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Motivation: frameworks

How to study the N* electroproduction ?

o (Constituent) Quark Models ...

@ Dynamical models [Coupled channels reaction models]
Input: baryon core e. m. structure
—> Dynamical dressing of baryons with
meson-baryon interaction (non-perturbative)
[EBAC, Sato-Lee, Mainz (DMT), Julich, ... ]

@ Y-Perturbation Theory, YEFT
Degrees of freedom: baryons and pions
Range: low Q?; LEC — short range physics
[Pascalutsa, Vanderhaeghen, Gail, Hemmert, .. ]
@ pQCD ... only for much higher Q>

@ Hybrid models (CBM, soliton, ...)
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Motivation and goals [y*N — N*]

Develop CQM for nucleon and nucleon excitations
= apply to low and high Q? regime [covariant formalism]

(]

(4

Constituent quarks:
quarks dressed by quark-antiquark effects and interaction with gluons

©

Study the role of valence quarks
Effects of angular momentum & radial excitations
Large () regime: valence quark dominance

©

Use experimental data and lattice data for a precise constraint
of valence quark degrees of freedom

@ —> estimate meson cloud contributions.
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Spectator quark model- applications

N*electroproduction: v*N — N*

@ Nucleon (elastic reaction)
Valence quark wave function [No explicit pion cloud]
But ... VMD parameterization of the quark current
= fix quark current [244 parameters]
e YN — A
A: Valence quarks wave function = core contributions
Pion cloud required
Magpnetic dipole: G, — phenomenologic pion cloud
Quadrupoles: G, G — large-N,. relations [44-2+4-2 parameters]
@ YN — P11(1440) (Roper)
Valence contribution from orthogonality with nucleon state
No additional parameters required
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Spectator quark model —quark current

o Constituent quarks (quark form factors)
. 1 1 dq"

]? = |:6f1+ + 2f17'3:| <'YM - (]2) +
io"q,

My

Quarks with anomalous magnetic moments k., kg

{éfn + ;fz—T:s}
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Spectator quark model —quark current

o Constituent quarks (quark form factors)
. 1 1 dq"

]? = |:6f1+ + 2f17'3:| <'YM - (]2) +
io"q,

My

Quarks with anomalous magnetic moments k., kg
@ Vector meson dominance parameterization:

>ow>~><>~

=)\,
Sz = A+ (1= 2g) 2+Q2+Ci M?+Q2

2 2
m; M
- d 1—dy)—h
po =it 0l
2 poles: m, = m, and M), = 2My; k4 <= nucleon mag. mom.

5 parameters to be determined: A,
mixture coefficients ¢4 and di with dy = d_ [4 parameters]

Ll;fu + ;f2—T3}
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Spectator quark model—transition current

Quark current j# D Baryon wave function U5 = J*

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

Relativistic impulse approximation:

N\
Juzgz/k\pf(m,k)ﬁ\pi(zﬂjk) N @ @
A

f— N

diquark on-shell
g=Py—P, P=LP +P), Q= ¢
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Spectator quark model- Form factors

Nucleon:

10" qy

J* =a(Py) [Flfy“ +F I ] u(P-)

YN — A:

J¥ = wg(Py) [quﬁ’y“ + GgqﬁP“ + Ggqﬁq“ — Glgﬁ"} Ysu(P-)

(s = (Ma + Mn)G1 + 3(MA — MR)G2 — Q°Gs < q,J" = 0]
YN — N*:

_ . dq" . 1oMqy
JH:UR(P+) |:F1 (’)’M—qz +F2m U(P_)

Form factors - exclusive functions of Q?
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Spectator quark model- Wave functions

@ Wave functions: B = diquark & quark
p1

Up = Z(flavor)®(spin)®(orbital)®(radial) &%

k
@ Write wave functions in terms of diquark (12) and single quark (3)
states in the rest frame [SU(6) inspired)]

@ —> Up in covariant form in terms baryon properties

@ One can use U in any frame and/or Q? regime
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Baryon wave function -example: Nucleon (spin 1/2)

Simplest structure: S-state in quark-diquark
[Gross, GR and Pefia, PRC 77,015202 (2008)]:

1
Uy (P, k) = —5 [2195 + 21 05] Y (P k)

@?’1 - isospin; <I>OS’1 - spin; ¥g(P, k) scalar wave function

(1) v (3)
(1) = (2)

Example |p 1):
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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=( g )iu=r=(4)
Y = \2 [ud — du] u Pl = \}6 [2uud — (ud + du)u]
1
f=—ud—d
valttm @) = gu= gy,
uU m = +1 | 1 1
ém: %[uddeu] m = CDI:_%(T'{)UE_%(T'{)XI
dd m = —1
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Baryon wave function -example: Nucleon spin (I)

Example [p 1): T=( (1) )? Xs:<(1) )
1 ~
Spin-0: Y = \ﬁ(“ —INT = X
Relativistic generalization — &° u(P, 1)
1 1
Spin-1: &g = 7 2L -(T+INDT1] = ~7 (0-€p)Xs

Relativistic generalization — —(£p) U“(P, 1)
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
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Baryon wave function -example: Nucleon spin (I1)

Covariant form to U%(P, s)

o 1 o P N1 x
U (RS)_\/E’YE)(V —]V[N)U(RS)—>—\/§(U'5P)XS

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

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

€% = function of baryon momentum

Pure angular momentum states; Covariant representation

Gilberto Ramalho (IST, Lisbon) A covariant formalism for YN — N™ March 20, 2010 13 / 39



Results: Nucleon form factors

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

0.12

01 ]
0.08] ]
o068} ]
0.04 : ]

0.02} b

I N S S - R () % 05 1 15 2
Q') Q'cev)

No pion cloud (explicit)
Quark current fixed [4 parameters]
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Baryon wave function -example: more spin states

Direct product 1 & % = S [Corespin: S =S, + 5]

p1
S = L3 r
272 £p
k
1
Spin 5 U(P,s) = (1X; 3s1]3s1)e5pu(P, s1)
A sp
.3
Spin 5+ w(P,s) =Y {1\ Ssa[gs1)elpu(Ps1)
A s1
w® = Rarita-Schwinger vector spin
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A wave functions

A wave function as a mixture of 3 states [2 mixture coefficients]
Ua =N [VYs+a¥ps + bUp]
S-state:
Us(P,k) = —s(P, k)1 (ep)wa(P)

D-states: [GR, MT Pefia and F Gross, PRD 78, 114017 (2008)]
o D-state operator D
@ create D-state W =D - w

o projector Py /5: core spin 1/2 (state D1)
o projector Ps/5: core spin 3/2 (state D3)

Upi(P k) = =3¢pi(P,k)dj(ep)aW i (P, k)
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Results for YN — A (only S-states)

Only G, # 0, but G, (0) < 2.07

T T T T T T T T
o *’
— = Bae 1
08 [ E ]
g f—~ ]
< osly halt 3, J
*s . ]
o =~
04f ) B
o2f 1

ol 1 T T 1 1 1 1

0 1 2 3 4 5 6 7

QGev)

Data from DESY, SLAC and CLAS (Jlab)
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Results for YN — A (S-state)

Valence quark contribution: GR, MT Pefa and F Gross EPJA 38, 329 (2008)
Gin(@) =21 f, [ vav

4 My B My + Ma
= 303 My + Ma’ Jo=fi-+ My Joo

n

When Q? = 0: [, Yaty <1

G, (0) < 2.07 < Gy (0)], =~ 3.02

exp

Quark models = upper limit to the valence contributions

= Extra mechanisms have to be consider to explain the data
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Results for YN — A (pion cloud effect)

Form factor = Bare + pion cloud

e

A N Quark Model

=4 + —ri,i+

Pion Cloud
Form factors:

G*M(QQ) = GJZ\BJ(QQ) + G}(/[(QZ) « phenomenologic

G]\B/[ compared with bare contributions
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Results for YN — A (only S-states)

Compare G, with core contributions

1 e Core 7]
— = Bae
08k i
:DB g 1;\\
@ ol ¢ ~< ]
= o7 =~
F : ~~____‘
04 -
02 n
oll I I I I I I I

QdGev)

Core contributions extracted using Sato-Lee model
Diaz et al PRC 75, 015205 (2007)
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GR, MT Pefia and F Gross EPJ A36, 329 (2008)

1% ° ([;ata N
, %%E N
0.8 a
R ii
< oofy t -3, .
OE i ?*-___:
04f (3 ]
o2f y
G:\‘H‘\HH\H‘m‘H‘\HH\HH\HH\HH

QGev)

@ Valence quark contributions = fix 2 parameters [Sato-Lee model]

o ...

Results for YN — A (only S-states)

Gilberto Ramalho (IST, Lisbon) A covariant formalism for vV N* March 20, 2010

21 /39



GR, MT Pefia and F Gross EPJ A36. 329 (2008)

1 ® Data N
r e Core 1
i — = Bare ]
08l 5 Bare + Pion cloud| |

2 ',!;-é

806

= 0%

=

(O]

0.4 E -
02k ]
ol b e

QiGevh

@ Valence quark contributions = fix 2 parameters [Sato-Lee model]
@ Phenomenologic pion cloud

Results for YN — A (only S-states)
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~vN — A form factors

GR, MT Pefia and F Gross PRD 78, 114017 (2008)

S-state D3-state D1-state
Gy =4ANnf,Is —2aNnf,Ips +bNnfuIp
G = —2aN7 f,Ip3 —ONn S
AMNMA . Ipy
Gt = +bN

Ty — /k . Ips = /k b(k)¢Ypsn  Ip1 = / b(k)p1thn

k

_ 2 b(k) ~ Yoo (k).
fC—fl——gMN(]\%WfQ— ( ) 20( )

Valence quark phenomenology in the scalar wave functions
(4 momentum scale parameters) @& mixture coefficients
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YN — A: G5(Q%), G&(Q?%) on lattice

Disentangling valence quark from pion cloud effects
Quenched lattice data = adjust valence contributions
Alexandrou et al

: 0.2 —————
- - ] [ 4 Latticem  =563MeV
L e o] i u Laticem =490MeV | 1
u Laticem, =490Mevi 015/ o Laticem =411MeV | |
o Latticem =411MeV| ] L M ]
LT ] — Physical Point
— Physical point

005"

. 0““0.5““1““17.5
Q* (Gev) Q’(Gev?)

D3 state: 0.72% D1 state: 0.72%
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%

0.12p , I ——
L a Laticemn:563 MeV 1 r E A Latt?oe m = 563 MeV
01 w Laticem =490Mev| | 08- w Laticem =490Mev|
o Laticem =411 MeV ] L o Latticem =411MeV
0.08 e Experimental data B ~ 05 o Experimental data
— & 06- i
o | 1o
= 0061 % 1= i ]
(O] i 1 O 04 4
0041 E R I |
002; i i é ] 02 : ‘e 7
’ L ] |
-A-2-g N S TR S
o v ‘-i ‘§ﬁ$—‘i -2 o~ . ‘-‘i-‘fﬂ;—‘—‘g—‘i
0 05 1 15 0 05 , 1 15
2 2,
Q (Gev?) Q° (GeV?)

GR, MT Pefia PRD 80, 013008 (2009)
Small valence quark contributions
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YN — A G%(Q?), GE(Q?) (bare + pc)

o
[ 4 Laticem =563 MeV ) Latt?oem":563 MeV
01 w Laticem =490Mev| ] ) Lattice m, = 490 MeV
o Laticem =411 MeV ] Lamcg m =411 MeV

0.08 e Experimental data B Experimental data

@ (Gev)) | Q¥ (Gev?

Pion cloud from large N, relations [Buchmann @ Pascalutsa-Vanderhaeghen]
(no additional parameters)
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YN — A summary

r T T T T T T T 0.2 T T

= Laticem, = 563 MeV } T Laticem, =563 Mev
o1 u Laticem. = 490Mev| o8k u Latiem =a00Mev|
+ Laticem, =411 Mev o Laticem, =411 Mev
0.08| o Experimental data 1 o Experimental data

@ Decomposition: G% = G¥ + G%

@ Valence quark contributions:
describes lattice data (G¥,, GE,GB) and SL core contributions (G%;)
— control of valence quark contributions

@ Including pion cloud = agreement with experimental data
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vN — Roper form factors

Roper wave function [same structure as the nucleon]
GR and K Tsushima, PRD 81, 074020 (2010):

1
Ur(Pk)= 7 [27®% + D105] Yr(P, k)
(Mg —mg)? — (P —k)?
Mpmgs
1

Noms(ﬂl +XN)(62+XN)
ﬁ3 _XR 1
Rﬁl + Xr ms(ﬁl + XR)(ﬁQ + XR)

[61 = long range scale parameter]

Momentum dependence: x, =

vy (P k) =

¢R(Pv k) =

fix O3

Orthogonality: /kle(P, k)N (P, k) =0 [no parameters]

Q*=0
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7N — Roper form factors [PRD 81, 074020 (2010)]

3. 13(Mp + M)? Q2,
Fl Q% = ZjT 7
@) = s+ sz e
_ Mgp+M Q?

7
M (Mat ME+ QR
3Mgr+ M (Mp+M)*
St T — 7
4 M2 (Mg —|—M)2—|—Q2'73
Mp+ M (Mg + M)* —3Q* . i
2M (Mg + M)+ Q27"

F3(Q?)

Overlap integral:

= /I€¢R(P+a k) (P-, k),

J1=ghie +35f1-m8, 3= gfir — 55173
jo = §for + 3fo-7T3, ja= §for — 5 fo-T3

Nucleon quark currents— GR, MTP, and FG, PRC 77, 015202 (2008)
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vN — Roper form factors- results

5
5 —— Spectator (valence)
0.15;

Na £
o
o F s Spectator (valence)

0.05}

- ‘1 o 2 3
Q(Gev) Q’(Gev?)

Z(0) =0 = F;(0) =0 good; = F;5(0) =0 bad
Underestimate data for Q? < 1.5 GeV?
Explain data for Q% > 1.5 GeV?
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vN — Roper form factors- results & MAID

F*(Q)

0.15¢
0.1

0.05¢

B CLASdaa
—— Spectator (valence)
e — = MAID

u CLASdata
—— Spectator (valence)

Q(Gev)

— - MAID

N I R EE |
2 3

Q’(Gev?)

Use MAID fit to extract meson cloud contributions
Underestimate data for Q? < 1.5 GeV?

Explain data for Q% > 1.5 GeV?
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vN — Roper —Meson cloud contributions- MAID fit

0.2 e e e e e
1 0.2
0.15- f— maorqm (valence)] |
[ 1 Meson cloud (MAID) ] i
0.1} 0
o f ©
;’H 0.05: _,(“:\“0-2 —— Spoctator QM (valence)
w L Wmﬁ mgo[r)\doud(MA\D)
07 ........................ 04, E
-0.051\ 1 | ]
r b -0.6 E!
L e S S T
Q(Gev) Q(Gev?)
mc( N2\ _ mx ()2 Spect 1 ~2 MAID
F(Q7) = F(Q7) —Fy7(Q7)  Fi =F

A covariant formalism for
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vN — Roper —Meson cloud con

L2 R e e .
F 1 0.2 E
O.lSj = Spectator QM (valence) | _
L w— == MAID 4 o
o0k e Moo dou CeaStets | ] od- - - g
o © :
:/H 005: r:\‘_oz s Spectator QM (valence) E
w L Wmﬁ mgo[r)\doud(MA\D)
(0] 04 ; ®  Mesondoud (CLAS data) 3
-0.05-\agg ]
: -0.6§ E
o 1 Il Il Il I AT R « o ST ST A | [ | [
015 1 7 37 5 0 1 2 3 4 5
Q(Gev?) Q(Gev?)

F(Q%) = Ff(Q%) - F7*(Q%)  Ff = F{"
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vN — Roper — Helicity amplitudes

—~ n CLAS data
NO Spectator (valence)
Al — == MAID
N
3
<

W CLASdaa

-40- / et 1
* 10¢!
-607 E bl E
80l e [T [ [T ] 05\ “““““ Lo Lo Lo ST
0 1 2 3 4 5 0 1 2 3 4 5
Q(Gev?)

Q(Gev?)
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vN — Roper — Helicity amplitudes- MAID meson cloud

m— Spectator (valence)
== == MAID

A Q)

S,,(Q)
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~vN — Roper — Helicity amplitudes- CLAS meson cloud

A Q)

S,,(Q)
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Conclusions [yN — N¥]

@ Nucleon elastic form factors

Good description with NO explicit pion cloud contributions
o YN — A

Excellent description of lattice data @ experimental data

@ YN — Roper
Excellent description of high Q2 data
Use model to estimate meson cloud contributions

@ More questions: ramalho@jlab.org

@ Other applications

Q~ form factors PRD80, 033004 (2009)

A form factors arXiv:1002.4170 [hep-ph], PLB 678, 355 (2009)
Octet magnetic moments (w/ pion cloud) arXiv:0910.2171 [hep-ph]
Nucleon form factors in lattice JPG36, 115011 (2009)

¢

¢ © ©
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