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Some	  Background	  

•  N*	  resonances	  are	  a	  predicPon	  of	  the	  
consPtuent	  quark	  model.	  
– The	  most	  well-‐known	  is	  the	  Isgur-‐Karl	  model.	  

•  Most	  N*’s	  idenPfied	  in	  pion	  elasPc	  scaWering	  
– Recently,	  photoproducPon	  data	  has	  contributed.	  
– ANL-‐Osaka	  and	  Bonn-‐Gatchina	  PWA	  see	  new	  N*’s.	  

•  La[ce	  QCD	  now	  has	  predicPons	  for	  N*’s.	  
– SPll	  waiPng	  for	  calc’s	  with	  realisPc	  quark	  masses.	  



An	  Analogy	  

The	  spectrum	  of	  energy	  
levels	  of	  the	  hydrogen	  atom	  	  
provided	  insights	  into	  the	  
structure	  of	  the	  atom	  from	  
Bohr	  and	  later,	  with	  more	  
precise	  data,	  to	  the	  theory	  of	  
quantum	  mechanics.	  
	  
Even	  today,	  the	  spectrum	  of	  
hydrogen	  conPnues	  to	  give	  
surprises	  (e.g.	  proton	  radius).	  	  



La[ce	  Gauge:	  Ground	  States	  



New	  N*	  resonances	  from	  K+	  Λ
Introduction

Data Analysis and Results
Summary and Outlook

Motivation
Polarization Observables
The FROST Experiment using CLAS

Why Baryon Spectroscopy?
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[1] R. Bradford et al. (CLAS), PRC 75, 035205 (2007), Observables Cx , Cz from γ⃗p → K+Λ⃗
[2] Fits: BnGa Model, V.A. Nikonov et al., Phy. Lett. B 662, 245 (2008)
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The	  N(1900)	  3/2-‐	  cannot	  be	  formed	  in	  a	  quark-‐diquark	  model.	  



La[ce	  QCD	  predicts	  N*	  states	  

Introduction
Data Analysis and Results

Summary and Outlook

Motivation
Polarization Observables
The FROST Experiment using CLAS

Baryon Spectrum with LQCD

Known states:
N(1675)5/2-

N(1700)3/2-

N(1520)3/2-

N(1650)1/2-

N(1535)1/2-m =396MeV

4 5 3 1

2 2 1

New '+' parity states:
N(1860)5/2+

N(1900)3/2+

N(1880)1/2+

New '–' parity states:
N(2060)5/2-

N(2120)3/2-

N(1875)3/2-

N(1895)1/2- 

N*
R. Edwards et al. Phys. Rev. D 84 074508 (2011)
Picture courtesy V. Bukert (CLAS collaboration meeting 2015)

- - - LQCD manifests broad features of SU(6)⊗O(3) symmetry.
New states accommodated in LQCD calculations (ignoring mass scale)
with JP values consistent with CQM.
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Analyses	  underway	  at	  CLAS	  
Introduction

Data Analysis and Results
Summary and Outlook

Motivation
Polarization Observables
The FROST Experiment using CLAS

Study of N ∗ to Vector Meson Decay Modes

Vector meson (ω, ρ, φ) decay modes have mostly remained unexplored. Vast pool of infor-

mation yet to be unearthed:

For a better understanding of known

resonances, it is essential to study their vector

meson decay modes.

They carry the same JPC as the photon so it is

highly expected that they play an important

role in the baryon spectrum.

This talk will focus on γp → pπ+π− and

γp → pω → pπ+π−(π0) reactions. The

former gives information on N∗
→ pρ which

is difficult to study directly due to the broad

nature of ρ.

Ongoing analysis on γp → pφ cross section

from CLAS-g12 (A. Hurley, FSU).

Particle Data Group 2014
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Spin-‐observables	  are	  important	  
Introduction

Data Analysis and Results
Summary and Outlook

Motivation
Polarization Observables
The FROST Experiment using CLAS

Why are Spin Observables Important?

Spin observables sensitive to the interference
between resonances. Reveal discrepancies
between model predictions and experimental data.

M. Gottschall et al. PRL 112 (2014)

For example:

γp → pπ0

E
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JLAB/CLAS	  experiment:	  FROST	  
Introduction

Data Analysis and Results
Summary and Outlook

Motivation
Polarization Observables
The FROST Experiment using CLAS

Spin Observables for γ⃗p⃗ → pπ+π− & pω @ CLAS

World-wide effort to extract polarization observables in

photoproduction reactions: CLAS @ JLab (U.S.), ELSA,

MAMI (Germany), SPring-8 (Japan), GRAAL (France)

Getting close to completing the set of accessible

polarization observables. ‘Complete experiment in

pseudoscalar meson production’: next talk

FROST experiment using CLAS, JLab

pω:

pπ+π−:

Prelim. results (Priyashree, FSU)
(Analysis Note under review)

Prelim. results available
(Talk by L. Net: today, 4:55 p.m.)
Data acquired
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FROST	  data:	  Σ	  for	  γp	  -‐>	  ωp	  
Introduction

Data Analysis and Results
Summary and Outlook

pω Reaction
pπ+π− Reaction

Beam Asymmetry Σ in γ⃗p → pω
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GRAAL (2015)
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σ = σ0[1−Σ δlcos(2φ)
+Λcos(α)(−δlHsin(2φ) + δ⊙F)
−Λsin(α)(−T+ δlPcos(2φ))]
−Λz(−δlGsin(2φ) + δ⊙E)]

δ⊙(δl) : degree of beam pol.
Λ : degree of target pol.

ω reconstructed from π+π−(π0)
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FROST	  data:	  T	  for	  γp	  -‐>	  ωp	  
Introduction

Data Analysis and Results
Summary and Outlook

pω Reaction
pπ+π− Reaction

First Measurements of Target Asymmetry T in γp⃗ → pω
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σ = σ0[1−Σ δlcos(2φ)
+Λcos(α)(−δlHsin(2φ) + δ⊙F)
−Λsin(α)(−T+ δlPcos(2φ))]
−Λz(−δlGsin(2φ) + δ⊙E)]

δ⊙(δl) : degree of beam pol.
Λ : degree of target pol.The two experimental results on target

asym. T from FROST agree well.
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ParPal	  Wave	  Analysis	  of	  γp-‐>ωp	  

Introduction
Data Analysis and Results

Summary and Outlook

pω Reaction
pπ+π− Reaction

Partial Wave Analysis of γp → pω Observables

* rating in PDG 2014

BnGa PWA 2016 
(coupled-channel) using ELSA data

Notable 
contribution

Suggestive 
evidence

CLAS PWA 2009

Notable 
contribution

Suggestive 
evidence

Pol. SDMEs and Σ were crucial
to understand the t-channel back-
ground: Major contribution from
pomeron exchange mechanism.

I. Denisenko et al., Phys. Lett. B (2016)
M. Williams et al., PRC 80, 065208 (2009)
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New	  CLAS	  data	  for	  (e,e’π+π-‐)	  



CLAS	  experiment:	  e1-‐6	  

•  Data	  collected:	  October-‐December	  2001	  
•  Beam	  energy:	  5.754	  GeV	  
•  LH2	  target	  (5.0	  cm	  long)	  
•  Electron	  beam	  trigger:	  (e,e’)	  
•  Center-‐of-‐mass	  energy	  W:	  1.4	  –	  2.0	  GeV	  
•  4-‐momentum	  transfer	  Q2:	  2.0	  –	  5.0	  GeV2	  

•  Analysis	  of	  (e,e’2π)	  done	  by	  E.	  Isupov	  (MSU)	  



Electron	  and	  pion	  IdenPficaPon	  
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Figure 1.3: Eout vs Ein. The pions can be seen on the left. The right spot
corresponds to electrons

poorly determined. The fiducial cuts throw out the particles which go into84

these parts of the detector, in order to increase the quality of the data.85

Using the data, we can detect these low detector efficiency regions where86

the efficiency is not uniform. These cuts are applied on the angle φ, and87

depend on the polar angle θ and the momentum p. A CLAS standard88

parametrization is applied89

θ ≥ θcut, θcut = C1 +
C2

(p + pshift)
(1.2)

|φS | ≤ C4 × sin(θ − θcut)
C3p

α

where φS is the azimuthal angle with respect to the center of the corre-90

sponding sector. For the e1− 6 run, the following values of parameters were91

determined[4]: C1 = 12o, C2 = 18.5o/GeV , C3 = 0.25GeV −α, C4 = 25o,92

α = 0.416667 and pshift = 0.14GeV .93

We also found that there are regions of depletion in the θ vs p distribu-94

tions. This may be the signs of malfunctioning wires in the Drift Chamber95

10
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Figure 1.11: The ∆β(m) distribution assuming m is the proton mass.
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Figure 1.12: The ∆β(m) distribution assuming m is π+ mass.
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KinemaPcs	  of	  (e,e’2π)	  

!
Figure!6.!Square!of!the!missing!mass,!showing!a!peak!at!the!pion!mass!squared.!
!
The!kinematics!of!the!reaction!are!shown!in!Figs.!8a!and!8b.!!The!scattered!electron!
defines!a!plane,!which!in!our!coordinate!system!is!the!xOz!plane.!!The!direction!of!the!
zOaxis!is!chosen!to!align!with!the!virtual!photon!momentum!vector.!!The!yOaxis!is!
normal!to!the!scattering!plane!with!its!direction!given!as!shown!in!Fig.!8a.!!!The!
virtual!photon!and!the!outgoing!πO!form!another!plane,!labeled!A!in!Fig.!8a,!with!
angles!θ!and!φ!as!shown.!We!also!need!angles!for!the!π+,!described!next.!
!
!
!

!
Figure!8a.!Kinematics!of!the!electron!scattering!plane!and!the!πO!angles.!
!
A!plane!is!defined!by!the!outgoing!particles!πO!and!π+,!labeled!B!in!Fig.!8b,!which!
intersects!with!plane!A.!!!The!angle!between!these!two!planes!is!given!by!α,!as!
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shown.!!In!order!to!calculate!this!angle,!unit!vectors!β,!γ!and!δ!are!defined!as!shown!
in!Fig.!8b.!!We!follow!the!same!mathematical!conventions!as!given!in!Ref.![Ripani?].!
Using!the!angles!defined!here!provides!a!complete!description!of!the!reaction!
kinematics.!(More!details/equations!here!from!the!analysis!note.)!

!
Figure!8b.!The!scattering!plane!B!in!relation!to!plane!A!(defined!in!Fig.!8a),!showing!
the!angle!between!planes,!α,!and!unit!vectors!used!to!define!the!plane.!
!
!

!
Figure!9.!The!kinematic!coverage!of!the!data,!shown!as!a!scatterplot!of!events!as!a!
function!of!center!of!mass!energy!W!and!4Omomentum!transfer,!Q2.!Bins!are!shown.!
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CLAS	  e1-‐6:	  cross	  secPon	  results	  

W, GeV
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Figure 5.2: W dependence of cross section γ∗p → pπ+π− for various Q2.
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The	  JM	  model:	  N*	  parameters	  
Resonance hadronic decay parameters 

(taken from the CLAS data on Np/Npp photo-/electroproduction) 

N* BF(pD),% BF(rp),% G, MeV BF(pD),% BF(rp),% G, MeV 

CLAS CLAS CLAS PDG PDG PDG 
N(1440)1/2+ 19 1.7 387 20-30 <8 200-450 

N(1520)3/2- 25 9.4 130 15-25 15-25 100-125 

N(1535)1/2- 2 10 131 <4 1-5 125-175 

D(1620)1/2- 43 49 158 30-60 7-25 130-150 

N(1650)1/2- 5 6 155 <24 4-12 120-180 

N(1680)5/2+ 12 6 118 5-15 3-15 120-140 

D(1700)3/2- 84 5 276 30-60 30-50 200-400 

N(1720)3/2+ 39 44 117 70-90 70-85 150-400 

N’(1720)3/2+ 51 9 115 

Essential impact of the CLAS data on the knowledge of the N* hadronic decays 

Resonance electrocouplings were taken from: 
• empirical fit of the CLAS results (https://www.jlab.org/Hall-B/secure/e1/isupov/couplings/section1.html) 
      for the states in the mass range up to 1.8 GeV; 
• hCQM prediction for the states with masses above 1.9 GeV (E. Santopinto and M.M. Giannini,  Phys. Rev.  
       C86, 065202 (2012)).  



E1-‐6:	  comparison	  with	  JM	  model	  

Resonant part 







Evolution of the ratio: (computed resonant contributions)/(measured fully 
integrated  cross section) averaged within four intervals of W in all Q2-bins 
available from the measurements 

Q2, GeV2 1.41<W<1.61, 
    GeV 

1.61<W<1.74, 
    GeV 

1.74<W<1.86, 
    GeV 

1.86<W<1.99, 
    GeV 

2.1 0.75 0.66 0.28 0.15 

2.6 0.64 0.56 0.24 0.13 

3.2 0.63 0.58 0.27 0.13 

3.8 0.76 0.71 0.26 0.12 

4.6 0.85 0.91 0.31 0.13 

Missing	  N*	  at	  W~1.9	  GeV	  

Adding	  more	  N*	  at	  higher	  mass	  is	  needed	  in	  the	  JM	  model.	  
NOTE:	  calculaPons	  done	  by	  Victor	  Mokeev	  (JLAB/MSU).	  



PWA	  of	  K*+Λ	  photoproducPon	  

•  Original	  analysis	  of	  W.	  Tang	  (PhD,	  Ohio	  U)	  
•  Analysis	  of	  spin-‐density	  matrix	  (A.V.	  Anisovich,	  
Bonn)	  

•  ParPal	  Wave	  Analysis:	  Bonn-‐Gatchina	  model	  
ergy and K

⇤(890) angle bin with the following equation:

W (cos⇥,�) =
3

4⇡

✓
1

2
(1� ⇢00) +

1

2
(3⇢00 � 1) cos2 ⇥

�
p
2Re⇢10 sin 2⇥ cos�� ⇢1�1 sin

2 ⇥ cos 2�
⌘
. (3)

Here ⇥ and � are angles of the KS in the K

⇤+(892) rest
system. The events were rotated to have XZ as the re-
action plane and boosted from the center-of-mass system
keeping the direction of the Z-axis (Adair system). The
function (3) was minimized with event by event maximum
likelihood method with

L =
NdataY

j

W

data
j

NMCP
i

W

MC
i

. (4)

In the likelihood fit, every event was multiplied with its
Q factor. Di↵erent Q-factor distributions led to slightly
modified density matrix elements; these variations are in-
cluded in the systematic error.

The ⇤ recoil polarization is determined from the ⇤ !
p⇡

� decay asymmetry. In this case, the momenta of the
proton, the ⇡� from the ⇤ decay and the ⇡+ from K

⇤+ !
K

0
⇡

+ were measured and the K

0 was reconstructed as a
missing particle, and the background was subtracted using
the two side bands. Full details of the ⇤ recoil polarization
extraction are given in Ref. [6]. The statistical power of
the P measurement is limited; it was hence determined for
four angular bins only excluding backward production of
⇤ hyperons. We show the di↵erential cross sections and
the ⇢ density elements in Fig. 4 and the ⇤ polarization in
Fig. 5. Integration of the di↵erential cross section yields
the total cross section shown in Fig. 6.

3. Partial wave analysis

The amplitude for photoproduction was fitted in the
framework of the P-vector approach [7] where the photon-
nucleon interaction is taken into account as production of
an initial state. The strong interacting part is treated in
the framework of the D-matrix approach where the real
part of the loop diagram is calculated using a N/D-based
technique. The regularization of the amplitude is achieved
by one subtraction. The details of this approach are given
in Ref. [8]. The background contributions are obtained
from the reggeized exchanges of pseudoscalar, scalar, and
vector mesons in the t-channel [8, 9].

The primary aim of this study is to search for missing

resonances and to identify N

⇤ resonances decaying into
K

⇤⇤. Therefore we limit the fit range for the di↵erential
cross section and density matrix elements to W < 2.6GeV
even though the fits are shown over the full W range. The
new data on �p ! K

⇤+⇤ are included in the BnGa data
base which contains data on �p ! ⇡N , ⌘p, K+⇤, K ⌃,
⇡

0
⇡

0
p, ⇡

0
⌘p, ⇡

�
p ! K

0⇤, ⇡p ! K ⌃, ⇡

�
p ! ⇡

0
⇡

0
p,

and the SAID amplitudes for ⇡N elastic and charge ex-
change scattering. References to the data base used in the
BnGa analysis can be found elsewhere [10, 11, 12]. Recent
additions are listed in Ref. [13]. Those parameters which
describe the data fitted earlier were fixed to those from
the solution BnGa2014 [12]. A selection of resonances is
allowed to decay into K

⇤⇤: these couplings as well as pa-
rameters for the t-exchange amplitudes were fitted freely
in the present analysis.

First fits with eitherK+
,K

⇤+, orK⇤+
0 exchanges alone,

with no N

⇤ ! K

⇤⇤ decays admitted, result in bad de-
scriptions of the data; in particular the recoil polarization
is predicted to vanish identically. With all three t-channel
processes admitted, the fit improves considerably, but it
is still far from being satisfactory. The �

2
/Ndata for the

di↵erential cross section is 5.64 for the 126 data points, for
density matrix elements 4.58 for 378 data points and for
recoil polarization 2.59 for 38 data points. The fit exhibits
significant deviations between data and fit curve. This fit
is shown as dashed (red online) curves in Figs. 4 and 5.

Exploratory fits showed that the subthreshold N(1895)
1/2� and N(1880)1/2+ resonances play an important part
in the reaction. We hence tried a fit with t-channel contri-
butions and where the two resonances N(1895)1/2� and
N(1880)1/2+ were allowed to decay into K

⇤⇤. The fit
improves considerably, �2

/Ndata decreases to 3.37 for the
di↵erential cross section, to 3.31 for the density matrix el-
ements and to 1.15 for the recoil asymmetry. Restricted to
the W region below 2.2GeV, �2

/Ndata goes down to 2.05
(d�/d cos⇥, 54 points) and to 1.66 for ⇢ (162 points).

As a next step, we included the N

⇤ ! K

⇤+⇤ de-
cays of all resonances used in Ref. [12], i.e., N(1875)3/2�,
N(1880)1/2+, N(1900)3/2+, N(1990)7/2+, N(2000)5/2+,
N(2060)5/2�, N(2100)1/2+, N(2190)7/2�. Most of the
resonances give N

⇤ ! K

⇤+⇤ branching ratios with small
values, compatible with zero. Those were set to zero in
the further fits.

This fit, shown by the dotted (blue online) curves in
Figs. 4 and 5, gives a reasonable description of the data
with a �

2 = 1.92 (di↵erential cross section), 1.84 (density
matrix elements), and 0.61 recoil asymmetry for 126, 378
and 38 data points. However, significant deviations are
still observed in the mass region 2200-2350 MeV. In par-
ticular, the total cross section – obtained by integration of
the predicted di↵erential cross section – shows a lack of the
intensity in this mass region when compared to the total
cross section obtained by summation of the data points.
Therefore we added to the fit one by one resonances with
total spin up to 9/2. Visible improvements of the fits are
achieved with added negative-parity resonances with spin
J = 1/2, 3/2 or 5/2, masses between 2220 and 2350MeV,
and widths in the range of 150 to 300MeV. Resonances
with 7/2 and 9/2 with negative or positive parity pro-
vided only marginal improvement and did not fill the lack
of intensity in the total cross section.

The best solution is achieved when three states with
J

P = 1/2�, 3/2�, 5/2� are introduced to the fit. The
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the decay sequence K

⇤+ ! K

0
⇡

+ ! ⇡

+
⇡

�
⇡

+ were mea-
sured, and the ⇤ was identified via its missing mass. The
same data selections (particle identification, vertex cuts,
etc.) are used here. For the present analysis, we used
four background-subtraction methods: one consisting in a
series of cuts, the other three exploit a variant of the Q-
factor method developed in Ref. [5]. The motivation for
investigating di↵erent background subtraction methods is
to estimate the systematic uncertainties associated with
the di↵erent methods. In all three methods, KS candi-
dates are defined by a MKS ± 15 MeV mass cut while
the rare events with both M(⇡+

1 ⇡
�) and M(⇡+

2 ⇡
�) falling

into this window are removed. Integrated over all data,
the KS has a signal to background ratio of 2:3 and a mass
resolution of � ' 6MeV. Further, the missing mass of the
three pions, i.e., the mass of the ⇤ candidate, is required
to fall into the window M⇤ ± 35MeV.

In the first method, two additional cuts were applied:
the missing mass recoiling against the KS should not be
compatible with the ⌃0 mass, and the three-pion mass
should be consistent with the M(K⇤+(892)) mass (i.e.,
M(⇡+

⇡

�
⇡

+) between 850 and 935MeV).
In the second method we veto the ⌃0 mass as above

and apply the Q-factor method to identify the K

⇤+(892)
mesons. The ⇡+

⇡

�
⇡

+ mass distribution is fitted for every
100MeV bin in photon energy and nine bins in cos ✓KS

as a sum of a Breit-Wigner with the 892MeV mass and
50MeV width and a polynomial background. Every event
with a given ⇡

+
⇡

�
⇡

+ mass has the probability Q to be a
K

⇤+(892):

Q(K⇤(892)) =
Signal

Signal +Background

(2)

When all events are weighted with the Q-factor, the K

⇤

signal emerges without background.
In the third method, the Q-factor is first applied to

remove events which are compatible with K

⇤+⌃0 produc-
tion. The distribution of missing masses recoiling against
the KS (for fixed energy and K

⇤+(892) angle) is fitted
as a sum of a Breit-Wigner function with M = 1383 and
� = 36MeV) and a polynomial background and the Q-
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Figure 1: Example of two Gaussians plus a second order polynomial
fit to the reconstructed ⇤ and ⌃0 missing mass peaks (adapted from
[4]).
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Figure 2: K0⇡+ invariant mass distributions for 2200 < W <
2300MeV and nine equidistant ranges in cos ✓ covering the full an-
gular range, starting from backward angles in the top-left plot. The
solid curve represents a fit with a Voigt function (dashed) plus back-
ground (dotted).

factor is calculated. Subsequently, a second Q-factor is
determined to extract the K

⇤+(892) in the presence of a
⇡

+
⇡

�
⇡

+ background.
Figure 1 shows the distribution of the missing mass

recoiling against the ⇡

+
⇡

�
⇡

+ system. The signals due to
⇤ and ⌃0 are seen; the background is fully subtracted.

The fourth method is a variant of method 2 but the
Breit-Wigner function is replaced by a convolution of Breit-
Wigner function with the M = 892MeV and � = 50MeV
and a Gaussian, the so-called Voigt function. The Gaus-
sian resolution is determined in the fit to 0 < � < 5MeV.
Figure 2 shows a few examples of fits using a Voigt func-
tion.

The methods 2 to 4 give nearly identical results for all
distributions.The results on the di↵erential cross section
are fully consistent with those presented in Ref. [4] but
di↵er in small details, well within the uncertanties given in
Ref. [4]. We assign these di↵erences due to the systematic
uncertainties in the background subtraction and use the
di↵erence between the results from Ref. [4] and the fourth
method to estimate the systematic error for the di↵erential
cross section; for the ⇢ density matrix elements we use the
mean di↵erence between the first and the fourth method.
The results from Ref. [4] or, respectively, from the fourth
method are used as central values.

To extract the density matrices we have fitted every en-
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and a Gaussian, the so-called Voigt function. The Gaus-
sian resolution is determined in the fit to 0 < � < 5MeV.
Figure 2 shows a few examples of fits using a Voigt func-
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The methods 2 to 4 give nearly identical results for all
distributions.The results on the di↵erential cross section
are fully consistent with those presented in Ref. [4] but
di↵er in small details, well within the uncertanties given in
Ref. [4]. We assign these di↵erences due to the systematic
uncertainties in the background subtraction and use the
di↵erence between the results from Ref. [4] and the fourth
method to estimate the systematic error for the di↵erential
cross section; for the ⇢ density matrix elements we use the
mean di↵erence between the first and the fourth method.
The results from Ref. [4] or, respectively, from the fourth
method are used as central values.
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Integrated	  over	  all	  angles:	  

From	  backward	  to	  forward	  K*	  angles:	  
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Figure 3: (Color online) Di↵erential cross sections (top left) and the ⇢00 and density matrix elements for the reaction �p ! K⇤+(892)⇤. The
uncertainties contain the statistical and the systematic errors. The solid curves represent the final BnGa fit, the dashed (red online) curves
a fit with t-channel contributions only, the dotted (blue online) curves a fit in which the new high-mass resonances are omitted. The fits are
restricted to invariant mass of 2.6GeV; above, the curves represent a prediction.
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Solid:	  new	  BoGa	  fit,	  DoWed:	  fit	  w/o	  higher	  mass	  N*,	  Dashed:	  t-‐channel	  only	  
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Figure 3: (Color online) Di↵erential cross sections (top left) and the ⇢00 and density matrix elements for the reaction �p ! K⇤+(892)⇤. The
uncertainties contain the statistical and the systematic errors. The solid curves represent the final BnGa fit, the dashed (red online) curves
a fit with t-channel contributions only, the dotted (blue online) curves a fit in which the new high-mass resonances are omitted. The fits are
restricted to invariant mass of 2.6GeV; above, the curves represent a prediction.
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Figure 5: Recoil polarization of the ⇤. The solid curves represent
the final BnGa fit, the dashed (red online) curves a fit with t-channel
contributions only, the dotted (blue online) curves a fit in which the
new high-mass resonances are omitted. The fits are restricted to
invariant mass of 2.6GeV; above, the curves represent a prediction.

fit describes the data with �

2
/Ndata 0.84, 1.84 and 0.76

(di↵erential cross section, density matrix elements, recoil
asymmetry). However, the fit is still acceptable when only
two of the three resonances are introduced. The three com-
binations of nucleon resonances with J

P = 1/2� + 5/2�,
1/2� + 3/2�, and 3/2� + 5/2� produce the description
of very similar quality. The masses and widths of the
J

P = 1/2� and J

P = 3/2� states are rather stable in
all fits, the mass of the J

P = 5/2� state is somewhat low
for the fit with 3/2� + 5/2� states.

We notice that in highest-energy bins the predicted
cross section of the full model (solid curve) is larger than
the measured cross section, and that the model with no
resonances is closer to the data. However, in the last four
mass bins the total �2 is 1281 for the full fit (with reso-
nances) and 2120 for the fit without (dashed). The pre-
diction for the rho density is thus much better for the fit
with resonances included. When the last four bins were in-
cluded in the fit, the situation improved, and masses and
widths of the resonances remained stable.

In Table 2 we list the branching ratios for the reso-
nances contributing to the reaction. Here, there is one
principle problem: the pole positions of two resonances,
N(1880)1/2+ and N(1895)1/2�, are very close to thresh-
old for K

⇤⇤ decays. Branching ratios are defined at the
pole position, and hence they vanish when the pole is above
the K⇤⇤ threshold or are very small if they are just below.
For this reason, we have integrated the K

⇤⇤ decay spec-
trum of these two resonances and normalized this number
to the total number of events assigned to the resonance.

Table 1: Masses and widths of tentative additional resonances con-
tributing to the reaction �p ! K⇤+⇤.

Resonance Mass width

N(2355)1/2� 2355±20MeV 235±30MeV

N(2250)3/2� 2250±35MeV 240±40MeV

N(2300)5/2� 2300+30
�60 MeV 205±65MeV
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Figure 6: (Color online) The total cross section for the reaction �p !
K⇤+⇤ and the decomposition into its main components: the sum of
t-channel exchanges, and the contributions from the JP = 1/2� and
1/2+ partial wave. The hatched regions are labeled above, and the
solid curve represents the final BnGa fit.

The three new resonances have a large product of branch-
ing ratios for N⇤ ! N� and N

⇤ ! K

⇤⇤. The photocou-
pling of the new resonances cannot be determined hence no
definite conclusions can be drawn. In Table 2 it is assumed
that the �N partial decay width is about 0.1MeV.

Here we should add one word of caution. The three
resonances listed in Table 1 describe the data but are seen
only in this one reaction. We cannot exclude the possi-
bility that these resonances stand for a large number of
resonances expected at these high masses; their common
e↵ects might be reasonably well described by a sum of two
or three resonances with appropriate spin-parities. Hence
the evidence is weak at present for these resonances with
the masses, widths and spin-parities listed in Table 1.

Figure 6 shows the total cross section for the reac-
tion �p ! K

⇤+⇤ and the dominant contributions. The
t-channel K and K

⇤
0 (1430) exchange contributions make

up for about 50% of the cross section;K⇤ exchange is also
included but is much less pronounced. However all three
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1/2+ partial wave. The hatched regions are labeled above, and the
solid curve represents the final BnGa fit.

The three new resonances have a large product of branch-
ing ratios for N⇤ ! N� and N

⇤ ! K

⇤⇤. The photocou-
pling of the new resonances cannot be determined hence no
definite conclusions can be drawn. In Table 2 it is assumed
that the �N partial decay width is about 0.1MeV.

Here we should add one word of caution. The three
resonances listed in Table 1 describe the data but are seen
only in this one reaction. We cannot exclude the possi-
bility that these resonances stand for a large number of
resonances expected at these high masses; their common
e↵ects might be reasonably well described by a sum of two
or three resonances with appropriate spin-parities. Hence
the evidence is weak at present for these resonances with
the masses, widths and spin-parities listed in Table 1.

Figure 6 shows the total cross section for the reac-
tion �p ! K

⇤+⇤ and the dominant contributions. The
t-channel K and K

⇤
0 (1430) exchange contributions make

up for about 50% of the cross section;K⇤ exchange is also
included but is much less pronounced. However all three
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new high-mass resonances are omitted. The fits are restricted to
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pling of the new resonances cannot be determined hence no
definite conclusions can be drawn. In Table 2 it is assumed
that the �N partial decay width is about 0.1MeV.

Here we should add one word of caution. The three
resonances listed in Table 1 describe the data but are seen
only in this one reaction. We cannot exclude the possi-
bility that these resonances stand for a large number of
resonances expected at these high masses; their common
e↵ects might be reasonably well described by a sum of two
or three resonances with appropriate spin-parities. Hence
the evidence is weak at present for these resonances with
the masses, widths and spin-parities listed in Table 1.
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⇤+⇤ and the dominant contributions. The
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Preliminary!!	  	  New	  N*’s:	  



Dibaryons	  
(some	  slides	  borrowed	  from	  Reinhard	  Schumacher)	  



Two-baryon resonances?

CLAS collab. 11-14-14 R. A. Schumacher, Carnegie Mellon University 3

� 6 quarks in a bag

� The deuteron
� 2.2 MeV bound
� The only clear-cut 

“dibaryonic molecule”
� Recall the nn, pp, and np

strong spin singlet 
states are unbound…
� … by only ~100 keV
� One of the great “fine-tuning” 

mysteries of nature!!

3S1

I(JP)=1(0+) 

I(JP)=0(1+) 

1S0

(Slide	  borrowed	  from	  R.	  Schumacher)	  



Two-baryon resonances?

CLAS collab. 11-14-14 R. A. Schumacher, Carnegie Mellon University 4

� Bound N', bound '',     
// (Jaffe’s “H-particle”)

� Binding?
� Width: ‘narrow’ or ‘wide’?
� Spin, Isospin ?

� CLAS study:  new 
observations

� Recent WASA@COSY 
claim of discovery

I (JP) 

I (JP)=1 (2+) (?)N '

I (JP)=0 (3+) ''

(Slide	  borrowed	  from	  R.	  Schumacher)	  



Theoretical Expectations
� “3-body model of N' and '' dibaryons”

� A. Gal, H. Garcilazo, arXiv:1402.3171 (2014)
� Three-body model with separable pairwise 

interactions
� Solve SNN and SN' Faddeev equations
� 1' found below threshold for I(JP) = 1(2+) & 2(1+)
� '' found below threshold for I(JP) = 0(3+) & 3(0+)

CLAS collab. 11-14-14 R. A. Schumacher, Carnegie Mellon University 7



A '' Resonance in I (JP) = 0 (3+)

CLAS collab. 11-14-14 9R. A. Schumacher, Carnegie Mellon University

P. Adlarson et al, Phys Rev Lett 106, 242302 (2011)

� The WASA@COSY 
result for ''

� M ~ 2370 MeV                       
= 2m' – 90 MeV

� * ~ 70 MeV < 1/3 *''

� “ABC effect”: 
enhancement of low-
mass pion pairs

� Dibaryon interpretation 
is controversial (D. Bugg)

m''

ΔΔ	  resonance	  with	  I	  (JP)	  =	  0	  (3+)	  

(Slide	  borrowed	  from	  R.	  Schumacher)	  



SdÆ Sd Elastic PWA

CLAS collab. 11-14-14 R. A. Schumacher, Carnegie Mellon University 11R. Arndt, I. Strakovsky, R. Workman, Phys Rev C 50, 1796(1994)

� 3P2 wave in Sd elastic scattering 
is most prominent 

� SAID analysis:  “resonance-like” 
behavior in several partial waves

190 MeV Æ W=2.18 GeV

(Slide	  borrowed	  from	  R.	  Schumacher)	  



Photoproduction Scenario

CLAS collab. 11-14-14 R. A. Schumacher, Carnegie Mellon University 12

SJ

d*
d d

SOff-
shell 
pion

� Resembles Sd elastic scattering but 
with an off-shell pion.

PhotoproducPon	  at	  CLAS	  

(Slide	  borrowed	  from	  R.	  Schumacher)	  



R.	  Schumacher,	  P.	  Ma[one	  (CMU):	  	  
CLAS	  Preliminary!!	  

CLAS collab. 11-14-14 R. A. Schumacher, Carnegie Mellon University 19

(Slide	  borrowed	  from	  R.	  Schumacher)	  



ProjecPons:	  CLAS	  preliminary!!	  

CLAS collab. 11-14-14 R. A. Schumacher, Carnegie Mellon University 20

(Slide	  borrowed	  from	  R.	  Schumacher)	  



Background	  from	  ρ-‐meson	  removed:	  
Preliminary!!	  

CLAS collab. 11-14-14 R. A. Schumacher, Carnegie Mellon University 21

(Slide	  borrowed	  from	  R.	  Schumacher)	  



Fit	  to	  resonance	  shape:	  Preliminary!	  

Fit to Resonance-like Shapes

CLAS collab. 11-14-14 R. A. Schumacher, Carnegie Mellon University 22

� Better get the same 
mass and width in all 
kinematic bins
� 4 W bins
� 21 cos(T) bins
� Accept only F2<1.5
� Both pion charges

W=2.75 GeV

(Slide	  borrowed	  from	  R.	  Schumacher)	  



Next	  Steps	  

•  Study	  of	  coherent	  ρ-‐meson	  photoproducPon	  
– PhD	  of	  T.	  Chetry,	  Ohio	  U.	  grad	  student.	  

•  PWA	  that	  includes	  all	  possible	  final	  states:	  
– First	  steps	  being	  done	  by	  CMU	  (P.	  Ma[one)	  

•  In	  addiPon	  to	  d*++	  and	  d*0,	  look	  for	  d*+.	  
– Also	  part	  of	  T.	  Chetry’s	  PhD.	  
–  Interferes	  with	  ω-‐meson	  photoproducPon.	  
– Clearly	  shows	  isospin	  1	  triplet	  of	  dibaryon	  states.	  



Summary	  

•  Lots	  of	  new	  data	  from	  CLAS	  
– FROST	  experiment:	  γ	  p	  -‐>	  ω	  p	  
– e1-‐6	  experiment:	  (e,e’2π)	  
– Reanalysis	  of	  g11:	  K*+Λ
– Deuteron	  target:	  possible	  d*	  resonance?	  

•  Using	  PWA,	  we	  can	  pull	  apart	  the	  N*	  
contribuPons	  to	  each	  data	  set	  

•  By	  comparing	  with	  LQCD,	  we	  learn	  about	  QCD	  



Backup	  Slides	  


