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ABSTRACT

VMD models fail in their descriptions of nucleon and nuclear form factors, not because
they are wrong but because they are incomplete. The version of quark-hadron duality which
they express, the so-called Q2 - duality, refers only to the specttum of vector mesohs which
couple to the photon. This version is incomplete. Quark-hadron duality includes also the s-
channel or Bloom-Gilman duality which allows to reproduce asymptotic quark model behaviour
e.g. in structure functions, by summing over the contributions of hadronic, not only vector
meson, intermediate states. A VMD model which incorporates these two forms of duality is
presented. It gives excellent fits to nucleon form factors in the space - like region. When the
corresponding formulae are continued to the time - like region they yield absolute predictions.
Those for the proton agree remarkably well with the available data. The proton and neutron
form factors in this region turn out to be approximately of the same order for all values of the
momentum transfer. We therefore predict approximately equal values for the cross-sections
o (et e~ — p p)and o (e* e~ — n n) for all values of the e* e~ centre of mass energy.

(*) On leave of absence from Institute of Nuclear Physics, 31342 Cracow, Poland.



Can vector meson dominance (VDM) models()) describe nucleon and nucléar-form
factors? The obvious answer is, no. In VMD models, all form factors fall-off like 1/q2 for large
momentum transfers, | g2 | —eo, whereas experimentally(?), nucleon form factors fall-off like
1/q* and nuclear form factors even much faster. Quark parton model counting rules® support
the latter behaviour. QCD improves on it(4). There exist generalised vector meson dominance
models (GVMD)(") which reproduce leading QCD behaviour e.g. in structure functions®), in the
ratio

4 -

R(s) = Ge+e~—-> hadtons (S)/Ge+e_—> Wi

and in photon-photon scattering, yy — hadrons.

They fail however when applied to nucleon and nuclear form factors and in a way which
undermines their consistency. The inconsistency arises from the fact that GVMD models would
predict the correct asymptotic behaviour of these form factors if the generalised zeta function,
which arises in these models, had a finite number of consecutive zeroes. The latter function has
no such set of zeroes. One therefore concludes that, in their usual formulation VMD models
(generalised or not) cannot describe consistently form factors of nucleons and nuclei.

Why do these models fail? It is proposed to answer this question in this paper. Based on
this answer, we present a modified VMD model which incorporates more fully the idea of
quark-hadron duality. It is this idea which underlies this class of models. In the usual
formulation of these models, this idea is expressed only in part. It refers, on the one hand, to
the hadronic constitution of the photon in terms of its couplings to vector mesons and, on the
other, to the quark constitution of these mesons. This is the idea of Q2 - duality. It describes,
essentially, the structure of the hadronic electromagnetic current in terms of the couplings of the
photon to vector mesons under the assumption that the current is proportional to a linear
superposition of the fields of these vector mesons. This is an incomplete description of quark-
hadron duality. A complete description must include the so-called s-channel or Bloom-Gilman
duality(), which plays a very important role in relating asymptotic quark dynamics in structure
functions to the behaviour of hadronic form factors(7.8.9), S-channel duality allows to
reconstruct asymptotic quark model behaviour from the contributions of hadronic intermediate
states(19), not only from the contributions of intermediate vector meson states. It is thus
intimately connected with unitarity and analyticity. It describes the structure of a hadron, and
describes it as a dual composite structure: firstly as a composite of other hadrons-and secondly
as a composite of quarks, its more elementary constituents. When the hadron in question is a
vector meson, this dual composite structure is the same which is used as input in the Q2 - duality
description. When the photon, or Q2 - leg, coincides with the s - channel, as in e* e~ annihilation
into hadrons, these two forms of duality do not coincide, except in the case of determining the
structure of meson states. As pointed out above they refer to different aspects of the interaction.
Combining them, therefore, does not lead to double counting. They are also not in conflict. Q2 -

O . . . .
(°) with an infinite number of vector mesons.



duality alone, even if extended to include an infinite number of vector meson states (GVMD),
leads to inconsistencies in the description of form factors other than those of mesons. These
inconsistencies are resolved if quark - hadron duality is understood to include also s - channel
duality. We now proceed to do this. Our starting point(19) is Fig. (1) which représents virtual
Compton scattering off a hadron. VMD models picture this reaction exclusively from the point
of view of the couplings along the photon or Q2 - leg: the photon couples to the hadron h
through the mediation of vector mesons (see Fig.(2)). o

~7(q) v(q)

h (p) h (p)

FIG. 1 - Virtual compton scattering of a photon y against a hadron h.

Y(d)

h (p) h (p)

FIG. 2 - The VDM model for the photon coupling to the hadron h through vector meson v.
i . ' 2 ‘ [ IR
The coupling of the photon to the vector meson v of mass my is my, /f, . Considering, for’
simplicity, a scalar hadron, Figs. (1) and (2) lead to the following expression for the structure
function of h:

Flev)-3 (%‘i) ol 0
v \ L (m3+ Qz)
2 27!
where Q2= - g2, (mv - q ) the propagator of the vector meson v and o,4(v) the total cross-
section of v — h scattering. The variable v :=p - ¢/M, with- M the mass of h, is the photon



energy in the h rest frame. In the elastic limit, 2 Mv — Q2. In this limit, the structure function is
related to the form factor F (g2) by(7:89

| ;
2 , ; 2 2
V) —— 8{amv-0 [Flo?)] o
2 Mv —)Q2 ‘
Eqgs (1) and (2) are consiétent with the following Ansatz for F (q2), i.e.
2 my g (qz)
Flg?) =y 2 Evmnid) 3)
“f, 2 2
mv—(

Eq. (3) is - what Fig. (2) represents where gynn (g?) is the coupling constant at the three -
particle vertex vhh. It is assumed in VMD models that gyhy (g?) is independent of g2 or, at least,
for moderate q? that one may adopt the smooth extrapolation assumption
gvhh(|q2| = m%) = gvhh(q2= 0) so that, gynn (q2) = const for 0 < |q2| < m3 The important
point to note is that the q2 - dependence of gy (q2) cannot be determined from within these
models. Other inputs are necessary. This means, quite simply, that Q2 - duality alone cannot
describe and relate properties of hadrons (e.g. form factors) to asymptotic quark dynamics
except in very special cases (e.g. when gy, (q2) is a const, as happens for mesons h = ntt, K*
etc). More to the point, this means that:Q? - duality is an incomplete description of quark -
hadron duality. _

Actually the large q2 behaviour of gyny (q2) is easily determined. The interpolation
between this behaviour and the regular behaviour of goih (@2) at g2 = 0 (i.e. g (@2 = 0) < o0)
is then carried out in the most straight forwa’rd manner. The additional input which makes this
possible is the so called Bloom - Gilman or s - channel duality. In this duality scheme one looks
at Fig. (1) in terms of the s - channel intermediate states h, (n = 1, 2, ...) which build up the
structure function. In formulae

2
Fn(lqz” PL(s) (4)

F(qz’ V)~ g
n=0

where Fn(qz) is the h — h,, transition form factor and s = (p+q)2 = 2Mv — Q%+ M2. The

spectral function py, (s) is the density of h, states at invariant mass s = Mi. S - channel duality

relates the asymptotic behaviour of pp(s) for large s — oo to the asymptotic behaviour of F(q2,

v) for Q2 — eo in the elastic limit 2Mv —> Q2 (7:89_ The latter is usually expressed in this limit,

in terms of the Bjorken variable(!D, o := 2Mv/Q?2, as
N -1

(’(o 3 1)2( q )

F(QZ, (D) —

©)

2
Q —oo,m—>1



where Ng is the number of valence quarks in h. The power law in eq. (5) is determined by
quark counting rule®. Comparing eqs. (4) and (5) and recalling that s ~ Q2(w — 1), we have the
asymptotic relations®

Pa8)— s 2 1

§ oo 6.1)

o]+~ “

Eqgs. (6.1) and (6.2) are duality relationships: on the left hand sides we have hadronic
properties which are approximated by quark model expressions on the right hand sides. An
important observation is that egs. (6.1) and (6.2) can be used in any reaction in which py(s) and
Fr(q?) occur, not only in the reaction represented in Fig. (1). For instance, in e+ e~ annihilation
into hadrons, the s - and Q2 - channels coincide kinematically i.e. s = Q2. Egs. (6.1) and 6.2)
then give rise to the constancy of the R-ratio —

R(s):= O %~ — hadrons

OLR% e

However note that, as observed previously, even in this case s - channel and Q2 - dualities are
not the same. As just pointed out above eq. (6.2) may be inserted in eq. (3) in the limit
| g21 —>eo. This then allows to determine the asymptotic g2 - dependence of the coupling
constant gy, (q2). The result is

Ng 2
gvhh(qz) —_— (“1“5) : @)
o] = 1

We now interpolate gy (q2) between the behaviour in eq. (7) and its regular behaviour
gvhh (9% = 0) < o0 at 2 = 0 by means of the simple formula

N2
Evhh (q2)=g(v\ﬁm) 75’—— ®)
lq |+t1

VMD) .
where g(vhh ) is the VMD model coupling constant. t, and t; are two free mass parameters to

be fitted to experiment. Note that

N —
2 D) [to ) ¢ ©)
gvhh(q =O)=gf,‘},11;,” (i)



Ifty~tq,eq.09) Satisfies thé VMD smoothness assumption

gvhh(q2) ~ gﬂm gvhh”qzl"mv

Eq. (9) violates this assumption otherwise, unless Nq = 2, that is-for mesons.
Inserting eq. (8) in (3) one gets

N2
Fle?) = (I zr ) F"™ (o) (10.1)
qi+ty
2 (VMD)
F(VMD)(q2) _ _r_;ll gvz}}h : | (10.2)
. . M M mvv—q

Accordmg to eq (10 1) s - channel duality leads to a correction of the VMD model formula.

Note that the modified formula is not an analytic function of g2. The modulus, lq | of g2
appears in the interpolating formulae (8) and (10.1) so as to avoid a spurious pole at g2 = * ty if

~(Ns2)
|

we used the expression (q Tty

For mesons (e.g. ©¥, KT, Ko, K°, ...), Ny = 2. For them F(q?) = F(YMD)(¢2), in
agreement with the fact that VMD models give a good description of meson form factors(12),
iThese form factors are therefore not discussed in this paper. We have fitted eq. (10) to the

2)(13)

proton (p) and neutron (n) charge (E) and magnetic (M) form factors, GE, M (q in the

space-like region (q2=— Q2 < 0) to determine all the parameters involved. The resulting
formula, with all the parameters fixed, is then extrapolated to the time - like region

‘ A (14)
(g2 = Q? > 0) where it fits the available data on Gg, M (qz) and gives absolute predictions

for Gy (g7 The fits to the space - like form factors G& & (q® < 0) are in Figs. (3a) - (34).
The predictions for the time-like form factors G%: M -(qz' > O): are in Figs. (4a)-(4d). Comparing
GE’ " (qz) with G}:,i " (qz) in the time - like region one finds that the scaling assumption
GE" (qz) = GN" (qz), used in the experimental fits(14) is, approximatel)} valid in the
threshold region, g2 ~ 4M2 where data presently exist for Gy (qz). One can make a different

. ' . ) . 2 ] ‘ 2 )
kind of comparison, namely GE (q ) with G% (q ) and G?d (qz) with GR,I (q2). We have, to
a very good approximation and for a wide range of ¢2,

~ 1 and

ap (o) / 6% (¢)

G (qz)'/ 6o (d)] ~




~ 1 and ~1.

Gt la) / ci(o?) Gy (d) / ALY

This comparison is important mainly in respect to a recent prediction(!5) which gives rather large
ratios

~35

k

’GE,M () / GE v ()

thus promising very large cross sections for the colliding beam process e+ e~ — n n relative to
et e~ — pp. Experiments will soon be able to test these predictions(16).

Finally let us explain briefly how eq. (10) was used in the fits. First, one expresses-

ng nM (qz) in terms of the Dirac (F1) and Pauli (F,) form factors Frl’;,_1 (_qz) i. e.

o™ (¢ = # ) + L w27 (o) aLy
am?
ahi"(ad) = P2 () + P27 (q) (11.2)

Next, one decomposes FII’; (qz) into their isoscalar (s) and isovector (v) parts i. e.
Fi . (qu) =F{, (qz) + F(1‘:)2 (qz) (12.n
Fl 2 69 =F%; (o) - ¥, (o) (12.2)

2
We then apply eq. (10) only to F(lv) (qz) and —q—z- F(;’ v) (qz) to get (h = Nucleon, N)

4aM
, N2 (1) 2
s) .2} _ to1 a VNN my
P le?) = 2 5 >
‘q |+t11 V=w,¢0¢ ir, 2 (13.1)
A A
F(1V)( 2) - ( o1 )N‘r2 gg}N m%
I 2 f 2 13.2)
ST P ( irV) |
'y ol 2
mv'—"*""'" _q
2
Ng-1
Y (g = ( to2 ) T ZiNN m?
2 2 13.3)
@+t V=000 ( ir ) |
my - | -4’
Ng2 (2)
F(Z") (@ = toz | T z EvNN m?
|q2,+ tiz V=p,p fv 2 (13.4)
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FIG. 3 - Fits to the nucleon space - like form factors:
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NEUTRON ELECTRIC FORM FACTOR
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FIG. 4 - Predictions for the nucleon time-like form factors:
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The widths T, of the vector mesons have been included in egs. (13). Furthermore, the
mass parameters to, t; in F(ls,)g (qz) and F(1‘:)z (qz) are assumed to be the same but those in
F(ls'v) (qz) to be different from those in F(zs’v) (qz) . The normalisations-of F(lggv ) ('qz) at
g2 = 0 give rise, not to four conditions for the coupling constants g(vlb‘,ﬁ" (V=p, p', ®, ¢, 6"

but to eight conditions since they involve both the real and imaginary parts of F(,g; ) (q 2). The

normalisations are

PP {o"=0) = Flg*=0)= 5 (14 0
£ (q%=0) = %—(upsrun) (14.2)
P (a*=0) = 3 (n,- ) (14.3)

where Wp o are the anomalous magnetic moments of the proton (p) and neutron (n).

respectively. From eqgs. (13) and (14) there are, thus, onlgr two free coupling constants out of
. . 1 (2) . .

the ten involved. We choose these to be gfmz}/f(,E and g.n/fe Which together with the mass

parameters tgy, ty1, top, t1o constitute our set of six free parameters. Using the masses (my) and

widths (I'y) in Table I to fit G%,?,[ (q )m the space - like region q2 < 0, we find the value. of

these free parameters to be

tog = 0.303 GeV2

ty; = 0.384 GeVv?
(15)
tyy = 0.580 GeV?2
tip = 0.614 GeV2
, @
oM 1.055; -2 _ 717 (16.1)
o f(D

TABLE 1

v my (MeV) I'y MeV)

P 770 153
p’ 1590 160
® 782.6 9.8
¢  1019.5 4.22
¢' 1685 180
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From eq. (15) one sees that te/t;; ~ 1 (i = 1, 2). Hence returning to eq. (9) and the
comments-on the smoothness assumption, one sees from egs. (13.1) — (13.4) that this
assumption holds better for the g&)N (qz) than for the. gf,}\,)N (qz)

Using these values and Table I we find, for the remaining eight coupling constants, from
egs. (13) and (14),

1) )

g g

SN 1661 2PN 567 (16.2)
fP fP

g(1) g(2)

2PN 1286 2PN _ 4217 ©(16.3)
fp’ fpv

g O }

SONN g 629 SNy ear (16.4)
£y £,

g @

SONN _ 088 SO _ 4019 (16.5)
f¢' f¢|

The values of the coupling constants in eq. (16) are a removed from SU(3) predictions.
According to the latter, for instance, gonn should be zero and gonn/genn = sinB/N'3, where 8 is
the mixing angle. The fits to the form factors are quite stable over a wide range of variation of
the parameters.

It should be mentioned, at this point, that there have been other attempts(12.17) to fit the
proton and neutron. form factors with modified VMD models. These modifications are motivated
in various ways but they all have in common the quark counting rule input of eq. (6.b). Our
motivation to modify the usual VMD model so as to incorporate this input makes use of a
general duality relationship in which this input is already present. Q2 - duality, it may be said,
refers to the hadronic structure of the photon while the s - channel duality incorporating the
above input refers to the structure of the hadron itself: Our modification of the usual VMD
model is therefore at the fundamental level. However, since we are using asymptotic argumehts,
the implementation of this idea is not rigorous. Our interpolation formula, eq. (8), is not unique.
It also gives rise to a form factor F(q2) in eq. (10.1) which is not an analytic function of q2. The
problem of analyticity of F(q2) will not be discussed here. We mention, in this regard, that the
VMD model alone is not sufficient to address this problem. An attempt within the VMD scheme
to do this leads, for instance, to the problem with the zeroes of generalised zeta function
mentioned earlier. It is instructive to discuss this here briefly.
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Consider the form factor as given by (10.2) and let the sum over V go over an infinite
number of vector mesons. This gives rise to the generalised vector meson dominance model
(GVMD)®). Letting n stand for the variable V, one gets

2
b m &nhh N
Flg) = 3 == -5 Amcz
n=0 fa mrzl-_q'2 N=0 an
where
2; 2
z:=q [mg (18)
and
oo 2\N
Enhh | Mo
A = Y —_—
W20 o (mg) a9

We have dropped the label "VMD" on F(VDM )(qz) and on g‘,]’{,’ﬁ‘ ! for notational

convenience. The coupling constants are assumed to be simple functions of m,, €.g. powers,

f f 2 (20)
n 0 mn
Substituting (20) in (19) yields
-5 Vo N
Eohh s -,
f ~ 2 21
° n=0 \m,

~

The coefficients Ay are then proportional to the values at v=N+v, (N =0, 1,2, ...) of
the zeta function

dwﬁ7=§ Fﬁ) 22)

n=0 mi

2
. k) N - . 3 2 .
associated with the mass squared operator M having eigenvalues m; (n = 0, 1, 2, ...). To find
the asymptotic behaviour of the form factor from the Taylor series in eq. (17), we proceed in the
standard manner: first we rewrite the power series as a contour integral

d
&Y AWmED 23)

) _ i
F(q ) 2 sin (1T V)

Eq. (23) is the so - called Sommerfeld Watson transform. The contour goes over the
positive zeroes of sin (mv), i.e. v=N(N =0, 1, 2, ..). Next we deform the contour to cover
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only the negative zeroes of sin (nv),ie.v=—=N (N= 1, 2, ..). This gives rise to the
asymptotic behaviour

Flg —— - Ngl An-ny 27N 24)
¢ -

under the additional assumption that the coefficient function Ay(v) has no singularities in the

negative half - plane. Singularities of Ay(v), e.g. poles, would modify eq. (24) through the

presence of terms of the type (log (z))Nl 22 where Nj, Ny are positive integers: We will not

consider this more general situation. Now making use of eq. (6:2) in (24) one finds, firstly, that

2 > -N
F(Q) - - 3 Ap.nmz N,=N_-1 . :
| 2| N, N ° ¢ (25)
qj > e
and, secondly, the set of zero coefficients
Ah(~N) =0, N= 1,2, .(Ng~ 1D = (Ng—2) (26)

For mesons Ng= 2 and eq. (26) says that there are no zero coefficients. The GVMD
model gives therefore the same asymptotic behaviour of the form factors as simple VMD
models. For a nucleon (with mass number A = 1) and nuclei of mass number A > 2, Ng = 3A.
Eq. (26) then says that there are 3A - 2 zero coefficients. The constraints on the parameters of
the model which arise then are extremely difficult to satisfy. The difficulty arises as follows:
with the usual simple Ansatz.

m2 = m2 (1+bn)*; n=0,1,2, .... an
for the mass spectrum, the parameters b and A are more or less defined within certain ranges:
e.g o<b<2Zand0-1<A <26:61820) Substituting (27) in (22) one gets

Z;(V, I,\\/IZ) = -bik; Q(’?\v,—ll)—) 28)

1 & 1
Svp= X 29
( b) n=0 (n+%)v (29)

is the standard generalised zeta function2D). From egs. (21), (22), (28) and (29) Ap- Ny
becomes
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0 y 1 .
An = gf:h b ‘}C(—MN—VO),B) (30)

For nucleons (A = 1) and nuclei (A > 2), egs. (26) and (30) imply that the generalised zeta
function must have the following finite set of consecutive zeroes

C(—-X(N—-Vo),il)—)=0; N=12,...3A-2) 31

The point is that the function defined in eq. (29)2D has no such set of zeroes. The
nucleon (A = 1) may be just barely accommodated if b = 1(*). For this value of b eq. (29)
defines the Riemann zeta function@2), { (v), i. e.

CEMN=V) = LA N=-V), 1) (32)

For A = 1 there is orly one zero in eq. (31) for N = 1. For b = 1 and from properties of
the Riemann zeta function®® the zero occurs at

A1 -vy) = 2k, . (33)

where k, is a positive integer. This single constraint relates the coupling constant parameter V,,
to the mass spectrum parameter A. The GVMD may thus still be useful for the description of
nucleon form factors. Its inconsistency arises as soon as we try to apply it to nuclei (A > 2)
quite apart from the unusual value of b = 1 required. The Riemann zeta function { (— AN — v,))
has an infinite number of zeroes at values of A (N — v,) satisfying the conditions

~

AMN—v) = 2k; k = kg, (ko+ 1), (kg+2), .. (34)

Two consecutive values of N e.g. N=1, and N =2 corresponding to k =k, and
ko+ 1 determine the parameters A and v, tobe A=2and v,=1 -k, Consequently
AN —vo) = 2(N + k, — 1) is an even integer for all values of N. That means that not only
the 3A — 2 coefficients in eq. (26) are zero (for Nq = 3A), but also, all the coefficients AN
(N=1,2,...) of eq. (30) which appear in the asymptotic expansion of eq. (25). This latter
result is not surprising: it is the only way to match the set of zeroes of the two sides of eq. (30)
for b = 1. An inconsistency arises because one gets a vanishing asymptotic €xpansion of the
form factor F(q?) contrary to the model assumption that it is non - vanishing. Since,
experimentally, F(q?) is different from zero for large g2 one concludes that GVMD models
cannot describe its behaviour consistently.

*) Barely because this value of b will not fit other data. See also eq. (27) in this case and also tefs. (18)-(20).
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