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Why	N*	?		
Baryon	Spectroscopy	Reveals	the	Workings	of	QCD	 
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“Nucleons	are	the	stuff	of	which	our	
world	is	made.	
	
As	such	they	must	be	at	the	center	
of	any	discussion	of	why	the	world	
we	actually	experience	has	the	
character	it	does.”		
	
Nathan	Isgur,	NStar2000,	Newport	News,	
Virginia		
	

Derek	B.	Leinweber	–	University	of	Adelaide		



Why	N*	?	From	the	Hydrogen	Spectrum		to	QCD	
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Spectral	 series	
of	hydrogen	

Niels	Bohr	(1922)	

•  Understanding	the	hydrogen	atom’s	ground	state	
requires	understanding	its	excitaBon	spectrum.	

From	Bohr	model	of	the	atom	to	QED.	

•  Understanding	the	proton’s	ground	state	
requires	understanding	its	excitaBon	spectrum.	

From	the	ConsBtuent	Quark	model	to	QCD.	



Historical	Markers	

1952:	 First	 glimpse	 of	 the	 Δ(1232)	 in	 πp	 scacering	 shows	 internal	
structure	of	the	proton.		

1964:	Baryon	resonances	essenBal	in	establishing	the	quark	model	and	
the	color	degrees	of	freedom.	

1989:	Broad	effort	to	address	the	missing	baryon	puzzle.	

2010:	First	successful	acempt	to	predict	the	nucleon	spectrum	in	LQCD.	

2015:	Understanding	of	the	baryon	spectrum	is	needed	to	quanBfy	the	
transiBon	from	QGP	to	the	confined	phase	in	the	early	universe.	
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N*	in	the	History	of	the	Universe	
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	 	DramaPc	events	occur	in	the	microsecond	old	Universe.	
§ 	The	transiBon	from	the	QGP	to	the	baryon	phase	is	dominated	by	excited	baryons.			
			A	quanBtaBve	descripBon	requires	more	states	than	found	to	date	=>	missing	baryons.	
§ 	During	the	transiBon	the	quarks	acquire	dynamical	mass	and	the	confinement	of	color	occurs.		

N*		

N*	

Quark	Gluon	Plasma	
(color	deconfined)	

Hadron	Gas	
(color	confined)	

Tetyana	Galatyuk’s	talk	



ConsPtuent	quark	models	and	SU(6)xO(3)	
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numerical	simulaBons	
of	unquenched	laice	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.	

Craig	Roberts’s	talk	

•  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)	



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!	



What	Do	We	Want	to	Learn	?		
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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)

Baryon-meson	
system	

Understand	the	effecBve	degrees	of	freedom	underlying	the	N*	spectrum	and	the	forces.		

•  A	vigorous	experimental	program	is	worldwide	underway	with	the	aim	to:	
-  	search	for	undiscovered	states	in	meson	photoproducPon	at	CLAS,	CBELSA,	

GRAAL,	MAMI,	LEPS	
-  confirm	or	dismiss	weaker	candidates	(*,	**,	***)	
-  characterize	the	N*	and	Δ	spectrum	systemaBcs.	

•  Measure	 the	 strength	 of	 resonance	 excitaBons	 versus	 distance	 scale	 in	 meson	
electro-producPon	at	JLab,	to	reveal	the	underlying	degrees	of	freedom	in	the	Q2	
evoluBon	of	the	transiBon	amplitudes.	



Establishing	the	N*	and	Δ	Spectrum:	πN	scacering	
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Establishing	the	N*	and	Δ	Spectrum:	πN	Scacering	
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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	



(1/2)-	
(1/2)-	
(3/2)-	
(3/2)-	
(5/2)-	
(1/2)+	
(1/2)+	
(1/2)+	
(1/2)+	
(3/2)+	
(3/2)+	
(3/2)+	
(3/2)+	
(3/2)+	
(5/2)+	
(5/2)+	
(5/2)+	
(7/2)+	
	

Nπ	
Nη	
Nη`	
Nω	
ΛK	
ΣK	

Establishing	the	N*	and	Δ	Spectrum	
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Search	all	channels:	not	just		πN	
Photonuclear cross sections 



Establishing	the	N*	and	Δ	Spectrum	

INPC	2016		Adelaide	-		September	15		2016		-	Annalisa	D’Angelo	–	Baryons	Spectrum	and	Structure	 13	

Hadronic	
producBon	

ElectromagneBc	
producBon	&	

Experimental	requirements:	
•  Precision	 measurements	 of	 photo-induced	 processes	 in	

wide	kinemaBcs,	e.g.		
	γp→πN,	ηp,	KY,	..,												γn→πN,	K0Y0,	..		
	

•  More	 complex	 reacBons,	 e.g.	 	 γp	 →	 ωp,	 pφ,	 ππp,	 ηπN,	
K*Y,	 ..	may	be	 sensiBve	 to	high	mass	 states	 through	direct	
transiBon	to	ground	state	or	through	cascade	decays	

	
•  PolarizaBon	observables	are	essenBal	
	

Extract	s-channel	
resonances	

Engaging	theoreBcal	groups	
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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 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

• 	Process	described	by	4	complex,	parity	conserving	amplitudes		
• 	8	well-chosen	measurements	are	needed	to	determine	amplitude.	
• 	Up	to	16	observables	measured	directly	
• 		3	inferred	from	double	polarizaBon	observables	
• 	13	inferred	from	triple	polarizaBon	observables	

Λ	weak	decay	
has	large	
analyzing	power	

The	holy	grail	of	baryon	resonance	analysis	

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

PolarizaPon	Observables:	Complete	Experiment	

David	Ireland’s	talk	
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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	

	

Drir	chambers		
35,000	cells	

start	counter	

ElectromagnePc	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	 ✓	 ✓	
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CLAS	N*	Experimental	Program	

Proton targets�

Neutron targets�

✔-published, ✔-acquired�

David	Ireland’s	talk	

Data	taking	completed	May	18,	2012	
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Establishing	the	N*	and	Δ	Spectrum:	γ	+	p	è	π0	+	p	
DifferenPal	cross	secPon	 Σ	Beam	Asymmetry		

Kamano			
Nakamura	
Lee	&	
Sato,	2012	

T  single 
G E F  double 
polarization 
observables 
also available  
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The fit of the �p� K� differential cross section
(CLAS 2009)
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Strangeness	producPon:	γ	+	p	è	K+	+	Λ	è	K+	+	p	+	π-	
Σ	Beam	Asymmetry		

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

The fit of the �p� K� differential cross section
(CLAS 2009)
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The fit of the �p� K� differential cross section
(CLAS 2009)
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The fit of the �p� K� differential cross section
(CLAS 2009)
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A.V.	Anisovich	et	al,	EPJ	A48,	15	(2012)		
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The fit of the �p� K� differential cross section
(CLAS 2009)
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DifferenPal	cross	secPon	
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The fit of the �p� K� recoil asymmetry
(CLAS 2009)
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Strangeness	producPon:	γ	+	p	è	K+	+	Λ	è	K+	+	p	+	π-	

A.V.	Anisovich	et	al,	EPJ	A48,	15	(2012)		
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The fit of the �p� K� differential cross section
(CLAS 2009)
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The fit of the �p� K� recoil asymmetry
(CLAS 2009)
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The	N(1900)3/2+	State	
•  Bump	first	seen	in	SAPHIR		K+	Λ	data	but	due	to	systemaBcs	

in	the	data	misinterpreted	as	JP	=	3/2-	(D−wave	resonance).	

•  State	 was	 solidly	 established	 in	 Bn-Ga	 coupled-channel	
analysis	 making	 use	 of	 very	 precise	 KΛ	 polarized	 data,	
resulBng	 in	 ***	 assignment	 in	 PDG2012.	 (P-wave	
resonance).	

•  State	 confirmed	 in	 an	 effecBve	 Langrangian	 resonance	
model	analysis	γp	 	 	 	 	 	K++Λ	(O.	V.	Maxwell,	PRC85,034611,	
2012)	

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

•  First	 baryon	 resonance	 observed	 and	 mulBply	 confirmed		
in	electromagneBc	producBon.	

Candidate	for	****	state	

P13	
Bonn-Gatchina	fit		
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Updated	Spectrum	of	Baryon	Resonances	
•  From	2000	to	2010	no	new	Baryon	resonances	were	considered	by	the	PDG.	

§ 	Used		πN-	scacering	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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Lower	Mass	N*/Δ	spectrum	in	2015	

Are	there	mass	degenerate	spin	mulBplets?			
Do	these	states	fit	into	the	SU(6)	state	symmetry?	Laice?			
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ConsPtuent	Quark	Models	&	QCD	

SU(6)xO(3)	
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SU(6)xO(3)	

Do	New	States	Fit	into	Q3	QM	?	

“Hard”	quark-diquark	
models	ruled	out.		

“So�”	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	ProjecPons	?	

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	Laice	masses	
for	N*	states.	
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ElectroexcitaPon	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	quesPon	in	hadron	physics:	
what	are	the	relevant	degrees	of	freedom	
at	varying	distance	scale?	

Probe	resonance	strength	vs	photon	
virtuality	Q	
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Total	cross	secPon	at	W	<	2.1	GeV	

γ*	+	p								π+	+	n	
Data:	K.	Park	et	al.	PRC	77	(2008)	015208;	K.	Park	et	al.	PRC	91	(2015)	045203			

Analysis	with	UIM	&	fixed-t	DR;			Recent	review:	I.	Aznauryan,	V.	Burkert,	Prog.	Part.	Nucl.	Phys.	67	(2012)	1.		
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ElectroexcitaPon	kinemaPcs	

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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Electrocouplings	of	the	‘Roper’	in	2012	
I.	Aznauryan	et	al.	(CLAS),	PRC	80,	055203	(2009)	
V.	Mokeev	et	al.	(CLAS),	PRC	86,	035203	(2012)	

L.	Tiator	et	al.,	Chin	Phys	C33,	(2009)	1069	(MAID	fit)	
I.	Aznauryan	et	a.l.	PRC	76,	(2007)	025212	
Z.P.	Li	et	al.	PRD	46,	(1992)	70	
	

I.	T.	Obukhovsky	et	a.l.	PRD	84,	(2011)	014004	

N(1440)1/2+	
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Electrocouplings	of	the	‘Roper’	in	2016	

N(1440)1/2+	Nπ	loops	to	model	MB	cloud:	running	quark	mass	in	LF	RQM.	
I.	G.	Aznauryan,	V.D.	Burkert	PR	C	85	(2012)	055202.	
	
Nσ	loops	to	model	MB	cloud	in	LF	RQM:	frozen	consPtuent	quark	
mass	in	LF	RQM	.	
I.	T.	Obukhovsky	et	al.	PRD	89,	(2014)	0140032.	
	
Quark-core	contribuBons	from	DSE/QCD	
J.	Segovia	et	al.	PRL	115	(2015)	171801.	
	
Meson	Baryon	cloud	inferred	from	CLAS	data	as	the	difference	
between	data	and	the	quark-core	evaluabon	in	DSE/QCD.			
V.	Mokeev	et	al.,	PR	C	93	(2016)	025206.	
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MB	ContribuPon	to	electro-excitaPon	of	N(1535)1/2-	

•  Meson-baryon	cloud	may	account	for	discrepancies	at	low	Q2.		
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MB	ContribuPon	to	electro-excitaPon	of	N(1675)5/2-	

•  Measures	the	meson-baryon	contribuBon	to	the	γ*	p		N(1675)5/2-	directly.	
•  Can	be	verified	on	γ*	n		N(1675)5/2-	which	is	not	suppressed	
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Hybrid	Baryons:	Baryons	with	Explicit	Gluonic	Degrees	of	Freedom	

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).				

TheorePcal	predicPons:	
² 	MIT	bag	model	-	T.	Barnes	and	F.	Close,	Phys.	Lec.	123B,	89	(1983).	
² 	QCD	Sum	Rule	-	L.	Kisslinger	and	Z.	Li,	Phys.	Rev.	D	51,	R5986	(1995).	
² 	Flux	Tube	model	-	S.	CapsBck	and	P.	R.	Page,	Phys.	Rev.	C	66,	065204	(2002).	
² 	LQCD	-	J.J.	Dudek	and	R.G.	Edwards,		PRD85,	054016	(2012).	

	 	 	 	 		

Hugh	Montgomery’s	talk	



Hybrid	states	have	same	JP	values	as	qqq	baryons.	How	to	idenPfy	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	evoluPon.		

1.3GeV	

clustered	
in	mass	

LQCD		
The	nucleon	
mass	is	shired	
~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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q3g	

q3	

q3g	

q3	

q3	

CLAS	results	on	electrocouplings	clarified	nature	of	the	Roper.		
Will	CLAS12	data	be	able	to	idenPfy	gluonic	contribuPons	?		

SeparaPng		q3g	from	q3	states	?		

For	hybrid	“Roper”,		A1/2(Q2)	drops	off	faster	with	Q2	and	S1/2(Q2)	~	0.		
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•  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.	

Ø Naïve	(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.	

Ø 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:	
Ø  Looking	for	suppressed	A1/2,	A3/2,	S1/2		at	low	Q2.	
	

Baryon	Spectroscopy	Status	Today	
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Thank	you	!	
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BACKUP	SLIDES	
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Missing	Baryons	in	QCD	Phase	TransiPon	


