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HADES Spectrometer
Side View

START

FW

1 m

RPC (from 2010)

Geometry
• full azimuthal,  polar angles 18° - 85°
• 𝑒𝑒+𝑒𝑒− pair acceptance ≈ 0.35

 SIS18 beams: protons (1-4 GeV), nuclei (1-2 AGeV)
pions (0.4-2 GeV/c) – secondary beam

 spectrometer with ∆M/M - 2% at ρ/ω
 detector for rare probes:

dielectrons: e+, e-
strangeness: Λ, K±,0, Ξ- , ϕ

 particle identification π/p/K – combined dE/dx (MDC) 
and TOF : σtof ~80 ps (RPC)

electrons : RICH (hadron blind), TOF/Pre-Shower
 upgrade(2010): new DAQ (∼20 kHz) with Au+Au collisions



dileptons: a probe of in-medium vector meson modifications

S. Leupold, U. Mosel, V. Metag
Int. J. Mod. Phys. E 19 (2010) 147Present explanation of dilepton spectra

Rapp and Wambach EPJA 6 (1999) 415
Rapp, Chanfray and Wambach NPA 617, (1997) 472

« in-medium broadening »

In-medium spectral function  
depends on  ρNN*  coupling
Main players: 
N(1520), N(1720), ∆ (1910)

Source of ρ mesons at 1-2 AGeV
NN →NR →NNρ

πN →R →Nρ

Dominant source of ρ
mesons at  ultra 

relativistic energies
π+π- →ρ

Coupling of ρ to baryonic resonances can be studied in NN and πN collisions at 1-2 GeV



relation to electromagnetic structure of baryons

electromagnetic
transition

form factors

γ∗ e+

e-

R

N

Dalitz decay of baryonic resonances
R→Ne+e-γ∗

e+

e-

ρ, ω,φ

coupling constants

R

N

ρ meson production and decay 

Vector Meson Dominance Model

q2  ≥ 0 : « time like « region 

electromagnetic form factors are unknown!

q2 = M2
inv(e+e-) = M2

γ* > 0



off-shell ρ production (𝜋𝜋−𝑝𝑝 → 𝑛𝑛𝑒𝑒+𝑒𝑒−)

 below ρ/ω production threshold at √s = 1.52 GeV
 studying of time-like electromagnetic structure of N(1520)
 constrain in-medium modifications of the ρ meson spectra function

γ∗ e+

e-
ρ, ω,φ

R N ρ ρ

N-1

N(1520)

+  
...

Time-Like electromagnetic form factors

e+

n

e--

γ*
π - R

q2 > 0
variable

p

e+

e-e-

γ*

π-

R

p

Space-Like electromagnetic form factors

q2 <0 fixed 

studied  at JLab/CLAS

Inverse pion electroproduction

p
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p (1.25 GeV) + p

p (3.5 GeV) + p
π – + p

(momenta: 0.656, 
0.69, 0.748, 0.8 GeV/c)

both hadron 
and dilepton

exclusive
channels

measurement



p+p @ 1.25 GeV - plan
𝒑𝒑 + 𝒑𝒑 elementary reactions

at Ekin = 1.25 GeV below
ppη production threshold

are well situated
to investigate

Δ(1232) Dalitz decay

I. HADRON ANALYSIS 
(npπ+, ppπ0)

II. LEPTON ANALYSIS 
(ppe+e-, ppe+e-)
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Production: OPEM

Λ𝜋𝜋 fitted in accordance with the data 
(𝛬𝛬𝜋𝜋 = 0.75)

Form factor at vertices:

𝐹𝐹 𝑞𝑞2 =
Λ𝜋𝜋

2
− 𝑚𝑚𝜋𝜋

2

Λ𝜋𝜋
2 − 𝑞𝑞2

Resonance model
V. Dmitriev et al.

Nucl. Phys. A459 (1986) 503
Z. Teis et al., 

Z. Phys. A356 (1997) 421

G. Agakishiev et al.
Eur. Phys. J. A48 (2012) 74



PWA – formalism for NN
Three (or more) final states

minimization of log-likelihood value
Two body final states

χ2 method

Cross section

Amplitude parameterization

initial 
NN system

Operators

system of two
final particles

two-final particle
system and spectator

constructed for each event from momenta
of the initial and final state particles

A. V. Anisovich et al.
Eur. Phys. J. A34 (2007) 129



PWA – amplitudes parameterisation
Transition amplitude

Resonance production amplitude

Non-resonant production amplitude

A. V. Sarantsev et al.
Phys. Lett. B659 (2008) 94

(Roper)



PWA – input pw and data samples

Experimental data samples

Bonn-Gatchina group
http://pwa.hiskp.uni-bonn.de/data.htm

proton+proton (isospin I = 1)

INITIAL PP STATES

FINAL STATES
S-, P-, D-waves in pp or pn-state
P33(1232) and P11(1440) in πN state

J I = 1
0 1S0 ,3P0

1 3P1

2 1D2 , 3P2 ,3F2

3 3F3

4 3F4 , 1G4 , 3H4



(n p π+) – in acceptance (OPE & PWA)

SOLID (PWA)  DASHED (OPE)
yellow – phasespace
black – total

SOLID (PWA)  DASHED (OPE)
red – Δ(1232)P33
blue – N(1440)P11

blue – data points
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(n p π+) – in acceptance (OPE & PWA)

SOLID (PWA)  DASHED (OPE)
yellow – phasespace
black – total

SOLID (PWA)  DASHED (OPE)
red – Δ(1232)P33
blue – N(1440)P11

blue – data points
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(n p π+) – OPE, PWA acc corrected

SOLID (PWA)
black – total
red – Δ(1232)P33
blue – N(1440)P11

blue dots – data points (PWA corr)
black open squares – data points (OPE corr)
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(n p π+) – OPE, PWA acc corrected

SOLID (PWA)
black – total
red – Δ(1232)P33
blue – N(1440)P11

blue dots – data points (PWA corr)
black open squares – data points (OPE corr)
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(p p π0) – in acceptance (OPE & PWA)

SOLID (PWA)  DASHED (OPE)
yellow – phasespace
black – total

SOLID (PWA)  DASHED (OPE)
red – Δ(1232)P33
blue – N(1440)P11

blue – data points
15



(p p π0) – in acceptance (OPE & PWA)

SOLID (PWA)  DASHED (OPE)
yellow – phasespace
black – total

SOLID (PWA)  DASHED (OPE)
red – Δ(1232)P33
blue – N(1440)P11

blue – data points
16



(p p π0) – OPE, PWA acc corrected

SOLID (PWA)
black – total
red – Δ(1232)P33
blue – N(1440)P11

blue dots – data points (PWA corr)
black open squares – data points (OPE corr)
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(p p π0) – OPE, PWA acc corrected

SOLID (PWA)
black – total
red – Δ(1232)P33
blue – N(1440)P11

blue dots – data points (PWA corr)
black open squares – data points (OPE corr)
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Partial Waves (p p π0 , n p π+)



PWA cross section & resonances

red Δ(1232)P33

blue N(1440)P11



QED

cloud/core ~ 0.44/0.56

Mee  [GeV/c2]

QED

VDM/direct ~ 0.99/0.01

M=1.23 
M=1.5 

M=1.8 

Δ→ Ne+e–
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M.I. Krivoruchenko et al.
Phys. Rev. D65 (2002) 017502

Q. Wann, F. Iachello
Int. J. Mod. Phys. A20 (2005) 1846

G. Ramalho, M. T. Peña
Phys. Rev. D85 (2012) 113014

Time Like (q2 >0)                               
∆ (J=3/2) ->N (J=1/2) γ* transition: q

qqquark core

e+

e-

pion cloud
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∆+ identification via  pp π0  { → e+e– γ }
in the acceptance

both channels with 2 protons
pp – open squares
ppe+e– – black dots
support the description of 
∆ angular distribution
according to OPE (modified)

22NSTAR 2015Witold Przygoda ( )

acceptance corrected

𝜋𝜋0 helicity



∆+ Dalitz decay via  pn∆+  { → pe+e– }
∆ Dalitz decay BR

GM(0)~3    
GE(0)~0   
GC(0)~0

23

red line – total
blue – π0 Dalitz
magenta – Δ Dalitz
grey band– (VMD)
dashed – Ramalho/Peña

NSTAR 2015Witold Przygoda ( )

preliminary, ∆ helicity
preliminary

Mee > 0.15  
SIGNAL: 200
CB: 15 BR = 

𝑁𝑁∆→ 𝑝𝑝𝑒𝑒+𝑒𝑒−

𝑁𝑁∆→ 𝑝𝑝𝜋𝜋0

BR = 4.42 ⋅ 10-5

± 20% (syst.) 
± 9% (stat.)



p+p @ 3. 5 GeV - plan
𝒑𝒑 + 𝒑𝒑 elementary reactions at Ekin = 3.5 GeV

to investigate the wealth of baryonic resonances
and their properties

I. HADRON ANALYSIS 
(npπ+, ppπ0)

II. LEPTON ANALYSIS 
(ppe+e-)

24NSTAR 2015Witold Przygoda ( )

G. Agakishiev et al.
Eur. Phys. J. A 50 (2014) 82



Inclusive e+e– spectrum p+p @ 3.5 GeV

How to treat R → N e+ e-

• ρ mesons produced via baryonic
resonances (R → ρ N → e+ e– N)

• Resonance model with electromagnetic
Transition Form Factor from model 
seems to describe nicely data – only Δ?

J. Weil et al. (GiBUU)
Eur. Phys. J. A48 (2012) 111

G. Agakishiev et al. (HADES)
Eur. Phys. J. A 48 (2012) 64

Cross sections deduction
PYTHIA+PLUTO  ( UrQMD )

for details, see:

25



Baryon resonances in p+p @ 3.5 GeV
Study of 3 connected exclusive channels: 
• pp → pnπ+ to fix R (∆, N*) cross sections
• pp → ppπ0 to check the result (izospin relations)
• convert R → pe+e– and check in pp → ppe+e–

For the overlaping resonances only one resonance with largest BR(pe+e-) selected.

M. Zetenyi, G. Wolf
Heavy Ion Phys. 17 (2003) 27

Z. Teis et al., 
Z. Phys. A356 (1997) 421

Resonance model
production amplitude given by 
incoherent sum of resonance
contributions + isospin relations

26



Resonance production (HADES acceptance)

)()( MR t
AM

dt
d

α

σ
∝

n p π+

extension of angular parametrisation
as a function of  t for all resonances
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One pion production: acceptance corrected

n p π+

p p π0

• ∆++ (1232)

very good description
of ∆-line shape
(”Monitz” parametr.)

• ∆+(1232)
• N*(1440)
• N*(1520)
• N*(1680)

28



Exclusive ω/η production in p+p @ 3. 5 GeV

29

Total cross section of exclusive η
and ω production obtained from a 
parametrization of existing data:

ση= 140 ± 14 μb
σω= 146 ± 15 μb

Total cross section for ρ taken
from relations to ω production
(DISTO observation)
σppρ = ½ · σppω

N*(1535) fixed from η Dalitz plot

N*(1535) → pη BR(42%) 

σN*(1535) ≈ 157 [μb]

K. Teilab (PhD Thesis) 
Univ. Frankfurt (2011)

M. Abdel-Bary et al. (COSY-TOF)
Eur. Phys. J. A 44 (2010) 7

NSTAR 2015Witold Przygoda ( )

F. Balestra et al. (DISTO)
Phys. Rev. Lett. 89 (2002) 092001

G. Agakishiev et al. (HADES)
Eur. Phys. J. A 48 (2012) 74



Cross sections (HADES, Teis et al., GiBUU, UrQMD)

30

J. Weil et al. (GiBUU)
Eur. Phys. J. A48 (2012) 111

S.A. Bass et al. (UrQMD)
Prog. Part. Nucl. Phys. 41 (1998) 255

Z. Teis et al., 
Z. Phys. A356 (1997) 421

NSTAR 2015Witold Przygoda ( )



Cross sections (GiBUU – model1, UrQMD – model2)

31

Resonances HADES Teis et al. GiBUU UrQMD
Δ(1232) 2.53

N*(1440) 1.5

N*(1520) 1.8

N*(1535) 0.15

Δ(1620) 0.1

N*(1680) 0.9

Δ(1700) 0.45

Δ(1910) 0.38

less similar more

Δ(1232) missing in UrQMD
N(1440) much more in GiBUU
N(1520) much less in GiBUU
N(1440) and N(1520) similar in UrQMD
N(1535) much larger in the transport codes
N(1680) overshoots in UrQMD

NSTAR 2015Witold Przygoda ( )



Exclusive p+p @ 3.5 GeV (dileptons)
 constant eTTF
 no off shell coupling

to vector mesons
→ lower limit  for 

e+e- emission

 experimental σ
for ω/ρ used

 missing yield related
to low mass resonances

”QED model”
point-like R→Nγ* vertex

M. Zetenyi, G. Wolf
Phys. Rev. C67 (2003) 044002

32NSTAR 2015Witold Przygoda ( )



p+p @ 3.5 GeV (ρN coupling)

KSU: M. Shresta, D.M. Manley
Phys. Rev. C86 (2012) 055203

33

BG: A.V. Anisovich et al.
Eur. Phys. J. A48 (2012) 15

CLAS: V. Mokeev et al.
Phys. Rev. C86 (2012) 035203

NSTAR 5Witold Przygoda ( 201 )



HADES physics for pion beams (2014)
 resonance excitation can be 

controlled by the variation of  the 
projectile (pion) momentum

 HADES starts with
p = 0.656/0.69/0.748/0.8 GeV/c
√s = 1.46-1.55 GeV: N(1520) 

 π+π- production: 
coupling of ρ to resonance

 most of data 1.3 <√s <2 from  
Manley et. al PRD30 (1984) 904 
based on 240.000 events
(no differential distributions)  

 e+e- never measured from pion 
induced reactions

 resonance Dalitz decays
R→Ne+e- (reference for p+Nb)

 strangeness production of 
nucleus: K± , K0 , φ

 improve the very scarce data base 
for pion-nucleon reactions

 differential distributions
are even more scarse (or missing)

34



pion beam for HADES (2014)

 reaction: N+Be 8-10 · 1010 N2 ions/spill (4s)   
 secondary π- with I ~ 3-4 · 105/spill @ 0.7 GeV/c

• limited by the radioactivity safety
 pion momentum ∆p/p =2.2% (σ) and 

~50% acceptance @ central momentum
 in beam tracking system: (X1,Y1/X2,Y2) for 

pion momentum determination: ∆p/p = 0.1% 35



* 𝝅𝝅−𝒑𝒑 measured with: (CH2)n polyethylene target, PE and carbon (C) target
* four beam momenta: 656, 690 (large statistics), 748, 800 MeV/c
* elastic scattering

identification: 𝝅𝝅−𝒑𝒑 → 𝝅𝝅−𝒑𝒑
events from C target identified in PE events
comparison with SAID database & solution
luminosity extraction : 𝑵𝑵𝒃𝒃𝒃𝒃𝒃𝒃𝒃𝒃⨂𝝆𝝆 𝒅𝒅𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕
absolute normalization of other channels via ⁄𝝈𝝈𝒆𝒆𝒆𝒆 𝑵𝑵𝒆𝒆𝒆𝒆

* two-pion identification in channel: 𝒏𝒏𝝅𝝅+𝝅𝝅− (exclusive channel via missing mass)
partial wave analysis focused on N(1520) and ρ production

* dilepton identification in channel: 𝒏𝒏𝒆𝒆+𝒆𝒆− (quasi-exclusive channel)
baryon resonance Dalitz decays and two-body ρ decay

tools & strategy & objectives
* analysis of single and double meson production in photon- and pion-induced reactions

𝜸𝜸𝜸𝜸 → 𝝅𝝅𝝅𝝅,𝜼𝜼𝜼𝜼,𝑲𝑲𝜦𝜦,𝑲𝑲𝜮𝜮,𝝅𝝅𝝅𝝅𝝅𝝅,𝝅𝝅𝝅𝝅𝝅𝝅
𝝅𝝅𝝅𝝅 → 𝝅𝝅𝝅𝝅,𝜼𝜼𝜼𝜼,𝑲𝑲𝜦𝜦,𝑲𝑲𝜮𝜮,𝝅𝝅𝝅𝝅𝝅𝝅

* energy dependent approach
* partial wave aplitude parametrization (poles: BW – i.e. energy depentend)
* combined analysis of lareg number of reactions
* D-matrix analysis



elastic scattering – SAID database

37
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http://gwdac.phys.gwu.edu/analysis/pin_analysis.html

σ( 600 < ΘCM < 1100 ) = 3.07 mb

690 MeV/c

√s = 1.489 GeV
(rec: 1.476 GeV)
σ ~ 1.2%

SIM (fixed p)
√s= 1.48 GeV
σ ~ 0.75%

proton energy
loss in target
momentum loss
~4%

very slow protons p < 300 MeV/c 
at polar angles θ > 60⁰  (θCM < 60⁰ )

θ(π)

θ(
p)

mom(π)

m
om

(p
)



elastic events – comparison to SAID
690 MeV/c

PE target
p, Carbon

πp miss. mass2

 C subtraction
 C low missing mass tail

scaled down to fit PE tail (blue)

 based on phasespace MC simulation:
acc & eff correction

 exp normalized to the same area for
60⁰ < θCM < 110⁰

(𝜌𝜌𝜌𝜌)𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = 4 � 1023 𝑎𝑎𝑎𝑎/𝑐𝑐𝑐𝑐2

Nel = 32.05 · 106 = Nbeam ρ d σel

Nbeam = 2.61 · 1010 

Nnorm= 3.07 mb / 32.05 · 106

SAID
HADES

co
rr

ec
te

d
yi

el
d

ϑCM
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C subtraction, π+π- – reconstruction

scaling:
from
elastic
events

690 MeV/c

π+π- invariant mass

N
co

r
= 

32
.0

5·
10

6

π+π-

missing 
mass

σ = 17 MeV/c2

FWHM=39 MeV/c2

Resolution: 4.1%

red: 35-42% C background (quasi-free πp)
peak shift due to energy loss in a target

p
[MeV/c]

Nev (PE)
x 106

σ
[mb]

656 42.64 0.856
690 878.38 0.858
748 41.85 0.842
800 42.08 0.889

reduction on acc * eff for 
π+π- phasespace mc: 5.3 – 6.3 times

π+π- cross section (uncorrected) 
within the HADES acceptance
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(n π+π-) – events with signal extracted

PWA done with:
 four ππ data samples from HADES
 photon- and pion-induced reactions

• goal: separate signal (π-p) 
from background (π-C) 
based on PE events and C events

• relative normalization of PE events
and C events deduced from 
π-p elastic scattering

690 MeV/c

blue
signal

black
total PE

red
bg: total C

green
bg: from PE

procedure: event from C correlated
with event from PE based on χ2

( miss. mass + momentum of π+, π-, n )

40



PWA results
(n π+π-)
example

projections
690 MeV/c

LEGEND
― Δ(1232)π
― N(1520)

‐ ‐ ‐ ρN
― ρN(939)
― σN(939)
― N(1400)π

very preliminary!

in the acceptance in the 4π

pwa normalized to 
the same (exp) area

absolute
normalization

41



PWA results (n π+π-) – cross section

LEGEND
― Δ(1232)π
― N(1520)

‐ ‐ ‐ ρN
― ρN(939)
― σN(939)
― N(1400)π

PWA solution
describes

cross section
with

20% 
uncertainty

USEFUL INFORMATION
FOR DILEPTON ANALYSIS
N(1520)D13 coupling to ρN: 24-26%
Total ρN contribution: 1.54 mb (for 690 MeV/c)
Manley PWA analysis (Phys. Rev. D30 (1984) 904) predicted much more!

in this energy range
cross sections: 5-7 mb

(Landolt-Börnstein Database)

ve
ry

pr
el

im
in

ar
y!
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e+e- invariant / missing mass

black dots – PE data (e+e- signal)
red – C data (scaling based on elastic events)
black dashed – PE combinatorial background
red dashed – C combinatorial background

θe+e- > 9⁰

Signal inside missing mass cut:

PE: 700 counts, C:  400 counts
C contribution in PE: 50-58%

PE: Ne+e- 12.580
C: Ne+e- 8.560

𝒎𝒎𝒆𝒆+𝒆𝒆−
𝒊𝒊𝒊𝒊𝒊𝒊 > 𝟎𝟎.𝟏𝟏𝟏𝟏 [ ⁄𝑮𝑮𝑮𝑮𝑮𝑮 𝒄𝒄𝟐𝟐]

𝟎𝟎.𝟗𝟗 < 𝒎𝒎𝒆𝒆+𝒆𝒆−
𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎 < 𝟏𝟏.𝟎𝟎𝟎𝟎 [ ⁄𝑮𝑮𝑮𝑮𝑮𝑮 𝒄𝒄𝟐𝟐]

pr
el

im
in

ar
y
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Baryon resonances Dalitz decays
huge effect of spin-parity of baryon
resonances for their Dalitz decays

at high masses

M. Zetenyi, G. Wolf
Phys. Rev. C 67 (2003) 044002

3
2

+
Δ 1232

3
2

−
𝑁𝑁 1520

differential Dalitz-decay width
of hypothetical resonances
with the same mass and photonic
width but with different spin-parities

Witold Przygoda ( )NSTAR 2015
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e+e- simulated cocktail

Dilepton cocktail
 PLUTO event generator + (acc * eff) filters

(includes realistic momentum distribution of nucleons in carbon)

note: divided by (variable) bin widthLEGEND
― total ― total (scaled to π0)
― [9.2 mb] π0 → e+e−γ
― [7.4 mb] 2*π0(→ e+e−γ )
― [1.0 mb] η → e+e−γ
― [20.5 mb] N 1520 → n e+e−

― [8.4 mb] Δ 1232 → n e+e−
CS need to be multiplied by BR

Ingo Fröhlich et al.
PoS ACTA2007 (2007) 076

preliminary

Branching Ratios
𝛑𝛑𝟎𝟎: 0.012,    𝛈𝛈: 0.006
𝐍𝐍 𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏 : 4 · 10-5, 𝚫𝚫 𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏 : 4 · 10-5
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e+e- cocktail PE target (no ρ)
missing mass for 𝒎𝒎𝒆𝒆+𝒆𝒆−

𝒊𝒊𝒊𝒊𝒊𝒊 > 𝟎𝟎.𝟏𝟏𝟏𝟏 ⁄𝑮𝑮𝑮𝑮𝑮𝑮 𝒄𝒄𝟐𝟐
components are shown only for carbon contribution

LEGEND
― total PE (p+C)
― π0 Dalitz
― η Dalitz
― Δ(1232) Dalitz

𝑚𝑚𝑒𝑒+𝑒𝑒−
𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 ⁄𝐺𝐺𝐺𝐺𝐺𝐺 𝑐𝑐2 𝑚𝑚𝑒𝑒+𝑒𝑒−

𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 ⁄𝐺𝐺𝐺𝐺𝐺𝐺 𝑐𝑐2

expsim

ab
so

lu
te

 Y
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e+e- cocktail PE target (no ρ)
invariant mass for 𝟎𝟎.𝟗𝟗 < 𝒎𝒎𝒆𝒆+𝒆𝒆−

𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎 < 𝟏𝟏.𝟎𝟎𝟎𝟎 ⁄𝑮𝑮𝑮𝑮𝑮𝑮 𝒄𝒄𝟐𝟐
components are shown only for carbon contribution

LEGEND
― total PE (p+C)
― π0 Dalitz

𝑚𝑚𝑒𝑒+𝑒𝑒−
𝑖𝑖𝑖𝑖𝑖𝑖 ⁄𝐺𝐺𝐺𝐺𝐺𝐺 𝑐𝑐2 𝑚𝑚𝑒𝑒+𝑒𝑒−

𝑖𝑖𝑖𝑖𝑖𝑖 ⁄𝐺𝐺𝐺𝐺𝐺𝐺 𝑐𝑐2

expsim
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e+e- cocktail PE target (with ρ)
missing mass for 𝒎𝒎𝒆𝒆+𝒆𝒆−

𝒊𝒊𝒊𝒊𝒊𝒊 > 𝟎𝟎.𝟏𝟏𝟏𝟏 ⁄𝑮𝑮𝑮𝑮𝑮𝑮 𝒄𝒄𝟐𝟐

𝑚𝑚𝑒𝑒+𝑒𝑒−
𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 ⁄𝐺𝐺𝐺𝐺𝐺𝐺 𝑐𝑐2 𝑚𝑚𝑒𝑒+𝑒𝑒−

𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 ⁄𝐺𝐺𝐺𝐺𝐺𝐺 𝑐𝑐2

expsim
LEGEND
― total PE (p+C)
― π0 Dalitz
― η Dalitz
― Δ(1232) Dalitz
― ρ → e+e-

 contribution from π+π- channel (PWA analysis): cross section 1.54 mb
 VDM scaling ~ ⁄𝟏𝟏 𝑴𝑴𝟑𝟑 → much higher BR than the value at the pole
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e+e- cocktail PE target (with ρ)
invariant mass for 𝟎𝟎.𝟗𝟗 < 𝒎𝒎𝒆𝒆+𝒆𝒆−

𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎 < 𝟏𝟏.𝟎𝟎𝟎𝟎 ⁄𝑮𝑮𝑮𝑮𝑮𝑮 𝒄𝒄𝟐𝟐
components are shown only for carbon contribution

𝑚𝑚𝑒𝑒+𝑒𝑒−
𝑖𝑖𝑖𝑖𝑖𝑖 ⁄𝐺𝐺𝐺𝐺𝐺𝐺 𝑐𝑐2 𝑚𝑚𝑒𝑒+𝑒𝑒−

𝑖𝑖𝑖𝑖𝑖𝑖 ⁄𝐺𝐺𝐺𝐺𝐺𝐺 𝑐𝑐2

expsim

LEGEND
― total PE (p+C)
― π0 Dalitz
― ρ → e+e-
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Phys. Rev. C 86 (2012) 065209

VMD form factor:

Feynman diagrams contributing to the proces
𝜋𝜋 + 𝑁𝑁 → 𝑁𝑁 + 𝑒𝑒+ + 𝑒𝑒−

a) s- b) u- c) t-channel diagrams d) contact interaction term
e) vector meson exchange diagram 

f) s- g) u-channel baryon resonance contributions

𝑘𝑘2 instead of 𝑚𝑚𝜌𝜌
2
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Zetenyi & Wolf: higher 𝑠𝑠 = 1.5 𝐺𝐺𝐺𝐺𝐺𝐺 (𝝅𝝅−𝒑𝒑)
HADES: 𝑠𝑠 = 1.492 𝐺𝐺𝐺𝐺𝐺𝐺(𝝅𝝅−𝒑𝒑) and 𝑠𝑠 = 1.461 𝐺𝐺𝐺𝐺𝐺𝐺(𝝅𝝅−𝑪𝑪)

Folding the model with 
1-dim (acc*eff) curve:

𝑚𝑚𝑒𝑒+𝑒𝑒−
𝑖𝑖𝑖𝑖𝑖𝑖 ⁄𝐺𝐺𝐺𝐺𝐺𝐺 𝑐𝑐2

𝑠𝑠 = 1.5 𝐺𝐺𝐺𝐺𝐺𝐺

e+e- in effective field theory approach
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SUMMARY
 resonance production in NN and πN via exclusive chanels

within PWA (Bonn-Gatchina approach)
 selective study of 𝑒𝑒+𝑒𝑒− production from Dalitz decay 

of resonances→ sensitivity to baryonic resonances 
 time-like electromagnetic structure / coupling to ρN  
Recent pion beam experiment:
 very promising data: 𝜋𝜋+𝜋𝜋− and 𝑒𝑒+𝑒𝑒−

 expected determination of N(1520) coupling to ρN 
 ruling on controversial yield predictions

(destructive interferences ω/ρ)
 continuation at SIS18 in 2017-18
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Special thanks to Andrey V. Sarantsev (Bn-Ga group)
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e+e- cocktail ingredients ”cookbook”
 contributions from π-p and π-C added together (ratio 1 : 2 experimentally deduced)

π-p mom. 0.69 GeV/c (√s=1.492 GeV)    π-C average √s=1.461 GeV (mom. 0.65 GeV/c)
channel σ [mb] data source Model

𝝅𝝅𝟎𝟎 𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫 from:
𝝅𝝅−𝒑𝒑 → 𝒏𝒏𝝅𝝅𝟎𝟎

9.2 Landolt-Börnstein
constant (±1 mb) for
0.6 < p < 0.72 GeV/c

𝑁𝑁 1520 − 45%
𝑁𝑁 1440 − 45%
𝑁𝑁 1535 − 10%

single 𝝅𝝅𝟎𝟎 𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫 from:
𝝅𝝅−𝒑𝒑 → 𝒏𝒏𝝅𝝅𝟎𝟎𝝅𝝅𝟎𝟎
𝝅𝝅−𝒑𝒑 → 𝒑𝒑𝝅𝝅−𝝅𝝅𝟎𝟎

2 x  1.8
3.72

sum: 7.4

Crystal Ball
Landolt-Börnstein
(for √s = 1.461 GeV
20% reduction) 

𝚫𝚫𝝅𝝅𝟎𝟎 → (𝑵𝑵𝑵𝑵)𝝅𝝅𝟎𝟎
→ (𝑵𝑵𝑵𝑵)𝒆𝒆+𝒆𝒆−𝜸𝜸

𝚫𝚫 𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫 from:
𝝅𝝅−𝒑𝒑 → 𝚫𝚫𝚫𝚫

8.4 From single and 
double pion 
(isospin relations)

𝚫𝚫𝟎𝟎𝝅𝝅𝟎𝟎 → 𝒏𝒏𝒆𝒆+𝒆𝒆−𝝅𝝅𝟎𝟎

N(1520) 𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫 from:
𝝅𝝅−𝒑𝒑 → 𝑵𝑵(𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏)

20.5 Phys. Rev. C86, 
065209 (2012)

Wolf / Zetenyi ”QED” model
(pole) BR = 4.0 · 10-5

𝑵𝑵(𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏) → 𝒏𝒏𝒆𝒆+𝒆𝒆−

𝜼𝜼 𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫 from:
𝝅𝝅−𝒑𝒑 → 𝒏𝒏𝒏𝒏

0.3 (p)

0.7 (C)

Parameterization from 
Landolt-Börnstein
(see next slide)
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η contribution (mainly from C)
La
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parameterization

∼ 𝜎𝜎 𝑠𝑠 � 𝑃𝑃 𝑠𝑠
𝑃𝑃 – probability of 
given 𝑠𝑠 in 𝜋𝜋𝑁𝑁
collision in carbon

A.V. Anisovich et al. (Bn-Ga)
Eur. Phys. J. A 47 (2011) 27
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ρ contribution (off-shell)
 contribution from π+π- channel (PWA analysis): cross section 1.54 mb

 VDM predicts scaling ~ ⁄𝟏𝟏 𝑴𝑴𝟑𝟑 resulting in 
much higher BR as compared to the value at pole
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even 4 times more
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