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“A physicist is an atom's way of knowing 
about atoms.” 
                                                George Wald 
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Molecule
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Nucleon
Quarks

Proton

 Understanding of the nucleon structure
 Investigation of excited states  
 Baryon spectroscopy

Goal: Gain a good understanding of the spectrum and properties of baryon resonances
2



  

               Nucleon resonances

  Above 1.9 GeV missing resonances are predicted by the symmetric quark models  

Goal: Gain a good understanding of the spectrum and properties of baryon resonances

U. Löring et al., Eur. Phys. J. A 10 (2001) 309, 395, 447
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               Introduction

        m

 = 396 MeV

Goal: Gain a good understanding of the spectrum and properties of baryon resonances

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

  
 

 
     
    

 

Goal: Gain a good understanding of the spectrum and properties of baryon resonances

Experimentally: Broad overlapping resonances
  Partial Wave Analysis necessary
  Measurement of cross-sections and polarization  observables
  Different production channels 

  gp  pp0

 Lattice QCD confirms the number of the states in symmetric quark models
  

  gp  p

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

Most of the data obtained with N scattering
Channels different from N → Photoproduction experiments
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 At high energies: Multi-meson final states play a role of increasing importance!
 Access to resonances with cascading decays

               Photoproduction

 CB-ELSA CB-ELSA

gp  pp0h

gp  pp0p0

gp  ph

gp  pp0

gp  pX

Goal: Gain a good understanding of the spectrum and properties of baryon resonances
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               20 photoproduction

CB-ELSA fit (BnGa-PWA) 
including additional data from: 
single-meson production, 
p-pn2p0 (Crystal Ball), 
P

11
-, S

11
-, P

33
-, D

33
- pN 

partial waves

event-based
 maximum-likelihood fit

 Determination of resonance    
           properties:
m, G

i
(Dp0, N(pp)

S
, P

11
p, D

13
p, ... )

Dotted: D
33

, dashed-dotted: D
13

, dashed: P
11

Two equally good solutions:
D

33
(1700) 

(S-wave) 
dominant (1)                  

D
33

(1700) 
(D-wave) 

dominant (2)

A. Sarantsev et al., PLB 659 (2008) 94   
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               BnGa PWA and Fix model

A. Sarantsev et al., PLB 659 (2008) 94   A.  Fix, H. Arenhovel, EPJ (A) (2005) 115

Fix model: 
Contributions of D

13
(1520),

 
P

11
(1440), 

S
11

(1535), F
15

(1680)

Dashed: S
31

(1620),
 
P

13
(1720), D

15
(1675)

Bonn-Gatchina Partial Wave Analysis:
Dotted: D

33
, dashed-dotted: D

13
, dashed: P

11

Two equally good solutions:
D

33
(1700) 

(S-wave) 
dominant (1)                  

D
33

(1700) 
(D-wave) 

dominant (2)
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               BnGa PWA and Fix model

A. Sarantsev et al., PLB 659 (2008) 94   A.  Fix, H. Arenhovel, EPJ (A) (2005) 115
U. Thoma, M. Fuchs et al., PLB 659(2008) 87

Bonn-Gatchina Partial Wave Analysis:
Dotted: D

33
, dashed-dotted: D

13
, dashed: P

11

Two equally good solutions:
D

33
(1700) 

(S-wave) 
dominant (1)                  

D
33

(1700) 
(D-wave) 

dominant (2)
Measurement of  polarization
      observables necessary!

 For a complete experiment, 15 observables are needed!
 W. Roberts and T. Oed, Phys. Rev. C 71, 055201 (2005) 9

Fix model: 
Contributions of D

13
(1520),

 
P

11
(1440), 

S
11

(1535), F
15

(1680)

Dashed: S
31

(1620),
 
P

13
(1720), D

15
(1675)



  

               Polarization observables

Quasi two-body consideration:
 Linearly polarized photon beam, unpolarized target:

-90




CMS

00

p

E


polarization plane

production plane

 [°]

 f() = A(1+
l 
Bcos2)

E
 
= 1200-1450 MeV

640
  
 m  700 MeV/c2
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  Three-particle final state: additional plane!
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               Polarization observables

Quasi two-body consideration:
 Linearly polarized photon beam, unpolarized target:

-90




CMS

00

p

E


0

0

polarization plane

production plane

                  *

production plane

decay 

plane

 [°]

 [°]

First measurement of Is and Ic in g p  pp0p0!

Limited * range
                         

 f() = A(1+
l 
Bcos2)

f() = A(1+
l
(Bsin2 + Ccos2))

  Three-particle final state: additional plane!
  Additional polarization observables! 

E
 
= 1200-1450 MeV

640
  
 m  700 MeV/c2

E
 
= 970-1200 MeV
18  *   36
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              Bonn

11



  

              HISKP and Physikalisches Institut
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              HISKP and Physikalisches Institut
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              ELSA
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              The CBELSA/TAPS experiment
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The data

CBELSA/TAPS: 

A: Pol
max

 = 49.2% @E
g
 = 1300 MeV

B: Pol
max

 = 38.7% @E
g
 = 1600 MeV

- Produced via coherent 
  bremsstrahlung at a diamond crystal

- Liquid hydrogen as target material

Data selected for 4g (+proton)  events       

     g p  p p0 p0 clearly observed!

 Full combinatorial analysis
 Cuts on invariant mass, coplanarity, missing mass 
 Kinematic fit: Cl

pp 
 > 10% and Cl

pp 
 >  Cl

p 
 

 Compatibility with reconstructed information

 560,000 events used for determination of 
polarization observables (E

g
 = 970 – 1650 MeV)

After cuts: background contamination < 1% 

p0p0

p0h p0h

15



  

Sequential decays

CB-ELSA data

CBELSA/TAPS data
Clear observation of cascading decays!  

D(1232)


D
13

(1520)




D
13

(1520)

D
13

(1520)





D(1232)

D(1232)



D
13

(1520)



U. Thoma, M. Fuchs et al., PLB 659 (2008) 87

m2(pp0) [MeV2]

E
g
 = 2000 - 2100 MeV

 

m(pp0) [MeV]

d


/d
m

[a
.u

.]

m(p0p0) [MeV]





f
0
(980)

f
0
(980)



m2(pp0) [MeV]2

m
2 (p

p0
) 

[M
eV

2
]

m
2 (p

0 p0
) 

[M
eV

2
]

d


/d
m

[a
.u

.]

E
g
 = 2000 - 2100 MeV

 

E
g
 = 2000 - 2200 MeV

 

F
15

(1680)
F

15
(1680)

F
15

(1680)

F
15

(1680)
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Quasi two-body consideration:

Polarization observable Σ


E

00

p
-90


CMS



polarization plane

production plane

Example of a distribution fitted 
with f() = A(1+

l 
Bcos2)

 [°]

640
  
 m  700 MeV/c2

E
 
= 1200-1450 MeV
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Polarization observable Σ

   BnGA PWA solutions (PLB 659(2008) 87)  
                                                           

 

                                                                                                                   

 Solid: D
33

(1700) 
(D-wave) 

dominant 

   Dashed: D
33

(1700) 
(S-wave) 

dominant 18



  

Compatibility of the data sets

         The CBELSA/TAPS experiment (Bonn, Germany)

              The GRAAL experiment (Grenoble, France)

19



  

Compatibility of the data sets

 Different phase space 
coverage

 Different efficiencies

 GRAAL coverage ~ 70% of        
events retained by  
CBELSA/TAPS

 Assafiri, et al., Phys. Rev. Lett. 90 
(2003) 222001.

Projections can be misleading!

20

3-body final state  5-dimensional →
phase space



  

Compatibility of the data sets

 Different phase space 
coverage

 Different efficiencies

 GRAAL coverage ~ 70% of       
events retained by  
CBELSA/TAPS

Trying to repeat the acceptance of 
GRAAL experiment 
approximately: 

a) 4 γ (25<Θ<155)

b) 3 γ (25<Θ<155) + 

       γ (Θ<25)

 Assafiri, et al., Phys. Rev. Lett. 90 
(2003) 222001.

E
g
 = 1085 ± 115 MeV

S(p)

IM(p0p0) [MeV]

20



  

Compatibility of the data sets

 Measured observables are valid for the phase covered by given              
   experiment!

 Discrepancies can probably be explained by acceptance differences

 Important for models

Solution:

 Either application of a 5-dimensional acceptance correction 

 Or a proper (event-based) determination of the systematic error

21



  

Polarization observables Is and Ic

0

0

Is(*) = -Is(2 – *)
Ic(*) = Ic(2 – *)

f() = A(1+
l
(Bsin2 + Ccos2))

Is

Is

0 in the production plane

    Is(c)(*) = Is(c)(* + )
proton in the production plane

36 < * < 54 306 < * < 324

              *[]

                  *

              *[]

decay 

plane

production plane

22



   Solid: D
33

(1700) 
(D-wave) 

dominant 

   
Dashed: D

33
(1700) 

(S-wave) 
dominant

Is(*) = -Is(2 – *) and  Ic(*) = Ic(2 – *) 

Proton recoiling Pion recoiling
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Is(*) = -Is(2 – *) Ic(*) = Ic(2 – *)

Is Ic

24Dashed: D
33

(1700) 
(S-wave) 

dominant
 Solid: D

33
(1700) 

(D-wave) 
dominant 

   



  

Is(*) = -Is(2 – *) Ic(*) = Ic(2 – *)

Is Ic

25Dashed: D
33

(1700) 
(S-wave) 

dominant
 Solid: D

33
(1700) 

(D-wave) 
dominant 

   



  

Comparison with models

BnGa PWA: Significant contributions 
of D

33
(1700), D

13
(1520), P

11
(1440)

Fix model: Significant contributions of 
D

13
(1520), P

11
(1440), F

15
(1680)

BnGa PWA: D
33

(1700) 
(D-wave) 

dominant 

(solid), D
33

(1700) 
(S-wave) 

dominant (dashed)  

Red: calculation of the Fix model                        

 Clear distinction between two models!       
 Importance of the D

33
(1700) resonance             

    for the reaction g p  pp0p0 
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Summary 

   

 Sequential decays observed: g p N*/D* Dp, D
13

(1520)p, F
15

(1680)p

 Determination of the polarization observable  

 First measurement of the observables IS and IC in g p p p0p0 

 New constraints for the PWA   

 Clear distinction between the BnGa PWA and the Fix model

 Data are presently included in the BnGa PWA

 Published for g p p p0η 

E. Gutz, V. S., H. van Pee et al. Eur. Phys. J. A 35 (2008) 291 

  E. Gutz, V. S., H. van Pee et al. Phys. Lett. B 687 (2010), 11

 Two papers in preparation for g p p p0p0       

   

Supported by the Deutsche Forschungsgemeinschaft (SFB/TR-16)
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Measurement of the Proton Scalar 

Polarizabilities at MAMI



  

Thank you for your attention!



  

Backup



  

0η photoproduction, Eric Gutz (Bonn)
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0η photoproduction, Eric Gutz (Bonn)
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Double polarized measurements
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Sensitivity to resonance decays
Separation of D

13
(1520)and (1232) regions:                        

m
p
 < m

 
+ 2/3 


 (I)                                                   

m
p 

> m
 

+ 2/3 
 

(II)

Very different patterns observed

BnGa PWA: N(1900) and N(1975) both being 3/2+ 
states mostly contribute to the D

13
(1520) decay  in the 

mass range 1800-2000 MeV

              *[]

              *[]

(1232)  region

D
13

(1520) region

I

I

II
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               Introduction

        m

 = 396 MeV

Goal: Gain a good understanding of the spectrum and properties of baryon resonances

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



  

               Introduction

  Above 1.9 GeV missing resonances are predicted by the symmetric quark models  

Goal: Gain a good understanding of the spectrum and properties of baryon resonances



  

              Maximum Likelihood



  

                 Baryon resonances



  

              The CBELSA/TAPS 
experiment



  

              The CBELSA/TAPS 
experiment

1290 CsI(Tl) crystals

Q = 30 - 168

528 BaF
2
 crystals

Veto system

Q = 5.8 - 30



  

               Models: Valencia and Laget

Y. Assafiri et al., PRL 90 (22) (2003) 

Laget model: 
P

11
 (1440), P

11 
(1710), D

13
(1520), D

13
(1700), D

33
(1700).

Dominance of the P
11

(1440) N channel
P

11
(1440)  (1) / D

13
(1520), D

13
(1700)  (2) /

P
11

(1440), D
13

(1710) p (3) / p (4)

Valencia model: 
D

13
(1520), P

11
 (1440), D

13
(1700) and other resonances

Dominance of the D
13

(1520)  channel

GRAAL: Polarization observable  
(linearly polarized photons, unpolarized 
target)

GDH Collaboration: circularly polarized 
beam, longitudinally polarized target: 


3/2 
> 

1/2 
  D

13
(1520) favored 

                                                                  
Bonn-Gatchina PWA:
Dominance of D

13
(1520) and D

33
(1700) 

650 - 780 MeV

970 - 1200 MeV

780 - 970 MeV

1200 - 1450 MeV
1200 - 1450 MeV

970 - 1200 MeV

780 - 970 MeV

650 - 780 MeV

J. Ahrens et al., PLB 624 (2005) 173

A. Sarantsev et al., PLB 659 (2008) 94   



  

             Polarization observables



  

The data

CBELSA/TAPS: 

A: Pol
max

 = 49.2% @E
g
 = 1300 MeV

B: Pol
max

 = 38.7% @E
g
 = 1600 MeV

- Produced via coherent 
  bremsstrahlung at a diamond crystal

- Liquid hydrogen as target material

Data selected for 4g (+proton)  events       

     g p  p p0 p0 clearly observed!

p0p0

p0h
p0h



  

   Preselection:

 Cut on 2p0 invariant mass
 Coplanarity cut
  cut
 Missing mass cut

Full combinatorial analysis
Time coincidence analysis

The 
data



  

   
Preselection:

Combinatorial analysis
Cut on 2p0 invariant mass
Coplanarity cut
Missing mass cut

Data analysis

 Application of the kinematic fit:

Cl
pp 

 > 10%

Cl
pp 

 >  Cl
p 

Compatibility with reconstruction

 561,443 events used for determination of 
polarization observables (E

g
 = 970 – 1650 MeV)

After cuts: background contamination < 1% 

   Cl
pp 



  

              Pulls



  

 Application of the kinematic fit:

 Combination with best Cl selected
 Cl

pp 
 > 10%

Cl
pp 

 >  Cl
p 

Compatibility with reconstruction

 561,443 events used for determination of 
polarization observables (E

g
 = 970 – 1650 MeV)

After cuts: background contamination < 1% 

The 
data

   Cl
pp 

   Cl
pp 

   Cl
ph 

   Cl
ph 

   Cl
pp 

Data  (g p  pp0p0)

Monte Carlo (g p  pp0h)

Data  (g p  
pp0p0)



  



  

Compatibility of the data sets

 Different phase space coverage

 Different efficiencies

  GRAAL coverage ~ 70% of        
events retained by  CBELSA/TAPS

Trying to repeat the acceptance of 
GRAAL experiment 
approximately: 

a) 4 γ (25<Θ<155)

b) 3 γ (25<Θ<155) + 

       γ (Θ<25)

 Assafiri, et al., Phys. Rev. Lett. 90 
(2003) 222001.

E
g
 = 1085 ± 115 MeV

S(p)

IM(p0p0) [MeV]



  

Sensitivity to resonance decays
Separation of D

13
(1520)and (1232) regions:                        m

p
 

< m
 

+ 2/3 

 (I)                                                    m

p 
> 

m
 

+ 2/3 
 

(II)

Very different patterns observed

BnGa PWA: N(1900) and N(1975) both being 3/2+ 
states mostly contribute to the D

13
(1520) decay  in the 

mass range 1800-2000 MeV

              *[]

              *[]

(1232)  region

D
13

(1520) region

I

I

II



   Solid: D
33
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(D-wave) 
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Dashed: D

33
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(S-wave) 

dominant

Is(*) = -Is(2 – *) and  Ic(*) = Ic(2 – *) 

Proton recoiling Pion recoiling



   Solid: D
33

(1700) 
(D-wave) 

dominant 

   
Dashed: D

33
(1700) 

(S-wave) 

dominant

Is(*) = -Is(2 – *) and  Ic(*) = Ic(2 – *) 



   Solid: D
33

(1700) 
(D-wave) 

dominant 

   
Dashed: D

33
(1700) 

(S-wave) 

dominant

Is(*) = -Is(2 – *) and  Ic(*) = Ic(2 – *) 



  

Comparison with models

Different resonance 
contributions:

BnGa PWA: 

Significant contributions of 

D
33

(1700), D
13

(1520), P
11

(1440)

Fix model:

Significant contributions of

D
13

(1520), P
11

(1440), F
15

(1680)

BnGa PWA: solid: D
33

(1700) 
(D-wave) 

dominant                              

  
BnGa

 
PWA: dashed: D

33
(1700) 

(S-wave) 
dominant                         

    Green: calculation of the Fix model   



  

Outlook
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