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Abstract In this article, we construct both the axial
vector-diquark—axialvector-diquark—antiquark type and the
axialvector-diquark—scalar-diquark—antiquark type interpo-
lating currents, then calculate the contributions of the vac-
uum condensates up to dimension 10 in the operator prod-
uct expansion, and we study the masses and pole residues
of the JP = %i hidden-charm pentaquark states with the
QCD sum rules in a systematic way. In calculations, we use

the formula u = /M 123 — (2M,)? to determine the energy

scales of the QCD spectral densities. We take into account
the SU(3) breaking effects of the light quarks, and we obtain
the masses of the hidden-charm pentaquark states with the
strangeness S = 0, —1, —2, —3, which can be confronted
with the experimental data in the future.

1 Introduction

Recently, the LHCb collaboration studied the Ag —
J/¥ K~ p decays, and one observed two pentaquark can-
didates P, (4380) and P.(4450) in the J /¥ p mass spectrum
with the significances of more than 9o [1]. The measured
masses and widths are Mp,4380) = 4380 & 8 = 29 MeV,
Mp.a450) = 4449.8 £ 1.7 £ 2.5MeV, I'p_4330) = 205 £
18£86MeV, and I' p, 4450y = 39£54+19 MeV, respectively.
The decays P.(4380) — J/yp take place through the rel-
ative S-wave channel, while the decays P.(4450) — J/vyp
take place through the relative P-wave channel, the decays
P.(4380) — J/vp are kinematically favored and P, (4380)
has larger width. The preferred spin-parities of P.(4380) and
P.(4450) are J¥ = %_ and §+, respectively. There have
been several attempted assignments, such as 2.D*, ZZ‘D*,
Xc1p, J/W¥N(1440), and the J/v N (1520) molecule-like
pentaquark states [2—11] (or not the molecular pentaquark
states [12]), the diquark—diquark—antiquark type pentaquark
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states [13-22], the diquark—triquark type pentaquark states
[23], re-scattering effects [24-27], etc.

The quarks have color SU(3) symmetry; we can con-
struct the pentaquark configurations according to the routine
quark — diquark — pentaquark,

B®3)®3BR3)®3
=Bh6)3D6)R3=3033D - =1&---,
(1)

where 1, 3 (5), and 6 denote the color singlet, triplet
(antitriplet), and sextet, respectively. The diquarks quCFq,’(
have five structures in Dirac spinor space, where CT" = Cys,
C, Cyuys, Cyy, and Coyy, for the scalar, pseudoscalar, vec-
tor, axialvector, and tensor diquarks, respectively, and the j
and k are color indices. The attractive interactions of one-
gluon exchange favor formation of the diquarks in color
antitriplet 3., flavor antitriplet 3 f»and spin singlet 1 [28,29],
while the favored configurations are the scalar (Cys) and
axialvector (Cy,,) diquark states [30-32]. The calculations
based on the QCD sum rules indicate that the heavy-light
scalar and axialvector diquark states have almost degener-
ate masses [30,31], while the masses of the light axialvector
diquark states lie (150-200) MeV above that of the light
scalar-diquark states [32], if they have the same quark con-
stituents.

In Refs. [19,20], we choose the light scalar diquark
and heavy axialvector diquark (or heavy scalar diquark) as
the basic constituents, construct both the scalar-diquark—
axialvector-diquark—antiquark type and scalar-diquark—
scalar-diquark—antiquark type interpolating currents, which
are supposed to couple potentially to the lowest pentaquark
states according to the light scalar-diquark constituent [32],
then calculate the contributions of the vacuum condensates
up to dimension 10 in the operator product expansion and
study the masses and pole residues of J P — %_, %+, and %i
hidden-charm pentaquark states with the QCD sum rules. The
numerical results favor assigning P,(4380) and P.(4450)
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to be the %_ and %+ diquark—diquark—antiquark type pen-
taquark states, respectively [19]. In Ref. [19], we take the

energy-scale formula u = ./ M 123 — (2M,)? to determine the

energy scales of the QCD spectral densities, the resulting pole
contributions are about (40-60) %, and the contributions of
the vacuum condensates of dimension 10 are less than 5 %,
the two criteria (pole dominance at the phenomenological
side and convergence of the operator product expansion) of
the conventional QCD sum rules can be satisfied. Now we
extend our previous work to study the %i hidden-charm pen-
taquark states in a systematic way, where the energy-scale

formula pu = ,/ M%, — (2M,)? serves as an additional con-

straint on the predicted masses. All the predictions can be
confronted with the experimental data in the future, and the
assignments of P.(4380) and P.(4450) in the scenario of
the diquark—diquark—antiquark type pentaquark states can
be testified.

In this article, we take the light axialvector diquarks and
heavy axialvector diquarks (and heavy scalar diquarks) as
the basic constituents, and study the axialvector-diquark—
axialvector-diquark—antiquark type and axialvector-diquark—
scalar-diquark—antiquark type pentaquark configurations.
Now we illustrate how to construct the pentaquark config-
urations in the diquark—diquark—antiquark model according
to the spin-parity J*,

1~ 1~ 3-
15 ®0h, ®- == 5 ’ 2
9192 BC T 2z 2qiqpq3c¢ 2 qiqpq3cE @
1-
+ +
14, ® 1g5c ® 2z
—|of + + i
o [Oqlqzqsc ® lqlqzqzc ® 241‘72‘730] ® 2

B 1~ o |: 1~ . 3~ :|
" 2qiqaqace 2q1q2q3c¢ 2 q192q3¢E
® [3_ o2 ] 3)
2apacc  2qqpacé]’
1-
T + -
lquqz ® Oqac ® |:1 ® 55:|

+ + 1+ 3+
= 1qlq2 ®Oq36 ® |:_ ® 55:|

2¢
1t 3+
S ®=
2q192q3c¢ 2 q192q3¢E
1t 3+ 5% ]
®| = ® = ® = , 4
|:2q1qzq305 2q192q3c¢ 2 q1q2q3cE

1-
+ + -
lqnqz ® lqzc ® |:1 ® 55}

—|o*
- [Oqlqzq3c

N N 1t 3*
O 11 gaqsc @ 24142430] ® |:§5 ® 56i|
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2 q1q2q3¢c¢ 2qiqq3ce  2q190q3c¢

[3+ 5+t 3+
[ e er
| 2q12q3¢¢ 2 q1q2q3¢¢ 2 g1g92q3c¢
r1+ 3+ 5%
@ 2 c 2 c 2 _]
L 2q19293¢¢  2qiqpq3cc  2q1q2q3cC
r1+ 3+t 5+ 7+
@ - _ = B Py _ Y ]1
| 2q192q3¢¢  2qiqpqscé  2qiqaqze 2 qiqaq3cE

&)

where 1™ denotes the contribution of the additional P-wave
to the spin-parity, the subscripts q142, g3c, ... denote the
quark constituents. The quark and antiquark have opposite
parity, we usually take it for granted that the quarks have
positive parity, while the antiquarks have negative parity, so
the ¢-quark has J 7 = 17,

In this article, we study the pentaquark states with the

. . . 1£ .

underlined spin-parity 2 g1ardsc which are supposed to
be the lowest pentaquark states with the light axialvec-
tor diquarks. We construct both the axialvector-diquark—
axialvector-diquark—antiquark type and the axialvector-
diquark—scalar-diquark—antiquark type currents J(x) =
Jglis (x) according to Egs. (2)—(3), where the superscripts
jo and jg denote the spins of the light diquark and heavy
diquark, respectively, the subscripts ¢1, g2, g3 denote the light
quark constituents. We calculate the vacuum condensate up
to dimension 10 in the operator product expansion, and study
the masses and pole residues of the lowest pentaquark states
in a systematic way.

The article is arranged as follows: we derive the QCD sum
rules for the masses and pole residues of the %i pentaquark
states in Sect. 2; in Sect. 3, we present the numerical results
and discussions; and Sect. 4 is reserved for our conclusion.

2 QCD sum rules for the %i pentaquark states

We write down the two-point correlation functions I {ﬁéfqg (p)
in the QCD sum rules,

il = i [ d'xe™ O Ui, 0 et 00,
(©)
where

Jll

o (X) = eilaaijkel”’”ujr(x)CyMuk(x)u,Z,;(x)

x Cy' ey (x)CEl (x),

Eilagijk Imn
V3

+2u () Cypdi (¥, (X)Cy' ey (X)]CEL (x),

Tawa®) = [} () Cypur()d] () Cy' e (x)



Eur. Phys. J.

C (2016) 76:142

Page 3 of 21 142

Tada () =

ila nijk Jlmn
V3
+2d] (0) Cypu (x)dy, () Cy'eu (x)]CEy (),

[d] (X)Cypdi (X)u, () Cyt ey (x)

Tiga(x) = &M dT (x) Cyyudy (x)d, (x)

‘]ulbzs( ) =

uds (x)

ddv(x)

Tags (%) =

‘Idss (x)

T () =

Tan, (x) =

uud (x)

Taga () =

Tida () =

s (00) =

x Cyte,(x)Cel (x), (N

gilagijk glmn
e
+2u§ () Cpusi ()it () Cy' ey (1)]CEq (x),
gila gijk glmn

e
+u} () CYusk(X)dy, () CyHen (x)

+d] () Cyusk (Ol (1) Cyle, (0)1CE (),
gilagijk glmn
e
+2d] (¥)Cypusi (), () Cy' e, (0)]CEL (3),

[} () Cyputg (x)s,, () Cy*cn (x)

[} () Cypdi ()5, () CyH cn(x)

[d] () Cyudi(x)s,,(x)Cy ey (x)

(8)

Silagijkglmn
NG

+ 257 (X) Cypuur (X)s,, (X)Cy*cn (X)]CE (x),

gilagijk glmn
V3

+25] () Cyudi(x)s,, () Cy* e, (0)]CE, (x),

[s] () Cypusk ()up, (x)Cy e (x)

[s] () Cyusk(x)d,, () Cy ey (x)

&)

eilasijkslm”sjr () Cyusk (x)s,ﬁ (x)

x Cyte,(x)CEL (x), (10)

Silagijkslmn
V3
xup, (X)Cyscn (X)ysy" Cel (x),
Silaeijkelmn
V3
+2u] () Cyudi (g, (¥) Cysen (0)]ysy " CEf (x),
ila ijk olmn
V3
+2d] (x)Cypui (x)d,, () Cysen (0)lysy" €Ty (x),
8ila8i./’k81mn

/3

] () Cypup(x)

[} () Cyputg (x)dy, (x) Cyscn (x)

[d] (X)Cypdi (X)u, (x)Cysen(x)

df () Cyudi (x)dy, (x)

X CySCn(x)ysy“CEaT(x), (11)
8ila8ijk81mn - -
T[”j (X)CV;L”k(x)Sm (x)Cyscp(x)

+ 2ujr(x)CyMsk (x)u,ﬁ(x)Cyscn (x)]ysy“CEaT(x),

8ila8ijk81mn

Juds () = T[u,T-(x)c:mdku)s,f,(x)c%cn(x)
+uf () Cypusi(x)dy, (x)Cysen (x)
+d] ()Cypusi(x)ul (1) Cysen(0)]ysy™ CEl (x),
ila nijk olmn
Jige0) = 1] (Crude ()57, (I Crsen()
+2d] (X)Cypsi(X)dy, (x)Cysen (0)ysyH Cap (x),
(12)
ila ,ijk lmn
I = S 5] s (e, (D Cysen ()
+ 25T () Cypug (x)s, () Cysen(X)lysy " CEL (x),
Ox) = M[Jmc sk(x)d! (X)Cysen(x)
du \/g J YuSk m Y5€Cn
+25] () Cyudi ()5, () Cysen(x)]ysy ™ Cel (x),
(13)
ila oijk Jlmn
T @) = %s}(wcmsk(wsgu)
xCysen(x)ysy" Céy (x), (14)

i, j, k, I, m, n, and a are color indices, C is the charge
conjugation matrix. In the currents J, qlloqz 3 (X), the light axi-
alvector diquark combines with the heavy scalar diquark to
form a tetraquark with J” = 1% in color triplet according to
Eq. (2), while in the currents J qlllqz & (x), the light axialvector
diquark combines with the heavy axialvector diquark to form
a tetraquark with J* = 07 in color triplet according to Eq.
(3). Then they couple with the antiquark to form pentaquark
states with J© = %_ in color singlet. In this article, we
take the isospin limit, and classify the currents couple to the
pentaquark states with degenerate masses into the following
eight types:

Jull,:u M(‘x)’ uud u(x)

Jull,:s /L(‘x)’ Jud? ;,L( )
11

‘,uss u(x)’ de p.( )

11
"sss u.( x);

udd },L('x) Jddd p,(x)

‘]ddv ,u( x);

10
Juuu M(x)a
10
Juus u(x)’ Jua’s u( x),
VARSWESH

VA ES)

Tada. )2 T40q.,()

Ja’a’s u( x);

uud M()C),

sts ;,L(x) )
(15)

In calculations, we choose the first current in each type.

The currents ququJZZ3 (O) have negative parity, and cou-

ple potentially to the 1 5 hidden-charm pentaquark states
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T
P;I/IL [1"2';32 (% ), where the superscript % denotes the total angu-

lar momentum of the anti-c-quark c,
- N o
<0|Jgfqz’z,3<0>|P;fqé’;; (5 )(p>>=APU (p.s), (16

the A}, are the pole residues, the spinors U™ (p, s) satisfy the
Dirac equations (p — Mp _)U " (p,s) = 0, the s are the
polarization vectors of the pentaquark states. On the other

hand, the currents J;/;/%. (0) also couple potentially to the %+

hidden-charm pentaquark states qulL qu[;xz (%+) as multiplying
jLJH

iys to the currents Jq’ 1423 (x) change their parity,
JLiH ijH% 1+ +. 4
01414243 O | Pgrgags 5 (p)) = rpiysUT(p,s), (17)

the spinors U jE(p, s) (pole residues Af) have analogous

properties [33-40]. We can study the J¥ = %+ hidden-
charm pentaquark states without introducing the additional
P-wave explicitly; see Eqs. (4)—(5).

We insert a complete set of intermediate pentaquark states
with the same quantum numbers as the current operators
J(x) and iysJ (x) into the correlation functions T1774%. (p)
to obtain the hadronic representation [41,42]. After isolat-
ing the pole terms of the lowest states of the hidden-charm
pentaquark states, we obtain the following results:

_)L,215+MP,7 2P —Mpy

LTTP- 287 Pt
P 2 P 2
My _ —p? My | —p?

17245 (P) +e

(18)

where the M4 are the masses of the lowest pentaquark states
with the parity =+, respectively.

Now we obtain the hadronic spectral densities through the
dispersion relation,

ImH/L/H
ImITy 30q; (5) —p0p (s — M3 )+ 2578(s — M3 )]

_2 2
+H[Mp,_3p (s — Mp ) — Mp 11} 8(s — Mp )],
jrjn.1 JLin,0
=D 0y st ) 0 s 1 (), (19)
where the subscript index H denotes the hadron side, then

we introduce the weight function exp ( — %) to obtain the
QCD sum rules at the hadron side,

SO . . ) i
JjLjn.1 im0 s
[l Lt s it oo (-52)

2
me

2 M3
=2Mp A} exp (— P’_> . (20)

T2
v ds [ /5 Jrijm.1 (s) — JLju.0 (s) | ex 5
f Paigrgs. H Pgrq2q3, H P{=72

2
mg

M2
=2Mp 25 exp <_ﬁ> : 1)
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where the s are the continuum threshold parameters and the
T2 are the Borel parameters. We separate the contributions of
the negative-parity (positive-parity) pentaquark states from
the positive-parity (negative-parity) pentaquark states explic-
itly.

In the following, we briefly outline the operator product
expansion for the correlation functions I1/57% (p) in pertur-
bative QCD. First of all, we contract the u, s, and ¢ quark
fields in the correlation functions I17: 7% (p) with Wick the-
orem, and obtain the results:

Hlilau(p) =—i Eila€ijkElmnEi'l'a’ €' j'k' E'm'n’
x / d“xefp'xccja(—x)C{zTr[yMUkk/(x)yucufj,(x)C]
X Tr[y*Cow )y "CUL, (x)C] = AT r [y, Ui (X) s
xCU, i (x)Cy"Cpp (X)y"CUT (x)C1}, (22)

11 !
l_[uu.r (p)=—3

3
x / d*xei?*ccl (-x)C

Eila€ijkElmnEi'la Ei' j'k' EI'm'n’

x 2Ty U () CU L () CI TPy C ()Y €SP ()C
+ ATy S () CU (O CI TrlyH Co ()Y CUL () C]
— 4Ty, Uk ) CUL L () CyH Co (X)y " CST (x)C]
— 4T rlyp U ()10 C Sy s () CyH Co ()Y ' CU | (2)C]

mj jm
— AT r [y S () 7y CU S () Cy* o ()Y CU L (0)C),
(23)
i
M (p) = 3 EilaBijkElmnEila €1l K Emn’

x / d*xe'?*ccl, (—x)C
)Ty Sk ) C ST, (D CI TriyH Cow (x)y"CUL, (1)C]

HAT Iy Ui () 7y CST () C TrIy* Cow (x)y ¥ C S,

mm' (X)C]
—4T [ Si () C S,y () CYH Co ()Y ' CU T, ()C]
—4TryuSik (D CU,p 1 () CYH Co ()Y €S, (0)C]
—ATr[y Uk () 7o C S,y () C Y Coy 1)y €S, (X)CT,

(24)

T3, (P) = —i SitaijkEimnEira & jik Ermn’

X / d*xeir*ccl (—x)C
X 2Ty S (D)W CS [ (DCT Trly" Co ()Y CS,,, (1)C]
—4T Sk (D C S, () CYH Cor ()Y C ST, () C),

(25)
ne,(p) = —i EilaijkElmnEil'a’ i j'k EVm'n!
></d4xei”‘xy5y“CC;a(—x)Cy“yg
< (2T [y Uk ()1 CU [ ())C TrlysCo (¥)ysCU, (x)C]

—4Tr[y Unie ()75 C U, () CysCo (1) ysC U, (0CTY, - (26)
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10
nuus(l’) gllllgl]kslnlngl/l/ PE K Elm!

></d4xe””‘yﬂ/“CCZa(—x)Cy”ys

X (2T rlyu U () CU [ () C1 TrysCo (x)y5C Sy (X)C
ATy See (D) CU T () C Trlys o () ysCUL ()]
—4T [y, Uk ()1 CU s () Cys Cor (¥)y5C S, (X)C]

—AT [y U () yyCSL () CysCr (x)ysCUT L (x)C]

mj jm
—4T [y, S () CU,) i () Cys Cow (0)ysCU |, (X)C1},

27)

10
HMH(P) -5 stlagzjkglmngl’l’ TE i Elm!

X /d4xe’P‘xy5y“CCia(—x)Cy”ys

X (2T rlyuSiw ()7 C S () CITrlys Cow (0)ysCU,, (x)C]

mm’

+4Tr[V;LUkk’(x)VvCS~T~ ()CITrlysCon (1) y5C S, (X)C]

mm

— AT r[yu Sk () CS), /(X)CVSCnn’(x)VSCU o (X)C1
_4T"[Vuskk’(X)VVCU’Z],(X)CVSCnn’(x)VSCS /(x)C]
— 4Ty U ()9 CS), /(X)C)’Scnn’(x))’SCST (0)C1},

(28)

M (p) =
></d4xei"'xy5y’LCCaT/a(—X)CVU)’S

} (2T r [y Sk ()Y CS 1 () C1 TrLys Cow (x)y5C S (X)C

— AT r[yu Sk )Y CSL () CysCrp (x)ysCST L ()CT}, (29)

mj jm’

—i EilaCijkEImnEi'l'a’ Ei' j'k' EI'm'n’

where U;; (x), S;;(x), and C;; (x) are the full u, s, and ¢ quark
propagators, respectively,

idij £ Sijlgq) 8ijx*(Ggs0Gq)
272x4 12 192
igs Gyt (Xo®f + 0P ¥)
st — @ o+
3272x2 g\ "
i(S,«j )f 5,‘ij SiJ'(ES) i(Si,‘ )(mx(is)
S — . _ _ .
i) = A T T 1 T 48
8ijx*(58,0Gs)  i8;jx* ¥my(5g;0Gs)
192 1152
igsGlgtl (Yo + 0% ) |
—— Y — (550" ) -
3272x2 8"/ ’

Ulj(x)

(30)

Cij(x) = ﬁfd“ke*””
x { 8ij  8sGgptij o Y+ me) + K +m)o*P
k —me 4 (k2 _ m%)z
g (tath)l]Ga Gb (fozﬂpw _’_fauﬁv +fapwﬂ)
- 4(k2 —m2)s +
TP = A my* K+ myP H+mOy K +me)y” K +me),
(3D

)

and t" = %, A" is the Gell-Mann matrix [42], then compute
the integrals both in the coordinate and momentum spaces
to obtain the correlation functions H{]féfqg (p), therefore the

QCD spectral densities ,o[{fgz”q;l (s)and ,’54%’2’3 (s) at the quark

level through the dispersion relation,
I TT5i37, (5)
b4

—_ .
= D Pyt (5) + mepytad (s). (32)

The explicit expressions of pgf,g;;] (s) and ﬁéfﬁﬁo(s) are
given in the appendix. In Eq. (30), we retain the term
(qjouvqi) ({5 joupsi)) comes from the Fierz re-arrangement
of (giq;) ({s;5;)) to absorb the gluons emitted from other
quark lines to form (g ; g, gﬂt,‘;mcrwqi) (585G p 1O Si))
to extract the mixed condensate (ggs;0Gq) ((5gsaGs)). A
number of terms involving the mixed condensates (g g;0 G¢q)
and (sgy0 Gs) appear and play an important role in the QCD
sum rules. o
JLJH,

Once the analytical QCD spectral densities quqztnl (s)
and ,?)ZIL(;ZBO (s) are obtained, we can take the quark—hadron

duality below the continuum thresholds sg and introduce the
weight function exp (—%) to obtain the following QCD

sum rules:

2Mp,_)\;2 exp (

S0
g, 1 ~ s
= [ as [Veeiidty) o+ meddid © | exp (~55)

m
(33)
M2
2 P+
2Mp)+)\; exp (— 73 )
0 jLin.1 ~iLj s
= [ as [Veeiidty) o) = meddid © | exp (~55)
m(‘

(34)

where we take into account the contributions of the terms
D07 D3, DS, Dﬁ, DS, D9, and D](),

Dy = perturbative terms,

D3 « (qq), (5s),

Ds « (ggs0Gq), (5g;0Gs),

Dg o (3q)%, (Gq)(5s), (55)%,

Dg x (qq)(qgs0Gq), (55)(q8s0Gq), (qq)(58s0Gs),
(ss)(sgs0Gs),

Do  (4q)%, (Gq)(55), (Gq)*(5s), (5s)°,

Dio x (38;0Gq)*, (48;0Gq)(58,0Gs), (5g,0Gs)>.

(35)

In this article, we carry out the operator product expansion
to the vacuum condensates up to dimension 10, and assume
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vacuum saturation for the higher dimension vacuum conden-
sates.

We differentiate Eqs. (33)—(34) with respect to #, then
eliminate the pole residues )\?.5 and obtain the QCD sum rules
for the masses of the pentaquark states,

irjm.1 ~jrJju.0
i dss [Snlidted )+ mi i o) exp (~ )

M3 ,
= - — _
i ds [Pt 0) + mepi )| exp (%)
(36)
. o
L, Jiadss [ Vel ) = meliid ) e (<)
P+ =
=

d = — =
o ds [Vt ) = mepitid ) exp (= 72)

-

Once the masses Mp + are obtained, we can take them as
input parameters and obtain the pole residues from the QCD
sum rules in Egs. (33)—(34). The gluon condensates are asso-
ciated with large numerical denominators, their contributions
to total QCD spectral densities are less (or much less) than
the contributions of the dimension 10 vacuum condensates
D for the pentaquark currents with the axialvector-diquark
constituents [19,20]. We obtain the masses through fractions,
see Egs. (36)—(37), the effects of the gluon condensates can
be safely absorbed into the pole residues Aﬁ and tiny effects
on the masses can be safely neglected.

3 Numerical results and discussions

The vacuum condensates are taken to be the standard
values (7q) = —(0.24 £+ 0.01GeV)3, (5s) = (0.8 £
0.1)(7q), (Ggs0Gq) = m§(qq), (5g,0Gs) = m(Ss),
m% = (0.8 £ 0.1)GeV? at the energy scale © = 1GeV
[41,42]. The quark condensates and mixed quark conden-

sates evolve with the renormalization group equation, (gq)

4 4

W = @@ 29" G = @[ 2@]’
2

(380G = (G8:06a)(Q) [£@]” and (g0 Gs)

2
(1) = Gg.0Gs)(0) [ 227,

In the article, we take the M S masses m.(m.) = (1.275+
0.025) GeV and ms(u = 2GeV) = (0.095 + 0.005) GeV
from the Particle Data Group [43], and take into account the
energy-scale dependence of the M S masses from the renor-
malization group equation,

12
me(1) = me(me) [ o (1) }
ag(me)
4
_ as(u) ]°
ms () = ms(2GeV) [ais (ZGeV)] , (38)
) = [ bilogr b3(log?t —logt — 1) + bob
U bt Bt b2 ’

@ Springer

2 33-2ny¢ 153—19n ¢
_ e _ / _ / _
where t = logf5, b0 = =55 b1 = ;7. by =
2857330 1+ 32 n?
— L A = 213, 296 and 339 MeV for the

flavors ny = 5, 4, and 3, respectively [43]. Furthermore,
we set the small masses of the u and d quarks equal zero,
my =mg = 0.

p_ 1% 3*

In Refs. [36-40], we study the J© = 3 and 5 heavy,
doubly heavy, and triply heavy baryon states with the QCD
sum rules in a systematic way by subtracting the contribu-
tions from the corresponding J © = 1T and %¢ heavy, doubly
heavy, and triply heavy baryon states, the continuum thresh-
old parameters \/s) = Mg + (0.6-0.8) GeV work well,
where subscript gr denotes the ground state baryons. The
pentaquark states are another type of baryon states accord-
ing to the fractional spins, in Ref. [19], we take the con-
tinuum threshold parameters as /so = Mp,(4380/4450) +
(0.6-0.8) GeV, which also works well. In this article, we
take the continuum threshold parameters /so = Mp +
(0.6-0.8) GeV as an additional constraint.

The hidden-charm (or bottom) five-quark systems g1¢2¢3
QQ could be described by a double-well potential, just
like the double heavy four-quark systems g1g2 Q Q [44-48].
We introduce the color indices i, j and k first. In the five-
quark system g1¢2¢3 Q Q, the light quarks ¢ and g» combine
together to form a light diquark D; 1g» 10 color antitriplet,

a1+ 492 = Dy, (39)
the Q-quark serves as a static well potential and combines
with the light quark g3 to form a heavy diquark D(]H 0 in color
antitriplet, &

7+0— D), (40)

the Q-quark serves as another static well potential and com-
bines with the light diquark Dé] \q» to form a heavy triquark
in the color triplet,

— /M QkDI (41)

~k .
Q"+ 7D s

9192

Then the heavy diquark D;% 0 combines with the heavy tri-

quark /K Ok D!

414, to forma pentaquark state in color singlet,

+ D gkpi

jki Akyi J Ak
e 0'D q30 q|q2Dq3QQ :

219 (42)

The interpolating currents in Egs. (7)—(14) can also be under-
stood in this way.

Now we can see that the double heavy five-quark system
is characterized by the effective heavy quark masses Mg

M3 — (2Mp)?2, just like the double

heavy four-quark systems ¢17> Q Q [44—48]. The QCD sum
rules have three typical energy scales u2, T2, V?, we set

and the virtuality V =
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the energy scales to be u> = V2 = O(T?) and obtain the

energy-scale formula,

p= /M3 — (2Mp)?, (43)

to determine the energy scales of the QCD spectral den-
sities [19,20]. In previous work [19], we take the value
M, = 1.8 GeV determined in the double heavy four-quark
systems [44—48] and obtain the values © = 2.5GeV and u =
2.6 GeV for the hidden-charm pentaquark states P.(4380)
and P.(4450), respectively. The energy-scale formula works
well.
We can rewrite Eq. (43) into the following form:

M3 = 4M? + 12, (44)

which indicates that the masses increase (or decrease) with
increase (or decrease) of the energy scales,

nt Mpt,
wi Mp. (45)

On the other hand, the calculations based on the QCD sum
rules in Egs. (36)—(37) indicate that the masses decrease (or
increase) with increase (or decrease) of the energy scales,

wt Mpl,
wi Mp1. (46)

We can search for a compromise and obtain the optimal
energy scales i and masses Mp.

In the present QCD sum rules, we choose the Borel param-
eters 72 and continuum threshold parameters s to satisfy the
following four criteria:

e pole dominance at the phenomenological side;
e convergence of the operator product expansion;
e appearance of the Borel platforms;

e satisfying the energy-scale formula.

Now we search for the optimal Borel parameters T2
and continuum threshold parameters sy according to the
four criteria. The resulting Borel parameters T2, contin-
uum threshold parameters sg, pole contributions, and con-
tributions of the vacuum condensates of dimension 9 and
10 are shown explicitly in Table 1. From the table, we
can see that the first two criteria of the QCD sum rules
are satisfied, and we expect to make reasonable predic-
tions. In Table 2, we present the contributions of differ-
ent terms in the operator product expansion with the cen-
tral values of the input parameters. In calculations, we
observe that the main contributions come from the terms
Dy, D3, and Dg, see Table 2, the operator product expan-
sion is well convergent. We should admit that the conver-
gent behavior of the operator product expansion is not so
good as that in the conventional case, where Dy dominates

Table 1 The Borel parameters, continuum threshold parameters, pole
contributions, contributions of the vacuum condensates of dimension 9
and dimension 10

T2 (GeV?) /50 (GeV) Pole (%) Do (%) Dio (%)

1 _

Puui (% ) 3236 51400 (38-60) (16-22) ~1
1 _

Por? (% ) 3337 52401  (39-60) (10-15) <I
1 _

P (%) 3438 53401  (40-61) (7-10) <1
1 _

Poss? (%) 3539 54401 @262 (5-7) <l
1 _

P (% ) 3337 51401 (39-60) (10-13) (3-4)

Pl (l‘) 3438 52401  @dl1-61) (6-9) (2-3)
uus 2 . . . .
1 _

Pos? (%) 35-39 53401  (42-62) (4-6) (1-2)
1 _

Je: (%) 3640  S4+01  (4362) (34) ~I
1

phla (%*) 3337 53400  (37-59) (15-21) <l
1

Pon? ({r) 34-38 54401 (3859 (10-14) <1
1

Pass ({f) 3539 55401  (39-60) (7-10) <1
1

Jae: (%*) 3640  56+0.1  (40-60) (5-7) <l
1

Pz (%*) 3337 58400  (60-78) —(3-5) <l
1

Pu? ({r) 3438 59401 (61-79) —(24) <l
1

Pu? ({r) 3539 60+0.1 (62-79) —(1-2) <I
1

P02 (%*) 3640 61401 (63-80) ~—1 <1

the QCD sum rules, but we can find a comparatively rea-
sonable work window to extract the hadronic information
[49,50].

We take into account all uncertainties of the input parame-
ters, and we obtain the values of the masses and pole residues
of the %i hidden-charm pentaquark states, which are shown
in Figs. 1, 2, and Table 3. From Figs. 1, 2, and Table 3, we
can see that the last two criteria are also satisfied. In Table 3,
we also present the corresponding thresholds of J /v Bjp and
J /¥ Bg, where the Bg and Bjo denote the octet and decuplet
baryons with the constituents g1g2g3, respectively. From the
table, we can see that the decays to the J /vy B,

111 1~ 104 1=
Py g3 (5 ) Pyigras <§ ) — J/¥ Bo, 47)

for example,
11" 11"
Pull,41142 (5 >, Pulzi)nf <§ )—> J/pAatt,

1ni /1= 104 /17
Puus2 (z )v Puusz (5 )_)J/¢E*+a

@ Springer
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Table 2 The contributions of different terms in the operator product
expansion with the central values of the input parameters

Pentaquark states Contributions

i —
2 (1
Puui <§ )

Doy > D¢ > D3 > |Ds| ~ |Dg| ~ Dg > Djg

PulL}s% (%7> Do > D¢ > D3 > |Ds| = |Dg| > Dy > Do
Pt (7)) Do Do > Dy 1Ds|~ 1Dyl > Do > Do
Pyl;v% <%_> Do > D¢ > D3 > |Ds| > |Dg| > D9 > Dio
Pai () Do > Dy > Dy>Ds| > 1Ds > Do Dio
P;L?s% (%7) Do ~ D3 > D¢ > |Dg| > |Ds| > Dy > Do
Pul,s'o,s'% (%7> Do > D3 > Dg > |Dg| > |Ds| > D9 > Do
Pl ({) Do > D3> Dg > |Dg| > |Ds| > Do > Do
Pui () Do Do> Dy 1Ds| % 1Ds| ~ Dy > Dig
PIAIL:S% (%Jr) Do > D¢ > D3 > |Ds| = |Dg| > Dy > Do
Pt (37) Do Do > Dy 1Ds| %Dyl > Do > Dio
ot (A7) Do D> Ds > Dl > IDs] > Dy > Dig
Pai (37) Do D3> 1Dl > 1Dsl 3 Dy > Dol 3> Dy
Pit () Do Dy IDsl > Ds| > Dy > 1Ds] > Dyl
Pt (37) Do D3> IDsl > IDs| > Dy > Dol 3> | Dol
Pt (37) Do Dy D6l > 1Dsl > 1Ds] > Dy > Dol

1l /1- 105 (17 -
Puss2 (E ) s Puss2 <§ ) - J/WD*O,
1t /1= 10f (17 _
Psssz ~ ) Psssz - - J/l/fQ s (48)
2 2
may take place, but the decay widths are rather small due

to the small available phase-spaces; on the other hand, the
decays

114 1~ 104 1-
Py grqs (E ) Pyy4243 (5 ) — J/y Bg, (49)
14 1t
Pyigoas (5 ) — J/¥ Bio, J /¥ Bs, (50)
for example,
/1% 10l (1~
Puu112 Y ’ Puudz Py - J/WP,
2 2
/1% 10t /17
Puus2 - ) Puusz - - J/WEJr,
2 2
ni /1% 0l (1° .
Puss2 (z )v Pussz (5 )—>J/¢ﬁ07

@ Springer

Pod (;) RN
P (;) e
PulSIS% (%+) — J/l//E*O,
P (;) Ny 51)

can take place more easily, the decay widths are larger due
to the larger available phase-spaces; furthermore, the decays

10t 1t
Pyigaas (5 > — J/¥Bsg, J /¥ Bio, (52)

for example,

1L /1T
Puuz; (5 )—)J/I//p,
ol /1t
Puus2 <§ ) - J/wE-i_’
10l /17
Puxsz <§ ) - J/I/IEO,
1oL /1t
Puuu2 (5 ) - J/WA—HF,
L/t
Puss (5 ) — JyEH,
L/1t
Puss’ (5 ) — J/pE*,
104 (17 _
Psss E - J/WQ 4 (53)

can take place fluently, the decay widths are rather large due
to the large available phase-spaces. We can search for the
pentaquark states in the J /v Bg and J /v B1p mass spectrum
in the decays of the bottom baryons to the final states J /¢ By
and J /v Bjp associated with the light vector mesons or pseu-
doscalar mesons [13,18,21], for example,

_ i rEy 40—
Q) — Py (5 )K — J/YET K™,
_ i1 _
Q, — Py (5 )¢>—> S/ . (54
In Ref. [22], the authors study the non-strange and strange
pentaquarks with hidden charm in the diquark—diquark—
antiquark model by considering the simple spin-spin interac-
tions, and evaluate the masses, where the scalar and axialvec-
tor diquarks are chosen. The predicted masses are different
from ours, see Refs. [19,20] and the present work, the differ-
ences originate partly from the fact that in Ref. [22] P,.(4450)
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Fig. 1 The masses of the pentaquark states with variations of the Borel parameters T2, where A, B,C, D, E, F, G, and H denote the pentaquark

1S =\ 15 1=\ o115 (1) pl13 (1) 5105 (1-) 105 /1—\ 10} /1— 105 /1) . . . .
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Fig. 2 The masses of the pentaquark states with variations of the Borel parameters T2, where A, B, C, D, E, F, G, and H denote the pentaquark
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Table 3 The energy scales, masses, and pole residues of the pentaquark
states, where B and Bg denote the decuplet and octet baryons with the
quark constituents g1 g»>q3, respectively. We take the isospin limit, the

1ni /- 1ni /- 1ni- 1ni-
pentaquark states Py;,;7 (j ),led2 (7 ),Pudd2 (E )an P (i )
have degenerate masses. Other states are implied

u (GeV) Mp (GeV) Ap (GeV®) Mgy B3y (GeV)
1 _
Puni? (% ) 2.5 435+0.15 (3.72£0.76) x 1073 433 (4.04)
1 _
Pi? (% ) 2.6 4.47£0.15 (4.50 £ 0.85) x 1073 4.48 (4.29)
1 -
Paiy (% ) 2.8 458 +0.14 (5.43 +£0.96) x 1073 4.63 (4.41)
1 _
P (% ) 3.0 4.68+0.13 (6.47+ 1.10) x 1073 477
1 _
PO (% ) 25 442+0.12 (4.14£0.70) x 1073 433 (4.04)
1 _
Pz (% ) 2.7 4514011 (.97 +0.79) x 1073 4.48 (4.29)
1 _
Pacy (% ) 2.9 4.60+0.11 (5.87 +£0.89) x 1073 4.63 (4.41)
1 —
Poy? (% ) 3.0 47140.11 (6.84 £ 1.00) x 1073 477
1l /+ -3
P (j ) 2.8 456 £0.15 (1.97 £0.40) x 10 433 (4.04)
1
Pl (%*) 3.0 4.67+0.14 (2.42 +0.47) x 1073 4.48 (4.29)
1
pll2 ({r) 3.1 478 40.13 (2.88 4 0.53) x 1073 4.63 (4.41)
1
P2 ({f) 3.3 4.89+40.13 (3.44+0.61) x 1073 477
10% 1+ -3
P (7 ) 3.6 512+ 0.08 (8.01 £0.92) x 10 433 (4.04)
103 (1+ -3
Pz (E ) 3.7 519+ 0.08 (8.92 £1.05) x 10 4.48 (4.29)
1
P ({r) 3.8 5.26 +0.08 (9.93 % 1.21) x 1073 4.63 (4.41)
1
P2 (%*) 40 5.40 +0.08 (12.17 4 1.28) x 1073 477

. 15 5- o
is taken as the P, ; (% ) pentaquark state, while in Refs.

3
[19,20] P.(4450) is taken as the PM1 ; dz (%Jr) pentaquark state.

4 Conclusion

In this article, we choose the axialvector-diquark—axial-
vector-diquark—antiquark type and axialvector-diquark—
scalar-diquark—antiquark type pentaquark configurations,
construct both the axialvector-diquark—axialvector-diquark—
antiquark type and the axialvector-diquark—scalar-diquark—
antiquark type interpolating currents, then calculate the con-
tributions of the vacuum condensates up to dimension 10 in
the operator product expansion, and we study the masses
and pole residues of the J¥ = %i hidden-charm pen-
taquark states with the QCD sum rules in a systematic way.

In calculations, we use the formula u = ,/MI% — (2M,)?

to determine the energy scales of the QCD spectral den-
sities, which works well in our previous work. We take

into account the SU(3) breaking effects of the light quarks,
and obtain the masses of the hidden-charm pentaquark
states with the strangeness S = 0, —1, —2, —3, which can
be confronted with the experimental data in the future.
We can search for those pentaquark states in the decays
of the bottom baryons to the J/vy plus octet (decuplet)
baryons plus pseudoscalar (vector) mesons, or take the pole
residues as basic input parameters to study relevant pro-
cesses of the pentaquark states with the three-point QCD sum
rules.
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Appendix
.. 11,1 ~11,0 11,1
The QCD spectral densities pg55 (5), Psss (5)s Puss (),

~11,0 11,1 ~11,0 11,1 ~11,0 10,1
Puss (), Puus (), Puus ($)s Puuu (8), Puuu (), Psss (),

~10,0 10,1 ~10,0 10,1 ~10,0 10,1
Psss (8)s Puss (8)s Puss (8)s Puus (8)s Puus ()5 Puuy (5), and

,6;2;,0 (s) of the pentaquark states,

1
Loy — 4 —2\4 —2
Psss (8) = m/dydz yz(l —y —2)" (s —m;)" (8s — 3m)
mshc 3 —2.4
dydz 1—y— -
122887r8/ ydz (y+ 21—y —2)°(s —my)
me(Ss) 5 53
~ et /dydz(y+z)(1 —y—=2)(s —my)
s (55) 2 —2.2 —2
1—y— - 25 —
12876 /dydzyz( y—=2)(s —m;)(2s —my)
3mc(sgs0Gs) —2\2
—evesT ) 1—vy— —
102476 /dydz y+2d =y —2)(s —mp)
ms(5gsoGs) / — o
R bt l—y—2)(s — — 3m>
51276 dydz yz( y —2)(s —m,)(5s — 3m;)
ms(5gsoGs) 5 — o
W/dydz Y+ =y —2)"(s —m,)(5s — 3my)
So\2
+ (55) fdydz yz(1 —y —2)(s —ﬁf)(Ss — 3%2)
4874
Smgme(5s)? —,
e [ vz s -
5(ss)(sgsoGs) o
—W/dydzyz(4s—3mc)
(ss)(sgs0Gs) /‘ o
————" | dyd 1 —y—2z)(4s — 3m:
192, ydz (y +2)(1 — y — 2)(4s — 3m)
121mgm.(5s)(5gs0Gs) /
_ dy
230474

myme(5s)(5gs0Gs) / z Yy me(3s)3
o v IvoIT T fdydz (2L ) =
+ 4874 yaz\ gt 1872

[

my (5s)3 s ~
222 /dyy(l —-y) [1 + 58 (s —mc)]
3(5g;0Gs)? s _
_51527 / dydz (y +2) [1 + §5(s — m%)]
3(5gs0Gs)? s -
BT [ s =i+ So6 -]
msm(3g,0 Gs)* / l—y y )
_evosT Pl iy — 4+ L) §(s —
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_(SgsaGS>[2(qgsoG:1) + (5850 Gs)] /dydz [1+ 76(5_%)]
| e (§8,0Gs) [17(G8,0 Gq) = (58,0 Gs)] 7087
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dydz (y +2)(1 — y — 2)(s — )2
_ my[3(4g;0Gq) + (5g;0Gs)]
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_ dvd 1—vy— _ > 10,1 — oy N 2N\4 _ 2
756,76 ydz (y +2)(1 —y —2)7(s —my) Puss () 15285008 /dydz yz(l —y — 2)*(s —m2)*(8s — 3my)
— 1
x (552 — 5sm?> + ) 7/d dzyz(1—y—2z)°
e 15360078 ) DIy Ty
11m.(5g;0G: . . .
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———————— | dydz | -+ - ) (| + —5 ) 8(s —m2) =
15367+ y oz ( M2> ‘ ;{480 Gg) /dydzyz(l —y = 2)(s —mA)(5s — 3m2)
38476 ¢ c
H 2 _ _
_M / ay (L L s —a) s Ud8,0Gq) + (58,0 Gs)]
46087 1—y ’ 204876
- . . s 2{g + <
125myme(sgs0 Gs)? [d (1 N L) 565 — i) (64) x / dydz yz(1 — y — 2)(s — m2) (55 — 3m2) + W
921674 Y M2 e

@ Springer



Eur. Phys. J. C (2016) 76:142

Page 17 of 21 142

x / dydz yz(1 —y — 2)(s —Wf)(Ss — 3%3)

_ myme(55) [5(qq) —
14474

) /dydz (v + (s —m2)

_mgm(55) [{qq) + (55)]
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