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Pole determination of X(3960) and X,(4140) in the decay B*—»D!D,K*"
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Abstract: Two near-threshold peaking structures with spin-parities of J¥C = 0** were recently discovered by the
LHCb Collaboration in the D} Dy invariant mass distribution of the decay process B* — D} D7 K*. In our study, we
employed a coupled-channel model to fit the experimental results published by the LHCb Collaboration, simultan-
eously fitting the model to the invariant mass distributions of Mp:p-, Mp+g+, and Mp-g+. We utilized a coupled-
channel model to search for the poles of X(3960) and X(4140). The determination of the poles is meaningful in it-
self, and it also lays a foundation for future research on X(3960) and Xy(4140). Upon turning off the coupled-chan-
nel and performing another fit, we observed a change in the fitting quality, and the effect was almost entirely due to

the peak of X(3960). Therefore, we suggest that X(3960) may not be a kinematic effect.
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I. INTRODUCTION

For a long time, we have been asking the question,
"What type of matter can be formed by quark models?"
The traditional quark model successfully explains that ba-
ryons are complexes of three quarks and mesons are com-
binations of quarks and antiquarks. With the advance-
ments in experimental methods, the recent discovery of
candidates for the pentaquark and tetraquark states in ex-
periments has expanded the scope of our study of tradi-
tional hadrons, which include qualitatively different
qqqqq and gqgg. In addition, more exotic structures have
been observed in experiments; see Refs. [1-8]. To an-
swer the appeal question, we must determine whether the
pentaquark and tetraquark states exist.

In determining the strange state of quantum chromo-
dynamics (QCD), the decay process of B mesons will be
an important and effective platform. In this process, many
candidates for strange hadron states can be observed.
Over the past few years, major laboratories have success-
ively discovered candidates for strange hadron states in
the decay of B mesons, such as Z.(4000) and Z.,(4000)
[9], X(4140) [10, 11] in B* — J/y¢K*, and X,(2900) and
X1(2900) in B* — D*D™K* decay [12, 13]. Referring to
these experiments, we can observe that the three-body de-
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cay of B mesons can provide much information on had-
ron resonance; see Refs. [14—17].

Very recently, the LHCb Collaboration reported a
new near-threshold structure named X(3960) in the DY D;
invariant mass distribution of the decay B* — DD K".
The peak structure is very close to the D!D; threshold
with a statistical significance larger than 12¢. The mass,
width, and quantum numbers of this structure were meas-
ured to be M =3956+5+10 MeV, I'=43+13+8 MeV,
and J?¢=0"". The LHCb analysis indicates that this
structure is an exotic candidate consisting of c¢s¢5 con-
stituents. In addition, when checking the data of the
DDy invariant mass distribution, a dip is observed at ap-
proximately 4.14 GeV; the LHCb interpreted it as anoth-
er structure named Xy(4140) with a mass of M=
4133+6+6 MeV, width of '=67+17+7 MeV, and
quantum numbers of JP¢ =0 [18]. As analyzed by the
LHCDb Collaboration, X((4140) might be caused by either
a new resonance with the 0** assignment or a DD} J/y¢
coupled-channel effect, but no firm conclusion has been
reached [18].

Many theoretical studies have shown much interest in
X resonances. In recent years, many studies have used
different models and technical methods to analyze the
characteristics of exotic mesons cs¢s [19—26]. To determ-
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ine the origin and structure of X(3960) in decay B* —
D!D;K*, scholars have proposed many explanations for
the possibility of this structure. Because its mass is close
to the DY D; threshold, this structure can be interpreted as
a possible hadronic molecule. Refs. [27, 28] proposed to
treat X(3960) as the molecular state of DYD; with
JF€ = 0** in the QCD sum rules approach. Another calcu-
lation with QCD two-point sum rules [29] results in the
assignment that X(3960) is a scalar diquark-antidiquark
state. The calculations in the one-boson-exchange model
[30] also favor the molecule interpretation. It can also be
analyzed through the characteristics of X(3960) using the
coupled-channel method. The authors of Ref. [31] per-
formed a coupled-channel calcuation of the interaction
DD - D! Dy in the chiral unitary approach and interpreted
X(3960) as a hadronic molecule in the coupled DD-
DtD; system [31-33]. The author of Ref. [34] inter-
preted X(3960) as a cscs state, whereas in Ref. [35],
X(3960) was interpreted as 0™ c¢sc§ tetraquark states us-
ing an improved chromomagnetic interaction model. In
addition, another study suggested that X(3960) probably
has the mixed characteristics of a c¢¢ confining state and
DD, continuum [36]. Some theoretical and experiment-
al research has been conducted on X,(4140), but its ori-
gins are still debated. For instance, in Ref. [35], X((4140)
was also interpreted as cscs tetraquak states. The discus-
sion about mass and width in Ref. [29] enabled us to con-
sider that the model is also acceptable. Because different
computational models suggest different explanations,
forming with new concepts and insights into this state can
aid us in further understanding the origin of X(4140).

In this study, we analyzed the decay process
B* — D!D;K* as published by the LHCb Collaboration.
We simulated a coupled-channel model to analyze the
data [37] using the default model and fitting the Mp:p-,
Mp:+, and Mp-g- of these three different invariant mass
distributions. Using the amplitude provided by the
coupled channel model, we address the following prob-
lems: (i) the pole position of X(3960) and X,(4140) and
(i1) whether the production of X(3960) is solely due to a
kinematic effect.

II. FRAMEWORK

The LHCb data reveal visible X(3960) and X,(4140)
structures around the DD, and D:D: thresholds, respect-
ively. Thus, we can reasonably assume that the structures
are caused by the threshold cusps that are further en-
hanced or suppressed by hadronic rescatterings and the
associated poles [37, 38]; see Fig. 1(a). Meanwhile, for
the two peaks at 4260 and 4660 MeV, we refer to the sug-
gestions given by the LHCb Collaboration and add two
Breit-Weigner effects, as shown in Fig. 1(c). We assume
that other possible mechanisms are absorbed by the dir-
ect decay mechanism in Fig. 1(b).

First, we present the amplitude for Fig. 1(a). The first
vertex v, 1S a weak interaction, and the initial weak
B* — D,D,K* vertex is

Vi =C”,B+K+fngSF2+B+' (1)

For the vertex of process B* — D*D:K*, there are two
cases of parity conservation and parity violation. For the
former, the vertex of B*(07) — D:D:(0")K*(07) is

pc __ _ = =2_ 0 0
VI = Cpibyprk+€0; * €p; e e Fxvpes )

in the latter case, the vertex of B*(07) — D:D*(1")K*(0")
is

va = CDiD;BJrKJrﬁ[@ . (th X gD:)fDoij F]O(+B+ . (3)

The energy, momentum, and polarization vector of a
particle x are denoted by E,, p,, and €, , respectively, and
particle masses are obtained from Ref. [39]. ¢, p+x, 1S @
complex coupling constant, which reprensnt cp p prx+
and cp;p; p-x.- We introduce the form factors f and Fy;,
defined by

. A\ @)
ol \/E,'Ej A2+qi2j ’

2 2+%
e () 5)
vV EkE i A%+ Dx

where ¢;; is the momentum of i in the ij center-of-mass

frame, and p, is the momentum of % in the total center-of-

mass frame. A is a cutoff, and A = 1 GeV. We use a com-

mon value of the cutoff for all the interaction vertices.
The second vertex v, is hadron scattering; the per-

turbative interactions for D,D(D*D?) — DD, are given

by s-wave separable interactions. For D,D,(0%)—
D;D;(07),
V2 = hD;’D;,D.\.DXf 3; D;fgx Dy’ (6)
and for D:D*(0") —» D! D;(0%),
V2 = hptp-p: b €p: - €p: f) 3; ot 8; e 7

Another vertex exists between the two vertices, which
is the coupling of the two loops, which we denote as v;.
The coupling of different loops is similar in form; for
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K* K K*
B * D .g*) + B+ B ’
D D+ ¥ (4260),1(4660)
— N
%1 %] D_ \ / D;
Dg*) ° D= _
s Ds
(a) (b) (c)
Fig. 1. Contributions of three mechanisms in the decay B* — D! D;K*. (a) Coupled-channel; (b) Direct production; (c) Breit-Weign-
er effects.

Dy(07)Dy(07) — Dy(07)D4(0),
v3 = Gp,p,n,5,(Mp:p-), (®
for Dy(07)D(07) — Dy(17)Dy(17),
v3 = €p: - €p:Gp:p:.p,p,(Mp: p:), ©)

for D:(17)D:(17) > Dy(07)D,(0"),

v3 = €p: - €p:Gp,p, p:5: (Mpi p: ), (10)
and for D:(17)D:(17) — D:(17)Di(17),
V3 = &p; - €p: €p: - €p: G pr pp: (Mpr py)
= 3GD§D§,D;D;(MD:D;)- (11)

We introduce [G 'l (E) = [6pe — hpa0a(E)], where
hg. 1s a coupling constant, and a and § are label interac-
tion channels, with

.5 (@)
_ _ 2 DDy
op,p,(E) = /dqq E—Eoy(q)—E[)x(q)+i8’ (12)
[fg*[)*(Q)]z
o — 2 sy
0'D§D§(E) /dqq E—Euﬁ(q)—E[y;(q)HE' (13)

With the above ingredients, the amplitudes for the Fig.
1(a) are respectively given by

DyDy,D;D; DsDs,D;D;

A=4nfSp (Po)Flep D Y
a B
(14)

X Co,+k+ G (Mprp=)Ypt p- g0 .

Regarding the direct decay mechanism of Fig. 1(b),

(15)

o 0 0
Adir = Cp,p,.8°k* Jprp: Fepe-

Finally, we consider the Breit-Weigner mechanism of
Fig. 1(c):

= - 1 1
Px+ Pot Iprp ySuk+ s

l : (16)
E - EK+ - E¢ + 5F,/,(4260)

1- _
Ayaa60) = Cu260)

> ol 1
- Pk+ ‘PD:fD;D;,¢f¢K+,B+
A¢(4660) = Cy(4660) ;

; (17

1
E- EK+ - E,/, + EFL,//(4660)

where py+ is the B* CM, and pp: is the D;D; CM; the
form factor defined by

5

1 A? ’
o , (18)
PP e By \ N2+ ey
1 A\
1
+ -+ = ’ 19
Foxs VEJExE <A2+qi1ﬁ> "

with constants Cy(4260) and Cy(4660) -

III. RESULTS

We simultaneously fit the invariant mass distribu-
tions of Mp+p-, Mprg+, and Mp-x+~ from the LHCb Col-
laboration using the amplitudes of Eq. (14). The amp-
litude includes the vertices of the weak interaction and
the adjustable coupling constant resulting from the had-
ron interaction; this includes cp p g+, Cp:p:prk+s Cu260)s
Cyao60)> Pp,by.p,D, s Mp,b,.0:D: > Mp:beD,D, and hp:p: ;b - To
reduce the number of fitting parameters, we set
hp,p,p:5: = hp:p:.p,p,» as making them different does not
significantly affect the quality of the fit. Because the
coupling and interaction constants of hadron scattering
are consistent, we can further reduce the fitting paramet-
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ers. Finally, because the magnitude and phase of the full
amplitude are arbitrary, our default model has a total of
nine fitting parameters. Our default model has a total of 8
(7+1) fitting parameters, in addition to these seven para-
meters as constants, the last parameter added is the over-
all factor. The parameters obtained from the final fit are
shown in Table 1.

We show the default model by the solid blue curves
in Fig. 2, which closely matches the LHCb data. We can
clearly observe the peak at 3960 MeV and a dip at 4140
MeV. The fitting quality is y?/ndf=(55.67+44.66+56.08)/
(127 - 8)~1.31, where three x* values result from three
different distributions; "ndf" is the number of bins (43 for
DID;, 42 for D!K", and 42 for D;K") subtracted by the
number of fitting parameters.

We also show the different contributions of the chart
in Fig. 2. The solid orange curves represent the contribu-
tion of D!D; single channel, and the dotted green curves
represent the contribution of D:D? single channel. Gener-
ally, the solid orange curves plays a dominant role
throughout the entire process, particularly in relation to

70 T T T T T T T T
— fit

DD

oof] - 00;
—-= Nonresonant
5o04( W(4260)
--- W(4660)

40

30

20

30

20fF

the peak of X(3960). This behavior can be attributed to
the fact that the X(3960) peak primarily results from the
threshold of D} D7 . For the peaks at 4260 and 4660 MeV,
we adopted the same method as the LHCb Collaboration
and introduced two Breit-Weigner effects [40, 41],
¥(4260) and ¥(4660), which are represented by purple
and brown dotted curves, respectively. The analysis here
is generally consistent with the analysis given by LHCb;
for two peaks near 4260 and 4660 MeV, the final fitting
results have been significantly improved.

In our study, we conducted a search for poles in the
default D,D,D:D? coupled-channel scattering amplitude
using analytic continuation. We observed the poles of
X(3960) and X,(4140), which are summarized in Table 2.
Additionally, in the table, we also list the Riemann sheets
of the poles by (D,D,D:D?), where s, = p indicates that
the pole is located on the physical p sheet of the channel,
whereas s, = u indicates that it is on the unphysical u
sheet of the channel. As shown in the table, we can ob-
tain the positions of X(3960) and X,(4140). Based on this,
we can suggest that X(3960) is a resonance state and

T T
— fit
DsDs
--- DD}
—-- Nonresonant
— W(4260)
-=-- WY(4660) N

o \NJdTT Aty 1t 1 L A s
A - S - ~.
SN 1.5 5 I S ML o= N e e P —
2000 4100 4200 4300 4400 4500 4600 4700 2500 2600 2700 2800 2900 3000 3100 3200 3300
+ —
Min(DS" Dg )[MeV] Miny (Dt K*)[MeV]
(a) (b)
30—
— it
DsDs
-=- D;D;
—-= Nonresonant
— W(4260)
20F ——- w(4660) 1
10} -
055560 2600 2700 2800 2900 3000 3100 3200 3300
Min,(Dg K*)[MeV]
(c)
Fig. 2. (color online) (a)D} Dy, (b)DK*, (c)D;K* invariant mass distributions for B* — DI D;K*.
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—— default model

v=0
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Minv(D5+ Ds_ )[MeV]

Fig. 3. (color online) Comparison of different models. The
blue line in the figure is for the default model, whereas the or-
ange line is for the model that turns off the couple-channel ef-
fect.

Table 1.
second and third columns are for the default and no couple-
channel effect models.

Parameter values for B* — D{D;K* models. The

CDsDy,B*K+ —0.07+0.231 —0.39+0.45i

CD*D: B*K+ —0.13+0.09i —0.01+0.584i
Cy(4260) 2.26-2.461 8.21-0.771
Cy(4660) —3.27+5.30i —8.98—-13.08i

hp,b,.D.D, 13.18+5.94i 3.83+16.02i

hp:pr bt b ~17.10+18.21i 0

hp ., D, ~15.14-11.10i —1.47+10.20i
A/MeV 1000 (fixed) 1000 (fixed)

Table 2.  X(3960) and X((4140) poles in the default model.

Pole positions (in MeV) and their Riemann sheets (see the text
for notation) are given in the second and third columns, re-
spectively.

X(3960)
Xo(4140)

3952.48+12.46i (pu)
4142.48 (rp)

X0(4140) is a virtual state [42, 43]. This observation is
consistent with the results shown in Fig. 2, which clearly
indicate that the formation of X(3960) is primarily due to
the interaction of Vp:p- p:p-. Even without considering
the contribution of Vp:p- p:p: and Vp:p: pip:, the state of
X(3960) can be understood as a bound state of D D;. The
behavior of the green dotted curves in Fig. 2(a) further
supports the notion that if X((4140) is a virtual state, the

contribution of Vp:p: p:p: is weak.

In order to investigate the threshold effect of the kin-
ematic effect in the vicinity and determine whether the
X(3960) peak structure is solely caused by the DD
threshold, we disabled the coupled-channel effect, equi-
valent to directly finding the monocyclic graph contribu-
tion of the Fig. 1. The data was then re-fitted, as shown in
the Table 2. In Fig. 3, although the overall change in x* is
small, it is evident that the height of the first peak under-
goes a significant change, and the change in x? is primar-
ily due to this peak. Therefore, we can conclude that the
pure kinematic effect alone is insufficient to form a peak
structure. The peak structure should indicate a state that
actually exists.

IV. CONCLUSION

We analyze the observations of the LHCb Collabora-
tion on the decay process B* — D!D,;K*. Note that when
calculating the total amplitude, we refer to the work of
the LHCDb Collaboration and introduce the Breit-Weigner
effect of the resonance state y(4260), but the peak value
of ¥(4260) is slightly earlier than the jump position in the
data of the invariant mass spectrum of D! Dy, and this po-
sition is very close to the threshold of DD. Therefore, we
can reasonably expect that building a new model based
on our current model and adding DD this coupled-chan-
nel will be useful in explaining the jump in the invariant
mass spectrum of D!D;. Our default model fits the
Mp:p-, Mp+g+, and Mp_g+ of these three different invari-
ant mass distributions simultaneously, and the final fit-
ting quality is y?/ndf ~ 1.31.

Without adding resonance states directly, we search
the poles of X(3960) and X,(4140) using the coupled-
channel model and finally determine the positions of
X(3960) and X,(4140). From this, we suggest that
X(3960) may be a resonance state and X,(4140) may be a
virtual state. The determination of the pole positions is
meaningful, which provides information for the research
on X(3960) and X,(4140) and lays a certain foundation
for the study of their properties in the future. By turning
off the coupled-channel effect and fitting the data again,
we find that the overall fitting quality does not change
sigificantly. However, the final fitting result shows that
the influence is relatively large at the position of X(3960),
and almost all the changes of x? result from the X(3960)
peak. Therefore, we suggest that the pure kinematic ef-
fect is insufficient to form the X(3960) peak structure.
This conclusion provides certain reference value for fu-
ture research.
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