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We employ a chiral effective field theory-based approach to connect 𝐷𝐷∗ scattering observables
at the physical and variable pion masses accessible in lattice QCD simulations. We incorporate
all relevant scales associated with three-body 𝐷𝐷𝜋 dynamics and the left-hand cut induced by the
one-pion exchange for pion masses higher than the physical one, as required by analyticity and
unitarity. By adjusting the contact interactions to match experimental data at the physical pion
mass and lattice finite-volume energy levels at 𝑚𝜋 = 280 MeV we predict the trajectory of the 𝑇+

𝑐𝑐

pole as a function of the pion mass, finding it consistent with the hadronic-molecule scenario. In
particular, we find that the explicit treatment of the one-pion exchange has a pronounced effect on
the pole trajectory for 𝑚𝜋 ≳ 230 MeV by pushing the pole into the complex energy plane.
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1. Introduction

The spectroscopy of exotic hadrons containing heavy quarks has made tremendous progress
in recent years, especially concerning the discovery of exotic candidates for multiquark states, as
summarized in current reviews [1–8]. One of the most remarkable milestones in the past few years is
the discovery of the doubly-charmed exotic state𝑇+

𝑐𝑐 by the LHCb collaboration [9, 10]. Its minimal
quark content is 𝑐𝑐𝑢̄𝑑 and this state is located just a few hundred keV below the 𝐷0𝐷∗+ threshold,
having a narrow width which is mainly governed by strong decays to 𝐷𝐷𝜋. Studies of 𝐷𝐷 mass
spectra indicate that 𝑇+

𝑐𝑐 is an isoscalar state with spin-parity quantum numbers 𝐽𝑃 = 1+ [10].
The properties of 𝑇+

𝑐𝑐 are widely consistent with being a hadronic molecule formed by the residual
strong interaction between 𝐷 and 𝐷∗. In general, the size of hadronic molecules is controlled by
the binding energy and far exceeds that of other multiquark configurations. Due to its weakly bound
nature, a spatial extension of the order of 8 fm can be expected for 𝑇+

𝑐𝑐.
The intriguing features of𝑇+

𝑐𝑐 have motivated numerous theoretical studies based on low-energy
effective field theories (EFTs) [11–16] and phenomenological models; see, e.g., [7] and references
therein. In Ref. [13], special attention was paid to the inclusion of three-body cuts arising from on-
shell 𝐷𝐷𝜋 intermediate states, as a consequence of a consistent treatment of the one-pion exchange
(OPE) within a leading-order (LO) chiral EFT expansion. In this work, it has been shown that
considering three-body cuts is crucial for an accurate determination of the 𝑇+

𝑐𝑐 pole position in the
complex energy plane.

In addition to EFT- and model-based works, considerable progress in the study of 𝐷𝐷∗

scattering has recently also been achieved in lattice QCD, both employing the Lüscher method [17–
20] as well as the HAL QCD approach [21]. However, it has also become clear that the extraction
of infinite-volume observables from finite-volume energy levels is challenging in the presence of
nearby left-hand cuts arising from long-range interactions such as OPE, as emphasized in, e.g., Ref.
[22]. Several extensions of the Lüscher method or alternative approaches have been proposed to
overcome this issue [23–26].

In our recent work [27], we emphasize that including the OPE for 𝑇+
𝑐𝑐 with a proper treatment

of its cuts is needed for theoretical consistency not only at the physical point, as was shown in
Ref. [13], but also at unphysically large pion masses. We employ a chiral EFT-based approach
to investigate the analytic structure of the scattering amplitude as a function of the pion mass,
incorporating all relevant energy and momentum scales as well as the related right- and left-hand
cuts from OPE to predict the 𝑇+

𝑐𝑐 pole trajectory for pion masses in between 𝑚
ph
𝜋 and 3𝑚ph

𝜋 , where
the superscript “ph” indicates the physical pion mass. The acquired information can serve as a
benchmark for future lattice QCD calculations and provides additional insights into the internal
structure of 𝑇+

𝑐𝑐 [28].

2. Chiral EFT approach for 𝑫𝑫∗ scattering

In this work, we focus on the isoscalar channel in connection to the 𝑇+
𝑐𝑐 state (for a related study

in the isovector channel, we refer to [29]). The long-range interaction between 𝐷∗ mesons related
to the OPE is incorporated explicitly including all relevant physical scales and related cuts in chiral
EFT, consistent with unitarity and analyticity. The a priori unknown short-range interactions are
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parametrized using low-energy constants (LECs) which are fixed from both experiment [9, 10] and
lattice data at 𝑚𝜋 = 280 MeV [17]. In between the physical point and the lattice input as well as for
𝑚𝜋 > 280 MeV, the 𝐷𝐷∗ scattering amplitude is obtained by performing chiral extrapolations.

We construct the effective potential𝑉 for 𝐷𝐷∗ scattering up to O(𝑄2) with𝑄 = 𝑝/Λ𝑏 in chiral
EFT, where 𝑝 ∼ 𝑚𝜋 is a characteristic soft momentum scale and Λ𝑏 the breakdown scale of the
chiral expansion. The potential is given by a sum of long-range and short-range contributions,

𝑉 = 𝑉
(0)
OPE +𝑉 (0)

cont +𝑉
(2)
cont + . . . . (1)

Here, effects from the two-pion exchange (TPE) are assumed to be largely saturated by contact
terms, as demonstrated in Ref. [30].

All pion mass dependent quantities are expressed as functions of the ratio 𝜉 ≡ 𝑚𝜋/𝑚ph
𝜋 —

see, e.g., Refs. [31, 32] for explicit expressions of these functions. The 𝑆-wave contact potential is
polynomial in the pion mass and momenta, yielding

𝑉cont = 𝑉
(0)
cont +𝑉

(2)
cont =

[
𝑐0(𝜉) + 𝑐2(𝜉) (𝑝2

1 + 𝑝′22 )
]
(𝝐 · 𝝐 ′∗) (2)

for the isoscalar case with 𝐽𝑃 = 1+, where 𝑐0(𝜉) = 𝐶0+𝐷2(𝜉2−1)+O(𝜉4, 𝑝4) and 𝑐2(𝜉) = 𝐶2+O(𝜉2)
are the pion mass dependent contact terms and 𝒑 ( 𝒑′), 𝝐 (𝝐 ′) is the initial (final) momentum and
polarization, respectively. The LECs 𝐶0, 𝐶2 and 𝐷2 are adjusted to data as described above. We
determine 𝐶0 from experimental information, whereas 𝐶2 and 𝐷2 are obtained from lattice input.

The isoscalar OPE potential in the framework of time-ordered perturbation theory (TOPT) is

𝑉OPE(𝐸, 𝒑, 𝒑′) = − 𝑔2

8 𝑓 2
𝜋

(𝒒 · 𝝐) (𝒒 · 𝝐 ′∗)
2𝜔𝜋 (𝒒2)

[𝐷1(𝐸, 𝒑, 𝒑′) + 𝐷2(𝐸, 𝒑, 𝒑′)] , (3)

with total energy 𝐸 , where 𝑓𝜋 is the pion decay constant, 𝑔 is the coupling constant of pions with
heavy mesons and 𝜔𝜋 (𝒒2) =

√︁
𝑚2

𝜋 + 𝒒2 the pion energy. Note that 𝑓𝜋 , 𝑔 and the 𝐷 (∗) masses are
also (implicitly) pion mass dependent. Further, 𝐷1 and 𝐷2 are TOPT propagators, given by

𝐷1(𝐸, 𝒑, 𝒑′) =
(
2𝑀𝐷 + 𝑝2 + 𝑝′2

2𝑀𝐷

+ 𝜔𝜋 (𝒒2) − 𝐸 − 𝑖𝜖

)−1

,

𝐷2(𝐸, 𝒑, 𝒑′) =
(
2𝑀𝐷∗ + 𝑝2 + 𝑝′2

2𝑀𝐷∗
+ 𝜔𝜋 (𝒒2) − 𝐸 − 𝑖𝜖

)−1

.

(4)

In this work, we consider the involved mesons in the isospin limit using averaged masses. Contrary
to the pion, 𝐷 (∗) mesons are treated nonrelativistically.

The 𝐷𝐷∗ scattering amplitude is obtained by solving the Lippmann-Schwinger equation in the
partial wave basis,

𝑇𝛼𝛽 (𝐸, 𝑝, 𝑝′) = 𝑉𝛼𝛽 (𝐸, 𝑝, 𝑝′) +
∑︁
𝛾

∫
d3𝑞

(2𝜋)3𝑉𝛼𝛾 (𝑘, 𝑞)𝐺 (𝐸, 𝑞)𝑇𝛾𝛽 (𝐸, 𝑞, 𝑝′), (5)

where the Greek indices indicate the involved partial waves. A full expression for the 𝐷𝐷∗ Green
function 𝐺 (𝐸, 𝑞), which contains the 𝐷∗ self energy as well as the related three-body cut, can be
found in Ref. [27] or in the appendix of Ref. [22]. It is of the form

𝐺 (𝐸, 𝑞) =
[
𝑀𝐷∗ + 𝑀𝐷 + 𝑞2

2𝜇
− 𝐸 − 𝑖

2
Γ(𝐸, 𝑞)

]−1

, (6)

3



P
o
S
(
C
D
2
0
2
4
)
0
6
4

Internal structure of the 𝑇𝑐𝑐 (3875)+ from its light-quark mass dependence Michael Abolnikov

where 𝜇 is the reduced mass of the 𝐷𝐷∗ system and Γ(𝐸, 𝑞) is the dynamic width of the 𝐷∗ meson.
The dynamic width emerges from resummation of the 𝐷∗ self energy, 𝐷∗ → 𝐷𝜋 → 𝐷∗, inducing
an imaginary part to the 𝐷𝐷∗ propagator. The latter corresponds to an intermediate 𝐷𝐷𝜋 state
going on-shell, thus, a three-body cut arises — see Ref. [27] for further details.

3. Pion mass dependence of the 𝑇+
𝑐𝑐 pole position

3.1 LO results

After determining the LECs from experimental data (𝐶0) and lattice information at 𝑚𝜋 = 280
MeV (𝐶2, 𝐷2), we are able to make predictions for the behavior of the 𝑇+

𝑐𝑐 pole as a function of the
light-quark mass, or, equivalently, pion mass at next-to-leading-order (NLO). However, it is also
informative to consider the LO results, where only 𝐶0 is fixed, without utilizing any lattice input.
The related LO pole trajectory shares many common features with the full NLO calculation, such
as the behavior close to the physical point and the overall evolution of the state in the complex
momentum plane (𝑘-plane). The qualitative and quantitative similarities between the LO and NLO
trajectories indicate the convergence of the chiral expansion and the consistency of our framework.

A common feature of all pole trajectories is that the decay 𝐷𝐷∗ → 𝐷𝐷𝜋 becomes kinemat-
ically forbidden after increasing the pion mass only by about 3% compared to its physical value.
Consequently, the 𝐷𝐷𝜋 intermediate state cannot go on-shell anymore and𝑇+

𝑐𝑐 evolves from a quasi-
bound state into a fully bound state. At this point, the analytic structure of the scattering amplitude
also changes, since the on-shell 𝐷𝐷𝜋 cut is replaced by a 𝐷𝐷∗ left-hand cut for 𝑚𝜋 ≳ 1.03𝑚ph

𝜋 . By
further increasing the pion mass, the pole undergoes a transition from bound to virtual and finally
becomes a resonance, as illustrated in Fig. 1. The resulting pole trajectory is consistent with a
molecular nature of 𝑇+

𝑐𝑐 [28], where going from LO calculation to the NLO affects only the specific
pion mass at which the transitions bound → virtual and virtual → resonance occur.

Figure 1: Left panel: Pion mass dependence of the 𝑇+
𝑐𝑐 pole in the complex 𝑘-plane predicted at LO in chiral EFT. The

value of 𝜉 is indicated by color. The second, more distant virtual state is also shown, along with its collision point with
the 𝑇+

𝑐𝑐 pole, after which the resonance poles emerge. Right panel: LO trajectory of the 𝑇𝑐𝑐 pole in the complex energy
plane as a function of 𝜉, corresponding to the left panel. Re 𝐸pole and Im 𝐸pole are shown by solid and dashed lines,
respectively. The second, more distant state is not shown; only the energy of the pole with Re(𝑘) > 0 is shown after the
resonance appears.
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3.2 NLO results

The behavior of the pole changes quantitatively when the higher-order contact terms 𝐶2 and
𝐷2 are included, which are fitted to phase shifts extracted in Ref. [22] from lattice energy levels at
𝑚𝜋 = 280 MeV [17]. The short-range interaction at NLO in chiral EFT leads to a more repulsive
potential. Consequently, the state becomes virtual already at 𝑚𝜋 ≃ 1.25𝑚ph

𝜋 and evolves into a
resonance at 𝑚𝜋 ≃ 1.68𝑚ph

𝜋 , as shown in Fig. 2. In all cases, the OPE plays a crucial role for the
pole trajectory, especially regarding the formation of the 𝑇+

𝑐𝑐 as a resonance state. Notably, the latter
does not occur in a pure contact theory, such that the state remains virtual. We have also employed
a pure contact theory for comparison, leading to a pole trajectory which is in line with the results
from Refs. [18, 19], where the OPE is not included, as depicted in Fig. 3. This shows a nontrivial
consistency between our and lattice results obtained under the same assumption that the OPE is
ignored. On the other hand, our full results demonstrate that the pole trajectory including the OPE
changes significantly, yielding a resonance instead of a virtual state.

The uncertainty from cutoff variation is very small and chiral truncation uncertainty is compa-
rable with statistical one — see Ref. [27] for more details on these aspects and other comparisons.
Additionally, we note that irreducible TPE contributions are not explicitly included. However,
the iterations of the OPE within the dynamical equations already account for the leading effect of
the multi-pion left-hand cut (see [33, 34] for related discussions in the context of NN scattering).
Furthermore, as demonstrated in Ref. [30], irreducible TPE contributions can be largely saturated
by contact terms, which suggests that these terms are suppressed.

Pole trajectories

New ansatz for Vcont (notation according to Eq. (2) in the draft from 17.05.2024):

Vcont(p, p
0) = C0 + D2(⇠

2 � 1) + C2(p
2 + p02).

C2 is directly fixed at ⇠ = 2, formerly it was 3D4. The conventions for error bands from bootstrap remain as
usual but the interval of ⇠ is increased up to ⇠ = 3 to include upcoming lattice data. All results are shown
mainly for ⇤ = 700 MeV, where the blue curve is the best fit for ⇤ = 500 MeV.
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Remarks:

• It is indeed true that the best fit for ⇤ = 500 MeV lies better within the error band for the ⇤ = 700
MeV setting than the actual 700 MeV best fit around the cusp corresponding to virtual ! resonance.
The statistics is most heavily spoiled around the main region of such a transition, in the sense of being
non-Gaussian (it was also the same within the previous contact ansatz).

• Upper arithmetic limiting curves are cut where they exceed the zero-threshold.
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Figure 2: The real (left panel) and imaginary (right panel) parts of the 𝑇+
𝑐𝑐 pole position at NLO in chiral EFT as a

function of the pion mass. The solid red line corresponds to the best fit at NLO with the 𝑆-wave OPE potential, while
the orange band stands for the 1𝜎 error band estimated using bootstrap. The dashed red line corresponds to the best fit at
NLO with the full OPE potential, including 𝐷 waves. The inlay highlights the behavior of the pole at lower pion masses,
where the transition from quasi-bound (region I) to bound (region II), and then to virtual state occurs (region III), as
indicated by the arrows. After 𝜉 ≈ 1.68 the 𝑇+

𝑐𝑐 becomes a resonance state and the Im part of the pole occurs in the right
panel.
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Figure 3: Comparison of the𝑇+
𝑐𝑐 pole trajectory at NLO in chiral EFT with that in a pionless (contact) theory (dot-dashed

line). The arrow indicates the pion mass (𝜉 ≈ 1.68), after which the pole in the pionful theory becomes a resonance state
while the pole in the pionless theory remains a virtual state. The blue data point corresponds to a virtual state extracted
by the Hadron Spectrum Collaboration at 𝑚𝜋 = 391 MeV [19], while the green square corresponds to a virtual state at
𝑚𝜋 ≈ 348.5 MeV, extracted using the ERE parameters from Ref. [18].

4. Summary

The pion mass dependence of the 𝑇+
𝑐𝑐 pole position is investigated in chiral EFT, where the

longest-range interaction is explicitly incorporated by including an OPE potential into the framework
and considering the proper analytic structure of the 𝐷𝐷∗ scattering amplitude. We parametrize
the short-range contributions using one contact term at LO and two more contact terms at NLO
in chiral EFT. The resulting 𝑇+

𝑐𝑐 pole trajectories are consistent at both orders of the calculation,
showing qualitatively the same features, where the pole undergoes a transition from a quasi-bound,
to bound, a virtual and finally a resonance state. Notably, the OPE plays an important role for
the pole trajectory regarding the last transition, since the formation of a resonance state does not
appear in a pure contact theory within the pion mass variation which is considered in this study.
The behavior of the 𝑇+

𝑐𝑐 pole as a function of the pion mass is in line with a molecular nature of this
state.
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