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Multiplicity distributions associated to subthreshold events in heavy-ion collisions

J. Dias de Deus M. T. Péma? and J. C. Seixds
nstituto Superior Tenico, Departamento Bica~-CENTRA, Lisboa, Portugal
2Instituto Superior Tenico, Departamento Bica—CFIF, Lisboa, Portugal
(Received 17 October 2000; published 19 September)2001

Subthreshold eventpion production, for instance, at energies:m_) in heavy-ion collisions are treated as
rare cluster-cluster collision events. On kinematical grounds such events are forbidden in free nucleon-nucleon
and even nucleon-nucleus collisions. We show, by using effective mass clustering arguments, that the associ-
ated distributionP;(n), when the pion trigger is present, and the unconstrained distribBja, when there
is no pion trigger, are related by the universal relatiyin) = (n?/(n?))P(n). This relation, and in particular
an improved version taking into account the number of clustering nucleons, is in fair agreement with data.
Moreover, it allows information to be extracted from the multiplicity data on the number of nucleons involved
in subthreshold meson production processes.
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[. INTRODUCTION where(E)y is the average nucleon energy. If one assumes
that a collision results from the superposition of nucleon-
Production of particles, pions or other hadrons, energeticucleon collisions and ignores Fermi momentum and binding
photons, or fast protons in nucleus-nucleus collisions at enenergy, the threshold kinetic energy per nucleon to produce,
ergies per nucleon well below the free nucleon-nucleorsay, a pion is
threshold for such productiofil] gives clear evidence for )
nucleonic correlations in nuclear matter. These correlations 1+ m; ) _1}
may simply reflect the fermionic nature of the nucleons or 2my
they may be seen as true collective effects, like clustering of
nucleons(see[ 2] for a review. =2m,=280 MeV. 2
By clustering processes we mean here pion production
mechanisms involving subsystems with a number of nucleThis is the free nucleon threshold. In nuclear matter one may
ons between two and the mass numbBeithe simplest ex- have nucleons with energy abov&), and the threshold
ample being the interaction of a nucleon with a deuteron. Irbecomes lower thaf(®).
fact, schematically we can represent pion production in the The lowering of the threshol®) can be very easily visu-
pd— 7%pd reaction via resonance formation as in the dia-alized if one allows for clustering of nucleons. #<A
gram of Fig. 1a). The threshold for the mentioned reaction is nucleons of nucleus—with mass numbeA—collide with
lower than the free nucleon threshdkig. 1(b)]. In contrast  one nucleon of nucleuB—with mass numbeB—(or vice
to this diagram, the one of Fig(d) is kinematically allowed versa the threshold energy per nucleon becomes
at subthreshold production energies, because the two nucle- L
ons of the deuteron are correlated. Basic diagraBiso|, ta
like the one in Fig. (b), require a medium to be nonvanish- Ein=—,—Mz=m;=140 MeV. )
ing for energies below the production energy threshold.
Higher-mass resonances can be obtained if larger clustef@is is, of course, the threshold for free nucleon-nucleus col-
supply the required energy. Our emphasis here is on clustelisions.
ing rather than on the specific mechanism of pion production As experimental production of pions occurs even at ener-
(like higher-mass resonancé€g,8]). The mechanisms or gies belowm,_, this requires clustering from both nuclei,
models that describe pion production are the same below and A and 3<B,
above thresholfthe same exchange and isobar excitation are
depicted in both diagram(®) and(b) of Fig. 1]. However, by _ a+p
definition of threshold and due to energy conservation, some th™ " apB Mz, (4)
processes are forbidden for subthreshold energies, unless
they are distorted by medium effects. At those energies, iniwith the absolute threshol@minimum value ofE,,), natu-
tial state interactions, such as the ones producing a boundilly occurring fora=A and 8=B,
deuteron, as in Fig. (&), or a genericNN scattering state,
generate intermediate states with off-shell particles, thus en- A+B
abling subthreshold particle production. Eth= ﬁmr ®)
In order to see what the problem is in a simplified manner,
let us write the laboratory enerdy; of nucleusA as In the case of?C-'%C interactions, for instance, this
threshold corresponds t&23 MeV. The binding energies
E,=A(E)y\, (1)  will affect this value within less than a keV, provided they

Eth=(E)n—M\|tn=2my
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FIG. 2. Experimental cross section f&fC-*°C from the fourth
(b) reference if{1]. The full line is only to guide the eye.
F.|G..l. Pion prqduction m_echanisms mediated by resonance fOI’e|ementary collisions, denote b}é the probab|||ty of clus-
mation in the mediunta) and in free nucleon scatterirg). tering of nucleons in the nucleus. Theg)((l— 7o) "N() is

are considered simultaneously in the final and initial states® number of events proceeding without any clustering
This lower bound cannot be obtained in a simple way frommechanism in the scattered nucley${(1— )"~ *N(») is
Fermi-motion-based arguments. the number of events where one clustering mechanism oc-
Independently of the underlying model for the nucleus-curs inside the nucleus in a total &f(v) events withv
nucleus collisions, the point we would like to make is thatelementary collisions, and so on.
these subNN threshold events areare, in the sense that Next, considering nucleus-nucleus scattering, since clus-
their probability of occurrence is very small. While total in- tering may occur independently in both scattered nuclei, we
elastic cross sections are of the order of several millibarnsgbtain in the smallr, approximation
the cross sections we are talking about here are of the order
of the microbarn or nanobarn. In other words, by imposingN(v)=[(1— 7.v)2+2(1— 7ev)(7cv) + (7ev)?+ - - - IN(»).
kinematic restrictions through lowering the energy available (6)
in the system, one moves to the tails of the fermionic distri-
butions or requires simultaneous clustering, and the even®ne sees that the first term means the normal one-nucleon
become rare, the probability of occurrence being very smallcontribution to the production procefise., no clustering in
It is interesting to note that as one unconstrains the kineeither nucleus, corresponding to Glauber-type scattering, and
matics, i.e., increases the energy, th@roduction cross sec- implying E;,=2m,), the second term means clustering in

tion increases very rapidly, reaching millibarn values forpne of the nucleithus reducingg,, to E;u=m._), and the
En>2m,, (see Fig. 2 That is the region offree) nucleon-  third term

nucleon interactions where the Glauber approach becomes
valid. . _ o Ne(v)=20*N(v) 7
In the following section we make a short discussion on
rare events based on RES), where clustering in the nucleus epresents what interests us, namely, the number of events

is considered to account for proton-nucleus scatteri_ng. Hereyith nucleon clustering in both nucléiurther reducingE,,
however, the ideas of Ref9] are adapted to the different _ ). In other words, when collisions occur, the prob-
situation of nucleus-nucleus scattering, where we are intersq

din cl . shioth collidi lei i d ability of having clustering in both nuclei at the same time is
ested in ust.erm.g processesaath colliding nuclel, instea (7.v)?, sincer.v is the probability of clustering in one of the
of the clustering in only one. In Sec. Il we show results and

in Sec. IV ta di - d lusi nuclei alone, for small,. The events described by E()
in Sec. IV we present a discussion and conclusions. are doubly rare events.

The clustering probability-. is defined here in an average
sense, not distinguishing between the two-, three-, and four-

For a multicollision nucleon-nucleus scattering processhody (or highe) clustering cases. The nature of the cluster-
whereN(v) is the number of events proceeding through ing is of course determined by the underlying nuclear micro-

Il. CLUSTERING EFFECTS AND RARE EVENTS
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scopic interactiorfa test of which is beyond the scope of this 10° F— T T y T T T T E
papei and will depend on the nucleus-nucleus reaction con- E O Inclusive
sidered. Nevertheless, we will show in the following that this O «-triggered ]
definition is operational, since it actually enables a simple 10" -~ Q"
procedure of extracting the knowledge on the nature of the )
clustering(two-, three-, four-bodyinvolved in a particular
reaction from its data analysis. 10% /
If one makes the simplest assumption that the number D,"'
of collisions is a measure of the numbeof produced par-
ticles, by normalizing Eq(7) we obtain ther; independent, 10° F
universal relation .
[
n? < 10*
Pe(n)=-—-P(n), 8
(n%)
whereP(n) is the unconstrained particle multiplicity distri- 10° 3
bution, (- - -) denotes the average value with respect to the - ? ]
P(n) distribution, andP(n) is the multiplicity distribution i ‘F
associated with the rare event gmission below the proton- 10° 3 3
nucleus threshold F ]
Note that
10-7 1 L 1 " 1 1 1 L

2n=oPc(nN)=%,-0P(n)=1, 9 0 5 10 1 20

and that{ 9] n

FIG. 3. Data for®Ar on 2’Al collisions taken from Ref[10].
The full curve is the fit toP(n), the short-dashed line iB.(n)

Cs
(n>C=C—2(n>, (10 given by Eq. (9), and the long-dashed line i®,(n) given
by Eq. (15).
whereCq=(n9)/(n)9. Equation(10) implies that o o _
(11) and(12), satisfies the data: the average multiplicity, with
(n)c>(n). (1) a trigger onr, is larger,(n).=9, while (n)=4.4[11], the
_ two distributions cross at®=(n?)=49>(n)?=19.4(the in-
Itis also clear that equality(n?)>(n)? has to be satisfisdand the distribution
2 2 is independent of the rare event trigg&e].
Pe(m<P(n)=n“<(n%, 12 The results(short-dashed lineshow, however, that the
P.(n)>P(n)<=n2>(n2), 12 agreement of Eq(8) with the rare-event-triggered distribu-

tion is not quantitative enough to allow a correct description
of the crossing point with the inclusive distribution curve.
One should keep in mind that pion absorption is present and
it was not taken into account in E@8). The multiplicity
associated with an energetic photon, for instance, would
be better to test Eq@8) as the photon is less affected by
In Fig. 3 we test Eq(8) for the particular case of the data absorption.

i.e., the distributions must cross at some pointorrespond-
ing to n?=(n?).

IIl. COMPARISON WITH MULTIPLICITY DATA

of Ref. [10] for collisions of %®Ar on 2’Al. The dataP(n)
[10] on the inclusive charged particle distributigmucleons,
etc) are shown by the open circles. The d&gn) [10] on

the equivalent distribution when a subthreshold pionEat

There is still another correction to E() as discussed in
Ref. [13]. When clustering occurs, since clusters contain
more nucleons, naturally more particles are produced, imply-
ing an increase in multiplicity. To take this effect into ac-

=95 MeV/nucleon, is detected are shown by the opercount, Eq.(8) is modified to become

squares. For the description B{n) (full line) the general-
1 u [T'(k+1/w)

ized gamma function was used:
ku n kpu—1
P(N)=-—= =~ —
(M= T T (<n>)

(r(k+1m) n )#
Xexp — —F(k) W

13

2

n
Pc(n+6)=-—-P(n),

() o

where § traces the average number(>1) of nucleons in
the clusters, according to

5=2a—2. (15)

with parametersk=0.77, u=2.0, (n)=4.4. To describe For a=1, §=0 as it should(no clustering and Eq.(14)

P.(n) Eg. (8) was used. Qualitatively, E§8), implying Egs.

reduces to Eq(8).
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Using Eq.(4), with a= 8, and requiring information on the number of nucleons involved in particle
production at threshold. Accordingly, few-nucleon produc-
tion reactions, near threshold, suchgd— 7° *He andpd

— 7 3He, for example, which may be exactly calculable at
) present, are worth investigating experimentally at existing
one estimates strong focusing synchroton facilitie€COSY, CELSIUS,

since they may confirm the proposed relation between

2
Eth:;m’n'> 95 MeV/nucleon, (16)

a=3 17 threshold energies and number of nucleons involved in the

and, from Eq.(15) production mechanisms. We note here also that the failure
’ ’ already found in Ref[14] to describe by means of the im-
5<4. (18)  pulse approximation theéHe(wr,7)*H reaction below the

) ) o ~ free production threshold for forward scattering is already
In Fig. 3 we also included the description of the pion- evidence for a cluster-enhanced rare event.

triggered dataP¢(n) by means of Eq(14) with 6=3 (long- As we mentioned before, it is not our purpose to test
dashed ling In comparison with thé;(n) results given by  models of interacting nuclei but to test the validity of E8)
Eq. (8) (short-dashed line improvement is achieved with and its improved version Eq14) when the kinematic con-
the curve corresponding to E{L4). Indeed, the shift byp  straints are such that occurrence of evefyion, fast proton,
originating in cluster formation better describes theetc) is rare. However, Eq14), which in any case is approxi-
crossover point of the constrained and unconstrained multimate, asr and 8 may fluctuate, makes sense only in a model
plicities. Moreover, the value of the paramet®r(6=3),  with interaction via clusters. This is similar to what is pro-
which is found to be consistent with the distribution data, isposed in[13] for cumulative effects at very high energies.
also consistent with Eq$17) and(18), originating only from  Models with independentiN collisions (@=1) in a medium
the observed subthreshold energy. Thus, (E8) constitutes  (based on Fermi-motion distribution arguments ajaf@not
an important bound constraining the overall behavior of theyive support to the arguments leading to Etd). So, al-
data. In conclusion, clustering _argumenys directly reIate_ théhough relation(10) is universal, Eq(14) depends upon as-
observed subthreshold production energies to the behavior @imptions concerning the type of interaction involved and

the distribution data. thus can distinguish between models.
The fact that particles can be produdeelow threshold
IV. DISCUSSION AND CONCLUSIONS via a clusterization mechanism raises still another important

Th derlvi hvsical picture i | | li question, namely, whether particle production normally for-
€ underlying physical picture in NUCIEUS-NUCIEUS Colll-yy;qqan by Zweig’s rule can occur in an environment where

5|ons| at tiubthrleshfotlg energies 'ISI that the Cﬁr;eSp?nc:'rgicroscopia clusterization takes place. In particular, this
wavelength scale of th€ process 1S large enough Tor CluStelga may have important consequences gomeson pro-

of nugleons n th'e nucleus to recoil as a WhOIe.' At th.eseduction in heavy-ion collisions at Super Proton Synchrotron
energies correlations due to nucleon-nucleon mteractlongnd Large Hadron Collider energies. It remains also to be

may dominate Pauli blocking or Fermi-motion correlz_itlons.Clarified whether this effect has any consequencesJfgr
An absolute threshold may be calculated corresponding to Sroduction at collider energies

recoil of the complete nucleus as a whdkeg. (5)]. The

deviation of the physical threshold from the absolute one is

due to clustering formation involving only some of the con-

stituent nucleons. The clustering also affects the distribution

data for particle production events triggered by rare events The authors want to thank S. A. Coon for helpful discus-

such as pion production. sions, as well as W. Cassing and C. Loymrfor their
Therefore, rare-event-triggered measurements give direcomments.
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