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1. Introduction

Hadron-nucleus collisions have recently attracted much
attention as a source of very interesting information on the
space-~time picture of hadronic reactions. Significant amount
of experimental data are now accumilated, although they still
are not very sistematical. The theory of the phenomenon is
not much advanced, it provides qualitative explanations re-
ther than methods of practical calculstions. To large extend
this is because main theoretical approaches like multiperi-
pheral [1], parton [2], end hydrodynamical [3] models give
asimptotical (in energy) predictions, while for the problem
in question the main interest lies in the middle energies
10 + 300 GeV, where dimensions of the interaction ragiqn' have
the same order of magnitude as the size of real nuclei,

In the present work some model of the phenomenon ig pro-
posed which we would like to call the model of effective tar—
get (MET), Its main idea is the separation of the target nu-
cleus into two pﬁrta, playing essentially different role in
the colligion, The first is effective target which contains
nucleous involved into collective interaction with the in=
coming hadron, similiar to" usual hadron-hadron collisions.

In this interaction the secondaries are produced as separate
physical objects, which may interact with the rest of the
target nucleus in the usual cascade wey. Some egtimates of
the size of the effective target and some simple assumptions
on the interaction with it provide a scheme, which is shown
to reproduce most of experimental observations. We discuss in
particular total multiplicity as a function of collision
energy Eo and atomic number A (84); the spectra of se-
condaries ( §5), also in the "cumulative" kinematical region;
correlations with the number of nomrelativistic protons ( § 6)
production of antiprotons {§T) and meke some comments on
nucleus-nucleus collisions ( §8).

The proposed model is some further development of the
tube model [ '] end agrees with it at high energies ( E.., 2
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300 GeV). Nevertheless some details differs with the variant
of the tube model recently discussed in [5. 6]. The asympto=-
tical predictions of MET are close to those of Landau model
[3, 4], but, which is very important, they deviates from pre-
dictions of parton medel [T] and these deviations are con-
firmed by data. The posgible meaning of it is discussed in.

§ 2, In the same time we have found very reasonable agree-
ment with calculations [Tb. d] in parton cascade model at in-
termediate energies. The same may be sald sbout HET and ener-
gy flux cBscade model .[5]; they are similar at intermediate
energies but dlffer in asymptotics. As for the claster model
[8]s it deviates from ME? both in high energy limit (our
"claster" db not decay isotropically) and at intermediate
energy (our "claster" in this case decay inside the nucleus).
Note also, that at low energies ( E,<5 GeV) MET joints
gmoothly with the usual cascade model. ;

- The advantages of MET are rather direct connection of

space-time picture of the hadroniec reactions with the obser-.
vable quantities and also its simplicity, important for prac-

tical calculations., Of course, simplicity is due to some app-

roximetion end with further studies such type of models will
be substituted by more consistent theories. But now we have
to choose reasonable firsi approximation and the present work
should be considered as such an attempt.

2. The model of effective target.

By the effective target we mean target nucleous which
take part in the collective interasction with the Incoming
hadron. Outside this region secondarios exist as separate ob-
jects, but inside it they are not yet formed, so the system
can be described either in terms ¢f constituents of hadrons.
(parton model) or just by its energy and momentum (hydrody-
namical and enargy flux cascade models). We give no.descrip-
‘tion of this stage of the process, but try to comnect it with
usual hadron-hadron collisions. :

4.

At high enough energieas the effective target is the tube
of nucleous met by incoming hadron on its way through nucleus
[4]s At middle energies it is only its forward. part of the
length we are now going to estimate. All theories [ 1-3] agree
that the distance LfE, needed for particle of energy E to
be formed is ' Yy =

L(E) ,.._mf.E‘ (1)

with constant of the order of 1 fm/GeV, This im 'jus-l:.cnne-
quence of average P universality due to which secondaries
come out at angles ~ 1/E and are separated at distance (1).
There exist many more ways to explain (1). :

Our first approximetion is the choice of some typical

L (E) representing collision as whole. One may take [ (Fouuy) -
where [E mgxis the energy, corresponding to maximum of the

spectrum, that is, to rest in CM frame:

L (Emeac) = €1+ ES® o
Another possible choice is=s L{E-} s Where E. is average

oy LE) = &-E. /< (3)

Since these utimate; are needed only for middle energiesg
the difference between (2), (3) is within the nudeﬁ_mi‘:ﬁmr.
Below we use (2) with Ce= 2y U"W‘E ro and mp are m&uiuﬂeﬁﬁﬂ

Determine mass of the effective target ams

Mot = mn6;, L
where [l is proton mass, /1l - nuclear density, ‘5'£n - had-
ron-nucleon inelastic collision, and L. - minimal of (2) or.
the geometrical tube length L,=2(£‘.— ﬂz : where K 4is nu-
clear radioue emd.P = the impact parameter.

Our next step is the main aasumption. It mekes use of the
known remarkable similarity of apaétra of secondaries in dif-
ferent hadronic reactions (the so called leading particles we
now ignore). We assume that in the collision with effective

(4)
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target the spectra have the same shape as in colllisions with
hadronas, if they are taken each in its CM frame:

{(?‘yt I&}Eﬂlﬂﬂ) = C(H#J'z:}o(y‘yo,& J.Eo) (5}
where !"‘ j;% is the inclusive spectrum, depending on ra-
pidity y and’ transverse momentum P og secondaries, ini-
tial energy F , and the mass of effective target Ma# (4),
Cm‘#] is the normalization factor; and }c yo correspond

to those CM frames:

Ye =%&"z—& ’ ¥°=f&%£ (6)

A8 we show below, many observations give support to relation
(5), that is to the shift of spectra from l}a to '-Jc « Now
we are going to discuss why such phenomenon may take place.
The reader may omit these speculations and consider (5) as
phenomenological observation.

. Begin with the note, that from the view point of parton
model such shift cen not take place asymptotically because
partons, 1f energeiic enough, must penetrate through nucleus
without interaction. Data to be discussed below show such
shift up to highest energies -»----104 GeV, while the so called

leading protons appear at energies ~ 10 GeV in agreement with
thie prediction of parton model. So we meet some contradiction
to the idea that the interaction of psrton depend on its ener-

gy only. This contradiction may disappear if valence quarks
and neutral glue interact differently (see 9 ). The former
behaves as predicted by parton model and forms leading par-
ticles, while +the glue together with the glue of effective
target forms some excided system, decaying into other secon-—
deries. So the rapidity shift ie just a collective recoil of
glue. Essential, that such a picture does not contradict to
famous parton interpretation of deep emelastic lepron-hadron
collisions, based mainly on velence quarks.

To prove or reject these gpeculations one nee.!s new ex-
periments. Anyway they show how strongly such studies are
comnected with the most interesting problems of the strong
intersction physics.

3. Parametrization and averaging over impact parameter.

In order to give final expression for spectra in hadron-
nucleus collisions wé choose some parametrization of quanti-
ties which enter in (5). Thise choice is done for simplicity
and is not of principal importance. The distribution on ra-
pidity of fFF(? we take to be of convenient gaussian shape:

fy 4t = f?’ s %-;% MP[:‘%%IJ

The normalization C (’H#}we take in the mimple power form:

- Malt y

CiMy) = Co () (8)

The use of (7), (8) allows to average over impact parameter
in analitical form.Let us separate nucleus into the following
three regions (see Fig.1): I - diffuse region, where nuclear
dengity is small, so usual !tH collisiona takes place here.
II - region where the tube length [ g < [ (Ewa) aid IIT -

Clear, that at high enough energy region III is absent. The
contribution of these regiensinte inclusive spectum

L@P«‘-F)“
St s expl- 447 .
,efa—,.;e)-mp-{w i a0
erf| [tjo) —mﬂz) l}-«p{ma)‘-z@ﬂﬁﬂ)} (9)

o = (-52) (4‘* T3 Rt oxpf- [i-tee SELT
[ = min(L(Emes, ﬂ“’

where ’!hf Cx'(ﬂ:"‘&"‘fﬁ) . ”‘f(?ﬂ ig error function; and ac-
cording to formfactor measurements
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o 8T 8 _%5-9
%-“ A A (10)

Qur free par&meters are C;, & (3) Cj. (2) ; they are taken to be

C:=11B; L=% ; ;= 21 mg "

The cascading outeide the effective target does not af-
feet much the number and spectra of relativistic parficles
and ig neglected. The exceptions are antiproton production
( §7) and correlations with nonrelativistic particles (§6)
where cascading is egpantial,

4, aAverage multiplicity of secondaries.

The set of data on average multiplicity in proion-nucle-
us collisions is shown at Fig. 2 as the ratio R

R(AE) = i:——ﬁ% (11)

where, as usual, nunrelativiatic particles ( £ 0.7) are
excluded, The left part of Fig.2 shows energy dapendence for
1) C,N,0 ; 2) Al ; 3) Nuclear emulgion; 4) P§, W nuclei
and the right one - the A dependence at high energy (E,z
300 GeV). The solid lines correspond to our calculations.

Anglysis of these data we begin from high energy limit,
for which MET predicta

R(4,E) ='£_._ (A)  por Eo>Ecritiat(R) (12)

whareEmﬁ,ﬁr(A-) is determined from simple condition: L (E )
reaches muclear diameter. Note, that in parton model (12) is
not valid and at E,—ee R(AE,)— 1+ const: A /6. E, [7].
In the hydrodynsmical model [ 3, 4] asymptotics is in agree-
ment with (12). The function {, (4) is shown at Fig.2 (right
part), it is not of simple power form as it was often assumed.
The reason is simple: light nuclei are less dense, than heavy

8.

ones, For A > 15 this function is closme to Aﬁ (dashed
curve), corresponding to of = 3?4 (8). In the parton model
and preagymptotic energies f""ﬁ [".-'] in the hydrodynamical
model the power value is somehow smaller 0.22 + 0.25 [3, 4] .
In papers [6 ] the empirical relation R (E., ﬂ) R(AHE 1)
was proposed, which gives too weak dependence like L .
see Fig. 2.

At intermediate EDEI‘EZL'EE 10-300 GeV behaviour of R(Ea,ﬂ)
is determined by the interplay of geometrical factors and the
effective target length (2). As Pig.2 shows, the model gives
a very good description of the data. '

5« Spectra of mecondaries

The available data on momentum spectra of secomdary par-
ticles cover different kinematical regions, targeta, initial
energies etc. and they are difficult to compare. Fortunately,
the B_ dependence is universal and algula.r distribution is
almost the same ae repidity distribution. At Fig. 3 we show
data on pseudorapidity distributions of charged secondaries
from collisions with Cr and W nuclei at Eo = 300 GeV
[14]. The solid curves are MET predictions. The general shift
of spectra is seen in data and reproduced by the model. Note,
that both maxima positions end normelizations depend on the
seme quentity: the mass of effective target (4).

It is interesting, that at high emergy emnd of spectrum
the A -dependence becomes inverse: the heavier is the target,
the smaller particle yield. The explanation is eimple: this
kinematical region is dominated by collisions with diffuse
region near nuclear edge, which givea smaller part of the
ocross section for havier nuclei. !

The most clear indication o callecti*u nature of colli-
sions with nucleus is the so called "cumulatiwe" effeci [15.].
the production of secondaries outside the kinematical bounds
of colligions with one nucleon. Note, theat the spectrum in
this region is the smooth continuation of that for typical
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collisione, so they are of similar origin.

To describe the spectra of secondaries in the cumulative
region we need to modify assumption of 8 3 about gaussian
shape of rapidity dietribution, not velid at far "tail"® of
gpectra we now are interested in. Since experiments [ﬁﬁ} were
done at rather low energies 6 & 8 GeV it is sufficient to as-
sume, that in the collision with effective target some clagter
is produced, which decays isotropically in the statistical

way:

E-ﬁ%(ﬁ=") = const(E)- exp[- r‘ni-r(”ij (13)

This, of course, coinsides with gaussian for amall I’,“j’-- g
At Fig. 4 data []6] for T at D,M,Pf are shown,
together with data [13] "transformed" to E, = 8.4 GeV/c
from 19.6 GeV/c with the help of Feynman scaling, shown for
the comparison. The curves correspond fo M= 2.41'}1’, and
Metl=My» that is, for PP- collisions. As seen from the
Pigure, data are well described by the shifted spectrum in
agreement with our estimates (4) for Meff , which for 8.4 GeV
give =2.4ms. Such approach to cumulative effect can easily
explain why the slope of the spectra do not depend on A for
A 2_ 27: the quf is not changed, all heavy nuclei for such
small L (EooJworks identically. The account of edges makes
agreement even better, Note, that similar "eclagter" explana-
tions of the effect have already been proposed in [_4-::] and
[17], and in [4c] even the value of Meff has been estimated to
be 2.4 m,, .
But only the present -model explains the velue of Hpﬂ
end connects it naturally to many other observaiions on had-
ron-nucleus collisions.

6. Correlations to nuclear response
Tn the discussion above an essential role was played by

geometrical factors and nuclear density distribution. It j=
degirable to eliminate such trivial factors from the congide-
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ration. To some extent it can be made by the studiea of cor-
relutions with nuelear response, for example, by studies in-
stead of A -dependence the Nﬁ dependence, where N,fl is a
number of ninrelativistic protons seen in emulsion. One may
think that A, is in strong correlation with effective tar-
get mass Melf with relatively small fluctuations. If Mepf(A})
ig determined, we can use directly (5) without averaging over
impact parameter (§ 3).

For high enough energy MET leads to factorization of
dependence, similar to A -dependence (12):

R (E., N) =4 (N) (14)

As is shown in [‘H], for B, =70+ 10 gev agrees with (14).
Themﬁ_omparisgn of Fz(‘uﬁ] and ﬁ(ﬂqﬁ,ﬂ) give the relation

N ori™ (Mot and so we are able to calculate spectra

0y, N,) - They arve shown at Fig.5 together with deta [15]
at 200 GeV. Again, like in the case of /4 -dependence, one can
gee the shift of spectra toward smaller rapidities. For very
large Nl; > 30 the observed shift becomes larger than predic-
ted by MET. To ascribe this to higher H&H is difficult for
H@H then turns out to be unreasonsble large. lMore possible
explanation is that events with large M‘ corresponds to de-
veloped cascade and udditional shift is just widening of angu-
lar distribution due to rescattering. To clarify this point
further studies are needed. For typical Mh ~the agreement is
reasonable.

7. Production of antiprotons

The data on production at 82’ P targets at 24 GeV
[18] are shown at Pig. 6 together with predictions of MET.
The agreemeni is very nice, but one has to remember that PE
data are only for rather. energetic 'P" . Due to relatively
large snnihilation cross section for 'E with momenta less
than 1 GeV they may be absorbed. So in this case the cascading
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is very significent., This may give better understanding where
inside nucleus such particles are produced.

Some estimates from below ia the account of the contri-
bution of regions I and II (see Fig.1) only, assuming that of
region III to be completely screened out, This is shown by
the dashed curve at Fig.,6., To have gome data on this will be
very interesting., This question have important applications
for P‘F-» colliding beams projects prepared now in Novosibirsk,
FNAL and CERN. The absence of datd on slow F on heavy tar-
zets do not allow to estimate the efficiency of the conversion
system.

8. Nucleus-Nucleus colligions

This topiec is not, of course, so fundamental, but still
it is going to be studied, first, because it is more suitable
for colliding beams and second, it can lead to heavy particle
production which are not availeble now for - collisions,

Our comment is that in nonasymptotical region both par-
ton and hydrodynamical models give the same and very simple
prediction:

g!.;..fa) it ok ke %—?ME”- (15)

where F, is CM energy per nucleon. At E = 100 GeV par-
ton model predicts dip in the middle, where gﬂﬂ*ﬂ% :

¥

while in the hydrodynamical model (13) is valid for eny energy.
9. Conclusions

Interaction with the effective target as whole is shown
to explain the shift of the spectrum to lower rapidities. All
data, from cumuilative effect at 8 GeV [16] to correlations
with N, at 10% Gev [15], clearly shows such shift in quen-
titative agreement with our estimates on the effective target
dimensions. The sbsolute number of secondaries is given by
these estimates for various nuclei and energies with 10% accu-
racy. Whether such shift is only phenomenological or it has
gome deeper ground still remains to be seen,
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Figure captions,
Fig., I. Three regions of nucleus., I - diffuse region, II -re-

gion, where the tube length [pg. <L(E) , III -

Ltw‘c ?L(E)
- n

Tig, 2, a) Energy dependence of Rp = —*“2(“ py + Solid curves
are the model predictions for collisions with nuclei
CNO (A=I4), Al (A=27), Emulsion, AgBr (A=95), W -
(A=184) and Pb (A=207). Data are taken from:
x -~c[5) & - (cmp), [108f o - cNo [1ov];
¥ and ¥ = Al [I0c ; I0a] respectively; @ =- Em-
ulsion [10d,5}; & ~w [14]; O - v [Toc].
b) Dependence of K4 on fhe atomic number at the
high energies E'Z 200 Gev, Solid curve is our mo-
del predictions., Dashed curve is a simple power form
parametrisation [ A= 0.63 Ax « Dashed-dotted
curve is the prediction of the model, proposed in
E M
{ ]* Designation of the datun points are the same,
except @ , which correspond here to Cr [14]; Emui-
o sion [ 5]&11:1 AgBr [Iﬂb] Tespectivel}, :
&. 3. Pseudorapid '
e pildity distributions of charged secondaries

in pW (a), pCr (b) amd PP (¢) collisioms for the pri-
mary proton momentum P, = 300 gev/c, Data are from
[14] 0 - pW; @ - por.

n
Cumulative™ effect, Solid lines represent spectra
for collisions with effective mass Maf =2.4 “p
. f i g
(a) and Meff = m13 (b). Dashed and lines at the left

and right side show the kinematical bounds for T
production in Pp-collisions,

Fig. 4,

Data are @ . pPb;
O -pAl, B -pd (I6]:
G distribu :l.u;‘:lé = St el [IE}].
g e; orapidity of Secondaries for fixed N. for
bprimar¥ proton p
2 omentum D, = 200 Gev/e, I) Ny =5,
h = 15: 3) Hh'. =30- Pﬂ'intﬂ & ,e,

O res
are thﬂ datm Par&mEtriEﬁtign’ Pectivﬂ'l}'

obtained in [IEJ‘
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