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Abstract:
studied by using the enhancement factor method with a simpler one-pion-exchange potential between p and

The phenomenon of the near pp-threshold enhancement observed in the J/{ — ypp decay is

p. The Jost function caused by the mentioned potential is perturbatively calculated in the zero-th order
approximation, and the corresponding enhancement factor is obtained. It is found that such a final state
interaction offers an important contribution to the decay width near the pp-threshold, although it is not large
enough. To explain the decay data, a phenomenological factor G(p) with the form of 285500/ (m2 +p?) should
be introduced. A further calculation including the p-dependent bare T-matrix, a more realistic NN potential
and the contribution from the higher-order wave functions would provide a better understanding of the decay
data and even the existence of the baryonium pp. The near pp-threshold behavior of the decay width in the
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J/p — 7°pp process is also discussed.
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1 Introduction

In recent years, the BES collaboration has ob-
served a near-threshold enhancement in the proton-
antiproton (pp) invariant mass spectrum of the radia-
tive decay J/U{ — ypp [1, 2]. As suggested by BES
Collaboration, this enhancement can be fitted with
an S-wave Breit-Wigner resonance function with a re-
sulting peak mass, M = 186175, (stat) % (syst) MeV,
and a narrow width, which is smaller than 38 MeV at
the 90% confidence level [2]. In fact, the Belle Col-
laboration also reported similar phenomena, namely
the enhancement in the pp invariant mass distribu-
tion near 2m, in B* — K*pp [3] and B’ -~ D%p [4]
decays. The narrow peak mass is slightly lower than
the pp threshold, 1876.54 MeV. These observations
may shed new light on the investigation of the NN
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interaction and the binding behavior of NN at low
energy.

Some physicists regard this near pp threshold en-
hancement as a resonance state. Datta and Donnell
used a toy model [5] to describe the enhancement,
assuming the formation of a baryonium 'S, state.
Loiseau and Wycech [6] used a coupled-channel scat-
tering length approximation with Paris NN poten-
tial to study this phenomenon. They thought that
the observed pp structure is due to the strong at-
traction between p and p in the 'S, state, so that
a near-threshold quasi-bound state could possibly be
formed.

Other physicists attribute this enhancement to
the effect of the pp final state interaction. Kerbikov
et al. [7] used scattering length approximation to
show that this enhancement may come from the fi-

* Supported by National Natural Science Foundation of China (10675022, 10975018, 10975038, 11035006, 11165005, 11175020),
Fundamental Research Funds for the Central Universities, and Key-project by the Chinese Academy of Sciences (KJCX3-SYW-N2)

1) E-mail: zengzhuoquan @ foxmail.com
2) E-mail: xhguo@bnu.edu.cn

3) E-mail: shenpn@ihep.ac.cn

4) E-mail: ybding@gucas.ac.cn

©2012 Chinese Physical Society and the Institute of High Energy Physics of the Chinese Academy of Sciences and the Institute
of Modern Physics of the Chinese Academy of Sciences and IOP Publishing Ltd



400 Chinese Physics C (HEP & NP)

Vol. 36

nal state interaction. Using the same approximation,
Bugg [8] claimed that this enhancement is due to the
cusp effects. In terms of the K-matrix method, Zou
et al. [9] found that the one pion exchange potential,
as a part of the final state interaction, can offer an
important contribution to this enhancement. Further
employing a more realistic Jiilich NN potential in the
distorted wave Born approximation, Sibirtsev et al.
[10] and Haidenbauer et al. [11] announced that this
enhancement can be understood by the final state in-
teraction between p and p. Until now, there has been
no definite explanation for such an enhancement.

In this work, we use the enhancement factor
method [12] to further study the effect of the final
state interaction and to understand the physics be-
hind the decay data of the J/1{ — ypp process more
clearly. We will employ a simpler one-pion-exchange
potential for the NN interaction. Then, based on
the perturbation theory, we analytically derive the
enhancement factor and compare it with the experi-
mental data.

The paper is organized as follows. In Section 2,
the enhancement factor method for studying the near-
threshold behavior observed in the J/{ — ypp pro-
cess is briefly introduced. A conclusion is given in the
last section.

2 Final state interaction in J/1{ — ypp

The first two papers dealing with final state inter-
action in a nuclear reaction were completed by Wat-
son [13] and Migdal [14]. According to their analysis,
one can use the following formula to deal with the
S-wave final state interaction between p and p in the
J/\ — ypp decay as

T o T fo (p), (1)

where p is the module of the proton momentum in
the pp center-of-mass frame, TFSD and T are the
T-matrix with and without final state interaction, re-
spectively, and f, is the S-wave scattering amplitude
due to the final state interaction.

Taylor derived the following T-matrix relation [12]

T
T(FSI) — (2)

J(p)’
where J(p) is the Jost function. For the S partial
wave and small p, the above two formulae agree with
each other since if we retain only the terms in the or-

1 (Jo(—

der of p, fo=— ( o(=p) — 1) which is in propor-
2ip \ Jo(p)

tion to ——, and J, (p) is the S wave Jost function.

Jo (p)

However, in general, the two formulae are different,
and Eq. (2) is more preferable, because for large p,
Jo(p) — 1, and hence, T®SY — T as one would ex-
pect.

In terms of Eq. (2), we are able to study the effect
of the final state interaction between N and N in the
J/WV — ypp decay.

The enhancement factor is defined F (p) as,

1
Fp) = == 3)
T (p)[?
As pointed by Tayor [12], for a repulsive potential

(57 <0.wer), Fmi<1

and for an attractive potential

(8_V >0, VTER), F(p)=1.

or =
Now, we investigate the effect of the one-pion-
exchange potential between N and N in the enhance-
ment factor. The Lagrangian for the m-N interaction
reads

L= igNNTrEN (7?'571) Yy, (4)

where Yy and gi;ﬂ are the nucleon and the pion

fields, respectively, 7 describes the Pauli matrix, and

gnnn denotes the nucleon-pion coupling constant with
2

INNR

=13.67. In the tree diagram approximation, one

can obtain the following one-pion-exchange potential

between N and N

2 3 —Mmagr
7_gNN7'[. m’)‘[ € "

4t 12mE mgpr
X (01:G2) (T T2), ()
where the nucleon mass my and the pion mass m.,
take the values of 939.0 MeV and 138.0 MeV, respec-
tively. Denoting the potential between N and N with
isospin I and spin S by VI\%S) (7), we have
e~ mnT

V2O (7) = —30.64 , (6)

Myl

and

—Magr
e

(1L,0) (= _ (O (= _
VO @)=V = 10.22 , (7)

MnT

for various combinations of I and I.

The Jost function is calculated in the lowest or-
der of approximation. As well known, the integral
equation for the radial regular solution of a two-body
system can be written as

iy (r) = Ju (pr)
d€ 915 () V() dip (§),  (8)
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where the Green function g, (r,£) is written as

91 (1) = (G (pr) e (08) =00 (pr) 1 (p) )
xO(r—¢£), 9)

with j, (z) and 7, (z) being the Riccati-Bessel function
[12] and O (r—¢) the Heaviside step function. The
Jost function for the [ partial wave can be expressed
by

oo

drhi (pr) V(r) ¢, (), (10)

r=0

2m
Ji(p)=1+—
p

where hf (2) is the Riccati-Hankel function [12].

In the zero-th order approximation, the regular
solution is simplified into gbl(fg (r) = j(pr). Accord-
ingly, the Jost function for the [ partial wave can be
described by

TRIDIRREL fm dri (pr) V() Gu(pr). (1)

Consequently, the Jost function for the S-wave can
be given as

om [*
J© (p)_1+7mr dre® V (r) sin(pr). (12)
p=0

If the potential in Eqgs. (6) and (7) take the form
of V(r) =W ¢
strength, then

with V, being the potential

7T

amVy (. emar
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The enhancement factor due to the one-pion-
exchange interaction between N and N is plotted in
Fig. 1. Tt can be seen that for the (I, S)=(1, 0)
and (0, 1) states, the scattering cross-section is re-
duced due to a repulsive potential between N and N,
while for the (I, S)=(1, 1) and (0,0) states, the cross-
section is enhanced because of an attractive potential.
Moreover, since Vl\(%o) (") =9 VI\%D (7) due to differ-
ent spin-isospin quantum number of the NN system,
the final state interaction in the 'S, state would be
much stronger than that in the 3S; NN state. Thus,
if the pp system in the J/{ — ypp decay is in the 115,
state, potential Vl\%o) () would enhance the scatter-
ing cross-section near the pp threshold. This deduc-
tion is compatible with the experimental data.
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Fig. 1. (color online) The enhancement factor
in an S-wave. The black solid, red dashed
and blue dotted-dashed curves stand for the
cases with Vl\%o) (), Vl\(%l) (¥) and Vl\%l) (7),
respectively.

The squared amplitude |A(J/\p —ypp)|* can be
extracted from the experimental data [1, 2] by using
the partial decay width of the decay process [10, 11]

ar (Mg —m?25) \/mZs—4m?

= A(J D),
dme (2716 Mg |A(J/¥ —ypD)|

(14)

and plotted in Fig. 2. In the figure, the physical quan-
tity in the abscissa is

ms—2m, = 2(,/m§+p2—mp), (15)

with m,; being the invariant mass of pp, and the
black squares representing the |A (J/{ —>1/p§)|2 val-
ues extracted from the data.
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Fig. 2. (color online) The squared amplitude

of J/Ab — ypp. The thin red and thick blue
curves denote the fitted result and the en-
hancement factor, respectively.

According to Eq. (2), the phenomenological ex-
pression of [AP"(J/\ —ypp)|® can formally be ex-
pressed by

_ G(p)
|47 (/b —vpp)[* o :
7 (p)I*

(16)
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where G(p) is a phenomenological factor respected to
p. By fitting the experimental data shown in Fig. 2,
the deduced factor G(p) can be written as

285500

G(p) - m%+p2'

(17)
The fitted curve is shown in Fig. 2 by the thin red
curve. For comparison, the enhancement factor F (p)
in Eq. (3) is also plotted in Fig. 2 by the thick
blue curve. Apparently, the phenomenological factor
G(p) should include the effects from the momentum-
dependent T matrix in which the effect of the final
state interaction is not considered, the higher-order
pp wave functions and the incomplete NN potential
used in the work.

The same treatment can also be applied to study
the effect of the final state interaction between pp
in the J/{ — 7°pp decay. In the strong interac-
tion, the isospin of the system is conserved. Since
I =1 and Iy, =0, we have I,z =1. According to
the generalized Pauli exclusion principle, the pp sys-
tem satisfies (—1)" 75T — 1. This means that
L+S+1 =even, the pp system is in the 325, state. Ac-
cording to the one pion exchange potential VI\%” (7)
shown in Fig. 1, the near-threshold enhancement of
the 335, state is much less than that of the 1.5, state.
This explains why the near-threshold enhancement in
this decay process is not observed in experiment.

3 Conclusion

In this work, the enhancement factor method with
a simpler one pion exchange potential between p and
p is applied to study the near-threshold enhancement
phenomenon observed in the J/{ — ypp decay. The
Jost function is perturbatively calculated in the zero-
th order approximation. It is found that the final
state interaction from the one-pion-exchange poten-

tial between p and p offers an important contribution
to the decay width near the pp threshold, although
it is not large enough. In order to fit the experiment
data, a phenomenological factor G(p) with the form
of 285500/ (m2+p?) is introduced. We attribute this
factor to: (1) The T matrix without final state inter-
action for such a decay process is p dependent. How-
ever, in this work, and many previous papers as well,
a constant has been used. (2) The effects of higher-
order wave functions in the pp system may provide
contributions that exceed those from the zero-th or-
der. (3) A simpler one-pion-exchange potential be-
tween N and N is used. Clearly, it is an incomplete
form for the NN interaction, the o-meson exchange
potential should be included at least. Therefore, a
further investigation with a p dependent T" without fi-
nal state interaction, the effect from the higher-order
wave functions and a more realistic NN potential,
such as the Bonn NN potential and the Paris NN
potential, is preferable.

Finally, we would emphasize that if the future cal-
culation mentioned above can fit the obtained phe-
nomenological factor G(p), it means that the near-
threshold enhancement observed in the J/{ — ypp
decay is caused by the final state interaction between
p and p. In terms of the employed more realistic NN
potential, if a reliable calculation for the binding be-
havior of a N-N system can produce a bound state
or resonance in the corresponding I-S case consid-
ered in the J/1{ — ypp decay process, it would imply
that the observed enhancement is due to the effect of
the NN bound state or resonance. Namely, one can
extract the binding properties of baryonium pp from
the J/1p — ypp decay data.

Moreover, we have semi-quantitatively explained
why the enhancement near the pp threshold in the
J/¥ — ypDp decay process was observed, but not in
the J/{ — n°pp decay process.
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