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Covalent hadronic molecules via QCD sum rules
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After carefully examining Feynman diagrams corresponding to theD̄Σc hadronic molecular state, we propose a possible binding mechanism
induced by shared light quarks. We systematically study its corresponding light-quark-exchange interaction using the method of QCD sum
rules, and the obtained results suggest that there can be theD̄Σc covalent molecule ofI = 1/2. Our QCD sum rule analyses further indicate
a model-independent hypothesis: the light-quark-exchange interaction is attractive when the shared light quarks are totally antisymmetric so
that obey the Pauli principle.
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1. Introduction

After the discovery of theX(3872) by Belle in 2003 [1],
a lot of charmonium-likeXY Z and hidden-charmPc/Pcs

states were discovered in the past twenty years [2]. They are
good candidates of multiquark states, and their experimental
and theoretical studies have significantly improved our un-
derstanding of the non-perturbative behaviors of the strong
interaction at the low energy region [3-11]. Some of them can
be explained as hadronic molecules composed of two con-
ventional hadrons [12-14],e.g., thePc(4312) [15] was inter-
preted as thēDΣc hadronic molecular state in Refs. [16-20]
bound by the one-meson-exchange interaction, as depicted in
Fig. 1a).

In this paper we propose another possible binding mecha-
nism between̄D andΣc induced by the light-quark-exchange
interaction [21]. As depicted in Fig. 1b), this Feynman di-
agram indicates that̄D and Σc are exchanging two light
up/down quarks, inducing some interaction between them.
We depict this binding mechanism in Fig. 1c), and note that
the one-meson-exchange interaction at the hadron level and
the light-quark-exchange interaction at the quark-gluon level
can overlap with each other.

In this paper we shall systematically investigate Feyn-
man diagrams corresponding to theD̄Σc hadronic molecule.
We shall use the QCD sum rule method to study the light-
quark-exchange interaction, based on which we shall fur-
ther propose a model-independent hypothesis: “the light-
quark-exchange interaction is attractive when the shared
light quarks are totally antisymmetric so that obey the Pauli
principle”.

2. Correlation function

In this section we study correlation functions of theD−Σ++
c ,

D̄0Σ+
c , I = 1/2 D̄Σc, and I = 3/2 D̄Σc hadronic

molecules. Firstly, we study theD− meson and theΣ++
c

baryon, whose interpolating currents are

JD−(x) = c̄a(x)γ5da(x) , (1)

JΣ++
c (x) =

1√
2
εabcuT

a (x)Cγµub(x)γµγ5cc(x) , (2)

wherea · · · c are color indices,C = iγ2γ0 is the charge-
conjugation operator, and the coefficient1/

√
2 is an isospin

factor. Then we write down their two-point correlation func-
tions in the coordinate space:

ΠD̄(x) = 〈0|T
[
JD−(x)JD−,†(0)

]
|0〉

= −Tr
[
iSaa′

q (x)γ5iSa′a
c (−x)γ5

]
, (3)

ΠΣc(x) = 〈0|T
[
JΣ++

c (x)J̄Σ++
c (0)

]
|0〉

= εabcεa′b′c′Tr
[
iSbb′

q (x)γµ′C(iSaa′
q (x))TCγµ

]

× γµγ5iScc′
c (x)γµ′γ5 , (4)

whereiSab
q (x) = iSab

up(x) = iSab
down(x) is the propagator of

the lightup/down quark andiSab
c (x) is the propagator of the

heavycharm quark:

iSab
q (x) = 〈0|T [

ua(x)ūb(0)
] |0〉

= 〈0|T [
da(x)d̄b(0)

] |0〉 , (5)

iSab
c (x) = 〈0|T [

ca(x)c̄b(0)
] |0〉 . (6)

After putting theD− meson and theΣ++
c baryon at the

same location, we construct a composite current correspond-
ing to theD−Σ++

c molecule,

JD−Σ++
c (x) = JD−

(x)× JΣ++
c (x) = [c̄d(x)γ5dd(x)]

× 1√
2
[εabcuT

a (x)Cγµub(x)γµγ5cc(x)] . (7)

Note that one needs to explicitly use the non-local current in
order to exactly describe theD−Σ++

c molecule, but this can
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FIGURE 1. Feynman diagrams between̄D andΣc corresponding to a) the one-meson-exchange interactionΠM and b) the light-quark-
exchange interactionΠQ, as well as c) the binding mechanism corresponding toΠQ. Hereq denotes a lightup/down quark.

not be done yet within the present QCD sum rule framework.
We similarly construct the composite currents corresponding
to theD̄0Σ+

c , I = 1/2 D̄Σc, andI = 3/2 D̄Σc molecules,

JD̄0Σ+
c (x) = [c̄d(x)γ5ud(x)]

× [εabcuT
a (x)Cγµdb(x)γµγ5cc(x)], (8)

JD̄Σc

I=1/2(x) =

√
1
3
JD̄0Σ+

c (x)−
√

2
3
JD−Σ++

c (x), (9)

JD̄Σc

I=3/2(x) =

√
2
3
JD̄0Σ+

c (x) +

√
1
3
JD−Σ++

c (x). (10)

We calculate their correlation functions in the coordinate
space, and separate them into:

ΠD−Σ++
c (x) = ΠD̄Σc

0 (x) + ΠD̄Σc

G (x), (11)

ΠD̄0Σ+
c (x) = ΠD̄Σc

0 (x) + ΠD̄Σc

G (x)−ΠD̄Σc

Q (x), (12)

ΠD̄Σc

I=1/2(x) = ΠD̄Σc
0 (x) + ΠD̄Σc

G (x) + ΠD̄Σc

Q (x), (13)

ΠD̄Σc

I=3/2(x) = ΠD̄Σc
0 (x) + ΠD̄Σc

G (x)− 2ΠD̄Σc

Q (x), (14)

whereΠD̄Σc
0 (x) = ΠD̄(x) × ΠΣc(x) is the leading term

contributed by non-correlated̄D andΣc, ΠD̄Σc

G (x) describes
the double-gluon-exchange interaction between them, and
ΠD̄Σc

Q (x) describes the light-quark-exchange interaction be-
tween them:

ΠD̄Σc

Q (x) = −Tr
[
iSda′

q (x)γµ′C(iSbb′
q (x))TCγµ

× iSad′
q (x)γ5iSd′d

c (−x)γ5

]

× γµγ5iScc′
c (x)γµ′γ5 . (15)

3. QCD sum rule study

In this section we use the QCD sum rule method to study
the light-quark-exchange interactionΠQ(x), and calculate its
contributions to theD−Σ++

c , D̄0Σ+
c , I = 1/2 D̄Σc, and

I = 3/2 D̄Σc hadronic molecules. We refer to Ref. [21] for
detailed discussions, where the full expressions ofΠD̄Σc

0 (x)
andΠD̄Σc

Q (x) can also be found there.
We assumeX = |D̄Σc〉 to be the D̄Σc hadronic

molecule, whose mass is expanded as

MX = MD̄ + MΣc + ∆M = M0 + ∆M . (16)

Then we expand its correlation function at the hadron level
as

Π(q2) =
f2

X

M2
X − q2

+ · · ·

≈ f2
X

M2
0 − q2

− 2M0f
2
X

(M2
0 − q2)2

∆M + · · · , (17)

where the former term is contributed by non-correlatedD̄ and
Σc, and the latter term is contributed by their interactions.

We perform the Borel transformation to Eq. (17) at the
hadron level and Eqs. (11-13) at the quark-gluon level, and
obtain:

Π0(M2
B , s0) = f2

Xe−M2
0 /M2

B =

s<∫

s0

e−s/M2
Bρ0(s)ds , (18)

ΠQ(M2
B , s0) = −2M0f

2
X

M2
B

∆Me−M2
0 /M2

B

=

s<∫

s0

e−s/M2
BρQ(s)ds . (19)

We use them to further obtain

ΠQ(M2
B , s0)

Π0(M2
B , s0)

= −2M0

M2
B

∆M

=

s<∫
s0

e−s/M2
BρQ(s)ds

s<∫
s0

e−s/M2
Bρ0(s)ds

. (20)

Since we are using local currents in QCD sum rule analy-
ses, the parameter∆M is actually not the binding energy. It
relates to some potentialV (r) betweenD̄ andΣc, satisfying

V (r = 0) = ∆M , (21)

V (r →∞) → 0 . (22)

We study the light-quark-exchange interactionΠQ(x)
and calculate its contributions to theD−Σ++

c , D̄0Σ+
c , I =
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1/2 D̄Σc, andI = 3/2 D̄Σc hadronic molecules to be:

∆MD−Σ++
c = 0 , (23)

∆M D̄0Σ+
c = 95± 8 MeV , (24)

∆M D̄Σc

I=1/2 = −95± 8 MeV , (25)

∆M D̄Σc

I=3/2 = 190± 16 MeV . (26)

Therefore, our QCD sum rule results suggest that there can
be theI = 1/2 D̄Σc hadronic molecule, but theD−Σ++

c ,
D̄0Σ+

c , andI = 3/2 D̄Σc hadronic molecules do not exist.

4. Covalent hadronic molecule

In the previous section we apply the QCD sum rule method to
study the binding mechanism induced by shared light quarks.
This mechanism is similar to the covalent bond in chemi-
cal molecules induced by shared electrons, so we call such
hadronic molecules “covalent hadronic molecules”.

Recalling that the two shared electrons must spin in oppo-
site directions in order to form a chemical covalent bond, our
QCD sum rule analyses indicate a similar model-independent
hypothesis:the light-quark-exchange interaction is attractive
when the shared light quarks are totally antisymmetric so that
obey the Pauli principle. In this section we qualitatively study
this hypothesis, whose logical chain is quite straightforward,
as depicted in Fig. 1c). We assume the two light quarksqA

insideY andqB insideZ are totally antisymmetric, so that
they obey the Pauli principle to be capable of being shared.
By doing this, wave-functions ofY andZ overlap with each
other, so that they are attracted to possibly form the covalent
hadronic moleculeX = |Y Z〉.

We apply the above hypothesis to study theD̄Σc hadronic
molecular state as follows. The two shared light quarks have
the same color and so the symmetriccolor structure, and we
further assume theirorbital structure to beS-wave and so
also symmetric. Consequently, we only need to consider their
spin andflavor structures.

D̄0[c̄1u2]–Σ+
c [u3d4c5] covalent molecule

We exchangeu2 insideD̄0 andu3 insideΣ+
c : c̄1 andu2 in-

side D̄0 spin in opposite directions,̄c1 andu3 also spin in
opposite directions in order to form anotherD̄0, sou2 andu3

spin in the same direction with the symmetricspin structure.
Theflavor structure ofu2 andu3 is also symmetric, so they
turn out to be totally symmetric:

color flavor spin orbital total
u2 ↔ u3 S S S S S

Accordingly, our hypothesis suggests that theD̄0Σ+
c covalent

molecule does not exist. This is consistent with the previous
QCD sum rule analysis.

D̄[c̄1q2]–Σc[q3q4c5] covalent molecule (q = u/d)

After including the isospin symmetry, the exchange can take
place betweenup anddown quarks. We exchangeq2 inside
D̄ andq3 insideΣc: they have the symmetricspin structure,
so they can be totally antisymmetric as long as theirflavor
structure is also antisymmetric:

color flavor spin orbital total
q2 ↔ q3 S A S S A

Accordingly, our hypothesis suggests that there can be the
I = 1/2 D̄Σc covalent molecule, but not theI = 3/2 one.
This is also consistent with the previous QCD sum rule anal-
ysis.

5. Summary and Discussions

In this paper we carefully examine Feynman diagrams cor-
responding to thēDΣc hadronic molecular state. We use
ΠD̄(x) andΠΣc(x) to denote correlation functions of̄D and
Σc in the coordinate space, and calculate correlation func-
tions of theD−Σ++

c , D̄0Σ+
c , I = 1/2 D̄Σc, andI = 3/2

D̄Σc hadronic molecules. We find that they can be systemat-
ically separated into:

ΠD−Σ++
c (x) = ΠD̄Σc

0 (x) + ΠD̄Σc

G (x) ,

ΠD̄0Σ+
c (x) = ΠD̄Σc

0 (x) + ΠD̄Σc

G (x)−ΠD̄Σc

Q (x) ,

ΠD̄Σc

I=1/2(x) = ΠD̄Σc
0 (x) + ΠD̄Σc

G (x) + ΠD̄Σc

Q (x) ,

ΠD̄Σc

I=3/2(x) = ΠD̄Σc
0 (x) + ΠD̄Σc

G (x)− 2ΠD̄Σc

Q (x) ,

whereΠD̄Σc
0 (x) = ΠD̄(x) × ΠΣc(x) is the leading term

contributed by non-correlated̄D and Σc, ΠD̄Σc

G describes
the double-gluon-exchange interaction between them, and
ΠD̄Σc

Q (x) describes the light-quark-exchange interaction be-
tween them.

The termΠQ indicates thatD̄ and Σc are exchanging
and so sharing two lightup/down quarks. We systematically
study it using the method of QCD sum rules, and calculate
the mass correction∆M induced by this term. Since we are
using local currents in QCD sum rule analyses, the parameter
∆M is actually not the binding energy, but relates to some
potentialV (r) betweenD̄ andΣc, satisfying:

V (r = 0) = ∆M ,

V (r →∞) → 0 .

We systematically calculate the light-quark-exchange in-
teractionΠQ, and evaluate its contributions to theD−Σ++

c ,
D̄0Σ+

c , I = 1/2 D̄Σc, and I = 3/2 D̄Σc hadronic
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molecules:

∆MD−Σ++
c = 0 ,

∆M D̄0Σ+
c = 95 MeV ,

∆M D̄Σc

I=1/2 = −95 MeV ,

∆M D̄Σc

I=3/2 = 190 MeV .

Therefore, our QCD sum rule results suggest that there can
be theI = 1/2 D̄Σc hadronic molecule, but theD−Σ++

c ,
D̄0Σ+

c , andI = 3/2 D̄Σc hadronic molecules do not exist.
The binding mechanism induced by shared light quarks is

similar to the covalent bond in chemical molecules induced
by shared electrons, so we call such hadronic molecules “co-
valent hadronic molecules”. We have also investigated the

other D̄(∗)Σ(∗)
c , D̄(∗)Λc, D(∗)K̄∗, and D(∗)D̄(∗) hadronic

molecular states using the QCD sum rule method, and the
obtained results indicate a model-independent hypothesis:
the light-quark-exchange interaction is attractive when the
shared light quarks are totally antisymmetric so that obey
the Pauli principle. Its mechanism is similar to the chem-
ical covalent bond, where the two shared electrons spin in
opposite directions and so totally antisymmetric obeying the
Pauli principle. We apply the above hypothesis to reanaly-
sis theD̄Σc hadronic molecule, and the obtained results are
consistent with our QCD sum rule calculations.
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