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We establish that a cluster-decomposition technique, similar to that used in statistical
mechanics, can be applied to the study of high-energy scattering processes. In particular,
we examine in detail the multiperipheral amplitudes in a @3 field theory with one space and
one time dimension. The cluster decomposition provides (1) a mathematically elegant and
physically intuitive way of treating terms nonleading in (Ins)"; (2) a framework in which the
Regge asymptotic behavior of the scattering amplitude emerges naturally; and (3) a direct
means of calculating the one-particle and multiparticle spectra in inclusive reactions. In
addition, we consider further possible applications of the technique, including its extension
to a ¢? theory with three space and one time dimension. Here we establish a simple criteri-
on, based on the form of the cluster decomposition, to determine whether a set of amplitudes
leads to a Regge pole or to a more complicated singularity structure.

I. INTRODUCTION

Much of the complexity of strong interactions at
very high energy derives from the possible coupl-
ing of an initial two-particle state to multiparticle
final states. The rapid growth of the number of
allowed final states and the resulting inherently
multichannel nature of a high-energy scattering
process suggest that these processes should per-
haps be treated by methods similar to those of
statistical mechanics. Recently, an explicit pro-
posal of this type was made independently by Feyn-
man and by Wilson,'! who argued that high-energy
interactions should be analogous to the behavior of
a real gas contained in a finite volume. Relying in
part on this analogy, these authors speculated on
the probable properties of hadronic interactions at
high energy. The analog of surface effects (scat-
tering events called fragmentation in the nomen-
clature of BCYY 2) should depend strongly on the
nature of the initial particles; the analog of volume
effects (processes called pionization) should, how-
ever, be independent of such details. Further
qualitative predictions based on this analogy — for
example, the distribution dx/x [where x=p;/(p})inc
~ p°/En.] for final-state particles in pionization
reactions - were also formulated.

Since many of these predictions are supported by
present experimental results, it is clearly of in-
terest to study two questions:

(1) To what extent can the present rather qual-
itative “gas analogy” be extended?

(2) Can one support this analogy by quantitative
calculations in a quantum-field-theoretic frame-
work?

It is our purpose in this paper to answer the latter

4

question affirmatively and in some detail; in the
process we shall discover several remarkable re-
sults which bear on the former question as well.

To motivate our choice of the specific field-the-
oretic model in which to study the gas analogy, we
turn to the following experimental results®:

(a) (n)<lns, where (n) is the average multiplic-
ity in a high-energy interaction;

(b) the distribution of final-state particles with
small momenta relative to the initial particles
seems to follow a dx/x law, with x defined as
above; and

(c) {p.) <350 MeV/c, so that the transverse com-
ponents of momentum are finite and limited, even
as the center-of-mass energy squared (=s) gets
very large.

That the first two experimental results are also
theoretical consequences of multiperipheral mod-
els suggests that we consider a model of this type.
The third result supports the conclusion that the
longitudinal components of momenta,

pe=pPEp?, (1.1)

play a more crucial role in the dynamics at large
energies than do the transverse components, given
by

1)_L=(0,P1,1)2, 0). (1.2)

If this conclusion is correct, then a valid first
approach to the problem might be simply to ignore
the transverse momenta. Combining these two ob-
servations, we are led in the simplest case to a
perturbation-theory calculation of the properties of
the set of all ladder diagrams in a ¢® field theory
with one space and one time dimension.

With regard to this proposed model we should
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mention two points. First, perturbation-theory
diagrams have long been the theoreticians’ labo-
ratory for examining strong interactions; conse-
quently, the literature abounds with discussions of
the high-energy behavior of ladder diagrams in ¢*
theories.* Our reasons for presenting this further
study are to introduce and apply the important con-
cept, new in this context, of a “cluster decompo-
sition” similar to those used in statistical me-
chanics® and to extend the knowledge of certain de-
tailed properties - for instance, of one-particle
and multiparticle spectra — of this model. Second,
there are some uncertainties about the validity of
scattering theory in a (1 +1)-dimensional space;
these arise basically because of the lack of asymp-
totic states. However, since we are interested
only in the formal analogy to scattering in a (3 +1)-
dimensional space, we shall not worry about this
subtlety. In any case, we shall be able to show
that the general, important features of our results
also apply in (3 +1)-dimensional models. Thus our
emphasis of the (1 +1)-dimensional case is intended
primarily to achieve calculational simplicity and
pedagogical clarity.

In Sec. II we introduce the full details of the mod-
el considered and mention certain properties of the
amplitudes. In addition we discuss the distinction
between amplitudes corresponding to “fragmenta-
tion” and those corresponding to ‘pionization.”

Section III deals specifically with pionization
processes. Here we establish the important
“cluster-decomposition” properties of the pioniz-
ation amplitudes; as the nomenclature suggests,
these properties form the basis for a more quan-
titative application of the principles of statistical
mechanics than is directly indicated in the original
gas analogy.! We illustrate that the cluster-
decomposition approach permits a simple inter-
pretation of the exponentiation of the nonleading
terms in the ladder diagrams to the Regge form
s°‘m; in essence, the cluster decomposition pro-
vides a new way of grouping terms so that this
exponentiation becomes manifest. In this regard
we should note that our discussion extends earlier
work of Yan, Yao, and Chang® on nonleading (Ins)"
terms of ladder diagrams in a ¢® theory. These
authors demonstrated that the first few nonleading
(Ins)" terms in ladder diagrams of (3 +1)-dimen-
sional model indeed exponentiate; this result sug-
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FIG. 1. (a)and (b) The general ladder
and twisted-ladder diagrams.

gested the possibility of a cluster decomposition
and thus provided the impetus for our present
study.

In Sec. IV we apply the ¢oncept of cluster decom-
positions to fragmentation processes. Section V
deals with the one-particle and multiparticle spec-
tra which follow from our model; again we are
able to establish the conceptual and calculational
utility of the new approach. )

Finally, we discuss in Sec. VI the applicability
of the cluster decomposition to other, more gener-
al cases. In particular, we demonstrate its valid-
ity both for iterated cross diagrams in a (1 +1)-
dimensional theory and for ladder diagrams in a
(3 +1)-dimensional theory. In this case we are
also able to establish a simple criterion, based on
the properties of the cluster functions associated
with particular diagrams, to distinguish between
sets of diagrams producing Regge poles and those
yielding Regge cuts or essential singularities.

II. MODEL

A. The Amplitudes 4,

For the purpose of detailed analysis we take as our model the infinite set of ladder and “cross” ladder
(in the sense of Fig. 1) Feynman diagrams in a ¢® quantum field theory with one space and one time dimen-
sion.” Later we shall demonstrate that our important results are common to classes of more complicated

diagrams as well.®
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In Fig. 1 the two external particles have masses m, and m,, respectively, whereas the common mass of
the internal particles is u; the various two-momenta are as defined by this figure. Initially, for ease of
exposition, we assume thatm,=m,=0; we shall later discuss in detail this simplifying restriction and the
consequences of relaxing it. We shall find that the qualitative features of our results are not sensitive to
this simplification.

Let us first describe the approach briefly. Our intention to investigate the high-energy properties of the
diagrams suggests that we introduce in place of the space and time components of the momenta the linear
combinations

B,=k02k3,

where k" = (£, k°); these variables are known to be useful in the s— limit.° Clearly, k,k_=k2. In addition
we introduce

Das=D0ED3, Dr=p0% 103,

and note that our assumption of vanishing external mass implies p,.p,_ =P,.Pp-. We choose coordinates
such that p,,#0 and p,-#0. In general, we shall work in the “center-of-mass frame” so that p,,=V's =p,..
Following Chang and Ma,® we write the amplitudes in terms of the &, and then integrate over all the internal
k. components; the result is equivalent to the infinite-momentum technique of Weinberg. '

As an explicit example, consider the diagram of Fig. 2(a).!! The amplitude, A,(s), corresponding to this
diagram is given by12

L A%k, d%k, i -1
Aslo)= ’“g)f zw)z @nF (P (o, —k) = w7+ i€ (b= 2 e

i -1 i -1 i

><(lel —k, P = uf +ie (ky? — p? +i€) (ky—ky)? — u? +ie (b2 — u2 +i€)? (py +ky)° — U2 +ic’ (2.1)
With k;, =k + £} and 3 dk;,dk;_=d%;, we may write this as
i(ig)%*° Y8510
Ay(s)=280 L oy ) vty iy, f dky_dk,_dk,_
9 1 1 1 1
(Bas =Ry )=k, ) = 2 +ie (ky ke, = u® +i€) (ky, =Ry )Ry =k, ) = p? +i€ (Ry kb, — u® +i€)?
1 1
1 2.2)

X - - —
(Byy =Ry Ny — kg ) — 2 +i€ (Ry by — w2 +i€)? by, (Py +hy.) — U2 +ic

Label the seven distinct factors in the integrand d,, d,, ... ,d,, sequentially, and consider the integral
over k;_. In the complex %;_ plane, the integration contour lies initially on the real axis. If this contour is
deformed, contributions to the integral will arise from the poles caused by the vanishing of the denomina-
tors in d;, dg, and d,. However, unless k,, — &, have the same sign, the three poles will all be on the same
side of the real axis, and the integral over k,. can be shown to vanish. For this integral not to vanish we
thus require

sgn(k,, -k, ) =sgn(ks,)
or

Rz >Ryl (2.3)
Similar arguments applied to the k,. and &,. integrals lead to the restrictions

lk1+l >|k2+'! Sgn(k1+)=sgn(k2+)’
(2.4)
'ptuI >’kl+l’ Sgn(pa+)=5gn(k1+),

and hence, since p,,>0, to the crucial ordering restriction
Das>ky >ky >Ry, >0, (2.5)

It is clear that this restriction generalizes to the case of n-rung ladders; the critical role played by the
assumption of zero external mass will be discussed later.
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If we now do the explicit k;. integrations in sequence using Cauchy’s theorem and remembering the re-
striction (2.5), we obtain

2\3. rPa+dp kit gl k2+ dk 1 1 w? w2 \"?
As=—2<£~>f 1+f 2+f AR34 L >
3( ) £ 4m 0 k1+ (I kz+ ( 3+ pa+—k1+ k1+ pu+—kl+ k1+

1 1 uz “_2 “2 -2 1 1 “z uz uz “2 -2

X — + +o— - + + +—

k1+-k2+ k2+ <Pa+—k1+ k’1+"k2+ k2+) k2+_k3+ k3+( a+—k1+ k1+"'k2+ kz+-k3+ k3+>

2 2 2 -1

= B—— L +—H—-—ie> . (2.6)

X——(=py_ + +
k3+< P Dar =Ry Ry—PRy Ry —Rg, PRy,

This result, as anticipated, agrees exactly with that obtained from Weinberg’s infinite-momentum dia-
grammatic rules.

From the form of (2.6) and from the arguments used to derive that equation the general result for A4, is
apparent. For compactness of notation we introduce the scaled variables x;=k;,/p,,. Then

A(s)=- <41m> fldx f"ldx . f" ‘ti?: a®(s), (2.7)

where s =p,,p,-. We have suppressed the x dependence in a™(s), which in terms of x; and s is given by

P 1 1/1 1y2 1 1] 1 1 172 1 1] 1 1 1 1|2
a (s): -_— +— _ + +— oo — + e +—
1ox, 6 \1=-x, %,/ %, =%, %,[1-% x-% x, Kpoy = X X1 =%, %, =%, Xpey = Xn  Xn

-1
xl[_Pa+€b-+ 1 + 1 +...+L_i€] .
X " 1-x, x,~x%, Xn

2

(2.8)
Note that the coupling constant g in a (1 +1)-dimensional ¢® theory has the dimension of (mass)?. Thus,
g2/4mu* is a dimensionless constant.

B. Properties of the 4, and atm

Two properties of a"” are particularly impor- Ky k2 k3
tant, for they are found in amplitudes correspon-
ding to diagrams more complicated than the simple p- k| kl_ kz kz—ks p.+k
ladders. The first important characteristic is that a
the x; are ordered in the sense that

1>0,>%,> %>+ +>x,>0. (2.9)

In the present case this result is, as we shall now
show, related to our assumption that m, = 0=m,. a

However, we will establish that in the more realis-

tic case, m, #0 #m,, the x;’s — with the possible ex- (a)
ception of those characterizing the ends of the dia-
gram — will still be ordered at large s.

To begin let us demonstrate directly the relation
between (2.9) and the assumption of zero-mass ex-
ternal particles. Consider the amplitude, Aj, cor- k3
responding to Fig. 2(a), in the case that m, #0. _
Since py.Pp- =m,> #0, we have p,, # 0; in coordinates a |1 b 3
in which p,-=V's, Py.=mp?/Vs. Thus A] will differ - ks
from A, but only in that the factor d; in the inte- k, ko
grand becomes

Py

1
By +R3 )y +ks.) = p2 +i€”
However, this minor change is sufficient to remove (b)
the requirement that

d,= (2.10) P

FIG. 2. (a) The ladder diagram corresponding to As(s).
|yl > | gy (b) The twisted-ladder diagram corresponding to A (-s).
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for the integral over k,. to be nonzero and thus to destroy the exact ordering of the 2;,. To establish this
we note that if

[Dos|>|Rg,| and k4, <0, (2.11)

then regardless of the magnitude or sign of k,, there is a nonzero contribution to Aj from the integral over
ky_.

To study in more detail the influence of the external mass on the ordering restriction, we should distin-
guish the three possible cases: (1) m,#0, m,=0; (2)m,=0, m,#0; and (3) m,#0+m,. Considering case (1),
in which we have p,,#0+#p,., we observe that the ordering argument for the &;, will proceed exactly as
before, since none of the coefficients of the k;_ in the d; has changed. Thus the exact ordering of &, will
be preserved. Symmetry then suggests that in case (2) we consider a possible ordering of the #;_ com-
ponents and do the explicit Cauchy integrals over the k;, components; in this manner we can establish that
for the amplitude describing Fig. 2(a) in case (2) the ordering

O0<k,_<ky_ <ks_<py._ (2.12)

holds. Thus the only external mass configuration in which neither the k;, nor the k;_ are ordered exactly
is that of case (3). An extension of the argument preceding Eq. (2.11) to the amplitude A, indicates that in
case (3) a nonvanishing contribution to 4, can come from a region in which the x;=k;,/ Pq+ are restricted to

1> %> %,> 0+ o> x5
and (2.13)
0 <oy |<[xjuq | < e <[ Hpey | <[ 2n | < Pps/ Das-

Equation (2.13) indicates that all momenta obeying x; >p,, /p,,=m,?/s are ordered. Only those x’s whose
corresponding longitudinal momenta %, are comparable to that of particle b are no longer properly ordered.
But as we shall see, these few x’s can be identified as belonging to the fragmentation region of particle b
and therefore are only finite in number. The contributions due to these regions are finite and do not in-
crease with s. Hence at large s, except for possible deviations near the ends of the diagram, the x; sat-
isfy (2.9) even in the case of nonzero external mass. We remark that this ordering holds in more general
diagrams than ladders; in fact, it is valid for any multiperipheral-type diagram.

The second crucial property of the a™ is a type of factorizability; for (xy,...,%,)> (X141 .+, %)
> (Xppiogs » o o 5 X,) We find

2 X Xy .
a(”)(s)-%——[fﬁ%“"‘”ﬂ"'"‘%o(ﬂ, —m—1>] . (2.14)
xl Xm
In the case m, =m, =0 direct calculation from (2.8) yields
1
(1) =
AR (1 = 2)2, (%y = 2,)205 (205 = 265) * + + (27 -y = % ), 2
1 -2 -2 -2
><< +-l-> ( 1 + 1 +i> < 1 + 1 oot 1 +-1— , (2.15a)
1-%, x, l-x, x,-%, x, 1-x, x,-x, Xy =X X
/x [ 1 1\-2
p®(xy, ..., x,)= X1/ % —)
G » %) (o1 = x5 )2, (% = 25) 5" * 'xk\xl - X +xz
1 1 1\ < 1 1 1 1 >-2
X — .o oo —_—
<x1—x2+x2-x3+x3> xl_x2+x2—x3+ +xtz-1"xk+xk ’ (2.15b)
and
(m) = xl/x’" 1 _1_. 2
fR (xl, sy xm) (xl - xz)xz(xz —xS)xS. . -xm<x1 - Xy +x2

1 1 1\ 1 1 1 1\2
X + -+ — CINY — + +ore p——
X=Xy Xp=X3 X3 X=Xy Xp— X3 Xme1 = Xm X

2 2" 2 -1
u u u _,-€> .

+ RPN IR s

X -
s< S+x1—x2 Xy = Xg X (2.15¢)

In reducing (2.8) via (2.14) to the form of (2.15), we have used the result p,, p,-=s. We remark that in
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I

(2.15) the functions are defined so that in general for large s they are O(1).

By examining each of the factors in (2.15) separately we can simplify the detailed investigation of the
expressions ¢ ™ and thus of the amplitude A,. More important than this mathematical simplicity, however,
are the direct physical interpretations which we will establish for these factors. The expressions f; and
fr Wwill represent events classified as “fragmentation,” while b will describe those called “pionization.”
The significance of these concepts rests on the results that the suitably normalized distribution properties
of the “pionization” processes are independent of the masses and natures of the incoming particles, where-
as those of the fragmentation of, say, the target particle are independent of the energy and nature of the
projectile.

To clarify briefly further aspects of these two types of processes, let us first consider fragmentation
events, that is, those interactions involving final-state particles which carry away momenta comparable
in size to the large incident momentum. We note at the outset that the apparent asymmetry between f;, and
fr, which represent, respectively, the “left”- and the “right”-'fragmentation amplitudes in our model,
arises because of our emphasis of the variables x;=k;,/p,,. In terms of y,=k;_/p,_, we would find that
fr(»;) is similar to f(x;)and thatf; (v;) is related to fz(x;). Further, we can see that these fragmentation
amplitudes depend strongly on the values of the external masses: f; onm, and f; onm,. To illustrate this
mass dependence, let us study the form f; when we take m,+#0. We begin by considering the form of A,(s),
corresponding to the diagram of Fig. 2(a), in the case p,.p,_=m,2+#0. The only modification from the form
given by (2.2) occurs in the factor which we have called d;:

d,~dj= 1 (2.16)
! ! (pa+"k1+)(pa-_k1-)—“-2+i€‘ '
Since the ordering restriction (2.5) on the k,, components is not altered by this change, we may proceed
exactly as in the previous case to obtain

2\3 ot k ko4 b 1 1 m 2 2 2 . -2
cgt (L) [y [ e, 1L (B B )
Asls)=-g <477>-/<; ke Jo Ror Jo Pa++ ¥ €

Ry Dar—Fyy by, Par—Fry By,
2 -
8 khikmk%(‘%fi*p.,ﬁzku*k,szfié'“) 2
2 -
8 k2+1k3+ kl:n <—%+pa+izk1++k1+ﬁzk2++k2+li2k3++ki3i_ iE) 2
oo Rl e ke ks et ot elcd IR

The ie in the first three expressions can be ignored if the mass of the incident particle satisfies m<2y;
this is the requirement that particle a does not have enough mass to decay into two exchanged particles.
In the following, we shall always assume that m <2y and thus ignore these i€’s.

Again the general form of the nth-order contribution is apparent from this third-order term. Omitting
the intermediate steps, we note simply that in terms of the x;

—g2< g° >"f'dx1 f"ld_xg f""'ldxn (n)
A (s)= hidad § ‘e —, (S) (2.18)
() pr\ampy Jy xS %, o Xn ’
where
1 1/ m2 1 1\ 1 1/ m?® 1 1 1\-2
()oY = = (e el = - - =
a™s) 1-x x1< p? +1‘x1 +x1> X1 Xz x2< u? 1 'x1+x1 x2+xz>
1 1< m,> 1 1. 1 1)-=1< DarDs- m,> 1 1 . >—1
— (-t + froop————p— | — (e ——F+ Frorb——ie ) .
Xpey = Xp Xn K® 1_-xl Xy = Xy Xpe1 = Xn X Xn u ] l—xl Xn
The form of the factorization property of.a™(s) in the limit (xy, ..., %) > (Xju1y«« v » %) > Fppsgy « - o5 Xn)
remains unchanged; in addition, the functions 8®(x,, ..., x,) and f&(x,, ..., ¥,) are given exactly by (2.15).
Only the function f(x,, .. ., x;) is modified; we find
1
) -
fL (xv T xl) (1 - xl)xl(xl - xz)xz et (xl -1— % )xlz

et 11 ( me 1 1 l)(_m_l_ 1 l)
Tu? 1oy x, Wl —x, x-x % R T l-x x - %, %)
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In addition to verifying the dependence of the fragmentation functions on the external mass, these consid-
erations establish the equally important result that the expressions 4™(x,, ..., x,) do not depend on the ex-
ternal masses at all; this is one typical characteristic of the “pionization” events, which involve final-
state particles having momenta which are small compared to those of the incident particles. Further
properties of the 5™(x,, . .., x,) are examined in Sec. III.

To conclude the present discussion, we remark that although we have chosen to distinguish “fragmenta-
tion” from “pionization,” there is no clear, natural distinction between the particles produced in these two
processes. When we examine the one-particle spectrum in the final state, for example, we expect to ob-
serve a smooth transition from the region of large longitudinal momentum (called fragmentation) to that of
small longitudinal momentum (pionization). Therefore, any classification differentiating these two types of
particles will be artificial. However, for the sake of definiteness, we shall call a particle a “fragment” if
its longitudinal momentum k, is larger than a small, but fixed and s-independent, fraction (n) of the large
incident longitudinal momentum p,. We shall define a particle to be a “pionization product” if 2, <np,. To
keep a scale in mind, we may take 7=20.01. Our previous arguments lead us to anticipate that the distri-
bution properties for very soft fragments having %, ~np, should be similar to those of the pionization par-
ticles. Further, the overall contributions and various distribution properties of the soft fragments and the
pionization should be insensitive to — actually, independent of —the value of 7.

III. PIONIZATION
A. The Pionization Amplitude

The nth-order contribution to the pionization amplitude in our model is, in the notation of Sec. II, deter-
mined by the function

Ydx, r*idx *n=1dx,
B"(S)Ef _1f _i .'.fﬂ "b(")(xl’ x2"",xn), (31)
1

s %1 Jys X2 ys %n

where b™ is given by (2.15b) and the ordering restriction (2.9) applies. The variable s =k, /km, is the
ratio of the maximum-to-minimum longitudinal momentum #; allowed in the pionization region. It is a
measure of the available longitudinal-momentum phase space. The limits %k,, and k,;, can be taken as
NP, and m*n’p,_, respectively, with 5, n’ being some small positive but energy-independent numbers and
m being a typical mass. Then,

S =R max /B min = (M’ /m®) (b by-) = (M’ /m?) X (invariant energy squared).

Thus, to within a multiplicative factor nn’/m?, s is the conventional invariant energy of the system. As we
shall discuss in Sec. IV, after combining the contributions from fragmentation regions and pionization re-
gions, the n and n’ dependence in the final amplitude will cancel out. This will lead to a final amplitude
which has the same power dependence on the actual (energy)® as the pionization amplitude does on our
variable s. In the following discussion of the pionization amplitude, we shall, therefore, concentrate on
s dependence and will refer to the variable s simply as the “energy”.

We define the full pionization amplitude, B(s, 1), to be

B(s,\)=)_N"B,(s), r=g?/4mut. (3.2)

We refer to B,(s), or sometimes to b(")(xl, ..., %,), as a partial pionization amplitude. To remind our-
selves that the pionization amplitude describes only the central portion of the Feynman diagram of Fig. 1,
we associate with the amplitude B,(s) the diagram of Fig. 3.

From the form of 5™, we see directly that whenever (%15 Xy« o vy X0) > (Kpps 15 sy « - + » X,), We have

b xyy vy %)= D™xy, .., T s 1y e vy %) Oy 1/ %) - (3.3)

Thus, when sets of the scaled momentum variables x; differ greatly in magnitude and hence are widely
separated in x space, the pionization amplitude breaks into independent pionization amplitudes involving
only those x; which remain “close” to each other. This remarkable analogy to the “cluster-decomposition
property”'® of scattering events (in real space-time) suggests that a similar cluster decomposition be ap-
plied here. Let us consider this possibility further; we begin with a qualitative description of our ap-
proach. Suppose we think of the x; as representing the “coordinates” of molecules in a dilute gas; this
analogy is at least prima facie applicable, since the x; are independent — in the sense described above — if
they are widely separated in the scaled longitudinal-momentum space.'* As we shall establish, however,
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the analogy has more than superficial validity, for we shall be able to characterize the detailed dynamics
of our model - just as one can in the case of real gases —by introducing “correlation functions,”

c¢™x,, ..., x,), which describe the (irreducible) z-particle correlations that can exist when x,~x,~ -+ -=x,.
These irreducible correlation functions can be defined in terms of the amplitudes b""(xl, .v.y X, in the
standard way. From the ¢™(x,,...,x,) we can calculate the integrated correlation functions, C,(s), given

by
C,(s)= f dxlf 1% fx"-lc(")(xl, cees X)) (3.4)

1/s 1/s

The set of C,(s) then contains dynamical details of the pionization process. Further since the C,(s) are
irreducible and since each is associated with a unique power of g?, we anticipate that the full dependence
on the coupling constant of dynamical quantities — cross section, one-particle spectra —to order g% can be
obtained from knowledge of C,(s),...,C,(s). As we shall discuss in Sec. III D this is the important way in
which the cluster-decomposition techique represents a conceptual improvement over standard techniques
for evaluation of the asymptotic behavior of sets of Feynman diagrams. In the intervening sections we
establish in a quantitative manner the validity of the cluster-decomposition approach.

B. The Cluster Decomposition

In terms of the pionization functions b("’(xl, ..., %,), we define the irreducible correlation functions,
c™(x,, ..., x,) describing the cluster decomposition by

cO(x) =D (x) =1,
c®(xy, %,) =6 xy, %) = cPx,)cPAxy) (3.5)
0(3)(x1, Xay xs) =b(3)(x1, Xoy xs) - c{l)(xl)c(l)(xz)c(l)(xa) - C(l)(xl)c(z)(xg, xa)— C(l)(xz)c(Z)(xp xs) - C(l)(xs)cm)(xn xz) ’

and similarly for the higher ¢™. Hence we have in the general case

D%y, Ky v ooy )= 2 ATL [y, oo ) o ™oy )] (3.8)

where the summation is such that n= Z;"_ n, and where the arguments of the ¢ are distributed in all pos-

sible ways consistent with the ordering restr1ct1on that x, >x, >+ ++>x,. We may also write (3.6) in the
equivalent form

n
b(")(xl’ Xgs « o v s Xn) =c<l)(x1)b(n_l)(x2’ ceey %) +Z 0(2)(9‘1, X )b("_Z)(' )

+Ec(3)(xl, PR At CER FR +e™(xy, ., %), 3.7
i>j
From (3.5) we observe that the first few ¢™(x,, ..., x,) have the crucial property that if x; > x;,, for any
¢ then

™%y ooy Xy) SO(xy,,/%;)~0. (3.8)

The proof of this result in the general case follows by induction from (3.6) and the factorization property of
™(x,,...,x,). Hence, as we anticipated, the c™(x,, ..., x,) describe correlation effects which can exist
only when the x; are clustered together in scaled momentum space.

One important consequence of (3.6) and (3.8) is that the integrated cluster function, C,(s), is at most lin-
ear in Ins; that is,

dx fldx n=1dx,
o= [ T[T [ e, )

1/s

=a,lns +ﬁ,,+0(1/s). (3.9)

"The significance of this property will become apparent when we establish the relation between C,(s)
and the full pionization amplitude, B,(s). Although this type of result is well known in statistical-mechan-
ical applications of cluster decompositions,’® we present a brief argument here.

By introducing z; =lnx;, we can transform (3.4) to

C"(S)=ﬁ fo dzie(zi —ZHI)E(")(ZU AR ] zn)’ (310)

i=1Y=lns
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where z,,,=Ins and where &™ is the appropriate function of z; as determined by c™(x,, ..., x,). In partic-
ular, from (3.8) it follows that for x; > x;,, and thus z; >» z;,,

&z, ..., 2,)= exp[-0(| 2y = 2i,, )] -

(3.11)

We note that the z; correspond to the “rapidity” variables which have recently been suggested as appropri-

ate variables to apply in the study of high-energy interactions.

1,15

Equation (3.11) indicates that we should make a further change of variables to w;=2; = 2;,;, W,==2,.

Then (3.10) becomes

Ins n
i

-1 Ins
C,(s)= dw, II f Aw;E™(wy, . . .y w,),
0 =170

1

(3.12)

where now & is the appropriate function of the w; as determined by c(")(xl, ...y %,). Each of the w,; integra-
tions for 1 <i<n-1 converges to some finite value as Ins—«; this follows directly from (3.11). Thus any
possible factors of Ins in C,(s) can come only from the w, integration. We shall now show that

6(")(0.’1, ...,w,) is in fact independent of w, and thus that the w, integration does lead to

C,(s)=a,lns +8,+0(1/s).

(3.9)

To see this result we return to the original pionization expression 6™(x,, .. ., x,) given by (2.15b) and re-
mark that it is invariant under the scale transformation x; - cx;. This indicates that 5™ depends on only

(n—1) of the x; or, equivalently, that §*(w,, ..., w,) depends only on w,, ..

by rewriting (2.15b) as

e BT

-1
BT S T I B B B
X3 Xy \Xp Sl

X

Since the ¢™(x;) are defined completely in terms
of the b™(x,), they too depend only on x;/x;, ,,
1<isn-1, and thus (3.9) is established.

The invariance of 5™(x;) under the transforma-
tion x; - cx; has an interesting interpretation in
terms of the gas analogy. Let us digress briefly
on this point. The x; are defined in terms of %, ;
thus Lorentz transformations will act on the x; via

X K} =ex; . (3.14)

Hence the scale invariance simply asserts that the
structure of pionization is the same in all Lorentz
frames related by (finite) Lorentz transformations
to the center-of-mass frame. If we write (3.14) in
terms of z; =Inx;, we find that scale invariance is
just translational invariance in the z; space's:

Rj—~2i=2;+\. (3.15)

In terms of the analogy to molecules in a gas,

this means that interactions which take place in the

interior of a container — and which, therefore,
correspond to pionization processes —are invari-
ant under translations provided these do not move
the molecules so close to the surface of the con-
tainer that edge effects are important.’® This ar-
gument suggests that z; =Ilnx; should be taken as

., w,_;. We verify this explicitly

2

-1 -2
) +1§
3

R R L

the variable corresponding to length in our gas
analogy.

To conclude this general discussion of the clus-
ter-decomposition approach, we present the proof
that the correlation functions C,(s) determine the
full pionization amplitude B(s, A). To simplify this
proof we begin by extending the definitions of the
pionization and cluster functions, 6™(x,, ..., x,)
and ¢™(x,, ..., x,), so that they are completely
symmetric in their arguments; for example, the
function ¢®(x,, x,), which for x, >x, is given by

X,

(2) =22
c = ——
(xU x2) x13 (3.16)

is replaced by the symmetric function

k| ko kn Kn+1

k, k, k

k

n n+i

FIG. 3. The nth-order ladder corresponding
to the pionization amplitude B, (s).
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X. X
Ci.z)(xl, xz) = —-’f 0(x, = xz) - ;1' 9(962 - xl) .
2

We define the symmetric, integrated pionization
and cluster functions by

By)=I [ S, .., x)

zll/si

and (8.17)
cus)=T [ = e LI

i=1v1/s i

These functions have the property that

B;(s)=n!B,(s)
and (3.18)

Ci(s)=nlC,(s).
This is clear in the case of ¢®(x,, x,) and follows
simply in the general case.

In terms of these symmetric functions, (3.7)

remains unchanged. Thus multiplying it by

o[ &
=1%1/s

l

and integrating yields

B3(s)=C3(s)B3y(s) +<”1' 1)c;(s)Bﬁ_z(s)

+<"; 1>c;(s)3§_3(s) e (3.19)

The binomial coefficients arise because of the
number of terms in the summations in (3.7). Di-
viding by (2 -1)!, multiplying by \"=(g2/4mp?)",
and summing over #n yields

N'Bs(s) B;_,(s)

2o NG Ty
> A C8(8) Broyls)

1! (n-2)!
S cz(‘s)l(i?n.sg‘)+ c.(3.20)
Now
S(s)

BB S, A
( 3B(s,2) =3 N'nB,(s)= Z AL i (8.21)
Rearranging the terms on the right-hand side of
(3.20) yields

NC3(s) A303(s)

VB (6, 0= (r01(6) + S KO .

(3.22)
But the term in brackets is just

(S) BC(s, A)
Z (n=-1)" )Y

and thus

4
8B()\, s) _, 8C(s, )

A= =) Y B(s, A), (3.23)
which has the solution

B(), s)=B(0, s)exp[C(r, s) = C(0, s)]. (3.24)
The importance of (3.9) now becomes evident, as
it is essential that C(X, s) be linear in lns for
B(), s) to exhibit Regge behavior. Together, Egs.
(3.9) and (3.24) provide a simple general proof to
all orders in X of the Regge behavior of the pion-
ization amplitude. If we define

a() =y, a,\"
and : (3.25)

B\ =282,
then

B(, s)=B(0, s)ePMsa™ (3.26)

Note that our @(A)-~0 as A— 0. This definition of
a(A) is related to the conventional Regge-trajectory
function a,(}) by a(rx)=a,(1)+1. We have chosen
the normalization such that our trajectory function
contains only dynamical effects. The extra kine-
matic factor (1/s) corresponding to two-particle
exchange has been extracted explicitly in Eq.
(2.14).

C. The Nearest-Neighbor Approximation

We have been able to illustrate in a rather gen-
eral manner the validity of the cluster-decompo-
sition approach to evaluating sums of sets of Feyn-
man diagrams; we have also been able to establish
in this way the well-known Regge behavior of the
ladder graphs comprising our model. However, to
solve explicitly for the nth-order integrated clus-
ter function describing the pionization amplitude
even in this simple model remains too difficult.
Since, in addition to presenting the new conceptual
approach of cluster decomposition, we wish to
study the detailed physical properties predicted by
the model, we choose to define an approximation to
the full amplitude in which we can solve explicitly
for the C,. An added advantage of making this ap-
proximation is that we can then calculate the full
pionization amplitude, B(s, A), by a method inde-
pendent of the cluster decomposition; the agree-
ment between this direct result and that obtained
via the C,(s) will provide a detailed confirmation,
complementary to the general arguments of Sec.
III B, of our technique.

In choosing this approximation we are again in-
fluenced by the results of statistical mechanics;
returning to the analogy between the x; corre-
sponding to lines in the Feynman diagram of Fig. 3
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and the particles of a gas contained in a closed
volume, we suggest that the influence of “nearest
neighbors” should be most important. We imple-
ment this idea explicitly by retaining only the ex-
pressions 1/(x,,_, - x,,) +1/%,, in the mth term in
(2.15), the equation for ¥™(x,, ..., x,). After some
rearrangement of factors, we can then write this
“nearest-neighbor” approximation to 5™(x,, . . ., x,)
as

B Ky ey %)

=(1=2,/%) (1 = x3/%,) * - (1 = %,/%, 1)
(3.27)

It is important to note that %, , obeys the same
factorization property (3.3) as does b™. Hence the
cluster-decomposition properties remain valid in
this approximation. For the remainder of this
section we shall deal only with 6™, . thus we can
drop the subscript on both the 5™ and ¢™ without
confusion.

By direct calculation from (3.27) and (3.6) we
find that the first few correlation functions are

C(l)(x) =1 ,

C(Z)(xl’ X5) = =X,/ %y,
Dy, %y Xg) = 245/, (3.28)
Ny, %y %y, %,) = —49@,/951 2x,%,/ %1%, 5

XgXs  KoKs | XX
Oy, Kgy Xgy Xy X5) = 8—+8 21458 4285
X1 XXy XXy XXy

ete.

The corresponding integrated cluster functions,
defined by (3.9), are in leading order!”

)= [ Lo " dxf dxn< x) (
A(s)= -2 (1 -
ys %1 Jis X2 /s *n Xy

C,(s)=Ins,
C,(s)=-Ins +1+0(1/s),

Cy(s)=2Ins -4 +0(1/s),

C,(s)=-5Ins +2+0(1/s), (3.29)

C,(s)=141ns +const +O(1/s),
ete.

Notice that, as our general arguments indicated,
each of the C, is indeed linear in Ins. From our
discussions of Sec. III B we expect the full pion-
ization amplitude to be given by

B(S, A) =ceB()\)so¢(>\)’
where from (3.9) and (3.25) we deduce that

(3.30)

a(M)=x=2AZ+20% =52* +142° +
and
BA) =22 —4x® +20* +

There are now two questions of interest. First,
can we establish the general form of the C, and
thus obtain the full power series for a(\) and B(\)?
Second, can we find an alternative, direct ap-
proach to evaluating B()\), in order to verify in
this explicit example the cluster-decomposition
technique? In the Appendix we give a detailed an-
swer to the first question; let us continue here by
responding to the second.

From (3.1) we see that in the nearest-neighbor
approximation the nth-order pionization amplitude
is given by

X ) (3.31)

Xn-1

Define y; =x;/x;_, with x,=1. Then (3.31) may be rewritten as

Buls) =j;/3 n f

1/%ys yz

fl %(1_3’2)"

1/%pays In
fiy_fd_y_f Din gty
o Y1 Jo V2 o Yn !

where we have used x,=y,* - -y, and where one can
verify explicitly that the function 6(y,:--vy,—1/s)
assures that the lower limits of integration are
correct. A further modification enables us to
write B,(s) as

1dy 1
o[ 0.3
) o N1 N\y,8/’

where!®

Vp=1/8)1 =yp,) -+

* (1 —yn)

H1=3n), (3.32)
Dn- (yl ) < f o (l_y‘)) 0y, * " ya=1/s).
(3.33)

We introduce a Laplace-type transform of D,,

with respect to its argument via
1
ﬁm(u)sf D, (O)t'"'dt, v>0. (3.34)
0

Applying this transform to D,., with 1/y,s=¢ yields
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D) =(T1 [T =50) [ " ear
=(II2 fol dy;(1 —yi)y.-””)%
=%(Tz/l+1_)> n>1. (3.35)

The full pionization amplitude is given by

B, s) =2"°: N"B,(s),

n=1

where A=g2/4mu%. Thus we wish to consider

D(, t)EZ XD, (t) (3.36)
n=0
or, equivalently, its Laplace transform
. _ S nr oy VH1
D, V)—;)AD,,(V)-————U(V+1)_A, (3.37)

where the final equality follows from (3.35). To
obtain D(}, ¢) from (3.37) we need the inverse of the
transform (3.34). By changing variables in this
equation to y = -1ln¢, we see that (3.34) is equivalent
to

B,)= [ e™dyD,.,(e™),
o

and thus its inversion formula is

ct+iw

D¢ =55  ePavD, ), (3.38)

27
where the integration contour lies to the right of
all the poles of D,_,(v) in the v plane. Applying
this inverse transform to (3.37) and keeping the
contribution of the leading singularity in the A
plane only, we find

[=1+(1sanV/27/2 1+ (1 +40)1/2
D( ys) (:5) 2(1+40)2 -

(3.39)

From this result the form of B(}, s) follows simply.

Multiplying (3.33) by A" and summing over all gives

k' kz L 9

Pq

FIG. 4. The nth-order ladder corresponding to the
fragmentation amplitude F,,.

'S

ldy, 1
B(: s)=)\f —D(A ——)
», o W1 " 9:8

ldy, [-1+(e an)/27/2 1 +(1 +42)1/2
"f , i) 2(1+4n)7
l [1 +(1 +4A)1/2]2 [ 1+(1+4)\)l/2]/2
4 (1+4n0)7?

(3.40)

Comparing this result with (3.30), we observe that
this direct calculation gives

a(\)=[=1+(1+42)"%] /2
=A=AZ4+20% =501+ 1405 +

and

([ (1 +40)V2P
ﬁ(")‘h‘< a1 407 )

=2 A3+ E N (3.41)

which agree exactly with the results obtained from
the cluster-decomposition technique. The proof to
all orders in X is relegated to the Appendix.

D. Nonleading Terms in )\ Ins and the
Cluster Decomposition

To underscore the significance of the cluster-
decomposition approach, let us recall briefly the
manner in which the standard perturbation-theory
technique proceeds.

In this approach one begins by analyzing the
leading asymptotic behavior of the nth-order lad-
der diagram. One would find in our model

B,(, )oc(*il“s)" (3.42)
Thus
B(A, s)x e (3.43)

This represents the leading term in A Ins; how-
ever, the nth-order graph also contains a term of
the form

B,(x, s) < \"(Ins)""t. (3.44)

Although this term is nonleading in Alns, its
s dependence is as large as that of the leading
term of the (n—1)-first-order ladder; thus one
feels obliged to study terms of this type in order
to understand the details of the asymptotic behav-
ior. Polkinghorne'® has given a general discussion
of this problem, demonstrating that Regge behav-
ior still arises when all orders are included and
deriving an implicit equation for the trajectory
function, (). In this approach, however, the
simple physical meaning of the nonleading terms
remains obscured.

In contrast, in the cluster-decomposition ap-
proach, the emergence of Regge behavior even
when all nonleading terms are considered is clear
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from a simple general argument. Further, to cal- Thus, in addition to providing a simpler intuitive
culate the kth coefficients in the power-series ex- picture, the cluster decomposition offers a more
pansion direct calculational method for determining the
_ n asymptotic behavior of a perturbation-theory am-
a)=27 N'ay, plitude.

we need only consider diagrams up to order k.

IV. FRAGMENTATION
A. The Fragmentation Amplitude

In this section we shall compute the contribution to the total amplitude of ladder diagrams with loop mo-
menta comparable to those of the incident particles; these diagrams correspond to fragmentation pro-
cesses.

From the discussion of Sec. II, we know that the nth-order contribution to the fragmentation amplitude in
the case of nonzero external mass is determined by

ldx, (*1dx. *n=1dx
F, =f —= ——z-f Ll P (4.1)
(77) y X Iy % . X, L \X1y X, ) n),

where f‘,f’(xl, Xz« ++ 5 X,) 1S given by (2.19). The full fragmentation amplitude is then given by
F(\,m) =) N'Fy(n), r=g®/4mpt. (4.2)
n

In analogy to the functions ™(x,, x,, . . . , x,,) describing the pionization amplitude, the f™(x, %,, ..., x,)
play a central role in exhibiting various distribution properties in the fragmentation region. In particular,
the f(,f')(xl, X3 -+« 5 X,) Satisfy a crucial factorization property, similar to that exhibited by the
b™(x,, %y, .« . . , X,), Whenever the x; satisfy (x, ..., %) > (Xpi1s - - - %,). In this case in the denominators of
(2.19) we can ignore the factors m,?/u? and 1/(x; - x;,,), for i>m, in comparison with the factors
1/(x; = x;,,), for j>m, since the latter involve only small x’s. A possible objection to this simplification
is that in regions x; — x;,, S %,,,, ({ <m), the factor 1/(x; — x;,,) is comparable to, or perhaps even larger
than, 1/x,. However, the contributions from these regions are rendered unimportant by the small phase-
space factors and thus can be ignored in the limit of x,, > x,,,,. The reader is invited to work out a few
simple examples to verify this point. With this simplification, for

(xl, x2’ M xm) > (xm+1! xm+29 AR ] xn)’

we have
(Itl)(x]J xZ) AR ] xn) =f(Lm)(xl7 MR ] xm)b(n_’")(an' 19 ° x’l) +O(xm+ l/xm)’ (4'3)

where b™(x,, ..., x,) is the corresponding integrand in the pionization region. Thus (4.3) represents a sim-
ple generalization of (3.3). Equation (4.3) can also be evaluated in the region where all x; are small and
satisfy 1> «x; for all ;. Then we have

f(ltl)(xu Xay o ooy %) =b(")(x1; ) xn) "‘O(xi) . (4.4)
In terms of the rapidity variables, z;=Inx;, the inequality x,, > x,,,, implies that z, - z,,,, > 1. Equation
(4.3) can be expressed in terms of z;’s, for z, -z,,,>1, as

T80y 2) =@ 25y - - s 2O @y - -5 2,) +O(e™EmmEmenl) (4.5)

B. The Cluster Decomposition

The factorization property of fﬁ‘)(xl, ..., X,) suggests that a cluster decomposition similar to that found in
the case of pionization should also hold in the fragmentation region. Indeed, we can introduce clusters in
the fragmentation region in exactly the same manner as in the pionization region:

gVx) =fPx),
g(Z)(xv %5) =f(l?)(x1’ %p) = g(l)(xl)gm(xz) ’

(4.6)

g(")(xl,...,x,,)=f(")(x1,...,x,,)— Z Hg("‘)("')"'gmj)('")]-

all partitions

By the use of Egqs. (4.3), (4.4), and (4.6), it is straightforward to show that g™(x,, ..., x,) reduces to
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| >

c™(x,, %, . . ., %,) if all x’s are small and vanishes as O(X,,, ,/X,) if X,, > %,,,,. These are well known pro-
perties of Mayers’ clusters. As in the case of pionization, these results guarantee that the integral of
g™Axy, %y, . . ., X,) OVEr II%., dx;/x; with the appropriate limits contains only one In(1/7) factor:

Ydx, (*1dx. *n-1dx
Gum= [ L [ (D g
. xl " xz n x" g 1 b n)

=a,In(1/n)+B,+0(n). 4.7)

Notice the analogy between the variable 7 in (4.7) and the factor 1/s in the corresponding Eq. (3.9) for the
pionization region. It is important to note that, since g“"(xl, Koy o vy Xp) = c("’(xl, Xgy - - 5 X,) Vanishes as any
x- 0, the dx/x integrations converge at the lower limit and thus do not contribute to a Inn term. Hence,
clusters g(") and ¢™ give rise to the same «,. This has the consequence that, by cluster-decomposition
theorem, the total fragmentation amplitude

F(n, \)=23 N'F () = e#N(1/n)*™, (4.8)
with
a) =27 XN'a,, BN)=21"8], (4.9)

should have the same power dependence on 1/ [namely, (1/ n)"‘()‘)] as the pionization amplitude has on s.
The match of power dependences in the fragmentation region and in the pionization region is important to
guarantee a smooth transition between these two regions and to obtain an over-all amplitude that is indepen-

dent of the cutoff . To clarify the latter point, let us consider a ladder amplitude which covers both the
fragmentation region and some of the pionization region. A typical diagram is Fig. 4, but with %,, extended
below to (%, )min=(4%/s)p,. The quantity s is a measure of energy squared of the ladder and is assumed to
be much larger than p?/n; that is, w?/s<<n. We can break up this ladder amplitude into two regions. The
first region consists of a part of the ladder such that %,,./p,>n, and the second region consists of the re-
maining part of the ladder with n>k&,/p,>u?/s. These two regions can be identified obviously as corre-
sponding to fragmentation and pionization, respectively. The power dependences of these two regions are,
by the above arguments,

1/n)*™ for fragmentation
and (4.10)
(ns/p2)*™ for pionization.

Therefore, since the over-all amplitude has a power dependence which is the product of these two factors,
we obtain for its power dependence

(1/m)* Vtns/p2)* V= (s/u2) M. (4.11)
The n dependence indeed cancels, as we anticipated.
C. The Nearest-Neighbor Approximation

To give an explicit example of the cluster decomposition for fragmentation we return to the nearest-
neighbor approximation described in detail in Sec. III C. We again implement this approximation by retain-
ing only the “dominant” term 1/(x,,_, = x,,) +1/%,, in the factor

m? 1 1 1 1
+--¢

—t + +
el — % X=X Xm=1 ™ Xm  Xm

that appears in the denominator of (2.19). Then the function f(x,, x,, . . ., x,) reduces to
(1= x)( = xp/2y) - (1= %,/ %my)

(n) =
Fana (K1, %a o0 5 %) 1= 1% - x,) (4.12)
A particularly simple form of f_ . can be obtained in the limit of m,/p <«<1,
fg')(xv ey xn)Ef(rrl‘.)n.a.(xu ceey xn)'m=0 =(1- xl)(l - xz/xl) cee(1- x,,/x —1) . (4.13)

Note that this simplified f(x’s) still satisfies the factorization property Eq. (4.3), with function 6™(x’s)
being modified to the corresponding function in the nearest-neighbor approximation,

bs:.lx)l.a.(xv ceey x,,)= (1- xz/xl)(l ‘xa/xz) -1 —x,,/x,,_l) . (3.27)
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Hence, we can make a cluster decomposition of the expression fﬁ,”’(x,, ..

., X,) just as of f™x;, %y, . . ., X,).

Moreover, for this simple fﬁ,"’, which corresponds to fragmentation in the limit of zero external mass, we

can also compute

Fo(, \)= Eknf ax, | f ""dxfm( iy e s %)

(4.14)

exactly. This exact calculation will be used as a separate check on the validity of our cluster decompo-

sition.

D. Fragmentation with Zero External Mass in
the Nearest-Neighbor Approximation

In the following we shall compute the cluster-
decomposition functions gE,")(xl, Xgy « + « y X,) deter-
mined by the f"(x,, x,, ..., x,). Since we have al-
ready presented, in Sec. III C and the Appendix, a
verification to all orders of the equivalence of the
cluster-decomposition approach and an exact
method for the case of pionization, for brevity we
shall concentrate solely on the first few cluster
functions here. These are given by

2P =1-x,
(2), =_& - 2
gO (xli xZ) xl (1 xl) 2 (4.15)

X.
gg;)(xn gy Xg) =2 x_3 (1-x,)*(1 = x,),
1
etc.

The cluster function g™(x,, . .., x,) indeed reduces
to the cluster function ¢™(x’s) characterizing the
pionization region in the limit 1 > x; for all Z; in
the first few cases this follows by direct compar-
ison of (4.15) and (3.28). The integrations over the
cluster functions give

Q= f dx gm(x)=ln%— 1+0(n),

fldxlf 1dx2 (2)(x1, xz)

= —lnl+%+0(fl),

fldxlf"ldxzf 2dx3 2., x,, %)
1y 23 73
n

1 22
—21n;1-— 3—+0(T]),

(4.16)

ete.

These contributions are, as anticipated, linear in
In(1/n); further, the coefficients of In(1/7) in G
agree with the corresponding coefficients of lns
in the pionization region. By the results of Secs.
IIB and IIIC, the total fragmentation amplitude is
thus

FO(1, \) = 8%V = gBoN(1 /)N (4.17)

with
Y T TN B
a(M)=x=22+223+ s (4.18)
BoA) ==X 4322 =Z)34 ...
and
ePoM =1 A1 2A2 =103+ .-, (4.19)

To compare these results with the exact form of
F°(x), we note that, using (4.13) to give
F™(x,, %5 - . ., %,) and changing variables to the y;
as in Sec. IIIC,

dy, ('d 14
Fon) = f a9 _y_fi
o V2 o Yn

"(l_yn)-

(4.20)

Recalling the definition of the amplitude D,_,(1/y,s)
as given by (3.33), we see immediately that

Fo(n)=D,(n). (4.21)

Hence we may apply directly the results of Sec.
III C to obtain the full zero-mass fragmentation
amplitude

X0+ Y=L =9,) -

Fo(n, \)= 3 N"F3(n) . (4.22)

We find
F°(n, \)=D(n, )

_ 1 [-1+(1+4>\)1/2]/2<1+(1 +4)\)1/2)
“\n 2(1+40)72 )7

(4.23)
which confirms Eqs. (4.17)-(4.19).

E. Fragmentation with Nonzero External Mass

Giving the external particle a finite mass (m,?+0)

does not change our conclusions, although it does
complicate the algebra considerably. For exam-
ple, we can compute the explicit forms of the non-
zero external mass fragmentation functions,
F(v, 1) and F(n, \), from (4.14). Since the proce-
dure is similar to the m,=0 case, we shall not go
to the details of the calculation, but shall simply
quote the final results:
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dy(l =y)y’! .
1-6m2/u?)y(1 - )2’

(4.24)

in addition, the asymptotic expression of F(n, A) at
large 1/7 is

A[a(x)+1]f1 dy(1 = y)y* -1 (l)“(”
200 +1 Jy [1-0m2/u2)y(1-y)P\n

=eB'(X)(1/n)a(x>' (4.25)

The coefficients B, of the cluster decomposition of
the n-independent term can be obtained by expand-
ing Eq. (4.25) as a function of A; i.e.,

BN =2 N8,

We have computed a few S, by this method and
compared them with those calculated from cluster
decomposition; the two methods do indeed agree
with each other. Interested readers are invited to
verify this explicitly.

~ _ vy +1)? 1
Fv, A)_V(V-(-l)—)\‘fo [

F(n, A)=~

F. The Full Amplitude

We now know how to calculate the amplitudes
associated with the pionization region and the left-
fragmentation region. The amplitude associated
with the right-fragmentation region can be worked
out analogously. The full amplitude, according to
Eq. (2.7), can be expressed as

A, s)=—i—: Zk"fﬂ(%)a(")(s). (4.26)

Let us define the left-fragmentation, pionization,
and right-fragmentation regions according to
k.'+>71‘/;, "‘/;>ki+> “2/(""{;): and ki+< uz/(n,\/;)y
where n and 1’ are small positive, but s-indepen-
dent, numbers. In the case that none of the ;s
is in the vicinity of the dividing points nvs and
w?/(n'Vs), the factorization property (2.14) follows
and A (), s) can be evaluated in these three regions
separately, giving

A, $)==E-F (4, mBO, nn's/pAFs0, ).
(4.27)

B(x,mm’s/p?) and F; (A, 1) are defined in Eqs. (3.2)
and (4.2), and have the power dependence

(m’s/ 2™ and (1/9)*™, respectively. The
right-fragmentation amplitude Fg(), n’) has a sim-
ilar power dependence (1/7)*™. Thus, the 7 and
1’ dependences in A (), s)are cancelled out, giving

AN s)ec(s/p2)e M1, (4.28)

as expected. In actual calculation, k;, may take
values in the vicinity of the dividing points. How-
ever, it is well known from the cluster-decompo-
sition theory in statistical mechanics that contri-
butions from the boundary regions do not affect the

power dependence in A (), s). Hence, to within an
s-independent multiplicative factor, Eqs. (4.27) and
(4.28) give the correct form of A(}, s).

V. THE ONE-PARTICLE SPECTRUM

In this section we wish to apply our model to pro-
duction processes. The inelastic channels are the
usual multiperipheral states (Fig. 5), and the in-
elastic amplitudes and cross sections can be com-
puted in a straightforward way. The partial cross
section of an n-particle multiperipheral produc-
tion process, for example, can be obtained from
the corresponding n-runged ladder amplitude by
the Cutkosky prescription, just as in the case of a
¢ theory in (3 +1) dimensions. Therefore, we ex-
pect that the s dependence and the concept of clus-
ter decomposition will apply to the inelastic partial
cross sections as well.

We have demonstrated in Secs. III and IV that the
over-all amplitude of the ladder diagrams expo-
nentiates to a Regge form, with the exponents
given by the sum over all integrated cluster func-
tions. Even though the nearby rungs are kinemat-
ically related, the contributions arising from the
various clusters are completely decoupled. Thus
one can compute the contribution arising from each
type of cluster independently and obtain the full
amplitude by taking the product of all individual
terms. In the following, we shall show further that
this decoupling of contributions due to different
clusters allows us to compute the one-particle
spectrum by evaluating each individual cluster’s
contribution independently and then adding the re-
sults.

Consider a particular cluster consisting of »
particles (i.e., of » rungs). Let o,(A)=)\"a, be its
corresponding partial contribution to the Regge
exponent. The over-all contribution to the Regge
pole a() is simply the sum of the contributions
due to all kinds of clusters; that is, a(A)=)7,a,(\).
To within a multiplicative constant, the partial
cross section due to N clusters of order z is just

1 1
05 Jylaa(Mins +8,00]" . (5.1)
q a, a5 An+i
® e 0
) s
N
Ky ko k3 ko kp
Pa Pp

FIG. 5. The multiperipheral amplitude for the
production process 2—n +2.
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Recall that one of the 1/s factors comes from the
optical theorem while the second comes from our
definition of the amplitude as given by Eqgs. (2.7)
and (2.14)." Equation (5.1) sums to (1/s?)ePrMgan\)
as expected. The one-cluster spectrum in the
pionization region, in the case of N identical clus-
ters, can be obtained by fixing one cluster and
integrating the remaining N-1 clusters over the
available phase space, giving

1,0 Ins + B0, (1) Ze

1
doc 2(N 1)1t n nA

(5.2)

where x, is the fractional longitudinal momentum
associated with the observed cluster. Notice the
crucial result that the coefficient of dx./x, in (5.2)
is independent of x,; this is a consequence of the
translational invariance in rapidity space of the
clusters corresponding to pionization. Since such
translational invariance does not hold for the frag-
mentation clusters, we anticipate that the analog
of (5.2) in the fragmentation region will be more
complicated.

One can understand the form of (5.2) by noting
that when this equation is integrated over x,from
1/s to 1, it must yield (5.1), modulo a counting
factor. Here again we can see the potential value
of the analogy to a system of gas molecules; by
the principles of statistical mechanics, we should
be able to derive (5.2) simply by differentiating
(5.1) with respect to the analog of volume. Since
in our case this analog is lns, (5.2) follows imme-
diately from (5.1) by this argument.

Summing (5.2) over N, we find that the one-clus-
ter spectrum for a particular kind of cluster (in
this case, nth-order) is

do cc s N=2 () % (5.3)
c

or equivalently

d
(5.12) =5 X (5.4)
O 1/ one-cluster

Since different kinds of clusters are independent,
Eq. (5.4) will not be affected even if contributions
due to different kinds of clusters are included.

Although the one-cluster distribution is very
interesting theoretically, what one observes ex-
perimentally are one-particle or multiparticle
spectra. It is not very difficult to compute these
spectra from Eq. (5.4). For one-particle spectra,
one need only remember that a cluster with »n
rungs will eventually decay into # final particles in
our model.” Thus, the one-particle spectrum in the
pionization region is simply a weighted sum of
(5.4) over all kinds of clusters,

<0T)0nepamc]e Zna"(k)-d;x_zh()\)djc{7 (5.5)
with
r(\) = Zna = Zna A= da()\) (5.6)
A
REETIVEE (5.7)

Note that #()) is both s- and x-independent. Again
we remark that this is due to the translational in-
variance of the amplitude in the rapidity space.
Equation (5.6) depends only on the fact that an nth-
order cluster decays into # final particles. Thus
we expect that this equation should be valid in both
the exact (1 +1)-dimensional and the exact (3 +1)-
dimensional multiperipheral theories as well; that
is, it should be independent of the nearest-neighbor
approximation and of the existence of transverse
momenta. Of course, the explicit form (5.7) is
model dependent.

It is essential to note, however, that Eq. (5.5) is
expressed in terms of the longitudinal-momentum
variable x =k,/p,, of a cluster, rather than the
proper-momentum variable g of the final-state
particle (see Fig. 5). Later we shall comment on
the importance of this distinction for general
multiparticle spectra. In the present case, how-
ever, it is easy to see that dx/x=dgq, /q, because of
the invariance of rapidity phase space under trans-
lations. Hence

do dq, A dq,
— =h(\) == —t, 5.8
(OT)one particle ( ) q. (1 +4)‘)1/2 9. ( )

It is probably important to remark that, even
though Eq. (5.8) has no explicit s dependence, the
one-particle spectrum

o eB()‘)s“()‘)'zh(x)%
does have an explicit power dependence s
This s dependence is divided out in do/0,. In other
words, the Feynman scaling law does not hold in
this simple model except for a particular value of
the coupling constant A for which a(A) -2=a (1) -1
=0. This is a typical result of multiperipheral
models,* which do not predict scaling unless the
amplitude is dominated by the Pomeranchuk ex-
change.

Let us now consider the one-cluster distribution
function, do/o,, in the fragmentation region. We
have already remarked that the lack of translation-
al invariance exhibited by the fragmentation clus-
ter, g™(x,,...,x,), leads us to anticipate an x
dependence in do/0 in the fragmentation region
more complicated than the simple dx/x phase-

a(\)-z-
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space factor. This observation, when considered momentum carried by the cluster.
together with the result that a cluster function has It is easy to see that the contributions of indiv-
a finite size in x space, implies that the one-clus- idual clusters in the fragmentation region are still
ter distribution function will depend on the defini- independent of each other. Hence, we can compute
tion of its “coordinate”, x,. For this reason, we the one-cluster distribution function just as in the
define specifically the coordinate of a cluster pionization region. For an nth-order cluster at x,
g™(x,, %5, . . ., %,) to be x,=x,. This definition is in the presence of (N-1) identical clusters, this is
natural because x, is the total scaled longitudinal
l 1 ’ Ne=1 nf"cgifz fr"_l dxn (n) dxe

doocs2 W=D [a,(\)In(L/5) + BN)] by T . %y Xy + -5 %) s (5.9)

The factor
%e dx. *n-1dx,
a,(x, )= A"f —2.. f =g xy Kpy ey Xy) (5.10)

7m0 X2 nmo Xn

is well defined at n=0 and represents the one-cluster distribution function in the absence of other clusters.
At small x, (1> x,>n~0), g" can be replaced by the translationally invariant function ¢} in this limit,

%c dx. *n-1dXx,
2 n (n)
A (%gy A) = A" f ..o f =2y Kogy v vy Ko)
o X2 0 X

=N"a,=a,(r), (5.11)

as anticipated. Summing Eq. (5.9) over N and dividing by

-sl—zexp[a,,(h) In(1/7) + BV,

we have the final one-cluster distribution

do dx,
a=a,,(xc, )\)';:c, (5.12)
which is a straightforward generalization of Eq. (5.2). Using the fragmentation cluster functions previously

calculated in our model, we find that the first few o,(x, A) are
a,(x, A)=(1=x)n,
ay(x, \)=—=(1=x)2%, (5.13)
ag(x, A)=(1 = x)?(2 - x)®,

etc.

These functions indeed reduce to a,(\) at small x.

To provide further support for the cluster approach and additional detail about the transition between the
pionization and fragmentation regions, we shall now calculate the one-particle spectrum directly in the
nearest-neighbor approximation. In the first instance we deal with the pionization region. We recall that
in this case the full integrand is, in terms of the simplified notation &; =%k, ,

k k k
(n), =(1-22 _3) (1 - =2
DMy, .. Ry = (1 kl)(l k2> (1 kn-l). (5.14)

We are concerned with the process in which one of the rungs is detected with definite momentum
q=*k,-k,.,, where k, and k,,., are the momenta of the adjacent legs. The integration variables k; are
restricted according to

s>k >ky> >Ry Pk, =qtk, >Ry > >R > 1 (5.15)

We shall integrate b(")(kl, k,, ..., k,) over the integration region available with fixed ¢ and then sum over all
n. We must also sum over m because any of the rungs in the ladder may be realized and detected as the
final particle. The differential phase-space factor for fixed #'and » can be written as

" dk, (r»-ldk,) dq <n-mdk,,,+j)
dk; (" dky o _ (5.16)
g ¥ 4131 Ry Rmir tq\ ;1 Bmej

=
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We find that it is convenient to rescale the %; for i <m by
k;

ki= (5.17)
: Rpiitq
such that the new variables obey
>ki>ky>+>ks_>1. (5.18)

Ropi1+q

In terms of these new variables, we have

dk
aBs, )= [ T 0y, s 5 )
1

fixed g =Ry, =Ry 4 ¢

- fs_qdknnl dq (1 _ km+1 )B(lm—l)< S )Bén-m-l)(knwl), (5-19)
1 k g k v

Bpi1 Bmer+4q me1t m+1 14,
where
Mty 1+ Gl ! Km~2 d! k; ks 1
- S & (" (2
1 km+1 +q 1 k{ 1 kr’n-l k; kz k""'l
and
Em+1 gk kn-1dk k LI k
Bln=m=1)(p =f ...l‘.*_zf ”(1._ m+2)<1_———— ( . P (5.21
2 (Rms1) . Bos s 1 k, Romir Bosa Ry )

Multiplying (5.19) by A" and summing over m, n, we have
dB (S’ CI) = d[z )\"B{")(S)] fixedq

S=4dk dq k ) s
=32 pichal - .
_)\fl b k+q(1 oo Bl<k+q,x)32(k,x), (5.22)
where

B, =2 \"BY,. (5.23)

Using the methods introduced in Sec. III to solve for B(s, A), B, ,(s) can be worked out straightforwardly;
we find
(1+40)Y2+1 0y

B,(s,A)=B,(s,\) = A ranE S

large s

(5.24)

That B, and B, are the same function can be seen easily through the transformation k; - &} =s/k;.

Given B, ,, we can compute dB(s, q) from (5.22). For s> ¢,> 1 ~that is, for particle momentum g(=gq,)
much smaller than the incident particle momenta, but much larger than the momentum of the last particle
in the ladder — we can extend the integration limits to 0<k,,,<~. Then, we have

N[ +4N)Y2+ 1] (“dk dgq E\_s \*® oon
B, =",y ), % k+q< “krg)\k+q) *
@ +4)\)1/2+1]23a(>\)@j”d u®?
T a1+ 4n) q J, “Aruee
A2 41 , ydg
id+4r) 5 g (5.25)

where u=k/q, and use has been made of
a()=3[1+an)/2-1].
With the help of (3.40), we have

(d_0> _dB(s,q)___» dq
OT one particle B(S, q) (1 +4)\)l/2 q ?
which is precisely Eq. (5.8).

Let us now examine both the structure of (do/0y),,e particte i1 the fragmentation region and the manner in

(5.26)
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which the distribution of soft fragments joins smoothly to that of pionization. Since we are interested only
in the general features of the theory, we reduce the problem of fragmentation to the simplest case by put-
ting m =0 and again make use of the nearest-neighbor approximation. As we shall see, many of the ob-

served features of high-energy scattering can still be understood through this simplified model.
By analogy to Eq. (5.19), the one-particle spectrum in the fragmentation region is given by

stk _dg k s
=32 ar -
dz«‘(s,q)_xf1 - k+q<1 k+q)F1(k+q,x>Bz(k, 2,

with
F,(s;, V=3 A"F 1(s,)

and

si1dk f”"'ldk k )( k >
() = —=1... el 2L _=2)eesf1 =
Fy (SI)—J; ky 1 k (1 Sy ! k, <1

;Z)( B kl)

(5.27)

(5.28)

(5.29)

Since fragments can carry momenta comparable to that of incident particles, we cannot make the approx-
imation that s;=s/(k+q)> 1. Thus, we have to compute (5.29) exactly. It turns out that this is not very dif-
ficult in our model. Making a transformation of variables similar to that made in the case of pionization,

o ke _k
yl'sl’ yz‘kl’ ceey Vi T

’
Ri-y

and performing a Mellin transform on the variable ¢=1/s,, we obtain

1 1 (1

1
J dAtF (A" =
0

U(V+1)—7\=(1+4)\)1/2\V—0[—V+a+1>' (5.30)

F,(s;, A) can then be obtained by an inverse Mellin transform, giving (s, = 1/t)

1 -
Fy(sy, K)=m75<8§””-811 “(X’)-

Substituting (5.31) into (5.27), we have for g>1,

s=¢  dk 1
-2
dF(S, q)oneparticle_)t qdq fl k(k +q)2 (1 +4)\)1/2 [(k +q

[(1+40)2+1] dg afs/q-ldu u
- 0 (u+1)?

2(1 +4n) q°

(5.31)
)a - (ﬁ)]%k (5.32)
[(,71‘1))‘ - %] (5.33)

with u=k/q as before. Dividing (5.32) by F(s), and expressing the final results in terms of the fractional

longitudinal momentum x=g¢/s, we have

dF(s, x A ax
( F((S,) )>oneparticle=(1+4)\)M(x)-x—,
with
1/x=1 1
M(x)EAj; duu"‘"(m— (u+1)°“1x“2°‘> .

We shall call M(x) the “scaled fragmentation dis-
tribution function.” The difference between M (x)
and one, M(x) -1, is a measure of the deviation of
the fragmentation particle distribution from the
dx/x law which holds for pionization. It is easy to
see that M(x)~ 1 for x «1; thus the “soft” frag-
ments indeed have the same distribution law, dF/F
=[2/(1 +40)"2|(dx/x), as do pionization particles.
For x~1, on the other hand, M(x) vanishes as a

(5.34)

(5.35)

I
power of (x —=1), M(x)=(1+4r)"/?(1 - x)**'. Hence,
the high-energy end of the one-particle spectrum
vanishes as the available energy vanishes; this is
a consequence of simple kinematic requirements.
For the intermediate region, M(x) can be ex-
pressed in terms of incomplete B functions in the
form

M(x)=1-L(2, @) - axx'"2°B,_(a,1-2a), (5.36)
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with
IL(a,b)=B,(a, b)/Bla,b)
and (5.37)

x
B,(a,b):f dtte'(1 -,
0

Some typical M(x)'s are plotted in Fig. 6 for a few
values of @ (or A). In terms of the gas model of
Feynman and Wilson, M (x) represents the bound-
ary effect. These curves agree qualitatively with
the observed one-particle spectra in the fragmen-
tation region, such as analyzed by Bali et al.*
Given M (x), the scaled fragmentation distribution
function, we can compute the distribution of the
subenergies between any two adjacent particles in
p. space. The average spacings between adjacent
particles remain constant for particles in the
pionization region and have different values for the
first few fragmentation particles. The average
scaled longitudinal momentum of the first few
fragments as a function of » is plotted in Fig. 7.
These curves agree qualitatively with the Echo
Lake experiment®? carried out by the University of
Michigan group.

The idea of clusters can be used to understand
qualitatively the multiparticle spectra as well. Let
us discuss this application briefly, concentrating on
the pionization region. The two-particle spectrum
with observed momenta ¢q,, g, can be expressed as

d’ 44,1 dq5,

2.
Or (45, ) Q1+ Qa4

=h(z,, 2,)dz,dz,,

(5.38)

(5.39)

0.6

FUNCTION  M(x)
o
IS

SCALED FRAGMENTATION DISTRIBUTION
o
n

1 1
o 0.2 0.4 0.6 0.8 1.0

SCALED LONGITUDINAL MOMENTUM x

FIG. 6. M) versus x, the scaled fragmentation dis-
tribution function versus the scaled longitudinal momen-
tum,

with z=Ing,. In the pionization region, k(g,, q,)
will be s independent. For q,,> g,,, 24y, ¢,)
=h(q,)7(q,). This is the important factorization
property mentioned earlier. Physically, it im-
plies the independent emissions of particles when
4,+> ¢,,. This property indicates that final par-
ticles have only a limited range of correlation in
the rapidity space.

In the general case of an n-particle spectrum,
the reducible (uncorrelated) part of a distribution
function #"(q,, g5, . . ., g,) is defined as the sum
over products of the distribution functions for all
possible uncorrelated emission of » particles.
Hence this part of 4™ is determined by h("'), m <n,
and is not of primary interest in studies of the n-
particle spectrum. To explore the dynamics of
any model, one should study the irreducible (cor-
related) parts of a multiparticle distribution. This
irreducible part of a general distribution function,
h(qys Gy - - - 5 4,), is analogous to the cluster func-
tion introduced earlier. In particular, the irre-
ducible part of a two-particle distribution function
is defined as

hc(Qu qz) = h(qu qz) - h(ql)h(th) .

In analogy to, the cluster function, c®(k,, k,),
k(4,5 g;) has only a finite correlation length.

We would like to remind the readers at this
point that our discussion of the multiparticle spec-
tra is based on analysis of ladder diagrams, which
represent a very specific type of multiperipheral
model. It is not clear that even a more general
multiperipheral-type model will lead to the correct

(5.40)

(]
T
1

FRAGMENT
» v
T T
\ :
R
) \
1 1

THE nth
nN
T
L]
1

T
1

AVERAGE In( LONGITUDINAL MOMENTUM) OF

FIG. 7. The logarithm of the average longitudinal
momentum of the nth fragment as a function of .
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high-energy s dependence and multiparticle spec-
tra. This point will be discussed further in Sec.
VI. For the present we note that even if we accept
the multiperipheral model as an accurate descrip-
tion of strong interactions at high energy, the use-
fulness of the multiparticle distribution function,
™q,, 4y, . . ., qy), is still limited. This is because
the scattering amplitude of a multiperipheral mod-
el is simple in terms of the momentum variables,
k;, carried by the sides of the generalized ladder.
These variables are related to the final-state mo-
menta g; through q; =k; —k;_, (see Fig. 5) and
k;=23;>:q; — bp. Although we can determine g;
from k; unambiguously, the inverse is not true.
We need to know the sequence of the final-state
particles in order to determine %;. All the nice
features of our model, such as the ordering of &;, ,
the cluster-decomposition property of the .ampli-
tude, and the relation between the cluster function
¢™ and the trajectory function a(x), rely heavily on
the use of the k;. Hence, if one takes the multi-
peripheral model seriously and wishes to extract
the dynamics phenomenologically, one should first
convert the multiparticle distribution function
h‘")(ql, ..., (, into the absorptive part of the ladder
amplitude 6"k, ..., k,), through a change of vari-
ables from g¢; to k;. Following the prescriptions
given in Sec. III, one can then compute the cluster
functions ¢k 1+« 5 k), the trajectory function
a()), and various correlations among the final par-
ticles from the amplitude b™(%,, ..., %,). Obvious-
ly, one of the most uncertain parts of such a phe-
nomenological analysis is to determine the se-
quence of final particles in order to express the
k’s in terms of the ¢’s. The interesting possibility
of carrying out the cluster decomposition divectly
in terms of the ¢’s is presently under investigation.

VI. DISCUSSION

The method developed in this paper to extract the
asymptotic behavior of ladder diagrams is actually
quite general and is applicable to other types of
diagrams as well. In particular, we have studied
the “iterated-cross” diagrams®® [Fig. 8(a)] in a
(1 +1)-dimensional ¢® field theory. In the pioni-
zation region, we are able to show that the longi-
tudinal momenta, x;=|k;,|, passing through the
lines which join the crosses are ordered just as in
the ladder diagram,

Ky > K> >%,>0.

Further, in this region whenever one set of x’s,
say (%, Xy « - - y Xp), iS much larger than the re-
maining set, the integrand - call it ™5y Xy « « + s %)
- corresponding to the amplitude factors into the
product of two similar functions, p™(x,, %y, .. ., %p)
XP"™ (% 1y Xmeas -+ » %y). This is the property

I

(b)

FIG. 8. (a) Thenth-order iterated cross diagram.
(b) A more general multiperipheral diagram.

which ensures the validity of the cluster decompo-
sition. It is interesting to see in this case that the
simplest cluster constructed from an iterated
cross diagram is a single cross. A higher-order
cluster is a combination of crosses. For a more
complicated diagram such as that of Fig. 8(b), we
can decompose the amplitude into contributions
due to various clusters. The clusters, listed ac-
cording to increasing powers of the coupling con-
stant, are shown in Fig. 9. The resultant power
dependence on s in the amplitude is determined by
the sum over all possible contributions. due to var-
ious clusters. It is important to see that, at least
in the (1 +1)-dimensional case, the inclusion of
more complicated rungs and crosses in a ladder
only modifies the exponent a(\) of the s depen-
dence in the amplitude, but does not alter its
Regge form. This may explain why some of the
nice features of the naive multiperipheral model

To Order g2:
]: 3
To Order g4:
H ) X ;
To Order gez

A DC A

1 ’ 3, 9 oo o

FIG. 9. The first few clusters corresponding
to the diagram of Fig. 8(b).
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persist even in a more realistic theory. _ kitk kp+k  kgtk kntk Koy tk
The technique studied here can also be general- -
ized straightforwardly to a (3 +1)-dimensional cal-
culation. As pointed out in the Introduction, this
paper is actually stimulated by an earlier calcu-
lation on nonleading terms in the (3 +1)-ladder
amplitude.® Let us describe briefly how the con-
cept of a cluster decomposition can be applied to
calculation of ladder diagrams in a (3 +1)-dimen-
sional field theory. For simplicity, we work only
in the pionization region. A typical pionization
diagram is shown in Fig. 10. The external mo-

kj o ke ks kn  Knsy

FIG. 10. The nth-order ladder diagram corre-
sponding to pionization in a (3+1)-dimensional theory.

menta are labeled by &, k,+k, and &,,,, R, +k, terms of the actual invariant energy. Of course,
respectively, and chosen to satisfy k,_=k) - & the amplitude in the pionization region has the

=0, Epuye=kni+k5.1=0, and k,=k_= 0. Thus, the same power dependence on 7 as the exact ladder
momentum transfer k, = (k+, k,k_)=(0,Kk, 0) is pure- amplitude does on the Mandelstam variable s.

ly transverse. The momenta of the first and the Thus if we are interested only in the power depen-
last (k,) integrals are restricted by %, < (b, )pax dence [i.e., the trajectory function a(}, k)] or in
and k,, = (p, )min. As in the (1 +1)-dimensional the particle distribution properties away from the
case, 7= (b, )max/(®: )min iS 2 measure of the invari- fragmentation region, we need only carry out our
ant energy squared of the system. As we demon- analysis in the pionization region.

strated earlier, it is more convenient to express As in the (1 +1)-dimensional case, we find that
the power dependence of the amplitude in the pion- the n-rung amplitude 7™k, k,, ..., k,) in the pion-
ization region in terms of the variable 7 than in ization region has the following properties:

(1) After k,_ integrations, T™(k,,k,,...,k,) can be expressed as

g2\ dx, d?k,
Ty, by, . . ., k")=—z<§1—r> fn;{i (Zﬂ); DB Ry gy ooy Ky). (6.1)
1

The plus components of the %,’s are ordered just as in the (1 +1)-dimensional case:
(p+)max>xl>x2> v '>(p+)min7 (6.2)
where x; =k;,
(2) 8Pk, ks, . . . , k,) satisfies the crucial factorization property that, when

(xv Xy v eey xm) >> (xm+ 19 Xm+2s o0 o) xn)! (6.3)
we have
bP sy gy« o . k) =08 Ry, By sy k")b‘f-m(kmﬂ, s By) + 0%y 1 /%) - (6.4)

That Eq. (6.4) is true can be verified explicitly. In deriving (6.4), we have made use of the uniform conver-
gence of the transverse integrations. It is important to note that the factorization of 5™ into two ’s is
complete; that is, 5™ factors not only as a function of x’s but also as a function of the transverse variables
E‘. This complete factorization is crucial for the asymptotic amplitude of the ladder diagram to behave as
a Regge pole, rather than as a more complicated Regge cut. To understand this point, let us return to Egs.
(6.1) and (6.4). We can define the cluster function ¢Pk,, k,, . . ., k,) according to Eq. (3.6). Note that ¢ is
independent of the momentum of other clusters. Thus, the integrated contribution

- ®Omax__ (dk;, d?k,
C,k,s)= - II( (217)2)6 ey, ..y k)

= a,(K)lny + B, (k) (6.5)

can be computed independently for each cluster. Rotational invariance implies that o, and B, are functions
of t=-k? only. Therefore, the resultant amplitude is

T=E T(")=B(t)1’°‘m, (6'6)
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with
7= (0 Inax/ B4 Imin™ S »
B(t) = —ie=\"BnlD)
a(t) =23 \a,(0),

and

7\=g2/417p2 .

Equations (6.6)—(6.8) have the structure of a Regge pole.

I

(6.7)

(6.8)

(6.9)

In the case of more complicated diagrams, such as iterated cross diagrams [Fig. 8(a)] in (3 +1) dimen-
sions, the factorization is not complete. Instead of obtaining an equation such as (6.4), we find that:
(1) the integrand p™ in an iterated cross diagram depends on the transverse momentum of the (z+1)st line,

so that p™=p™(k,, k,, . .
form

p(")(kv Y E,,+1)= p(’")(kl, AR ) km; Em+ 1)p("-M)(km+ 1

In other words, the integrand p™ depends on the
transverse momentum (E,,,H) of the adjacent inte-
grand p™~™, We can still decompose the p™ into
clusters. However, the n-particle cluster func-
tion, 7™(k,, k,, ..., k. K,,,) will depend on the first
transverse momentum of the cluster right after it.
Thus, the clusters remain correlated through their
transverse momenta. The contributions of various
clusters must in this case be “multiplied” together
as matrices, with the matrix elements being of the
form “I‘(kl')1 Fos s’ where the k; are continuous vari-
ables. After summing over contributions due to
all clusters, we find that the full amplitude expo-
nentiates in the form exp[aiiIns +B;i] but only as
a matrix expression. Diagonalizing the exponent
and keeping in mind that the spectra of Kk, are con-
tinuous, we are led to a complicated singularity
structure of the type explored earlier by Contog-
ouris, and by Kaschluhn and Zoellner.?* Thus, we
establish a simple criterion for determining
whether a set of amplitudes should lead to a Regge
pole (series of poles), to a cut, or to an essential
singularity, this depends simply on whether the
sum over the cluster functions has a discrete or a
continuous spectrum. This, in turn, is closely
related to whether the integrand 5™(p™) is com-
pletely factorizable or not. This physical criterion
and its interpretation are quite general and should
be useful for both theoretical and phenomenological
analysis.

In conclusion, let us discuss two points. First,
we should reiterate an important caveat mentioned
in Sec. V regarding the use of a “real-gas” analogy
to understand certain aspects of strong interac-
tions. We have been able to demonstrate that,
within the framework of a multiperipheral model,
this analogy has both conceptual and calculational
utility. In particular, we have established the

sk K,,H); and (2) Eq. (6.4) is modified, for (x;, Xp; - - - s Xm) > (Xps1y + - + 5 X,), tO the

kn’ Erl«’-l)."O(xm‘rl/xm) . (6.10)

validity of a “cluster decomposition” at high en-
ergy, this is a direct analogue of the cluster ex-
pansions used in treatments of real gases. The
variables in which this cluster is simplest, how-
ever, are not the actual final-state particle mo-
menta, g;; rather they are the momenta k; carried
by the sides of the ladder diagrams which comprise
our model. In applying the present cluster tech-
nique to phenomenological analyses, one must
transform from the ¢; to the k;; as discussed in
Sec. V, the possible ambiguities in this trans-
formation will impart uncertainties to the final
results. ‘

Second, we should discuss the relevance of using
a simple multiperipheral model to describe the
high-energy s dependence and the multiparticle
spectra of an exact theory. At present the exact
asymptotic behavior of even a simple ¢*® theory
remains unknown. Thus the validity of considering
any collection of perturbation-theory diagrams is
questionable. One does feel, however, that the
larger the class of general principles - for in-
stance, unitarity and/or crossing in given channels
- satisfied by given sets of diagrams the more
likely that predictions based on them are accurate.
On this basis we might argue that some feeling for
the correctness (or otherwise) of the multiperiph-
eral model could be obtained by considering a gen-
eralization of the model, involving a larger class
of diagrams, that satisfies s-u crossing and s-
channel unitarity. Those features of the simple
multiperipheral model which remain valid in the
more general case would then be considered most
plausible.

Recently, an attempt was made in this direction
by studying the high-energy elastic and inelastic
processes in a ¢® theory calculation based on the
s-channel iteration of {-channel ladder diagrams.?
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This model can be generalized to include the s-
channel iteration of an arbitrary multiperipheral
processand will be referred toas a unitarized mul-
tiperipheral model. One of the important conclu-
sions is that the unitarized theory has the same
multiparticle spectra and the same high-energy
s dependence, s%{!), as the original multiperiph-
eral model, whenthe Regge intercept o.(0) obeys
a,(0) s1. However, these two models have com-

pletely different asymptotic behavior for a,(0)>1.
In the latter case, the original multiperipheral
model violates the Froissart bound, whereas the
unitarized theory becomes a strong-absorption
model and its total cross section saturates the
Froissart bound. Interested readers are referred
to Ref. 25 for details. The agreement between the
unitarized theory and the simple model for a,(0) <1
provides some support for our considerations.

APPENDIX

In Sec. IIIC we calculated explicitly the first few c™(x,, . . .; %,) describing the pionization amplitude in the
nearest-neighbor approximation. From these we also calculated C,, the integrated cluster functions, which
determine directly the coefficients in the power series for a(x). In this Appendix we will present a method
for determining the C, and thereby deduce the full power series for a()).

The first five ¢™ are given in Eq. (3.28). As further examples, we list here ¢® and ¢™:

) Xs%e XsXe XeXg XX X g% X3X, X XsXg  X3X5Xg
cx,, %5, Xgy X4 X5, x6)=-<16—— +32 2241622416, g=5-8,8-4 08,8306, 194508, 4 F°
Xy X%y XX X%, XXy  X1Xg xlx2 X1X9Xg  X1XpX4

) (A1)

and

X XX, XgX: X4 X Xe X, XgX.
Dy, Xy Xgy Xgy Xgy Koy Xg) = 32 +128 L B Yl i WA Y Ol i
1X5 XX x 1%3 XXy XXz XyX4

KeXq x5x7 XyXg XgX XXX, Xy XeXn XXX
16( Lok XX XsXn\  noXs¥e¥1 o Xa¥eXr XsXeXq
X1Xg x1x4 X1X3  X1Xp X1 XpX3 X1XpX3 X1XpX4

9 <x4x5x7+x5x6x.,>+1 <x4x6x7+x3x6x7>+ <x3x5x7+x3x6x7+x4xsx7>
X XpXg  XyXgX, X XXy X1XpX, X KoKy XiXpXg XXgXg) . (A2)
These examples illustrate several properties common to all ¢,
(1) The general c™ contains only terms consisting of products of simple ratios of its arguments,
%3/%;** * %/%,. The maximum number of factors in a product is Int(z/2), where Int(n/2) is the largest inte-
ger less than or equal to n/2; if we call terms involving a product of m ratios (x;/x;) “m -factor terms,”

then ¢™ contains m -factor terms of all orders from m =1 to Int(/2).
(2) Of all possible products of ratios only those which satisfy the following conditions appear:

(a) a factor of x,/x, must always appear;

(b) it must be possible to put the other factors into ratios x;/x;, where i>j;
(c) no index can ever appear twice in a given product of ratios.

(3) There is an over-all factor of (-1)"~1,

(4) We consider the ratios (x;x;/x,%,) and (x;x;/x,%,) to be equivalent.

In terms of the ¢™(x,, ..., x,), C, is given by?®

Ldx 1dx. *n-1dx,
C,(s)= 1 [ —2... I e xyy ey %)
1 1

1/s %1 /s %2 /s %n

Int(n/2) Int(n/2)

= Z Cr(s)= Z (aylns +87),

where C7 indicates the total contribution to C, from those terms in c"‘)(xl, .

(A3)

.., X,) containing exactly m fac-

tors (x,/x;). We now make the crucial observation that, for a given n, each allowed m-factor term con-
tributes the same amount to the coefficients of Ins in C,; for example, if we examine C, we see that there

are three two-factor terms:
XX, XX, X 4,
245 438% 0 gpg 424

8 , .
X1 % X1Xg X1%3

By direct application of (3.9), we find that each of these terms contributes 21ns to C,(s). In general, we

can observe that the contribution to a,, the coefficient of lns in C,(s), of each term in c("’(xl, .

.y X,) With
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m factors is exactly 2#~2™, Thus the problem reduces to determining how many terms with m factors sat-

isfy the restrictions (1)-(4) listed above.

To solve this problem we begin by considering the simple combinatoric effects. In the case of C, there
are n x;’s from which to choose; selecting 2 of them to form an m-factor expression, subject to the

proviso that both x, and x, be selected, can be done in

< n-2\_ (n-2)!
20m — 1)> T(n=-2m)[20m-1)]!

ways.

Having thus selected the 2m x;’s, we eliminate x, and x,, order the remaining 2m -2 x;’s, and then re-

label these sequentially from 1 to 2m - 2; thus

Xy <Xy < <XNopm_3<Xameg-

(A4)

The problem is now reduced to finding the number of ways these 2m — 2 numbers can be arranged in m -1
ratios in accordance with the above requirements; this number is independent of », the order of C,. Let us
call this number A, _,; then the total number of m-factor terms is given by

(2(2:-21 ))A'"-‘ :

We can calculate A,,_, by observing the equivalence of our problem to a particular one-dimensional ran-

dom walk. In the general case, we find

A _1xX3X5Xecx(2m—1)2"
m= m+1)! ’

(A5)

The result can be expressed more compactly in terms of a generating function

A(x) =Z:Amxm=.21;[1 - (1 - 2x)1/2] .

From this result, we find that

Int(n/2) n—2
—(_1)-1 - n=2m >
Y (A2, 022

m=1

a,=1.

The trajectory function is

a()=) a",
n=1

« Int(n/2) L =2 )
=>\+;2 Z} (-1) <2(m_1)>A,,,_12 .
=2 n-

(A6)

(AT)

(A8)

Interchanging the order of summation and using (A6), we have

a(Z)=[-1+(1 +4r)Y3] /2

(A9)

which agrees with the exact result given by (3.30) and (3.40).
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We consider a strong-interaction S matrix in which the 77 system has the lowest threshold,
and the KK system the next threshold (i.e., only two-body states are allowed up to and
slightly beyond the KK threshold). We show that if the 77 scattering amplitudes below the
KK threshold are isospin-invariant, then unitarity, crossing symmetry, and sufficient
analyticity demand isotopic spin as the least trivial symmetry of the KK —KK , KK —KK ,
and Km—Km amplitudes. In every case, all of the isospin relations are obtained. It is also
pointed out that an assumption that various partial waves are correlated can be used to re-
place the assumption that the S matrix can be diagonalized by a constant matrix.

I. INTRODUCTION

A few years ago Blankenbecler ef al.' formulated
an approach to internal symmetries based on the
unitarity, crossing symmetry, and analyticity of
the strong-interaction S matrix. Their basic as-
sumption (or definition) was that there exists a
constant unitary matrix which will diagonalize the
S matrix. They first studied the 77 system for iso-
spin symmetry. This was extended to SU(3) for
mesons,’ to broken-symmetry mass sum rules,?
and to the octet of baryons.® For the w7 system

BCR proved that isospin symmetry was the least
trivial symmetry (i.e., that symmetry consistently
requiring the least number of relations among scat-
tering amplitudes). They then considered the cou-
pled K7 system, assuming that the KK channel was
the first inelastic one to open up in 77 scattering
and that Bose statistics, charge-conjugation in-
variance, and time-reversal invariance were valid.
They also assumed that the S matrix could be diag-
onalized by constant orthogonal matrices in all
channels. They obtained all but two of the usual
isospin relations for this coupled system.



