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With the assumptions that the Tþ
cc discovered at LHCb is a D�D hadronic molecule, using a

nonrelativistic effective field theory we calculate the radiative partial widths of T�
cc → D�Dγ with T�

cc

being a D�D� shallow bound state and the heavy-quark-spin partner of Tþ
cc. The I ¼ 0 D�D rescattering

effect with the Tcc pole is taken into account. The results show that the isoscalar D�D rescattering can
increase the tree-level decay width of T�þ

cc → D�þD0γ by about 50% and decrease that of T�þ
cc → D�0Dþγ

by a similar amount. The two-body partial decay widths of the T�þ
cc into Tþ

ccγ and Tþ
ccπ

0 are also calculated,
and the results are about 6 and 3 keV, respectively. Considering that the D� needs to be reconstructed from
theDπ orDγ final state in an experimental measurement, the four-body partial widths of the T�þ

cc intoDDγγ
and DDπγ are explicitly calculated, and we find that the interference effect between different intermediate
D�Dγ states is small. The total radiative decay width of the T�

cc is predicted to be about 24 keV. Adding the
hadronic decay widths of T�

cc → D�Dπ, the total width of the T�
cc is finally predicted to be ð65� 2Þ keV.

DOI: 10.1103/PhysRevD.108.094038

I. INTRODUCTION

The LHCb Collaboration has reported a narrow reso-
nance, the double-charm exotic candidate Tcc with prob-
able quantum numbers IðJPÞ ¼ 0ð1þÞ, in the D0D0πþ
invariant mass distribution [1,2]. Its mass and decay width
were reported as [1,2]

δmBW ¼ mBW − ðmD�þ þmD0Þ ¼ −273� 61� 5þ11
−14 keV;

ΓBW ¼ 410� 165� 43þ18
−38 keV; ð1Þ

parametrizing the Tþ
cc using a relativistic P-wave two-body

Breit-Wigner function with a Blatt-Weisskopf form factor,
and

δmpole ¼ mpole − ðmD�þ þmD0Þ ¼ −360� 40þ4
−0 keV;

Γpole ¼ 48� 2þ0
−14 keV; ð2Þ

using a unitarized Breit-Wigner profile [2]. An analysis of
the LHCb data with the full DDπ three-body effects taken
into account gives [3]

δmpole ¼ −356þ39
−38 keV; Γpole ¼ ð56� 2Þ keV: ð3Þ

By analyzing the line shape of the Tcc or the low-energy
S-wave DD� scattering parameters [3–7], it has been
concluded that the Tcc is an excellent candidate of a
DD� hadronic molecule [8–13]. It was predicted to have
a heavy-quark-spin symmetry (HQSS) partner T�

cc, a D�D�

hadronic molecule with the quantum numbers IðJPÞ ¼
0ð1þÞ [3,4]. In particular, the mass of the T�

cc relative to the
D�D� threshold is predicted to be B ¼ 2mD� −mT�

cc
¼

ð503� 40Þ keV in Ref. [3], which is called the binding
energy of the T�

cc in the following. Precise knowledge of the
T�
cc decay width is valuable for its searching in experi-

ments, and it can be calculated in a nonrelativistic effective
field theory called XEFT.
The XEFT is a nonrelativistic effective field theory

which was first constructed to systematically study the
long-range properties of the exotic Xð3872Þ [14,15], also
known as χc1ð3872Þwith a mass coinciding with theD0D̄�0

threshold. The D, D�, D̄, D̄�, and pions are the effective
degrees of freedom in XEFT and are all treated non-
relativistically [16]. The partial decay widths of the Tcc,
including Tcc → DDπ and Tcc → DDγ, are calculated

*jzsqfphys@163.com
†zhangzhenhua@itp.ac.cn
‡gli@qfnu.edu.cn
§fkguo@itp.ac.cn

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 SCOAP3.

PHYSICAL REVIEW D 108, 094038 (2023)

2470-0010=2023=108(9)=094038(19) 094038-1 Published by the American Physical Society

https://orcid.org/0000-0002-7133-189X
https://orcid.org/0000-0001-6072-5378
https://orcid.org/0000-0002-5227-8296
https://orcid.org/0000-0002-2919-2064
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.108.094038&domain=pdf&date_stamp=2023-11-28
https://doi.org/10.1103/PhysRevD.108.094038
https://doi.org/10.1103/PhysRevD.108.094038
https://doi.org/10.1103/PhysRevD.108.094038
https://doi.org/10.1103/PhysRevD.108.094038
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


using XEFT in Ref. [17]; the result of the total width
of Tcc about 58 keV is in good agreement with Eq. (3)
extracted in Ref. [3]. In Ref. [18], the next-to-leading-order
(NLO) contributions to the strong decay width of the Tcc
are calculated including the contributions from one-pion
exchange and final-state interaction (FSI). In Ref. [19],
we have calculated the hadronic partial widths of the
spin partner T�

cc decaying into D�Dπð→ DDππÞ including
contributions of the D�D and D�π FSIs. The total hadronic
decay width of the T�

cc is predicted to be about 41 keV. The
T�
cc can also decay radiatively into the D�Dγ (subsequently

to DDπγ and DDγγ) final states. In this work, we compute
the partial widths of such radiative decays and will give the
total width of the T�

cc by summing up the hadronic and
radiative partial widths.
This paper is organized as follows. In Sec. II, we

introduce the XEFT effective Lagrangian for the charmed
mesons, photons, and pions and the power counting of
the Feynman diagrams for the T�

cc → D�Dγ processes. The
amplitudes and partial decay rates of the T�

cc → D�Dγ
including contributions from the D�D FSIs are derived in
Sec. III. The amplitudes and partial decay rates of the
T�
cc → Tccγ and T�

cc → Tccπ are derived in Sec. IV, and the
numerical results for the partial decay widths of the T�þ

cc are
shown in Sec. V. The four-body decays T�

cc → DDγγ and
DDγπ including the corrections from the D�D and D�π
FSIs are discussed in Sec. VI. Finally, all the results are
summarized in Sec. VII. Some expressions are relegated to
the Appendixes.

II. EFFECTIVE LAGRANGIAN
AND POWER COUNTING

In this section, the effective Lagrangian and the power
counting rules of the diagrams for the decays of the T�þ

cc
are introduced. For the T�þ

cc being an S-wave isoscalar
D�D� shallow bound state with quantum numbers JP ¼ 1þ
and a binding energy B ¼ ð503� 40Þ keV [3], the typical
momentum and velocity of theD� mesons in T�þ

cc are pD� ≃
γD�D� ≡ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2μD�D�B
p ≲ 33 MeV and vD� ≃

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
B=ð2μD�D�Þp ≲

0.02, respectively, where μD�D� is the reduced mass of D�þ

and D�0. Therefore, the D� and D mesons can be treated
nonrelativistically in the decays of T�

cc → D�Dγ, DDγγ,
and DDγπ. The maximal energy of the emitted pion in the
T�
cc → DDγπ decays is

Eπ ¼
ðmT�

cc
− 2mDÞ2 þm2

π

2ðmT�
cc
− 2mDÞ

≃ 177 MeV; ð4Þ

wheremT�
cc
,mD,mD� , andmπ are the masses of T�

cc,D,D�,
and π, respectively. Then the momentum of the emitted
pion in the rest frame of the T�

cc is pπ ≲ 110 MeV. Despite
that, the pion in triangle loops (involving theD�π rescatter-
ing) will still be treated nonrelativistically, while the phase
spaces of the decays are treated relativistically. Since such
diagrams provide only a small correction (to be calculated
later), this simplification presents a good approximation.
The XEFT Lagrangian we use for the decays of T�

cc
reads [16,20]

L ¼ H�i†
�
i∂0 þ ∇2

2mH�

�
H�i þH†

�
i∂0 þ ∇2

2mH

�
H þ 1

2

�
π†
�
i∂0 þ ∇2

2mπ
þ δ

�
π

�

− C0ðH�iTτ2H�iÞ†ðH�jTτ2H�jÞ − C1ðH�iTτ2τaH�iÞ†ðH�jTτ2τaH�jÞ

þ ḡ
Fπ

ffiffiffiffiffiffiffiffiffi
2mπ

p ðH†
∂
iπH�i þ H:c:Þ þ 1

2
H†μDBiH�i þ C0D

2
ðHTτ2H�iÞ†ðHTτ2H�iÞ

þ
C1

2
π

6mπ
ðπτ1H�iÞ†ðπτ1H�iÞ þ

C3
2
π

12mπ

���
πτ3 þ

1

2
hπτ3i

�
τ1H�i

	†��
πτ3 þ

1

2
hπτ3i

�
τ1H�i

	

þ 3

��
πτ3 −

1

2
hπτ3i

�
H�i

	†��
πτ3 −

1

2
hπτ3i

�
H�i

	

; ð5Þ

with the pseudoscalar H ¼ ðD0; DþÞT, vector heavy mes-
ons H� ¼ ðD�0; D�þÞT , the magnetic field Bk ¼ ϵijk∂iAj,
and the pions

π ¼
�

π0
ffiffiffi
2

p
πþffiffiffi

2
p

π− −π0

�
: ð6Þ

Here mH, mH� , and mπ are the masses of the H, H�, and π
particles, respectively; δ ¼ Δ −mπ ≃ 7 MeV with Δ ¼
mD�0 −mD0 comes from a field redefinition shifting the

residual D� mass from the D� kinetic term to the pion
kinetic term [16], and it introduces a small momentum
scale μ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δ2 −m2

π

p
≃

ffiffiffiffiffiffiffiffiffiffiffi
2mπδ

p
≈ 45 MeV appearing in

the pion propagator [16,21]; the pion decay constant is
taken as Fπ ¼ 92.2 MeV, and τa with a ¼ 1, 2, 3 are
the Pauli matrices in the isospin space in which the traces
ðhiÞ act.
The first line in Eq. (5) includes the kinetic terms for the

charmed mesons and pions. The second line contains the
contact interactions of the D�þ and D�0, where the first
term mediates the D�D� scattering in the isoscalar channel
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and the second term mediates the scattering in the isovector
channel. In the third line, the first term describes the
coupling between the charmed mesons and a pion, with
the coupling constant ḡ ≃ 0.271; the second term gives
the magnetic couplings for the charmed mesons and a
photon [17,22,23] with the matrix of transition magnetic
moments μD ¼ diagðμD0 ;μDþÞ, where μDþ ¼ −0.15 GeV−1

and μD0 ¼ 0.55 GeV−1 are obtained by reproducing
the partial widths Γ½D�þ → Dþγ� ¼ 1.33 keV [24] and
Γ½D�0 → D0γ� ¼ 19.52 keV [25]; the last term is the
isoscalar contact interaction for D�D → D�D. Because
of the existence of the Tþ

cc, the resummation effect
shown in Fig. 1 needs to be considered [21] by replacing
C0D with the near-threshold T matrix for the isoscalar
D�D → D�D [26]:

C0D → TDD� ¼ −
2π

μDD�

1

1=aþ ip
; ð7Þ

where μDD� is the reduced mass of D� and D, p ¼ jp⃗D� −
p⃗Dj=2 is the relative momentum between D� and D in the
D�D center-of-mass (c.m.) frame, and the D�D scattering
length a is set to be a ¼ ½−ð6.72þ0.36

−0.45Þ − ið0.10þ0.03
−0.03Þ� fm

obtained in the analysis in Ref. [3]. Here the isospin-
breaking effect, which is a higher-order effect [27], is
neglected in the isoscalar D�D → D�D rescattering. We
also ignore the isovector DD� FSI, which is much weaker
than the isoscalar one, since there is no evidence for an
isovector double-charm tetraquark near the D�D threshold.
The last two terms with C1

2
π and C3

2
π in Eq. (5) are the

D�π → D�π contact interactions for I ¼ 1=2 and I ¼ 3=2,
respectively, and the coefficients C1

2
π ¼ 25.2 GeV−1 and

C3
2
π ¼ −6.8 GeV−1 are derived by matching to the D�π

scattering lengths, which should be approximately equal to
the Dπ ones in Ref. [28] (for detailed derivations, see
Appendix A in Ref. [19]) due to HQSS.
The effective Lagrangian for the T�

cc coupling toD�D� in
S wave can be written as

Ls ¼
gsffiffiffi
2

p εijkT�þ;i
cc D�þ;jD�0;k; ð8Þ

where εijk is the three-dimensional antisymmetric Levi-
Civita tensor. The effective coupling gs can be derived from
the residue of the D�þD�0 → D�þD�0 scattering amplitude
at the T�þ

cc pole as [20,29,30]

g2s ¼
2πγD�D�

μ2D�D�
: ð9Þ

With the above Lagrangians in Eqs. (5) and (8), the
leading-order (LO) amplitude for the T�

cc → D�Dγ includ-
ing the effects of the D�D FSIs is shown in Fig. 2,
where Figs. 2(a)–2(c) are the diagrams for the decay
T�þ
cc → D�þD0γ and Figs. 2(d)–2(f) are for the decay

T�þ
cc → D�0Dþγ.
In the following, we will briefly introduce the power

counting of all these diagrams in Fig. 2 following the
analysis for the decays of the Xð3872Þ and Tcc in
Refs. [16,21,31]. The relevant small momenta involved
in the decays of the T�

cc are fpD; pD� ; qγ; γ; μg, where qγ is
momentum of the emitted photon. They are of the same
order and denoted generically by Q. Each nonrelativistic
propagator is of OðQ−2Þ, and, as the nonrelativistic energy
is of OðQ2Þ, each nonrelativistic loop integral measure
counts as OðQ5Þ. The isoscalar contact interaction C0D
between theD� andD is replaced with TDD� in Eq. (7) and,
thus, contributes at OðQ−1Þ [16,20]. For the diagrams in
Fig. 2, the amplitudes from diagrams 2(a) and 2(d) scale
as OðQ=Q2Þ ¼ OðQ−1Þ, since there are one nonrelativistic
propagator and one P-wave photon vertex. The amplitudes
for diagrams 2(b), 2(c), 2(e), and 2(f) also scale as OðQ−1Þ
for the decays T�þ

cc → D�þD0γ and T�þ
cc → D�0Dþγ and

contribute at LO.

III. DIFFERENTIAL DECAY RATES
OF T�

cc → D�Dγ

In this section, all the decay amplitudes of the T�þ
cc →

D�þD0γ and T�þ
cc → D�0Dþγ processes in Fig. 2 are

given, as well as expressions of their partial differential
decay rates. The Breit-Wigner form of the D� propagator,
GD� ðpÞ, is used to include the contribution of the D� self-
energy, i.e.,

GD� ðpÞ ¼ i

p0
D� −mD� − p⃗2

D�
2mD� þ i ΓD�

2

; ð10Þ

FIG. 1. Resumming the D�D rescattering diagrams. The single thin lines represent the DþðD0Þ, the double lines represent the
D�0ðD�þÞ, and the wavy lines represent the photon.

1Here, the ḡ parameter is related to the g parameter in Ref. [17]
by ḡ ¼ g=2.
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where D� denotes D�þ or D�0, p ¼ ðp0
D� ; p⃗D� Þ is the

four-momentum of the D�, ΓD�þ ¼ 83.4 keV [15], and
ΓD�0 ¼ 55.3 keV [25].

A. Partial decay rate of T�+
cc → D�+D0γ

First, we consider the three-body decay T�þ
cc → D�þD0γ.

The LO amplitude from the tree diagram in Fig. 2(a) reads

iA3B
a ¼ −gsμD�D�μD0ffiffiffi

2
p ðγ2D�D� þ p⃗2

D�þÞ
fϵiðT�þ

cc Þϵj�ðD�þÞqiγϵj�ðγÞ

− ϵiðT�þ
cc Þϵj�ðD�þÞqjγϵi�ðγÞg; ð11Þ

where p⃗D�þ is the three-momentum of the external D�þ, q⃗γ
is the three-momentum of the final state γ, and ϵiðT�þ

cc Þ,
ϵj�ðD�þÞ, and ϵjðiÞ�ðγÞ are the polarization vectors of the
incoming particle T�þ

cc and the outcoming particlesD�þ and
γ, respectively.
The LO amplitudes from the D�D rescattering diagrams

in Figs. 2(b) and 2(c) read

iA3B
b ¼ −gsC0D1μD0

2
ffiffiffi
2

p IbðqγÞfϵiðT�þ
cc Þϵj�ðD�þÞqiγϵj�ðγÞ

− ϵiðT�þ
cc Þϵj�ðD�þÞqjγϵi�ðγÞg; ð12Þ

iA3B
c ¼ gsC0D1exμDþ

2
ffiffiffi
2

p IcðqγÞfϵiðT�þ
cc Þϵj�ðD�þÞqiγϵj�ðγÞ

− ϵiðT�þ
cc Þϵj�ðD�þÞqjγϵi�ðγÞg; ð13Þ

where C0D1 ¼ þ 1
2
C0D and C0D1ex ¼ − 1

2
C0D are

the contact terms for the D�þD0 → D�þD0 and the
D�0Dþ → D�þD0, respectively, and IbðqγÞ and IcðqγÞ
are the three-point scalar loop integrals, whose explicit
expressions can be obtained from IðqÞ given in
Appendix A [21,32] as follows: m1, m2, and m3 in
Eq. (A1) are taken to be the masses of D�0, D�þ, and
D0 for IbðqγÞ and the masses of D�þ, D�0, and Dþ for
IcðqγÞ, respectively.
The decay rate is given by

dΓ ¼ 2M2E12E2

1

2M
1

2jþ 1

X
spins

jAj2dΦ3; ð14Þ

where the overall factor comes from the normalization of
nonrelativistic particles, with M being the mass of the T�

cc,
E1 and E2 being the energies of two nonrelativistic final-
state particles in the T�

cc rest frame, respectively, j ¼ 1 is
the spin of the T�

cc, and there is a sum over the polarizations
of spin-1 particles. Here, the three-body phase space
integration is given by

Z
dΦ3 ¼

Z
1

32π3
1

4E1E2

djp⃗1j2djp⃗2j2; ð15Þ

where p⃗1 and p⃗2 are the three-momenta for two of the
final-state particles in the rest frame of the initial particle.

FIG. 2. Feynman diagrams for calculating the partial decay width of T�þ
cc → D�Dγ. The double lines represent the spin-1 mesons, T�þ

cc ,
D�þ, or D�0; the single thin lines represent the pseudoscalar charmed mesons, Dþ or D0; and the wavy lines represent the photon.
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The LO partial differential rate for the T�þ
cc → D�þD0γ

including corrections from the D�D rescattering reads

dΓT�þ
cc →D�þD0γ

djp⃗D0 j2djp⃗D�þ j2 ¼
1

96π3
X
spins

jA3B
a þA3B

b þA3B
c j2: ð16Þ

B. Partial decay rate of T�+
cc → D�0D+ γ

For the decay T�þ
cc → D�0Dþγ, the LO amplitude from

the tree diagram in Fig. 2(d) reads

iA3B
d ¼ gsμD�D�μDþffiffiffi

2
p ðγ2D�D� þ p⃗2

D�0Þ
fϵiðT�þ

cc Þϵj�ðD�0Þqiγϵj�ðγÞ

− ϵiðT�þ
cc Þϵj�ðD�0Þqjγϵi�ðγÞg; ð17Þ

where p⃗D�0 and ϵjðD�0Þ are the three-momentum and
polarization vector of the external D�0, respectively. The
LO amplitudes from the D�D rescattering diagrams in
Figs. 2(e) and 2(f) are

iA3B
e ¼ gsC0D2μDþ

2
ffiffiffi
2

p IcðqγÞfϵiðT�þ
cc Þϵj�ðD�0Þqiγϵj�ðγÞ

− ϵiðT�þ
cc Þϵj�ðD�0Þqjγϵi�ðγÞg; ð18Þ

iA3B
f ¼ −gsC0D2exμD0

2
ffiffiffi
2

p IbðqγÞfϵiðT�þ
cc Þϵj�ðD�0Þqiγϵj�ðγÞ

− ϵiðT�þ
cc Þϵj�ðD�0Þqjγϵi�ðγÞg; ð19Þ

where C0D2 ¼ 1
2
C0D and C0D2ex ¼ − 1

2
C0D are the contact

terms for the D�0Dþ → D�0Dþ and the D�þD0 → D�0Dþ,
respectively.
The LO partial differential rate for the T�þ

cc → D�0Dþγ
including the corrections from the D�D rescattering is

dΓT�þ
cc →D�0Dþγ

djp⃗Dþj2djp⃗D�0 j2 ¼
1

96π3
X
spins

jA3B
d þA3B

e þA3B
f j2: ð20Þ

IV. PARTIAL DECAY WIDTHS
OF T�+

cc → T +
ccγ AND T +

ccπ0

To show theD�D rescattering effects more clearly, in this
section we consider the two-body decays T�þ

cc → Tþ
ccγ and

T�þ
cc → Tþ

ccπ
0 shown in Fig. 3. The effective Lagrangian for

the Tþ
cc coupling to D�D can be written as

L0 ¼ g0Tþi
ccD�þiD0 þ gþTþi

ccD�0iDþ; ð21Þ

where the coupling constants g0 ¼ 1.03=
ffiffiffiffiffiffiffiffiffiffiffiffi
2mTþ

cc

p
and gþ ¼

−0.99=
ffiffiffiffiffiffiffiffiffiffiffiffi
2mTþ

cc

p
are taken from the analysis of scheme III

in Ref. [3].2

For the decay T�þ
cc → Tþ

ccγ, using the effective
Lagrangians in Eqs. (5) and (21), the amplitudes in
Figs. 3(a) and 3(b) are

iA2B
a ¼ gsgþμDþ

2
ffiffiffi
2

p IbðqγÞfϵiðT�þ
cc Þϵj�ðTþ

ccÞqiγϵj�ðγÞ

− ϵiðT�þ
cc Þϵj�ðTþ

ccÞqjγϵi�ðγÞg; ð22Þ

iA2B
b ¼ −gsg0μD0

2
ffiffiffi
2

p IcðqγÞfϵiðT�þ
cc Þϵj�ðTþ

ccÞqiγϵj�ðγÞ

− ϵiðT�þ
cc Þϵj�ðTþ

ccÞqjγϵi�ðγÞg; ð23Þ

where qγ
! is the three-momentum of the external photon and

the ϵj�ðTþ
ccÞ is the polarization vector of the Tþ

cc.

FIG. 3. Feynman diagrams for calculating the partial decay widths of T�þ
cc → Tþ

ccγ and T�þ
cc → Tþ

ccπ
0. The double lines represent the

spin-1 mesons, T�þ
cc , Tþ

cc, D�0, and D�þ; the single thin lines represent the pseudoscalar charmed mesons, Dþ and D0; the wavy lines
represent the photon; and the dashed lines represent the pion.

2We use nonrelativistic normalization for all the fields, and the
mass dimension of g0;þ is −1=2. The 1=

ffiffiffiffiffiffiffiffiffiffiffiffi
2mTþ

cc

p
factor comes

from the different normalizations of the fields used here and in
Ref. [3]. The imaginary parts of the couplings are neglected,
which come from the DDπ three-body dynamics and are about 2
orders of magnitude smaller than the real parts.
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The differential decay width is given by

dΓ2B ¼ 2M2E12E2

1

2M
1

2jþ 1

X
spins

jAj2dΦ2; ð24Þ

where the two-body phase space is

Z
dΦ2ðP;p1; p2Þ ¼

Z
dΩ1

jp⃗1j
ð2πÞ24E ; ð25Þ

where jp⃗1j is the magnitude of the three-momentum of
particle 1 in the rest frame of the initial state, dΩ1 ¼
d cos θ1dφ1 is the solid angle of particle 1, and E is the
energy of the initial-state particle in the same refer-
ence frame.
The partial decay width for T�þ

cc → Tþ
ccγ is

ΓT�þ
cc →Tþ

ccγ ¼
mTþ

cc
jqγ!j

6πmT�þ
cc

X
spins

jA2B
a þA2B

b j2: ð26Þ

For the isospin-breaking decay T�þ
cc → Tþ

ccπ
0, the ampli-

tudes from the diagrams in Figs. 3(c) and 3(d) read

iA2B
c ¼ −gsggþ

2Fπ
ffiffiffiffiffiffiffiffi
mπ0

p Icðpπ0ÞϵijkϵiðT�þ
cc Þϵj�ðTþ

ccÞpk
π0
; ð27Þ

iA2B
d ¼ −gsḡg0

2Fπ
ffiffiffiffiffiffiffiffi
mπ0

p Ibðpπ0ÞϵijkϵiðT�þ
cc Þϵj�ðTþ

ccÞpk
π0
; ð28Þ

where p⃗π0 is the three-momentum of the external π0. The
partial width of T�þ

cc → Tþ
ccπ

0 is

ΓT�þ
cc →Tþ

ccπ
0 ¼ mπ0mTþ

cc
jp⃗π0 j

3πmT�þ
cc

X
spins

jA2B
c þA2B

d j2: ð29Þ

This decay breaks isospin symmetry; thus, if we use the
isospin-averaged masses for all the involved mesons, the
contributions in Figs. 3(c) and 3(d) would vanish.

V. PARTIAL DECAY WIDTHS
FOR T�

cc → D�Dγ, Tccγ, AND Tccπ

In this section, we present the partial decay widths for the
decays T�

cc → D�Dγ, Tccγ, and Tccπ. In Table I, we list the
decay widths with the binding energy of the T�

cc being
B ¼ ð503� 40Þ keV [3]. The second column denoted by
ΓTree lists the decay widths including only the contributions
from the tree-level diagrams, and the third column marked
by ΓLO lists the LO decay widths including the tree-level
and the D�D rescattering contributions. One sees that the
isoscalar D�D rescattering which contains the Tcc pole
indeed contributes sizably, increases the tree-level results
by about 50% for T�þ

cc → D�þD0γ, and decreases the

tree-level results by about 58% for T�þ
cc → D�0Dþγ. To

see the contributions of the D�D rescattering to the decay
widths more clearly, the differential decay rates as a
function of the D�D invariant mass

ffiffiffiffiffiffi
s12

p
for T�þ

cc →
D�þD0γ and T�þ

cc → D�0Dþγ are shown in Fig. 4. One
can clearly see the constructive interference and destructive
interference effects for these two decays.
Since the binding energy of the T�

cc is uncertain, we
further give the partial width of T�

cc → D�Dγ with the
binding energy varying from 0.01 to 0.80 MeV in Fig. 5,
where the blue dot-dashed lines show the decay widths
from the tree-level diagram and the black solid-dashed
lines show the LO decay width including both the tree-
level and the D�D rescattering contributions.
For the decays T�

cc → Tccγ and Tccπ, the decay widths
with the binding energy of the T�

cc being B ¼ ð503�
40Þ keV are shown in the second column in Table I, and
the partial widths with the binding energy varying from
0.01 to 0.80 MeV are shown in Fig. 6. Here, we do not
consider the unknown correlations between the binding
energies of the Tcc and T�

cc.
Combining the hadronic and radiative decay widths of

the Tþ
cc calculated in Ref. [17] and the hadronic decay

widths of the T�þ
cc in Ref. [19], the ratios Γ½Tð�Þ

cc →

Dð�ÞDγ�=Γ½Tð�Þ
cc → Dð�ÞDπ� and Γ½T�

cc → Tccγ�=Γ½T�
cc →

Tccπ� are depicted in Fig. 7 to show the relations among
different channels.
Summing up these three-body partial decay widths of

T�
cc → D�Dγ leads the total radiative decay width of the

T�þ
cc to be

ΓγðT�þ
cc Þ ¼ ð23.8� 0.1Þ keV: ð30Þ

In Ref. [19], the obtained hadronic decay width of the T�
cc

is about (41� 2) keV, so the predicted total width of the
T�
cc is

ΓðT�þ
cc Þ ¼ ð65� 2Þ keV; ð31Þ

which is larger than that of the Tcc and can be regarded as
the main result of our work.

TABLE I. Partial decay widths of the T�þ
cc with a binding energy

B ¼ ð503� 40Þ keV. ΓTree contains the contributions from the
tree-level diagrams, and ΓLO is the LO decay width which
includes the contributions from the tree-level and D�D rescatter-
ing diagrams. The errors come from that of the binding energy B
predicted in Ref. [3].

Γ [keV] ΓTree ΓLO

Γ½T�þ
cc → D�þD0γ� 15.6� 0.2 23.4� 0.1

Γ½T�þ
cc → D�0Dþγ� 1.0� 0.1 0.4� 0.0

Γ½T�þ
cc → Tþ

ccγ� � � � 6.1� 0.1

Γ½T�þ
cc → Tþ

ccπ
0� � � � 2.7� 0.1

JIA, ZHANG, LI, and GUO PHYS. REV. D 108, 094038 (2023)

094038-6



FIG. 5. Partial decay widths of the T�
cc → D�Dγ versus the binding energy of the T�þ

cc . Notations are the same as those in Fig. 4.

FIG. 6. Partial decay widths of the T�
cc → Tccγ and Tccπ versus the binding energy of the T�

cc.

FIG. 4. Differential decay rates for T�
cc → D�Dγ with

ffiffiffiffiffiffi
s12

p
representing the D�D invariant mass. The dashed and solid curves show

the result including only the tree-level diagrams and that with the isoscalar DD� rescattering in addition, respectively.
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VI. PARTIAL DECAY WIDTHS
FOR T�

cc → DDγγ AND DDγπ

In the three-body decay T�
cc → D�Dγ, the resonant D� in

the final states can further decay into theDγ orDπ, so theT�
cc

will decay into the stable final statesDþD0γγ,DþD0γπ0, and
D0D0γπþ. Since the D�þD0γ intermediate state can decay
into the same DþD0γγ final states as D�0Dþγ, the same
DþD0γπ0 final states as D�þD0π0 and D�0Dþπ0, and the
same D0D0γπþ final states as D�0D0πþ, it interferes with
these processes. In the following, wewill calculate the decay
widths of the T�þ

cc → DþD0γγ, DþD0γπ0, and D0D0γπþ to
show that the interference between the intermediate three-
body states is small, and it is a good approximation that we
consider only the three-body D�Dγ final states to calculate
the T�

cc radiative decay width.
The diagrams for the four-body decays T�þ

cc → DþD0γγ,
T�þ
cc → DþD0γπ0, and T�þ

cc → D0D0γπþ are shown in

Figs. 8–10, respectively. The amplitudes for all the diagrams
are collected in Appendix B. The four-body decay rate is
given by

dΓ4B ¼ 2M
Yn
i¼1

2Ei
1

2SM
1

2jþ 1

X
spins

jA4Bj2dΦ4; ð32Þ

where the overall factor comes from the normalization of
nonrelativistic particles and Ei (i ¼ 1;…; n, n ≤ 4 is
the number of final-state nonrelativistic particles) are the
energies of the final-state particles in the T�

cc rest frame. S is
the symmetry factor accounting for identical particles in the
final state—S¼2 for the T�þ

cc →DþD0γγ=D0D0γπþ decays
and S¼1 for the T�þ

cc →DþD0γπ0 decay. The four-body
phase space in Eq. (32) reads (for details of the derivations,
see Refs. [19,33])

FIG. 7. Ratios Γ½Tð�Þ
cc → Dð�ÞDγ�=Γ½Tð�Þ

cc → Dð�ÞDπ� and ΓðT�
cc → TccγÞ=ðT�

cc → TccπÞ versus the binding energy of Tð�Þ
cc . The results

of Tþ
cc are obtained through revising Ref. [17]. Here, the final states without electric charge indices mean the corresponding width is a

sum over the modes related to each other with isospin symmetry; e.g., DDπ means DþD0π0 and D0D0πþ.
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dΦ4ðP;p1;…; p4Þ ¼
1

ð8π2Þ4M
Z

M−m3−m4

m1þm2

d
ffiffiffiffiffiffi
s12

p Z
M− ffiffiffiffiffi

s12
p

m3þm4

× d
ffiffiffiffiffiffi
s34

p Z
dΩ�

1dΩ0
3dΩjp⃗�

1jjp⃗0
3jjq⃗j;

ð33Þ

where s12 ¼ ðp1 þ p2Þ2, s34 ¼ ðp3 þ p4Þ2, q⃗ ¼ ðjq⃗j;ΩÞ is
the three-momentum of the (1,2) particle system in the rest
frame of the initial particle T�

cc, p⃗�
1 ¼ ðjp⃗�

1j;Ω�
1Þ is the three-

momentum of particle 1 in the c.m. frame of the (1,2) particle
system, and p⃗0

3 ¼ ðjp⃗0
3j;Ω0

3Þ is the three-momentum of
particle 3 in the c.m. frame of the (3,4) particle system.
The magnitudes of the three-momenta are given by

jq⃗j ¼ λ1=2ðM2; s12; s34Þ
2M

; jp⃗�
1j ¼

λ1=2ðs12; m2
1; m

2
2Þ

2
ffiffiffiffiffiffi
s12

p ;

jp⃗0
3j ¼

λ1=2ðs34; m2
3; m

2
4Þ

2
ffiffiffiffiffiffi
s34

p ; ð34Þ

with λðx; y; zÞ≡ x2 þ y2 þ z2 − 2ðxyþ xzþ yzÞ being the
Källén triangle function.
The differential decay rate for the T�þ

cc → DDγγ at LO
including the D�D FSI reads

dΓ½T�
cc → DDγγ�

d
ffiffiffiffiffiffi
s12

p
d

ffiffiffiffiffiffi
s34

p ¼ 2mT�
cc
2p0

22p
0
4

1

4mT�
cc

1

3

1

ð8π2Þ4mT�
cc

dΩ�
1

× dΩ0
3dΩjp⃗�

1jjp⃗0
3jjq⃗j

X
spins

jALOj2; ð35Þ

where “1,” “2,” “3,” and “4” denote the γ, D0, γ, and Dþ

particles, respectively,p0
2 andp

0
4 are the energies of theD

0 and
Dþ mesons in the T�

cc rest frame, respectively, p⃗�
1 and p⃗

0
3 are

the three-momenta of the two final-state photons in the c.m.
frame of the (1,2) and (3,4) two-particle systems, respectively,
andALO is the LO amplitude including the contribution from
the tree-level and D�D rescattering diagrams.
The differential decay rate for theT�þ

cc →DDγπ up toNLO
including the D�D and D�π rescattering corrections reads

dΓ½T�
cc → DDγπ�

d
ffiffiffiffiffiffi
s12

p
d

ffiffiffiffiffiffi
s34

p ¼ 2mT�
cc
2p̃0

22p̃
0
32p̃

0
4

1

4mT�
cc

1

3

1

ð8π2Þ4mT�
cc

× dΩ�
1dΩ0

3dΩjp⃗�
1jjp⃗0

3jjq⃗j

×

�X
spins

jALOj2

þ 2Re

�X
spins

ALO ×ANLO

	

; ð36Þ

where 1, 2, 3, and 4 denote the γ, D0, π0 (πþ) and Dþ

(D0) particles, respectively, for the T�þ
cc → DþD0γπ0

(D0D0γπþ) decay, p̃0
3 and p̃0

4 are the energies of π0 (πþ)
andDþðD0Þ in the T�

cc rest frame, respectively, andANLO is
the NLO amplitude including only the D�π rescattering
diagrams. The second term in the curly brackets includes
the correction of the D�π rescattering, which is the
interference term between the LO and NLO amplitudes.
Table II shows the radiative decay widths of the T�

cc. The
second column denoted by ΓTree includes the contribution

FIG. 8. Feynman diagrams for calculating the partial decay width of T�þ
cc → DþD0γγ. The double lines represent the spin-1 mesons,

T�þ
cc , D�0 and D�þ; the single thin lines represent the pseudoscalar charmed mesons, Dþ and D0; and the wavy lines represent

the photon.
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FIG. 9. Feynman diagrams for calculating the partial decay width of T�þ
cc → DþD0γπ0. The double lines represent the spin-1 mesons,

T�þ
cc , D�0, and D�þ; the single thin lines represent the pseudoscalar charmed mesons, Dþ and D0; the wavy lines represent the photon;

and the dashed lines represent the pion.
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from only the tree-level diagram. The third column marked
by ΓLO lists the LO decay widths, including both the
tree-level and the D�D rescattering contribution. The fourth
column named NLO lists the results up to NLO including
corrections from theD�π rescattering.We also list the results
obtained by multiplying the three-body decay widths into
D�Dγ or D�Dπ with the corresponding D� → Dγ or D� →
Dπ branching fractions, for which the interference between

different intermediate three-body decays is ignored. One can
see that the difference between the results with and without
the interference between different intermediate three-body
D�Dγ orD�Dπ channels is marginal. Thus, the T�

cc radiative
decay width can be well approximated by summing over the
three-body final-stateD�Dγ partial widths, given in Eq. (30).
In Fig. 11, we present the partial widths of T�

cc → DDγγ
and T�

cc → DDγπ varying the binding energy of T�
cc from

FIG. 10. Feynman diagrams for calculating the partial decay width of T�þ
cc → DþD0γπþ. The double lines represent the spin-1

mesons, T�þ
cc , D�0, and D�þ; the single thin lines represent the pseudoscalar charmed mesons, Dþ and D0; the wavy lines represent the

photon; and the dashed lines represent the pion.

TABLE II. Partial decay widths of the T�
cc → DDγγ and DDγπ for T�

cc with a binding energy
B ¼ ð503� 40Þ keV. The second column lists results from the tree-level diagrams, the third column gives
the LO decay widths including contributions from both the tree-level and D�D rescattering diagrams, and the
last column lists the final results including corrections from the D�π rescattering to ΓLO. There are no D�π
scatterings in the decays of T�

cc → DDγγ.

Γ [keV] Tree LO NLO

Γ½T�þ
cc → DþD0γγ� 0.5� 0.0 0.5� 0.0 � � �

Γ½T�þ
cc → D�þD0γ� × BrðD�þ → DþγÞ 0.6� 0.0 0.5� 0.0 � � �

þΓ½T�þ
cc → D�0Dþγ� × BrðD�0 → D0γÞ

Γ½T�þ
cc → DþD0γπ0� 8.5� 0.2 10.8þ0.2

−0.1 10.7þ0.2
−0.1

Γ½T�þ
cc → D�þD0γ� × BrðD�þ → Dþπ0Þ 8.5� 0.2 11.0� 0.2 10.6� 0.2

þΓ½T�þ
cc → D�0Dþγ� × BrðD�0 → D0π0Þ

þΓ½T�þ
cc → D�þD0π0� × BrðD�þ → DþγÞ

þΓ½T�þ
cc → D�0Dþπ0� × BrðD�0 → D0γÞ

Γ½T�þ
cc → D0D0γπþ� 15.2þ0.5

−0.1 19.5þ0.5
−0.2 19.3þ0.5

−0.2

Γ½T�þ
cc → D�þD0γ� × BrðD�þ → D0πþÞ 17.0� 0.4 22.2� 0.3 22.0� 0.3

þΓ½T�þ
cc → D�0D0πþ� × BrðD�0 → D0γÞ
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FIG. 11. Partial decay widths of the T�
cc → DDγγ and DDγπ versus the binding energy of the T�þ

cc .

FIG. 12. Partial decay widths of the T�
cc → DDγγ, DDγπ, and T�þ

cc → D�Dγ or D�Dπ multiplied by the branch ratio of D� → Dγ or
Dπ versus the binding energy of the T�þ

cc .
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0.01 to 0.80 MeV. To see the relations between the three-
body decay T�

cc → D�Dγ and the four-body decay T�
cc →

DDγγ or DDγπ more clearly, we compare the partial decay
widthsΓ½T�

cc → DDγγðπÞ� andΓ½T�
cc → D�Dγ� × Br½D� →

DγðπÞ� in Fig. 12 and give their ratios in Fig. 13. One can see
that the difference between the decay widths with and
without the interference between the intermediate three-
body D�Dγ states is marginal for the T�

cc binding energy
larger than 200 keV, and the binding energy ð503� 40Þ keV
predicted in Ref. [3] is within this region.

VII. SUMMARY

In this work, we calculate the radiative partial decay
widths of T�

cc → D�þD0γ=D�0Dþγ taking into account the
D�D rescattering contributions where the T�þ

cc is an iso-
scalar 1þ D�þD�0 shallow bound state and the spin partner
of the Tccð3875Þ. We found that the I ¼ 0 D�þD0=D�0Dþ
rescattering, which generates a Tþ

cc pole just below the
threshold, contributes at LO and has a sizable constructive
contribution to the partial width of the T�þ

cc → D�þD0γ and
destructive influence on the T�þ

cc → D�0Dþγ. The two-body
partial decay widths of the T�þ

cc → Tþ
ccγ and Tþ

ccπ
0 are

calculated to be about 6 and 3 keV, respectively. Since the
D� further decays into the Dγ and Dπ final states, we also
calculate the four-body decay widths of T�þ

cc → DDγγ and
DDγπ and find that the interference effect between differ-
ent intermediate D�Dγ and D�Dπ states is small. Thus, the
T�
cc radiative decay width can be well approximated by

summing over the D�Dγ partial widths for the T�
cc binding

energy larger than 200 keV. Taking the binding energy
ð503� 40Þ keV predicted in Ref. [3], the obtained T�

cc
radiative decay width is about 24 keV. Adding the hadronic
decay width 41 keV calculated in Ref. [19], the total width
of the T�

cc is about 65 keV. The results calculated here
should be useful for searching the T�þ

cc state at LHCb and
testing the molecular nature of the Tcc in the future.
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APPENDIX A: THREE-POINT LOOP INTEGRALS

Both the scalar and vector three-point loop integrals are
ultraviolet convergent. Their expressions with nonrelativ-
istic propagators are given by [32]

IðqÞ ¼ i
Z

d4l
ð2πÞ4

1�
l0 −m1 −

⃗l2

2m1
þ iϵ

��
M − l0 −m2 −

⃗l2

2m2
þ iϵ

�h
l0 − q0 −m3 −

ð⃗l−q⃗Þ2
2m3

þ iϵ
i

¼
Z

d3l
ð2πÞ3

1�
b12 þ ⃗l2

2μ12
− iϵ

�h
b23 þ ⃗l2

2m2
þ ð⃗l−q⃗Þ2

2m3
− iϵ

i

¼ μ12μ23
2π

1ffiffiffi
a

p
�
tan−1

�
c2 − c1
2

ffiffiffiffiffiffiffi
ac1

p
�
þ tan−1

�
2aþ c1 − c2
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
aðc2 − aÞp

�	
; ðA1Þ

FIG. 13. Ratios between the partial decay widths of the T�
cc → DDγγðπÞ and those obtained using ΓðT�þ

cc → D�DγðπÞÞ × BrðD� →
DγðπÞÞ versus the binding energy of the T�

cc.
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qiIð1ÞðqÞ¼
Z

d3l⃗
ð2πÞ3

li�
b12þ l⃗2

2μ12
− iϵ

�h
b23þ l⃗2

2m2
þðl⃗−q⃗Þ2

2m3
− iϵ

i

¼ μ23
am3

�
Bðc2−aÞ−Bðc1Þþ

1

2
ðc2−c1ÞIðqÞ

	
;

ðA2Þ

where μij ¼ mimj=ðmi þmjÞ are the reduced masses,
b12 ¼ m1 þm2 −M, b23 ¼ m2 þm3 þ q0 −M,

a ¼
�
μ23
m3

�
2

q⃗2; c1 ¼ 2μ12b12; c2 ¼ 2μ23b23 þ
μ23
m3

q⃗2;

ðA3Þ

and the two-point function BðcÞ in the power divergence
subtraction (PDS) scheme [34] reads

BðcÞ ¼ 2μ12μ23

�
ΛPDS

2

�
4−d Z dd−1l

ð2πÞd−1
1

⃗l2 þ c − iϵ

¼ μ12μ23
2π

ðΛPDS −
ffiffiffiffiffiffiffiffiffiffiffiffi
c − iϵ

p
Þ; ðA4Þ

with ΛPDS a scale in the PDS scheme.
The width of the unstable D� can be included by

considering the D� self-energy contribution shown in
Eq. (10) by the following replacement:

mD� → mD� − i
ΓD�

2
: ðA5Þ

APPENDIX B: FOUR-BODY DECAY
AMPLITUDES

In this section, we show all the amplitudes for the
diagrams in Figs. 8–10 of the four-body T�

cc → DDγγ and
DDγπ decays.

1. T�+
cc → D+D0γγ amplitudes

We first consider the decay T�þ
cc → DþD0γγ. The LO

amplitude from the tree diagram in Fig. 8(a) reads

iAa½T�þ
cc → γðp1ÞD0ðp2Þγðp3ÞDþðp4Þ�

¼ −igsμD0μDþ

4
ffiffiffi
2

p 1

q0 −mD�0 − q⃗2

2mD�0 þ i
ΓD�0
2

×
1

k0 −mD�þ − k⃗2

2mD�þ þ i ΓD�þ
2

× ϵijkϵiðT�þ
cc Þϵkmnpm

1 ϵ
n�ðγ1Þϵjstps

3ϵ
t�ðγ3Þ; ðB1Þ

with s12 ¼ q2, s34 ¼ k2, and sij ¼ ðpiþpjÞ2, i; j ¼ 1;…; 4.

Here, pj
1 and pk

3 are the three-momenta of the two photons
in the final state in the T�

cc rest frame, respectively, and
qμ ¼ ðq0; q⃗Þ, kμ ¼ ðk0; k⃗Þ are the four-momenta of the
(1,2) and (3,4) two-particle systems in the T�

cc rest frame,
respectively.
Considering the crossed-channel effects of the two

identical photons in the final state, we also have
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where s23 ¼ l2, s14 ¼ t2, and lμ ¼ ðl0; ⃗lÞ, tμ ¼ ðt0; ⃗tÞ are the four-momenta of the (2,3) and (1,4) two-particle systems in the
T�
cc rest frame, respectively.
The LO amplitudes from the D�þD0=D�0Dþ rescattering diagrams in Figs. 8(b)–8(e) read
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iAc½T�þ
cc → γðp1ÞD0ðp2Þγðp3ÞDþðp4Þ� ¼
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iAd½T�þ
cc → γðp1ÞD0ðp2Þγðp3ÞDþðp4Þ� ¼
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iAd½T�þ
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iAe½T�þ
cc → γðp1ÞD0ðp2Þγðp3ÞDþðp4Þ� ¼
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iAe½T�þ
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where pμ
1 ¼ ðp0

1; p⃗1Þ, pμ
2 ¼ ðp0

2; p⃗2Þ, pμ
3 ¼ ðp0

3; p⃗3Þ, and pμ
4 ¼ ðp0

4; p⃗4Þ are the four-momenta of the four final-state
particles in the rest frame of the T�

cc, respectively. The massesm1,m2, and m3 in the loop integrals IðpiÞ are taken to be the
masses of D�0, D�þ, and D0 in Figs. 8(b) and 8(e) and the masses of D�þ, D�0, and Dþ in Figs. 8(c) and 8(d), respectively.

2. T�+
cc → D+D0γπ0 amplitudes

For the decay T�þ
cc → DþD0γπ0, the LO amplitude from the tree diagram in Fig. 9(a) reads

iAa½T�þ
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igsḡμD0

2
ffiffiffi
2

p
Fπ

ffiffiffiffiffiffiffiffiffiffi
2mπ0

p 1

q0 −mD�0 − q⃗2

2mD�0 þ i
ΓD�0
2

×
1

k0 −mD�þ − k⃗2

2mD�þ þ i ΓD�þ
2

ϵijkϵiðT�þ
cc Þpj

3ϵ
kmnpm

1 ϵ
n�ðγÞ; ðB11Þ

iAb½T�þ
cc → γðp1ÞD0ðp2Þπ0ðp3ÞDþðp4Þ� ¼
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The LO amplitudes from the D�þD0=D�0Dþ rescattering diagrams are

iAc½T�þ
cc → γðp1ÞD0ðp2Þπ0ðp3ÞDþðp4Þ� ¼
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iAd½T�þ
cc → γðp1ÞD0ðp2Þπ0ðp3ÞDþðp4Þ� ¼
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−igsḡμDþC0D2

2
ffiffiffi
2

p
Fπ

ffiffiffiffiffiffiffiffiffiffi
2mπ0

p 1

ðp0
2 þ p0

3Þ −mD�0 − ðp⃗2þp⃗3Þ2
2mD�0 þ i

ΓD�0
2

× ϵijkϵiðT�þ
cc Þpj

3ϵ
kmnpm

1 ϵ
n�ðγÞIðp1Þ; ðB15Þ
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where the masses m1, m2, and m3 in the loop integrals IðpiÞ are taken to be the masses of D�0, D�þ, and D0 in Figs. 9(c),
9(f), 9(g), and 9(j) and the masses of D�þ, D�0, and Dþ in Figs. 9(d), 9(e), 9(h), and 9(i), respectively.
The NLO amplitudes from the D�π rescattering diagrams in Figs. 9(k)–9(n) are
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iAn½T�þ
cc → γðp1ÞD0ðp2Þπ0ðp3ÞDþðp4Þ� ¼
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where the masses m1, m2, and m3 in the loop integrals Ið1ÞðpiÞ or IðpiÞ are taken to be the masses of D�0, D�þ, and π0 in
Fig. 9(k), the masses of D�þ, D�0, and πþ in Fig. 9(l), the masses of D�þ, D�0, and π0 in Fig. 9(m), and the masses of D�0,
D�þ, and π− in Fig. 9(n), respectively.

3. T�+
cc → D0D0γπ + amplitudes

For the decay T�þ
cc → D0D0γπþ, the LO amplitude from the tree diagram in Fig. 10(a) reads
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and the other amplitude from the crossed-channel effects of the final-state identical D0 particles is
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The LO amplitudes from the D�þD0=D�0Dþ rescattering diagrams including the crossed-channel contributions in
Figs. 10(b) and 10(c) are
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ḡμD0C0D1

2
ffiffiffi
2

p
Fπ

ffiffiffiffiffiffiffiffiffiffiffi
2mπþ

p 1

ðp0
3 þ p0

4Þ −mD�þ − ðp⃗3þp⃗4Þ2
2mD�þ þ i ΓD�þ

2

× ϵijkϵiðT�þ
cc Þpj

3ϵ
kmnpm

1 ϵ
n�ðγÞIðp1Þ; ðB27Þ

iAb½T�þ
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where the massesm1,m2, andm3 in the loop integrals IðpiÞ are taken to be the masses ofD�0,D�þ, andD0 in Fig. 10(b) and
the masses of D�þ, D�0, and Dþ in Fig. 10(c), respectively.
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The NLO amplitudes from the D�π rescattering diagrams considering the crossed-channel effects in Figs. 10(d)
and 10(e) are

iAd½T�þ
cc → γðp1ÞD0ðp2Þπþðp3ÞD0ðp4Þ� ¼
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igsḡμD0Cπ3ex

4
ffiffiffi
2

p
Fπ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mπþmπ0

p ffiffiffiffiffiffiffiffiffiffi
2mπ0

p 1

ðp0
1 þ p0

4Þ −mD�0 − ðp⃗1þp⃗4Þ2
2mD�0 þ i

ΓD�0
2

× ϵijkϵiðT�þ
cc Þpj

2ϵ
kmnpm

1 ϵ
n�ðγÞ½Ið1Þðp2Þ þ Iðp2Þ�; ðB34Þ

where the masses m1, m2, and m3 in the loop integrals Ið1ÞðpiÞ or IðpiÞ are taken to be the masses of D�þ, D�0, and πþ in
Fig. 10(d) and the masses of D�0, D�þ, and π0 in Fig. 10(e), respectively.
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