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In this paper, we study the structure around the pp threshold that appears in #'z"z~, 3(z"z~) and

K%K%n invariant mass spectra in the processes of relevant J/y radiative decays. The NN rescattering is
taken into account, and the distorted-wave Born approximation is applied to get the decaying amplitude

through a two-step process: J/w — yNN — y'z"n~, y3(z"z~), and yK3K%n. The NN scattering
amplitudes are obtained by solving the Lippmann-Schwinger equation with the potentials given by chiral
effective field theory. To fix the unknown couplings, we fit the amplitudes to the datasets of the latest
measurements on the invariant mass spectra of J/y radiative decays, as well as the phase shifts and
inelasticities given by partial wave analysis. We vary the cutoffs (R = 0.9, 1.0, and 1.1 fm) and find that the
solutions are stable. The structures around pp threshold found in the processes of J/y — yi'z*n,
J/y — y3(zt7x7), and J/y — yK$K%n can be attributed to threshold behavior of NN intermediate states.

DOI: 10.1103/PhysRevD.107.034030

I. INTRODUCTION

Physicists have long been interested in 6-quark dibaryons
and 3-quark-3-antiquark baryonium states. They can be one
new kind of inner structure of matters and give clues to
experimentalists to find new resonances. One possible
candidate of the baryonium, X(1835) first discovered in
the invariant mass spectrum of M, .+ - near the p p threshold
in the process of J/w — yn'z" z~ by BES collaboration [1],
attracts both theoretical and experimental attention as the
proton and neutron are the basic components of nucleus. Its
mass and width are given as M = 1833.7 & 6.1 MeV/c?
and I' = 67.7 £20.3 MeV/c? [1]. Subsequently, this res-
onance is also observed in decays of J/y — y3(z*z7) [2],
J/w — yK3KOn [3], and J/yr — y¢ [4], while it is faintly
supported by a few other experiments [5,6]. A few years
ago, BESIII increased the statistics of their measurements
on the J/w — yn'ztz~ and observed a clear structure
around pp threshold, but it does not look like a Breit-
Wigner type peak around 1835 MeV. Indeed, the anoma-
lous behavior around p p threshold has also been observed
in quite a bit other processes such as B* — K*pp and
B — D**pp by Belle collaboration [7,8], J/w — ypp by
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BES collaboration [9], ete™ — pp/nii by BABAR [10]
and SND [11] collaborations, and e*e™ — 2(z" 7~ 7"),
3(zt7n~) by BABAR collaboration [12]. Consequently,
one would wonder about the internal links between the
structure around p p threshold in the energy region around
the X(1835) and NN rescattering. There are many relevant
theoretical researches which focused on ete™ — pp/
nii[13,14], J/y = ypp [15-17],and et e~ — 2(x* 2~ 7°),
3(ztn™) [18], etc..

In the previous paper [16], the NN final-state interactions
(FST) [19] have been included to study the structure
around pp threshold in the process of J/y — yn'ztn.
The strategy is following a two-step process, J/y —
YNN — yn'n*n~, with the quantum number of NN being
1S,. The distorted-wave Born approximation (DWBA) is
used to implement FSI of NN. The underlying physics
behind the first process J/w — yNN is following the
experimental measurements of anomalous energy-dependent
behavior near the pp threshold in J/y — yNN. See, e.g.,
Ref. [9], where there is an apparent threshold enhance-
ment near the pp threshold in the decay of J/y — ypp as
observed by BES collaboration. Echoing these measure-
ments, some theoretical models do find that the structure
around pp threshold discovered in #'z" 7~ invariant mass
spectrum of J/y — yn'ztz~ and/or the cross-section of
electron-positron annihilation into multipions is caused by
the intermediate NN rescattering [15,16], while no reso-
nance pole is found in the 'S, partial wave.

Recently, BESIII collaboration performed the latest mea-
surements on J/yw — yn'z z~ again, and the uncertainty of
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the #’z" ™ invariant mass spectrum has been reduced near
the p p threshold [23]. Thus, it would be necessary to include
these new datasets and update the research of Ref. [16].
Also, there are clear structures around pp threshold in the
measurements of the processes of J/y — y3(z"z~) and
J/w — yK3K%n. If the structure is caused by the NN
threshold behavior, the DWBA method discussed above
should give a compatible data description. Thus we will
include all these processes and give a systematic discussion.
Further, in the previous work, only one cutoff (R = 0.9 fm)
was considered, and it is essential to check whether the
structure is stable with different cutoffs.

This paper is organized as follows. In Sec. II, the
formulas to calculate the reactions of J/yw—yy'zn,
Jw = y3(xx7), J/w—yKSKn, J/w—ypp, pp—
nWntn~, pp—3(x"x") and pp — KUKy are given.
Through solving a set of coupled channel equations,
e.g., Lippmann-Schwinger equation (LSE) and DWBA
equations, one can get the scattering and decaying
amplitudes. Then the fit results and discussions are given
in Sec. III. The J/yw — yp p amplitude is fixed by fitting to
the pp invariant mass spectra and the phase shifts of 'S
partial waves of NN scattering. The amplitudes of pp
scattering into 'zt 7=, 3(z*z~) and KKy are fixed by
fitting to the invariant mass spectra and/or branching
ratios. The J/y - yp'nTn~, J/w — y3(z*z~), and
J/w — yK$K%n amplitude is then fixed by fitting to the
corresponding invariant mass spectra of J/y radiative
decays. The effects of varying cutoffs are also discussed.
Finally, a summary is given in Sec. IV.

II. FORMALISM

As mentioned above, the J/y — yy'ztn~, J/w —
y3(ztx7), and J/y — yKSKSn decaying amplitudes are
obtained through two-step processes of J/y — yNN —
y'a n™, y3(ztx"), and yK3K%ny. The NN off-shell
scattering amplitude is the kernel to be input into
DWBA equations, which is solved by LSE [24],

Tniony = Vw-ny + VionvGolTyv—nys (1)

where Tyy_yy is the NN scattering amplitude. Here the
relevant partial waves are of 'S, with isospin I = 0, 1. G,
denotes the free propagator of the nucleon, V y5_yy 1s the
nucleon-antinucleon interaction potential, which is calcu-
lated from chiral effective field theory (ChEFT) up to next-
to-next-to-next-to leading order (N’LO). See Ref. [24]
for details. The other amplitudes of the processes of
J/w —» yNN, NN — v, and J/y — yv, are obtained by
solving the following set of coupled equations established
by DWBA,

FNN—W = VNN—»!/ + TNN—)NNGOVNN—)U’
_ A0 0 o
FJ/l//-’}’NN - AJ/quNN + AJ/quNNGOTNNﬁNN’

FJ/l//—»yu = A?/y/—)yy + FJ/y/—»yNNGOVNN—w’ (2)
where v denotes the final states with #/z*z~, 3(z*z7), and
K9K%n, respectively. The transition amplitudes A°

J/w—yNN
and A(}/Wﬂw, and the annihilation potential Vyy_,, are

parametrized as

Ag/w—wNN(p) = éf/wwiva + Cy i P’

VNN—»v(p) = C‘NN—’I/ + CNN—»upzv
A?/y/—»yy(Q) = Cl/y/—>yy + CJ/y/—>ny7 (3)

where p is the center-of-mass momentum of the nucleon-
anti-nucleon system, and Q is the invariant mass M,/+ -,
M;(y+,-y) and M KKy for different processes, respectively.
Notice that for the processes of J/y — y3(z*z~) and
pp — 3(xtxn™), we consider 7z~ as a whole particle with
the mass 2m,. Then these multipion final states are
simplified into “three body” final states and have similar
formalism as other processes. The decay rates and cross
sections of these processes can be obtained through

d_r B /t1+ dr /t2+ dr (mg/‘// B Qz)l'/\/lf/l//—>3/1/|2
do — Ji 'J; P 6l44Nzm3, 0

dr A(mip,. 0% my)y /@ —dm;,

7.3 3
2”ml/u/

’

’

|Mf/w—>7pi’

|Mpf1—>u|2

do
it r
G(Q):/ dtl/ dr—— ,
n f 1024N7* Q% / Q% — 4m3,

where M/, Moy, and M, are the Lorentz
invariant amplitudes of corresponding progresses. N is the
normalization factor caused by the property of identical
particles, with N =1, 2, 6 for final states of nntn,
K9K%n, and 3(n"x~), respectively. One has

7
MJ/![/—>}’Z/ = —32m EVEJ/V/E1E2E3FJ/II/—>J/D’

_ 2
Mipy—ypp = 8T ENy/EE;p, Fipysypp

7

MNN—»D = _32”2EN V E1E2E3FNN—>V‘ (5)
where one has E,3 = Ey - Eip3 = E, o g0, and
E\53 = Ein) (na)(nta-) for different  processes,
respectively.

Notice that the meaning of invariant mass Q has been
extended: it can be either Q = M, for the processes of
J/w = yvand NN — vor Q = M,; for J/y — ypp. The
relations between the energies and the invariant mass Q are
given as
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_mg/w—'_Q2
W=
E 7m3/V’_Q2
TR
Q> -t +m?
=Lt
E _Qz—tz—f—m%
2 — T A~ A
20
[1+t2—m%—m%
L s (©)

where the subscripts “1, 2, and 3” have the same meaning
as those appear in Eq. (5). The upper and lower limits of the
integrals of Eq. (4) are

17 = 4m3,
rf=(Q—-m),
1
= g (@ =P = Q)
1
AP0 3 m)P
1
1= i (@ = = @)
1
220 3) 2| 0
with the Killén function defined as A(x,y,z) =

(x —y — z)? — 4yz. The explicit set of coupled equations
to solve the scattering and decaying amplitudes are as
follows

w dkk?
(27)*

Tny-ny(P'sPsEp) = Vyy-nn(P's p) + A

Vy-ny(p' k) Tny—ni(k.piE,),

2E, — 2B + ie

o dkk?
_ — A0
FJ/[,/—»;/NN(Q) - AJ/y/—»yNIV(p) +A (2”)3

1
AY (k) ————
11y () Q —2E; +ic

FNN—HJ(Q) = VNN—w(p) +A

1
Vs
2E,—Q +ie M-

o dkk?
F =AY
J/l//—»yv(Q) j/yj—»yy(Q) +‘/0 (2”)3
1

Fypymyni (Ex) 0= 2E, +ic Viw—u (k). (8)

TNN%NN(k’ p; Ep)’

w0 dkk
(27)*

Tyy—ni(Ps ks Ey) (k),

where E),, E; are the energy of the nucleon or antinucleon
in the center of mass frame, with E, = Q/2 for the
processes of J/w — yNN and NN — v. The transition
potentials given in Eq. (3) are multiplied with an expo-
nential regulator in the actual calculations, which is
consistent with the regularization of NN potentials, see
Ref. [16] for details. This also ensures that the integrations
in Eq. (8) are converging.

III. RESULTS AND DISCUSSIONS

In this section, we will discuss the fit to the experimental
data and the physics underlying the structure around pp
threshold. Since the decaying amplitude of J/w — yv is
constructed based on a two-step process, it would be
convenient to divide this section into four parts: one is
about the physics of the process of J/w — ypp; The
second part is of J/yw — yi'z"z~; The third part is about
the results of J/y — y3(z"n7); And the last part is
about J/y — yK3K 9.

A. Analysis of J/wv — ypp

First, we focus on the process of J/w — ypp. As
discussed above, the NN final state interactions should
be considered. It is reasonable to assume that the relative
angular momentum between y and pp should be the
lowest one, i.e., S-wave. Then the relevant partial wave
of NN should be 'S,, with isospin to be either one or
zero according to the unfixed isospin of the photon. Here
we follow the previous work [16] and set the ratio
between different isospin components to be Tyy_,; =
0.47° + 0.6T". Indeed, this ratio gives the best y3 ; for
fitting to the data. In the previous work [16], the process of
J/w — ypp has been analyzed at R = 0.9 fm. To study the
stability of the solutions with different cutoffs, we analyze
the process again with a set of cutoffs, e.g., R = 0.9, 1.0,
and 1.1 fm. Here the corresponding cutoffs in the momen-
tum space are given by A = 2R™!, see Ref. [24].

The NN scattering amplitudes are solved by LSE. Similar
to Ref. [16], the phase shifts of 'S, NN partial wave with
isospin I =1 are refit to reproduce the invariant mass
spectra of J/yw — ypp. The values of the low-energy
constants (LECs) of the chiral NN scattering potential of
I =18, partial wave are listed in Table. I. The fitting
results of NN scattering phase shifts and inelasticity at
N3LO for different cutoffs are at the top of Fig. 1. The results
of N?LO and N3LO with cutoff R = 1 fm are at the bottom
of Fig. 1. Both are consistent with the phase shifts and
inelasticity of partial wave analysis (PWA) [25] in the low-
energy region (T, below 100 MeV). This is guaranteed by
the fact that we fit the first four points to constrain the low
energy behavior of the off-shell NN scattering amplitudes
Tyx-ni»> Which will be input in the DWBA. While in the
high energy region, there is an apparent difference between
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TABLE 1. The values of low energy constants of the NN
scattering potentials of I = 1 'S, partial wave. All parameters are
multiplied with a factor 10%,

LECs N2LO N3LO

R (fm) 1.0 0.9 1.0 1.1
Cys,(GeV2) 00480 03535 02674  0.0664
Cys,(GeV™)  —1.8397  -37566 51411  —5.3367
D} (GeV~o) ~7.9227 —15.0857 —25.0000
D2 (GeV~o) . 11.1314  20.0000  25.0000
Cay (Gev™) 00102 —0.0120  ~0.0907  —0.1154
Ciy (GeVT)  —4.5259  -3.0480 -3.8174 —4.6828

ours and PWA’s. The reason is that the phase shifts are the
same in the low energy region for the processes of J/yy —
NN and NN — NN, but they do not need to be the same in
the high energy region. This is required by the final state
interactions, e.g., the Watson theorem. See Refs. [20,21,26]
for more discussions. Also, the p p invariant mass spectra of
J/w — ypp are smooth and decrease slowly in the high
energy region, which requires the phase shifts to have
similar behavior. For nucleon-antinucleon system, the
relation between T, prap, and the nucleon’s energy, Ey
in the center of mass frame, is given as follows:

_ 2(E% —m3) _ 2Ey\EX —m}
lab = 7’”1\/ > Plab = —mN .

)
[}
)
o
(e}
_1200 100 200 300 00 100 200 300
Tiab (MeV) Tiab (MeV)
40 180
o PWA o PWA
-—- N2LO R -—- N2LO
— — N0 e o — N3O
o 120 .
[}
T -40
4 o °
'S
-80 S
_1200 100 200 300 00 100 200 300
Tiap (MeV) Tiab (MeV)
FIG. 1. Fit to the PWA’s. The top graphs are the / = 1 phase

shifts of 'S, partial wave of N3LO with cutoffs R = 0.9, 1.0, and
1.1 fm. The red points represent the results of PWA [25]. The
bottom graphs are the results for N2LO and N°LO, with cutoff
R = 1.0 fm. The pink and sky blue bands are their uncertainties,
respectively.

With the NN scattering amplitude, one can obtain the
J/w — yNN decaying amplitude according to Eq. (2).
Here we set C;,,_.,,5 = 0 as a constant transition ampli-

tude Ag N is enough to describe the data well. Also, we

fix C, Jw—ypp = 1 due to the overall normalization factor for
the events data. Notice that the phase shifts and inelasticity
of I =1 'S, partial wave and the invariant mass spectra
from BESIII [27], BES [9], and CLEO [28] are fitted
simultaneously. The fitting results of the decay rate of the
process of J/w — ypp are shown in Fig. 2. The top graphs
of Fig. 2 are those of N’LO with different cutoffs: The
purple dashed, black solid, and brown dotted curves are for
cutoffs R = 0.9, 1.0, and 1.1 fm, respectively. All curves
with different cutoffs are consistent with the experimental
data. The results with R = 0.9 and 1.0 fm are somewhat
similar to each other, and they have only a slight difference
with the result of R = 1.1 fm. The comparison between the

1000
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—A— CLEO 2010
—e— BESIII 2012
_. 8001 ——- 0.9 fm
% ‘ — 1.0fm
v
0 6001
S
o
=
Y 400
C
(0]
>
w
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0 . .
0.00 0.04 0.08 0.12
Mg, —2m, (GeV)
1000
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—A— CLEO 2010
—e— BESIII 2012
__ 800 . szo 0
—_ N3
% ' N3LO
R
1 6001
S
o
=
Y 400
C
[0
>
w
200
0 , .
0.00 0.04 0.08 0.12

Mpp — 2m, (GeV)

FIG. 2. Fittothe J/y — ypp decay rate. At the top, they are of
N3LO with cutoffs R = 0.9, 1.0, and 1.1 fm. The sky blue band is
the error estimation of the results with R = 1.0 fm. The data are
from BESIII [27], BES [9], and CLEO [28]. At the bottom, the
graphs are the results for N?LO and N3LO, with cutoff
R = 1.0 fm, respectively. The pink and sky blue bands are the
uncertainties for N’LO and N3LO, respectively.
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decay rates of N’LO and N3LO are given in the bottom
graphs of Fig. 2, shown as the dashed blue and solid black
curves. The error bands of the results with R = 1.0 fm
are given by the pink and sky blue bands for N’LO and
N3LO, respectively. The estimation is based on a Bayesian
method [24,29]. In the next sections, we will also use this
method to estimate the uncertainties. Though the fit of
N2LO is not as good as that of N’LO, especially in the
energy region around the threshold, both are compatible
with the experimental measurements.

As observed by the experiments, there is a clear thresh-
old enhancement near the pp threshold. This inspires
people to believe that there is a baryonium state related
to the NN, e.g., the X(1835). In our analysis, such a state is
not found in the origin NN scattering amplitudes, neither in
I =0norin/ = 1S, waves. Nonetheless, with the modest
modified / = 1 'S, partial wave, such a bound state can be
found below the pp threshold. For instance, the pole
location for R = 1.0 fm is Ez = —49.8 — i49.2 MeV of
N3LO, and Ez =—-1.0-1i100.2 MeV of N2LO, which are
compatible with those found in Refs. [15,16]. Nevertheless,
the width (I' = 2ImE}p) of the state is large, and thus it is
not easy to conclude that the anomalous structure around
NN threshold of other processes is purely caused by the
X(1835). It should be stressed that the pole found here may
not be suitable to be treated as evidence of confirming the
baryonium origin of the X(1835) [30], as the data above the
NN or BB threshold could determine the amplitudes below
threshold unreliably.

B. Analysis of J/yw — yy'zn*x~

As mentioned above, to determine the J/y — yi'ztx~
decay amplitude, one needs to know the amplitudes of two
processes, J/y — yNN and NN — /2" n~. The former
decaying amplitude has been given in the previous sub-
section, and the latter is calculated out by the first equation
of Eq. (2). Notice that only isoscalar 'S, wave is needed.
The unknown couplings C‘NN_,,?/M (CNN—yrr 18 set to
be zero) is fixed by fitting to the cross section,
o(pp — n'z"x~) = 2.23 mb, which is obtained by multi-
plying the measured branching ratio BR(pp — n'ztz~) =
0.626% [33] and the total annihilation cross section of
pp [34]. With these two amplitudes, we can now use
DWBA to get the decaying amplitude of J/y — yy'ztn~
Note that the parameters C T /y—yNN> CNN%/M and nor-
malization factors for the M, ,+,- invariant mass spectra
are multiplied together. Therefore, we can set C, Jy—yNN =
1 again. Finally, one only needs to determine three
parameters by fitting to the J/w — yy'zz invariant mass
spectra, ie., C T jy—piazs Cily—pfzz @and a normalization
factor. Notice that C Ty—yprize A0 Cyry iz, can be
complex numbers, and hence there are four degrees of
freedom for them. In the previous work [16], these two

TABLE II.  Values of the real parameter C‘l—, p—y'zz and complex
ones Cyyyyrr a0d Cyry o, appearing in Eq. (3). For the
complex parameters, the first line corresponds to the real part, and
the second line to the imaginary part. All these parameters are in
units of 10%.

N2LO N°LO
R (fm) 1.0 0.9 1.0 11
Copoyer (GeV2)  0.0075  0.0069  0.0072  0.0075

Copyprne (GeV72) —0.2498  =0.1072 —0.1561 —0.2283
+0.0105i —0.0844i —0.0342i +0.0177i
0.0881  0.0360  0.0538  0.0830
+0.0101i +0.0462i +0.0249i +0.0025i

CJ/y/—»yiy'/m (GCV_3)

parameters are taken as real numbers. However, in this
analysis, for cutoffs R = 1.0 and 1.1 fm, the complex
parameters would give a better quality of the fits. The
parameters of our solutions are shown in Table II.

Recently, BESIII collaboration performed a new meas-
urement on the invariant mass spectra of the decay rate of
J/w — y'z" 7z~ [23]. In this new measurement, two ways
to collect the events of the final state " are considered: one
is from ' — yz*tz~, and the other is from ' — z*777.
Correspondingly, there are two different datasets, and we
label them as BESIII 2022 (I) and (II), respectively. These
new datasets have smaller errors than that of the previous
measurement [35], and thus it is necessary to include them
in the present analysis. The fitting results are shown in
Fig. 3. The fitting results of N°LO with cutoffs R = 0.9,
1.0, and 1.1 fm are shown in the top graphs of Fig. 3,
denoted by dashed purple, solid black, and dotted brown
curves, respectively. It can be found that all our solutions
are consistent with the datasets. The difference between the
results of different cutoffs is relatively tiny, revealing that
the solutions are somewhat cutoff independent. The error
bands of R = 1.0 fm, both for NZLO and N3LO, are shown
by the pink and sky blue bands as plotted in Fig. 3. The
error estimation method is again from the Bayesian method
as Ref. [24,29]. Interestingly, the solution of NZ.O has
almost the same quality as that of N°LO. This is because
we have let the parameters of the transition amplitude

0 wopztas Copyopimms a0d Cypy iz be complex, and
thus the degrees of freedom of the fit have been increased.
Also, notice that the results of J/y — ypp at N°LO are
worse than that at N°LO. Nevertheless, the mechanism of
how the structure around pp threshold is generated would
be similar to that of the previous paper [16]. See dis-
cussions below.

To study the structure around p p threshold in the M, ,-
invariant mass spectra of J/y — yy/'z ™, we separate two

contributions to the M,/ ,+, spectra: one is from NN

rescattering (J/w — yNN — yy'z*n~), and the other is
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FIG. 3. Fit to the J/yw — yn'z"n~ decay rate. The top graphs

are of N’LO with cutoffs R = 0.9, 1.0, and 1.1 fm. The bottom
graphs are for N’LO and N3LO, with cutoff R = 1.0 fm. The
datasets labeled BESIII 2022 (I) and BESIII 2022 (II) are from
Ref. [23] and the one labeled BESIII 2016 is from Ref. [35]. The
pink and sky blue bands are the error estimation of the results for
N2LO and N3LO, respectively, with R = 1.0 fm. The vertical line
is the pp threshold.

the background, i.e., the contribution from the transition
amplitude A9 sy an- 1h€ individual contributions of these
two parts are calculated by Eq. (2), with one part switched
on while the other switched off. The results are shown
in Fig. 4.

As can be seen, the backgrounds are pretty smooth and
more prominent, while the NN rescattering term contrib-
utes little except for a cusplike structure around the pp
threshold. This confirms our conclusion, i.e., the structure
around the pp threshold in the M,/,+,- invariant mass
spectra of J/yw — yn'mz~ should be generated by the
interference between the background and the NN rescatter-
ing. On the other hand, there is no pole (NN bound state or
resonance) found in the I =0 'S, partial wave of NN
scattering amplitude for any of these cutoffs, neither in the
NZLO case nor in the N°LO case [36]. Hence, our analysis
indicates that there is no need for a NN bound state to
quantitatively describe the structure around the pp thresh-
old in M, +,- invariant mass spectra of J/y — y/ nta

9000

6000 1

30001

Events/(0.01GeV)

FIG. 4. The individual contribution to M, ,+,- invariant mass
spectra of J/w — yn'z*z~, either from the background (upper
lines) or from the NN rescattering (lower lines with cusplike
behavior around pp threshold). The contributions are of N3LO

for cutoffs R = 0.9, 1.0, and 1.1 fm, respectively.

C. Analysis of J/y - y3(n*x™)

As discussed above, the decaying amplitude of J/y —
y3(z*n~) is constructed by DWBA with the amplitudes of
J/w — yNN and NN — 3(z"z~). The former has been
given in the previous sections, and the latter is fixed by
fitting the relevant cross section. In Ref. [39], the pp —
3(z"#™) cross section is measured in the momentum range
Piab = 374-680 MeV/c. In the low energy region, one
can obtain o(pp — 3(z"x7)) = 7.52 +0.89 mb at py,, =
106.6 MeV/c by combining the branching ratio
BR(pp —» 3(n"7n7)) =21.0£2.5% [40] and the total
pp annihilation cross section [34]. With the amplitudes
of J/y — yNN and NN — 3(z"z~), we can construct the
decay amplitude of J/yv — y3(z"7~) according to Eq. (2).
The unknown couplings of the Born term of J/y —
y3(z*z~) and the potential of NN — 3(z*z~) will be
fixed by combination fitting the cross section of pp —
3(z"7n~) and the invariant mass spectrum of J/y —
y3(ztz™) [2].

The unknown parameters are C pp=3(tn-)s Cppsi(ata)s
C Ty—p3ata)s and Cyy3izam), see Eq. (3). Note that
only the isoscalar 'S, partial wave is taken into account
according to ignoring higher partial waves. For
C Ty—p3ta) and Cyp,34-), they can be complex
numbers, resulting in four degrees of freedom. For
Cpp—3(x+s) that corresponds to momentum dependence
of the potential, we include it and find a better fit. Besides,
one also needs a normalization factor for the decay rates of
J/w — y3(z*x") in the full range. The values of param-
eters of our fit are given in Table III.

The results of fitting to the cross section of pp —
3(z"n~) are shown in Fig. 5. The top graphs show the
results of N3LO with different cutoffs, R = 0.9, 1.0, and
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TABLE IIIl. As in Table II but for the real parameters
61‘)1)—6(”*/1‘)’ Cpp-3(zt») and the complex ones C'J/V,_)y3(,,+,,-)
and Cyy—yi(ztn)-

N2LO N’LO
R (fm) 1.0 0.9 1.0 1.1
Copostin (GeV2) 00124 00108 00113 00117
Crposinin) (GeV2) 01246 0.0980 0.1245  0.1555
Coppopsininy (GeV72) 03578 0.1491  0.1453 02015

—0.1786i —0.0477i —0.1257i —0.1080i
Chyopsiats) (GeV=) =0.2009 —0.0350 —0.0522 —0.1021
+0.0592i +0.0149i +0.0447i  0.0291i

1.1 fm. Our solutions are consistent with the data. Indeed,
there is almost no difference between the solutions with
different cutoffs. The results for N2LO and N3LO, with the
cutoff R = 1.0 fm, are shown in the bottom graphs. As can
be found, they are consistent with the data, and the one of

20
—o— F Saietal
pp-3(mtm-) —m— PS197+CERN
—-= 0.9fm
154 — 1.0fm
=== 1.1fm
o)
E10
o)
5 4
0 , , , , , ,
0 100 200 300 400 500 600 700
Piab (MeV)
20
—o— F Saietal
pp-3(mtm-) —m— PS170+CERN
-—- N2LO
154 — N3LO
o
£E10
o)
5 4
0 , , , , , ,
0 100 200 300 400 500 600 700
Piab (MeV)
FIG. 5. Fitto the pp — 3(zx~) cross section. The top graphs

are of N°LO with cutoffs R = 0.9, 1.0, and 1.1 fm. The bottom
graphs are for N’LO and N’LO, with cutoff R = 1.0 fm. The pink
and sky blue bands are the uncertainties for the solutions of N’LO
and N°LO, respectively. Here the F. Sai et al. data are from
Ref. [39]. The data point labeled as PS197 + CERN is taken from
Refs. [34,40].

NZLO (the dashed blue line and pink band) overlaps with
that of N°LO (the solid black line and sky blue band). From
this aspect, one can conclude that the higher order
correction on NN rescattering at N°LO has little influence
on the scattering of pp — 3(z"z~). The reason may be that
there are only a few data points for this process, so the
NZLO description on the NN rescattering is enough.

The results of fitting to the J/y — y3(z*z~) decay rates
are shown in Fig. 6. In the top graphs, the dash-dotted
green, solid black, and dashed blue lines are the solutions
with cutoffs R = 0.9, 1.0, and 1.1 fm of N’LO, respec-
tively. In the bottom graphs, the dashed blue and black solid
lines are for N’LO and N°LO with cutoff R = 1.0 fm.
Notice that we only focus on the energy region around the
pp threshold. One would notice that our solutions around
the NN threshold behaves like a cusp, while two data
points, one around 1.84 GeV and the other around
1.90 GeV, are not fitted well. Nevertheless, taking into
account the large uncertainties of the data, our solutions are
still compatible with the data of the M3 ,+,-) invariant mass
spectrum of J/y — y3(z*z~). The difference between the
solutions with different cutoffs is tiny. See the green, black
and blue curves in the top graphs. This implies that our
solutions of J/yv — y3(x"n~) are stable by varying cutoffs.

120
Jw-y3(mn*tn~) —8— BESIII 2013
—-:= 0.9fm

—~ 1001 — 1.0fm
> —--- 1.1fm
[}
S
o 80 *
o
<
Y 60 *
C
(0]
>
W 40

20 T v

1.80 1.85 1.90 1.95
M3(z+r-) (GeV)
120
Jw-y3(m*tn~) —o— BESIII 2013
--- N2LO
100 — N3LO

Events/(0.01GeV)

1.80 1.85 1.90 1.95
M3(m+n-) (GeV)

FIG. 6. As in Fig. 3 but for the J/w — y3(z*z~). Here the
BESIII data are from Ref. [2].
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FIG. 7. The individual contribution to M3, ,-) invariant mass
spectra of J/w — y3(z*x7).

The results of N’LO and N°LO also have slight differences.
See the blue and black curves at the bottom. The reason
may be that the data statistics need to be higher.

Like what is done in the previous subsection, we present
the individual contributions from the background and the
NN rescattering [J/w — yNN — y3(z*z7)]. See Fig. 7.
The dash-dotted green, solid black, and dashed blue lines
are for cutoffs R = 0.9, 1.0, and 1.1 fm, respectively. The
contributions from the background are smooth, and the
structure around the pp threshold is caused by the NN
rescattering. This supports that the structure of M3+,
invariant mass spectrum around the p p threshold should be
originated from the NN threshold behavior.

D. Analysis of J/y — yK3K3n
The amplitude of J/yr — yK%K 7 is constructed through
a two-step process of J/y = yNN — yK3K%n. The ampli-
tude of pp — K9Kn is fixed by the cross section, which is
obtained from the branching ratio BR(pp — K%K%) =
(0.25 £ 0.04) x 1073% [41] and the total annihilation cross
section of pp [34]. One has o(pp - K%K%) = 0.89 +
0.14 pb at py, = 106.6 MeV/c. Combined the amplitudes
of J/w = yK3KSn and pp — K$K%n through DWBA, one
can fix the amplitude of J/yw — ngKgn by fitting to the
Mok, invariant mass spectrum. Notice that in Ref. [3], the
structure around the X(1835) become more prominent by
requiring Mgogo < 1.1 GeV/c?. Correspondingly, we set
the upper limit 7 = (1.1 GeV/c?)? in Eq. (4) for the decay
rate of J /y — yK$Kn. Notice that the f,(980)n channel is
quite far away from NN threshold, and it will only supply a

background in the energy region concerned.
The unknown parameters are given in Eq. (3), i.e.,

Copy—rkikins Coppyrinin Cpp—rixdyy and Cppgogyy:

Since there is only one data point for the pp — K%K

cross section, we set Cpp_ﬂ(g Koy o be zero and

TABLE IV. The values of the real parameters, C Pp—KOKO»
c, Jy—rKOKOy and Cyp, ., KOKYy S given in Eq. (3). All parameters
are in units of 10.

N’LO NLO
R (fm) 1.0 0.9 1.0 1.1
CPP*KEK% (GeV2) 04659 0.4514 04573  0.4607
c, p—— (GeV~2) 68187 0.9990 4.4638  6.1870
—2.6581 —3.7904

Cyjyprinry (GeV3) —42018 —0.5561

then Cpp—koky, can be fixed. For CJjy—rkoK and
CJ/W%yK(;K(S),], they could be complex numbers, but in

practice, we can set them as real numbers and the fit is
in high quality. Thus there are only two degrees of freedom.
In addition, an overall normalization factor to the data
of M KoKV, Invariant mass spectrum in the J /w radiative
decay is needed. The values of these parameters are
shown in Table IV. One would notice that C pp—KOKYy Are

much smaller than that of Cp,yziz-s Cppoyatss and

Chp=3(xtn)
K9K%n is almost three orders smaller than that of pp —

. This is because the cross section of pp —

Wztn~ and pp - 3(z"zx7). For C‘J/W_,YK(;KT;” and
o Jy—7KOKOp» it is difficult to discuss why its magnitude
is smaller than those of C Ty=3n)s Cry—data)
C, Jy—fztas and Cyp,_qi .-, because these transition
potentials interfere with the NN rescattering parts. Their
magnitudes are fixed by fitting to the invariant mass
spectra. Notice that the whole amplitudes should also
multiply an overall normalization factor to fit the
events data.

Our solutions fitting to the M KOKOy invariant mass
spectrum are shown in Fig. 8. As can be found, our
solutions fit the experimental data rather well. However,
it should be noted that there are only 8 data points in the
energy region of [1.80-1.95] GeV that we focus on. The
top graphs in Fig. 8 are the results of N°LO. The dash-
dotted green, solid black, and dashed blue lines are for
cutoffs R = 0.9, 1.0, and 1.1 fm, respectively. These curves
of different cutoffs almost overlap, implying that the results
are not sensitive to the cutoffs. The bottom graphs are the
results of N?LO (dashed blue) and N°LO (black solid) with
cutoff R = 1.0 fm. The results of N’LO and N°LO overlap
with each other, and this is again caused by lacking enough
statistics on the data. It would be rather helpful if there are
future measurements on the invariant mass spectrum of
J/w — yKSKn, especially those around the pp threshold
to get apparent structure.

The individual contributions from background and NN
rescattering to M KoK invariant mass spectra of J/y —

yK%Kn are shown Fig. 9. The smooth lines at the bottom
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FIG. 8. As in Fig. 3 but for J/y — yK3Kn. Here the data is
from BESIII [3].

are from backgrounds [Born terms as given in Eq. (3)], and
the ones with cusps around the pp threshold are from NN
rescattering. It shows clearly that the structure around the
pp threshold is caused by NN threshold behavior. Note that
in some other models, the origin of the structure around p p
threshold could be caused by some bound states. See, e.g.,
Refs. [15,17]. As a short summary, in all the processes of
J/y radiative decays, J/w — yn'ztx=, J )y — y3(ztx7),
and J /y — yK%Kn, the structure around p p threshold are
caused by the NN rescattering. While there is no resonance
found in the isoscalar 'S, wave.

100

Jw - yK2K2n

Events/(0.02GeV)

1.80 1.85 1.90 1.95
MKSKsl'I (GeV)

FIG. 9. The individual contribution to M KOKOy invariant mass
spectra of J/y — yK$K%n.

IV. CONCLUSION

In this paper, we analyzed the J/y radiative decays of
the processes of J/y —yn'zta=, J/w — yK$Kn,
J/w = y3(ztn™), and J/yw — ypp with chiral effective
field theory and distorted wave Born approximation. The

latest measurements on the M,/ ;+,-, M3(z+,-), and M KoKy

invariant mass spectra are taken into account. Our results
show that the structures around the pp threshold found in
all these processes are caused by the NN threshold effect,
while no bound state or resonance is found in the relevant
I = 0'S, partial wave. To check the reliability, we test the
effects of different cutoffs and find that our conclusion is
not sensitive to the cutoffs. It would be helpful to refine the
analysis if there are future measurements on the invariant
mass spectra around the pp threshold of the J/y radiative
decays.
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