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Abstract Near-threshold p A mass spectra for the reactions
ete™ — K~ pAand J/ — K~ pA are investigated with
an emphasis on the role played by the interaction in the pA
system. As guideline for the pA interaction a variety of AA
potential models is considered that have been established in
the analysis of data on pp — AA in the past. Arguments
why the properties of the pA and AA interactions can be
expected to be very similar are provided. It is shown that the
near-threshold enhancement in the invariant mass observed
for the e*e™ reaction can be reproduced quantitatively by the
assumed pA final-state interaction in the partial wave sug-
gested by an amplitude analysis of the experiment. The effect
of the pA final-state interaction in other decays is explored,
including the recently measured reactions B~ — J/y pA
and BT — J/y pA. Itis found that the final-state interac-
tion improves the description of the measured invariant mass
near threshold in most cases.

1 Introduction

One of the phenomena that caught a wider attention over the
last two decades is the near-threshold enhancement in the
invariant mass of baryon-antibaryon (B B) systems observed
in various heavy-meson decays and also in eTe™ collisions.
The most spectacular example is definitely the anomalously
strong enhancement detected in the p p spectrum in the reac-
tion J/¢¥ — y pp [1-3]. Less prominent but still noticeable
enhancements as compared to the phase-space behavior have
been also observed in other decays like J /v — 7%pp [1,4],
v — yppl(2,3],andinete™ — pp [5,6]. Reactions with
aAA system in the final state have been studied, too [7-13]
and in this case clear evidence for a near-threshold enhance-
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ment has been observed in reactions like ete™ — nAz_\ [13]
and ete™ — @AA [12]. The most puzzling result is defi-
nitely the large non-zero cross section barely 1 MeV away
from the AA threshold, reported in a measurement of the
reaction eTe™ — AA by the BESIII Collaboration [10].

The two most striking observations mentioned have trig-
gered many studies offering a wide spectrum of possible
reasons for the origin of the detected enhancement. Those
range from very exotic explanations like glueballs [14-16],
or of evidence for new resonances or for BB bound states
[1,3,17-21], to a more conventional interpretation in form
of a final-state interaction (FSI) between the produced BB
pair [22-36].

So far, much less attention was paid to the p A interaction.
With the present work we want to provide a remedy of this
neglect. Indeed, also for this BB system there is a wealth
of data available, though with somewhat less statistics as
compared to pp and/or AA, and a near-threshold enhance-
ment has been observed in some reactions. To be concrete,
there are measurements of the p A (pA) invariant mass spec-
trum near the threshold in the reactions J/¥ — K~ pA
and ¥ (3686) — K~ pl_\ by the BES Collaboration [37],
and for x.o — KTpA [38], ¥(3686) — K*TpA [39],
and ete™ — K~ pA [40] by BESIIL' From the enhance-
ment seen in J/¥ — K~ pA the resonance parameters
m = 2075+ 12 £ 5 MeV, I' = 90 &+ 35 MeV (assuming
an S-wave) or m = 2044 £ 17 MeV, I' = 20 £ 45 MeV (P-
wave) have been deduced [37].Incaseof eTe™ — K~ p[\ an
amplitude analysis has been performed and the enhancement
was attributed to the 11 (P-wave) state. Here the reported
parameters are m = 20841“2L +9MeV, " = 58f§ + 25 MeV

' Note that in experiments with neutral initial states like J /v or ete™
usually the data for the two charge-conjugated decay modes are com-
bined, e.g. those for K~ pA and K pA. Thus, throughout our paper

we will not distinguish between pA and pA.
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[40]. A fit to the enhancement observed in x.0 — KTpA
yielded m = 2053 £ 13 MeV, I' = 292 £+ 14 MeV, with
preference for 0~ (1S state) [38]. However, in all aforemen-
tioned experiments there is no distinct peak-like structure in
the measured spectrum and the deduced resonances overlap
with the threshold (within their width) or even lie below the
pA threshold, which is at 2053.95 MeV. Thus, using a Breit-
Wigner type ansatz is incorrect, as the underlying assumption
of a slowly varying background is certainly not fulfilled in
the vicinity of a threshold.

There are also measurements for J/y — KonA [41] and
the decays x.; — Kgnj_\ for J = 0, 1,2 [42]. In addi-
tion there are preliminary data by the GlueX Collaboration
on yp — AAp [43,44]. Finally, measurements of the pA
(pA) invariant mass have been reported for B — 7~ pA
by the Belle [45] and BaBar [46] Collaborations, and for the
reactions B~ — J/y pA [47,48)and Bt — J /v pA [49].

In the present work we want to review and re-examine the
information on the p[_\ interaction. In particular, we want to
investigate to what extent the FSI between these two baryons
plays arole in understanding and interpreting their invariant-
mass spectum in the near-threshold region. The main focus
will be certainly on the decay of J /v and the signal in eTe™
collisions, where evidence for resonances has been claimed
as mentioned above. However, we will also explore the situ-
ation for several other reactions where near-threshold results
for the pA spectrum have been published.

Without ready access to a suitable pA potential, as guide
line for the momentum dependence of the pA FSI a variety
of A A potential models is utilized that have been established
in the analysis of dataon pp — AA [50] in the > past [51,52].
Arguments why the properties of the p A and A A interactions
can be expected to be very similar are provided below. One of
those are measurements of two-particle correlation functions
in heavy-ion collisions [53,54] by the STAR Collaboration
(in Au-Au collisions at \/syy = 200 GeV) and in high-
energy pp collisions by the ALICE Collaboration [55,56]
which yielded very similar results for pA and AA.

The paper is structured in the following way. In the subse-
quent section we provide a brief summary of the employed
formalism for treating the FSI effects. In Sect. 3 we present
our results. Specifically, we investigate the pA FSI for
ete™ — K pA and J/Yy — K pA and then show
our predictions for the pA invariant mass spectra measured
in the reactions B~ — J/¥ pA and Bt — J/y pA.
We also discuss the situation for ¥ (3868) — K~ pA and
Xes — K~ pA among others. The paper closes with a short
summary.

@ Springer

2 Treatment of the B B final-state interaction

How we treat the FSI is described and discussed in detail
in Refs. [23,29,35]. Thus, below we provide only a sum-
mary of the essential formulae. The calculation of the BB
invariant-mass spectrum is based on the distorted wave Born
approximation (DWBA), where the reaction amplitude A is
given schematically by [23,29]

A=A 4 A°GBBTBE (1)

Here, A” is the elementary (or primary) production ampli-
tude, GBB the free BB Green’s function, and T35 the BB
reaction amplitude. The explicit expression for a specific par-
tial wave with orbital angular momentum L reads

Ap(k) = AYkE x

© 4 2 L 1
i [
0

Qn)3 kL /s — E, +i0+
; 2 2 R
with /s = Myzz = \/mB] + k2 + \/mBz + k2 the BB
invariant mass (energy in the BB subsystem) and E, =

\/mlzgl +p? + \'/m%;2 + p2. The momentum factor k’ is

Ty (p. k; \/5)} :
2

pulled out so that A% is essentially a constant near thresh-
old (see the detailed discussion in [35]). The BB T-
matrix, 77 (p, k; \/s), is obtained by solving the Lippmann-
Schwinger (LS) equation,

Ty (p' ki /s) = Vi (P k) +

® dpp? 1
|, G ) )

3

for a specific BB potential V; . In the case of coupled par-

tial waves like the 3S;—>D; the corresponding coupled LS

equation is solved [31], and then T is used in Eq. (2).
The pA invariant-mass spectrum is calculated via

do )
M o k|AL(k)| 4

which is valid when the (total) energy is significantly larger
than the K~ p A threshold energy. Then for low p A invariant
masses the relative momentum of the third particle is large
and its interaction does not distort the signal of interest. This
condition is fulfilled by most of the reactions where measure-
ments by the BESIII Collaboration are available. In cases like
Bt — J /¥ pA where the available phase space is small we
evaluate the three-particle phase space explicitly [57],

do

—ockl/z(s[O[,M mK) 1/2(M2 m

- ) 1AL,
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where the Killén function A is defined by A(x, y,z) =
(x —y—2)%—4yz)/4x, M = M 5 is the invariant mass
of the pA system and s is the total energy squared.

The results shown below are based on the A A potentials
used in our analysis of the reactions ete™ — @AA and
ete™ — nAA [35]. Indeed, there is an almost complete
lack of pA potentials [58], among other reasons because
there is no extensive empirical information that would allow
to establish such an interaction, quite in contrast to A A which
can be reasonably well constrained by data on the reaction
pp — AA, for which differential cross sections, polariza-
tions, etc. have been measured down to energies very close to
the threshold [50]. The employed A A potentials (I-IV) are
described in detail in Refs. [51,52], see also the discussion
in [35]. They consist of an elastic part generated by meson
exchanges, and an annihilation part in form of a phenomeno-
logical optical potential. As already said above, all of them
have been determined in a fit to the wealth of pp — AA
data collected by the P185 Collaboration [50].

We decided to employ those AA potentials for gener-
ating the FSI effects because first exploratory calculations
with them yielded quite promising results for the measured
pA spectra. Anyway, it can be expected that the interactions
in the BB systems exhibit some universal properties which
are essential for reproducing the threshold behavior of the
invariant-mass spectrum. The most important aspect is that
annihilation processes dominate the AA as well as the pA
interactions. Furthermore, in both cases one-pion exchange
is not possible, and thus there is no long-range elastic contri-
bution. Finally, in both cases there is only one isospin state,
so that no near-threshold coupling, say, like that between
pp and nn, exists. Taking those aspects together, it is a rea-
sonable working hypothesis to assume that the properties of
the FSI effects due to the AA and pA interactions are very
similar.

It should be added that the similarity of the AA and
pA interactions is supported by measurements of the per-
tinent correlation functions. Available data from the STAR
and ALICE Collaborations demonstrate that the momentum
dependence established for the two systems is practically
the same [53-56]. Interestingly, even observables like the
differential cross section could be similar, as suggested by
the comparison of a recent measurement of pA scattering
at roughly 1 GeV by BESIII [59] with a prediction for A A
employing the phenomenological potentials published by the
Jiilich Group [51,52], see Fig. 1. Though, in principle, one
cannot exclude that this agreement is purely accidental, very
likely it is an indication that both interactions are really
dominated by strong and universal annihilation processes,
as already argued in [59].

Using, as alternative, directly the pA interaction is not
a good choice. As one can see in Ref. [60], the correlation
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Fig. 1 Differential cross section for pA scattering at pigp = 1.074 £
0.017 GeV [59]. The curves are predictions by the A A interactions I-IV,
see Ref. [35], at 1.05 GeV/c

functions for pA are radically different from those for pA
[55,56]. This is a clear signal that the underlying interac-
tions are also quite different. In principle, one could try to
construct a phenomenological pA potential. But in view of
the semi-quantitative agreement of the A A results with the
pA data (after adjusting for phase-space differences), to be
reported below, one would anyway adopt the A A potential
as determined in the fit to the pp — AA data as starting
point. In fact, by recalling the Schrodinger equation,

—u" (k,r) + 21,8, VB, B, (r) u(k, 1) = k> u(k, r)

with u(k, r) the wave function and pp, g, the reduced mass,
obtaining an p A potential can be simply realized by requiring
that p PA Vp A = MaAAVaA- Then the k dependence of all
observables, including the mass spectrum for the pA and
AA systems would be identical. The ratio of the reduced
masses is 1.09 so that the p A potential established that way
would be about 10 % stronger than that for AA.

Since there are no C-parity restrictions in reactions involv-
ing the K meson, the selection rules for the decay to the K p A
final state are less rigid and, in general, both spin states of
the pA (pA) system can occur. An overview of the allowed
partial waves is given in Table 1.

3 Results

In the following we explore the pA invariant-mass spec-
trum as measured in various heavy-meson decays and in
ete™. We start with the reactions ete”™ — K~ pA and
J/¥ — K~ pA where data are available from the BES [37]
and BESIII [40] Collaborations and where evidence for a nar-
row structure near the pl_\ threshold has been claimed [40].
Then we take alook at BT — J/ypA and B~ — J /¥ pA,
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Table 1 Allowed pA partial waves (3T!L;) and J* assignments (up to P-waves) for various initial states. s, p, d indicate the relative orbital

angular momentum of the K meson

initial
state

partial waves

YSop 071, 3Sip 171, 13 s [17], 3Pad [21]
LSop (071, 3S1p 171, M3 Pys [17], 3Pod [27]

J/yl17]

ete[17]

xc0[07] 'Sos [071, B3P p[17]

Xe1[17] 3S1s (171, B3P p[17], 3 Pyp [27]
xe2[271

'Sod [07], 381d [17], W2 Pip[1T], 3 Pyp[27F]

where the CMS [49] and LHCb [48] Collaborations pro-
vided invariant-mass spectra with excellent momentum res-
olution and where in the latter measurement evidence for a
pentaquark, the PIIII\S (4338), has been reported. Finally, we
illustrate the situation for other reactions where results for
the pA or nA invariant mass have been presented, although
with lower resolution. As mentioned above, the present inves-
tigation exploits the momentum dependence predicted by the
AA potentials from [51,52] which has been already exam-
ined in the study of the electromagnetic form factors of the
A in the time-like region [32] and in various meson decays
with A A in the final state [35].

As a reminder, and as already emphasized in Refs. [29,
35] the validity of treating FSI effects via Egs. (2) and (4)
is clearly limited, say to excess energies of 50-100 MeV.
With increasing invariant mass the momentum dependence
of the reaction/production mechanism should become more
and more relevant and will likewise influence the invariant-
mass spectrum.

Note further that for none of the measurements considered
below the data have been published in numerical form. Thus,
we digitized them from the pertinent figures.

3.1 The reactions ete™ — K~ pA and J/yy — K~ pA

In a recent paper the BESIII Collaboration reported evidence
for a narrow structure in the p A system near threshold from
ameasurement of ete™ — K~ pA [40]. The spin and parity
of the structure was determined tobe /' = 17 and the values
m = 2084™3 £ 9 MeV, I' = 58" & 25 MeV for its pole
position were extracted from a fit to the line shape with a
relativistic Breit-Wigner function. We point out that doing
this so close to threshold is not appropriate. Already in 2004
the BES Collaboration had measured the reaction J/¢¥ —
K~ pA [37] and an enhancement of the near-threshold pA
invariant mass had been detected which could be fitted by a
resonance with parameters m = 2075 £ 12+ 5 MeV, I' =
90435 MeV (assuming an S-wave) or m = 2044+ 17 MeV,
' =20 £ 45 MeV (P-wave).

Since the pA (pA) threshold is at 2053.95 MeV it is obvi-
ous that those resonances overlap with the threshold region,

@ Springer
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Fig. 2 Invariant-mass spectra for ete™ — K~ pA (squares) [40] and
J/W¥ — K~ pA (circles) [37]. The bin width for the former is 26 MeV,
while for the latter itis 10 MeV. Blue curves are based on the momentum
dependence predicted by the A A interaction I-IV [35] in the 3 P; partial
wave, corresponding to the quantum number J ¥ = 17 of the resonance
proposed by BESIII. The phase-space behavior is indicated by the dotted
line. The vertical dashed line marks the pA threshold
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Fig. 3 Invariant-mass spectrum for J/¢ — K~ pA [37]. The solid
(blue) curve is based on the AA interaction I [35] in the 3 P, partial
wave while the dashed (red) curve is based on the 35, partial wave
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Fig. 4 Invariant-mass spectrum for ¥/ (3686) — K~ pA [37]. Same
description of curves as in Fig. 3

considering their width. In such a case it is practically impos-
sible to disentangle resonance effects from an ordinary FSI.
Therefore, it is tempting to explore whether a possible FSI
in the pA system could also explain the enhancement seen
in the experiment. Assuming the spin and parity determined
by BESIIIL, the pA interaction should take place dominantly
in the 3P (or ' Py) partial wave. Corresponding results are
shown in Fig. 2 based on the momentum dependence of the
AA models I-TV [51,52] employed in our study of the AA
FSI [35]. In order to guide the eye we show the phase space
behavior (dotted line), arbitrarily normalized to the data at an
excess energy of ~ 90 MeV. Furthermore we indicate the p X
threshold by a vertical line. Actually, neither the pA (pA)
correlation functions nor the considered data on the pA (pA)
spectra do show any convincing evidence for the opening of
the pX (p%) threshold which is around M,z = 2.131 GeV.
This is quite different from the p A system where a sizable
cusp at the pX has been seen in many experiments [60,61].
We see that as further justification for the simplified treatment
of the pA (pA) interaction in the present work.

Obviously, and not unexpectedly, there is a sizable model
dependence of the predicted invariant-mass spectrum. But all
results show the same qualitative trend, namely an enhance-
ment of the invariant mass near threshold. Moreover, intrigu-
ingly two of the model yield results that are quite well in line
with the experiment. Specifically, model I (solid line) repro-
duces the near-threshold behavior of the pA invariant mass
from the BESIII experiment ete™ — K~ pA [40] (open
squares) more or less exactly. Since the momentum depen-
dence predicted by that model is so clearly favored by the
data we select it as basis for the subsequent discussion.

In the same figure, one can find also results for the pj_\
spectrum deduced from the reaction J/¥ — K~ pA [37]
(filled circles), again confronted with theory. With regard
to the latter we show only the prediction based on model I

T T T T T T T [ T T T T [ T T T T

10000 ® B ->JypA n

T T

8000

T

T

6000

T T

4000

T

events / (5 MeV)

T T

T

2000

T

Fig. 5 Invariant-mass spectrum for B* — J /¢ pA from CMS [49].
Same description of curves as in Fig. 3

140

Fig. 6 Invariant-mass spectrum for B~ — J /¢ pA from LHCb [48].
Same description of curves as in Fig. 3

for reasons of clarity. Also in this case the FSI reproduces
the overall trend of the invariant-mass spectrum quite well,
though there might be a discrepancy very close to threshold.
In order to shed light on that region, in Fig. 3 we compare
our results with pA data with refined binning, cf. Fig. 2(c)
in [37]. In addition, we include predictions based on the 38
partial wave of model I (dashed red line). Obviously both sce-
narios are well in line with the experiment, given the present
uncertainties.

Finally, in Ref. [37] results for the pA invariant-mass
spectrum from ¥ (3686) — K~ pA were presented. Those
are shown in Fig. 4, again in comparison to predictions. For
that reaction the statistics is much lower. But still there is
clear evidence for a deviation from the phase-space behav-
ior [37] and strong support for the presence of a FSI, which
could be either in the 3 P or 3S;.

In this context we would like to remark that sizable or even
dominant P-wave contributions close to the threshold are not
unusual for decays or transition reactions. This can be due to

@ Springer
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Fig. 7 Invariant-mass spectrum for x.o — KT pA [38]. The solid
(blue) curve is based on the AA interaction in the 3 P partial wave
while the dashed-dotted (red) curve is based on the 1Sy partial wave

selection rules [62] but also a consequence of the presence
of annihilation processes in the final state. For example, in
case of pp — AA, P-waves dominate the reaction already
at excess energies around 5 to 10 MeV [63], as attested by
the measured near-threshold angular distributions [64].

3.2 The reactions BY — J/ypA and B~ — J/YpA

In Figs. 5 and 6 we present the pA (pA) invariant-mass
spectrum measured in the reactions BY — J/y¥pA and
B~ — J/¥ pA by the CMS [49] and LHCDb [48] Collabo-
rations, respectively. Those data are very interesting because
of the excellent invariant-mass resolution. However, there
is also a caveat. The available phase space is with less than
130 MeV extremely small so that the interactions in the other
two-body final states (J /¥p, J /W A or J /¥ p, J /¥ A) could
already distort the signal of the p A (A ) interaction [65] and
then Egs. (1) and (2) are no longer applicable. One should
keep that in mind. In any case, the region for realistic con-
clusions is certainly restricted to, say, 20 to 30 MeV from
the threshold. Given that restrictions it is really remarkable
that the predictions based on the 3 P| partial wave follow very
closely the data near the threshold, see Figs. 5 and 6. We see
that as clear signature that the 17 dominates here, and not
the 1~ [48,65]. Interestingly, with the pA (pA) interaction
in the 3 P; the invariant mass over the whole phase space is
described rather well, when the phase-space factor Eq. (5) is
appropriately taken into account.
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Fig. 10 Invariant-mass spectrum for 1 (3686) — K** p A [39]. Same
description of curves as in Fig. 3
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Fig. 11 Invariant-mass spectrum for yp — AA p. The symbols are
preliminary data from a GlueX experiment [43]. Same description of
curves as in Fig. 3

3.3 The pA invariant-mass spectrum in other reactions

In Figs. 7,9, 8, 10 and 11 we show result for other reactions
where the pA invariant-mass spectrum has been measured.
Also in those cases, in general we assume that either the 38 1
or the 3 Py partial waves provide the dominant FSI effect. An
exception is the x.o decay, where the 35, is not allowed, only
the 1So, see Table 1.

Let us start with y.; decays where data are available
from the reactions x.o — KVTpA [38] and x.; — KgﬁA
(J =0, 1, 2) [42] (Figs. 7 and 8). In all cases the measured
N A spectra are quite well in line with a FST dominated by the
3 Py partial wave. In this context let us mention that the BESIII
Collaboration has deduced a resonance in the ! Sy (07) partial
wave from those data on x.o — K+ pA [38] with the prop-
ertiesm = 2053+ 13 MeV, I' = 292+ 14 MeV. In Ref. [66]
an explanation of the near-threshold enhancement is given in
terms of a tree-level calculation that includes contributions
from the intermediate K (1830), N (2300) and A (1520) res-
onances.

The nA final state has been also measured in J /¢ —
KgﬁA [41] (Fig. 9). However, in this case conclusions are
difficult to draw. The same applies to data on ¥ (3686) —
K** pA [39], shown in Fig. 10, which are, in principle, even
consistent with the phase-space behavior.

Finally, there is a measurement of the p A invariant-mass
spectrum from the reaction yp — pAA by the GlueX Col-
laboration [43]. As one can see from Fig. 11, those data are
likewise roughly in line with our prediction based on the FSI
in the 3 Py partial wave. However, we want to emphasize that
the data are still preliminary. Moreover, the small bin width in
combination with the scale of the figure in Ref. [43] prevents
a very reliable extraction of the actual values.

Further measurements of the pA (pA) invariant mass
have been reported for B® — 7~ pA by the Belle [45] and
BaBar [46] Collaborations, but in these cases the bin width is
200 MeV or more so that possible near-threshold FSI effects
cannot be resolved. Therefore, we do not consider those data
in the present work.

4 Summary and conclusions

In the present work we have investigated invariant-mass spec-
tra for the reactions e*e™ — K~ pA and J /¥ — K~ pA
close to the pA threshold. Specific emphasis has been put
on the effect of the interaction between the final baryon-
antibaryon pair which is taken into account rigorously. For
it, as a working hypothesis and as guide line, a variety of
AA potential models have been utilized. Those potentials,
established in the analysis of data on the reaction pp — AA
from the LEAR facility at CERN, had been already success-
fully applied in our analysis of FSI effects in the reactions
ete™ - AA,ete™ — nAA,and eTe™ — pAA [35].

It turned out that the near-threshold invariant-mass depen-
dence of the pA spectra observed in those two reactions
can be well reproduced by considering the p A FSI. Specif-
ically, the data for the reaction ete” > K~ p[\ can be
perfectly described with an FSI in the partial wave sug-
gested by the amplitude analysis of the experiment. The high-
precision measurements for the reactions B — J/¥ pA
and B~ — J /¥ pA show also clear evidence for FSI in the
pA (pA) 17 state. Regarding the empirical information for
other reactions our study is less conclusive, not least because
in most cases the statistics of the experiments is significantly
lower.

As already concluded from other investigations in the past,
there is strong evidence that the final-state interaction in
baryon-antibaryon systems can and certainly does influence
the properties of the invariant-mass spectrum in the near-
threshold region. It has to be taken into account in any seri-
ous study that aims at a quantitative analysis of the threshold
region. If this is not done, any noticeable deviation from the
pure phase-space behavior will be automatically attributed to
near- or sub-threshold resonances. Allowing for the presence
of FSI effects is the only way to avoid misinterpretations.
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