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Abstract We study the mass spectra of hidden-charm pen-
taquarks having spin J = % / % / % and quark contents uudcc.
We systematically construct all the relevant local hidden-
charm pentaquark currents, and we select some of them to
perform QCD sum rule analyses. We find that the P.(4380)
and P,(4450) can be identified as hidden-charm pentaquark
states composed of an anti-charmed meson and a charmed
baryon. Besides them, we also find (a) the lowest-lying
hidden-charm pentaquark state of J© = 1/27 has the mass
4.3370-17 GeV, while the one of J” = 1/2* is significantly
higher, that is, around 4.7-4.9GeV; (b) the lowest-lying
hidden-charm pentaquark state of J© = 3/27 has the mass
4.37%013 GeV, consistent with the P.(4380) of J© =3/27,
while the one of J¥ = 3/2% is also significantly higher, that
is, above 4.6 GeV; (c) the hidden-charm pentaquark state of
JP = 5/27 has a mass around 4.5-4.6GeV, slightly larger
than the P,(4450) of J¥ = 5/27.

1 Introduction

Since the discovery of the X (3872) [1], dozens of
charmonium-like XY Z states have been reported [2]. They
are good candidates of tetraquark states, which are made of
two quarks and two antiquarks. In the past year, the LHCb
Collaboration observed two hidden-charm pentaquark reso-
nances, P.(4380) and P,(4450), in the J /v p invariant mass
spectrum [3]. They are good candidates of pentaquark states,
which are made of four quarks and one antiquark. They all
belong to the exotic states, which cannot be explained in the
traditional quark model, and they are of particular impor-
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tance to understand the low energy behaviors of quantum
chromodynamics (QCD) [4].

Before the LHCb’s observation of the P.(4380) and
P.(4450) [3], there had been extensive theoretical discus-
sions on the existence of hidden-charm pentaquark states [5—
13]. Yet, this experimental observation triggered more studies
to explain their nature, such as meson—baryon molecules [ 14—
20], diquark—diquark—antiquark pentaquarks [21-25], com-
pact diquark—triquark pentaquarks [26,27], the topological
soliton model [28], genuine multiquark states other than
molecules [29], kinematical effects related to the triangle sin-
gularity [30-32], etc. Their productions and decay properties
are also interesting and have been studied in Refs. [33—43],
etc. For more extensive discussions, see Refs. [4,44,45].

In this paper we use the method of QCD sum rule to study
the mass spectrum of hidden-charm pentaquarks having spin
J = % / % / % and quark contents uudcc. We shall investigate
the possibility of interpreting the P.(4380) and P.(4450) as
hidden-charm pentaquark states. We shall also investigate
other possible hidden-charm pentaquark states. The present
discussion is an extension of our recent work shortly reported
in Ref. [46]. In the calculation we need the resonance param-
eters of the P.(4380) and P.(4450) measured in the LHCb
experiment [3]:

Mp, (4380, = 4380 = 8 £ 29 MeV,
T p.(4380) = 205 + 18 + 86 MeV,
Mp, (4450, = 4449.8 + 1.7 + 2.5 MeV,
T p.(4450) = 39 £ 5 + 19MeV,

as well as the preferred spin—parity assignments (3/27, 5/27)
for the P.(4380) and P.(4450), respectively [3].

This paper organized as follows. After this Introduction,
we systematically construct the local pentaquark interpolat-
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ing currents having spin J = 1/2 and quark contents uudcc
in Sect. 2. The currents having spin J/ = 3/2and J = 5/2 are
similarly constructed in Appendices A and B, respectively.
These currents are used to perform QCD sum rule analyses
in Sect. 3, and then are used to perform numerical analy-
ses in Sect. 4. The results are discussed and summarized in
Sect. 5. An example applying the Fierz transformation and
the color rearrangement is given in Appendix C. This paper
has a supplementary file “OPE.nb” containing all the spectral
densities.

2 Local Pentaquark currents of spin 1/2

In this section we systematically construct local pentaquark
interpolating currents having spin J = 1/2 and quark con-
tents uudcc. There are two possible color configurations,
[Cacall€®*qagpgc] and [Caqalle®*caqpgc], where a---d
are color indices, g represents the up, down or strange quark,
and c represents the charm quark. These two configurations,
if they are local, can be related by the Fierz transformation
as well as the color rearrangement:

adeeabc — 8da€ebc + 8db6aec + 8d66abe. (1)

With this relation, the color configurations [5dcd]
leabeq a5 a5 [¢%q ] Neabcc® a5 a5, 167 g5 Nl eapcc®qy 451, and
[Edqg ] [eabcc”qf g5] can actually be related, where g1 2 3 rep-
resent three light quark fields. There are several formulas
related to the Fierz transformation, some of which were given
in Refs. [47,48]. In this paper we also need to use the product
of two Dirac matrices with two symmetric Lorentz indices:

guwl®l

SuvYp @ Y’

8uvOpo ® ol

g YpYs ® v’ ys

85 Vs

Ve @Yo+ (< v)
Yu¥s @ wys + (n < v)
Oup @ opp + (U < V)

ab,cd
1 1 1 11
a4 8 —ga 000
1 —1o -1-10 00
3.0 —50 3 0 00
_ —1—%0 —31 0 00
- 1 1 1 1
LIl 1719 g9
A O L U W R
SUNSSUE UES O U
3217 113 2070
3 3 3733 —110

@ Springer

gl ®1guy, ® y”
8guvps ® ol?
guvYpYs ® YPys
X | guVs QY5 . (2
Yu ® vy + (n <)
Yu¥s @ wys + (n < v)

Oup ® oyp + (n < v) ad be

However, the detailed relations between [¢4cq1[€4° gaqpqc]
and [¢qqq1[€**caqpq.] cannot easily be obtained. We just
show one example in Appendix C. We also systematically
construct local pentaquark interpolating currents having spin
J =3/2and J = 5/2, and list the results in Appendixes A
and B, respectively.

2.1 Currents of [¢gcs1[€**“u dpu]

In this subsection, we construct the currents of the color con-
figuration [¢ycq][€**uqdpu.]. We only investigate the cur-
rents of the following type:

n = [€w! CTidy)T juclcaTreal, 3)

where I'; j x are various Dirac matrices. The currents of the
other  types [Edchd][e“b‘“(uaTCFiub)Fij] and
[Edchd][e“b"(daTCFiub)Fjuc] can be related to these cur-
rents by using the Fierz transformation. We can easily con-
struct them based on the results of Ref. [48] that there are
three independent local light baryon fields of flavor-octet and
having the positive parity:

NY = eapce PPN (a4 Cap)ysqe.
NI = €apce®BPAN (q4T Cysah)qt.,
N3l = €apce* BPAY (a4 Cruvsal)vsat. (4)

where A --- D are flavor indices, and g4 = (u, d, s) is the
light quark field of flavor-triplet. Together with light baryon
fields having the negative parity, y5 N sz and ys N3A;, and the
charmonium fields:

caca 0%, eaysca 071,

Cayuca 1171, Cayuysca 1], €aopmea [17], (5)

we can construct the following currents having J* = 1/2%
and quark contents uudcc:

m = [} Cdyp)ysucllcacal,

m = [P (u] Cdyp)ucllcayscal,

n3 = [P (u] Cysdp)uclléacal,

s = [Pl Cysdp)ysucllCayscal,

ns = [ (] Cdp)yuysucllcayucal,

ne = [l Cdp)yuuclicayyscal.

n7 = (€] Cysdp)yuucllcayucal,

ns = (€2 (ul Cysdp)yuysuclléayuyscal,
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1o = [€®*“ ! Cdp)oyyysuclleaomeal,
no = [€P° (! Cdp)oucl[Cao i yscal,
m = [l Cysdp)oucllCaoyvcal,

n2 = (€9l Cysdp)o ysuclleaomyscal.
m3 = [€* ! Cyuysdp)ucllcayucal,
ma = (€ !l Cy,ysdp)ysuclleayuyscal,

s = [l Cyuysdp) yucllaoveal,
me = (€2l Cyuysdy) vysucllCaoumwyscal. (6)

We can verify the following relations:

n9 = n1io,
n = 112,
N1 = n9 + 2inys — 2ine. @)

Hence, only 13 currents are independent in Eq. (6). All of
them have J* = 1 /2%, while their partner currents, y5n;,
have J” = 1/27. We shall not use all of them to perform
QCD sum rule analyses, but select those containing pseu-
doscalar (cqyscq) and vector (¢4, cq) cOmponents

o — na = [Pl Cdp)uclleayscal

—[e" (ul Cysdp)ysucllcayseal, ®)

ns —n7 = [€" ul Cdp)yuysucllcayucal
—[€**(u] Cysdp)yuuclleayucal, ©)
m3 = [P} Cyuysdp)ucllcayuca). (10)

Their internal structures are quite simple, suggesting that
they well couple to the [pn.], [pJ/¥], and [N*J/v] chan-
nels, respectively. Especially, 7o —n4 and ns —n7 both contain
the “Ioffe’s baryon current”, which couples strongly to the
lowest-lying nucleon state [49,50].

abc

2.2 Currents of [cqugq][€*“uqdpc,]

In this subsection, we construct the currents of the type
[CaTkualle®® X CTidy)T jc 1. The currents of the other
types [Edl“kud][e“b“(uZCFicb)Fjdc] and [cgTruq]
[e“bc(ch [idp)T jucl, etc. can be related to these currents
by using the Fierz transformation. We find the following cur-
rents having J© = 1/2% and quark contents uudcc:

&1 = [ (ul Cdp)yseclleaual,

& = [ (ul Cdp)ccl[eaysual.

&3 = [P (u] Cysdy)cclCaual.

g4 = [€®* ]l Cysdp)yscclleaysual,

& = [€“" (u] Cdp)yuyscelleayuual,

&6 = [€*P(u] Cdp)yucclleayuysual,

& = [e“ L Cysdp) yucclleayuual,

£3 = [P (u} Cysdp)yuyscellCayuysual,

£y = [€""(u] Cdp)ovysccllcaouual,

E10 = [€*°(u] Cdp)oyveclleaomysual,

£ = [ ul Cysdp)oyvecllaouvual,

12 = [P (ul Cysdp)ovysccllCao i ysual,
£13 = [ (u] Cyudp)yuyscelleaua),

E1a = €] Cyudp)yucelleaysual,

E15 = [P (u] Cypysdp)yuccllCaual,

E16 = [€P(u] Cyuysdp) yuyscelleaysual,
£17 = (€ (u] Cyudp)ysclleayumal.

Eig = [€“" (ul Cydy)eclleayuysual,

E1o = [ (u] Cyuysdp)ecllayuual,

£20 = [ (u] Cyuysdp)yscelleayuysual.
&1 = [P (u] Cyudy)ouvysellayvual,

£ = [P (u] Cyudy)opvccllCayvysual,

£23 = [€" (u] Cyuysdp)oyvcelléayual,

E24 = [P (ul Cyuysdp)ounysccllCayvysial,
Er5 = [P (ul Cyudp)yyyscellCaoymual,

£26 = [€®° ] Cyudp) yuecllCaovysial,

£ = [e“" (ul Cypysdp)yvecllaomual,

£25 = [€™° I Cyuysdp)yvyscelleaowysual,

£29 = [€®°(ul Copvdp)ounysccllCaual,

E30 = [ (u] Copvdp)oyveclCaysual,

&1 = [ (ul Copvysdp)opvccllCaual,

£y = [P (ul Copvysdp)ounyscellCaysual,
£33 = [P (ul Copndp)yuyscelleayvual,

E34 = [€"P°(u] Copvdp)yucellCayvysual,

£35 = [€"P“(u] Copvysdp) yucellCayital,

£36 = [€**° ] Copnysdp) yuyscellCayvysual,
E37 = [€7°(u] Copvdp)yscellCaoymual,

£33 = [P (ul Coppdp)ecllCaoymysual,

£39 = [€"°(ul Copysdp)ccllaomual,

E0 = [€" (ul Copysdp)yscellcaovysual,
E41 = [P (u] Copdp)opnyscellCaoipual,
£ = [€“" (ul Coppdp)opvecllCaopysial,
£z = [€“ (ul Coppysdy)oyneccaopual,
Eas = [P (ul Coppysdp)onyscllCaonyysial. (11)

We can verify the following relations:

&9 = 10,
&1 = &2,
29 = 831,
30 = &32,
&37 = &40,

@ Springer
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&38 = &39. (12)

Then there are only 38 independent currents left. To perform
QCD sum rule analyses, we shall use

£ — &4 = [P (ul Cdp)ccl[eaysual

[ el Cysdyp)yscelleaysual, (13)

g5 — & = [ (ul Cdp)yuyscellCayunal
[ el Cysdyyyuclleayuual. (14)
£14 = [ (u] Cypdp)yucelléaysual, (15)
E16 = [ (u] Cypysdp) yuyselleaysual, (16)
£17 = [€" (u] Cyudp)yscelleayuual. (17)
E19 = [€" (u) Cypysdp)cclleayuual. (18)

which well couple to the [A:D], [A.D*], [Z.D], [A}D],
[X}D*] and [A} D*] channels, respectively.

2.3 Currents of [¢qdy][€*uqupce)

In this subsection, we construct the currents of the type
[Edded][e”bc(uaTCF,-ub)l"jcc]. The currents of the other
types  [CaTkdalle®®(ul CTicp)Tjucl  and  [64Tkdal
[eabc(cZCF,-ub)Fjuc] can be related to these currents by
using the Fierz transformation. We find the following cur-
rents having J© = 1/2% and quark contents uudcc:

Y1 = (€ (u) Cyuup)yuyscelléadal.
Y2 = [P (ul Cyuup)yucclleaysdal,

V3 = [ (ul Cypup)yscellCayudal.
Yy = [ (u} Cyup)celléay,ysdal,

Us = [ (ul Cypup)ouyscellandal,
Ve = [ (ul Cypup)oncellcayyysdal,
v = [P (ul Cypup) yyseclléaonndal,
v = [P (ul Cypup)yvecllCaouysdal,
Yo = [e“””(uaT Copuvttp)ouvyscelléadal,

s
N
I
m
Q
S
[}
~~
=
ﬁ
Q
=
<
>
=
ol
N
=
P>
(o)
o
~
ISy
>
>
<

Y19 = [e“”f(uTCowysub)cc][cd%dd]

Yoo = (€7 (ul Copnysup)yscellCaoymysdal,
Y1 = [€P (ul Coppup) o yscellcaovpdal,
Vo = [Pl Coppup)oumcllCaoyysdal,

@ Springer

V3 = [Pl Coppysup)ouvccllcaonpdal,
Y4 = [€P°(u] Coppysip) oy yseellCaoy vsdal. (19)

We can verify the following relations:

Yo = Y11,
Vio = Y12,
Y18 = Yo,
Y17 = ¥20. (20)

Then there are 20 independent currents left. To perform QCD
sum rule analyses, we shall use

vo = [€P(ul Cyup)yucellCaysdal, 1)
¥ = [P (ul Cyup)yscelleayudal, (22)

which well couple to the [X}D] and [X}D*] channels,
respectively.

2.4 A short summary

In the previous subsections, we systematically construct all
local pentaquark interpolating currents having J© = 1/2+
and quark contents uudcc. We find 13 independent currents
of the color configuration [Eacall€®uqdyuc], 38 indepen-
dent currents of the color configuration [cqug][€“?“uydpc.],
and 20 independent currents of the color configuration
[Cadg[€Puqupc.]. One may wonder that there are alto-
gether 71 independent currents. Actually, some of these cur-
rents can be related by applying the color rearrangement in
Eq. (1). Considering there are 71 currents in all, it will be too
complicate to perform thorough transformation one by one.
However, we can give an estimation that at least one third of
these 71 currents are not independent and can be expressed
by other currents.

We shall not discuss this any more, but start to perform
QCD sum rule analyses using the currents selected in this
section as well as those selected in Appendices A and B.

3 QCD sum rules analyses

In the following, we shall use the method of QCD sum
rules [51-55] to investigate the currents selected in Sect. 2
and in Appendices A and B. The results obtained using the
JP =1/2% currents n2 — n4, 15 — 17, M3, &2 — 4, &5 — &7,
&14, €16, €17, €19, Yo, and Y3 are listed in Table 1, those
obtained using the JP = 3/27 currents 15, — N7, N8u>
19> Esp — 710> E18105 §2001 §250> §27105 §33 105 E3500 V2> Vs
and g, are listed in Table 2, and those obtained using the
JP = 5/27 currents N1pvs §13u0> E15u0, and Y3y, are listed
in Table 3.

We use J, J,,, and J,, to denote the currents having spin
J =1/2,3/2,and 5/2, respectively, and assume they couple
to the physical states X through
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Table 1 Numerical results for the spin J = 1/2 hidden-charm pentaquark states

Current Defined in Structure 50 [GeV?2] Borel mass [GeV?] Mass [GeV] J, P)
n —n4 Eq. (8) [pne] - - - -
ns — 7 Eq. 9) [pJ/¥] - - - -
n3 Eq. (10) [N*J /] - - - -
§r— &4 Eq. (13) [AcD] - - - -
&5 — &7 Eq. (14) [AcD*] - - - -
14 Eq. (15) [=.D] 20-24 4.12-4.52 4.457017 1/2,-)
&16 Egq. (16) [A%D] 25-29 4.40-4.76 4.867015 (1/2,4)
&17 Eq. (17) [(2:D%] 22-26 3.64-4.25 4737019 (1/2,-)
&19 Eq. (18) [A%D*] 23-27 3.70-4.22 4.677958 (1/2,+)
¥ Eq. 21) [2:D] 19-23 3.95-4.47 4.3370-17 1/2,-)
s Eq. (22) [57D%] 21-25 3.50-4.11 4597017 (1/2, )

Table 2 Numerical results for the spin J = 3/2 hidden-charm pentaquark states. ¥, is denoted JE "¢ in Ref. [46]

Current Defined in Structure so [GeV?] Borel mass [GeV?] Mass [GeV] J, P)
N5 — N Eq. (42) [pJ/¥] - - - -

Msp Eq. (43) [N*nc] - - - -

N9 Eq. (44) (N*J/¥] - - - -

Esu — &7 Eq. (45) [A.D*] - - - -

£ Eq. (46) [2:D] 21-25 3.93-4.51 4.56701% (3/2,-)
E20, Eq. (47) [A?D] 2327 4.12-4.63 4567018 3/2,4)
£25, Eq. (48) [£D*] 21-25 3.85-4.30 4.67102) (3/2,-)
&7 Eq. (49) [AXD*] 23-27 4.07-4.50 4.68701 (3/2,+)
£33 Eq. (50) [Z.D*] 20-24 3.97-4.41 4.467018 (3/2,-)
£33, Eq. (51) [A.D*] 27-31 432-5.11 5187016 3/2,4)
Vo Eq. (52) [2:D] 20-24 3.88-4.41 4.457019 (3/2,-)
Vsy. Eq. (53) (2D 21-25 3.86-4.46 4.617015 (3/2,-)
Vo Eq. (54) [ZeD*] 19-23 3.94-4.27 4377518 (3/2,-)
Table 3 Numerical results for the spin J = 5/2 hidden-charm pentaquark states. &15,.1,, ¥4, and J;}’Vi" are denoted J, {L:lz;\‘ J(LZ‘?}? and J, (LZUEF&[)*A”
in Ref. [46], respectively

Current Defined in Structure s0 [GeV?] Borel mass [GeV?2] Mass [GeV] J, P)
Ny Eq. (55) [N*J/¥] - - - -

130 Eq. (56) [2:D¥] 20-24 3.51-4.00 4.507918 (5/2,-)
Espuw Eq. (57) [AXD*] 24-28 4.09-4.59 4767013 (5/2,+)
V3 Egq. (58) [ZD*] 21-25 3.88-4.40 4.597017 (5/2,-)
Vapw Eq. (59) P-wave [S:D] 25-29 4.30-4.73 4.827013 (5/2,+)
Jmix Eq. (40) P-wave [A.D*&Z} D] 20-24 3.22-3.50 4477918 (5/2,+)

@ Springer
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O1J1X1y2) = fxu(p),
Ol Jul X32) = fxuu(p),
Ol Xs52) = fxupn(p). (23)

The two-point correlation functions obtained using these cur-
rents can be written as

n (qZ) =i f d*xe' T (0|T [ (x)J ()] |0)
= + M1 (g?), 24)
M (¢7) =1 [ a0/ [, 7. 0] 0

quq
sz _g/tv) (¢ + Mx)I/? (‘12)

+oe (25)
Mg (47) =1 / d*xe! T OIT [J(x) Jpo (0)]10)

= (gupgucr +g;wgvp) ¢ + MX)H5/2 (qZ)
T (26)

where - - - in Eq. (25) contains the spin 1/2 components of J,,
and - - - in Eq. (26) contains the spin 1/2 and 3/2 components
of Jyuv.

We note that we have assumed that X has the same parity
as J, and used the non-ys coupling in Eq. (23). We can also
use the y5 coupling

071Xy = fxysu(p). 27)

when X’ has the opposite parity from J. Or we can use the
partner of the current ysJ having the opposite parity,

OlysJ1X) = fxysu(p). (28)

See also discussions in Refs. [56-59]. These two assumptions
both lead to the two-point correlation functions which are
similar to Eqgs. (24)—(26), but with (¢ 4+ M) replaced by
(—=¢ + My). This difference would tell us the parity of
the hadron X(). Technically, in the following analyses we
use the terms proportional to 1, 1 x g, and 1 X g,,8v0 tO
evaluate the mass of X, which are then compared with those
proportional to ¢ , f x g,y and ¢ X gup8vs to determine its
parity.

@ Springer

We can calculate the two-point correlation functions (24)—
(26) in the QCD operator product expansion (OPE) up to
certain order in the expansion, which is then matched with a
hadronic parametrization to extract information as regards
hadron properties. At the hadron level, it can be written
as

o0
Mg = — / Sy (29)
7). s—q*—ie

where we have used the form of the dispersion relation, and
s« denotes the physical threshold. The imaginary part of the
correlation function is defined as the spectral function, which
is usually evaluated at the hadron level by inserting interme-
diate hadron states ), |n)(n|

_1 _ a2 t
p(s) = nIml‘[(s) = 2}1:5(5 M;)(0|n|n){n|n"|0)

= f28(s —m%) + continuum, (30)

where we have adopted the usual parametrization of one-pole
dominance for the ground state X and a continuum contribu-
tion. The spectral density p(s) can also be evaluated at the
quark and gluon level via the QCD operator product expan-
sion. After performing the Borel transform at both the hadron
and the QCD levels, the two-point correlation function can
be expressed as

n“(Mp) = By M(p?) =/ e Mip(s)ds.  (31)

S<

Finally, we assume that the contribution from the continuum
states can be approximated well by the OPE spectral den-
sity above a threshold value sg (duality), and arrive at the
sum rule relation which can be used to perform numerical
analyses:

f;f e=5/Mj p(s)sds

S0 —s/M> ’
fs<e SIME o (s)ds

M (so, Mp) = (32)
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7q)> GG 79)(GG
PN NS) = 1 (gpuo + 8o i) % (0] @)+ 01 ) + p{7D ) + [T (5) + {190 (5) 4+ p {1190 s) )

(gGq) (qGq)
+ ¢ % (8up8vo + 8uogup) X ( P (s) + p319 () + pi99 (s) + pzqq (5) + pS197 (5) + plI014C4 (S))

pert( ) =0,
_ Omax Bmax —_ — 2 2
) 1—a—-pB)11+1la+ 118+ 8a” + 16ap + 887)
97 (5) = 49152 G [amm da/ d,B{ (a + Bym> —aﬂs] YK
P _ _ _ 2 _ _ 2
— m?[(a+ pym? —aﬂs] « 4 pal 70‘0[3;5 do” — Bef — 4P )},
D) =0,
g (Ggso - Ggq) [ome [P 3 a+ B 4207 +4af 4287
pquq)(s) = =006 /I;min do /min dg {[(a + pym? — aps]” x 25
2 3Q—a—p—a’—2uf—p%
— mg [(oz + ,B)m% — aﬂs] X w252 } )
P97 (5) = 0,
plA01aGe) () _
or O'max 5 (1—a—p)PG7+31la+318+ 1202 +240B+128%)
Ph (s) = m/ da/mm dﬁ{ [(@ + pymZ — aBs]” x o5
P _ _ _ 2 _ _ 2
- [(a+ﬁ)m§_aﬁs]4 L S—a £)3(19 — 13a 4155 60> — 120 — 68 )}7
o*p
i1 (s) = 0,
6, . (82GG) /“max /ﬁmax . 3 (3(1 —a—B)(11+ 1la + 118 — 40> — 8af — 48?%)
)= 2359206075 [, %), P [+ Bome —aps] o2
(1 —a —B)3(83 4+ 29« + 29,3 — 1202 — 2408 — 122)
)
— o — B)3 2 2
w2 [(@ + By _aﬂs] 5 (_3(1 o —B)3(57 +3la +a;ﬂ+ 1202 4 2408 + 128%)
9(1—a—ﬂ)(11—13a—13ﬂ+2a +4ap +28%) 9(1—a—ﬂ)4(19+6a+6/3)
O[2/32 012;‘34
31 —a— B G7T+31la+ 318 + 1202 + 240 + 1282 9(1 —a — B)* (19 + 6 + 6,3))
- +
a4'3 ot4ﬂ2
o — 3 _ _ _ 2 _ 2
i [(@ + By — afs] x (6(1 a— )19 — 13« aﬁlfﬂ 602 — 1208 — 68%)
6(1 —a—B)3(19 — 13 — 138 — 602 — 120 — 62)
= )}
P97 (s) =0,
7q)? (gq)* [ome [P 2 5@+p) 101 —a = B)
péqq) (s) = 3100 v/(;min da /min d,B{ [(Ol + ,B)m% — aﬂs] X T — mz [((x + ﬂ)mz — aﬂs] X T},
i) 11(g9)(Ggso - Gq) _ [*m= .
péqqﬂqGCI)(s) — T X /amin da{ [m —a(l — Ol)S] /ﬁmin d,B( [(a + ﬂ)mg — (x,Bs] + m%) }, 33)
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.D* t
pI[LZULD Is) =1 x Suv X ( per

- i -
)+ 7 () + 7D ) + oI (s) + p19 (5) 4+ 11T ) )

+d % g x (A7) + o7 6) + 0P @) + T ) + o9 ) + pIN IO (5))

o) = m / do /ﬂ 4 [(@ + pym? — aps] x L4 i);(f teth

s) = % / " f - dﬂ{ (o + pym? — aps] x ( Qe plrath
Cd—a-pll-a—p)  (—a-pPCtatp) —a—ﬁ)3(3+a+ﬁ)>
9033 e 1203 32
w2 llat pt - ap < (LA LB D) (e PO el |
pfi ) = elle 00) [ m o [ ﬂm ap e+ pm? —aps] x
Vi S [ [t 5
py11 %0 () = m”(qq)éji{f Ga) /a:m da{ [m? — a(l —a)s] x g - /im dp [(o + pym? — afs] (3‘%’3)}
) = sraos fm do f:m aB [+ pym? — aps]’ x L4 iféf toath)
i = 'Z;éi [ o [ aplias st —aps] < S

) = 819271 /Ol::“ /i:dx dp { (a + Bym? — aﬂs] % (_(1 —a —95;;43— a—p) (-« —6,80);(322+a + ,3)>
m? (@ + pym? _aﬁs] o ((1 —a— 132)(;{;34—#01 +8) (-« _fz);gf;a +,8))} |
e W [ [ dp s pm - ap] < 222
(éq)z(s) 64n4 /Ot::ax fmm 4B [(@ + pym? — aps ]2 (oc(;i}-gﬂ{
pi111790 5) = HRSETZ0 /mm da {2 [ — e 5] - fﬂ ﬂ aB (@ + Bym? — aps] x “O‘(XJ} R

In this paper we evaluate the QCD spectral density
p(s) at the leading order on o« and up to dimension
eight, including the perturbative term, the quark conden-
sate (gq), the gluon condensate (gSZGG), the quark—gluon
mixed condensate (g;Go Gg), and their combinations (7¢)>
and (qq){gsqo Gq). The results of these spectral densities
are too lengthy, so we list them in the supplementary file
“OPE.nb”. In the calculations we ignore the chirally sup-
pressed terms with the light quark mass and adopt the factor-
ization assumption of vacuum saturation for higher dimen-
sional condensates (D = 6 and D = 8). We shall find that
the D = 3 quark condensate (gg) and the D = 5 mixed con-
densate (g gs0 - Gq) are both multiplied by the charm quark
mass m., which are thus important power corrections to the
correlation functions.

@ Springer

To illustrate our numerical analysis, we use the current
N11uv defined in Eq. (55) as an example. It has the quan-
tum number J¥ = 5/2% and couples to the [N*J/y]
channel (or the P-wave [pJ/¥] channel). Its spectral den-
sity p,[f?)’;g/l/’](s) are listed in Eq. (33), where m, is the
heavy quark mass, and the integration limits are Omin =

1—y/1—4m?2 /s 14+4/1—4m2 /s Buoin = B
— — 7% > Pmin max =

5 > Omax = = s m2’
1 — . We only list the terms proportional to 1 x (gm, Svo +
Suo&vp) and ¢ X (8,p8ve + Guo&up)s and - - - denotes other
Lorentz structures, such as 1 x g,,0,,, etc. We find that the
results are not useful, because many terms vanish in this spec-
tral density: its ¢ X (gup8vo + Suo&vp) part only contains
the perturbative term, (g2GG), (Gq)* and (Gq)(g:Go Gq),
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Fig. 1 Inthe left panel we show CVG, defined in Eq. (36), as a function of the Borel mass Mp. In the right panel we show the relative contribution
of each term on the OPE expansion, as a function of the Borel mass M. The current yrg,, of J P =3 /27 (J,D ¢ in Ref. [46]) is used here

but its 1 x (g,wgm + glwg,)p) part only contains (gg) and
(gsq0o Gq). This makes a bad OPE convergence and leads to
unreliable results. Moreover, the parity cannot be determined
because these two parts are quite different. We shall not use
these currents to perform QCD sum rule analyses from which
the parity cannot be determined.

We use the current vy, defined in Eq. (54) as another
example. It has the quantum number J L / 2__ and couples
to the [ £ D*] channel. Its spectral density pfﬁ b7l (s)islisted
in Eq. (34). We find that the terms proportional to 1 x g, are
almost the same as those proportional to ¢ x g,,,,. Hence, the
parity of X can be well determined to be negative, the same as
Yo,.. In the next section we shall use the terms proportional
to 1 x gy, to evaluate the mass of X.

4 Numerical analysis

In this section we still use the current 9, as an example to
perform the numerical analysis. We use the following QCD
parameters of quark masses and various condensates in our
analysis [2,60-67]:

q) = —(0.24 £ 0.01)? GeV?,

¢2GG) = (0.48 £0.14) GeV*,
8:GoGq) = M x
M3 = —0.8GeV?,
me =1.2340.09 GeV,

(q
(
( (g4q)

(35)

where the running mass in the M S scheme is used for the
charm quark.

There are two free parameters in Eq. (32): the Borel mass
Mp and the threshold value sg. We use two criteria to con-
strain the Borel mass Mp. In order to ensure the conver-
gence of the OPE series, the first criterion is to require that
the dimension eight term be less than 10 % to determine its
lower limit M gﬁ“:

(34)(g,G0 Gg) (00, M)

Convergence (CVG) = M (0o, Mp)
w’ B

<10 %.
(36)

We show this function obtained using /g, in the left panel of
Fig. 1. We find that the OPE convergence improves with the
increase of Mp. This criterion has a limitation on the Borel
mass that Mlzg > 3.94 GeV2. Actually, the convergence can
be even better if there is a clear trend of convergence with the
higher order terms giving a progressively smaller contribu-
tion. Accordingly, we also show the relative contribution of
each term on the OPE expansion in the right panel of Fig. 1.
We find that a good convergence can be achieved in the same
region Ml% > 3.94GeV?. We shall still use the previous cri-
terion to determine the lower limit of the Borel mass, which
can be applied more easily.

To ensure that the one-pole parametrization in Eq. (30) is
valid, the second criterion is to require that the pole contri-
bution (PC) be larger than 10 % to determine the upper limit
on M %:

M(so, M
PC = M_m%.
T (co, Mg)

(37

We show the variation of the pole contribution obtained
using 9, in Fig. 2, with respect to the Borel mass Mp
and when s is chosen to be 21 GeVZ2. We find that the PC
decreases with the increase of Mp. This criterion has a limi-
tation on the Borel mass that Mlzg < 4.27GeVZ2, Together we
obtain the working region of Borel mass 3.94 GeV? < Mlzg <
4.27 GeV? for the current Y9, with the continuum threshold
50 = 21 GeV?. The most important drawback of this current,
as well as other pentaquark currents used in this paper, is
that their pole contributions are small. One reason is that the
two P.’s poles are both mixed with the J /v p continuum, so
the continuum contribution may not be well suppressed by
the Borel transformation. Another reason is due to the large
powers of s in the spectral function; see other sum rule anal-
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Fig. 2 The variation of PC, defined in Eq. (37), as a function of the

Borel mass Mp. The current v, of JP =3/2" (Jf*z" in Ref. [46])
is used here and the threshold value is chosen to be so = 21 GeV?

yses for the six-quark state d*(2380) [68] and the F-wave
heavy mesons [69].

Anyway, the Borel mass Mp is just one of the two free
parameters. We should also pay attention to the other one,
that is, the threshold value sg, and try to find a balance
between them. Actually, we can increase sg to achieve a large
enough pole contribution (then the obtained mass would also
be increased and not so reasonable), but there is another cri-
terion more important, that is, the s¢ stability. We note that in
Ref. [70] the author used the requirements on Mp (called the
7 stability) to extract the upper bound on the 0™ glueball
mass, and used the requirement on sq (called the 7. stabil-
ity) to evaluate its optimal mass. In this paper we shall use a
similar requirement on sq, as discussed in the following.

To determine sg, we require that both the so dependence
and the M p dependence of the mass prediction be the weak-
est in order to obtain reliable mass prediction. We show the
variation of My with respect to the threshold value s in the
left panel of Fig. 3, in a large region 15GeV? < s9 < 25
GeV?. We find that the mass curves have a minimum against

. - 5.0
i

_ : 4.8
> )
N )

<3 1 46
9 )

TDr / B
£ |

| 42
i

' )

21 23 25

so [GeV?]

Fig. 3 The variation of My j.;3,,- With respect to the thresh-
old value so (leff) and the Borel mass Mp (right), calculated

using the current (Jlf)*z” in Ref. [46]) Y9, of JP = 3/27. In
the left figure, the long-dashed, solid and short-dashed curves

@ Springer

so when sq is around 18 GeVZ. Hence, the s dependence
of the mass prediction is the weakest at this point. How-
ever, this value of sq is too small to give a reasonable work-
ing region of Mp. A working region can be obtained as
long as so > 19GeV?. Consequently, we choose the region
19GeV? < so < 23 GeV? as our working region, where
the so dependence is still weak and the mass curves are flat
enough.

Hence, our working regions for the current o, are

19GeV? < 59 < 23GeV? and 3.94GeV? < Mj; <
4.27GeV?, where the following numerical results can be
obtained [46]:
Mis, pe = 4372013 GeV. (38)
Here the central value corresponds to Mp = 4.10GeV? and
so = 21 GeVZ2, and the uncertainty comes from the Borel
mass Mp, the threshold value s, the charm quark mass and
the various condensates [55]. We also show the variation of
My with respect to the Borel mass Mp in the right panel of
Fig. 3, in a broader region 2.5 GeV? < M% <5.0GeVZ. We
find that these curves are more stable inside the Borel window
3.94GeV? < M3 < 4.27GeV?. We note that the threshold
value used here, /so ~ 4.58 GeV, is not far from the obtained
mass of 4.37GeV (but still acceptable), indicating it is not
easy to separate the pole and the continuum.

As we have found in Sect. 3 for the current /g, that the
terms proportional to ¢ x g, are quite similar to those
proportional to 1 x g, suggesting that X has the same parity
as Y9, which is negative [46]:
Mz, pey30- = 4377013 GeV. (39)
This value is consistent with the experimental mass of the
P.(4380) [3], and supportsitasa[ X, D*] hidden-charm pen-
taquark with the quantum number J” = 3/2~.

500 T 5.0
\ ] 1 1
S
. 48 S 48
> S
0 S
S 46 . S 46
« N S
& I e
B 44 S 44
2 N = |
= P = —
42 - [ 42
S
S
4.0 L . N R 4.0
2.5 3.0 35 394 4142745 5.0

Borel Mass? [GeV 2]

are obtained by fixing Mf} = 3.9, 4.1 and 4.3GeV?, respec-
tively. In the right figure, the long-dashed, solid and short-dashed
curves are obtained for s9 = 19, 21 and 23GeV?, respec-
tively
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Fig. 4 The variation of M«p; 5o+ With respect to the thresh-
old value so (leff) and the Borel mass Mp (right), calculated
using the current &5, (J{ﬁz;\” in Ref. [46]) of J¥ = 5/2%. In
the left figure, the long-dashed, solid and short-dashed curves
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Fig. 5 The variations of M|y 5,,+ With respect to the thresh-
old value so (leff) and the Borel mass Mp (right), calculated
using the current 4, (J{I;f}" in Ref. [46]) of J* = 5/2%. In
the left figure, the long-dashed, solid and short-dashed curves

5 Results and discussions

We use the currents selected in Sect. 2 and in Appendixes A
and B to perform QCD sum rule analyses. Some of them lead
to the OPE series from which the parity can be well deter-
mined. We further use these currents to perform numerical
analyses. The masses obtained using the J* = 1/2% cur-
rents £14, €16, €17, €19, Y2, and Y3 are listed in Table 1, those
obtained using the JP = 3/27 currents &18;, &20u> E25u5
27115 3310 6350, Youus sy, and Yo, are listed in Table 2, and
those obtained using the JP = 5/27 currents E3uws 1505
and 3, are listed in Table 3.

Especially, in the previous sections we have used the cur-
rent Yo, and obtained the mass M5 p«)3,- = 4.37J_r8:}§
GeV [46]. This value is consistent with the experimental mass
of the P.(4380) [3], and supports it as a [Z.D*] hidden-
charm pentaquark with the quantum number J* = 3/27.

We also use the current &;5,, and obtain the mass

6+0.15

M[AjD*],5/2+ = 4.767 55 GeV. This value is significantly

* 5 [GeV]

*4
cD

My

2.5 3.0 35 4.09 4.34 459 5.0
Borel Mass® [GeV?]

are obtained by fixing Mﬁ = 4.0, 43 and 4.6GeV?, respec-
tively. In the right figure, the long-dashed, solid and short-dashed
curves are obtained for so = 24, 26 and 28GeVZ, respec-

tively
52 52
— 5.0 - 150
>
[}
@)
= 48 48
a .
WA D
Tou 4.6 ; 4.6
12 i
> s
44 S 44
42 L ‘ ‘ L a2

4.0 430451473 5.0
Borel Mass? [GeVz]

2.5 3.0 3.5

are obtained by fixing Mﬁ = 43, 4.5 and 4.7GeV?, respec-
tively. In the right figure, the long-dashed, solid and short-dashed
curves are obtained for so9 = 25, 27 and 29GeV?, respec-
tively

larger than the experimental mass of the P,(4450) [3]. More-
over, we show the mass as a function of the threshold value
so in the left panel of Fig. 4, and find that the mass curves do
not have a minimum against 5o, which is quite different from
the current vr9,,. We also show the mass as a function of the
Borel mass Mp in the right panel of Fig. 4.

To find a good solution consistent with the experiment, we
found the mixed current consisting of &15,,, and V4, [46]:

it = 0080 X Eisuy +$in0 X Yap. (40)

We note that 4, is defined in Eq. (59) and well couples to
the P-wave [Z;‘D] channel. However, it contains the axial-
vector (Cqyy,y5¢q) component, so not our first choice in this
paper. We show the mass obtained using this current 14,
as a function of the threshold value sg and the Borel mass
Mp in Fig. 5. We find that the mass curves have a minimum
against sop when s¢ is around 20 GeV2. Moreover, this mass
minimum is just around 4.45 GeV, similar to the mass of the
P.(4450) [3]. However, a working region can be obtained as
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Fig. 6 The variations of My 5,2+ with respect to the threshold value
so (left) and the Borel mass M g (right), calculated using the mixed cur-

rent Jl‘:}}x (J(L;UZ}Z&D*A” in Ref. [46]) of J¥ = 5/27F. In the left figure,

long as 5o > 25GeV?, in which region the mass prediction
is 4.821’8:1‘5‘ GeV, significantly larger than the mass of the
P.(4450) [3].

To solve this problem, we further use the mixed current
J ,Tuix to perform QCD sum rule analysis. We find that it gives a
reliable mass sum rule, when the mixing angle 6 is fine-tuned

to be —51 £ 5°, and the hadron mass is extracted as [46]

My 52+ = 4471015 GeV, (41)

with 20GeV? < 59 < 24GeV? and 3.22GeV? < M3 <
3.50GeV?. This value is consistent with the experimental
mass of the P.(4450) [3], and supports it as an admixture
of P-wave [A.D*] and [EjD] with the quantum number
JP =5/2%. We show the mass as a function of the threshold
value s¢ and the Borel mass Mp in Fig. 6.

In summary, in this paper we adopt the QCD sum rule
approach to study the mass spectrum of hidden-charm pen-
taquarks. We systematically construct the local pentaquark
interpolating currents having spin J = % / % / % and quark
contents uudcc, and select those currents containing pseu-
doscalar (cqyscq) and vector (Cq4y,cq) components to per-
form QCD sum rule analyses. We find some of them lead to
the OPE series from which the parity can be well determined,
and further use these currents to perform numerical analyses.
The results are listed in Tables 1, 2, and 3.

We find that the P.(4380) and P.(4450) can be iden-
tified as hidden-charm pentaquark states composed of an
anti-charmed meson and a charmed baryon. We use o,
to perform QCD sum rule analysis and the result supports
the P.(4380) as a S-wave [, D*] hidden-charm pentaquark
with the quantum number J © = 3/2~. We use the mixed cur-
rent J l‘f}}" to perform QCD sum rule analysis, and the result
supports the P.(4450) as an admixture of P-wave [A.D*]
and [X} D] with the quantum number J© = 5/2%. Besides
them, our results suggest that
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the long-dashed, solid and short-dashed curves are obtained by fixing
Mfg = 3.2, 3.35 and 3.5GeV?, respectively. In the right figure, the
long-dashed, solid and short-dashed curves are obtained for so = 20,
22 and 24 GeV?, respectively

1. Thelowest-lying hidden-charm pentaquark state of J ¥ =
1/27 has the mass 4.33J_r8:g GeV. This result is obtained
by using the current ¥», which is defined in Eq. (21),
and it well couples to the S-wave [Z*D] channel. The
one of J¥ = 1/27 is significantly higher, that is, around
4.7-4.9GeV;

2. The lowest-lying hidden-charm pentaquark state of J ¥ =
3/27 has the mass 4.371’8:%? GeV, consistent with the
experimental mass of the P.(4380) of J¥ = 3/27 [3].
This result is obtained by using the current vg,,, which
is defined in Eq. (54), and it well couples to the S-wave
[=.D*] channel. The one of J¥ = 3/27% is also signifi-
cantly higher, that is, above 4.6 GeV;

3. However, the hidden-charm pentaquark state of J© =
5/27 has amass around 4.5—4.6 GeV, that is, just slightly
larger than the experimental mass of the P.(4450) of
JP =5/2%[3].

The discovery of the P.(4380) and P.(4450) opens a new
page on the exotic hadron states. In the near future, further
theoretical and experimental efforts are required to study
these hidden-charm pentaquark states.

Acknowledgments This project is supported by the National Natural
Science Foundation of China under Grants Nos. 11205011, 11475015,
11375024, 11222547, 11175073, and 11261130311, the Ministry of
Education of China (SRFDP under Grant No. 20120211110002 and the
Fundamental Research Funds for the Central Universities), and the Nat-
ural Sciences and Engineering Research Council of Canada (NSERC).

Open Access This article is distributed under the terms of the Creative
Commons Attribution 4.0 International License (http://creativecomm
ons.org/licenses/by/4.0/), which permits unrestricted use, distribution,
and reproduction in any medium, provided you give appropriate credit
to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made.

Funded by SCOAP3.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

Eur. Phys. J. C (2016) 76:572

Page 13 of 19 572

6 Appendix A: Local Pentaquark currents of spin 3/2

abc

6.1 Currents of [cqcq][€**“uqdpuc)

In this subsection, we construct the currents of the color con-
figuration [Cacall€9Puydpu,]. We find the following cur-
rents having J” = 3/2~ and quark contents uudcc:

My = €] Cdyp)yuysucllcacal,
o = € (] Cdp)yuucllcayseal,
m3p = [P (u] Cysdp)ypucllcacal,
el Cysdy)yuysuclléayscal,

N4y = [€

nsp = € (] Cdp)ysuclleayucal,
Nop = [€(u] Cdp)ucllCayuyseal,
nu = (€l Cysdpuclléayycal,
ngp = €] Cysdp)ysucllCayuyseal,
nop = [ (u} Cdy)ouysucllcayveal,

mox = [€?P° !l Cdp)owucleayvyscal,

[
i = € (uf Cysdp)oyvuclléayveal,
Moy = [€P Wl Cysdp)ounysucllCayvyscal,
Map = [€P ] Cdp)yyysucllcaouvcal,
Map = (€7 (u} Cdp)yuul[Caomyseal,
s = [ ] Cysdy) youcllcaoyncal,
Mep = [€“P“(u] Cysdp) yyysucllcaouvyscal,
M7 = [} Cyuysdp)uclicacal,
Ny = [€° C(“TCVMVﬁdb)VSMC][CdVSCd]
Mou = [€" (u) Cypysdp) youcllcayveal,
mop = L€ (ul Cyuysdp) yysuclleanyseal,
miu = [€(uf Cyuysdy)yuuclléayveal,
oo = [€° (] Cyvysdp)yuysuclleanyscal,
n3u = € (ul Cyvysdp)uclleao veal,
oap = [P (ul Cyvysdp)ysucllCaouvyscal,
msu = [ (uf Cyuysdp)ovyuclicaoupcdl,
Mo = [€°7(ul Cyuysdp)onpysucllcaow,yseal,
i = [ () Cy,ysdp)oumuclicaovpcal,
s = €7l Cy,ysdp)oynysucllcaovy yscal-

We can verify the following relation:

n25u = N26u-

To perform QCD sum rule analyses, we shall use

[P (ul Cdp)ysucllCayucal

N5 — Mip =

— [l Cysdpuclicayucal. 42)
msu = €7} Cyuysdp)ysucllayscal, (43)
Mou = [€" (u) Cyuysdp)youcllcayveal, (44)

which well couple to the [pJ/¥], [N*n.], and [N*J/¥]
channels, respectively.
We note that the following currents actually have spin
J=1/2:
Mo — Nap = €7 (uf Cdp)yuclléayseal
— [l Cysdy)yuysuclicayscal,
now — M = [€(uf Cdp)ovysucliéayveal
— [ (uf Cysdp)auclicayveal,
i = [ ) Cyuysdy) yuucllCayveal.

6.2 Currents of [Cyuy][€**“uydpc,]

In this subsection, we construct the currents of the color con-
figuration [Cuql[€**uqdpc.]. We find the following cur-
rents having J© = 3/2~ and quark contents uudcc:

E1p = [l Cdp)yuysecllcaual.
£ = (€2l Cdp)yycelleaysual,
E3u = [P (u] Cysdp)yucelleaual,
Ean = (€ (u] Cysdy)yuyscellCaysual,
Esu = [€“ D Cdp)yscclleayuual,
Eou = [ (ul Cdp)ecNlCayuysuall,
E1u = € (] Cysdp)cclleayuual,
£, = (€97l Cysdp)ysccllCayyysual,

Eop = [€*7°(ul Cdp)ovysccllCayvtal,
1o = [€®P° ! Cdp)oycllCayyysual,
E11 = [Pl Cysdp)oyveclleayiual,

Elop = [E”bc(MZCVsdb)UMuVSCc][Ed)/uysud],

E13 = [ (u Cdp)yyscellaoymual,
Etap = [P (u] Cdp)yvelleaoynysual,
Ei5, = [ (ug Cysdp)yucelléaoymual,
Erou = (€ (ul Cysdp)yyyscellCaomysual,
Eiu = € (u] Cyudp)yscellEaual,

Eigy = [e“b (uf Cyudp)ccllcaysual,
Erou = [€" (ug Cyuysdp)cllcaual,
Exou = [ (uf Cyuysdp)yscelleaysual,
E210 = [ (ul Cyvdp)ovysecliCaual.
Enp = [€P (] Cyvdp)oncellCaysual,
€23 = € bc(uTCVvVSdb)quCc][Cdud]
Exan = (€ (ul Cyyysdp)ouyseclleaysual,
Ersu = [ (u] Cyudp) yvyscelleayvual,
Ex6u = [€" (u) Cypudy) yvecllEayvysual,
&1 = [ (u] Cyuysdp)yecllEayvual.
Exgu = [P (u] Cyuysdp)voyseclleayvysual,
Erou = [ (uf Cyvdy)yuyscelleayvual,
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Eyop = €™l Cyvdp)yucclleayvysial,
1 = [€P (] Cyyysdp)ypcelleayvual,
Exu = € (ul Cyyysdp)yuyscelleayvysuall,
E33u = [P (ul Cyvdp) yyyseclleayuual,
Eaan = (€ (ul Cyvdp)yuccllCayuysual,
Essu = € (ul Cyyysdp)yoeclléayuual.

Eyop = [€“P X Cypysdp) yoyscellCayuysual,
E37u = [€“P(ul Cyvdp)ysccllaomual,

Eas, = [ (ul Cyydp)ccllCao v ysual,

Eyop = [€™P° ] Cyyysdp)cllCaomudl,

Eqop = [€°2° (X Cypysdp) ysccllCaoymysiall,
Eqrp = [€“P°(u] Cyudp)ovpyscllcaovpual,
Enp = [ (ul Cyudp)avpccllCaopysual,

Eazu = (€ (ul Cyuysdp)ovpeclCaovpual,

$44p, = [GabL (”gc)/u VSdb)Uv,oVSCC][CdepVSMd]»

E45, = [Eabc(ugCypdb)aquSCc][EdepudL
Easp = [€7 (uy Cypdp)oncICaonpysual,
%_47;1, = [Gabc(ugCVpVSdb)U;ch][Edepud]v

48, = [Eabc(ugCypVSdb)O'/wVSCc][EdGUpVSMd],

Ea9; = [€°2°(ul Cypdp)ovpysecllCaovital,
Esop = [€®P° I Cypdp)ovpccllCaomysial,
Es1p = [Gabc(ugCypVSdb)O'vpCc][Edo'uvud]v

Esa = [€®P° ! Cypysdp)ovpysccllCaowysial,

Es3u = (€ (ul Copvdp) yyysecliCaual,
Es4, = [€P° (] Copdp) yvellCaysual,
Essu = € (u] Copysdp) yvecllEaual,
Esou = € (ul Copyysdy) yyseclleaysuall,
Es7, = [€*P° ] Cayndp)ysecllayvual,
Essy = [ (ul Copvdp)eceayyysual,
Esou = [€“(ul Copyysdp)eclléayvual,
Eoop = L€l Cayyysdp)ysecllayvysial,
Eo1u = (€7 (ul Copvdp)onyscellCaypual,
Eoou = [ (ul Covdp)ovpecliCaypysiall,
Eo3u = [ (ul Copysdp)ovpecllCaypual,

—

Eoap = [€"P° ! Coyyysdp)ovpysccllEaypysial,

Eos5p = [éabc(uaTCGVpdb)ffm/ch][Edeud],
Eoop = L€l Cavpdp)oyvecllCay,ysual,
E67 = [€°7° (] Copysdp)ayvecllCaypal,

Eosp = [Eabc(“5Co'v,oVSdb)O'quSCc][EdeVSMd]a

Eeop = [€"P° (] Cavpdp)opyscelleayuttal,
Er0u = €l Coypdp)ovpccllCayuysial,
Erip = [€“P°(ul Copysdp)ovpcellCayual,

Erap = [€*P° ] Cavpysdp)onpyscellCayuysial,
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Pl Copvdp)ypyscelléaovpual,
abe (” Co'uvdb)ypcc][cdavpVSMd]
e C(“ Couvysdp)ypcellCaovpual,

€l Copvysdp)ypyscellcaovy ysual,

E73 =
E74 =
E15 =
Er6u =

Gu (u r Cvadb)yu vscel [Cdep uql,

[e
[e”
[
[
17 =1
Er8i = (€7 (u] Covpdp) yucelléaoipysuall,
Er0u = [€“P(u] Copysdp) yucellcaovpual,
(€% (ul Cavpysdp)yuysclleaov, vsial,
[€7(u} Covpdy)ypysecllcaoual,
(€ (u] Covpdp)ypccllCaoyy ysial,
(€ (ul Covpysdy)ypccllaopvual,
[€“7(u] Covpysdy)ypyscelleaouysal-

SSOM
SSIM
g2y =
ll

$83u,
584/4 =

We can verify the following relations:

§a10 = Eap,
a3y = Eqap,
S6op = &71p>
§r0u = En2p0
&7 = Es0u,
§18u = E79,1-

To perform QCD sum rule analyses, we shall use

£, — &7, = [€“P I Cdp)yscellCayual
— [e® @l Cysdp)cllay,ual,

Eigy = [“”C(uTCy,decc][cdysud]
Ex0u = [€“P(ul Cyuysdy)ysecllCaysual,
Ersu = [ (u] Cyudp) yvyscelleayvual,
Ey7, = [ (MTC)/Wsdb))/ch][Cd)/uud],
E33u = [ (ul Cyvdp)yyyseclleayuual,
[ [€aypttal

]
el Cyyysdp)yveel

&35 = dYuhdls

(45)
(46)
(47)
(48)
(49)
(50)
61y

which well couple to the [A.D*], [£D], [A¥D], [Z D*],

[A*D*] [Z.D*] and [A.D*] channels, respectively.

We note that the following currents actually have spin

J=1/2:

Eap — Eap = [€P°(u] Cdp)ypucellCaysital

— [e®* !l Cysdp)yuyscelleaysual,
Eou — 11 = [ (u} Cdp)oyysecllEayviual

— [ ] Cysdp)opvcelleayvual,
Enp = € (I Cyvdp)opvccllCaysual,
Exay = [€®P° ] Cyyysdp)ouvyscellCaysial,
E20u = [ (ul Cydp)ypysclleayoual,
&1, = €Wl Cy,ysdp)yucllCayvual.
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6.3 Currents of [¢ydg1[€®uqupce]

In this subsection, we construct the currents of the color con-
figuration [cydy] [e9P¢y,u »cc]. We find the following cur-
rents having J© = 3/2~ and quark contents uudcéc:

Vi = €l Cyup)yscllcadal,
Yo = [€2° (] Cyup)cllCaysdal,

Vi = (€2 X Cyyup)oyvysellCadal,
w4/1, = [Eabc(ugCJ/uMb)lecc][dede],
Ysu = (€2l Cyup)yoyscellayvdal,
Yeu = [€P (] Cypup) yoelCayvysdal,
Y1 = (€2 X Cypup)yuyscellayvdal,
Vs = [€P° ! Cypup)yucclleayvysdal,
Yo, = [Pl Cyyup)yvysccllCayudal,
Viop = [€° ! Cyvup)yocllCayuysdal,
Vi = (€2 ! Cypup)yscllcaowdal,

Yiop = [€2° ] Cyyup)c a0y ysdal,
Y3 = [Eabc(uz;CV;Lub)vaVSCC][EdepddL
Viay = [€° ! Cyup)ovpccllCaon, ysdal,

Yisp = €l Cypup)ounyscelleaopdal,
wlﬁ//. [Eabc(uTCypub)auvcc][cdavpVde]
V17 = €2l Cypup)onpyscllCaowdal,

Visy = (€2 X Cypup)ovpclEao,mysdal,
Viou = [ (ul Coup)yyyscelleadal,

Voou = (€ (ul Copup)yvecllCaysdal.

Va1 = [€P (ul Copnysup)yoeclicadal,

Yoo = €7 (u] Copysup) yyyscelleaysdal,
Yoz = (€ (ul Copyup)ysecllcayvdal,
Yoa = (€ (u] Coppup)ccllCayvysdal.

Vasu = (€ (ul Copvysup)eclleayndal,

Voep = (€2 (ul Caynysup)ysecllCayvysdal,
Vo = (€ (ul Copyup)ovyyseclleaypdall,
Yasy = (€2 (] Coyup)ovpccllCay,ysdal,
Yaou = [€P(u] Copysup)ovpcclleaypdal,
Yaou = [€P(u] Copysup)ovpyseclleay,vsdal,
Va1 = (€7 (u] Covpup)oumysecllaypdal,
Vi = (€ (ul Copup)ovcellCay,ysdal,
Yazu = [€P(u] Covpysup)ouvcclleaypdal,
Y4y = (€2l Cavpysup)ouvyscellaypysdal,
Yasu = (€7 (ul Copup)ovpyscellCayudal,
Vaeu = (€ (ul Copup)ovpccllayuysdal,
Y3z = €] Copysup)ovpecl(Cayudal,
Vs = (€ (ul Covpysup)ovyscellCayuysdal,

Y3ou = [P (ul Copvup)ypysecllcaovpdal,
Yaou = (€ (ul Coup)ypccllCaooysdal,
Vary = [€P (ul Copnysup)ypocellcaonpdal,
Vi = (€ (ul Copyysup) v yscellaopysdal,
Yaze = (€ (ul Copup)yuyscellaopdal,
Vaay = [P (ul Covpup)yucelleaovpysdal,
Yasy = (€2 (ul Cavpysup)yucelleaonpdal,
Yo = (€7 (ul Covpysup)yuysecllcaonyysdal,
Yaru = [€P° !l Covpur)y,yscellCaondal,
Vs = (€7 (ul Copup)ypecllaomysdal,
Vaou = [P (ul Covpysup)ypcclléaondal,
Ysou = [€° ] Covpysup)ypysecllcaoumysdal.

We can verify the following relations:

Vi3u = Vidu,
V3su = ¥37u,
V3o = V38w,
Va3 = Vaou,
Vaay = Vasy-

To perform QCD sum rule analyses, we shall use

Vo = [€P(ul Cyup)ecllEaysdal, (52)
Usu = [Pl Cyup)yvyscelleayvdal, (53)
Yo, = [€° ! Cyyup)yoyscelleayudal, (54)

which well couple to the [E;“l_)], [E;‘l_)*] and [Z,D*] chan-
nels, respectively.

We note that the following currents actually have spin
J=1/2:

Yay = [€“(ul Cyyup)oyvecllCaysdal,
Y, = [€ Wl Cyyup)yuyscelleayvdal.

7 Appendix B: Local Pentaquark currents of spin 5/2

abcua dpuc]

7.1 Currents of [cgcq][€
In this subsection, we construct the currents of the color con-
figuration [Cycq1[€**uqadpuc]. We find the following cur-
rents having J¥ = 5/27 and quark contents uudcc:

Muv = [€P Wl Cdp)yuysuclleayvcal + (i <> v},
Mo = [Pl Cdp)yucllCayvyscal + {1 < v},
M3 = [€7°ul Cysdp) yuucllCayveal + {1 < v},
Napw = (€2 ] Cysdp)yuysuclleaysyscal + (i <> v},
s = [€2° (X Cdp)oypysucllcaovpeal + (i <> v},
Ny = [€P(ul Cdp)aypucllEaoypyscal + (n < v},
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M = [€(ug Cysdp)oupucllcaovpcal + (i < v},
N8y = €2l Cysdy)opysucllCaovpyscal + {1 <> v},
nouw = [€7 (u} Cyuysdy)yuuclicacal + {1 < v},

Mopv = (€7 (ul Cypysdp) yysuclléayseal + {n < v},

Migy = [€P° Wl Cyysdp)ucliCayveal + i < v},

Mo = (€l Cyuysdy)ysuclleayyyscal + {pn < v},
Maww = (€7l Cyuysdp)ovpucliaypeal + i < v},
Magw = [€P° ] Cyysdp)ovpysuclléaypyscal + {n < v},
Msuww = (€l Cyuysdp)ypucllcaovpcal + {1 < v},
Moy = (€2l Cyuysdy)ypysucllCaovpyscal + (<> v}.
M7 = [€P° ] Cy,ysdp)yuucllcaospeal + (i < v},
My = (€l Cypysdy)yuysucllcaoupyscal + {n < v}

To perform QCD sum rule analyses, we shall use

T

Migw = (€2l Cyuysdp)uclleayscal +{p < v}, (55)

which well couples to the [N*J/y] channel.
We note that the following currents actually have spin
J =3/2:

M — 3w = [€P Wl Cdp)yysucllCayveal

— [l Cysdp)yuucllCayveal + {1 < v},

Moy = € X Cyysdp)yoysucllcayscal + {1 <> v},
M3 = (€] Cyuysdp)ovpuclicaypcal + { <> v}

abc

7.2 Currents of [cqugq][€*"“uqdpc,]

In this subsection, we construct the currents of the color con-
figuration [cg4 ugll€’“u,dpc,.]. We find the following cur-
rents having J© = 5/2% and quark contents uudcc:

El = (€] Cdp)yuyscllayual + {p < v},

Eaur = [Pl Cdp)yuccllayvysual + {n < v},

E3u = [€“P°(u] Cysdp)yucellCayvual + {pn < v},

Eaur = [P (ul Cysdp)yuysecllcayvysual + (< v},
Esuy = [P (ul Cdp)opyscelltaopual + {1 <> v},
Eour = [€P (] Cdp)oypccllCaoypysual + {1 < v},
Erur = [P (ul Cysdp)oppeclleaonpual + {1 < v},
Esun = [€77(ul Cysdp)oypysecllCaovpysual + (<> v},
Eouv = [€“P°(u] Cyudp)yoyscelléaual + {pn < v},
Eropw = [€“P(ul Cyudp)yvecllCaysual + {n < v},
Err = [€Pwl Cyuysdp) yoellaua] + {n < v},
Eopw = [ (u] Cyuysdp) wyscelleaysual + {1 < v},
Enapn = [€P(ul Cyudp)yscellayvual + (< v},
Erau = [Pl Cypdp)ccllayvysual + {n < v},
Eisu = (€7l Cyuysdp)ccllCayvual + {pn < v},
Erouy = [€“° ] Cyuysdp)yseclleayyysual + {1 <> v},
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517/11)
%_18;/,1)

519;1.11 =

£2010
%_21;1,1)
SZZ;UJ

&3y =

&40
&5
E26u0
&2700
&80
E290

$30p,v =

&310
E32uv
330
&340
&350
&361v

";:37;1,11 =

380
&3ouv
4010
E41 v
Ea20
430
440
§aspv
a6

547/41) =

48w
490
0w
Estpw
Esauv

%_53;1,1)
554;11)
&ssuv

%_56;1,1) =

557;11)

= [e“(u] Cyudp)ovpyscellaypual + {n < v},
= [P ] Cyudp)ovpclleaypysual + (i < v},
[ (u! Cypysdp)ovpeclléaypual + {1 <> v},
= [e“ (] Cyuysdp)ovpysecllcaypysual + {n < v},
= [P ! Cypdp)oypyscellCayvual + (1 <> v},
= [ (ul Cy,dp)opccllCayvysual + {n < v},
[l Cypysdp)oppccllcayvual + {1 < v},
= [e“ ] Cypysdp)oupyscllavoysial + {n < v},
= [P (ul Cyudp)ypyscellcaovpual + {n < v},
= [€“(u] Cyudp)ypccllcaovpysial + {n < v},
= [€“(u] Cyuysdp)ypcellCaoputal + (< v},
= [P (ul Cyuysdp)vpyscellCaovpysual + {1 <> v},
= [€“(u] Cypdp)ypyscellaoputal + {n < v},
(€ (u] Cypdp)yuccllCaovpysal + {u < v},
= [€“* ] Cypysdp)yucellCaoputal + (< v},
= [l Cy,ysdp)yuyscelleaoipysual + {1 <> v},
= [ (] Copdp)ovpyseellCaal + (<> v},
= [e"(u] Coppdp)avpccllCaysual + {1 <> v},
= [€“(u] Coppysdp)ovpccllCaual + {1 <> v},
= [€"*“(ul Caypysdp)ovpyscellCaysual + {pn < v},
(€ (u] Coppdp) yvysccllCayoual + {1 < v},
= [€“(u] Coppdp)yvcellCaypysual + {1 < v},
= [Pl Coppysdp)yucllCaypual + (1 <> v},
= [ (ul Coppysdp) yvysclleayoysual + {n < v},
= [P (u} Coypdp)ypyscllayiual + (i < v},
= [€“*(u] Coppdp)ypecllcayvysual + {1 < v},
= [ (ul Coppysdp)vpccllcariual + {n < v},
= [ (ul Coypysdp)ypyseclleayvysual + {1 < v},
= [P ] Copdp) ysccllCaovpttal + (<> v},
= [€"(u] Coppdp)ccllCaorpysual + {1t <> v},
(€7 (u} Coupysdp)cellCaoipual + {n < v},
= [ u! Coypysdp)yscllCaonpysual + {in < v},
= [P (ul Coypdp)ove yscellCaopotial + {11 <> v},
= [€“ (] Coppdp)ovecellaopo ysual + {n < v},
= [ (] Copysdp)ovoccllCaopoual + {1 < v},
=[] Co,1pysdp)ove v5cl[Caopo Vsital

+ {n < v},
= [ (] Co,1pdp)0po yscellCaovoual + {1t < v},
= [€"(u} Coupdp)opo cN[Caovo ysutal + {i < v},
= [€"(u Coupysdp)ope cllCaovoual + {n < v},
[€“" (1} C011pY5dp) 00 v5e[Eaouo sitd]

+ {n < v},
= [ (u} Copodp)oypyscelléaoioual + {1 < v},
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Essun = (€7 (ul Copedp)oupccllCaovs ysual + {1 < v},
Esoun = [€°7°(ul Cope ysdp)oppccllCaovotial + (<> v},
560;11} = [eabc(’h{co’paVSdh)UupVSCc][Edo'voVSud]

+ {u < v}.

To perform QCD sum rule analyses, we shall use

(56)
(57)

Ezpn = [ ] Cypdp)yscelleayvual + (< v},
Eispw = 1€ (] Cypysdp)ellEayoual + (< v},
which well couple to the [E;‘l_)*] and [Ajl_)*] channels,
respectively.

We note that the following currents actually have spin
J =3/2:
Sluv - ESMU = [Gabc(ungb)VuVSCc][Ed)/vud]

— [e“ @l Cysdp)yuclleayvual + (i <> v},

Eropn = [€" () Cyudp)yuecllcaysual + (< v},
Eropn = (€7l Cypysdp) yyseellCaysual + {n < v},
Evrpw = [€(ul Cypdp)ovpysecllCaypual + (<> v},
Eropn = [€" (] Cyuysdp)ovpcelléayoual + (< v},
Extpn = [€P°(ul Cypdp)onpysccllcayvual + {1 < v},

Ex3un = (€Yl Cy,pysdp)oypccllCayvual + (< v}

7.3 Currents of [E4dg1[€®uqupce]

In this subsection, we construct the currents of the color con-
figuration [cydy] [e9P¢y,u »cc]. We find the following cur-
rents having J© = 5/2% and quark contents uudcéc:

Yig = [ (u) Cypup)pyseelléadal + {1 < v},
Youn = [ (ul Cypup)yoeclleaysdal + {1 < v},
Vapw = [€Pul Cyup)yseelleaysdal + {1 < v},
Yau = [€P° (] Cyup)ccllayvysdal + (< v},
Ysu = (€2 (u] Cypup)onpyscelleaypdal + {1 <> v},
Yo = [€“P (] Cypup)ovpelleaypysdal + { < v},
Ve = (€Wl Cypup)oupyscllayvdal + (1 <> v},
Vs = [€P°(u] Cypup)oupccllCayvysdal + {1 <> v},
Youy = [ (ul Cypup)y,ysclleaovpdal + (i < v},
Yiopy = € (u) Cyuup)ypcellcaonpysdal + {pn < v},
Vit = €Wl Cypup)yuyscelleaovpdal + {n <> v},
Yiuy = [€°(u} Cypup)yucelléaonpysdal + (i <> v},
Yizu = [€P° ] Coppup)onyscellCadal + {1 < v},
Yiau = [€P° ] Coppup)ovpecllCaysdal + {1 <> v},
Vispuw = [€P° ] Coppysup)ovpcellada] + {1 < v},

Viepw = [€7°ul Coppysup)ovpysecllCaysdal + {u <> v},
Yizu = [€P° ] Coppup) pyseclléaypdal + (< v},
Visuw = [€P° ] Coppup) yuecllCaypysdal + {1 < v},

Yo = (€97l Copysup)yocllCaypdal + (1 <> v},
Yaouy = [P (ul Coppysup)yseclléaypysdal+{n < v},
Vauw = (€2l Coppup)ypysecllcanda) + (i < v},
Voouw = €] Coppup)ypcclleayyysdal+{n < v},
Yosu = €] Coppysup)ypccllayvdal + {n < v},
Vaapw = [€7(u] Coppysup)vpyscelleayyysdal +{m <> v},
Vasuw = [€7°ul Coppup)ysecllCaonpdal + {1 < v},
Yoou = €] Coppup)ecllcaonpysdal + {1 <> v},
Yoz = [€P(u] Coppysup)cellCaoipdal + {11 <> v},
Vasuw = [€77° ] Coppysup)yscllCaon ysdal -+ <> v},
Yoou = €] Coppup)ove yscellCaopada] + {1 < v},
V3o = [€7°(u] Coppup)ovecellCaopoysdal + {n < v},
Vit = €] Coppysip)ovecellCaopeda] + {1 < v},
Vo = (€7l Coppysup)ove yscclleao e vsdal

+ {u < v},
Yspw = [€P° ] Coppup)opo ysecllCaovedal + {1 < v},
Vaau = €] Coppup)opecellCaoio ysdal + {1 <> v},
Vasu = (€] Coppysup)opoclleaoveda] + {1 < v},
Viepw = [€77° ] Coppysin)ope vscllCaovo vsdal

+ {u < v},
Y3z = (€] Copoup)oupyseclleaoveda) + {1 < v},
Vaspw = [€0° ] Copoup)oupccllCaomsysdal + {1 < v},
Vaouw = [€P°(u] Copo ysup)oupcclléaovadal + (< v},
Vaouy = €77 ] Cope y5up)0,pyscllCaove vsdal

+ {u < v}

To perform QCD sum rule analyses, we shall use

Vaw = [€PCwl Cyup)yscclleayndal +{n < v}, (58)

which well couples to the [EZ?D*] channel. We also need to

use
Vi = [€P Wl Cyup)clayysdal + {n < v} (59)

which well couples to the P-wave [X ;‘l_)] channel.
We note that the following currents actually have spin
J =3/2:

Yo = (€7l Cypup)yvccllCaysdal + {1 <> v},
Usun = €2l Cyuup)onpysclleaypdal + (i <> v},
V1w = [€Pul Cypup)opupysecllCayvdal + {1 <> v}

8 Appendix C: One example

In this appendix, we show one example and express the cur-
rent 17 as a combination of &; and ;:

m = [eape(ul Cdp)ysucllcacal,
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= [eape(ul Cdp)ysualléace] + [€ape ] Cda)ysucllCacs]
+ [€ape (U] Cdp)ysucllaca)

= +2  Leanelu] Cay ysualieae]

+ — x [€ape ) Cyudp)yuysuallcace]
X [€abe ) Coyydp)ouyysuallCace]
x [€ape (g Cyuysdp)yuugllcace]
x [€ape (ul Cysdp)ugllcace]

X [€abe X Cypup)yuysdallcace]

X [€ape(ul Coypup)oyyysdallcace]

+
- e N N N e I L

= & 55 IS 15 55
T T 16T 160 160 167
+5$+1$ 15
16°" 1677 16°°
lé 15 15 1%
3211 1613 1614 1615

55
35510

15 1€+1§ 1$+1€
o816 = 617+ (s — o+ 8
. . . .

16523 -

i I i I
+ RSZ] - Eézz + RSM - Eézs
L e b — Lt Lkt
526 — (b — (eds g8 + 5580
I I i I 1
- R%’% + EEM + E%s - R&e + 5537

1 i
+ 5538 - E§43

1 1 1 1 i
+ Rlﬁl + Elﬂz + R‘% - EI/M - E‘/fs

I i I 1 1
+ Rlﬂé + EW + EWS - §1ﬂ9 - ﬁlﬂlo

I i i
+ Rlﬂn - El/fm - EWIS
+ e — s — Yo+
1610 3T T g
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