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Abstract We give an explicit QCD sum rule investigation
for hidden-charm baryonium states with the quark content
uitddcé, spin J = 0/1/2/3, and of both positive and nega-
tive parities. We systematically construct the relevant local
hidden-charm baryonium interpolating currents, which can
actually couple to various structures, including hidden-charm
baryonium states, charmonium states plus two pions, and
hidden-charm tetraquark states plus one pion, etc. We do not
know which structure these currents couple to at the begin-
ning, but after sum rule analyses we can obtain some infor-
mation. We find some of them can couple to hidden-charm
baryonium states, using which we evaluate the masses of the
lowest-lying hidden-charm baryonium states with quantum
numbers J* = 27/37/0% /1% /2% to be around 5.0 GeV.
We suggest to search for hidden-charm baryonium states,
especially the one of J = 37, in the D-wave J/ywm and
P-wave J /yrp and J /Y w channels in this energy region.

1 Introduction

Exploring exotic matter beyond conventional quark model is
one of the most intriguing current research topics of hadronic
physics. With significant experimental progress on this issue
over the past decade, dozens of charmonium/bottomonium-
like XYZ states were reported [1], which are hidden-
charm/bottom tetraquark candidates. Besides them, the
P.(4380) and P,(4450) were observed in the LHCb experi-
ment in 2015 [2], which are hidden-charm pentaquark candi-
dates. They are new blocks of QCD matter, providing impor-
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tant hints to deepen our understanding of the non-perturbative
QCD [3-5]. Facing their observations, we naturally conjec-
ture that there should exist hidden-charm hexaquark states,
and now is the time to hunt for them [6,7].

In this letter we study one kind of hidden-charm hexaquark
states, that is the hidden-charm baryonium states consisting
of color-singlet heavy baryons and antibaryons. There have
been several references on this issue, where the Y (4260),
Y (4360), Y (4630), etc. were interpreted as hidden-charm
baryonium states [8—14]. However, these states can also be
interpreted as hidden-charm tetraquark states [1,5], so better
hidden-charm hexaquark candidates are still waiting to be
found.

In this letter we perform an explicit QCD sum rule inves-
tigation to hidden-charm baryonium states with the quark
content uitddcé, spin J = 0/1/2/3, and of both positive
and negative parities. We systematically construct the rele-
vant local hidden-charm baryonium interpolating currents in
Sect. 2. We find these currents can couple to various struc-
tures, including hidden-charm baryonium states [ccqgqgq],
charmonium states plus two pions [cc + ], and hidden-
charm tetraquark states plus one pion [ccgq+r], etc., which
fact can be helpful to relevant studies, such as lattice QCD.
We do not know which structure these currents couple to
at the beginning, but we try to perform sum rule analy-
ses using them in Sect. 3 to obtain some information. We
find some of them can couple to hidden-charm baryonium
states, using which we evaluate the masses of the lowest-lying
hidden-charm baryonium states to be around 5.0 GeV, sig-
nificantly larger than the masses of hidden-charm tetraquark
states. Accordingly, we suggest to search for hidden-charm
baryonium states, especially the one of / = 37, in the D-
wave J /Y and P-wave J /¢ p and J /¢ w channels in this
energy region. The results are discussed and summarized in
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Sect. 4. This paper has a supplementary file “OPE.nb” con-
taining all the spectral densities.

2 Hidden-charm baryonium currents

To start our study, we first systematically construct local
hidden-charm baryonium interpolating currents with the
quark content uitddcé, spin J = 0/1/2/3, and of both posi-
tive and negative parities. We use 7,,...,,; to denote the cur-
rent of spin J, and assume it couples to the physical state X ;
of spin J through

Oy 1 X ) = X €uyoop;s (D

where fx is the decay constant, and €, ..., ; is the traceless
and symmetric polarization tensor.

There are two possible color configurations. One has
a baryonium structure [e*u,dyc ][ iiqd,c rl, where
a--- f are color indices; the other has a three-meson struc-
ture, such as [,¢q[@puplld.d,], etc. The former configura-
tion can be transformed to the latter through the color rear-
rangement:

eabcedef — (Sad(sbe(scf . (Saesbdacf + 8af5068bd
_Sadgbfgce + (SaeSbeCd _ (SafSCd(Sbe. (2)

We note that the latter cannot be transformed back, sug-
gesting that the three-meson structure is more complicated
than the baryonium structure. Equation (2) implies that the
hidden-charm baryonium currents can also couple to char-
monium states plus two pions, such as n.ww and J/¢ymm,
through

OInyy.p;llce + ]y = fam x -+,

where - - - denotes relevant polarization tensors. Moreover,
the hidden-charm baryonium currents may also couple to
the XY Z charmonium-like states (taken as hidden-charm
tetraquark states) plus one pion through

Onuy-psllccgg + 1) = fom x -+ .

We shall find that both of these two cases are possible.
Besides them, the diquark—anti-diquark—meson structure is
also possible. At the beginning we do not know which struc-
ture the current J couples to, but after sum rule analyses we
can obtain some information.

To construct local baryonium interpolating currents, we
first systematically construct local heavy baryon fields with
the quark content udc. We only investigate the fields of the
following type:

[P (ul CTidp)T jecl, 3)

@ Springer

where I'; ; are various Dirac matrices. The fields of the other
types [G“bf(ugCI‘ic;,)Fjdc] and [e“bc(daTCI‘ic;,)Fjuc], etc.
canbe related to these fields through the Fierz transformation.

The u and d quarks can be either flavor symmetric or anti-
symmetric, and we use the SU (3) flavor representations 6
and 3 to denote them, respectively. We can easily construct
them based on the results of Ref. [15]:

1. We use B to denote the Dirac baryon fields without free
Lorentz indices. There are three fields of the flavor 3f:

Ay = YWl Cdy)yse,,
Ay = el Cysdy)ee,
Az = €Yl Cy*ysdp)yuce, 4)

and two fields of the flavor 65:

21 = e wl cydy)yaysee,
Yy = EabC(MZCUaﬂdb)Uaﬂ Vs5Ce- S

All these fields BB have the spin-parity J© = 1/2%, while
ysB have 1/27.

2. We use B, to denote the baryon fields with one free
Lorentz index. There is one field of the flavor 35:

Ay = € (uf Cyuysdy)ysee. (6)
and two fields of the flavor 65:

E3ll — eabc (uaTC)/Mdb)Cc ,
Sap = €ape (U Copad”)y e’ @)

All these fields contain the spin-parity J© = 3/2% com-
ponents, while y53, have 3/27.

3. We use B, to denote the baryon fields with two free
antisymmetric Lorentz indices. There is only one field of
the flavor 65

S5 = €ape (T Caypd®)ysct. 8)

This field also contains the spin J = 3/2 component,
but it contains both positive parity and negative parity
components.

Based on these heavy baryon fields, the local hidden-
charm baryonium interpolating currents with the color con-
figuration [e“bcuadbcc~][ed"fﬁdﬁeff] can be systematically
constructed:
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1. We find altogether 44 baryonium currents of spin J = 0.
Half of these currents have the positive parity:

BB, ByB*, BupBF, ©)
and the other half have the negative parity:

BysB, BaysB®, BagysB. (10
Other currents, such as an“B, Byo®f Bg, etc. can be
related to these currents.

2. We find altogether 80 baryonium currents of spin J = 1.
Half of these currents have the positive parity:

ByuysB, BayuysB, BugyuysB?,
BB, B By, (11)

and the other half have the negative parity:

EV,LB, Bay,LB“, EaﬂyMBaﬁ,
EVSB;u BQVSBQM- (12)

Other currents, such as an,ml’)’, Ewy"‘B, etc. can be
related to these currents.

3. We find altogether 50 baryonium currents of spin J = 2.
Half of these currents have the positive parity:

SZ[EMBMZ]’ 52[5111048#206]’
SZ[EVM1V5BM2]’ SZ[BQVM]VSB;QO{]’ (13)

where S; denotes symmetrization in the sets (uq -« - ).
The other half have the negative parity:

S [EMI V5BM2]’ S2 [EmaVSBuza]’
SZ[EVMBMZ]’ SZ[EQVMIBHN!]' (14)

Other currents, such as Sy [El v* By |, etc. can be related
to these currents.

4. We find altogether 14 baryonium currents of spin J = 3.
Half of these currents have the positive parity:

83[BM1VM2VSBM3]7 83[EM1NVM27/5BM301]’ (15)
and the other half have the negative parity:
53 [Em Y2 S3Bys ] , 83 [Ema Yua Bma] . (16)

Other currents, such as S3[By,a0,0 By, ], etc. can be
related to these currents.

We can also construct some other baryonium currents which
contain two free antisymmetric Lorentz indices, such as
BB s EGWB 0> l_'ﬂ’o,wB o> etc. However, these currents con-
tain both positive parity and negative parity components,
which we shall not investigate in the present study for sim-
plicity.

3 QCD sum rule analyses

In the following, we use the method of QCD sum rules [16—
19] to investigate these hidden-charm baryonium currents,
and try to find which structure these currents couple to. The
two-point correlation function can be written as:

HM] s,V (612)
=i / d*xe' T OIT [y e (O, ., (O)110)
= (=1)/Sguv - guw (%) + -+, (17)

where S} denotes symmetrization and subtracting the trace
termsinthe sets (i1 - - - ;) and (vq - - - v;). Although the cur-
rent 7,,..,,; contains all spin 0—j components, the leading
term IT; (¢?) has been totally symmetrized and only contains
the spin j component, while - - - contains other spin compo-
nents. Hence, we shall only calculate IT j(qz) and use it to
perform sum rule analyses.

We can calculate the two-point correlation function
Eq. (17) in the QCD operator product expansion (OPE) up to
certain order in the expansion, which is then matched with a
hadronic parametrization to extract information about hadron
properties. Following Ref. [19], we obtain the mass of X ; to
be

[0 e=5IM3 o (5)sds

S<

e M p(syds

M (so, Mp) = (18)

where p(s) is the QCD spectral density which we evalu-
ate up to dimension 12, including the perturbative term, the
quark condensate (gq), the gluon condensate (gszGG), the
quark-gluon mixed condensate (g;go Gg), and their combi-
nations (7¢)%, (44)(g:40 Gq). (8540 Gq)* and (gq)*. The
full expressions are lengthy and listed in the supplementary
file “OPE.nb”. We use the values listed in Ref. [20] for these
condensates and the charm quark mass (see also Refs. [1,21—
29)).

There are two free parameters in Eq. (18): the Borel mass
Mg and the threshold value sq. As the first step, we fix M]% =
4.0 GeV?, and investigate the sy dependence. We find that
all the currents can be classified into six types, except two
currents whose OPE cannot be easily calculated (they are
Yoy, T2 and Tpy,y5%s of JP =17 and 17 respectively):

@ Springer
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Fig. 1 Type A [non-structure]: variations of Mx with respect to the threshold value so, when the Borel mass Mp is fixed to be Mé =4.0 GeVZ.
The currents A ysAz (left), £2ys X3, (middle), and Es,y, Z¥ (right) are used as examples
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Fig. 2 Type B [cc+mrm]: variations of My with respect to the threshold value so, when the Borel mass Mp is fixed to be Mé = 4.0 GeV2. The

currents ¥ ys A1 (left) and b ys/A1 (right) are used as examples

A.

[Non-structure] Many currents seemingly do not couple
to any structure, in other words, these currents seem to
well couple to the continuum. Take the current Ay 5o
of JP =07 as an example. We use it to perform a QCD
sum rule analysis, and show the obtained mass My as
a function of s¢ in the left panel of Fig. 1. We find that
My quickly and monotonically increases with sg, sug-
gesting that this current does not couple to any structure.
Sometimes the mass curves behave differently, as shown
in the middle and right panels of Fig. 1, where the cur-
rents f)gy5 X3, and flsvyﬂilg both of J¥ = 1~ are used
as examples. However, still no structure can be clearly
verified.

. [cc + mx] Many currents seem to well couple to char-

monium states plus two pions. Take the current O] s\ 1
of J¥ = 07 as an example. Its obtained mass My is
shown as a function of sq in the left panel of Fig. 2. There
is a mass plateau around 3.5 GeV in a wide region of
15 GeV? < 59 < 25 GeV?, suggesting that this current
well couple to charmonium states plus two pions. Take
the current f)gy5A1 of J¥ = 0~ as another example.
Its obtained mass My is shown as a function of sg in the
right panel of Fig. 2. My is around 3.5 GeV in a narrower
region of 15 GeV? < s < 20 GeV?, still suggesting that
this current couple to charmonium states plus two pions.

@ Springer

C.

D.

[ccqq+m] Several currents seem to couple to hidden-
charm tetraquark states plus one pion. Take the current
S [Z_\4M1 A4uz] of JP = 2% asan example. Its obtained
mass My is shown as a function of sg in the left panel of
Fig. 3. There is a mass plateau around 4.2 GeV in a very
wide region of 16 GeV? < sy < 25 GeV?, suggesting
that this current well couple to hidden-charm tetraquark
states plus one pion.

We note that there may exist hidden-charm baryonium
states in this energy region, for example, the Y (4630)
was suggested to be a A.A. bound state in Ref. [10].
However, because hidden-charm baryonium states in this
region can not be well differentiated from hidden-charm
tetraquark states, we shall not pay attention to this case in
this paper, but try to find more significant hidden-charm
baryonium signals. It is just for simplicity that we use
[ccqg+m] to denote this type.

[ccggqq] Many currents seem to well couple to hidden-
charm baryonium states. Take the current A3 Ay of
JP =17 as an example. Its obtained mass My is shown
as a function of s¢ in the right panel of Fig. 3. There is
a mass plateau around 4.9 GeV in a wide region of 20
GeV? < 59 < 30 GeV?. We shall use this type to detailly
perform numerical analyses.
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Fig. 3 Variations of My with respect to the threshold value sg, when the Borel mass M is fixed to be M]% = 4.0 GeV2. Left Type C [ccqq+m],
where the current 52[[\4/11 A4y, ] is used as an example; right Type D [ccqqqq], where the current 1_\3 A4y, is used as an example
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Fig. 4 Variations of My with respect to the threshold value so, when the Borel mass Mp is fixed to be Mé = 4.0 GeV?. Left Type E [mixture of
B and D], where the current A4, Yuys 23 is used as an example; right Type F [mixture of C and D], where the current S3 [E_Lm1 Yo 35 ] 15 used as

an example

E. [Mixture of B and D] Many currents seem to couple
to both charmonium states plus two pions and hidden-
charm baryonium states. Take the current 1_\4VyM ysXy of
JP = 1% as an example. Its obtained mass My is shown
as a function of sp in the middle panel of Fig. 4. We
find two mass plateaus, one near 3.2 GeV and the other
near 5.6 GeV, suggesting that this current may couple
to both charmonium states plus two pions and hidden-
charm baryonium states. We note that the plateau in the
lower-left corner is actually non-physical (the spectral
density is negative in this region), but anyway we shall
not pay attention to this case in this paper.

F. [Mixture of C and D] A few currents seem to couple
to both hidden-charm tetraquark states plus one pion
and hidden-charm baryonium states. Take the current
S3[ 24y, V2 Zaps ] of JP = 37 as an example. Its
obtained mass My is shown as a function of s¢ in the
right panel of Fig. 4. Again we find two mass plateaus
(the left plateau is still non-physical), one near 4.5 GeV
and the other near 5.0 GeV, suggesting that this current
may couple to both hidden-charm tetraquark states plus
one pion and hidden-charm baryonium states. We shall

also use this type to perform detailed numerical analy-
ses. It is because of this type that we classified Type C to
be hidden-charm tetraquark states plus one pion, i.e., it
is less possible that this current couples to two different
hidden-charm baryonium states, but it more possible that
it couples to two different structures, because it leads to
two separated mass plateaus.

We show the numbers of currents belonging to these six
types in Table 1, but note that sometimes the currents cannot
be well classified, for examples, some currents can be clas-
sified to both Type A and Type B (compare the right panel
of Fig. 1 and the left panel of Fig. 2). However, we need
not solve this problem, because the currents of Type D are
probably the best choices to study hidden-charm baryonium
states.

Following Ref. [19,30], we use the currents of Type D
to perform numerical analyses and evaluate the masses of
hidden-charm baryonium states. We list the results in Fig. 5
using blue lines, but leave the detailed analyses for our future
studies. We note that the uncertainties of these results are
about +0.20 GeV. We find that all the currents of Type D

@ Springer
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Table 1 Classification of hidden-charm baryonium currents. There are
altogether six types: Type A [Non-Structure], Type B [cc + m ], Type
C[ccqq+m], Type D [ccgqqql, Type E [Mixture of B and D], and Type
F [Mixture of C and D]. The numbers of currents belonging to these
types are shown below. There are two currents whose OPE cannot be

easily calculated. They are izyﬂ)lz of J¥ =1~ and izyﬂys 3, of
JP =1t

JP A B C D E F Total
0~ 14 8 0 0 0 0 22
1~ 23 16 0 0 0 0 39
2= 10 11 0 1 0 3 25
3- 2 3 0 0 0 2 7
ot 0 0 2 8 12 0 22
1+ 0 2 2 14 21 0 39
2+ 0 3 2 9 11 0 25
3+ 0 2 1 1 3 0 7
6.0 | | | | | | | | 46.0
T R S SR S
T T e R
I I I I - = = ]
Sssp 0 0 1 = = 1 155 &
8 R R T R o
g | | | . | T | (»24
@ I I I I e e I I @
Ssof | - 0 oS
I I I I I - I I
I I = I I i I I
| | | | | | | |
I I I I I I I I
| | | | | | | |
45y 445
0~ 1~ 2- 3 0* 1* 2* 3t

Fig. 5 Spectrum of hidden-charm baryonium states obtained using the
method of QCD sum rules. The blue lines are obtained using the currents
of Type D, and the red lines are obtained using the currents of Type F

with the positive parity lead to reasonable sum rules. How-
ever, the only current of Type D with the negative parity does
not lead to a reasonable sum rule. Hence, we also use the cur-
rents of Type F with the negative parity to perform numerical
analyses. These currents also lead to reasonable sum rules,
whose results are listed in Fig. 5 using red lines.

We find that the masses of the lowest-lying hidden-
charm baryonium states with quantum numbers J¥ =
27/37 /0% /17 /2% are around 5.0 GeV. Especially, the one
of JP = 3~ cannot be accessed by the S-wave [cc+m ] and
[ccqq+rr] structures, so it is a very good hidden-charm bary-
onium candidate for experimental observations. We evaluate
its mass to be around 5.04 GeV (see the right panel of Fig. 4),
and suggest to search for it in the LHCb and forthcoming
Bellell experiments.

4 Summary

To summarize the current letter, we use the method of QCD
sum rule to investigate hidden-charm baryonium states with

@ Springer

the quark content uitddcé, spin J = 0/1/2/3, and of both
positive and negative parities. We systematically construct
the relevant local hidden-charm baryonium interpolating cur-
rents. We find they can couple to various structures, including
hidden-charm baryonium states, charmonium states plus two
pions, and hidden-charm tetraquark states plus one pion, etc.
At the beginning we do not know which structure these cur-
rents couple to, but after sum rule analyses we can obtain
some information. We find some of them can couple to
hidden-charm baryonium states, using which we evaluate
the masses of the lowest-lying hidden-charm baryonium
states with quantum numbers J* = 27/37/0% /17 /2% to
be around 5.0 GeV. Our results suggest the following.

1. The hidden-charm baryonium currents can probably cou-
ple to both charmonium states plus two pions [cc + 7]
and hidden-charm baryonium states [ccgqgq], and may
couple to hidden-charm tetraquark states plus one pion
[ccqq+m]. Actually, the mass signal around 3.5 GeV in
the left panel of Fig. 2 is quite clear, probably related to
the n.ww and J /Y thresholds.

2. All the currents of Type D with the positive parity
and all the currents of Type F with the negative par-
ity lead to reasonable sum rules. The masses of the
lowest-lying hidden-charm baryonium states are evalu-
ated to be: 4.83 GeV (JF = 27), 5.04 GeV (JP =
37), 5.00 GeV (JP = 0%), 489 GeV (JP = 1),
5.15GeV (JP =2%),and5.68 GeV (J¥ = 31). Accord-
ing to their spin-parity quantum numbers and Eq. (2), the
hidden-charm baryonium states of J” = 27 /3~ may
be observed in the D-wave n.mx and J /Y ww channels,
and those of J¥ = 0% /1% /2% may be observed in the
S-wave J /v¥p and J /v @ channels. More information on
their isospin, etc. will be discussed in our future studies.

3. All the currents of J” = 0~ and 1~ seem not to cou-
ple to hidden-charm baryonium states, possibly because
these currents can be significantly affected by the S-wave
nerw and J /Y thresholds. However, we do not want
to conclude that there do not exist hidden-charm baryo-
nium states of J© = 0~ and 1~, but note that these states
might not be easily observed if their coupling to n.m
and J /vy channels cannot be well constrained.

To end this paper, we note that in the present study we have
constructed many interpolating currents, some of which have
the same quantum numbers and can mix with each other.
Moreover, the physical states are not one-to-one related to
these currents, and are probably a mixture of various com-
ponents coupled by relevant currents. Based on this partial
coupling, in this paper we have studied the hidden-charm
baryonium states using the method of QCD sum rule, but
to study them in a more exact way, one needs to calculate



Eur. Phys. J. C (2016) 76:602

Page 7of 7 602

both the diagonal elements (the two-point correlation func-
tion using the same current) and the off-diagonal elements
(the two-point correlation function using two different cur-
rents). However, we have only done the former calculations
in the present study, because the latter still seem difficult in
the current stage and wait to be solved.

Based on the results of this letter, we suggest to search
for the hidden-charm baryonium states, especially the one
of J = 37, in the D-wave J/ywrm and P-wave J/v¥p and
J /¥ w channels in the energy region around 5.0 GeV, and we
hope they can be discovered with the running of LHC at 13
TeV and forthcoming Bellell in the near future. We would
also like to see other theoretical studies which can give more
accurate predictions on their masses, productions and decay
properties, etc.
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