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Abstract: In this study, we tentatively identify P.;(4338) as the D=.molecular state and distinguish the isospins of
current operators to explore in detail the DE,., DA., DsE., DgA., D*E;, D*A., DZ., and D*A, molecular states

without strange, with strange, and with double strange in the framework of QCD sum rules. The present exploration

. n _ _ . . . 1= 37
favors identifying P.;(4338) (P.s(4459)) as the DE. (D*E.) molecular state with the spin-parity J© = 5 (E ) and
isospin (/,13) = (0,0), and the observation of their cousins with the isospin (/,13) = (1,0) in the J Jyz0 /nCZO invari-

ant mass distributions would decipher their inner structures.
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I. INTRODUCTION

In 2015, the LHCb collaboration observed P.(4380)
and P.(4450) in the J/yp invariant mass distribution with

+

. . 3 5
the favored spin-parity J* = 3 and 3 (rather than the
+ -

reversed  parity 3 and 3 ), respectively, in

A2—>J/¢K‘p decays [1]. If these are really resonant
states (not re-scattering, threshold, or cusp effects), they
must have a minimal valence quark content of uudcc and
are excellent pentaquark candidates. In 2019, the LHCb
collaboration confirmed the structure P.(4450), which is
resolved with two narrow overlapping peaks, P.(4440)
and P.(4457), with a statistical significance of 5.4¢0. In
addition, they observed a narrow structure, P.(4312), in
the J/yp invariant mass distribution, with a statistical sig-
nificance of 7.30, in a considerably larger data sample.
P.(4312) is also an excellent pentaquark candidate with a
minimal valence quark content of uudcc [2].

In 2020, the LHCb collaboration reported evidence of
a new structure, P.,(4459), in the J/y¥A invariant mass
distribution, with a significance of 3.10 in Z, — J/yK~A
decays [3]. If P.4(4459) is confirmed to be a real reson-
ance, it will be an excellent pentaquark candidate with a
minimal valence quark content of wudscc. In fact,
P.5(4459) may also be due to two resonances, as in the
case of P.(4450).

In 2021, the LHCb collaboration observed evidence
of a new structure, P.(4337), in the J/yp and J/yp sys-
tems in BY — J/ypp decays, with a significance in the
range 3.1 —3.70, depending on the assigned J” hypothes-
is [4]. The existence of P.(4337) still requires confirma-
tion, and its spin-parity still requires measurement.

Recently, the LHCb collaboration observed evidence
of a new structure, P.4(4338), in the J/¥ A mass distribu-
tion in B~ — J/yAp decays [5]. The measured Breit-
Wigner mass and width are 4338.2+0.7+0.4MeV and
7.0+1.2+1.3MeV, respectively, and the favored spin-

. P.4(4338) and P.4(4459) are observed

in the J/wA invariant mass distribution and have the
isospin I = 0. Because strong decays conserve the isospin,
the observation of their isospin cousins are of crucial im-
portance.

The P.(4312), P.(4380), P.(4440), P.(4457),
P.4(4459), and P.(4338) lie slightly below or above the
thresholds of the charmed meson-baryon pairs DX, DX},
D%, D', DE. (DE;, D*E., D*E.), and DZ,, respect-
ively. Just as we expect, P.(4312), P.(4380), P.(4440),
P.(4457), P.(4459), and P.(4338) have been tentatively
assigned as charmed meson-baryon molecular states ac-
cording to several phenomenological analyses [6—12].
Because it is difficult to identify P.(4337) as a molecular
state without resorting to the help of large coupled-chan-

.. 1
parity is JP = 3
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nel effects owing to a lack of nearby meson-baryon
thresholds, it is more natural to identify P.(4337) as an

A—-A-c¢-type hidden-charm pentaquark state with the
spin-parity J¥ = 3 where A denotes axial vector diquark

states [13].

In fact, we can reproduce the masses of P.(4312),
P.(4337), P.(4380), P.(4440), P.(4457), and P.4(4459) in
the picture of diquark-diquark-antiquark type (or diquark-
triquark type) pentaquark states via the theoretical meth-
od of QCD sum rules [13, 14].

In Ref. [15], we adopt the hadronic dressing mechan-
ism to compromise the pentaquark and molecule inter-
pretations, which are two different schemes that can both
give satisfactory experimental masses. The hadronic
dressing mechanism was introduced previously to inter-
pret the exotic hierarchy of the masses of scalar mesons
below 1GeV [16—18], and we expect that the same mech-
anism exists here. Pentaquark states may have a diquark-
diquark-antiquark type intrinsic pentaquark kernel, ggqgc¢c,
with the typical size of conventional gqq baryons (ap-
proximately 0.5—0.7 fm). The strong couplings of the in-
trinsic kernels ggqccto nearby charmed meson-baryon
pairs result in molecule components, and the pentaquark
states may spend a large time as molecular states; thus,
they may display properties of molecules.

According to our previous calculations in the frame-
work of QCD sum rules, the lowest diquark-diquark-anti-
quark type hidden-charm pentaquark state without
strange has a mass of approximately 4.31GeV. It is diffi-
cult to assign P.;(4338) as a diquark-diquark-antiquark
type pentaquark state with strange, or there is a contradic-
tion in identifying P.(4312) and P.(4338) in the same
picture as pentaquark states. The lowest diquark-diquark-
antiquark type hidden-charm pentaquark state with
strange has a mass of approximately 4.45GeVaccording
to direct calculations in the framework of QCD sum rules
and a qualitative analysis based onSU(3) mass-breaking
effects [13, 14], which is considerably larger than the
mass of P.4(4338).

In QCD sum rules, we usually choose local currents
to interpolate tetraquark or pentaquark molecular states
that have two color-neutral clusters [19—25]. It is not ne-
cessary for color-neutral clusters to be physical mesons
and baryons, they just have the same quantum numbers as
physical mesons and baryons. The local currents require
that the molecular states have average spatial sizes,
V2, of the same magnitudes as conventional mesons
and baryons, and they must also be compact objects, sim-
ilar to diquark-antidiquark type tetraquark states or
diquark-diquark-antiquark type pentaquark states. It is not
necessary for these molecular states to be loosely bound;
as conventional mesons and baryons are compact objects,
in the local limit, conventional mesons and baryons lose

themselves and merge into color-singlet-color-singlet
type tetraquark or pentaquark states [26].

In this study, we extend our previous studies on
pentaquark molecular states to investigate the DE.., DA.,
DE., DyA., D'E., D*A., D:E., and DA, molecular
states with distinguished isospins in the framework of
QCD sum rules [24, 27-29]. We perform operator
product expansion consistently up to the vacuum con-
densates of dimension 13, as in previous studies, and de-
termine the best energy scales of the spectral densities us-
ing a modified energy-scale formula by considering light-
flavor SU(3) mass-breaking effects. Moreover, we at-
tempt to obtain the lowest color-singlet-color-singlet type
pentaquark states because one of the color-neutral
clusters has the same quantum numbers as the lowest
charmed baryons in the flavor anti-triplet and make pos-
sible assignments of P.;(4338) and P.4(4459).

The paper is arranged as follows. We acquire QCD
sum rules for pentaquark molecular states in Sec. II. In
Sec. III, we present the numerical results and discussions.
Finally, Sec. IV is reserved for our conclusion.

II. QCD SUM RULES FOR PENTAQUARK MO-
LECULAR STATES

First, let us write down the two-point correlation
functions I1(p) and I1,,(p),

TI(p) =i f d*xe!” (0| {J(x)J(0)}10),
L) =i [ e O (f0n0)0.
where the interpolating currents

DE, DE, DA, D,=, DA,
J(-x) :J(O’O)(-x) > J(l,o)(-x) > J(%’%)()C) > J(%’%)(-x) > J(O,O) (.X) >

Ju) =Ji0 60, I 55 (%), J(D;’%‘; (x), J@fj‘)(x), J(DOE(‘)‘)L‘( X),
)

p=., . _ 1 1

Ji0.0)(¥) = % Jpo(0) =z (x) — 7 Jp-(0)Jz: (%),
D= 1 1

T =~ I (I 00+ = I (D29,

IO 00 =T (0,
D,E,

J(%’%)(x) :JDT (x)JE: (-x) )

J(l()):é\; (x) ZJD; (X)JA: ), (3)
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23 1 1
Tioo (®) =$Jm )z (X) = —Jp- (0)J=: (),

V2
e :%JD*O(X)JQ(X) + %JD‘(x)JET(x),
TE 0 =T (0 (),
T =T (),
Ty (0 =Tp (DI (0. )

and

T (x) =8(x)iysu(x),
Jp (x) =E(x)iysd(x),

Tp-(x) =2(x)iyss(x),

Jpo(x) =c(x)y,u(x),

Jp- (%) =8(x)y,d(x),

T, () =2(x)y,s(x),

Jzo(x) =67 d] (x)Cys s (x)cr(x),

J=: (x) =7 u] (x)Cyss(xX)ei(x),

Ia(x) =e%*ul (x)Cysd(x)er(x), ©)

where the super(sub)scripts i, j,k are color indices, and C
represents the charge conjugation matrix.Jz(x), Jp-(x),
Ip-(x), Jpo(x), Jp-(x), Jp-(x), J=(x), Jz:(x), and Ja:(x)
are commonly used meson and baryon currents, and the
. 11 . .

subscripts (1,0), (0,0), and (5’5) represent the isospins
(1, 13).

According to quark-hadron duality, the currents J(0)
couple potentially to hidden-charm molecular states with

+

. . 1
the spin-parity J* = 3 whereas the currents J,(0)
couple potentially to hidden-charm molecular states with

+ %i

the spin-parity J© = =~ and 5

N —

OV OIPL (P =A:U"(p, ),
O OIPE(p) =ALiysU* (p.s), (©)

O OIPT(P) =f; pivsU~(p.5),
OWLOIPL (P =17 puU* (p.5).

O OIP5(p) =5 Uy (p.),

O OIPL(p) =ALiys U (p.s), (M)

where Af, A7, and fF are current-molecule coupling con-
stants (ozr pole resi(iues), and U*(p,s) and Ug(p,s) are
Dirac spinors and Rarita-Schwinger spinors, respectively

[13, 24, 30, 31].

At the hadron side of the correlation functions IT(p)
and II,(p), we isolate the ground state contributions
from the hidden-charm molecular states with the spin-

+ +

parity J¥ = 1 and 3 , respectively, and acquire the had-
ronic representation [13, 24, 30, 31],

ip) :(ﬂ;)z% +(/1J[)2 p—M,

i

-p M3 - p?
=I1 () p+I1 (p7),
2 ptM 2 p-M,
I, :(/l;) ——— (=8 +(/1,T) —8w) s
L (P) =(4; M%—pZ( &) | Mi—pz( 8uv)

== H]E (PZ) pgﬂv - Hg (pz)gpv teee,
(®)

where we choose the components IT}/°(p?) and I1!/°(p?)

to explore the molecular states with the spin—zparity
p 17 3 .

J" == and = , respectively.

In the following, we omit the subscripts of the pole
residues and correlation functions from the above equa-
tions (see Eqs.(6)—(8)) and mark them as A. and I1'/%(s),
respectively. A direct method of obtaining the hadronic
spectral densities is through the dispersion relation,

IO~ 205 02) (s M) = plyco.
)
0
Iml;lr O - M 25(s— M)~ M. 25(s - M) = o),

(10)

where we introduce the index H to represent the hadron
side. We then obtain QCD sum rules on the hadron side

with the help of the weight functions +/sexp (—%) and

N
oo(-7)

So M2
[ e R ]
an

where so represents the continuum threshold parameters,
and T? represents the Borel parameters.

Itis also direct to perform operator product expan-
sion routinely [13, 24, 30, 31]. We contract the u, d, s,
and ¢ quark fields in the correlation functions Il(p) and
I1,,(p) using Wick's theorem and observe that there are
three full light-quark propagators (U;j(x), D;j(x), and
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Sij(x) in the coordinate space) and two full charm-quark
propagators (C;;(x) in the momentum space),

i X 6iaq) 61jx*(qgs0Gq)
22 x4 12 192
ig,Goptl (X0 P+ 0 ) 5,x(Gg)(g*GG)

3271242 27648

U/Dij(x) =

1
~5{0" @+
(12)

16;; ¥ Gijms  6ij(5s) . 10;; ¥my(5s)
2m2x* An?x? 12 48
B 6ijx2(§g50'Gs) N i6,-jx2 *m(5g,0Gs)
192 1152
ig,Goptl (X P+ 0% ) 5,x*(3s)(g*GG)
- 32722 T 27648

Sii(x) =

1
— g(SjU'#VSDO'pv +o-n,

(13)
Oy — i 47 —ik-x
Cij(x) _(27r)4 fd ke
y { Sij  8sGaplij oY +me) + W+ m)o P
I){_ me 4 (k2 - m%)2
&t 1)ijGog G (fPHY + fOHPY + [
— + cee .
4(k2 - m2)’
TP =+ me)y* H+myP W+ myy* W+ meyy K +m,),
(14)

n

where 7" = /l—, with A" being the Gell-Mann matrix
[32—34]. If each charm-quark line emits a gluon and each
light-quark line contributes a quark-antiquark pair, we ac-
quire the quark-gluon operator g2G,;G"qqdqdq (with
q=u, d, or s) of dimension 13; therefore, we must deal
with condensates up to at least dimension 13 to judge the
convergent behavior of operator product expansion be-
cause the condensates are vacuum expectations of quark-
gluon operators in the QCD vacuum.

We retain the possible operators (g;o,,¢q) and
(3jouysiy from the Fierz transformations of the quark op-
erators {(g;g;> and (s;5;)(before Wick's contractions) to
absorb the gluons emitted from other quark lines and thus
extract the mixed condensates(gg,0Gq) and (5g,0Gs), re-
spectively [34]. Then, we sequentially compute all the in-
tegrals in the coordinate and momentum spaces to obtain
the representations at the quark-gluon level.

We count the vacuum condensates using the strong
2

fine structure constant ;= i—s with the orders O(a¥),
v

1 3 ) )
where k=0, =, 1, =, ---. In this study, we consistently

prefer the truncation & < 1 and deal with the quark-gluon
operators of the orders O(a*) with k < 1. To be more pre-
cise and concrete, we consistently take account of the va-
cuum condensates {(gq), (“\GG), (Ggs0Gq), (Qq)z,

@91 *F7), (@9)a8s0Ga), (@a)°, (G8:0Gay, (Gay (T,
(q9Y(a8:0Gq), (G9)(q8:0Gq)*, and (gq)*(%GG) with the
assumption of vacuum saturation to assess the conver-
gent behaviors [35], where g = u, d, or s. In addition, we
set the masses of the u and d quarks to be zero and con-
sider the contributions of the order O(m;) consistently for
the s quark so as to take account of light-flavor SU(3)
mass-breaking effects.

Finally, we acquire the QCD spectral densities
Poep(s) and pd . (s) through the dispersion relation (their
explicit expressions are available by contacting the cor-
responding author via email). We then assume (and im-
plement) quark-hadron duality below the continuum
thresholds sy and again acquire QCD sum rules with the

help of the weight functions \/Eexp(—i) and

T2
N
exp-73);

M% So
ZM_/lE exp(—F) Zﬁ zds[\/gpg)CD(S)+p%CD(S)]

N

N

xexp(—ﬁ). (15)

. . . 1
We differentiate Eq. (15) in regard to 7 = ﬁand then

delete the pole residues A- by adopting a fraction to ob-
tain QCD sum rules for the molecule masses,

d
) _Eﬁmz ds[\/Epé)CD(s)+p(()2CD(S)]eXp(—TS)

f4 5[ Vipbap(9)+ phen(s)]exp (-7

. (16)

III. NUMERICAL RESULTS AND DISCUSSIONS

At the beginning points, we take the conventional (or
commonly used) values of the vacuum condensates
(G9)=—(0.24+£0.01 GeV)? (5s5) = (0.8 + 0.1){Gq) (G ,0Gq) =
m%(ch), (5g;0Gs) = m(z)(is), m(z) =(0.8 J_rO.l)GeVz, and
(259 = 0.012+0.004 GeV* at the energy scale = 1GeV
[32, 36, 37] and take the MS masses m.(m.) = (1.275+
0.025)GeV and my(u = 2GeV) = (0.095 +0.005)GeV from
the Particle Data Group [38]. Then, we take account of
the energy-scale dependence of all the input parameters
[39],
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12
as(lGeV)}_ﬁ—Z",

as(u)
12
a/s(lGeV)} 33-2n,
as(p)

s

(qa) () =(qq)(1GeV) [

s

(55)(1) =<ES>(1GeV)[

s

ay(1GeV) } 33—22%
()

a;(1GeV) } 33_22"f
as(u)

12

as(u) } 33-2n,

ag(me)

12
(W) ]33—2n,

(qgs0Gq) (1) =(Ggs0Gq)(1GeV) [

s

(5850Gs)(u) =(58;0Gs)(1GeV) [

s

mc(ﬂ) :mc(mc) [

)

a;(2GeV)
1 [1 by 1ogt+b%(log%—logt—l)mobz’

my(u) =ms(2GeV) [

ag(u) :b_()f

2 4
by t byt )
(17)

_ 153-19n;

e 33-2ny
- D VT

£
A2 0 127 °

2857~ X ny + Pn}
by = , and A =213MeV, 296MeV,
12873

and 339MeV for the quark flavors ny =5, 4, and 3, re-
spectively [38, 39], and evolve them from the energy
scales u=1GeV, m., and 2GeV to a particular uniform
energy scale u in the QCD sum rules for a molecular state
to extract the hadron mass.

In this study, we explore the lowest hidden-charm
molecular states without strange, with strange, and with
double strange, and it is better to choose the quark flavor
numbers ny =4 and evolve all the input parameters to the
particular energy scales u, which satisfy the modified en-
ergy scale formula u= \/Mi/y/Z/P—(ZMC)Z—kMS, with
the effective c-quark mass M, = 1.85+0.01 GeV and ef-
fective s-quark mass M, =0.2GeV. Here, the subscripts
X, Y, Z, and P denote exotic states with hidden-charm,
and we take account of light-flavor SU(3) mass-breaking
effects by counting the s-quark numbers k=0, 1, and 2 to
assess their impact on choosing the energy scales [20,
40].

In the hidden-charm (or hidden-bottom) four- and
five-quark systems QQq7 and QQqq'q”, we explicitly
discriminate the heavy and light degrees of freedom and
describe them as 2My and u+ kM, respectively. We as-
sume that the hadron masses satisfy a Regge-trajectory-
like relation, that is,

where  t=log

M3 yzp = +kM,)? +C, (18)

where the constant C = 4M2Q, and fit the effective masses

My and M using the QCD sum rules themselves. Direct
and explicit calculations indicate that My and M, have
universal values and work well for all exotic X, Y, Z, and
P states. We only use the universal parameters My and
M; to determine the appropriate energy scales u of the
QCD spectral densities in a self-consistent manner. In the
QCD spectral densities, we take the MS (modified min-
imal subtraction scheme) quark masses. The modified en-
ergy scale formula is a powerful and useful constraint to
obey. On the other hand, if we set

M3y p = (+ kM, +2Mgp), (19)

and take the best energy scales y=1.3GeV and 2.2GeV
for Z.(3900) and P.(4312), respectively, as the input para-
meters [20, 28], we obtain the effective c-quark mass
M, = 1.30GeV and 1.06GeV, respectively, and no uni-
form/self-consistent parameter can be reached.

We search for suitable Borel parameters and con-
tinuum threshold parameters to obey the two elementary
criteria of QCD sum rules (pole dominance and conver-
gence of operator product expansion play an essential
role to warrant reliability) via trial and error. However, it
is not easy to achieve such requirements for multiquark
states. Because the spectra of exotic states are unclear, we
have no robust guide to choose the continuum thresholds,
and the two criteria manifest themselves in this aspect.
We then acquire the Borel windows and continuum
threshold parameters and therefore the optimal energy
scales of the QCD spectral densities and pole contribu-
tions of the ground states, which are all presented in
Table 1.

From the table, we can clearly see that the contribu-
tions from the ground states are approximately or slightly
larger than40% —60%, and the pole dominance criterion
is satisfied well. We choose the uniform pole contribu-
tions in all channels to assess the reliability, and if the
predictions are reliable in one channel, they are reliable in
another channel, and vice versa. The normalized contri-
butions of the condensates of dimension » are defined by

S0 s
L‘m? dsp,(s) exp <_ﬁ)

So B
dsp(s) ex (——)
me P T2

because we choose the spectral densities p(s)@(s— so) to
approximate the continuum states, where p,(s) represents
terms involving the condensates of dimension 7 in the
total QCD spectral densities p(s)= \/Ep(lgCD(s)+
pOQCD(s). In calculations, we observe that the normalized
contributions D(6) serve as a milestone; in all the chan-
nels, if we choose the same Borel parameter 7?2, the abso-

D(n) =

; (20)
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Table 1. Best energy scales u, Borel windows 72, continuum threshold parameters so, and pole contributions (pole) for hidden-charm
pentaquark molecular states.
(I,I3) 1/GeV T2/GeV? Vs50/GeV pole
DE, (0,0) 2.1 32-38 5.00+0.10 40% — 60%
DE, (1,0 23 3.1-3.7 5.09+0.10 42% —61%
_ 11
DA, -3 2.5 32-38 5.11+0.10 42% — 60%
_ 11
D,E, 53) 2.2 3.2-3.8 5.15+0.10 41% - 59%
Ds A (0,0) 23 32-38 5.13+0.10 43% - 61%
D*=E, (0,0) 23 32-38 5.10+0.10 43% - 61%
D*E, (1,0 2.6 33-39 527+0.10 43% - 61%
_ 11
D*A, 3 2.7 33-39 5.23+0.10 41% - 61%
_ 11
D:E, -3 2.4 33-39 5.28+0.10 42% —59%
DiA, (0,0 2.4 32-38 5.14£0.10 42% — 60%
lute values |D(n)| with n > 6 decrease monotonically and 035
rapidly with increasing n (except that the values |D(7)| are 0al
small), and for the values |D(13)] < 1 % , the convergent
behavior of operator product expansion is good. In Fig. 1, 03F ° °
we plot the absolute values of D(n) with the central val- Z ool
ues of all the parameters for the D=, molecular state with a d
isospin (I, 13) = (0,0) as an example. For readers' conveni- 0.1F °
.. . [ J
ence, we present the full QCD spectral densities in the ap- ool ee ° oo o 6
pendix.
In the last step, we take account of all uncertainties on o
the input parameters, including the quark masses, vacu- n
um condensates, Borel parameters, and continuum Fig. 1. (color online) Absolute values of D(r) with the cent-

threshold parameters, and acquire the masses and pole
residues of hidden-charm molecular states without
strange, with strange, and with double strange. These are
presented explicitly in Table 2 and Figs. 2 and 3. From
Tables 1 and 2, we can clearly see that the modified en-

ergy scale formula u = \/M)z( ryizyp~ (2M)? = kM with s-
quark numbers k=0, 1, and 2 is satisfied well [20]. In
Figs. 2 and 3, we plot the masses of the D=, and
D*Z.molecular states with the isospins(Z,3) = (0,0) and
(1,0) and variations of the Borel parameters at consider-
ably larger ranges than the Borel windows, which are loc-
ated between the two short perpendicular lines. Flat plat-
forms are observed in the Borel windows, and the uncer-
tainties originating from the Borel parameters can be
safely ignored, which is congruous with the supplement-
ary nature of T2. It is reliable to extract the molecule
masses.

Our investigations with the same constraints indicate
that there may be D=Z. and D*E. molecular states with
isospin (I,13) = (0,0) that lie near (irrespective of slightly
above or below) the corresponding charmed meson-bary-
on thresholds, respectively. Conversely, the DZ. and
D*Z. molecular states with isospin (I,13) = (1,0), the
DA., DE., D*A., and D:E. molecular states with

ral values of all the parameters for the D=. molecular state
with isospin (1,13) = (0,0).

isospin (I,13) = (%, %), and the D;A. and DA, molecular
states with isospin (,13) = (0,0) lie above the correspond-
ing charmed meson-baryon thresholds. These might be
the charmed meson-baryon resonances and would have
considerably larger widths than P.,(4338) and P.;(4459).
Our investigations favor identifying P.;(4338) as the

DZ. molecular state with the spin-parity J = 3 and

isospin 7 =0. The observation of its cousin with isospin
I=1 in the J/yZ%/n.X% invariant mass distributions
would decipher the inner structure of P.((4338) and lead
to a more robust assignment. This study also favors
identifying P.(4459) as the D*E. molecular state with

. . 3 . .
the spin-parity J* = 3 and isospin 7 = 0. In Ref. [27], we
obtain the mass M = 4.45+0.12GeV for the DE, molecu-
and M =4.51+0.11GeV for the

. 1
lar state with J¥ = 3

= . 3 . L
DE; molecular state with J* = 2 , which favor identify-
ing P.,(4459) as the DZ! molecular state with the spin-

C
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Table 2. Masses and pole residues of pentaquark molecular states with possible assignments.

(1, 1z) M/GeV 1/(1073Ge V%) Thresholds/MeV Assignments
DE. 0.0) 4341507 143501 4337 7 Pe(4338)
e 0.07 0.19
DE. (1,0) 4461007 1374019 4337
A 11 0.07 0.20
DA. (3:3) 4464007 1474920 4151
5 = 11 0.07 021
D,E, (3:3) 4541007 1.58+021 4437
A 0.07 021
Dy A. (0,0) 4484007 1574921 4255
D& ©.0) 4467507 LSS5 4479 7 Pey(4459)
- 0.08 0.22
DE (1,0) 463008 1.694022 4479
. 11 0.08 022
DA, 53 4.59+008 16755y 4293
Ao 11 0.08 0.22
D:E, -3 4.65+0.98 16675751 4580
i 0.07 021
D A, (0,0) 4.50% 50, 1.52%619 4398
[ —— Central Value ] [ ——Central Value|]
ssf @ 3 5.5 ® ""E"‘"B"u“ds ]
_s0f
PR ]
Q4sk . .-
= SoooesEEEE T ]
40F=--=--- ]
35F 35
1.7 22 2.7 32 37 42 20 25 3.0 35 40 45
T2 (GeV?) T2 (GeV?)
Fig. 2. (color online) Masses of the DE, molecular states with variations of the Borel parameters 72, where (a) and (b) denote the

isospins (0,0) and (1,0), respectively.

[ © —Central Value|]
55; = = =Error Bounds E
AS-O;\ ]
A ]
Q4. —r= g
~ [ ——————-==-==-="" 4
= r ]
401 ]
35 1
3.0'A TSN TN TN N N TN SN N TN SN NN SN SN N SN SN SN N SN SO N 1 AA
2.0 25 3.0 35 4.0 4.5

2 2

T? (GeV?)

Fig. 3.
isospins (0,0) and (1,0), respectively.

. 1 . .
parity JF = 5 and isospin I =0. Currently, we cannot
exclude the possibility of identifying P.(4459) as the
D=

molecular state with the spin-parity J* = 2 and

isospin =0 considering the uncertainty on the mass.
Precise measurement of the mass and more experimental

data on the quantum numbers, such as the spin and parity,
are still needed. Furthermore, the observation of the cous-
in of P.(4459) with isospin /=1 in the J/yX%/n.X° in-
variant mass distributions is of crucial importance and
would decipher the inner structure of P, (4459), leading

L e e e e B e e e L s e e

r —— Central Value|]
EY ]
3 @ i

P S S S S S S S S S S S S S S S S S S S SRS

25 3.0 35

T2 (GeV?)

4.0 4.5

to a more robust assignment.
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IV. CONCLUSION

In this study, we extend our previous studies on
pentaquark (molecular) states and distinguish the isos-
pins of the interpolating currents to investigate in detail
theDZ., DA., D;E. D;A., D*E., D*A., D:E., and
D’ A. molecular states without strange, with strange, and
with double strange in the framework of QCD sum rules.
Here, D, D, D*, and D] represent color-singlet clusters
having the same quantum numbers as physical mesons,
and A, and E, represent color-singlet clusters having the
same quantum numbers as physical ground state flavor-
antitriplet charmed baryons. Because charmed baryons in
flavor antitriplets have smaller masses than those in fla-
vor sextets with the same valence quarks, we expect to
acquire the lowest molecular states (to be more precise,
color-singlet-color-singlet type pentaquark states).

We consistently accomplish operator product expan-
sion up to the vacuum condensates of dimension 13 and
choose the best energy scales of the QCD spectral densit-
ies with the help of the modified energy scale formula,
which plays a crucial role in matching the two funda-
mental criteria of the QCD sum rules. We acquire the
masses and pole residues of these molecular states. Our
investigation favors identifying P.,(4338) (P.s(4459)) as
the DE. (D*E.) molecular state with the spin-parity
JP = % (% ) and isospin (/, I3) = (0,0), which are in con-
gruous with the decays into the final states J/yA. The ob-
servation of their cousins with isospin (/,13) = (1,0) in the
J/pZ /.20 invariant mass distributions would decipher
the inner structures of P.,(4338) and P.,(4459) and lead
to more robust assignments. Conversely, in the picture of
diquark-diquark-antiquark  type pentaquark  states,
P.4(4338) cannot find its position, and P.,(4459) can be
tentatively identified as the strange partner of P.(4312).

More experimental data are still required to reach fi-
nal assignments. Furthermore, we make predictions for
other pePtalquark molecular states with the isospins
(I,3) = (E’ 5) and (0,0), which lie above the correspond-
ing charmed meson-baryon thresholds. It is better to refer
to these as resonances, and they would have considerably
larger widths than P.4(4338) and P.,(4459). All the pre-
dictions can be confronted to experimental data in the fu-
ture.

APPENDIX

_ Detailed QCD spectral densities for the current
J(DO%‘)(x)are

Pocn() = Y [phm) +py(m)

+pHmO(s =) + py(md(s =)
Poep() = Y o) +ph(n)

+p2mo(s =) +pY(mo(s )|

where a, b, ¢, and d refer to four types of integrals, and n

represents the dimension of the condensates. In these in-

m2

tegrals, we introduce the notations m2= a < %
yu=y
2
+z2)m?
mf:%,§:y+z—l,g“:l—y,andw:s—mf.For
¥z

1 1
types a and b, yi=o(1-1-4m7/s). yp=(1+

ym?2
V1-4mg/s), and z; = . For types ¢ and d, y; =0,

ys—mg

yr=1,and z; =0.
The a type integrals are

1oy _ Mste [9(Ggs0Gq)(5s) —39(qq)(q8s0Gq) + 7(qq)(58;0Gs)] f Y
PA®) = S e
Lo 13me(ss)ag)? f» ~ meg}(a9)[76a9) + @a)(ss) + 7(5s)’| f
P =" 50 ), V¢ 622087 | e
my(5s)aa)’ (> m;g3(qq)* [14¢Gq) — 13¢5s)] (>
T 682 fy Wéy- 4147270 f\ Wy,
Pa(10) =

819274

11{gg,0Gq){(358,0Gs) (7 (83GGXqq) [(gq) +14(3s)]
fdy{w 26364, [dyéy,

013109-8
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08) = _msm; [3%G9)(38:0Gq) — X4g:0Gq)(5s) ~ 14Gq)(3g,0Gs)] f V4
Pa 92167 Mt
2070025 Y, 202(aq) | 74Gq)? + (Gg){(3s) + T(3s)*| v
o) - 13m0 (5) f ; m2¢X(qq9)|1Gq)* +(aq f ;
P =" s ), 622087 Mt
msmc(Gqy*(ss) ™ msmcg3(qq)* [-14(gq) +13(5s)] [
+ T dyy+ dyy,
115272 8 622087 s
11m(qg;0Gq){58,0Gs) (> mc(g2GGXqq) [(qq) + 14(5s)]
0(10) = d s d
Pa10) 1228874 L, YT 55296 ;

The b type integrals are

0 Yy [ dzyegt L e
Py(0) = 1572864 8f yf Zyz( ”‘“) 3932167r8f yf <t

o3y e [14@9) + (55)] fy/ f , s [13¢55) ~28¢7g)] f” ff 2 2
VT dez’w 163847 || o rwe,

13m2(g2GG) (> z§4 25w\ 29g2GG) [
Wy=— L g f dz = [? il b f f d
=" a3 fy ‘ T3 )T 15728640° 22t (0 4 50%)
<83GG> fyf f mgm 3(gAGG) f” f
d dz->=
" 3276878 7 (' + 50’ )+ SEoCeE :

msmc(gbGG>f’f fd o 4 2syw  2w? mbmc(gbGG)fyf f
7864327 < 3 3 )T 13107248

—waz) R

1 m{qgsocGq) f » f ¢ 5, 1478207
Sy=——""7"T"—" d dz(11 + —
Pp(S) 1638470 J, y ) z| Hzéw S

Vs 3 2
W[ 36(qg30'Gq>+13(sg30'Gs)]f dyf dzyz§(£+sw)

_ms(qgs0Gq) f v f 3w”
T 31006 dzz&2 +sw

o a9 [(ag) + 14¢58)] f‘ f ﬂ )\ 13[265a9) + g¢5s7| f” f )
£y(0) = 10247 dy | doyzg| = +w 11059276 dy [ aeyet (5

msmc<qCI>[13<qq> 7<SS> fyf f msmcgs<q('I>2 fy/ f
+ dy [ d dy | 4
15367 V) BT T o0aags ), ). R

013109-9
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1) GGG [14G0) +(59)] f f £ | mGG0) 1460 + (5] [ ff £ ( 2w, g)
£b 29491275 983047 B Ml e
m(g2GG) [3(Gq) +2(55)] fy/ f “dw m(g2GG) [56(qq) +7(5s)] f f{
+ dy | dzzw
4915276 29491276
_m mI(g3GG) [-28(gq) +13(5s)] [ ¢ Tm(giGG)[2Aqq) - (5s)] [V
9830475 fy & fz dzy_2 491527 f f dzzg(s+3w)
my(g:GG) [3(5s) - 14gq)] ¢
29491275 fy d fz deyals+3w).,
a s, 71 71 < Vs 4
pll,(g) __ 12{gg;0Gq){5s) +{qq) [(quO'Gq>+13<sg‘Y0'Gs)]f dyf Aoy (s +3)
61447 ;
7l S, 7l 7l g f 4
_ 2q8;0Gq)(5s) +(q9)[2(48;0Gq) +(3850Gs)] f i’ dy f da2é (s+30)
61447 ,
L Imsmc(qgs0Gq) [2(Gq) — (55)] f y' f dz_
307274
| _ (&5GGYaq) [(QQ>+20(SS>]f f’( _ {q8s0Gq) [24(Gg,0Gq) + 35(58,0Gs)] fyf f§
P10 = 245767 | ) dz 1966087 LY

13m s
0 ¢
0 dy | deyet[ZZ dy | d
PoO) = 1572864x 8f yf ny“( ”‘”) 393216718f yf &w
2 = H 'y 4 71 3 Vi 3
0 m; [14(gq) +(5s)] f} f 2 3 mcms[28(qq)—13(ss)]f f 2w 2
3y = MDD T[T [ a8t - dy | deye(S-+
#50) astens ), ¥, Ee 1638475 L 2. o e

13m3<g2GG) YV e §4 13m (g2GG) Y, e Z§4
b ’ €O 2 3_ 2
4= 8T [Ty | dz S (w4 sw) - S [Ty [ d v
P s fy yf, (4 50) - T ssea fy yfz, < (Pywtye’ - )
13mc(g2GG) fh f % W 203 29mc<g?GG>f f{d é: W3 e
V2 o | 1999448 — 4+ sw
157286478 y? 9 157286475 J, UL T
m0<g2GG> f}/ f mym*(g*GG) fy f &
d -5 7 d dz > -
327687° e sso82478 ), ). & 5 (¢0? sy‘”)

mm2<g%GG> » £’
131072n8f f (__f)

2 ~ < ; 2 2,2
P(s) = - Mel14a8.0Ga) + (58,0G3)] f " ay f dego? - 1108 7G) f d f PRl
Yi Z;

1638476 819276 , y
2[3¢ggs0G 5g,0G Vi [42(ggs —13(5g; Vi ¢
m; [3(q8,0Gq) + (58,0 S>]f fd fo? _ mym [42(gg,0Gq) <sg‘rfGS>]f d fdzy§(w2+sw)
1638470 24576716 : .
mgmc(GgscGqy [~ L msm(GgsoGq) [
T dy dz{;‘ w? +su) 0966 dy dzy§ w? +su)
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o) [(a 5 v
pg@=_mc<qq>[<qq>+14<SS>] fy d f deyé(w? + 5)

153674
mym?(gq) [13(gq) —7(5s)] fyf d f mfw's<qqr>2 f v d f dzeo
15367 Y T8204dn0 ), Y F
13mL [Zg (qq)2 +gs<ss)2] Vs
T f dyf dzyf w? +sa)
mX(g2GG) [14(gq) + (5s)] s\ mAKGG) [3ag) +265)] M [F fw
0 s S s
pp(1) = 37785 f fdz —fw+—= )+ 19150,6 f dy ) dz —
_ Tmig;GG)[8(qq) + (5s)] fyf f L msim m(g2GG) [28(gq) — 13(3s)] f 4 f‘7 (62 zfz)
y | dz| =+ =
29491276 29491276 N y2
;mc<g GG) [28(qq)— 13(ss) Vs 7msmc(g GG) Z(qq) (ss) Vs
19660876 f f dz_(HZ) 4915276 fy df dzg(s+20)
smc<gsGG><SS> Vi 7msmc<gsGG><qq> ‘
~—om304% f fdzy(s+2w)— 147456 fy dezy(s+2w),
A7(Ggs0Gq)(3s) +(qq) [(Ggs0Gq) + 1(5g,0Gs)} [ . (*
pip - - 21000+ (G000 1 TGO [, 4534230
A2Gg,0Gg) (5 39)[2(gGg,0G 52,0G Vs 4
me{2(gg o q><ss>+<gi1:£ﬂiqg0 q) + (5850 s>]}f dyf dz(Es+260)
A2Gg,0Gq)(5 = Gg,0G 52,0G Yy 4
me{2(gg o q)(ss>+<6qlcg>4[7<jg(f q)+ (5850 S>]}f dyf dz(ys+2yw)
_ Tmsm(G8s0Ga)|-2(Gq) +(55)] fyf fdz—
30727%
0 m(§;GGXdq) [(Gq) +14(5s)] f f‘ #( 2
pp(10)= 184327 3 dy 5 513
4
+mc<gsGG><qq>[<qq>+28<s5>] f d f dz
3686414
_ m{Ggs0Gq) [24Ggs0Gq) +35(58,0Gs)] f V f d
2049127 o

The ¢ type integrals are

Lon . Ms84aq)° [14(@g) = 13(5s)] f o mlGEs) (M
d MG gy gy,
pe®) = 1244167 O T, Y
|1a8.0GaX58.0Gs) [V, (£GGNGa)[(Gg)+14(55)] _
+(10) = dyZym; + " dy oy
pe(10) 245767 |l 1105927 | vl
msm(ggs0Gq) [-3Xgg,0Gq) + 14(3g,0Gs)] f > of1+
368647 L Mo
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mymc(g2GG)Gq)(3s) f a ¢ mm(g;GGXaq)[-26(aq) +7(5s)]
36864r* Ly 1105927

_ Tmym(qg,0Gq)[3(q8,0Gq) — (58:0Gs)] f» "
Vi

1843274

m,m(Gg,0Gq)(3g,0Gs) m?
272

[ o

Vi

1843274
Yy
f d
Vi
+m¢3s<qq>2[7<qgserq>+<sgsaGs>] f aye(1+ m?
12441674 8 272

_ mdq)[3(gg;0Gq)(3s) +(gq){38:0Gs)] f i
Vi

691272
J e

msgs<qq>2 [214gg,0Gq) — 13(5g,0Gs)]
2
(o

272 ) ’

¢

y

Cane|
Yi

13m:(4q) [2(Ggs0Gq){3s) +(4q)(58;0Gs)]

2304n2
Tm(qg;0Gq)g(ss)* f q g( ;712)
1244167 8 272
_ m(4q) [28(ggsaGq)(5s) +(qq)(58:0Gs)]
4608712

~2
1
N
p(11) 2T2)

¢
y

L M:{49)4850Gq)(5s)
230472 8

d§(1+

854q9)*(55)[14(gq) + (5s)]

_ Tmyncgi(35)qq)*

m2
dys |1+ =5
I

2

37324874
| Yy ,714
12) = dyZy(3+ =%
p:(12) I y{y( i T

2m
T2

Vs 2
f dyé“(—z
i

T4
13mX(giGGXGq)*(5sy (™ 1 13me(g3GGXqqy*(ss) (¥ ¢
dy dy —2

82944727 L) 4147272
m: 2
+ ﬁ)

_ 13m(g3GG)(39)*(5s) ml 2m;
dy{ — +
5529672 8 T6 T4
mc<qgs(qu> [14(gg,0Gq){5s) + 15(Gq){5g;0Gs)]
921672

ms<qgﬂGq> [3(ggs0Gq){5s) +4(gq)(58,0Gs)]
11059272
_ mym{giGGXaq)y(ss) [ ol m?
y—_
8294472 VT
my(g2GG){qq)*(3s) f m? 3m
d -
YT resssee ), YO\t
_ my(g8;0Gq)[3(G8;0Gq)(3s) + 2(4q)(358s0Gs)]
2764872

4665672 93312n2

13m(qg,0Gq) [(Ggs0Gq)(5s) + 2(4q)(58,0Gs)] 2m

1843272

pe(13) =—

it
- 1
yé(ﬁ+_

d
£ y T4 T2

6 G
; dé’y ﬁ-'—

T4
6
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Vs mt m?
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mym.g(qq)* [-14(gq) + 13(5s)]

Vs AN ( 5 Vs
0 —y  mgmc{gq)=(5s) —>
)(9) = d t— d ,
pe®) 1244167 [ YT T 30am2 ), P
11m.(Ggs0Gq)(58;0Gs) f Vo me(giGGXGg) [(Gg) + 14(59)] f K.
0 2 s 2
10) = d d
pe(10) 2457677 et 1105927 L, e
+msm§<c‘1gs<TGq>[39<(7gs<qu>—14<§gs<TGs>] fyf d 1+r7z_§ _ m;mg(g;GG)aq)(5s) f}‘rd 1
737287 ! 72 368647 Ly
+msm3<g§GG><c?q>[26<51q>—7<ES>] f " 1+%_3 _ ImmiGg;0Gq) [3(qg:0Gq) ~ (58,0Gs)] fyfd 1
2211847 L O\ T 184327 Ly
, msmi{ag:oGaNsg.oGs) (M () e\
368647 8 T2
13m7(39) [24q8,0Gq)(55) +(G9)(58,0Gs)] [V me
0 c s s c
1) = dy[1+ =5
o 460872 Mt ( T2)
m2{74ag,0Ga)g3(5s)* + 84aq)* [1(4g.0Gq) + (58,0 Gs)]) f} L
+ +—
24883274 L OV
_ m3q)[28(48s0Gq)(5s) +(Gg)(5850Gs)] f«v/ o)
460872 Ly
msme(Gq) [3(Ggs0G)(5s) +(dg)58,0Gs)] (V7 e g
- 5 dyy({l+-—++
69127 8 274 T
| Msmegi(aq)” [214a8,0G) — 13(5g,0°G)] f avof1e e, me
3732487 LN T T
msm{gGq){qgscGq)(ss) m?
dy|1+—=],
460872 8 72
012 _ MgV (59 [14@0) + (59) fyf o1 s T e Tmmigi@q)(ss) (7 it
Pe 4665672 L N\ T T 9331272 YT6°

0 13mX(qg,0Gq) [(48,0Gq)(5s) + 2qq)(5g,cGs)] (' mi  13mi(giGGXgq)*(ssy (™ 1 (1 mly
p2(13) =~ dy =< dy — = — 2
1843272 y T 2073672 o yA\T? 2Tt
13m2(g2GGY(qq)*(5s) [ q %ﬁ+mf(égsUGfD[14<égs0'Gq>(5S>+15(561><§g.v0GS>] fy/ m?
552067 YT 921672 LT
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[at
11059272 TS
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pa(10) =

Lo Msm{giGGY[-28(gg) + 13(5s)] fy/ f»f &>
pa(h = 2949127 B
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