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ABSTRACT

A VMD model which incorporates improved analyticity properties of electromagnetic
form factors of hadrons and unaitarity corrections is presented. It is applied to the description of
the electromagnetic structure of pions, kaons and nucleons. In the case of pions and kaons,
contributing higher vector meson resonances ate determined from the analysis of the processes

ete” — 7wt and ete~ — KK, respectively. In the case of nucleons we predict the behaviour of
the electric and magnetic form factors of the neutron in the time-like region.

1. - INTRODUCTION

The cross section for the two-body exclusive process
ete- — hh,

where h is a hadron and h the corresponding anti-particle, is determined wholely by the

behaviour of the electromagnetic form factors of h in the time-like region. The vector meson
dominance model (VMD)(1) gives a simple approximation for these form factors, for small
values of the momentum transfer, in terms of vector meson intermediate states (cf. Fig. 1) viz
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* On leave of absence from Institute of Physics EPRC, Slovak Academy of Sciences, 84228 Bratislava,
Czechoslovakiv.
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For a finite number of vector mesons conttibuting in eq. (1), the leading asymptotic
behaviour of Fy, (t) is
1
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This behaviour is not consistent with quark parton model (or counting rule) predictions,
where the fall-off

-Ng-1)
F t 1
n(® I't-*“) (3)

is determined®3) by the number Ny of its valence quarks, except for pions kaons and other two
valence quark systems. Secondly, the meromorphy of Fy(t) in eq.(1) is not consistent with
general analyticity properties of hadronic form factors. Our purpose in this paper is to introduce
improvements in the naive VMD formula (1) in respect of its analyticity properties and
asymptotic behaviour. These two aspects are obviously related. We will not achieve this
exactly. We consider correct asymptotic behaviour to be more impottant and will, consequently,
sacrifice the rigorous implementation of analyticity.

Here is a brief description of the approach. Let to be the threshold in the hEproduction
channel and t;,¢ the threshold for inelastic conttibutions. The transformation

4 (tiner- to)

t= {p
1.2
(u- E) @

allows to factorise the asymptotic and analyticity properties of Fy, (t). In fact, substituting (4) in
(1) yields

| t 1
.2 £ (u,-uy)u, +uyu, - —:)(uo +-—)

Fua)= -y g f - 5)
T-uy v 7Y (ufuv)(u+uv)(u~h—:)(u+af—)

U, is the value of u for t = 0 and u, the value of u for t = m2.
There are two symmetries involved in eq. (4) and which determine the way F, (u(t)) is
expressed in eq. (5). They are the inversion R: u — 1/u and reflectioni or patity P: 4 — —u.



They leave t = t(u) invariant and hence also the singularities of F;, (u(t)) in the t - plane. Int the
u - plane these singularities appear in quartets. Secondly, eq. (5) is in a factorised form: the
limit u — + 1 cotresponds to t — oo, from eq. (4). This limit is governed by the first factor in
€q.(5). The rest détermines the analyticity structure of Fy, (u(t)) in the finite t - plane. It is this
part which we shall sacrifice in generalising (5) to incorpotate éq. (3), that is

i (u'o—uv)<uo+uv)<uo—%)(uo+§;)
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The symmetries R and P in the u-plane allow to write eq. (6) as two sums: the first
consists of contributions from vector mesons with (mass)2m,, < tjp,). For them the

*. . o3 N
corresponding u, satisfy u, T The second sum consists of contributions from vector
N i * . . .
mesons with (mass)? m% »> tiney For them u, = 1/uv2. This observation allows to write (6)
in the form of an explicit real analytic furiction of u; viz.
\ . * 1, 1
5 | (o= up(uy—u)ue— ) uo——
1-u” 2N 1 fiiin ! u;
1-u, 5o (u“uj)(u“uj)(u—u—j)(u"‘““;
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Eq. (7) is valid quite generally if Re(m?) < ti,; and Re ( my?) > t;ye1. In other words, the
masses can be complexified, m,2 — (m, — i I',»)?, to include non-zero widths I, and thereby

generate Breit-Wigner forms. Note that the complexified masses are on unphysical sheets.
2. - THE PION FORM FACTOR

The e.m. structure of the pion is completely described by one scalar function Fr(t), which
is directly measured in et e~ — 1t+ 1t~ throtigh the cross section
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where the p — o interference amplitude R takes the form
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a. is the fine structure constant, B = [1 — 4 m,;2/t]}/2 is the velocity of the outgoing pion and

the p — o interference phase @ can be expressed® through the p(770) and ®(783) meson
parameters as

mpF

— P )
¢ = arctg —— 10)
m, - m,,

There are other processes, like

np—eten, J/y—ntn fort>0
and

e~ N — e =nN, n—e — R e” fort<0 (1)
in which the pion form factor is measured. As a result there are at present 288 reliable
experimental points on F.(t) for - 9.770 GeV2 £t £9.579 GeV2. They have been analysed® in
terms of the model in eq. (7). The contributing vector mesons are p, p', p"; to = 4 my2. The
results are the following:
X2/NDF = 382/276 tinet 1.3 £ 0.1 GeV2
mp =762+ 3 MeV; Ip =143+ 5 MeV; form/fy  =1.02%0.02

my = 1422 £90 MeV; T'p'=685 +170MeV; fyrn/fy' =0.18 + 0.02 (12)

my"= 1682458 MeV; Tp"=402481 MeV; fynn/fo'= 0.16 * 0.01



One sees from eq. (12) that the first radial excitation of p(770) is the same as identified by
Donnachie and Mirzaie(® from e+ e~ — 1+ 1~ and by Govorkov(? from e+ e~ — w° . A
comiparison of eq. (7) with data on F(t) is made in Fig. 2.
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FIG. 2 - Comparisoh of the model (15 with the data on the pion form factor in the whole
experimentally measurable region.

The Kaon Form Factor: K+ and K° form an isodoublet. Their scalar form factors F +(t)
and F . a(t) can be decomposed into isoscalat and isovectot contributions

F () = Fg®+Fg®

(13)

F Q0 = Fy (= Fg ),

The normalization of Ff{v v(t) is

FR@®=12 ; Fx@®=0 f 14y
from F g+ (0) = 1 and Fo (0) = 0. Eq. (7) is applied to Ff((t) and Fp(t):

2\2 * ‘ *
s - o= VO(Vy— VIV~ 1 o= 1V _
Fg V()] = v2 [ - . S)( v ACNPbAR (fsgi /) +
1-V, scop (V= VIV —1/V¥(V = 1/VQ(V — 1/V*y

(Vo= V)V o= Vo)Vt V)Vt Vo)
+ ! f ! *(P Egxic [y ')]
(V= Vo )V = Vo )Vt Vo)V + Vi)
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(Wo - WV)(WO - W*V)(Wo + WV)(wo + W*V)
veplp"  (W=WyW - W)W+ Wy(W + W*y)

(fVKE /fV)] (15)

with the asymptotic behaviours
Fy VO] ~t 't — +oo; FR[W®] ~t 1t =% oo,

Eq. (15) contains 20 parameters: 5, tinep Mg I'ss fyxi/fs (5= o, 9, @), m,, T,
fskicl/fsv (v=p, p', p"). This number reduces to 18 on account of eq. (14) that is

1
Es:(fSKE/fs) = %3 gl(fVKﬁ/fV) =75 (16)

There are no data on these form factors in the region of p(770) and «(783). However,
since these resonances are well determined, we fix their masses and widths at the world
averaged values. Our interest is then in the determination of the parameters of the higher vector
mesons from data on Fy* (t), F© (). Note that the ¢(1020) mieson is situated just on the border
of the existing data. Consequently, the determination of its parameters, is a test for our model.

We have compiled 117 experimental points on Fg+ (t), Fg© (t): 25 points in the region
t<0from K-e — K-e;75 and 17 points tespectively fort> 0, from ete”— K+K-
and e* e~ — Ko Ko. Their simultaneous fit, using (13), and (15), gives®), for the remaining 14
free parameters, the values X2/NDF= 146/103

Bpe = 1.68 GeV2 Viniel = 1.72 GeV?
foxk/fo= 0.200 £ 0.005 foxidlfp = 0.569 £0.012
mg = 10194 £ 0.7 MeV mg' = 13149 + 182.8 MeV
Ip = 43+0.8 MeV Ty = 245+ 167 MeV
foxilfe = 0.333 £0.005 foidfp = 0.032 ~ calculated by using
the second relation of (16)
myy' = 1659.7 £21.2 MeV mp" = 2114.4 £ 39.8 MeV
Ty = 158.3 £37.5 MeV Lo = 150.1 £ 103.9 MeV
foki/fp = — 0.033 — calculated by forcilfr = - 0.037 £0.011.
using the first relation of (16) a7

We note that the data prefer the contribution of p"(2150) in e+ e~ — KK to p'(1600).
The results of the analysis are shown in Fig. 3.
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FIG. 3 - The K-meson {f data description by VMD model.

3. - THE NUCLEON FORM FACTORS IN THE TIME-LIKE REGION

There are four independent form factors GgP(t), GpP(t), Ggn(t), Gmn(t) describing e.m.
structure of the nucleon, i.e. the proton (p) and neutron (n). They have been measured in the
space-like region mainly in the scattering process e~ N — e~ N, and in the time-like region in
the annihilation processes e* e~ — N N and NN — et+e~. They are conriected with the Dirac
Fp, (1), Fny(t) and Pauli Fry(t), Fn,(t) form factors by

Gy = Fou) + :1—;/1—2 FJ0) GhD) = F3© + Fh(0)
(18)
GEY = Fl) + ﬁp’z‘(t) GO = Fi) + Fi)

They many also be expressed in terms of isoscalar and isovector parts:
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G = [F; 0 -Fyo+ [Fz ©-F30)

Again we apply eq. (7) o F}'y (t):
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The model then depends on the following 26 parameters tSinels tVinel, Mg, s,
2
(Sl) /fs,f(z) ff, , s =, ¢, ¢), my, [y, fsrs)m/fv’f() /£, (v=p, p,p"). This number

reduces to 22 on account of the conditions

)

Z (fSNN/fs) = z (fSNN/fs) = [Llp+ lln]
== (D,(p,(p 8= m,(P,(P
(21)
1
ARG SR S (Fa/f) = 5, — i)
v=p,p" v=p,p"
which follow from the normalizations
s 1
F1(0) = 7 F,(0) = j[up+ 1l
(22)
v |
1(0)'—' f F,(0) = E[Hp"‘un]‘
Eq. (22), in turn, follows from
Fi(0)= 5 F30) =y,
(23)
F1(0)=0 F0) =,

The parameters of the model are fixed in a simultaneous fit of proton and neutron form
factors in the region t < 0. Using these parameters one extrapolates the model easily to the time-
like region. Since all contributing resonances are in the unphysical region 0 < t <4 M2, we fix
their widths at the world averaged values. Ther from the analysis & of 387 experimental points
using eq. (20), the remaining parameters of the model are found to have the values
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yNDF = 560/387  tS;,0= 1.078 GeV2, V= 1.036 GeV2
me= 1037 £2 MeV mp, = 72039 MeV
me= 14.04 £ 16 MeV my = 1315+ 15 MeV

= 1410+ 48 MeV

(D = 0.9140.04 f i/, = 0.220.03

(D= ~0.59:+0.06 Fongi/Epr= —1.84:£0.18
(D = ~1.08+0.02 Fo /f = ~1.90+0.03
(D /g = 2,00+ 0.04 ‘2’ \ii/for= 0.63£0.22

The ratios of coupling constants calculated using eq. (21) have the values

Fgnii/fo= 0.18 fongi/ = 2.12

2 -
R/ = —1.07 (il = —0.68
The comparison of our model with data is carried out in Fig. 4. The numerical

comparison of 'Ggl , l(}f,ll Vi , above the threshold t =~ 4 M2 is shown in Table
1.

TABLE 1
t(Gev?) |G2 TeH |GE,] |G2|
3.6 0.462 2.374 0.460  2.343
3.8 0.364 1.965 0.361 1.870
4.0 0.295 1.653 0.294 1.518
42 0.244 1.410 0.245 1.252
4.4 0205 1217 0.209 1.046
4.6 0.175 1.061 0.180  0.884
4.8 0.152 0.933 0.156  0.755
5.0 0.132 0.827 0.137  0.651
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From this table one finds that

F"(n]=5- IFp(t)I (25)
and consequently
oe’e —nn)=25 - ole'e — pp). (26)

The FENICE experiment in Frascati will soon be able to test predictions such as eq. (26).
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