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Covalent hadronic molecules via QCD sum rules
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After carefully examining Feynman diagrams corresponding tdife 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 @@heovalent molecule of = 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 sc
that obey the Pauli principle.
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1. Introduction baryon, whose interpolating currents are

After the discovery of theX (3872) by Belle in 2003 [1], IV (2) = ta(2)75da(2) 1)
a lot of charmonium-likeXY Z and hidden-charn®. /P, s+ 1 b 1

states were discovered in the past twenty years [2]. They are (z) = ﬁf ug (2)C (@) vuysce(x) - (2)
good candidates of multiquark states, and their experimental

and theoretical studies have significantly improved our unYVWN€rea: - -c are color indicesiC = iy is the charge-

derstanding of the non-perturbative behaviors of the stron onjugation operator, and the goefnudn.(t\/i 'S an 1Sospin
actor. Then we write down their two-point correlation func-

interaction at the low energy region [3-11]. Some of them can; in th dinat )
be explained as hadronic molecules composed of two Contlons Inthe coordinate space.
ventional hadrons [12-14§.g, the P.(4312) [15] was inter- 12 (z) = (0|T {JD‘ (LL‘)JD_’T(O)] 10)
preted as théX . hadronic molecular state in Refs. [16-20]
bpund by the one-meson-exchange interaction, as depicted in - Ty [isga'(x)%z'sg'a(—x)%] 7 3)
Fig. 1a).
i i indi - ++ =5+

. In this paper we propose another pQSS|bIe binding mecha = (z) = (0T {ch () J= (0)] 10)
nism betweerD andy. induced by the light-quark-exchange
interaction [21]. As depicted in Fig. 1b), this Feynman di- _ abe a't'e . cbb’ o sqaa T
agram indicates thaD and X, are exchanging two light sere T [qu ()" CES™ (@) Cy
upldown quarks, inducing some interaction between them. X 7y VrZ.Scc' ()75 4)
We depict this binding mechanism in Fig. 1c), and note that pimTTe pme
the one-meson-exchange interaction at the hadron level amwhereiS®(z) = iS% (x) = iS5}, () is the propagator of
the light-quark-exchange interaction at the quark-gluon levethe lightup/down quark andS?®(z) is the propagator of the

can overlap with each other. heavycharm quark:
In this paper we shall systematically investigate Feyn- 'Sab () — (OIT [u® ()b
man diagrams corresponding to th&,. hadronic molecule. Sy (z) = (0] [u (z)u (O)] 07
We shall use the QCD sum rule method to study the light- = (0|T [d*(z)d"(0)] |0}, (5)
guark-exchange interaction, based on which we shall fur- b wr b
ther propose a model-independent hypothesigie 1ight- i7" (z) = (O[T [¢"(x)e"(0)] |0) . (6)

quark-exchange interaction is attractive when the shared after putting theD— meson and th&*+ baryon at the
light quarks are totally antisymmetric so that obey the Paulisame |ocation, we construct a composite current correspond-
principle”. ing to theD~ X+ molecule,

JPTET () = JP7 (1) x I (1) = [ea(w)ysdal@)]
2. Correlation function

1
: : . : x —=[eug (2)Cy up(x)vuscc()] . (7)
In this section we study correlation functions of the ¥/ +, V2
D% F = 1/2 DX., andI = 3/2 DX, hadronic Note that one needs to explicitly use the non-local current in

c

molecules. Firstly, we study th®~ meson and th&*  order to exactly describe the~ X" molecule, but this can
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a)

FIGURE 1. Feynman diagrams betwedn and .. corresponding to a) the one-meson-exchange intera€lignand b) the light-quark-
exchange interactiofi, as well as c) the binding mechanism correspondiriddo Hereq denotes a lightip/down quark.

not be done yet within the present QCD sum rule frameworkThen we expand its correlation function at the hadron level
We similarly construct the composite currents correspondingis
to the DS}, I = 1/2 DX, andl = 3/2 DX, molecules, ,

fx

TP () = [ea(@)y5ua(2) M) = 3p—pt
X
abc, T
X [ uq (2)Cydy (@) Vs ee ()], ®) N M2f)2( 2_ (Aji%f%)zAMJr'” o
D HOs+ —st+ —4q -
(@) = \/}D % (@) - \/EJD @, © i o

where the former term is contributed by non-correlateand
J£2372(x) _ \/§JD022' (z) + \/TJD_Ej'*'(x). (10) ., and the latter term is contributed by their interactions.
3 3 We perform the Borel transformation to EQ.7} at the
We calculate their correlation functions in the coordinatehadron level and Eqs11:13) at the quark-gluon level, and
space, and separate them into: obtain:

P> (2) = TP (2) + IB% (2), (11) .-
_ _ _ _ _ 2 2 —s 2
0" (2) = P () + 5% (2) - 15%(a),  (12)  To(Mp, s0) = fre™o/Mr = / e™*/Mbpy(s)ds, (18)

_ _ _ _ S0
725 (2) = 1™ (2) + 1™ (@) + g™ (2),  (13) My f2 g
Mo(Mp, 50) = — > AMeMi/Ma

7% (2) = P () + TG (2) — 257 (2), (14) M3
WhereHDZC(x) = [P(z) x I (z) is the leading term 7 2
o0 _ b . = [ e 3/Ms po(s)ds. (19)
contributed by non-correlated andX.., I~ (x) describes
the double-gluon-exchange interaction between them, and so
15>« () describes the light-quark-exchange interaction be- :
Q
tween them: We use them to further obtain
MG (2) = —Tr [iS3 (27" C(SYY () "Cy” Ho(Mg,s0) _ _2Mo -
Iy (M%v 30) M%
x iS4 (2)y5i8¢ *(—x)ys o .
- [ e=3/ME pg(s)ds
X Y Ys88e” ()Y ys - (15) = 50 ) (20)
S<
[ e=5/M5 py(s)ds
3. QCD sum rule study s0

In this section we use the QCD sum rule method to studysince we are using local currents in QCD sum rule analy-
the light-quark-exchange interactidhy, (x), and calculate its ~ ses, the parametéx M/ is actually not the binding energy. It
contributions to theD~-X 1+, DS+, I = 1/2 DX, and  relates to some potentiél(r) betweenD and¥., satisfying
I = 3/2 DY hadronic molecules. We refer to Ref. [21] for
detailed discussions, where the full expressionEg8F (x) V(r=0)=AM, (21)
andIIZ*<(z) can also be found there.

WeQ aés?JmeX = |DX.) to be the DX, hadronic V(r—00)—0. (22)

molecule, whose mass is expanded as
We study the light-quark-exchange interactibig ()
Mx =Mp + My, +AM = Mo +AM.  (16)  and calculate its contributions to tHe~ X+, DS+, T =
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1/2 DX, andI = 3/2 DY, hadronic molecules to be: Dl[e1q2]-3¢[q3qac5) covalent molecule § = u/d)
AMP 2T — 0, (23)  After including the isospin symmetry, the exchange can take
Host place betweenmp anddown quarks. We exchangg inside
AM™ % =95+ 8 MeV, (24) b andgs insideX.: they have the symmetrigin structure,
A MID_ECQ — —05+ 8 MeV, (25) so they can be totaI.Iy antlsymr.netnc as long as thféiror
=1/ structure is also antisymmetric:
AMZ55, =190 £ 16 MeV . (26)
color flavor spin orbital total
Therefore, our QCD sum rule results suggest that there can g2 <> ¢3S A S S A

be thel = 1/2 DX, hadronic molecule, but th®— ¥+,

Dy F, andI = 3/2 DX hadronic molecules do not exist.  Accordingly, our hypothesis suggests that there can be the
I = 1/2 D%, covalent molecule, but not the= 3/2 one.
This is also consistent with the previous QCD sum rule anal-

4. Covalent hadronic molecule ysis.

In the previous section we apply the QCD sum rule method to
study the binding mechanism induced by shared light quarkgs S d Di .
This mechanism is similar to the covalent bond in chemi-=" ummary an ISCUssions

cal molecules induced by shared electrons, so we call such . .

hadronic molecules “covalent hadronic molecules”. In this paper we carefully examine Feynman diagrams cor-

Recalling that the two shared electrons must spin in oppol€SPonding to theDX. hadronic molecular state. We use

D e i i 73
site directions in order to form a chemical covalent bond, ou! _(x) andIl (fr) to denote correlation functions dﬁ_ and
QCD sum rule analyses indicate a similar model-independerte N the coordinate space, and calculate correlation func-

—yH+ PO+ T > _
hypothesisthe light-quark-exchange interaction is attractive U0NS of theD=X2+, DPXF, I = 1/2 DX, and] = 3/2
Y. hadronic molecules. We find that they can be systemat-

when the shared light quarks are totally antisymmetric so that .

obey the Pauli principleln this section we qualitatively study 'Cally separated into:

this hypothesis, whose logical chain is quite straightforward, -+ D b

as depicted in Fig. 1c). We assume the two light quarks ™ = (z) =y~ (z) + 157 (z),
insideY andgg inside Z are totally antisymmetric, so that

Dot _ 11D=. Dx. Dx.
they obey the Pauli principle to be capable of being shared. 11 ¢ (2) = Ty = () + U™ (z) = g™ (2),

By doing this, wave-functions df and Z overlap with each Dy, — 1D (2) 4 TID=e 1D
other, so that they are attracted to possibly form the covalent 1=ip(®) = o (@) + g™ (@) + o™ ()
hadronic moleculeX = |Y Z). 7%, (x) = 11§77 (2) + 115 (2) — 2015 (),

We apply the above hypothesis to study fhg, hadronic
molecular state as follows. The two shared light quarks have P, 5 - ) .
the same color and so the symmetiitor structure, and we Wherelly™«(z) = 1I7(z) x 1I*(z) is th%éeadlng term
further assume theisrbital structure to beS-wave and so  contributed by non-correlated) and %, 1™ describes

also symmetric. Consequently, we only need to consider theff’€ double-gluon-exchange interaction between them, and
spin and flavor structures. IT5™(z) describes the light-quark-exchange interaction be-

tween them.

The termIl, indicates thatD and X, are exchanging
and so sharing two lighip/down quarks. We systematically
We exchange:, inside D° andus insideX: ¢ andu, in-  Study it using the method of QCD sum rules, and calculate
side D° spin in opposite directions;; andus also spin in  the mass correctiod M induced by this term. Since we are
opposite directions in order to form anothe?, sou, andus ~ USing local currents in QCD sum rule analyses, the parameter
spin in the same direction with the symmetsjgn structure. ~ AM is actually not the binding energy, but relates to some
The flavor structure ofu, andus is also symmetric, so they PotentialV (r) betweenD andX,, satisfying:
turn out to be totally symmetric:

DO[e1ug)-XF [uzdycs) covalent molecule

color flavor spin orbital total

weous S S S S S V(r —00) 0.
Accordingly, our hypothesis suggests that i} covalent We systematically calculate the light-quark-exchange in-
molecule does not exist. This is consistent with the previouseractionll,, and evaluate its contributions to tiig ¥,
QCD sum rule analysis. DYSF, I = 1/2 D%, andI = 3/2 DX, hadronic
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other D®,

D®A,, D®EK* and D®) D® hadronic

molecular states using the QCD sum rule method, and the

— s+
E(‘,

AMP =0,

AMP’SE = 95 MeV

AM, = =95 MeV,
AM5, =190 MeV

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-

Therefore, our QCD sum rule results suggest that there ca#iS theDY.. hadronic molecule, and the obtained results are

be thel = 1/2 DX, hadronic molecule, but th®— %+,

Dy F, andI = 3/2 DX, hadronic molecules do not exist.

similar to the covalent bond in chemical molecules induced
by shared electrons, so we call such hadronic molecules “cdFhis project is supported by the National Natural Science

valent hadronic molecules”.
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