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Abstract 

Off-Diagonal Generalized Vector Dominance and Inelastic 

e-p Scattering 

H. Fraas, B.J. Read and D. Schildknecht 

Physikalisches Institut der Universitat Wlirzburg, Germany 

Daresbury Nuclear Physics Laboratory, Warrington, England 

and 

Deutsches Elektronen-Synchrotron DESY, Hamburg, Germany 

By taking into account also off-diagonal contributions to the virtual 

forward Compton amplitude, scaling in ep scattering is obtained from scaling 

of the total cross section for e+e- annihilation into hadrons. The para-

meter which sets the scale 
-2 -calculated to be m = 0.61 

2 
for the q dependence in ep scattering is 

m~; 0.36 Gev2 • 
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I I I ''I As has been shown almost two years ago , generalized vector dominance 

(GVD) quite successfully quantitatively accounts for the data on deep inelastic 

electron nucleon scattering. There is, however, one principal feature within 

this approach, which became more and more unsatisfactory as progressively higher 

energy data on e+e-+hadrons became available: these showing roughly a 1/s law 

in the Frascatil 3 1range, and an even slower fall off for c.m. energies /8 beyond 

about 3.5 GeV has been reported by CEAI 4 1 and more recently by the SLAC-LBL 

collaboration at SPEARisl. The problem, as discussed in I 1 I, with a 1/s law for 

e+e- annihilation is that in the usual diagonal form of GVD (i.e. neglecting 

off-diagonal diffraction dissociation type terms Vp + vp, where v and V' are 

distinct vector states) it would seem to imply a 1/~ behaviour for the vector 

meson proton total cross section "vp· Otherwise, i.e. with a mass independent 

vector state nucleon cross section, logarithmic divergences and strong violations 

of scaling, linear in q2 , are encountered. 

2 "2 The requirement of a 1/m behaviour for the vector meson nucleon total 

cross section may be somewhat disturbing, however, if one believes strong inter­

action cross sections to be roughly of the same order of magnitude and not de­

pending too much upon the mass of the incident particle. More importantly, when 
2 a 1/m law is assumed for the mass dependence of the imaginary part of the 

vector state nucleon forward scattering amplitude, the justification for the 

neglect of off-diagonal contributions to the imaginary part of the virtual forward 

Compton amplitude becomes intolerably weak. In fact, with a l/m2 law, extremely 

small amplitudes for hadronic diffraction dissociation (e.g. for p
0

p ++ pNp' 

N ~ I, thinking of a discrete series of vector meson states N = 0,1,2, ... ) would 

still be sufficiently large to yield contributions to the Compton amplitude of 

the same order of magnitude as the ones from diagonal (pNp + pNp) terms. Even 

if the diffraction dissociation forward amplitude for e.g. p
0

p + pNp (N=I,2, ... ) 

were to fall off as rapidly as 1/~, its contribution to the Compton amplitude 

(due to the enhancement of the p
0

y coupling relative to the pNy coupling by a 

factor ~./m following from cr + _ ~ 1/s), would still be comparable in magnitude N p e e 
to the diagonal PNP + pNp contribution. A l/m3 behaviour for the diffraction 

dissociation amplitude would imply a diffraction dissociation 

dcr/dm2 ~ 1/m6 for p p + pNp. This cannot be compared directly 

dcr/dm2 ~ l/m2 behav~our observed I IOI in pp and TIP collisions, 

cross section 

with the 

as there the 

diffractively produced states also contain spins larger than the spin of :the 

incident particle. Nevertheless, from a reasonable increase of the average spin 

of the produced states with increasing mass we would expect the spin conserving 
2 6 part to be larger than given by the strong dcr/dm ~ 1/m law. If, for example, the 

number of spin states available for population were to increase linearly with m2 , 
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one might expect doldm2 ~ llm4 for the spin conserving part. Clearly, a small 
"3 

fraction of the total diffractive cross section found experimentally would be 

sufficient to yield contributions to the Compton amplitude larger than the 

diagonal ones with a conjectured 0 VNp ~ II~ law. Thus it seems inconsistent to 

require 0 VNp ~ II~, while at the same time keeping the diagonal approximation. 

Furthermore, if a I/~ law is taken literally already for the lowest mass vector 

mesons, i.e. 

then for p''(1600) photoproduction one expects 

= (y2 /y2 ) 
p p'' 

where the 

addition. 

+ - . . . 
e e ann1h1lat1on result 

Experimentally one finds I 11 I 

[do I dt (yp->p "p )] I [do I dt (yp+p 0 p)] ~ o. 14. 

(4.1±1.3) y~ I4Tihas been used in 

Thus it seems natural and almost compelling to drop the diagonal approxi­

mation and the ov P -I/~ law which it engenders and to start rather from the 

more general non-~iagonal representation! II for the imaginary part of the trans­

verse Compton amplitude or oT and retain a constant mass independent cross 

section oV • Off-diagonal transitions correspond to interference terms (com-
NP 

pare fig. I) between different incoming vector mesons. Such contributions are 

not necessarily positive. They may thus allow the incorporation of the lis law 

for e+e- annihilation while keeping oV vector meson mass independent, cancelling 
NP 

the logarithmic divergence through destructive interference. Indeed, we shall 

present a simple model that includes negative off-diagonal contributions of 

reasonable magnitude and allows derivation of scaling in the spacelike region 
+ -

from a 1/s behaviour of e e +hadrons and a vector meson mass inde endent ha-

dronic cross section. The effect on 

a possible violation of the 1/s law 

will be discussed elsewhere I 12 1. As 

the q dependence in the space like region of 

as indicated by CEA1 4 1 and SPEARI sl data 
+ -

these deviations occur at e e c.m. ener-

gies larger than 3.5 GeV, one expects them to be 

ling in the spacelike reg~on at larger values of 

explored! 13 1 so far in the diffractive large w'= 

visible as violations of sca-
2 2 . 

q (~ 12 GeV ) than have been 
w2 

+ qz ~ 8 region, for which 

our considerations are expected to be relevant without further corrections. 
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To formulate off-diagonal GVD" 4 , for definiteness let us assume a Vene­
ziano type spectrum of vector mesons 

2 
~ 

2 
m ( I+ \N), N 

0 0' 1 ' ... (I) 

m being equal to the p 0 (w,~) mass. For the photon vector meson couplings, we 
a~sume for the Nth vector meson[

2
[ of isospin I=l (analogously for I=O) 

which in the usual narrow width approximation leads to a 1/s behaviour for 
+ - . ::5 e e + hadrons; the magn1tude of the cross section being about 2.5 times the 

~ pair production cross section if one chooses the level spacing \ = 2, Fig, 2 
shows reasonable agreement with the data throughout the Frascati energy range, 
For the vector meson hadron interaction, as mentioned, 
be mass independent, The Ansatz for the (off-diagonal) 

we will assume o to v p 
diffraction disso~ia-

tion amplitudes should be motivated from the mentioned power law for do/dm2
, 

appropriately modified to account for spin conservation. For the purpose of the 
most simple model calculation to be presented in this work, we will consider 
~ffective) contributions due to transitions PNP ++pN+IP to next neighbours 
only. 

Denoting the ratio of the first off-diagonal to the diagonal (t = 0) 

transition amplitude as 

(3) 

we thus obtain the isovector photon part of the transverse virtual photon ab­
sorption cross section by writing down the pN + PN, ~ + PN+I and PN+I + PN 
contributions to the imaginary part of the forward Compton amplitude and 
summing over N: 

(I= I) (W 2) crT ,q = 0 pOp L: 
N=O 

Clearly, for CN = 0 we recover diagonal GVD requiring 
for convergence and scaling. As mentioned, we attempt 

(4) 

(with (2)) o - 1/~ 
PNP 

to cancel the' logarith-
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mic divergence by the introduction of negative off-diagonal contributions. There­

fore we have introduced a minus sign in front of the off-diagonal term, for 

definiteness assuming eN to be real and positive (and smaller than I), and 
"6 . N 

the sign of the ypN coupling to alternate (1.e. ~ (-1) , N = 0,1,2, •.• ). 

The ratio eN of first off-diagonal to diagonal transition is not very well 

known experimentally, except for the fact[ IO[ that eN for N=O has to be 

smaller than I. Also, although in our Ansatz (4) we have explicitly taken into 

account next neighbour transitions only, eN should rather be thought of as an 
"7 

effective transition " standing for the combined effect of all PNP ++ pnp 

(n ~ N+l) contributions. Anyway, let us suppose a power law for eN' written 

with the real parameter o as 

e = 
N 

(5) 

which for large N gives (negJ.ecting order I/~) 

(6) 

Then the sum in (4) turns out to be convergent, provided the constant in (5) 

and (6) is chosen to be 1/2. Thus inserting (2) and (6) in (4), the result of 

the sunmation is easily calculated to be 

2 
q (I) 
-lj! 
1cm2 

p 

(I= I) 2 em 1 [q
2

+1c(I+o) ffi2-
cr (W ,q ) cr p 

T y2 pOp A (q2 + m2) 
p p 

where lj!(l\z) is the derivative of the digamma function lj!(z) 

00 

lj!(l)(z)= (d/dz) 1/l(z) =I; I/(z+k)
2

- (1/z) + (l/2z 2) + 0 (I/z3). (8) 

k=O 

2 
Asymptotically, for q + oo , crT becomes 

(I= I) 2 
crT (W,q ) ...-

m2 (1+26) 
p 

em 
- cr 1 

2 p•p 
yp 

(9) 

the I/q2 behaviour corresponding to scaling of the transverse part of vw2 - q2crT. 

Thus with the inclusion of off-diagonal transitions (or equivalently by taking 
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into account interference between different vector mesons) we have been able 
to derive scaling in the spacelike region from a lis behaviour in the timelike 
one, while still keeping the reasonable assumption of a constant (mass inde­
pendent) vector meson nucleon cross section. 

2 Generalizing to include the isoscalar parts and evaluating (7) at q = O, 
where oT has to reduce to the total photoproduction cross section o y p' we have 

and 

0 
YP 

(H) 

may now write 

2 
oT(H,q ) = 

our final result 

[ A(l+o)+q
2

lm! 
2 2 A l+q lm 

p 

Asymptotically this becomes 

with 

- 2 2 ..., (m I q ) 0 
YP 

2 iii
2 

= ~ 1+2o) 1 (2+2o)J m. 
p 

( 10) 

in terms of 0 
YP 

q2 
1/! (I) 2 2 ] oyp 

- Am2 
( 1+\lmP) 

l+o p 

( I I ) 

( 12) 

( 13) 

The only free parameter introduced, o, which fixes the magnitude of the 
off-diagonal transitions, may now be determined fromfue normalization (10) 
at q 2 

= 0. Empirically p 0 ,w,~ saturate! 18
1 the total photoproduction cross 

·:8 -1 -2 section up to 22%' , i.e, (1+0) = 0.78 and o = 0,28. The mass scale m, 
determining the normalization of the asymptotic cross 
computed from (13) and is obtained to be iii2 = 0,61 m2 

p 

section oT' may then be 
2 = 0.36 GeV • 

(I) Although (II) may easily be evaluated numerically from the tables for 1/J (z), 
it is advantageous to give a much simp lac formula for oT' which for 
A = 2 approximates (II) extremely well, the error being at most 2% (around 
q2 = 3 rn

2 where deviations from (II) are largest), This approximate formula 
p "9 for (II) reads 

2 
oT(H,q ) = 

with iii2 = 0,61 

-2 
m 

--,2;--::_,.,.- o YP 
(q +m ) 
2 

m 
p 

as calculated from (13). 

(14) 
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It is amusing to note that the simple pole formula (14) which is equiva­

lent to(ll); had p~evi~u~~y'fgf be~n ~how~::tO'to de~c~ib~ extremely weilthe 
, ... · ~-,_ · >> 1 _ ·-.-; .•.-,-. . _ ,··; • · --.r: 

data for the transverse part of vw2 in the w' - 8 region. 'From eyeball fits 
' .. -2 .. , ' '· . ·' ' -2 ':" .. 2 ',, '··. '·' 2·'···· . :.. . " 

to the data m had been obtained to be m = (0.611) = 0.37 GeV, compared with 

;;;:2 = o. 36 Gev2 as c~lcul~ted i~ this ~ap~r; ·i\:ts~/~s r~~rke'd''by S~ku~~i ft 5 f ; 
. . . ' . . ' . •'., . . . ' 2 

the pole f-ormula (14) implies that the modified scaling variable "'w"' (2Mv+b·)/ 

(q 2+a2) of Rittenberg and Rubinsteinf 19 f is ~ go~d· ~'caring ·vari<ib'le; provided'' 

their parameter a 2 = ;;;:2 . In the,fi~s 12o[ o~'the ~at:a a2 has bee~ fo~nd to ~e 
o.37 " } ~ o.42 in good 'agreement with our calculated val.~~ ~Iffi2 ' =·o.36 (;~v2 . 

'Y • • ' • ' • • • ' ~ _, • " • " ' ..' ' - • •• • 

Agreement of (II) and (14) with the data is explicitly displayed. in figures 
,._, J • 

3 and 4. 

Concerning the small longitudinal part of the total cross se.ction O'g, Let 

us just remark that inclusion of off-diagonal terms is straightforward, no 

novel features arise, and the conclusions of ref.fl[ f~r: the ratio R =o
5

/oT 
•· 

are substantially unchanged. 

From our Ansatz (5), we note that diffraction dissociation, as exemplified 

by a single, effective off-diagonal term parametrized with CN, increases with 

N, becoming a constant fraction of the elastic reaction. This feature seems a 

necessary one for convergence and scaling. We have checked that a constant, N 

independent CN gives a logarithmically divergent non-scaling expression except 

for the singular point CN = 1/2, for which case the result is convergent, but 

also non-scaling with a leading term proportional to (1/q4) ln (q2tm2). 
p 

To summarize, we are proposing a simple model for inelastic ep scattering 

in the large w' diffraction region 

accounts for scaling behaviour for 

vw2 from a 1/s scaling law for the 

based upon off-diagonal GVD. The model 

spacelike q
2 

for the transverse part of 
+ -

total cross section e e + hadrons. The on-

ly free parameter introduced_is related to be magnitude of hadronic diffraction 

dissociation and is adjusted to 

photoproduction cross section at 

yield 
2 

q = 
the correct normalization to the total 

0. We obtained excellent quantitative 

agreement with experiment, and in fact derived the correct numerical value for 

h -2-6 2N036G2 • 2 t e mass parameter m = 0. I m = • eV , whLch sets the scale for the g 
p 

dependence and had previously been obtained from fits tothe data. Precocity 
-2 of scaling follows naturally from the smallness of m . 

Although we have thus stressed the numercial success of the model, and 

which indeed is not dissatisfying, we do not necessarily adhere too strictly 
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to the specific way we have introduced off-diagonal transitions. It has been our 

main point to show by means of a constructive example that inclusion of inter­

ference between different vector .states within the incoming photon allows us 

to obtain scaling in the spacelike region for ep scattering from scaling in 
+ -e e -+- hadrons, while keeping the vector meson nucleon cross section independent 

of the vector pwspn mass. Deviations fromthe 1/s behaviour in e+e- annihilation, 
above 3.5 GeV c.m. energy as recently indicated IS I are expected 1

12
1 to also 

show up as violations of scaling for sufficiently large spacelike q2 
Further 

tests of off-diagonal GVD can be obtained from photo- and electroproduction of 
vector mesons. 
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Footnotes 

:<I 

::z 

See also ref.[z[ for related work. 

The l/m2 law has in particular been advocated by Greco[z[. Contrary 

to some statements i~ the literature, especially in [G [, Sakurai and 

one of the present authors did nod advocate a l/s 2 dependence in 

e+e- annihilation as a necessary consequence of diagonal GVD. Rather 

it was pointed out in [I[ that a l/s2 law within the diagonal frame­

work would be the simplest possihility, keeping in mind alternative 
I 7 I I 7[ 

ones as e.g. cr + _ ~ 1/s together with Bjorken's jet picture or som[e I 
.. e e [8[ . 9 

kind of "effective" l/m2 law es e. g. in the shadowing paper and 1n 

::3 Off-diagonal contributions to the Compton amplitude could be ruled 

out, if diffraction dissociation would show a dip at t = 0. Experi­

mentally no indication for such a behaviour has been found[ lo[; 

::4 

::s 

Off-diagonal terms have also been considered in ref. 

non-scaling model. 

See e. g. ref. I IS I 

I 14 I . 1n a 

::6 Negative signs seem also to be required for the nucleon form factors. 

Alternating signs and relation (2) have been obtained as well in 

quark model calculations [l6[. 

::7 This point of view is quite consistent with our investigations of 

models in which p p ++ p p 
n [!7[ m 

taken into account • 

> 
transitions with arbitrary n,m = 0 are 

::8 This number is determined from vector meson photoproduction assuming 

diagonal vector dominance. It is not significantly changed in the 

off-diagonal model, as photoproduction of p 0 ,w,~ at t = 0 is hardly 

changed by taking into account off-diagonal terms. 

::9 This approximative formula 

depends on A, although the 

of A. 

is good for A= 2. In general (II) 
2 2 

q = 0 and q ..-"' limits are independent 
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"10 The simple pole formula (14) first arose [9 [ in the diagonal model 
justified from an effective oVNP - I/~ law as a working hypothesis. 
Putting in off-diagonal terms thus may appear equivalent in practice 
to an effective 1/~ law. We cannot adovcate such a point of view, 
however, as this quivalence is lost fpr other physical processes, 

0 e.g. p electroproduction. 
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Figure Captions 

Fig. I : 

Fig. 2: 

Fig. 3: 

Fig. 4: 

The imaginary part of the virtual forward Compton amplitude 

or the total virtual photon absorption cross section in 

GVD. 

The e+e- annihilation cross section as a function of the 

c.m. energy. The theoretical curve GVD results from (I) 

and (2) with the level spacing A = 2. 

Off-diagonal GVD prediction (from ( 14)) for the transverse 
2 

virtual photon absorption cross section on protons, oT(W,q )
1 

2 
as a function of the virtual photon for momentum squared q • 

The transverse part 
. f 2 as a funct1on o q 

of the ~roton structure function vw2 
in the large w' diffraction region 

showing the approach to the scaling limit. The theoretical 

curve is the off-diagonal GVD prediction calculated from (14). 

The data points have been computed 1
9

1 (see refs. 1
9

1 and 

[I[ for details) from the measured 6°, 10° and 18° data [l 3 [ 
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