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We aim to clarify the experimentally observed near-degeneracy and decay patterns of the isospin,
𝐼 = 1, hidden-bottom tetraquarks 𝑍𝑏 (10610) and 𝑍𝑏 (10650) with quantum numbers 𝐽𝑃 = 1+. We
refer to them as 𝑍𝑏 and 𝑍 ′

𝑏
, respectively. In particular, we find first evidence that the suppression

of the decay of 𝑍 ′

𝑏
to 𝐵𝐵∗ can be understood in the context of the Born-Oppenheimer Effective

Field Theory (BOEFT). BOEFT enables writing both 𝑍𝑏 and 𝑍 ′

𝑏
as superpositions of 𝑍1 and 𝑍2

tetraquark configurations. This decomposition naturally relates the decay patterns of 𝑍𝑏 and 𝑍 ′

𝑏

to the degeneracy of the light degrees of freedom associated with 𝑍1 and 𝑍2 tetraquarks, i.e.,
1−−and 0−+ adjoint mesons, respectively. By calculating the adjoint meson correlators within the
framework of lattice QCD, we get good indications that these adjoint mesons are degenerate.
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1. Introduction

1.1 Motivation

The discovery of 𝑋 (3872) two decades ago by the Belle experiment in Japan [1] ushered in a
new era of exotic spectroscopy. 𝑋 (3872) is an exotic hadron with unconventional quark content:
hidden charm (𝑐𝑐) and two light quarks (𝑞𝑞) forming an isospin 𝐼 = 0 state. Such exotic hadrons
with two quarks and two antiquarks are classified as tetraquarks. These hadrons are neither baryons
nor mesons, and therefore provide a unique avenue for understanding and exploring properties of
Quantum Chromodynamics (QCD), such as confinement and the arrangement of quarks inside color-
neutral hadrons. We note that a tetraquark could have one heavy quark-antiquark pair, [𝑄̄𝑄𝑞𝑞], or
two heavy quarks, [𝑄𝑄𝑞𝑞]. However, for this study, the former configuration is relevant.

Following this, in the year 2011, the Belle experiment discovered two hidden bottom tetraquarks
(𝑏̄𝑏𝑞𝑞): 𝑍𝑏 (10610) and 𝑍 ′

𝑏
(10650) with 𝐼 = 1 [2, 3]. 𝑍𝑏 lies slightly above 𝐵𝐵̄∗ threshold and

𝑍
′
𝑏

lies slightly above 𝐵∗𝐵̄∗. However, the dominant decay channel of 𝑍 ′
𝑏

is 𝐵∗𝐵̄∗. In other words,
the suppression of 𝑍 ′

𝑏
decay to 𝐵𝐵̄∗ is a puzzle and needs theoretical input. For more details on

the current understanding of the exotic hadrons containing 𝑏 quarks, please refer to recent reviews
[4, 5], and references therein.

Since QCD is non-perturbative at the hadronic scale, the experimental progress in the field of
states consisting of two heavy quarks (𝑄𝑄) and one pair of heavy quark and antiquark (𝑄̄𝑄)—a.k.a.
XYZ exotics—has, over the years, received important theoretical input from calculations within
the framework of lattice QCD. A distinct approach uses an effective field formulation called
Born–Oppenheimer Effective Field Theory (BOEFT), which provides a unified framework to explain
the spectrum of XYZ exotics and quarkonium [6, 7] and needs only a few universal nonperturbative
correlators as lattice input. We note that the existing lattice QCD results are consistent with the
BOEFT framework. In particular, the observed short-distance behaviour of the static energies of
hybrids consisting of one heavy quark–antiquark pair bound to gluonic degrees of freedom (𝑄̄𝑄𝑔)
[8–10], and the observation of string breaking in the 𝐼 = 0 quarkonium (𝑄̄𝑄) channel into two
heavy-light mesons ([𝑄̄𝑞][𝑄𝑞]) when 𝑄 and 𝑄̄ are separated by an interquark distance 𝑟 ≈ 1.2 fm
[11, 12], can be understood within the unified framework of BOEFT [6].

1.2 Application of BOEFT

BOEFT exploits the energy hierarchy between heavy quarks and the light degrees of freedom
(LDF: light quarks and gluons) of QCD. The heavy quarks are static and supply a color source,
while the different configurations of the LDF identify different static energies and are characterised
by the quantum numbers of the LDF. In addition to isospin and baryon number, the most important
quantum number is the projection of the total angular momentum ®𝐾 of the LDF along the axis
joining two static color sources, and is labeled as 𝑘𝑃𝐶 , where 𝑘 (𝑘 + 1) are the eigenvalues of | ®𝐾 |2.
We note that for hidden-bottom tetraquarks, LDF comprises of a pair of light quark-antiquark, and
thus its baryon number is 0. The static energies are functions of 𝑟 and are labeled by BO quantum
numbers, Λ𝜎

𝜂 , which are representations of the cylindrical symmetry group. BO quantum numbers
are good quantum numbers in the static limit, whereas 𝑘𝑃𝐶 are good quantum numbers only at short
distances where the spherical symmetry gets recovered. Λ𝜎

𝜂 is directly related to 𝑘𝑃𝐶 : Λ ≤ 𝑘 and
is represented by Greek letters, Σ,Π, ..., when it takes values 0, 1, ...; for an exotic state containing
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𝑄̄𝑄, 𝜂 is denoted by 𝑔 and 𝑢 when 𝐶𝑃 is +1 and −1, respectively; and 𝜎 is the eigenvalue of the
reflection operator with respect to a plane passing through the static quark-antiquark axis. The static
energies labeled by Λ𝜎

𝜂 can be plugged into the coupled Schrödinger equations in the framework of
BOEFT to extract the spectrum of XYZ states.

Tetraquark Adjoint meson spin BO quantum numbers 𝑄̄𝑄 spin 𝐽𝑃𝐶

configuration 𝑘𝑃𝐶 Λ𝜎
𝜂 𝑆𝑃𝐶

𝑄̄𝑄

𝑍1 1−− Σ+
𝑔 0−+ 1+−

𝑍2 0−+ Σ−
𝑢 1−− 1+−

Table 1: This table provides LDF or adjoint meson quantum numbers, BO quantum numbers, and static
quark spins corresponding to 𝑍1 and 𝑍2 static energies. The light and static quantum numbers of both 𝑍1 and
𝑍2 combine to give quantum numbers of electrically neutral 𝑍𝑏 and 𝑍 ′

𝑏
i.e. 𝐽𝑃𝐶 = 1+− , and this is why 𝑍𝑏

and 𝑍 ′
𝑏

tetraquarks are superpositions of the 𝑍1 and 𝑍2 tetraquarks if 𝑍1 and 𝑍2 have similar masses.

For a hidden-bottom tetraquark configuration in the static limit, if the light quark-antiquark
pair does not carry orbital angular momentum, 𝑘 can take two values: 1/2 ⊗ 1/2 = 0 ⊕ 1 such that
both LDF configurations carry 𝑃 = −1, whereas they carry 𝐶 = +1 and −1, respectively. Note
that the former, 0+− has only one static energy associated with it i.e., Σ−

𝑢 , whereas the later, 1−− is
associated with a multiplet of static energies i.e., Σ+

𝑔,Π𝑔. Tab. 1 explicitly shows that Σ−
𝑢 can be

combined with a spin 1 static 𝑄̄𝑄 configuration to form 𝑍2 tetraquark that carries 𝐽𝑃𝐶 quantum
numbers of electrically neutral 𝑍𝑏 and 𝑍 ′

𝑏
. However, for LDF carrying 𝑘𝑃𝐶 = 1−−, only the static

energy carrying BO quantum numbers Σ+
𝑔 can be combined with spin 0 static 𝑄̄𝑄 configuration to

form 𝑍1 tetraquark, which also carries 𝐽𝑃𝐶 quantum numbers of electrically neutral 𝑍𝑏 and 𝑍 ′
𝑏
.

If the masses of the physical 𝑍1 and 𝑍2 tetraquarks obtained as a result of solving the coupled
Schrödinger equations are close, then it is expected that the LDF configurations associated with 𝑍1
and 𝑍2 are degenerate. This in turn implies that the experimentally observed 𝑍𝑏 and 𝑍 ′

𝑏
can be

written as superpositions of 𝑍1 and 𝑍2 that have the same quantum numbers and similar masses.
Let us start with the assumption that 𝑍1 and 𝑍2 have similar masses, and this implies their respective
LDF configurations are also degenerate. In particular, the electrically neutral partners of 𝑍𝑏 and
𝑍 ′
𝑏

tetraquarks with 𝐽𝑃𝐶 = 1+− can be written as superpositions of 𝑍1 and 𝑍2 with 1−− and 0−+ as
LDF quantum numbers, respectively:

|𝑍 ′
𝑏⟩ =

1
√

2

(
|𝑍1⟩ − |𝑍2⟩

)
,

|𝑍𝑏⟩ =
1
√

2

(
|𝑍1⟩ + |𝑍2⟩

)
, (1)

where,

|𝑍1⟩ = |𝑆𝑏𝑏̄ = 0⟩|𝑘𝑃𝐶 = 1−−⟩,
|𝑍2⟩ = |𝑆𝑏𝑏̄ = 1⟩|𝑘𝑃𝐶 = 0−+⟩ . (2)

In the Heavy Quark Spin Symmetry limit, the LDF quantum numbers relevant for 𝑆-wave+ 𝑆-wave
heavy-light thresholds and compatible with the quantum numbers of 𝑍𝑏 and 𝑍 ′

𝑏
are also 1−− and
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0−+. There are two such thresholds corresponding to: i) a pseudoscalar meson and a vector meson
(𝐵𝐵∗), and ii) two vector mesons (𝐵∗𝐵∗). Therefore, these two heavy-light meson pairs can also be
written as superpositions of 𝑍1 and 𝑍2 given in Eq. (2) as follows,

|𝐵𝐵∗⟩ =
1
√

2

(
|𝑍1⟩ + |𝑍2⟩

)
,

|𝐵∗𝐵∗⟩ =
1
√

2

(
− |𝑍1⟩ + |𝑍2⟩

)
. (3)

The suppression of 𝑍 ′
𝑏

decay to 𝐵𝐵∗ implies that ⟨𝑍 ′
𝑏
|𝐵𝐵∗⟩ should vanish. By using equations

(1), (2) and (3),

⟨𝑍 ′
𝑏 |𝐵𝐵∗⟩ ∝ ⟨𝑆𝑏𝑏̄ = 0|𝑆𝑏𝑏̄ = 0⟩⟨𝑘𝑃𝐶 = 1−− |𝑘𝑃𝐶 = 1−−⟩

−⟨𝑆𝑏𝑏̄ = 1|𝑆𝑏𝑏̄ = 1⟩⟨𝑘𝑃𝐶 = 0−+ |𝑘𝑃𝐶 = 0−+⟩. (4)

After imposing Heavy Quark Spin Symmetry, ⟨𝑆𝑏𝑏̄ = 0|𝑆𝑏𝑏̄ = 0⟩ = ⟨𝑆𝑏𝑏̄ = 1|𝑆𝑏𝑏̄ = 1⟩, one
obtains,

⟨𝑍 ′
𝑏 |𝐵𝐵∗⟩ ∝ ⟨𝑘𝑃𝐶 = 1−− |𝑘𝑃𝐶 = 1−−⟩ − ⟨𝑘𝑃𝐶 = 0−+ |𝑘𝑃𝐶 = 0−+⟩. (5)

The R.H.S. of Eq. 5 is a difference of two norms and thus vanishes. This means that ⟨𝑍 ′
𝑏
| 𝐵𝐵̄∗⟩

vanishes only when 𝑍1 and 𝑍2 have similar masses, which in turn implies the degeneracy of LDF
configurations (adjoint mesons) associated with the 𝑍1 and 𝑍2 tetraquarks. As explained in the
next section, the LDF configurations associated with these tetraquarks are called adjoint mesons.
In Ref. [13], M. B. Voloshin attributed this decay pattern to ‘Light Quark Spin Symmetry’ with-
out providing any proof, and BOEFT now places this on a firm theoretical footing. In the context
of BOEFT, this implies the degeneracy of vector, 1−−, and pseudoscalar, 0−+, adjoint mesons [6, 14].

Our aim is to clarify, on one hand, the nature of the adjoint mesons or LDF configurations
associated with 𝑍1 and 𝑍2 using lattice QCD calculations, and, on the other hand, to validate
the compelling reasoning provided by BOEFT in explaining the experimental observation of the
near-degenerate 𝑍 ′

𝑏
and 𝑍𝑏 tetraquarks, as well as the suppression of 𝑍 ′

𝑏
decay to 𝐵𝐵̄∗.

2. Form of the adjoint meson correlator

In a tetraquark channel, when the interquark distance, 𝑟 , tends to infinity, the two heavy
fundamental, 3 and anti-fundamental 3̄ sources should form pairs of heavy-light mesons. On the
contrary, when 𝑟 → 0, 3 ⊗ 3̄ reduces to a linear combination of color singlet and octet, 1 ⊕ 8.
For 𝑄𝑄̄, with BO quantum numbers denoted by Σ+

𝑔, the BO potential should smoothly connect the
attractive color singlet potential at small 𝑟 to the (3 + 3̄)−potential at large 𝑟 . Whereas, the rest
(3 + 3̄)−potentials at large 𝑟 should connect to the repulsive color octet potential at small 𝑟. To
calculate the static tetraquark potentials on the lattice, Ref. [6] proposed an appropriate interpolator
that reproduces the correct short and long distance behaviour, and is given by,

𝑂𝐵𝑂 = 𝑄̄(0)Γ1 𝑈 (0, 𝑟/2) 𝑇𝑎𝑂𝑎
𝐴𝑀 (𝑟/2) 𝑈 (𝑟/2, 𝑟)𝑄(𝑟) . (6)
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In the equation above, the time coordinate, 𝑇 , is fixed and not explicitly written;𝑈 (𝑥, 𝑦) represents
a spatial Wilson line connecting coordinate 𝑥 to 𝑦; Γ1 is a general Dirac matrix; 𝑇𝑎 is a matrix in
the adjoint representation of 𝑆𝑈 (3), which means 𝑎 = 1, 2, .., 8; 𝑂𝑎

𝐴𝑀
is the LDF configuration,

which in this case is an adjoint meson,

𝑂𝑎
𝐴𝑀 (𝑟/2) = 𝑞(𝑟/2)Γ𝑇𝑎𝑞(𝑟/2) . (7)

Note that as 𝑟 → 0, the tetraquark potential, 𝑉𝑂𝐵𝑂
reduces to 𝑉8 + Λ𝐴𝑀 , where 𝑉8 =

𝛼𝑠

6𝑟 , and Λ𝐴𝑀

is the adjoint meson mass associated with the tetraquark channel. In Eq. (5.19) of Ref [6], a general
LDF correlator is given that can be translated to an adjoint meson correlator, and is given in the
following equation with explicit source (𝑇 = 0) and sink (𝑇 = 𝑡) time indices:

𝐶𝑖𝑖 (𝑡) =< 𝑂𝑎
𝐴𝑀 (𝑡)𝜙𝑎𝑏𝑎𝑑 𝑗 (𝑡, 0)𝑂

𝑏†
𝐴𝑀

(0) > (8)

The adjoint Wilson line makes the correlator gauge invariant and takes the following form that
contains a trace over the color indices:

𝜙𝑎𝑏𝑎𝑑 𝑗 (𝑡, 0) = Tr[(𝑈 (0, 𝑡)𝑇𝑎𝑈 (𝑡, 0)𝑇𝑏)] (9)

The adjoint meson correlator can be written with general Γ matrices, Γ𝑠𝑛𝑘 and Γ𝑠𝑟𝑐 such that
Γ𝑠𝑟𝑐 = 𝛾0Γ

†
𝑠𝑛𝑘
𝛾0. In the following, the spatial index, 𝑅 ≡ 𝑟/2, is arbitrary; Greek letters denote

Dirac indices, and Latin letters denote color indices. With all indices explicitly written, the
correlator, 𝐶𝑖𝑖 (𝑡), takes the following form:

< 0| 𝑞𝛼1
𝑐1 (𝑡, 𝑅) Γ

𝛼1𝛽1
𝑠𝑛𝑘

𝑇𝑎
𝑐1𝑐2𝑞

𝛽1
𝑐2 (𝑡, 𝑅)

𝜙𝑎𝑏𝑎𝑑 𝑗 (𝑡, 0)

𝑞𝛼2
𝑐3 (0, 𝑅) Γ

𝛼2𝛽2
𝑠𝑟𝑐 𝑇𝑏

𝑐3𝑐4𝑞
𝛽2
𝑐4 (0, 𝑅) |0 > (10)

As noted in the previous section, the adjoint mesons corresponding to 𝑍1 and 𝑍2 are vector, 1−−,
with Γ𝑠𝑛𝑘 = 𝛾𝑖 , and pseudoscalar, 0−+, with Γ𝑠𝑛𝑘 = 𝛾5, respectively.

3. Lattice setup

We used an 𝑁 𝑓 = 3 + 1 ensemble, comprised of 323 × 96 gauge configurations, produced
with the openQCD package. The pion mass 𝑚𝜋 is tuned to ≈ 406 MeV for these ensembles. This
ensemble has open boundary conditions in time. The lattice spacing, 𝑎, is set to 0.052 fm. For
further details, see Ref. [15, 16]. For the light quark, we used 100 distillation vectors and standard
distillation [17] on 4000 gauge configurations. The eigenvectors were computed from gauge links
that have 20 steps of 3D APE smearing [18] with 𝛼 = 0.5. The temporal links are HYP2 smeared
[19] with parameters 𝛼1 = 1, 𝛼2 = 1, 𝛼3 = 0.5.

The light quark propagators can be expressed within the distillation framework in terms of
perambulators, 𝜏, and Laplacian eigenvectors, 𝑣, as,〈

𝑞
𝛽1
𝑐2 (𝑡, 𝑅) 𝑞

𝛼2
𝑐3 (0, 𝑅)

〉
= 𝐷−1(𝑅; 𝑡, 0)𝛽1𝛼2

𝑐2,𝑐3 →
∑︁
𝑘1,𝑘2

𝑣
𝑘1
𝑅,𝑐2

(𝑡)𝜏𝑘1,𝑘2
𝛽1𝛼2

(𝑡, 0)𝑣†𝑘2
𝑅,𝑐3

(0). (11)
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We used the following color Fierz transformation to go from the adjoint representation to the
fundamental representation,

𝑇𝑎
𝛼𝛽𝑇

𝑎
𝛾𝛿 = 𝛿𝛼𝛿𝛿𝛾𝛽 − 𝛿𝛼𝛽𝛿𝛾𝛿/3 . (12)

After performing Wick contractions in (10), we then substitute (9), (11) and (12) to finally obtain
the adjoint meson correlator to be calculated on the lattice,

5 10 15 20
t/a

0.60

0.65

0.70

0.75

0.80

0.85

0.90

0.95

1.00

am
ef

f

1−−

1+−
0+−

0−+

1++

0++

Figure 1: This figure shows preliminary effective masses of six 𝐼 = 1 adjoint mesons (see text for details).
Adjoint mesons with continuum quantum numbers 0−+ and 1−− are associated with 𝑆-wave + 𝑆-wave heavy-
light thresholds, whereas the adjoint mesons carrying continuum quantum numbers 1++, 0+− , 0++ and 1+−

are associated with 𝑆-wave + 𝑃-wave heavy-light thresholds. The mapping of continuum quantum numbers
to their lattice counterparts is given in Tab. 2.

𝐶𝑖𝑖 (𝑡) =
∑︁

𝑘1,𝑘2,𝑘3,𝑘4

(
Γ
𝛼2𝛽2
𝑠𝑟𝑐 𝜏[0, 𝑡]𝑘3𝑘4

𝛽2𝛼1
𝜏[𝑅; 𝑡, 0]𝑘4,𝑘3Γ

𝛼1𝛽1
𝑠𝑛𝑘

𝜏[𝑡, 0]𝑘1𝑘2
𝛽1𝛼2

𝜏[𝑅; 0, 𝑡]𝑘2,𝑘1

− 1
3
Γ
𝛼2𝛽2
𝑠𝑟𝑐 𝜏[0, 𝑡]𝑘3𝑘4

𝛽2𝛼1
𝜏[𝑅; 𝑡, 𝑡]𝑘4,𝑘1Γ

𝛼1𝛽1
𝑠𝑛𝑘

𝜏[𝑡, 0]𝑘1𝑘2
𝛽1𝛼2

𝜏[𝑅; 0, 0]𝑘2,𝑘3

)
(13)

In the equation above, we sandwiched the static propagator, which is nothing but a temporal Wilson
line, between two Laplacian eigenvectors, and introduced an object, 𝜏, called the static perambulator
[20]:

𝜏[𝑅; 𝑡, 0]𝑘4,𝑘3 = 𝑣
†𝑘4
𝑅,𝑐1

(𝑡)𝑈 (𝑡, 0)𝑐1𝑐4𝑣
𝑘3
𝑅,𝑐4

(0) (14)

This implies that when both time indices of the static perambulator are the same, the corresponding
temporal Wilson line is identity, and the expression for 𝜏 becomes simpler. More specifically, in

6



P
o

S
(

L
A

T
T

I
C

E
2

0
2

5
)

0
8

6
Imprint of the adjoint meson spectrum in the decay patterns of hidden-bottom tetraquarks Sipaz Sharma

Eq. 13,

𝜏[𝑅; 𝑡, 𝑡]𝑘4,𝑘1 = 𝑣
†𝑘4
𝑅,𝑐1

(𝑡)𝑣𝑘1
𝑅,𝑐1

(𝑡) ,

𝜏[𝑅; 0, 0]𝑘2,𝑘3 = 𝑣
†𝑘2
𝑅,𝑐1

(0)𝑣𝑘3
𝑅,𝑐1

(0) . (15)

4. Results and conclusions

We extracted effective masses, 𝑎𝑚𝑒 𝑓 𝑓 , from various adjoint meson correlators calculated using
Eq. (13). All the statistical error analysis is done using the pyerrors library [21] which uses the
Γ-method [22–24] with automatic differentiation [25] to systematically account for the correlation
between samples in the Monte-Carlo data. Note that in the following, we explicitly write the lattice
units. As is well known,

𝑎𝑚𝑒 𝑓 𝑓 (𝑡/𝑎, 𝑡/𝑎 + 1) = log
𝐶𝑖𝑖 (𝑡/𝑎)

𝐶𝑖𝑖 (𝑡/𝑎 + 1) , (16)

and because of the spectral decomposition, in the large 𝑡 limit, it is expected that the contamination
from the excited states will reduce, and 𝑎𝑚𝑒 𝑓 𝑓 will plateau to give the ground state in each quantum
number channel. However, as can be seen from Fig. 1, in all adjoint meson channels, the signal-
to-noise ratio deteriorates before a proper plateau can be observed. Nevertheless, even at the level
of effective masses, the pseudoscalar, 0−+, and vector 1−− adjoint mesons computations are in
agreement. To be more specific, for 1−−, so far we only used 𝛾1 and not an average over 𝛾1, 𝛾2
and 𝛾3, whereas for 0−+ we used 𝛾0𝛾5. We emphasise that Fig. 1 shows preliminary results. In
particular, in the vector channel, a full analysis averaging over the irreducible representations of the
cubic group is in progress. The upper block of Tab. 2 maps the continuum quantum numbers of
these two adjoint mesons to their lattice counterparts. The adjoint meson correlators are averaged
over all spatial points in the 𝑥- and 𝑦-directions while keeping the 𝑧-coordinate fixed to 0. For the
temporal averaging, in order to avoid the open boundary effects, we restrict the source and sink
times to 𝑡1/𝑎, 𝑡2/𝑎 ∈ [24, 71], respectively, with the condition 𝑡2 > 𝑡1. For a fixed source–sink
separation 𝑡/𝑎 = 𝑡2/𝑎− 𝑡1/𝑎, this implies that the number of available time sources is 48− 𝑡/𝑎, over
which the correlators are averaged.

Our results on the spectrum of adjoint mesons associated with 𝑍1 and 𝑍2, indicate that the decay
patterns of hidden-bottom tetraquarks that lie close to 𝑆-wave+𝑆-wave heavy-light thresholds can be
attributed to the degeneracy of the adjoint mesons. We note that in the quenched case, motivated by
the supersymmetric arguments, such a calculation has been performed before by Foster and Michael
[27]. However, their results were plagued by large errors. The vector and pseudoscalar adjoint
mesons were found to be −10(103) MeV and 34(161) MeV heavier than the lightest gluelump.
At a fixed value of the inverse gauge coupling, Ref. [27] also studied the degeneracy pattern of
these adjoint mesons at two different values of light quark masses. While, as expected, the masses
of the adjoint mesons were dependent upon the input light quark masses, the degeneracy within
errors turned out to be independent of the input light quark mass. Therefore, we expect that while
approaching the chiral limit, the observed degeneracy pattern should persist.

In addition to this, we also calculated effective masses, 𝑎𝑚𝑒 𝑓 𝑓 , of the adjoint mesons related
to the 𝑆-wave + 𝑃-wave heavy-light thresholds. There are six such adjoint mesons with continuum
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Continuum quantum numbers Lattice quantum numbers Γ𝑠𝑛𝑘 used in the computation
0−+ 𝐴−+

1 𝛾0𝛾5

1−− 𝑇−−
1 𝛾1

1++ 𝑇++
1 𝛾5𝛾1

0+− 𝐴+−
1 𝛾0

0++ 𝐴++
1 I

1+− 𝑇+−
1 𝛾2𝛾3

2++ 𝐸++, 𝑇++
2 -

2+− 𝐸+−, 𝑇+−
2 -

Table 2: This table maps the continuum quantum numbers of eight adjoint mesons to their lattice quantum
numbers based on the irreducible representations of the cubic group [26]. The third column provides explicit
Γ𝑠𝑛𝑘 matrices given as input to the correlator in Eq. 13 to produce 𝑎𝑚𝑒 𝑓 𝑓 for each quantum number channel
shown in Fig. 1.

quantum numbers 1++, 0+−, 0++, 1+−, 2++ and 2+−. The lower block of Tab. 2 maps the continuum
quantum numbers of these six adjoint mesons to their lattice counterparts. In Fig. 1, we show results
for the first four adjoint mesons, which are calculated by substituting Γ𝑠𝑛𝑘 with 𝛾5𝛾1, 𝛾0, I, 𝛾2𝛾3,
respectively. As can be seen, the results for these four adjoint mesons also agree with each other.
All these results point towards the idea of Light Quark Spin Symmetry conceived by Voloshin, and
put in a rigorous mathematical framework by BOEFT.

The current lattice data support the BOEFT interpretation and are consistent with the degen-
eracy of the relevant adjoint mesons at the level of the effective masses, but a definitive statement
requires improved plateau control and a Generalised Eigenvalue Problem (GEVP) analysis. As part
of the outlook, our short-term goal is to incorporate distillation profiles [28] and implement the
GEVP in each quantum-number channel in order to obtain improved plateaux. We also plan to
compute the remaining two adjoint mesons associated with 𝑆-wave + 𝑃-wave thresholds i.e., 2++

and 2+−.
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