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Abetract

Two kinds of collectivity: the interaction of praojectile
with collective states of target and the final siate interacti-
ons of gecondsries are congidered in detail. The former ome
may be responsible for cumulative particle production, while
the latter one influences strongly on the compesition of secon-
daries, produced in central region. The crucisl experiments are

congidered.
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1. Introduction

In our previous paper [1] we have consldered some most

‘popular applications of cascade description for hadron-nucleus

collisions. Let us remind, that the main adventage of this

approach is the reduction of complex hadron-nucleus interscti-
on process o a more simple sum of hadron-nucleon subcolligl-
ons. Its applicability implies essentially, that the characte-
rigtics of particle production process in each hN-subcollision
are not affected by the presence of other subcnlliainna1). In

such & way they cen be extracted from independent measurements,

e.g+ from the data on perticle production off free nucleons.
As a result, one has a number of paremeter-free guentitative
predictions, which can be easily tested by experiment.

Unfortunately, the multiparticle production prﬂcéaa is
mogt probably a rather soft one. At present accelerator ener-
gles the sizes of production volume exceed the internucleon
distence in nuclei, and more than one nucleon can be involved .
in the ssme production processs By other worde, the mutual in-
fluenss of subcolligions mey be very essentisl and one should -
expect for quite new collective phenomena to appear.

Up to now there is no clear answer for & question, whether
any collectivity does really %take place. The point is, that the
moat studied characteristics like the A~ dependence of multi-
plicity of secondaries, the rapidity shift of their spectrs
toward the nucleus fragmentation region, etc. are as well
explainsble [3,4] within the pure cascade picture. Moreover,
some attempte are kmown [5] to explain the production of cumu- |
lative hadrons by their multiple intrsnuclear rescatterings.

An sdditional difficulty is that the deteiled characteris-
tiee of the collective processes in question are quite un-
known, sinee the description of such soft hadronic interactions
ig etill en unsolved problem. Any phenomenological input'is
only e gquelitative idea, and in contrast to the cascade picture

R Wote, that the same approach underlies the hard scatiering

modele tsaa,'eog. Ref.[?i , where the process of parion hard |
scattering ocours et distances being very small in comparison |
with the interparten ones. In these modele the hadronization of
acattered partons is assumed to be unaffected by the hadroniza-
tion of other partons. o Bl ST
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it sllows only ghelitative estimates rather than quantitative
ones. In particular, the pregence of any "noncollective back-

ground®, being able to imitate the collectivity manifestation,
makes the verificstion of collectivity quite unreliable.

In order to avoid this problem in our work we consider
mainly those of collectivity manifestations, which either have
no "background" at all, or the possible "background™ has a
qualitatively behaviour, being incompatible with data.

A1l the effects considered below suggest one of two poa-
gible underlying collective phenomena:

(i) the colligion of projectile with the collective (quan~
tum) state of intranuclear nucleons; below we refer it as
the "initial state interactions™ (sect.2), and

(i1} the mutual interactions of secondary hadrons, produ-
ced in different hN-pubcollisions, the "final state interac-
tione™, resulting in formation of collective system (Sect. 3).

The influence of the initial state interactions must be
most essential in the nucleus fragmentation region. Usually it
is congldered in cemnection with the "eumulative® hadron pro-
duction. In the Prank{rrt-Strikman model [G] the target collec-
tive state under consideration containeg a fast nucleon (moving
toward the projectile), while, in the flucton model [7] the
corregponding target atate is the leeal fluctuation of intra-
nuclear density. In sects. 2.1-" the predictions of both models

for cumulative K,p-production off deutrons are shown to be a
clear test to choose between these models.

&-varﬁ popular phenomenological ides known as “coherent
tube model" (see, for a review, Ref.[B]) is considered in
sect.2.3. I{ assumes, that the whole "tube" of nucleons, lying
on the way of projectile, is a quantum ataia, which intersct
with projectile like a single "effective hadron®. Both the
grounds end applicability limite of this idem are not yet un-
derstood. We demonstrate, that this model, as well as its re-

cent developments [9] have serious troubles in the whole kine-
matlcal region.

The final state interactions are expected tc be most im-

L 4 ——

portant in the central region, where the densgity of secondari-
eg is maximal. There are known many theoretical attempts to
isseribe tham. The oldeat one ig presented by the Leandau hydro-
aynamical model (L) f10] , which essumes the interactiznbt:
be go strong that hnty.the projectile and nucleons of :migal}
aLpear +% be involved in the common collective (hydrodyn

process from the very beginanlng of sollipion. Recent studles
r19-44] have ghown, that LHM provides e reasonsble description

not only for the most general featuraﬂz}, like the totel multi-

plieity and rapldity distribution of agscondaries, but fortinr ’
mulative and high-p  hadron production. An interesting & emi.
so account for the recoil nucleons and leading particle effects
has been developed in Refs [15], where the hadronic clugber -
der congiderafion is in many raspgcts very close tg the hydro-
dynamical syestem, congidered in LHM.

However, the most of the sbovementioned featuree can be
reproduced aleo within the pure sascade spprosch [3-5], and =
therefore the existence of nnllautivity requires for more Trelli-
able test. We expect that such a test comes from ntqu of par=-
ticle cggpog;!ion.of'aauundsrien- In sect: 3.1 we demonsirate
that its experimentally observed A-dependence can hardly be

roach. In gect. 3.2 we
compatible with any purse cascade app .
show, that the same data can be described by = gimplesgt parame

ter-fres version of LHM. A% last, in seot. 3.3 we discuss
priefly the possibility, that the process is not collectlive
fvom the very beglnning, as it is assumaq.hr LEM, but the col-
lectivity srises at the final stage of cescede process, assu-
med by conventicdal sdditive quark model [3.4].

The raaults-uf this paper are uuuma:imaq ;n "’#'.4{ while
in sect.5 Sormulaté the mein results of the whole study inclu-
aing slso our previous paper 1. | .

T Lot up mote, that LEM is probebly the only theorsticel model,

which Mad o long
: : ted the main features of collisione
hufogd"thnp:::::u;uhﬂins dsta beceme available.




2. Initiel state interactions

When the projectile collides the nucleus, it meets some
collective quantum states of interamcting nucleons rather than
& simple set of free ones. The role of such quantum fluctuati-
ons is most importsnt in the nucleus fragmentation region,

where they can be responsible, for ingptance, for the cumulative
hadron production.

The simplest example of such fluctuations is the Fermi mo-
tion of nucleons, resulting in some Doppler widening of sscon-
dary particle spectra. However, its influence is rather small
and can be neglected in comparison with other nuclear effects.

Another but likely more importent phenomena are the multi-
nuclean correlations at small distances (r ~ 1 fm). There are

inown two extreme wayes [E,T] to freat their influence on (cumu-
lative) hadron production.

The model [6], proposed by Frankfurt and Strikman, congi-
ders such correlations as e high-momentum ¢omponent of intranu-
¢lear motion of nucleons, being some generalization of Fermi
motien. It assumes, that such correleted nucleons keep their
individuality end their momentum digfribution is governed by the
short-range behaviour of internucleen potential.in additimal assum-
ption, concerning the production mechaniam, is that each of
such correlated nucleons interacts with proj ectile and contri-

butes to the cumulative particle production independently, i.e.
cascade approach iz wvalid.

In contrast to this picture, the flucton model () [7 ] as~
sumes that the whole configuration of correlsted nucleons in-
teracts with proj ectile as a single "effective hadron®. In or-
der to calculate the particle production off such an teffective
hadron it assumes also the validity of guark counting rule [18].

Each of these two models describes well the p:T = produc-
tion. In sect. 2.1-2 we demonstrate, that their predictions for
cumulative K,P~ production off deutrons differ drastically
and can be a good test for underlying mechaniam.

A very popular idea is known as the "coherent tube model”

(cut) [8]. In contrast to FM, which congider the figietnz:a-
nuclear fluctuations, CTH implia: tz:: t?ztziziza w:th e

wing on the wey of projectile :
zzizzjn:efie:iive hadron®. Despite the external attract1vi7§1;§
thig idea, its grounds are quite uncleer and maytbe wr:ziuce
Beiow (mect. 2+3) we demonstrate that,ie unable to rep

the current data on K,p-productlon.

2e1 ..'Inti-gunlear motion of nucleons {,II.IHE

Thig effect deforms the particle specira ma.inlyulin ::e =
nucleus fragmentation region. In particular, it res 2 :,hini =
ticle production in the =0 called "cumulative regiI:; ;mfests
kinematically forbidden off free nucleons. Since e
itself completely in colliainndwi:h 1i§1:;:stw;::.e:;; re_seatm_

neideration by the deutron 5
zi; :.nui Z:Isl:rptinn effects are small and, probably, can be

neglected.

The momentum distribution of IMN can be dividaa_;ﬁzzhfzze
components [ﬁ]: P= FI_; ~ 0.3 GeV/c and P?FFM; :’H]m)
e :itm;:ez;?mf::if in the no;.len-

. e former comp :
:z:?::.ziilitr potential. The latter nne_carreaponde ;i:he
short-renge interaction of nucleons at distances cumparathe =
with the radius of nucleon "core" I;~0,5 fm. Although

lative weight of this component is emall iflﬂr daut:::ve dan
5 gy t ite influence on e cumuletive
Wyme ~ 45 per cen 1,

production can be very important 6]1.

Let us congider the hadron-deutron colligion in antilgb.
syetems D+ h — h+X. In this case the cumulative hadron pro-

(- ik e sumi -
duction corresponds to Xy > 0,5, where Xp = FL,/‘ A t;ﬂ mﬂ:_
that only one of the deutro:p nucleons takes part in e-p o9
tion of h , while snother nucleon is only a "spectator®,

3] —r ; the growth
in Ref. [17]reflect only
(nﬁ%‘i@) a‘éiﬁaﬁ;:?. :Enmtip[ii ength, itherefore they are

ents, being
not sufficient basis for CTM, Moreover, these argum ita.-hi-

emen parton dyneamica result in the qual
¥ pldifit.gh:yqaggk#partun eagcade model, At laat, cgutizﬂga
::rg dnuﬁgu;l. ia high—pi and cunulative ragim, wher
¥e

arguments fail complete
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comes to the formulae[6 J:

dN = Z
EE;,—P(K ' P) ]:Z‘ jdskl‘i’wl Eﬁ(&rg-i—m (2.1)
Db >l pn

N+h+h
(K) is the deutron wave

.+c80 be taken from independent direct

measurenents. Thus eq. (2.1) '
. . provides predi .
s P ctions with pno free

here o= 42(1+ Kﬂ/ii'-zﬂ"’l,,i) , Y

function and spectra E

- In our estimates we use the simplest parametrization of
ta [13] on proton fragmentetion Pﬂt-lit,ﬁ' :

E;%ip = “P[Cn + Gy In(1-X) - (ff+ mé}uz,r'«r] {2.2)
pBe -k

where T = 0.14 GeV and fitted paremeters (»,C; are shown
in Table 1. We neglect completely the target d;pandanc.a of

ton fragmentation, sssuming Eﬁfplw-_.g ~E ‘B---lf i besid -
- apsume for neutron fragmentation Eﬂf-f : *®-E . 4
where from the additivity of valanaipu? ;rﬂks one h:m i

i + -~
for h=K" and o=1for h= K » P « Concerning the deutron
wave funciion we use the modified Hamada~Jolmston one [19]

The estimed yield and slope parameter B , defined by
N
u — L

are p:.uttad.in Plg. 1+ Dotted lines correspond the Fermi motion
only (with cuttoff in eq. (2.1) at |k|= 0.3 GeV/e ), while
the danhurnd onee lnelude the contribution of HMC too.

2 Although the relative weight of HMC ig emall (~ 5 per cent)
xs nnnf;ﬂhu#a_n dominates over the Permi motion at ;
X 2 0.4-0.5. But the most interesting feature is, however,

th k p-
the uung:!:derahla broadening of P - dietribution of secondari-
es, produced in the cumulative reglom. ' ;

7 .It% nature ig very simple. In fact, taking a particle in

e cumulative region one selecte the events, when the ccll.t--

.dad nucleon has & large momentum K,, towards the projectile

Since for HMC one has |‘Pfiﬂtz o Mt w(ulr K_f_]—z -tha
| ]

sorresponding trangverse componen® of K is also large
{kp» ~ Ky . Thus the larger X ig the larger Ky =md <K>

are, and tha larger smearing in Fj_ shonld be expected for
spectrum of produced particle.

Let us stress, that this result assumes essentially, that
the spectator nucleon, keeping a belancing momenta -K does
not teke a part in the production procees, leaving the produc=
tion region without interactions. ‘Quite oppoeite possibility
ig coneidered below as & flucton model.

2.2 Flucton model

Let us agsume now, that at distances r~re (r: is the
nucleon "core® radius) that the both nucleons of deuntron in-
teract with projectile like a pingle veffective hadron®™, ra-
ther than two separated particless In this wey the production
procegs involves the whole system. Supplementing this picture
by the quark counting rules [16] %o sccount for production off
thig "effective hadron™ one comes to the so=celled flucton
medel [7]s ' LA

vn deutron case the flucton eontribution ie given by the
tormulas [7]s

ol EG P
o 5 Dh->h

where U{E ig the weight of flucton state, the damping factor

(1—)(}2’1 [T] tekes into account the existence of n exira

spectator quarks as compared with Nk=K fragmentation. In K,E

produetion one has .M = 3.

Since the value of Wi is not well defi:iﬁ'n in our esti-
mates (Pigs 1) we assume 1%h = 0.05 end 0.1 (solid curves 1
and 2). For K ,P produstion flucton model predicts E.are copi~
ones yields than that could be due %o HMCG, but for K product.-
on the predicted yields are comparable.

'ﬁ—ff“ (2.3)
Nh= K

4) hecordingly to [T} 'U"ﬁ! = 0.03=0.11 from measurements of
deutron fpm-fal:tor.



Another inferesting feature arises, if the f, - distribu-
tion of fragments of "effective hadron® is the same, as that
in fragmentation of "ugual" hadrons. In this cese one expects
no broadening in F at all. Thus the study of f, -distribution

provides a good test to™ e«':].neﬂ...*:',, what the mechaniam (EMC or
flucton) dominates.

A very interesting picture cen be, if HMC and flucton ef-
fects coexist, corresponding to large end small internucleon
distances. In thie case one expects a nontrivial dependence of

f;, - distribution on X : at some X , where HMC dominates, a
broed meximum of (r-f} ie expected. Moreover, such & behaviour
ie to depend heavily on the type of final particle, because the
relative contributione of mechanisms depends on it.

At last, let us add two warnings. The first, our paramet-
rization by eq. (2.2) is rather crude, especially for Pt - dis-
tribution; moreover, our additional assumption on proton and
neutron fragmentation can be ungatisfactory too. Nevertheless,
the qualitative picture is not sensitive to this details. In
any case, the recalculation with the corresponding more accura-
te data has no problemes. The second, we neglect completely the
triple-reggeon mechanism, being essentisl at X — 1. Its con-
tribution violates strongly the quark coﬁnting rules in K*-

- production, but for K, % production its influence geema to

be not so strong [zn]. In any case, this question deserves an
additional study.

2e Coherent tube model

This model 1g based on the idea, that the characteristic
longitudinal length of "coherent" hadronic interaction growth
'with the projectile energy. If this length exceeds the nucleus
diameter, the whole "tube" of nucleons, lying on the way of
projectile interacts with it like a single "effective hadron®
(having the tube queantum numbers). In the forward hemisphere,
where the target quantum numbers are unesgential, ome has [8]:

‘tu?uH(E‘:LhP) s ‘Fh,,”{EhEav,w&v, p,) (2.4)

— 10 —

—

—

where f;Eﬁ;ﬁf , and V 1ia the number of nucleons ineide the
P
‘l:ub&.

In the tube fragmentation region egq. (2.4) fails, because
one sghould take into account the guantum numberg of tube. In
order to do this, it ie very convenient to rewrite eg. (2.4)
in antilab. system of reference:

' x.p) = 4 (EsviX,p)D0V,X) (2.5)
\Q[ﬂhh[fr:x:P} 'ﬂﬁh( ﬂ”: 1&) !
If one neglects the tube quantum numbers, O(V,X)=1 . In the

picture, developed in Ref. [9] the estimates are obiained og}
the basis similar to that for the quark counting rules [16]°':

D, X) ~ fi_-}(}zn (2.6)
where N is the number of spectators, being aﬂ&itiuﬁg to_ thowme
in Nh - collision. If one treats the whole tube on the quark
level [7] one has n=3(v~1) . Another estimate [9] n=(v-1)
arises, when one assumes that the only nucleon participates in
the backward {(cumulative) particle production, while the rest
of tube nucleons are the spectators only.

Returning in the lab system and averagi’pg 8gq. (2.5) over

the tube length one obtains .
Eﬂ%; =) PB,(v): D(v,...) 7(“;(&""#*5“': p (2D
" lnAE,

The resultas of our numarical.estimatea for OT defined as

I = ln (Eg‘i‘l’;fpw /Eg-';'—.PLH)/&_(mm)_ (2.8)

are shown in Pig. 2. As input spectre we use the paremetriza-
tions, obtained in Ref. [1].

In i‘urward cone CTM 'pre.ﬁiuts ol =0 (& >0) s 8lnce the cor-

regponding input spectra scale (or increase) with incresse of

E, » while the data [18] show o <0 ., In central region the
CT™ predictions:

B} Por inetance, compsre it to eq. (2.3).

i Y i



dyp < dp
ere aleo at variance with data [21,22]. At last, CTM under-
estimetes considerably the A - dependence of K*- gpectra,
but overeetimates that of antiproton production.

The whole disegreement in central region becames more
dramatic, if one takee intoe account the intranuclear demping
of secondaries (Pig. 2, dashed curves). Hemind, that thie dam-
ping results in considerable broadening of Fé" dietribution

of slow secondaries (3&&;6 1), which can be eagily revealed by
corresponding measurements. -

‘Recent measurements [24] of Ktspa-atra. (pTa, E.=400 Gev,
. =90° ) have shown, that both P~ distribution ema +/-
ratic are practically the same as thoge in pp-ﬂulliainna; ;:.".‘ur-
responding predictions of O™ are shown in Pigs. 3,4.

Firet of all, the predicted Et - digtributions appear to
be considerably wider than the experimental ounes, even if one
does not take into mccount the intranuclesr rescattering of
secondaries. The K+/ K ratio is significently overestimaied
(Fig. 4). When one takes the intranuclear interactions into
accomt, the agreement for the ratio becomes better, but the
gnrraspn;:ding Pt -~ distributions are incompatible with dats
(Fig. 3). Note, that the dip at E&“O seen in K - spec trum

(dashed line) reflects the fact, that slow K are completely
abscrbed by nucleus. :

Thus we conclude, that CTM does not work, at least, in
the central and nucleus fragmentation region, while in projec-

tile fragmentstion region more accurate data are needed for
the final conclugion.

At last, let us note, that the data ['24] cen hardly be

compatible with cascade models, including that considered in
‘Refs. [5-T] + The momenta of keons [24] are small: p~ 0.3+0.Gevk,
and in the frameworks of ihese models they are produced meinly
ingide the nucleus, therefore the absence of intranuclear in-
teraciions of them looks very surpriging. Thus, the data (24]
cen be considered as an evidence for these kaone to be produ-
ced either outeide the nucleus ss result of decay of some
-long-lived hadronic system [10-1 2:15], or from the "hot spots®

T

on the nuclear surface [25]. In any case, this question deser-
ves additional both theoretical and experimental study.

3. Final state interactione

Let us conslder now the multiple strong interaction of
secondaries at the final atage of hadroproduction process,
when the density of secondaries can be enough fo provide their
kinetical "mixing". If the mixing is strong enough, the multi-
partiele production process is not a sum of independent ones
in eech of the intranuciear hN - subcellisions, but it goes
vig the formation and decay of some eollective system.

The influence of collectivization must h“g'nfgtirssantial in
the centrel region, where the denslty of secondaries ls maxi~
mal. Correspondingly, all the effects, discussed below mani-
fegt themselves mainly in the central region.

The most outstending one is the specific A - dependence
of composition of secondariese« In gect. 3.1 some model-inde-
pendent considerations demonstrate that the current date can
herdly be compatible with the pure cascads picture of multipar-
ticle production.

The more deteiled consideration of collective phenomena
is given in sect. 3.2, where simplified Landau hydrodynamical
model [10] is congidered as the case of "extreme” colleetivity.
This model assumes the collectivity to be quite essential from
the very beginning of hA - collision. However, such charecte-
risticas, as the particle compoeltion of secondaries and their

Ff- distribution are rather insengitive tcf processes at the
initial stage of collision. Therefore, one expects the corres-
ponding menifestations of collectivity to be the same, even if
the collective system in question is formed af final stages of
(cascade) process. In sect. 3.3 we demonstrate that such a
collectivization can teke place, for instance, during the re-
combination stage of piecture, considered in the additive gquark

model [3,4].

=13 —



3ea Model-independent conglderationg

Let us formulate the main difference between the cascade
end ccllective pictures of particle production.

By the cascade process we meen the branching one, where
each branch has individual kinematical constraints.

If it ie not the case, and the particles, produced at
different branches are strongly "mixed® kinematically by their
mutual interactions, we have g collective process. In the
exireme case the only remaining kinematical constraints are
those for the collective gystem as a whole.

Consider now the A - dependence of production process.
Inereasing A in the cascade picture we have more branches,
the mean energy of subcollision decrease, and kinematical
restrictions become more essential. So, one expects that the
heavy %o 1light particle ratios must decreese with A . In
contrast, in collective picture the mase and gizes of collec-
tive syetem grows with A » the kinematical restrictions beco-
me less essential and the game ratios must increase with 4.

The current data [22,23,25] are rather scarce, but they
show (Fig. 5), that®

ddkf}.lr = O{‘K—'ﬂ{‘ﬂ' >=1 {3-1}

80 the keon multiplicity grows with A faster, than the pion
ones Bearing in mind that the kaon to plon ratio grows with
the colligion energy too, one may conclude, that the kinemgti-
cal restrictions are legs essential for larger A s and col-
lective picture is more preferable.

For antiprutnna the data [22,23,26] have large errors and
are not so comclusive, but somse trend for doﬂ"ﬁ'fﬂ' >0

ig also seenr”« Hote, that the data on ul'.'p' and fiqr' are avall-
6)

RN s i expect also oy~ >0 . Howe-
ver, the conditions for meson end baryon production are diffe-
rent even in the thermodynamical plcture [10]s the chemical
potential ig zerc for the mesonsg, while for baryons it has so-
me nonzero (stricly speaking, A - devendent) velue becense of
contribution of p rimgry baryons.

| TR

Where of 1s defined by #it Eagij o

able only at rather different 3&4 and their comparison is

not meaning™ul. : |

. In the pure cascade plcture, considered, e«.g. in Refs.
[3.4] one has no reason for excessive gtrange meson prudu:ti;
on, moreover, one could- &:Epact the suppresgion of their yields
in comparison with the yields of more light pions.

At the first sight, the experimental A - dependence of
particle composition

; = ~ -2)
ﬂd_t+{j’w+ b= ﬂg‘{tj'ﬁ (3 .

together with the observation, that [2‘7 ]

Gﬁf.'\r < 6Ny < Qpry (3.3)

suggest that the different A - dependence of particle spect-
ra is the result of different intranuclear absorption of se-

condaries. In order to verify this guess, let us estimate 1:1.1:
"original® A - dependence of (undamped) apeet:i*a, agssuming i

] No{&]‘ r\.&m}
to be the game for kaon and pion production: a{K+ K at

The intranuclear dmpi.qg of particles is given by the factor

th ~ exp [— - (Gin i f] (3+4)

where = 0.17 nucluun!rm3 is the intrmunlea‘::;‘ deneity, *
gtands for the intranuclear path. Diﬂa:_:-ence in ebsorption for

pions and kaons results in
¢
d Dk) = - 1+ ](Sn) , ~ i) . (3.5}
S w ™ Jah [5‘(33:)] (G I“WN]JEA

where £ ie agsumed to be the same Eor l:u.nnf F}ﬁdfiu;m. Let
us accept for a crude estimate { ~ Kfuucleus) ™ A .

Using [27]
8

one obtains

K+N.~‘|‘Imﬂ, Ox-pn ~19Imé  omd Cgty ~22lmi,

Dolytjqs ~018,  Adgyg- - 0.06

which are in fair agreement with dats (see, Fig. 5). 2
: s
However, let us estimate the "original" values & for

ungumped spectras

—
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)

= 5 o .df:- ™ _1_. - - v .
. dh + (scn}m nd'nﬂ !ih'i' k3 n-R [E*'“'hm‘ (3.6)

where G{h s.;f.ndq f_‘ar obgerved A - dep.ndence. Numerically,
one has of'ﬂ-J‘* of.ﬁ,éJJI ~ 1e¢2=1¢3. Svsh a velue is oo high in
view of current cas:ade models [3.4]. In any case, it meens
that the irtranuclear absorpiion of secondaries muast be guite
esgential and neglect of 1t [.’:‘-,41 ma'ies meaningless any compa-
r‘gon with data.

A more fatal contradiction arises, 1f sne asstmes the
seme intrenuslear path £ in order to estimaie the "original®™
A - /deperndence of antiproton spectra: the corresponding value
oy ~ 18 > oy ¢y whicn is again incompatitle with the pure
cascarte picture.

Hote, thﬂ: :::*1.1:“:‘11 estimates provide che lowes: limit, since

ve sgsume ol ~ol; , while in pure cascade picture one ex-

i) io}
pects ol < "":-.-r « Moreover, the formation lew~- for heavy
particles should be shorter, than those for ‘ht ones,

and for corresponding intranuclear patiie one has, at least,
A
,r -

Thus the A - dependence of particle composition cennot
be explained by the influence of intremuclear abeorption of
secondaries. The only oren possibility to account for it in
the pure cascads spproach is that the meen elementary produc-
tion process in hA- collision differs ‘rom the process in

hN - collision (say, the relative contribution of hard pro-
cesses grows with A , resulting in relative growth of heavy
particle production). Unfortunately, tkhere is no model for
such a phenomenon. Instesd of it, we cousider below another
possibility, aseuming essentially the collectivization of se-
condaries (at least, at final stages of production process).

3.2 Lendsu's hydrodynamical model

The main apsumption of thig model is that the hadronic
interaction in the multiparticle production process is eo
strong, ,that the classicel hydrodynsmicsl description is valid
from the very beginning of collision. The whole process is.

-

schematically divided into three stages [10] : (1) the compres-
gion stage (which results in formation of collective system),

(11) the hydrodynemical expension and (iii) decay of hydrody-

namical system into final hadrons.

Although the predictions of this model are [11=14) in =
good agreement with current data, the gquestion, whether this
model is credible, is still open. The most unreliable assump-
tion is that the hydrodynamics is applicable at earliest sta-
ges of collipion [28,29]. Probably, it can be verified [14,30]
by the detailed study of high—& hadron production.

In this work we congider the features, reflecting the
collectivity at the final stage of collision, which are rather
ingengitive to the specifies at earlier ones. Therefore in our
estimates we restrict ourselves by a crude assumption, concer-
ning the characteristics of initial state of hydrodynemical
gystem. '

We assume, that the initial state, of collective system,
formed in nucleon-tube colligion is similar to that produced
in the nucleon-nucleon one (for detalles see Appendix):

T (E.,v) = T; (E.-wiw), 1)
S;(E.,v) = S; (E.-wivl, 1)-6 )

(3.7)
{; (E.,v) = £; (Eorwriv), 1) -6 (V)
with :
/2
w) =2, s = (1HX) (qss

where T;‘_,Sf, and f,: are the initial temperature, total enth-
ropy end initial longitudinel size of hydrodynemical system,
and V etands for the number of nucleons inside the tube.

The main feature of ege. (3.7-8) is that they relate the
characteristics of nucleon-tube collision with that the nucle-
on-nucleon one at lower energy E; = Eorw(v) ﬁ_;e::izsﬂ-"!v s 40
contrast to the goherent tube model [8], which implies that
Bi = F,-v . In particular, hydrodynamical model predicts [12]
the narrowing for the rapidity distribution of secondaries,

L o 1?—



ingtead of broadening, predicted by CTM.

Another feature is that the initiel state of hydrodynami-
cal gystem is Gly) times dilated in longitudinal direction as
compared with the "similar" nucleon-nucleon collision. Strict-
ly speaking, it means that the longitudinal rapidity distribu-
tion of secondaries must be even narrower than that in corres-
ponding "gimilar" NN-collision, because of more essential
transverse expansion. Obviously, in this case one should ex-
pect elso the A- dependent broadening of traneverse momentum
digtribution.

For smimplest estimates let us neglect the transverse hyd-
rodynemical expansion at all. In this way the relations (3.7-8"
are valid up to the final stage of hydrodynamical expeansion
and for finel particle spectra one has:

Ej*;f = am- E}E‘-;) :
L Eo= E,-0(v) Pt
N-tube NN
Since the pion multiplicity is proportional to the entropy. of
hydrodynamicel system, one has Qg(v)= G(V) . However, the mul-
tiplicity of sagundurar K,ﬁ‘ grows with entropy faster:
ag ¥ ¥ [e0)f, p>1 becsuse of the influence [31,32]
of (strangeness/baryon number) conservation lews. So, one
expects f~2 , if the mean multiplicity of particle in questi-
on is smallt: <N> «1, and p~1 for (N> »1 . This fact
accounts [30,32_] for the energy dependence of particle compoai-
tion of secondaries, produced in the central region in hadron-

~hadron collisions. For example, parametrizing the energy de-
pendence

Ef—lgg-‘ﬁ S (E%;L;“)P

in the ISR energy interval one has [33] :

B ~16, pp~19 {339)
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Becguse of lack of such dais gt FHAL and IHEP energies we con-
sider below ‘he both extreme ceses: [ = 1 and P = 2.

Averaging eq. (3.9) over the nucleus one haua)i
r N
Edl| _ 7R 66 E T (3.11)
Ple, ¥ E!=E, o)
N4 e (Eofv, 1)
| NN

The regulte of numericel estimates for az (gee eqs (2:8))

are plotted in Fig. 6. The data on pion production support
8~1 , while the entiproton ones sgree with F,"-'Z- + The ka-

ong demonstrate intermediate cese, which is reasonable too,
gince <Ng>~1 . :

Note, that our oversimplified version of Landau model:
ignores completely the forward-backward asymmeiry in the had-
ron-tube collision and therefore its predictions outside the
central reglon cannot be very reliable. Besides that our ver-
gsion neglects also the A-dependence of the inelasticity
factor as well aa the intresnuclear interactions of secondaries.
Lst ug consider the latter in more detail. :

Pirst of all, the intranuclear interactions of secondari-
eg are sbsent at all, if the collective system decays outside
the nucleus. Otherwise the intrsnuclear cas_cei-iing becomeg very
esgential; moreover, only forward part of "tube® takes part in
the collective process of multiparticle production [12]e

Let us estimate the corresponding "threshould" wvalue of
incident energy Eo « The'lifetime" of collective syatem can be
characterized by the formetion time of particles, produced in

the central reglon [11,14]

-1 T
tﬁ NKs.lm" 1I=mlEE: i'mﬂ

where Tc.u- ig the lab. Lorentz factor of the center of mass
9 Lot us warn, thet for the center of mass of hydrodynsmical
system the rapiﬂ.ﬁé'y Yem(Bo,¥) #  VYem (E-0itv),4)  , but

You (Bo,v) = VYew(Eo/V,y) . This fact should be properly isken
1nt0 sécount in the repidity shifting of "effective® NN-aspect-

Pae
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of hydrodynamical system, end !c.-ra- ies the corregponding
rapidity, which coincides in practice with the pogition of the
maximum of spectra. So, if one has

I-f > Z R peteus
or, finally,

s, 2 § tmlA) - (3.12)

the intranuclear interactions becomes unimportent. Taking

,{,«»1{12 one obtains ‘fc_s_ ~ 2, which corregponds to

E,z 50 - 100 GeV. Thip estimates agrees with the observati-
ons [12,34], that the ratio R = <N, /< feld,, reaches
its asymptotic value at F_d.f»1-:2!i2 GeV. In particular, it means
that the data, used in Fig. 6 can be influenced by the intra-
nuclear absorption, and the above analysis should be accepted
with caution. Obviously, the analysis at higher E. is badly
needed.

Up to now we neglect completely the differences in gpatl~
el hydrodynamical expesnsion between the systems, produced in
hA and hN collisions. However, the gystem, produced in hA
hA-collision is G(V) times dilated in the longitudinal direc-
tion (see eqs. (3.7)), and the transverse hydrodynamical expan-
sion must be more esgential.

It was pointed out in Refs. [30,35], that the trangverse
collective velocity distribution is formed mainly at latest
stage of hydrodynamicel expansion ang, therefore, it is rather
insensitive to earlier stages of collision. However, at latest
stage of expansion the specific (unknown) conditions st the
matter-vecuum boundary (the vacuum pressure, etec.) are quite
essential [35] and the straighforward calculation [36], neglec-
ting. them,is unreliable. Moreover, the comparison [30,35] of
experimental FL- digtributions with the thermal ones has
shown, that transverse hydrodynemical expansion is practically
gbgent in proton-proton colligion.

Let us now estimate the upper limit for trensverse expan-

gion from the A -~ dependence of &- digtributions. Accordin-
gly to [30-.35., 36] we assume that transverse collective rapidity
growe linearly along the radius of system.

e~ ey

1L'1-—h ;-'

1% wag shovm in Ref. [30], thet its meximum value, reached at
g1 iz boundary of system is proportional to density of seconda-
riag oc [ﬂﬂJ s Produced in central region. Assuming

A 4

; =?.A<£>

where <L) characterizes the local A - dependence of (#I)
for secondaries, and is & fres parameter, we convolute

transverge collective rapidity distribution with
the thermal spectra of particles at temperature T = 0.13 GeV.
The results, parametrized as '

AN g

N) dP:

are plotted in Fig. 7. In the experimenrsally studied [21,22]
rapidity ra§,ian > 2-2.5  {)»~0.18 and one has for upper li-

mit of lzn 2
7, & 0.05-0.1 (3.13)

which is again considerably smaller, than that could be expec-
ted from the straightforward calculations [36]. Note, thet &d
grows rapidly with <« > : small increase from 0.18 to 0.25
results in considerable changes of be (Fig. 7).

3.3 Additive guark model (AQM)

The multiparticle production process, assuming in the
additive quark model [3,4] cah be divided into two quite dif-
ferent subsequent stages:

(1) the intranuclear quark-parton cascading, resulting in
production of new ("constituent") quarks, and

(ii) The recombination stage, when the quarks recombine
into secondary hadrons.

) Let us stress, that the competing contribution in ¥ comes
from intranuclear interactions of secondaries, which results

also in of B = epectra, therefore, the estimate
(3¢13) smmaidered only as an upper limit.

B
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While the former stage can be a real cascade process,
haeving no considerable mutual interaction between the partons
(end quarks), produced in different brenches of cascade, the
latter stage can be essentially = collective one. Let us sum=
marize briefly some reasons for this.

First of ell, the final state intersctions at the recom-
bination stage are definitely very strong, eince no free quark
is peen.

The multiplicity of recombining quaerks is very high: in
typical collision with heavy nucleus one has <ﬂ¢}~$gs which
corresponds to the quark multiplieity <ngd ~~ 50=60 .

At last, the simplest combinatorial considerations show,
that the probability for two or three quarkses %o be in a colour-
less state is very small: (%fland {%}3, respectively. Sc, the
muitiple mutual soft interactions between the final hadrons
are needed to make them colourless.

411 this arguments, that the recombinailon stage corrss-
ponds to multiple interactions of secondaries, and collectivi-

zation at this stage is very likely.

If the collectivization is strong enough to reach the
local thermal equilibrium, all the predictions, concerning the
particle composition and Fl" distribution of secondaries
‘should be quite similar to those expected in Landau model,
since they depends mainly on the latest stage of evolution of
collective system. In particular, careful experimental studies
of particle composition and f%-diﬂtributinna ( £ 1 GeV/e)
allow us to verify the local thermal equilibrium at lateet
stages of the process [30], while at earlier ones it csn be
verified by study of high-H: hedron and nonresonant low mass
dilepton produgtion [30,33,39] .

Let us turm now to more apecific features of AQM. There
are two possible types of collectivity in this model. The first
one is the collectivization of secondary quarks, produced by
the game consiltuent quark .f ui projectile hadron in diffe-

10) Thig number cen be somehow diminished, if one assumes the
nain multiplicity coming from decay of reaonances TS%TT

e

rent hN-gubcollisions. The second one is the collectivigati-

on of quarks, produced by different constituent quarks of pro-
Jjectile.

If one assumes no collectivity at all, and takes the
quasieikonal dynamics_EB] for qﬂ - interaction, one can re-
produce [1] the current date on K,p production in central
region, if only the intranuclear absorption of secondaries ig
completely neglected. However, in this way the data on pion
production are crucially overestimated (see, Fig. 9)''. As we
have seen in sect. 3.1, such a defect is inherent to an; "pure®
cascade model. Taking into account the intranuclear absor,cion,
one spoils [1]*fatally the agreement on IQJF- production. Thue
the collectivity seems to be inevitable in order to account
for the current data on particle compoaition.

- Consider now the possible ways to study each type of col-
lectivity. In order to study the collectivity of the first
type one should study the particle compogition in the events,
when only one of projectile constituent quarks takes part in
the multiparticle production process, while the others are on-
ly spectators. If the particle compogition is again incompatib-
le with the expectations of pure cascade picture, the collecti-
vity is proved. Such of the events can be probably chosen, if
one fixes in final state a very fast ( X >Y2  or 2/3 for inci-

dent meson or baryon, respectively) hadron with the quentum
numbers of projectile.

The collectivity of the second type can be found in expe-
rimental studies of the Anisovich relation [#0]12} '

de
R.J-_' - o 3_1'!;,(34 ~+h *I)/E%P(H# <>h+X)= 3;2_ (.3.14}

where B gna M stend for primary baryon and T 380N, respectie
vely; h is secondary hadron, produced in the ce .ral region.
This relation implies that gach of quarks of projectile contri-
butes into particle production independentlys If the collecti-
vity taekes place, one expects Eh:h%@- The current data Eﬁ[]

V¥ i 0ot hav beoh old tH68 15 Rer. [}

12)
Note, that the intranuclear ab 4
other in this ratio. absorption effects cancel each
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are teken mainly at rather low incident energy (E, ~10%Gey) for
unidentified secondary hadrons (mainly, pions); only pseudora-
pidity distributions are availeble. These data do not contra-
diet to eq. (3.13). However, the pion production is not a good
test for collectivity, since it is not kinematically suppres-
sed (note, that my =< (gﬁ”) Y+ More gengitive to the kine-
matice of process is the heavy particle (K,p,... ) production
and the corresponding violation of eq. (3.13) must be more
esgential.

4. Summary

In this paper we have considered two kinde of collective
phenomena, which can take place in hadron-nucleus collisiona:
the interactions of projectile with the collective states of
target ( the "initial state interactions", sect. 2) and the
nfinal state interactions" of secondaries (sect. 3).

The most trivial example of the former kind of collectivi-
ty is the well-known Fermi-motion of nucleons. Ite nontrivial
"high momentum component" have been uged in Refs.[6] to explain
the cumulative p , T production. In sect. 2.1 this model have
been used in order to estimate the cumulative K , p producti-
on. The most important feature being inherent to this model is
found to be a considerable broadening of ,l:— distribution
for cumulative K;F-’ .

Another kind of target collective states is the "fluctona®
[7], veing the local fluctuations of nuclear matter density,
which interact with projectile like a single "effective hadronV
For the pame deutron target the flucton model predicts (sect.2.2
more gopious yield of cumulative K, P and no broadening of
their P- distribution. _!hus we conclude, that the experimen-
tal study of cunulative K,F production off deutrons can pro-
vide a clear test to choose between these models.

The idea, that the whole "tube® of nucleons interacts
with the projeetile as a single "effective hadron"™ (the cohe-
rent tube model [8,9]) have been verified in sect. 2.3+ It
have been found to be in confll % with data in the whole kine-
matica¥ region.

e O

The finel state interactions have been considered at &
more jualitetive level. Firat of all, in seci. 3.1 we demon-
strate thet .he current date on A - dependence of ":ﬁr ratio.
caunot be reproduced within the framework of pure cascade mo-
del, i.e. that agssuming no collectivity. '

In sect. 3.2 we show that the predictions of Landau hya-
rodynamicel model, agsuning the extreme collectivity of
the procegs, are in reaconsbie agreement with the same data.
Besides that, from the analysis of the A- dependence of
low E'E-diatr:l.hutian we obtain the upper limit for transverse
hydrodynamical expansion of collective system. The result
agrees with our earlier obgervation [35] s that - guch expan-
gion is quite unessential in pp- collieions.

Another possibility, that collective system is formed a=s
a result of finsl ptate interactions duiing the recombination
gtage of additive quark picture, is discussed is sect. 3.3-
If the collectivization is gtrong enough, the prediciions,
concerning the particle composition and ﬁ':- distributicn or
gecondaries are expected to be very close fto those, predicted
by tie conventional Landau hydrodynamical model. The most im-
portant test for such a model is the verification of the Aniso-
vich relations [#0] for the centrally produced heavy particles-

5. Conclugiong

Thia paper completes our study, which was begun in
Ref.[1]+ Our main intention ia?hlaar up, what the hypothesis,
underlying the most popular current models are supported or
ruled out by data. In particular, the guestion is studied,
whether the production process is a purs cascade or collecti-
vity tekes place.

The problem ia. that this question 1s open up to now.
Remind, that the most of features of current data are in prac-
tice equally well reproduced within.both cascade and collecti-
ve models, i.es« they are not senmitive to the gpecifics cof
dynamics of hA- collision.

In our work we demonstrate the advantages, arising in
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study of heavy particle production. First of all, corresponding
¥lelds are more pensitive to the kinematice of the process;
moreover, the "background} coming from the low-energy cascading

can be guantitatively estimated.

Our main ranulf,.conaarning the cascade models ie that the
. moat successful one is the additive quark model. It describes
reasongbly the particie production in the projectile fragmente-
tion region. Besides that, it can easily incorporate the inter-
.actions of projectile with possible collective (quantum) states
of nuclear target (the intranuclear motion of nucleons, the
"ffﬁgtana", etc«)s In this way one has a real possibility of
uniffed description of both forward end beckward (cumulative)
particle production. ;

However, a new problem arises, if one consider the partic-
le composition of gecondaries, produced in ceniral region. In
particular, the specific dependence of Kﬂc ratio appears to
be incompatible with any "pure® cascadé model. The only possib-
le explanation is seen, that the mutual interactions of secon-
daries are go strong, that the final particles are produced
via formation and decay of collective asystem. :

A poselible composite picture can be proposed, which assu-
mes, that the guark sdditivity of projectile manifests itself
meinly in the projectile fragmq:nta.tion region (excluding the
region X — 1, where the triple-reggeon contribution can dominate)s
The specifice of intranuclear collective (quentum) states domi-
nates in the nucleus fragmentation region, while the particle
production in central region is governed by the evolution of
collective (thermodynamical) system, resulting from the final
gtete interactions of secondaries. =

Let us stress, that the current available date are too
scarce for finel conclusions, especially in the central and
nucleus fragmentation regions. Any information on the particle
compoaition and F{_ - digtributions is very degirable. A very
interesting information on the space-time development can be
obtained in studies of low and intermediate mass (M ¥ 2-3 Ge?b%
nonresonant dilepton production (see, e.g- analogous studies .
{30,': ] for ha.drnn-hadroﬁ collisiong). A very valuable informe-
tion can be obtained [14,30,4Z alpo from high-p  hadron pro-
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duction.

The author is very grateful to E.V. Shuryak for numerous
conglderations during the whole study and L.M.Barkov, P.K.Le-

bedev, M.I.Strikman and N.N.Nikolaev for discussions of regults.

Appendix Initigl state of hydrodynamical system

In this paper we are interested in those features of mul-
tiparticle production, which depend mainly on the final stage
of hydrodynamical expaneion. Since they are rather insensgitive
to the detaliled story [1!‘:!,13,14] of compreseion stage, we
restrict ourselves by the crude estimate for the state of hyd-
rodynamical system, formed to the end of compression stage.

For simplicity sake let us assume, that at this "initial"®
moment [11)

(1) hadronic matter is regt in the proton-tube GM referen

ce frame, and ite density (or temperature) is constant over
the volume of system;

(11) initial volume is proportional to the sum of the
Lorentz~contracted volumes of the primary proton and tube.

Because of (1) the properties of the "initial state" in
the proton-tube colligion are similar to those in the proton-
=proton one. Assumption (ii) is a. ﬁtmighﬁram genergliza-

tion of the corresponding one in the original Landau model [10]
for hadron-hadron colligions.

Such an "initial ptate" is characterized by two parameters:
the initial temperature ']Il‘Eo,'l";' and longitudinal size &;(E.,v)
(the trensverse size is aseumed to be a constent ~ mgt ),
The former parameter is an intensive quantity, while the latter
pParameter is an extemsive one. Thus the gimilari .f relations
contain two "scale factors" w,@ :

T (Es,¥) = Ty(Eorwtv), 1) (A1)

£ (Eo,v) = () Li(Eorwin), i) (Re:)

In particular, for the total enthropy (which charscterizes
the total multiplicity of mecondaries) one expects: :



8, (E,,v) = 6(v)-S; (€;-we), 1)
Let us define W) ,6(¥). The CM energy of system is
1
B = (ZmE.v) i

(M ig nucleon mass), and the CM Lorentz factor for tube is
ﬁfﬂm o EyfEen = (Ea/im‘,)??

pince in CM the total momentu:. is equel to zero, the corres-
ponding CM Lorentz factor for incoming proton is

€M)
AR
and for the initial longitudinel eize one has

L == &le z *
fi(Ea,\’J“‘ '%-'f:m + r:icpﬁ = (Eo) (L‘I;{Kf_il (Ae3)

Por the initial denslty of energy one has
E-(Eu_,vj = ECM/fi,(Eﬂ_;V} - Eu ?ﬁ'?.

whence it followa
E(E.,V) = E(E,-wm, 1)

W s e

which is the same for any intemgive characterdietics. From
Bg8s {‘.-2-41 Uﬁ' has

s
& (1_-5_\*_)’ (Ae5)

(Aed)

Pinally, let uas compare thie estimate with the straight-
forward calculations [10]. which congider the shock waves &t
the compression stage of collision. Por the totel multiplieity

one hags

_ N (E.,V) = 6(V)-N(Ec-w(v),1)

8ince in Landau model [10] N gl , one has
2 Yy

V(e ) = (520 (%)

Using V= Ahand parametrizing N-(E.,V)ﬁﬂd, one has
| ol = 020

;t: & good agreement with of = 0.19, obtained in Ref. [10].
et us warn the reader, that these estimates correspond tﬁ
the sound velocity of hadronic metter €= 1/3 ).
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