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Summary. — The increasing number of discovered heavy quark exotic hadrons
call for immediate theoretical investigations based on first principles. Our study
focuses on tetraquark states made up of a bottom and charm quark in the axial-
vector (1) channel with isospin I = 0, using Lattice Quantum Chromodynamics.
These computations were conducted on the state-of-the-art MILC ensembles using
dynamical up/down, strange, and charm quark fields implemented with a highly
improved staggered quark action. The valence quarks were implemented using an
overlap action, with quark masses ranging from light to the charm sector, while the
evolution of the bottom quark was studied within a non-relativistic QCD framework.
We observe strong evidence of an energy level beneath the elastic threshold, which
implies an attractive interaction between the bottom and charm mesons, indicating
the possible existence of bound charmed-bottomed tetraquarks.

1. — Introduction

The recent discovery of a doubly charmed tetraquark, denoted as 7., represents a
significant step in the study of hadronic spectroscopy [1]. Due to recent advancements,
similar doubly heavy tetraquarks, like the one comprised of a bottom and a charm quark,
with a valence quark configuration T} = beiid, has become one of the highly sought-after
hadrons [2]. From a phenomenological perspective, doubly heavy tetraquarks, particu-
larly in the heavy-quark limit, have long been speculated to form deeply bound states,
with binding energies on the order of O(100MeV) relative to the elastic strong decay
threshold. In this study(!), we employ lattice QCD calculations to present compelling
evidence of an attractive interaction between D and B* mesons, of sufficient strength to
support the existence of a real bound state denoted as Th..

(*) For more details see [3].
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2. — Calculation details

We used four different lattice QCD ensembles with Ny = 241+ 1 dynamical quarks
using the Highly Improved Staggered Quark (HISQ) formulation, which were generated
by the MILC Collaboration [4]. In these ensembles, the charm and strange quark masses
in the sea were meticulously tuned to match their physical values. Meanwhile, the
dynamical light quarks were selected such that the ratio of strange to light quark masses,
denoted as mg/m; ~ 5.

For the valence quark fields up to the charm quark masses, we employed an over-
lap fermion action, consistent with previous work [5,6]. For the bottom quark, a
non-relativistic QCD (NRQCD) Hamiltonian [7] was utilized. In accordance with
the Fermilab prescription [8], the bare charm and bottom quark masses were tuned
on each ensemble, with the kinetic mass of spin-averaged 1S quarkonia, denoted as

{aﬂgﬁ = 2aMpin(V) + aMyin (PS)}, determined on the respective lattice setups. Fur-
ther information about the fine-tuning of heavy quark masses can be found in refs. [9] for
charm quarks and ref. [10] for bottom quarks. Additionally, the bare strange quark mass
was established by equating the lattice-based estimate of the hypothetical pseudoscalar
5s meson mass to 688.5 MeV [11].

We considered five distinct light quark mass m,, /4. These included three unphysical
quark mass values, corresponding to approximate pseudoscalar meson masses M, of
around 0.5, 0.6, and 1.0 GeV. In addition the case with physical strange quark mass M,
around 0.7 GeV and the physical charm quark mass case with M, around 3.0 GeV were
also studied. We systematically evaluated the finite-volume spectrum for all five quark
masses across all four lattice ensembles. Subsequently, we investigated the scattering
of D and B* mesons under each of these scenarios and extracted the dependence of
the scattering parameters on the light quark mass m, 4. Throughout our calculations,
we applied a wall-smearing technique to enhance the quality of our quark propagator
measurements [12-14].

2'1. Finite-volume spectrum. — We determined the finite-volume spectrum by exam-
ining Euclidean two-point correlation functions, denoted as C;;(t), which involve interpo-
lating operators O;(x) with specific quantum numbers. In our analysis, we utilize a set of
operators within the T} irreducible representation of the finite-volume lattice, expressed
as

Here, I'y, = Cv, with C = iv,v: representing the charge conjugation matrix. The
diquarks (antidiquarks) are in the color antitriplet (triplet) representations. In this
analysis, we neglect other high-lying two-meson (B*D*) and three-meson (DBm) in-
terpolators, as they have energies sufficiently high to affect the extracted ground states.
We also compute two-point correlation functions for B, B*, D, and D* mesons, using
standard local quark bilinear interpolators (Q I' ¢), with spin structures I' ~ 5 and
~; for pseudoscalar and vector quantum numbers, respectively. Assuming isospin sym-
metry, we consider two significant low-lying two-meson thresholds in ascending energy
order: Epp+ = Mp+ + Mp and Egp~ = Mp + Mp-. To derive the energy levels of the



ISOSCALAR AXIAL-VECTOR BOTTOM-CHARM TETRAQUARKS FROM QCD 3

1.002
M, ~0.5 GeV 0.6 GeV 0.7 GeV 1.0 Gev 3.0 GeV
1.000 -
5 $ v
0.998 -
=) # ¢
iy ¢ b $
0.996 +
0.994 - +
L [fm]
3 4 s 3 4 s 3 4 5 3 4 s 3 4 s

Fig. 1. — The ground state energies in units of the elastic threshold (DB*) on all ensembles for
all My, values (different vertical panes).

low-lying spectrum, we analyze the correlation matrices using a variational approach [15]
by solving the generalized eigenvalue problem (GEVP).

The extraction of the energy spectrum involves fitting the eigenvalue correlators,
An(t), or the ratios R™(t) = A"(t)/Cim, (t)Cim,(t), which exhibit expected asymptotic
exponential behavior. Here, C,,, is the two-point correlation function for the meson
m; [16]. Our final results are based on fitting the ratio correlators R"(¢).

In fig. 1, we provide estimates of the ground state energy, expressed in units relative to
the elastic threshold energy Epp-, across various values of M, for all the ensembles used
in our study. In cases where bottom meson is involved, we incorporate the corresponding
adjusted mass M, , considering the quark mass correction in NRQCD. This correction
is calculated as Mp) = My — 0.5M?§t + 0.5M22y5, where Mﬁ’f; (M;?Lys) signifies the
spin-averaged mass of the 15 bottomonium measured on the lattice (in experiments).

The spectrum clearly exhibits a pattern of decreasing energy splitting, indicative of a
diminishing interaction strength, with increasing M. Another noteworthy observation
is the presence of non-zero lattice spacing (a) dependence in the ground state energies
for similar volume ensembles. We address this dependence by introducing an a-related
factor into the parametrized amplitude.

77

22. Amplitude analysis. — We follow Liischer’s finite-volume prescription [17,18] to
constrain the amplitudes from the finite volume spectrum by assuming elastic DB*
scattering. For the scattering of D and B* mesons in the S-wave with total angu-

lar momentum and parity J = 1T, the scattering phase shifts &—o(k) can be re-
lated to the finite-volume energy spectrum through kcot[do (k)] = 2Zoo[1; (£2)2)]/(L+/7).
Here, k(E., = +/s) is the momentum in the center of momentum frame such that

4sk? = (s — (Mp + Mp-)?)(s — (Mp — Mp+)?). We follow appendix B of ref. [19] to
constrain the amplitude, which is then used to find poles in the complex energy plane.
A sub-threshold pole in the S-wave scattering amplitude ¢ = (cotdy — i) ! occurs when
kcotdg = v/ —k? for scattering in S-wave. We parametrize the elastic DB* scatter-
ing amplitude with a term related to the scattering length ag, along with a term that
describes the lattice spacing dependence.

By fitting across various quark masses, we find that the scattering length of the DB*
system at the physical light quark mass (mz%s), corresponding to M,, = MP™$)  to be

(1) aB™s = 0.57(*4)(17) fm.

The asymmetric errors show the statistical uncertainties, while the second parenthesis
indicates the systematic uncertainties with the most dominant contribution arising from
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the chiral extrapolation fit forms. The positive value of the scattering length at M, =
MPYS g an evidence for the ability of the hadron-hadron interaction potential to host
a real bcud tetraquark bound state.

3. — Summary

We conducted a lattice QCD calculation that focused on the scattering of DB* in
the isoscalar axialvector (I(JF) = 0(1%)) channel. Our approach involved a meticulous
analysis of finite-volume energy spectra and the extrapolation of elastic DB™* scattering
amplitudes across a range of five light quark masses. This allowed us to establish the
relationship between the elastic DB* scattering length, denoted as ag, and the varying
light quark masses.

We observe a negative shift in the ground state energy with respect to the threshold
and a positive value for the physical scattering length, aghys, possibly signifying an at-
tractive force between the D and B* mesons. In future calculations, we will extend this

work further to look for poles in the scattering amplitude to check for bound states.
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