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We investigate the S-wave scatterings of A,A, and A A, systems within a unified chiral effective field
theory framework up to next-to-leading order. The contact low-energy coupling constants are determined
by fitting to the lattice QCD results for the A A, scattering phase shift at an unphysical pion mass. After
extrapolating to the physical pion mass, we find a repulsive interaction in the 1(J”) = 0(0*) A A, channel,

consistent with the lattice QCD simulation. On the A, A, side, using the fitted contact low-energy constants,
we predict the phase shifts and potentials for A A, scattering in the 7(J¢) = 0(0~*) and 0(177) channels.
Attractive interactions are found in both channels, each allowing for the formation of bound states.

In particular, the attraction in the 0(17~) A, A, channel is stronger. In addition, our analysis reveals that the
spin-spin term caused by the two-pion exchange contributes significantly to the interactions, leading to a
distinct mass splitting between the 0(0~) and 0(17") A.A. channels.

DOI: 10.1103/7r33-df7z

I. INTRODUCTION

In hadron physics, the study of dibaryon (or hexaquark)
states has a long and intricate history [1]. Inspired by studies
of the nuclear force, the interactions of dibaryon systems
have been extensively analyzed using various theoretical
methods [2—-15]. Meanwhile, in recent years, the HAL QCD
method provides an approach for deriving baryon-baryon
interaction potentials from first principles [16-22].

Motivated by the aforementioned studies of light dibary-
ons, it is natural to extend the investigation to dibaryons
containing heavy quarks, particularly two-heavy-baryon
systems. The combination of chiral symmetry and heavy
quark symmetry makes heavy hadron systems ideal plat-
forms for studying hadron interactions. Among these, the
interactions of the A.A, and A A, systems have been
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investigated using various theoretical frameworks. Lee et al.
systematically studied heavy dibaryon and heavy baryo-
nium systems within the one-boson-exchange model [23].
They concluded that there are no H-dibaryon-like states in
the A A, sector but that A_A, bound states can exist. In
contrast, Refs. [24,25] suggested the possible existence of a
double-charm A, A, bound state. Chen et al. investigated the
A, interaction in the framework of chiral effective theory
(ChEFT) [26]. In addition, various other methods have been
applied to study double-charm dibaryon systems [27-40].
For instance, in Ref. [41], Huang, Ping, and Wang studied
H-like dibaryon systems with heavy quarks within the
quark delocalization color screening model, and their results
indicated that the A.A,. interaction is repulsive. On the other
hand, several theoretical studies have focused on the A A,
interaction or hidden-charm hexaquark states [42-45]. In
Ref. [46], Song and collaborators studied possible molecu-
lar states arising from the A.A, interaction mediated by @
and o exchanges. They found two bound states with
quantum numbers J©¢ = 0~ and 17~ and discussed their
production in nucleon-antinucleon collisions.

On the experimental side, the A A, system has
attracted considerable interest. The Belle Collabo-
ration first reported the Y(4630) resonance, with mass
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M = 463478 (stat) 73 (sys) MeV and total width T =
928 (stat) F)%(sys) MeV, in the cross section of e*e™ —
A.A, [47]. More recently, the BESII Collaboration
measured the cross sections for this process [48,49].
They found no indication of the Y(4630) resonant
structure reported by Belle. Additionally, they searched
for HX, a possible A.Z. bound state, via the ete™ —
T~ AF A process but observed no statistically signifi-
cant signal [50].

This leads to a natural question: What is the relation
between the A A, interaction and the observed charmo-
niumlike states? In Refs. [51,52], final state interactions were
introduced to explain the pronounced enhancements around
the AC/_\C threshold in the BESIII data [48,49]. In Ref. [53],
the mixing of S-wave and D-wave components of the A A,
wave function due to the tensor part of the final state
interactions was considered to explain the near-threshold
energy dependence of the ete™ — A.A, cross section
observed by the Belle and BESIII Collaborations [47,48].
Furthermore, the A A, structure has also been considered in
studies of the production and decay of the ¥ (4260) [54-56].
A systematic investigation of the A.A,, Z.Z., and A,A,
interactions was carried out in Ref. [57], where the ¥ (4260)
and Y(4360) were interpreted as possible A.A, baryonia.
Several studies based on direct analyses of experimental data
have investigated the A.A, molecular state [58—-60].

In summary, it is evident that studies of exotic and
charmoniumlike states can benefit significantly from inves-
tigations of the A.A, and A.A, interactions. Moreover,
given the intrinsic relation between the A A, and A A,
systems, it is desirable to describe both within a unified
framework, ideally with a common set of parameters.

In this work, we therefore present a simultaneous study
of the S-wave A_A, and A.A, interactions using ChEFT in
the heavy hadron formalism. Studies of low-energy baryon-
baryon interactions have achieved considerable success
within the ChEFT framework, e.g., for nucleon-nucleon
systems [61-66] and hyperon-nucleon systems [67—70]. By
incorporating heavy quark symmetry, ChEFT has also
demonstrated its effectiveness in describing the low-energy
dynamics of two heavy hadrons [26,71-77].

Because of the lack of experimental data or lattice QCD
(LQCD) inputs, the unknown low-energy coupling constants
(LECs) in ChEFT often have to be fixed using other models,
as in Refs. [26,71,73,74,78-82]. In this work, however, we
utilize the recently available LQCD data. Recently, Xing
et al. performed the first LQCD study of A.A,. scattering
using Liischer’s finite-volume method, extracting the scat-
tering length and effective range at a pion mass m, ~
303 MeV and lattice spacing a = 0.07746 fm [83]. Their
results indicate a repulsive interaction for the I(J¥) =
0(0") A A, system. Coupled-channel effects involving
NE.. and XX . were also discussed. This LQCD calculation
enables us to determine the corresponding LECs in the chiral

Lagrangians by fitting to the lattice data and then to
extrapolate the results to the physical point.

This paper is organized as follows: In Sec. II, we
introduce the chiral Lagrangians under flavor SU(2) and
derive the effective baryon-baryon potentials. In Sec. III,
we determine the contact-term LECs by fitting to the
S-wave A A, phase shifts from LQCD. Using these fitted
LECs, we then perform calculations at the physical pion
mass, obtaining the A_A, and A.A, scattering phase shifts
and potentials, and we search for possible bound states by
solving the Schrodinger equation. We also investigate the
SU(3) effects induced by the two-kaon-exchange contri-
bution and examine their impact on the binding properties
of the A A, systems. Finally, in Sec. IV, we summarize our
findings and discuss their implications for future studies of
doubly heavy hexaquark systems.

II. CHIRAL EFFECTIVE POTENTIALS

A. Effective Lagrangians

In this work, we adopt the ChEFT Lagrangian in the
heavy hadron formalism under the SU(2) case. We use
Weinberg’s power counting to study the A A.(A,) inter-
actions up to the second chiral order O(e?) at the one-loop
level, and the order parameters are ¢ = g/A,, where
q represents the momentum of a Goldstone boson and
parameter A, denotes the chiral symmetry broken scale or
the mass of the heavy hadrons.

In heavy hadron formalism, the lowest charmed baryons
can be categorized into the following multiplets. The spin—%
isosinglet is defined as [26]

[ 0 Aj} L { 0 [\;} o
= an = _
AR P TR o

for the antiparticle. The superscript ¢ represents charge
conjugation.
The spin-} and spin-% isospin triplets are defined as [26,73]

++ Zf ot Tt
pI 5 } 2 v
W3 - s+ 0 ’ W}* - s 0 ’ (2)
i Vi
and
S—— Py S k—— S qu
R R w |
Y3 = o _ | Y3 = _ _ (3)
P 50 P 550
V2 ¢ V2 ¢

for the antiparticle.
The heavy baryon (anti)fields can be projected into the

. 1+/ .
heavy components via the operators —* [34]:
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) 1 ) 1-
Bi — ezM,'v‘x + ’51//1_’ Blc — e—zM,LuxlI/lq 75’ (4)
2 2
where 1) represents the heavy baryon fields y/\“, y/gc>, or

z//gi)” and M, is the mass of the heavy baryon. v is the four-

velocity. We introduce the leading-order (LO) chiral
Lagrangian [26,52,73]

Lpy = %Tr[Bl(iv -D)B,] +2¢,Tr[B3S - uBB; + H.c]
+ g3 Tr[B4. u,Bs + H.c.] + g4 Tr[By.u,B; + H.c]
+ Tr[Bs(iv - D = 8,) B3] + 2gsTr[B5.S - uBs-, |
—Tr[By.(iv - D — 8,) By, + 29, Tt[B;S - ul3s]
(5)

and

1 .- _
Lpey = ETr[Bi(iv -D)BS§] —2¢,Tr[B5S - ul3§ + H.c.]

— gsTr[BSu,BS + Hee] — g, Tr[B u, BS + Hec.]

+ Te[BS(iv - D = 8,)B5] — 2gsTr[BS - uls. |

- Tr[BY (iv- D = 6,)B5.,] — 2, Tr[B5S - uBg],

(6)

for the pion-anticharmed baryon vertices, where Tr[- -]
denotes the trace in flavor space and we have the spin
operator S* = (i/2)yso**v,, the mass splittings &, =

My —M, and 6. =Mz —M, , and the covariant
derivative

Dy = dp + Ty +yTy, (7)

where F; is the transpose of I',. The chiral connection T',
and axial current u, are defined, respectively, as

1 .
Lo=300.8.  w=5{&08.  ®

with & = U = exp(;é/’), and

R

w3 and w3 are degenerate in the heavy quark limit,
which allows us to combine them into the superfields y*
and y* [26,73]:

1
yt =By — 75(#‘ + ")y’ Bs, (10)

_ 1 -
i = By + — By (y* + vt). 11
Y 3 \/53}’(7 U) ( )

In terms of the superfields, the LO contact interaction
Lagrangian for the charmed baryons takes a compact
form [26]:

Lpp = CTe[By B, Te[B, By] + C, Tr[B, By Tr[i, ]

+ C Tl Tel,p) + DTl o'y el ]

+ icde;waﬁ vaTr[lZ/pyﬁySTil//p]Tr[lpﬂwy}

+ iDbeuzza}U"Tr[l/_/ﬂyﬂ}/STil//p]Tr[V_/MTiwy] ’ (12)
where the C,, C,, C., D,, C4;, and D, are six
independent LECs and 7' represents the Pauli matrix

in isospin space. For the A.A, systems, the LO contact
Lagrangian reads

Ly, = C,Tr[B{BS|Te[B, By]. (13)

B. Effective potentials

Under the Breit approximation, the calculated scattering
amplitudes M (q) constructed from the above Lagrangians
can be related to the effective potential

B Miq)
V2M 2M2M2 M,

Vig) = (14)

By expanding the Lagrangian Eq. (12), we obtain the LO
contact A.A. potential

Ve = _8C,. (15)

Now we turn to the next-to-leading order (NLO). At this
order, there are two-pion-exchange (TPE) contributions;
the diagrams are shown in Fig. 1. Note that the football
and triangle diagrams vanish, since the A A 77 vertex does
not exist. Because of the large mass splitting o, =
My — M, = 233.5 MeV, we do not consider the %I

contributions explicitly; i.e., their effects are integrated

FIG. 1. Two-pion-exchange diagrams for the A A, system: the
planar box diagram and the crossed box diagram. The thin, thick,
and dashed lines denote the A, Z., and 7z, respectively.
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out and absorbed into the contact LECs. Therefore, the
expression for the TPE potential reads

3q7 2
AA, D9
2= [ S ot ot o

+st) + 15-]51 - 1Oq2(J§1 "‘sz _qz-]§1
2
—§42(0'1 )5 +q* (U5, + 205 + T

+ 1578 — 102 (J%, + J%,) [ (=85, =5,).  (16)

where the definitions and the calculation procedures of the
loop functions Jg/ R are given in Refs. [71,74,79,81,82].
The value of the 6, -6, operator is calculated with the
relation

(61-65) =2[S(S+ 1) =5,(S; +1) = S,(S, + 1)].

Expanding the Lagrangian in Eq. (13), we obtain the
LO A_A,. contact potential

A A,
Veont =4C,, (17)

where the C,, is taken as in Eq. (15). The contribution from
the annihilation term is ignored due to the lack of experi-
mental data or LQCD calculations for A A, scattering. The
TPE potential for A A, system is calculated as

vt =t (18)

In numerical calculations, a Gaussian regulator of the
form F(q) = exp(—q*/A*) is introduced to regularize the
ultraviolet divergence in the chiral potentials, where A is
the cutoff parameter [26,71,74,79,85].

For the single-channel elastic scattering process, we
calculate the two-body scattering amplitudes 7" by solving
the Lippmann-Schwinger equation

"2 "

T(p', psv/s) =V(p'. p) + / p(zﬂ;; V(p', p")

2u
X mT(p”,p; V), (19)

with /s the total energy of the two-body system in the
center-of-mass frame and p the reduced mass. The trans-
ferred momentum ¢ is related to the initial momentum
p = |p| and the final momentum p’ = |p’| in the center-of-
mass frame via

q*> = p>+p? =2pp’cosé, (20)

where 0 is the scattering angle. Based on the effective
potentials, we can solve the Lippmann-Schwinger equation

in Eq. (19) and then evaluate the S-wave A.A.(A.)
scattering phase shift using

(1)

To understand the potential behaviors of the A A, and
A A, interactions, we need to make Fourier transformation
on V(q) to get V(r), the potentials in coordinate space:

d*q

V(r) = / SaV@e T F Q. @)

Furthermore, based on V(r), we can solve the Schrodinger
equations to investigate whether the A A, and A/A,
systems can form bound states.

III. NUMERICAL RESULTS AND DISCUSSION

A. A A, interaction

The constant C, in the contact potential (15) shall be
determined by fitting to the LQCD data [83]. For the first
time in Ref. [83], a LQCD calculation was performed for the
1(JP) = 0(0")A A, scattering on two N = 2 + 1 Wilson-
Clover ensembles with the pion mass m, ~ 303 MeV and
lattice spacing a = 0.07746 fm. They obtained the scatter-
ing phase shift and determined the scattering length.

In Table I, we list the corresponding pion and charmed
baryon masses given in Ref. [83], which will be used in
the fitting procedure later. For g, in Eq. (16), we adopt
g» = —0.6 determined from the decay widths of the
process X. — A.m [26,86]. Note that C, and ¢, are
assumed to be pion mass independent [10,87]. The
dependence of the pion decay constant f, on the pion
mass has been studied in Ref. [88], and we adopt f, ~
93 MeV for the physical pion mass m, ~ 138 MeV and
[z~ 101 MeV for m, ~303 MeV. We have checked that
neglecting the pion mass dependence of f, does not affect
our conclusions.

The data points of the LQCD simulations, as well as our
fitted results of the 0(0")A A, scattering phase shifts, are
presented in Fig. 2, where the F32P30 and F48P30 ensem-
bles are both considered. Note that we exclude the data
points at high energy from each ensemble as in Ref. [83].
The parameters C, with uncertainties are determined by
minimizing the y?/d.o.f. It is observed that the fitted C,
gradually decreases as the cutoff A increases.

TABLE I. Baryon masses for different pion masses adopted in
the LQCD simulation in Ref. [83].

Ensemble m,/MeV M, /GeV My /GeV
F32P30 303.2 2413 2.572
F48P30 303.4 2.410 2.566
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FIG. 2. 0(0") A A, scattering phase shifts as a function
of aFE.,. The blue and red dots denote the LQCD data from
Ref. [83] for the F32P30 and F48P30 ensembles, respectively.
The gray-blue and light-red bands correspond to our ChEFT fits
of the F32P30 and F48P30 ensembles, respectively, obtained by
varying the cutoff A from 0.56 to 0.66 GeV.

Here, we give a comment about the finite-volume effects
of the lattice data we used. Although the Liischer quantiza-
tion condition converts the leading power-law volume
dependence of the two-particle energy levels into the
infinite-volume phase shifts, residual corrections of the order
of e™L remain. The two ensembles used in Ref. [83],
m,L = 3.81 and 5.72, correspond to exponential suppres-
sion factors of about 2.2% and 0.33%, respectively.
Therefore, such residual finite-volume effects are expected
to be small for the present analysis.

Then, the fitted C, can be used to estimate the A A,
scattering phase shifts at the physical pion mass. We
therefore calculate the 0(0") A A, scattering phase shifts
for m, = 138 MeV using two sets of C,, which are
presented in Fig. 3.

The phase shifts obtained at the physical pion mass show
only a weak dependence on C, and cutoff. Our calculation
confirms that the 0(0") A A, interaction remains repulsive,
consistent with the LQCD studies [83].

To illustrate the characteristics of this interaction, we
present in Fig. 4 the 0(0") A A, effective potentials in
coordinate space, computed with A = 0.60 GeV at the
physical pion mass. The calculation shows that the
attractive TPE contribution is considerably weaker than
the repulsive contact term, resulting in an overall repulsive
potential. It contrasts the results obtained with those
in Refs. [23,25] but is consistent with the results in
Refs. [26,41].

Finally, we discuss the y?/d.o.f. obtained in Table II. It
should be noted that only a limited number of phase shift
data points are available in the fitting region, resulting in a
small number of degrees of freedom. Consequently, the
obtained y?/d.o.f. values are relatively large. The limited
number of the data points can indeed affect the precision of
the fitted parameters and the obtained interaction potentials.

N
o

|
N
[=] o

|
N
o

0o [degrees]

|
[e2]
o

-80f
0.00

015 020 025 030

E [GeV]

005 0.10

FIG. 3. 0(0") A A, scattering phase shifts as a function of the
kinetic energy in the center-of-mass frame at the physical pion
mass. The gray-blue and light-red bands correspond to our
ChEFT fits of the F32P30 and F48P30 ensembles, respectively,
obtained by varying the cutoff A from 0.56 to 0.66 GeV.

0.10f

0.05¢

V(r) [GeV]

0.00¢

~0.05F . .
0 5 10 15 20

r[GeV™]

FIG. 4. 0(0") A.A. effective potentials in coordinate space at
the physical pion mass, with cutoff A = 0.60 GeV. Here, we set
C, = —3.65 GeV~2 from Table II.

However, we believe the general behaviors of our results
are not affected.

B. A A, interaction

Employing the effective potentials given in Eqs. (17)
and (18), we calculate the 0(0™*) and O(177)A.A.
scattering phase shifts as functions of the center-of-mass
kinetic energy at the physical pion mass, as well as the
effective potentials in coordinate space, using a fixed cutoff
A =0.60 GeV. The results are presented in Figs. 5
and 6, respectively.

As illustrated in Fig. 5(a), the phase shift of the 0(0~)
channel begins at 180° and decreases as the center-of-mass
kinetic energy increases, indicating an attractive interac-
tion. According to Levinson’s theorem [89], this behavior
suggests the existence of a bound state. Also, we find that
the two curves nearly coincide due to the similar C, values

054042-5
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TABLE II.  Fitted values of constant C,, with uncertainty (in units of GeV~2) in the A A, contact potential and the corresponding
y*/d.o.f., obtained using the F32P30 and F48P30 ensembles for various cutoff values A (in units of GeV).

A 0.56 0.58 0.60 0.62 0.64 0.66

C, (F32P30) —4.04 £0.19 -3.75+0.18 -3.714+0.17 -3.60 £0.16 -3.46 £0.16 —-3.38 £0.15
x%/d.o.f. 6.40 6.33 6.15 6.04 5.94 5.84

C, (F48P30) -3.90=£0.19 -3.73£0.18 -3.65+0.17 -3.55+£0.16 -3.44 £0.16 -3.36+£0.15
y%/d.o.f. 6.39 5.92 547 5.11 4.81 4.56

in the two sets. In the 0(177) channel [Fig. 5(b)], the phase
shift also decreases with increasing center-of-mass kinetic
energy, so this channel possesses an attractive interaction.
The consistency of the two channels originates from their
common contact potentials [Eq. (17)].

Then, we present the effective potentials in coordinate
space obtained with the fitted C, at A = 0.60 GeV in
Fig. 6. For both the 0(0~") and 0(1~~) channels in Fig. 6,
the LO contact interactions and NLO TPE interactions
are all attractive. Compared to the 0(0~"), the attraction of

= === (C,=-365GeV2
150t )
iy C, = —3.71 GeV 2
2]
)
o
S 100t
= b
SN
50F o .
0.00 0.05 010 0.15 0.20 0.25 0.30
E [GeV]
(a) 0(0™) A A
FIG. 5.

pion mass, with cutoff A = 0.60 GeV.

20

the 0(17~) TPE potential is stronger, suggesting that the
0(177) channel may support a more deeply bound state.
Now we proceed to solve the Schrodinger equation to
locate the 0(0~*) and 0(177) A A, bound states. After the
calculations, the dependences of the binding energies on
the cutoff A are listed in Table III. At A = 0.56 GeV, a very
shallow bound state starts to appear in the 0(0~") channel,
while a deeper bound state is found in the O(1~~) channel.
As A increases, the binding energies of both states increase
accordingly.

= === (C,=-365GeV2
150§
& 1 C, = —3.71 GeV~2
) \
o \
S 1001 \.
S, \
S
50  TTTM———
0.00 0.05 010 0.15 0.20 0.25 0.30
E [GeV]

(b) 0(177) AcA.

0(0~) and 0(177) A.A, scattering phase shifts as a function of the kinetic energy E in the center-of-mass frame at the physical

V(r) [GeV]

20

FIG.6. The 0(0~") and 0(177) A A, effective potentials in coordinate space at the physical pion mass using the cutoff A = 0.60 GeV

and the fitted C, = —3.65 GeV~2 in Table IL
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TABLE III. Dependence of the binding energies (in units of
MeV) on the cutoff A (in units of MeV) for the 0(0~") and
0(17") A A, systems. The results are obtained using the fitted
C, values from F32P30 and F48P30 ensembles, respectively
(see Table II).

0(0—") 0(177)
A F32P30 F48P30 F32P30 F48P30
560 0.2192 0.1192 8.6°0% 8.1104
580 0.3:02 0.2+02 107593 10.525%
600 0.5:04 0.5193 14.5792 14.1559
620 1,004 0.9704 18.671] 18.371
640 15503 15504 235112 233112
660 25508 23100 297413 29.5413

It is worth mentioning the mass splitting between the
0(0~*) and 0(177) channels. In Refs. [23,46], the 0(0~)
and 0(177) A A, systems produced the bound states with
almost the same binding energy. It is caused by the fact that
their spin-dependent terms were negligible in the S-wave
AA, interaction. In our work, however, the spin-spin terms
originated from the TPE potentials play a decisive role,
leading to a distinct mass splitting between the 0(0~") and
0(177) channels.

So, the splitting caused by the TPE can be treated as a key
feature in our ChEFT framework. This obvious discrepancy
between ChEFT and the model calculations [23,46] can
serve as a benchmark in future lattice and experimental
verifications.

Here, we can give some comments about the A.A,
annihilation contribution. The annihilation terms are usually
treated as short-distance dynamics. For example, the anni-
hilation contribution was parametrized, and the correspond-
ing parameters are determined from antibaryon-baryon
scattering phase shifts [90-92]. In our work, due to the
lack of direct constraints from A.A, scattering or annihila-
tion observables, the parametrized annihilation terms cannot
be determined in the present work. However, Ref. [52]
studied the experimental e*e™ — A,A, cross section data,
parametrized, and constrained the annihilation contributions.
The results showed that the annihilation terms are not the
main contribution near threshold.

Regarding experimental candidates, the ¥ (4630) reported
by the Belle Collaboration is unlikely to be a A.A,
molecule, as its mass peak lies significantly above the
A A, threshold [46,47]. In Ref. [58], a A_A, molecule was
identified, with its pole position determined by fitting to the
BESIII data [48]. Subsequently, an analysis of the ete™ —
A.A, data [49] predicted a A.A, bound state ~38 MeV
below the threshold using a single-channel approach [59],
while a coupled-channel study in Ref. [60] found a similar
pole but located above the threshold. Our results are
consistent with these studies that directly analyze the

experimental data. Based on our calculations, we suggest
searching for the 0(0~*) A.A, molecular state in the DD*
and D*D* final states. Meanwhile, the 0(177) state should
be sought in the DD, DD*, and D*D* channels. Such heavy
baryonium states may be accessible in, e.g., the B-meson
decays, ete™ and pp collisions at the LHCb, BESIII,
Belle II, and the future PANDA experiment.

C. The estimation of the SU(3) effects

To further investigate the flavor effects beyond the SU(2)
case, we extend the interaction to the SU(3) symmetry
framework by including the strange pseudoscalar mesons. In
the SU(3) case, the spin- and spin-3 charmed baryon fields
can be organized as antisymmetric and symmetric 3 x 3
matrices, respectively. Meanwhile, the # and K mesons
are included in the pseudoscalar meson field ¢. Since the
concerned vertices are negligible, we do not consider the 7
exchange here [52]. Therefore, the dominant SU(3) correc-
tion comes from the two-kaon-exchange (TKE) term at
NLO, as illustrated by the football diagram in Fig. 7. The
corresponding potential is given by

1

A(: A(,
AT

JE,. (23)

Including the TKE term, we can obtain the total potential
Ache _ ysheA, AA, AA,
VTotal - VConl + VZIT + VZK . (24)

Then, we can refit the LQCD results and present the
resulting C, with uncertainties in Table IV. myx ~ 524 MeV
is adopted for m, ~ 303 MeV [83]. Compared with the
fitted values in the SU(2) case, the values of C, shift after
including the SU(3) effects.

For the A A, interaction, the TKE contribution has an
opposite sign compared with that in the A.A, channel:

Vi = -Vai™ (25)

Using the C, in Table IV, we solve the Schrodinger
equation to search for the 0(0~*) and 0(17") A.A, bound

- -~

~a -

FIG. 7. Two-kaon-exchange football diagram for the A A,
system. The thin and dashed lines denote the A, and K,
respectively.
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TABLE IV. Refitted values of C, with uncertainty (in units of GeV~2) and the corresponding y>/d.o.f. for various cutoff values A

(in units of GeV) with SU(3) effects.

A 0.56 0.58 0.60 0.62 0.64 0.66
C, (F32P30) -4.98 £0.19 —-4.83 £0.18 —4.69 +0.17 —4.57+0.16 —4.46 +£0.16 —4.37+0.15
r*/d.o.f. 6.41 6.28 6.16 6.06 5.95 5.86
C, (F48P30) -4.85£0.19 —-4.72 £ 0.18 —4.61 +£0.17 —4.51+0.16 —4.42 +0.16 -4.33+£0.15
x*/d.o.f. 6.50 6.00 5.57 5.20 4.90 4.64

TABLE V. Dependence of the binding energies (in units of
MeV) on the cutoff A (in units of MeV) for the 0(0~") and
0(177) A A, systems. The results are obtained using the refitted
C, in Table IV. - --” means that there is no bound state.

0(1—)
A 0(0=") F32P30 F48P30
560 - 34108 3.010¢
580 - 49107 4.510¢
600 - 7.050% 6.6507
620 - 9.750%8 9.4109
640 132414 13011
660 o 17.753 17.4515

states at physical pion and kaon masses. The cutoff
dependences of the binding energies are shown in Table V.

Compared with the SU(2) case, the interactions here in
the two channels are still attractive, and the discrepancy
among them emphasized in Sec. III B still exists. Note that
the inclusion of KK exchange weakens the attraction in
both channels, causing the shallow bound state in the
0(0~*) channel to disappear and reducing the binding
energy in the 0(17~) channel. In a word, in the SU(3) case,
although both channels are still attractive, only the 0(177)
bound state remains.

IV. SUMMARY

Employing a ChEFT framework with a common set of
LECs constrained by LQCD simulations, we simultane-
ously investigate the S-wave interactions of the A.A.
and A.A, systems. Specifically, we calculate the A A,
and A_A, potentials up to NLO, incorporating both contact
and TPE contributions. The common LECs are determined
by fitting to the LQCD results for the I(J¥) = 0(07) A A,
phase shifts at a pion mass of approximately 303 MeV.
Using these LECs, we then explore the interaction proper-
ties at the physical pion mass, including phase shifts,
coordinate space potentials, and the possible formation of
bound states. The robustness of this study lies in its direct
connection to LQCD input.

In the A_.A, sector, our results consistently support a
repulsive nature for the 0(0") channel. A detailed analysis
of the effective potential in coordinate space reveals that the
repulsive contact term dominates over the attractive two-
pion-exchange contribution, yielding an overall repulsive
potential.

For the A.A, system, the phase shifts clearly indi-
cate attractive interactions. Further analysis of the coor-
dinate space effective potential and a search for bound
state solutions show that the attraction is more pro-
nounced in the 0(177) channel, where a bound state is
more likely to exist. The spin-spin interaction term, which
is non-negligible in our effective potential, emerges as the
key factor distinguishing the dynamics of the 0(0~)
and 0(177) A.A, systems—a refinement not addressed in
earlier works [23,46].

In summary, our results reveal that the A.A,. channel
with quantum numbers 0(0") exhibits a repulsive inter-
action. In contrast, both the 0(0~") and 0(17~) channels of
the A.A, system are found to be attractive, indicating
the possible existence of bound states, particularly in the
0(177) channel. In addition, there is a distinct mass
splitting between the two channels that is attributed to
the spin-spin terms in the TPE. Furthermore, we consider
the SU(3) effects induced by the TKE contribution and refit
the C, accordingly. Although both channels are still
attractive in the SU(3) case, only the O(17~) bound state
remains.

This work provides a consistent and comparative des-
cription of the A A, and A.A, interactions within a unified
framework constrained by LQCD data. The predicted
attractive potentials in the A.A, system, along with the
possibility of bound states, as well as the predicted splitting
brought by the TPE, motivate future experimental searches
and more refined LQCD simulations aimed at exploring
these exotic states.
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