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Another goldmine in hadron physics at GSI!



Purpose of our white paper
…how it all started

• Initiative from FAIR-motivated group from within various 
collaborations, such as CBM, HADES, PANDA


• Promote the realisation of First Science+ (FS+) at FAIR


• Identify a QCD-inspired physics program with proton beams


• Strengthen collaborations among hadron-, nuclear- and heavy-ion 
communities


• Reach out for new collaborators from both experiment and theory!

strong 
QCD
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CBM@SIS100

minimium
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“exclusion windows” can be reduced to zero, in principle

Following “FAIR Operation Modes V8” – needs to be updated!

minimum
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• Significant increase in production yield of hyperons

sNN ≈ 3.5 GeV → 7.6 GeV

• Intensity upgrade:  
• From max #protons/cycle of 1012 (SIS18) to 2x1013 (SIS100)

• Even during “commissioning” (1010 protons/cycle) and 5 cm 

LH2 target: ~10 pb-1 day-1
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Thank You! Questions?

 Proton-proton interaction studies at SIS100 are crucial

– Provides high luminosity of up to 1012 protons/spill

– Opens up many reaction channels compared to SIS18 energies

– Explaining heavy ion reaction results

 Physics possibilities includes

– Interaction Studies

– Investigation of Baryon Spectrum

● Spectroscopy via PWA

● Line shape studies

– Baryon Electromagnetic Structure

 Preliminary simulation studies show high acceptance and yields for Ξ-, Ω-, Λ
C
D0 

and J/ψ

Summary

Expected reconstructed counts / Day 
@ 30 GeV/c for 1 MHz

Ξ- ~ 40 μb 1.2·109

Ω-     ~ 0.6  μb 1.4·107

p Λ
C
D0     ~ 0.1  μb 2.7·104

pp J/ψ   ~ 1 nb 1.6·103

Fast Simulations, J.M.

FAIR GmbH | GSI GmbH 8Possibilities with a Proton beam
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Λ
C
-p and D0-p Interaction Studies

 SIS100 energies allow for charm production channels

 SU(4) estimates for exclusive charm hyperon production up 

to 1 μb @ SIS100

 All final state particles reconstructed

 Good phase space acceptance of the primary particles

 Detailed studies D-p and Λ
c
-pInteractions possible with 

femtoscopy

Nucl. Phys. A728 (2003) 457-470FastSim

Johan Messchendorp

Expected reconstructed exclusive 
events / Day @ 30 GeV/c,  σ = 1 μb

1 MHz 2.7·104

10 MHz ? 2.7·105 

Ab-initio calculations at low energies and 
perturbation calculations at high energies

Calculations describing interactions 
needed at intermediate energies!

5% 3.8%

→ ΛK−

→ Λπ−
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p, d, π, p̄ GSI/FAIR

Take away: 
• Promising comprehensive physics program 
• Strong support both theoretically and experimentally 
• Provide a roadmap as basis for long-term endeavour 
• Include the perspectives of pion beams at GSI/FAIR 
• Involve the nuclear physics community

Hadron 
Production

Hadron 
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Dynamics

QCD 
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“NUSTAR”

“PANDA”

“HADES/CBM”



A comprehensive QCD program at GSI/FAIR!
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Interference!
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Hyperon Correlations

Femtoscopy studies via correlation function

C(p1, p2) ≡
P (p1, p2)

P (p1) · P (p2)

Need low relative momentum, k < 50 MeV
• Λp potential inferred from correlation

function at HADES in p+Nb @√
SNN = 3.18 GeV [*] (right upper

plot)
• Need further studies in p+p and

p+Ag reactions with HADES
• HADES operates at energy range

close to production threshold which is
beneficial for interaction studies

• Current work by N. Rathod (Warsaw
University of Technology) to extract
p-Λ correlations at HADES (lower
plot)

[*] Phys. Rev. C 94, 025201 (2016)

Jenny Taylor (GSI) Exclusive Hyperon Reconstruction at HADES Winter Meeting, 2024 10 / 14

Hyperons electromagnetic decays Y→Λγ* and Y→Λγ.  electromagnetic Transition Form Factors (eTFF)

 eTFF are sensitive probes oh hyperon internal structure

Space-like region |Q2|>0 is inaccessible for excited hyperons (as target or beam)

Time-like high |Q2| is probed by electron-positron annihilation (BaBar, CLEO_C, 

BESIII)

Time-like low |Q2| available via Dalitz decays in HADES, sensitivity to Vector 

Meson (//) – Vector Dominance Model  → pion/kaon cloud contributions

Thermal dilepton measurements

Tetyana Galatyuk  |   pp physics at SIS100  |  Krakow l21 June, 2023

• Decisive parameters for data quality:

- interaction rates (IR) and signal-to-combinatorial background ratio 
('/)*): effective signal size: '+,, ~ ,- × '/)*

• Mid-rapidity, low-Oℓℓ, low-PT coverage (acceptance correction)

• Isolation of thermal radiation by subtraction of measured decay 
cocktail, “Resonance continuum”, Drell-Yan, > ̅> (A:A)

à Measure ℓ + ℓ −
production in pp and pA collisions

in Beam Energy Scan 

• Inclusive production cross section of R/, S, S1, T, U, V and Z2
• Mass and polarization of Drell-Yan process

• “Resonance continuum” (ℓ + ℓ −
from multi-pion process)

*+ = <!/ + <!0 +
Se

ck
[C

BM
], 

20
15

➥ challenge: rare probe (in particular at few GeV collision energy)



A roadmap towards a QCD program at FAIR!
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In addition, several meson exchange models have also
been used to attack the problem [43,44]. The authors of
Ref. [43] apply a tree-level parametrization to evaluate two-
pion production. It is interesting that the authors do not use
the Breit-Wigner parametrization but obtain the vertices and
the propagators at the tree-level diagrams by solving dynam-
ical equations. In addition to N∗(1440), several additional
states have also been included into the calculations. Close
to threshold the findings of Ref. [43] demonstrate a nice
agreement with experiment. These results also support a large
contribution from the Roper resonance to the π−p → π+π−n
and π−p → π0π0n reactions, which is in line with the
conclusions of Refs. [33,37]. Though the authors of Ref. [43]
do not give their decay branching ratios for resonance decays,
one might expect a sizable N

1
2 +(1440) → σn decay fraction

from the large gσNN(1440) ≫ gπ#(1232)N(1440) coupling constant
in Ref. [43].

Another dynamical approach to solve the coupled-
channels problem for the two-pion production is presented
in Refs. [45,46]. This approach is close in spirit to that in
Ref. [36]. The model aims to go beyond the isobar approxi-
mation having both dispersive contributions and unitarity cuts
under control.

Because the full calculations require large computation
efforts, only a limited amount of γ /πN → ππn experimental
data has been analyzed; see Refs. [47,48] and references
therein. One of the complications reported in Ref. [45] is
the appearance of the moving singularity in the scattering
amplitude. Presently it is not clear whether the phenomena has
a physical origin or is related to the treatment of the scattering
problem in the Euclidean space.

III. COUPLED-CHANNELS UNITARY MODEL FOR
π N → 2π N SCATTERING

A. The issue of unitarity

Unitarity is a one of the important key issues in the partial-
wave analysis. This constraint is maintained in a coupled-
channels treatment of the scattering problem. The requirement
that the sum of all transition probabilities should be 1 leads to
the condition SS+ = 1 for the scattering S matrix. This gives

− i(T − T +) = T T + (1)

for the T matrix in the operator form. On the amplitude level
it leads to a relation between the imaginary part of the elastic
scattering amplitude and the transition probability summed
over all elastic and inelastic asymptotic channels,

ImTii =
∑

j

TijT
+
ij =

∑

j

|Tij |2, (2)

where indices i,j denote incoming and outgoing asymptotic
final states, e.g., πN , 2πN , etc., and their quantum numbers.
The summation in Eq. (2) stands for summation over spin,
isospin, and integration over intermediate particle momenta.
From the form of relation Eq. (2) follows that the scattering
amplitude T is a matrix of dimension N × N , where N is
the number of all open channels and independent spin-isospin
combinations.

For the sake of simplicity we consider here πN scattering
below the 3πN threshold. Then only πN and 2πN final states
are important on the right side of Eq. (2); the electromagnetic
processes can be neglected. The quantity Tii denotes a
scattering amplitude for elastic transitions where all quantum
numbers (including momenta) of the particles in the in state
are identical to those in the out state. This can only take
place for the elastic scattering at forward directions. Then, for
the elastic πN scattering one can write Tii = T els.

πN (0), where
T els.

πN (0) is the πN elastic scattering amplitude for forward
angles. Equation (2) can be rewritten in the form of the optical
theorem

ImT els.
πN (0) = k2

4π
(σπN→πN + σπN→2πN ), (3)

where k is a c.m. momentum of the initial πN state and
σπN→πN and σπN→2πN denote the total πN → πN and
πN → 2πN cross sections, respectively. For higher energies
the right-hand side of Eq. (3) can include contributions from
other open channels. The importance of the optical theorem
for the data analysis can be seen after the partial-wave
decomposition of Eq. (3),

ImT JP
πN = k2

4π

(
σ JP

πN→πN + σ JP
πN→2πN

)
, (4)

where the subscripts J and P stand for the total spin and
the parity. As a consequence, the imaginary part of the
given elastic πN partial wave is a sum over all elastic and
inelastic total partial-wave cross sections. The results of GiM
calculations [5–9] are shown in Fig. 1. All reactions turn out
to be linked via Eq. (3) and its PWA version, Eq. (4). The
largest inelastic contribution to the left-hand part of Eqs. (3)
and (4) comes from the πN → 2πN reactions. Hence, it is
very important that the 2πN channel is included in the PWA
for the baryon resonance analysis. In our earlier work the
2πN final state was treated as a “generic” channel to control
inelasticities associated with the πN → 2πN reaction; see
Refs. [3,4]. Here we discuss the extension of the model to
incorporate the 2πN channel within the isobar approximation.
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In addition, several meson exchange models have also
been used to attack the problem [43,44]. The authors of
Ref. [43] apply a tree-level parametrization to evaluate two-
pion production. It is interesting that the authors do not use
the Breit-Wigner parametrization but obtain the vertices and
the propagators at the tree-level diagrams by solving dynam-
ical equations. In addition to N∗(1440), several additional
states have also been included into the calculations. Close
to threshold the findings of Ref. [43] demonstrate a nice
agreement with experiment. These results also support a large
contribution from the Roper resonance to the π−p → π+π−n
and π−p → π0π0n reactions, which is in line with the
conclusions of Refs. [33,37]. Though the authors of Ref. [43]
do not give their decay branching ratios for resonance decays,
one might expect a sizable N

1
2 +(1440) → σn decay fraction

from the large gσNN(1440) ≫ gπ#(1232)N(1440) coupling constant
in Ref. [43].

Another dynamical approach to solve the coupled-
channels problem for the two-pion production is presented
in Refs. [45,46]. This approach is close in spirit to that in
Ref. [36]. The model aims to go beyond the isobar approxi-
mation having both dispersive contributions and unitarity cuts
under control.

Because the full calculations require large computation
efforts, only a limited amount of γ /πN → ππn experimental
data has been analyzed; see Refs. [47,48] and references
therein. One of the complications reported in Ref. [45] is
the appearance of the moving singularity in the scattering
amplitude. Presently it is not clear whether the phenomena has
a physical origin or is related to the treatment of the scattering
problem in the Euclidean space.

III. COUPLED-CHANNELS UNITARY MODEL FOR
π N → 2π N SCATTERING

A. The issue of unitarity

Unitarity is a one of the important key issues in the partial-
wave analysis. This constraint is maintained in a coupled-
channels treatment of the scattering problem. The requirement
that the sum of all transition probabilities should be 1 leads to
the condition SS+ = 1 for the scattering S matrix. This gives

− i(T − T +) = T T + (1)

for the T matrix in the operator form. On the amplitude level
it leads to a relation between the imaginary part of the elastic
scattering amplitude and the transition probability summed
over all elastic and inelastic asymptotic channels,

ImTii =
∑

j

TijT
+
ij =

∑

j

|Tij |2, (2)

where indices i,j denote incoming and outgoing asymptotic
final states, e.g., πN , 2πN , etc., and their quantum numbers.
The summation in Eq. (2) stands for summation over spin,
isospin, and integration over intermediate particle momenta.
From the form of relation Eq. (2) follows that the scattering
amplitude T is a matrix of dimension N × N , where N is
the number of all open channels and independent spin-isospin
combinations.

For the sake of simplicity we consider here πN scattering
below the 3πN threshold. Then only πN and 2πN final states
are important on the right side of Eq. (2); the electromagnetic
processes can be neglected. The quantity Tii denotes a
scattering amplitude for elastic transitions where all quantum
numbers (including momenta) of the particles in the in state
are identical to those in the out state. This can only take
place for the elastic scattering at forward directions. Then, for
the elastic πN scattering one can write Tii = T els.

πN (0), where
T els.

πN (0) is the πN elastic scattering amplitude for forward
angles. Equation (2) can be rewritten in the form of the optical
theorem

ImT els.
πN (0) = k2

4π
(σπN→πN + σπN→2πN ), (3)

where k is a c.m. momentum of the initial πN state and
σπN→πN and σπN→2πN denote the total πN → πN and
πN → 2πN cross sections, respectively. For higher energies
the right-hand side of Eq. (3) can include contributions from
other open channels. The importance of the optical theorem
for the data analysis can be seen after the partial-wave
decomposition of Eq. (3),

ImT JP
πN = k2

4π

(
σ JP

πN→πN + σ JP
πN→2πN

)
, (4)

where the subscripts J and P stand for the total spin and
the parity. As a consequence, the imaginary part of the
given elastic πN partial wave is a sum over all elastic and
inelastic total partial-wave cross sections. The results of GiM
calculations [5–9] are shown in Fig. 1. All reactions turn out
to be linked via Eq. (3) and its PWA version, Eq. (4). The
largest inelastic contribution to the left-hand part of Eqs. (3)
and (4) comes from the πN → 2πN reactions. Hence, it is
very important that the 2πN channel is included in the PWA
for the baryon resonance analysis. In our earlier work the
2πN final state was treated as a “generic” channel to control
inelasticities associated with the πN → 2πN reaction; see
Refs. [3,4]. Here we discuss the extension of the model to
incorporate the 2πN channel within the isobar approximation.
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In addition, several meson exchange models have also
been used to attack the problem [43,44]. The authors of
Ref. [43] apply a tree-level parametrization to evaluate two-
pion production. It is interesting that the authors do not use
the Breit-Wigner parametrization but obtain the vertices and
the propagators at the tree-level diagrams by solving dynam-
ical equations. In addition to N∗(1440), several additional
states have also been included into the calculations. Close
to threshold the findings of Ref. [43] demonstrate a nice
agreement with experiment. These results also support a large
contribution from the Roper resonance to the π−p → π+π−n
and π−p → π0π0n reactions, which is in line with the
conclusions of Refs. [33,37]. Though the authors of Ref. [43]
do not give their decay branching ratios for resonance decays,
one might expect a sizable N

1
2 +(1440) → σn decay fraction

from the large gσNN(1440) ≫ gπ#(1232)N(1440) coupling constant
in Ref. [43].

Another dynamical approach to solve the coupled-
channels problem for the two-pion production is presented
in Refs. [45,46]. This approach is close in spirit to that in
Ref. [36]. The model aims to go beyond the isobar approxi-
mation having both dispersive contributions and unitarity cuts
under control.

Because the full calculations require large computation
efforts, only a limited amount of γ /πN → ππn experimental
data has been analyzed; see Refs. [47,48] and references
therein. One of the complications reported in Ref. [45] is
the appearance of the moving singularity in the scattering
amplitude. Presently it is not clear whether the phenomena has
a physical origin or is related to the treatment of the scattering
problem in the Euclidean space.
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π N → 2π N SCATTERING

A. The issue of unitarity

Unitarity is a one of the important key issues in the partial-
wave analysis. This constraint is maintained in a coupled-
channels treatment of the scattering problem. The requirement
that the sum of all transition probabilities should be 1 leads to
the condition SS+ = 1 for the scattering S matrix. This gives

− i(T − T +) = T T + (1)

for the T matrix in the operator form. On the amplitude level
it leads to a relation between the imaginary part of the elastic
scattering amplitude and the transition probability summed
over all elastic and inelastic asymptotic channels,

ImTii =
∑

j

TijT
+
ij =

∑

j

|Tij |2, (2)

where indices i,j denote incoming and outgoing asymptotic
final states, e.g., πN , 2πN , etc., and their quantum numbers.
The summation in Eq. (2) stands for summation over spin,
isospin, and integration over intermediate particle momenta.
From the form of relation Eq. (2) follows that the scattering
amplitude T is a matrix of dimension N × N , where N is
the number of all open channels and independent spin-isospin
combinations.

For the sake of simplicity we consider here πN scattering
below the 3πN threshold. Then only πN and 2πN final states
are important on the right side of Eq. (2); the electromagnetic
processes can be neglected. The quantity Tii denotes a
scattering amplitude for elastic transitions where all quantum
numbers (including momenta) of the particles in the in state
are identical to those in the out state. This can only take
place for the elastic scattering at forward directions. Then, for
the elastic πN scattering one can write Tii = T els.

πN (0), where
T els.

πN (0) is the πN elastic scattering amplitude for forward
angles. Equation (2) can be rewritten in the form of the optical
theorem

ImT els.
πN (0) = k2

4π
(σπN→πN + σπN→2πN ), (3)

where k is a c.m. momentum of the initial πN state and
σπN→πN and σπN→2πN denote the total πN → πN and
πN → 2πN cross sections, respectively. For higher energies
the right-hand side of Eq. (3) can include contributions from
other open channels. The importance of the optical theorem
for the data analysis can be seen after the partial-wave
decomposition of Eq. (3),

ImT JP
πN = k2

4π

(
σ JP

πN→πN + σ JP
πN→2πN

)
, (4)

where the subscripts J and P stand for the total spin and
the parity. As a consequence, the imaginary part of the
given elastic πN partial wave is a sum over all elastic and
inelastic total partial-wave cross sections. The results of GiM
calculations [5–9] are shown in Fig. 1. All reactions turn out
to be linked via Eq. (3) and its PWA version, Eq. (4). The
largest inelastic contribution to the left-hand part of Eqs. (3)
and (4) comes from the πN → 2πN reactions. Hence, it is
very important that the 2πN channel is included in the PWA
for the baryon resonance analysis. In our earlier work the
2πN final state was treated as a “generic” channel to control
inelasticities associated with the πN → 2πN reaction; see
Refs. [3,4]. Here we discuss the extension of the model to
incorporate the 2πN channel within the isobar approximation.
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In addition, several meson exchange models have also
been used to attack the problem [43,44]. The authors of
Ref. [43] apply a tree-level parametrization to evaluate two-
pion production. It is interesting that the authors do not use
the Breit-Wigner parametrization but obtain the vertices and
the propagators at the tree-level diagrams by solving dynam-
ical equations. In addition to N∗(1440), several additional
states have also been included into the calculations. Close
to threshold the findings of Ref. [43] demonstrate a nice
agreement with experiment. These results also support a large
contribution from the Roper resonance to the π−p → π+π−n
and π−p → π0π0n reactions, which is in line with the
conclusions of Refs. [33,37]. Though the authors of Ref. [43]
do not give their decay branching ratios for resonance decays,
one might expect a sizable N

1
2 +(1440) → σn decay fraction

from the large gσNN(1440) ≫ gπ#(1232)N(1440) coupling constant
in Ref. [43].

Another dynamical approach to solve the coupled-
channels problem for the two-pion production is presented
in Refs. [45,46]. This approach is close in spirit to that in
Ref. [36]. The model aims to go beyond the isobar approxi-
mation having both dispersive contributions and unitarity cuts
under control.

Because the full calculations require large computation
efforts, only a limited amount of γ /πN → ππn experimental
data has been analyzed; see Refs. [47,48] and references
therein. One of the complications reported in Ref. [45] is
the appearance of the moving singularity in the scattering
amplitude. Presently it is not clear whether the phenomena has
a physical origin or is related to the treatment of the scattering
problem in the Euclidean space.

III. COUPLED-CHANNELS UNITARY MODEL FOR
π N → 2π N SCATTERING

A. The issue of unitarity

Unitarity is a one of the important key issues in the partial-
wave analysis. This constraint is maintained in a coupled-
channels treatment of the scattering problem. The requirement
that the sum of all transition probabilities should be 1 leads to
the condition SS+ = 1 for the scattering S matrix. This gives

− i(T − T +) = T T + (1)

for the T matrix in the operator form. On the amplitude level
it leads to a relation between the imaginary part of the elastic
scattering amplitude and the transition probability summed
over all elastic and inelastic asymptotic channels,

ImTii =
∑

j

TijT
+
ij =

∑

j

|Tij |2, (2)

where indices i,j denote incoming and outgoing asymptotic
final states, e.g., πN , 2πN , etc., and their quantum numbers.
The summation in Eq. (2) stands for summation over spin,
isospin, and integration over intermediate particle momenta.
From the form of relation Eq. (2) follows that the scattering
amplitude T is a matrix of dimension N × N , where N is
the number of all open channels and independent spin-isospin
combinations.

For the sake of simplicity we consider here πN scattering
below the 3πN threshold. Then only πN and 2πN final states
are important on the right side of Eq. (2); the electromagnetic
processes can be neglected. The quantity Tii denotes a
scattering amplitude for elastic transitions where all quantum
numbers (including momenta) of the particles in the in state
are identical to those in the out state. This can only take
place for the elastic scattering at forward directions. Then, for
the elastic πN scattering one can write Tii = T els.

πN (0), where
T els.

πN (0) is the πN elastic scattering amplitude for forward
angles. Equation (2) can be rewritten in the form of the optical
theorem

ImT els.
πN (0) = k2

4π
(σπN→πN + σπN→2πN ), (3)

where k is a c.m. momentum of the initial πN state and
σπN→πN and σπN→2πN denote the total πN → πN and
πN → 2πN cross sections, respectively. For higher energies
the right-hand side of Eq. (3) can include contributions from
other open channels. The importance of the optical theorem
for the data analysis can be seen after the partial-wave
decomposition of Eq. (3),

ImT JP
πN = k2

4π

(
σ JP

πN→πN + σ JP
πN→2πN

)
, (4)

where the subscripts J and P stand for the total spin and
the parity. As a consequence, the imaginary part of the
given elastic πN partial wave is a sum over all elastic and
inelastic total partial-wave cross sections. The results of GiM
calculations [5–9] are shown in Fig. 1. All reactions turn out
to be linked via Eq. (3) and its PWA version, Eq. (4). The
largest inelastic contribution to the left-hand part of Eqs. (3)
and (4) comes from the πN → 2πN reactions. Hence, it is
very important that the 2πN channel is included in the PWA
for the baryon resonance analysis. In our earlier work the
2πN final state was treated as a “generic” channel to control
inelasticities associated with the πN → 2πN reaction; see
Refs. [3,4]. Here we discuss the extension of the model to
incorporate the 2πN channel within the isobar approximation.
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FIG. 1. Total cross sections for pion-induced reactions calculated
in Giessen model [5–9] vs experimental data.
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• Unique combination of pion beam and 

dilepton spectrometer + much more!

• Large phase space coverage + wide 

particle reconstruction capabilities


•  coverage and scan up to ~2 GeV, 
complementary photo-production exps


• Respectable intensities beyond 106/s

• Sizeable xsecs for strangeness production 

w.r.t. light hadrons, strangeness factory!

• Access to many observables: xsections, 

BF’s, SDMEs, self-polarisation weak decay

• Precision studies combining hadron 

dynamics and electromagnetic structure

s

HADES GPAC proposal for 2026 + 2027, …



Pion beam program

• Baryon |S|=0,1 spectroscopy in formation and production, 
f.e. N* up to 3rd resonance regions, meson-baryon couplings


• Polarisation studies in hyperon production: 
 (self-analysing weak decay)


• Vector-meson production: ; SDME’s 
extraction (  topologies)


• Strangeness production, e.g. 

• Electromagnetic structure of |S|=0,1 baryons, e.g. 

,…


• Light meson dynamics, f.e. in 


• Rare (BSM) decays of mesons, f.e.  X(17) with  decays

π−p → ⃗ΛK0/ ⃗Σ 0K0/…
π−p → ρ/ω/ϕN

ω → e+e−/π+π−π0

Λ(1405,1520), Ξ, …

N* → Ne+e−/Λ(1405,1520), Σ(1385) → Λe+e−

ππ, KK̄, Kπ, ηπ, …
η

… wide physics opportunities
Hadron Physics

 
Fig 8: (Left panel) Dilepton excess yield in the low invariant mass region identified as the modified - -spectral function. 
Different theoretical calculations are compared to the data measured by HADES in AuAu collisions at = 2.42 GeV 
[HADES, Nature Phys. 15, 1040 (2019)]. (Right) Invariant mass of pairs from N*->Nℽ*->Ne+e- normalized by the 
QED prediction for point-like transitions [HADES Coll., arXiv:2205.15914 ] . 
 
The slope of the dilepton invariant mass spectrum is closely related to the temperature of the 
thermal medium. In contrast to the slope of hadron and dilepton transverse-mass spectra, this 
observable is not blue-shifted and thus is easier to interpret. HADES has measured in Au+Au 
collisions the dilepton excess above known hadronic sources and has determined an average 
temperature of <T> = 72 +- 4 MeV. This should be compared to the higher temperature of,  <T> 
= 205 +- 12 MeV extracted by NA60 for the fireball produced in  In+In collisions at   sNN= 17.3 
GeV. Precision measurements of this spectrum at various centre-of-mass energies are of interest 
since they might be sensitive to the crossing of a first-order phase boundary. 
  
Recently, measurements of production yields of hyperons with multi-strange content and their 
polarization have been employed to test various theoretical predictions based on hydrodynamic 
and (microscopic) transport-model calculations. Figure 9 (left panel) shows the excitation function 
of polarization compared to 3-D fluid calculations based on different equations of state for a 
hadronic, crossover and 1-order phase transition and calculations assuming a direct connection 
between the polarization vector and the thermal vorticity in thermal equilibrium. As one can see 
the largest signal is measured at low energies (HADES) but the data quality is still not sufficient 
to discriminate between models and this calls for future high-precision data. 
 

 

)2c (GeV/eeM
0.2 0.4 0.6 0.8

-1 )2 c
 (G

eV
/

ee
M

/d
ex

ce
ss

π4
 d

N
0 π

1/
N

6−10

5−10

4−10

3−10
=2.42 GeVNNsHADES Au+Au 0-40% 

 subtractedω, ηNN ref., 
kT =  2.1 MeV±71.8 

:ρVacuum 
HSD
SMASH

:ρIn-medium 
CG FRA
CG GSI-Texas A&M
CG SMASH
HSD

 +∆ coll.broad. + ρ
N)πBremss. (NN, 

)2c (MeV/eeM
0 0.2 0.4 0.6

Q
ED|

ee
M

/dσ
 / 

d
ee

M
/dσd

0

1

2

3

4

5

6

7

8

9

QED 

 constructive interferenceρ + γVDM 

Time-like FF [Ramalho] 

nyi]eteLagrangian model [Z

c = 685 MeV/-π
p

n-e+ e→+p -πHADES 

October 2023

The HADES Spectrometer
High-Acceptance Di-Electron Spectrometer
Versatile detector operating at GSI at SIS18 since 2001 allowing to study both hadron
and heavy-ion physics

• Precision spectroscopy of e+e− pairs and charged hadrons and calorimetry
• Perfect for hyperon structure studies

• pp, heavy ion (e.g. Ag-Ag, Au-Au) and pion induced reactions
• Hyperons are produced and used as probes for in-medium properties

• Acceptance of detector: ∼15-85◦ + extended with a forward detector at lower angles for
pp data @ Tbeam = 4.5 GeV

• Important for detection of hyperon decay products

ΛK0
S analysis by S. Pattnaik (GSI)

Jenny Taylor (GSI) Exclusive Hyperon Reconstruction at HADES Winter Meeting, 2024 2 / 14

π, p, d…(SIS18)
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In addition, several meson exchange models have also
been used to attack the problem [43,44]. The authors of
Ref. [43] apply a tree-level parametrization to evaluate two-
pion production. It is interesting that the authors do not use
the Breit-Wigner parametrization but obtain the vertices and
the propagators at the tree-level diagrams by solving dynam-
ical equations. In addition to N∗(1440), several additional
states have also been included into the calculations. Close
to threshold the findings of Ref. [43] demonstrate a nice
agreement with experiment. These results also support a large
contribution from the Roper resonance to the π−p → π+π−n
and π−p → π0π0n reactions, which is in line with the
conclusions of Refs. [33,37]. Though the authors of Ref. [43]
do not give their decay branching ratios for resonance decays,
one might expect a sizable N

1
2 +(1440) → σn decay fraction

from the large gσNN(1440) ≫ gπ#(1232)N(1440) coupling constant
in Ref. [43].

Another dynamical approach to solve the coupled-
channels problem for the two-pion production is presented
in Refs. [45,46]. This approach is close in spirit to that in
Ref. [36]. The model aims to go beyond the isobar approxi-
mation having both dispersive contributions and unitarity cuts
under control.

Because the full calculations require large computation
efforts, only a limited amount of γ /πN → ππn experimental
data has been analyzed; see Refs. [47,48] and references
therein. One of the complications reported in Ref. [45] is
the appearance of the moving singularity in the scattering
amplitude. Presently it is not clear whether the phenomena has
a physical origin or is related to the treatment of the scattering
problem in the Euclidean space.

III. COUPLED-CHANNELS UNITARY MODEL FOR
π N → 2π N SCATTERING

A. The issue of unitarity

Unitarity is a one of the important key issues in the partial-
wave analysis. This constraint is maintained in a coupled-
channels treatment of the scattering problem. The requirement
that the sum of all transition probabilities should be 1 leads to
the condition SS+ = 1 for the scattering S matrix. This gives

− i(T − T +) = T T + (1)

for the T matrix in the operator form. On the amplitude level
it leads to a relation between the imaginary part of the elastic
scattering amplitude and the transition probability summed
over all elastic and inelastic asymptotic channels,

ImTii =
∑

j

TijT
+
ij =

∑

j

|Tij |2, (2)

where indices i,j denote incoming and outgoing asymptotic
final states, e.g., πN , 2πN , etc., and their quantum numbers.
The summation in Eq. (2) stands for summation over spin,
isospin, and integration over intermediate particle momenta.
From the form of relation Eq. (2) follows that the scattering
amplitude T is a matrix of dimension N × N , where N is
the number of all open channels and independent spin-isospin
combinations.

For the sake of simplicity we consider here πN scattering
below the 3πN threshold. Then only πN and 2πN final states
are important on the right side of Eq. (2); the electromagnetic
processes can be neglected. The quantity Tii denotes a
scattering amplitude for elastic transitions where all quantum
numbers (including momenta) of the particles in the in state
are identical to those in the out state. This can only take
place for the elastic scattering at forward directions. Then, for
the elastic πN scattering one can write Tii = T els.

πN (0), where
T els.

πN (0) is the πN elastic scattering amplitude for forward
angles. Equation (2) can be rewritten in the form of the optical
theorem

ImT els.
πN (0) = k2

4π
(σπN→πN + σπN→2πN ), (3)

where k is a c.m. momentum of the initial πN state and
σπN→πN and σπN→2πN denote the total πN → πN and
πN → 2πN cross sections, respectively. For higher energies
the right-hand side of Eq. (3) can include contributions from
other open channels. The importance of the optical theorem
for the data analysis can be seen after the partial-wave
decomposition of Eq. (3),

ImT JP
πN = k2

4π

(
σ JP

πN→πN + σ JP
πN→2πN

)
, (4)

where the subscripts J and P stand for the total spin and
the parity. As a consequence, the imaginary part of the
given elastic πN partial wave is a sum over all elastic and
inelastic total partial-wave cross sections. The results of GiM
calculations [5–9] are shown in Fig. 1. All reactions turn out
to be linked via Eq. (3) and its PWA version, Eq. (4). The
largest inelastic contribution to the left-hand part of Eqs. (3)
and (4) comes from the πN → 2πN reactions. Hence, it is
very important that the 2πN channel is included in the PWA
for the baryon resonance analysis. In our earlier work the
2πN final state was treated as a “generic” channel to control
inelasticities associated with the πN → 2πN reaction; see
Refs. [3,4]. Here we discuss the extension of the model to
incorporate the 2πN channel within the isobar approximation.
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FIG. 1. Total cross sections for pion-induced reactions calculated
in Giessen model [5–9] vs experimental data.
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Pion beam facility @ GSI

 reaction N+Be,  8-10*1010 N2  ions/spill (4s) 

 secondary ⌃� with I ~ 2-3 105/s  

 p = 650, 685, 733, 786 (+/- 1) MeV/c 

 PE (CH2 )n   and C targets 

Eur. Phys. J. A 53, 188 (2017) 

polyethylen 

(CH2)n  and C

 selectivity: producion of resonance with given mass in s-channel
 2-pion channels: ⌃-p→ n⌃+⌃-,  ⌃-p→ p⌃�⌃0 (                               )

- complete the very scarce pion beam data base for hadronic                 

  couplings
 dilepton channel R→ Ne+e-,  never measured in pion induced 

reactions -  time-like electromagnetic structure of baryons 

√s=1.46−1.55GeV

2nd resonance region

Pion-beam facility!
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FIG. 2. (a) d�/dMe+e� for the ⇡�+CH2 reaction integrated
in the HADES acceptance over the missing mass range [900-
1030] MeV/c2. Full triangles: total yields, full squares: after
subtraction of the ⇡0 Dalitz decay contribution (⇡0[�e+e�]).
The curves display the simulations for point-like baryon Dalitz
decay (”QED reference”, orange dashed-dotted curve), ⇡0

Dalitz decay (black dotted curve) and the sum (black solid
curve). (b) d�/dMe+e� for the quasi-free ⇡�p! ne+e�

reaction integrated over the missing mass range [900-1030]
MeV/c2after normalisation by the number of e↵ective protons
and acceptance corrections. Gray triangles up (blue triangles
down): e+e� yields deduced from the ⇡�p ! ⇢n PWA con-
tribution [36] using VMD2 (VMD1). Orange dashed-dotted
curve: QED reference (d�/dMe+e�)QED, gray dashed area:
VMD2 model with d-wave contribution varied from 0 (full
curve) to 10% (dashed curve), blue colored area (cyan curve):
same for VMD1 models with constructive (incoherent) sum of
⇢ and � contributions, long dash-dot-dot-dashed blue curve:
⇢ contribution to the VMD1 model. Calculations using the
timelike Form-Factor model (red solid curve) and the La-
grangian model (green long dashed curve) are also shown. (c)
Ratios (d�/dMe+e�)/(d�/dMe+e�)QED. The same marker
and curve styles apply as in panel (b). Symbols with vertical
and horizontal bars show the data with total and systematic
point-to-point errors, respectively and curves display simula-
tions with absolute normalisation in all panels.

Our results are also compared to the microscopic calcu-
lation of [46] based on an e↵ective Lagrangian approach,
taking into account various resonant and non-resonant
amplitudes in a coherent way using the N?N⇢ couplings

derived from the PWA [36]. A salient feature of this
model is the application of the two-component VMD1
model to all baryon-photon couplings. Choosing a rel-
ative phase of 90� between the resonant � and ⇢ am-
plitudes, a good description of the e+e� production is
achieved, as shown by the green long dashed curve in
Figs. 2b and c. The calculation was performed for the free
⇡�p! ne+e� reaction which might explain the peak-like
structure at large invariant masses. One has however to
consider that these calculations have not yet been con-
fronted with the measured two-pion production. More-
over, this model accommodates a strong contribution of
non-resonant Born terms in the dilepton production, in
contrast to the PWA analysis of the ⇡�p ! n⇢ channel
[36], where the main contributions are due to N(1520)
and (to a smaller extent) to N(1535) excitation in the
s-channel.
Simulations based on the eTFF model [47, 48] for

these resonances also give a satisfactory description of
the data, which demonstrates that the dominant meson
cloud contribution is taken into account in a realistic
way. As the evolution of the e↵ective eTFF is mainly
driven by the pion electromagnetic form factor, this cal-
culation provides an independent VMD approach for the
⇡�p! ne+e� reaction.
The measured e+e� cross section for Me+e� ⇡ 500

MeV/c2 is more than two orders of magnitude larger than
the calculations of [51], which were based on a very low
o↵-shell ⇢ cross section and strong destructive interfer-
ences with o↵-shell ! production. The calculations of
[52], which were performed for

p
s larger than 1.6 GeV,

also predicted large negative interferences between ⇢ and
!, though with a larger ⇢ yield.
The ”QED reference” model was used to extrapolate

the experimental di↵erential cross section at small in-
variant masses (Me+e� < 100 MeV/c2). In this way, a
total cross section for the free ⇡�p! ne+e� reaction of
� = (2.97 ± 0.07data ± 0.21acc ± 0.31Zeff )µb can be de-
duced, where the errors are due to uncertainties of the
measurement, the acceptance correction and the e↵ective
number of protons, respectively. The ratio of the inte-
grated experimental and ”QED reference” cross sections,
which can be attributed to an e↵ective eTFF, amounts
to 1.35 ± 0.03 (data) ± 0.02 (acceptance).
Angular distributions. Further information on the

nature of the timelike electromagnetic transitions in the
⇡�p! ne+e� reaction can be obtained from the angu-
lar distributions. A convenient parameterization of the
di↵erential cross sections d4�/d⇥�⇤dMe+e�d cos⇥ d� /
|A|2 is provided by the density matrix formalism [46, 53,
54] with the relevant dependencies of the mod-squared
amplitude at given value of Me+e� and polar angle (⇥�⇤)
of the virtual photon in the center-of-mass frame:

|A|2 / 8k2
⇥
1� ⇢11 + (3⇢11 � 1) cos2 ⇥.

+
p
2Re⇢10 sin 2⇥ cos�+Re⇢1�1 sin

2 ⇥ cos 2�
⇤
. (3)

“2014” highlights: 
• PWA  
• 8 PDG entries on N(1440,1520,1535) 

• E.m. transition form factor 



• Unique test of VMD models!

π−p → Nππ

N(1520) → Ne+e−

arXiv:2205.15914 + PRC102, 024001

Joachim Stroth | EMMI – Physics opportunities with proton beam | WuppertalFebruary, 2024
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Fig 8: (Left panel) Dilepton excess yield in the low invariant mass region identified as the modified - -spectral function. 
Different theoretical calculations are compared to the data measured by HADES in AuAu collisions at = 2.42 GeV 
[HADES, Nature Phys. 15, 1040 (2019)]. (Right) Invariant mass of pairs from N*->Nℽ*->Ne+e- normalized by the 
QED prediction for point-like transitions [HADES Coll., arXiv:2205.15914 ] . 
 
The slope of the dilepton invariant mass spectrum is closely related to the temperature of the 
thermal medium. In contrast to the slope of hadron and dilepton transverse-mass spectra, this 
observable is not blue-shifted and thus is easier to interpret. HADES has measured in Au+Au 
collisions the dilepton excess above known hadronic sources and has determined an average 
temperature of <T> = 72 +- 4 MeV. This should be compared to the higher temperature of,  <T> 
= 205 +- 12 MeV extracted by NA60 for the fireball produced in  In+In collisions at   sNN= 17.3 
GeV. Precision measurements of this spectrum at various centre-of-mass energies are of interest 
since they might be sensitive to the crossing of a first-order phase boundary. 
  
Recently, measurements of production yields of hyperons with multi-strange content and their 
polarization have been employed to test various theoretical predictions based on hydrodynamic 
and (microscopic) transport-model calculations. Figure 9 (left panel) shows the excitation function 
of polarization compared to 3-D fluid calculations based on different equations of state for a 
hadronic, crossover and 1-order phase transition and calculations assuming a direct connection 
between the polarization vector and the thermal vorticity in thermal equilibrium. As one can see 
the largest signal is measured at low energies (HADES) but the data quality is still not sufficient 
to discriminate between models and this calls for future high-precision data. 
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State of the art
Pion beam experiments in the 0.5-2 GeV range are an essential component of the program
of dense matter studies pursued by HADES at SIS18 and the future Compressed Baryonic
Matter pillar at FAIR. They indeed provide unique information on the role of baryonic
resonances in the production of mesons and dielectrons, both in vacuum and in medium.
There are three main motivations for pion beam experiments in the SIS18 energy range,
which are intimately connected.

Baryon-meson couplings
Together with photon-nucleon reactions, pion-nucleon reactions provide direct information
on the electromagnetic and hadronic couplings of baryonic resonances, which are related
to their intrinsic structure in terms of quarks and gluons through hadron-structure models.
While the data base for photon-induced reactions has been continuously developed in the
past years, the progress in the determination of the baryon spectrum and related decay
properties is currently limited by the lack of precise data from pion beam experiments
[1]. HADES is at this moment the only facility world-wide which combines a pion beam
with dielectron spectroscopy, an excellent particle identification and good secondary vertex
reconstruction capabilities. The pion beam program we want to pursue at GSI therefore acts
as a precursor for existing and future meson beam facilities for baryon spectroscopy [2, 1].

A better determination of the couplings of baryonic resonances to ⇢N and !N final states
is particularly important for the understanding of the emissivity of hot and dense nuclear
matter due to the important role of intermediary vector mesons in dilepton emission. In
particular baryon-⇢ interactions are known to strongly contribute to the observed melting
of the ⇢ meson in the fireball formed in heavy-ion collisions from SIS18 to LHC energies [3].
A detailed understanding of these effects requires microscopic calculations which rely on
these couplings.

Figure 1: Left: ⇡�
+p cross sections showing the three peaks corresponding to the �(1232), the second and

the third resonance regions respectively. Right: (a) Sketch of a time-like electromagnetic baryon transition in the

⇡�
+p reaction at a given four-momentum transfer q

2 =Mee
2
. (b) illustration of the two-component form factor

model, consisting of a point-like photon coupling and an electromagnetic interaction mediated by vector mesons,

according to the Vector Dominance Model (VMD).

Electromagnetic Baryon Transitions in the time-like regime
HADES experiments performed in the last years in proton-nucleus [4] or nucleus-nucleus [3]
reactions have demonstrated an excess radiation of e+e� above conventional sources, for
invariant masses below the vector meson poles, attributed to emission out of the hot and

HADES, arXiv:2205.15914 + PRC102, 024001 (2020)

“2014” highlight!



Pion beam program

• Vector meson properties in dense matter including 
study of  mixing,  meson!


• Line-shape, transparency ratios, A-dependence,… 
(towards low momenta with high sensitivity)


• Hidden & open strangeness production in 


• Precision data for transport models

• Hypernuclei studies, factory!


•  interactions


• Particle production xsection data for neutrino energy 
reconstruction in T2K, DUNE experiments 

ρ − a1 ϕ

π + p/A

⃗Y N → ⃗Y N

… wide physics opportunities
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Latest work of Simon Spies

A “cold matter” highlight from 
2014 pion beam at s = 2 GeV

Nuclear and Heavy-ion Physics



A cross-community-driven hadron 
physics program at GSI/FAIR
…with pion and proton beams from SIS18+SIS100

• Ambition: long-term physics program inspired by strong-QCD and 
connecting hadron, nuclear, and heavy-ion communities


• Exploiting pion & proton beams (SIS18/100) together with available 
facilities: HADES, CBM, WASA(?) and interested researchers from all 
communities!


• Invitation to nuclear physics community to take part in the white-paper 
discussions and contribute!


• GPAC proposal: strengthen the pion-beam facility and corresponding 
physics program! Strategy involving WASA?



Backup



Timeline
2025 2032
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FAIR

HADES@SIS18          CBM / HADES@SIS100

CERN / JPARC / NICA

Phase 0 FS+ MSVc

PANDA?

JPARC

KLF

MAMI/ELSA/GLueX/CLAS12 EIC

BESIII/BelleII BelleII/…

Probe:

“Facilities exploiting exclusive hyperon studies”

HADES HADES available?

JPARC
Stage 1 Stage 2 Stage 3
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J-PARC
… competition, complementarity, collaboration?

Key selling features of pion-beam facility at GSI

• Combination of a pion beam with a versatile 
setup with high acceptance and capabilities 


• Broad applicability with multifaceted and 
efficient data collection enabling a program 
connecting physics topics from different fields 
(hadron, nuclear, heavy-ion) with(in) one setup/
collaboration/beam-time period


• Probing electromagnetic and hadronic aspects 
in pion-produced matter is unique



The process
…activities in the past years

• Many preparatory activities ongoing since 2023


• Discussions among physicists from various FAIR collaborations


• Kick-off satellite event at MESON2023 in June 2023 


• Feasibility studies using Monte Carlo simulations


• Presentations at FAIR advisory boards ECE/ECSG/JSC at 
workshops, conferences, etc.


• Workshop “physics opportunities with proton beams at SIS100” in 
Wuppertal, February 2024


• Setup structure white paper, identify convenors, contributors, setup 
working groups, overleaf, mailinglists, etc.


• White paper workshop, 11-14th November, 2024 at GSI



October 2023

The HADES Spectrometer
High-Acceptance Di-Electron Spectrometer
Versatile detector operating at GSI at SIS18 since 2001 allowing to study both hadron
and heavy-ion physics

• Precision spectroscopy of e+e− pairs and charged hadrons and calorimetry
• Perfect for hyperon structure studies

• pp, heavy ion (e.g. Ag-Ag, Au-Au) and pion induced reactions
• Hyperons are produced and used as probes for in-medium properties

• Acceptance of detector: ∼15-85◦ + extended with a forward detector at lower angles for
pp data @ Tbeam = 4.5 GeV

• Important for detection of hyperon decay products

ΛK0
S analysis by S. Pattnaik (GSI)

Jenny Taylor (GSI) Exclusive Hyperon Reconstruction at HADES Winter Meeting, 2024 2 / 14

High Acceptance Di-Electron 
Spectrometer (HADES)

π, p, d…(SIS18)

HADES/PANDA@FAIR-Phase-0: 

“Hadron physics meets heavy-ion physics”



October 2023

HADES Forward Detector upgrade

 STS/FRPC

 Instruments the field-free forward hemisphere

 Straw Tube Stations (STS) compatible with

Phase-1 PANDA STT and FT

 Boost physics capability for hyperon e/m 

transition Ffs

 InnerTOF improves triggering efficiency

STS1

STS2 fRPCInnerTOF
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High Acceptance Di-Electron 
Spectrometer (HADES)

π, p, d…(SIS18)

HADES/PANDA@FAIR-Phase-0: 

“Hadron physics meets heavy-ion physics”

• HADES = high-acceptance dilepton 
spectrometer and much more! 

• Outstanding in dilepton spectrometry

• Excellent tracking & PID capabilities

• Modular at forward angles

• Additional photon detection

• Good angular coverage

• Designed for various SIS18 beams

• Including pion beams!
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“exclusive” reactions!! 
[Case study: Feb. 2022 run with 4.5 GeV protons]



The power of pion beams
…and why being so obsessed about it?

Δ++ → pπ+

2

State of the art
Pion beam experiments in the 0.5-2 GeV range are an essential component of the program
of dense matter studies pursued by HADES at SIS18 and the future Compressed Baryonic
Matter pillar at FAIR. They indeed provide unique information on the role of baryonic
resonances in the production of mesons and dielectrons, both in vacuum and in medium.
There are three main motivations for pion beam experiments in the SIS18 energy range,
which are intimately connected.

Baryon-meson couplings
Together with photon-nucleon reactions, pion-nucleon reactions provide direct information
on the electromagnetic and hadronic couplings of baryonic resonances, which are related
to their intrinsic structure in terms of quarks and gluons through hadron-structure models.
While the data base for photon-induced reactions has been continuously developed in the
past years, the progress in the determination of the baryon spectrum and related decay
properties is currently limited by the lack of precise data from pion beam experiments
[1]. HADES is at this moment the only facility world-wide which combines a pion beam
with dielectron spectroscopy, an excellent particle identification and good secondary vertex
reconstruction capabilities. The pion beam program we want to pursue at GSI therefore acts
as a precursor for existing and future meson beam facilities for baryon spectroscopy [2, 1].

A better determination of the couplings of baryonic resonances to ⇢N and !N final states
is particularly important for the understanding of the emissivity of hot and dense nuclear
matter due to the important role of intermediary vector mesons in dilepton emission. In
particular baryon-⇢ interactions are known to strongly contribute to the observed melting
of the ⇢ meson in the fireball formed in heavy-ion collisions from SIS18 to LHC energies [3].
A detailed understanding of these effects requires microscopic calculations which rely on
these couplings.

Figure 1: Left: ⇡�
+p cross sections showing the three peaks corresponding to the �(1232), the second and

the third resonance regions respectively. Right: (a) Sketch of a time-like electromagnetic baryon transition in the

⇡�
+p reaction at a given four-momentum transfer q

2 =Mee
2
. (b) illustration of the two-component form factor

model, consisting of a point-like photon coupling and an electromagnetic interaction mediated by vector mesons,

according to the Vector Dominance Model (VMD).

Electromagnetic Baryon Transitions in the time-like regime
HADES experiments performed in the last years in proton-nucleus [4] or nucleus-nucleus [3]
reactions have demonstrated an excess radiation of e+e� above conventional sources, for
invariant masses below the vector meson poles, attributed to emission out of the hot and

Hyperons electromagnetic decays Y→Λγ* and Y→Λγ.  electromagnetic Transition Form Factors (eTFF)

 eTFF are sensitive probes oh hyperon internal structure

Space-like region |Q2|>0 is inaccessible for excited hyperons (as target or beam)

Time-like high |Q2| is probed by electron-positron annihilation (BaBar, CLEO_C, 

BESIII)

Time-like low |Q2| available via Dalitz decays in HADES, sensitivity to Vector 

Meson (//) – Vector Dominance Model  → pion/kaon cloud contributions

Measure  w.r.t. QED model


Combine with  data providing 
 couplings (PWA)


Extract Spin Density Matrix Elements

dσ/dMee

π+π−

N*Nρ

Role of meson cloud?

Validity of Vector Meson Dominance?
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Fig 8: (Left panel) Dilepton excess yield in the low invariant mass region identified as the modified - -spectral function. 
Different theoretical calculations are compared to the data measured by HADES in AuAu collisions at = 2.42 GeV 
[HADES, Nature Phys. 15, 1040 (2019)]. (Right) Invariant mass of pairs from N*->Nℽ*->Ne+e- normalized by the 
QED prediction for point-like transitions [HADES Coll., arXiv:2205.15914 ] . 
 
The slope of the dilepton invariant mass spectrum is closely related to the temperature of the 
thermal medium. In contrast to the slope of hadron and dilepton transverse-mass spectra, this 
observable is not blue-shifted and thus is easier to interpret. HADES has measured in Au+Au 
collisions the dilepton excess above known hadronic sources and has determined an average 
temperature of <T> = 72 +- 4 MeV. This should be compared to the higher temperature of,  <T> 
= 205 +- 12 MeV extracted by NA60 for the fireball produced in  In+In collisions at   sNN= 17.3 
GeV. Precision measurements of this spectrum at various centre-of-mass energies are of interest 
since they might be sensitive to the crossing of a first-order phase boundary. 
  
Recently, measurements of production yields of hyperons with multi-strange content and their 
polarization have been employed to test various theoretical predictions based on hydrodynamic 
and (microscopic) transport-model calculations. Figure 9 (left panel) shows the excitation function 
of polarization compared to 3-D fluid calculations based on different equations of state for a 
hadronic, crossover and 1-order phase transition and calculations assuming a direct connection 
between the polarization vector and the thermal vorticity in thermal equilibrium. As one can see 
the largest signal is measured at low energies (HADES) but the data quality is still not sufficient 
to discriminate between models and this calls for future high-precision data. 
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The HADES Spectrometer
High-Acceptance Di-Electron Spectrometer
Versatile detector operating at GSI at SIS18 since 2001 allowing to study both hadron
and heavy-ion physics

• Precision spectroscopy of e+e− pairs and charged hadrons and calorimetry
• Perfect for hyperon structure studies

• pp, heavy ion (e.g. Ag-Ag, Au-Au) and pion induced reactions
• Hyperons are produced and used as probes for in-medium properties

• Acceptance of detector: ∼15-85◦ + extended with a forward detector at lower angles for
pp data @ Tbeam = 4.5 GeV

• Important for detection of hyperon decay products

ΛK0
S analysis by S. Pattnaik (GSI)

Jenny Taylor (GSI) Exclusive Hyperon Reconstruction at HADES Winter Meeting, 2024 2 / 14

π, p, d…(SIS18)

2025-20xx?

V. SHKLYAR, H. LENSKE, AND U. MOSEL PHYSICAL REVIEW C 93, 045206 (2016)

In addition, several meson exchange models have also
been used to attack the problem [43,44]. The authors of
Ref. [43] apply a tree-level parametrization to evaluate two-
pion production. It is interesting that the authors do not use
the Breit-Wigner parametrization but obtain the vertices and
the propagators at the tree-level diagrams by solving dynam-
ical equations. In addition to N∗(1440), several additional
states have also been included into the calculations. Close
to threshold the findings of Ref. [43] demonstrate a nice
agreement with experiment. These results also support a large
contribution from the Roper resonance to the π−p → π+π−n
and π−p → π0π0n reactions, which is in line with the
conclusions of Refs. [33,37]. Though the authors of Ref. [43]
do not give their decay branching ratios for resonance decays,
one might expect a sizable N

1
2 +(1440) → σn decay fraction

from the large gσNN(1440) ≫ gπ#(1232)N(1440) coupling constant
in Ref. [43].

Another dynamical approach to solve the coupled-
channels problem for the two-pion production is presented
in Refs. [45,46]. This approach is close in spirit to that in
Ref. [36]. The model aims to go beyond the isobar approxi-
mation having both dispersive contributions and unitarity cuts
under control.

Because the full calculations require large computation
efforts, only a limited amount of γ /πN → ππn experimental
data has been analyzed; see Refs. [47,48] and references
therein. One of the complications reported in Ref. [45] is
the appearance of the moving singularity in the scattering
amplitude. Presently it is not clear whether the phenomena has
a physical origin or is related to the treatment of the scattering
problem in the Euclidean space.

III. COUPLED-CHANNELS UNITARY MODEL FOR
π N → 2π N SCATTERING

A. The issue of unitarity

Unitarity is a one of the important key issues in the partial-
wave analysis. This constraint is maintained in a coupled-
channels treatment of the scattering problem. The requirement
that the sum of all transition probabilities should be 1 leads to
the condition SS+ = 1 for the scattering S matrix. This gives

− i(T − T +) = T T + (1)

for the T matrix in the operator form. On the amplitude level
it leads to a relation between the imaginary part of the elastic
scattering amplitude and the transition probability summed
over all elastic and inelastic asymptotic channels,

ImTii =
∑

j

TijT
+
ij =

∑

j

|Tij |2, (2)

where indices i,j denote incoming and outgoing asymptotic
final states, e.g., πN , 2πN , etc., and their quantum numbers.
The summation in Eq. (2) stands for summation over spin,
isospin, and integration over intermediate particle momenta.
From the form of relation Eq. (2) follows that the scattering
amplitude T is a matrix of dimension N × N , where N is
the number of all open channels and independent spin-isospin
combinations.

For the sake of simplicity we consider here πN scattering
below the 3πN threshold. Then only πN and 2πN final states
are important on the right side of Eq. (2); the electromagnetic
processes can be neglected. The quantity Tii denotes a
scattering amplitude for elastic transitions where all quantum
numbers (including momenta) of the particles in the in state
are identical to those in the out state. This can only take
place for the elastic scattering at forward directions. Then, for
the elastic πN scattering one can write Tii = T els.

πN (0), where
T els.

πN (0) is the πN elastic scattering amplitude for forward
angles. Equation (2) can be rewritten in the form of the optical
theorem

ImT els.
πN (0) = k2

4π
(σπN→πN + σπN→2πN ), (3)

where k is a c.m. momentum of the initial πN state and
σπN→πN and σπN→2πN denote the total πN → πN and
πN → 2πN cross sections, respectively. For higher energies
the right-hand side of Eq. (3) can include contributions from
other open channels. The importance of the optical theorem
for the data analysis can be seen after the partial-wave
decomposition of Eq. (3),

ImT JP
πN = k2

4π

(
σ JP

πN→πN + σ JP
πN→2πN

)
, (4)

where the subscripts J and P stand for the total spin and
the parity. As a consequence, the imaginary part of the
given elastic πN partial wave is a sum over all elastic and
inelastic total partial-wave cross sections. The results of GiM
calculations [5–9] are shown in Fig. 1. All reactions turn out
to be linked via Eq. (3) and its PWA version, Eq. (4). The
largest inelastic contribution to the left-hand part of Eqs. (3)
and (4) comes from the πN → 2πN reactions. Hence, it is
very important that the 2πN channel is included in the PWA
for the baryon resonance analysis. In our earlier work the
2πN final state was treated as a “generic” channel to control
inelasticities associated with the πN → 2πN reaction; see
Refs. [3,4]. Here we discuss the extension of the model to
incorporate the 2πN channel within the isobar approximation.

1 1.2 1.4 1.6 1.8 2

√⎯
S    (GeV)

0.01

0.1

1

10

 σ
  (

m
b)

π−p->nπ−π+

π−p->ηn

π−p->ωn

π+p->K+Σ+
π−p->K0Λ

GiM vs.experiment

πΝ−>πΝ

FIG. 1. Total cross sections for pion-induced reactions calculated
in Giessen model [5–9] vs experimental data.
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Pion beam facility @ GSI

 reaction N+Be,  8-10*1010 N2  ions/spill (4s) 

 secondary ⌃� with I ~ 2-3 105/s  

 p = 650, 685, 733, 786 (+/- 1) MeV/c 

 PE (CH2 )n   and C targets 

Eur. Phys. J. A 53, 188 (2017) 

polyethylen 

(CH2)n  and C

 selectivity: producion of resonance with given mass in s-channel
 2-pion channels: ⌃-p→ n⌃+⌃-,  ⌃-p→ p⌃�⌃0 (                               )

- complete the very scarce pion beam data base for hadronic                 

  couplings
 dilepton channel R→ Ne+e-,  never measured in pion induced 

reactions -  time-like electromagnetic structure of baryons 

√s=1.46−1.55GeV

2nd resonance region

Pion-beam facility!

2014
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FIG. 2. (a) d�/dMe+e� for the ⇡�+CH2 reaction integrated
in the HADES acceptance over the missing mass range [900-
1030] MeV/c2. Full triangles: total yields, full squares: after
subtraction of the ⇡0 Dalitz decay contribution (⇡0[�e+e�]).
The curves display the simulations for point-like baryon Dalitz
decay (”QED reference”, orange dashed-dotted curve), ⇡0

Dalitz decay (black dotted curve) and the sum (black solid
curve). (b) d�/dMe+e� for the quasi-free ⇡�p! ne+e�

reaction integrated over the missing mass range [900-1030]
MeV/c2after normalisation by the number of e↵ective protons
and acceptance corrections. Gray triangles up (blue triangles
down): e+e� yields deduced from the ⇡�p ! ⇢n PWA con-
tribution [36] using VMD2 (VMD1). Orange dashed-dotted
curve: QED reference (d�/dMe+e�)QED, gray dashed area:
VMD2 model with d-wave contribution varied from 0 (full
curve) to 10% (dashed curve), blue colored area (cyan curve):
same for VMD1 models with constructive (incoherent) sum of
⇢ and � contributions, long dash-dot-dot-dashed blue curve:
⇢ contribution to the VMD1 model. Calculations using the
timelike Form-Factor model (red solid curve) and the La-
grangian model (green long dashed curve) are also shown. (c)
Ratios (d�/dMe+e�)/(d�/dMe+e�)QED. The same marker
and curve styles apply as in panel (b). Symbols with vertical
and horizontal bars show the data with total and systematic
point-to-point errors, respectively and curves display simula-
tions with absolute normalisation in all panels.

Our results are also compared to the microscopic calcu-
lation of [46] based on an e↵ective Lagrangian approach,
taking into account various resonant and non-resonant
amplitudes in a coherent way using the N?N⇢ couplings

derived from the PWA [36]. A salient feature of this
model is the application of the two-component VMD1
model to all baryon-photon couplings. Choosing a rel-
ative phase of 90� between the resonant � and ⇢ am-
plitudes, a good description of the e+e� production is
achieved, as shown by the green long dashed curve in
Figs. 2b and c. The calculation was performed for the free
⇡�p! ne+e� reaction which might explain the peak-like
structure at large invariant masses. One has however to
consider that these calculations have not yet been con-
fronted with the measured two-pion production. More-
over, this model accommodates a strong contribution of
non-resonant Born terms in the dilepton production, in
contrast to the PWA analysis of the ⇡�p ! n⇢ channel
[36], where the main contributions are due to N(1520)
and (to a smaller extent) to N(1535) excitation in the
s-channel.
Simulations based on the eTFF model [47, 48] for

these resonances also give a satisfactory description of
the data, which demonstrates that the dominant meson
cloud contribution is taken into account in a realistic
way. As the evolution of the e↵ective eTFF is mainly
driven by the pion electromagnetic form factor, this cal-
culation provides an independent VMD approach for the
⇡�p! ne+e� reaction.
The measured e+e� cross section for Me+e� ⇡ 500

MeV/c2 is more than two orders of magnitude larger than
the calculations of [51], which were based on a very low
o↵-shell ⇢ cross section and strong destructive interfer-
ences with o↵-shell ! production. The calculations of
[52], which were performed for

p
s larger than 1.6 GeV,

also predicted large negative interferences between ⇢ and
!, though with a larger ⇢ yield.
The ”QED reference” model was used to extrapolate

the experimental di↵erential cross section at small in-
variant masses (Me+e� < 100 MeV/c2). In this way, a
total cross section for the free ⇡�p! ne+e� reaction of
� = (2.97 ± 0.07data ± 0.21acc ± 0.31Zeff )µb can be de-
duced, where the errors are due to uncertainties of the
measurement, the acceptance correction and the e↵ective
number of protons, respectively. The ratio of the inte-
grated experimental and ”QED reference” cross sections,
which can be attributed to an e↵ective eTFF, amounts
to 1.35 ± 0.03 (data) ± 0.02 (acceptance).
Angular distributions. Further information on the

nature of the timelike electromagnetic transitions in the
⇡�p! ne+e� reaction can be obtained from the angu-
lar distributions. A convenient parameterization of the
di↵erential cross sections d4�/d⇥�⇤dMe+e�d cos⇥ d� /
|A|2 is provided by the density matrix formalism [46, 53,
54] with the relevant dependencies of the mod-squared
amplitude at given value of Me+e� and polar angle (⇥�⇤)
of the virtual photon in the center-of-mass frame:

|A|2 / 8k2
⇥
1� ⇢11 + (3⇢11 � 1) cos2 ⇥.

+
p
2Re⇢10 sin 2⇥ cos�+Re⇢1�1 sin

2 ⇥ cos 2�
⇤
. (3)

“2014” highlights: 
• PWA  
• 8 PDG entries on N(1440,1520,1535) 

• E.m. transition form factor 



• Unique test of VMD models!

π−p → Nππ

N(1520) → Ne+e−

arXiv:2205.15914 + PRC102, 024001

Joachim Stroth | EMMI – Physics opportunities with proton beam | WuppertalFebruary, 2024

]2 invariant mass [GeV/c-e+e
0 0.2 0.4 0.6 0.8 1 1.2

-1 ]2
 [

G
e

V
/c

e
e

/d
M

e
xc

e
ss

π4
 d

N
0
π

1
/N

8−10

7−10

6−10

5−10

4−10

3−10

2−10

HADES data 0-40%

 spectral functionρin-medium 

)〉T〈/ee exp(-M× 3/2
eeM

=2.42 GeVNNsAu+Au 
B2.1 MeV/k± = 71.8〉fireballT〈

Thermal dileptons Au+Au 1.23A GeV (HADES)
0.3 < M < 0.7 GeV: 
o In-medium spect. funct. 
o fireball life time 
o fireball temperature(1)

M > 1 GeV/c2: 
o ρ – a1 chiral mixing 
o dominated by contribution 

from the hottest and 
densest region

Coarse-grained UrQMD & thermal emissivity 
with in-medium propagator
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Rapp, van Hees; arXiv:1411.4612v  
CG GSI-TAMU; Galatyuk, Seck, et al.;  arXiv:1512.08688

HADES; Nature Phys. 15 (2019) 10, 1040-1045

See talks at this conference:


• Szymon Harabasz, Monday 13:30

• Iza Ciepal, Tuesday 9:30

• Jana Rieger, Tuesday 14:25

Dominant : N*(1520) → Ne+e−Thermal emissivity 
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etFF of baryons: models

  Covariant quark model +VMD 
T. Pena & G. Ramalho

quark core

R N    R    N* N

 
pion cloud

 

N-⇥(1232): Phys.Rev. D93, 033004 (2016) 

N-N(1520): Phys. Rev. D95, 014003 (2017) 

N-N(1535): Phys.Rev. D101, 114008 (2020)

VMD:

quark FF

pion FF

Two-component Lagrangian model 

           M. Zetenyi & G. Wolf 

⌃

PRC 86, 065209 (2012)

PRC 104, 015201 (2021)

microscopic calculations of ⌃N→ Ne+e-

Born terms

baryon resonances

N(1440)

N(1520)

N(1535)

2-component VMD:

S. Leupold
arXiv:2401.17756 (2024) 

Dispersion theory
S. Leupold et al.

D→Ne+e- 
9

etFF of baryons: models

  Covariant quark model +VMD 
T. Pena & G. Ramalho

quark core

R N    R    N* N

 
pion cloud

 

N-⇥(1232): Phys.Rev. D93, 033004 (2016) 

N-N(1520): Phys. Rev. D95, 014003 (2017) 

N-N(1535): Phys.Rev. D101, 114008 (2020)

VMD:

quark FF

pion FF

Two-component Lagrangian model 

           M. Zetenyi & G. Wolf 

⌃

PRC 86, 065209 (2012)

PRC 104, 015201 (2021)

microscopic calculations of ⌃N→ Ne+e-

Born terms

baryon resonances

N(1440)

N(1520)

N(1535)

2-component VMD:

S. Leupold
arXiv:2401.17756 (2024) 

Dispersion theory
S. Leupold et al.

D→Ne+e- 

16

 excess over point-like QED

 2-component VMD (VMD1) gives 

reasonable description
 Lagrangian model – very promising

 Time-like FF -  dominant pion cloud 

contribution (pion emFF)

 VMD2  (strict VMD) 

    overestimates  data below 400 MeV  

    (used in HI transport models)

HADES Coll. arXiv:2205.15914 [nucl-ex]

HADES Coll. arXiv:2309.13357 [nucl-ex]

 M
ee

 < 200 MeV/c2  data 

consistent  with QED 
 strong excess at large M

ee 

(up to factor 5)

Effective time-like transition form factor

8

Dalitz decays of baryon resonances 

 QED “point-like”

    R-↵* vertex

M. Zetenyi et al.,  
PRC 67, 044002 (2003)

Vector Meson Dominance Models (VMD)

Kroll, Lee & Zuminio 

Phys. Rev. 157,  1376 (1967)
 2-component VMD (VMD1)

 N⇤ and N↵ couplings
 used in calculations of in-medium spectral functions

Sakurai, Phys. Rev 22 (1969) 981

M. I. Krivoruchenko et al.,

Ann. Phys. 296, 299 (2002)

 strict VMD (VMD2)

 N⇤ coupling
 used in HI transport models

Baryons Dalitz decays – (Hades), calculations of eTFF based on VMD:

 

hadrons              photons

(GeV/c2)
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Fig 8: (Left panel) Dilepton excess yield in the low invariant mass region identified as the modified - -spectral function. 
Different theoretical calculations are compared to the data measured by HADES in AuAu collisions at = 2.42 GeV 
[HADES, Nature Phys. 15, 1040 (2019)]. (Right) Invariant mass of pairs from N*->Nℽ*->Ne+e- normalized by the 
QED prediction for point-like transitions [HADES Coll., arXiv:2205.15914 ] . 
 
The slope of the dilepton invariant mass spectrum is closely related to the temperature of the 
thermal medium. In contrast to the slope of hadron and dilepton transverse-mass spectra, this 
observable is not blue-shifted and thus is easier to interpret. HADES has measured in Au+Au 
collisions the dilepton excess above known hadronic sources and has determined an average 
temperature of <T> = 72 +- 4 MeV. This should be compared to the higher temperature of,  <T> 
= 205 +- 12 MeV extracted by NA60 for the fireball produced in  In+In collisions at   sNN= 17.3 
GeV. Precision measurements of this spectrum at various centre-of-mass energies are of interest 
since they might be sensitive to the crossing of a first-order phase boundary. 
  
Recently, measurements of production yields of hyperons with multi-strange content and their 
polarization have been employed to test various theoretical predictions based on hydrodynamic 
and (microscopic) transport-model calculations. Figure 9 (left panel) shows the excitation function 
of polarization compared to 3-D fluid calculations based on different equations of state for a 
hadronic, crossover and 1-order phase transition and calculations assuming a direct connection 
between the polarization vector and the thermal vorticity in thermal equilibrium. As one can see 
the largest signal is measured at low energies (HADES) but the data quality is still not sufficient 
to discriminate between models and this calls for future high-precision data. 
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The HADES Spectrometer
High-Acceptance Di-Electron Spectrometer
Versatile detector operating at GSI at SIS18 since 2001 allowing to study both hadron
and heavy-ion physics

• Precision spectroscopy of e+e− pairs and charged hadrons and calorimetry
• Perfect for hyperon structure studies

• pp, heavy ion (e.g. Ag-Ag, Au-Au) and pion induced reactions
• Hyperons are produced and used as probes for in-medium properties

• Acceptance of detector: ∼15-85◦ + extended with a forward detector at lower angles for
pp data @ Tbeam = 4.5 GeV

• Important for detection of hyperon decay products

ΛK0
S analysis by S. Pattnaik (GSI)

Jenny Taylor (GSI) Exclusive Hyperon Reconstruction at HADES Winter Meeting, 2024 2 / 14

π, p, d…(SIS18)
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In addition, several meson exchange models have also
been used to attack the problem [43,44]. The authors of
Ref. [43] apply a tree-level parametrization to evaluate two-
pion production. It is interesting that the authors do not use
the Breit-Wigner parametrization but obtain the vertices and
the propagators at the tree-level diagrams by solving dynam-
ical equations. In addition to N∗(1440), several additional
states have also been included into the calculations. Close
to threshold the findings of Ref. [43] demonstrate a nice
agreement with experiment. These results also support a large
contribution from the Roper resonance to the π−p → π+π−n
and π−p → π0π0n reactions, which is in line with the
conclusions of Refs. [33,37]. Though the authors of Ref. [43]
do not give their decay branching ratios for resonance decays,
one might expect a sizable N

1
2 +(1440) → σn decay fraction

from the large gσNN(1440) ≫ gπ#(1232)N(1440) coupling constant
in Ref. [43].

Another dynamical approach to solve the coupled-
channels problem for the two-pion production is presented
in Refs. [45,46]. This approach is close in spirit to that in
Ref. [36]. The model aims to go beyond the isobar approxi-
mation having both dispersive contributions and unitarity cuts
under control.

Because the full calculations require large computation
efforts, only a limited amount of γ /πN → ππn experimental
data has been analyzed; see Refs. [47,48] and references
therein. One of the complications reported in Ref. [45] is
the appearance of the moving singularity in the scattering
amplitude. Presently it is not clear whether the phenomena has
a physical origin or is related to the treatment of the scattering
problem in the Euclidean space.

III. COUPLED-CHANNELS UNITARY MODEL FOR
π N → 2π N SCATTERING

A. The issue of unitarity

Unitarity is a one of the important key issues in the partial-
wave analysis. This constraint is maintained in a coupled-
channels treatment of the scattering problem. The requirement
that the sum of all transition probabilities should be 1 leads to
the condition SS+ = 1 for the scattering S matrix. This gives

− i(T − T +) = T T + (1)

for the T matrix in the operator form. On the amplitude level
it leads to a relation between the imaginary part of the elastic
scattering amplitude and the transition probability summed
over all elastic and inelastic asymptotic channels,

ImTii =
∑

j

TijT
+
ij =

∑

j

|Tij |2, (2)

where indices i,j denote incoming and outgoing asymptotic
final states, e.g., πN , 2πN , etc., and their quantum numbers.
The summation in Eq. (2) stands for summation over spin,
isospin, and integration over intermediate particle momenta.
From the form of relation Eq. (2) follows that the scattering
amplitude T is a matrix of dimension N × N , where N is
the number of all open channels and independent spin-isospin
combinations.

For the sake of simplicity we consider here πN scattering
below the 3πN threshold. Then only πN and 2πN final states
are important on the right side of Eq. (2); the electromagnetic
processes can be neglected. The quantity Tii denotes a
scattering amplitude for elastic transitions where all quantum
numbers (including momenta) of the particles in the in state
are identical to those in the out state. This can only take
place for the elastic scattering at forward directions. Then, for
the elastic πN scattering one can write Tii = T els.

πN (0), where
T els.

πN (0) is the πN elastic scattering amplitude for forward
angles. Equation (2) can be rewritten in the form of the optical
theorem

ImT els.
πN (0) = k2

4π
(σπN→πN + σπN→2πN ), (3)

where k is a c.m. momentum of the initial πN state and
σπN→πN and σπN→2πN denote the total πN → πN and
πN → 2πN cross sections, respectively. For higher energies
the right-hand side of Eq. (3) can include contributions from
other open channels. The importance of the optical theorem
for the data analysis can be seen after the partial-wave
decomposition of Eq. (3),

ImT JP
πN = k2

4π

(
σ JP

πN→πN + σ JP
πN→2πN

)
, (4)

where the subscripts J and P stand for the total spin and
the parity. As a consequence, the imaginary part of the
given elastic πN partial wave is a sum over all elastic and
inelastic total partial-wave cross sections. The results of GiM
calculations [5–9] are shown in Fig. 1. All reactions turn out
to be linked via Eq. (3) and its PWA version, Eq. (4). The
largest inelastic contribution to the left-hand part of Eqs. (3)
and (4) comes from the πN → 2πN reactions. Hence, it is
very important that the 2πN channel is included in the PWA
for the baryon resonance analysis. In our earlier work the
2πN final state was treated as a “generic” channel to control
inelasticities associated with the πN → 2πN reaction; see
Refs. [3,4]. Here we discuss the extension of the model to
incorporate the 2πN channel within the isobar approximation.
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10
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  (

m
b)

π−p->nπ−π+

π−p->ηn

π−p->ωn

π+p->K+Σ+
π−p->K0Λ

GiM vs.experiment

πΝ−>πΝ

FIG. 1. Total cross sections for pion-induced reactions calculated
in Giessen model [5–9] vs experimental data.
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Pion beam facility @ GSI

 reaction N+Be,  8-10*1010 N2  ions/spill (4s) 

 secondary ⌃� with I ~ 2-3 105/s  

 p = 650, 685, 733, 786 (+/- 1) MeV/c 

 PE (CH2 )n   and C targets 

Eur. Phys. J. A 53, 188 (2017) 

polyethylen 

(CH2)n  and C

 selectivity: producion of resonance with given mass in s-channel
 2-pion channels: ⌃-p→ n⌃+⌃-,  ⌃-p→ p⌃�⌃0 (                               )

- complete the very scarce pion beam data base for hadronic                 

  couplings
 dilepton channel R→ Ne+e-,  never measured in pion induced 

reactions -  time-like electromagnetic structure of baryons 

√s=1.46−1.55GeV

2nd resonance region

Pion-beam facility!

2014
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FIG. 2. (a) d�/dMe+e� for the ⇡�+CH2 reaction integrated
in the HADES acceptance over the missing mass range [900-
1030] MeV/c2. Full triangles: total yields, full squares: after
subtraction of the ⇡0 Dalitz decay contribution (⇡0[�e+e�]).
The curves display the simulations for point-like baryon Dalitz
decay (”QED reference”, orange dashed-dotted curve), ⇡0

Dalitz decay (black dotted curve) and the sum (black solid
curve). (b) d�/dMe+e� for the quasi-free ⇡�p! ne+e�

reaction integrated over the missing mass range [900-1030]
MeV/c2after normalisation by the number of e↵ective protons
and acceptance corrections. Gray triangles up (blue triangles
down): e+e� yields deduced from the ⇡�p ! ⇢n PWA con-
tribution [36] using VMD2 (VMD1). Orange dashed-dotted
curve: QED reference (d�/dMe+e�)QED, gray dashed area:
VMD2 model with d-wave contribution varied from 0 (full
curve) to 10% (dashed curve), blue colored area (cyan curve):
same for VMD1 models with constructive (incoherent) sum of
⇢ and � contributions, long dash-dot-dot-dashed blue curve:
⇢ contribution to the VMD1 model. Calculations using the
timelike Form-Factor model (red solid curve) and the La-
grangian model (green long dashed curve) are also shown. (c)
Ratios (d�/dMe+e�)/(d�/dMe+e�)QED. The same marker
and curve styles apply as in panel (b). Symbols with vertical
and horizontal bars show the data with total and systematic
point-to-point errors, respectively and curves display simula-
tions with absolute normalisation in all panels.

Our results are also compared to the microscopic calcu-
lation of [46] based on an e↵ective Lagrangian approach,
taking into account various resonant and non-resonant
amplitudes in a coherent way using the N?N⇢ couplings

derived from the PWA [36]. A salient feature of this
model is the application of the two-component VMD1
model to all baryon-photon couplings. Choosing a rel-
ative phase of 90� between the resonant � and ⇢ am-
plitudes, a good description of the e+e� production is
achieved, as shown by the green long dashed curve in
Figs. 2b and c. The calculation was performed for the free
⇡�p! ne+e� reaction which might explain the peak-like
structure at large invariant masses. One has however to
consider that these calculations have not yet been con-
fronted with the measured two-pion production. More-
over, this model accommodates a strong contribution of
non-resonant Born terms in the dilepton production, in
contrast to the PWA analysis of the ⇡�p ! n⇢ channel
[36], where the main contributions are due to N(1520)
and (to a smaller extent) to N(1535) excitation in the
s-channel.
Simulations based on the eTFF model [47, 48] for

these resonances also give a satisfactory description of
the data, which demonstrates that the dominant meson
cloud contribution is taken into account in a realistic
way. As the evolution of the e↵ective eTFF is mainly
driven by the pion electromagnetic form factor, this cal-
culation provides an independent VMD approach for the
⇡�p! ne+e� reaction.
The measured e+e� cross section for Me+e� ⇡ 500

MeV/c2 is more than two orders of magnitude larger than
the calculations of [51], which were based on a very low
o↵-shell ⇢ cross section and strong destructive interfer-
ences with o↵-shell ! production. The calculations of
[52], which were performed for

p
s larger than 1.6 GeV,

also predicted large negative interferences between ⇢ and
!, though with a larger ⇢ yield.
The ”QED reference” model was used to extrapolate

the experimental di↵erential cross section at small in-
variant masses (Me+e� < 100 MeV/c2). In this way, a
total cross section for the free ⇡�p! ne+e� reaction of
� = (2.97 ± 0.07data ± 0.21acc ± 0.31Zeff )µb can be de-
duced, where the errors are due to uncertainties of the
measurement, the acceptance correction and the e↵ective
number of protons, respectively. The ratio of the inte-
grated experimental and ”QED reference” cross sections,
which can be attributed to an e↵ective eTFF, amounts
to 1.35 ± 0.03 (data) ± 0.02 (acceptance).
Angular distributions. Further information on the

nature of the timelike electromagnetic transitions in the
⇡�p! ne+e� reaction can be obtained from the angu-
lar distributions. A convenient parameterization of the
di↵erential cross sections d4�/d⇥�⇤dMe+e�d cos⇥ d� /
|A|2 is provided by the density matrix formalism [46, 53,
54] with the relevant dependencies of the mod-squared
amplitude at given value of Me+e� and polar angle (⇥�⇤)
of the virtual photon in the center-of-mass frame:

|A|2 / 8k2
⇥
1� ⇢11 + (3⇢11 � 1) cos2 ⇥.

+
p
2Re⇢10 sin 2⇥ cos�+Re⇢1�1 sin

2 ⇥ cos 2�
⇤
. (3)

“2014” highlights: 
• PWA  
• 8 PDG entries on N(1440,1520,1535) 

• E.m. transition form factor 



• Unique test of VMD models!

π−p → Nππ

N(1520) → Ne+e−
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FIG. 3. Results of the analysis of the e+ and e� angular
distributions in the quasi-free ⇡�p! ne+e� reaction at

p
s =

1.49 GeV. Spin density matrix elements ⇢11 (red symbols),
⇢10 (green symbols) and ⇢1�1 (blue symbols) extracted for
e+e� events with Me+e�> 300 MeV/c2, are compared to the
predictions of the model [46] for ⇢11 (full curve), ⇢10 (dash-
dotted curve) and ⇢1�1 (dashed curve).

Here, k, ⇥ and � denote the momentum, the polar and
azimuthal angles of the electron in the virtual photon
reference frame, respectively, and ⇢11,10,1�1 are the three
independent density matrix coe�cients. A method to
extract these quantities from a fit to experimental data
has been developed taking into account acceptance and
detector ine�ciency e↵ects [41, 43, 54]. Although the
statistics of the measurement is limited, the coe�cients
can be extracted as a function of the �? emission angle in
the center-of-mass forMe+e� > 300 MeV/c2, as shown in
Fig. 3. The significant deviations of ⇢11 from 0.5 and ⇢10
from 0 clearly demonstrate the contributions of virtual
photons with longitudinal polarization, in contrast to real
photons. The angular dependence of the coe�cients indi-
cate important contributions of spins larger than 1/2, in
agreement with the dominance of the N(1520) resonance
in the ⇢ production, which was found in the PWA of
the two-pion production [36]. The results are also com-
pared to the predictions of the Lagrangian model [46]
for an invariant mass Me+e�= 400 MeV/c2 and a phase
� = 90� between the photon and ⇢ contribution, to be
consistent with the comparison of invariant mass distri-
butions (Fig. 2). The main trend of the data is accounted
for, which indicates a realistic description of the virtual
photon polarization and a dominant J=3/2 contribution
in the model.

Summary. In summary, e+e� production has been
measured for the first time in pion induced reactions
at a momentum of 0.685 GeV/c, opening a window on
the timelike electromagnetic structure of baryon tran-
sitions in the second resonance region. The data for
the quasi-free ⇡�p! ne+e� reaction are consistent with
the ⇡�p ! �n results for invariant masses below 250
MeV/c2, while an excess by up to a factor 5 is observed

for larger invariant masses, demonstrating the strong ef-
fect of eTFF. Taking advantage of the existing PWA so-
lution for the two-pion production in the same experi-
ment [36], a quantitative verification of models based on
VMD could be achieved. In particular, a ”strict VMD”
approach, based on the VMD2 Lagrangian with mass in-
dependent � � ⇢ coupling constant [11], strongly overes-
timates the e+e� yield below 300 MeV/c2. As VMD2 is
widely used in several transport models, this result might
have an important impact on predictions of e+e� yields
in exclusive hadronic reactions or on calculations of the
in-medium emission of e+e� pairs in heavy-ion reactions.
The two-component approach, based on the coherent sum
of a direct photon and a ⇢ amplitude derived from the
VMD1 Lagrangian [13], allows for a better description of
our data over the full e+e� invariant mass range. The na-
ture of the transition, with a dominant contribution from
N-N(1520) is corroborated by the extraction of the spin
density matrix elements. A Lagrangian model based on
the two-component approach for each resonant and non-
resonant contribution, albeit with an apparently di↵erent
interference scheme between the � and ⇢ amplitudes than
in our model provides a fair description of the invariant
mass distribution and the spin density matrix elements.
The strength of the Born term should however be con-
fronted by the PWA results on two pion production. The
e↵ective eTFF which can be derived from our data is
found to be in good agreement with the predictions of
meson cloud e↵ects in a covariant eTFF model [48, 55].
While these pioneering results call for systematic studies
of baryon transitions with higher statistics using pion-
induced e+e� production, the present data base can be
already used as a crucial benchmark for the models of
e+e� production and in-medium ⇢ meson spectral func-
tion.
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Virtual photon polarization

 SDME ⇤11, ⇤10, ⇤1�1 extracted from experiment taking into account acceptance 

and efficiency  (A. Sarantsev) in 3 bins in cos◆↵

 ⇤11= 0.5, ⇤10= 0 for transverse polarization 
 (real photon) => contribution from virtual photon
 angular dependence 
 → contributions of spins larger than ½:                 

     N(1520) resonance
 more precise data needed !

HADES Coll. arXiv:2205.15914 [nucl-ex]
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Virtual photon polarization

QED: ↵*→ e+e-

angular distribution of e+e- → polarization of ↵* → spin density matrix elements

E. Speranza et al. Phys. Lett. B764, 282 (2017)

⌃N→ N↵*→ Ne+e-

R→N +  ↵*
Angular distribution of the lepton pair:

⇤ (1,-1)

⇤ (1, 0)

⇤ (1, 1)

1

e.g. N(1520)

 ⇤⌘⌘ depends on ↵* polarization

 ⇤⌘⌘ are combination of G
E
, G

M,
, G

C

 the angular distribution is sensitive to JP of the resonance
 can be obtain from fit to the experimental angular distribution
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Spin Density Matrix Elements



The power of pion beams
…and why being so obsessed about it?

Δ++ → pπ+

 
Fig 8: (Left panel) Dilepton excess yield in the low invariant mass region identified as the modified - -spectral function. 
Different theoretical calculations are compared to the data measured by HADES in AuAu collisions at = 2.42 GeV 
[HADES, Nature Phys. 15, 1040 (2019)]. (Right) Invariant mass of pairs from N*->Nℽ*->Ne+e- normalized by the 
QED prediction for point-like transitions [HADES Coll., arXiv:2205.15914 ] . 
 
The slope of the dilepton invariant mass spectrum is closely related to the temperature of the 
thermal medium. In contrast to the slope of hadron and dilepton transverse-mass spectra, this 
observable is not blue-shifted and thus is easier to interpret. HADES has measured in Au+Au 
collisions the dilepton excess above known hadronic sources and has determined an average 
temperature of <T> = 72 +- 4 MeV. This should be compared to the higher temperature of,  <T> 
= 205 +- 12 MeV extracted by NA60 for the fireball produced in  In+In collisions at   sNN= 17.3 
GeV. Precision measurements of this spectrum at various centre-of-mass energies are of interest 
since they might be sensitive to the crossing of a first-order phase boundary. 
  
Recently, measurements of production yields of hyperons with multi-strange content and their 
polarization have been employed to test various theoretical predictions based on hydrodynamic 
and (microscopic) transport-model calculations. Figure 9 (left panel) shows the excitation function 
of polarization compared to 3-D fluid calculations based on different equations of state for a 
hadronic, crossover and 1-order phase transition and calculations assuming a direct connection 
between the polarization vector and the thermal vorticity in thermal equilibrium. As one can see 
the largest signal is measured at low energies (HADES) but the data quality is still not sufficient 
to discriminate between models and this calls for future high-precision data. 
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The HADES Spectrometer
High-Acceptance Di-Electron Spectrometer
Versatile detector operating at GSI at SIS18 since 2001 allowing to study both hadron
and heavy-ion physics

• Precision spectroscopy of e+e− pairs and charged hadrons and calorimetry
• Perfect for hyperon structure studies

• pp, heavy ion (e.g. Ag-Ag, Au-Au) and pion induced reactions
• Hyperons are produced and used as probes for in-medium properties

• Acceptance of detector: ∼15-85◦ + extended with a forward detector at lower angles for
pp data @ Tbeam = 4.5 GeV

• Important for detection of hyperon decay products

ΛK0
S analysis by S. Pattnaik (GSI)

Jenny Taylor (GSI) Exclusive Hyperon Reconstruction at HADES Winter Meeting, 2024 2 / 14

π, p, d…(SIS18)
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In addition, several meson exchange models have also
been used to attack the problem [43,44]. The authors of
Ref. [43] apply a tree-level parametrization to evaluate two-
pion production. It is interesting that the authors do not use
the Breit-Wigner parametrization but obtain the vertices and
the propagators at the tree-level diagrams by solving dynam-
ical equations. In addition to N∗(1440), several additional
states have also been included into the calculations. Close
to threshold the findings of Ref. [43] demonstrate a nice
agreement with experiment. These results also support a large
contribution from the Roper resonance to the π−p → π+π−n
and π−p → π0π0n reactions, which is in line with the
conclusions of Refs. [33,37]. Though the authors of Ref. [43]
do not give their decay branching ratios for resonance decays,
one might expect a sizable N

1
2 +(1440) → σn decay fraction

from the large gσNN(1440) ≫ gπ#(1232)N(1440) coupling constant
in Ref. [43].

Another dynamical approach to solve the coupled-
channels problem for the two-pion production is presented
in Refs. [45,46]. This approach is close in spirit to that in
Ref. [36]. The model aims to go beyond the isobar approxi-
mation having both dispersive contributions and unitarity cuts
under control.

Because the full calculations require large computation
efforts, only a limited amount of γ /πN → ππn experimental
data has been analyzed; see Refs. [47,48] and references
therein. One of the complications reported in Ref. [45] is
the appearance of the moving singularity in the scattering
amplitude. Presently it is not clear whether the phenomena has
a physical origin or is related to the treatment of the scattering
problem in the Euclidean space.

III. COUPLED-CHANNELS UNITARY MODEL FOR
π N → 2π N SCATTERING

A. The issue of unitarity

Unitarity is a one of the important key issues in the partial-
wave analysis. This constraint is maintained in a coupled-
channels treatment of the scattering problem. The requirement
that the sum of all transition probabilities should be 1 leads to
the condition SS+ = 1 for the scattering S matrix. This gives

− i(T − T +) = T T + (1)

for the T matrix in the operator form. On the amplitude level
it leads to a relation between the imaginary part of the elastic
scattering amplitude and the transition probability summed
over all elastic and inelastic asymptotic channels,

ImTii =
∑

j

TijT
+
ij =

∑

j

|Tij |2, (2)

where indices i,j denote incoming and outgoing asymptotic
final states, e.g., πN , 2πN , etc., and their quantum numbers.
The summation in Eq. (2) stands for summation over spin,
isospin, and integration over intermediate particle momenta.
From the form of relation Eq. (2) follows that the scattering
amplitude T is a matrix of dimension N × N , where N is
the number of all open channels and independent spin-isospin
combinations.

For the sake of simplicity we consider here πN scattering
below the 3πN threshold. Then only πN and 2πN final states
are important on the right side of Eq. (2); the electromagnetic
processes can be neglected. The quantity Tii denotes a
scattering amplitude for elastic transitions where all quantum
numbers (including momenta) of the particles in the in state
are identical to those in the out state. This can only take
place for the elastic scattering at forward directions. Then, for
the elastic πN scattering one can write Tii = T els.

πN (0), where
T els.

πN (0) is the πN elastic scattering amplitude for forward
angles. Equation (2) can be rewritten in the form of the optical
theorem

ImT els.
πN (0) = k2

4π
(σπN→πN + σπN→2πN ), (3)

where k is a c.m. momentum of the initial πN state and
σπN→πN and σπN→2πN denote the total πN → πN and
πN → 2πN cross sections, respectively. For higher energies
the right-hand side of Eq. (3) can include contributions from
other open channels. The importance of the optical theorem
for the data analysis can be seen after the partial-wave
decomposition of Eq. (3),

ImT JP
πN = k2

4π

(
σ JP

πN→πN + σ JP
πN→2πN

)
, (4)

where the subscripts J and P stand for the total spin and
the parity. As a consequence, the imaginary part of the
given elastic πN partial wave is a sum over all elastic and
inelastic total partial-wave cross sections. The results of GiM
calculations [5–9] are shown in Fig. 1. All reactions turn out
to be linked via Eq. (3) and its PWA version, Eq. (4). The
largest inelastic contribution to the left-hand part of Eqs. (3)
and (4) comes from the πN → 2πN reactions. Hence, it is
very important that the 2πN channel is included in the PWA
for the baryon resonance analysis. In our earlier work the
2πN final state was treated as a “generic” channel to control
inelasticities associated with the πN → 2πN reaction; see
Refs. [3,4]. Here we discuss the extension of the model to
incorporate the 2πN channel within the isobar approximation.
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FIG. 1. Total cross sections for pion-induced reactions calculated
in Giessen model [5–9] vs experimental data.
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Pion beam facility @ GSI

 reaction N+Be,  8-10*1010 N2  ions/spill (4s) 

 secondary ⌃� with I ~ 2-3 105/s  

 p = 650, 685, 733, 786 (+/- 1) MeV/c 

 PE (CH2 )n   and C targets 

Eur. Phys. J. A 53, 188 (2017) 

polyethylen 

(CH2)n  and C

 selectivity: producion of resonance with given mass in s-channel
 2-pion channels: ⌃-p→ n⌃+⌃-,  ⌃-p→ p⌃�⌃0 (                               )

- complete the very scarce pion beam data base for hadronic                 

  couplings
 dilepton channel R→ Ne+e-,  never measured in pion induced 

reactions -  time-like electromagnetic structure of baryons 

√s=1.46−1.55GeV

2nd resonance region

Pion-beam facility!
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FIG. 2. (a) d�/dMe+e� for the ⇡�+CH2 reaction integrated
in the HADES acceptance over the missing mass range [900-
1030] MeV/c2. Full triangles: total yields, full squares: after
subtraction of the ⇡0 Dalitz decay contribution (⇡0[�e+e�]).
The curves display the simulations for point-like baryon Dalitz
decay (”QED reference”, orange dashed-dotted curve), ⇡0

Dalitz decay (black dotted curve) and the sum (black solid
curve). (b) d�/dMe+e� for the quasi-free ⇡�p! ne+e�

reaction integrated over the missing mass range [900-1030]
MeV/c2after normalisation by the number of e↵ective protons
and acceptance corrections. Gray triangles up (blue triangles
down): e+e� yields deduced from the ⇡�p ! ⇢n PWA con-
tribution [36] using VMD2 (VMD1). Orange dashed-dotted
curve: QED reference (d�/dMe+e�)QED, gray dashed area:
VMD2 model with d-wave contribution varied from 0 (full
curve) to 10% (dashed curve), blue colored area (cyan curve):
same for VMD1 models with constructive (incoherent) sum of
⇢ and � contributions, long dash-dot-dot-dashed blue curve:
⇢ contribution to the VMD1 model. Calculations using the
timelike Form-Factor model (red solid curve) and the La-
grangian model (green long dashed curve) are also shown. (c)
Ratios (d�/dMe+e�)/(d�/dMe+e�)QED. The same marker
and curve styles apply as in panel (b). Symbols with vertical
and horizontal bars show the data with total and systematic
point-to-point errors, respectively and curves display simula-
tions with absolute normalisation in all panels.

Our results are also compared to the microscopic calcu-
lation of [46] based on an e↵ective Lagrangian approach,
taking into account various resonant and non-resonant
amplitudes in a coherent way using the N?N⇢ couplings

derived from the PWA [36]. A salient feature of this
model is the application of the two-component VMD1
model to all baryon-photon couplings. Choosing a rel-
ative phase of 90� between the resonant � and ⇢ am-
plitudes, a good description of the e+e� production is
achieved, as shown by the green long dashed curve in
Figs. 2b and c. The calculation was performed for the free
⇡�p! ne+e� reaction which might explain the peak-like
structure at large invariant masses. One has however to
consider that these calculations have not yet been con-
fronted with the measured two-pion production. More-
over, this model accommodates a strong contribution of
non-resonant Born terms in the dilepton production, in
contrast to the PWA analysis of the ⇡�p ! n⇢ channel
[36], where the main contributions are due to N(1520)
and (to a smaller extent) to N(1535) excitation in the
s-channel.
Simulations based on the eTFF model [47, 48] for

these resonances also give a satisfactory description of
the data, which demonstrates that the dominant meson
cloud contribution is taken into account in a realistic
way. As the evolution of the e↵ective eTFF is mainly
driven by the pion electromagnetic form factor, this cal-
culation provides an independent VMD approach for the
⇡�p! ne+e� reaction.
The measured e+e� cross section for Me+e� ⇡ 500

MeV/c2 is more than two orders of magnitude larger than
the calculations of [51], which were based on a very low
o↵-shell ⇢ cross section and strong destructive interfer-
ences with o↵-shell ! production. The calculations of
[52], which were performed for

p
s larger than 1.6 GeV,

also predicted large negative interferences between ⇢ and
!, though with a larger ⇢ yield.
The ”QED reference” model was used to extrapolate

the experimental di↵erential cross section at small in-
variant masses (Me+e� < 100 MeV/c2). In this way, a
total cross section for the free ⇡�p! ne+e� reaction of
� = (2.97 ± 0.07data ± 0.21acc ± 0.31Zeff )µb can be de-
duced, where the errors are due to uncertainties of the
measurement, the acceptance correction and the e↵ective
number of protons, respectively. The ratio of the inte-
grated experimental and ”QED reference” cross sections,
which can be attributed to an e↵ective eTFF, amounts
to 1.35 ± 0.03 (data) ± 0.02 (acceptance).
Angular distributions. Further information on the

nature of the timelike electromagnetic transitions in the
⇡�p! ne+e� reaction can be obtained from the angu-
lar distributions. A convenient parameterization of the
di↵erential cross sections d4�/d⇥�⇤dMe+e�d cos⇥ d� /
|A|2 is provided by the density matrix formalism [46, 53,
54] with the relevant dependencies of the mod-squared
amplitude at given value of Me+e� and polar angle (⇥�⇤)
of the virtual photon in the center-of-mass frame:

|A|2 / 8k2
⇥
1� ⇢11 + (3⇢11 � 1) cos2 ⇥.

+
p
2Re⇢10 sin 2⇥ cos�+Re⇢1�1 sin

2 ⇥ cos 2�
⇤
. (3)

“2014” highlights: 
• PWA  
• 8 PDG entries on N(1440,1520,1535) 

• E.m. transition form factor 



• Unique test of VMD models!

π−p → Nππ

N(1520) → Ne+e−
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with in-medium propagator
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See talks at this conference:
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Hadron-driven “QCD” physics at FAIR?
…a win-win-win situation
• From heavy-ion perspectives:  

• Necessary reference to heavy-ion reactions


• Detailed information on baryon resonances and meson-baryon couplings

• From nuclear perspectives: 

• (Ab-initio) baryon-baryon data in flavour SU(3) 

• From hadron perspectives: 

• Controllable tool for hadron spectroscopy & structure studies in u,d,s,c sectors


• Intermediate physics program with pions & protons towards antiprotons 



The power of pion beams at GSI
Δ++ → pπ+

…what makes us competitive & complementary?
Expected results 5

channel "AR �H �C �Ag BR C2H4 target C target Ag target

(mb) (mb) (mb) ṄH/ ˙Ntot (shift
�1

) ṄC(shift
�1

) ṄAg(shift
�1

)

⇡
�
⇡
+

n 0.14 10 16 63 1 3.4 ⇥106 /6.1 ⇥106 3.8 ⇥106 2.0 ⇥106

⇡
�
⇡
0

p 0.09 6.5 10.4 41 1 1.4 ⇥106/2.6 ⇥106 1.6 ⇥106 8.6 ⇥105

⇡
0
⇡
0

p 0.01 2 3.2 13 1 4.9 ⇥104/8.8 ⇥104 5.4 ⇥104 2.9⇥104

K
0⇤ 0.04 0.56 1.85 7.3 0.35 1.9 ⇥ 104/5.0 ⇥ 104 4.3 ⇥ 104 2.4 ⇥ 104

K
0⌃0

0.04 0.24 0.79 3.1 0.35 8 ⇥ 103/2.2 ⇥ 104 1.9 ⇥ 104 1.0 ⇥ 104

K
+⌃�

0.13 0.23 0.76 3.0 1 7.2 ⇥ 104/1.9 ⇥ 105 1.7 ⇥ 105 9.0 ⇥ 104

⌘n 0.01 1.2 3.96 15.6 0.39 1.2 ⇥ 104/3.1 ⇥ 104 2.6 ⇥ 104 1.4 ⇥ 104

!n 0.015 1.5 4.95 19.5 0.89 4.9 ⇥ 104/1.3 ⇥ 105 1.1 ⇥ 105 4.0 ⇥ 104

⇢ !e
+

e
�

0.25 2.1 6.93 90.3 6 10�5
78/204 176 95

! !e
+

e
�

0.31 1.7 5.61 73.1 7.4 10�5
84/222 190 104

Table 1: Inputs for calculation of count rates in the different channels of interest for the polyethylene (CH2),

carbon (C) and silver (Ag) targets for
p
s=1.76 GeV: reduction factors due to the combined acceptance and

reconstruction efficiency ("AR), cross sections for ⇡�
+p (�H), ⇡�

+C (�C) and ⇡�
+Ag (�Ag) reactions, branching

ratios (BR). The three last columns indicate the rate of reconstructed events per shift. For the polyethylene target,

the first and second numbers corresponds to interactions with protons and to the total, respectively.

the Partial Wave Analysis method for HADES pion beam data in the two-pion production
channels, which can be easily extended for other hadronic channels in the third resonance
region. At a center-of-mass energy

p
s around 1.73 GeV, many hadronic channels are open

(e.g. K0⇤, ⌃0K0, ⌃+K�, ⌘n, !n ,...) in addition to the two pion production. These
channels will help to constrain hadronic couplings of baryon states in this region (�(1620)
1/2�, �(1700) 3/2�, N(1650) 1/2�, N(1675) 5/2�, N(1680) 5/2+, N(1710) 1/2+, N(1720)
3/2+,· · · ) which are very poorly known. Our goal will therefore be to provide high statistics
differential data for hadronic channels, including those with neutral mesons by use of the
new Electromagnetic Calorimeter. Thanks to our collaboration with the Bonn-Gatchina
group, these measurements will be included in a Partial Wave Analysis, together with the
very precise existing measurements of photon induced reactions. In first place, the two-pion
channels with a cross section of the order of 6.5-10 mb can be measured with a very large
statistics and will provide new determinations to the 2⇡N channels, and especially to ⇢N
which has a strong impact for medium effects, as mentioned above. Resonant final states
of the type N(1440)⇡, N(1520)⇡, · · · also attract much interest since they are related to
the three body nature of baryonic resonances, which might be a dominant decay mode in
the case of the unobserved (or "missing") resonances. The study of 2⇡ production in photo
and electro-production was also recently used to provide evidence for a new N’(1720) 3/2+
resonance [11], with a mass lower by 20 MeV and very different ⇢ and electromagnetic cou-
plings with respect to the known N(1720) 3/2+ resonance. By providing complementary
data from pion induced reactions, our experiment can bring a timely contribution to this
hadron structure highlight. The data base for the ⌘n, K⇤ and K⌃ channels also need
to be improved, which can in particular be used to firmly establish the existence of other
resonances.

Although good precision differential spectra are badly missing, the total cross sections for
hadronic channels in ⇡�+p reactions in the region between 1.68 and 1.8 GeV are in general
known with a precision of 10-20% and the reconstruction efficiencies of exclusive channels
can be estimated based on previous analyses of HADES data, as [10] for the charged double
pion production (see Table 1). The reconstruction of the neutral hyperon production can
be most efficiently achieved using the K0

S
production corresponding to half of the cross

section in the corresponding exclusive K0 production channel. The reconstruction of K0
S

via their decay into ⇡+⇡� decay is used, with a branching ratio of 69% and an efficiency
of "AR = 4%, as deduced from full scale GEANT simulations, which were validated by
previous reconstructions of K0

S
in HADES experiments. The missing mass resolution of

“2020” proposal (143 shifts)

Existing “2020”: s = 1.67 − 1.79 GeV
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In addition, several meson exchange models have also
been used to attack the problem [43,44]. The authors of
Ref. [43] apply a tree-level parametrization to evaluate two-
pion production. It is interesting that the authors do not use
the Breit-Wigner parametrization but obtain the vertices and
the propagators at the tree-level diagrams by solving dynam-
ical equations. In addition to N∗(1440), several additional
states have also been included into the calculations. Close
to threshold the findings of Ref. [43] demonstrate a nice
agreement with experiment. These results also support a large
contribution from the Roper resonance to the π−p → π+π−n
and π−p → π0π0n reactions, which is in line with the
conclusions of Refs. [33,37]. Though the authors of Ref. [43]
do not give their decay branching ratios for resonance decays,
one might expect a sizable N

1
2 +(1440) → σn decay fraction

from the large gσNN(1440) ≫ gπ#(1232)N(1440) coupling constant
in Ref. [43].

Another dynamical approach to solve the coupled-
channels problem for the two-pion production is presented
in Refs. [45,46]. This approach is close in spirit to that in
Ref. [36]. The model aims to go beyond the isobar approxi-
mation having both dispersive contributions and unitarity cuts
under control.

Because the full calculations require large computation
efforts, only a limited amount of γ /πN → ππn experimental
data has been analyzed; see Refs. [47,48] and references
therein. One of the complications reported in Ref. [45] is
the appearance of the moving singularity in the scattering
amplitude. Presently it is not clear whether the phenomena has
a physical origin or is related to the treatment of the scattering
problem in the Euclidean space.

III. COUPLED-CHANNELS UNITARY MODEL FOR
π N → 2π N SCATTERING

A. The issue of unitarity

Unitarity is a one of the important key issues in the partial-
wave analysis. This constraint is maintained in a coupled-
channels treatment of the scattering problem. The requirement
that the sum of all transition probabilities should be 1 leads to
the condition SS+ = 1 for the scattering S matrix. This gives

− i(T − T +) = T T + (1)

for the T matrix in the operator form. On the amplitude level
it leads to a relation between the imaginary part of the elastic
scattering amplitude and the transition probability summed
over all elastic and inelastic asymptotic channels,

ImTii =
∑

j

TijT
+
ij =

∑

j

|Tij |2, (2)

where indices i,j denote incoming and outgoing asymptotic
final states, e.g., πN , 2πN , etc., and their quantum numbers.
The summation in Eq. (2) stands for summation over spin,
isospin, and integration over intermediate particle momenta.
From the form of relation Eq. (2) follows that the scattering
amplitude T is a matrix of dimension N × N , where N is
the number of all open channels and independent spin-isospin
combinations.

For the sake of simplicity we consider here πN scattering
below the 3πN threshold. Then only πN and 2πN final states
are important on the right side of Eq. (2); the electromagnetic
processes can be neglected. The quantity Tii denotes a
scattering amplitude for elastic transitions where all quantum
numbers (including momenta) of the particles in the in state
are identical to those in the out state. This can only take
place for the elastic scattering at forward directions. Then, for
the elastic πN scattering one can write Tii = T els.

πN (0), where
T els.

πN (0) is the πN elastic scattering amplitude for forward
angles. Equation (2) can be rewritten in the form of the optical
theorem

ImT els.
πN (0) = k2

4π
(σπN→πN + σπN→2πN ), (3)

where k is a c.m. momentum of the initial πN state and
σπN→πN and σπN→2πN denote the total πN → πN and
πN → 2πN cross sections, respectively. For higher energies
the right-hand side of Eq. (3) can include contributions from
other open channels. The importance of the optical theorem
for the data analysis can be seen after the partial-wave
decomposition of Eq. (3),

ImT JP
πN = k2

4π

(
σ JP

πN→πN + σ JP
πN→2πN

)
, (4)

where the subscripts J and P stand for the total spin and
the parity. As a consequence, the imaginary part of the
given elastic πN partial wave is a sum over all elastic and
inelastic total partial-wave cross sections. The results of GiM
calculations [5–9] are shown in Fig. 1. All reactions turn out
to be linked via Eq. (3) and its PWA version, Eq. (4). The
largest inelastic contribution to the left-hand part of Eqs. (3)
and (4) comes from the πN → 2πN reactions. Hence, it is
very important that the 2πN channel is included in the PWA
for the baryon resonance analysis. In our earlier work the
2πN final state was treated as a “generic” channel to control
inelasticities associated with the πN → 2πN reaction; see
Refs. [3,4]. Here we discuss the extension of the model to
incorporate the 2πN channel within the isobar approximation.
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FIG. 1. Total cross sections for pion-induced reactions calculated
in Giessen model [5–9] vs experimental data.
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channel "AR �H �C �Ag BR C2H4 target C target Ag target

(mb) (mb) (mb) ṄH/ ˙Ntot (shift
�1

) ṄC(shift
�1

) ṄAg(shift
�1

)

⇡
�
⇡
+

n 0.14 10 16 63 1 3.4 ⇥106 /6.1 ⇥106 3.8 ⇥106 2.0 ⇥106

⇡
�
⇡
0

p 0.09 6.5 10.4 41 1 1.4 ⇥106/2.6 ⇥106 1.6 ⇥106 8.6 ⇥105

⇡
0
⇡
0

p 0.01 2 3.2 13 1 4.9 ⇥104/8.8 ⇥104 5.4 ⇥104 2.9⇥104

K
0⇤ 0.04 0.56 1.85 7.3 0.35 1.9 ⇥ 104/5.0 ⇥ 104 4.3 ⇥ 104 2.4 ⇥ 104

K
0⌃0

0.04 0.24 0.79 3.1 0.35 8 ⇥ 103/2.2 ⇥ 104 1.9 ⇥ 104 1.0 ⇥ 104

K
+⌃�

0.13 0.23 0.76 3.0 1 7.2 ⇥ 104/1.9 ⇥ 105 1.7 ⇥ 105 9.0 ⇥ 104

⌘n 0.01 1.2 3.96 15.6 0.39 1.2 ⇥ 104/3.1 ⇥ 104 2.6 ⇥ 104 1.4 ⇥ 104

!n 0.015 1.5 4.95 19.5 0.89 4.9 ⇥ 104/1.3 ⇥ 105 1.1 ⇥ 105 4.0 ⇥ 104

⇢ !e
+

e
�

0.25 2.1 6.93 90.3 6 10�5
78/204 176 95

! !e
+

e
�

0.31 1.7 5.61 73.1 7.4 10�5
84/222 190 104

Table 1: Inputs for calculation of count rates in the different channels of interest for the polyethylene (CH2),

carbon (C) and silver (Ag) targets for
p
s=1.76 GeV: reduction factors due to the combined acceptance and

reconstruction efficiency ("AR), cross sections for ⇡�
+p (�H), ⇡�

+C (�C) and ⇡�
+Ag (�Ag) reactions, branching

ratios (BR). The three last columns indicate the rate of reconstructed events per shift. For the polyethylene target,

the first and second numbers corresponds to interactions with protons and to the total, respectively.

the Partial Wave Analysis method for HADES pion beam data in the two-pion production
channels, which can be easily extended for other hadronic channels in the third resonance
region. At a center-of-mass energy

p
s around 1.73 GeV, many hadronic channels are open

(e.g. K0⇤, ⌃0K0, ⌃+K�, ⌘n, !n ,...) in addition to the two pion production. These
channels will help to constrain hadronic couplings of baryon states in this region (�(1620)
1/2�, �(1700) 3/2�, N(1650) 1/2�, N(1675) 5/2�, N(1680) 5/2+, N(1710) 1/2+, N(1720)
3/2+,· · · ) which are very poorly known. Our goal will therefore be to provide high statistics
differential data for hadronic channels, including those with neutral mesons by use of the
new Electromagnetic Calorimeter. Thanks to our collaboration with the Bonn-Gatchina
group, these measurements will be included in a Partial Wave Analysis, together with the
very precise existing measurements of photon induced reactions. In first place, the two-pion
channels with a cross section of the order of 6.5-10 mb can be measured with a very large
statistics and will provide new determinations to the 2⇡N channels, and especially to ⇢N
which has a strong impact for medium effects, as mentioned above. Resonant final states
of the type N(1440)⇡, N(1520)⇡, · · · also attract much interest since they are related to
the three body nature of baryonic resonances, which might be a dominant decay mode in
the case of the unobserved (or "missing") resonances. The study of 2⇡ production in photo
and electro-production was also recently used to provide evidence for a new N’(1720) 3/2+
resonance [11], with a mass lower by 20 MeV and very different ⇢ and electromagnetic cou-
plings with respect to the known N(1720) 3/2+ resonance. By providing complementary
data from pion induced reactions, our experiment can bring a timely contribution to this
hadron structure highlight. The data base for the ⌘n, K⇤ and K⌃ channels also need
to be improved, which can in particular be used to firmly establish the existence of other
resonances.

Although good precision differential spectra are badly missing, the total cross sections for
hadronic channels in ⇡�+p reactions in the region between 1.68 and 1.8 GeV are in general
known with a precision of 10-20% and the reconstruction efficiencies of exclusive channels
can be estimated based on previous analyses of HADES data, as [10] for the charged double
pion production (see Table 1). The reconstruction of the neutral hyperon production can
be most efficiently achieved using the K0

S
production corresponding to half of the cross

section in the corresponding exclusive K0 production channel. The reconstruction of K0
S

via their decay into ⇡+⇡� decay is used, with a branching ratio of 69% and an efficiency
of "AR = 4%, as deduced from full scale GEANT simulations, which were validated by
previous reconstructions of K0

S
in HADES experiments. The missing mass resolution of

“2020” proposal (143 shifts)

Existing “2020”: s = 1.67 − 1.79 GeV New “2024”:  s = 1.37 − 2.3 GeV
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In addition, several meson exchange models have also
been used to attack the problem [43,44]. The authors of
Ref. [43] apply a tree-level parametrization to evaluate two-
pion production. It is interesting that the authors do not use
the Breit-Wigner parametrization but obtain the vertices and
the propagators at the tree-level diagrams by solving dynam-
ical equations. In addition to N∗(1440), several additional
states have also been included into the calculations. Close
to threshold the findings of Ref. [43] demonstrate a nice
agreement with experiment. These results also support a large
contribution from the Roper resonance to the π−p → π+π−n
and π−p → π0π0n reactions, which is in line with the
conclusions of Refs. [33,37]. Though the authors of Ref. [43]
do not give their decay branching ratios for resonance decays,
one might expect a sizable N

1
2 +(1440) → σn decay fraction

from the large gσNN(1440) ≫ gπ#(1232)N(1440) coupling constant
in Ref. [43].

Another dynamical approach to solve the coupled-
channels problem for the two-pion production is presented
in Refs. [45,46]. This approach is close in spirit to that in
Ref. [36]. The model aims to go beyond the isobar approxi-
mation having both dispersive contributions and unitarity cuts
under control.

Because the full calculations require large computation
efforts, only a limited amount of γ /πN → ππn experimental
data has been analyzed; see Refs. [47,48] and references
therein. One of the complications reported in Ref. [45] is
the appearance of the moving singularity in the scattering
amplitude. Presently it is not clear whether the phenomena has
a physical origin or is related to the treatment of the scattering
problem in the Euclidean space.

III. COUPLED-CHANNELS UNITARY MODEL FOR
π N → 2π N SCATTERING

A. The issue of unitarity

Unitarity is a one of the important key issues in the partial-
wave analysis. This constraint is maintained in a coupled-
channels treatment of the scattering problem. The requirement
that the sum of all transition probabilities should be 1 leads to
the condition SS+ = 1 for the scattering S matrix. This gives

− i(T − T +) = T T + (1)

for the T matrix in the operator form. On the amplitude level
it leads to a relation between the imaginary part of the elastic
scattering amplitude and the transition probability summed
over all elastic and inelastic asymptotic channels,

ImTii =
∑

j

TijT
+
ij =

∑

j

|Tij |2, (2)

where indices i,j denote incoming and outgoing asymptotic
final states, e.g., πN , 2πN , etc., and their quantum numbers.
The summation in Eq. (2) stands for summation over spin,
isospin, and integration over intermediate particle momenta.
From the form of relation Eq. (2) follows that the scattering
amplitude T is a matrix of dimension N × N , where N is
the number of all open channels and independent spin-isospin
combinations.

For the sake of simplicity we consider here πN scattering
below the 3πN threshold. Then only πN and 2πN final states
are important on the right side of Eq. (2); the electromagnetic
processes can be neglected. The quantity Tii denotes a
scattering amplitude for elastic transitions where all quantum
numbers (including momenta) of the particles in the in state
are identical to those in the out state. This can only take
place for the elastic scattering at forward directions. Then, for
the elastic πN scattering one can write Tii = T els.

πN (0), where
T els.

πN (0) is the πN elastic scattering amplitude for forward
angles. Equation (2) can be rewritten in the form of the optical
theorem

ImT els.
πN (0) = k2

4π
(σπN→πN + σπN→2πN ), (3)

where k is a c.m. momentum of the initial πN state and
σπN→πN and σπN→2πN denote the total πN → πN and
πN → 2πN cross sections, respectively. For higher energies
the right-hand side of Eq. (3) can include contributions from
other open channels. The importance of the optical theorem
for the data analysis can be seen after the partial-wave
decomposition of Eq. (3),

ImT JP
πN = k2

4π

(
σ JP

πN→πN + σ JP
πN→2πN

)
, (4)

where the subscripts J and P stand for the total spin and
the parity. As a consequence, the imaginary part of the
given elastic πN partial wave is a sum over all elastic and
inelastic total partial-wave cross sections. The results of GiM
calculations [5–9] are shown in Fig. 1. All reactions turn out
to be linked via Eq. (3) and its PWA version, Eq. (4). The
largest inelastic contribution to the left-hand part of Eqs. (3)
and (4) comes from the πN → 2πN reactions. Hence, it is
very important that the 2πN channel is included in the PWA
for the baryon resonance analysis. In our earlier work the
2πN final state was treated as a “generic” channel to control
inelasticities associated with the πN → 2πN reaction; see
Refs. [3,4]. Here we discuss the extension of the model to
incorporate the 2πN channel within the isobar approximation.
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FIG. 1. Total cross sections for pion-induced reactions calculated
in Giessen model [5–9] vs experimental data.
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