


1. INTRODUCTION

This article, being the third in the series, sets out to
describe some of the progress in our research of particle pro-
duction process in hadron—-nucleus collisions. The purpose of
our investigations was to look at all sides of the particle
production process both in hadron-nucleus and hadron-nucleon
using nuclear targets.

In a hadron-nucleon collisions the only directly observable
information about this process, » can obtain, : that on
the asymptotic state produced. Indirectly some information
about what happens in the early stages after collision can be
obtained from a detailed study of the finally produced partic-—
les, observed in experiments; for exar .e, by looking at cor-
relations between various particles, one can deduce if the
particles are decay produc’ of resonances, To obtain direct
information about what happens in the early stages of the pro-
duction process, it is necessary to interfere with the process
as it is taking place. The only tool available which allows
to realize such interference is an application of a massive
target-nucleus, being a collection of mar nucleons; such
targets might serve as detectors of properties of the partic-
le production process taking place when hadrons collide with
the nucleons inside nuclei/l/.

Information about what happens in the early stages after
hadron collision with nucleon in nuclear matter resulting
particle production can be obtained from a detailed study of
the finally emitted nucleons and produced particles, registe-—
red in experiments. Relations between the characteristics of
produced particles in hadron—nucleon collisions and corres-—
ponding characteristics of produced particles in collisions
of the same hadrons with various nuclei contain the informa-
tion about the space-time evolution of the particle produ
tion process. When such relations will be found, the particle
production process might be explained in terms of our know-
ledge of hadron—nucleon interaction.

It has been shown, in parts I and II, that such characte-
ristics of the hadron—nucleus collision process as inelastic
collision cross-section energy- and A -dependences, nucleor
multiplicity distribution A -devendence. average particle
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multiplication energy- and A ~dependences can be described

in terms of our knowledge of nuclear sizes, nucleon density
distribution in nuclei, and of elementary hadron-nucleon
interaction. In the present article we intend to show how

it is possible to reproduce in this way various characteris-
tics of the particle production process in hadron-nucleus col-
lisions.

2, PARTICLE PRODUCTION

One of.:the most 1mportant characteristlcs of the part1c1e
production process is :the production intensity. Let us start,
..therefore, .our considerations with this characteristic .

2.1, Particle Production Intensity. -

Particle production intensity is characteriaed usually as

_the frequency f(ns,A,Ep) -of events versus the number ngof
produced particles, observed in experiments, when a hadron of
energy Ej collides with a target-nucleus of the mass-number
A; Usually ng is referred;o as observed fast particles produ-—
ced, "s" is for "shower"

» Within the frames of our p1cture, presented in part I,
particles are produced through some "excited states" moving
along incident hadron course and decaying into observed par-
ticles, after having left the target-nucleus. If a layer of
nuclear matter, which a hadron has to overcome, is thick
enough - of a thlckness t, some qua31—un1d1men51ona1 cascade
of the "excited states' develops inside the target—-nucleus;
the average number <m>’ and multiplicity m distribution P(m,t)
of such "excited states" outcoming from the target are expres-
sed by formilas (4) and (5) in part I.

The outcome, one can observe in hadron-nucleus collislon
fexperiments, is a result of the superposition of what one"

A;eonld observe when hadrons of energies 'E# collide with nucle-

‘ons. restlng in the laboratory system' a detector, the bubble
1”chamber for example, records the produced part1c1es apparent
to be outcoming from the interaction "point". This superposi-
tion ‘might be expressed as the sum of m terms P(m,0p,,(n,) >
m=1, 2, 3, ... , where Pn(ng) is the probability to appear
Sproduced particles if n1"exc1ted states" decay "simulta-
neously", ' ‘

‘Therefore, -using formulas (4), (5), (4 "), and (5°), given

in part:I, the expression for the frequency f(n_,A, E; ) can be
written as:

<A <A>!
=k
f(n,.AE, ) = - Foyne P, ) (D)
where <A >'is the target-nucleus average thickness/5/ <Ag> =
= <Ay(E} ) > is mean free path for hadx9n of energy Ej col-
lision with nucleon in nucleat matter given by formula (6)
in part I; the probability p,(n,) is determined by probabi-
lities p (u), p(v), p(W),.:. , p(2) for appearance ofu ,v,
W, ..., z particles in decaying each of the m"excited sta-
tes" created in hadron-nucleus collisionju+v + W+ .;;i +Z =n_.
Any of p(u), p(v), P(W),ééié; p(z) can be taken from a hadron-

o, . h .
nucleon experiment at —g~ energy. For example, if m =2, py(n,)=

= py(u+v) is expressed simply by the formula:

u—n
P V= p(usv) = 3 "p(n s~ P), (2)
u=0 . ’
where p (ng—u)=p(v) and p(u) can be taken from a hadron-nucleon
E -
collision experiment at —2 energy.

m

In order to test formula (1) by experiment, a series of
frequencies f(ng,A,E; ) has been calculated, for C ,Al, Cu Ag ,
and Pb nuclei at E, 40 GeV/c momentum; experimental data exist
for 37.5 GeV/c momentum/?*/. In calculations onlyk =3 terms in
formula (1) have been taken into account. The probabilities
p(u), p(v), and p(w), which the probability p; (ng) -p3(u+v+w)
is depending on, have been evaluated using the data on pion-
proton collisions at 40, 16, and 11.2 GeV/c momenta®/ It has
been supposed the particle mu1t1p11c1ty distributions in had-
ron—nucleon collisions to be the same as in the hadronfproton
collisions - the multiplicities of ns being 1, 3, 5, ... char-
ged secondaries are interpolated or extrapolated ones. The
quantity <A>'in units of protons/S for various nuclei has been
estimated from nuclear sizes and nucleon density distributions
in nuclei/57/; the quantity <A0(Eh )> in units of protons/$S
has been estimated from correspondlng hadron-nucleon inelastic
collision cross-sections/5:6/ using formula (6) from part I.

Results are presented in fig. 1. It can be concluded that
formula (1) reproduces well qualitatively the series of cor-
responding frequencies received in the Faessler et al. expe-
riment, shown in fig., 3b in their work/4/the quantitative
prediction given by this formula does not differ by muchfrom th
experimental data, especially atng<10. But, we must remember
that not all terms in formula (1) have been taken into account’
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taken from the existing
ones, not accurately
as those needed.

Fig.l. Frequency of
events f@ls)sf(ns;A,Eh )
versus produced partic-
le multiplicity ng,cal-
culated using formula

.

2.2, Proton Multiplicity Dependence of the Particle

Production Intensity

The number of emitted protons n,,or the proton @ultiplicity
in an event, indicates, with}n the frames of our picture of
the nucleon emission process 8/ how thickness A had to overcome

a hadron in collision with the target-nucleus

5/ also - form—

mula (2) in part I. It should be noted that the relation
Np= A in units of protons/S takes place with an accuracy

i i i i i A ax Where
being high enough in our considerations when n, <Apaxwhe
Amax is maximal thickness of the target-nuclgus. )

Therefore, the nj —~dependence of the particle productlo?
intensity might be received simply from formula gl),.subst1~
instead of the quantity <A>! and putting in the

tuting A =

coefficient Wy (n;,A), which expresses the probability for an
incident hadron to collide with the target-nucleus at the
impact parameter corresponding to np, emitted protons /9/:

f(ns ,np 'A'Eh )8 WO (n P ,A)e

k..
</\0>. 3 (1-e
m?l

m=k ..:na()ﬂ;_ m—

) lpm(ns)-: 3

- The A’'-dependence in this formula is expressed through thg
coefficient Wo(npA) and the quantity <)o > which depends on the

ratio '-%:when is expressed in units of protons/S/8:9/.

4. - .
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fongn, T-Pb 40 GV = f(ng,n,,AE})versus
e _produced particle multi-

i 4 71 plicity ng,calculated
o for various proton mul-

tiplicities‘nP using
formula (3).
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Using input data as

used in calculating
the series off(ng,A, ,
Ep) distributions,
formula (1), the n, -
| dependence (3) has been
" calculated for Pb tar-

get-nucleus. Result isg
- shown .in fig;"2. The
calculated distribution reproduces .qualitatively corresponding
expe i?ental data, presented in fig. 9 in the Faessler et al.
work’ %/, when np <5;at higher values of N, an expected distur-
bance, caused by the disturbance of the monotonous nucleon
emission process/8:9/, ig observed. -
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2.3. Proton’Multiplicity Dependence of the
Produced Particle Average Multiplicity

Within the frames of our picture of the particle production
process in hadron-nucleus collisions, in result of collisions
of a hadron of energy E;, with a given target-nucleus, of the
mass number A, at an impact parameter’ corresponding to the
nuclear matter thickness being,npsh(né)in units of protons/S,
<m>"excited states" emerge in average. Each of the "states"
corresponds to the "state! produced in collision of the same

. . . E
hadron with a nucleon at the kinetic energy __ﬁﬂ each_decays
. E . . : <> ' .
into {nstﬁe)>hN_part1c1es 1n average. It takes place for any

Np.The observed average multiplicity <nsw(Eh,np)>}”pf particles
produced in hadron-nucleus collisions should be expressed, ..

: : v . E A .
therefore, as the product ns(Eh.np)hA=‘Qn><h ("b°v>hN' or, using

s*qmy
formula for the quantity <m>,formula (5) in part I, as:
i(nn)_’ B .
Bo(Epnp)>py = A°>'<ns(72£3?>BN . o )
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--Fig.3. Dependence of the mean number of produced
' partlcles <ng >hA 1in pion—nucleus collisions
on the number n, of emitted protons, calculated

using formula &) : .

Corresponding‘experimental data exist on pion collisions
with Pb ,Ag ,Cu, Al , and C nuclei at 37.5 and 20 GeV/c momen-—
tum /4/-'Therefore, in order to test this formula (4) by expe-

"riment, n -dependences of the quantities <ng(Ey ,np)>pa
have been calculated for corresponding plon-nucleus colllslons
at 40 and 16 GeV/c momenta; at those momenta corresponding

data can be used on <n (--E)> yn from the HERA tables/6/the

data are on hadron—proton COlllSlonS only, but it can be ac-
cepted the average multiplicities <ng >hps <0 g>hpy, <ng >hN tO
be equal one to another. In calculatlons values <ng (Ep)>.y

have ‘been used instead of the <ns(<'}‘n‘,")>hN for a simplifica-

tion; it does not distort by much the predictions. given by
"formula (4). The mean free paths <:\0> <Ag(E)> for the
hadron-nucleon inelastic collisions in nuclear matter were
‘calculated using corresponding cross-—sections for the elemen-
tary hadron-nucleon collisions/5:6/,

Results are shown in flg. 3. It should be concluded that,
in splte of the s1mp11f1cat1ons involved, distributions pre—
sented in this figure correspond qualitatively to the experi-
mental ones, shown in fig. Il in the Faessler et al. work/4/;
quantitatively the distributions calculated in this work do
not differ by much from the experimental ones as well.

6

2.4. Proton Multiplicity Dependence of Normalized
Dispersion of the Produced Particle Multiplicity.

In order to characterlze the proton multiplicity dependen—
ce of the normalized dlsper51on of the produced part1c1e
multiplicity, let us cons1der the quant1ty

<D(ms)>, <nl>-<n >?
2o T2 Gy
n, >, : . 2J.

where Ny is the produced particle multiplicity.

Using formulas for the mean value and the dispersion of an
accidental quantity being a sum of some number of accidental
quantities, taking into account our picture of the particle
generation process in hadron—nucleus colllslons, and using
formulas (4) and (5) we can write

ZhA(E ) - hN(!"—“) ,\(n y Zin(z) ——= v. (‘6)A

<m>_ ) <m>  em>
e jé

O T T rr Tl where Z; (E,) expresses the
<K1Y e - - ',quantltyz formula (5), for
: A 40 c/ " the hadron-nucleus collisions
| ¢ _ : e T
ﬂl% - ' ‘ ‘ at- B, energy and'ZhN(_<Tnl.'.>) 15;
T ' the quantity 2 for the had-
05 g : -1 ron—nucleon collisions at .
Q& S an;— energy;-<m>'is the ave-
04} ' °® o oo J rage number of the "interme-
. ®8 0o diate states" produced, for-
° 8aa s s’ mula (5) in part I;<Xg> =
03+ "% o0 0 0 © - = <'\0(Eh )>.
o Pb
0z a Ay T . L
o Cu Fig.4. Normalized dispersion
ol b o Al _ <D>, of produced particle
- « C <ng>

average multiplicites <ng>

as a function of the number

[y JL IS ot KA LS T ) B S n, of emitted protons, calcu-
0 2 4 6 8 10 12Ny 1jated using formula (6).




In order to test the formula (6), the n, -dependence of
ZhAahas been calculated for pion collisions. w1th Pb;'Ag ;,Cu ,
Al ,C nuclei at 40 GeV/c; corresponding experlmental data
ex1st for pion collisions with Pb, Ag , and Al nuclei at
37.5 GeV/c momentum, in the Faessler et al. work/4/.The value
for Zyy (40) has /een estimated on the basis of the data from
the HERA tables’® it equals to 0.635 at 40 GeV/c; instead of
it the value 0,558 has been used which corresponds to the
Zyyquantity at 37.5 GeV/c momentum in the Faessler et al.
work/ ¥/, atn =0." The incident hadron energy dissipation —?—n}t
has not been taken into account. L ‘

Result of calculations is shown in fig. 4. The calculated
distributions reproduce well qualitatively the experimental
ones, presented in fig. 10 b) in the Faessler et al. work/4/;
quantitatively the.calculated distributions do not differ by

much from the experimental ones as well. It should be expected-

that exact calculations will give pred1ct10ns reproducing
precise experimental data.

3. ENERGY SPECTRA OF PRODUCED PARTICLES

The number of particles N(Ep,E+dE,A) of energies within
energy value interval (E,E+dE) produced in collisions of a
hadron of energy Ej with a nucleus of the mass number A might
be expressed simply, within the frames of our picture of the
hadron-nucleus collision process. Indeed, the E -distribution
of the quantity N(E4,E+dE,A) for energy E values from O to
its maximal value E, ,,,the energy spectrum, in hadron-nucleus
collisions is, according to our working hypothesis put for-
ward in part I, the superposition of some number m=1, 2, 3,
...,k of energy spectra for hadron-nucleon colllslons at

—mh—lnc1dent hadron energy. The distribution of such spectra is

expressed by the formula for the distribution of the "excited
states" generated in nuclear matter when hadron traverses the
target—nucleus, formula (4) in part I. Therefore, it can be
written:
<A> <A>
m=k RS m=1 E
N(E, ,E+dE,A)=e %> Z (1-e <'\°>') No(-ah—-,E+dE,N), 7

where <A>'is the average thickness of the target—nucleus /5/
expressed in units of protons/S; <ig> =<Ag (Ey ) > is mean free
path for hadron-nucleon interactions in nuclear matter/5/ ex-
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pressed in units of protons/S; No(_ﬁi‘.iE+dE,N) is number * of
particles of energy (E,E+dE) produced in hadron-nucleon col-

E
lions at energy of —mL

The ny -dependence of the energy spectra N(Ej, ,E+dE,A, n, )
might be written simply, by analogy, as:

Adnp) Alnp)
B . . '<,\0>A-m$Ak ;—Zl\0>‘ m—l . v
N(E,,E+dE,A;n )= e Z'I(I—e’ ) N (_._..) (8)
mes

where N, (——"-):No(-—.'-'.. E+dE,N), A(n )=np protons/S is the

thickness of a nuclear matter "slab'", ‘along the 1nc1dent had—
ron course. :

There are not -available at present corresponding experimen-—
tal "data which could be used for testing formulas (7) and (8).

4. ANGULAR SPECTRA OF PRODUCED PARTICLES

After the analogy of the .energy spectra, the angular spect-
ra of produced part1c1es might be expressed simply as: ‘ '

<A> <A>
T m=k TR S E '
N(Ey,0+d0,8) =0 O % (1me O™ Ny(—-i04d0,N), (9)
m= . N B

where N(Eh~,0_+d9, A) is ‘the number of partic'les produeed in
collisions of a hadron of energy E; with a target—-nucleus of
the mass number A and ejected at angles of values w1th1n an

interval (0, 6 +4d60); the quantity No(—-.-,e+d0 N)is the number
of part1c1es produced in collisions of the same hadron of
energy —-m- with a nucleon and ejected at angles within the

value 1nterva1 (9, 0+d0)

" The n, —dependence of ‘the angular spectra m1ght be written, -
by analogy, as:

_,'l(l‘.?;) . _f_‘.“.gf .
. <)\C max <A me—
N(E,,0+d0,A,n, ) =0 3 (1-e ) _NO-(THL), (10)‘»



where N(Ey , 6+ d6,A, n, ) is ‘the number: of particles ejected
at angles from the value interval (0,0+d6) in such hadron-
nucleus collisions in Whlchlh, protons are emltted from the

target nucleus of the mass number A; N (———-)zN (—.-6+d6 N)is

the number of produced particles in c0111s1ons of the same
hadron of energy j%Lﬂw1th a nucleon ejected at angles within
value interval (6,60+df); other quantitles used in the expres-
sion (10) are of the same meaning as those in the. foregoing
sections.

The energy (8) and angular (10) spectra can differ from
the experimental ones atnp>5 because of possible disturbance
of the monotonous nucleon emission caused by single hadron-
nucleon elastic scattering through relatively large ‘angles,
when recoil nucleons appear of energles hlgh enough to be
able to cause monotonous nucleon emission

There are not available corresponding experimental angular
spectra of the praduced particles which could be used for.
testing the predictions given by formulas (9) and (10).

5. PSEUDORAPIDITY DISTRIBUTION OF PRODUCED
PARTICLE AVERAGE MULTIPLICITIES ' ’

The pseudorapidity, n = ‘lntg‘éolab' distrlbution, denoted
as P (B, TK——-AL of produced partlcle average multiplicity

<ng >"in colllslons of a hadron of energy En w1th a nucleus of
the mass number A can be expressed simply, after the analogy
of the formula (4) for the produced particle average multipli-
city, as:
<A> .
‘A<n>, M Ep Adg > s '
E A) = .-_h-: S ..
( b jyﬁ— )=e : Pr*(<m>'4:Aq 'N)"‘ . ,U})

Eh A<ng >
] A .

of the average mu1t1p11c1tt$s of particles produced in had-

ron-nucleon collisions at-—h oL energy, "N" is for 'nucleon".

where P ( ,N) ‘is the pseudorapidity distribution

The pseudorapldity distribution n, -dependence can be ex-
pressed simply as well:

/\(np)
A<n > ?A0>i' E A<n >
P (E,, T An ) =e P (—t, S22 N, (12)
A p ¢m> Aq

10

where the meaning of the quantities used in this expression
is the same as in formulas written in the foregoing sections.

The energy dependence of the pseudorapidity distributlon
(11) we determine as: : :

P (E Ams)A )
By, A<ng> ¢ 1 Ag A A<nyp’ B,
r ( E o A 3A). N -R( A ,'A, E ). (13)
2h 7 . ) : n
P (B, T .
Using formula (11) the relation (13) might be written as:
1 1 ’ E; <n>
Alap) [ - 1 1h Mg
Aag> By </\0(E1h,A)> <A0(E2h,m> B e
R(-.E—— A —-—) =8 I ol
: EZhAms>. :
P (=—; ~;N)
r AT’
(14)

‘where Elh and Ey, are two different incident hadron energies;

the meaning of other quantities is- the same, as in many formu-
las presented above.

In order to test the formulas expressing the pseudorapidity
distributions of produced particle average multiplicities,
calculations are performed for such input-data:at which results.
comparable with the existing data will be received. Therefore,

the distribut1on (11) has been calculated fosspion collisions
<n

with Pb Ag » andC nuclei, using for P (-E— T-—-— N) ‘values
takep from figs. 12a) and 12b) in thelFaessler et al.
work/4/ at Ng =0, because there are not available other, more
accurate, data.  Using the same input data, .energy dependence
of the pseudorapidity distribution, expressed by formula (14),
has been calculated as well. Results are shown in fig. 5a)
and 5b) correspondingly. The calculated distributions repro- .
duce qualitatively the experimental ones, shown in fig. 6a) -
and 6b) in the Faessler et al. work. Quantitatively, the cal~
culated distributions do not differ by much from the experi-
mental ones as well. ‘

The n, -dependence of the pseudorapidity distribution, ex-

pressed by formula (12), has ‘been calculated for pion— nuc-
leus collisions. at nearly 40 GeV/c . momentum, using for:
Eh A<n >

the distribution P .(— »N) data read out from fig. 12
in the Faessler et al. work /4/at N =0, for. ----37 5 .and

20 GeV/c momentum; as data for,this distribution at momenta

11
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using formula (11); tions for incident hadron momenta
‘b) Energy dependence not available.

n of pseudorapidity

distributions for dif-

ferent targets, cal-

culated using for-

mula (14).

;ylng between 37.5 and 20 GeV/c the interpolated values have.
een used, as data at momenta being -smaller than 20 GeV/c the
extrapolated values have been used, as it is shown in fig. 6

Sgch extraPolation and interpolation give a rough approxi;a-.
glofa but it should allow to receive characteristics of the

ﬁ egendence of t?e pseudorapidity distribution which might
show the same’behav1opr as the experimental ones. Result is
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Fig.7. The pseudorapidity - distribution as a

function of the number np 02 Emitted protons, calcu-

lated using formula (12), for pion- Pbnucleus col-

lisions at nearly 40 GeV/c momentum.

shown in fig. 7. The distributions presented in this figure
correspond to those shown in the Faegsler et al. work/4/.1t is
easy to see that the calculated distributions correspond qua-
litatively to the experimental ones.It can be concluded that
characteristic change in behaviour of the distributions at
3.1<p<4.1 and4.1<p<5.3 is caused by the energy dissipation of
the incident hadron in its passing through nuclear matter.Re-
ally,the produced particle average multiplicities correspond,as
we have pointed out, to smaller hadron energies, being of
%%—=instead of E ,but the values of f%é;ii- at > 1.3 dgcrease‘
with hadron momentum decrease, as it might be seen in fig. 6;
it is mostly evident at 5 values lying between 3.1 and 4.1.

6. CONCLUSIONS .

It has been shown, in the series of the present three ar-
ticles, that our model and description procedure of the had-
ron-nucleus collision process can account for hadron—nucleus
data in terms of our knowledge of hadron-nucleon interaction,
of nuclear sizes, and of nucleon density distributions in nuc-

lei.
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The interrelation between characteristics of the hadron-

nucleon collisions and corresponding characteristics of col-
lisions of the same hadron with a target-nucleus can be ex-
pressed by means of simple formulas.

It enables us to think our picture of the hadron-nucleus

collision process and our working hypothesis, put forward

in

ty.

part I of this series of articles, to be near to the reali-
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