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Structure of the nucleon from electromagnetic timelike form factors
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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 da@¥ atl (GeV/c)2. 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 measgfedQ?, 3.52<g?<15 (GeV/c)? values.
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Recently, Jonest al. [1] and Gayouet al. [2] have re- whereF;(Q? andF,(Q? are the so-called Dirac and Pauli
ported measurements of the ratio of the electric to magnetiform factors andk is the anomalous magnetic moment. This
form factor of the protompGEp(Qz)/GMp(Qz) using the re- symmetry is expected to be exact. The second is isospin
coil polarization technique. These results differ markedlyinvariance. Although this symmetry is not exact, it is ex-
from data obtained by Rosenbluth separatiBh However, pected to be only slightly broken in a realistic theory of
they agree perfectly with a calculatigd] performed within  strong interaction. Isospin invariance leads to the introduc-
the framework of a two component model with an intrinsic tion of isoscalarF} and F5 and isovectorFy and Fy form
part with form factorg(Q?) and a meson cloud parametrized factors and hence to relations among proton and neutron
in terms of vector meson,w, ¢), Fig. 1. Very recently, form factors. The observed Sachs form factGis and Gy,
Madeyet al. [5] have reported measurements of the ratio ofcan be obtained by the relations
electric to magnetic form factors of the neutron
wnGe (Q°)/Gy (Q%), again using the the recoil polarization
method, which agree with the calculation up ©?
~0.7(GeV/c)? but disagree from there on. Data for
GMH(QZ) obtained with Rosenbluth separation also agree
with the calculation up to 1GeV/c)? but disagree from — T
there on, Fig. 2. As pointed out recently by Tomasi- 1.0
Gustafsson and Rekal@6], a comprehensive model of g
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”— pp,e*e”—nn, andpp— 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 outand othey calculations that could be
done in high luminosityee™ colliders (Beijing, Frascaji
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 0 2 4 6 8 10
nucleon current to be 0’ [(GeVieY]

0.0

FIG. 1. Top panel: The measured raﬁgGEp/GM compared
with calculation. Referencfl]: open square, Ref2]: filled circle.
K ] Bottom panel: Experimental valués, /u,Gp compared with cal-
J=F(QY)y* + M Fo(QYic*"q,, (1) culation. Referencé9]: open square, Ref10]: filled circle, Ref.
N [3]: filled diamond.
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FIG. 2. Top panel: Selected experimental vaIueng,E/,unGD
compared with calculation. Referendél]: open square, Refs.
[12,13: filled circle, Ref.[14]: filled down triangle, Refs[15,16:

open up triangle, Ref17]: open diamond. Bottom panel: Selected
experimental values fo@En compared with calculation. Reference

[18]: open square, Refl19]: filled circle, Ref.[20]: filled diamond,
Ref. [21]: open up triangle, Ref.22]: open circle, Ref[5]: filled
square.

Gu, = (FT+F{) + (F3+F3),

Ge, = (FT+F)) — n(F3+F3),

G, = (F3-FY) + (F3-F2),

Ge, = (Fy-F)) - (F;-F3) )

with T:Q2/4M,2\‘. Another important constraint is provided
by perturbative QCO(PQCD) [7]. In leading order, in the
limit Q%2— <, one expect§,«1/Q* andF,o1/QE.
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In Ref. [8] three forms of the intrinsic form factay(Q?)
were used. The best fit was obtained §96?)=(1+yQ?) 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 thep meson has a non-negligible width, one needs to
replace[8]

2 2
my m; +8I',m /7

M+Q m+ Q%+ (4t + QAT a(QA/m,,’

(4)

where
o[ am? +Q2 1/2 (\"4m2 +Q2+\’Q2>
AN I S B B S
a(Q9) = W{ @ } In am. . (5

This replacement is important for small’, although, be-
cause of the logarithm dependence of the cut expressed
by the functiona(Q?), its effect is felt even at moderate and
large Q2.

By using the coupling constants given in Table | of Ref.
[8] B,=0.6723,=1.102,4,=0.112,a,=-0.052, an intrinsic
form factor with y=0.25(GeV/c)™?, standard values of the
massegm,=0.765 GeV,m,=0.784 GeV,m,=1.019 GeV
and ap width I';=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
,quEp(Qz)/ GMp(Qz), as measured recently by the recoil po-
larization methodFig. 1, top panegl The calculation is also
in excellent agreement with measurementisgfp(QZ) (Fig.

1, bottom pangl up to the largest measured valu@?

=9 (GeV/c)?. For convenience of presentation the values of
Gy, have been normalized to the so-called dipole form factor
Gp=(1+Q?/0.71)72. The situation for neutron form factors
is different. In Fig. 2 top, the calculated values of

Different models of the nucleon correspond to differentGun(Q?)/u.Gp(Q?) are compared with recent experiments
assumptions for the Dirac and Pauli form factors. In 1973 aup to 1(GeV/c)?> and to older SLAC data forQ?
model of the nucleon in which the external photon couples te=1 (GeV/c)2. As one can see, the calculation agrees per-
both an intrinsic structure, described by the form factorfectly with data below 1(GeV/c)? but it disagrees drasti-
g(Q? and a meson cloud, treated within the framework ofcally with SLAC data aQ?=1 (GeV/c)2. While the calcu-

vector meson dominande, w, ¢) was suggestefB]. In this

lation keeps increasing with increasiq@j the data decrease

model the Dirac and Pauli form factors are parametrized asand drop below the dipole value. Preliminagnpublished
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data from TINAF also appear to indicate tii} /GD does AT T T T T T T T T T
not increase withQ?. In Fig. 2 bottom, recent expenmental I ’
values forGg,, are compared with the calculation. They agree 3k
with the calculation up to 0.7 GeV . However, TINAF data
on the ratio uGg (Q?)/Gy, (Q% just published([5], and
shown as filled squares in Fig. 2 bottom, disagree with the
calculation. While the calculation goes through zeroQat i
=1.4(GeV/c)?, the data remain positive and in fact increase K
with Q? i ’

G|

4

?

G, | 7 u

Since our purpose here is to present results for timelike ol b Lo LT
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 neg@edn ana-
lytic continuation of the intrinsic form factag(Q?) 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 pipeinterac-
tion

pGM,l
-

?

G|/ |n

0.1 L L L L P T |
2 3 4 5 6 7 8 910 20

1
2\ —
g(q )_ (1 _ ig 2)21 (6) q2 [(GCV/C)Z]

whereg?=-Q? We takey=0.25(GeV/c)™2 as in the space- FIG. 3. Top panel: Experimental values f@y |/|1,Go| com-

like region, but we introduce, in the timelike region, a phasepared with calculation. Referen§24]: filled circle, "Ref. [25]: open

@ that takes into account annihilation channels. The calculasircle, Ref.[26]: filled triangle, Ref.[27]: open square, Ref28]:

tion of ¢ from first principles(QCD) is a challenging prob- open triangle, Ref[29]: filled square, Ref[30]: open diamond.
lem that we do not address in the present article. As far as th@ata from Fermilab Experiment E760 and E835 have been cor-
meson component is concerned, the width of éhand ¢ rected with our caIcuIatedSE values. Bottom panel: calculated
mesons is small and can be neglected. Forptieeson, the  fatio [Ge |/|u,Gw |

replacement4) becomes, in the timelike regiog?=4m: been normalized to the dipole form factd@®p(g?)=(1

[23], -g%/0.7)72 for purposes of presentation. Apart from the
m2 m + 81, m, t_hreshold behaviqr, the agreement is good. Our predicted ra-
7 — -y 5 5 5 tio |GEp|/|,quMp| is shown in Fig. 3 bottom. As a conse-
my—o? - mp - o+ (4m? - AT a(?)/m, +iT4m, B(c?) quence of the drop oBg, in the spacelike region, the ratio
(7) |GEp|/|,quM | increases withg? 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
2]1/2 ( \,,m + \@) the neutron magnetic form facthMn(qz). A comparison
—_—, with experiment[31], again normalized to the dipole, is
2m shown in Fig. 4 top. The agreement is astonishing. In addi-
tion, we note that, as a consequence of the ris@,@f(Fig
2, top) and the drop OGM (Fig. 1, bottom in the spacellke
region, the ratidGy, |/|GM | is calculated and observed to be
(8) ~2 in the g? range 4— G(GeV/c)2 This is in marked dis-
agreement with th&&U(6) value |(-2/3)| but in agreement
with PQCD that predictsGy, /G,\,I —0~ as a power of
We note that the parametrizatiq®) satisfies the kine- In(g?/A?) [32]. It would be of Utmost importance to remea-
matical constrainGg(4M32) =Gy (4M32). Using the same pa- sure Gy, to confirm this result. A similar conclusion was
rameters of the spacelike calculation and adjusting the angh@achedn by Hammer, Mei3ner, and Drech&d] years ago,
¢, one obtains the proton magnetic form factGy (d )| in a dispersion theoretical analysj84] of spacelike and
shown in Fig. 3 top. The absolute value is used here sincémelike. For future reference we also give in Fig. 4, bottom,
GM is now complex. The calculation is compared with data.our predicted ratldGE || nGw | needed for the extraction
The anglef obtained from a best fit i§=53°. The data from of Gy, .
Fermilab Experiment E760 and E8339,3Q, extracted un- The comparison between data and calculation shows de-
der the assumptiofGe |=|Gy |, have been corrected with viations in the threshold regicsf = 4M?2. In order to under-
our caIcuIatedGEp(qz) values. Data and calculation have stand these deviations, we have followed the suggestion of

2_2|49 —4m
a(q) W{ 7

T
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FIG. 4. Top panel: Experimental values 16y, |/|u.Gp| com- FIG. 5. Effect of an isoscalar subthreshold resonance on the
n
pared with calculation. Referen¢®1]: filled square. Bottom panel:  form factors|Gy | (top panej and|Gy, | (bottom panel The dotted
calculated ratidGe |/|uGu |- line is the dipole form factopGp.

The experimental values ¢GMn| in the timelike regionat
q°=4-5GeV/c)?] are a factor of 5-6 larger thaBy, in the
spacelike regiofiat Q°=-g°=4-5GeV/c)?]. A theorem on
analytic functiong36] states that the asymptotic behavior of

Ref.[31] and added tdé-, a subthreshold isoscalar resonance
atmy=1.870(GeV/c?) with negligible widthI'y=0

s o 1 me mi the form factors must be the same in the spacelike and time-
F2a) = Eg(q )| (-0.120 ~a, — ay) e — o Ty o P like region. Although 4—5GeV/c)?> may not yet be in the
5 ¢ ¢ asymptotic region, nonetheless the large discrepancy may in-
ta my 9) dicate that one of the two sets of data suffers from major
me(— q? problems. It should be noted that a similar situation occurs

_ ] ~ from proton spacelike data, where the valuesGy ex-

By using the coupling constant valug=0.001 we obtain 1 5cted from Refs[1,2], are different from those extracted
the results shown in Figs. 5 top and bottom. The addition ofom Ref. [3]. A considerable theoretical effort is presently
this very weakly coupled resonance has negligible effect oye,gted to understand this discrepancy, perhaps through two-
the spacelike form factor but a major effect on the timelikey o100 contributions. To resolve the discrepancy between
) v . o X Qpacelike and timelike neutron form factors, the following
is added td~; one obtains a similar result but with reversed proposals have been made) Madeyet al, to extend neu-

behavior for neutron. We believe that these figures are strong,, spacelike measurements t6@e\V/c)? at JLab[37]: (b)
evidence for the occurrence of a subthreshold resonance Wi%’aldini et al. to upgrade DADNE at Frascati in or(;Ier to

J76=1""in pp andnn. measureG,, and Gg_in the timelike regi *e"—nn

; . L M E gion bye'e"—nn
In conclusion, we have performed an analysis of tlmellke[ 8] n n

form factors of the proton and neutron. Timelike data for-™

both proton and neutron are in excellent agreement with a This work was performed in part under DOE Grant No.
simple analytic continuation of the model of R¢8]. The  DE-FG-02-91ER40608. After the completion of this work,
combined spacelike and timelike calculations are in perfecive learned that a calculation of spin-polarization effects in
agreement with all data except neutron spacelike data abovRe timelike region using the 1973 parametrization has been
Q°=1(GeV/c)* . These results suggest the following pos-done by Brodsky, Carlson, Hiller, and Hwaf&g]. We wish
sible scenariog(i) Additional contributions need to be added to thank Carl Carlson for discussions. We also wish to thank
to the parametrizatiorg3). This has been investigated and its Rinaldo Baldini for bringing to our attention the neutron
results will be present in a forthcoming publicatif8b]. (i)  timelike data of Fig. 4 and for stimulating discussions, Egle
The extraction o5y from either of the two data sets, space- Tomasi-Gustafsson for bringing to our attenti@, and Gi-

like [17] and timelike [31], has problems. Spacelike and anni Salme for bringing to our attention some of the data
timelike form factors are related by analytic continuation.reported in Fig. 2.
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