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Prompted by the recent discoveries of T.5(2900)"" in the D z* invariant mass distribution of
Bt — D™Dzt process, we present a model that hopes to help us investigate the nature of T .50(2900)*
by reproducing the mass distribution of D~z +, Df z*, and D™D} in B* — D™D}z decays. The structure
of the triangular singularity peak generated from the y. D*"K*T loop near the D*"K** threshold is
considered in our model may be the experimentally discovered resonancelike state structure 7 .50 (2900) .
In addition, we employ a coupled-channel approach to describe the dominant contribution of the Dz
S-wave amplitude, and also consider other excitations. Our model provides a well fit to the invariant mass
distributions of D~z", Dfz", and D™D} simultaneously.
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I. INTRODUCTION

Over the last two decades, many resonance states have
been discovered experimentally that cannot be explained
by the traditional quark model [1-3]. These states are
called exotic hadron states. The first to be discovered was
the exotic state of X(3872) observed by the Belle collabo-
ration in 2003 [4], which was later verified by other
experiments [5-8].

In the year of 2020, the LHCb collaboration reported the
discovery of two new structures X(2900) and X;(2900)
in the DK™ invariant mass distribution on the BT —
DtD~K™ process [9,10]. Interestingly, both X(2900) and
X1(2900) are all fully open flavor states and their minimal
quark components are four different quark ud5s-c.
Therefore, many theoretical works have been dedicated
to exploring their properties [11-21].

Recently, the LHCb collaboration studied the B? —
D°Diz~ and BT — D~Dix" processes [22,23] and
observed a new double-charged spin-O open charm tetra-
quark candidate and a neutral partner in the D,z decay
channel with their reported masses and widths:
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T,50(2900)7*: M = 2.922 + 0.014(GeV),
I'=0.161 +0.033(GeV), (1)

and

T,50(2900)°: M = 2.871 +0.012(GeV),
T = 0.135 £ 0.025(GeV). (2)

respectively.

From the process observed, the minimal quark compo-
nents of the 7'5,(2900)** and T .;(2900)° are c5du and
csud, respectively [22,23]. The appearance of the exotic
state has aroused the interest of numerous theoretical
physicists, because the former particle is the first observed
doubly charged tetraquark state. A number of theories
have been proposed to provide further guidance to explore
the nature of 7'.5(2900). Theoretical works have inves-
tigated 7.5(2900) properties using the QCD sum rule
approach [24-26], suggesting that it could be a scalar
tetraquark state of ¢5¢g. And there is also a study that has
investigated the tetraquark state properties of 7., and T
under coupled-channel calculation based on the constituent-
quark model [27].

The authors in Ref. [28] proposed that 7.y can be
interpreted as a threshold effect resulting from the inter-
action between the D*K* and D¥p channels. It has been
suggested that T'.;o could be a dynamical effect arising
from the triangular singularity in Ref. [29]. Within the
framework of the local hidden gauge approach, the authors
studied the coupled-channel Dp — D*K* interactions [30].
Furthermore, the observed mass of 7.5, is closely aligned
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with the D*K* threshold, suggesting that it has the A asmy, Iy, E4, Pa, and €,. The scattering amplitudes of
potential to be a promising candidate for a molecular state  all the Feynman diagrams that we are thinking about will
composed of D* and K*. Then there were also numerous  be discussed below.

works investigating the nature of the molecular state of
T .50 [31-36]. In Ref. [37], the authors also analyzed the
interpretation of 7 .5 state as Dp hadronic molecules using _
the QCD sum rule method. We take the Breit-Wigner forms to describe the Dj

Until now, the nature of T.(2900)*+ has yet to be  excitation mechanisms of Fig. 1(a). In this work we have
definitively determined and remains subject to ongoing  taken D*(2007)°, Dj(2600), and Dj3(2460) into consid-
investigations and research. Therefore, we hope that fitting ~ eration since the data [22] shows that they have effects
the three invariant mass distributions from the experimental ~ on the final states invariant mass distributions in B* —
results will help us to determine the characteristics of  Dj D~z process.

T 50(2900) . For B* — D} D*(2007)°[D7(2600)](17) vertex only to

It is significant to emphasize that the Dz S-wave  be p wave, and the decay of the D*(2007)°[D}(2600)] to
signiﬁcantly affected the Dz invariant mass distribution Dzt also involves p wave. The expressions for amp]i-
in the BY —» D™D}zn" process. In the experiment, the  tydes D*(2007)° and D7} (2600) are
distribution of Dz S wave was improved by introducing a
0" quasi-model-independent [38] description.

Thus, in this work, we have developed a model with few
parameters that can be fitted simultaneously to the three
invariant mass distributions Mp-,+, Mp: .+, and Mp-p+ in
B+' - D Dfx* process. We hgve taken into account Breit- AD (2600) = €D (2600) o E . T
Wigner (BW) amplitudes, a triangle loop amplitude asso- BT T =Df T FD(2600) T2 Dj(2600)
ciated with T 5,(2900)" ", and a unitary coupled channel (3)
effect related to Dz S-wave amplitude. The organization of
the paper is as follows. In Sec. II, we present the theoretical
formalism of the process BY — D™D/ z". The numerical
results of the calculations and discussion are presented in
the Sec. III. At the end, we make a brief summary in

A. The mechanism of D} excitations

A . Po=-Pp;: f s (20077 D3 b (200705
D*(2007)° = €D*(2007)°
(2007) (007 Ep —Ep

’

(20070 +3 (2007)°

- . - 1 B 1 B
Po-Pp:f D+n+,DT(2ooo>f D D} (2600),B*

’

where both ¢p- 50070 and ¢p:(a600) are complex coupling
constants that need to be fitted. Here we adopted the
experimental energy dependent width fb;(zaoo) and will

the Sec. IV. discuss it later. Since the width of D*(2007) is too small,
we used the experimental value. The f7; and fiLj’k is the
II. FRAMEWORK dipole form factors defined by
We considered the contributions of the Feynman dia- | A2 2412
grams depicted in Fig. 1 to process BT — DDz, We lL] = < - 2) ,
derive the relevant amplitudes by writing the effective TVEE \N +qj
Lagrangians of the relevant hadrons and their matrix L — fL \/f
.. K . ijk = f i j/ s
elements, then combining them in accordance with the
time-ordered perturbation theory. We considered three FL — 1 A? 2+L/2 @)
kinds of mechanisms: the D’ excitations of Fig. 1(a), e JELE, \A? + p2, '

triangle loop of Fig. 1(b) and unitary coupled channel
effect of Dz S wave of Fig. 1(c). For convenience, here  where ¢;;(p,,) is the momentum of i(m) in the ij(total)
we use D3 to describe this three mesons: D*(2007)°,  c.m. frame; L is the orbital angular momentum of the i pair
D7(2600), and D3;(2460). We label the mass, width,  system. In calculation, we take a cutoff for A and set it to
energy, momentum, and polarization vector of a particle = common value of 1 GeV.
D} D-
Xel

Bt Dy B+ D+

D-

K*+
71_+ 7T+/7T0/UO/K+

() (b) (©)

FIG. 1. B — D™D} z" considered in this work: (a) D% [D*(2007)°, D3(2460), D7 (2600)] excitations, (b) triangle loop, (c) coupled
channel.
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As the D3(2460) resonance state with the J* = 27, the
BT — D} D3(2460) vertex should be parity conserving
with a d wave, and the amplitude is given by

i =) 2l 2m Pn pmn
Pp-Pp-€p;(2460)P 0 P D €5 (2460)
i
Ep — Ep: — Ep; + 5T (2460)

AD;(2460) = CD;(2460)
X fD xt.Dj D*D* B+ (5)

Summing the spin of the polarization vector [39] of the
tensor (2%) meson takes nonrelativistic approximation:

1 ~ ~ 1~ -
Zeﬂueﬂ’p’ = 5 61/1/ + 5;41/51/;/) - gé/w Wy (6)
pol

then the amplitude of Eq. (5) becomes

(Pp - Pp,)* =3 (PpPD,)

Ep—Epr —Ep; + QFD;(2460)

AD;(2460) = CD3(2460)
x fD 7D, D*D* B+ (7)
We use the mass-dependent running width (see details
in [22]):
. M) 2L/ +1
I(M) =Ty (M) BRprm,Lr), (8)
) M
where mp and ', are the mass and width of the resonance

state, respectively. M is the invariant mass of D~z" and we
|

s K*"D™")o(D** D73 1)

denote the orbital angular momentum between D~z system
and D7 by L'. The Blatt-Weisskopf form factor [40] F” takes

1+ z22(M)
1+2]

9+ 3722(M) + z*(M)

F'(M,1) = L=1,

L=2 (9

where z(M) = pd, zy = pod, d takes the value used in the
experiment of 3.0 GeV~![22], p is the momentum of particle
D~ in the Mp-,+ frame, and g denotes the momentum of
resonance state in the initial rest frame. The energy depend-
ence widths of D}(2600) and D3(2460) are as follows:

I'p:(2600) = I+ (2600) (

QD*(2600)> 3 mp+ (2600) P2 M )
D zts 1)

90 Mp-g+

3 4D;(2600) \ > D3 (2600)
I'p: (2460) _FD;(2460)< 2% ) MZD- - F?(Mp-,+,2).

(10)

B. The mechanism of T¢,

(2900)* * amplitude
We consider the exotic state candidates 7 .;0(2900) dis-

covered in the experiment as triangle singularities. The
amplitude of the triangle diagram in Fig. 1(b) for Bt —
Dy D™ x" process is given by

U()(ClK*+;B+)

A + o t-gpt — Cra
D Dyz™:B T{\U( 2900)*

where the implicit summation of the spin of the inter-
mediate particles are involved. E is the total energy in the

c.m. frame and the energy E,(p,) is /P +mj. b, isa
loop momentum. The mass and width values of particles
are taken from Particle Data Group [41].

We use an s-wave interaction for D**(1
D (07)z"(07) vertex:

HK(17) -

v(Dfxt, K*TD*T) = €per €K*+J1fD+,,+J2fD*+K - (12)

The vertices of y.(17) = D~ (07)D*T(17)(s-wave)
and BT(07) - y. (17)K**(17)(s-wave) processes are
given as

v(D**D ,)(c1) 5 E;)*+J3f%‘D**;L-|’ (13)

vy K BY) =€ K**f KB (14)

/d v(Dirm
Pra E ZE(KTY = E(D) - E(D

(11)

)+ ik E—E(y.) — E(K**) + 4Tk +4T, 7

We wuse the M ~4684 MeV, I'~126 MeV for
Xc1(4685) state.

We calculate the interaction vertices of Eqgs. (12)
and (13) under the two-body c.m. frame, and then
multiply by a kinematical factors of Jy, J,, and J; to
account for the Lorentz transformation to the c.m. frame
of three-body system [42,43]. Further details can be
found in Ref. [44].

C. The mechanism of coupled-channel
Dx S-wave amplitude

For the Dz S-wave, experimental and theoretical
results show that it cannot be described as a resonance
state using a simple BW amplitude, so in this work we
consider it as coupled channel effect which contains
three channels: Dz — D,K — Dy in Fig. 1(c). We denote
a meson-meson pair with J¥ as MM(J?), such that Dzz(0")
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denotes a Dz pair with J¥ = 0*. The initial weak vertex
B*(07) - Dz(0")D{ (07)(s wave) is given as

>fD7z DfB*’ (15)

0t Z 4
vy = CDIL'D+ B+<tDtDt7lt

0"
DzDy ,B*

FOD+ 5+ are form factors presented in Eq. (4). An isospin

where ¢ is a complex coupling constant, f9, and

Clebsch-Gordan coefficient is given by the bracket
(t.titytycd), where t, and 5 are the isospin and z
component of particle a, respectively.

We adopted the method in Ref. [45] to describe the
hadron scattering process, which is also consistent with the
principle of coupled-channel unitarity. We describe hadron
interactions in a form that is not constrained by a particular
model where all coupling constants are determined from
experimental data.

The s-wave meson-meson interaction potential is

given as
11 .
22 Lo, Ta oy ta,

where a and f is represent three interaction channels Dz,
D,K, and Dn, a; and a, represent the two mesons in
channel a. hy , represents the coupling constant between a
and S channels. We describe the coupled-channel effect in
terms of [G™'(E)|s, = 8pa — hpa04(E), where

i o P10
Z/ (@) - Enq) +ie 17

where ) .. denotes summation of channels with different
masses for D=zt and D°z° charge conjugate. The vertex
Dr, DK, and Dn — D~ n" is

Vpa <t/5'1 1,15,

(16)

>fD,rf° (18)

U = hD zt a<ta] téltaztéz

The amplitude for diagram of Fig. 1(c) is

Dz,D,K.Dn
— 0F 0
Ap, =4zn hD*n+,ﬂCaD;,B+fD—ﬂ+ (Pp-)
ap

XG[;(MD n*)Gﬁa(MD )FD+B+

D. Invariant mass distributions
of the B* - DD~ xn* decay

With the amplitudes of the processes we considered
above, we can get the total decay amplitude of BT —
DD~ z" as below:

33 I sl

M = ¢ + Mp (20070 + M (2600) + M b3 (2460)
+ Mra_(2900) + Mg, (20)

where c;, is the complex coupling constant representing the
contribution of the background in the experiment.

We use the following equation to calculating three-body
differential decay width:

1
(2n) 32E*

der - |M|2d2M bdszc (21)

For a given value of m2, , the range of m?,. is determined by

(m%c)mln - (E* + E* (\/E*2 - mb + \/E*2 ) ,

2
(m%c)max = (EZ + E?)z - (\/EZZ —mj, — \/E:Z - mg) ’
(22)

where E} and E} are the energies of particles b and c in the
c.m. frame of the ab pair, respectively.

III. RESULTS

We simultaneously fit the theoretical model of
BT — D™Dzt process with the three experimental results
of Mp-p+, Mp:,+, and Mp-p+ distributions. Theoretical
model includes three Breit-Wigner amplitudes, one triangle
loop amplitude of 7%,,(2900)** and one unitary coupled
channel effect of Dz S-wave amplitude. All amplitudes
contain the product of the overall factors of a complex
coupling coefficient. In the absence of other experimental
inputs, we determine the complex factors by fitting the
available data. We take a complex coupling constant (c;)
for the amplitude in order to represent the background
contribution that is considered in the experiment. For
different f channels, we represent hp-,+ 5 in Eq. (19)
as the three parameters hp-,+ppr)> Np-r+ pbk). and
hp-z+ p(by) in Table L. In the coupling coefficient of 7y,
in the G4, term of Eq. (19), since a and $ contain three
interaction channels Dz, DK, and Dr, there are six
parameters hp; pr hprp.ks Morpy Mbxb.kx> Mb.k.bys
and hp, p,, which are listed in Table I. Regarding the A
in the form factors, we adopted a classical value of 1 GeV.
At last, our default model was refined to include a total
of 17 parameters. Subsequently, we determined the cou-
pling constants from the fit and present numerical results in
the Table I.

The mass distribution results as shown in Figs. 2 and 3
are in quite good agreement with the LHCb data, in which
the default model is represented by a red solid curves.
The fit quality is y?/ndf=(96.29+111.29+78.01)/
(99%3—17)~1.02, where three y’s are from comparing
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TABLE I. Parameter values for BY - D™D}z models.
Parameters Values
CD*(2007)° 0.84 —3.41i
CDT(ZGOO) _062 -+ 1151
€D (2460) (0.18 x 1075-0.87 x 1073i) GeV~
CT550(2900>+‘ (—983 — 472l) GeV2
cp 66.03 — 27.74i

0t — ;
Chant 5+ 42.91 — 0.67i
hp-r+ p(Dr) 0.989
hp-z+ p(b, k) 1.010
hp-x+ p(bn) 0.98

0+ _ i
b kpi 5 25.45 +0.92i

0* — ;
CBupt B 28.80 + 0.44i
hDﬂ,D;r 36.99
hDI[.DF\K —1621
hpeby —19.55
hDSKsb.;K 6.35
hp k. by 21.60
" py.by 11.93
A 1.00 GeV (fixed)

to the Mp-,+, Mp+,+, and Mp-p+ distributions, respec-
tively; “ndf” represents the number of bins subtracted by
the number of fitting parameters. We have taken into
account the smearing effect by applying bin widths to
theoretical curves for the default model. Overall, the
contributions of D}(2460) in Fig. 1(a) [brown dash dotted]
and Fig. 1(c) for Dz S wave [blue dotted] dominate the
whole process.

In the distribution of Mp-,+ [Fig. 2(a)], we can clearly
note that the contribution of the resonant state D}(2460)

300F ' ' ' ' '
250?
200?
150?

100 F

Candidates / (0.014 GeV)

T T

50

i o e

2500 2750 3000 3250
(@) Mp-n+[MeV]

2000 2250

leads to a sharp peak near 2.46 GeV. A significant fraction
of the amplitude below the energy range of 2.46 GeV is
attributed to the contributions from the Dz S-wave ampli-
tude. In addition, Dj(2600) also leads to a comparable
peak near 2.6 GeV. They are indispensable to get a
satisfactory fit result.

Then in the M, distribution of B* decay. The tri-
angular singularity generates a distinct resonancelike
peak near the position of 2.9 GeV corresponding to
T%,(2900)*". The other contribution of D7j(2600) is
helpful in improving the cusp in the 3.2 GeV region in
Fig. 2(b). The contribution of coupled channel effect of
Dx S-wave is a large fraction in the whole process. So, for
the decay process of fitting BT — D™D} x™, it is evident
that the most crucial aspect is the amplitude contribution
of Dz S wave. From the fitting results, it appears that
our theoretical model provides a highly satisfactory
explanation.

Every D7 resonance state in our analysis is modeled
using the BW form and is able to accurately match the
experimental data. All known D% mesons are considered
in the experimental model, but the broad D(j(2300) state is
not included. Because recent experimental studies [38] and
theoretical analyses [46,47] suggest that the D{(2300)
resonance state is not adequately represented by a simple
BW line shape. For the Dz S-wave in the experiment,
a quasi-model-independent parametrization is employed.
This approach divides the Mp, range into k slices, see
Ref. [38] for more details. We tried to describe the Dz S
wave as the BW amplitude of D§(2300) resonance state and
the fit value of its simultaneous fit to three invariant mass
distributions is y?/ndf = (207.38 + 425.27 + 298.22)/
(99 x 3 — 14) ~3.29. Thus, the BW amplitude is really
not a good representation of the Dz S wave.

100»I T T T T T

[e)] [ee]
o o
—T T T T

S
o
—T T

Candidates / (0.014 GeV)

N
o
—TTT

2000 2250 2500 2750 3000 3250
(b) Mp s+ [MeV]

FIG. 2. Comparison with the LHCb data [22] for BT — D™D z"; (a) D"z, (b) Dfz ™, and (¢c) D™Dy invariant mass distributions.
The red solid curve is from the full model, smeared with the bin width. Contributions from Fig. 1(a) are D"(2007)O [green dash dot],
D’l‘(2600) [aqua dash dot], and D’z‘(2460) [brown dash dotted]. The contribution from Fig. 1(b) includes the triangle loop of
T%,(2900)"" [magenta dotted]. The contribution from Fig. 1(c) includes Dz (s wave) [blue dotted]. Contribution from background

[gray solid].
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100}
80
60}

a0}

Candidates / (0.014 GeV)

20}

4750
(c) Mp-p+[MeV]

2000 4250 4500 5000

FIG. 3. This figure is a continuation from Fig. 2.

60§ | | ‘ J :
40% ﬂl m I H J
20} f ﬂ 1

Candidates / (0.014 GeV)

ol NN T TN ST T T [N ST T ST S AT S ST S [N T SO T S

2000 2250 2500 2750 3000 3250
Mp s n+[MeV]

FIG. 4. The Mp:,+ distribution from the fits with different

cutoff (A) values in the dipole form factors. The blue dotted, red

solid, green dotted, and brown dash-dotted curves are obtained

with A = 800, 1000, 1250, and 1500 MeV, respectively. Other
features are the same as those in Fig. 2(b).

We examine if the fit is stable against changing the form
factor. Instead of A = 1000 MeV (cutoff) in all the dipole
form factors of the default model, we fit the data with
A =800, 1250, and 1500 MeV. As seen in Fig. 4 for the
Mp:,+ distribution, while the sharpness of the 7(2900)
peak is somewhat sensitive to the cutoff value, the fit is
reasonably stable overall. Similarly, stable fits are also
obtained for the Mp-,+ and Mp-p- distributions. We
also used monopole and Gaussian form factors with
A =1000 MeV, and confirmed that the result is very
similar to the case of dipole form factor. The result is
shown in Fig. 5.

In order to have a thorough understanding of the model,
we refit the total amplitude after taking into account the
cutoff A and the parameter d in the fit and the result for
the M- ,+ distribution is shown in Fig. 6. We explored the
variation of the parameter d in the range 1.5 to 5 GeVand A
in the range 500 to 2000 MeV. From the results it looks like

100»I T T T T T
3 sol ]
(G L
q- -
— -
S 60 ZilEIm: ] 1
S ' .
gk IR H : I |
© I } THt £
S I ; I
2 20 [
S 20f .
8 f
0 1 TN [ T T S [ T T T N T T S S N M T SO M s
2000 2250 2500 2750 3000 3250
Mpz n+[MeV]

FIG.5. The M-+ ,+ distribution from the fits with different form
factors. The red solid, blue dotted, and green dash-dotted curves
are obtained with dipole, monopole, and Gaussian, respectively.
Other features are the same as those in Fig. 2(b).

100» T T T T T T

60} J 1
o | -

OVI TR (TSN T T SN [N SN TN SN T [T TN N TN Y SN Y SO MNNT
2000 2250 2500 2750 3000 3250
Mp i+ [MeV]

T
L= N

Candidates / (0.014 GeV)

FIG. 6. The figure shows the M+, distribution obtained from
the combined fit of the different models, with the red curve
representing the default model and the green curve representing
the variation of the A and d parameters included in the fit over a
reasonable range.

it will improve the sharp at 2.9 GeV, overall it looks the
same as in the default model in Fig. 2(b).

In order to test the importance of 7%,(2900) ", we refit
the total amplitude after removing the amplitude of

T%,(2900)*" and the result is shown in Fig. 7 that
we compare the M+ ,+ contribution of the default model
with the amplitude that does not include T%,(2900)"*.
The fit quality is x?/ndf = (93.23 + 130.06 + 80.39)/
(99 x3—17) ~1.08. The value of y* in the Mp: -
distribution increases from 111.29 to 130.06, and it is
clear from the Fig. 7 that the fit result becomes significantly
worse around 2.9 GeV energy region. Despite its minimal
fraction in Fig. 2(b), it still played a role in improving the
shape of the peak at the 2.9 GeV area.
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100 T T T T T
- —— Default model
. - —— Excluding TZ%,(2900)
% 80; -
(O] L
<
: |
9: 60_ -1
i M
gaop [ ] | -
©
e
S I
S 20t .
O
OVI TN [T T T T [T T T T ST T T T [T Y N s |
2000 2250 2500 2750 3000 3250
Mpzr+[MeV]

FIG.7. The M+ ,+ distribution from combined fits for different
models is shown, with the red curve representing the full model
and the green curve representing the full model with
T%,(2900)*" contribution removed.

IV. CONCLUSION

We have made a theoretical study of the B¥ — D™D}z ™"
reaction recently researched by the LHCb. The triangular
loop mechanism in the model causes a triangle singularity
(TS) peak near the D** K** threshold that fits well the peak

at 2900 MeV in the invariant mass distribution of D z™
data. In order to investigate the consistency of our model
with experimental measurements, we investigate the D™z,
D z", and D™D/ invariant mass distributions and fit the
experimental data using the parameters mentioned in the
formula, and found that there is agreement with experiment
at the peaks and dips in all three invariant mass distribu-
tions. We use a unitary coupled-channel model to character-
ize the main amplitude contribution of the Dz S wave,
and obtain good fitting results with as few parameters as
possible, which also shows that it is reasonable to use the
coupled-channel model to describe the amplitude of the
Dn S wave.

Moreover, we have compared the default model with
another model that eliminates the contribution of
T.5(2900)*" to confirm the necessity of both amplitudes
in our default model. The results indicate that the con-
tribution of 7' .5,(2900)" is crucial.
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