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We study the decay of A, — J/wA¢ by taking into account the intermediate resonances X (4140),
X(4160), and P, (4459). In addition to the peak of the X(4140), we also find a bump structure around
4160 MeV followed by a cusp structure around D* D threshold in the J/y ¢ invariant mass distribution of
the A, — J/wA¢ process, which can be associated to the D D; molecular state X (4160). We also show
that this reaction can also be used to confirm the existence of the hidden-charm pentaquark P, (4459) with
strangeness. We predict an enhancement structure close to the threshold in the D*D? invariant mass
distribution of the A, — D*D*A process, which is the reflection of the X(4160) and should not be
misidentified with a new resonance. We strongly suggest experimentalists to further measure these
processes, which can be useful to clarify the nature of X(4140) and X(4160) resonances, and to confirm the

existence of the P (4459).
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I. INTRODUCTION

In the last decades, a lot of exotic multiquark states were
observed experimentally, which demonstrates that there
exist more complex configurations than the conventional
mesons and baryons predicted by the classical quark model
[1-3]. Many of them are reported in the weak decays of
the heavy hadrons, and the theoretical studies on the weak
decays of the heavy hadrons have also increased our
understanding of hadron-hadron interactions and the nature
of many intermediate exotic states [4,5].

It should be stressed that the weak decays of the A, have
been proved to be a rich source of exotic spectroscopy, such
as the new pentaquark states P.(4312)", P.(4380)", and
P.(4350)" observed by the LHCb Collaboration [6,7].
Very recently, the CMS Collaboration has reported the
observation of the A, — J/wA¢ decay using proton-
proton collision data at the LHC, the ratio of the branching
fraction B(A,—J/wAp)/B(A,—w(2s)p)=(8.264+0.90+
0.68+0.11)x 1072 [8]. The observation of this reaction has
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opened a window on future searches for new resonances in
the J/wA and J/y¢ systems, once a sufficient number of
signal events are accumulated, as mentioned by the CMS
Collaboration [8].

A series of meson-baryon interactions in the hidden-
charm sector, including the J/wA, were studied within the
framework of the coupled channel unitary approach with
the local hidden gauge formalism in Ref. [9], and two
hidden charmonium pentaquark states were predicted in the
isospin / =0 and strangeness S = —1 sector. Since the
predicted hidden charm S = —1 pentaquark couples in S
wave to J/wA with a reasonable strength, some reactions
involving the J/wA final state system are proposed to
search for the hidden charmonium pentaquark state, such as
Ay, = JJwKOA [10], E, = J/wK~A [11], A, = J/ynA
[12]. There are also some studies about the hidden-charm
pentaquark state with strangeness [13-18]. Basing the
suggestion proposed in Ref. [11], the LHCb has started
to search for the hidden-charm pentaquark with strangeness
in Ref. [19]. Very recently, the LHCb Collaboration
reported a hidden-charm pentaquark state with strangeness
P.,(4459) in the J/wA invariant mass spectrum of the
E, = J/wK~A process, and the mass and width of
P.(4459) were measured to be [20]

Mp, =4458.8 £2.971] MeV,
Ip =173+£6.58 MeV. (1)
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Although the quantum numbers of the P, (4459) have not
been determined, a hidden-charm pentaquark with strange-
ness § = —1 and J¥ = 1/2~ was predicted to have a mass
much close to the P.(4459) mass in many works
[15,16,21]. Thus, we will take into account the contribution
from the P (4459) in the J/wA system of the A, —
J/wA¢ process.

For the J/w¢ system, one of the most important
resonances is the charmoniumlike state X(4140), which
was first reported in the Bt — J/w@K™ process by the
CDF Collaboration [22] and later confirmed by the CMS
[23], DO [24,25], and LHCb Collaborations [26,27].
However, the width of the X(4140) is measured to be 83 +
21738 MeV MeV by LHCb [26,27], much larger than the
data from the other experiments [28], which confuses the
understanding of the X(4140) nature [29,30]. We have
provided a reasonable explanation of the LHCb measure-
ments [26,27] by considering the contributions from the
X(4160) and the X(4140) with a narrow width, and have
predicted a broad bump around 4160 MeV followed by a
cusp at D:D: threshold in the J/w¢ invariant mass
distribution, which is one feature of the D*D? molecular
state X(4160) [31]. In addition, the predicted J/y¢
invariant mass distribution of the e e~ — yJ /y¢ involving
the intermediate X(4140) and X(4160) is also compatible
with the BESIII measurement [32].

The S-wave interaction of ten vector-vector channels with
charm C = 0 and strangeness S = 0 (J/w¢, D:D}, D*D*,
K*K*, pp, ww, ¢, J | wl |y, o] |y, o) was studied within
the hidden gauge formalism, and one D* D* molecular state
with I(JF€) =0(2**) was predicted, which could be
identified as X(4160) [33]. Based on the above discussions,
we expect that the X (4140) and X (4160) play an important
role in the reaction of A, — J/wA¢p.

In this work, we will study the reaction of A, — J/ywA¢
by taking into account the contributions from the X (4140),
X(4160), and P.(4459), and also propose to test the
molecular nature of the X (4160) by looking for the enhance-
ment structure near the D D’ threshold in the A, — DD} A
reaction, since more data samples of those two processes are
crucial to learn more about the charmoniumlike states
X(4140) and X(4160) and especially to confirm the exist-
ence of the recently observed P;(4459).

This paper is organized as follows. In Sec. II, we will
present the mechanism for the reaction of A, — J/ywA¢
and A, = D*DA, and in Sec. III, we will show our results
and discussions, followed by a short summary in the last
section.

II. FORMALISM

A. The Ay — J/wA¢ process

Analogous to Refs. [8,10-12,31,34], the A, — J/wA¢
process can perform through the W~ internal emission
mechanism. In the first step, the b quark of the initial A,

weakly decays into a ¢ quark and a W~ boson, followed by
the W~ decaying into ¢s pair, which can be expressed as

|Ay) = Lb(ud —du)

V2
1
= Vye—=cW™(ud — du
b \/§ ( )
1
= V,.V.——=ccts(ud — du), 2
where we take the flavor wave function A, =

b(ud — du)/+/2, and V,. and V., are the elements of
the Cabibbo-Kobayashi-Maskawa (CKM) matrix. In order
to give rise to the final states of this process, the quark
components of Eq. (2), together with an extra gq
(=itu + dd + §s) created from the vacuum, should hadron-
ize into hadrons, as depicted in Fig. 1(a),

(ud — du)
A

|H@W) =V, V. J /y|s(3s)

On the other hand, since the X(4160) was predicted to
strongly couple to the D*D} channel and weakly couple to
the J/y¢ channel [33], the ccsud component from the A,
weak decay, together with the extra §s created from the
vacuum, could hadronize to the D} D* A in two ways: the W~
internal emission of Fig. 1(b) and the W~ external emission
of Fig. 1(c). Although this is not the final state of J /ywA¢ that
one observes, the idea is that D* D will interact and create a
resonance that couples to J/w¢p. We have

d—d
IH®)Y = V,.V,, c(Es)Z’s(uu)>
V2
= Vbc VcsDTDTA’ (4)
d—d
1) = ViV fosc(ss) M40
V2
= thvc\DTDTA’ (5)

which finally produce J/w¢ via the DiD} final state
interaction.

Although we can straightly get the final state of J /A via
the mechanism of Fig. 1(a), this mechanism is penalized by a
color factor with respect to the W~ external emission of
Fig. 1(c), and this term with intermediate state J/y ¢ instead
of D;D; would involve the extra factor g;/,,/9p:p: =
| — 2617 — i5151|/|18927 — i5524| ~ 0.3 versus the
amplitudes of Figs. 1(b) and 1(c), where g,,,,4 = (—2617 —
i515) MeV and gp:p. = (18927 —i5524) MeV are the
couplings of the DD} molecule to J/w¢ and D:D? [33].
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(©)

FIG. 1. The A, weak decay at the microscopic quark picture.
(a) The A, — J/wA¢ decay through the internal W~ emission
and hadronization of sud through ¢g created with vacuum
quantum numbers. (b) The A, = D*D}A decay through the
internal W~ emission and hadronization of ¢¢ through 5s. (c) The
A, = DiD:A decay through the external W~ emission and
hadronization of cud with §s.

Thus, we will neglect the contribution from Fig. 1(a) in
this work.

Now, we need the final state interaction of D D produced
in Figs. 1(b) and 1(c) to give rise to the J/w¢ final state
and also generate dynamically the D:D? molecular state
X (4160), as shown in Fig. 2(a). Since the quantum numbers
of X(4160) are predicted to be J'¢ = 2+ in Refs. [33,35],
A should be in P wave to match to the spin J = 1/2 of the
initial A,, and the amplitude can be expressed as

MP = A€y X €p)  kGp:pitp:preyjygps (6)

where the unknown constant A represents the total weight of
the microscopic decay in the quark level showed in Figs. 1(b)
and 1(c); €/, and €, are the polarization vectors of the J /y
and ¢, respectively; k is the A momentum in the rest frame of
the J/y¢ system; Gy p- is the loop function of the D:D;
channel, and #p:p:_ ;4 18 the transition amplitude of
DDt — J/we, both of which are the functions of the
J/w¢ invariant mass M, ,,,. To avoid potential dangers
using the dimensional regularizations as pointed out in

A
I/
Ay
®
(@)
A
I/
Ay
X (4140)
¢
(b)
®
I/
Ny
P.4(4459)
A
©

FIG. 2. Mechanism to produce the J/yA¢ final state through
X(4160), X(4140), and P.,(4459).

Ref. [36], in this work, we use the cutoff method and take
dmax = 630 MeV followed in Ref. [32],

d* 1 1
GD’TD’f_i/ q4 2 2 2 2,
s (2n)*q”—mi+ie(p—q)” —m;+ie

- /qmax q*dq |+,
o (27) @10, [(P°)’ — () +@,)* +ie]’

(7)

where m, , are the masses of D} and D}, w; = +/|q;|* + m?
are the energies of D} and D?, and P* = /s is the center-of-
mass energy. And the transition amplitude is given by

91 /wp9D:D; (8)

oiDi M3y = M§(4160) + iMx(4160)Tx(4160)

with the couplings gp: - and g, obtained in Ref. [33], the
X(4160) mass My (4160) = 4156 MeV [28]. For the X (4160)
width [y (4160), We take into account the Flatté effect for the
opening of the important DD} channel above the DD}
threshold as follows:

Ix@i60) = To +Uypyp + Upiprs 9)
91w |* Py
Uing =g 3p — > (10)
" 8aM %((4160)
N |9D:D; *pp:

Pp
oy = SO(M, 5 — 2mp:), 11
DI gapg2 (Mg =2mp;),  (11)

(4160)
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_ AP Mg Gy )

Py = , (12)
’ 2MJ/W¢
o AA(MG, g m m)
Pp: = , (13)
2M 4

where I is taken as 65.0 MeV by fitting to the LHCb data of
the B* — J/w¢K™" process [31], p, and pp. are, respec-
tively, the momenta of ¢ and D7 in the rest frame of J/y¢.
Ax,y,z) = x> + y* + 722 — 2xy — 2xz — 2yz is the Killen
function.

On the other hand, the X(4140) state was observed in the
J/w¢ invariant mass distribution of the process BT —
J/w@¢K™ [28] and could be interpreted as the y,. (3P) state
[29,30]; thus, the decay A, — J/w¢A can also happen
through the intermediate resonance X(4140) with A in S
wave, and the corresponding amplitude can be expressed as

3 - -
My 4140)€0/w " €9

M5 =Bx— 5 .
M35 = M(a1a0) T M x(4140)Ux(4140)

. (14)

where the parameter B, with the same dimension as A,
accounts for the relative weight of the contribution from the
intermediate resonance X(4140). We take My(4u0) =
4135 MeV and I'y(4149) = 19 MeV [28]. Since the A, —
J/w¢pA process has been observed by the CMS
Collaboration [8], we will show our results up to an arbitrary
normalization, and our predictions can be tested while
enough data sample are available in future.

As we discussed above, many studies favor the quantum
numbers J© = 1/2 for the P_,(4459) [21,37,38], which
implies that the P.;(4459) couples to J/wA in S wave, and
the A, weakly decays into P (4459)¢ in S wave, as
depicted in Fig. 2(c). The amplitude for the contribution of
P.;(4459) can be expressed as

-

3 2 .
M €opp €4

MPes = C x
— M%w +iMp I'p

, 15
W, (15)
where we take Mp = 4458.8 MeV and I'p = 17.3 MeV
[20], and the parameter C stands for the relative weight of
the contribution from P,(4459).

With the amplitudes of Eqgs. (6), (14), and (15), the mass
distribution of the A, — J/w¢@A process is given by

d’T 11 5
M3, ,aM3,  (2m)P32M3 2 IMP. - (16)
with
DOIMP =D (IMSP + IMPP) (17)
= B3| M°P + 2[kP| M P), (18)

MP = aGp:p: DD fys (19)
3
S — M (4140)
M3y = M%((4140) + iMx(4140) x(4140)
M3
TR : (20)
M‘,/V/A - MP('J' + lMPCSI_‘PCS

where « = A/B and § = C/B stand for the relative weights
of the X(4160) and P,,(4459) terms with respect to the
X (4140) term, and we take a = oy = 2100 in order to give
roughly equal strengths for X(4140) and X(4160), as done
in Refs. [31,34]. It should be pointed out that there is no
interference between the S wave and P wave, and the sum
over the J/y and ¢ polarizations is

S (@ x ) R = 26"k =20kP,  (21)
pol

D Epy €y =3 (22)

pol

B. The A, — D:D;A process

Since the width of the X(4160) is 13974 MeV [28],
and its mass is close to one of the X (4140), the signal of the
bump structure from the X(4160) is usually difficult to be
identified. Because the X(4160) is predicted to couple
strongly to the DD} channel, it is expected to give rise to
an enhancement structure near threshold in the DD
invariant mass distribution. Thus, it is also interesting to
investigate the A, — D:D:A process. The mechanism of
this process can also be depicted in Figs. 1(b) and 1(c), and
we will take into account the contributions from the tree
level diagram of Fig. 3(a) and the D:D: final state
interaction of Fig. 3(b). The amplitudes for both diagrams
can be expressed as

MS =D x kaveEDf . EDT (23)
for A in S wave and
MP = E(ép: x €p:) .]}"(1 +Gp:ptp:prop:n:)  (24)

for A in P wave, where €. and €p. are the polarization

vectors of the D¥ and D}, respectively, and K is the A
momentum in the D:D} system. We introduce k,,, =
1000 MeV to have the parameters D and E with same
dimension. The loop function is given by Eq. (7), and the
transition amplitude can be expressed as
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A
Ab D:f
D;
(@)
A
Dy
Ay
D;
(b)

FIG. 3. Mechanism to produce the D*D;} final state.

9p:D:Y9D:D:

(25)

ID;D;~D;D; =773 3 : .
My p: =My 4160) T EM x(4160) U x(4160)

Finally, the D:D? invariant mass distribution of the
A, — DDA process is given by

dr 1 1 ~ 5
— = s pab ) IMP (26)
dMDfD’( (27[) 4MAb

IMP = D2(3|k2| + 2|k P M7 P),
MP =y(1+ Gp:p:tp:b:—p:b: ) (27)

with y = E/D. p, is the A momentum in the rest frame of
the Ay, and pp. is the Dy momentum in the rest frame of

the D:D? system.

III. RESULTS AND DISCUSSIONS

In this section, we will present our results. With the
p =1, we show the J/y¢ mass distribution in Fig. 4. We
can find a peak around 4140 MeV, corresponding to
X(4140) resonance, and a bump around 4160 MeV fol-
lowed by a cusp around DD} threshold, which can be
associated to the resonance X(4160). It should be stressed
that a molecular state that couples to several hadron-hadron
channels may develop a strong and unexpected cusp in the
invariant mass distribution in one of the weakly coupled
channels at the threshold of the channels which are the
main components of the state [31,32,39,40]. The inter-
mediate P (4459) only plays an important role above the
4160 MeV, which can be easily understood according to the
Dalitz plot of Fig. 5, and will shift the bump position of
the X(4160) to high energies. In Fig. 6, we show the J/y ¢
invariant mass distribution for different values of «, and one

14
total

= 12 b X(4160) —-—-- E
‘g X(4140)
2 10§ P (4459) ;
2 8¢t
<
2 6F
S
~
5 2¢F

0 ! :

4100 4150 4200 4250

FIG. 4. The J/w¢ invariant mass distribution of the A, —
J/wA¢ process. The curves labeled as “X(4160)”, “X(4140)”,
and “P ., (4459)” show the contributions from the molecular state
X(4160), the intermediate resonances X(4140) and P, (4459),
respectively. The curve labeled “total” corresponds to the total
contributions of Eq. (17).

4600

4500

4400 +

MJ/¢A [MGV]

4300

4200 4300 4400
M ps[MeV]

4200
4100

4500

FIG. 5. The Dalitz plot of the A, — J/ywA¢ process.

dT' /dM j /e [arb.units]

100 4150 4200 4250

FIG. 6. The J/w¢ invariant mass distribution of the A, —
J/wpA process with different values of a (= 0.8y, 1.0, 1.2¢).

can easily find that the bump of X(4160) is clearer for the
larger a.

In Fig. 7, we show the J/yA invariant mass distribution
of the A, — J/wA¢ and predict a clear peak around
4460 MeV, associated to the hidden-charm pentaquark
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20 T T T
total
= X(4160) —-—--
F 15 | X(4140) ]
= P.5(4459)
)
< 10 | .
Z
~
=
5 o5f ]
—
s
0 o il
4200 4300 4400 4500 4600
MJ/#,A[MGV}

FIG. 7. The J/wA invariant mass distribution of the A, —
J/w@A process. The explanations of the curves are the same as
those of Fig. 4.

P.,(4459). The X(4140) and X(4160) resonances only
have contribution in the region of M/, , > 4500 MeV and
My, A > 4400 MeV, respectively, and they do not signifi-
cantly affect the peak position of the P, (4459), which can
be understood through the Dalitz plot of Fig. 5. We also
show the J/wA invariant mass distribution with different
values of f, the relative production weight of the
P.,(4459), in Fig. 8. It should be pointed out that we
do not know the exact value of f, which should be
determined by comparing with the measurements. Since
P.,(4459) was observed in the J/wA invariant mass
spectrum of the &, — J/wAK, it is expected that there
is a signal of P.(4459) in the J/wA invariant mass
distribution of A, — J/wA¢. To confirm the existence
of the P (4459), it is necessary to observe this state in
another different process, which would strengthen its
interpretation as exotic state [21,37,38], rather than pos-
sible kinematical effects.

As we mentioned above, the signal of the bump structure
from X(4160) is usually difficult to be identified in the
J/w¢ mass spectrum, because the width of the X (4160) is

25

B
20 5

10 |

dT/dM /5 [arb.units]

L I L
4200 4300 4400 4500 4600
MJ/W\ [MGV]

FIG. 8. The J/wA invariant mass distribution of the A, —
J/w@pA process with different values of f (= 0.8, 1.0, 1.2).

totai

2 40 ¢ s-wave - - --- ]
g p-wave —-:—--
& 30 | phase space
]
S0 |
Q
3
< 10 f
[
=

0

4200

Mp:p: [MeV]

FIG. 9. The D:D: invariant mass distribution of the A, —
D: DA process. The curves labeled as “S wave” and “P wave”
show the contributions from the S wave of Eq. (23) and the P
wave of Eq. (24). The curve labeled as “total” corresponds to the
total contributions of Eq. (26), and the curve labeled as “phase
space” is the phase space distribution, which is normalized to the
same area from threshold to 4350 MeV.

too large and its mass is close to the one of the X(4140).
Searching for the signal of the X(4160) in other channels is
also important. Although the mass of the X(4160) is less
than that of the D:D} threshold, we expect it causes an
enhancement structure near the DD} threshold in the
D:D; mass spectrum, since the X(4160) is predicted to
couple strongly to the D:D? channel within the hidden
gauge formalism [33]. In Fig. 9, we present the DD}
invariant mass distribution of the A, — D:D*A process
with y = 1. There is a significant enhancement close to the
threshold with respect to the phase space distribution,
which is the reflection of the X(4160) and should not be
misidentified with a new resonance. We also show the
results for the different values of y in Fig. 10, where one can
see that the enhancement structure close to the threshold is
always clear for the different values of y. Our prediction can
be tested by future measurements about the A, — DDA
reaction.

40 +

30 b

20

10 |

dl'/dM p. p.[arb.units]

4200 4250 4300 4350
Mp. 5 [MeV]

FIG. 10. The D*D} invariant mass distribution of the A, —
D:D¥A process with different values of y.
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IV. CONCLUSIONS

In this work, we have investigated the A, — J/wA¢, by
taking into account the X(4140), X(4160), and P (4459),
and including the mechanisms of the W~ internal and
external emissions. In the J/w¢ mass distribution, one can
find a clear peak of X(4140), and a bump structure around
4160 MeV followed by a cusp structure around DD}
threshold, which can be associated to the X(4160). We also
expect that the hidden-charm pentaquark with strangeness
P,(4459), recently observed by the LHCb Collaboration,
causes a clear peak in the J/y A invariant mass distribution.
It should be noted that it is necessary to confirm this state in
another process, which would strengthen its interpretation
as exotic state, rather than possible kinematical effects.

Indeed, the signal of the bump structure from the
X(4160) is usually difficult to be identified in the J/y¢
mass spectrum with the low data sample, because the width
of the X(4160) is too large, and its mass is close to one of
the X(4140). Although the mass of X(4160) is less than
that of the DD threshold, we have predicted that there is
an enhancement structure near the D} D7 threshold in the

D:D? mass spectrum, since the X(4160) is predicted to
couple strongly to the D*D? channel in the hidden gauge
formalism [33].

In summary, we strongly suggest further measurements of
these two processes to clarify the nature of X(4140) and
X(4160) resonances, and to confirm the existence of the
P, (4459).
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