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What	
  do	
  we	
  expect	
  to	
  learn?	
  	
  
•  Understand	
  the	
  effecGve	
  degrees-­‐of-­‐freedom	
  underlying	
  the	
  N*	
  

spectrum	
  and	
  quanGfy	
  the	
  effecGve	
  forces	
  between	
  them.	
  

Motivation

The constituent quark model predicts many more states than have

been seen experimentally.

One of the main goals of CLAS is to probe the structure of the nucleon 
and its excited states.

freedom of the nucleon.

The N* spectrum is a direct reflection of the underlying degrees of

CQM CQM+flux tubes Quark!diquark
clustering

"missing resonances"

Complete coverage of hadronic decay final state.

Strange final states are a complementary way to probe this structure.

CLAS program designed to obtain accurate electromagnetic production
cross sections and spin observables over a broad kinematic range.

Daniel S. Carman, Jefferson Laboratory HADRON07 !! October 8!13, 2007  (2)

Baryon-­‐meson	
  
system	
  

•  Vigorous	
  experimental	
  program	
  needed	
  along	
  two	
  avenues	
  
•  Search	
  for	
  undiscovered	
  states	
  in	
  meson	
  photoproducGon	
  to	
  

characterize	
  the	
  systemaGc	
  of	
  the	
  spectrum	
  (JLab,	
  GRAAL,	
  CBELSA,	
  
MAMI,	
  BESIII)	
  

•  Measure	
  the	
  strength	
  of	
  resonance	
  excitaGons	
  for	
  prominent	
  states	
  
versus	
  distance	
  scale	
  in	
  meson	
  electroproducGon	
  (JLab/JLab12)	
  

•  Developments	
  in	
  theory	
  connecGng	
  experiment	
  to	
  QCD	
  	
  

•  Is	
  chiral	
  symmetry	
  restored	
  for	
  high	
  mass	
  states?	
  Parity	
  doublets?	
  

1/13/14	
   4	
  Hirschegg	
  2014,	
  Hadrons	
  from	
  Quarks	
  to	
  Gluons	
  



•  Large	
  acceptance	
  for	
  precision	
  
measurements	
  of	
  e.m.	
  induced	
  2-­‐
body	
  processes	
  in	
  wide	
  kinemaGcs	
  	
  

•  Polarized	
  beams,	
  targets,	
  recoil	
  
baryons	
  	
  

•  Measure	
  more	
  complex	
  reacGons	
  to	
  
access	
  high	
  mass	
  states,	
  e.g	
  Nω/φ,	
  
Nππ,	
  Nπη	
  

Modern	
  tools	
  for	
  N*	
  and	
  Δ*	
  studies	
  

Hadronic	
  	
  
producGon	
  

ElectromagneGc	
  	
  
producGon	
  

Data	
  

Engagement	
  of	
  groups	
  to	
  extract	
  physics	
  
in	
  theoreGcally	
  sound	
  analyses	
  is	
  essenGal.	
  

Amplitude	
  	
  
analysis	
  

ReacGon	
  
Theory	
  

Models	
  LQCD	
   N*,	
  Δ*	
  

-­‐	
  I.G.	
  Aznauryan,	
  et	
  al.	
  (White	
  Paper),	
  Int.	
  J.	
  Mod.	
  Phys.	
  E,	
  22,	
  1330015	
  (2013)	
  	
  
-­‐	
  V.	
  Crede,	
  W.	
  Roberts,	
  Rept.	
  Prog.	
  Phys.	
  76	
  (2013)	
  
-­‐	
  I.G.	
  Aznauryan,	
  V.	
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  Prog.	
  Part.	
  Nucl.	
  Phys.	
  67,	
  1	
  (2012)	
  
-­‐ 	
  L.	
  Tiator,	
  D.	
  Drechsel,	
  S.	
  Kamalov,	
  M.	
  Vanderhaeghen,	
  Eur.	
  Phys.	
  J.	
  	
  (2011)	
  
-­‐	
  E.	
  Klempt,	
  J.M.	
  Richard,	
  Rev.	
  Mod.	
  Phys.	
  82,	
  1095	
  (2010)	
  	
  

Recent	
  reviews:	
  	
  

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

The fit of the γp→ KΛ differential cross section
(CLAS 2009)
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  Cracken	
  et	
  al.(CLAS),	
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EssenFal	
  new	
  data	
  on	
  hyperon	
  producFon	
  	
  γp→K+Λ→K+pπ-­‐	
  	
  
From	
  elasGc	
  πN	
  scafering	
  to	
  γN	
  reacGons.	
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Nucleon resonances extracted from Bonn-Gatchina coupled channel analysis NSTAR 2011 17

The fit of the γp→ KΛ recoil asymmetry
(CLAS 2009)
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M.	
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  Cracken	
  et	
  al.	
  (CLAS),	
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  Rev.	
  C	
  81,	
  025201,	
  2010	
   D.	
  Bradford	
  et	
  al.	
  (CLAS),	
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The fit of the γp→ KΛ recoil asymmetry
(CLAS 2009)
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  polarizaGon	
   γ-­‐>Λ	
  PolarizaGon	
  transfer	
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Are	
  we	
  observing	
  spin	
  mulGplets	
  or	
  
parity	
  doublets	
  with	
  the	
  new	
  states?	
  

We	
  need	
  to	
  verify	
  candidate	
  states	
  
and	
  establish	
  higher	
  mass	
  states.	
  	
  

PhotoproducFon	
  data	
  from	
  
JLAB,	
  CBELSA,	
  GRAAL,	
  LEPS	
  

N/Δ	
  spectrum	
  in	
  RPP	
  2012	
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SU(6)xO(3)	
  ClassificaFon	
  of	
  	
  Baryons	
  

2010	
  2010	
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Do	
  the	
  new	
  candidate	
  states	
  fit	
  in	
  projected	
  Laqce	
  QCD	
  spectrum?	
  

h1h2h3h010233q(56,0+)(56,0+)(70,0+)(70,1-)(20,1+)(56,1-)(70,1-)(70,1-)(20,1-)(70,2-)(70,2+)(56,2+)(56,3-)(70,3-)(20,3-)LParticle Data Group(1135MeV)(1545MeV)(1839MeV)(2130MeV)N(Mass)3/23/21/21/23/25/25/21/27/2*********Lowest Baryon SupermultipletsSU(6)xO(3) Symmetry



SU(6)xO(3)	
  ClassificaFon	
  of	
  	
  Baryons	
  

2010	
  

h1h2h3h010233q(56,0+)(56,0+)(70,0+)(70,1-)(20,1+)(56,1-)(70,1-)(70,1-)(20,1-)(70,2-)(70,2+)(56,2+)(56,3-)(70,3-)(20,3-)LParticle Data Group(1135MeV)(1545MeV)(1839MeV)(2130MeV)N(Mass)3/23/21/21/23/25/25/21/27/2*********Lowest Baryon SupermultipletsSU(6)xO(3) Symmetry

2012	
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SU(6)xO(3)	
  ClassificaFon	
  of	
  	
  Baryons	
  

2010	
  

Naïve	
  quark-­‐diquark	
  
model`	
  

h1h2h3h010233q(56,0+)(56,0+)(70,0+)(70,1-)(20,1+)(56,1-)(70,1-)(70,1-)(20,1-)(70,2-)(70,2+)(56,2+)(56,3-)(70,3-)(20,3-)LParticle Data Group(1135MeV)(1545MeV)(1839MeV)(2130MeV)N(Mass)3/23/21/21/23/25/25/21/27/2*********Lowest Baryon SupermultipletsSU(6)xO(3) Symmetry

2012	
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N*	
  spectrum	
  in	
  LQCD	
  

Lattice N∗ excited states vs. JP : mπ = 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.	
  

N(1675)5/2-­‐	
  
N(1700)3/2-­‐	
  
N(1520)3/2-­‐	
  
N(1650)1/2-­‐	
  
N(1535)1/2-­‐	
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R.	
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  074508	
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The	
  N(1900)3/2+	
  State	
  

•  State	
  now	
  solidly	
  established	
  in	
  
coupled-­‐channel	
  analysis	
  making	
  use	
  
of	
  very	
  precise	
  KΛ	
  crs	
  and	
  polarizaGon	
  
data,	
  let	
  to	
  the	
  ***	
  assignment	
  in	
  
PDG2012.	
  

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

•  Confirmed	
  in	
  an	
  effecGve	
  Langrangian	
  
resonance	
  model	
  analysis	
  (O.	
  V.	
  
Maxwell,	
  PRC85,034611,	
  2012)	
  in	
  γp	
  →	
  K
+Λ	
  data.	
  	
  

•  State	
  fulfills	
  criteria	
  for	
  elevaGon	
  to	
  
****	
  status.	
  	
  First	
  baryon	
  resonance	
  
observed	
  and	
  confirmed	
  in	
  
electromagneGc	
  meson	
  producGon.	
  

P13	
  

P13	
  

T.	
  Mart	
  &	
  M.	
  Kholili	
  

Bonn-­‐Gatchina	
  Fit	
  

K+Λ	
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Complete	
  photoproducFon	
  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 "PY and the spin correlation observables P,Cx ,
and Cz is obtained by taking the expectation value of the
spin operator "σ with the density matrix ρY via the trace
"PY = Tr(ρY "σ ). 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 "PY 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, "PY 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 "PY

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	
  needed	
  to	
  	
  	
  	
  
	
  	
  	
  determine	
  amplitude.	
  
 	
  Up	
  to	
  16	
  observables	
  measured	
  directly	
  
 	
  3	
  inferred	
  from	
  double	
  polarizaGon	
  observables	
  
 	
  13	
  inferred	
  from	
  triple	
  polarizaGon	
  observables	
  

Λ	
  weak	
  decay	
  has	
  
large	
  analyzing	
  
power	
  

A.	
  Sandorfi,	
  S.	
  Hoblit,	
  H.	
  Kamano,	
  T.-­‐S.H.	
  Lee,	
  J.Phys.	
  38	
  (2011)	
  053001	
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Towards	
  “complete”	
  experiments	
  with	
  CLAS
Obser
ables	
  

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	
  polarizaFon,	
  SDME	
  

✔	
  	
  acquired	
  or	
  under	
  analysis	
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Polarized	
  photon	
  beam	
  asymmetry	
  Σ	
  	
  

10

FIG. 10. (Color online) Beam asymmetry Σ for !γp → 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 !γp → 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	
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SAPHIR(2003) {
 Adair→HEL 

 Adair→GJ  

SAPHIR
[1.716-1.848 GeV]

g11a[1.720 GeV]

g11a[1.845 GeV]

↓

↑
13 bins

SAPHIR
[1.848-1.994 GeV]

g11a[1.855 GeV]

g11a[1.985 GeV]

↓

↑
14 bins

SAPHIR
[1.994-2.196 GeV]

g11a[1.995 GeV]

g11a[2.195 GeV]

↓

↑
21 bins

SAPHIR
[2.196-2.340 GeV]

g11a[2.195 GeV]

g11a[2.395 GeV]

↓

↑
20 bins

0
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FIG. 18: (Color Online) ρ0
MM� in the Adair frame versus cos θω

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	
  secGons	
  in	
  
W,	
  cosθω.	
  From	
  ω	
  decays	
  =>	
  
SDME	
  ρ000,	
  ρ01-­‐1,	
  ρ010,	
  shown	
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  data	
  not	
  yet	
  included	
  in	
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 	
  The	
  data	
  are	
  used	
  as	
  input	
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  a	
  single	
  channel	
  event-­‐
based,	
  energy	
  independent	
  
parGal	
  wave	
  analysis	
  (the	
  first	
  
ever	
  for	
  baryons).	
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  ω	
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  the	
  well	
  known	
  	
  
F15(1680)	
  and	
  G17(2190),	
  and	
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First	
  precision	
  measurement	
  in	
  80	
  energy	
  bins	
  at	
  
W=10	
  MeV,	
  and	
  nearly	
  full	
  angle	
  range	
  (CLAS).	
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   φ 	
  K0sK0l	
  	
  	
  

• 	
  SDME	
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  φ	
  decay	
  angular	
  distribuGons.	
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ElectroexcitaFon	
  of	
  N/Δ	
  resonances	
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N(1520)3/2-­‐	
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N(1440)1/2+	
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   2	
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N [ħω] 

SU(6)xO(3)	
  super-­‐mulGplets	
  
in	
  low	
  mass	
  regime	
   N(1680)5/2+	
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  Virtual	
  photon	
  probes	
  resonance	
  strength	
  vs	
  distance	
  

e
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γv	
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E1+, M1+, S1+ multipoles 
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Electrocouplings	
  of	
  ‘Roper’	
  N(1440)1/2+	
  	
  

• 	
  nrQM	
  assign	
  it	
  to	
  the	
  1st	
  radial	
  excitaGon	
  of	
  the	
  nucleon,	
  but	
  fails	
  in	
  A1/2	
  
• 	
  A1/2	
  dominant	
  amplitude	
  at	
  high	
  Q2	
  indicates	
  radial	
  q3	
  excitaGon	
  but	
  fails	
  at	
  low	
  Q2	
  	
  
• 	
  Significant	
  meson-­‐baryon	
  coupling	
  needed	
  to	
  describe	
  small	
  Q2	
  behavior	
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Electrocouplings	
  of	
  N(1520)3/2-­‐	
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ρT	
  

From	
  Q2	
  dependence	
  to	
  charge	
  densiFes

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.
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Electrocouplings	
  of	
  the	
  N(1535)1/2-­‐	
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 	
  Dynamical	
  model	
  analyses	
  show	
  the	
  state	
  may	
  have	
  a	
  significant	
  coupling	
  to	
  KΛ	
  and	
  pφ	
  
which	
  could	
  indicate	
  sizeable	
  qqqs-­‐sbar	
  component	
  in	
  the	
  w.f.	
  
 	
  Could	
  explain	
  the	
  mass	
  ordering,	
  the	
  large	
  pη	
  branching	
  raGo,	
  and	
  sign	
  of	
  S1/2	
  at	
  low	
  Q2.	
  	
  

CQM	
  

 	
  Are	
  there	
  N*	
  states	
  with	
  significant	
  N*-­‐>	
  pφ	
  coupling,	
  similar	
  to	
  N(1535)1/2-­‐	
  -­‐>	
  Nη	
  ?	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  =>	
  Include	
  high	
  staFsFcs	
  γp-­‐>	
  pφ	
  data	
  in	
  coupled-­‐channel	
  PWA.	
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Meson-­‐Baryon	
  contribuFons	
  to	
  N(1675)5/2-­‐	
  

Quark	
  components	
  to	
  the	
  helicity	
  amplitudes	
  of	
  the	
  
N(1675)5/2-­‐	
  are	
  strongly	
  suppressed	
  for	
  proton	
  target.	
  	
  	
  

(q3)	
  	
  

CLAS	
  prel.	
  CLAS	
  prel.	
  
Meson-­‐baryon	
  	
  

Q2	
  (GeV2)	
   Q2	
  (GeV2)	
  

Single	
  Quark	
  TransiGon:	
  
Ap

1/2	
  =	
  Ap
3/2	
  =	
  0	
  	
  

 	
  Measures	
  the	
  meson-­‐baryon	
  contribuGon	
  to	
  γ*pN(1675)5/2-­‐	
  directly	
  
 	
  Calibrate	
  the	
  dynamical	
  coupled-­‐channel	
  model	
  input	
  

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

1/13/14	
   26	
  Hirschegg	
  2014,	
  Hadrons	
  from	
  Quarks	
  to	
  Gluons	
  



Gluonic	
  Baryons	
  q3G	
  

	
  regular	
  states	
  

	
  ‘hybrid’	
  states	
  

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

1.3GeV	
  

N	
  

Hybrid	
  states	
  have	
  same	
  JP	
  values	
  as	
  q3	
  baryons.	
  How	
  to	
  idenGfy	
  them?	
  
	
  -­‐	
  OverpopulaGon	
  of	
  N1/2+	
  and	
  N3/2+	
  states	
  compared	
  to	
  QM	
  projecGons?	
  
	
  -­‐	
  TransiGon	
  form	
  factors	
  in	
  electroproducGon?	
  

T.	
  Barnes	
  and	
  F.E.	
  Close,	
  	
  PLB128,	
  277	
  (1983)	
  	
  

LQCD	
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clustered	
  
in	
  mass	
  



SeparaFng	
  q3G	
  from	
  q3	
  states?	
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For	
  higher	
  mass	
  gluonic	
  “Roper”A1/2(Q2)	
  expected	
  to	
  drop	
  very	
  fast	
  with	
  Q2,	
  and	
  S1/2(Q2)	
  =	
  0	
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  1991	
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Lowest	
  mass	
  |q3G>	
  with	
  	
  JP=1/2+	
  	
  behave	
  like	
  the	
  Δ(1232)	
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Conclusions	
  

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

•  Meson	
  photoproducGon	
  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	
  
producGon	
  data	
  need	
  to	
  be	
  incorporated	
  in	
  coupled-­‐channel	
  analyses.	
  

•  Meson	
  electroproducGon	
  reveals	
  strength	
  of	
  quark	
  and	
  meson-­‐baryon	
  
degrees	
  of	
  freedom	
  in	
  N*	
  transiGons	
  and	
  could	
  be	
  essenGal	
  to	
  idenGfy	
  
hybrid	
  baryons.	
  	
  

•  Transverse	
  transiGon	
  densiGes	
  reveal	
  complex	
  charge	
  distribuGons.	
  High	
  
Q2	
  data	
  are	
  needed	
  to	
  access	
  the	
  short	
  distance	
  behavior	
  that	
  is	
  most	
  
uncertain.	
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