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Weak decays of the double-beauty tetraquark

Birten Barsbay'*
! Department of Physics, Dogus University, Dudullu-Umraniye, 34775 Istanbul, Turkey

Abstract. The spectroscopic parameters and decay channels of the axial-vector
tetraquark Tﬁ;’ built of heavy diquark bb and light antidiquark us are explored
using QCD sum rule method. Because this state is stable against strong and
electromagnetic decays, we consider its semileptonic and nonleptonic decay
modes. Partial widths of weak processes T, — Z9 v, and T}y — Z) M are
calculated using weak form factors G;(¢*) computed by QCD three-point sum
rules: Z(b):E is the scalar tetraquark with quark content bcus and M is a vector
meson. The full width and mean lifetime of the tetraquark Tzf?}/ obtained in this
work shed light on features of double-beauty tetraquarks and are useful for their
experimental investigations.

1 Introduction

Recently interest in double-charm and double-beauty tetraquarks was renewed after the dis-
covery of the doubly charmed baryon Z}F = ccu by the LHCb Collaboration [1]. Thus, infor-
mation on mass of this baryon was used in Ref. [2] to estimate the masses of the tetraquarks
Tb‘b - and T* - in the context of a phenomenological model. The obtained prediction for
U CCU
m = (10389 + 12) MeV confirms that the isoscalar state Tb‘b > with spin-parity J¥ = 17 is
SU

stable against strong and electromagnetic decays, whereas the tetraquark 7* - lies above the
CCU

open charm threshold D°D** and can decay to these mesons.
In the framework of the QCD sum rule method the spectroscopic parameters and weak
decays of the double-beauty axial-vector tetraquark Tb‘b - were calculated in Ref. [3]. The
SU

mass of the state Tb‘b__Z found in this work is m = (10035' + 260) MeV, which demonstrates

its stability against the strong and electromagnetic decays. The full width and mean lifetime
of Tb‘b - were evaluated in Refs. [3, 4] using its various semileptonic and nonleptonic decay
U

channels. The obtained results, 'y = (7.72 + 1.23) x 107® MeV and 7 = 8.53%] 3% fs, are
useful for the experimental investigation of the double-beauty tetraquark Tb‘b_ -

sud

In this work, we calculate partial widths of the semileptonic Tﬁ%’ - Zgﬁﬁl and nonlep-
tonic weak decays Tl’:g - ZgﬁM of the axial-vector tetraquark Tl’:g with quark content bbus,
where Zg;s is the scalar tetraquark [bc][us] built of a color-antitriplet diquark and triplet an-
tidiquark, and M is one of the vector mesons p~, K*(892), D*(2010)", and Dj . To this
end, we calculate the weak form factors G;(¢?) from the three-point sum rules at momentum
transfers ¢> where this method is applicable [5—8]. We determine model functions G;(¢?) and
find the partial widths of aforementioned weak processes. The full width and mean lifetime
of T/ are obtained as well.
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2 Weak Decays

The mass of the tetraquark T5Y may = 10215 MeV is 480/477 MeV below the thresh-
olds 10695/10692 MeV for its strong decays to mesons B~ B; and B*‘E?, respectively, and

431 MeV below the threshold 10646 MeV for electromagnetic decay B‘E?y [9]. This
means that T;f%’ is stable against strong and electromagnetic decays and transforms to or-
dinary mesons only through weak processes. Therefore, to evaluate the full width and life-
time of T/Y, we analyze the semileptonic and nonleptonic weak decays Ty — ZU_[v; and
T;“E/ - ZS:EM'

2.1 Semileptonic decays 7Y — Z9_ v,

Weak decays of T;f%’ can be generated by subprocesses b — W7c and b — W~u. The
processes triggered by the transition » — W~ ¢ are dominant relative to b — W~u ones: the
latter decays are suppressed relative to the dominant modes by a factor Va2 /|Vep> = 0.01,
with V, ,, being the Cabibbo-Khobayasi-Maskawa (CKM) matrix elements. In the present
work, we restrict ourselves by analysis of the dominant weak decays of TQ\E/.

The effective Hamiltonian that describes the subprocess b — W™c at the tree-level is
determined by the expression

G _ -
H = ZZVaeyu(1 = ys)bl (L= ys)w, M
V2
where G and V,;, are the Fermi coupling constant and CKM matrix element, respectively.
The matrix element of H°T between the initial and final tetraquarks contains the leptonic and
hadronic factors ‘
(Zy5(PIHMNTS (p) = LH". 2
We are interested in calculation of H¥, because the leptonic part of the matrix element L, is
universal for all semileptonic decays and does not contain information on tetraquarks. Then,
H* is the matrix element of the current

5= Ty,(1—ys)b 3)

between the initial and final particles. It can be modeled in terms of four weak form factors
Gi(¢g%) which parametrize long-distance dynamics of the weak transformation [10, 11]

(Zh-PONT XN () = Golg)e + Gi(q*)(ep )P,

+Go(q*)(€p )y + iG3(q)evape” P PP )
The scaled functions éi(qZ) are connected with the dimensionless form factors G;(¢?) by the
equalities
~ _ ~ Gi(g*)
Go(q") = mGo(q"), Gi(q") = —=—, j=1,2,3. (5)

Here, m = mav + mz, p, and €, are the momentum and polarization vector of the tetraquark
TN, p’ is the momentum of the scalar state Z_, P, = p, + py. and g, = p, — p,, is the
momentum transferred to the leptons. ¢ varies within the limits ml2 < ¢ < (may — mz)?,
where m; is the mass of a lepton /.

The sum rules for the form factors G;(¢*) can be obtained by analyzing the three-point

correlation function

. (p,p) = i f d* xd*ye" " POOIT (I Z(y)J5(0),,(x)}0), (6)

2



EPJ Web of Conferences 270, 00012 (2022) https://doi.org/10.1051/epjcont/202227000012

QCD@Work 2022

with J,(x) and Jz(y) being the interpolating currents for the tetraquarks TAY and ZO 5 Te-
spectively. In accordance with standard prescriptions, we express I, (p, p’) usmg the masses

and couplings of the tetraquarks and determine the physical side of the sum rules HPhy *(p. p).
The function HW *(p, p’) can be written down in the form
s OUZIZY (PN ZL TN (p. ©))
H;zv (p’ p ) - 2 2 ”
(P - mAv)(p - Z)
(TN (p, 1,10} + - @)

where contribution of the ground-state particles is presented explicitly, whereas effects due to
excited and continuum states are denoted by dots.

The phenomenological side of the sum rules can be simplified by substituting into Eq. (7)
expressions of the matrix elements. To this aim, we apply Eq. (4) and introduce the matrix
elements of the tetraquarks T;i?.: and Zgﬁ,

OILIT5 (P)) = mav faves, ®)
and
OZIZ)5(p")) = fzmz, ©)
respectively. Then it is not difficult to find that
Phys , Savimay fzmz ~ 5 DPuPv ~
I (p.p) = — el Gy | g + 5 | + [G1(@D)P,
(P _mAv)(p _mz) Mpy
— may, + Mm% — g
e
Mav
~iG3(q")emapp” PP+ (10)

The function II)7*(p, p’) constitutes the second side of the sum rules and in terms of
quark-gluon degrees of freedom has the following form:

) = [ty 1S -
xysS & (e =) (Tr [yuS 5 (v = 0sS L wml1 = ¥5)
XSY (=0)] + Tr [7,S i (-1 = y5)%,8 2 (y)ys
XS5 (y = ) = Tr[ysST 0 = yyysS e (x - )]
X (Te [1,8 57 (v = xyysS L (yyn(1l - y9)S ¥ (=)

+Tr [ySi (=00 = ysmS LSy v - 0))}
(11

where S g(4)(x) are quark propagators and
S o) = CS g (x)C (12)

with C being the charge conjugation matrix.
To extract the sum rules for the form factors G;(¢*), we equate invariant amplitudes cor-
responding to the same Lorentz structures in HEEY *(p, p’) and HI?VP E(p, p’), perform a double
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Borel transformation over the variables p’?> and p? to suppress contributions of the higher ex-
cited and congnuum states, and perform continuum subtraction. For instance, to extract the
sum rule for Go(¢%), we use the structure g,,,, whereas for G3(¢?), the term ~ &,,43p”p’f is
employed. The sum rules for the scaled form factors Gi(¢*) can be written in a single formula

~ 1 0 % ,
G:(M2,s9,4%) = ——— f dsemav=s)IM] f ds’pi(s, s )z IM; (13)

Savmav fzmz Jpe e

where p;(s, s’) are spectral densities calculated as the imaginary parts of the corresponding
terms in IO ¥(p, p’). They include the perturbative and nonperturbative contributions, and
are calculated with dimension-six accuracy. In Eq. (13), M?> = (M3, M3) are the Borel pa-
rameters, and $o = (so, s) are the continuum threshold parameters that separate the main
contribution to the sum rules from the continuum effects. The pair of parameters (Mf, 50)
corresponds to a channel of the initial tetraquark TbA:\E’, whereas (M2, 5;,) describe the final-
state particle Z9__.

The form factors G;(¢2) determine the differential decay rate dI'/dq® of the semileptonic
decay T;f%’ - Zgﬁl_vl, the explicit expression of which can be found in Ref. [3]. The sum rules
give reliable results for G;(¢) in the region ml2 < ¢* < 8 GeV?, which is not enough to find the
partial width of the processes under consideration. To calculate the width of the semileptonic
decay, dT'/dg* must be integrated over g in the boundaries m? < g* < (may—mz)?, i.e., in the
limits ml2 < ¢* < 11.87 GeV?. This region is wider than the one where the sum rules lead to
reliable predictions. This problem can be solved by introducing extrapolating (fit) functions
Gi(¢?), which at the momentum transfers > accessible for the sum rule computations coincide
with G;(¢?), but have forms suitable to carry out integrations over g>.

40

: QCD sum rules

0 2 4 6 8 10 12
7*(GeV?)

Figure 1. Sum rule results for the form factors Gy(g?) (red circles) and G,(g?) (blue squares). The solid
curves are fit functions Gy(¢%) and G(¢?) .

To this end, we use the functions

2 i . (4 ?
Gi(@») = Ghexp [937 + g;(T] ] (14)

May AV
where parameters G, ¢, and g} are fitted to satisfy the sum rules’ predictions. The pa-
rameters of the functions G;(¢*) extracted from numerical analysis are collected in Table 1.
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Table 1. Parameters of the extrapolating functions G;(¢?).

G G} g, g

Go(¢®) 491 1929 —15.34
Gi(g>) 294 18.73 —20.09
G-(g®) -22.67 2050 -22.95
Gi(¢®) -21.14 2077 -23.62

In Fig. 1, we show fit functions G;(¢*) which are in nice agreement with relevant sum rule
predictions.

The Fermi constant, CKM matrix elements, and masses of leptons in numerical compu-
tations are set equal to

Gr = 116637 x 107> GeV 2, |V, = (42.2 £ 0.08) x 1073, (15)

m, = 0.511 MeV, m,, = 105.658 MeV, and m. = (1776.82 + 0.16) MeV [12].

2.2 Nonleptonic decays 7~ — Zgﬁp*(K*(892), D*(2010)~, D¥")

In this section, we analyze the nonleptonic weak decays TbA%’ -
Z(b)ﬁp‘(K*(892), D*(2010)7, D7) of the tetraquark Tﬁ%’ in the framework of the QCD
factorization approach, which allows us to calculate partial widths of these processes. This
method was applied to study nonleptonic decays of conventional mesons [13, 14], but can
be also used for investigating decays of tetraquarks. Thus, the nonleptonic decays of scalar

exotic mesons T, _, T, _, ch, and T/;v;aﬁ were explored using this approach in Refs. [15-18],

respectively.
At the quark level, the effective Hamiltonian for this decay is given by the expression

H e = %VcbVZd [c1 Q1 + c2(1) Q5] (16)
where 3 B
Q1 = (diui)va (Efbf)va s D= (diuf)va (Efbi)va' an

In Eq. (17) i and j are the color indices, and notation (g,¢>)y_, means

@192)\/—,« =q,Yu(1 = ¥5)q2. (18)

The short-distance Wilson coeflicients ¢ (1) and c>(u) are given at the factorization scale .
The amplitude of the decay T;f%’ - Zgﬁp‘ is determined by the expression

G - _
A= évhcv;da(u)w(qn (daw),_ 100 Z0u I (@), T (o), (19)

where 1
ap) = ci1(p) + ﬁq(u), (20)

with N, = 3 being the number of quark colors. The matrix element {p~(q)| (Ei”")v—A |0) in A
can be given as follows

O~ (@I (dii),,_, 10) = fym,e€:(g). @1

5
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Then, it is evident that

G —~ —~
A = iéﬁ)vbcv;:daw) [Go(g)en(p)e™(q) +2G (@) e(p))(P'€ (g))

+iG3 (@) ewmape™ (@ (PP P (22)

A similar analysis can be carried out for the decay modes T?%’ — Zg:EK*(892)[D*(2010)‘,
D] as well. We replace in relevant expressions m, and f, by spectroscopic parameters of
the K*(892), D*(2010)7, and D}~ mesons, and substitute V,q — Vi, Ve, and Vi,

The width of the nonleptonic decay Tﬁ;’ — Zgﬁp‘ can be evaluated using the expression

A
247nm3,

/l(mAV,mZ, mp), (23)

where |
1/2
Ala,b,c) = — [a4 +br+ -2 (azb2 +a** + bzcz)] / .
2a
The key component in Eq. (23), i.e., | A|> has a simple form

AP = > HG; + H;GoGh, 24)
j=0,1,2
where the explicit expressions of H; are given in Ref. [9]

In Eq. (24), the weak form factors G ; are real functions of qz, and their values are fixed
at ¢> = m3, where M is one of the vector mesons p~, K*(892), D*(2010)", and D}".

3 Numerical Results

In this section we present the results of our numerical computations. In general, some of the
input parameters used in the form factors G/(M2, s, ¢*) should be defined before numerical
analysis. All input information necessary for such analysis, i.e., the vacuum condensates of
quark, gluon, and mixed operators, the spectroscopic parameters of the final-state mesons
and tetraquarks 7Y and Z) _, as well as the CKM matrix elements can be found in Ref. [9].
The Borel and continuum threshold parameters M? and s are chosen to satisfy all constraints
of sum rule analysis. Also we have to take into account that Gi/(M2, s, ¢*) depends on the
masses and couplings of the initial and final tetraquarks, which have been evaluated also in
the context of the sum rule approach. We fix the auxiliary parameters (M?, so) and (M2, 50)
similar to the mass computations, because they meet standard restrictions of three-point sum
rule calculations and do not produce additional uncertainties in the spectroscopic parameters
of relevant tetraquarks.

Predictions obtained for the partial widths of the semileptonic T,y — Z_[v; and non-
leptonic T;:}_/ - Zgﬁp‘(K*(892), D*(2010)~, D}7) decays are presented below

OTY — Z)-ev.)=(534+143)x 107 MeV,
0Ty - Z)puv,)=(532+141)x 107 MeV,
NTY - Z)_17v,)=(215£0.54)x 10° MeV,
Ty — Zpp)=(347+092)x107'" MeV,

NTY — Z)-K'(892)) = (1.47+0.37) x 107" MeV,
0Ty — Z)-D"(2010)7) = (1.54 £ 0.39) x 107" MeV,
0T — Z)-D:i)=(4.97+132)x 107" MeV.

(25)
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The partial widths of different weak decays from Eq. (25) can be used to estimate the full
width and mean lifetime of the axial-vector tetraquark T;%’

T = (129 £ 2.1)x 107 MeV, 7=5.1707) x 107" s. (26)

These predictions can be employed to explore the double-heavy tetraquarks.
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