PHYSICAL REVIEW D 109, 054030 (2024)

B’ - KX, B~ — K*-X, B? - n(y',¢)X from the X(3872)
molecular perspective

Wei-Hong Liang S Ting Ban,' and Eulogio Oset

L3.F

lDepartment of Physics, Guangxi Normal University, Guilin 541004, China
2Guangxi Key Laboratory of Nuclear Physics and Technology,
Guangxi Normal University, Guilin 541004, China
3Departamento de Fisica Teorica and IFIC, Centro Mixto Universidad de Valencia-CSIC Institutos de
Investigacion de Paterna, Apartado 22085, 46071 Valencia, Spain

® (Received 19 October 2023; accepted 1 March 2024; published 21 March 2024)

We study the decays B — K°X, B~ - K~X, BY - n(y)X, B - KX, B~ - KX, BY - ¢X,
with X = X(3872), from the perspective of the X(3872) being a molecular state made from the
interaction of the D**D~,D*°DO, and c.c. components. We consider both the external and internal

emission decay mechanisms and find an explanation for the K°X and K~X production rates, based on

the mass difference of the charged and neutral D*D components. We also find that the internal and

external emission mechanisms add constructively in the B® — K°X, B~ — K~X reactions, while they
add destructively in the case of B — K*0X, B~ — K*~X reactions. This feature explains the decay
widths of the present measurements and allows us to make predictions for the unmeasured modes of
B? — 5(n')X(3872) and B~ - K*~X(3872). The future measurement of these decay modes will help us
get a better perspective on the nature of the X(3872) and the mechanisms present in production

reactions of that state.

DOI: 10.1103/PhysRevD.109.054030

I. INTRODUCTION

The X(3872), as the first state found demanding an
exotic, non ¢g, nature, has been the subject of intense
debate concerning its structure. Some groups claim a
molecular nature with the D**D~, D**D°, and c.c. com-
ponents [1-18], other groups claim a compact tetraquark
state [19-24], or some mixture of the two structures [25,26]
(see Refs. [27-32] for earlier related work). In Ref. [33], the
analysis of spectra in X(3872) production is inconclusive
concerning the compositeness of the state. The extreme
proximity of the state to the D**D threshold has been a
main factor to support the molecular nature [4,34], but, as
discussed in detail in Ref. [35], the proximity of the state to
a threshold is not sufficient to guarantee its molecular
nature, although certainly makes it far more likely. It is
found in Ref. [35] that it is possible to have a state of
nonmolecular nature very close to a threshold, but one pays
a huge price: the scattering length a for the hadron-hadron
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components, to which the state inevitably couples, goes to
zero, and the effective range r( goes to infinity in the limit
of zero energy binding. With the small but finite binging of
the X(3872), the resulting a, ry magnitudes if one demands
the state to be of nonmolecular nature are very small and
very large, respectively, compared with experimental data,
to the point that one can exclude the nonmolecular nature
with uncertainties smaller than about 5%.

Very recently, in the work of Ref. [36], the BY —
K°X(3872) and B~ — K~X(3872) reactions were proposed
as a means to learn about the nature of the X(3872).
Indeed, with a compact tetraquark nature for the X(3872),
one expects the branching ratio of the two decay modes
to be equal, but experimentally B(B~ — K~X(3872))/
B(B® — K°X(3872)) ~ 2. Instead, from the molecular per-
spective this ratio is tied to the loop functions G; for the
neutral and charged components D**D°, D**D~, respec-
tively, which are different at the pole of the state because of
the mass difference between the charged D** D~ and neutral
D*D° components. The study of Ref. [36] gave a natural
explanation for this experimental ratio based on the molecu-
lar nature of the X(3872) state.

In Ref. [36], the decay from the molecular perspective is
studied considering the dominant external emission decay
mode. In the present work we follow closely the idea of
Ref. [36] but include in the study also the internal emission.

Published by the American Physical Society
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Then extend the idea to study the B° — K*0X(3872),
B~ — K*~X(3872) and B? — ¢X(3872) decays. The latter
reaction proceeds only via internal emission, and we
would expect a small rate compared to that of the B® —
K*9X(3872) decay, but, surprisingly, the rates are similar.
Its explanation is found, because in the case of the K, K~
pseudoscalar production the external and internal emission
mechanisms add constructively, while in the case of K*0, K*~
production they add destructively. We compare ratios of
branching ratios for presently measured decay modes and
make predictions for the unmeasured modes, BY —
n(n')X(3872) and B~ — K*~X(3872). It will be interesting
to compare these predictions with future measurements,
which will certainly help to go deeper in our understanding of
the nature of the X(3872) and the mechanisms of its
production.

II. FORMALISM

A. The molecular X (3872) state
We follow here the work of Ref. [35], where the X (3872)
is obtained from the interaction of the D*°D° D*+*D-
(+c.c.) components. The extended local hidden gauge
approach is used, with the coupled channels

X, = ——(D**D~ = D*~D*),

X, = —= (DD — D*pY). (1)

S-Sl

mpo = (1864.84 &+ 0.05) MeV,
mpo = (2006.85 4+ 0.05) MeV,
mp~+ + mp- = 3879.92 MeV,
My 3s72) = (3871.65 £ 0.07) MeV,

mp-o + Mpo = 3871.69 MeV,

the binding of the X(3872) with respect to the D*°D°
threshold is of 0.04 MeV, but can be larger considering the
uncertainties of the masses.

The scattering matrix with this potential is easily
obtained as

T:[I—VG]‘IVZL(T) v) (6)

det\ 7 o
with det being the determinant of [I — VG], given by
det=1-— ﬁGl - 562, (7)

and the diagonal D*D loop function G = diag[G,, G,]
given with the cutoff regularization by

The interaction between these components stems from the
exchange of p and w vector mesons, and with the label
X.=1, X, =2, one finds the interaction matrix

() e

with
- Ampyom o M
Vv
My =800 MeV,  f =93 MeV, (3)

which has been calculated at the D**D° threshold. The
isospin states, with the isospin multiplets phase convention
(D*,-D°), (D°, D7) (and same for D*), are given by

1

|X,1=0) ZE(XC + X,),
X0 = 10 = 0) = (X~ X,), 4)

and we see that for / = 0 the interaction is attractive and
can produce a bound state, but for / = 1 the interaction is
zero and we do not expect a bound state. We note in passing
that the strength of the interaction here is double than for
I =0 in the T state [37]. This means we should expect a
bigger binding for the X(3872) than for the T... With the
centroid of mass data and the X(3872) mass of the PDG
[38], which we write below,

mp+ = (1869.66 & 0.05) MeV,
mp- = (2010.26 & 0.05) MeV,

(5)
6. | ¢q o (@) + ) ()
d<ame (27)° 20 (G)0 (G)
1
x , ®)

s = [0\(3) + i (@) + ie

()
J

channel. We use ¢,x = 420 MeV, as demanded in the
study of the T'..., with D*D components [37], but to get the
nominal binging of 40 keV we have to multiply ? by a
factor f = 0.537. Then we need to know the couplings of
the X(3872) to any of the charged or neutral components
and we find

with ' (§) = |/m7 + g the energy of particle j in the ith
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FIG. 1.

g = Sli_{g)(s = 50)T11. 9192 = Sli_)rg(s = s50)T12. )
with s, the squared of the energy of the X(3872) state.

From Egs. (6) and (7) using 1’Hospital rule for the limit, we
find

v
-12(Gy + G,)

2

91 = = 9192 (10)

This means that g; = ¢, (or g. = g, in the nomenclature for
charged or neutral components). In the formalism below we
just need G|, G, at sy and the ratio g,/g. = 1, which
indicates that we have an / = 0O state.

In order to get the 40 keV binding, we had to multiply the
potential of Eq. (3) by # = 0.537. Since the uncertainty of
the X(3872) mass is about 70 keV, we can accept a binding
of about 110 keV with respect to the D** DO threshold. If we
play with the uncertainties in the D and D** masses, the
binding can be of 210 keV with respect to this threshold,
which means we could have a value of j closer to 1 to get
the right binding. Yet, the theory is always accompanied by
a cutoff to regularize the loops and this is fine tuned in each
case to obtain the desired binding. One should also note
that the potential used in Eq. (3) has omitted the range of
the vector exchange, replacing (> + M3)~! by (M%)~! in
the vector exchange propagator. Consideration of this factor
is done in Ref. [39] and also weakens the strength of the
interaction. All these ingredients should be considered to
get the proper binding. We should also note that the
couplings change moderately with the binding energy B
since one has ¢? ~ v/B [40-42]. Yet, we refrain from doing
such exercises here because the only information that we
need, is the ratio of the couplings to D°D** and D*D*~ and

(b)

Internal emission mechanism at the quark level for B — K°c¢ decay (a) and B~ — K~c¢ decay (b).

this ratio is unity in our theory, independent on the precise
potential and cutoff used.

The formalism that we use here follows closely the one
of Ref. [36] to study the B — K°X(3872) and B~ —
K~X(3872) decays. In addition we include the hadroniza-
tion from the internal emission mode for the DD*, DD*
components and extend the formalism to the production of
vector mesons.

B. Internal emission for pseudoscalar production

From the molecular point of view, the X(3872) is
given by

X=1 (x4 x,). (11)

V2

where X and X, are the charged and neutral components of
DD*, DD* respectively, shown in Eq. (1). Altogether

X == (D**"D~ = D*"D* + D*D° - D*°D%),  (12)

N[ =

which has isospin / = 0 and C-parity C = +. In s-wave
this state corresponds to J© = 17, completing the quantum
numbers of the state.

At the quark level, the weak decay for B — K°X(3872)
and B~ — K~ X(3872) proceeds as shown in Fig. 1. The
X(3872) production from these mechanism is accom-
plished by means of hadronization of the ¢¢ component.
Let us see how this proceeds. We start by writing the
pseudoscalar (P) and vector (V) matrices for ¢;q; in terms
of the physical mesons. With the 7, #' mixing of Ref. [43],
we have

+ K+ DO
1 1 KO D~
VY
, 13
. L s (13)
K A ta/sn Dy
D* Dy Mo
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\/szo + \/Lﬁw p+ Kt D0
- 1 0 1 *0 *—
~ L+ Lw KO D
V= P VA (14)
K+ K*O ¢ D;«—
D0 D*t D’;+ J/W

Then, upon hadronization of the ¢¢, we need to create a vector and a pseudoscalar, but the order matters and we can have PV
or VP combinations. Hence

a) PV: ct — ZCC_L'CII'E = ZPMVM = (PV)yy = DD + D*D*~ +---, (15)
b) VP: cc - ZCC_IiQiE = ZV4iPi4 = (VP)y = DD+ D**D™ +---, (16)
i i
where the notation ““- - -”” indicates other terms that have no overlap with the X(3872) components of Eq. (12). We see that

the combination (VP),y — (PV)4,

(VP)y = (PV)yy = D**D~ + DD’ — D**D" — D*DY, (17)
[
has a perfect match with Eq. (12). This hadronization is Upon hadronization, we have three possibilities,
common to B — K°X(3872) and B~ - K~X(3872). (a) ¢s > PV, cd —» P(D"):
Let us see with the same mechanism, how we can
R0 / 1
have the decay B — 5(n')X(3872). The mechanism 6 Zﬂ?if]if _ ZPSiVM — (PV)y.  (19)
i i

is shown in Fig. 2. The hadronization in this case gives
us the same combination as in Eq. (17), and the s5 splits
into # and 7' according to the matrix element Ps; of

Eq. (13), as Hence,
1 2, ¢scd — (K-D*° + K°D*~ +...)D*.  (20)
§§ = ——=n-+1/317. 18
A1 (18) ]
(b) ¢s - VP, cd - P(D"):
C. External emission for pseudoscalar production T — Z 5G;q;¢ = Zv3i Py = (VP)y. (21)

External emission is the dominant mode of weak decay
[44] since it is color favored. One expects something like a
factor 3 times bigger amplitude than for internal emission. Hence,
The mechanism for external emission is depicted in Fig. 3.
It. is clear that th§ me.chapisms of Figs. 2 and 3 are different_, ¢scd —» (K*~D° + KD~ +-.)D+.  (22)
since the hadronization is done in different quark pairs, c¢
in Fig. 2 and sc¢ in Fig. 3.

Sy
S
<
<

3 5 (a) (b)

FIG. 2. Internal emission mechanism at the quark level for FIG. 3. External emission mechanism for B — ¢scd decay (a)
BY — n(n')ce decay. and B~ — ¢scii decay (b).
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D*+, D*—,

(a)

D, D, D+, D"

X(3872)

D*+.D*[J. D*—.D*U

(b)

FIG. 4. Propagation of DD*, DD* components to create the X(3872): (a) external emission; (b) internal emission.

(c) &s— PP, cd — V(D*"):
sC = Zséiqlf = ZP3iPi4 = (PP)3. (23)

Hence,

¢scd - (K-D° +K°D~ +---)D*".  (24)

We can see that the combination (PP);,D*" — (PV)4,D™,
(PP)yD*t — (PV)y,D" = (D**D~ - D*"D*)K°, (25)

has again perfect overlap with the wave function
of Eq. (12).

We can repeat the procedure for K~ production of
Fig. 3(b) and we find again

which overlaps with Eq. (12) in the same way.

We should also note that with this decay mode we find no
terms that go to 7(17')X(3872). Hence, 1,1 production
proceeds only via internal emission.

So far we have done the direct production of the
components of the X(3872). In order to produce the
resonance, these components must propagate as depicted
in Fig. 4, where the loops stand for the G function of
DD* + c.c. propagation. Then we obtain the amplitude for
B — K"X(3872) as

f([_(o) = CGp-p- (Mx)gc + A[GD*+D- (Mx)gc + Gpaopo (MX)gn]

= Coe{ G (M) + 4G (13) + 2 Gy 1)} (27)

c

where A’=A/C and g, g, are the couplings of (D**D~ —D*~D") and (D*°D° — D**D®) to X(3872) of Eq. (12),

respectively.
Similarly, for K~ (n,%) production we find

(K) = Cgc{z—“cmom (My) + A

C

t(n) = Cg.A’' |:GD*+D‘ (My)

t(n') = Cg. A [Gu*m (Mx)

Experimentally T'(K~)/T'(K°) ~2 [38] and now we can
see qualitatively the reason for this factor, because at the
pole (Gpopo/Gp+p-)* ~ 2, as can be seen in the work of
Ref. [45], due to the mass difference between the D* "D~
and D**D° components. Assuming the contribution of
internal emission small, this could give a qualitative
explanation of the experimental ratio, which is the idea
of Ref. [36]. We aim at being more quantitative here and

Gorvor (M) + 2 Gy (01| | (28)
2 Gy 1) (- ). (29)

+ 2 G g (My)

oot ()

also extend the formalism to the production of vector
mesons that we address below.

Once our formalism is set, it is interesting to
show the differences with the formalism of Ref. [36].
In this latter work, the mechanism of Fig. 2 leads to the
X(3872) “with or without a pair of sea quarks” (see
Fig. 1 of Ref. [36]), and the amplitude is taken as a
contact term

054030-5
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tl(B()):gBKngoe;(X); tl(B+):gBKXpl;;+€;(X)' (31)

In our formalism, where the X(3872) is assumed to be a
molecular state, instead of a contact term of Eq. (31), we
have the term with A’ in Egs. (27) and (28), with the explicit
propagation of the D°D*®, D¥D*~ 4 c.c. components.
However, it is easy to see that the two procedures are
identical. Indeed, the A’ terms in Egs. (27) and (28)
accounting for internal emission, are the same. One might
think that because the explicit G functions in those
expressions, not accounted for by the operators in
Eq. (31), the expressions could be different, but this is
not the case because the G functions are calculated at
M;,, = My and, hence, are constants. Thus, as rightly
stated in Ref. [36], “the hadronized components of ¢¢ can
be absorbed into the coupling strength of ggzxx.”

In the present work, we stick to only the molecular
components. Furthermore, we take advantage of the exper-
imental findings of the 7. that allow us to choose a g,
value to regularize the analogous loops in the X(3872)
generation, and then we sum coherently the internal and
external emission. In as much as the internal emission term is
small, we find that the pictures of Ref. [36] and the present
one are the same, and so are the conclusions: The exper-
imental ratio of K~ to K° production favors the molecular
structure of the X(3872).

The basic new element that we have in this work is the
calculation of K*© and K*~ vector production, that is
addressed in the next subsections, which we study within
the same formalism. The simultaneous explanation of
pseudoscalar and vector production gives further support
to the molecular picture of the X(3872).

D. Internal emission for vector production

We now look at the reactions BY — K*'X(3872),
B~ - K*~X(3872),B% — ¢X(3872). The internal emission
for vector production is identical to the one exposed before in
Figs. 1(a) and 1(b), replacing K° by K** and K~ by K*~
respectively. For ¢ production, it is also easy since the
mechanism is the one of Fig. 2, where now s5 — ¢. The
weight A will now be A, since the coupling of the ¢g
component to pseudoscalars or vectors have different
weights [46].

E. External emission for vector production

Following the steps of the former subsection for external
emission we find now
(a) K*° production:

(VV)3uD" = (VP)3,D**
— (=1)(D**D~ = D*DHK*;,  (32)

(b) K*~ production:

(VV)34D° = (VP)3,D* — (=1)(D*°D° — D) K*~.
(33)

Note that we obtain the same expression as in Egs. (25)
and (26), simply replacing K° by K** and K~ by K*~
respectively. There is only one difference which is the sign.
This different sign will be of relevance for the different
rates obtained for pseudoscalar and vector production, as
we shall see.

All this said, the amplitudes for vector production are
now

() = égc{—GDHD- (My)

# 2 |Groor () + 2 G ()| | (34

(K) = égc{—i—jcmomwx)
8o () + 2 G b} 69
18) = Calt |G (M) + 2 G )| (36

where A'=A/C.

Note that in Egs. (27) to (30) and here in Egs. (34) to (36)
the constants C and C are different, hence we cannot relate
pseudoscalar production and vector production, but we can
compare different rates for pseudoscalar production and
different rates for vector production. There is one more
thing, while C and C and A,A are different, the ratio A’ =
A/C and A’ = A/C indicates the fraction of internal to
external emission, and this is basically related to the color
factor. Hence, we shall make the reasonable assumption
that A’ = A'.

In addition, for angular momentum conservation we
have the extra factor p’gm €,(X) for pseudoscalar decay [36]

and ¢,(V)e(X) for vector decay. Upon squaring the ¢,

amplitudes, |#;|>, and summing over polarizations, the first
term for pseudoscalar production gives piMj /My and

the second term for vector production a constant. Since
|Px| = |ppl in the rest frame of B, with pp the pseudo-
scalar momentum, for calculating ratios we just include the
p% factor in the formula of the width.

III. RESULTS

In Egs. (27) to (36) we have the amplitudes for each one
of the transitions considered. The decay width correspond-
ing to these amplitudes are

054030-6
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TABLE 1. Ratios of R=B(B; — j)/B(B® — K°X(3872)).
The different life times 7z, are considered. In brackets exper-
imental ratio with errors summed in quadrature.

B~ - KX BY - nx BY - y'X
R 2.07(1.91 £ 0.94) 0.043 0.048
TABLE II. Ratios of R’ = B(B; — j)/B(B° — K*°X(3872)).

The different life times 7z, are considered. In brackets exper-
imental ratio with errors summed in quadrature.

B~ - KX BY - ¢X
R 5.2(<6) 1.10(1.10 & 0.68)
1
Fi—>j 8 M2 | lj| pj ( ) (37)
with
A(MG  m3, M3)
pj= (38)

2M B, ’
where B; is the decaying B ;) meson and j the pseudoscalar
or vector produced in addition to the X(3872). The factor
F(p j), where a constant factor, inoperative in ratios, is
omitted is

Ry = {77

1,  for vector production.

for pseudoscalar production;

(39)

When calculating ratios between pseudoscalar or vector
production rates, the factors Cg, and Cg, cancel and the
ratios depend on the only parameter A’ = A’. The present
experimental situation, according to the PDG [38], is the
following:

0.0030 T T T
0.0028 -
0.0026 -
0.0024 -

0.0022 -

Abs[G]
\

0.0020 -
0.0018
0.0016 /

0.0014 -
0.0012 s

Gp+po|

n 1 n n n n 1 n n n n
3875 3880 3885

\/E [MeV]

FIG. 5.

B(B® — K°X(3872)) = (1.1 £ 0.4) x 1074,
B(B~ — K~X(3872)) = (2.1 £0.7) x 1074,
B(B® - K*°X(3872)) = (1.0 £0.5) x 107,
B(B~ — K*~X(3872)) < 6 x 1074,
B(BY — ¢X(3872)) = (1.1 £0.4) x 107*. (40)

We determine the value of A’ to get the ratio between
B(BY - ¢X)/B(B° — K*°X) and then the rest of the ratios
are predictions. We find

A =02, (41)

which makes sense as the color suppressed internal
emission versus external emission modes. Then we find
the ratios of Tables I and II.

The essential ingredient in understanding these results is
the fact that |G 0| at the pole is bigger than |G p+p-|. We
see that Gp-ip- looks like Gpopo but displaced about
7 MeV to the right, and both are negative. This has a
consequence that |Gpop0| > |Gp+p-| at the pole as can be
seen in Fig. 5.

It is interesting to remark that the contribution of the
internal emission, even if small, has been important to get
these results. Indeed, if we neglect the internal emission
then B(B~ — K~X)/B(B° — K°X) = 2.5, which is bigger
than experiment. On the other hand, in this extreme case
B(BY - ¢X) = 0. The introduction of the internal emis-
sion term, adding constructively to the external emission in
Egs. (28) to (30), softens the former ratio. On the other
hand, for vector production in Egs. (34) and (35), the
external and internal emissions interfere destructively for
K*0 and K*~ production, reducing their widths, and has
a consequence that the rates of B’ — K*9X(3872) and
BY — ¢$X(3872) are similar.

-0.0014 k g

— G
—0.0016\ o

-0.0018 F+.

-0.0020 |- AR

Re[G]

-0.0022 -

-0.0024 -

-0.0026 -

-0.0028 L

1 1
3865 3870 3875 3880

Vs [MeV]

3885

Gp-p- and Gpopo as a function of the energy /s. The vertical line indicates the mass of the X(3872).
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IV. CONCLUSIONS

In this work we have addressed the issue of B decays to a
pseudoscalar and the X(3872) and a vector and X(3872),
from the perspective that the X(3872) is a dynamically
generated state from the DD* + c.c. interaction in coupled
channels. In particular we have studied the decays B’ —
K°X, B~ - K=X,BY - ()X, B* - K*°X, B~ - K*°X,
BY — ¢X, with X = X(3872). We have seen that the
production of the final states requires both the mechanism
of external and internal emission. Although the internal
emission mechanism is suppressed with respect to external
emission by a color factor, we have seen that for the vector
production the two terms interfere destructively, while they
add constructively for pseudoscalar production. This has
as a consequence that while # and 5’ production, which
proceed via internal emission, are small compared to K° of
K~ production, which proceeds via the sum of the two
mechanisms, ¢ production, which also proceeds via inter-
nal emission, has comparable strength to K* production,
where both external and internal emission are at work but
add destructively. The reason for an unexpected factor 2
between K~ and K° production is traced back to the
composite nature of the X(3972) from the charged and
neutral X, X,, of Eq. (1) and the mass difference between
D**D~ and D*°DY, the same reason exposed in Ref. [36].
Indeed, the production of the X(3872) requires the propa-
gation of the D*D components, which is accomplished by
means of the loop G functions. The one of the charged

components is displaced about 7 MeV to higher energies,
due to the mass difference between the charged and neutral
components, and this has as a consequence that at the
pole energy the ratio |G,/G.|* is about 2.5 (see Fig. 5).
This would be the ratio between K~ and K° production
rates in the absence of internal emission. The contribution
of internal emission reduces this factor to about 2. This
provides a natural explanation for this apparently strange
ratio that naively one would expect to be of the order of
unity. The fact that the rates of vector production also
appear fine with the same framework adds extra support to
this picture. In addition we have made predictions for # and
7' production in the pseudoscalar sector, and K*~ in the
vector sector. Future measurements of these decays widths
should provide extra support for this picture.
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