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1. Introduction

There is considerable interest in the spectrunDa&ndDgs mesons and of charmonium both
theoretically and experimentally.

On the theory side first principles calculations are usually lattice QCD compmsdfir recent
work cf. e.g. [1, 2, 3, 4, 5, 6, 7, 8]). In the last couple of years afqgtrogress has been made,
allowing the determination of hadron masses like the aforementioned mesonsathign high
precision. For example 2+1 or even 2+1+1 flavors of dynamical quamkoften used as well
as small lattice spacings and improved discretizations, to keep discretizatios @n particular
those associated with the heavy charm quarks) under control. Sonesdrave even started to
determine the resonance parameters of certain mesons from the spefdinayparticle scattering
states in finite spatial volumes (cf. e.g. [9, 10]).

Experimentally a large number &f, Ds and charmonium states has been measured and ad-
ditional and more precise results are expected in the near future botlekisting facilities and
facilities currently under construction, like the PANDA experiment at FAERen though these
experimental results have been extremely helpful, to improve our undeéirsgieaf QCD, they also
brought up new and yet unanswered questions. For example the @@sitity mesonB, andDg
are unexpectedly light, which is at the moment not satisfactorily understab@lao quite often
not reproduced by lattice QCD computations or model calculations.

Moreover, performing a precise computation of certain meson massesnstiodtdirst step
for many lattice projects not primarily concerned with spectroscopy. Asxample one could
mention the semileptonic decay BfandB* mesons into positive parith mesons [11] (so-called
D** mesons). Their masses and operator contents, which are discusseallimdection 3.2, are
an essential ingredient for any corresponding lattice computation.

This is mainly a status report about an ongoing lattice QCD project cortteritie the com-
putation of the spectrum of mesons with at least one charm valence qMankesent preliminary
results forD mesons, foDs mesons and for charmonium states with total angular momentum
J=0,1 and parityP = —, +. Parts of this work have already been published [5, 8].

2. Simulation and analysis setup

We use gauge link configurations generated by the European Twistesl Gtdaboration
(ETMC) with the Iwasaki gauge action ahj = 2+ 1+ 1 flavors of Wilson twisted mass quarks
[12, 13, 14, 15]. Until now we have considered three ensemblesn@r200 gauge link configura-
tions per ensemble) with (unphysically heavy) values for the ligbtquark mass corresponding to
my; ~ 285MeV, 325MeV, 457 MeV and lattice sized./a)3 x T/a= 323 x 64,328 x 64,243 x 48.
Our results are obtained at a single lattice spaairg0.086fm. Consequently, a continuum ex-
trapolation has not yet been performed.

Meson masses are determined by computing and studying temporal corretaiooes of
suitably chosen meson creation operatgys At the moment we exclusively consider quark an-
tiquark operators. The quark and the antiquark are combined in spie sf@g matrices and in
color and position space via gauge links such that the correspondingttiiabo;|Q) (|Q) de-
notes the vacuum) are gauge invariant and have defined total angulamiaomand parity (cf.
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section 3.2 for examples df= 1 D meson creation operators and [16], in particular section 4.1,
for a general discussion). Moreover, APE and Gaussian smearirggds to optimize the over-
lap of the trial stateg’;|Q) to the low lying mesonic states of interest. We plan to discuss these
operators and their structure and quantum numbers in detail in an upcouabfigation. For the
computation of the corresponding correlation matri@@%(t)ﬁ(O)) we resort to the one-end trick
(cf. e.g. [17]). Meson masses are then determined from plateau vdlaes@sponding effective
masses, which we obtain by solving generalized eigenvector problenesydf18]). Disconnected
diagrams appearing in charmonium correlators are currently neglected.

One of the main advantages of the Wilson twisted mass discretization is auta@ngajian-
provement of physical observables, e.g. hadron masses. Howewiy, and isospin (in case of
a non-degenerate quark doublet flavor instead of isospin) are act symmetries. For example
positive and negative parity trial states are not anymore orthogonalhuedds to additional diffi-
culties, when doing hadron spectroscopy: positive and negative ptats have to be determined
from a single correlation matrix, which is typically twice as large compared tcetbaglied in
parity and isospin symmetric lattice discretizations.

For both the valence strange and charm quarks we use degeneratd mastedoublets, i.e. a
different discretization as for the corresponding sea quarks. Weslddravoid mixing of strange
and charm quarks, which inevitably takes place in a unitary setup, andhehparticularly prob-
lematic for hadrons containing charm quarks [14, 15]. The degeneabttece doublets allow two
realizations for strange as well as for charm quarks, either with a twisted teem+ipiscys or
—ipscys. For a quark antiquark meson creation operator the sign combindtiors) and(—,+)
for the quarkg and the antiquarly are related by symmetry, i.e. the corresponding correlators are
identical. These correlators differ, however, from their counterpettssign combination$+, +)
and (—,—), due to different discretization errors. In section 3 we will show forheeamputed
meson mass both tHe-, —) = (—, +) and the(+, +) = (—, —) result. The differences arg(a?),
due to the aforementioned automafi¢a) improvement inherent to the Wilson twisted mass for-
mulation. These mass differences give a first impression regarding th@towegof discretization
errors at our currently used lattice spacavg 0.086fm.

Using (+,—) = (—, +) correlators we have tuned the bare valence strange and charm quark
massegis and i to reproduce the physical values of — m2 andmp, quantities, which strongly
depend orus and i, but which are essentially independent of the lighd quark mass.

3. Numerical results

3.1 The D meson, the Dg meson and the char monium spectrum

In Figure 1 we present our results for tbeand Ds meson spectrum. For every state we
show six data points: different colors indicate the different light quaok/pnasses of the used
ensembles, the circles and crosses distinguish the twisted mass sign combinration= (—, +)
and(+,+) = (—, —), respectively. The horizontal separation of the data points have beser
proportional to the corresponding squared pion masses.

While for the negative parity states lattice and experimental results agree vaH, there is
a clear discrepancy in particular for the positive pabtystatesDg, andDs;. Similar findings have
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Figure 1: The D meson, th&s meson and the charmonium spectrum for three different gglark masses
corresponding ton; =~ 285MeV, 325MeV,457 MeV and lattice spacing~ 0.086 fm.

been reported in other lattice studies, e.g. [1, 7], and in phenomenologickl calculations, e.g.
[20]. This discrepancy might be an indication that these states are miurpirgantlyqq states, but

e.g. rather four quark states of molecular or tetraquark type. We plandstigste this possibility

within our setup in the near future. The necessary techniques haveyaliean developed and
recently been applied to light scalar mesons [21, 22].

In Figure 1 we also present our results for the charmonium spectrumauBe®f the two
rather heavy valence quarks, we expect considerably larger tizsd¢i@n errors than for the corre-
spondingD or Dg meson states. The differences between lattice and experimental resultssire
prominent for the negative parity charmonium states (around 5%). Wetplaxplore in one of
our next steps, whether discretization errors account for theseediffes by performing similar
computations on ensembles with finer lattice spacings and by studying the contiinuit.

3.2 JP =17 D mesons: separation of the two D1 states

A challenging, butimportant task is the separation of thedwol™ D meson state®; (2430
andD1(2420). In the limit of infinitely heavy charm quarks the broBgl(2430) state is expected to
have light cloud angular momentuja= 1/2, while the narrovD;(2420) state should havg=3/2
(cf. [23, 24] for a detailed discussion and computation of the static limit). Agsigcorresponding
approximatej quantum numbers, when using charm quarks of finite mass, is e.g. impovrkent,
studying the decay of B or B* meson into one of the positive pariy** mesons (which include
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the mentioned1(2420 and D1(2430 states) in a fully dynamical setup (cf. e.g. [25, 26] for
a recent lattice computation in the static limit and [27] for first results obtained dyitlamical
charm quarks).

The correct identification of th¢ ~ 1/2 and thej ~ 3/2 state can be achieved by studying
the eigenvectors obtained during the analysis of correlation matrices, ea.suliving generalized
eigenvector problems. After a suitable normalization of the trial sta{¢Q) large eigenvector
components point out the dominating meson creation operatomshich, after a Clebsch-Gordan
decomposition into light and heavy total angular momentum contributions, catassfied ac-
cordingtoj =1/2 orj =3/2.

We use quark-antiquark meson creation operators

Or = ZC_(f)n:iexéwezu(r;r+n)r(n)u(r+n), (3.1)

wherec andu are Gaussian smeared quark fieldét;r + n) is the APE smeared link connecting
r andr +n andl"(n) denotes suitably chosen linear combinations of productsroftrices and
spherical harmonics realizing the desired quantum numhbejsandP. In total we consider 36
meson creation operators:

e forJ=1andj=1/2
rn) = yiwG . T = ((1x9);—ne)G. (3:2)

e forJ=1andj=3/2
rn) = ((nx7);+2n%0%)G (3.3)

with j =1,2,3 andG = 1,0, }5, Yo}5. Meson creation operators, which only differ jnare re-
lated by symmetry. The resulting correlation functions have been averagedrease statistical
accuracy. Meson creation operators w@h= 1, yp and withG = s, yos correspond td® = +
andP = —, respectively. Due to twisted mass parity mixing (cf. section 2), these topei@o not
generate orthogonal trial states and, therefore, have to be includesirigla 12x 12 correlation
matrix.

In Figure 2 we show the operator content of the three lighitestl states as a function of the
temporal separation of the correlation matrix (for a detailed explanationcbf glots we refer to
[14]):

e As expected the ground state is dominatedPby — meson creation operators (the light
blue curve corresponds to the sum of the squared eigenvector contponéme sixP = —

operators from (3.2) and (3.3} o], (N X ¥)z—NzyoYs) 5[ yo] and((n x ¥)z+2nzy0V5) 5[ Y0))-
This confirms that the ground state is thestate ° = 17).

e The first excitation is dominated /= + meson creation operators withz 1/2. Operators
without angular momentumyys|yo]; green curve) generate trial states with larger overlap
than those with angular momentum= 1 (((n x ¥); — nzyoY5)[Y]; dark blue curve). Con-
sequently, the first excitation is identified as the br@ad2430 state ¢° = 1*, j ~ 1/2),
where total angular momentudn= 1 is mainly realized by the quark spin and not by relative
angular momenturh = 1 of the two quarks.
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Figure 2: The operator content of the three lightdst 1 D meson states. The ground state (upper plot)
is identified asD* (J° = 17), the first excitation (left plot) a®;(2430 (J° = 1*, j ~ 1/2), the second
excitation (right plot) a®1 (2420 (J° = 1*, j ~ 3/2).

¢ Finally the second excitation, which is close in mass to the first excitation, is dtadibg
P = + meson creation operators wifhr 3/2 (((n x ¥)j + 2njyo¥s)[y0]; magenta curve).
Consequently, the second excitation is identified as the narpi@420 state (° = 1+,
j~3/2).

Note that one could consider even more meson creation operatorsae3j2 operators with
angular momenturh = 2.
An analogous analysis f@s mesons yields qualitatively identical results.
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