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In the present work, we investigate the productions of the molecular states composed of Dg*)DM and

Dﬁ*)Dg*) in the B and B, decays by using an effective Lagrangian approach. The branching ratios in terms
of the model parameter a and the binding energy AE are estimated. Our estimations indicate that the

branching fractions are of the order of 10~* and the relative ratios are very weakly dependent on the model
parameter « and the binding energy AE. The predicted ratios are helpful for searching the hidden-charm
molecular states with strange quarks in the future experiments at Belle II and LHCb.
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I. INTRODUCTION

The quark model has achieved great success in classify-
ing the observed hadrons into the mesons and baryons
composed of gg and gqgq, respectively [1,2]. However, a
large number of the so-called exotic hadron states have
been reported by the Belle, BESIII, CDF, and LHCb
collaborations in recent two decades. Among them, multi-
quark states with a pair of heavy-antiheavy quarks, also
known as the XYZ states, are the long-sought goal in
experiments and have become excellent candidates for
exotic hadron states (see Refs. [3—15] for recent reviews).

It is noteworthy that the most observed XYZ states are
located near the thresholds of a pair of heavy-antiheavy
hadrons. The nature of near-threshold states may shed light
on identifying their inner structures. For example, the
observed masses of the X(3872) [16] and Z.(3900) [17-
19] are both near the threshold of DD* + c.c., and the
Z.(4020) is close to the threshold of D*D* [20,21],
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indicating that they are good candidates of the hadronic
molecular state composed of D™ D*. The masses [22-26],
decay properties [27-32], and production processes [33—
36] of Z.(3900) and Z.(4020) have been investigate
extensively in the hadronic molecular scenario.

Upon the observations of the hidden-charm states, it is
natural to search their possible strange partners, which
should be in the vicinity of the thresholds of DYD®, and
such a kind of hidden-charm structures with strangeness
has been predicted in the literature [37-40]. Considering

(D D]

the components of Z;, we use Zg to represent the

possible molecular states composed of D§*> and D™, In
view of the fact that the X(3872) and Z.(3900) were
observed in the processes B — Kztn~J/y and ete™ —
atn=J/w /7= (DD*)T [16-19], the processes B — K¢J /y
and ete™ —» KTK~J/y/K*(D;D* + D:~D) are hence
suitable for searching for the hidden-charm states with
strangeness. Recently, the BESIII Collaboration observed
the Z.,(3985) in the K™ recoil-mass spectrum of the
process ete™ — K*(D; D™ + D;~D°) [41], which estab-
lishes the first candidate of the charged hidden-charm states
with strangeness. The observed mass of Z.,(3985) is close
to the threshold of D:D, which could be the strange
partner of Z.(3900). Later on, the LHCb Collaboration
reported another hidden-charm states with strangeness,
Z£,(4000), in the J/wK invariant mass spectrum of the
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BT - J/w¢K™ process [42]. The observed mass of
Z.,(4000) is consistent with the one of Z. (3985), but
the widths are much different. Just as Z.(3900) explained
as DD* molecular state since its near-threshold nature,
Z.,(3985) can be naturally explained as a D,D* molecular
state [43-54]. In addition, the BESIII Collaboration
reported its search for the heavier partner of the
Z.,(3985) state in the eTe™ — K*D:~D*, an excess of
7!.(4120) - D:~D** candidates was observed with a
significance of 2.16, and the mass of Z.(4120) was
reported to be (4123.5 4 0.7, £ 4.75) MeV [55], which
is close to the threshold of D:~D*°.

The observations of Z.(3985)/Z.,(4000) and
Z..(4120) not only enrich the charged charmoniumlike
states but also make this series of charmoniumlike states
special. The observations of charmoniumlike states near the

thresholds of D*D™ and D" D* motivate theorists to

further extend this series to the Dﬁ*)D§*> system [44,47,56—
63]. In Table I, we collect the predicted masses of the

charmoniumlike states near the thresholds of ng*HD(*) and
DYDY where the JP©) quantum numbers of
D{D/D{D; systems are 0t(*), while the ones of
D:**DW /DD system are 1*-. Very recently, the
LHCb Collaboration reported a resonance structure,
X(3960), near the threshold of the D{ Dy threshold in
the Bt — K*DfD; with JP¢ = 0** [64], which may
result from the D Dj interaction. Considering the com-

) %)
ponents of the molecular states, we use XDs D5 to represent

the possible molecular states composed of DY and D)~
in the present work.

The rich experimental information of this group of near-
threshold exotic states provides theorists a good opportunity
to investigate the deuteronlike hadronic molecular states
systematically. To better understand the nature of such a kind
of charmoniumlike states, the investigations of their pro-
duction modes are necessary. In our previous work [65],

we studied the productions of Z.,(3985)/Z..,(4000) in the B
and B, decays by assuming Z.,(3985) and Z, (4000) are
the same D} D* 4+ Di*D° molecular state. The estimated
branching ratio of BT — ¢Z}, - ¢K*J/y is comparable
with the measurement from the LHCb Collaboration. In the
present work, we assume that the DD and DM P
could form bound states and extend our previous work to
study the unobserved charmoniumlike states with strange
quarks in the B and B, decays.

The rest of this work is organized as follows. After the
Introduction, we present the model used in the estimations

I p () 75() . .
of the 2 P and x!P:'D5) productions. The numerical

results and discussions are given in Sec. III, and Sec. IV is
devoted to a brief summary.

II. THEORETICAL FRAMEWORK
In this work, we systematically investigate the produc-
) A+
tions of hidden-charm molecular states Z[Cls)" D] and

XD i the B, and B meson decays. Taking BY —

) ) .o
Z[CLS)"' b ]K * as examples, the initial BY meson couples to a

pair of charm-strange mesons; then, the pairs of charm-
strange mesons transit into the final state KZ[, by
exchanging a proper charmed meson. The diagrams in
Fig. 1 reflect this production mechanism in the hadron
level. In a similar manner, one can obtain the loop dia-

grams contributing to B — ¢ + Z[CLS)‘D], B— ¢+ Z[Cls)"f[)*],

B — K+ xI2'D71 and B, = ¢+ XD which are
collected in Table II.

A. Effective Lagrangian

The diagrams in Fig. 1 and Table II are evaluated at the
hadronic level, where the interactions between hadrons are
described by effective Lagrangians. The flavor wave
functions of the involved molecular states are

TABLE 1. Theoretical predictions of the masses and binding energies of D£*>D£*) and Dg*)D<*> molecular states. For comparison, the

threshold of D\’ D) and D\ D™ are also listed.

System D.D D*D* D.D, D.D: D*D:
Threshold 3838.1 4119.1 3937.0 4080.8 4224.6
Reference  AFE M AE M AE M AE M AE M
Ref. [56] 2.3%3? 3835.81’22);5 28f§§ 4091%’l 13%}93 3924f£§’ 46% 403552 48f§ 4177%:

0.413! 3837.7) 22733 40973 9130 3928™0 4173 404073 4570 418073
Ref. [47] .. . _Slir;g 4124.22?:76 .. . . R o
Ref. [44] 27534/ —10£4 4092739/4129 £ 4

36720/ — 1946 4083733/4138 +6 SR

Ref. [57] 8+5 3920+5 ...
Ref. [61] oo 2717 4054+£17 29+ 18 4195+ 18

20£15 4060+ 15 22+16 4202+ 16
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Dt ‘e b - Dt K . . .
o ' - " ! The effective couplings of the molecular states to their
: Do B " B Do . . .
b components are in terms of the effective Lagrangians
D, Z}p-D) P s D Z:0]
G,ipsD] _
(@) (b) (c) L0 = if i s ,
cs 2
FIG. 1. Diagrams contributing to B, — K + Z,,. The diagram g_p:p* I
A _ 2 cs Tv D
(a) corresponds to B, — K+Z[cg | and the diagrams (b) and ﬁzlf;.ﬁD*l = ’_\/5 gﬂb(l/)’aMZCSDtaD*ﬁ +H.c.,

dto B, - K Z[DD]. _
(c) correspond to B; — K + Ly = gyowy X DD,

1 EX[D;DX] _ gX[D}‘D,-] XT”DT”DS + H.C.,
8Py = —=(ID{ D7) + |D; D)), )
\/z [,X[Djn*] = ng\/xj\ Daﬂa”XTDD:aD;k‘ﬂ’ (2)
287) = 215D ) + DD,
) 2 where the involved effective coupling constants will be
|X[D“D“]> = |D{ Dy), discussed later.
- 1 We utilize the naive factorization approach to estimate
| XIP:D) = E<|D§+Ds_> +|Dy™Dy)), the decay amplitudes of B — DY D) and B, — ppl).
] By applying the effective Hamiltonian at the quark level to
| X[D§D§]> = —(|D: D) + |Di D). (1) the hadron states, we can obtain the parametrized hadronic
\/_ matrix elements, which are [66,67]
|
<O|JM|P(pl)> = _ifppl;u
<0|JM|V(P1,€)> = fveﬂmV’
2 2 2 2
my —mp my —mp
(P(p2)|J,|Bsy(p)) = |:P/4 - ”Tqﬂ} Fi(q*) + ()TqﬂFo(qz),
ie”
<V(p2’€)|Jﬂ|B(s)(p)> = m/a/iP qﬁAV(qz) + (mB(l‘) + mV)zg;wAl(qz) - PﬂPyA2(q2)
mBm + my
Pyq
=2yl -+ ) 5 As(P) = Aol )] )
|
with  J, =q7,(1-7r5)q. P,=(p+p2),, and o Mp, Ty, Mgy =y
4, = (p—p>),- The form factor A;(g®), which is the A3(q7) = 2my Ailg7) - 2my A2(g7)- (4)

linear combination of A,(g?) and A,(g?), is given as [66] (4 (4
With Eq. (3), the amplitudes of B? — D"’ D;”" and

0] B+ = DI DO are written as
TABLE 1II. Loops contributing to B — ¢ + Z
() %)
B— ¢+ 7P B k4 xIPVD) and B, — ¢ + xI0D, M(B? = DiD7) = AB=DDi(p, py),
Process Loops M(B? N D;rD )E.A (P1,P2)€V(P2)
[D,D] DIDDY, D**DODY
B_)¢+Z[DD] +s_*0 *i i+_*0 s*+ M(BO_)D*+D )E b <p1’p2>€1/( )
B - ¢+ Zcs Dy D™ D5, DiT D™ Dg B.—D: D
B — K + XIP:D! D*D{ Dy M(BY = D™Dy ) =A™ 7 (pr, p2)et (pr)er (),
B— K+ X[D.\-z}t] D*OD;%_+D;, DODj_D;f—, DD} D}~ M(B* = DiD) = AB=D:D(p, p,),
B — K + X[D:D;] DDt D=, DD D;~ y Db
B, — ¢ + XIP:D.] D{D;D{, Di*D;D} M(B* - Dyt D%) = A7 (py, pa)et(pr),
B X(D.D;] DD DY, Dt D" DY -
e D{D;D;*, DDy DLt M(BT - D{D") = A f PP (pr. p2)e (pa),
[D: D] DI Di=Di*, DI+ DD — AB~
Bs — ¢+X s Mg s » Uy s s M(B+ — D*+D*0) = ” (plypZ)eﬂ(pl)ey(pZ)' (5)
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Here, the expressions of A(py, p2), A,(pi1. p2), and A, (p;, p,) are collected in Appendix A.
For the couplings of the Dy DK and D" D;” ¢, one can construct the Lagrangians relevant to the light vector and
pseudoscalar mesons based on the heavy quark limit and chiral symmetry [68—70], which are

. * * 1 * TE % . 1S nj i v\ i
L= _lgD*DP(D 9 PUDJ” ”Ta Pl]Dj) +§9D*D*P£ﬂua[iDi”TaVPija D'ﬂ —igppyD; aﬂDJ(VM)j - 2fD*Dv€,waﬁ(5”V )j
x (DI D — DP9 DY+ igp D0 (DY (V) dif by D (VY = #VH)iD) + Hec., (6)

where the D) = (D(*>0, D+ Dg*)+) is the charmed meson triplets, P and V are 3 x 3 matrix forms of the pseudoscalar
and vector mesons, and their concrete forms are

\’;—05 +an+ pr at Kt
P= - f +an+pr K° .
K- K° yn+on'
wtE oo KT
V= P - % +% K | (7)
e K0 p

where the parameters a and f related to the mixing angle are defined as

_cosH—\/zsinH _sinH—f—\/EcosH
V6 ’ V6 ’
—2cosf — /2sind —25sinf + V2 cos @
fng B (S: ) (8)
V6 V6

with the mixing angle § = —19.1° [71,72].

B. Decay amplitude

Using the effective Lagrangians in Eq. (6), the amplitudes for BY — K*Z_, corresponding to the diagrams in Fig. 1 are
obtained as

d'q i
My =i [ S0 AP

9zp0 ] =g + pipy/mi 1 Flg* my)
P> Pz) [gD§DKP3u] \/f

(27)* pi—mi  py—m; ¢’ —mg’
d'q B,—D,D" Y il 1 =g+ php3/m}
_ A , _ . _ cs e .0€0' 212 2
=i / ( (pl pZ)[ gD:D KPBy] \/i po‘aﬁp4 Zs p% _ m% p% _ m%
-’ +q q”/ m
T LF (¢ m3).
q
1 g pibt —g“ + pF f/mz
B,—D:D? Zes pipi/m
( v (P1, P2) [—EQD:D*K%TK.):P%(M + LI)K} {— NG EwcapPd 62-:] p% _ m%
_gv(1_|_p p /m _gﬂﬂ+qﬂqﬂ/m
T T F gt m). ®)
Py —my q - ny

The rest of the amplitudes corresponding to the loop diagrams in Table II can be found in Appendix B. It should be noted
that M, is proportional to €oP3PdgZe: thus, it becomes zero after we perform the integral over ¢. Similarly, the
corresponding amplitudes for the loop D" D'Di in B — ¢ + Z2P) DODiD* in B — K + XD, POD*+ D= in
B — K + XD and D**D; DY in By — ¢ + XD also vanish after performing the loop integrals.

054044-4
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In the amplitudes shown in Eq. (9), a form factor
F(g?.m?) in monopole form is introduced to represent
the off-shell effect of the exchanging charmed or charm-
strange mesons and to avoid the ultraviolet divergences in
the loop integrals. Its concrete form is

2_A2
Flgtm?) =2 "2 10
(q* m*) Ry (10)

where A =m + algep [70] with  Agep = 220 MeV.
Empirically, the model parameter a should be of the order
of unity [73-76], but its accurate value cannot be deter-
mined by the first principle methods. In practice, we
usually check the rationality of the model parameter by
comparing our estimations with the corresponding exper-
imental measurements.

With the amplitudes above, the partial width of B, —
KZ,, could be estimated by

1 1p|
Q-2 |MBK—>KZ”

I'y =

By

* 8rm
By

2, (11)

where the factor 1/(87) results from the average of By spins
and the integration of the phase space, p is the momentum
of Z., or K in the rest frame of By, and my_is the mass of B,
meson. The overline indicates the sum over the spins of the
final states.

III. NUMERICAL RESULTS AND DISCUSSION

A. Coupling constants

For a shallow bound state, the effective coupling of this
state to the two-body channel is related to the probability of
finding the two-hadron component in the physical wave
function of the bound states, and the effective coupling
constant can be determined by [77,78]

[2AE
ggff = 16ﬂ'(m1 + m2)2/12 T, (12)

where AE = m; + m, — M denotes the binding energy,
u = mymy/(m; +m,) is the reduced mass, and 4> gives
the probability to find the molecular state in the physical
states. In the present molecular scenario, A = 1/v/2 for
DD, D:D*, D:D,, and D:D? system, while A =1 for
DD, system.

In the nonrelativistic limit, the effective Lagrangian of

Z[C? D7) and its components should be

9, i -
L o =i—= mZCJE»»kZL-iDSJD*k +H.c. (13)

Zis \/§ 1

In this case, the Eq. (12) should be written as

) e () 7 (=
TABLE III. The coupling constants of ZE? bt and X125 "D
with their components in terms of AE.

Molecular DD D:D* DD, DD: D:D:

AE =10MeV 731 1.88 10.5 7.66 1.86
AE =30MeV  9.61 2.48 13.9 10.1 2.47
AE =50 MeV 109 2.83 15.8 11.5 2.81

> haE
P oo = 167 M +2m2) pe . (14)
z0s m U
ZC.Y

The couplings of X/?2 are similar to that of Z\>". We

list the coupling constants of ZL?E*)DM and XD with
their components in terms of the binding energy AE in
Table III.

In view of the heavy quark limit and chiral symmetry, the

coupling constants in Eq. (6) satisfy [68,70]

g — 9ppr :@ fo :fD*D*V:@
DDV D*D*V NG , D*DV mp, \/§
2g 9p*DP
9p*pp = JT;z \VMpMp«, dp*pP = \/%, (15)

where = 0.9 and gy = m,/f, with f, = 132 MeV [68].
The parameters 1 = 0.56 GeV~! and g = 0.59 [79], which
are estimated by matching the form factor obtained from
the light-cone sum rule with that calculated from lat-
tice QCD.

As for the form factors in the decay amplitudes of B —
DY D™ and B, — Dﬁ*)l_)g*), they are usually estimated in
the quark model and only known in the spacelike regions
[66]. One can analytically extend them to the timelike
region. In Refs. [66,67], the form factor for By — DET)) is
parametrized as

RO~ (16)

with ¢ = Q?/ m%s. In Table IV, the parameters F(0), a, and
b for By — Dgf)) are collected.'

'In Ref. [67], the transition matrix elements of B, > P/V
are presented in a different expression, (P(p,)|/,|B,(p)) =
Fo(q)P' + F_(¢))q". (V(p2. €)1],By (p)) = 7% [="P
qAo(q®) + P'P'A, (q°) + ¢"P*(q°) + ie"PP.q;V(q?)],
which are identical with the expression in Eq. (3). By comparing the

paramatrizaiton above with that in Eq. (3), one can find the form
factors have the following relation: F(¢?)=F_,(q*),Fo(¢*)=

o F(@?)+ Fi(q?)Av(a?) =—iV(g?). Ay (q?) =iA (%),
Ai(q?)= (mgfi,qy,v)on(qz)»As(f) =A0(4°) = 3y G 7y A- (@)
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TABLE IV. The values of the parameters F(0), a, and b in the
form factors for B — D) [66] and B, - Dg*) [67].

F  FO0) a b F  FO) a b

Fy, 0.67 0.65 0.00 F, 067 1.25 0.39
Ay 075 1.29 0.45 Ay 0.64 1.30 0.31
A 0.63 0.65 0.02 A, 061 1.14 0.52

F, 0770 0837 0.077 F_ -0.355 0.855 0.083
A, 0630 0972 -0.092 A_ -0.756 1.001 0.116
Ay 1564 0442 -0.178 vV 0.743 1.010 0.118

TABLE V. Values of the parameters A; and A, obtained by
fitting Eq. (16) with Eq. (17).

Process Parameter A, A A A, Fy F,

B — D& A 632 532 7.83 735 775 6.53
Ay 7.00 941 1099 735 11.00 6.84

Process  Parameter A, A_ A vV F, Fy

BY—>DE~*) Ay 548 577 975 574 630 6.25
‘ Y} 18.00 14.63 11.00 14.61 15.92 15.58

To avoid ultraviolet divergence in the loop integrals and
evaluate the loop integrals with Feynman parametrization
methods, we further parametrize the form factors in the
form

AN
0 -NO - N

F(Q?*) = F(0) (17)

where the values of A; and A, are obtained by fitting
Eq. (16) with Eq. (17) and the resultant values are list in
Table V.

B. Branching ratios

In our previous work [65], we take @ = 1 ~ 3 to estimate
the branching fractions of the processes BY —
K=Z/,(3985) and B" — ¢Z;(3985), and the results are
comparable with the measurements from the LHCb
Collaboration. In this work, we first take a = 2 to estimate

) px O
the productions of Z2* ! and xP'0 i B/ B, decays. In

the left panels of Figs. 2 and 3, we present the branching

. () H) %) = (x
fractions of BT — ¢Z[£“' D! I Bt K+xI0V'D, )],
() p) DR .
B —» k-z2 P and B — (;5X[Dg "D in terms of the

binding energy when a =2. From Eq. (12), one can
find the effective coupling constant is proportional to
(AE)!/4; thus, when AE = 0, the effective coupling con-

stants g.; = 0, and then the branching fraction of B —

10— 7 3.0
2.5}
2.0}

1.5¢

Ratios

1.0

0.51

Branching fractions

“““““

0 10 20 30 40 50 0'00 10 20 30 40 50
Binding energy (MeV)

) e
FIG. 2. Branching fractions of B* — d)ZLI;" D) and BT —

K+XI27P] (left panel) and their ratios (right panel) depending
on the binding energy when a = 2.

103 ——m——————— 1 30—
: — Ry m=-RY et R
- 2.5
w
s 1
-_g ————————— 1 2.01
g P g
I =
:D 107 7 R 1.5'/
Ly Bs—>KZgs
g ] A— ByKZ%0 P
CHE oo 1.0f
& i gopcn | L -
S : By XD:D: T T T e
= F BgxPi0: | 08f e
10—5 S U] e W o Y PSS S S

0.0
0 10 20 30 40 50 0 10 20 30 40 50
Binding energy (MeV)

) e
FIG. 3. Branching fractions of BY — K~z/2"?' 1 and BY —
¢PX (DD (left panel) and their ratios (right panel) depending on

the binding energy when a = 2.

() %) = (% (+) ) = (%
$z2 P gxIDID) and B, — kZ2 P gx DD

are also zero. With the increasing of the binding energy,
the branching fractions increase quickly below AFE =
5 MeV and then become weakly dependent on the binding
energy. When AFE is greater than 5 MeV, the magnitudes of
branching fractions are of the order of 10~%, which are at
the same order as the branching fractions of BY —
K~Z}(3985) and B" — ¢Z/(3985) estimated in our
previous work [65]. Considering the observations of
Z.,(4000) in the decay BT — J/w@K™, the observations
of other hidden-charm molecular states in the B and B,
decays should be possible at Belle I and LHCb.

Our estimations indicate that the AE dependences of the
relevant branching fractions are very similar. Thus, the

054044-6
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ratios of these branching fractions are expected to be
weakly dependent on the binding energy. Here, we can
categorize the production processes according to two
different criterions. First, we can categorize these produc-
tion processes into four groups by the initial meson and
final light meson, and we can define the ratios of the
branching fractions for different channels as

gy — BB = 4227
BB — ¢z
RE B[B — KXIP:Dil]
> B[B - KXIPDJ)
o _ BB~ KXID5D]]
> B[B - KxP:DJ]’
gt — BB = Kz
BB, - KZ2P)’

_ BB, ~ pXD:D]

B ]
" B[B, — ¢pXP:D]]
J
]

2

s

’

[
B[B, — ¢XIP:Di]
By K
R3

B[B, — X)) (18)

As shown in the right panels of Figs. 2 and 3, one can
find that these ratios are very weakly dependent on the
binding energy, which are consistent with our expectation.
From Fig. 2, one can find that R? is greater than 1 and the
maximum of R? is 2.49, which indicate the production rate

of ZIC)ED ’
(DDt B .
B — ¢Z: . As for R%, it is almost independent on the
binding energy, and its value is about 1, which indicates
. ) ) .
that in the process B — KX [D}"D; I, the production frac-

tions of X2l are comparable to X2l Likewise, our
estimations also indicate that R? is also greater than 1; thus,

is a bit larger than the one of Z?;D in the decay

the production rate of XI22: is larger than X2 in the

) p*) .
process B — KX!Ps P51 In a very similar manner, one can
find that the ratio R?S is a bit larger than 1 and its maximum
is 1.64, which indicate the production rates of ny*m

D .

are

DDV

similar to the that of Z[CS in the process By, — KZ¢s*

As for Rz‘
than 1; moreover, Rgx is greater than Rgx, which indicates
the branching fractions satisfy B[B; — ¢XIDil] <
B[B, » ¢pXIP:Dil] < BB, — ¢XP:D]],

We can also categorize the discussed processes into five

groups by the involved hidden-charm molecular states, and
the relevant ratios are defined as

and R3, both of them are smaller

n/s_ BIB, ~ KZ2: DJ]
L BB gzR")
5sp_ BB~ KZEZ)
7T BB - 7]
BB _ B[B; — ¢X D‘?S]]
} B[B — KXP:Dil)
B,/B B[B, — ¢X[D;D‘]]
" T BB o kXD
[D;D;]
= Z[;Y: I(f))(([D?DH]} : (19)

In Fig. 4, we plot the second type of the ratios defined in
Eq. (19) depending on the binding energy with a = 2.
Similar to the first type of ratios shown in the right panels of
Figs. 2 and 3, the second ratios are also very weakly
dependent on the binding energy. In particular, the ratios

rf“/ B, rg /B /B are close to 1, which indicates the

production rates of Zo", Z2%P" and XP'Di in B and B,
B,/B

X/B

B
,and ry’

decays are very similar. 3°'" and r,*'" are greater than 1,

which means the production rates of X22s and X2:2s in the
B, decay are larger than that in the B decay, and these
hidden-charm molecular states may be observed in the B,
decay processes.

As discussed in Ref. [65], when we take the model
parameter @ = 1 ~ 3, the estimated branching fraction of
BT - J/w¢K*t is comparable with the experimental
measurement. In the above estimations, we mainly focus
on the binding energy dependences of the branching
fractions, and in the following, we further discuss the
model parameter dependence of the branching fractions. In
Table VI, we list the predicted branching ratios (in units of
1074 with a=1, 2, 3 and AE =10, 30, 50 MeV,
respectively. From the Table, one can find that the branch-
ing fractions are also weakly dependent on the model

T
6

Bs/B rg;/ﬂ

Ratios
w

0 10 20 30 40 50
Binding energy (MeV)

FIG. 4. The ratios defined in Eq. (19) when a = 2.
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TABLE VI. Predicted branching ratios (in units of 10~*) when we take a = 1, 2, 3 and AE = 10, 30, 50 MeV.

Process B — ¢7/2P B — 727 B — KXID:D] B — KXIDiDJ) B — KXIPiDi]
Parameter a=1 a=2 a=3 a=1 a=2 a=3 a=1 a=2 a=3 a=1 a=2 a=3 a=1 a=2 a=3
AE=10 0.50 1.01 1.44  0.55 1.54 289 033 1.06 212 041 1.00 164 121 244 3.50
AE=30 0.67 146 217 098 295 568 051 1.73 3.55 0.61 1.59 268 1.63 3.60 5.37
AE =50 0.73 1.70 259 134 423 827 062 218 453 073 197 338 182 423 647
Process B, — KZ2:P) B, — KZ/>:P B, — ¢XID:D] B, — ¢XIPiDJ) B, — ¢XIPiDi]
Parameter a=1 a=2 a=3 a=1 a=2 a=3 a=1 a=2 a=3 a=1 a=2 a=3 a=1 a=2 a=3
AE=10 050 1.00 143 048 120 212 231 462 660 134 285 521 061 1.90 3.73
AE=30 0.62 136 203 072 193 356 306 6.68 991 1.83 479 9.57 1.13 3.67 7.32
AE =50 0.65 1.50 230 087 247 465 337 776 11.8 2.15 6.35 13.3 1.58 528 10.6

parameter @ when we fix the binding energy, and most of
the estimated branching fractions of the considered proc-
esses are of the order of 107*. As shown in Figs. 2 and 3,
the binding energy dependences of the branching fractions
are rather weak when A > 5 MeV; thus, we can fix Ay to
discuss the a dependences of the branching fractions. For
example, when we take AE = 30 MeV, we can obtain the
ratios

B[B — KXIP:P:)]: B[B — KXP:Dsl): B[B — KX!P3Di]]
=1.09"/37:1:2.26" |1,

B[B, — XD BB, — pXIP5Di)): BB, — ¢pXPsDi]]
=1.391]172:1:0.775, %%, (20)

where the center value is estimated by taking @ = 2 and the

uncertainties result from variation of model parameter a

from 1 to 3. Moreover, combining with the results in
Ref. [65], one can conclude

BB = 257 ): BB — ¢z27): BB » ¢z
=3.117188:1:6.28102,

BIB, — KZ\2"): BB, - KZ2"): B[B, —» KZ!5']

=0.661079:1:0.9370%. (21)

All the above relations could be tested by future experi-
ments at Belle IT and LHCb, which can help us to better
understand the hidden-charm molecular states with strange
quarks.

IV. CONCLUSIONS

In the present work, we perform a systematical inves-
tigation of the production of hidden-charm tetraquarks with
strange quarks in the By and B meson decays. The present
estimations indicate that the branching fractions of the

relevant processes are of the order of 10~*, which are at the
same order of the branching ratios of B — K~Z/;(3985)
and B" — ¢Z(3985) estimated in our previous
work [65]. Considering the observation of Z.,(3985) in
the process B — J/w¢pK™, one can conclude that the
observations of the discussed hidden-charm molecular
states with strange quarks in the B and B, decays should
be possible at Belle IT and LHCb.

In addition, our estimations indicate the binding energy
AFE and model parameter @ dependences of the branching
fractions are very similar; thus, one can expect the ratios of
the branching fractions should be weakly dependent on the
model parameter and binding energy. According to the
values of the relative ratios, we propose the promising
channels of searching these hidden-charm molecular
states with strange quarks; for example, the process

B, - ¢X [D:D] should be more suitable for observing the
X[P:D.] than the process B — KX!P:Ps). Moreover, we also
predict the ratios of the branching fractions of B — KX and

B, - ¢X for each X[DE*)DE*)],: and the ratios of the

branching fractions of B — ¢Z,, and B, — KZ,, for each
(%) 7 (%

ZL?"' D! )], which could be tested by future experimental

measurements at Belle II and LHCb.
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APPENDIX A: THE EXPRESSIONS OF A(p, p,), A, (py, p2)s AND A, (py, p,)

Here, we collect all the functions used in Eq. (5), which are

iGp
V2

AB:_)DSDS (pla pZ) - 4 chsalfD ( m%)s>FB > (pl)

. 26,
AB=DDs(py py) = \/— cbvcsalfDﬁmD';pZﬂF?SDs (p?),
B.—»D.D* 1 B,D;
AR (prpa) = \[ VesVisanfo, ——{(mp, + mp; g, 1Ay (D) = (p1+2p2),(p1 +2p2), PIAT (9})
8, mp;

—2mp:(mg_ +mp:)(p + 2192)11(1423"'1)'i (p1) = Ag“D: (P},
i

* Y+ G * *
B,—D:Ds - . : B,D: B,D:
A (P1.p2) = 7%Vcbvcsa1fD§ mp: {igap(P1 + 202)* PRAY (p?) + (mp, +mp:)2g, A" (p1)

Mp, +Mp;

= (p1+2p2),(P1 +202),A57 (D)},

- iG

AB_’D“D(Pl, Pz) = —T;Vchvﬁsalfa (m% - m%))FgD(P%)7
D 2Gr .

Ag DSD(Pl,P ) \/— cbvcsalijmDﬁpZﬂF?D(p%)’

g {(mp + mp- )9, PYATY (p1) — (p1 +2p2),(P1 +2p2), P1AS (p})
B D*

= 2mp-(mg + mp-)(p1 + 2p2), (A5” (p1) — AF” (P1))}.

AFTPP (P1.p2) = Ve Vesarfp,
f

mD;

AB—>D§D*
mpg —+ mp-

G . _ : :
uv (pl’ p2) = l\/_%vchvcsalfo {lglwa/}(pl + 2p2)ap€A€D (p%) + (mB + mD*)zg/wAll;D (p%)

— (p1+2p2),(p1 +2p2),A5P (1)}

APPENDIX B: DECAY AMPLITUDE

The amplitudes corresponding to the loop diagrams contributing to process B — ¢ + Z ., are

970sD) 1 1 1
)( } > 2 2 7 F(q? m3),

<5

A [ dq e
MD;DOD; =7 /(—4AB DSD(plvPZ)(_gDSDS(ﬁ(plp + qp)

27) V2 ) pi—mip;—myqt —mg
d*q B—>D D 9(0sD)
MD “popr =T / (2ﬂ)4 (P1>P2)(=2fDp D*¢€p75§P3€¢(P1 +q )) 7
—g*¢ + Plfpzig/m% 1 1 2 9
X > > >3 5 s F (g7 my),
p1—my py; —myq- —ny
d'q  B-p,p g,0ip)
MD*D*“D** =i /(2ﬂ)4 A (Pl,Pz)(szSD;cﬁgpmfpg%(Pl +q))| - \/Q gwaaﬂpijegw
1 —g’+ P2P2/m2 5"+ 4°q a/mq F( )
pi—-mi  pi-m3 q* —m;
. d4q —D*D*
Mppop+ = P / 2r) Aﬁv PPy, P2)(9p:D:¢9z0(P1x + 4 )€ + 4f p:D: 9 9exdau (P5EG — PiEY))
72 ver | 8+ PP/ =g + Py mE 9" + a°q"/mi
x [ - Ewoaply €. 5 5 2 5 (g%, my).
V2 py—my p3 —m3 q - ny
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The amplitudes corresponding to the loop diagrams contributing to process B — K + X are

dq b —¢” +pipi/mi 1 1
_ _ 3 —D"D; 1P/ My 2
MD*“DID; =1 / (271_)4 AM (p17 p2)(_gD*DSKp,?p)(gX(DSDJ)) p% — m% p% — m% qg _ mé F(q ’ mq)’
. d4q B—D*D? . gxips) 7.
Mpoprip: = ZS/WA//!D ‘(Pl,Pz)(—QD*DSklP3p) X\/‘i €c"
A YV Yo Y SR N
pi—mi pi=mi g —mg !
d*q I Gywing) 7 1 1 =g +qq°/m]
Mpopipi- = i3/ AB=PD5 (1, pa)(9ppik P3 )< e LF(g* m3).
ppn (27)* S V2 pi—mipi—mi ¢ —m !
. d‘q b 1 Gxwiny) 7,
MD*OD:TD}" = 13 / (2ﬂ')4 A/l ' (ph pZ) _EngD*Kgprkfpg(q + pl)K XWGGU
« —g" + pipi/mi 1 — + quqa/mé F(q? m2)
pi—mi  pi—my ¢’ —mg e
. d‘q  p-bp: Gxoiny)
Mpopstpi- = 13/(2ﬂ)4 A7 (pis p2)(9ppik P3p) | — X\/‘j L
L =gt phph/mi =g+ agE my Fgtmd)
pi—mi  pi—m3 q* —my !
. dq b 1 Gxw;py)
M[)*OD;**D;- =’ / (271_)4 -Am/ ! (Ply pZ) _EgDﬁD*Kgpﬂcfpg (q + pl)K - X\/E gwa/lﬁp(fe%m
o I PP/~ PP/ =g G oy
pt—mi p3—mj q* —my !
The amplitudes corresponding to the loop diagrams contributing to process BY — ¢ + X are
d‘q  5-pb 1 1 1
_ 3 s DDy 2 2
~A/lDS+D;DS+ =1 / (2”)4 Ay (Pl, pZ)(_gDSqub(plp + ‘Ip)e;)b)(gxw«rus)) p% _ m% p% _ m% qz ) f(q > mq)v

q
M _p [ 4a g, P8 1 B
Dy D7D =1 27)* Ay (P1: P2) (=2 b,D: g€ pese P3G (P + 4°)) (gxoin0)

—g“ + pipi/m 1 1
X 2 1 21 : 2 P) > F (g my),
P1—my py; —m5yq- —ny

. d4q B,—D D* Gx(0;0s) .
Mpipepr =1 AT (prpa) (=9p,.g X% (P14 4,)€) | K e
(27) ¢ 2

1 —g" + H v m2 1
Py —m py; —m; q- —my

. d4f] SDD* Gy (D;Dy)
Mpyppr = 1° / 27) A" (plvp2><_2fDSD§¢€p155pg€;§(ptls +4°)) <X—2€§”

—g + pipi/mi =g + pyph/m} 1 2 2
X 2 2 2 2 2 s F(q”, myg).
p1 —my py; —m; q-—my
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. d4q = D g (DZfD.x) 7
Mpip-py =1 /—-ABS PPs(pr. p2) 2f b, pipEwapPi€(P1 + @)%) (X—eff”

V2

(27)*
1 1 _d}(y _’_qﬂqﬂ/mé 2 2
X 773 3 2 ) F(q* my),
p1 —myp; —m; q- —my
d4q

. B,—D,D: 4
~/\/lD:er(_DfJr = 13 / (2”)4 AﬂA (pl s p2)(2stqu’)8/waﬂpg€Z§(pl + q)a) <_

1 =g+ php5/mi—g" + aPqt/m -

X

2 2
p1 —m

d4q

2 2 2 2
Py —m; q-—my

3

gxwiny)

\/E 8(1){71&3 V4 Z)egm >

(g% m3).

BY—>DjDS
Mpeip-pr+ =1 / 2r) Ay (P1-P2)(9p:D:pGe0(P1x + CIK)GZ + 4fD:D:¢91K99u(P§'€2 - p’éefp))

(Gt ) 22 pip ]

\/'2‘ 2 2 2

2
P1—m Py —m;

Mpipiop =1 [ 0

o 0,0 2
=4 +q°q° /m
F(q* my),
7 —mé q

. d46] B,—~D’D*
=7 / A7 (P11 P2)(9i D Ge0(P1x + Q)€ + 4f Dii g 9o (P5EG — PSEY))

> 2
Py —my

Gy, \ =9 PIPY/mi —g + pipS/m3 =g + a"q' /m]
X\ = EworePa eZU

V2

q 2 2
F(q* my).
P> —m; q* = m; !
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