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We present an extension of the geometrical two-chain model to higher energies. The agreement with
experimental data is achieved using prehadronization chain breakups due to the colored dipole radiation
mechanism and the discretization of the soft gluon emission proc®8556-282(97)04319-1
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[. INTRODUCTION whereM, is a mass of the lightest hadron that can be formed
from the particular quark contents of the chain afdis

The geometrical two-chaifG2C) model was established related to the mass distributions in the colliding hadrons
to describe relatively lowup to \s~100 Ge\j multiparticle ~ (p12) by
production processes. The model gives a unified picture of a
wide range of processes: from elastic hadron scattering and _ > 22
e e~ —hadrons reaction&Ref.[1]), through diffractive dis- Q(b)_f drp1(B)p2(b=1). @
sociation in hadron-proton interactioriRef. [2]), to non- _ )
single-diffraction hadron-hadror(Ref. [3]) and hadron- The value of thew parameter used in the present work is
nucleus interactiongRef. [4]). The geometrization of the €qual to 0.28. , _
interaction picture was obtained using the eikonal function N the case of the®e” — hadrons reaction only one chain
formalism in terms of hadronic matter distribution of inter- is created. Thus/s/2 is replaced by/s and the impact pa-
acting hadrongassuming pointlike leptons rameter is set to [A2(b)/Q(0)=1]. One chain is created

The geometrical two-chain model acts in two steps. Thedlso in the single diffractive case and its mass is chosen
first is soft scattering, which turns incoming particles intorandomly from the M2 distribution. Two such chains ap-
two intermediate objects. They can be, to some extentear in double diffractive eventfin the present paper only
treated as chains comprised of quarkiquarks on their  the non-singled-diffractivéNSD) events will be discussef.
ends similar to the well-known string structures of thap The hadronization starts later when all chains are formed.
(Ref.[5]) or dual partor(Ref.[6]) models. The second stage This is especially important fon— A interactions and for
of the interaction is the hadronization of outgoing chains. high-energy interactions in the multichain model, as dis-

The creation of chaingstring and their consecutive cussed below. Hadrons are created frgrg (or diguark-
fragmentation, in a very general sense, is a common featuntidiquark pairs emerging from the chain c.m.s. energy
of all contemporary multiparticle production process descripuniformly in the phase space. This is an important point of
tions. However, the particular realization differs from modelthe model: no additional dynamical constraints are intro-
to model. In the G2C model chain creation is not controlledduced during the hadronization phase; these constraints
by respective structure functions. In that sense it is a rathegriginated from kinematical restrictions enforced by momen-
conservative and old-fashioned model but, on the other handym and energy conservation laws. Thus the G2C model can
such treatment has some advantages. Our knowledge of tie considered as a minimal model to study divergences be-
structure function behavior, especially at lawalues, is still  tween reality (experiments and nonreducible kinematic
not perfect. In our model the parametrization used does ndPhase spagebackground. Such differences can be inter-
pretend to be a fundamental law of nature but is jupaa  preted as being introduced by some dynamics of the multi-
rametrization which can be changed and tuned to new datgarticle production process.
as they will appear. Generally speaking, our geometrization The transverse momentum of created quarks originate due
strategy is not in contradiction with the standard structurd0 a tunneling mechanism described by the formula

function approach. 5
mi
f(pL)NeX’{_T) )
Il. GEOMETRICAL TWO-CHAIN MODEL

In the G2C model two chains are created on the first stag@nd it is conserved locally. The value efused in our cal-
of the interaction process. The invariant mass of each ofulations for light quark pair creation is equal to 0.28 while
them (M ,) is determined by the impact paramekeof the for the strange quarks and diquarks it is 0.38 and 0.6, respec-

particular collision and the c.m. systgmm.s) available en-  tively. Flavors of crated hadrons are given by the very few
ergy (s): conventional suppression factors suclsasd, qg/q, vector/
scalar. The mass difference of the hadron under consider-
ation and the lightest hadron that can be built from a particu-
Mo Mot Q(b)\“ \/_g_ ) ) lar quark configuration is also taken into account in a way
L2t a0y |\ 2 o) similar to that given in Eq(3).
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The phase space density of the produced hadrons is agaielocity of light so due to the existence of the color charge
parametrized using the geometrical picture. The mean nunthe color dipole radiation has to occur. Thus, it is expected
ber of hadronization breakups of the chdim,g) (q-q or  that the soft gluon brehmsstrahlung cascade originates in
qg-qq pairs is given by such a system. Its mechanism is described extensively in the

ARIADNE code (Ref. [8]) adopted by generalunD interac-

[ Q(b) A tion programs. Th@RIADNE 4.07 is a particular realization of
(Ngg)="No Q(0)/ 4 this idea and it was used in GMC calculations in the present
paper.
where The probability of the soft gluon emission is well known
(e.g., Refs[9,5]) and can be described with analogy to QED
No=A IN(M¢pain) +B. (5 using the Sudakov form factor in the following way:

The actual number of created pairgy-is distributed due dP(p?,y) da(p?.y) p( Jpzmax . )
to the Poissonian distribution with the respective mean value. > = > expg — | -"dkzZ(k%) |, (6)
It is directly related to the number of first rank hadrons pro- dpidy dpidy pl
duced in the event. Values @ A, andB used are 0.4, 6.7,
and — 6.2, respectively. The correction for lows(10 Gev) Where
chain masses is introduced. The smooth changk tif the

value of 3.0 at<3 GeV (B has to be changed respectively (k)= Vmax(kz)dy, do(k?y") @)
gives a reasonable limit for particle multiplicities at ex- Yanin(k2) dk’dy’
tremely low energies and can be understood, to some extent,
as an effect of the resonant hadron production. dp?

The created hadron flavors are ordered in rapidity to pre- do~as—-dy. 8
serve the information of the incoming hadron quark contents. PL

For barions the popcorn mechanism from then\D model

(Ref.[7]) was adopted Values of the model parameter used in our GMC realiza-

tion are as the default setting in taBIADNE 4.07 program. A
small difference is connected with the gluon emission sup-
pression related to a space extension of the emission source.

The G2C model as described above reproduces very welhis wor+ksifor diquark chain ends only so it is not i_mportant
a number of interaction characteristics such as e.g., medRf thee” e —hadrons processes. The parameter interpreted
multiplicities, multiplicity distributions, and main inclusive as a transverse source size is set in the present calculations to

distributions of produced particles. It has been shown int G€V while in the defaulaRIADNE its value is equal t0 0.6
Refs. [1,3] up to \S~30 GeV. For higher energies, of GeV. This change is related to the analysis of Bose-Einstein

course, this model has to fail. Since initial state radiationcorreIat'on.s n hadronlp Interactions presentgd in [RES].
owever, it is not crucial for the results of this work. Very

(ISR) data have been published, the increase of the height of. i | d al . ith th | f

the plateau in inclusive rapidity distributiopwhich leads to ~ SIMtar resu ts COUd. aiso be obtalned_ with the value of 0.6

the faster than Irsj growth of the mean multipliciyis a GeV and a respective slight change in other model param-
ters.

very well experimentally established fact. This was one o . ) . .
y P y _ The important difference of the GMC model in compari-

the most apparent reasons for investigations of a new physi

cal mechanism responsible for very the high energy interaczO" with standardhRIADNE soft gluon emission is in the

tion picture. In the majority of current models the multistring !mgleme_gt%tipn cr)]f trll?e d:ilslcreitiz?]t.ion of thehprlt)ces§hThe idea
intermediate state is present. One way of introducing it idS described in the ef11]. In this paper thelogarithmiq
developed in dual-partoDP-) like models(Ref.[6]) using  Phase spackin(pi)y] is divided into discrete cells and the
multi-Pomeron structures. Another way, using the concept op°int is that each cell can be occupied by only one
gluon emission from expanding strings, is adapted to th@rehmsstrahlung gluon. The theoretical basis of this picture
LUND class of model$Refs.[5,8]). is widely discussed in the original paper. In the most general

In the framework of a geometrical interaction picture W&y it can be expressed as follows: if there are two gluons
there is a natural place for this second approach. Just aft@ccasionally emitted too close to one another they combine
formation of two chains in the “soft scattering” phase they t0gether to finally form one “effective gluon.” The measure
can be forced to break up through the “soft gluon emission”©f the closeness can be derived, to some extent, from the
before exact hadronization starts. Such a picture is a gist g¢nning coupling constant QCD and for two gluons the mini-
the geometrical multichain modéGMC), which is the sub- Mum distance in rapidity should be of order of 11Ref.

ject of this paper. [11)). . . .
In our model this idea is adopted in a way that gluons are

produced by the standargRIADNE colored antenna and then
the gluon recombination is initiated. The distance between

The internal structure of the geometrical chain is in factgluons is defined in three-dimensiorﬁM(pi),In(pf,),y] space.
quite similar to that one of theunD string. There are two The recombination procedure starts with the pair of gluons
colored objects of relatively low mass, each carrying invari-closest to each other and finished when all “effective glu-
ant mass oM .- In the quark-antiquarkquark-diquark  ons” stay apart by at least the value of a parameter denoted
rest system both colored ends have to move with almost they dy4, which is going to be adjusted to the data.

Ill. GEOMETRICAL MULTICHAIN MODEL

IV. SOFT GLUON EMISSION
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FIG. 1. Mean charged multiplicity ie* e~ — hadrons reactions. FIG. 2. Mean charged multiplicity in hadron-proton multipar-

The thick solid line represents result of the geometrical multichairticle production reactions. The thick solid line represents results of
model calculations while the long-dashed one is for the same pahe geometrical multichaifGMC) model calculations while the
rameter value set but without soft gluon emission prodgsse  long-dashed one is for the pure two-ch&@2C) interaction picture.
two-chain picturg The thin solid line represents the GMC model The thin solid line represents the GMC model results with weaker
results with weaker gluon clusteringf;=0). The short-dashed gluon clustering §y,=0). The short-dashed line is a result of the
line is a result of theunD interaction model calculations. The data LUND model calculations. The data points are froh).
points are fron{15].

dashed line. Expected enhancement is clearly seen and the

After soft gluon emissions the main chain is broken intoaccuracy achieved is very satisfactory.
smaller parts. In the present version of the GMC model each Predictions of theLUND interaction model(ARIADNE
gluon becomes gq pair and its momentum is equally shared +jeTseTwith the set of parameters adjusted to th&.PH
between them. ___ datg are given also by the short-dashed line. At this point it

Further, chain piecefeach one containing againg@q  should be clarified why theunp model leads to results very
(9g-q) pair] of smaller masses and with some additionalsimilar to ours, for which we have used alsRIADNE pro-
transverse momenta hadronize according to the G2C modekdures to describe soft gluon emissions but with the dis-
described above. cretization procedure hereafter. There are of course differ-
ences in the hadronization description but they are not
essential here. The important difference is in the treatment of
colored antenna radiated gluons. The discretization process

If the mean particle multiplicity produced during the had- used in our GMC model works ongluonlevel. Finally each
ronization phase is proportional to the logarithm of the chaingluon (“effective gluon”) has to form a common end of two
mass then the emission of gluons with nonzero transversghains, which then fragment independently. Thus each soft
masses and consecutive breakup of the chain before hadromimission creates one additional chain, which is forced to
zation leads to the increase of the average multiplicity. Alschadronize to at least one final hadron. In theiD picture the
the additional transverse momentum originated from the softow mass(below some critical valugets are combined with
gluon brehmsstrahlung should increase the mean seconddtye nearby ones before they hadronize. Final results, as can
hadronp, . The question is as follows: is it possible to reachbe seen, are similar but the underlying physics is quite dif-
guantitative agreement with measurements preserving therent.
idea described above with acceptable parameter values? In the next step parametessand 8 in Egs. (1) and (4)

As done in Ref[1], first we proceed with the mean had- have to be adjusted using the proton-proton multiplicity data.
ron multiplicities in e"e” —hadrons reactions. The geo- The mean charged multiplicity, multiplicity momeritte-
metrical model parametersand 3 in Egs.(1) and(4) do not  fined asCy=(nX.)/(n.»¥) data, and the GMC model results
interfere with thisf Q= (0)]. The same can be said about are presented in the Figs. 2 and 3. The result of G2C calcu-
parameters of the suppression of short wavelength gluotations is also given.
emissions by extendediquark chain ends in theRIADNE To see the influence of the discretization of the gluon
model as described in R¢B]. Values ofA andB in Eqg. (5) brehmsstrahlung process result of the calculation with the
were first obtained at this point. The paramedyy of the  Jy, parameter equal to 0 is given in the Figs. 1 and 2 by the
discrete QCD approximation used has a small influence othin solid line. The difference is not very large but it has to
thee*e™ mean multiplicity data due to the relatively small be pointed out here that the number of gluons emitted is
range of chain masses under stythe results fovy =0 are  primarily limited by the threshold value gf, of emitted
shown in Fig. 1 by the thin solid line The result of the gluons used in a colored dipole radiation mechanism adopted
GMC model calculations is presented in Fig. 1 by the thickin the ARIADNE code. Its value was set to 0.6 Ge&V/In
solid line. It was obtained with théy,= 1.45 adjusted using principle, such a limit is equivalent to the assumption that all
mainly other data that will be shown below. Results of cal-softer gluons are effectively included in harder emissions or
culations without the soft gluon emissigpure G2C model hadronization processes. Thdyy=0 does not mean ab-
with the sameA and B parameter valugsare given by the sence clustering of emitted gluons, but only an omission of

V. RESULTS AND DISCUSSION
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tion as in Fig. 2. The data point are frgrh7].
FIG. 3. Normalized charged multiplicity distribution moments
for hadron-proton multiparticle production reactions. The solid linepresented in Fig. 5. The very significant change from G2C to
represents result of the geometrical multiche€®MC) model cal-  GMC model predictions is seen and the agreement obtained
culations while the long-dashed one is for the pure two-ct@eC)  with the GMC model is meaningful. The results rITIOF
interaction picture. The short-dashed line is a result of the LUNDwith DELPHI Set of parameters fofRIADNE are also given for

model calculations. The data points are frphg]. comparison.
However good the agreement is, it cannot be treated as a
joining a relatively “massive” gluon. proof of the correctness of the proposed model. There are

The results of theLund model calculations with the other very well-known models available consistent with the
FRITIOF (Ref. [12]) program are also presented in Fig. 2 by data as well. Two main classes of such models are the one
the short-dashed line. For the soft gluon emission there areased on the DPM picturghere are many particular realiza-
few different sets oARIADNE program parameters. Here the tions of the DPM idea; see, e.g., RE8J) and the relativistic
same set callecbELPHI " was used as for the description of String model ofLUND (Ref. [5]). There are many particular
e"e”—hadrons mean multiplicities in Fig. 1. realization of the DPM idea. The most complete comparison

As it can be seen, mean multiplicities are reproduced byetween some of them and the data is given in Red]. The
the GMC model very well while obtained multiplicity distri- Very interesting model calculations are presented in Ref.
butions are slightly narrower than those observed in experit14]. The multipomeron exchange concept is combined there
ments at the highest energié&ig. 3). However, the differ-  With the impact parameter description and the standaxub
ence is not very significant and, what is more important, thestring fragmentation proceduresTsetare used. TheUND
tendency to decrease the higher moments with the increasifgodel itself for proton-proton anel"e” — hadrons reactions
interaction energy seen for G2C converts toward experimeriS available as a package BRITIOF, ARIADNE, PYTHIA, and
tal results.

Obtained values of the model parameteyss, A, andB 5'+*‘+' * %+ ARRERRRY

were then used to determine finally the valuedyf, using

the data on secondary hadron transverse momenta. 4] G2C %’w—ﬂﬁ + TN \%GMC ]
The dependence of the averaged transverse momentum c_‘g 1 PV v S (R PV Sl YN . ]

energy is shown in Fig. 4. The constant val@ier high en-  ~_ | A“w@aa'm-a&,ﬁ AAm_q_m_ﬂmm;%\ N

ergies predicted by the G2C model is settled by the value of -8 31 oy S NN .

the k parameter in Eq(3). The same value of with the soft
gluon radiation mechanism gives an increase of avepage
in perfect agreement up to the highest available energy ac
celerator data. The average transverse momenta of produce®
particles are quite sensitive to the gluon clustering mecha: —
nism. Thus they were used to determine the valuéygfin
the GMC model. For example, the very strong increase of
the average value g, for y,=0 is shown in Fig. 4thin O e e e
solid line). Finally éy4 was found to be equal to 1.45.

The most significant and crucial test of the GMC model is

the comparison with inclusive energy)ngltudlnal momen- FIG. 5. Inclusive rapidity spectra of charged particles in proton-

tum or (pseudorapidity] data. The increase of the plateau proton interactions at SPS and Tevatron energies. The results for

and the breaking of the Feynman scaling at high energies aig2c model are given in the left part of the figure while the present

two features of the highest importance in applications of thesMC model calculations are in the right part. The short-dashed

model for the hadronic cascade in the thick media. lines in the left part are results of the LUND model. The data points
Rapidity distributions for SPS and Tevatron energies areare from[16].
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JETSETroutines. Results obtained using these codes are prevork of the ARIADNE colored antenna radiation with the re-
sented for all interaction characteristics discussed in the figeent idea of discretization of the process is used to perform
ures. It should be said here that even if a particular feature inigh-energy chain pre-hadronization breakups. The default
better described by one model it is not an argument againg{riaADNE 4.07 parameter values were used. The discrete net
or for any model. Th&_UND_ interaction piCFure is of course Stepé‘yg was found to be equa| to 1.45, which is close to the
much more complete, which was shown in a number of papresumed value of 11/6. The difference is not significant
pers. The point is that our GMC model with its physical according to the slightly different implementation of the
assumption isalso able to reproduce the data quite well. [In(p?).y] cell idea.

The consistency between multiparticle hadronic interac-
tions data and predictions of the GMC model presented in

The extension of the geometrical two-chain multiparticlethis paper and the solid theoretical basis of the model grant
production mechanism to higher energies is obtained by th#he capability to reasonably extrapolate the model to high
introduction of the soft gluon emission process. The frameenergies.

VI. SUMMARY

[1] T. Wibig and D. Sobczyska, Phys. Rev. 9, 2268(1994). et al, Z. Phys. C43, 625(1989; B. Andersson, G. Gustafson,
[2] D. Sobczyska and T. Wibig, Bull. Russ. Acad. S&8, 1970 and L. Lannblad, Nucl. PhysB339, 393(1990.
(1994. [10] T. Wibig, Phys. Rev. 063, 3586(1996.
[3] T. Wibig and D. Sobczyska, Phys. Rev. 30, 5657 (1994). [11] B. Andersson, G. Gustafson, and J. Samuelsson, Nucl. Phys.
[4] T. Wibig and D. Sobczyska, J. Phys. @1, 29 (1995. B463 217(1996.
[5] B. Anderson, G. Gustafson, G. Ingelman, and T.s8mnd, [12] B. Andersson, G. Gustafson, and Hong Pi, Z. Phy&§7CA485
Phys. Rep.97, 31 (1983; H. Bengtsson and T. Sgtrand, (1993.
Comput. Phys. Commum6, 43 (1987). [13] J. Knapp, D. Heck, and G. Schatz, Forschungszentrum
[6] P. Aurenche, F. W. Bopp, A. Capella, J. Kwieskn M. Karlsruhe Report No. FZKA-5828, Karlsrul{&996.

Maire, J. Ranft, and J. Tran Thanh Van, Phys. RevA3)92 [14] T. Sjostrand and M. van Zijl, Phys. Rev. B6, 2019(1987.
(1992; K. Werner, Phys. Re[232 87 (1993; A. Capella, U.  [15] G. Giacomelli, Nucl. PhysB25, 30 (1992; M. Schmelling,

Sukhatme, C.-l. Tan, and J. Tran Thanh Vénd. 236, 225 Phys. Scr51, 683(1995.

(1994; R. S. Fletcher, T. K. Gaisser, P. Lipari, and T. Stanev,[16] J. Whitemore, Phys. Reft0, 273(1974); U. Amaldi and K. R.

Phys. Rev. D60, 5710(1995; J. Ranft,ibid. 51, 64 (1995. Schubert, Nucl. PhysB166, 301 (1980; G. J. Alneret al,
[7]1 B. Andersson, G. Gustafson, and T. §jand, Phys. ScB2, Phys. Lett.138B, 304 (1984); 160B, 199 (1985; 167B, 476

574 (1985. (1986; Phys. Repl54, 247(1986; Z. Phys. C33, 1 (1986;
[8] L. Lonnblad, Comput. Phys. Communil, 15 (1992. R. E. Ansorgeet al,, Z. Phys. C43, 357(1989; F. Abeet al,
[9] G. Gustafson, Phys. Lett. B75 453(1986); G. Gustafson and Phys. Rev. D41, 2330(1990.

U. Pettersson, Nucl. Phy8306, 746 (1988; B. Andersson [17] F. Abeet al, Phys. Rev. Lett61, 1819(1988.



