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In this work, we make a study of T+cc state observed by the LHCb collaboration in 2021. In obtaining the
effective potentials using the One-Boson-Exchange Potential Model we use an exponential form factor, and
find that in the short and medium range, the contributions of the π, ρ and ω exchanges are comparable while
in the long range the pion-exchange contribution is dominant. Based on the assumption that T+cc is a loosely
bound state of D∗D, we focus on its three-body decay using the meson-exchange method. Considering that the
difference between the thresholds of D∗+D0 and D∗0D+ is even larger than the binding energy of T+cc, the isospin-
breaking effect is amplified by the small binding energy of T+cc. Explicitly including such an isospin-breaking
effect we obtain, by solving the Schrödinger equation, that the probability of the isoscalar component is about
91% while that of the isovector component is around 9% for T+cc. Using the experimental value of the mass of
T+cc as an input, we obtain the wave function of T+cc and further obtain its width via the three-body hadronic as
well as the radiative decays. The total width we obtain is in agreement with the experimental value of the LHCb
measurement with a unitarised Breit-Wigner profile. Conversely, the current results support the conclusion that
T+cc is a hadronic molecule of D∗D.

I. INTRODUCTION

The search for the exotic hadrons and the exploration of
their nature have been important goals of the particle physics
[1–7]. The doubly heavy multiquark is particularly impor-
tant, as its study can deepen our understanding of the nonper-
turbative strong interaction in the low-energy region and en-
rich our identification of the hadronic spectrum. In 2021, the
LHCb Collaboration announced the observation of the doubly
charmed tetraquark T+cc in the D0D0π+ mass distribution [8, 9].
This discovery is a turning point in hadron physics, providing
the first evidence for a clearly exotic meson state with two
charm quarks. Using a relativistic P-wave two-body Breit-
Wigner function with a Blatt-Weisskopf form factor as the
natural resonance profile, the location of the peak relative to
the D∗+D0 mass threshold, δmBW , and the width, ΓBW , are de-
termined to be [8]

δmBW = −273 ± 61 ± 5+11
−14 keV,

ΓBW = 410 ± 165 ± 43+18
−38 keV.

In order to assess the fundamental properties of near-
threshold resonances, the LHCb Collaboration uses advanced
parametrisations, i.e., a unitarised Breit-Wigner profile. The
extracted mass relative to the D∗+D0 threshold and the width
are given respectively by [9]

δmU = −360 ± 40+4
−0 keV,

ΓU = 48 ± 2+0
−14 keV.
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Before this discovery, there were many works searching
for the structures with two heavy and two light quarks [10–
27, 31–61]. The striking feature that T+cc is extremely close
to the threshold. T+cc has motivated much work investigating
this state within the picture of the hadronic molecular state
[62–100], tetraquark state [91–93, 101–109], and many other
explanations [91, 110–116].

In Ref. [27] we investigated the possible tetraquarks with
double charm. We found that the interaction between D∗

and D is attractive for the system D∗D with quantum num-
ber I(JP) = 0(1+), and it can form a loosely bound state. In
the present work, we still consider T+cc as the D∗+D0/D∗0D+

molecular state. Since the mass difference of D∗+D0 and
D∗0D+ is so large compared to the small binding energy of
T+cc, the isospin violation effect should not be neglected, and
in the present work we explicitly take this effect into account.

In the compact tetraquark picture, the heavy diquark-
antiquark symmetry contributes a strong attractive force for
the doubly heavy systems, so that this scheme can generate
a deep bound state relative to the corresponding two-meson
threshold. In order to clarify whether the hadronic molecular
picture is correct, in this work we develop a method to calcu-
late the three-body decay of T+cc based on T+cc being a hadronic
molecule of D∗D. Note that in Refs. [65, 71, 97], the authors
have already studied the three-body decay of T+cc. Unlike these
works, we study the three-body decay of T+cc in the framework
of the D∗+D0/D∗0D+ molecular state based on the one-boson-
exchange model, where its molecular structure is represented
by the wave functions obtained by solving the Schrödinger
equation.

In this work, we also make an improvement to the one-
boson-exchange model. In the past, to calculate the effective
potentials a monopole form factor was introduced at each ver-
tex to suppress the high-momentum (or short-range) contri-
bution. However, when the mass of the exchanged particle is
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large, the monopole form factor does not work very well due
to the suppression by its numerator. We therefore choose an
exponentially parameterized form factor in the derivation of
the effective potential to regulate the short-range interaction.

We also extend the effective Lagrangians from [SU(3)L ⊗

SU(3)R]global ⊗ [SU(3)V]local to [U(3)L ⊗ U(3)R]global ⊗

[U(3)V]local, in which π, K, η(′) are identified as the pseu-
doscalar Goldstone bosons, while ρ, ω, K∗ and ϕ are taken
as the hidden local symmetry gauge bosons.

The paper is organized as follows. In Sec. II, we will
present the effective potentials with an exponentially parame-
terized form factor. The formalism for the three-body decay
of T+cc will be discussed explicitly in Sec. III. The numerical
results are then presented and analyzed in Sec. IV. In the final
section V we will summarize our results and draw conclu-
sions.

II. EFFECTIVE POTENTIAL

In this work, we consider the Lagrangians by extending the
hidden local symmetry [SU(3)L⊗SU(3)R]global⊗ [SU(3)V]local
to [U(3)L ⊗ U(3)R]global ⊗ [U(3)V]local. In such case, the ex-
changed light pseudoscalar and vector mesons can be grouped
into compact matrices, respectively, which are as follows

M =


π0
√

2
+

η
√

6
+

η′
√

3
π+ K+

π− − π0
√

2
+

η
√

6
+

η′
√

3
K0

K− K̄0 − 2
√

6
η + η′

√
3

 ,(1)

ρ̂µ =


ρ0
√

2
+ ω
√

2
ρ+ K∗+

ρ− −
ρ0
√

2
+ ω
√

2
K∗0

K∗− K̄∗0 ϕ


µ

. (2)

Taking into account also the heavy quark spin symmetry, the
Lagrangian of the interaction between the light meson and
the heavy meson containing a charm or bottom quark is con-
structed as [28, 29]

L = igTr
[
H(Q)

b γµγ5Aµ
baH̄(Q)

a

]
+iβTr

[
H(Q)

b vµ(Vµ
ba − ρ

µ
ba)H̄(Q)

a

]
+iλTr

[
H(Q)

b σµνF
µν
ba H̄(Q)

a

]
, (3)

where

H(Q)
a =

1 + /v
2

[
P∗µa γµ − Paγ5

]
, (4)

H̄(Q)
a = γ0H(Q)†

a γ0 =

[
P∗
†µ

a γµ + P†aγ5

] 1 + /v
2

, (5)

Aµ =
1
2

(
ξ†∂µξ − ξ∂µξ†

)
, (6)

Vµ =
1
2

(
ξ†∂µξ + ξ∂µξ†

)
, (7)

Fµν = ∂µρν − ∂νρµ −
[
ρµ, ρν

]
, (8)

P = (D0,D+,D+s ) and P∗ = (D∗0,D∗+,D∗+s ) are the heavy
pseudoscalar and vector meson fields, respectively. ξ = eiM/ fπ ,
and ρµ =

igV√
2
ρ̂µ. Aµ is the axial current, while Vµ is the vector

current. In the heavy quark limit, we apply the static limit,
i.e., the four-velocity of the heave meson is taken as vµ =
(1, 0, 0, 0).

After expanding the Lagrangians in Eq. (3), we have the
terms we need for our calculation

LP(∗)P(∗) M = −i
2g
fπ
ϵαµνλvαP∗µ∂νMP∗λ†

−
2g
fπ

(P∂λMP∗†λ + P∗λ∂
λMP†), (9)

LP(∗)P(∗)V = −
√

2βgV P(v · ρ̂)P†

−2
√

2λgVϵλµαβvλ(P∂αρ̂βP∗µ† + P∗µ∂αρ̂βP†)

+
√

2βgV Pµ∗(v · ρ̂)P∗†µ

−i2
√

2λgV P∗µ(∂µρ̂ν − ∂νρ̂µ)P∗ν†. (10)

With the Lagrangians above, we derive the effective poten-
tials, which are related to the scattering amplitudes by

V(q) = −
M(q)

4
√

m1m2m3m4
, (11)

where mi (i = 1, 2, 3, 4) is the mass of the heavy meson in the
initial or final state. By performing the Fourier transforma-
tion, we get the effective potentials in coordinate space

V(r) =
1

(2π)3

∫
d3qeiq·rV(q)F2(q). (12)

Here, F(q) is the form factor, which suppresses the contribu-
tion of high momenta, i.e., small distance. And the presence
of such a form factor is dictated by the extended (quark) struc-
ture of the hadrons [117]. In this work, we adopt the exponen-
tially parameterized form factor

F(q) = e(q2
0−q2)/Λ2

, (13)

where q0 is the zero-th component of the four momentum of
exchanged meson, and Λ is the cutoff. In the past, a monople
form factor is usually used,

FM(q) =
Λ2 − m2

ex

Λ2 − q2
0 + q2

. (14)

However, in the case of the heavier ρ, ω or ϕ exchanges,
FM(q) is suppressed by the numerator Λ2 − m2

ex, which may
affect the final results. In this work, we will compare the effec-
tive potentials and the probability distributions obtained with
these two form factors.

The expressions of the effective potentials are listed in Ta-
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TABLE I: The effective potentials.

D∗0D+ D∗+D0

D∗0D+ −VD
ρ0 + VD

ω + VC
ρ−
+ VC

π−
2VD

ρ−
− 1

2 VC
ρ0 +

1
2 VC

ω −
1
2 ṼC

π0 +
1
6 VC

η +
1
3 VC

η′

D∗+D0 2VD
ρ−
− 1

2 VC
ρ0 +

1
2 VC

ω −
1
2 ṼC

π0 +
1
6 VC

η +
1
3 VC

η′
−VD

ρ0 + VD
ω + VC

ρ+
+ VC

π+

ble I with the definition of the following functions

VD
V =

1
4
β2g2

V (ϵ1 · ϵ
†

3 )Y(Λ,mV , q0, r), (15)

VC
V = 2λ2g2

V

[
2
3
ϵ1 · ϵ

†

4 ▽
2 Y(Λ, m̃V , q0, r)

−
1
3

S (r̂, ϵ1, ϵ†4 )r
∂

∂r
1
r
∂

∂r
Y(Λ, m̃V , q0, r)

]
, (16)

VC
p =

g2

f 2
π

[
1
3
ϵ1 · ϵ

†

4 ▽
2 Y(Λ, m̃p, q0, r)

+
1
3

S (r̂, ϵ1, ϵ†4 )r
∂

∂r
1
r
∂

∂r
Y(Λ, m̃p, q0, r)

]
, (17)

ṼC
p =

g2

f 2
π

[
1
3
ϵ1 · ϵ

†

4 ▽
2 U(Λ, m̃′p, q0, r)

+
1
3

S (r̂, ϵ1, ϵ†4 )r
∂

∂r
1
r
∂

∂r
U(Λ, m̃′p, q0, r)

]
. (18)

In the above, m̃2
V = m2

V − q2
0, m̃2

p = m2
p − q2

0, m̃′2p = q2
0 − m2

p

and q0 =
m2

2−m2
1+m2

3−m2
4

2(m3+m4) . The functions Y and U are defined as
follows

Y(Λ, µ, q0, r) =
∫

d3q
(2π)3 eiq·r 1

q2 + µ2 − iϵ
e2(q2

0−q2)/Λ2

= −
e2q2

0/Λ
2

(2π)2r
∂

∂r

{
π

2µ
[
e−µr + eµr + e−µr

×erf
 rΛ

2
√

2
−

√
2µ
Λ

 − eµrerf
(

rΛ

2
√

2

+

√
2µ
Λ

 e2µ2/Λ2

 , (19)

U(Λ, µ, q0, r) =
∫

d3q
(2π)3 eiq·r 1

q2 − µ2 − iϵ
e2(q2

0−q2)/Λ2

=
e2q2

0/Λ
2

(2π)2r
∂

∂r

{
π

[
−

1
2iµ

(
e−iµrerf

(
rΛ

2
√

2

−

√
2iµ
Λ

 − eiµrerf
 rΛ

2
√

2
+

√
2iµ
Λ


−

i
µ

cos(µr)
]

e−2µ2/Λ2
}
. (20)

The derivation of Eqs. (19)-(20) can be found in the Appendix
of Ref. [118].

Using the Gaussian expansion method (GEM) [119], we
solve the coupled-channel Schrödinger equation to find the
bound state solutions,(

K̂ + M̂ + V̂
)
Ψ = EΨ. (21)

Here, K̂ = diag(− ∆̃2µ1
,− ∆̃2µ2

, · · · ), M̂ = diag(0,M2 − M1,M3 −

M1, · · · ). For the central-force field problem, the full wave
function can be decoupled into the radial part and the angular
components. After integrating out the angular part, one ob-
tains a one-dimensional radial Schödinger equation where the
double derivative operator ∆̃ = 1

r2
∂
∂r

(
r2 ∂

∂r

)
−

l(l+1)
r2 . For the

function U(Λ, µ, q0, r), which is complex, we use the real part
in order to solve the radial part of the stationary Schrödinger
equation, which is real.

III. THREE BODY DECAY OF T+cc

The main task of the current work is to derive a practical
general formula for the calculation of the strong and radia-
tive three-body decay of T+cc. Here, the T+cc state is considered
as the D∗+D0/D∗0D+ molecular state. The decays occur first
with the t-channel exchange and then sequentially the vector
charmed meson D∗ decays into πD or γD. The widths of the
strong and radiative decay are

ΓT+cc→π+,0D0,+D0 =
1

(2π)3

1
32m3

T+cc

∫
dm2

34dm2
45

×
1
3

∑
S T

z

|MT+cc→π+,0D0,+D0 |2
1
S
, (22)

and

ΓT+cc→γD+D0 =
1

(2π)3

1
32m3

T+cc

∫
dm2

34dm2
45

×
1
3

∑
S T

z ,S
γ
z

|MT+cc→γD+D0 |2, (23)

respectively, where S T
z and S γ

z are the spin magnetic quan-
tum numbers of T+cc and the photon respectively. 1/S is the
symmetry factor, i.e., 1/2! for T+cc → π+D0D0, 1 for T+cc →

π0D+D0 and 1 for T+cc → γD+D0. MT+cc→π+D0D0 ,MT+cc→π0D+D0

and MT+cc→γD+D0 are the amplitudes corresponding to the
Feynman diagrams in Fig. 1. In fact, there should be the same
number of diagrams with pseudoscalar(vector) charmed me-
son associated with the vector(pseudoscalar) charmed meson
in the t-channel process. However, after specifically calculat-
ing such diagrams, we found that their contributions are close
to zero. Therefore, we do not show such diagrams in Fig. 1.
The Feynmann diagrams Fig. 1 (a)-(d) are calculated using
the Lagrangians in Eqs. (9)-(10) to obtain the strong decay
amplitudes. To calculate the radiative decay amplitude, how-
ever, we need two more vertices describing the interactions of
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FIG. 1: The diagrams of the strong and radiative decays of T+cc. The
exchanged mesons are π, η, η′, ρ and ω. The same number of dia-
grams with charmed pseudoscalar (vector) meson connected to vec-
tor (pseudoscalar) meson are not shown because their contributions
are close to zero, see the main text.

T+cc with γD∗0D0 and γD∗+D+, i.e.,

L = egD0D∗0γϵ
µναβ∂µAνvαD∗0β D0†, (24)

L = egD+D∗+γϵ
µναβ∂µAνvαD∗+β D+†. (25)

The elementary charge e = 0.303. To determine the value
of the couplings gD0D∗0γ and gD+D∗+γ, we use the decay width
of D∗ in Ref. [71]. And we get gD0D∗0γ = 1.911 GeV−1 and
gD+D∗+γ = 0.478 GeV−1.

Before calculating the amplitudes corresponding to the di-
agrams in Fig. 1, we apply a power counting to estimate the
contribution of each diagram to simplify the calculation. The
order of a quantity X is defined as O(X) = − log10 X. Ne-
glecting the higher-order contributions, we obtain the follow-
ing decay amplitudes

MT+cc→π+D0D0 = −

√
2πmT+cc

ED∗0 ED+

∫ ∞

0
drr j0(k5r)uD∗0D+

S (r)A(a)
ρ−

−

√
2πmT+cc

ED∗0 ED+

∫ ∞

0
drr j0(k4r)uD∗0D+

S (r)A(b)
ρ− ,

(26)

MT+cc→π0D+D0 = −

√
2πmT+cc

ED∗0 ED+

∫ ∞

0
drr j0(k5r)uD∗0D+

S (r)A(c)
ρ−

−

√
2πmT+cc

ED∗+ED0

∫ ∞

0
drr j0(k4r)uD∗+D0

S (r)A(d)
ρ+ ,

(27)

MT+cc→γD+D0 = −

√
2πmT+cc

ED∗0 ED+

∫ ∞

0
drr j0(k5r)uD∗0D+

S (r)A(e)
ρ−

−

√
2πmT+cc

ED∗+ED0

∫ ∞

0
drr j0(k4r)uD∗+D0

S (r)A( f )
ρ+ .

(28)

Note here that we neglect the D-wave contributions which are
much smaller than those of the S-wave. In Eqs. (26)-(28), the
specific expressions ofA(a)

ρ− , . . . are

A
(a)
ρ− = i

4gβ2g2
V

fπ
mD0 mD∗+

√
mD∗0 mD+

×
Y(Λ, M̃1, q̃1, r)

k2 − m2
D∗+ + imD∗+ΓD∗+

ϵ1 · k3, (29)

A
(b)
ρ− = i

4gβ2g2
V

fπ
mD0 mD∗+

√
mD∗0 mD+

×
Y(Λ, M̃1, q̃1, r)

k′2 − m2
D∗+ + imD∗+ΓD∗+

ϵ1 · k3, (30)

A
(c)
ρ− = −i

2
√

2gβ2g2
V

fπ
mD+mD∗+

√
mD∗0 mD0

×
Y(Λ, M̃1, q̃1, r)

k2 − m2
D∗+ + imD∗+ΓD∗+

ϵ1 · k3, (31)

A
(d)
ρ+ = i

2
√

2gβ2g2
V

fπ
mD0 mD∗0

√
mD∗+mD+

×
Y(Λ, M̃2, q̃2, r)

k′2 − m2
D∗0 + imD∗0ΓD∗0

ϵ1 · k3, (32)

A
(e)
ρ− = −i2egD+D∗+γβ

2g2
VmD+mD∗+

√
mD∗0 mD0

×
Y(Λ, M̃1, q̃1, r)[ϵ1 · (k3 × ϵ

†

3 )]

k2 − m2
D∗+ + imD∗+ΓD∗+

, (33)

A
( f )
ρ+ = −i2egD0D∗0γβ

2g2
VmD0 mD∗0

√
mD∗+mD+

×
Y(Λ, M̃2, q̃2, r)[ϵ1 · (k3 × ϵ

†

3 )]

k′2 − m2
D∗0 + imD∗0ΓD∗0

. (34)

Here, j0(x) = sin x/x is the spherical Bessel function of or-

der 0. q̃1 =
m2

D+
−m2

D∗0
+m2

D∗+
−m2

D0

2(mD∗++mD0 ) , q̃2 =
m2

D0−m2
D∗+
+m2

D∗0
−m2

D+

2(mD∗0+mD+ ) , M̃1 =√
m2
ρ− − q̃2

1, and M̃2 =
√

m2
ρ+ − q̃2

2. uD∗0D+
0 /r and uD∗+D0

0 /r are

the S-wave radial wave functions of D∗0D+ and D∗+D0 chan-
nels, respectively. kµ = kµ3 + kµ4 is the four-momentum of the
intermediate D∗ in Fig. 1 (a), (c) and (e), while k′µ = kµ3 + kµ5
is the four-momentum of the intermediate D∗ meson in Fig. 1
(b), (d) and (f).

Note that the amplitudes in Eqs. (26)-(28) have the same
tensor structure as those in Refs. [65, 71], i.e.,

M̃T+cc→π+D0D0 ∼ kπ+µ
−gµν + kµkν/m2

D∗

k2 − m2
D∗ + imD∗ΓD∗

ϵν

∼ kπ+ · ϵ, (35)
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M̃T+cc→π0D+D0 ∼ kπ0µ

−gµν + kµkν/m2
D∗

k2 − m2
D∗ + imD∗ΓD∗

ϵν

∼ kπ0 · ϵ, (36)

M̃T+cc→γD+D0 ∼
−gµν + kµkν/m2

D∗

k2 − m2
D∗ + imD∗ΓD∗

ϵµναβkγµϵγνkαϵν

∼ ϵ · (kγ × ϵγ). (37)

IV. NUMERICAL RESULTS

With the analytic results given before, we solve the
Schrödinger equation to obtain the radial wave function, and
then we calculate the decay width based on the radial wave
function. In this section we will present the numerical results,
perform the discussion and draw the conclusion.

A. Comparison of the effective potentials with different form
factors

As mentioned above, we use the exponential form factor
in our calculation. For comparison, we take the D∗+D0 →

D∗+D0 process as an example, and plot the effective po-
tentials with the exponential form factor (upper panel) and
the monopole form factor (lower panel) in Fig. 2. It can
clearly be seen that for the exponential form factor the pion-
exchange contribution and the vector-meson-exchange contri-
bution are comparable in the short and medium interaction
range whereas in the long range the pion-exchange contri-
bution is dominant (see Fig. 2 (a) and (b)). In the case of
the monopole form factor, the vector exchange contribution is
relatively small compared to the pion exchange for the whole
interaction range. This is because the masses of the vector
mesons are larger than that of pion, and their contributions
are suppressed by the numerator of the monopole form factor
FM(q) = Λ2−m2

ex

Λ2−q2
0+q2 , where the cutoff Λ is around 1000 MeV.

B. Isospin Symmetry Violation

The threshold difference betwen D∗0D+ and D∗+D0 is about
1.34 MeV, which is much larger than the the small binding
energy of T+cc. Therefore, the isospin symmetry does not fully
hold. Here, we explicitly consider the isospin symmetry vio-
lation effect for T+cc.

In the following, we apply two types of bases, one is for
the different channels (labelled by 1) and the other is for the
different isospin states (labelled by 2). The wave functions of
T+cc in these two bases are

ψT+cc =



uD∗0D+
S

r |
3S 1⟩

uD∗0 D+
D

r |
3D1⟩

uD∗+D0
S

r |
3S 1⟩

uD∗+D0
D

r |
3D1⟩


, ψ′T+cc

=



−
uD∗0D+

S +uD∗+D0
S√

2r
|3S 1⟩

−
uD∗0D+

D +uD∗+D0
D√

2r
|3D1⟩

uD∗0D+
S −uD∗+D0

S√
2r

|3S 1⟩

uD∗0D+
D −uD∗+D0

D√
2r

|3D1⟩


,

TABLE II: The numerical results of the binding energy (E), root-
mean-square radius (Rrms) and possibilities (P) of different channels.
Λ, E, Rrms and the probabilities are in units of MeV, keV, fm and %,
respectively.

Λ E Rrms PD∗0D+(3S 1) PD∗0D+(3D1) PD∗+D0(3S 1) PD∗+D0(3D1)

782 200.3 6.7 23.9 0.1 75.7 0.2

786 236.2 6.2 25.3 0.1 74.3 0.2

790 274.5 5.7 26.6 0.1 73.0 0.2

794 315.3 5.4 27.8 0.1 71.9 0.2

798 358.6 5.1 28.9 0.1 70.7 0.2

respectively. These two wave functions are related by each
other via the relation ψ′T+cc

= KψT+cc with the transformation
matrix

K =



− 1
√

2
0 − 1

√
2

0

0 − 1
√

2
0 − 1

√
2

1
√

2
0 − 1

√
2

0

0 1
√

2
0 − 1

√
2


. (38)

With the effective potentials shown in Sec. II, we solve the
Schrödinger equation using the basis 1. The numerical results
are given in Table II. When the cutoff Λ is fixed at 782-798
MeV, we obtain a loosely bound state of D∗D with a binding
energy 274 − 359 keV, which is in agreement with the experi-
mental value from LHCb. The radial probability distributions
of the different channels are shown in Fig. 3, in which the
cutoffs are fixed at 798 MeV and 1187 MeV for the respective
exponential and monopole form factors, so that the binding
energies of these two cases are both around 360 keV. It can
clearly be seen that the probability distributions of the S-wave
are almost the same. Since the S-wave contributions are domi-
nant, replacing the monopole form factor with the exponential
form factor does not change the results too much.

Considering the basis 2, the probability of the isovector
component within T+cc is

ρ10 =

∫
dr

[
uD∗0D+

S + uD∗+D0

S

]2
+

[
uD∗0D+

D + uD∗+D0

D

]2

2
,(39)

while that of the isoscalar component is

ρ00 =

∫
dr

[
uD∗0D+

S − uD∗+D0

S

]2
+

[
uD∗0D+

D − uD∗+D0

D

]2

2
.(40)

Numerically, if the cutoff is chosen as 790 − 798 MeV, the
probabilities of D∗+D0 and D∗0D+ are 73.3%-71.0% and
26.7%-29.0% respectively. The probability of the isoscalar
component is 90.2%-92.2% while that of the isovector com-
ponent is 9.8%-7.8%, revealing a large isospin symmetry vio-
lation effect for the loosely bound state of T+cc.
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FIG. 2: The effective potentials for the D∗+D0 → D∗+D0 process. (a) and (b) correspond to the exponential form factor with different interaction
range, and (c) and (d) the monopole form factor with different interaction range. In all cases, the cutoff Λ is chosen to be 1000 MeV.

C. The Three-Body Decay of T+cc

In Ref. [8], a relativistic P-wave two-body Breit-Wigner
function with a Blatt-Weisskopf form factor is used as the nat-
ural resonance profile, while in Ref. [9], a unitarised Breit-
Wigner profile is used in the analysis. The experimental
widths are 410 ± 165 ± 43+18

−38 keV and 48 ± 2+0
−14 keV, respec-

tively. In this subsection, we will calculate the three-body de-
cay width to investigate which result is reasonable. Using the
analytic formulae given in Sec. III and the radial wave func-
tion of T+cc, we calculate the strong and radiative three-body
decay of T+cc and list the numerical results in Table III.

For strong decays of T+cc, there are two possible channels,
i.e., T+cc → D0D0π+ and T+cc → D0D+π0. Note that the decay
T+cc → D+D+π0 is kinetically forbidden. If we fix the cutoff
Λ at 782 − 798 MeV, the total width of these two channels is
17.3 − 22.4 keV. The partial decay widths of T+cc → D0D0π+

and T+cc → D0D+π0 are 14.8 keV and 7.6 keV respectively for
the cutoff Λ = 798 MeV. Note that if the isospin symmetry is
exact, in which case the masses of D(∗)+ and D(∗)0 are equal,
then these two partial widths should be exactly the same. This
means that the difference between the partial widths is caused
by the isospin symmetry violation effect.

For radiative decays, the only possible channel is T+cc →

D0D+γ. If the cutoff is fixed as 782 − 798 MeV, the width of
the radiative decay is 0.7 − 1.0 keV.

Consequently, the total decay width of T+cc is 23.4 keV with
Λ = 798 MeV, which is close to the lower limit of the exper-
imental value 48 ± 2+0

−14 keV using a unitarised Breit-Wigner
profile. This result therefore supports the conclusion that T+cc
is a hadronic molecule composed of D∗+D0/D∗0D+.

TABLE III: The numerical results of the three-body decay widths as
a function of the cutoff. ΓR, ΓS and Γtot are the radiative, strong and
total decay widths.

Λ (MeV) 782 786 790 794 798

ΓR (keV) 0.7 0.8 0.9 0.9 1.0

ΓS (keV) 17.3 18.6 19.9 21.2 22.4

Γtot (keV) 18.0 19.4 20.7 22.1 23.4

V. SUMMARY

In the present work, we revisit the tetraquark T+cc observed
by the LHCb collaboration in 2021. We consider T+cc as a
D∗+D0/D∗0D+ molecular state with the isospin symmetry vio-
lation effect explicitly included using the one-boson-exchange
potential model. Based on this result, we focus on the three-
body strong and radiative decays of T+cc which can give us
much more information about the structure of T+cc.

In order to calculate the effective potentials, we use the
exponential form factor F(q) = e(q2

0−q2)/Λ2
instead of the

monopole form factor FM =
Λ2−m2

ex

Λ2−q2
0+q2 which is frequently

used in the one-boson-exchange potential model. We find that
for the monopole form factor the contribution of ρ and ω ex-
changes is much smaller than that of the pion-exchange over
the whole interaction range. This is due to the suppression
of the numerator of the monopole form factor. However, if we
use the exponential form factor, we find a different behavior of
the potentials, i.e., in the short and medium interaction range
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FIG. 3: The radial probability distributions for different channels. (a) and (b) are the results using the exponential form factor with Λ = 798
MeV, while (c) and (d) are the results using the monopole form factor with Λ = 1187 MeV.

(around 0 − 0.3 fm and 0.3 − 2 fm, respectively), the vector-
meson-exchange contributions are comparable to those of the
pion-exchange, while in the long range the pion-exchange po-
tential is dominant.

In this work, we use the exponential form factor in our cal-
culation. After solving the Schrödinger equation, we obtain
a loosely bound state of D∗+D0/D∗0D+ with binding energy
of 358.6 keV if the cutoff is fixed at 798 MeV. On the other
hand, if we choose a cutoff 790 MeV, the binding energy is
274.5 keV. LHCb shows that the binding energy of the T+cc
is −273 ± 61 ± 5+11

−14 keV and −360 ± 40+4
−0 keV, when us-

ing a relativistic P-wave two-body Breit-Wigner function with
a Blatt-Weisskopf form factor as the natural resonance pro-
file and a unitarised Breit-Wigner profile, respectively. Thus,
from a spectrum perspective, our results support that T+cc can
be explained as a D∗+D0/D∗0D+ molecular state.

Since the threshold difference between D∗+D0 and D∗0D+ is
large compared to the small binding energy of T+cc, the isospin
symmetry is violated for the D∗+D0/D∗0D+ system. After in-
cluding an isospin breaking effect, we find that the probabil-
ity of the isoscalar component is about 91% and that of the
isovector component is about 9%.

Since LHCb adopted two methods to analyze the experi-
mental data of the T+cc, there are two different results of its
mass and width. In order to check which one is more reason-

able, we study the three-body decay of T+cc and develop for the
first time a general method to calculate the three-body decay
width. We find that if we take the experimental value of the
binding energy, around 360 keV, as an input the total width
is 23.4 keV, which is close to the experimental value using a
unitarised Breit-Wigner profile. Therefore, our results for the
three-body decay width of T+cc also support that the T+cc is a
hadronic molecule of D∗+D0/D∗0D+.
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[60] Q. F. Lü, D. Y. Chen and Y. B. Dong, “Masses of doubly heavy
tetraquarks TQQ′ in a relativized quark model,” Phys. Rev. D
102, no.3, 034012 (2020).

[61] E. Braaten, L. P. He and A. Mohapatra, “Masses of doubly
heavy tetraquarks with error bars,” Phys. Rev. D 103, no.1,
016001 (2021).

[62] R. Chen, Q. Huang, X. Liu and S. L. Zhu, “Predicting another
doubly charmed molecular resonance T ′+cc (3876),” Phys. Rev.
D 104, no.11, 114042 (2021).

[63] A. Feijoo, W. H. Liang and E. Oset, “D0D0π+ mass distribu-
tion in the production of the Tcc exotic state,” Phys. Rev. D
104, no.11, 114015 (2021).

[64] S. Fleming, R. Hodges and T. Mehen, “T+cc decays: Differ-
ential spectra and two-body final states,” Phys. Rev. D 104,
no.11, 116010 (2021).

[65] L. Meng, G. J. Wang, B. Wang and S. L. Zhu, “Probing the
long-range structure of the T+cc with the strong and electro-
magnetic decays,” Phys. Rev. D 104, no.5, 051502 (2021).

[66] M. Albaladejo, “T+cc coupled channel analysis and predic-
tions,” Phys. Lett. B 829, 137052 (2022).

[67] L. R. Dai, R. Molina and E. Oset, “Prediction of new Tcc

states of D∗D∗ and D∗sD∗ molecular nature,” Phys. Rev. D 105,
no.1, 016029 (2022) [erratum: Phys. Rev. D 106, no.9, 099902
(2022)].

[68] C. Deng and S. L. Zhu, “T+cc and its partners,” Phys. Rev. D
105, no.5, 054015 (2022).

[69] M. L. Du, V. Baru, X. K. Dong, A. Filin, F. K. Guo, C. Han-
hart, A. Nefediev, J. Nieves and Q. Wang, “Coupled-channel
approach to T+cc including three-body effects,” Phys. Rev. D
105, no.1, 014024 (2022).

[70] H. W. Ke, X. H. Liu and X. Q. Li, “Possible molecular states
of D(∗)D(∗) and B(∗)B(∗) within the Bethe–Salpeter framework,”
Eur. Phys. J. C 82, no.2, 144 (2022).

[71] X. Z. Ling, M. Z. Liu, L. S. Geng, E. Wang and J. J. Xie, “Can
we understand the decay width of the T+cc state?,” Phys. Lett.
B 826, 136897 (2022).

[72] Y. Liu, M. A. Nowak and I. Zahed, “Holographic tetraquarks
and the newly observed T+cc at LHCb,” Phys. Rev. D 105, no.5,
054021 (2022).

[73] K. Chen, R. Chen, L. Meng, B. Wang and S. L. Zhu, “System-
atics of the heavy flavor hadronic molecules,” Eur. Phys. J. C
82, no.7, 581 (2022).

[74] X. K. Dong, F. K. Guo and B. S. Zou, “A survey of
heavy–heavy hadronic molecules,” Commun. Theor. Phys. 73,
no.12, 125201 (2021).

[75] Q. Xin and Z. G. Wang, “Analysis of the doubly-charmed
tetraquark molecular states with the QCD sum rules,” Eur.
Phys. J. A 58, no.6, 110 (2022).

[76] Y. Huang, H. Q. Zhu, L. S. Geng and R. Wang, “Production of
T+cc exotic state in the γp → D+T̄−ccΛ

+
c reaction,” Phys. Rev. D

104, no.11, 116008 (2021).
[77] H. Ren, F. Wu and R. Zhu, “Hadronic Molecule Interpretation

of T+cc and Its Beauty Partners,” Adv. High Energy Phys. 2022,
9103031 (2022).

[78] M. J. Zhao, Z. Y. Wang, C. Wang and X. H. Guo, “Investi-
gation of the possible DD̄∗/BB̄∗ and DD∗/B̄B̄∗ bound states,”
Phys. Rev. D 105, no.9, 096016 (2022).

[79] S. S. Agaev, K. Azizi and H. Sundu, “Hadronic molecule
model for the doubly charmed state T+cc,” JHEP 06, 057 (2022).

[80] J. He and X. Liu, “The quasi-fission phenomenon of double
charm T+cc induced by nucleon,” Eur. Phys. J. C 82, no.4, 387
(2022).

[81] M. Padmanath and S. Prelovsek, “Signature of a Doubly
Charm Tetraquark Pole in DD∗ Scattering on the Lattice,”
Phys. Rev. Lett. 129, no.3, 032002 (2022).

[82] M. Albaladejo and J. Nieves, “Compositeness of S-wave
weakly-bound states from next-to-leading order Weinberg’s
relations,” Eur. Phys. J. C 82, no.8, 724 (2022).

[83] J. B. Cheng, Z. Y. Lin and S. L. Zhu, “Double-charm
tetraquark under the complex scaling method,” Phys. Rev. D
106, no.1, 016012 (2022).

[84] L. M. Abreu, “A note on the possible bound D(∗)D(∗), B̄(∗)B̄(∗)

and D(∗)B̄(∗) states,” Nucl. Phys. B 985, 115994 (2022).
[85] S. Chen, C. Shi, Y. Chen, M. Gong, Z. Liu, W. Sun and

R. Zhang, “T+cc(3875) relevant DD∗ scattering from N f = 2
lattice QCD,” Phys. Lett. B 833, 137391 (2022).

[86] Z. S. Jia, M. J. Yan, Z. H. Zhang, P. P. Shi, G. Li and F. K. Guo,
“Hadronic decays of the heavy-quark-spin molecular partner
of T+cc,” Phys. Rev. D 107, no.7, 074029 (2023).

[87] B. Wang and L. Meng, “Revisiting the DD∗ chiral interactions
with the local momentum-space regularization up to the third
order and the nature of T+cc,” Phys. Rev. D 107, no.9, 094002
(2023).

[88] L. Dai, S. Fleming, R. Hodges and T. Mehen, “Strong decays
of T+cc at NLO in an effective field theory,” Phys. Rev. D 107,



10

no.7, 076001 (2023).
[89] Y. Li, Y. B. He, X. H. Liu, B. Chen and H. W. Ke, “Searching

for doubly charmed tetraquark candidates Tcc and Tccs̄ in Bc

decays,” Eur. Phys. J. C 83, no.3, 258 (2023).
[90] Y. Hu, J. Liao, E. Wang, Q. Wang, H. Xing and H. Zhang,

“Production of doubly charmed exotic hadrons in heavy ion
collisions,” Phys. Rev. D 104, no.11, L111502 (2021).

[91] X. Chen and Y. Yang, “Doubly-heavy tetraquark states ccūd̄
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