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ARTICLE INFO ABSTRACT

Editor: A. Ringwald The fully heavy axial-vector diquark-antidiquark structures bbcc are explored by means of the QCD sum rule
method. They are modeled as four-quark mesons T} and T, composed of bTCzrmy5 b, EyVCET and bTCyu 7sb, cce”
diquarks, respectively. The spectroscopic parameters of the tetraquarks 7} and T, are determined in the context
of the QCD two-point sum rule method. Results obtained for masses of these states m; = (12715 + 86) MeV
and m, = (13383 +92) MeV are used to fix their strong decay channels. The full width I'(T}) of the diquark-
antidiquark state 7} is estimated by considering the processes T} — B, B~ and T| — B}~ B;~. The decays to
mesons B, B:~, B7(25)B}~ and B!~ B}~ are employed to evaluate I'(T;). Results obtained for the widths I'(T} ) =
(44.3 +£8.8) MeV and I'(T,) = (82.5 + 13.7) MeV of these tetraquarks in conjunction with their masses are useful
for future experimental studies of fully heavy resonances.

1. Introduction

The exotic four-quark mesons containing only heavy b or ¢ quarks
and their properties were already under consideration of researchers.
This interest intensified after discoveries of four X resonances by the
LHCb, ATLAS, and CMS Collaborations [1-3]. These new structures
were observed in J/wJ /y and J /ywy’ mass distributions and occupy
6.2 — 7.3 GeV mass positions in the hadron spectroscopy. They are pre-
sumably fully charmed tetraquarks investigated in Refs. [4-20] though
there are alternative explanations in literature as well [21,22].

Another class of fully heavy structures are exotic mesons bbcc/ccbb.
They are interesting objects because some of them with masses below
the relevant B, B, thresholds may be stable against strong decays. It
is clear that such tetraquarks transform to conventional particles only
through electroweak processes, and should have considerably longer
lifetime. In this aspect bbec/ccbb differ from the tetraquarks bbbb and
ccee: due to bb and c¢ annihilations they are strong-interaction unstable
even residing below two-particle bottomonia (or charmonia) production
limits [7,8,19].

The next reason to explore the tetraquarks bbcc/ccbb is two units
of electric charge that these particles bear. The existence of double-
charged tetraquarks was predicted in Refs. [23,24], in which the au-
thors calculated masses and partial widths of some of their decay
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modes. Such structures were analyzed in a detailed form in Refs.
[25,26] as well. The first double-charged tetraquark seen in experiment
is the scalar resonance TC“SO(29OO)++ observed recently by the LHCb

Collaboration [27,28]. It has the quark content cusd and is also a fully
open-flavor four-quark system. It is worth noting that the fully open-
flavor tetraquarks were originally studied in the diquark-antidiquark
model in Refs. [29,30].

The heavy tetraquarks bbcc were already considered in the frame-
work of various methods [31-37], in which the authors investigated
different aspects of their physics. In fact, the masses of particles with
JP =07%, 17 and 2* were evaluated in the color-magnetic interaction
model in Ref. [31] and found above the B,B, threshold 12549 MeV.
Weak decays of the scalar tetraquark bbcc were analyzed in Ref. [32].
The mass spectra of fully heavy tetraquark states were calculated in two
nonrelativistic quark models which contain one gluon exchange, linear
confinement and hyperfine potentials [33]. In accordance to these stud-
ies the structures bbcc with the quantum numbers J¥ = 0+, 17~ and
2+ reside above the B, B, thresholds. The masses of the scalar, axial-
vector and tensor tetraquarks bbcc within a potential model were found
equal to 12947 MeV, 12960 MeV and 12972 MeV, respectively, which
demonstrate their strong-interaction unstable nature [34]. In the rela-
tivistic quark model, this problem was addressed recently in Ref. [35],
in which masses of the J¥ = 0%, 1* and 2+ diquark-antidiquark states
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bbcec were evaluated as 12848 MeV, 12852 MeV and 12859 MeV, re-
spectively: All of these particles are above the relevant B, B, thresholds.

But analyses carried out using QCD moment sum rule method led
to conclusions that certain structures cchb with JP = 0*, 1+ and 2+
are strong-interaction stable states [36]. As a result, such tetraquarks
can transform to ordinary particles only through electroweak processes.
The same structures were investigated in the context of the dynamical
diquark model and predicted to be stable against strong decays as well
[371.

In our article [38], we explored the scalar tetraquarks X, X, = bbcc
composed of axial-vector and pseudoscalar diquarks, respectively. The
masses of these states (12715 + 80) MeV and (13370 + 95) MeV over-
shoot the threshold for production of B B, mesons. This means that
the scalar tetraquarks X; and X, with different internal organiza-
tions are strong-interaction unstable particles. We evaluated also their
full widths by considering the strong decay channels X; — B_ B, and
B~B;~, and X, — B_ B_, B] B;(2S), and B~ B:~, respectively. Our
predictions for the full widths of these states I'} = (63 + 12) MeV and
I', = (79 + 14) MeV allowed us to interpret them as tetraquarks with
moderate width.

In the present article, we continue our investigations of the fully
heavy tetraquarks by analyzing the axial-vector particles bbcc. We
model the tetraquark 7' as an exotic meson with structure Co,,7s ®

yYC built of a diquark bTCO'MVJ/Sb and antidiquark EyVCET. The
tetraquark T, has the composition Cy,ys ® C and contains a vector
diquark and pseudoscalar antidiquark. The states T} and 7, have color
triplet 3_c ® 3. and sextet 6, ® 36 structures, respectively. The spectro-
scopic parameters of these tetraquarks are computed in the framework
of the QCD sum rule (SR) approach [39,40]. To find widths of 7} and
T,, we invoke the three-point SR method which is required to evaluate
the strong couplings of T)(,) and final state-mesons B, B, with appro-
priate spin-parities and charges.

This work is composed in the following manner: In Sec. 2, we com-
pute the spectroscopic parameters of the axial-vector tetraquarks 7 and
T,. Using obtained predictions for masses of these systems, we deter-
mine their kinematically allowed decay channels. In Sec. 3, we consider
decay modes of T} and compute its full width. The section 4 is devoted
to analysis of decays of the structure T7,. Our concluding notes are pre-
sented in Sec. 5.

2. Mass and current coupling of T; and T,

In this section, we calculate the mass m,;, and current coupling
Az (a pole residue) of the axial-vector tetraquark T),, = bbcc in the
QCD two-point SR framework.

The SRs for the quantities m;, A; and m,, A, can be derived from
analysis of the following correlator

M, (p)=i / d*xe P (O[T (1,01 O)}0). )

Here J,(x) is an interpolating current of the particle under considera-
tion. The symbol T is adopted for the time-ordering of two currents. To
model the tetraquarks 7, and 7,, we use the currents

JHx) = [b] (x)C0,,, rsby(0)[E, (x)r* CT, (x)], @
and
T2(x) = [b] (X)CY,,75by (01 ,(x)CT, ()], 3)

Let us consider in a detailed form computation of the parameters
m; and A,. The correlation function HL ,(p) can be presented using the
physical parameters of the tetraquark 7). Having inserted into Eq. (1)
a full set of states with the spin-parities and contents of 7}, and carried
out integration over x, we get

iy, LT ONTGOT0)

I,

(€]

m?—p2
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In expression above, only the contribution of the ground-state particle
is written down explicitly: Effects of higher resonances and continuum
states are denoted by the dots.

1Phys

uv (D), it is convenient to introduce the

For further detailing of IT
matrix element

(O, 1Ty (p, €)y = Ay, (p), (5)

where ¢, is the polarization vector of T;. Then, it is easy to find

H}llzhy *(p) which is given by the formula

1-Ill)hys _ A% PPy 6
v (p)—m%_p2 =gt . + e (6)

In what follows, we are going to use the invariant amplitude IT'Phs(p?)
corresponding to the structure g,,,,.
The QCD side of the SRs for the parameters m; and A, is equal to

MIOPE(y) = / e (e [ 8y S ()

X [Tr [S,l,’b’ 750,550 (X)Gusifs]

—Tr [S,fb’(X)}'sffvag,fa/(X)"uo?’s]] +Tr [Vggf’b(_x)

xp 59| [Tr [S2¥ (750,530 (510,015

—Tr [sbb”’ (x)ysav(;gga,(X)O'ngs]] } . @

where EQ(x) = CSg(x)C with Sj(x) being the b and c-quark prop-
agators [41]. We denote by IT'OPE(p?) the invariant amplitude which
corresponds to the term g, in the correlator HL(V)PE(p).

The sum rules for the mass and current coupling of the tetraquark
T, are given by the expressions

Hll M2,
2 = LM 50) ®
U (M2, sy)
and
A2 = MM (M2, ), ©)

where IT'(M?2,sy) is the amplitude IT'OPE(p?) after the Borel transfor-
mation and continuum subtraction procedures. Here M2 and s, are the
Borel and continuum subtraction parameters, respectively. In Eq. (8),
we also adopt a notation TV (M2, 5p) = dril (M2, so)/d(—l/Mz).

In numerical computations, we employ the input parameters

(a,G? /) = (0.012 + 0.004) GeV*,

my =4.18*7003 GeV,

m, =(1.27+0.02) GeV. 10)

The auxiliary quantities M? and s,, are chosen within limits

M? €[12,14] GeV?, s, €[180,185] GeV?, an

which comply with all constraints of SR calculations. Indeed, at M2 =
14 GeV? and M2 =12 GeV? on the average in s, the pole contribution
is PC ~ 0.5 and PC ~ 0.64, respectively (see, Fig. 1). At M2 =12 GeV?>
the nonperturbative contribution is positive and forms 2% of the whole
result.

The mass m; and current coupling A, are found as mean values
of these parameters calculated at 10 different points from the regions
Eq. (11). For example, the maximum m; = 12800 MeV is reached at
M? =14 GeV? and s, = 185 GeV?, whereas m, gets its minimum value
12630 MeV at M2 =12 GeV? and s, = 180 GeV>. As a result, we find

my = (12714 + 86) MeV,
A; =(2.27 £0.26) GeV°. (12)
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Fig. 1. The pole contribution PC as a function of the Borel parameter M2 at
different s,. The horizontal line limits a region PC = 0.5. The red star marks the
point, where the mass m of T} has effectively been computed.

Here, the errors are generated mainly by uncertainties in the choice of
the parameters M2 and s,: Effects of ambiguities in Eq. (10) on the final
output are small. The results in Eq. (12) effectively amount to the SR
predictions at the point M2 =12.9 GeV? and s, = 182.5 GeV?, where
the pole contribution is PC ~ 0.57. This fact guarantees the dominance
of PC in the obtained results, and proves ground-level nature of T} in
segment of axial-vector tetraquarks bbcc. The dependence of the mass
m; on M? and s is shown in Fig. 2.

The parameters of the tetraquark 7, are determined by the similar
manner. Below, we provide the correlation function le‘CV’P E(p) for the

current J‘f(x)

2P (p) = i / dixer { Tr |30 (x)5%(-)|

x [T [ orsr, Se o |

+Te[S3 rsr S Comrs || +Te [ S7-)

xS0 [Tr [ orsr, 3¢ oomrs

e [557 rsn S8 omrs | - (13)
The spectroscopic parameters m, and A, of this particle are equal to
my = (13383 +92) MeV,
Ay =(1.01£0.12) GeV?, 14
which are obtained by employing the working windows

M? €[12,14] GeV?2, s, € [200,205] GeV>. (15)

The pole contribution for M2 € [12,14] GeV? on average in s, is larger
than 0.5 and varies within limits

0.65 > PC > 0.50. (16)

At M2 =12 GeV? the nonperturbative contribution is negative and does
not exceed 3% of the correlation function. Our predictions for the mass
m, of the tetraquark T, are plotted in Fig. 3.

3. Width of the tetraquark T}

The mass m; of the diquark-antidiquark state T, proves that it
can decay to BB~ and B B;” mesons. In fact, the mass mp =
(6274.47 + 0.27) MeV of the meson B is known experimentally [42].
For the mass of the vector particle B;~, we use the theoretical pre-
diction mp+ = 6338 MeV from Ref. [43]. It is evident, that processes
T, - B, Bf“ and 7| — B}~ B}~ are kinematically allowed channels for
the tetraquark 7). As the decay constants of B, and B~ mesons, we
employ fp = (476£27) MeV and f g =471 MeV [44,45], respectively.

Physics Letters B 851 (2024) 138562
3.1. Process Ty = B, B:~

The width of the decay T} — B_ B>~ can be calculated by employing
the strong coupling f of particles at the vertex T} B B.™. To this end,
we are going to study the QCD three-point correlation function

HLV(P,P') = i2/d4xd4yeiplye‘iPX(OIT{Jf? o)
xJ B (0)J ! (x)}[0), an

where

I Pe(x) =¢;(x)iysh; (x),
J4E () =€)y, b,(x) as)

are the interpolating currents for the pseudoscalar and vector mesons
B and B;~, respectively.
Our aim is to analyze the correlator HL (D, p') and find the sum rule

2

for the form factor f,(¢%) which at > =m % 8ives the strong coupling

f1- The SR for f (¢?) can be derived by means of usual recipes of the
. 1 .
approach. First, we represent H” ,(p.p') by employing the parameters of

T, and final-state mesons. The correlation function HL}:hyS(p, p') calcu-
lated by this way establishes the phenomenological side of SR and has
the form

O, 1B 0) (017 |B, (@)

1Phys
I, (p.p") PR —
P g g —mp,
. (Ty(p,e)|4)"10)
X(B;(p.€) B.(q)|T (p, ) ————5—
p*—m
o 19)

To rewrite I'I,lf‘:hys(p, p’) in a form suitable for further manipulations,
we make use of the matrix elements

fp,m3
(O1J5|By=—""c
mb + mc
B* «
(O 1B .0)) = f 2 mpr £, (P, (20)

where ¢, is the polarization vector of the meson B;~. It is convenient
to model the vertex T} B, B~ in the following form

(B*(t, )BTy (p.€)) = f1(@*) [(p- P')e - €¥)

- -e)p- . (1)

Having determined the required matrix elements, it is not difficult to
find that

2
Avfpmy f:mg:

(my +m) (92 =2 (2 =i, )

1Phys
1, (p.p') = /1(¢%)

/
@ —m) 2 By TPy | (22)
BC

The correlator H,l,l;hys(p, p') is a sum of two different Lorentz structures,
one of which should be chosen for investigations. We work with the

Phys(pz, p'?,¢%) that corresponds, in Eq. (22), to

invariant amplitude IT)

the structure g,,, .

The correlator H}BPE(p, p’), expressed using the quark propagators,
reads

MOPE(p, ) =24 / d*xd*ye'? Ve P¥ {Tr [15.51(~x)

x150,05) (0 = 0,8 (x = )" SH0)|

—Tr [VsS,’;“(—X)J/56V9§,fb(y - %)y, 8% (x - y)
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Fig. 2. Mass m, of the tetraquark 7} as a function of the Borel M 2 (left panel), and continuum threshold s, parameters (right panel).
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Fig. 3. Dependence of the mass m, on the Borel parameter M? (left panel), and continuum threshold parameter s, (right panel).
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The HL‘V)PE(IJ, p’) also consists of two Lorentz structures proportional

(23)

to g,, and p,p, respectively. Having labeled by HIOPE(pZ,p’z,zﬂ) the
amplitude corresponding to the term g,,,, we determine the SR for the
form factor f,(¢%)

2 2
2my +m,) q° —mp

c

fil@® =

2 2
AlfBCmBCfBijj m? +mB: _q2

2 4y2 mi, /M2
)(eml/Ml emBL'/ 2H1(M2,so,q2). (24)

In Eq. (24), T, (M2, s, ¢°) is the function H?PE(pz, p'?,¢?) after the Borel
transformations and continuum subtractions. As a result, it depends on
the parameters M2 = (Mz,Mzz) and sy = (g, 56). The pair (Mlz, s() cor-
responds to the initial tetraquark channel, whereas (M. 2, s(')) describes
the B}~ channel.

In numerical computations for M 12 and s, we use Eq. (11). The pa-
rameters (M2, sg) for the B;“ channel are varied inside of the borders

Mj €1[6.5,7.5] GeV?, s, €[49,51] GeV™. (25)

The sum rule method leads to credible results for the form factor
f l(qz) in the Euclidean region ¢ < 0. But the strong coupling f | is
determined by f; (g%) at the mass shell g2 = méc. To solve this problem,
it is convenient to use the function f (0?) with Q2 = —¢? and introduce
a fit function F, (Qz,m%) = f1(0?) that at momenta Q2 > 0 coincides
with SR data, but can be extended to the domain Q2 < 0. To this end,
we employ the functions

)2

where FI.O, cil, and c,,2 are unknown parameters.

2 2
Fi(Q*,m}) = Flexp c}Q (2L (26)
"y my

T2 2

In the present SR computations, Q2 changes within the interval
0% =1-40 GeV2. The results obtained for fi (0?) are depicted in
Fig. 4. Then, by comparing QCD data and Eq. (26), it is not difficult
to extract the parameters F{) =0.38 GeV’l, cll =2.79, and cf =-344
of the function F,(Q?, m%). It is also plotted in Fig. 4, where one sees a
nice agreement of F; (0%, m%) with QCD data.

For the strong coupling f;, we find
fi=F (—mgc,mf) =(1.6+02)x 107! Gev~!. (27)

The width of the process T; — B_ B~ is determined by the expression

N
U1, — B, B"| = f; TP 3+? ; (28)
B;
where 4, = A(m|,mp+,mp ), and
A4 A 424 222 + 1222 + 1272
A y.z) = \/x yi+z (x?y* + x°z* + y*z ). 29)
2x
As a result, we find
I'[T) - B, B*"| =(32.5+8.3) MeV. (30)

3.2. Decay Ty — B;” B~

To explore the process T} — B~ B:~, we start from the correlation
function

(.0 =1 / d*xd*yel? Ve P (0|T (] )
B* "
XJ < (0)J,)(x)}10). )

To derive expression of this function in terms of physical parameters of
the tetraquark T} and B~ meson, we write it in the following form
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1Phys, 4
I (.p) Zom
(Ty(p. )14, 10)

pr—m

e (32)

The matrix elements of the B}~ meson and diquark-antidiquark state
T, have been defined above. An unknown matrix element here is one
connected with the vertex T} B;~ B.~, which we model by means of the
expression

X(BX(p'.(p)) B (q.£(@)| Ty (p.€))

(B (0 e(p) B! (q.£(@)ITy (p, €)) = fr(g")e*P"*
e, (0)ep(pe; (@) b + pe)- (33)

The correlator H};yv(P’ p') in terms of the physical parameters of the
particles T} and B~ reads

2/\ 2 2
s ) ) S @A S gy
usv ’ T2 22 2 2 _ 2
(= = m)(p'= — mp.)(q" —mp.)
. 2paPy€apus(Ps = Py)
X| €y (P + Pe) + ———F———
me,
BC
g /
papﬂpueaﬂﬁv papﬁpveaﬂéﬂ
m2 m2 (34)
B 1

The same correlation function obtained using the quark propagators has
the following form

HL?{E@, =2 / d*xd*yel?'yeix {Tr [r58i4(—x)

X750,050" (v = x)7,8% (x - y)y"Sfi(x)]
~Tr 1551 =x)750,05) (v = 07, 5 (x = )
xy? S|} (35)

Having used amplitudes corresponding to the structures ~ €4, p, both
in the physical and QCD expressions for the correlation function, one
can derive SR for the form factor f2(q2).

At the mass shell g2 = mi* of the B)~ meson, the strong coupling f,

is equal to
o= Fy(=miy,m) =(3.7£04)x 107", (36)

which is found by means of the function 7, with the parameters Pg =
1.1, c) =3.53, and ¢ = -3.58.

Physics Letters B 851 (2024) 138562

The width of the decay Ty — B> B.™ is determined by the formula
I —>B**B**]=fzﬁ 5+5¢§+§ 37
P % Pe 2487 &)

where 4y = A(m;,mps,mp+) and & = mf/mi* . Then, for the width of this
process we get ¢

I'[T, > B B"| =(11.8+3.0) MeV. (38)

Using information obtained in this section, we get the full width of the
tetraquark T

I(T})) = (443 +8.8) MeV, 39)

which characterizes it as a relatively narrow resonance.
4. Width of the diquark-antidiquark state T,

The mass of the axial-vector exotic meson 7, is large enough and
makes possible its decays to the final states B B)~, B} B}~ and
BZ(2S5)B;~. The meson B_ (25) is a radially excited state of the ground-
level particle B . The mesons B, and B (2S) are described by the
same interpolating current JZ. This means that the physical side of
the sum rule for the strong coupling F, at the vertex T, B, (2S5)B,~
necessarily contains a term corresponding to the vertex T, B B}~ with
coupling F;. Contributions of these two terms can be separated by
choosing an appropriate s, i.e., by fixing s, < rﬁf} with rip_being the
mass of the meson B (2S), we can include effects of F, into “higher
resonances and continuum states”. Then, it is not difficult to determine
the coupling Fj, and use it as an input parameter in the sum rule with

S0 > rﬁéc to extract F,. Below, we follow namely this strategy.

4.1. T,~ B;B*~ and T, - B; (25)B}~

The correlation function necessary to obtain the form factors Fl(qz)
and F2(q2) at the vertices T, B, B}~ and T, B (25)B;~ is given by the
formula

.0 = [ dtxdtye? e PO 0)

XJ 2% () (x)}10). (40)

The physical side of SRs for Fl(qz) and Fz(qz) is determined by the
expression

Ay fpemps
2Phys 2/ mpy
I, (p.p) = . .
(my +m,) (p> = ms3) (612 —mBz_k)
x| Fi(¢®) N e +q2g P4
1 (p/Z—méE) 2 nv g
+E () L el S
2(q P Euv — Pud
(p,z_m%?c) 2 Hv ptv
+e 41)

Here, m B, = (6871.2 +1.0) MeV and f~ B, = (420 +20) MeV are param-
eters of the meson B; (2.5) borrowed from Refs. [42,46], respectively.
The QCD side of the SRs is:
Hi?PE(p,p’) =2i / d4xd4ye’plye_i”x {Tr [nyia(—x)
X157, SiE (v = 2rs 89 x = y)SH ()|

—Tr [;/M ST =X)rs57, Sy = )75 SV x - )SY (x)] } . (42)
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(dashed line). The star and square show the points Q? = —mé* where the cou-
plings F| and F, have been computed. ‘

The functions Hil:hys(p, p') and Hi?PE(p, p') have two Lorentz structures
proportional to g,, and p,q,. In what follows, we employ the ampli-
tudes ~ g,,, to find SR for the form factors F,(¢%) and F,(¢%). We equate,

as usual, the invariant amplitudes Hﬁhys(pz, P2, 4% and ngE(p2, P24
corresponding to these structures and find an expression which contains
two unknown functions F;(¢?) and F,(g%).

We divide determination of the form factors F; (¢%) and Fz(qz) by
means of a SR equality into two stages. As the first step, we consider
F, l(qz), and employ a result obtained for this form factor at the second
stage to calculate F2(q2). In both stages of analysis, we use for (M 12 50)
the parameters of Eq. (15). These two phases are distinguished by the

regions chosen for the parameters (M, 2, sg). At first, we limit 56 by the

2

mass of the meson B_ (2S) and fix s:) <m . This allows us to treat the

BL
contribution of the vertex T, B B;™(2S) as “a continuum effect” and

explore only the first component in Eq. (41). The parameters (M. 2,56)
are determined by the expression

Mj €[6.5,7.5] GeV?, s, € [45,47] GeV?. (43)

The form factor F| (¢%) can be modeled by the fit function gl(Q2,m§)
with parameters Q? =0.31 GeV_l, gll = 4.39 and gl2 = —0.74 (see,

Fig. 5). Let us note that the functions ¢ I (02, m%) have the analytic form

of Eq. (26) with substitutions m% - mg and 7’/(.), c;(z) - Q?, g}(z), respec-

tlve’?lze strong coupling F, computed at the mass shell ¢*> = méj of the
B’ meson is equal to

F, zgl(—miﬁ,mg):(l.lio.l)xlo—l GevL (44
At the next step, we choose

M3 €165,7.5] GeV?, 53 € [48,50] GeV?, (45)

and utilize F; (¢%) as an input to extract the form factor Fz(qz), where
s(*j’ is limited by the mass of the meson B.(3S), i.e., mz[BC(BS)] =
(7.272)* GeV? [43]. Analysis carried out in the context of this approach
leads to the result

F2Egz(—mé:,mg)z(l.oio.l)x 107! Gev~!, (46)
2 *
B’
g21 =4.81 and g% = —3.01. Relevant information is shown graphically in
Fig. 5.

The width of the decays T, — B_ B;~ and T, — B (2S)B;~, after
necessary refinements, can be computed using Eq. (28):

where G,(—m m%) is determined by the parameters Qg =0.36 GeV~! N

[T, > B, B"| =(48.1 £ 12.2) MeV,
[T, — B;(28)B ™| =(19.0 +4.8) MeV. (47)

Physics Letters B 851 (2024) 138562

42. Ty~ B B*~

This process is investigated as the decay T; — B~ B;~ considered
in the previous section, differences being in the mass m,, correlation
function Hi?fE(p, p') and strong coupling F; at the vertex 7, BX~ B:~.

The physical side of SR for the form factor F3(q2), after some re-
placements, is determined by the expression Eq. (34). But the function

leng(p, p’) due to the current J’%(x) takes the following form

T29%E(p, p') = 212 / d*xd*ye?e P {Tr [1,5}(—x)

xr57,3) (v = 201, 8% (x = SV ()|
+Tr [y(;S[’;"(—x)yS 7,52y = %)y, 58 (x = y) 5 (x)] } . (48)

Remaining manipulations are standard ones, therefore below we
provide the final results obtained for this mode. The coupling F; is
computed at the mass shell of the B~ meson by means of the extrap-

olating function %(—mi*,mg) with parameters Qg =11.79, g31 =13.67

and g§ = —20.84. It is equal to

Fy=Gy(—mp.,m) =(1.9£0.2)x 107", (49)

The partial width of the decay T, — B}~ B~ is

['[T, > B B"| =(15.4+3.9) MeV. (50)

Then, one can easily estimate the full width of the tetraquark T,

[(T,) = (82.5 £ 13.7) MeV. (51)
5. Concluding notes

We have investigated the axial-vector tetraquarks bbcc by modeling
them as diquark-antidiquark states composed of a diquark bTCO'”VVSb

and antidiquark EyVCET (T) and a vector diquark and pseudoscalar an-
tidiquark (75), respectively. The structures T} and T, have color triplet
Z ® 3. and sextet 6, ® gc organizations, respectively. Our predictions
my = (12714 + 86) MeV and m, = (13383 + 92) MeV prove that these
tetraquarks are unstable against the strong decays. In this aspect, our
conclusions are in accord with ones made in Refs. [31,33-35]. But, we
could not confirm predictions made in Refs. [36,37] about the strong-
interaction stable nature some of the axial-vector particles bbcc.

The results for the masses of the structures T; and T, have per-
mitted us to reveal their possible decay modes. The full width of the
exotic mesons 7| and 7, are evaluated by computing partial widths
of the decays Ty — B; B:~, B:" B}~ and T, — B_ B}, B:” B}~ and
T, » B7(2S)B;~, respectively. Predictions for the full widths of the
axial-vector tetraquarks I'(T}) = (44.3 + 8.8) MeV and I'(T,) = (82.5 +
13.7) MeV mean that they may be interpreted as states with modest
widths.

As is seen there are controversial results for the parameters of the
bbec/cchb tetraquarks with spin-parities J® = 0%, 17 and 2*. Addi-
tionally, our analyses do not encompass all possible axial-vector states
which may be composed using diquarks (antidiquarks) with different
quantum numbers. Such structures may be also studied in the sum rule
framework. Because the four-quark compounds bbee/ccbb did not yet
discovered experimentally, it is difficult to make conclusions about fea-
tures of such particles. They may be pure T; or 7, states and bear
parameters of these structures. Alternatively, physical resonances may
be a superposition of these and other basic states.

In any case, further experimental and theoretical studies of multi-
quark mesons bbec/ccbb are required for reliable statements concerning
parameters of such tetraquarks. Our present analysis is a useful step in
this direction.
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