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The spectrum of hadronic molecules composed of heavy-antiheavy charmed hadrons has been 3
obtained in our previous work. The potentials are constants at the leading order, which are esti-
mated from resonance saturation. The experimental candidates of hadronic molecules, say X (3872),
Y (4260), three P. states and P.s(4459), fit the spectrum well. The success in describing the pattern
of heavy-antiheavy hadronic molecules stimulates us to give more predictions for the heavy-heavy
cases, which are less discussed in literature than the heavy-antiheavy ones. Given that the heavy-
antiheavy hadronic molecules, several of which have strong experimental evidence, emerge from the
dominant constant interaction from resonance saturation, we find that the existence of many heavy-
heavy hadronic molecules is natural. Among these predicted heavy-heavy states we highlight the
DD* molecule and the D™ (") molecules, which are the partners of the famous X (3872) and P,
states. Quite recently, LHCD collaboration reported a doubly charmed tetraquark state, T¢., which
is in line with our results for the DD molecule. With the first experimental signal of this new kind
of exotic states, the upcoming update of the LHCb experiment as well as other experiments will

provide more chances of observing the heavy-heavy hadronic molecules.

I. INTRODUCTION4

The fact that quantum chromodynamics (QCD) is5
nonperturbative at low energy makes the calculation of
the whole hadron spectrum from first-principle too dif-
ficult at the present stage. The quark model proposed
in Refs. [1, 2] successfully classify plenty of hadrons
and its later developments after the birth of QCD (see,
e.g., Refs. [3, 4]) provide a remarkable description of
the hadron spectrum of ¢ mesons and gqq baryons.
However, there was little clear evidence for the multi-
quark states predicted in Ref. [1] until the discovery of
the X (3872) [5], also known as x.1(3872) in the Re-
view of Particle Physics (RPP) [6]. Since then many
near-threshold structures, e.g. the Z.(3900)* [7-9], the
Z.(4020)* [10, 11], the Z,(10610/10650)* [12, 13], the
Z:5(3985)~ [14] and the P. states [15], have been ob-
served in the worldwide high energy experiments. These
so-called exotic states are clearly outside the scope of the
traditional quark model consisting of gg mesons and qqq
baryons but their inner structures are still under debate
(see Refs. [16-32] for recent reviews of the multiquark
states).

One peculiar and thus important property of these ex-6
otic states mentioned above is that they are all located
quite close to the thresholds of a pair of hadrons that they
can couple to. Therefore it is natural to consider them
as hadronic molecules' composed of the corresponding
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INote that the concept of hadronic molecules have been extended

from bound states [33-35] to near-threshold resonances [36] and
virtual states [37].

hadron pairs and such an idea was widely explored in the7
literature, see Ref. [21] for a review of hadronic molecules
and Ref. [38] for a discussion of the general behaviors of
near-threshold structures. Although many works have
used different methods to explain certain properties of
these near-threshold states, a whole and systematic spec-
trum of hadronic molecules will deepen our understand-
ing of these exotic states. In Ref. [32], we have provided
such a spectrum for heavy-antiheavy (taking charmed
hadrons for example) hadronic molecules by solving the
single channel Bethe-Salpeter (BS) equation with con-
stant interactions, which are assumed to be vector meson-
exchange saturated. In this work we extend the work in
Ref. [32] to the heavy-heavy systems to make the spec-
trum more complete.

Note that all the experimentally established exotic8
states mentioned above are hidden-charm or hidden-
bottom ones. It is much more difficult to produce the
states with doubly heavy quarks than those with heavy-
antiheavy quarks since that require at least two heavy
quark-antiquark pairs to be produced and two heavy
(anti)quarks to move in a particular phase space region.
It is only until very recently that the first experimen-
tal evidence for a double-charm tetraquark state was re-
ported [39, 40], which immediately stimulated a series
of theoretical studies [41-54]. Despite that, many at-
tempts have been made to investigate the possible states
with doubly heavy quarks, see the discussions in Sec. IV.
On the one hand, the heavy antiquark—diquark symme-
try for antiheavy baryons may lead to the corresponding
doubly-heavy tetraquark states. On the other hand, like
the heavy-antiheavy systems, the heavy-heavy hadronic
molecules are also expected to exist.

This work is organized as follows. In Sec. II, we give a9
brief summary of the interactions between heavy hadrons
following the heavy quark spin symmetry. In Sec. I1I, the
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potentials resulting from these interactions are presented 1
and the molecular states obtained by solving the single
channel BS equation are listed. Some selected states are
discussed in Sec. IV, together with an incomplete review
on the status of such systems in the literature. We then
close this paper with a brief summary in Sec. V.

II. LAGRANGIAN FROM HEAVY QUARK?2
SPIN SYMMETRY

The interactions between hadrons consisting of one or 3
more heavy quarks, say ¢ and b due to their much larger
masses than the typical QCD scale, can be constructed
systematically under the guidance of heavy quark sym-
metries? and such Lagrangians can be found in, e.g.
Refs. [62-70]. The relevant Lagrangians and some de-
tails have been collected in our previous work [32] and
here we will just give the final results that are needed.
Note that in the following we are interested in the poten-
tial near threshold and will not consider coupled chan-
nels. Therefore, we only consider the coupling between
heavy hadrons and light vector mesons and omit the La-
grangian that results in potentials proportional to the
square of transferred momentum, g2.

A. Coupling of light vector mesons and heavy 4
mesons

The coupling of heavy mesons and light vector mesons 5
can be introduced by using the hidden local symmetry
approach [71? | 72| and the leading order Lagrangian is
expressed as [32, 64, 69]
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2For the spirits of heavy quark symmetries, we refer to the pioneer
works [55-59] and reviews [60, 61]

where a,b are the SU(3) flavor indices and 7
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mesons are collected into
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3)

Note that P; and P, are P-wave mesons where the to- 11
tal angular momentum of light degrees of freedom is
s; = 3/2. The P-wave mesons with s; = 1/2 will not be
considered here because the charmed ones are too wide [6]
to form bound states [73, 74] or considered as molecular
states [75] and the bottomed ones have not been found
experimentally.

B. Coupling of light vector mesons and heavy 12
baryons

In the heavy quark limit, the ground states of heavy 13
baryons Qgq form an SU(3) antitriplet with J¥ = %Jr
denoted by BéQ) and two degenerate sextets with JZ =

(%,2)+ denoted by (B{?, B{Y*) [68],
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TABLE I. The experimental candidates of heavy baryons pre- 1
dicted by quark model. The notations of experimental states
are taken from RPP [6]. The Zé*)(], Z and Q;° do not have
experimental candidates yet.
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Note that the heavy baryon multiplets have not been5
completely established experimentally and the experi-
mental candidates in RPP [6] of the above baryons pre-
dicted by quark model are listed in Table I. The isospin
averaged masses will be used in this work and no isospin

breaking will be considered. The Eg*)o, Ego and on have

no experimental candidates, and thus we use my.) =
b

(ng*w -+ ng*)_> /2 and Mz = Mg/

The Lagrangian for the coupling of heavy baryons and 6
light mesons is constructed as [32, 70]
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where the heavy baryons are expressed as bispinors, 8
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TABLE II. Values of the coupling parameters used in the 10
calculations.

gv B B2 G1 Be Bs 1
5.8 0.9 —0.9 0.16 0.87 —1.74
w2 [ 18 (18] [70,79]  [70, 79)

v, is the four-velocity of the heavy field, and tr denotes 12
the traces over both the spinor and light flavor spaces.

IIT. MOLECULAR STATES FROM
RESONANCE-SATURATED CONSTANT
INTERACTIONS

13

In the following we will solve the Bethe-Salpeter equa-14

tion T'=V + VGT [76] to search for poles of the scat-
tering amplitude T. The interaction kernel (potential)
V is defined as V= —M with M the 2 — 2 invariant
scattering amplitude so that a negative V' means an at-
traction interaction. Such a potential is also the same as
the nonrelativistic potential in the Schrédinger equation
up to a mass factor.

In Table II, we list the numerical values of the coupling 15
constants used in this work with the corresponding ref-
erences, which have been used in our previous work [32].
Note that the signs of g and s adapted in this work
are different from those in Ref. [70], the choice of which
is in conflict with the molecular interpretation of the fa-
mous P, states as well as those obtained by flavor SU(4)
relations [80].

A. Potentials from light vector meson exchange 16

The constant potentials of different systems assuming 17
the saturation of the light vector meson exchange can be
expressed uniformly as?
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with mq,my and mex the masses of the two heavy19
hadrons and the exchanged particle, respectively. 8; and
(2 are the coupling constants for the two heavy hadrons
with the vector mesons and are explicitly given as terms
of the couplings in Egs. (1) and (10) as

e 3; = 3 for the S-wave charmed mesons, 20

e 3; = —f for the P-wave charmed mesons,

3For the systems composed of two identical particles, such as DD,

the symmetry factor % cancels the additional u—channel contribu-

tion and finally this equation holds valid.



e f3; = 85 for the anti-triplet charmed baryons, 1
e and 3; = —fs /2 for the sextet charmed baryons.

F is a group theory factor accounting for the light-2
flavor SU(3) information, and in our convention a pos-
itive F means an attractive interaction. The wval-
ues of F for charmed-(anti)charmed and bottomed-
(anti)bottomed systems are listed in Tables VII, VIII,

TABLE III. Pole positions of double-charm-hadron systems 10

with / = 0 and P = +. FEi, in the second column is the
threshold in MeV. The results as given in the last columns
corresponds to using the cutoff A = 0.5 (1.0) GeV for Eq. (17)
used to determine the subtraction constant a(p) in Eq. (15),
respectively. In the last two columns, the first number in the
parenthesis refers to the Riemann sheet (RS) where the pole is
located while the second number means the distance between
the pole position and the corresponding threshold, namely,

IX and X in Appendix A for all combinations of

Ep = Eu — Epole, in units of MeV.
heavy-(anti)heavy hadron pairs (the ones for the heavy-

antiheavy systems have been given in our previous System| Ei, [MeV] Jr (RS, Ep [MeV))
work [32]). Notice that we use the usual relativistic nor- 0.5 GeV 1.0 GeV
malization for all the involved fields, i.e., a factor of mqms " T
has been multiplied to the amplitude derived from the D? 5 e 1+ (2,3.58) (L, 5.96)
Lagrangian in Egs. (1, 10) so as to get V in Eq. (13). D*D 4017 1 (2,268) (1, 7.07)
It is important to note that the isoscalar meson ex-3 DD, 4844 i+ (2,0.321) (1, 12.2)
change yields potentials with opposite signs for heavy- DDy 4885 (1,2,3)F  (2,0.277) (1, 12.4)
heavy and heavy-antiheavy systems while the isovector n
exchange leads to potentials with the same sign. Such D2Ds E220 (1, i) 12, 0267) ({1, 125)
observations are confirmed formally in Appendix A. Yede 4907 0 (1,2.72) (1,352)
B 4939 il (2, 43.4) (2, 10.1)
)23 4972 (1,2)* (1,2.79) (1, 35.1)
B. Poles of molecular states4 SR 5036 (0,2)* (1,2.86) (1, 35.1)
== + 5
Given the constant interactions between a pair of 5 :C:‘; B0 0,1) (2,40.1) (2, 8.55)
heavy-heavy hadrons, we solve the single channel BS Se=e 5115 (1,2)* (2,383) (2,7.73)
equation that is factorized into an algebraic equation, EUEA 5158 il (2,36.9) (2, 7.14)
Vv 6 EE 5225 (1,2)* (2,35.2) (2,6.4)
T=1—ve (14) == 5292 (1,3)F (2,334) (2,5.7)
i e _ E— D2, 4891 (3,5 (1,2.78) (1, 35.5)
to searc . or poles of the scatter.lng amplitude and in D»E, 4939 (5’ §)+ (1,2.83) (1, 35.5)
turn to give a rough but overall picture of the spectrum _ ? g .
of possible molecular states. Here G is the one loop two- D, =, 5001 (3:3) (1,2.89) (1,35.4)
body propagator that after the dimensional regulariza- DyE!, 5042 (2,25)+ (1,2.94) (1, 35.4)
tion (DR) [81] reads" Dy 5068 (1,33 (1,296) (1,35.3)
1 m? mi-mits. mi 8 DoE 5100 (1,2,2, 1)+ (1,3.0) (1, 35.3)
G(E) =16 {a(u) + logF t——, g m2 D Q. 5230 (3,3t (1,0.0298) (1,17.4)
k Dy, 5264 2,25+ (1, 0.039) (1, 17.5)
+E[log(2kE+s+A)+1og GKE+s=2)  plov| o1 (1 35¢ (L,00474) (1176)
DpQf | 5335 (3,3,3,3)" (1,0.0588) (1,17.7)

—log (2kE — s+ A) IOg(QkESA)}}v
(15)

where s = E?, m; and my are the particle masses, A =9
m?2 —m3, and
12

1
k= 7)‘1/2(E27m%am§)

5F (16)

triangle function. The DR scale p is chosen to be 1 GeV 14
and its variation can be absorbed into the subtraction
constant a(u). For the single channel case considered in
our paper, there are two Riemann sheets (RSs) that are
defined as Im(k) > 0 on the first RS while Im(%k) < 0 on

the second RS.

is the corresponding three-momentum magnitude with 13
Mz, y, 2) = 22 + 9% + 22 — 2xy — 2yz — 2z for the Killén

4There are typos in the expression of G(E) in the published version

of the previous work [32]. Another way to regularize the loop integral is to intro- 15



TABLE IV. Pole positions of double-charm-hadron systems1 TABLE VI. Pole positions of double-charm-hadron systems 5

with I =0 and P = —. See the caption for Table III. with I =1/2 and P = +. See the caption for Table III.
System| Een [MeV]  JP (RS, Ep [MeV]) 2 System| By [MeV]  J7 (RS, B [MeV]) °
0.5 GeV 1.0 GeV 0.5 GeV 1.0 GeV
D Dy 4289 1- (2,2.48) (1,6.94) DA, 4708 (3,59t (2,1.04) (1,9.31)
D D, 4330 2~ (2,1.65) (1, 8.69) DA, 4750 (3,5)*  (2,095) (1,9.51)
D*D, 4431 (0,1,2)=  (2,1.35) (1,9.12) D13, 4876 3,5+ (1,6.25) (1,47.5)
D*Dy 4472 (1,2,3)~  (2,1.0) (1, 10.1) Dy3, 4917 (3,5)*  (1,6.27) (1,47.3)
Ee 4337 i (1,1.92) (1, 35.3) D%} 4940 (3,2,9)T (1,6.28) (1,47.2)
= 4446 i (1,2.04) (1, 35.4) D,¥* 4981 (3,22, ) (1,6.29) (1, 47.0)
D*E, 4478 (4,5~ (1,219) (1,355)  DgZ. | 5005 1,5+ (2,14.2) (2,0.00911)
=58 4513 3- (1,2.11) (1, 35.4) D=, 5039 (2,5)*  (2,13.8) (2,0.00176)
D*=/, 4587 (3,2)" (1,2.31) (1, 35.5) Dy =, 5114 (3,5)* (2, 12.8) (1, 0.00636)
D*=¢ 4655 (3,2,5)~ (1,238 (1, 35.5) D=l 5148 (3,5)t  (2,124) (1,0.0175)
DQ. 4664 i (2,0.168) (1, 14.3) D2 5181 (3,2,5F (2,12.0) (1,0.0319)
DSy 4734 =N (2,0.129) (1, 14.6) Dgo=3 5215 (3,3,2,0)% (2,11.6) (1,0.0532)
DqY, 4807 (3,3~ (2,0.0507) (1,15.3)
D 4878 (3,2,5)7 (2,0.0308) (1, 15.6)
duce a Gaussian form factor, namely®, 7
G(E) = Pl wi +ws e ° (17)

47’(’2 W12 E2 — (w1 aF UJ2)2 aF ’L.E7

with w; = \/m? + (2. The cutoff A is chosen in the range9
of 0.5 ~ 1.0 GeV, which is believed phenomenologically
adequate [82-84], and then the subtraction constant a(u)

TABLE V. Pole positions of double-charm-hadron systems 3 in DR, is determined by matching the values of G from

ith I =1/2 and P = —. See the caption for Table III.
W /2 an See the caption for Table 4 these two methods at threshold. In the following we will
System| Eiy, [MeV] JP (RS, Ep [MeV]) use the DR loop with the so-determined subtraction con-
05 CeV 1.0 GeV stant for numerical calculations.
— - - In Tables III, IV, V and VI, we list all the pole po- 10
D Ac 4154 2 (2,3.44) (1, 5.62) sitions of the double-charm-hadron systems which have
D*A, 4295 (3,2)"  (2,253) (1,6.73) attractive interactions, corresponding to the masses of
D Y. 4321 ' (1,5.81) (1, 50.5) hadronic rgoi{ecfl{llse)s g)oulr;d stattlals on 1lst RShor virtual
N 53— states on 2n . For better illustration, these states
D*EC =33 123 B (1,5.85) (1, 50.2) are also shown in Figs. 1, 2, 3, 4, 5 and 6 together with
D*¥. 4462 (3,3) (1,5.97) (1, 49.7) the corresponding thresholds. Considering the constant
D*%} 4527 (3,2,5)- (1,6.01) (1,495) contact interactions saturated by the light vector meson
D,Z, 4438 % - (2,25.7) (2, 1.76) eic)(;h.ange Wit? the cg)lllgzlleg-zham‘lel eﬂiectsi ne.gletcttec}, Xi
— i- obtain a spectrum o adronic molecules in total.

D=, o7 . 23 (2,23.7) (2, 1.29) least the same number of molecules are expected to exist
D=, 4582 (3,5)"  (2,21.8) (2,0.882) for each of the charm-bottom and bottom-bottom sys-
IDEE 4614 %7 (2, 22.6) (2, 1.05) tems since it is easier to form a bound state with the same
DrE! 4691 ( % , % )~ (2,20.0) (2, 0.564) attraction strength due to the heavier reduced. masses;
_ B there could be even more as if the ground state is deeply

Dr=: 4758 (3,25~ (2,19.0) (2, 0.416) 5 . - -
s—c 2002002 ? ; bound excited states might exist as well as illustrated

5Note that unlike the dimensional regularization, this Gaussian form
factor will violate unitarity, i.e. Im [T~1(E)] = —ip(E) with p(E)
the two body phase space factor, if the same constant contact term
is used. However, if we focus on the near threshold bound or virtual
states, such a difference between Eq. (15) and Eq. (17) is negligible.



in the Jiilich meson-exchange model for hidden-bottom 1
pentaquark-like hadronic molecules in Ref. [85].

Besides the predicted molecular states mentioned 2
above, where only w, p and ¢ exchanges are considered,
we need pay some extra attentions to the K* exchange,
which is absent in the heavy-antiheavy systems due to
the sizeable symmetry breaking between s quark and u/d
quark. In most cases, K* exchange, if allowed, will con-
tribute a repulsive potential, see Table VII, unless two
channels are close enough and can be linearly combined
to an isospin-like (called U/V —spin in Ref. [86]) eigen-
states. Explicitly, the thresholds of DD? and D*D; are
close enough and they may form two U/V —spin eigen-
states,

U/V==4:DD:+D*D;3 (18)
The potentials of K* exchange are repulsive and attrac-4
tive, respectively, the strength of which can be also de-
scribed by Eq. (13) with |F| = 1 and mex = mg~. There-
fore, we expect a near threshold virtual or bound states
in the U/V = —1 systems of DD}. Some other similar
systems, such as ¥.Z} and X} =, the thresholds are not
that close and more efforts should be paid to the coupled
channel efforts, which is beyond the scope of this work.

IV. DISCUSSIONS OF SELECTED SYSTEMS 5

A. Heavy meson-meson molecules v.s. doubly 6
heavy tetraquarks

From Table VII, one sees that the attractions strength 7
for the isoscalar D) D* is half of that for the isoscalar
C = + D™ D* pairs.5 Thus, for the X (3872) as a DD*
bound state with J©€ = 11+ 7 the D™ D* system would
be less. From Fig. 2 we see indeed that the isoscalar
D™ D* systems are at the edge of forming bound states.
While for the isovector ones, the potential from p and w
exchange is repulsive and thus no molecules are expected.
The situations for D(*)D(l’g) and D1 2)D 1 2) systems are
all similar.

The T, state was recently observed in the invariantg
mass distribution of D°D%7T by LHCb [39, 40]. The
pole from an analysis using a unitarized Breit-Wigner
parameterization, considering the momentum-dependent

SFor the isoscalar systems, Vo) ps = %Vp - %Vw, which is about
half of V5 5« = %Vp 4F %VW considering V), =~ V,,, where V,, and
V., are the potentials due to the exchange of p and w, respectively.

"Notice that the narrow structure X (4014) reported recently by
Belle [87] is an excellent candidate for the 2T+ D*D* molecule [32,
83, 84, 88-91], and its mass (4014.4 + 4.1 + 0.5) MeV and width
(6 £ 16 + 6) MeV nicely agree with the predictions in Ref. [90].
The DD bound state obtained in the same way [32] (for early pre-
dictions, see Refs. [83, 92-96]) also receives support from a recent
lattice QCD calculation [97].

width of the D* from its decays, is located in the complex 9
energy plane at

—360 £4013 — i (24 +£2"9) keV,10  (19)
with the real part defined as the energy relative to thell
D°D** threshold [40]. ® This new state is a good can-
didate of the isoscalar DD* molecule, in agreement with
our result. Before this experiment signal, lots of pre-
dictions of such doubly charmed tetraquark states, being
either hadronic molecules [99-104] or compact tetraquark
states [104-134], have been made with various methods.

1. Heavy meson-meson molecules 12

The doubly heavy tetraquark states in molecular13
configurations were widely investigated in the litera-
ture [88, 99-105, 135-164] where predictions of many
doubly heavy tetraquark states including the T,. men-
tioned above as well as other systems were made.

The interaction between a pair of heavy mesons was14
estimated using the Born-Oppenheimer approximation in
the MIT bag model in Ref. [105]. The I(J) = 0(1")
di-meson T'(bbgq) was found to be a bound state about
70 MeV below the BB* threshold while the situations of
T(bcqq) and T(ccqq) were uncertain.

By solving the double-charm tetraquark system with 15
two realistic potential models, it was found in Ref. [99]
that the ground state tetraquark state has a configuration
of DD* molecule. In the constituent quark model, it was
also found that the di-meson configurations of Q@Qq¢g can
be bound [104].

In Ref. [161], the B®*) B™) scattering amplitude was 16
explored in the constituent interchange model and the
I(JP) = 0(1%) BB* and B*B* bound states together
with virtual states with some other quantum numbers
were found.

In Ref. [136], it was found that the long-range poten- 17
tial from one-pion exchange may be attractive enough to
bind the BB* system but insufficient for the DD* system
to bind, which has a smaller reduced mass. The existence
of DD* was also disfavored by the one pion exchange in
Ref. [88]. While the one-boson exchange model predicts
that the isoscalar DD* system can form an S-wave bound
state with a binding energy of 62.3 MeV (depending on
the cutoff) with the 7, p and w exchanges [100], 3 ~ 40

8 A simple Breit-Wigner parametrization of the peak convolved with
energy resolution leads to a width of (410 & 165) keV [39]. Note
that the T4 is very close to the DOD*t threshold, and thus the
Flatté parameterization is more proper than the Breit-Wigner one;
the former leads to a asymmetric line shape automatically while
the latter does not. It is also worthwhile to notice that the width
of a Flatté line shape can be much smaller than that of the Breit-
Wigner one when convolved with the energy resolution, as nicely
illustrated in the careful analysis of the X (3872) line shape by the
LHCb Collaboration [98].
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3 exchanges and coupled channel effects [101] or 3113 MeV 6
D* D, without coupled channels but with the cutoff fixed by
producing the correct binding energy of X (3872) [102].
4.45 . Besides, some other doubly heavy molecules including

DE:)) Dg:)) , BE“S)B((:)) and D® B with different quan-
tum numbers are predicted in these works as well as in
Ref. [164]. In Ref. [143], the potential between DD* from
the one-pion exchange supplemented by the contact term
435} T and the exchange of two pions was investigated in a chiral
2 effective field theory, and an isovector state was found to
be bound while the scalar one was not.
4.301 DD, 4 With the potential from a chiral constituent quark 7
model, the Lippmann—Schwinger equation was solved for
0~ - 2" 3 the DD-DD*-D*D* coupled channels in Ref. [141] and
= a stable doubly charmed meson with I(J¥) = 0(1") was
predicted. In Ref. [144], the similar strategy yielded
FIG. 2. The spectrum of hadronic molecules consisting of a4 iggscalar 0 and 171 beqq bound states, which are sta-
Pair.Of Chamfled mesons with I = 0 and P = —. See the g against strong interaction, but the isovector systems
caption for Fig. Il were found unbound.
We can notice that the results from these works, as8
well as those obtained here, do not all agree with each
MeV with the 7, p and w exchanges [103], 0.47 ~ 43 MeV 5 other. There are at least two possible reasons: the form
(depending on the cutoff) after including the 7, o, p and w of the potential, in particular the treatment of the short-
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changes and the coupled channel effects may change the 1
hadronic molecule spectrum quantitatively to some ex-
tent.

There are also lattice calculations of the potential be-2
tween a pair of heavy mesons [135, 137, 138, 147, 148].
The DD™) interactions were calculated on lattice [149)
and it was found that the potentials of the isovector sys-
tems are repulsive while those of the isoscalar systems
are attractive, qualitatively in line with the contact in-
teractions from the vector meson exchange reported here
(see Table VII). The isoscalar B*) B*) interaction from
lattice calculations [146, 150-155] in the static b quark
limit is attractive in the short range while for the isovec-
tor one, the attraction is weaker. It was found plausi-
ble for bbgq di-mesons to be stable under strong inter-
actions [145]. In Refs. [152-156], the Schrodinger equa-
tion with the obtained potential yields results that the
I(JP) = 0(1%) bbqq system has an attractive potential
between two B*) mesons strong enough to form bound
states but not strong enough in the isovector case. A
recent analysis on lattice [165] shows that the meson-
meson component in the I(JF) = 0(1") bbud state has a
fraction around 60%.

2.  Compact tetraquark states?3

Besides the molecular assignment, many works have4
investigated the compact doubly heavy tetraquarks via
various methods, including quark potential models [106—
108, 122, 166-178], quark models with heavy quark sym-
metries [109, 119, 120], QCD sum rules [111, 121, 179~
188] and lattice QCD [123, 125, 189-194].

In the quark potential models, it was found that the 5
QQqq is possible to be bound below the two-meson
threshold for certain potentials [166-169] but no bound
states can be found if all quarks have the same mass,
which was confirmed recently in a four-body calcula-
tion [172]. It was also found [173] that although the
possible configurations of tetraquarks proliferate, only
five of the candidates are stable, namely, ccqgg with
JP(L,S,I) = 1%(0,1,0) and bbgg with JF(L,S,I) =
17(0,1,0), 37(1,2,1), 07(0,0,0) and 17 (1,0,0), where
L and S refer to the orbital angular momentum and to-
tal spin of the two mesons that couple to the tetraquark,
among which the last one has a molecular nature.
The doubly charmed system was also confirmed to be
bound in Ref. [195] using different potential models while
in Ref. [196] only one doubly-bottomed system with
I(JF) = 0(17) was found to be located below the thresh-
old of the corresponding meson pair. With an adequate
treatment of the four-body dynamics in the quark model
picture of tetraquark states, it was found in Ref. [197]
that the I(JF) = 0(1%) ccud system is at the edge of
binding while the doubly-bottomed system is easier to
be bound. On the other hand, the analysis within the
chiral SU(3) quark model [198] or the relativistic quark
model [112] found that the I(JF) = 0(1%) ccud state
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is not bound but above the thresholds for decays into6
open charm mesons. In Ref. [163], two bound states of
I(JP) = 0(1%) bbud were found in a constituent quark
model, one deeply bound compact tetraquark and one
BB* molecule.

In Ref. [199], the masses of tetraquark states were ob-7
tained model-independently with known hadron masses
as input and it was found that four-quark states con-
taining two identical heavy quarks have a good proba-
bility of being stable against strong decay. In Ref. [119],
the ground states of hadrons are described by the quark
model and therein the mass of the predicted JZ = 1F
ccud state reads (3882 + 12) MeV using the measured
Z&F mass [200] as input, which nicely covers the LHCb
result. Ref. [119] also predicts a 11 bbud state to be at
(10389+£12) MeV, which is well below the BB* threshold
and thus stable under strong and electromagnetic inter-
actions.

By implementing the heavy antiquark-diquark symme- 8
try [201], the mass of doubly-heavy tetraquark states may
be predicted using the relation

m(QQqq) — m(QQq) = m(Qqq) — m(Q7), 9
the essence of which can be traced back to Refs. [202,10

(20)

203]. For instance, after the double-charm baryon
=X was observed [200], the lightest double-bottom

tetraquark state was predicted in Ref. [120] to be at
10482 MeV, which is below the BB* threshold and
stable under strong and electromagnetic interactions,
with J¥ = 171, using the doubly-bottom baryon masses
in Ref. [204] as input. The mass of cciid was de-
termined in this way to be 3845 or 3905 MeV [109],
3978 MeV [120], (3947 +11) MeV [130], 3900 MeV [116]
and 3929 MeV [132], see also the discussion in Ref. [205].
The spectrum of some other doubly-heavy tetraquark
states were also obtained in these works, including sta-
ble bbqq tetraquark states. Note that different from the
case of doubly-heavy baryons, where the heavy diquark
must be in a color anti-triplet, the two heavy quarks in-
side a doubly-heavy tetraquark can be in either a color
anti-triplet or a color sextet. The approximate heavy
antiquark-diquark symmetry is applicable only when the
color sextet component of the diquark can be neglected
and when the two heavy quarks are close to each other so
that they acts as a pointlike color-antitriplet source just
like a heavy antiquark. Thus, it cannot be applied to re-
late the heavy-heavy molecular systems to singly-heavy
baryons. Tetraquarks with the two charm quarks as a
compact diquark may exist in addition to the molecular
states. The mixing of these two configurations will make
the spectrum more complicated.

The spectrum of QQqq tetraquark states are explored 11
via the method of QCD sum rules in Refs. [111, 121, 179~
188]. In Ref. [180] it was argued that the molecular
current of DD* yields a similar mass with that of the
DD* + c.c. molecule and thus the result will perfectly
match 7. mass measured by LHCb if X(3872) is a



DD* + c.c. molecule. The mass of the cciid ground state 1
with J* = 17 was determined to be (3.90 + 0.09) GeV
in Refs. [121, 182], which is also consistent with LHCb
result. While in other works, it was found that usu-
ally the JP = 17 bbud state lies below the threshold of
BB* [111, 184, 185] while the charmed one is above the
corresponding DD* threshold [111, 179, 185].

The explorations of doubly-heavy compact tetraquark 2
states on lattice can be seen in, e.g., Refs. [123, 125, 189
194, 206]. Deeply bound tetraquark states, udbb, gsbb
and udbe with J¥ = 11 are predicted in Refs. [190, 193],
which are 189 4+ 10, 98 + 7 and 15 ~ 61 MeV below the
corresponding free two-meson thresholds, respectively.
Ref. [125] obtained similar results for the above sys-
tems and predicted another three bound states of ucbb,
udce and usce located just below the corresponding free
two-meson thresholds, and the masses of the double-
charm states are in agreement with those obtained in
Ref. [123]. In Ref. [194], the tetraquark operators for bbud

are constructed in both diquark-antidiquark ([bb][ad)])
and molecular ([b@][bd]) configurations and two states
were found on lattice, a compact tetraquark located at
189 4+ 18 MeV below BB* threshold and a molecular one

17 &= 14 MeV above the same threshold.

B. Heavy meson-baryon molecules v.s. doubly3
heavy baryons

Different from the meson-meson case, from Table VII4
we can see that double-charm meson-baryon systems are
more attractive or less repulsive than the hidden-charm
ones. Specifically, the D(*)Eg*) systems with isospin-1/2
are more attractive than the isospin-1/2 D®) ZE*) systems
while the latter are widely believed to be able to form
bound states with experimental candidates, namely, the
famous P, states [15]. Therefore, it is natural that more
deeply bound states of D(*)Eg*) exist, see Fig. 3. Sim-
ilar conclusions can be drawn for DLgEé*) systems, as
shown in Fig. 5, since they have the same form of leading

order interactions. Other systems including D(*)Eg*),

D17QEEI*)’ Dg*)Qg*) and DSl,SQQE*) are also predicted to
be bound easily, the spectra of which are shown in Figs. 4
and 6.

Similarly with the coupled channel analysis used in the 5
pioneering works [80, 207] of pentaquark states where
the P, states were successfully predicted, Ref. [208] ex-
tended such a study to the double-charm systems and
some deeply bound states of D(*)Eg*) with binding ener-
gies of O(100 MeV) were found. It was extended fur-
ther to the charm-bottom system and double-bottom
systems in Refs. [209, 210], and more deeply bound

states of DO and BWE{) with binding energies
of O(300 MeV) and B(*)Z,()*) with binding energies of
O(400 MeV) were obtained. There it was also found that
there are poles located about 100 MeV below the AD,
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A.B and A,B thresholds, respectively. Such conclusions6
are qualitatively consistent with our results that D(*)Zﬁ*)
and D(*)Eﬁ*) are attractive and the former is stronger.
The meson-baryon transitions between the coupled chan-
nels J/z/)N—ACD(*)—Ef;*)D(*) were explored in Ref. [211]
and it was found that a doubly-charmed state, Z7,(4380),
exists with almost the same mass as P.(4380). An S-wave
scattering of ground state doubly-charmed baryons with
the light pseudoscalar mesons were first investigated in
Ref. [74] and then in Ref. [212] by means of unitarized
chiral effective theory and several doubly charmed baryon
resonances were predicted. The spectrum was modified
by including the effects of the P-wave excitation inside
the charm diquark in Ref. [213].

The interaction between DA, or BA; from two-pion 7
exchange are investigated in Ref. [214] and it was claimed
that a BA, bound state from such an interaction is possi-
ble. In Ref. [215], the DA, BAc/b systems were found
possible to be bound by the o/w exchange interaction.
Systematic studies on the X D®) interactions within
the framework of chiral effective field theory [216] or one
boson exchange [103] were performed, and the I = 1/2
systems may form bound states with binding energies of
about several or dozens MeV, consistent with the results
obtained here, see Table V. Therein, deeper bound states
of the 2&*)3(*% Ez(;*)D(*) and El()*)B(*) systems were also
predicted to exist due to the larger reduced masses, as
expected.

The doubly-heavy pentaquark states with compact8
configurations were explored within the color-magnetic
interaction model [217], non-relativistic constituent
quark model [218] and QCD sum rules [219, 220]
where some narrow exotic pentaquark states were pre-
dicted, constituent quark model [221] where one strong-
interaction stable state, ccuds was predicted.

From Table V and Fig. 3, one sees that the lightest9
double-charm meson-baryon molecule is the one in the
DA, system. The state has a mass large enough for it
to decay into =..m and could be broad. So are the other
similar states.

C. Heavy di-baryons10

For heavy di-baryons, the leading order interactionll
from the vector meson exchange leads to evident binding

only for the Eg*)Eg*) systems, see Table III and Fig. 1.
The attractions for the =.=, related systems are too weak
and only remote virtual poles are found, which are not
robust somehow and can get sizeably modified by the
omitted momentum-dependent terms.

In our simple model the leading order interaction for 12
the A A, system is repulsive and thus it cannot be
bound. Within various models, it was found that the
AcA. system can not be bound by itself [222-227] but
Refs. [223-225, 228] showed that the coupling to the

strongly attractive X system may lead to a states



below A.A. threshold . In an analysis with QCD sum 1
rules [229], the states with the same quark components
as A A. were found all above the A.A. threshold. In
Refs. [215, 230, 231], on the contrary, the single channel
A.A. can be bound by itself; however, Ref. [231] warns
that a more thorough theoretical exploration is needed
to determine whether the A A. system really binds.

Some other doubly-heavy di-baryon systems were also2
explored. Several realistic phenomenological nucleon-
nucleon interaction models are employed in Ref. [232].

It was found there that the E((;/) Eg') and X Y. systems
can be bound in some models. From one-boson exchange
with coupled channel effects included, Refs. [222, 233]

found that Egl*)Egl*) and Qg*)Qg*) may be loosely bound
while the isoscalar £ systems can be deeply bound.
Similar conclusion was obtained in Ref. [224] within the
framework of quark delocalization color screening model

that the S{V%(") single-channel system can be deeply
bound. In Ref. [227], the potential of ¥.X. was de-
rived from a constituent quark model and a bound state
with I(J¥) = 0(0T) was obtained with a binding en-
ergy about 6.2 MeV. The long-range pion exchange force

is strong enough to form molecules of [Sq=y] §:=11/ |

[ZoAg) =) (@ = b,¢), [Z=]" =32 and [2,55)" 25 where

the S-D mixing is necessary [228]. In Ref. [231], the
ES)ES) were claimed to be good candidates of bound
states from the one-pion and vector meson exchanges
while it concludes that a more thorough analysis is nec-
essary to determine whether there is a binding for the
ATy
The di-baryon systems with two heavy quarks were3

investigated in Ref. [234] with a simple quark model but
no bound or metastable state was found.

V. SUMMARY4

In this work we have obtained an overall spectrum5
of hadronic molecules composed of a pair of charmed
hadrons, including all the S-wave singly-charmed mesons
and baryons as well as the sy = 1/2 P-wave charmed
mesons. The interaction is assumed to be dominated by
the light vector meson exchange and approximated by
constants at leading order, which are derived systemat-
ically from the couplings that satisfy HQSS and SU(3)
flavor symmetry.

One should keep in mind that the spectrum predicted 6
here should be regarded as the leading approximation
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mentum dependent terms (including both spin-8
dependent and spin-independent contributions)
may change the spectrum we obtained visibly, es-
pecially for the systems where the poles are far
away from the corresponding thresholds. The spin-
dependent terms will also lift the degeneracy of the
same system with different total spins.

The coupled channel effects have been neglected. In 9
some cases the coupled-channel effects may play an
important role in the formation of near threshold
states. However, it is common and natural that
the near-threshold pole found in a coupled-channel
system dominantly couples to a single channel, see,
e.g., the D%,(2317), which is dynamically generated
in the DK and D,n system but couples dominantly
to DK [93, 235, 236], and the E..(4083) state with
J¥ =1/27, which is dynamically generated in the
Y.D and Z/D; system but couples dominantly to
¥.D [208].°

The hadronic molecules shown in Figs. 3-6 canl0

couple to normal double-charm baryons as well as
channels with a double-charm baryon and a light
meson. It is expected that each of these two types
of systems also forms a spectrum. The physi-
cal spectrum of double-charm baryons should in-
corporates the mixing among all the three spec-
tra. Coupled channels including both the charm-
baryon—charm-meson channels and light-meson—
double-charm-baryon channels have been consid-
ered in, e.g., Ref. [208] for the E.. type molecu-
lar states. Mixing of light-meson—double-charm-
baryon molecular states with the normal double-
charm baryons with a P-wave excitation inside the
charm diquark has been considered in Ref. [213].
Yet, a model considering all the three kinds of chan-
nels does not exist so far.

The exchange of other particles, such as the light 11

scalar mesons, charmed mesons and charmonia, are
not considered, the effect of which can be partly
covered by varying the cutoff. In addition, the in-
teractions considered here are of leading order in
the 1/N, expansion, where N, is the number of col-
ors, i.e., the Okubo-Zweig-lizuka violating interac-
tions have been neglected. Such contributions will
also lift the degeneracy of the same system with
different total spins.

Therefore, although we expect the spectrum given12
here should present an overall pattern of the hadronic
molecules formed by a pair of charmed mesons and/or
baryons, specific systems may quantitatively differ from

of the spectrum for heavy-heavy molecular states, which
gives only a general overall feature of the heavy-heavy
hadronic molecular spectrum. The numerical results can
receive large quantitative corrections due to the limita-
tions of our treatments, which we discuss qualitatively in
the following.

e We have only considered the leading interactions 7 9The ¥.D bound state obtained in this work has a mass around
described by constant contact terms. The mo- 4.3 GeV, much closer to the threshold; see Table V and Fig. 3.



the predictions here due to the limitations of our treat-1
ments.

In total we obtained 124 double-charm hadronic?
molecules and we summarize the main feature of this
spectrum in the following.

1. Unlike the isovector D* D*) systems that are repul- 3
sive, the isoscalar ones have attractive interaction
from the light vector meson exchange and the total
potential makes the systems at the edge of forming
near-threshold molecules. With a reasonable cutoff
regularizing the loop integral, the binding energy of
the I(JF) = 0(17) DD* system is consistent with
the double charm tetraquark 7.} in LHCb obser-
vation. If the hadronic molecule structure of the
Tt is confirmed, which is rather natural given the
closeness to the DD* threshold, many other sim-
ilar states with I = 0 including D*D*, D*) D o,
D1 2D 5 can also exist.

2. Given that the famous P, states are hadronic4
molecules of D(*)Eﬁ*), it is natural to expect the
existence of double-charm D®X) and szﬁ*)
states with I = 1/2 because the attraction from
the light vector meson exchange for the latter is
stronger than that for the former. Similar conclu-
sions can be made for the D®EY*) and Dl,gEg*)
channels, especially when the P.s states are estab-
lished experimentally. The hadronic molecules in
other systems including DA, D; oA, DB
Dsl,gEg*) Dg*)Qg*) and Dsl,gﬂg*) are also pre-
dicted.

3. Within our simple model, in the double-charm di- 5
baryon sector, only isoscalar 2&*)29‘) systems are
expected to be good candidates of bound di-baryon
states. As discussed in the literature, the inclusion
of other contributions to the interaction as well as
the coupling to other channels may make additional
di-baryon bound states possible.

Due to the heavy quark flavor symmetry, the poten- 6
tials in the bottom sector are the same as those in the
charm sector, if using the nonrelativistic field normaliza-
tion, and we expect at least the same number of molec-
ular states in the analogous systems therein. Because
of the much heavier reduced masses of hidden-bottom
system, it will be easier to form bound states than the
charmed systems, and there may even be excited states
if the ground states are deeply bound, the treatment of
which, however, requires momentum-dependent interac-
tions and is beyond the scope of this paper.
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Appendix A: The flavor factor F' 10

In this section we list the factor F' that accounts for the 11
flavor information for the exchange of different mesons in
different systems. The essential point is that the vector
mesons, p,w and ¢, only couple to the light quark in
heavy or antiheavy hadron. The conclusion is that the
isoscalar vector, w and ¢, exchange have opposite signs
for qg and ¢q interactions while the isovector meson, p,
exchange has the same sign in these two cases. Note
that the negative C-parity of vector mesons has been
taken into account. The conclusion for isoscalar meson
exchange is apparent and in the following we give a brief
deduction for the case of isovector exchange.

For simplicity, we consider the hadrons that contain12
only one u or d quark. The Lagrangian for the isospin
structure, taking the p meson exchange for example,
reads

L=v¢p -1y +cc 13 (A1)
with ¥ = (u,d)T, ¢! = (uf,d"), T the Pauli matrices, 14
where 7" means transpose. Note that here we are only
interested in the flavor structure and hence we denote
the field creating a u quark by u! instead of @ to avoid
confusion with the field for antiquark below. The charge
conjugation term, which needs special attentions, is

cpt(p- )79 15

with ¢/ = (4,d)”, ¢'T = (a',d') and ¢ = —1 the charge 16
conjugation factor for the p meson. Using the common
convention for the isospin eigenstates,

) = [1),1d) = 1), |d) = 1), |@) = — 1), 17 (A3)
we rearrange the charge conjugation term as 18
cpir(p- 7)o = —cpl(p - 7)¢ 19

where ¢ = (d, —u)T = im31)’. Now we are ready to calcu- 20
late the isospin factors for gg and ¢q interactions via the

(A2)

(A4)
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isovector meson exchange. Explicitly, they are given by 1

1 forf=1 2
V. c Ty = , A5
ag ¢ T1 " T2 {—3 for I =0 (A5)

Vag = —Vyq- (A6)
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TABLE VII. The group theory factor F', defined in Eq. (13), for the interaction of charm-anticharm/charm-charm hadron pairs 1
with only the light vector-meson exchanges. Here both charm hadrons are the S-wave ground states. I is the isospin and S is
the strangeness. Note that we have collect the pairs with the heavy hadrons in the same spin multiples (such as DD, DD,
etc.) in one row, and the several numbers in the column of “Thresholds” represent the thresholds of these different pairs in an
increasing order. Positive I’ means that the interaction attractive. The values in the column of “F” correspond to those for

the exchanged particles in the column of “Exchanged particles” in order.

System 1 S Thresholds [MeV] Exchanged particles F
D™ D) /D) D) 1 0/0 (3734, 3876, 4017) p,w -5.5/—3,—-3%
0 3 l/é _1
= 272/ 29 2
DM D™ /D pt 1 1/1 (3836, 3977, 3979, 4121) K* 0/—1
DD /D D 0 0/2 (3937,4081,4224) ¢ 1/-1
DMA,/DXA, 1 0/0 (4154,4295) w —-1/1
DA, /DA, 0 -1/1 (4255, 4399) - 0/0
DW=, /DHE, 1 -1/-1 (4337,4478) Py W -1,-1/-11
0 3 _1/3°1
a 27 2/ 22
Dz, /D=, ! —2/0 (4438, 4582) ¢ ~1/1
D®sP /pHg E 0/0 (4321, 4385, 4462, 4527) 0w —1,-1/-1,1
3 2,-1/2,1
DM piHs 1 ~1/1 (4422, 4486, 4566, 4630) - 0/0
DWEM /pW= | 1 _1/-1  (4446,4513,4587, 4655) p,w N
0 3 _l/é 1
_ ’ / 29 2/ 272
DM /e | 1 —2/0 (4547, 4614, 4691, 4758) ¢ ~1/1
DM /DM L —2/0 (4562, 4633, 4704, 4774) - 0/0
Dral /piral 0 —3/—1  (4664,4734,4807,4878) é —2/2
AA /AN, 0 0/0 (4573) w 2/-2
AE/AE, 1 /-1 (4756) w/K* 1,0/-1,-1
el /EeEe 1 0/—2 (4939) 0, W, P -3.3,1/-3,-3,-1
] 0 $11/31-1
AP /A ST 1 0/0 (4740, 4805) w/K* 1,0/—1,-1
AED /A 2D Lol (4865, 4932) w 1/-1
A /A 08 0o 2/-2 (4982, 5052) - 0/0
»ME, /2=, 3 1/ -1 (4923, 4988) p,w, K* ~1,1,0/ — 1,1, -2
% 2,1,0/2,—1, -2
= EI(*) = ':'/(*) 1
BB’ BB 1 0/ -2 (5048, 5115) P, W, —é,%@/?,:%,—l
B 0 575,1/5372371
=00 /z.08 1 1/-3 (5165, 5235) 6, K* 2,0/—2, —2
= /mn) 2 0/0 (4907, 4972, 5036) pyw 0,95, —9
1 %29, 2
0 4,2/4, -2
nMEM m= 0 3 /-1 (5032, 5097, 5100, 5164) p,w, K* ~1,1,0/—1,-1—2
1 2,1,0/2,—1, -2
=0 /ol 0 2/—2  (5149,5213,5219, 5284) - 0/0
=WEW/EHEMl 0/ -2 (5158, 5225, 5202) p,w, & — e
o 0 §41/3 -1
=0 /=20l s /-3 (5272, 5341, 5345, 5412) o, K* 2,0/—2, -2
ool /el 0 0/—4 (5390, 5461, 5532) ¢ 4/—4
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TABLE VIII. The group theory factor F, defined in Eq. (13), for the interaction of charm-anticharm/charm-charm hadron 1
pairs with only the light vector-meson exchanges. Here one of the charm hadrons is an s; = 3/2 charm meson. See the caption
of Table VII.

System 1 S Thresholds [MeV] Exchanged particles F 2
DM D, /DM Dy 5 0 0/0 (4289,4330,4431,4472) p,w 3 4/3,-1
L1 11
) 1 0/0 3.3/ —3:~%
D¥ Dy 2/D® Dy 4o 1 1/ -1 (4390, 4431, 4534, 4575) — 0/0
DD, /DDy 5 L ~1/1 (4402, 4436, 4544, 4578) - 0/0
D$Dg1 42/D8 Dyy 52 0 0/—2 (4503, 4537, 4647, 4681) ¢ 1/-1
D1’2D1,2/D1’2D1’2 0 0/0 (4844,4885,4926) p,w %, % %7—%
1 _1 l/ 1 1
- 212/ 7272
Dg1,s9D1,2/Ds1,52D1 2 i 1/1 (4957,4991, 4998, 5032) 0/0
D81752D81,82/D81,82D81782 0 0/ —2 (5070,5104,5138) ¢ 1/1
A.D1o/A:.D1 2 i 0/0 (4708,4750) w -1/1
ACDsl,SQ/ACD817S2 0 _1/1 (4822, 4856) — O/O
EcD1,2/E:D1 2 1 -1/-1 (4891,4932) psw -1 -1/-11
0 g Ll
_ 20 2/2)2
EcDs1,52/EcDs1,52 3 —2/0 (5005, 5039) ¢ -1/1
> D, /5Dy o 3 0/0 (4876,4917, 4940, 4981) p,w —1,-1/-1,1
i 2,-1/2,1
S D1 02/ Doy o2 1 1/—1  (4989,5023,5053,5087) - 0/0
=D ,/2 Dy, 1 —1/—1  (5001,5042,5068,5109) p,w — L1
0 3 _1/3°1
L , 20 2/202
E D 2/B) Dyt g 1 —2/0 (5114, 5148, 5181, 5215) ¢ ~1/1
QD /98Dy 4 1 —2/-2  (5117,5158,5188,5229) - 0/0
QD41 02/ Dyt oo 0 —3/—1 (5230,5264,5301,5335) ¢ —2/2
[48] F.-L. Wang and X. Liu, (2021), arXiv:2108.09925 [hep- 3  [62] M. B. Wise, Phys. Rev. D 45, R2188 (1992). 4
ph]. [63] R. Casalbuoni, A. Deandrea, N. Di Bartolomeo,
[49] Q. Xin and Z.-G. Wang, (2021), arXiv:2108.12597 [hep- R. Gatto, F. Feruglio, and G. Nardulli, Phys. Lett.
ph]. B 292, 371 (1992), arXiv:hep-ph/9209248.
[50] S. Fleming, R. Hodges, and T. Mehen, (2021), [64] R. Casalbuoni, A. Deandrea, N. Di Bartolomeo,
arXiv:2109.02188 [hep-ph]. R. Gatto, F. Feruglio, and G. Nardulli, Phys. Rept.
[51] K. Azizi and U. Ozdem, (2021), arXiv:2109.02390 [hep- 281, 145 (1997), arXiv:hep-ph/9605342.
ph]. [65] B. Grinstein, E. E. Jenkins, A. V. Manohar, M. J. Sav-
[52] X. Chen, (2021), arXiv:2109.02828 [hep-ph]. age, and M. B. Wise, Nucl. Phys. B 380, 369 (1992),
[63] H. Ren, F. Wu, and R. Zhu, (2021), arXiv:2109.02531 arXiv:hep-ph/9204207.
[hep-ph]. [66] A. F. Falk, Nucl. Phys. B 378, 79 (1992).
[54] Y. Jin, S.-Y. Li, Y.-R. Liu, Q. Qin, Z.-G. Si, and F.-S. [67] A. F. Falk and M. E. Luke, Phys. Lett. B 292, 119
Yu, (2021), arXiv:2109.05678 [hep-ph]. (1992), arXiv:hep-ph/9206241.
[65] M. B. Voloshin and M. A. Shifman, Sov. J. Nucl. Phys. [68] T.-M. Yan, H.-Y. Cheng, C.-Y. Cheung, G.-L. Lin, Y. C.
45, 292 (1987). Lin, and H.-L. Yu, Phys. Rev. D 46, 1148 (1992), [Er-
[56] H. D. Politzer and M. B. Wise, Phys. Lett. B 208, 504 ratum: Phys.Rev.D 55, 5851 (1997)].
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TABLE IX. The group theory factor F', defined in Eq. (13), for the interaction of bottom-antibottom/bottom-bottom hadron 1
pairs with only the light vector-meson exchanges. Here both bottom hadrons are the S-wave ground states. See the caption of

Table VII. 2
System I S Thresholds [MeV] Exchanged particles F
B® B /B B*) 1 0/0 (10559, 10604, 10649) Py w —1.4/-1-1

0 NG
B{MB®/BMpB® | 1 1/1 (10646, 10695, 10692, 10740) K* 0/-1
BYWBM /BB | o 0/2 (10734, 10782, 10831) ¢ 1/-1
B®A,/BM A, : 0/0 (10899, 10944) w —-1/1
B A,/BA, 0 —1/1 (10986, 11035) - 0/0
B®g,/BXE, 1 —1/—1 (11074,11119) P, W -3,-3/-13

! 3333
Bz, /BME, L —2/0 (11161, 11210) ¢ -1/1
BMEM /B 2 0/0 (11093,11138, 11112, 11157) p,w ~1,-1/-1,1

1 2,-1/2,1
BMx* s 1 —1/1  (11180,11228,11199,11248) - 0/0
BWEM/B®=™ | 1 _1/-1 (11215,11260,11233,11279) p,w S,

! 3-3/%3
BM=EM/BWEM | L —2/0  (11302,11350, 11321, 11369) ¢ ~1/1
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B2 /2 i —ij=1 (11608, 11627) p,w, K* ~1,1,0/ —1,—1, -2
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5,5, /5,5, 1 0/-2 (11729, 11748) p,w, b T O A

: L1
Z,007 /2,00 i 1/-3 (11841, 11864) ¢, K* 2,0/—2, -2
RSN 2 0/0 (11626, 11646, 11665) 0w 2, W—0, =9

1 %%, 7

0 4,2/4, -2
WEWpHZ ™ |8 11 (1174811768, 11767, 11786) p,w, K* ~1,1,0/—1,-1,-2

1 2,1,0/2, -1, -2
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=, WEM/EHz ™ 1 /-2 (11870, 11889, 11908) p,w, ¢ L Lt L

0 3 51/3-3-1
2,000/ | L 1/-3  (11981,12000, 12005, 12024) ¢, K* 2,0/—2, -2
Qo aH 0 0/—4 (12092, 12116, 12140) ¢ 4/—4
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TABLE X. The group theory factor F, defined in Eq. (13), for the interaction of bottom-antibottom/bottom-bottom hadron 1
pairs with only the light vector-meson exchanges. Here one of the bottom hadrons is an s = 3/2 bottom meson. See the
caption of Table VII.

System I S Thresholds [MeV] Exchanged particles F 2
B® B, 5/B® B 5 0 0/0 (11005,11051, 11018, 11063) 0, W 313, -4
) 1 0/0 Sl 5 g
B®™ B, 2/B" By 42 i 1/-1  (11093,11141,11105,11154) - 0/0
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B By 42/BS Byt g2 0 0/—2  (11196,11207,11244,11255) ¢ 1/-1
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1 11,1 1
_ 2:2/ 727 2
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Ba1.s2Bs1.s2/Bs1.s2Bs1s2| 0 0/ —2 (11657, 11669, 11680) ¢ 1/1
AyBy 2/AvBy 5 L 0/0 (11346, 11358) w —1/1
AoBs1 s2/ApBo1 2 0 —1/1 (11448, 11459) - 0/0
EpBi12/ZpBi 2 1 -1/-1 (11520, 11533) 0, W -5 —3/—%,3
0 3 ,l/é 1
— 2 2/ 272
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