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Plan of the talk

Covariant spectator quark model

@ Wave functions
@ Quark current

@ Transition current = form factors/helicity amplitudes

F = Fyq+ quq(qq’)

~_1
~ 1 Faaq

Form factors: quark core plus meson cloud (suppressed at high Q?)

= Results for v*N — N* form factors/helicity amplitudes
N* = N(939), N(1440), N(1520), N(1535), A(1232), A(1600)
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Nucleon Resonance Structure
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Formalism (Light Front vs CSQM)

Light Front formalism Covariant Spectator QM formal.
@ Pointlike quarks @ Gluon interactions between ¢g
@ Baryon states as a sum of = quark form factors

Fock states: @ Baryon: system of

1949, 9999, 999(qq), ... dressed quarks (gluons and ¢q)
@ Light quarks @ Massive quarks with anomalous

Ky, kg =0 magnetic moments Ky, kg
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Quark structure and electromagnetic interaction (1) }

~ coupling: @=e — i

B B
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Quark structure and electromagnetic interaction (Il) t
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Quark structure and electromagnetic interaction (Il) t
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} B B
~ coupling: §

B B B B

@ Not important at high Q?: pQCD: supression 1/Q*
CE Carlson FBS Sup 11, 10 (1999): F o W, N=3+2

Very important at low Q?
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Quark structure and electromagnetic interaction (Il) t

, \
} B B
~ coupling: §

B B B B

@ Not important at high Q?: pQCD: supression 1/Q*
CE Carlson FBS Sup 11, 10 (1999): F o W, N=3+2
Very important at low Q?
@ Assume NO interference with quark dressing processes
F=FP4pme

(bare & meson cloud)
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Spectator QM: Baryon wave functions (1)

@ Baryon: 3 constituent quark system
@ Covariant Spectator Theory: wave function W defined in terms of a
3- quark vertex ' with 2 on-mass-shell quarks

1 B
= R R O S

Gross and Agbakpe PRC 73, 015203 (2006); Gross, GR and Pefia PRC 77, 015202 (2008)
o U is free of singularities (3¢ on-shell I' = 0) = parametrize ¥

Stadler, Gross and Frank PRC 56, 2396 (1998); Savkli and Gross PRC 63, 035208 (2001)
@ On-shell integration (k1, ko) = k =Fk) + ko, r= %(kl — k2)

= integration in k and s = (k; + k2)?

Gross, GR and Pefia, PRC 77, 015202 (2008); PRD 85, 093005 (2012)

+o0 — 4m?2 3 g 3
[ ol e
ki Jhy 4 am2 s Vs + K ) g fm2 42

Mean value theorem: /s — mp; cov. int. in diquark on-shell mom.
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Spectator QM: Baryon wave functions (I1)

W5 not determined by a dynamical equation <= phenomenology iy = mg®
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Spectator QM: Baryon wave functions (I1)

W5 not determined by a dynamical equation <= phenomenology iy = mg®

@ Baryon wave functions: B = diquark & quark
Combination of diquark (12) and single quark (3) states,
using SU(6) ® O(3): »
1
Up= > (color)®(flavor)c(spin) p
@ (orbital)®@ ¥ p(P, k) o @
————

radial k
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Spectator QM: Baryon wave functions (I1)

W5 not determined by a dynamical equation <= phenomenology iy = mg®

@ Baryon wave functions: B = diquark & quark
Combination of diquark (12) and single quark (3) states,

using SU(6) ® O(3): »
1

Up= > (color)®(flavor)c(spin) p
@ (orbital)®@ ¥ p(P, k) o @
————

radial k
o Up in rest frame using quark states
o Covariant generalization of Wy in terms baryon properties

o Uy can be used on any frame and/or ()* regime
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Spectator QM: Baryon wave functions (I1)

W5 not determined by a dynamical equation <= phenomenology iy = mg®

@ Baryon wave functions: B = diquark & quark
Combination of diquark (12) and single quark (3) states,

using SU(6) ® O(3): »
1

Up= > (color)®(flavor)c(spin) p
@ (orbital)®@ ¥ p(P, k) o @
————

radial k
o Up in rest frame using quark states
o Covariant generalization of Wy in terms baryon properties
o Uy can be used on any frame and/or ()* regime

@ Phenomenology in the radial wf (momentum scale parameters)
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Spectator QM: Quark current (VMD at quark level) (1)

@ Quark current [f;+ quark form factors]
. 1 1
J§ = {6f1+ + 2fl—T:s} v+

i qy
2Mpn

1 1
{6f2+ + §f2—7'3

Quarks with anomalous magnetic moments k., Kq
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Spectator QM: Quark current (VMD at quark level) (1)

@ Quark current [f;+ quark form factors]
. 1 1
Jg = {6f1+ + 2fl—T:s} v+
Ry v
2Mpn

1 1
{6f2+ + §f2—7'3

Quarks with anomalous magnetic moments k., Kq
@ Vector meson dominance parameterization:
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Spectator QM: Quark current (VMD at quark level) (I1)

@ Vector meson dominance parameterization: PRC77 015202 (2008)

>u>~><>w><><>w

m2 M2Q?
Y Y hi
fli q+( t])7n12)_‘_Q2+ (]\12—1—@2)
m?2 M?
d 1—d )—h
poe =t + 0= )

2 poles:

o Light vector meson: m,, ~ m,(~ m,,)
o Effective heavy meson: M;, (= 2My) < short range

Nucleon magnetic moments = x_
4 parameters: \;, ¢4+, d4 (mixture coefficients) & d = d_
1 Fitted to nucleon form factors data
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Spectator QM: Transition currents (yN — N*)

Quark current j D Baryon wave function U = JH

Transition current J* in spectator formalism
F Gross et al PR 186 (1969); PRC 45, 2094 (1992)

Relativistic impulse approximation:

7 =3 [P i (P-E)
),

diquark on-shell
g=P,—P, P=LP +P), Q= ¢

q-J # 0: Landau prescription: JH — JH — qq'—;]q“

JJ Kelly, PRC 56, 2672 (1997); Z Batiz and F Gross, PRC 58, 2963 (1998)
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Spin 1/2 resonances: transition currents

Nucleon:

T = a(P) | Pyt + B0 )
+ 17 2 2MN —

Jr
YN — N(1440) (R): JF =1

N v
« 0Mqy,

m
JH=ar(Py) | FY [ — = Fy—m— | u(P-
welPe) |77 (v = 20) 4 py 2w

— * qq“ * io—uyql/
JH =ug(Py) [Fl (VM—qg +F2m Ysu(P-)

Form factors FY, Fy — Ay 9, S1/2 exclusive functions of Q?

Darmstadt, October 12, 2013
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Spin 3/2 resonances: transition currents

YN — A(1232), N*(1520), A(1600):

It = u5(Py) [Gra™y" + GagP P! + Gag g — Gug™ | ( K ) u(P.)

ug Rarita-Schwinger spinor

Only 3 independent form factors:

quJ" = 0= Gy = (Mg £ My)G1 + 5(Mf — M3)G2 — Q*Gj

G1,G2,Gs = G, Gg,Ge or Ay g, Azjo, S

Gilberto Ramalho (IIP/UFRN, Natal, Brazil N (1520), other nucleon resonances ... Darmstadt, October 12, 2013



Definition of the helicity amplitudes (% —

Resonance R rest frame

Ay = (TR = +3|e T IN,S. = 1)

2T

A = (|G (RSL= 43| e - TN, S. = —3)
2
Sijp = m(R S =+1le- J|N, 5. = >B’,
e? M3 — M?
= I K==
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Spectator QM: Nucleon wave function

Nucleon wave function: [PRC 77,015202 (2008); EPJA 36, 329 (2008)]
Simplest structure —S-state in quark-diquark system

1

Un(P k) = 7

(2725 + @105] (P, k)
Isospin states: <I>(}’1
Spin states:

(I)OS(S) =u(P,s) @};(s) = —(e))aU%(P,s)

1 (o3

1 1 P
« _ . - 6% / a
U%(P,s) = )\ES/<2S ; 1)\\2s>s)\u(P,s ) — —ﬁ% <'y ) u(P, s)

€ = e p function of nucleon momentum
Fixed-Axis polarization states; PRC 77, 035203 (2008)
—> Wy pure S-state

Gilberto Ramalho (IIP/UFRN, Natal, Brazil N (1520), other nucleon resonances ...
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Radial (scalar) wave function: Nucleon

Scalar wave functions dependent of (P — k)?= (quark momentum)?

_ (Mg —mp)* = (P~ k)’ nr k>
B MBmD m2D

Mp = baryon mass; mp = diquark mass

Nucleon scalar wave function:
1 1

No 1 No 1
W (P, k) = - _ - 0 -
mp (B1+xp5)B2+xy) mp B2—B1 [B1+xy B2tXxy
NR No 1 1 1

2 2
mp B2 =P | B+ By Br
D D

Position space:

T e—mpVbir e—mpVBar

Q]Z)N(P,k) — ” r

(51, P2 momentum range parameters; 5o > f1:
(1 long spatial range; (3 short spatial range

Darmstadt, October 12, 2013 17 / 86

N (1520), other nucleon resonances ...

Gilberto Ramalho (IIP/UFRN, Natal, Brazil



Nucleon form factors (I) 11

F Gross, GR and MT Pefia, PRC 77, 015202 (2008)

Nucleon form factors: Gg = Fy — 75y, Gy = F1 + Fy, 7 = %
N

GE(@) = 5 (fis + o) = (i + fom)] [ U (Pes k(P )

Gu(Q?) = é [(fi+ +5f1-73) + (f1+ +5f2-73)] /k¢N(P+’ k)Yn(P-, k)
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Nucleon form factors (Il) [PRC 77, 015202 (2008)] - model I

QGev) QGev?

% 05 T 15
Q(Gev?)

@ Quark current fix 4 parameters; Scalar wave function [2]
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Nucleon form factors (Il) [PRC 77, 015202 (2008)] - model I

QGev?) Qcev)
T T T T 0.12 T T T
0.1 —
0.08F 1
70.06F 9
0.041 [ 4
0.02( B
% 05 T 15
Qeev) QGev)

@ Quark current fix 4 parameters; Scalar wave function [2]
@ No pion cloud (explicit)
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Nucleon form factors (Il) [PRC 77, 015202 (2008)] - model I

Q(Gev) Q(Gev?)
T T T T 0.12 T T T
0.1 —
0.08F —
70.06F 9
0.04F [ 4
0.02( B
05 7 3 3 R % 05 T 15
Q(Gev)) Q(Gev))

@ Quark current fix 4 parameters; Scalar wave function [2]
@ No pion cloud (explicit)

@ How can we test the valence quark parametrization?
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Nucleon form factors (I1) [PRC 77, 015202 (200

QGev?) Qcev)
; ; ; , 012 ; . ,
0F ]
0.08F ]
70.06F 9
004F ] 3
0.02 9
0% H] 7 6 10 % 05 T 15
Q(eev?) ()

@ Quark current fix 4 parameters; Scalar wave function [2]
@ No pion cloud (explicit)
@ How can we test the valence quark parametrization? Lattice

Gilberto Ramalho (IIP/UFRN, Natal, Brazil N (1520), other nucleon resonances ... Darmstadt, October 12, 2013 19 / 86



Extension of the model for lattice QCD regime

GR and MT Pefia JPG 36, 115011 (2009)

@ Quark current (VMD): j& = jiy* —|—j2%

Replace hadron masses by lattice masses (MN,mp,Mh =2My)

3§ (My;mp, My, = 2My) — g (MR mlett 20119t
@ Wave functions:
Up({Mp}) = Up({Mpg'"})

=> Form factors G x(m!e, ()?)

If meson cloud are supressed: G'x = G%
Compare G¥-model with lattice data

Gilberto Ramalho (IIP/UFRN, Natal, Brazil N (1520), other nucleon resonances ... Darmstadt, October 12, 2013



Nucleon form factors on lattice [JPG 36, 115011 (2009)] G5 "

P
o m,=0.646 GeV
G, "o}
oaf
o2f
[ S TR ST 05 ¥ ]
'
ogb m =0.615 GeV
G.'os
oaf
o2f
[ S 1 R A ]
'
o8f m = 0.504 GeV
G, "o
oaf
o2}
05 i Fa— 05 s

12 ;5 12 1‘5
Q*(Gev) Q (Gev)

Data from Gockeler at al, PRD 71, 034508 (2005) - - - Model Il
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Nucleon form factors on lattice [JPG 36, 115011 (2009)] G5 "

Describes physical and lattice QCD regimes - - - Model Il

Gilberto Ramalho (I

»
o m,=0.646 GeV
G, o6}
e
04f
02f
0‘,5 1 1‘5 2 25
[
o m,=0.615 GeV
G.'os
04f
02f
| . . ,
05 1 15 2 25
[
o8p m = 0504 GeV
G, "o
04f
02f
| . ;
05 2 25

FRN, Natal, Brazil

1 15
Q’(Gev’)

(1520), other nucleon resonances ...

s
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vN — N(1440) [PRD 81, 074020 (2010), GR and K Tsushimal

@ N (1440) is the 1st radial excitation of the nucleon
Same spin and isospin structure as the nucleon; Vi # Yy

@ Up orthogonal to ¥y
Orthogonality given by scalar wave functions

/wR(PJmkWN(P’k) =0
k Q?=0
Wave function: radial
excitation
——
_Ps—xr
B1+ Xr

b1 fixed by 1n; B3 determined by the orthogonality condition

Yr (xr) = N1 YN (XR)

No adjustable parameters — predictions
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7N — N(1440) form factors [PRD 81, 074020 (2010)]

B CLASdata

B CLASdaa

— Spectator (valence)
= = MAID
Il P Il ]
2 3 4 5
Q(Gev?) Q’(Gev?)

o CLAS data - Aznauryan et al PRC 80, 055203 (2009), MAID fit
@ Good agreement for Q2 > 1.5 GeV?
o Difference for Q2 < 1.5 GeV? —manifestation of meson cloud

@ Good description also of lattice data (H.W. Lin et al)
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7N — N(1440) form factors [PRD 81, 074020 (2010)]

B CLASdata

B CLASdaa

— Spectator (valence)
= = MAID
Il P Il ]
2 3 4 5
Q(Gev?) Q’(Gev?)

o CLAS data - Aznauryan et al PRC 80, 055203 (2009), MAID fit
@ Good agreement for Q2 > 1.5 GeV?
o Difference for Q2 < 1.5 GeV? —manifestation of meson cloud

@ Good description also of lattice data (H.W. Lin et al) Valence
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vN — N(1440) on lattice [PRD 81, 074020 (2010)] |7

& Latice ]
w— == Spectator (latticeregime) |
— Spectator (valence) ]

0.4 IREEEERAREN R AR AR ] 0'4:‘ ““““““““““““““ T T 1

Q(Gev?) Q(Gev?)
Data: H.W. Lin et al PRD 78, 114508 (2008)
Good agreement with Lattice data
GR and K Tsushima, PRD 81, 074020 (2010)
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vN — Roper —Meson cloud contributions- MAID fit

0.2 e e T e e e 3
E 1 0.2 :
0.15- —— Spectator QM (valence)| |
F A m&idm(m.m
0.1f 0
‘\k.; 005: :’N-OZ s Spectator QM (valence)
Y w T M o ()
i -045, E
-0.05\ : L E
[ ] -0.64 E!
O
Q(Gev? Q(Gev?)

F(Q*) = FH(Q%) — FPY(@%)  Fy = FMAP
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vN — Roper —Meson cloud con

— Spectator QM (valence)

= = MAID

i Meson cloud (MAID)
® Mesoncloud (CLAS data)

0.2 e e .
E ] 0.2 :
0.151 —— Spectator QM (valence) |
F Wi Maloaclmd(MAlD) ]
0.1f ° Msancloud(CLASdaa){ O« - -
Na E Na
e 0.05} = -0.2
LL i |_|_N
07 ........ 04
-0.05-\¢5% §
[ -0.64
~ 1 il
Ol s 0

Q(Gev))

F™(Q?) = FF(Q*) — F(Q?)

Q’(Gev?)

Fy = pEAS
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vN — N(1535) [PRD 84, 051301 (2011), GR and MT Pefial

Pointlike diquark & — k2 — 0 [no diquark w/ P-states] ~J/ = 3

°
@ Pure spin 1/2 core: [Karl-Isgur model: cosfg ~ 0.85]
IN(1535)) = cosfg|S =1/2) —sinfg|S = 3/2)
— |S=1/2)

©

Radial wave function: ¥s11(x4,,) = ¥n(Xgy,)
Form factors: (Z = overlap integral - S11 rest frame)

©

Ff xI(Q?%) = /klk’¢511(P511, k)N (Pn,k)

M2 —M?
At Q% =0: Z(0) < |qlo = —r# 0

No exact orthogonality (Z(0) # 0)
Approximated orthogonality Q2 > |q|3 ~ 0.23 GeV?
Model valid for Q? > 1.2 GeV?

(4

(]
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v*N — N*(1535) form factors [PRD 84, 051301 (2011)]

O
01 @ i
r e CLASdata F
- o MAID analysis 1 ceg @ BT T
¥g 02 m Daltoneta ] [ ]
w [ @ e CLASdaa 1
-0.4r* o MAID analysis|
-0.3F r = Daltoneta
-0.6 o PDG 1
-0.81 7
_o 4 | L 1 | I | | | n L | | 1 P | |
0 1 2 3 ) 4 ) 5 6 7 8 0 1 2 3 ) 4 ) 5 6 7 8
Q(GeV?) Q(GeV?)

@ Model compared with CLAS and MAID data
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v*N — N*(1535) form factors [PRD 84, 051301 (2011)]

O
01 @ i
r e CLASdata F
- o MAID analysis| 1 P TR R - T
¥g 02 m Daltoneta ] [ ]
w [ @ e CLASdaa 1
-0.4r* o MAID analysis|
-0.3F r = Daltoneta
-0.6 o PDG 1
-0.81 7
_o 4 | L 1 | I | | | n L | | 1 P | |
0 1 2 3 ) 4 ) 5 6 7 8 0 1 2 3 ) 4 ) 5 6 7 8
Q(GeV?) Q(GeV?)

@ Model compared with CLAS and MAID data
o F7 OK; F3 wrong sign
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v*N — N*(1535) form factors [PRD 84, 051301 (2011)]

O
01 @ i
r e CLASdata F
- o MAID analysis| 1 P TR R - T
¥g 02 m Daltoneta ] [ ]
w [ @ e CLASdaa 1
-0.4r* o MAID analysis|
-0.3F r = Daltoneta
-0.6 o PDG 1
-0.81 7
_o 4 | L 1 | I | | | n L | | 1 P | |
0 1 2 3 ) 4 ) 5 6 7 8 0 1 2 3 ) 4 ) 5 6 7 8
Q(GeV?) Q(GeV?)

@ Model compared with CLAS and MAID data
o F7 OK; F3 wrong sign
@ F close to EBAC A (core estimate: mc removed)

o ...
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v*N — N*(1535) form factors [PRD 84, 051301 (2011)]

0] :
01 @
— o CLASdaa i
-— © MAID analysis 1 » jessree:
= Da a 1 [
*9’;—0.2 a EB/E\O(?g)are) 1 £ oF ?ﬁﬁ
w I i ] w Fe e CLASdaa ]
[ }ﬁ ] -0.4f* o MAID analysis| ]
-0.3+ B L = Datoneta 1
1 06 + EBAC (bare) ]
I ] o PDG ]
F — -0.81 E
_0.4\www\www\www\www\www\www\www\www cooc b b b b b b e Ly
0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8
QGev) QGev)

@ Model compared with CLAS and MAID data
o F} OK; F3 wrong sign

o [ close to EBAC A (core estimate: mc removed)
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v*N — N*(1535) form factors [PRD 84, 051301 (2011)]
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I ] o PDG ]
F — -0.81 E
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QGev) QGev)

@ Model compared with CLAS and MAID data
o F} OK; F3 wrong sign
o [ close to EBAC A (core estimate: mc removed)

@ Valence quark effects under control
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v*N — N*(1535): relation between A, /5 and Sy, T

Implications of 5 =0 7?
Cancellation between
valence and meson cloud

GR, K Tsushima
PRD 84, 051301 (2011)

GR, D Jido, K Tsushima
PRD 85, 093014 (2012)

i

-3 -1/2,
S, (10°Gev ™)

)
o
T
—e——
°
Y
N
o
2
)
!

0 1 2 3 4 5 6
g N _\/1 +7’M§ - 2A' Qz(GeVZ)
12 = /2 2MsQ 1/2
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v*N — N*(1535): relation between A, /5 and Sy, T

Implications of 5 =0 7?

Cancellation between

valence and meson cloud
GR, K Tsushima P ;
PRD 84, 051301 (2011) ES -10} ]

Q r ]
GR, D Jido, K Tsushima o B z
PRD 85, 093014 (2012) \a) 20;— e S, dda 7

o 5k = FQX(A,,data)
T—W Q2>15GGV2 ;
_30: L | | | | |

0 1 2 3 4 5 6
g N _\/1 +7’M§ - 2A' Qz(GeVZ)
12 = /2 2MsQ 1/2
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v*N — N*(1535): relation between A, /5 and S; 5 T1

Implications of 5 =0 7?

Cancellation between

0
valence and meson cloud }
GR, K Tsushima -
PRD 84, 051301 (2011) ES -10}
Qo
GR, D Jido, K Tsushima o B
PRD 85, 093014 (2012) \‘_%\1-205* e S, daa ]
) o L = FQX(A,data) |
T = (MRQW)Q Q% > 1.5 GeV? i — FQ)X(A, modd)| |
_30:”‘\HH‘\H‘\H‘\H‘:
0 1 2 3 4 5 6
s VItrMs— M7, Q(Gev)
1/2 = — 2 1/2
2 2MsQ
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v*N — N*(1535) form factors [PRD 84, 051301 (2011)]

O~ == T - 04, T T T T
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-0.2- —— Valence 7 [ v —— Valence ]
L — — Meson cloud (Re) g — — Meson cloud (Re)|
0.25- + — . Mesoncloud (Im)| | -0.45// . — . Meson cloud (Im)| ]
| | | | ]
0 0.5 1 15 2 25 0 0.5 1 ) %.5 2 25
Q@ (Gev) Q(Gev?)

—— GR, D Jido and K Tsushima, PRD 85, 093014 (2012)
— —— D Jido, M Doring and E Oset, PRC 77, 065207 (2008) - x Unitary Model
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Spin 3/2 resonances: A(1232) wave functions

@ A wave function: epsa 36, 320 (2008); PRD 78, 114017 (2008); PRD 80, 013008 (2009)

\IJA =N [‘I’s + CL\IJD3 + b‘PDl]

3 3 1
S=00=-, D3=2®—-, DIl=26¢
6927 @2, @2

@ Wave functions fitted to form factor data [G}, G, G
(Radial wave functions: ag,aps, api,@p;)

@ S-state model: = G,

8 M M + Ma
GB 0 = — v / v = 1+ -
2(0) NIRRT kwwaH f oM "
= 2.07/%% <2.07
k Q2=0

Gilberto Ramalho (IIP/UFRN, Natal, Brazil N (1520), other nucleon resonances ... Darmstadt, October 12, 2013 35/ 86
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\IJA =N [‘I’s + CL\IJD3 + b‘PDl]

3 3 1
S=00=-, D3=2®—-, DIl=26¢
6927 @2, @2

@ Wave functions fitted to form factor data [G}, G, G
(Radial wave functions: ag,aps, api,@p;)

@ S-state model: = G,

8 M M+MA
GB (o _ [ / v =1+ ————K_
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Spin 3/2 resonances: A(1232) wave functions

@ A wave function: epsa 36, 320 (2008); PRD 78, 114017 (2008); PRD 80, 013008 (2009)

\IJA =N [‘I’s + CL\IJD3 + b‘PDl]

3 3 1
S=00=-, D3=2®—-, DIl=26¢
6927 @2, @2

@ Wave functions fitted to form factor data [G}, G, G
(Radial wave functions: ag,aps, api,@p;)

@ S-state model: = G, Fit EBAC (core)

8 M M+MA
GB (0 _ [ / v =1+ ————K_
2 (0) NS T e o f oM
— 207 / Yatn|  <207< Gi(0)].,
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~3.0
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Spin 3/2 resonances: A(1232) wave functions

@ A wave function: epsa 36, 320 (2008); PRD 78, 114017 (2008); PRD 80, 013008 (2009)

\IJA =N [‘I’s + CL\IJD3 + b‘PDl]

3 3 1
S=00=-, D3=2®—-, DIl=26¢
6927 @2, @2

@ Wave functions fitted to form factor data [G}, G, G
(Radial wave functions: ag,aps, api,@p;)

@ S-state model: = G, Fit EBAC (core)

8 M M+MA
GB (0 _ [ / v =1+ ————K_
2 (0) NS T e o f oM
— 207 / Yatn|  <207< Gi(0)].,
k Q2=0 —

~3.0

o With D-states: small effect
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Spin 3/2 resonances: A(1232) wave functions

@ A wave function: epsa 36, 320 (2008); PRD 78, 114017 (2008); PRD 80, 013008 (2009)

\IJA =N [‘I’s + CL\IJD3 + b‘PDl]

3 3 1
S=00=-, D3=2®—-, DIl=26¢
6927 @2, @2

@ Wave functions fitted to form factor data [G}, G, G
(Radial wave functions: ag,aps, api,@p;)

@ S-state model: = G, Fit EBAC (core)

8 M M + Ma
GB 0 _ . / wv=14+ —kK_
3r(0) NS T e o f oM
_ 207 / Yatn|  <207< Gi(0)].,
k Q2=0 ——
o With D-states: small effect =20
Large N¢

7, G < Fit lattice QCD data (bare contribution) & Pion cloud
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YN — A: G%,(Q?) on lattice [PRD 80, 013008 (2009)]

2 T T 2 T T
\ — - Latticem =563 MeV A — - Latticem =411 MeV
LS —— Physical Point —— Physical Point

150\ N § 15

“OE 1
05
o | | |
05 1 15
Q*(Gev)
2.5 T T T
" Core contributions (EBAC model)
o m =0.138 GeV
1.5 n
G

% 05 T i5 2
Q@ (Gev)

EBAC: J. Diaz et al, PRC 75, 015205 (2007) &
Lattice: Alexandrou et al, PRD 77, 085012+(2008
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YN — A: GR[(QQ) (valence)

GR and MT Pefia PRD 80, 013008 (2009) Gp=1/(1+ 622/0.71)2

l% ° gma N
, %%E -
0.8 —
R i 0
8 -
= 087 k. .
OE i T - - - ]
04f ¢ B
]
0:\ s e b b b b b L

QGev)

@ Bare ~ EBAC model
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YN — A: GR[(Q% (valence + pion cloud [phenomenological])

GR and MT Pefia PRD 80, 013008 (2009) Gp=1/(1+ QQ/O.71)2

1 ® Data N
r e Core 1
i = = Bare ]
08l i Bare + Pion cloud| ]
~ F o ]
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04 ) -
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@ Bare ~ EBAC model & Gj, = /\,r( )2 (3Gp) qﬁ(o) <0.7
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YN — A: G%;(Q%) - Meson cloud

0.4 Tt 0.5

® Pion Cloud Data @ Pion Cloud Data (DMT)
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Fit to lattice QCD data (bare contribution)
Alexandrou et al, PRD, 77, 085012 (2008)

008y S —
L _ — ] [ 4 Latticem  =563MeV
003 4 Latticem, = SE3MeV| 1 . u Latticem_ = 490 Mev
E = Latticem, =490MeV] 0.15- o Laticem_ =411Mev | |
00255 o Latticem =411Mev| ] 157 2 Prysca B ]
[ — Physical point j —
S 002 o
o = o1
I
0] 0.015:* [O) I
001 0.05"
0.005 i
0 % 05 , 1 15
Q(Gev)
D3 state: 0.72% D1 state: 0.72%

Gilberto Ramalho (IIP/UFRN, Natal, Brazil N (1520), other nucleon resonances ... Darmstadt, October 12, 2013 40 / 86



YN — A: G5(Q%), G&(Q?*) (bare + pion

02— —————————— 1
L N Latticemn:SGSMeV 1 [ { A Lalt?cem": 563 MeV
01 m Laticem =490Mev| | 08k = Laticem, =4%0Mev|
« Laticem =411 MeV 7 L - Lattlogmn:411 MeV
— 0-087 e Experimental data 1 — 06 o Experimental data
o
.= 006
Ll
o |
0.04 i
0.02 B
. -5
0 0.5 ) ) 1 15 X 5 )
Q (Gev’) Q° (GeVY)

— — — — Lattice extrapolation — Physical regime
@ Pion cloud [Large N.; no additional parameters]

AJ Buchmann et al, PRD 66, 056002 (2002); V Pascalutsa and M Vanderhaeghen, PRD 76, 111501 (2007)

Pion cloud dominant; Good global description (Q? < 1.5 GeV?)
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vN — A(1600) [PRD 82, 073007 (2010), GR and K Tsushima]

A(1600) as the 1st radial excitation
of A(1232) EPJA, 36, 329 (2008) [S-state]
=0, Gr=0

Bare: G%,(0)=—1.113

SU(3) symmetry = 7 cloud effects

Decay BR
A(1600) — 7N 0.1534+0.019
A(1600) — A 0.59040.100

A(1600) — 7N (1440)  0.130+£0.040
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v*N — N(1520): GR and MT Pefa, arXiv:1309.0730

@ More general case (no pointlike diquark limit) JE = %

@ Orthogonality assured by radial wave function ¥

/ ’k|T/JR(PR, k)N (PN, k) =0 (R rest frame)

Q?=0

One parameter to fit to high Q2 data: 34 (small mc effects)

o 1 { Y }
B mpBe+x) \Bi+x  Batx

@ Valence quarks are not sufficient to explain the data (A3, # 0):
exclusive of CSQM

@ = Include phenomenological parametrizations v 5B
of the meson cloud at low Q?
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v*N — N(1520) form factors [arXiv:1309.0730]

Az

g &

-3 -1/2,
Ay, (10°Gev™)

3]

3 -1
S,,(10° GV

o

Bare; Bare plus meson cloud

Ay 2,81 /2: Valence quarks = good description for Q? > 1.5 GeV?
Az /s < Meson cloud
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Conclusions

@ Quark model (calibrated by Nucleon and YN — A data)

Gilberto Ramalho (IIP/UFRN, Natal, Brazil V(1520), other nucleon resonances ... Darmstadt, October 12, 2013 45 / 86



Conclusions
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Valence quark degrees of freedom under control

Gilberto Ramalho (IIP/UFRN, Natal, Brazil N (1520), other nucleon resonances ... Darmstadt, October 12, 2013 45 / 86



Conclusions

@ Quark model (calibrated by Nucleon and YN — A data)
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@ Good description of N(939), N(1440), N(1535) data [No extra parameters]
Large Q2 @ lattice data
Valence quark degrees of freedom under control
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Conclusions

@ Quark model (calibrated by Nucleon and YN — A data)

@ Good description of N(939), N(1440), N(1535) data [No extra parameters]
Large Q2 @ lattice data
Valence quark degrees of freedom under control

@ Good fit to N(1520) data (adjust radial wave function; 1 parameter)
Meson cloud important

@ Good description of A(1232), A(1600) data
Pion cloud very important
Lattice data [y*N — A(1232) and also AA]
Dominance of valence quark for Q2 > 2 GeV?

@ Perspective of extension to other resonances

@ Model applied to several electromagnetic reactions
(including baryons with strange quarks): octet, decuplet (A, Q7),
octet-decuplet, v*A — A(1670), A Dalitz decay (A — ete™ N), DIS

Thank you <
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Nucleon Resonance Structure
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N*(1520) in spacelike
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Plan of the talk

@ Introduction and motivation
o Framework: Covariant spectator quark model
@ Valence quark effects

o Parametrization of meson cloud effects
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Introduction — Motivation (1)

Why is the N*(1520)D;3 an interesting resonance 7
@ Dominante resonance from 2nd resonance region
(spacelike and timelike)
@ Interesting features of helicity amplitudes
A1/2, A3/2, S1/2 (first data in 2009)
@ Understand the role of the valence quark effects (baryon core)
and the meson cloud effects

@ Derive parametrization that can be extended to the timelike region
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Cross section (pb)
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Introduction — Literature

Previous studies of the v*N — N*(1520) reaction

)

4
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Close and Gilman PLB 38, 541 (1972); Koniuk and Isgur PRD 21, 1868 (1981)
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PRD 51, 3598 (1995); Merten et al EPJA 14, 477 (2002); Ronniger et al EPJA 48, 8
(2012); Aznauryan et al PRC 85, 055202 (2012)

Hypercentral constituent quark model
Aiello et al JPG 24, 753 (1998); Santopinto et al PRC 86, 065202 (2012)
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Bijker et al PRC 54, 1935 (1996)

Meson cloud dressing:
EBAC: J.-Diaz et al, PRC 77, 045205 (2008);
CBM: Golli and Sirca, EPJA 49, 111 (2013)

Accurate CLAS data (7N; 7w N)
Aznauryan et al, PRC 80, 055203 (2009); Mokeev et al, PRC 86, 045203 (2012)

MAID analysis: EPJ ST 198, 41 (2011); EPJA 34, 69 (2007)

Review: Aznauryan and Burkert, Prog. Part. NP 67, 1 (2012)
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Introduction— Motivation (III)

=]
o 3
[
o
o
o

o
N
ol
o

o Ay, dominates at large Q*

@ Az, is large for small Q?;
falls off very fast

Helicity asymmetry
<} ¢
¥ o

@ Meson cloud effects are very
important at small Q?

-0.5
075 (mainly to Ao, but also A 5)
TR T e EBAC @ valence quark models
Q*(Gev ) o pQCD:

A 1/Q3

Al — |Agof? vz oG

Ah:‘A 1[4, Az x 1/Q

1/2 3/2 Sl/2 x 1/@3

CLAS: Aznauryan et al PRC 80,
055203 (2009) (7N ); Mokeev et al

Carlson and Mukhopadhyay
PRD 41, 2343 (1990)

PRC 86, 035203 (2012) (77 N)
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Quark structure and electromagnetic interaction

Covariant Spectator Quark Model
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Quark structure and electromagnetic interaction

Covariant Spectator Quark Model

@ Quarks have internal electromagnetic structure (constituents)
[dressed by gluon and quark-antiquark effects] = Bare

Bare — —%—
B B
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@ ...but there are processes that cannot be represented as quark
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Quark structure and electromagnetic interaction

Covariant Spectator Quark Model

@ Quarks have internal electromagnetic structure (constituents)
[dressed by gluon and quark-antiquark effects] = Bare

@ ...but there are processes that cannot be represented as quark
dressing effects = Meson Cloud

Meson Cloud

o Form factors

MC: Not important at high Q?; Very important at low Q?
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Quark structure and electromagnetic interaction (1)

Covariant Spectator QM: quarks with structure (constituents)

L J

~ coupling: — i
B’ B
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Quark structure and electromagnetic interaction (1) {7t

—_—
} B B
L J
~ coupling: §
B B B . B

@ Not important at high Q?: pQCD - supression 1/Q*
Very important at low @Q?

@ Combining the 2 processes

F = FB + e

(bare & meson cloud)
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Spectator QM: Baryon wave functions (1)

@ Baryon: 3 constituent quark system
@ Covariant Spectator Theory: wave function W defined in terms of a
3- quark vertex [ with 2 on-mass-shell quarks

1 8
R ) N e

Gross and Agbakpe PRC 73, 015203 (2006); Gross, GR and Pefia PRC 77, 015202 (2008)
@ U is free of singularities = parametrize ¥

Stadler, Gross and Frank PRC 56, 2396 (1998); Savkli and Gross PRC 63, 035208 (2001)
@ On-shell integration (k1,ko) = k = ki + ko, r = L(k1 — ko)

Gross, GR and Pefia PRC 77, 015202 (2008); PRD 85, 093005 (2012)

/k/k‘;i/d@/; \/S4m2/zm /m

= integration in k & s = (k1 + ka)? — m% (Mean value theorem)
= covariant integration in diquark on-shell momentum
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Spectator QM: Baryon wave functions (I1)

U5 not determined by a dynamical equation < phenomenology nr; = e
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Spectator QM: Baryon wave functions (I1)

U5 not determined by a dynamical equation < phenomenology nr; = e

@ Baryon wave functions: B = diquark & quark
Combination of diquark (12) and single quark (3) states,
using SU(6) ® O(3): »
1
Up= > (color)®(flavor)®(spin) p
®(orbita|)® Q,DB(P, k) o @
——

radial k
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Spectator QM: Baryon wave functions (I1)

U5 not determined by a dynamical equation < phenomenology nr; = e

@ Baryon wave functions: B = diquark & quark
Combination of diquark (12) and single quark (3) states,

using SU(6) ® O(3): .

Up= > (color)®(flavor)®(spin) p
@ (orbital)®@ ¥ (P, k) . @
———

radial k

o Up in rest frame using quark states

o Covariant generalization of W in terms baryon properties
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Spectator QM: Baryon wave functions (I1)

U5 not determined by a dynamical equation < phenomenology nr; = e

@ Baryon wave functions: B = diquark & quark
Combination of diquark (12) and single quark (3) states,

using SU(6) ® O(3): .

Up= > (color)®(flavor)®(spin) p
@ (orbital)®@ ¥ (P, k) . @
———

radial k

o Up in rest frame using quark states
o Covariant generalization of W in terms baryon properties

@ Phenomenology in the radial wf (momentum scale parameters)
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Spectator QM: Quark current (VMD at quark level) (1)

@ Quark current [f;+ quark form factors]
. 1 1
J§ = {6f1+ + 2fl—T:s} v+

i qy
2Mpn

1 1
{6f2+ + §f2—7'3

Quarks with anomalous magnetic moments k., Kq
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Spectator QM: Quark current (VMD at quark level) (1)

@ Quark current [f;+ quark form factors]
. 1 1
J§ = {6f1+ + 2fl—T:s} v+

i qy
2Mpn

1 1
{6f2+ + §f2—7'3

Quarks with anomalous magnetic moments k., Kq
@ Vector meson dominance parameterization:
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Spectator QM: Quark current (VMD at quark level) (1)

@ Quark current [f;+ quark form factors]
. 1 1
Jg = {6f1+ + 2fl—T:s} v+
Ry v
2Mpn

1 1
{6f2+ + §f2—7'3

Quarks with anomalous magnetic moments k., Kq
@ Vector meson dominance parameterization:
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Spectator QM: Quark current (VMD at quark level) (I1)

@ Vector meson dominance parameterization: PRC77 015202 (2008)

>m~>«~><>w><><>w

[2@2
fix =g+ (1 >\) +Q2+ m
2 A[Q
oo (e - )l |

2 poles:

o Light vector meson: m,, ~ m,(~ m,,)
o Effective heavy meson: M), (= 2My) < short range

Nucleon magnetic moments = x_
4 parameters: )\, ci, di = d_ (mixture coefficients)

11 Fitted to nucleon form factors data
F Gross, GR and MT Pefia PRC 77 015202 (2008)
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Spectator QM: Transition currents (yN — N*)

Quark current j D Baryon wave function U = JH

Transition current J* in spectator formalism
F Gross et al PR 186 (1969); PRC 45, 2094 (1992)

Relativistic impulse approximation: P
JH = 3Z/klllf(P+,k)j5\Ili(P_,k) v @_@ ~
A
diquark on-shell
¢=Py—P., P=}(P+P), Q= ¢
q-J # 0: Landau prescription: JH — JH — qq'—;]q“

JJ Kelly, PRC 56, 2672 (1997); Z Batiz and F Gross, PRC 58, 2963 (1998)
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v*N — N*(1520) transition (1)

JH = tig(Pp) {G1q57" + Gag’ P! + Gz’ g — G495“} u(Py)

q=Pr— Py PZ%(PR—FPN)
Current conservation ¢ - J = 0:
Gy= (Mr+ M)G; + %(MI% — M*)Gs — Q*G3
Additional function

go = AMRG1 + (3M% + M? + Q*)Gy + 2(M3 — M? — Q*)G3

(G1,G2,G3) <= (G1,G4,9¢)
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Gilberto Ramalho (IIP/UFRN, Natal, Brazil

v*N — N*(1520)

transition (I1)

Amplitudes and multipole form factors (base G'1, G4, g¢)

A1/2 = GIW
G
24{ i~ [0t - ) + Q1 |
Asjz = 2V3AG, .
o 1l ’
1/2 \/§MR gc
Geo

-F (%Asm - A1/2)
2 2 Gl
—R[(Mr—M)" +Q ]m
F (\@Asm + Al/z)
-R {204 — [(Mr — M)* + QQ]A%}

M.
zﬁﬁFsl/z = —-Rgc

M M)2 2 1M
A= MrEMPEFQE LM
4 6MMpK e |ql

Mp

MK (Mp — M)?2 4+ Q2
(Mg — M)?2

2 2
M% - M

. R=
2Mp

2AF, K =

N (1520), other nucleon resonances ...
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Gilberto Ramalho (IIP/UFRN, Natal, Brazil

v*N — N*(1520)

transition (I1)

Amplitudes and multipole form factors (base G'1, G4, g¢)

A1/2 = Gu
G

24 {04 — (Mg — M)? + QQ]—l}
Mg

Asjp = 2V3AG,

5oL lal o

1/2 3 M gc
2RGs = —(Gu + Gr) — G} Ge

-F (%Asm - A1/2)
2 2 Gl
—R[(Mr—M)" +Q ]m
F (\@Asm + Al/z)
-R {204 — [(Mr — M)* + QQ]A%}

M.
zﬁﬁFsl/z = —-Rgc

M M)2 2 1M
A= MrEMPEFQE LM
4 6MMpK e |ql

Mp

MK (Mp — M)?2 4+ Q2
(Mg — M)?2

N (1520), other nucleon resonances ...

2 2
M% - M

. R=
2Mp

2AF, K =
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v*N — N*(1520) transition (Il)

Amplitudes and multipole form factors (base G/, Gy, g¢)

-F (%As/z - A1/2)
~RI(Mr — MY + Q) -

Ay = Cor
24{Gi (00 — 207 + @10}
R

Az s = 2V3AG,

1 ‘q‘ GE = F (\/§A3/2 +A1/2)
S1j2 = == -Age
M G
V2 Mg — _R{2G4_[(MR—M)2+Q2] 1}
Mpg
/ \fMR
2RG, = —(G]\[ + GE) — G4 GC = 2 QHFsl/Q = —Rgc
PN e N e e S
4 6MMpK elq\ Mg (Mg — M)2 2Mp
1 1 1,
Ay)o :+E(3GM_GE) Aijo = fGM‘FEG4
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N*(1520) wave function

Up=cosOpWpy —sinfpUps,  Wp=Np[pIX,+ 1 X,] dp(r,k)
@ Nonrelativistic form (CM): k, — r = %(kl — ko), kx = k =k + ko
S Capstick and W Roberts, Prog. Part. Nucl. Phys. 45 $241 (2000) p — A, A — S
Case S =1/2 Case S =3/2
Xp(s) = Sper (135ms'138) [Yim () [87) 5 + Yim () <s’>,,} Xp(8) = Zpor (13ms’1§8) Vi (x5

3
2
XA(9) = S (155ms'135) [Vim () [, + Yim B [s')3]  Xa(s) = Sper (133ms"135) Yim (x5,

o Relativistic generalization: UR(P,s) = 75 (7" - 1@—(;) ur(P,s), ug(P,s)
spin states represented in a covariant form

k%k—k—ﬁ |>p—>uR(Ps)
Yim(k) = *\/%k?(emp k) Is)y = —(ehp)aUg (P s)
Yim(r) — ¢, XSS — — (5AP)'8“B(P s)

GR and MT Pefia PRD 84, 033007 (2011); arXiv:1309.0730
@ —> Reduction to quark-diquark system ¢p(r, k) — ¢¥p(P, k)
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v*N — N*(1520) transition — quark model

\I/R = COS HD\I/pl — SiIl@D\I/pg,

sinfp ~ 0.1: Wpj3 effect very small

IPl
Gy o TP, G\ =0, Gcocﬁ
1
A1/2 = fGM’ A3/2 =0, 51/2 x Geo

Q%) = / g1/1131(173}%,k)wN(PN, k) (R rest frame)
kK|

Note: pQCD limit G = A/, =0 [Gy + Gg =~ 0]
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v*N — N*(1520) - radial wave functions

P = M3, k? =m:
Radial wave function dependent of (P — k)%, x = X,
(Mp —mp)* — (Pg — k)
Mpmp

Nucleon radial wave function (82 > (1; 1 — long range)
Ny 1 1
mp (B2 +x) (B1 + x)
P1 radial wave function (/33 new short range parameter) — fit to the data
Ny 1 1 Ap1
bpr= b -
mp (B2+x) L(B1+x)  (Bs+x)
Orthogonality between state (R rest frame): fixes Ap;

YN =

=0

E@:/“thmwmw
Q*=0

k(K|
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v*N — N(1520) amplitudes — Results (1)

Aty Az S1/2

g
=
=
6 o o
T 3
i

H
S
-3 -1/2,
Sy, (10°Gev™)
8
N
Ay

Ay, (10° Gev™
o 8

o
858858
P,

,
4 5

2 3
Q (Gev)

————— Model ¥z = 1n (no orthogonality)
—— p = ¥r(B3) fit to Q? > 1.5 GeV? CLAS data
Ay /2,51 /2: Valence quarks = good description of large Q? data
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v*N — N(1520) amplitudes — Results (1)

Aty Az S1/2

g
=
=
6 o o
T 3
i

H
S
-3 -1/2,
Sy, (10°Gev™)
8
N
Ay

Ay, (10° Gev™
o 8

o
858858
P,

,
4 5

2 3
Q (Gev)

————— Model ¥z = 1n (no orthogonality)
—— p = ¥r(B3) fit to Q? > 1.5 GeV? CLAS data
Ay /2,51 /2: Valence quarks = good description of large Q? data
How to explain the A3/, data ?
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v*N — N(1520) amplitudes — Results (1)

Aty Az S1/2
‘ 100
150 or =
g T
z 3 -
& 100} 8 g
) @ -20F e
] % 2
o “a-30F
< Sop s %) }
[ o
| . s 3 | | ,
0 T 7 3 -50 T 2 3 7
Q" (Gev?) Q" (Gev?)

————— Model ¥z = 1n (no orthogonality)
—— p = ¥r(B3) fit to Q? > 1.5 GeV? CLAS data

Ay /2,51 /2: Valence quarks = good description of large Q? data

How to explain the A3/, data ? Meson cloud

Gilberto Ramalho (IIP/UFRN, Natal, Brazil

N (1520), other nucleon resonances ...

Darmstadt, October 12, 2013
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v*N — N(1520) form factors — Results (I) T

Gm GE Gco
0
o1f ===
et
-02F -
OE

_0.3F [] 4 iy
-0.61

-0.4% B 0 Bi

05% T 7 3 3 5 0 T 2 3 4 0 1 2 3 73

Q@ (GevH Q@ (Gevh Q@ (Gev?

————— Model ¥ r = 1)n (no orthogonality)
—— r = ¥r(B3) fit to Q? > 1.5 GeV? CLAS data
G, Gp: Valence quarks = not so good description (A3/5 = 0)
How to explain the data 7 Meson cloud
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v*N — N(1520) — Meson cloud

mN (60%); 7w N (40%); simple assumption: dominance of pion cIouéd

Gy =GB +a7,, Gi= Gz;, Ge =GB 1 a7, P
pQCD: N constituents: F' (QQ)(N 17 CE Carlson, FBS Sup 11, 10 (1999)
Gy ~ =G L F ur
X ~ X ~1 p =
@ Q* m2 4+ Q? + %%QQ 10g%
3
GX/I = )\]\4(1 + CL]\,]Q2) AQ F T3
7T A2 + Q2
A2 °
T __ 4
G4—)\7(r)<A2+Q2> F7—3
A%\
m _ \C
GC_AW(AQ—{—QQ)FTB

AM D AC anr, A2, A2, A2, = fit to the data
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v*N — N(1520) — Meson cloud

Motivation to use F),, instead of Gpp = (1 + QQ/0.71)72 ~1/Q

— G,(@)

0.8

0.61

0 02 04 06 08
Q

N
N}

F, simulates pion cloud dressing
F lachello, A D Jackson, and A Lande, PLB 43, 191 (1973)
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v*N — N(1520) amplitudes — Results (I1)

Ao Az S1/2
0 10 T T T T
150
N 3 8
3 3 3
m@ -40 m(.’) 100 wO
<(g-60 {g 50 UJS-% K
-80 -40r |
0 SOy
Q* (Gev)
————— Bare; ——— Bare plus meson cloud

Ay /2,51 /2: good description
Meson cloud = good description of A3/,
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v*N — N(1520) amplitudes — Results (I11) MAID

Ay Az S1/2
0 : : : : : 10
~-0 ~ 150 - 0
B 3 3
3 3 30
(?(9 -40 Q(D 100 :?(D 20|
S S S
(a-so EE S0 i
.80 -40f |
0 -50!
————— Bare; ——— Bare plus meson cloud

Ay)2,51)2, Az/a: good description
Discrepance between CLAS and MAID analysis
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v*N — N(1520) form factors — Results (II) {1

Bare
Pion cloud
Tota ]

————— Bare; ——— Bare plus meson cloud
Gy, Gg,Ge: good description
Discrepance between CLAS and MAID analysis
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v*N — N(1520) form factors — large Q?

1.
?
>075 Jr j"
5 os
E 0.25 }#%
=
5025 f
m L L L L
T 05 60 5 10 15 20
075 Q(Gevd)
A5 TTI5 2 25 535 4 45
Q2(Gev ) A =1 3(Gum + Gp)?
2(3G3%, + G%,)
s = | Ay j2]? = [Ag)o|?
h = ]A1/2\2—|—|A3/2|2 Gy + Gg — 0 very slowly
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v*N — N(1520) — Conclusions

=}

T T T T T 10
150 0
o 20 o~ —
B 3 3
3 3 3
O -
L 40 mg 100 m: 0
] ] g
460 T %300
< <0 2 |
-80 -40
o -50

Covariant Spectator Quark Model
Good description of high Q? data: Ay, 512 (fit 1 parameter)
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v*N — N(1520) — Conclusions

=}

T T T T T 10
150 0
o 20 N -
= B =
3 % 30
8.
- 40 mg 100 m: s
S S 3
460 T %300
< < 50 2 .
-80 -40
0! -50

Covariant Spectator Quark Model
Good description of high Q? data: Ay, 512 (fit 1 parameter)
Meson cloud parametrization = Low Q? @ Asjp data
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v*N — N(1520) — Conclusions

0 T T T T : 10
150 0|
o 20 — —
= B =
3 3 3
O -
L 40 mg 100 m: 0
] ] g
460 T %300
< < 50 w .
-80 -40
o -50

Covariant Spectator Quark Model
Good description of high Q? data: Ay, 51/2 (fit 1 parameter)
Meson cloud parametrization = Low Q? @ A3z data

MC parametrization extendable for timelike r,(?) = —»F
m2 2 i P
mg—q +...ti a4
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v*N — N(1520) — Conclusions

0 T T T T : 10
150 0|
o 20 — —
= B =
3 3 3
O -
L 40 mg 100 m: 0
] ] g
460 T %300
< < 50 w .
-80 -40
o -50

Covariant Spectator Quark Model
Good description of high Q? data: Ay, 51/2 (fit 1 parameter)
Meson cloud parametrization = Low Q? @ A3z data

MC parametrization extendable for timelike r,(?) = —»F
m2 2 i P
mg—q +...ti a4

Thank you N’
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Nucleon form factors (2)
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Nucleon form factors (2)
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Nucleon form factors in timelike region [0 < ¢* < 41

Unphysical form factors: 4m? < ¢ < 4M? can be accessed by:

@ YN —wete "N, 7N — ete™ N
Schifer, Dénges and Mosel, PLB 342, 13 (1995);
Dieperink and Nagorny, PLB 397, 20 (1997)
@ NN —eTe" NN
Schafer, Donges, Engel and Mosel, NPA 575, 429 (1994)
@ NN s efe n
Gakh, Gustafsson, Dbeyssi and Gakh, PRC 86, 025204 (2012)
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Nucleon form factors in timelike region [0 < ¢* < 41
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Gakh, Gustafsson, Dbeyssi and Gakh, PRC 86, 025204 (2012)

Comments:

@ |t is necessary to define off-shell form factors (extra parameters ...)
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Nucleon form factors in timelike region [0 < ¢* < 4M?]

Unphysical form factors: 4m? < ¢ < 4M? can be accessed by:

@ YN —ete N, N — ete™ N
Schifer, Dénges and Mosel, PLB 342, 13 (1995);
Dieperink and Nagorny, PLB 397, 20 (1997)

@ NN —eTe" NN
Schafer, Donges, Engel and Mosel, NPA 575, 429 (1994)

@ NN —ete 7
Gakh, Gustafsson, Dbeyssi and Gakh, PRC 86, 025204 (2012)
Comments:
@ |t is necessary to define off-shell form factors (extra parameters ...)

@ Nucleon form factors contributions are mixed with other processes

(Bethe-Heitler mechanism, Virtual Compton Scattering, higher resonances, ...)
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Nucleon form factors in timelike region [0 < ¢* < 41

Unphysical form factors: 4m? < ¢ < 4M? can be accessed by:

@ YN —ete N, N — ete™ N
Schifer, Dénges and Mosel, PLB 342, 13 (1995);
Dieperink and Nagorny, PLB 397, 20 (1997)

@ NN —eTe" NN
Schafer, Donges, Engel and Mosel, NPA 575, 429 (1994)

@ NN —ete 7
Gakh, Gustafsson, Dbeyssi and Gakh, PRC 86, 025204 (2012)
Comments:
@ |t is necessary to define off-shell form factors (extra parameters ...)

@ Nucleon form factors contributions are mixed with other processes

(Bethe-Heitler mechanism, Virtual Compton Scattering, higher resonances, ...)

@ Two-photon exchange effects negleted in 1st approximation
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Nucleon unphysical form factors (model calculations)

Alternative Model:

@ N’ as a gqq system with mass 1V (on-shell)
Y

0<¢*<(M—-W)?
N’ N
analytical continuation of baryon wave functions and
quark currents (follow extension to lattice regime)

o Calculate of form factors:
Gr(Q% W), Gy (Q?* W) for the region 0 < ¢ < (M — W)?
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