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Comment on “Do near-threshold molecular states mix with neighboring QQ states?”
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I comment on a paper by Christoph Hanhart and Alexey Nefediev, published in Phys. Rev. D
106, 114003 (2022). The authors discuss the interpretation of mesons close to their lowest decay
threshold and present a mechanism for the formation of molecular states. The proposed formalism
is then applied to the axial-vector mesons D,1(2536) and D,1(2460), presenting two scenarios for
the lighter meson, namely a D* K molecule or a compact c§ state. The authors argue that the latter
hypothesis requires a fine-tuning of the mixing angle between the J7¢ = 1+ and J7¢ = 1+~
C-parity eigenstates.

In this Comment I show that no such fine-tuning is needed, as demonstrated in an article published
in Phys. Rev. D 84, 094020 (2011), where a unitarized quark model was applied to the two C-parity
eigenstates, coupled to several two-meson channels including D* K. The coupled-channel dynamics
naturally leads to a mixing angle very close to the required one. Moreover, I argue that the D;(2420)
and D;(2430) axial-vectors, not considered by the authors, as well as a lattice simulation in Phys.
Rev. D 90, 034510 (2014), also not mentioned by the authors, do not lend support to a molecular
interpretation of Ds1(2460). I conclude with some more general remarks about mesons coupling to

S-wave thresholds.

In Ref. [I], hereafter referred to as HN22, the au-
thors study the axial-vector (AV) charm-strange mesons
D,1(2536) and Ds1(2460) in the framework of the Wein-
berg approach to determining the nature of hadronic
states. In particular, they employ this method by for-
mulating a simple two-channel description of these and
similar mesons, in which a compact QCD-based sys-
tem with an unspecified quark content is coupled to one
two-meson channel in an S-wave. From their analysis,
the authors conclude that there are two possible scenar-
ios for the mentioned charm-strange mesons in terms of
their internal structure. In the first, so-called “strong-
coupling” scenario, the D,;(2460) is claimed to emerge
as a D*K molecule, which largely decouples from the
nearby J = 17 quark-antiquark state, whereas the
D1(2536) must then be the (dominantly) ¢§ meson. In
the second, “weak-coupling” scenario, both mesons will
be dominantly of the ¢35 type, resulting from a mixture
of the spectroscopic states P, (JF¢ = 1) and P,
(JPC¢ = 1%7), as physical charm-strange mesons have
no definite C-parity. The most important point of the
present Comment is to rebut the claim in HN22 that the
latter scenario requires a fine-tuning of the mixing an-
gle between the 3P; and 'P; states, based on a unitary
coupled-channel model calculation published in Ref. [2],
to be referred to as CRB11. Further arguments against
a molecular interpretation of the Dg;(2460) will be pre-
sented as well.

In CRBL11, both axial-vector charm-strange (¢5) and
charm-light (cg) mesons were studied in the context of
a fully unitary and analytic multichannel model, with
quark-antiquark as well as meson-meson channels. In
either case, the two spectroscopic quark-antiquark eigen-
states 3P, and 'P; are coupled to all OZI-allowed vector-
pseudoscalar and vector-vector channels. Of these, only
the D*K and D*r channels are kinematically open for
the corresponding bare 11+ ¢5 and ¢ states, respectively,

However, all other channels also contribute to the real
part of the physical masses through their loops. Owing
to the difference in couplings of the 3P; and 'P; com-
ponents to the two-meson channels, their assumed de-
generacy in the CRB11 model is lifted upon allowing in-
teraction with the two-meson channels. In both cases,
the S-matrix pole of the resulting mixture of 3P; and
P, states that is dominantly 3P; shifts much more than
the orthogonal combination. Focusing for the moment
on the ¢s system, we observe an extremely small shift of
the mostly 'P; pole, giving rise to a D*K decay width
of the order of 1 MeV, as well as a real part of the en-
ergy close to the mass of the D,;(2536) meson. On the
other hand, the dominantly 3P, pole shifts downward by
almost 100 MeV and so below the D*K threshold, with
a resulting mass close to that of the Ds;(2460) and zero
width in the OZI-only approximation. The two pole tra-
jectories as a function of the overall model coupling A
are shown in Fig. [1} reprinted from CRB11. The conclu-
sion is that the coupled-channel dynamics automatically
leads to a mixing angle very close to the ideal one, i.e.,
cosOay & /2/3 = Oy =~ 35.3°. (Note that in the
conventions of HN22 the ideal mixing angle is given by
90° minus the angle defined in CRB11.) So absolutely no
fine-tuning of this angle is needed, as already concluded
more generally in Ref. [3] by diagonalizing a Hamiltonian
for two degenerate bare quark-antiquark states coupled
to the continuum. Also the model of Ref. [4], based on
a chiral quark-pion Lagrangian, supports the interpreta-
tion of the Dg;(2536) and Dg;(2460) as in CRB11 and
Ref. [3], albeit without generating the corresponding mix-
ing angle dynamically.

Turning now our attention to the cg system and the
PDG [5] mesons D;(2420) and D;(2430), not consid-
ered in HN22, the coupled-channel dynamics employed in
CRB11 works equally well, leading to a D7(2420) state
much narrower than one would expect for a meson decay-
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FIG. 1. S-matrix pole trajectories of the D,1(2536) (solid
line) and D,1(2460) (dotted line) as a function of the overall
coupling A. Dots represent the physical pole positions for the
same value of . Figure reprinted from FIG. 3 of Ref. [2].

ing to D*7 in an S-wave and a lot of phase space, as well
as a very broad D;(2430) resonance. Note that in the lat-
ter case the pole does not move below the — much lower
lying — D*7 threshold, which can be understood as a
consequence of an effective Adler zero in this channel. As
for the broad D;(2430) resonance, it would be very diffi-
cult to understand as a meson-meson molecule in the phi-
losophy of HN22, which immediately raises the question
why the ¢s and cq systems should be dealt with differently
in that approach. In contrast, the formalism in CRB11
allows to understand the complete pattern of D (2460),
D1(2536), D1(2430), and D1(2420) masses and widths
— 8 observables in total — with only two adjustable pa-
rameters, one of which already strongly constrained by
prior model applications. Moreover, in neither case is a
fine-tuning of the 3P;-!Pymixing angle necessary.

Let us now see what insight on AV charm mesons is
provided by the lattice. In Ref. [6], J© = 0%, 1, and
2% charm-strange mesons were studied by including both
quark-antiquark and two-meson interpolating fields in
the simulations. In the AV case, a ¢S state appears below
the D*K threshold even in the single-hadron approach,
that is, without including D* K interpolators. However,
the inclusion of D*K scattering operators significantly
improves the signal and a clear identification of the state
with the D (2460) can be made. Furthermore, a narrow
D,1(2536) is found in the same simulation. Therefore,
interpreting the D,1(2460) as a molecular D*K state
largely decoupled from 3 is not supported by this lattice
calculation. As for the D;(2420) and D;(2430) mesons,
members of the same lattice collaboration [7] carried out

a similar simulation as in Ref. [0], obtaining results chiefly
in agreement with the earlier findings in CRB11, just like
in the ¢§ case [6]. Furthermore, a recent lattice compu-
tation [8] by members of the Hadron Spectrum Collab-
oration generally confirmed the results on the D (2420)
and D1(2430) found in Ref. [7]. Also note the remark in
a very recent lattice talk [9] about these two mesons:

“A stable spectrum requires both qg- and
meson-meson-like operators!”

Some further observations are due concerning a couple
of other enigmatic mesons mentioned by the authors of
HN22. Most notably there is the remarkable J©¢ = 1++
charmonium state x.1(3872) [5], also still called X (3872),
which lies practically on top of the S-wave D*°D° thresh-
old and so has been frequently considered a molecular
candidate. In Ref. [I0], members of the same lattice col-
laboration as in Refs. [6}[7] employed c¢, D**D°, and even
tetraquark interpolators to describe the X (3872). Their
definitely most important conclusion was that the state
does not survive if no c¢ interpolators are included, with
D*9DO also being important in order to obtain a clear sig-
nal close to the experimentally observed meson. The ad-
ditionally included tetraquark interpolators turn out to
be practically immaterial in the simulations. These lat-
tice results lend support to earlier momentum-space [11]
and coordinate-space [12] (Ref. [13] in HN22) coupled-
channel model calculations. Also note that the multi-
channel calculation in Ref. [I3], including several S-wave
and D-wave two-meson channels, reveals an X (3872)
wave function dominated by a pronounced c¢ core, de-
spite an overall D*0DP probability of about 65% due to
the extremely long tail of this wave-function component
owing to the tiny binding energy.

Another famous meson is the D%,(2317) charm-strange
scalar, which has also been often considered a molecule
or a tetraquark state. In Ref. [I4], members of the lat-
tice collaboration of Refs. [0 [7, [I0] described this scalar
meson on a combined basis of ¢s and DK operators,
in much the same way as the Dg;(2460) with ¢35 and
D*K operators in Ref. [0], finding a state below the DK
threshold compatible with the physical D};(2317). The
inclusion of both types of interpolating fields is crucial
to obtain energy levels with small statistical uncertain-
ties. The results of this simulation support the earlier
coupled-channel modeling of this meson in Ref. [16]. In
another and more recent lattice simulation [I5], includ-
ing tetraquark interpolating fields besides ¢s and DK,
the D},(2317) emerges as a state below the DK thresh-
old that is mostly of a quark-antiquark type, with a small
DK component. The tetraquark interpolators turn out
to be essentially irrelevant.

Now, one should realize the special features of non-
exotic S-wave meson-meson scattering, in which ¢g states
couple very strongly to two-meson channels. Most signif-
icantly, the light scalar mesons have been shown to ap-
pear naturally as extra and dynamically generated reso-
nances in unitary coupled-channel models formulated in



coordinate space [I7] and momentum space [I§], besides
the regular quark-model scalars in the ballpark of 1.3—
1.5 GeV. In that respect, let us quote from HN22:

“Some bare poles appear below and some
above the @ threshold. In the regime of small
coupling, the poles lying above the threshold
get shifted to the compler plane and then,
as the coupling increases, their trajectories
bend and reapproach the real axis. Such a
behaviour of the poles was previously dis-
cussed in the literature — see, for example,
Refs. [25,42,43].7

Now, the authors of HN22 mentioning their Ref. [42]
(Ref. [18] in the present Comment) in the quoted remark
are mistaken, because for small coupling the poles of the
f0(500) and K5(700) lie very deep in the complex energy
plane, while those of the f;(980) and a¢(980) can also not
be traced back to the real axis in that limit [I§]. This
phenomenon of generating meson resonances via nonper-
turbative coupled-channel dynamics in S-wave scatter-
ing [19] is not exclusive to the light scalars, but can also
be seen in the case of, for example, the D?%,(2317) [16]
and the X (3872) [I1} 12]. To make life even more com-
plicated, the dynamically generated X (3872) pole was
shown in Ref. [I2] to interchange its identity with an in-
trinsic pole for small changes in a model parameter, while
hardly influencing the resulting pole position. Therefore,
identifying an S-wave meson resonance as dynamically
generated or intrinsic can sometimes be very cumber-

some, which adds to the many complexities of meson
spectroscopy.

In conclusion, I point out that all the mesons men-
tioned in the foregoing share the property of coupling in
an S-wave to their lowest or dominant meson-meson de-
cay threshold. What does distinguish them, though, is
the precise locations of those thresholds, which depend
on the quantum numbers and constituent quark masses
in the decay products. So my assessment is that the
proximity of their masses to their lowest (or dominant)
S-wave two-meson decay thresholds, with the X (3872)
being an extreme case, is to some extent accidental yet
not entirely, in view of the undeniable role that such S-
wave thresholds play in locking [20] or even generating
[17] S-matrix poles.

Nevertheless, more definite conclusions can only be
drawn from precise experimental data, as the authors
of HN22 suggest in the case of the D;(2460). How-
ever, the problem with their proposal to measure the
theoretically estimated width of the isospin-violating de-
cay D41(2460)" — D**t70 of the order of 100 keV in
the molecular scenario, is not only a challenge to experi-
ment, as the authors themselves admit. Because also the
theoretical estimates, both in the molecular and ¢§ sce-
narios, are based on several assumptions, not to speak
of the inevitable D*K loop contributions in the (dom-
inantly) ¢35 case as well. So I suggest electromagnetic
decays like Dg;(2460)" — DT~ and Dy (2460)" —

*0(2317) "~ as better candidates [5] to probe the struc-
ture of Dy1(2460), just like for the X (3872) [13} 21].
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