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Abstract. X (1835) has been treated as a baryonium with sizable gluon content, and to be almost flavor
singlet. This picture allows us to rationally understand X (1835) production in J/1 radiative decays, and its
large couplings with pp, ’ww. The processes 7(15) — vX(1835) and J/¢ — wX (1835) have been exam-
ined. Tt has been found that Br(Y(1S) — X (1835))Br(X (1835) — pp) < 6.45x 10~", which is compatible
with CLEO’s recent experimental result (Phys. Rev. D 73, 032001 (2006) hep-ex/0510015). The branch-
ing fractions Br(J/y — wX(1835)), Br(J/¥ — pX(1835)) with X (1835) — pp and X (1835) — n'nwt 7~
have been estimated by the quark-pair creation model. We show that they are heavily suppressed, so the
signal of X (1835) is very difficult, if not impossible, to be observed in these processes. The experimental
checks for these estimations are expected. The existence of the baryonium nonet is conjectured, and a
model-independent derivation of their production branching fractions is presented.

PACS. 12.38.-t Quantum chromodynamics — 12.38.Qk Experimental tests — 12.39.Mk Glueball and non-

standard multi-quark/gluon states — 12.39.St Factorization

1 Introduction

Recently, the BES Collaboration has observed a new res-
onant state X (1835) in the n/77m invariant mass spec-
trum in the process J/¢p — ~yrtrn' [1] with a sta-
tistical significance of 7.7c. The fit with the Breit-
Wigner function yields mass M = 1833.7 4+ 6.1(stat.) +
2.7(syst.) MeV/c?, width I' = 67.7 £ 20.3(stat.) =+
7.7(syst.) MeV/c? and the product branching fraction
Br(J/¢ — ~X(1835))Br(X(1835) — ata n) =
(2.2 4+ 0.4(stat.) £ 0.4(syst.)) x 107%. A narrow near-
threshold enhancement in the proton-antiproton (pp)
mass spectrum was observed from the radiative decay
J/v¥ — ~pp [2]. This enhancement can be fitted with
either an S- or P-wave Breit-Wigner resonance func-
tion. In the case of S-wave fit, the peak mass is M =
185913 (stat.) 3, (syst.) MeV /¢? with total width I' <
30MeV/c? at 90% confidental level and the product
branching fraction Br(J/¢ — vX)Br(X — pp) = (7.0 +
0.473:9) x 1075.

The masses of the two structures observed in both
J/v — ~pp and J/¢ — yn'm T~ channels are overlapped
and 0~% quantum number for the resonance in n'm 7~
channel is possible. A question arise if they are the same
state, in ref. [1] an argument is presented, if the final-state
interaction is included in the fit of the pp mass spectrum,
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the width of the resonance observed in ypp channel will
become larger. Therefore, the X observed in both pp and
n’m 7~ channels could be the same state and it is named
as X (1835) in ref. [1]. And this state couples strongly
with pp and n/7+7~; in the recent talk of BES [3], the
estimation of Br(J/1 — vX(1835)) ~ (0.5-2) x 1073,
Br(X — pp) ~ (4-14)% is presented.

However, recently, a negative experimental result has
been reported by the CLEO Collaboration [4]. They
claimed that in the radiative decay of 7°(1S) the nar-
row enhancement observed by BES near the pp mass
threshold is not seen. The upper limit of the product
branching fraction for the decay 7(1s) — ~X(1835),
X (1835) — ~ypp has been determined to be Br(1(1S) —
v X (1835))Br(X (1835) — pp) < 5 x 1077 [4].

Moreover, we would like to mention another problem,
because Br(J/y — vX(1835)) ~ (0.5-2) x 1073, claimed
by BES in [1], is rather larger among J/1 decays and
w is a photon-like vector meson with negative GG parity;
an experimental measurement of Br(J/¢ — wX(1835))
seems to be practicable in BES, or at least the signal of
J/1 — wX(1835) should be seen in BES. However, there
are still not yet any results on this matter reported by
BES, therefore it is urgent to discuss the problem that
whether the fact that the signal of J/v — wX(1835) is
not revealed at the present stage contradicts the existence
of X (1835) or not.
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In this case, the existence of X (1835) seems to be-
come a puzzle. Therefore, it is worth pursuing both the
reasons why Br(7(1S) — ~X(1835)) is so small that
Br(T(18) — vX(1835))Br(X(1835) — pp) < 5 x 1077
and the reasons why there is still not yet any information
on J/1¢p — wX(1835) reported by BES. In this work we
try to answer the above questions, and try to illustrate
that the absence of the X (1835) signal from the two pro-
cesses at the present stage is due to the special structure
of X(1835).

The theoretical interpretation of this exotic state is
a great challenge, and many proposals have been sug-
gested [5-15]. Some of them interpret X (1835) as a pp
bound state [6,9-11], and large enough binding energy
to bind proton and antiproton together has been derived
from the constitute quark models [11]. On the other hand,
some authors identify X (1835) as a pseudoscalar glue-
ball [12,14], and in refs. [10,13] the authors claim that
there is large gluon content in X (1835). Also some authors
suggest that the two structures observed in J/¢¥ — ~pp
and J/¢ — yn'mT 1~ are not the same state, and iden-
tify X (1835) as the n’s second radial excitation [15].
Obviously, more theoretical and experimental efforts are
needed to determine whether X (1835) exists or not, and
to be sure that X(1835) is a pp bound state or glue-
ball or something else. Motivated by solving the puzzles
mentioned above and getting the information about the
structure of X (1835), we investigate the productions of
X (1835) in T and J/v decays in this work. The produc-
tion of X (1835) may provide significant information on
the structure of X (1835).

So far, the experiments strongly indicate that X (1835)
is almost uniquely produced in J/1 radiative decays and
it has large coupling with pp and n’7m. Whatever X (1835)
is a glueball or pp bound state or something else, it must
meet these two significant experimental facts. In this work
the possibility of X (1835) as a baryonium with sizable
gluon content is investigated. In this perspective, the puz-
zles mentioned above can be answered naturally.

The paper is organized as follows: In sect. 2, we sug-
gest X (1835) as a baryonium with sizable gluon con-
tent, whose gluon content is similar to that of n’. In this
perspective, we can easily understand the reasons why
Y(1S) — vX(1835) and J/9 — wX(1835) are not seen at
the present stage. In sect. 3 we conjecture the existence of
pseudoscalar baryonium nonet and study its production in
J/1¢ decay in a model-independent way. Finally, we briefly
summarize the results and give some discussions.

2 The possible structure of X(1835) and
T(1S) — vX(1835), J/9p — wX(1835)

The production of X (1835) in J/1 radiative decay J/i) —
~An'mtr~ may indicate that there is large gluon content
in X(1835), as is shown in refs. [10,13]. Also J/¢p —
Y+ 99,99 — hadrons provide an important search ground
for the glueball [16], some people suggest that X (1835)
is a 0" glueball. However, the lowest pseudoscalar glue-

The European Physical Journal A

ball mass is 2.1-2.5 GeV from the quenched lattice ap-
proach [17], and 2.05 £+ 0.19 GeV, 2.2 £ 0.2 GeV in QCD
sum rules [18] and it seems difficult to explain the large
mass difference between 1835 MeV and the theoretical pre-
diction mass. On the other hand, even if X (1835) is a pure
glueball, it would mix with other mesonic states, such as
1(1440), n(1295) and 7.(15).

Furthermore, in ref. [11] we show that X (1835) can
be possibly a baryonium and the relative large mass de-
fect can be produced. In ref. [10], we pointed out that
there is sizeable gluon content in the skyrmion-baryonium
X (1860) (i.e., X(1835)) by discussing the baryonium de-
cay through baryon-antibaryon annihilation in the Skyrme
model. Distinguishing from the naive (or old-fashioned)
baryonium in the Fermi-Yang—type models [7,19-21], the
skyrmion-baryonium is constructed in the model inspired
by QCD, and therefore the gluon inside the baryonium
will play an important role in the baryonium physics,
e.g., the baryonium decays and productions. Therefore,
the skyrmion-baryonium belongs to a sort of baryonium
with sizable gluon content. We address that in the naive
baryonium model framework it is difficult to simultane-
ously explain the large branching fraction X (1835) — pp,
X (1835) — n'mtx~. The gluon content in X (1835) should
play essential role in the X (1835) decay [10]. So it is nat-
ural to treat X (1835) as a baryonium with sizable gluon
content, which looks like #’ in some sense, and mainly
belongs to a SU(3) flavor singlet.

In the following two subsections, we will start with
this view to examine the branching fractions of 7°(15) —
~vX(1835) and J/¢ — wX(1835), respectively. We will
show that the branching fractions of both 1 (1S) —
vX (1835) and J/1) — wX(1835) are much smaller com-
paring to that of J/i¢ — ~X(1835). We will also pre-
dict that the branching fraction of J/¢ — pX(1835) is
very small, so we conclude that the process with visi-
ble X (1835) may only be the J/v radiative decay at the
present stage.

2.1 T(1S) — ~vX(1835)

According to Novikov et al. [22], for the J/¢ radiative
decay, the photon is emitted by the ¢ quark with a subse-
quent annihilation of the c¢¢ into light quarks through the
effect of the U(1)4 anomaly. The creation of the corre-
sponding light quarks is controlled by the gluonic matrix
element (=G, G"|P;) (P; is a pseudoscalar, it can be
n, 7', and X (1835) and so on). Photon emission from the
light quarks is negligible as can be seen from the smallness
of the J/¢ — ~m decay width, this mechanism leads to
the following width for the J/1¢ radiative decay into the
pseudoscalar P;

25 )
I'(J/Y —~P;) = @W@zangU/ﬂ”YPi]&

(M GG

m2 r'(J/yp —ete) ’ (1)
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(a)

Fig. 1. A schematic diagram for J/v — wX (1835) — pp in a mechanism with a 3P, quark pair created in two configurations.

where K [J/¢yF;] is the momentum of the pseudoscalar P;

2
in the J/v rest frame, and K[J/yyP;] = M‘g/“’ (1— A];[gpi ).
T/

Then, the ratio of the branching fractions between J/1) —
~vX (1835) and J/v) — v is

Br(J/y — vX(1835))
Br(J /1 — ')

K[J /v X (1835) |( 22 G,., G| X (1835))[*
KL/’ (522G Gy )

(2)

It is straightforward to extend the anomaly dominance to
the case of the 7°(15) radiative decay [23,24]. Then, we
have
Br(T(15) — vX(1835))
Br(T(1S) — ')
K[Y(18)7X (1835)]% (42 G,., G| X (1835))|?
3 o SN
K[Tr(1S)yn] [{82G Grr i)

(3)

From eq. (2) and eq. (3), we get

Br(T(15) — vX(1835)) =
K[Y(18)yX(1835)]*  K[J/¢yn']°
K[rAS)yn'®  K[J/¢yyX(1835)]°
Br(r(15) — ')
Br(J/¢ — ')

For the 7°(1S5) radiative decay 7°(1S) — 7/, only the
upper limit has been obtained, which is Br(T(1S) —
') < 1.6 x 107> at 90% confidental level [25]. Using
again the Particle Data Group’s value Br(J/¢Y — ') =
(4.31 +£0.30) x 1073 [25], and substituting it into eq. (4),
we obtain

Br(J/v — X (1835)). (4)

Br(T(1S) — vX(1835))
<9.22 x 1073Br(J/y — vX(1835)). (5)
Thus, since BES has already determined Br(J/¢y —

X (1835)) Br(X (1835) — pp) = (7.040.473:9) x 1075 [2],
and by eq. (5), we finally get a reasonable estimation:

Br(Y(1S) — X (1835)) Br(X (1835) — pp) <6.45 x 107",
(6)

pbar
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/':’) pbar

(b)

This estimation is compatible with CLEO Collaboration’s
result of Br(Y(15) — X (1835))Br(X(1835) — pp) <
5 x 1077, So it is not surprising that the CLEO Collab-
oration do not see the signal of X(1835) in the 7°(15)
radiative decay, and it does not mean that X (1835) seen
by BES is an experimental artifact.

2.2 1/ — wX(1835)

In this subsection, we examine the branching fraction of
J/p — wX(1835). Since Br(J/¢ — X (1835)) is rather
large [1,2], one could expect Br(J/¢ — wX(1835)) may
also be reasonably large too, or at least be visible at
present stage. In this way the existence of X (1835) may be
rechecked in the non-radiative decay channel of J/. How-
ever, this is only a naive conjecture, and experimentally
there is not yet any data on this branching fraction. So, a
theoretical estimation on Br(J/¢¥ — wX(1835)) is neces-
sary. Our estimations in this subsection are still based on
the baryonium picture discussed in the above.

Unlike the radiative decays J/¢ — X (1835) and
T(1S) — ~X(1835), where the gluon component plays
an important role due to the Ua(l) anomaly in the
J/1 — wX (1835) decay, the processes to which the U4 (1)
anomaly contributes are suppressed, and the baryonic
component dominates this process, the same is true for
J/Yp — wn' . We think that the decay process J/v —
wX (1835) proceeds via two steps as illustrated in fig. 1.
In the first step, the ¢ pair annihilates into three gluons,
followed by the materialization of each gluon into a pair of
quark-antiquark, this process can be calculated from per-
turbative QCD to the lowest order. Also a pair of quark-
antiquark is created from the vacuum, and this process
can be described by the quark pair creation model (the
3Py model). Then, in the second step the quarks and the
antiquarks combine to form w and X (1835). Here, the non-
perturbative dynamics is included by the hadron’s wave
functions in the naive quark model.

The quark pair creation model, which describes the
process that a pair of quark-antiquark with quantum num-
ber JP¢ = 01+ is created from vacuum, was first pro-
posed by Micu [26] in 1969. In the 1970s, this model was
developed by Yaouanc et al. [27-30] and applied to study
hadron decays extensively. The 3P, quark pair creation
model has proven to be a successful mechanism for de-
scribing the strong decay of light mesons [31-33]. It has
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(a)

Fig. 2. A schematic diagram for J/v¢ — wn’ decay mechanism: (a)

also been shown that the 3Py quark pair creation mecha-
nism may play an important role for some exclusive decay
in the charmonium sector [34-36]. In the 3P, model, the
created quark pairs with any color and any flavor can be
generated anywhere in space, but only those whose color-
flavor wave functions and spatial wave functions overlap
with those of outgoing hadrons can make a contribution
to the final decay width. The Hamiltonian for creating a
quark pair can be defined in the 3P, model in terms of
quark and antiquark creation operators b and d [33],

Hy = Z /dgk‘gI (k, s)v(—k,s")]
i,4,a,0,5,8"
xbl, ;(k, s)dl, . (—k,5")0a5C1, (7)

where «(8) and i(j) are the flavor and color indices of
the created quarks (antiquarks), and u(k, s) and v(k’, s’)
are free Dirac spinors for quarks and antiquarks, respec-
tively. Cr = d;; is the color operator for ¢g and gy is the
strength of the decay interaction, which is assumed as a
constant in these processes. In the non-relativistic limit,
gr can be related to -, the strength of the conventional
3Py model, by g; = 2m,y [33]. In order to cancel the
large uncertainty in g; and the overall constant depen-
I'(J/$p—wX(1835)) -

W in the
following. The process J/¢¥ — wn' is schematically shown
in fig. 2, where the electromagnetic decay process is not
shown. For the J/¢ decaying into hadrons, the ratio be-
tween the hadronic decay width and the electromagnetic

. . . _ —>h d
decay width is about 5 [37], i.e., F;{;’/"wif{ihaﬁlrﬁ%ﬁf) ~

Thus we can include the contribution of the electromag-
netic decay to J/¢¥ — wn’ though the above ratio.

For the J/1 — PV decays, the parity transformation
is conserved, and the transitional amplitude squared is
S AIM(A)? = (1 + cos®0)|A1]?, where A is the J/1 he-
licity, which is taken as A = %1 if it is produced from
eTe™ annihilations, A; is the helicity amplitude with vec-
tor meson helicity equal to 1, and 6 is the polar angle of

the outgoing meson. The decay width I' = EL |A1|2

here P is the momentum of out-going mesons.

dence, we will calculate the ratio

221 J/¢Y — wX(1835) — wpp

The color factors for fig. 1 are:
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J/w

(b)

a 3Py quark pair created; (b) no 3Py quark pair created.

5.
54’

432

— color factor for fig. 1(a), ¢, =

— color factor for fig. 1(b), ¢, = (to be negligible).

The amplitude can be obtained according to the standard
Feynman rules with the quark pair creation Hamiltonian
included, which is expressed as follows:

Ty, S(J/zp . wX(1835))
= Cocaa*(pudx [U(P1, $1)7,0(a1, 51)
(A

Xﬂ(p2752)7u (q2, 52)u(Ps, s3)7pv(as, S3)€y,
g,uAng +9urGupt9o29uv
k.Qk,?k.Q

g1u(p4, 54)v(da, 54)[@5/4)5(8)

where Cy is the coupling constant for J/¢¥ — ggg, and
a; is the strong-coupling constant. k; is the gluonic mo-
mentum, and the normalization of Dirac spinor is taken as
tu = —vv = m/E. ¢, ¢x and ¢;/, represent the wave
functions of w, X (1835) and J/v, respectively. And the
helicity amplitude is:

Aps(J/th — wX(1835)) =

/H d3q dspz dtl dtg
x (2

)% (2m)3 (2m)?
W)Bég( —P1—

a1)(27)%8% (P2 + P3 + pa — t1)
(27r)353(q1 a2+ a3 — t2)(27)%8% (b1 + t2 — px)

x (27)%6% (ps + Q). (9)

Tho(J/t) — wX(1835))

Here, A and s denote the helicity of J/v¢ and w, respec-
tively.

222 J/Yp — wry

The color factors for fig. 2 are:

— color factor for fig. 2(a): ¢, = %;
— color factor for fig. 2(b): ¢ = 52i (negligible).

The corresponding helicity amplitude is

Aps(J/0 — wr) =

/ d*ky d*ky dp; dPpy dPqu
(2m)* (2m)* (2m)? (2m)3 (2m)3

x (2m)%6° (qu —

TAS(J/w —>wn)

p1 + P2)(27T) 5 (qn' —qi — p2)’ (10)
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I'(J/p—wX(1835))

Table 1. Numerical results of 0776w

corresponding to the different set of harmonic-oscillator parameters 8 and (x,

with the contribution of the electromagnetic process included, where the quark masses are taken as m, = mq = 0.31 GeV.

B(GeV) Bx (GeV) Average of %
0.15 0.20 0.25 0.30
0.36 6.2 5.9 5.0 4.1 52+1.0
0.40 0.15 0.13 0.12 0.10 0.12 £ 0.02
0.46 0.006 0.006 0.005 0.005 0.004 + 0.0008
052 | 59%x107* | 56x107* | 4.8x107* | 4.0 x 1074 (5.04£0.9) x 1074

where Ty s(J/ — wn') is

where @5 and ¢;‘ are the p-type and A-type nucleon flavor
wave functions, respectively, and similarly for XZ /5 and

There are four parameters to be determined in our
calculation, i.e., the quark masses m,,, mq, the harmonic-
oscillator parameter (§ for hadrons and X (1835). The
quark masses are taken as m, = mg = 0.31GeV. In

Tas (/9 — wn') =Cocha (b (qu, 8)bur (a ) [Tl(p1, 1) X)‘/f-
1 1 p/p
X v v(q1, 8
Ayuﬁl _ kl _ m’y ¢ _k _ /YP (ql 1)
e (MDA GurGup + GuaGpup + 9p Guv
w k2k2k2
X gru(pa, $2)v(—p2, 52) |y /p)- (11)

For simplicity, we make use of the on-shell approximation,
i.e., 7= — —2m%§(k?)8(k3), then the following relation
12

holds:
d4k1d4k2 My, dko My, — k dko
kz2k2k:2
koko
d2,d2
/ VM2 kO My, — 2k9My + 2k ko

2.2.3 Numerical results

(12)

The spin-flavor wave functions of the mesons w and 7’
are well known in the quark model, and the spatial wave
function is taken as the simple harmonic-oscillator wave

o(k) = Zlee™/2% Since X(1835) is

assumed as a baryonium with J©¢ = 0=, its spatial wave
function is the product of the proton spatial wave func-
tion, the antiproton spatial wave function and the relative
spatial wave function between them. It is expressed as fol-
lows:

function, i.e.,

Px = ¢p(pp7p)\)¢5(Qpa CD\)d)p;_a(tl - t2)a (13)
7)3/2 (5212 2
Where ¢P(pp7p)\) = (51.2[.}2))3/26 (pp+p)\)/25 ’ a‘nd ¢pﬁ(t1 -

to) is of the same formalism as the simple harmonic-
oscillator wave function with p, = % (P2+P3—2p4),q, =
Z5(@ + a2 —2a3), Px = 5(P2 —P3), v = 5 (a1 — @),

t; = p2 + p3 + ps4 and t2 = q; + g2 + q3. The spin-flavor
wave function is the following:

%{ [eg + 3 (Mop] [xe(Deg + 3 (Den]

- et +aWop] peMes+x3(Me3] ). (14)

most calculations in quark model, the harmonic-oscillator
parameter is fitted to the hadron decay width, which
gives 0 = 0.4GeV [32,33]. The harmonic-oscillator pa-
rameter of X (1835) is determined by assuming that the
radius of pp is about 1-2fm, which corresponds to the
parameter Sx = 0.15-0.30 GeV. The ratio of I'(J/¢ —
wX(1835))/I'(J/v — wn') is calculated in terms of dif-
ferent sets of harmonic-oscillator parameters 3 and Gx as
listed in table 1. It is clear to see that the ratio is very
sensitive to the parameter § and not sensitive to Bx.

As most quark model studies on the meson decays,
we use the parameters m, = myg = 0.31, 8 = 0.4GeV
as our favorable parameters. In our calculation, the un-
certainties are from the parameter Jx, the ignored de-
cay modes depressed by color factor and the accuracy of
the numerical calculation. From our estimation, the un-
certainty from Sx within our setting range is about 20%.
The contribution from fig. 1(b) and fig. 2(b) is of the
same order as that from fig. 1(a) and fig. 2(a), respec-
tively. The color-depressed decay modes will bring in an
uncertainty of about 6%, the uncertainty of the numeri-
cal evaluation is about 8%, then the total uncertainty is
about 22%. Including these uncertainties, we predict the
ratio I'(J/¢ — wn')/I'(J /¢ — wX) = 0.12 £ 0.02. Using
the PDG value Br(J (1.67+£0.25) x 10~%, we

[ —wn') =
predict that Br(J/1) — wX (1835)) = (2.0040.35) x 1075,

Comparing this result with Br(J/¢ — vX(1835)) ~
(0.5-2) x 1073 [1], we see that the production rate of
X(1835) in the process J/ip — wX(1835) is less than
that in J/¢ — vX(1835) of about two orders. Therefore,
it is not surprising that the signal of J/¢ — wX(1835)
has not been seen by BES or other laboratories so far.
In other words, the absence of the signal in the decay
J/1 — wX (1835) at present cannot be thought as an ev-
idence against the existence of X (1835).

Using BES’s estimations of Br(X(1835) — pp) ~
(4-14)% and Br(X(1835) — n'mtn~) ~ 3Br(X(1835) —

D) [1,3], we get further two useful estimations about the



356

Fig. 3. The weight diagram for the pseudoscalar baryonium
octet.

product branching fractions:
8.00 x 1077 < Br(J/¢ — wX (1835))Br (X (1835) — pp)

<2.80 x 1079, (15)
2.40 x 107 < Br(J /¢ — wX(1835))

x Br(X(1835) —n'rTr~) <8.40x107°. (16)

Comparing them with the data [1] Br(J/¢v —
YX)Br(X — pp) = (7.0£0.4752) x 107° and Br(J /¢ —
vX (1835))Br(X(1835) — wtn—n') = (2.2 + 0.4(stat.) +
0.4(syst.)) x 10~* respectively, we see that also both
Br(J/¢ — wX(1835))Br(X(1835) — pp) and Br(J/y —
wX (1835))Br(X(1835) — n'wTn~) are very small. So,
the signal of X (1835) is very difficult, if not impossible,
to be observed in the process J/¢¥ — wX(1835) with
X (1835) — pp or X (1835) — n'wT7~.

Finally, we discuss the production of X (1835) in the
process J/¢ — pX(1835). In this process the G-parity
is not conserved, and it proceeds through a virtual pho-
ton ¢¢ — «*. Contributions from the isospin-violating
part of QCD are supposedly very small. Furthermore, the
masses of p and w are approximately equal, so Br(J/¢ —
pX (1835)) < Br(J/¢¥ — wX(1835)) (the same holds true
for J/¢ — wn’ and J/¢ — pn/, that is Br(J/¢ — wn’) >
Br(J/¢Y — pn')). This means that we also cannot see
X (1835) in the process J/1) — pX(1835).

After the above analysis, we conclude that compar-
ing to Br(J/¢Y — X (1835)), the branching fractions of
J/¢ — VX(1835), with V' being w or p, are heavily sup-
pressed due to X (1835)’s special structure. The search
for the X (1835) in these decays seems impossible at the
present stage.

3 Baryonium nonet and its production in a
model-independent way

The BES Collaboration has observed not only the pp en-
hancement [1,2], but also the pA enhancement [38]. These
two states can belong to flavor 1-plet, 8-plet, 10-plet, 10-
plet, or 27-plet. It seems that at least a baryonium nonet
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Fig. 4. The weight diagram for the vector baryonium octet.

exists. Theoretically, we have predicted the existence of
such a baryonium nonet in ref. [11]. The baryonium nonet
was also suggested from the Fermi-Yang-Sakata model in
ref. [8]. The nonet can be a pseudoscalar or a vector mul-
tiplet [8,11], and the corresponding weight diagrams are
shown in fig. 3 and fig. 4, respectively. The pseudoscalar
and the vector enhancement octet are, respectively, de-
noted by Ep, and Ey, (i =1---8) as follows:

1 .
Eﬂ-:!: = E(EPl :FZEPQ)V

1
ETrO = EP37 EK:E = 72(EP4 + iEPg;)?
1 .
EKO = E(EPG — 'LE1P7)7
1
E?O = 7(Ep6 +iEp7), E7]8 = Eps. (17)

V2

It is useful to add the singlet to the octet Ep by defining
E,, = Ep,, thereby creating the nonet Ep = (Ep,, Ep,).
If the pseudoscalar glueball and radially exciting states
are ignored, the physics states E,, and L, are a mix of
E,, and E,, with the mixing angle ¢p:

E,, =cospplE, +sinppE,,
E, = —sinppE, + cosppE,. (18)
Similarly, for the vector enhancement nonet FEy, =
(Ew,,Ev,), the physics states E,, and E4 arc a mix of
L, and E,, with the mixing angle ¢y

B,y = cospy By +sinpy E,,
E,, = —sinpyEy, + cosppE,,. (19)
We identify the pp enhancement X (1835) as the state E,,
while the pA enhancement should be Ex+ or Ex«+, and
Ep«+ is favored over Eg+ from the analysis of ref. [11].
We can consider the flavor SU(3) breaking by choosing
a nonet pointing to a fixed direction in SU(3) space, par-
ticularly for the desired breaking. We will consider two
types of SU(3) breaking, first, SU(3) is broken due to
Mg 7 My, Mg (My, = Mg is assumed), the quark mass term
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is mg(dd+ut) +mss5 = moqq+ \/g(mdfms)q)\gq, where
q = (u,d, s) and mo = 1(2mq+m,). We can see that this
SU (3) breaking corresponds to a nonet M, pointing to the
8th direction, i.e., M® = §®®. Second, the electromagnetic
effects violate the SU(3) invariance, since the photon cou-
pling to quarks is %Hvﬂu - %Evud — %E’yﬂs = %67#()\3 +
%)q. This symmetry-breaking effect corresponds to a

nonet E, given by E* = §%% 4+ /36, In the follow-

ing, we will consider the process of J/¢p — EpP, that
means that J/¢ decays into a pseudoscalar baryonium
(Ex, Ex, E,, E,) and a pseudoscalar (7, K,n,1n’), the pro-
cess J/¢ — EpV i.e., J/¢ decays to a pseudoscalar bary-
onium (Er, Ex, E,, E,/) and a vector (p, K*,w, ¢) and the
process J/¢¥ — Ey P, i.e., J/1 decays to a vector baryo-
nium (E,, Eg~, E,,, E4) and a pseudoscalar (7, K,7,7’) in
a model-independent way via SU(3) symmetry with the
effects of electromagnetic and mass breaking of the SU(3)
symmetry included [39,40]. Since the phase space factor is
proportional to the cube of the final three-momentum, we
define the reduced branching fraction Br(J/¢¥ — EpP) =
Br(J/v — EpP)/P3, here Pp is the momentum of the
pseudoscalar P in the J/t rest frame, and the reduced
branching fractions Br(J/¢y — EpV), Br(J/¢Y — EyP)
are defined in the same way.

3.1J/¢ — EpP

These processes occur completely due to the SU(3) break-
ing effects; we can construct the charge conjugation invari-
ant and the SU(3) invariant effective Lagrangian involv-
ing the symmetry-breaking nonet E or M, which may be
written as follows:

Lesy = f*"U"Ep, 5 Py(g M€ + gpE°). (20)

Here the new parameters gj; and gg parametrize the
SU(3) breaking effects. From eq. (19) and eq. (20) we can
obtain the following reduced branching fractions:

B?(J/?/} — E,r+7r7) = BVT(J/Q/J — Eﬂ77r+)
Br(J/y — Ex+K™)

- |gE|2’

= Br(J/¢ — Ex-K*) =
2

?gM +9E| ,
Br(J/6 = ExoK") = Br(J/ — EgoK®) = |gM|2
BVT(J/@/} — Eﬂmro) = Br(J/'L/) — E,m ) =
Br(J/4 — Eyr®) =0. (21)

The last formula means that the process J/¢¥ —
70X (1835), X (1835) — pp should be forbidden, which
is indeed not observed [2], and it is forbidden because of
C-parity.

3.2 J/1 — EpV

Following the same way as in the discussion of J/i¢p —
EpP, we construct the charge conjugation invariant,
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the SU(3) invariant effective Lagrangian including the
symmetry-breaking nonet E and M, which may be written
as follows:

Eeff - EuvaﬁFgu{ 8F EP +91F Eﬂ
(&7 c 2 [ a
gM,ssdachVaﬂEPbM + \/ggM,lgFVaﬂM E,,

2
+£gM,81F3fMaEpa 9E.ssd"*F’ Ep, B¢

2 . 2
-‘v‘\/;gE,lSFVaﬁEaEm + \/;9E781Fgf3EaEPa }, (22)

where Fy" is the strength of the J/v field with Fj" =

orp” — 9wt and F2P, F{}ﬂ are, respectively, the field
strength of the vector field wq and V,. We assume the
nonet symmetry holds true within a reasonable approxi-
mation, which relates the octet to the singlet, then we have
the relations gs = g1 = g, gms8 = gmg1 = gm,18 = Gy
and g ss = gp,s1 = gr1s = g. We take the parameters
g, gu and gg to be small and calculate the SU(3) breaking
to first order in these parameters. From eq. (17), eq. (18),
the w-¢ “ideal” mixing and the Lagrangian eq. (22) we
get the following reduced branching fractions:

+

+

= Br(J/v — B p*) =
2

Br(J/1 — Egip”)

)

—~ 1 1

B J Eﬂ- 0 — - [
r(J/¢ — Erop®) ’g+ \/§9M+ 398

= Br(J/Y — BEx-K*) =

2
‘g——g’ + 24}

Br(J/i — Ex+K*—)

)

E«(J/w ~ EKOK*O) = Br(J/p — EpoK*) =

Br(J/¢ — Ey¢) =

9 2

'g——gﬁu—ggﬁs \ﬁcowﬁismw ,
V3 3 3 V3

2

_|_L ’ \/TCOS \/ES'

9+ 5 3 Cospp gsiner |

BVT(J/Q/’ — Eyw) =

1 2 ’
Br(J/¢— Eyp°) =g (\/;coswp—\/;siwp> )
Br(J/ — Ey¢) =

9 2
2 \/T \/5 ,
— COS — — Sin
3 cosep gsiner |

/ /
_|_ —
9m 39E

= =
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Br (J/¢ - E,,/w) =
3 <f51n@p+\/jcos¢p> ,

2
1
E = \/7
(‘]/1/}_> np) |gE‘ <\/§SIH@P+ 3COS¢P> )

Br(J/¢ — Eqd) =0,
Br(J/i — Egow) = |g|*. (23)

From the above-reduced branching fractions, the following

relations can be obtained:
Br(J/ — Ew) _ Br(J/Y — By")

Br(J/i — Eqop®)  Br(J/t — Epow)

2
— cos — 4/ =sin
3 Yp 3 ep )

_ Bv7‘(']/¢ - En’PO) _
Br(J/¢ — Epow)

2
1 2
(\/;sin cpp—|—\/;cos <pp> . (24)

Both because Br(J/¢¥ — wX (1835)) is heavily suppressed
(please see the previous section of this work) and because
there are not yet any experimental reports on it, we take

Br(J/$ — Byw) = lg+ Jsdhy + il ([
\/ECOS@P)Q ~ 0, this implies |g + 7_gM + §9E|2 ~ 0 or
(\fsmwpﬂfcosw ~0.1f [g+ =93 + 395° ~ 0,
we can see BT(J/w — E tp7) = Br(J/z/) — E,-pT) =

Br(J/i) — E.p® =~ 0. However, if (\/gsingop +
\/gcosapp)2 ~ 0, it indicates Br(J/¢ — E,p°) = 0,
and we cannot observe X (1835) in the process J/¢ —
PO X (1835), with X (1835) — pp or X(1835) — n'n*n

This conclusion is consistent with the result Br(J/¢y —

pX(1835)) < Br(J/¢ — wX(1835)) which has been ob-
tained in sect. 2.2.

—_ =

Br(J/¢ — Eyw)
Br(J/ — Eqop)

sinpp +

3.3 J/4 — EyP

Similarly to the above two cases, the effective Lagrangian
responsible for the decay is

‘C@ff = guvaﬁFgu{ //FQB P, Jrg//Faﬁ P

aoc « C 2 (e} a
+ | 9hr,ssd ’ FEeanM + \/;nglFEf M*® Py,

2 o @
+\/;9M18F b Mep,

2 o 2 B ra
+\/;_611581}7‘12‘[/3]5 P1+\/;9E18F 7 E"P,

9E ssd“chgf P, E*

} (25)
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under the nonet symmetry, the relations gf = ¢ = ¢”,

9?\//1,88 = 9K4,81 = 93\/4,18 = gh and gg“,ss = 9%,81 = 9%,18 =
% hold. From eq. (19) and the above Lagrangian eq. (25)
we can obtain the following reduced branching fractions:

Br(J/$ — 7 E, ) = Br(J/y — 7 E,+) =
1 2

BT(J/?/J—)WOEF)O) g +ﬁgM+3 i

)

Br(J/¢ — KTEg.") = Br(J/¢ — K™ Eget) =

2

9" - 21%93'4 + %gé ;

Br(J/¢ — K°Egw) = Br(J/t — K" Ege0) =
, 1, 2,
g 2—\/§QM - ggE )

Br(J/4 — nEg) =|g" cos (8p — ) — <9X4 + \%9%)

2

)

V3
E;(J/z/} — nEw) =

1 2
X [— cosOp cos py + \/;sin(ep + ov)

1
g// sin ((pv — 9}9) + (gﬁ\} + %g%)
2

)

1 . 2
X —ﬁcosﬂpsmcpv+ gcos(Oersav)
2
N ! 2 .
Br(J/} — nEy) = |gp| ﬁCOSQP— §s1n9p ,
— 1
Br(J/z/;—>n'E¢):’ — ¢’ sin (gov—Gp)—i-(gﬁ\}-i-%gZﬂ)
1 . 2
x —ﬁsmﬁpcoswv%- gcos(0p+<pv)
— 1
Br(J/Y —n'E,) = ‘g” cos (v — 0p) + (gﬁ(/ﬁ-g%)
V3
1 . . 2 .
X —%smepsmgmﬂr §s1n(9p+sav)
2
oy / 2 1. 2
Br(J/v — n'Eyp)=|gg ﬁmn@p—i- gCOSHP ,
2
. 0 712 1 2 .
BT(J/¢—>7FE¢):‘9E| ECOSS@V— gSHl‘PV )

(J/1/J—>7r W) =|9% ( smgov—l—\/gcosap‘/) , (26)

here 0p is the mixing angle of n and 1’ with p ~ —16.9°+
1.7° [41], and we can find the relation

2
1 2

1 — /24

73 COSpv \/75 npy

2

2

)

E;’(J/w — 71'0E¢) B
Br(J/v — E,) -

sm Yy + \[cos [72ve

1-— \ftancpv
tan py +v2

(27)
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In summary, the other exotic states in the weight diagram
are expected to be observed in the future, and these rela-
tions between the branching fractions can be served as a
guide to the experimental search for these exotic states.

4 Conclusion and discussion

In conclusion, the processes T — vX(1835) and J/¢ —
wX (1835) have been investigated. Considering the large
coupling of X(1835) with pp and n'r*7~, we propose
that X(1835) is a baryonium with sizable gluon con-
tent, and mainly belongs to a SU(3) flavor singlet.
In this scheme, we can finely understand the obser-
vation data both in the process J/¢p — ~X(1835),
X(1835) — pp [2] and in J/¢ — yX(1835), X (1835) —
n'mtr~ [1]. We estimate that in the 7°(15) radia-
tive decay the product branching fraction Br(Y'(1S) —
vX (1835))Br(X(1835) — pp) < 6.45 x 1077, which is
compatible with the CLEQO’s experimental upper limit
Br(Y(1S) — ~X(1835))Br(X(1835) — pp) < 5 x
1077 [4]. In the processes J/1 — vX (1835) and 1'(1S5) —
~X (1835), the gluon component plays an important role
due to the U4 (1) anomaly, thus, we find out that the dras-
tic smallness of Br(7(1S) — X (1835)) is caused the
special nature of X (1835), and it does not contradict the
experimental evidence of X (1835) revealed in the process
J/ — vX (1835) by BES.

In our baryonium scheme of X (1835), we found out
also that Br(J/v — wX(1835)) = (2.00 + 0.35) x 1075,
8.00 x 1077 < Br(J/¢ — wX(1835))Br(X(1835) —
pp) < 2.80 x 1075, and 2.40 x 10°% < Br(J/y —
wX (1835))Br(X (1835) — n'mtn~) < 8.40 x 107°. The
production of X (1835) in the process J/¢ — wX(1835)
is heavily suppressed. We also point out that Br(J/¢ —
pX(1835)) < Br(J/vy — wX (1835)), so it is very difficult
to observe X (1835) in the process J/¢ — V X (1835) (here
V is w or p) with X(1835) — pp or X(1835) — n'mtw—,
and the J/v radiative decay is the most suitable place for
searching X (1835). We address that the baryonic com-
ponent dominates the decay J/i¢ — VX (1835) with V
being w or p, since the U4 (1) anomaly contributions are
suppressed in these processes. The experimental check for
the above results is expected.

Finally, we conjecture the existence of a baryonium
nonet, which is supported in ref. [11] and ref. [8], and
the nonet can be pseudoscalar (Ep,) or vector (Ey;). The
pp enhancement X (1835) is identified as E,, and the pA
enhancement [38] can be E .+ or Fg+. We derive the re-
duced branching fractions of J/¢ — EpP, J/1p — EpV
and J/v — Ey P in a model-independent way basing on
the SU(3) symmetry with symmetry breaking included.
The relations between the branching fractions can be
served as a guide to the experimental search for these ex-
otic states.
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