3ty +2c5—c¢
*——>B7”1 3+C4—2¢5—Co—Cy 10=2¢1 12 131C14 15=Ci6
bbds /3
Thpas = B'K K- 2cp ot cg—deg—cpp +3cn o3 ton
(lzbdif — EOKOEO 2C1 =+ Cy —C3 —Cy + 2C5 =+ 2C6 =+ Ccg — 46’9 - 2C10 —+ Ci1 —Cip — 3C13 — 2C15 —+ Cle
(}3};& — EO’,I,? 6c)+4cr—c3—2c4+4cs+5c6—c7—12c9—2c19—12¢1,—6¢1343¢14—3¢15+6¢16
5 3
2bJ§_)B87[+K_ —Cyp — C3 — 2610+611 3C12+Cl3—2C14+3C15
TO N FQ”OKO 02+03 c7—=2cg+2c19—c11=5¢cin—ci3+2c14+c15+H4c6
bbds s 72
0 ROE0 cytc3—c—2cg+2cig—c1 1 —Scin—c3+2c14+c5+4c
,7_>BK7] 2TC3=C7 8 10=C11 12=C13 147TC15 16
bbds s NG
Ty i ™ B ntK~ Cy—C4—205—cCg—C7—Cg—Cyp +3¢1p—c13—3c14 —C15 —3C6
T- — B~ 7YK0 —Coteqt2es+cg—cr—csten+Scpteit3cu—3cis—ci
bbiid Na
T- N B_foi’] —Cateat2cs+cg—cr—cgFc+5cpteizt3eia=3cis—cie
bbiid NG
T- BO OK— _ e—c4t2¢stcg—cy—cgteptTcipnt3ciztea—cis—3cie
bbid /2
T; 00— B2 K° —cytep—2¢cs—cg—cp—cg—cpptcepp—3ci3— iy — 3¢5 — 6
T;b > — B K_i’] cy—cy+2cs+cg—c7—cg+c 1 =9cp+3ci3+cia—cis=3cy6
it 6
T;,..— BIK'K™ =2(c7 + cg + 2(ci5 + c16))

The decay amplitudes for T3 decays into a charmed meson and a light meson are given in Table XXVI. We have the
relations:

1 1
F(Tbmﬁ - D° 0) = 5 ( beis D+”_) = 2F(TZ_C(37 - D0ﬂ+) = F(TZ_C(;, — D+JZ'O),
l—‘(T;r Pl D0K+) = ]"( — DYK- ) F(T;r e D.*?O) — F(Tguzg — DYK- )
F(Tgc jid - DOKO) = F( ciid - D+K ) F(Tgcus - DO ) F(T;L ds - D+7]>7
[(Thezs = Din™) = F(T;‘Zcﬁe - D°K°) = 2I(T, ;. — D{x°),
1 1 -
[(T}), .z = D°n%) = §F(T - DTK") = 2F(T2m - Dtro).
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(a) (b) © (d)

FIG. 8. Feynman diagrams for nonleptonic decays of doubly heavy tetraquark 7' 4. Panel (a) corresponds with two mesons by the
new W-exchange process. Panels (b),(c),(d) correspond with three mesons by the new W-exchange process.

The decay amplitudes for T,.; decays into two light mesons are given in Table XXVII. The relations of decay widths are

_ 1 _
0 00\ 0 -\ 0
(19,5~ 2"K%) = ST(T) ;5 — 7' K7) = 30(TY,_, — 1K"),

1
+ 0r+) + 40\ " n
[(Tygs = #KT) = EF(Tbccis‘ - n'K°) =3I(T, ;.= nkK"),
— 3
F(T}J;ru]\‘ ” K+K0) - EF(TZLJV - ﬂJr”) = SF(T(l:LIZ\_ - 77:077)9

1

M(Tyeg = 7'7°) = EF(Tgczz& — ), D(Thezs = 7°K°) = 30(Thzz > nK?).
1

F<T2cﬁs‘ - '2%) = zr(Tgcﬁi - ntnT).

2. Decays into three mesons

The effective Hamiltonian which leads to the tetraquark to decays to three mesons is

Hetr = d1(Tpea)iy (D) MIME(H3)! + dy(Tye3);3 (D) MEMYL(H3 ) + ds(Tes) iy (D) MM (Hs)!
+ dy(Tye3) i (D) MM (H3) + dS(Thc3)[ij]M;<M{;ﬂM;€(H§)[lm] + do(Tpe3) ;i MMM}, (Hs) U™
+ dy (Tpea) i Moy MEM (H3)U™ 4 dg (T 3) i MMM (H5) )+ do (T ye3)
+ dio(Tpes) iy MEMEM, (He) U+ dyy (T3 Mi MM (Hg) U

[ij]M;cM{"MIJ( (H6){lm}

(39)

TABLE XXVI. Doubly heavy tetraquark 7',.4; decays into a charmed meson and a light meson.
Channel Amplitude (/V,p) Channel Amplitude (/V,;,)
Tyeas = D°n’ —fz—}%‘ Tyeas — DOK° fi1Vea
Tgcﬁi — D% — 7(2f‘%)vr“ T(i:cﬁf - D~ —faVes
Theas = Din™ =f1Via TYeas = DK —(f1+ )V
Tyoas = DOn* —faVes T} . — D°K* f2Vea
e % Ty~ DTK° (f1 +f2)Vi,
[J)rc[ii - D'y —7&](1?—];2)% Tch?ﬁ -D S+”O flszﬁd
= DIK° =(f1+ [V T, = Din —%
1 g = D i g = DR v
Tgca& - DO” % T?acm? - Dtn” _(fl +f2)V2‘.d
T9 o= DK~ —f1Ves T) i~ DK™ —f2Vea
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TABLE XXVII.

Doubly heavy tetraquark 7.4, decays into two light mesons.

Channel Amplitude (/V ;) Channel Amplitude (/V ;)
Thogs = 771 (=f3+4fs+ fo) Vi T(b)cﬁg - 7% (=f3+4fs+ f6) Vi
79 . — 1°K° <f3+2f\4};f6)v(.d 7O = 2% (=fs— 2{/4_+f6)
Thess = 7 K* —(f3+2fa+ f6)Viy Thens = KK~ =2(f3+ fa—2f5)Vi
T} eas — K°K° —(f3—4fs+ fe)Vis T9.. = K %
Theas = 1 —3(5f3 +4f4+3(f6 — 4f35))Vis Ty~ 7 K (f3+2fs=fe)Via

+ + + 0 g+ 32 4 f6)V
Toeas =m0 \@(—fs =2f4+ f6)Vis Thas K %

T, .~ KK (=f3=2fs+ f6)Vis T . = K'n (—.f3—2.)\’;€+.fs)VZd
Ty = 77 “2(fs + fa = 2f5)Viy T0a— K ~(fs + 24 + Fo)Vis
79 o= n'n =2(f3+ fa=2fs)Viy 70 - — 2°K° (f'3+2.f\}42:f'6)VZ,;

0 2feV* 0 — _ *
Thoza =~ 7N % Ty~ KK (=f3+4fs+f6)Vig
Tyera = KK ~(f3=4fs +f)Vig (. (as2fet oV
Theaa = M 3(=f3+ fat6f5)Vey

The corresponding Feynman diagrams are given in Figs. 8(b), 8(c), and 8(d). We give the amplitudes in Table XXVIII for a
D meson plus two light mesons, and Table XXIX for three light mesons. Then, the relations of decay widths for a D meson
plus two light mesons are as follows:

1
(79, > D°z°2%) = 2F<T(Igcﬁ§—>D07Z+ :—F(Tb = Dt )=I(T/ . —» D 2%2°),
1
(Tng—>D0 OKO) 3F(T2Lm_’DOKO (Tgux_)D+ n)= ZF(Tguﬁ D;rKOK_)

(79, = D K°K~) =30(TY,... »> D’2%

bcis bcus

(TO =D K~ )= 3F(Tb+3_—>

bcus

—F(T - = Dfn%)=

beds

——F(T

bcus

—30(T+ . — D*a')

beds

bcus

3
—Dtz7n)= El“(TJr

2 (T(;CIJS _)DOJT_KJF)

0+
beds - D'z l’])

_ 0+ 750
=I(T} ..~ D’K*K").

1
n :—F(TO =Dz K% =30(TY, .. — DnkK~)

bciis

_F(Tbcds D+”+K ) r( beds _)D;_ﬂofo)’
D(T, g5 = D°n " KO) = 6I(T,) 5. = D°K ™) =20(T)) .3 = D{n°K™) =TT} .5 = D7 K?)
=60(T) . — D K™n)=2I(T, . — D°z°Kk*),
3 3
D(T ) g5 =~ D7 7°K®) =31(T, ;. — D" K’n) :EF(T(;C-' = D) = 0(T} zq = D7)

1
r( 7= DYKOK™) =-I (T} . > D*n K*),

5\ beds
o(r) . — Dzt K~)=60(T) - — D"K') = 6F( 70 .~ DK n)=20(T) .~ D'zK°)
=20(T0_.—D*2'K~") =[(T)__— Dz K",
D(T .~ Dintn™) =T(19,_.— D'K°K®) =2I(T} ,_ — Di 2°2°),
[(1° .~ D'n*z~) =I(T} ..~ D{K°K®) =20(T9__ -—>D0 070),
I“(Tgms—>D017;7):F(Tzcds—>D+1717) F(T26L¢3—>D0K+K =I(T Cd__,D+K+K ),
F(lec[if_)DJrKofo):F(Tgcaf_’DOKHY )s F(Tgcﬁ_’DOKOKO =I(T! beds - DTKTK™).
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TABLE XXVIIL

Doubly heavy tetraquark 7.4 decays into a charmed meson and two light mesons.

Channel Amplitude (/V ;) Channel Amplitude (/V ;)
T)..c = Dontn~ (2dy +dy) Vi 79— DOr0z° (2dy + dy) V-,
Ty = D°2°K° % 79 .. — D% %
Thezs =~ D'nK* (di = d3)Viy T s — D'KTK~ (dy +2dy —ds + dy) Vi
Theas = D'K'K° (di +2dy)Ve 79 .. — DK% (dz—\ﬂ/llg)vid
T} eas = D' 3(4d, + 6d, = 2d3 + dy) Vi Thess = D \@(m —d3)V
Tyeas = DTKK™ (dy = d3)V§ T9..s = DK~ %
T)as = Din K’ (dy —d\) Vi 19 ..— Dfnn \/%(d3 —d)Vi,
Ty = DIKK™ (ds —di) Ve 9 = DKy e
Ty DK (ds = )V T = D' Vi - v
Tpo4 — D'n°K* Gty T} 4 = D'K'K° (dy = d3) Ve
Theas = DK Ll Tyas ~ Dta'a (2d; + dy) Vi
T} 45— D'a'n (2dy + )V T: . — D0k sy,
T)gs = DFan Mg)va T4 = DT K" (di —dy)Viy
Ty~ DTKK" (di +2dy) Vs T+ . — DT KK (dy +2dy — ds + dy) Vi,
Thogs = DK GdVa T, = D'm L(4d, + 6d, — 2d; + dy) Vi
TZc&s‘ - Dfrtn —(d, +2d,)VY, T}fak — DinTK~ (dy — dy) Vi
T} 5~ Din’a’ —(d, 4 2d,) V3, T; . — Di K’ (=t

peas = D' A T: . — D{K'K" —(2dy + dy) Vi
TZc&s‘ — DY KK —(dy +2dy — ds + dy) Vi, szif — DK% %

heds = D —1(dy + 6dy = 2d5 + 4d,) Vi 70 > Drta” (dy +2dy — ds + dy) V7,
Tgcmi - DYt K- (di —d3)V§ Tgcm? — DOy00 (dy +2dy — ds + dy) V7,
79 .= D'z°K° (%L\/li)"és 0 - — D% %
T?,ng - D'K*K~ (2dy + dy) Vi, Tgma — DOKOKO (dy +2d,) Vi,
79 .= DK% % 9 uz = DO $(dy +6dy 4 ds + dy)Viy
TZcﬁJ - D*z°K~ % T(,L.,;g - D'z K° (d3 —d,)Vis
Theqa = D77 Vs = v Tyeaq = DTKOK™ (ds = )V
Theaa = DK™ thoogVe 79 . — DinK~ <d4—j%)v;d
T9 .= Din K’ (dy — d3) Vi, 79 = D{K™n (d;—j%)vgd

The relations of decay widths for three light mesons can be written as

B 4
ZF(T[(ZCLZ? — ntn’zn )= gF(Tgcﬁ

bci bcus

o 207207

1
— _T(TT
- 2 ( beds

=I(T/ ., —»n"KTK~

beds

bci

- atnta”)

=2I(T! .. - nt7n°7°)

beds

3
(1Y, = 2% K*") = E1“(T0 = 1°K%) = 30(TY, .. > n~K'n) =0(T} . — zt2°K°)

I°(

+
F(TchE -

T} . — 2’KTK%) =30(T} .- — K"K%)

beds bc

1
atrKt) = EF(TZcZﬁ - K"KTK™),

— +
- 3F(Tbc§l§

4 bciid

bciis

- fﬁKOn) =

3
=-T(T° - —ztK™n)=

beds
3 + 0 g+
ATy~ #K),

3 _
ATy = 2K,

2

bcis

1 _
(719 . — a7 K% = EF(TO - — KOKK?),
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TABLE XXIX. Doubly heavy tetraquark 7.4, decays into three light mesons.

Channel Amplitude (/V ;) Channel Amplitude (/V ;)
19 us = ntnln” w 79— atn K° —(dg + 2d7 + dyo + 2dy)VYy
gcﬁs‘ N ”+”—,7 (—2d5—3d(,+2d7+124\1;6—2d9+3d,0+6d,,)st Tgcaf N 77.'+K0K_ _(ds + 2d6 _ 6d3 + dq)st
19 .. = n97%7° 3(“16‘2‘17*\/‘1510*2‘1")"3 T) ... — n°7°K° —(dg +2d7 —2dg + d1p + 2d11) Vi,
0 = 2% (—2d5—3d(,+2d7+12¢\1;6—2d9+3d,0+6d,,)st 70— n'n K+ —V2dyV,
70 L OKYK- _ (ds+3dg+2dy—6ds+dy—dio=2dy, )V, 70 ZOKOKO (ds+dg—2dy—6ds—dy-+dyo+2d,1) Vi
beas 2 beiis 7
0 %K% 2d\g/;;d 70— 2% _ (3d6+ed7+8d392d.0—6d,,)v;
T)..: = n K'K° (=ds = 2dg + 6dg + do) Vs Thers ~ 7K'y \@dgvzd
Tgcm — K+KK- —(dg + 2d7 — 2do + dy + 2d,,)VZ, Tgcm" - K*Kn (ds+3d6+2d7—6d8\—/3%d9+3d10+6d]I)v;
79, — K°K'K® ~2(dg + 2d7 + dyo + 2d,,) V7, 79 . — K"K (d5+3d5+2d7—6dx—6dg+3dm+6d1l)V;S
70— Koy 3 (3d6+6d7—2d9-;—3d|0+6d”)V;d R (2d5+7d6+6d7—12d3\;66d9+9d|0+18d|])V;,
PP Ar ar 2(=dg —2d7 + dyg + 2d,1) Vs T) o=t a'n’ (=ds = 2d7 + dy +2d11)Vis
T KO Vi, T K (ds-+2d = dig =240V
T/ - rKTK" (=de — 2d; + dyo + 2d;,) Vi T! = 7KK (=ds — 2d; — 2dy + dyg + 2dy; )V,
T, . =7 K% \@dgV(*:d e _ (3d6+6d7+8d9;3410—6d,,)v;
T; . — n'n°K* (dg + 2d7 +2dy — dyo — 2d,) Vi, T/ ..~ °KTK° —V2dy Vi,
TZC&Y_—MTOK*n _2‘19_‘3/:« T;ag—»K*K*K_ 2(dg +2d7 — dyg — 2d,,)Vy
T) .. — K"K'K° (ds +2d7 +2dy — dyo — 2d11)Vy T} . — K"K _\/%dgvgs
peas = Kmi (3d6+6d7+2d9;3d10_6d11)V:d g = 7 7 V2(=dy + dyg +2d11) Vi
Thga = 7 7 K ~(ds +2d7 = 2dy + dig +2d11) Vs Thqa = 770 —ﬁ(dS +3ds + 2dy — 6dg)V?,
T g 5 KK (s = 2d + 605 + ) Vs TS 2\ it
79 = 2’2’z 3V2(=dy + dyo +2dy,)Viy Thoqa = 1°'n°K° —(ds +2d; = 2dg + dyo + 2d1*1)Vé‘s
T o= 2’z —\@(ds ¥ 3dg + 2d; — 6dg)V?, T = K"K~ _ (d5+2d6—6d3+c\l/g§—2d|0—4d1])Vcd
Tgcaa - 79KOKO (d5+2d6—6d8—d9ﬁ+2dm+4dn)v;d T(b)(w gy %
T) 0q = 7om Va3t 6V 70 .- 7 K'K° —(ds + 2dg — 6dg + do) V%,
T).qa =~ KTKK™ —(dg +2d7 + dyg + 2d11) Vi 9 .~ K*Kn CELEATAIH
T) .~ KKK’ —2(dg + 2d; + dyo +2d,) Vi 79 - — K'K% %
Theaa = Ko e Tocaa = \/3ds = dg = 6(ds + di)) Ve
(719, .. = K'K°K™) = lr(TgCﬁg — K°K°K"), (T s = ntan) = 20(TY 2 — 7°2%),

20(T9,..c = 2°2°K°) =T(T9... > KTK°K™),

bcii

(7Y, = 7%m)

2

bcis

1
= 50Ty gs = 7 m),

bci 2
F(TO - gt 0 —) i%F(TO N 0.0_0
pead 7T TR ) =y AR

(TS . — 2’2"k

0 -F0) 0 0,00
(T, ;= 7"nK’) =2I(T, . — n'72°K"),

1 _
) =-I(T} .. - K*K°KY),

beds 2 beds
b T ) = 20T, — A,
1) — 0 0770
F(T(l:cﬁﬁ -~ K'K I/I) - F(Tbcﬂt;’ - K°K 7])
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() (b)

() (d)

(h)

FIG. 9. Feynman diagrams for nonleptonic decays of doubly charmed tetraquark 7'..; 4. Panels (a),(b) correspond with a charmed
meson and light meson final states by the W-exchange process. Panels (c),(d),(e),(f),(g),(h) correspond with a charmed meson and two

light meson final state processes.

VII. NONLEPTONIC T,.;; DECAYS

For the charm quark decays, we classified them into the
following: Cabibbo allowed, singly Cabibbo suppressed,
and doubly Cabibbo suppressed, i.e.,

ceqq

¢ — sdu, ¢ — udd/ss, ¢ —dsu. (40)

For the Cabibbo allowed decays, the nonzero compo-
nents are

TABLE XXX. Doubly charmed tetraquark 7

(Hé)%l = —(Hé)i3 =1, (HIS)%I = (Hls)i3 =1 (41)

For the singly Cabibbo-suppressed decays, the nonzero
components become

(Hg)i' = —(H

6 (H6)12 (Hs)z = sin(6¢),
(Hys)3' = (Hys)

)5
Y =—(Hy5)* = —(Hy5)3" = sin(0c).
(42)

ccgq decays into a charmed meson and a light meson. sC is the abbreviation of sin(6¢).

Channel Amplitude Channel Amplitude
Tz = Dt fi=2f>+ f4 Tls = DK™ (/1 =2f2 + f4)sC
Tc+cﬁs’ - D*a’ % Tloss = DTK° (=2f2+ f3 = f5)sC
Tlas = D™ L\/fg_% T/ — Dfn° W
Tlas = DIK° fi=2f2=f4 T us = Diny (B  C
THt = Dnt fi=fs+fa—1Ts TH: = D'K* (f1 = f3+ fa—fs5)sC
Tt .= D'K° fi=fs—Jfat S5 Tt —Din* (fi=f3+ fa—f5)sC
Tless — DIK° (f1 = f3 = fa+ f5)sC? T/ .= D" (fi =2f2+ f4)(=sC)
Tlgs = DiK* (=f1 + f3 = fa + [5)sC? T =D (=2afy2fsh
T! .= DK* (f1 = 2f2 + f4)sC? T! .= D'y (—3f|+2fz}§f3+3f4>sc
T" .~ D'K° (f1 =2f> = fa)sC? T! ..~ DIK° (2f2 = f3+ f5)sC
i DA ~V2f5sC?

T+ = Diy

cciid

V3 - f)sC
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At last, for the doubly Cabibbo-suppressed decays, the nonzero formulas become

(Hg)3' = —(Hg)y* = sin’fc, (Hyis)3' = (Hys)3” = sin®6c. (43)
A. Decays into a charmed meson and a light meson by the W-exchange process

Following the above formulas, the effective Hamiltonian for decays involving a charmed meson and a light meson is

Hett = f1(Tees)iy DY MEHG)" + f2(Toe3) (D) ME(Hg),
3 (Tees) i) (DY MI(HE)" 4 fa(T ees)yi (D) ME(H 5)
+ f5(Tees)yi (D) M (H5)E". (44)

The corresponding Feynman diagrams are shown in Figs. 9(a) and 9(b). We expand the Hamiltonian to obtain the decay
amplitudes which are given in Table XXX. The relations of decay widths become

F(T?Cﬁf - D+K0) F(chud D+K0) F(chtis - D+ﬂ+) = F(chZs - D+K+)

TABLE XXXI. Doubly charmed tetraquark 7'

(T . — DY)

ccud

= (T — D°K™).

ccus

decays into a charmed meson and two light mesons. sC is the abbreviation

ccqq
of sin(6¢).
Channel Amplitude Channel Amplitude
T}us = D'ntn® batbethnthiy T/.s > D°’KTK® (by + bs +2bg — byy — byy)sC?
chﬁ N D07T+1’] 2b]—b4+b5—4b7—21678+2b9+3b11+I712 Tctur — DTKOKO 2(b4 + bS _ b“ _ blz)Scz
T! .. — D'K*K° by + bs —2by + bg + by — by, T+ .s — Din°K° _ (h1+2b2+h34:;a_8—h9—h10)sc2
2
Tj—“—“- - Drta” by + bs —4bg —2b7 4+ by + by Tj—”“ - Dz K" (by +2by + by — bg — by — blO)SCZ
T;m— — Dtad by — by —4bg —2b7 + by — by, T:m - D+K07] _ (’71+2b2+/’3+2’74+2/75+\/;3_—/79—b10—2/711—2h12)SC2
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NG
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ccid
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T i~ DK
T - — DK

ccid

Tt - — D n K"

cciid

T! o= DK%

T - > Dintn
ccid

Tt . — Dfn%°
ccitd 0
+ +
chud D N

TT .- DfKYK~

cciid
Tt .~ — DJKK°
¢cud
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ccud

V2
 (b1=2by—bs=2b;—by+bo—b15)sC>
V6
(b +bs=2by+bg—by=2b=byy)sC
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NG
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2(big=by)sC?
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B. Decays into a charmed meson and two light mesons

For decays involving a charmed meson and two light mesons, the effective Hamiltonian is
Hair = b1(Tees) (D) My M3 (Hg) ') + b (T c3) 5 (D) MM (Hg o’ + b3(T c3) 3 (D) Moy (Ho)
- ba(Teca) iy (D) MMl (He) [+ bs(T e
+ by (Tees) i (D) MM (Hg) !+ (T a)
+ b10(Tee3 )i (D) Mﬁan(Hw){j 01 (Tes
+ B (Tees) i (D) MM} ()" (45)

)
(DY My, MYHE)™ + bi(T )y (DY M3, M (He),
(D) MIMY (H\5)5™ + bo(T e3)s (D) ML MY (H,y5)
)i

( )liM£t1(H15){J}+b12< CC3)[1]]( )mM%MI(HlS){jk}

These related Feynman diagrams with the three final states are shown in Fig. 9. For the production of two light mesons,
some terms contain one QCD coupling while the others contain two QCD couplings. We found that b, and b, terms give the

TABLE XXXII. Doubly charmed tetraquark T’ decays into a charmed meson and two light mesons. sC is the abbreviation

ccqq
of sin(6¢).
Channel Amplitude
chm——)Do +I{O (bl—b4—2b7—bg+b9+b“)sc
Tt . — D°z°K+ (b1+b4+2b5—21:}_+bx+b9+b,,)sc
2
T! .. — DKty (b1 4by+2bs—2by+5bs +hy—3b;, —4b1y)sC
6
chus — DT79K0 (2b2+b3+2b4+bf/t2b7—bm—blz)SC
2
Tleas > DT K* (263 + b3 = bs + 2b7 — byg — by2)(—sC)
TH..— D K% (2b2+b3—2h4—3h5+2\;71—h,0+4h11+3b12)sC
6
Tj”” D§ﬂ+ﬂ_ (_bl + b3 - 4b6 + bg + bg + blo)SC
Tieas = Din’n® (by = b3 +4bg + by — by — by)(—sC)
chuv - Dg—”or/ (bl+2b2+b3—b4_b5+f}8‘_b9+h10_bl1+b12)SC
3
T .. — Dj’K*’l(_ (by + 2by + 2bs + bs — 4bg — 2by — bg — by + by,)sC
Tleas = DY KOK” (b3 = by — 4bs — 2by — by + by;)sC
chﬁf‘ g D;rrm %(3[)1 + 4b2 + 5b3 + 2b4 + 6b5 - ]2b6 - 8b7 + 3b8 - 3b9 - 3b10 - 6b]1 - 6b12)SC
Tl = D'n K 2(by + bs + byy + byy)sC
T:—CEE‘ e D+7[+K0 (bl + 2[72 + b3 + b4 + bS - bg + bg + blO + bll + blz)SC
+J(r2_ — DtOKT (b,+2b2+b3—b4—b5+\b/g_+bg+bm—b||—b,z)sC
ceds 5
T+E_ — D K™y _ (by+2by+b3—by—bs+5bs+bo+big—b1—b15)sC
ceds
Tl = Dinta’ —/2bgsC
++ + ot
ceds Diz'n \/%(bl +2by + b; — by — b5 + 2bg + bg + blO —by - b]z)SC
THt — DfK'K° (by +2by + by + by + bs — by + bg + byg + b1y + byy)sC
chmi - Dz’ n’ \/E(bs — by = b1y)sC
+ 0
Tiaq = D' —\@(bl + by + 2bs — 2b; + 2bg + by — by,)sC
TL(M[Q%DOK-FKO (b] —b4—2b7—b8+b9+b11)(—SC)
Tja“; b D+7l'+77: (bl + 2172 + 2b3 + bs - 4b6 - 2b7 - bg - bg + blz)(—SC)
T:FL J D+7l' 77,' (b] +2b2+2b3 +b5 —4b6—2b7 +b8 —bg —2b11 —blz)(—SC)
T! .= D" (bl+h4+2h5—2h7+b8\;f19—2b,0—b11—2h12)sC
ccua 3
chm? g D+K+K_ (bl - b3 + 4b6 - bg — b9 — blo)SC
Tj(m? g D+KOF0 (b3 - b4 - 4b6 — 2b7 — blO + b]])(—SC)
T: .~ D'y L(3by + 2by — 2by — 2by — 3bs + 12bg + 2b; + 3bg — 3bg + 3b1,)sC
T:cuti - DJr +K_ (2b2 + b3 b5 + 2b7 - bl() - blz)SC
T+ i D:r 0K0 _ (2by+b3—bs+2by—b1g+2by, +b15)sC
’ 2
T+ .- — DK% _ (2h2+b3+4b4+3h5+\2/b_7—b,0—2b1|—3b|2)sC
ccia 6
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same contribution which always contains the factor b, — b;. Then b, terms are removed in the final results. The decay
amplitudes are given in Table XXXI and Table XXXII. Based on the expanded amplitudes, the relations become

(T} — D'»ntKY) =T(T' _, - D'K*K"),
ccud

ccus

O(T} .z = Dfntn)=0(T" . — D'KTK™),
ccitd

ccus

O(TT .- D'ztn)=0(T/ ;; > DIKTK™),

ceid ccus

++ 07+ 7t —
0Tt = Dlnfat) =

VIII. GOLDEN DECAY CHANNELS

In order to hunt for the doubly heavy tetraquarks, the
golden decay channels are very useful [50]. So we list them
and give an estimation of the decay branching fractions in
this section. In the following lists, a hadron is a general
particle and can be replaced by the states with the identical
quark contents. The light pseudoscalar may be replaced by
the light vector meson such as replacing the K* by K*°
which decays into K~z". The modes involving the neutral
mesons z°, i, p°, @ are removed because a neutral meson is
difficult to be reconstructed at hadron-hadron colliders.

Ao chqq

For the T..z; decays, we collected Cabibbo allowed
decays in Table XXXIII. From the data of the D meson
decays, we conclude that these Cabibbo allowed decay
channels in Table XXXIII may lead to branching fractions
at a few percent level. Note that to reconstruct the final
charm meson, another factor of 1073 is required.

TABLE XXXIII. Cabibbo allowed T

ccqq

[(Tfzs = DYaK*) =[(T - — Din*K"),

ceus ccid
O(T" - D*atK%) =T(TT_ - DfKTK"),

ceds ceds

(T . — Dfr’z°%) =

ccid

n(r*

+ b
ccﬁc?_)D“'ﬂ ﬂ:)’

| =

40(Tl oz = DOxta®) = 40(TT 5 — DYt a0),

ccus

(1! - — D'K°K®) = T(T/.zs = D K°K").

ccus

B. Tbcqq

To reconstruct the 7.4, tetraquark, lists of possible
modes are given in Table XXXIV. The decay width is
dominant by the charm quark decay from the estimation
of the magnitudes of CKM matrix elements. For the
charm quark decay, the typical branching fractions in
Table XXXIV are estimated to be a few percents. If the
bottom quark decays, the branching fraction might be
smaller than 1073. Note that to reconstruct the final charm
or bottom meson, another factor of 107> is also required.

C. Typpg5

To reconstruct the 7,45, we listed the gold decay
channels in Table XXXV. The branching fractions are
estimated at the order 1073, In these decay channels, the
reconstruction of the final bottom meson or bottom baryon
state requires another factor of 1073, For the reconstruction
of J/w or D or charmed baryons, the corresponding factor
becomes to be 1072. Thus, to reconstruct the doubly

decays. K° can be replaced by vector meson K*C.

Two-Body Decays

+ 07+ + 0, + + +700
chzif - D°l'v chﬁf - D'xn TCCIZf - Ds K
Tt — Dtilty Tt — Dtgt

ceds o ceds
TH .- D'KY

ccid
Three-Body Decays
Tl — Da Ity T!.:— DfK- Ity Tt .. —» D'KTK° T! .~ DV atn Tl =~ D'KTK~
Tt = DYK'K? Tl.— DintK~-

THt — Dztlty Tt - DYKIty Tt — DOxta* 7+t — DYKTK? Tt — Dia*K°

ceds ceds s ceds ceds ceds s

Tt . — DK%ty

ccud

T" . — DK Ity _
ccud ccud

Tt . — DgtK°

T . — D rztK-

ccid

Tt . — DFK°K°

ccid

053005-36



WEAK DECAYS OF STABLE DOUBLY HEAVY TETRAQUARK ...

PHYS. REV. D 98, 053005 (2018)

TABLE XXXIV. Cabibbo allowed T).;45 decays. K° can be replaced by vector meson K*°.

Two-Body Decays (Charm Decays)

T S B Ity

bcit §

T, ;.= BOIty

0 -+
Theas > B 7
+ B0+
Tbcz?i - Bz

70 BYK°

bcii §

Three-Body Decays (Charm Decays)

Tgcth“ - EO”_ l+l/
T(/))cﬁf - B°KK’
- B nt "y

+

Tbc[iE 0

0 RO =7+
Thcmi_)BK I"v

Tg(rﬁi - EEK_ZJrV
79 .. - BntK~-
— BYK Iy

+
Tbcﬂf o

7% - — B K'I'v
beciud

T(b)cli 5 Blnta

+ B0 g+ 70
T, ..—B KK

Tgcﬁ = BztK~

T9  — BKTK~

bcii §

T B

T - BIK'K’

Two-Body Decays (Bottom Decays)

T)as = D /w Theqs = DD’ Tyezs =~ DD~ T)as = DID5 Theas = BEA7

Theas = Ne A Theas = :':T‘ZQE::O Theas = B2z Theas =~ QUEz Theas = QEEF

Theas = E_c+c+25_ Theas = zl_ch Theas = NeZE Theas = B7EY Toeas — BB

Theas — EOEL heas = BeEL Theas = ZzAL Theas = Zz ZF Theas = Z7E8

Theas > BF EL Theas = ZeZc Theas = EFEL Theas = B¢ EFF T) s~ g_}ggg

T;cag - Dy T:ctii - Dj—DO T;a].r - D*D° T;—ca'ls’ = Jfwn? ;—c&s’ - AOE;rC
Zc&f - Qjﬂ?lfo anf - E,C‘OE? T:cﬁf - XEL TZL'JE - Z:_Eji T:)ruzf - 9252
peas = Bl Tyqs = BE&TAG peas = Bec T3 Tpas = ZBL peas ~ ZV Bl
peas > E0RL Tas = EZQTL Tyeis EE‘ET Tyas = AEOECH T}gs = ZeES

T;('JE - X TZcZ!s’ 2522— 2—(,‘135 - E_/C' o Tl-:ccif - ifAz—

Tgclicj - ?+D; Tgcﬁc? - J_/WEO Tgt,‘lit? - DODO Tgaﬁzz - A___Ej‘+ TgLu'z} - A__Ej‘
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gcaJ - E_:gOQgO Tgcm? - ZE:C Tgcati - ZgEg Tgctiﬁ - ZEEIC+ Tgcti(; - ZgE,CO

Tbcﬁa? - Eg QC

Three-Body Decays (Bottom Decays)

Theas = D n T )y Theas = D K™J [y Theqs — D'D°D° Theqs = D°D™D* Theas = D°DOK®

T)... = D°Dfn~
T)eas ~ D*D7K°
T9..s = J/wK*K~
Theas = D K’
R
T . — D°DtKO°
— D*D zt
— DYKTKO°

bed s
T+
—>ntrtn

bed §
+
T’fa H
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Tgcﬁzz - DOEOJ_/W
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Ty K
TO N KOKOKO
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0 0p—+
Tbctif_)DD T

79 . — D{D°K~

bei s
79 = Dzt 7™
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T(l))cﬁf - 77:+K0K—
- D:FOJ/I//

+
Thcé’f
+ + D+
lec‘3§ - D"Din
T+
+ KK
bed § -7 KK
7% - D*DYK-
beud

TH. — DYD7K*
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+ —_
beds Dz'x
T+
+ —
T(b)cﬁz_i - DK J/l//
0 0+ g—
Tbcﬁz? - D'z K

79 . — D°D; D}

Tyezs =~ DID™K°
— DKt K-

T(lgcﬁs’

T(I))cﬁf - 7 K'K°
T} .. — D'D'D*
T} .. = D"D;Dy
T} .. — DIDK°
TZC&.? - D+K+K_
T}J;L'JE - 7" KK’
T(b)cﬁ(/_i - DODS_D+
Tyq— D DR
T .. =Dz K°

T(b)(rLiS' - DODY_K+
T

bcii § - J/W”+7[_
70 - DOKOKO

bcii §

T?;Ch - DD D*
+ +ptg-
Tbcds’ - D DK
- D D;n"

T .
bed s -
T .= DTKOK?

1)y = D'D'
T° - — D°D;n*

beid

T = 7tz K°
beid

T9,.s = D™Dz~
Tgcﬁf - J/WKOFO
79,.. = DYK°K-

bcii§

T} .. — D'D°K*
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Theas = VKR
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.05 = DDIK-
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TABLE XXXV. Cabibbo allowed T4, decays. K? can be replaced by vector meson K*0.

Two-Body Decays

Typas = B~ /w Thpas = DOBc_ Thpas = B D° Thpas = B°D~ Thpas = B!D;
Thpas Egc/\g Thpas = Az Ag Thpas = E‘?)('ZE‘ Thpas Qgc:g Thpas = Qch‘/E_
Tipas = EpeXz™ Tyhpas = E_Egc Tppas = Az 22 Thpas = Ec 5 Thpas = EEEZO
Typas = EQEE Tpas = E_lgE;,_ Tipas = Zz Ay Tppas = Z37%, Tipas = Z7Z)
Typas = E_.%E?’ Typas = 2055 Typas = EPE, Tppas = B¢ B Typas = EREy
Thpas = 2:82,
Tgbc?s’ - D+B; Tgbz?s’ - EO‘]/I// Tgbh - B_D? Tgbc;'i - EQDO Tgbﬁf - B'D°
T%bt?§ - f gﬂ_t) T:i):ht/_if - /_\352‘_ T%b&s’ - E;‘E:ﬁ T%bz? 57 EZ;_E(Z:L T((I;bc_lﬁ - S_Z%LF?)?
Tbb&?sv - ‘:‘bczf TbbJS :‘bcAE Tbbe - ‘:‘bczf Tbbi& - She TbbJE - Y She
Tyyas = E°C%, Thpas = £, Typas = o5 Thpas = AeZy Typas = EeEp
Thpas = T2 %y Thpas = ZeZp Thpas = EOEY Thpas = Zehy Tyhas = E05)
Topas =~ 50
Topaa = EiOD; Topaa =~ ?TKO Tipaq = B7D° Tiopaa = A7, Thpaa = ATE)
T;hﬁ& - 2_‘_926 T;hm? - 2’—Qg T;bm? - 1_5 Egc T;bﬁzi - QSCAE T;bmi - /}E:ZO
phid E_,%)Q; Topaa = 5 Topaa = E; Typpaa = e Topaa = ey
TI:bLZH - E‘_ Q;
Three-Body Decays
Thpas = B'nJ/y Thpas =~ BYK~J |y Thpas = D B Typas = DYK™B; Typpas = B D°K°
Typpas = B™Dix” Tjpas = BID 7~ Thpes = B D" Tppas = B"DIK* Typas — B'Dn”
Tppas = B°DIK® Tppas = BID'K™ Typas = BID™K° Tipas = Bem'n™ Tppas = BZK°K"
Typpas = BiK+K_ Tppas = D'D°B~ Typas = D°D™B° Tppas = DDy BY Tipas = DYD™B”
Typas = Dy DSB™
Tyyas = B2/ Typas = BeKY Jw Typas = DOn"BL Typas = DY KBL Typas =~ B DK™
Tyyas > BD' K" Tyyas = B'DK° Tyyas = B'DIn” Tyyas = BsD'n- Typas = BsDIK
T9,..— B Dz" T .. — B'D " 79,..— B'DyK" T9,...— BID'K’ T9,..—= BIDyx*
T9,..— B:K'K° 79,..— D'D°B° T9,..— D'D'B" 79,..— DD B T9,..— D'D{B]
79,..—= DyD;B
Tl:bm? — B K [y T;bua - Bk~ Jy Tl:b:z[i - DK°B; Thaa ™ DTK™B: Topaa = B~ D'n~
T, .=~ B D{K~ T, .. — B'D'n~ T, .. — BID'K~ T,,.;— B DK’ T,,.;— B'D'K~
Typaq = B°D°K Typaa — B D72 Tppaa = BIDSK Typaz = Ben K™ Typaq = D"D7B°
T, .= D"DyB~

bottomed tetraquark, the channel T
is a wonderful tool whose branching fraction is the order

of 1076,

Most theoretical works including the lattice QCD sim-

bbid

- pE).(=pZ+B7)

IX. CONCLUSIONS

under the flavor SU(3) symmetry which is a powerful
tool to analyze the general decay properties. The ratios

between decay widths of different channels were also
given. We have given the Cabibbo allowed two-body
and three-body decay channels of the stable doubly
heavy tetraquarks, which have large branching ratios

ulations supported the possibility of the stable doubly  the

heavy tetraquarks. In this work, we have given the
spectra of the doubly heavy
Sakharov-Zeldovich formula. We found that T

tetraquarks

by the
(3) is

about 73 MeV below the BB* threshold. In order to hunt

for these stable doubly heavy tetraquarks, we investigated
systematically the semileptonic and nonleptonic weak
decay amplitudes of the stable doubly heavy tetraquarks

053005-38

reconstructions
experiments.

and shall be employed as the “discovery channels” in
at future LHCb and Bell II
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