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What are the relevant degrees of freedomfor the resonance physics in QCD?

M.F.M. Lutz et al.Nucl. Phys. A 948 (2016) 93

R. Edwards et al.Phys. Rev. D 84 (2011) 074508

Quark models: many of the states expectedby the models not seen

„missing resonance”
problem: SU(6)xO(3)434 resonances

Lattice QCD

V. Crede, W. RobertsRep. Prog. Phys. 76 (2013) 076301quark-diquark model
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How to study N* and Δ?

experimental channels with different combinationsof quantum numbers

Resonance is the peak located around a certain energy 
found in differential cross sections of scattering experimentsResonance is related to a pole on the unphysical second Riemann sheet:

channel openings

∗ + analysis methods (PWA),coupled-channels models
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PWA of total, elastic and charge-exchange scattering data
G. Höhler (1983) Pion-Nucleon Scattering(Landolt-Börnstein vol I/9b2)

R. E. Cutkosky et al.Phys. Rev. D 20 (1979) 2839 R. A. Arndt et al.Phys. Rev. C 74 (2006) 045205

Karlsruhe-Helsinki Carnegie-Mellon-Berkeley George Washington (SAID)

contiuously updated
13 k ± ± each, 3 k 0.25 k , 25% data polarized

only experiments before 1980
10 k ± ± each, 1.5 k , 17% pol.
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πN→πN elastic (new data)

Similar improvement of the data for low energies needed!
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Example of dramatic improvement in statistics:

 →
 →

I. G. Alexeev et al. (EPECUR Collaboration)Phys. Rev. C 91 (2015) 025205



πN→ππN status
 most of data 1.3 <s <2 GeV from  Manley et. al PRD30 (1984) 904
 241214 bubble chamber eventsanalyzed in isobar PWA model
 knowledge on N* coupl. to ρN, Δπ, σN
 very scarce data base for pion-nucleon reactions
 differential distributionsare even more scarce (or missing)
 more recent data do not help forπ+π- in 1.3 <s < 2 GeV region
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manifest – ”white book”

Eur. Phys. J. A51 (2015) no.10, 129
... there has been established a common agreement, that various efforts should converge in desctiption of data…

arxiv: 1604.05704 (19 Apr 2016)
The Impact of New Polarization Data from Bonn, Mainz and Jefferson Laboratoryon Multipoles

Bonn-GatchinaJülich-BonnMAID MainzSAID GWU
• comparison of the multipoles from fits made before new polarization dataand with new data included: results get closer, the variance reduced x 2

L e t u s s t e p  b a c k f o r  s o m e m o r e m o t i v a t i o n …7



probes of vector meson in medium
g,p-,p - beams

SIS 18
SIS 200T [MeV] 

300

LHC
RHIC

SPS

scaling of masses with c-condensateorder parameter of cS restoration

QCD sum rules

 uqqqqmm ** 

m* =m 1-ar* r( )

G.E. Brown, M. RhoPhys. Rev. Lett. 66 (1991) 2720

T. Hatsuda, S.H. LeePhys. Rev. C 46 (1992) 34

S. Klimt, M. Lutz, W. WeisePhys. Lett. B 249 (1990) 386

« short-lived mesons in medium »

• rare probes ( )
but
• do not interact stronglywith nuclear matter
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ρ in-medium: hadronic models
S. Leupold, V. Metag, U. MoselInt. J. Mod. Phys. E 19 (2010) 147

« in-medium broadening »

Coupling of ρ to baryonic resonances can be directly studied in NN and pN collisionsat 1-2 GeV via ∗ decays
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R. Rapp, G. Chanfray, J. WambachNucl. Phys. A 617 (1997) 472
R. Rapp, J. WambachEur. Phys. J. A 6 (1999) 415
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in-medium spectral function  depends on  rNN*  couplingmain players: N(1520), (1620) , N(1720), ….
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relation to electromagnetic structure of baryons

electromagnetic
transition

form factors

g* e+

e-

R

N

g* e+

e-

r, w,
coupling 
constants

R

N
Vector Meson Dominance Model

∗ →
G. EichmannActa Phys. Pol. B 7 (2014) 597

∗
∗

∗

« ρ meson production and decay » « Dalitz decay of baryonic resonances »
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Resonances: description and Dalitz decays

M. Zetenyi, G. WolfPhys. Rev. C 67 (2003) 044002 M.I. Krivoruchenko et al.Ann. Phys. 296 (2002) 299
• coupling constants fixed from →
• strong dependence on spin, parity

QED point-likevertex
Extended VDM

Resonance description:                          - arbitrary resonance mass
relativistic Breit-Wigner distribution
with
Dalitz decay requires a model for the form factors in the timelike region
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QED

Mee  [GeV/c2]

QED
M=1.23 M=1.5 

M=1.8 

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

Q. Wann, F. IachelloInt. J. Mod. Phys. A20 (2005) 1846 G. Ramalho, M. T. PeñaPhys. Rev. D85 (2012) 113014

Time Like (q2 >0)                                (J=3/2) ->N (J=1/2) g* transition: qqq
e+

e-

two-component quark model covariant constituent quark model
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HADES Spectrometer
Side View

START
FW

1 m

RPC (from 2010)

Geometry
• full azimuthal,  polar angles 18 - 85
• 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 r/w
 detector for rare probes:

dielectrons: e+, e-
strangeness: , K,0, - , 

 particle identification p/p/K – combined dE/dx (MDC) and TOF : tof ~80 ps (RPC)electrons : RICH (hadron blind), TOF/Pre-Shower
 upgrade(2010): new DAQ (50 kHz) with Au+Au collisions
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HADES physics for pion beams (2014)
 resonance excitation can be controlled by the variation of  the projectile (pion) momentum
 HADES starts withp = 0.656/0.69/0.748/0.8 GeV/cs = 1.46-1.55 GeV: N(1520) 
 p+p- production: coupling of r to resonance
 e+e- never measured from pion induced reactions
 resonance Dalitz decaysRNe+e- (reference for p+Nb)
 strangeness production of nucleus: K , K0 , 
 high statistics differentialdistributions needed

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

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

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

pion momentum determination: p/p = 0.3% 
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HADES physics for pion beams (2014)
D. M. Manley et al.Phys. Rev. D 30 (1984) 904
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60 < CM < 110

685 MeV/c

cor
rec

ted
yie

ld

 MC simulation: acc & eff correction

elastic events (C subtr.) | SAID compared
685 MeV/c

PE target
p, Carbon

pp miss. mass2

 beam momenta adjusted to measured(HADES spectrometer) values: 652, 685, 740, 790 MeV/c
 corrections for energy loss
 obtained scaling usedthen in π+π–, π0π–, e+e–

16  exp normalized to the same area
CM

±10%



p +p – missing mass

(n π+π-) events – scaling from elastic

p +p – missing mass

652 MeV/c

740 MeV/c

685 MeV/c

790 MeV/c
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941,10 MeV/c



(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 eventsand C events deduced from π-p elastic scattering

690 MeV/c

bluesignal

blacktotal PE

redbg: total C

greenbg: from PE

procedure: event from C correlatedwith event from PE based on χ2
( miss. mass + momentum of π+, π-, n )( miss. mass + momentum of π0, π-, p )
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PWA coupled channel analysis



PWA: initial waves
D13(1520)+..
P11(1440)+..
F15(1680)+..[

b]

[m
b]

s [GeV]

P11(1440)+..
D13(1520)+..

Crystal Ball

in energy range of 1.45 - 1.55 GeVin 2-pion production only few resonancesmatter: D13(1520), P11(1440)

MAMI

I JP

20



[m
b]

[
b]

21

PWA: final states

s [GeV]
Dominat channels in 2p0 are: p and N (2p0 in I = 0)



PWA example results (n π+π-) in the acceptance
685 MeV/c

invariant masses, 

angular distr. in CMof , 
helicity (angular proj.of one of particlesin the frame of , )

ρ – totalρ – s-channelρ – D13(1520)
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PWA π+π- inv. mass – main contributions

23

Total cross section (from PWA solution) Inside HADES acceptance:

INPUT: D13(1520), P11(1440)
OUTPUT: Δπ, Nσ, Nρ



PWA π+π- inv. Mass – ρ contribution

24

Total cross section (from PWA solution) Inside HADES acceptance:

• Dominated by s-channel - resonant D13(1520) production
• Strong interferences between1/2- states with izospin 1/2 and 3/2

important non-resonant (t-channel contribution) 
FOR DILEPTON ANALYSIS:N(1520)D13 coupling to ρN: 17% Total ρN : 2.3 mb (for 685 MeV/c)

D13(1520)



PWA results (n π+π-) – cross section
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(SAPHIR, CLAS)

[
b]

…mind the gap!

HADES data are really uniquein this energy range!

preliminary



e+e- inclusive – PE/C channels ratio
black dots – PE data (e+e- sig.)red – C data (scaling basedon elastic events)

θe+e- > 9⁰

• statistics from carbon data too low for subtraction
• free + ”quasi-free” events selected by miss. mass cut
• yield from proton to carbon ~ 1:2 ( 20% )

> .
[ ⁄ ]
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e+e- cocktail ingredients ”cookbook”

27

 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  [mb] data source Model

from: 9.2 Landolt-Börnsteinconstant (1 mb) for0.6 < p < 0.72 GeV/c
single from: 2 x  1.83.72sum: 7.4

Crystal BallLandolt-Börnstein(for s = 1.461 GeV20% reduction) 
from: 8.4 From single and double pion (isospin relations)

N(1520) from: 20.5 Phys. Rev. C86, 065209 (2012) Wolf / Zetenyi ”QED” model(pole) BR = 4.0 · 10-5

from: 0.3 (p)
0.7 (C)

Parameterization from Landolt-Börnstein(see next slide)27



Towards better cross sections
detailed balance theorem(at equilibrium, each elementary process should be equilibrated by its reverse process)

D13 is only part (50%) of the total cross section.

Real photon reactions decomposed:N(1535)S11 +  t-channel contributionΔ(1232)P33N(1520)D13N(1440)P11
Cross section estimation for reversereaction: about times more„at real photon photon point” (no form factors here)„virtual photon”: × 28



e+e- simulated (full analysis) cocktail

Dilepton cocktail
 PLUTO event generator + full analysis

LEGEND― total― [9.2 mb] ― [7.4 mb] 2*― [1.0 mb]― [PWA: D13 ]
― [8.4 mb]

CS need to be multiplied by BR

Ingo Fröhlich et al.PoS ACTA2007 (2007) 076

Branching Ratios0.012,    0.0064 · 10-5, 4 · 10-5

• Large η contribution
• ρ(PWA) = 2.3 mbVMD: 
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Nbeam =Nel /( el * rd) (target dens)
NPE e+e- = Nbeam(P + 0.5C) rd



Exclusive e+e- cocktail (PE target)
missing mass for 

abs
olu

te Y
 sca

le
[mb

]

LEGEND― total PE (p+C)― N(1520) Dalitz― η Dalitz― Δ(1232) Dalitz― ρ → e+e-

invariant mass for

• ρ cross sec. and mass shape derived from empirical way of taking into account VDM form factors for electromagnetic decays
→ excess consistent with

(VMD: )

30

D13(1520)QED

See: F. Scozzi talk (Friday, A4)



ρ∕ω production from microscopic models
M.F.M. Lutz, Gy. Wolf, B. FrimanNucl. Phys. A 706 (2002) 431

Relativistic unitary coupled-channel approach

Effective Lagrangian (vector meson-photon interaction terms)

• fixed by / →• relative sign fixed by the vector mesonphotoproduction amplitudes
• pion-nucleon resonances in S11, S31, D13 , D33partial waves generated dynamicallyby solving Bethe-Salpeter eq.
• model valid below thresholdtested for GeV

cross sections: amplitudes assuming VMD

( here  and  )
( here and  )

investigated channels:
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e+e- production from microscopic models
below ω threshold

• below ω thr: huge neg / pos interference effects!
• above ω thr: inteference changes dramatically: two orders of magnitude! (dominated by ω)
• ∗ couplings of resonancesto vector meson-nucleon channel crucial !
• they are weaker than in Titov&Kämpfer model→ despite interfer. cross sections much larger→ see: next slide

 →  

above ω threshold

M.F.M. Lutz, B. Friman, M. Soyuer,Nucl. Phys. A 713 (2003) 97

 →  
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e+e- production from microscopic models

D. O. Riska, G. E. BrownNucl. Phys. A 679 (2001) 577

B. Kämpfer, A. Titov, R. ReznikNucl. Phys. A 721 (2003) 583

Based on resonance model:

• domiated by s– and u– channel nucleon and baryon resonance exchange
• included baryon resonances with masses GeV ( , ∗ )

A. Titov, B. KämpferEur. Phys. J A 12 (2001) 217

different quantum interference patterns:

• valid just below ρ ∕ ω threshold

transition coupling constantsfrom a chiral quark model:

further attempt: deduction of ∗ from ∗→has a dramatic impact on CS and angular projections!
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different ∗ differentangular projections!

e+e- production from microscopic models

decomposition into
subequent resonacnce
contributions available
MODELS: very large

differences in 
yield up

to factor 10!

 →  

= . GeV

= . GeV

below ω threshold

above ω threshold

  = 0.6 GeV/c2

34



Phys. Rev. C 86 (2012) 065209

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

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

Z & W: higherHADES: and 
Folding the model with 1-dim (acc*eff) curve:

Lagrangian model: real +VMD coupling

⁄
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Exclusive e+e- - more observables

For:  
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( for real photon, no FF )

HELICITY in the ρ area
∗ ∗

∗

( for virtual photon, FF plays a role)
ver
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E. Speranza, M. Zetenyi, B. Frimanarxiv: 1605.04954v1 (16 May 2016)

sensitivity to intereferences betweenamplitudes from different contribution
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SUMMARY
 HADES & pion beam is an unique toolto understand in details baryon - r couplings
• Significant off-shell r contribution originating fromN(1520)D13 shown by combined PWA and e+e- data
Future activity (now and 2018+):
• Joint venture of PWA analysis (Bo-Ga) and dilepton channels
• High statistics  beam energy scan: 

continuation and extension to third resonance region
• Hadronic final states, one-pion, two-pion, hyperon production to control 

resonance excitation
• HADES upgrade: electromagnetic calorimeter - neutral final states:  / p / w
• Di-electron measurements : rR couplings S13(1620), D33(1700), P13(1720)



More HADES talks / poster:Special thanks to Andrey V. Sarantsev (Bonn-Gatchina group)



BACKUP

Witold Przygoda (Baryons 2016)



η contribution (mainly from C)
Lan
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parameterization

– probability of given in collision in carbon

A.V. Anisovich et al. (Bn-Ga)Eur. Phys. J. A 47 (2011) 27



ρ contribution (off-shell)
 contribution from π+π- channel (PWA analysis): cross section 1.54 mb

 VDM predicts scaling resulting in much higher BR as compared to the value at pole

Lan
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even 4 times more


