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Abstract. We review earlier results, and add new evidence, on the existence of a narrow pp state at a
mass of 2.02GeV/c2, which is seen in six different final states, produced via baryon exchange in π+p
(π−p) interactions at 20 (12)GeV/c. The data come from a new analysis of the WA56 experiment done
at the CERN Omega spectrometer. The 2020 peak is produced near mid-rapidity, in a kinematic region
not explored before in baryon exchange processes. Agreement is found with an earlier observation of this
state, and its absence in a series of unsuccessful searches is explained. Very low upper limits on mesonic
decays of this state favor its interpretation as a baryonium candidate.

1 Introduction

In 1977, Benkheiri et al. published evidence for two nar-
row pp states of masses 2.02 and 2.20 GeV/c2 [1] produced
in a baryon exchange experiment done in the Omega spec-
trometer at CERN (see Fig. 1a), at 9 and 12 GeV/c beam
momentum, via the reaction

π−p → pfπ
−[pp]. (1)

Here and in the following, pf is a fast forward proton iden-
tified by Cherenkov counters, and the pp system showing
one or more peaks is enclosed in square brackets. The sig-
nals appeared to originate preferentially from the quasi-
two-body baryon exchange processes shown in Fig. 2a,
with a ∆(1232) or N(1520) baryon going forward.

These utterly unexpected states were statistically sig-
nificant (7.6 (6.5) standard deviations for the 2020 (2200)
peak according to [1]; but see Sect. 3 and (11) for differ-
ing definitions of the significance). They were tentatively
identified to be baryonia, exotic states strongly coupled to
NN channels. A number of baryonium searches involving
baryon exchange followed [2–6]. Among these, the WA56
experiment [2] had the main purpose of verifying the peaks
of [1], assuming the production mechanism of Fig. 2a. It
used again the Omega spectrometer, which meanwhile had
been upgraded with proportional and drift chambers, and
equipped with more particle identifiers (see Fig. 1b and
Sect. 2.1). Layout and trigger were optimized for baryon
exchange, and were used to collect a large event sample of
the reaction

π+p → pfπ
+[pp] (2)

at 20 GeV/c, which was expected to yield the richest har-
vest. Also, reaction (1) was studied at 12 GeV/c in order
to reproduce the results of [1]. Neither this nor any of the
other experiments did confirm either of these states, nor
did they find other baryonium states. Consequently, the
subject dropped out of sight, and the peaks of [1] were
forgotten.

More recently, we have undertaken a broader analysis
of the data of WA56, which to this day remains the richest
collection of accurately measured baryon exchange events
in its momentum range. We had noted the importance of
central production of meson resonances [7], with one pion
going backwards in the c.m., and the forward going proton
signalling baryon exchange, according to the diagram of
Fig. 2b, in the reaction

π+p → pfπ
+π−(π+

s). (3)

We focused therefore on new topologies, with one slow
pion accompanying a [pp] system, produced centrally via
the double baryon exchange process (see Fig. 2c for the
double ∆ exchange). While more powerful in most re-
spects, the WA56 apparatus was not well equipped for
backwards and sidewards emitted particles (which play a
minor role in the originally assumed mechanism of Fig. 2a).
Therefore the new production reactions are most often
characterized by one slow pion, neutral or charged, go-
ing undetected. Such events are well identified and sepa-
rated from the background, thanks to a good missing-mass
(MM) resolution of δσ(MM2) ' 0.05 GeV2/c4.

We fitted 3- and 4-prong 1-C final states to the most
straightforward related topologies which include a missing
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Fig. 1a,b. Layout of the Omega
spectrometer, as used a in the fast-
proton experiment of Benkheiri et
al. [1], done at the PS, and b in
the WA56 experiment at the SPS
([2] and this work). Relevant dif-
ferences: (i) the first of the two
Cherenkov counters was a high-
pressure counter in [1], ensuring a
rather pure fast-proton trigger at
9 and 12GeV/c; in [2], the two
atmospheric-pressure counters pro-
duced a very pure fast-proton trig-
ger at 20GeV/c, while there was
a strong admixture of fast K+ at
12GeV/c; (ii) the tracking around
the target, quite complete with
spark chambers in [1], but insuffi-
cient in [2], due to incomplete cov-
erage with wire chambers; (iii) a
rich equipment for particle identi-
fication in [2], while in [1] only the
fast proton was identified

Fig. 2a–c.Diagrams for examples
of relevant processes: a backward
production of a pp state in π−p in-
teractions; b central production of
an (ordinary) meson in π+p interac-
tions; c central production of a pp
state in π−p interactions via double
∆ exchange
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charged or neutral slow pion:

π+p → pf [pp](π+
s ), (4)

π+p → pfπ
+[pp](π0

s ) (5)

at 20 GeV/c and

π−p → pf [pp](π−
s ), (6)

π−p → pfπ
−[pp](π0

s ) (7)

at 12 GeV/c. The round brackets enclose slow pions that
are not detected by the Omega apparatus but are recon-
structed imposing 1-C kinematic fits. Preliminary results
of this investigation have been presented in [8,9]. Further-
more, the 5- and 2-prong reactions:

π+p → pfπ
+π+[pp](π−

s ), (8)

π+p → pfπ
+
s [(MM → neutrals)] (9)

are presented for the first time, the last one in Sect. 5,
reaction (8) together with the reactions (4)–(7) in 2.2–2.5.

The results may be summarized as follows:

– in each of the six topologies, the 2020 peak is found
with the correct mass and width, and significances
ranging from 3.5 to 7 standard deviations (often thanks
to favorable cuts; see Sect. 3);

– when imposing the extra constraints provided by the
particle identifiers, the event numbers decrease by vary-
ing amounts, but the signal-to-background ratios are
maintained or improved, reinforcing the credibility of
the results (also Sect. 3);

– the 2020 peak is near-centrally produced, −1 ≤ ypp
cm ≤

0 (Sect. 4);
– upper limits on several mesonic decay modes of the

2020 state are obtained, which are low enough to sup-
port the hypothesis that it is a baryonium candidate
(Sect. 5); indeed, exotic mesons strongly coupled to
baryons and decoupled from mesons appear in a large
variety of theoretical models (see [10–16]);

– when old and new results are analyzed in the light of
the central production mechanism, a consistent quan-
titative picture of the cross sections of the 2020 peak
published by the Omega experiments emerges (Sect. 6);

– indications of a peak at 2.02 GeV/c2 are found in a
number of other production experiments, and are com-
patible with our cross sections and/or other properties
(Sect. 6);

– our results are compatible with the non-observation of
the 2020 state in formation experiments provided it is
very narrow (Γ ≤ 1 MeV/c2);

– the 2200 MeV/c2 state of Benkheiri et al. [1] has not
been seen again, neither by us nor in other experi-
ments.

We conclude (Sect. 7) that at the time when both the
Omega spectrometer and the LEAR facilities have been
closed down, the 2020 peak has enough credibility as a
baryonium candidate to serve as a challenge to future
hadron physics facilities.

2 Experimental aspects

We describe here the aspects of the Omega apparatus rel-
evant for this work, and more specifically its differences
with respect to the setup used for the original claim of two
baryonia, and the devices used for particle identification.
We then describe the event selection, and in particular the
cuts which allowed us to see the 2020 peak with some con-
fidence. These cuts are somewhat simpler than those used
in earlier versions of this study [8,9]. Still, while some cuts
are quite natural, others are of an ad hoc nature, waiting
for a justification by physics.

2.1 Setup and exposures

Figure 1a shows the layout of the Omega spectrometer as
used in the earlier experiment [1], and Fig. 1b the one
of WA56 [2]. Both used a fast forward proton trigger,
defined by a directional (matrix) coincidence from two
hodoscopes which encompassed two multicell Cherenkov
counters, with no signal in the latter. Counters C2 of
Fig. 1a and C1 of Fig. 1b had thresholds for pions, kaons
and protons at pπ = 2.8, pK = 9.8 and pp = 18.8 GeV/c.
The thresholds of C2/WA56 were a factor 2 higher, while
those of the high-pressure Cherenkov (HPC) C1 of [1] had
been about a factor 2 lower.

The data discussed here come from π−p runs at pbeam
= 12 GeV/c and π+p runs at 20 GeV/c. We use only
events with fast-proton momentum ppf greater than 6 and
10 GeV/c, respectively. The 20 GeV/c π+ data show a very
good rejection efficiency against forward π+ and K+. In-
deed, for 4-p 4-C fits to π+p → X+

f X−π+p, the squared
“Ehrlich mass” mX [17] has a peak at m2

p, of resolution
σm2 = 0.028 (GeV/c2)2, which contains 88% of the events,
along with 6% at mK and 6% at mπ (the latter two corre-
spond to much higher cross sections, confirming the excel-
lent efficiency of the Cherenkov counter). The 12 GeV/c
data of WA56 had, however, a strong admixture of for-
ward K+ triggers, to be discussed in Sect. 2.2. The HPC
had killed these in the earlier experiment, but was not
used in the WA56 experiment, designed originally to run
at 20 GeV/c only.

The WA56 experiment made use of a rich detector
equipment to tailor the trigger to the topologies of Fig. 2a,
including multiplicity requirements in the “barrel” and
Cherenkov hodoscopes (see [2] for details). Events contain-
ing negative tracks of momentum above 2.8 GeV/c were
vetoed unless they were identified as π−, to help to sup-
press a diffractive background with fast antiprotons from
processes like π±p → pf p̄π±ps. All trigger conditions were
incorporated in the simulations used to compute the ex-
perimental acceptances.

The WA56 nominal sensitivities used here are based on
part of the original WA56 data, and are 150 (30) events/nb
for the π+p (π−p) exposure; the acceptances required to
derive cross sections from event numbers are dealt with in
Sect. 4.

Other particle identifiers were used in WA56, in addi-
tion to the Cherenkov counters. The time-of-flight system
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TOF was made of 17 scintillator slabs and covered an
area 250 cm long and 106 cm high, at 135 cm from the
beam axis alongside the forward chambers. It intercepted
part of the forward emitted particles of the same charge
as the beam, and of momenta roughly between 0.4 and
2.5 GeV/c. With its measured time resolution σ = 0.7 ns,
it allowed p/π+ (p/π−) separation from 0.4 to 2.0 GeV/c
in π+p (π−p) reactions. In the π−p exposure, the TOF
provided p/K− separation up to 1.5 GeV/c momentum.

A 24-element cylindrical scintillator hodoscope (“bar-
rel”) of 4 cm radius, 4 mm thickness and 62 cm length
surrounded the 60 cm long hydrogen target, protruding 1
cm on each end. For most of the time, the scintillator slabs
were equipped with pulse height analyzers, which achieved
an average dE/dx resolution of 30%, allowing separation
of p and p from π up to 1.0 GeV/c, and K from π up to
0.5 GeV/c, with reasonable efficiency. The barrel informa-
tion was further used to detect the slow charged pions π±

s
from reactions (4) and (6), whose tracks were not recon-
structed in the chambers, and eventually identify them.

The use of the response of these particle identifiers has
been crucial for confirming the validity and quality of the
assignments of the events to given reactions (see Sect. 3).

The mass resolution for the centrally produced pp sys-
tem in 1-C fit events is of order σM [pp] = 10 to 18 MeV/c2,
as found in a similar study of the centrally produced φ
meson (a convenient calibrator with its narrow width Γφ

= 4.4 MeV/c2) [18], and in the experimental fits reported
hereafter. Monte Carlo simulation found σM [pp] = 10 to 12
MeV/c2, assuming Γ2020 = 10 MeV/c2. The background
was not simulated, except when a model was available, in
particular for diffractive production.

2.2 Background in the π−p data
from non-baryon exchange reactions

The π−p exposure at 12 GeV/c was done without the high-
pressure Cherenkov counter which had excluded both pi-
ons and kaons above 6 GeV/c from the trigger of Benkheiri
et al. [1]. The dominating background comes therefore
from the events triggered by a fast forward K+

f . In the
4-prong 4-C sample, the Ehrlich mass analysis analogous
to the π+p exposure yields as many fast kaons as fast pro-
tons (46% each), together with 8% pions. Doubly charged
strangeness exchange (π− → K+

f ) is a very rare process.
Singly charged strangeness exchange dominates, with a
strong K(892)0 → K+

f π− signal present in the various
channels, as seen in Fig. 3b for the 4-prong sample.

In this exposure, the TOF system intercepts negative
particles. It is used to exclude henceforth all π−p events
from reactions (6) and (7) which had an identified K−.
This removes part of the K+

f triggers, thereby improving
the signal-to-background (S/B) ratio.

2.3 Selection of 1-C and 2-C events
with one missing pion

Our results come mainly from data samples corresponding
to 3-prong events of + + − topology (with one charged

Fig. 3. a Missing-mass spectrum for events of ++− topology
in the 20GeV/c π+p exposure; the dashed band corresponds
to the events which were fed into 1-C kinematic fit (see text);
b K+

f π− mass in 12GeV/c π−p events of 4-prong topology
which passed the 1-C fit to pfπ

−ppπ0
s ; c the same, after the p

being identified by TOF

track undetected), 4-prong charge-balanced events with
missing neutral(s), and 5-prong events of ++++− topol-
ogy, again with one charged track undetected. For these
events, the missing mass squared (MM2) was calculated
with appropriate mass hypotheses for the detected parti-
cles. The mass assignments were required to be in accor-
dance with Cherenkov counter information available for
high-momentum particles. Clear signals of lost π+

s , π0
s and

π−
s were seen, as illustrated by Fig. 3a in the case of reac-

tion (4). The events were selected if they were inside the
m2

π band, namely |MM2 −m2
π| < 0.16 (0.12) (GeV/c2)2 in

exposure at 20 (12) GeV/c. Then a 1-C momentum-energy
balance fit was performed. For the analysis presented here
we retained those events (about 50% of the ones in the m2

π

band) which passed the 1-C kinematic fit with χ2 proba-
bility P (χ2) > 5%.

Also, for reactions (4) and (6) we studied subsamples
of events in which a kinematically recovered π+

s or π−
s was

detected by the appropriate barrel strip, corresponding to
an accuracy in azimuthal angle of σφ = 5◦. This selection
suppresses backgrounds originating from reactions with
more than one particle lost. The events selected under
such conditions (1-C kinematic fit and association of the
slow pion with the fired barrel slab) are effectively recon-
structed with two constraints, and are called 2-C events
for briefness.

2.4 KIN: Kinematic cuts

The following kinematic cuts (denoted KIN in the figure
and table captions) were used to suppress the diffractive
background and to emphasize the central regions for the
pp system in reactions (4)–(8):

(i) cos θJ < 0.6, where θJ is the Jackson angle of the
p in the pp rest system, with the z axis taken along the
direction of the virtual exchanged baryon, i.e. (pbeam −
ppf ) for reaction (4) and (6), and (pbeam −ppf −pπ+) for
reaction (5) and (7). The cos θJ distribution is expected to
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be symmetrical in case of pp resonance production, while
the diffractive background is expected, and was indeed
found, to be concentrated in the forward cone.

(ii) A cut ∆p = |pp| − |pπs
| > ∆pmin was used with

∆pmin = 1 GeV/c for the 3-prong reactions (4) and (6),
and ∆pmin = 0.8 GeV/c for the 4-prong reactions (5) and
(7). Although meant to isolate the pp system from the slow
particles, this cut turned out to be rather effective also
to suppress background reactions with a slow (spectator)
proton1.

One further and rather ad hoc cut:
(iii) yπ+ > ypp was used for the π+p → 4-prong reac-

tion (5) only; this requirement leaves the backwards (neg-
ative rapidity) region to the pp system and the missing
π0.

2.5 ID: Particle identification cuts

We use also particle identification cuts, based on TOF
and/or dE/dx indications, to select event samples with
one or several final state particles identified. A particle
was considered to be identified as p(p), K± or π± if the
most probable hypothesis i had a probability (computed
from the measured experimental response) Pi > 4% and if
this probability was at least three times greater than the
best competing mass hypothesis. In practice, we use the
procedure in two cases: either to identify p(p) against the
π± hypothesis; or, in the π−p data only, to identify a final
state K− against both p and π− alternatives.

We have tested the TOF identification on the K(892)0
peak of Fig. 3b. Only 2% of the peak subsist when the
second negative particle is identified as a p, as shown in
Fig. 3c; 8% of the background under the peak subsist. The
limited acceptance of the TOF prevents us from general-
izing its use. But it may advantageously replace the kine-
matic cuts, which entail a similar loss in event numbers as
the particle identification cuts.

3 The pp̄ mass spectra

Before accepting the 2020 peak as a baryonium candidate,
we made various checks on a possible origin from the re-
flection of a misinterpreted non-exotic narrow resonance,
with consistently negative results.

There are two global arguments which disfavor a fake
peak or a reflection: (i) the 2020 peak is narrow, its width
not exceeding 20–30 MeV/c2, and (ii) as documented be-
low, the extra background reductions obtained by requir-
ing particle identification by one or the other of the avail-
able detectors confirm the mass assignments obtained by
the kinematic fit. Indeed, the signal-to-background ratio is
either maintained or improved, just as had been observed

1 We also tried an alternative cut meant to reduce the back-
ground not due to central production, requiring y(pp)−y(πs) >
∆y, instead of cut (ii), with ∆y = 0, 0.5, 1. Results were com-
parable, showing a slightly lower S/B ratio

in a similar treatment of the meson resonance events stud-
ied in the same experiment [7]. It is never degraded, which
would be expected if the original interpretation of the
event were contradicted by a more refined treatment.

The pp mass spectra have been parameterized through-
out as

A(M − M0)α exp{(M0 − M)β}(1 + γBW), (10)

where M0 = 2mp, and BW represents a Breit–Wigner
term taken as

BW = Γ 2/4
(M−MR)2+Γ 2/4

We have also tried fifth-order polynomials for an alterna-
tive background description used to evaluate the system-
atic uncertainties; the polynomial fit tended to decrease
the background yields.

For statistics, we sum the number N of events observed
in the interval 2.00 < Mpp < 2.03 GeV/c2, which best en-
compasses the peak. (For the 1-C samples of the π+p data,
we sum over 4 rather than 3 bins of 10 MeV/c2.) The signal
S is then given by S = N −B, where B is the fitted back-
ground in the same interval. The statistical significance is
given in standard deviation units, the standard deviation
for a narrow signal over a wide and smooth background
being defined as

σS =
√

N. (11)

We prefer this more conservative definition to the one used
by Benkheiri et al. [1], σS =

√
B.

3.1 π+p exposure, pbeam = 20GeV/c

The pp mass spectra from reactions (4) and (5) are shown
in Fig. 4, before and after applying kinematic cuts. Peaks
at a mass close to 2.02 GeV/c2 are clearly seen. The signal
to background ratios are small, but the statistical signifi-
cance of the peaks is high.

The kinematic cuts (i) and (ii) (“KIN”) preserve most
of the signal for the 3-prong reaction (4), while eliminating
more than 50% of the background, as can be seen by com-
paring Fig. 4a (all 1-C events) and 4b (after KIN cuts). A
further improvement is obtained by constraining the az-
imuth of the slow π± seen in the barrel, while its track
is not reconstructed. This is seen by comparing Figs. 4a
and 4b (1-C) with Figs. 5a and 5b (2-C). Similar improve-
ments of S/B accompanied by an overall loss of events
can be obtained by identifying one or more final state
particles. Figure 5c shows the events of Fig. 5a which have
both the p and p identified. In Fig. 5d all four final state
particles were identified, including the π+

s (by the dE/dx
measurement in the barrel). It can be seen that the use of
particle identifiers produces an essential improvement of
the signal-to-background ratio, as these selections happen
to favor the kinematic region of pp production where the
diffractive background is small. Moreover, as mentioned
before, the improvement of the S/B ratio with positive
identification of some or all produced particles disproves
the hypothesis that the observed peaks could be due to a
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Table 1. Parameters of the resonance fits in the most relevant pp mass spectra, indicated by
their figure numbers: number of prongs, constraints (C), kinematic cuts (KIN), and particle
identifications (ID) (not including the pf , which is always identified); χ2/number of degrees of
freedom; mass and width of the 2020 peak, each with statistical (fit) errors; events in signal/in
background; statistical significance of the peak, expressed as number of standard deviations

Mass of Width of
Spectrum No. of Constraints χ2

fit/ndf pp state pp state S/B n.s.d.
(Figure) prongs (MeV/c2) (MeV/c2)

20GeV/c π+p data

4a 3 1-C 39/55 2009 ± 6 30 ± 12 258/1561 6.0
4b 3 1-C, 2-KIN 38/55 2012 ± 6 34 ± 21 195/687 6.6
4c 4 1-C 1-KIN 51/55 2021 ± 6 35 ± 24 462/3889 7.0
4d 4 1-C, 3-KIN 45/55 2016 ± 7 39 ± 20 201/1214 5.3
5a 3 2-C 57/55 2010 ± 4 17 ± 9 115/599 4.3
5b 3 2-C, 2-KIN 56/55 2009 ± 4 12 ± 10 84/257 4.5
5c 3 2-C, 2-ID 53/55 2014 ± 4 12 ± 8 26/29 3.5
5d 3 2-C, 3-ID 40/55 2013 ± 4 12 ± 10 23/16 3.7
5e 4 1-C, 2-ID 42/55 2018 ± 6 21 ± 18 28/36 3.4
5f 5 1-C 60/55 2010 ± 8 11 ± 7 58/219 3.5

10a 2 2-KIN 61/49 2007 ± 9 42 ± 32 80/388 4.0
10b 2 2-KIN,1-ID 55/49 2020 ± 4 29 ± 24 43/166 3.3

12GeV/c π−p data
6a 3 1-C, 2-KIN 43/55 2024 ± 5 22 ± 15 60/191 3.8
6b 3 1-C, 1-ID 49/55 2017 ± 4 14 ± 10 29/76 2.8
6c 4 1-C, 2-KIN 73/55 2019 ± 8 10 ± 10 62/363 3.0
6d 4 1-C, 1-ID 69/55 2014 ± 4 13 ± 5 82/165 5.2

Sum of 2-ID events
7 3 + 4 1-C + 2-C, 2-ID 92/94 2015 ± 3 10 ± 4 65/89 5.2

kinematic reflection of known resonances of the same pair
of particles, e.g. a misidentified ρ meson.

Turning now to the 4-prong reaction (5), the mass
spectra of 1-C events are shown on Fig. 4c before and 4d
after applying KIN cuts (i) to (iii). The effect of particle
identification on the pp mass spectrum is shown on Fig. 5e,
for 1-C events in which both the p and p were identified.

A single pp mass spectrum for 1-C events of the 5-
prong reaction (8) is shown in Fig. 5f, with no cuts. The
2020 signal is clearly visible. Here again, the KIN cuts dou-
ble the S/B ratio, but the event numbers become small,
and the significance decreases from the 3.5 standard devi-
ations of Fig. 5f to 2.7 σ (figure not shown).

Table 1 shows the resulting BW parameters together
with the corresponding χ2 values and numbers of degrees
of freedom, the numbers of signal (S) and background
events (B), and the statistical significance of the signal.
The obtained widths are compatible with the experimen-
tal resolutions. A correlation is seen between the measured
peak width and the number of constraints. This effect is
not reproduced by the Monte Carlo technique, which sim-
ulates only the listed reactions and not the background. It
could be explained by observed fact that the background
of the 1-C fits contains also 2020 states produced in some-

what different final states, e.g. with more than one missing
pion, blurring the peak. Such final states are conserved by
the KIN cuts, but rejected by 2-C fits or when identifying
final-state particles, which suppresses the yield of events
with badly measured track parameters.

3.2 π−p exposure, pbeam=12GeV/c

Figure 6 shows the pp mass spectra for events of the re-
actions (6) and (7) selected with the same kinematic cuts
as described above, to maintain the homogeneity of the
selection criteria. They are shown at first as 1-C fits with
KIN cuts (i) and (ii) for both, the 3-prong (Fig. 6a) and
for the 4-prong events (Fig. 6c), and then replacing the
KIN cuts by positive identification of the p (Figs. 6c and
d). Table 1 again gives the parameters of the fits to the
mass spectra.

The 4-prong reaction is visibly plagued by the kine-
matic reflection of the K(892)0 → K+

f π−, as shown in
Fig. 3b. We have been able to identify the reaction

π−p → Kf (890)0Λ(1520)(π0
s ) (12)↘ ↘

K+
f π− pK−
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Fig. 4a–d. pp mass spectra for 1-C events from a reaction
(4), all events; b reaction (4), events satisfying the kinematic
cuts; c, d the same as a, b for events from reaction (5), with
the additional kinematic cut y(π+) > y(pp). The 2020 peak
is wide here, before further constraints are applied; its event
numbers are therefore summed over 4 bins of 10MeV/c2

using and manipulating K+
f π− versus pK− invariant mass

scatter plots, and to show that the misidentified Λ(1520)
is at the origin of the sharp peak seen near 1940 MeV/c2 in
Fig. 6c. When positive identification of the p is required,
the K(892)0 is largely suppressed, as noted in Sect. 2.5 and
seen in Fig. 3b, 3c, and most of the spurious “1940” peak
vanishes, as seen in Fig. 6d.

3.3 Combined spectrum with optimal mass resolution

We combine the pp mass distributions of 2-C, 3-prong
events of reactions (4) and (6), and 1-C, 4-prong events
from reactions (5) and (7), in which both p and p were
identified, to obtain a mass spectrum with good statis-
tics and a good signal-to-background ratio (S/B ' 0.7).
It is plotted in Fig. 7 in 5 MeV/c2 wide bins. The stan-
dard Breit–Wigner plus background fit determined the
mass and width of the 2020 peak to be M2020 = (2015 ±
3) MeV/c2, and Γ2020 = (10 ± 4) MeV/c2. These are our
most accurate estimates for mass and width of this state.

Fig. 5a–f. pp mass spectra for a 2-C events from reaction
(4); b the same for events satisfying the kinematic cuts; c 2-C
events from reaction (4) in which both p and p were identified
(by the barrel and/or TOF hodoscopes; here and in the follow-
ing figures, “2-ID” means that 2 particles have been identified,
in addition to the fast proton); d the same events with the π+

s
being further identified with the barrel dE/dx measurement.
e 1-C events from reaction (5) in which both p and p were
identified; f 1-C events from reaction (8), no cuts

The errors are statistical, and the obtained width is com-
patible with our experimental resolution. The statistical
significance of the peak exceeds 5 s.d.

To conclude this section we remark that the masses
and widths given in Table 1 are well compatible with those
of Benkheiri et al. [1], (2020 ± 3) and (24 ± 12) MeV/c2,
respectively.

4 Production mechanism
and integrated cross sections

We document the rapidity structure of events correspond-
ing to the 2020 peak (2.00 < Mpp < 2.03) from the 3-
and 4-prong reactions (4)–(7) on Fig. 8. The fastest par-
ticle (pf), the pp peak and the undetected pion appear in
three distinct rapidity regions. These are well separated
for reaction (4) (Fig. 8a); the other reactions show simi-
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Table 2. Number of events, acceptances and integrated cross sections times branch-
ing ratio for different decay modes of the centrally produced 2020 resonant state

Decay Number of events Acceptance σint× BR
Channel mode or upper limit (%) (nb)

at 95% CL.

20GeV/c π+p data

π+p → pfpp(π+
s ) pp 258±43 7.4 23 ± 4

→ pfppπ+(π0
s ) pp 462±66 3.2 95±14

→ pfπ
+
s + neutrals neutrals 80±20 1.3 41 ±10

→ pfppγπ+
s ppγ < 2 1.2 < 1

→ pfπ
+π−(π+

s ) π+π− <20 3.4 < 4
→ pfπ

+π−(π0)π+
s π+π−π0 <20 1.2 <11

→ pf2π+2π−(π+
s ) 2π+2π− <40 3.8 < 7

→ pfK+K−(π+
s ) K+K− <60 4.2 < 10

→ pfK0∗K0∗(π+
s ) K0∗K0∗ <80 2.2 <24

12GeV/c π−p data
π−p → pfpp(π−

s ) pp 60± 16 2.4 84 ± 22
→ pfppπ−(π0

s ) pp 62±21 1.1 195±65
→ pfπ

+π−(π−
s ) π+π− <5 1.6 <10

→ pfπ
+π−(π0)π−

s π+π−π0 <4 0.6 <20
→ pf2π+2π−(π−

s ) 2π+2π− <40 2.1 <30
→ pfK+K−(π−

s ) K+K− <20 2.2 <20

lar features. The 2020 peak is clearly centrally produced,
at slightly negative c.m. rapidities. We note that in dou-
ble baryon exchange, the projectile quark interacts with a
target diquark, and this system is at rest at ycm ' −0.2,
justifying to some extent the slight backward trend of pp
production.

The distributions of the squared 4-momentum trans-
fer from the beam pion to the fast proton for reactions
(4) and (6), u′

pf
, and to the fast proton + charged pion

system for reactions (5) and (7), u′
pfπ

, as well as from the
target proton to the slow pion, u′

πs
(see Fig. 2), within the

same M2020 band, are exponential, with negative slopes
in the range of 2–3 (GeV/c)−2, similar to what was found
for central production of the ρ0, f2 and ρ0

3 mesons [7]. The
angular distributions of the 2020 peak were found to be
consistent with isotropy in the Gottfried–Jackson frame
defined in Sect. 2.4, after subtracting an appropriate back-
ground derived from neighboring mass bands.

Using these u′ dependences and isotropic angular dis-
tributions of the pp state decays, we have calculated the
total acceptances of the experiment for reactions (4)–(7)
(see Table 2). The number of events under the observed
peaks were obtained by subtracting the background as
given by mass fits. The resulting integrated cross sections
are given in Table 2. The errors quoted are statistical only.

The main sources of systematic errors are the uncer-
tainties in the background contribution and acceptance
calculation. We use the variation of background yields
when passing from formulation (10) to fifth-order poly-

nomials as an estimate of the relative background uncer-
tainty due to its shape. It was found to be in the range
from 10 to 20%. The systematic errors for acceptance cal-
culation come from the uncertainties in the track recon-
struction and trigger efficiency as well as from the vari-
ations of the particle spectra and angular distributions
generated by Monte Carlo. The former have been esti-
mated to be less than 20% by comparing the WA56 quasi-
two-body reaction cross sections at 12 GeV/c [19] with
those of [20], while the latter have been evaluated to be
about 20% and 30% for reactions (4), (6) and (5), (7),
respectively, by varying the slopes of the u′ distributions,
and allowing deviations from the decay isotropy (we used
dN/d cos θJ ∝ sin2 θJ and dN/d cos θJ ∝ cos2 θJ; θJ was
defined in Sect. 2.4).

The uncertainties due to production mechanisms
greatly increase when trying to calculate the experimen-
tal acceptance for the six final-state particles of the 5-
prong reaction (8), since the large number of parameters
to be varied makes the model become ill defined. There-
fore, rather than deriving a value we prefer to quote a
range of 5–30 nb for the cross section of the 2020 pp state
produced in this reaction.

As shown in Table 3 and discussed in Sect. 6, our
12 GeV/c cross section for production of the 2020 pp state
in reaction (6) corresponds to the one found by Benkheiri
et al. [1], corrected by the ratio of their acceptance calcu-
lated for backward production of this state, and the same,
recalculated by us for central production.
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Table 3. The cross sections measured in the pioneer experiment of Benkheiri et al.
[1] and in the WA56 experiment, both for 4-prong, 4-constraint events [2] and for
channels with a missing pion (this work), are mutually compatible (numbers given
in bold characters) only if a central production mechanism is assumed, and only for
the 2020 peak. The 2200 peak of [1] has not been seen in WA56 (nor in any other
experiment)

[pp] mass (MeV/c2) 2020 2200

Backward production

Reference [1] [2] [1] [2]
Reaction π−p → ∆(1232)[pp]

Acceptance (%) 45 6 23 6
σ (nb) 10±4 <2 21±5 <3

Reaction π−p → N(1520)[pp]
Acceptance (%) 18 4 4
σ (nb) 26±8 <2 <8

Central production, (re)computed by us

Reaction π−p → pf [pp]π−
s

Reference [1] [2] This work [1] This work
Acceptance (%) 8 1 2.4 8 7.2
σ (nb) 124±33 100±35 84±22 140±33 <30

However, the second pp state at a mass of 2.20 GeV/c2,
reported in [1], is nowhere seen in our data. Assuming
central production of this state, we have calculated the
upper limits for its production cross sections to be 10 nb
in reaction (4) (3-prong reactions at 20 GeV/c) and 30 nb
in reaction (6) (3-prong reactions at 12 GeV/c), at 95%
CL.

5 Baryonium signature
of the observed pp state

Besides the pp decay channel of the 2020 resonance, we
have investigated also the mesonic π+π−, 2π+2π−,
π+π−π0 and K+K− final states, produced centrally in the
baryon exchange reactions:

π±p → pfπ
+π−(π±

s ), (13)

π±p → pf2π+2π−(π±
s ), (14)

π±p → pfπ
+π−(π0)π±

s , (15)

π±p → pfK+K−(π±
s ) (16)

at 20 (12) GeV/c incident π+ (π−) momenta. No peaks
at 2.02 GeV/c2 were found in any of the reactions (13)–
(16). In order to illustrate the behavior of the data in the
vicinity of the 2.02 GeV/c2 mass, we show in Fig. 9 the
π+π− and 2π+2π− mass spectra from reactions (13) and
(14). Only ρ0 and f2 signals are seen, in the π+π− spec-
tra, a feature described in [7,19] (the difference in ratios
between f2 and ρ0 production rate can be related to dif-
ferent couplings in the double baryon exchange processes
induced by π+ and π−). The upper limits for the 2020

state production cross sections multiplied by the mesonic
branching ratios are given in Table 2.

At 20 GeV/c, an upper limit for a radiative decay of
the 2020 state is also given. Such a decay could compete
with the ppπ0 final state, which is almost forbidden by
the small amount of phase space available.

Dalkarov et al. [21] proposed a quasi-nuclear approach
to explain the results on the reaction pp → ΛΛ. In this
model, quasi-nuclear states of a mass close to 2 GeV/c2,
if they exist, would decay predominantly into K∗(892)0

K∗(892)0, and marginally into pp final states [22]. In order
to verify this possibility, we have tried to find the 2020
signal in the K∗K∗ final states in the baryon exchange
reaction

π+p → pfK+π−K−π+(π+
s ) (17)

with the same method as described above.
No signal was found in the K+K−π+π− nor in the

K∗(892)0K∗(892)0 mass spectra. This gives an upper limit
for the cross section of the production of the 2020 state
decaying into K∗(892)0K∗(892)0, quoted in Table 2, which
is at the same level as the pp value. The value contains
a factor 22 to take into account the unseen neutral decay
modes of the K∗s.

On the other hand, plotting the missing-mass spec-
trum to the pfπ

+ in the 2-prong topology of the π+p expo-
sure, i.e. searching for neutral decays of the 2020 peak via
reaction (9), we have found a four-standard deviation peak
centered at 2.01 GeV/c2 (shown in Fig. 10), when using
selection criteria favoring the neutral system to be in the
central region (missing momentum pmis > 2 GeV/c, and
longitudinal momentum of π+, pπ+

l < 0.4 GeV/c). This 2-
prong topology channel is singled out by the absence of the
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Fig. 6a–d. pp mass spectra for 1-C events from a reaction
(6), events, satisfying kinematic cuts; b events from reaction
(6) with the p identified by the TOF and/or barrel hodoscope;
c, d the same as a, b but for reaction (7). The “1-ID” indicates
that one final state particle (here the p) is identified

Fig. 7. Combined pp mass spectrum for all 2-C, 3-prong and
1-C, 4-prong events (from both π+p and π−p runs), in which
both p and p were identified

Fig. 8a–d. Rapidity spectra for fast protons, slow pions and
pp system for 1-C events passed kinematic cuts, 2.00 < Mpp <
2.03 GeV/c2, from reactions (4)–(7), respectively

diffractive background. The peak width (Γ ' 35 MeV/c2)
agrees with the missing-mass resolution in this mass range
(σMM ' 28 MeV/c2) expected from the Monte Carlo sim-
ulation. We interpret this signal as evidence for the decay
of the 2020 state into neutrals. The branching ratio for this
decay mode was found to be about 2 times higher than the
expected branching to the nn channel alone (see Table 2);
however, the systematic error, mainly due to the uncer-
tainty in the trigger and slow pion track reconstruction
efficiencies, reaches 30% and could explain this difference,
therefore the evidence for unseen mesonic channels is not
compelling. Hence we derive an upper limit for the partial
width of all neutral mesonic modes roughly equal to the
total width of the two NN modes.

From these results and taking into account the small
width of the observed 2020 pp state, we believe that it is
a firm baryonium candidate, i.e. an exotic resonant state,
strongly coupled to baryons and decoupled from mesons,
of the kind postulated earlier by various authors [13–16].
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Fig. 9a–d. Pionic mass spectra, for upper limits to pionic
decays of the 2020 state, from 1-C events; a, b for π+p, c,
d for π−p reactions; a and c for π+π−, b and d for 2π+2π−

decay mode

6 Are all experimental results
on the 2.02GeV/c2 pp̄ state compatible?

We will discuss in turn the compatibility of the 2020 peak
with published production experiments, upper limits from
published formation experiments and what they tell us
about the 2020 baryonium candidate; and finally, ideas
on what future experiments might focus on.

6.1 Production experiments

Apparently, the set of the experimental results on the 2020
pp state in production experiments looks controversial,
containing claims pro and contra. However, they can be
put into accordance by considering that all the results
on production cross sections (or on upper limits) depend
strongly on the reaction mechanism assumed for calcu-
lating the experimental acceptances. This appears to be
a point of considerable importance, since widely differing
cross sections can be obtained using the same number of
fitted events. With this possibility in mind we may pro-

Fig. 10a,b. Missing-mass spectrum for events of ++ topol-
ogy in the 20GeV/c π+p exposure, reaction (9), surviving the
following cuts: a missing momentum pmis > 2GeV/c, longitu-
dinal momentum of π+, Plπ+ < 0.4GeV/c; b the same, with
the π+

s identified by the barrel hodoscope

ceed to review the experimental results on the production
of the 2020 pp state.

First of all, the two most obvious problems must be
solved: the original WA56 evidence against the 2020 pp
state [2] confronted with the observation of Benkheiri et
al. [1], and the inner compatibility of the WA56 results
(earlier negative evidence [2] confronted with the present
positive one).

We start with the results on the production cross sec-
tion of Benkheiri et al. [1] for the 12 GeV/c π− run. They
calculated experimental acceptances assuming backward
production of the 2020 pp state. To get a proper compar-
ison of the results, we have recalculated the acceptance of
their apparatus using our central production mechanism
model, as mentioned in Sect. 4, and found it to be essen-
tially smaller, as shown in Table 3. The correspondingly
revised cross section of (124 ± 33 ± 20) nb is in agreement
with ours, which is (84±22 ± 20) nb.

The reasons are easy to understand. A pp state pro-
duced backward in the c.m. frame (see diagram 2a) is go-
ing forward in the lab, and imparts to its decay fragments,
p and p, enough longitudinal momentum to ensure their
effective detection, together with the fast pion (π− in di-
agram 2a). Thus, all outgoing particles in a pp backward
production process are easily detectable. This is not the
case for the central production of this system in reactions
(4)–(9) (as an example, see diagram 2c). Here the back-
ward produced particles are low-momentum pions, which
go mainly backward in the lab frame too. Such pions may
escape detection if the experimental setup is not designed
properly to catch them.

Similarly, the 4-prong acceptance of the WA56 appara-
tus calculated in terms of the central production is a factor
of 10 smaller than the one for backward production. Us-
ing the pp spectrum from the 20 GeV/c π+p run shown
in Fig. 3b of [2] (before selection of the recoil pfπ

+ system
mass in the ∆++(1232) region) one can obtain an upper
limit of 30 nb (at 95% C.L.) for the 2020 pp state which
should be compared with the (23±4 ± 5) nb cross section
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Fig. 11. Cross sections for production of the 2020 pp state
from the Benkheiri et al. [1] and WA56 experiment ([2] and
this work). When analyzed as backward production (below the
dashed line), the positive results of [1] were contradicted by
the much lower upper limits of [2]. Reanalyzed as central pro-
duction (above the dashed line), the cross section values are
higher, reflecting the lower acceptance, and they are compati-
ble with each other, as well as with the new topologies used in
the present work. See also the text and Table 3

reported in this work for reaction (4). As to the 12 GeV/c
π−p exposure, some irregularity around 2.02 GeV/c2 can
be seen in the pp mass distribution in Fig. 2b of [2]. The
number of events of this effect (60±21) corresponds to a
cross section of 100 nb for the 2020 pp state, which is again
compatible with our value of (84±22 ± 20) nb for reaction
(6), as shown in Fig. 11.

Thus, consistency is obtained for the set of basic results
on the production of the 2020 pp state in the baryon ex-
change experiments reported here as well as in [1,2]. As to
the other baryon exchange experiments [3–6], their lower
sensitivities and weaker restrictions imposed on the 2020
pp state readily explain the claimed absence of the 2020 pp
state. Note also the observation of a 2 s.d. signal around
2.02 GeV/c2 pp mass by Chung et al. [5] originally quoted

in [23], but suspected to be a possible reflection of the ρ0

meson contaminating the pp spectrum. The same group
reported also the negative results of the search for narrow
pp states in reactions pp → (pp)fπ0 and pp → (pp)fρ0

at 5 GeV/c [24]. These reactions are dominated by baryon
exchange, and are in fact crossed backward production
processes. We note in passing that in the reaction with
a ρ0 meson, a 2 s.d. signal was seen at a pp mass near
2.02 GeV/c2, with a corresponding production cross sec-
tion of (150 ± 80) nb.

Also some irregularities at 2.02 GeV/c2, at small signal-
to-background ratios and with statistical significance vary-
ing from 2 to 3 s.d., can be seen in the pp spectra of ex-
periments which aimed to study the pp system produced
diffractively in π−p interactions at 16 GeV/c [25], in π+p
interactions at 50 GeV/c [26] and in pp interactions at
11.75 GeV/c [27], and of the experiment of [28] with pp
interactions at 12 GeV/c. Unfortunately, these results can-
not be quantitatively compared with those of baryon ex-
change experiments because of the lack of the data neces-
sary to calculate acceptances based on a given production
mechanism.

Such a comparison can be done for the Omega experi-
ment of Beusch et al. [29] who explored the central region
in π−p and π+p induced reactions at 40 GeV/c. The up-
per limits for the central production of the 2020 pp state
are quoted to be about 36 nb in this experiment. For ex-
ample, a small bump at 2.02 GeV/c2 seen in the π−p data
corresponds to a production cross section of (22 ± 12) nb.

We note also indications on the pp structure in the
mass region close to 2.02 GeV/c2 in experiments on pp
electroproduction at 11.5 GeV [30], and on pp photopro-
duction at 4.7–6.6 GeV [31].

We summarize all these results, including our own, in
Table 4. Those hadron beam experiments which give pos-
itive indications for the 2020 pp state, and for which pro-
duction cross sections are known or could be calculated,
are shown in Fig. 12, together with the upper limit for its
central production in 20 GeV/c, the 4-C channel data of
[2].

We finish the review of the production experiments on
the 2020 state by recalling that a charged narrow state of
this mass decaying into pn and pn has also been reported
[32]. These authors claim that the state is not periph-
erally produced, which effectively implies that the central
production mechanism is favored. Unfortunately, with our
data we have no possibility to look for this charged state
since its central production (and subsequent decay to the
pn and pn) would assume two particles going undetected
in our experimental configuration (neutron and slow pion).
As to the backward production of this charged state, up-
per limits are given in [33].

6.2 Formation experiments,
and the width of the 2.02GeV/c2pp state

The 2.02 GeV/c2 mass region has been investigated in
pp formation experiments near the corresponding pp '
800 MeV/c (albeit not as extensively as an early pp can-
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Table 4. The pp(2020) signals (mass, width and number of standard deviations) seen in relevant
channels of the Benkheiri et al. [1] and WA56 experiment, as well as other production experiments.
All results in the table are statistically independent

or Figure Reaction Pbeam Mass Width n.s.d.
(GeV/c) (MeV/c2) (MeV/c2)

A. Results from Benkheiri et al. [1] and WA56 experiment ([2] and this work)

Benkheiri et al. [1] π−p → pf [pp]π−
s 4-C 9 2020±3 24± 12 4.7

12 3.8
Ajaltouni et al. [2] π−p → pf [pp]π−

s 4-C 12 2020 ≤20 2.9

6a; also [8] π−p → pf [pp](π−
s ) 1-C 12 2024±5 22±15 3.8

6c; also [8] π−p → pfπ
−[pp](π0

s ) 1-C 12 2015±4 15±9 4.4
4a; also [8] π+p → pf [pp](π+

s ) 1-C 20 2009±6 30±12 6.0
4c; also [8] π+p → pfπ

+[pp](π0
s ) 1-C 20 2012±6 34±21 7.0

5f π+p → pf2π+[pp](π−
s ) 1-C 20 2010±8 11±7 3.5

10a π+p → pfπ
+
s [neutrals] 20 2007±9 ∼30 4.0

B. Results from other experiments

Chung et al. [23] π−p → pfπ
−[pp] 4-C 16 2020 ≤20 2.0

Chung et al. [24] pp → [pp]fρ0 5 2010 ≤10 1.8
Armstrong et al. [25] π−p → [pfp]π−ps 4-C 16 2025 ≤10 2.4
Cleland et al. [26] π−p → [pfp]π−ps 4-C 50 2025 ≤10 3.1
Kooijman et al. [27] pp → p[pp]ps 3-C 11.75 2025 ≤10 1.8
Armstrong et al. [28] pp → [pfpf ]π

+π− 1-C 12 2030 ≤15 2.3
Beusch et al. [29] π−p → [pp]cent + X0 40 2020 ≤5 1.8
Gibbard et al. [30] e−p → e−[pp]p 4-C 11.5 2020 ≤40 2.3
Bodenkamp et al. [31] γp → [pp]ps 1-C 4.7-6.6 2023±5 27±12 1.7

didate, once called S-meson, near 1.94 GeV/c2). Four ex-
periments scanned this region in fine steps: [34,35] studied
the total and charged annihilation cross sections, [36] the
backward elastic cross section, and [37] charge exchange
(pp → nn). No signal of the 2020 state was found; the
most accurate restrictions result from the charge-exchange
experiment [37] (see below). From their results, an impor-
tant conclusion about the width of the 2020 state can
be drawn using the relation between observable produc-
tion cross section σpp̄→nn̄

exp of a resonance having a mass
2.02 GeV/c2, and its other quantum numbers such as spin
J , elasticity βNN̄ and width Γ :

σpp̄→nn̄
exp (2.02)

' (2J + 1)β2
NN̄ × 2.25 mb × Γ

2∆
arctan

2∆

Γ
, (18)

where ∆ is the experimental mass resolution (see the Ap-
pendix).

From [37] an upper limit of 0.2 mb can be derived for
σpp̄→nn̄

exp (2.02)2. The experimental resolution ∆ of [37] was
' 2 MeV/c2. Confronting these values with the estimation

2 A similar limit (' 0.3mb) can be derived from the dif-
ferential elastic cross section dσ/dΩ of [36], measured at
cos(θc.m.) = −0.994, with ∆ = 3MeV/c2, if one assumes
isotropic decay of the pp resonant state

(A.4) of the Appendix and with formula (18), one can
conclude that the width of the 2020 state is essentially
smaller than the quoted resolution (unless the elasticity
βNN̄ is much smaller than 1, which seems to be excluded
by the fact that it is hardly seen in mesonic final states,
see Sect. 5). Thus, from (18) we get the inequality

(2J + 1)β2
NN̄Γ ≤ 0.23 MeV/c2

. (19)

Assuming βNN̄ = 1 one gets for J = 0
Γ0 ≤ 230 keV/c2

, (20)

and for J = 2
Γ2 ≤ 50 keV/c2

. (21)

One may relax somewhat these restrictions, supposing that
a real baryonium can decay into mesonic channels as well
(βNN̄ < 1). However, even with βNN̄ = 0.5, the Γ upper
limits (20) and (21) become 1 MeV/c2 and 200 keV/c2 re-
spectively, which are still essentially smaller than the best
experimental limit of Γ ≤ 10 MeV/c2 resulting from the
fit of our combined spectrum, Sect. 3.3. This was already
noted in [38].

Apparently, such a small width is not compatible with
predictions of the quasi-nuclear models [21,39]. However,
it can be adjusted to the quark models of baryonia [10–16],
which still have much space to develop.
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Fig. 12. Summary of hadronic production cross sections for
the 2020 pp state, from [1,2,24,28,29], and from the present
work. The cross sections of Benkheiri et al. [1] and Ajaltouni et
al. [2] have been corrected on the basis of our central produc-
tion model. The errors shown are statistical, and do not include
systematic uncertainties, which vary from 15% to 30%. See also
Table 4

6.3 Remark on the production mechanism
of the 2.02GeV/c2 pp state

While the double baryon exchange mechanism of (cen-
tral) production of the 2020 state is capable to put into
accordance the set of the experimental results discussed
above, the reason why this mechanism dominates over the
backward production, i.e. the production through single
baryon exchange, has to be explained. Indeed, the central
production of ordinary mesons also shows a prevalence
over their backward production [7], but the enhancement
factor does not exceed 4 in that case, whereas for the 2020
pp state production this factor is at least 20, as one can see
comparing the central production cross sections reported
here and the upper limits for the backward production
cross sections given in [2].

A simple way to explain such a peculiarity of the mea-
sured cross sections, together with the narrowness of the

observed pp state is to assume that this state is coupled
to ∆∆ much stronger than to NN. If this assumption is
true, processes of backward production of the 2020 pp
state, where double delta exchange is excluded, are nat-
urally suppressed, and the dominant processes are of the
type plotted in Fig. 2c. The very small width of the ob-
served pp state could also be explained with this hypothe-
sis: once being produced in the collision of virtual ∆ and ∆
this state is not allowed to decay into the real ∆∆ since
its mass is below the corresponding threshold, and it is
forced to decay via the suppressed pp channel.

The question of double delta exchange dominance in
the production of the 2020 pp state remains to be settled
by future experiments. A careful experimental study of
π−p and pp baryon exchange reactions, using fast-proton
and fast π+ triggers, respectively, and capable of detecting
slow backward produced π−s is strongly advocated.

7 Conclusion

We have found a narrow pp peak at mass M = 2.015 ±
0.003 GeV/c2, in six different πp baryon exchange reac-
tions with one missing or incompletely reconstructed slow
pion. These were π+p → pf [pp]π+

s , π+p → pfπ
+[pp]π0

s ,
π+p → pfπ

+π+[pp]π−
s and π+p → pfπ

+
s [MM → neutrals]

at 20 GeV/c; and π−p → pf [pp]π−
s as well as π−p →

pfπ
−[pp]π0

s at 12 GeV/c. For this we had reanalyzed the
available WA56 data. The evidence for the neutral decay
mode of the observed state led to a branching ratio close
to the pp one. Since no explicit mesonic decay modes of
this state were seen, we conclude that the observed state
is a baryonium candidate, decaying only reluctantly to
mesons.

Its mass and width are in a good agreement with those
of a state found by Benkheiri et al. [1] in an earlier baryon
exchange experiment, also done at the Omega spectrom-
eter. The large difference between the production cross
sections obtained here and those of [1] is reduced when
we recompute the cross section of [1] assuming that the
state is produced centrally, as seen in our data, rather
than backwards in the c.m. The same dominantly central
production can explain why backward production exper-
iments [2–6] have failed to confirm this state, including
Ajaltouni et al. [2], who had analyzed the 4-constraint
events of the WA56 experiment. The non-observation of
the state in formation experiments done so far is quanti-
tatively understandable if its real width is near 1 MeV/c2

or less.
We hope that this work may find its use as a basis to re-

newed baryonium spectroscopy in future hadronic exper-
iments with high resolution and sensitivity. A baryon ex-
change trigger is a must in production experiments, while
in formation experiments the step width (∼ 100 keV/c2)
is the crucial feature.
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Appendix

The contribution of a resonance with a spin J to the cross
section of the process 1 + 2 → 1′ + 2′ (formation process)
has the form [40]

σBW(E) =
2J + 1

(2S1 + 1)(2S2 + 1)
,

× π

k2

BinBoutΓ
2
tot

(E − ER)2 + Γ 2
tot/4

. (A.1)

For NN̄ → NN̄ at E = ER one has
σNN̄→NN̄

BW (ER) = (2J + 1)B2
NN̄

π

k2
R

. (A.2)

At ER = 2.02 one has kR ' 0.37 GeV/c and thus

σNN̄→NN̄
R (ER = 2.02) ' (2J + 1)B2

NN̄ × 23 GeV−2

' (2J + 1)B2
NN̄ × 9.0 mb. (A.3)

Now, for the pp̄ → pp̄ process, taking into account the
nucleon isospin Clebsch–Gordan factor, we have an esti-
mate for the cross section at maximum (the same would
be true for the pp̄ → nn̄ reaction):

σpp̄→pp̄
R (ER = 2.02)

' (2J + 1)β2
NN̄ × 2.25 mb, (A.4)

where βNN̄ is the elasticity (βNN̄ = 1 for an “ideal” bary-
onium that decays into pp̄ and nn̄ only).

Let us take into account an experimental resolution
±∆. The cross section averaged over the interval 2∆
around ER is (for a narrow resonance)

σexp(ER) =
1

2∆

∫ ER+∆

ER−∆

σBW(E)dE

' σR × Γ

2∆
arctan

2∆

Γ
. (A.5)

Thus,

σpp̄→pp̄
exp (2.02)

' (2J + 1)β2
NN̄ × 2.25 mb × Γ

2∆
arctan

2∆

Γ
. (A.6)
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