


1. Introduction

The production of particles in hadron-nucleus and nucleus-nucleus
collisions in the kinematical region forbidden for the interactions of
hadrons with free nucleons (the so called cumulative processes} is one
of the main sources of information about the nuclear structure func-
tion. This kinematical region corresponds to the Feynman variable
zp > 1 (with respect to a single nucleon cluster) what from the parton
model point of view corresponds to {fragmentation of an object heavier
than the nucleon. The cumulative plienomena were discovered in early
seventies and were intensively investigated during last twenty years
[1). Usually thiscphenomena are considered in the initial energy region
where the production cross section became approximately constant (in
the region of the so-called nuclear scaling).

One of the most striking phenomenon here is the production of cu-
mulative {~-mesons and antiprotons, i.e. those particles which con-
tain no nuclear valence quarks in their structure. The ratio of the
yield of this particles to ones which contain the nuclear valence quarks
(e.s- K~/K* or p/n~) experimentally becarne constant in the region
zr > 1 in contrast with quick decrezse of the ratio on hydrogen when
zr — 1. This phenomenon has no explanation in any model where
nucleus is made of nucleons.

Now there are many theoretical models used for a description of
these phenomena |2, 3]. All these models can be divided into "hot” and
“cold” ones [4] i.e.,the models in which the massive object is created
by an incident hadron [5-7] (due to either the multiple rescattering
and "charge-exchange” or due to a fireball formation, etc.) and the
1models assuming the existence of such objects as an inherent property



of the nuclear structure. ! The latter are cousidered as a fluctuations
of the nuclear mater density originally proposed by D.I.Blokhintsev
[8] for the explanation of intensive nuclear fragment knockout and the
production of high momentum backward protons [9, 10]. They are
regarded now cither as a multiquark configurations {11-14] or as a few-
nucleon correlations [14, 15). The distinction of these two objects is in
different average momentum fraction carricd by quarks. For the latter
it has to be equal to that of nuclecon|16].

As a main experiment allowing one to distinguish betwceen these two
big classes of models one may think of the deep ineclastic scattering of
leptons on nuclet in the region of the Bjorken variable zg > 1. It 1s
because the Bjorken variable can be interpreted as a minimal target
mass in the nucleon mass units and because the lepton can ”see” only
the structure already existing in a nucleus.

In the framework of ”cold” models the production of cumulative
particles in the fragmentation processes of nuclei can be considered as
the fragmentation of such a massive object in the nucleus into hadrons.
One can hope that the mechanism of this fragmentation is similar to
that in the nucleon-nucleon interactions which is well described by the
quark-gluon string model (QGSM) [17, 18] bascd on the 1/N expan-
sion in QCD [19] and on the theory of super-critical Pomeron [20].
This model gives a unified approach to processcs of the elastic hadren
scattering and to ii.e nultiple production of particles at high ener-
gics [17, 18]. The parameters of the Pomecron are determined from
the analysis of data on the elastic scattering and total cross scctions
at high encrgies {17, 18]. Experimental data on the multiplicity dis-
tributions of charged particles and inclusive spectra of pions, kaons,
baryons (p,n,A) and the corresponding antibaryons were satisfactorily
described in Ref.[17, 18, 20, 21].

In this paper we try to apply this approach to the analysis of the
cumulative hadrons produced in the processes of the nuclei fragmen-
tation assuming the existence of some multiquark configurations in
nuclei. Let us stress that this approach differs from the one used in

!Note however that in many respects the interpretation depends on the frame
of the reference. The above classificaton assunies the nucleus rest frame.



23] first of all by the physical content of quark distribution. The
quark distribution used in [16] really was the quark distribution in nu-
clei measured in the deep inelastic process and sharing with the gluon
distribution the total momenta of nuclei. While the quark distribution
of QGSM going to be used here is the quark distribution of the ends of
strings. In Sec. 2 the gencral formalism of the QGSM is outlined and
its application to the maltiquark states is considered. In Sec. 3 the
results of calculation are given and are discussed. Sec. 4 is reserved
for further discussion and for conclusions.

2.General Formalism

Let us consider the pA — A'X rcaction in the reference frame where
tlhe nucleus A moves with a large cnergy. We assume as in ref.[23] that
this nucleus is made of A usual nucleous with some probability w,
and of a 3k- yuark colorless clusters witli some probability w; where k
changes from 2 to A. In the framework of the QGSM [17, 18] the main
contribution to the inclusive spectra of hadrons k' in the processes
pN — I'X is due to the s-channel multi-cylinder type graphs , cor-
responding to the production of n-Pomeron jets or 2n-chains (Fig.1).
Usually the planar diagrams corresponding to Reggeon exchanges in
the t-channel are neglected at high encrgies because they decrease as
1//s with the increase of the initial encrgy [17, 18]. Therefore we shall
confine ourselves by the analysis of multi-cylinder type graphs only.
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Figure 1: a)"Cut-cylinder” graph in the s-channel of Ap — X pro-
cesses, b) production of n-Pomeron showers or 2n ¢§ chains in this
reaction.



The inclusive spectrum of hadrons A" in the discussed reaction
pA — h'X integrated over transverse momenta p, can be written in
the form analogous to the case of the process pN — X i, c. in the

following form [17, 18]:

oa(x) = / E‘l“'* p= S on(s)pal)i a(2) = F2(z) + F2 () + (1)

+2(n — 1) qm(as),

where o, is the cross section of the 2n-chains production corresponding
to the s-channe! discontinuity of the multi-cylinder (multi-Pomeron)
diagrams: & = p'/ppar Where p’ is the momentum of the cumulative
hadron produced in pA — k' X reaction and p.. is the maximum mo-
mentum of the hadron A’ produced in pN — A’X processes. The cross
section o, can be calculated in the framework of the so-called quasi-
cikonal approximation [22]. The functions F7(x), where the subscript
7 means either the valence quark or diquark or see quark, have the
following form:

@) = |7 126 wtafaie (2)

here G,y (z) = zD, 4 (2), D,y (z) is the fragmentation function
of the quark (antiquark, diquark) into the hadron k'; f7(a') is the
distribution of quarks (antiquarks or diquarks) at the ends of the quark-
gluon strings as the function of z’. According to the hypothesis about
the existence of the mentioned above multiquark configurations in the
nucleus {11-14], the function f?(z) can be written in the following form



(23] :
=5 wefr(=), (3)

Here f7.(z) is the quark distribution in the k-nucleon cluster, it is
normalized by the following condition:

k
/ frule)dz = k. @)

Hadron production from the fragmentation of the nucleus A in the
kinematical region forbidden for collision of the initial proton with
free nucleon can be considered in the infinite momentum frame. The
configuration of the nuclear wave function is formed before the collision
of the nucleus A with the proton. The fast final hadron A’ produced
by the fragmentation of the k-cluster can have the maximal fraction of
momentum z = k.

Further turn now to the quark distribution of a k-cluster f}';(z) in
the iramework of the QGSM [17, 18]. Consider first a cluster with k=2.
The probability to slow one 3q-system with the momentum fraction
3, is proportional [17, 18] to g; = x3,20~2#) where ap(0) is the
intercept of the average baryon Regge trajectory, ag(0) = —0.5 — 0.0

(17, 18]. But the probability to slow one diquark with the momentum
(1+ar(0)- 205(0)

fraction 4, accordmg to [22] is proportional to ¢g; = zgq
where ag(0) = 0.5 is the intercept of the boson (g, f, A2,7r) Regge
trajectory. Then the probability to slow 3¢-system and diquark in the
cluster with & = 2 is equal to ¢ = g,92. Note that z3;, + 240 + = = 2,
where z is the momentum fraction of the fast quark in the considered
6q cluster and its maximal value is equal to 2, as mentioned above.
Therefore integrating the function g over z,, we have for g(z): g(z) =
(2 — 2)3-%@BO)+N  where for n = 1 by = ap(0) — 2&@p(0) and for any n
bnn = ap(0)—2ap(0)+n—1 (see [20, 21]). Further, in order to get the
distribution function f7;_,(z) it is necessary to divide this probability
g(x) by (2-x) and to take into account the Regge behaviour of f7;_,(z)
at = — 0 (see {20, 22]). So the normalized quark distribution f},_,(z)
will have the following form:

FEea(®) = Cogl@) fon(2) = CaaRO(2 — 20T (5



The coeflicient C; can be found from the normalization condition (4).

For the case of a 3k-cluster the quark distribution f\(z) will be
proportional to the probability to slow (k-1) 3q-clusters and one di-
quark. Finally we have for f7(z) the following expression:

Frale) = Cra om0 — g)?1=En@NEtIN, (6)

Consider now the problem of the calculation of the probabilities w,
of the existence of k-nucleon clusters in the nucleus. We calculate these
values approximately using the so-called "flucton” model (8], {11-14].
It was suggcested in [§] the existence of some coherent states containing
k nucleons in the rest frame of a nucleus. The volume of this coherence,
according to [8], is bounded by the sphere of the volume V, with the
radius r.. Then the expression for the probability wy of the exisience
of the k-cluster in A can be written in the following form [4] :

wy = CL / (Ve (1 = Vap )0 v, (7)

where p(r) is the nuclear density normalized by the following manner

/ plr)dr = 1. (8)

AA=D)(A—(E—1)+1)
(k=1)! '

Here (ch(r))k_1 is the probability that k nucleons are contained in ithe
coherent volume V,; the expression (1 — ch(r))A"(k'U is the probabil-
ity thai others (A-k) nucleons are not. coutained in this volume. Using
formula (8) the A-dependence of wy, can be obtained. Ior example, for
the constant nuclear density C (C = 1/4V;), where V5 is the volume
of the nucleon, we have the following form for wy, :

(Ve/Vo) " 0,

A(A-1. (A—-(k=1 +1 (‘/:;/V)L_l
W = ( )(L(— 1)’([/0 ) ) Ak-lo X(I _ T‘) :

A _
Cia =

(9)

(10)
for A>k we have approximatcely:
A (V)
X
{& - 1)! A=t

W X

X c‘rp(~VC/Vb)j Pr~ A, (11)



So we assume that eq.(3) written in the rest frame of deuteron can be
used for calculation of wy in eq.(3).

Consider now the problem of the chioice of the fragmentation func-
tions (FF) of quarks into hadron &' D,_,(z). We shall assume that
they don’t depend on the projectile, i.c that the partons fragment out-
side the nuclens and thercfore we can take thiese functions as in the
casc of the process pp — R'X [24] and {23, 26]. However it turned out
that the FF presented in [26] can describe well enough the experimen-
tal data on the ratio R; of inclusive spectra of A'*- and A~ -mesons
produced in p-p collisions [25] at large @ > 0.5. This ratio calculated
in the framework of the QGSM [17, 18] with FF from {26] are pre-
sented in Fig.2. This figure shows the distinction between the results
of the calculation and the experimental data at zp > 0.5, where zp is
Feynman variable. Therclore we have tried to choose new parameters
of the FF (sce Appendix) in order to describe both the ratio and the
inclusive spectra of cumulative K'¥- and A"~ -mesons produced in p-A
collisions.

3. Results and Discussions

We calculated the inclusive spectra of cumulative particles: ©%,
K*. mesons and antiprotons (5) using the expressions (1). For the
calculation of the distribution of quarks in the nucleus it is necessary
to know two parameters: the radius of the coherent quark state . and
wne value @p (sec formula (5)) which are contained in the expression
for the probability to slow down (k-1) 3q-clusters. This valuc has been
found earicr [23] from the description of the deuteron fragmentation
on protous, it was found to be equal to @g(0) = —0.05 + —0.1. The
value of another paramcter 7, is found in this paper {from the best
description of the experimental data on the inclusive spectra of both
7t and NE-mesons. 1 was found to be r, = 0.65 fin. As it was
mentioned above the FF of quarks into A'¥-mesons presented in {26)
don’t allow to describe the experimental data on the ratio R, of the
inclusive spectra of K*- and A ~-mesons at large x, i.e,, v > 0.5
Therefore we have found new parameters of the FF (see Appendix)
from the fit of R; and experimental data about the inclusive spectra of
cumulative 7%- and K% -mesons. Experimental data ou this ratio R,
from ref.[27], our fit with new parameters in FF and the calculation
of the R; according to ref. [24] arc presented in Fig.2. It is seen from



this figure that the ratio By = K*/A = in p-p collision has the strong
dependence on x at < 0.5 (~ (1 — 2)7%) and a weaker one at larger
X, 2> 0.5 (~ (1 —2)3) see the full curve on Fig.2). Il is caused
by more hard behavicur of the distribution of sca quarks at the ends
of the quark-gluon string than thosc which fit the sea quarks structure
function in a deep inelastic lepton-nucleon scattering.
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Figure 2: The ratio of the inclusive spectra of K+ and K~ mesons
produced in p-p eollision; o - at /s = 45(Gev.), pr = 06(Gev/c),
v - at /s=45 Gev/c, p;=0.8 Gev/c, & - at /s=31 Gev/c,p,=0.4
GeV/e. Full curve is our calculation result with new parameters in
FF a,=0.02,a5,=20 (see Appendix); dashed curve is the calculations

according to ref.[26].
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Figure 3: The inclusive spectra of cumulative 7t (full curve) and =~
(dashed one) produced in p-Be collision at initial energy Eo=44 Gev
and 0, = 159°; experimental data are taken from ref.[28], o — 7%,
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Figure 4: The inclusive spectra of cumulative K*-mesons produced in
p-Be collision at Ey=40 GeV, 0); = 159°. Experimental data are taken
from ref.[29).
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Now we will discuss the calculation results. The inclusive spec-
tra of cumulative m- and K-mesons produced in p-A collisions and
corresponding experimental data at £y ~ 40 GeV [28, 29] are pre-
sented in FFigs.3,4 which demonstrate the satisfactory dcscrxption of
the experimental data. The ratios of the inclusive spectra of K+, K~
(R = NY/K~)and n=, K~ (B3 = 7~ /™) and corresponding ex-
perimental data {28, 29] are presented in Fig.5. It demonstrates the
satisfactory agrecement of the calculations with the experimenial data
also. The guestion arrises why the ratio R (sce Fig.4a) increcases more
slowly with the increasc of x , than in the case of [\ mesons production
on free nucleon, ie. for pN — KEX. The reason is the [ollowing.
The segfquark distribution in the QGSM diflers from that of valence
quarks in the limit 2 — 1 only by one extra power of 1 — x for the
proton-proton scattering case {sce fig.1 and the expression for by with
n > 2). TFor the scattering with h-nucleon Jucton this difference is
rcla’ively much weaker due to larger of power & — x itself. Of course
a quick enough decrease of wy as & ncreases is also important for the
r-behaviour of this ratie.

Cousider now the production of cumulative antipretons in p-A col-
lisions. We can apply onr approach to the caleulation of the inclusive
spectra of cumulative antiprotons produced by the nucleus fragmenta-
tion. However there arc no experimental data on such spectra at the
production angle 05 >~ 180° in the rest {rame of the nucleus (or zero an-
gle in the frame of moving nucleus). There are the experimental data at
05 = 90° — 110° only [29] what corresponds to a large pr. lowever the
QGSM can be applind to the curmlative particles production only in
the region of smal! pr. Hard quark collisions which have to give a dom-
inant contribution at large pr to the inclusive spectra of antiprotons
are not taken into account in our approach. We do not know definitely
however where the change of the regime will hanpen. So it is interest-
ing to compare our calculaiion with existing experimental data on the
antiprotons production which have pr < 1 Gev. This comparison for
tlie ratio of the inclusive spectra of 5- and K~ -mesons (R; = P/K ™)
is presented in Fig.6. One can sce that model can explain the order of
magnitude of antiprotons production also. That could be considered
as an indication to a small contribution of the hard scattering mecha-
nism in this region. It is intercsiing to note that in contrast *o /2y and
R3 the ratio Ry increascs with x. This is a prediction of sur modecl.
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Figure 5: The ratio of cumulative: a) K+ and K~ -mesons (R; =
Ie¥ K ), full curve is the result of calculation with r.=0.65 fm, dashed
one is the same with r,=0.5 fm. b) the ratio of 7~ and K~ -mesons
(Rs = n~/K ) as the function of z. Experimental data are taken from
ref.[28, 29]
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4. Conclusion

In this paper we have suggested a new approach to the description
of the cumulative particle production based on the QGSM. This model
gives a rather successful description of the fragmentation phenomena
of usual hadrons. We have made the assumption on the existence of
heavy multiquark states inside the fragmenting nucleus. The main
problem here was in the explanat'on of the production of cumulative
particles like K~ and p which consist of the seq quarks of the fragment-
ing nuclcus where an astonishing phenomenon was experimentally dis-
covered: the ratio of the yields of such particles to those which contain
nuclear valence quarks (w, K*, p) are independent of z at z > 1 and
are rather large. It is in contrast to the sharp decrease of this ratio in
the fragmentation of nucleons (z < 1). Such behaviour can not be un-
derstood in the framework of the simplest fragmentation models which
use valence and seg quark distributions measured in deep inelastic scat-
tering and in any model of nuclei made of nucleons. The reason for this
is a fast decrease of the seq quark distribution in nucleons compared
with the valence one. This difference is much smaller for the QGSM.
The main result of this paper is in the demonstration that the differ-
cnce is small enough in order to obtain the approximately constant
behaviour of the ratio K+ /K~ without coming into contradiction with
cxperimental data about this ratio in the nucleon-nucleon scattering.
We also predict a growth of K~ /p which could be checked in future
cxperiments.

Note once more that quark distributions over = used in QGSM and
in this paper are the distributions at the ends of each quark-gluon
string. These quarl. distributions differ therefore from the correspon-
dent quark structure functions obtained in the deep inelastic scattering.
It is interesting to study a connection between the quark distributions
used here and the quark and gluon distributions functions seen in deep
inelastic scattering. We plan to consider this problem somewhere also.

Figure 6: The ratio of cumulative I{~-mesons and antiprotons 7 (R4 =
K~ /p) produced in p-A collision at Ey=10 GeV, 6, = 180° as the
function of z. Curves: the full is for Ta (exper. points-A) the dotted-
dashed is for Al (exper. points-e) the dashed is for Be (exper. points-
o); exper. points-A are for Cu Experimental data are taken from
ref.[29] at Fo= 10 GeV and 6, = 119°

13



The authors would like to thank Yu.T.Kiselev, G.A.Leksin, K.A.Ter-
Martirosyan, §.1.Zolin and V.F.Peresedov for useflul discussions.

5. Appendix

Consider firstly the fragmentation function (FF). Their form was
taken as in [23, 24}, but semc parameters were changed. In partic-
ular the coefficients ay, az in FF Dy p-(2). Duwert(z)r Duict ()
Duiok+(z)y Dunk=(2)p Dunsii-(z) Dud—i-(z). were charged. These
FF , according to [24], have the following forms:

1
Do y-(5) = ;[bkz‘“a*’(u)*(l - Z)_QR(U)+’\+ak(l _ :J-an(o)+,\+2(1-a,,(o))]

(12)
Ds_“""+(3) = Ds—-»l\"(:)
a —-Li0 P “
Dyyrict(s) = _2'5(1 — )CRO=TN O o (13)
a -~a i ;
Dyict(s) = —25(1 — z) PRt g 2) /e (14)

- - 1
Dud—vl\'*‘(;) = Ezﬁ(l _ z)ZaR(O) o, (0)—20n(0)+5 (1 4ozt ;(1 _ 2)2

(15)
Dy poin = i — )~ ae(0)+A+1
vk~ = —(1 - 2) (16)
) Duu-'l\"(z) = #(] —_ Z)QR(O)—Zan(OH A48 (17)
a —c -2 A 1 1-
Dudaic=(s) = _zﬁ(l ~ z) 7o) Zan (014242 (3 4 (_5__2_)_> (18)

were § = ap(0) — a,(0) =0.5
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In this paper the values of ag,az. were chosen as the following:
a = 0.02 (instead 0.05 of vef [24])

ke = 20 (iustead 5 of ref[24]).

Other parameters in FF (A1)-(A.7) are taken as in [24].
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