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Inspired by the recent observations of T in the processes B® — DDz~ and B* — D™D{z* by

LHCb Collaboration, we investigate the decay properties of the 7%, in a D*K* molecule scenario, and the
widths of 7%, - D°K®, Dfz~, Di*p~, D§/1)+7T_, and D*°(Dx)° are estimated. Our estimations indicate
that the width of 7%, — Dz~ is sizable to be observed and the dominant decay mode of 79, is D°K°.
Considering the isospin symmetry, we proposed to search T 5,(2900)" in the D*K™ invariant mass
distributions of the process B™ — D*D~K™, where some preliminary experimental hints have been

observed by LHCb Collaboration.
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I. INTRODUCTION

Searching for the fully open-flavor tetraquark states
are particular interesting since their quark components
are obviously different with the traditional mesons, which
makes them much easier to be identified as a tetraquark
states. The first instance of hadronic state with valence
quarks of four different flavors, X(5568), was reported in
the mass spectrum of BYz* based on 10.4 fb=! of pp
collision data by the DO experiment at the Fermilab
Tevatron collider in 2016 [1,2]. After the observation of
X (5568) by the DO Collaboration, the LHCD [3], CMS [4],
CDF [5], and ATLAS [6] Collaborations searched the
X (5568) in the same final states successively, but no signal
was observed. On the theoretical side, there are different
views in the existence of X(5568), for example, almost all
the investigations in Refs. [7-23] supported the existence of
X(5568) and could be considered as a BK molecular state
or bsgg compact tetraquark state, while the authors in
Refs. [24-32] had just the opposite opinions.

Another two additional fully open-flavor tetraquark states
are X(2900) and X;(2900), which were first observed in
the DK™ invariant mass spectrum of the process Bt —
DT™D~K* in 2020 [33,34]. Their most possible quark
components are udc s, and the fully open-flavor property
of these two states has attracted the theorists’ great interest
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and various interpretations have been proposed by different
groups. The estimations in the constituent quark model [35]
and QCD sum rule [36,37] indicate that X;(2900) could be
a compact tetraquark state with 7(J¥) = 0(0"), while the
estimations in Ref. [38] supported the diquark-antidiquark
tetraquark interpretation for X (2900), but for X,(2900), they
found it could be a D*K* molecular state. The estimations
of QCD two-point sum rule method [39] and potential model
[40—45] supported X(;(2900) as D*K* molecular state.
Moreover, in Ref. [46], the authors investigated the decay
properties of the X((2900) in the D*K* molecular scenario
based on an effective Lagrangian approach.

Very recently, the LHCb Collaboration reports two

resonances 7T .50(2900)%** (abbreviated to T%O+ " here
and after), which are two of the isospin triplets, in the
D,n invariant mass spectrum of the processes B° —
D°Dfn~ and BT — D~D}z" with a significance of 9¢.
The analysis indicated that the spin parity is preferred to be
JP = 0", The resonance parameters of T%ar * are measured
to be [47,48]

mpo = (28924 14 4 15) MeV,

FT% = (119 +£26 £ 12) MeV, (1)
and

mps = (2921 £ 17 £ 19) MeV,
Tpos = (137 432 & 14) MeV, (2)

respectively. The quark components of 7%, are c5id,
which is also a fully open-flavor state. In Ref. [49], the
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authors investigated the open-flavor tetraquark states by
using QCD sum rule and suggested searching for exotic

doubly-charged tetraquark state [sd][ic] in the D) r
channel. The estimations in the constituent quark model
[50] and multiquark color flux-tube model [51] suggested
that T .5o can be assigned to be a tetraquark state. Noted that
the thresholds of D**K*0 and D?p are about 2902 MeV and
2887 MeV, respectively, which are both in the vicinity of
7Y .- Thus, the authors in Ref. [52] interpreted the 75 as a
threshold effect from the interaction of the D*K* and D}p
channels. Moreover, one can find that the center value of
the mass of T(C)s0 is above the threshold of D p~ and several
MeV below the one of D*K*°. More importantly, the width
of p meson is about 150 MeV, and much larger than the one
of K*, which indicates that p meson are much more difficult
to form a bound state than the K* meson. Thus, 7T .5, seems
to be a good candidate of molecular state composed of D*
and K*. In Ref. [53], the interactions between D™ K*)
were investigated by using the one-boson exchange model
and the estimation indicate that the 7.y could be inter-
preted as a D*K* molecular state with I(J7) = 1(07).
Along this way, in the present work we further inspect the
possibility of the D*K* molecular interpretation by inves-
tigating the decay properties of 7.5, and try to find its
dominant decay modes, which may be helpful for searching
T. in further experiments at the Belle and LHCb
Collaborations.

This work is organized as follows. The hadronic
molecular structures of 7.5, is discussed in the following
section and the possible decay channel, including the two-
body and three-body decays are estimated in Sec. III. The
numerical results and the relevant discussions are presented
in Sec. IV, and the last section is dedicated to a short
summary.

II. HADRONIC MOLECULAR STRUCTURE

In the present work, we consider 7.5, as a molecular
state composed of D*K* with I(J¥) = 1(0T), and here we
take the neutral one, T, as an example. The effective
Lagrangian between 7% and its components is

£=gT0% ) / dy®(y)D (x + wyeay) KO (x — wppay).
3)

where wgo = My /(Mg + mpo), Opo = Mpo/(Mgo+
mpw). ®(y?) is the correlation function, which is intro-
duced to describe the inner distributions of the component.
The Fourier transformation of ®(y?) is

4
o) = [ Ghema-m. @

D*O

T1(2900)° T4,(2900)°

K*U

FIG. 1. The mass operator of the 7%.

The choices of the ®(—p?) should satisfy the conditions
that can describe the interior structure of the molecular state
and fall fast enough in the ultraviolet region. Here we
use the correlation function in the Gaussian form, which
is [54-59],

®(p3) = exp(—p3/A3). (5)

where A7 is a model parameter related to the distribution
of components in the molecular state, Py is the Jacobi
momentum used to describe the relative motion.

The coupling constant gy introduced in Eq. (3) could be
determined by the compositeness condition, which was first
proposed to study the deuteron as a bound state of proton
and neutron in Refs. [60,61] and then applied to investigate
the properties of exotic states in the molecular frame in
recent two decades [23,54-59]. In the present work, we
consider the 7%, as a pure molecular state composed of
D*OK*°, which implies that the renormalization constant of
the hadron wave function is zero, i.e., [54,55],

Z=1-1I'(m3) =0, (6)

where IT'(m%) is the derivative of the 7%, mass operator
described by the diagram in Fig. 1 and my is the mass of
T9.,. Based on the effective Lagrangian in Eq. (3), the
particular form of mass operator can be written as

4
) = 3 [ 5580 =002 0]

T+ q"q/mi

oy
~Guw + (py - qy><pu - qu)/m%(‘
X ’ (7)
(p—aF -
pP—q K

where p is the momentum of 7.z with p*> = m%. With
Egs. (6) and (7), one can estimate the coupling constant gy
depending on the model parameter Ar.

III. STRONG DECAYS OF T

cs0

In the present work, we further inspect the possibility of
T.; as a D*K* molecular state by investigating the decay
behavior of T.;. As for T, we find that the possible

cs0°
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FIG. 2. Typical diagrams of the decay T?SO — Dfp~ in the
quark level.

two-body decay channels include 7%, — D°K°, Diz~,
Ditp~, DE,II)JFJZ'_, and three body decay channel 7Y, —
D*9(Kr)°. Taking T°, — D{p~ as an example of two-
body decay process, we present the typical quark level
diagrams of the decay mechanism in Fig. 2. From
the figure one can find the T(C)s0 decay into DItp~ by
exchanging a si [diagram (a)] or a cd [diagram (b)] quark-
antiquark pair. Since the initial D**K*? and final D}p are
color singlets, thus the exchange quark pair si and cd are
color singlets, too. Thus, one can approximate sii quark-
antiquark pair as a strange meson and cd quark-antiquark
pair as a charmed meson, and then, we can estimated the
two-body decays of T, in hadron level. It should be
clarified that all the possible exchange mesons should be
considered without loss of generality, however, the con-
tributions from the mesons with large masses, such as
charmed mesons and excited strange meson, are negligible
compared to those from low-lying strange mesons. Thus, in
the present calculations, only the contributions from light-
meson exchange diagrams are included, and the typical
diagrams related to these decay processes are collected in
Figs. 3 and 4.

A. Effective Lagrangians

In the present work, we estimate the decay process in the
hadron level and the interaction between hadrons are
described by effective Lagrangians. Considering the heavy
quark limit and chiral symmetry, the relevant phenomeno-
logical Lagrangians are [62—66]

Lppp = igppp(D*0,PD — Do, PD™),

‘CD*DV = _2fD*DV€ﬂvaﬂ(aﬂvv)j'<D:‘r aaD*ﬂj - ,D;‘kﬁ aaDj)’

Lppp =2 Dt pii g D
D*D*P—EQD*D*”Pgﬂmﬂ i 0"P i oo

Lppy = igppyD 0”77:'7(12”)}
+ 4if ppy Dyl (04V” — 0”V”)l’]1DZj +H.c.,
Lppp = gp,pp[3D}(9,0,P)D* — D} (0?0,P)D;;']
+ H.c.,

Lppp= igD’lD*P(Dllﬂ 9,0,/ )P + He., (8)

where DT = (D()°, ()= p{)7) The symbols V and P
are the matrixes form of vector nonet and pseudoscalar
nonet, respectively, their concrete form are

5’ + ) pr Kt
vel o heee) K0
K I_(*O ¢
=+ an + 7t K*
P = n —”—02—1——1—0(7] +pr KO :

K- K° yn + on

©)

where @, 3, y and ¢ are the parameters related to the mixing
angle, which are

cos@ —/2sinf sin@ + /2 cos @
= -

b } b

V2 / V6

_—ZCose—ﬁsiné 5_—2sin6+\/§c039
V6 ’ V6 ’

(10)

where the mixing angle 6 is determined to be 19.1° [67,68].

Considering SU(3) symmetry, the effective Lagrangians
between light pseudoscalar mesons and vector mesons can
be [46,63,69,70]

Ly-xp = —igg-xp(K#"P — *'KP)K; + H.c.,
L -gp = =gk g pe"“*0,K;PI,K;,
Li-xy = —gx-xv€™°0,K30,V. K +H.c.,
Li-gy = —igg-gv[(*K; VY — K;0'V)K;,
+ K5 (0°VIK; — VVOKS)
x +(R3VRO,K™ — 0,K;VRK™)], (1)

where P refers to the triplet of 7,  and 5’ from pseudoscalar
nonet, and the vector meson V stands for p triplet and @
from vector nonet. The doublet K*) is K(*) = (K(*)= K(*)0),
The relevant coupling constants in Eqgs. (9) and (11) will be
discussed in the following section.

B. Two-body decay process

According to the effective Lagrangians listed above, we
can obtain the amplitude for 7°%, — D°K°, Dfz~, D;*p~,

Di’l) T corresponding to diagrams in Fig 3, which are
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d* ~
M, = [ S (= AR
X [—igp-pp(ig") 9| [~igk-kp(—ig" — ip})g*“]
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2
q

(©) (d 5
il plpl/m} =g + p5ps/m3
Dy’ Dt pi- m? p3 —mj3
— ¢ ¢
q —my
& r M 3 d'q (=p2,, A2) g
© ) l e =1 /(2”)4 [gT (_p12’ T) ]
1

) X [‘ 5900 Peapd* (1) (ip§ + ipf) g e’ (p3)
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x F2(my, N),
FIG. 3. The hadron level typical diagrams contributing to a4
l./\/l = l% / (

+
DSI D/T
s

T?;o Dz~ [diagrams (a) and (b)], Tuo — DOK? [diagrams ﬁ[QT&)(_P%pA%)gM]
(¢) and (d)], TLXO — Ditp~ [diagrams (e) and (f)], T“0

D‘,1>+7l'_ [diagrams (g) and (h)], the Dy, and D!, refer to x [igp prv(=ip} _iplal)gﬂﬂgyégve
D,;(2460) and Dy, (2536), respectively. + 4ifD*D*Vg/49(iqﬂgDﬂ _ iqygﬂﬂ)guaeb(p3)]
X [=igg kv (=ip2 )¢9 = (ipa)' ¢“ 9" ) ¢
. d*q pa (i ol 2 b — g (—ig M Ve
lMa=‘3/(2 5 lor (=i A7) T (ipa)g*d* —g*(~ig)'s”)
+ g9 (=ig)'g* — (=ip2)' ¢ g ¢ )€ (pa)]

X [igp-pp(ig") 9| [—igk-kp(iP} + iq*)g"]
4 9+ p{pl/m} —g™ + p5ps/m}

=9 PPt =g & pips/my 1 - P —ml Pl —ml
Pi=mi promy 4= —7“ +4'¢/mi
X]: (mqﬂ )’ XW]: ( )’
. 3 d'q z 2 A2\ T d*q =
iM, =i (2x)* lgr®(=pi,. A7) "] iM, =0 /W l9r®(=p1. A7) 9"
n
X [_sz*DVeyml[)’(iqﬂ)gvi(_ip(ll - lpg)gﬁﬁ] X [_igK*KPi(p’; — qﬂ)g’lé] [ngD*P(:S.g‘Up(—iq)w
X [~k K P€wips(—1P5) (—iq") ¢ 9] x (—ig")g"® — g”(~iq)* (—ig)*g")e' (pa)]
X—g¢5+p1p1/m1 g™+ paps/m « —¢" + p{p}/m} —g" + p3ps/m3
pl—m% p%—m% p%—m% p%—m%
—g“ + q*q5/m 1
waz( A), X F2(m,, N),
2 2_ .2 q
q* —mg q- — ny
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. 3 d4q F 2 2 T
IMy =i /(2”)4 [QT(D(_PQ’AT)QM
X [—igK*Kpi(p’é - ‘1”)9”5]
X [gp,pp(=ip5 = ip4)g* 9"’ (—iq) €' (ps)]

i Pl pl/m} —g7 + pips/m}
pt—mi p3—m3
1 1

X F2(m,. A). (12)

2 2 .2 2
q- —myq- —nmy

In the above amplitudes, we introduce a form factor in
monopole form to represent the inner structure and off-shell
effect of the exchanging mesons, which is

m2 _A2
F(my, A) = q,j_Az , (13)

where A is of order of 1 GeV.

The total amplitudes of 7%, — Dz, D°K°, D;*p~,
Dj\n~, and Dz~ are
MT?SOAD:T;I_ = Ma + Mbv
Myo _poo = MZ + ML+ ML+ M2+ M2,

50

MT?EO*Dﬁpf = Me + Mf’
MT?&O_’D;”i - Mg’
MTQ,O%DH[IL'_ = Mh’ (14)
respectively.

With the total amplitudes defined in Eq. (14), one can
estimate the partial width of the above decay processes by

T0_ ...
cs0

Tpo : (15)

T

where |p| is the momentum of the final state in the initial
state rest frame.

C. Three-body decay process
In addition to the two-body decays, we also considered
the contribution of the possible three-body decay process.
The dominant three-body decay should be 7%, —
D*K*® — D*OKz, which is shown in Fig. 4. The corre-
sponding amplitude of the three-body decay is

M = [¢7e? (p)D(—pt,. A7) ligk-kpgi(Ps — D))
Ry ) AT 2
Zg ;qu./mK , (16)
py —mg +img-Tge

and then the partial width is

T%,(2900)°

FIG. 4. The three body decay of the T9,.

1 1

IV. NUMERICAL RESULTS AND DISCUSSIONS

Before we estimate the widths of the considered chan-
nels, the relevant coupling constants should be clarified.
Considering the heavy quark limit and chiral symmetry, the
coupling constants between the light mesons and charmed
meson pairs are [71-75]

2g -
9p'Dp = f_ mpmp = gpp+py/Mphip:,
T
Fopy = /@l _ fopy
Y \/i mp- ’
G- :ﬁogv
DDV Nl
2 H
gpprp = =2 3N/, Vo, Mp-,
h
9p,p P = _f_,,’ (18)

where g = 0.59 [73] is determined by the measured width of
I'(D* — D). The values of the other parameters are g, =
m,/fr fz=132MeV, A, =1GeV, ;=09 and 1=
0.56 GeV~! [62]. The gauge couplings /2 and /' are estimated
to be h = 0.56+0.04 and 2’ = 0.43 £0.01 [76,77].

The coupling constants relevant to the light mesons are
[46,69]

1
9k*kp = 9k*Kk*v = 19’
1 g2NC
oy = g p = — 19
9k*kv = 9k*k*P 4167r2f,, ()

where the parameter g = 0.78 are determined via measured
width of the process K* — Kz. N. = 3 is the color degree
of freedom.

Moreover, the coupling constant of T?m to its compo-
nents, gr, can be estimated by the compositeness condition
as given in Eq. (6). The phenomenological parameter Ay
should be of the order of 1 GeV. In the present work, we

034018-5
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FIG. 5.
eter Ar.

The coupling constant gr depending on model param-

varies A7 in a sizable range from 0.5 GeV to 2.0 GeV. The
numerical results of the g; depending on the parameter Ay
is presented in Fig. 5. In the considered parameter range,
we can find the coupling constant gr decreases from
7.05 GeV to 5.20 GeV.

With the above preparations, we can estimate the partial
widths of 7%, — D°K°, Diz~, D;*p~, D'/ 7=, and
D*(Kx)? depending on the model parameters A; and
A, which were introduced by the correlation function of
molecular state and the form factor in the amplitudes. These
two parameters are all of order of 1 GeV. In the present
estimations, we varies Ay from 0.5 GeV to 2 GeV and take
several typical values of A, which is 1.6, 1.8, and 2.0 GeV,
respectively. In Fig. 6, we present our estimations of

06 08 1.0 1.2 14 16 1.8 20
AT(G&‘V)

0t6 058 150 1t2 1t4 156 1f8 2t0
AT(GGV)

FIG. 6. The partial widths of 7%, — D°K°, Dz, D;*p~,

DEIIHn‘, and D*(Kx)° depending on the model parameter Ay

and A. The total width are the sum of the partial widths of the

considered channels. The gray band are the width of 7%, reported
by LHCb Collaboration [47,48].

TABLE I. The predicted partial widths of the considered
channels.

Channel Width (MeV)
7%, - D°K° 52.6-101.7
%, - Dfn~ 0.55-8.35
%, - Ditp~ 2.96-5.3
%, - Dz~ 6.63-10.29
%, - D'~ 6.63-10.3
1%, - D*°(Kx)° 16.11-18.96

the widths of the considered processes. With the
assumption that 7%, dominantly decay into these final
states, we can compare the sum of partial widths of the
considered channels with the measured width, which is
(119 £ 26 £+ 12) MeV. From Fig. 6, we can find in the
considered parameters space, our estimations of the total
width can overlap with the experimental measurement from
the LHCb Collaboration, in particular, the determined Ay
range are 1.03-1.56 GeV, 0.83-1.19 GeV, and 0.71-
1.01 GeV for A = 1.6, 1.8, and 2.0 GeV, respectively. In
these parameter ranges the partial widths of the considered
channels are presented in Table I. From the table, one can
find the branching ratio of the observed channel Dy 7z~ is
(0.65 ~ 5.38)%, which should be sizable to be observed
experimentally. It should be emphasize again that the above
results are obtained with the assumption that 7Y is a pure
D*K*® molecular state. As we have mention at the
beginning of this work, the thresholds of both D¥*p~
and D*°K*0 are in the vicinity of 7%, thus the mixing
between D**K*? and D*p~ may be non-negligible, which
could further influence on the decay properties of T9,.

Moreover, our estimations indicate that 7%, dominantly
decays into DPK®. Considering the isospin symmetry,
DTK* should be the dominant decay channel of T1{.
In Refs. [33,34], the LHCb Collaboration have measured
the decay process BY — DTD~K™, where two new struc-
ture X(2900) and X,(2900) were observed in the D~K™
invariant mass distributions. Moreover, the LHCb
Collaboration also reported their measurements of the
DTK* invariant mass distributions as shown in Fig. 7.
From the figure one can find the fitted curve can not
describe the experimental data well around 2.9 GeV, which
indicates that there should exist an addition resonance.
Since T2} dominantly decays into D™ K and its mass also
well conform the one of the additional resonance, we
believe that this structure may comes form the contribution
of T 5, which could be tested by further experimental
analysis by LHCb Collaboration.

V. SUMMARY

0
Very recently, two new resonances T é(;r * were reported

in D,z invariant mass spectrum of the processes
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FIG. 7. The DK™ invariant mass distributions of the process
BT — D*D™K™" reported by the LHCb Collaboration [33,34],
where one can find a structure around 2.9 GeV, which may
correspond to the contributions of T .

B - D°Dfz= and B* — D D!z*, by the LHCb
Collaboration. These two states are two of the isospin
triplet, and the most possible 7(J¥) quantum numbers
are 1(0™). The observed mass of T, is very close to the

threshold of D*K*, which indicate that T .5, could be a good
candidate of hadronic molecular state composed of D*K*.

In the present work, we investigate the decay behavior of
79, in the D*K* molecular scenario by using an effective
Lagrangian approach. Six possible dominant-decay chan-
nels have been considered, which are 7%, — D°K°, D{ z~,
Di*p=, DY 7=, and D*(Kx)°. Our estimations indicate
that the branching ratio of 7%, — D7z~ can reach up to
5.38%, which should be sizable enough to be observed.

Moreover, our estimations indicate that T‘C)E0 dominantly
decays into D°K°. Considering the isospin symmetry, one
can expect that DT K™ is the dominant decay mode of T 5.
By checking the DTK™ invariant-mass distributions of
the process Bt — D"D~K™, we find the fitted curve can
not describe the experimental data well around 2.9 GeV,
which may indicate the signal of T in the process
BT - DD K™.
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