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Recent experimental data on spacelike and timelike form factors of the nucleon are analyzed in terms of a
model with an intrinsic structure and a meson cloud. The calculations are in perfect agreement with spacelike
proton data, but deviate drastically from spacelike neutron data atQ2.1 sGeV/cd2. We suggest that timelike
data be used to understand this discrepancy. Analysis of timelike data shows excellent agreement with both
proton and neutron data in the entire range of measuredq2=−Q2, 3.52øq2ø15 sGeV/cd2 values.
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Recently, Joneset al. [1] and Gayouet al. [2] have re-
ported measurements of the ratio of the electric to magnetic
form factor of the protonmpGEp

sQ2d /GMp
sQ2d using the re-

coil polarization technique. These results differ markedly
from data obtained by Rosenbluth separation[3]. However,
they agree perfectly with a calculation[4] performed within
the framework of a two component model with an intrinsic
part with form factorgsQ2d and a meson cloud parametrized
in terms of vector mesonssr ,v ,wd, Fig. 1. Very recently,
Madeyet al. [5] have reported measurements of the ratio of
electric to magnetic form factors of the neutron
mnGEn

sQ2d /GMn
sQ2d, again using the the recoil polarization

method, which agree with the calculation up toQ2

,0.7 sGeV/cd2 but disagree from there on. Data for
GMn

sQ2d obtained with Rosenbluth separation also agree
with the calculation up to 1sGeV/cd2 but disagree from
there on, Fig. 2. As pointed out recently by Tomasi-
Gustafsson and Rekalo[6], a comprehensive model of
nucleon structure must simultaneously describe proton and
neutron, and form factors both in the spacelike and timelike
region. We therefore suggest that timelike form factors be
used to test unified descriptions of nucleon structure. Time-
like form factors can be obtained from the spacelike form
factors theoretically by analytic continuation and experimen-
tally from e+e−→pp̄,e+e−→nn̄, andpp̄→e+e− reactions. In
this paper, after a brief review of the situation for spacelike
form factors, we calculate timelike form factors and compare
with available data. The agreement between experiment and
theory both for proton and neutron magnetic form factors is
excellent. A test of our(and other) calculations that could be
done in high luminositye+e− colliders (Beijing, Frascati)
provides an opportunity to unravel the structure of the
nucleon, the fundamental building block of matter.

Two basic principles play a crucial role in the analysis of
electromagnetic form factors of the nucleon. The first is rela-
tivistic invariance. This principle fixes the form of the
nucleon current to be

Jm = F1sQ2dgm +
k

2MN
F2sQ2dismnqn, s1d

whereF1sQ2d and F2sQ2d are the so-called Dirac and Pauli
form factors andk is the anomalous magnetic moment. This
symmetry is expected to be exact. The second is isospin
invariance. Although this symmetry is not exact, it is ex-
pected to be only slightly broken in a realistic theory of
strong interaction. Isospin invariance leads to the introduc-
tion of isoscalarF1

S and F2
S and isovectorF1

V and F2
V form

factors and hence to relations among proton and neutron
form factors. The observed Sachs form factorsGE and GM

can be obtained by the relations

FIG. 1. Top panel: The measured ratiompGEp
/GMp

compared
with calculation. Reference[1]: open square, Ref.[2]: filled circle.
Bottom panel: Experimental valuesGMp

/mpGD compared with cal-
culation. Reference[9]: open square, Ref.[10]: filled circle, Ref.
[3]: filled diamond.
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GMp
= sF1

S+ F1
Vd + sF2

S+ F2
Vd,

GEp
= sF1

S+ F1
Vd − tsF2

S+ F2
Vd,

GMn
= sF1

S− F1
Vd + sF2

S− F2
Vd,

GEn
= sF1

S− F1
Vd − tsF2

S− F2
Vd s2d

with t=Q2/4MN
2. Another important constraint is provided

by perturbative QCD(PQCD) [7]. In leading order, in the
limit Q2→`, one expectsF1~1/Q4 andF2~1/Q6.

Different models of the nucleon correspond to different
assumptions for the Dirac and Pauli form factors. In 1973 a
model of the nucleon in which the external photon couples to
both an intrinsic structure, described by the form factor
gsQ2d and a meson cloud, treated within the framework of
vector meson dominancesr ,v ,wd was suggested[8]. In this
model the Dirac and Pauli form factors are parametrized as

F1
SsQ2d =

1

2
gsQ2dFs1 − bv − bwd + bv

mv
2

mv
2 + Q2

+ bw

mw
2

mw
2 + Q2G ,

F1
VsQ2d =

1

2
gsQ2dFs1 − brd + br

mr
2

mr
2 + Q2G ,

F2
SsQ2d =

1

2
gsQ2dFs− 0.120 −awd

mv
2

mv
2 + Q2 + aw

mw
2

mw
2 + Q2G ,

F2
VsQ2d =

1

2
gsQ2dF3.706

mr
2

mr
2 + Q2G . s3d

In Ref. [8] three forms of the intrinsic form factorgsQ2d
were used. The best fit was obtained forgsQ2d=s1+gQ2d−2.
This form is consistent with PQCD and will be used in the
remaining part of this article. Before comparing with the
data, an additional modification is needed. In view of the fact
that ther meson has a non-negligible width, one needs to
replace[8]

mr
2

mr
2 + Q2 → mr

2 + 8Grmp/p

mr
2 + Q2 + s4mp

2 + Q2dGrasQ2d/mp

, s4d

where

asQ2d =
2

p
F4mp

2 + Q2

Q2 G1/2

lnSÎ4mp
2 + Q2 + ÎQ2

2mp

D . s5d

This replacement is important for smallQ2, although, be-
cause of the logarithm dependence of thepp cut expressed
by the functionasQ2d, its effect is felt even at moderate and
largeQ2.

By using the coupling constants given in Table I of Ref.
[8] br=0.672,bv=1.102,bw=0.112,aw=−0.052, an intrinsic
form factor with g=0.25sGeV/cd−2, standard values of the
masses(mr=0.765 GeV,mv=0.784 GeV,mw=1.019 GeV)
and ar width Gr=0.112 GeV, one can calculate all form
factors. The results are shown in Figs. 1 and 2. The calcula-
tion is in excellent agreement with the ratio
mpGEp

sQ2d /GMp
sQ2d, as measured recently by the recoil po-

larization method(Fig. 1, top panel). The calculation is also
in excellent agreement with measurements ofGMp

sQ2d (Fig.
1, bottom panel) up to the largest measured valueQ2

.9 sGeV/cd2. For convenience of presentation the values of
GM have been normalized to the so-called dipole form factor
GD=s1+Q2/0.71d−2. The situation for neutron form factors
is different. In Fig. 2 top, the calculated values of
GMnsQ2d /mnGDsQ2d are compared with recent experiments
up to 1 sGeV/cd2 and to older SLAC data forQ2

ù1 sGeV/cd2. As one can see, the calculation agrees per-
fectly with data below 1sGeV/cd2 but it disagrees drasti-
cally with SLAC data atQ2ù1 sGeV/cd2. While the calcu-
lation keeps increasing with increasingQ2 the data decrease
and drop below the dipole value. Preliminary(unpublished)

FIG. 2. Top panel: Selected experimental values forGMn
/mnGD

compared with calculation. Reference[11]: open square, Refs.
[12,13]: filled circle, Ref.[14]: filled down triangle, Refs.[15,16]:
open up triangle, Ref.[17]: open diamond. Bottom panel: Selected
experimental values forGEn

compared with calculation. Reference
[18]: open square, Ref.[19]: filled circle, Ref.[20]: filled diamond,
Ref. [21]: open up triangle, Ref.[22]: open circle, Ref.[5]: filled
square.
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data from TJNAF also appear to indicate thatGMn
/GD does

not increase withQ2. In Fig. 2 bottom, recent experimental
values forGEn are compared with the calculation. They agree
with the calculation up to 0.7 GeV . However, TJNAF data
on the ratio mnGEn

sQ2d /GMn
sQ2d just published[5], and

shown as filled squares in Fig. 2 bottom, disagree with the
calculation. While the calculation goes through zero atQ2

.1.4 sGeV/cd2, the data remain positive and in fact increase
with Q2.

Since our purpose here is to present results for timelike
form factors, we do not elaborate further on spacelike data,
but proceed to a calculation of timelike form factors. They
can be obtained from the spacelike form factors by an appro-
priate analytic continuation. Within the framework of the
model presented here, two ingredients are needed:(i) an ana-
lytic continuation of the intrinsic form factorgsQ2d and (ii )
an analytic continuation of the vector meson form factors.
For the intrinsic part, we do a simple analytic continuation
that takes into account the complex nature of thepp̄ interac-
tion

gsq2d =
1

s1 − geiuq2d2 , s6d

whereq2=−Q2. We takeg=0.25sGeV/cd−2 as in the space-
like region, but we introduce, in the timelike region, a phase
u that takes into account annihilation channels. The calcula-
tion of u from first principles(QCD) is a challenging prob-
lem that we do not address in the present article. As far as the
meson component is concerned, the width of thev and w
mesons is small and can be neglected. For ther meson, the
replacement(4) becomes, in the timelike regionq2ù4mp

2

[23],

mr
2

mr
2 − q2 → mr

2 + 8Grmp/p

mr
2 − q2 + s4mp

2 − q2dGrasq2d/mp + iGr4mpbsq2d
,

s7d

where

asq2d =
2

p
Fq2 − 4mp

2

q2 G1/2

lnSÎq2 − 4mp
2 + Îq2

2mp

D ,

bsq2d =ÎS q2

4mp
2 − 1D3

q2

4mp
2

. s8d

We note that the parametrization(2) satisfies the kine-
matical constraintGEs4MN

2d=GMs4MN
2d. Using the same pa-

rameters of the spacelike calculation and adjusting the angle
u, one obtains the proton magnetic form factoruGMp

sq2du
shown in Fig. 3 top. The absolute value is used here since
GMp

is now complex. The calculation is compared with data.
The angleu obtained from a best fit isu.53°. The data from
Fermilab Experiment E760 and E835[29,30], extracted un-
der the assumptionuGEp

u= uGMp
u, have been corrected with

our calculatedGEp
sq2d values. Data and calculation have

been normalized to the dipole form factorGDsq2d=s1
−q2/0.71d−2 for purposes of presentation. Apart from the
threshold behavior, the agreement is good. Our predicted ra-
tio uGEp

u / umpGMp
u is shown in Fig. 3 bottom. As a conse-

quence of the drop ofGEp in the spacelike region, the ratio
uGEp

u / umpGMp
u increases withq2 in the timelike region. No

data exist on this ratio. It would be of the utmost importance
to measure it. Without further parameters one can calculate
the neutron magnetic form factorGMn

sq2d. A comparison
with experiment[31], again normalized to the dipole, is
shown in Fig. 4 top. The agreement is astonishing. In addi-
tion, we note that, as a consequence of the rise ofGMn

(Fig.
2, top) and the drop ofGMp

(Fig. 1, bottom) in the spacelike
region, the ratiouGMn

u / uGMp
u is calculated and observed to be

<2 in the q2 range 4–6sGeV/cd2. This is in marked dis-
agreement with theSUs6d value us−2/3du but in agreement
with PQCD that predictsGMp

/GMn
→0− as a power of

lnsq2/L2d [32]. It would be of utmost importance to remea-
sure GMn

to confirm this result. A similar conclusion was
reached by Hammer, Meißner, and Drechsel[33] years ago,
in a dispersion theoretical analysis[34] of spacelike and
timelike. For future reference we also give in Fig. 4, bottom,
our predicted ratiouGEn

u / umnGMn
u needed for the extraction

of GMn
.

The comparison between data and calculation shows de-
viations in the threshold regionq2*4MN

2. In order to under-
stand these deviations, we have followed the suggestion of

FIG. 3. Top panel: Experimental values foruGMp
u / umpGDu com-

pared with calculation. Reference[24]: filled circle, Ref.[25]: open
circle, Ref.[26]: filled triangle, Ref.[27]: open square, Ref.[28]:
open triangle, Ref.[29]: filled square, Ref.[30]: open diamond.
Data from Fermilab Experiment E760 and E835 have been cor-
rected with our calculatedGEp

values. Bottom panel: calculated
ratio uGEp

u / umpGMp
u.
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Ref. [31] and added toF2 a subthreshold isoscalar resonance
at mX=1.870sGeV/c2d with negligible widthGX=0

F2
Ssq2d =

1

2
gsq2dFs− 0.120 −aw − aXd

mv
2

mv
2 − q2 + aw

mw
2

mw
2 − q2

+ aX

mX
2

mX
2 − q2G . s9d

By using the coupling constant valueaX=0.001 we obtain
the results shown in Figs. 5 top and bottom. The addition of
this very weakly coupled resonance has negligible effect on
the spacelike form factor but a major effect on the timelike
form factors near threshold. If the resonance is isovector and
is added toF2

V one obtains a similar result but with reversed
behavior for neutron. We believe that these figures are strong
evidence for the occurrence of a subthreshold resonance with
JPC=1−− in pp̄ andnn̄.

In conclusion, we have performed an analysis of timelike
form factors of the proton and neutron. Timelike data for
both proton and neutron are in excellent agreement with a
simple analytic continuation of the model of Ref.[8]. The
combined spacelike and timelike calculations are in perfect
agreement with all data except neutron spacelike data above
Q2=1 sGeV/cd2 . These results suggest the following pos-
sible scenarios:(i) Additional contributions need to be added
to the parametrization,(3). This has been investigated and its
results will be present in a forthcoming publication[35]. (ii )
The extraction ofGMn

from either of the two data sets, space-
like [17] and timelike [31], has problems. Spacelike and
timelike form factors are related by analytic continuation.

The experimental values ofuGMn
u in the timelike region[at

q2.4–5sGeV/cd2] are a factor of 5–6 larger thanGMn
in the

spacelike region[at Q2=−q2.4–5sGeV/cd2]. A theorem on
analytic functions[36] states that the asymptotic behavior of
the form factors must be the same in the spacelike and time-
like region. Although 4–5sGeV/cd2 may not yet be in the
asymptotic region, nonetheless the large discrepancy may in-
dicate that one of the two sets of data suffers from major
problems. It should be noted that a similar situation occurs
from proton spacelike data, where the values ofGEp

ex-
tracted from Refs.[1,2], are different from those extracted
from Ref. [3]. A considerable theoretical effort is presently
devoted to understand this discrepancy, perhaps through two-
photon contributions. To resolve the discrepancy between
spacelike and timelike neutron form factors, the following
proposals have been made:(a) Madeyet al., to extend neu-
tron spacelike measurements to 4sGeV/cd2 at JLab[37]; (b)
Baldini et al. to upgrade DAFNE at Frascati in order to
measureGMn

and GEn
in the timelike region bye+e−→nn̄

[38].

This work was performed in part under DOE Grant No.
DE-FG-02-91ER40608. After the completion of this work,
we learned that a calculation of spin-polarization effects in
the timelike region using the 1973 parametrization has been
done by Brodsky, Carlson, Hiller, and Hwang[39]. We wish
to thank Carl Carlson for discussions. We also wish to thank
Rinaldo Baldini for bringing to our attention the neutron
timelike data of Fig. 4 and for stimulating discussions, Egle
Tomasi-Gustafsson for bringing to our attention[6], and Gi-
anni Salme for bringing to our attention some of the data
reported in Fig. 2.

FIG. 4. Top panel: Experimental values foruGMn
u / umnGDu com-

pared with calculation. Reference[31]: filled square. Bottom panel:
calculated ratiouGEn

u / umnGMn
u.

FIG. 5. Effect of an isoscalar subthreshold resonance on the
form factorsuGMp

u (top panel) anduGMn
u (bottom panel). The dotted

line is the dipole form factormGD.
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