PHYSICAL REVIEW D 105, 096022 (2022)

Looking for the exotic X(2866) and its J*=1* partner in the
B" - DY+ K~ K®) reactions

L.R. Dai ,1’2’* R. Molina,z’+ and E. Oset™*

ISchool of Science, Huzhou University, Huzhou 313000, Zhejiang, China
2Departamemo de Fisica Teorica and IFIC, Centro Mixto Universidad de Valencia-CSIC Institutos de
Investigacion de Paterna, Aptdo.22085, 46071 Valencia, Spain

® (Received 16 March 2022; accepted 2 May 2022; published 18 May 2022)

We propose two reactions, B — K°D*K~ and B — K**D**K~, which have been already measured at
Belle, to look into the J¥ = 0%, X,(2866) state and a 17 partner of molecular D*K* nature by looking at
the D" K~ and D*" K~ invariant mass distributions, respectively. Very clear peaks over the background are
predicted and the branching ratios for the production of these states are evaluated to facilitate the task of
determining the needed statistics for their observation. We conclude that with the upgrade of Belle II clear
peaks should be seen in both reactions for the two resonances discussed.

DOI: 10.1103/PhysRevD.105.096022

I. INTRODUCTION

In the paper [1] the Belle collaboration reported on the
B® — DM+ K-K™0 decays, giving a list of eight reactions
for which the branching ratios were provided. In some of
the reactions, (i) B® - DTK-K*0, (ii) B® - D**K—K*0,
(iii) B - D*K~K", (iv) B = D** K~ K", one finds pairs
[DTK~ in (i) and (ii), D*T K~ in (iii) and (iv)] that contain
open charm and strangeness with ¢ and s quarks. Should
these pairs result from the decay of a physical state, it
would be genuinely exotic since it cannot come from a gg
conventional meson. The chosen pairs could correspond to
states with isospin I = 0, while the other four cases of [1]
would correspond to D*K states with isospin 7 = 1.
The limited statistics prevented the authors from getting
D"+ K~ mass distributions, while the accumulation of
K~K*0 events from four reactions allowed them to get a
K~K*0 mass distribution that evidenced the B — D®*)*q,
(1260) decay with a;(1260) — K~K*°. Yet, the abundant
literature on tetraquark states from the very beginning of
the quark model [2—-12] (see Refs. [13—18] for reviews on
more recent works) would have made it advisable to look at
the D) K mass distributions in search of possible peaks
corresponding to exotic states.
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Recently, the answer to this question was provided by the
LHCb collaboration [19,20] with the finding of the
Xo(2866) and X;(2900) states in the BT — D"D K™
decay by looking at the D™ K™ invariant mass distribution.
In the charge conjugate reaction B~ — DTD™K~ one
would find the peaks in the DT K~ invariant mass distri-
bution. Interestingly, the existence of a I =0, JP =0t
molecular state of D*K* nature, decaying to DK, had
been predicted in [21], with a mass of 2848 MeV and a
width between 23-59 MeV, which is very close to the data
of the X((2866) with mass 2866 =7 MeV and width
57.2£12.9 MeV. An update of that work in regard to
the LHCDb results is presented in [22].

The findings of Refs. [19,20] prompted many works
offering an explanation for the X(2866) as a tetraquark
state [23-26] or a molecular D*K* state [27-32]. The sum
rules studies [33—-37] have also contributed its share to the
discussion, some of them proposing a molecular structure
[35-37]. Other studies suggest a structure coming from a
triangle singularity [38] or cusps and analytical properties
of triangle diagrams [39,40]. A triangle mechanism is also
suggested in [41], and in [42] a detailed quark model
calculation is shown to disfavor the compact tetraquark
picture.

In Ref. [21], apart from the J” = 0" state, two other
states with J¥ = 17,27 also in I = 0 were found. In the
update of [22], where the free parameters of the model were
adjusted to experiment [19] for the X(2866), the masses,
widths, and couplings to the D*K* channel were evaluated,
which are shown in Table 1.

For reasons of parity and angular momentum conserva-
tion, the O* state only decays to DK while the 17 state

decays to D*K.
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TABLE 1. Properties of the D*K* states from Ref. [22] accounting for DK and D*K decays.

1[J7] M [MeV] I' [MeV] Coupled channels Jrp-ik- (MeV] State
0[2] 2775 38 D*K* 16536 ?
0[1+] 2861 20 D*K* 12056 ?
0[0*] 2866 57 DK 11276 X,(2866)

The purpose of the present work is to investigate whether
by looking at the B® - D®+K~-K*)0 reactions one can
observe clear peaks in the D*)* K~ spectrum. The reaction
is similar to the B~ — DT*D~K~ one studied in [19,20].
The K*)° in the Belle reactions would play the role of the
D7 in the LHCD one. The study is stimulated by the success
found in [43], fairly reproducing the DK peak versus the
background of [19] in the study of the B~ - D"D™K~
reaction. This success was used in [43] to suggest the B —
D**D*'K~ decay in order to investigate the 1% state of
Table I by looking at the D** K~ mass distribution. It was
found that the 17 state generated a peak in the distribution
with a strength about seven times bigger than the back-
ground at the peak of the 1 contribution. Based on these
findings, we propose here to study the B® — D**K~K*°
and B® — DK~ K" reactions. The reason to choose these
two reactions from the eight reactions of Belle [1] is that,
both in the signal for the exotic states as in the background,
the amplitudes can proceed in the s wave, which is assumed
to be dominant as usual, and one can correlate the back-
ground and the signal for the production of the 0™ and 1™
states.

II. FORMALISM AND RESULTS

A. Production of the 1* state in B —» D**K*~K** —
DK~ K*O

The D*K* 1% state can only decay in D*K. Thus, we
choose the BY — D**K~K*0 reaction and look at the
D**K~ mass distribution. The signal, however, will come
from the B — D*t K*~ K*0 reaction, after which the final
state interaction of D*TK*~ will give the 17 state (R;) and
posterior decay into D** K~. The primary step proceeds via
external emission as depicted in Fig. 1. The #d component
after the W~ vertex is hadronized with an s5 component
to give rise to K*~K*0 and the cd gives the D**. One has
three vectors and one can write the s-wave component of
the transition matrix matching the angular momentum of
the B as

i=Cel - (e® xe?) = Ce,»jkegl)eﬁ»z)em, (1)
where the indices 1,2,3 apply to the K*°, D*¥, and K*,
respectively. We observe how the spins of the particles
2 and 3 combine to J = 1. The next step is to consider
the D*"K*~ interaction. With our phase convention

(D**,=D*), (D*°,D*7), (K**,K*), (K*°,—K*"), the
I =0 D*K* state is written as

_ 1 _
|D*K*;1 = 0) = ~ 7 (D*K*~ + DK*%).  (2)

The final state interaction of D**K*~ to produce the R,
state is taken into account as shown diagrammatically
in Fig. 2.

We also need the vertex R, D*K*, which incorporates the
spin projection generator D’

i =gV, (3)
with V() given by [44]

vo 1@

3€l € ij»
1
v — : (e,z)ef) _ €§2)€§3))7
1, 2 2) (3 1l 26
Ve _ 5(65 el 4 D) —565 Vs, (4)

Considering the 7 matrix of Egs. (1) and (3) for V(,

v — % (ef,2 )e(]}) — 65.,2)65,3 )), and that in the loop function

we sum over the spin polarization ) egr)eﬁ.r) =6
(r =2, 3), we obtain

- -1
t = CeVeypyG g (Miy (D*K*)) EQR,D*I?*’
U
e
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BO - g D+t
d
FIG. 1. Diagrammatic decay of B® — D**K*~K*0 at the quark
level.
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FIG. 2.

where gg p g+ i the coupling of the resonance R; to the
(I =0) D*K* state and Gp.g- is the loop function of
the D*, K* integrating the product of the propagators of
the two particles. We use dimensional regularization for
this loop with @ = —1.474 for a chosen y = 1500 MeV as
was needed in [22] to obtain the right mass of the
X (2866) state.

The sum over the final vector polarization in Y |¢| is
implemented by summing > |¢|*> over the indices ', j/ for
the implicit VV components of R, and over the index i to
sum over the K* polarization. We find

ZMZ = 3C%|gg, ok

pol

*|Gpe g+ (Miny (D*K¥)) .

The next step is to consider the decay of R, into D*" K~
as depicted in Fig. 2(b). This leads to a # matrix containing
the coupling of R, to D** K. This is accomplished by an
effective coupling gg px to the D*K*, 1 = 0 state, such

that the coupling to D*TK~ is \‘/—IEQRI’D%. To get the g, p i

coupling we use the R; decay width via

R ZLLWR D*I_(|ZQI_(’
! 877.'M12Q1 b

/11/2(M%Q] , m%)*, m2)

K
R , 5
dk 2My, (5)
taking the value of I'g from Table I. Hence
6
ZMZ = ZC2|9R,,D*I_(* *|Gpege (Miny) P
pol
1,02 1 G
X g * " . 6
R,.D'K MiznV(Rl)_MIZQI +1MR]FR]
The invariant mass distribution is then given by
dr 1 1
27

— K+ D k- t/
dMip,(DTK") ~ (2m) 4ma3, KK 2|

where

K*O
D*t D
R’y
K+ K-
(b)

(a) Rescattering of D*"K*~ to give the resonance R;; (b) further decay of R, into D*"K~.

o MMy, mE.o, My, (DT K™)
Px 2M g0 ’
AV2(ME (D*YK™), m2., m2
]~7K* _ ( IHV( ) D K) ] (8)

2IVIinv (D*+K_)

We would like to compare this mass distribution with
the one of the background for the same reaction,
B® - K*°D**K~. The process proceeds with the same
topology as in Fig. 1, changing K*~ by K~. As shown in
[45] the difference between pseudoscalar and vector
production can be taken into account by means of Racah
coefficients of the same order of magnitude, so approx-
imately we can put for the B - K**D** K~ background

t = Ce(K*)e(D*)

with the same constant C as in Eq. (1), such that now the
background distribution is given by

drbac 1 1

_ 0B3C. (9
My, (DK) (21 42, P PK ©)

The assumption of taking the same constant C is
supported by the results of [43], reproducing fairly well
the signal versus the background of the LHCb experi-
ment [19].

The results can be seen in Fig. 3. We can see a peak
clearly sticking out of the background, as was also found in
[43] with a different reaction. It is clear that even if there
were uncertainties of a factor of two or three, the signal
should be clearly seen.

In order to test the feasibility of the experiment, we
integrate the mass distributions over the whole invariant
mass range, for both, the resonance peak and the back-
ground. We find

F ca
_peak _ 0.125. (10)
back
Next, we see from Fig. 2(d) of Ref. [1] that for B® —

K*°D** K~ there are about 45 events reported in [1] at the
BY peak. This means we can expect about six events in the
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FIG. 3. dM for R, production and ;> for background in the

B® > K*'D*F K~ reaction in global arbltrary units. M;,, is the
D** K~ invariant mass.

peak with the present setup but not enough to see a clean
structure. Yet, with the Belle II prospects where there will
be about 30 times more events than so far collected in
BABAR and Belle [46], one could have 170 events, which is
much more than sufficient to see clearly the peak, given the
clear signal of BY mesons seen with 45 events in [1]. Even
accepting a rate three times smaller than estimated, there
would be enough statistics to see clearly the peak.

B. Production of the 0* state in B — K°D**K*~ —
K'D*K-

Proceeding like in the former subsection, we would
now compare the signal for the 0F state from the B® —
K°D*+ K*~ with D** K*~ interaction leading to the 0" state
(Ry) and its decay into D" K, and the background from the
B® - K°D* K~ reaction. We can proceed as before and for
the B — K°D**K*~ we assume a transition matrix

t = Cle(D*)e(K") (11)
and similarly for the B® — K°D*K~

t=C (12)

with the same C’, for both reactions, as we have done
before. We shall come back to this assumption. Following
the same steps as before, we obtain

dar’ I
= Pr- Y2, 13
dMi (D7K)  (2) 4b2, PROPK d_IPP(3)

where

3
oI = —C’Z\Ga*k* (Miny (D" K7)) P ggy 0k
1

2
‘va (DTK™) - M,zQO + iMg,Tg, |9ry.0K|"
(14)
with
Pro = Al/z(M%O’mKO’anv(D_FK_)
: 2MBO ’
Dk- Al/z(M‘Z“V(DjLK ) My, mg-) (15)
K 2Minv(D K- ) ’

with gg pg- given in Table I, and the effective |gg pi|*
coupling obtained from

1 1 5
Iz, IgM—2|9R0,Dk| dk>
A2(M2  m2 . m2
g = o M M), (16
2Mp,

For the background we find

7] 1 1

= p-C2. 17
dMip(D7K™) — (21) 402, PEOPK (17)

The results for these two distributions are shown in
Fig. 4. We also see a signal that sticks out of the back-
ground clearly, as was shown in [43] for the B~ —
DT DK~ reaction in the production of the X(2866).

As we have done before, we integrate over the range of
the invariant mass the signal and background in Fig. 4 and
we find

15 x 1074
— dr’
12x 1074} " W) R
9x 107° -
6x 1075 |
3x107° 1
0 [} L i L A1
2300 2800 3300 3300 4300 4300
Miny (MeV)
FIG. 4. dM for R, production and "“ for background in the
nv . .
B° — K°D*K~ reaction in global arbltrary units. M, is the

DTK~ invariant mass.
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.
L =0.124. (18)

bac

In Ref. [1] [see Fig. 2(f) of [1] ] one finds about 30 events
for B - D*K~KY around the B° peak. This means that
one could expect around four events in the peak of the
resonance with present statistics, which is clearly insuffi-
cient to determine the peak. With 30 times more statistics
from the Belle I upgrade there would be about 110 events,
more than sufficient to see clearly the peak.

As this point we would like to make some discussion.
The B° — K°D**K*~ can proceed with the topology of
Fig. 1 changing K** by K° where the K and K*~ are
produced by hadronization of the #d component. Yet, the
production of K°K~ from the same vertex is suppressed, as
discussed in [47]. Indeed, the vertex WPP is given by
W ([P, 0,P]) in chiral theory [48,49], the s wave going as
the difference in the energies of the two pseudoscalars for
the WPP vertex, which vanishes in the W rest frame if the
particles have the same mass. The argument does not hold
if one produces a vector and a pseudoscalar, as it was the
case for the signal of the 0" state. The argument given
above is corroborated by the branching ratio of the
BY - D*K~K°, which is about one order of magnitude
smaller than the one of B —» D*tK~K*0 (see Table II of
Ref. [1]). Certainly we could now have contributions from
higher partial waves, but the argumentation given above,
with the support of the small B — D*K~K° branching
ratio, would tell us that we can expect in practice a peak
showing even stronger with respect to the background than
what is shown in Fig. 4.

In order to make this argument more quantitative, we
take from Table II of Ref. [1] the following branching
ratios:

B(B® - K-D**K*%) = (1.29 +£0.22 £ 0.25)1073,  (19)
B(B® - K°DTK~) = (0.16 £ 0.08 £ 0.03)1073.  (20)

By analogy to Eq. (11) we would assume now for the B® —
K°D** K*~ amplitude,

t = C'e(D") - e(KY), (21)

and for B - K°D*K~ the amplitude of Eq. (12) with a
different coupling,

t=C" (22)
The mass distribution for the case of Eq. (21) is given as

dr 11 i
_ 50302 (23
Moy (D K0) ~ (21)° 403, K VK (23)

with pg- being the K~ momentum in the B rest frame and
Py-o the momentum of the K*° in the D**K*¥ rest frame.
The mass distribution for the case of Eq. (22) is given by

dar 1 1 3 o
M (DK~ Capangy, KPR Y

with the same meaning for the pg- and pgo as before.
By integrating Eqs. (23) and (24) and writing
B =T/I'y,, we find using Egs. (19) and (20),

6/2
— =586x 1073 MeV~!,
1—‘tot
C//2
=1.42x 1073 MeV~!, (25)
Ftot

which leads to C'/C" ~2. By assuming C' = C" as we
have done in Egs. (11) and (12) we would be under-
estimating the signal for the resonance in about a factor of
4. This makes more quantitative the discussion made
above, indicating that we should expect a fairly larger
signal over the background than shown in Fig. 4.

In the LHCb case [19] a different reaction was used, the
B* - DTD™K™, or analogously B~ — D~D*K~. Even if
the reaction seems the same except for small changes as
B - K°DTK~, replacing the D~ with K°, the reactions
are topologically different since the LHCb one, as well as
the associated B~ — D~D*TK*~ reaction, proceeds via
internal emission, and the argument discussed above is
peculiar to the W#([P, 0, P]) vertex of external emission. In
the LHCD reaction the formalism used here for the signal
and background gave rise to a distribution in fair agreement
with experiment. There is no analog reaction to the B~ —
D~DTK~ that proceeds with the internal emission of the
type B — DKK. The reaction that we have chosen to
observe the 0", X,(2866) state, B — K’D*K~, stands as
a good one, where the signal over background is expected
to be even bigger than shown in Fig. 4.

III. CONCLUSIONS

We have chosen two reactions, already performed by the
Belle collaboration [1], to observe the 0T, 1" states
obtained from the D*K* interaction, where the 0T state
is associated to the X(2866) state. From the eight reactions
of the type B — D* K~K*? of Ref. [1] we have selected
two, the B - K**D*t K~ and B® - K°D*K~, in order to
observe the 17 and 07 states, respectively. In the first case
the signal of the 17 state stems from the original B® —
K*°D**K*~ reaction, followed by D**K*~ interaction to
give the R, resonance, which decays posteriorly to D*TK~.
In the second case, the signal for the 0 state comes from
the B — K°D*+K*~ with the posterior D** K~ interaction
producing the O state, which decays lately into D" K~. We
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could relate the mass distributions of the signal and the
background, finding very clear peaks for the 17 and O
states. However, we have argued that in the case of the 0"
state we expect the signal to be even more pronounced with
respect to the background than what is calculated here
because of the suppressed B® — D*K~K° decay versus
BY — D*TK~K*¥ decay at the tree level.

These reactions, already measured at Belle [1], would
need somewhat more statistics to show the D)+ K~ peaks
clearly.

Based upon the number of events presently observed at
Belle [1], we have estimated a few events for the peak of the
resonances, but with a factor of 30 increase in the number
of events expected in Belle II, the number of events in the
peak would be fairly larger than 100, which is much more
than sufficient to see the strength and shape of the peaks,
corroborating the existence of the X,(2866) and observing
its 17 partner predicted around 2861 MeV with around
20 MeV width.
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