SOVIET PHYSICS JETP

VOLUME 33,

NUMBER 5 NOVEMBER, 1971

A SIMILARITY HYPOTHESIS IN THE STRONG INTERACTIONS.
II. CASCADE PRODUCTION OF HADRONS AND THEIR ENERGY
DISTRIBUTION ASSOCIATED WITH e*e~ ANNIHILATION

A. M. POLYAKOV

L. D. Landau Institute of Theoretical Physics, USSR Academy of Sciences

Submitted September 14, 1970
Zh. Eksp. Teor. Fiz. 60, 1572-1583 (May, 1971)

The energy distribution of the hadrons in the process of e*e” annihilation is studied on the basis of the

hypothesis of similarity. The result contradicts the Bjorken formulas which were used in articles

[3,4]

The law of similarity turns out to be valid only for the moments of the energy distribution (formula
(3.14)). A qualitative description corresponding to the hypothesis of similarity is proposed. The ques-
tion of the self-consistency of this hypothesis is discussed.

1. INTRODUCTION

IN processes involving the lepton-hadron interaction,
the leptons play the role of a ‘‘test body,’’ with the aid
of which one can investigate the internal structure of
the hadron. Increasing the energy and momentum trans-
ferred from the leptons to the hadrons, one is able to
investigate increasingly smaller space-time regions
inside the hadron.

At the same time the properties of the strong inter-
actions over small distances have scarcely been inves-
tigated theoretically. An attempt was made in the arti-
cles by Wilson' and by the author® (cited below as I)
to use the hypothesis of scale invariance, which had
previously been used in the theory of turbulence and in
the theory of phase transitions, in order to describe
such interactions. In I it was shown that in application
to the process e*e” — hadrons the hypothesis enables
us to make a number of predictions about the cross sec-
tions for the production of a given number of hadrons.
The basic quantities considered in I were the amplitudes
of the interaction of strongly virtual particles, which are
self-similar functions of their own arguments.

At the same time, a knowledge of the amplitudes de-
scribed above is inadequate for the solution of many
problems associated with the lepton-hadron interactions.

Information about the interaction of virtual particles
with real particles is required for the analysis of the
essentially inelastic scattering of electrons by protons,
for the investigation of the energy distribution in the
e’e” annihilation process, and in certain other cases.

In the present article the similarity problem is solved
as applied to the calculation of the energy distribution
of the hadrons associated with e’e” annihilation. The
obtained results enable us to clarify the physical picture
of the production of hadrons in this process and quali-
tatively reproduce the fundamental result of article I—
namely, the power-law dependence of the multiplicity

on the energy.

The problem considered in the present article was
previously investigated in articles by Drell, Levy, and
Yan, ™ and by Pestieau™ with the aid of the assumption
about the existence of the Bjorken limit."™ Our results
differ substantially from the results of articles "%

and, thus, the Bjorken conjecturem is not satisfied in

a theory with scale invariance.

2. THE INTERACTION BETWEEN REAL AND
VIRTUAL PARTICLES

The probability for the production upon e*e” anni-

hilation of n hadrons with momenta k,, ...,k is obvi-
ously proportional to the quantity (see I)

AW, = T (e B) D2 (v )

xo(g— Y\ k) [T otk —miyak, (2.1)

where q denotes the total momentum of the e’e”, and
g = (0|J%|Kk,...ky) is the electromagnetic current
of the hadrons. Two quantities suitable for observation
are easily expressed in terms of the distribution (2.1):
the cross section for annihilation provided that a given
hadron (for example, a proton) with a given momentum
p is detected, and the probability to detect a particle
with momentum p. For the corresponding cross sec-
tion we have™
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where Mv = (pq) and W, and W, are defined by the rela-

tion
ZJZ.‘S(P — k) dW.* = a.(q, p)

) o (2.3)
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The normalized probability for the detection of a hadron

with a given momentum p is expressed by the same

formula (2.2), but with the functions W and W defined

by the amplitude

= — Wi (5uv
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instead of (2.3).
In diagram notation the relation appears in the fol-
lowing form:

dus(g, p) = (

850



A SIMILARITY

AN P )
X
2l p) = ) -—I/—z—g—— ——,/,-—7,- (2.5)

and therefore apyg is related to the amplitude for the
interaction of a virtual photon with a real hadron. In
order to calculate this quantity it is convenient to first
determine the amplitude for the interaction of a real
and a virtual hadron, which is defined in analogy with
expression (2.5).

The quantity a(q, p) is proportional to the probability
to find a hadron with momentum p among the products
of the decay of a virtual particle with momentum q.
According to I, one can represent the decay of a virtual
particle into real hadrons as the formation of several
other virtual particles (preliminary decay into ‘‘jets’’)
and their subsequent decay into real hadrons. There-
fore, a(q, p) is equal to the probability for the decay of
the virtual particle (jet) with momenta k,, ..., kN

1]

N
q), multiplied by Z,l a(ki, p), that is, by the sum
1:
of the probabilities to find the appropriate hadron among
the i-th jet. As was shown in I, the probability of the
decay into jets is a self-similar function of its own
arguments and, as will be shown below, this property
enables us to find a number of relations for a(q, p).

In accordance with what has been said above, one
can anticipate that the expansion of a(q, p) in jets is
constructed according to the following rule: Any term
of the expansion of Im G™ by jets is taken (see I) and
each line, corresponding to Im G, is either broken or
replaced by |G |?a(q, p). In other words, if some term
of the expansion of Im G™ has the form

X\
Im§'= ) —(Féyy__
\/Qi !

(where the blocks I and II are constructed according to
the rules given in article I out of amplitudes that can-

not be divided by cutting a single line; Im G is associ-
ated with the heavy lines containing a cross), then the

analogous term of a is given by

p P
2 P Q 2.7)
P o——oEIo=——cla
q g g [

(where the left heavy lines without any crosses are as-
sociated with G(k), and the right ones with G*(k)). It is
not difficult to see that it follows from the rules for the
construction of blocks I and II that the lower block in
(2.7) cannot be cut with respect to two lines, and Eq.
(2.7) is the Bethe-Salpeter equation, where the contri-
bution of the broken lines forms the inhomogeneous
term.

In analytic form (2.7) appears as follows:

(Zkj =

(2.6)

alg,p)="V(g,0)+[ V(e ))|G(k) ['alk,pyak,  (2.8)
where
V.= Yy ) T b k)T (@ k)

6(q—k—2k,)ﬁ:i‘ksImG(k)
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HYPOTHESIS IN THE STRONG INTERACTIONS

851

Introducing the amplitude a(q, p) = (Im G™*)™a(q, p),
one can rewrite relation (2.8) in the form

V@r 21% f Tulg k)T (g, ko)

Tm G- (q)

Xﬁ((]—Zk)Ea(p, ,)Hd‘k Im G (k) = ‘(q)

a(g, p) = (2.9)

The quantity a(q, p) satisfies a series of sum rules
which make it possible to solve Eq. (2.9) for large val-
ues of q2 and (pq). The first two sum rules follow di-
rectly from the definition of o and have the form

.f a(g,p)6(p )(z e
j a(g, p)pad(p* — m*)

J— ﬁ(qZ)w(qz)a’

dp
(2n)*

(2.10)
-

Here 1 «» (qz)‘5 is the average multiplicity of the pro-
duction of hadrons, which was introduced in I.

For the proof let us substitute the definition of a
into (2.10)

1 1 \
(6P =g ) 1T )|

n—1

X8(q—p— Zki)H 8 (ki — m2)d'k;
=1

and in the first equation of (2.10) we write [(n—1)!]™
=n/n!, and in the second equation, by using the sym-
metry of the quantity I'(k, . ..k,) we substitute the

quantity .
o+ Xr) =5

instead of py. By comparing the obtained expressions
with the unitarity condition for Im G™, we arrive at
formulas (2.10).

The meaning of the formulas (2.10) becomes quite
clear if we recall that a(q, p) is the average number of
real hadrons with momentum p which are produced as
the result of the decay of a virtual hadron with momen-
tum q. In this connection the second sum rule in (2.10)
indicates that the average energy of the produced had-
rons is equal to the energy of the initial hadron as a
consequence of a conservation law.

In order to obtain detailed information about a(q, p)
let us calculate the higher moments of this distribution.
Since the conservation laws do not restrict the energy
fluctuations, it is necessary to use the hypothesis of
similarity in order to solve this problem.

We define the average value of the product of the
hadron momenta Tgll)m an by the formula

78 o (k) Im G (k) = ka,. ka5 (K — m?)

F1G®) | [ pav - e, alk, P)6(* — m?)d'p.

It is obvious that, as a consequence of (2.10) the follow-
ing equations are valid for k* > m?*:

TO(k) = 7(k), T&(k)=ka

(2.11)

For the higher moments T the equation
I3, (@)Im 64 () = [ V(a, ) Im (BT (Bak.  (2.12)

follows from (2.8). It is convenient to investigate Egs.
(2.12) by introducing quantities By, which are linear



852

combinations of the T{M, transforming according to the
irreducible representations of the Lorentz group:

I;) =T, (;: ) 8(k* — m?)

+6®) |* [ 0. (2) all, 5 — m)p.

Here the Up(x) are the Tchebichef polynomials of the
second kind. Let us demonstrate that the By are Lorentz
invariant. We express the vectors k and p in (2.12) in
terms of the quantities ¢, B, and v according to the
formulas

Bn(k)U,.( (2.13)

k= V¥ (cha,nsha), p= m(chB,n’sh§),
_ (2.14)
(pk) = myk*(chach B — shashf cos?), !

In terms of these variables one can write the integral

in (2.13) in the form

cos ¢ = nn

j U.(ch B)a(k? chachp — shashpcos®)sh?pdpd(cos9). (2.15)

Instead of integrating over cos 6 in (2.15), one can inte-
grate with respect to the quantity

chy=-chachp —shashfcosd,
taking into consideration that, by definition, |a — 8|
< y< a +B. In this connection expression (2.15) takes
the form
Ishvdva(k’,chv)ﬁ “shBdp Ua(chB)0(a—+B—y)0(y —|a—B|).
(2.16)

Now let us use a formula which can be verified by ele-
mentary integration:

[shpdpU.chp)O(a+p—y)0(y—]a—Bl)
= [sh(r+1)Bapo(a+B—v0(y—la—Bl)

shashy
= U.(cha)U.(ch
o Ua(eh ) Unehy).

Substituting (2.17) into (2.16) we reduce this integral to
the form

2.17)

—, (cha)j'shzydya(kz chy)Un(chy).  (2.18)

+ n+1
Comparing expressions (2.18) and (2.13) we verify that
By, only depends on k?.
Now let us return to Eq. (2.12) in which we shall use
the quantities Bn(ka). This equation has the form

B,.(w) = Ké{Tw)_-!. dw, inn(w, w.)Im G(wx)Bn(wx), (2.19)

where
(n+1)Vo(w, w,) = jsh*ada U.(cha)V(w, w,cha),
ch a = (qk) / Vg*k?, w, = k%

So far, our analysis has been purely kinematical.
Now let us discuss the properties of the function
V(w, w,) which appears in (2.9). In the region w; ~w
this function, which according to (2.7) can be repre-
sented by a series of diagrams

v :\/Q_AQ<+

has, therefore, an order of magnitude given by

w = ¢,

(2.20)

V ~ I?G ~ w2,
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if G » w™", By virtue of the similarity hypothesis we
have

V—wz“”CD( ,cha) (2-21)
Thus, in the region w; ~ w the amplitude V has the same
properties as the total amplitude of the interaction of
two particles. However, for w, < w these quantities
differ strongly from each other. In fact, let us com-
pare the sum rules (2.10) for V and a:

jv;‘q, k) koIm G (k) d*k = g.Im G (g), (2.22)

ja(q, k) ko (k* — m*)d*k = ¢, Im G~ (q).

If expansion (2.20) is substituted into the first of these
equations, an expansion of Im G by jets is obtained,
and in this expansion, as was shown in I, all terms are
of the same order and the intrinsic mass of each jet is
of the order of the mass of the initial virtual particle.
Thus, if the similarity hypothesis is valid then values
k? ~ o are essential in the first equation, but the re-
gion k? ~ m? gives a small contribution. At the same
time, in the second equation the integration takes place
in the region k® = m? and a is so large in this region
that its integral is the same as in the first case. The
qualitative reason for the different behavior of V and a
for k? <« q lies in the fact that a large number (increas-
ing with qz) of diagrams participate in the production of
a real particle with k? = m? the contribution from each
of these diagrams being small. Discarding the diagrams
with two-particle fissions (or any other group of dia-
grams, for example, the diagrams containing three-
particle fissions), we reduce the number of diagrams
and impair the balance between their large number and
their small magnitude, which led to the second sum rule.
Equations (2.22) refer to the first moment B;. With
increasing values of n, the quantities By for q2 > m?®
grow, as will be shown, and consequently the region
k? ~ q® will be all the more important in the integral
(2.19). Substituting (2.21) into (2.19) we obtain

B.(w)= [ K. ( )B (1) d"", (2.23)
where
K, (%) = const- (%) Pajsh’adad)(—?-,ch a) U.(cha). (2.24)

It is obvious that the solution (2.23) has the form

B.(w) = B(n)w"™, (2.25)
where y is determined from the equation
1 =j K. (z)2"™ dz. (2.26)

The particular values of y associated with n = 0, 1 are
determined by the rules (2.10) and are given by

v(0) =38, v(1)=0. (2.27)

One can also obtain formulas (2.27) directly from (2.26).
Now let us show how from the known Bn(kz) one can
obtain the amplitude a, which is proportional to the
probability for creating a hadron with a given momen-
tum p. Let us consider the most interesting case, when
the selected hadron is ultrarelativistic. Let us intro-
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duce the variable € = 2(pq)/q®. The energy E of the
hadron in the center of mass system is given by the
formula E = eVw /2 (we recall that w = q°). It is obvious

that 0 < € <1 since the following relation must hold:
(g—p)*=¢—2pg=w(l—e) >0.

If ultrarelativistic hadrons are in fact most important,
then in formula (2.18) the values
@) _ fw
= = e
myg*
are most important. In the region (2.28) one can assume
that

chy= > 1 (2.28)

2m

U.(chy) ~ (Yw/2m)+ter+t,

Changing to an integration over €, we obtain the follow-
ing formula for Bp(w):

V;J* a2}

B,.(w)= (—%) J'a(w,s)a'“*‘ds. (2.29)
From Egs. (2.29) and (2.25) it follows that
notieo o)
a(w, e) = const- J. dnB(n) el
(2.30)

j.a(w, e)e"! de = comnst - B(n)w’™,
p(n) =y(n) — (n+2)/2.

Below formulas analogous to (2.30) will be derived
for the observable amplitudes W, and W,; therefore the
second formula admits experimental verification. We
note that in our notation the results of articles ©»* are
written in the form

a(w, e) =Flg)

and contradict all of the sum rules (2.30) except the rule
with n = 1.

One can show that the integral in the first formula of
(2.30) is determined by the saddle point, which is given
by the equation

dp In(1/e)

dn " In(w/m?*) =0 (2-31)
and with logarithmic accuracy one finds
a(e,w) = conff f( _E_) et/ (2.32)

B
T

T

where
t=In(1/¢), t=In(w/m*.
Formula (2.32) is inconvenient for comparison with
experiment; therefore we shall not discuss its proof.

3. ALLOWANCE FOR THE SPIN

The amplitude a(p, q) which was discussed in the
previous section is not an observable quantity. In order
to make a comparison with experiment, it is necessary
to know the amplitude a,g, as formulas (2.2) and (2.3)
indicate. Since this amplitude is not a Lorentz-invari-
ant quantity, the examination given in Sec. 2 becomes
a little complicated. In the present section we obtain
directly a set of sum rules for the amplitude aaB(q, p).

853

In principle, each of these sum rules admits experimen-
tal verification.

First of all we note that for ayg the analog of the
rigorous sum rules (2.10) will be the relations

(a8t —m)d'p = const-i(@) Im Ul (0), (3.1

[ Piaa @, 2)6 (5" — )P = gy I Ty ().

Here Im Mg is the imaginary part of the polarlzatlon
operator which as is shown in I, is proportional to q
for q > m?,

In order to extract information about the functions
W, and W, from Egs. (3.1), we take in (3.1) the trace
with respect to the subscripts o and S.

As a result we obtain

J‘{l . [)W + ( (rg)*

meg*

—)WJowr —mias 39
= {(¢)""", q.q°} - const.

It is quite clear that since the quantity a4 is Lorentz
invariant, it satisfies all of the relations obtamed for a.
In terms of the variables € = 2(pq)/q® and w = q° we have

ew
j{W’+ 12m

a(0) =3,

(3.3)

- Wc} e"*' de = const- A4 (n)w*™,
a(l) =0.

However, relations (3.3) are not sufficient for the
determination of the two functions W, and W,. In order
to obtain a second relation it is necessary to form from
the components a,g combinations which transform under
the Lorentz group in analogy to helicity amplitudes
under the rotation group. In order to determine such
combinations, let us consider the quantities

f 6 —m")U. (up)acs(a, p) d'p.. (3.4)

Here u denotes the unit vector in a time-like direction:

u= (cha, sha, 0, 0), (3.5)
and q will be assumed to be given by
7="74%(1,0,0,0). (3.6)

Let us parametrize the momentum p of integration in
the following manner:

p=m(ch B, sh B cos®, shfsindcos@,shpsinIsing). (3.7)
Let us introduce the combinations
A=A+ A4, +A..co W, +sh*g W,,
AO=24,, — Ax — A,, oo sh? B W.P:(cos 0), (3.8)

where P, is the Legendre polynomial. For these com-
binations one can write the integral in (3.4) in the form

A, (k) Ci (ch a)sh'* g = j' sh? B dB d(cos ©) (3.9)
X U,(chachpf —shashpcos?)

X AD(ch B)Pi(cos ) = const-Crry (ch a)

1+1

X shi*tq jdﬁ sh**'B C,—;(ch BYAN(chB).

Here I = 0, 2, and the Cl+1l are Gegenbauer polynomials;
the addition theorem for Tchebichef polynomials®®’ and
the orthogonality of Legendre polynomials has been
used.
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Now let us consider the analog of Eq. (2.8) for the
amplitudes aqg or, what is the same thing, for a():;

Nod
{ « A,
\/:O( :}J;*( + J;é_vﬂ\

-

(3.10)

~

- ~ ~

From this equation, by proceeding in the same way as
in the derivation of (2.19) we obtain

Al (w)w = jv,,'(w, w)Im G (i) B, (w)widw,,  (3,11)

where the By(w) are defined by formula (2.13), the A%l(w)
by formula (3.9), and

V.(w, w,) = const- jsh“’a da V' (w, w,, ch a)Cf,ti’l(ch ). (3.12)

The amplitudes V! are related to Vag(a, k) by the fol-
lowing relationship: if

Vs =V, (aaa~ L)+ v. (ka—(';—f)qa)(ka — (];f) @)

qz

then
k 2 k 2
v<°>=3V,+Vz(kZ— tkg) ), ve—v.(r- (k) ).
q

2

From Eq. (3.11) it follows that

A,J(w) =Fz(ﬂ)wv(n)- (3.13)

Taking into consideration that the ultrarelativistic re-
gion plays the major role in the integral for Afl (w), we
arrive at the final formulas which generalize (2.30) for
the spin case:

[erw.de = Fu(rywo,

[

(3.14)

1
[ oW, de = Fu(nywrer,

a(0) =86, a(l)=0.

These formulas admit direct experimental verifica-
tion in experiments involving e*e” annihilation.

For n # 1 the sum rule (3.14) contradicts the Bjorken
conjecture, ™% according to which one would have

1
W, ="F(e), Wy=—F,(e).
ew

4. QUALITATIVE PICTURE OF e'e” ANNIHILATION

In article I and in the preceding sections of the pres-
ent article, the e*e” annihilation process has been stud-
ied on the basis of formal equations, which express the
laws of similarity. In the present section a qualitative
picture, lying at the foundation of these laws, will be
described, and from this picture follow many (although
not all) of the results obtained formally.

We represent the annihilation process in the form of
the sequential fission of a heavy virtual quantum into
lighter fragments, until finally real hadrons are pro-
duced (see the accompanying figure, where for sim-
plicity it is assumed that each fragment divides in two).
The physical content of the similarity hypothesis con-
sists in the fact that a small number of fragments are
predominantly produced in each fission process, where

the masses of these fragments are comparable with the
mass of the antecedent fragments. Using this hypothe-
sis it is not difficult to find the average number of real
hadrons, i.e., the multiplicity of the process.

We call the age of a hadron the number of fissions
which it has experienced prior to becoming a real had-
ron. If the (unique) broken line connecting a given real
hadron with the initial virtual quantum is isolated on the
given tree-type diagram, then the age is simply the num-
ber of kinks in this line.

We shall trace how the mass changes along the se-
lected line. If w denotes the mass of the initial quantum,
then the mass wy of the fragment of age n will obviously
be given by

o e, (4.1)

where ¢ > 1. From here it follows that the average age
L of a real hadron is determined by the relation

c*w~m), L=In(w/m? /lnc.

(4.2)

It is obvious that if the ages of the majority of par-
ticles in a diagram of the tree type is of the order of L,
then the number of these particles is given by N
~ exp (AL). Hence it follows that with an increase of
w the quantity N increases according to a power law,
N« wd, This result was obtained in I on the basis of
formal considerations.

Now let us proceed to the energy distribution of the
hadrons. If each fission process is considered in its
own reference system—the center of mass system of
the fragments of a given fission process, then the indi-
cated fragments will not be ultrarelativistic although
their velocities will be of the order of the velocity of
light. In this system the energy E,, of the n-th fragment
is of the order of vwy . However, if the problem is con-
sidered in the reference frame corresponding to the
center of mass of the total system, then the energy will
be multiplied in each fission by a Lorentz factor of the
order of unity. Therefore

E,~b'Ea~ (b/Ve) V. 4.3)

On the average the real hadron will have an energy
given by
E~ (b/Vo)Vw ~ wh,

y=Inec/ln (b/Vc).

Since the quantity b fluctuates with an amplitude of
the order of unity (because of the fact that the Lorentz
factor each time depends on the direction of flight of the
fragments), the quantity y is not exactly determined.
This is explained by the fact that (see Eq. (3.14)) differ-
ent moments of the distribution depend on w differently,
although the power law is valid for all of the moments.

The picture discussed here is equivalent to our fun-
damental assumption that, in the expansion of Im G in

- /
— -~
. o _
=

e

—

<
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terms of jets, for w > m? a small (of the order of unity)
number of terms are important, and in each of these
terms the range of internal masses of the order of the
external mass is essential. The question of the validity
of such an assumption arises, since it corresponds to
the following strange property.”

The amplitude for the production of particles contains
N! terms which are connected with the symmetrization
of a tree of the type shown in the figure:

F(kl.,.k,,)=Z‘f(kl,...kiu). (4.4)

N! terms arise in connection with the evaluation of

Im G
ImG* = Zﬁ{—'y |T|*dty

=Z’Zj Dkio. k)T (ke b ) dox.

Taking account of the small number of terms in (2.6)
corresponds to selecting from (4.5) those terms which
correspond either to the identity permutation or else
correspond to a small number of permutations of a type
which will be described below. Thus, the number of
terms taken into consideration is very much smaller
than the number of terms discarded.

In order to prove the self-consistency of our qualita-
tive picture, it is necessary to explain why the interfer-
ence of the particles is very improbable, that is, why
the neglected terms are small. The smallness arises
from the fact that, as has been indicated, according to
Eq. (4.3) ultrarelativistic fragments (in the reference
system corresponding to the center of mass of the total
system) result from the sequential fission processes.
In this connection, the fragments begin to be emitted in
increasingly narrower cones due to the relativistic
shrinkage of the angles. Therefore the particles are
well separated in space, and interference between them
is impossible. From a formal point of view the small-
ness originates in the following way. In diagrams with-
out interference the last fragments have masses ~m
and ultrarelativistic energies. Kinematics guarantees
the fulfilment of these conditions without any restric-
tions on the angles of flight of the fragments in the ref-
erence system corresponding to their centers of mass.
However, if the two hadrons 1 and 2 exchange places,
then in the exchange diagram it is necessary to ensure
the condition (p; + p,)° ~ m? that is

(4.5)

pp: ~ EED ~ m’, <KL

This abruptly decreases (by a factor of 6%) the phase
volume in which the particles are created.

DThis question was posed by V. N. Gribov.
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In connection with what has been said, it is necessary
to make one reservation. If two fragments are not ultra-
relativistic with respect to each other, then they can in-
terfere. In order to determine what kind of interferences
are possible, we introduce the concept of the ‘‘degree of
the relationship’’ 7,, between two fragments. On the fig-
ure we trace two broken lines connecting two spcificed
fragments with the initial quantum, and we shall mea-
sure the ages of the fragments from the point where
these lines merge together. We call the sum of the ages
thus defined the ‘‘degree of the relationship.’’ It is ob-
vious that in the diagram one can exchange the places
of any two fragments with 7,, ~ 1, and this does not
change the order of its magnitude. One can verify that
taking such a type of interference into account exactly
corresponds to taking account of the small number of
terms in (2.6).

We note that our line of reasoning pertains to pro-
cesses which give the major contribution to the cross
section. In regard to very improbable processes in
which N > wd particles are produced, it may turn out
to be invalid, and for N = N, >> w0 all N! terms in this
sum may give a contribution in Eq. (4.5). A mathemat-
ically similar phenomenon occurs with the partition
function of an ideal Bose gas at the point of Bose con-
densation. This problem requires additional investiga-
tion.

In conclusion we emphasize that although in our for-
malism the expansion (2.6) with regard to Im G(k) has
been utilized, and thus the one-particle Green’s function
has played a special role, this distinguishing feature is
only apparent. With equal success one can use an ex-
pansion, not in terms of the functions (¢ (x,) ¢ (x,)) but
in terms of the more complicated Wightman functions
(@(x,) ... @(xn)). If the similarity laws are valid, then
all of these expansions are equivalent. It would be de-
sirable to develop a formalism, based on the explicitly
equally-justified participation of all Wightman functions;
however, up to the present time it has not been possible
to achieve success in this direction.

The author thanks A. I. Larkin and A. A, Migdal for
helpful discussions.
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