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We study the doubly charmed tetraquark state T+cc by the HAL QCD method applied to the D∗D

system in (2 + 1) flavor lattice QCD at nearly physical pion mass, mπ = 146 MeV. We obtain the
attractive potential at all distances in the S-wave of the isoscalar D∗D system, whose long distance
behavior is well described by the two-pion exchange (TPE), and it generates a virtual pole near
D∗D threshold with a pole position Epole = −59(+53

−99)(+2
−67) keV and an inverse scattering length

1/a0 = 0.05(5)(+2
−2) fm−1. The virtual pole turns into a loosely bound state pole if the pion mass

in the TPE potential is extrapolated to the physical value, mπ = 135 MeV. The potential at the
physical pion mass is shown to give a semi-quantitative description of the D0D0π+ mass spectrum
at the LHCb.
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Doubly charmed tetraquark T+cc in (2+1)-flavor QCD near physical point Sinya Aoki

1. Introduction

A heavy tetraquark state which at least includes two heavy quarks and two light anti-quarks
is one of the clearest exotic hadrons, since it never mixes with an ordinary meson made of quark
and anti-quark. A candidate of a doubly charmed tetraquark state T+cc was experimentally observed
by the LHCb collaboration[1, 2], who reported a narrow peak with I (JP) = 0(1+) in the D0D0π+

mass spectrum at 360 keV below D∗+D0 threshold.
In the theoretical side, the first-principle lattice QCD calculations exhibit a strong quark mass

dependence of the D∗+D0 interaction in this channel, as shown in Fig. 1 (Left), where the inverse
scattering length 1/a0 for the S-wave D∗D system with I = 0 is plotted as a function of m2

π .
As the inverse scattering length decreases and becomes very small toward the physical pion mass
m2

π ' 0.018 GeV2, the lattice calculation should be performed near physical pion mass to make a
reliable comparison between the theoretical prediction and the experimental data. Such a study has
been performed in Ref. [6](magenta circle), whose results are reported here.
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Figure 1: (Left) The inverse scattering length 1/a0 for the S-wave D∗D system with I = 0 as a function
of m2

π , obtained from lattice QCD calculations by Refs. [3] (blue square), [4](green diamond), [5](yellow
triangle), and [6](magenta circle), together with the real part of the experimental value by LHCb (red star)[1].
(Right) The chiral extrapolation of 1/a0 linear in m2

π using lattice data. The black plus shows the value
obtained from the potential modified to mπ = 135 MeV in the TPE contribution.

2. Methodology

2.1 HAL QCD method

In the HAL QCD method[7], we consider the equal-time Nambu-Bethe-Salpeter (NBS) wave
function for the D∗D system given by

Ψ
D∗D
W (r)e−Wt :=

1
√

ZD∗

1
√

ZD

∑
x
〈0|D∗(x + r, t)D(x, t) |D∗D; W 〉, (1)

where |0〉 and |D∗D; W 〉 are the vacuum and the D∗D eigenstate with the center of mass energy W ,
respectively, and ZD∗ and ZD are wave function renormalization factors for single D∗ and D mesons,
respectively. Meson operators in ΨW are given by D(x) = q̄(x)γ5c(x) and D∗(x) = q̄(x)γic(x),
where q̄(x) = ū(x) or d̄(x) represents the light anti-quark.
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One can define a non-local but energy-independent potential from the NBS wave function as

*
,

∇2

2µ
+

p2
W

2µ
+
-
ψD∗D
W (r) =

∫
d3r′U (r, r′)ψD∗D

W (r′), (2)

where pW is the magnitude of the relative momentum defined by W =
√

p2
W + m2

D +

√
p2
W + m2

D∗ ,
and µ is a reduced mass as 1/µ = 1/mD + 1/mD∗ .

In practice, the non-locality is treated by the derivative expansion asU (r, r′) =
∞∑
k=0

V (k) (r)∇kδ(r−

r′). For example, at the leading order (LO) of the derivative expansion, we obtain

V (0) (r; W ) =
1

ψD∗D
W (r)

*
,
−H0 +

p2
W

2µ
+
-
ψD∗D
W (r), H0 := −

∇2

2µ
, (3)

where the argument W in the LO potential represents a fact that the LO potential is determined from
the NBS wave function at the energy W . While the LO analysis is employed throughout this paper,
it is possible to obtain higher order terms in some cases, which improved accuracy of results[8].

One can extract the NBS wave function from the 4-pt correlation functions, which can be
calculated in lattice QCD, and then extract the potential. In this study, we have employed the
time-dependent HAL QCD method[9], which gives the LO potential as

V (0) (r; t) =
1

R(r, t)

[
1 + 3δ2

8µ
∂2
t − ∂t − H0

]
R(r, t), δ :=

mD∗ − mD

mD∗ + mD
, (4)

where
R(r, t)e−(mD∗+mD )t =

∑
x
〈0|D∗(x + r, t)D(x, t)J (0) |0〉, (5)

J is the wall-type source which creates D∗D states in the I = 0 and S-wave channel, and the S
wave projection of R(r, t) is performed on the lattice[10]. The neglected contribution at O(δ2∂3

t )
in the above extraction is consistent with zero within statistical uncertainties in this study. A weak
t-dependence of V (0) (r; t) indicates that contributions from inelastic states as well as higher order
terms in the derivative expansion are well under control.

2.2 Lattice setup

In this study, we have employed (2+1)-flavor gauge configurations on the 964 lattice generated
with the Iwasaki gauge action and the nonperturbatively O(a) improved Wilson quark action at
nearly physical pion mass mπ = 146.4 MeV with lattice spacing a = 0.0846 fm, corresponding
to lattice size L = 8.1 fm[11]. The charm quark is treated in the quenched approximation by
using the relativistic heavy quark (RHQ) action proposed in Ref. [12], and the charm quark mass
is taken to give a spin-averaged 1S charmonium mass Mav := (mηc + 3mJ/Ψ)/4 = 3096.6(0.3)
MeV[13], which is 0.9% larger than the experimental value Mav = 3068.5 MeV. We have confirmed
that the effect of this mass difference to physical observables is small compared with statistical
uncertainties, by performing an extra calculation with a different charm quark mass corresponding
to Mav = 3051.4(0.3) MeV.

In Nature with isospin symmetry breaking, there appear 3-body channels below the threshold
of the D∗D system with I = 0, as shown in Fig. 2 (Left). In our lattice setup, however, the D∗D
becomes the lowest channel in the system, as can be seen in Fig. 2 (Right).
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Figure 2: The ordering of thresholds in the I = 0 D∗D system in Nature (Left) or in our lattice setup (Right).

3. Numerical results

3.1 D∗D potential and its long distance behavior

Fig. 3 (Left) shows the LO D∗D potential V (0) (r; t) in the I = 0 and S-wave channel for
t/a = 21, 22, 23, corresponding to t ' 1.9 fm in physical unit, which is chosen to suppress inelastic
states contributions at small t and at the same time to avoid large statistical uncertainties at large t.
We observe a weak t dependence of V (0) (r; t) in Fig. 3 (Left), which indicates that both effects are
small, and we take small variations for different t into account as a source of systematic errors.

The LO D∗D potential V (0) (r; t) in the I (JP) = 0(1+) channel in Fig. 3 (Left) shows attractive
behaviors at all distances, whose short-range part may be related to the coupling between antidiquark
and D∗D state[14, 15]. Similar short-range attraction has been also observed on the lattice for the
B∗B system in the I (JP) = 0(1+) channel[16, 17].

The long-range part of the attraction for r > 1 fm is expected to be explained by one-pion
exchange (OPE) between D∗ and D, which behaves as e−mr/r with either m = mπ ' 146 MeV[18]
or m =

√
m2

π − (mD∗ − mD)2 ' 43 MeV[19]. We have found, however, that the longe-range part of
the potential cannot be well reproduced by the OPE potential. Therefore, motivated by the recent
finding[20], we instead include two-pion exchange (TPE) potential in our fit function as

Vfit(r; mπ ) =
∑
i=1,2

aie−(r/bi )2
+ a3

(
1 − e−(r/b3)2 ) 2 e−2mπr

r2 , (6)

which turns out to reproduce data well, as shown by the red band in Fig. 3 (Left). To validate an
existence of the TPE contribution in the long-range part of the potential, we calculate the spatial
effective energy, defined by

Eeff (r) = −
1
r

ln
[
V (0) (r; t)r2

a3

]
, (7)
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which is plotted in Fig. 3 (Right). The effective energy reaches a plateau at 2mπ = 292.8 MeV for
r ≥ 1 fm, which indicates that the long-range part of the potential is well described by the TPE,
though the fitted parameter a3 is used here.
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Figure 3: (Left) The LO D∗D potential in the I = 0 and S-wave channel as a function of the distance r .
(Right) The effective energy in space as a function of the distance r at t/a = 21 (green circles), 22 (red
squares) and 23 (blue triangles), together with the horizontal orange dashed line at 2mπ = 292.8 MeV.

3.2 Scattering parameters

Using the fitted potential, we then calculate the S-wave D∗D scattering phase shift δ0 in the
I = 0 channel through the Schrödinger equation in the infinite volume with measured value of mD∗

and mD on the lattice. Fig. 4 (Left) shows k cot δ0(k)/mπ as a function of k2/m2
π with a relative

momentum k, which is fitted by the effective range expansion (ERE) as

k cot δ0(k) =
1
a0
+

1
2

reff k2 +O(k4), (8)

where a0 is the scattering length with the sign convention of high-energy physics and reff is the
effective range. We obtain 1/a0 = 0.05(5)(+2

−2) fm−1 and reff = 1.12(3)(+3
−8) fm, the former of

which is shown in Fig. 1 (Left) by the magenta circle, together with the previous lattice results
and the LHCb data, where numbers in the first parenthesis represent statistical errors while the
second ones systematic errors[6]. The S-wave D∗D system in the I = 0 channel appears in the
unitary regime (1/a0 ∼ 0) at mπ = 146 MeV. As seen from the figure, the ERE intersects with
+

√
−k2/m2

π at negative k2, which leads to one shallow virtual pole with κpole = −8(8)(+3
−5) MeV and

Epole = −59(+53
−99)(+2

−67) keV, where k = iκpole and Epole =
√

m2
D∗ − κ

2
pole+

√
m2

D − κ
2
pole−(mD∗+mD).

To estimate effects of a small difference between mπ = 146 MeV and the physical pion mass on
the scattering parameters, we replace the pion mass in the TPE potential (the last term in Eq. (6)) by
mπ = 135 MeV, the physical pion mass without the QED contribution[21], while other parameters
(a1,2,3, b1,2,3) are kept fixed to values at t/a = 22. Employing such a modified potential with physical
mD∗+ and mD0 , we obtain one loosely bound state with 1/a0 = −0.03(4) fm−1, reff = 1.12(3) fm,
κpole = +5(8) MeV, and Epole = −45(+41

−78) keV, which indicates an existence of a bound state T+cc at

5
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Figure 4: (Left) The k cot δ0(k)/mπ for the S-wave D∗D scattering in the I = 0 channel as a function
of k2/m2

π , calculated from the fitted potential at t/a = 21 (green dashed line), 22 (red solid line) and 23

(blue dashed-dotted line). The intersection between the ERE line and +
√
−k2/m2

π (the black solid line)
represents a virtual pole of the scattering amplitude, where the black point indicates its central value at
t/a = 22 while the magenta line denotes statistical and systematic errors combined. (Right) The D0D0π+

mass spectrum predicted with lattice potentials at mπ = 146.4 MeV (black band) and mπ = 135 MeV (red
band), together with LHCb data (black points). The insect shows diagrams for contributions to the D0D0π+

mass spectrum, where black filled circle, blue cross circle, green filled circle, and red filled square denote
production amplitude U, constant vertex P, D∗+ → D0π+ vertex, and scattering T matrix, respectively, and
there exists another diagram with momentum p and p̄ exchanged.

physical point, though its binding energy is much smaller than Epole = −360(40)(+4
−0) keV reported

by LHCb[1].
For the validity on the modification due to the pion mass only in the TPE potential made above,

we make an alternative chiral extrapolation directly in 1/a0 as 1/a0 = c + dm2
π using the current

and previous lattice data, as shown in Fig. 1 (Right), even though data from different calculations
possess different systematic uncertainties. We obtain 1/a0 = −0.01(9) fm−1 at mπ = 135 MeV,
which is consistent with 1/a0 = −0.03(4) fm−1 with larger error.

3.3 D0D0π+ mass spectrum

We construct D0D0π+ mass spectrum by evaluating the D∗+D0 rescattering in the final state
based on the potential obtained in lattice QCD. A production amplitude U (M, p) with invariant
mass M and relative momentum p for D∗+D0 pair in the I = 0 and S-wave channel is given by a
direct generation from a constant interaction plus a rescattering (see the insect of Fig. 4 (Right) ) as

U (M, p) = P +
∫

d3q3

(2π)3 T (M, p, q)G(M, q)P, (9)

where the T-matrix T (M, p, q) with in-coming (out-going) momentum q (p) is obtained from the
Lippmann-Schwinger equation with the lattice potential, and the D∗+D0 propagator G(M, q) is
given by G−1(M, q) = M − mD∗+ − mD0 −

q2

2µ +
i
2ΓD∗+ with ΓD∗+ = 82.5 keV being a value for the

decay width of D∗+[22]. Then the D0D0π+ mass spectrum is given by

dBr[D0D0π+]
dM

= N

∫
pdp
∫

p̄d p̄
[
U (M, p)G(M, p)qπ (p) +U (M, p̄)G(M, p̄)qπ (p̄)

] 2 , (10)
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where the pion momentum qπ (p) comes from D∗+ → D0π+ decay and is determined kinematically,
and the second contribution arises from symmetrizing D0D0 in the final state of the D0D0π+

amplitude. As the constant P can be absorbed into an overall normalization N , the shape of
D0D0π+mass spectrum is free from any unknown parameters.

Black and red bands in Fig. 4 (Right) are lattice predictions for D0D0π+mass spectrum at
mπ = 146.4 MeV and mπ = 135 MeV, respectively, employing experimental values for mD∗+ , mD0

and mπ+ in both cases to keep the same phase space with the experiment, while the black points
represent LHCb data[1]. While both lattice predictions have a peak around the D∗+D0 threshold, the
peak position moves to the left as mπ decreases corresponding to the evolution from a near threshold
virtual pole to a loosely bound state pole in the scattering amplitude. The LHCb experimental data
are better described by the red band at physical pion mass, whose peak appears just on the D∗+D0

threshold, though visible differences still exist above but near threshold region.

4. Summary

We have employed the HAL QCD method to investigate a doubly charmed tetraquark state T+cc
at nearly physical pion mass mπ = 146 MeV. The D∗D potential is attractive at all distances in the
I (JP) = 0(1+) channel. The system appears very close to unitarity, so that a small change in pion
mass from 146 MeV to 135 MeV leads to significant changes in physical observables. As the pion
mass decreases, the pole in the scattering amplitude evolves from a virtual pole to a bound state
pole, and the D0D0π+ mass spectrum better reproduce the LHCb data.

In this report, the modification of the interaction due to the change of the pion mass is assumed
to appear only in the exponent of the TPE potential or the extrapolation of 1/a0 to mπ = 135 MeV is
performed linearly in m2

π using data in the wide range of the pion mass. Even though two results are
consistent, a direct calculation of scattering parameters, which is feasible for the HAL QCD method
but challenge for the finite volume method since an expected energy shift is very tiny, is required
for more reliable conclusions. For this purpose, we have just finished generating configurations in
(2+1)-flavor QCD at mπ ' 135 MeV[23]. An inclusion of isospin breaking such as the u, d quark
mass difference and QED effect will be necessary in future but extremely difficult since the coupled
channel analysis including 3-body states is required.
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