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In this letter we report the first multi-differential measurement of correlated pion-proton pairs from 
2 billion Au+Au collisions at √

sN N = 2.42 GeV collected with HADES. In this energy regime the 
population of �(1232) resonances plays an important role in the way energy is distributed between 
intrinsic excitation energy and kinetic energy of the hadrons in the fireball. The triple differential 
d3 N/dMπ± pdpTdy distributions of correlated π±p pairs have been determined by subtracting the πp 
combinatorial background using an iterative method. The invariant-mass distributions in the �(1232)

mass region show strong deviations from a Breit-Wigner function with vacuum width and mass. The 
yield of correlated pion-proton pairs exhibits a complex isospin, rapidity and transverse-momentum 
dependence. In the invariant mass range 1.1 < Minv(GeV/c2) < 1.4, the yield is found to be similar 
for π+p and π−p pairs, and to follow a power law 〈Apart〉α , where 〈Apart〉 is the mean number of 
participating nucleons. The exponent α depends strongly on the pair transverse momentum (pT) while 
its pT-integrated and charge-averaged value is α = 1.5 ± 0.08st ± 0.2sy.

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
1. Introduction

Understanding the structure and bulk properties of hot and 
dense QCD matter created in heavy-ion collisions is one of the 
most complex challenges in modern physics. Yields of particles, 
produced in heavy-ion collisions in a broad beam-energy range 
from Bevalac/SIS18 to the LHC, are spanning over several orders 
of magnitude and can be satisfactorily described with Statistical 
Hadronization Models [1–8]. The thermodynamic parameters, tem-
perature (T) and baryon chemical potential (μB ), extracted from 
the respective thermal fits show a smooth energy dependence 
which can be parametrized as shown in [5,8].

The abundance of correlated πN pairs at freeze-out grows with 
baryon-chemical potential. At vanishing values of μB , where pi-
ons and other light meson states dominate, baryon and antibaryon 
resonances are equally important for modeling the yields and spec-
tra of particles [9–12]. At high values of μB , reached in fixed-
targed collisions at beam energies of few GeV per nucleon, excited 
baryons play an important role, so that the term resonance mat-
ter is sometimes used [13]. Strong modifications of the baryon 
spectral functions are predicted as a function of temperature and 
density [14], which motivates attempts towards their direct re-
construction. It was demonstrated that baryon resonances are key 
ingredients in modeling the medium modification of vector meson 
spectral functions [15–17] and the production of strange particles 
below their free nucleon-nucleon production threshold [18–21]. 
The role of baryon resonances in the production of dileptons and 
strange particles in heavy-ion collisions around 1A GeV has also 
been addressed in recent works [22–28]. Therefore, a direct recon-
struction of short-lived (cτ ∼ 1 fm/c) baryon resonances has the 
potential to further constrain different model calculations.

In heavy-ion collisions in the few GeV energy regime, nucleons 
can be excited in first chance collisions to � and N∗ resonances, 
which can further interact in the reaction zone via rescattering 
or absorption processes. In addition, since the life time of � and 
N∗ resonances is shorter than the duration of the hot and dense 
phase, their decay products will engage in further generations of 
baryon resonances until the system reaches the kinetic freeze-
out. The effect of resonances in the determination of the kinetic 
freeze-out can be studied in improved blast-wave fits [29,30]. The 
yield and the line-shape of resonances reconstructed using corre-
lated πp pairs are therefore sensitive to the complex dynamics of 
2

interacting pions, nucleons and baryon resonances formed in the 
collisions.

The S-matrix formulation of statistical mechanics offers a use-
ful framework for describing interacting particles in thermal equi-
librium [31]. Such calculations demonstrate that modeling of the 
hadron interactions (repulsive force between hadrons or excluded 
volume effect) is channel dependent and is provided by the respec-
tive phase shift. For example, the phase shift for the P338 partial 
wave takes into account the �(1232) in the πN channel [10,32].

Detailed predictions for the properties of baryon resonances 
produced in Au+Au reaction above 1A GeV were provided by 
transport models [33–38], which anticipated a continuous reduc-
tion of the most probable invariant mass of the �(1232) in the 
course of the collision, due to energy dissipation in the regener-
ation processes. Such effects could be experimentally scrutinized 
by investigating the transverse momentum (pT) dependence of the 
correlated πp pair mass (Minv), as pairs characterized by large pT
are expected to decouple earlier from the fireball [35]. The num-
bers of correlated πN pairs in the different isospin configurations 
and their kinematics reflect the competition between the � decay, 
scattering or absorption, which depends on the nucleon density 
and the scattering and absorption cross sections. The study of π−p 
and π+p in the same experiment can therefore provide important 
complementary information.

First investigations of correlated pion-proton pair measure-
ments were motivated by the observation of an apparent down-
ward mass shift of the � resonance in inclusive charge-exchange 
reactions [39] attributed to a coherent excitation of resonance-
hole states [40]. However, in such peripheral reactions, the πp 
pairs mostly exhibit properties of a quasi-free process [41]. Sig-
nificant modifications of the �(1232) line shape with respect to 
the vacuum distribution have been previously obtained in elemen-
tary [42,43] and heavy-ion collisions [44–49]. In these studies, a 
substantial fraction of pions in the final state has been identified as 
originating from � decays. However, the previously collected data 
samples, based on 105-107 events, were not sufficient to carry out 
multi-differential studies. One important challenge of such mea-
surements in heavy systems as Au+Au is the large abundance of 
uncorrelated pions and protons which dominate the pair spectrum 

8 We use the convention where P33 stands for orbital angular momentum L=1, 
total angular momentum J=3/2, and isospin I=3/2.
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and has to be subtracted in order to access the true correlated 
signal. For such a purpose, an iterative technique, which improves 
the identification of the combinatorial background compared to the 
most commonly used mixed event-technique has been developed 
and applied in this work [50].

For the first time, we have measured the production of cor-
related pion–proton pairs from Au+Au collisions at 

√
sN N =

2.42 GeV collected with HADES [51] at the SIS18 synchrotron at 
GSI, Darmstadt. In this letter, we present the Minv − pT− rapid-
ity (y) distributions of correlated π−p and π+p pairs, in particular 
their pT-dependent line-shape parameters, multiplicity per event 
as a function of event centrality as well as inverse slope parame-
ters as a function of rapidity.

2. Experiment and analysis method

A gold beam of 1.23A GeV delivered by the SIS18 synchrotron 
collided with a thin (1.4% interaction probability) segmented gold 
target placed in the HADES set-up which was used to detect 
π+, π− and protons used in this analysis [54]. The magnetic field 
generated by six identical superconducting coils deflected charged 
particle trajectories. Momenta were reconstructed with a precision 
better than 2%, using four stations of low-mass drift chambers 
(MDC), two in front and two behind the magnet. The time-of-flight 
(TOF) was measured by a diamond START detector [55] located 
in front of the gold target and by two STOP systems after the 
MDC stations. The angles 15 < θ < 45◦ are covered by a highly 
segmented Resistive Plate Chamber detector [56]. The region cor-
responding to 45 < θ < 85◦ is covered by a plastic scintillator TOF 
Wall [57]. Pions and protons have been identified using a 2.5σ
selection criterion of a combined measurement of TOF and spe-
cific energy loss in the tracking detectors. Their four-momenta 
are obtained assuming vacuum masses of identified particles. The 
geometrical acceptance of the detectors covers about 85% of full 
azimuth and the polar angle region between 15 and 85 degrees, 
which is equivalent to a rapidity coverage of 0 < y < 1.8 in the 
laboratory frame (distributed symmetrically around mid-rapidity, 
ycm = 0.74). An online multiplicity trigger based on the number of 
hits counted in the TOF Wall detector selected the 43% most cen-
tral collisions. Further off-line event centrality selection was based 
on dedicated Glauber Monte-Carlo calculations [58]. Four centrality 
bins corresponding to 10% changes in the differential cross section 
(0–10%, 10–20%, 20–30%, 30–40%) containing about 5x108 events 
each were defined. Pions (protons) with laboratory momenta above 
65 MeV/c (350 MeV/c) have been reconstructed. The particle pu-
rity after identification is better than 95%. Further details of the 
detector setup, tracking and particle reconstruction can be found 
in [54].

The correlated signal of π±p pairs is obtained by combining 
event by event all of the reconstructed and identified tracks avail-
able in the data sample. The distributions of pairs are binned as 
follows: 150 MeV/c wide bins in pT from 0 to 1350 MeV/c and 
one additional 250 MeV/c wide bin up to 1600 MeV/c, 10 bins 
in laboratory rapidity from 0 to 1.8 with increasing bin size, 50 
bins in pair invariant mass (Minv) from the πp threshold to 1900 
MeV/c2, 10 equal bins from -1 to 1 in cos θ , where θ is the angle 
of the pion in the rest frame of the pair with respect to the mo-
tion of the pair in the center-of-mass frame of the collision. The 
background is obtained using a procedure which splits iteratively 
the total measured sample in correlated and uncorrelated pion-
proton pairs using the random track rotation technique described 
in details in [50]. The procedure accounts for the detector pair ac-
ceptance and efficiency and a correlation of tracks with respect 
to the orientation of the event plane. The invariant-mass spectra 
of π+p pairs before and after the combinatorial background sub-
traction are shown in Fig. 1 together with the signal-to-background 
3

Fig. 1. Top panel: Uncorrected invariant-mass Mπ+p distributions: reconstructed 
π+p pairs (open circles), calculated combinatorial background (crosses) and the 
result, i.e. “signal”, obtained by the subtraction of the background from the dis-
tribution of all measured pairs (full circles), scaled by a factor of 50. Bottom panel: 
Signal-to-background ratio as a function of Mπ+p.

ratio which ranges from 0.005 to 0.02. Note that the first bin at the 
threshold invariant mass has a negative value which we attribute 
to the dominant repulsive Coulomb interaction between the two 
identically charged particles.

To calculate efficiency corrections, detailed GEANT3 Monte-
Carlo [59] simulations have been performed using a generator 
based on the UrQMD transport model [60]. The mean efficiency 
for pion-proton pair reconstruction is of the order of 0.5. Accep-
tance corrections are based on a resonance cocktail produced with 
the Pluto event generator [61] consisting of a thermal distribu-
tion with T=65 MeV and a blast velocity of β = 0.3 of �(1232), 
N(1440), N(1520)/N(1535) and �(1600) with a relative abundance 
of 5:1:0.5:0.5 and branching ratios according to [53]. The model 
input values have been inspired by thermal models [62,63], trans-
port calculations [64] and measurements [65] for colliding systems 
of similar size and energy. The relative populations of the res-
onances have been adjusted by data-driven multiplicities in the 
covered phase space. The pair acceptance varies between 0.2 and 
0.8, depending mainly on rapidity with negligible impact on the 
shape of the reconstructed distribution. Different cocktail com-
positions consisting e.g. of only �(1232) or N(1440), as well as 
fireball temperatures varying from 35 to 50 MeV, have been con-
sidered for the evaluation of systematic uncertainties. Taking ad-
vantage of the symmetry of the colliding system, pairs with low 
transverse momentum at forward rapidity, which lay outside the 
detector acceptance, have been estimated from the backward ra-
pidities covered by the detector. The extrapolation to full rapidity 
has been performed using a Gaussian function centered at mid-
rapidity, the extrapolated yields are not more than 20% of the 
total. Main sources of systematic uncertainties attributed to the 
signal yield are due to the estimation of the background, accep-
tance, efficiency corrections, and particle identification. These four 
sources of systematic errors contribute with 10%, 10–20%, 5%, and 
4–10%, respectively, and their contributions, considered as being 
independent, are quadratically added. The total systematic uncer-
tainty is 15% below 1.3 GeV/c2 and 25–30% for larger invariant 
masses. Statistical errors are negligible with respect to the system-
atic uncertainties. The yields measured at forward and backward 
rapidities are found to be consistent within systematic uncertain-
ties.
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Fig. 2. Efficiency and acceptance-corrected invariant mass distribution of correlated 
π+p (top panel) and π−p (bottom panel) pairs for four centrality intervals within 
the rapidity window of 0 < y < 1.8. The solid curve is a fit with formula (1) and 
the dashed curve is its continuation outside the fitting range. The boxes represent 
the systematic errors of the measurement whereas the statistical uncertainties are 
smaller than sizes of markers. A more differential analysis and systematic charac-
terization of the differences between both channels is provided in Figs. 4 and 5.

3. Results

Efficiency and acceptance corrected mass distributions of cor-
related π±p pairs are shown in Fig. 2 for four centrality classes 
within the HADES rapidity coverage. These distributions show a 
resonant �(1232) peak with a maximum around 1.15 GeV/c2. The 
suppression and enhancement at threshold are in part due to the 
repulsive and attractive Coulomb effect, but also due to π−N s-
wave scattering as in the isospin 1/2 channel the scattering phase 
shift is attractive, whereas in the isospin 3/2 channel is repulsive 
[32,66,67]. One should also note, that the � signal is not visible 
in the π−p channel due to both the broad mass binning (width of 
the reconstructed � is about 2.5 MeV/c2) and its low production 
cross section below the free nucleon-nucleon threshold [25].

In order to compare to previous measurements, the resonant 
πp cross section can be parametrized according to [68] as follows:

σBW (Mπp) = q3

q3 + μ3

σ0

1 + 4[(Mπp − M0)/	0]2
, (1)

where q is the momentum in the pair center-of-mass frame, 
μ = 180 MeV/c, Mπp is the pair invariant mass, M0 and 	0 are 
the Breit-Wigner resonance mass and width parameters, respec-
tively, and σ0 is a free normalization factor. The values extracted 
with this parametrization for a free � resonance with Breit-Wigner 
mass distribution according to PDG (M0 = 1232 GeV/c2 and 
	0 = 117 GeV/c2) [53] have been found to be 1215 MeV/c2 and 
110 MeV/c2 for the mass and width [42], respectively. Fits per-
formed with Eq. (1) in the invariant-mass range from 1125 MeV/c2

to 1250 MeV/c2 are shown in Fig. 2 as solid black curves and 
the extrapolation of the function to the low- and high-mass re-
gions as dashed curves. The deviations from the formula in these 
regions are expected due to the long-range Coulomb interaction 
between the decay products and the only partially reconstructed 
three-body decays (e.g. πN → ππN) of higher-lying resonances and 
non-resonant contributions. The yield of masses greater than 1.25 
GeV/c2 is larger for the π−p as expected due to the contribution 
of the N(1440) resonance which does not populate the π+p chan-
nel.

The mass (M0) and width (	0) parameters extracted employ-
ing Eq. (1) for π+p pairs are presented in Fig. 3 as a function of 
4

Fig. 3. Top panel: Mass parameter M0 obtained by a fit with Eq. (1) for π+p pairs 
as a function of the mean number of participants measured in Au+Au (full cirl-
ces) compared to the results obtained with the same procedure from Ni+Cu at √

sN N = 2.69 GeV measured by EOS-TPC (open crosses) [47]. The original EOS-TPC 
points are given as a function of the impact parameter; they have been recalcu-
lated to the mean number of participants using a geometrical model [52]. Bottom 
panel: Width parameter 	0 according to Eq. (1) of the same distributions. The PDG 
�(1232) values [53] are shown as a guideline. Only the systematic errors are shown 
as boxes, as the size of statistical uncertainties is negligible and smaller than the 
size of the markers.

the 〈Apart〉 value of each centrality class [58]. We give the π+p
channel some preference with the rationale that the �(1232) reso-
nance is much more prominent in the π+p → X cross section than 
in the π−p → X cross section, where also more resonances con-
tribute [47]. The M0 values deduced for the invariant mass spectra 
integrated over the whole available rapidity range (0 < y < 1.8) 
are lower by more than 85 MeV/c2 than the free values. The 	0
values are reduced by 20 to 25 MeV/c2. No strong dependence 
on the centrality of the collision can be observed in HADES data 
(see Fig. 3 black circles). Values obtained in a narrow bin around 
the center of mass rapidity (ycm ± 0.1) are systematically lower 
(see Fig. 3 gray circles). Previous results on � mass and width 
reconstructed by the DIOGENE experiment in proton+C/Nb/Pb re-
actions [42] reported a significant reduction (10 – 60 MeV/c2) of 
M0 with respect to the free value for all three systems. The EOS-
TPC experiment provided measurements for the Ni+Cu system at 
1.97A GeV [47] showing a decrease of the � mass values with 
〈Apart〉, for 〈Apart〉 values up to 90, as also shown in Fig. 3. The M0
values from our experiment are consistent with the previous mea-
surements and show a possible saturation of the mass decrease 
for 〈Apart〉 larger than 100. The widths extracted in the former 
experiments did not provide a conclusive picture, while our mea-
surements clearly exhibit values of 	0 lower than the free value. 
Resonance broadening is expected in models including medium 
modifications or hadronic rescattering. However, if the measured 
Deltas are produced after a subsequent number of rescatterings, 
the high mass side of the invariant mass spectra can be suppressed 
by the available phase space, leading to an apparent kinematical 
mass shift and a narrowing of the resonance.

The invariant-mass differential spectra for several pT bins of 
π+p and π−p pairs are shown in Fig. 4. In order to quantify the 
dependence of the shape of the invariant mass distributions on 
the transverse pair momentum, we have extracted the first, second 
and third moments of the spectra in the invariant-mass range be-
tween 1.1 and 1.4 GeV/c2. Fig. 5 depicts the extracted mean, sigma 
and skewness as a function of the pair transverse momentum pT, 
which show a significant dependence on pT. For transverse mo-
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Fig. 4. Reconstructed invariant-mass distribution of π+p (left column) and π−p 
(right column) pairs for 10 subsequent pT intervals. The boxes depict the systematic 
errors of the measurement.

Fig. 5. Mean (top panel), standard deviation σ (middle panel) and skewness (bot-
tom panel) of the pT distributions presented in Fig. 4 shown as circles for π+p 
channel and as squares for π−p channel. The boxes depict the systematic errors of 
the measurement.

menta below 0.5 GeV/c, the difference between the moments of 
invariant mass distributions measured for both channels is mainly 
due to the larger population in the high mass tail for π−p pairs. 
For transverse momenta above 0.5 GeV/c, the extracted parame-
ters have the same values within errors for pion-proton correlated 
pairs of both charges. The mean and standard deviation are slowly 
rising, whereas the skewness drops, as pT increases. It is noticeable 
that, even for the highest pT, the mass parameter is still far from 
the vacuum value. For comparison, the corresponding moments of 
the invariant-mass distribution of the � produced in a pp colli-
sion [69] at the same center-of-mass energy are 1.24 GeV/c2, 0.057 
GeV/c2 and 0.5, respectively. The rise of the most probable mass 
as a function of pair pT in Au+Au is in accordance with model 
predictions [33–35,37], where the effect is related to the time evo-
lution of the mass of the resonance and the decoupling from the 
medium. Indeed, the mean mass of the � resonance is expected to 
decrease as a function of time, due to the decreasing energy avail-
able in subsequent NN and πN collisions. The majority of low-pT
resonances decouple from the medium only at later stages, close 
to freeze-out, when the available energy in the πN collision is re-
duced. In this scenario, high-pT � resonances, which are excited 
and may decouple earlier from the medium, are less affected by 
these phase space effects.
5

Fig. 6. Transverse momentum distribution for the 0-10% centrality class of π+p 
pairs with invariant mass between 1.1 and 1.4 GeV/c2 for 10 rapidity intervals 
shown by colored full circles and the ycm-mirrored by diamonds. Solid curves are 
fits with formula (2) to the measured data, and the dashed curves indicate the 
extrapolation outside the fit region. The boxes depict the systematic errors of the 
measurement.

Fig. 7. Effective temperature Teff obtained from fits of Eq. (2) to the transverse 
momentum distribution of π+p pairs with invariant masses between 1.1 and 
1.4 GeV/c2. The long-dashed line shows the center-of-mass rapidity ycm = 0.74.

The pT-differential yield of π+p pairs with invariant mass be-
tween 1.1 and 1.4 GeV/c2 for 10 rapidity ranges is shown in Fig. 6. 
The measurement has full coverage in the backward rapidity re-
gion, but some pT bins are missing for forward rapidities. The 
rapidity-mirrored yields are shown as empty squares. They are 
found to be consistent within uncertainties to the expected val-
ues. These pT distributions have been fitted using the function

1

pT

dN

dpT
∝ mTK1

(
mT

Teff

)
, (2)

where mT =
√

M2 + p2
T is the pair transverse mass, M = 1.2 GeV/c2

and K1 is the modified Bessel function of the second kind, and 
Teff is the inverse slope parameter which characterizes the source 
temperature and additional effects originating from the collective 
motion and decays. Therefore, we refer to it as the effective tem-
perature.

The effective temperatures obtained from the fits with Eq. (2)
of the pT spectra of π+p pairs are shown in Fig. 7 as a function 
of the rapidity for the four centrality classes. The maximum Teff
for the 0–10% event centrality selection yields 150 MeV and is 
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Fig. 8. Rapidity density distributions of correlated π+p (top panel) and π−p (bot-
tom panel) pairs integrated within the 1.1 < Minv (GeV/c2) < 1.4 range for four 
centrality classes. The boxes represent the systematic errors of the measurement. 
The long-dashed lines represent the mid-rapidity.

reached around ycm. The effective temperature decreases in the 
peripheral collisions by 10 MeV for each 10% of event central-
ity, reaching 120 MeV for 30–40% event centrality at mid-rapidity. 
Considering a radial-blast expansion of the system with a common 
expansion velocity of β = 0.3 [70,71], the �++ freeze-out temper-
ature is T fo 
 50 MeV in central collisions. This value points to a 
late decoupling of the resonances in comparison to the value of 
71.8 ± 2.1 MeV obtained from the di-lepton invariant mass spec-
tra [22].

In Fig. 8 the pT and mass 1.1 < Minv GeV/c2 < 1.4 integrated 
rapidity distributions are shown for both channels. Similar distri-
butions as a function of rapidity have been reported for the mean 
mass in theoretical studies with UrQMD of Au+Au collisions at 
1.23A GeV and interpreted as a long-evolving � ↔ π + N cycle, 
the effect being most prominent at mid-rapidity for pairs with 
pT smaller than 0.75 GeV/c [37]. However, the observed isospin-
dependence in our data has not been studied yet.

4. Discussion of centrality dependence

The number of correlated pairs with invariant masses 1.1 <
Minv GeV/c2 < 1.4 per event normalized by the number of partic-
ipating nucleons is shown as a function of the number of partici-
pating nucleons per event in Fig. 9 for three different intervals of 
pair transverse momentum. While the pairs with pT < 0.45 GeV/c
have an almost flat distribution as a function of the mean num-
ber of participants, pairs with 0.45 ≤ pT < 0.9 GeV/c have already 
a significant excess of yield for central events. This trend is con-
tinued for the pairs with pT > 0.9 GeV/c, where an even stronger 
increase of the yield is observed towards central collisions. Quan-
titatively, both the neutral and double-charged pairs multiplicities 
can be described by a power-law function with free normalization

N ∝ 〈Apart〉α, (3)

where the α parameter value is 1.48 ± 0.09(stat)±0.20(syst) for 
π−p and 1.49 ± 0.08(stat)±0.21(syst) for π+p pairs, respectively. 
The values obtained for the α parameter for both channels in 
the three transverse momentum intervals are summarized in Ta-
ble 1. Within errors both channels exhibit the same 〈Apart〉 de-
pendence. One of the explanations for the yield increase at large 
pT could be due to collective effects affecting those correlated 
6

Fig. 9. Number of correlated pairs N per event and per mean number of participants 
<Apart> of π+p (filled circles) and π−p (filled squares) pairs for three different pT

ranges extrapolated to full rapidity as a function of <Apart>. The boxes represent 
the systematic errors of the measurement.

Table 1
Exponents from the 〈Apart〉 scaling, obtained from the yields as a function of cen-
trality for π±p pairs in the � mass region (1.1–1.4 GeV/c2) for the pT-integrated 
data in three intervals as shown in Fig. 9.

pT (GeV/c) α�++ α�0

0 – 1.6 1.49 ± 0.08st ± 0.21sy 1.48 ± 0.09st ± 0.20sy

0 – 0.45 1.20 ± 0.09st ± 0.19sy 1.33 ± 0.09st ± 0.21sy

0.45 – 0.9 1.58 ± 0.11st ± 0.20sy 1.47 ± 0.10st ± 0.20sy

0.9 – 1.6 2.18 ± 0.14st ± 0.26sy 2.13 ± 0.14st ± 0.25sy

pion-proton pairs which are expected to experience in-medium 
modifications [72,73]. This trend is at variance with the linear de-
pendence of the inclusive pion production as a function of 〈Apart〉
observed in the same system [74]. The overall ratio between the 
π−p and π+p pairs is 0.98 ± 0.2 and is constant as a function 
of centrality within uncertainties. This number is larger than the 
value of 0.59 expected from excitations of �++ and �0 in first 
chance NN collisions in the different isospin channels and account-
ing for the Z/A ratio. This ratio is expected to be modified by ab-
sorption of the resonances or successive interactions of pions with 
nucleons generating further � resonances, which both depend on 
isospin. Considering also �+ and �− excitation and decay, it can 
be deduced that twice as many π− are produced as π+ in first 
chance NN collisions. The ratio of �++ to �0 formed in the sub-
sequent steps is therefore expected to decrease. Scattering affects 
�++ much more than �0. Finally, charge-exchange processes lead 
to a reduction of �++ , while �0 are produced and disappear with 
similar probabilities in such processes. Based on all these consid-
erations, the ratio of π−p to π+p correlated pairs is expected to 
increase in the course of the collision, which is consistent with 
the observation of a similar number of correlated π−p and π+p 
pairs being detected. Although it includes all scattering and ab-
sorption effects, the calculations of [37] predict a value of the ratio 
around 0.7, i.e. intermediate between the single isobar model and 
our measurements. Thus, additional mechanisms are needed to in-
crease the expectation value of the ratio in hadronic models. On 
the other hand, it has been shown for lower energy Au+Au col-
lisions that a significant increase of the π−/π+ ratio is predicted 
by models including modified in-medium elastic and inelastic NN 
cross sections [75,76]. Alternatively, the effective spectral functions 
of the S-matrix approach could also resolve this problem.
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5. Summary

The measured inclusive multi-differential spectra of correlated 
pion-proton pairs in Au+Au collisions at 

√
sN N = 2.42 GeV have 

been reconstructed from the high statistics data sample recorded 
by HADES. We have performed the analysis using an iterative tech-
nique for the evaluation of the combinatorial background. The data 
show a strong signal of the �(1232) resonance, as observed previ-
ously in other collision systems at similar beam energies.

The centrality dependence of the mass and width parameters 
has been extracted from a fit of the pion-proton invariant mass 
distribution. In particular, the mass parameter exhibits a drop of 
85 MeV/c2 with respect to the �(1232) vacuum values, in line 
with EOS-TPC results [47] for a lighter system Ni+Cu at 

√
sN N =

2.69 GeV and DIOGENE results [42] for p+C/Nb/Pb at 0.8 and 1.6 
GeV proton energy and the FOPI results [48] as well. The analysis 
of the pT-differential distributions results in a rapidity symmet-
ric effective temperature profile with a maximum Teff = 150 MeV 
at mid-rapidity ycm = 0.74 and lower by 50 MeV at the edges for 
the 0–10% event centrality class. The local minimum of the yield at 
mid-rapidity and the variation of the maxima of the invariant mass 
as a function of pT point towards several � ↔ π + N cycles dur-
ing the fireball lifetime. The scaling of the yield follows a power 
law function N ∝ 〈Apart〉α with α�0 = 1.48 ± 0.09st ± 0.20sy for 
the neutral and α�++ = 1.49 ± 0.08st ± 0.21sy for doubly charged 
channels, respectively. The extracted spectra of correlated πp pairs, 
their differential pT distributions and the observed structures in 
the rapidity distributions provide a rich data base for a detailed 
comparison to different model calculations. Progress can be made 
regarding the temperature evolution at the late stages of the fire-
ball evolution. The study of pion-nucleon correlated pairs gives 
access to the collision dynamics, from the first chance NN colli-
sions till the decoupling phase, which is an essential, yet not well 
known ingredient in hitherto model calculations.
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