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General remarks the lattice spacing dependences that arise naturally in any
simulation. For a pedagogical introduction, see [3].

To achieve a quantitative understanding of the theory of |n addition to the main lines from EFTs and lattice QCD,
strong interactions, QCD, at low energies, where the thghere is also shown the path of phenomenological mod-
ory is non—perturbative, is one of the toughest challengess. The large number of existing quark models fall into
of todays particle physics. On the theoretical side in thghis class. The dashed arrows indicate that for those mod-
last decades tremendous progress was achieved by two @ there is some connection to QCD — often the phrase
velopments, namely effective field theories (EFTs) as wetQCD inspired models” is used — and observables can be
as lattice gauge theory. In the former the symmetries @tracted, however, neither is the connection to QCD as
the fundamental theory are mapped on an effective th@igorous as in the previous two examples nor is it normally
ory formulated in terms of physical degrees of freedomossible to systematically improve the calculations. |, Stil
(herer, K, n, D, D*, J/1, ...) in a systematic and well- phenomenological models like the non-relativistic quark
defined way based on a power counting in pertinent smafodel, can give important insights and are sometimes even
parameter(s). In the latter the theory is solved on a digrsed to estimate the free parameters of the EFTs.
cretized space—time. Both approaches have a clear connecm gddition to lattice QCD and EFTs, that allow one to
tion to QCD, but they also have their drawbacks: Calculacaiculate observables from first principles, in speciaksas
tions within lattice QCD are numerically very demandingaiso general theorems help to analyze data or to interpret
and therefore a significant amount of expensive compufesults of calculations. One example of such a theorem
ing time is necessary. For EFT calculations on the othejpplies, if the resonance of interest is located close to an
hand need, when pushed to higher and higher accuragyvave threshold. Then the molecular admixture of this
an increasing number of parameters — the so—called lop#sonance by the corresponding continuum channel can
energy constants (LECs) — needs to be determined, ¢je quantified model-independently. The resulting analysis
ther by direct experimental input or using dispersion themethod is outlined in the next section and applied to vari-
ory. In recent years it became more and more clear thgys states below. It should be clear that any field theoletica
the future of the field lies in the combination of both theS%pproach has to be consistent with such a general theorem.
approaches, see e.g. [1]. On the one hand, the LECs pfis holds especially for EFTs as well as lattice QCD. In
the effective field theory related to the explicit symmetrythis case one may use the mentioned theorem to interpret
breaking can be determined from varying the quark massgge results of some given calculation. An example of this is
on the lattice - provided one is close enough to the chirgfiven below.
regime. In this way from a few lattice simulations in prin- In recent years a |arge number of narrow states was
ciple a large number of observables can be deduced, singgind in the charm—sector that do not fit into the conven-
the LECs typically contribute to various observables. Rejonal quark—antiquark picture. An equally large number of
cent simulations allow to pln down the LECs related to thﬂon_conventiona' exp|anations was proposed for those, in-
quark mass dependence of the pion mass and the pion @g1ding hybrids, glueballs, tetraquarks as well as hadroni
cay constant to good precision, see e.g. [2] (and referenggglecules (for reviews, see e.g. Refs. [4, 5, 6, 7, 8]), the la
therein). Here, one can use the chiral perturbation theoghes sometimes appearing as hadro—charmonia — bound
expressions for these quantities to extract the LECs frogystems ofcc mesons and a light cloud [9]. At present
the measured quark mass dependence. Another examplg{¥fre are no model-independent methods available to dis-
this interplay will be discussed below. On the other hand, igntangle the various scenarios mentioned, besides for the
general lattice calculations are performed, at unphysicalhadronic molecules as outlined in the previous paragraph.

high quark masses, where computations are a lot cheappkys, we will focus here on this kind of exotic states.
These can be connected to the physical parameter space us-
ing extrapolation formulas derived using an appropriately
tailored EFT. This strategy is illustrated in Fig. 1. EFTs
also allow one to systematically explore the volume and Already 40 years ago Weinberg showed how the molec-
ular content of the deuteron can be quantified [10]. In
* c.hanhart@fz-juelich.de Ref. [11] it was shown that this result can be generalized
lf-k-guo@fz'ﬂ{e“Ch-d? even to unstable states as long as their width is narrow and
 meissner@hiskp.uni-bonn.de o __ the inelastic thresholds are sufficiently far away. The cen-
We note in passing that under certain circumstances EFT &nad d . . .
persion relations can be combined successfully to achieve precise  tral result of these studies is th'at the effective (?OUplm‘g'C
predictions at low energies. stant of a resonance to a continuum channel insthveave
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Figure 1: lllustration of different methods to compare mrdjes of QCD to experiment.

can be written as mation on therue nature of the deuteron is hidden in the
effective coupling constants in the sense discussed above.

The Y (4660) and Y,,(4616)

2
et _ 4(my 4+ m2)?X2\/2¢/p+ O (\/Z_,ue)
m \/_5 In order to illustrate how the method described in the
2 /o 2pe previous paragraph works, in this section we will apply it
s Al +ma)"y2¢/u+ 0 ( Ié; ) @) to theY'(4660). This state, discovered using ISR — fix-
ing the quantum numbers to those of the photon, namely
wheree = my + mao — Mg denotes the binding energy J°¢ = 1= — in the ¢/7x final state [13], is lo-
of the resonancet, measured relative to the continuumcated very near thg,(980)v’ threshold. It is therefore
threshold of particlel and2, characterized here by their natural to ask, if it is anfyy’ molecule. An important
massesn; andmy. Furthery = miymso/(m; +my) isthe feature of theY (4660) is that it was neither observed
reduced mass an@ denotes the range of forces. Clearlyin ete™ — ~rgpmntn~J/1 [14], nor in the exclusive
the formulas given are useful only if the resonance polete~ — DD, DD*, D*D*, DD cross sections [15], nor
is locatedvery near a thresholdor only then the model- in the processte~ — J/¢D™*) D™ [16]. In the foy)’
dependent corrections that involve the range of forces canolecular picture, these facts are easy to understand since
safely be neglected. It should also be stressed that for @lle molecule would decay mainly through the decays of
those states, where the nearby continuum channel is rthe unstabley(980). However, they would severely chal-
in an s—wave, the scheme can not be applied. The mokinge other models which try to explain th€4660) as, for
important parameter in Eq. (1) ¥. It gives the probabil- instance, a canonicafS; ¢z charmonium [17] or a baryo-
ity to find the molecular state in the physical state. Sincgium [18].
the effective coupling is an observable, as will also be il- As outlined above, for a given binding energy and given
lustrated in the next paragraph, with Eq. (1) one is in thenasses for the constituents, the effective coupling consta
position to “measure” the amount of the molecular admixef a molecule can be calculated. Thus, it does no longer
ture in some physical state. Note, this implies especiallyppear as a parameter in the fit. For the analysis we de-
that thestructure information is hidden in the effectivecou-  veloped an improved Flatté parameterization that allowed
pling constant, independent of the phenomenology used to  for a consistent inclusion of the spectral function of fhe
introduce the pole(s). Therefore, a successful descriptionvia a dispersion integral — for details see Ref. [19]. As
of data using some model does not necessarily mean thatrameters in the fit to the data now only the mass ofthe
it is based on correct assumptions. For example, if ce&nd the overall normalization appeared. The fit gave
tain spectra can be described using some isobar model — a
model where all dynamics is parameterized by pole terms My = (4665%3) MeV . ()
— it does not mean that all poles deduced are indeed gen-
uine. The poles can as well parameterize singularities @learly, by construction the mass of thé4660) is forced
the S—matrix generated by hadron—-hadron dynamics. Ao stay below thefyy’ threshold. The result of the fit,
nice illustration of this fact is that one can very well studyshown as the grey band, is compared to the data of Ref. [13]
low energy nuclear physics in an effective theory with ain Fig. 2. The fit is very good. Even the slight asymmetry
explicit deuteron field [12]. Also in this case, the infor-visible in the data comes out naturally. To confirm that we




were not misled by the fitting strategy we performed a sec- In this section we will study resonances formed of a light
ond fit, where the effective coupling constant was allowednd a heavy meson. However, no perturbative treatment is
to float as well. Also this fit called for values of the cou-able to produce poles. Thus we need to leave the ground
plings very near those extracted previously based on tlé rigorous effective field theories and add on top a resum-
molecular assumption, however, this more relaxed fit amation scheme. The power counting is done of the level
lowed for a larger range of masses for the of the effective potential so that the convergence of the se-
ries has to be checked carefully for the resulting scatgerin
amplitudes and bound state properties, much in the sense
outlined by Lepage more than a decade ago [21]. This
resummation scheme at the same time has the beneficial
side effect that all scattering amplitudes are unitary.eot
a1\ this procedure is completely analogous to what is routinely
/ done in case of few—nucleon scattering — for a recent re-
. view see Ref. [22].
/ y More precisely, we focus on the scatteringfi, and
S n off D—mesons — see Refs. [23, 24]. Our method is
B e L B very similar to that of Ref. [25], however, for the first time
45 4.6 47 48 49 higher order operators are studied completely and a com-
Mly'n ) (GeV) parison to lattice data is performed. In addition the poles
in the complex plane were identified revealing similar pat-

Figure 2: Line shape for thE(4660) under the assumption o< i the heavy-light systems as observed previously for
of a predominantly molecular nature. The best fit is shonght resonances in Ref. [26].

as the solid line, the grey band reflects the incertainty
of the fit. The dashed line emerges as best fit, if glgois
allowed to float.
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It is especially important that a complete next—to—
leading order calculation was performed which allowed for
the first time for a reliable uncertainty estimate, which is,

In Ref. [20] it was argued thatf the Y (4660) were as we will see, especially important in case of the strong
an f,1’ molecule, heavy quark spin symmetry predicts yvidth of the D (2317), for here the quark model predic-
pseudoscalar partner fy, = My — (M, — M,,) be- tion is significantlly lower [31, 32] than that derived within
ing an fy7;. molecule with very similar properties. Espe-the mglecular plcture. .The s.calar chgrmed—strange me-
cially the line shape in thg’7= channel should be nearly SON Dx,(2317) is of particular interest since its observed

identical to that shown in Fig. 2. The mass predictionmass is much lower than the expected value from the non-

My, = 4616J_r2 MeV, should hold with very high accuracy, relativistic quark model [37]. Some ideas were proposed to

since the spin symmetry breaking terms in case of hadroni@ift the scalar charmed-strange meson mass down to the
molecules with a constituent are suppressed by an addinass range of th®;,(2317). In [38], one loop corrections
tional factorl /m?2 — this emerges since those interactiond® the spin-dependent one-gluon exchange potential were
need to be spin-dependent, connect colour neutral objectgnsidered. Another kind of modification is the mixing
and quark exchange is not possible. The width of the of the_cs with th?cqsq tetraquark [39], or considering the
into .7 is predicted to b&'(n’7m) = (60 =+ 30) MeV. coupling of thecs .to hadronic che_mnels, sughﬁH{ [40].

An experimental confirmation of this prediction would be {owever, such kind of mass shift calculations are model-
very desirable for it would provide further evidence for the!€Pendent as pointed outin Refs. [41, 42]KAD molecu-

picture sketched here. lar interpretation was proposed by Barnes et al. [43], which
agrees with a lot of dynamical calculations [44, 27]. Other
exotic explanations were also proposed, such as tetraquark
D;‘O (2317)

state [45], andD 7 atom [46]. Thus, in order to decide if

So far a method was described that allows one, undén experiment can be decisive on the nature of this state,
certain conditions, to spot molecules under the many statiéds necessary that some measure is found to quantify the
observed. However, the whole scheme was based on noigliability of the results.
relativistic quantum mechanics. What we learn from the Since the isoscalaD?,(2317) is located below thé K
above is only additional information which states QCDthreshold, the only open strong decay channeDisr?,
forms, but no direct connection to QCD was employedwhich calls for isospin violation. In QCD there are two
As outlined in the introduction, this is possible systematsources of isospin violation, namely quark mass difference
ically only using either lattice QCD or effective field theo-and electromagnetism. Typically both contribute with sim-
ries — more precisely chiral perturbation theory to controllar strength, thus a scheme is necessary for the decays of
the dynamics of mesons formed of light quarks as well athe D?,(2317) that allows for a consistent inclusion of both
heavy quark effective field theory to construct the interadype of effects. This framework is given by chiral pertur-
tions amongst heavy fields and, of course, suitable combiation theory. We performed a calculation up to next-to-
nations thereof for heavy-light systems. leading order (NLO). It turned out, although essential for a
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Figure 3: Goldstone boson scattering 6ff D,-mesons in unitarized chiral perturbation theory. The dddme shows
the result of leading order chiral perturbation theory,lelttihhe grey band denotes the results of the full calculatidre
lattice data are from Ref. [29].

guantitative understanding of tie’, Dt mass difference, bation theory, while the grey band denotes the results of the
electromagnetic effects played a minor role in the stronfyll calculation. The lattice data are from Ref. [29]. Note
decay of theD?,(2317) — thus the decay was dominatedthat in the lattice calculations only the light quark mass wa
by 7% — n mixing, first shown in Ref. [27] to give a width varied while the strange quark mass was kept fixed close to
of 8 keV, as well as thé>—meson mass differences in theits physical value — this is why for vanishing,. only the
loops, studied previously in Refs. [28, 25], which, wherscattering length forr D scattering vanishes, as demanded
added in, give a width of 180 keV. On the contrary in casby the Goldstone theorem. As can be seen, in all chan-
of a pure quark state the meson loop contribution is absem¢ls our calculation agrees very well with the lattice re-
and thus a width of about 8 keV is predicted [32]. Similaisults. The expansion appears to converge very welt for
values are expected for all other non—-molecular scenaricattering, while in case ddK and D, K scattering in the
Thus, there is a direct experimental test available for the = 1 and = 1/2 channels, respectively, up to 50% cor-
conjecture that th®?,(2317) is a hadronic molecule. rections emerged from higher orders. Although quite siz-

. able, even this change is within the expectations from the
Unf_ortunately, the uncert_alnty of 1.10 ke\_/ t_urns out topower counting as a result of the relatively large kaon mass.
be quite large. However, this uncertainty originates solel

form th v determined i in conserving interadi nHowever, in case of{ D scattering in the isoscalar chan-
0 € poorly dete €ad1Sospin conserving Interacion, o, change is truely dramatic — the scattering length

— to the order we are working all isospin breaking terms, L . o
. ven changes its sign. This change in sign, clearly a non—
could be fixed from other sources. However, there are other 9 9 9 9 y

. . . . perturbative effect, is a consequence of the appearance of
tools to reduce the uncertainty on the isospin conservi q PP

fe D (2317) as aK D bound state. In this context it is
H H H - s0 .
part, namely by comparing to lattice QCD' For th'.s Comimportant to remember the theorem stated above that for
parison scattering lengths (i.e the scattering amplitedes

: bound states the effective coupling constant can be calcu-
threshold) are ideal: on the one hand they can be calculat% Ping

. . ) ed directly from masses, the binding energy ahgdthe
on the lattice by systematic studies of the volume depe robability to find the molecular state in the physical state
dence of correlators [30] and on the other hand they can c.f. Eq. (1). This property translates directly into a pre-
be straightforwardly calculated on the basis of (unitatjze . .. = .* >/ , . -
chiral perturbation theory. The predictions of our caleul diction for the scatering length, if the binding energy of

aIhe bound state is small. In this case the scattering length
tion are shown in Fig. 3 as a function of the pion mass. The gleng

dashed line shows the result of leading order chiral pertur-



may be written as state, could be th& (4260) in Ref. [48] claimed to the a
) ) resonance of,(980) and J/+. In Refs. [49, 50] similar
g 2O N (3) conclusions are drawn based on QCD sum rules.
2myce On the long run we will be able to address these issues,
. . . namely through the mentioned interplay of general theo-
And indeed, the value we predict fo_r tﬁéD scattering rems, lattice QCD as well as effective field theories. As
length exactly agrees with the prediction from the gen- . L .
i was shown in Ref. [26], there are cases where it is possi-
eral theorem in case of a purely molecular nature of th
D?,(2317) (A\? = 0). This opens the opportunity to extract
the nature of thé?,(2317) directly from a lattice study: if
this study were to find a scattering length in this channel
about—1 fm, it would prove the nature of thB?,(2317) as

a KD molecule. A larger absolute value of the scatterin

Sie to move a resonance, by changing a QCD parameter —
here the quark mass — from a position deep in the com-
O[%Iex plane to a kinematic situation where the bound state
analysis sketched above can be applied. The precondition
for this is clearly to have a formalism which allows for a
Yontrolled quark mass dependericd.he parametric de-

length is not allowed, while any smaller value would imme-
9 y endence of resonances on QCD parameters can also be

_?'ﬁitew qu?intrllfyla norr;—bmgliem::]ar adrrrlxttiref—ni/eer Ecﬂt (:;’)ghecked in a study of the corresponding form factors [52].
S equation aiso empodies the concept oT Universafity 1of,; investigation provides an additional check of the sys-

large scattering length, for a lucid review see [47]. \ .
) tematics of the approaches. In this sense we can hope to
Above we argued that lattice data can be used to de7etadee er understanding of QCD in the non—perturbative
termine the LECs of chiral perturbation theory. How thisg P 9 P

. . regime, once improved experimental data are available to
could work in the future can also be read off Fig. 3. At 9 P P

present both the theoretical predictions as well as the Ia%
tice data show a significant scatter. In addition, so far the Ref
lattice studies were performed only for one lattice spac- erences
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ters of our theoretical study can be constrained by a fit t
those data (this calls for a complete theoretical calcnati
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of the prediction for the width of th®,(2317) is reduced
significantly as well.
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