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1	Hadronic	versus	partonic	effects	in	e.m.	transi1ons:	
Evidence	of	separa1on	of	effects.	
	
2	Space-like	e.m.	transi1ons	data	as	constraints	of	Time-like	
e.m.	transi1ons	:						(1232)	and	N*(1520)	cases.	
	
3	Predic1ve	power	for	other	cases	and	conclusions.	
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Theore1cal	tools	to	study	short	lived	N*	states	

1	LQCD	
2	Chiral	Perturba1on	Theory			
3	pQCD		
4	Covariant	Bethe-Salpeter	approaches	
	in	quantum	field	theory			
												nDyson-Schwinger		
												nCovariant	Spectator	Theory	
	
	

Electromagne1c	
transi1ons	at	
Intermediate	
energy	



CST©	

Covariant	Spectator	Theory	describes	in	an	efficient	
way	the	behavior	of																					hadronic	ver1ces	at	
high			

γN ! N *
Q2



N*	Electron-produc1on(CLAS/JLab)	and	dilepton	produc1on		
(HADES/GSI)	data	complement	each	other.	
	
The	knowledge	gained	from	the	CLAS/JLAB	data	can	be	used	to		
constrain	the	interpreta1on	of		HADES/GSI	data.	
	

Most	world	data		
is	CLAS	data	
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To	control	model	dependence:	
CST	model	and	LQCD	data	are	made	compa1ble.	
																																										
																																																

																																					****	
		
	Star1ng	point:		The	dominant	magne1c-dipole	amplitude		
of	the																			transi1on	at	small	Q2.		
	

! N ! "



Pion	cloud		
supressed	for	high	Q2	
	
	 1

Q8

Timelike: |G!
M | - new model

New model: consider the explicit connection with the
microscoptic pion cloud structureÐquarks with structure

(a) Coupling with pionon the air:
related with pion electromagnetic form factorF! (q2)

(b) Coupling withintermediate baryon states(octet/decuplet):
parametrized e! ectively by[ ÷GD (q2)]2 " 1/Q 8

÷GD (q2) =
! 4

D

(! 2
D # q2) + ! 2

D " 2
D (q2)

,

! 2
D cuto! : parametrize mass scale of intermediate reson. (! 2

D $ 1 GeV2)
" D (q2) e! ective width, constraint to" D (0) = 0

Gilberto Ramalho (IIP/UFRN, Natal,Brazil) SL and TL e.m. baryon FF Estoril, October 9, 2015 37 / 55

+	 +	

Bare	Quark	component	
	
	
	

! N ! "



	

Separa1on	seems	to	be	supported	by	experiment.	

G.	Ramalho,	M.	T.	P.	and	Gross,	
EPJS	36,	329	(2008);	
PRD	78,	114017	(2008)	

! N ! "



! N ! "

EBAC:	Diaz	et	al.,	PRC	75,	0152065	(2007)	

G*
M (0) ! 3

GB
M (0)

3GD

" 0.7

PHYSICAL	REVIEW	D	78,	114017	(2008)	G.	Ramalho,	M.	T.	P.	and	Franz	Gross,	

¥  Bare	quark	core	
dominates	in	the	
large									region.	

¥  Bare	quark	core	
results	agree	with	
EBAC	analysis.	

	

	

Q2

In	this	analysis	meson	cloud	
effects	were	subtracted	from	the	
data,	and		quark	contribu1ons		
extracted	indirectly.	



¥  Formula1on	in	Minkowski	space.	
¥  Two-body	CST	equa1on	effec1vely	sums	ladder	and	crossed-

ladder	exchange	diagrams,	due	to	cancela1ons.		

	

¥  Correct	one	body	limit	when	one	par1cle	becomes	infinitely	
heavy,	unlike	BS	in	the	ladder	approxima1on.	

¥  Provides	wave	func1ons	from	covariant	vertex		with	simple	
transforma1on	proper1es	under	Lorentz	boosts	and	smooth	non-
rela1vis1c	limit.		

¥  Manifestly	covariant,	but	only	three-dimensional	loop	
integra1ons.	

¥  Ensures	confinement	and	dynamical	chiral	symmetry	breaking.		

CST©	



	
�E.M.	matrix	element	can	be	wrimen	in	terms	of		
an	effec1ve	baryon	composed	by	an	off-mass-shell	
quark,	and	an	on-mass-shell	quark	pair	(diquark)	with	
an	average	mass.	
�Baryon	wavefunc1on	reduced	to	an	effec1ve	
quark-diquark	structure	due	to	the	s	integra1on.	
	

E.M.	matrix	element		 Integrate	in	the	rela1ve	
momentum	of	the	
diquark	



Nucleon	wavefunc1on	
	

�A	quark	+	scalar-diquark	component	
	
�A	quark+	axial	vector-diquark	component		
	
	
	
	
	

	
	

Delta	wavefunc1on	
	

�Only	quark	+	axial	vector-diquark	term	contributes	
	

Phenomenological	func1on	



E.M.	Current	



Low-energy	behavior	encodes		high-energy	behavior:			
Scale	enters	in	the	problem!	DIS	used	to	fixed			λ	

Vector	meson	dominance				2	poles	

4	parameters	



Proton	and	Neutron	form	factors	

! 2 =1.36

PHYSICAL	REVIEW	C	77,	015202	(2008)	G.	Ramalho,	M.	T.	P.	and	Franz	Gross,	

Nucleon SL form factors (to be discussed) GD = (1 + Q2/ 0.71)! 2

F Gross, GR and MT Pe÷na, PRC 77, 015202 (2008)Ð Covariant Spectator QM
Nucleon form factors:GE = F1 ! ! F2, GM = F1 + F2; ! = Q2

4M 2
N

0 5 10 15 20 25 30 35
Q

2
(GeV

2
)

0.4

0.6

0.8

1

1.2

G
M

p/G
D
/µ

p

0 10
Q

2
(GeV

2
)

0.4

0.6

0.8

1

1.2

G
M

n/G
D
/µ

n

0 2 4 6 8 10
Q

2
(GeV

2
)

-0.5

0

0.5

1

G
E

p/G
M

p/µ
p

0 0.5 1 1.5 2
Q

2
(GeV

2
)

0

0.02

0.04

0.06

0.08

0.1

0.12

G
E

n

Gilberto Ramalho (IIP/UFRN, Natal,Brazil) SL and TL e.m. baryon FF Estoril, October 9, 2015 8 / 55

Model	calibra1on	by	Nucleon	form	factor	data:	
Fixes	parameters	of	the	quark	current	and	radial	wave	func1on	(4+2)		
No	“pion	cloud”	.	
	



Model	(no	pion	cloud)	valid	for	physical	and	lasce	
regimes	pion	mass	regime	with	no	refit	

Nucleon form factors in latticeGv
E , Gv

M [JPG 36, 115011 (2009)]
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- - - - Description of lattice data (no reÞt)
Model valid forphysical and lattice regimes (no pion cloud)
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G.		Ramalho		and	M	.T	.P.	,	JPG	3	6	,	15011	(	2009	)	
	
	

Isovector	nucleon	form	factors	



Quark model and connection with lattice QCD

Lattice QCD
Simulation of QCD in a discrete space-time, heavy quarks
Results obtained for unphysical hadrons: heavy pions, nucleons, ...
simulation labeled by m! ;
Extrapolations to the physical limit are necessary

Comparison with QM
At large m! : e! ects of meson cloud contributions in the form factors are
negligible (according with χPT); Only valence quark (core) contributes

Extension of QM to Lattice QCD
Replace mass parameters of the model m! , m" , mN , mB , ...
by values of the lattice masses (mlatt

! , mlatt
" , mlatt

N , mlatt
B , ...)

Keep other parameters (wave function & quark current) unchanged
Describe only valence quark e! ects

Lattice QCD ←− test to the quark structure
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�Pion	cloud	contribu1on	negligible	for	large	pion	masses.	

	

�Electromagne1c	quark	current	was	based	on	the	
mechanism	of	vector	meson	dominance,	and	the	vector	
meson	mass	is	a	func1on	of	the	running	pion	mass.		

	

�For	large	pion	masses	bare	quark	model	could	be	calibrated	
to	the	laHce	data.	

	

�Ater	that,	in	the	limit	of	the	model	to	the	physical	pion	
mass	value	from	the	experimental	data	is	well	described	in	
the	high	Q2	region.		
	

Untangle	pion	cloud	from	bare	quark	core	
using	LQCD	data	

	

! N ! "



For	low	Q2	:	add	coupling	with	pion	in	flight.	
	
(a)	related	with	pion	electromagne1c	form	factor	
Fπ(q

2)		
	
(b)	Coupling	with	intermediate	baryon	states	:	
parametrized	by		
	

Timelike: |G!
M | - new model

New model: consider the explicit connection with the
microscoptic pion cloud structureÐquarks with structure

(a) Coupling with pionon the air:
related with pion electromagnetic form factorF! (q2)

(b) Coupling withintermediate baryon states(octet/decuplet):
parametrized e! ectively by[ ÷GD (q2)]2 " 1/Q 8

÷GD (q2) =
! 4

D

(! 2
D # q2) + ! 2

D " 2
D (q2)

,

! 2
D cuto! : parametrize mass scale of intermediate reson. (! 2

D $ 1 GeV2)
" D (q2) e! ective width, constraint to" D (0) = 0
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+	 +	
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Timelike: |G!
M | - new model (2)

Calculation of meson cloud contribution for the octet" decuplet decay
widths # |G!

M (0)|2

GB
M (0) GMCa

M (0) GMCb
M (0) GMC

M (0) G!
M (0)

! ! N ! ! 1.633 0.730 0.652 1.383 3.016

! ! " ! # ! 0 1.683 0.737 0.663 1.400 3.083

! ! # + ! # ! + 2.094 0.304 0.825 1.129 3.224

! ! # 0 ! # ! 0 0.969 0.104 0.387 0.490 1.460

! ! # " ! # !" " 0.156 " 0 .097 " 0 .052 " 0 .149 " 0 .305

! ! $ 0 ! $ ! 0 2.191 0.410 0.691 1.101 3.291

! ! $ " ! $ !" " 0.168 " 0 .185 " 0 .028 " 0 .213 " 0 .380

GR and K Tsushima, PRD 88, 053002 (2013)GMCa
M (0) $ GMCb

M (0) $ 1
2 GMC

M (0)

New pion cloud parametrization

G!
M (q2) = 3

! !

2

!

F! (q2)
"

! 2
!

! 2
! %q2

# 2

+ ÷G2
D (q2)

$
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Timelike: |G!
M | - new model

New model: consider the explicit connection with the
microscoptic pion cloud structureÐquarks with structure

(a) Coupling with pionon the air:
related with pion electromagnetic form factorF! (q2)

(b) Coupling withintermediate baryon states(octet/decuplet):
parametrized e! ectively by[ ÷GD (q2)]2 " 1/Q 8

÷GD (q2) =
! 4

D

(! 2
D # q2) + ! 2

D " 2
D (q2)

,

! 2
D cuto! : parametrize mass scale of intermediate reson. (! 2

D $ 1 GeV2)
" D (q2) e! ective width, constraint to" D (0) = 0
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+	 +	

							(a)																									(b)	

G.	Ramalho	K.	Tsushima		PRD	88,	053002	(2013)		



In	the	1melike	region:	

	(1232)	and	N*(1520)	cases.	
											

�



Kinematics (! ! N " N #) R $ N #

R rest frame
PR = (W, 0, 0, 0); PN = (EN , 0, 0, %|q|); q = (! , 0, 0, |q|)

Timelike q2 > 0

! =
W 2 %M 2 + q2

2W

|q|2 =
[(W + M ) %q2][(W %M )2 %q2]

4W 2

EN =
W 2 + M 2 %q2

2W

Spacelike%q2 = Q2 > 0

! =
W 2 %M 2 %Q2

2W

|q|2 =
[(W + M ) + Q2][(W %M )2 + Q2]

4W 2

EN =
W 2 + M 2 + Q2

2W

TL: q2 & (W %M )2 W ' M
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Timelike: |G!
M | - new model (3)

F! (q2) =
m2

!

m2
! " q2 " 1

"
! 0

!
m"

q2 log q2

m2
"

+ i
! 0

!
m"

q2
"# F" (q2)

Fiting the |F" (q2)|2 data

F" (q2) =
!

! " q2 " 1
" " q2 log q2

m2
"

+ i " q2

! = 0 .696GeV2

" = 0 .178 -0.5 0 0.5 1
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Parametriza1on	of	pion	Form	Factor	



¥  Good	descrip1on	of	the	magne1c	dipole	physical	data		
						(W	=	M∆)	with	Λ2

D	=	0.9	GeV2		
	

However, in the best fit to the data, the value of α is
corrected by the logarithmic counterterm in the denomi-
nator of Eq. (4.1), that pushes the maximum of jFπ!q2"j2 to
the correct position, q2 ! 0.6 GeV2. In the Iachello model,
since β ! 1.1, the correction is too strong, and the
maximum moves to q2 ! 0.3 GeV2, differing significantly
from the jFπ!q2"j2 data.
To describe the physics associated with the ρ-meson, we

restricted the fit to q2 < 0.6 GeV2, which causes a less
perfect description of Fπ at the right side of the peak.
However increasing q2 beyond that point slightly worsens
the fit. This probably indicates that although the ω width is
small, there may be some interference from the ω mass
pole, and that the parameters α and β account for these
interference effects. Although the spacelike data was also
included in the fit, the final result is insensitive to the
spacelike constraints. We obtain also a good description of
the spacelike region (examine the region q2 < 0 GeV2 in
Fig 2). The full extension of the region where a good
description is achieved is −1 GeV2 < q 2 < 1 GeV2.
A similar quality of the fit is obtained with both a

constant width or a q2-dependent ρ-width. However a better
fit can be obtained with a more complex q2-dependence,
which accounts better for the ω-meson pole effect, as
shown in previous works [31,32]. Since this work is meant
to probe the quality of the results that one can obtain for the
transitions form factors, the simple analytic form of
Eq. (4.1) suffices for Fπ!q2".
In addition, the covariant spectator quark model built

from this function describes well the Δ → γ#N form factor
in the spacelike region as shown in Fig. 3. Using the best fit
of Fπ given by the parameters (4.2) we can calculate the
pion cloud contribution Gπ

M!q2" through Eq. (3.5), and
consequently the result for G#

M!q2; MΔ". For the parameters
λπ and ! 2

π we use the results of the previous works λπ $
0.441and ! 2

π $ 1.53 GeV2, obtained from the comparison
of the constituent quark model to the lattice QCD data and
experimental data [4,7,8].
In Fig. 3 we present the result of our model for

jG#
M!q2; W"j for the case W $ MΔ. In that case the

imaginary contribution (when q2 > 0) is very small and
the results can be compared with the spacelike data
(q2 < 0). In the figure the dashed-dotted-line indicates
the result for GB

M!q2; MΔ" discussed in a previous work [4].
In the same figure we show the sensitivity to the cutoff

! D of the pion cloud model, by taking the cases ! 2
D $

0.71 GeV2 and ! 2
D $ 0.90 GeV2. They are consistent with

the data, although the model with ! 2
D $ 0.71 GeV2 gives a

slightly better description of the data. The two models are
also numerically very similar to the results of Ref. [4] for
W $ MΔ. For higher values of W the results of the present
model and the ones from Ref. [4] will differ.
Although the model with ! 2

D $ 0.71 GeV2 gives a
(slightly) better description of the spacelike data, for the
generalization to the timelike region it is better to have a
model with large effective cutoffs when compared with the
scale of the ρmeson pole (the ρmass mρ). This is important
to separate the effects of the physical scales from the
effective scales (adjusted cutoffs).

V. RESULTS

The results for jG#
M!q2"j from the covariant spectator

quark model for the cases W $ 1.232GeV, W $ 1.6 GeV,
W $ 1.8 GeV, and W $ 2.2 GeV are presented in Fig. 4.
The thin lines represent the contribution from the bare
quark core component of the model, and the thick line the
sum of bare quark and pion cloud contributions.
In the figure the results for each value W are restricted

by the timelike kinematics through the condition
q2 ≤ !W− M"2, since the nucleon and the resonance (with
mass W) are treated both as being on their mass shells.
Therefore the form factor covers an increasingly larger
region on the q2 axis, as W increases. See Ref. [4] for a
complete discussion.
The figure illustrates well the interplay between the pion

cloud and the bare quark core components. The pion cloud
component is dominating in the region near the ρ peak.

FIG. 2. Fit to jFπ !q2"j2 data using Eq. (4.1). The data are from
Refs. [29,30].

FIG. 3. Results for jG#
M!q2"j for the covariant spectator quark

model combined with the pion cloud contribution from Eq. (3.5).
The data are from Refs. [33]. The dashed-dotted-line is the
contribution from the core [4].
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Red	line	:	full	model	
Blue	line:	Quark	core	



Away from that peak it is the bare quark contribution that
dominates. The flatness of theW ! 2.2 GeV curve for
q2 > 1 GeV2 is the net result of the falloff of the pion
cloud and the rise of the quark core terms. In addition, the
figure shows that the dependence onW yields different
magnitudes at the peak, and we recall that this dependence
originates from the bare quark core contribution alone.
This bare quark core contribution is mainly the conse-
quence of the VMD parametrization of the quark current
where there is an interplay between the effect of the! pole
and a term that behaves as a constant for intermediate
values ofq2 (see AppendixA).

We will discuss now the results for the widths! "" N#q; W$
of the " Dalitz decay, and for the" mass distribu-
tion g" #W$.

A. ! Dalitz decay

The width associated with the" decay into"" N can be
determined from the" ! " " N form factors for the" mass
W. Assuming the dominance of the magnetic dipole form
factors over the other two transition form factors, we can
write [4,5,34]

! "" N#q; W$ !
#
16

#W %M$2

M2W3

!
!!!!!!!!!!!
y%y!

p
y! jG"

M#q2; W$j; #5:1$

whereq !
!!!!!
q2

p
, # ! 1=137 is the fine-structure constant

andy& ! # W & M$2 ! q2.
At the photon point (q2 ! 0), in particular, we obtain the

! "N in the limit q2 ! 0 from Eq.(5.1) [5,18,35]

! "N#W$ ! ! "" N#0; W$: #5:2$

We can also calculate the derivative of the Dalitz decay
width ! e%e! N#q; W$from the function! "" N#q; W$using the
relation[5,18,34,35]

! 0
e%e! N#q; W$"

d! e%e! N

dq
#q; W$

!
2#
3$q

! "" N#q; W$: #5:3$

The Dalitz decay width! e%e! N#q; W$ is given by

! e%e! N#W$ !
Z

W! M

2me

! 0
e%e! N#q; W$dq; #5:4$

whereme is the electron mass. Note that the integration
holds for the interval4m2

e " q2 " #W ! M$2, where the
lower limit is the minimum value necessary to produce an
e%e! pair, and#W ! M$2 is the maximum value available
in the " ! " " N decay for a givenW value.

The results ford! e%e! N
dq #q; W$ for several mass valuesW

(1.232, 1.6 and 2.2 GeV) are presented in Fig.5. These
results are also compared to the calculation given by the
constant form factor model, from which they deviate
considerably.

Also, the" decay width can be decomposed at tree level
into three independent channels

! tot#W$ ! ! $N#W$ %! "N#W$ %! e%e! N#W$; #5:5$

given by the decays" ! $N, " ! "N and" ! e%e! N.
The two last terms are described respectively by Eqs.(5.2)
and(5.4). The! $N term can be parametrized as in[36,43]

! $N#W$ !
M"

W

"
q$#W$
q$#M" $

#
3 %2 %q2

$#M" $
%2 %q2

$#W$
! 0

$N; #5:6$

where! 0
$N is the" ! $N partial width for the physical" ,

q$#W$is the pion momentum for a" decay with massW,
and%a cutoff parameter. Following Refs.[37,38]we took
%! 0.197 GeV. The present parametrization differs from
other forms used in the literature[5,35] and from our
previous work[4].

FIG. 4. Results for jG"
M#Q2$j for W ! 1.232 GeV,

W ! 1.6 GeV,W ! 1.8 GeV andW ! 2.2 GeV. The thick lines
indicate the final result. The thin lines indicate the contribution of
the core.

FIG. 5. Results ford! e%e! N
dq #q; W$ for three different values of

energiesW. The solid line is the result of our model. The dotted
line is the result of the constant form factor model.
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¥  Extension	for	higher	W	shows	effect	of	the	rho	mass	pole	

¥  In	that	pole	region	small	bare	quark	contribu1on	(thin	lines)	

¥  Away	from	that	pole	bare	quark	component	dominates	



To	have	the	pion	factor	well	parametrized	makes	a	difference!	
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Corresponds	to																											versus			! = 1 .1 ! = 0 .178
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Wrong	loca1on	of	rho	mass	
pole	

	G.	Ramalho,	M.	T.	P.	,	
	PHYSICAL	REVIEW	D	85	113014	(2012)	



! Dalitz decay:" ! N (W) and" e+ e! N (W)

Width function ! ! ! N (q; W ) with q =
!

q2

y± = ( W ± M )2 ! q2

F. Dohrmann et al, ERJA 45, 401 (2010)

! ! ! N (q; W ) =
"
16

(W + M )2

M 2W 3
"

y+ y! y! |GT (q2, W)|2

|GT (q2; M ! )|2 = |G"
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! Dalitz decay:" ! N (W) and" e+ e! N (W)

Width function ! ! ! N (q; W ) with q =
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Away from that peak it is the bare quark contribution that
dominates. The flatness of the W ! 2.2 GeV curve for
q2 > 1 GeV2 is the net result of the falloff of the pion
cloud and the rise of the quark core terms. In addition, the
figure shows that the dependence on W yields different
magnitudes at the peak, and we recall that this dependence
originates from the bare quark core contribution alone.
This bare quark core contribution is mainly the conse-
quence of the VMD parametrization of the quark current
where there is an interplay between the effect of the ! pole
and a term that behaves as a constant for intermediate
values of q2 (see Appendix A).
Wewill discuss now the results for the widths ! "" N#q; W$

of the " Dalitz decay, and for the " mass distribu-
tion g" #W$.

A. ! Dalitz decay

The width associated with the " decay into " " N can be
determined from the " ! " " N form factors for the " mass
W. Assuming the dominance of the magnetic dipole form
factors over the other two transition form factors, we can
write [4,5,34]

! "" N#q; W$ !
#
16

#W %M$2

M2W3

!
!!!!!!!!!!!
y%y!

p
y! jG"

M#q2; W$j; #5:1$

where q !
!!!!!
q2

p
, # ! 1=137 is the fine-structure constant

and y& ! # W & M$2 ! q2.
At the photon point (q2 ! 0), in particular, we obtain the

! "N in the limit q2 ! 0 from Eq. (5.1) [5,18,35]

! "N#W$ ! ! "" N#0; W$: #5:2$

We can also calculate the derivative of the Dalitz decay
width ! e%e! N#q; W$from the function ! "" N#q; W$using the
relation [5,18,34,35]

! 0
e%e! N#q; W$"

d! e%e! N

dq
#q; W$

!
2#
3$q

! "" N#q; W$: #5:3$

The Dalitz decay width ! e%e! N#q; W$ is given by

! e%e! N#W$ !
Z

W! M

2me

! 0
e%e! N#q; W$dq; #5:4$

where me is the electron mass. Note that the integration
holds for the interval 4m2

e " q2 " #W ! M$2, where the
lower limit is the minimum value necessary to produce an
e%e! pair, and #W ! M$2 is the maximum value available
in the " ! " " N decay for a given W value.
The results for d! e%e! N

dq #q; W$ for several mass values W
(1.232, 1.6 and 2.2 GeV) are presented in Fig. 5. These
results are also compared to the calculation given by the
constant form factor model, from which they deviate
considerably.
Also, the " decay width can be decomposed at tree level

into three independent channels

! tot#W$ ! ! $N#W$ %! "N#W$ %! e%e! N#W$; #5:5$

given by the decays " ! $N, " ! "N and " ! e%e! N.
The two last terms are described respectively by Eqs. (5.2)
and (5.4). The ! $N term can be parametrized as in [36,43]

! $N#W$ !
M"

W

"
q$#W$
q$#M" $

#
3 %2 %q2

$#M" $
%2 %q2

$#W$
! 0

$N; #5:6$

where ! 0
$N is the " ! $N partial width for the physical " ,

q$#W$ is the pion momentum for a " decay with mass W,
and %a cutoff parameter. Following Refs. [37,38] we took
%! 0.197GeV. The present parametrization differs from
other forms used in the literature [5,35] and from our
previous work [4].

FIG. 4. Results for jG"
M#Q2$j for W ! 1.232GeV,

W ! 1.6 GeV, W ! 1.8 GeV and W ! 2.2 GeV. The thick lines
indicate the final result. The thin lines indicate the contribution of
the core.

FIG. 5. Results for d! e%e! N
dq #q; W$ for three different values of

energies W. The solid line is the result of our model. The dotted
line is the result of the constant form factor model.
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! ! ;0 baryons in the GiBUU simulations. We note that
several different processes contribute to the inclusive! ! ;0

production, such asNN → N! , !! , ! N" etc., each of
which will produce a differentW distribution due to
different kinematics and phase space. Furthermore it should
be remarked that the tails of this distribution, just as the!
spectral function in Eq.(5.7), depend significantly on the
specific parametrization of the hadronic width for! → ! N.
However, for electromagnetic observables as shown in
Fig. 8, the dependence on the hadronic width is very weak,
since in Eq. (5.9) the total width cancels out in the
numerator and only stays in the denominator.

Coming back to Fig.8, it should be noted that the choice
of the form factor has little influence on the overall
agreement of the total dilepton spectrum with the exper-
imental data at the two lowest beam energies, because the
influence of the form factor is weak or the! contribution is
small compared to other channels. At the highest beam
energy of 3.5 GeV, however, the choice of the form factor
does have an impact on the total spectrum for masses above
600 MeV. While the constant-form-factor result combined
with the other channels from GiBUU shows a good
agreement with the data, using theq2 dependent form
factor results in a slight overestimation of the data, which is
most severe for masses of around 700 MeV. However, we
note that the! contribution by itself does not overshoot
the data. Only in combination with the other channels
(in particular the heavier baryons, such asN" and! " ) the
overestimation is seen.

There could be various reasons for this enhancement
over the data, but we want to mention here only the two
most likely ones. One could lie in the form factor itself,
more precisely in the omission of aW dependence of the
overall weight" ! for the pion cloud. This parameter for the
weight of the pion cloud should probably depend onW.

If the two diagrams (a) and (b) of the pion cloud
contribution would decrease simultaneously withW, as
we can expect from the drop of them! =W ratio, this could
potentially cure the observed overestimation.

On the other hand, the reason for the disagreement could
also be found in the other channels that are part of the
transport calculation. In particular the contributions of the
higher baryonic resonances (N" and! " ) are subject to some
uncertainties. These resonance contributions were recently
investigated via exclusive pion production at 3.5 GeV with
the HADES detector[42], which showed that the GiBUU
model does a rather good job in describing the resonance
cocktail for the exclusive channels (with some minor
deviations). However, there are also significant nonexclu-
sive channels for pion and dilepton production at this
energy. Moreover, the form factors of the higher resonances

FIG. 8. Transport-model calculations of dilepton mass spectra d#=dmeefrom proton-proton collisions (pp → e! e! X) at three different
beam energies, with and without a! → $" N form factor, compared to experimental data measured with the HADES
detector[39Ð41].
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FIG. 9. Mass distribution of produced! ! ;0 baryons in GiBUU
simulations, for pp collisions at three different beam energies.
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Transport-model	calcula1ons	of	dilepton	mass	spectra	from	
proton-proton	collisions	at	three	different	beam	energies,	with	and	
without	form	factor.		
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¥  Bare	quark	model	gives	good	descrip1on	of	
high									region	

¥  A1/2	dominates	in	the	high									region.	
			(Aznauryan	and	Burkert,	PRC	85	055202	
2012)	
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N ! N * (1520)

	G.	Ramalho,	M.	T.	P.	,	
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GM and GC. The second remark is that for GE, the
difference between the quark core contributions and the
experimental data is still meaningful for Q2 > 2 GeV2,
and that the effect of the pion cloud comprises a significant
fraction of the full result. This is a consequence of our
results for A3=2, being in great part determined by the pion
cloud.
In the comparison of our work to the literature, our

results agree with the general conclusion that at very high
Q2 the A1=2 amplitude is the dominant helicity amplitude.
This dominance of A1=2 is equivalent to have in that regime
GE ≃ −GM [7,13,14]. [See Eqs. (2.12) and (2.13).] Our
calculations are also consistent with the findings that in the
low Q2 regime the meson cloud contributions are decisive

for the description of the data, as suggested by Ref. [27]
within a coupled-channel formalism.
Compared to some estimations from constituent quark

models [13–19], our model gives results for A3=2 in the
lowQ2 region that are too small. Although in Refs. [15–18,
21,22], the result for A3=2 near Q2 ¼ 0 is typically 1=3 of
the experimental result, and Ref. [19] predicts a result for
A3=2ð0Þ that is very close to the PDG value for small Q2.
The possible explanations for our A3=2 ≈ 0 result were
already given in the discussion made in Sec. VA 3.
We may also compare our result for the form factor G1

(or GM [see Eq. (2.12)]) with the estimations of the light-
front quark model from Ref. [20]. This model, contrary to
our model, gives a good description of the Q2 < 1.5 GeV2

data, even without meson cloud effects. But in that work,
for the estimation of the effects of the meson cloud using
high Q2 data, the strength of the quark contributions was
reduced about 20%. If we consider a similar reduction in
our quark model, we also improve our description of the
data. Focusing on the graph for A1=2 from Fig. 4 or the
graph for GM from Fig. 5, the suppression of 20% in
the quark core contributions would shift our model results
to be almost on top of the high Q2 data, improving the
result from the quark core contribution. Unfortunately, as
our meson cloud estimation is phenomenological, and not
determined together with the quark core wave function, we
do not have a simple method to estimate the effect of the
meson cloud in the normalization of our wave function.
It is nevertheless encouraging to notice the convergence of
the two different works.

C. Jlab and MAID parametrizations and extrapolation
of our results to larger Q2 values

Besides the CLAS analysis [7,8] reported previously,
there are also data from the MAID 2007 analysis, hereafter
called MAID analysis. The results from MAID include
the analysis from old data and recent Jlab data [29,30].
In Ref. [1] a fit to the CLAS A1=2; A3=2 data based on

rational functions of Q ¼
ffiffiffiffiffiffi
Q2

p
was presented. We label it

as Jlab parametrization. The MAID parametrization is a fit
to the MAID analysis presented in Ref. [29], which instead
is based on a combination of polynomials and exponentials
of Q2. Because the MAID parametrization is dominated by
exponential falloffs for large Q2, it does not reproduce the
expected power law behavior from pQCD. The range of
application of the MAID parametrization should then be
restricted to the range of the available data.
The comparisons between the Jlab and MAID data, their

parametrization fits, and the results of the present model
(labeled as Spectator) are shown in the panels of Fig. 6 for
the helicity amplitudes. For the S1=2 amplitude there is no
Jlab parametrization. The two different parametrizations
describe the respective data, but differ significantly. Note in
particular for A1=2 the difference of falloff between our
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FIG. 5 (color online). Quark core plus pion cloud contributions
to the form factors. Data from Ref. [7] (full circles), Ref. [8]
(empty circles), and PDG [69] (square,).
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In our first work in Ref.[20] the meson cloud was
different than the one that we are using here. The reason is
that the meson model associated with Fig.2(b) was,
meanwhile, reparametrized in Ref.[7] to fix the incorrect
position of the rho mass pole given by our first model, as
well as by other popular parametrizations[7]. In addition,
we notice that, in this new parametrization, the! ! N ! !
transition pion cloud is directly connected to the pion
electromagnetic form factorF" "q2#, which is well estab-
lished experimentally in the timelike region[7].

The parameters used in the formulas(5.22)Ð(5.24)were
determined by their fit to the! ! N ! N! "1520# spacelike

form factors, givingaM $ 5.531 GeV! 2, #"4#
" $ ! 1.019,

#M
" $ ! 0.323, #C

" $ ! 1.678, ! 2
4 $ 10.2 GeV2, ! 2

M $
1.241 GeV2, and! 2

C $ 1.263 GeV2. The results are pre-
sented in Fig.3 as a function ofQ2 $ ! q2 and compared
with the spacelike data[48Ð50]. Check Ref.[20] for a more
detailed discussion of the data. In the figure we also show
the valence quark contributions (the dashed line) and the
meson cloud contributions (the dashed-dotted line) based
on the parametrizations described above.

In the Appendix, we discuss the technical aspects of
the regularization of the singularities appearing in the
multipoles of Eqs.(5.22)Ð(5.24).

VI. RESULTS

We present in this section our predictions for the
! ! N ! N! "1520# transition form factors in the timelike
region. Using these results, we also calculate the! N and
e%e! N decay widths.

A. Form factors

The predictions for the absolute values of the form
factorsGM, GE, andGC in the timelike region are presented
in Fig. 4 for the casesW $ 1.52, 1.8, and 2.1 GeV. The
valence quark core contributions are given by the thin lines.
They stand very near the horizontal axis and vanish in the
upper limit,q2 $ " W ! M#2, by kinematic constraints. The
same result was observed in the quadrupole form factors of
the! ! N ! ! "1232# transition for the physical case, when
W $ M! ! 1.232 GeV [51].

Figure4 shows that the meson cloud contribution largely
dominates. Only near the$ pole (q2 ! 0.6 GeV2) is there a
significant contribution from the quark core for the absolute
value of the form factorsGM andGE. This effect is very
concentrated nearq2 ! m2

$ as a consequence of the small$
width, " $ "m2

$ #.
In GC the effect of the$ pole is not observed. This is due

to the cancellation of the isoscalar contributions to the form
factorGC. This cancellation is obtained analytically and can
be confirmed by substituting the form factorsG1, G2, G3
given by Eqs.(5.14)Ð(5.16)into the formula of Eq.(5.10)
for GC. One concludes that only the quark isovector form
factors,f 1! andf 2! , contribute toGC.

From Fig.4, one concludes that a fairly good description
of the! ! N ! N! "1520#transition can be obtained without
the valence quark core contributions, which are very small.
The almost perfect coincidence, both forGM andGE, of the
lines corresponding to different values ofW is also a
consequence of the dominance of the meson cloud com-
ponent since only the valence part depends onW. Only for
GC can one distinguish a slightW dependence, and this is
evident because the valence quark contributions are non-
zero whenq2 $ 0. The main role of the mass dependence
W in the behavior of the form factors is then to constrain
them forq2 " "W ! M#2.
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FIG. 3. Valence quark core plus meson cloud contributions to
the spacelike form factors as a function ofQ2 $ ! q2. Data come
from Ref.[48] (the full circles), Ref.[49] (the empty circles), and
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Qualitatively, one can say that the form factors are
enhanced around the origin up to a certain maximum value
of q2. ForW ! 2.1 GeV, the magnitude of the form factors
starts to decrease afterq2 ! 1 GeV2. This effect is a
consequence of the meson cloud parametrization by
Eqs.(5.22)–(5.24), which includes a cutoff forq2 around
1.2 GeV2. For larger values ofW, the falloff of the form
factors can also be observed.

The impact of the transition form factors in the time-
like reactions is determined by the absolute value of
jGT"q2; W#j given by Eq. (3.3). The results for
jGT"q2; W#j for W ! 1.52, 1.8, and 2.1 GeV are presented
in Fig. 5. There is an increase ofjGT"q2; W#j relative to its
value at the origin up toq2 ! 0.9 GeV2, for W > 1.8 GeV.
Above q2 ! 0.9 GeV2, one gets a first glance at the
expected falloff for the form factors mentioned previously.

The functionjGT"q2; W#j, particularly how it evolves
away from q2 ! 0, has important consequences for the
N$"1520#! ! $N transition. In general, theN$ ! ! $N
reactions are often studied under the assumption that the
transition form factors in the timelike region can be
approximated by the experimental value of the form factors
at the photon point (q2 ! 0), which implies thatW is fixed
by the physical mass of the resonanceÑ and therefore there
is no W dependence. In the literature, this approximation
(no q2 dependence of the electromagnetic coupling and
W ! MR) is known as the QED approximation, and it
represents the form factor of a pointlike particle. We also
refer to this approximation as the constant form factor
model. By construction, the constant form factor model is
not constrained by the form factorGC because, atq2 ! 0,
GC does not contribute tojGTj2, according to Eq.(3.3). For
a finiteq2, however,GC contributes tojGTj2 with the term
q2

2W2 jGCj2.
In Fig. 5, one can see that the value ofjGTj at q2 ! 0 is

close to 1, which is consistent with the experimental value.
Therefore, in the constant form factor model,jGTj " 1.048
underestimates the results from Fig.5. Taking, for instance,
q2 ! 0.9 GeV, wherejGTj ! 9, one concludes that, in
the constant form factor model,jGTj is about an order
of magnitude too low. Since the impact ofjGTj in the
decay widths is proportional tojGTj2, in the range
q2 ! 0Ð1 GeV2, the constant form factor model may
underestimate the decay widths in 1 or 2 orders of
magnitude. For larger values ofq2, however, the discussion
is different since, in our model,jGTj2 goes down withq2
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FIG. 5. Effective contribution of the form factorsjGT"q2; W#j
for W ! 1.520, 1.800, and 2.100 GeV.
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¥  We	conclude	that	the	N*(1520)	and	N*(1232)							decay	
widths	are	compe11ve.		

	
¥  The	QED	approxima1on	underes1mates	the	Dalitz	
differen1al	decay	width		

due to the multipole parametrizations of the meson cloud
component.
The meson cloud dominance can be physically under-

stood in terms of the decay mechanisms of the resonances
N! "1520# and ! "1232#. The ! "1232# decays almost
exclusively into ! N, but the N! "1520# can decay into
! N (40%) and into !! N (60%) [50]. From the !! N decays,
one can expect then a stronger contribution from the meson
cloud effects for the transition form factors for the
N! "1520# than for the ! "1232#. The strength of these
!! N decays is encoded in the form factor data that we use
in our fit to the physical spacelike form factor data. In the
" ! N ! ! "1232# transition, the leading form factor is the
magnetic form factor, and in ours and other calculations, it
is dominated by the valence quark contributions at low q2Õs
[6,7,22,23]. There is, therefore, a smaller impact from the
pion cloud. By contrast, for the " ! N ! N! "1520# transi-
tion, the electric and the magnetic form factors are both
relevant at low q2Õs. It is the different structure of form
factors for the " ! N ! N! "1520# and " ! N ! ! "1232#
transition that implies a dominance of the meson cloud
effects, in the first case.

B. Calculation of the decay width! "N"W#

Using the formalism in Sec. III, we calculate the
N! "1520#! "N decay width as a function of W. The
"N decay width (" "N) is determined by the function
" "! N"q; W#, given by Eq. (3.1) in the limit q2 $ 0. This
width is then proportional to the function jGT"0; W#j2.
Our results for " "N"W#are presented in Fig. 6 (the thick

solid line). Since, as observed for the form factors, the
dependence of jGTj on W is weak, the shape of " "N"W# is
determined mainly by the kinematic factor multiplying
jGTj2 in Eq. (3.1). The results are also compared with the
constant form factor model (the dashed line). In the figure,
the results from the constant form factor for " "N"W# are
close to the q2 dependent results, but we note that a
logarithmic representation is used. The deviation for large
WÕs is about 30%. The similarity between the two results
comes from the small dependence of our model on W in the
limit q2 ! 0. We expect that, for observables depending on
q2, the results will differ much more. This is indeed the
case, as confirmed in the next section.
To close this section, we compare " "N"W# with the

! "1232#! "N decay width calculated in Ref. [7], which is
also within the covariant spectator quark model framework
(the thin solid line). It is interesting that the ! decay width
is larger for small values of W, but the N! "1520# decay
width is larger when W > 2.5 GeV.

C. N! "1520# Dalitz decay

We show now the results for the N! "1520#Dalitz decay,
N! "1520#! e%e−N. The Dalitz decay width is determined
by the function " "! N"q; W#, given by Eq. (3.1) for the case

where q2 is the photon momentum transfer for the dilepton
decay " ! ! e%e−.
In Fig. 7, we present the results of " "! N"q; W# for

W $ 1.52, 1.8, and 2.1 GeV. The dependence of " "! N

on both variables, q2 and W, is clear from the figure.
Finally, we show the dilepton decay rate d"

dq "q; W#, where,
as before, we use the notation " "q; W#! " e%e−N"q; W#. The
results for d"

dq for the three values of W discussed previously
are presented in Fig. 8. The results are compared with the
constant form factor model. The covariant spectator quark
model differs significantly from the constant form factor
model forq2 > 0.1 GeV2. This effect is caused by themeson
cloud contributions included in our model.
The function " e%e−N"W# can now be evaluated by

integrating q according to Eq. (3.5). The results are
presented in Fig. 9, which also shows a comparison to
the results obtained with the constant form factor model.
From the figure, we can conclude that the effect
of the q2 dependence is diluted when we integrate q for
W < 1.6 GeV. One concludes then that the q2 dependence
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FIG. 6. Decay width " "N as function of W. The current model
(Valence %meson cloud) is compared with the constant form
factor model and with the results obtained for the ! "1232#
(see Ref. [7]).
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on jGT j2 is important when we look for the function
Γe! e! N"q;W#, or for Γe! e! N"W# at a large W.
In Fig. 10 we present the results of Γe! e! N"W# in

comparison to the electromagnetic decay width Γ!N"W#.

In the same figure, we also compare our results for
Γe! e! N"W#, Γ!N"W# from the N$"1520# resonance to the
corresponding ones from the Δ"1232#decays [7]. In both
cases, one includes the combination of the valence quark
and meson cloud contributions.
The results from Fig. 10 imply that the two resonances

are almost equally relevant for a large W, suggesting that
the N$"1520#may play an important role in dilepton decay
reactions.

VII. OUTLOOK AND CONCLUSIONS

We apply to the N$"1520#→ !N transition a model
which adds a covariant valence quark core contribution
with a meson cloud term. The meson cloud term is related
to the pion electromagnetic form factor, which is well
established in the timelike region, and the transition form
factors are first fixed in the spacelike region. The form
factor behavior in the timelike region is then predicted, as is
the N$"1520#→ !N decay width and the N$"1520#Dalitz
decay, N$"1520#→ e! e! N. The timelike N$"1520# tran-
sition form factors are dominated by the meson cloud
contributions.
In the range q2 % 0–1 GeV2, the constant form factor

model, or QED approximation, that is usually taken in
the literature underestimates the electromagnetic coupling
of the N$"1520# up to 2 orders of magnitude. This has a
large effect on q2 dependent observables as the N$"1520#
Dalitz decay. The q2 dependence effect may be diluted in
Γe! e! N"W#, which is obtained by integrating over q2, but it
can be clearly observed if we look at the differential Dalitz
decay width dΓ

dq "q;W#.
In line with the HADES results [3,13,14], the N$"1520#

and Δ"1232# decays compete, and at large energies the
former is certainly important.
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APPENDIX: REGULARIZATION OF
HIGH MOMENTUM POLES

As discussed in the main text, for a givenW, the squared
momentum q2 is limited by the condition q2 " "W ! M#2.
Then, if one has a singularity for q2 % ! 2, that singularity
will appear for values of W, such that ! 2 " "W ! M#2,
or W # M ! ! .
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Predic1ve	power:	Other	resonances	
											



�radial	wf	iden1cal	to		nucleon’s;		
angular	momentum	different		
(P	wave)	 

�EBAC	(bare):	bare	contribu1ons	
extracted	from	the	data	(meson	cloud	
effects	subtracted)	

�bare	quark	contribu1on	close		

to	EBAC	analysis	

	

N ! N * (1535)

PHYSICAL	REVIEW	D	84,	051301(R)	(2011)	G.	Ramalho,	M.	T.	P.		



	
�Quark	core	amplitude	
describes	data	at	high	Q2.	
		
	
	
	

N → N *(1440)

G.	Ramalho,	K.	Tsushima,	PHYSICAL	REVIEW	81,	074020	(2010)	

�Pion	cloud	es1mated	as	
difference	between	MAID	fit	
and	the	quark	core.	
	
�Error	bands	from	error	bars	
in	the	data	
	
		
	
	
	

Q2



Single Quark Transition Model[GR, PRD 90, 033010 (2014)]

Input: N(1520), N(1535); Output: N(1650), N(1700), ! (1620), ! (1700)
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Limita1on:	no	data	for	high	Q2	

G.	Ramalho	,	PRD	90,	033010	(2014)	



Spectator	quark-diquark	model	is	covariant	and	enables	
descrip1on	of	different	N*	states	(spin/orbital	mo1on).	

		At														consistent	with	EBAC	data	analysis	based	on	
a	coupled	channel	Dynamical	Model.	

Consistent	with	experimental	data	at	high					.	

Consistent	with	LQCD	in	the	large	pion	mass	regime;	
combined	with	LQCD	CST	extracts	“pion	cloud”	.			

	

	

	
	

1	

Summary				

2	

3

5	

Q2 ! 0

Several	applica1ons:	Δ(1232),	N*(1440),	N*(1535),	
N*(1520),...,		strange	sector,	DIS,	dilepton	mass		
spectrum.	

Q2

4	





1)	Relate	experiments	
What	is	measured	in	1melike	exp.	is	the	product	of	resonance	
photocouplings	and	branching	ra1os	to	par1cular	final	states.	
Space	like	data	helps	to	constrains	rela1ve	couplings,	mixed	in	
the	produced	“cocktail”	.	

2)	Relate	theore1cal	tools	
Analysis	to	extract	nucleon	resonances	operate	at	an	effec1ve	
hadronic	level,	built	upon	hadronic	exchanges	and	rescamering	
effects.	Quark-level	contribu1ons,	where	the	photon	and	meson	
couple	to	a	quark,	are	not	included.		
Associa1ng	different	tools	for	a		descrip1on	that	includes	both	
hadronic	and	partonic	effects	helps.			



! N ! " GM	



N ! N * (1520)

G.	Ramalho,	M.	T.	P.,	in	prepara1on	

�Good	descrip1on	of	high	
region	behavior	
										

Q2

�																		do	not	differ	
in	the	asympto1c	high									
region		

N N *
Q2

�radial	wf	iden1cal	to		nucleon’s;		

angular	momentum	different		

(P	wave)		

Orthogonality	through	extra	
term			

1st	step	



�From	S1/2	data	meson	cloud	term	to	Gc	
is	extracted;	for	dominant	wavefunc1on	
component	G4	vanishes:	from	A	3/2	
meson	cloud	term	to	G4	is	extracted.	
	
�A1/2	mixes	meson	contribu1ons	to	the	
different	form	factors	(Aznauryan	and	
Burkert,	PRC	85	055202	2012)	
	
�A	global	fit		of	the	three	amplitudes,	
indirectly	constraining		A	3/2	by	A1/2,	is	
needed.	
	A1/2	dominates	in	the	high									region.	
	
	
	

Q2

N ! N * (1520)



Bare	quark	core	:	One	parameter	fit	to	the	data	
	for																						GeV2	

Meson	Cloud:	From	the	4	form	factors	3	are	
independent;	the	best	choice	is	
	
	

Q2 >1.5

G1,	G4,	Gc	
	
	

Q2

N ! N * (1520)
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! −3
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jS1 "
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3
W " M

2M
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1" !
jS2

#
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#5:16$

where! ! − q2

#W" M$2, and

I ! −
Z

k

#"0P"
á~k$

!!!!!!!!
−~k2

p #R#P" ; k$#N#P−; k$: #5:17$

The functions#N and #R in the formulas above are the
nucleon and resonance radial wave functions, respectively;
"0P"

is the spin-1 polarization vector and~k ! k − P" ák
W2 P"

[20]. The previous integral is calculated in the resonance
rest frame using the conditions given by Eq.(4.3).

From Eq.(5.11) one concludes, as mentioned before,
thatG4 ! 0, implying thatGB

E ! −GB
M and motivating the

use of ~G4 to extract direct information on the meson cloud
since it, alone, contributes to~G4.

The consequence of the gauge invariant correction to
Eq. (4.1) is that in the Dirac part of the current,G3, is
determined fromG1 andG2, andG3 becomes nonzero at
q2 ! 0 [20]. Importantly, the Dirac contribution forG3 is
responsible for the nonvanishing value ofGC at q2 ! 0.
This is similar to the! #1232$case addressed in Ref.[23].

The radial wave functions#N and#R are parametrized
phenomenologically as in Ref.[20] for the N%#1520$
resonance, and as in Ref.[21] for the nucleon. Those
functions depend onP ák, whereP is the momentum of the
baryon. More specifically, those functions can be expressed
as functions of the dimensionless variable$ which, in the
nonrelativistic limit, becomes proportional tok 2 [26] and is
defined as

$B !
#MB −mD$2 − #P − k$2

MBmD
; #5:18$

whereMB is the mass of the baryon.
The nucleon radial wave function is represented as[21]

#N#P; k$ !
N0

mD#%1 " $N$#%2 " $N$
; #5:19$

where%1 and%2 are two momentum range parameters and
N0 is the normalization constant. We choose%2 > %1;
therefore,%2 regulates the long-range behavior in the
configuration space. In the numerical calculations, we used
%1 ! 0.049 and%2 ! 0.717 [21].

For theN%#1520$ state, we used[20]

#R#P; k$ !
N1

mD#%2 " $R$

"
1

#%1 " $R$
−

&R
#%3 " $R$

#
;

#5:20$

where N1 is the normalization constant,%3 is a new
(short-range) parameter, and&R is a parameter determined
by an orthogonality condition between the nucleon and the
N%#1520$ wave functions. As in Ref.[20], we use here
%3 ! 0.257. The orthogonality condition for wave func-
tions of the nucleon and its excitation is given byI #0$ ! 0,
whereI #Q2$ is defined by Eq.(5.17) [20].

The parameters of the nucleon radial wave function were
determined by the direct fit to the nucleon form factor data,
in a model with no meson cloud[21]. The parameters of the
N%#1520$radial wave function were determined by the fit
to the' %N ! N%#1520$data forQ2 ! −q2 > 1.5 GeV2, a
region where the meson cloud effects are expected to be
very small[20].

The radial wave functions#N and#R are normalized, by
imposing the conditions (B ! N, R)

Z

k
j#B#øP; k$j2 ! 1; #5:21$

where øP ! # MB; 0; 0;0$ is the baryon momentum in the
rest frame (MN represents the nucleon mass).
Equation(5.21) ensures the right charge for each of the
baryonsB, obtained from the operator1

2 #1 " ! 3$ [20,21].

B. Meson cloud form factors

The meson cloud form factors can be represented as in
Ref. [20],

~G(
4#q2$ ! &#4$

(

$
! 2

4

! 2
4 − q2

%3
F( #q2$! 3; #5:22$

G(
M#q2$ ! # 1− aMq2$&M(

$
! 2
M

! 2
M − q2

%3
F( #q2$! 3; #5:23$

G(
C#q2$ ! &C(

$
! 2
C

! 2
C − q2

%
3
F( #q2$! 3; #5:24$

whereF( #q2$ is a parametrization of the pion electromag-
netic form factors determined in Ref.[7]. Specifically, we
use the form

F( #q2$ !
)

) − q2 − 1
( %q2 log q2

m2
(
" i%q2

; #5:25$

where ) ! 0.696 GeV2, %! 0.178, and m( is the
pion mass.
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Qualitatively, one can say that the form factors are
enhanced around the origin up to a certain maximum value
of q2. ForW ! 2.1 GeV, the magnitude of the form factors
starts to decrease afterq2 ! 1 GeV2. This effect is a
consequence of the meson cloud parametrization by
Eqs.(5.22)–(5.24), which includes a cutoff forq2 around
1.2 GeV2. For larger values ofW, the falloff of the form
factors can also be observed.

The impact of the transition form factors in the time-
like reactions is determined by the absolute value of
jGT"q2; W#j given by Eq. (3.3). The results for
jGT"q2; W#j for W ! 1.52, 1.8, and 2.1 GeV are presented
in Fig. 5. There is an increase ofjGT"q2; W#j relative to its
value at the origin up toq2 ! 0.9 GeV2, for W > 1.8 GeV.
Above q2 ! 0.9 GeV2, one gets a first glance at the
expected falloff for the form factors mentioned previously.

The functionjGT"q2; W#j, particularly how it evolves
away from q2 ! 0, has important consequences for the
N$"1520#! ! $N transition. In general, theN$ ! ! $N
reactions are often studied under the assumption that the
transition form factors in the timelike region can be
approximated by the experimental value of the form factors
at the photon point (q2 ! 0), which implies thatW is fixed
by the physical mass of the resonanceÑ and therefore there
is no W dependence. In the literature, this approximation
(no q2 dependence of the electromagnetic coupling and
W ! MR) is known as the QED approximation, and it
represents the form factor of a pointlike particle. We also
refer to this approximation as the constant form factor
model. By construction, the constant form factor model is
not constrained by the form factorGC because, atq2 ! 0,
GC does not contribute tojGTj2, according to Eq.(3.3). For
a finiteq2, however,GC contributes tojGTj2 with the term
q2

2W2 jGCj2.
In Fig. 5, one can see that the value ofjGTj at q2 ! 0 is

close to 1, which is consistent with the experimental value.
Therefore, in the constant form factor model,jGTj " 1.048
underestimates the results from Fig.5. Taking, for instance,
q2 ! 0.9 GeV, wherejGTj ! 9, one concludes that, in
the constant form factor model,jGTj is about an order
of magnitude too low. Since the impact ofjGTj in the
decay widths is proportional tojGTj2, in the range
q2 ! 0Ð1 GeV2, the constant form factor model may
underestimate the decay widths in 1 or 2 orders of
magnitude. For larger values ofq2, however, the discussion
is different since, in our model,jGTj2 goes down withq2
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! N ! "
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¥  Bare	quark	core	
dominates	in	the	
large									region.	

¥  Bare	quark	core	
results	agree	with	
EBAC	analysis.	

	

	

Q2

In	this	analysis	meson	cloud	
effects	were	subtracted	from	the	
data,	and		quark	contribu1ons		
extracted	indirectly.	
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LQCD	data:		C.	Alexandrou	et	al.	Phys.	Rev.D	79	014507	(2009);	

	Nucl.	Phys.	A	825,	115	(2009);	

	S.	Boinepalli	et	al	Phys.	Rev.	D	80	054505	(2009).	
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D3	0.72%			and				D1	0.72	%		of	the	wavefunc1on	

pion	cloud		from	Pascalutsa	and	Vanderhaeghen,	PRD76	111501(R)	(2007)	
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DeÞnition of the helicity amplitudes (1
2 →

1
2,

3
2)  

ResonanceR rest frame
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#
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#
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$ |q|
Q

,

α =
e2

4π
K =

M2
R −M2

2MR

Spin 1/2: A1/2, S1/2 Spin 3/2: also A3/2
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Spin 1/2 resonances: transition currents 
Nucleon:

Jµ = øu(P+ )
!
F1! µ + F2

i" µ! q!

2MN

"
u(P! )

! N ! N (1440), ! N ! N (1710) (R): JP = 1
2

+

Jµ = øuR(P+ )
!
F "

1

#
! µ "

#qqµ

q2

$
+ F "

2
i" µ! q!

MR + MN

"
u(P! )

! N ! N (1535) (S): JP = 1
2

!

Jµ = øuS(P+ )
!
F "

1

#
! µ "

#qqµ

q2

$
+ F "

2
i" µ! q!

MS + MN

"
! 5u(P! )

Form factorsF "
1 , F

"
2 ! A1/2, S1/2 exclusive functions ofQ2
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Spin 1/2 resonances: transition currents 
Nucleon:

J µ = øu(P+ )
!
F1! µ + F2

i " µ! q!

2M N
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! N ! N (1440), ! N ! N (1710) (R): J P = 1
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J µ = øuR(P+ )
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2
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M R + M N
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! N ! N (1535) (S): J P = 1
2
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!
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1
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$
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2
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2 ! A1/ 2, S1/ 2 exclusive functions ofQ2
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Spin 3/2 resonances: transition currents 

! N ! ! (1232), N (1520), ! (1600): J P = 3
2

±

J µ = øu! (P+ )
!
G1q! ! µ + G2q! Pµ + G3q! qµ " G4g! µ

" #
! 5

1

$
u(P! )

u! Rarita-Schwinger spinor

Only 3 independent form factors:

qµJ µ = 0 # G4 = ( M R ± M N )G1 + 1
2(M 2

R " M 2
N )G2 " Q2G3

G1, G2, G3 # GM , GE , GC or A1/ 2, A3/ 2, S1/ 2
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