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1. Introduction

Several charmonium-like states, commonly referred to as the ‘X’,“Y” and ‘Z’, have been ob-
served experimentally which cannot be explained as conventional mesons (composed of a quark-
antiquark pair). The nature of these states is an open question, they have been conjectured to be
hybrid in nature (gluonic excitation), or to consist of two quarks and two antiquarks as either “com-
pact” tetraquarks, or hadro-quarkonium, or even to be “extended” meson-meson molecular states.
Similarly, in the open charm sector the observed D7;(2317)* and Dy (2460)* states are of par-
ticular interest; their masses and widths are respectively smaller and narrower than expected from
conventional quark models. For some recent reviews see Refs. [1, 2, 3].

In these proceedings we briefly summarise the results presented in Ref. [4]. Calculations of
hidden and open-charm spectra on ensembles with M ~ 240 MeV are compared to results obtained
from a previous study (Ref. [5, 6]) where M; ~ 400 MeV. We examine the effect of lowering the
pion mass on the overall qualitative picture of the spectra. We are particularly interested in whether
reducing the pion mass will significantly change the pattern and ordering of states determined to
be hybrid in nature [5, 6].

This study also lays the foundation for scattering calculations. The relative positions of states
of interest to relevant thresholds at the lower pion mass allows for the determination of regions of
interesting physics.

Calculations are performed on dynamical anisotropic ensembles with 2+ 1 flavours of dynam-
ical quarks (up, down and strange) generated by the Hadron Spectrum Collaboration [7, 8]. The
anisotropy, & = ay/a;, is roughly 3.5, ensuring that a,m, < 1 while keeping a;m, < 1, where m, is
the mass of the charm quark. The scale was set using the Q baryon mass via a, ' = Mghy */(a:Mg),
where Mg, is the Q baryon mass measured on the lattice. Table 1 summarizes the lattice ensembles
used.

2. Lattice Spectroscopy

To perform calculations the procedure presented in Ref. [9] is followed. Briefly, spectral infor-
mation can be extracted from an analysis of the time dependence of two-point Euclidean correlation
functions. However, on the lattice, because of reduced symmetry, states at rest are not labelled by
continuum spin, J, but rather by the irreps A, of the octahedral group, O),. The identification of the
spin of a state is therefore complicated and the method used for ameliorating this issue is described

Lattice Volume | My (MeV) | Netgs | Nisres for cc, cs, cl | Nyecs
243 % 128 391 553 32,16, 16 162
323 x 256 236 484 1,1,2 384

Table 1: The lattice gauge field ensembles and parameters used. The volume is given as (L/as)* x (T /ay)
where the spatial and temporal extents of the lattice are L and T respectively. The number of gauge field
configurations used, Ncfgs, the number of perambulator time-sources used per configuration, Ncs, and the
number of eigenvectors used in the distillation framework [11], Nyecs, are shown.
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in Refs. [9, 10]. Spectra are presented with states labelled by their continuum spin, parity, P, and
relevant flavour quantum numbers, e.g. charge-conjugation C.

For each lattice irrep, AP (©), the distillation technique [11] is used to compute correlation func-
tions involving a large basis of interpolating operators with various spatial structures. To analyse the
resulting matrices of correlation functions, C;; (1), a variational procedure is employed [9, 12, 13];
a generalised eigenvalue problem is solved,

Cij(t)v) = ln(falo)cij(to)vf;, 2.1

where 1y is a carefully chosen reference time-slice. For sufficiently large times, the eigenvalues,

—E, (t—l‘o)

An(t,19), known as principal correlators, are proportional to e where E, is the energy of

the n'"* state in lattice irrep AP(C). The eigenvectors, vj, are related to the operator-state overlaps,
7z = <n|ﬁ’; |0), and provide information on the structure of a state; in particular these operator-

state overlaps form the basis of the spin identification approach.

3. Spectra and Comparisons

In this section plots are presented which compare spectra computed on ensembles with a pion
mass of 240 MeV and spectra computed on ensembles with a pion mass of 400 MeV [5, 6], labelled
by JP(©). Results for charmonium are discussed first followed by those for Dy and D mesons.

3.1 Charmonium spectrum

Fig. 1 shows a comparison of the charmonium spectra where the masses are quoted with My,
subtracted, this is to reduce the systematic uncertainty that arises from the tuning of the charm
quark mass. We assign states to a particular supermultiplet based on their operator state overlap
values, see Ref. [9]. On the 240 MeV ensembles most of the states with non-exotic quantum
numbers fit the n?5*!L; pattern predicted by conventional quark models, these states are coloured
in green. States coloured in red and blue do not fit the conventional pattern. Of these, there are four
states with manifestly exotic quantum numbers: 07,171,277 (x2). These four states, as well as
the excess states with non-exotic quantum numbers, have relatively large overlaps onto operators
that are proportional to the spatial components of the gluonic field strength tensor F;;. Following
Ref. [15] these states are interpreted as hybrid mesons; the states highlighted in red form the lightest
charmonium hybrid supermultiplet, and the states highlighted in blue form the first excited hybrid
supermultiplet. The patterns of the hybrid supermultiplets appear consistent with a model of a
quark-antiquark pair in S-wave (P-wave) coupled to a 17~ gluonic excitation for the ground (first
excited) supermultiplet.

In charmonium the masses of the lower lying states are generally consistent between the two
ensembles. However, it is interesting that as the light quark mass is reduced we find a statisti-
cally significant increase in the mass splitting between 7. and J/y from 80.19 +0.13 MeV to
87.3+ 0.3 MeV, where the quoted errors are statistical only. This is closer to the physical value of
113 MeV [16].

An increase in the masses of higher lying states on the M; ~ 240 MeV ensemble is observed.
As a consequence the splitting between the hybrids and lower-lying mesons increases slightly.
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Figure 1: From Ref. [4], a comparison of charmonium spectra up to around 4.5 GeV labelled by J7¢;

the left (right) panel shows the negative (positive) parity states. Within each J©C channel the left column
corresponds to states calculated with M, ~ 240 MeV and the right column corresponds to states previously
calculated on the M; ~ 400 MeV ensemble [6]. The coloured boxes are the masses with the calculated 7,
mass subtracted. The vertical size of the boxes represents the one-sigma statistical uncertainty on either side
of the mean. States identified as hybrid mesons are coloured red and blue and grouped into, respectively,
the lightest and first-excited supermultiplet. Dashed lines show some of the physically relevant low-lying
thresholds using computed masses for My ~ 240 MeV (coarse dashing) and M; ~ 400 MeV (fine dashing):
green is .77, red is DD and blue is DD*.

However, there is no change in their overall pattern. It should be noted that at higher energies the
statistical uncertainties are much larger and that the unstable nature of states above threshold has
not been considered.

3.2 D; Meson spectrum

Fig. 2 shows a comparison of D, spectra where the masses are quoted with My, /2 subtracted.
As with the charmonium spectrum, the Dy spectra can be interpreted in terms of an n*5*!L; pat-
tern, identifying complete S, P, D and F wave multiplets. In the negative parity sector four states
are found, highlighted in red, that are identified as members of the lightest hybrid meson super-
multiplet. Again, the pattern of the hybrid supermultiplet appears consistent with a model of a
quark-antiquark pair coupled to a 17~ gluonic excitation.

As can be seen in Fig. 2, the largest change in the D; meson spectrum is for the lightest 07,
a candidate for the D7,(2317). This state is expected to be heavily influenced by the nearby DK
threshold to which it can couple in S wave. Interestingly, it has decreased in mass just enough to
remain below the threshold which is in agreement with the current experimental situation. Once
again, as the pion mass is reduced, there is a tendency for the hybrid states to increase in mass.
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Figure 2: From Ref. [4], as Fig. 1 but for the Dy meson spectrum; states are labelled by J”. The left
(right) panel shows the negative (positive) parity states. The masses shown have half the calculated 1. mass
subtracted. Red boxes show states identified as constituting the lightest hybrid supermultiplet. Dashed lines
show the DK threshold using computed masses for My ~ 240 MeV (coarse dashing) and My ~ 400 MeV
(fine dashing).

Hence, their splitting with low-lying conventional D; mesons is increased but their overall pattern
remains unchanged.

3.3 D meson spectrum

Fig. 3 shows a comparison of D spectra where the masses are quoted with My, /2 subtracted.
As for the Dy spectrum, complete S, P, D and F wave multiplets are identified. In the negative parity
sector four hybrid states (highlighted in red) are found. These form the lightest supermultiplet and
appear consistent with a model of a quark-antiquark pair coupled to a 17~ gluonic excitation.

In the D meson spectrum the calculated meson masses are generally lower than on the 240
MeV ensemble. This is expected as a result of the valence quark content of D mesons. The most
significant differences are seen for the lightest 0™ and 17" states. These states couple in S wave
to nearby thresholds, Dz and D* & respectively. Their relative position to these nearby thresholds
is important, as this could be strongly influencing their behaviour. Interestingly we find that the
second-lightest 11, which is also in the vicinity of the D*7 threshold, does not change in mass
significantly. The mass difference between the charm quark and the light quark is large enough
such that the expectations of the heavy quark limit may be a reasonable guide. In this limit, one of
the 17 states can decay to D*& in § wave only, whereas the other can only decay to D*7 only in D
wave; the latter would be expected to be influenced less by the position of the D* 7 threshold.

The general trend found in the charmonium and D, spectrum was for hybrid mesons to become
heavier as the pion mass is decreased. This change is somewhat less clear in the D meson spectrum
due to the opposing trend for mesons to become lighter as the light-quark mass is decreased.
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Figure 3: From Ref. [4], as Fig. 2 but for the D meson. Dashed lines show the Dz and D* 7 thresholds
using computed masses for My ~ 240 MeV (coarse dashing) and My ~ 400 (fine dashing).

4. Summary

Hidden and open charm spectra at two values of the light quark mass were compared and it
was found that there was no change in the overall qualitative pattern of identified states; even in the
case of charmed mesons which contain a valence light quark, only small quantitative differences
were found. States identified to be hybrid in nature appear to show a small but statistically signif-
icant increase in mass as the light quark mass is decreased, however their supermultiplet structure
remained unchanged.

In this work we neglect the unstable nature of states above threshold. However, these states
should be treated in a scattering framework, and we should consider the spectra only to be a guide
to the pattern of resonances. See Refs. [17, 18, 19] for the current status of work in the charm
sector by the Hadron Spectrum Collaboration.
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