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!Despite the fact that ¢ is negative, by definition do(my
dt is positive. The variable of integration we have
chosen to be ||, and the lower limit of the integral is
0, while, for example, the upper limit will be (s —4m?)
if the reaction is of type (54).
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Y por the elastic scattering (2 =0) in small |¢| region, this
is simply the “shrinkage of the diffraction peak.” See,
for example, D. Horn and F. Zachariasen, Hadron
Physics at Very High Energies (Benjamin, Reading,
Mass., 1973).

2Within the framework of the ordinary bremsstrahlung
model (describing only the gross features of high-
energy collisions) we can easily see how the violation
of inequality (C11) can develop by analyzing the elastic
differential cross section [which is obtained from (10)
by setting #» =0]. In fitting experimental data one usually
writes

do®l/at = (dael/dt),=o expl-a(s,t)],

where in a small || region a (s, t) =a(s)|t| —B(s)|t]?
+0(|t|3) with a(s)|t|=10 and 0 =B(s)/a?(s) <<1. [See,

|©

for example, L. Van Hove, Rev. Mod. Phys. 36, 655
(1964).] On the other hand, from the ordinary brems-
strahlung model we have do*Ydt = (do**"/dt)W, where, as
mentioned in the text, do"*/d¢ has a smoother depen-
dence on |¢| than Wy has. Consequently, we approximate
Wy as Wy(s, t)~ expl— (1 —€)a(s, t)], where the factor
1—¢€ (0<e€<<1) takes into account the fact that do'*%dt
also depends on |¢|, although not as much as W,. (That
this form for W is consistent with the ordinary brems-
strahlung model was shown in the second paper of

Ref. 3.) So we have
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In a low-s region (where (|t|) by virtue of kinematics is
required to be small), (|t|) (da(s, - ([t]))/d(|t])) is a
small number, and, since d%a(s, — (|t|))/d (Itl)2 can be
neglected, we see that (C11) can be satisfied. However,
in a high-s region, neither can da(s,~ (|t|))/d {|t])? be
necessarily neglected nor is (|¢|) (da(s, — (|t]))/d (|t])
small, and we see that (C11) should eventually be vi-
olated.
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A model for deep-inelastic ep scattering is presented, where the virtual photon propagates as a
vector-meson state, emitting pions until it loses most of its momentum transfer. It then interacts with
the nucleon. The nucleon receives a finite-momentum-transfer kick that depends on the scaling variable
o, but not on g2 If the average multiplicity of the emitted pions now grows essentially as Ins, then
Bjorken scaling results. Quarks forming a nucleon core will not emerge as free particles in this model,

since the core is only elastically scattered.

Present SLAC experiments have established that
the deep-inelastic electron-proton scattering ex-
hibits Bjorken scaling.! This has been widely in-
terpreted, following Feynman, as being due to the
highly virtual photon interacting with pointlike con-
stituents of the nucleon.*® Such an interpretation
in turn raises the question: Why are such point-
like constituents (partons) not observed? Recent
investigation® indicates that even with final-state
parton-parton interactions it is difficult to explain
why quark -parton quantum numbers are not seen
experimentally.® In this paper an alternative in-
terpretation of the Bjorken scaling phenomenon is
proposed where quarks can form a nucleon core
and do not emerge as free particles.

Our model is shown in Fig. 1 where the photon
first converts to a vector meson p° or w (for sim-
plicity we disregard the ¢ meson). The vector
meson, say, p°, emits a pion and becomes w; w
then emits a pion and becomes p°, and the process
continues. Finally the vector meson interacts with
the incoming nucleon and scatters it.°* We work in
the ep c.m. system and take the direction of the
initial nucleon momentum P as the positive z axis.
We assume that the transverse momenta of all the
produced hadrons in the ep c.m. system are bound-
ed.

Our interest is in the electron-proton c.m. ener-
gy going to infinity, and so we introduce the plus
and minus components suitable for infinite-momen-
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tum frame discussions. The plus and minus com-
ponents of a four-vector a, =(a,,a,,a,) are de-
fined by a. = 3(a,+a,), a_=a, -a,;, and we obtain
ab=a,b_+a_b,—4,-b,. Inthe ep c.m. system,
the initial proton brings in an infinite plus compo-
nent P,, and the initial electron brings in an in-
finite minus component p_. We now examine the
over-all kinematic description of the model and
see how the initial infinite +, — components are
conserved.

Our assumption of bounded transverse momenta
implies ¢, ~ -P,/w,” where w=-2P-q/q? is the
scaling variable. In our model the J=1 photon
state that propagates along the chain in Fig. 1
carries a finite fraction 1/w of the infinite plus
component P, of the incident nucleon and thus ac-
counts for the relation ¢,~ —P,/w. The rest of the
plus component P, (1 - 1/w) of the incident nucleon,
as we see below, is carried off by the final nucle-
on. Furthermore, since p, =m,?/2p_~0 and g,
=(p -p’), =~ -p!{, the final electron has infinite plus
component p/~P,/w, and moves along the positive
z axis. Regarding the minus component p_, we
have p_=q_+p-~q_ [ p~=(pi%+m,?)/2p! - 0]. Hence
the infinite minus component of the incident elec-
tron is taken up by the photon. Each of the emitted
pions then carries off a finite fraction of this infinite
minus component,® so that g_~},7_,k,_. The pions
are therefore photonfragments in the present mod-
el.” Since each pion has a large minus component
and the transverse momentum is limited, its plus
component (&, =m;,%/2k;_, m; ,®=k; >+ u?) is neg-
ligible. Therefore, K, (K =2, k;, total 4-momen-
tum of the pions) is negligible, and we get from
4-momentum conservation P’ +K =P +q the result
P!~P, +q,~P,(1-1/w). From these considera-
tions we also obtain

(P’ -P)?=2M? -2(P!P_+P"P,)

—on? (1 . Pl2+M?
~2M (1 l/w)M —m

N_P_{2+M2/OJ2
S 1-1w

This result shows that because of the limited

“« e "4""'/
p(P) =\<=(Pf:"“ A P°lay wlap) Pq) elp)
P

FIG. 1. Model of deep-inelastic ep scattering studied
in this paper. The photon converts to a vector meson,
say, p% p? emits a pion and becomes w; w then emits
a pion and becomes p?, and the process continues.
Finally a vector meson interacts with the incoming nu-
cleon.

transverse momenta, the momentum transfer
(P’=P)? remains finite even when g2~ -, and
is a function only of P/? and the scaling variable
w.

As mentioned above, the energetic pions have
vanishingly small plus components and so ¢;,~q,
(:=1,2,...,n+1). In other words, all plus com-
ponents of the propagating photon state in Fig. 1
are equal. Because eachgq;_ (except i=n+1)isa
finite fraction of ¢_ of the photon and ¢;, ~q,, we
find that the momentum transfer ¢;>~2g¢;, q;_
(¢=1,...,n) for a propagator is a finite fraction
of g% and so is infinitely large as g>—~ —«. This
shows that even though our model as described in
Fig. 1 appears like a multiperipheral model, in
reality it is not, since in multiperipheral models
the momentum transfer along the chain is always
bounded.® One may wonder at this point whether,
if each ¢;% tends to be infinitely large, then every
time we introduce a vector propagator, the matrix
element in Fig. 1 will be highly damped. However,
as we shall see, this does not happen. The reason
is that each VVw vertex, being a derivative cou-
pling, brings in two components of ¢ in the numer-
ator. The large +, - components in the denomina-
tors arising from the propagators are canceled by
the large +, — components in the numerators com-
ing from the vertices.

The diagram in Fig. 1 gives us the following
matrix element of the current J,(x), where J,(x)
is the hadronic part of the electromagnetic current:

(Bpy..., kP’ |J*|P)
_ +1 _g ! a B.&
= (=" fyy f7 q:-m €p,0,0,8,9 114 2° 2. -m?

go,,ﬂ_)\ v n 1
Xeooeoe— (P P[] =5 (1
q"+12 _m2< l X l > ey (Zk‘o)llz ’ ( )

here (P’|JY |P) is the vector -meson current be-
tween the nucleon states, and we have taken the
VVn vertex as a point coupling: f€,,qg€ feq gl 1°
To evaluate Eq. (1) in the ep c.m. system, we keep
only the +, - momentum components at each VVr
vertex, since only these are the dominant compo-
nents in the asymptotic region we are interested

in (¢,~ =, g_—~=). This gives'!
(km' R kl;P’IJuIP)

By k, vk, 1
413" "Gne Quuy” =M

= (=1 GS)
XT“(P',P)I"I (—2?1)%, (2)

where
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T*(P',P)= (-1 g"(P'|J}|P)
+g"%(P'|J}|P)] (neven),
(32)
=(-1)("“)/2[g“1(P’|J:|P)
-g"(P'|JY|P)] (nodd),
(3b)
=0 (p=0,3). (3¢c)

Using the relation ¢,_= }3}_,k;_ and summing over
all possible permutations of the emitted mesons,

-

Wy —(21:)31—392 5(P+q —=P'-K){P|J"|P";k,,...

1
-PyY -

{(P+q=P')x ¢ 2
211M Z .[(21r)3 d'ze e

Equation (5) shows that the pions contribute only
to phase space and the energy-momentum conser-
vation. So the production of pions in this model is
completely statistical.

It is convenient at this point to construct the in-
variants A(v,q%)=g,,W"" and B(v,q®)=P,W"P,/
M?, in terms of which the usual inelastic structure
functions W,(v,¢?) and W,(v,4?) can be expressed.'®
Because of Eq. (3¢), W' given by Eq. (5) vanishes
whenever v, u=0,3; in other words, only the trans-
verse components of the virtual photon contribute.
Since P,=(P,,0,P,), we get B=0. It then follows
that 2M W, = wvW,, i.e., 0y /07=0

From Eq. (5) the invariant A,(v,q?) correspond-
ing to the production of z pions is

M &P’
P! (21)°

2
de4xe‘(P+q-P')'x< 1);1'2 >"

[uK u(=x +zexo)"zl] ,

(—x%+iexy)V/?

A= =5 Fp F(a' P

(6)
where g¢’?=(P’-P)? and

2. D ,2 G 2_G 2 12
F(q’ Pz)-zMz[-q Guz'z((l_q1§74)152) :|
1
@y @

Gg=Gg(g’?) and G, =G,(q’?) are the vector -meson
nucleon form factors defined by

ykn> <km' LR

TV ’ ’ n dk
A TP P T (P P) S ,IIfzk '
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we obtain from (2)

(Bpyov., k3P| J*|P)

1

= (- 1)"”f7v(—P‘,_P)z—_mz T*(P',P) Gf)

& 1
X LI[ (2k¢o)1’2 . (4)

We find that all +, — components in the numerator
and in the denominator have canceled out, and that
each pion simply provides a multiplicative factor.
The inelastic structure tensor W"* is now given by

ky;P'|JH|P)

—ikgx

J@ny
(5)

r

2 \1/2
<P’|JKIP>=(%) a(P)

1 G
*[Gun g3z (PP T |

(8)

To do the x integration in (6), we assume that the
x%=~0 region dominates.'® This gives

[p.Kl[u(-xz+iexo)“2] ]"N 1
(—x%+iexy)/? T (X% +iex )"’

Xu(P).

(9)

Introducing the Fourier transform of the right-
hand side of (9), we get from Eq. (6)

f yV M dSP

= 12, pr2 4 4
et An 16172 P’ (2,”)3 .‘_f(q ’P_L )d K(Zﬂ)

X8(P+q —-P'—K)9(K_)6(K?)

() s ()
(10)

Writing d*K =dK.dK_d*K,, we carry out the dK_
and d’K, 1ntegrat10ns which give K_=P_+q_-P’
~q_ and K qJL—Pl However, for P, - and
K,/P,-0,

6(P++q+ _P:‘K+)ﬁ6(1—(l/w)_£)/P+r

where £=P!/P,. So this b function does not deter-
mine K, in the above limit, and the integration
over K, in Eq. (10) has to be carried out up to
some cutoff value K, ,x. This cutoff value deter-
mines the largest invariant mass squared Komax
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of the produced pions allowed in this model, and in fact, as we shall see below, also determines the pion

multiplicity.
Using the cutoff we obtain from (10)

a,--Tr 21er 28 #PIF(a"; P)(1 - (1/) - £)

1672

Converting the K, integration to an integration
over K?, we get

1
A= 81;Mfd2p F(q'%; P2 s:

"7 16n2 1672 2P/ K_ 2P!K_
1 (fszax2>"—1 )
nln-DIn-11\ 64r° ’
(12)

q’? in Eq. (12) is given by
q"?=(P'-Py=-(P+M?*/u?)/(1 -1/w). (13)

In the above equation, 2P!K_=~ (P’ +K)?=s and
Kmax>> 2K, i K_ = (Z),mu /2 )max, Where z,=k;_/q_
~P-k;/P-q. Since the pions carry off only finite
fractions,® z;’s, of the minus component of the
photon, K. 2<s® for any positive number €, how-
ever small. Thus Eq. (12) shows that for s—
and » fixed, A, (v,q4%)~1/s. Hence Bjorken scaling

J

A(u,q2)=ZA,,

!(n—l)ll(n—2)! (1611"’> %f dK+(%K2)"-2.

r

(11)

is violated when the number of pions emitted is
fixed.
However, there still remains the possibility
that if we sum over all n, the factor s~2P!K_
in the denominator of Eq. (12) is canceled out, and
Bjorken scaling is satisfied by the infinite sum.
To this end, we asymptotically evaluate the series
over n (Ref. 14):
Z ¢n- 1 3gl/3
v oddy nln-1)1n-11 47V3 /% ° 4
(14)
where £ =f?K,%/64n°. The reason for summing
over either n even or n odd is that if we start with
the p° meson and take » even, then the relevant
form factors are pNN form factors; on the other
hand, if we take n odd, then the relevant form
factors are wNN form factors. Thus starting with
the p° ineson and summing over all # (even and
odd), we get from (12) and (14)

1/3

f 2 2p 2 2 2 72 f2 1 eSC
=~ L2 oM [ EPI Gy (47 PL)+ S (075 P 67 ST OR (15)

The quantity ¢ is not known to us as it involves

the undetermined cutoff mass squared K, 2. How-
ever, it can readily be expressed in terms of a
physical quantity, namely, the average multiplic-
ity:

(n)=) mA,/A=(", (16)

Equations (15) and (16) show that if (n) ~ 3 Ins, then
the factor of s in the denominator of (15) cancels
out. Infact, if we take

(n) = ( SO> +2 ln( ln:::> , 17

then A(v,q%) given by (15) is solely a function of w
in the limit s—-«, and Bjorken scaling is exactly
obtained.'® Thus in the present model we interpret
Bjorken scaling as due to the above multiplicity
growth, and obtain for the scaling function A(v,q?)
the result

r

lim A(v,¢%)=A(w)

wfixed
Jw? (fz ) 18M
“167°\167%/ V3 s,

x [ dPL[Sun (a7 PL7)
S @HPE). (18)

To explore further the physical implications of
the above interpretation, we examine now the
single-pion inclusive distribution. From Eq. (6)
we find

dA, _ f M &P o npey_ 1
kO dsk - P’ (2")8 Ef(q ’PJ. )(n—l)!

fd xe((P*q-—P’—k) x_+ ( fz )"
47 \ 167°

[ BE [ +iexg)'7] ]‘ (19)

(=x® +iex,)V?
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As before, we do the x integration assuming that the x>~ 0 region dominates. This leads to

2 2 \2
ko in = L2 saut [ pistan P ()

° g% ~ T 16n° 47 \ 1672

where K’ =K —k. Comparing the above equation
with Eq. (12), we notice that apart from a multi-
plicative factor of (1/4r) (f2/16x?), it is essen-
tially the same as Eq. (12) with n replaced by n -1
and K replaced by K’; that is,

dA 1 f2
kojisg"ﬂgfg—ﬂz'A..-l(K-K’)- (21)

Summing over all z» and proceeding as earlier, we
obtain

dA 1 f?

k, EZE_IGNZA' (22)

The single-pion inclusive distribution is therefore
given by

kg do 1 _f?

o d% 4m 167%°

(23)

This equation shows that the inclusive pion distri-
bution is independent of s and thus satisfies Feyn-
man scaling and limiting fragmentation.

We investigate now specific features of the pion
rapidity distribution in this model. Integration of
Eq. (23) over %,% with a cutoff &, n,,? leads to

2
(% Z—%:é?kmuz. (24)
Hence the pions have flat rapidity distribution. To
determine the width of the distribution in rapidity,
we take note of two basic kinematic constraints in
the model: (i) k_<q_, and (ii) 2y <K ,max. Since
k_=m,e™, the first one gives

mlme-ymzq-

or
q_
L= ; 25
oin = =1n(;2—) (25)
Similarly, from the second one using 2k, =m e’
and 2K, pxq- ~Kpax 2, We get
. q- Kmaxz)
==1n ) +ln< . 26)
ym“ (mJ.max 1rl.|.l'l'la)(2 (
Hence,
AY=Ymax = Ymin
K, 2)
=In -, (27
(s, )

This relation of course does not determine Ay,
because m , =k, max 2+ W2 is unknown. However,
using (27) and (n)3=f2 K.’/ 647% [Eq. (16)], Eq.

1 1 fan/“xz n-2
SPIK. - Dl =21 -2)! ( ) (20

6472

r

(24) can be written in the form

l ﬂ = 3,-0y

ol =(n)le 2, (28)
Since the rapidity distribution is flat, the left-hand
side is equal to {(n)/Ay. We therefore obtain the
following relation determining the width Ay in
terms of {(n):

ed 2
A—y—=<n> . (29)

As an approximation this gives Ay~ 21n{n), and
correspondingly
ldo_ )
o dy 2ln(n)"’

(30)

We next turn to the final nucleon. Its inclusive
cross section using Eq. (11) and summing over all
nis

1 do 1 i
;d—y’<1'5>6(1'(1/w)—£)’ (31)

where E=M,e’/2P,, and M, is an average trans-
verse mass of the final nucleon.

The final-state hadron spectra as obtained in the
present model is now shown in Fig. 2. We have a
photon-fragmentation region of width~ 21n(n) and
constant height=~(xz)/21n(n). Since (n)~Ins, the
height of the photon-fragmentation regionincreases
almost logarithmically with s. As for the target-
fragmentation region, we simply have a 6 function
there, because the target nucleon does not really
fragment in our model. Instead, it goes off with a

° y
_L‘{k—izflﬂm) . /

In2p -5
——Inaep, q_(l-wL)=19ns |

FIG. 2. Final-state hadron spectra in the present
model. On the left-hand side is the photon-fragmentation
region of width 2 In(z) and height (z)/2In¢z). On the
right-hand side the 6 function represents the nucleon-
fragmentation region.
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definite fraction (1 — 1/w) of the plus component of
the initial nucleon. This picture of final-state had-
ron spectra differs completely from the usual par-
ton-model picture’® where one has a photon-frag-
mentation region of length In@? accompanied by a
hadronic plateau of length In(w — 1) and a target-
fragmentation region of length two units.

At this point it is important to observe that we
are connecting the Bjorken scaling phenomenon
with the pion multiplicity growth. Our interpreta-
tion of the scaling requires the pion multiplicity to
depend solely on s and be independent of @ [Eq.
(17)]. In contrast, parton models generally predict
a @2 dependence of the form (n) = C4+,- In(Q%/M?)
+Cpln(w —1).''® Other models, such as the pul-
verization model,' predict {n)~s*“’ while field-
theoretical®® and multiperipheral®! scaling models
predict (n) ~ Inw for large w. In passing we note
that the Cornell data®? show no @2 dependence of
the average charged-hadron multiplicity, and in
fact the data are totally consistent with an (#)~ Ins
behavior.

We would now like to collect a number of results
which come out naturally in our model: (i) The
ratio of the longitudinal to the transverse cross
section 0, /07 =0; equivalently, 2M W, = wvW, (Callan-
Gross relation). This occurs because only the +, —
(i.e., 0 and 3) components of the g;’s are important
and the tensor €,,,s at each vertex then forces
transverse polarizations for the vector mesons.
(ii) For w—1,

t(1-1w) Cu 1-1/w

where Cu(q’z) is the nucleon electromagnetic form
factor. This shows that the threshold behavior of
the structure functions is going to be related with
the asymptotic behavior of the elastic form factor
(Drell-Yan-West relation). (iii) The pions con-
tribute only to the phase space and the energy-
momentum conservation, so that a statistical de-

- yW~fd2P’Piz+M2/w2 -2<_P12+M2/w2>
1 2 y

scription for the pion production holds. (iv) Feyn-
man scaling and limiting fragmentation for the pion
inclusive distribution follow if Bjorken scaling is
exactly satisfied. (v) Each channel defined by
fixed » violates Bjorken scaling, while the sum
over all channels satisfies it. (vi) The conven-
tional vector dominance of p, w, ¢ is quite com-
patible with Bjorken scaling, and one does not need
the generalized vector dominance® of an infinite
number of vector-meson states to explain scaling.

We draw two important physical conclusions from
the present model. (1) Quarks in a nucleon can
form a hadronic core. This core is surrounded by
a cloud of vector gluons. When we attempt to probe
the nucleon in deep-inelastic ep scattering, the
highly virtual photon hits the gluon cloud and pro-
duces pions. The nucleon cove itself is only elas-
tically scatteved, and thevefore the quarks do not
emerge as free particles** (2) Bjorken scaling
phenomenon represents two dynamical mechanisms
operating simultaneously: (a) the dependence of
the momentum transfer (P’~P)? on the scaling
variable w and not on g2 due to the boundedness of
the transverse momenta; (b) the logarithmic
growth of pion multiplicity with s, the square of
the virtual-photon-nucleon c.m. energy.

Added note: After completion of this work the
author has noticed a report by Craigie and Rothe,?®
where the idea that the photon propagates as a
vector -meson state emitting pions was used to
discuss e ‘e~ annihilation.
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