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Decays of the fully beauty four-quark structures Xy, and T4, to B meson pairs are investigated in the
framework of the QCD three-point sum rule method. We model the scalar exotic mesons Xy, and 7', as
diquark-antidiquark systems composed of the axial-vector and pseudoscalar diquarks, respectively. The
masses m = (18540 + 50) MeV and /m = (18858 & 50) MeV of these compounds calculated in our
previous articles fix possible decay channels of these particles. In the present work, we consider their
decays to Bqu and B’,;B:; (g = u, d, s, c) mesons. In the case of X, the mass of which is below the 27,

threshold, these channels determine essential part of its full width I'y,,. The tetraquark 7', can decay to the pair
ny1y; therefore, partial widths of processes with B(B*) mesons in the final state permit us to refine our estimate
for the full width of this particle. The predictions Ty, = (9.6 + 1.1) MeV and T} = (144 4 29) MeV
obtained in this article can be used in future experimental investigations of four b-quark mesons.
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I. INTRODUCTION

Interest in four-quark exotic mesons containing heavy ¢
and b quarks appeared in the first years of the parton model
and QCD [1-6]. Close attention to these hypothetical
particles was inspired by many reasons. First of all,
fundamental laws of QCD allow the existence of multi-
quark hadrons; therefore, such states became objects for
intensive theoretical studies. The second reason was a
possibility to find multiquark particles stable against strong
decays, hence with a long mean lifetime. Investigations
showed that tetraquarks, i.e., four-quark mesons built of a
heavy bb diquark and light antidiquark, may have desired
features. Such candidates to strong-interaction stable
particles were analyzed in various publications by means
of different models and methods (see Refs. [7-10], and
references therein).

Fully heavy tetraquarks were also considered in numer-
ous papers aimed to reveal their properties. Recent data of
the LHCb-ATLAS-CMS Collaborations provided new
experimental information [11-13], which is important
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for physics of heavy exotic mesons. These experiments
discovered four X resonances in the invariant mass dis-
tributions of the di-J/y and J/ywy’ mesons. The X particles
have masses in the range 6.2-7.3 GeV and presumably are
fully charmed states, though alternative explanations were
suggested as well.

In our articles [14—17], we studied the X structures as fully
charmed scalar particles using both the diquark-antidiquark
and hadronic molecule models. We calculated their masses
and full width by employing the QCD two- and three-point
sum rule (SR) methods and compared obtained results with
the LHCb-ATLAS-CMS data. In accordance with our
predictions, the resonance X (6600) is the tetraquark com-
posed of axial-vector diquarks [14], whereas X(6200) may
be considered as a hadronic molecule .77, [15]. The structure
X(6900) can be interpreted as a superposition of a diquark-
antidiquark state built of pseudoscalar components and a
molecule y .oy [15,16]. In Ref. [17], we explained X (7300)
by employing the superposition of a molecule y.y.; and a
radially excited diquark-antidiquark.

It is interesting that even in the framework of the
four-quark picture there are competing explanations for X
states. Thus, the resonance X(6200) was considered as the
ground-state tetraquark with JP¢ = 0"+ or 1%, The first
radially excited state of this tetraquark was assigned to be
X(6600) [18]. The X resonances were interpreted as different
radially and orbitally excited diquark-antidiquark states also
in Refs. [19,20].
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In most articles devoted to analysis of fully charmed
tetraquarks, the authors investigated also their beauty
partners bbb b by computing the masses and other param-
eters of these particles. Such structures, produced in pp and
pp collisions, may be discovered in the mass distributions
of the 1, 7, T, and Y'Y mesons: In fact, YT pairs were
detected and studied by the CMS Collaboration [21].

Predictions for parameters of bbb b with different quan-
tum numbers were made in Refs. [22-25] using various
methods and schemes. Results of these articles sometimes
contradict each another. For instance, in Ref. [22], it was
shown that the mass 18754 MeV of the scalar exotic meson
Xy is below the 77,17, and T thresholds; therefore, it cannot
be fixed in these mass distributions. A similar problem was
addressed in Ref. [23], where the mass of X, was found
equal to (18826 £ 25) MeV, which is less than YT but
higher than 7,5, thresholds. The masses of exotic bbb b
mesons with different spin-parities were extracted from the
sum rule analyses in Ref. [25]. In accordance with this paper,
the scalar tetraquarks have masses (18.45-18.59) GeV and
cannot be observed in two-bottomonia final states. Only the
scalar particle made of pseudoscalar diquarks can decay to
11, and TY mesons, because its mass (19640 + 140) MeV
considerably exceeds relevant limits.

The scalar diquark-antidiquark states X4, and T4, with
axial-vector and pseudoscalar diquarks were explored also
in our articles [14,16]. To this end, we used the QCD
two-point SR method [26,27], which is one of the effective
tools to investigate spectroscopic parameters and strong
couplings of conventional hadrons. But, it is also suitable
to study multiquark structures [28,29]. The masses m =
(18540 £50) MeV and m = (18858 = 50) MeV of the
tetraquarks X4, and T4, found by this way allowed us to fix
their possible strong decay modes. Because m resides
below both 7,1, and Y7 thresholds, this particle cannot
decay to two bottomonia final states. The exotic meson T,
falls apart to a pair 7,7, and has width equal to Ty, =
(94 +28) MeV [16].

But, fully beauty tetraquarks can also decay through
alternative mechanisms [23,24,30]. Thus, X4, and T4, can
transform to 2y, YI*1~, or to four leptons /] [T 15 I5 due to
annihilation of valence b and b quarks and related
processes. The bb annihilations to gluons followed by
appearance of quark-antiquark pairs can generate processes
with , + H, B,B,, and B;B; (q = u, d, 5, c) final states. It
is clear that thresholds for these decays are considerably
smaller than masses of the tetraquarks X4, and 7T,. They
are crucial for tetraquarks which are below the 7,1,
threshold and cannot dissociate to these bottomonia.

In the present work, we explore strong decays of the
tetraquarks Xy, and Ty, to B,B, and BjB; mesons. In
the case of T, they are necessary to refine I'y,. But the
aforementioned processes form a considerable part of
the Xy, tetraquark’s full width, because a decay Xy, —
npn, 1s forbidden kinematically. Widths of decays under

consideration are determined by the strong couplings of
particles at the vertices X (T') ,,B,B,, and X(T) 4,B; B;;. In the
current article, we evaluate strong couplings of interest in the
context of the QCD three-point SR method.

This article is structured in the following manner: In
Sec. 11, we explore the decay channels of the tetraquark X,
and compute partial widths of the processes X4, — Bqu.
The decays of X, to final states B**B*~, B*'B*0, and
B:9B:° are studied in Sec. III. Here, we also evaluate the
full width Xy,. The similar investigation for the diquark-
antidiquark state 7y, is performed in Sec. IV, in which we
estimate contributions of the processes T4, — Bqu and
Ty — B;B; to the full width of T4, In the last Sec. V, we
compare obtained predictions with available ones and make
our brief conclusions.

1. DECAYS X, — B,B,

As we have noted above, X4, cannot decay to meson
pairs 17,17, and Y Y; its full width is primarily determined by
the processes Xy, — Bqu and Xy, — B;BZ. Here, we
evaluate the partial widths of the decays X4, — B"B~,
B°B°, BYBY, and B/B;, where B are pseudoscalar
mesons.

The partial widths of these processes depend on the
strong couplings g;, [ = 1-4, of the tetraquark X, and final
state mesons at the corresponding three-particle vertices.
Therefore, the main problem to be considered in this
section is computation of g;. In the case of the channel
X4, — BTBT, this is a coupling g, of particles at the vertex
X4 BT B~. We are going to analyze the decay X4, — BT B~
in a detailed manner and write down only essential
expressions and numerical results for other processes.

The strong coupling g; can be extracted from the three-
point correlation function

H(P,p’) =2 / d4xd4yeip’ye—ipX<0|T{JB+ (y)
x JE(0)J7(x)}0), (1)

where J(x) is the interpolating current for the scalar
tetraquark Xy,

J(x) = b (x)Cy,by (x)by(x)7" Ch (x), (2)

with C being the charge conjugation matrix.

The currents J5"(x) and J® (x) for the B mesons are
given by the formulas
I (x) = by(w)iysu(x),  JP(x) = ai(x)iysbi(x),  (3)
where i, j = 1, 2, 3 are color indices.

In accordance with the sum rule approach, we have to
express the function I1( p, p’) in terms of involved particles’
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parameters. By this way, we determine the physical side of
the sum rule. For these purposes, we write down the
II(p, p’) in the following form:

Ol*[B*(p")) (OI*"|B~(q))

7 _ 2 2 _ 2
p-—mp q- — mp

T
< (8 ()8 () ) H 2L

4+, (4)

s (p, p') = (

where only the contribution of ground-level particles is
presented explicitly: Effects of higher resonances and
continuum states are shown as ellipses. It is evident that
four momenta of X4, and B™ are p and p’, respectively.
Therefore, the momentum of B~ is equal to ¢ = p — p'.

To simplify the correlation function TT*™(p, p’), we
express the matrix elements which enter to Eq. (4), using
the masses and current couplings (decay constants) of
involved particles. For the scalar tetraquark Xy;,, the matrix
element (0|J|X,,) can be replaced by a product of its mass
m and current coupling f:

(Ol X4p) = fm. (5)

The matrix element of the pseudoscalar B mesons is
determined by the formula

_me%;
(0]J%|B) =Ty (6)

with mp and fp being their mass and decay constant,
respectively. Here, m,, is the mass of the b quark.

The vertex (BT(p')B~(q)|X4(p)) is modeled in the
following form:

(BY(p")B~(q)|Xa(P)) = g1 (a*)p - P (7)

Here, g,(g?) is the form factor which at the mass shell of
the B~ meson, i.e., at ¢> = m%, fixes the strong coupling g, .

By taking into account these expressions, it is not
difficult to recast [T (p, p’) into the form

fmfymy,
2mj(p* — m?)(p"* — mp)
(m* 4+ mp — q%)

(q* — m%)

™ (p, p') = g1(¢*)
R (8)

where the dots denote contributions of higher resonances
and continuum states. The correlator [T (p, p’) is simply
proportional to 1. Therefore, the whole expression in the
right-hand side of Eq. (8) is the invariant amplitude
1Phys (p2, p’, g*) which can be applied to derive the form
factor g,(q?).

The second component which is required to get the sum
rule for g;(¢?) is the correlator Eq. (1) computed using the
quark propagators, which reads

16 P
OPE(p, p') = ?/d“xd“ye’p Ye~'PX(bb)

X Tr[Sf](y)mSi“(—x)SZi(x -)rsl- (9)

In Eq. (9), S,()(x) are u and b quark propagators:

. X m, (itu)
Sub(x) - 1277,'2)64 ab — 477.'2)62 5ab - Féab
o
+l<uu>4_85ab+ (10)
and
x| O (K + my)
Seb(x) = / d4ke‘l"x{7“b
b (2x)* k> —m3
9,6 oap(K + my) + (K + )00
i (2 = mi)?
+ Ola,G*/7)b 4 + - - } (11)

Here, we have used the notation

Gay =Gl 2, (12)
where GZﬂ is the gluon field-strength tensor and A4 are
the Gell-Mann matrices. The index A runs in the range
1,2,...,8. The propagators S, (x) are known with con-
siderably higher accuracy, but in Egs. (10) and (11) we keep
only a few terms: Arguments in favor of such choices will
be provided below.

The correlator TI°PE(p, p') contains three quark propa-
gators and vacuum condensate (bb) of b quarks. The
function ITOPE(p, p’) differs from a standard one which in
the case, for instance, of the decay T4, — 7,1, depends on
four propagators S,(x). The reason is that to calculate
[I°PE(p, p') one contracts heavy and light quark fields, and,
because a pair of B¥B~ mesons contains only b and b
quarks, the remaining bb fields in Xy, constitute a heavy
quark condensate.

Using the relation between the heavy quark and gluon
condensates

T

my (bb) = — I;—ﬂ <“"G2>, (13)

we get

4 G? s
HOPE(p, p/) = _9mbﬂ <a57> /d“xd‘*ye”’ Ye~ipx

x T[S (y)rsS) (=) 8¢ (x = y)ys).  (14)
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In other words, the correlator IT°PE(p, p’) is suppressed by
the dimension-four factor (a,G?/z). In what follows, we
denote by II°PE(p?, p”?, ¢%) the corresponding invariant
amplitude.

In calculation of II°PE(p,p’), we set m, =0. The
perturbative terms in all propagators lead to a contribution
which is proportional to {(a,G*/z). A dimension-7 term in
M°PE(p, p') arising from the component ~(iiu) in S, (x)
and perturbative ones in S,(x) vanishes. A contribution
~(a,G?/x)* generated by components g,G% in b propa-
gators and the perturbative term in S, (x) can be safely
neglected. Higher-dimensional pieces in the quark propa-
gators omitted in Egs. (10) and (11) give effects suppressed
by additional factors. As a result, I[T°PF(p, p’) calculated
with dimension-7 accuracy actually contains a dimension-4
term proportional to (a,G*/x).

To derive the sum rule for the form factor g;(¢?), we
equate the invariant amplitudes ITP™S(p?, p”2, ¢?) and
°PE(p2, p2,4%) and get the sum rule equality. Con-
tributions of the higher resonances and continuum terms
can be suppressed by applying Borel transformations over
variables —p? and —p'? to both sides of this expression and
removed using an assumption on the quark-hadron duality.
After these operations, we find

) o
90(a%) =7 ZJ"nb LB g/ M /M
m BmBm +my—q
XH(M ,So,q2>, (15)

where [TI(M?, s, g°) is the amplitude TTOPE ( p?, p’2, ¢?) after
Borel transformations and continuum subtractions. It can be
expressed by means of the spectral density p(s, s', ¢%):

(M2, s, ¢%) / ds/ ds'p(s,s', q%)
6m m
s/M —S/M2 (16)

Here, (M3, s0) and (M3, s},) are the Borel and continuum
subtraction parameters for the X4, and BT channels, respec-
tively. It is worth noting that p(s, s’, ¢*) is computed as an
imaginary part of the correlation function TI°PE(p, p’).

As is seen, g,(q?) contains the mass m and current
coupling f of the tetraquark X,,. These quantities were
found in Ref. [14]:

= (18540 + 50) MeV,
f=(6.1%04)x 107! GeV*. (17)

To this end, we used the two-point SR method and applied
for the Borel and continuum subtraction parameters the
following regions:

2€[17.5,18.5] GeV2,  s,€[375.380] GeV2. (18)

The sum rule Eq. (15) depends also on the mass mp =
(5279.25 +£0.26) MeV and decay constant fz = (206 +
7) MeV of the B* mesons borrowed from Refs. [31,32],
respectively. The values of the gluon condensate and » and
¢ quarks’ masses are well known:

2
<“5G > = (0.012 £ 0.004) GeV*,
T

my, = 4.187003 GeV,

m. = (1.27 £ 0.02) GeV. (19)

To perform numerical analysis, one has to fix the
working windows for the parameters (M3, s) and (M3, s{)).
For M% and s, connected with the tetraquark Xy,, we
employ the regions Eq. (18). It is worth noting that the
working windows in Eq. (18) meet all constraints imposed
on them by SR method. Thus, the pole contribution PC
in the relevant mass calculations changes within limits
0.72 > PC > 0.66. In other words, for all s, the pole
contribution exceeds 0.5. At M? = 17.5 GeV?2, a dimen-
sion-4 term constitutes ~ — 1.5% of the result, ensuring
convergence of the operator product expansion. Such
strong constraints naturally lead to rather narrow regions
for M? and s,,. Because g, (¢*) depends also on fm, another
choice for (M2, s,) may generate additional, uncontrollable
ambiguities.

The parameters (M3, s,) for the B* channel are chosen
within limits:

2€(5.5.6.5] GeV?, | €[33.5,34.5] GeV2. (20

The s; is limited by the mass m B+(2s) = 5976 MeV of the
excited B*(2S) meson [33] and satisfies s;, < m§+ (25)" The
Borel parameter M3 also complies with constraints of SR
analysis. But these two sets (M2, s,) and (M3, s{,) should
lead to relatively stable regions where g;(¢®) can be
evaluated.

It is known that the sum rule method gives credible
results only in the Euclidean region ¢> < 0. Therefore, we
introduce a new variable Q% = —g> and denote the
obtained function by g¢;(Q?). We compute g,(Q%) by
varying Q% within the boundaries Q> = 1-10 GeV? and
depict the obtained results in Fig. 1. Let us emphasize that
at each Q7 calculations performed here meet constraints
imposed on parameters M? and s, by the SR method. For
example, in Fig. 2, the coupling g, (2 GeV?) is plotted as a
function of the parameters M7 and M3 at the middle of the
regions s, and s(,, where it demonstrates a relative stability:
Indeed, upon changing M? and M3 inside of explored
regions, variations of g;(2 GeV?) do not exceed +-12% of
the central value. At the point Q* = 2 GeV?, we get
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FIG. 1. QCD predictions and F(Q?) functions for the form
factors ¢;(Q?) (solid line) and gs(Q?) (dashed line). The
couplings g; and gs are extracted at the points Q% = —m?% and
Q? = —m3. labeled on the plot by the red diamond and star,
respectively.

91(2 GeV?) = (2.30 £ 0.26) x 1072 GeV~!. (21)

To calculate the partial width of the process X4, — BT B~,
one needs the value of the form factor g; (¢*) at the mass shell
of the B~ meson g*> = m%. To this end, it is necessary to
introduce a fit function F,(Q?) that at momenta Q> > 0
leads to the same data as the SR computations but can be
extrapolated to a region of Q® <0 and employed to
fix F,(-m3%).

In present article, we use the functions F;(Q?):

2 2\ 2
70 =Aew[d L+ a(%)] e

with parameters 7Y, ¢}, and ¢7. They should be fixed by
comparing SR predictions and F,(Q?). Analysis carried
out in the case of the form factor g,(¢*) gives F! =
0.02 GeV~!, ¢l =10.07, and ¢} = —68.03. This function
is depicted in Fig. 1, where one can be convinced in nice
agreement of F(Q?) and QCD SR data.

g1 (Gev-1 ) 0.02

18.0

M3(GeV?)

FIG.2. The strong coupling g = g, (2 GeV?) as a function of the
parameters M? and M3 at sy = 377.5 GeV? and s}, = 34 GeV>.

For the coupling g;, we find
g =F (-m3) = (649 +1.41)x 1073 GeV~!, (23)

where ambiguities in Eq. (28) are generated mainly by the
choice of the parameters M? and s,. Let us note that we
calculate the correlation function IT°PE(p, p’) and g, (and
other strong couplings) at leading order of QCD. In general,
the next-to-leading-order (NLO) perturbative contributions
improve accuracy of theoretical analysis and are necessary
to fix a scale u in heavy quark masses and vacuum
condensates. Depending on the problem under consider-
ation, NLO terms may affect the final results. Indeed, NLO
corrections to parameters of light four-quark mesons are
significant [34]. At the same time, similar contributions to
masses of doubly heavy tetraquarks calculated in Ref. [35]
by means of the inverse Laplace SR approach were found to
be numerically small. The smallness of NLO corrections in
mass computations may be explained by an analytic form
of the relevant SR given as a ratio of two-point correlation
functions. This is not the case for vertex functions, where
NLO effects may be large. But this problem requires
detailed studies, which are beyond the scope of our paper.

The width of the channel X,, — BTB~ is given by the

formula
/12
og) 09

22
[[Xy, — BYB™] = @ 28~ <1
87 5

where A = A(m, mg, mp) and

x* —l—y4 +z4-2 x2y2 +x%7? —l—yzzz
Ax,y,z)= % éx ). (25)

We find
I'[X4, » BB~ = (1.10 £ 0.34) MeV. (26)

The parameters of the decay X, — B°B’ almost
coincide with ones for the process X4, — B™B~, though
there is a small gap between the masses mp, = (5279.63 &
0.20) MeV and mj of the mesons B® and B*. As a result,
one obtains ¢,(¢*)~g,(¢*) and T,[X4 — BB~
I'[X4, » BTB7].

The analysis of the process X,, — BYBY requires some
modifications. First of all, the interpolating currents of the
mesons BY and BY are, respectively,

JB‘(X) = 5;(x)irsb;(x), JB(x) = bi(x)iyssi(x).  (27)
The matrix element of BY and B? mesons is

2
J,mp,

0[J55|B%) = ,
(O B8) = =

(28)
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TABLE L.

Decay modes of the tetraquarks X, and T, strong couplings g, and G,, and partial widths I, and T,. For all decays, the

Borel and continuum subtraction parameters in the Xy, channel are M? € [17.5, 18.5] GeV? and s, € [375, 380] GeV?, whereas in the
T4, channel M? €[17.5,18.5] GeV? and 3, € [380, 385] GeV? have been used.

l Modes M3} (GeV?)  s; (GeV?) g (Gev™) I'; (MeV) G, (Gev™) [, (MeV)

1 B*B~ 5.5-6.5 33.5-34.5 (649 +1.41)x 107 1.10£0.34  (1.024+021)x 1072 2.92+0.89
2 B°B° 5.5-6.5 33.5-34.5 (649 £1.41) x 1073 1.10£0.34  (1.024+021)x 1072 2.92+0.89
3 BYBY 5.5-6.5 34-35 (561 +£1.21)x 102  081+025  (0.85+0.17)x 1072 1.99+£0.59
4 B! B: 6.5-7.5 45-47 (4.67+£0.89) x 1073 051+0.14  (48740.95)x 107  0.59+0.16
5  BB— 55-6.5 34-35 (1.36+0.26) x 1072 226+0.62  (1.75+035)x 1072 405+ 1.15
6 BB 5.5-6.5 34-35 (136 £0.26) x 1072 226+0.62  (1.754+0.35)x 1072 405+ 1.15
7 BB 6-7 35-36 (1.14£022) x 1072 1.58+£043  (1.59+0.32)x 1072 3.32+£0.95

with mg = 93.4f§f MeV being the s quark’s mass. In
Eq. (28), mp = (5366.914+0.11) MeV and fp = (234+
5) MeV are the mass and decay constant, respectively, of
these mesons. Therefore, Eqgs. (15) and (16) change accord-
ingly, where one should replace m? — (m;, + m,)?.

In computations of g;(¢*), we use the following Borel
and continuum subtraction parameters: for the X, channel

the parameters (M3, s,) from Eq. (18) and

M2€[55.65) GeV2, s, €[34,35] GeV2,  (29)

for the BY channel. The fit function F3(Q?) necessary for
further computations is determined by the parameters
F9=0.02GeV™!, ¢} =9.67, and ¢} = —63.84. Then,
for the coupling g; and width of the decay X,, — BYBY,
we find

g3 = F3(-mp) = (5.61 £ 1.21) x 107 GeV~',
I'3[X4, — BYBY = (0.81 £ 0.25) MeV. (30)

The investigations of the fourth decay X4, — B} B7 can
be carried out in the standard way. In this case, we consider
the correlation function, in which the interpolating currents
for the mesons B} and B_ have the forms, respectively,

JE(x) = By(0irse;(x). I (x) = &(®)irshix). (1)

The matrix element of these mesons is

2
fB(.mBE (32)

(0[5 ,
my, + m,

BC> =

with mp = (627447 £0.27) MeV and fp = (476 &
27) MeV being the mass and decay constant, respectively,
of BF [31,36]. The form factor g,(g?) is extracted from the
SRs using the following parameters:

M35 €1[6.5,7.5] GeV?, sy €[45,47] GeV2.  (33)
The fit function F4(Q?) is given by the parameters F§ =
0.009 GeV~!, ¢! =4.58, and ¢3 = —8.89. Then, for the

coupling ¢, and width of the decay X4, — B!Bg,
we get

g4 = Fy(—mp ) = (467 £0.89) x 107 GeV~,
[y[X4 — BSBZ] = (0.51 £0.14) MeV. (34)

Predictions obtained for parameters of these decays are
collected in Table 1.

III. CHANNELS X, — B**B*~, B*B*,
AND B:'B:*

The decays of the tetraquark Xy, to vector mesons B;B(*],
with some modifications, can be analyzed as the ones
studied in the previous section. Let us consider the process
X4 — B*FB*~ and evaluate the form factor gs(g®) corre-
sponding to the vertex X4,B*tB*~.

The correlation function required to derive SR for gs(¢?) is

M, (p.p') = i / dhxdye e PO T{JE (v)
X< J7 (07 (0)}0). (35)

where

B = Bi0ra(x). IE(x) = w(0nbix)  (36)
are interpolating currents for the vector mesons B** and B*~,
respectively.

The IT,,(p. p') in terms of physical parameters of the
particles X4, B*", and B*~ has the decomposition

‘ 95(q*) fmfg-mp.
M2 (p. q) = . AP

(p* =m?)(p? = mp.)(q* — mp.)
m? —m2, —
X <+gﬂu_pup2) +e (37)

Equation (37) is obtained using the matrix elements

B (p')) = fgmpe,(p'),
B (q)) = fpmpe(q). (38)

(037
(o
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where  mp- = (532471 £0.21) MeV ~ and  fp =
(210 £ 6) MeV are the mass and decay constants, respec-
tively, of the B** mesons [31,37]. Here, ¢,(p’) and &,(q)
are the polarization vectors of B*" and B*~, respectively.
The vertex X4, B*TB*~ is modeled by the expression

(B (p")B*~ ()| Xan(p))
=9s(¢*)[(g-P)e(p) - €*(q) = p' - €"(q)q - € ().
(39)

The QCD side of SRs is determined by the formula

T

< Tr[S ()7, S (=x)SE (x = y)y, ). (40)

4 G* oy i
H,?EE(p,P/) _ _9m . <as >/d4xd4yezpye—tpx
b

In the SR computations, we make use of invariant
amplitudes [T"™(p2, p”2, ¢?) and TI°PE(p2, p2, ¢*) which
correspond to terms g,, in the physical and QCD sides,
respectively. After Borel transformations and continuum
subtractions, the SR for the form factor gs(q¢?) reads

2 q> —m3,

fmfa.my m* —my — q*

x "w /MM, 5, ¢2). (41)

emz/M%

95(612)

with T1(M2, sy, ¢%) being the amplitude TI°E(p2, p?2, ¢?)
after relevant manipulations.

The partial width of the decay X, — B*"B*~ can be
evaluated by means of the expression

m2.2 (mi 22
Us[Xyy = B B*] = g3 8Bﬂ' <m32 +37> (42)
B*

where 1 = A(m, mp., mp.).

The coupling g5 is determined in accordance with a
scheme explained above. In Fig. 1, we provide the SR data
and extrapolating function F5(Q?) employed to find gs. To
extract the SR data, we have used the working regions
Eq. (29). The coupling g5 has been evaluated at the mass
shell of B*~ meson. This coupling and partial width of the
decay X4, — B**B*~ are equal, respectively, to

gs = Fs(—m3.) = (1.36 £ 0.26) x 107 GeV~,
[s[Xy, — B**B*7] = (2.26 - 0.62) MeV. (43)

Predictions obtained for parameters of other modes are
presented in Table 1. Here, one can find couplings g¢ and g7,
as well as partial widths of the decays X, — B**B*" and
B:°B:°. The strong coupling g, of particles at the vertex
X4,B°B*0 and width of the channel X4 — B*0B*°
do not differ numerically from those for the process

X4 — B*TB*~. To calculate parameters of the mode
X4, = B:°B:°, we have used the following input infor-
mation: the mass of the B:° meson mp: = (54158 &
1.5) MeV and its decay constant fp. = (221 47) MeV.
In this case the regions for M3 and s{, are chosen as

M2e6.7] GeV2, s, €[35.36] GeV2.  (44)

For the width of the decay X4, — B°B:°, we obtain
y[Xy — BOB) = (1.58 + 0.43) MeV.  (45)

Information about partial widths of the decays obtained
in last two sections allows us to estimate the full width of
the tetraquark X,y:

Ty = (9.62 + 1.13) MeV. (46)

IV. PROCESSES Ty, — B,B, AND Ty, — B;B;

The scalar tetraquark T4, was studied in Ref. [16], in
which we calculated the mass 7z and full width 'y, of this
particle. It was modeled as a diquark-antidiquark com-
pound built of pseudoscalar constituents. The interpolating
current for such a state has the form

J(x) = b (x)Cby (x)by(x)Ch] (x). (47)
The spectroscopic parameters of 7'y,

i = (18858 & 50) MeV,
f=1(9.54+0.71) x 1072 GeV* (48)

were extracted from the two-point SRs by employing the
following parameters M? and 5:

M?€[17.5,18.5] GeV?,
30 € [380, 385] GeV>. (49)

In accordance with these results, the tetraquark 7', can
decay through the channel 7'y, — 7,,1,,. The full width of 7'y,
was estimated using this decay mode and found equal to

[y = (94 4 28) MeV. (50)

The processes Ty, — B qB o are additional decay channels for
the tetraquark 7'4,: By taking into account these modes, we
are going to refine our previous prediction for Iy,

The treatment of these processes does not differ from our
analysis presented above. There are only some differences
generated by the interpolating current of the tetraquark Ty,
and its parameters. For instance, in the case of the channel
T4 — BTB~, the phenomenological side of the required
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FIG. 3. The sum rule results and extrapolating functions for the
form factors G, (Q?) (solid line) and G5(Q?) (dashed line). The

strong couplings G, and Gs are found at the points Q> = —m3
and Q* = —m%. and denoted by the red diamond and star,
respectively.

sum rule after substitutions m, f — i, f and g,(¢?) —
G,(q?) is given by Eq. (8). The mass and current coupling
of T, emerge in this expression through the matrix element

(01| Tas) = i, (51)
whereas G, (g?) arises from the vertex
(B*(P")B~()|Tw(p)) = Gi(a®)p-p'.  (52)

The form factor G,(g*) describes strong interaction of
particles at the vertex T,,B"B~ and is a quantity which
should be estimated at g> = m%.

The correlation function [T°"E(p, p’) in terms of quark

propagators reads

. 1 G? P
HOPE(p,p’) = _9mbﬂ <asﬂ >/d4xd4ye’p Y o—ipx

x Tr[Si (y)S} (=x) S5 (x = y))- (53)

Then, the sum rule for G,(¢?) has the form

2 2 2
Gi(q*) == 2 T =B i/ M} i/ 113
Fim fmiy m® +mj — g

with TI(M?, sy, ¢%) being the Borel transformed and sub-
tracted invariant amplitude TT°PE(p2, p”2, ¢?).

The remaining manipulations are similar to ones
explained above. In numerical computations of G,(g?)
as the parameters (M?, s) for the Ty, tetraquark’s channel,
we employ regions Eq. (49), whereas (M3, s{) in the B*

channel are the same as in Eq. (20). Results of computa-
tions are plotted in Fig. 3.

The extrapolating functions F,(Q?) employed for analy-
sis of the Ty, tetraquark’s decays have the same functional
dependence on the momentum Q” = —g? with replacement
m* — m? in F;(Q?). Its parameters, in the case of the
vertex T4, BTB™, are

FU=004 GevV!, ¢l =1047, ¢ =-7281. (55)

Then, one can easily evaluate the coupling G; and partial
width of the decay T4, — BTB™:

G, =F,(-m}) = (1.02+£0.21) x 1072 GeV~'  (56)
and
[Ty — BYB7] = (2924+0.89) MeV.  (57)

The remaining processes Ty, — B°B°, BYBY, and B B,
are explored by a similar manner. The parameters of the
second decay T4, — B°B° are approximately the same as
the ones for the first channel. In the case of T4, — BYBY
and Ty, — Bl B_, we obtain

Gy = F3(—-m3 ) = (0.85+0.17) x 1072 GeV~',
[5[Ty — B9BY] = (1.99 & 0.59) MeV (58)

and

Gy =Gy(-m3.) = (4.87£0.95) x 107> GeV~',
[4[Ty — BEB;] = (0.59 +0.16) MeV, (59)
respectively.

Parameters of the decays Ty, — BqB; are collected in

Table 1. In Fig. 3, we plot also the function G5 = Gs(Q?)
and corresponding SR predictions for the form factor

Gs(Q).

The sum of partial widths of the decays considered in the
present section,

BB = (19.84 £2.35) MeV, (60)

as well as parameters of the process 74, — 1,1, allows us
to evaluate new prediction for the full width of T:

Il = (114 +29) MeV. (61)

The main contribution to T} comes from the channel
T4, — 11, with the branching ratio

B(Ty = npnp) = ap/Tie" % 0.82. (62)

The remaining modes constitute ~0.18 part of the full
width and can be considered as sizable corrections to T,
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V. SUMMARY

In the present article, we have explored decays of fully
beauty scalar tetraquarks Xy, and Ty, to B,B, and B}B;
mesons in the context of the QCD three-point sum rule
method. These decays are very important for exotic mesons
with masses below 27, threshold, because they form an
essential part of their full widths.

We have modeled X, and Ty, as diquark-antidiquark
states built of diquarks with different spins. Thus, ingre-
dients of the tetraquark Xy, are axial-vector diquarks,
whereas T4, is composed of pseudoscalar ones. The masses
and current couplings of X, and T, were computed in the
context of SR method in our articles [14,16].

The mass m of Xy, is less than the 27, limit; therefore,
the full width of this tetraquark 'y, = (9.62 £ 1.13) MeV
has been estimated in the current article using namely these
processes. The tetraquark 7', with the mass /m above 2y,
threshold dissociates to 7,1, mesons which form an
important part of its full width. Nevertheless, contributions
of the channels Ty, — B, B, and B;;B; to the full width of
Ty, are sizable.

Decays of the tetraquark bbb b with the spin-parities
JPC =0** and mass below 27, were explored using
different models in Refs. [23,30] as well. In these articles,
the full width of such a state was estimated as 1.2 and
8.5 MeV, respectively. The channel Yupu~ was analyzed
in Ref. [24], where the width was found in the range
107310 MeV.

As is seen, our prediction for 'y, is consistent with result
in Ref. [30]. But, there are other decays of X4, which may
contribute to 'y, and modify it considerably. In the context
of the method used in Ref. [30], the process 7, + H seems
important to estimate I'y,. This decay is definitely beyond
reach of the sum rule method and has not been considered
here. In other words, additional efforts are necessary to
make model-independent predictions for widths of fully
beauty tetraquarks lying below the 27, threshold.
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