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Abstract: In this article, we tentatively assign P.(4312) to be the DX, pentaquark molecular state with the spin-par-

ity JP = %_, and discuss the factorizable and non-factorizable contributions in the two-point QCD sum rules for the

DX, molecular state in detail to prove the reliability of the single pole approximation in the hadronic spectral density.

We study its two-body strong decays with the QCD sum rules, and special attention is paid to match the hadron side

with the QCD side of the correlation functions to obtain solid duality. We obtain the partial decay widths
['(P.(4312) = n.p) = 0.255 MeV and T'(P.(4312) — J/yp) = 9.2967 %342 MeV, which are compatible with the ex-

-9.296

perimental value of the total width, and support assigning P.(4312) to be the DX, pentaquark molecular state.
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1 Introduction

In 2015, the LHCb collaboration observed two
pentaquark candidates P.(4380) and P.(4450) in the J/yp
mass spectrum in the Ag — J/Yy K~ p decays [1]. Recently,
the LHCDb collaboration observed a new narrow
pentaquark candidate, P.(4312), in the J/yp mass spec-
trum with the statistical significance of 7.30-; further-
more, they confirmed the old P.(4450) pentaquark struc-
ture, which consists of two narrow overlapping peaks
P.(4440) and P.(4457), with the statistical significance of
5.40 [2]. The masses and widths are

P.(4312): M =4311.9£0.7*55 MeV,
[=9.8+2731Mev,
P.(4440) : M = 44403+ 1.3%33 MeV,
['=20.6+4.9], MeV,
P(4457): M = 4457.3+0.6") MeV,
[=64+20%] MeV. (1)
The P.(4312) can be assigned to be a DX, pentaquark
molecular state [3-18], a pentaquark state [19-23], and a

hadrocharmonium pentaquark state [24].
The P.(4312) lies near the DX, threshold, which leads
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to the molecule assignment naturally. In Ref. [18], we
performed detailed studies of the DX., DX, D*X. and
D*X! pentaquark molecular states with the QCD sum
rules by carrying out the operator product expansion up to
the vacuum condensates of dimension 13 in a consistent
way. The prediction Mp=4.32+0.11GeV for the DX,
molecular state supports assigning P.(4312) to be the DX

. . . 1
pentaquark molecular state with the spin-parity J* = 5

On the other hand, our studies based on the QCD sum
rules indicate that the scalar-diquark-scalar-diquark-anti-

. . . 1
quark type pentaquark state with the spin-parity J* = 3

has a mass of 4.31+0.11 GeV, whereas the axialvector-
diquark-axialvector-diquark-antiquark type pentaquark

state with the spin-parity J© = % has a mass of
4.34 £0.14 GeV, which support assigning P.(4312) to be
a diquark-diquark-antiquark type pentaquark state [23,
25, 26]. P.(4312) may be a diquark-diquark-antiquark
type pentaquark state, which has a strong coupling to the
DX, scattering states. The strong coupling induces some
DX components [27]. Thus, we can reproduce the exper-
imental value of the mass of P.(4312) in both the scenari-
os of the pentaquark state and pentaquark molecular state.
In Ref. [28], we choose the [sc]p[5¢]a —[sclal5¢lp type
tetraquark current to study the strong decays of Y(4660)
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with the QCD sum rules based on solid quark-hadron du- strong decays P.(4312) > n.p, J/yp; in Sec. 4, we
ality. Our calculations showed that the hadronic coupling present the numerical results and discussions; and we
constant |Gyy ;| > |Gyyyy | is consistent with the observa- conclude our report in Sec. 5.
tion of Y(4660) in the ¢/'zn*7n~ mass spectrum, and that it
favors the ¥’ f,(980) molecule assignment [29, 30]. A
similar mechanism may exist for P.(4312). _
In this article, we tentatively assign P.(4312) to be the Dx. pentaquark molecular state
DX. pentaquark molecular state with the spin-parity

2 Comments on the QCD sum rules for the

In this section, we present the two-point correlation
function II(p) to study the mass and pole residue of the
DX, pentaquark molecular state with the QCD sum rules,

1 . .
JP = 5 and study its two-body strong decays with the

QCD sum rules. In Ref. [31], we assigned Z.(3900) to be
the diquark-antidiquark type axialvector tetraquark state,
and studied the hadronic coupling constants in the strong H(p) =i f d*xe”*(0|T { J(x) f(O)} 0), 2)
decays Z.(3900) — J/yr, n.p, DD* with the QCD sum

rules based on the solid quark-hadron duality by taking ~ Where the current J(x) = Jps (%),

into account both the connected and disconnected Feyn- o kT N

man diagrams in the operator product expansion. The Ipx, (X) = e(x)iysu(x) eV u; (X)Cyadj(x)y*yscr(x),  (3)
method works well for studying the two-body strong de- and i, j, k are color indices. We choose the color-singlet-
cays of Z.(3900), X(4140), X(4274) and Z.(4600) [31-34]. color-singlet type (or meson-baryon type) current Jpy (x)
Now, we extend the method to study the two-body strong to interpolate the DX, pentaquark molecular state with the
decays of the pentaquark molecular state by carrying out -

1
Lo L . . i
the operator product expansion up to the vacuum con- spin-parity J 2 [18]. For the technical details and nu

densates of dimension 10. merical results, one can consult Ref. [18]. In the present
The article is arranged as follows: in Sec. 2, we  Wwork, we will focus on the reliability of the single pole

present the comments on the QCD sum rules for the DX,  approximation in the hadronic spectral density.

pentaquark molecular state; in Sec. 3, we derive the QCD At the QCD side, the correlation function I1(p) can be

sum rules for the hadronic coupling constants in the written as

M(p) =—i&s'1* f d*xe?*{ = Tr[iysCorm(=0)iy5 U (0] Tr [ 7a D 1 ey CUL (0C | y*y5 Cate(x)ysy”

+ Tt [15Coem(=0)iys Ui () Y5C D}, (OCYa Uine (0)| Y5 Crte (07577}, ©)
where U;j(x), D;j(x) , and C;;(x) are the full u, d, and ¢ quark propagators, respectively (S;;(x) = U;;(x), D;j(x)),

i £ 6ijaq) 6:jx*(Gg,0Gq) _ igSnyﬁt?j(ﬁoﬂﬁ +o® )

S50 ™ T 192 32122 ~ ATt ®)
PN ay kx| G 8sGuli 7Pk +me) + (k+m)o
Clj(-x)_(zﬂ_)4 fd ke {k—mc 2 (k2_mg)2
Go(“)ij G4 Gl (fOFH 4 [ 4 foioh)
— + e .
4(k2 —m2ys
TP =+ me)y (k+me)yP (e +m)yH (k+me)y” (k+me) (6)

[
. /l_" . " is the Gell-Mann matrix [35-37]. .NC — oo, the contribution of t.he second Feynman diagram
27 ] is greatly suppressed. In reality, the color number N, =3,
In Fig. 1, we plot two Feynman diagrams for the low- e second Feynman diagram plays an important role.
est order contributions, where the first diagram corres- In the second Feynman diagram, we can replace the
ponds to the term with two Tr's and the second diagram  Jowest order heavy quark lines and (or) light quark lines
corresponds to the term with one Tr in Eq. (4). The first  with other terms in the full propagators in Egs. (5), (6),
Feynman diagram is factorizable and has the color factor and obtain other non-factorizable Feynman diagrams.
18, while the second Feynman diagram is non-factoriz- In the first Feynman diagram, we can also replace the
able and has the color factor 6. In the large N, limit lowest order heavy quark lines and (or) light quark lines
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with other terms in the full propagators in Egs. (5), (6),
and obtain other factorizable Feynman diagrams. There
are non-factorizable Feynman diagrams besides the fac-
torizable Feynman diagrams, see Fig. 2. In Fig. 2, we plot
the Feynman diagrams contributing to the vacuum con-
densates (Gg;0Gq)?, which are the vacuum expectations
of the quark-gluon operators of the order O(a,)and not of
the order O(a?). In Fig. 3, we plot the non-factorizable
Feynman diagrams of the order O(a?) from the terms
with two Tr's in Eq. (4), where the first, second, third, and
fourth diagrams are non-planar Feynman diagrams, while
the fifth, and sixth diagrams are planar Feynman dia-
grams. The first and the selcon(% Feyrllman diagrams are
\/]V/‘ﬁc = N_g’ in the large N,
limit compared to the first Feynman diagram in Fig. 1,

suppressed by a factor

while the third, fourth, fifth, and sixth diagrams are sup-
1 1

—— = — . In reality, for the color

VN N2 Y

number N, =3, the Feynman diagrams in Fig. 3 are sup-

pressed by a factor

4 ay .
pressed by a factor (§ Z—ﬂ) ~0.0009, and play a minor

role.
In Fig. 4, we plot the non-factorizable Feynman dia-
grams contributing to the vacuum condensates (gg,0Gq)*

€= _ €= _
< <
-~ - < “s S P - < “s S
\;-/ b
\/-4\ \
Se - _- P 4 S So - _- e
~=p--- S~ --
Fig. 1. Feynman diagrams for the lowest order contributions

for the baryon-meson type current J(x), where the solid
lines and the dashed lines denote the light quarks and heavy
quarks, respectively. We have taken into account the finite
spatial separation between the &(x)iysu(x) and &*ul(x)C
Yadj(x)y*ysci(x) clusters in the current operator J(x).
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Fig. 2. Non-factorizable Feynman diagrams contributing to
the vacuum condensates (Gg,0Gq)> from the terms with two
Tr's in Eq. (4), where the solid lines and dashed lines de-
note the light quarks and heavy quarks, respectively. Other
diagrams obtained by interchanging of the light quark lines

are implied.

for the meson-meson type currents. From the figure, we
can see that the non-factorizable contributions begin at
the order O(a?) rather than at the order O(a?) , as argued
in Ref. [38]. For the nonperturbative contributions, we
absorb the strong coupling constant g2 = 4xa into the va-
cuum condensates and count them as of the order O(a?).
We insist on the viewpoint that the factorizable Feyn-
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Fig. 3. Non-factorizable Feynman diagrams of the order
0(2?) from the terms with two Tr's in Eq. (4), where the
solid lines and dashed lines denote the light quarks and
heavy quarks, respectively. Other diagrams obtained by in-

terchanging of the light and heavy quark lines are implied.

- <~
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Fig. 4. Non-factorizable Feynman diagrams contributing to
the vacuum condensates (Gg,0Gg)> for the meson-meson
type currents, where the solid lines and dashed lines denote

the light quarks and heavy quarks, respectively.
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man diagrams correspond to the two-particle reducible
contributions, irrespective of the baryon-meson pair or
the meson-meson pair, and give the masses of the two
constituent particles. Then, the attractive interactions
which originate from (or are embodied in) the non-factor-
izable Feynman diagrams attract the two constituent
particles to form the molecular states. The non-factoriz-
able Feynman diagrams are suppressed in the large N,
limit, which is consistent with the small bound energies
of the pentaquark molecular states. The baryon-meson
type or the color-singlet-color-singlet type currents
couple potentially to the pentaquark molecular states.

On the other hand, the baryon-meson type currents
also couple to the baryon-meson pairs besides the mo-
lecular states as there exist two-particle reducible contri-
butions. The intermediate baryon-meson loops contribute
a finite imaginary part to modify the dispersion relation at
the hadron side [18]. Through calculations, we observe
that the zero width approximation works well, and the
couplings to the baryon-meson pairs can be neglected
safely.

If we only take into account the non-factorizable
Feynman diagrams shown in Figs. 1 and 2, even if we ob-
tain the stable QCD sum rules, we cannot distinguish the
diquark-diquark-antiquark type substructure or the bary-
on-meson type substructure, and cannot select the color-
singlet-color-singlet type substructure and refer to it as
the molecular state. We simply obtain a hidden-charm

. . . 1 o
five-quark state with the spin-parity J* = = . If we insist

that it is a molecular state, then which diagram contrib-
utes to the masses of the baryon and meson constituents?
In Ref. [39], the factorizable Feynman diagrams corres-
ponding to the two-particle reducible contributions were
subtracted, and only the non-factorizable Feynman dia-
grams were taken into account to study the pentaquark

states. We do not agree with that approach.

3 QCD sum rules for the P.(4312) decays as a
pentaquark molecular state

Here, we write down the three-point correlation func-
tions Ils(p,q) and I1,(p,q) in the QCD sum rules,

5. = [ dadye e O (S50 mT0)0).
™

L (p.q) = i f d*xd*yel? Y (O|T {1,(x) Iy () T(0)}10).
(®)

where

J5(x) = e(x)iysc(x),
Ju(x) = e(x)yuc(x),
ING) = £7u] () Cyau ()Y ysdi(y)

J(0) = &(0)iysu(0) ¥ u] (0)Cy4d;(0)y*ysck(0),  (9)

and i, j, k are color indices. We choose the currents Js(x),
Ju(x), Jn(y), and J(0) to interpolate n., J/¥, p, and
P.(4312), respectively. Thereafter we will denote the pro-
ton p as N to avoid confusion due to the four-momentum
Pu-

At the hadron side, we insert a complete set of inter-
mediate hadron states with the same quantum numbers as
the current operators Js(x), J,(x), Jy(y) , and J(0) into
the correlation functions IIs(p,q) and II,(p,q) to obtain
the hadronic representation [35, 40, 41]. After isolating
the pole terms of the ground states, we obtain the follow-
ing results:

Fom, AP —iu(q) ne(PIN@IP(p') A(p") .

Is(p,q) =

_ Samy ApAn i+ my) (P +mp)

20 =)o) =)

20 =)o =)

igs+e--, (10)
)

—ig,u(q) {(J/Y(p)N(@|P(p")) u(p’)

L.(p,q) = f179myyApAn

—i(g+my) (gvﬁ’a =i

8T
—ff”ﬁpﬁ))’s (p' +mp)
mp+mpy

(=) (3 = P7) 5, =)

=frrymypyApAn

where we have used the definitions

(=) (3 = P7) 5, =)

Pub.
(—gya+ ’;2)+ (11
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OIO)IP:(p)) = ApU P, 5),
OIIN(O)IN(g) = ANU(g. s),

OO/ (P)) = frgmappen(p,s),
2

Jfo.m
(0150 n(p)) = gm n

c

(12)

(PN (@IP(p"))=igsia(q)u(p’),

JIY(p)N(QIP(p"))=ii(q),, (gvy”—i

o pg |ysu(p’),
(13)

Here, the gs, gv , and gr are the hadronic coupling con-
stants,U(p, s) and U(q, s) are the Dirac spinors, 1p and Ay
are the pole residues, fj, and f, are the decay constants,
andg,, is the polarization vector of J/y.

It is important to choose the pertinent structures to
study the hadronic coupling constants. If Ilsy(p.q) =
s ocp(p.q) and Tl #(p,q) = 1, ocp(p.g), we expect that

mp+mpy

Tr [T, 1 (p. )T | = Tr [, qcn(p. @) | also exist, where the
subscripts H and QCD denote the hadron side and QCD
side of the correlation functions, respectively. I' and I”
are some Dirac y-matrixes.

In this article, we choose I' = oy, iy, I =5 Z, s,

1 ,
7T [Ts(p. @) | = (0. 22,47 (Putty = qupy) ++-.

|
ST @i, = T2 % P)igu -
|=

! :
7T . 9yys 2] = Ta(r™. p. ) igup -2+

1 , .
7T . gyys| = a0, p. )i+ -+ (14)

and choose the tensor structures p.qg, —qupv, Gu, qup-z

and g, to study the hadronic coupling constants gs, gy

and gr, respectively, where z, is a four-vector.
Now we write down the components TIs(p’?,

Os(p?, p%. %), Ta(p?,p%q"

Phq%)
), and Tp(p% p*.q*) expli-

the two relations Tr([ILs z(p,q)I'] = Tr[IIs ocp(p,@)T] and  citly,
p o2 o famgApdy gs 1 ©  pon (0 PR
s p7q7) = 2 2 2 2 R S TV R d 2
me (mp —p’z) (m,,(, —pz) (mN - qz) (mp = p"*)(my, —p~) J, I—q

Py (P.1.4°)

Py (697 )+ (1, P 07

+ t + f o,
(my—p)(my, —g*) Jg 1—p? (my = p2)(my, = q*) s, t—p”
(15)
f m AP/lN + 1 0 =5 ) /2, Z’t
Hs(p ,p q) 1. (mp +my)gs +— — . f dtpPN (p 217 )
2me <mf,—p’2)(m,27 —pz)(mlz\,—qz) (my, — p=)(my;, — p?) Iy, I—q
i ©  Dry (P17 Dy (692 q7) + Py (8 )
t S 2 d 2 e o 2 ! ) tee
(mp — p"*)(my —gq°) t-p (m5;, — p*)(my, —q°) Js t—p
(16)
A 2 2
’ 8T — 8V 1 PPN,(P 7))
(.0 0) = agumape e AN o T v 2)fv 1—q>
(’”P‘p )(’”J/w‘l’)(mzv‘q> p = PNy, = P7) s q
1 ~ P o (P251.q ) 1 f pp,,,w(t,pz,qz)+p§‘»N(t,p2,q2)
+ +...’
(my— p)(my, —q*) Js, 1—p? (mw pHmy, —q?) t—p?
(17)
2
(mP_mN)gV_gTM o B (2 2
I1 22 2y Y mp+my 1 deN/(P P vt)
(P07, q7) =fiymypydp Ay 2 2\ (2 5\ 2 5 2 2Y(1m2 2 ! t—q?
(mp—p )(m P )(mN—q> (mp—p )(m]/lp—p) q
. 1 > Ppy 00 1 f pp,/w(tp ) +pp (P q)
(= p)my, =) Js, t=p> ), — PPl — ) t-p” ’
(18)

where we introduce the formal functions p3,.(p%, p?.1),

’ =5 ’
pi)ni(p Z’t’q2)a pf)rn((tvp27q2)’ pf)f]\/(t7p2’q2)a pPN’(p 2’17270,

I
ﬁ?’r]’{(plzataqz)’ 5;’77( (t’pZ’qz)z ﬁ?”N(t7p2’q2)a p‘?’Nf(p,Z’pz’t)a
Opy D207, 01607025 P (8 P7. 07, Poy. (P2, P21,
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pgwr(p/z’tsqz)a pg'_]/w(t’pzyqz)s and p[B;fN(t7p29q2) tO para_
meterize the transitions between the ground states and the

excited states. 59 and sY are the threshold para-

§0
> Sy SN’
|

u(p?,p*.q°) = ds’ f ds f
(m, +my)? 4m? (S -

+f ds'fmdstdu
s5 4m? 0 (s

through dispersion relation, and take n. = ., J/y for sim-
plicity, where pg(s’,s,u) represents the hadronic spectral
densities.

We carry out the operator product expansion at the
QCD side, and write (components of) the correlation
functions ocp(p’?, p?,¢%) as

Hocn(p?,p*.q%) = f ds f £ee(p” 1)
P

k]

(20)

__pacp(s,u)

d d
f4mz Sf =P u-ad) f4mz sf

It is impossible to carry out the integration over s’ ex-
plicitly due t;) the unknown Sfunctions pf),m (1, P2 gD, Py
P20 Ppy (P70 Ppnt D2 Gy Py, D7),

s

5 2 2 5 2 2
o oy, (6,p%q7) +pp(E P7.q7)
CS:f dt Ul il
R

meters for the radial excited states.

Now we smear the indexes 5, 4, B, etc, and rewrite
(components of) the correlation functions Ty (p’%, p?,q°)
at the hadron side as

pu(s’,s,u)
PAO(s=pHu—-q*)
pu(s’,s,u)
+oen, (19)
=P (s = pHu-q*
[
through dispersion relation, where the pocp(p'?, s,u) rep-

resents the QCD spectral densities. As the QCD spectral
density pocp(s’, s,u) does not exist,

Imy oep (s’ +i€, s, 1)

=0, (1)

,S,u) as

s, s,u) = lim
pacp( ) lim -

we can write the QCD spectral density pocp(p’
pqcp(s,u) for simplicity.

Now we match the hadron side with the QCD side of
the correlation functions, and carry out the integration
over ds’ first, to obtain the solid duality [31],

[ f ds
e +my)?

PN t.Pa%), pp.y,, 6 07.q%), and pf (1, p*,¢"). Now we
introduce the parameters Cs, Cs, C4, and Cp to paramet-
erize the net effects,

1

du ,ou(s",s,u)
(s—p?

22
s — p/2 ( )

) —q%)

_ t, p%.4*) +Pp (1, p*. 4%
C5=f dqu »q PPN »q ,
SO

. t—p”? ) t—p?
© PG+t D7 g < PG Pt PP aP)
Ca :f 2 e chf = ik : (23)
sy t=p’ sh t=p'
Here, we write down the quark-hadron duality explicitly,
0 0 5 2
She S Pocp (s 1) So.mz ApA C
f dsf du QC2D 2y e = 2 252 2y’ (24)
4m? 0 (S—P )(u_q ) ch (m%—p'z)( .~ P )(m —q ) (mn( -p )(mN_C] )
0 0 —5 2 Val
Sne Sy Pocp(s,U) So.m; ApA + C
f dsf du QCZD - n.MMy ApAN (mp+my)gs e 5 — 25)
4m? 0 (s=p)u—-q°) 2me (mf,—p’z) (m,zl —pz)(mjzv —qz) (my,_— p*)(my —q°)
f f Ao = frumpu e L 14 a 26)
Ty ApAn ,
am (S Pz)(u %) (m%,—p@) (mi/w —pz) (mlzV -q ) (m‘]/¢ POy —q?)
2
(mp—my) gy — gr—2t_
f " ds f _Paco(s10) = i Apd T mpmy Cs 27)
Iy ApAN .
4m (S (s=pHu—-g) (m%) —p’z) (m%w —pz)(mi, - qz) (m3/¢ - pH(m3 —q?)
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We set p’? = p* and perform a double Borel transform with respect to the variables P> = —p? and Q? = —¢?, respect-
ively, to obtain the QCD sum rules,

fmmi - [ ( m% J ( m%ﬂ ( mlzv) ( m% mi]]
- exp|—— |—-exp|—= ||exp| =5 |+ Csexp| —— — —

2 _ 2 2 2 2 2 2

2m, my, —ni; T; T3 T3 T; T;

L‘mz dsf dupQCD(s u)exp(—ﬁ - ﬁ] (28)

fmm L/lP/lN (mp+my)gs m2L m> m? — m2L m2
L > |eXp —T—g —exp —T—I; exp _T_gl +Csexp - X
2

2 2
2m, myp — i i T1 T2
S Sy s u
= dsf duﬁ5 (s,u)exp (—— - —) , (29)
fmg o P T} T3
gvir "y m; my "y
fj/wm‘]/l/,/lp/ljvﬁ exXp —? —exp(—T—g) exp(—ﬁ)+CV/T exXp ——T2 - F
mp=ny,, 1 1 2 1 2
fsj/w d f d ( ) ( s u ] (30)
S up s,u)exp|l—-———=1,
- oo T
mj/ mp+my mp+my
Cv = Ca+ Ca| g, Cr = [(mp=my)Ca+ Cpl 3,
mp +my mp—my,, —ny mp—my,, —ny
m3/¢ mp+m
14 A B pt+my
Pocp (S, u) = | ————pcp (S, U) + Pocep (s, 1) ,
QCD {mP +my QCD QCD m2,— mi/(/, _ m]zv
mp +my
Phen (s 1) = [ 0mp = ma) plen (5,10 + Pep (8,10 ———— 31)
mP —my,, —my

3
5 me i ) m; asGG f 2 —
) =——— | d dx — u?6 (s —m?
Pacp (s 1) 40967r6fx, o 368647r4T4 ) el (S m)

me a,GG oo l—x me a,GG a 1
+ < d dx WS (s—m?)+ < d f dx W S(s—m?
12288774T12 ¢ T >j,; x2 ( C) 245767r4T12< bd ’ x x(1=x) ( C)

me  a,GG f N me  a;GG f ol —)\ . M(Gq)(q8s0Gq) f —
dx— dx—ud(s— EY
04w ) YT ), B (s=me)+ =g i x(l (5= m2) )
mqq)xqg;0Gq) (™ m(ggs0Gq)* f*' 1 —
t o dxo(u) + —————— d S(s—m2)o(u), 32
seer? J, T e ), R0 (=)ot (32)

_ 1 i mqq) mqgsoGq) (| u N
5 _ 2, Me (485 2
pQCD(S”") —WL dxxsu” + W N dxu+ W . dx;é(s—mc)

g’ ™ m2  a,GG_ (% (. s _,
+487r2 i dxxs&(u)+18432ﬂ4T12< - ) i dx; Z—T—lz 6(s—mc>

1 GG [ — 1 sGG ™
<a3 )f dxusé(s—m3)+ <0/ )f dx(u+3xs)
T X T X;

+
76874 30727
1 a,GG. (™ . . { 0GG. (" 2-x .
+—122887r4< - )fxi dx(1+x)(2us+u )6(s m) 122887r4T12< . )f); dxl_xsu 6(S—mc)
m’ (2 GG _mlqq) (G GG
_ (4 = dx— "’2 ¢ f d ~2
3456712T4 ) f X Ak 11527T2T2 '), & — )
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_mqq) aGG>f (s—ﬁf) m(qq) aGG>f dx6()

2304772T2 x(l 1 1527r2
2 2 _
{49 OlsGG — (Gq) ;GG f -
432T2 )f 6(S_mc)6(u)+864T22< . )fxi dx[4s6(s—mc)+l]6(u)
(q9)* aGG — (99)(q8s0Gq) (™ (G9Xags0Gq)
+288T2 ) mc)d(u)—T4T22 : dxxsd(u)+W ; dxsé(s m )6(14)
_ S G 1 _ - - s G X¢ = s G 2 Xy
94)(98:0Gq) dx sé(s—mf) 6(u)+—(qq)<qg oG dxsé(u)-i——(qg 7Gq) dxo(u)
5767* v l-x 384n2T;  Jx 23047273 Js
(38:0Gq)* (qg;0Gq)* [
_—1728772T22 dxsd(s m )(5( )— —138247r2T22 i dxl_xsé(s m )6(u)
(38:0Gq)’ f (G850Gq)’ f 1 — (G8:5Gq)*
T dxso Suy— = | g 5(s—m2) oty - TETOD” (415 s
Visaery ), (o712} 1382477 J, T 1-x’ (=)o) - =65 52 L (s =) 8@,
(33)
4 _mgq)* " 5mqq)(agsoGq) (™ m{GqXggocGq) (. 1 -
Pocn(5:1) == ) dxo(u) — ST6nT2 ) dxé(u)+T dx;é'(s—mc)é(u)
m. a,GG_ ™ 1 — 3<f]l]>2 a;GG
+92167r4< )f dxx(l_x)u(S(s—mc) 432T4 )f dx— s m)é(u)
me(qq)* a GG m{gq)? a GG
+ 144T2 ) x—6 (s—m2) 8(u) + 288T2 ) } dx = =26 (s—m?2) 6w
mgq)* asGG — me(gq)* asGG —
+ 864T2 ) f dx) §(s—m2) 6(u) - 864T2 ) dx (s—m2) 6(u)
mc<ng0-Gq>2ff 1 —2 mc<flgx0'G61> —2
- d §(s—m?) 6(u)— §(s—m2) (u), 34
16087272 J,, © x(1-x) <S ) ot 13824272 J,, xx(]—x) (S ’") @) (34)
pB (s,u) =— ! fJCfdx[xs+x(1—x)(s—ﬁz)]uz—<qq>2 dx[xs+x(1 x)(s m )] o(u)
Qcp 409676 . ¢ 24n2

2 X, 2 X,
m a,GG f' l( s) 2 — m; a,GG f‘ 1-x , —
- dx—=|2——=|u"S(s—m>)+ d us(s—m:
36864774T12< n >X‘ LA U (s-) 368647r4T]2< _— X‘ - o(s—m)

1 a,GG (™ (3 -2x)us — 1 a,GG f’“ 4u
- dx| D2 s () u| - d
33040 x >fx x[ 20— (s=m2)+u) = S5 il i

—+xs+x(1—x)(s—1713)]
1 aGG s ) o mXgq)?* a,GG fxf 1 s 1-x —
— ols— i dx|-=|2- = |+ ——|0(s—m_)o
73728714 >f ( le )u (s mc)+ 216T2 ( p ) . 2 le + 2 (s mc) (

a9 (% GG G-29)s .~ (a9)’ (% GG _
_432T2 >f [ 8((s =)+ 3|00+ 25 >f dx( 1]5( — i) 8(u)
- ; dx[l+ - sé(s—mg)}ﬁu)-#w i dx[xs+x(1—x)(s—m3)] o(u)
(G8,0Gg)* (™ 142x ]
+ 2304277 J, dx[l t T, sé(s mc) o(u), (35)

1+ 1-4m2/s v 1—1-4m2/s = _ (s —m?) appears.

where x;= 5 , Xi= ) , Mg
) . . In this study, we carried out the operator product ex-

C T .
x(1—x) and Li dx— [/ dx, when the & function pansion to the vacuum condensates up to dimension 10,
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and assumed vacuum saturation for the higher dimension
vacuum condensates. As the vacuum condensates are va-
cuum expectations of the quark-gluon operators, we take
the truncations n< 10 and k<1 in a consistent way,
where the operators of the orders O(a¥) with k> 1 are
neglected. Furthermore, we set the two Borel parameters
to be 77 = T3 = T? for simplicity. If we take 77 and T; as
two independent parameters, it is difficult to obtain stable
QCD sum rules. In numerical calculations, we take Cs,
Cs, Cy, and Cr as free parameters and choose the suit-
able values to obtain the stable QCD sum rules.

In the operator product expansion for the correlation
functions Ils(p,q) and II,(p,q), if we take into account
the finite spatial separation between the clusters
&(0)iysu(0) and &% u’ (0)Cy,d;(0)y*ysck(0) in the current
operator J(0), the current J(0) is modified to

J(0) = &(e)iysu(e) e ul (0)Cyad(0)y*ysci(0), (36)

By adding a small four-vector €, the Feynman diagrams
for the decays into the charmonium states are made non-
factorizable; see the first Feynman diagram in Fig. 5,
where we split the point 0 into two points to site the bary-
on and meson clusters. In the limit € — 0, the lowest or-
der Feynman diagrams for the decays into the charmoni-
um states are factorizable; see the second Feynman dia-
gram in Fig. 5. We observed in our calculations that there
are both connected and disconnected Feynman diagrams
contributing to the decays. The non-factorizable contribu-
tions begin at the order O(+/@;) due to the quark-gluon
operators Ggs0,3G®q, while at the order O(a,) of the
quark-gluon operators, the non-factorizable contributions

are of the forms (22GG) and (gg,0Gq)>. We absorb the
strong coupling constant g2 = 4ra, into the vacuum con-
densates and count them as of the order O(a?). In Fig. 6,
we draw the non-factorizable Feynman diagrams contrib-
uting to the gluon condensate as an example. Although
the correlation functions II(p’?, p?, p?) can be written as

* “ PQcp(s, u)
(p”*, p*.p°) = dsf du—"———-
amz Jo (s=pHu—q?)
+nonsingular terms of p’?, 37
u
0 y
d > 0
(o] ,f” /I
0 X eceeem- -~ L
~ N 4

Fig. 5.
cays of the pentaquark molecular state. In the first diagram,

Lowest order Feynman diagrams contributing to de-

we take into account the finite spatial separation between
the baryon and meson clusters.

u
y
0
d -
E c __-7
X o__ & S
o Pid
\\~___Y’
C

Fig. 6.
the gluon condensate. Other diagrams obtained by inter-

Non-factorizable Feynman diagrams contributing to

changing of the light quark lines or heavy quark lines are
implied.

at the QCD side; there are both factorizable and non-fac-
torizable contributions.

In previous section, we have proved that the current
operator J(x) couples potentially to the X.D molecular
state, which receives both factorizable and non-factoriz-
able contributions, while the couplings to the baryon-
meson scattering states can be neglected. From1 Egs. (15)-

(18), we can see that there is a pole term

hadron side, which should have originatedpat the QCD
side. However, at the QCD side, there is no singular term
with respect to the variable p’?; see Eq. (21). It does not
imply that there is no contribution from P.(4312) or that
the current-molecule coupling Ap is zero, it just means
that P.(4312) may not be on the mass-shell. If we set

me—p? at the

p’? = p? to obtain the QCD sum rules, the terms ——
my, —p

and > 5 2 at the hadron side cannot be singular sim-
J

ultaneo{ll//sly. A reasonable explanation is that the current
operator J(0) in the three-point correlation functions
I15(p.q) and II,(p,q) couples potentially to the £.D mo-
lecular state or P.(4312). However, the P.(4312) may not
be on the mass-shell, which facilitates setting p’> = p*.

4 Numerical results and discussions

At the hadron side, we take the hadronic parameters
asmyy, =3.0969 GeV,my =0.93827 GeV,m,, =2.9839 GeV,

0, =3.6GeV, \s) =3.5 GeV, [+ = 1.3 GeV [42],mp =
43119GeV [2], fiy =0418GeV, f, =0.387GeV [43],
Ay =0.032 GeV? [44], and Ap = 1.95% 10~3 Ge VS [18].

At the QCD side, we take the standard values of the
vacuum condensates (gg) =—(0.24+0.01 GeV)3, (qgs0Gq)=

m(gqy, m}=(0.8+0.1)GeV?, and <@> =(0.33GeV)*
at theﬂergy scale u =1GeV [35, 40, 41, 45], and choose

the MS mass m.(m.)=(1.275+0.025)GeV from the
Particle Data Group [42]. Moreover, we take into ac-
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count the energy-scale dependence of the parameters,

(1 GeV)]i?

G = (gg)(1 GeV)[ )

(1 GeV)
(Ggs0Gq) (1) ={ggs;0Gq)(1 Ge V)[S—} ,
me(ut) = me(m a[ *(")] :
ag(me)
() = L _ﬁlo_gz bf(logzt—logt—l)+b0b2
) b bZ t bgt2 ’
(38)
2 33-2 153—19
where tzlogﬂ—' by = nf; 1= nf; ) =
5033 325 12x 247
2857 - =5y + o

T - and A =210, 292, 332 MeV for
T

the flavors ny=5, 4, and 3, respectively [42, 46],
and evolve all the parameters to the ideal energy scale p
with ny =4 to extract the hadronic coupling constants gs,
gv,and gr. B
In the QCD sum rules for the mass of the DX,

pentaquark molecular state with the spin-parity J* = =

or P.(4312), the ideal energy scale of the QCD spectral
density is 4 =2.2GeV [18], which is determined by the

energy scale formula u = \/M)% vz (2M,)? with the ef-

fective c-quark mass M. =1.85GeV [47]. The energy
scale u=2.2GeV is too large for N, 7., and J/i. In this

0.40 r T T T T T T T T T
0.35 -

L Central value
0.30 | — — - Error bounds | 1
025 ]
020 [ ]

oo.15 - ]

Quf~- - ---------- -~ E

005F """ """ - - - TT - oo - oo 3

0.00 [ ]

0.05 l ]

0 10 1 1 1 1 1 1 1 1 1
31 32 33 34 35 36 37 38 39 40 4.1

T*(GeV?)

35 r T T T T T T T T T

3.0 - Central value | ]
25 — — —Error bounds |
20 E
15 E
S10F e - - - E
s OF b
05 -
00k _ _ o _________ E
05} -
10 i
1. L 1 1 1 1 1 1 1 1 1 1
40 41 42 43 44_45 46 47 48 49 50

T*(GeV?)

Fig. 7.

study, we take the energy scales of the QCD spectral

m
densities to be u = 777 = 1.5 GeV, which is acceptable for

the charmonium states [37].

We choose the values of the free parameters as
Cs=1.18x107°GeV?, Cs5=1.94x107GeV!?, Cy=
-1.77x1075 GeV?, and Cr = —-1.67x107 GeV’ to obtain
flat platforms in the Borel windows T2 = (3.1 -4.1) GeV?,
(3.3-4.3) GeV?, (4.0-5.0) GeV?, and (3.9 —4.9) GeV? for
the hadronic coupling constants gs, gy, and gr, respect-
ively. We fit the free parameters Cs, Cs, Cy, and Cy to

obtain the same intervals of flat platforms
Téax—Tim =1.0 GeV?, where T2,, and T2, denote the

maximum and minimum values of the Borel parameters,
respectively.

We take into account the uncertainties of the input
parameters, and obtain the values of the hadronic coup-
ling constants gs, gy, and g7, which are shown in Fig. 7,

g5 =0.09+£0.03 from Eq. (28),

g5 =0.09+0.07 from Eq. (29),

gv =0.40+0.50,

gr =0.10+0.40, (39)
where we have redefined the hadronic coupling constants
gv/gr in Eq. (13) with a simple replacement, gy/gr —
—gv/gr, as the central values of gy/gr are negative from
the QCD sum rules in Eq. (30).

Now it is straightforward to calculate the partial de-

cay widths of the decays P.(4312) — n.N, J/YN,

0.40 T T T T T T T T T

0.35 | Central value | 7
0.30 | — — - Error bounds |

0.25 - -
0.20 - i

o015 F T T T T T T o T s s s s s s o E
o10f ]

0.05 [ ]
000f T T T T T T T T T T T T T T T T ]
005 [ ]

-0.10 1 1 1 1 1 1 1 1 1
33 34 35 36 37 38 39 40 41 42 43

T2 (GeV?)

2.8 T

24 Central value |
20 — — = Error bounds | -
16 E
12 ]
0.8 | ]
(=) e e = = ]
O4F- "~~~ —T-—T=—T == % =
00 F =
Q4F- "~ T T T T T T T T T T T T T T T T T 3
0.8 - B

1.2
3.9 40 41 42 43 44 45 46 47 48 4.9
2 2
T(GeV?)

(color online) Hadronic coupling constants gs, gy, and gr with variations of the Borel parameters 72, the values of gs in the

first diagram and second diagram come from the QCD sum rules in Eq. (28) and Eq. (29), respectively.
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p(mp,my, ,mN)l 2

[(P.(4312) = n.N) =
(Pc(4312) - ncN) Tome
=31.488g2 MeV
=0.255"0133 MeV from Eq. (28),
=0.255"033) MeV from Egq. (29),
(40)
where
T = u(q)igsu(p’), (41)
2 _ b 2 2 _ b— 2
and p(a.b,c) = N =GPl ~(b-cP]
2a
9 ’m
T(P.(4312) = JJyN) = MW
167tmy,
=29.699g7 —97.554gvgr +80.633g3, MeV
=9.296" %04 MeV, (42)
where
_ ke o . 8T af ’
T—eau(q)(gvy —i—————0"pg|ysu(p’). (43)
mp +my

The partial decay width T'(P.(4312)—n.N)=
0.255 MeV is extremely small, and the total width I'p 312
can be saturated with the strong decay P.(4312) - J/y/N.
The predicted width T'(Pc(4312) — J/yN)=9.296"}"4>
MeV is compatible with the experimental data
Tp312) = 9.8+£2.7"37 MeV from the LHCD collaboration
[2]. The present calculations support assigning P.(4312)
to be the DX, pentaquark molecular state with the spin-

. 1 .
parity JF = 5 We can search for P.(4312) in the n.N

mass spectrum, and measure the branching fraction
Br(P.(4312) — n.N), which may shed light on the nature
of P.(4312) and test the predictions of the QCD sum
rules.

The thresholds of DA, and D*A. are 4.15GeV and

4.29 GeV, respectively, and the decays into the final
states DA, and D*A. are kinematically allowed. At the
quark level, the decays of the DX, pentaquark molecular
state to the DA, and D*A, states take place through dis-
solving of the X-type diquark states to form the A-type
diquark states by emitting an isospin I =1 quark-anti-
quark pair. At the hadron level, the decay
P.(4312) —» D*A. can take place through the process
P.(4312) —» DX, — DAt — D*A. with the subprocesses
Y. —nA. and Dn— D*; the partial decay width
I'(P.(4312) —» D*A.) may be as large as 10.7 MeV [48].
Direct calculations of these partial decay widths with the
QCD sum rules are necessary to make a definite conclu-
sion, which we aim to address in our next work.

5 Conclusion

In this article, we tentatively assign P.(4312) to be the
DX. pentaquark molecular state with the spin-parity

JP = - , and discuss the factorizable and non-factoriz-

able contributions in the two-point QCD sum rules for the
DX, molecular state in detail to prove the reliability of the
single pole approximation in the hadronic spectral dens-
ity. We study its two-body strong decays with the QCD
sum rules by carrying out the operator product expansion
up to the vacuum condensates of dimension 10. In calcu-
lations, special attention was paid to match the hadron
side with the QCD side of the correlation functions to ob-
tain solid duality. We obtain the partial decay widths
[(P.(4312) > n.p) =0255MeV  and  [(P.(4312) -
J/yp) =9.296*%5¢* MeV, which are compatible with the
experimental data T'p 312 =9.8+2.7" I MeV from the
LHCb collaboration. The present calculations support as-
signing P.(4312) to be the DX. pentaquark molecular

. . . 1
state with the spin-parity J” = —~ . We can search for the
decay P.(4312) — n.p to diagnose the nature of P.(4312).
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