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Summary, — The problem of multiple production of «soft » mesons in
high-energy two-nucleon collision is considered in the framework of
standard quantum field theory models. The atraight-line-path approxi.
mation is wsed to obtain the Poisson distribution of the secondary-par-
ticle number and to investigate the average particle number as a func-
tion of the choice of the cut-off parameters for momenta of the gecondary
particles in various asymptotic regions,

1. - Introduction.

In recent papers (**) a straight-line-path approximation (SLPA) has been
formulated which then has been applied to considering problems of high-
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energy particle scattering in the framework of standard models of quantum
field theory. This approximation is closely associated with the methods which
are exiensively being developed by many authors (5°) for the ro-called eikonal
gsummation of the Feynman graphs. The eikonal approximation which is
uged for studying the agymptotic behaviour of the sum of a definite class of
perturbation diagrams iz based on the modification of the nucleon propagator
according to which the bilinear terms on the mesons momenta are rejected.
This modification has been studied well and proven in the infra-red region (113),
By the present time we have already some grounds for its validity for a certain
class of s-channel @iagrams (141%) in the asymptotic domain of high energies
and fixed momentum transfers.

In formulating SLPA it is convenient to gtart from the Feynman inter-
pretation of the scattering amplitude as a sum over the paths. In so doing,
the method of averaging over the functional variable used in ref. (**) and
in the present paper is equivalent to taking account of paths which approach
most closely the straight-line ones. In the case of high-energy and fixed-
momentum-transfer scattering the particle trajectories are approximately
intercepts of straight lines having the directious of the particle momenta before
and after collision, respeotively. Such a physical picture permits us to give
to the method used the name of the straight-line-path approximation.

The present paper is devoted to the investigation of the behaviour of the
distribution of secondary ¢ mesons s produced in high-energy «nucleon» col-
lisions on the SLPA basis. It is useful to study different agpects of this problem
in order to clarify the hadron interaction mechanism in the asymptotic domain
in question.

For the sake of simplicity, we shall consider the field theory models in
which sealar nueleons (") exchange scalar and vector mesons. The inelastic
amplitude and the n-particle production eross-section are factorized in these
mode]s under the condition that the components of the emitted-meson mo-
menta he restricted by the « softness» conditions.
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It is interesting to study the differential eross-section of inelastic processes,
which in the SLPA has the shape of the Poisson distribution over the second-
ary-particle number, as a function of the choice of the integral cut-off para-
meters in various asymptotic regions.

It should be noted that the Poisson distribution was considered earlier in
varioug phenomenological moidels (1%), electrodynamics (1720), as well as in
other approaches. Recently it has been shown (}!) that such a distribution
corresponds to the physical picture where the nucleons interact via their meson
«clouds s. It is interesting to note that the total differential cross-section
gummed up over all the emitted mesons may have no pronounced difiraction
peak in a certain domsain of momentum transfers. In this conneetion an analogy
should be indicated with the automodel behaviour of the cross-sections of high-
energy deep inelastic interactions of hadrons with leptons ().

The problems formulated above are studied first for a simple example of
Potential scattering. Further the consideration is made in the framework of
ordinary quantum field theory models.

2. - Secondary-particle distribution in nucleon-potential scattering.

We consider a potential scattering with multiple production of secondary
particles. The field with which the scattered nucleon interacts is represented
ag the sum of the external (classical) V' and quantized ¢ fieldz. The amplitude
of the scattering of a nucleon in the external field with n-meson produetion is
found according to the well-known formula

(2.1) InlPs @i Kyy vy B} = COIT F(p, glgp + V)lkyy oy kD,

where T, is the sign of the T-product of the operators ¢, ¢ is a constant of

interaction.
The generating funetional F(p, ¢lgp + V) iz expressed through the Fourier
transform of the nucleon Green’s function G(p, ¢lgp + V) as follows

22)  Flp,glgp +Vi=  Um . (p*—m*)(g—m*) 6(p, algp + V).
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The transition to the mass shell is easily performed using the method of
ref. (*). Thus, after extracting the poles, eq. (2.2) takes the form ()

23] F(p, qlgp+ V)= f d4z exp [iz(p — g)1<L(@; ¥) exp [iq]fd‘w(y)J(r,y; Y0y
where the nucleon current is

$
2.4) J(@, y; v) =fd§6‘[a: + a(&) + 2fv(n)dq — y] y  olf) = 2p(&) + 2qv(§),
{2.5) Nz v) = V(m)fdl exp [iljd‘zV(z}J(x, z; v}]

and the functional averaging over paths » means

J' 3 exp [— z‘jv*(rj) dvz]t?(?l
(20 6) < { j)' = ¢
i jS‘v exp [— *ifv’(n) d?)]

Let us assume that all the particles produced (both real and virtual) are
« s0ft » mesons (!), namely that the region of change of their momenta D is
limited so that they do not lead to a strong change of the momentum transfer
of nucleons. It is easily seen that the z-dependence in eq. (2.4) can be
neglected.

We neglect the functional variable »(£} which describes the deviation of
particles from the straight-line paths.

Under these agssumptions the functional F takes the form

2.7 P(p, algy + ¥) = Ju(p, a3} exp [ig[ay e )T )],
g

where the elastic scattering amplitude (2#) iz expressed as follows:

(2.8) fulp, 05 %) = [d* exp [is(p — 1T (a3 ),

Hence, it is not difficuit to get (\*) that the eross-section of seattering on
a potential with n-«soft »-meson production has the shape of the Poisson

(*) In the transition to the mase shell the terms corresponding ta the diagrams without
interaction of the nucleon with the external field V are eliminated.
(**) V. PERVUSHIN: Teor. Math. Fis., 4, 22 (1970).
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distribution. Indeed,

(2.9) fo = fa<0

To exp[ig dzp(z)J (w)]lw =
-
_ 1 (e (k)
Ly (E (270)t V2 ko,

) oxp ['%f J‘d‘kJ(kJ D) I (— k)] :
)

where @(k) ix the meson propagator,

Consequently,
_ 1{1 "d'k]J(k)_»' n

?
Now taking into account that

i
2.11 D(k)y— D (k) = —— kt—m?
(2.11) (%) (k) (27”,5( m#) ,
we finally get
{2.12) do, — d“a%“: exp (—al,
where ¢ is defined by the following formula:

g [ @)
2.13 =2 70
549 o= | T
9

and the eurrent J(k) is of the form
(214 Ty = 1 _IN—E).

opk +1ic  2qk—ie
If the momentum transfer is in the region 2,, 8> ¢>>m?, u?+ 0, then

(2.15) @~ g3 lft—"i’ ,
where « depends only on the masses m and u.
Note that in electrodynamics, in eq. (2.15), there appears an infra-red sin-
—galarity and the factor a — 0.

3. — Poisson distribution of secondary particles in quantum field theory models.

Now we proceed to the case of multiple production of «soft » particles in
the model L, = g:y'p!, where, for simplicity, the fields y and ¢ are agsumed
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to be scalar. The vector-exchange model was considered earlier (). Here we
present only some results of this model.

The amplitude of scattering of two nucleons (field y) with meson produe-
tion (field ¢) iz determined by the formula (*)

(3-1) (270‘5(?1 +P——0— D k.)f(p,, Pei Gry Qo Kiy ooy ka) =

{=1

=0T, T, F(p,, P2 €11 42 91y @)W
where the functional F, after the transition to the mass shell, is of the form (3)
(3-2) F(pi, 215 €1y @ 91, §) =fdm1dwz (LA, 5 91, ¥5)

2
-eXp [igfd‘m D gdzy (z; 2,; v,)]),,),, '

=1

The following notation is introduced:

(3.3) Ay, 2y; w, ¥3) = exp [i(py — @) + €(p. — ) 0] Pz, — ) -

1 &4 €
‘J‘d}. exp [ilg‘fd& dfgg[% — &y + a1(61) — ay(&;) '|‘f7’1(7?) dn — [v;(n) d’?]] ’
0 v

(3.4) Jdz; 2. v0) =fd$é‘[w.-w + a.(é) +J€v,-(n)d??]

and the symbol ({...>, >, means the averaging over the both functional vari-
ables v, and v, (see eq. {2.6)).

We consider the case when the produced meson momenta are very small
compared with the nucleon momenta. This makes it possible to negleet the
%, and z, dependence in eq. (3.4) for the nucleon current J,. In other words,
we consider the production of the so-called «soft» mesons which do not
very much affect the motion of scattered high-energy particles.

According to the method developed and employed in refs. {(**) for the
estimate of the functional integrals over v we use the following approxi-
mation:

(3:3)  ((Alm,, @y v,, vy exp [ig[a'e T @) (i 3, 7 b, =

{=1

=l

= (CA@, 835 7y, Dy, €30 [ig[atz 3 gim o]

(*Y) N. BoGoLlyBov and D. BHIRKOV: Inlroduction to the Theory of Quantized Fields
{(New York and London, 1959).
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where

T(@) = T (@53, 74D, 0, -

As a first simple example we consider the case when both the real and
virtual mesons are ¢ soft ». In order to take into account the « softness» of
mesons we restrict the region of integration over the meson momenta. Owing
to the fact that now the integrals are no longer divergent in the upper limit,
the averaging over », according to eq. (3.5), may be replaced by another more
rough approximation when the D dependence in quantum currents is elim-
inated. As was already noted in the case of potential scattering, this approx-
imation means an entire neglect of the nucleon deviation from straight-line
paths.

Thus, in this approximation the functional F takes the form

(3.6) F(p1y Ps; @1y 835 91y P2) = FalPry Pas @1y 4:) €ZP [ifd‘k ‘EQ’t(k)Ji(k):l 1
g

where J (k) = (1/(2p.k + 1)) {1/(2q.k —ie)}; @ is the region of integration over
the megon momenta limited by the «softness » conditions; f,, is the elastic-
scattering amplitude without taking into account radiation corrections.

We note that, in principle, for f,, it is possible to use the eikonal represen-
tation obtained in refs. (1-2-+9),

Using (3.6) for the cross-section for inelastic process with n-¢ soft »-meson
production, it is not difficult to get the expression (!)

n

(3.7) do, = do, :—1 exp [—a],
where
_ d*x .
(3.8) &, = .(Z_?IS)SJ ’2"’,;'0 |y + o4l
and
g [d*%
.9 el Rl ATy
4

are the contributions of the real and virtual meson, respectively, and
do, = [f,|*dL2.

Since the interference term J,J, in the domain’ t{s <« 1 gives a smaller
contribution than the quadratic terms, we have a, = ¢, = a and the distri-

47 — Il Nuovo Cimenio A.
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bution of the number of gecondary particles takes the simple form:
al
(3.10) do, = du“,‘;T exp[—a}l.

We notice that eq. (3.7) holds in a more general case (’). But in this case,
.it i8 necessary to make the following substitutions:

s P ac%k
(3.11) 8y > T, = {;’—n)f T M+,
where
1 1
12 J. = — :
(3 1 } < J“’ + 2kp‘ __‘u! + 2kq; y
_ T Ak 5 =

(3.13) a3 >Ny, =2 Reo {(2935}4 5 J.k'*——,u’ T ie [lJila + | ]} )
where

5 1 1
(3.14) Je

e X 2kp, X'+ 2kg,
When the mesons are vector particles the quantities j and J read

% _ ket 2pu K —2g,
(3-13) J:"_2p‘-k+k’ 2q.k + K’

2, _kut2py kit 29,
310 T et 2k

Thus, see that.in quantum field _’mode]s the n-¢ soft »-meson production
cross-gection has the behaviour of the Poisson distribution.

4. - Investigation of the radiative correction of real meson contributions to
the cross-section.

We first consider the integral {3.13) with currents (3.14) and (3,15), which
corresponds to the radiative-correction contribution. In the models in ques-
tion the integration over the funetional variables », and »,, according to eq. (3.5),
leads to a factorization of the radiative corrections in the scattering amplitude
and the cross-gection. Then in the nucleon propagators the k*-dependence is
kept and the integrals converge in the upper limit.

It is not difficult to see that the integral (3.13} in this approximation does
not contain the s-dependence (4).



THE POIS30N DISTRIBUTION OF SECONDARY PARTICLES ETC. 739

In the agymptotic domain [f| < m?,

. ge m’ t_l
(4.1) Ro, = tm b (E) + 0 (;;;) )
if the scalar current (3.14) is ingerted in (3.13) and
—o 24* m* 1 it
2 o= s () + 3 0 ().

if the vector current (3.15) is used.

As was already noted in ref. (), the quantity %] /¢ i3 the width of the
diffraction peak.

The softness conditions imposed on the meson momenta are as follows (*4):

(4.3) \-}—§ik{,, <1, |3ku

=1

€ [Py — ]l = |Ps. —Qaul »

where the particle momentum components are given in the c.m.s., the initial
nucleon momenta being chosen along the z-axis.

In order to cut off the integrals (3.11) with currents (3.12) and (3.16) in
the upper single limit it iz natural to gingle out in the whole momentum space
a cylindrical domain oriented along the z-axis

(4.4) k| <oy = &

{4.5) IkJ.] <E€L,

gince in the majority of cases the experimentally observed secondary mesons
are emitted forward.

As wag shown in ref. () in the infra-red agymptotic limit g~ 0 as well as
in a broader vegion defined by the conditions

8_L~m‘,
2 'u' &
(4.6) 1>« > A where ocza,

n(£) 10 (2).

the absolute contributions from the radiative corrections and emitted mesons
coincide (*}. In this cage, in summing in the expression for de. over the number

(") The results of estimate of the integrals for different domaine are given in the
Appendix.
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of all the emitted mesons the -dependence vanishes. This leads to the peak
being also vanishing in the diffraction cross-section. A similar festure has
heen noted in ref. (*!) and is analogous to the automodel behaviour of deep
inelastic interactions of hadrons with leptons at high energies (*3),

Note that the quantity %_,, in the Poisson distribution has a simple
physical meaning of the average number of emitted particles, ¢.e, multiplicity.
Thus, in the region indicated, under the condition that the cut-off boundaries
are energy independent, the multiplicity of ¢ soft » particles turns out to be
independent of the incident nucleon energy. As a result, the n-soft-particle
production cross-section at high energies is also independent of §.

As was noted in the Introduction, in the framework of the present method
there is a certain ambiguity in choosing the cut-off parameters and the reswlt
is sensitive to this choice. For example, if in the infra-red domain the cut-off
parameter ¢, is chosen to be increasing with energy ¢, = 85 (<1 and fixed),
then the multiplicity increases logarithmically with energy.

Let us consider the case when the scalar meson-mass u is fixed and is not
small as compared with the nucleon masg m and 8 — co. The average number
of emitted particles in this domain is expressed as

(4.7) ﬁu.t.“" “‘J.d’kJ. (Ti:‘f__;:;j( ’

It is seen that at a fixed cut-off parameter ¢, the multiplicity decreases with
Increasing energy § — co. This meang that with increasing energy the number
of «so0ft s mesons, the momenta of which lie in a given interval defined by
the fixed parameter g,, decreases.

In addition, the condition may be imposed that the maximum longitudinal
component of the mesor momenta increases linearly with energy. In so doing,
the average particle multiplicity tends with increasing energy to a finite
limit. A similar result is obtained for the vector mesons.

L

The authors express their gratitude to Profs. N. BoGoirvsov, D. BLo-
KHINTSEV, A. LoGUNOV and A. TAVKHELIDZE for stimulating discussions. One
of the authors (B.B.) would like o thank Prof. A. ViscoNTI for the kind hos-
pitality extended to him at the Centie de Physique Théorique de Marseille.
He is also grateful to members of the Centre de Physique Théorique for use-
ful discussions at a seminar.



741

THE POISSON DISTRIBUTION OF SECONDARY PARTICLES ETC.

« SUORGUI » 109007
w0+ 2 x4
Tam [Tl e\ of3) e M (22)9 A e

(3 ) 2(g) 12 AL @tyy =51 Tem{T) enite “

|||~l|!|4nu%-—» 5 umu z : T - 3 (3}

gD & {1 . 5

A.P:voJr :&+a&ml& + g}i.
u (1) = "y Amv 0 (4o aaﬁwvﬂw s? "5z + " "idg + "y ] Ty

- - atit 52 + ﬁm + Ahmv ay .guakwvmﬁ 3 .+a=.l.a&".m W(23) 0¥ 2

1 R 52 hH b
o0 ~—§ .luvnm.aur: o+~ .tnluvmw
TR KT ¢d
of o &R HO > w > [ | tp £1uo yuncowe oqur Furyes
A ER tl ye onojdmisy TexFAUr 043 JO WI0] [IIUL)
1% onpondmdey qe onpojduisy
v
Te={Tyl wh {1z ) w {1 z -ln . .

am\& +,7) REA S (2 Am‘nu ug - . _vw|«w = +m’ o nmvwmul TezlTyl  *4oD]n Rl

L9y . by 5 z t Ty oHN (22)

% "¥p 5
ﬁém +ay Mg +u$ .

- S A H.v o ,sn@m«”.&” Aﬁv 0+ A .ﬁv - W(T)¥e T 1 vy,

o1 . ! W 26 R +.&I&.‘.m +y(¥Z) _

hHP $ . of
4 AITORO » IV[UOY

'« SUOSOWI » [BNIIA P [eal 03 Jurpuodsslrod ‘srerdequl Jo 8048WIISH

X1ANEAdY



742 B. BARBASHOV, 8. KULESHOY, Y. MATVEEY, Y. PERVUSHIN and A. SISSAKIAN

® RIASSUNTO (%)

Nel contesto dei modelli di teoria dei campi quantigtici convenzionali 8i studia il problema
della produzione multipla di mesoni s molli» nelle collisioni di due nucleoni di alta
energia. Si usa I'approssimazione dei percorsi rettilinei per ottenere la distribuzione pois-
soniana del numero di particelle secondarie e per ricercare il numero medio di particelle
in funzione della scelta dei parametri di taglio per gli impulsi delle particelle secondarie
nelle varie regioni asintotiche.

(*) Traducgions a cura della Redazione.

PeasoMe aBTOpPOM HE OPEINCTABICHO.
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