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Baryon Resonance Spectrum 

N*	


La%ice  QCD	


Mass(π)  =  396  MeV	


R.G.  Edwards  et  al.  Phys.  Rev.  D84  074508  (2011)	
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From the Experiment to Theory 

Experiment	

cross  section,  	


spin  observables	


Theory	

LQCD,	


quark  models,	

QCD  sum  rules,	


…	


Reaction  Theory	

dynamical  frameworks	


	

Amplitude  analysis	

→multipole  amplitudes	


→PWA	

	


(single)  dσ/dΩ,Σ,P,T	

(beam-­‐‑target)  E,F,G,H,	

(beam-­‐‑recoil)  Cx,Cz,Ox,Oz,	

(target-­‐‑recoil)  Lx,Lz,  Tx,Tz,	
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Polarization observables in pseudoscalar meson 
production 

4  Complex  amplitudes:    16  real  polarization  observables.	


Complete  measurement  from  8  carefully  chosen  observables.  	


πN  has  large  cross  section                                              but  in  KY    recoil  is  self-­‐‑analysing	


I. S. Barker, A. Donnachie, J. K. Storrow, Nucl. Phys. B95 347 (1975). 

πN	
 KY	


recoil        targ              γ                                  	
 γ                targ      recoil	


	

	

	

☻☻☻  	


☻	


linearly  polarized  photons	


☻☻☻	

☻☻☻	


longitudinally  polarized  target	


☻☻☻	

☻☻☻	


circ  polarized  photons	


☻☻☻	

☻☻☻	

☻☻☻	

☻☻☻	


transversely  polarized  target	
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Spin dependent cross section 

 

dσ B.T ,R(
!
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!
PT ,
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PR ) = 1

2
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γ cos(2φγ )+ Py
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R ]
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γ Pz
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γ Px
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TPy '
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+Cx '[Pc
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R − PL
γ Py

TPz '
R sin(2φγ )]

+Cz '[Pc
γ Pz '

R + PL
γ Py

TPx '
R sin(2φγ )]

+Ox '[PL
γ Px '

R sin(2φγ )+ PL
γ Py

TPz '
R ]
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γ Pz '

R sin(2φγ )− Pc
γ Py

TPx '
R ]

+ Lx '[Pz
TPx '

R + PL
γ Px

TPx '
R cos(2φγ )]

+ Lz '[Pz
TPz '

R − PL
γ Px

TPz '
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R + PL
γ Pz

TPz '
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+Tz '[Pz
TPz '

R − PL
γ Pz

TPx '
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A. M. Sandorfi, S. Hoblit, H. Kamano, T.-S. H. Lee J.Phys.G38:053001,2011	


Single spin observables 

Beam-Target 

Beam-Recoil 

Target-Recoil 
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Experiments 

Beam 

Target Recoil Target + Recoil 

x’ y’ z’ x’ x’ x’ y’ y’ y’ z’ z’ z’ 

x y z x y z x y z x y z 

unpolarized dσ0 T P Tx’ Lx’ Σ Tz’ Lz’ 

PL
γ sin(2φγ) H G Ox’ Oz’ Cz’ E F -Cx’ 

PL
γ cos(2φγ) Σ -P -T -Lx’ Tz’ -dσ0 Lx’ -Tx’ 

circular Pc
γ  dσ0 F -E Cx’ Cz’ -Oz’ G -H Ox’ 

¥  Every observable can be measured in at least two different 
experiments 

¥  They are not all independent. There are relations between the known 
as Fierz identities. 
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CEBAF Large Acceptance 
Spectrometer 1997-2012 

Torus  magnet	

6  superconducting  coils	


Gas  Cherenkov  counters	

e/π  separation,  256  PMTs	


Time-­‐‑of-­‐‑flight  counters	

plastic  scintillators,  684  photomultipliers	


Drift  chambers	

35,000  cells	


 target + start counter 

Electromagnetic  calorimeters	

Lead/scintillator,  1296  photomultipliers	
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Polarized pohoton beam 
C
ir
cu
la
r  p

ol
ar
iz
at
io
n	


Circular  polarization  from  100%  polarized  electron  beam	


Linearly polarized photons: coherent 
bremsstrahlung on oriented diamond crystal 

Circularly polarized beam produced by 
longitudinally polarized electrons 

H.  Olsen  and  L.C.  Maximon,  Phys.  Rev.  114,  887  (1959)  	
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FROST 
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HDIce polarized target 

¥  Polarized at very high 
magnetic field and 
very low temperature 

¥  Transferred to in-beam 
cryostat 

¥  Spin can be moved 
between H and D with 
RF transitions 

¥  All material can be 
polarized with small 
background 

 (X.  Wei,  Parallel  VII  S10)	
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What we measure with CLAS 

¥  γp→π0p, π+n 
¥  γp→ηp     
¥  γp→η’p 
¥  γp→KY (K+Λ, K+Σ0, K0Σ+) 
¥  γp→π+π-p ωp, ρp, ϕp 
¥  …. 
 
¥  γn→π-p 
¥  γn→π+π-n 
¥  γn→Σ-K+ , ΛK0 

¥  ….. 
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CLAS Experiments: g1c, g11 

Beam 

Target Recoil Target + Recoil 

x’ y’ z’ x’ x’ x’ y’ y’ y’ z’ z’ z’ 

x y z x y z x y z x y z 

unpolarized dσ0 T P Tx’ Lx’ Σ Tz’ Lz’ 

PL
γ sin(2φγ) H G Ox’ Oz’ Cz’ E F -Cx’ 

PL
γ cos(2φγ) Σ -P -T -Lx’ Tz’ -dσ0 Lx’ -Tx’ 

circular Pc
γ  dσ0 F -E Cx’ Cz’ -Oz’ G -H Ox’ 

¥  unpolarized  target	

¥  g1c  –  circularly  polarized  beam	

¥  g11  –  unpolarized  beam,  high  statistics	
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CLAS Experiments: g8b 

Beam 

Target Recoil Target + Recoil 

x’ y’ z’ x’ x’ x’ y’ y’ y’ z’ z’ z’ 

x y z x y z x y z x y z 

unpolarized dσ0 T P Tx’ Lx’ Σ Tz’ Lz’ 

PL
γ sin(2φγ) H G Ox’ Oz’ Cz’ E F -Cx’ 

PL
γ cos(2φγ) Σ -P -T -Lx’ Tz’ -dσ0 Lx’ -Tx’ 

circular Pc
γ  dσ0 F -E Cx’ Cz’ -Oz’ G -H Ox’ 

¥  linearly  polarized  beam	
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CLAS Experiments: g9a 

Beam 

Target Recoil Target + Recoil 

x’ y’ z’ x’ x’ x’ y’ y’ y’ z’ z’ z’ 

x y z x y z x y z x y z 

unpolarized dσ0 T P Tx’ Lx’ Σ Tz’ Lz’ 

PL
γ sin(2φγ) H G Ox’ Oz’ Cz’ E F -Cx’ 

PL
γ cos(2φγ) Σ -P -T -Lx’ Tz’ -dσ0 Lx’ -Tx’ 

circular Pc
γ  dσ0 F -E Cx’ Cz’ -Oz’ G -H Ox’ 

¥  Longitudinally  polarized  target	
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CLAS Experiments: g9b 

Beam 

Target Recoil Target + Recoil 

x’ y’ z’ x’ x’ x’ y’ y’ y’ z’ z’ z’ 

x y z x y z x y z x y z 

unpolarized dσ0 T P Tx’ Lx’ Σ Tz’ Lz’ 

PL
γ sin(2φγ) H G Ox’ Oz’ Cz’ E F -Cx’ 

PL
γ cos(2φγ) Σ -P -T -Lx’ Tz’ -dσ0 Lx’ -Tx’ 

circular Pc
γ  dσ0 F -E Cx’ Cz’ -Oz’ G -H Ox’ 

¥  transversely  polarized  target	
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CLAS Experiments: deuteron target 

¥  g10  unpolarized  beam,  unpolarized  deuterium  target	

¥  g13  circularly  and  linearly  polarized  beam  on  unpolarized  deuterium  target	

¥  g14  circularly  and  linearly  polarized  beam  on  longitudinally  polarized  HD  

target          (  A.  Sandorfi,  Parallel  VI  S6)	
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Single pion production 

γp→π+n 
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SAID  DU13	

SAID  DU13E	


Jülich14	


Jülich14E	


courtesy  S.  Strauch,  USC	
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T for Eγ = 675 to 1075 MeV 
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courtesy  M.  Dugger,  ASU	




T for Eγ = 1125 to 1525 MeV 
 

courtesy  M.  Dugger,  ASU	
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T for Eγ = 1575 to 1975 MeV 
 

courtesy  M.  Dugger,  ASU	
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F for Eγ = 675 to 1075 MeV) 
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courtesy  M.  Dugger,  ASU	




F for Eγ = 675 to 1075 MeV 
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courtesy  M.  Dugger,  ASU	




F for Eγ = 1575 - 1975 MeV 
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courtesy  M.  Dugger,  ASU	




 

0.4

0.6

0.8

1

1.2
1500<W<1550 MeV

Juelich 2014
ANL-Osaka 2013
SAID 2012
BnGa 2012
Juelich 2014 (fit)
BnGa 2014 (fit)

-1

0.5

0

0.5

1

1700<W<1750 MeV

-0.5 0 0.5
-1

0.5

0

0.5

1
1900<W<1950 MeV

1550<W<1600 MeV

1750<W<1800 MeV

-0.5 0 0.5

1950<W<2000 MeV

1600<W<1650 MeV

1800<W<1850 MeV

-0.5 0 0.5

2000<W<2050 MeV

1650<W<1700 MeV

1850<W<1900 MeV

-0.5 0 0.5

2050<W<2100 MeV

)d
cmeE(cos
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courtesy  I.  Senderovich,  ASU	




Kaon production 

γp→K+Λ, K+Σ0 
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What is this Bump? 

SAPHIR data (1998) triggered discussionon 
“missing”D13: 
D13(1890)?,  P11(1840)?  D13(1900)?...  lots of other 
interpretations 

CLAS got into the game 

First CLAS measurements (g1c): dσ/dΩ,  P,  Cx,  Cz	


Confirmed bump around 1.9 GeV 
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g11 cross sections and P 

0

0.2
2135 2145 2155 2165 2175

0

0.2
2185 2195 2205 2215 2225

0

0.2
2235 2245 2255 2265 2275

0

0.2
2285 2295 2305 2315 2325

0

0.2
2335

-0.5 0 0.5

2345

-0.5 0 0.5

2355

-0.5 0 0.5

2365

-0.5 0 0.5

2375

-0.5 0 0.5
cos ecm

0

0.2
1625

dm/d1, µb/sr
1635 1645 1655 1665

0

0.25

1675 1685 1695 1705 1715

0

0.25

1725 1735 1745 1755 1765

0

0.25

1775 1785 1795 1805 1815

0

0.25

1825 1835 1845 1855 1865

0

0.25

1875 1885 1895 1905 1915

0

0.25

1925 1935 1945 1965 1975

0

0.25
1985 1995 2005 2015 2025

0

0.25
2035 2045 2055 2065 2075

0

0.25
2085 2095 2105 2115 2125

-1

0

1 1625
P

1635 1645 1655 1665

-1

0

1 1675 1685 1695 1705 1715

-1

0

1 1725 1735 1745 1755 1765

-1

0

1 1775 1785 1795 1805 1815

-1

0

1 1825 1835 1845 1855 1865

-1

0

1 1875 1885 1895 1905 1915

-1

0

1 1925 1935 1945 1955 1965

-1

0

1 1975 1985 1995 2005 2015

-1

0

1 2025 2035 2045 2055 2065

-1

0

1 2075 2085 2095 2105 2115

-1

0

1 2125 2135 2145 2155 2165

-1

0

1 2175 2185 2195 2205 2215

-1

0

1 2225 2235 2245 2255 2265

-1

0

1 2275 2285 2295 2305 2315

-1

0

1 2325

-0.5 0 0.5

2335

-0.5 0 0.5

2345

-0.5 0 0.5

2355

-0.5 0 0.5
cos ecm

fit:  BoGa	

data:  CLAS  g11	
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Polarization transfer Cx, Cz 

Fits:  BoGa-­‐‑Model,  V.  A.  Nikonov  et  al.,  Phys.  Le%.  B  662,  245  (2008)	


without  N(1900)  3/2+	
 with  N(1900)  3/2+	
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�  Cx 
¢   Cz 



PDG 

¥  Major  revision  of  the  baryon  table    to  large  
extent  driven  by  new  photoproducton  data,  
particularly  CLAS  data.	


¥  Them  “bump”  origin  seems  to  be  se%led  
being  a%ributed  to  N(1900)  3/2+	


¥  Other  new  states  still  require  more  
confirmation  	


N*	
 JP(L2I,2J)	
 2010	
 2012	


N(1440)	
 1/2+  (P11)	
 ****	
 ****	

N(1520)	
 3/2-­‐‑  (D13)	
 ****	
 ****	

N(1535)	
 1/2-­‐‑  (S11)	
 ****	
 ****	

N(1650)	
 1/2-­‐‑  (S11)	
 ****	
 ****	

N(1675)	
 5/2-­‐‑  (D15)	
 ****	
 ****	

N(1680)	
 5/2+  (F15)	
 ****	
 ****	

N(1685)	
 *	

N(1700)	
 3/2-­‐‑  (D13)	
 ***	
 ***	

N(1710)	
 1/2+  (P11)	
 ***	
 ***	

N(1720)	
 3/2+  (P13)	
 ****	
 ****	

N(1860)	
 5/2+	
 **	

N(1875)	
 3/2-­‐‑	
 ***	

N(1880)	
 1/2+	
 **	

N(1895)	
 1/2-­‐‑	
 **	

N(1900)	
 3/2+  (P13)	
 **	
 ***	

N(1990)	
 7/2+  (F17)	
 **	
 **	

N(2000)	
 5/2+  (F15)	
 **	
 **	

N(2080)	
 D13	
 **	

N(2090)	
 S11	
 *	

N(2040)	
 3/2+	
 *	

N(2060)	
 5/2-­‐‑	
 **	

N(2100)	
 1/2+  (P11)	
 *	

N(2120)	
 3/2-­‐‑	
 **	

N(2190)	
 7/2-­‐‑  (G17)	

N(2200)	
 D15	
 **	

N(2220)	
 9/2+  (H19)	
 ****	
 ****	
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Two  pion  production	


γp→ pπ+π- 
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Spin dependent cross section for γp→ pπ+π- 
  

E.  Pasyuk                                        SPIN2014                                            Beijing,  October  20-­‐‑24,  2014	
 37	




IS for pπ+π-  
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I¤ for pπ+π-  
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Pz for pπ+π-  
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Summary 

¥  Polarization measurements in photoproduction  proved themeselves 
to be  a critical piece for understanding of the nucleon resonance 
spectrum. 

¥  More interesting data are on the way for strange and non-strange 
meson production both on proton and deuteron targets. 

¥  High level analysis tools are in great demand.  
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