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Abstract: We revisit hidden-charm pentaquark states P.(4380) and P.(4450) using the method of QCD sum rules by
requiring the pole contribution to be greater than or equal to 30% in order to better that the one-pole parametrization

is valid. We find two mixing currents, and our results suggest that P.(4380) and P.(4450) can be identified as hidden-

charm pentaquark states having J* = 3/2~ and 5/27, respectively. However, there still exist other possible spin-par-

ity assignments, such as J© =3/2* and J¥ = 5/2, which must be clarified in further theoretical and experimental

studies.
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1 Introduction

Many exotic hadrons have been discovered in the past
decade owing to significant experimental progresses [1],
such as the two hidden-charm pentaquark resonances
P.(4380) and P.(4450) discovered by the LHCb Collabor-
ation [2-5]. More exotic hadrons are likely to be ob-
served in the future by BaBar, Belle, BESIII, CMS, and
LHCb experiments, etc. They are new blocks of QCD
matter, providing insights to deepen our understanding of
the non-perturbative QCD, and their relevant theoretical
and experimental studies have opened a new page for
hadron physics [6-11].

In the past year, to investigate their nature, P.(4380)
and P.(4450) have been studied using various methods
and models. There are many possible interpretations, such
as meson-baryon molecules [12-23], compact diquark-
diquark-antiquark pentaquarks [24-27], compact diquark-
triquark pentaquarks [28, 29], genuine multiquark states
other than molecules [30-35], and kinematical effects re-
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lated to thresholds and triangle singularity [36-40]. Their
productions and decay properties are also interesting [41-
53]. More extensive discussions can be found in Refs.
[54-56].

The preferred spin-parity assignments for the
P.(4380) and P.(4450) states were suggested to be
(3/27,5/2%); however, some other assignments, such as
(3/2*,5/27) and (5/2*,3/27), have also been suggested by
the LHCb Collaboration [2]. It is useful to theoretically
study all possible assignments to better understand their
properties.

In this study, we use the method of QCD sum rule to
study the possible spin-parity assignments of P.(4380)
and P.(4450). However, first, we reinvestigate our previ-
ous studies on P.(4380) and P.(4450) [57, 58] by requir-
ing the pole contribution (PC) to be greater than or equal
to 30% in order to ensure that the one-pole parametriza-
tion is valid; this value was just 10% in our previous stud-
ies [57, 58]. Note that there have been some experiment-
al data on exotic hadrons; however, they are not suffi-
cient, and more experimental results are necessary to
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make our theoretical analyses more reliable.

The remainder of this paper is organized as follows:
the above reinvestigation is presented in Section 2, nu-
merical analyses are presented in Section 3, the investiga-
tion of hidden-charm pentaquark states of J* =3/2* and
JP =5/2" are provided in Section 4, and the results will
be discussed and summarized in Section 5.

2 QCD sum rules analyses

All the local hidden-charm pentaquark interpolating
currents have been systematically constructed in Refs.
[57, 58]. Some of these currents were selected to perform
QCD sum rule analyses. The results suggest that P.(4380)
and P.(4450) can be interpreted as hidden-charm
pentaquark states composed of anti-charmed mesons and
charmed baryons. However, the analyses therein used one
criterion, which was not optimized. The condition was
that the PC should be greater than 10% to ensure that the
one-pole parametrization was valid. This value is not so
significant, and accordingly, the question arises whether
we can find a larger PC to better ensure one-pole para-
metrization

In the present study, we try to answer this question to
find better (more reliable) QCD sum rule results. In par-
ticular, we find the following two mixing currents:

Jyu3/2- =080 X &3, + sinf; X g,
=cos 0y X [ (ul Cyyysdy)yvyscellCayuysital
+sinfy X [€(uy Cyyup)yyyscelleayudal, (1)
Juv,5/2+ =cos b, X‘flSyv +sinf; X l!/4/1v
=co0sf, X [e“b"(uaTCy,,)gdh)cc] [Cayyuql
+5in 6 X [ (uf Cyuup)cellEayyysdal +{u < v),

(2)
where a---d are color indices; 6;,, are two mixing angles;
Ju3/2- and J,s50. have the spin-parity JP=3/2" and
5/2*, respectively. The four single currents, &y, Yoy,
E1suv, and Yy, were first constructed in Refs. [57, 58].

We can verify:

1) The current &3, well couples to the S-wave
[A.(1P)D;], P-wave [A.(1P)D], P-wave [A.D,], D-wave
[A.D] channels, etc. Here, the A.(1P) denotes the
A(2593) of JP = 1/2~ and A.(2625) of JF =3/2".

2) The current yq, well couples to the S-wave [Z.D*]
channel, etc.

3) The current &5, well couples to the S-wave
[A.(1P)D*], P-wave [A.D*] channels, etc.

4) The current 4, well couples to the S-wave [E:D,],
P-wave [X:D] channels, etc.

We use the above two mixing currents, J, 32— and
Juvs/2+, to perform QCD sum rule analyses; the results
will be given in the next section. First, we briefly intro-

duce our approach; interested readers can refer to Refs.
[59-64] for further details.

First, we assume J, 32— and J,, 5,2+ couple to physic-
al states through

O, 3/2-1X32-) = fx,, uu(P), 3)
Ol v57241X5/24) = fxyn, v (D), 4

and write the two-point correlation functions as
My 3/2- (6]2)
=i [ @t O [ (02200

= (q;zv - guv) (¢ + Mx,, )z (qz) +ooe, (%)

Hyvpa',S/2+ (f]z)
=i f d*xe " OIT [ J5/2+ ()T 524 (0)|10)

= (g;tpgvo- + g/ta'gvp) ¢+ MX§/,2+)H5/2+ (q2) +:0, (6)

where ... contains non-relevant spin components.
Note that if the physical state has the opposite parity,
the ys-coupling should be used [65-68]. For example, if

Oy 3/2-1X5 5,0 = f, v5u,(p), (7)
then
Hyv,3/2+ (612)
=i f d*xeOIT [ Ju3/2-(0Ty372-(0)]10)
quq
= (;—2 —gw)wi— My, ) (@) +. (®)

Hence, we can compare terms proportional to 1xg,, and
¢xgu to determine the parity of Xg'/)z .- Accordingly, in
the present study, we use terms proportional to 1x g, and
1xg,,8v0 to evaluate masses of X's, which are then com-
pared with those proportional to ¢xg,, and ¢ X g,,8v- to
determine their parity.

At the hadron level, we use the dispersion relation to
rewrite the two-point correlation function as

Mg>) = - f ELLON ©)
s, S—q-—ie

where s. is the physical threshold. Its imaginary part is
defined as the spectral function, which can be evaluated
by inserting the intermediate hadron states Y, |[n){n|, but
adopting the usual parametrization of one-pole domin-
ance for ground state X along with a continuum contribu-
tion:

1 -
p(s)=—Imll(s) =} 85~ M)0W In)(nlTI0)
d n

=f26(s — m%) + continuum. 10
X X

At the quark and gluon level, we substitute Egs. (1-2)
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in the two-point correlation functions (5-6),and calculate
them using the method of operator product expansion
(OPE). In the present study, we evaluate p(s) at the lead-
ing order on ay, up to eight dimensions. For this, we cal-
culated the perturbative term, quark condensate (Gg),
gluon condensate (g’GG), quark-gluon condensate
(gs;goGq), and their combinations (gg)> and
(Gq){gsqoGq). We find that the D = 4 term m.{gq) and the
D = 6 term m.{g;qoGq) are important power corrections
to the correlation functions. Note that we assumed the va-
cuum saturation for higher dimensional operators such as
(01gqqql0) ~ (0|gql0)0|ggl0), and this can lead to some
systematic uncertainties.

Finally, we perform the Borel transform at both the
hadron and quark-gluon levels, and express the two-point
correlation function as

M) = By = [ Miptods. (1)
S

Gq) (GG) (aqy

After assuming that the continuum contribution can be
well approximated by the OPE spectral density above a
threshold value sy, we obtain the sum rule relation

f e Mip(s)sds
fsjo ‘S/Mffp(s)ds

We use the mixing current J,, 3/, defined in Eq. (1) to
perform sum rule analyses, and the terms proportional to
1xg,, are given in Eq. (13), where # =cos6; and
1, =sin#;. The terms proportional to ¢ X g,, are listed in
Eq. (14), which are almost the same as the former ones,
suggesting that the state coupled by J,3,,- has the spin-
parity J* =3/27. Similarly, we use J, 5,2+ defined in Eq.
(2) to perform sum rule analyses, and the terms propor-
tional to 1xg,, and ¢xg, are listed in Egs. (15) and
(16), respectively. We find that its relevant state has the
spin-parity J* =5/2*. These two sum rules will be used
to perform numerical analyses in the next section.

M3 (s0, M) = (12)

(GGq) (a9XqGq)

P3/2- 1(S) pg/z 1(S)+P3/2 1(S)+pg/2 ](S)+p3/2_’1(s)+p3/2_’](s)+p3/2_,1 (s),

pert
d
P (8) = 39321607r8f “f

P80 (5= 20 f da f ““dﬂ{[<a+mm —aps| x

nn

P3/2-1 2831155278

(a/ +,B)mg - aﬂs]s X

B
(1-a-p)y> (3tf —21ty — 615)

a3 ,33 ’

(1—a-pPa+p+3)(113 - 411, +24t§)}

66 (g MelECE) m(2GG) f f (a+ﬁ)m§_aﬂs]3x[432(l—a—ﬁ)(a+ﬁ+1)(tf+2t§)

a3 ﬁz

120 —a—ﬁ)z(a+/3—4)(7t% — 411y +1613) 361 —a—pHa+p+2) (72 -4nn +1613)

a3 ﬁ3

a4 BZ

L —a-pPa+p-5)+4nn) 6(1 —a=pYa+p+3) (115 —4nn +248)

a? 33

a’ ,32

a— ,8) (a/+ﬁ+3)

_6mz[(a+’3)m2_aﬂs]zx(11t2—4t1t2+24t2)x((1

@Gay o\ __Meldgso - Gg)
T

a2ﬂ2 a3ﬂ2
(qq) ( ) mc<5]61> f f
P3ja-1 15367

4960 mqq)Xqgso - Gq)
Pipma ()= 92167 da

(a +,B)mg - aﬁs]z X

(1 —a—ﬂ)3(a+,8+3))}
’ (13)

az 134 a,S ﬁ

[(a+ﬁ)m —a,Bs]
[(1 a-p)(132 - 8t1tz—24t)+2(1—a Bt

(@+p) (213 — 411, - 4813)
2B ’

(0/ + ﬁ)m? - a,Bs])

a af

[3 (4722 = 12011, - 96t2) 2o+t 5-2) (z2 +4t1t2) 3(a+p) (214 —4nn - 48t§)]}
X
2
a

_m(4q){48s7 - Gq)

471 -

muxdoz m2—a(1—0/)s><
RO [ ot -att -

[0

12411 —96%}
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t q GG qq)’ gG 39){gG
p312-2(5) =P%5_ () + P58 H()+ 0]y >2(s) RO BT AO RIS O)

pgf/:; 2= m[ daf dﬁ (a+ﬁ)m —aﬁs]

nnnnn

[8(1—a—ﬁ)3(11t$—4m2+24r§) 3(1—a—ﬁ)4(7z%—4z1t2+16t§)]}
X - b}

a? ﬂ4 a? ﬂ4

1—a—P)? (212 - 41,1, — 48
P2 (s _ mc(gq) f f‘ { (a+,8)mf—aﬁs]3><( a-P? (214 -4nn tz)}’

T 1228876 B3
o (GG) 3 144(1—a—ﬁ)(a+ﬁ+1)(tf+4t1t2)
P32-2(8) = 28311552n8f daf {(‘Hﬁ m; —as| X[ 2B
96(1—a By (53 - 4l1t2+12t2) 108(1—a—ﬁ)2(7z§—4t1t2+16t2) 41 -a - ) (351 — 521112 + 9613 )
a,2ﬁ3 03’32 a/2,33
4(1—a—ﬁ)3(61tf—44;1z2+144:2) (1-a-p)(a+p-5)(7+4nn)
+ (t3ﬁ2 a'3ﬂ2
2 (80 —a=p) (118 —4n,+248)  8(1—a—p)* (115 4111, +2413)
—6mcz[(a/+,8)m3—ozﬁs] x( o + o5
3(1—a-pH (T2 -4nn+1653) 3(1-a-p)* (72 - 41 +1613)
B afp* - o'p ’
GG + mc(E]Gq)
p3(§2q2( )_ 3276871'6 nnnn fiﬂ dﬁ (a+ﬁ)m _aﬁs]
8(1—a—ﬁ)(lsrf—4rlt2—24z2) (1-a-pP (7 +4nn)
X a,ﬁ2 aZﬁZ ’
_ 2 4(312 2111, - 612) (1 —a—pB) (1112 -4t 1, - 2412
A= 2 [ 0o [ {<a+ﬁ>mz-aﬁsrx[ R A
(@9)agso - Gq) o 3(11£2 — 41,1, — 2412
pIITID (5) = i jw f {(a+ﬁ)m§—aﬁs]x(4(18zf—7z1r2—36t§)+ (114 - d

B2 -16nn) (1-a=B)(314 - 12016-726)  (1-a-p)(1} -8n1)
B o 5
(qq)ggso-Gqy [
2 da{[m? - a(1-a)s|x (25 - 1611, - 4853)}.
(14)
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psp1(5) =pLjy,. 1(s) +05]3 () 405030 (5) +p§"§?j,l (9)+0557 (5) + P52 370 (s),
5
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A9 qgs -G
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GG Gq)* GG 39)(GG
ps/2+.2(5) psm2(s>+p;;‘;>+2<s>+p§/23,2(s)+p§‘§‘;>+,2(s)+p§‘§zzf2(s)+p§‘§‘§>ff§ (s),
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a4 ﬂ4 a4 ﬁ4
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Gy (o 2 (@+p)(51 —4nn - 125)
gq/;ir 2( ) 768 4 f“" da B dﬁ{[(a +ﬂ)m - Q’BS] a,ﬁ ’

_ (49Xq8s7 - Gq)

<qq><qu> (s) =
460874
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3 Numerical analyses

In this section, we use the sum rules for J,3/,,- and
Juv,5/2+ to perform numerical analyses. The condensates in
these equations take the following values [1, 69-76]:

(Gq) =—(0.24+0.01)°GeV?,
($2GG) =(0.48 +0.14)Ge V*,

(85G0Gq) =M} x(3q).
M; =-0.8GeV?. (17)

We also need the charm and bottom ﬂark masses, for
which we use the running mass in the MS scheme [1, 69-
76]:

me = 1.275+0.025GeV,

mp = 4.18*0%GeV. (18)

There are three free parameters in Eq. (12): the mix-
ing angles 6;,,, Borel mass Mp, and threshold value so.
After fine-tuning, we obtain the two mixing angles as

" da f { (e +Bym? — aps| X (4(;1 —211) (8t +91) —

B

(@+pB) (tf - Stltz)]}

da{[ —a(1—)s|x (1 =211) (81 +91)}. (16)

0 = —42° and 6, = —45°. The following three criteria can
be satisfied so that reliable sum rule results can be
achieved:

1) The first criterion is used to ensure the conver-
gence of the OPE series, i.e., we require the dimension
eight to be less than 10%, which can be used to determ-
ine the lower limit of the Borel mass:

(ag)(g.50Gq) (00, Mp)

CVG =
I1(co, Mp)

< 10%. (19)

2) The second criterion is used to ensure that the one-
pole parametrization is valid, i.e., we require the PC to be
greater than or equal to 30%, which can be used to de-
termine the upper limit of the Borel mass:

H(so, Mp)
TI(co, M)

This criterion better ensures the one-pole parametriza-
tion than the criterion used in Refs. [57, 58] which only
requires PC = 10%.

PC(s0, M5) = > 30%. (20)
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3) The third criterion is that the dependence of both sq
and Mp dependence of the mass prediction be the weak-
est in order to obtain reliable mass predictions.

We use the sum rules (13) for the current J,, 3/2-,3s an
example. Firstly, we fix §; = —42° and s¢ = 23 GeV’, and
show CVG as a function of Mg in the left panel of F ig. 1.
We find that the OPE convergence improves with an in-
crease in Mp, and the first criterion requires that
M3 >2.89 GeV’. We also show the relative contribution
of each term in the middle panel of Fig. 1. We find that a
good convergence can be achieved in the same region,
Mé >2.89 GeV’. Next, we still fix 8; = —42° and s =23
GeV’, and show PC is a function of My in the right panel
of Fig. 1. We find that the PC decreases with an increase
in Mg, and PC = 32% when M2 =2.89 GeV’. Accord-
ingly, we fix the Borel mass to M2 =289 GeV’ and
choose 2.59 GeV <M2 <3.19 GeV’ as our working region.
We show variations of My with respect to Mp in the left
panel of Fig. 2 and find that the mass curves are consider-
ably stable around M3 = 2.89 GeV’, as well as inside the
Borel window 2.59 GeV <M2 <3.19 GeV".

To use the third crlterlon to determine sy, we show
variations of My with respect to s in the middle panel of
Fig. 2, with 6; = —42°. The mass curves have a minimum
against sy when s¢ is approximately 17 GeV’; therefore,
the so dependence of the mass prediction is the weakest at
this point. However, the PC at this point is significantly
small (only 8%). We find that the PC = 32% at sy =23
GeV". Moreover, the Mp dependence is the weakest at
this point. Accordingly, we fix the threshold value to be

so =23 GeV” and choose 21 GeV’< 5o <25 GeV’ as our
working region.

Finally, we vary 6, and repeat the above processes.
We show variations of My with respect to 0; in the right
panel of Fig. 2 with sy =23 GeV’ and choosing Mp to sat-
isfy CVG = 10%. We find that the 6;-dependence of the
mass prediction is weak when 6; < —40°. Accordingly, we
fix the mixing angle 6, to be -42° and choose
0) = —42 +5° as our working region.

For current J,, 3/2—, we fine-tune the mixing angle 6, to
be —42°, and the working regions are found to be 21
GeV’< 59 <25 GeV” and 2.59 GeV’<M2<3.19 GeV’. We
assume the uncertainty of 6; to be -42+5°, and we obtain
the following numerical results:

M- =4.4070))GeV,
S =(6.5733) x 107 GeV®,

where the central value corresponds to 6, = —42°, sy =23
GeV2, and Mlzg =2.89 GeV". The mass uncertainty is due
to the mixing angle 6, Borel mass Mg, threshold value s,
charm quark mass m,, and various condensates [1, 69-
76]. We note the following: a) when calculating the mass
uncertainty due to the mixing angle 0;, we have fixed s
and Mp; and b) when plotting the mass variation as a
function of 6, as shown in the right panel of Fig. 2, we
have fixed so, but while choosing Mp to satisfy CVG =
10%. The above mass value is consistent with the experi-
mental mass of the P.(4380) [2], and supports it to be a
hidden-charm pentaquark having J” =3/2-. The current
Ju3jo- consists of &, and o, suggesting that the

2

—
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The left panel shows CVG, defined in Eq. (19), as a function of Borel mass Mp. The middle panel shows the relative contribu-

tion of each term on the OPE expansion, as a function of Borel mass M. Right panel shows the variation of PC, defined in Eq. (20),

as a function of Borel mass Mg. Here we use the current J,, 3> of J* =

3/27, and choose 8; = —42° and sy = 23 GeV~.
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Fig. 2. Variations of Mj3/,- with respect to Borel mass My (left), threshold value sy (middle), and mixing angle 6, (right), calculated us-

ing the current J, 3/, of J© =

3/27. In the left panel, the long-dashed, solid, and short-dashed curves are obtained with 61 =—42° and
for so =21, 23, and 25 GeV’ , respectively. In the middle figure, the curve is obtained with 6, = —42° and Mﬁ =

2.89 GeV’. In the right

figure, the curve is obtained for 5o = 23 GeV’ and with My satisfying CVG=10%.
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P.(4380) may contain the S-wave [A.(1P)D,], P-wave
[A.(1P)D], P-wave [A.D], D-wave [A.D], S-wave [Z.D*]
components, etc.

Similarly, we investigate the current J,,s/+ of
JP =5/2*. We fine-tune the mixing angle 6, to be -45+5°,
and the working regions are found to be 21 GeV’< 59 <25
GeV’ and 2.31 GeV2<M§<2.91 GeV’. We show the vari-
ations of My with respect to M3, s, and 6, in Fig. 3, and
we obtain the following numerical results:

Ms)p- =4.507028GeV,
for =(55734) x 107 GeV®, (22)

where the central value corresponds to 8, = —45°, sy =23
GeVz, and Mé =2.61 GeV’. The above mass value is con-
sistent with the experimental mass of the P.(4450) [2],
and supports it to be a hidden-charm pentaquark having
JP'=5/2*. The current J,, 5,2+ consists of &5, and Yy,
suggesting that the P.(4450) may contain the S-wave
[A(1P)D*], P-wave [A.D*], S-wave [Z:D,], P-wave [Z:D]
components, etc.

4 Other spin-parity assignments

In this section we follow the same approach to study
the hidden-charm pentaquark states of J” =3/2* and
JP =5/27. We find the following two currents

Jy 372+ =cos03 X &35, + sinf3 X Yiou
=cos b3 X [€™(ul Cy,ysdp)yyyscllCayutta)
+sin 63 x [ (u}, Cyyup)yyyscellCavuysdal, (23)

Juy572— =€0804 X E16y + SIN 04 X Y3
=cos 0y X [ (ul Cyysdp)ccl[Eayyysial
+sin 6y X [ (g, Cyyup)ec[Cayvda]
+{u e v}, (24)
which have structures similar to J, 32— and Jy,5/2+, Te-
spectively. The extracted spectral densities are also simil-
ar to previous results:

03/2+,1(5) Zng/:rzt_J(s) _p%)—,l (s) +p§?2G—>’1(s)
_péq/g)_zJ (s) +P<3(_§§i1,>1 (s) +p§q/g>—<?16q>(s)’ 25)
05/2-.1(5) =P§jr2t+,1 () _pngir,l (s) +p§(/;2G+>,1 (s)
PO+ AL O+ AR, Q0

where pge/:; (), pgjg . 1(5), and others have been defined

in Egs. (13) and (15).

First, we study the current J, 3/, of JP =3/2+. With
the same mixing angle 6, i.e., 63 =0, =-42+5° the
working regions are found to be 21 GeV’< 59 <25 GeV’
and 2.58 GeV2<M§<3.18 GeV’. We show the variations
of My with respect to sp in the left panel of Fig. 4 with
63 = —42°, where the mass is extracted to be

My = 4.407014GeV. 27)

Then, we study the current J,,s/2- of J© =5/2—. With the
same mixing angle 6,, i.e., 64 = 6, = —45 £ 5°, the working
regions are found to be 21 GeV’< 5o <25 GeV” and 2.20
GeV2<M§<2.80 GeV’. We show vthe ariations of My
with respect to sp in the right panel of Fig. 4 with
04 = —45°, where the mass is extracted to be

5.0 — 50 5.0 - 50 s 50
345 S 45 545 P@y/ 45 545 “‘*Mw«\ 45
240 40 %40 40 240 40
> b= p>
35 35 35 5 35 3.5
15 2.02312.61391 3.5 10 15 212325 30 51 49 —47 —45 —43 —41
Borel Mass? (GeV?) s, (GeV?) 0,(°)

Fig. 3.

Variations of Ms,- with respect to the Borel mass M (left), threshold value sy (middle), and mixing angle 6, (right), calcu-

lated using the current J,, 5,2, of J* =5/2*. In the left figure, the long-dashed, solid, and short-dashed curves are obtained with
6, = —45° and for so=21, 23 and 25 GeVz, respectively. In the middle figure, the curve is obtained with 6, = —45° and M,23 =261 GeV’.
In the right figure, the curve is obtained for sy = 23 GeV’ and with M satisfying CVG=10%.
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=
2451 pd-30% _7// 45
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=
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Fig. 4.
63 = —42° and J,,,,5/»- with 6, = —45°, respectively.

Mass (GeV)

5.0 5.0
431 pO\=40% —oA 43
40 40
35 3.5
10 15 212325 30
s, (GeV?)

Variations of Mj3),. (left) and M5, (right) with respect to the threshold value sy, calculated using the current J, 3,5, with
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(28)

The above two values are both consistent with the experi-
mental masses of P.(4380) and P.(4450) [2], suggesting
that their spin-parity assignments can be different from
JP=3/27 and 5/2%, and further theoretical and experi-
mental efforts are required to clarify their properties.

M5/27 = 443f8§gGeV

5 Results and discussions

In this study, we used the method of QCD sum rules
to study the hidden-charm pentaquark states P.(4380) and
P.(4450). We achieved better QCD sum rule results by
requiring the PC to be greater than or equal to 30% in or-
der to ensure that the one-pole parametrization was valid;
this criterion is stricter than the one used in our previous
studies [57, 58]. We found two mixing currents, J,, 32— of
JP'=3/27 and J,y52+ of J¥ =5/2%. We used them to per-
form the sum rule analyses, and the masses were extrac-
ted to be

M3/2— =440t8£ GeV,

Ms)y. =4.50702GeV. (29)

These values are consistent with the experimental masses
of P.(4380) and P.(4450), suggesting that they can be
identified as hidden-charm pentaquark states composed
of anti-charmed mesons and charmed baryons: P.(4380)
has J¥ = 3/2™ and may contain the S-wave [A.(1P)D], P-
wave [A.(1P)D], P-wave [A.D;], D-wave [A.D], S-wave
[Z.D*] components, etc. P.(4450) has J© =5/2* and may
contain the S-wave [A.(1P)D*], P-wave [A.D*], S-wave
[Z:D;], P-wave [X!D] components, etc.

We follow the same approach to study the hidden-
charm pentaquark states of J* =3/2* and J* =5/2", and
extract their masses to be

My =4.407014GeV,
Ms)r- =4.43"020GeV. (30)

These values are also consistent with the experimental
masses of P.(4380) and P.(4450) [2], suggesting that
there still exist other possible spin-parity assignments,
which should be clarified in further theoretical and exper-

imental studies.

We have also investigated the bottom partners of
P.(4380) and P.(4450), i.e., the hidden-bottom
pentaquark states (bbuud) of J© =3/27 and J¥ =5/2%. As
shown in Fig. 5, their masses are extracted to be

Mp, 32y =10.83*035GeV,

Mp, (52 =10.85033GeV. 31)

We propose to search for them in the future LHCb and
Bellell experiments.

In conclusion, we note that there are a considerable
systematical uncertainties that are not considered in the
present study, such as the vacuum saturation for higher
dimensional operators, which is used to calculate the OPE
. Moreover, in this study, we used the running charm and
bottom quark masses in the MS scheme, while some-
times their pole masses were used. Consider thee current
Juzjp- as an  example: a) if we use
(01gqgq|0) = (0.8 ~ 1.2) x (0|gq|0){0|gq|0), we would obtain
Ms;»-=4.34 GeV~4.48 GeV (other uncertainties are not
included); b) if we use the pole charm mass m. =1.67
GeV [1], we would have to shift the mixing angle to be
approximately 6; = —38° to arrive at the similar mass
Ms))- =4.38 GeV. Combining the previous uncertainties
in Egs. (21), (22), (27), and (28), we obtain the following
result for the mixing current J, 35— of J¥ =3/2~

My =4.407073GeV. (32)

Similarly, we obtain the following results for the other
three mixing currents, Jus/2+ of J* =5/2%, J,30. of
JP=3/2% and Jy 55— of J¥ =5/27:

Ms)p. =4.50*078GeV,
M3 =4.407015GeV,

Ms)y- =4.437027GeV. (33)

The above (systematical) uncertainties are significant,
suggesting that we still know little about exotic hadrons,
and further experimental and theoretical studies are ne-
cessary to understand them well.

We thank Professor Nikolai Kochelev for helpful dis-
cussions.
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Fig. 5. Variations of Mp,3)2- (left) and Mp,(s/2-) (right) with respect to the threshold value sy, calculated using the current Jﬁ%‘/‘gi with

6 = —42° and JZ’;‘;‘;‘; , with 6, = —45°, respectively.
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