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We determine JF€ =

0" and 2™* hadron-hadron scattering amplitudes in the charmonium energy

region up to 4100 MeV using lattice QCD, a first-principles approach to QCD. Working at m, ~ 391 MeV,
more than 200 finite-volume energy levels are computed and these are used in extensions of the Liischer
formalism to determine infinite-volume coupled-channel scattering amplitudes. We find that this energy
region contains a single y,, and a single y., resonance. Both are found as pole singularities on the closest
unphysical Riemann sheet, just below 4000 MeV with widths around 70 MeV. The largest couplings are to
kinematically closed D*D* channels in S-wave, and couplings to several decay channels consisting of pairs
of open-charm mesons are found to be large and significant in both cases. Above the ground state y ., no
other scalar bound states or near-D D threshold resonances are found, in contrast to several theoretical and

experimental studies.

DOI: 10.1103/PhysRevLett.132.241901

Introduction.—The experimental mapping of the spec-
trum of excited hadrons containing a charm-anticharm pair
has seen rapid progress in recent years. Driven initially by
the discovery of the X(3872) [1], more novel observations
quickly followed, including states with an apparent four-
quark nature, such as the Z.(3900) [2,3]. Work to decipher
this new hadron spectroscopy, going beyond the simple c¢
quark model, is underway [4—8]. Within the standard model
of particle physics lies quantum chromodynamics (QCD),
the theory of interacting quarks and gluons, which
describes hadrons and their interactions. While the theory
is well defined, it remains challenging to perform calcu-
lations of its spectrum owing to its strongly coupled nature.

Charm quarks are heavy enough that relativistic effects
are typically subleading, and models built using potentials
have proven successful in describing the low-lying spec-
trum [9—14]. These approaches work well for states below
DD threshold whose lifetimes are relatively long, with
charm-anticharm annihilation and radiative transitions
being the dominant modes of decay. However, above this
point states can decay more rapidly to systems of open-

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

0031-9007/24/132(24)/241901(7)

241901-1

charm mesons, and the physics of coupling to decay modes,
where we treat excited states as resonances, becomes
important.

This Letter aims to address a key weakness in our present
understanding: knowledge of resonance decays from first-
principles in QCD. We compute using lattice QCD to
determine resonance masses, widths, and decay modes. We
begin by considering what might naively be expected to be
relatively simple systems: isoscalar scalar and tensor
resonances in the approximation where charm-anticharm
annihilation is forbidden. This is well defined theoretically,
and well justified empirically given the modest hadronic
widths observed for states below DD threshold. A sum-
mary of the general approach, which takes advantage of the
finite spatial volume of the lattice to determine scattering
amplitudes in which resonances appear, is given in a recent
review [15]. The discrete spectra extracted from correlation
functions computed using lattice QCD can be translated
into infinite-volume coupled-channel scattering amplitudes
using the Liischer formalism [16] and extensions. The
scattering amplitudes so obtained contain resonances as
pole singularities in much the same way as experimental
analyses. The pole positions yield the masses and widths,
and the pole residues factorize into the channel couplings,
enabling partial widths to be estimated.

In this Letter, we present results for resonances found in
JP€ = 0" and 2**. In an accompanying longer article
[17], we give more details of our approach, and provide
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other amplitudes extracted in this work including
JP€ = 3**, which is found to contain a y.; resonance,
and negative parity J¢ = {1,2,3}~+ waves which lack
strong scattering, although 2= contains a near-threshold
bound state. The closest previous work considering some of
these channels in Lattice QCD is Ref. [18], and a
comparison with the calculation reported on here can be
found in the longer article, Ref. [17]. The methods used
here are applicable to the /¢ = 1*F y_, channel. Because
of the additional complications of the presence of three-
body 5.zm energy levels low in the spectrum, and the
mixing of S and D-waves, we reserve this for future study.

Computing finite-volume spectra.—We perform calcu-
lations using lattices with two degenerate dynamical light
quark flavors and a heavier dynamical strange quark
[19,20], with a light quark mass value such that
m, =~ 391 MeV. The valence charm quarks have the same
action as the light and strange quarks and are tuned to
approximately reproduce the physical . mass [21]. Three
volumes are employed corresponding to L/a, = {16, 20,
24}, where L is the spatial extent and a; ~ 0.12 fm is the
spatial lattice spacing. Anisotropic lattices with anisotropy
& =ua,/a, ~ 3.5 are used to obtain a finer energy resolu-
tion, where a; is the temporal lattice spacing. In the
computation of two-point correlation functions, all relevant
Wick contractions, including those featuring light or
strange quark annihilation, are performed efficiently using
distillation [22].

No lattice QCD study to date has considered all hadron-
hadron channels present in this energy region, even in the
simplifying limit where charm-anticharm annihilation is
forbidden. In this work, we compute the complete discrete
energy spectrum up to around the y¢ threshold by using a
large number of interpolating operators with fermion-
bilinear (cc-like) and meson-meson-like structures [23].
In particular, we construct operators resembling every
relevant hadron-hadron pair with the correct quantum
numbers.

While our aim is to determine the JP¢ = {0,2}**
amplitudes, the reduced symmetry of the finite cubic lattice
volume means that scattering in multiple J” partial waves
contributes to the same finite-volume spectra, obtained in
the irreducible representations (irreps) of the cubic group
[24,25]. Parity is a good quantum number for systems
overall at rest, but it is not when the system has net
momentum. The finite-volume of the lattice imposes
quantization of momentum, p = (2z/L)(i,j, k) = [ijk]
where i, j, k are integers, and we will compute spectra
for several values of total scattering system momentum.
Relevant hadron-hadron scattering combinations with
JP€ =10,2,3} " are shown in Table I, with partial-waves
labeled by spectroscopic notation. (We do not aim to
determine any three-hadron amplitudes, but when comput-
ing the finite-volume spectra we include operators with
n.o-like and y.o-like structures. The corresponding

TABLE I.  Hadron-hadron 2517, total spin (S), orbital angular
momentum (¢), and total angular momentum combinations (J)
present for JP¢ = {0,2,3}** scattering. Those with square
brackets indicate that the corresponding operator constructions
were included, but that the scattering channel was found to be
decoupled or otherwise not relevant at these energies.

0 nen. DD, ney', DDy, D*D* wp{'Sy}

2++ nen, DD’ [r]cn/]’Dst{lDZ}; DD*’ [DsDT]{3D2}
l//a),D*D*, W¢{552}

3t DD*,yw, DD, wp{*Ds}; [n.0{'F3}]

ww,D*D*, [y, D;D;]{°D3}

energy levels are found to be decoupled from the other
levels. A complete description is given in the companion
article [17].)

In Fig. 1 we present a selection of computed finite-
volume spectra for zero overall momentum for irreps
having JP€ =0%" and 2** as lowest partial waves.
Additional spectra with overall nonzero momentum and
with leading J¥¢ = {1,2,3}~ or 3" at zero momentum
are presented in Ref. [17]. In each of the three panels in the
figure a level is observed below 7.1 threshold with very
little volume dependence, and these levels correspond to
the stable y.o(1P) bound state (left), and the stable y ., (1P)
bound state (middle, right). From #.5 threshold up to
around 3900 MeV there is a one-to-one correspondence
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FIG. 1. Spectra in irreps A” = A}, E*, and T5 with zero

overall momentum, having leading J©¢ = 0%+, 27+ and 2+
partial waves respectively. Points are the computed finite-volume
energies colored according to their dominant operator overlap,
with colors given in the key on the right. Black points have large
overlap with both cé-like and DD-like operators. Solid curves
indicate noninteracting meson-meson energies and dashed lines
indicate kinematic thresholds. Degenerate noninteracting levels
are indicated by multiple parallel curves, slightly displaced in
energy for visual clarity.
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between the computed energies and the levels expected in
the absence of interactions, and energy shifts from these
noninteracting levels are typically small, suggesting only
mild interaction strength. Higher up in energy there appear
to be extra levels, and more significant departures from the
noninteracting spectrum, which may be due to the presence
of one or more resonances. To draw more definite con-
clusions we must determine infinite-volume scattering
amplitudes, constrained by these spectra.

Scattering amplitudes.—The coupled-channel scattering
¢t matrix is obtained from finite-volume energies using
Liischer’s finite-volume quantization condition [16], gen-
eralized for hadron-hadron scattering for hadrons with
arbitrary spin [26],

det[l+ip(E) -t(E)- 1+ iM(E.L))] =0, (1)

where ¢(E) is the scattering ¢ matrix, M(E, L) is a matrix
of known functions dependent on the volume and irrep, and
p is a diagonal matrix of phase-space factors, p; = 2k;/E. E
is the center-of-momentum frame energy, and k; the
momentum of each hadron in that frame for hadron-hadron
channel i.

The matrices in Eq. (1) are in the space of relevant
hadron-hadron channels and partial waves, as shown in
Table 1. Since many channels contribute, #(E) is under-
constrained at any given value of E, and it is necessary to
parametrize the energy dependence. We make use of
amplitudes of the form

(71 = ki)~ (K1, (2k;) ™70 + Iy, )

where K;; are the elements of a symmetric matrix that is
real for real s = E2. S-matrix (s-channel) unitarity man-
dates that Im/;; = —p;, while a real part can optionally be
generated through a dispersion relation as described in
Appendix B of Ref. [27].

The O™ and 27" amplitudes are determined using the
constraint provided by 90 and 86 energy levels respectively,
taken from spectra both at rest and for nonzero total
momentum. Additional levels from other irreps are used
to fix the 3** and negative parity waves which also
contribute to Eq. (1), leading to constraint from more than
200 levels in total. Finite-volume energy levels correspond-
ing to the low-lying y.o(1P) and y.,(1P) bound states are
observed below 7.7 threshold in Fig. 1, but because they do
not constrain the amplitudes in the physical scattering
region we choose not to include them when determining the
scattering amplitudes.

In JP€ ={0,2,3}*", amplitudes that prove to be
capable of describing the finite-volume spectra are found
to house resonance poles coupled to channels consisting
of pairs of open-charm mesons. Such poles can be
efficiently parametrized by including terms of form K;; =

9:9;/ (m* — s), with parameters m and {g;}, and increased

flexibility in the amplitude comes from adding a low-order
polynomial in s to this pole term. The free parameters in the
amplitudes are determined by comparing the spectrum
predicted by Eq. (1) for a given parametrization to the
lattice QCD spectra, via a y*> minimization [27-29].

To reduce bias from selection of a specific choice of form
for K;;, we consider a range of parametrizations, and when
quoting properties of the scattering amplitudes such as pole
positions and couplings, we take an envelope over the
range of values coming from all parametrization choices
that describe the spectra with reasonable x?/Ngof.
Representative examples resulting from this procedure
are shown in Fig. 2.

In both scalar and tensor cases, clear narrow peaks are
visible near 4000 MeV, likely indicating resonant behavior.
In the scalar case, the peaks in elastic DD and DD, appear
at the same location, and both are distorted in their high-
energy tail by the opening of the D*D* channel. In the
tensor case, the elastic DD* energy dependence is sculpted
by the D-wave threshold opening only slightly below the
resonance leading to a peaking behavior at a slightly larger
energy than the peak in DD. No peak is seen in
tensor D,D,.

Poles and interpretation.—The partial-wave ¢ matrices
we use are analytic functions of s = E? apart from branch
cuts opening at thresholds, and poles corresponding to
bound states and resonances.

Neither the ¢ matrices we utilize, nor the finite-volume
quantization condition [16,26] explicitly include singular-
ities due to hadron exchange processes in the ¢ and u
channels, such as pion exchange in DD* and D*D*, which
has been highlighted recently for the related 7..(3875)"
[30,31] and NN [32] scattering. Work is underway to
extend the finite-volume formalism [33] to explicitly
account for such physics.

Passing through the cuts from the real energy axis where
scattering occurs, we enter “unphysical” Riemann sheets
on which the resonance poles live. Close to a pole,
tij~ ¢icj/ (Spote — 8), Where sy = [m — (i/2)I]? is the
location of the pole, and c¢; is the coupling of the pole
to channel i, which can be related to the partial width I'; for
a kinematically open channel. For the amplitudes in the
current study which describe the computed finite-volume
spectra, we find resonance poles on the “proximal sheet”
which has Im k; < O for kinematically open channels and
Imk; > 0 for closed channels, and which is closest to
physical scattering. (The amplitudes considered also fea-
ture poles on other, more distant, sheets that are not as
relevant for scattering at real energies.)

Investigating 0™, a single resonance pole with large
couplings to DD, D,D,, and D*D* is found on the
proximal sheet in every amplitude. Its location is
m ~3995(14) MeV, I' ~ 67(38) MeV, and at this energy,
D*D* is a closed channel, but decays are possible to DD
and DD, with branching fractions of approximately 40%
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FIG. 2. Scattering amplitudes (top) for J¢
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= 0t (left) and 2 (right). A single representative amplitude is plotted for each J¥C as
2, which is similar to the scattering cross section. Error bands are determined by sampling the parameter uncertainties determined

from the y*> minimum. Small circles on the horizontal axes mark the locations of key hadron-hadron thresholds. Energies used to
constrain the amplitudes (middle, open circles) and resonance poles (bottom) are also shown, with the pole parameters reflecting the full
uncertainty over parametrization variation, as presented in Ref. [17].

and 60% respectively. In most amplitudes which describe
the finite-volume spectra, very small couplings are found to
yo, although in a few cases a larger value is not ruled out,
with a branching fraction no larger than 40%.

Similarly in JP¢ = 2**, only a single resonance pole
appears on the proximal sheet, with large couplings to open
DD, DD* (both in D-wave), and closed D*D* (in S-wave).
The pole has only very small couplings to DD, n.1,
ww, and we¢, and is located at m =~ 3961(15) MeV,
I' ~ 65(15) MeV. Poles and couplings are shown in Fig. 2.

The use of a light quark mass heavier than the physical
value, and expectations of discretization effects, precludes
direct comparison of our results with experiment. (We
discuss discretization effects further in the companion
article [17].) Nevertheless, we expect resonance properties
in the current system to have even milder dependence on
the light quark mass than for lighter hadrons [34—41], so we

can view previous experimental results and theoretical
predictions in the context of our results.

In the energy region below about 4000 MeV, our
calculation results in a state-counting consistent with ¢¢
quark models [10,12], in which the lightest scalar and
tensor states are 1P configurations, and the excited states
we have observed would correspond to the 2P radial
excitations. The resonances found in this study favor
decays to open-charm D-meson pairs over closed-charm
final states, supporting the long-standing Okubo—Zweig—
lizuka (OZI) phenomenology.

The experimental X(3872) observed close to DD*
threshold has motivated models with attraction between
the open-charm mesons mediated by pion exchange, with
enough strength to provide binding. Heavy-quark spin
symmetry then suggests similar effects may occur in
D*D* in S-wave [42,43]. The scalar and tensor resonance
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poles found in the current calculation do have large
couplings to the kinematically closed S-wave D*D* chan-
nel, but in both cases the attraction is apparently not large
enough to produce an additional state beyond the expect-
ations of c¢ excitations.

Our results suggest a single 0" resonance that might
explain both the y.4(3930) [44] and y.4(3960) [45] peak
structures seen in DD and D,D; final states, respectively.
Claims for an additional y., state between 3700 and
3860 MeV appear in experiment [46], lattice [18], bound
hadron-molecule models [47], c¢¢ + DD hadron-loop
dressing models [48-52], and reanalyses [53-56] of the
experimental data, although no such state is reported in
recent LHCb data [44,57]. Our calculation shows no
indication of any such additional state.

The single 2*" resonance found in this calculation
decays to DD and DD*, but has at most weak coupling
to DD, and closed-charm final states. This result is not in
tension with the current experimental situation, where a
2(3930) has been identified in DD [44,58,59]. The
X(3915) seen in vector-vector ww scattering [60] could
be attributed to either 07" or 2, but our findings indicate
that interactions in this channel are rather weak.

Outlook.—These results at m, ~ 391 MeV suggest a
state counting in 0" and 2** that is not obviously
different from expectations in c¢ pictures. To reconcile
these findings with works that find additional states at
physical pion masses, distant pole singularities that do not
impact the current analysis would be required to move
rapidly through the complex energy plane as the light quark
mass is reduced. Eliminating this possibility motivates
further calculations at lighter quark masses using the
current techniques. Three-body channels rapidly become
more important with decreasing pion mass. However, it
should be possible to consider S-wave DD scattering at a
reasonable range of light quark masses.

Unifying enhancements observed in different final states
by identifying pole singularities in unitarity-respecting
scattering amplitudes has proven essential, as clearly
observed in Fig. 2 in the DD and DD* tensor amplitudes
that have different peak locations and amplitude shapes but
arise due to a common state. Experimental candidate states
appear in production processes rather than scattering, but
such processes can also be described in terms of the
coupled-channel scattering ¢ matrix and are constrained
by unitarity. Future lattice calculations of electroweak
production processes appear to be feasible [61-63].

Further applications of the lattice QCD approach pre-
sented in this paper will consider other near-threshold
charmonia, the X(3872) channel being a particularly
interesting prospect.

Reasonable requests for data, such as energy levels and
correlations, can be directed to the authors and will be
considered in accordance with the Hadron Spectrum
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