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ABSTRACT

Dimensional scaling laws are developed as an approach to understanding
the energy dependence of high energy scattering processes at fixed center-of-
mass angle. Given a reasonable assumption on the short distance behavior of
bound states, and the absence of an internal mass scale, we show that at
large s and t, do/dt (AB = CD) ~ s_n+2f(t/s); n is the total number of fields
in A,B,C and D which carry a finite fraction of the momentum. A similar scaling
law is obtained for large Py inclusive scattering. When the quark model is
used to specify n, we find good agreement with experiments. For instance,
this accounts naturally for the (qz)“2 asymptotic behavior of the proton form
factor. Wé examine in detail the field theoretic foundations of the scaling laws
and the aésumption which needs to be made about the short distance and infrared

behavior of a bound state.
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I, Introduction

The dimensional scaling laws!??
o -tk
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for the asymptotic behavior of fixed angle scattering appear to compactly =

summarize the results of a broad range of hadronic scattering, photoproduction, -
and elastic form factor measurements. The integer n is given by the (minimum)
total number of lepton, photon, and elementary quark fields carrying a finite
fraction of the momentum in the particles A, B, C and D. The scaling laws
represent, in the simplest possible manner, the connection between the degree

of complexity of a hadron and its dynamical behavior.

One of the most important consequences of Eq. (1) is its application to
elastic electron~hadron scattering. This rule immediately connects the
aymptotic dependence of the (spin-averaged) electromagnetic form facto¥
to the minimum numbers of fields oy in the hadron:

Fy (t) n ¢1PH
(2)
Thus, using the quark model, we have F(t) ~n t:_l for mesons and Fl(t) N t'-2

3

for baryens. We also find (see Sec. II.B2) Fth_ , and thus G_ ~ GM scaling.

E
All of these results are consistent with the asymptotic dependence indicated
by present experiments. In Section III of this article we survey present
data which is relevant to testing the scaling law, Eq. (1). It fares very
well, being consistent in all cases and accurately verified for yp -+ mp and
PP ~ Pp. We predict do/dt - 5-7 and s—lo, respectively, at fixed cm angley

engrimen;;gives‘s » A catalog of predictions which

can be tested in the future is also given in Section III;




In fact, dimensional analysis and some simple assumptions immediately
lead to the scaling law of Eq. (1). Imagine that a hadron is a bound
state of nH‘constituents each of which carries a finite fraction of the
total hadroﬁ momentum. The amplitude for the scattering of a system of

hadrons (gee Fig. 1.) is therefore related to the amplitude for the

scattering of their constituents, integrated over possible constituent
momenta with the constraint that the coﬁstituent“momenta add up to the
hadron momenta. If the total number of fields in the initial and final
states is n, the Feynman amplitude Mn has dimension [length]n'-4 when the
conventional normalization of states'ié chosen (;plp'> = 2E63£g-2'9 . I%

at large enérgy and momentum transfer /E—l is the only length scale fdr

the amplitude,Mh N (/3)4-n f(t/s). Now if each of the ny constituenfs of
hadron:H carries a finite fraction of the momentum, say in the hadron rest

frame; integrating over the possible momenta of the constituents can never K
introdyce a dependence on s. Thus the amplitude, M, for the physical process

&
has the same asymptotic behavior as Mn' Equation 1 then follows immediately

since

More generally for any exclusive process A + B —+ Hl +....HM R

. do . N —n+2f(__3_) (3)
dtl(d p2/E2)...$? pm—l/Em—l)

for large s at fixed invariant ratios. Alternatively, using the quark model

we have simply the scaling law

Ao v s TNy 2N (4)

for the exclusive cross section integrated over any fixed center-of-mass region




when the ratios of invariants stay finite. Here NM(NB) is the total
number of mesons (baryons) in the initial and final state.

The same model and dimensional counting rules may be applied to
inclusive processes A+ B> C + X where C is detected at large transverse

1) k

momentum In this case only a subset N of the constituent fields need
to participate in the large angle scattering process; the rest remain as
"spectators'. The result for s >> M2, fixed invariant ratios, is

2 . - P

do __ 1 ft M\ ___ 1 Zem

3 ) f(s) s) 2\ N-2 f ecm’ (5)
dp/E s / %_.L _

where M2 is the missing mass. The subset N which contributes to the scaling
of a given hadronic process can be model dependent; we discuss this further
in Section IV. Furthermore, as shown in Ref. 3, the dimensional rule allows
one to predict the threshold dependence at the exclusive boundafy (i.e.,

1? P

__=(v1__.¢_«ni)—>0atfixede )
s cm
max

2T e (-I-:-z-)P ,P=12i-1 (6)

d"p/E s
where fi is the total number of spectators in A, B, and C. Thus for example
in deep inelasﬁic e=p scattering N = 4 (for eq > eq) and fi = 2 (for the two
spectator quarks in the proton) and we recover both scale-invariance for
VWZ and the“Drell—Yan—Wést behavior vWé N (l—-x)3 for x + 1. Possible spin _
modifications are reviewed by Ezawa, Ref. 4. As shown in Ref. 1, the -
inclusive-exclusive connection of Bjorken gives the relation n =N+ P + 1,

where n is the number of fields involved in the exclusive scattering (see

Eq' 3)7!




The above scaling'laws share a significant feature Qith the predictions
of parton models: the cross section multiplied by a power of s becomes a
universal scale—independént function, dependént only on ratios of invariants.
In contrast, if hadrons were homogeneous objects, no elementary constituent

would carry a finite fraction of the total momentum, and large transverse

g e

momentum hadron scattering would take place via the cumulative effect of an
infinite number of soft inteiactions. Exponential damping in transverse
momentum is therefore to be expected in such,a—modefi-

It is evident that mo:evcareful,reasoning is necessary in order to _
establish that Eqs. (1 -5) should be true. That is the purpose of Section’II
of this article. The principle issue of course is whether masses or binding
energies could set the scale rather than s. In the deep inelastic case that
seems not to happen when q2 and v become sufficiently large. We argue in
Section 11 that for exclusive scattering when all kinematic variables are
large it is likely that again only those 1arée invariants set the scale, O0f
course purely dimensional reasoning cannot specify possible powers of loga-
rithms. Hence all the scaling laws discussed above must be regarded by the
reader as true '"modulo logs ." In Section II our analysis of renormalizable
field theories will allow us to be more precise about logarithmic modifica-
tions to canonical power-law scaling.

The simple model of the hadron in which its momentum is partitioned
among its constituents so that each quark has a finite fraction turns out
to be very useful for a broad range of hadronic scattering calculatioﬁs -
especially those involving multiquark states. An application to effective
Regge trajectories and residue functions is given in Section II.B2. Section
IIT is devoted to the experimental situation. and Section IV briefly deals

with inclusive reaction applications. Appendix A gives a detailed example
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of a Borm émplitude calculation. Finally Appendix B shows that the fixed

angle unitérity bound on the asymptotic behavior of scattering amplitudes

is the samé as the dimensional scaling law IMnlz o R

A,




ITI. Exclusive Scaling Laws.

The crucial steps in the dimensional analysis of the scaling laws
given in the introduction are a) the effective replacement of the composite

hadron by constituents carrying finite fractions of the hadronic momentum,

and b) the absence of any mass scale in the amplitude Mn or binding corrections
. -
to it. It is evident that a super- or a gp-renormalizable field theory could i

not satisfy these conditiens since such theories contain a fundamental length -~
(in the coupling constant) which necéssarily’sets the scale. This is in con-
trast to remormalizable perturbation theories in which mass scales enter
through propagators and extermal maéses. In faét the required - conditions

a) and b) are natural features of fenofmalizable field theories given certain
dynamical assumptions concerning ﬁhe nature of the Bethe-Salpeter wave

function, the absence of infrared effects, and the accumulation of logarithms,

In this section we shall systematically investigate the validity in
renormalizable field theories of the dimensional argument and its underlying
assumptions., In order to examine the effects of binding in bound state
scattefing (4) s we shall use the Bethe-Sﬁlpeter formalism§. ”Ehis-enaﬁies
one to separate the behavior of individual graphs from that due to the
infinite summation required to form bound states. By definition the hadronic
amplitude is given by the convolution of the hadronic wave functions and an

n~-particle amplitude Mn integrated over relative momenta kui(See Fig. 2).
M= f‘”Bs Yps M, Vps Vps [ ki (15)

We shall discuss p), the asymptotic behavior of Mh, by explicitly examining
it in perturbation theory. We shall show that with the following three
assumptions, the scaling laws (Eqs. 1~4) are correct (modulo 1oganithms) in

any renormalizable: field theory:




A bound

A) The physical mesons and baryons are s-wave Bethe-Salpeter bou
states of quark-antiquark and three quark fields respectively, such
that the wave functions are finite when the quarks have zero separation
in coordinate space and vanish for large coordinate separation. Thus
the large momentum components of the wave function are restricted: A
e.g., for the mesons we have.

Jr a0 = Iy =) < = | ®)

Moreoveg since the .coordinate space extent of the wave function is i
bounded, the wave functioﬁ is finite at every point in momentum space.

B) The large momentum ;rgnsfer interactions of the constituents are

asymptotically‘scale‘invariﬁnt,

C) Multiple (L > 2) scale-invariant interactions between the con-

stituents of different hadrons can be neglected.

Assumption A 1s necessary so that binding corrections are limited. Then
the computation of‘Mn involves the scattering amplitude obtained by replacing
each hadron by a collection of quarks of the appropriate spins each
constituent carrying a finite fraction of the hadron's momentum., Note that
if we turn off the binding adiabatically, the constituent momenta are
p; = (mi,s) in the rest system and Py = XPy> Xy = mi/mH in a general frame.
Assumption A implies that there are no elementary fields with the quantum
numbers of the hadrons. Because of assumption A, the d4ki integrations
are convergent in Eq. (7), and it is éasy to see that the scaling behavior
at fixed angle of M is given by the scaling behavior of Mﬁ multiplied by
finite coefficients of order P (x=0). Note that in the csse of non-zero

orbital angular momentum, helicity constraints, or quantum number restrictions,

the amplitude M could fall by additional powers of s.




Assumptions B and C are necessary to insure that Mn A (/5)4—n.
Assumption C serves to eliminate asymptotic contributions to Mh from
disconnected graphs (see Fig. 3). Recently Landshoff7 has made the
important observation that Mn ¢ (VE)A—n if hadrons can scatter at large
angles by successive independent, near mass shell elastic scatteringsyof B
each constituent of one off a constituent of the other (as in Fig. 3). -

In fact (see Sec. II.Bl and Appendix A) in this case Mn v (¢§)4_n' (/E)L_l’

where L is the number of pairs of constituents from different hadrons
which have a large angle scale invayiént interaction., (It ghould bé noted
that whether or not this process takes place in hadron-~hadron scattering,
there is no modification from such a phenomenon to form factors or to
fixed angle processes involving photons or leptons.) However: there is
both direct and indirect evidence that Landshoff's mechanism is not physi-
cally important at least at present emergies. The direct evidence is that

9.7 £0.3 £(t/s)® rather than the s® as would be pre-

in pp * ppy do/dt ~ s
dicted if L=3. More indirect but equally important 1s the fact that hofhigh
energy, fixed angle scale invariant interaction between quarks of different
hadrons seems to occur in nature. The best evidence of this is from high
pJ. inclusive pion production (pp + 7 + X) whose cross section falls much
faster than the pl% at fixed QL//E predicted if such a scale invariant
interaction between quarks of different hadrons did occur (see Section. IV
for details). For these empirical reasons, thén, assumption C is necessary.
The organization of thils section is as follows. We proceed by first
(Section II.A) giving the construction of an amplitude in terms of Bethe~
Salpeter wave functions in the spinless constituent case, using the meson

form factor as an example (II.Al}. We show that with assumption A the

asymptotic behavior of the full amplitude is the same as the behavior of
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the dominant irreducible contribution; Mh' The extension of the analysis

to spin-1/2 constituents is not difficult and is given in Section IL.A2. We
show that the meson form factor has the same behavior in the spin~1/2 as in
the spinless case. This is an appropriate point to explain why, even though
short distances are being probed, bound states of spin-0 fields (whose dimen-

sion is [L]_l) and spin-1/2 fields (dimension [L]'-3/2

) have the same behavior
in large momentum transfer exclusive scattering. In Section II,A3 we confront
the difficult question of the validity of our assumptions A and B. Not very
much is known about the short distange and infrared béhavi@r.of.Bethe—Sa}peter
wave functions. We review what is known, give some plausibibity arguments in
favor of our assﬁmptions, and speculate on the situation in non-abelian gauge
‘theories., Modifications in our:results when the wave function at shert
distances .is net finite are discussed,

Having establishfd that assumption A reduces the problem to the behavior
of irreducible graphs, we examine the lowest order irreducible (Born) graphs
for a number of interesting processes in Section II.B. We start (II.Bl) with
the Landshoff diagrams and show why they violate the dimensional result. We
present some speculative arguments in favor of assumption C, which allows us
to neglect their contribution: Next (II.B2) we show that the behavior of the
connected: Born diagrams reproduces our scaling law independent of the spin of
the constituents or the details of the interaction as long as the coupling
constants are dimensionless. While discussing the Born diagrams we show
that a model with spin-1/2 quarks gives GE/GM asymptotic scaling. We also
obtain from general arguments the asymptotic‘Regge trajectories in gluon
exchange and quark interchange models. Finally, in Section II.B3 we discuss

the effects of higher order corrections to the Born diagrams.

ey
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II.Al1 Spinless Bethe-Salpeter Wave Function and the Meson Form Factor.

The simplest example, which illustrates how to obtain the asymptotic
behavior of an hadronic amplitude is the calculation of the form factor
of a meson, taken as a bound state of two scalar fields., The full Bethe-
Salpeter wave function satisfies6 (see Tig. 4)

id42

(2m)

o2-m ) (o) 2 my Yy () = f 7RG () ®)
(Note that the wave function ¥, as conventioﬁally defined, includes the
propagators for the constituent;legs.) This i1s the eigenvalue equation for
the meson mass M? = pz. Therkernel K(k;l,p) is the sum of all two particle
irreducible diagrams. For illustration we first consider a generalized ladder
approximatdon |

o(Az)dAZ
(2-k)2 —A2+is

K (p,k,2) = ng

where we can choose the spectral fumction G(XZ) such that for laxge 22, KL(p,k,z)
§

scales as (22)_ . For a super-renormalizable theory § is positive; ¢3 theory
corresponds to 8§ = 1. For renormalizable theories, e.g., ¢4, § = 0, We shall
always compute with 8§ > 0 as a regulator, and take the limit & - 0-at the end

of the calculationg. This is analogous to the generalized Feynman Pauli-Villars
method 6f dimensional regularization in perturbatfon theory. Note that for

§ > 0, we have prk) n [k]_4—6 and wp(x=O) < ®, (The minimum cendition for

1+e

4,G=0) < = 18 ¥ () n (k174 [10g k21 1HE with € > Q)

by e el
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The form factor in ladder approximation is (see Fig. 5)

@pra)"F(a%y= <prald¥(0) [p>

1%
f fz‘zi:)(lﬁ }e;'q(k) (2k+q)“[(1>-k),2“"b2”’p )+ @ob), a0

If additional kernals are introduced which eontain internal charged lines,
then additional contributions to the current in Eq. (10) are obtained
consistent with gauge-invariance. A comprehensive treatment of these
contributions has been given by Mandelstam6. The loop corrections aré non-
leading for é?+ o if &> 0, and can give logarithmic corrections for each
loop as § + 0. We return to their contributions below.

By assumption A the wave functions are bounded at every point in momentum
space, so that the asymptotic behavior of F(qz) is'controlled by two regions

of the d4k integration:

@ kvoaps kv 0@, (-0 0 0@, Gerg)? 0 (1w,
®)  (khg) ~ x(p+q) 5 Gta)” & 0@, (k)2 o 0(md), k2 o (1-x)q>

where x is finite., More precisely, integration region (a) corresponds to
k = xpt , where «k is a spacelike vector orthogonal to p which is of bounded

magnitude (by assumption A that the wave function is damped in large relative

momenta). Thus k2 = x2m2 + Kz and k * p = xmz are finite. (The variable x is

similar to the vatiable used in the Sudakov and infinite momentum frame analyses.)

It is easily shown that, after the dk2 integration is done, only the region

0 < x < 1 can contribute. Region (b) corresponds to k = (p+q) + ! with

k' ¢ (p+q) = 0 and (K'Z) bounded.
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At this point we can relate the asymptotic fall-off of F(qz) to that
of qzw(qz), up to logarithms. However, for our purposes it will be con-
venient to iterate the equation of motion whereverrlarge relative momentum

is encountered. Thus we obtain for large q2

'3

‘.:i“i\,:"ﬂﬁ. D5

. b , &
@or)PE(q”) o[ 28 [2dL F nbe 0w (0
f(zﬁ)le f (2ﬂ>4 ptq 5 P p (11

with k = xp + k and % = yp + k', The integrations are limited to the

2 O(mz). M 1s the five-

dominant region of each wavefunction: Kz and k' 5

point connected scattering amplitude—illustrated in Fig. 6.
This is in fact the prototype of our general procedure, We employ the

equation of motion for the wave function wherever it involves large relative

momentum. In this manner we generate the connected amplitude M"Y which

5

represents the scattering of the quark constituents, each with a finite fraction
of the hadron momenta: Pi = XiPH’ z X = 1. Mg is of course exactly the
connected amplitude which occurs when the hadronic binding is turmed
off adiabatically, in which case x> mi/MH.

Let us now discuss the asymptotic behavior of F(qz) using Eq. (11). For

large q2 one can readily verify-that

M (2xpt)¥ : 1 —
3 (1—x)q2 [‘-@,-y)q:z—(x—y)q ]

L 2y(pra)a" 1
2 2 378 )
(I-y)q~ [@-y)q=(x-y)q7]

'

which is properly gauge invariant: unS = 0. Asymptotically, then,
2, 1,146 2,2
F(g) & 3) log q /m
q

where the logarithm occurs because of the endpoint of the integration over

(l—X)_l or (l—y)—l. This result for § > 0 agrees with those of Ref. 9.
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More generally the higher order kernels modify this result by extra
powers of (qz)-‘6 for § > 0, and by possible logarithms for each additional

loop if § = 0. However, if we assume that the true ultravielet behavior

of the theory is more convergent than indicated by elementary gluon exchange ‘?
=
Y
(as in asymptotically free theories, for example), then the proper regulari- s

zation of the renormalizable theory is 6 = 0+ and additional logarithmic -
modifications are suppressed. This. is a consequence of our assumptions:A
and B, that the accumulation of logarithms affects neither the asymptotic
behavior of the wavefunction.nor the scale invariance of the connected -

amplitude Mg. We thus have the prediction for a bound state of two spin-0

particles :

2,2
F(qz) o -%—log q /m” .
q

In the case of an n-field bound state, we have simply (neglecting logs)

2.1-n

F(a%) + (¢%) 1=,

28
(q

)
i.e., F(éz) K:(qz)l-n in the renormalizable limit in agreement with Eq 2).
A detailed discussion of this result when n = 3 has been given by Alabiso
and Schierholzg. Note that the powers of (ciz)—1 arise from each off-shell
constituent line and the (qz)_6 from each gluon line.

Thus, physically, one pays the penalty of one power of q2 for changing
the direction of each constituent from along p to along p+q. The spinvindepene_

dence of this result is discussed in the next section.
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IT.A2 Spin-1/2 Constituents.

The calculations of the asymptotic behavior of form factors become
somewhat more complicated when the effects of spin are included. The
results in the renormalizable limit, however, are effectively the same as ‘ ' ¥
the spinless resﬁlts. We begin with the example of the form factor of a f?
meson which is a bound state of two s?in—l/Z fields, We assume, for the |
present, zero orbital angular momentum. The Bethe-Salpeter wave function

satisfies (see Fig. 4)

- 4 . h
(m) (k- )y Ck)== f t‘;ﬂfé Rk, 2,00, (0) - (12)

where K 1is the full Bethe-Salpeter two-particle irreducible kernel. Again,
as in the spinless case, we begin with the generalized ladder approximation

form

T r
= 2 | ar2 502 @) &)
CGea2,p) = o2 | an? od) : (13)
= . 5 ,[‘ (.k—"!})2 A %He

The P( ) and P( b) represent the (momentum-independent) Dirac couplings of the

gluons to constituent a and b respectively, Juét as in the spinless case, we
2 2 2.~-1-8 2

may choose 0(A”) such that KL(k ) &~ (k) (8 > 0, k¥ » »), which gives

assumption A: ¥ (x=0) =.fé4k wp(k) < o, Renormalizable theories correspond to

§ » 0+, at least in the ladder approximation. This is discussed further in

Section II.A3.

The form factor for the bcund state using the kernel (Eq. (13)) is

-<P+C1 l Iy 0)|p> = (2p+q)u'F (ng):

4
- [idE b
- ea‘[tz X B¥pq (F)Y, @) (pgmy ) Ge) (14y
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Additional contributions required by gauge-invariance are necessary in the
presence of the higher loop kernels, as in the spinless case (see Fig. 6).
These are of the same order or are non-leading for q2 + o if § >0,

As'in the spinless calculation, the important contributions for the
asymptotic form factor occur when only‘one of the two wave functions is
evaluated at large relative momentum. Again, it is convenilent to iterate
the wavefunction at large relative momentum using the equation of motion

and we obtain

NPT [ - i

(2p+q)"'F(q7) ~ ;- y ¥ +q (.Q,)Msf;.,lpp(k). (15)
(2m) (27w) P

Mg is the connected Feynman amplitude shown in Fig. 7. As in the spinless

case the dominant contribution comes when the constituents carry finite

fractions of the longitudinal momenta and small transverse momenta. Further-

more, if only the leading q2 dependence of the form factor is desired, the

spin structure of the wave function simplifies enormously. In general the

structure is

IPP(R) = [fla(P ’k)K + fza(P sk)ma] [kflb(p’k) (_ﬁ'ﬂé) + f2b (Psk)mb]‘ (16)

Using the identities

Br N meite

spin

and

:-E;_dz = - V(k,S)\.;(kss) s

spin

Ty
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Eq. (16) can be rewritten10 in the form

4,00 = Su W%, G-I + v, (0%, (kv (k)
+u (0, -0 @) + v, @R ey, an g,

with the appropriate spin projections understood. 1In the zero binding limit

this structure must reduce to the product of two free spinors ua(k=xp);b(p~k=(l—x)p),

hence for our purposes.we.may:use

RO RN O OO - as)

The terms thus neglected are at least linear in k!, (the "transverse.momentum"
which cannot become large) and give a non-leading contribution:.to F(qz).

That these terms are proportional to the binding energy and may be therefore
legitimately neglected 1s easily seenlaﬁ in time-ordered perturbation theory:
they arise from thé presence in the wave function of an extra g& pair,

With the simplification, Eq. (18), we find

2 H 2 x 4 4 b H e
(2p+q) Fﬂ(q ) f dk /d [} \yp+q (Z)MS | ‘pp ® 19
kaxp 4%y (p+q)
where
ﬁ; = 4, [y (pra) Ivy [ (1) (o) 1M (k=xp, 2=y (p+a))

u [xp1%, [ (1-x)p]

1s the connected amplitude evaluated between on-shell spinors. Again note
that for the connected tree graph we can neglect the k and k' components of k"

and z“, and except for particular helicity configurations we may drop all mass




C=18~

terms in the asymptotic limit. This 1s explicitly evident in the Breit frame

>2 2,
(q@" =-q%);

= ( 2 +32/4 > —,3/2) apd

.o
I

ptq < 2+'52/4 ,+3/2> g

where each component of p and p+q becomeslarge. Explicit calculation then
shows that the behavior of ﬁg for large q2 is (_qZ)—l—S’ as dictated by
dimensional countingll. rAccordingly, as In the spinless calculation, &e have
P(@®) v ) 1a(q2/a?) where the logarithm résults from the etidpoint
of the x or y integration. The canonicél renormalizable limit is § - 0+.
As in the spinless calculation a factor (qz)“l is gssociated with each off-shell
fermionﬁpropagator, and a factor (qz)—‘(S with each gluon carrying large q2 in
the Born diagram. The oﬁerall scale of the form factor is determined by the
value of w;f(x=0) = jh4k w;—(k). As we have noted,w+—(x=0) is finite for
s >0,

Note that the‘wave function w;_(k) plays the same role as the spinless
Bethe-Salpeter wave function. The equivalence of asymptotic behavior with

spin-0 or spin-1/2 constituents follows since w;_(x) (see below) has the

spinless(x)

same dimensions as the spinless Bethe-Salpeter wave function, ¥
For spinless constituents, the Bethe-Salpeter amplitude for a meson in position

space is

spinless(x) =

: <0|T $G)4(0) |p> ~ (1172

v

where we are using continuum normalization <p'|p> =2 E 53(p—?') and <0|0>

1
f
-

For the spinor case

spinor

T = <0lT v@¥© |p> v (1]

v

“,“A ‘%ﬁ ;
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3/2

since the fermion field-operator ¥ (x) has dimensions L ~'“. However,

. . -1 . ' k
wp (x) ~ [L] since the explicit spin dependence of ¢p is removed;
accordingly the short distance behavior of w;_(x) and w:calar(x) is the
same. In the language of operator product expansions at short distance

the point is this: The amplitude for the large q2 form factor of a meson

s

composed of two quarks willvinvolve an operator product suchﬁés
Wll(él)wolﬁy;)lh(z)¢12(x2)¢02(yz) in a.limit;such,as Z%g\XZ“Q:YZf A signifi-
cant difference from say, the operator product expansion of two currents
Ju(x)Jv(O)a: ﬁ(x)yuw(x)ﬁ(O)Yvw(O) as x > 0 is that in the latter case the spin
of the fields is summed leaving objects (eurrents) whose entire angular momentum
content is contained in the:indices y and v. Therefore the operator product
expansion can be made In terms of Lorentz tensors such as euv' The former
case is more subtle: spinors are required to carry the spin content of the
product of fields. This means that the number of degrees of freedom which
determine the scaling behavior at short distances is the same as in the spin
zero case,

Multiparticle bound states can be treated by a generalization of the Bethe-
Salpeter techniques for two particies. For instance, the proton wave functiomn
satisfies the relation shown in Fig. 8. This time the necessary kernel for: the
equation is three~particle irreducible. Each aspect of the three-particle bound
state analysis parallels the two-body analysis. The most important part of the
spin structure of the wave.. function is that which reduces to a product of free

quark spdnors:
b (kyoky) = u_ (kg (kydu (peky =k, Dyt (K, k) @0)
pr1’2 a~ 1'"b2% ¢ 1724 p M1 T -
Projecting spins correctly, there are two coentributioens te the waye functiloen;

1) when a and b are in an s-state and 2) when b and ¢ are in an s—state. The

left~over quark has the helicity of the hadron.
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II.A3 Short Distance Behavior of the Bethe-Salpeter Wave Function

The essential role of the finiteness condition on P(x = 0) for the
derivation of the dimensional counting rules is clear. The condition allows us
to coﬁpute the high momentum transfer limit of exclusive amplitudes by iterating.
the kernel once and computing a minimal connected graph, thus accounting for the
effects of large moﬁentum transfer being routed through the wavefunction.
Further, the values of the'w(x = 0) (which have dimensions Eméss]n_l for n
constituent fields) determine the normalization of the hadronic amplitude. 1In
this section we will address the important question of whether the wavefunction
condition is actually true in renormalizable field theories. In fact, a
definitive answer has not yet been givén and may well depend upon the theory.

To see what is involved, consider the full Bethe-Salpeter equation, e.g., for

a pion in quark-vector gluon theory (Eq. (12) and Fig. 4).

K= m) - %= m)y (k) =

. b
[ 1 ey @
(2m) P

where K is the two-particle irreducible kernel. In ladder approximation to a

theory with gluon mass M,

2_(a)yu
EYy ")

(k=2)2% - Moic

KEadder a

If we suppose that KLadder gives'thebcorrect asymptotic limit, then the Bethe-
Salpeter equation.is singular and the power falloff of ¢ depends on the coupling
constant.

However, in the weak binding (g2 + 0) case, when all components of the
relative momentum n become large, ¥y n—4 module log n. This result was first

obtained by Salpeter10 for the instantaneous (coulomb) ladder approximation.

i
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Serious objections can be raised to the use of the ladder approximation in
the strong binding theory for determining the true asymptotic behavior of the
Bethe~Salpeter wavefunctions:

(1) The ladder approximation result for the asymptotic limit is unstable
under the perturbation of adding additional kernels (e.g., the crossed-graphs,
vacuum polarization, vertex corrections, etc.). In each case the power depen-
dence on the relative momentum is changed.

(2) The behavior of ¢ at large relative momentum determined from ladder
approximation is discontinuous as the dimensional regularization (4—d) for loop
integrations is taken to zero. If it is érgued that the physical solution for
quantities such as the asymptotic behavior of F(qz) must be analytic as a function
of 4-d, then the wave function at the origin is finite.

(3) The ladder approximation can only be valid in a limited range of
coupling constants. When g2 becomes too large, the energy eigenvalue becomes
imaginary, indicating a non-hermiticity of the equation. One can see this
explicitly from the Sélpeter equation. The situation is analogous to the

familiar situation for the strong binding limit of the Dirac-Coulomb equation

with V = - Za/r. For the lowest eigenstate, we have
.—-'—-I——T—
-1+ - (Z .
RO e EERCORME (for a0y .

The singular equation has no physical solution for Zo > 1: it is undefined.
Regularization of the potential for r ®~ 0O is thus required. The standard
procedure is to make V less singﬁlar than r_l for a region around:r ~ Q (which
of course occurs physically due to the finite mass of tﬁe source). Then é is

1s

real and wls(r = 0) is finite for all Zalz.’ For very large Zo a multiparticle

g b
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pair creation is required.
There is reason to believe that in renormalizable theories the full kernel
K is, in fact, more convergent asymptotically than KL' As we conjectured in

Ref. 1, asymptotically free theories are likely to give rise to a wavefunction T

ey P8

whose singularity at x = 0 is at most a power of a logarithm. This is
heuristically plausible since as the characteristic momenta in a graph become B,
larger and 1érger relative to masses, the: effective coupling constants become
smaller and smaller, so that the weak binding result holds. If it is legitimate
to imagine taking the limit q2 -+ © before summing the perturbation series then
the wavefunction condition holds, modulo é power of a logarithm. Recently
Appelquist and Poggi013 have shown that in a ¢3 theory in six dimensions, which
is asymptotically free, the renormalization group can be used to demonstrate
that the wavefunction is finite at the origin up to é calculable logarithm.
However, they emphasize that the infrared corrections to the interactions among
constituents may lead to further logarithmic corrections. (See Sec. II.B3 for
our discussion of thié point.)

Even in renormalizable theories which are not asjmptotically free, the
vertexband vacuum polarization corrections to the gluon exchange diagrams
in the complete kernel may well damp the asymptotic behavior of K, as do the
finite size corrections to the Coulomb potential. Thus there are both
physical and mathematical reasons to beliéve that the full kernel is suf-

ficently regular that the wavefunction at short distance %s finite or at

worst logarithmically singular. Clearly this problem deserves further study.
Suppose that the wavefunction is not finite at x = 0. There are two possi-

bilities: it divergés or is zero. If the wavefunction divergés with a power

6 it modifies the effective n, associated with that hadron, so, e.g., for a

meson n = 2 - § rather than 2. Similarly if it diverges or vanishes logarith-

mically it induces logarithmic deviations from perfect scaling.
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If the wavefunction vanishes as a power at x = 0, the next-to-leading

Born terms will determine the asymptotic behavior of the matrix element.

. 14

This is the case when a bound state has non-zero orbital angular momentum™ ',
at least if the wavefunction's dependence on energy and three-momentum factorizes E
' =
=
in the hadron rest frame. That is, if ¢P(q) can be written as wP(q0)¢(q), then -

¢§£) " rL times angular factors. Hence for a two-constituent bound state of
orbital angular momentum L, y(x v 0) n Y 1" when all components of x are
proportional to each other and Small.' The result is to cause further damping
‘of matrix elements. Hence the form factor of an L = 1 state should have the
asymptotic behavior (qz)l-n-L. Effects of orbital angular momentum havé been
considered in more detail by Amati et al.36 and CiafélonilS.

In addition to the finiteness of the wavefunction at the origin in coordinate
space, assumption A included the requirement that it is bounded at every pointk
in momentum space. Although this‘latter‘éondition is difficult to prdﬁe directly
by studying the Bethe-Salpeter equation13, there can be little doubt about its
validity as long as quarks are not observed experimentally (because if the

wavefunction is bounded everywhere in coordinate space but of finite "volume"

then its Fourier transform is necessarily finite).
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IT.B Irreducible Diagrams

An important conclusion of Section II.A is that, given sufficient short
distance smoothmess of the wavefunction (assumption A), the irreducible
amplitudes (the?Mn) determine the high energy, fixed angle behavior of the 2
full amplitude. This section is devoted to discussing the conditions under =
, , , . , . . , 5 b4-n
which the irreducible amplitudes obey naive dimensional scaling, 1.e.M; ~ Vs -

asymptotically.

IT.B.1. Landshoff Diagrams

As mentioned in the introduction'to this section, Landshoff7 has
recently emphasized a class of diagrams which, if present, would violate
dimensional scaling. Such a diagram is shown in Fig. 9. It is characterized
by having fewer off-shell fermions than standard diagrams for the same process
such as shown in Fig. 10. In fact, for meson-meson and baryon-baryon scattering
no fermion line need be far off shell. Physically, it corresponds to (say for
meson-meson scattering) the independent, elastic, on-shell scattering of pairs
of constituents such that thé final momenta are properly aligned. Landshoff.
calculated their asymptotic behavior and foﬁnd, using a Sudakov parameterization,

3/

that for meson-meson scattering M~ s 2f(t/s) and for baryon~baryon scattering
M~ s~3f(t/s), in contrast to the dimensional result M ~ s_'2 and 5—4 respectively.
We have verified his results using both Feynman parameterization16 and infinite
momentum frame perturbation theory (see Appemdix-A).’ The kinematic configuration
(see Fig. 11) which gives the pinch has all the quarks near mass shell so the two
elementary quark-quark scatterings at large momentum transfer are dimensionless
since n = 4. The energy dependence of the full amplitude arises from the con-
dition that the final momenta be aligned properly. Referring to Fig. 11 we can

3/2

see how s comes about; the center of mass frame of the two mesons is con-

venient for this purpose. For definiteness, label the momenta of the quarks so
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Xy and x, are less than 1/2. Examining Fig. 1lb, it is evident that in order

for the final quarks to have nearly parallel momenta (so the transverse momenta

of the quarks in the final mesons are finite as required by the wavefunction)’

it is neceésary that X, = X%, + O(%) where P is the magnitude of the meson *
, <
3-momenta in the center of mass (P ~ Vs). Assuming then that X; ¥ X, we have é;

the configuration shown in Fig. 1lb. Imagine that the quarks with fraction

X N X, scaFter;byfsome:finitewangle 8. Moméntim conservation.means that.. -:-
xiw= X, =¥ =Y, within OQ%). Let their plane of scattering define the x - z
plane. Now consider the scattering of thg quarks with fractions (1—xl) = (1—x2)
+ 0(%). They in general scatter in some different direction having polar angle
6' and azimuthal (relative to the xz plane) angle ¢. Since they carry a very
large 3=momentum (1—xl)P,vthey"Will carry:large momentum transverse to the
directien defined.by the other set of quarks unless ¢' = ¢ + 0(%0; Thus there
are three constraints on the kinematics, each requiring a parameter normally

allowed some finite range to be restricted to a range Oclib. Hence M ~ sn3/2

and %%-'ts_s (rather than 3—6 as given by Eq. (1)). ‘S

Technically, the near-mass-shell diagrams have a stronger asymptotic behavior
than the scaling law because of pinchebingularities that arise in the integrals
over the constituent momenta. This gives rise to an anomalous dependence on
the quark mass not present in diagrams whose leading behavior results from an
end point singularity in the Feynman integral. That is, a linear infrared
divergence in the quark mass serves to define a fundamental length scale: E%-'

: q
To illustrate how this occurs in practice, we give in the Appendix A~an infinite -

momentum frame calculation of the Landshoff contribution to meson-meson scattering.
As can be deduced from the above analysis, there will be no modification of naive
scaling by such a mechanism for lepton-hadron scattering, Compton scattering or

photoproductionl7.
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This class of near-mass-shell scattering diagrams should evidently dominate
the hadron scattering amplitudes in the asymptotic 1imit18. Their existence

implies a violation of Eq. (1) for meson-baryon and baryon-baryon scattering,

giving instead %
do sL_l ‘ .
40 .8 %,
ar oz /8 CIO I

}

where L is the nhmberaéf*wide é;éle,ﬁon—shell quark séattering, h -
eig., L = 2 for meson-baryon scattering and L = 3 for baryon-baryon scattering.
Experiment (see Section III and Ref. 18) favors the dimensional scaling result

of Eq. (1). From this we learn a striking fact about nature which is incor-
porated in assumption C; multiple near-mass-shell scattering is not important

for present experiments.

The wvalidity of assumption C is much more difficult to understand
theoretically than the validity of A and B ‘although their ultimate explanations
may well be connected. Polkinghorne19 has recently advocated adoption of a
somewhat stronger version of C: that large angle scattering of near-mass-shell
quarks is damped in energy. A possible meghanism for this damping is an accumu-
lation of logarithms in tﬁe corrections to the quark-quark-gluon vertex when
both quarks are near mass shellzo.

Another proposal, made earlier and for a different purpose by Blankenbecler,
Brodsky and Gunion21, is that gluons cannot be exchanged between quarks of different
hadrons, or else that the amplitude for gluon exchénge is very smail. Their
analysis indicates that theﬁconéﬁitueﬁtbinterchange pilcture gives a good des-
cription of the angular dependence of exclusive scattering with no gluon exchange
required (in this connection see our discussion of asymptotic Regge trajectories,-
Sec. II.B3). Since a field theory with quarks and gluons would in general have
both quark interchange and gluon exchange, this indicates that gluon exchange is

suppressed in nature. Further evidence for this proposal is given in Sections
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.

IT.B3 and IV. It should be emphasized however, that this is essentially a
phenomenological rule: a consistent description of present wide angle experiments
can be made with no gluon exchange whatever. No compelling theoretical reason

for this rule has yet been advanced.

i

iy B e

Yet another possibility is that in a model with permanently confined quarks
such near-mass-shell processes would be suppressed. It can be heuristieally
argued that, since this contribution is proportional to ;L.’ if the effective
quark mass were very large (perhaps comparable to vs) it would be small. From
the time-ordered perturbation theory calculation of the Appendix it can be seen
that the internal state with nearrmass-shéll quarks (which in a color SU(3)
theory%zhas non-zero color systems propagating)exists for a finite time, long

1/2

compared to s . Such a state might be suppressed in the full amplitude.
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IT.B2 The Irreducible Diagrams

Typical Born diagrams for meson-baryon scattering and meson photoproduction

are shown in Figs. 10 and 12. The heavy dots indicate which fermion propagators

are far off mass shell. With scalar constituents having ¢4 coupling, the wavy #
3
lines just reduce to a point interaction. By applying the mmemonic of Section tﬁ

II&Alana II.A2 (s_1 for each off-shell fermion) the diagrams of Fig. 10 are
immediateiy seen to have the asymptotic behavior M ~ (/5)4_n f(t/s) in the limit
§ ~» 0+. Hence they reproduce Eq. (1). The‘only process which needs special
discussion is photoproductién (Fig. 12). -
According to dimensional counting, if the photqn counts as one field the
photoproduction amplitude should ~ (Vg)a-ntngig? 12 shows that three fermion
propagators are large (as in the meson-baryon case of Fig. 10). Howevgr (as
the reader can easily verify by direct calculation) the vector coupling of the
photon introduces a numerator factor proportional to Vs resulting in the expected
-5/2

behavior M_~ s

9

spin of the constituent and occurs for either spin-0 or -1/2 quarks. Had the

. This is characteristic of the vector coupling, not the

quark anti-quark pair (looking in the photon channel) been constrained to have
limited relative momenta, which a hadronic wave function would do, the photon
coupling would not have generated a Vs so that M~ s—3. This is the vector
meson dominance contribution to photoproduction at large s and t.

Fig. 13 shows typical Born diagrams for the proton form factor with spin 1/2
constituents. It is readily seen that for either scalar or vector gluon exchange
(helicity flip or non-flip respectively in the zero~quark-mass limit) graphs of
the kind shown in Fig. 13b:give a leadihg contribution ~ (4:12)—2 to Fl(qz)i. When
q2 >> mi the diagram of Fig. 13a cannot contributé for scalar gluons. Explicit
calculation shows that Fz(qz) is proportional to mi so that in general a three-
quark model of the proton form factor will give Fz(qz) v Fl(qz)/q2 when2q2 becomes
P, () + 55 F (¢%)

2

large. In terms of the commonly used form factors GE(qz)
4M
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and GM(qZ) = Fl(qz) + KFz(qz) where k 1s the anomalous magnetic moment, this
corresponds to23 constant GE/GM at large q2 as is indicated experimentally

(Section III).

/

gt o

We noted above that meson-baryon scattering or indeed any hadronic scattering,
could take place either by gluon exchange between the hadrons or by quark inter-
change (Fig. 10b and 10c). Both give the same scaling behavior but in general B,
they give rise to very different angular distributions (i.e., the function f£(t/s)
which we leave unspecified depends on the relative importance of thé two types of
diagrams). Although we do not éttempt ‘here to deal with the problém of the com~
plete angular distributions, we are able to make some statements about the
kinematic region to very larg% s > o, When t and s are both large we know the

-n+2

overall power dependence of do/dt v s f£(t/s) but not in general the function

£(t/s). However, if either gluon exchange or quark interchange is the dominant
t channel process (see Fig. 14) we can specify the form of f(t/s).

Using Regge terminology we write the amplitude as M~ S_QEff(t)B(t). As
is well known, a spin 1 or spin O gluon in the t channel gives rise to a constant
aeff(t) = 1 or O respectively for all t. Multigluon exchanges only generate cut
corrections. When quarks are interchanged there are two important regions in
the integration over the intermediate quark momenta: k n xPC or k n xPA. Consider

the former. 1In this case the lower half of the diagram is purely a function of

t = q2 (just as in a form factor calculation). 1In fact it has the same asymptotic

. -n _+1
t dependence as the helicity non-flip form factor F(t) ~ t ¢ . The upper part

1 .
+ A > quark2 + B scattering.¢vAngexplicit iy t dependence comes from that required
| ' 24 | A2, =, | |

by helicity considerations': vt 1A B2 . Hence for A = B = meson or

of the diagram when s >> t is also simple. It is essentially high energy, quark

A = B = baryon the leading behavior is t‘indépendent. On the other hand, for
m photoproduction the uppef blob ~ vt. ’Thus we find that for meson-baryon

scattering M ~ s—3f(t/S) %‘S-aF(t); . -~ there are two terms (coming from
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k ~ xP and k v xPA) proportional to Fp(t) and Fﬂ(t) respectively. The leading

behavior in s comes from FP so we have with quark interchange aﬁ?;MB = -1.
. : BB+BB _ _ yB-MB _ .25
Similarly LIPS 2 and aeff' R
Accbrding to Ref. 26 the best fits to o are indicative that gluon exchange %

eff

is negligible. Since a priori. counting coupling constants (e.g.,in Fig. 10)
indicates that glyon exchange and quark interchange should be equally important, .
this gives support to the proposal of the previous section that gluon exchange
between quarks of different hadrons is amemslously: smadl:: Hemeeoitcprovidés additional

support to our assumption C. ’ -
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II.B3 Higher Order Corrections to the Born Diagrams

In any given order of perturbation theory there will be logarithmic
corrections to the behavior of the Born diagrams due to loop integrals. If
these logarithms were to coherently combine they could conceivably alter the
simple scaling behavior of the Born amplitude. For instance, in QED it has been
shown27 that infrared radiative corrections to fixed angle exclusive lepton

and photon scattering amplitudes have the form
2, .2
—olen(s/AD 1, (22)

where t is the momentum transfer and A an.effective infrared cutoff.

We are concerned with the possible exponentiation of 1ogafithms due ¢ -
strong interaction corrections td a»boqnd state scattering amplitude. In a gauge
theory it is the infrared region which is potentially dangerous in this respect.
It is possible that they will introduce a modification to these amplitudes of

the form of Eq.:(22).: In:that case the:stattering rules (Eqs.’ (1:4)) will just give
the nominal orqunqgiéglhpower law.reflecting the compositeness.of,the hadron,; but
which will be modified;byhsgﬂg,interactions among. .the.constituents,  If.the funda-
mental strong interaction.coupling is actually weak,;asgonjectured by.a pumber of
people”®, such a modification would not be seen until very large t.

On the other hand, arguments can be made that the infrared effects on a
bound state scattering amplitude should be much milder than Eq. (22) for twe:ressons:
First, in a theory such as a color non-abelian gauge theoryg%he physical states
are neutral, i.e., color singlets, so that the infrared region is damped for
momenta k < O(d_l) where d is a length characteristic of the hadron. Second,

in a bound state the constituents are generally off their mass shells and

hence the infrared singularities are ''shielded."
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To illustrate the first point, consider an abelian gauge theory in which
massless vector mesons couple to a conserved current. We shall take a hadron
to be a neutral state, so that Q = ; Qi = 0. TUsing Wéinberggg ﬁééaﬁiénjthe
infrared region of the virtual gluo; corrections (A < lku| < A) gives a correctidn
factor to the scattering matrix element of the form exp[-A n'A/AX] with

+B
__=1 z: -1 ‘ < Pnm -
A = 2 "y Mm Qn Qm Bnm in 1-8 ]’ (23)
8m nm

mn

where the summation is over all pairs (n,m) of external charged lines. For

an outgoing (incoming) line n = + 1 (-i) and Bnm is the relative velécity
of particles n and m in the rest frame of either:
p? p2  1/2
B, =|1= -(—1;—-‘-‘-.——;‘:——)—‘5 : (24)
' n m
Considering now an amplitude such as the form factor of a "meson," we must
sum Eq. (25) over all pairs of external lines. It is readily checked that the
only terms in the sum (23) which can introduce a leading t dependence are those
involving éne initial and one final particle. Let us label the two (say) initial
‘ s
particles a and b whosefmoméﬁtaﬁﬁre P, = ¥p# K and py = (l=x)p=krwithith
k + p=0 (as in Section II,Al). By our assumption A, k is bounded so that (as
may be checked by explicit expansion of the logarithm in Eq. (23)) we may take
P, = Xp and Py = (1-x)p with errors of only order 1/s at fixed angle. Then
Ban and an are equal if n is not equal to a or b. Summing over a and b in Eq. (23)
thus causes cancellation of the infrared corrections of order ln(t/mz) since
Qy =~ Q-
The infrared behavior of non-abelian theories with massless vector gluons

is generally expected to be much worse than in the agbelian case. A central

difficulty of such theories is that a soft gluon emitted from an external line can

itself emit a pair of soft, colored massless gluons, ad infinitum. However, in
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a bound state such catastrophic gluon emission may well be regulated by virtue of
he hadrons being effectively off-mass-shell.
. ' : . . 22
Furthermore, in the case of a color theory as usually envisioned, color
octet hadrons either are infinitely massive or at least not degenerate in mass
with the usual hadrons which are color singlets. In this case the infrared
2 . 2 2
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W m8 - ml is suppresseq, giving corrections
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contribution for

N

of order log hj(mg—ml)]. Moreover because the color emission changes quantum

numbers and is not soft, there is no réason that such logarithms will exponentiate

30

or cause large corrections to the scaling law™ . -
Even if the logarithms found in perturbation theory do not exponentiate,

as argued above, they can give logarithmic corrections to the scaling laws.

There is very little we can say about this (essentially about the validity of

assumption B) except what we said in Ref. 1: if there are modifications of scaling

in deep inelaétic scattering, there will probably be similar modifications to

these scaling laws31.

?-:J'f_f {!ﬁ,ﬁ .mﬁ.’
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III. The Experimental Status of'Exélusive Sealing -

In this section we are concerned with tests of the scaling laWF(Eq.(l» in
exclusive processes. Three questions are of particular importance: 1) Is our
choice of Quark model assignments for the number of fields in hadrons acceptable?
2) Are the scaling laws actually exact or are they perhaps modified by logarithmic
or "anomalous dimension" corrections? 3) Are there contributions from on-shell .
scattering (which may change the scaling of Eq.(1))? Of course, essential to
the whole program is the self~consistency of the scheme. Once that is established
for exclusive processes, we turn to the more difficult question of inclusive
scattering. This section is quite detailed,‘in the hope of emphasizing (especially
to experimentalists) the large amount of important work which needs to be done in

this field.

The simplest applications of Eq. (1) are purely electrodynamic, e.g., e+e— >
u+u— or e+e- > e+e_, Ye > ye, e+e— > YY, etc. In each of these cases n = 4 unless
we are wrong at a fundamental level, so that experimentally these should have the
asymptotic behavior do/dt ~ s_2 f(t/s). This is just the prediction of quantum
electrodynamics (modulo logarithms from radiative corrections) so that to the
extent that QED is correct at large s and t our predictions for the scaling be-
havior of purely leptonic and photonic processes are correct with the assignment
n = 1 for leptons and photoﬁs. Since QED is in agreement with experiment up to
the highest availagble s and t (CEA32 and SPEAR33 results on e+e— - u+u-, ee -
e+e_, etc.) we may assume that n = 1 is correct for leptons.

In one-photon exchange approximation, the diffe:ential cross section for
eh » eh scattering at very large s and large t is given in terms of the hadron
spin averaged electromagnetic form factor F(t) by

a -

1 2
-C-l—t..— N ;—Z-IF(t) l (25)
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so that we have (Eq. (2)) the general formula (modulo logarithms)

1-n

' h
F(t) vt ,
for asymptotic spacelike or timelike t. Thus using n_ = 2 and np = 3, we #
PR SR R T S 2 - 7 2\ " ’ 2\"'1 4 , 2\ ’ P 2\"‘ - g‘ej
conciuae tnat ror large q , rﬂ\q ) v Lq ) and rlp(q, ) v o(q) can be . =

separately determined by studying the dependence of ep -+ ep scattering on q2.

As remarked in Section II.B2, given spin 1/2 constituents with vector or scalar

£2.. 1 1 T 2 g 2\— - 2 4 e
gluon exchange, one finds that rz(q )N {q ) 3 at large q , so that we predict
. 4 .
the asymptotic behavior GE v 1/q  and GM N l/q4 23 + Since a substantial range

of large q2 is necessary to test these laws, the experiment of P. N. Kirk et al.34

covering the spacelike range 1.0 < --q2 < 25.0 GeVz, is most suitable for our

purposes. Fig. 15 shows q4GM(q2) for that experiment. For —qz > 4 GeVz,

q4GM(q2) is consisteht with a constant within errors. This vindicates our choice
np = 3 as suggested by the naive quark model. Moreover the very fact that GM(qz)
falls as a power of q? is support for our scaling laws. (The data is not accurate
enough to discuss the question of logarithms.) GE and GM have been separately
determined only for —q2 < 3.75 GeVz?S'They are found to be consistent with GE =
GM/u within errors. Thé asymptotic falloff of the proton form factor has proved
very difficult to account for up to now. Bound state models for simplicity have
focused on two-particle bound states. Treatiﬁg the proton as a spin-0, spin-1/2
bound state with spin;O exchange give26(modulo logs) GM g (qz)-2 but GE v (qz)—l.
Separate determination of GE and GM at larger q2 will be useful to conclusively
distinguish-thﬂswm@del~fromfour3a-“HbWeve%;tit?is‘improbable that GE could have -
the behavior (qz)"1 without that being evident from thé q2 dependence of the
ep > ep cross section37.

Data on the pion form factor is not yet available for a.qz range comparable

‘ + - . .
to that of the proton since it comes from e e -annihilation. Presently data is

availab1e38 for timelike q2 < 9.0 GeVZ. It is consistent with a p pole, so
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2 ’ 2, - :
that for q~ large, Fﬂ(qz) v o (q7) 1 is an acceptable fit (see Fig. 16). However,

it should be kept in mind that to donclusively test our picture, q2 z 4 GeV2

should be considered. If only that range is used, the data is not édequate to

rule out other behavior. Improving and extending measurements of the pion R
-
form factor is one of the surest ways to verify or destroy our ideas. For the éﬁ

present we will continue to assume n= 2. In a ladder model in which the pion
is a bound state of two spin-0 constituents with ¢3 interactions its form factor
would fall as (qZ)—z.

According to the dimensional scaling rules, if a photon behaves as. a single
field at short distances, photoproduction at large s and t follows %%-m s—7 f(t/s).
This is an especially interesting process because strict vector meson dominance
would say that yp - 7p behaves like pp + 7p and hence g%—m s-suf(t/s). Of..course
if thgﬁphatég,'When.integacting.withzhadrons;tis”agsupérpositiouaoﬁ;aave@torfmeson
9

anclvan..>.e:lement.atfn_g)z'vfsi;eld_"3 s then in:tleikinematic region being studied here the
latter state will dominate and result ian do/dt n s-7f(t/s). The highest energy
data at 90° is that of R. L. Anderson et al.40 which covers the range EY between

4 and 7.5 GeV. They find that do/dt (90°) ~ g3t 0.4

, in agreement with our
prediction of s—7. Again, it is most desirable to extend the range of s, since
at EY = 4 GeV, 90° corresponds to a t of about 3 GeV2 which we expect is only
barely in the scaling region. However, if that lowest energy point»is dropped,
little can be said about the s dependence of do/dt at 90°. Thus our provisional
conclusion is that photoproduction measurements support the prediction that
do/dt (YN »> 7N) ~ s"7f(t/s), with higher energy data of great importance.

The present data on meson-baryon scattering, which we expect to behave
as do/dt n s_8f(t/s) at large s and t, is less conclusive for our purposes than
photoptoduction or pp scattefing experiments. This is partly because expeiiments

to date have focused on obtaining the entire angular distribution at modest s

values rather than choosing some small ecmhrange with enough sensitivity to go to
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high values of s. This poses the usual problem of not having an adequate range
of high enough s and t to check for scaling. A special problem in some of these
meson-baryon scatterings is the existence of (resonance?) structure at quite

* high t values. For instance in T p > w*p a dip in d¢/dt is found at t =

ki
A e s = # \2 41 - o R P - a - + - P 2 A _er ! \2 %
- 3.0(GeV/c) and there 1s evidence that both 77p have a dip at t = — 4.0 (eV/c) . i

"For an unambiguous analysis, one needs for this process t and u 2 S(GeV/c)2 and
a large range of s! One experiment which has been analyzed to determine the
nature of the wide angle energy dependence measures the 90° differential cross

- -— 1§ .
sections for Kop > ﬁ+AO, KO > ﬂ+20 and Kg§;+ Kgﬁ@for incident momenta between
1.0 and 7.5 GeV/c42. They find that their results can be equally well para-
. =bp
nv'g o (see Fig. 17). 1f s and t

meterized by (do/dQ) s ™ or (do/dQ)

90° " 90°
are sufficiently large,‘dG/dQ v g do/dt £(t/s) so that we predict m = 7. They
give for the three reactions m= 7.4 + 1.4, m = 8.1+ 1.4, and m = 8.5 + 1.2
respectively. In short, our predictions are consistent with data on meson-
baryon scattering, but it only demonstrates that we are not wildly wrong. How-
ever, results from experiments which only attempt to cover the large angle
region, but with much higher sensitivity (so that a larger range of s can be
studied) will be much more conclusive. It is enough to show that the cross
section integrated over a fixed cm region falls with the power s—7 rather than
another power or an exponential.

Not surprisingly, pp = pp 1is the most thoroughly studied elastic process

at large s and t. Landshoff and Polkinghorne8 have plotted the data for

s > 15 GeV2 and 0 m between 38° and 90° (see Fig. 18). They find that it is well
-9.7 + 0.5

fit by the form do/dt ~os f(8). This is in very good agreement with

- 43 ,
our prediction do/dt ~ s 10f(e), and apparently rules out a significant contri-

bution to the amplitude by on—-shell quarkAscatteringlg.
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The experimental evidénce on Eq. (1) is thus very encouraging. However

with little difficulty it could be considerably improved. As indicated above,

better data on meson-baryon scattering and e+e— > n+n— should be available

fairly soon and will be a significant test of the scaling idea. We close this | ]

section with a list o

. i&g‘ﬁ ol

predictions of the scaling law of Eq. (1); other reactions

whose asymptotic behavior is interesting, albeit difficult to measure:

YP > YP : do/dt ~ s’6f(t/s)
-7
YP > PP ) do/dt v s "f(t/s) .
, Y
YY > mW do/dt v s f(t/s)

(the photons need not have zero mass as long as their masses are kept fixed

and are small compared with s and t)

Lo, * 0 -3
ey »em {(y vy > 1) do/dt ~ s “£(t/s)
ete” » AT A7 F, (gD v (@72
T2 72 A2

(or any-other L = 1 meson with non-vanishing form factor)

ed + ed Fd(qz) n (q2)—5

| 2
(this probably only scales for q2_38GeV ). PFinally, the scaling law for multi-

particle exclusive large angle scattering (Eg. (3)) can be tested. When ny = 2

and ng = 3 it can be written in a compact form: Let Ac be the invariant cross

Pj Py
section integrated over some fixed cm angular region keeping all ratios ——;—1-(i#j) -

fixed. Then when s - = as the reader can easily verify (Eq. (4))

Ao Vv s

—(I+NM%2NB) (
]

. Pi'Pj)

where NM and N, are, respectively, the total number of mesons and baryons. Thus

B
-12
for high energy BB - MBBwhen all cm angles are large (Eﬂ do/dt dspﬂ) v s f(ei)

which is equivalent to do/dﬂldﬂz " s_lo. Data expected at SPEAR and DORIS
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+ - + -+ - - , ,
on the exclusive channels e e =+ 7 7w and e+e - 6 charged m's with fixed
angles will eventually provide a test of our predictions (Ac ~ s'-3 and AG v s

respectively).

5
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IV. Inclusive Reactiong at High Transverse Momentum

ving developed in »nrev
ing veloped in pre

dependence of exclusive scatterings at large energy and momentum transfer, we

wish to explore their implications for high RL inclusive scattering44. It is %
=
to be expected that, just as in the exclusive case, the power dependence of =y

inclusive high p cross sections will depen

L w . i 3 & LALL| LheT iz

participating in the high RL reaction. Our task, then, is to see what can be

said about this number N,

In parton language, an exclusive process proceeds by the large momen
scattering of n constituents with the ﬁee partons behaving as "spectators."
The condition on the bound state wave function at x = 0 serves two purposes:
First, it fixes the minimum number of constituents having finite fraction of
the total momentum (and hence n). Second, it ensures that the remaining "wees"
are truly "spectatorsy! that is, Eheir interactions do not build up additional
power dependence on momentum transfer. (This latter function is modified if
the wave function’in nature proves to have a logarithmic or power singularity
at the origin).

In inclusive scattering; constituents having finite fractions of the -
momenta of the incident particles can be spectators. A good example of this
is deep inelastic scattering in the parton model, shown in Fig. 194. In the
absence of a requirement that no particles be found in the forward direction,
it is emergeticallly favorable for those partons not deflected by the current
to continue Witﬁout large changes of their transverse or longitudinal momenta.
In this case only the single parton with appropriate momentum fraction

—q2/2mv need participate in a large momentum transfer collision. Hence

X

4 (2)leptons and 2 quarks) so that the matirix element is dimensionless and

n

the differential cross section Eedo/d3pe n s_2 f(qZ/s,Mz/s) asymptotically
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(M is the missing mass). In the one photon exchange approximation, this
differential cross section may be written in terms of structure functions
Wl and vW2 which are defined in such a way that they have no energy (w)

dependence for fixed (qz/v) if the behavior of the differential cross section | %
is 1/s2 as argued above. The famous scaling behavior of VW, seen at SLAC,

2
if it persists at higher energies, is evidence for the validity of this

@agm:n

argument. A logarithmic modification of scaling as expected in asympto-
tically free theories is not distressing:that is just the effect in such
theories of the interactions of the '"spectators." | -
Motivated by the success of the séaling prediction in deep inelastic
scattering, we abstract the notiom that any inclusive amplitude factorizes
into a part which involves only large momentum transfers and parts involving
only low momentum transfers.' That part depending on the large momentum
transfers determines the overall power dependence of the amplitude. Of course
the dependence of the cross section on invariant ratios, say ;g-and %}3 is
in general dependeﬁt on the low as well as high momentum parts of the

scattering process. Thus we can immediately write down (Eq. (5)) the invariant

~ 2
cross section for high energy inclusive scattering at fixed t/s and M /s:

E do " t M2

f(—
d3P N N-2

with N defined as the minimum of fields in the large momentum transfer part
of the amplitude.

Evidently, in order to make predictions for imclusive scattering, one
must make a dynamical statement which serves to specify the number of fields N,
just as in the exclusive case a specification of the number of non~wee consti-

tuents was required. The simplest ansatz for N is the one made by Berman,:
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Bjorken and Kogut45 in what was essentially the first parton model work on
high transverse momentum inclusive processes., They observed that at order
az hard parton-parton scattering must take place via exchange of a far off-
shell photon just as lepton-parton scattering does in deep inelastic °
scattering (Fig. 19-). Presumably, hadronic final states would be generated
from the quarks just as in the lepton scattering case, i.e., in a scale )
invariant manner. If the large momentum transfer process is qq - qq or qq - qq,
N =4, and in faét Berman, Bjorken, and Kogut predicted
g 39 fugf-f(—t- -”12—) | _
d3p S2 s’ s

However, it was natural to imagine that such a qq + qq scattering at high P
could take place via the exchange of vector (or scalar) gluons as well as via a
photon. In fact in perturbation theory it is hard to imagine that gluons
could be responsible for binding of quarks and yet not give rise to wide angle
quark scattering, ieading to the scaling behavior E dc/dsp ~ s“2 at a level
well above that due to electromagnetism.

In an alternative approach, Blankenbecler, Brodsky, and GuniOn46 explored
a model in which hadrons scatter not by gluon exchange but by quark "interchange ."
They argue that the resulting angular distributions for wide angle elastic
scattering are in good agreement with data, with no gluon exchange necessary
for their fit (see Section II.C). 'In their model, hard parton-parton scattering
which takes place via gluon exchange is not allowed, The minimal large P, )
processes which can take place in this case involve quark-hadron scattering
and thus N > 6, In addition it makes quite detailed predictions on the
function f(&; %L-) of Eq. (5). Thus the deiails of the model will Be subject

to many experimental checks.
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Here rather than advocate any particular model we categorize and discuss
the possibilities. Our principle contribution to this subject is merely the
observation that the essential element of any model of high p, inclusive
scattering, as far as the overall power of s goes, is the number of large P,
participants. If the minimal large P reaction is qq - qq or qq - qq then
N = 4 as discussed above. If for some reason that is not possible or is
dominated by other processes-giving a lagge ?Lmeson; suchas qm -+ qm, qq * Tqq
of qq - nm, then. N=6 or:more. If the process of interest is, say yp > m + X
- then the high Pl’reaction might be qg+y >7m+gqg.or q+y > +=§rgi%ing_N = 5,

For baryons observed in the final'state, say pp++ p + X or ﬁp -p + X,
there are several possible N > 4 reactions: qq -+ pq(N=6), qp - qp(N=8),
qq > pE(N=8), etc. The lack of an N = 6 process with a p produced involving
only quarks in the initial state would predict that the cross section for
PP > P + X should be much smaller than in pp > p + X at large EL , away from
the edge of phase space. This is only a sample of the rich phenomenology
available when looking at inclusive processes from thisbpoint of view.

The experimental results on large momentum transfer scattering47 have
one remarkable feature in common. They are not consistent with the power
dependence E do/d3p n s“2 at fixed p /Vs and 6 = 90°, i.e., RL_4' Rather
they favor much more rapid falloff in p

N
The details of how their results are described in terms of the phenomenology

with a power between -8 and -11.

outlined above is given in the references of 44. What is of greatest

importance here is that the absence of plf4 behavior is strong phenemenological

support for the absence of scale invariant scattering between quarks of
different hadrons and hence for our assumption C.
Equation (5) suggests a new way of analyzing the data on deep inelastic

scattering. The standard method is to take the observed experimental cross

section, assume that the one-photon-exchange approximation is good (this has been
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cross—checked), apply radiative corrections, and extract the structure functions‘\

vW2 and Wl (and Wé for v scattering). Scaling then implies that the structure

functions are indépendent of any variables other than X = -q2/2mv. However

Eq ('5) hith N = 4 can be checked directly. Examining directly the dependence | %

of E dc/d3p onp, for fixed ratios of invariants would be most e

interesting, . Even though radiative corrections (and possibly strong inter-

actions in the hadronic wave function) surely generate logarithmic modifications

of perfect scalingg éuch an analyses would provide a useful direct test of scaling.
Oof course we find the parton model result that pp - u+u-+ X or -

Tp > u+p— + X can go via qq +'u+ﬁ- and hence is scale invariant. Similarly

if the parton version of e+e— annihilation is taken, that it goes via ete” + qq >

hadrons, these counting rules give a scale invariant minimal scattering and hence
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V. Summary and Conclusions

In this paper we have examined the conditions under which the simple
dimensionai analysis used to derive Eq. (1) can be valid in renormalizable field
theories. The scaling laws are consistent with finite Bethe-Salpeter hadronic
wavefunctions and the scaling behavior of éimﬁle planar Born diagrams for the
n-particle scattering amplitude.. The qﬁestion of the short distance regularity
of the Bethe-Salpeter wavefunction has now been partially settled for asymptotic
freedom theories by Appelquist and Poggio;3. They show, as conjectured in Ref. (1)
that the irreducible kernel is more convergent in the ultraviolet than indicated
by simple ladder approximation. We have given arguments why such behavior can
be expected even in abelian theories, and why infrared corrections to the scaling
laws are likely to be unimportant for color singlet or "neutral" hadronic states.

In a general renormalizable perturbation theory, the scaling laws can be
violated by non-planar diagrams involving multiple oh-shell quark~quark scattering.
The fact that such diagrams do not seem to be important empirically, together
with the absence of scale~invariant large transverse momentum inclusive reactiomns,
plus the fact that effective Regge'trajectories;aeff become negative at large t,
evidently imply the suppression of scale-invariant (single or multiple) gluon
exchange interactions between quarks‘of the scattering hadrons, This remarkable
empirical fact has yet to be explained but undoubtedly has important implications
for the detailed structure of the underlying quark theory. -

Our general approach is different from what has been done previously.
Starting with Wu and Yang, a number of authors have observed that given the
asymptotic falloff of the hadronic form féctors, predictions can be made about
the large s and t behavior of elastic‘scattering48. Horn  and Moshe49 proposed
that cross sections should have the form of Eq. (1), without specifying n, and

showed that it provides a good fit to the data. In contrast, we look directly at
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the underlying short distance structure which we abstract from perturbation theory.
This enables us to predict the behavior of the form factor (and automatically
gives the relations between form factor and wide angle scattering obtained by

previous authors)48’50. On the other hand, without4making more detailed dynamical

fv;i fm‘.ﬂ#‘g‘ L3

assumptions we cannot make the predictions that they make on the angular behavior
of 2 > 2 scattering. The next logical step is to choose a theory which may
actually be correct (e.g., aﬁcolor gauge theory) and see whether qualitative
features such as the angular dependence, the minimal high p, part of an inclusive
scattering, etc., can be obtained withdﬁt actually solving the theory. The
techniques used in this paper, especially the simplified approach to bound state
scattering which circumvents the complexities of the full Bethe-Salpeter
analyses, should be very useful toward this goal.

v

In summary, the dimensional scaling laws for fixed angle scattering as s >

2-n,~n_-n.-n
do - A"B"C D »
dat (A+B + C+D) + s fAB#CD (t/s),

give a fundamental connection between the‘degree'of complexity of hadrons and

the power .law behavior of cross sections and form factors.: Although much more
experimental informétion is required, the present results support a composite
representation of the hadrons based on quark degrees of freedom. Thus hadron
scattering at large transverse momenta implies something of fundamental importance:
Quarks not only haﬁe a mathematical existence, giving current algebra, Bjorken
scaling, and the hadron spectrum, but a dynamical existence as well. That is -
not to say that quarks must be observed as free particles. However, bound state
models should be built from qﬁarks to incorporate the correct short distance

structure of hadrons.
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Appendix A

Doublé-Scattering Graphs Using the Infinite-Momentum Method

The physics of the Landshoff multiple~scattering diagrams turns out to be
particularly transparent gsing time-ordered perturbation theory in the infinite
momentum frame. A full description of this method may be found in Ref. 51,

The prototype calculation which most simply contains the Landshoff contri-
bution is given in the case of m-T scattering where we take a f4>4 theory for the
constituents and g¢3 vertices to represent the bound states. Generalizations to
other cases will be straightforward.

We choose the following reference frame

'y Ky
p=pB=‘{Pj—E’-’6-'-’P—ZF>
Pp=Pgtds Pg=pPgtI, Py =pyta+r
with
=(LR 7, o, -LR
4 (ZP’CU-’ ,21))
=L - Py,
t (21)”"*" 2?)
Note that t = q2 = - af , and u = r2 = - ;f .
> > . 2 2 .2 2
We also have qy rl_f 0 if M+ Mp =M, M

The contributing time—ordered diagrams which are equivalent to the Feynman
graph, Fig. 2la, are shown in Fig. 21b-e. All other time—-orderings wvanish in the
P + o frame. It is easy to check that diagrams (d) and (e) do not contribute to
leading order in the asymptotic fixed angle limit. Diagrams (b) and (c) include
the summation over time-orderings-in which the vertex A occurs before and after
B, and C occurs before and after D. The total amplitude for M(b) and M(c) is

then given by the following three-loop expression.from time-ordered perturbation

theory:

mi‘;}ﬁ ]




-49-

/ d kldxl ( )
- S(x +x =x =
,| 2x (l—x )(Zﬂ) a b e d

(2) > > patin _ ,l’..'*.__*..'i _ >
§ (klb+kia+xa(q+r) kic X T kId X, q)

S, > - >
wA(kla’xa)wB(kib ’xb)wC (k‘LC’XC)wD(k’Ld’Xd)

. 1 1
M M — ¢
(l) (Z)I[D(b) D(c) ] (Al)

Three momentum is conserved at each vertex. The range of the X is 0 to 1. The
amplitudes M(l) and M(Z) are the scattefing amplitudes for a + b > ¢ + d and

a' +b' > c' + d', respectively. In the f¢4‘theory M = f, The

@ = %@

energy denominators for diagrams (b) and (c) are

Depy =By +Eg =B, ~E,, ~E; - E, + ic

D - E + ie

+ - - -
By +EBg = E, ~E_ - E, -E

(e) A B

where the Ei are the relativistic "kinetic energies"

>2 2
ki + g
Ei - X, ?
i
e > > 2 2
e.g., By = [y, + = (@t0)” + m 1/x .

In addition there are two energy denominators coming before the scatterings

Ml and M2 and two afterward. When these are summed over the orderings A before

and after B, C before and after D, they generate the product of wavefunctions:

‘P (kJ_ H X ) = - g ; ’
A a a ki +m2 kf +m2,
a a

i
A X 1-x
a a

etc. Notice that because of the choice offvatiables (;a =x (E%E%?) + KLa)
the wavefunctions do not depend expliéitly on q or r. The natural domain of

-
the wavefunction is thus kla finite.
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Dropping terms of order Mz temporarily we have

e S _ _ 2 22

D(b) = (qfr) X T} (1 xa)(q4r) x44
2 : 5 2 =
- ﬁic‘¥ + ZKia . (a}¥) - 2§id . Z ;
%y

27 >2 >2 >2
k-’-c _ k-‘-a _ k-l-d _ k-Lb

Xc l-xa Xd 1—xb

If we introduce the scaled variables

Q>

> X >
om = (xa—xd)]ql + 2k kg )

_ - PO ~
Bm = (xa—xc)]r[ + 2(kiafkld) Ty

then for a and B of order 1 and kfa, kfb and kfc of order mz, we have

kK, v 0@
and
’ > -
‘D(b) = alq| + Blz| + O(m) + 1e .

Changing variables from X4 and X, toa and B thus gives for diagram (b)

1 dddB
© nldlE T eld] + B|F] + o) + e

(A2)

multiplied by a finite integral over dxa, dzkla, dzklc, dzk_Ld which is independent

of s, t and u. The imaginary part of (A2) gives

i
M(b) n (A3)

mvstu

(as easily seen in polar coordinates) and the real part cancels against M(c)'
We should note the following at this point. The 7-7 amplitude is
imaginary}reflecting the Glauber-like real pole intermediate states which con-

tribute. The constituent scattering amplitudes M(l) and M(Z) in (A3) correspond

to - near -mass-shell scatterings of the constituents of different hadrons with
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fractional momenta x, and l—xé, respectively. Note that the wavefunction
. 2
dependence is not relevant as long as the d“k integrals converge because
1l

if the Mi(x) are scale invariant they are actually indeperdent of x, e.g.,

XS—XU _ S=u

for vector gluon exchange M(x) ~ - T

. The generalization to more
realistic scatterings is immediate. FEach additional pair beyond the first

two givesa factor in the amplitude of order

1
m stu

thus giving the result, Eq. (21) of Secfion II.B1.




~52-

Appendix B

Fixed Angle Unitarity

It is interesting that the behavior

2 4-n : (B1)

is actually the fixed angle unitarity bound for n particles in the external state
when the square of the amplitude is averaged over a fixed angular region in the
center of mass. A convenient proof has been given by Bardeen52 as follows:

Consider a two-particle state with continuum normalization

3> > 3, =
1 - 1 - '
(2]2') = 2B, 67 (-, ")2E, § (B -py")

N

45 o oryeh
P s(a-a')8 (o tpy, - P

1. 1]
a Py ) o

By smearing with an angular function

D - [ i@,  [rr@)fe-1

we have

4

P cm

@2y =22 s, - by

Unitarity then gives

N .3
i I . — 4'p, -
(2]2") = (2|s+s,]2'> = Z}QZIS”N) T 20,),1 (N|s|2")
N i=1
and hence
/s N d3p N
e N flanmiP T o2 an® stetey - e
N i=1 1=1

Averaging ]N) over cm angles thus gives in the high energy limit

]am@:mm}z < cg 2N

where N is the number of particles in the final state. By crossing, the




proof holds for any
The bound (B1)
perturbation theory
In our work we

is saturated in any

point must be: noted,
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number of initial particles and (Bl1) follows.
is also often imposed on amplitudes in each order of

as a necessary condition for renormalizability.

show that the bound (Bl) for the fixed angle amplitude »
=5
theory without an inherent short distance scale. A crucial b

however. 1In the hadronic amplitude, the constituent

particles for each hadron are not at fixed angles relative to each other; thus

the bound (Bl) for the required amplitude M can,iin principle, fail due to

singular behavior when the external lines become parallel. This is in fact-what

occurs in the multiscattering diagram considered by Landshoff. (See Sec. II.B1

and Appendix A.)
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Fiéure:Céptionsi

n~point "decomposition" of AB ~ CD (in this example n = 10).
Schematic representation of the full meson~meson scattering amplitude in

terms of Bethe-Salpeter wave functions Y and the irreducible amplitude Mn'

L. !gﬁ )

Eﬁample of a disconnected or non-planar diagram for pp = pp wide angle
scattering.

Schematic representation of the Bethe~Salpeter eqﬁation for a two:barticle
bound state.

The meson form factof in ladder approximation to the Bethe-Salpeter eqﬁ;tion.
Examples of non-ladder kernels for the Bethe-Salpeter equation and the
irreducible contributions to the current matrix element they engender by
gauge invariance. |

Born diagram (5 point connected amplitude%M:)‘for the meson form factor.
Schematic representation of the Bethe-Salpeter equation for a three-particle
bound state.

Diagram for meson baryon scattering with multiple scattering of near-mass-shell
quarks of different hadrons.

Typical Born diagrams for meson-baryon scattering via (a) gluon exchange and
(b) quark exchange. The dots label quark lines which are far:off mass shell.
All gluons shown are far off mass shell.

The pinch in meson-meson scattering (a) Feynman gréph and (b) momentum space
picture of the scatterings.

Born diagram for photoproduction. The heavy dots represent far off shell
quark lines. All gluon lines shown are far off shell.

Typical Born diagrams for baryon form factors.

Hadron scattering for t large, s - « if (a) gluon exchange or (b) quark

interchange is dominant in the t channel.
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34
(qz)zGM(qz)/u for the proton versus —qz; data from P. N. Kirk et al.

quﬁ(qz) for the pion versus qz; data from M. Bernardini et al.38

do/dQ (90° c.m.) versus s for several meson-baryon scattering reactions.

This figure is from Ref. 42. ks
-
Log (do/dt) for pp - pp versus log s at various c.m. angles. Only data for ﬂg

8> 15 GeV2 and [t| >2.5 GeV2 are included. This figure is from Ref. 8.
Parton model picture for (a) the one-photon-exchange deeﬁ inelastic
scattering and (b) the colored gluon exchange contribution to high p;
inclusive scattering, showing the cblqr index 1(j) of the quarks. The -
notation -i(-j) refers to the color of the rest of the hadron.

Possible minimal large p; scatterings if gluon exchange is not allowed:
(a) q"n" » qm and (b) qq ~+ 7mqq. |

£a) A Feynman diagram for mr - #m and (b)-(8) time~ordered diégrams

corresponding to it.
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