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Abstract: We note that for composite hadrons the usual high-energy behaviour of
amplitudes and large qz behaviour of form factors suggest that the amplitude for
electroproduction of a single particle behaves in the Bjorken limit as

M~ F (g% g(w, 1)

for large w. The form factor Fo(qz) gives the electromagnetic coupling of the
produced hadron to the lowest resonance on the leading {-channel trajectory. We
suggest that this behaviour may hold for all w, as is the case in several models.
Some implications of this behaviour for the resonance saturation of M are dis-
cussed. The general discussion is illustrated by the study of a simple dual reso-
nance model.

1. INTRODUCTION

It has recently been suggested [1] on the basis of the dominance of lead-
ing singularities in operator product expansions near the light cone that the
invariant amplitudes for the exclusive electroproduction reaction (see fig. 1),

N + h(py) = Hby) +h(pg) (1.1)
behave in the Bjorken scaling limit as
Ms, t, &) -~ (- %, ), (1.2)
Z,t fi);ed
where
S/?=1-w (1€ ws ), (1.3)

* This work is supported in part through funds provided by the Atomic Energy Com-
mission under Contract AT(30-1)-2098.
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Fig. 1. Kinematics for exclusive electroproduction.

The remarkable feature of (1.2) is the factorization of the dependence on
the asymptotic variable g2 from the dependence on the scaling variable w
and the fixed momentum transfer ¢ *.

Unfortunately, it cannot generally be shown that the leading light cone
singularity dominates for processes like (1.1) where there is only one highly
virtual particle [2]. Nonetheless, because of the remarkable nature of (1.2)
it would be very interesting to know if it is expected to hold on some other
grounds. In sect. 2 we note that such a behaviour is indeed expected for
large w if the hadrons are composite objects lying on Regge trajectories
and the amplitude M is sufficiently smooth. Specifically, we find

]W(s,l‘,qz) TN Fo(qz)g(wyt)a (1'4)
g%~ -
w,! fixed

where Fo(qz) is the (asymptotic form of) the form factor for transition from
particle 3 (the particle produced in the direction of the virtual photon) to the
spin zero particle lying on the leading Regge trajectory in the {-channel. If
factorization holds for all w and #, this argument then specifies the precise
dependence on ¢2 in (1.2), i.e. the asymptotic form of Fo(qz). We also com-
ment on several calculations of the scaling limit for A/ in specific models
and note that none are inconsistent with (1.4). It appears, then, that the
scaling behaviour (1.4) is very likely to hold for physical amplitudes.

In sect. 3 we discuss some aspects of local resonance saturation of the
scaling function (1.4). We are led to conjecture that g(w,¢) approaches a
constant (or perhaps diverges) at threshold (w = 1) rather than vanishing.
We also note that exclusive electroproduction, virtual Compton scattering
(inclusive electroproduction), and two-to-two hadronic scattering are a very
interesting set of reactions to study together. The assumption of local reso-
nance saturation of their total energy discontinuities and the usual scaling
behaviours for the first two reactions gives a set of consistency conditions
on the resonance spectrum and resonance form factors (see fig. 2). We
point out a few obvious consequences of these conditions but they clearly
merit a much more thorough study.

* The quantity d is related to the light cone singularity of a certain operator product.
If the hadrons are composite it is not expected to be determined by naive dimen-
sionality considerations and thus should be regarded as a free parameter. However,
since the same light cone singularity is encountered in a similar analysis of form
factors, M might be expected to fall off in g2 at the same rate as some hadronic
form factor.
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The more general discussions of sects. 2 and 3 are illustrated by a
simple dual resonance model in sect. 4

Two general remarks should be made. First, all the discussion here
applies only to the non-diffractive contributions to (1.1). For example, if
the Pomeron is not an ordinary Regge trajectory, one need not expect the
rapid decrease in q2 implied by (1.4) *. Also, according to usual duality
ideas, resonances would not be expected to dominate the scaling behaviour.
Second, we neglect complications due to the spin of the virtual photons (and
external hadrons) since there seems to be no reason to believe they are es-
sential in our discussion.

2. COMPOSITENESS AND SCALING FOR LARGE w
In a world of composite hadrons we expect M to be Regge behaved:

Mis, ) o F a9 a0, (2.1)
S§— o

q2, t fixed

The form factor coupling the particle 3 to the Reggeon of spm oz(t), a(t)(q2)’
is expected to have a very simple dependence on q2 as g¢ —
-a(t

q — -

where FO((]Z) is (the asymptotic form of) the form factor coupling the spin

zero particle lying on the trajectory to particle 3. The more rapid fall-off

for higher spin particles exhibited by (2.2) has been derived in field theory

models for composite particles [4] but is expected to be quite general since,

roughly speaking, it is a manifestation of a plausible behaviour of the bound-

state wave function at the origin due to centrifugal barrier effects.
Combining (2.1) and (2.2) we have

(s, 1,42~ F ) (2)*pe). (2.3)
s = o -¢?
C]2’* - ®
{ fixed

The scaling behaviour (1.4) will then follow for large w if we assume M is
sufficiently smooth so that there is a finite region of s andzq where the

asymptotic forms obtained in the Regge limit (s — <« then g — - =) and the
scaling limit (q2 — -c then w — «) both hold **. Our only ]ust1f1cat10n for

* Cross sections with d1ffract1ve contributions like y + N — p + N conceivably
could thus be constant in ¢2 as suggested by Lee [3].
** For example, if (2.1) holds umformly in W, i.e. for s > Clqz‘ and (2.2) holds for
2| >> N, then (1.4) will hold for ¢ > N and w > C.
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this assumption, other than simplicity and naivete, is that it appears con-
sistent with all the data for inclusive electroproduction.

The philosophy here is essentially the same as that of Abarbanel et al.
[5] in their discussion of the large w behaviour in inclusive electroproduc-
tion. The difference is that the natural behaviour (2.2) allows us to reverse
the arguments and justify scaling behaviour rather than assuming it.

Scaling in exclusive electroproduction has been investigated in several
models. The behaviour (1.4) has been shown to hold for all w in ¢3 pertur-
bation theory for the sum of /-channel ladder graphs [6]. In this case
Fo(qz) ~ ((12)‘1 since hadron 3 was treated as non-composite. In all models
of this type, the scaling behaviour for large w is easily understood since
they satisfy (2.2) (ref. [4]).

Exclusive electroproduction has also been studied in the parton model 7).
However, we regard the results of this calculation as inconclusive due to
the large number of unknown parameters involved although the author was
led to conjecture a form different from (1.4).

It appears that one needs an explicit theory of final-state interactions in
order to draw any conclusions from the parton model. Yu has proposed and
studied a model in which the partons interact with the physical hadrons
through a dual resonance amplitude [8]. The results quoted in ref. [8] have
an extra (log fqz “)‘1 as compared to (1.4); however, we believe that the
coefficient has a divergent part which cancels this factor, as happens in his
calculation of Fo(qz).

Finally, the simple dual resonance model discussed in sect. 4 agrees
with (1.4) for all w. Thus this scaling behaviour is suggested for all w by a
number of models as well as by the general argument for large w.

We conclude this section by pointing out a source of uncertainty regard-
ing the suggested form (1.4). If the hadrons are infinitely composite par-
ticles (as is expected if Regge trajectories rise linearly) then form factors
are expected to fall faster than any power [9] (see also the last of refs. [4]).
Very little is known theoretically about this possibility even though it ap-
pears to be the most likely one. In particular, one does not know if (2.2)
holds. In a generalization of the dual model of sect. 4 to exponential form
factors, (2.2) in fact does not hold [10]. Thus it is not surprising that M is
found not to have a factorizable dependence on qz and the finite variables w
and ¢ in the scaling limit *.

3. RESONANCE SATURATION OF THE SCALING FUNCTION

Since we have assumed above that g{w,?) is Regge behaved for large w,
we expect that it satisfies a dispersion relation

* The assumption of a factorized form is also particularly doubtful in the parton
model of ref. [7] since ¢? always occurs in the combination g2(w - 1). When this
quantity is raised to a power it factorizes, but when it occurs in an exponential it
does not.
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* Aglw!', t)
glw,h = [ dw'——%f'—_c’o—. (3.1)
1

The discontinuity in glw,#) for 1 < w < = is a manifestation of the right-
hand cut in s in M (for simplicity we suppress the cut for -= = @ < 0 due
to the left-hand cut in M).

In this section we assume that (the non-diffractive contribution to) Ag
is well approximated locally ("saturated") by resonances when the reso-
nance masses are large:

P lim [dMRes, () M(s,1,6%)] = Fola?) aglw, ), (3.2)

a'l(N)/q2 fixed

where 1 -w = oz'l(N)/q2 and d(N) = da"l(N)/dNis the separation between
resonances in s ©. This assumption is motivated by the discussion of local
duality for inclusive electroproduction given by Bloom and Gilman [11] (see
also ref. [12]). The analog of the assumption of ref. [11] for exclusive elec-
troproduction would be

Resy M(s,(,q%) 772 Fyla?)aglw,!) (3.3)
E = 2
w=1-N/g

for q2 sufficiently large. The basic difference between these two assump-
tions is that (3.2) is weaker since it requires N to be large (one must jump
from one resonance to the next as q2 increases). We prefer to assume
(3.2) here since it is sufficient for most of our purposes. Furthermore dual
models in general satisfy exactly only the weaker assumption (see sect. 4,
for example). For particular choices of parameters these models may ap-
proximately satisfy (3.3), however, just as the Veneziano model for hadro-
nic amplitudes approximately satisfies local duality for small N for particu-
lar trajectory intercepts. We regard such an approximate satisfaction of
(3.3) to be a much more likely physical situation than the exact satisfaction
assumed in some models (e.g. universal form factors, see ref. [13] for a
review). Much stronger consequences follow, of course, from (3.3) - see
the footnate following (3.7) and ref. [13] for a general discussion for inclu-
sive electroproduction.

There are two particularly interesting assumptions that are stronger
than (3.2) but weaker than (3.3):

(i) Consistency between Regge behaviour and scaling for w — =,

* Resonance saturation requires infinitely rising Regge trajectories. We will as-
sume linear trajectories for simplicity below so that d(N) = 1 and a~1@V) & N. The
residue is understood to include all approximately degenerate poles near a(f) = N.
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lim { lim ResNMJ

lim [ lim Res M}

q2~—>-oo N — o w — o g9 — - N
qz fixed w fixed
= lim FO(qZ)Ag(w,t) . (3.4)
W —

This is a consequence of the usual Regge-resonance duality for fixed q2
and the smoothness assumption of sect. 2.

(ii) Consistency between asymptotic form factors and scaling for w — 1,

- N _
lim |_ lim ResNMJ lim [ lim Res ‘MJ
g — -

N—wbg2 - o w -1 N
N fixed w fixed
= lim F,(g%)ag(w,t). (3.5)
w—1

Let us speculate briefly on the threshold behaviour (w — 1) of g(w, #).
Suppose form factors are power behaved,

Res, M ——— CN(—q ) ' , Fo(qz) —2H—> (-qz)_yt. (3.6)

The leading s-channel Regge trajectory has yg(N) = yy+ N from (2.2) and
cannot contribute to the satisfaction of (3.5). All we can conclude is that
there must be an effective yg independent of N and thus from (3.5) and (3.6)

Aglw, )~ (1-w)’s™7L, (3.7)
Since a priovi yg -y can have any value * this argument is inconclusive **
On the other hand, the integral (3.1) must diverge to give poles in¢. The
lowest pole clearly gives the contribution

glw,t) ~ al—t(l-w)". (3.8)

We thus conjecture that g(w, f) approaches a constant for w — 1 or diverges
(if Yg-Yi< 0). The dual model discussed below satisfies this conjecture.
Finally we comment briefly on the consistency conditions on the reso-
nance spectrum and residues implied by scaling. Consider the three clas-
ses of reactions shown in fig. 2, i.e. purely hadronic, exclusive electro-
production, and inclusive electroproduction. The imposition of factoriza-

*Yg - ¥ < 0 does not require any physical quantity to become infinite since
(1-w) = Syip/a2. ,
** With the stronger assumption (3.2), taking N = 0 we find Y5 =y g =Y ¢ and
Agw,B) = (1-w)°.
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lim BitN)

b o= plr)ynety
N—~a : Bi(N)
BLIN)

lim 5 ‘ i = Fa%)Aglet)
N—® i Filq?,N}
N/qulxed

) Fi{q? N}

lim 5 (o= Af{w.)
N—w U Filgq N)
N/q2 fixed

Fig. 2. Consistency conditions from resonance dominance of (a) hadronic reactions,
(b) exclusive electroproduction, and (c) inclusive electroproduction. The sum i is
over resonances of about the same mass N but of different spins and types.

tion as shown clearly makes the solution of this set of relations subtle *
The main problem is the consistency between the rapid decrease in (b) and
the constant behaviour in (c¢). Clearly there must be more than one term in
the sum i, There must be some states for large N whose coupling to two
hadrons is very small but whose coupling to a hadron and a virtual photon
is very large (to compensate the usual decrease for large q2). Crudely
speaking, the virtual photon must be a very good probe into details of the
hadronic resonance structure.

4. DUAL RESONANCE MODEL

In this section we discuss scaling in exclusive electroproduction in a
simple dual resonance model in order to illustrate the preceding discussion.
The dual model we study is the model which expresses current amplitudes
as dual z-point functions with certain arguments set equal to constants [14].
This model was chosen because it has a large number of desirable qualita-
tive features [10, 15]: usual s-fduality, form factors with power decrease
dominated by vector meson poles, (2.2) is satisfied, the power decrease of
the form factors is correlated with the location of fixed poles as suggested
by field theory models of composite particles, scaling holds for inclusive
electroproduction.

In this model M is given by a By function (see fig. 3)

2 LA yi-1 -ofs)-1
M(s, t,q )=f f dz}ldvz vy (l~ul)

o O

-1 -a(t)-1
xvgs (1-v2) alt)

* It is even more subtle when the g2 dependence in (b) and (c) is given by a sum over
vector meson amplitudes, each satisfying (a). Such a sum must clearly have an in-
finite number of terms.

)~a(q2>+a(s>+a(t>.

(1-v1v2 4.1)



J.H.Weis, Exclusive electvoproduction 569

«ls) o (t)
N N

P3 [ By

vt V2

-0 > S &

- \\_/‘

o (g2)

Fig. 3. Choice of variables for eq. (4.1). The dotted lines can be thought of as
fictitious "leptons" which form the current.

In the Bjorken scaling limit we obtain (v = -xl/a(s)):

o0 1
M(s,t,q%) ~ (-¢H) 1 -) T [ dxy [ dug
o] o]

-1 -1 -a(t)-1 w )
xx}llt U;S (1 -02) a() exp [—xl (1 Il }

Ty ) Tlyy) T(-all))
(02 YH oY ST
= (a7 L) T(¥s - a(®))

W
X2Fl(ys’yt;_a(t)+ys;-ﬁ5)' (4.2)

Using the standard formulae for continuation of the hypergeometric function
[16], we find

a
M(s,t,q2) ——~— ()™
Bj. limit

W — «©

I r(-altn T+ alt)

T~y - all) Dlvg) Ty
C(yg -7 - a(t)
Let us compare (4.3) with the Regge limit * (using (4.1) and ref. [16]):

T(-a(@2)) Ty + a(t) T(-q)

-v

+ (~w) (4.3)

(-s)%

M(s,t,qz) ~
s—w  Tl-al@)+y+al)

D(yg) T(=vy - a(8) T(yy)
F(YS - yt - Q(t))

(-s) "¢, (4.4)

We find the form factor

* In addition to the Regge pole there is a "fixed pole" giving (—s)_Yt whose location is
connected with the asymptotic fall-off of form factors [10].
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2)—7t-a(t

Fopfa® 5~ "Tly + att), (4.5)

q -

whereas the spin zero form factor is (from (4.4) or directly from (4.1)):

r(-a(g?) I(r) ]
Fg=— 5 e (-q)) 7, (4.6)
T(-a(g)+vp ¢2 — e

so (2.2) is satisfied. We see therefore that M is sufficiently smooth so the
limits can be interchanged and furthermore (1.4) holds to all w with
T(yg) T(-a(t)) v w
glw,!) = ‘I“(;sff?f(i‘)?)i (1-w) zf’l()’s,}’t; -a(t)+ys; - 1——6)' (4.7)
For future reference we note that
Llyg)

- ¢ e w VS - 1)YS T
T Ry Tl -v+D @ @D

Aglw,t) =

-1
><zFl(ys,a(/)+1;ys—yt+1;w7), (1< w< o). (4.8)

The threshold behaviour is easily obtained using [16]

T(yg-v) I'(-al) — T(yg) Ty - ¥g)
Plys - -an + 7 0 gy @9

glw,t) —~—
w-—1

Thus g(w,?) has the threshold behaviour conjectured in sect. 3. The term
with constant behaviour has the poles in { as expected.

We now study the resonance saturation of the scaling function. For sim-
plicity we give here the results for a(¢f) = -1 although the conclusions are
valid for all a(f). We find

T(vg) Tyg -7 +1+N) T(-alg?) +N)

ResN M=7 5 (4.10)
Dy -7+ DIT(1+N)T(-a(g®)+ v+ N)
for a(t) = -1. Thus
I(y.)
: 2\"Y¢ 7Y Ys 7Y, s
lim Res_M = (- tw "S(w-1)'s " . (4.11
A ResyM = () (0-1s Mg po 0 e @1

N/g? tixed

The model therefore satisfies the weak local duality assumption (3.2) since
for a(f) = -1, eq. (4.8) gives
’ I'(v,)
=Y. Ys~Y s
Ag(w,t) =w "S(w-1)78"7¢ .
g(w,1) ( ) " T(yp T(yg-v+ 1)

(4.12)
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It does not satisfy the stronger assumption (3.3), however, because
Dy ) Ty - 7, +1+N)
Tlyg -vp + 1)T(1+N) *

lim Res, M=(-g%)"s; (4.13)

N

g2 — -

which does not agree with (4.12). On the other hand, the relations (3.4)
and (3.5) are satisfied since

T(y.)
. . _ (2"t s Ys ™Vt
lim lim Res M| =(-¢%) "ig (w-1)"$
N-»oo[qz—a_oo N ] F(Vs_yl‘+1)

= lim Fo(qz)Ag(w,t) , (4.14)
w-—1

and

lim [ lim Res_M]= _lim T =
2o -

T W
D(yg -vp+1)

) s ]
= (~a®" vt

= lim F(¢%) aglw,t). (4.15)
w —3 0O

Finally we look at the consistency conditions (fig. 2) in the model. The
model does not factorize fully [17] so the conditions will not be rigorously
satisfied but it is interesting to look at them anyway. The inclusive electro-
production amplitude in the model [10] satisfies (for a(f) = -1 and M = vWy):

_1 Dlyg) Tyg)

Af(w,t) = 1w(w - 1)27’3 Ty,
s

= lim Res, M
N — N

N/q? fixed
o T(yg) Tvg -+ 1+ T(-a(g?) +i+k)
= lim TN > sTrs TE — .
N = o i,j,k=0 Tlrg -7+ HTA+)T(-alg) +vg+itk)
N/q? fixed  i+j+k=N

(1 +k)1’(2yt—2) (4.16)

T(rg) T(rg -+ 1+3) T(-a(¢®) +j+ k) T(2yg -2+k)
. )( )|

T(yg -7+ T+ ) T(-a(g?) 4 vg +j+k)
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The presence of several sums in (4.16) as compared to (4.10) suggests the
presence of many more states coupling in case (c) of fig. 2. Indeed, the
scaling function arises from terms in the sum with 2 « N for which the cou-
plings are much larger (due to the final group of gamma functions) than
those in (4.10).

We believe the study of this dual model is very useful for gaining intuition
about the expected behaviours of amplitudes with highly virtual photons. It
would be interesting to know if one is led to similar conclusions in the more
sophisticated dual model of Manassah and Matsuda [18] which also satisfies
gauge invariance.

I am very grateful to Julius Kuti for numerous enlightening discussions.
I have also benefited from discussions with Steven Blaha, Richard Brower,
Paolo DiVecchia, Kerson Huang, Roman Jackiw, Renato Musto and Loh-
Ping Yu.
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