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ABSTRACT

A new convergent, nonperturbative papﬁon (strgton) dual reson-
ance model for degp ineléstic eN and high-energy e+e- production'
proceéses is proposed. The model incorporates the parton's final-state
interaction effects and resolves the puzzle why the parton is not
cbserved éxperimentally. It does not require "cut-off" of any soft,
and automatically furnishes explicit formulas for the structure func-
and W

1
between O and «. The explicit formula for W

tions W,

> over the whole range of the scaling variable w

oY) apart from a non-
scaling factor of Zn-llqzl, correctly reproduces the regge limit
{@w 5 =), the "fixed angle" limits (w -1 * €, € finite), and the
thresholdbbehaviors (w _;li) in connection with fhe asymptotic .-
nucleon form factors. For the e'e annihilation process, it further

predicts the pionization (nucleonization) limit as w — O. We also

suggest that the final-state interaction is of diffractive type

- {Pomeron exchange); and if the straightforward exfrapolation of the

Veneziano formula to the off mass shell makes sense, the final-state

interaction breaks the scaling law by the factor (a +1b ln|q2|)il.

among the partons,

2=

I. INTRODUCTION

Two.of éhe most interesting theorétical‘ideas, in recent years,
are the recognitiqn\ of the duality concept in strong interactibn on
one hand, and the émergeﬂce of the parton idea in the deep inelastic
eN scattering onfthe‘other. The ofiginal contents of the parton ideal
are: (a) its 'point-like interaction with heavy virtual light quanta, .
and (b) that the had?on is made of an incohereﬁt sum .of parton;l(in
infinite momentum frame).v

The latter assumption (b), though intuitively simple, is,
however, incompatible with the duality concept, since Qe need parton-
parton interaction to manifest the duality. Indeed, the physical
picture of the parton-parton interaction satisfying duality has been
pushed forth recently in the "pérton-dual view"2 or the "fishnet

> interpretations of the dual résonance model. Quite indepen-

diagrams"
dent of ‘this, Bloom and Gilms.nh have further suggested that & substan-
tial part of the scaling curves for the structure functions are in
fact built up from resonances. All of th;se suggest that the dual
resonance thodel5 should be capable of desc;ibing the salient features
of the electroproduction data in SLAC.A

Based on the original parton ideé, several models for deep-
inelastic eN scattering and/orzhigh-eﬁergy e+e' colliding beam
scatterihg have been proposed.6 However, because none of these models
have taken into account the important~fin§l—sta§e interaction effects
7 one immediately faces the puzzle: What is a

parton? Why is the parton not observed experimentally?'

Here, we take a completely different point of view. We appeal

"to the experimental féct that the parton is not observed, we assume

that the partons are tightly bounded inside the hadron, and that thg
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parton-parton interaction is strong. In other words, we assume that
the parton, which absorbs the heavy virtugl light quantum, must enjoy
very strong fipal-state interaction with the rest of the partons inside
the hadron, so that it is not observed. We thus propose a six-point
function model for the virtual forward Compton scattering, shown in
Pig. 2a, of.which the imaginary part in s = (P + q)2 yields the
structﬁre functions. The dottea 1ine in Fig:>2a indicatesvthe correct
imaginary part one should take. Figure 2b shows the fishnet structures
of the hadron, and Figs. 2c-f are the duality diagrams of Fig. 2a
(imaginary parts are understood).

In this model, the whole idea of é parton becomes a mathematical
device only, i.e., its mediation between the electromagnetic inter-
action and the strong interaction thrbugh its point-like coupling with
the virtual photon. We use the standard six-point Veneziano formula
{four legs off shell) to describe the strong interaction part of the
process. We state our assuﬁptions:.

(a) hadron is made of partons that are tightly bound inside the
hadron,

(b). the character of the parton is its point-like coupling with
the heavy virtual photon,

(c) the high-energy parton decays8 by bremsstrahlung into sum of
partons through parton-parton interaction,

(d) the parton, which absorbs the high-energy virtual photon,
must suffer-very strong final-state interactions with_the remaining
partons, so that it is not observed, and

(e) assume the six-point Veneziano formula is allowed to go off

mass-shell in a straightforward way.

ke

The final-state interaction assumption (d), is érucial in our
model. It turns out that the firal-state interaction, besides breaking
the scaling law by'a factor of (a + b zn|q2[)-l, also requires the
vparton-parton channel (not the usual t channel) to have unity regge
intercept. This could mean that the final-state interaction might be
diffractive in natﬁre. The point-like interaction, assumpticn (v),
leads to the physicairpicture of thé heavy virtual pﬁoton: a heavy

virtual photon. behaves like a parton-antiparton pair when it partici-

pates in the strong interactioms. Finally, thé off-shell Veneziano

formula, assumption (e), has extremely interesting consequences when
generalized to detect one more bhadronic final-state particle. It yields
predictions for the lepton-bhadronic inclusive process, analogous to

the pure-hadronic inclusive experiments.9 It further gives definite
predictions for massive lepton-pair production process.lo These

results will be shown elsewhere.

e
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IT. FORMULATION OF THE PARTON DUAL RESONANCE MODEL
We specify the kinematics as shown in Fig. ;. The virtual
photon, of mass qe, energy .v,-is point-like coupled to a pair of off-
shell part§ns, which then participaté in strong interaction with the
target hadron (nucleon) of momentum P, and results in producing any-
thing of iﬁvariant mass square = (P.+ q)2;

Our starting point is to set up an off-shell six-point dual

resonance model'fér fhe,spin-averaged virtu&i forward Compton scattering

amplitude Tuv (Fig. 2a). We first go to the asymptotic region
§ - -, q2 — =00, where the six-point function converges nicely, and
obtain an asymptotic form for .Tpv. Then we keep q2 fixed, and

analytically continue s to the += + ie region where Tuv has a

cut for s > P2. Take its imaginary part in s, we thus obtain explicit

formulas fof vw2 -and Wi

s fixed at +w and anslytically continue q2 (in ﬁWé and Wi)

of electroproduction. Then again we keep

into the q2 — 4w + ie region, and thus we enter the physical region
of e'e” process (see the dotted lines in Fig. 3).
We write down the spin-averaged, virtual forward Compton

scattering amplitude corresponding te Fig. 2a or Fig. 2c:

SCO R I U f% '126(1:1» 2,P,-Pksks)
180

dk, d
? k5x<kf-m w) (e ? - uf) (i’ S

) -
(1)

where m is the mass of the partons} 59 k6 =-q - k5, and

1

kl =q - k
: . -(2k2 - q)“(Ek5 f’q)v, for spin-zero partons (i = 1),
(1) | o o (2a)

'“?: ='<

(1;)2 M% + )7 (K + m) (g + m)r, (g + w],
. \ fqr fp?é-% pertons (i = ?). - (=)

" optical theorem for the cross Section.12

G-

We mention that the spin-1 case (i = 2) is the multiplicative quark
model proposed by Mandelstam, Bardakci, and'Halp‘ern.ll We show in

Appendix A that Eq. (2b) reduces to

_ ' ' o g4 '
KS) = -(2»k2 - ), (% +a) + ¢ g,, - iﬁ-‘i) (2¢)

" The four legs o6ff-shell. six-point dual amplitude, in.its,standard form,

is

1
s _ dxdydz (xy ""12(‘1) L Opsle)-l
6 - (1 - x2)(1 - yz) .
0
(k +)-1 a5 (& -P)-1 ' -<x2 (k)1
1l - 1l - ) 3 2
X \i= iz) (1 - yZ> 'l_-%?> ’

) e 50{5) ” 1 - 2)(1 - xyz) 31‘(0) .
)( l - XYz, (1 - xz){1 - yz)

| <k+)-1,(-."_zi€' |
x(l."“z)-am =5 [Y&-;%&-iz%] ) (3)

In Eq. (3), the invariant varisbles s, q2 on the left-hand side
(Legs 1,2,3) must be anal&tically continued in oppo‘site‘directionsl2
with respect to those on, the right-hand side (legs 4,5,6) due to the
' This is symbolized by the

ie-prescription.12 We mathematically distinguish the parton legs

"'1,2,5,6 from the hadron legs 3,4 by assigning the following different

intercepts: the parton-parton channel'has intercept 016’ the parton-

" hadron channel has infercept a23 (=ah5)’ the parton-hadron-antihadron

channel, the hadrbh-hadron channel (the usual

Caz), (= 3u5 = 23).’
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t channel), az), ( = at), and the photon channel, .oy, (= a56).
Physically, the parton legs 1,2,5,6 are distinet from the hadron legs
3,4 by their point-like couplings with the virtual photons, and that -
they are off-shell particles, i.e., field theoretical particles.

We now substitute Egs. (2), (3) in Eq. (1) and explicitly carry
out the two loop-momentum integrations (see'Appgndix'B), hepcé obtain
‘Bq. (B.3). We then take the asymptotic liﬁiti 8 = —o, 92 —9;m, in: 

Eg. (B.3), but keep the scaling variable w fixed,

2P-q »s - P ‘ ‘ . (h),‘

It can be shown that if w is fixed at values less than unity,

the important contributions in Eq. (B.3) then come from the region .
1 1

where £n %, £n ;,' £n Z» 8, &g are small, We thus make the séale
transformation »

£n % = 051,

ml = s, . S ®

£n % = DBB:

and expand everything else in terms of p, Bl’ 62 and 35. Then the
coefficient of q2 in Eq. (B.3) reduces to

o (1485) (B, *B5)
e
)2

p (Bl+62+63
a2+8.5+ n "—"_‘——Blse

p[Bl + By + 1 - w)ﬁs] + (al + a6) 1 -

—~—"

(%)
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Now comes the critical step, due to the crucial assumption (d) in
Sec. II. We note that, in the expression (6), there are two terms

involving w, the first one, (1 - w), is from s = +q2(1 - w), and the

"second one in [ ], is from the loop integrations. Since later on. we

only want to take the imaginary part cut across the resonahces, but
. . 13 .

not-across the partons.(nonobservable);we have to separaté out these

»two. w's. The unique way to do this is by making the transformation

on a), ag:

a.l = a.i/E
. (7)
ag = alfE,
vhere
[, + 80, +8) ( 21"
Y (B, +B;)(B, +8B B, 18,8
E = 1-wtén 1 22 3' a, +8a_ + £fn L2 3 .
L B1fo 2> B18o
‘ ’ (8)
The expression (6) becomes
{oley +B, + (1 - w)ps] +af + aé}f | - (9)
We then complete the scﬁie transformation by setting
ai = pﬁh:
. . (10)
al = p(l - By = By - 63 - Bh)'

Affer the scale transformation, and performing the integration

over p, we obtain Eq. (B.1l1). Equation (B.1l) will yield scaling

i
)

4.2 : =
invariant structure functions (apart from £n lq l), only if *e

Putting @ =1 inEq. (B.11), we obtain




L

9o [ [ e[

q - -0
X 6 B o) = -

(©'®) Ja°l(2 - upy)

(1)

vhere (G'}, E(l), J*,.C', E ere defined in Egs. (B.12-16). The

Ky
-asymptotic expression for 'T;(Lz)" Eq. (11), is analytic in w for

w<1l (hence in s for s < P2). It has branch cut when w > 1
(or when s.> PQ), owing to the positive-definite requirement of
Eq._(6)v or Eg. (9). We now keep q2 fixed at -= and analytically
14

continue s to +o + ie, or equivalently to the regionm w > 1, and

take the imaginary part in s (not in. w). This amounts to replacing - -

the factor (1 - waj)'l by (1 - ug,) inEq. (11). The p, inte-

3

gration then is trivial, and we obtain the structure tensor for the

electroproduction (&> 1): '

. | '61 '
wﬁi). = VImS T( S_Hw (lq Iw)j f f dﬁlf a8,

q - =00
6=t
v " .
X ooy ey - ) 0 o em(om ), (12)
. C" 1

/\

~here {G"), X ), c", E', and J" are defined in Eq. (B.12-17),

El-T

but with 55 =
In. order to s:.mpllfy the final a.nswer, we make cha.nge of

varia.bles from Bl’ 52, 8‘2’ a.5 to ), Oy, b2, b5

U
We thus identify F(l), Fél), defined by w:(Li) —>F(l),

(1 <w <)
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Br = 5% B = G %
(13)
b2.= a2+d2,\ b5 = a5+d5, b2+b5scx;
and define dé, d5’ X, ¥
. l¥a1+a2. 1+ + 0,
_dzslln-—————'-,_dsézn——_—;l—*-——,'
, She 2
| ra)lra)l /) o |
x = |2 2o, BT
: A%
;- "(l+al+a . (1 +}al').(1.L+C¢2)'
_ L - % &

z(1 )

Now we quote the exp11c1t forms for K

rhxz(Pu“ + _15 p)(Pv + -Jg qv) < %—)

AR S | )
th(Pu + %‘; qJ(va + ']élc_ qv») + q2< J‘Lﬂ)

Equation' (15) exhibits the gauge invariance at x =~ 1, ‘this will be

shown in the next section to correspond to w =~ 1, i.e., the asymptotic
form factor case. _
We substitute Egqs. {15), (13), (14) in Eg. (12), and then

compare it (near w ~ 1) with the gauge 1nvar1ant form of W(i)

187 B2 ptv 2

(1) :
i w . Wy ' 4,9, i
W) = (p s 2q )P +—%)f?' %w’:F>%)‘ (16)

vwgi ) —>'_“Féi )

1 1

. and hence we get the results given in the foiiéﬁng explicit formulas
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(£

F(l) . w w_al : . )
2 [ _ * dalf ao, 6w - 1 - o - @) dot
f 0 Jo - ay+d,

2

o
( 2 : = 1 -1 .i
la®}eal(x + & ™)@ + @y, )

2
oz-d-<i5) M

( 5 ‘ '
)< ><%gi +a £n|q2[) < 1 v >-

[ ot : )

1 ~ | x :

' (G} Exp(-J) , (x7).
X o
where
oz »

N (w-1-0 -a) [T+ + ozg)2 [(1 +oy + )

[G} = a1a2 alae [(i + al)(l + (12)

1

X@roro)™)

| 1+ o+ a2)2
d2 + d5 ‘= 4n V-Oiae

(18)

' (1 Y1 +a,)
[me(é -y) +'P2(x -1)] #n @ 2 .

%

)
1]

%
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. ' 2 _ Ay -
In Eq. (17), M is the hadron (nucleon) mass (P = M~ ).  In obtaining

the « integration, we have performed the double integrals over b2

and b5 (see Appendix C, where we discuss the exact zn|q2| depen-
dence). Equation (17) explicitly shows, for spin-zero partons case,

how the F§l) goeg to zero. One can also show that, for spin-%

‘parton case, ' 2MW1 = va2 if w large. Hence, our model predicts

[
S

the R fatio, defined by R = —, is.#ero for spin-% partons, and is

Orp

infinite for spin-~zero partons,‘in agreement with other models.6

Equation (17) is the central result of this model.

i i e i i« e e
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I1I. PREDICTIONS OF THE MODEL

From now on, we will consider spin-% parton case only. For

2
. the sake of theorétical simplification, we assume the case Zn|q ] — o,

(Experimentally, this is unfeasible at the present. stage, however.)
Eguation (17), then is further simplified we'make a fUrther change of

varieble @ =z fn{[(1 + al)(l + az)]/(alae)], and. obtam from Eq. .

(2), (2)

2(2) | | | |
1 /2\.J ’ w0y .
mlgS|- e 5 dor, dor,, Q(m-l-o&fag)

2
re z 2 . 1+ 1+
X az(1 - ) C—z—%—u) £n ( 01)( Gg)v @)

v o "%

| [ e +ay)
X el 02z - y) + PG - D1 am aélaz' 20, a9

where (G} is given in Eq. (18), and

(1+og + az)2 (1 +0)12 +a,)

y = tnf——o>=— | /tn . (20).

&% "%

We now discuss several special limits in above formula (19).

{a) The Regge Limit,

As o — o, the important region in Eq. (19), is o =
@, ~w, and z =~ w. We make the change of variables al = uB),
:ZE wﬁz, z = wl, and eXpand

En([(l + al)(l + “2)]/(ala2)] A,—(-— + %— . We find the regge limits
1 2 - , o

-1k~

imlq®|
(21)

' [0
. 1 ‘
F§2) —~/ c w t )

wsw n|q?| _

- where C and C' have explicit forms. Since @, = is arbitrary, our

- . [ N _ ¢
model can:accop;zfodate the vw2p‘ "Wzn difference (ozt =P, P', A,,

ete.).

(v) The "Fixed Angle™ Limit.

This is the case w = 1 + €, ¢ small but nonzero. In this
limit, we need both s -and --q2 to go to infinity. The main contri-
butions to Eq. (19) come from the région o, a, and (z - 1) small.

We make the transformation on Eq. (19)

' 1
G = E) Bl’

al =
1 .
@ - (1-1)s, - (22)
and’
: -1
(z-1) = |m —2 | a.
: 1,2
(-1
W .
. o ' ’ ) 1 ) -1
"We further set .y ~ 1, and approximate (z - w) by wjin —
' 1-2)
we find,l5 - @
C fn 2a +l
(2) — L (2 )( )
: w=l+e Bn]q |
(23)




B _15_

The dominant duality diagram is Fig. 2d, while for regge limit, it is
Fig. 2f. This is the "triple-reggeon vertex" limit.

{(c) The Threshold Limit.

This limit, on the other ha.nd, is the limit & - 0. By Eq.

(4), this ;L:'Lmif therefore is -

© g G0

-2, +1"

o 50 T

(24)

Becauge of Eq. (4); one can think this limit is t;hé_ case
-q2 — o but keep é fixed at va_.riou's ‘resonance masses. . Hence the
dominant duality dia.éra.m is Fig. 2e. Mathematically, Eq. (23) smootﬁly
approaches Eq. (24), but ph&sically, they are different. The threshold

b In fact, within the

limit is the case discussed by Bloom and Gilman.
framework of this model, we have calculated the asymptotic hadronic
form factor (see Appendix D), and indeed find the asymptotic form

factor to go like

2 ;. Ve 4
G6(a") —~— ¢ Tq . (a5)
q : .

la®]o =

Our model thus satisfies the relation p =n - 1 = -20:23 +1, firstly
16 . '

derived by Drell and Yan. Teke p = 3, yields a23 = =1,

=16~

(d) Predictions for ete” Colliding Beam Experiments.

We now further analytically continue Eq. (19) to the region
q2 - +o0 '+ ie, or equivalently, to the region 0 < w < 1. We thus put
the 6-function constraint in Eq. (19) to the upper limit of the range
of integfation’of_>aé {and drop.the © fuaction in Egq. (19)].17 We

thus predlct the threshold beha.v10r w-=1" and the "fixed angle”

‘l:.mt Twol - e, to be similar to Eq. (23) and Eq (Eh), except

C - —> is replaced by (— - >

A _ﬁn'ther pred.lctlon can be made about the pionization
(nucleonization) limit, i.e., the limit as w —O. In this case, we
need s, qz_)m but keep s/qaz 1. Again, the important region is

o, Oy, (y - 1), and (z - 1) sdall. We then find

-az +l |
— (26)
n|q7| / ln(—)

which goes to zero as w), if Gys = -1. The duality diagrem is

F2) ~
w- O

again Fig. 2d.

-

R e T B
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IV. . CONCLUSIONS

The model proposed in this paper,‘reproduces'all essential

_features of electroproduction, confirms Bloom and Gilmanfs conjecture;
vpredidts the lépton-pair anniihilation process with detection of .one
. badronic (hucleonic) final state, and'emphdsizes the_dynamiéal aspects

"of fhe lepton-hadronic éqllisions through the dual properties of the

six-point Veneziano formuls, similar to thé pure hadronic inclﬁsive'
work.9 It_furﬁher suggests that

(a). the parton's final-state interaction is of diffraétive‘type,
and breaks. the scaling law by a factor of (a +D anqzl)-l,

(b) the heavy-virtual photon behaves like a parton-antip&rton'pair
when it participates in the‘stfong interaétions,

(c) * the parton's mass paraﬁeter m?, can be determined by'fittiﬁgﬁ

Eg. (19) to the experimental vWé curve.

-18-
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APPENDIX A. THE TRACE CALCULATION FOR SPIN-3 PARTONS

We show that Eq. (2b) leads to Eq. (2¢)

Kﬁi) - (u:)z Ky + W1, (g + g + w7, (K +m)] (A1)
= (hm)z Tr(A“Bv), : (A.2)_.‘ .
with
A; = (Kz + m)Yﬁ (-¥ + m)
= v, (8 + o - k) + 2k (¥ - )] + m(2, - T9), (a.3)
B =

v' (K6 + m)Y; (-ks + m)

k, =k, k= K.

We use the standard decompositions‘to factorize Eq. (A.2),

5 .

= A.

m(aB) = ) rr(arl) mT;B), (a.5)
i
where
Ty =1 (scalar), Ty (pseudoscalar), T, (vector),
ir 1. (pseudo-vector), —l—r o  (tensor). (a.6)
g'5 : 2)‘2‘ uv

It can be readily shown that the pseudoscalar and the pseudo-vector

components vanish. We further define the scalar component Tr(Au),

[ + 02 - By, w 20(g - ¥)] - mEx s ), (AD)

f20-

Tr(BV) ‘to have charge conjugation parity C = -1, due to their
coupling to the light quanta. Then the vector component is even under
C, and the'scalar and the tensor coméonents are odd un@er C. -We
assume C conservation, hence the vector compbnent is forbidden, we

are left with
r(aB,) = Tr(a) T(B) + % Tr(4,9, ;) Tr(o}"an). ‘ (A.7)

Carrying 6ut the trace calculations on the right-hahd side of Eq. (A.7),

© we obtain Eq. (3) in the text,

1 - (2) - - - [ 2 - 2 qV
- (AB) = Ko7 = -(2k -aq) (' +q), +d|\g »'Jl_qg .
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APPENDIX B. FORMULA FOR THE ASYM'PTOTIC VIRTUAL

FORWARDV COMPTON SCATTERING AMPLITUDE

We use the following identities to do the two loop integrations:

. a2
4 k[l,ku,kpkv] exp(k“z + 2k-y)
. 2 ¥y - vy 2 : ;
1
=-’é—l"z&’—e§—v+“:e—ve@(%'>- (B.2)

4

Separate out 1:2,1{5 dependence factors in Eq. (3), use Egs. (B.1),

B.2), an pef orm the integrations over y e result is
2 d f th t t duk2 clh th 1t

”

(1) _ ‘I- da, da, da, dag | d(fn 3) aA(n %) d(4n %) ey Kﬁi)
. :

v 5
: ]
« nh 2 1 1 pil
X A RN (PL-winZ+z exp(-J), L (B.3)
where » .
, : 0 Coz
{g} = 1 (1 - xyz)
A-x)2-y2-2) L-xQ-7)
o ; .
X 'E_—lﬁ—ﬂH;z o= Qo) Y, @
¢ = la +a +a, +a + 1 2)®
- 1 6 2 5 1-x)(1-y

: 2 . 2 i ' :
—— = - da, expl;a.i(ki =m)), 1= lf'2’5’6? _ (B.l)‘

20~
2
(a + a )[a2 + 6.5/ + aniﬁ{—;yzx{—z_Ly-)- -w Zn(%l'_x)z{)),((i. : ;r'?)

' 1 e l-xyz
X Zn(—l——_ X.V?> +a6él+a2+2n l-x)

. a+£n -wzn!‘;@
X T-y
. — qu_ 1-xz\"
+al<&1.5+a6+zn >G +£n wlnl_XD,

[w)
it

© (B.6)
= _ I - xz)(1l - yz
J = m(a +a2+a5+a6) ?2{n Y
S A o2 (L - x2)(1 - yz)
c 1 - xyz (1 - x)(1 - y)
+ a, + a + in l'_;_)_.{y_z- gn l_‘__LZ
1 2 1-x 1l -y
-1 - Xyz 2f1 - xz)
+ <a5+a.6'+zn l-y)gn(_l—x ] s - (B.7)
2
2P s - P .
w = ‘—2-9'- = 1 - 5 » . (B.8)
-q q .
and
(1) _ (1) (1) ; (1) L (1)
Kuv =9 Pqu + (Puqv + quu) * 3 quqv oy gpv ‘
(B.9)
- At this moment, we are not interestéd in the expressions for cgl),

i=1,2, j=1,2,3,bk
As explained in the text (Egs. (5-10), we need to make the

scale transformation in.({B.3):



o3

?n % = pBys
£n % = PBo»
én % = 053q
o - /e, o :;. o o (Bf;o)i
e = aé/E,
a] = By,
8 = p(l.- By =By = B5 - By)-

Substitute Egs. (B.10) in Eq. (B.3) and expand everything else in

terms of p and Bé; _Further put 4n p-l = in q2, p = O everywhere
. v . I3

except the coefficient of q2 and in {G)}. We then obtain; after

the p integration,

(1) © L 1-B) 1-8,-B5

1 p '

Tuv /‘\/ da, d.asj dslf .deef dfs3 G}
S;”“ 0 0 ) 0

q - -

- -0 ¢ | .
=(1) ~Tt LS 1 - 11)
K. Exp(-J') [ ] r - ac), (8.

(c'®)® L1a®] (1 - vsy)
where - v AR
. .5“ ( : N )2 a23
['G’ } _ (l = Bl = 82- 83 Bl + 52 B;
. BiPPs L Pifo

B5(By + By + Bs)

R . .
-1 YA . v'
X [TBI + 8,0, * 83)J By +pp*p) "9y (B.12)

~Ol-
2 =
. . 3 1 2
¢' = [a2 + ag + £n (B TG - BQ)J £n q
372 3

+ [ +ln€ +Bz )] [a. +En< +62 ] s (B.13)

(5, +%x%+%1

. w4n - . o ,
E = 1- : F1P2 — , . (B:lk)
a, +a; + In (Bl.+ 52 i 63)
12" Brfp :
‘ | (8, + 5,06, + 8]
o By + BB, + 8
.2 2 1 372 >
J* = mfa, +a_)+P fn
2 5 [ 5132 J
| 6 v, 507 [ ) j
| Bl+62+63] | Bl+63 B * B
a, +a_ + 4n - - £n
X[e 5 B1o - B1Po a
(B.15)

and the explicit form for Eﬁt) is

( ha® (P +—q)(P +—q)-2<g —P‘——>

. -1
(B, +8, +8B ¥l

. . - 3 i=1

[ag + 35 + zp - ﬁlaz s 1 =1,

gngﬁ " (B.16)

nv
ha (P + = q )(P + = l z 9, ) +q (:j —E-—:)

\

‘where -

. ) . ) ) ':.- 2 -
(By + B5)(By + B3) (B, + B, + B5)
= 372 " 3 qp 22 73 .
a = in [ ) 6182 a, + a5 +4n 6152 e

(B.17)

S e s e o A e

— B
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Fquation {(B.11), with o 6 = 21, is the asymptotlc formula for the»

N .
- virtual forward Compton scattering amplitude, valid for both " space-

like and time-like 17 heavy virtual photon, as long as w< 1.
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APPENDIX C. REDUCTION OF THE DOUBLE INTEGRAL dVER

o1 b5 INTO THE SINGLE INTEGRAL OVER « N

After substituting Eqs. (13), (1) into Eq. (12), we isolate

b

the double integrals over b2, b. in the form

5

. £(b, + 1)
’Ibz + b5)vgn]q | +.b2b5]

where f(b2 + b5) is from s Exp(-J"), which is only a function

2
from C" in Eq. (12), or Eq. (B.13). We make the change of variable

of the sum of b, and b . The denominator function in Eq. (C.l) is
: 5%

b, »b, + b,

> > 5is o, and then- interchange the order of integration from

_b2, q to a,'be, getting

oo a-d,
| f(a)

I = o »dbe [b22 - I (c§2)

Gy Je
The b2 integral can be explicitly done, resulting in

[ = a 5 f(a) .
a 2(& 4—a8n|2D2
2t I q

2 1 2 3

oo eonepleos Geomd]

y [5 d5+<h—+a£n|q|> 5 -4, +\F + o mld|

: [% d5 ( +a fn|q |> ][ (h—+oc fnlq |>

(c.3)

Strictly speaking, Eq. (C.3) is the exact form that should appear in

q. (17) of the text. It exhibits the £n|q2| dependence exactly.
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In the experimental situation as the factor ln[q2| is doubled when
[q2| varies from 2 GeV to l5'GéV, one cannot consider zn|q2| large.
However, for the theoretically interesting cése,_we still fake znlqgl
large at least insidé»the;complicated logarithmic expression in Eq.

(C.3). Thus we approximate Eq. (C.3) to

N f(a)(a_.-az-f%)
I //\*j - .

o
2 o° 2 "
fn]q" |- ay+d, =+l

C(C.h)

Since f(o) is of the form . exp(-ax - b é), and so the o integral
is convergent at the upper limit of integration, we can furthef

approximate Eq. (C.L) to

T 2 a
n|t|ow il

2%

This is the approximation we teke in See. III.

o) (. g, - &) (c5)
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'APPENDIX D: ASYMPTOTIC HADRONIC FORM FACTORS

We write down the invariant amplitude correspondiné to the form

factor picture Fié. L,

e e
N k'’ B,[q - k, k, P -
(1) g . L qzv — (® ; ke , ' (p.1)
b 2 - B0k - ) -'u7] -

1 _'011‘2'((1).1(’1 ] x)-aza(k+P?-i ‘

B’-l»= vdx x

and ﬂxﬁl) = -(2k - q)u, for both spin-O and spin-} partons. After

the loop-momentum integration, and setting

W = 2—P'é—q' = l,
-q
we get
(1) ool sl 1) [
N ax x (1 - x) K da. da
TR M 172 -
0 0

[
0
I

n
Qs
-
™
2
n
S

X expl-n®(a, +a,) + P n(1 - x)™]

where

C = a ta,+n(l- x)-l,
(.3)
g = 4n % + 1% 5
8, +a, + zn(} - x)

1
As q2 — -», the important region is when 815 8py in 3 are small.

We put, in Eq. (D.2),
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© s
al = '(p anq I) Bl ’
. 2 1
a, = (o nla®|)? 8, (D-§)
1
m = o(l-8 -8y
. . 5
Further approx1mate (1-x)~ p(l - Bl - 52), ﬂn(l - X) ZFIQ P

and perform the op 1ntegrat10n, we get

1

L 1-8 o
1 <y -, -1
1 =(i)¢y _a - 23
' 0 0 '

-a23+l

,  (D.5)

o)
| nle
)
where
£(8,,8,)

2 2
m2(B1 + 52) if P =

ie

’

if P2 4o

(p.6)

The ie-prescription in (b.6) is the ordinary prescription for

propagators used in the Feynman field theory.

oo 2
Because there is -further enhancement in ¢

By»

]

Bl

-8y -8

Wé"thén,integrate over

p"al)‘
p'(1 - 0).
p' -near zero, i.e.,

behavior when

- By - 82) are near zero, we make further scale transformation

(D.7)
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' . ‘ 1 €' ' : _a23
o, [ [ e
LR o | 1 2,

CNEES 0 0 [lalo" + £]

where

te, .if PP 4n.
We then apﬁroximatevK. (D.8) by

(1) e )"‘23 ' 1 €

T ~ — '
— | oy o dp

AT N .

Carry out the p' integration, we find

(1) N (i :) [1 + O(Enfllq2|)].
o] ' ‘

Thus the corresponding form factor G(q2) goes like

«1 +1
o) s (1 |> '
q .

This result isvin agreement with Gerstein, Gottfried, and

calculation.le' However, we want to call the attention to

-1

4125+l ’
(p.8)
(p.'9)

1
—
(1¢]e" + i€) -

(D.10)

(p.11)

(D.lz) .

Huang's

the crucial

importance of the ie-prescription. We also stress that the form

all inelastic ecases.

.factor behavior, Eq. (D.12), is exactly the same for the elastic and
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Fig. 2.
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FIGURE CAPTIONS

The kinematics of electroproduction and e+e- colliding beam

experiment,

"(a) The six-point dual resonance model for the virtual forward

Compton scattering.

(b) Fishret structure of the model.

(¢) THe x,y,z variables in the expressioém for:the'standard o

six-point Véneziano formule. v
(d) . The Fe&nman parameters for the two loop integrations.
This is also the diagram for the "fixed angle” limit.

(e) Thevduality diagram that dominates the threshold beﬁavior
6f Bloom and Gilman. ‘ | v

(f) The dominent duality diagram for the regge limit.

The physical regions for eP, e+e— and the virtual fOrward :
Compton scattering prbcesses. The dotted lines indicate the
asymptotic 1limit and the dnalyticcbntinuation, taken in the

text.

The asymptotic form factor picture.
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(Fig. 2b)
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(Fig. 2e)
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(Fig. 2f)
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any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any

‘information, apparatus, product or process disclosed, or represents

that its use would not 1nfr1nge privately owned rights.
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