
6/2/12	
   1	
  
MESON	
  2012,	
  May	
  31-­‐June	
  5,	
  Krakow,	
  Poland	
  

Volker	
  D.	
  Burkert	
  

Jefferson	
  Lab	
  

Outline:	
  	
  
	
  Why	
  do	
  we	
  study	
  excited	
  nucleons?	
  	
  
	
  Structure	
  of	
  excited	
  nucleons	
  	
  
	
  Search	
  for	
  new	
  states	
  in	
  meson	
  photo	
  producQon	
  
	
  Outlook	
  
	
  Summary	
  

MESON	
  2012	
  



Why	
  do	
  we	
  study	
  excited	
  nucleons?	
  

	
   	
  	
   	
  	
  
•  The	
  N*	
  spectrum	
  reflects	
  the	
  underlying	
  degrees	
  of	
  freedom	
  of	
  the	
  nucleon	
  where	
  

our	
  knowledge	
  is	
  incomplete	
  

•  Two	
  main	
  components	
  of	
  the	
  experimental	
  N*	
  program	
  with	
  CLAS	
  
–  Measure	
  the	
  excita-on	
  spectrum	
  –	
  	
  search	
  for	
  “missing”	
  excited	
  states	
  in	
  meson	
  

photoproduc-on	
  to	
  understand	
  underlying	
  symmetries	
  
–  Measure	
  N*	
  transi-on	
  form	
  factors	
  in	
  meson	
  electroproduc-on	
  and	
  iden-fy	
  the	
  

relevant	
  degrees-­‐of-­‐freedom	
  vs	
  distance	
  scale,	
  reveal	
  the	
  complex	
  nature	
  of	
  
states	
  

2	
  

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)

Nucleon-­‐meson	
  
system	
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“Nucleons	
  are	
  the	
  stuff	
  of	
  which	
  our	
  world	
  is	
  made.	
  As	
  such	
  they	
  must	
  be	
  at	
  the	
  
center	
  of	
  any	
  discussion	
  of	
  why	
  the	
  world	
  we	
  actually	
  experience	
  has	
  the	
  character	
  it	
  
does”	
  	
  Nathan	
  Isgur,	
  NStar2000	
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Electroexcita6on	
  of	
  lowest	
  S=0	
  baryon	
  states	
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N*,△* 

A1/2,	
  A3/2,	
  S1/2	
  	
  

π,	
  η,	
  ππ	
  

Analyses	
  based	
  on	
  120,000	
  
cross	
  secQons,	
  and	
  beam,	
  
target,	
  and	
  double	
  spin	
  
asymmetries.	
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Analysis	
  codes	
  for	
  single	
  and	
  double	
  pseudo-­‐scalar	
  meson	
  producQon:	
  
 	
  Unitary	
  isobar	
  model	
  (UIM)	
  for	
  Nπ	
  and	
  Nη	
  	
  
 	
  Fixed-­‐t	
  dispersion	
  relaQons	
  (DR)	
  for	
  Nπ	
  and	
  Nη	
  
 	
  Data	
  driven	
  reacQon	
  model	
  for	
  pπ+π-­‐	
  (JM09)	
  

	
  I.	
  Aznauryan,	
  V.B.,	
  Prog.Part.Nucl.Phys.67:1,	
  2012;	
  I.	
  Aznauryan	
  et	
  al.	
  (CLAS),	
  PRC80,	
  055203,2009
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FIG. 3: Our results for the Legendre moments of the !ep → epπ0 structure functions in comparison with experimental data [1]
for Q2 = 0.4 GeV2. The solid (dashed) curves correspond to the results obtained using DR (UIM) approach.
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FIG. 4: Our results for the Legendre moments of the !ep → enπ+ structure functions in comparison with experimental data [4]
for Q2 = 0.4 GeV2. The solid (dashed) curves correspond to the results obtained using DR (UIM) approach.
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FIG. 4: Our results for the Legendre moments of the !ep → enπ+ structure functions in comparison with experimental data [4]
for Q2 = 0.4 GeV2. The solid (dashed) curves correspond to the results obtained using DR (UIM) approach.

1.25	
   1.5	
  

Legendre	
  Moments	
  for	
  ep→eNπ	
  	
  

4	
  

Q2=0.4 GeV2 

D0	
  
L+T	
  pπ0	
  

nπ+	
  
D0	
  

L+T	
  

10

0

10

20

D
0
T

+
L
 (
!

b
/s

r)

0

1

2

D
1
T

+
L
 (
!

b
/s

r)
-10

-5

0

D
2
T

+
L
 (
!

b
/s

r)

-1

0

1

D
0
L

T
 (
!

b
/s

r)

-4

-2

0

D
1
L

T
 (
!

b
/s

r)

-15

-10

-5

0

1.25 1.5

W(GeV)
D

0
T

T
 (
!

b
/s

r)

0

1

2

1.25 1.5

W(GeV)

D
0
L

T
‘  
(!

b
/s

r)

-2

-1

0

1.25 1.5

W(GeV)

D
1
L

T
‘  
(!

b
/s

r)
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for Q2 = 0.4 GeV2. The solid (dashed) curves correspond to the results obtained using DR (UIM) approach.

0

5

10

15

D
0
T

+
L
 (
!

b
/s

r)

-2

0

2

4

6

D
1
T

+
L
 (
!

b
/s

r)

-4

-2

0

2

D
2
T

+
L
 (
!

b
/s

r)

-2

-1

0

D
0
L

T
 (
!

b
/s

r)

-2

0

2

D
1
L

T
 (
!

b
/s

r)

-10

-7.5

-5

-2.5

0

1.25 1.5

W(GeV)

D
0
T

T
 (
!

b
/s

r)

0

1

2

1.25 1.5

W(GeV)

D
0
L

T
‘  
(!

b
/s

r)

0

1

2

1.25 1.5

W(GeV)

D
1
L

T
‘  
(!

b
/s

r)

FIG. 4: Our results for the Legendre moments of the !ep → enπ+ structure functions in comparison with experimental data [4]
for Q2 = 0.4 GeV2. The solid (dashed) curves correspond to the results obtained using DR (UIM) approach.

10

0

10

20

D
0
T

+
L
 (
!

b
/s

r)

0

1

2

D
1
T

+
L
 (
!

b
/s

r)

-10

-5

0

D
2
T

+
L
 (
!

b
/s

r)

-1

0

1

D
0
L

T
 (
!

b
/s

r)

-4

-2

0

D
1
L

T
 (
!

b
/s

r)

-15

-10

-5

0

1.25 1.5

W(GeV)

D
0
T

T
 (
!

b
/s

r)

0

1

2

1.25 1.5

W(GeV)

D
0
L

T
‘  
(!

b
/s

r)

-2

-1

0

1.25 1.5

W(GeV)

D
1
L

T
‘  
(!

b
/s

r)

FIG. 3: Our results for the Legendre moments of the !ep → epπ0 structure functions in comparison with experimental data [1]
for Q2 = 0.4 GeV2. The solid (dashed) curves correspond to the results obtained using DR (UIM) approach.

0

5

10

15

D
0
T

+
L
 (
!

b
/s

r)

-2

0

2

4

6

D
1
T

+
L
 (
!

b
/s

r)

-4

-2

0

2
D

2
T

+
L
 (
!

b
/s

r)

-2

-1

0

D
0
L

T
 (
!

b
/s

r)

-2

0

2

D
1
L

T
 (
!

b
/s

r)

-10

-7.5

-5

-2.5

0

1.25 1.5

W(GeV)

D
0
T

T
 (
!

b
/s

r)

0

1

2

1.25 1.5

W(GeV)

D
0
L

T
‘  
(!

b
/s

r)

0

1

2

1.25 1.5

W(GeV)

D
1
L

T
‘  
(!

b
/s

r)

FIG. 4: Our results for the Legendre moments of the !ep → enπ+ structure functions in comparison with experimental data [4]
for Q2 = 0.4 GeV2. The solid (dashed) curves correspond to the results obtained using DR (UIM) approach.

1.25	
   1.5	
   W(GeV)	
  

D2	
  
L+T	
  

D2	
  
L+T	
  

10

0

10

20

D
0

T
+

L
 (
!

b
/s

r)

0

1

2

D
1

T
+

L
 (
!

b
/s

r)

-10

-5

0

D
2

T
+

L
 (
!

b
/s

r)

-1

0

1

D
0

L
T
 (
!

b
/s

r)

-4

-2

0

D
1

L
T
 (
!

b
/s

r)

-15

-10

-5

0

1.25 1.5

W(GeV)

D
0

T
T
 (
!

b
/s

r)

0

1

2

1.25 1.5

W(GeV)

D
0

L
T

‘  
(!

b
/s

r)

-2

-1

0

1.25 1.5

W(GeV)

D
1

L
T

‘  
(!

b
/s

r)

FIG. 3: Our results for the Legendre moments of the !ep → epπ0 structure functions in comparison with experimental data [1]
for Q2 = 0.4 GeV2. The solid (dashed) curves correspond to the results obtained using DR (UIM) approach.

0

5

10

15
D

0
T

+
L
 (
!

b
/s

r)

-2

0

2

4

6

D
1

T
+

L
 (
!

b
/s

r)

-4

-2

0

2

D
2

T
+

L
 (
!

b
/s

r)

-2

-1

0

D
0

L
T
 (
!

b
/s

r)

-2

0

2

D
1

L
T
 (
!

b
/s

r)

-10

-7.5

-5

-2.5

0

1.25 1.5

W(GeV)

D
0

T
T
 (
!

b
/s

r)
0

1

2

1.25 1.5

W(GeV)

D
0

L
T

‘  
(!

b
/s

r)

0

1

2

1.25 1.5

W(GeV)

D
1

L
T

‘  
(!

b
/s

r)

FIG. 4: Our results for the Legendre moments of the !ep → enπ+ structure functions in comparison with experimental data [4]
for Q2 = 0.4 GeV2. The solid (dashed) curves correspond to the results obtained using DR (UIM) approach.

10

0

10

20

D
0
T

+
L
 (
!

b
/s

r)

0

1

2

D
1
T

+
L
 (
!

b
/s

r)

-10

-5

0

D
2
T

+
L
 (
!

b
/s

r)

-1

0

1

D
0
L

T
 (
!

b
/s

r)

-4

-2

0

D
1
L

T
 (
!

b
/s

r)

-15

-10

-5

0

1.25 1.5

W(GeV)

D
0
T

T
 (
!

b
/s

r)

0

1

2

1.25 1.5

W(GeV)

D
0
L

T
‘  
(!

b
/s

r)

-2

-1

0

1.25 1.5

W(GeV)

D
1
L

T
‘  
(!

b
/s

r)

FIG. 3: Our results for the Legendre moments of the !ep → epπ0 structure functions in comparison with experimental data [1]
for Q2 = 0.4 GeV2. The solid (dashed) curves correspond to the results obtained using DR (UIM) approach.

0

5

10

15

D
0
T

+
L
 (
!

b
/s

r)

-2

0

2

4

6

D
1
T

+
L
 (
!

b
/s

r)

-4

-2

0

2

D
2
T

+
L
 (
!

b
/s

r)

-2

-1

0

D
0
L

T
 (
!

b
/s

r)

-2

0

2

D
1
L

T
 (
!

b
/s

r)

-10

-7.5

-5

-2.5

0

1.25 1.5

W(GeV)

D
0
T

T
 (
!

b
/s

r)

0

1

2

1.25 1.5

W(GeV)
D

0
L

T
‘  
(!

b
/s

r)

0

1

2

1.25 1.5

W(GeV)

D
1

L
T

‘  
(!

b
/s

r)

FIG. 4: Our results for the Legendre moments of the !ep → enπ+ structure functions in comparison with experimental data [4]
for Q2 = 0.4 GeV2. The solid (dashed) curves correspond to the results obtained using DR (UIM) approach.

1.25	
   1.5	
  

D0	
  
LT’	
  

D0	
  
LT’	
  

25 

15 

µb
/s

r 
µb

/s
r 

DR	
  
UIM	
  

UIM and DR give 
consistent fits. 

6/2/12	
   MESON	
  2012	
  

Roper	
  

Roper	
  



	
  	
  Emergence	
  of	
  the	
  “Roper”	
  P11(1440)	
  	
  

DR	
  w/o	
  P11(1440)	
  	
  

5	
  

	
  DR	
  	
  	
  	
  	
  	
  UIM	
  

Q2 = 2.05 GeV2 

~cosθ	
   ~(1	
  +	
  bcos2θ) ~	
  const. 

W(GeV)	
  

sensitive to Roper resonance 
in s-p interference 

total cross section shows 
strong signal from Roper  

little sensitivity to 
Roper  resonance 

nπ+	
  

6/2/12	
  

• 	
  At	
  small	
  Q2,	
  the	
  Roper	
  is	
  sub	
  leading	
  resonance,	
  it	
  becomes	
  a	
  leading	
  state	
  at	
  high	
  Q2.	
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• 	
  A1/2	
  has	
  zero-­‐crossing	
  near	
  Q2=0.5,	
  becomes	
  dominant	
  amplitude	
  at	
  high	
  Q2	
  
• 	
  ep-­‐>eNπ	
  (	
  	
  	
  )	
  and	
  ep-­‐>epπ+π-­‐	
  (	
  	
  	
  )	
  	
  processes	
  give	
  consistent	
  result	
  
• 	
  Consistent	
  with	
  radial	
  excitaQon	
  of	
  the	
  nucleon	
  at	
  high	
  Q2	
  	
  

• 	
  The	
  hybrid	
  model	
  (Gq3)	
  predicts	
  a	
  very	
  different	
  A1/2(Q2)	
  dependence,	
  and	
  S1/2(Q2)	
  =	
  0	
  

LCq3	
  models	
  

Gq3	
  model	
  

NRq3	
  model	
  

	
  I.	
  Aznauryan,	
  et	
  al,	
  	
  PRC	
  80	
  (2009)	
  055203;	
  	
  	
  V.	
  Mokeev	
  et	
  al,	
  arXiv:1205.3948	
  (subm.	
  to	
  PRC)	
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  q3+|Nσ>	
  

|Nσ>	
  

Quark	
  model	
  with	
  Nσ	
  contribuQons	
  allows	
  good	
  descripQon	
  at	
  low	
  Q2.	
  	
  

	
  I.	
  Aznauryan,	
  et	
  al,	
  	
  PRC	
  80	
  (2009)	
  055203;	
  	
  	
  	
  
V.	
  Mokeev	
  et	
  al,	
  arXiv:1205.3948	
  (subm.	
  to	
  PRC)	
  	
  	
  

I.T.	
  Obukhovsky	
  et	
  al,	
  Phys.Rev.	
  D84	
  (2011)	
  014004	
  	
  



LC	
  Transi6on	
  charge	
  density	
  γp-­‐>P11(1440)	
  

8	
  

 	
  The	
  p	
  →	
  P11(1440)	
  transiQon	
  is	
  
dominated	
  by	
  up	
  quarks	
  in	
  a	
  
central	
  region	
  of	
  radius	
  ~0.4	
  fm,	
  
and	
  by	
  down	
  quarks	
  in	
  an	
  outer	
  
band	
  up	
  to	
  >1.0	
  fm.	
  	
  

FIG. 3: Quark transverse charge density corresponding to the p → P11(1440) e.m. transition.

Upper left panel : when p and P11 are in a light-front helicity +1/2 state ( ρ
pP11

0
). Upper right

panel : when p and P11 are both polarized along the positive x-axis (ρp11

T ). The light (dark) regions

correspond with positive (negative) densities. Lower panel : densities ρpP11

T (solid curve) and ρpP11

0

(dashed curve) along the y-axis. For the p → P11(1440) e.m. transition FFs, the fit of Aznauryan

is used.

4

bx (fm) bx (fm) 

b y
 (f

m
) 

b y
 (f

m
) 

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

The	
  helicity	
  amplitudes	
  give	
  access	
  
to	
  the	
  transverse	
  	
  transiQon	
  
charge	
  density	
  in	
  the	
  LC	
  frame.	
  	
  

+1/2-­‐>	
  +1/2	
   +1/2-­‐>	
  -­‐1/2	
  

L.	
  Tiator,	
  M.	
  Vanderhaeghen,	
  PLB672,	
  344,2009	
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ρ0	
   ρT	
  
 	
  For	
  a	
  transversely	
  polarized	
  
	
  p→P11(1440)	
  transiQon	
  a	
  parQal	
  
separaQon	
  of	
  posiQve	
  and	
  negaQve	
  
charges	
  occurs	
  along	
  by	
  .	
  

Similar	
  analyses	
  for	
  P33(1232),	
  
S11(1535),	
  D13(1520)	
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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,	
  	
  	
  	
  	
  
parity	
  conserving	
  amplitudes	
  	
  
 	
  8	
  well-­‐chosen	
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Search	
  for	
  S=0	
  states	
  in	
  single	
  meson	
  producQon	
  on	
  protons	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  ✔ -­‐ published,	
  	
  ✔ -­‐	
  acquired

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

pπ0	
   ✔	
   ✓	
   ✓	
   ✓	
   ✓	
   ✓	
   ✓	
  

nπ+	
   ✔	
   ✓	
   ✓	
   ✓	
   ✓	
   ✓	
   ✓	
  

pη	
   ✔	
   ✓	
   ✓	
   ✓	
   ✓	
   ✓	
   ✓	
  

pη’	
   ✔	
   ✓	
   ✓	
   ✓	
   ✓	
   ✓	
   ✓	
  

pω/φ	
   ✔	
   ✓	
   ✓	
   ✓	
   ✓	
   ✓	
   ✓	
  

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

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

K0*Σ+	
   ✔	
   ✓	
   ✓	
   ✓	
  

pπ-­‐	
   ✔ ✓	
   ✓	
   ✓	
   ✓	
  

pρ-­‐	
   ✓	
   ✓	
   ✓	
   ✓	
   ✓	
  

K-­‐Σ+	
   ✓	
   ✓	
   ✓	
   ✓	
   ✓	
  

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

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

K0*Σ0	
   ✓	
   ✓	
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The	
  impact	
  of	
  the	
  hyperon	
  data	
  has	
  been	
  
very	
  significant	
  in	
  the	
  search	
  for	
  new	
  states	
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The fit of the γp→ KΛ differential cross section
(CLAS 2009)
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The fit of the γp→ KΛ differential cross section
(CLAS 2009)
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M.	
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  al.	
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The fit of the γp→ KΛ recoil asymmetry
(CLAS 2009)
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 	
  The	
  CLAS	
  data	
  are	
  used	
  as	
  input	
  
to	
  a	
  single	
  channel	
  event-­‐based,	
  
energy	
  independent	
  parQal	
  wave	
  
analysis	
  (the	
  first	
  ever	
  for	
  baryons).	
  	
  

 	
  ω	
  photoproducQon	
  is	
  dominated	
  
by	
  the	
  well	
  known	
  	
  F15(1680),	
  D13
(1700)	
  and	
  G17(2190),	
  and	
  a	
  
predicted	
  “missing”	
  F15(2000).	
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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.

• 	
  Spin	
  density	
  matrix	
  elements	
  in	
  bins	
  ΔW	
  =	
  10	
  
MeV,	
  for	
  W	
  =	
  1.7–2.4	
  GeV	
  in	
  blue	
  -­‐	
  blue	
  shades.	
  
Previous	
  world	
  data	
  in	
  red.	
  

Search	
  for	
  N*	
  states	
  in	
  γp➝pω➝pπ+π-­‐(π0)	
  

M.	
  Williams,	
  et	
  al.	
  (CLAS)	
  ,	
  Phys.Rev.C80:065208,2009	
  	
   M.	
  Williams,	
  et	
  al.	
  (CLAS)	
  ,	
  Phys.Rev.C80:065209,2009	
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  -­‐	
  Krakow,	
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Lattice N∗ excited states vs. JP : mπ = 396 MeV
Nstar Workshop May 2011 22

22

mπ=396MeV	
  

F15(2000)***	
  

P11(1880)**	
  
P13(1900)***	
  

S11(1895)**	
  
D13(1875)	
  ***	
  
D13(2150)**	
  
D15(2060)***	
  

New	
  states	
  as	
  constrained	
  mainly	
  from	
  K+Λ,	
  K+Σ0	
  and	
  pω	
  data	
  	
  

o 	
  BnGa	
  energy-­‐dependent	
  	
  
coupled-­‐channel	
  PWA	
  of	
  	
  	
  
K+Λ,	
  K+Σ0	
  and	
  world	
  data.	
  

Should	
  be	
  verified	
  with	
  increased	
  data	
  base	
  and	
  independent	
  analyses.	
  

R.Edwards	
  et	
  al.	
  (HSC),	
  
PRD	
  84	
  (2011)	
  074508	
  	
  

o 	
  CMU	
  energy-­‐independent	
  
PWA	
  of	
  CLAS	
  pω	
  data.	
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B.	
  Dey	
  (2011,PhD)	
  

Increase	
  of	
  kinemaQc	
  domain	
  and	
  staQsQcs	
  in	
  2-­‐track	
  analysis	
  K+p(π-­‐)	
  shows	
  strong	
  
evidence	
  for	
  resonance-­‐like	
  structure	
  at	
  ~1.67GeV.	
  The	
  structure	
  is	
  present	
  at	
  all	
  angles	
  
but	
  	
  dominated	
  by	
  background	
  at	
  more	
  forward	
  angles.	
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σ1/2-­‐σ3/2	
  
σ1/2+σ3/2	
  	
  

E	
  =	
  

• 	
  ProjecQons	
  underesQmate	
  
helicity=3/2	
  	
  contribuQon	
  in	
  
forward	
  hemisphere.	
  	
  

• 	
  Could	
  be	
  due	
  to	
  missing	
  
strength	
  from	
  J	
  ≥	
  3/2	
  states.	
  	
  

→ → 
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Energy	
  dependence	
  mostly	
  smoothly	
  falling	
  with	
  √s,	
  except	
  at	
  cosΘcm	
  >	
  0.7,	
  where	
  a	
  
structure	
  near	
  √s=	
  2.15	
  GeV	
  emerges	
  in	
  both	
  channels.	
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All	
  model	
  parameterizaQons	
  describe	
  the	
  low	
  mass	
  range	
  but	
  	
  ………	
  .	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

→→ 

σ1/2-­‐σ3/2	
  
σ1/2+σ3/2	
  	
  

E	
  =	
  

Selected	
  results	
  
(preliminary)	
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All	
  model	
  parameterizaQons	
  describe	
  	
  the	
  low	
  mass	
  range	
  but	
  fail	
  in	
  the	
  high	
  mass	
  region.	
  

→→ 

Selected	
  results	
  
(preliminary)	
  

σ1/2-­‐σ3/2	
  
σ1/2+σ3/2	
  	
  

E	
  =	
  



HD-­‐Ice	
  target	
  in	
  G14	
  experiment	
  

•	
  HD	
  targets	
  condensed,	
  polarized	
  
	
  	
  	
  and	
  aged	
  to	
  the	
  Frozen-­‐Spin	
  state	
  
	
  	
  	
  in	
  HDice	
  Lab	
  at	
  T=10mK	
  and	
  B=15T	
  

•	
  transferred	
  as	
  solid,	
  polarized	
  HD	
  
	
  	
  	
  between	
  cryostats;	
  moved	
  to	
  Hall	
  B	
  

•	
  In-­‐Beam	
  Cryostat	
  (IBC)	
  operates	
  at	
  	
  
	
  	
  	
  50mK,	
  0.9T	
  

•	
  G14	
  ran	
  from	
  Nov	
  2011	
  to	
  May	
  2012	
  
	
  	
  	
  with	
  15mm	
  Ø	
  ×50mm	
  long	
  HD	
  cells	
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Life6mes	
  of	
  years	
  with	
  photon	
  beams	
  of	
  ~108	
  γ/s	
  	
  



Search	
  for	
  S=0	
  states	
  in	
  single	
  meson	
  producQon	
  on	
  protons	
  &	
  neutrons	
  	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  ✔ -­‐ published,	
  	
  ✔ -­‐	
  acquired

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

pπ0	
   ✔	
   ✓	
   ✓	
   ✓	
   ✓	
   ✓	
   ✓	
  

nπ+	
   ✔	
   ✓	
   ✓	
   ✓	
   ✓	
   ✓	
   ✓	
  

pη	
   ✔	
   ✓	
   ✓	
   ✓	
   ✓	
   ✓	
   ✓	
  

pη’	
   ✔	
   ✓	
   ✓	
   ✓	
   ✓	
   ✓	
   ✓	
  

pω/φ	
   ✔	
   ✓	
   ✓	
   ✓	
   ✓	
   ✓	
   ✓	
  

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

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

K0*Σ+	
   ✔	
   ✓	
   ✓	
   ✓	
  

pπ-­‐	
   ✔ ✓	
   ✓	
   ✓	
  

pρ-­‐	
   ✓	
   ✓	
   ✓	
   ✓	
  

K-­‐Σ+	
   ✓	
   ✓	
   ✓	
   ✓	
  

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

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

K0*Σ0	
   ✓	
   ✓	
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W=1.635	
  GeV	
   W=1.690	
  GeV	
  

W=1.745	
  GeV	
   W=1.800	
  GeV	
  

γn	
  	
  	
  	
  	
  	
  π-­‐p	
  

projecQon	
  
from	
  SAID	
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Forward  
Detector 
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Central  
Detector 
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Luminosity	
  =	
  1035cm-­‐2s-­‐1	
  



Summary	
  

•  Precise	
  meson	
  photoproduc6on	
  measurements	
  are	
  providing	
  
strong	
  signals	
  of	
  new	
  excited	
  states	
  of	
  the	
  nucleon.	
  	
  

•  Much	
  more	
  data	
  are	
  in	
  prepara6on,	
  especially	
  polariza6on	
  
observables	
  involving	
  polarized	
  proton	
  and	
  neutron	
  target	
  and	
  
polarized	
  photons.	
  	
  

•  N*	
  transi6on	
  form	
  factors	
  have	
  been	
  measured	
  for	
  several	
  well-­‐
known	
  states.	
  They	
  reveal	
  effec6ve	
  degrees	
  of	
  freedom	
  and	
  
characterize	
  the	
  internal	
  structure	
  of	
  excited	
  states.	
  

•  CLAS12	
  is	
  under	
  construc6on	
  to	
  support	
  a	
  broad	
  program	
  in	
  hadron	
  
physics,	
  including	
  programs	
  in	
  meson	
  and	
  baryon	
  spectroscopy,	
  
and	
  the	
  measurement	
  of	
  N*	
  transi6on	
  form	
  factor	
  at	
  high	
  Q2.	
  	
  

6/2/12	
   MESON	
  2012	
   24	
  



AddiQonal	
  slides	
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Figure 42: Quark transverse charge density for the γ∗p → N(1520)D13 transition [80]. Left
pannel corresponds to the unpolarized p and N(1520)D13. Right pannel: p and N(1520)D13

are polarized along the x-axis . The light(dark) areas are dominated by positive(negative)
charges.

[169] F. Cardarelli, E. Pace, G. Salmé, and S. Simula, Phys. Lett. B 397, 13 (1997)
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[176] D. Merten, U. Löring, K. Kretzschmar, B. Metsch, and H.-R. Petry, Eur. Phys. J. A 14, 477
(2002)

[177] F.E. Close and F.J. Gilman, Phys. Lett. B 38, 541 (1972)

51

ρ0 

LC	
  Transi6on	
  charge	
  density	
  of	
  p-­‐>D13(1520)	
  

γp→D13(1520)	
  in	
  LF	
  helicity	
  +1/2→	
  +1/2	
  transiQon	
  

o 	
  TransiQon	
  induced	
  by	
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  by	
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  to	
  large	
  radius.	
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o 	
  For	
  polarized	
  transiQons	
  with	
  -­‐1/2-­‐>	
  +1/2	
  spin	
  
projecQons	
  	
  one	
  observes	
  a	
  distorted	
  
quadrupole	
  pa�ern.	
  

Figure 42: Quark transverse charge density for the γ∗p → N(1520)D13 transition [80]. Left
pannel corresponds to the unpolarized p and N(1520)D13. Right pannel: p and N(1520)D13

are polarized along the x-axis . The light(dark) areas are dominated by positive(negative)
charges.
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<	
  2%	
  of	
  full	
  staQsQcs	
  



Electroexcita6on	
  of	
  lowest	
  S=0	
  baryon	
  states	
  

28	
  6/2/12	
  

N(1520)D13	
  
N(1535)S11	
  
Δ(1700)D33	
  

N(1440)P11	
  
Δ(1232P33	
  	
  
N(940)P11	
  

L3q	
  

0	
  

1	
  

0	
   1	
   2	
  

2	
  

N [ħω] 

SU(6)xO(3)	
  

3	
  

N(1720)P13	
  

e

e’ 

γv	
  	
  

N N’	



N*,△* 

A1/2,	
  A3/2,	
  S1/2	
  	
  

π,	
  η,	
  ππ	
  

Analyses	
  based	
  on	
  120,000	
  cross	
  
secQons,	
  and	
  beam,	
  target,	
  and	
  	
  
double	
  spin	
  asymmetries.	
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[70,1-­‐]	
  

[56,2+]	
  

[70,0+]	
  
[56,0+]	
  



1st	
  through	
  3rd	
  nucleon	
  resonance	
  regions	
  

State	
   βNπ	
   βNη	
   βNππ	
  
Δ(1232)P33	
   0.995	
  

N(1440)P11 0.55-­‐0.75	
   0.3-­‐0.4 
N(1520)D13 0.55-­‐0.65 0.4-­‐0.5 
N(1535)S11 0.48±0.03 0.46±0.02 

Δ(1700)D33 0.1-­‐0.2 0.8-­‐0.9 
N(1720)P13 0.1-­‐0.2 >	
  0.7 
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Analysis	
  codes	
  for	
  single	
  and	
  double	
  pseudo-­‐scalar	
  meson	
  producQon:	
  
 	
  Unitary	
  isobar	
  model	
  (UIM)	
  for	
  Nπ	
  and	
  Nη	
  	
  
 	
  Fixed-­‐t	
  dispersion	
  relaQons	
  (DR)	
  for	
  Nπ	
  and	
  Nη	
  
 	
  Data	
  driven	
  reacQon	
  model	
  for	
  pπ+π-­‐	
  (JM09)	
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  Status	
  of	
  single	
  meson	
  producQon	
  on	
  protons	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  ✔ -­‐ completed,	
  	
  ✔ -­‐	
  data	
  acquired

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

pπ0	
   ✔	
   ✓	
   ✓	
   ✓	
   ✓	
   ✓	
   ✓	
  

nπ+	
   ✔	
   ✓	
   ✓	
   ✓	
   ✓	
   ✓	
   ✓	
  

pη	
   ✔	
   ✓	
   ✓	
   ✓	
   ✓	
   ✓	
   ✓	
  

pη’	
   ✔	
   ✓	
   ✓	
   ✓	
   ✓	
   ✓	
   ✓	
  

pω,pφ	
   ✔	
   ✓	
   ✓	
   ✓	
   ✓	
   ✓	
   ✓	
  

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

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

K0*Σ+	
   ✔	
   ✓	
   ✓	
   ✓	
  

pπ-­‐	
   ✔ ✓	
   ✓	
   ✓	
   ✓	
   ✓	
   ✓	
  

pρ-­‐	
   ✓	
   ✓	
   ✓	
   ✓	
   ✓	
   ✓	
   ✓	
  

K-­‐Σ+	
   ✓	
   ✓	
   ✓	
   ✓	
   ✓	
   ✓	
   ✓	
  

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

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

K0*Σ0	
   ✓	
   ✓	
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