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•   N*s are broadly overlapping 
•   Hard to disentangle without polarization observables 
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been complemented by still preliminary electrocouplings of high-lying resonances with masses above 1.6 GeV [21]
in the ⇡+⇡�p electroproduction channel, which is particularly sensitive to high-mass resonances. An alternative
resonance electrocoupling extraction in a combined multi-channel analysis of the N⇡, N⌘, and KY channels
within the framework of the advanced Excited Baryon Analysis Center (EBAC) Dynamic Coupled Channel (DCC)
approach is in progress [22, 23] (see Chapter II.D).

I.C. How can we isolate the quark degrees of freedom?

The nonperturbative strong interaction is enormously challenging. Owing to the quark-gluon interaction, the
elementary quarks and gauge-field gluons employed in the QCD Lagrangian are dressed by a cloud of gluons and
quark-anti-quark pairs coupled to gluon fields. In the regime of large quark-gluon running coupling this dress-
ing generates effective objects – dressed quarks and dressed gluons. The dressing of the quarks gives rise to a
momentum-dependent dynamical mass that reflects the structure of the dressed quarks, and these dressed con-
stituent quarks become the effective degrees of freedom of normal nuclear matter. In the process of being dressed,
the mass of the lightest quarks changes from a few MeV to an effective mass in the range of 250-400 MeV, and
the theoretical constituent quark models treat these as real physical particles. In the evolution of the strong inter-
action from the pQCD regime of almost point-like and weakly coupled quarks and gluons (distances < 10�17 m)
to the nonperturbative regime, where dressed quarks and gluons acquire dynamical mass and structure (distances
⇡ 10�15 m), two major nonperturbative phenomena emerge: a) quark-gluon confinement and b) Dynamical Chiral
Symmetry Breaking (DCSB). Quark-gluon confinement locks colored quarks and gluons inside the hadron interior.
It should be understood that confinement is not merely the statement that QCD supports only color singlet asymp-
totic states. Instead, it is the statement that the QCD spectrum contains only color singlet states of small spatial
extent, such that the individual colored constituents cannot be isolated empirically. The dynamical generation of a
length scale that characterizes these bound states is a crucial piece in the puzzles posed by confinement and DCSB.
It is believed that the DCSB mechanism is responsible for the generation of the large effective quark masses, and
both of these new phenomena are completely outside of the scope of pQCD. More than 98% of the hadron mass
is generated nonperturbatively through the DCSB processes, while the Higgs mechanism accounts for less than
2% of the light-quark baryon masses. The nonperturbative strong interaction is responsible for the formation of
all individual N⇤ states as bound systems of quarks and gluons. The DCSB mechanism will be discussed in more
detail in Sec. I.D.2 and in Chapter IV below.

Extraction of the �
v

NN⇤ electrocouplings [5, 6, 24, 25] gives information on the dressed-quark mass, structure,
and nonperturbative interaction, which is critical in exploring the nature of quark/gluon confinement and DCSB
in baryons. Figure 3 illustrates two of the contributions to these electrocouplings. In Fig. 3(b) the virtual photon
interacts directly with the constituent quark, an interaction which is sensitive to the quark current and depends

e
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q
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(a)

N

e
e'

q

X{X
NN*

(b) (c)

FIG. 2. Diagram (a) represents the scattering of an electron from a nucleon with the creation of a final state X . It is built
from two contributions: (b) the excitation of several N⇤ intermediate states (only one shown in the figure), and (c) background
contributions. Note that time flows from right to left in the diagrams.
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The fit of the �p� K� recoil asymmetry
(CLAS 2009)
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  81,	
  025201,	
  2010	
   D.	
  Bradford	
  et	
  al.	
  (CLAS),	
  Phys.Rev.	
  C75,	
  035205,	
  2007	
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The fit of the �p� K� recoil asymmetry
(CLAS 2009)

-1

0

1 1645
P

1655 1665 1675 1685

-1

0

1 1695 1705 1715 1725 1735

-1

0

1 1745 1755 1765 1775 1785

-1

0

1 1795 1805 1815 1825 1835

-1

0

1 1845 1855 1865 1875 1885

-1

0

1 1895 1905 1915 1925 1935

-1

0

1 1945 1955 1965 1975 1985

-1

0

1 1995 2005 2015 2025 2035

-1

0

1 2045 2055 2065 2075 2085

-1

0

1 2095 2105 2115 2125 2135

-1

0

1 2145 2155 2165 2175 2185

-1

0

1 2195 2205 2215 2225 2235

-1

0

1 2245 2255 2265 2275 2285

-1

0

1 2295 2305 2315 2325 2335

-1

0

1 2345

-0.5 0 0.5

2355

-0.5 0 0.5

2365

-0.5 0 0.5

2375

-0.5 0 0.5

2385

-0.5 0 0.5
cos !cm

Λ	
  Recoil	
  polarizaIon	
   γ-­‐>Λ	
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  transfer	
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The	
  N(1900)3/2+	
  state	
  

•  State	
  was	
  solidly	
  established	
  in	
  BnGa	
  coupled-­‐
channel	
  analysis	
  making	
  use	
  of	
  very	
  precise	
  KΛ	
  
cross-­‐secIon	
  and	
  polarizaIon	
  data,	
  lead	
  to	
  the	
  
***	
  raIng	
  in	
  PDG2012.	
  

•  State	
  confirmed	
  in	
  an	
  effecIve	
  Langrangian	
  
resonance	
  model	
  analysis	
  of	
  	
  γp	
  →	
  K+Λ. 	
   	
  
	
  	
  O.	
  V.	
  Maxwell,	
  PRC85,	
  034611,	
  2012	
  	
  

•  State	
  confirmed	
  in	
  a	
  covariant	
  isobar	
  model	
  
single	
  channel	
  analysis	
  of	
  γp	
  →	
  K+Λ. 	
   	
  
	
  T.	
  Mart,	
  M.	
  J.	
  Kholili	
  ,	
  PRC86,	
  022201,	
  2012	
  

	
  
•  First	
  baryon	
  resonance	
  observed	
  and	
  mulIply	
  

confirmed	
  in	
  electromagneIc	
  meson	
  
producIon.	
  
	
   	
   	
  	
  =>	
  Good	
  candidate	
  for	
  ****	
  state.	
  

P13	
  

BnGa	
  Fit	
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Evidence	
  for	
  new	
  N*	
  states	
  and	
  couplings	
  

State	
  
N((mass)JP	
  

PDG	
  2010	
   PDG	
  2012	
   KΛ	
  
	
  

KΣ	
  
	
  

	
  Nγ	
  

N(1710)1/2+	
   ***	
  
(not	
  seen	
  in	
  
GW	
  analysis)	
  

***	
   ***	
   **	
   ***	
  

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

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

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

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

N(2150)3/2-­‐	
   **	
   **	
   **	
  

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

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

Bonn-Gatchina Analysis – A.V. Anisovich et al., EPJ A48, 15 (2012) 
(First coupled-channel analysis that includes nearly all new photoproduction data)  
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Do	
  new	
  states	
  fit	
  into	
  CQM?	
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Do	
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Do	
  new	
  states	
  fit	
  into	
  CQM?	
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Do	
  new	
  states	
  fit	
  into	
  LQCD	
  projecAons?	
  

Lattice N� excited states vs. JP : m� = 396 MeV
Nstar Workshop May 2011 22

22

mπ=396MeV	
  

N(1860)5/2+	
  
N(1900)3/2+	
  
N(1880)1/2+	
  

N(2060)5/2-­‐	
  
N(2120)3/2-­‐	
  
N(1875)3/2-­‐	
  
N(1895)1/2-­‐	
  	
  

Ignoring	
  the	
  mass	
  scale,	
  new	
  candidate	
  states	
  fit	
  with	
  the	
  JP	
  values	
  predicted	
  from	
  LQCD.	
  

Known	
  states:	
  
N(1675)5/2-­‐	
  
N(1700)3/2-­‐	
  
N(1520)3/2-­‐	
  
N(1650)1/2-­‐	
  
N(1535)1/2-­‐	
  

R.	
  Edwards	
  et	
  al.,	
  Phys.Rev.	
  D84	
  (2011)	
  074508	
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The	
  helicity	
  amplitudes	
  are	
  related	
  to	
  the	
  matrix	
  
elements	
  of	
  the	
  electromagneAc	
  current	
  via:	
  

Transverse  
•  A1/2 
•  A3/2 

Longitudinal 
•  S1/2 

½:	
  	
  	
  <N*,Sz*=+½|εμ(+)Jμem|N,Sz=−½>	
  
	
  

3/2:	
  	
  	
  <N*,Sz*=+3/2|εμ(+)Jμem|N,Sz=+½>	
  
	
  

½:	
  	
  	
  <N*,Sz*=+½|εμ(0)Jμem|N,Sz=+½>	
  
	
  

P.	
  Cole	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  What	
  Nucleon	
  Resonances	
  Teach	
  us...	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
Bound	
  States	
  in	
  QCD	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Sankt	
  Goar	
  March	
  27,	
  2015	
   19	
  

ElectroproducAon	
  



ElectroexcitaAon	
  of	
  N/Δ	
  resonances	
  	
  

N(1675)5/2-­‐	
  
N(1520)3/2-­‐	
  
N(1535)1/2-­‐	
  

N(1440)1/2+	
  
Δ(1232)3/2+	
  	
  
N(940)1/2+	
  

L3q	
  

0	
  

1	
  

0	
   1	
   2	
  

2	
  

N [ħω] 

N(1680)5/2+	
  

§ 	
  Real	
  photon	
  beam	
  essenIal	
  to	
  establish	
  the	
  N*	
  spectrum	
  
§ 	
  Virtual	
  photons	
  probe	
  resonance	
  strength	
  vs	
  Ime-­‐distance	
  scale	
  

e 

e’ 

γv	
  	
  

N N’

N*,△* 

A1/2,	
  A3/2,	
  S1/2	
  	
  
E1+, M1+, S1+  

π,	
  η,	
  ππ	
  
[70,1-­‐]	
  

[56,2+]	
  

[70,0+]	
  

[56,0+]	
  

Q 
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The	
  Δ(1232)3/2+	
  transiAon	
  
Quadrupole	
  RaIos	
  MagneIc	
  TransiIon	
  Form	
  Factor	
  

§ 	
  35%	
  MB	
  contribuIons	
  needed	
  to	
  describe	
  magneIc	
  dipole	
  transiIon	
  at	
  Q2=0.	
  	
  
§ 	
  For	
  G*M	
  the	
  MB	
  contribuIon	
  are	
  decreasing	
  with	
  increasing	
  Q2	
  to	
  10%	
  @	
  5	
  GeV2	
  

§ 	
  	
  REM	
  =	
  E1+/M1+	
  and	
  RSM	
  =	
  S1+/M1+	
  are	
  small	
  and	
  can	
  be	
  described	
  with	
  MB	
  contribuIons	
  only	
  

REM	
  

RSM	
  

CLAS 
Hall A 
Hall C 
MAMI 

CLAS 
Hall A 
Hall C 
MAMI 

Bare quark core 

Meson-
Baryon 
Cloud  
Effect 

0.2 

Pascalutsa,	
  	
  
Vanderhaeghen	
  
Sato,	
  	
  Lee	
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Electrocouplings	
  of	
  N(1520)3/2-­‐	
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§ 	
  First	
  data	
  set	
  that	
  enabled	
  the	
  	
  determinaIon	
  of	
  S1/2(Q2)	
  
§ 	
  Firmly	
  established	
  switch	
  from	
  A3/2	
  dominance	
  at	
  Q2=0	
  
	
  	
  	
  to	
  A1/2	
  dominance	
  at	
  Q2	
  >	
  1	
  GeV2.	
  

A1/2	
   S1/2	
   A3/2	
  

A1/2	
  strength	
  at	
  high	
  Q2	
  dominantly	
  from	
  quarks	
  
A3/2	
  strength	
  dominantly	
  from	
  MB	
  contribuIons.	
  

G.	
  Ramalho	
  and	
  M.	
  T.	
  Peña,	
  arXiv:1309.0730	
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Electrocouplings	
  of	
  N(1535)1/2-­‐	
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open	
  symbols:	
  pη	
  
	
  	
  	
  	
  full	
  symbols:	
  nπ+	
  

§ 	
  Chiral	
  unitary	
  (dynamical)	
  models	
  show	
  the	
  state	
  may	
  have	
  a	
  significant	
  coupling	
  to	
  KΛ	
  
and	
  pφ	
  which	
  could	
  indicate	
  sizeable	
  qqqss	
  component	
  in	
  the	
  wave	
  funcIon.	
  
§ 	
  Could	
  explain	
  the	
  large	
  pη	
  branching	
  raIo	
  (~50%)	
  and	
  negaIve	
  sign	
  of	
  S1/2	
  at	
  low	
  Q2.	
  	
  

CQM	
  

§ 	
  Are	
  there	
  high	
  mass	
  N*	
  states	
  with	
  significant	
  N*-­‐-­‐>	
  pφ	
  coupling?	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  =>	
  Include	
  γp-­‐>	
  pφ	
  data	
  in	
  coupled-­‐channel	
  PWA.	
  	
  

P.	
  Cole	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  What	
  Nucleon	
  Resonances	
  Teach	
  us...	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
Bound	
  States	
  in	
  QCD	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Sankt	
  Goar	
  

LCSR	
  

March	
  27,	
  2015	
   23	
  



Meson-­‐Baryon	
  contribuAons	
  to	
  γp	
  →N(1675)5/2-­‐	
  

Moorhouse	
  selecIon	
  rule:	
  	
  	
  
	
  	
  =>	
  Quark	
  contribuIons	
  to	
  	
  
γvpN(1675)	
  transiIon:	
  

	
  	
  Ap
1/2=Ap

3/2=0	
  	
  

§ 	
  Input	
  to	
  calibrate	
  dynamical	
  coupled-­‐channel	
  model	
  calculaIons.	
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How	
  can	
  we	
  be	
  sure	
  that	
  we	
  need	
  MB	
  contribuAons	
  to	
  resonance	
  excitaAons?	
  	
  

	
  	
  	
  	
  CQM	
  	
  

CLAS	
  prel.	
  

Meson-­‐
baryon	
  	
  

Q2	
  (GeV2)	
  	
   	
   	
  E.	
  Santopinto	
  and	
  M.	
  M.	
  Giannini,	
  PRC	
  86,	
  065202	
  (2012)	
  	
  	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  B.	
  Juliá-­‐Díaz,	
  T.-­‐S.H.	
  Lee,	
  et	
  al.,	
  PR	
  C	
  77,	
  045205	
  (2008)	
  

Explicit	
  CQM	
  calculaIons	
  give	
  finite	
  but	
  
very	
  small	
  quark	
  contribuIons.	
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Electrocouplings	
  of	
  N(1680)5/2+	
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§ 	
  The	
  observed	
  helicity	
  switch	
  from	
  3/2	
  
to	
  1/2	
  dominance	
  is	
  not	
  as	
  rapid	
  as	
  
predicted	
  by	
  QM	
  and	
  as	
  seen	
  for	
  the	
  
N(1520)3/2-­‐	
  state.	
  	
  
	
  
Significant	
  meson-­‐baryon	
  contribuIons	
  
at	
  large	
  Q2?	
  

A1/2
2	
  -­‐	
  A3/2

2	
  

A1/2
2	
  -­‐	
  A3/2

2	
  

CLAS	
  nπ+	
  ,	
  prel.	
  
CLAS	
  pπ+π-­‐,	
  prel.	
  



Electrocouplings	
  of	
  ‘Roper’	
  N(1440)1/2+	
  	
  

• 	
  A1/2	
  exhibits	
  unusual	
  Q2	
  behavior,	
  disappears	
  at	
  Q2=0.5,	
  becomes	
  large	
  at	
  Q2	
  >	
  1.5	
  GeV2.	
  	
  	
  
• 	
  In	
  nrCQM	
  the	
  state	
  is	
  the	
  first	
  radial	
  excitaIon	
  of	
  the	
  nucleon	
  =>	
  A1/2(0)	
  >	
  0.	
  	
  
• 	
  nrQM	
  failure	
  led	
  to	
  more	
  exoIc	
  explanaIons,	
  e.g.	
  hybrid	
  state,	
  pure	
  Nσ	
  molecule,	
  Nρ.	
  	
  
• 	
  LC	
  QM	
  +	
  Nσ	
  reproduce	
  main	
  features	
  at	
  small	
  and	
  at	
  large	
  Q2.	
  	
  	
  

Aznauryan	
  et	
  al.	
  (CLAS),	
  PRC80,	
  055203	
  (2009)	
  ,	
  V.	
  Mokeev	
  et	
  al.	
  (CLAS),	
  PRC86,	
  035203	
  (2012)	
  	
  

LC	
  QM+Nσ	
  

Nσ	
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ProjecAons	
  for	
  N*	
  transiAons	
  
For	
  the	
  foreseeable	
  future,	
  CLAS12	
  will	
  be	
  the	
  only	
  facility	
  worldwide,	
  which	
  will	
  be	
  able	
  	
  
to	
  	
  access	
  the	
  N*	
  electrocouplings	
  in	
  the	
  Q2	
  	
  regime	
  of	
  5	
  GeV2	
  to	
  10	
  GeV2,	
  where	
  the	
  quark	
  
degrees	
  of	
  freedom	
  are	
  expected	
  to	
  dominate.	
  	
  The	
  approved	
  experimentes	
  “Nucleon	
  
Resonance	
  Studies	
  with	
  CLAS12”	
  and	
  “Exclusive	
  N*	
  →	
  KY	
  Studies	
  with	
  CLAS12”	
  have	
  60	
  
days	
  of	
  beamIme:	
  
 

•  https://www.jlab.org/exp_prog/proposals/09/PR12-09-003.pdf  
•  https://www.jlab.org/exp_prog/proposals/14/E12-06-108A.pdf 

 

CLAS	
  published	
  

CLAS12	
  projected	
  

CLAS	
  published	
  

CLAS12	
  projected	
  



March	
  27,	
  2015	
   P.	
  Cole	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  What	
  Nucleon	
  Resonances	
  Teach	
  us...	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
Bound	
  States	
  in	
  QCD	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Sankt	
  Goar	
   29	
  

ElectroproducIon	
  data	
  are	
  
further	
  needed	
  to	
  confirm	
  the	
  
existence	
  of	
  N*s	
  that	
  decay	
  
through	
  the	
  K+Λ	
  channel	
  in	
  the	
  
nucleon	
  spectrum	
  for	
  varying	
  
Q2	
  bins.	
  	
  
	
  
Providing	
  constraints	
  on:	
  	
  
	
  

•  N*	
  hadronic	
  decay	
  widths	
  
•  N*	
  masses	
  should	
  be	
  the	
  

same	
  in	
  all	
  Q2	
  bins.	
  

Nucleon resonances extracted from Bonn-Gatchina coupled channel analysis NSTAR 2011 16

The fit of the �p� K� differential cross section
(CLAS 2009)
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  spectrum	
  



Complete	
  photoproducAon	
  experiments	
  
R. K. BRADFORD et al. PHYSICAL REVIEW C 75, 035205 (2007)

FIG. 1. (Color online) In the overall reaction center of mass, the
coordinate system can be oriented along the outgoing K+ meson
{x̂ ′, ŷ ′, ẑ′} or along the incident photon direction {x̂, ŷ, ẑ}. The dotted
box represents the rest frame of the hyperon and the coordinate system
used for specifying the polarization components. The red arrows
represent polarization vectors.

chosen along the incident beam direction (i.e., the helicity axis
of the photons) or along the momentum axis of the produced
K+. Because a polarization vector transforms as a vector in
three-space, this choice is of no fundamental significance.
In this paper, we select the z axis along the photon helicity
direction because it will be seen that the transferred hyperon
polarization is dominantly along ẑ defined in Fig. 1. Model
calculations for Cx and Cz supplied to us in the {x̂ ′, ẑ′} basis
were rotated about the ŷ axis to the {x̂, ẑ} basis.

With the axis convention chosen to give the results their
simplest interpretation, we correspondingly define our Cx and
Cz with signs opposite to the version of Eq. (1) given in
Ref. [26]. This will make Cz positive when the ẑ and ẑ′ axes
coincide at the forward meson production angle, meaning that
positive photon helicity results in positive hyperon polarization
along ẑ.

The connection between the measured hyperon recoil
polarization P⃗Y and the spin correlation observables P,Cx ,
and Cz is obtained by taking the expectation value of the
spin operator σ⃗ with the density matrix ρY via the trace
P⃗Y = Tr(ρY σ⃗ ). This leads to the identifications

PYx = P⊙Cx, (3)

PYy = P, (4)

PYz = P⊙Cz. (5)

Thus, the transverse or induced polarization of the hyperon,
PYy , is equivalent to the observable P , while the x̂ and ẑ
components of the hyperon polarization in the reaction plane
are proportional to Cx and Cz via the beam polarization
factor P⊙. Physically, Cx and Cz measure the transfer of
circular polarization, or helicity, of the incident photon on
an unpolarized target to the produced hyperon.

A. Hyperon decay and beam helicity asymmetries

Hyperon polarizations P⃗Y are measured through the decay
angular distributions of the hyperons’ decay products. The
decay # → π−p has a parity-violating weak decay angular
distribution in the # rest frame. The decay of the %0 always
proceeds first via an M1 radiative decay to a #. In either
case, P⃗Y is measured using the angular distribution of the
decay protons in the hyperon rest frame. In the specified
coordinate system, i ∈ {x, y, z} is one of the three axes. The
decay distribution Ii(cos θi) is given by

Ii(cos θi) = 1
2 (1 + ναPYi cos θi), (6)

where θi is the proton polar angle with respect to the given
axis in the hyperon rest frame. The weak decay asymmetry
α is taken to be 0.642. The factor ν is a “dilution” arising in
the %0 case due to its radiative decay to a #, and which is
equal to −1/3 in the # rest frame. A complication arose for us
because we measured the proton angular distribution in the rest
frame of the parent %0. This led to a value of ν = −1/3.90,
as discussed in Appendix A. For the K+# analysis ν = +1.0.
Extraction of PYi follows from fitting the linear relationship
of Ii(cos θi) vs cos θi .

The components of the measured hyperon polarization P⃗Y

are then related to the polarization observables using the
relations in Eqs. (3)–(5). The crucial experimental aspect is
that when the beam helicity is reversed (P⊙ → −P⊙), so are
the in-plane components of the hyperon polarization.

In each bin of kaon angle cos θ c.m.
K+ , total system energy W ,

and proton angle cos θi , let N± events be detected for a positive
(negative) beam helicity according to

N±(cos θi) = ϵKϵpQ± [SIi(cos θi) + NBG] . (7)

Q± represents the number of photons with net helicity ±P⊙
incident on the target. S designates all cross section and target
related factors for producing events in the given kinematic bin.
The spectrometer has a bin-dependent kaon acceptance defined
as ϵK . The protons from hyperon decay distributed according
to Eq. (6) are detected in bins, usually 10 in number, that each
have an associated spectrometer acceptance defined as ϵp. In
fact, ϵK and ϵp are correlated, since the reaction kinematics
connect the places in the detector in which these particles will
appear. This correlation is a function of W, cos θ c.m.

K+ , and cos θi ,
but is assumed to be beam helicity independent. We denote the
correlated acceptance as ϵKϵp. The method used here avoids
explicitly computing this correlation. The term NBG designates
events due to “backgrounds” from other physics reactions
or from event misidentifications. The hyperon yield-fitting
procedure discussed in Sec. IV B removes NBG, and the
associated residual uncertainty is discussed in Sec. IV D.

If the beam helicity P⊙ can be “flipped” quickly and often,
then by far the most straightforward way to obtain the Ci values
is to construct the ensuing asymmetry A as a function of proton
angle. In each proton angle bin, we record the number of events
N± in each beam helicity state and compute the corresponding
asymmetry as

A(cos θi) = N+ − N−

N+ + N−
= ανP⊙Ci cos θi . (8)

035205-4

§ 	
  Process	
  described	
  by	
  4	
  complex	
  amplitudes	
  	
  
§ 	
  8	
  well-­‐chosen	
  measurements	
  are	
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  to	
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  amplitude.	
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Towards	
  “complete”	
  experiments
Obser
vables	
  

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

oooooooo	
  

pπ0	
   ✔	
   ✔	
   ✓	
   (✓)	
   ✓	
   ✓	
   ✓	
   ✓	
  

nπ+	
   ✔	
   ✔	
   ✓	
   (✓)	
   ✓	
   ✓	
   ✓	
   ✓	
  

pη	
   ✔	
   ✓	
   ✓	
   (✓)	
   ✓	
   ✓	
   ✓	
   ✓	
  

pη’	
   ✔	
   ✓	
   ✓	
   (✓)	
   ✓	
   ✓	
   ✓	
   ✓	
  

pω/φ	
   ✔	
   ✓	
   ✓	
   (✓)	
   ✓	
   ✓	
   ✓	
   ✓	
  

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

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

K0*Σ+	
   ✔	
   ✓	
   ✓	
   ✓	
  

pπ-­‐	
   ✔ ✓	
   (✓)	
   ✓	
   ✓	
   ✓	
  

pρ-­‐	
   ✓	
   ✓	
   (✓)	
   ✓	
   ✓	
   ✓	
  

K-­‐Σ+	
   ✓	
   ✓	
   (✓)	
   ✓	
   ✓	
   ✓	
  

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

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

K0*Σ0	
   ✓	
   ✓	
   ✓	
   ✓	
  

Neutron	
  targets	
  

Proton	
  targets	
  

Tensor	
  polarizaAon,	
  SDME	
  

✔	
  	
  acquired	
  or	
  under	
  analysis	
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FIG. 10. (Color online) Beam asymmetry Σ for γ⃗p → π+n at Eγ = 1112 − 1862 MeV versus pion center-of-mass production
angle. The photon energy is shown as E. Solid (dash-dotted) lines correspond to the SAID DU13 (CM12 [27]) solution. Dashed
(short-dashed) lines give the MAID07 [28] (BG2011-02 BnGa [29]) predictions. Experimental data are from the current (filled
circles), GRAAL [25] (open square), Yerevan [26] (open triangle), CEA [21] (filled square), and DNPL [23] (cross). Plotted
uncertainties are statistical. The plotted points from previously published experimental data [30] are those data points within
3 MeV of the photon energy indicated on each panel.

term Nγ ,

σ2
Ỹ0,k

=
1

(Nγ)2

Y0,k
∑

l=1

1 =
1

(Nγ)2
Y0,k =

1

Nγ
Ỹ0,k.

It is useful to note that, by way of the double-angle
relationship for the cosine of an angle, the variance of
Ỹm,k can be written as

σ2
Ỹm,k

=
1

2(Nγ)2

Y0,k
∑

l=1

[1 + cos(2mϕl)] =
1

2Nγ

[

Ỹ0,k + Ỹ2m,k

]

.

The covariance of two variables Ỹm1,k, and Ỹm2,k,

Cov(Ỹm1,k, Ỹm2,k), is given by

Cov(Ỹm1,k, Ỹm2,k) =
1

(Nγ)2

Y0,k
∑

l=1

cos(m1ϕl) cos(m2ϕl)

In what follows the identity

Cov(Ỹm,k, Ỹ2m,k) =
1

(Nγ)2

Y0,k
∑

l=1

cos(mϕl) cos(2mϕl)

=
1

(Nγ)2

Y0,k
∑

l=1

1

2
(cos(mϕl) + cos(3mϕl))

=
1

2(Nγ)2
(Ỹm,k + Ỹ3m,k)

12

FIG. 12. (Color online) Fixed angle excitation functions of the beam asymmetry Σ for γ⃗p → π+n. The pion center-of-mass
production angle is shown. Notation as in Fig. 10.

VI. YIELD DETERMINATION FOR EACH
KINEMATIC BIN

To determine the π0 yields, a technique very similar to
the one used for the g1c experiment of extracted differen-
tial cross sections for π0 photoproduction off the proton
[10] was employed. The g1c experiment utilized the same
CLAS detector and bremsstrahlung photon tagger as the
g8b experiment, but had an 18-cm-long liquid hydrogen
target placed at the center of CLAS, and only used un-
polarized incident photons.
Following the previous discussion, the beam asymme-

tries were determined for a particular photon energy and
cos(θ) bin, which we call a “kinematic bin”. For each
missing mass spectrum within each kinematic bin, the
π0 yield was extracted by removing the background un-
der the peak. It was assumed that the background in the
missing mass spectra arises from two particular types of
events:

1. Events arising from accidental coincidences

between CLAS and the photon tagger.

2. Events arising from two-pion photoproduc-
tion via the reaction γp → pπ+π−.

The spectrum for accidental coincidences can be deter-
mined by looking at events that fell outside the desig-
nated trigger window. From experience with the g1c

experiment, the background coming from accidentals
within the g8b data set was approximated as being linear
in missing mass. Figure 3 shows an example of the back-
ground subtraction from the CLAS published g1c pion
differential cross sections [10], where the accidental con-
tribution was determined by looking at events that fell
outside the designated trigger window. As can be seen
in Fig. 3 the assumption that the accidentals are well
modeled by a linear function is reasonable.
To determine the two-pion background, data for the

reaction γ p → p π+ π− were selected by requiring
that each particle in the final state had to be identified
through normal particle ID procedures, that the same in-

World	
  data	
   γp	
  	
  	
  	
  	
  	
  	
  π+n	
  
1.72	
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  W	
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  2.10	
  GeV	
  

Now	
  being	
  included	
  in	
  coupled-­‐channel	
  analyses	
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FIG. 12. (Color online) Fixed angle excitation functions of the beam asymmetry Σ for γ⃗p → π+n. The pion center-of-mass
production angle is shown. Notation as in Fig. 10.

VI. YIELD DETERMINATION FOR EACH
KINEMATIC BIN

To determine the π0 yields, a technique very similar to
the one used for the g1c experiment of extracted differen-
tial cross sections for π0 photoproduction off the proton
[10] was employed. The g1c experiment utilized the same
CLAS detector and bremsstrahlung photon tagger as the
g8b experiment, but had an 18-cm-long liquid hydrogen
target placed at the center of CLAS, and only used un-
polarized incident photons.
Following the previous discussion, the beam asymme-

tries were determined for a particular photon energy and
cos(θ) bin, which we call a “kinematic bin”. For each
missing mass spectrum within each kinematic bin, the
π0 yield was extracted by removing the background un-
der the peak. It was assumed that the background in the
missing mass spectra arises from two particular types of
events:

1. Events arising from accidental coincidences

between CLAS and the photon tagger.

2. Events arising from two-pion photoproduc-
tion via the reaction γp → pπ+π−.

The spectrum for accidental coincidences can be deter-
mined by looking at events that fell outside the desig-
nated trigger window. From experience with the g1c

experiment, the background coming from accidentals
within the g8b data set was approximated as being linear
in missing mass. Figure 3 shows an example of the back-
ground subtraction from the CLAS published g1c pion
differential cross sections [10], where the accidental con-
tribution was determined by looking at events that fell
outside the designated trigger window. As can be seen
in Fig. 3 the assumption that the accidentals are well
modeled by a linear function is reasonable.
To determine the two-pion background, data for the

reaction γ p → p π+ π− were selected by requiring
that each particle in the final state had to be identified
through normal particle ID procedures, that the same in-
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FIG. 18: (Color Online) ⇥0
MM� in the Adair frame versus cos ��

c.m.: Comparison of the present CLAS results (blue circles)
with previously published SAPHIR [5] results (open red squares and triangles). SAPHIR extracted results independently in
the Gottfried-Jackson and Helicity frames — both presented here rotated to the Adair frame.

N*	
  states	
  in	
  γp➝pω➝pπ+π-­‐π0	
  ?	
  

M.	
  Williams,	
  et	
  al.	
  (CLAS),	
  	
  Phys.	
  Rev.	
  C80:065209,	
  2009	
  	
  

W=1.7	
  –	
  2.4	
  GeV,	
  ΔW=10	
  MeV	
  bins	
  

• 	
  Very	
  precise	
  cross	
  secIons	
  in	
  W,	
  
cosθω.	
  From	
  ω	
  decays	
  =>	
  SDME	
  ρ000,	
  
ρ01-­‐1,	
  ρ010,	
  shown	
  in	
  blue	
  -­‐	
  blue	
  
shades.	
  

• 	
  Channel	
  in	
  preparaIon	
  	
  by	
  BnGa	
  
and	
  other	
  groups	
  for	
  analysis	
  in	
  
coupled	
  channel	
  framework.	
  	
  

• 	
  Single	
  channel	
  analysis	
  shows	
  
evidence	
  for	
  (missing)	
  N(2000)5/2+	
  
state.	
  



Gluonic	
  baryons	
  q3G	
  

	
  regular	
  states	
  

	
  ‘hybrid’	
  states	
  

J.J.	
  Dudek	
  and	
  R.G.	
  Edwards,	
  	
  PRD85	
  (2012)	
  054016	
  

1.3GeV	
  

N	
  

Gluonic	
  states	
  q3G	
  have	
  same	
  JP	
  values	
  as	
  q3	
  baryons.	
  Lowest	
  state	
  should	
  
be	
  a	
  JP	
  =	
  1/2+	
  Roper-­‐like	
  state.	
  	
  How	
  to	
  idenIfy	
  them?	
  
	
  -­‐	
  OverpopulaIon	
  of	
  N1/2+	
  and	
  N3/2+	
  states	
  compared	
  to	
  QM	
  projecIons?	
  
	
  -­‐	
  TransiIon	
  form	
  factors	
  in	
  electroproducIon?	
  

T.	
  Barnes	
  and	
  F.E.	
  Close,	
  	
  PLB128,	
  277	
  (1983)	
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SeparaAng	
  q3G	
  from	
  q3	
  states?	
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For	
  Roper-­‐like	
  hybrid	
  states	
  A1/2(Q2)	
  expected	
  to	
  drop	
  very	
  fast	
  with	
  Q2,	
  and	
  S1/2(Q2)	
  =	
  0	
  	
  	
  

Z.P.	
  Li,	
  V.	
  Burkert,	
  Zh.	
  Li,	
  PRD	
  46,	
  70,	
  1992;	
  	
  C.E.	
  Carlson,	
  N.	
  Mukhopadhyay,	
  PRL	
  67,	
  3745,	
  1991	
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Lowest	
  mass	
  |q3G>	
  with	
  	
  JP	
  =	
  1/2+	
  	
  behave	
  like	
  the	
  Δ(1232)	
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• 	
  A1/2(Q2)	
  and	
  S1/2(Q2)	
  are	
  inconsistent	
  with	
  the	
  Roper	
  as	
  a	
  gluonic	
  state.	
  

§ 	
  ElectroexcitaIon	
  could	
  be	
  a	
  powerful	
  tool	
  for	
  idenIfying	
  gluonic	
  baryons	
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An	
  “exoAc”	
  resonance	
  at	
  1670	
  MeV	
  ?	
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γn	
  →	
  	
  nη,	
  γp	
  →	
  	
  pη	
  	
   § 	
  Integrated	
  cross	
  secIon	
  in	
  η	
  photo-­‐
producIon	
  off	
  neutrons	
  shows	
  peak	
  at	
  
1670	
  MeV	
  that	
  is	
  not	
  seen	
  on	
  the	
  proton.	
  	
  
	
  	
  
§ 	
  SpeculaIons	
  that	
  this	
  may	
  be	
  a	
  JP=1/2+	
  
a	
  non-­‐exoIc	
  member	
  of	
  a	
  decuplet	
  of	
  
penta-­‐quark	
  states	
  predicted	
  at	
  this	
  mass	
  
by	
  χQSM.	
  

§ 	
  Coupled-­‐channel	
  analysis	
  shows	
  this	
  as	
  
interference	
  effects	
  of	
  the	
  N(1535)1/2-­‐	
  
and	
  N(1650)1/2-­‐	
  states.	
  Different	
  signs	
  of	
  
the	
  helicity	
  amplitudes	
  generate	
  
construcIve	
  and	
  destrucIve	
  effects	
  on	
  
neutron	
  and	
  proton,	
  respecIvely.	
  

BnGa:	
  A.V.	
  Anisonov	
  et	
  al.,	
  	
  arXiv:1402.7164	
  (2014)	
  

D.	
  Werthmüller	
  et	
  al.,	
  PRL	
  111,	
  232001	
  (2013)	
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What	
  have	
  we	
  have	
  learned	
  from	
  N*	
  studies?	
  

•  Evidence	
  for	
  many	
  new	
  states	
  revealed	
  in	
  coupled-­‐channel	
  analysis	
  
involving	
  high	
  precision	
  KΛ	
  and	
  KΣ	
  	
  photoproducIon	
  reacIons.	
  

•  States	
  can	
  be	
  accommodated	
  within	
  the	
  SU(6)xO(3)	
  group	
  and	
  LQCD	
  
spin-­‐parity	
  projecIons	
  but	
  not	
  in	
  the	
  naïve	
  quark-­‐diquark	
  picture.	
  	
  

•  Meson	
  photoproducIon	
  is	
  reaching	
  the	
  “holy	
  grail”	
  of	
  complete	
  
measurements,	
  allowing	
  major	
  advances	
  in	
  the	
  search	
  for	
  new	
  states.	
  

•  For	
  access	
  to	
  high	
  mass	
  excited	
  nucleon	
  states	
  precision	
  vector	
  meson	
  
producIon	
  data	
  need	
  to	
  be	
  incorporated	
  in	
  coupled-­‐channel	
  analyses.	
  

•  Low	
  Q2	
  behavior	
  may	
  be	
  essenIal	
  to	
  idenIfy	
  hybrid	
  baryons.	
  	
  

•  The	
  CLAS	
  data	
  on	
  γvNN*	
  electrocouplings	
  have	
  revealed	
  that	
  the	
  N*	
  
structure	
  as	
  being	
  a	
  complex	
  interplay	
  between	
  the	
  inner	
  core	
  of	
  three	
  
dressed	
  quarks	
  and	
  the	
  external	
  meson-­‐baryon	
  cloud.	
  	
  	
  The	
  relaIve	
  
contribuIon	
  of	
  quark	
  degrees	
  of	
  freedom	
  increases	
  with	
  Q2	
  and	
  is	
  	
  
expected	
  to	
  be	
  dominant	
  at	
  Q2	
  	
  >	
  5.0	
  GeV2.	
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High	
  Q2	
  data	
  are	
  needed	
  to	
  access	
  and	
  quanAfy	
  the	
  short	
  distance	
  behavior	
  (=>JLab@12GeV)	
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AddiIonal	
  slides	
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N*	
  Light	
  Cone	
  transiAon	
  charge	
  densiAes

where the spin projections are along the z-axis (chosen along the virtual photon direction)

and where the transverse photon polarization vector entering A1/2 is given by ϵλ=+1 =

−1/
√

2(1, i, 0). Furthermore in Eq. (2), e is the proton electric charge, related to the fine-

structure constant as αem ≡ e2/(4π) ≃ 1/137, and K is the “equivalent photon energy”

defined as :

K ≡
M∗ 2 − M2

N

2M∗
. (3)

The helicity amplitudes are functions of the photon virtuality Q2, and can be expressed in

terms of the FFs F NN∗

1 and F NN∗

2 as :

A1/2 = e
Q−√

K (4MNM∗)1/2

{

F NN∗

1 + F NN∗

2

}

, (4)

S1/2 = e
Q−√

2K (4MNM∗)1/2

(

Q+Q−

2M∗

)

(M∗ + MN )

Q2

{

F NN∗

1 −
Q2

(M∗ + MN )2
F NN∗

2

}

,(5)

where we introduced the shorthand notation Q± ≡
√

(M∗ ± MN )2 + Q2.

For numerical evaluation, we will use the MAID2007 parameterization [4] for the γ∗N →

P11(1440) helicity amplitudes A1/2 and S1/2. They have been parameterized as :

A1/2(Q
2) = A0

1/2

(

1 + a1 Q2 + a2 Q4 + a3 Q8
)

e−a4Q2

, (6)

S1/2(Q
2) = S0

1/2

(

1 + s1 Q2 + s2 Q4 + s3 Q8
)

e−s4Q2

. (7)

The improved proton fit is based on π0p data from [8, 22, 23] and π+n data from [10, 11, 12].

The neutron fit is based only an older pre-2000 quasi-free π−p data from the SAID data

base [24]. The resulting values of the parameters are given in Table (I, II) for both proton

and neutron.

In Fig. 1, we show the helicity amplitudes for the γ∗p → P11(1440) transition, which

have been measured up to Q2 ≃ 5 GeV2. One notices that the helicity amplitude A1/2 for

transverse photons displays a sign change from a large negative value at the real photon

point to a broad positive maximum around Q2 ≃ 2 GeV2. The helicity amplitude S1/2 for

longitudinal photons stays positive and has a maximum around Q2 ≃ 0.6 GeV2.

The corresponding helicity amplitudes for the neutron are shown in Fig. 2. One sees

that apart from the value at the real photon point for A1/2, these amplitudes are yet to be

measured. The MAID2007 analysis shows an A1/2 helicity amplitude for the neutron which

does not display a sign change as in the proton case.

4

+1/2	
  =>	
  +1/2	
  

	
  +1/2	
  =>	
  -­‐1/2	
  	
  
Electric	
  DM	
  

	
  +1/2	
  =>	
  -­‐1/2	
  	
  
	
  	
  Electric	
  QM	
  

ρT	
  
N(1520)3/2-­‐	
  

ρ0	
   ρT	
  

+1/2	
  =>	
  +1/2	
  

ρ0	
  

ρT	
  

N(1440)1/2+	
  L.	
  Tiator,	
  M.	
  Vanderhaeghen,	
  2009	
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γvNN*	
  Electrocouplings	
  from	
  Exclusive	
  Meson	
  ElectroproducAon	
  Data	
  	
  

γv  

N N’

N*,△ 

• 	
  Real	
  	
  A1/2(Q2),	
  	
  A3/2(Q2),	
  S1/2(Q2)	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  or	
  
• 	
  G1(Q2),	
  G2(Q2),	
  G3(Q2)	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  or	
  
• 	
  GM(Q2),	
  GE(Q2),	
  GC(Q2)	
  

I.G	
  .Aznauryan	
  and	
  V.D	
  .Burkert,	
  	
  
Progr.	
  Part.	
  Nucl.	
  Phys.	
  67,	
  1	
  (2012).	
  

π, η, ππ,..
	
  
	
  
	
  

N

π, η, ππ,..

N’

+	
  
*	
  

Consistent	
  results	
  on	
  γvNN*	
  electrocouplings	
  	
  from	
  different	
  meson	
  
electroproducAon	
  channels	
  and	
  from	
  different	
  analysis	
  approaches	
  
will	
  demonstrate	
  the	
  reliable	
  extracAon	
  of	
  these	
  quanAAes.	
  

Resonant	
  amplitudes	
   Non-­‐resonant	
  amplitudes	
  

[ ]22/32

2/1
*

2

)12(
2

AAMJ
Mq

Nr

N +
+

=Γ π
γ

γ

DefiniAon	
  of	
  N*	
  photo-­‐/electrocouplings	
  	
  
employed	
  in	
  the	
  CLAS	
  data	
  analyses	
  :	
  	
  

e	
  

e’	
  

Γγ	
  stands	
  for	
  N*	
  electro-­‐	
  
magneIc	
  decay	
  widths	
  at	
  
W=MN*	
  in	
  real	
  energy	
  axis.	
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§ 	
  The	
  data	
  are	
  used	
  as	
  input	
  
to	
  a	
  single	
  channel	
  event-­‐
based,	
  energy	
  independent	
  
parIal	
  wave	
  analysis	
  (the	
  first	
  
ever	
  for	
  baryons).	
  	
  

§ 	
  ω	
  photoproducIon	
  is	
  
dominated	
  by	
  the	
  well	
  known	
  	
  
F15(1680)	
  and	
  G17(2190),	
  and	
  
the	
  “missing”	
  **	
  F15(2000)	
  	
  
	
  	
  	
  (2012	
  PDG:	
  N(2000)5/2+)	
  

N*	
  states	
  in	
  γp➝pω➝pπ+π-­‐π0	
  

M.	
  Williams,	
  et	
  al.	
  (CLAS)	
  ,	
  
Phys.Rev.	
  C80	
  (2009)	
  065208	
  

F15(2000)/G17(2190)

Process	
  acts	
  as	
  isospin	
  filter	
  and	
  is	
  sensiAve	
  only	
  to	
  N*	
  states	
  



Diff.	
  CS	
  and	
  SDME	
  for	
  γp➝pφ➝pK+K-­‐(KsKl)	
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B.	
  Dey	
  et	
  al.,	
  (CLAS),	
  arXiv:1403.2110	
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