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Abstract

Exclusive measurements of the quasi-free pn→ ppπ− and pp→ ppπ0 reactions have been performed by means of pd collisions

at Tp = 1.2 GeV using the WASA detector setup at COSY. Total and differential cross sections have been obtained covering the

energy region Tp = 0.95 − 1.3 GeV (
√

s = 2.3 - 2.46 GeV), which includes the regions of ∆(1232), N∗(1440) and d∗(2380)

resonance excitations. From these measurements the isoscalar single-pion production has been extracted, for which data existed

so far only below Tp = 1 GeV. We observe a substantial increase of this cross section above 1 GeV, which can be related to the

Roper resonance N∗(1440), the strength of which shows up isolated from the ∆ resonance in the isoscalar (Nπ)I=0 invariant-mass

spectrum. No evidence for a decay of the dibaryon resonance d∗(2380) into the isoscalar (NNπ)I=0 channel is found. An upper

limit of 180 µb (90 % C.L.) corresponding to a branching ratio of 9 % has been deduced.
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1. Introduction

Single-pion production in nucleon-nucleon (NN) collisions

may be separated into isoscalar and isovector production. Exci-

tation of the ∆(1232) resonance and of higher-lying ∆ states in

the course of the collision process can only happen in an isovec-

tor process. Hence the isoscalar single-pion production is re-

stricted to non-resonant as well as resonant isoscalar processes

like the excitation of the Roper resonance N∗(1440) and higher-

lying N∗ resonances – but also to the excitation and decay of the

recently observed dibaryon state d∗(2380) with I(JP) = 0(3+)

[1, 2, 3, 4]

At incident energies below 1 GeV single-pion production is

strongly characterized by excitation and decay of the ∆(1232)

resonance. There have been several attempts in the past to

extract the isoscalar production cross section, in order to re-

veal production processes other than the dominating ∆ process.

Since single-pion production in NN collisions is either purely

isovector or isospin-mixed, the isoscalar cross section has to

be obtained by combination of various cross section measure-

ments. Most often the relation [5, 6]:

σNN→NNπ(I = 0) = 3(2σnp→ppπ− − σpp→ppπ0 ) (1)

is used. Since here the difference of two usually big values

enters, the experimental uncertainties appear generally quite

large relative to the obtained absolute values. Previous experi-

mental studies from near threshold up to 1 GeV incident energy

give a large scatter of values with a tendency of being close to

zero at low energies and increasing to values in the range of 1 -

2 mb [7, 8, 9, 10] towards 1 GeV, in Ref. [5] even up to 4 mb.

In Ref. [10] the isoscalar cross sections have not been de-

rived by use of eq. (1). Instead of using total cross sections

a partial-wave analysis was applied to (unnormalized) angular

and invariant mass distributions. The isoscalar cross section

was then extracted from the observed asymmetries in the pion

angular distribution.

Here we report on first measurements of the isoscalar cross

section from Tp = 0.95 GeV up to 1.3 GeV (
√

s = 2.3 - 2.46

GeV) by use of eq. (1). Aside from the ∆(1232) and N∗(1440)

excitations, this energy range covers the region of the d∗(2380)

dibaryon resonance. Whereas this resonance is considered to

∗Corresponding author

Email address: mikhail.bashkanov@ed.ac.uk (M. Bashkanov)
1present address: Institut für Kernphysik, Johannes Gutenberg–Universität

Mainz, Johann–Joachim–Becher Weg 45, 55128 Mainz, Germany
2present address: Peter Grünberg Institut, PGI–6 Elektronische Eigen-

schaften, Forschungszentrum Jülich, 52425 Jülich, Germany
3present address: Institut für Laser– und Plasmaphysik, Heinrich–Heine

Universität Düsseldorf, Universitätsstr. 1, 40225 D??sseldorf, Germany
4present address: III. Physikalisches Institut B, Physikzentrum, RWTH

Aachen, 52056 Aachen, Germany
5present address: Jülich Centre for Neutron Science JCNS, Forschungszen-

trum Jülich, 52425 Jülich, Germany
6present address: Department of Physics, Harvard University, 17 Oxford

St., Cambridge, MA 02138, USA
7present address: INFN, Laboratori Nazionali di Frascati, Via E. Fermi, 40,

00044 Frascati (Roma), Italy

decay via an intermediate ∆∆ system in general [11], Kukulin

and Platonova [12] recently proposed an alternative scenario,

where this resonance decays into the ∆N threshold state D12

with I(JP) = 1(2+) by emission of a pion in relative p wave.

Kinematically such a decay is hard to distinguish from that via

an intermediate ∆∆ system. However, contrary to the latter the

decay via D12 causes a decay branch d∗(2380) → (NNπ)I=0

because of the decay D12 → NN. According to the SAID

partial-wave analyses [13, 14] the latter decay branch is 16 -

18%. Using a total d∗ production cross section of about 1.7 mb

extracted from the observed decays into NN and NNππ chan-

nels [11], we thus expect a peak cross section of about 340 µb

for the route pn→ d∗(2380)→ D12π→ (NNπ)I=0.

Following a suggestion of Bugg [15], d∗(2380) could rep-

resent as well a N∗(1440)N system. Such a scenario would

cause, too, a decay of d∗(2380) into the isoscalar NNπ sys-

tem. Since the Roper resonance decays into the Nπ chan-

nel with a probability of 55 - 75% [16], we expect in this

case a cross section as large as 1.1 - 1.4 mb for the route

pn→ d∗(2380)→ N∗(1440)N → (NNπ)I=0.

2. Experiment

In order to utilize eq. (1) for the extraction of the isoscalar

single-pion production we have measured both reactions pp→
ppπ0 and pn → ppπ− simultaneously by use of their quasifree

processes in pd collisions. The experiment has been carried

out at COSY (Forschungszentrum Jülich) at the WASA detector

setup by using a proton beam with an energy of Tp = 1.2 GeV

impinging on a deuterium pellet target [17, 18]. By exploit-

ing the quasi-free scattering processes pd → ppπ0 + nspectator

and pd → ppπ− + pspectator , we cover the energy region

Tp = 0.95 − 1.3 GeV corresponding to
√

s = 2.30 - 2.44 GeV.

This includes the regions of ∆(1232), N∗(1440) and d∗(2380)

resonance excitations.

The hardware trigger utilized in this analysis required at least

one charged hit in the forward detector as well as two recorded

clusters in the central detector.

The quasi-free reaction pd → ppπ0 + nspectator has been

selected in the offline analysis by requiring one proton track

in each of the forward and central detectors as well as two

photon hits in the central detector, which can be traced back

to the decay of a π0 particle. The quasi-free reaction pd →
ppπ−+ pspectator has been selected in the same way with the dif-

ference that now instead of two photon hits a π− track has been

required in the central detector.

That way, the non-measured spectator four-momentum could

be reconstructed by a kinematic fit with two and one over-

constraints, respectively, which derive from the conditions for

energy and momentum conservation and the π0 mass. The

achieved resolution in
√

s was about 20 MeV.

The charged particles registered in the segmented forward

detector of WASA have been identified by use of the ∆E − E

energy loss method. For its application in the data analysis, all

combinations of signals stemming from the five layers of the

forward range hodoscope have been used. The charged parti-

cles in the central detector have been identified by their curved
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track in the magnetic field as well as by their energy loss in

the surrounding plastic scintillator barrel and electromagnetic

calorimeter.

In total a sample of about 924000 good ppπ0 and 235000

good ppπ− events has been selected. The requirement that the

two protons have to be each in the angular range covered by

the forward and central detector and that the π− and the gam-

mas resulting from π0 decay have to be in the angular range

of the central detector reduces the overall acceptance to about

38% and 41%, respectively. The total reconstruction efficiency

including all cuts and kinematical fitting has been 3.5% and

1%, respectively. Efficiency and acceptance corrections of the

data have been performed by MC simulations of reaction pro-

cess and detector setup. For the MC simulations pure phase-

space and model descriptions have been used, which will be

discussed in the next chapter. Since WASA does not cover the

full reaction phase space, albeit a large fraction of it, these cor-

rections are not fully model independent. The hatched grey

histograms in Figs. 2 - 4 give an estimate for these system-

atic uncertainties. As a measure of these we have taken the

difference between model corrected results and those obtained

by assuming pure phase space for the acceptance corrections.

Though this very conservative estimate may considerably ex-

aggerate the true systematic uncertainties, it demonstrates the

stability of the corrections. Compared to the uncertainties in

these corrections, systematic errors associated with modeling

the reconstruction of particles are negligible.

The absolute normalization of the data has been obtained

by comparison of the quasi-free single pion production process

pd → ppπ0 + nspectator to previous bubble-chamber results for

the pp→ ppπ0 reaction [19, 20, 21]. That way, the uncertainty

in the absolute normalization of our data is essentially that of

the previous pp → ppπ0 data, i.e. in the order of 5 - 15%. For

the pn → ppπ− reaction the extrapolation to full phase space

introduces some model dependence, which gives an uncertainty

in the order of 5 % in the absolute scale of this cross section rel-

ative to the one of the pp→ ppπ0 reaction.

3. Results and Discussion

In order to determine the energy dependence of the total cross

sections for the pp → ppπ0 and pn → ppπ− reactions, we

have divided our data sample into bins of 50 MeV width in

the incident energy Tp. The resulting total cross sections for

these channels as well as for the isoscalar channel determined

by use of eq. (1) are shown in Fig. 1 together with results from

earlier measurements [5, 6, 7, 8, 9, 10, 19, 20, 21, 22, 23, 24,

25, 26, 27, 28, 29, 30]. Our data for the ppπ0 channel exhibit a

flat energy dependence in good agreement with previous data.

For the ppπ− channel our data show a slope slightly declining

with increasing energy – in fair agreement with previous results,

which exhibit quite some scatter.

The isoscalar cross section as obtained by use of eq. (1) is

displayed at the bottom panel of Fig. 1. Our data exhibit cross

sections in the range of 5 mb. In the overlap region with pre-

vious results, at incident energies around 1 GeV, our data agree

with those obtained by Dakhno et al. [5], but are higher than

the results of Refs. [7, 9, 10]. The latter used cross sections

for the pp → ppπ0 reaction, which are higher by roughly 10%

than those used in Ref. [5].

By use of eq. (1) the 5 % uncertainty in the absolute scale of

our cross sections for the ppπ− channel relative to those of the

ppπ0 channel translates to an uncertainty of 30 %, i.e. about 1

mb, in the absolute scale of the isoscalar cross section. Hence

the discrepancy to the results of Ref. [10] may possibly not be

as big as Fig. 1, bottom, seems to illustrate.

The results of Ref. [10] agree with those of Dakhno et al. [5]

for Tp < 0.9 GeV. Only above there are discrepancies. Whereas

the data point from Dakhno et al. at Tp = 0.978 GeV signals a

further increase of the isoscalar cross section, the cross section

deduced in Ref. [10] starts to decrease again at higher energies.

This behavior appears to be very strange, since the Roper exci-

tation – as the only isoscalar resonance process at low energies–

keeps rising in strength up to 1 GeV beam energy and level-

ing off beyond, as we know from the analysis of two-pion pro-

duction data [31, 32]. The observed energy dependence of the

isoscalar single-pion production given by the data from Dakhno

et al. [5] and WASA is at least qualitatively close to that de-

duced for the Roper excitation in two-pion production.

When binned into
√

s bins of 20 MeV, the differential dis-

tributions do not exhibit any particular energy dependence in

their shapes – which is of no surprise, since the energy region

covered in this measurement is dominated by ∆ and Roper ex-

citations with very smooth energy dependencies due to their

large decay widths. Hence we refrain from showing the differ-

ential distributions for single
√

s bins. We rather show them

un-binned, i.e., averaged over the full energy range of the mea-

surement, which has the advantage of better statistics and less

systematic uncertainties due to potential binning artifacts.

For a three-body final state there are four independent dif-

ferential observables. We choose to show in this paper the dif-

ferential distributions for the center-of-mass (c.m.) angles for

protons and pions denoted by Θc.m.
p and Θc.m.

π0 , respectively, as

well as for the invariant masses Mpπ and Mpp. These distribu-

tions are shown in Figs. 2 - 3.

All measured differential distributions are markedly different

in shape from pure phase-space distributions (shaded areas in

Figs. 2 - 3). They are reasonably well reproduced by model

calculations for t-channel pion exchange leading to excitation

and decay of ∆(1232) and N∗(1440). This has been accom-

plished by utilizing the Valencia code for pion production [33].

The calculations are adjusted in area to the data in Figs. 2 -3.

The proton angular distribution is strongly forward-

backward peaked in both channels as expected for a peripheral

reaction process. The pion angular distribution of the purely

isovector ppπ0 channel, where the ∆ excitation dominates, be-

haves as expected from the p-wave decay of the ∆ resonance.

For the isospin-mixed ppπ− channel, where the Roper reso-

nance contributes with a flat pion angular dependence, the ob-

served pion angular distribution is less curved due the combined

contributions from ∆ and Roper decays.

The invariant mass spectra for Mpπ0 and Mpπ− are both char-

acterized by the ∆ peak – though in the Mpπ0 spectrum much

more pronounced than in the Mpπ− spectrum. At the high-mass

3
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Figure 1: (Color online) Total cross sections in dependence of the inci-

dent proton energy Tp for the reactions pp→ ppπ0 (top), pn→ ppπ−

(middle) and the extracted isoscalar single-pion production cross sec-

tion σ(I = 0) (bottom). Red solid circles denote the results of this

work. The red horizontal bars represent the same data by use of a

pure phase-space correction and serve just as an indication for sys-

tematic uncertainties. Other symbols give results from earlier work

[5, 6, 7, 8, 9, 10, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30].
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Figure 2: (Color online) Differential distributions of the pp→ ppπ0 reaction at

Tp = 1.2. GeV for invariant-masses Mpπ0 (top left) and Mpp (top right) of pπ0

and pp subsystems, respectively, as well as for the c.m. angles of neutral pions

Θc.m.

π0
(bottom left) and protons Θc.m.

p (bottom right). The hatched histograms

indicate systematic uncertainties due to the restricted phase-space coverage of

the data. The shaded areas represent pure phase-space distributions, the solid

lines are calculations of ∆(1232) and N∗(1440) excitations by t-channel meson

exchange – normalized in area to the data.
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Figure 3: (Color online) The same as Fig. 2, but for the pn→ ppπ− reaction.
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normalized in area to the data.

shoulder of the ∆ peak the Roper excitation gets visible – in

particular now in the Mpπ− spectrum.

By application of eq. (1) to the invariant mass spectra we

obtain the isoscalar pπ invariant mass distribution, in which

the isovector ∆ process has to be absent. Fig. 4 exhibits the

isoscalar MI=0
pπ distribution, where indeed the ∆ peak has van-

ished. The remaining structure at higher energies has to be at-

tributed to the isoscalar Roper excitation (solid line). To our

knowledge this is the first time that the isoscalar Roper excita-

tion could be visibly isolated in an invariant mass distribution.

The energy dependence of the total isoscalar cross section is

displayed in Fig. 5 in dependence of the c.m. energy
√

s. The

only apparent structure is an enhancement at
√

s = 2.33 GeV.

However, its statistical significance is less than 3σ and hence

not of statistical relevance.

At the location of the d∗(2380) resonance the cross section

exhibits no particular structure. In principle the resonance can

interfere with the background, which is dominated by the Roper

excitation. Since we are here just in the region of the nominal

N∗(1440)N threshold, this system is most likely in relative S

wave yielding total angular momenta of 0 and 1. In order to

interfere with the d∗(2380) resonance, the N∗(1440)N system

would need to have a total angular momentum of 3, i.e., would

need to be in relative D wave – which is extremely unlikely

at threshold. These considerations are also supported by the

partial-wave decomposition given in Ref. [10] for the np →
ppπ− reaction at Tp ≈ 1 GeV, where the contribution of the
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Figure 5: (Color online) The isoscalar single-pion production cross section in

NN collisions in dependence of the total c.m. energy
√

s. Shown are the results

of this work (circles) together with the results from Dakhno et al. [5] (triangles)

at lower energies. The dash-dotted line illustrates a 10% d∗(2380) resonance

contribution. Solid and dashed lines show a fit to the data using a second order

polynomial with and without d∗ contribution, respectively.

isoscalar 3D3 np partial wave is below the percent level.

Since interference must be discarded, we have to assume

that a potential d∗(2380) decay into the isoscalar NNπ channel

adds incoherently to the conventional background. We observe,

however, no indication of a corresponding enhancement in the

energy dependence of the cross section. We can therefore only

give an upper limit based on the statistical uncertainty of the

data points in the d∗(2380) resonance region.

The Roper resonance can be safely assumed to produce an

isoscalar contribution, which has a very smooth energy depen-

dence yielding a bump-like structure with a curvature represent-

ing the large width of the Roper. A second order polynomial

should therefore be a good approximation for the Roper con-

tribution in the region of interest. Indeed, a corresponding fit

gives already an excellent reproduction of our data. Inclusion

of a Lorentzian representing a potential d∗(2380) contribution

gives an improvement only, if a tiny negative contribution is

allowed.

In order to get the right curvature at the low-energy side, we

next included also the data of Dakhno et al. [5] in the fit. These

produce only a slightly stronger curvature in the region of our

data. The fit, which is shown in Fig. 5 by the dashed line, yields

an excellent description of both data sets. Inclusion of a poten-

tial d∗(2380) contribution in the fit leads again to a negative

resonance strength with a peak value of −72 ± 170 µb (solid

line in Fig. 5).

That way we arrive at an upper limit of 180 µb at the 90 %

confidence level. This corresponds to an upper limit for the
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branching ratio of 9 % for the d∗(2380) decay into the NNπ

channel.

This limit is much below the expectation, if d∗(2380) would

be dominantly a N∗(1440)N configuration. As discussed in the

introduction, for this case we expected a d∗(2380) contribution

of more than 1 mb. Hence this upper limit means that only less

than 14 % of the d∗(2380) decay can proceed via a N∗(1440)N

configuration.

For the scenario, where the d∗(2380) decay proceeds via the

D12π configuration, our derived upper limit is not as stringent

and restricts such a configuration only to less than 50 %. Our re-

sult is compatible with a recent proposal to consider d∗(2380) as

a compact hexaquark configuration surrounded by a molecule-

like D12π configuration [34]. It is, of course, also compatible

with a pure hexaquark scenario, where the predicted d∗ → NNπ

decay rate is as small as 1 - 3% [35].

4. Conclusions

The isoscalar single-pion production in NN collisions has

been extracted from simultaneous measurements of the pp →
ppπ0 and pn → ppπ− reactions in the energy range Tp = 0.95

- 1.3 GeV (
√

s = 2.3 - 2.46 GeV). The obtained isoscalar cross

sections in the region of 5 mb – the first ones in this energy

range – fit well to earlier Gatchina results [5] at lower energies,

but less to more recent ones [7, 9].

The differential distributions of the pp → ppπ0 and pn →
ppπ− reactions are well described by t-channel meson exchange

leading to excitation and decay of ∆(1232) and N∗(1440). Ap-

plication of eq. (1) to invariant-mass spectra provides an

isoscalar MI=0
pπ spectrum, where the ∆(1232) resonance is ab-

sent leaving thus the Roper resonance isolated.

The measured energy dependence of the isoscalar cross sec-

tion gives no evidence for a decay of the dibaryon resonance

d∗(2380) into the isoscalar NNπ channel. The derived upper

limit excludes the proposed N∗(1440)N channel as a major in-

termediate decay configuration. It also restricts a possible D12π

configuration to less than 50 %, but is in full accordance with

quark-model calculations predicting a compact hexaquark con-

figuration for d∗(2380). By these measurements the investiga-

tion of all possible hadronic decay channels of d∗(2380) has

been completed. What is left, is the study of its electromag-

netic decays, which are expected to be smaller by another three

to four orders of magnitude [36].
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