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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

, \
} 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?

Camagli, September 25, 2013 6 /41

Nucleon resonances in a covariant QM

Gilberto Ramalho (IIP/UFRN, Natal, Brazil)



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,
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o Up in rest frame using quark states
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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): »
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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
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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)

Gilberto Ramalho (IIP/UFRN, Natal, Brazil) Nucleon resonances in a covariant QM Camagli, September 25, 2013 8 /41



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)

>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?
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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
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Definition of the helicity amplitudes (% —

Resonance R rest frame

A = RS = e g5 = +)

2T

A = (|G (RSL= 43| e - TN, S. = —3)
2
Sip = |G (R SL=+}|e- TN, S. = >B’,
e? M3 — M?
T K=o
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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
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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
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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
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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
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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 "

»
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

Describes physical and lattice QCD regimes - - - Model Il
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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

Gilberto Ramalho (IIP/UFRN, Natal, Brazil) Nucleon resonances in a covariant QM Camagli, September 25, 2013 23 /41



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 — 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? > 2.3 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)]

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)

@ Valence quark effects under control

Gilberto Ramalho (IIP/UFRN, Natal, Brazil) Nucleon resonances in a covariant QM Camagli, September 25, 2013 27 / 41



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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Spin 3/2 resonances: A(1232) wave functions

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

\I’A =N [‘115 + CL\IJD3 + b‘lfpl]

3 3 1

= -, D3=2®_-, D1=2®
S=0& 5’ 3 & 5’ S 3
@ Wave functions fitted to form factor data [G},, G7;, G7]

. - ,
(Radial wave functions: ag,aps, api, &/p;)
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@ A wave function:  epJa 36, 320 (2008); PRD 78, 114017 (2008); PRD 80, 013008 (2009)

\I’A =N [‘115 + CL\IJD3 + b‘lfpl]

3 3 1

= -, D3=2®_-, D1=2®
S=0& 5’ 3 & 5’ S 3
@ Wave functions fitted to form factor data [G},, G7;, G7]

(Rgdial wave functions: o, aps, api, &)
@ With D-states: small effect
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Spin 3/2 resonances: A(1232) wave functions

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

\I’A =N [\115 + CL\IJD;), + b‘lfpl]

3 3 1
= -, D3=20—-, DI=2¢ -
S 0@2, 3 @2, 692

@ Wave functions fitted to form factor data [G},, G7;, G7]
(Rgdial wave functions: o, aps, api, &)

@ With D-states: small effect

@ S-state model: = G-

B 8 M

B _ 8 M M+ Ma
M 3/3M + Ma

5 1

fv/k1/1A1/1N, fo=Ffi-+

Fit EBAC (core): J Diaz et al, PRC 75, 015205 (2007)
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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

1f ® Daa n
B [ ] Core 1
: _— gare+ Pion cloud ]
0.8 are .
=0T i ]
go ,‘-é
= 0.67
*E
(U]
0.4 E -
O.2j _
G:\ e e b b b b b L
0 1 2 3 4 5 6 7 8
QGev)
~ A2 )2 GB(0)
o Bare ~ EBAC model ® G% = Ar (1'ign) (3Gp) 5t < 0.7
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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%
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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,G5=0 S o5

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)
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Large Q2 @ lattice data
Valence quark degrees of freedom under control
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Valence quark degrees of freedom under control

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

60
50
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b 30-
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20+
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More information
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Other applications

Strange baryons: octet, decuplet (A, 2) A Dalitz decay;
Nucleon DIS, ...

Octet to decuplet electromagnetic transition v*B — B’

G0 GYO)  Gu©)  [Gu(0)leap

YN — A 1.63 1.38 3.02 3.04 +£0.11

v A — £*0 1.68 1.40 3.08 3.26 £ 0.37
3.35+0.57

yEt - ot 2.09 1.13 3.22 4.10 + 0.57

v x0 — u*0 0.97 0.49 1.46

YEET = BT —0.16 —0.15 —0.31 <0.8

y*E0 — =*0 2.19 1.10 3.29

YET = B —-0.19 —-0.21 —-0.38

GR and K Tsushima PRD 87, 093011 (2013) [G%,(0)];
GR and K Tsushima PRD 88, 053002 (2013) [G}1¢(0)]
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Diquark polarization states

@ Helicity states defined in terms of k& = (Ej, ksin6,0, kcos0)

k
/{9 . () dependent of ¢

P
@ Fixed-axis: vector particle is bound to a system with P = (P,0,0,P)

P 0
0 1 1
€P(O) = 0 ) 8P(:l:) = :FE +1
Py 0

—> wave functions with No angular dependence;
F. Gross, GR and M. T. Pefia, PRC 77, 035203 (2008)
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Electromagnetic current: an example

Nucleon wave function:
_ L 140 B(p
N (P k) = = [@fu(P) = (5 )07 (P)®} | o (P, K)
A wave function:

VA(Py, k) = _(541<3+)a UQ(P+)(§}¢A(P+7 k)

Transition current:

7 o [0 (PITP] A [ 96 (Prik)in(P-. )

AP — Z (/\D)EP (Ap)

AD

PP} PP\ p..p \?
g ——F | —a(P.—-——=P P.—-—*_-p
(g P+~P_> a(‘ M2 +) (* M2

MaM
Py -P_(MAM + Py - P_)

a =
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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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Baryon wave function -example: Nucleon isospin

S-state in quark-diquark [PRC 77,015202 (2008)]:

1
Un(Pk) = 7 (2195 + 21 03] (P )
Example [p 1): u=<(1)>;xlzp=<(1)>
1 1
Y = 7 [ud — du] u Pl = 76 [2uud — (ud + du)u]
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Baryon wave function -example: Nucleon spin (I)

Example [p 1): TZ((l))? Xs:<(1)>
1 ~
Spin-0: W= M-It = &,
Relativistic generalization — &° u(P, 1)
1 1
Spin-1:  ®g = RNt = 2o ch)xs

Relativistic generalization — —(cp) U“(P,7)
epin rest frame:  £3(0) = (0,0,0,1) eB(£) = :Fﬁ (0,1,+£4,0)

—> Fixed-axis polarization base

CIDOS’l in terms of baryon properties

Camagli, September 25, 2013
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Baryon wave function -example: Nucleon spin (I1)

Covariant form to U%(P, s)

1 pe R 1
AP o) = e [ A P s s (gt
U ( 7‘5) \/E'}Q) <7 AfN)u( 7‘5) \/§(U EP) Xs

Fixed-axis polarization base [F Gross, GR and MT Pefia, PRC 77, 015202 (2008) |

1 1
=3(0) = 77— (P,0,0, /M2 +P2> e3 () = 5 (0,1, 4i,0)

€% = function of baryon momentum

Pure angular momentum states; Covariant representation
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A wave function

S-state:
Ug(P ks s) = —0pps(P k)[(h)  ua(P, 5)]
D-state: S =1/2,3/2

Up(P.kis) = ~0Jp(P. k) [3(e5)a(Ps) W (P, k. 5)]

W8 (P, k,s) = D7 (P, k)u,(P,s), D = D-state operator
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N*(1520) wave function

Vg = costpVpy —sinbfpVps, Up = Np [$9X, + ¢1.X)] ¥p(r, k)

@ Nonrelativistic form (CM): k, — r = %(kl — ko), kx = k =k + ko
S Capstick and W Roberts, Prog. Part. Nucl. Phys. 45 S241 (2000)

Case S =1/2 Case S =3/2

Xp(3) = Tpngr (13ims’138) [Virn () [8) ) + YimB) [s), ] Xp(s) = Spr (135ms"135) Vi (x5
XA(8) = Dpor (135ms"135) [Yim () [8), + Yim(B) )3 ] Xa(8) = Sppr (14ims’135) Yim ()xS

@ Relativistic generalization: Ug(P,s) = f’}/5 <’y - AIZ,—;) ur(P,s)

k%k—ka—z |s), = ur(P,s)
Vim(k) = === (emp - k) lshy = —(hp)aUg(P.s)
Yin(r) = G, Xs = —(eip) us(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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Spectator quark model - Wave functions

@ Wave functions: B = quark @ diquark
b1

radial Dy P
—
Uy = Z(flavor)®(spin)®(orbita|)® V(P k) Ep @

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

1
7 (090 + @;0%] YN (P k)

Un(P k)=

S11 wave function:

1
Ug11 (P, k) = Vol (29X, — ®7X)\] s11(P, k)

Uy, Ugip covariant; ¥y, 1¥g11 scalar wave function

CIJ?’I isospin; %!, X, \ spin — combination of quark states
—> Up written in terms of baryon properties
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Spectator quark model — S11 wave function

SU(6) ® O(3) QM:

|N*(1535)) = cos @ [N *Py ) —sin0 [N Py o)
S—— N——
S=1/2 5=3/2

Approximations:
@ No mixture between states (pure S = 1/2 state)

@ Pointlike diquark
1

k
L 2

(lﬁ —kQ) —0

S5

No diquark internal P-states
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Spectator quark model — S11 wave function

Symmetry in the p = anti-symmetric
exchange of quarks 1 and 2 A = symmetric

Momentum: k, = %(kl — ka) kx \[(lﬂ + ko — 2k3)

Spin states:
500 = 5L =D gt = 2T =+ D))
Using SU(6)®0(3) quark model [1 & 3]:

Sl

Xo(+) =) (Imig, +5l5.+3 mm(m% F=m)p+ D () Vim(kp)
X3(1) = S ums b A3 i), 5 — mha (i)

Pointlike diquark approximation k, — 0 = Ylm(l% )=0
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Spectator quark model — S11 wave function

Symmetry in the p = anti-symmetric
exchange of quarks 1 and 2 A = symmetric

Momentum: k, = %(kl — ka) kx \[(lﬂ + ko — 2k3)

Spin states:
3t = (L= IDT 15t = R -+ D]
Using SU(6)®0(3) quark model [1 & 3]:

Xp(+) =) (Im; 3, +415, 45 Yim (k)|
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Spectator quark model — S11 wave function (I1)

kxo + spherical components of k), N =1/vk?

Xo(+)=+N {km\ﬂp - \/§kA+\—>p}
Xa(+) = +N {kaol+)x = V2hasl =) }

Relativistic generalization: ¢, k

Diquark polarization vector: €5 (A = 0, £) [Fixed-Axis base]
4-momentum k = k — %@P [diquark 3-momentum in rest frame]
S

Xy(+) = =N [k co)us(+) = Va(E- e Jus(-)]

Xa(+) = N [(k- co)eal§(+) = V200 e4)eal§ ()]

1 1 P
N = —— US(P,+) = — “ - JuP+) 1ol 1
N — k2 S ) \/§’Y5 <7 qu) ( )| ? 2]
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Current conservation (1)

@ Quark current in a Feynman diagram (one-body current)

ot q,

SN
7*(q) = Y™ + jo Wi

on-shell: current conserved ¢, [u(p’)j"u(p)] = 0.
When the Dirac particle is off-shell, it is necessary to modify this
current in order to maintain current conservation.

@ If a dynamics exists, we can do this in the manner of Gross and Riska,
PRC 36, 1928 (1987); Adam et. al, PRC66, 044003 (2002)

S(p) = T:(f)ﬂ, Jg@',p) = ik (3" 1(0"), h(p); P, p)

jt off-shell current, satisfies Ward-Takahashi identity

Qi =510 - ST
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Current conservation (2)

@ When no dynamics exists a purely phenomenological treatment is
needed

A el U j")ﬂ
v q2

, dq" _iotq,
= w22
J1 (7 7 T2y

On-shell: ¢ term vanishes; current reduced to the 1st case
@ Calculations of v*N — N*: equivalent to Landau prescripton
Kelly, PRC 56, 2672 (1997); Batiz and Gross, PRC 58, 2963 (1998)

q#
T I = (g )

Restores current conservation but does not affect the observables
@ DIS calculations: subtraction term —“Z’—; arises naturally from

interaction currents neglected in impulse approximation
Batiz and Gross, PRC 58, 2963 (1998)
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