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Why	N*	?		
Baryon	Spectroscopy	Reveals	the	Workings	of	QCD	 

	

INT	2016		SeaKle	-		November	14		2016		-	Annalisa	D’Angelo	–	Nucleon	resonance	spectrum	from	
exclusive	meson	photo-electroproducBon	

“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,	Newport	News,	
Virginia		

	
Derek	B.	Leinweber	–	University	of	Adelaide		



Why	N*	?	From	the	N*	Spectrum		to	QCD	
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•  Understanding	 the	 proton’s	 ground	
state	 requires	 understanding	 its	
excitaBon	spectrum.	

	
•  The	N*	spectrum	reflects	the	effecBve	

degrees	of	freedom	and	the	forces.	

From	the	ConsBtuent	Quark	model	to	QCD.	

Motivation

The constituent quark model predicts many more states than have

been seen experimentally.

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

freedom of the nucleon.

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

CQM CQM+flux tubes Quark!diquark
clustering

"missing resonances"

Complete coverage of hadronic decay final state.

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

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

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

Baryon-meson	
system	



Cons8tuent	quark	models	and	SU(6)xO(3)	
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numerical	simulaBons	
of	unquenched	la\ce	QCD	
(Bowman	et	al.)	

Dyson-Swinger	equaBon	
								(Bhagwat	et	al.)	

•  Current-quarks	of	perturbaBve	QCD	evolve	into	consBtuent	quarks	at	low	momentum.	
	 	 	ConnecBon	between	consBtuent	and	current	quarks.	

•  QCD-inspired	ConsBtuent	Quark	models:	states	classified	by	 isospin,	parity	and	spin	
within	each	oscillator	band.	Many	projected	q3	states	are	sBll	missing	or	uncertain.	

Courtesy:	D.	Menze	

Missing	Baryons		

SU(6)xO(3)	



Cons8tuent	quark	models	and	SU(6)xO(3)	
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N* 

Δ

U. L¨oring, B. Metsch, H. Petry, Eur. Phys. J. A 10, 395 (2001). 

Shaded	boxes:	
experimental	

	results	

Thick	segments:	
theore8cal	
	predic8ons	

•  Linear	Regge	trajectories	

•  Only	lowest	few	in	each	band	seen	with	4★	or	3★	status		

•  g(πN)	couplings	predicted	to	decrease	rapidly	with	mass	
in	each	oscillator	band		

•  Higher	levels	predicted	to	have	larger	couplings	to	KΛ,	KΣ,	
ππN,	…		

Findings:	



QCD-inspired	di-Quark	Models	
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•  2	quarks	 in	nucleon	assumed	to	be	quasi-
bound	 in	 a	 color	 isotriplet;	 diquark-quark	
is	a	net	color	isosinglet.		

•  All	possible	internal	di-quark	excitaBons	⇔	
full	spectrum	of	CQM.		

3	

q 
3	

•  Internal	di-quark	excitaBons	are	frozen	out	(spin	0;	isospin	0)		⇔	large	reducBon	in	the	
number	of	degrees	of	freedom	⇔	may	predict	less	N*	states	than	seen	in	πN.		

	



LQCD	N*	&	Δ	Spectra		
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N(938)	

Δ(1232)	

4	 5	 3	 1	

2	 2	 1	

2	 3	 2	 1	

1	 1	

Robert	G.	Edwards,	Jozef	J.	Dudek,	David	G.	Richards,	Stephen	J.	Wallace		
Phys.Rev.	D84	(2011)	074508	

•  Exhibit	 the	SU(6)×O(3)-symmetry	
features		

	
•  CounBng	of	levels	consistent	with	
non-rel.	quark	model	

 
•  Striking	similarity	with	quark	
model	

 
•  No	parity	doubling	
	
Problems	are	not	solved!	



Establishing	the	N*	and	Δ	Spectrum:	πN	sca`ering	
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Establishing	the	N*	and	Δ	Spectrum:	πN	Sca`ering	
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Julia-Diaz,	Lee,	Matsuyama,	Sato	



Establishing	the	N*	and	Δ	Spectrum:	πN	Amplitudes	
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Julia-Diaz, Lee, Matsuyama, Sato 

Isospin	1/2		
Imaginary	T	

F17	

F15	D15	D13	

P13	P11	S11	
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Establishing	the	N*	and	Δ	Spectrum	

INT	2016		SeaKle	-		November	14		2016		-	Annalisa	D’Angelo	–	Nucleon	resonance	spectrum	from	
exclusive	meson	photo-electroproducBon	

Search	all	channels:	not	just		πN	 Photonuclear cross sections 



From	Experiment	to	Theory	
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Experiment	
cross	secBon,		

spin	observables	

	
Theory	
LQCD,	

quark	models,	

QCD	sum	rules,	…	
	
	

Reac8on	Theory	
dynamical	frameworks	

 
Amplitude	analysis	

→mulBpole	amplitudes	
→phase	shits	

 

σ,		dσ/dΩ,		Σ,		P,		T	
(beam-target)	E,F,G,H,	
(beam-recoil)	Cx,Cz,Ox,Oz,	
(target-recoil)	Lx,Lz,	Tx,Tz,	

Coupled	channels:	
	resonance	parameter		

extracBon	

Extract	s-channel	
resonances	



From	Experiment	to	Theory	
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Experiment	
cross	secBon,		

spin	observables	

	
Theory	
LQCD,	

quark	models,	

QCD	sum	rules,	…	
	
	

Reac8on	Theory	
dynamical	frameworks	

 
Amplitude	analysis	

→mulBpole	amplitudes	
→phase	shits	

 

σ,		dσ/dΩ,		Σ,		P,		T	
(beam-target)	E,F,G,H,	
(beam-recoil)	Cx,Cz,Ox,Oz,	
(target-recoil)	Lx,Lz,	Tx,Tz,	

Coupled	channels:	
	resonance	parameter		

extracBon	

Idealized	path	to	search	for	N*,	Δ*	states	
via	meson	photo-producBon:	
1.  	determine	the	producBon	amplitude	

from	experiment	
search	for	resonant	structure:		
Argand	circles,	phase	moBon	
speed	plots,	etc.	
	
2.  separate	resonance	and		
background	components		
determine	resonant	γN*	and	decay	
couplings;			contact	with	LQCD,	DSE,	
Hadron	models	

	 	 	 	 	(A.	Sandorfi	et	al.)	



From	Experiment	to	Theory	

INT	2016		SeaKle	-		November	14		2016		-	Annalisa	D’Angelo	–	Nucleon	resonance	spectrum	from	
exclusive	meson	photo-electroproducBon	

Idealized	path	to	search	for	N*,	Δ*	states	
via	meson	photo-producBon:	
1.  	determine	the	producBon	amplitude	

from	experiment	
search	for	resonant	structure:		
Argand	circles,	phase	moBon	
speed	plots,	etc.	
	
2.  separate	resonance	and		
background	components		
determine	resonant	γN*	and	decay	
couplings;			contact	with	LQCD,	DSE,	
Hadron	models	

	 	 	 	 	(A.	Sandorfi	et	al.)	

Never	been	done	ater	
50	years	of	experiments	

Without	exp	Amplitudes	models	have	
conjectured	resonances	and	adjusted	
couplings	to	compare	with	limited	data	
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Polariza8on	Observables:	Complete	Experiment	

  

€ 

γ  +   N  →   m  +   N

±1   ±
1

2
          0       ±

1

2
        

Spin	states		

8	possible	spin	states		→	4	independent	complex	amplitudes	describe	the	transiBon	matrix		

   2						x					2																											x				2	

  

€ 

Fλ =
 
J ⋅ ελ = iF1

 
σ ⋅ ˆ ε λ + F2( ˆ σ ⋅ ˆ q ) ˆ σ ⋅ ( ˆ k × ˆ ε λ) + iF3( ˆ σ ⋅ ˆ k )( ˆ q ⋅ ˆ ε λ) + iF4 ( ˆ σ ⋅ ˆ q )( ˆ q ⋅ ˆ ε λ)

CGLN				amplitudes	in	terms	
of	Pauli	matrixes:	
are	conveniently	expanded	
into	mulBpoles			

Pseudoscalar	Meson	PhotoproducBon	
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Polariza8on	Observables:	Complete	Experiment	
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Spin	states		

8	possible	spin	states		→	4	independent	complex	amplitudes	describe	the	transiBon	matrix		
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Pseudoscalar	Meson	PhotoproducBon	

Helicity	 amplitudes:	 amplitudes	 are	 expressed	 in	 terms	 of	 all	 independent	 photon	 and	
nucleons	helicity	states	 H
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Polariza8on	Observables:	Complete	Experiment	
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γ  +   N  →   m  +   N
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1
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Spin	states		

8	possible	spin	states		→	4	independent	complex	amplitudes	describe	the	transiBon	matrix		

   2						x					2																											x				2	

Pseudoscalar	Meson	PhotoproducBon	

Helicity	 amplitudes:	 amplitudes	 are	 expressed	 in	 terms	 of	 all	 independent	 photon	 and	
nucleons	helicity	states	

€ 

dJΛ f −Λ i (θ)   

€ 

Λ i = λ − λ1     Λ f = −λ2 

H4=	N					 	 										no	helicity	flip	
H2,	H3	=	S1,	S2 	 	single	helicity	flip	
H1	=	D 	 	 	double	helicity	flip	

From	decomposiBon	into	parBal	waves:	
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Pseudoscalar	Meson	Photoproduc8on:	Complete	Experiment	
Transversity	 amplitudes:	 are	 expressed	 in	 terms	 of	 linearly	 polarized	 photons	 and	
transversely	polarized	nucleons.	They	are	linear	combinaBons	of	helicity	amplitudes.	
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Pseudoscalar	Meson	Photoproduc8on:	Complete	Experiment	

4	complex	amplitudes	
	
16	bilinear	combinaBons		
		
	16	observables	
	
Complete	experiment:		
	
at	least	8	carefully	chosen	
observables	are	needed	to	
extract	the	amplitudes	

I. S. Barker, A. Donnachie, J. K. Storrow, Nucl. Phys. B95, 347 (1975). 
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Pseudoscalar	Meson	Photoproduc8on:	Complete	Experiment	

16	different	observables,	each	appearing	twice:	
•  Single-pol	 observables	 can	 be	 measured	 from	

double-pol	asymmetry	
•  Double-pol	 observables	 can	 be	 measured	 from	

triple-pol	asymmetry	

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

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

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

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

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

PYx = P⊙Cx, (3)

PYy = P, (4)

PYz = P⊙Cz. (5)

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

A. Hyperon decay and beam helicity asymmetries

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

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

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

The components of the measured hyperon polarization P⃗Y

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

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

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

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

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

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

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

A(cos θi) = N+ − N−

N+ + N−
= ανP⊙Ci cos θi . (8)

035205-4

A.	Sandorfi,	S.	Hoblit,	H.	Kamano,	T.-S.H.	Lee,	J.Phys.	38	(2011)	053001	

Λ	weak	decay	
has	large	
analyzing	power	



A0	 and	 A1	 are	 the	 components	 results	 from	 coupling	 of	 I=1/2	 with	 isoscalar	 and	 isovector	
components	of	the	photon.	

Their	 contribuBons	 appear	 in	 linear	 combinaBons	 that	 may	 be	 disentangled	 only	 by	
measurements	on	both	the	neutron	and	the	proton.		
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Pseudoscalar	Meson	Photoproduc8on:	Isospin	dependence	

I. S. Barker, A. Donnachie, J. K. Storrow, Nucl. Phys. B95, 347 (1975). 
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Experimental	set-up	

Torus	magnet	
6	superconducBng	coils	

Gas	Cherenkov	counters	
e/π	separaBon,	256	PMTs	

	

Time-of-flight	counters		
plasBc	scinBllators,		
684	photomulBpliers	

	

Drip	chambers		
35,000	cells	

start	counter	

Electromagne8c	calorimeters	
Lead/scinBllator,	1296	photomulBpliers	

Open	CLAS	detector	

Polarized	Frozen-spin	Targets			&				CEBAF		Large	Acceptance	Spectrometer		

FROST	(Butanol)	

HD	-ice	

or	 +	



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

pπ0	 ✔	 ✓	 ✓	 ✓	 ✓	 ✓	 ✓	

nπ+	 ✔	 ✓	 ✓	 ✓	 ✓	 ✓	 ✓	

pη	 ✔	 ✓	 ✓	 ✓	 ✓	 ✓	 ✓	

pη’	 ✔	 ✓	 ✓	 ✓	 ✓	 ✓	 ✓	

pω/φ	 ✔	 ✓	 ✓	 ✓	 ✓	 ✓	 ✓	

Νππ ✓	 ✓	

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

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

K0*Σ+	 ✔	 ✓	 ✓	 ✓	

K+*Σ0	 ✔	 ✓	

pπ-	 ✔ ✓	 ✓	 ✓	 ✓	

pρ-	 ✓	 ✓	 ✓	 ✓	 ✓	

K-Σ+	 ✓	 ✓	 ✓	 ✓	 ✓	

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

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

K0*Σ0	 ✓	 ✓	

CLAS	N*	Experimental	Program	

Proton targets�

Neutron targets�

✔-published, ✔-acquired�

Data	taking	completed	May	18,	2012	



Nucleon resonances extracted from Bonn-Gatchina coupled channel analysis NSTAR 2011 16
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Strangeness	produc8on:	γ	+	p	!	K+	+	Λ	!	K+	+	p	+	π-	
Σ	Beam	Asymmetry		
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The fit of the �p� K� recoil asymmetry
(CLAS 2009)
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Strangeness	produc8on:	γ	+	p	!	K+	+	Λ	!	K+	+	p	+	π-	

A.V.	Anisovich	et	al,	EPJ	A48,	15	(2012)		
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The fit of the �p� K� recoil asymmetry
(CLAS 2009)
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Strangeness	produc8on:	γ	+	p	!	K+	+	Λ	!	K+	+	p	+	π-	
A.Lleres et al.,  EPJ A 39, 149-161 (2009) 

GRAAL 
GI RPR 
Bonn Gatchina 

GRAAL 
GI RPR 

Bonn Gatchina 

Ox,	Oz	Double	
Polariza8on	
Asymmetries		

GRAAL		
Experiment	
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Strangeness	produc8on:	γ	+	p	!	K+	+	Λ	!	K+	+	p	+	π-	

Ox	Double	
Polariza8on	
Asymmetry		

Preliminary	

CLAS	
Experiment	

D. Ireland 
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Strangeness	produc8on:	γ	+	p	!	K+	+	Λ	!	K+	+	p	+	π-	

E	Polariza8on	
Asymmetry		

Preliminary	

CLAS	
Experiment	

L.	Casey,	Catholic	Univ.	
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Strangeness	produc8on:	γ	+	p	!	K+	+	Λ	!	K+	+	p	+	π-	
T	asymmetry	from		
Pγ	and	Σ	polariza8on	

observables			

GRAAL 
GI RPR 
Bonn Gatchina 

From	Ox,	Oz	and	T	results:	

•  Ghent	Isobar	RPR	Model:	

( )165011S ( )171011P ( )172013P

( )190013P ( )190013D

•  Bonn	Gatchina	Model:	

S11 1535( ) ( )165011S ( )184011P

( )190013P

A.Lleres	et	al.,		EPJ	A	39,	149-161	(2009)	

GRAAL		
Experiment	
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Updated	Spectrum	of	Baryon	Resonances	
•  From	2000	to	2010	no	new	Baryon	resonances	were	considered	by	the	PDG.	

" 	Used		πN-	scaKering	data	and	some	π-photoproducBon	only.	

•  Mature	mulB-channel	models	now	include	many	photoproducBon	data.	

•  E.g.	Bonn-Gatchina	PWA	analysis,	A.	Anisovich	et	al.	EPJ	A	48,	15	(2012).	

•  Results	from	photoproducBon	now	add	to	the	PDG	tables	and	determine	
properBes	of	baryon	resonances		

Naming	scheme	has	
changed:	

L	2I	2J(E)												JP(E)	
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SU(6)xO(3)	

Do	New	States	Fit	into	Q3	QM	?	

“Hard”	quark-diquark	
models	ruled	out.		 “Sot”	quark-diquark	

models	remain	viable.	
e.g.	G.	Eichmannal.	et	arXiv:1607.05748	
[hep-ph]	

vs	
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Do	New	States	Fit	into	LQCD	Projec8ons	?	

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

22

N(1900)3/2+	

N(1880)1/2+	
N(2060)5/2-	
N(2120)3/2-	

N(1875)3/2-	
N(1895)1/2-		

Known	states:	
N(1675)5/2-	

N(1700)3/2-	

N(1520)3/2-	

N(1650)1/2-	

N(1535)1/2-	

Robert	G.	Edwards,	Jozef	J.	Dudek,	David	G.	Richards,	Stephen	J.	Wallace	Phys.Rev.	D84	(2011)	074508	

Lowest	J+	states			
500	–	700	MeV	high	

Lowest	J-	states			
200	–	300	MeV	high	

mπ	=	396	MeV		

Ignoring	the	mass	scale,	
new	candidates	fit	the	JP	

values	predicted	from	
LQCD.	
	
The	field	would	really	
benefit	from	more	
realisBc	La\ce	masses	
for	N*	states.	
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Results	on	Polarized	Neutron	Target	
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Results	on	Polarized	Neutron	Target	
Different	bkg	removal	methods	

Empty	cell		
SubtracBon		

Empty	cell		
SubtracBon		

KinemaBcal	fi\ng	

Boosted	Decision	Trees	
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γd→π-p(p) Helicity Asymmetry Ε 
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γd→π-p(p) Helicity Asymmetry Ε 

T.	Kageya	
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γp→π+π-p and γd→π+π-n(p)  
P.	Peng(UVa),	I.	Zonta	(U.	Roma	Tor	Vergata)	
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γp→π+π-p and γd→π+π-n(p)  
P.	Peng(UVa),	I.	Zonta	(U.	Roma	Tor	Vergata)	

Pz		and	I# are	odd	funcBons	of	ϕ’	
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I# γp→π+π-p and γd→π+π-n(p)  
P.	Peng(UVa),		
I.	Zonta	(U.	Roma	
Tor	Vergata)	

P33(1232)	
P11(1440)	
D13(1520)	
S11(1535)	
S11(1620)	
D15(1675)	
F15(1680)	
D33(1700)	
P13(1720)	
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I# for	γd→π+π-n(p)  

P.	I.	Zonta	(U.	Roma	Tor	Vergata)	
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Pz
# for	γp→π+π-p and γd→π+π-p(n)  

P.	I.	Zonta	(U.	Roma	Tor	Vergata)	
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γp→ρp→π+π-p γd→ρn(p)→π+π-n(p)  

Eγ=(0.8-2.2)GeV	

IM(π+n)	

IM
(π
-

n)
	 Δ+

Δ-
ρ0

IM
(π

-
n)
	 Eγ=(0.8-2.2)GeV	

Δ+
ρ0

Δ-

IM(π+π-)	

P.	I.	Zonta	(U.	Roma	Tor	Vergata)	
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γp→ρp→π+π-p 
P.	I.	Zonta	(U.	Roma	Tor	Vergata)	
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γp→ρp→π+π-p 
P.	I.	Zonta	(U.	Roma	Tor	Vergata)	
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γp→ρp→π+π-p 

P.	I.	Zonta	(U.	Roma	Tor	Vergata)	
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γp→ρp→π+π-p 

P.	I.	Zonta	(U.	Roma	Tor	Vergata)	

Events	selec8on:	
	
•  Im(pπ+)>1.3 GeV	
•  Im(pπ-)>1.3 GeV	
•  t<0.5	GeV	
•  Eγ>1.3	GeV	
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γp→ρp→π+π-p 

P.	I.	Zonta	(U.	Roma	Tor	Vergata)	
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Electroexcita8on	of	N*/Δ	resonances		

N(1675)5/2-	
N(1520)3/2-	

N(1535)1/2-	

N(1710)1/2+	
N(1440)1/2+	

Δ(1232)3/2+		
N(940)	

L3q	

0	

1	

0	 1	 2	

2	

N [ħω] 

N(1680)5/2+	

N(1720)3/2+	

[56,0+]	

[70,1-]	

[56,2+]	

[70,0+]	

Central	ques8on	in	hadron	physics:	
what	are	the	relevant	degrees	of	freedom	
at	varying	distance	scale?	

Probe	resonance	strength	vs	photon	
virtuality	Q	



Studying	Baryons	in	γ*p	→	KΛ/Σ	?	

 Strangeness	electroproduc8on	is	a	fer8le	ground	in	studying	S=0	baryon	states	with	masses	above	1.6	GeV.	

 N(1900)3/2+  N(1710)1/2+ 

Electroproduc8on	

N(1710)1/2+  N(1900)3/2+  

Photoproduc8on	

1.6 
1.4 
1.2 
1.0 
0.8 
0.6 
0.4 
0.2 

1.6 1.8 2.0 
W (GeV) 
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Electroexcita8on	kinema8cs	

Measured	σ	are	decomposed	using		UIM	or	fixed-t	DR	to	extract	N*	&	Δ	helicity	amplitudes.		
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Electrocouplings	of	the	‘Roper’	in	2002	

In	 2002	 Roper	 amplitude	 A1/2	
measurements	 were	 more	
consistent	with	hybrid	state			
but	 data	 were	 limited	 with	
large	uncertainBes.	

N(1440)1/2+	
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q3g	

q3	

q3g	

q3	

q3	

CLAS	results	on	electrocouplings	clarified	nature	of	the	Roper:	the	structure	is	driven	by	the	interplay	
of	the	core	of	three	dressed	quarks	and	the	1st	radial	excitaBon	of	the	external	meson-baryon	cloud		

Separa8ng		q3g	from	q3	states	?		

Will	CLAS12	data	be	able	to	iden8fy	gluonic	contribu8ons	?		
For	hybrid	“Roper”,		A1/2(Q2)	drops	off	faster	with	Q2	and	S1/2(Q2)	~	0.		



Hybrid	hadrons	with	dominant	gluonic	contribuBons	are	predicted	to	exist	by	QCD.	
Experimentally:	

•  Hybrid	mesons	|qqg>	states	may	have	exoBc	quantum	numbers	JPC	not	available	to	pure						
|qq>	states	 														GlueX,	MesonEx,	COMPASS,	PANDA	….				

•  Hybrid	baryons		|qqqg>	have	the	same	quantum	numbers	JP	as	|qqq>		electroproducBon	
with	CLAS12	(Hall	B).				

Theore8cal	predic8ons:	

$ 	MIT	bag	model	-	T.	Barnes	and	F.	Close,	Phys.	LeK.	123B,	89	(1983).	

$ 	QCD	Sum	Rule	-	L.	Kisslinger	and	Z.	Li,	Phys.	Rev.	D	51,	R5986	(1995).	

$ 	Flux	Tube	model	-	S.	CapsBck	and	P.	R.	Page,	Phys.	Rev.	C	66,	065204	(2002).	

$ 	LQCD	-	J.J.	Dudek	and	R.G.	Edwards,		PRD85,	054016	(2012).	
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Hybrid	Baryons:	Baryons	with	Explicit	Gluonic	Degrees	of	Freedom	



Hybrid	states	have	same	JP	values	as	qqq	baryons.	How	to	iden8fy	them?	
•  OverpopulaBon	of	N	1/2+	and	N	3/2+	states	compared	to	QM	projecBons.	?	
•  A1/2		(A3/2)	and	S1/2	show	different	Q2	evolu8on.		

1.3GeV	

clustered	
in	mass	

LQCD		
The	nucleon	
mass	is	shiped	
~300	MeV	to	
higher	masses	
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Hybrid	Baryons	in	LQCD	

	regular	states	

	hybrid	states	

J.J.	Dudek	and	R.G.	Edwards,		PRD85,	054016	(2012)	
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We	focused	on:		
e	p												e	p	π+	π-

e	p												e	K+Λ,	e	K+Σ0

Based	on	available	knowledge,	the	signatures	for	hybrid	baryons	consist	of:	
		
•	Extra	resonances	with	Jp=1/2+	and	Jp=3/2+,	with	masses	>	1.8	GeV	and	decays	into	
Nππ	or	KY	final	states.		
•A	drop	of	the	transverse	helicity	amplitudes	A1/2(Q2)	and	A3/2(Q2)	faster	than	for	
ordinary	three	quark	states,	because	of	extra	glue-component	in	valence	structure.		
•A	suppressed	longitudinal	amplitude	S1/2(Q2)	in	comparison	with	transverse	electro-
excitaBon	amplitude	(JP=1/2+).	

Hybrid	Baryon	Signatures	



Sca`ered	electrons	will	be	detected:	
•  in	the	Forward	Tagger	for	angles	from	2.5°	to	4.5°	
•  in	the	Forward	Detector	of	CLAS12	for	scaKering	angles	greater	than	about	6°	

Charged	hadrons	will	be	measured	in	the	full	range	from	6°	to	130°	
	
FT	allows	to	probe	the	crucial	Q2	range	where	hybrid	baryons	may	be	idenBfied	due	to	their	fast	dropping	A1/2(Q2)	
amplitude	and	the	suppression	of	the	scalar	S1/2(Q2)	amplitude.	
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The	Experiment	

CLAS12	 p	

π+π-

W	<	3	GeV							Q2	range	of	interest:	0.05	-	2	GeV2	 Q2 = 4E
Beam

E
e'
sin2ϑ

2
⇒ ϑ <5°
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Kinema8cal	Coverage:	Full	Q2	Range	

Ee	=6.6	GeV	
I	=	-	3375	A	

Ee	=8.8	GeV	
I	=	-	3375	A	
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I	=	-	3375	A	
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Q2	as	low	as	0.05	GeV2	may	be	reached	

Q2	≥	0.05	GeV2	
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A	hypotheBcal	hybrid	baryon	contribuBon	added	at	the	amplitude	level	to	the	best	presently	available	model	RPR-2011:						
MR	=	2.2	GeV				ΓR=0.25	GeV			JP	=	1/2	+		(JP	=	3/2	+)	
	
The	 reacBon	 cross	 secBon	 has	 been	 calculated	 with	 and	 without	 the	 hybrid	 baryon	 resonance	 contribuBon	 to	
determine:	
	
1.  Minimum	 beam	 Bme	 needed	 to	 obtain	 staBsBcal	 uncertainty	 for	 cross	 secBons	 comparable	 with	 CLAS	

photoproducBon	data.	
	100	days	of	beam	Bme	(50	days	at	6.6	GeV	&	50	days	at	8.8	GeV)	

2.  The	Legendre	moments	of	the	unseparated	and	polarizaBon	interference	components	of	the	cross	secBon.	 										
	 	Search	for	disBncBve	structures	due	to	the	added	resonance.	

3.  The	staBsBcal	sensiBvity	to	hybrid	baryons	electrocouplings.										 	 	 	 		
	Minimum	electrocoupling	values	with	100	days	of	beam	Bme.		

		
4.  The	capability	of	extracBng	the	added	resonance	parameters	from	expected	data.	

	Blind	analysis	of	quasi-data.	

Quasi	–	Data	Analysis	



Extrac8on	of	Legendre	Moments	
e	p									e	K+Λ

Significant	structures	appear	in	most	of	the	Legendre	moments	at	the	value	of		
W	=	2.2	GeV,	corresponding	to	the	mass	of	the	added	hybrid	baryon		

First	Legendre	Moments

σU σLT

Black	curves	RPR	2011	model	
Blue	points	RPR	2011	+	Resonance	

σTT

P0	
P0	 P0	

P1	
P1	

P1	

P2	
P2	P2	

P3	

P3	 P3	

•  J	=	½					Regge	+	Res.											Q2	=	1	GeV2					Mres	=	2.2	GeV				A1/2	=	0.04	GeV-1/2		S1/2	=	0	



Fixing	the	resonance	parameters:	Mres	=	2.2	GeV,	Γres	=	0.25	GeV,	S1/2	=	0				
and	varying	A1/2,	3/2																				Minimum	values	for	hybrid	baryons	electrocouplings	
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Sta8s8cal	Sensi8vity	of	Resonance	Electrocouplings	

e	p								e	K+Y	 Regge	+	Resonance	(RPR-2011)	Gent	model	
	

	To	be	compared	with	N(1440)1/2+		

Q2	(GeV2)	 JR	=	1/2	 JR	=	3/2	
	

X	10-3	(GeV-1/2)	 A1/2	 S1/2	 A1/2	 A3/2	 S1/2	

0.1	 9.5	 9.5	 13	 8.5	 8.5	

0.5	 14	 16	 15	 15	 10	

1.0	 13	 19	 14	 14	 7.5	

Q2	(GeV2)	 0.	 0.65	 1.3	

A1/3	x	
10-3(GeV-1/2)	

-70	 10	 30	

χ 2 /d.p.=
1

N
d .p.

(dσ
mod

−dσ
mod+res

)2

(dσ
mod

+dσ
mod+res

) /N
evW ,cosθ*φ

∑
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Blind	Extrac8on:	JP=1/2+	+	JP=3/2+		
Two	hybrid	baryon	resonances	with	Jp	=	1/2+	 	and	Jp	=	3/2+	 	were	 inserted	 in	the	ep	 	 	 	 	 	 	 	 	 	e	K+Λ	 	Gent	
RPR2011	reacBon	amplitude	and	quasi-data	were	generated																dσq.d.	
	

	A	blind	analysis	has	been	then	a`empted	trying	to	extract	the	resonances	JP	spin-pari8es	and	
	

	7	unknown	parameters:			 	Mres
1			Γres1				A1/2

1	

	 																												 	 	 	 	 	 	 										Mres
2			Γres2				A1/2

2		A3/2
2	

	
												Searching	the	minimum	of	the	quanBty:	
	
	

dσth	were	calculated	using	the	Gent	RPR2011	amplitudes	including	two	resonances	
		Jp	=	1/2+	and	Jp	=	3/2+,	whose	parameters	values	were	scanned	in	the	range:	

	
	

at	a	fixed	Q2	=	0.5	GeV2	

	
S1/2	=	0	

		2.0		<		W		<	2.5	GeV									-0.05	<	A1/2<	+0.05	GeV-1/2	

	
		0.1		<		Γ		<	0.4	GeV										-0.05	<	A3/2	<	+0.05	GeV-1/2	

χ 2 /d.p.=
1

N
d .p.

(dσ
th
−dσ

q.d .
)2

(dσ
q.d .

) /N
evW ,cosθ* ,φ

∑
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Blind	Extrac8on:	JP=1/2+	+	JP=3/2+		
Two	hybrid	baryon	resonances	with	Jp	=	1/2+	 	and	Jp	=	3/2+	 	were	 inserted	 in	the	ep	 	 	 	 	 	 	 	 	 	e	K+Λ	 	Gent	
RPR2011	reacBon	amplitude	and	quasi-data	were	generated																dσq.d.	
	

	A	blind	analysis	has	been	then	a`empted	trying	to	extract	the	resonances	JP	spin-pari8es	and	
	

	7	unknown	parameters:			 	Mres
1			Γres1				A1/2

1	

	 																												 	 	 	 	 	 	 										Mres
2			Γres2				A1/2

2		A3/2
2	

	
													
	

Itera8ve	procedure:	
	
•  The	algorithm	calculates	the	χ2	value	over	a	7-dim	parameters	coarse	grid,	covering	the	full	range	
	
•  The	combinaBon	of	parameters	corresponding	to	the	minimum	χ2	value	is	found	
	
•  	χ2	value	is	calculated	over		a	finer	7-dim	parameters	grid,	around	the	minimum	
	
•  	The	procedure	is	repeated	three	Bmes.		
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Blind	Extrac8on:	JP=1/2+	+	JP=3/2+		
Two	hybrid	baryon	resonances	with	Jp	=	1/2+	 	and	Jp	=	3/2+	 	were	 inserted	 in	the	ep	 	 	 	 	 	 	 	 	 	e	K+Λ	 	Gent	
RPR2011	reacBon	amplitude	and	quasi-data	were	generated																dσq.d.	
	

		Typical	3-dim	map	of	χ2	as	a	func8on	of	the	two	resonance	masses,	
evolving	in	8me	for	increasing	A1/2	(A3/2)	strength.	

χ	2		minimum	
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Blind	Extrac8on:	JP=1/2+	+	JP=3/2+		
Two	hybrid	baryon	resonances	with	Jp	=	1/2+	 	and	Jp	=	3/2+	 	were	 inserted	 in	the	ep	 	 	 	 	 	 	 	 	 	e	K+Λ	 	Gent	
RPR2011	reacBon	amplitude	and	quasi-data	were	generated																dσq.d.	
	

	A	blind	analysis	has	been	then	a`empted	trying	to	extract	the	resonances	JP	spin-pari8es	and	
	7	unknown	parameters:			 	Mres

1			Γres1				A1/2
1	

	 																												 	 	 	 	 	 	 										Mres
2			Γres2				A1/2

2		A3/2
2	

	
													
	

Blind	Resonance	Parameters	 Extracted	Resonance	Parameters	

Mres
1		=	2.30	GeV		 Mres

1		=	2.32	GeV		

Γres	1		=	0.30	GeV		 Γres	1		=	0.30	GeV		

									A1/2	
1	=	0.020	GeV-1/2	 									A1/2	

1	=	0.019	GeV-1/2	

Mres
2		=	2.45	GeV		 Mres

2		=	2.45	GeV		

Γres	2		=	0.35	GeV		 Γres	2		=	0.31	GeV		

										A1/2	
2	=	-	0.015	GeV-1/2		 										A1/2	

2	=	-	0.014	GeV-1/2		

						A3/2	
2	=	0.04	GeV-1/2		 								A3/2	

2	=	0.038	GeV-1/2		

Hybrid	Baryons	parameters	are	well	reconstructed.	



•  Major	progress	made	in	the	last	~	5	years	in	the	search	for	N*	and	Δ	states.	
All	states	can	be	accommodated	in	CQM	and	LQCD	schemes.	

% 	Non-dynamical	di-quark	models	are	ruled	out.	

•  Knowledge	of	Q2-dependence	of	electrocouplings	is	absolutely	necessary	to	understand	
the	nature	(	the	internal	structure)	of	the	excited	states.	

% Roper	IS	the	first	radial	excitaBon	of	the	q3	core,	obscured	at	large	distances	by	
meson-cloud	effects.	

•  Leading	electrocoupling	amplitudes	of	prominent	low-mass	states	(e.g.	N(1535)1/2-	)	is	
well	modeled	by	DSE/QCD,	LC	SR	and	LF	RQM	for	Q2>	2	GeV.	

	
•  Search	for	hybrid	baryons	with	explicit	gluonic	degrees	of	freedom	would	be	possible	

invesBgaBng	the	low	Q2	evoluBon	of	high-mass	resonance	(2-3	GeV)	electrocoupligs:	
%  Looking	for	suppressed	A1/2,	A3/2,	S1/2		at	low	Q2.	
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Baryon	Spectroscopy	Status	Today	


