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We perform a lattice simulation to investigate the doubly charmed tetraquark 7. observed by the
LHCb collaboration, slightly below the D** D threshold, with flavor content cciid and isospin-
0. Two-meson interpolators are implemented to explore the isospin quantum numbers / = 0
and / = 1. We observe attraction near the DD* threshold for / = 0 and repulsion for / = 1.
Moreover, we also include diquark-antidiquark interpolators to study their effect on the energy
spectrum. There is no significant shift in the ground state energy when adding diquark-antidiquark
interpolators to the interpolator basis when the heavy quark mass is close to the physical charm
quark mass. However, we observe a non-negligible shift in the second energy level. This effect
has to be taken into account to extract the scattering amplitude of the T}}.. Finally, with a higher
mass (close to the bottom quark), the ground state is shifted down significantly. The simulation is
performed on Ny = 2 + 1 CLS ensembles with m, ~ 280 MeV.
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1. Introduction

In recent years, the LHCb Collaboration has discovered numerous exotic hadrons, of which
most lack a sound theoretical interpretation, and only a few of them have been studied using
lattice simulations. Among these exotic states, one, in particular, stands out: the doubly charmed
tetraquark 7.7.(3875). This state was found only 0.36(4) MeV below D**D? threshold. Discovered
through the invariant mass analysis of the D?D%z* decay, it exhibits a flavor content of cciid [1, 2].
It was predicted by phenomenological studies to be a state with J¥ = 17 [3].

The study of 7. on the lattice is related to other exotic doubly heavy tetraquarks, for example
Tpp [4], and Ty [S5]. So far the lower lying energy spectrum of the doubly charmed tetraquark [6, 7]
and the DD* scattering amplitude have been computed [8—10]. For a tetraquark state it is natural
to consider both meson-meson and diquark-antidiquark interpolators in the operator basis when
determining the finite volume spectrum. In particular, the latter are important as the heavy quark
mass is increased towards the bottom quark mass (given that 73 is likely a diquark-antidiquark
state). In this work, we compute the spectrum and energy shifts with respect to the D D* threshold
for a heavy quark mass close to the charm quark mass and also in the region of the bottom quark
mass. Results for the scattering amplitude will be presented in a future publication.

2. Lattice setup and determination of eigenenergies

The simulation is performed on two CLS ensembles of gauge field configurations with Ny =
2 + 1 dynamical quarks with m, = 280(3) MeV and a = 0.08636(98)(40) fm [11, 12]. The
ensembles differ in their spatial volumes Nz =243 and Nz = 323 and they contain 255 and 492
configurations, respectively. The present work investigates two values of the heavy quark masses
mg for the system 00id,

* m.: lying slightly above the physical value of the charm quark mass, where the masses of D
and D* mesons are mp =~ 1927(1) MeV and mp- ~ 2049(2) MeV, respectively.

* m«p-: lying somewhat below the b-quark mass. This quark mass is relevant for Tpp, with
meson masses m«g» =~ 4042(4) MeV and m«p-» =~ 4075(4) MeV.

In order to calculate the spectrum in the finite-volume, we calculate the 2-point correlation
functions

Cij (1) = (010 (t5re + )0} (150)10), (1)

where OJT. is the operator that creates states with the appropriate quantum numbers and O; is the

operator that annihilates the states. Moreover, one can express this correlation matrix in terms of the
spectral decomposition of energy levels in a finite volume, C;;(t) = >, Zl.”Z;f"e—E,ﬁutz’ where Z!" =
(0]O;|n) are the overlap factors. Using the variational method we solve the generalized eigenvalue
problem (GEVP), Cij(t)u§”)(t) =10 (t,to)Cij(to)u§”)(t), to determine the eigenenergies. The

lat _Eflut

21 are extracted from single exponential fits to the eigenvalue correlators A () o e

energies E
with 79/a = 4. In the following, we will present the effective energies from the diagonal correlators

in Eq. (1), Eeg(?) = In fCi j(1)/Cij(t +1)|, and from the eigenvalue correlators. In addition, the
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non-interacting DD* thresholds will be indicated. In the noninteracting limit the DD* system
has discrete energies on a periodic lattice of size L = Npa given by the sum of the single-meson

energies determined using the continuum dispersion relation E;’I(Zg) = (mz + )12,
ni P ¥ (= - _ .2« = 3
E™ = Ep(p) + Ep(-p), P=ﬂf, ne€Nj. 2)

3. Comparing cciid channels with isospin / = 0 and / = 1

There are two possible ways to construct color singlet tetraquark interpolators: as a system
of meson-meson states and as a diquark-antidiquark configuration [13]. We first discuss the basis
of meson-meson interpolators and the spectrum of states obtained from the GEVP. The diquark-
antidiquark interpolators and the impact on the spectrum when they are included in the basis is
discussed in the next section.

3.1 Meson-Meson interpolators

In the meson system (¢g) the colour triplet quark couples with the colour antitriplet antiquark to
give the 3. ® 3. = 1. ® 8, representations. When considering tetraquarks as a meson-meson system
(9q)(qq), the only two possible combinations of two-meson SU(3). representations that render a
total color singlet state are the (1. ® 1¢)1, and (8. ® 8.)1, representations. The last representation
is omitted [3], and we utilized the meson-meson color singlet (iic);, (dc);, .

We work in the isospin limit m,, = m4, where we have either the isospin antisymmetric singlet
cc(id — dii) /N2, or symmetric triplet cc(iid + dii) /2 flavor states under the interchange of the
two light quarks. The spin and orbital angular momentum from both the pseudoscalar D meson
and vector D* meson are coupled together to give a D D* system with the total angular momentum
and parity J¥ = 17,

Here we have employed meson-meson interpolators of the form

OPP" (5, -p) = [ID(H)D"(=p))1 = ) @4 (T)ape® Vel > d5(12)soe P2l % {u o d},

X X

3)
where the minus and plus sign stands for isospin / = 0, and isospin / = 1, respectively. The Dirac
(Greek) and color (Roman) indices are explicitly written. Each meson is projected to a definite
momentum p, and —p, such that the total momentum P = 0. We consider both I't =vs,ysy: and
I’ = yj,v;v:- Moreover, we utilized a sufficiently diverse basis of DD* interpolators as in Ref.
[8], such that they provide enough variety to extract the multiple energy levels reliably. In terms of
internal meson momenta, we employ interpolating operators of type D (0)D*(0) and D(1)D*(-1)!,
in which two linearly independent combinations of momentum polarizations generate the partial
waves [ = 0,2. The quark fields are smeared using the ‘Distillation’ method, where 60 (90)

Laplacian eigenvectors were employed for Ny = 24 (32).
The effective energies of the diagonal correlators are presented in Figure 1. In the plateau
region the energy levels are below the noninteracting D D* threshold for / = 0 and above for I = 1,

1For the sake of comparison between I = 0 and I = 1, the interpolator D*(0) D*(0) was not included for I = 0 in this
analysis, since in the isospin channel / = 1 it is not present for the studied irreps.
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Figure 1: Effective energies of the diagonal correlator constructed from the D(0)D*(0) interpolator for
JP = 1% isospin I = 0 and I = 1 for ensemble N; = 24 (left) and ensemble N; = 32 (right). Here
mp =~ 1927(1) MeV and mp- =~ 2049(2) MeV. The dashed purple lines indicate the nearest noninteracting

threshold.
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Figure 2: Effective energies E.g of the eigenvalues of the GEVP in the isospin channels / = 0 and /7 = 1, for
ensemble Ny, = 24 (left), and for ensemble Ny = 32 (right). The red color indicates the operator dominated
by D(1)D*(—1) s-wave. The noninteracting energies, from Eq. (2), are indicated with dashed purple lines.
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Figure 3: The overlap ratios Z;.‘ /maxm(Z]’.”) of tetraquarks with 1

0 and I = 1 for ensemble N; = 24

(left), and Ny, = 32 (right). The denominator is the maximal |Z;?"| at the given operator j. The horizontal
axis j = 1, ..,4 corresponds to operators D (0)D*(0), for both options of (I'y = s, ¥5y;) and I = v, v;¥1),
D(1)D*(-1)|;=0 and D(1)D*(—1)|;= generating the partial waves [ = 0, 2, respectively.
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Figure 4: The four Wick (connected) contractions. The solid lines represent the charm quarks, while the
dashed lines stand for the light u (green), and d (blue) quarks.
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Figure 5: Contribution of each of the four Wick contractions (displayed in Figure 4) to the correlation
function from the J* = 1* (T irep) in the rest frame (|15| = 0) for the ensemble N; = 24 (left), and
ensemble Ny = 32 (right). Each Wick contraction is normalized by the product of the single-meson D and
D* correlators.

i.e., in the ground state we observe attraction for the / = O correlators and repulsion for / = 1. We
observe a smaller shift for Ny = 32 than for Ny = 24, as expected in the larger volume.

The effective eigenenergies from the GEVP analysis are shown in Figure 2 for the isoscalar
and the isovector systems in both volumes. Their corresponding overlaps are presented in Figure 3.
The ground state effective eigenenergies from GEVP are consistent with those presented in Figure
1. For I = 0 the second energy level is dominated by D(1)D(—1) s-wave, and the third level by
D(1)D(-1) d-wave. The scattering amplitude for I = 0 has been extracted in the previous work [8],
and reanalyzed by [14, 15], while the results for / = 1 will be presented in an upcoming manuscript.

3.2 Wick contractions

Similar to the lattice study performed in [10], we analyze the four Wick contractions arising
from the correlators in Eq. (1), depicted in Figure 4. We study each of the Wick contractions
separately for the diagonal correlators built from D (0) D*(0) interpolators in the finite volume irrep
T{. This results in the following expression for the correlators depending on the isospin quantum
number (following the notation in Ref. [10])

CPP (=D -Ci+ ("D - ). 4)

Contractions O and C; appear with the same sign, and they give the same contributions for both
I =0 and I = 1, while the contribution from 9’ and C, depends on the isospin channel. Every
contribution to the C ID D" correlator function from Eq. (4) is computed, and the results are shown
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in Figure 5. Contraction D’ gives the smallest contribution by at least one order of magnitude
compared to the rest of the contractions, while contraction 9 makes the largest contribution. The
crucial Wick contraction differentiating between the isospin channels corresponds to C, (Figure 5).

The diagrams from Figure 4 can be understood as follows: Both 9 and 9’ diagrams, have
direct propagators connecting D and D* mesons, either of the same or different types of mesons,
respectively. The C; and C, diagrams exhibit explicit light quark u# and d exchanges between D
and D* mesons, which can be seen as pseudoscalar-, or vector-meson exchanges. Nevertheless, in
diagram C, the interaction D D is P-parity forbidden, and p or heavier meson exchange may be
the mediators. Evidently, the contribution from C, differentiates the interactions within the two
isospin channels. This observation is consistent with that of the previous lattice study in Ref. [10].
Currently, efforts are being made to extract the relevant scattering amplitude near the D D* threshold
for 7 =1.

4. Impact of diquark-antidiquark interpolators on 7. with / = 0

In a diquark [gq], both quarks couple together to give the 3. ®3, = 6. @3, color representations
of SU(3)., whereas the coupling of color in the antidiquark [g4g] displays the 3. ® 3¢ = 6, ® 3.
representations. Therefore, the two possibilities to couple the diquark with the antidiquark to get
the color singlet tetraquark states are either the (3. ® 3)1, or (6 ® 50)1c representations. Both 3,
and 3, are antisymmetric under the permutation of the two color labels, whereas both 6, and 6, are
symmetric.

For a diquark-antidiquark tetraquark, many studies favor the triplet-antitriplet representation

of the tetraquark [cc|3_[iid]3, to be the relevant structure to provide the energy spectrum [16]

0720 (P) = > €abec’(F)(CY1)apch(®) €aacii§(F)(Cys)sods (®)e'’s, 5)

X

where C is the charge conjugation matrix and the Roman and Greek indices represent the color and
Dirac indices, respectively. The heavy diquark cc is flavor symmetric, while the light antidiquark
iid is flavor antisymmetric in I = 0. Hence to satisfy Fermi symmetry, the spin has to be symmetric
for the heavy diquark (S = 1), while antisymmetric for the light antidiquark (S = 0). Furthermore,
we also include the same set of interpolators as in the study of the meson-meson interpolators with
the important exception that in the present section we also consider D*(0) D*(0) operators in 7.

The effective eigenergies of the doubly charmed tetraquark obtained by utilising diquark-
antidiquark interpolators in addition to meson-meson operators are presented in Figure 6. When
we compare the ground state from meson-meson interpolators with the one including diquark-
antidiquark interpolators, we do not observe a significant shift at mgp =~ m.. This is reflected in the
comparison of both energy shifts in Figure 6. The energy shifts were determined as the difference
AE = El¢ - E gl(tl;l) - Ela (5, Turning to the “b”-sector, the thresholds are closer to each other.
The ground state energy level is observed to shift significantly downwards with the inclusion of
diquark-antidiquark interpolators. This effect is also observed in the energy shifts of the “b”-sector
in Figure 6. This result is consistent with previous lattice studies of 73, with diquark-antidiquark
interpolators [4], where the signature of a deeply bound state is observed.
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Figure 6: Comparison between the effective eigenergies for the doubly heavy tetraquark QQiid with I = 0
obtained from the GEVP utilising a basis of meson-meson interpolators M (p;) M (p,) and an extended basis
including diquark-antidiquark operators [QQ][id]. We study two heavy quark masses mg, one near to the
physical charm quark mass (left), and the other one close to the b-quark mass (left). The corresponding
energy shifts of the ground state are shown at the bottom.

Concerning the excited energy levels, we have observed an impact on the second energy
level at mgp =~ m,. once the additional diquark-antidiquark interpolators are employed (Figure 6).
This energy shift cannot be disregarded and must be consistently considered in the extraction of
the scattering amplitude near DD* threshold, relevant for 7).. So far, the scattering amplitude
has never been extracted including diquark-antidiquark interpolators in addition to meson meson
operators.

5. Conclusions and outlook

In the present lattice simulations, we explore both doubly charmed tetraquark states 7(J?) =
0(1%) and 1(1%) by implementing meson-meson interpolators. Attraction in the I = 0 channel and
repulsion in the / = 1 channel near the DD* threshold are observed. Furthermore, we confirm
the identification of the relevant Wick contraction and the corresponding diagram responsible to
differentiate the isoscalar from the isovector channel. Our observations are consistent with that
made in Ref. [10]. Currently, we are in process of extracting the scattering amplitude in the
isovector channel.

When we additionally consider diquark-antidiquark interpolators with I = 0 for a heavy quark
mass close to the physical c-quark mass, no significant shift in the ground state energy is found.
However, regarding the remaining energy levels, we observe a non-negligible shift in the second
energy level once we include diquark-antidiquark interpolators. This effect has to be taken into
account to extract consistently the scattering amplitude of the 7)%.. Finally, when we tune the
mass of the heavy quark to be close to the physical “b” quark mass, we find a significant energy
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shift downwards with respect to the BB* noninteracting threshold, once the diquark-antidiquark
interpolators are used in addition to meson meson operators. This result is consistent with studies
of Tpp on the lattice.
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