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1947:  Discovery  of  pion	
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1949:  First  pion  photoproduction  experiment	
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1952:  Discovery  of  Δ  resonance	
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This  event  marks  the  beginning  of  baryon  resonance  era	


Physical  Review  85,  936  (1952)	




1982:  Baryon  spectroscopy  is  30  years  old	
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  1997:  known  nucleon  resonances	
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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	
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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	
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General  spin  dependent  cross  section	
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A. M. Sandorfi, S. Hoblit, H. Kamano, T.-S. H. Lee J.Phys.G38:053001,2011	
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Single  spin	


Beam-­‐‑Target	


Beam-­‐‑Recoil	


Target-­‐‑Recoil	


•  Every  observable  can  be  
measured  in  at  least  two  different  
experiments.	
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Measurements	


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’ 
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•  Every  observable  can  be  measured  in  at  least  two  different  experiments  
configurations.	


•  η,  η’  and  ω  are  isospin  filtered  channels,  not  coupled  directly  to  Δ	

•  It  is  important  to  measure  both  K+Λ  and  K+Σ0:  isospin  filter	

•  It  is  also  important  to  do  measurement  on  both  proton  and  neutron  target	

•  There  is  no  such  things  as  redundant  data!	
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See  also  B5:  11:20  Dave  Ireland,  “Evaluating  Polarization  Data”	

	




CLAS  experiments  with  proton  target	


•  Unpolarized  target  (liquid  hydrogen)	

o  g1c  –  circularly  polarized  beam	

o  g11  –  unpolarized  beam,  high  statistics	

o  g8b  –  linearly  polarized  beam	


•  FROST  polarized  target  (butanol)	

o  g9a  –  circularly  and  linearly  polarized  beam  on  longitudinally  polarized  target	

o  g9b  –  circularly  and  linearly  polarized  beam  on  transversely  polarized  target	
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CLAS  Experiments  with  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	
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Final  states  measured  in  photoproduction  with  CLAS

σ	
   Σ	
   T	
   P	
   E	
   F	
   G	
   H	
   Tx	
   Tz	
   Lx	
   Lz	
   Ox	
   Oz	
   Cx	
   Cz	
  
Proton	
  target	
  

pπ0	
 ✔	
   ✓	
   ✓	
   ✓	
   ✓	
   ✓	
   ✓	
   ✓	
  

nπ+	
 ✔	
   ✓	
   ✓	
   ✓	
   ✓	
   ✓	
   ✓	
   ✓	
  

pη	
 ✔	
   ✓	
   ✓	
   ✓	
   ✓	
   ✓	
   ✓	
   ✓	
  

pη’	
 ✔	
   ✓	
   ✓	
   ✓	
   ✓	
   ✓	
   ✓	
   ✓	
  

pω	
 ✔	
   ✔	
   ✔	
   ✔	
   ✔	
   ✔	
   ✔	
   ✔	
   SDME	
  

pπ+π-­‐‑	
 ✔	
   64	
  beam-­‐target	
  asymmetries	
  

K+Λ	
 ✔	
   ✓	
   ✓	
   ✔	
   ✓	
   ✓	
   ✓	
   ✓	
   ✓	
   ✓	
   ✓	
   ✓	
   ✓	
   ✓	
   ✔	
   ✔	
  

K+Σ0	
 ✔	
   ✓	
   ✓	
   ✔	
   ✓	
   ✓	
   ✓	
   ✓	
   ✓	
   ✓	
   ✓	
   ✓	
   ✓	
   ✓	
   ✔	
   ✔	
  

K0*Σ+	
 ✔	
  

K0Σ+	
 ✔	
   ✓	
 ✓	
   ✓	
   ✓	
   ✓	
   ✓	
   ✓	
  

“Neutron”  target	


pπ-­‐‑	
 ✔ ✓	
 ✓	
 ✓	


K+Σ-­‐‑	
 ✓	
 ✓	


K0Λ	
 ✓	
 ✓	
 ✓	
 ✓	
 ✓	
 ✓	
 ✓	
 ✓	
 ✓	
 ✓	
 ✓	
 ✓	
 ✓	
 ✓	
 ✓	
 ✓	


K0Σ0	
 ✓	
 ✓	
 ✓	
 ✓	
 ✓	
 ✓	
 ✓	
 ✓	
 ✓	
 ✓	
 ✓	
 ✓	
 ✓	
 ✓	
 ✓	
 ✓	


✔ -­‐‑ published    ✔ -­‐‑  analysis  complete  ✔ -­‐‑  acquired	

E.  Pasyuk                                Baryons'ʹ2013              Glasgow,  UK,  June  24-­‐‑28,  2013  	
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γp→KY	
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Total	
 CLAS	

γp→K+Λ	
 9026	
 6046	

γp→K+Σ0	
 6876	
 4343	

γp→K0Σ+	
 304	
 48	




Bump?	


18	


SAPHIR  data  (1998)  triggered  discussion  of  “missing”  
resonances.	

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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Polarization  transfer  Cx  and  Cz	
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Fits:  BnGa-­‐‑Model,  V.  A.  Nikonov  et  al.,  Phys.  Lem.  B  662,  245  (2008)	


without  N(1900)  3/2+	
 with  N(1900)  3/2+	
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g11  cross  sections  and  P	
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A.V.  Anisovich  et  al.  EPJ.  A  (2011)  47:  27	


CLAS  g11  data	
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More  on  strangeness  production	


•  A2:  14:50  Colin  Gleason,  “Determination  of  the  Hyperon  Induced  
Polarization  and  Polarization  Transfer  Coefficients  for  Quasi-­‐‑Free  Hyperon  
Photoproduction  off  the  Bound  Neutron”	


•  A3:  16:50  Natalie  Walford,  “Polarization  Observables  in  γp  →  K+Λ  and  K+Σ0  
Using  Circularly  Polarized  Photons  on  a  Polarized  Frozen  Spin  Target”	


•  A3:  17:10  Shankar  Adhikari,  “Measurement  of  polarization  observables  for  
Lambda  in  the  reaction  γp  →  K+Λ”	


•  A4:  10:00  Tongtong  Cao,  “Determination  of  the  Polarization  Observables  Cx,  
Cz,  and  P  for  the  Quasi-­‐‑Free  Mechanism  in  the  reaction  γd→  K+Λn”	
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Σ  asymmetry  for  π+  and  π0  on  proton	


22	


•  CLAS:  M.  Dugger  et  al.,  
Phys  Rev  C  88,  065203  
(2013).	


•  700  π0  and  386  π+  data  
points	


E.  Pasyuk          NSTAR2017,  Columbia,  SC        August  20-­‐‑23  2017	


DU12	

CM12	

MAID	

BnGa	




E  asymmetry  for  γp  →  pπ+  	
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S.  Strauch,  et  al.,  PLB  750  (2015)  53.	




Partial  restoration  of  chiral  symmetry  at  high  mass?	
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Parity  partner  of  Δ(1950)7/2+	

is  poorly  known	

	

Δ(1950)7/2+  *****	

Δ(2200)7/2-­‐‑    *	

	

New  evidence  for  Δ(2200)7/2-­‐‑	

in  the  BnGa  analysis  of  data  
from  CLAS  and  CB/ELSA  :	

	

M(Δ7/2-­‐‑)  =  2180  MeV	

M(Δ7/2+)  =  1950  MeV	

	


2180  ≠  1950	


A.V.  Anisovich  et  al.,  PLB  766,  357  (2015)  	
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T  and  F  asymmetries  in  the  γp  →  π+p	
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courtesy  of  M.  Dugger  (ASU)	


See  also  A3:  17:50  Hao  Jiang,  “Polarization  Observables  T  and  F  in  the  γp  →  π+p  Reaction”	




Need  measurements  for  both  proton  
and  neutron  targets  to  disentangle  
different  isospin  contributions	

(neutron  measurements  sorely  lacking)	


CLAS  “g13”  experiment:            γd  à  π-­‐‑p(p)  	

8400  bins                  g13  triples  world  data  base!	

Eγ:  [0.445  –  2.510  GeV]  	

cos  θπcm:  [-­‐‑0.72  –  0.92]	

FSI  corrections  applied  to  extract  γn  from  γd	


P.T.  Mamione  et  al.  (CLAS  Collaboration),  arXiv:1706:01963,  (2017)	

submimed  to  PRC	


This  first  determination  of  neutron  
couplings  at  the  pole  positions  
significantly  improves  the  world  data	


Resonance Coupling SAID Fits 
Modulus, phase 

PDG 2016  
BW 

N(1440)1/2+	
 A1/2(n)	
   0.065±0.005,  5º±3º	
   0.040±0.010	


N(1535)1/2-­‐‑	
 A1/2(n)	
 -­‐‑0.055±0.005,  5º±2º	
 -­‐‑0.075±0.020	


N(1650)1/2-­‐‑	
 A1/2(n)	
 0.014±0.002,  -­‐‑30º±10º	
 -­‐‑0.050±0.020	


N(1720)3/2+	
 A1/2(n)	
 -­‐‑0.016±0.006,  10º±5º	
 -­‐‑0.080±0.050	


N(1720)3/2+	
 A3/2(n)	
 0.017±0.005,  90º±10º	
 -­‐‑0.140±0.065	


amplitudes  [GeV-­‐‑1/2]	


γd  !  π-­‐‑p(p)  cross  sections	
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γ d  →  π-­‐‑p(p)  E  asymmetry	
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π−

  cosθc.m.
π−

27	
E.  Pasyuk          NSTAR2017,  Columbia,  SC        August  20-­‐‑23  2017	


•  P3:  08:30  Andrew  Sandorfi,  “Spin  Asymmetries  and  Helicity  Amplitudes  from  Pion  Production  from  
Polarized  Neutrons  at  Jefferson  Lab”	


•  A2:  15:10  Haiyun  Lu,  “Beam-­‐‑Target  Asymmetry  for  γn(p)→π−p(p)  in  N*  Resonance  Region”	

	




γ d  →  π-­‐‑p(p)  Σ  asymmetry	


Over  1200  data-­‐‑points  in  the  range:  	


G.  Mandaglio,  PRC82,  045209  (2010)	


L.  Abrahamian,  EFI-­‐‑389-­‐‑47-­‐‑79-­‐‑YEREVAN  (1979)  	


F.  Adamian,  J.  Phys.  G15,  1797  (1989)	


MAID  2007	


SAID  CM12	


SAID  MA27	


BG2011  -­‐‑  free  n	


BG2014  -­‐‑  free  n	
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courtesy  D.  Sokhan	




γ d  →  π-­‐‑p(p)  Σ  asymmetry	


Bin  size  in                                    :  0.1,  from  -­‐‑0.9  (top  left)  to  1  (bomom  right),  W  on  the  x-­‐‑axis.  	

courtesy  D.  Sokhan	




η  photoproduction  results	
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n  CLAS:  P.  Collins  et  al.,  Phys  Lem  B  771,  213  
(2017)  -­‐‑    266  points  distributed  over  27  W  
bins	


          CB-­‐‑ELSA/TAPS  (2007)	

¢  GRAAL  (2015)	

u  Vartapetian,  Piliposian   	
(1980)	


•  SAID  (blue  domed  line)  and  ETA-­‐‑MAID  
(red  dashed  line)  do  not  predict  the  
structure  in  Σ  above  W=1.96  GeV.  	


•  How  important  is  the  N(1900)3/2+  state  
in  η  photoproduction?	


•  Fits  to  these  new  data  gave  sizeable  
changes  in  the  contributions  from  
N(1720)3/2+  and  N(1900)3/2+.  	


•  Are  those  changes  significant  for  Σ?  	

•  Not  really.  Compare  black  dashed  
and  black  solid  lines.  	


•  So  may  be  Σ  is  not  the  best  
observable  to  test  how  important  
the  N(1900)3/2+  is.	


•  Stay  tuned:  More  work  is  in  progress.  	

courtesy  of  B.G.  Ritchie,  ASU	
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η'ʹ  photoproduction  results	
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n  CLAS    P.  Collins  et  al.,  Phys  Lem  B  771,  213  (2017)  
-­‐‑  62  points  distributed  over  8  W  bins	


¢  GRAAL,  1.461  GeV  	
	

p  GRAAL,  1.480  GeV	


•  Asymmetry  is  small	

•  SAID  (black  domed  line),  ETA-­‐‑MAID  (red  

solid  line),  and  NH  (black  dashed  line)  don’t  
work  so  well.	


•  New  fits  with  BnGa  model  work  well	

o  Two  solutions  give  comparable  fits	

o  N(1900)3/2+  is  important!  May  push  this  

state  to  “****”	

o  Statistically  significant  η'ʹ  branches  for  
N(1895)1/2-­‐‑,  N(1900)3/2+,  N(2100)1/2+,  and  
N(2120)3/2-­‐‑    	


•  Stay  tuned:  More  work  in  progress  
(Anisovich  et  al.,  submimed  to  PLB).  	


courtesy  of  B.G.  Ritchie,  ASU	
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ω  photoproduction  results	
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n  CLAS    P.  Collins  et  al.,  just  have  been  accepted  to  
PLB  773,  112  (2017)
hmps://doi.org/10.1016/j.physletb.2017.08.015	


          -­‐‑  547  data  points  distributed  over  28  W  bins	

¢  GRAAL  (2006)	

l    GRAAL  (2015) 	
	

p  CB-­‐‑ELSA/TAPS  (2015)	


courtesy  of  B.G.  Ritchie,  ASU	


•  BnGa  fit  with  (black  solid  line)  and  without  
(black  dashed  line)  incorporating  these  new  
data	


•  Close  to  threshold  the  process  is  dominated  by  
3/2+  and  5/2+  partial  waves  associated  with  
N(1720)3/2+  and  N(1680)5/2+	


•  More  about  ω:  	

o  A3:  16:30  Zulkaida  Akbar,  “Photo-­‐‑production  

of  π+π−π0  Using  CLAS  at  Jefferson  Laboratory”	

o  P5:  09:00  Volker  Crede,  “Understanding  the  

Spectrum  of  Excited  Nucleons  using  CLAS  at  
Jefferson  Lab”	
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γp  →  pπ+π-­‐‑  	
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Full  JM  model	
 π-Δ++	
 π+Δ0	
 ρp	
 π+N(1520)3/2-­‐‑	


π+N(1685)5/2+	
 direct  2π

•  Nine  independent  one-­‐‑fold  differential  and  fully  integrated  cross  sections  at  1.6  GeV  <W<  2.0  GeV  have  
become  available  for  the  first  time  .  	


•  Successful  data  description  achieved  within  the  framework  of  the  meson-­‐‑baryon  reaction  model  JM  
allowed  us  to  establish  all  essential  mechanisms  contributing  to  π+π-­‐‑p  photoproduction  off  protons.	


E.N.  Golovach  (MSU)  et  al.	
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γp  →  pπ+π-­‐‑  	
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Resonance	
 A1/2,  GeV-­‐‑1/2  
*1000,	


π+π-­‐‑p  /  Nπ	


A3/2,  GeV-­‐‑1/2  
*1000	


π+π-­‐‑p  /  Nπ	


N(1650)1/2-­‐‑	
 61±8    /    53±16	


N(1680)5/2+	
 -­‐‑28±4    /  -­‐‑15±6	
 128±11  /  133±12	


N’(1720)3/2+	
 37±7  /  N/A	
 -­‐‑40±7  /  N/A	


N(1720)3/2+	
 81±12  /  97±3  	
 -­‐‑34±8  /  -­‐‑39±3	


Δ(1620)1/2-­‐‑	
 29±6  /  27±11	


Δ(1700)3/2-­‐‑	
 87±19  /  104±15	
 87±16  /  85±22	


Δ(1905)5/2+	
 19±8  /  26±11	
 -­‐‑43±17  /  -­‐‑45±20	


Δ(1950)7/2+	
 -­‐‑70±14  /  -­‐‑76±12	
 -­‐‑118±19  /  -­‐‑97±10	


resonant  (�)  on-­‐‑resonant  (�)  Full  model  (�)	

contributions  from  the  data  fit  within  the  framework  
of  the  JM  model	


•  Photocouplings  of  the  resonances  with  dominant  
Nππ  decays  (colored  boxes  in  the  table)  were  
determined  from  π+π-­‐‑p  photoproduction  off  protons  
data  for  the  first  time.  	


•  Consistent  results  on  photocouplings  of  resonances  
with  masses  above  1.6  GeV  from  analyses  of  Nπ  and  
π+π-­‐‑p  channels  validates  a  reliable  extraction  of  
these  quantities  in  a  nearly  model  independent  way.  	
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2017  vs.  1997	


overall	
 Nγ	
 Nπ	
 Nη	
 Nσ	
 Nω	
 ΛK	
 ΣK	
 Nρ	
 Δπ	

N	
 1/2+	
 ****	


N(1440)	
1/2+	
 ****	
 ****	
 ****	
 ***	
 *	
 ***	

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

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

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

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

N(1680)	
5/2+	
 ****	
 ****	
 ****	
 *	
 **	
 ***	
 ***	

N(1700)	
 3/2-­‐‑	
 ***	
 **	
 ***	
 *	
 *	
 *	
 *	
 ***	

N(1710)	
1/2+	
 ****	
 ****	
 ****	
 ***	
 **	
 ****	
 **	
 *	
 **	

N(1720)	
3/2+	
 ****	
 ****	
 ****	
 ***	
 **	
 **	
 **	
 *	

N(1860)	
5/2+	
 **	
 **	
 *	
 *	

N(1875)	
 3/2-­‐‑	
 ***	
 ***	
 *	
 **	
 ***	
 **	
 ***	

N(1880)	
1/2+	
 **	
 *	
 *	
 **	
 *	

N(1895)	
 1/2-­‐‑	
 **	
 **	
 *	
 **	
 **	
 *	

N(1900)	
3/2+	
 ***	
 ***	
 **	
 **	
 **	
 ***	
 **	
 *	
 **	

N(1990)	
7/2+	
 **	
 **	
 **	
 *	

N(2000)	
5/2+	
 **	
 **	
 *	
 **	
 **	
 *	
 **	

N(2040)	
3/2+	
 *	
 *	

N(2060)	
 5/2-­‐‑	
 **	
 **	
 **	
 *	
 **	

N(2100)	
1/2+	
 *	
 *	

N(2120)	
 3/2-­‐‑	
 **	
 **	
 **	
 *	
 *	

N(2190)	
 7/2-­‐‑	
 ****	
 ***	
 ****	
 *	
 **	
 *	

N(2220)	
9/2+	
 ****	
 ****	

N(2250)	
 9/2-­‐‑	
 ****	
 ****	

N(2300)	
1/2+	
 **	
 **	

N(2570)	
 5/2-­‐‑	
 **	
 **	

N(2600)	
11/2-­‐‑	
 ***	
 ***	

N(2700)	
13/2+	
 **	
 **	


Taken  out:	

N(2080)D13	

N(2090)S11	

N(2200)D15	




Summary	


•  The  field  of  the  N*  physics  is  still  very  much  alive!	

•  There  is  significant  progress  in  N*  physics  over  the  last  20  years.  	

•  CLAS  photoproduction  experiments  played  major  role  in  it.	

•  There  is  no  redundant  data.  Any  data  are  useful.	

•  Precision  and  consistency  of  the  experimental  data  is  of  critical  importance.	

•  More  interesting  data  are  on  the  way  for  strange  and  non-­‐‑strange  meson  

production  both  on  proton  and  deuteron  targets.	
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CLAS  meson  photoproduction  talks  at  NSTAR2017	


•  P3:  08:30  Andrew  Sandorfi,  “Spin  Asymmetries  and  Helicity  Amplitudes  from  Pion  Production    
	
 	
                                  from  Polarized  Neutrons  at  Jefferson  Lab”	


•  P5:  09:00  Volker  Crede,  “Understanding  the  Spectrum  of  Excited  Nucleons  using  CLAS  at  
	
 	
                Jefferson  Lab”	


•  A2:  14:00  Paul  Mamione,  “γn  →  p  π−  Cross  Section  Measurement  at  CLAS”	

•  A2:  14:50  Colin  Gleason,  “Determination  of  the  Hyperon  Induced  Polarization  and  Polarization-­‐‑-­‐‑  

	
 	
                        Transfer  Coefficients  for  Quasi-­‐‑Free  Hyperon  Photoproduction  off  the    
	
 	
                        Bound  Neutron”	


•  A2:  15:10  Haiyun  Lu,  “Beam-­‐‑Target  Asymmetry  for  γn(p)→π−p(p)  in  N*  Resonance  Region”	

•  A3:  16:30  Zulkaida  Akbar,  “Photo-­‐‑production  of  π+π−π0  Using  CLAS  at  Jefferson  Laboratory”	

•  A3:  16:50  Natalie  Walford,  “Polarization  Observables  in  γp  →  K+Λ  and  K+Σ0  Using   	


	
 	
                                Circularly  Polarized  Photons  on  a  Polarized  Frozen  Spin  Target”	

•  A3:  17:10  Shankar  Adhikari,  “Measurement  of  polarization  observables  for  Lambda  in  the  

	
 	
                                  reaction  γp  →  K+Λ”	

•  A3:  17:30  Lelia  Net,  “Polarization  observables  in  double  charged  pion  photo-­‐‑production  with    

	
                                              circularly  polarized  photons  off  transversely  polarized  protons”	

•  A3:  17:50  Hao  Jiang,  “Polarization  Observables  T  and  F  in  the  γp  →  π0p  Reaction”	

•  B5:  11:20  Dave  Ireland,  “Evaluating  Polarization  Data”	

•  A4:  10:00  Tongtong  Cao,  “Determination  of  the  Polarization  Observables  Cx,  Cz,  and  Py  for  the  

	
 	
                    Quasi-­‐‑Free  Mechanism  in  the  reaction  γd→  K+Λn”	
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