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In this proceedings we consider several states, namely the 𝐷∗
𝑠0 (2317), 𝐷𝑠1 (2460), 𝐷∗

0 (2300) and
𝐷1 (2430), which appear to defy description as simple quark-antiquark pairs. Theoretical input
from unitarized chiral perturbation theory suggests they can be understood as emerging from
Goldstone-Boson–D-meson scattering.
We present results from an 𝑆𝑈 (3) flavor-symmetric lattice QCD simulation at large pion masses
suggesting that there exists a 𝜋𝐷 bound state in the flavor-sextet representation that cannot emerge
for quark-antiquark states, but that appears naturally from the multiquark states. Moreover, we find
repulsion in the [15] representation, which establishes the pattern predicted for the interactions of
Goldstone bosons with 𝐷 mesons. This suggests these states may have the structure of hadronic
molecules.
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1. Introduction

A major goal of modern particle physics is to explain the nature of particles observed in
experiments. We focus on several observed particles, namely 𝐷∗

𝑠0(2317), 𝐷𝑠1(2460), 𝐷∗
0(2300)

and 𝐷1(2430), which defy explanation through the quark model as simple 𝑞𝑞 meson states. The
𝐷∗

𝑠0(2317) and 𝐷𝑠1(2460) states are lighter than quark model predictions would suggest [1–3].
Furthermore, we expect that non-strange states should be about 150 MeV lighter than their strange
counterparts. However, 𝐷∗

0(2300) and 𝐷1(2430) are similar in mass to their corresponding strange
states.

The likely explanation is that these states are exotic. Insight into their nature has come
from unitarized chiral perturbation theory (U𝜒PT) [4–8]. U𝜒PT suggests that 𝐷∗

𝑠0(2317) is a
𝐷𝐾 molecule and that the very broad 𝐷∗

0(2300) state contains two poles around 2105 MeV and
2451 MeV. Also the 𝐷∗

𝑠0(2317) is the 𝑆𝑈 (3)-flavor partner of the lower of these two poles, while
the upper pole is a member of an 𝑆𝑈 (3)-sextet.

Several lattice studies have added information about these states, with [9] examining 𝐷𝐾

scattering. The Regensburg group calculated 𝐷∗
𝑠0(2317) and 𝐷𝑠1(2460) masses [10]. The Hadron

Spectrum Collaboration predicted that the lightest 𝐷∗
0 should be below 2300MeV. For reviews, see

Refs. [11, 12].
There remain, however, questions regarding the structure of these states: are they compact

tetraquarks of the diquark-antidiquark type or are they hadronic molecules, as suggested by U𝜒PT?
Further insight comes from understanding the nature of the 𝑆𝑈 (3)-flavor multiplets. In a

flavor-symmetric world, a four-quark state 𝑐𝑞𝑞𝑞 breaks down as

[3̄] ⊗ [8] = [15] ⊕ [6] ⊕ [3̄] , (1)

ignoring the [3] arising from 𝑐𝑞 coupling to the flavor-singlet 𝑞𝑞. Dmitrasinovic predicted that in
a tetraquark configuration, all multiplets are attractive [13]. On the other hand, U𝜒PT predicts that
for hadronic molecules, the [3] would be the most attractive multiplet, followed by the [6], with the
[15] being repulsive [4, 14, 15].

With these conflicting predictions, determination of the attractive or repulsive nature of the
𝑆𝑈 (3) multiplets could lend strong support to either the compact tetraquark or hardonic molecule
hypothesis. With this in mind, we set out to do a 𝑆𝑈 (3)-flavor symmetric lattice calculation of the
𝐷𝜋 system.

2. Lattice Calculation

2.1 Ensemble tuning

The U𝜒PT calculation of Du et al. [6] suggests that 𝑆𝑈 (3) flavor symmetric light quarks tuned
so that the pion mass 𝑀𝜋 roughly in the range 600 – 700 MeV should produce a near-threshold
virtual or bound state in the[6] representation. Our goal then was to generate ensembles with three
light quarks tuned to give the flavor symmetric pions in this mass range, and the charm quark at its
physical mass.
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Using CHROMA [16], with either QPHIX[18] or QUDA[17], we generated 63 tuning ensem-
bles with clover Wilson fermions with six iterations of stout smearing. We initially explored three
values of the coupling, 𝛽 = 3.4, 3.5 and 3.6.

The tuning procedure is complicated by the lack of light quarks near the physical mass range.
This prevents us from setting the lattice scale with traditional light hadron observables and methods
such as renormalization flow, which are calibrated with the light hadron spectrum. Instead we use
a three-step tuning procedure and rely on charmonium splitting to set the lattice scale.

In the first step we construct the ratio

𝑅 =
𝑀𝐽/𝜓 − 𝑀𝜂𝑐

𝑀𝐽/𝜓
(2)

and vary the bare charm quark mass until the physical value of 𝑅 = 0.365 is achieved. We then read
off the value of 𝑎𝑚𝑐 that gives physical charm quarks. This step is illustrated in Fig. 1.
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Figure 1: Tuning 𝑚𝑐. For each 𝛽, we find the value of 𝑎𝑚𝑐 where the linear fit to measured values of the
charmonium splitting ratio (dashed lines) crosses the physical value 𝑅 = 0.0365 (blue line).

Once we have determined the target 𝑎𝑚𝑐 for each 𝛽, we use the value of the charmonium
splitting 𝑎𝑀𝐽/𝜓 − 𝑎𝑀𝜂𝑐 to establish the lattice spacing:

𝑎 =

(
𝑎𝑀𝐽/𝜓 − 𝑎𝑀𝜂𝑐

)
latt(

𝑀𝐽/𝜓 − 𝑀𝜂𝑐

)
phys

=

(
𝑎𝑀𝐽/𝜓 − 𝑎𝑀𝜂𝑐

)
latt

113 MeV
. (3)

This process is illustrated in Fig. 2.
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Figure 2: Determining the lattice scale 𝑎. Where the linear fits to lattice values of the splitting 𝑎(𝑀𝐽/𝜓−𝑀𝜂𝑐
)

intersect the value of 𝑎𝑚𝑐 determined for each 𝛽 in the first step, we use this splitting to determine the lattice
spacing 𝑎 in GeV−1 (horizontal dashed lines to the right axis).

We note that we do not include disconnected diagrams in our calculation of 𝑀𝐽/𝜓 and 𝑀𝜂𝑐

which we estimate introduces a 10% systematic overestimation of
(
𝑎𝑀𝐽/𝜓 − 𝑎𝑀𝜂𝑐

)
latt and hence a

corresponding error in 𝑎 [19].

The final step is to find the value of the bare light quark mass, 𝑎𝑚𝑠, that produces pions in the
600 – 700 MeV range. This is straightforward now that we have an estimate for the lattice spacing
𝑎. See Fig. 3.

We reiterate that, with the exception of the charm quark, we are not tuning to physical quark
masses, nor are we attempting precision spectroscopy requiring a continuum extrapolation. For our
purposes a single lattice spacing is sufficient to investigate the nature of the 𝑆𝑈 (3) multiplets. For
this reason, we focus from here on the 𝛽 = 3.6 ensembles.

We find that for 𝛽 = 3.6, 𝑎 = 0.27(2)stat(2)sys GeV−1. At this lattice spacing, our ensemble at
𝑎𝑚𝑞 = −0.013, 𝑎𝑚𝑐 = 0.25 is very close to the target point and corresponds to 𝑀𝜋 = 612(90) MeV
(with the uncertainty dominated by the lattice spacing determination). At this target point we
generated three ensembles, each with 𝐿𝑡 = 64 lattice units in the time direction, but varying spatial
volumes of 𝐿3

𝑠 = 323, 403 and 483. These correspond roughly to spatial sizes of 1.6, 2.1 and 2.6
fm, respectively. For each we generated 2500 – 2700 trajectories.
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Figure 3: Tuning the light (𝑆𝑈 (3)) quark masses. The dashed diagonal lines are linear fits to (𝑚𝑞 ,𝑎𝑀𝜋).
The dashed vertical lines drop from the point the fit lines pass through 𝑎(650 MeV). The vertical solid lines
correspond to 600 MeV and 700 MeV. Different 𝑎 for each 𝛽 is implied.

2.2 Interpolating operator design and measurement

Because the [3] is not useful for distinguishing between tetraquarks and hadronic molecules,
and because of the additional computational difficulty in resolving its disconnected diagrams, we
do not address the [3] irrep in the lattice simulation described below. We focus instead on the [6]
and [15].

To construct the appropriate interpolating operators for the [6] and [15] we first construct the
needed 𝑆𝑈 (3) flavor states within a tensor basis [20]. Since the 𝑐 quark is in an 𝑆𝑈 (3) singlet, the
states for the remaining degenerate light quarks can be constructed with appropriate projection onto
the [6] and [15] irreps. Table 1 shows the states and their quantum numbers for the [6] irrep.

If we choose state 5, we would write down the operator:

𝑂5
[6] (𝑥

′; 𝑥) = 1
√

2

{
[𝑠(𝑥′)Γ𝑐(𝑥′)]

[
𝑑 (𝑥)Γ𝑢(𝑥)

]
−
[
𝑑 (𝑥′)Γ𝑐(𝑥′)

]
[𝑠(𝑥)Γ𝑢(𝑥)]

}
. (4)

We could instead write the operator for state 6:

𝑂5
[6] (𝑥

′; 𝑥) = 1
√

2

{
[𝑠(𝑥′)Γ𝑐(𝑥′)]

[
𝑑 (𝑥)Γ𝑢(𝑥)

]
−
[
𝑑 (𝑥′)Γ𝑐(𝑥′)

]
[𝑠(𝑥)Γ𝑢(𝑥)]

}
. (5)
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Table 1: The light quark content of the states in the [6] representation and their associated quantum numbers.
𝑇2
𝑎 is the Casimir operator, 𝐼𝑧 is the third component of isospin, and 𝑌 is the hypercharge.

state components 𝑇2
𝑎 𝐼𝑧 𝑌

1 −|𝑢𝑢̄𝑑⟩ 1
2 + |𝑢𝑑𝑢̄⟩ 1

2 − |𝑠𝑑𝑠⟩ 1
2 + |𝑠𝑠𝑑⟩ 1

2
10
3 +1

2 − 1
3

2 |𝑑𝑢̄𝑑⟩ 1
2 − |𝑑𝑑𝑢̄⟩ 1

2 − |𝑠𝑢̄𝑠⟩ 1
2 + |𝑠𝑠𝑢̄⟩ 1

2
10
3 − 1

2 − 1
3

3 |𝑢𝑢̄𝑠⟩ 1
2 − |𝑢𝑠𝑢̄⟩ 1

2 − |𝑑𝑑𝑠⟩ 1
2 + |𝑑𝑠𝑑⟩ 1

2
10
3 0 +2

3
4 |𝑑𝑠𝑢̄⟩ 1√

2
− |𝑑𝑢̄𝑠⟩ 1√

2
10
3 −1 +2

3
5 |𝑢𝑠𝑑⟩ 1√

2
− |𝑢𝑑𝑠⟩ 1√

2
10
3 +1 +2

3

6 |𝑠𝑑𝑢̄⟩ 1√
2
− |𝑠𝑢̄𝑑⟩ 1√

2
10
3 0 − 4

3

Regardless, at the SU(3) point we get the same expression when we complete the contractions to
obtain the correlator:

⟨𝑂𝑖
[6] (𝑦

′; 𝑦)𝑂̄𝑖
[6] (𝑥; 𝑥)⟩ = Tr

[
Γ𝛾5S†

𝑦′;𝑥𝛾5ΓS𝑦′;𝑥

]
Tr

[
Γ𝛾5S†

𝑦;𝑥𝛾5ΓC𝑦;𝑥

]
+ Tr

[
Γ𝛾5S†

𝑦;𝑥𝛾5ΓS𝑦′;𝑥Γ𝛾5S†
𝑦′;𝑥𝛾5ΓC𝑦;𝑥

]
, (6)

The contraction for the [15], ⟨𝑂𝑖
[𝑑 ] (𝑦

′; 𝑦)𝑂̄𝑖
[𝑑 ] (𝑥; 𝑥)⟩ [15] is identical to Eq. (6), but with a relative

minus sign between the terms. In our calculations we consider only Γ = 𝛾5.

2.3 Analysis

We measure correlators for the 𝜋, 𝐷, as well as the [6] and [15] states, using point and smeared
sink operators for each. This gives us eight different correlators, which we fit simultaneously using

𝐶𝑃,𝑠 (𝑡) =
(𝑁−1)∑︁
𝑗=0

𝐴𝑃,𝑠, 𝑗 cosh
(
𝑀𝑃, 𝑗 (𝑡 − 𝐿𝑡/2)

)
(7)

for 𝑃 = {𝜋, 𝐷} and

𝐶𝑃,𝑠 (𝑡) = 𝐵𝑠 cosh ((𝑀𝐷 − 𝑀𝜋) (𝑡 − 𝐿𝑡/2)) + 𝐴𝑃,𝑠,0 cosh
(
(Δ𝑀𝑃

+ 𝑀𝐷,0 + 𝑀𝜋,0) (𝑡 − 𝐿𝑡/2)
)

+
(𝑁−1)∑︁
𝑗=1

𝐴𝑃,𝑠, 𝑗 cosh
(
𝑀𝑝, 𝑗 (𝑡 − 𝐿𝑡/2)

)
, (8)

for 𝑝 = {[6], [15]}, and 𝑠 ={point, smeared} sink operators. The overall fit form is

C(𝑡, 𝑃, 𝑠) = 𝛿𝑃,𝑃′𝛿𝑠,𝑠′𝐶𝑃′ ,𝑠′ (𝑡). (9)

The first term in Eq. (8) is due to forward-propagating 𝜋 and backwards-propagating 𝐷 and vice
versa. The parameters of interest are

Δ𝑀[6] ≡ 𝑀[6] − (𝑀𝐷 + 𝑀𝜋) ,
Δ𝑀[15] ≡ 𝑀[15] − (𝑀𝐷 + 𝑀𝜋) . (10)
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Figure 4: Eight hadron correlators used for simultaneous 2-state fits with 𝑡min = 5 (see text). From top to
bottom, the correlators represent: 𝜋pt, 𝜋sm, 𝐷pt, 𝐷sm, [6]pt, [15]pt, [6]sm, and [15]sm, with the subscripts
“pt" and “sm" referring to point and smeared sink operators. Lattice data error bars are too small to be seen.

These will be negative for attractive states and positive for repulsive scattering states. The correlators
and sample fits are shown in Fig. 4.

We performed ground-state (𝑁 = 1) and ground-state plus first-excited-state (𝑁 = 2) fits,
varying a symmetric fit range 𝑡min...(𝐿𝑡 − 𝑡min). We used jackknife resampling with a bin size of 15
(150 trajectories) to extract uncertainties on the fit parameters.

3. Results, conclusions and future work

Figure 5 shows the resulting Δ𝑀 values. We find a statistically significant negative signal for
Δ𝑀[6] , with little variation across the three volumes. For the [15] we see Δ𝑀[15] > 0 for all three
volumes. However, Δ𝑀[15] seems to approach zero as the volume increases, as would be expected
in a scattering state.

Taken together these are consistent with the U𝜒PT predictions of the 𝑆𝑈 (3) [6] and [15]
multiplets, and thus support the interpretation of the lowest-lying positive parity charmed mesons
as hadronic molecules. In particular, the [6] state is beyond the simple 𝑐𝑞 configurations and is
explicitly exotic.

Our next step in future work is to remove the remaining ambiguity about these results by
increasing the statistics, using more advanced fitting techniques, and performing a Lüscher finite-
volume analysis.
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Figure 5: Mass shifts Δ𝑀[6] and Δ𝑀[15] from two-state fits (𝑁 = 2) as a function of 𝑡min. A visible symbol
indicates that the fit confidence (𝑝-value) is near 1. Error bars are larger on the 403 fits because there are
fewer measurements per configuration.
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