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Under chiral effective field theory, we study the S-wave DD* interactions up to second chiral order at one-
loop level, which contain full contact, one-pion-exchange (OPE) and two-pion-exchange (TPE) contributions.
Here, we adopt a new subtraction scheme of the two-particle-reducible contributions and attempt different
regularization schemes uniquely for the TPE contributions since they are highly divergent on the momentum
transfer. Under these schemes, we conclude that, in the / = 0 channel, the TPE contribution is repulsive, then
the competition between this powerful repulsing TPE and the other two (contact and OPE) results in a quite
weak attraction. This explains why 7. has an extremely small binding energy if treated as the / = 0 DD*
bound state. This feature resembles that of hidden charm DD* as we investigated in previous work [Phys. Rev.
D 105, 034013 (2022)], which also interpreted the extremely near-threshold phenomenon of X(3872). In
addition, we also solve the Bethe-Salpeter equation with the chiral interactions for a consistency check.
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I. INTRODUCTION

The elaborate study of the heavy hadron interactions is a
crucial aspect in nonperturbative QCD physics. It helps us
to uncover the interacting mechanism of low energy QCD
where the fundamental quarks and gluons have been
confined and can also be directly utilized to understand
the heavy exotic states and near-threshold phenomena, even
serving as a nonperturbative QCD input to other areas. The
advantage in the heavy hadron sector is that the emergent
symmetry, i.e., the heavy quark symmetry, can be applied
to benefit our studies.

There have been many kinds of methods to deal with the
heavy hadron interactions and related exotic states. For
example, the one-boson-exchange (OBE) model is one of
the appropriate dynamical models. This model constructs
effective meson interactions by taking into account various
meson exchanges (7, o, p, ® mesons, etc.). For example,
Ref. [1] successfully applied the OBE model to the DD*
and X(3872) study. See Ref. [2] for details about the OBE
model. Other hadron-level approaches have also been
widely used, such as the contact-range method, local
hidden gauge approach, nonrelativistic effective field
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theory, and other effective Lagrangian approaches [3-7].
There also exists quark-level approaches, where the inter-
actions and concerned multiquark systems are evaluated
based on the quark model [8—11]. In addition, lattice studies
play an indispensable role in the area [12,13]. We also refer
to Refs. [14-21] for other approaches not mentioned.
Among them, chiral field effective theory (ChEFT) is
one of the promising frameworks dealing with the heavy
hadron interactions, which will be adopted in this work.

ChEFT was originally proposed to deal with the nucleon-
nucleon interaction [22,23], it has been fully developed in
the last decades, and it gives us a deep understanding of the
nuclear force [24-30]. Similar to chiral perturbation theory
[31], the ChEFT framework respects the chiral symmetry
and arranges the low energy nucleon-nucleon interaction in
a systematic way, so that the interaction is classified as
direct contact and multi-Goldstone exchange contributions.
Here unique schemes such as the Weinberg scheme have to
be applied to keep a correct power counting. In the
Weinberg scheme [22,23], with the standard power-count-
ing rule, one calculates the two-particle-irreducible (2PI)
diagrams, i.e., the effective potential, then iterates it into the
equation (e.g., the Schrodinger or Lippmann-Schwinger
equation) to retrieve the rest of the two-particle-reducible
(2PR) contributions.

In a word, two advantages of ChEFT are prominent: the
interaction is dealt with in a systematic way, and it
manifests as the multi-Goldstone exchanges; so it is
promising to apply ChEFT to the heavy hadron inter-
actions. In the heavy hadron sector, ChEFT adopting the
Weinberg scheme has indeed been developed in recent
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years. In Ref. [32], the authors introduced the ChEFT
framework to study the doubly bottomed system B B up to
next-to-leading order (NLO); especially, they analyzed the
two-pion-exchange contributions in detail. Based on this
pioneer work [32], the authors in Ref. [33] developed the
framework and applied the ChEFT to the doubly charmed
DD* system. A molecular state in the / = 0 channel was
predicted then, which just matched the T, state discovered
later. The author in Ref. [34] extended to the hidden charm
DD* system by considering the proper charge conjugation
properties of the heavy hadrons. The authors in Ref. [35]
systematically studied the DB systems and their
coupled-channel effects. Following this framework, other
two-heavy-hadron systems were also studied [30,36-45].

Follow our previous work [33], we continue to inves-
tigate the DD* interactions. DD* is a typical two-heavy-
hadron system and similar to NN, due to their same isospin
configurations and similar interactions with the Goldstone
bosons, so we can draw lessons from the research in the NN
sector. Furthermore, because of the additional symmetry,
i.e., heavy quark symmetry, the interactions in the heavy
hadron sector can be simplified to a good approximation.
Specifically, in this work the heavy hadron formalism will
be adopted. Therefore, the study of the DD* interactions
can surely help us to reveal the nonperturbative QCD
dynamics. On the other hand, due to the observation of T,
in recent years [46,47], the related DD* interactions are
now surely under the spotlight.

In 2021, T/ was observed by the LHCb Collaboration in
the distribution of the D°D°%zt invariant mass [46,47]; its
mass difference referring to the D°D** threshold is only
around 300 keV. Its extremely near-threshold nature as well
as the exotic ccii d content implicate T, as a possible DD*
molecular candidate. In theory, 7. and the DD* system
have been also studied in various models, such as the
molecular approaches [6,48-57], quark-level approaches
[58-64], and lattice simulations [65-75], as well as the
production mechanisms [76—79].

So in this work we will study the DD* interactions
within ChEFT. In addition to our earlier work mentioned
above [33], there have been other works discussing the
DD* interactions and T}, under ChEFT recently. The
authors in Ref. [80] revisited the DD* chiral interactions
of Ref. [33] by introducing the local momentum-space
regularization. The authors in Ref. [81] investigated the
two-pion-exchange contributions in a general formalism
(without the heavy hadron approach). Despite not being
DD*, authors in Ref. [82] studied the two-pion exchange of
the B¥B®™) and B*)B™) systems, where the coupled
channels were taken into account.

Notice that, in the investigation of the chiral interaction,
to properly study the heavy multiquark states and exotic
phenomena, an unitarization procedure is necessary. The
unitarization methods have been widely applied to different
areas, €.g., meson-meson interactions, NN interactions,

physics at LHC energies, and quantum gravity. Especially,
it achieves successes in the studies of hadronic bound states
and resonances such as f((500) and A(1405); see
Refs. [83—-86] for details. In this work, due to the lack
of the unitarization, we preliminarily discuss the relation
between our calculated interaction and observed T,
state.

In this research, we study the DD* chiral interactions
under ChEFT within heavy hadron formalism, up to NLO
at one-loop level, where the Weinberg scheme is adopted.
Confronting previous work [33], here we will further
correct the defect of the previous 2PR subtraction method
and elaborately explore the regularization schemes
uniquely for the two-pion exchange because of the intrinsic
difficulty it faces. We also solve the Bethe-Salpeter (BS)
equation to explore the consistency between different
iterative equations. Actually, main conclusions do not
change with our new results, but new insights about the
DD* binding force and the T, state appear.

This paper is organized as follows. In Sec. I, we briefly
review the chiral interactions of the concerned DD* system,
express the calculated potentials of the individual contact,
one-pion-exchange (OPE) and two-pion-exchange (TPE)
contributions, then discuss the 2PR reduction scheme and
the regularization of the potentials especially for the TPE.
In Sec. III, we present the numerical results along with an
elaborate discussion of the TPE contributions under differ-
ent schemes. In Sec. IV, we iterate the DD* chiral
interactions into the BS equation for comparing. The last
section is the summary.

II. THE CHIRAL INTERACTIONS OF THE DD*
SYSTEM

Following Refs. [32-34], we continue to investigate the
DD* interactions under ChEFT. This framework arranges
the amplitudes with an expansion parameter € = p/A, (p
stands for a small momentum, pion mass, or D — D* mass
splitting). Specifically, we will construct the Lagrangians
and interaction potentials by the order parameter ¢ with
Weinberg’s power-counting scheme [22,23]. Note that in
this work the flavor SU(2) symmetry is adopted.

A. The chiral Lagrangians
As in Ref. [33], we will calculate the amplitudes or
interaction potentials up to second order O(e?) at one-loop
level, so the D*)D®)z Lagrangian and 4 D*) contact
Lagrangian at leading order are needed.
Under the flavor SU(2) symmetry, the DD*z Lagrangian
at O(e') reads [87-89]

Ly, = —((iv-0H)H) + (Hv -TH) + g(HjysH)

1 _
—gé(Haﬂ”HaW>, (1)
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with the axial vector field u, =%{&", 0,6} and chiral
connection I', = £[&£7,9,], where & =exp(igp/2f) with

0

b=v2( ", 2)
-
The (D, D*) doublet H is
+

H= 5 1+ (Piy* + iPys),
_ . 1
H=y"H"Y" = (P)'y" + iP'ys) ;L ’
P = (D’ D%), P, = (D*,D*),. (3)

The contact Lagrangian at O(e°) is also needed [3,32,90],

L% = D, Tr[Hy, H|Tr[Hy"H)
+ Dy Tr[Hy,ysH|Tr[Hy*ysH|
+ E,Tr[Hy,w H|Tr[Hy 7, H|
+ E,Tr[Hy,yst*H]Tr[Hy*yst, H], (4)

where the low energy constants (LECs) D,, D, E,, E,
should be determined by other methods. The Lagrangians at
O(€?), which are needed to renormalize the O(e?) loop
amplitudes, can be found in Refs. [32,33].

The adopted Weinberg power-counting scheme [22,23]
tells us that, with the chiral power counting, we calculate the
sum of the 2PI diagrams first, then iterate it into the
Schrédinger, Lippmann-Schwinger, or BS equation, where
the 2PR contributions can be restored. Here we will calculate
the interaction potentials, then solve the Schrodinger equation.

B. The diagrams of the DD* scattering
and the DD* interaction potentials

The flavor wave functions |7; K) of the DD* system with
isospin / =0, 1 and momentum K can be written as

0.0: K) = T(IDOD*W ID*D*)),
1
1.0 K) = %(IDOD*W +|D*D™)),
) =|DTD™T),
|1,-1;K) = |D°D*"). (5)
pi=0 —3—92{—0 (d=1)0,J5(=8) — Ci(d —2)0,J5,(0) —
contact(2) ~ 2f2 1 @V 22 1 @V 22

— (dCy +2C4)J5,(=6.-6) —
—2C5(d = 3)(d = 2720, -5)

Cy(d = 3)(d = 2)J3,(0,0)
—2Cs(d—3)(d —2)J%(=5.0)}e - &", (10)

(@ (b)

FIG. 1. Tree-level diagrams of the DD* system at O(€"): (a) the
contact diagram; (b) the OPE diagram. The solid, double solid,
and dashed lines stand for D, D*, and 7z, respectively.

Considering the above flavor wave functions, we can
calculate interaction potentials V/=%! up to the chiral order
O(€?) at one-loop level (NLO). Just at this order, the
nontrivial TPE contribution emerges.

We now show the calculated potentials containing all the
2PI contributions. At O(€”) (tree level), there exists a OPE
and a contact 2PI diagram, which are shown in Fig. 1. With
the help of the Lagrangians (1) and (4), we obtain their
contributions to V=01,

Vilton(iact = Z(Da + Db - 3Ea - 3Eb)8 €, (6)
Vi ey = 2(Da =Dy + E, — Ep)e-e*,  (7)
3¢ 1
Vi 00)74f2 21t & (8)
_ 1g 1
V{;(l()) = 4f2 e L L e 9)

In the above expressions, the subscript (0) of V stands for
the order O(€%), g denotes the momentum transfer between
initial and final states, and m, m,, and m, are the masses of
z, D, and D*, respectively. In addition, & and &* are the
polarization vectors.

For the diagrams at O(e?), there appear one-loop TPE
diagrams, as well as one-loop corrections to the O(e")
contact and OPE diagrams, which are shown in Figs. 2 and
3. As in Ref. [33], we ignore the finite parts of the O(e?)
tree-level amplitudes here due to the lack of their LEC
information; of course, their divergent parts are used to
renormalize the O(e?) one-loop diagrams [33]. According
to Figs. 2 and 3, we now show the calculated V' at O(€?) as
individual contact, OPE and TPE contributions,

C10,73,(8) = C1 5, (=8.6) = C1J3,(8. —6)

—2C3J%,(5,8) = 2C4J5 (=6, 8) — 2C4J%, (5, —5)
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FIG. 2. One-loop 2PI diagrams of the DD* system at O(e?). The solid, double solid, and dashed lines stand for D, D*, and 7,
respectively.

I=1 _ g

contact(2) ~ 2_f2
- (Cs = Ca)Iy(8.-8) ~ AC5 T4y (5,8) + ACyT2(=5.8) + 4CI(8,~8) — 2Cs(d - 3)(d — 2)J%(0,-3)
—2C5(d = 3)(d = 2)J5y(=5.0) + [(2 = 3d)D, + (d — 2)D}, + (d — 6)E, + 5(d — 2) E,) % (5. =)

{=3Cy(d = 1)0,J5,(=58) = 3C5(d —2)0,J5,(0) + 3(Cy4 — C3)0,,J5,(8) + (C4 — C3)J4, (=85, 5)

—(d-3)(d-2)(3D,— D, — E, —5E;)J%,(0,0)}¢ - &*, (11)
-3 1
Vit = g7 g =z 9" Bld = D275 (=) + 3(d = 2)2,73,(0) + 30,13,(8) + (d = 3)(d = 2)5,(0.~)
+ (d=3)(d = 2)35(=5,0) = J%,(=5,8) = J%,(6, )] = 8¢*5}q - 29 - ", (12)
-1 1

Vi) = G o 10/ = 10,75(-5) + 3(d = 2)0,75(0) +30,5(6) + (d = 3)(d = 2)/5,(0.~5)

+(d =3)(d = 2)J3,(=6.0) = J3,(=5.6) = J3,(5.=6)] = 8¢°JG}q - eq - €". (13)

H[=3(d=3) T (=5.0)* + (d—3)7%(=5.0)§* — 6(d ~ 3)1%,(~6.0)7* +2(d—3)/%(=5.0)7*

=3(d=3)J(=0.0)g* + (d—3)J5(=6.0)G* +6(d=3)J5,(=56.0)¢° = (d = 3)J5,(=6.0)¢° + (d = 3)J5, (=8.-6)*
+3(d=3)(2d+1)75,(=5,0)3% +3J5,(=5,8) G — (d—3) (2d +1)J%, (=5,0) 3> — I, (~6.6)
+3(d=3)(2d+ 1)75(=6.0)4” +375,(=5.8)§" = (d=3)(2d + 1)T5(=6.0)§* = T3 (=6.6)¢°

(d-3)

=3(d=3)(d=2)(d+1)J}(=6,0)=3(d+ 1)J§;(=6.8) + (d=3)(d-2)(d+
) o/ 1(0)52—‘ZOJ1T1(_5>§2+3(d_3)‘10‘]§2(0)_2 3610‘]22( 5)‘?2
—(d-

1)J5 (=6,0)+ (d+1)J5, (=6.6)]g"
[ 4 (-
+2(d—=3)q0J5,(0)3* =240, (=8)G* +2(d—3)J35(0)§* —2J53(=6)

2(d—3)J34(0)q> —2J3,(-6)q”
)(d—2)q0J21(0) 40J§91(5)
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+(d = 1oL (-0)
+2(d—-1)J5,(-6

+(d - 3)J5,(-5.0)g*
= 2J%(=6,6)¢> = 3(d = 3)J§(=5,0)¢”
—3J5,(-6,8) — (d —3)J% (-65,0) +
—(d?> = 9)J%,(=5,0) + (d + 3)J% (=5, 68) + 3(d?
+ (d +3)755(=8,8)]g* + 3(d = 3)q0J7,(0)

= J5,(=6.8)¢

—2(d = 3)(d = 2)qoJ5,0 — 24075, (8) + 2(d —
NG + aiIE +4q5J5, + 4q5)5, + 405 e e +——

—6(d = 3)J%(-5.0)g*
+3755(=6.6)¢ + (d = 3)7§(=6.0)g
(d- 3)]51(—5, -5) + J§1(—5, 8) + 3(d* - 9)]?1(—5, 0)
—9)J5(=5.0)
= 340J7,(8) +9(d = 3)q¢J5,(0)

1)Q01§1<_5) -
e

16]"4
+ 6132(_ ) )q2

2(d =3)(d = 2)J3,(0) = 2J5,(5)

3 - 5
E S e 9s-0.07 4300007

+2(d - 3)J%,(-5,0)°
— Ji5(=6,8)g* + 6(d — 3)J5,(~5.0)
-3(d+ 3)./5;1(—5, )

—9)J5(=5.0)
—940J5,(5) + 6(d = 3)J3,(0)

—3(d + 3)J8,(=5.5) — (&
—6J3,(5)

+6(d = 3)qoJ3,(0) = 6q0J3,(8) + 6(d = 3)J5;(0) — 6J3; (5)}q ceq- €, (14)

=1

-1
2;:(2):@{
+(d—3)J5,(=5,0)g" +5(d=3)J% (-5

+((5-2d)d+3)J%(=6.0)g> = J5, (=6
2 (=
(d

[(d=3)75,(=6.0)g" +5(d—=3)J5,(—6.0)q"

J

+((5-2d)d+3)J%,(-5,0)3*> - JE
+(d=3)(d=2)(d+1)% (=5.0) +
+2[(d=3)g0J7,(0)¢” = q0J7,(=0)
+2(d-3)q0J5,(0)* ~
+(d_1)6]0jgl(_

5.5)

2g
+2(d= 1)L (=D + a5 + AT, +AaiE + AT e e +

+5(d—3)J%(=6,0)7> = 5J5%(=6,6)¢" +2(d
—10J%,(=8,6)¢° + (d—3)J3(—6.0)g> —J
—5(d=3)J%(=8,0)=5(d=3)J5(-5.—
=5(d*=9)J%(=6.0)+5(d+
+5(d+3)J5(-6.6)l4

+3)J5,(=6.6) - (&

+1)741(=6.6) +
+3(d—3)gqoJ3,(0
2q0J5(=8)q" +2(d~3)J5(0)
) =2(d=3)(d~2)qJ3;(0) —2q0J3, (8) +2(d—1)goJ%; (—

¢ =275(-6

+2(d—3)J%,(=6.0)g" +10(d—3)J5,(-5.0)¢*

0)g* =5(d=3)J5,(~8.0)§ — 5(d—3)J5 (~6.-0)F"

8)§* = 5(d=3)(2d+1)J%,(=6,0) = 5% (-6.6)§

G =5(d=3)(2d+1)J%,(-5,0)4*> - 5J%,(=6,6)
5(d—3)(d—2)(d+1)JR (=5.0) +5(d+1)JE (=5.5)]¢*
)q*

—3q0J5(=0)q> +2(d—3)J5,(0)§> = 2J3,(-6)q
)q* = (d—3)(d—2)q¢J3,(0) = qoJ3, ()
8)=2(d—=3)(d~2)J5,(0) —2J5,(5)

o =300 -7

=3)J5,(=6.0)¢° =273,(~6.6)¢° + 10(d - 3)J3,(~5.0) 4>

1(=6.0)4" +5(d = 3)J5(~0.0)" = 575(=6.6) 4% +J3,(~5.6)
8)+5J%(=6.6) = (d*—9)J5,(~6.0) +
—9)J5(=8.0)+
+(d=3)q0J7,(0) = goJ71 (8) +3(d = 3)q0J5,(0) = 39073, (8) +2(d —3)J3,(0) —2J5,(5)

(d+3)7%(~5.6)
(d+3)J8(=5.5)=5(d ~9)J%% (~5.0)

+2(d—3)q0J5,(0) —2q0J3,(8) +2(d - 3)J3;(0) —2J§3(5)}q'8q'€*, (15)

FIG. 3.

respectively.

One-loop 2PR diagrams of the DD* system at O(¢?).
The solid, double solid, and dashed lines stand for D, D*, and z,

I
where C,=D,+ D, -3(E,+E,), C,=D,—D,+
Ea - Eb? C3 = Da + Ea’ C4 = Db + Eb, and
Cs = D, — 3E,,. In the above, d is the space-time dimen-
sion originated from the dimensional regularization, ¢ is the
D — D* mass splitting, and )V relates to the scattering
amplitude M via V = M/(=/[[2M;][2M). In addi-
tion, considering the S-wave interactions, we have
- 1and - pe*-p» p*/(d—1).

The definitions of the loop function J are shown in
Egs. (A1)—(A6) (see also Refs. [32,33]). Also we list the
chiral order of each J in Table II, so one can conveniently
count the orders of Egs. (10)—(15). They are all collected in
Appendix A.
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Under Fourier transformation, we can get the potential

V(r),

V(r) = / %wmew, (16)

where V(p) is a polynomial of p, so the integral will be
highly divergent with increasing of the order.

C. The subtraction of the 2PR contributions and the
regularization of the potentials

To obtain a 2PI effective potential and further substitute
it into the equations, we have to subtract the 2PR
contributions appearing in all the 2PR diagrams, because
they violate the power-counting rule and cause pinch
singularities in our heavy hadron formalism.

Now take a closer look at a 2PR diagram, e.g., the box
diagram (TPE contribution) in Fig. 2. When closing the
energy contour integral, we are able to collect two poles in
the loop function: the pion pole and the heavy meson pole.
The pion pole belongs to the 2PI part and satisfies the
power counting, whereas the heavy meson pole belongs to
the iterated OPE contribution (i.e., 2PR part) and has an
enhanced chiral order that violates the power counting.
Furthermore, the heavy meson poles located in upper and
lower planes come too close, which produces a pinch
singularity in the heavy hadron formalism. Therefore, we
have to preserve only the pion pole.

To collect the pion pole, in our previous work [33] we
applied the substitution

/d4l ! - ! — X
v-l+a+ie—v-l—a-+ie
1 1
—>/d4l —(=1) — X
v-l+a+ie v-l+a+ie

(17)

when calculating the loop functions. However, such sub-
stitution only subtracts the heavy meson pole in the single
channel diagrams (e.g., DD* — D*D — DD*); the
coupled-channel diagrams (e.g., DD* — D*D* — DD¥)
are intact. So we extend the subtraction to contain all
the types of the 2PR diagrams,

1 1
d*l
/ v-l+a+i8—v-l—b+iex
1 1
4 -1 .
_)/dlv-l+a+ie( L B (18)

Note that, although the 2PR parts of the coupled-channel
2PR diagrams avoid the pinch singularities due to a tiny
separation of the two heavy meson poles (originated from
the mass splitting §), their contributions are still abnormally
enhanced (~1/68). Therefore, the subtractions of these
contributions are surely needed.

After discussing the subtraction of the 2PR contribu-
tions, we now turn to the regularization of the calculated
2PI potential. In previous work [33,34], we use a simple
Gaussian cutoff exp(—g*"/A>") to regularize the potential.
However, simple use of this regulator leads to two draw-
backs in the TPE calculation: an overestimation of the TPE,
as well as a highly sensitive dependence on the cutoff A.

The reason is that the calculated TPE potential is a
polynomial of momentum g (especially contains the terms
of high ¢ power), this NLO contribution just shows a good
convergence within a low g region (empirically, say, up to
27 mass, around 300 MeV). When we apply
exp(—g*"/A*"), the main contribution of the potential will
come from the region |g| < A. So if A is below 300 MeV,
the convergence would be quite good, i.e., the TPE
contribution (NLO) would be relatively small. However,
in practice, A is generally chosen to be 500-1000 MeV,
which means that the contributions in the region |g| < 500
(~1000) MeV are all included, breaking up the convergence
and causing TPE to be abnormally large. Actually, with the
increase of A, the contributions from the high g region will
grow rapidly and become dominant; note that these con-
tributions mainly attribute to the terms of high g powers in
the potential.

As we discussed above, with a relatively high A, the
main contribution of the potential comes from the high g
region and the terms of high g powers, which means the
TPE is dominated by short distance contribution. In the
coordinate space, this TPE potential would be a short
distance potential, the range it reaches can be shorter than a
contact potential. Therefore, if insisting on using the
practically determined A, we need to suppress the con-
tribution of the TPE in the region m, < |g| < A (where mg,
is typically around 2z mass, about 300 MeV) in addition to
the regulator exp(—g*"/A*").

So, here we could adopt the following schemes to deal
with the above problems in the TPE potential:

Scheme I: As we explained above, the chiral expansion is
reasonable, while the high ¢ contribution is excluded, only
when cutoff A is low, so we just constrain A to 0-450 MeV
here. In this case, we do not need to introduce additional
strategies to suppress the TPE. However, due to the low
chosen A, the potential may become less attractive with the
already fixed LECs; therefore, in this scheme, we refit
the LECs.

Scheme II: In this scheme, we do not constrain the A;
instead, we introduce a regulator F,,(g) to the TPE
contribution in addition to the overall regulator
exp(—g*"/A*"). The purpose of F,,(g) is to constrain
the highly divergent contribution beyond |g| = m,. For
Forr(q), we use

Forld) = (”—) (19)

G* +u,
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with n,, = 4. We adjust u,, so that the strength of the TPE
outside the perturbation region (|g| 2 m,) does not surpass
the strength in |g| < mg,.

Scheme III: In this scheme, we also do not constrain the
A, however, different from scheme II, we adopt another
strategy to suppress the TPE. We preserve the contribution
in the region |G| <my, then, we set the momentum
potential VII1(G) (superscript III stands for scheme III) to

a constant starting from |G| = mg,, i.e.,

VZ;[ (a)
VZn: (mch)

g| < mep,

@ -{ a=ma )
|q| 2 Mcp,
where V,,(g) is the unmodified TPE contribution. As we
discussed above, we choose m, = 300 MeV. This scheme
has advantages over scheme II: it not only suppresses the
TPE in the high g region, but lets the TPE have the same
ultraviolet behavior as the OPE and contact (they are both
constants in the large |g| region), as we will discuss below.

Here we give some comments on schemes II and III.
When we look into the individual contributions of contact,
OPE, and TPE in momentum space later, in Fig. 4, we can
find that, with the increase of ¢, the contact and OPE tend
to constants because of the contact terms in them, which
means that their sensitivities on A are same. It further
indicates that the two contributions can adopt a same
regularization procedure, i.e., they may be regularized with
a same regulator as well as the same A. However, the TPE
is not the case. The TPE contribution goes to infinity
because of the terms of high g power, so its ultraviolet

45 T T T 45

;
i [ === contact
.,' O,
30 :" memee 21 H 30
; 2-(A = )

o 7
b ’
Z 15 ; 15
) J
< s
= K
O 0

S 15

A= A=0.3GeV
30 L L 30 L
0.0 05 1.0 15 20 00 1.0 15 20
45 T T 45 T T
N
\Y
\.
30 430 \
\.
\.

o \
> 15 15 \
2 \
c "
s ' "
N S 0 S

s Juas oo B

A=0.7GeV A=1.1GeV
-30

. . . 0 . . .
0.0 0.5 1.0 15 20 00 0.5 1.0 15 20
4(GeV) 4(GeV)

FIG. 4. The original I = 0 DD* potentials V(g) in momentum
space attached with only overall regulator (21), varying with
cutoff A. Note that A = oo just stands for the totally unregulated
case. ¢ = |q| is the 3-momentum in units of GeV.

behavior is different from that of the contact or OPE.
Consequently, the TPE is very sensitive on the cutoff
parameter A, so a different regularization or A may be
applied. This is the reason we introduce schemes II and III.

Especially in scheme III, we set the TPE to a constant
beyond m, within which the expansion is valid, so that all
three contributions have consistent ultraviolet behaviors.
Based on this, we are ready to apply an unified regulari-
zation scheme to them. Therefore, scheme III is most
promising among the three schemes.

At last, note that, in all the schemes including I-III, we
apply the following overall regulator F(g) to the contact,
OPE, and TPE contributions,

F(g) = exp(=g™"/A*"). (21)

Of course, we emphasize again that, besides F(g), the TPE
is further dealt with using Eq. (19) (scheme II) or Eq. (20)
(scheme III).

After an elaborate numerical analysis, we find that the
above three schemes give similar potential behaviors and
bound state conclusions; so in the following section we
adopt our best choice, i.e., scheme III, to present the
numerical results and discussions. Later, we just briefly
mention the results of other two schemes.

III. NUMERICAL RESULTS OF THE DD*
POTENTIALS

With the calculated expressions of V(g) and the 2PR
subtraction scheme, as well as the proposed regularization
schemes in Sec. II C, we now present the numerical results
and discuss the behaviors of the D D* potentials with different
schemes in detail. In this work, we use the input parameters
following Refs. [33,34], especially the low energy constants
DM = —6.62, ERM = —574, D’SM = (), and ERBSM =,
where RSM means they are obtained using the resonance
saturation model. In addition, we use ¢° = &.

A. The original DD* potentials in momentum space

In this subsection, we discuss the potentials in momen-
tum space without any scheme applied, i.e., with only
overall regulator F(q) (21) attached. We list the results in
Fig. 4. Here we consider the / = 0 channel. Note that g =
|g| is the 3-momentum in Fig. 4.

From Fig. 4 we can see that, for the results without the
regulator (A = o0), when we restrict ourselves to the low ¢
region (e.g., ¢ < 0.3 GeV) the O(¢?) TPE is small, which
means that the convergence of our chiral expansion series is
good. Move sights to the high ¢ region, the contact and
OPE contributions both tend to finite constants with the
increase of ¢, which is reasonable because they have zeroth
power of g. However, the TPE contribution rapidly goes to
divergence with the increase of g because of the terms of
high g power in TPE, so its convergence surely breaks up.
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As we discussed before, it may indicate that the contact and
OPE can be applied with a same regularization scheme,
while the TPE cannot be. In conclusion, the high g behavior
of the TPE is totally different from that of the contact or
OPE. So we, indeed, need to adopt a distinctive regulari-
zation strategy for the TPE contribution.

We now focus on the results with the overall regulator
F(q) turning on. At A = 0.3 GeV, when looking at the
general line shape, we observe that the TPE contribution is
small compared to the contact and OPE contributions,
which shows a good convergence. As we explained in the
previous section, a low A means only the contribution
within the low ¢ region is preserved. When moving the
cutoff to a higher value (A = 0.7, 1.1 GeV) in Fig. 4, we
see the suppressed higher region contributions are gradu-
ally recovered. Among them, the TPE is much more
sensitive to the A than the contact and OPE, and it
consequently becomes abnormally large at a high A, so
that its relative magnitude is far beyond the contact and
OPE contributions. As we dictated in the previous section,
such TPE will become a short distance interaction which
possesses a shorter range than the contact interaction. In a
word, the TPE should be treated differently in the regu-
larization procedure.

We also mention that, in Fig. 4, the regularized TPE
preserves the unregularized TPE potential (black line) in
the low ¢ region, while in the high ¢ region they are
suppressed to zero by F(g). So the use of the regulator (21)
is reasonable because the low momentum contributions are
well preserved.

At last, we discuss the general behaviors of all the
contributions. From Fig. 4, we see the contact and OPE are
attractive while the TPE is repulsive. The judgment of the
repulsive TPE is one of our most important conclusions.
Note that it is consistent with the results of the / = 0 BB*
system, where the 6 = 0 limit is considered [36], and also
consistent with the D*)B(*) calculation in Ref. [35].

B. I=0 DD* potentials under proposed schemes

1. Scheme III

Through the above investigations, we speculate that a
careful treatment of the TPE is needed. So in this
subsection we show the 7 =0 results applying scheme
III, which is the most promising choice among the three
schemes as discussed in Sec. IIC. As we said, in this
scheme we constrain the TPE using Eq. (20). This scheme
has an advantage over scheme II: the TPE and other two
contributions will have a same high momentum behavior,
so that we can confidently use the same regularization
scheme (21) on them.

We depict the potentials in momentum space varying
with A in Fig. 5. From the A = oo case, we see in this
scheme that the TPE goes to a constant just as other
contributions. As we discussed in Sec. II C, in this situation

== contact
...... -
10 et 2.1
{= unregulated 2|
3°F
S
~ 10 -10
20 [+ 20
A= A=0.3GeV
30 -30
200 05 10 15,00 05 10 15
10 10 )
E og R s L -]
S
BA0p 0F e
T F oI
20 [ 20
A=0.7GeV A=1.1GeV
30 . . 30 . .
0.0 05 10 15 00 05 10 15
q(GeV) q(GeV)
FIG. 5. The I =0 DD* potentials V(q) under scheme III,

varying with cutoff A. ¢ = |g| is the 3-momentum in units of
GeV. The “unregulated 2 — z” stands for the totally unmodified
TPE contribution [A = o0, and no application of Eq. (20)].

all contributions have a same high ¢ (ultraviolet) behavior,
so we are able to use the same regularization procedure
[Eqg. (21)] on them. It brings a profitable consequence that
all three contributions have highly consistent dependence
on the A, as we show in Fig. 5 with A varying from 0.3 to
1.1 GeV. So the TPE is no longer dominant over the other
two at high A, and the expansion shows a good conver-
gence. In other words, it solves the problem discussed in
Sec. IIC.

In Fig. 6 we present the potentials V(r). As we expect,
the behaviors of the TPE contributions are consistent with
the V(q) shown in Fig. 5: the TPE rises synchronously with
the contact and OPE on A and grows smoothly when A
varies from 0.3 to 1.1 GeV; also, it does not get over-
whelmingly large at high A. In Fig. 6 at A = 0.94 GeV, the
potential V(r) can produce the mass of the T, state when
substituted in the Schrédinger equation.

From Fig. 6, we can see that the competition between the
powerful repulsing TPE and the other two (contact and
OPE) leads to a quite weak attraction, which explains why
T.. has an extremely small binding energy if treated as the
I = 0 DD* bound state. Therefore, we believe the repulsive
nature of the TPE in our framework is in accord with the
experimental observation. On the other hand, if the TPE is
attractive, we expect all three attractive contributions
should have caused a much deeper / = 0 DD* bound state.

The above feature of T'.. (I = 0 DD¥) is also very similar
to that of X(3872) (I = 0 DD*) presented in our previous
work [34]. In Ref. [34], we find that, for X(3872) treated as
a 0717+ DD* bound state, its TPE is repulsive while the
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FIG. 6. The I =0 DD* potentials V(r) under scheme III,

varying with cutoff A. Note that the potentials at A = 0.94 GeV
correspond to the observed T...

contact and OPE are attractive, which leads to a small
binding energy. In a word, this common feature shared by
X(3872) and T, especially the repulsive TPE, is respon-
sible for their extremely near-threshold phenomena.

2. Brief discussion of schemes I and I1

As we dictated at the end of Sec. II C, we will not present
the details of the scheme I and II results here, but give a
short discussion.

In scheme I, other than using an additional regularization
on the TPE, we actually restrict cutoff A to a low value to
maintain the convergence, as well as suppress the high ¢
contribution. Here we collect the results in Figs. 9 and 10 in
Appendix B. In this scheme, we observe that, because of
the adopted low A, the potentials span across large
distances, while the magnitudes of the potentials are
relatively small. This means that, at these low A, they
are very long-range potentials.

In scheme II, we apply an additional factor F,,(g) (19)
to constrain the TPE outside the perturbation region
(14| Z me). Numerical results show that the TPE contri-
bution in the high g region is largely suppressed compared
to the original highly divergent unmodified TPE just as in
scheme III, though under a different strategy.

In a word, in all three schemes the potential behaviors are
similar, and their conclusion about the bound state is also
the same: the near-threshold nature of the T'.. state may
originate from the competition between the TPE and the
other two.

There is a comment about schemes III and II. They all
preserve the TPE contribution in the low ¢ region,

30 T T T T
(a) = = = contact

= = = contact] ]
...... 1-n

........... 1-1
Se [cr=2= fmomm 21

e t021]

20 Y, = unregulated 21

=)
1

V(g) (GeV?)
V(r) (GeV)

01} 4

02 -

-03 -

2k . . s .
0.0 0.5 1.0 15 0 5

10
q(GeV) r(Gev')

FIG. 7. The I =1 DD* potentials under scheme III: (a) the
potentials V(q); (b) the potentials V(r). ¢ = |g| is the 3-
momentum in units of GeV. The unregulated 2 — 7 stands for
the totally unmodified TPE contribution [A = oo, and no appli-
cation of Eq. (20)].

while they modify that in the high g region. We can find
scheme II completely cuts off the high ¢ contribution,
whereas scheme III retains it to let the TPE coincide with
the contact and OPE at high ¢. Obviously, scheme III is
better. However, notice that the TPE at high ¢ are largely
cut by the regulator (21), so their final potentials present not
much discrepancy.

C. I=1 DD* potentials

Having discussed the I =0 DD* potentials in the
different schemes, we now show the [/ =1 potentials.
Here we adopt scheme III.

We first depict the / = 1 DD* potentials in momentum
space in Fig. 7(a). We can find that the contact contribution
is dominant over the small OPE and TPE; it is also
repulsive.

The I = 1 DD* potentials in coordinate space are shown
in Fig. 7(b). Consistent with the V(g) in Fig. 7(a), the
contact potential is dominant and repulsive; so the total
potential V(r) behaves as a strong repulsive force. Indeed,
when solving the Schrodinger equation, we cannot find a
bound state solution within a wide range of A.

IV. SOLVING THE BS EQUATION WITH THE DD*
CHIRAL INTERACTIONS

In this section, we alternatively solve the BS equation to
see the consistency between the results of the two
equations.

A. The DD* BS equation and interaction kernels

In this subsection, we first reduce the BS equation, then
give the expressions of the DD* interaction kernels.

For the DD* system carrying momentum K and mass M,
after the center of mass motion is removed, the BS wave
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function is defined as

il (%K) = (0|T[D

= CIIJ,I_J

i(4x) D} (A x)]| 1 K)

#(x, K). (22)
Here D(D**) is the field operator of the D(D*) meson, x is
the relative coordinate between D and D*, and we assume
D(D*) possesses the momentum & (k,) and mass m(m;,).
The subscript i(j) = 1, 2 is the flavor index, I and I5 are
isospin and third component, respectively, and

M(2) = my@p)/(my +m,). Note that, in the above, the
isospin coefficients Cj/; are determined according to the

isospin wave functions (5),

1 1
C12 — , C21 — _ ,
0,0 \/z 0,0 \/i
1 1
CIZ — , C21 — ,
1,0 \/z 1.0 \/z
CH =1, CiL, =1 (23)
The BS wave function in momentum space ;( "(k,K) is
defined via
Lu d'k I o —lkx
)(l/ (x9 K) = (2 )4 ij (k K) (24)

K01 k. K)
K (1 k. K)

Note that, in general, a kernel is expressed as a function of
the momentum transfer ¢ and p: K(,k,K) = K(p, ¢, K)
with relations ¢ = [; —k; and p =1[; — k,.

For solving the equations later, we decompose the relative
momentum k into the longitudinal and transverse parts:
k=kov+k, v-k, =0, with v = K/M being the four
velocity of the DD* system. Here we consider the instanta-
neous approximation: K(p,q,K)~K(p,,q;,K). In this
approach, we need to integrate out the longitudinal part
of Eq. (26) to arrive at a three-dimensional integral equation.
Defining y#(k,) = [ dks/2my"(k), we perform the contour
integrals [ dk,/2m on both sides of Eq. (26) and obtain

ﬂ(k) - / d3l _l(_gyﬂ h kgkg/m%”kf:_ulMerl)
2= | ) [(—200) (M + 01+ 02)(M + 0, —an)

i(_guﬂ + klz/kg/m%ﬂkf:/le—mz :|
(M =, + @) (M — @, — 0,)(2w,)

X Kéw(ptv qts K))(u(lt)’

Vm3 — k2.

(28)

with w; =

:,CDOD*+—>D°D*+(Z k K)

0 rys+ 0 ys+
:ICDD —-D"D (l,k,

where k is the relative momentum between D and D*.
Using k we also have ky = 11K + k and k, = L,K — k.
;(l] “(k,K) satisfies the following homogeneous integral
equation:

21l (k.K)

177 d4l la
:sD(kl)sD*(k2) (2 )4 mn(l K)]Cmm]av(l k, K) (25)
where s, is the propagator for DY, and K is the

interaction kernel. Notice that / is a relative momentum
too, so that Iy =2,K+1 and [, = A, K — [. Taking into

account )(l ;= C, I 7' and C’/ 1, Values (23), we reduce
Eq. (25) to the equation of y’#,

20 = solb)sg k) [ s Tt (LKD), (26)

where y# is the abbreviation of y’#. The specific I = 0, 1
kernels /C read

_ ’CD+D*0_>DOD*+(Z,]€,K ,
K) + KD D=0 (] kK.

) ~—

(27)

[
We consider the J¥ = 17 state only, so the BS wave
function y#(k,) can be constructed as

= e'(K)op(k,).

In addition, we normalize the obtained BS wave function
with

/ d*k d*l
(2z)* (271)
According to the 2PI diagrams in Figs. 1 and 2, we now

calculate K'="! [defined in Eq. (27)] up to the order O(€?).
Here we show the K at order O(e),

x (k) (29)

(k) LZO W(sz)] Y1) = 2K, (30)

’q;(iﬂ(m = —=8imymy(D, + D, —3E, —3E;)¢"",  (31)

Kioto) = =8imymy(D, = Dy + E, = Ep)g*,  (32)
1=0 2

Koy = —3im1m2J727p2 - Pip’, (33)
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TABLE I. The bound state solutions of the DD* BS equations
in the I = 0, 1 channels. The cutoff parameter A, calculated mass
M, and binding energy E relative to the D’D** threshold are in
units of GeV, MeV, and MeV, respectively. Note that the solution
at A = 0.79 GeV corresponds to the observed T state.

A M E M E
0.5
0.79 3874.7 0.36
0.8 3874.2 0.89
0.9 3869.9 5.19
1.0 3860.8 14.29
1.1 3845.8 29.29
1.3 3796.8 78.90
1.5 3705.8 169.29

I=1 92

=1,uv .

’Cl,,(ogl = —immy 27— p'pY, (34)

while K at order O(e?) are collected in Appendix C.

B. The numerical results

Here we solve the obtained BS equation above numeri-
cally. For the regularization of the TPE, we adopt scheme
I (20). Note that, due to the distinct formalism compared
to the Schrodinger equation, the application of scheme III
here is slightly different. For the terms with the structure g**
in the kernels K, we just apply Eq. (20), while for the terms
with the structure g#g* (or p¥p*), we replace g*q* with
q"q*m?%,/G* beyond |g| = mg, for consistency.

After solving the BS equation, we obtain bound state
solutions at some typical A values, which are listed in
Table I. We can see that the / = 0 channel has a bound state

400

100

0.4 0.6 0.8
k, (GeV)

0.0

FIG. 8. The obtained I = 0 DD* BS wave function ¢(k,) which
corresponds to the solution at A = 0.79 GeV, i.e., the T, state.

k, denotes the 3-momentum |Z,| in units of GeV.

solution emerging at around A = 0.79 GeV, and the bind-
ing energy increases with the variation of A. Also, the
solution at A = 0.79 corresponds to the observed T state,
while for the / =1 channel there does not exist any
solution in all the A range. These conclusions are surely
consistent with those obtained by solving the Schrédinger
equation in Sec. IIL.

Here we also depict the normalized scalar BS wave
function ¢(k,) of Eq. (29) in Fig. 8. From Fig. 8, we can
find that the behavior of ¢(k,) accords with that of the
typical bound state wave function.

V. SUMMARY

In this work, we studied the DD* interactions under
chiral effective field theory. Within heavy hadron formal-
ism, we calculate the DD* potentials up to order O(e?)
(NLO) at one-loop level. Comparing to our previous work
[33], we adopt a new 2PR subtraction scheme for the 2PR
diagrams and discuss multiple regularization strategies
unique for the TPE. We elaborately investigate the potential
behaviors under the proposed regularizations of the TPE.
At last, we solve the Schrodinger equations with the
obtained potentials and search for the bound state solutions
as well as their relations to the experimental findings. In
addition, we also solve the BS equations of the DD*
interactions for a consistency check.

Specifically, among the investigation, our improvements
of the framework are as follows. First, due to the inter-
mediate D*D* states as the coupled channel appearing in
some 2PR diagrams, we apply a proper 2PR subtraction
method to remove the additional poles brought by the
coupled channels, so that all the heavy meson poles are just
subtracted. Second, because the TPE contribution is highly
divergent on the momentum transfer g far more than the
contact and OPE, we believe a distinctive regularization
may be imposed on the TPE. So, in this work, we introduce
schemes to additionally deal with the TPE regularization.
The proposed schemes can properly tackle the TPE in the
high g region, so that the TPE and the other two (contact
and OPE) all exhibit consistent and unified behaviors.

Here we list our main conclusions and key findings. We
find that there exists a bound state solution in the / =0
channel, while no solution can be found in the I =1
channel, so the observed T, state indeed can be treated as
the I = 0 DD* bound state. However, the interaction detail
is most interesting: For the I/ =0 T state, the TPE
contribution is repulsive, then the competition between
the repulsing TPE and other two contributions leads to a
quite weak attraction. This just explains why the binding
energy of T, is extremely small.

The above feature of 7' just resembles X(3872). As we
indicated in Ref. [34], small binding energy of X(3872)
also comes from the balance between the repulsing TPE
and the other two if it is treated as a 0" 17" DD* bound
state. In conclusion, the repulsive nature of the TPE, which
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is shared by both T'.. and X(3872), is responsible for their
extremely near-threshold phenomena.
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APPENDIX A: DEFINITIONS OF THE LOOP
FUNCTIONS

Following Refs. [32,33], we define the loop function J as

{112,101 1211}

) le'u4—D
l/ 2o)P [(+/-)v- 1+ o+ ie| (P — m? + ie)

= {Jg/b, v"’]‘l’{b, v“vﬂlgfb +g%J

(1,12, 1008, 121P 17}

) le'u4—D
l/ Q2m)P (v -1+ w; +ie)[(+/=)v -1+ w, + ie] (I — m* + ie)

= (" o0 0PI+ g ag)

{1, la’ lozl/}7 l(zl/)’ly}

le,Ll4_D
/ @0) (E—m] + ie)l(q + I — m} + ie]

={J5. "IN\, °dP 5, + g7 T5,. (9 Vv 9)J5) + q°qP g T5, } (my, my, q),

{1,121 [°1P 1P 1 19)

dP P 1
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(gv )" + v I (m, 01, @), (A3)
(Ad)

i/le'u4—D
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R/B R/B
[Py (Vo)

R/B R/B R/B R/B R/B R/B R/B
+(gvo)5L" + (qv o) + v I8 (gv )P + (gv )80 + q d a P TR + (g v o) IR + vl T

(V) + (P AT (g v )"

with

qVv v = q"v/’ + q/’v",
q2 Vo= q[)’qua + qaq;’vﬁ + qaq/)’vy,
gV g=g"g° + 9°¢" + 97",

+ (quv H)J§9/B}(m1,m2,a)1,a)2, q)’

gVva=g"q" + 974" + 974"
qVv 1)2 = q}/vav/} + qﬂvavy + qa,l]/)’vy,

(A6)

gV =g + g"f + gPe,

V@ =9"I9° +a°¢P + "¢ 9 + ¢ 97 + g + ¢ g
gV vt = vl g0 + v* PP + v* Y g - TP g P 4 PP gt + Pt g,
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TABLE II.  The chiral order of each loop function J. Note that n stands for the order O(e") of a J function.
T T T R R A A3
n 1 2 3 3 4 4 0 1 2 2 3 3 0 0 0 2 2 0
/S T/S /S T/S /S T/S T/S /S /S T/S T/S /S /S c
J Jo/ Ju/ 112/ le/ Jzz/ 123/ Jzz{ J31/ 132/ J33/ J3z{ 135/ ‘,36/ Jo
n -1 -1 0 1 -1 1 0 1 -1 0 2 1 2 2
/S T/S T/S /S T/S /S /S T/S /s
S S TR A
n 3 1 -1 3 3 0 1 2 2
R/B  ,R/B  R/B  ,R/B  ,R/B  ,R/B ,R/B ,R/B R/B ,R/B  ,R/B  R/B  ,R/B
S S S A < S S VS TS S L S
n =2 -2 -1 0 -2 0 -1 0 -2 -1 1 0 1
R/B ,R/B R/B R/B  R/B R/B  R/B  R/B  |R/B
/R S S S S S A
n 2 0 -2 2 2 -1 0 1 1

q3 Vo= qﬂquﬁvu + qaquﬁyﬂ + qaqﬁqﬁv}/ + qaqﬂquﬁ,

qVv 1)3 = qﬁvuv/ivy + qu(lvf)’vﬁ + q/},uavy,v(s + qa,ufivy,uﬁ7

q2 Vv 1)2 = quﬁva,u/)’ + q[)’qﬁvavy + qaqﬁv/}vy + q/iqua,u(‘} + qaquﬂyé + qaqﬁvyvﬁ’
gV gV = qﬂvagy(‘} + qav/)’gyri + qévagﬁy + quagﬁé + qavﬁgﬂy + qavyg/ié + qr‘i,uyga/)’ + qﬁvﬂgay + qu(Sgaﬂ

+ qy ,U/}gaé + qﬂ U§gay + qﬁv}/gaﬁ‘

In the above, J? is related to J* via

Jb = Jg,

b __ a
J31 - _J31’

b __ a
Jll - _Jll’

b __ a
‘]32 - _‘]32’

b _ ja b _ ja
J21 - J21’ J22 - ‘]22’

(A8)

J9 and J" can be reduced to

i 02) = o) = (@), (A9)
Pon,n) = () + (@] (ALO

JS is related to J7 via

T(w-q) =Ji(-v-q),
ng :ng(_”'Q)a
Bs5(v-q) =T (=v- q),
ng(”'Q) :J§1(_”'Q)-
(v q) = =T5(=v - q).
J3s5(v-q) = Jis(-v - q).
Ji(v-q) =J5(-v-q).
Jis(v-q) = J5(-v - q).
Jis(v-q) = Jis(=v - q).
JASW(U"I) :JZ7(_U"I)-
Too(v-q) = =Jis(~v - q).
(A11)

(A7)
|
JR and J® can be reduced to
1
TR (@, 0,) = U (wy) = ()], (Al2)
@ — W

JB , = JTr +JS . Al3
(601 602) @, + o [ (0’1) (602)} ( )

Notice that in our main text the loop functions

/b T/S
J?j Jl] (ml,

my. @,q), and J&/ P (my.my. @1, 0,.q) in Egs. (A1)~(A6)
are abbreviated as ij/b(w), ij/h(a)l L), JT, Jl-Tj/S(a)), and
Jf/ B(a)l , @,), respectively.

Here we also list the chiral order of each J in Table II
based on the definitions (A1)-(A6).

(m’w)’ J?j/h(m7a)l7w2)’ J{;’(ml’mZv ('I)’

APPENDIX B: THE RESULTS OF THE
POTENTIALS IN SCHEME 1

Here we show the I = 0 results under scheme I in Figs. 9
and 10. We choose three typical A values: 0.25, 0.35, and
0.45 GeV.

Because of the insufficient strengths of the potentials at
such low A, we cannot get the bound state solution.
Therefore, by solving the Schrodinger equation with the
I=0V(r)atA = 0.45 GeV, we refit the binding energy to
the location of the observed T state by justifying the LEC
D, and E,. Note that, for an illustration, we do not search
for the parameter region of the LECs, but vary them around
previous DRSM and ERSM  with a same multiplier:
D, = cD¥M E = cERSM At last, we get ¢ =2.7 at
A =0.45 GeV, and we show the potential V(r) with the
refitted LECs in the last diagram of Fig. 10.
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H

FIG. 9. The I =0 DD* potentials V(g) under scheme I,
varying with cutoff A. ¢ = |q| is the 3-momentum in units

of GeV.

s s 30 L2 s s
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R

V(g) (GeV?)
V(r) (GeV)

A=0.45 GeV with
the contact fittied

A=0.45GeV

'3000’ 0‘5 1‘0 5 0 5 10 15 20 0 5 10 15 20
r(GeV'! r(GeV'
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FIG. 10. The I =0 DD* potentials V(r) under scheme I,
varying with cutoff A. Note that the LECs of the contact
contribution in the last diagram are fitted to 7., mass.

APPENDIX C: THE INTERACTION KERNELS OF THE DD* SYSTEMS AT O(¢?)

Here we list the kernels K/=%! at the second order O(e?),

1=0.uv

contact(2)

I=1uv

contact(2)

I1=0,uv
,Cliz(zl)l

I=1,uv
,Clﬂ(Zl)l

= imlmz%{G(Da + Dy, —=3E,=3E,)[(d—1)9,/3,(=8) + (d=2)0,J3,(0) + 9,,/3,(8)] +6(d = 2)(d = 3)

X (Dy=Dy+E,—E})J3(0,0)+6[d(Dy =Dy + E, — E})) +2(Dyy + E} ) |75 (=8,-6) +12(Dy + E4) /5, (8.6)
+12(Dy + Ep) I3 (=8.6) + 12(Dyy + E)J5, (6.~58) } g, (C1)
2
. 9
= imimy 5 {6(Da =Dy + By = Ey)[(d~ 109,05 (=8) +(d=2)94/3,(0) + 90 /3,(8)] +2(d — 2) (d - 3)

X (3D, =Dy —E,—5E};)J%(0,0) +4(d—2)(d—3)(Dy—3E})J%,(0.—8) +4(d—2)(d = 3) (D, — 3E},) J4,(—5.0)
+2[(3d=2)D, — (d=2)Dy+ (6 —d)E, + (10— 5d) E,J% (~5,—8) +8(Dy + E, ) J%, (5.5)

—8(Dy+Ep)J3,(=6.8) = 8(Dy, + E)J3,(8,-8) Y (C2)
. 1 94 9 b b b 3 g
lmlmzm f_4 4 ((d = 1)0,,J3,(=0) + (d = 2)9,J3,(0) + 9,5, (5)) + 4 (d =2)(d —3)J3,(0,-9)

3 g 3. 3 g e\ v
+3(d=2)(d=3)J5(=6.0) = 3/22(=6.8) = 3 /2(8.=8) | = 6-3J5 ¢ P"P". (C3)
- ! E b b b ! 9
lmlmzm JT4 4 ((d = 1)0,,J5,(=0) + (d = 2)9,J3,(0) + 9,/5,(5)) + 4 (d =2)(d —3)J3,(0,-9)

1 1 1 7 . )
3= 2= 3)I(-8.0) = 174 (=5.0) = 1 (6,-0)| -2 %55 b ()

Kono)” = Kants)" (4) + K3 (). (C3)
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with
Kl (q) = imymy—{[(d = 3)75,(=8,0)§" +2(d = 3)J%,(=6,0)¢* + (d = 3)J%,(=6,0)¢* — (d—3)J% (~5,0)F°

— (2d+1)(d=3)J% (=8.0)§2 I, (~5.8) P — (2d+ 1) (d— 3)T5,(=5.0)F ~ I, (~5.5)

J
+(d=3)(d=2)(d+1)J5,(=8,0) +(d+1)J5,(=6,6)]¢" +2[(d = 3) 407, (0)¢* = g0/ |, (=6) G
+3(d 3)q0J§2(0) QOJT (_5)‘?+2(d_3)J§4(0)é2_2-];4(_5)‘72"‘2(‘1_3)40]392(0)4—’2—240-];2(_5)572
+2(d=3)J3(0)¢* = 275(=8)q" = (d=3)(d—2)q0J3, (0) = qoJ5,(6) + (d = 1)goJ3, (=)
—2(d-3)(d=2)q¢J3,(0) =2q0J5, (8) +2(d— 1)qoJ5, (=8) —2(d—3) (d —2)J3,(0) - 2J3,(5)
+2(d = 1)J5(=0)l° +qpJ§ +4q] T, +4apt5 +4T5, 1"
rimm, S - 5.00P + I (5017
—2(d=3)J%,(~6,0)G" +27%5,(~6,6)¢" — (d = 3)J5(=6.0)§* + J§5(=6,6)¢> + (d=3)J5,(=8.0) = I, (~=5.)
+(d*=9)J%(=6,0) = (d+3)J5,(=8,6) + (&> = 9)J(=8.0) = (d +3)J§,(=6.8)]g* + (d = 3) g0/}, (0) = g0, (8)
+3(d— 3)‘10-] (0)- 36]0JS2(5)+2(d 3)124(0)_2134(5)+2(d_3)%J§2(0)_2QOJ§2(5)+2(d_3)J§3(0)
—21‘393(5)}4”61”, (C6)
(g A
K08 (0) = imym, 2 g8 (5, -0) (g + ()
ICI:L”D:IC;ﬂ(lgw( )+ICI l;w( )’ (Cg)

27(2)

(=5)[=(d=3)J%,(=6.0)q* =2(d = 3)J%,(=6.0)G* = (d—3)J5(=6.0)g* + (d = 3)J5,(—6.0) 4>
+(d=3)(2d+1)J%(=5.0)> + 7% (=6.6)G" + (d = 3)(2d + 1) T35 (=5.0)§* + T (=5.6) 4>
—(d=3)(d=2)(d+1)J5(=6.0) = (d+1)J5,(=6.0)]g" +2((d = 3)q0J7,(0)¢* = 401, (—6) 4
+3(d=3)4075,(0)3° = 3073, (=0)G" +2(d = 3)J5,(0)¢° = 273,(=8)G* +2(d = 3)q0J5,(0)§° = 2403, (—6) G

( (
+2(d—=3)J3;(0)g> = 2J3;(=6)G> = (d=3)(d =2)q¢J5,(0) = qoJ3, (6) + (d —1)qoJ 5, (—6)
—2(d-3)(d-2)q¢J3,(0) =24¢J3,(6) +2(d~ 1)goJ 3, (=6) =2(d —3)(d —2)J3,(0) = 2J3,(6)
+2(d=1)J3,(=8)]¢* +QOJ(§+4CI%JF1+4Q(2)J21+4122}9””

2 (—
—|—im,mzz‘q—f“{—5[—(d—3)J§2(—6,O)cf2+J§2(—5,5) —2(d—-3)J%,(-5,0)3> +2J%,(-5.8) 4"

= (d=3)J55(=8.0)8> + Ji5(—6.6)¢> + (d = 3)J%, (=5.0) = J5, (—6.6) + (d* = 9) /5, (=6.0) — (d = 3) /5, (~6.5)
+(d?=9)J5(=5.0) = (d+3)J5(=6.06)] g% + (d—3)qo /3, (0) = qo 1, (8) +3(d = 3)4073,(0) = 373, (5)

+2(d=3)J3,(0) =273,(8) +2(d = 3)qoJ3,(0) = 205,(8) +2(d = 3)J55(0) = 273;(9) }Q"q”, (C9)

-5(d-3)g*
4f4

Kyns) (p) = imym, IR (=58, -6)[P*¢" + p"p*. (C10)
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