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Near-threshold pp invariant mass spectrum measured in J/y and y’ decays
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A systematic analysis of the near-threshold enhancement in the pp invariant mass spectrum seen in the
decay reactions J/yw — xpp and y(3686) - xpp (x =y, w,p,m,n) is presented. The enhancement is
assumed to be due to the NN final-state interaction (FSI) and the pertinent FSI effects are evaluated in an
approach that is based on the distorted-wave Born approximation. For the NN interaction a recent potential
derived within chiral effective field theory and fitted to results of a partial-wave analysis of pp scattering
data is considered and, in addition, an older phenomenological model constructed by the Jiilich group.
It is shown that the near-threshold spectrum observed in various decay reactions can be reproduced
simultaneously and consistently by our treatment of the pp FSI. It turns out that the interaction in the
isospin-1 'S, channel required for the description of the J/y — ypp decay predicts a NN bound state.
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I. INTRODUCTION

The origin of the enhancement in the antiproton-proton
(pp) mass spectrum at low invariant masses observed in
heavy meson decays like J/w — ypp, B — Kpp and
B — Dpp, but also in the reaction ete”<>pp, is an
interesting and still controversially discussed issue. In
particular, the spectacular near-threshold enhancement
in the pp invariant mass spectrum for the reaction
J/w — ypp, first observed in a high-statistics and high-
mass-resolution experiment by the BES Collaboration [1],
has led to numerous publications with speculations about
the discovery of a new resonance [1] or of a pp bound
state (baryonium) [2—4], and was even associated with
exotic glueball states [5-7]. However, in the above proc-
esses the hadronic final-state interaction (FSI) in the pp
system should play a role too. Indeed, the group in Jiilich-
Bonn [8,9] but also others [10—17] demonstrated that the
near-threshold enhancement in the pp invariant mass
spectrum of the reaction J/w — ypp could be simply
due to the FSI between the outgoing proton and antiproton.
Specifically, the calculation [8,9] based on the realistic
Jiilich antinucleon—-nucleon (NN) model [18-20], the one
by the Paris group [15], utilizing the Paris NN model
[21], and that of Entem and Fernandez [14], using a NN
interaction derived from a constituent quark model [22],
explicitly confirmed the significance of FSI effects esti-
mated in the initial studies [10-12] within the effective
range approximation.
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In the present work we perform a systematic analysis of
the near threshold enhancements in the reactions J/y —
xpp and y'(3686) = xpp (x =y, w,p, 7, n) with empha-
sis on the role played by the pp interaction. The aim is to
achieve a simultaneous and consistent description of all pp
invariant mass spectra measured in the various reactions.
FSI effects for different decay channels cannot be expected
to be quantitatively the same. In particular, with regard to
pp, the two baryons have to be in different states if the
quantum numbers of the third particle in the decay channel
differ, in accordance with the general conservation laws.
Furthermore, it is possible that dynamical selection rules,
reflecting the details of the reaction mechanism, could
suppress the decay into pp S-waves for some decays near
threshold. Thus, in different decay modes the final pp
system can and must be in different partial waves and,
accordingly the FSI effects will differ too.

As mentioned, initial studies of FSI effects in the decay
J/w — ypp were done in the rather simplistic effective
range approximation. Later investigations, like the ones
performed by us [8,9], employed directly scattering ampli-
tudes from realistic NN potential models. Still also here
the treatment of the FSI is done within the so-called
Migdal-Watson approach [23,24] where the elementary
decay (or production) amplitude is simply multiplied with
the pp T-matrix. It is known that this approach works
reasonably well for reactions with a final NN system [25].
In this case the scattering length a is fairly large, for
example, a ~ —24 fm for a final np system (in the 'S5
state). Measurements of the level shifts in antiprotonic
hydrogen atoms suggest that the scattering lengths for pp
scattering are presumably only in the order of 1 to 2 fm
[26]. Moreover, those scattering lengths are complex due to
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the presence of annihilation channels. Therefore, in the
present paper we consider an alternative and more refined
approach for taking into account the FSI. Specifically, we
use the Jost function which is calculated directly from
realistic NN potentials. FSI effects are then taken into
account by multiplying the reaction amplitude with the
inverse of this Jost function. This is practically equivalent
to a treatment of such decay reactions within a distorted-
wave Born approximation. Note that this is different from
the popular Jost-function approach based on the effective
range approximation [27] which is widely used in inves-
tigations of FSI effects.

We present results for the decays J/y — xpp with
X=y,o, 9, n, which all have been measured. For the last
three cases parity, G-parity, and isospin are conserved so
that each of those channels allows one to explore the pp
system in a distinct partial wave. At the same time the
analogous reactions ' — xpp are studied. In this case
there are data for x = y, 7%, 5. Clearly, if pp FSI effects are
responsible for the enhancements seen in specific J/y
decays, then very similar effects should occur in the
corresponding ' decays because the selection rules are
the same.

As far as the NN interaction is concerned we employ
again the phenomenological model A(OBE) of the Jiilich
group [18] used in our earlier works [8,9,28,29]. In
addition, and as a novelty, we utilize also a NN interaction
derived in the framework of chiral effective field theory
(EFT) [30]. The latter interaction incorporates results of a
recent partial-wave analysis (PWA) of pp scattering data
[31]. In particular, this EFT potential has been constructed
in such a way, that it reproduces the amplitudes determined
in the PWA well up to laboratory energies of T,,, ~
200-250 MeV [30], i.e. in the low-energy region where
we expect that FSI effects are important.

As pointed out at the beginning, also in decays of the B
and Y mesons to final states with a NN pair enhancements
at low invariant masses have been observed [32-39].
However, in the majority of those experiments the invariant-
mass resolution of the NN spectrum is relatively low
and often there are only two or three data points in the
(relevant) near-threshold region. Therefore, we refrain from
looking at those data in detail. Note also, that in case of
weak decays like B — Kpp or B — Dpp parity is not
conserved and, as a consequence, there is less restriction
on the possible partial waves of the NN final state. The
situation is different for the reaction e™e™<>pp. As shown
by us in recent studies [40,41], employing the same
formalism and the same NN interactions as in the present
work, the FSI mechanism can indeed explain the near-
threshold enhancement seen in the data taken by the PS170
[42], the FENICE [43] and the BABAR [44] Collaborations.

The paper is structured in the following way: In Sec. 11
we provide a summary of the formalism that we employ for
treating the FSI due to the NN interaction. We discuss also
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the selection rules for the decay channels considered.
Results of our calculations are presented in Sec. III.
First we analyze hadronic decay channels of J/y and v’
(where isospin is assumed to be conserved) and compare
our predictions with measurements of the pp invariant
mass spectrum for the 7°pp, npp, and wpp channels.
Subsequently we consider radiative decays. Since it turns
out that the pp invariant mass spectrum of J/y — ypp can
no longer be described with the employed and previously
established NN interactions, once the more realistic treat-
ment of FSI effects is utilized, we perform and present a
refit of the chiral EFT NN potential that reproduces the y p p
data and stays also very close to the result of the PWA (and
to the original EFT potential [30]) for the relevant ('S)
partial wave. The paper ends with a summary. Results of
the refitted 'S, NN potential are presented in an appendix,
and compared with the PWA and the previously published
EFT potential [30].

II. TREATMENT OF THE NN FINAL
STATE INTERACTION

Our study of the processes of J/y (or y') decaying to
xpp (x =y,w,n,n) is based on the distorted wave Born
approximation (DWBA) where the reaction amplitude A is
given by

A = A® 4 AOGNNTNN (1)

Here A° is the elementary (or primary) decay amplitude,
G™V the free NN Green’s function, and TVV the NN
scattering amplitude. For a particular (uncoupled) NN
partial wave with orbital angular momentum L, Eq. (1)
reads

w dpp? 1
AL =AY A
L L+A (27)* "L 2E, - 2E, + i0"

TL(ps k9 Ek)a

(2)

where 7; denotes the partial-wave projected 7-matrix
element, and k and E; are the momentum and energy of
the proton (or antiproton) in the center-of-mass system of
the NN pair. The quantity T, (p, k; E}) is obtained from the
solution of the Lippmann-Schwinger (LS) equation,

% dpp?
T E) = Vil )+ [TV p)
0 (277.’)
1
TL(p’k;Ek)’ (3)

X
2E, —2E, +i0"

for a specific NN potential V. In case of coupled partial
waves like the 3S,—>D, we solve the corresponding
coupled LS equation as given in Eq. (2.20) of Ref. [30],
and use then T;; in Eq. (2).
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In principle, the elementary production amplitude AY in
Eq. (2) has an energy dependence and it depends also on
the NN momentum and the photon momentum relative to
the NN system. However, in the near-threshold region the
variation of the production amplitude with regard to those
variables should be rather small as compared to the strong
momentum dependence induced by the NN FSI and,
therefore, we neglect it in the following. Then Eq. (2)
can be reduced to

. < dpp* p* 1
AL =A%E |1 /
Lo { ) (27)3 kL 2E, —2E, +i0"

TL (pvk’Ek)
=AY Kby ) (0). (4)

Here, we have separated the factor kL which ensures the
correct threshold behavior for a particular orbital angular
momentum so that A is then a constant. The quantity in the
bracket in Eq. (4) is the so-called enhancement factor [27].
Introducing a suitably normalized wave function for the pp

pair in the continuum [27], I/J,E_L)* (0), this quantity is just the

inverse of the Jost function, i.e. y/,(C_L)*(O) = f7'(~k). We
want to emphasize that in the present work we calculate the
enhancement factor for the considered NN interactions
explicitly, which amounts to an integral over the pertinent
(half-off-shell) T matrix elements, see Eq. (4). This should
not be confused with the popular Jost-function approach
which relies simply on the effective range approximation.
In any case, the latter cannot be easily applied in the NN
case because now the scattering length as well as the
effective range are complex quantities. For a thorough
discussion of various aspects of the treatment of FSI effects
due to baryon-baryon interactions, see Refs. [45-47].

The differential decay rate for the processes X — xpp
(X = J/w,y') can be written in the form [8,48]

ar AVP(my M2 m2)\/M* - 4m?,
= 6 3.2 A

am 2°m°my

L0

after integrating over the angles. Here the Kéllén function A
is defined as A(x,y,z) = ((x —y —2)?> —4yz)/(4x), M =
M(pp) is the invariant mass of the pp system, my, m,,, m,
are the masses of the J/y (or y), the proton, and the meson
(or y) in the final state, while A is the total (dimensionless)
reaction amplitude. Note that in Eq. (5) we have assumed
that averaging over the spin states has been already
performed [48]. In the present manuscript we will consider
only individual partial wave amplitudes and, therefore, use
a specific A; in Eq. (5).

Let us come back to A° and, specifically, to the
assumption that it is constant in the region near the NN
threshold where we perform our calculation. Such an
assumption is sensible if there are no dominant one-,
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two- or even three-particle doorway channels, with masses
or thresholds close to the NN threshold, for the transition
from J/y (or y’) to NN. For example, a dominant NN
production via p, zz or zzz intermediate states would
definitely not invalidate this assumption. However, a
genuine resonance with a mass comparable to the
X(1835) found by the BES Collaboration in the reaction
J/w — yatrn [49,50] would render it already somewhat
questionable, if it constitutes indeed the dominant doorway
channel for the decay into the NN system. In any case,
and as in all previous works that exploit FSI effects, it
should be clear that the assumption of a constant AY is first
and foremost a working hypothesis. The question that can
be addressed in our study is simply, whether the energy
dependence generated by the NN interaction in the final
state alone suffices to describe the pp invariant mass
spectra or not. A possible genuine energy dependence of
the primary production amplitude itself cannot be excluded.

Conservation of the total angular momentum, together
with parity, charge conjugation and isospin conservation
for the strong interactions, put strong constraints on the
partial waves of the produced pp system. We list the
allowed quantum numbers for various decay channels in
Table I for orbital angular momentum L < 1, i.e. S and P
waves. We use the standard notation ®StV L, where L, S, J
are the orbital angular momentum, the total spin and the
total angular momentum. The isospin / is sometimes
indicated by the notation 2/*D@S+D[  In the actual
calculation we consider, in general, only the lowest partial
wave, i.e. either the 'S, or the 3S,. Those should be the
dominant partial waves for energies near the pp threshold.
As already said, we assume also that a single partial wave
saturates (or dominates) in the energy range covered, i.e. up
to excess energies of M(pp) —2m, ~ 100 MeV consid-
ered also in the earlier works [8,9,13-15,28,29]. In prin-
ciple, higher partial wave may well play a non-negligible
role around 100 MeV (or even at somewhat lower energies)

TABLE 1. Allowed NN partial waves, J°C assignments and
isospins for various channels up to P waves.

Channels Partial waves Isospin
JIw = rbp ¢ -

K So[07F],3 P[0 ]3P [1H],3 P, 21 0, 1
AL e R S R RIS
J/w — wpp l¢ 3p 3p 3

- So,° Py, Py, P 0
W = wpp 0. Fo, 1,72
J/w = ppp I¢ 3p 3p 3

z S0, Pgy, P, P 1
w' = ppp 0 T0 T 2
J{V/ _’ﬁpp 351[1——]’1PI[1+—] 0
v = npp
J/w — 2°p
o 5P, !
v = app
Xeo = T AP lSo»3P1 1
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and one could limit oneself to excess energies up to
~ 50 MeV, say, to be on the safe side. Or one could
introduce a cocktail of amplitudes. However, at present
there is very little experimental information to constrain the
relative weight of the partial waves and also their interfer-
ence. Hopefully in the future, with a larger data set and
more precise measurements of angular distributions a more
refined analysis will become feasible. Note that it is
possible that dynamical selection rules lead to a suppres-
sion of the lowest partial waves in the NN system. This
could be also detected by measuring the angular distribu-
tions of the decay products.

III. RESULTS

Most of the studies of FSI effects in the reaction J/y —
ypp (and related decays) in the literature are performed in
the Migdal-Watson approach [23,24]. In this approxima-
tion, instead of evaluating the integral equation that arises
in the DWBA, see Eq. (2), the FSI is simply accounted for
by multiplying the elementary reaction amplitude by the
on-shell NN T-matrix, i.e. A, ~ N-AYT, (k, k; E})/ky,
where N is an arbitrary normalization factor. It is known
from pertinent studies that the applicability of the Migdal-
Watson approach is limited to a fairly small energy range
[46]. In particular, it works only reasonably well if the
scattering length is rather large—which is the case for NN
scattering with values of a & —24 fm for the interaction in
the (np) 'S, partial wave. However, for NN scattering the
values for the scattering lengths are typically in the order of
only 1-2 fm [26,30].

Entem and Ferndndez have presented results based on
the Migdal-Watson approximation and on the DWBA [14]
and those suggest drastic differences between the two
approaches. Indeed, we can confirm this with our own
calculation employing the NN potential A(OBE) [18] that
we used in our earlier studies [8,9,28,29]. Corresponding
results are presented in Fig. 1. The dash-dotted curve is the
prediction for the pp invariant mass based on the / = 1 1S,
amplitude in the Migdal-Watson approximation, as pub-
lished in Ref. [8] which reproduces rather well the energy
dependence found in the experiments [1,51,52]. The result
for the same NN interaction but based on the more refined
treatment of the FSI, Eq. (4), is no longer in agreement with
the data, see the solid curve in Fig. 1. At first sight, this
is certainly disturbing. However, we want to emphasize that
it would be premature to see the observed discrepancy as
signal for the failure of the FSI interpretation of the
enhancement in the near-threshold pp invariant mass
spectrum. Rather it could be simply an evidence for certain
shortcomings of the employed NN interaction in the 'S,
partial wave. In addition, isospin is not conserved in
the reaction J/yw — ypp and, therefore, the actual NN
FSI can involve any combination of the / =0 and I =1
1S, amplitudes. We will address these issues in detail later
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FIG. 1 (color online). pp spectrum for the decay J/yw — ypp.
The solid curve denotes results for the NN interaction A(OBE)
based on the DWBA, see Eq. (4), while the dash-dotted curve is
based on the Migdal-Watson approximation [8]. Data are taken
from Refs. [1,51,52]. The measurement of Ref. [51] is adopted
for the scale. The data for the BES measurement from 2003 have
been shifted slightly to the right, cf. text.

in this section. First we want to look at purely hadronic
(J/w and y') decay channels with a pp final state where
nominally isospin is conserved.

But before that we would like to comment on the
normalization. Usually only event rates are given for the
various experiments. These differ for different experiments
and also for different invariant-mass resolutions. For the
figures presented below, in general, we fix the scale
according to the experiment with the highest resolution.
Which data set is used to fix the scale will be emphasized
in the pertinent caption. The data (and error bars) from
other experiments with lower resolution are then renor-
malized to this scale, guided by the eye. Also our theory
results are renormalized to this scale (guided by the eye) by
an appropriate choice of A? in Eq. (4). The only exception
is the J/w — ypp reaction, where the constant AY is fixed
via a fit to the pp invariant-mass spectrum. Note also that
the actual values of (most of) the data presented in the
various figures were not directly available to us. We use
here values obtained from digitizing the figures of the
original publications. Finally, for some decays the BES
Collaboration has published data sets with different sta-
tistics but with the same momentum resolution. Since we
wanted to include both sets in the same figure we shifted
the ones from the earlier measurement slightly to the right
(by 1 MeV) so that one can distinguish the two data sets
easier in the figure. This concerns the ypp and the wpp
channels.

A. Decays into three hadrons

Besides J/y — ypp there is also experimental informa-
tion on J/yw and yw' decays into three-body channels
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FIG. 2 (color online).  pp spectrum for the decay J/y — 7°pp.
The band represents the result based on the NN FSI generated
from the chiral EFT potential [30] while the solid curve is the
result for the NN interaction A(OBE) [18]. The dashed curve
denotes the phase space behavior. Data are taken from
Refs. [1,53]. The measurement of Ref. [1] is adopted for the scale.

involving a pp pair and a pseudoscalar (r,7) [1,52-56] or
vector (w) [57,58] meson. There is, however, a strong
variation in the quality of the data. While in case of J/y —
2°pp and J/y — wpp the momentum resolution is excel-
lent and comparable to the one for J/w — ypp, the bin
widths for the other reactions are much larger.

Let us first consider channels with pseudoscalar mesons.
The processes of J/w and y' decaying to zpp or npp
involve the 35, partial wave, see Table 1. The event rates
calculated via Egs. (4) and (5) are shown in Fig. 2 for the
decay J/w — n°pp, in Fig. 3 for J/w — npp, in Fig. 4 for
w' — 7°pp, and in Fig. 5 for ' — npp. Results based on
our NN potential derived in chiral EFT are presented as
bands. Chiral EFT interactions for baryon-baryon systems
require a regularization when inserted into the LS equa-
tion (3) [59-61] and in Ref. [30] this was done in form of an

15|||||||||||||||||||||||

L Jy—>npp ® BES2001

—_
(=

L I
|

wn

events / (30 MeV/cz)

0|||||||||||||||||||||||

0 30 60 90 120
M(pp)-2m_ (MeV/c?)

FIG. 3 (color online). pp spectrum for the decay J/w — npp.
Same description of curves as in Fig. 2. Data are taken from Ref. [54].
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FIG. 4 (color online). pp spectrum for the decay ' — z°pp.
Same description of curves as in Fig. 2. Data are taken from
Refs. [52,55]. The measurement of Ref. [55] is adopted for the scale.

exponential regulator function that involves a cutoff
mass A. The cutoff values were chosen in the range
A = 450-650 MeV, guided by what was used for chiral
nucleon-nucleon potentials in the past [59,60]. Since the
two-pion exchange potential is calculated using spectral
function regularization [60], there is also a dependence on
the pertinent cutoff parameter A, see Ref. [30] for details.
The band indicates the variation of our results for the

various cutoff combinations {A, A} considered in the
construction of the EFT NN potential. It can be viewed
as a rough estimate of the theoretical uncertainty (of the NN
amplitude) as discussed in Ref. [59] (Sec. 3), see also the
related discussion in Ref. [61].

The solid line is the prediction for the meson-exchange
potential A(OBE). The dashed line represents the phase
space behavior and follows from Eq. (5) by setting the
production amplitude A to a constant. In general, the latter
is normalized in such a way that it coincides with the results
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FIG. 5 (color online). pp spectrum for the decay y' — npp.
Same description of curves as in Fig. 2. Data are taken from
Refs. [52,56]. The measurement of Ref. [56] is adopted for the scale.
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for the EFT interaction for excess energies around 70—
80 MeV. We want to stress once more that in Fig. 2 and in
the other figures in this section all normalizations are
arbitrary. We are only interested in the energy dependence
as it follows from the FSI effects predicted by the employed
NN interactions.

Obviously, in all cases our predictions are in line with the
data. Specifically, the results for J/y — z°pp are in nice
agreement with the experiment. Here the FSI generates a
moderate but noticeable enhancement at small pp invariant
masses as compared to the phase space and yields a pp
spectrum which is seemingly closer to the trend exhibited by
the data than the phase-space curve. It is interesting to see
that the results based on the chiral potential and on A(OBE)
are fairly similar. In this context let us remind the reader that
we had to introduce some phenomenological adjustments in
our earlier study based on the Migdal-Watson approxima-
tion [and with A(OBE)] in order to be able to reproduce that
experimental invariant mass spectrum, cf. Eq. (8) in Ref. [8].
Now the behavior follows directly from the refined treat-
ment of FSI effects via Eq. (4).

The results for the other channels are less conclusive.
The invariant-mass resolution in the pertinent measure-
ments is only in the order of 30 MeV or so and,
consequently, there are only three or four data points below
the excess energy of 100 MeV. Whether or not the present
data require the enhancement provided by the NN FSI is
difficult to judge. Hopefully, future measurements with
much higher statistics as well as much higher resolution
will provide a more serious test for FSI effects.

Let us now look at the decay J/w — wpp. In this case
the p p state is produced in the 'S, partial wave with isospin
I = 0, cf. Table 1. Our results based on the Jiilich model
A(OBE) [18] (solid curve) and the chiral potential con-
structed in Ref. [30] (band) are shown in Fig. 6 and

® BES2013

Thy —> op)
v PP O BES2008

IS
f=}

events / (10 MeV/c’)
s IS

10 -
’

o b b b Y b by

7
0 T S T N RN T ST T S S S AT S N B
0 30 60 90 120

M(pp)-2m_ (MeV/c?)

FIG. 6 (color online). pp spectrum for the decay J/w — wpp.
Same description of curves as in Fig. 2. Data are taken from
Refs. [57,58]. The measurement of Ref. [58] is adopted for the
scale. The data for the measurement from 2008 have been shifted
slightly to the right, cf. text.
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compared to data from the BES Collaboration [57,58].
As can be seen from Fig. 6, the predictions agree rather well
with the measured pp invariant mass spectrum in the
energy range considered. Also here differences between the
results based on the chiral potential and A(OBE) are small.
Actually, it seems that for this particular NN partial wave
there is no strong dependence on the employed FSI
formalism. Our results for A(OBE) based on the Migdal-
Watson approximation, published in [28], are qualitatively
very similar to the ones we get now within the DWBA.

B. Radiative decays

In the J/yw — ypp and y' — ypp decays the isospin is
no longer conserved and, in principle, the final pp state can
have any admixture of the isospin 0 and 1 components. In
our previous works the / =1 amplitude was used for
J/w = ypp [8] while for v — ypp the isospin averaged
amplitude, TP? = (T'=° + T7=1)/2, was found to yield a
good agreement with the measurements [29]. Results based
on an NN interaction derived from the quark model,
presented in Ref. [14], suggest that the FSI effects of both
isospin components might be roughly in line with the data,
while apparently in Refs. [13,15,17] only the isospin 0
amplitude was considered. The BES Collaboration argues
in favor of a decay into a pure I = 0 pp state, guided by the
experimental observation that apparently / = 1 states are
suppressed in J/y radiative decays [49]. Indeed, the
branching fraction of J/yr — yz° is very small as compared
to J/yw — yn [62]. But one must also say that there are only
a few candidates listed in [62] for a decay of J/y into y and
apure I = 1 hadronic channel. And, in case of J /i — ypw
for example, only an upper limit of the branching fraction
is known.

Note that for the reaction J/w — ypp a partial-wave
analysis has been performed [51]. It suggests that the near-
threshold enhancement is dominantly in the J©¢ = 0=+
state, which means that the pp system should be in the !5
partial wave.

As already shown above, using the Jiilich model A(OBE)
as input, the mass dependence of the near-threshold pp
spectrum (and specifically the pronounced peak) is no
longer reproduced when the refined treatment of the FSI is
employed. It turns out that the same is also the case for the
chiral EFT potential of Ref. [30].

In the present study we adhere to the hypothesis that the
enhancement in the y pp channel is connected with the pp
FSI. Then, there are two options: First, we can dismiss the
assumption that the produced pp state consists only of
the / = 1 component alone (made in our earlier work [8]
and also in the calculation based on the EFT interaction
mentioned right above) and allow for an arbitrary mixture
of the / =0 and 1 amplitudes. Second, we can question
the amplitude in the 'S, partial wave as predicted by the
employed Jiilich A(OBE) and chiral EFT NN potentials.
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Since the one produced by the latter interaction was
fixed by a fit to the partial-wave analysis of Zhou and
Timmermans [31] this implies that we have to depart from
the results of that analysis.

Clearly, for physical (and practical) reasons we still want
to stay as close as possible to the solution given in Ref. [31]
which reproduces the considered NN data very well. Thus,
we allow only minimal variations in the 'S, partial wave
and keep all other partial waves fixed. Furthermore, we
require that all NN scattering observables in the low-energy
region remain practically unchanged. This concerns the
total, elastic (pp — pp), and charge-exchange (pp — 7in)
cross sections, and also the differential cross sections. Since
at low energies those observables are dominated by the 3S;
partial wave and the weight of the 'S, amplitude is fairly
small, there is some freedom for variations even under such
strict constraints.

We will consider only variations in the 3! S, partial wave,
i.e. in the I = 1 amplitude. The 'S, potential is kept as in
Ref. [30]. Given the fact that the pp invariant mass
spectrum for J/y — wpp is well reproduced by the 'S,
amplitude we do not see any reasons to introduce mod-
ifications in this partial wave. Recall that the ypp and wpp
channels involve the very same amplitudes, see the selec-
tion rules in Table I. Thus, the assumption that isospin is
conserved in the hadronic decay rules out that the strong
enhancement seen for y pp can be directly associated with
FSI effects due to the /=0 amplitude. Indeed, any
appreciable modification of the / = 0 amplitude would
automatically spoil the reproduction of the wpp data.
Note, however, that, in principle, one cannot exclude that
isospin conservation is also violated in hadronic decays,
see, e.g., Ref. [63].

In the following we examine the two options jointly. We
regard two exemplary combinations of the two isospin
amplitudes, namely the “standard” one, T = TPP =
(T° +T")/2, and also one with a predominant / =0
component, 7 = (0.7 7° + 0.3 T"). For both cases we then
perform a combined fit to the pp invariant mass spectrum
for J/w — ypp (up to excess energies of 67.5 MeV) and to
the NN partial-wave cross sections of the 'S, amplitude as
determined in the PWA of Zhou and Timmermans [31].
Results for the pp invariant mass spectrum are reported
below while details and results for the NN sector are
summarized in the Appendix.

The decay rate for J/yr — ypp based on the refitted NN
interaction is shown in Fig. 7. The results are for the
combination 7 = (T° + T')/2. One can see that now the
pronounced peak near 10 MeV is very well described by
the FSI. At the same time our (former) NN results are
also reproduced, cf. the Appendix. Interestingly, the modi-
fied potential generates a bound state in the 'S, channel
which was not the case for the interaction presented in
Ref. [30]. For example, for the cutoff combination
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FIG. 7 (color online). pp spectrum for the decay J/w — ypp.
The band represents the result with the refitted chiral NNLO
potential, see text. The dashed curve denotes the phase space
behavior. Data are taken from Refs. [1,51,52]. The measurement of
Ref. [51] is adopted for the scale. The data for the BES
measurement from 2003 have been shifted slightly to the right,
cf. text.

{A, A} = {450 MeV, 500 MeV} the bound state is located
at Eg = (—36.9—147.20) MeV, where the real part
denotes the energy with respect to the NN threshold. As
it happens, this bound state is not very far away from the
position of the X(1835) resonance found by the BES
Collaboration in the reaction J /y — yzt 775 [49,50]. That
resonance was interpreted as a possible signal for a NN
bound states in several investigations. But, be aware, our
bound state is in the / = 1 channel and not in I =0 as
advocated in publications of the BES Collaboration [49]
and of other authors [15]. In any case, we want to stress that
the actual value we get for the binding energy should be
viewed with caution. As mentioned, we examined also
the combination 7 = 0.7 T° 4+ 0.3 T', and with it we can
achieve likewise a simultaneous description of the J/y —
ypp data and the pp scattering cross section with similar
quality. However, in this case the position of the bound state
is around Ep = (—14.8 —i39.7) MeV. Clearly, the data
above the NN threshold do not allow us to determine the
binding energy reliably given that the bound state might be
30 or 40 MeV below the threshold and has a sizable width.
Note that we do not show in Fig. 7 the data points in the
lowest bin from the BES experiments. For energies below
5 MeV the Coulomb interaction has a significant influence
and likewise the difference between the pp and 7nn
thresholds plays a role. Both effects are not included in
the present calculation. Indeed, because of the strong
energy dependence very near threshold, one would need
to take into account also the finite momentum resolution of
the experiment for a sensible comparison with the data.
There are also experimental results for the decay y' —
ypp [51,52]. While the statistics is not as high as for the
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The band represents the result with the refitted chiral NNLO
potential, see text. The solid curve is the result for the NN
interaction A(OBE) [18]. The dashed curve denotes the phase
space behavior. Data are taken from Refs. [51,52].

J/w — ypp case, nonetheless, the recent data from the
BES Collaboration [51] provide clear evidence that, con-
trary to J/w — ypp, in this channel there is no prominent
near-threshold peak, but still a significant enhancement as
compared to the pure phase-space behavior, see Fig. 8. This
is interesting because the quantum numbers of the particles
involved in the two reactions are identical and, therefore,
one would expect naively to see similar effects from the pp
FSI. However, in the ' — ypp decay isospin is likewise
not conserved and, in particular, the reaction amplitude can
have a different admixture of the isospin-0 and isospin-1
components. Indeed, when we assume, for example, that
fory’ — ypp the final pp state is given by the combination
T =0.97°+ 0.1 T' we can describe the pp invariant mass
spectrum measured in this reaction very well, as demon-
strated in Fig. 8. But a somewhat smaller or larger
admixture (4=5-10%) of the isospin-0 component would
still yield results that are compatible with the data. Note
also that the isospin-1 T-matrix from the refitted 'S,
potential is employed here, i.e. the same amplitude as in our
J/w — ypp calculation.
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FIG. 9 (color online). pp spectrum for the decay v’ — ypp.
Same description of curves as in Fig. 8, however, the '* P, partial
wave is used for generating the NN FSI effects. Data are taken
from Ref. [51].

Results based on the NN model A(OBE) are also shown
in Fig. 8 (solid lines). Here agreement is found for the
isospin combination T = (T° + T')/2.

The branching ratios of v/ — yy.; (J =0, 1, 2) are
around 10%, for each of the y.;’s [62]. Together they
amount to about 30%, which is orders of magnitude larger
than all other radiative decay modes. Thus, it is quite
possible that in the radiative decay of y’ the pp pair is
produced predominantly via one of the y.; resonances
acting as doorway state. If so, then the pp state must
emerge in a P-wave, see Table 1. Therefore, we performed
also calculations where we explored such a scenario. It
turned out that the assumption of a transition via the y,
resonance which then leads to a pp final state in the 3P,
partial wave yields results that agree fairly well with
the data. The corresponding event distribution for the
final pp pair is presented in Fig. 9 where the isospin-0
amplitude predicted by the considered NN interactions was
employed. Anyway, the masses of the y.;, J = 0, 1, 2 states
are 3415, 3511, and 3556 MeV, respectively [62]. Thus, the
NN threshold is very far away from the nominal masses
of those resonances and, therefore, only the very tail of the
Xe.;’S can contribute to the pp spectrum at those low
invariant masses considered in our investigation.

C. Discussion

The scenario outlined above allows us to describe
consistently (and quantitatively) the near-threshold
enhancement seen in the pp invariant mass spectrum
of various J/y and y' decays in terms of FSI effects. In
particular, we can reproduce the moderate enhancement
seen in the reactions J/y — wpp and y' — ypp as well as
the rather large enhancement in the J/yw — ypp channel.
The analysis of the latter indicates the possible existence of
a NN bound state. However, contrary to the suggestion of
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the BES Collaboration [49] and the theoretical studies of
the Paris group [15], this bound state would be in the
isospin-1 channel and not in isospin 0. Therefore, in the
following, let us discuss our scenario and possible alter-
natives in detail.

Near the pp threshold the reactions J/w — ypp,
v’ — ypp, and J/y — wpp are all governed by the same
NN partial wave, namely the 'S, (cf. Table I). The
assumption that isospin is conserved in the hadronic decay
J/w — wpp, together with the observed moderate
enhancement in the pertinent pp invariant mass spectrum,
practically excludes that the exceptionally large enhance-
ment in the J/y — ypp decay has anything to do with the
isospin-0 NN amplitude. Actually, as shown in our analy-
sis, the two measurements can be only reconciled if we
assume that the decay into ypp involves a substantial
isospin-1 amplitude. Of course, it could be possible that
there is a strong violation of isospin conservation in the
hadronic decay J/yw — wp p. However, we believe that this
is much less likely than a sizable isospin-1 admixture in the
radiative reaction J/w — ypp where isospin is not con-
served anyway. Another option would be that the decay
J/w — wpp leads predominantly to NN P-waves—even
close to threshold—and only the reaction J/w — ypp is
dominated by the decay into the 'S, partial wave. While a
dominance of P-waves might be indeed plausible for
yw' — ypp, as discussed above, at the moment there is
no experimental evidence that it could be also the case for
the w channel. Clearly, here measurements of the angular
distributions for the w p p case, analogous to those available
for ypp [51], would be very useful.

What if a genuine resonance is responsible for the
enhancement observed in the decay J/yw — ypp? Of
course, such a resonance should not couple strongly to
the NN channel, because otherwise it will contribute
significantly to the (direct) NN interaction. Then, in turn,
it would contribute to the NN FSI effects in the pertinent
channel, i.e. it should be also seen in wp p, for example. A
resonance that couples strongly to J/y and only rather
weakly to NN should be seen in other J /iy decay channels.
In principle, the X(1835) found by the BES Collaboration
in the reaction J/y — yatz7n' [49,50] could be a candi-
date for such a resonance. But then we expect it to be absent
in the corresponding reaction J/w — wztx"y, say—
otherwise one would again have difficulties to explain
simultaneously the rather moderate enhancement for the
wpp channel. Indeed, it would be interesting to investigate
the latter J/y decay channel experimentally.

In any case, the scenario favored by us where the
exceptionally strong near-threshold enhancement in the
reaction J/y — ypp is primarily due to strong FSI effects
in the 'Sy NN amplitude with isospin / = 1 can be tested
experimentally. If this scenario is correct then one should
see a similarly strong enhancement in other decay channels
where near threshold the NN system is produced in the
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FIG. 10 (color online).  pp spectrum for the decay J/w — ppp.
The band represents the result with the refitted chiral NNLO
potential, see text. The dashed curve denotes the phase space
behavior.

same partial wave. This applies first of all to the reaction
J/w — ppp where the NN state has to have I =1,
provided that isospin is conserved in this strong decay.
We present our predictions for the corresponding invariant
mass spectrum in Fig. 10.

A measurement of y ., decaying into z~ pii would be also
rather interesting. In this case, near threshold the p# state is
likewise produced in the 'S, partial wave and, moreover, it
has to be in isospin I = 1, see Table I. Data reported in
Ref. [64] suggest that there is a large enhancement in
the p# invariant mass spectrum in the low-energy region.
However, the invariant-mass resolution is still fairly poor
and does not allow for any reliable conclusions.

IV. SUMMARY

In the present paper we have provided a systematic
analysis of the near-threshold enhancement in the pp
invariant mass spectrum, as observed in various experi-
ments of the decay reactions J/yw — xpp and y'(3686) —
xpp, with x =y, w, #,n. The enhancement is assumed to
be due to the NN final-state interaction (FSI) and the
pertinent FSI effects are evaluated in an approach that is
based on the distorted-wave Born approximation. For the
NN interaction a potential derived within chiral effective
field theory and fitted to results of a recent partial-wave
analysis of pp scattering data [31] is employed. For
comparison, a phenomenological model constructed by
the Jiilich group and used by us in earlier studies of J/y
and y’ decays is also utilized. It is found that the near-
threshold spectrum of all considered decay reactions can be
reproduced simultaneously and consistently by our treat-
ment of the pp FSIL Specifically, the moderate enhance-
ment seen for 7°pp, npp, and wpp final states is well
described by the NN interaction in the relevant 3S; and 'S,
partial waves as determined in the partial-wave analysis.
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The situation is more complicated for the process J/y —
ypp where there is a rather large near-threshold enhance-
ment. While the pertinent pp invariant mass spectrum was
reproduced in our previous work [8] that was based on
the Migdal-Watson approach, this is no longer the case for
the more realistic treatment of FSI effects employed in the
present study. However, we can show that a modest
modification of the interaction in the I =1 1S, NN
channel—subject to the constraint that the corresponding
partial-wave cross sections for pp — pp and pp — nn
remain practically unchanged at low energies—allows one
to reproduce the events distribution of the radiative J/y
decay, and consistently all other decays. In this context
the decay J/w — wpp plays a crucial role. The moderate
enhancement observed in this channel, together with the
fact that the produced pp system has to be in I =0
(assuming that isospin is conserved in this purely hadronic
decay) implies that the strong variation seen in the y p p case
has to come primarily from the I = 1 'S, NN interaction.

It turns out that the modified / = 1 'S interaction that
can reproduce the pp invariant mass spectrum in the
reaction J/y—ypp predicts a NN bound state. Previous
investigations suggested that there could be such a bound
state, but in the isospin / = 0 channel [15]. Also the BES
Collaboration favored an / = 0 bound state, being led by
their observation of the X(1835) resonance in the reaction
J/w — yxt a1y [49]. Interestingly, the value we get for the
binding energy is comparable to the mass of the X(1835).
However, we want to stress that one should view our value
with great caution. First, due to the unknown fraction of the
I =0 and I = 1 components in the final pp state for the
radiative decay there is a sizable uncertainty in the actual
value. Moreover, one should be aware that, in general, any
data above the reaction threshold, like the pp invariant
mass spectrum in the present case, do not allow us to pin
down the binding energy reliably given that the bound state
might be 30 or 40 MeV below the threshold and has a
sizable width. Actually, at this stage we cannot exclude that
an alternative fit of similar quality to the invariant mass
spectrum and to the near-threshold NN scattering data is
possible without a bound state in the /=1 'S, NN
partial wave.

Another interesting implication of our study is that pp
invariant mass spectra as measured in heavy meson decays
could be indeed very useful as further constraint for the
determination of the NN partial-wave amplitudes, provided
that those data are of high statistics and high resolution like
the ones for J/yw — ypp. This is of specific relevance for
the near-threshold region. Here the available NN observ-
ables are dominated by the 35, partial wave whereas the
weight of the 'S, amplitude is fairly small. At such low
energies direct pp scattering experiments for measuring
spin-dependent observables that would allow one to dis-
entangle the spin-singlet and triplet contributions are rather
difficult (if not impossible) to perform.
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TABLEII.  Low-energy constants up to NNLO for the different
cutoff combinations {A(MeV), A(MeV)}. The values of the C;
are in units of 10* GeV~2 and the C; in 10* GeV~*. The
parameters related to annihilation, &f‘ and C{ [see Eq. (Al)]
are in units of 10> GeV~' and 10?> GeV 3, respectively.

LEC {450,500} {650,500} {450,700} {650,700}

I=1 ¢y 0111 0.035 0.096 0.005

Cis,  0.080 1.273 0.729 2.022

Cf, 0263 —0204  -0.288  -0333

Ci,, 4876 1.541 4732 1.935
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APPENDIX: NN INTERACTION IN THE
1S, PARTIAL WAVE

A comprehensive description of our NN potential
derived within chiral EFT can be found in Ref. [30], where
all technical details are given. Here we focus only on those
ingredients that are relevant for the alternative description
of the 1S partial wave with isospin / = 1 that is employed
in Sec. III. In this case a refit of the low-energy constants
(LECs) in the contact terms was performed. Up to next-to-
next-to-leading order (NNLO) the corresponding contri-
bution to the potential is given by [30]

TABLE III. 'S, scattering lengths a and hadronic shifts and
broadenings in hyperfine states of pH for 1'S,,. Results based on
the refitted 3'S, LECs are given and compared with the ones
given in Ref. [30] and with empirical information. The 'S,
scattering length is taken over from Ref. [30].

Present work Reference [30] Experiment

/9 (fm) —021 —i(1.21---1.22)
a=! (fm) (0.97---1.07) (1.02---1.04)
~i(0.63---0.70) —i(0.57---0.61)
AE (V) _ —740 £+ 150 [65]
r(ev) 1600 + 400 [65]

(1596 ---1659)  (1545---1589)

1200 £ 250 [66]
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ReV('Sy) = é'so + CISO(P2 + p'?)
ImV(ISO) = Vann(ISO>

= —i(Cfy, + Cis p?)(Clg, + Clg p). (A1)
where p(p’) is the modulus of the three-momentum for the
initial (final) state in the center-of-mass system (CMS). In

Ref. [30], the values for these LECs G Spr e C?SO

obtained by fitting to the results of the partial-wave analysis
(PWA) for this particular partial wave provided in Ref. [31].

Now the LECs appearing in the 3'S, potential in Eq. (A1)
are fitted to both, the NN 31, partial-wave cross section up
to laboratory energies of 125 MeV and the J/yw — ypp
event distribution (up to excess energies of 67.5 MeV). With
regard to the partial-wave cross section we fit to the one
produced by the original NNLO interaction of Ref. [30].
This makes sure that we stay also as close as possible to the
results of the PWA from Ref. [31]. As can be seen in
Ref. [30] the phase shifts and inelasticities of our EFT
potential are basically identical to the ones from the PWA up
to laboratory energies of around 125 MeV. The LECs
resulting from the fitting procedure are listed in Table II.
In this context we want to mention that there is a mistake in
Tables 1 and 2 of Ref. [30], i.e. in the list of the LECs for our
original NLO and NNLO interactions. In case of the 'S5

partial wave the parameters for Cig, and C’?SO are mixed up

were

(for both isospins). For example, this means that the
parameters given in the 2nd line are those for C?SO and
the ones in the 3rd line are those for Cig,.

Let us first look at the scattering length and compare
the present one with that of the original interaction [30],

80

60

40

8, (deg)

20

0 100 200

T, (MeV)

Real and imaginary parts of the phase shift in the 'S, partial waves. The filled bands show results for the

employed EFT interaction up to NNLO. The isospin-1 phase shifts for the original NNLO potential [30] are indicated by the hatched
band. The solid line is the result for A(OBE). The circles represent the solution of the partial-wave analysis of Ref. [31].
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cf. Table III. The corresponding level shifts and widths for
the antiproton hydrogen in the state of 1'S, are also
compiled in that table. From these numbers we see that
the predictions with the modified 'S, potential agree with
the original ones within the uncertainty induced by the
cutoff variation. We provide here also some experimental
information on these quantities [65,66], though we want to
stress that additional assumptions have to be made in order
to deduce the splitting of the 1'S, level shift from the
experiment [26,67].

The resulting 'S, partial cross sections for the reactions
pp — pp and pp — nn are displayed in Fig. 11. Here the

PHYSICAL REVIEW D 91, 074003 (2015)

squares represent the results for the published NNLO
potential [30] with the cutoff {450 MeV, 500 MeV} while
the bands show our calculation with the refitted isospin-1
1S, amplitude. We see that the latter reproduces the former
results very well. The circles are the partial-wave cross
sections for the PWA of Ref. [31].

Finally, in Fig. 12 we present phase shifts for the 'S,
partial wave. Here the results from the refit are shown by a
filled band while those of the published NNLO potential
[30] are indicated by the hatched band. For convenience we
reproduce here also the results for the isospin 0 case from
[30] and those of the employed Jiilich NN potential.
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