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The electromagnetic properties of (excited) hadrons can be investigated through the production
of virtual photons in elementary reactions. Our goal is to study Dalitz transitions of 𝑁∗ and
Δ resonances generated in proton-proton collisions. The key challenge is to first understand
the production mechanisms of these resonances which will also serve as a crucial reference for
interpreting data from heavy-ion collisions. The High Acceptance Di-Electron Spectrometer
(HADES) at GSI Darmstadt, which is a versatile magnetic spectrometer designed for measuring
wide range of particles across large angular acceptance, is ideal for performing these studies.
This analysis aims to extract differential cross-sections for the exclusive production of 𝑁∗ and Δ

channels in proton-proton collisions at
√
𝑠 = 3.47 GeV. The data will serve as a good basis to

rigorously study the production mechanisms by a detailed comparison with theory calculations.
This proceeding will focus on the initial results of the analysis of proton-proton scattering data
collected in February 2022 by the HADES collaboration.
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1. Introduction

Radiative transitions and decays of hadrons provide valuable information on their electromag-
netic structure. Virtual photon (dileptons) transitions from the 𝑁∗ (𝑁∗ → 𝑁𝛾∗) and Δ (Δ → 𝑁𝛾∗)
can be exploited to extract observables which are not accessible using real photon. The electro-
magnetic currents in the decay processes for the 𝑁∗ and Δ resonances in proton proton collisions is
not well understood because of their short lifetime (≈ 10−23s) [1] and also very scarce data on their
time-like electromagnetic transitions [2, 3]. But before trying to understand the electromagnetic
structure of these resonances, one needs to first study the production of the various resonances, using
their hadronic channels. This will also serve as a reference for interpreting data from heavy-ion col-
lisions and provide new inputs for hadronic models. This knowledge will also complement existing
data on photoproduction and pion production. Previous HADES measurements in pp reactions at
T = 1.25 [4, 5], 2.2 GeV [6] and 3.5 GeV [7] followed this strategy and could improve the existing
very scarce data base for pion production in pp reactions, in particular with high statistics differ-
ential distributions. The main aim of the analysis presented in these proceedings is to present the
differential cross-sections for exclusive production of 𝑁∗ and Δ channels in proton-proton collisions
at
√
𝑠 = 3.47 GeV.

2. Particle Identification in HADES

The High Acceptance DiElectron Spectrometer (HADES) is a fixed target experiment located
at the SIS18 accelerator at the GSI Helmholtzzentrum für Schwerionenforschung in Darmstadt,
Germany. The HADES detector [8] features a six-coil superconducting magnet that provides high
acceptance for charged particles emitted from the collision zone, covering polar angles between
18◦ and 85◦ as shown in Fig 1a. This design divides the detector into six sectors, each covering
an azimuthal angle of Δ𝜙 = 60◦. The field-free region surrounding the target holds a hadron
blind Ring Imaging Cherenkov (RICH) detector for lepton identification. For particle tracking and
momentum measurement, each sector is equipped with four planes of Mini Drift Chambers (MDC),
two located in front of and two behind the magnetic field region. For time of flight measurement a
Multiplicity and Electron Trigger Array (META) system is installed which comprises of Resistive
Plate Chambers (RPCs) and a Time of Flight Wall (TOF). In addition, photon detection is achieved
with an Electromagnetic Calorimeter (ECAL) covering almost the full azimuthal region and the
polar angle region between 16◦ and 45◦. A Forward Detector (FD) system composed by two Straw
Tracking Stations (STS1 and STS2) and a Forward Resistive Plate Chamber (FRPC) for time of
flight measurements are installed to enhance the acceptance to measure hyperons [9]. A detailed
description of HADES in its original design can be found in [8].

The analysis presented in this proceeding uses 1/30th of the full statistics collected for proton-
proton collision at

√
𝑠 = 3.47 GeV. Since our main objective is to explore the dynamics of the

𝑝𝑝 → 𝑝𝑛𝜋+ exclusive reaction, we use a missing mass analysis to reconstruct the neutron. The
velocity (𝛽) vs momentum distribution for all the tracks can be seen in Fig 1b. The proton and the
𝜋+ are identified using a two track particle identification (PID) procedure, where we calculate a 𝜒
value based on the relative time of flight (Δ𝑇) and path length (𝐿) of the two tracks. The relative
time of flight is the difference between measured and expected time of flights for the different
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Figure 1: (a) Schematic diagram of HADES (b) 𝛽 vs Momentum (p) for proton-proton collisions at
√
𝑠 =

3.47 GeV. The black curves show the expected 𝛽 vs p curves for different particle masses calculated using
relativistic energy momentum relation.

particles. The momentum and the mass hypothesis (𝑀𝑃𝐷𝐺) information of the proton and the 𝜋+

is used to calculate the expected time of flights. For each event, the four possible values of 𝜒 is
calculated corresponding to all four possible track combinations. The track combination with the
smallest absolute 𝜒 value is chosen to identify the PID of the two tracks. To further optimise the
PID procedure an optimum cut value on 𝜒 is found by comparing the statistical significance for the
missing neutron peak Fig 2.

𝜒 = Δ𝑇𝑡𝑟𝑎𝑐𝑘1 − Δ𝑇𝑡𝑟𝑎𝑐𝑘2 (1)

where
Δ𝑇 = 𝑡𝑜 𝑓𝑒𝑥𝑝𝑒𝑐𝑡𝑒𝑑 − 𝑡𝑜 𝑓𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 (2)

𝑡𝑜 𝑓𝑒𝑥𝑝𝑒𝑐𝑡𝑒𝑑 =
𝐿

𝑐
·

√︃
p2 + 𝑀2

𝑃𝐷𝐺

p
(3)

where p is the magnitude of momentum of the track, 𝐿 is the path length of the track and 𝑐 is the
speed of light in vacuum. Fig 2 shows the squared missing mass of the detected proton and 𝜋+ and
we observe a peak structure with an average mass corresponding to that of the neutron, referred
to as the missing neutron peak with 𝑆/𝐵 = 2. The region above the neutron peak corresponds
to the emission of another particle in addition to the detected 𝜋+. One can observe signatures
corresponding to contributions from various 𝑁∗ and Δ∗ resonances. Future studies, not presented
in this proceeding, are foreseen to analyze these specific contributions.

3. Sideband Analysis

We use the Dalitz plot of the 𝑝𝑛𝜋+ final state to observe the dynamics involving the 𝑁∗ and
Δ resonances. We perform a sideband analysis of the Dalitz plot by taking sidebands around the
missing neutron peak. To enhance the dynamics involving the final state neutron, we subtracted the
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Figure 2: Squared Missing Mass distribution of the detected 𝑝 and 𝜋+. The orange lines represents
the lower sideband window, the cyan lines represents the upper sideband window and the magenta lines
indicate the neutron signal region used for sideband analysis. The neutron peak has been fit with a second
order polynomial (lower sideband)+gaussian (signal)+exponential (upper sideband) function. The exclusive
reaction 𝑝𝑝 → 𝑝𝑛𝜋+ along with 𝑁∗ and Δ resonances can be observed.

background contributions underneath the signal (missing neutron) peak. The sidebands are shown
by the figure in Fig 2. By a fit of the data, we estimated the individual contributions from the
upper and lower sideband data before subtracting these from the data in the signal region. Since the
momenta of the particles from the sideband region are not properly scaled to those within the signal
region, a kinematic fitter (KinFit [10]) based on Lagrange Multiplier technique was used for scaling
the kinematics of the data from the sideband region. The four momentum of the missing particle
(neutron) can be extracted after the fitting and was used to plot the Dalitz plots for the signal and
background regions of the squared missing mass distribution.

4. Dalitz Plots for the 𝑝𝑛𝜋+ final state

Fig 3 shows the sideband subtracted Dalitz plot for the 𝑝𝑛𝜋+ final state from proton proton
data. As we can see, most of the phase space is covered and the missing part of the phase space is
the acceptance cut for 𝜃𝑝 < 15◦ (top) and acceptance cut for 𝜃𝜋+ < 15◦ (bottom right). It can be
accessed if we include the forward detector in our analysis. The X projection (Fig 4b) of the Dalitz
plot (3) emphasizes the contribution of isospin (I) = 3/2 spectrum. We see clearly the dominant Δ++

peak along with the higher excited states of theΔ baryon. Similarly, the Y projection of Fig 3, shown
in Fig 4a, corresponds to contributions involving both I=1/2 and 3/2 resonances. Here we clearly
see the contribution from different 𝑁∗ resonances. A more detailed analysis is needed to further
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explore this spectrum. If we now assume a one-pion exchange model (OPEM), the branching ratios
for Δ++ and Δ+ differ by a factor 9, which could explain the suppression of the Δ+ peak compared
to the Δ++ peak as seen in Fig 4.
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Figure 3: sideband subtracted Dalitz plot for the 𝑝𝑛𝜋+ final state from data. The black outline shows the
uniform distribution of phase space generated for the 𝑝𝑝 → 𝑝𝑛𝜋+ reaction.
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Figure 4: (a) Y projection of the Dalitz plot Fig 3 shows the I = 1/2 and 3/2 spectrum. (b) X projection of
the Dalitz plot Fig 3 contains only the I = 3/2 spectrum.

5. Conclusion and Outlook

The three body 𝑝𝑝 → 𝑝𝑛𝜋+ exclusive channel was identified with high statistics with 𝑆/𝐵 =
2. A large fraction of the available phase space is within the detector acceptance and most of the
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missing regions of the Dalitz plot will be covered when we use the Forward Detector in our analysis.
In the next steps, the data will be corrected for efficiencies and acceptances with the aim to extract
differential cross sections for the 𝑝𝑝 → 𝑝𝑛𝜋+ reaction. To extract the contributions from various
resonances and to further explore their production mechanisms in proton-proton collisions, we are
investigating the methodologies (Jülich-Bonn Dynamic Coupled Channel model [11]) to compare
our data with theoretical models.

References

[1] S. Schumann 𝑒𝑡 𝑎𝑙., Radiative 𝜋0 photoproduction on protons in the Δ+ (1232) region, The
European Physical Journal A 43 (2010) 269.

[2] J. Adamczewski-Musch 𝑒𝑡 𝑎𝑙., Δ(1232) Dalitz decay in proton-proton collisions at 𝑇 = 1.25
GeV measured with HADES at GSI, Phys. Rev. C 95 (2017) 065205.

[3] R.A. Yassine 𝑒𝑡 𝑎𝑙., First measurement of massive virtual photon emission from n* baryon
resonances, 2205.15914.

[4] T. Liu 𝑒𝑡 𝑎𝑙., Study of the 𝑝𝑝 → 𝑛𝑝𝜋+ reaction at 1.25 GeV with HADES, 0909.3399.

[5] Przygoda, Witold 𝑒𝑡 𝑎𝑙., Investigating hadronic resonances in pp interactions with HADES,
EPJ Web of Conferences 97 (2015) 00024.

[6] Agakishiev, G. 𝑒𝑡 𝑎𝑙., Study of exclusive one-pion and one-eta production using hadron and
dielectron channels in pp reactions at kinetic beam energies of 1.25 GeV and 2.2 GeV with
HADES, Eur. Phys. J. A 48 (2012) 74.

[7] G. Agakishiev 𝑒𝑡 𝑎𝑙., Baryon resonance production and dielectron decays in proton-proton
collisions at 3.5 GeV, The European Physical Journal A 50 (2014) .

[8] G. Agakichiev 𝑒𝑡 𝑎𝑙., The high-acceptance dielectron spectrometer HADES, The European
Physical Journal A 41 (2009) 243.

[9] G. Perez Andrade, Measurement of proton-proton elastic scattering to commission the STS
tracking stations in the HADES spectrometer, Ph.D. thesis, Ruhr University Bochum, 2023.

[10] W. Esmail 𝑒𝑡 𝑎𝑙., KinFit: A kinematic fitting package for hadron physics experiments,
Computing and Software for Big Science 8 (2024) 3.

[11] D. Rönchen 𝑒𝑡 𝑎𝑙., Coupled-channel dynamics in the reactions 𝜋𝑁 → 𝜋𝑁, 𝜂𝑁, 𝐾Λ, 𝐾Σ, The
European Physical Journal A 49 (2013) 44.

6

https://doi.org/10.1140/epja/i2010-10925-y
https://doi.org/10.1140/epja/i2010-10925-y
https://doi.org/10.1103/PhysRevC.95.065205
https://arxiv.org/abs/2205.15914
https://arxiv.org/abs/0909.3399
https://doi.org/10.1051/epjconf/20159700024
https://doi.org/10.1140/epja/i2012-12074-9
https://doi.org/10.1140/epja/i2014-14082-1
https://doi.org/10.1140/epja/i2009-10807-5
https://doi.org/10.1140/epja/i2009-10807-5
https://doi.org/10.1007/s41781-023-00112-x
https://doi.org/10.1140/epja/i2013-13044-5
https://doi.org/10.1140/epja/i2013-13044-5

	Introduction
	Particle Identification in HADES
	Sideband Analysis
	Dalitz Plots for the pnpi+ final state
	Conclusion and Outlook

