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Abstract The nature of low-lying scalar and axial-vector
charmed mesons has been debated for decades, with hadronic
molecular and compact tetraquark models being prominent
candidates. These two models predict quite different features
for the accessible SU(3) multiplets in the scalar and axial-
vector sectors, which can be tested through lattice calcula-
tions at SU(3) symmetric points. In this work, we perform
lattice calculations for both scalar and axial-vector charmed
mesons with an SU(3) symmetric pion mass about 613 MeV
for the SU(3) [6] and [15] multiplets. We find that the [6]
multiplet exhibits attractive interactions in both scalar and
axial-vector sectors, while the [15] multiplet shows repul-
sive interactions in both sectors. The energy shifts in the
scalar and axial-vector sectors are compatible with each other
within uncertainties. These results are fully consistent with
the hadronic molecular picture, while challenging the com-
pact tetraquark model, which predicts the existence of low-
lying [15] states in the axial-vector sector but not in the scalar
sector.

1 Introduction

Because of color confinement of quantum chromodynamics
(QCD), understanding the spectrum of hadrons is one of the
most challenging tasks in the study of the strong interac-
tion. Since 2003, when the B-factories entered the hunt for
the hadronic spectrum, many hadrons were observed with
properties in conflict with the predictions from conventional
quark models that identify mesons as q̄q states. For exam-
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ple, the D∗
s0(2317) [1] and Ds1(2460) [2] are significantly

lighter than the ground state scalar and axial-vector cs̄ states
at 2.48 GeV and 2.55 GeV, respectively, predicted in the
Godfrey-Isgur quark model [3]. This led to the development
of various models, including D(∗)K hadronic molecules [4–
11], compact tetraquark states [12,13], and mixtures of cq̄
with tetraquarks [14,15].

The corresponding charm-nonstrange states are known as
D∗

0(2300) [16,17] and D1(2430) [16]. Clearly their masses
are significantly higher than expected from the SU(3) break-
ing pattern, since they are too close to those of the partner
states containing strangeness. This puzzle and the fact that the
masses of the D∗

s0(2317) and Ds1(2460) are equidistant to the
DK and D∗K thresholds, respectively, are naturally under-
stood when employing unitarized chiral perturbation the-
ory (UChPT). For the singly heavy states this approach was
pioneered in Ref. [7]—for more recent developments see,
e.g., Refs. [18–20]. This formalism allows one to calculate
the nonperturbative dynamics of the scattering of the light-
est pseudoscalar meson octet, the pseudo-Nambu-Goldstone
bosons of the spontaneously broken chiral symmetry with the
D(∗)

(s) mesons in a controlled way. In particular, the coupling

of SU(3) flavor anti-triplet (D(∗)+, D(∗)0 and D(∗)+
s ) with

the light pseudoscalar meson octet forms three irreducible
representations (irreps) [7,18,21]:

[3] ⊗ [8] = [3] ⊕ [6] ⊕ [15].

The leading order chiral interaction from the Weinberg–
Tomozawa term predicts that the interaction in the [3] is
attractive, in the [6] is less attractive and the one in the [15]
is repulsive. It is a necessity of the consistency of the for-
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malism that this feature persists also when higher orders are
included—a feature confirmed in the corresponding calcu-
lations. It is worth noting that only the [3] irrep exists for
conventional cq̄ mesons, and the presence of [6] and [15]
requires at least an additional qq̄ pair, which can occur in
both hadronic molecular and compact tetraquark models.

In Ref. [22] a fit to lattice data for various light pseu-
doscalar meson–D(s)–meson scattering lengths (but not in
the channel where the D∗

s0(2317) is located) fixed the a
priori unknown low-energy constants in the next-to-leading
order chiral Lagrangian. The resulting amplitudes not only
reproduced the correct D∗

s0(2317) mass, but also predicted
its pion mass dependence [23] that agrees well with lattice
results [24]. In addition, this study solved the mass hierar-
chy puzzle mentioned above by confirming that the struc-
ture known as D∗

0(2300) in the Review of Particle Physics
(RPP) [25] emerges from two distinct poles, one lighter and
one heavier, in line with other findings [7,9,18,26–30]. Their

pole locations are found at
(

2105+6
−8−i 102+10

−11

)
MeV and(

2451+35
−26−i 134+7

−8

)
MeV [18,19], respectively. The SU(3)

partner of the D∗
s0(2317) is the lighter one, which restores

the expected mass hierarchy—they form a complete SU(3)
anti-triplet. The heavier pole on the other hand is a mem-
ber of SU(3) sextet, which is exotic as mentioned above.
Experimental support for the presence of two poles comes
from an analysis of the high-quality LHCb data on the
decays B− → D+π−π− [31], B0

s → D̄0K−π+ [32],
B0 → D̄0π−π+ [33], B− → D+π−K− [34], and B0 →
D̄0π−K+ [35] performed in Refs. [19,36,37], as well as
from the fact that their existence is consistent with the lat-
tice energy levels [22,24,38–41] for the relevant two-body
scattering [18,28,42]. Furthermore, the prediction that the
DK̄ is a virtual state [18] in the sextet and that the lightest
D∗

0 should be significantly lighter than 2.3 GeV were also
confirmed in lattice QCD (LQCD) [40,43],1 and the pre-
dicted lowest-lying bottom-strange scalar and axial-vector
mesons [9,10] (for an update, see [45]), as heavy quark flavor
symmetry partners of the D∗

s0(2317) and Ds1(2460) states,
agree well with lattice QCD results [46]. In addition, it is
shown in Ref. [37] that the D∗

0(2300) with resonance param-
eters listed in the RPP [47] is in conflict with the LHCb data
on B− → D+π−π− [31], contrary to the two D∗

0 states
scenario. This two-pole structure indeed emerges as a more
general pattern in the hadron spectrum, see, e.g., Ref. [48].

One more piece of evidence for the existence of the sex-
tet structure comes from the recent LHCb observation of a
signal for an iso-vector exotic resonance with a mass around
2327 MeV [49]. Such an iso-vector pole was first predicted

1 The pole position in the LQCD analysis of Ref. [38] is at
2.12(3) GeV [44], consistent with predictions in Refs. [18,19].

in Ref. [26] to be located on a remote Riemann sheet,2 having
a real part around 2.3 GeV and a sizable imaginary part. It
is in the SU(3) sextet within the SU(3) symmetric limit and
receives a mixture from the [15] representation due to SU(3)
breaking effects.

The pattern of the spectrum in the axial-vector sec-
tor [10,18,19,50] is analogous to the scalar sector. Instead
of a single D1(2430) as listed in the RPP [25], there
exist two poles, one lighter and one heavier. As a conse-
quence of heavy quark spin symmetry, their poles can be
obtained using the low-energy constants as those in the

scalar sector. The results are
(

2247+5
−6 − i107+11

−10

)
MeV and(

2555+47
−30 − i203+8

−9

)
MeV [18,19]. Again, they are situ-

ated on different sides of the D1(2430) mass listed in the
RPP [25]. Once again, the lower pole as the SU(3) partner
of the Ds1(2460) is a member of SU(3) anti-triplet, and the
heavier one is rooted in the SU(3) sextet. In line with the
UChPT predictions, LQCD calculations by the Hadron Spec-
trum Collaboration [51,52] also find that the ground state
axial-vector charmed meson has a relatively small mass. In
the coupled-channel LQCD calculation at a pion mass of
391 MeV in Ref. [52], the lowest 1+ charmed meson was
found to have a mass of (2395.6 ± 1.4) MeV, slightly below
the D∗π threshold, and smaller than 2.43 GeV. In addition,
a heavier pole at (2737 ± 79) MeV with a substantial width
was also found, which could correspond to the heavier D1

pole predicted in UChPT.3

It should be stressed that states in the flavor [6] cannot
be formed from a q̄c structure. For the [3̄], there can be a
mixture of quark-antiquark components, though their cou-
pling to molecular structures could be suppressed [57]. How-
ever, according to predictions from, e.g., the Godfrey-Isgur
quark model [3], the cq̄ states should have masses higher
than the molecular ones for the case under study. Mixing
between them and molecular states will push states dom-
inated by quark-antiquark structure to even larger masses
(thus they cannot be regarded as ground-state positive-parity

2 The statement in Ref. [18] “we do not find any pole that can be
associated to a physical state” was because the pole was located deep
on a remote Riemann sheet.
3 Recently, the ALICE Collaboration reported their measurements of
the Dπ and D∗(π) scattering lengths using the femtoscopy tech-
nique [53]. The isospin-1/2 Dπ and D∗(π) scattering lengths are
0.02(1) fm and −0.03(5) fm, respectively, much smaller than the values
extracted from UChPT and lattice QCD results [22,26,28,29,40,54–
56]. It is worth mentioning that the two scattering lengths are expected
to be approximately equal due to heavy quark spin symmetry and the
leading order chiral symmetry prediction for these scattering lengths is
μ/(4πF2

π ) ≈ 0.24 fm [26], where μ is the D(∗)π reduced mass and Fπ

the pion mass decay constant. It gets even enhanced due to the presence
of the isospin-1/2 D∗

0 (D1) pole pair. Therefore, the small scattering
lengths found in the femtoscopy analysis are incompatible with our
current understanding of low energy QCD. Alternative experimental
determinations of the scattering lengths are urgently called for.
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charm mesons), and consequently they attain large decay
widths and become poles deep in the complex plane (see
Ref. [42] for such a study of charm-strange mesons). Note
that this picture does not exclude the presence of other narrow
states consistent with a cq̄ structure in the spectrum. Here
the charm-nonstrange spin doublet (D1(2420), D∗

2(2460))
and their strange partners (Ds1(2536), D∗

s2(2573)) are good
candidates: Their features are consistent with those of a
quark-antiquark structure with the light quark cloud having
j P� = 3/2+, where j� refers to the total angular momentum
of the light degrees of freedom. These states couple in D
wave to a pair of D(∗) and light pseudoscalar mesons, and
thus receive little influence from meson–meson channels.

Recently, it was argued that in the diquark–anti-diquark
tetraquark picture there should also only be flavor [3̄] and [6]
states, but no [15] [58]. However, this is correct when only the
spin-0 light diquarks are considered. When the spin-1 light
diquark is also included, which must exist for a consistent
diquark phenomenology [59], both scalar and axial-vector
tetraquarks in the [15] representation emerge [60], in sharp
contrast to the hadronic molecular picture from within the
UChPT framework. Moreover, the mass difference between
scalar and axial-vector diquarks for both heavy-light and light
diquarks is similar. As a result of this, in the scalar sector
the non-strange members of the [15] multiplet are expected
to appear as resonances significantly heavier than the states
in the [6], since the former must contain the heavier axial-
vector diquarks in the heavy-light as well as the light subsys-
tems. However, the lightest axial-vector charmed mesons can
emerge either from a heavy-light spin-one diquark together
with a light scalar diquark or from a heavy light scalar diquark
together with an axial-vector light diquark. Thus, the state in
the flavor [3̄] and in the [15] should appear in mass close
together.

The reason for the difference of the predictions for the
molecular and the diquark–anti-diquark picture is that the
two light antiquarks in the same anti-diquark need to obey
the Fermi–Dirac statistics,4 while such a constraint is absent
in the molecular picture since these two light antiquarks are
in different mesons. Therefore, it is important to compare the
flavor structure of the lightest 0+ and 1+ charmed mesons
in an SU(3) symmetric setting. In the study presented below
we compare for the two quantum numbers the lowest levels
for the [15] multiplet with those of the [6] that serves as a
reference. If e.g. the lattice energy levels appear very similar
for the two quantum numbers, strong support is provided
for a molecular structure of the lowest-lying positive-parity
open-charm states. On the other hand, if the levels for the
two quantum numbers appear to be different, strong support

4 Notice that under SU(3) flavor symmetry, up, down and strange quarks
are generalized identical particles.

is provided for a tetraquark structure—such a result would
be inconsistent with a molecular structure of the states.

In this paper we present the results of our lattice investiga-
tions employing an SU(3) flavor symmetric setting with the
pion mass about 613 MeV. We directly compare the energy
levels for the lowest-lying [6] and [15] states, finding a high
similarity of the two in strong conflict with a tetraquark struc-
ture but fully in line with the UChPT predictions for the
hadronic molecular structure.

2 Lattice calculation

2.1 Simulation details

Our initial studies of the scalar Dπ system aimed at estab-
lishing the level structure of the [6] and [15] states [61,62].
By analyzing the energy shifts relative to threshold, we found
the [6] to be attractive and [15] repulsive, consistent with the
molecular picture of these states. Although our analysis could
not differentiate between a virtual or bound state in the [6],
a later study [63] confirmed our results and established the
[6] as a virtual state, while also showing the [3̄] to be a deep
bound state.

As argued above, to decide on the structure of the positive-
parity open-charm states, it suffices to demonstrate that the
level structure of the axial-vector D∗π system for the [6] and
[15] is the same as its scalar analog; that is, the [6] should
exhibit attraction and the [15] repulsion. In this work we do
exactly this. A more sophisticated Lüscher analysis will be
required to ascertain the exact nature of the [6] (e.g. as was
done in [63]) and we leave such work for a later time.

We performed a lattice simulation with N f = 3+1 flavors
of dynamical clover-improved Wilson fermions [64] with six
iterations of stout smearing [65]. For both the generation
of lattice gauge configurations and correlator measurement,
we use the Chroma library for LQCD [66], with either the
QPHIX [67,68] or QUDA [69] linear solver library. We used
both GPU-based and CPU-based architectures for this work.

The parameter space target is one where the charm quark
has roughly physical mass, and the three degenerate light fla-
vors produce a ∼ 600−700 MeV pion, as it is in this range
that UChPT predicts an attractive state in the [6] representa-
tion [19].

In this SU(3) symmetric setting, there is no mixing among
different SU(3) irreps, and thus the axial-vector D1(2420),
which lives in the flavor anti-triplet and couples to D∗π in D
wave, does not have any influence on our following results
on the [6] and [15] irreps.

This process required generating a number of short, ther-
malized tuning ensembles. In this paper we focus on sim-
ulations with the lattice coupling constant β = 3.6, which
fixes the lattice spacing a. Note that our goal here is only a
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comparison between the lattice levels in the 0+ and 1+ sec-
tors. Thus, no continuum extrapolation is needed to extract
the desired information.

This setup is far from the physical point, where LQCD
parameters are tuned directly or indirectly with light hadron
masses. For precision spectroscopy, LQCD scale-setting
usually relies on an artificial scale that can be precisely
measured on the lattice, such as renormalization flow scales
[70,71] or the static quark potential [72,73]. These in turn
must be calibrated using physical quantities such as hadron
masses which are known from experiments. Far away from
physical light quark masses, these scales are poorly cali-
brated [71]. We therefore rely on novel methods to reach the
target point and determine the lattice spacing. We leverage
the single parameter that we wish to tune to its approximate
physical value, the charm quark mass mc.

We first vary the charm mass parameter mc until the
dimensionless ratio (MJ/ψ − Mηc )/MJ/ψ reaches its phys-
ical value of 0.0365. At this point we can make an estimate
of the lattice spacing a with the relation

(
M latt

J/ψ − M latt
ηc

)
(
Mexp

J/ψ − Mexp
ηc

) = a, (1)

where dimensionless lattice mass parameters are related to
physical mass through the lattice spacing a through aM latt =
Mphys, and as a physical value of the splitting we use the
experimental value Mexp

J/ψ − Mexp
ηc = 0.113 GeV. This fixes

a ≈ 0.27 GeV−1 = 0.053 fm for β = 3.6. This process is
illustrated in Fig. 1. We neglect the effect of disconnected dia-
grams during the mc tuning and a determination. Since Wick
contractions require the color singlet cc̄ pair to be annihilated
and created, thus is highly suppressed by the Okubo-Zweig-
Iizuka rule. We estimate that this introduces a maximal sys-
tematic uncertainty about 10% [74,75], which will not affect
our conclusions.

Finally, withmc fixed, we vary the light quark mass param-
etermq until the pion mass falls in the desired range as shown
in Fig. 2. We find a target point (β = 3.6, mq = −0.013,
mc = 0.25) with

Mπ = (613 ± 1) MeV,

MD = (1890 ± 2) MeV,

MD∗ = (2037 ± 4) MeV,

Mηc= (2875 ± 4) MeV,

MJ/ψ= (2982 ± 6) MeV.

The uncertainties quoted here, and throughout the remainder
of this paper are statistical only. The cc hyperfine splitting
is ∼ 5% smaller than the physical value. This should be
interpreted as a slight mistuning of the charm mass, and has

Fig. 1 Tuning mc (top) by varying mc until (MJ/ψ − Mηc )/MJ/ψ =
0.0365, and establishing the lattice scale a (bottom) by using the split-
ting MJ/ψ −Mηc as a reference. The multiple points at a givenmc value
are ensembles with different values for the light quark mass mq

no effect on the lattice scale calibration, which is dependent
on β.

Fig. 2 Tuning the light quark mass parameter mq . The solid vertical
lines intersect the dashed fit line at the points corresponding to 600 and
700 MeV on the right-hand axis. The vertical dotted line marks the
650 MeV target. We chose an adjacent mq = −0.013 ensemble. The
multiple points at a given mq value are ensembles with different values
for the charm quark mass mc
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Table 1 The light quark content of the states in the [6] irrep and their associated quantum numbers

State Components T 2
a Iz Y

1 −|uūd̄〉 1
2 + |ud̄ū〉 1

2 − |sd̄s̄〉 1
2 + |ss̄d̄〉 1

2
10
3 + 1

2 − 1
3

2 |dūd̄〉 1
2 − |dd̄ū〉 1

2 − |sūs̄〉 1
2 + |ss̄ū〉 1

2
10
3 − 1

2 − 1
3

3 |uūs̄〉 1
2 − |us̄ū〉 1

2 − |dd̄s̄〉 1
2 + |ds̄d̄〉 1

2
10
3 0 + 2

3

4 |ds̄ū〉 1√
2

− |dūs̄〉 1√
2

10
3 −1 + 2

3

5 |us̄d̄〉 1√
2

− |ud̄s̄〉 1√
2

10
3 +1 + 2

3

6 |sd̄ū〉 1√
2

− |sūd̄〉 1√
2

10
3 0 − 4

3

T 2
a is the Casimir operator, Iz is the third component of isospin, and Y is the hypercharge

Table 2 The states in the [15] irrep and their associated quantum numbers

State Components T 2
a Iz Y

1 |ss̄s̄〉 1√
3

− |uūs̄〉 1√
3

− |us̄ū〉 1√
3

16
3 0 + 2

3

2 −|dūd̄〉 1
2 − |dd̄ū〉 1

2 + |sd̄s̄〉 1
2 + |ss̄d̄〉 1

2
16
3 + 1

2 − 1
3

3 −|uūū〉 1√
3

+ |sūs̄〉 1√
3

+ |ss̄ū〉 1√
3

16
3 − 1

2 − 1
3

4 |ds̄s̄〉 16
3 − 1

2 + 5
3

5 |us̄s̄〉 16
3 + 1

2 + 5
3

6 |dūs̄〉 1√
2

+ |ds̄ū〉 1√
2

16
3 −1 + 2

3

7 |dd̄s̄〉 1
2 + |ds̄d̄〉 1

2 − |uūs̄〉 1
2 − |us̄ū〉 1

2
16
3 0 + 2

3

8 |ud̄s̄〉 1√
2

+ |us̄d̄〉 1√
2

16
3 −1 + 2

3

9 |sūū〉 16
3 −1 − 4

3

10 |sūd̄〉 1√
2

+ |sd̄ū〉 1√
2

16
3 0 − 4

3

11 |sd̄d̄〉 16
3 +1 − 4

3

12 |dūū〉 16
3 − 3

2 − 1
3

13 −|uūū〉 1√
3

+ |dūd̄〉 1√
3

+ |dd̄ū〉 1√
3

16
3 − 1

2 − 1
3

14 −|uūd̄〉 1√
3

− |ud̄ū〉 1√
3

+ |dd̄d̄〉 1√
3

16
3 + 1

2 − 1
3

15 |ud̄d̄〉 16
3 + 3

2 − 1
3

At our target parameter values we used a hybrid Monte
Carlo (HMC) algorithm to generate an ensemble of lattice
volume 643 × 64 with 8400 update trajectories, including
400 thermalization updates.

2.2 Interpolating operators and Wick contractions

The c quark is in an SU(3) singlet, and the remaining degen-
erate light quarks are projected into either the [6] or [15]
irrep [76]. We provide the states and their associated quan-
tum numbers for the [6] and [15] irreps in Tables 1 and 2,
respectively.

To construct interpolating operators O[d] ofd=6, 15 irreps
we need to couple these flavor states to spinors. We do this
by taking any state in either Table 1 or Table 2 and couple it
with the singlet c state, inserting the desired Γ matrices at
appropriate places to construct the relevant fermion bilinears.

As a simple example, the interpolating operator for the i =
9th state of the [15] irrep is

Oi=9
[d=15](x

′; x) = [ū(x ′)ΓBc(x
′)][s(x)ΓAū(x)] ,

where x ′ and x represent two different spacetime points and
ΓA,B are in general different.

Our correlators are then constructed by Wick contrac-
tion of 〈O(y′; y)Ō(x; x)〉 where we assume all sources are
located at the same point x . In principle, choosing appro-
priate different non-local source locations, for example via
distillation, would provide a variational calculation of states,
ensuring a better signal in our analysis. However, due to our
limited computer resources, we opted to use local source
locations. Furthermore, for the goals of this paper we found
that such “point-to-all” correlators sufficed. Future work will
include a full variational calculation of these correlators.
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We note that the contractions are diagonal within each
irrep, i.e. 〈Oi

[d] Ō
i ′
[d]〉 ∝ δi,i ′ . Furthermore, because of the

exact SU(3) symmetry in the given setting, the resulting con-
tractions are identical within each [6] and [15] irrep. When
comparing the contractions of the [6] and [15], we find that
they differ by a relative sign in their exchange term,

〈Oi
[d](y

′; y)Ōi
[d](x; x)〉

= Tr
[
ΓAγ5S†

y′;xγ5ΓASy′;x
]

Tr
[
ΓBγ5S†

y;xγ5ΓBCy;x
]

± Tr
[
ΓBγ5S†

y;xγ5ΓASy′;xΓAγ5S†
y′;xγ5ΓBCy;x

]
. (2)

Here Tr refers to the trace over color and spin degrees of free-
dom and the minus (plus) sign is for the d = 15 (6) irrep.
C refers to the charm quark propagator and S the degener-
ate light quark propagator. Finally, for the scalar case we set
ΓA = ΓB = γ5, whereas for the axial vector case we have
ΓA = γ5 and we average over ΓB = γx , γy , γz . We stress that
this orthogonality of the interpolating operators and simpli-
fication of the Wick contractions are purely due to symmetry
and not interactions.

2.3 Correlator measurement and analysis

Using the lattice interpolating operators described above, we
measure correlators on ensemble described in Sect. 2.1. We
perform correlator calculations every 40th configuration after
the thermalization updates. For each measurement we cal-
culate hadron correlators for the π , D, D∗, scalar [6] and
[15] states, and the axial-vector [6] and [15] states. On every
measurement configuration we calculate correlators from
Nsrc = 128 different smeared shell sources scattered around
the volume with a 4-D Sobol sequence. The correlators are
contracted with both point and smeared sinks, giving us two
correlators for each state. Example correlators are shown in
Fig. 3.

To analyze the correlators and get the ground state energies
for each state, we fit them to a sum of N exponentials. For
the qq states we use

CP,s(t) =
(N−1)∑
j=0

AP,s, j cosh
(
EP, j (t − Lt/2)

)
, (3)

where P = π, D, D∗. For each state, we simultaneously fit
the correlators for both sinks s ∈ {point, smeared} to extract
a common set of energy levels Eπ, j , ED, j , and ED∗, j . For
the positive-parity open-charm states we use:

CP,s(t) = Bs cosh
(
(Mqc − Mπ )(t − Lt/2)

)

+
(N−1)∑
j=0

AP,s, j cosh
(
Ep, j (t − Lt/2)

)
. (4)

Fig. 3 Smeared-sink correlators for the pion, D∗ and axial-vector [15]
and [6] states. The corresponding scalar correlators are qualitatively
similar

Here, Mqc and Mπ are not fit parameters, rather, they come
from the meson fits, where Mπ is the extracted E0 from the
pion correlator, and Mqc is the ground state from the D corre-
lators in the scalar case, and from D∗ in the axial-vector case.
The B term is a suppressed, but significant, lattice artifact
contribution to the correlator. It arises from the π propagat-
ing forward in time and the Mqc propagating backwards, or
vice-versa. We fit to N = 2, 3, 4 states and vary the fit win-
dow tmin ≤ t ≤ Lt − tmin. No additional Bayesian constraint
terms are added to Eq. 3 or Eq. 4 to stabilize the fits.

To achieve a best estimate for the ground state energies
of the four states of interest here (scalar and axial-vector D
mesons either in the [6] or in the [15] irrep) we perform a
curated model-averaging over all relevant 2-, 3- and 4-state
fits. The extracted E0 values were plotted as a function of tmin.
For each N and each state, we identify a value tcut

min, below
which E0 has not yet reached a plateau. For tmin < tcut

min,
we discard the fits. The rising E0 values at low tmin are
an unmistakable signal of contamination by excited states
which are not well modeled by the N exponentials in the fit
anzatz. The E0 values from the remaining fits are combined
in a weighted average using the Akaike Information Crite-
rion (AIC) [77,78], which favors lower χ2 values, fewer fit
parameters, and fits that include more of the data. We use

AICi = χ2
i + 2Nparam − 2Ndata, (5)

Wi = exp (AICi/2)∑
i exp (AICi/2)

, (6)

where Wi is the relative weight of fit model i . Adding a fit
state increases Nparam by 3, but allows reasonable fits to be
obtained at a lower tmin, and reducing tmin by once increases
Ndata by 4. Consequently, 55–70% of the final ΔE value
derives from the tmin = 2, 4-state fit, with the exception being
the the axial-vector [15], which gets a 67% contribution from
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Fig. 4 Values of ΔE as a function of tmin fit window limit, from fits
to the SU(3) scalar (left panel) and axial-vector (right panel) [15] (red),
and [6] (blue) representation correlators, using N = 2, 3, 4 exponential
states (circles, squares, and triangles, respectively). For all of the dis-

played fits the symbol size is roughly proportional to the fit’s p-value
from a naive χ2 after convergence. Poor fits (χ2/dof � 1) have a small
or invisible symbol. The shaded bands represent the 1 standard deviation
interval of the model-averaged ΔE values

the 4-state fit at tmin = 3. The remaining contribution is from
the neighboring points or the first 3-state fit in the plateau.

Finally, we produce binned jackknife samples of the cor-
relator data and repeat the entire fitting procedure and model
averaging on each sample to produce statistical uncertainty
estimates on each of the ground-state energies and the energy
shifts ΔE = E0 − (Mqc + Mπ ). The ΔE values from fits of
the SU(3) [15] and [6] representation states in the scalar and
axial-vector sectors are shown in the left and right panels of
Fig. 4, respectively. They show extremely similar behavior:
In both sectors there is clear indication of attraction in the
[6] irrep with

ΔE[6]sca = (−13 ± 2) MeV , (7)

ΔE[6]axv = (−7 ± 4) MeV (8)

for the scalar and axial-vector sectors, respectively. On the
other hand, in both sectors the [15] irrep presents itself as
repulsive with a positive energy shift

ΔE[15]sca
= (12 ± 1) MeV ,

ΔE[15]axv
= (11 ± 3) MeV . (9)

We reiterate that the stated uncertainties are statistical only.
This near equality of the two sectors is reproducing the pre-
dictions from UChPT, which predicts a molecular structure,
while is clearly at odds with the tetraquark picture as detailed
in the introduction.

3 Conclusions and discussion

In this lattice study we demonstrate that the lowest energy
levels for four-quark systems in the SU(3) flavor [6] and

[15] multiplets behave almost the same for scalar and axial-
vector quantum numbers. As detailed in Ref. [60] this behav-
ior is consistent with expectations within the molecular pic-
ture while being at odds with those for a diquark–anti-
diquark structure, as soon as both scalar and axial-vector light
diquarks are included. Thus, the only way to reconcile our
findings with the compact tetraquark picture is to abandon
spin-1 light diquarks as relevant degrees of freedom within
positive-parity singly-heavy mesons. However, for us this
seems to be quite unnatural, for it would question also the
diquark phenomenology of singly-heavy baryons and thus of
diquarks as relevant degrees of freedom within hadrons. To
summarize, our results provide strong support for a molecu-
lar structure of the ground state positive-parity open-charm
states and exclude a conventional quark–antiquark structure
as well as a diquark–anti-diquark structure.
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