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Abstract. In this paper we report on the investigation of baryonic resonance production

in proton-proton collisions at the kinetic energies of 1.25 GeV and 3.5 GeV, based on

data measured with HADES. Exclusive channels npπ+ and ppπ0 as well as ppe+e− were

studied simultaneously in the framework of a one-boson exchange model. The resonance

cross sections were determined from the one-pion channels for Δ(1232) and N(1440)

(1.25 GeV) as well as further Δ and N∗ resonances up to 2 GeV/c2 for the 3.5 GeV

data. The data at 1.25 GeV energy were also analysed within the framework of the par-

tial wave analysis together with the set of several other measurements at lower energies.

The obtained solutions provided the evolution of resonance production with the beam en-

ergy, showing a sizeable non-resonant contribution but with still dominating contribution

of Δ(1232)P33. In the case of 3.5 GeV data, the study of the ppe+e− channel gave the

insight on the Dalitz decays of the baryon resonances and, in particular, on the electro-

magnetic transition form-factors in the time-like region. We show that the assumption of

a constant electromagnetic transition form-factors leads to underestimation of the yield in

the dielectron invariant mass spectrum below the vector mesons pole. On the other hand,

a comparison with various transport models shows the important role of intermediate ρ

production, though with a large model dependency. The exclusive channels analysis done

by the HADES collaboration provides new stringent restrictions on the parameterizations

used in the models.

1 Elementary reactions and their description

A path to understanding nuclear forces usually begins with the studies of nucleon-nucleon reactions.

High precision measurements and a complete reconstruction of the final state provide invaluable in-

sight into the nature of nucleon-nucleon interactions. These studies have to be performed with increas-

ing energy since new processes are involved above the one-pion and two-pion production thresholds

(for a review see [1]). Over the years various approaches were studied within the one-boson exchange

(OBE) model (see i.e. [2–7]) successfully describing the data. The OBE potential describing the

nucleon-nucleon interaction assumes meson exchange (π, η, ρ...) and introduces free parameters like

coupling constants which are adjusted according to the data. For example, excitation of lower lying

baryon resonances like Δ(1232) is realized with various form factor parameterizations. In the model

proposed by Suslenko and Gaisak [8], the dominance of the one-pion exchange term was assumed

leading to a qualitatively well description of experimental data collected in the energy range 0.6− 1.0
GeV. The analysis of one-pion production channels in reactions pp → ppπ0 and pp → npπ+ (see

[9–12]) leads to a good description of various differential distributions, yet the total cross sections

predicted by the model are lower than the reconstructed from the experimental data. Another model

describing the data in the npπ+ channel in the quite wide energy range 0.97 − 4.0 GeV (see [13–15]),

introduced by Dmitriev, Sushkov and Gaarde [16], had essentially similar assumptions of one-pion

exchange but different vertex parameterization. It became part of a more versatile resonance model

by Teis et al. [17] describing the production of mesons in elementary and heavy-ion collisions in the

energy range of 1 − 2 GeV/u. The model inherited anisotropic angular description of the Δ resonance
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from the OPE model [16] but replaced the parameterization of Δ resonance total width according

to the Moniz model [18], highly suppressing the high-mass tail of the Δ resonance. In the case of

higher lying resonances, the resonance model [17], like many transport models (i.e. UrQMD [19] and

GiBUU [20]), uses the isotropic distributions. The total cross sections is obtained as the incoherent

sum of all resonances contributing to a specific channel fixed by the fit to the data on 1π-, η, ρ and 2π
production assuming constant matrix elements.

Another approach to the description of one-pion production is a partial wave analysis. The results

discussed in this report utilize the framework of the Bonn-Gatchina group. It was successfully applied

for the description of p + p data measured at lower beam energies (see [11] and [12]). In the partial

wave analysis the total amplitude is described as a sum of partial wave amplitudes with corresponding

angular dependencies:

A =
∑

α

Aαtr(s)Q
in
μ1...μJ

(S , L, J)A2b( j, S 2, L2, J2)(si) × Qf in
μ1...μJ (i, S 2, L2, J2, S ′, L′, J), (1)

where S , L, J are spin, orbital momentum and total angular momentum of the initial NN system,

S 2, L2, J2 are spin, orbital momentum and total angular momentum of the two-particle system in the

final state and S ′, L′ are spin and orbital momentum between this two-particle system and the spectator

particle with index j. The invariant mass of two-body system is defined by s j = (P − q j)2 where q j is

the four-momentum of the spectator and P is the total momentum of the reaction. The operators Qin

and Qf in are tensors constructed for each event from the momenta of the initial and the final particles.

Their explicit form is given in [21]. For the transition amplitude from initial NN to NNπ system

Aαtr we introduced the multi-index α which summarizes all quantum numbers described above, in the

same form as it was done in [11, 12]:

Aαtr =
aα

1
+

√
s aα

3

s − sα
0

eia
α
2 , (2)

where aα
1
, aα

2
, aα

3
and sα

0
are real numbers and the poles at s = sα

0
are located in the region of left-hand

side singularities of the partial wave amplitudes. The A2b contribution for resonance production in

the πN channel was parameterized as relativistic Breit-Wigner amplitudes (for the exact form, see

e.g. [11]). Although it is not equivalent to a parameterization used in the resonance model (the above

mentioned Moniz parameterization), at the proton kinetic energy of 1.25 GeV the data are not very

sensitive for the resonance parameterization. The masses and total widths of the resonances were

taken from the Particle Data Group [22] and fixed in the fit. The non-resonant A2b contributions in

the NN scattering channel were parameterized with a modified scattering length approximation (see

[11]), which corresponds exactly to the scattering-length formula from [23, 24] in the case of S -waves.

There, the pn scattering length and effective range were fixed at a(1S 0) = −23.7 fm, r(1S 0) = 2.8
fm and a(3S 1) = 5.3 fm, r(3S 1) = 1.8 fm. In most of the fits, the only fitted function was the

transition amplitude Aαtr(s). The differential cross section calculated for this amplitude is maximized

with the event-by-event maximum likelihood method, which takes into account all correlations in the

multidimensional phase space. The solution is based on the simultaneous fit to many experimental

data samples, with the energy dependence (see Eq. 2). The resulting cross section is the coherent sum

of both resonant and non-resonant contributions within a given initial partial wave.

An experimentally demanding but powerful way to explore the electromagnetic structure of

baryon resonances (R) is the study of their decay into a nucleon and a massive virtual photon convert-

ing into dilepton pair, so called Dalitz decay. The description of interaction vertex NRγ∗ by electro-

magnetic transition form factors (eTFF) is also challenging theoretically, since in the time-like region

(q2 > 0, q is the four-momentum transfer) it is strongly influenced by vector meson-poles. This can
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be experimentally probed by measurements of the resonance Dalitz decays (Ne+e−) and indeed, many

theoretical calculations predict significant effects on the resulting dilepton invariant mass distribution

due to vector mesons (ρ/ω). The famous vector meson dominance (VMD) model by Sakurai [25] cou-

ples the virtual photon to a hadron by the intermediate vector meson fields. However, such couplings

lead to an overestimate of the radiative R → Nγ decay widths when the known R → Nρ branching

ratios are used in calculations, and various ideas to overcome this conflict have been used e.g. separate

Nγ and Nρ couplings [26], or destructive interferences between contributions from higher ρ/ω states

[27] or different forms of the eTFF for the quark and the pion cloud coupling [28]). On the other hand,

such models should be effectively anchored in the space-like region (q2 < 0) where a rich data sample

on the eTFF for the Δ(1232), N(1440) and N(1520) has been obtained in a wide q2 range (for a review

see [29]). To clarify the question about resonance production and the prominent role of the coupling

to ρ, the exclusive data are necessary.

In this work we discuss the results from the exclusive hadronic channels pp→ npπ+, pp→ ppπ0

investigated at the kinetic beam energies of 1.25 and 3.5 GeV and a dilepton channel pp → ppe+e−
investigated at the kinetic beam energy of 3.5 GeV.

2 HADES experiments

The High Acceptance Di-Electron Spectrometer (HADES) [30] is installed at the GSI Helmholtzzen-

trum für Schwerionenforschung in Germany. In two of the experiments a proton beam of 107 parti-

cles/s with kinetic energy of 1.25 GeV or 3.5 GeV was impinging on a liquid-hydrogen target. The

details about the track reconstruction and particle identification were described in [31, 32]. All spectra

were normalized to the p+ p elastic scattering yield measured within the same experimental runs (for

details, see [31, 33]). The normalization error was estimated to be 8% in both cases. To study one-

pion production mechanisms events with one proton and one pion (pπ+) and two protons (pp) were

selected. For the ppe+e− final state, events containing at least one proton track and one e+e− pair were

selected. The subsequent final states were identified via cuts in the one-dimensional missing mass

distributions around the value of the not detected particle, e.g. neutron, π0 or proton, respectively.

The momentum vectors of not detected particles were obtained from momentum conservation. The

background estimation in hadronic channels was done with the help of missing mass spectrum plot-

ted at various parts of the two-dimensional cosθCMpπ+ vs Minv
pπ+ representation. Prior to the background

evaluation, the two-pion contribution was subtracted in the missing mass spectrum, then the fitting

of the signal peak and various forms (polynomials) of the background were used to study systemat-

ics. In dilepton channels, the combinatorial background (CB) was estimated using the like-sign pair

technique (given as a sum of like-sign pairs), as described in [30, 31].

3 One-pion channels at 1.25 GeV

At the 1.25 GeV kinetic energy of the proton beam, the dominant contribution in the pp → npπ+

channel stems from the intermediate Δ++ resonance. Comparison to the OPE model [16] requires an

adjustment of the cut-off parameter Λπ in the vertex form factor:

F(t) =
Λ2
π − m2

π

Λ2
π − t

(3)

where t is the square of the four-momentum of the virtual pion and m2
π is the pion mass squared. The

HADES data favour Λπ = 0.75 GeV (see [31]). Further improvement was done with the parameter-

ization correction of the OPE model based on the two-dimensional cosθCMpπ+ vs Minv
pπ+ representation,
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Figure 1. Uncorrected angular distributions of the pπ+ (left, notice the log scale) and pπ0 (middle, in linear

scale) system in the CM frame within the acceptance of the HADES spectrometer, normalized to the number of

pp elastic reactions (Nel). The total partial wave analysis (PWA) solution (black curve) with the resonance com-

ponents, red curve - Δ(1232)P33 contribution, blue curve - N(1440)P11 contribution is compared to the modified

OPE model (dashed curves, the same color code). Right: cross section of the ppπ0 channel (12 data points) and

the PWA solution (black curve) decomposed into intermediate resonances Δ(1232) (red curve) and N(1440) (blue

curve). The shaded bands represent the systematic uncertainties of the PWA solution.

adjusted to the experimental data. The feasibility of the model modification is exampled in Fig. 1

left, where the angular distribution of the pπ+ system in the CM frame within the HADES accep-

tance is compared to the Monte-Carlo model simulation (dashed curves) in the log scale. Based on

the good model description and good acceptance coverage, the data were acceptance and efficiency

corrected, resulting in the total cross section 17.00 ± 2.2 mb for the npπ+ channel. The systematic

error includes the uncertainties due to particle identification, background subtraction, normalization

error and the correction uncertainty. The modified OPE model was applied to the Δ+ production in

the ppπ0 channel. The identification of two protons in the HADES acceptance results in the limited

inelastic reaction acceptance, covering high four-momentum transfer. Although slight discrepancies

between the data and the model, i.e. in the angular projection of the pπ0 system in CM frame, are still

present (see Fig. 1 middle, dashed curves) the overall agreement is good. The acceptance correction

of the data with the model-driven extrapolation results in 3.87 ± 0.55 mb of the cross section for the

ppπ0 channel.

Although the corrected OPE model describes acceptably well the angular and mass distributions

and can be used for the acceptance correction of the data it does not provide a fully physical under-

standing of the data and the role of other contributions which are not connected with the Δ production

are introduced in a very simplified form. Therefore, the partial wave analysis of the Bonn-Gatchina

group was enforced, starting from the solution found in [11]. The analysis was performed including

other available data sets (see [34], eleven measurements for ppπ0 and two for the pnπ+ channel) cov-

ering mostly lower beam energies. For the proper HADES data description, high partial waves are

necessary, which contribute to the forward/backward peaked parts of the angular distributions of the

pπ+ and pπ0 systems in the CM frame. Various solutions were investigated based on parameteriza-

tions of the transition amplitude Atr (Eq. 2) and descriptions of resonance states (Δ and in particular,

N∗). The obtained solutions generally describe the HADES data very well in various projections

(Fig. 1 left and middle, black solid curve). The analysis shows the dominant Δ(1232)P33 contribution

in npπ+ at the level of 75% (see Fig. 1 right, red band), stemming from the 3P2, 3P1 and 3F4 incoming

partial waves. It results in the total cross section 16.4 ± 0.8 mb (model systematic error). In the case

of ppπ0, the intermediate Δ(1232)P33 state amounts 70% from the 3P2, 3F4 and 3F2 as the major con-
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tributors and the extracted cross section is 4.2 ± 0.15 mb. The N(1440)P11 contribution is noticeably

higher than in the resonance model, and reaches several percent (12% for npπ+ and 20% for ppπ0

channel, see Fig. 1 right, blue band). The partial wave solutions include also notable interferences

between non-resonant contributions and the N(1440) channel resulting in the larger systematic error

on initial partial waves contribution. Based on the multidimensional PWA solution the acceptance

correction can be done as in the resonance model case. The obtained cross sections are very close to

the PWA solution prediction but with larger systematic errors (16.3±2.0 mb for the npπ+ channel and

4.1 ± 0.45 mb for the ppπ0 channel).

4 One-pion channels at 3.5 GeV

At 3.5 GeV kinetic energy of the proton beam the one-pion channels involve the decays of Δ and N∗
resonances with masses up to 2 GeV/c2. Starting the description with the resonance model [17] one

has to recall that the resonance with the anisotropic angular distribution is the Δ(1232), based on OPE

calculation [16]. The separation of the double (Δ++) and the single charged resonances (Δ+, N∗+) by

the analysis of the pπ+ and the nπ+ invariant mass distributions is feasible. Further procedure utilizes

parameterizations of the higher mass resonances taken from the Teis et al. model [17] but production

yields and the angular distributions are treated as free parameters. The latter one is assumed to be

governed by the t dependency:

dσR/dt ∝ A/tα (4)

where t is the four-momentum transfer squared, calculated between the four-momentum vectors of

the outgoing resonance and the incoming nucleon, A and α are constants to be derived from the com-

parison to the data. The yields of the resonances were obtained from simultaneous fits to the invariant

mass and the four-momentum transfer distributions in the iterative procedure described in [32]. Al-

though the identification of resonances is ambiguous in the nucleon-pion invariant mass region of

overlapping states, the decomposition is still feasible. It is performed by a comparison of the corre-

sponding yields in the nπ+ and pπ+ invariant mass distributions for the N∗ and Δ resonances and is

given as the product of the resonance cross section and the respective branching ratio. The decom-

position of the simulated pπ+ yields was also tested as a function of cos(θ)CMpπ+ . Finally, the extracted

resonance yields and the angular distributions were included in the simulation of the pp → ppπ0

reaction channel. The cross sections for the pnπ+ and ppπ0 final states are fixed by their isospin rela-

tions and an agreement between simulation and the data was also achieved for this reaction channel.

The feasibility of the obtained multi-resonance fit was also tested on comparisons between the data

and the angular distributions defined in the Gottfried-Jackson and the helicity reference frames. The

modified resonance model can be used for the acceptance correction of the data (Fig. 2, black dots).

The obtained cross sections can be then compared to the values predicted by the resonance model

[17], but also other parametrization used, e.g. on GiBUU [20, 35] and UrQMD [19]. The detailed

results are discussed in [32]. They are presented in Fig. 2 (lower row pictures with invariant masses

of pπ+ and nπ+). The Δ(1232)+ cross section obtained in the HADES analysis is slightly higher than

that of the resonance model [17] and GiBUU [35]. The total contribution of higher mass Δ resonances

is lower than in the fit of [17] but in line with the cross sections applied in the GiBUU version [35].

On the other hand the higher mass Δ resonances are by a factor 2-3 larger in the UrQMD code [19]

but lower for the Δ(1232). For the N∗ the cross sections of N(1440), N(1520) and N(1535) can be

studied directly. The constraint on the N(1535) production comes from the analysis of the ppη Dalitz

plot with η decaying into π0π+π− identified in the same measurement [36]. The contribution of this

reaction channel amounts to about 47% leading to the total production cross section σN(1535) � 0.157

mb when taking into account the BR(N(1535) → Nη) = 0.42 [22]. The parametrization used in the
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Figure 2. Upper row pictures: ppπ0 final state. Acceptance corrected pπ0 invariant mass and the CM angular

distributions (black dots) compared to the simulation result (dashed curves). Resonance contributions are shown

separately (line style described in the legend). Lower row pictures: npπ+ final state. Acceptance corrected pπ+

and nπ+ invariant mass distributions (black dots) compared to the simulation results using the resonance cross

sections according to parameterization taken from the GiBUU [35] (red curve - model1) or from the UrQMD

[19] (blue curve - model2).

transport models use much larger N(1535) cross sections: 0.53 mb (GiBUU) and 0.8 mb (UrQMD).

GiBUU gives the largest weight to the N(1440) and a smaller one to the N(1675). The cross sections

for N(1720) and N(1680) used in UrQMD [19] are much higher than the ones used in GiBUU [35].

In view of such discrepancies, even more constraints can be provided by the exclusive analysis of the

dilepton channels.

5 Dilepton channels at 3.5 GeV

The ppe+e− final state was selected by a cut on the pe+e− missing mass 0.8 GeV/c2 < Mmiss
pe+e− <

1.04 GeV/c2. This distribution and the e+e− and the pe+e− invariant mass distributions are used

in comparison to various models. All experimental distributions were normalized to the measured
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Figure 3. ppe+e− final state: pe+e− missing mass (left), dielectron (middle) and pe+e− (right) invariant mass
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resent statistical (black) and the normalization (red) errors. The invariant mass distributions have been obtained

for events inside the indicated window (vertical dashed lines in the left panel) on the pe+e− missing mass. The

hatched area indicates the model errors (for more details see text). Number of counts is per mass bin width.

elastic scattering yields (Sec. 2) and the simulation results were filtered through the acceptance and

efficiency matrices followed by a smearing with the experimental resolution. The simulations assume

the production cross sections σR of baryon resonances deduced in the channels with one pion, as

described in Section 4 and [32]. Besides, the total cross sections of the exclusive η and ω production,

ση = 140 ± 14 μb , σω = 146 ± 15 μb, respectively, were obtained from a parametrization of the

existing data [31, 37]. The total cross section for ρ meson production was obtained from the ω cross

section by σppρ = 0.5σppω, as observed at Ebeam = 2.85 GeV in the DISTO experiment [38].

The comparison to the model [39], which assumes constant eTFF and a point-like RNγ∗ coupling,

establishes lower limits for the e+e− emission. The missing mass distribution of the pe+e− system

is shown in Fig. 3 (left). The distribution is compared with the result of the simulation (dashed

curve) including the baryon resonances and ρ, ω and η meson sources. The baryon resonances were

grouped into two contributions, originating from the Δ(1232) and the higher mass (Δ+, N∗) states. The

hatched area covers the model uncertainties related to the errors of resonance and meson production

cross sections. A description of the pe+e− missing mass distribution could be achieved with all the

sources, except for the yield in the proton missing-mass peak itself (for the discussion, see [32]). The

background under the proton peak, related to final states other than ppe+e−, is smaller than 6%. The

middle part of Fig. 3 displays the e+e− invariant mass distribution for the events within the pe+e−
missing mass window. It is compared to the simulation including dielectron sources originating from

the baryon resonance decays and the two-body meson ρ, ω → e+e− decays. The agreement in the

vector mass pole verifies also that the normalization and the simulations of the HADES acceptance and

reconstruction efficiencies are under control. On the other hand, an excess of the contributions from

the baryon resonances is visible below the vector meson pole. The effect is related to the excess in the

proton missing-mass window and can be explained by the contributions from off-shell couplings of

the resonances to the vector mesons. Such couplings should modify the respective eTFF which were

assumed to be constant in the simulations. The comparison of the pe+e− invariant mass distribution

with the simulation displayed in Fig. 3 (right) shows that the excess is indeed located around the

N(1520) resonance, known to have a sizeable decay branch to the ρ meson.
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6 Summary

The HADES data measured for the pion production reactions in proton-proton collision were analyzed

with a modified OPE resonance model [17] and with the Bonn-Gatchina [21] partial wave analysis

method (for 1.25 GeV, the analysis of 3.5 GeV data is on-going). The results of OPE calculations

and the obtained PWA solution allowed us to perform a full phase space acceptance correction of

the measured data and to deduce the total cross sections of resonance contribution. The compari-

son to transport models, like the GiBUU [20] and UrQMD [19], unraveled many discrepancies. In

the dilepton channel (3.5 GeV), upper limits for the various resonance contributions have been ob-

tained assuming point-like baryon-virtual-photon couplings. The calculated dielectron yields cannot

reproduce the measured yield and suggest strong off-shell vector meson couplings, which should in-

fluence the respective electromagnetic transition form-factors. Another approach for the Dalitz decay

of resonances can be studied within the transport models (GiBUU [20, 35], UrQMD [19]), since they

implement the scheme of a two step factorization R→ pρ → pe+e− in the dilepton production. It turns

out that not only resonance cross sections (as discussed in Sec. 4) but also the resonance-ρ couplings

are different, also when compared to the newest multichannel partial wave analyses e.g. the newest

Shrestha and Manley calculations [40], Bonn-Gatchina group [41] or the CLAS collaboration [42]

results (for the discussion, see [32]). The discrepancies call for further efforts, both on experimental

and theoretical sides. The recently measured pion-proton collisions with the HADES spectrometer

should deliver valuable information on the resonance excitation and coupling to virtual photons.
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