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Based on our previous QCD sum rule studies on hidden-charm pentaquark states, we discuss possible
interpretations of the P.(4312), P.(4440), and P,.(4457), which were recently observed by LHCb. Our
results suggest that the P,.(4312) can be well interpreted as the [+ D~] bound state with J¥ = 1/2~, while
the P,.(4440) and P_(4457) can be interpreted as the [ZF D°] bound state with J* = 1/27, the [+ D]
and [ZF D*] bound states with J¥ = 3/27, or the [Z"D*°] bound state with J* = 5/2~. We propose to

measure their spin-parity quantum numbers to verify these assignments.
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I. INTRODUCTION

Very recently, the LHCb Collaboration discovered a
new enhancement, P.(4312), in the J/y p invariant mass
spectrum of the A, — J/wpK decays [1]. At the same
time, they separated the P.(4450) into two structures,
P.(4440) and P.(4457). This experiment [1] was based
on their previous one performed in 2015 [2], where the
famous hidden-charm pentaquark candidates P.(4380)
and P.(4450) were first observed. All the above struc-
tures contain at least five quarks wuudcc, so they are
perfect candidates of pentaquark states. Together with
many charmoniumlike XYZ states [3], their studies have
improved our understanding of the nonperturbative
behaviors of the strong interaction at the low-energy
region. However, there is still a long way to fully
understand how the strong interaction binds quarks,
gluons, and hadrons together, and exotic hadrons will
continuously be one of the most intriguing research topics
in hadron physics.

In the new LHCb experiment [1], the following reso-
nance parameters were measured:
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P (4312): M =4311.9 £ 0.775% MeV,
'=9.8+27731 MeV,

P} (4440): M = 4440.3 £ 1.3%}] MeV,
I'=20.6+4.9"% MeV,

PF(4457): M = 44573 £0.6117 MeV,
I'=6.4+20%] MeV. (1)

Hence, these three structures are quite narrow and can
be clearly seen in the J/wp invariant mass spectrum. As
discussed by LHCb [1], the P.(4312), P.(4440), and
P_(4457) are just below the DY and £} D*° thresholds
(4318 and 4460 MeV [3], respectively), so they can be
naturally interpreted as the bound states composed of
charmed baryons and anticharmed mesons, whose exist-
ence had been predicted in several theoretical studies [4-9]
before the LHCb 2015 experiment [2]; while after this
experiment [2], lots of theoretical studies were performed
to explain the nature of the P.(4380) and P.(4450),
such as meson-baryon molecules [10-16], compact
diquark-diquark-antiquark or diquark-triquark pentaquarks
[17-19], and kinematical effects related to the triangle
singularity [20-22], etc.

We have applied the method of QCD sum rules [23,24]
to systematically study the hidden-charm pentaquarks in
Refs. [11,25]. Based on the new experimental information
[1] as well as our previous theoretical studies [11,25],
we shall discuss several possible interpretations of the
P.(4312), P.(4440), and P.(4457) in this paper.
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II. THE FIRST POSSIBLE INTERPRETATION

In Ref. [11], we applied the method of QCD sum rules
and studied the P_.(4380) and P.(4450) as exotic hidden-
charm pentaquarks composed of charmed baryons and
anticharmed mesons. This study was later expanded in
Ref. [25], where we systematically constructed all the
possible local hidden-charm pentaquark currents with spin
J=1/3/3 and quark contents uudct and investigated
them using the method of QCD sum rules.

Especially, in the abstract of Ref. [25] we wrote that:
“...we also find (a) the lowest-lying hidden-charm penta-
quark state of J¥ = 1/2~ has the mass 4.3370"] GeV,
while the one of J¥ = 1/27 is significantly higher, that is,
around 4.7-4.9 GeV; (b) the lowest-lying hidden-charm
pentaquark state of J© = 3/27 has the mass 4.37"("/3 GeV,
consistent with the P.(4380) of J© = 3/27, while the one
of JP =3/2% is also significantly higher, that is, above
4.6 GeV; (c) the hidden-charm pentaquark state of J© =
5/27 has a mass around 4.5-4.6 GeV, slightly larger than
the P, (4450) of J¥ = 5/2"” Comparing these values with
Egs. (1), we arrive at the first possible interpretation that
(A) the P.(4312) is the hidden-charm pentaquark state
with J¥ = 1/27, while the P,(4440) and P, (4457) may be
the two with J* = 3/2~ or/and 5/2".

However, this picture is quite rough and cannot naturally
explain the small mass difference between the P.(4440)
and P.(4457), which is just about 17 MeV. To understand
this mass splitting, we turn to carefully examine their
internal structures. Actually, this can be well investigated
and described by using hadronic interpolating currents
within the method of QCD sum rules.

III. THE SECOND AND THIRD POSSIBLE
INTERPRETATIONS

In Ref. [25], we found that the internal structure of
hidden-charm pentaquark states is quite complicated. We
constructed hundreds of interpolating currents to reflect
this, from which we derived some mass predictions. We
collect all the mass predictions that are extracted from
single currents and less than 4.5 GeV and summarize

them in Table 1. They are extracted using the following
interpolating currents:

g = [ (ul Cy,dy)y,rscc][Carsital, (2)
wo = [ (ul Cyup)y,ysccl[Caysda). (3)
&z = € (uf Cyydy)y,rse J[Earital, (4)

o = [ (uf Cryup)e][Caysdal, (5)
Wou = [€(uf Cr,up) v ys5¢c][Car,dal, (6)

513;41/ = [eabc(ugcyudh)cc][Edyuud] + {ﬂ <~ 1/}, (7)

where u, d, and c¢ represent the up, down, and charm
quarks, respectively, and the subscripts a, b, ¢, and d are
color indices. The above currents have negative parity, but
their mirror currents with positive parity (such as ys&yq,
etc.) lead to the same QCD sum rule results. This is because
each of them can couple to both the positive- and negative-
parity pentaquark states, and we need to determine the
parity of the state through the derived sum rule equations.
See Refs. [11,25-28] for detailed analyses.

From Table I, we find four mass predictions, 4.33 (1/27),
4.45(1/27),4.45 (3/27), and 4.46 GeV (3/27), which are
almost the same as those listed in Eqgs. (1). Accordingly, we
arrive at the second and third possible interpretations that
(B) the P.(4312) and P.(4440) are the two hidden-charm
pentaquark states with J¥ = 1/27, while the P,(4457) is
the one with J* = 3/27; or (C) the P.(4312) is the hidden-
charm pentaquark state with J¥ =1/27, while the
P.(4440) and P.(4457) are the two with J* =3/2".

It is usually not easy to understand the QCD sum rule
results for multiquark states, because we still do not well
understand the relations between interpolating currents and
their relevant hadron states. We also refer to Refs. [29,30],
which generally investigate how to apply the method of

TABLE I. Mass predictions for the hidden-charm pentaquark states with spin J =1/3 /3 and quark contents uudc¢, taken from
Ref. [25]. We summarize here all the mass predictions that are extracted from single currents and less than 4.5 GeV.

Current Defined in Structure So [GeV?] Borel mass [GeV?] Mass [GeV] J,P)

&l Eq. 2) [ZF D] 20-24 4.12-4.52 445+ 017 (1/2,-)
W Eq. (3) [ZH D7) 19-23 3.95-4.47 4337017 (1/2,-)
&3, Eq. (4) [ D] 20-24 3.97-4.41 446108 (3/2,-)
W, Eq. (5) [ZettDT] 20-24 3.88-4.41 4457019 (3/2,-)
Yo, Eq. (6) [ZStD*] 19-23 3.94-4.27 437708 (3/2,-)
Etym Eq. (7) (St D] 20-24 3.51-4.00 4.50701% (5/2,-)
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QCD sum rules and the large N, approximation to study
multiquark states. One can use the Fierz transformation to
write a local “molecular” current [e**“u,d,c.][¢u,] as a
combination of local diquark-diquark-antiquark currents
e/9[eb u,d,)[e“c.u,)c,, and vice versa. However, this is
an overall connection; i.e., a “molecular” current can be
|

wa, = (€ (ul Cy up)c.|[6%¢,vsd,]

written as a combination of many diquark-diquark-anti-
quark currents. We recommend interested readers to
Ref. [31], where we first pointed out such a connection
by systematically studying the relation among various
tetraquark currents. Take y,, defined in Eq. (5) as an
example, we can transform it to be

1, i 1 .
= gefg”[6“”9uZCmub][€“’deCcd] [rsCel] + gefge [eP9ug Cy,up) [ df Cyse ) [CEl]

1 . )
-3 el9[e®9ul Cyu)[e“ dX Cy e [y ysCel] +

1. , _
gef”e [e®29ul Cyup) (€Y d Cy ysc ][y Cel]

1 i ;o 1 i _
+ 1—6€fge [e®?9ul Cyuy) (e dX Co,y e )[0* ysCEL] + — e/ [e*Iul Cy e [e™! dfyCuy)[ysCel] + - --

32

1
+ 3—2€fge[€adgugcmdd] e cLCuy)[ysCel] + - -, (8)

where are other e/%[e*9ul CTic ][’ d,CT ju,)
[[.Cel]  and  €/9%[e*9ul CT\d (e ¢I CT,,u,) [, Cel)
components (this equation needs to be further simplified,
but we shall not do this in the present study). This
complicated relation suggests that, although v, can still
be interpreted as a diquark-diquark-antiquark current con-
taining many diquark-diquark-antiquark components, it
seems much more natural to simply describe it as a
molecular current. In this sense, we can extract some
useful information from the molecular currents being used.

(i) The P} (4312) can be described by the current y,.
The quark contents inside y, can be naturally
separated into two color-singlet components:
[e4P¢ (ul Cyup)y,vs5c.) and [Eq4ysd,). They are the
two standard charmed baryon and charmed meson
interpolating fields, which couple to X+ and D,
respectively. Accordingly, v, would couple to the
bound state of [E/TD~] with J¥ = 1/27, if it exists.
Note that we made a typo in Ref. [25] to label this as
[Z:D]. Hence, our result suggests that the P/ (4312)
can be well interpreted as the [ D] bound state
with JP =1/2-.

(i) The P} (4440) and P (4457) can be described by
the currents &33, and y,,. The quark contents inside
£33, can be separated into [¢“*°(ul Cy,d})y,rs¢.]
and [Cy,u4), coupling to £ and D*°, respectively;
while those inside y,, can be separated into
[P (ul Cy up)c.] and [¢4ys5d,), coupling to Zi++
and D~, respectively (the standard interpolating
current coupling to i** is [e¢(ul Cy,u,)(g" —
r*y¥/4)c.] [32]). Hence, our result suggests that
the P (4440) and P} (4457) can be well interpreted
as [ZfD™] and [Z:*TD-] bound states with
JP=3/2".

(iii) The current £;, can also be used to describe one
of the P (4440) and P;(4457). Its quark contents
can be separated into [e**“(ul Cy,d})y,rsc.] and
[€475ug], coupling to Tf and D°, respectively.
Hence, one of the P.(4440) and P.(4457) may
be interpreted as the [ D] bound state with
JP =1/2-. The current &, is similar to y,, but
their extracted sum rule results are much different,
simply because the two up quarks inside &, are
located in both of the two color-singlet components,
so that there can be up quark exchange between
these two components, i.e., Feymann diagrams
exchanging up quarks.

(iv) The current &4 can be used to roughly describe
one of the Pf(4440) and PJ(4457). Its quark
contents suggest that one of the P.(4440) and
P.(4457) may be interpreted as the [Z:" D*] bound
state with J© = 5/2".

(v) There is still a place for the P.(4380), that is, to use
Wo,, Whose quark contents can be separated into
e (u; Cy,up)y,vsc.] and [E4r,dy], coupling to
>+ and D*~, respectively. Again, its extracted
sum rule result is much different from &33,, due to
the locations of the two up quarks.

IV. MASS SPLITTING BETWEEN
THE P, (4440) AND P, (4457)

Among the above three interpretations, there is still a
problem in the third interpretation, that the two mass values
extracted from the two currents £33, and y,,, both of
JP =3/27, are very close to each other (4.45 and
4.46 GeV), so they can couple to the same physical state,
although they have different internal structures. To check
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whether £33, and y,, couple to the same state or not, we
calculate their off-diagonal correlation function [33]:

&332 _ igx
™ () = i / x5 (0| T, (Xl (0)]0)

- (qggb - g,w> (4 + M) (g?) + -
©)

where TT¢3¥2%(g?) is contributed by the spin 3/2 compo-
nents of £33, and y,,, while contributions from their
spin 1/2 components are all contained in ....

If £33, and y,,, do strongly couple to the same physical
state P} with the mass M*, we would have

(0]&33,,(x) [P (PE[w, (0)]0) # 0., (10)

so that IT¢+¥2 (g?) should be nonzero. However, our QCD
sum rule calculation gives us that

Tés¥ (g2) = 0. (11)

Therefore, &33, and y, should couple to different states
and can be used to describe the P.(4440) and P.(4457) at
the same time. Since the two QCD sum rule parameters, the
threshold value s, and the Borel mass Mp, are almost the
same when investigating these two currents, we can extract
their mass difference to be

AM =M, —M,, =8.15g5 MeV, (12)

where the central value corresponding to s, = 22 GeV?>
and My = 4.17 GeV?. The uncertainty comes from the
Borel mass Mg, the threshold value s, the charm quark
mass, and various condensates [25]. It is much smaller than
those of the absolute mass values listed in Table I, although

50 - 150
40+ 140

2 30 30

=3

s

= 20 20
10 10
O kl 1 1 lA 0

35 37 3.9 4.1 4.3 45
Borel Mass? [GeV?]

FIG. 1. The mass difference AM = M, — M, with respect
to the Borel mass Mz. M 3 and MV,Z“ are the masses extracted

from the currents £33, and y,,, respectively.

still significant. For completeness, we show AM as a
function of My in Fig. 1.

Anyway, the above mass splitting is consistent with the
mass difference between the P.(4440) and P.(4457),
making the third interpretation slightly more natural than
others. It also suggests that the P/ (4440) is preferred to be
interpreted as the [Z:"*D~] bound state with J© = 3/2-,
while the P} (4457) as the [ZfD*] bound state with
JP=3/2".

V. CONCLUSION

In summary, after the discovery of the P.(4380) and
P.(4450) by LHCb in 2015 [2], the P.(4312), P.(4440),
and P.(4457) observed in the new LHCb experiment [1]
brought us a great surprise once more. The coincidence of
their measured masses with our previous theoretical pre-
dictions [25] drives us to the molecular picture that the
P.(4312) is the [T D~] bound state with J¥ = 1/2~, and
the P,(4440) and P_(4457) are the [Z:*+D~] and [ D™
bound states with J© = 3/27, respectively. In this paper,
we further calculate the off-diagonal correlation function
between £33, and y,,, and their noncorrelation confirms
that we can extract two mass predictions from them for two
states both having J” = 3/2~, whose mass difference is
extracted to be 8.1730 MeV.

Besides the above picture, one of the P.(4440) and
P.(4457) can also be interpreted as the [Z} D°] bound state
with J” =1/2" or the [Z:7D*°] bound state with J* =5/2".
There is still a place for the P.(4380), that is to be
interpreted as the [Z:*D*~] bound state with J* =3/2".
There exist more possible interpretations with the positive-
parity assignments [11,34]. To clearly understand their
nature, one still needs further experimental information.

In the present QCD sum rule studies, we intend to use
various internal structures of hidden-charm pentaquark
states to explain the P.(4312), P.(4440), and P_.(4457)
at the same time, while there are many other possible
approaches. For example, in the molecular picture within
the one-boson-exchange model, a beautiful picture is to
interpret them as loosely bound X.D molecular state with
JP =1/27, £.D* with J¥ =1/2~, and £.D* with J* =
3/2~, respectively [7,35]. However, the [Z.D*] bound
state with J¥ = 1/2~ was not investigated in the present
study, and we shall study this possibility in the near future.
At the same time, we shall study the [ D] bound state with
JP =1/27 and the [Z:D*] bound states with J* = 1/2~
and 3/2, which were not investigated in the present study
either. We believe that a systematical QCD sum rule study
might help to better understand these structures as well as
this method itself.

We propose to measure the spin-parity quantum numbers
of hidden-charm pentaquark states to verify whether the
picture of the present study is correct or not. If it is correct,
one would think that the internal structure of hadrons does
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influence their observed properties, and we might face the
same situation as the light spectrum described by QED
[36], so that lots of new exotic structures could be waiting
to be discovered in the future. To end this paper, we note
that, together with many charmoniumlike XYZ states [3],
the hidden-charm pentaquarks are opening a new window
for studying exotic hadronic matter and improving our
understanding of QCD.
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