
Nuclear Physics B86 (1975) 346-354 North-Holland Pubhshmg Company 

OFF-DIAGONAL GENERALIZED VECTOR DOMINANCE 
AND INELASTIC ep SCATTERING 

H F R A A S ,  B.J. R E A D  and D. SCHILDKNECHT 
Physlkahsches lnstttut cler Untversztat Wurzburg, Germany 

Daresbury Nuclear Physics Laboratory, Wamngton, England 
and 

Deutsches Elektronen-Synchrotron DESY, Hamburg, Germany 

Received 15 August 1974 

Abstract By also taking into account off-diagonal contributions to the vtrtual forward Compton 
amphtude, scahng m ep scattering is obtained from scahng of the total cross section for e+e - 
annhhilatlon into hadrons The l~arameter ~hlch sets the scale for the q2 dependence m ep 
scattenng is calculated to be ~ z  ~ 0 61 mp ,~ 0 36 GeV 2 

As has been shown almost  two years ago [ 1 ] * generalized vec tor  dominance  

(GVD) quite  successfully quan t l t a twely  accounts  for the data on deep xnelastlc elec- 

t ron nucleon scattering. There is, however ,  one pnnclpa l  feature wi th in  this ap- 

proach,  wtuch became more  and more  unsat isfactory as progressively higher energy 
data on e+e - ~ hadrons became available these showing roughly a 1Is law m the 

Frascatl [3] range, and an even slower fall o f f  for c.m. energies x ,~ 'beyond about  

3.5 GeV has been  repor ted  by CEA [4] and more  recent ly by  the SLAC-LBL col- 

laborat ion at SPEAR [5]. The  problem,  as discussed m [1], wi th  a 1/s law for 
e+e - annthllat lon is that  in the usual diagonal form of  GVD 0 e. neglecting off- 

diagonal di f f ract ion dlssocxatlon type terms Vp ~ V 'p ,  where V and V '  are distract  

vector  states) i t  would  seem to tmply a 1/m 2 behavlour  for the vector  meson  pro- 

ton  total  cross section o, ,  . Otherwise,  1.e wi th  a mass- independent  vector  state 
nucleon cross section,  logPnthmlc dwergences and strong wola t lons  o f  scahng, hnear 
In q2 ,  are encountered .  

The requi rement  o f  a 1/m 2 behaviour  ** for the vector  meson nucleon total  

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

* See also ref. [2] for related work 
** The 1/m 2 law has m particular been advocated by Greco [2] Contrary to some statements m 

the hterature,especaally m [6 ], Sakural and one of the present authors did not advocate a 1/s 2- 
dependence m e+e - annthslatxon as a necessary consequence of diagonal GVD Rather it was 
pointed out m [ 1 ] that a 1Is 2 law within the diagonal framework would be the simplest pos- 
slbthty, keeping m mind alternatwe ones as e g tre+ e ~ 1/s together with the Bjorken's jet 
picture [7] or some kmd of "effective" 1/m 2 law e g-in ~he shadowing paper [8] and m [9] 
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action cross sections to be roughly of  the same order of  magnitude and not depen- 
dlng too much upon themass  o f  the Incident particle. More Importantly,  when a 
1/m 2 law is assumed for the mass dependence of  the imaginary part  of  the vector 
state nucleon forward scattenng amplitude,  the justlficatton for the neglect of  off- 
diagonal contributions to the lmagmary part of  the virtual forward Compton amph- 
tude becomes intolerably weak. In fact, with a 1/m 2 law, extremely small ampli- 
tudes for hadronlc diffraction dissociation (e.g for PoP ~ PNP, N 7> 1, thanking o f  
a discrete series of  vector meson states N = 0, 1 ,2  . . . .  ) would still be sufficiently 
large to yield contnbut lons  to the Compton amplitude of  the same order of  mag- 
nitude as the ones from diagonal (PNP -~ PNP) terms Even if  the diffraction disso- 
ciation forward amplitude for e.g P0P -~ PNP (N - 1 ,2 ,  . .  ) were to fall of f  as 
rapidly as 1/m3N, its contnbut lon  to the Compton amplitude (due to the enhance- 
ment of  the P07 coupling relative to the pN3 ~ coupling by  a factor mN/m # following 
from Oe+ e -  "" 1 Is), would still be comparable in magnitude to the diagonal PNP ~ 
PNP contnbut lon  A 1/m 3 behavlour for the diffraction dissociation amplitude 
would imply a diffraction dissociation cross section da/dm 2 ~ 1/m 6 for POP ~ PNP- 
This cannot be compared directly with the do/dm 2 "~ 1/m 2 behavlour observed [10] 
in pp and lrp colhsions, 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 part to be larger than gwen by  the strong da/dm 2~ 1/m 6 law If, for ex- 
ample, the number of  spin states available for populat ion were to mcrease linearly with 
m 2, one might expect da /dm 2 ~ 1/m 4 for the spin conserving part Clearly, a small 
fraction of  the total diffractive cross section found expenmentally* would be suffi- 
cient to yield contnbut lons  to the Compton amplitude larger than the diagonal ones 
with a conjectured OV~rp ~ I/rn~9 law. Thus it seems inconsistent to require a V . , ,~ 

2 2v N,- 
1/m N, whale at the same time keeping the diagonal approximation.  Furthermore,  
ff a 1/m 2 law is taken literally alread for the lowest mass vector mesons i e N Y , . .  

iON p = aopm2/m2 , 

then for 0"(1600)  photoproduct lon  one expects 

2 2 4 [do/dt(Tp -+ p"p)] /[da/dt(Tp ~ pOp] = (3.0/70.) (mp/mp,,) ~- 0 01, 

where the e+e - annihilation result [3] 7~,,/4n = (4 1 + 1.3) "r2p/4n has been used in 
addition Experimentally one finds [ 11 ] 

[da/dt('rp -+ p " p ) ] / [ d a / d t ( T p  -~ pOp)] ~ 0.14 

Thus it seems natural and almost compelhng to drop the diagonal approximation 
and the oVN p ~ 1/m2N law which it engenders and to start rather from the more 

• Off-diagonal contnbutmns to the Compton amphtude could be ruled out, if dlffractaon dlsso- 
clatmn would show a dip at t = 0 Experimentally no mdacatlon for such a behavmur has been 
found [10]. 
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~ 2 HN ~ 2 P=~- ~" = ~'~'- + Interference 

Omgbnal Off- Diagonal 
Fig 1 The lmaganary part of the vxrtual forward Compton amphtude or the total wrtual photon 
absorpbon cross section m GVD 

general non-diagonal representation [1 ] for the imaginary part of  the transverse 
Compton amphtude or a T and retam a constant mass-independent cross section 
OVN p. Off-diagonal transitions correspond to interference terms (compare fig. 1)be-  
tween different incoming vector mesons. Such contr ibuuons are not necessarily posl- 
twe. They may thus allow the Incorporation of  the 1Is law for e+e - annfftflatlon 
whale keeping OVN p vector meson mass independent,  cancelling the loganthmlc di- 
vergence through destructwe interference Indeed, we shall present a simple model  
that includes negatwe off-diagonal contnbuuons  of  reasonable magnitude and allows 
derwatlon o f  scahng In the spacehke regaon from a l/s behavlour of  e+e - -+ hadrons 
and a vector meson mass-Independent hadronlc cross section. The effect on the q2 
dependence in the spacehke region of  a possxble violation of  the 1Is law as Indicated 
by  CEA [4] and SPEAR [5] data wall be discussed elsewhere [12] As these devia- 
tions occur at e+e - c m energies larger than 3 5 GeV, one expects them to be vi- 
sible as violations of  scahng m the spacehke region at larger values of  q2 than 
have been explored [13] so far m the dlffractwe large w '  = 1 + W2/q 2 >~ 8 
region, for whach our considerations are expected to be relevant without  further 
corrections. 

To formulate off-diagonal GVD *, for defimteness let us assume a Venezmno 
type spectrum of  vector mesons 

m2 N = r n 2 ( I + X N ) ,  N = 0 , 1 ,  . , (1) 

rn 0 being equal to the O°(W, q~) mass. For  the photon vector meson couphngs, we 
assume for the Nth  vector meson [2] of  lsospm I = 1 (analogously for I = 0) 

1/72 = (1/,),2) 2 2 ( m J m N ) ,  (2) 

whach in the usual narrow width approxlmaUon leads to a 1/s behawour for e+e - -~ 
hadrons, the magmtude ** of  the cross section being about 2 5 Umes the ta pair pro- 
ducUon cross section i f  one chooses the level spacing X = 2 Fig. 2 shows reason- 
able agreement with the data throughout the Frascatl energy range For  the vector mes- 

* Off-diagonal terms have also been considered m ref [14] m a non-scahng model 
** Seeeg ref [15] 
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Fag. 2 The e+e - annnhllatlon cross sectaon as a functaon of the c m energy The theoretacal 
curve GVD results from (I) and (2) with the level spacing X = 2 

on hadron lnteractaon, as mentioned, we wall assume oVN p to be mass Independent 
The Ansatz for the (off-diagonal) diffraction dissociation amphtudes should be mo- 
tivated from the mentioned power law for da/dm 2, appropriately modified to ac- 
count for spin conservation. For the purpose of the most simple model calculation 
to be presented m this work, we will consider (effective) contributions due to tran- 

smons PNP "~" PN+I P to next nezghbours only. 
Denoting the raUo of  the first off-diagonal to the diagonal (t = 0) transition am- 

plitude as 

Cu LNP--ON+ 1 p/ToNP --* PNP' (3) 

we thus obtain the Isovector photon part of the transverse virtual photon absorp- 

txon cross section by wntang down the ON ~ PAr, PAr ~ #N+I and PN+I -+ par con- 
tnbut lons to the maaglnary part of the forward Compton amphtude and sumrmng 
over N 

2 

°qT=l)(W'q2)= °oP V q2 2 2 = + m  N #2 + m  N 
2 l mN+l ] 

--2CN q2 +m2+l VN+I (4) 
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Clearl , for C - 0 we recover diagonal GVD requlnng (with (2)) oA _ ~ 1/m~ Y N : ~N~' 
for convergence and scaling As mentioned, we attempt to cancel the loganthmlc 
dwergence by the Introduction of  negative off-diagonal contributions Therefore 
we have introduced a minus sign m front of  the off-diagonal term, for defimteness 
assuming C N to be real and posltwe (and smaller than 1), and the sign of  the 7PN 
coupling to alternate * (1 e ~ (--1)N, N = 0, 1,2,  ) 

The ratio C N of  first off-diagonal to diagonal transition is not very well known 
expenmentally, except for the fact [10] that C N for N = 0 has to be smaller than 
1. Also, although in our ansatz (4) we have exphcltly taken into account next 
nelghbour transitions only, C N should rather be thought of  as an effective transi- 
tion • * standing for the combined effect of  all PNP ~ PnP (n >1 N + 1) contributions 
Anyway, let us suppose a power law for CN, written with the real parameter 6 as 

C N = const. (rnN/rnN+l) 1+2~ , (5) 

wbach for large N gives (neglecting order 1/m4N ) 

C N = const (mN/mN+ 1) (1--6~ m 2/m2N ) (6) 

Then the sum in (4) turns out to be convergent, provided the constant in (5) and 
(6) is chosen to be ~. Thus inserting (2) and (6) in (4), the result of  the summation 

IS easily calculated to be 

an 1 t q2 +X(l+6)m2o q2 ~(1)(q2_ __+m2° )1 (7) 

OT(I=I)(W'qZ)=~'Yo °Op -~ (q2 +m2o) ~"n 2o ~'m20 ' 

where qJ(1)(z) is the derivative of  the digamma function ~ (z) 

~(1)(z)=_(d/dz)~(z)= ~ 1 / ( z + k ) 2 ~ ( 1 / z ) + ( l / Z z 2 ) + O ( 1 / z 3 ) .  (8) 
k = 0  

Asymptotically, for q2 ~ o% OT becomes 

m2o(1 + 26) 
0(~: 1) (W, q2) an" 2 0 0 P '  (9) 

2q 2 7 o 

the 1/q 2 behavaour corresponding to scaling of  the transverse part ofpW 2 ~ q2o T. 
Thus with the inclusion of  off-diagonal transitions (or equivalently by taking into 

• Negatwe signs seem also to be reqmred for the nucleon form factors Alternating signs and 
relation (2) have been obtained as well m quark model caleulatmns [16] 

• * This point of view is qmte consistent with our mvestlgatmns of models m which OnP ~ OmP 
transmons wath arbitrary n,m >~ 0 are taken into account [ 17 ]. 
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account interference between different vector mesons) we have been able to derive 
scaling m the spacehke region from a 1Is behawour m the txme-hke one, whale still 
keeping the reasonable assumption of  a constant (mass independent) vector meson 
nucleon cross section 

Generahzmg to include the lsoscalar parts and evaluating (7) at q2 = 0, where 
o T has to reduce to the total photoproductlon cross section Ovp, we have 

+,T~o2 + ,y~200p)  (1 +~),  (10) •p (W) = a r t (7 ;  2 0 p p  Owp 

and may now write our final result m terms of  a ~  

1 ?(1 *fi)*q2/m: q2 ~ k(1) (1 *q2/rn2p)]l¥ ~ (11) 

°T(W'q2) : X- k 1 + q2--/m~ Xm2 ° X 

Asymptotically this becomes 

aT(W, q2 ) ~ (~2/q2) O3,p ' 

with 

(12) 

m 2 = [(1 + 28)/(2 + 28)1 m 2 (13) 
o 

The only free parameter introduced, 8, which fixes the magmtude of  the off- 
diagonal transmons, may now be determined from the normalization (lff) at q2 = 
0. Empmcally p0, co, 4~ saturate [18] the total photoproductlon cross secUon up 
to 22% *, I e.(1 + 8) -1 = 0 78 and 8 = 0 28 The mass scale N 2  determining the 
normahzaUon of  the asymptotic cross section o r ,  may then be computed from 

2 = 0 36 GeV 2. (13) and is obtained to be N2 = 0.61 m o 
Although (11) may easily be evaluated numerically from the tables for ~k(1)(z), 

It is advantageous to gwe a much simpler formula for aT, winch for X = 2 approxi- 
mates (11) extremely well, the error being at most 2% (around q2 = 3 m 2 where 
devmtmns from (11) are largest) Ttus approximate formula for (11) reads ** 

aT(W, q2) = -~2 o , (14) 
(q2 + ~ 2 )  vp 

2 as calculated from (13). with ~2 = 0.61 mp 

* This number is determined from vector meson photoproductxon assuming diagonal vector 
dominance It is not significantly changed m the off-diagonal model, as photoproductlon 
of p0, co, q~ at t = 0 is hardly changed by taking into account off-diagonal terms 

** This approxlmatwe formula xs good for h = 2 In general (11) depends on h, although the q2 
= 0 and q2 _+ oo hmlts.are independent of X 
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Fig. 3 Off-diagonal GVD predlclaon (from (14)) for the transverse vtrtual photon absorption 
cross section on protons, OT(I#, q2), as a function of the vtrtual photon for momentum squared 
q2 
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Flg. 4 The transverse part of the proton structure functaon 1)W 2 as a function o fq  2 m the 
large w' d]ffractaon reglon showing the approach to the scahng hmlt. The theoretical curve 
is the off-d:agonal GVD prediction calculated from (14) The data points have been com- 
puted [9] (see refs. [91 and [ 1] for details)from the measured 6 °, 10 ° and 18 ° data [13]. 

I t  ls amusing to  no te  t h a t  the  s tmple pole  fo rmula  (14)  w h i c h  is equwa len t  to  
(1 1), had  previously  [9] b e e n  s h o w n  * to  descr ibe  ex t r eme ly  well  t he  da ta  for  the  

t ransverse  par t  o f v W  2 m the  w '  ~ 8 region F r o m  eyebal l  fits to  the  da ta  ~ 2  had  

• The simple pole f~rmula (14) first arose [9] m the dmgonal model justafled from an effec- 
lave oVN p ~ 1/m N law as a working hypothesis Putting in off-dmgonal terms thus may ap- 
pear equwalent m praclace to an effective 1/m 2 law We cannot adovcate such a point of 
view, however, as thB equwalence is lost for other physical processes, e g a 0 electroproduc- 

tlon 
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been obtained to be /~2 = (0.611) 2 = 0 37 GeV 2, compared with ~2  = 0 36 GeV 2 
as calculated m thts paper. Also, as remarked by Sakurax [ 15], the pole formula (14) 
unpiles that the modified scaling vanable cow = (2My + b2)/(q 2 + a 2) of  Rlttenberg 
and Rublnstem [19] is a good variable, provided their parameter a 2 - ~2 In the fits 
[20] of  the data a 2 has been found to be 0.37 ~< a 2 < 0 42 m good agreement with 
our calculated value of  ~2 = 0.36 GeV 2. Agreement of  (11) and (14) with the data 
is exphcltly displayed in figs.3 and 4. 

Concerning the small longitudinal part of  the total cross section as, let us just 
remark that inclusion of  off-diagonal terms is straightforward, no novel features 
arise, and the conclusions of  ref [ 1 ] for the ratio R = oS/OT are substantially un- 
changed. 

From our ansatz (5), we note that diffraction dissociation, as exemphfied by a 
single, effectwe off-diagonal term parametrized with CN, increases with N, becoming 
a constant fraction of  the elastic reaction. Tlus feature seems a necessary one for 
convergence and scahng We have checked that a constant, N independent C N gwes 
a logarlthrrucally dwergent non-scaling expression except for the smgular point 
C N = ~. for which case the result is convergent, but also non-scahng with a leadmg 
term proportional to (1/q4) In (q2/m2).  

To summarize, we are proposing a simple model for melastlc ep scattering in the 
large ~ '  dfffracUon region based upon off-diagonal GVD The model accounts for 
scahng behavlour for spacehke q2 for the transverse part of/)W 2 from a 1/s scahng 
law for the total cross section e+e - ~ hadrons. The only free parameter lntro, 
duced is related to be magnitude of  hadromc diffraction dissociation and is adjusted 
to yield the correct normalization to the total photoproductlon cross section at 
q2 = 0. We obtained excellent quantltatwe agreement with experiment, and m fact 
derwed the correct numerical value for the mass parameter/~2 ~ 0 61 m 2 ~ 0 36 
GeV 2, which sets the scale for the q2 dependence and had previously been ob- 
tained from fits to the data Precocity of  scahng follows naturally from the small- 
ness of  ~ 2  

Although we have thus stressed the numerical success of  the model, and which 
indeed is not dlssatasfymg, we do not necessardy adhere too strictly to the speci- 
fic way we have introduced off-diagonal transitions. It has been our main point 
to show by means o f  a constructwe example that inclusion of  interference be- 
tween different vector states within the incoming photon allows us to obtain sca- 
ling m the spacehke region for ep scattenng from scahng m e+e - -~ hadrons, 
while keeping the vector meson nucleon cross section independent o f  the vector 
meson mass. Devmtaons from the 1/s behavlour m e÷e - annthflatlon, above 3.5 
GeV c m energy as recently indicated [5] are expected [12] to also show up as 
wolations of  scaling for sufficiently large spacehke q2. Further tests of  off-dm- 
gonal GVD can be obtained from photo- and electroproductlon of  vector mesons. 

We thank our colleagues at DESY for useful discussions Two of  us (B Read 
and H. Fraas) would hke to thank Professors H. Joos, G. Weber and H Schopper 
for several visits to DESY, while this work was completed 
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