Physics Letters B 800 (2020) 135073

Contents lists available at ScienceDirect

PHYSICS LETTERS B

Physics Letters B

www.elsevier.com/locate/physletb

L))

Check for
updates

Spectroscopy, lifetime and decay modes of the T,, tetraquark

E. Hernandez **, J. Vijande ®, A. Valcarce?, Jean-Marc Richard ¢

2 Departamento de Fisica Fundamental e IUFFyM, Universidad de Salamanca, 37008 Salamanca, Spain

b Unidad Mixta de Investigacion en Radiofisica e Instrumentacién Nuclear en Medicina (IRIMED), Instituto de Investigacién Sanitaria La Fe (1IS-La Fe)-Universitat
de Valencia (UV) and IFIC (UV-CSIC), 46100 Valencia, Spain

€ Université de Lyon, Institut de Physique Nucléaire de Lyon, IN2P3-CNRS-UCBL, 4 rue Enrico Fermi, 69622 Villeurbanne, France

ARTICLE INFO ABSTRACT
Article history: We present the first full-fledged study of the flavor-exotic isoscalar T,, = bbiid tetraquark with spin and
Received 5 June 2019 parity JP =1*%. We report accurate solutions of the four-body problem in a quark model, characterizing

Accepted 29 October 2019
Available online 31 October 2019
Editor: W. Haxton

the structure of the state as a function of the ratio Mq /mq of the heavy to light quark masses. For
such a standard constituent model, T,, lies approximately 150 MeV below the strong decay threshold

B~ B*° and 105 MeV below the electromagnetic decay threshold B*BO)/. We evaluate the lifetime of T,
identifying the promising decay modes where the tetraquark might be looked for in future experiments.
Its total decay width is T' ~ 87 x 101> GeV and therefore its lifetime v ~ 7.6 ps. The promising
final states are B*~ D** ¢~ ¥, and B*°D*%¢~ ¥, among the semileptonic decays, and B*~ D** Di™,
B+° p*0 D}~, and B*~ D*' p~ among the nonleptonic ones. The semileptonic decay to the isoscalar
JP = 0% tetraquark TEC is also relevant but it is not found to be dominant. There is a broad consensus
about the existence of this tetraquark, and its detection will validate our understanding of the low-energy
realizations of Quantum Chromodynamics (QCD) in the multiquark sector.
© 2019 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction For years, the sector of flavor-exotic hadrons has been some-
what forgotten, as being less easily accessible than the hidden-
flavor sector. However, already some decades ago, investigations
on flavor-exotic multiquarks concluded that qq four-quark config-
urations become more and more deeply bound when the mass
ratio Mq /mq increases [4]. There is nowadays a broad theoretical
consensus about the existence of such unconventional tetraquark
configurations for which all strong decays are energetically forbid-
den. The most promising candidate is an isoscalar tetraquark with
double beauty and JP = 1% quantum numbers, which is stable
against strong and electromagnetic decays. The same conclusion
about the stability of this state has been reached in a wide vari-
ety of theoretical approaches [4-14]. A novel lattice QCD calcula-

Hadronic physics has been much stimulated during the last two
decades by the experimental discovery of several new resonances
in the hidden-charm sector, resonances that are hardly accommo-
dated in the traditional quark-antiquark or three-quark picture [1].
These are the so-called XY Z mesons and LHCb pentaquarks, which
belong to the class of “exotic hadrons”, although they are not fla-
vor exotics. After several years of studies, no definite conclusion
has been drawn as to whether such non-flavor exotic states corre-
spond to multiquark structures or to hadron-hadron molecules. A
similar situation was encountered in the light scalar meson sector,
where a multiquark picture was first introduced [2] as an attempt : 1 A . -
to explain the inverted mass spectrum (inverted in comparison to tion [5] employing a non-relativistic formulation to simulate the
the simple quark-antiquark structure favored by the naive quark  Pottom quark finds unambiguous signals for a strong-interaction-
model) exhibited by the low-lying scalar mesons, some of which stable (I)JP = (0)1F tetraquark, 189(10) MeV below the corre-
were later on suggested to be meson-meson molecules [3]. sponding two-meson threshold, BB*. The lattice QCD calculation

of Ref. [6] come to the identical conclusion obtaining a binding
energy of 143(34)MeV. With such binding, the tetraquark is sta-

* Corresponding author. ble also with respect to electromagnetic decays. In Ref. [7], the
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QQ diquark. Assuming that the bb diquark binding energy in a
T,, tetraquark is the same as that of the cc diquark in the ELT
baryon, the mass of the (0)17 doubly-bottom tetraquark is esti-
mated to be 215 MeV below the strong decay threshold BB*. In
Ref. [8], the heavy-quark-symmetry mass relations linking heavy-
light and doubly-heavy-light mesons and baryons are combined
with leading-order corrections for finite heavy-quark mass, corre-
sponding to hyperfine spin-dependent terms and Kkinetic energy
shift that depends only on the light degrees of freedom. This
leads to predict that the T,, state is stable against strong de-
cays. More specifically, using as input the masses of the doubly-
bottom baryons (not yet experimentally measured) obtained by
the model calculations of Ref. [7], Ref. [8] finds an axial-vector
tetraquark bound by 121 MeV. In Ref. [9], the Schrédinger equation
is solved with a potential extracted from a lattice QCD calcula-
tion for static heavy quarks, in a regime where the pion mass is
my; ~ 340 MeV, and again, evidence is found for a stable isoscalar
doubly-bottom axial-vector tetraquark. When extrapolated to phys-
ical pion masses it has a binding energy of 90f§2 MeV. The ro-
bustness of these predictions is reinforced by detailed few-body
calculations using phenomenological constituent models based on
quark-quark Cornell-type interactions [10,11], which predict that
the isoscalar axial-vector doubly-bottom tetraquark is strong- and
electromagnetic-interaction stable with a binding energy ranging
between 144-214 MeV for different realistic quark-quark poten-
tials. Recent studies using a simple color-magnetic model have
come to similar conclusions [12]. The QCD sum rule analysis of
Ref. [13] also points to the possibility of a stable doubly-bottom
isoscalar axial-vector tetraquark. Finally, the recent phenomeno-
logical analysis of Ref. [14] also presents evidence in favor of the
existence of a stable T, state.

The compelling theoretical evidence for the existence of a T,,
tetraquark has led to preliminary studies of its lifetime and weak
decay modes. In this context, Ref. [16] investigated the amplitudes
and decay widths of doubly-heavy tetraquarks under the flavor
SU(3) symmetry, deriving ratios between decay widths of differ-
ent channels. Ref. [17] evaluated the semileptonic decay of the T,,

tetraquark to a scalar bciid tetraquark in the framework of QCD
sum rules. In spite of the numerous model calculations existing
in the literature (see Refs. [11,12] for a recent compendium) no
comprehensive calculation of the spectroscopy, decay modes, and
lifetime of this state has been obtained so far.

The purpose of this work is to present the first detailed study
of the flavor-exotic T,, tetraquark with | P — 1% and isospin I =0,
reporting accurate solutions of the four-body problem, characteriz-
ing the structure of the state, evaluating its lifetime and identifying
the promising decay modes where the tetraquark might be looked
for. A striking result deals with the lifetime, which is found signif-
icantly longer than for single-b hadrons. With two b quarks, one
expects either cooperating or conflicting interferences. Also, if one
compares a typical meson decay mode B — D x and its tetraquark
analog T — B Dx, there is a change in the overlap of the final
D meson and the cq system provided by a spectator g and the ¢
quark coming from one of the b quarks: the color factor and the
spatial distribution are modified. There is also an obvious effect of
the phase-space, which is known to be crucial in weak decays, for
instance for B-unstable nuclei. While the Dx invariant mass is 5.3
GeV in B — Dx decay, it is about 4.6 GeV in T — BDx, depend-
ing which sector of the Dalitz plot is reached. Altogether, it looks
difficult to attempt a guesstimate of the lifetime before actually
performing the calculation.

This paper is organized as follows. In Sec. 2, we present the
masses and wave functions obtained from an accurate four-body
calculation that makes use of a quark model. The calculation of

the dominant decay modes and of the lifetime is given in Sec. 3.
Our conclusions are summarized in Sec. 4.

2. Tetraquark mass and wave function

We have studied the spectroscopy of doubly-heavy tetraquarks
by two different numerical methods: a hyperspherical harmonic
formalism and a generalized Gaussian variational (GGV) approach,
both driving to the same results [10]. For its later application to
the detailed study of the four-quark structure and weak decays, the
GGV is more suited. Let us briefly discuss the main characteristics
of the method. We shall denote the heavy quark coordinates by
r1 and ry, and those of the light antiquarks by r3 and r4. The
tetraquark wave function is taken to be a sum over all allowed
channels with well-defined symmetry properties [18,19]:

6

v y.=Y xR y.2). (1)

k=1
where x=r; —r), y=r3 —rgand z=(ry +ry —r3 —rs)/2 are
the Jacobi coordinates. ¥ are orthonormalized color-spin-flavor
vectors and R, (X, y,z) is the radial part of the wave function of
the xth channel. In order to get the appropriate symmetry proper-
ties in configuration space, R, (x, y, z) is expressed as the sum of
four components,

4
Re(®,y,2)=) WiRL® Y, 2), ()

n=1
where w]; = £1. Finally, each R} (x, y, z) is expanded in terms of
N generalized Gaussians

N
Ri(x,y.2)=) ap exp[—a.¥* — b, y* —ci z
i=1

—disimx-y—els;mx-z— fissy-z],

2

3)
where s;(n) are equal to £1 to ‘guarantee the symmetry properties
of the radial function and ., a;, -, fi are the variational param-

eters. The latter are determined by minimizing the intrinsic energy
of the tetraquark. We follow closely the developments of Refs. [18,
19], where further technical details can be found about the wave
function and the minimization procedure.

A four-quark state is stable under the strong interaction if its
mass, Mt (from now on, T often abbreviates Tqq ), lies below all
allowed two-meson decay thresholds. Thus, one can define the dif-
ference between the mass of the tetraquark and that of the lowest
two-meson threshold, namely:

AE =M1 — (Mq + M>), (4)

where M; and M, are the masses of the mesons constituting
the threshold. When AE < 0, all fall-apart decays are forbidden
and, therefore, the state is stable under strong interactions. When
AE > 0 one has to examine whether it is a resonance or an artifact
of the discretization of the continuum by the variational method,
and this requires dedicated techniques such as real [20] or com-
plex scaling [21], which are beyond the scope of this note. We
therefore concentrate on AE < 0. Another quantity of interest is
the root-mean-square (r.m.s.) radius of the tetraquark, X7, given
by [10]:
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Table 1

Relevant meson masses (in MeV) and r.m.s. radii (in fm) predicted by the AL1
model for the strong, electromagnetic and weak decay thresholds of the JP =1+
T,, tetraquark.

Meson M .M.S. Meson M r.m.s
J=0 B 5293 0.145 K 491 0.283
D 1862 0.216 b4 138 0.298
Ds 1962 0.213 Ne 3005 0.181
J=1 B* 5350 0.153 K* 903 0.389
D* 2016 0.248 P 770 0.460
D 2102 0.243 ]/ 3101 0.199
1/2

4 (1 — R)2
Xp = Zi:lml<(rl R)~) ’ 5)

Z?:1 m;
where R is the center-of-mass coordinate, and m; are the quark
masses Mq or mq.

Determining whether stability is reached in this model, i.e.,
AE < 0, requires a simultaneous and consistent calculation of the
meson masses M; and M, entering the threshold, and of the
tetraquark configurations. For this purpose, we have adopted the
so-called AL1 model by Semay and Silvestre-Brac [22], already used
in a number of exploratory studies of multiquark systems, for in-
stance in our recent investigation of the hidden-charm pentaquark
sector ccqqq [23] or doubly-heavy baryons and tetraquarks [11]. It
includes a standard Coulomb-plus-linear central potential, supple-
mented by a smeared version of the chromomagnetic interaction,

Vss(r) }
(o] -O'j s

mimj

2wk’ r 2mim )_B
Vss=————exp|—=], ro=A(—"—L , (6
ss(r) 379273 p 2 0 (m,-—i—mj (6)

V() = 31-1- ar—S A4
- o160 r

where A = 01653 GeV?, A = 0.8321 GeV, k = 0.5069, ' =
1.8609, A = 1.6553 GeVE~1, B =0.2204, m, = my = 0.315 GeV,
ms = 0.577 GeV, m. = 1.836 GeV and mj = 5.227 GeV. Here, A;.;
is a color factor, suitably modified for the quark-antiquark pairs.
We disregard the small three-body term of this model used in [22]
to fine-tune the baryon masses vs. the meson masses. Note that
the smearing parameter of the spin-spin term is adapted to the
masses involved in the quark-quark or quark-antiquark pairs. It
is worth to emphasize that the parameters of the AL1 potential
are constrained in a simultaneous fit of 36 well-established meson
states and 53 baryons, with a remarkable agreement with data, as
seen in Table 2 of Ref. [22].

The meson masses of the threshold in this model are given in
Table 1, together with the masses of other mesons that will be
involved in the weak decays discussed in Sec. 3. Also shown is the
quark-antiquark r.m.s. radius.

One can now study the stability of the JP =1% T,, isoscalar
state. In the GGV method, if a state is unbound, one observes a
slow decrease of its mass toward M7 + M, as N, the number of
terms in Eq. (3), increases. It turns out to be useful to also look
at the content of the variational wave function, which comes very
close to 100% in a color singlet-singlet channel in the physical ba-
sis [18]. On the other hand, if a variational state converges to a
bound state as N increases, it includes sizable hidden-color com-
ponents even for low N. We show in Table 2 the results for the
Tqq tetraquark for different masses of the heavy quark, Mq. In
the first line we give the results for the standard mass value of the
bottom quark used in the AL1 model, for which we get a binding
energy of 151 MeV. We have scrutinized the structure of the Tqq
state. For each particular value of My we have evaluated the low-
est strong-decay threshold, M + M>, the energy of the four-quark

Table 2

Properties of the Tqq tetraquark as a function of the mass of the heavy quark Mo for the AL1 model. Energies and masses are in MeV and distances in fm. For AE > 0, the probabilities and average distances are just an

indication that the variational calculation will likely not converge toward a bound state.
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Fig. 1. (a) Probability of the 33 and 66 components of the Tqq color wave function as a function of Mq /mq. (b) Average distances (x?)'/2, (y?)1/2 and (z2)!/? as a function

of MQ/mq.

state, Mr,,, and the corresponding binding energy B = —AE. We
have calculated the probability of the 33, P[|33)], and 66, P[|66)],
color components. By using the recoupling techniques derived in
Ref. [18] we have also evaluated the probability of the 11, P[| 11)],
and 88, P[] 88)], color components. Afterwards, we have expanded
the wave function in terms of physical states evaluating the proba-
bility of the pseudoscalar-vector, Pyy+, and vector-vector, Ppp+py+,
two-meson physical states. Finally we have calculated the average
distance between the two heavy quarks, (x*)1/2, between the two
light quarks, (y2)1/2, between a heavy and a light quarks, (z%)1/2,
and the four-quark r.m.s. radius, XTqq -

As shown in Table 2 the binding energy of the Tqq tetraquark
increases with increasing Mg /mg as predicted in Ref. [4] and re-
cently rediscovered in Refs. [7,8]. Close to AE =0 the system be-
haves like a simple meson-meson molecule, with a large probabil-
ity in a single meson-meson component, the pseudoscalar-vector
channel. The Tqq starts to be bound around the mass of the
charm quark used by the AL1 model, m; = 1836 MeV [24]. Such
small binding is due to a cooperative effect between the chromo-
electric and chromomagnetic pieces in the interacting potential.
Hence, the T, tetraquark is unbound when the spin-spin inter-
action is switched off. The A;.A; contribution of Eq. (6), with a
pairwise potential due to color-octet exchange, induces mixing be-
tween 33 and 66 color states in the QQ — gq basis. The ground
state of the QQ ud with ]P =171 has its dominant component with
color 33, and spin {1, 0} in the QQ — iid basis. The main admix-
ture consists of 66 with spin {0, 1} and a symmetric orbital wave
function. Thus, for Mg /mg close to the charm sector, the binding
requires both the color mixing of 33 with 66, and the spin-spin
interaction [11,25]. In the most advanced calculations of Ref. [25],
it was acknowledged that a pure additive interaction will not bind
ccqq, on the sole basis that this tetraquark configuration benefits
from the strong cc chromoelectric attraction that is absent in the
Qg+ Qq threshold. In the case where qq = ud, however, there is in
addition a favorable chromomagnetic interaction in the tetraquark,
while the threshold experiences only heavy-light spin-spin interac-
tion, whose strength is suppressed by a factor mgq/Mg.

When the ratio Mg /mg increases, the probability of the 66
color component diminishes in such a way that the system does
not behave any more like a simple meson-meson molecule. The
probability of the 66 component in a compact QQ§g tetraquark
tends to zero for Mg — oo. Therefore, heavy-light compact bound
states would be almost a pure 33 singlet color state and not a
single colorless meson-meson 11 molecule, as shown in Table 2.
Such compact states with two-body colored components can be
expanded as the mixture of several physical meson-meson chan-
nels [10,26], and thus they can be also studied as an involved
coupled-channel problem of physical meson-meson states [27].

We have shown these results in Fig. 1. In the panel (a), we
see how the probability of the 66 color component tends to zero
for Mg — oco. On the other hand, we can also see the fail-
ure of treating heavy-light tetraquarks as a single 33 color state
for charm-light or charm-strange doubly-heavy tetraquarks. In the
panel (b) of Fig. 1 we show the expectation value of the dif-
ferent Jacobi coordinates over the tetraquark wave function, i.e.,
the average distance between the different constituents of the
tetraquark [10]. One can see how when the binding increases, i.e.
Mgq /mq augments, the average distance between the two heavy
quarks, (x2)1/2, diminishes rapidly, while that of the two light
quarks, (y2)!/2, although diminishing, remains larger. The heavy-
to-light quark distance, (z2)1/2, stays almost constant for any value
of Mg /mg. It is also worth noting how the tetraquark becomes
compact in the bottom sector. As can be seen from Tables 1 and
2, for deep binding, Xt,, /r.m.s.(Mq + M) =0.226/0.298 < 1, the
tetraquark is smaller than the two mesons of the threshold while
close to AE =0, X1y, /r.m.s.(Mq + M) = 0.530/0.464 > 1, it be-
comes larger, being very likely the break down into two mesons.
Thus, in the heavy-quark limit, the lowest lying tetraquark con-
figuration resembles the Helium atom [8,28], a factorized system
with separate dynamics for the compact color 3 QQ kernel and
for the light quarks bound to the stationary color 3 state, to con-
struct a QQ qq color singlet. As mentioned above, this result is less
pronounced for other systems like charm-light (ccqq) or charm-
strange (csqq) doubly-heavy tetraquarks. On the basis of the results
shown in Table 2, the schematic evolution of the Tqq state as a
function of the ratio Mg /mg, in other words, from deep binding
to a close-to-threshold meson-meson state, is shown in Fig. 2 [29].

3. Tetraquark lifetime and decay modes

The double beauty T, isoscalar tetraquark with JP =17t
is stable with respect to strong- and electromagnetic interac-
tions [4-14], and thus it decays weakly. We have studied the
semileptonic and nonleptonic decays of T,, following closely the
method developed in Ref. [30]. We present here the results for the
most favorable final states where T, might be looked for. The re-
maining channels and a detailed discussion of the technicalities
will be presented elsewhere [31].

Among the semileptonic decays one can distinguish between
processes with final states with a single meson, see panel (a) of
Fig. 3, or those with two mesons, panel (b) of Fig. 3. The first case,
T,, — B®¢~ Dy, involves a bii — W~ — ¢~ ¥ transition that at
tree level is described by the operator

Gr

—iVubE@u(O))f”U — ¥5)Wp(0) We (0) Yy (1 — y5) Wy, (0), (7)
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Fig. 3. Representative diagrams for semileptonic decays of the Ty, tetraquark: (a) Final state with a single meson. (b) Final state with two mesons
where Wy is a quark field of a definite flavor f, Gr is the Fermi

coupling constant and V,, is the Cabibbo-Kobayashi-Maskawa

(CKM) matrix element. The decay width is given by
dp, dp,,

ZmT //f (271)32EB (271)3ZE@ (271)324EW
x <2n>46<4><PT — Pp—py

_p\)z)
X |V ? FM’(pe Pv) Wap(Pt, Pp),

(8)
where the lepton' and hadron tensors are given by,
LY =8(p¥ph, + P p% — g% pe - pu, i€ ppus) . (9)
W, — hT—)B hT—)B * 10
w =gy e Y (10)
AA
hT—)B

(B, 2" Pg| Wy (0)ya (1= y5)¥p(0) [T, 2.0) ,

(11)
where p; is the four-momentum of the particle i, Jr stands for the
spin of the tetraquark, |M, A’ Py;) represents the state of an M me-
son with three momentum Py and spin projection in the meson
center of mass A/, and |T, A 0) is the state of the tetraquark at rest

@B js the fully antisymmetric tensor for which we take the con-
vention €123 =

+1 and g“* = (1, -1, —1, —1). Equation (8) can
be further simplified

2
= |Vup|? W

1 The + signs correspond respectively to decays into £, and £F v,

A

A

>
>

(b)

/ dEpdE, ©(mr — Ep — E¢) ©(1 — | cos00))
x L% Wyp(Pr, Pp)

(12)
with P} = (Eg, 0,0, |Pg|) and

(mr

—En—E 2 P 2 2
cos? = B —E¢)* —|Pg|* — |p,]

2|Pg||p,l

(13)
In (12), since all the dependence on ¢, appears only in the lepton
tensor, we have defined

fab

dee L9 .
167 P

(14)
The matrix element (11) appearing in the hadron tensor can be
expanded as,

hT*)B

=4,/mrEp /:/dpxdpz

2(B,A)

02,04

b

(e

mp+m

1 *
PB+px_§pz)i|

PB,pz)

X [
1,02
3,04
X Beryiaty (Pxr =P —
3,04
(_1)1/2753 _53( 1 )
V(- Pp—p,— = 1—
Zm u B pX 2pZ y,@( VS)
1
X ”Zl (px + Epz) 8cics 8f1b S fau s

(15)
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Fig. 4. Representative diagrams for nonleptonic decays of the Ty tetraquark: (a) Final state with only open flavor mesons. (b) Final state with hidden flavor mesons. The blue
box represents a four-quark effective vertex containing the contribution of the W boson and radiative corrections as seen in Eq. (21).

where ¢ is the Fourier transform of the radial wave function,
obtained in Sec. 2 using the AL1 constituent model, and «; rep-
resents the quantum numbers of spin s;, flavor f; and color c;
(aj = (si, fi, ci)) of a quark or an antiquark.

For the second class of semileptonic decays represented dia-
grammatically in panel (b) of Fig. 3, with a b — c transition at the
quark level, the operator is given by

GF — _
—chbT; Ye(0)yH (1 — y5)Wp(0) We(0)y (1 — y5) Wy, (0), (16)

and the decay width can be expressed as

GZ
F=|V5b|227—§f// |PgldEgdcosOp|Pp|dEp
m’mr

X —————dE; ©(1 — | cos6)
|Pg+ Pp|

x @(mr — Ep — Ep — E¢) L% Wyp(Pr, Pg, Pp), (17)

where Py = R’Pg and Pp = R'Pp, where R’ is a rotation that,
for a fixed Pp, takes Pg + Pp — (0,0, |Pg + Pp|). In this case,

(mr —Eg — Ep — E¢)? _|PB+PD|2_|pK|2

cosf) = (18)
2|Pg + Ppl|p|
The matrix element appearing in the hadron tensor
T—MiMy _
hp 1My _
(M1, 1" P1| (M2, 1’ P3| Wc(0)y,(1 —y5)W,(0) [T, 20) . (19)

here written for a T — BD transition (for other cases, the changes
are obvious), can be expressed as,

hT—>BD 4(27T)3/2\/m Z f/dpxdpz

2,03
04,05

(D,\) my 1 *
|:015013 < mc_"_muPD—PB px_ipz)]

1 *
(B.\)
|: 2ot4< b+ My B+px_§pz>]

<Y @4, (P —Px— P5. D)

o1

- B
zﬁ (PD+PB+px+ P2)7p(1=vs)

Xulsal (px + Epz) 8cres0 b O fsc - (20)

Obviously B could also be a B* and D a D*. If we have a b — u
quark transition, one has to change V., — V,; and the meson in
the final state (apart from B(B*)) would be a nonstrange meson
with uil or ud composition.

We evaluate now the width of the nonleptonic decays T,, —
B~ My M, or B®M) M), represented diagrammatically in Fig. 4.
These decay modes involve a transition b — c, u at the quark level
and they are governed, neglecting penguin operators, by the effec-
tive Hamiltonian [32-34]

Heff = % [Vcb [Cl (n) Q1Cb + e () st]

Vs [e1) QP + 20 Q4] +hc 1)

where c1, ¢, are scale-dependent Wilson coefficients, and Q?, Q1P
i =u,c, are local four-quark operators of the current-current type
given by

QP =0y, (1 - v5)¥p(0)

X [ 1 Ya@)yH (1 = y5) Wy (0) + Vi W (0)y (1 — y5) Wy (0)

+ VEW(0)y* (1 — y5)We(0) + Vi Ws(0)y (1 — Vs)Wc(O)]
(22)
QP =Wy(0)y. (1 — y5)W,(0)

[ Y0y (1 — ys)Wy (0) + V2 Wi (0)yH (1 — VS)‘IJC(O)]
+ Us(0) Y, (1 — y5) Wp(0)

x [ Wi(0)yH (1 = y5) Wy (0) + V& Wi(0)yH (1 — Vs)\l’c(O)]
(23)

where the different V j, are CKM matrix elements.

We work in the factorization approximation which amounts to
evaluate the hadron matrix elements of the effective Hamiltonian
as a product of two quark-current matrix elements: one is the ma-
trix element for the Tp, — BM; transition, and the other accounts
for the transition from vacuum to the other final meson M>, see
Fig. 4. The latter coupling is governed by the corresponding me-
son decay constant. When writing the factorization amplitude, the
relevant coefficients of the effective Hamiltonian (21) are the com-
binations,
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Table 3

Meson decay constants, in GeV, used in this work.
fr- frr" fpﬁpﬂ fo+ fD*Jr fD;r fD;f‘r
0.1307 [35] 0.130 [35] 0.210 [33] 0.2226 [36] 0.245 [37] 0.294 [35] 0.272 [37]

1 1
ay=c+ - W) e =@ +-aw,. (24)
c c

with N¢ = 3 the number of colors. The energy scale u appropriate
in this case is w ~my and the values for a; and a, that we use
are [33]:

a1=1.14 a;=—0.20. (25)

Note that the W-exchange diagrams, that play an important role
in the decay of charm, are suppressed in the decay of b since they
are proportional to a,. The total decay width is given as
/ /‘ / dP dpP;
ZmT (271)32EB (2m)32E1 (2m)32E,
x 2m)*8@ (Pr — Pg — P1 — P2)

G2 1 2
- |Migagiiaa (PT, P, P1, P2)|7. (26)
2 2]T+1 A;B TABA1A2

M:)»z

Using invariance arguments as in the semileptonic decay case one
finds,

Gt
= Y my // dEpdE;

x©O(1 — [cos6%) O(mr — Eg — Ey — Ma)

! M Pr. By, Py, Pyl 27
X =/ , , , ,
211 Z ’ aragrirg (PT, PR, P1, P2) (27)
AT B
A1,A2
where
mr —Eg —E1)> — M3 — |Pg|? — |P1|?
cos@{):( r—Ep—E1) 5 —|Pg|” —|Pq] , (28)

2|Pg||Pq]

and M involves the product of a hadron matrix element such as
Eq. (19) and meson decay constants that are taken from experi-
ment or lattice data. For instance, for a T, — B~D*tD~ decay,
one has that

M=VapVEia hl =B P i, pe (29)

In particular, for the decays presented in Table 6, we have used the
meson decay constants listed in Table 3.

For the sake of completeness we have also evaluated the de-
cay of the J® =1% T, isoscalar tetraquark into the J” = 0%
T,?C isoscalar tetraquark, decay depicted in Fig. 5. The mass of
the JP = 0% bciid isoscalar state has been estimated in Ref. [7]
where the authors obtain a central value 11 MeV below the BD
threshold, although it is cautioned that the precision of the cal-
culation is not sufficient to determine whether the tetraquark is
actually above or below this threshold. A systematic study of ex-
otic QQ’qq four-quark states containing distinguishable heavy fla-
vors, b and c, has been recently performed with the AL1 model
in Ref. [38]. The JP =07 isoscalar state was found to be strong
and electromagnetic-interaction stable with a binding energy of
around 23 MeV. Other independent calculations made in differ-
ent frameworks arrive to similar conclusions. Among them, it is
important to emphasize the lattice QCD results of Ref. [39] where

W~
/
/s
b c
ﬁ <
Tbb Tbc
3 <
b -

Fig. 5. Representative diagram for the semileptonic decay of the Ty, JP =11
tetraquark to the T, J =0T tetraquark.

Table 4
Decay widths, in units of 10~'> GeV, for pro-
cesses described by Fig. 3(a).

Final state (10715 GeV]

B e 7, 0.0365 = 0.0004
BO e De 0.0394 = 0.0006
B = o, 0.0355 = 0.0004
BOu~ vy, 0.0396 = 0.0006
B, 0.0355 == 0.0004
Bt~ b, 0.0396 =+ 0.0006

it is found evidence for the existence of a strong-interaction-stable
HJP =1t beiid four-quark state with a mass in the range of 15
to 61 MeV below the DB* threshold. The decay width in this case
is given by (12), changing the final B meson by the TI?C tetraquark
and V,p by V¢, while the corresponding hadronic matrix element
is

T—>Tbc 2,/2mTETbC Z ///dpxdpydpz

ay,03
og,005
~(Tpe, ) mp —me mp
X —Px — — Pr, . py,
[%:32 < P Sy +mo) P2 my rme e Py
N 2my p *
p: mp + me + 2my

1
(PTbc +px+ pZ)

T, A
x qu&] Jz

Xyp(l - yS)u;] (px + %pz) 861C58f1b 8f5C .

Let us now comment on the results. Some aspects could have
been anticipated, and are verified. For instance, for the T — B®
semileptonic decays depicted in Fig. 3(a), and due to the large
phase space available in all cases, the differences among the
widths into the three lepton families are very small. The corre-
sponding results® are shown in Table 4. We also note that the
overlap in the hadron tensor between the T and the B(B*) wave
function slightly favors the pseudoscalar mesons. Anyhow, decays
with a single meson in the final state are suppressed by at least

pX’py!pZ) Zﬂ

(30)

2 The errors quoted correspond to the uncertainties of the Monte Carlo numerical
integration.
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Table 5

Largest decay widths, in units of 10~15 GeV, for the processes described by Fig. 3(b).

Here ¢ =e, u.
Final state (101> Gev] Final state '[10~1> Gev]
B*~ D*V ¢~ iy, 9.02 +0.07 B*~ D*T 1~ i, 1.55+0.01
B<° D*0 ¢~ p, B" D07,
B*~ Dt ¢~ iy, 3.59 +0.03 B*" Dt 1t i, 0.727 4 0.005
B+ DO ¢~ 9, B<" D07 ¥,
B~ D*T ¢~ iy, 4.63+0.05 B~ D*" 1t i, 0.86 +0.007
B°D*0¢— b, BOD*0 ¢~
B~ DTI™ iy 1.92+0.02 B~ DT 17 i, 0.409 + 0.003
BODO ¢~ v, BODO 7 i,

Table 6

Largest decay widths, in units of 101> GeV, for the processes described by Fig. 4.

Final state I'[10715 GeV] Final state r'[10715 GeV]
B*~ D** Dy 4.00+0.06 B~ D** D}~ 3.15+0.05
B°D*0p; BO D*0 i~

B*~ D** Dr~ 6.50 +0.09 B~ D+ Di™ 1.20+0.02
B D*0 pr- BO DO D}~

B*~ D* Dy 2.57+0.04 B*~ D* p- 3.57+0.09
B°DOD; B~ D*t 7~ 1.28£0.03
B*~ D+ D™ 2.32+0.03 B*~ Dt p~ 1.70 + 0.04
B DO p*- B*Dtm- 0.70 +0.02
B~ D** Dy 2.78 £0.05 B~ D*t p~ 2.0140.05
BOD*0 Dy B~ D** 7~ 0.77 £0.03

two orders of magnitude as compared to the semileptonic decays
with two final mesons, and the leading non-leptonic modes that
are discussed below.

For semileptonic decays involving two mesons in the final state,
described by panel (b) of Fig. 3, the processes involving a b — ¢
vertex are favored compared to those involving a b — u vertex,
due to the larger CKM matrix element |V.,| ~ 0.041 compared to
|Vup| ~0.0035 [35]. In Table 5 we show the most favorable chan-
nels, the filter being a width larger than 10°s~! = 0.66 x 10~1°
GeV, for the semileptonic decays with two mesons and a light ¢ =
e, i lepton in the final state. Though much smaller, we also give
the widths for the corresponding channels with a final t since they
could be interesting in the context of studies of lepton-flavor uni-
versality violation. Due to spin recoupling coefficients, the largest
decay widths appear for vector mesons in the final state. In short,
the largest preferred semileptonic decay are B® D™ ¢, with the
various combinations of spins for the mesons, and ¢ =e, .

Table 6 displays now the most important nonleptonic decay
modes. All of them contain a b — ¢ vertex and an a; factor, and
the dominant ones have a DE;‘)) meson in the final state. Once again
vector mesons are favored in the final state. As a consequence
of the factorization approximation, processes with D or a light
meson final states arising from vacuum have decay widths compa-
rable to the corresponding semileptonic decay. This is due to the
large value of the Cabibbo allowed CKM matrix elements |V g| ~
|Vudgl ~0.97 [35] and the fact that the hadronic matrix elements
are proportional to a% in those cases. Decay channels not shown
in Tables 5 and 6 are suppressed by at least one order of magni-
tude. For instance, final states with J/W or 1. mesons, are sup-
pressed by more than one order of magnitude since their widths
are proportional to |Vcd|2a%. According to our study, the promis-
ing final states among the nonleptonic decays are B*~ D** Di—,
B*0D*O D~ and B*~D** p~.

Finally, in Table 7 we show the results for the semileptonic de-
cay corresponding to Fig. 5 with a J* =07 T} isoscalar tetraquark
in the final state. In our calculation, the total semileptonic decay
width with a final JP = 0% T, isoscalar tetraquark turns out to be

E. Herndndez et al. / Physics Letters B 800 (2020) 135073

Table 7
Decay widths, in units of 10715 GeV, for the
processes described by Fig. 5.

Final state r'[10~'> Gev]
Thee™ Ve 3.06 + 0.03
The L™ Vp 3.02 +0.02
The T~ Vg 1.40 £0.01

7.5 x 1071 GeV, in clear disagreement with the result of Ref. [17]
obtained using a QCD three-point sum rule approach.

The total decay width of the T,, tetraquark, as calculated in
this work, is of the order of I' ~ 87 x 10~1> GeV, which means a
lifetime t ~ 7.6 ps. This lifetime is one order of magnitude larger
than the simplest guess-by-analogy estimation of 0.3 ps of Ref. [7].

4. Summary and outlook

We have presented the first comprehensive study of the flavor-
exotic JP =1+ T,, isoscalar tetraquark. It includes an accurate
solution of the four-body problem within a quark model, which
characterizes the structure of the state, and an estimate of the
lifetime and of the rates for the leading semileptonic and non-
leptonic decay modes which are the most promising final states
where the tetraquark should be looked for. We have shown how
pairwise interactions based on color-octet exchange induce mixing
between the 33 and 66 states in the QQ — Gg basis, enhancing
the 33 components for larger values of Mg due to the attractive
chromoelectric interaction of the QQ pair that it is absent in the
Qg threshold. This result is only valid in the bottom sector. In the
charm sector, the binding mechanism is different: the 33 and 66
components have a similar probability and are mixed by the chro-
momagnetic interaction. We have shown how the structure of the
Tqq state evolves from a molecular-like system to a compact-like
structure when moving from the charm to the bottom sector.

For the first time, the lifetime of the T,, tetraquark has been
calculated in a quark model beyond simple guess-by-analogy es-
timations. The total decay width of the T,, found in this work is
'~ 87 x 10~1> GeV, corresponding to a lifetime 7 ~ 7.6 ps. The
promising final states are B*~ D** 1~ v, and B*° D*?¢~ ¥, among
the semileptonic decays, and B*~ D**D}~, B*®D*0D*~, and
B*~ D** p~ among the nonleptonic ones. The Tl?ce‘vz semilep-
tonic decay is also relevant but in our calculation is not dominant.

Our study complements recent estimates for the production
cross sections of Tpp tetraquarks based on Monte Carlo event gen-
erators pointing towards an excellent discovery potential in ongo-
ing and forthcoming proton-proton collisions at the LHC [40]. The
possible formation of this state in relativistic heavy-ion collisions
at the LHC has also been recently discussed in detail within the
quark coalescence model using realistic model wave functions with
good prospects [41].

The spectroscopy of exotic states with hidden heavy flavor has
revealed how interesting the interaction of heavy hadrons is, with
presumably a long-range part of Yukawa type, and a short-range
part mediated by quark-quark and quark-antiquark forces. A new
sector with stable flavor-exotic states, such as the Tpp, remains to
be investigated. An experimental effort towards the detection of
this compact tetraquark states is now timely. Its existence is es-
sential to validate our understanding of low-energy QCD in the
multiquark sector.

Note added
A long lifetime for the T, tetraquark can ease its detection

through the method of “displaced vertex” proposed in [42]. We
thank A. Ali for calling our attention on this article.
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