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T. Osadd; M. Maruyama, and F. Takagi
Department of Physics, Tohoku University, Sendai 980-8578, Japan
(Received 22 May 1998; published 2 December 1998

A new statistical model for multiparticle production @fe~ annihilation is proposed based on the idea of
the longitudinal phase space with limited transverse momentum. The longitudinal rapidity space is divided into
cells of equal size in order to take into account the Bose-Einstein correldB&®s with a finite correlation
length 8y. The maximum entropy method is used to determine the probability distributions of the final state
pions(or p mesong for a given mean multiplicity, mean transverse momentum, and mean total energy. Event
simulation based on our model is performed in two extreme casesmadel and g model. Ther model
assumes that only pions are produced directly. On the other hang ntloelel assumes that onfymesons are
produced directly and they decay into pions. A good overall fit to experimental data from DESY PETRA to
CERN LEP energy regions is obtained 8y ranging from 0.6 to 1.2 in ther model. We find that the BECs
play a very important role in reproducing various correlation data. In some correlation data, resonance effects
and conservation laws are also importd®0556-282(199)00201-5

PACS numbds): 12.40.Ee, 13.65:i, 25.75.Gz

[. INTRODUCTION generated more or less artificially. For example, they are cal-
culated by usingi) the Fourier transformation of the model’s
With the increase in energies of accelerators, accuratsource functionf4] or (ii) the Wigner function5], (iii) by
data on high-multiplicity events at high energies have reweighting every everi6], or (iv) by modifying the distribu-
cently been provided. This makes it possible to analyze corion of momentum difference of identical particle pairs in
relations and fluctuations such as the Bose-Einstein correl@&ach even{7]. However, some of those models cannot de-
tions (BECS [1] and the intermittency2,3] in detail. These scribe the BECs in a single event. Motivated by those con-
correlations and fluctuations of produced particles are rathegiderations, we would like to propose a new statistical model.
new tools to study multiparticle production. By analyzing |t is constructed by the maximum entropy mett&®] and
them, one may be able to extract useful information on thewo versions of the model, the model and thep model are
space-time size of the particle production region and the proapplied toe e~ annihilation in this paper. The most charac-
duction mechanisnil]. Correlations and fluctuations may teristic point of our model is that the BECs are taken into
also provide a clear signal of quark gluon plasma formatiomaccount on the quantum statistical level with a characteristic
expected in high-energy nucleus-nucleus collisions. On thgorrelation length §y) defined in the rapidity space.
other hand, multiparticle production is a phenomenon ob- This paper is organized as follows. In Sec. II, our model is
served commonly in various reactions sucteag™ annihi-  explained and the distribution functions of the final state had-
lations, lepton-hadron deep inelastic interactions, hadronrons are derived. Section Il is devoted to the explanation of
hadron interactions, and nucleus-nucleus collisions. A larggne simulation method including the procedure of parameter
amount of correlation data has been accumulated on varioufetermination. Comparison of results obtained from simula-
reactions. It has been found that there are some universghn with the experimental data from DESY PETRA to

characteristics which are independent of the reaction typ€ERN LEP energies is given in Sec. IV. Concluding remarks
while some other properties depend on it. Phenomenologicaind discussions are given in Sec. V.

models which can describe some crucial properties of many
particle correlations will be very useful for systematic inves-
tigation_s of those characteristics caused by correlations and | sTATISTICAL MODEL BASED ON MAXIMUM
fluctuations. _ o ENTROPY METHOD
The BECs have lately attracted considerable attention, in
particular, because they may give information on the space- We first consider ther model; i.e., we assume that only
time structure of hadronic source and they may cause largeions are produced according to a statistical distribution. A
fluctuations of particle density in the phase space. Althouglsystem consisting of many pions produced in a single event
many existing phenomenological models have not takemay be decomposed into three subsystems, which consist of
BECs into account completely yet, there are some mddels like sign pions, that ism*, 7, and #° subsystems. For
event generatoyswhich allow computing the two identical example, consider a@* subsystem in the longitudinal phase
particle correlation functions. In most cases, the BECs arspace with limited transverse moment{iif]. The longitu-
dinal axis may be identified with the direction of the initial
quark and antiquark produced by the virtual photon in the
*Present address: Instituto de'siér, Universidade de "8a center of mass system. Then the rapidity space in the longi-
Paulo, C.P.66318, 05389-470Raulo-SP, Brazil. Email address: tudinal phase space is divided into many cgllig] of equal
osada@fmal.if.usp.br size 8y, and we consider the probability to find" mesons
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in each cell. The probability of finding; «*sin theith cell  finding n; #*s in theith cell and n; w*s in thejth cell
Pi(”i) is normalized as simultaneousI)Pi(r}i ") is given by

1) g
The entropyS should be maximized with the constraints
The summation index; runs from 0 to infinity because of Which correspond to the normalization E@), the mean
the Bose-Einstein statistics. The meai multiplicity and ~ Multiplicity Eq. (2) and the mean energy E(B) of the sub-
the mean energy Of th@-Jr Subsystem are given' respec- SyStemS. For that purpose we consiffedefined below in-

* (N ,nj) _ p(ny) (nj)
S Py P =P x P (10
nj=0

tively, by stead ofS by introducing Lagrange multipliers! , \,, and
N3!
(ny)
n,)= nP." 2
< +> Z ;I 1 ( ) F:_Z 2 Pi(ni)ln Pi(ni)
I n;
and
+2 A‘(E P-(”i)—l)
<E+>:2 Z ni'EiF)i(ni)- (3 . moo
I n;j
Heree; is the energy of ar™ in theith cell: X\ Z ; niPi(ni)—<n+)>
€;=mycoshy;, 4
+\ nieP"™ —(E )
yi:ymin—’_(i_%)fw’ (5) s Z‘ ;l s < +>
11
Yenin=—IN \/§+— VS_4mT} 6 BY requiring that the variation df is vanishing, one obtains
2m '
T ") eni(,u—ei)/T
wherey; is the central rapidity value of thigh cell, y i, is Pi= s (12

: ; - D Z
the kinematical minimum value of rapidity,m;
= (pr)2+m?Z is the mean transverse mass, af&lis the  Here, the Lagrange multipliets,, \,, and\ are rewritten

total center of mass energy. The same argument applies A terms of the partition functiorz;, the “partition” tem-
both 7~ and #° subsystems. Therefore the mean multiplici- peratureT [12], and the “chemical” potentiaju:
ties and the mean energies of those subsystems are given as

(ny=(ng)=(n_)={(ngp/2, @) e lth—1—gu-aT=17 (13
and No=plT, (14)
(E;)=(Eq)=(E_)=\s/3, ®) Ng=—1/T. (15

where(ng,) is the mean charged multiplicity. The most prob- 1€ parameters and . are determined uniquely for given
able distributionP™ for the =* subsystem can be deter- (E..) and(n..) and they play a dominant role in reproducing

. h P h hich i I the gross features of data on single particle spectra. The
mined _by_t e maximum entropy met od whic IS Well- probability distribution functions forr~ and 7 subsystems
known in information theory8]. According to a statistical th 2 f + subsvstem. Th .
picture, particles will distribute in the phase space in such re e.same i or 7 subsystem. The paramey is i
way that every possible state is realized with the same prolgetermmed by fitting to data on the second order fluctuations

ability. This method has been applied in many fields in sci-°f multiplicity.

ence including multiparticle production phenomenology. ' order to study the resonance effect, we also consider
First, we define the missing information entrof8j another extreme case callpanodel where it is assumed that

only p mesons are produced in the same way as pions in the
del. In thep model, one must take the spin degree of
_ M (M) ™ mogdet. P ' : pin degree
S= —Zi ; P"In P (9 freedom into account. A& meson system is decomposed into
' nine subsystemg* 1, p*—, p* |, p°1, p°—, p°l, p7 1,
p —,andp” |, wheref, —, and| denote the three eigen-

; ; O
This S has the maximum value whef; ™" is a constant, states of the spis,= +1, 0, and—1, respectively. The par-

so-called equa priori probabilities, which does not depend tition temperaturd,, the “chemical potential’u, , and the

: ; iey(Ni)
oni andn;. Itis noted here that the probabili§; ™" does gl size dy, in the p model are determined so as to repro-
not depend orPJ(”i) when (#]j). Therefore a probability of duce the mean charged multiplicity, the total energy and the
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second order fluctuations of multiplicityThe decay process
of p meson will be discussed in Sec. Il) B

1,500

25E= 40% of 4f5

# of event

Ill. METHOD OF SIMULATION

The method of generating events based ons#theodel 1,000
and thep model is explained in this section.

A. 7 model

. . : 500
Events generating procedures are divided into three steps

The first step is determination of the parametgrand T.
The second step igy search with trial events. By using
these determined parameters, the final simulations are ex
ecuted in the third step.

Step 1: Determination of the parametegsand T. To
determine the values of and w, we solve the following

34.5 GeV
20000 events

0 10 20 30 40 50 60 70 80 90100110120130140150

0

tot

simultaneous equations farandT with a fixed trial value of FIG. 1. Total energy of events generated for the mean total
dy: energy(E)=ys=34.5 GeV and the energy window of the full
width 26E=0.4s.
eni(}L*Ei)/T
<nch>/2:Z ; ni Zi Here(pr) denotes the observed mean transverse momentum
I
at eachy/s. The azimuthal angle of the transverse momen-
elu=elT tum is distributed at random between 0 and The trans-
= 1 _gu—e)lT (16) verse momenta generated in this way are assigned to all
pions independent of their rapidities. A four momentum of a
ei(n—e)lT pion is then given as
Vsi3=2 > nie ——— —
! N Zi p’“= ( mi—'— p'2|' COShy: pTCOS (Pl
alu—e)T
ger e . .
=3 W’ 17) prsing, Vmi+p? sinhy). (19
i _

_ ~ (5) Approximate energy-momentum conservation is also
where observed value is used for the mean charged multtequired. For energy conservation, we set an energy window
plicity (n¢y. It should be noted here thatandT are deter-  wijth width = SE around/s. For momentum conservation,

mined as functions oby, i.e., u=pu(dy), T=T(4y). we also set the longitudinal and the transverse momentum
Step 2: Generation of trial events and determination ofwindows with widths+ P, and 6P, respectively, around
the parametewy. 0 total momentum. The total enerds,, the longitudinal

(1) In order to avoid a possible artifact due to a particularcomponent of the total momentui®, and the transverse
cell location, we now take the central ValMﬁOf theith cell componentP+ are evaluated in every event. An event is

asy;=Ymint+(i—3+r)dy, wherer is a homogeneous random adopted only when it satisfies the inequalities
number between 0 and 1.

(2 Thew*, #° andx~ subsystems are generated in all
cells in the rapidity space according to the probability distri- Vs—oE= Eior= a;: < \s+ 6E, (20
bution Pi(”‘) with a trial 8y, w(dy), andT(8y). When a pion
is produced in a certain cell, its rapidity is assigned by usingand
a random number so that pions distribute homogeneously in
that cell. This smearing of pion rapidity causes slight
changes ofn.,) and/s in comparison with the result of the
step 1. We readjust the values @fand T to reproduce cor-
rectly the mean multiplicity and the “mean” energy of the 25
system. Pr=
(3) Charge conservation is demanded event by event.
Events are discarded if the charge conservation is violatedAs an example, the distribution &, and the applied en-

(4) The transverse momenta are generated according gy window forys=34.5 GeV are shown in Fig. 1. One has
the following distribution: to take the window size as small as possible to keep the

- 6P, < P,_=a”2 pL<6P_, (21

2
> B <(6Pp)2. (22)

all =

d quality of conservation law while one would like to take it as
_UocpTe—szKpT)' (18)  large as possible to save the computation time. Thus one has
dpr to determine an optimum value of window size. We decided
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FIG. 2. Comparison of the results of the model with the experimental data on tlyg, dependence oDﬁ,J(nch)Z for (@) +/s
=14.0 GeV,(b) 34.5 GeV, andc) 91.2 GeV.

to take SE=0.2\/s and 8P =0.2p,,2x, Where ppay is the

weight on the data point foy.,= Ymax in order to reproduce

maximum value of the c.m. momentum carried by a pion. Bythe multiplicity distribution for full phase space as precisely
the way, we found that some physical quantities, e.g., th@s possible. It should be noted thaf, dependence of the
dispersion of the multiplicity distributions are rather sensi-Dghl(nch)z, a kind of second order fluctuations of the particle
tive to SE when SE is large. We have confirmed that this density in the rapidity space, is reproduced well.

strong SE dependence disappears whé=0.2\/s, which
implies that the physical observables are insensitivégadf
SE=<0.2Js. For p; conservation, we use a multiplicity de-

pendent window siz&P+=+/n_+ng+n_{p7).

for the fitting. Here,D,= (nZ) — (ngw?.
Step 3: Final event generatioi sufficiently large num-

ber of events are generated using the probability distribution

Pi(“i) with u, T, and dy determined in the preceding steps.
Final results of those parameters are shown in Table | and

the results of the fitting are shown in FiggaR-2(c), where

Yeut IS the half size of the rapidity interv@ky i, Yeudl - EX-

perimental data are taken from Refd3,14]. As shown in
Table I, 0.6, 0.8, and 1.2 are chosen as the values ofyhe
at Js=14.0, 34.5, and 91.2 GeV, respectively. In the deter

agiven in Table II.
Now we discuss the decay of mesons, e.g.p*

— " 7. Rapidities have to be assigned to each pion pro-

duced from onep meson of some rapidity,,. In the rest

frame of thep meson, the maximum and the minimum ra-

pidities of the two pions produced by tlkemeson are given

by +vy4, where

mination of the best fit valuely, we have put a special

TABLE |. Best fit values ofu, T, and dy for various\/§ with
the observed values ¢h.,) and(py) used in ther model.

Eq=Vpi+m2, pg=VM3/4—m?,

andM, andm_ are the masses of theand = mesons. We
use the following Breit-Wiger fornf(M ) as the invariant
‘mass distribution op meson:

f(M,)

B. p model

0 Ed+pd)
Eq—Pd/’

1
(M,—m,)?+T?4’

The parameter$,, n,, andéy, in the p model are de-

. . )T . termined in a way similar to ther model. The results are
(6) The jet axis, thrust or sphericity, is determined event y

by event. New four components of a momentum vector of
pion are calculated by referring to this jet axis.

(7) The value of the parametdly is determined by fitting
to appropriate experimental data which are sensitivéyto
We have used the rapidity interval dependencB&f(nn)?

(23

(29)

Vs[GeV] oy w[GeVl TI[GeV]l (ng (pr)[GeV] TABLE Il. Values of the parameters in themodel.
14.0 0.60 —-1.71 2.47 9.30 0.334
G - GeV T, [GeV
22.0 0.70 —-2.43 4.26 11.30 0.377 \/g [CeV] % o ali [ ] ° [ 1
345 0.80 -—-3.08 5.75 13.59 0.422 14.0 1.20 0.60 —-3.61 3.05
43.6 0.85 —-3.77 7.83 15.08 0.446 34.5 1.60 0.80 —10.64 9.00
91.2 1.20 —4.73 15.4 20.80 0.521 91.2 2.40 1.20 —17.34 20.27
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FIG. 3. Comparison of multiplicity distributions in the model for(a) ys=14.0 GeV, (b) 34.5 GeV, andc) 91.2 GeV.

wherem,=770 MeV andl’ =150 MeV. and ALEPH Collaborationg21,22 for 91.2 GeV. We
To impose the Bose-Einstein correlations between likgoresent all results obtained from thkemodel. When signifi-
charge pions, we use an “enhancement factor” methodcant differences are found between the two models, we
When a parenp meson has a rapidity,, we divide the present also the result of themodel.
longitudinal rapidity intervaly,—yq,Y,+Yq] into K cells
of equal sizedy... Here we takedy .= 8y. In order to de-
termine the cell to which a pion, say", belongs, we intro-
duce the enhancement factor

A. Multiplicity distributions

Charged multiplicity distribution?(n.) are shown in
Figs. 3a)—3(c). The experimental datgl3,14 are well re-
produced by ourr model. This is reasonable because the
mean multiplicity and dispersion of the multiplicity distribu-
tion are used in the determination of the model parameters. It
should be noted, however, that our model is able to predict
the detailed shape of the multiplicity distribution at each en-
ergy. We also investigate the multiplicity distribution in
terms of Koba-Nielsen-OlesefiKNO) variable. Our model
gives good scaling behavior for both the full phase space
[see Fig. 4a)] and small rapidity windows$not shown. The
Yot dependence of the multiplicity distribution is reproduced
correctly as shown in Fig. (). Note that our results are
approximately consistent with the negative binomial

n'+1

KT (29

for ith cell,

wheren;” andN™ are the number ofr*s already produced
in theith cell and that in the intervdly,—vyq,Y,+VYql, re-
spectively. Transverse momeniga, andp, are assigned to
the two pions, in the same way as in thenodel. To repro-
duce the invariant mass of the pargnmesonM ,, the azi-
muthal angle differencé ¢= ¢, — ¢, needs to satisfy the
following equation:

M2=2m’.+2(e1e,~ PL1PLa—|Pral|Praolcos A ¢),

(26)  distributions!
&=mZ+|p%;|coshy;, 27
Wvarious models have been proposed to explain observed multi-
pLi= ,/mi+|§$i|smh y; for i=1 or 2. (28 plicity distributions which can be fitted well by the negative bino-

mial distributions. For the latest work, see, for example, the paper
by Becattiniet al.[23]. They propose a thermodynamical model to
describe the multiplicity distributions in the full phase space of
e’e” annihilation. In their model, multiple production takes place
I)'/ia two steps, i.e., production of primary hadrons from thermal
aources and subsequent decay into lowest lying hadrons. As infor-
ation on the longitudinal phase space is not taken into account in
eir model, it does not provide a mean to calculate various distri-
utions and correlations in the limited phase space which are the

IV. COMPARISON OF RESULTS WITH
EXPERIMENTAL DATA

In this chapter we compare the results of event simulatio
with experimental data. We investigate effects of charge an
energy-momentum conservations and also the resonance (%i
fect by comparing the results from and p models. 20000
events of multiparticle production ia"e ™ annihilation have iy concerns of the present paper. In our statistical model based
been generated for both themodel and they model at each o, the maximum entropy method, it is implicitly assumed that dis-
energy \s=14.0, 34.5, and 91.2 GeV. We use the experi-ributions and correlations will be insensitive to the details of the
mental data reported by the TASSO Collaborati@8,15—  dynamics in the early stage of the collision process. Thus we do not
17] for Js=14.0, 34.5 GeV, and by the DELPIH14,18-20Q refer to production and decay of higher resonances.
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Cﬁ ." * e 91.2 GeV ND : —o— energy-momentum only
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—~ g FIG. 5. Effects of conservation laws oy, dependence of
& F ] DE/(new?
5 C 91.2 GeV | chf\llety
a
A 10°F full phase space E ) o
oo - 3 site as shown in Fig. 5. The effect of energy-momentum
v 3 3 conservation is stronger than that of charge conservation.
i ] We have investigated the charge correlations due to
102 3 charge conservation. For this purpose, we consider the rapid-
F ] ity window dependence of the quanti®f/2D?2 , whereD?
3 = is the dispersion of thew™ multiplicity distribution,
1045_ ] V{(n%)—(n,)2. The quantityD2/2D? can be written as
; E 2 2 2
i Dgy  ((ny+n_)%—(n.+n_)
3 E 7= 2
] E 2D% 2D%
1 0'6;— g ycut=1 U
F 2
i (nin_)—(n,)
L - =l+— "
o D
F (b) ;
10-8..I....I. P ol Ll |

0.0 10 20 30 40 50 6.0 where use was made of the equality, }=(n_). If there is

n./<n.> the maximum correlatiom, =n_ due to charge conserva-
tion, one hasD?/2D% =2 becausdn,n_)=(n2). On the
other hand, if there is no correlation between andn_,
(n.n_) is reduced tqn, )? and hencd?/2D% =1. There-
fore, it is obvious thaDZ/2D2 =2 for yc,=Ymax. ON the
other hand, one can expect thaf,/2D2 =1 for very small
o o Yeut because the correlation due to charge conservation will
Dependence of multiplicity distributions ody has al-  pe maximally weakened wheyy, is small. Those expecta-
ready been demonstrated in Figga)22(c). Decreasingdy tions are indeed realized by our simulation as shown in Fig.
reducgs the dispersion of the muI.t|p.I|p|ty Q|st.r|bu.t|on. Con-6. The correlation measui@2,/2D2 increases linearly from
servation laws also affect the multiplicity distribution. In ad- apout unity agy,, increases and then tends to saturate at the
dition to “full conservation” event for which both energy- yajue 2 fory.=3.5. The slope of the linear rise may be
momentum and charge conservation are imposed, we hayggarded as a measure of local charge conservation. Unfor-
also generated events with “only charge conservation,”tunately, it appears that corresponding experimental data are
“only energy-momentum conservation,” or “no conserva- not available at present. We therefore urge experimentalists
tion” by imposing only charge conservation or only energy-to provide such data.
momentum conservation or none of them in order to inves-
tigate the effects of conservation lafvét is found that the
charge conservation causes the broadening of the multiplicity2it should be noted here that both energy-momentum and charge
distribution, while the effect of energy conservation is oppo-conservations hold on average even in events with no conservation.

FIG. 4. (a) KNO scaling of the multiplicity distributions in the
model at energies’§: 14.0, 34.5, and 91.2 GeVh) Comparison of
the 7= model (solid line) with the experimental data for energ)(ﬁ
=91.2 GeV withy,~6.5 (full phase spade 2.0, and 1.0.
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B. Rapidity distribution
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FIG. 7. Rapidity distributiondN/dy for \/s=14.0, 34.5, and
91.2 GeV in ther model (open squargs Experimental data for
Js=14.0 and 34.5 GeV are shown by solid circles.

mentally. This situation does not change even if one uses the
p model. The discrepancy may be due to the fact that three
jet events are not included in our modeBy the way, we
found that the dip is not reproduced if one uses the sphericity
instead of the thrust to define the jet axis. We have also
confirmed that the rapidity distribution is insensitive to both
conservation laws and the value &.

C. Rapidity dependence of the mean transverse momentum

There are interesting experimental data on the rapidity
dependence of the mean transverse momerifurty)) [15].
The observedp+(y)) is almost constant in the central region
while it decreases ag approaches the kinematical limit as
shown in Fig. 8). On the other hand, transverse momentum
of a pion is generated according to the exponential formula
(18) with y-independent mean transverse momen{pg) in
our model. Therefore, it is very interesting to see if our
model can reproduce the obserwedependence of the mean
transverse momentum. The result of our model is shown and
compared with data in Fig.(8. Our model reproduces cor-
rectly the observed/ dependence of the mean transverse

The single particle rapidity distributions are calculatedmomentum. Therefore, one can conclude that the observed
and the results are shown in Fig. 7. Our model reproducedependence is totally due to kinematical reasons. To confirm
the experimental dafd 5] except for the observed dip struc- this conclusion, we have calculatép(y)) for events gen-
ture aty=02 In particular, the energy dependence of theerated without energy-momentum conservation and/or with-
central height is reproduced correctly by our model. Al-out assigning the thrust axis. The result for 34.5 GeV is

though our model produces a dip gt&=0 in qualitative

shown in Fig. 8b). It is clearly seen that the energy-

agreement with experimental data, it is too deep and tomomentum conservation is most responsible for reproducing

narrow. Furthermore it tends to diminish &S increases.

the correcty dependence but the use of thrust axis has also

This tendency appears opposite to what is observed expersome effect.

3The result of our model is systematically larger than TASSO data “This dip structure had been investigated by TASSO Collabora-

at \/s=14.0 and 34.5 GeV, because integration of dredy data

tion [15]. They report their analyses using the Lund-string model

reported by TASSO is smaller than the reported mean multiplicity[24] and the independent jet mode5].
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A 0.7 T T T T T T T T T T T T where the angular brackets now means an event average for
& o6l ] distributedN. Both Fi* andF[" are equal to unity if there are
v U ] only statistical fluctuationéa binomial distribution foF* or
05F ] a Poisson distribution foF|"). On the other hand, the Bose-
: ] Einstein distribution[Eg. (12)] gives a typical example of
041 ] nonstatistical fluctuations. It is the multiplicity distribution in
: ] a single cell of sizedy in our model, corresponding ti
03¢ 1 ~AY/dy. In this case the inclusive factorial moments of the
02k ] second order for like charged and all charged particles are
k ] given, respectively, by
0.1 .
F(a) ] i (ny(ng—1))
3 )0 ) AP P PP S RS B R FZ:T
0.0 10 20 30 40 50 60 70 +
Y =2 (for like sign particley, (31
A 070 | : | |
d (b) and
v 0.60- _
o {(ne+n2)%=(n,+n.))
0.50|- - Fo= 2
S TP . ((ny+n_))
0.40 ) g
. _<n+(n+_1)>+<n+>2
0.30 ‘. . 2(n,)?
thrust and conservation '
020 _ ... thrust only 7 =1.5 (for charged particles (32
- - & - conservation only
010 woovrre- no thrust and conservation 7 For s=34.5 GeV, one can investigate the fluctuations in a
o exp. . . . . . .
0.00 , . , . single cell, i.e., fluctuations induced by pure Bose-Einstein

0.0 1.0 20 3.0 4.0 5.0 6.0 distributions[cf. Eq (32)] at M=5 since dy=0.8 andAY
y =4.0. Our simulation gives5(M=>5)~1.27, andF3(M

FIG. 8. (a) Rapidity dependence of the mean transverse momen 16)~1.38. The reduction from 1.5 can be attributed to the

tum (py) for yS=14.0, 34.5, and 91.2 GeVb) Effect of the thrust smearing due to varying cell locatidof. item 1 of step 2 of
axis andlor the energy-momentum conservation for eneygy Sec. Il A) anq aliio to the global char%e conservation. In
345 GeV. fact, we obtainFi(M=5)~1.32 and Fi(M>16)~1.46
when all the conservation laws are not imposed.
Now the results are compared with experimental data
[16,21] for both exclusive and inclusive factorial moments in
We study the scaled factorial moments in order to invesFigs. 9 and 10. Our results approximately reproduce the ex-
tigate the fluctuations of particle density in the rapidity perimental data. In particular, the agreement is very good for
space. The following two kinds of scaled factorial moment,/s=34.5 GeV. In our model, the parameidy plays a cru-
are used for comparison with experimental data. cial role in reproducing the bin size dependence of the fac-
The factorial moments are evaluated for the multiplicity torial moments. A increases from unity, the factorial mo-
of particles produced in the rapidity windowy,<y<y, ments increase due to the BECs and then start to saturate for
+AY. The rapidity window is divided into M bins of equal M>AY/§8y.® In this sense, the parametéy in our model
size AY/M. WhenN particles are produced in the window may be interpreted as an effective correlation length in the
while k,, particles are found in theth bin, the “exclusive”  rapidity space due to the BECs. Our results show that the
scaled factorial momen] is defined as BECs considerably contribute to the increase of the scaled
M _ factorial momentgthe so-called intermittengyHowever, at
|:.e><:|v|i—1< 3 Kin(Km— 1)"‘(km—l+1)> 29 Js=91.2 GeV our results of both exclusive and inclusive
: m=1 N(N—=1)---(N=i+1) [’ factorial moment systematically underestimate compared

D. Bin size dependence of the scaled factorial moments

where angular brackets mean an event average with Fixed
The “inclusive” scaled factorial moment used in many lit-
eratureq 3] is given by

5The TASSO Collaboration compared their dat#] (exclusive
factorial moments at/s=34.5 GeV) with results of various event
simulators of multiparticle production model: the Webber model,
the Hoyer model, and the Lund model versions 6.2 and €8 the
references cited ifl6]). Those models can also roughly reproduce
> , (30 the experimental data. The BECs are not taken into account while
cascade processes are included in them.

I(m(km_l)' "(km_ i+ 1)
(N)!

M
F:n: Mi—l< mE:1
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FIG. 9. The exclusive factorial moment féa) v/s=14.0,(b) 34.5 GeV, andc) 91.2 GeV in ther model(solid line). Experimental data
are shown by open circles.

with experimental data for all orders. This underestimationenhancement of the correlation functioB(Q)[C(Q?)]

becomes remarkable as the order of the moment increases strongly depends on the size &. Whendy becomes large,

may be due to three jets events at high energy not taken intthe slope of the correlation function becomes smallffis

account in our calculatioh.At CERN e*e™ collider LEP  larger than the rapidity interval for the full phase space, i.e.,

energy, events with three jets take place with a significan®y=2y,,.., the correlation function has nQ dependence,

probability. C(Q)=2. On the contrary whe®y approaches to zero, the
slope of the correlation function becomes large &(®)

E. Bose-Einstein correlations approaches to unity fo@>0.

. . . Alth h our m | has no explicit information on th
Here the results for the Bose-Einstein correlation func- though our model has no explicit information on the

. X i space-time structure of particle emission points, we can ex-
tions are compared \.N'th data N 34'5[17]_ and 91.2 GeV' ract the size and the lifetime of the particle sources by fitting
[19,22. The following correlation functionsC(Q) [or

> ) - a theoretical formula to the result with mixed pair reference
C(Q%)] are used for this analysis: from our simulation. Here we use the following fitting for-

C(Q):Nii(Q)/Nref(Q) or C(QZ):Nii(QZ)/Nref(QZ), mula f0rQ>5 MeV/c:

(33 C(Q)=c[1+\ exp—RQ)], (34)
where N**(Q) [or N**(Q?)] is the number of like sign
pairs with four momentum differeno®2=(p;—p,)? or Q C(Q%)=c[1+\ exp —R?Q?)], (35)

=./Q°. The so-called reference sample, the denominator

tions. TASSO and ALEPH collaboration use the number ofchaoticity parameter, arid is the size parameter. We do not

1 1 1 f o« H H ” o
unlike sign pairs adN"™. “Mixed pair reference” is also s data foQQ<5 MeVic in the fitting because the statistical
used by ALEPH. In this case, a pair is taken from differenterrors are very large there.
events. Our results of both theand thep models are shown | Taple 111, the results of the fitting at various energies

in Figs. 11 and 12, respectively. We also present energyre summarized for both the and thep models. With in-

dependence of the BECs correlation funct®(Q) in Figs.  creasing energy of the systeR,decreases whila tends to

13() for the = model and in Fig. 1) for the p model. increase. We find thaR in the p model is larger than that in
Our model produces a characteristic enhancement ghe ;- model. We also try to extract the longitudinal sReg,

C(Q)LC(Q?)] in the smallQ(Q?) region. The result of the yansverse siz&;, and lifetime by using the following
p model is in better agreement with experimental data thag,rmulas in our fit:

the 7~ model for the whole region o®?. We found that the
C(QuU=ci[1+x exp(—RIQD)],

8In respect of this point, it is interesting to note that the observed

_ _p2A2
violation of the negative binomial behavior in the full phase space C(Qr)=crl1+Arexp(—R7QT)], (36)
of e*e™ annihilation is well understood as the weighted superposi-
tion of jets of different topologief26]. C(AE)=c,[1+\, exp(— 7°AE?)],

014024-9
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FIG. 10. The same as in Figs(a@®-9(c) for the inclusive factorial moments in the model.

where QE:|pL1_pL2|2! Q$:|ﬁTl_5T2|2 and AE=|e;
— €,|. The results are presented in Table IV. The source size

decreases with increasings, while the life time is almost

2.00 .

independent of/s. It is reasonable that(Q+) has no strong <& —all direct
Q+ dependence because the BECs are not taken into accouraz —----all p decay
in the transverse momentum space in our model. I TASSO

The value of the normalization constantmay be under-
stood as follows. The number of unlike charged pairs and
that of (++) pairs for largeQ may be proportional tdsta-
tistical) combinatorial numberén n_) and{(n, (n, —1)),
respectively. Therefore the asymptotic value of the correla-

1.501

tion function may be estimated as 1001
lim C(Q)=c . .
Qo R 345 GeV
ref_ s A
(n,(n.—1)) 0.50 (a) | | N -Iunllke pair
= "y (37) 0.0 0.5 1.0 15 2.0
e Q? [GeV¥¢?
(n.) 150
=1-7—, 38 ~ ' ' '
(n% 38 ] ——all direct n
. L. © —----all p decay
where we have used charge conservation in deriving the sec 4 5]\ i
ond line. Equation(38) with the approximation(n2) : { ALEPH
~({n,)? and the experimental values d@hq)(=2(n,)) o
yields ¢=0.785, 0.855, and 0.901 fofs=14.0, 34.5, and i

91.2 GeV, respectively in qualitative agreement with the re- 1.00

sult given in Table IlI.
We also investigate the influence of the charge and

energy-momentum conservation on the Bose-Einstein corre-g.7s|

lations. Both energy-momentum conservation and charge
conservation reduce the values of the correlation functions in
the wholeQ (or Q?) range as shown in Fig. 14. The effect of
charge conservation is stronger than that of energy- %30
momentum conservation. If “no conservation” events are
used,C(Q) approaches to a larger constant@sncreases.
As mentioned in Section Ill B, the BECs in themodel

(b) .

[] $
R it

91.2 GeV

N'®'zunlike pair

0.5

1.0
Q [GeV/c]

1.5

2.0

FIG. 11. Comparisons of the results 6(Q?) from the 7 and

are imposed for like-charged pions by using the enhanceys models with the experimental data f@ s=34.5 GeV andb)
ment factor. By changing this enhancement factor, we can/s=91.2 GeV. The number of unlike pairs is used as the reference.
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2.00 T T T 2.00 T T T

G —all direct = g | mmedel e 14.0GeV

o —----all p decay o ——34.5GeV
T ALEPH I — - -91.2GeV

150 1,50 f

1.00 1.00

91.2 GeV
N'"*"=mixed pair (a) N'¢'= mixed pair
0.50 L : ' 0.50 ' ' '
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
Q [GeV/c] Q [GeV/c]
FIG. 12. The same as in Fig. 11 fafs=91.2 GeV with the 2.00 . .
mixed pairs as the reference sample. . p-model 14.0GeV
g ——34.5GeV
control the strength of the BECs. For example, one can re-O — - -91.0GeV

duce the BECs substantially by puttimj =N*=0 in Eq. {59
(25) as shown in Fig. 15.

F. Two-particle rapidity correlations

We investigate the two-particle correlations in terms of 100
rapidity variables in detail. The experimental data reported
by TASSO Collaboratiorf17] at \/s=34.5 GeV is used in

comparison with our calculations. When the two-particles of ) N'*'= mixed pair
typea andb (for examplea,b=x",7") have rapidities/, 0.50 I L .
and y,, respectively, the two particle rapidity correlation 0.0 05 1.0 1.5 20

function R&(y,,y,) is defined as follows: Q [GeVre]

FIG. 13. Energy dependence ©fQ) with mixed pair reference
in the (@) = model and(b) p model.

TABLE Ill. The results ofR, \, andc in the 7= and thep models.

Js [GeV] model function R[fm] A c
14.0 Gaussian 0.560.02 0.46-0.02 0.84-0.00
7 (9y=0.6) Exponential 0.72:0.04 0.66-0.02 0.83-0.00
(8y,=1.2) Gaussian 0.770.04 0.28-0.01 0.85-0.00
p (8y,=0.6) Exponential 1.170.09 0.43-0.03 0.85-0.00
345 _ (5y=0.8) Gaussian 0.500.02 0.58-0.02 0.9G:0.00
: Exponential 0.62:0.02 0.83-0.02 0.88-0.00
(3y,=1.6) Gaussian 0.610.02 0.39:0.01 0.91-0.00
p (8y,=0.8) Exponential 0.800.04 0.54-0.02 0.91-0.00
91.2 - Gaussian 0.360.01 0.62£0.02 0.96:0.01
7 (dy=1.2) Exponential 0.420.01 0.92:£0.01 0.910.00
(8y,=2.4) Gaussian 0.480.01 0.34-0.01 0.96-0.00
p (8y.=1.2) Exponential 0.630.02 0.49-0.01 0.95-0.00
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TABLE IV. The results ofR,, Ry, and 7 in the = model. Corresponding results of the chaoticity

parameters,, , Ay, and\ ; are also presented.

Js [GeV] R.[fm] AL Ry[fm] At r[fm] A,
14.0 0.55-0.03  0.32:0.02  0.29:0.16  0.07-0.03  0.20-:0.00  0.20-0.01
91.2 0.34/0.01  0.34-0.01  0.13r0.05 0.04-0.01  0.20:0.01  0.13-0.00
(a,b)
p (Y1,Y2) b Vg b
R(Za'b)(yl,yz)EW—l, (39 R(za' )(yllytrigg)EW f dYIR(Za’ )(yllyt)u (44)
fp'®(y1)p™(y2) B Ya Jya

wherep@P)(y,y,) andp®(y,) is the two particle density
and the one particle density, respectively,

By yp= s L (40)
p yl;YZ P dyldyzl
yy== @

Here o is the total cross section arfdis the normalization
constant given by

_ <na(nb_ 5ab)>

=, 42
ey 42
where
1 for a=b,
S.p=14 0 for a#b,
0 when particle type is not distinguished,
(43

andn, andn, are the multiplicities ot andb, respectively.
Instead of usindR¥ (y;,y,), in practical measurements
by TASSO Collaboration, they use

2.50 T T T

c(Q)

charge and energy-momentum
energy-momentum conservation only
----+---- charge conservation only

no conservation

2.00

1.50

1.00

N'¢'= mixed pair
[

1.5

|
1.0
Q [GeV/c]

2.0

FIG. 14. Effect of conservation laws on the BEC correlation
function C(Q).

whereyygq refers to a rapidity intervaly(, ,yg). These trig-
ger rapidity intervals are trigger 5.50<y=< —2.50), trig-

ger Il (—2.50<y=<-1.50), trigger Il (—1.50sy=<
—0.75), and trigger IV 0.75<y=<—0.00). First we in-
vestigate a case where sign of charge is not distinguished and
henced,,=0. The results are compared with experimental
data in Figs. 1G)-16(d). The experimental data are ap-
proximately reproduced by the simulation for every trigger
regions. Although our model predicts a negative correlation
for largey (y=2) in the trigger I, a positive correlation is
reported by TASSO. For the trigger regions I, lll, and 1V,
calculated correlation functions show positive bumps around
the trigger rapidity interval in agreement with experiment.
The effect is apparently caused by the BECs.

For confirmation, we calculate the two-particle rapidity
correlation R*"(Y,Yuigg) and R*7(Y,Yuigy). See Figs.
17(a)—17(d). The clear positive correlations are seen near the
trigger rapidities in the correlation functioR(™ *)(y,,y,).

On the other hand, such positive correlations are absent in
R(*7)(y,,Y,). From these investigations, one can conclude
that the BECgidentical particle effegtplays a crucial role in

an enhancement of th%”(y,ymgg) near the trigger rapidity
Yuigg- The correlation functions are also affected by the ef-
fects ofp meson production and their decay. Results ofghe
model are shown in Fig. 18. It is found that tpemodel
gives better agreement with experimental data thansthe
model for all trigger rapidity intervals.

There are some discrepancies between the model result
for R(y,Yuigg) and the data as most evidently seen in Fig.

1.6 —— T
1.5 _ —e— enhancement factor on _
e ----o---- enhancement factor off 7
1.4 =
13 F =
S Lk ;
o 1.2 u ]
F p- model, ]
1.1 o 91 GeV; 8y =120
1.0 Bofarusis 4
09 F 3
0.8 N R N B .
0.0 0.5 1.0 15 2.0
Q [GeV]

FIG. 15. The role of the enhancement factor in thenodel.
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FIG. 16. Comparison of the result from themodel with experimental data on the two-particle rapidity correlation fund®onyiigo)
at \/s=34.5GeV for(a) trigger | [—5.50~2.50], (b) trigger Il [—2.50~1.50], (c) trigger Il [—1.50~0.75], and (d) trigger IV
[-0.75,0.0Q.

16(a). The situation is qualitatively the same in both the perimentally that there are wedgositive) correlations be-
and p models. This is an indication that there are unknowntween the multiplicityng in the backward hemisphere and
long range as well as short range correlations besides BECthe mean multiplicity(ng) in the forward hemisphere. The
e.g., those due to higher resonances and/or three jets. direction of the forward or backward hemispheres is assigned
In analogy toC(Q), another two-particle rapidity corre- at random in the simulation. The comparison of our results
lation function can be defined by using the rapidity deferencevith experimental data is shown in Fig. 20. It is found that
Ay=|y;—Y,| in place ofQ: our model reproduces well experimental data for evgsy
This correlation is usually parametrized by a linear form

~ N** (A
(4y) (ng)=a+bng. (46)

C(Ay) = W. (45)
. The values of the parameteasandb extracted from ther
This function allows us to measure the size of the modefnodel and the corresponding experimental values are given
parametewy. We expect that slope @(Ay) will change at  in Table V.
Ay~ 8y. In this paper, we assume th&y is independent of The correlation strengtlh depends on the size afy.
y. This assumption can be checked by measu@fgy) in  When dy becomes large, the correlation strengtialso be-

various rapidity regions. We strongly urge experimentalistssomes large. When the multiplicity distribution is extremely
narrow, the correlation strengthis negative. For example,

to measure€C(Ay). Our prediction for this correlation func- o v eiatiull SURTR :
if the multiplicity distribution is delta function typ®(ng)

tion is shown in Figs. -190c).
gs. 18)-190) = 8(nep—(Nngp)), the correlation strength is — 1. Note that
, the dispersion of the multiplicity distribution is also sensitive
G. Forward-backward correlations to the size ofdy. Increase oféy enhances the dispersion of

Finally we compare the results of the forward-backwardthe multiplicity distribution. This enhancement of the disper-
correlation with experimental dafd3,20. It is known ex-  sion also increases the correlation strertgtiWe found that
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FIG. 17. The two-particle rapidity correlation functiofs *(y,Yyigs) @and R™ ~(Y,Yyige) in the 7 model for Js=34.5 GeV with(a)
trigger I [ —5.50,~2.50], (b) trigger Il [ —2.50,~1.50], (c) trigger Ill [—1.50~0.75], and(d) trigger IV [ —0.75,0.0Q.

the forward-backward correlation is not significantly affected Various kinds of the experimental data on single particle
by the energy-momentum conservation. spectra and many particle correlations are well reproduced
by our model. We have compared the results obtained from
our simulations with experimental data on multiplicity distri-
butions, rapidity distributions, and rapidity dependence of
We have investigated various correlations and fluctuationghe mean transverse momentum. For many particle correla-
observed in multiparticle production &" e~ annihilation by  tions, we compare our calculations with experimental data on
using a new statistical model constructed on the basis of thfactorial moments, Bose-Einstein correlations, two-particle
maximum entropy method. This model allows us to investi-rapidity correlations and forward-backward correlations. We
gate the crucial roles of the Bose-Einstein correlationshave also calculated the charge correlations in the rapidity
(BEC9 in multiparticle production phenomena. The modelspace. We hope experimentalists will measure this observ-
has three parametefs u, anddy. The “partition” tempera-  able.
ture T and the “chemical” potentialu characterize the Our results for all observables on correlations, including
single particle spectra. The BECs are characterized by théhe dispersion of the multiplicity distributions, exhibit a
third parameterdy. Based on this model we have con- strongdy dependence. We found th&y plays an essential
structed two kinds of event generators which correspond teole in explaining the behavior of some two-particle correla-
two extreme cases. One case is thenodel which assumes tion functions, scaled factorial moments, and so on. Once the
that all pions are produced directly, i.e,e”— - . The  value of the parametedy is determined by fitting our result
other is thep model where it is assumed that all pions areon the rapidity dependence of the dispersion of the multiplic-
produced via the decay gf mesons, i.e.ee —pp--- ity distribution to that of the experimental data, other corre-
—am -+ . In the course of the event generation, energydation and fluctuation data are systematically reproduced by
momentum and charge conservations are imposed by eveunsing the sameéy value. The parametety may correspond
selection. Thus we can study the effects on single particléo an effective correlation lengtiin the rapidity spaceof the
spectra and correlations caused by these conservation lanBECs. Constancy of the size of ti&y in the whole rapidity
We found that some observables are significantly affected bgpace is the most characteristic point in our model. This
them. simple assumption may be checked by measuring the corre-

V. CONCLUSIONS AND DISCUSSIONS
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FIG. 18. Comparison of the results of thenodel with experimental data on the two-particle rapidity correlation fund®ony,) at
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TABLE V. The results of the parameters which characterize thedecay processes of resonances and experimental data on
forward-backward correlation. The experimental values are given iRhgse observables suggest that there are significant contribu-

the parentheses.

Js [GeV] a b
14.0 (Sy=0.60) 4.36 0.054 (0.0850.014)
34.5 (Sy=0.80) 6.18 0.074 (0.0890.003)
91.2 (Sy=1.20) 9.03 0.137 (0.1180.009)

lation C(Ay) at various rapidity regions. There are possibili-

ties that it depends on the rapidigyand/or the multiplicity.

In Bose-Einstein correlations and two-particle rapidity
correlations, in particular, we observe a clear difference be

tween the prediction from the model and that from the

tion from resonance decay. No significant difference between
the 7 model and the model is observed in the single par-
ticle spectra and other correlation data.

Finally, we would like to point out two important aspects
of our model. First, we would like to emphasize that the
BECs are incorporated on event-by-event basis in our model.
It thus provides a useful theoretical tool for event-by-event
analysis of the BECs. This is an important feature of our
model not shared by any other event generators. Second,
information on the space-time structure of multiparticle pro-
duction is apparently not contained in our statistical model.
Nevertheless, it gives the BECs from which one can extract
the information on the “apparent” source size and the chao-

model. We found that the model gives better agreement ticity. It thus appears that the information on the space-time

with those experimental data than tlemodel. This means

structure is “hidden” in our model. The fundamental param-

that two-particle correlations are sensitive to production an@ter &y may have some relevance to the question.
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