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MEAN MULTIPLICITY OF g-PARTICLES IN COLLISIONS OF
VARIOUS HADRONS WITH NUCLEI

By S. R. GEVORKYAN, G. R. GULKANYAN AND V., A, VARTANYAN

Yerevan Physics Institute*
{ Received November 21, 1983)

Analytic expressions without free parameters that describe the available experimental
data on the g-particle mean multiplicities in the interactions of high-energy protons, anti-
protons, pions and kaons with nuclei, are obtained. The comparison with available experi-
mental data was made.

PACS numbers: 13.85.-t

For many years the multiplicity of the so-called g-particles [1] was studied in exper-
iments with emulsions. These particles, with the velocity in the range 0.3 < f < 0.7, are
in the main protons ejecting from nuclei.

Lately new experimental data on the mean multiplicities of protons with the energy
T, = 30+300 MeV (which approximately corresponds to the g-particle energy range)
obtained in electronic experiments on various nuclei and under the influence of hadrons
of different nature [2, 3] have appeared.

The study of the g-particle mean multiplicity 7, is of certain interest since it gives
information on the average number of hadron collisions in the nucleus v. The simplest
relation between these values is obtained in the leading hadron eikonal model, with the
secondary particle cascading being neglected.

Indeed if g-particles are assumed to be recoil protons produced due to successive
collisions of the incident hadron h in the nucleus with the atomic weight 4, then

Ay = Yoy, )
where o, is the probability of g-particle production in the elementary hadron-nucleon
collision (averaged over protons and neutrons). The value v is model-dependent and varies
in different models:
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a) In the leading hadron cascade model [4]

_ Ao

Y @
where o, 64 are the cross sections of the incident hadron interaction with nucleon and
nucleus, respectively. In investigating the processes of pion multiple production one may
not consider the elastic rescatterings of incident hadron in the nucleus, therefore, the
hadron-nucleon interaction inelastic cross section o' is taken as o = ¢'", and the cross
section of the production (of at least one pion) on the nucleus, 6%°%, is commonly used
as o, (in accord with the experiment conditions).

In investigating the g-particle production process, one should take into account the
contribution of the incident hadron elastic collisions with nuclear protons with the momen-
tum transfer, exceeding the knock-on threshold of g-particles from the nucleus. For ex-
ample, for the experiment conditions {2, 3] this threshold corresponds to |£4;,| & 0.075
(GeV/c)? (allowing for the proton binding energy in the nucleus). Thus, in the expression
(2) one should take ¢ = ¢"—4o,, as the cross section 6, where 4o, is the cross section
of the elastic interaction with the momentum transfers |¢| < {fyal.

Then, for the mean number of the incident hadron collisions we have:

4 4

- _ 1 0 —aT(b) 72 i

v=ZnP,,-—Zn mj[aT(b)]e db=a—A, 3)
n=1 n=1

where T(b) = | o(b, z)dz is the projection of ome-particle nuclear density o(r) on the
impact parameter plane; P, is the probability of the n-fold collision. The hadron-nucleus
cross section ¢, is determined by the expression

o4 = [(1—e " ®)a%p, 0)

which practically corresponds to the normalization cross section in the experiment [2, 3],
being approximately equal to the total inelastic cross section of hadron-nucleus interac-
tion, o'f.

Further we shall consider the values v, g, 0, in the above sense.

b) In the leading hadron cascade model with the change of the leader type [5] the
mean number of collisions is given by the following expression: (see Appendix II)

Ac G,—0
V= =24 S N(0; 0) ®)
Oy ('

¢,, 6, are the interaction cross sections of the projectile and hadron to which the leading
property is transferred respectively, with a nucleon;

{—e~oT®

. — 2
N(0; 6) = J.d b——— (6)
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is the effective nucleon number; g, = 0,(1 —4) where # is the probability of preserving
the leading property in the elementary act of incident hadron-nucleon interaction [5].

¢) Using in the additive quark model the probabilities for the quark collisions in the
nucleus [6], we obtain the following expression for the mean number of collisions of a had-
ron composed of constituent quarks:

5 —n N(O; 6, _ n.o A .
q q N(O; O') 6,{ ( )

o, is the cross section of the constituent quark-nucleon interaction. It follows from (1),
that the g-particle mean multiplicity in all the three models should possess the scaling
property, i.e. depend on the type of the incident particle and the target-nucleus atomic
number only through the corresponding v.

TABLE I
Mean number of proton collisions in nucleus in various models
C Cu Pb
Leading hadron cascade model 1.77 2.72 4.00
Leading hadron cascade model with the leader
type change 1.64 2.38 331
Additive quark model 1.30 1.66 1.98

The probability @, of g-particle production in the hadron-nucleon interaction at
sufficiently high energies is practically independent of the incident hadron type [7]. This
value was extracted from the available data [7] on the proton inclusive spectra in the
reactions pp — pX, p(=*)n — px. For the comparison with the experimental data on
nuclei [2, 3] where protons with energies T,;, = 30 MeV to T,,, = 300 MeV were regis-
tered, the portion of protons was determined in reactions on a free nuclecn in the trans-
ferred momentum range |#],;, = 2m(Trin+€) 10 [t max = 211 (T e, +€) Where € & 10 MeV
is the nucleon binding energy in the nucleus. This portion proved tc be equal to w, = 0.15
+0.02 (allowing for the elastic scattering) and practically independent of E,, in the incident
hadron energy region E, about 100 GeV and higher. Further on we neglect also the possible
dependence of w; on E; in the hadron energy region from tens to 100 GeV. Table I
presents the values for v depending on the target atomic number, e.g. for the case of p4-
-interaction. In calculations the Fermi nuclear density with the parameters from Ref. [8]
was used. The comparison of experimental data on #, [1] with the predictions of the expres-
sions (1), (4), (5), (7) shows that experimental data are much higher than theoretical pre-
dictions. It is a direct indication of the significant contribution of the secondary particle
cascading in the nucleus to the g-particle production process.

Below an attempt is made to calculate analytically the contribution of cascade pro-
cesses, namely, of secondary interactions of pions produced in the nucleus, to the g-particle
mean multiplicity. We shall then assume that the pions generated in the target fragmen-
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tation region make the main contribution in the cascading. In the Ls. they have energies
not exceeding 3 GeV (at the primary energy of the order 100 GeV); the production lengths
I~ P Ju? (u® ~ 0.3-0.7 GeV?, the characteristic mass {9]) of these pions are of the order
of internuclear distances in the nucleus, therefore, pions can undergo secondary interac-
tions. The contribution of more energetic secondary pions cascading is suppressed: in
this paper we neglect it. The rcle of other possible processes that can affect the g-particle
production, will be discussed below.

The g-particle mean multiplicity in the leading hadron cascade model with regard
to secondary interactions of pions from the target fragmentation region is given by the
following expression (see Appendix I):

Aoi® N(O;
iy = o, + L mo, [1— —(Z‘i’-)] ®)

where m is the mean multiplicity of pions in the target fragmentation region, that is genera-
ted, on the average, in each collision of the leading hadron; o is the averaged cross section
of these pions interaction with nuclear nucleons, and ®, is the averaged probability of
g-particles generation in these interactions (the values ¢; and w, are averaged over the
pion energy spectra).

As is seen from this expression, the account of secondary interactions leads to the
violation of v-scaling, i.e. there occurs an additional A-dependence for fig.

In the above approximation one may also obtain the expression for 7, with regard
to the secondary pion cascading in the model with the change of the leader type (see Appen-
dix II):

in

Ao c,—0C Ao
n, = [——2 ~- 2 N(O; 0'0)] +w2m|: 2
G4 (P Gy

o3(ci"—oi® N(; 0o o, — 0,0l N(O; o
+ (07 —0a3) ( o)__ 1030003 ( 3)]’ ©)

03—0g C4 O03—0g [ ]

where 6, has the above sense: 0o = a,(1—7) = ¢{(1—7"); #'® is the probability of
preserving the leading property in the elementary act of the incident hadron-nucleon
inelastic interaction. One may make sure that at o, — O the expression (9) goes over to
(8). The probability of the leading property transfer from nucleon (antinucleon) to pion
is estimated in Ref. [5]: (1 =7™)ynox = 0.35, for kaons from the data of [10] one may
in much the same way estimate (1—#")g..,~ 0.37 and (1—%"")_.,~ 0.42. In the
case of incident pion the probability of the leading property transfer to a particle of another
type is negligible [5, 10}

Other parameters in expressions (8) and (9) were also estimated from experimental
data on nucleons. It should be emphasized that the analysis of the possible dependence
of theoretical expressions for 7, on the incident hadron energy was not the task of the
present paper (note that the available experimental data on emulsions point to the prac-
tical absence of such dependence in the wide range of initial energies 20-400 GeV). There-
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fore, apart from experimental errors, we attribute an additional error, connected with the
averaging of these data, to the parameters extracted from the data on hadron-nucleon
interactions. To estimate m, the parametrization [5] of the pion inclusive spectra in the
target fragmentation region was used; to estimate o; and w, the partial and differential
cross sections of the exclusive channel of the low energy pion-nucleon interactions [11]
were used. As a result, we obtain the following estimates: m = 3.0+0.5, 6; = 27+4 mb,
@, = 0.5+0.05. The estimate of w; was given above: w, = 0.154+0.02. For the elementary
act cross sections the following values were used: o,y = 33.5, 0'::& = 315, opn = 36,
o =34, o,y = 21, 0l = 20, ogun = 17.5, offin = 16.5, oy = 19, 6% = 18 mb.
The results of the g-particle average muitiplicity calculation by formulae (8) (for
primary pions) and (9) (for primary (anti)protons and kaons) are shown in Figs. 1--3. The
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Fig. 1. Mean multiplicity of g-particles in =¥ 4 interactions: @ n+4 (50-150 GeV) {2]; O 74 (37.5 GeV)
[31; A =~Em (50-340 GeV) [1]; lines present theoretical calculations according to the expression (8)
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Fig. 2. Mean multiplicity of g-particles in K* A interactions: @ K*A4 (50-150 GeV) [2]; O K-4 (50-
~-150 GeV) [2]; lines present theoretical calculations according to the expression (9)
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Fig. 3. Mean multiplicity of g-particles in p(p)A interactions: @ pA (50-150 GeV) [2]; O pA (50-150 GeV)
2]; A pEm (50-400 GeV) [1]; lines present theoretical calculations according to the expression (9)

area corresponding to uncertainties in the parameters from expressions (8), (9) are shown
by a dotted line. The experimental data for various nuclear targets at the primary energies
37.5—150 GeV [2, 3] are presented ibidem. These data are obtained under the conditions
somewhat different from those of photoemulsion experiments. Particularly, in Refs. [2, 3]
the proton energy upper limit was 300 MeV, while in the emulsions this limit for g-particles
is 400 MeV. Therefore, to compare the electronic and emulsion experiment data, the
portion of g-particles with the energies 300-400 MeV, some 109 [12] of their mean
multiplicity, was subtracted from the emulsion data [1]. The photoemulsion data in the
energy range 50-400 GeV, corrected in this way, are also given in Figs. 1-3.

As is seen from Figs. 1-3, the proposed theoretical scheme represents satisfactorily
both absolute values and the A-dependence of g-particles mean multiplicities. Note that
A-dependences are different for various primary hadrons; in parametrization of 7, ~ A*
in the range of medium and heavy nuclei o = 0.42 for primary protons (antiprotons),
a = 0.41 for pions and « = 0.4 for kaons.

It should be emphasized, that according to expressions (8) and (9), the cascading of
secondary pions from the target fragmentation region (the second term in formulae (8)
and (9)) is the main contribution (78-87%) to the g-particle mean multiplicity.

The g-particle multiple production was investigated in a series of theoretical works
{13, 14]. In these calculations the free parameters (defined from the hadron-nucleus interac-
tion data) and, as a rule, the Monte Carlo methods are applied. In [14] an analytical
expression is obtained by solving equations describing the stochastic process of g-particle
“multiplication and death”. The secondary low energy pion cascading that makes the
main contribution to g-particle muliiplicity, according to estimates of this paper, was not
considered.

In describing the recoil nucleon secondary interactions in Ref. [14] the length of their
free path in the nuclear matter A, was taken to be about 2 f, while the experimental estimate
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for A, for protons with energies from tens to hundreds MeV is noticeably higher:
Ay~ (5+10) f [15], i.e. one can, in fact, practically neglect their secondary interactions.
As to recoil nucleons of higher energies, their secondary interactions can make some
contiibution to the g-particle production. However, their number is noticeably less (45
times), than that of pions from the fragmentation region, and their contribution to #1, does
not practically exceed the uncertainty in the calculated values of #,, presented in Figs. 1-3.

Thus, in the approach stated in this paper one succeeds to obtain a satisfactory descrip-
tion of available experimental data on 7, at high energies by simple analytical expressions,
without using free parameters. For the quantitative estimation of the degree of the model
adequacy more precise experimental data both on nuclear targets and nucleons are required.

APPENDIX 1

Calculation of secondary pion contribution to g-particle production

Consider the case when the incident (leading) hadron, at an impact parameter b,
undergoes in the nucleus X inelastic collisions with the cross section ¢ in the points with
the longitudinal coordinates zy, ..., zg. In each interaction point on the average m low
energy pions are produced (in the target fragmentation region), whose formation time does
not exceed mean internucleon distances in nucleus. Each pion interacts with nuclear
nucleons with the mean cross section 5. Since pion energies are low, we shall assume that
each pion can produce a g-particle in one interaction only, with the g-particle production
probability being w,. The pion produced in the point with the coordinate z; undergoes
a secondary interaction with a probability (in the eikonal approximation)

l—exp|—a; of o(z)dz].

The expression for the mean multiplicity of g-particles, #g, considering the contribution
of pions from all points z, ..., zx in the framework of multiple scattering theory (MST)
is the following:

PR(b) - ng(b) = mw,e™ T - (¢'E [ dz,0(b, z,)

-
—o3 § e(b,z’)dz’

« © K
x [ b2z o [ elbzdze (T (me ), @1

ZR~1

where o(b, z) is the one-particle nuclear density; T(b) = _f o(b, 2)dz (for the sake of brief-
ness we shall later on omit the argument in T(5)); Pi(b) = [o"T]¥/K! defines the probability
of K-fold inelastic collision of the incident hadron in nucleus.

Carrying out the integration and summation in the right-hand side of (L.1), we obtain

(ei"THK PR e T —1+6,T

PE(b)ng(b) = mo, e T
. 3

(1.2)
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Summing (1.2) in X,

A
u(®) = z PE(b) - ng(b) = maryo™® (T— te—-r) @©3)

O3
K=1
Integrating (I.3) over the impact parameter b and normalizing to the total inelastic
cross section of hadron-nucleus interaction, o, we obtain the mean number of g-particles
produced in interactions of secondary pions in nucleus:

Ao} N(0;
g = mw, = [1— (A“3)], (14)
A

1
where N(0;0) = ——f(l-—e"’ﬁd% is the effective nucleon number.
o

The mean number of g-particles produced immediately in collisions of the incident
hadron in nucleus is

A = Vo, (1.5)
where
g Ao (16)
04

is the mean number of collisions of the incident hadron in nucleus, @, is the g-particle
production probability in the elementary hadron-nucleon interaction.
Thus the mean multiplicity of g-particles in the hadron-nucleus interaction is

Ao’ N(©; o
i'ig = ii;nc'i“n;ec = i"w1+ 2 mwz [1 - ( A 3):] » (1.7)
APPENDIX II

Consideration of the change of the leading particle type

Consider now the case, when the transfer of the leading property from an incident
particle to a particle of another type is possible. Let us denote the probability of preserving
the leading property in the elementary act by n; the probability of the leading property
transfer will be (1—#). The expression for the mean number of collisions of the leading
particle in nucleus for this case, obtained in the framework of multiple scattering theory,
is given in Ref. [S].

, Ao, o,—0,

yV =—=+ N(0; o) (11.1)
Gy Oy

where 6, = (1—n)o;.
Here is the derivation of (IL.1).
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The probability that at the given impact parameter b the incident particle, before
reaching the point z;, has interacted (with the cross section o) / times preserving its leading
property, and in the point z;, due to the interaction with a nucleon, has transferred the
leading property to a particle of another type, which has then interacted (with the cross
section o;) r = (K—I1-1) times, is

o zy

—a T otbnr q T
P,(b) = J € ) I l:’lax J‘ e(b, z')dz ] * oo0(b, z;)dz;
1 e r o —aa § e(b,2)dz’
X 5 [02 J o(b, z')dz’:l e U (IL.2)

- oo

From (I1.2) we obtain the probability of the K-fold collision of the leading particle (K =
+r+1):
1
Pels) = (0oT)e~™" [ dyeer=ei.

/]

[no Ty+b,T(1—y)]* 1. (11.3)

(K-D!

From (I1.3) follows that the probability of the change of the particle leading property is

?M;

Py(b) = 1—e™ ", (1L4)
1

and the mean number of collisions K(b) is defined by the expression

— - 01— - _
(1—e="7) - R(b) = (6,T) (1— ":—‘e "°T) + '7———10—02‘(1——e Ty (1—e~T). (ILS5)
(]

2

The probability that the leading particle colliding at the given impact parameter b K
times, preserves its leading property is

(’101T)K e—ng

PE(®) = T

(1L6)
From (IL6) follows that the probability of preserving the leading property is
A
Y Pi(b) = e *T—e T, (IL7)
K=1

and the mean number of collisions is then defined by the expression

(e7%T—e 7). K(b) = no,Te ™. (1L8)
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Integrating the sum of the expressions (IL.5) and (IL.8) over » and normalizing to the
total inelastic cross section of the interaction of the incident particle with nucleus, o,
we obtain the final expression (IL1).

Making use of the experimental fact that the g-particle production probability w,
in the elementary hadron-nucleon interaction is practically independent of the incident
hadron type, we find that the contribution from the leading particle interactions in nucleus
(without consideration of secondary pion interactions) to the g-particle multiplicity is

_L _y I:AO' 2, 0170, ]
iy =wV =0, | —+ N@©;09) |. (11.9)
04 04

Note that at n = 1(oy = (1—y)oy = 0) or at ¢, - o, formula (IL9) transforms into
(1.5), where the possibility of the change of tne leading particle type is not envisaged.

Let us pass to the calculation of the contribution of secondary pions in recoil proton
production. Consider first the case when the incident particle is the leading particle in all
inelastic collisions. In that case calculations are similar to those carried out in Appendix I
with the difference that the factor (¢,)* in (L1) is replaced by (4¢'")*. Formula (1.3)
then takes the form

—ooT _ e—(a'o"l' a3)T

. e
u(b) = maw, [(n’“ﬂ‘l"ﬂe””—n‘“a’l“ ] (11.10)

bh—h g3

where n'® is the probability of preserving the leading préperty in the elementary act of
inclastic interaction on a nucleon. Note that ¢**(1 —'") = 6(1 —#) = a,. It is obvious that
at 0, — 0 the formula (I11.10) turns into (L3).

Consider now the case when the incident hadron in the j-th collision (in the point z;)
transfers the leading property to a particle of another type, which then undergoes in the
nucleus (k—j) collisions. One should here consider separately three cases: a) j > i; b) j < i;
¢) j = i. For example, for the case a) the i-th term of the expression, similar to the ex-
pression (I.1), has the form

[s¢] a0
§L,0,K) __ —gyInT(b in_inyj—1 in\K—j
Ivl(;J ) = mw,e” °* ()'(”lmain)l oo(03)" "’ j dz,0(zy) ... .‘. dz;_10(zi-1)
i< — o Z§-2

o
—gyin Q(b,z')dz') 0

x | dze(z) (1“9 * § dzii0(ziny) -
=

Zj-1

a
5 dzj—lQ(zj—l)
Zj-2
~(63—0112) ? e(b,z’)dz’

x | dzjo(z;)e i § dzji10(Zj49) -
zj z

Zj~1

| dzgo(zg). (1L11)
- After some simple but somewhat awkward calculations, one succeeds in integrating

the expression (II. 11) over longitudinal coordinates and summing in i = 1+(j—1),

j=2+K, K=2+A; after that the right-hand side of the expression reads

—asT_e—doT e—gor_e-(a-ohr,)T l_e—aoT

u(b) = ma,net I:— ¢ + + —Te_“"T] . (IL.12)

i<j 0'0_0'3 63 0'0
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Similarly for the cases of j < i and j = i we obtain

. —a;T___ —aoT 1_ —ooT
p(b) = maw,o® [%3——-—8—») - (93 +1) : (%-—) +T], (1.13)

i>j 03(00—03) 0

1__e"doT e—o'aT_e-'c'oT
ub) = mwzao[ - ] (11.14)
i=j g Go—03

Summing the expressions (IL.10), (IL.12), (IL.13), (II.14), integrating them over the
impact parameter b and normalizing to the total inelastic cross section o,, we obtain the
mean multiplicity of g-particles, produced due to interactions of secondary pions in nucleus:

Aoy oy(o7 —05) N(0;00) aVas—ao0s N(0;03)
Ry = mw, + -

:I. (I1.15)

G4 03—0g Gy G3—0p Oy
The total mean multiplicity of g-particles is
iy = Vo +ag . (11.16)

It is easy to check that the expression (IL.16) at 6, — 0, i.e. when the probability of the
leading property transfer approximates zero, goes into the expression (1.7).
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