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Why do we study excited baryons? 
•  The N* spectrum reflects the underlying degrees of freedom of the nucleon. 

–  Many states predicted in symmetric quark models have not been observed in elas7c 
πN sca:ering 

–  Electromagne7c probe and other decay channels may be sensi7ve to undiscovered 
states 

•  Two main components of the experimental N* program with CLAS  

–  The search for new states in an unbiased way   

–  Study of transi7on form factors of prominent resonances to reveal their structure at 
different distance scales 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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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CLAS 

The CEBAF cw electron accelerator 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Emax                6 GeV  
Imax                          200 µA 
Duty Factor     100% 
 σE/E                 2.5 10-5 

Beam P          ~ 85% 
Eg(tagged)             ~ 0.8-5.5GeV 
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Baryon spectrum in LQCD and dynamical coupling 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FIG. 6: The energies obtained for each symmetry channel of isospin 1

2
baryons are shown based on the 243

× 64 Nf = 2 lattice
QCD data for mπ = 416 MeV (left panel) and mπ = 578 MeV (right panel). The scale shows energies in MeV and errors are
indicated by the vertical size of the boxes. The overall error in the scale setting is not included. Empty boxes show thresholds
for multi-hadron states.

FIG. 7: Plots of Eq. (49) versus time for G1g states (left panel) and G1u states (right panel) for mπ=416 MeV. For the two
lowest energy states in the G1u channel we first subtract off the backward exponential.

Ref. [41] gives the decomposition of direct products of irreducible representations of the space group, including
representations with non-zero momentum, into the irreducible representations of Oh. We use this information to
identify the allowed multi-hadron states in each representation of Oh. The energies of multi-hadron states are approx-
imated by the sum of the energies of their constituents. The empty boxes in Fig. 6 show candidates for multi-hadron
thresholds for both pion masses. Note that I = 3

2 baryons, which are not considered in this study, can also com-
bine with isovector mesons to form I = 1

2 two-particle states. However, such states are expected to lie above the
thresholds presented here. In both figures, the threshold energies in the G1u and G2g representations correspond to
meson-baryon states involving a pion at rest, while the other thresholds involve particles with non-zero momentum.
The threshold energies in the G1g, Hg and Hu representations are degenerate. Our results illustrate the need for a
proper analysis of multi-hadron contamination. Even at the heavier pion mass, many of the measured energy levels
lie above the threshold for scattering states. Due to lattice artifacts, finite volume effects and the interaction between
hadrons, the measured multi-hadron energies are expected to deviate from our estimates. This might explain some

J.M. Bulava, et al. , Phys.Rev.D79:034505,2009. 

LQCD – Nucleon spectrum with 
dynamical quarks 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FIG. 1: (above) Trajectories of the evolution of P11 resonance
poles A (1357,76), B (1364,105), and C (1820,248) from a bare
N∗ with 1763 MeV, as the couplings of the bare N∗ with the
meson-baryon reaction channels are varied from zero to the
full strengths of the JLMS model. See text for detailed expla-
nations. Brunch cuts for all channels are denoted as dashed
lines. The branch points, Eb.p., for unstable channels are
determined by Eb.p. − EM (k) − EB(k) − ΣMB(k,Eb.p.) =
0 of the their propagators (described in the text) evalu-
ated at the spectator momentum k=0. With the param-
eters [16] used in JLMS model, we find that Eb.p. (MeV)
= (1365.40,−32.46), (1704.08,−74.98), (1907.57,−323.62) for
π∆, ρN , and σN , respectively. (below) 3-Dimensional depic-
tion of the behavior of |det[D(E)]|2 of the P11 N∗ propagator
(in arbitrary units) as a function of complex-E.

This finding is consistent with the results from the anal-
ysis by Cutkosky and Wang [12] (CMB), GWU/VPI [13]
and Jülich [14] groups, as seen in Tab. I. In our analysis,
we find that they are on different sheets: (1357,76) and
(1364,105) are on the un-physical and physical sheet of
the π∆ channel, respectively.
We also find one higher mass pole at (1820, 248) in

P11 partial wave, which is close to the N∗(1710) state
listed by PDG. Within the JLMS model, we find that
this pole and the two poles listed in table II are related
to one of the two bare states needed to obtain a good
fit to the P11 amplitude up to W = 2 GeV, see [15].

TABLE II: The resonance pole positions MR [listed as
(Re MR,−Im MR)] extracted from the JLMS model in the
different unphysical sheets are compared with the values of
3- and 4-stars nucleon resonances listed in the PDG [1].
The notation indicating their locations on the Riemann sur-
face are explained in the text. “—” for P33(1600), P13 and
P31 indicates that no resonance pole has been found in the
considered complex energy region, Re(E) ≤ 2000 MeV and
−Im(E) ≤ 250 MeV. All masses are in MeV.

M0
N∗ MR Location PDG

S11 1800 (1540, 191) (uuuupp) (1490 - 1530, 45 - 125)
1880 (1642, 41) (uuuupp) (1640 - 1670, 75 - 90)

P11 1763 (1357, 76) (upuupp) (1350 - 1380, 80 - 110)
1763 (1364, 105) (upuppp)
1763 (1820, 248) (uuuuup) (1670 - 1770, 40 - 190)

P13 1711 — (1660 - 1690, 57 - 138)
D13 1899 (1521, 58) (uuuupp) (1505 - 1515, 52 - 60)
D15 1898 (1654, 77) (uuuupp) (1655 - 1665, 62 - 75)
F15 2187 (1674, 53) (uuuupp) (1665 - 1680, 55 - 68)
S31 1850 (1563, 95) (u–uup–) (1590 - 1610, 57 - 60)
P31 1900 — (1830 - 1880, 100 - 250)
P33 1391 (1211, 50) (u–ppp–) (1209 - 1211, 49 - 51)

1600 — (1500 - 1700, 200 - 400)
D33 1976 (1604, 106) (u–uup–) (1620 - 1680, 80 - 120)
F35 2162 (1738, 110) (u–uuu–) (1825 - 1835, 132 - 150)

2162 (1928, 165) (u–uuu–)
F37 2138 (1858, 100) (u–uuu–) (1870 - 1890, 110 - 130)

To see how these poles evolve dynamically through their
coupling with reaction channels, we trace the zeros of
det[D̂−1(E)] = det[E − M0

N∗ −
∑

MB yMBMMB(E)] in
the region 0 ≤ yMB ≤ 1, where MMB(E) is the con-
tribution of channel MB to the self energy defined by
Eq. (5). Each yMB is varied independently to find contin-
uous evolution paths through the various Riemann sheets
on which our analytic continuation method is valid.

We find that the three poles listed in Table I are asso-
ciated to the bare state at 1736 MeV as shown in Fig. 1.
The solid blue curve shows the evolution of this bare
state to the position at C(1820, 248) on the unphysical
sheet of the π∆ and ηN channels. The poles A(1357, 76)
and B(1364,105) evolve from the same bare state on the
physical sheet of the ηN channel. The dashed red curve
indicates how the bare state evolves through varying all
coupling strengths except keeping yπ∆ = 0, to about
Re(MR) ∼ 1400 MeV. By further varying yπ∆ to 1 of the
full JLMS model, it then splits into two trajectories; one
moves to pole A(1357,76) on the unphysical sheet and
the other to B(1364, 105) on the physical sheet of π∆
channel. Fig. 1 clearly shows how the coupled-channels
effects induces multi-poles from a single bare state. The
evolution of the second bare state at 2037 MeV [15] into
a resonance at W > 2 GeV can be similarly investigated,
but will not be discussed here.

To explore this interesting result further and to ex-
amine the stability of the determined three P11 poles,
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FIG. 1: (above) Trajectories of the evolution of P11 resonance
poles A (1357,76), B (1364,105), and C (1820,248) from a bare
N∗ with 1763 MeV, as the couplings of the bare N∗ with the
meson-baryon reaction channels are varied from zero to the
full strengths of the JLMS model. See text for detailed expla-
nations. Brunch cuts for all channels are denoted as dashed
lines. The branch points, Eb.p., for unstable channels are
determined by Eb.p. − EM (k) − EB(k) − ΣMB(k,Eb.p.) =
0 of the their propagators (described in the text) evalu-
ated at the spectator momentum k=0. With the param-
eters [16] used in JLMS model, we find that Eb.p. (MeV)
= (1365.40,−32.46), (1704.08,−74.98), (1907.57,−323.62) for
π∆, ρN , and σN , respectively. (below) 3-Dimensional depic-
tion of the behavior of |det[D(E)]|2 of the P11 N∗ propagator
(in arbitrary units) as a function of complex-E.

This finding is consistent with the results from the anal-
ysis by Cutkosky and Wang [12] (CMB), GWU/VPI [13]
and Jülich [14] groups, as seen in Tab. I. In our analysis,
we find that they are on different sheets: (1357,76) and
(1364,105) are on the un-physical and physical sheet of
the π∆ channel, respectively.
We also find one higher mass pole at (1820, 248) in

P11 partial wave, which is close to the N∗(1710) state
listed by PDG. Within the JLMS model, we find that
this pole and the two poles listed in table II are related
to one of the two bare states needed to obtain a good
fit to the P11 amplitude up to W = 2 GeV, see [15].

TABLE II: The resonance pole positions MR [listed as
(Re MR,−Im MR)] extracted from the JLMS model in the
different unphysical sheets are compared with the values of
3- and 4-stars nucleon resonances listed in the PDG [1].
The notation indicating their locations on the Riemann sur-
face are explained in the text. “—” for P33(1600), P13 and
P31 indicates that no resonance pole has been found in the
considered complex energy region, Re(E) ≤ 2000 MeV and
−Im(E) ≤ 250 MeV. All masses are in MeV.

M0
N∗ MR Location PDG

S11 1800 (1540, 191) (uuuupp) (1490 - 1530, 45 - 125)
1880 (1642, 41) (uuuupp) (1640 - 1670, 75 - 90)

P11 1763 (1357, 76) (upuupp) (1350 - 1380, 80 - 110)
1763 (1364, 105) (upuppp)
1763 (1820, 248) (uuuuup) (1670 - 1770, 40 - 190)

P13 1711 — (1660 - 1690, 57 - 138)
D13 1899 (1521, 58) (uuuupp) (1505 - 1515, 52 - 60)
D15 1898 (1654, 77) (uuuupp) (1655 - 1665, 62 - 75)
F15 2187 (1674, 53) (uuuupp) (1665 - 1680, 55 - 68)
S31 1850 (1563, 95) (u–uup–) (1590 - 1610, 57 - 60)
P31 1900 — (1830 - 1880, 100 - 250)
P33 1391 (1211, 50) (u–ppp–) (1209 - 1211, 49 - 51)

1600 — (1500 - 1700, 200 - 400)
D33 1976 (1604, 106) (u–uup–) (1620 - 1680, 80 - 120)
F35 2162 (1738, 110) (u–uuu–) (1825 - 1835, 132 - 150)

2162 (1928, 165) (u–uuu–)
F37 2138 (1858, 100) (u–uuu–) (1870 - 1890, 110 - 130)

To see how these poles evolve dynamically through their
coupling with reaction channels, we trace the zeros of
det[D̂−1(E)] = det[E − M0

N∗ −
∑

MB yMBMMB(E)] in
the region 0 ≤ yMB ≤ 1, where MMB(E) is the con-
tribution of channel MB to the self energy defined by
Eq. (5). Each yMB is varied independently to find contin-
uous evolution paths through the various Riemann sheets
on which our analytic continuation method is valid.

We find that the three poles listed in Table I are asso-
ciated to the bare state at 1736 MeV as shown in Fig. 1.
The solid blue curve shows the evolution of this bare
state to the position at C(1820, 248) on the unphysical
sheet of the π∆ and ηN channels. The poles A(1357, 76)
and B(1364,105) evolve from the same bare state on the
physical sheet of the ηN channel. The dashed red curve
indicates how the bare state evolves through varying all
coupling strengths except keeping yπ∆ = 0, to about
Re(MR) ∼ 1400 MeV. By further varying yπ∆ to 1 of the
full JLMS model, it then splits into two trajectories; one
moves to pole A(1357,76) on the unphysical sheet and
the other to B(1364, 105) on the physical sheet of π∆
channel. Fig. 1 clearly shows how the coupled-channels
effects induces multi-poles from a single bare state. The
evolution of the second bare state at 2037 MeV [15] into
a resonance at W > 2 GeV can be similarly investigated,
but will not be discussed here.

To explore this interesting result further and to ex-
amine the stability of the determined three P11 poles,
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Dynamics of P11‐states: The bare quark model 
state  at ~1740 MeV through coupling to 
inelasGc channels generates a pole near 1820 
MeV and 2 poles near 1360 MeV. The lacer may 
be idenGfied with the “Roper” resonance.  

N. Suzuki et al. (EBAC), Phys.Rev.Lec.104:042302,2010   



•  Aim for very precise and “complete” or nearly complete measurements 
in γp→πN, ηN, KY,  and γn→πN, K0Y. 

•  Other reacGons, e.g.  γp → ωp, π+π‐p, K*Y,  γn → π+π‐n,  are measured 
simultaneously, but will not be “complete”. 

•  All channels are measured in same setup simultaneously,  eliminates 
many systemaGc uncertainGes.  

•  Theory support from the JLab Excited Baryon Analysis Center (EBAC), and 
groups around the world. 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 Search for undiscovered states. 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Complete experiments in KΛ producGon 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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 measurements are needed 
to determine amplitude. 

  16 observables will be measured in CLAS 
➠ allows many cross checks. 

  8 observables measured in reacGons 
without recoil polarizaGon.   

Λ weak decay has large 
analyzing power 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DifferenGal & total cross secGon of γp→K+Λ 
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DIFFERENTIAL CROSS SECTIONS FOR γ + p → K+ + Y . . . PHYSICAL REVIEW C 73, 035202 (2006)

FIG. 8. (Color online) Differential cross sections for γ + p → K+ + ". The number in each panel designates W (=
√

s). The solid lines
are results of the amplitude fits [Eq. (3)] discussed in the text.

The parameters of the fit may be used to gain some insight
into the reaction mechanism, unraveling effects from inter-
ference among partial waves. Figure 9 shows the coefficients
from the fit using Eq. (3). The ai were taken to be purely

real numbers. The range over which each parameter is plotted
depended upon its significance, as estimated by the statistical
F test. Mostly, the higher partial waves are not significant
near threshold, but our angular coverage is also less complete

FIG. 9. (Color online) Amplitude fit to the
differential cross sections for γ + p → K+ +
". The coefficients are defined in Eq. (3). The
solid vertical lines mark the well-known N∗ res-
onances S11(1650), P11(1710), and P13(1720).
The dotted line marks the #0 threshold, and the
dashed line marks the D13(1895) position.
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  Different interpretaGons of the structure near 
1.9GeV cannot be resolved with crs data alone. 

May-31-2010, MENU R. A. Schumacher, Carnegie Mellon University 8

!!!"#" $%&''()*+,-&.'

" /0&1234!(
',%3+,3%*('**.

" 5*'&.6.+*17-8*(
',%3+,3%*(6,(
9:;(<*=>
" ?9@ AB*..C&7D E(F6%,G6

" H9@ AB&..1<6+C-.6G2

" H99 A<C*.,(I5H5J 4&D*7G+

" ""K(2&3.D(',6,*(
A=67*.+-6(4&D*7GD

" $&3!7*D1+C6..*7(
*LL*+,'(A<-*''*.G*

R. Bradford et al. Phys. Rev. C73 035202 (2006)
K. H. Glander et al. Eur. Phys. J. A19 251 (2004)

Energy, W (GeV)
a) T, Mart, C. Bennhold, Phys Rev C 61, 012201(R) (1999).
b) V. Nikanov et al, Phys Lett B 662, 245 (2008).
c) T. Corthals, et al., PRC 73, 045207 (2006).
d) A. MartinezTorres, et al.,  Eur. Phys J. A 41, 361 (2009).
e) R. Shyam, O.Scholten & H.Lenske, PRC 81, 015204 (2010).

D13, P11,  P13,  or 
KKN molecule? 



Compare CLAS’09, CLAS’05, SAPHIR 

Wednesday, June 16, 2010 10 

13

dσ
d

co
sθ

c.
m

.
K

(µ
b
)

1.6 1.8 2 2.2 2.4 2.6 2.8

0

0.5

1

 < -0.75
c.m.

K
θ cos≤-0.85 

1.6 1.8 2 2.2 2.4 2.6 2.8

0

0.5

1

1.5  < -0.45
c.m.

K
θ cos≤-0.55 

1.6 1.8 2 2.2 2.4 2.6 2.8

0

0.5

1

 < -0.15
c.m.

K
θ cos≤-0.25 

1.6 1.8 2 2.2 2.4 2.6 2.8

0

0.5

1

1.5
 < 0.15

c.m.

K
θ cos≤0.05 

1.6 1.8 2 2.2 2.4 2.6 2.8
0

0.5

1

1.5

2  < 0.45
c.m.

K
θ cos≤0.35 

1.6 1.8 2 2.2 2.4 2.6 2.8
0

1

2

3
 < 0.75

c.m.

K
θ cos≤0.65 

1.6 1.8 2 2.2 2.4 2.6 2.8

0

0.5

1

 < -0.65
c.m.

K
θ cos≤-0.75 

1.6 1.8 2 2.2 2.4 2.6 2.8

0

0.5

1

1.5  < -0.35
c.m.

K
θ cos≤-0.45 

1.6 1.8 2 2.2 2.4 2.6 2.8

0

0.5

1

 < -0.05
c.m.

K
θ cos≤-0.15 

1.6 1.8 2 2.2 2.4 2.6 2.8

0

0.5

1

1.5
 < 0.25

c.m.

K
θ cos≤0.15 

1.6 1.8 2 2.2 2.4 2.6 2.8
0

0.5

1

1.5

2  < 0.55
c.m.

K
θ cos≤0.45 

1.6 1.8 2 2.2 2.4 2.6 2.8
0

1

2

3
 < 0.85

c.m.

K
θ cos≤0.75 

1.6 1.8 2 2.2 2.4 2.6 2.8

0

0.5

1

 < -0.55
c.m.

K
θ cos≤-0.65 

1.6 1.8 2 2.2 2.4 2.6 2.8

0

0.5

1

1.5  < -0.25
c.m.

K
θ cos≤-0.35 

1.6 1.8 2 2.2 2.4 2.6 2.8

0

0.5

1

 < 0.05
c.m.

K
θ cos≤-0.05 

1.6 1.8 2 2.2 2.4 2.6 2.8

0

0.5

1

1.5
 < 0.35

c.m.

K
θ cos≤0.25 

1.6 1.8 2 2.2 2.4 2.6 2.8
0

0.5

1

1.5

2  < 0.65
c.m.

K
θ cos≤0.55 

1.6 1.8 2 2.2 2.4 2.6 2.8
0

1

2

3
 < 0.95

c.m.

K
θ cos≤0.85 

√
s (GeV)

FIG. 8: (Color On-line) dσ/d cos θc.m.
K (µb) vs.

√
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K . The results of this analysis are shown by closed
red circles. The 2006 CLAS results (Bradford, et al. [4]) are shown by open blue triangles, 2004 SAPHIR [3] results are shown
by open green diamonds, and the LEPS results [5, 6] are shown by open black crosses.

CLAS’09 
CLAS’05 
SAPHIR’04 

γp      K+Λ 

New, more precise data 
with larger kinemaGc 
coverage and analyzed in 
different topologies, 
confirm CLAS’05 results. 



PolarizaGon transfer γp     K+Λ 

Fit: BG Model ‐ A.K. Nikonov  et al., 
Phys.Le:.B662:245‐251, 2008.  

Predicted    
in CQM 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  BG analysis requires P13 
state to fit the data.  

  Existence of N(1900)P13 
would be evidence against 
q(qq) di‐quark model with 
Gghtly bound di‐quark. 
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R. Bradford et al., Phys.Rev.C75:035205,2007 
R. Bradford et al., Phys.Rev.C73:035202,2006 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Double spin asymmetry E with FROST 

γp→nπ+ → → 
6 of 30 energy bins 

  At W> 1.8 GeV, much 
strength is missing in 
SAID & MAID, leaving 
ample room for new 
excited states.  

FROST run II with 
transverse proton 
polarizaGon is underway, 
and on track for 
compleGon by July 22.  
This completes the data 
taking for the CLAS 
resonance search 
program on proton 
targets. 

FROST run I with 
longitudinal target 
polarizaGon 
completed in 2008.  

➪ Analysis of the asymmetry E for the K+Λ final state will discriminate P13/D13 from the 
P11 assignment of the structure at 1930 MeV in the total cross secGon.   

(preliminary) 



Beam asymmetry Σ for  γn➙pπ‐ 

ElectromagneGc interacGon not iso‐spin conserving => need equivalent measurements on neutrons.  
Samples of beam asymmetry  

➪ Results will put strong constraints on resonance analysis 



Search for S=0 states in single meson producGon on protons & neutrons   
        ✔ ‐ published,  ✔ ‐ acquired,  in progress, ✔ ‐ planned

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

pπ0  ✔  ✓  ✓  ✓  ✓  ✓  ✓ 

nπ+  ✔  ✓  ✓  ✓  ✓  ✓  ✓ 

pη  ✔  ✓  ✓  ✓  ✓  ✓  ✓ 

pη’  ✔  ✓  ✓  ✓  ✓  ✓  ✓ 

pω  ✔  ✓  ✓  ✓  ✓  ✓  ✓ 

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

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

K0*Σ+  ✔  ✓  ✓  ✓ 

pπ‐  ✔ ✓  ✓  ✓  ✓  ✓  ✓ 

pρ‐  ✓  ✓  ✓  ✓  ✓  ✓  ✓ 

K‐Σ+  ✓  ✓  ✓  ✓  ✓  ✓  ✓ 

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

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

K0*Σ0  ✓  ✓ 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The combinaGon of measurements on proton and neutron targets provides 
an unprecedented set of data in the search for new baryon states. 

Proton targets 

Neutron targets 



 

HDIce ‐ Polarizing Laboratory   

Cryostat 
    pits 

generator 

 

ProducGon run expected 
to begin early 2011 with 
longitudinal polarizaGon.  



Search in γp→π‐K+K+Ξ0 

16 

A Ξ* state at 1.620 GeV and 50 MeV width could be the 
1* candidate in PDG. Such a state would be consistent 
with a dynamically generated Ξπ state (E. Oset et al.). 
Structure not significant. 

Ξ(1535) 

L. Guo et al., Phys.Rev.C76:025208,2007.  

Λ 

Ξ0 

‐ Only 6 states known, several w/o spin/parity 
‐ Advantage is narrow widths of Ξ baryons 
‐ Low rate 

•  Data taken with higher staGsGcs at 
higher energy in 2008 in analysis. 



ElectroexcitaGon of S=0 baryon states 

17 

N(1520)D13 
N(1535)S11 
Δ(1700)D33 

N(1440)P11 Δ(1232P33  
N(940)P11 

N(1720)P13 

L3q 

0 

1 

0 1 2 

2 

Analyses based on 119,000 cross 
secGons, and beam, target, and  
double spin asymmetries. 

N [ħω] 

e

e’ 

γv  

N N’


N*,△* 

A1/2, A3/2, S1/2  
M, E, S multipoles 

π, η, ππ 
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SU(6)xO(3) 



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 0.35‐0.55 0.45‐0.60 

Δ(1700)D33 0.1‐0.2 0.8‐0.9 
N(1720)P13 0.1‐0.2 > 0.7 

18 

  Nπ and Nππ for P11(1440) 
  Nπ and Nη for S11(1535) 
  Nππ for D33(1700) and P13(1720 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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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Influence of the “Roper” N(1440)P11 

DR w/o P11(1440)  

21 

 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+ 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Helicity amplitudes for the “Roper” 

•  Sign change of A1/2 observed in both channels at same Q2 

•   Magnitudes of A1/2 and S1/2 consistent in the two channels. 
•  High Q2 behavior consistent with dominant radial excitaGon of nucleon. 
•  Rules out the “Roper” as a gluonic excitaGon   

Nπ 
Nππ (prel.) 
Nπ, Nππ 

22 

LCQM 

Q3G 

sign 
change 
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TransiGon charge density of the “Roper” 

23 

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

Light (dark) regions: posi3ve 
(nega3ve)  charge densiGes  

The transition of p→N+(1440)P11 in LF 
helicity +1/2 → +1/2  is dominated by 
up quarks in a central region of radius 
~0.4 fm, and by down quarks in an 
outer band up to ~0.8 fm.  

Tiator, Vanderhaeghen, 2008 

Wednesday, June 16, 2010 



Helicity amplitudes for γpN(1520)D13 

24 

  First data set that allows determination of S1/2(Q2) 
  Clear evidence of helicity switch from λ=3/2 
   dominance at Q2=0 to λ=1/2 dominance at high Q2 

     => This is a stringent predicGon of the CQM. 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TransiGon charge density of γpN(1520)D13 

  Proton and N(1520)D13 are in LF helicity +½ 
state, transiGon is dominated by d‐quarks in 
radius ~0.4 fm in center, and by u‐quarks in a 
region up to 1.3 fm.  

  Very strong quadrupole pacern extending 
to large radius. 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FIG. 9: Quark transverse charge density corresponding to the p → D13(1520) e.m. transition.

Upper left panel : when p and D13 are in a light-front helicity +1/2 state (ρpD13

0
). Upper right

panel : when p and D13 are polarized along the x-axis with opposite spin projections (ρpD13

T ). The

light (dark) regions correspond with positive (negative) densities. Lower panel : densities ρpD13

T

(solid curve) and ρpD13

0
(dashed curve) along the y-axis. For the p → D13(1520) e.m. transition

FFs, the fit of Aznauryan is used.
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  Proton and N(1520)D13 polarized along 
x‐axis with opposite spin projecGons 

  Nearly full flavor separaGon 
perpendicular to polarizaGon vector in 
transverse space.  

ρT 



N* resonance studies in ep      epπ+π‐ 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The CLAS data on !"!#p differential cross sections and their 
description within the JM model

full JM calc.
!-$++

!+$0

2! direct
%p
!+D0

13(1520)

!+F0
15(1685)

G.V.Fedotov et al, PRC 79 (2009), 015204 M.Ripani et al, PRL 91 (2003), 022002

Developed model JM09 to 
analyze sets of nine 
independent, 1‐dim. cross 
secGons at fixed Q2 and W.  



Helicity amplitudes for high mass states 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=> First consistent extracGon of transiGon form factors for these states 
V.I.Mokeev MENU10 Williamsburg, May  31 ! June 4, 2010

High lying resonance electrocouplings from 
the  !"!#p CLAS data analysis

N!!CLAS
preliminary:

N!world

N!CLAS 
Q2=0

!(1700)D33

N(1720)P13

Unitarized
BW  ansatz

Regular 
BW  ansatz

A1/2
A3/2 S1/2

A1/2 A3/2 S1/2

The studies of !+! -p electroproduction are needed for reliable 
extraction of transition $vNN* electrocouplings for high lying states

V.I.Mokeev MENU10 Williamsburg, May  31 ! June 4, 2010
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N!!CLAS
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BW  ansatz

A1/2
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The studies of !+! -p electroproduction are needed for reliable 
extraction of transition $vNN* electrocouplings for high lying states

V.I.Mokeev MENU10 Williamsburg, May  31 ! June 4, 2010

High lying resonance electrocouplings from 
the  !"!#p CLAS data analysis

N!!CLAS
preliminary:

N!world

N!CLAS 
Q2=0

!(1700)D33

N(1720)P13

Unitarized
BW  ansatz

Regular 
BW  ansatz

A1/2
A3/2 S1/2

A1/2 A3/2 S1/2

The studies of !+! -p electroproduction are needed for reliable 
extraction of transition $vNN* electrocouplings for high lying states

   Regular Breit‐Wigner 
amplitude 

   Unitarized Breit‐Wigner  
amplitude 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Central  
Detector 

Forward  
Detector 

CLAS12  

CLAS12 supports a broad 
program in hadronic 
physics.  

Plans to study excited 
baryons and mesons: 

•  Search for excited Ξ* , Ω‐  

•  Search for hybrid mesons 

•  Forward tagger to replace 
current tagging system. 

•  TransiGon form factors at 
high Q2 



Resonance Transitions at12 GeV CLAS12 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CLAS12  projected 

Approved experiment E12‐09‐003 will extend 
access to transiGon ff for many prominent 
states in the range to Q2=12GeV2. 

qu
ar

k 
m

as
s (

G
eV

) 

ElectromagneGc form factors are 
sensiGve to the effecGve quark mass. 

At 12 GeV we probe much of the transiGon from effecGve 
d.o.f., i.e. consGtuent quarks, to elementary quarks. 

accessible 
at 6 GeV   

accessible 
at 12 GeV   

6/16/10 



Conclusions 

•  The N* program on proton targets is close to achieving the goal 
of “complete” measurements for K+Λ (K+Σ0) channels on proton 
target and nearly complete measurements on several other 
channels. 

•  Plan to complete the program on neutrons in 2011 with 
polarized HD target. 

•  TransiGon amplitudes for lower mass states reveal informaGon 
about the transverse charge and current distribuGon for these 
transiGons. These will be extended to higher Q2 with CLAS12.  

•  A program is being developed  to search for doubly‐strange 
baryons (cascades) a�er the 12 GeV upgrade. 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