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Therxriodynamics of quark jets. II. Baryon production
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A Monte Carlo analysis based on a recent thermodynamic model for jets is used to model quark
fragmentation into hadrons. Quantitative estimates of the baryon-to-meson ratio Ne/N~ and kaon
and hyperon production are made.

I. INTRODUCTION

In the preceding paper, ' a method was developed for us-
ing the thermodynamic properties of a one-dimensional
quark gas as a model for jets. The quarks were in a
grand canonical ensemble and the multiplicity of hadrons
in jet events was calculated. In this paper we carry out
Monte Carlo calculations to trace the cascade evolution of
the jets including baryon production and give a quantita-
tive estimate of the baryon-to-meson ratio.

The basic picture of the physical process is the follow-
ing: the annihilation of the e+e pair creates a qq pair
held by a string; the successive breaking of the string gen-
erates a cascade of hadrons. The string breaking must al-
ways be such that each resulting multiquark state is a
singlet. The quarks are treated as classical particles [fun-
dainental representations of SU(3)] but their interactions
via SU(3) gauge fields are treated exactly. The interaction
Hamiltonian was postulated in Eqs. (1), (2), and (3) and is
given by

H= ——gA, ;A~ ~x; —xj ~;
l (J

A. s are matrices belonging to the adjoint representation of
l

SU(3), a is the string tension, and x s are the positions of
the quarks.

II. CrRAND CANONICAL PRESSURE ENSEMBLE

Since we wish to deal with a system in which free
creation and annihilation of quarks takes place, the natur-
al quantity to consider is the thermal grand canonical
Green's function. However, the ordinary volume-fixed
grand canonical partition function proves unsuitable for
Monte Carlo modeling of a many-particle system at tem-
peratures and densities as "hot" as jets. This partition
function is given by

Z(P, L,p)= g g e " Z Qti(L, T)W~,
n =On=0

q

(2.1)

where ne, n are th-e number of quarks and antiquarks,
q

N =n&+n , but N -as a subscript represents (ne, n-), and
L=volume of the system. z =2tnICi(mlT) is the single-
particle kinetic partition function, and depends on the fla-
vor of the particle through the mass. We will denote by
zf(T) the value of this function for a specific flavor f
when necessary. 8'N is the number of ways to form an
SU(3) singlet. When n& &n

(2.2)

"e nq (n +1 b)(n —a —b) (n —a——b)(n +1—2b)

(a+1)(b+1) (a+1)(a+2)(b+1)

Q~(v, T)= f +dx;e ' '+'

where the x; integrations are performed in a fixed volume L for all orderings of particles. Since the Casimir C; of the
color flux between the ith and i + 1th particle is correlated with C; i and Ct+ i, Qz involves the calculation of 2 terms

(2.3)
X~

Thus to simplify calculations, we use the pressure parti-
tion function, the pressure p being the conjugate variable
to the volume L:

00 1
tr~(P,p,p) = dL exp Lp — lnQ&(P, —L,p) ~ —.

(2.4)

m.~(p,p,p) can be calculated explicitly whereas direct ana-
lytic calculation of Q~ is impossible. Thus the grand

I

pressure partition function is

ge ~" ntt(P, p p)=Zp . (2.5)
N

This is physically reasonable, as, for systems as "hot" as
jets, forces keeping a system together control pressure and
densities rather than the volume, thus P and T are suitable
external variables.

Pressure-fixed ensembles also show Koba-Nielsen-
Olesen (KNO) scaling. ' This implies that the fluctuations
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The initial color configuration of the system is represented
by a sequence of irreducible representations IR(i) =(p;,q;)
of SU(3). For 0&i &N=nq+n , IR(-i) is the representa-
tion formed by the first i particles of the system and is the
color flux between particles i and i+1. The IR's satisfy
two conditions:

600-
(po qo)=(pw, qw)=(0, 0),

(3.2)

(p;+i, q;+i) =(p;+ l,q;), (p, ,q, +1),or (p. +I q. +1)
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FIG. 1. Equation of state for the pressure-fixed ensemble (P

vs T) for high temperatures (T &~ V a).

III. THE MONTE CARLO ANALYSIS

We start with an initial configuration of nq quarks and
n- antiquarks at a high temperature T, and a pressure p.
The pressure is determined numerically to ensure equili-
brium. The equation of state thus obtained is plotted in
Figs. 1 and 2. The analytic form for high and low T is
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FIG. 2. Equation of state for the pressure-fixed ensemble (P
vs T) for low temperatures (T & V a).

in the number of particles are very large. This behavior is
reflected in our ensemble which tends to show "critical"
behavior for small fluctuations in pressure. This means
that it is extremely sensitive to pressure changes and has a
tendency to "shrink down" or blow up; thus the pressure
has to be fine tuned to ensure equilibrium.

If the upper signs hold in Eq. (3.2) then particle i +1 is a
quark and IR(i+ 1) is in 3IR(i), while, if the lower signs
hold, then particle i+1 is an antiquark and IR(i+1) is in
3 IR(i). As an example, a system consisting solely of
mesons would be represented by

(0,0) for i even,
IR(i)= '

(1,0) or (0, 1) for i odd .

%'e begin each simulation with the system in the many-
meson state and with flavors assigned to the quarks at
random, in accordance with their masses and the initial
temperature. We then iterate these three steps:

(1) Thermalize the system by the sweeping process
described below.

(2) Make "observations" of the internal state of the sys-
tem, with several sweeps between observations.

(3) Reduce the temperature and return to step one.
The iteration continues until one of two conditions is

met =ither the pressure drops to zero, or there have been
no creations or annihilations in the system for five con-
secutive iterations of the steps (1), (2), and (3). In practice,
these two conditions are met nearly simultaneously. We
call a system "frozen" when it reaches this state.

The sweep process consists of applying one or more of
three possible changes to each link of the system in turn.
The first change applied is a color flux change. Each link
has a color IR(i) =(p;,q;) denoting the flux between parti-
cles i and i + 1. Depending on the values of IR(i —1) and
IR(i+ 1), there may be up to six possible values of IR'(i)
which are consistent with the neighbors. [That is, which
are contained in both (3 3) IR(i —1) and
(33)IR(i+ I).] These possible values of IR'(i) are as-
signed probabilities proportional to (aC;+p) where C~
is the Casimir operator of IR'(i), and one is then chosen at
random. Note that for high temperatures, the pressure p
is large and all possible IR'(i) values become equally like-
ly. Sometimes the chosen IR'(i) implies that a quark and
an antiquark have moved past each other. If this is the
case, the flavor information is updated to reflect this. If
the particles at either end of link i are both quarks or both
antiquarks, then their flavors are swapped with probabili-
ty —,

' .
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The second change considered is the insertion of a q-q
pair at the current link of the system. This is only al-
lowed at links with nonzero flux. If a pair is inserted it
entails the creation of two new links with colors IR'(i + 1)
and IR'(i +2). IR'(i + 1) must be contained in
IR(i)S(3&3) while IR'(i+2)=IR(i). The inserted pair
may also be of any flavor. The proposed insertion is ac-
cepted or rejected according to the probability ratio

p (insert)
p(not insert)

T T
(aC +i+p) (aC/+p+p)

W(nq+ l, n —+ 1)z'
W(nq, n-)

(3.3)

p (delete)
p(not delete)

(aC;+p) (aC;+I+p) W(nq —l, n 1)-—
T T ' W(nq, n-)

(3.4)

Repeating the process at each link constitutes one sweep

If accepted, a flavor is then assigned according to the
weights zf.

The last change considered at each link is the deletion
of a q-q pair. To be a candidate for deletion, a link i must
have the same flavor of particles at each end and must
satisfy IR(i)+0, IR(i —1)=IR(i + 1)&0. The latter
guarantees that the two particles consist of one quark and
one antiquark. The probability of deletion is essentially
the reciprocal of Eq. (3.3). If deletion is chosen, the links
i and i +1 are removed from the system. We delete with
the probability

of the system. We repeatedly sweep the system until
equilibrium is established and categorize clusters of
quarks that form singlets. If, for a link i,
C(i)=C(i+3)=0, the cluster is a baryon; if
C(i +2)=C(i) =0, the cluster is a meson.

At higher temperature, exotic states of the form qqqq,
etc. , also exist. We then lower the temperature of the sys-
tem and repeat the process until the system freezes. When
the system is frozen we find that all the singlet clusters
are either baryons or mesons; all the exotic states have de-
cayed to baryons or mesons.

A remark is in order here. The condition for insertion
is more often satisfied than the condition for deletion, so
the fugacity g= l. The system behaves as if it has an ef-
fective "fugacity" for pair creation.

The masses we have used in the calculation are
m„=md ——0.300 GeV, m, =0.500 GeV, m, =1.6180 GeV,
mb ——4.84 GeV, giving single-particle partition functions
zu~ zd~ zs~ zc~ and zb.

IV. RESULTS AND COMMENTS

The output of a typical run is tabulated in Table I. We
see that at high temperatures most of the quarks are free.
As we lower the temperature, two-, three-, four-, five-, and
six-quark states form. Further lowering of temperature
causes the exotic states to decay to two- and three-quark
states until at the "freezing" point only mesons and
baryons are left.

Examining the system for uu, ud, and du states gives
the number of two-quark states that are pions. Counting
su, sd, sd and su states gives the number of kaons. Pro-

TABLE I. Clustering in the stage of adiabatic expansion.

Temperature
{GeV) 10 0.8 0.5 10-' 10-' 10-4

1. Percentage of
quarks forming
mesons
2. Percentage of
quarks forming
baryons
3. Percentage of
quarks forming

QQQQ stages
4. Percentage of
quarks forming
higher quark
stages {5 and 6
quarks)
5. Percentage of
free quarks
{7 or more quarks)
6. Percentage of
mesons which
are pions
7. Percentage of
mesons which
are kaons

0.56 2.88 3.23 4.81 4.28 14.65 39.47 82.53 84.51 84.00

0.00 0.00 1.21 2.81 2.81 5.37 14.09 14.05 15.79 16.00

0.74 0.00 1.61 7.69 5.88 8.46 17.61 1.52

0.46 0.00 2.42 0.00 13.24 13.77 14.73 1.90

98.24 97.92 91.53 86.00 73.80 57.75 14.09 0.00

25
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TABLE II. c.m. energy dependence of Nz/N~, Nz/N~, and N~/NM.

c.m.
energy V s (GeV) 42.5 36 25 16

0.204+0.1 0.1831+0.13 0.139+0.017 0.099+0.025 0.074+0.01

N

NM
0.406+0.1

0.09 +0.06

0.39 +0.17

0.07 +0.02

0.309+0.07

0.051+0.015

0.238+0.02

0.026+0.01

0.193+0.008

0.017+0.005

tons and neutrons are not distinguished in the results of
this model and are found by tabulating the three-quark
states containing the u and d quarks and no s or c quarks.
The number of such states is denoted by Nz.

Table II and Fig. 3 show the behavior of the ratios
N~/N~, Nx/NM, and Nx/NM, of nucleons, kaons, and
hyperons to total mesons, respectively, as a function of en-
ergy. Experimental data for hadronic-species multiplici-
ty is usually presented in terms of total multiplicity of
various species. Since our model uses a one-dimensional
approximation, we make predictions regarding the ratios
of the particle species rather than their total multiplicity.
Moreover, if the branching picture presented in paper I is
correct, each transverse branch behaves as a one-
dimensional quark system, in which hadronization takes
place independent of the other branches. Hence, the ratios
Nx/N~, N&/NM, and Nz/NM should remain indepen-
dent of transverse-momentum effects, whereas the total
multiplicity is dependent on the number of branches, and
thus on transverse-momentum effects. In Fig. 4, the ratio
of the charged-particle species to charged mesons calculat-
ed in the Monte Carlo simulation is compared with exper-
iment. It should be noted that our model does not distin-
guish between neutral and charged particles. Since most
experimental data shows charged-hadron multiplicity, in
comparing our predictions with experiment we assume
that charged and neutral particles appear with equal prob-
ability. The number of charged-particle states is then

given by weighting the total number of particle states
(charged + neutral) by the charged-to-neutral-particle ra-
tio for that species.

There are large fluctuations in these volumes reflecting
the statistical (KNO) behavior of the ensemble. It should
be noted that we have used a thermodynamics ensemble to
model particle production in jets. In jets however, the to-
tal number of particles is small (N-10—20). Neverthe-
less, we make predictions only for the ratios of the particle
species rather than the total number of particles of each
species produced. Hence, the thermodynamic (N large)
approximation gives good results.

In conclusion, we find that the Monte Carlo simulation
of a one-dimensional quark gas in a pressure-fixed ensem-
ble gives a good qualitative illustration of the clustering
process in e+e collisions. The quantitative results show
good agreement with experimental data. The main feature
of our program is the incorporation of baryon production
in a natural way, and the fact that we can trace the step-
by-step evolution of the particles at each stage of the clus-
tering process. We have also demonstrated a practical ap-
plication for pressure-fixed thermodynamic ensembles,
which are particularly suitable for describing the thermo-
dynamics of jets. Further investigations on the origin of
KNO scaling in the thermodynamic context are in pro-
gress.
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FICx. 3. Ratio of the number of particle species to total num-
ber of mesons as a function of center-of-mass energy. N~/N~ is
the ratio of nucleons to mesons, N~/NM is the ratio of kaons to
mesons, Nz/N~ is the ratio of lambda hyperons to mesons.

FIG. 4. Comparison of the Monte Carlo results for the
charged-particle species to charged mesons with experiment.
Filled symbols are experimental points; open symbols are predic-
tions.
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