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Hadronic decays of the heavy-quark-spin molecular partner of 7.
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Starting from the hypothesis that the T, discovered at LHCb is a D**D°/D*° D* hadronic molecule, we
consider the partial width of its heavy quark spin partner, the T/ as a D**D* shallow bound state,
decaying into the D* D final states including the contributions of the D*D and D*r final state interaction
by using a nonrelativistic effective field theory. Because of the existence of the T pole, the I = 0 D*D
rescattering can give a sizeable correction up to about 40% to the decay widths considering only the tree
diagrams, and the D*r rescattering correction is about 10%. The four-body partial widths of the 7%/ into

cc

DDrr are also explicitly calculated, and we find that the interference effect between different intermediate
D*Dr states is small. The total width of the T7} is predicted to be about 41 keV.

DOI: 10.1103/PhysRevD.107.074029

I. INTRODUCTION

Recently, a double-charm exotic candidate, the T}, with
probable quantum numbers (J¥) = 0(17), was discovered
by the LHCb Collaboration in the D°D°z* invariant mass
distribution [1,2]. The difference between its mass and
the D°D** threshold, m, and its decay width, I', were
obtained in two different models. A fit using a relativistic
P-wave two-body Breit-Wigner function with a Blatt-
Weisskopf form factor gave [1,2]

Smpw = =273 £ 61 £ 5]} keV,
Ipw = 410 £ 165 £ 43118 keV; (1)

while a unitarized Breit-Wigner profile showed 2"

SMpge = —360 £ 4017 keV,

[pole = 48 £ 277, keV. (2)
*gli@qfnu.edu.cn
fkguo@itp.ac.cn

'An analysis of the LHCb data with the full DDz three-

body effects taken into account gives 6m, = —356f§§ keV and

Tpoie = (56 +2) keV [3].
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Both results demonstrate the closeness of the 7, mass to the
DD* threshold, and therefore the T, is an excellent can-
didate of a hadronic molecule, as analyzed in Refs. [3-8].
Based on the assumption that the T, is a DD* molecular
state with respect to the heavy quark spin symmetry
(HQSS) [9-11], the T}, as a cousin of the T}, is predicted
as a D** D*Y hadronic molecule with the quantum numbers
I(JP) = 0(1%) in Refs. [3,12]. In particular, the mass of the
T relative to the D*D* threshold is predicted to be B =
2mp- —my. = (503 & 40) keV in Ref. [3], which is called
the binding energy of the T} in the following. As a heavy-
quark-spin partner of the T, the T is plausible to be
observed in the strong decay process T, — D*Dx, whose
partial width can be calculated in a nonrelativistic effective
field theory called the XEFT [13-28].

The XEFT was first constructed in Ref. [13] to syste-
matically study the properties of the exotic X(3872)
[29,30], also known as y.(3872), including the effects of
dynamic pions. With a mass coinciding with the D°D*0
threshold,” the X(3872) is assumed to be a hadronic
molecule composed of D°D*® + c.c. with an extremely
small binding energy, and thus the elementary degrees of
freedom, the D, D*, D, D*, and x, are all treated
nonrelativistically in the XEFT. The decay width of

The recently updated difference between the D D** threshold
and the mass of the X(3872) is dmy(3g72) = mpo + mpo —
mx(sg72) = (0.01 £0.14) MeV in Ref. [31], and dmy3s7:) =
(0.12 £ 0.13) MeV in Ref. [32]; the values of the X(3872) mass
in both measurements were determined from a Breit-Wigner fit.

Published by the American Physical Society
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X(3872) — D°D°z% was calculated to the next-to-leading
order (NLO) in Ref. [13] by using the XEFT and the leading
order (LO) results are consistent with those in Ref. [33],
which exploits the universal behavior of the long-range
D°D* + c.c. part of the X (3872) wave function with a small
binding energy. The z°D°, z°D°, and D°D° rescattering
effects, which were neglected in Ref. [13], were shown to be
significant at NLO [25] in the XEFT calculation of the
X(3872) — D°DOz° partial width as it doubles the uncer-
tainty of the partial width as a function of the X(3872)
binding energy predicted in Ref. [13]. Since the mass of the

TSZ>+ is very close to the thresholds of D® D* and D% Dr,

the XEFT is also valid for the study of the TSZ)+ properties.
The partial widths for the decays T3, — D°D°z*, D*D°7°,
and DT D" were calculated in Refs. [34,35] by using the
XEFT, and the total width obtained therein is close to the
value given in Eq. (2) extracted from fitting the experimental
data with a unitarized Breit-Wigner model [2]. The calcu-
lation of the T;. — D* Dz decay widths in the XEFT can be
helpful for searching the 7%/ in the D* Dz invariant mass
distributions.

In this paper, we assume that the 7%} is a D**D*0
shallow bound state with a binding energy B = (503 +
40) keV predicted in Ref. [3], and use the XEFT to
calculate the partial decay widths of T} — D*+DOz°,
D*D*7° and D*°D°z*, including the corrections from
the D*z and D*D final state interactions (FSIs). Due to
the existence of the TJ., the S-wave isoscalar D*D
rescattering can give a sizeable contribution (about
20% ~ 40%) to the T%} decay width at LO, despite that
the 7%, — T, .z is isospin breaking. Since the D* in the
final state is unstable, it is reconstructed experimentally
in the Dx or Dy final state. In the former case, the D*Dx
decay modes become the DDzn ones and different D*Dx
intermediate states can interfere. Thus, we also calculate
the 4-body decay widths for TS — D*D°z%2° and
D°D°z+7°, and show that they can be well approximated
by the 3-body decay widths multiplying the D* — Dn
branching fractions.

This paper is organized as follows. In Sec. II, we
introduce the XEFT effective Lagrangian for the charmed
mesons and pions, and the power countings of the
Feynman diagrams in the 7. — D*Dx processes. The
amplitudes and partial decay rates of the T%. — D*Dx
including the corrections from the D*z and D*D FSIs in
the XEFT are derived in Sec. III, and the numerical
results for the partial decay widths of the T — D*Dx
are shown in Sec. IV. The 4-body decay T;. - DDzx
including the corrections from the D*z and D*D FSIs are

given in Sec. V. Finally, all the results are summarized in
Sec. VI. Some derivations and expressions are relegated
to appendices.

II. EFFECTIVE LAGRANGIAN
AND POWER COUNTING

In this section, we introduce the effective Lagrangian
for the decays of the 7% and the power counting rules of
the diagrams in the decay processes. As a heavy-quark-spin
partner of the T, the T} is predicted as an S-wave
isoscalar D**D*? shallow bound state with J* = 17 and a
binding energy B = (503 £ 40) keV [3]. With such a
binding energy, the upper bounds of the typical momentum
and velocity of the D* mesons in the T} bound state are
o ~7 =2pupB <33 MeV and vy =~ \/B/(2up-) S
0.02, respectively, where up- is the reduced mass of
D** and D*°, and therefore the nonrelativistic approxima-
tion is valid for the D* and D mesons. The maximum
kinetic energy of the emitted pion in the T3, decays is

mi. — (mp +mp:)* +mz

E =

. -m,~34MeV, (3)

2mT§f

which leads to the upper bounds of the typical momentum
and velocity of the emitted pion to be p, ~ /2m E,, <
31 MeV and v, ~ p,/m, < 0.22. Here my: , mp, mp-, and
m, are the masses of T3, D, D*, and 7z, respectively.
Clearly, the pions can also be treated nonrelativistically in
the T;. — D*Dx and T}, - DDzax decays.

The elementary degrees of freedom in the effective
Lagrangian are the nonrelativistic D* and D mesons, which
are written as isodoublets of the pseudoscalar and vector

fields [13]
DO D*O
Dt DT

and the pions, which are in the isospin adjoint representa-
tion,
0 2rt
=( 2 ) 8
V2r~  =a°

The LO XEFT effective Lagrangian for the 7. has been
given in Ref. [34]. As an analogy, the XEFT Lagrangian we
use for the 77! as a heavy-quark-spin partner of the T},
reads [13,36]
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FIG. 1.
D*%(D*T), and the dashed lines represent the z°(z*).
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where my, my-, and m,, are the masses of the H, H*, and x
particles, respectively’; 6 = A —m, ~7 MeV with A =
mpyo — mpo comes from the shift of the residual mass from
the D* kinetic term [13] and is related to a small scale
= /A* —m2~./2m,5 ~ 45 MeV appearing in the pion
propagator [13,25]; the pion decay constant is taken as
F,=922 MeV, and 7, with a =1,2,3 are the Pauli
matrices in the isospin space, in which the traces (()) act.
Notice that in Eq. (6), both pions and D) mesons are
nonrelativistic particles, which means the =z operator
annihilates and the 7' operator creates the 7 quanta, so
as the D) and D™ [13], and one has

(0, ) ()
o= ()

The first line of Eq. (6) includes the kinetic terms for the
charmed mesons and pions. The second line contains the
contact interactions of the D** and D*0, where the term
with C mediates the D*D* scattering in the / = O channel,
and the term with C; mediates the scattering in the / =1
channel. The first term in the third line is the same term in
Ref. [34] which couples the charmed mesons to pions

*Here we use the physical masses for D** and D*°, D* and
DO, 7+ and #°. In this way, the isospin violating effects due to the
mass splitting for mesons within the same isospin multiplet are
included.

(B0t 1 He) + SO0 (BT ) (B ) 4
1 2 i 6

1
7

(we Hy)¥ (ne H*)

/3

{ Km + % (7n3>> TIH;r} ' Km + % <m3>> TIH*f]
43 Km - % <7n3>> H}‘} ' [(m - % <7z73>> H*i] }

(6)

[

derived from the heavy hadron chiral perturbation theory
(HHyPT), and the coupling constant 920.27,4 is deter-
mined from the updated D** decay width [30]. The second
term in the third line is the contact interaction for D*D —
D*D with I =0, and the resummation effect of the
coupling Cyp shown in Fig. 1 needs to be considered
[25] due to the existence of the T}, shallow bound state.
The resummation effect is equivalent to replacing Cp with
the near-threshold 7-matrix [37]

2 1

e I
up—1/a+ip ®)

Cop = Tpp = —

where up is the reduced mass of D**(D*) and D°(D"),
p = |Pp- — Pp|/2 is the relative momentum between
D**(D*) and D°(D™) in the D*D center-of-mass (c.m.)
frame, and the D**D°(D*°D™) scattering length a is set to
be a = [—(6.721038) — i(0.10753;)] fm [3]. Here we ne-
glect the isospin breaking effect in the / = 0 D*D — D*D
rescattering, which is a higher order effect [38]. There is no
isovector state like the T'f, found near the D*D threshold,
so there should be no near-threshold pole singularity in
the I = 1 scattering amplitude for D*D — D*D; thus, the
isovector DD* FSI should be much weaker than the
isoscalar one and is neglected in our calculation. The last
two terms with Ci, and Cy, are the D'z — D"z contact

interactions for [/ :% and [ = %, respectively, where

Cy, =252 GeV™', Cy, =-68 GeV~' are derived by

*Notice that g is related to the g in Ref. [34] by § = ¢/2.
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FIG. 2. Feynman diagrams for calculating the partial decay width of T} — D**D%z°. The circled cross is the T%} state, the single
thin lines represent the D* (D), the double lines represent the D*°(D**), and the dashed lines represent the z°(z ™).

matching to the D*z scattering lengths given in Ref. [39]
(for detailed derivations, see Appendix A).

The square of effective coupling between the 77!
hadronic molecule and the D**D*® components can be
derived from the residue of the D**D*? scattering ampli-
tude at the 7% pole as [36,40,41]

R = 2y
0 w2,

©)

and thus the effective Lagrangian for the T coupling to
D**D*0 can be written as

Lo = %gi G Ti DI Dok (10)
where ¢;; is the 3-dimensional antisymmetric Levi-Civita
tensor.

With the above Lagrangians in Egs. (6) and (10), the LO
amplitude for the T7;. — D*Dx including the effects of the
D*D and D*z FSIs are shown in Fig. 2. Here we only show
the diagrams for the decay 77 — D** D%z and there are
also similar diagrams for the 7%}f — D**D*z% and the
T:r — D*°D%z*, except that no D**D° FSI diagram is
included in the 7%} — D**D%z™ as it only contains D*D
pair with 7 = 1.

In the following, we will give a brief power counting to
the contributions of all these diagrams. The power counting
for the decays of the X(3872) has been given in detail in
Refs. [13,25,42], and the discussions here for the 77, —
D*Dg are similar. The relevant small momenta involved in
the decays of the T/ are {pp, pp+, P, v, s}, which are at
the same order and denoted by Q to be the power counting
scale. In the decay diagrams, each pion vertex contributes at
O(Q), and each nonrelativistic propagator contributes at
O(Q72). As the nonrelativistic energy counts as O(Q?),
each loop integral is of O(Q°). The C, contact term is
related to the Dx contact term in Ref. [25] via the HQSS
and therefore C, is of the same order as the Dx vertex in
Ref. [25], i.e., O(Q°). As the I =0 contact interaction
between the D* and D, the Cyp should be replaced with
Tpp+ in Eq. (8) due to the near threshold T, pole, and
contribute at O(Q~") [13,36]. For the diagrams in Fig. 2,
the amplitude from the diagram in Fig. 2(a) scales as
O(Q/Q%) = O(Q7") since there are one nonrelativistic
propagator and one P-wave pion vertex which gives a
factor of p,~O(Q). The isospin breaking diagrams
in Figs. 2(b) and 2(c) also scale as O(Q!) for the
decays T:f — D**D°z°, T} — D*°D*z° considering
the resummation effect (with Cyp replaced by Tpp- which
has a near-threshold T',.. pole) and can contribute at LO; if
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one uses isospin averaged masses for all the involved
mesons, the contributions of these diagrams vanish. Isospin
breaking effects are enhanced due to the presence of the T},
pole which is located much closer to the D**D° threshold
than to the D**D™ one. The amplitudes from diagrams in
Figs. 2(d) and 2(e) scale as O(Q") and can only contribute
at NLO.

III. DIFFERENTIAL DECAY RATE OF T;, — D*Dx

In this section, we give all the decay amplitudes of 7. —
D*Dx in Fig. 2, including the processes T} — D**D%z°,
T:F - DD 7% and T:f — D°D°z*, and give the
partial differential decay rates including the effects of
D*D and D*r rescattering. The Breit-Wigner form of
the D* propagator, Gp(p), is used to include the con-
tribution of the D* self-energy, i.e.,

i

Gp(p) = ) (11)

22
0 _ _ Py e
Pp —Mp =5, -+t 17

where D* denotes D** or D*°, p = (p%.,pp) is the
4-momentum of the D*, I'p« =83.4 keV, and I'po =
55.3 keV is settled by isospin symmetry [43].

A. Partial decay rate of T — D**D"z’

First, we consider the partial decay rate of
T:5 — D**D%z°. The LO amplitude from the tree diagram
in Fig. 2(a) reads

A — —909H D 1
1 a — -2 2 .
VI Fy pr + 7= —ippI'po
X Sijkei(T?j)ej*(DH)Pio, (12)

where pp-+ is the three-momentum of the external D**, p o
is the three-momentum of the final state z°, and the €/ (T7)
and €/(D*") are the polarization vectors of the 7%/ and
D*T, respectively.

The LO amplitude from the D**D°/D** D™ rescattering
diagrams in Figs. 2(b) and 2(c) reads

. 907
iApe = ﬁ{_CODllh(pno) — CoprexIc(Pp0)}

X gijkei(sz)ej* (D*+)Pﬁoa (13)

where Cop; = +3Cop and Coprex = —3Cop are the
contact interactions for the D**DY — D**D° and the
D*°D* — D**DO, respectively, and Cyp needs to be
replaced by Tpp- considering the resummation effect
due to the existence of the nearby T.. pole, and the exact
form of the 3-point scalar loop integral /(p) is given in
Appendix B [25,44], with the masses of the three particles
in the loop represented by m,, m,, and ms. Here m;, m,,
and m5 are taken to be the masses of D**, D**, and D° in

the integral 1, (p,0) appearing in Fig. 2(b), and the masses
of D**, D**, and D™ in the integral 1.(p,0) appearing in
Fig. 2(c), respectively.

The NLO amplitude from the D*x rescattering diagrams
in Figs. 2(d) and 2(e) is

. 909 (1)
iA;,, =—=—{-C,ll -1
d. 4mi/2F”{ 1[ d (pD) d(pD)]

~V2C1 1M (pp) + L(pp)]}
X Sijk€i(Tf~i)€j*(D*Jr)Plf)m (14)

where the couplings C,; = %C%ﬂ +3Cy, =4.1 GeV~' and
Criex = —‘/TZC%,, + @C%ﬂ =15.1 GeV~! are the contact
interactions for the D**z° — D**7° and the Dzt —
D**7°, respectively, and the 3-point vector loop integral
1M (p) is given in Appendix B [25,44], with the masses of
the three particles in the loop represented by m;, m,, and
my; see Eq. (B1). Here m,, m,, and m5 are taken to be the
masses of D*°, D**, and z° in the integrals 1,(pp) and

IE})(pD) appearing in Fig. 2(d), and the masses of D*T,

D*, and 7" in the integrals I, (pp) and I\ (pp) appearing
in Fig. 2(e), respectively.
The decay rate is given by

1 1
dT" = 2M2E,2E,2E; WﬁZ'A‘zd% (15)
spins

where the overall factor comes from the normalization of
nonrelativistic particles, with M being the mass of the
initial particle, E|, E,, and E3 being the energies of three
finial-state particles in the 77} rest frame, respectively, j is
the total spin of the initial particle, and there is a sum over
all the polarizations of the final state particles. Here the
three-body phase space

1 1
db; = | — d|p,|*d|p,|*. 16
[ o= [ Gap p PR (6

is derived in Appendix C 1, where p; and p, are the three-
momenta for two of the final state particles.

The NLO partial differential rate for the Ti}f —
D**D%2% including the corrections from the D*D, D*x
rescattering reads

dr‘Tﬁ_)DwDo”o - 1 myo
a'p%)[)dp%)*+ 31673

Z|Au + Abc|2

spins

2Re [Z(‘A“ + Ape) X AL

spins

1 m_ o

3167°

(17)

where the second term includes the correction of the D*z
rescattering, which is the interference term between the
amplitudes at LO and NLO.
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B. Partial decay rate of T3 — D**D* "
For the decay T} — D**D*z° the LO amplitude from
the tree diagram in Fig. 2(a) reads

oGk D+ 1
VI F e Pro + 77 = ipp Tpes
X Sijkei(T::_)ej* (D*O)Pf,o’ (18)

iAaz - -

where p o is the three-momentum of the external D*°, and
the ¢/(D*) is the polarization vector of the D*. The LO
amplitude from the D**D°/D**D* rescattering diagrams
in Figs. 2(b) and 2(c) is

. 909
iAper = ﬁ [=Cop2l2p(P0) = Copaexac(Pr0)]

S Eijkei(Tﬁ)ej*(D*o)Pio’ (19)
where Cypy =3Cop and Cyppex = —%Cop are the con-

tact interactions for the D**D* — D**D* and the
D**D% = D*D*, respectively, and Cpp needs to be
replaced by Tpp- considering the resummation effect,
and the masses m;, m,, and ms in the loop integrals
I, (p,o) appearing in Fig. 2(b) and I,.(p,0) appearing in
Fig. 2(c) are taken to be the masses of D**, D*°, and D*
and the masses of D*°, D**, and DY, respectively.

The NLO amplitude from the D*z rescattering diagrams
in Figs. 2(d) and 2(e) is

. 903
iAger = ﬁ {-Cr [121) (Pp+) = La(pp+)]

g /4

+ \/ECnZex [I(Z]e) (pD+) + IZe(pD+>]}
X Eijkei(Tii)ej*(D*O)plz)+v (20)

where C,, = %C%,, +%C%ﬂ =4.1 GeV~!
2Cy, — 2 Cy, = -15.1 GeV™!

actions for D*972% — D*07% and D**72~ — D*°2°, respec-
tively; my, m,, and mj are the masses of D**, D*°, and 7°

and Cop =

are the contact inter-

in the loop integrals I,,(pp+) and Igd) (pp+) appearing in
Fig. 2(d), and are the masses of D**, D** and 7z~ in the loop
integrals I,,(pp+) and Ié? (pp+) appearing in Fig. 2(e).

The NLO partial differential rate for the T} —
D**D* 7" including the corrections from the D*D and
D*r rescattering is

dFTﬁ’_,DxODJr 0

A + Ape
dp}y.dpg 316 3;“' 2 vl

1
m;, 2Re |:Z (AaZ + Abcz) X AZeZ ,

+ 3162° -
spins

(21)

where the second term includes the correction of the D*z
rescattering, which is the interference term between the
amplitudes at LO and NLO.

C. Partial decay rate of T} — D**D'n+*

For the decay 77} — D**D%z*, the LO amplitude from
the tree diagram in Fig. 2(a) reads

290@/41)* 1
V my+ Flr pD*O + y - l/'lD"l—‘D"+
X E;jr€ (Tii)ef*(D*O)p,,+, (22)

lAa3

where p,+ is the three-momentum of the final state 7.
There are no terms with 7 = 0 in the D**D° rescattering
that can be related to the T, and thus there is no LO
contribution from the D**DO rescattering.

The NLO amplitude from the D*z rescattering diagrams
in Figs. 2(d) and 2(e) is

. 909
iAges = 47

o {V2CH Y () = Balpo)]

+ C;ﬁex[ (pD”) + IBe(pDO)]}
X fijkei(Tﬁ:-r)ej*(D*o)PlZ)o, (23)

where Cp3 =3Cy, +35C), = 144 GeV™!
—2¢y + L€y, = 15.1 GeV™!
2 2
actions for the D'zt — Dzt and the D**z2° —
D*%z*, respectively, and the masses m;, m,, and m; are
the masses of D**, D**, and z° in the loop integrals
L3,(ppo) and Igij)(pDo) appearing in Fig. 2(d), and are the
masses of D*°, D**, and #° in the loop integrals I5,(pp+)

and Cpze =

are the contact inter-

and Igle)( pp+) appearing in Fig. 2(e).

The NLO partial differential rate for the Ti}f —
DD%z* including the corrections from the D*D and
D*r rescattering is

316*2|

2 2
dpDOdpD*o spins

1
+37 6 [ZAM x AM}, (24)

spins

dr‘sz_,D*oDo +

where again the second term includes the correction of the
D*r rescattering, which is the interference term between
the amplitudes at LO and NLO.

IV. PARTIAL DECAY WIDTHS FOR T;, - D*Dr

In this section, we give the partial decay widths for the
decays T, — D*Dn. Table I shows the decay widths with
the binding energy of the T being B = (503 4 40) keV.
The second column of Table I is the decay width only
including the contribution from the tree-level diagram

074029-6
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TABLE 1. Partial decay widths of the 7% with a binding energy
B = (503 £ 40) keV. “Tree” contains the contributions from the
tree-level diagrams, “LO” is the LO decay width which includes
the contributions from the tree-level and D*D rescattering
diagrams, “NLO” is the decay width which includes the correc-
tions from the D*x rescattering to the I'| 5. Since no isovector
D*D rescattering is considered, I' o = 't in the last row. The
errors come from that of the predicted binding energy B.

I [keV] Tree LO NLO
[Tt - DD%% 128508 174+£07 153197
[[Tif - D*D*2%  80+04 92405 83103
O(7:f - DOD7] 182409 182409 17.6+09

denoted by I'ry.. The third column is the LO decay width
including the tree-level and the D*D rescattering contri-
butions marked by I'|o. One sees that the isoscalar D*D
rescattering which contains a 7', pole indeed increases the
results by about 36% and 15% for T: — D**D°z° and
D**D* 7% The D** DV is an isovector system; since no near-
threshold isovector double-charm tetraquark state has
been found, the D**D rescattering for T — D**D%z*
remains an NLO effect, thus ['1 g = 't in the last row of
Table I. The fourth column of Table I is the decay width

considering the NLO corrections only from the D*z
rescattering represented by I'ny o, which should be regarded
as the final predictions in this work. The D*x rescattering
reduces the LO decay widths by about 12%, 9%, and
3% for the three decays T — D** D2, D**D* 7%, and
DDz, respectively.

Since the binding energy of the T} is uncertain, we
further give the partial width of T}. — D*Dx with the
binding energy varying from 0.01 MeV to 0.80 MeV in
Fig. 3, where the red dashed lines show the decay widths
from the tree-level diagram, the blue dot-dashed lines show
the LO decay width including the tree-level and the D*D
rescattering contributions, and the black solid lines show
the decay width including the corrections from the D*x
rescattering to the LO results. To see the contributions of
the D*D and D*r rescattering to the decay widths more
clearly, the corrections from the D*D and D*z FSIs with
the binding energy being 0.01 ~ 0.80 MeV are demon-
strated by the blue dot-dashed lines and black solid lines in
Fig. 4, respectively.

Summing up these three-body partial decay widths leads
to the result for the total width of the 7% to be

D(T%) = (41 £2) keV. (25)

30 40
- 25 - -
> > >
Q Q Q
X, X, X,
& 20 & k
Q a o)
% 2 2
a a a
7 19 b b
18 18 18
£ 10 = =
5
0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6 0.8
Tet binding energy [MeV] Te binding energy [MeV] Te binding energy [MeV]
(a) TF — D*T D7 (b) T2F — D**DT7° (c) T2 — DD =™
FIG. 3. Partial decay widths of the T%. — D*Dx versus the binding energy of the T%;.
10 " " " " 4 1.0
8 3
= - D*D FSI = S — D*D FSls S
] S —DwFsl | £ - — _DwFSls] & 05 e DD FSls
= T = 2Tl — —— D'rtFSIs
ko4 T — S S e
IS a . Tl 2
2 < v T — S o0
fa) a A
T T 7
18 0 18 0 18
[= [ e R —
=) < f_ 1 3
-4
- -1.0
01 02 03 04 05 06 07 08 01 02 03 04 05 06 07 08 01 02 03 04 05 06 07 08

Tet binding energy [MeV]

(a) TAH — D*T D70

Tes binding energy [MeV]

(b) TF — D**DT 70

Te binding energy [MeV]

(c) T2? — D*°DO7 ™

FIG. 4. Corrections from the D*D and D*z FSIs to the LO partial decay widths of T%. — D*Dx versus the binding energy of 7% .
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V. PARTIAL DECAY WIDTHS FOR T}, - DDnr

Since the D* mesons are resonances, they need to be

decays into are the D°D*7%2° and D°D°z°z+. Since the
D**D%2% can decay into the same four-body final states

as D°D*z% and D**Dz*, the three processes T —
D**D%% DD 7% and D**DOz*t can interfere. There-
fore, in the following, we will calculate the decay widths of
the T:F — D°D*2%2° and D°D°z%z+. We will show that
the interference between the intermediate three-body states

reconstructed through the Dz or Dy final state in exper-
imental analysis. In the former case, the D* will continue to
decay into the Dz, and the stable (against decays through
strong and electromagnetic interactions) final states that 77,

o
TCC

4 *t et

Copaer

Do

ot

FIG. 5. Feynman diagrams for calculating the partial decay width of 7% — D*Dx — D°D*z%2°. The circled cross is the T state,
the single thin lines represent the D (DY), the double lines represent the D**(D**+), and the dashed lines represent the z°(z™").
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is small, and it is a good approximation that we consider
only the 3-body D*Dx final states to calculate the 77,
decay width.

The diagrams for the four-body decays Tif —
D°D*7%2° and T:} — D°Dz%z* are shown in Figs. 5
and 6, respectively. The amplitudes for all the diagrams are
collected in Appendix D.

With all the amplitudes, the decay rate for the four-body
decay T}. — DDxnx is given by

1 1
dF[T’;C — DDim'] = 2M2E|2E,2E;2FE, ZS—MW
x Y AT — DDzz] Pd®,,  (26)

spins

FIG. 6. Feynman diagrams for calculating the partial decay width of T} — D°D%z%z". The circled cross is the T state, the single
thin lines represent the D* (D), the double lines represent the D*°(D**), and the dashed lines represent the z°(z™).
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TABLE IL

Partial decay widths of the T}. — DDzx with a binding energy B = (503 + 40) keV. The second column contains

the contributions from the tree-level diagrams, the third column is the LO decay width which includes the contributions from the
tree-level and D*D rescattering diagrams, and the fourth column is the decay width which includes the corrections from the D*x

rescattering to I'r o.

I' [keV] Tree LO NLO
[T, — D°D* 2" 8.370% 10.575% 9.8108
[[T:t = D**zD] x Br(D** — z°D*) +T[T%, — D*zD*] x Br(D** - z°D°) 9.1+£04 11.3+05 10.1597
I[T:t - D°DOz%zxt) 19.57] 23.9M] 23.270)
[[T:f — D* zD] x Br(D** —» 7z D°) + T[T, — D*z" D] x Br(D** — z°D") 20.4 £ 0.9 236+ 1.1 217+£1.0

where the overall factor comes from the normalization of
nonrelativistic particles, and E;(i = 1, ..., 4) are the energies
of four finial-state particles in the 77, rest frame, respectively.
The symmetry factor S = 2 comes from the identical z°7° or
D°DP particles in the final states. The four-body phase space
in Eq. (26) derived in Appendix C 2 reads

1 M—mz—my
ch4(P;P1,---7P4):m S d\/s1>
1 2
M-\/51;
X/ " d\/S34
ms—+my

< [ agiaeaclpplal. @1

where ¢ is the three-momentum for the 1, 2 system in the rest
frame of the 77, p} is the three-momentum of particle 1 in
the c.m. frame of particles 1 and 2, and p} is the three-
momentum of particle 3 in the c.m. frame of particles 3 and 4.
They are given by

|§| :/11/2(M2,S127534) /11/2(312,’"%,’"%)

with A(x,y,z) = x> + y? + 22 = 2(xy + xz + yz2). dQ; =
de)d cos 07 is the solid angle of particle 1 in the c.m. frame
of particles 1 and 2, dQ}; = dg';d cos 0 is the solid angle of
particle 3 in the c.m. frame of particles 3 and 4, and dQ2 is the
solid angle of the 1, 2 system in the rest frame of the decay
particle T7; 67 is the angle between the directions of g and
pt, and 6, is the angle between k = —g and .

The differential decay rate for the 7% — DDz up to
NLO including the D*D and D*z rescattering corrections
reads

dl'Tt. —» DDrx|
d\/s12d~ /53

11 1
= 2mr;L2P(1)2P(2)2pg2p2 4mT* § (87T2)4mT*

o

x dQidQdQ|pi]| p3l4|

X {Z|-’4LO|2 + 2Re [ZALO X -ANL0:| } (29)

spins spins

2M ’ pil = 2./512 ’ where A  is the LO amplitude including the contribution
A2 2 m2) from the tree-level and D*D rescattering diagrams, Ay o is
AR 27 1934, 15, ) (28)  the NLO amplitude including only the D*z rescattering
2/534 diagrams. The second term in the curly brackets includes
20 40
— 18 — 35
> >
2 16 3
of: 14 Ol:
K K
Q12 Q%
Q Q
1,10 1,20
B B
= 8 S 15
6
10
0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6 0.8
TZs binding energy [MeV] T2 binding energy [MeV]
(a) T/t — DD 70 (b) T — DO°DOxOx
FIG. 7. Partial decay widths of the T%, — DDxn versus the binding energy of the T} .
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+ +
2 12 N
1 Q
810 S
|:® E’ 10
o
s 8 E
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9 3
z 8 > 15
6
10
0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6 0.8
T2 binding energy [MeV] T2 binding energy [MeV]
(¢) TxF — DD 070 (d) Tz — D°DOr07
45 45
l"‘\ L3N
40 LSRN 40 i “
1
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1
." — 4Body :' —— 4Body

-D°D°r°r*] [keV]
w
o
Mol e »D° DO *] [keV]
w
o

25 25
1— Q
20 20
Q
~ 15 15 -
10 10
0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6 0.8
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(e) Tx — DO°DOxOx ™ (f) i — D°DOn%72t

FIG. 8. Partial decay widths of the T, - DDzx and T — D*Dx times the branch ratio of D* — Dz versus the binding energy of
the T:7.
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20

-D°D*°n

T

1.0

0.5

M Ts2-»D*Drt]«Br(D*)/T|

0.0

0.0 0.2 0.4 0.6

T2 binding energy [MeV]

0.8

(a) TF — DD n%7°

2.0

1.5

&

1.0

0.5

M7 >D*DrlBr(D*)/M T »D°D° ]

0.0

0.0 0.2 0.4 0.6

T2 binding energy [MeV]

0.8

(b) T — DODO7x0x ™

FIG. 9. Ratio between the partial decay widths of the T%. — DDzx and those obtained using I'(T%:; — D*Dr)Br(D* — Dx) versus

the binding energy of the T .

the correction of the D*m rescattering, which is the
interference term between the amplitudes at LO and NLO.

Table II shows the decay widths with the binding
energy of the T}/ being B = (503 4+ 40) keV. The second
column includes only the contribution from the tree-level
diagram denoted by I'r.. The third column lists the
LO decay widths, marked by I, including the tree-level
and the D*D rescattering contribution. The fourth column
lists the results up to NLO including corrections from the
D*r rescattering. For comparison, we also list the results
obtained by multiplying the three-body decays into D*Dx
with the corresponding D* — Dx branching fractions (and
thus the interference between different intermediate three-
body decays is neglected).

One can see that the difference between the results with
and without the interference between different intermediate
three-body D*Dx is marginal. Thus, the T decay width
can be well approximated by summing over the 3-body
final state D*Dx, given in Eq. (25).

As the binding energy of the 77, is uncertain, we give the
partial widths of T, — DDazx varying the binding energy
from 0.01 MeV to 0.80 MeV in Fig. 7. To see the relations
between the 3-body decay T;. — D*Dx and the 4-body
decay T, — DDzax more clearly, we compare the partial
decay widths I'[Ti. — DDzz] and I'[T}. — D*Dx] x
Br[D* — Dz] in Fig. 8 and give their ratio in Fig. 9.
One can see that the difference between the decay widths
with and without the interference between the intermediate
3-body D*Dr states is marginal for the 7. binding energy
larger than 200 keV, and the binding energy (503 £
40) keV predicted in Ref. [3] is within this region.

VI. SUMMARY

In this paper, we calculated the contributions of the D*D
and D*r rescattering to the partial decay widths of the

T%. — D*Dx through the XEFT assuming that the T is a
D**D*0 shallow bound state. We found that the / =0
D**D°/D*D* rescattering, which generates a T, pole
just below the threshold, can contribute at LO and has a
sizeable impact on the partial widths of the 7% —
D**D°2° and T:f — D**D*z% The corrections from
the D*r rescattering to the LO result are marginal, at the
level of 10%. Being an isoscalar 17 D**D** molecular
state, the T:F should decay dominantly into the three D* D
channels calculated here. Since the D* may be recon-
structed from the Dr final state, we also calculate the four-
body decay widths of Tl — DDzz. We find that the
interference effect between different intermediate D*Dx
states is small and the 77, width can be well approximated
by summing over the D*Dx partial widths for the T7.
binding energy larger than 200 keV. Taking the binding
energy (503 + 40) keV predicted in Ref. [3], the T width
is obtained as about 41 keV. The result reported here should
be useful for searching the 7%} state at LHCD in the future.
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APPENDIX A: ISOSPIN PHASE CONVENTIONS
AND CONTACT INTERACTIONS

In this section, we give the isospin phase conventions in
our calculation and derive the couplings C;, and Ci, in

Eq. (6) from the D*z scattering lengths. The isospin phase
conventions for D* and x are [25]

7y ==[L.+1).  |2) =[1.0).  |z7) =][1.-1).
1 1 1 1
D*+:D+:__ D*OZD():___

D =107 =343 ) D =107 =|5.-3).

(A1)

where the right-hand side represents states |/, 13) in the

isospin basis with / and /3 the isospin and its third
component, respectively. For the derivation of the contact
interactions between the D* and D, all the couplings can be
expressed in terms of two couplings, Cyp with I = 0 and
C,p with I = 1. The |D*D) states can be expressed in terms
of the isospin basis as

|D**D%) = \@ 1,0) + \éo,oy (A2)
|D*D+) = \é 1,0) — \@o,m, (A3)
|D*DY) = |1, -1). (A4)

The D*D amplitude can be written in terms of the
amplitudes with the total isospin / =1 and / =0 as

1
(D**D°|T|D**D°) = 3 (D*D|T|D*D),_,
1
+5(D*DITID*D) . (AS)
1
(D*FD°|T|D*°DF) = 5 (D*D|T|D*D),_,
1
=3 {D'DIT|D*D) . (AG)
1
(DDH|T|D*D+) = 5 (D*D|T|D*D),_,
1
+5(D'DITID* D). (A7)
(D°D*|T|D**D°) = E(D D|T|D*D),_,
1
~3(D'DIT|D*D) 1. (AS)

(DDC|T|D**D%) = (D*D|T|D*D),_,.  (A9)

which give the expressions of Cypi, Copz, Cp3> Copiexs and
Copaex 1n terms of Cyp and Cp as

1 1

Cop1 = ) Cip+ 3 Cop, (A10)
1 1

Coplex = Ecw —Ecom (AL1)
1 1

Copr = 5 Cip+ 5 Cop, (A12)
1 1

Coprex = §C1D _ECOD’ (A13)

Cos = Cip. (A14)

Here C;p is the D*D contact interaction with / = 1 and is
neglected in our calculation as there is no isovector exotic
state like the 7'.. near the D*D threshold, Cyp, Cops, and
Cp; are the contact couplings for D**D° — D*+DO,
DD - D*D*, and D**D° — D*D°, respectively,
and Cypiex and Cyprex are the contact couplings for
D**D* — D**D® and D**D° — D**D™, respectively.

For the derivation of the contact interactions between the
D* and z, all the couplings can be expressed in terms of two
couplings, Cs, with I = % and Cy, with [ = 3, and the two
couplings can be obtained by matching the D*x scattering
amplitude at the D*z threshold,

CI
V2mp2m2mp-2m, —=
2m

/s

= AL (Vs =mp- +m,) = 8x(mp + m,)ak.., (Al5)

where [ = %,%, and af,. is the D*x scattering length with
isospin /. By using the central values of the scattering
lengths a3’ = ay)? = —(0.100 & 0.002) fm and a)}’ =

ay? = 0.37799 fm given in Ref. [39], we have
Cyy = —6.8 GeV!, (A16)
Cy, = 25.2 GeV~. (A17)

The |D*x) states can be expressed in terms of the isospin
basis as

13 1 2011
—D*°+=\/:—, —~ \ﬂ—, =), Al8
(D) 3‘2 +2>jL 3’2 +2> (A18)

2031 1 1
D*OO:\/:——— \ﬁ——— Al
D) 3'2’ 2>jL 32°72) (A
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203 1 1|1
D*+O—\/:—, _ _\/:_’
D) 3‘2 +2> 32

3 1 201 1
D*Jr—: AlA* T A/ PY
D7) \/3'2 2> \A‘z 2

>. (A21)
The D*z amplitude can be written in terms of the

+%> (A20)

V2

(D T|D™*2) = == (D*&|T|D"x) .

V2

+5 (D alT|D )y (A27)

which give the expressions of C;, C,o, Cr3, Criexs Croexs
and Cs., in terms of C%,[ and C%,r as

amplitudes with total isospin [ = and 1=3 2 1
C = §C%,, + EC%,, =4.1 GeV™!, (A28)
2
Dt 7% T|D** 2% = Z(D*z|T|D*x),_s D 0
< 7] ) 3< ITID");- Criex = —gC%,, —l—\/T’C%ﬂ =151 GeV~!, (A29)
1
(D AlTID )y, (A22) >
3 = Coo=5Ci+3Cp =41 GV, (A30)
V2
x4 0 *0 * *
(D@ |T|D"a") = ——=(D"x|T|D"7), 4 Crrex = {Cs —‘? — —15.1 GeV~!,  (A31)
V2
Yo D* * 1 2
+5 (DalT|ID m),y, (A23) Cos =3 Cpe 5y = 144 GV, (A32)
2 1
(D0 T|D"05") =3 (D" x| T|D* )3 +3 (D |T|D 7)1y Cro = _?c%” ﬁ?clﬂ = 15.1 GeV-l.  (A33)
(A24) . .
Here C,;, C,, and C,; are the contact interactions for
V32 D*t7% - D*t 7% D070 - D70 and Dzt — D0zt
(DA T|D* ™) = T<D*T[|T|D*ﬂ'> 3 respectively, and Cjex, Cpoex,» and Cpae are the contact
/3 interactions for DOzt — D*T7° D*tz~ —» D*02°, and
Tz (DalT|D* 7).y, (A25) D**7° — D*Oz*, respectively.
1 APPENDIX B: 3-POINT LOOP INTEGRALS
(D7 |T|Dxt) = = (D*x|T|D*x),_s
3 = In the rest frame of the decay particle, the scalar 3-point
2 loop integral is ultraviolet (UV) convergent and can be
~(D*z|T|\D*x),_y, A26 p nteg g
* 3< #|T|D"x); 2 ( ) worked out as [44]
|
d’l 1
o= [ _
(27) (lo—ml —21—,;]—1—1'6)( —lo—mz———f—le) [l —q°—my — ( ) +l€}
B / a'i 1
- d-1 = = TP

4 / di1] 1
= Tf12H23 >
(2m)* 1(l +cl—16)(12 2:,‘1—zjl‘§+c2—i€)

a*']

1

—4ﬂ12M23/ dx/

zﬂ.dl

—ax® + (e — ¢))x + ¢ — ie]

4 5—-d
_ _TH12Ha3 F< > / dx[—ax® + (¢, — ¢;)x + ¢, — ie](d—s)/z

(4ﬂ)(d—1)/2
_ Hiopoz 1

2 0

where y;; = m;m;/(m; + m;) are the reduced masses, by, = m; + m,

[ _1< c1> _1<2a+c1—c2>]
— |[tan +tan”! [ ————= |,
2r \Ja 2,/acy 2\/a(c, —a)

(BI)

—M, byy = m, +m3+ q° — M, and
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2
13\ 2. fos -
a= (£> g%, c1 = 2p12b4,, ¢y = 2upzboy +— 2 g’

ms

(B2)
ms

There is no pole for the spacetime dimension d < 4, and we have taken d = 4 in the last step of Eq. (B1).

We also need the vector integral which is defined as

li

l Al
a1(g) = / (2z)3 2o 2o =)
(b1a + 5, — i€)[bos + 5~ + 5, - — ie]

and IV (g) can be expressed in terms of the scalar 2-point
and 3-point loop integrals as

() = 22 [Bles = a) = Bler) + 5 e2 = )ila),

(B4)

where the two-point function B(c) = 2u1,unX(c), with
¥(c) defined in the power divergence subtraction (PDS)
scheme [45] as

$(c) = (Aeos) / A
2 Q@) e —e

_ (A;DS)4_d(4 - d)/2r<3 2d> (c—ie)d-32  (Be)

(BS)

1
_/(zﬂ)sé(E E| — E, — E3)8(Py + P> + P3)

1
— S(E—E, —E,—E
/ (27) ( 1~ B = B3) 4E, 4E,

= |P»|?d|p,|dQ,. Here Q, is the solid angle between the moving

1
=i (Apps — Vi — i), (B7)
|
/d@3(P;P1,P2,P3) :/(277)454(P—P1—P2—P3
where P = (M. 0), d&®p, = |p,2d|p,|dQ, and d*p,

(B3)

2ms

I
where Appg is the sharp cutoff to regulate the UV
divergence in the two-point scalar loop integral, and
1" (g) is also UV convergent. When the particles in the
3-point integrals are unstable, e.g., considering the D* self-
energy contribution shown in Eq. (11), one needs to include
their widths by replacing
I

mk—>mk—i7k, k=123, (B8)
and in the loop integrals /(g) and 1"
the replacements for c¢; and ¢, as

(g), one just makes

—ipp (I +Ty), cy = ¢y — iup () +1T3).

(B9)

cp — C

APPENDIX C: PHASE SPACE
1. Three-body phase space

In this section, we derive the three-body phase space in
Eq. (16) in the rest frame of the initial particle. The three-
body phase space can be written as

) &py d&p,  dps
(27[)32E1 (27T)32E2 (2ﬂ')32E’;

dgl’ld Pzd P%
2E, 2E, 2E;

|1|d|p1[*dQy [Pa|d|po[PdQ), 1
2E;

(C1)

directions of pamcle 1 and particle 2, dQ|, = sin 912d912d¢12, where 0, is the angle between particles 1 and 2 and is

related to the three-momenta as

|P3|2

|1 +|paf* —

2c0s 01| p1||Pal- (€2)

The integration over #;, in Eq. (C1) can be changed to the integration over E5 through

d|ps|* = 2|p:||p2|sin 0,,d6,, = 2E;dE;5,

and the three-body phase space reads

(C3)
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! pillp
/d(I>3(P;P17P2,P3):/(2 )55(E E, - Ez—E3)| 1] 2|dQl

_ / (21)55(15 E, - E,

I
2

2. Four-body phase space

Here, we derive the four-body phase space using the
graphic method of Ref. [46]. In the graphic method, an
arbitrary n-body phase space can be easily reduced to a
product of two-body phase spaces by drawing intuitive
phase space graphs. Then it can be expressed in integrations
over any allowed invariant masses of interest with the
involved momenta being in any reference frame. The graph
for expressing the four-body phase space integration
over s, = p?, and s34 = p3,, where p;; = p; + p, and
P3s = p3 + ps, is shown in Fig. 10. The phase space
expression can be easily obtained by multiplying together
the following building blocks:

Vi1 d®y(P; pi2. paa).
V3 d®,(pas; P3s Pa).

dsl2 dS34
, 4434” X
2 2

Vo d®y(pi2; pi. pa),

“12” (CS)

Here we use the following two-body phase space in the c.m.
frame for simplicity.

(27|r1)7;4|1m ’ (C6)

where |p;| is the magnitude of the three-momentum of
particle 1 in the c.m. frame of the initial state, dQ; =
dcos 0,dg; is the solid angle of particle 1 in the c.m. frame
of particles 1 and 2, and the integration region is given by
cosd; € [-1,1] and ¢, € [0, 27).

| 12 1)
7 =
e

T

FIG. 10. Complete expanded graph for the four-body phase
space in terms of integrals over invariant masses squared s, and
s34 using the graphic method proposed in Ref. [46]. The double
lines denote the invariant masses, the single lines denote the
particles and the vertices are the two-body phase spaces.

d®,(p; p1. p2) = d

= W N =

d|ps|? | . -
B dpy —d|p B
16E1E2 2‘p1||p2| (p122E3 |p1| |p2|
11172 2E;dE; | .
—E dQy =222 deyy ——d|py 2d| B
3) 16E, E, ]2\P1||Pz| (,0122}53 |D11%d|p-|

, (C4)

With all the building blocks in Eq. (C5) and the two-
body phase space in Eq. (C6), one obtains the four-body
phase space,

| e/

P12|| ||P3| 5
(822)'M e i dV/s1dy/sa

X dQY,dQd<Y,,

d®4(P; py, pr. P3. Ps) =

(€7)

a4

where ( ,Q,) = (g, Q) is the three-momentum of the
final-state (1,2) particle system in the c.m. frame of the
initial state, (|p}], Q) is the three-momentum of particle 1
in the c.m. frame of particles 1 and 2, and (|p}|,Q}) is
the three-momentum of particle 3 in the c.m. frame of
particles 3 and 4. The integration regions of /s, and /s34
are [my +my, M —my —my| and [m3 + mg, M — /515],
respectively.

APPENDIX D: FOUR-BODY DECAY
AMPLITUDES

In this section, we show all the amplitudes for the
diagrams in Figs. 5 and 6 of the four-body T}, — zDzD
decays.

1. T:} — 2°D°2°D+* amplitudes
We first consider the decay 7%} — 72°D%2°D*. The LO
amplitude from the tree diagram in Fig. 5(a) reads

I Argee[Ted — ”O(Pl)DO(Pz)”O(P3)D+(P4)]

_ —igog* 1
2\/§F,2,m”0 qo — mpo —
1

X 7.2
ko - mD*Jr -

a2 .I“D*o

T

q
2m D*O

€ijk€i(TZj)p{p§» (Dl)

) Q.
szH» + ZDT
. Sl/:(pi+pj)29 l,J:l,,4
Here p) and p4 are the three-momenta of the two z° in
the final states in the 77, rest frame, respectively, and
g = (q°,q), k" = (K°, k) are the four-momenta of the 1, 2
and 3, 4 two-particle systems in the T7. rest frame,
respectively. Considering the crossed-channel effects of
the two identical z° in the final states, we also have

with sy, = g%, s34 = k2,
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P
- 909 1
iAree T5E = 7°(p3)D%(py)7°(py) DT = -
Tree| T¢ (P3)D°(p2)n°(p1)D* (p4)] 2\/§F,2,m,,o O mpo— zniz . irDT*O
D*
1

x5 72 T, Cijk€ (TP P13{’ (D2)

= mp =g+ i

where 5y3 = 12, 514 = 2, and I* = (I°,7), #* = (£, 7) are the four-momenta of the 2, 3 and 1, 4 two-particle systems in the

T, rest frame, respectively.
The LO amplitudes from the D**D®/D*¥D* rescattering diagrams in Figs. 5(b)-5(e) read

P
: 909~ Cop1 1
iA[Ted = 7°(p1)DO(p2)7° (p3) D" (pa)] =
cc 2\/§F,21m”0 (pg + pg) - Mmpe+ — (F;m':)!:i) 4ot m+
x e (Te)pipSI(py), (D3)
AT = B(p) D (p)a (py)D* (py)] = — 20 Con !
2\/‘Fﬂm”o (p(l) + pg) — mpes — (l;r;rpi) +i D*+
x e (Tt pipSI(p3), (D4)
P
. 1909 CODlex 1
iA[TeS = 20(p)D°(p2)a°(p3)D* (ps)] = — T
2V2Fmg (pY+ p}) — mpe — BBL 4 i
X €ijk€i(T:j)P1P31(P1> (Ds)
22
~ —i909"Copiex 1
iATeE = 7°(p3)D°(p2)n (p1)D* (pa)] = —
cld ce 2\/§F,2rm,,o (p?—l—pg)—mDH—%{-iruT**
x €€ (Tt P PSI(p3), (D6)
LATEE = 20(py) DY (p2)a(p3) D (pa)] = 2208 Cor2 b
2V2FIm (pY + p3) = mpo — BP0 4 i
x €€’ (T )P1P I(p3). (D7)
T = 2(p2) D () (p1) D (p)] = S0 Cov2 .
2V2Fmeo (p) + pg) = mpyo — BEBL o gt
X €ijk€i(TZ2r)P{P§I(P1>, (D8)
AT = 2(p D (p2)a(ps)D* ()] — 05 Cooe L
2V2Fmu (Y + pY) — mpeo _%+ i
x egee' (T pipAI(p3), (DY)
=2
. =909~ Copaex 1
iA[TeE = 2%(p3)D°(p2)n’(p1)D* (pas)] = 545
e 2V2Fm (p8+ pl) = mpo — BB e
x e (Ted)pi AT (py). (D10)

where p = (p%, p1), pb = (P%.P2), Ps = (pY,P3), and p} = (p, ps) are the four-momenta of the four final-state
particles in the rest frame of the 77, respectively. The masses m;, m, and mj5 in the loop integrals /(p;) are taken to be the
masses of D**, D**_ and D° in Figs. 5(b) and 5(e), and the masses of D**, D*°, and D™ in Figs. 5(c) and 5(d), respectively.
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The NLO amplitudes from the D*x rescattering diagrams considering the crossed-channel effects in Figs. 5(f)-5(i) are

P
. =909~ Cri 1
AT — 2(p1)D%(p2) 7’ (p3) D (pa)] = -
h AV2EZmZ (pY + p) — mper — BBl 4 i
X €i,;k€i(Ti‘-j)P£P§[1<l)(Pz) +1(p2)], (D11)
P
. i909°Cri 1
AT - 7°(p3)D°(p2)7° (p1)D* (p4)] = E—
" A2Fm% () + p3) — mper — BB Do
X €ijk€i(Tﬁc+)P{P]2€[1<])(P2) +1(p2)], (D12)
—2igog*C 1
lA T = JTO D() ”0 Dt — 0 rlex —
glTel (P1)D°(p2)7°(p3)D™ (p4)] N2F2m om, s (P2 + p0) — mpe — 0;,;;’:1)2 n iFDT”
x e (T PPV (p2) = 1(p2)), (D13)
. V2igog*C 1
lAg[Tjj - ﬂo(p?:)DO(pQ)ﬂO(pl)D+(p4)] = \/‘ 02 rlex 0 0 (Pr+7 )2 Tt
4 2Fﬂ.’m7[0mﬂ+ (p] + p4) — Mp+ —ﬁ‘k IDT
x €€’ (Te) pl AT (p2) = 1(p2)), (D14)
.o
. i909°Cro 1
A TS — ”0(191)DO(Pz)ﬂo(P3>D+(P4)] = - =
h AV2FTMZ, (P + pY) = mppo — BpP2E 4T
X €ijk€i(Tzf)P’{P§[1(l)(P4) - 1(p4)], (D15)
-
j i909°Cro 1
A TS — ﬂo(Ps)DO(Pz)”O(Pl)D+(P4)] = - =
e AV2F2Zm2, (p9 + pl) — mpo — 7“’;”1*0 BY  jigo
x €€’ (T P pAIT Y (pa) = 1(pa)), (D16)
. - 2’90§2C 2ex 1
iA[T:E = 2%(p)D(p2)2°(p3)D* (ps)] = . -
W2FImemg (p) + p8) = mpyo — BLP2E 4 gt
x €€ (TIPS (pa) + 1(pa)), (D17)
. - 2i90g2Cn26x 1
AT — 770(P3)D0(P2)”0(P1)D+(P4)] = = =
e W2ET Mo (p + p3) = mpyo — B BL 4 jTg0
x €€ (Ti ) PAPSIT™D (pa) + 1(pa)]. (D18)

where the masses n1;, m,, and mj in the loop integrals I'V)(p;) and I(p;) are taken to be the masses of D**, D**, and z° in
Fig. 5(f), the masses of D**, D**, and #* in Fig. 5(g), the masses of D**, D*°, and #° in Fig. 5(h), and the masses of D*?,
D**, and 7~ in Fig. 5(i), respectively.
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2. T — 2°D°z* D’ amplitudes

For the decay T} — D°D°zz*, the LO amplitude from the tree diagram in Fig. 6(a) reads

i909° 1
2F2 /M 01+ CIO — Mpo — ‘?_24_ l'FDT*O

2m .0
1

0 . cue (TP ph, (D19)
k _mD»Hr —2mn*+ +l 5

AT — 7 (Pl)DO(Pz)”+(P3)DO(P4>]

and the other amplitude from the crossed-channel effects of the final-state identical D° particles is

; i909° 1
iAT:E = 72°(p1)DP(pa)at(p3)D(pa)] = s
2F2\/m O mp« — ﬁ + ir,;o
1
X = e (T piph. (D20)
o — My — 2m;+ + lFDZH €ij cc )P1

The LO amplitudes from the D**D®/D**D* rescattering diagrams including the crossed-channel contributions in
Figs. 6(b) and 6(c) are

_ —igyg>C 1
iA[T:d = 2°(p1)D(p2)at (p3) D (ps)] = 2F29% (P + p) — gy — (1;3";;[:1) T+t m+
X €ijk€i<Tz:_)P1P31(Pl) (D21)
T2~ 2D (pa)a* (po) D ()] = 50 o e
VM (p) 4 pY) = mpee = BE il
x €€ (T:5) plpsI(py), (D22)
. —ig09* Copiex 1
iA[TeE = 7°(p1)D°(p2)7* (p3)D°(p4)) = B2 (4 ) — e — B T
X eijke"(Tﬁﬁ)plpzl(pl) (D23)
) —igyg>C 1
TS = () D (pa (py)D () = 30700 T —— o
X eijkei(T:j)pIPSI(pl) (D24)

Since the isospin of D**D? is 1 and no isospin vector double-charm tetraquark around the D*D threshold has been found,
the D*ODV rescattering in Figs. 6(d) is not promoted to LO.
The NLO amplitudes from the D*z rescattering diagrams considering the crossed-channel effects in Figs. 6(e)-6(h) are

V2igy5%C 1

iA [T — 720 (p1)D°(p2)at (p3) DY (ps)] = -

A2z Jiit (p§ + p§) = mper — BBy o

x €€ (TeH) php§ T (p2) + 1(pa))s (D25)
. 21909 C}Tl 1
iA[TeE = 2°(p1)D°(pa)n* (p3)DO(pa)] = =————

4\/—F2m 04/ 0N+ (p2—|—p3) mDH_%_’_iFDTH

x €ijpe (T25) P5PAITY (pa) + 1(pa)l, (D26)
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IAAT:E - 7°(p1)D°(p2)at (p3)D(py)] =

iAs[TeE = 2%(p1)D(pa)a* (p3)D°(pa)] =

iAy[Ted = 72°(p1)D°(pa)a™ (p3)D%(pa)] =

iA [Ted = 2%(p1)D°(pa)r* (p3)D%(p2)] =

iA[TeE = 2%(p)D°(p2)7* (p3)D(pa)] =

iAL[Ted = 72%(p1)D°(pa)nt (p3) D (ps)] =

ZiQOQZCﬂIex 1
=4 =2
4\/§F721m7r+\/ Mo Mg+ (pg + pg) — Mps+ — % + lFDT*Jr
X eijkei(sz)Pél’g[l(])(Pz) —1(p2)], (D27)
_ZiQOQZCﬂlex 1
- FRITERY
4'\/51:‘721"/”inr \/ M0 Mgt (p(z) + pg) — Mps+ — % + erT*Jr
x €€’ (Ted) P AT (pa) = 1(pa)], (D28)
- Zigogzciﬁ 1
- P RY
W2E T /Mg (p + pl) = mpo — B2l 4 jTg2
X €ijk€i(T?c+)P{P§[1<l)(P4) —1(p4)], (D29)
_ —V2igy5%Cps 1
4\/§F72Zm7[+\/ M 0M -+ (p(l) + pg) — Mpo — % + erTW
x €€ (Ted)ppSIY (p2) = 1(p2)). (D30)
_igﬂgzcﬂ?aex 1
- S =2
A2E T/ (p + pl) = mppo — BP2k 4 152
X €ijk€i(Tﬁc+)P{P]Z[1<l)(P4) +1(p4)], (D31)
_ig()gzcﬂiiex 1
- S =2
AV2F im0 g (p0 + pl) — mpyo — % +itgt
x €€ (TrE) pl pSITY (pa) + 1(pa)]. (D32)
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