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Abstract In this work, we evaluated the widths of the
pionic and radiative transitions from the T;O(2900) to
the D} (2460) in the D} (2460) molecular frame and the
DS‘"1 (2460) charmed-strange meson frame. Our estimations
demonstrate that the transition widths in the Dj'l (2460)
molecular frame are much larger than those in the the
DS"’1 (2460) charmed-strange meson frame. Specifically, the
ratio of the widths of I'(7.£,(2900) — DJ7% and
[(T.5,(2900) — D+ g9y js estimated to be around 0.1
in the Djl (2460) charmed-strange meson frame, whereas the
lower limit of this ratio is 0.67 in the Dj1 (2460) molecular
frame. Thus, the aforementioned ratio could be employed as
a tool for testing the nature of the DS‘"1 (2460).

1 Introduction

As one of typical new hadron states with one heavy quark,
D:f(;r (2317) was first observed by BABAR Collaboration
in the inclusive D;f ¥ invariant mass distribution from the
electron-positron annihilation data at energies near 10.6 GeV
[1], and then confirmed by the CLEO Collaboration [2]. As
indicated in Ref. [1], the most possible J” quantum num-
bers of D;kg' (2317) were 0%, which could be a good can-
didate of P-wave charmed strange meson [3-9]. However,
the observed mass of D;‘d|r (2317) is about 160 MeV below
the corresponding predicted mass of the P-wave charmed
strange meson, which is 2.48 MeV [3,10]. Moreover, the
observed mass of Df(;r (2317) is about 40 MeV below the
threshold of DK, which indicates D:J (2317) could be a
good candidate of DK molecular state [11-18].

Besides confirming the existence of ng‘ (2317) [2], the
CLEO Collaboration reported another new narrow reso-
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nance Djl (2460) in the invariant mass distribution of D;“+7TO
with the mass around 2.46 GeV, and the J* quantum
numbers were determined to be 17 [2]. Similar to the
case of D;"(2317), D}|(2460) could be a candidate of P
wave charmed-strange mesons [3-9]. However, the mass of
D;Ll (2460) is also about 100 MeV below the predicted mass
of the corresponding P-wave charmed strange meson [10],
which makes the interpretation of D;’l (2460) in the conven-
tional charmed strange frame questionable [10, 19]. It is more
interesting to notice that the mass of D;rl (2460) is also about
40 MeV below the threshold of D* K, which lead to the pros-
perity of D*K molecular interpretation [12,17,18,20-24].
Recently, the LHCb Collaboration reported two new struc-
tures Tc%++(2900) in D7 /D} 7~ invariant mass spec-
trum of BY — D™D} n*/B® — D°DFn~ decays with
a significance to be 90. The masses and widths of the
TCOE/O++ (2900) are measured to be [25,26],
mro = 2892 4+ 14 £+ 15MeV,
FTCOEO =119 +26 &+ 12MeV, )

and

mpss = 2921+ 17 £ 19MeV,
Tpi+ = 137 £ 32 + 14MeV, 2)

cs0
respectively.

From the above parameters, one can conclude that
79,(2900) and 7%, (2900) should be two of the isospin
triplets. In addition, the experimental measurement indi-
cates that the masses of TC%/()++ (2900) is near the threshold
of D*K*, especially the neutral one. As shown in Fig. 1,
the newly observed 7,50(2900), along with D:‘S' (2317) and
D, (2460), make the states near the D™ K thresholds
abundant[1,2,15,19,27-38]. However, unlike the D:0+ (2317)
and D;(2460), the isospin of T,50(2900) is 1, which sug-
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Fig. 1 The masses of D};(2317), Ds1(2460), and Tgo. The thresholds
of D™ K™ are also presented for comparison

gests that it could only be an exotic candidate rather than
conventional charmed strange meson. Consequently, cer-
tain exotic interpretations, particularly the D*K* molecu-
lar interpretation, have been proposed [39—46]. For instance,
the authors in Ref. [44] suggested that the TC()E{)++(29OO)
could be a D*K* molecular state with 7(J*) = 1(01),
employing the one-boson exchange model. In our previ-
ous work [47], we examined the strong decay behavior of
TC(;-O (2900) in D*K* molecular scenario using an effective
Lagrangian approach. Specifically, we investigated the decay
7%,(2900) — D} (2460)7~ where D (2460) is consid-
ered to be a P wave charmed-strange meson. In the present
work, we investigate the pionic and radiative transitions
from 7,%,(2900) to D{;(2460) within a molecular frame-
work, where TCJ§0(29OO) and D;rl (2460) are assigned to be
the D*K* and D*K molecules, respectively. By comparing
the results in the molecular scenario with those in the P wave
charmed strange meson scheme, we demonstrate that the pio-
nic and radiative transition process explored in the present
work may be utilized to probe the nature of D:‘l (2460).
This work is organized as follows. After introduction, the
hadronic molecular structure of TCJSEO(29OO) and D;’l (2460)
are discussed in Sect. 2, The pionic and radiative transitions
between Tc§0(2900) and D;rl (2460) are presented in Sect. 3.
The numerical results and related discussions are presented
in Sect.4 and the last section is devoted to a short summary.

2 Hadronic molecular structure of Tc-;-O (2900) and
D, (2460)

In the molecular scheme, the Tc"sfo(2900) and D;‘l (2460)
could be considered as S-wave molecular states composed
of D*K* and D* K, respectively. Here, we employ the effec-
tive Lagrangian approach to describe the coupling of the
molecular states with their components, and the effective
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Lagrangians related to TCJ§O(29OO) and Djl (2460) are,

L0y = &0, DY) [ dyon, 07D

+okp K (x — wprk y)
+D(x + wg pr ) K (x — wD*KY)],

L150 = &Tus0 Tchro(x) / dy®r, (yz)l:D:-Jr (r

+og: o)) K% (x — wpry)
—D G+ ok VK x —open)] 3

respectively, where w;; = m;/(m; + m ) is the kinematical
parameter. The ®7.,(y?) and ®p_, (y?) are the correlation
function for 7,£(2900) and D, (2460), respectively, which
are introduced to describe the molecular inner structure. The
Fourier transformation of the correlation function is,

@ 2y d*p —ipy & )
m(Qy?) = We Dx(—=p°, Ay

M = (Tcm, Dsl>~ “4)

In principle, the correlation function in momentum space
should decrease sharply enough to avoid the divergence in the
ultraviolet region. Here, we employ the correlation function
in the Gaussian form [48-51], which is,

Dy (p, A3)) = exp(—p%/A3) 5)

where Pg is the Jacobi momentum in the Euclidean space,
and Ay, is a model parameter to depict the distribution of
components in the molecule.

For the coupling constants gr,-, and gp,, in Eq. (3), they
could be determined by the Weinberg’s compositeness condi-
tion, which means that the possibility of finding the molecular
in a bare elementary state is set equal to zero [52-56], i.e.,
21 =1— I"I’T“_v0 =0

Zp,=1-T} =0 (6)

with H/TC.EO to be the derivative of mass operator of the
Te50. While for D} (2460), the mass operator H‘IL)‘:I could
be divided into the transverse part I1p,, and the longitudinal
part H%).u’ which is,

m v 2 pupu L 2
p, (P) =g} Hp,(p*) + —Hp (p7) (7

where g//" = g"V — ptp”/p* ¢ pu = 0.

According to the effective Lagrangian shown in Eq. (3),
the concrete forms of mass operator of the 7,50 and Dy
corresponding to Fig. 2a, b are,
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Flg 2 Mass operators of the
(2460) (a) and LS0(29OO)

(b) Dpe1(2460

(@)

™ (m3, ) = gD‘,/(zﬂ)ﬂ%d[ (g — wpxp)*, A} ]

» 1 —g"’ +qtq" /m3,.
2 2
(p— q)z—m,(
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M0 = 61 [ i@}, (g — ook s AL,

X—g““rq q"/me. —g" + (p— P (p — q)" /mK*

q> —m. (p—q)? —mi.

®)

respectively.

3 Pionic and radiative transitions from T 0(2900) to
s1(2460)

In the present work, the initial state TCJSTO (2900) is considered
as a D*K* molecule. Subsequently, the pionic and radia-
tive transitions from T 1(2900) to D+ (2460) could occur
through two possible subprocesses The first one is via the
subprocess K* — K /y and the K and D* couple to the
Ds"’1 (2460), which is shown in Figs. 3, 4. The second one
is through the subprocess D* — Dx/y and the D and K*
couple to the D 1(2460), where the exchanged meson is D
meson. The mass of D meson is much greater than the one of
K meson, thus, the contributions from the second subprocess
should be suppressed. In addition, in the kaon exchange dia-
gram, the final Dy (2460) couples to DK, and the threshold
of DK is close to the mass of the Dy (2460), thus in the tri-
angle diagram, all the involved internal particles are almost
on-shell, which will enhance the loop integral. On the con-
trary, in the D meson exchange diagram, the final Dy (2460)
couples to D K*, while the threshold of DK™ is far above the
mass of Ds1(2460), thus, the involve internal particles are
off-shell, which further suppress the contributions from the
D meson exchange diagrams. Thus in the present estimation,
we only consider the diagrams in Figs. 3, 4.

In the present calculations, the diagrams in Figs. 3, 4
are evaluated in the hadronic level. The interactions of
the involved particles are depicted by effective Lagrangian.
The effective Lagrangian depicts the subprocess K* —
K could be constructed by SU(3) symmetry interaction

D*

Te50(2900) Te50(2900)

K*

Kt

D+ D:rl D0 L Dji

(a) (b)

Flg 3 Dlagrams contributing to the pionic transition from the
“0(2900) to D 1(2460)

+
D5y

(c) (d)

Flg 4 Dlagrams contributing to the radiative transition from the
T.5,(2900) to D, (2460)

[12,27,47,57-60], which is
Li+kx = —igk+kx (Ko*m — " Kn) K+ He.,  (9)

while the one for K* — Ky is,

Lkeky = (gK*thW MW'BF/LVK*;K_

*0 0 -
M@e“”‘”ﬁFWKgng()) + He., (10)

where F,, = 9,A, — 0,A,, K*ﬁ = 0,K} — 0gK are
the field-strength tensors. According to the decay width
of K*Km [61], the coupling constant gg+g is estimated
to be 3.12. Additionally, we utilize the coupling constants
8k#ko, = —1.27 and ggs+g+, = 0.83, which are esti-
mated from the corresponding partial width of K*/0 —
K+/% [59-62].

3.1 Inthe D+ (2460) molecular frame

With the above preparation, we can estimate the pionic
and radiative transitions from TC§O(29OO) to D (2460) in a
molecular frame, where both TCJ;O(29OO) and D 1(2460) are
considered as molecular states. The amplitude correspondmg
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to Fig. 3ais,

4
M = 3 dq br (—p2 A2
tMa =1 2n)? 8750 PTis0 (= P12 AT ) 8ua

x [ 804 ®p,1 (—pho. A, Jep(pa)]

) . —g"" + py p}/m}
x [—igk+k Pi(P3v — &v)] 2 _1 21 :

py —my

_ aﬂ+ o B m2 1
%% 2p2p22/ 2 Fmg,A) (D
py —m; q- —my

where p12 = prwp+kx+ — prwg+p+ and pryg = prwg pr —
qwp+k. The amplitudes corresponding to Fig. 3b can be
obtained by M, through replacing the masses of the involve
meson and the relevant coupling constants with the corre-
sponding values, which is,

. . 8k 2078k *0k0,
iMp = lJVla|m1§(,I)K—jm(;<*+,Iril[(;ff—:rml)*o,mKO—>mK4r . (12)
Then, the total amplitude of 7.5,(2900) — D}, (2460)r* is,

IMT50-Dyn = iMa +iMp (13)

In the similar way, one can obtain the amplitudes for
.7”50.(2900) - D;”l (2460)y corresponding to the diagrams
in Fig. 4, which are,

d4q -
. -3 2 2
iMe =i / (27.[)4 I:gTr§0q)Tc§O(_p12’ ATcgo)gKﬁT:I

- 8K*K
x (80,1 b,y (—P3: AD,eo(pa)] [—Tyeem“

X (ip3;8v0 — iP3v8uo)(—ip1agps + iP188ws)

—g9% 4 p?pd/m3 —g™ + pI pg/m3

0
x ¥ (ps)]
> 2 2 2 2
Py —m Py — 1y
x F2(mg, A)
2 _ 2 q- k]
q mg
) ) 8xat Kty 80 g0,
iMg = lMClmK*0—>mK*+,mD*+—>mD*0,mK0—>mK+ , (14)

then, the total amplitude of T;o (2900) — Ds+1 (2460)y is,
IMT 50Dy = IMc+iMa. (15)

here, we introduce a monopole form factor to depict the inner
configuration and off-shell effect of the exchanging mesons,

m(ZI—A2
f(mq,A): S a3

16
s (16)

After performing the loop integral, we find the amplitude
of 7.5,(2900) — D, (2460)y can be simplified as,
M50 Dyy = chfoﬁDslyeﬂvaﬁpl;pXea (p3)€ﬁ(l74), (17)

which satisfies the principle of gauge invariance for the pho-
ton field.

@ Springer

3.2 In the Djl (2460) charmed-strange meson frame

In the D; (2460) charmed-strange meson frame, the
DS"’1 (2460) is considered as a P-wave charmed-strange
meson. As for the interaction related to P-wave and S-wave
charmed-strange mesons, the effective Lagrangian could be
constructed by using heavy quark limit and chiral symmetry
[63-68], which is

LoD = igDDvp (D‘f 9y D;f) 3P +He, (18

the relevant coupling constant gp, p=p i,

h
8§D\ DPp = ——» (19)

fx
with f; = 132 MeV to be the decay constant of 7 meson,
and & = 0.56 £ 0.04 [63,69-72].

In our previous work [47], we have estimated the pionic
transition from 7,%,(2900) to D{;(2460) in the D] (2460)
charmed-strange meson frame. Thus, in this subsection, we
only present the amplitude for TC—;O (2900) — Dj'l (2460)y.
The amplitudes corresponding to the diagrams in Fig. 4 are,

c = n)? 8T:0 P12s Dr50)897

x [—igp,p*p(P5 + P}):.8" € (p4)]
[——gK*KV echveb
4

(P3,.8ve — P3v&uo)(—i)

—g% 4 pl pd/m3

X (Plagps _PlﬂgaS)GQ(PS)] —
py —my
_gra+prp0/m2 1
X 222 PP (my, A)
py —m; g —my
iMly = iM/ SR KT 800y . Q0

M g > M gt 5T et —> 10 ()5 110 o 0 —> 11 e+
The total amplitude for 7.t,(2900) — D (2460)y i,

iM

C.

oDy = IML M), 1)

Similar to Eq. (15), the above amplitude also satisfies the
principle of gauge invariance for the photon field.
Additionally, in the above amplitudes, a phenomenolog-
ical form factor in monopole form is introduced, which
can describe the inner structure and off-shell effect of the
exchanging mesons. The concrete form of the form factor is,

m[z]—A2
f(mq’A)= 2

—_, 22
poe (22)

with A to be a model parameter, which should be of the order
of unity.
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Fig. 5 The coupling constants gr.., and gp,, depending on model
parameter Ay, where A1,y = Ap,, = Au

4 Numerical results and discussions

In the present estimations, the loop integrals in the mass oper-
ators and the amplitudes can be estimated by Schwinger
parameterizations [73]. This parameterization scheme is
more convenient to handle the four-momentum integrals with
the correlation functions in the Gaussian form.

4.1 Coupling constants
Since the TC?O (2900) has not been observed yet, in the present
estimation, we take the same resonance parameters as those
of TCOEO(29OO) for easy comparison with our previous work
in Ref. [28]. Besides the coupling constants discussed in the
above section, the coupling constants related to the molecular
states are also needed to estimate the relevant decay widths.
In the present work, we estimate the coupling constants
gp,, and g7, according to the compositeness conditions
as shown in Eq. (6). Here, At.,, and Ap,, are phenomeno-
logical model parameters, which should be of order 1 GeV.
Considering both K and K* are S-wave strange mesons and
the similarity between D}, (2460) and 7.5,(2900), we take
Atz = Ap,, = Ay for simplify. In Ref. [47], our esti-
mations indicate that the total width of TCOEO(2900) could be
well reproduced with Ay; < 1.6, thus, in the present work,
we vary the parameter Ay, from 0.5 to 1.6 GeV, and the
Ay dependences of gp , and gr.;, are presented in Fig. 5.
In the considered parameter range, one can find the cou-
pling constants gp,, and gr.., are weakly dependent on the
model parameter A ;. Particularly, with the parameter Ay,
increase from 0.5 to 1.2 GeV, the coupling constants g7,
and gp,, decrease from 4.98 to 3.84 GeV and from 15.08 to
10.51 GeV, respectively.

['(T.s0 = Dsim) (MeV)

0.6 0.8 1.0 1.2 1.4 1.6
A[\,{ (GeV)
Fig. 6 The decay width of 7.5,(2900) — D{;(2460)7° in the

D;"l (2460) molecular scenario and in the D:’l (2460) charmed strange
meson frame, respectively

4.2 Decay widths

In addition to the parameter A js introduced by the correlation
functions for TC}'O(29OO) and D;"l (2460), there are another
parameter A involved by the form factor in the amplitudes,
which is also of the order of 1 GeV. Here, we take sev-
eral typical values for A, which are 1.6, 1.8 and 2.0 GeV,
respectively [47]. With the above preparations, we can eval-
uate the decay widths of 7.5,(2900) — D (2460)7 and
T.5,(2900) — D, (2460)y in different frames, which are
the Ds+1 (2460) molecular frame and the D:‘l (2460) charmed
strange meson frame, respectively.

In Fig. 6, we present the decay width of TC}'O(29OO) —
D;rl (2460)7° in the D;rl (2460) molecular scenario and in
the Djl (2460) charmed strange meson frame, respectively.
From our estimation, one can find the transition width in
the D;Ll (2460) molecular frame are much larger than that
in the D;Fl (2460) charmed-strange meson frame. It should
be noted that in the Dy (2460) molecular frame, Dy (2460)
is composed of D* and K, thus, the coupling between
D;1(2460) and D*K is much stronger than that in the
charmed strange meson frame. In addition, the kaon is con-
sidered as an ordinary meson in the Ds;(2460) molecular
frame, and the coupling between D (2460) and D*K is
S wave, which is momentum independent. However, in the
Dy1(2460) charmed strange meson frame, the kaon is consid-
ered as a chiral particle, thus, the Dg; D*K vertex is momen-
tum dependent as shown in Eq. (18) due to the chiral sym-
metry, which further suppress the width of 7.5(2900) —
Dy1(2460) 1 in the charmed strange meson frame.

In Ref. [47], we have investigated the decay properties of
T:50(2900) in the D* K* molecular frame. The decay widths
of DK, Dsm, Dfp, Ds1(2460)m, Ds1(2536)7 and D*Kn

@ Springer
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Table 1 The transition widths of T;f0 (2900) — D;Ll (2460)7° in the D:rl (2460) charmed strange meson frame and the D:rl (2460) molecular state

frame
Charmed-strange meson frame [47]
A AM Range (GGV) FDX]r[ (MCV) FDK (MeV) FDslﬂ/ FD[(
1.6 1.03-1.56 7.36-9.81 53.05-101.06 0.10-0.14
1.8 0.83-1.19 6.9-10.29 52.62-101.07 0.10-0.13
2.0 0.71-1.01 6.63-10.26 53.37-100.28 0.10-0.12
Molecular state frame

A Ay Range (GeV) Cp, = MeV) I'pxk MeV) [47] Ip,=/Tpk
1.6 0.69-1.18 36.36-48.85 27.37-66.42 0.74-1.33
1.8 0.59-0.94 33.99-54.94 29.02-66.09 0.83-1.17
2.0 0.52-0.83 34.84-46.04 29.08-69.05 0.67-1.19

channels were estimated [47], where the Dy (2460) is con-
sidered as a charmed strange meson. For simplify, we just
quote the results of Ref. [47] in the following discussions. By
comparing the estimated total width with the one reported by
the LHCD Collaboration, we obtained the proper A ) ranges
for different A, which is collected in Table 1. In these param-
eter range, the estimated widths for Dy1(2460)7r and DK
channels are also listed. The ratio of I'p ,» and I'p is esti-
mated to be,

r
“Dam 910 ~0.14, (23)

Ipk
which is very weakly dependent on the model parameters A
and A .

Moreover, one can investigate the decay properties of
TC§0(2900) in the D; (2460) molecular frame. Consider-
ing the isospin symmetry, the strong decay behaviors of
T.5,(2900) and T2,(2900) should be the same. When we
investigate the decay properties of the TL§0(29OO) in the
D;L] (2460) molecular frame, the partial widths of other decay
channels without D;’] (2460) should be the same as those
in Ref. [28]. Together with the width of TC?O(ZQOO) —
Djl (2460)7” estimated in the present work, we can roughly
obtain the total width of TCJgO (2900). Along the same line [47],
one can determine the value of A s by reproducing the width
of T£,(2900) — D, 7°, which are also listed in Table 1.
From the table, one can find that the determined range of
Ay in the D;r] (2460) molecular frame is smaller than the
one in the D;’] (2460) charmed strange meson frame [47]. In
these model parameter, one can find that the partial widths
of Dg1(2460)r and DK channels are in the same order, and
the ratio of I'p,1; and I'pk is estimated to be,

Tour _ 67~ 133, (24)
I'pk

By analyzing Eqs. (23) and (24), one can find the ratio of the
widths of 7,£,(2900) — D, 7% and T,%,(2900) — DK sig-

@ Springer
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0.6 0.8 1.0 1.2 1.4 1.6
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Fig. 7 The same as Fig. 6 but for 7.1,(2900) — D} (2460)y

nificantly different across different D;’] (2460) frame work.
Thus, this ratio can serve as a valuable tool for evaluating the
internal structure of the D;"l (2460).

In addition to Dy 7w channel, we also estimate the widths of
the radiative transition from 7,%,(2900) to D}, (2460) in dif-
ferent scenario, and the estimated transition widths depend-
ing on the model parameters are presented in Fig. 7. Similar
to the case of Dy1(2460)7, our estimations indicate that the
widths of 7,.5(2900) — D (2460)y are about 1 keV and
more than 50 keV in the D;’] (2460) charmed-strange meson

frame and D;“l (2460) molecular frame, respectively.

5 Summary

Stimulated by the observation of T,50(2900) by the LHCb
Collaboration [25,26], theorist have proposed some differ-
ent exotic interpretations, among which the D*K™* molecu-
lar interpretation is the most promising one. Together with
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D;f‘ar (2317), and D;rl (2460), the newly observed T;50(2900)
makes the states around the D™ K ® thresholds abundant.
Different with T,50(2900), the D};(2317) and D] (2460)
could also be the candidates of P-wave charmed-strange
mesons.

In the present work, we investigate the pionic and radia-
tive transitions from the TC§0(29OO) to D;rl (2460) in the
Ds"’1 (2460) charmed-strange meson frame and the D;rl (2460)
molecular scenario, respectively. Our estimations indicate
the ratio of the widths of 7.5,(2900) — D 7" and
TL§0(2900) — DK are rather different in two different
frame. Particularly, the ratio is estimated to be around 0.1
in the D;] (2460) charmed-strange frame, while the lower
limit of this ratio is 0.67 in the molecular frame. Thus, we
suggest that the ratio could be employed as a tool for testing
the nature of the D;L1 (2460). Moreover, our estimation also
find the radiative transition width estimated in the D;’l (2460)
molecular frame is much larger than the one estimated in the
D;rl (2460) charmed-strange meson frame.
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