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1. Historical-background

~1960’s Hofstadter
=Nucleon not point-like
(rpyt? ~ 0.75 fm

~1970’s Many experiments
=Neutron very complex

dGe, 2
5~ 0.50 (GeVic)

1973 YL
=Nucleon has a two component
structure:
1. Intrinsic structure, g(Q?)
2. Meson cloud, (p,», p)



1970’s Non-relativistic quark model
(Isgur-Karl)
=Unable to describe form factors
in a consistent way

1980’s Perturbative QCD
(Lepage-Brodsky-Farrar)
=Large Q? behavior « EIT

1980’s Empirical dipole form
=Scalin GlO*) = L
g Q%) (i)
1995 SLAC (Rosenbluth separation)

=Consistent with p-QCD
and scaling
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2000-2002

TINAF
Recoil polarization method
(no Rosenbluth separation)
=Astounding result
Proton electric form factor

decreases dramatically with O?

Inconsistent with scaling






2. Analysis of form fac

Basic principles:

(i) Relativisticrinvariance (exact)
=Electromagnetic current

> - EiQRy

Fi(@»  Dirae form factor
F3(@*»  Pauli form factor

K Anomalous magnetic moment

(i) Isospin-invariance (slightly broken)

=lsoscalar, F§,F3, and isovector, FY, F¥, form
factors



Observed Sachs form factors
Gug, = (F§ +FY) + (F3 + FY)
Gs, = (Fi +F{) - o(F3 + F3)
@x, = (F - F{) + (F3 - FY})
6z, = (Fi - F{)—1(F3 - F})
with
2

[Sachs form factors satisfy also the
Kinematical constraint

Gr(=4MR) = Gul—4M4)
of crucial importance in the time=like-region
Q% < 0)]



Different models of the nucleon correspond to
different assumptions for the Dirac and Pauli
form factors

(u)mmwm and (u) meson cloud
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Several theasviscally inveresting Forme of the puclesn EM form (eom have beem canpdared and fousd s
puevide quansiiative descriplions of svidable dats with a5 few ag thsee o8] psiable parsrciers

Attempes fownrds understanding the suclean
electrarmagnetic form factars by fitling theorsti-
cally suggesied forms to data have frequently been
resticied fo 3 consideration of the prosan mag-
netic form facior Gﬂ{.r:l which is well-known
experimentally over o wide ramge of . The drow-
back of such fits is that 1he underlying physicsl
madels aften admit predictions for the remaining
three nucleon electramagnetic form (110 which
age in gross disagreement with experimental data.
This & not the et in the work of Massam and
Zichichi [1] end of Ng [2] . These saikors per-
fioam sdmullaneaus fis io sl foor form Caslars
felloweing wn sdea of Krell oral, [3], Bovh warks
desenbe the ineraction of mucleorns with the
EM fiebd in rerms of veclor meson dominance plus
an iniinséc farm factor a1 1he puelean-vector msson-
weriex having & monapole foam with one sdjustable
parareter. In rell [ 1] SUCY) estinates were wed
Lo determine the vecior meson coupling constants
and § cammon intrinsic form factor wat ussd fo
all daag, The resulting one paramerer fin 10 Use daiz
then avzdlable resulied in & 7 = 398 per datum,

Im ref [2] fwo vegior mesin coupling o) ants were
lefi as parsmeeiers and three intnnsic form faciors
{i.e.; hypercharge, iscepin and baryon cumbsr

faem factors) wers fi to the data. The resulting five
paremeser fit yielded & x* = | A7 per dalum. Thess
Tt were cbigined without the bamafit of recept
large- memsurements of G, (1) [4] and the precise
smallf data recantly cbrained far &F (f) and IE-':EI::]

oy

Fig. |. Diagrams describdng 1the maeiscima of nuclsm with
e EM el The suare box represeas the intnagic logm
iwctor gli) and V iseluded (o, w, &) meiong

[5]. In this mote wee shall repor several similar s 1o
the currently available data_ bn additcn 1o using more
data gur fits differ fram those af eels. [1] and [3] =
ran R, Firsl, we have incorparsied some af tha
eflects of the large p=mesan width uiing the techniques
of Frazer and Fulco [6] . This is sees 10 allow o beer
descriptian of the somewhal complicated deviations
fram the empirical dipele fit of Gf () at small 1.
Second, wehave considered additional Fosms of the
intringic nuclecn form factess whith are currenily of
somee thearetical int=rest.

We describa all four nucleon fanm faciars as the
produsy of aa minnsaEs necleon form facvor 500 and
& weem describing the mtereciion of the bars neclean
with the EM fisld a5 shown in fig. 1. In addition 1o
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Three forms of the intrinsic form factor, g(0?),
were used. Best fit for

@9 L+ 70>’

Additional modification: non-negligible width
of the p meson

2
mp

m? + O?

replaced by
my + 8T ymy/m
2 2 2 2 2
m5 + Q% + (dmy + Q) pa(Q7)/my
where
2 2
a(Q?) = 72; |: 4m,;Q-|2— Q :|
2 Z 2
Xm( JAmz + 0% + [0 )

2my



Using B, = 0.672, B = 1.102, B, = 0.112,

and y = 0.25 (GeV/c)™? and standard values
of the masses

=Astonishing agreement of (1973) IJL with
the new (2002) data

Electric form factor of the proton crosses zero
at

02 ~ 8 (GeV/c)?> I

Of the utmost importance:

Measure the ratio p,Gr,/Guy, at Q% > 6
(GeV/c)*

[Jlab experiment E01-109]



=The proton appears to be rather complex
with at least two components:

(i) an intrinsic structure (presumably three
valence quarks, ¢°)

[estimate of the r.m.s. of the intrinsic
structure ~ 0.34 fm]

(if) a meson component (presumably gg sea
pairs)

[Complex nature of the nucleon in accord with
EMC collaboration where additional

components were attributed to gluons.]

The vanishing of the electric form factor of
the proton is due to the two term structure of
the form factor (relativistic invariance). Any
model with a two term structure will produce
results in qualitative agreement with data.

Two models particularly interesting:
(i) Soliton model (Holzwarth, 1996)

(i) Relativistic constituent quark model
(Frank, Jennings and Miller, 1996)
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Also here agreement between 1973 IJL and
experiment astonishing.

Ondulation with crossing points at ~ 0.6 and 6
(GeV/c)?

=Proof that vector meson components with
masses m? ~ 0.5 — 1.0 (GeV/c)* are important
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C. The magnetic form factor of the neutron

=Dictated by isospin invariance

Measurements obscured by knowledge of
wave functions of deuterons or - He.

Older measurements in disagreement with
1973 IJL

Situation similar to proton form factors?

New analysis
Golak et al (2001)
Anklin et al (2001)

Ondulation at low O observed!
Isospin invariance satisfied at 0% < 1

(GeVlc)*.
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D. The electric form factor of the neutror

Same situation as for the magnetic form
factor

New measurements:
Herberg et al (1999)
Passchier et al (1999)
Ostrick et al (1999)
Rohe et al (1999)
Zhu et al (2001)

In agreement with 1973 model



0.10 &

0.05 |+

0.00

-0.05

0.0

0.5

1.0
O (GeV/cy

1:5

2.0



3. Scaling laws

Extent to which new data support scaling
laws.

1973 IJL Consistent with scaling laws
expected from p-QCD

Lepage-Brodsky (1979)
Fy ~ 1/0%

F ~ 1108

except for F} that has a weak logarithm
dependence on top of 1/Q° due to the p
width.



C. Another p-QCD scaling prediction: the
ratio Gy, /G,

The ratio goes to zero

Gu, -
G, i
as a power of In(Q?/A?)
1973 model
G,
C. -+ —(0.21

at 0* = 100(GeV/c)?. Consistent with p-QCD!
Both are in violation of the SU(6) value —3/2.
Data?

Of utmost importance: Measure the magnetic
form factor of the neutron in a model
independent way at large 0



5. Stability against perturbations
(i) Additional vector mesons
p(1450),w(1390), p(1680)
(Lomon, 2001)

(i) Addition of an intrinsic piece to Pauli form
factor FY

2
e

= {3.?06_f1p) f m%{—QE

1

: +a
(1+yQ?)
(i) Logarithm dependence of perturbative
QCD

s, 2 IN[(A? + 0*)/ADep]
g In[A%/A2cp]

=Qualitative features not affected by these
changes



6. Time-like form factors

Related by analytic-continuation to the
space-like form factors

A. Proton
Measured experimentally by

e*e” — pp and pp - e*e” [Fermilab
E760-E835]

Physical region —o < 02 < —4M5,



Straigthforward analytic continuation of the
1973 model (except for the p width)

o) - L
i iirre
with 8°==7/4 (lachello and Wan, 2003)

In good agreement with data! (Ambrogiani et
al., 1999)

Analytic continuation of the dipole form
(dimensional scaling) in major disagreement
with experiment
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C. Ratie G7%,/G%,

This ratio is predicted to be -+ by SU(6)
symmetry

IJL predicts

Gl
in the O* range of the FENICE experiment
p-QCD predicts

IJL in excellent agreement with FENICE

Of utmost importance: measure G%,/G%;
accurately



From proton data
= Indication of a subthreshold resonance

Excellent fit with subthreshold resonance at
My =~ 1870MeV

= Of utmost importance: measure G%, close
to threshold
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Hofstadter (1960): Nucleon not point-like.

Gayou et al (2002): Complex structure of the
nucleon: intrinsic (valence quarks)+ meson
cloud (gg pairs).

B.
Size of the intrinsic structure r.m.s.~ 0.34 fm
C

p-QCD not reached at 10 (GeV/c)?. Physics
up to this scale dominated by a mixture of
hadronic and quark components.

D.

Symmetry, rather than detailed dynamics,
appears to be the determining factor in the

structure of the nucleon.



Not yet completely understooc

=New experiments needed both in the
space-like and time-like region of the form
factors

In the quest for the structure of the nucleon
(QCD in the non-perturbative regime)
DAFNE-2 could play a crucial role in

(i) testing the breaking of the effective SU(6)
symmetry through measurements of G},/G%,

(ii) testing deviations from dimensional
scaling of the ratio Gz/Gys, as shown
dramatically by recent TINAF experiments in
the space-like region. (Requires a separation
of Gg from Gyu).

(iii) prove the existence of subthreshold
resonances, hinted by presently available
data on the proton




