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Analysis of hidden-charm pentaquark molecular states with and without
strangeness via the QCD sum rules”
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Abstract: In this study, we investigate the DX, D=., D¥*, D=}, D*X., D*E., D*%¥, and D*E* pentaquark mo-
lecular states with and without strangeness via the QCD sum rules in detail, focusing on the light flavor, SU(3) ,
breaking effects, and make predictions for new pentaquark molecular states besides assigning P.(4312), P.(4380),
P.(4440), P.(4457) , and P.4(4459) self-consistently. In the future, we can search for these pentaquark molecular
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states in the decay of Ay, By

and &, . Furthermore, we discuss high-dimensional vacuum condensates in detail.
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I. INTRODUCTION

In 2015, the LHCb collaboration explored the
Ag — J/wK~p decay and observed two pentaquark can-
didates P.(4380) and P.(4450) in the J/yp mass spec-
trum with preferred quantum numbers J” =3/2" and
5/2%, respectively [1]. The Breit-Wigner masses and
widths are Mp_4380) = 4380+ 8 +£29MeV, Mp 4450) =
44498 +1.7+£2.5 MeV, T'p 4330y =205+ 18 +86 MeV, and
Ip aas0) =39+ 5+ 19 MeV, respectively. In 2019, the LH-
Cb collaboration re-investigated a data sample of the
Ag — J/wK~p decay, which was an order of magnitude
larger than that previously analyzed, and observed a nar-
row pentaquark candidate P.(4312) in the J/yp mass
spectrum, and confirmed structure P.(4450), which con-
sisted of two narrow overlapping peaks P.(4440) and
P.(4457) [2]. The measured Breit-Wigner masses and
widths are

P.(4312): M=4311.9+0.7*58 MeV,'=9.8+2.7"3 ] MeV,
P.(4440) : M=4440.3+1.3"}) MeV, 7'=20.6+4.9"%] MeV,

P.(4457) : M=4457.3+0.6"7) MeV, T=6.4+2.0"7] MeV.
(1

Very recently, the LHCb collaboration reported an evid-
ence of a hidden-charm pentaquark candidate P (4459)
with strangeness S = —1 in the J/y¢A invariant mass spec-
trum with a statistical significance of 3.10 in the

E, — J/yK~A decay using the pp collision data corres-
ponding to a total integrated luminosity of 9fb~! collec-
ted in LHCb experiments at centre-of-mass energies of 7,
8, and 13 TeV [3]. Its Breit-Wigner mass and width are

P.5(4459) : M=4458.8+2.9*1] MeV,'=17.3+6.573) MeV,
@)

but the spin and the parity have not been determined yet.
P.(4312), P.(4380), P.(4440), P.(4457), and P,,(4459) lie
slightly below the thresholds of meson-baryon pairs DX,
DX, DX, and D*E,, respectively. The nearby meson-
baryon thresholds are listed clearly in Table 1, because
the D and D* mesons, 1/2* flavor antitriplet (A (2286),
Z5(2468), and =°(2471)), and 1/2* and 3/2" flavor sex-
tets (Q.(2695), EL(2579), X.(2453)) and (Q}(2766),
E;(2646), £%(2518)) have been well established [4].

As expected, P.(4312), P.(4380), P.(4440), P.(4457) ,
and P.(4459) have been tentatively assigned to the DX,
D1, D*%., D*E! , and D*E. pentaquark molecular states,
respectively, based on the contact-range effective field
theory [5, 6], one-boson exchange potential model [7-9],
(quasipotential) Bethe-Salpeter equation [10-13], effect-
ive Lagrangian approach [14, 15], effective-range expan-
sion and resonance compositeness relation [16],
Lippmann-Schwinger equation [17, 18], and QCD sum
rules [19-23].

At first glance, MD».O +M5? —Mp“(4459) =19MeV and
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Table 1.
on pairs, where the unit is MeV.

The thresholds of the open-charm meson and bary-

(4336, 4337)
(4478, 4478)
(4318, 4323)
(4382, 4388)
(4460, 4464)
(4524, 4529)
(4444, 4448)
(4511, 4515)
(4586, 4589)
(4653, 4656)

(D=0, D2
(D=0, D =t)
(DO%F, D)
(DO )::Jr , D~ Z:++)
(D*O 2:— , D 22—+)
(D*O Z:Jr , D 2:++ )
(D=2, D E;")
(D'EL, D =)
(D=0, b =)

(D*O E:O , D E:+)

MDn +M):: —Mp‘ 4312) = 6M6V, and it is unusual that the
D*'ZY molecular state, which involves exchanges of
strange mesons, is more tightly bound than the DL} mo-
lecular state, which involves exchanges of non-strange
mesons. Therefore, we have to introduce coupled-chan-
nel effects [7-13, 16-18].

In the QCD sum rules, we usually choose local cur-
rents to interpolate tetraquark or pentaquark molecular
states having two color-neutral clusters [19-23], which
are not necessary to be physical mesons and baryons, and
the tetraquark or pentaquark molecular states are not ne-
cessary to be loosely bound; they can be compact objects
and can lie below or above the corresponding meson-
meson or meson-baryon pairs [24].

In contrast,P.(4312), P.(4380), P.(4440), P.(4457),
and P.4(4459) can also be tentatively assigned to diquark-
diquark-antiquark-type (or diquark-triquark-type)
pentaquark states in the diquark-model by exploring their
masses [25, 26] ([27]) and decay modes [28-30] ([31])
using an effective Hamiltonian or by investigating their
masses [32-35, 37], decay [38], and electromagnetic
properties [39] using the QCD sum rules.

In Ref. [40], we suggested the hadronic dressing
mechanism to compromise pentaquark and pentaquark
molecular interpretations based on the calculations of the
QCD sum rules and that pentaquark states may have a
diquark-diquark-antiquark-type pentaquark core with the
typical size of gggq-type baryon states. Moreover, the
strong couplings to meson-baryon pairs lead to some
pentaquark molecule Fock components; therefore,
pentaquark states may spend a rather long time as mo-
lecular states. We can choose either diquark-diquark-anti-
quark-type currents or color-singlet-color-singlet-type
five-quark currents to interpolate pentaquark states.

In the scenario of pentaquark molecular states,
P.(4312), P.(4380), P.(4440), and P.(4457) are assigned
to the DX, DX}, D*%., and D*T; pentaquark molecular
states, which involve charmed baryon states in flavor sex-
tets 6, [5, 7, 10, 14, 16-22], whereas P.,(4459) is as-

signed to the D*=, pentaquark molecular state, which in-
volves a charmed baryon state in flavor antitriplet 3/ [6,
8,9, 11-13, 15, 23]. Thus the P.(4312/4380/4440/4457)
and P.4(4459) belong to different flavor multiplets, and in
the present study, we focus on the flavor sextets, 6;.

In this study, we extend our previous research [22] to
investigate the masses and pole residues of the DX, D=/,
Dx:, DE:, D*X., D*E., D*X; , and D*E} pentaquark mo-
lecular states with the QCD sum rules by accomplishing
operator product expansion up to vacuum condensates of
dimension 13 in a consistent manner, take into account
vacuum condensates (gg){>GG), (Z]q)z(%GGL and
<Qq>3(%GG) neglected in Ref. [22], and revisit the assign-
ments of P.(4312), P.(4380), P.(4440), P.(4457), and
P.4(4459). Furthermore, we pay much attention to the
light flavor, S U(3) , breaking effects.

The remainder of this article is arranged as follows:
we describe the QCD sum rules for the masses and pole
residues of pentaquark molecular states in Section II. In
Section III, we present the numerical results and discus-
sions, and Section IV draws our conclusion.

II. QCD SUM RULES FOR THE PENTAQUARK
MOLECULAR STATES

We express the two-point correlation functions, I1(p),
I1,,(p), and IL,,43(p) , in the QCD sum rules,

(p) =i f d*xe!? (0| {J(x)J(0)} 10},
() =i [ dxe? O 1,007,0)] 0.

os(p) = [ &5 O (0T O) 00, @)

where currents J(x) = JP%(x), JPE(x), Jﬂ(x)=1,?2;(x),

T, 0, 1)), e = IR ), I (),

TPE(x) =e(x)iysu(x) 8 ul (X)Cyad(x)y yscr(x),
TPE:(x) =e(0)iysu(x) e ul (X)Cyes ()Y yscr(x),

4)
T () =e(@iysu(0 s ul ()Cy,dj(x) (),
T ) = @iysu() e (OCyus (D ex),  (5)
T () =2y 7 u] ()Cyad (0 ysen().
T35 (0) =60 yu(x) 7 ul (x)Cyas(0) Y yser(x),

(©)
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TDE () =20y, u(x) &7 ul (0)Cyyd j(x) ci(x) + (u © v),

va:‘ () =20 yuu(x) % u] (X)Cyy s () ci(x) + (& v),

(7

where i, j, and k are color indices. In the present study,
we choose color-singlet-color-singlet-type currents J(x),
Ju(x), and J,,(x) to interpolate the pentaquark molecular

states with spin parities J© =1/27, 3/27 , and 5/2°, re-
spectively. The currents couple potentially to the
pentaquark molecular states having two color-neutral
clusters: one has the same quantum numbers as the
charmed mesons, and the other has the same quantum
numbers as the charmed baryons. They are not physical
mesons and baryons, as we choose local five-quark cur-
rents, whereas the mesons and the baryons are spatial ex-

tended objects and have mean spatial sizes +/(r?) # 0. For
“)‘i/ <r2>M,E:* =0.83f

examplqi/(rzmzr =0.481 (rPms =

0.81fm from the lattice QCD, where subscripts £ and M

stand for the electric and magnetic radii, respectively[41],

A [(7'2)}\/[,2(# =0.77 fmn ;(rz)M;? =0.52 fl’l’l,1 ’<r2>M’z(+ =0.81 fm,
(Pmze =0.55fm, ([(rPyze =0.79fm from the self-

consistent SU(3) chiral quark-soliton model [42],

V{2 p- =0.43fm, and +/(r2)p = 0.55fm from the light-
front quark model [43]. In the present study, although we
refer the color-singlet-color-singlet-type pentaquark
states as the pentaquark molecular states, they have aver-
age spatial sizes as those of the typical heavy mesons and
baryons, and are compact objects. For example, a loosely
bound DT} molecular state with physical meson D° and
baryon X! should have average spatial size NEBE
1.36fm, which is extremely large to be interpolated by
local currents.

Currents J(0), J,(0) and J,,(0) couple potentially to
1/2%, 1/2*, 3/27 and 1/2%, 3/2%*, 5/2F hidden-charm
pentaquark molecular states PT, PT, P} and P%, P, P,
respectively, o o

OVOIPI (P =A:U"(p, ),
OV OIPE(p) =ALiysU™(p.9), ®)

O OIPT(P) =f paU* (p5),

OV OIPT(P)) =f puivsU~(p. ),

OV OIPZ(p) =23 Uy (p,5)

OV OIPY(p)) =2%ivsU (p,5), ©)

OV OIP; (p) =85 PPy U™ (p.5).
(Ol (O)PT(P)) =g1 pupvivsU™ (p.s),
O OIPEP) =7 [Py (p.5)+ U (p.5)]

O ONPT(P) =7 ivs[puUs (p.5)+ P Uy (p.5)]
(O (O (p)) = V24, Uy (p.5).

U OIPL(p)) = V2L iys Uy (p.5).
(10)

where the U*(p, s), U;(p,s) , and Uj,(p,s) are the Dirac
and Rarita-Schwinger spinors [22, 32-36].

At the hadron side of correlation functions TI(p),
IL,,(p), and IL,.3(p), we isolate the ground state contri-
butions from the hidden-charm pentaquark molecular
states with spin parities J” = 1/2*, 3/2* , and 5/2* , re-
spectively, without contamination based on the current-
hadron couplings expressed in Egs. (8)-(10) and obtain
the hadronic representation [22, 32-36],

+M_ -M
H(p) :/112 ¢2 - +/IT2 1’52 +2 n
P MZ-p* : Mi-p

=11} (p") p+ I ). (1)

o Mo 2 P-M,
=4 (8w ) T A:
z M%—p2< ) + 41 M2 - p?

:_Hé(pZ)Ijgﬂv_Hg(pz)gﬂv"'"' s

H;w(p) (_g;w) tee,

(12)

) ﬂ +M_
ILyep(p) =/1§ Mz——pz (g,uozgvﬁ + gﬂﬁgwr)

-M
+/1J§r2 ﬁz +2
> Mi-p
=Hl§(l72) Iﬁ(g/lagv[i + gyﬁgvrt>

(g,u(xgv/? +gy/3gm) teee,

+ Hg (Pz) (g;mgvﬁ +gyﬁgwy) e
(13)

There are other spinor structures, which are not
shown explicitly, and we choose the components corres-
ponding to spinor structures p, 1, pgu., g, and

Ié(gﬂagyﬁ + gﬂﬁgm), 8ua&vB +8up8ve 1n correlation  func-
tions II(p), I, (p) , and IL,p(p), respectively, to invest-
igate the J* = 1/27, 3/27 , and 5/2% pentaquark molecu-
lar states.

Now, we briefly digress to discuss the isospins of the
interpolating currents. From Egs. (4)-(7), we can see

clearly that currents JPE (%), JI?ZZ (x), JE (x), and
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/w (x) without strangeness have the same 1sospm struc-
tures, and currents JPZ(x), J D“ “(x), J D e (x), and J = (x)
with strangeness also have the same isospin structures.
Moreover, they can be transformed into each other with
the simple replacement, d < s. It is a good objective to
explore the light flavor, SU(3), breaking effects. We can
rewrite currents JP?¥(x) and JP'='(x) in terms of the
isospin eigenstates as

RO+ 2
gD Ev(x)=JDu(X)JE:(x) Tng (x)+ \/; Dz (x),

TP= (%) = T (0T (%) = [)E;(x)’ (14
where
J% ()—LJ-()J()—\/EJ'()J ()
DE(x_\/gan Z:"x 3D’x2f*x’

3 2 1
T ()= \E I 0+~ (9, (19)

the Jp(x), Jp-(x), J5:(x), Js+(x), and J=.(x) are the
standard currents for the mesons and baryons, respect-
ively, and superscripts 1/2, 1, and 3/2 stand for the isos-
pins of the interpolating currents. Now let us estimate the
isospin breaking effects,

- 1 1 _L
(OIT {J pos, ()T pyx, (0)}10) =§<0|T{JZ->; (D5, <0>} 10)
2 3 3
30T {75, 075, O}y,
- 2 1 _L
O {7 5 (0T 5 O)]10) =3O {1, (075, @} 10)

1 3 3
30T {75, 075, O},
(16)

where current Jp-5..(x) = Jp-(x)J5: (x). The isospin break-
ing effects between the vacuum matrix elements,
OIT {Jpyy: ()T s (0)}10) and (OIT {5 ()T 5. (O)}10)
1
at the quark-gluon level are suppressed by a factor e
which is of minor importance and can be neglected safefy
in the large N, limit. Then, we can estimate (or obtain the
(x) and
Jf.)z (x) couple potentially to the spin-1/2 DX, pentaquark
molecular states with almost degenerated masses but dif-
ferent pole residues; therefore, we will not distinguish

isospins I =1/2 and 3/2 as we are only interested in the
molecular masses, just like in previous studies [19-22].

Furthermore, current J g:, (x) has the quantum numbers

conclusion tentatively) that the currents J gz

I=1and 5 =1, and we can add superscript I3 to distin-
guish the components in the isospin triplets and singlets,

I, () =T ()2 (),

1
7 Jp- () J=+(x),

1
1,0 —
JDE; (x) =

V2
JIJ:I (0) =Jp-()Jz0(x),

JD(! (x)JE:U (x) +

1
Jp- (D)= (), (A7)

JOE( )——JDo(x)JHo(x)— 7

V2

and they couple potentially to the pentaquark molecular
states with almost degenerated masses. Again the isospin

. 1
breaking effects are suppressed by the factor, o there-

fore, we will not distinguish isospins 7 =1 and 0. ‘

Now, let us go back to the correlation functions. It is
straightforward to obtain the spectral densities at the had-
ron side through the dispersion relation,

ImIT!(s)
J ) 2 +2 2\ _ 1
—— = 470 (s = M2)+ 276 (s M) = iy (9,
(18)
ImIT(s)
i -2 2 +2 2
=M1 §(s=M2) =M. 25°6(s - M?)
=) 4(5).,
(19)

where j=1/2, 3/2, and 5/2, and we add subscript H to
represent the hadron side; then, we introduce weight

functions +/sexp (— %) and exp (— %) to obtain the QCD

sum rules at the hadron side,

2
\L‘mds[\/—p]H(s)"'p]H(s)]exp( ) 2M- /1 exp(_%)’
(20)

where s is the continuum threshold parameter and T2 is
the Borel parameter.

It is also straightforward to accomplish the operator
product expansion in the deep Euclidian space-time. For
the technical details of performing the operator product
expansion for the correlation functions in exploring the
multiquark states with hidden charm, one can consult
Refs. [32-35, 44-49]. If we contract the quark fields in the
correlation functions in Eq. (3) with Wick's theorem, we
can observe clearly that there are two heavy quark
propagators and three light quark propagators. If each
heavy quark line emits a gluon and each light quark line
contributes a quark-antiquark pair, we obtain a quark-
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gluon mixed operator g,G,v8:Gopgdqgqgq with g =u, d or
s, which is of dimension 13, and leads to vacuum con-
densates (gq)(gg;0Gq)* and (gq)*(=GG). It is better to
take into account the vacuum condensates up to dimen-
sion n =13 at least. In contrast, the quark-gluon operat-

2

S

ors can be counted by fine structure constant a; = —=

with orders O(e¥), where k=0, 1/2, 1, 3/2, ---. In the
present study, we take truncations n < 13 and k<1 con-
sistently, and the quark-gluon operators of orders O(a¥)
with k<1 are given full considerations, whereas in the
previous study [22], we neglected vacuum condensates
(49X(%GG), (G9)*(%=GG) , and (gg)’(%GG) owing to
their small contributions. Furthermore, we take into ac-
count the light flavor, SU(3), mass-breaking effects by
including the contributions of order O(m;) consistently.

Now, we briefly digress to discuss the higher dimen-
sional vacuum condensates. In the QED, we deal with a
perturbative vacuum, and the vacuum expectation values
of normal-ordered electron-photon operators can be set as
zero, for example, (0|:ée:|0)=0, (0|:eo0-Fe:|0)=0,
and (0| : eeee : |0) =

In the QCD, we deal with a non-perturbative vacuum
and have to resort to the non-zero vacuum expectation
values of normal-ordered quark-gluon operators to de-
scribe the hadron properties satisfactorily, for example,

©l: g, qg 10y %0, (©l: Gqj8,Gs, 10 #0,  and
0] : qaqﬁqﬁ gt :|0) # 0, where i, j, m , and n are color in-

dices and a, S, 1, and 7 are the Dirac spinor indices. We
usually parameterize vacuum matrix elements in terms of

1
(0l Iflﬁ,qé 10y = E«)l :4q :10)6:;6ap,
a

L<0|-- T-Gq:10)(o) Ui
qg&‘ q ”Vﬁa 2 ’

m“)' 44 : 10)*(81j0mnBapOir

- 5i116jm6a‘r6/3/l),

Of: EILq;;G“ :10) =

O gyapd; q; 10) =

or ﬁ(ol : qqqq : |0> (6ij6mn6w,86/lr - 6in6jm61n6ﬁ/l)> etc.,
where A% are the Gell-mann matrices. Except for the
quark condensates, which indicate spontaneous breaking
of the Chiral symmetry through the Gell-Mann-Oakes-
Renner relation, f2m2 = —2(m, +my){0| : gq : |0) [50], va-
cuum  condensates such as  (0|:ggs;0-Ggq:|0),
(0] : Gqgq : 10), o{0| : gq : |0)?, --- are just parameters intro-
duced by hand to describe the non-pertubative vacuum.
We can parameterize the non-perturbative properties
in some manner, and then compare them to the experi-
mental data on multiquark states to obtain the optimal
values. In the QCD sum rules for multiquark states,
0(gq)? plays an important role and influences the conver-
gent behaviors of the operator product expansion and

pole contributions remarkably; therefore, remarkably in-
fluencing the predictions, and large values of ¢ may des-
troy the platforms [51]. For example, in the present case,
if we take value o =2(3) in the QCD sum rules for the
DX. pentaquark molecular state, we obtain uncertainty
oMp =-0.10(-0.16)GeV, which is of the same order of
the total uncertainty from other parameters, and is a very
bad platform (in other words, no platform at all). In the
calculations, we observe that the optimal value is p=1,
and vacuum saturation (factorizaiton) is effective in the
QCD sum rules for multiquark states [32-37, 44-49, 51].

In the QCD sum rules for the g3, gQ, and QQ
mesons, o(gq)> is typically accompanied with the fine-
structure constant, a;, and plays a small role, and the de-
viation from vacuum saturation (factorization) ¢ = 1, for
example, o =2 ~ 3, cannot make much difference in the
numerical predictions, although in some cases the values
o0 > 1 can lead to better QCD sum rules [52, 53].

Once the corresponding analytical spectral densities,
p},QCD(s) and p?’QCD(s), at the quark-gluon level are ob-
tained, we can take the quark-hadron duality below the
continuum threshold, sq, and introduce weight functions

ﬁexp(—%) and exp(—%) to obtain the QCD sum

rules as follows:

M2 So

_2 —

2M_A; exp(—ﬁ)zf ds[\/gp}’QCD(s)
4m?

+phocn(]exp(-25). @D

where the explicit expressions of spectral densities
p},QCD(S) and p(;,QCD(S) at the quark level are neglected for
simplicity.
. . . 1

We differentiate Eq. (21) with respect to 7 = 72 and
then eliminate pole residues /lj‘. with j=1/2, 3/2, and
5/2 to obtain the QCD sum rules for the masses of the
pentaquark molecular states,

d

5. ‘ ds[«f Phcn () + Poep(s)] exp(~Ts)

e L@
L‘ i ds[ \/EP(IQCD(S) + p%CD(S)] exp(-7s)

where spectral densities

pOQCD(S) = P?,QCD(S)-

p(lgc[)(s) =P;,QCD(S) and

III. NUMERICAL RESULTS AND DISCUSSIONS

We take the standard values of the vacuum condens-
ates, (gq)=-(0.24+0.01 GeV)3, (5s) =(0.8+0.1){qq),
(a8:0Gq) = mi(Gq), (58,0Gs)=mi(ss), mj=(0.8+0.1)
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GeV?, and (%99)=0.012+0.004GeV*, at the energy
scale of = 1GeV [54-56], and take MS masses m.(m.) =
(1.275+0.025)GeV  and my(u = 2GeV) = (0.095 +0.005)
GeV from the Particle Data Group [4]. Furthermore, we
take into account the energy-scale dependence of the
quark condensates, mixed quark condensates, and MS
masses according to the renormalization group equation
[57],

(1GeV) |7 an
(@)(1) =(Gq)(1Ge V)[ a,(1Ge )]

as(1GeV) 33 2"/

(55)(1) =(55)(1Ge V)[ ) ,

2
as(1GeV) } 33=2n,

(98s0Gq) (1) =<t?gsCTGq>(1GeV)[ D)

b}

2
(5g50Gs)(p) =(550Gs)(1Ge V)[M]SS 2,

12
me(y0) =mc<mc>[ @) ] |

as(me)
W |5
A 33-2n,
(1) =my(2GeV) | —=—— ,
mg(p) =m(2Ge )[Q’X(ZGGV)}
bilogt b2(log®t—logt—1)+bob,
oy = |1- 325 ;
bt by t by
(23)
where
2 33-2n 153-19n
H f f
t=1 — b = b =
BN T T T T e
2857—5033n-+325
by = 9 27 f
2= 3
1287

A =213MeV, 296 MeV, and 339 MeV for the flavors,
ny =5, 4, and 3, respectively [4, 57].

In the present study, we investigate the hidden-charm
pentaquark molecular states with and without strange-
ness, and it is good to choose flavor number n; =4. We
evolve all input parameters to typical or special energy
scales u, which satisfy the energy scale formula or a mod-
ified energy scale formula [32-35, 44-49] with the up-
dated value of the effective (or constituent) charmed
quark mass, M, = 1.85 GeV [58]. By comparing with the
constituent quark masses based on analysis of the J/y
and T mass spectrum with the well-known Cornell poten-
tial [59], we introduce an uncertainty M, =1.85%

0.01GeV. Furthermore, we take into account the light fla-
vor, SU(3), mass-breaking effects, and prefer the modi-

fied energy scale formula, u = \/M)Z( iz~ (2M,)? — kM,
with s-quark numbers k=0, 1, 2, 3 and effective s-quark
mass M; =0.2GeV, which was proved to be effective
[60]. Compared to the constituent quark mass, the effect-
ive s-quark mass, My = 0.2GeV, seems extremely small,
as the effective u/d-quark masses M,,; serve as mile-
stones and have been absorbed into energy scale i, where
value M = 0.2GeV embodies the net S U(3) mass-break-
ing effects.
We can rewrite the energy scale formula in the form,

M>2(/ yizp = W+ k6)? + Constants, (24)

where the light flavor SU(3) mass-breaking effects J
have the value of M, and the Constants have value 4M?,
and they are all fitted by the QCD sum rules. ¢ and M
embody the light degrees of freedom, whereas 4M? em-
bodies the heavy degree of freedom. The hidden-charm
tetraquark and pentaquark (molecular) states can be di-
vided into heavy and light degrees of freedom [32-35, 45-
49]. The predicted tetraquark and pentaquark (molecular)
masses and the pertinent energy scales of the QCD spec-
tral densities have Regge-trajectory-like relations [51].

In Ref. [22], we explored the DX., DX, D*T., and
D*X! pentaquark molecular states with the QCD sum
rules in detail, and concluded that the energy scale for-

mula, y = \/M)Z(
tributions at the hadron side remarkably and improve the
convergent behaviors of the operator product expansion
notably. In fact, we take the energy scale formula as a
constraint on the predicted molecular masses, which
should be obeyed in the QCD sum rules. In the present
study, we consider the light flavor, S U(3), mass-break-
ing effects and utilize the modified energy scale formula,

o= \/ X/v/z/P —(2M,)? — kM, to choose the best energy
scales of the spectral densities at the quark-gluon level.
We search for the best Borel parameters and continuum
threshold parameters to satisfy the two fundamental cri-
teria of the QCD sum rules: pole dominance at the had-
ron side and convergence of the operator product expan-
sion at the QCD side, via trial and error.

Then, we obtain the Borel parameters, continuum
threshold parameter so, optimal energy scales of the spec-
tral densities at the quark-gluon level, and pole contribu-
tions of the ground-state pentaquark molecular states,
which are listed in Table 2. From the table, we can clearly
see that the contributions from the ground states are about
or larger than 40—60%, and the pole dominance criterion
is satisfied very well. For the conventional hadrons, QCD
spectral densities p(s) ~s" with n<1 and 2 for the
mesons and baryons, respectively, and it is easy to satis-

v/z)p (2M,)2, can enhance the pole con-
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Table 2.
tinuum threshold parameter sy, and pole contribution (pole)

Optimal energy scale u, Borel parameter 72, con-

for hidden-charm pentaquark molecular states.

J? u/GeV  T2/GeV? Vs0/GeV  pole(%)
Dz, 1/2- 22 3.1-35  5.02+£0.10  42-64
D=, 1/2- 22 32-36  5.14+0.10  42-63
Dz 3/2° 2.4 32-36  5.08+0.10  43-64
DE! 3/2° 24 33-37  521+010  43-64
D*x.  3/2° 2.5 33-37  516+0.10  41-62
D*E.  3/2° 2.5 34-38  529+0.10  41-61
Dry: 527 2.6 34-38  522+0.10  40-60
D*Er 5027 2.6 35-39  535£0.10  40-60

fy the pole dominance criterion, because the integral,

So
\[A" dss"exp(—%), (25)

converges quickly even if we choose a large Borel para-
meter 72, where A” is the threshold, and the uncertainty
originating from the continuum threshold parameter, s,
is small. For the multiquark states, QCD spectral densit-
ies p(s)~s" with n<4 and 5 for the tetraquark and
pentaquark (molecular) states, respectively, and it is very
difficult to satisfy the pole dominance criterion, because

the integral,
So . s
2 dss" exp (_ﬁ)’ (26)

converges very slowly even if we choose a rather small
Borel parameter 72. In general, we expect to choose

T? = O(M?), and the integral (or continuum state) is sup-
2

pressed by a factor exp(—%) ~exp| -7 |~ e”!. Thus,
for the multiquark states, we have to resort to a much
stringent suppression of the continuum states, T2 < M?.
One may think that such a small Borel parameter might
lead to a bad convergent behavior in the operator product

0.9 L L AL L B S B B
0.8 |- m A e
07 | ® B| -
06 A C| ]
__05 L N v D| ]
Soal ¥ M J
Qs & / T a ]
02 u ]
01 s ]
0.0 * 2 . L -

_01 1 n 1 n 1 n 1 n 1 n 1 " 1 "
0 2 4 6 8 10 12 14

n

Fig. 1.

expansion.

In Fig. 1, we plot the absolute values of D(n) for the
central values of the input parameters listed in Table 2,
where the D(n) is defined as

fsn dspn(s) exp (—%)

4m?

[, ase0e(-)
Sp(s) eEXpl——

4m? P P T2

the p,(s) denotes the QCD spectral densities for the vacu-
um condensates of dimension n, and the total spectral
densities, p(s) = x/EpézCD(s)+p°QCD(s). From the figure,
we can see clearly that although the largest contributions
do not come from term D(0) in some cases, the vacuum
condensates (Gq){gq) and {(gGg){ss) with dimension six
serve as a milestone, and the absolute values of the con-
tributions, |D(n)|, with n > 6 decrease monotonically and
quickly with the increase in the dimensions, n. Moreover,
the value |D(13)| ~ 0, and the operator product expansion
converges very well. The two basic criteria of the QCD
sum rules are satisfied.

In the calculations, we observe that the predicted mo-
lecular masses increase monotonically and slowly with
the increase in the continuum threshold parameter, s¢, if
we fix the Borel parameter, T2; in contrast, a larger con-
tinuum threshold parameter implies a larger pole contri-
bution. We truncate the continuum threshold parameter,
so, requiring the same pole contributions, approximately
40-60%, in all QCD sum rules so as to reduce the uncer-
tainties originating from the continuum threshold para-
meter, sg.

In a previous study [22], we neglected vacuum con-
densates (Gg)X(+GG), (49)(3GG), and (gq)(%GG),
which are of dimensions 7, 10, and 13, respectively, ow-
ing to their small contributions. From Fig. 1, we can see
clearly that the vacuum condensates of 7, 10, and 13 days
play a small role in the Borel windows indeed. We prefer
to take into account these contributions because they lead
to slightly larger pole contributions, and therefore, more

D(n) =

, 27

0.9 T
0.8 m E| ]
0.7 ® F a
06 v A G| ]

__05 [ a v H ]

=1 a . ]

52 * ]

=o03f ° .
0.2 | s Y ]
01| * 3 ’ ]
0.0 |- ] * ¢ * -
,01 L 1 n 1 n 1 n 1 n 1 " 1 " 1 " 1

0 2 4 6 8 10 12 14

(color online) The absolute values of the contributions of the vacuum condensates of dimension n, where 4, B, C, D, E, F, G,

and H denote the pentaquark molecular states, D2, DE., DX}, D=*, D*S., D*E., D*3;, and D*E?, respectively.
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reliable QCD sum rules. In the present study, we intend
to explore the S U(3)-breaking effects, and it is better to
take into account these contributions consistently.

Finally, we take into account all uncertainties of the
input parameters, and obtain the masses and pole residues
of the JP=1/2", 3/2°, and 5/2° hidden-charm
pentaquark molecular states without and with strange-
ness, which are summarized explicitly in Table 3 and Fig.
2. In Fig. 2, we plot the predicted masses of the hidden-
charm pentaquark molecules without and with strange-
ness according to variations in the Borel parameter,
where the regions between two short vertical lines are the
Borel windows. From the figure, we can see clearly that
there appear rather flat platforms in the Borel windows
and the uncertainties coming from the Borel parameters
seem rather small. The uncetainities are compatible with
the fact that the Borel parameters are just supplementary
parameters, and not physical quantities. Furthermore, in
the figure, we also present the experimental values of the
masses of P.(4312), P.(4380), P.(4440), P.(4457), and
P.4(4459) from the LHCD collaboration [1-3].

The pentaquark (molecule) candidates P.(4312),
P.(4380), P.(4440), and P.(4457) are observed in the
J/yp mass spectrum, and their isospins are I=1/2,
whereas pentaquark (molecule) candidate P.,(4459) is
observed in the J/¢A mass spectrum, and its isospin is
I=0. The present calculations support assigning
P.(4312) to the DX. pentaquark molecular state with
quantum numbers J©=1/2" and I=1/2, assigning
P.(4380) as the DX} pentaquark molecular state with
quantum numbers JP=3/2" and I=1/2, assigning
P.(4440/4457) as the D*X. pentaquark molecular state
with quantum numbers J¥ =3/2" and I =1/2, assigning
the P.;(4459) as the D=, pentaquark molecular state with
quantum numbers J© = 1/27 and I = 0. However, we can-
not exclude the possibilities of assigning P.(4457) as the
D*X! pentaquark molecular state with quantum numbers
JP=5/27 and I = 1/2 and assigning the P.,(4459) as the
D= pentaquark molecular state with quantum numbers
JP=3/2" and I =0 owing to the uncertainties, and refer

to Table 3 and Fig. 2. For example, it is marginal to as-
sign the P.(4457) as the D*X} pentaquark molecular state
with the quantum numbers J© =5/27 and I =1/2 and as
P.(4457) lies at the bottom of the predicted mass of the
D*X! pentaquark molecular state, see Fig. 2-G.

From Tables 2-3, we can see that the modified en-
ergy scale formula, u = \/M)z( zp ™ (2M,)? — kM, with s-
quark numbers k=0, 1, 2, 3 and the effective s-quark
mass M, =0.2GeV is satisfied very well [60]. In contrast,
the predicted masses for the pentaquark molecular states
without and with strangeness have the relation,
Mp —Mp ~my;—my~0.13 ~0.15GeV, which is consist-
ent with the light-flavor, S U(3), breaking effects for the
heavy baryons in the flavor sextet, 6y, Mz —Ms ~
Mz, — Ms. ~ mg—my ~0.13GeV from the Particle Data
Group [4].

The present calculations indicate that there may ex-
istDX. (DE.), Dx: (D=, D*%. (D*E.), and D*%L:
(D*E?) pentaquark molecular states with the J” =1/2",
3/27, 3/27 and 5/27, respectively, which lie near the cor-
responding thresholds: DX, (DZ.), DX (DE}), DX,
(D*EL) , and D*Z (D*E}), respectively (see Table 3. The
two-body strong decay to the corresponding open-charm
meson-baryon pairs, such as DX, (DE.), DX: (DE}),
D', (D*Z.), and D*X; (D*E}), with the fall-apart mech-
anism directly, can only take place through the higher
tails of the mass distributions and are kinematically sup-
pressed in the phase space, and the widths of these
pentaquark molecular states should be narrow. A large
width T'p (4380 =205+ 18+86MeV may indicate that
P.(4390) may correspond to two or more unresolved
structures. More experimental data and theoretical stud-
ies are still needed to identify P.(4312), P.(4380),
P.(4440), P.(4457), and P.(4459), unambiguously.

In the present study, we predict the masses of new
pentaquark molecular states, besides reproducing the
masses of the existing pentaquark candidates, P.(4312),
P.(4380), P.(4440), P.(4457), and P.(4459). We can
search for the non-strange DX., DX, D*E., and D*%:

Table 3. Predicted masses and pole residues of the hidden-charm pentaquark molecular states with the possible assignments, where
double-? denotes that such assignment is not excluded owing to the uncertainties.
JP M/GeV 2/(1073GeV9) Thresholds/MeV Assignments
Ds. 1/2" 4.32+0.12 2.00+0.36 4318 ? P.(4312)
DE!. 1/2- 4.45+0.12 2.32+0.42 4443 ? P.s(4459)
Dx; 3/2° 4.38+0.12 1.25+0.21 4382 ? P.(4380)
DE: 3/2° 4.51+0.11 1.45+0.25 4510 27 Pes(4459)
D*s, 3/2° 4.46+0.12 2.37+0.40 4460 9 P,(4440/4457)
D*E. 3/2° 4.60+0.11 2.80+0.48 4585
D*x; 5/27 4.52+0.12 1.82+0.31 4524 77 P.(4457)
D* = 5/2° 4.67+0.11 2.16+0.37 4652
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color online) Masses of the pentaquark molecular states with variations in the Borel parameter, 72, where 4, B, C, D, E, F, G,
pentaq p

and H denote the pentaquark molecular states of DX, DE., D=}, D=%, D*%., D*E., D*%?, and D*E}, respectively.

pentaquark molecular states with isospin 7=1/2 (or

I =3/2) and with spin parity J* =1/27, 3/27, 3/2" and

5/27, respectively in the A decay,

Ag —>pJ/wK ™, nd WK, nijyK°, pn.K~=, nn.K°,
KO AT TIWK ™, A% TR, A°T RO,

A+TICK_ > AOT]CI_{() > AOT]L‘KO ’

pentaquark molecular states with isospin 7=0 (or I=1)

and spin parity J¥ =1/27, 3/27, 3/27, and 5/2", respect-

(28)
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E) -2 WK, 20RO, AT K 2K,
20K, A% RO, = J K 200wk,
E*+UCK_ 72*0]761_(0 , (29)

g, >AY/yK 20K I WK A% K,
200K, 2 n.K°, 200wk, 2 /WK,

2.k, 2 K.
(30)

IV. CONCLUSION

(., D,
DE:, D*X., D*E., D*X*, and D*E! pentaquark molecular
states with and without strangeness using the QCD sum
rules in detail by consistently performing operator
product expansion up to vacuum condensates of dimen-
sion 13. The modified energy scale formula was used to
choose the best energy scales of the spectral densities at
the quark-gluon levels and make predictions for the
masses of the new pentaquark molecular states, besides
reproducing the masses of existing pentaquark candid-
ates P.(4312), P.(4380), P.(4440), P.(4457), and

In this study, we investigated the DX., DE!

P.s(4459). The present calculations support assigning
P.(4312) as the DX, pentaquark molecular state with the
quantum numbers J” =1/2 and I=1/2, assigning the
P.(4380) is a DX pentaquark molecular state with
quantum numbers J© =3/27 and I=1/2,P.(4440/4457)
as the D*Z. pentaquark molecular state with quantum
numbers J¥ =3/27 and I = 1/2, and P,4(4459) as the D=/
pentaquark molecular state with quantum numbers
JP=1/2" and I=0. However, we cannot exclude the
possibilities of assigning P.(4457) as the DX}
pentaquark molecular state with the quantum numbers
JP'=5/27 and I = 1/2 and assigning P.,(4459) as the D=
pentaquark molecular state with quantum numbers

JP =3/27 and I = 0 due to the uncertainties. In the calcu-
lations, we observe that the predicted masses of the
pentaquark molecular states without strangeness and with
strangeness have a mass gap of approximately
0.13 ~ 0.15GeV, which is consistent with the light-flavor,
SU(3), breaking effects of the heavy baryons in flavor
sextet 6. We can search for both old and new pentaquark
molecular states in the decay of A), Z%, and Z; in the fu-
ture to conduct more robust investigations and shed light
on the nature of P, and P, states.
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