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ABSTRACT
A unified representation of vWE- and wl for both the electro-
production, e  + Noe + anything, and the colliding-beam reaction,

+ - —
e +e —N + anything, is presented. ‘We then generalize the model to

the case of detecting one more hadronic final-state particle, and obtain.

formulas for all four structure functions for both the reaction

£ + hl
The explicit formulas further unify the generalized Bjorken scaling law
with the Feynman scaiing law. We then discuss the fragmentation of the
target hadron, the fragmentation of the heavy virtual photon, the two
triple-reggeon limits, the two pionization (nucleonization) limits, the
"four-reggeon” limit, the "fixed-angle" limits, and thg generalized

threshold behaviors of Bloom and Gilman. The pionization region again

shows a universal cut-off of exp(—hgl?) in the transverse momentum,

—and predicts the average multiplicity distribution (n) = a + b fn s,

where s 1s the square of missing masses. Formulas for all structure

functions for further generalization to arbitrary number of detected

final-state particles are alsoc given.

- £ +h, + anything and the reaction £ + 1 —-h, +h, + anything.
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I. SUMMARY OF THE PHYSICS AND THE MATHEMATICS
“OF THE PARTON DUAL RESONANCE MODEL

In the construction of the parton dual resonance modell for the
electroprpduction e +N—oe % anything, and the colliding-beam
reaction e+ +e oW+ anything, two crucial assumptions have been
made: (a) the heavy virtual photon has point-like coupling to the
partons, (b) the?arton vhich absorbs the heavy virtual photon is not
to be observed experimenfally. ‘

The assumption (b), takes intc account the final-state inter-
action among the partons and resolves the puzzle why the parton is not
observed experimentally. By virtue of these two assumptions, a heavy

virtual photon is naturally pictured as a parton-antiparton pair

whenever it participates in the strong interaction processes.

The idea of the parton, in this model, is défined to be the
unobserved field that mediates the elecfromagnetic interaction with the
strong interaction. Being a mediator, the parton poésesses both the
properties of the electromagnetic interaction and the strong interaction.
The electromagnetic propertiés that the parton possesses are (a) the
fundamental coupling fo the heavy virtual photon is point-like and
three-leg, (b) the parton is ah unobserved field theoretical particle
having an off mass shell Feynman propagator. The strong interaction
properties that the parton has, are best stated-by saying that the
parton leg can be regarded as one of the legs in the n-point Veneziano

formula, i.e., two partons (or a parton-antiparton pair) can form a

tower of resonances in the same sense as in the ordinary dual resonance

model.

The physical picture of this model can be visualized as follows.

To the heavy virtual photon's eyes, the target hadron is a complicated,
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extended object{'compoéed of infinite many tightly bound partons, and
so the heavy virtual photon interacts at a point constituent (the
pargqn) inside the-hadron. After_the‘interaction, the constituent
absorbs huge amounts of energy, hence decéyé by bremsstrahlung into low-
energy partdné through parton—partoﬁ interaction. The number of partons
inside the hadron thus increases, and-sé, the hadron is excited to a
resonance state. The excited resonance state then subsequently decays
into_fina14state particles via the stroné interaction.

Therefore, we have prpposed-a six-point dual resonance model
for the virtual forward Comptan scattering, deﬁicted in Fig. 1. The
fesults of the model are given by the following feprésentative formulas
fér the structure fﬁnqtionsI wii) —aF£i), vWéi) faFéi), (i =1 for
spin-0 partons, i =2 for séin-% partons) over the.whole range
0 < w < o2

et
X 1 1o o
F£2) I L doy | ao(1 - =
W] e i )
1 2 -
s )| 9
\ J
2 N
-2
aq
X ¢ 1 y -————l—-——-§ exp {-n°(a-a) - Pg[z—néﬁ - 1]@(2%
[1 . zn(z)}
a ~
22& m°(z)
\ a /

Equation (1) continued -

he

Equation (1) continued

: S 2 1%
! (qlf,.o,‘l+w-1> ‘

X 1 - a.al - -
' 1 . ——
1 (él Tyt =T 1:) - 171 . =

N B T

(l _-‘ot; - Ot')

G CRIET>)) I SN
R ECRE = CRr) f,

where
. 2P-q- 1 - P+ 2 P2
e =.7 % = 2 ’
-q q
) - 2 i
ga e 4L ) _E .
a = 4n 1 é a’w =L j : : (2)
; 171 : .
and
1 1
z = {l M T al} [l "o - l)ozi}

The three parameters in Eq. (1) are the parton's mass m, the parton-

hadron channel intercept o (=‘a25h), and the usual t-channel

o3 _

intercept a (= th). _ . T
In obtaining Eq. (1), we have combined the electroproduction

range 1 < o <o with the colliding-beam range .0 <w<1l into one

set of formulas, by explicitly putting the ©-function constraint to

the range of integrations of o, and q, -in Eg. (17), of Ref. 1. We

then make a change of variables such that the range of integrations

is independent of w.
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- "7 “Afsimple inspection of Eq. (1), then predicts (consider i = 2,

.1
spin-3 parton case only):

(a) the regge limit, o - w,

¢

g
!

(2) i
1 % ¢

e e et

) ~ 5
ée) : snlg”| -1

3
f ' : (3a)

(b) the "fixed-angle" limits, o =

i
[a.}
+
m
-

(2) Enlq l crel

\
#(2) 2 '
Fy n[m -2a23+1 Cw ,
fo - 1] (3b)
{F
(¢) the threshold behaviors, w —>lt,
)
(2) | -2
F i -2a, Coo

lo-1] DI (3¢)
Féz) C’w_l§

which is correlated to the asymptotic, hadronic form factors

2 LN -
o) o ) : (30)
|q | e .
. by the relation p = -20523 +1=n -1, where g is the power fall-
off of the asymptotic form factors. And
- (d) the pionizdtion (nucleonization) limit, o - O,
(2)) 1
- Fy ; a25+1 Chn o v .
o~ @ . . o (36)
(2) on o] SN
F2 } C' w 4n w :
Taking Opz = -1 from the threshold behaviors in Eq. (3c), we predict

that Fgg) behaves like n"Xp, and Féz) vanishes like wfn .
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On examination of the predictions, Egs. (32) - (3e), showé that
the representation, Eq. (1), is quite independent of the diseases of
the dual resonance model, namely, the problems of ghosts, spins and
internai symmetries, off mass shell extrapolations, and even the lack
of complete unitarity. This is not surprising, since what is essential
here, in the Bjorken limit, are the regge behaviors in various channels
(5 duality), together with a factorizable (pomeron) pole of intercept
unity2 [al6 =1 in.Eq. (1)1

In this paper, we generalize this model to the deep inelastic

inclusive reaction

4 +h = £ +h, + anything, (ka)

and its cross reaction, that is, the colliding-beam reaction:with the

detection of two final-state particles

L+4 - Ei + h, + anything. (4v)

‘The mathematical work is straighﬁforward, though slightly
complicated, but the physics is quite fruitful. The outcome of this
generalizatioh unifies the eleétromagnetic scaling law (the generalized
Bjorken scal;ng law) ana the hadronic scaling law (thé Feynman scéling
law) into one set of formulas, describing all four structure functions
for the two processes, Eqs. (4a) and (4b). The predictions of the model

5 as'expected, but

are analogous to the pure hadronic inclusive results,
we would like to stress the essence of the strong interaction duality

in obtaining these results.
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.II. FORMULATION OF THE MODEL
Consiaer the spin-aver;géd, generaiized_virtual forward

Compton séattéring, depicted in Fig. 2. Particles 1, 2, 7, and 8 are
_theuoff—shell partons of field théqreticalbtype, particle 3 ié the
final—state p;rticle that we afe éoing to aetect,Jand partiéle is
fhé target hadron (in.the electroproduction region).. In the colliding-
beam regién, both the particles'3 and 4 are the detected final-state
pérticles. Particles 5, 6 are the antiparticles of, 4, 3; they have
four-momenta of séﬁe magnitude buf opposite signs to particles 4, 3.
The dotted line in‘Fig. 2, indicates the correct imagingry part in the
missing mass square variable that one shoﬁld take, in order to obtain
the structure functions.

' Throughout this wbrk, we ére going to omit the discussion of
the diagrams gorrespgnding to the orderings- (1, 2, kL, j)x) and
(3, 1, 2, 4, X), where X 1is the "anything." They can be calculated
similarly to the ordering (1, 2, 3, 4, X), Fig. 2. The ordering
(1, 2; h, 3, X) - cannot contribute to the fragmegtatiﬁn of the virtual
photon; while the ordering (3, 1, 2, L, X) ‘cannot contribute to the
fragmentation of the target. We also negléét the nonplanar loop
diagrams throughout‘this paper.

We specify the kinematic variables

2ki q
@5 = 5 s 1=3:h’
.. "q
2k, -k :
T Beh’ (5)
-q
2 2
s3 = (q+ k)7, s, = (@ + k)%,

Equation (5) continued.

Equation (5) continued

' P
Ss), = (k5 + kh) , ) L

*2

1]
1]

(q + k5 + ku)? =M, (the missing mass square).

2
In the generalized Bjorken limit q - iw, s5 - teo, 8,85 — -+, but

“

wi, w), s and T fixed, we have the relations
s, =~ \qg(l - w

)

13

5), q2(l - wh?, ' o (6)

n
14

q2(l Sy -y 7‘7).

We now write down the model for the spin-averaged, generalized

virtuad’ forward Compton scattering

(1) 5 C k- -q-
KU-V BB(q_k2Jk2\’k5Jku> ku) k5)k7, a k7)

(1) bk
T = d'k.d'k — - =
wv . 2- 7 [ (kg_q)z_.me] (k22—m2) (k72_m2) [ (q+k7)2_m2]
G
wherel -

-(2k2-q)u(2k7+q)v, i =1, for spin-0O partons,

k(1) - (8)
" 2 EEE! i=2 for
-(2kyma) (Bkpta), + a” (g, - 2/ i=2,

o1
spin-3 partons.

The four leg off-shell eight-point dual amplitude, in its standard form,

is

A
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' dx, dx,dzdy, dy, (x5 )'alz(Q)'l
T, T2 T,y %1
0 :

(sx)-1 05 h(s)-l
X Geayy) 2353 3
-0, (Kot ) Ol (K tk, +K), )
1-x 23V T3 1% x 234 K 3L
1 172
X l—xlx2 l—xlng
(k
1- xlxzz 25&5 1- XX zy2 26
x 1- xlx22y2 1-X.%.2y.¥. xlxzzyly2
[ aga(k 1y.3, -a25u(k7-k3—ku)
X l-yly2 1-2y.¥,
-0 (k_-k_)
4
1-zy )y, 234507 3
X l-XZZyly
- o (k)
g 267 _
. 1-%,291 5 (1ox.t.23.7.) 18(kpth)
A\ TS K %7y Y, 15079192
- -0y, (k, +k, )
L b
Y (1-x,) (13 x,2) (13 ) (Amzyyy,) | 0 2
) (l_xlxg)(l @(l ylyz)(l Zy2)
- -0y (k)
b
(1-5,2) (L%, %,2,) (125 ) (Lx2wyy,) | 27 E
X Lzl_xlxez) (l_xe Zy2 )ﬁ_ Zylye) (l'XEZYE)

. 0),5¢(0) -0y, (0)
(l-xgzyg)(l-xlxzzylyg) j 3456 (l-z)(l-xgzyg) 5 .
(T-xlxezyQ)(l-xezylyg)_i il—xgziZl—zyei

(9)
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Because we use the generalized optical theorem to make a model

for the cross section, all invariant variables belonging to the legs

3,1

1, 2, 3, and 4 must be analytically continued in opposite directions
to those belonging to the legs 5, 6, 7, and 8. We indicate this by
a "bar" over B8. We assign different regge intercepts to the following

channels: the parton-hadron channels, (= «a

Oog o3y = Ozl = Opg)s
the parton-parton channel alS; the hadron-hadron channels &

2 2 .
(= a5u = a5h5 = —k3 = _kh ); and the two channels having the quantum

0

number of the vacuum, a3h56 and ah5'

Carrying out the double-loop integrals over k2 and k7, we

get

©

(1) _ 1 1 x 1 e
Tuv = daldazda7da8d(zn xl) d(4n X2) d(én Z) d(4n yl) a(4n 2)

I
(1) s 10 2 1 1 1
X va {a} 02 exp(-J) explq £n(lel) + 55 zn(xeyg) + s(4n Z)

+ qg(al + a8)F], (10)

where Kgi), {¢}, ¢, J, and F have explicit forms, but we only
mention that F 1s a function of w5 and w, -

As qe, SB’ and s — -w, we require the sum of terms in the
last exponent of Eg. (10) to be negative definite. This can be so, if
w5 <1l and s/q2 > 0. Because q2 and s3 go to infinity in the
same order as s, and because later on we only want to take the imagin-

ary part across the variable s, we have to disentangle the extra

pieces of imaginary parts that will be contributed from s and F.

3

In other words, we need to factorize the s-dependent factor from the
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83- and F-dependent factors. The unique way to perform the scale

transformation, therefore, is

ai = alF,
aé = aSF,
1 1
n — = of., i — = B,
X 1 vy 1
1 q2 1 q2 q2
n— = (g—)pﬁz, n o= = (F)eBys (7)) >0, (11)
2 3 2 3 3
1
- = 965,
ar = DBh)

ag = ol -8 -B] =B, - By - Bs - B),
1-8 -8 -8,-8; - By - By > 0.
Then the last exponential factor in Eq. (10), becomes

ep(a’pll - (1 - S)p,0). (12)
q

We then expand everything else in terms of p, Bi’ and Bi, set

tn ot ~ sn|q®|, and do the o integral. We further set’ ag = 1.
Now we can keep q2 at -w, and analytically continue s %o

+o, and take the imaginary part in s,vwhich amounts to setting

B, = (1 - EE)—I in the integrand, together with the 6-function

3
q
. . . _ 5,41 .
constraint 6[1 - B, - Bi - By - B (1 2) ]. We thus obtain the

structure tensor of electroproduction (because s/q2 < 0), defined by

-12-

i i 1
wﬁv) = Img Tﬁv) =2 2{:

(i), ..
k,q kjq W ed)
- = k., - =— + (£ ¢« —_—
X 1 %, 2z q 5 K V ( 3) 2
q,a ;
) <guv B 2V>w§1) ’ (13)
a

where M 1is the mass of the nucleon target.

We can now further analytically continue wﬁi) into the
colliding-beam region, by keeping s at +w and continuing q2
{through the complex q2-plaﬁe) to +o, i.e., to the region
1> 5% > 0. This amounts to putting the o-function constraint to the
uppeg limit of the range of integrations of Bl, Bi, 52, and Bé:

-1
namely 1 - Bl - Bi - 32 - Bé - (:% - §§:> 2> 0. We then make the
q

change of variables
-1
s
SN GON
q
-1
s , .
b Gl e
q .

such that the range of integrations of al’ ai, [0

™
]

(ak)

™
el
i

and ) 1is
independent of s/qz, and satisfies the relation
_ ot o . . . :
1 al al Oy a2 2> 0. In this way, we obtain a single set of
formulas covering the whole range 0 < (:} - §§Z> < », of which
q

0< (:. - Eé:> <1 1is the colliding-beam range, and 1 <'(fi - EEi) <
q !

is the electroproduction range.
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We further reducel the double integrals over a and a7 into

2

a single integral over o = a, + a_. Then we introduce two new

2 7

"hadronic” scaling variables vy and Vo

i = 3 A (og tay v -1,
4 pj.
(15)
y w, +ay + T -1
= 5 1 5 b
Yo = G Tl -w ~7 1 -w ‘:>
3 3 by 3

Now we can compare the result with the gauge invariant form,
Eq. (13), near the point of fixed missing mass,l i.e., —EE - 0. We
-q
finally obtain the explicit formulas for the structure functions

[, + 1 al W (ag) » an el (a9), 4,3 = 5,0,

(16)
wil) = F£l>
They are (
F§l) ]
#2)
% 1 )y l—al-a'l-a2—océ20
A i
0
CrBawy - )
|

USRS

Equation (17) continued

-1h-

Equation (17) continued

[ = )

1

2M 2
> £n (25)

X da(l-é){oc 5

2
2% @, 4n (Zh)
a

z—g (w5 + ) zn(za) £n(2,),)

J

.

)( 1

{1 - é[wB ﬂn(ZB) + oy ﬁn(Zh)]}g
X emin(a - a) - é[kB () + Xy En(Zu)Jg}

' Q
1 1 ] Iyt 2 25
¥y (1-04 -0 -ap-0) EACREARACKS))

X 1 o on o0 L1+, (o +ag )4y, (a0, )] (ryon)(y,09)

~ -a a(k,+k) )

<l+y1°‘1+y2(°‘2+a'2D Q*ylo‘i’"ye(o‘e*aéb} ° (Ly50,) (L4y,05) 1
X0 (20, ) (3,%) | T

- : : Y] 3456
(l”yz(o‘z‘LO‘zD@*yl(o‘lﬂl)we(o‘e*az))
R A CRC) [ AR A CARTIY)) \

@_+y2 (062+05é )) '0415
(Ly0,) Uy )) ’ (1)
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where III. PREDICTIONS FOR THE INCLUSIVE REACTIONS

o) . .1 .
1+ yl(al + ai) + ye(az 4 aé)] ) We consider the spln-§ partons case only. We adopt the experi-

a = /n 7
(y109 ) (v, j ’ mental fact that the scaling behavior sets in at finite g- (of the
(18)
order 1 GeV2), we will assume Eq. (17) is valid for large but finite
. . 1+ ¥0y * yg(ot2 + aé)][l Y0 * y2(a2 + ag)] q2.
5 (v )(y724) ’
We first discuss the electroproduction process
and L +hy >4+ h5 + anything. Since q2 < 0 1in this process, the inci-
1+ Vi o+ ygag)(l * Ylai + Ygaé) dent energy 5), ~ q2(l - @A) > 0, the first momentum transfer
Z), = - - . !
i o, + v, ) (70! + yal)
(yl e 2)( 11 a2 i 85 ~ qg(l - wB) < 0, the second momentum transfer SBL = (k5 + kh)2 <0,
' 2
- 2 . and the missing mass square s ~q (1 - o, - + 8 > 0.
We see that, apart from the factor iIn llq ], Eq. (17) is a ( 3 h), 3L
A. The Fragmentation of the Target, 0 <x < 1,
function of the scaling wvariables wE and ay, Or yl and yg,
o) 2 (x K )2 In deriving Eq This is the limit
i - i = + . n .
together with PL and pH in S5h 3 N
(17), we have kept the momentum transfer S fixed. s, — k y
2 . .
Equation (17) is true for both q2 >0 and q° <0, i.e., it B x Q;SA s
. s -  =c0
holds for both the electroproduction and the colliding-beam reactions. 3 (199
19
s
Pl 1 -x,
N
2
2 D
1 - x 2 1 .
th ~ - p M - = - fixed,

1
where X = EP‘f/(sh)z is the Feynman's scaling variable. By the finite

assumption of q2, the 1limit is equivalent to

i Z
, X 574, 0 <x <1,
w. - = *
5
s ] (20)
yl =?q—2—>4<>0 i .
4
1
¥ ¢y, T
_ s 1 L l-x Yo
Yo B oD 0T T a, X J



Hence, from Eq. (17), we get

—

F£2) )

72 (53)

T, SRS

Fi2) (1)

2

_17_

%3hs6

Oppep-l
2, “3ks56
gg(x,pj_) g

a3u56-1

S UCH

We see that, Féz)(55), Féz)(hh), Fée)(Bh) approach limit distribu-

tions if «

3k5
B.

From Eq. (20), taking y, ~1 - x.—»0 in Eq. (17), we find

2 )

72) (33)

P 2) (1)

732 (u) )

where Ci have explicit forms.

Ly,

6 = 1.

85(x,glf) w),

ACHIRIOREN

’

The dominant duality diagram is Fig.

The dominant duality diagram is Fig. 3.

The First Triple-reggeon Limit, x —1,

Q.
3456
Clm5

s O -1
%» 3456

02(1-x 5

a -1
<2 “3l56

-1 a5h56'1

(22)
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C. The First Pionization Limit, x —=O0,

From Egs. (19) and (20), taking x — O 1in Eq. (17), shows that

we need to consider the region a2 B %, aé =~ %. Hence we get
(2) )
Fy
(2)
Fy°7(33) -3
2 D o -
= L 2 2 1
. PRSI S 56@{§@L+M%m(lj§)]
@) 4n|q”|
2
ry°7 ()
(2)
EIUCHE
¢ [03
3456
Clwh
Q. -1
ng—%bu5h56
X ! . (23)
03456_1

C(;x3u56-l
ey
We see that Fée)(hh) and Fég)(Bh) have finite pionization
e o (2) . 1 .
limits, if a3h56 = ah5 =1, while F2 (33) dlverges like x - This
divergent behavior shows that the average multiplicity distribution is
{(n) = a gn s + b, which disagrees with the conclusion {(n) = Knlig\,
a
in the naive parton model and the multiperipheral model. The reason
for this disagreement can be understood by the fact that the above-

mentioned models do not have the final-state interactions, which should

give a "form factor" to the photon-partons vertex, hence produces
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extra £n|q2| multiplicities. Another important feature in Eq. (23)
is that the transverse momentum ?l? has the universai cut-off of
exp(-hpi?), (if %L? >> Mg), as in the hadronic case.. The dominant
duality diagram is Fig. 5. ™~

D. The Fragmentation of the Heavy Virtual Photon, O < x' < 1,

This is the limit

Sh-—)-f-oo

~S
Y, X o~ 2% o<x <1,

Sy

55)4 - = J
' (24)

s ~ 1 -x',
Sy
s5 = fixed.

Strictly speaking, Eq. (17) is not applicable to this limit, since in

the derivation of Eq. (17), we have assumed s; — -w, and

s
3 3
However, because of the finite assumption of q2, we nevertheless still
assume that we can take th ~ -0 in Eq. (17). In Appendix A, we give
an ad hoc alternative derivation of this 1limit, by first letting

s,th — 1o, then take q2 — ~». It gives similar results.

_The limit of EBq. (2L4), is equivalent to

, x' &~ —L, o0<x' <1,
®y
wB = fixed < 1
¥ - +oo 7
1 ; vy
? R . ;; = 1 - wsg >0, i (25)
b3
Y, ot J
(l)h 1 -‘DB
5; = 1 -x

y = finite.
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From Egs. (17) and (25),we then find

, F§2) 1

7?)(33)

r{2) (un)

TR

1

(04
2 L
hy (" 500552 )9, >

[0}
, 2y, b5
h2(X )‘DB)p-L )y2

——— Oy =1
2\ 'k :
mla”| | ny (e agp) N,

Q
2,4
L h)_'_(xl ’wB’p_L )y2 g

7/

2 .
The relation among q2, x', mB’ gl_ is

3

We see that Fée)(hh) has limit distribution, if s

s, =~ qg(l - m5) ~

2

2 p
. il_iri_l_ W - ;;_ .

ant duality diagram is Fig. 6.

1.

(26)

(27)

The domin-

E. The "Four-reggeon" Limit @5 = 1-¢€¢, O0<x'"<1,

Take wg = 1 ~¢, €= finite, in Egs. (25) and (17), we get -

o(®)

72 (33)

7{2) (1)

EUED

)

s

ah5-l

t 2 _2
hB(X ,Ql_)yz (1 - w3)ﬂn (:f—:zgi)

1

o ;
{ hh(x')plg)ygu?(l - wj)ln l(

The dominant duvality diagram is Fig. 7.

1

1 - wB

)

7

5 (28)
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F. The Second Triple-reggeon Limit, x' -1,
Taking the limit x' -1, Wy -1 (s5 is fixed at resonance

masses), but (1 - %)/(1 - x') = fixed, in Egs. (25), (28), and (17),

we get

(2) %5 )
P €195

(2) s

5~ (33) -20,5+1 Co¥yp

NG R st Y

a 5 > m™

PR o,”  m (l_x,>
(2) Dys -1 ¢ 1

L Fy (k) 0w, n () ]

(29)

The dominant diagram is Fig. 8.

Now we discuss several limits for both the electroproduction

and the colliding-beam reactions.

G. The "Fixed-angle" Limits, v, = S_ - e,
These are the limits s/(-qz) = t€, € finite, and SBA = fixed.
Both vy and vy, are small in these limits, we then get, from Eq.

(7)),

r{?) ¢, (s5)
#(?) (53) ¢y (52)
2 ! znlyll -2@2 +1 2\ 3L/
y b — =y 2 (%0)
(2) L )]t
F2 (uh) § CB(SBh)wM
D ) L culog)og va) |

The dominant duality diagram is Fig. 9.

20~
H. The Generalized Threshold Behaviors of Bloom and Gilman,
vy —90#

Teking the limit ¥, - 0% in Egs. (30) and (17), we get

f ) 1
‘. Fie) l’ Cl(s%) ‘l
7% (53) a1 | Colsgy )y §

e (31)

o\ yl 23 <|
#{2) (1) ;

% Cﬁ(SBM)&h

SIS GASRICREY

a,
e ey e £ s e

N e

Because the missing masses s are fixed at resonances, the dominant
dwality diagram is Fig. 10. These generalized threshold behaviors still

correctly connect with the asymptotic form factorsl (also generalized)

+1

Ty
6(d55) e (?) Cls )5 (32)

1a%] -

by the relation p = —2a23 +1=n-1,

Finally, we consider the colliding-beam region (q2 > 0).

(in the qe-dependent factors).

I. The Second Pionization Limit, yl - -1,

Since q2 >0, th = fixed, and s > 0, we need to consider

w3’¢h’T -0, 1i.e., ¥ =V, m -1. The behavior is enhanced by the

pinch of al’ i, a2’ and aé at the upper 1limit of the range of

integrations of Eq. (17). We find
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o
{
b oa(2)
| Fy(33) 3
Y e SR S
AP

c )

1

Ce<n32n-l(l + yl)
X (33)

-2
C}‘”A“ 1+ yl)

Cu(% + a)h)Zn—e(l +yy) )
h -2a(s,,, )+l
We see that Fé2)(3h) behaves like (QB + ay,) Sk

X ﬂn_i(QB + wu), if a23 = -1 (i.e., the target hadron is a nucleon).

The dominant duality diagram is Fig. 11.

ol

IV. FURTHER GENERALIZATION
Further generalization to the reactions
+ anything, (3ka)
+ anything, (3kp)

n+1l n+2

are straightforward. We define the kinematic variables

T
- 2
s, = 4
= (q+k, + -+ +k )2 i=3,.-»,n+l
5, = q 3 i/ 2 = D 3 s
(352)
2 . R
T e T S<i<isnra,
_ 2 *2
s = (g + k5 Foeee + kn+2) M,
the scaling variables
2ki-q
w, = 5 » i= 3,h,.-4,n+2,
-q
(350)
2ki'kj
TijE_-E—’ 3£1i<j<gn +2,
-9
and the hadronic scaling variables ;
n+2
(L)J+ .Z TJz-l -
y. = s ~ NJ=3  3gi<ln+? , i=1,.--,n.
i -s. i
i+l
Lo E: @1 7 is
J=3 Jed<bsd (35¢)

Further define the structure functions
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Equation (36) continued

) L n+2 (1)(5 )
ﬁ,‘]5\ n+2 ]

1
X l__(,%gw znz>]2exp[-m(oc-a)-— Z}kﬂnZ)

i

// qq R
1 .
- Kguv ) u2v> wJ(_ ', =12 (354)

(
q (07
) g vpll -3y +a)]l 1+ Z:yi<5i * ai)>2] =
with X 1 Tyy (a +ai)] o) o)
(. .
wll) N Fil))
n
(55¢) {<1+ylal+ )3 yi@i+°‘iDQ+y1'+ Zy(o‘ +O‘D‘,
) iZo
[k, + kj)-q]W§l)(£j) - 2MF§2)(zj), £,5 = 3,-+0,n+2. X L (v304 ) (y09) 3
. ) -a(s, )
We then write down the representation (Eif/ (ylal 4 eos + yi-zai-e)(Y1 + 1 + Yi) (a e_éa,) i
( A L—h (ypoq + ooe + w300 )0 + 2+ Y )
1) -
F —
1
¢ 5@ = K o, ) )
\ Vi _qQ _qheeety. O Vi ol ptee ety QL
g ) znlq | Jr /[-I/ & a' ;> A /T\Nf[i L(Y? la? l+---+yJ 203 2)(yT %1? 2+---+yJ la? 15'(ae_’a')
3<i<jen+2 i-271-2 j-273-2 i-171-1 Jj-173-1
| Fél)(zj) _ Fée)(ij) ) -0(s, .)
P (Y, ) + 1+ Y)(Y 5+ 1+ Y] ) @ ar) 13
(Y, ,+1+ Yj)(Yi_l + 1+ Yj_l)
2
2

-a, (0) )

o n, (l+ 2 J(oa +al )><1+Ty (a +Ql ))

X ) ) -> A i=§lG_+ya+2_y(a+a)><l+ya+=jy(am)) J;

J=i+1
(36)

2M
- +w,)in 2, £ .
ae((.l)ﬂ (,l)J) I n ZJ J

Equation (36) continued
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n

l'Z (@ +og) = 1 - Floy +a),
i=1

%+1Yn41 L

yioy yi+lai+l + ece + ynan’ i<n,

ynaﬁ + yn_laﬁ_l + ees + yiai, i<mn,

1, if i >n,

o 2)
(ll + Z yi(Oti + oti)] i 1)
i=1 !

(0 )(v,97) J ’

1 L}
(Yl + 1+ Yi_l)(Yl +1 4+ Yi_l)

(y0q + vee Yy o0 o)p0g + ety 00

gj s

_k2n+5—i 5 3<1<n+2.

limiting cases again can be discussed in a similar way
section. Different duality diagrams will play different

We will not elaborate further. We also omit the

discussion of the permutations of external legs, since they can be

calculated in similar ways.

o8-

V. CONCLUSION

This paper shows that the parton dual resonance model unifies
the electroproduction and the colliding-beam reactions. It further
unifies the (generalized) Bjorken scaling law with the Feynman scaling
law. The fragmentation of the target, as well as the fragmentation of -
the heavy virtual photon, are predicted to exist. Intuitively, this
means that there are "slow” particles in the lab. system, as well as
"fast'" particles travelling in the direction of the virtual photon's
three momentum aﬁ The central region (the pionization limit) again
shows an exponentially cut-off of exp(-hpl?), as in the hadronic
inclusive case,5 and the average multiplicity is predicted to be
(n) =a fn s + b, where s 1s the missing mass square. Different
duality diagrams are shown to dominate different limiting regions.

The important role of duality in ﬁhe dynamical part of these reactions
isvclearly demonstrated.

The usual diseases of the dual resonance model, namely, the
ghost pfoblem, the incorporation of spins and internal symmetries, the
problem of off mass shell extrapolation, and even the lack of complete
unitarify, all in all, do not play any fundamental roles in this model.
This 1s because, in the Bjorken limits, it is the regge behaviors in
various channels (duality = regge behaviors in all channels), together
with (factorizable) pomeron poles of intercept unity that sufficiently
determine the theory. The unitarity corrections, or the higher order
loop corrections, may modify the numerical value of the exponentially
cut~off behavior in the central region. Hopefully, the nonplanar loop
contributions may provide us a sounder foundation for the model of the

pomeron.
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APPENDIX. ALTERNATIVE DERIVATION OF THE FRAGMENTATION

OF THE HEAVY VIRTUAL PHOTON

Instead of the parametrization of the eight-point dual amplitude

as in Eq. (9), it is convenient to write (see Fig. 2)

1
s ax, dx, dz dy, dy, x )-a%(s%)-l
- 8 = | T Ty )Ty,) 11
0

-a25h(k2+k5+ku)—l —a25u(k7-k5—kh)-l Z-OllQBh(qﬁLk}-kkh)-l

X X Yo

=iy (K, + ) (q+k)
1-x 25 1- x x 125 3
X L
l-xlx2 1-xx.2 x x z
(k ) 0, (k)
. 1- X X2 23&5 3 1-x 1 X52Y 5 :) M55
X 1-x,%,7y, Zy2 1% X521V
REXE
X <'y1y2> ( 1=y1¥,7 >

< 1-y,y 2 (25) [ 1-xyzyy, 3
. S - 2?
)( 1-X.2y.¥~ zyly2 \\} xlxzzyly2

Q. 8(k2+k7)

(i)

LS

-0, (0) (((-2)(a-xy2y,)

X (Q-xx52y75,) (T-2x,)(1-2y,)

Equation (A.1) continued
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Equation (A.l) continued
- 5(2)
(1-%,) (1-%,%,2) (1-y,) (1-2y,¥,)
X 1-xlx2>(1-x2z><1 25,0 17,7,)
- (0) a, (k)
(l—xgzyg)(l—xlxgzylyZ) 3456 (1-x z)(l %) 2Zy2) 2617
'x (1-xlxgzy2)(1-xgzyly2) | (1- X, X Ezj(l xgzyg)
-a, o (k)
(1-2y,) (L-x,2y,¥,) 18772
X ﬁ-Zylyg)(l'x2Zy2) : (A.l)

We are interested in the limit s — 4w, s y T q2 - -,

3

but S5 = fixed. The first step, before taking this limit, is of

course to do the double loop integrations over k2 and k7. However,
since the model is a convergent model (regge behaviors in all channels),
we prefer an ad hoc and short-cut derivation, on the ground of
mathematical simplicity.

We will first take the limit S’S5h — -», by a scale transfor-
mation, then we rotate s to +w, and take the imaginary part in s,
After which, we then take the limit q2 — -, leaving the double loop
integrals undone to the end.

As S’SBA - -o, the scale transformation is determined by
examining the factor in Eq. (A.1):

exp | s En(:————k——— + s 4n il
N 2 |

= exp s[zn

N
+
7]
23 Y]
o
&
N
=
N
S
}—I
e
N/
[ S
—_
"
S
R
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We make the scale transformation in Eq. (A.1)

1 1
In — = ypB., fn — = ypp!,
%, 1 vy 1
1 1
£n . = ypﬁg: In =— = ypﬁé, (A-B)
g
2 2
" l ] L}
o= ol -py -8 -8, - 8L,
1- Bl = Bl - 62 = 62 ; O’
where
y = = = 1> o (A.4)

Expanding everything else in Eq. (A.1l) in terms of p and Bi» Bi,

we-find the p integral

e -1-%5(0)

j dp o
0

Rotating s to +w, and taking the imaginary part in s, we get

' oy, (0)
exp(sp) = P(Eah5(oi) s 45 . (A.5)

au5(o)

ah5(o)1 1
Ims [I‘ —OthS(O)) s j = WG-D- s . (A6)

Thus the eight-point function in Eq. (A.1) becomes
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%5 (0) 220 dp,dp1dp,dp,, 0 (0)

—_— [z ' H )]
W By P1BaPo% SRR ALY

023 (K2 y(Bl+f32) O3 (atks)
BfBz Zry Bl+52

r 10 (koK) 0 (k)
2y (B 4e,) 1 0 0| Zey(B Bye) -I S
{ z+y (B B,%B)) | Z+y (81 +B; B,BL) |

(k -k.) a0 . (a+k, )
4 Bl> T [Y(Bi*’ﬁé)] 1

X \F1*%5 Zry (B8] |
(k2+k5) s -04316(1{ )
Z+y (B +B)) Z+y (By*B1 +85)
Z+y(B,*B]+8)) Z+y(By B8 +Bo1BL)
'alg(Q)
Z+Y(Bl+52 {2y (p1+85)

sl+32 Z+yB, Bl+32 Z+yg),

'1 - 6(k )

(z438,) @y (B, +8,485))
A (z+y<al+sg>)(z+y(sg+e‘)ﬂ

o, (k) . 1 g(kotkn)
6\ [z@w(sﬁ@] 7

(zevsy) @ (eyrelsay) | °
X @y (ep85)) (Z (B +8L)) (Z+y8,) (Z+yBS)

755600

[(Z+y(62+B.2)@+y(51+5i+62+%>) , (a.7)

<Z+y(51+ﬁ2+5'2 )) @+Y(32+Bl+ﬁi ))_l

.
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M. A. Virasoro for helpful discussions. I also thank W. Rarita for
Now we take the limit q2 - - in T(l), defined by Eq. (7) reading'the manuseript.

93
in the text. The two parton propagators of leg 1 and leg 8, contribute

a factor (qg)_g’ while the q2—dependent factors in Eq. (a.7) can be

written as

Bl+!32) 7 Z4yB,, Bl+f32 7+,
expfa” £ | (Z+Y(51+Bj Zry (5] 85)

24y (B1+8) Z+y(B1+B,)
+ q (l-m Bl+52 ;) <::y Bl . (A.9)

< 1, the important region is when Z 1is small,

As q - -0, W

3
thus we expand the logarithms in the expression (4.9) to
— ﬁ}
| 2.2 By By 1-033 1-%
( - . .10
explq 2 62(81+52) 82(51 50 B, T R | j (8.20)

Further putting %— ~ LE everywhere else in Eq. (A.6), we therefore
2 q
get, from Egs. (7), (A.7), and (A.10),

. . o500 \Bgl0) . !
wii) = Im Téi) SN B -45:) d“kg d“k7 Kii)
r(i + ah5(oi)
X W(Zn[qgl,m x',p 2k, ,k ). (A.11)
5: ’_l H 0 7

Set alg(o) = 1, we immediately see that the corresponding structure
functions, from Egs. (A.11) and (13), have the form given in Eq. (26)

of the text.
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FIGURE CAPTIONS
The six-point function parton dual resonance model for the
+ anything.

L+hy o f anything, and £ + £ —953

The eight-point function parton dual resonance model for the

reactions

reactions £ + hh -4 + h5 + anything, and

o
L+ 2 —9h3 + h)+ + anything.
The fragmentation of the target. 5

The first triple-reggeon limit.

The first pionization limit.

The fragmentation of the heavy virtual photon.
The "four-reggeon' limit.

The second triple-reggeon limit.

The "fixed-angle" limits.

The threshold behaviors.

The second pionization 1limit.
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