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Quark confinement is assumed to be implemented by the generation of chromoelectric flux tubes with
uniform energy density. Approximate formulas for the production of quark pairs in these tubes by tunneling
are derived and various observable implications are studied. The non-Abelian nature of the SU(3) color group
is taken partially into account thus yielding a quantitative estimate for the baryons-to-mesons ratio.
Reasonable agreement with experiment is obtained.

I. INTRODUCTION

For a variety of reasons, related mainly to the
short-distance behavior, quantum chromodynam-
ics (QCD) appears to be the most promising theo-
retical framework for strong interactions. ' To
understand within this framework the long-dis-
tance behavior, is the outstanding challenge to
QCD

It is believed that confinement arises, in a qq
system, say, because of a tubelike configuration
of the color-electric field between the quarks.
Such a configuration yields linear potentials and
linear trajectories. '
Clearly, it is of great interest to find additional

independent manifestations of the confining tube
in hadronic processes. The present work is di-
rected towards this goal. More definitely, we
address the question of whether the basic fea-
tures of high-energy multiple particle production
can be related to the confinement tube. For sim-
plicity we restrict ourselves to e'e annihilation,
although some of the qualitative features we dis-
cuss are expected to hold also for the more gen-
eral case of hadron collisions.

Our basic picture for multiple quark-pair pro-
duction is rather similar to what happens in QED
in one space dimension. ' The annihilation of the
e'e pair creates aqq pair, and this generates a
cascade. The confining constant color-electric
field between the q and q builds a tube within which
new qq pairs may be created. Such a pair is pulled
apart by the field to a point where it shieMs the
field in between, and thus pairs off with the or-
iginal qq to form smaller tubes of lower energy.
This process repeats itself till all the available
energy is used up.

The main observation we make is that within
the above framework the elementary process of
pair creation may be understood rather well. In
fact, it is not very different from the idealized
situation of noninteracting pa.rticles created by a
uniform Abelian field, a problem which has been

exactly solved by Schwinger. ~ As a result of this
observation we get, with no adjustable parameters,
predictions for the transverse-momentum spec-
trum, for the kaons-to-pions ratio, and for the
baryons-to-mesgns ratio. These predictions are
consistent with experiment. ' Our general picture
of the process is seen to agree also with the width-
to-mass ratio of meson resonances. We remark
that a major difficulty in the way of a detailed
phenomenological analysis is the need to identify
the final quark configurations with clusters of a
given energy.

The program of the' paper is as follows. In Sec.
II we introduce the flux-tube model, evaluate its
parameters, and list the approximations which
underly it. We then rederive Schwinger's pair-
production formula by a semiclassical tunneling
calculation. This method has an advantage over
the exact calculation in that the limitations due
to the finite size of the tube and the finite time
available for the quark-pair materialization may
be assessed. As a byproduct we derive the trans-
verse-momentum distribution of the produced
quarks. In Sec. VI we discuss the transverse-
momentum spectrum of the produced mesons and
in Sec. V the K/w ratio. In particular, a rea-
sonable transverse-momentum cutoff is found
and the production of strange quarks (and mesons)
is damped due to their higher mass.

In Sec. 7'I, we take the non-Abelian nature of the
color group into account. A remarkable simple
mechanism for baryon production emerges and
this yields a reasonable baryon-meson ratio. In
Sec.VIIthe model is extended to the rather extreme
case of resonance decay. Although the low-lying
qq resonances can hardly be thought of as tubes,
we still expect the flux-tube description to hold
as a rough approximation. %e are then able to
calculate an average width/mass ratio. This
ratio is sensitive to the thickness of the flux tube,
which is the only unknown parameter in the model.

Section VIII is devoted to a critical dis-
cussion and comparison to other QCD-motivated
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approaches to multiple particle production. '.

A detailed treatment of the cascade evolution
and the related problem of particle multiplicities
will be given elsewhere.

II. THE FLUX-TUBE MODEL

Hadron dynamics possesses two major charac-
teristics which QCD is expected to explain. These
are quark confinement and the generation of quark
(' constituent" ) masses through the spontaneous
breakdown of chiral SU(3) && SU(3) manifested by
PCAC (partial conservation of axial-vector cur-
rent). In what follows we shall have little to say
about PCAC, but will assume certain reasonable
properties of the mechanisms which govern the
two effects. These assumptions will then be used
in a rather extreme fashion to formulate an ap-
proximate semiquantitative theory of hadron pro-
duction in high-energy e'8 annihilation .

The first assumption we make is that for dis-
tance scales of 1 GeV ' (0.2 F) or more, quarks
may be treated approximately as massive Dirac
particles. The relevant masses will be the so-
called "constituent" masses, ' 350 MeV for the

u, d quarks and 500 MeV for the s quark. The
dynamical content of this assumption is that it
assigns a relatively small scale to the mechan-
ism which endows the (almost) massless current"
quarks with their ' observed" masses. In line with

own general approach, we shall not try to supply
a theoretical justification to this assumption. It
may, however, be noted, that phenomenologically
the success of the constituent-q uark model in ex-
plaining the hadronic spectroscopy supports our
assumption.

Our second assumption is that in a qq system
confinement is implemented through the genera-
tion of a chromoelectric flux tube of universal
thickness for which the quark and antiquark act
as source and sink. Again, no justification will
be attempted beyond remarking that strong-
coupling lattice gauge theories lead to such a pic-
ture. '

The flux-tube hypothesis will be used rather ex-
tremely. More specifically, we assume that the
sol.e effect of the nonlinear quantum dynamics of
the gauge fields is to compress the longitudinal
chromoelectric field decreed by Gauss's law into
a tube. The time scale on which this process oc-
curs will be assumed to be rather short compared
to hadronic scales (not more than -1 GeV ').
Moreover, long-range vacuum fluctuations will
be assumed to be relatively weak and to occur
on time scales which are long compared to those

relevant for pair production. Thus, the chromo-
electric field in the tube will be treated as a clas-
sical longitudinal Abelian field during the act of
pair creation. In particular, the above assump-
tions require that the magnitude of g2/Sw2, where

g is the gauge coupling constant which governs
the vacuum fluctuations of the relevant scale, be
comparatively small; we shall indeed see below
that with a reasonable choice for the radius of the
tube this criterion is satisfied.

There are three parameters which determine
the properties of the flux tube. These are the
magnitude of the longitudinal field 8, the gauge
coupling constant g, and the radius of the tube
A. The energy per unit length stored in the tube
is according to our assumptions:

where A = mA' is the cross-sectional area. The
parameter k represents the large distance at-
tractive force which acts on the quarks, and can
be shown' to be related to the Regge slope, n,'

through:

f2=, =0.177 (GeV) .
2&Of.

(2)

A second relation among the parameters
emerges on applying Gauss's law which equates
the chromoelectric flux to the quark charge.

bA = —,'g, (3)

2 4A2/~ t (5)

Most of our results are independent of A, and the
only assumptions we need are that A is sufficiently
large compared to the distance scale relevant for
quark pair production and is small compared to the
average distance travelled by the end quarks between
two consecutive acts of pair production (the tube
should be longer than its thickness). Aswillbe seen
A -2.5 GeV' ' is a reasonable choice from this
point of view. Using Eq. (5) we see that this value
corresponds to g2/Sm2-0. 35 which is still small
compared to unity, .

We may now give a qualitative description of

where the factor —,
' is due to the fact that the

quarks couple to the gauge field through the SU(3)
generators 2X'. Equations (2), (3) upon eliminating
A lead to

—2'gh =2k=0.354 (GeV)'.

Equation (4) is simply the force which acts on a
free quark inside the tube, and as in an ordinary
capacitor the magnitude of this force is twice that
which operates on the end quarks. Note incidental-
ly that the radius and coupling constant are related
through
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the process of hadron production in e'e annihila-
tion. A pair of qq is produced at a point and start
receding from each other at a veloc&ty close to
the velocity of light. As the distance between the
quarks exceeds -1 GeV ' the tube is formed and
lengthens with time. As in QED, a, pair of qq can
tunnel through the barrier formed by the constant
field inside the tube, be pulled apart and material-
ize within a characteristic distance and a,t a rate
determined by the transverse energy and the field
strength. The new q (q) then forms a, tube with
the parent q (q) through a process of screening
which occurs also (by assumption) on a relatively
short time scale. The tube thus splits and the
process is repeated (N times) till all the kinetic
energy has been converted into the chromostatic
energy a,nd quark transverse energies of the 2~ qq
pairs which are identified with mesons. The pro-
duced quarks (and mesons) will be seen to have
a calculable transverse-momentum spectrum
which is cut off due to the barrier-penetration
factor. This factor depends also on the quark
mass so that strange-quark production is damped.
When carried to extremes the above picture may
also be used to yield an estimate for the lifetime
of low-energy resonances. Finally, a simple and
amusing extension of the model supplies a natural
mechanism for baryon production. These sub-
.jects will be treated in some detail in what fol-
lows.

III. PAIR PRODUCTION THROUGH TUNNELING

AND SCHWINGER'S FORMULA

The problem of a Dirac field which interacts
with an external uniform electric fieM was solved
by Schwinger almost thirty years ago.' Among
other results Schwinger gives the following expres-
sion for the vacuum persistence probability:

I (o. I
o

g/2 is the elementary charge, S is the external
field, and m is the mass of the Dirac particle.
This result clearly exhibits the instability of the
vacuum due to the possibility of pair creation.
In fact, the decay probability per unit time and

per unit volume is immediately read off as being
given by

2' rn'n

gg

The essential singularity in g8 of Eq. (7) is a
signal of the tunneling effect responsible for pair

creation. This reflects itsen also when one tries
to think in the language of path integrals. In order
to estimate the vacuum-one-pair transition, one
has to find the dominant paths (histories) with the
required boundary conditions. Whenever one deals
with scalars these paths are build of sequences of
states that are eigenstates of the field and satisfy
some classical equation of development. Thus,
a Priori, at each intermediate state, the system
may be in any one of a continuous infinity of
states. It is this last statement that does not hold
true for fermions, and the reason for this is that
fermions obey the exclusion principle. Keeping
this in mind, one may use path-integral reasoning
also for fermions. Thus, we look for continu-
ously varying sequences of states of the Fermi
system that connect the vacuum to the one pair
occupied state. Clearly these trajectories cannot
break, by continuity, any of the conservation laws
of discrete quantities. The final states are re--
stricted by a/l the conservation laws, but the in-
termediate states are not. Whenever the final
states are such that some of the intermediate
states in the path will be forced to break energy
conservation, the transition may occur only via
tunneling. The description of the sequence of
intermediate states for tunneling is facilitated
by imagining the system to acquire purely imag-
inary linear momentum. Thus the equations of
motion possess a formal classical meaning. Once
the dominant trajectories are known, the ampli-
tude for the transition is given by a properly
weighted sum over the exponential of the clas-
sical action associated with each trajectory. Our
problem is essentially one dimensional, and,
therefore, we are in fact going to use explicitly
only the most elementary version of WKB. This
plus some probability arguments will turn out to
be all we need in order to rederive Eq. (6).

In order to apply the strategy explained above,
we need a convenient quantum-mechanical des-
cription of all the states that the vacuum may
tunnel to. Since these states consist of pairs only,
and the individual pair-creation events are uncor-
related as long as they do not interfere with the
exclusion principle, we may be content with cal-
culating the probabilities for the creation of all
possible distinct one-pair states that have the
same quantum numbers as the vacuum. We de-
cide that any relevant one-pair state will be des-
cribed by the following parameters: the longi-
tudinal position of each component of the pair,
the absolute value of the transverse momentum
of the components of the pair, the longitudinal
projection of the spatial angular momentum of
each component, and the spin state of each com-
ponent, . The longitudinal direction is fixed by
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d f'=
The total action is twice the above quantity and
thus we get that the probability for a tunneling
event to occur at momentum p~ is

2mE, ' i
P(pr) = exp-

gg (10)

Now it is clear that the vacuum-persistence
probability is given by the probability that no such
event happended at any inst:ant since the existence
of the field or for any location of the center of

the external field, henceforth the z axis. The-
values of the spin and angular momentum in the
z direction are restricted by the cylindrical sym-
etry of the system. For our WEB calculation we
prefer to work with a different basis in which the
two-dimensional transverse momentum is diagon-
alized. We are then free to forget about spin if
we include a factor of 2 in the degeneracy of a
one-pair state of given transverse momentum.
We multiply by 2 and not by 4 because of J, con-
servation. We will only consider pairs for which
the components are pulled apart by the field,
therefore, the pairs are longitudinally ordered.
We further restrict the relevant final pairs by
demanding that the distance between the particle
and the antiparticle, d, satisfies

df = 4E,/gS,

where E r(p r+m')'~' is the transverse energy
of each component. The classical meaning of this
restriction is that the pair is created with zero
longitudinal momentum. A state which does have
some longitudinal momentum propagates in the
semiclassical approximation with a pure phase
and it does not tunnel. This kind of restriction
is always used in semiclassical calculations of
barrier penetr ation.

Having classified the possible final states we
may go ahead and define the semiclassical tra-
jectories. Any such trajectory is described by
the following: At an arbitrary point along the z
axis, a pair with transverse momentum p~ is
formed. It must have the same energy as the
vacuum and therefore each component has imag-
inary longitudinal momentum equal to i E~. The
electric field pulls the pair apart, the potential
barrier which each component faces being V(q)
=E~- —,'gSq, where q is the distance along the z
axis from the point where the pair was initially
formed. Thus the imaginary longitudinal momen-
tum is given as a function of q by
p = i(Er' ——,'g'8'q')'~'. Therefore, the action per
component is

the pair or for any value of the transverse mo-
mentum or spin. The exclusion principle assures
us that no more than one event with the above
specification may occur. Thus. the vacuum-per-
sistence probability is given by

l&0. l0)l = rr rr rr P ~1-P(-,)). (11)
spin e g p~

In order to pe rform the inf inite product we need
some discretization scheme. To this end we in-
troduce the spacial and temporal large dimen-
sions of the problem: L„,L„L„T.We now con-
struct cells (&p„, &P„, &z, &t) which have to be
small enough for the exclusion principle to oper-
ate but still sufficiently large to allow events
from different cells to be distinguishable. Since
the transverse directions are bounded by L„and
L„, we get AP„=2m/L„AP„=2m/L„. The frequency
1/ht counts the number of times per second the
system gets ready to tunnel. The quantity which
oscillates with this frequency is the number of
virtual pairs at Pr. Therefore, 1/bf=~/2v=Er/m

The longitudinal extension of the cell must be
clearly given by the total length of the barrier
seen by the particle and the antiparticle. Thus,
we get hs =4Er/gS. Inserting this into (11) we get

l(o. lo-) I'=exp g in[i —P(p ))
spin
pye &s ~

=exp( I. L„L,TP)—, (12)

d*= —, d(E *)In' —exp --

)
gg ", 2''
8p2 „2 ~ gS

which fully reproduces Eci. (7). Needless to say,
we make no claim for rigor in the derivation pre-
sented above, and especially not for the calcula-
tion of the numerical value of the factor in front
of the last expression in Eq. (12). Nevertheless,
we do learn two important lessons (for our pur-
poses), which are not straightforward from
Schwinger's treatment:

(a) The probability per unit time per unit vol-
ume to produce pairs with transverse momentum

P~ is

—
8 . 1 [1-P(p,))&'P,

g8 2' ' 't

~ exp
I

& pr. (13)
2%%2»g g . g )

(b) The above result stays approximately true
as long as the semiclassical calculation we pre-
sented is applicable. Thus we know to what degree

'the uniformity of the field may be altered without
seriously affecting the results presented above.



CHROMOELECTRIC. -FLUX-TUBE MODEL OF PAB TICLE. . . 183

IV. JET STRUCTURE AND THE TRANSVERSE-MOMENTUM

SPECTRUM

—d'p r exp(-8. 9p r'), (14)

where Pr is measured in GeV/c. Equation (14)
yields for the rms Pr the value 335 MeV/c. With
this we find E~ -0.5 GeV. We now remark that
we are led to Az-2. 8 GeV ', ht-6. 3 GeV ' and
clearly self-consistency requires that these values
be smaller than the average separation in space-
time between consecutive pair-production events.
The latter depends on the value assumed for the
tube radius A., and as will be seen below there
exists a reasonable range of values for A which
satisfies our criterion.

In order to estimate the effect of the finite thick-
ness of the tube, we follow the classical trajec-
tory also in the transverse direction. The rele-
vant equation is (qr is the transverse co-ordinate):

T = PT
(g 2 1 g2g2 2)1/2

This is easily solved to give

2E ggq
q(q )=

g T

The pair materializes only when q(qr) reaches
the value of 2Er/g8. Therefore, if the radius
of the tube is JI we get

ggA
p g ~ —

pm'

(15)

In Sec. II and Sec. III we formulated our model
and evaluated the rate of the elementary act of
quark pair production. The production of hadrons
will be viewed as a cascade process: As the pro-
duced pair of quarks emerge from the barrier
they in turn act as sources of color flux. Since
the new q (q) moves toward the initial q (q), it is
energetically favorable to split the original tube
into two somewhat shorter tubes —in other words,
we assume that the nonlinear gauge field vacuum
fluctuations will force complete screening within
a characteristic short time interval. The process
may now be repeated again and again, thus leading
in the end to a distribution of qq pairs connected
by short flux tubes which we identify- with mesons.

The transverse-momentum distribution of the-
produced quarks is governed by Eq. (13). It will
be noticed that for sufficiently large quark masses
(the relevant range of values for the constituent
quark masses is' 350—500 MeV), the approximate
form holds and the distribution becomes mass in-
dependent.

dte(P ) d'P eexP (- ed )-gg

A reasonable estimate for the radius A. is 2.5
GeV '. Thus we get p~ =0.55 GeV ' and we
are safe. We would like to stress that the width
of the tube is real. ly an unknown parameter.
Therefore, it might be useful to reverse the above
calculation, use the experimentally observed
transverse-momentum cutoff as input, and obtain
a lower bound for A. This bound is typically of
the order of 1.5 QeV '.

We now turn to the question of how Eq. (14) is
reflected by experiment. First of all, we note
the great similarity between Eq. (14) and the so-
called "jet-model fit."' But we must keep in mind
that we are dealing with quarks and in experiment
one measures particl. es. As long as the total en-
ergy of any individual tube is large enough, the
average transverse veLocity [=pr/(Er'+ p~')'~2]
of the newly produced quarks may be neglected,
and we are free to assume that all pair-creation
events occur in the laboratory frame. Thus,
during the cascade, the transverse-momentum
distributions of the produced quark pairs are un-
correlated Gaussians [Eq. (14)]. Therefore, the
rms p~ of the whole configuration is larger than
the rms pr of each individual quark by W2. When
the total energy of the pairs becomes low, in the
final stages of the cascade, phase-space limita-
tions make their influence felt and the transverse
momenta of the decay products become highly cor-
related. Since the number of resultant particles
increases without substantially increasing the to-
tal available transverse momentum, the influence
of this last stage is to lower the rms p~: Thus,
eventually the effect of the factor W2 is expected
to cancel and the average transverse momentum
of the particles seen in the laboratory should be
approximately 350 MeV. This estimate is clearly
in agreement with the observed value. "'

We end this section by observing that the Qaus-
sian distribution [Eq. (14)] really holds only for
momenta which are smaller than the cutoff. In
fact, since the tube has a finite radius, there are
large momentum fields at the edges which would
generate power-l. aw tails for the transverse-
momentum distribution. This effect should be
matched with the high-momentum behavior pre-
dicted from asymptotic freedom.

V. THE SUPPRESSION OF STRANGENESS

AND THE K/m RATIO

In the exact SU(3)-flavor limit we expect roughly
equal numbers of K's and z's to be produced in
high-energy collisions. This is true, in particu-
lar, in the present model. ss, uu, and dd pairs
are equally produced and the (q,qj) pairs trans-
form into mesons: sd, su, su, and sd into strange
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and 'ud, du, uu, dd, and ss into nonstrange mes-
ons.

In reality the observed ratio r = (Ãr&/(N, & is
rather small, r=0.1 0.05, ' which in the frame-
work of QCD ean only be attributed to SV(3)-sym-
metry breaking in the quark masses.

We would like to suggest that the strong sup-
pression of E versus- m production arises from
two fairly distinct sources, the first being es-
sentially kinematical, relatively well understood,
and related directly to the physical K-z mass dif-
ference. The second reduction factor is of a dy-
namical origin and arises specifically within the
present model. It is related to the quark mass
difference and reflects the larger barrier for
tunneling of heavier quarks.

(a) The basic assumption that q,q& pairs do turn
directly into pseudoscal. ar mesons is definitely
wrong. One would expect within the framework
of the model that q,q,. could pair, and with a larg-
er statistical weight, into 'S (i.e. , vector mesons)
and conceivably other 0'1'2' multiplets. Even
when the coupling for the decay of these heavier
mesons respects SU(3), many kaonic decay chan-
nels are closed (e.g. , p, &ePKK, Q/KKK, while
the corresponding pionic decays can clearly oc-
cur (p-2w, &o -3m, 2, -3w). Thus, even when we
begin with SU(3) equipartition at the level of the
original "clusters, " the preferential cascading
into pions ean enhance r by a factor of about 3-4."
Most recent analyses" of multiple particle pro-
duction data directly revealed the resonance pro-
duction. Indeed, it is being estimated that 70/o-
80% of the observed pions are not "first genera-
tion" or "directly produced, " but rather emerge
from the decay of resonances. The effect of, this
on the observed pion multiplicity is then indeed
a factor of approximately 4.

(b) With our present picture for multiple par-
ticle production there is also a genuine dynamical
suppression of ss pair production, as compared
to uu and dd quark production. Thus, already at
the level of resonances or clusters there will be
a preponderance of nonstrange versus strange
objects (p and &o rather than K~, A, rather than

Q, etc). This will then reduce the expected final
ratio, r, by a further multiplicative factor of
Ql-„&/+-„„& or Ql';, &/Q„-~&. From Eq. (2) we see
that this reduction comes explicitly in the ex-
ponential tunneling factor and, in the same way
as the transverse-momentum distribution, .is in-
dependent of g or the size of the tube. The only
relevant parameters once g8 is known [see Eq.
(4)] are the quark masses m, and m„-m~. Since
the momentum scale (pr&-0. 35 and the inverse
tunneling distance 1/d-0. 36 are quite small, the
relevant values are the constituent quark masses,

m, =0.5, m„-m~=0. 35. Nonetheless, we may
take into consideration that the tunneling process
starts at short distances and therefore we should
consider varying our estimates down to say:
m, =0.45, m„-m„=0.3. The resultant ratios are

for m, =0.5, m„=m~=0.35,

~ ss& +ss —0 34

(18)

for m, =0.45, m„=m~=0.30.
This is the range of values required to achieve
the observed K/m ratio.

VI. THE EFFECTS OF COLOR AND THE SUPPRESSION OF

BARYON PRODUCTION

In the literature we are aware of, it has al-
ways been taken that the pairs created by the
field within the tube are of such a nature that they
cause complete screening and thus this mech-
anism produces only mesons. To explain the
observed baryons in e'e annihilation one would
seemingly need a different mechanism. Although
the number of baryons in the final states is strong-
ly suppressed, the need of a new type of mechan-
ism to account for a qualitative effect is a little
bit disquieting. Moreover, a rather large part
of the observed suppression has its origin in non-
dynamical effects, thus the dynamical effect
though still small may not be really negligible.
The nondynamical effects are similar to those
encountered in the treatment of the K/p ratio.
Any final baryon has appeared as a result of the
decay of a highly excited baryonic state and there-
fore it appears in the laboratory accompanied by
many mesons. On top of this there is a trivial
factor of —,

' related to the fact that baryons are
built of three quarks, whereas mesons contain
only two. Therefore, the meson-to-baryon ratio
is nondynamically enhanced.

The main purpose of this section is to show that
a more careful analysis of the process of pair
creation supplies a mechanism which may also be
responsible for the creation of baryons. There
exists a dynamical suppression of baryons and the
relevant factor may easily be calculated.

In order to see how baryons get produced we
must remember that our underlying theory is a
theory of three types of charges which may in-'

teract in the static limit by eight kinds of electric
fields. The quarks at the end of the tube act, due
to confinement, as colored capacitor plates. We
consider them as classical sources (constrained
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by the confinement hypothesis) of the electric field
within the tube. Inside the tube the field acts as
an external field in the Yang-Mills equations for
the color Fermi triplets. Pairs may thus be pro-
duced, and after some time they are far enough
to be subjected in turn to the confinement hypothe-
sis. Then they may screen the existing field and
two hyperexcited mesons are created. We are
going to show that this will not always be the case.
The result of the new pair creation may also be
a configuration of four quarks with no screening
occurring. Such a configuration will decay also
by pair production, most probably into a pair of
very excited baryons.

The confinement hypothesis means that a sys-
tem of quarks must be neutral if it is to separate.
The quarks do that by acting as sources or.sinks
of color tubes of electric field. This means that
the lines of force which terminate or start at a
quark do not spread in a spherically symmetric
way, but are squeezed into a finite number of
tubes. Therefore, the forces between any two
constituents of the system are linear.

In our process a photon comes in and creates
a color singlet qq state. Let the three colors be
denoted by 1, 2, 3, and let the SU(3) color matrices
be given in the standard representation. Thus, the
state the photon has created is

[ I
IDI+ l22&+ I3»j

us attention on any of the three terms in Eq.
(20)—no mi~ing occurs.

Consider now a xX system subjected to the con-
finement hypothesis. For x=1, we may apply
Gauss's law and use the experimental value of

. the energy per unit length within the tube:

V ~ E'dV =E'A =-,'gx'„,

(21)

,'gE'=—,=0.265 (GeV)',

1 1gE'=, =0.088 (GeV)'.
2 3 4wn'

(22)

Equation (22) and its two companions for the
quarks (22), (33) may be represented graphically
by Fig. 1.

If the end quarks are, 'ay, of the x=1 type,
the dynamics within the tube may be approximately
described by a triplet of Fermi fields subjected
to an external field given by a diagonal matrix:

In Eq. (21) A denotes the area of the cross section
of the tube (A = wA'), g is the coupling constant
in the Yang-Mills Lagrangian, while A,

&&
are the

Gell-Mann SU(3) matrices. From Eq. (21) we find
the electric field which binds the 1 and T.

Ea(I f) 5a3E3+ 5a8~8

After some time elapses the state of the system
will be given by

s;t&= [e '"'I11)+e '"'12K&+e '"'I33&]1

vY
(20)

10 0).
ig —m„, —is, 0 --,' 0 (=0."

t, o--:)
(23)
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I
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FIG. 1. Quarks as sinks and sources of the diagonal
chromostatic field lines (&3 and Es).

Qur basic approximation is to treat the chromo-
electric field which develops between the quarks
as a classical field. In particular, the 3-vector
potential is assumed to vanish so that only long-
itudinal electric fields are present. We further
assume that the time scale of pair creation is
sufficiently short to allow us to neglect the pre-
cession of the color frames of the quarks. Thus,
the state e '"'

I
xF) (x = 1, 2, 3) contains exactly one

x quark and one x antiquark. Hence, we may foc-

The system decouples and we see that there are
three competing channels by which the tube may
decay. The field which tends to create quarks
of the same type as the end quarks (1) is twice
as strong as the field which tends to create quarks
of the other two colors (2 and 3). If the pair
created is (11), the 1 will be attracted towards
the f at one of the ends of the tube. A glance at
Fig. 1 shows that the confinement hypothesis will
cause screening and therefore the dissociation
of the tube into two mesonic configurations. Sup-
pose now a pair (22/ has been created. Now the
sign of the electric field is reversed, and the 2
will move towards the end which is occupied by
a 1. Screening is impossible and the application of
our confinement hypothesis leads to the system
described in Fig. 2, which cannot dissociate.

As time elapses the distance between the 2 and
2 grows and the field in between favors the crea-
tion of a new pair, this time of type 3 (see Fig. 1).
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FIG. 2. A qqqq configuration in which screening is
impossible and thus it cannot split.

Now one may easily convince himself that fission
will occur as in Fig. 3, and two baryonic config-
urations will be created.
e learned that the field within the tube may

create quarks of a different type than the end
quarks. If this happens, after one additional gen-
eration the four-quark configuration will prefer
to split into a pair of clusters of the baryon anti-
baryon type. Baryons are dynamically suppressed
because the nonscreening pair is produced by a
field which is only half as strong as the field
which creates screening pairs. Strange baryons
are further suppressed due to the higher s-quark
mass.

The relative probability tb Create nonscreening
pairs is calculated with the help of Eqs. (7) and
(23):

= 0.12-0.18 .
& ) dynamical

(25)

Assuming that the nondynamical effect contributes
another factor of the order of 5, we get for the
baryons-to-pions ratio a value between 0.02-0.03.
To the best of our knowledge this does not con-
tradict experiment. '

VII. THE WIDTH OF THE TUBE AND V/N FOR MESONS

To a certain extent we possess a semiclassical
picture for the meson resonances. A quark and
an antiquark are bound by a tube of electric field.
Energy is exchanged between the quarks and the

ES Ee

FIG. 3. Baryon configurations.

+") =+33) =o.og
ll ll

for m, =450 MeV and m„=m~=300 MeV,

(24)

+22) —+") —0 06
ll ll

for m, =500 MeV and m„=,m~=350 MeV.

Therefore, our dynamical suppression factor is

field. The system rotates and oscillates, and one
may imagine that the energy levels are given by
a Bohr-Sommerfeld quantization rule. These
levels are not real stationary states of the sys-
tem. Pairs may be produced within the tube and
the system may decay. Therefore, the levels
acquire a semiclassically calculable width.

Suppose that the four-volume occupied by the
tube is V, (t), where t is the meson lifetime as
measured in its rest frame. Then we may use
Eq. (6) to infer that the probability for the system
not to decay is given by

expl-V, (t)P], (26)

where

(gB) pl*2m''m)
flavor + n=1

0.86 x 10 GeV for m, = 0.50

and m„= m„= 0.35,

!
1.18 x 10 ' Gev ' for m =0.45

and m„=m~=0.30.

V4(t) is a quantity which may be calculated by
solving the classical equations of motion. In prin-
ciple, one could include also the shape of the tube
as a dynamical degree of freedom as it is done in
various string models. We will take the much
simpler case in which the tube is rigid and its
width, 2A, is a constant parameter. %'e will as-
sume that A is some number between 2 and 3
GeV '. This is the first time we encounter the
need to have a quantitative estimate for A. In the
equations which follow we will take A. as 2.5
GeV '." The sensitivity of thenumbers to the val-
ue of A. will be exhibited afterwards.

As our picture is very crude, we shall be con-
tent with estimating V~(t) in two extreme situations
which may serve as reasonable bounds. The first
extreme is to assume that the resonance is a one-
dimensional oscillating system. In the second
picture, very much similar to the one used in
the derivation of the linearity of the Regge tra-
jectories, the meson is assumed to be a rotating
tube of a constant length. To simplify calculations
even more we take the end quarks of the tubes
to be massless in both cases. Therefore, the
ends of the tube always move with the velocity of
light.

If the length of the rotating tube is L then the
mass M of the system will be given by
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M = 26 f
26=f

0
krL

2

(1 + 2)1/2

de

[I —(28/L) 2]'"
(27)

where k is given by Eq. (2). The four-volume
covered by this configuration is

V4 (f) = m&'L t .

By Eq. (26) we see that the width is

r = &A'Lp.

(28)

(29)

p = (6.0-8.5) x 10 ' .
u

(30)

If the maximal length of the resonance in the
one-dimensional picture is L, the mass of the
configuration is

(31)

Since the four-volume covered in one oscillation
is (m&2L2)/2, the four-volume covered during a
time t is, on the average, givenby

A'L
v, (f) = (32)

Therefore, the:Width of the oscillating tube is

leading to

I

—
)

= —
(
—

)
=0.76(—)

= (4.7-6.67 x 70
ir
E~ P48P 4 ~ t ~ PP

(34)

Both the above results will change by approx-
imately 40% when A is varied by 0.5 GeV '. The
ranges of values already present in Eqs. (30) and
(34) result from varying the masses of the con-
stituent quarks.

From the experimental point of view the num-
bers are not bad at all, e.g. ,

-0.19, — -0.13, — -0.10,

O O8
i

— O O6
/r )r pr

A E K4 E 40(1675 )

-0.10,
i

— - 0.10,
g (1680) ( Q

0.07, — %.08 .~r r
KN (1420 ) . L (1770)

-0.08,

Thus we get that the width-to-mass ratio is given
by

It is amusing to note that in the string limit
(A-0) the resonance width vanishes, as may be
appropriate in a dual model.

VIII. DISCUSSION

In the present work we have identified a com-
ponent of multiparitcle production —namely. quark
pair production via tunneling in the confining
tube of chromoelectric field. It is important to
note the following: (a) The mechanism considered
makes a sizable contribution. Specifically, it
can account for most of the width of resonances.
It is therefore gratifying that we also find that
(b) the model accounts well for the qualitative fea-
tures of multiple particle production in e'e an-
nihilation.

We assume that in hadron collisions an ex-
changed quark turns the hadrons into fast moving
3 and 3 color objects. The same tube model wouM
then directly apply, and we would expect similar
experimental features and, in particular, similar
multiplicities. As noted by Brodsky and Gunion, '
this is consistent with the available data.

However, the detailed gluon bremsstrahlung
model of these authors and others, though also
QCD (or rather QED) motivated is quite different
from ours. It is assumed there that the gluons
which are emitted in a typical dx/x (i.e., uniform
in rapidity) spectrum separate into qq pairs which
recombine into an equal number of color singlet
clusters, v =n„" and each of these clusters
eventually decays into a fixed number of final
stable me sons.

Gluon pair creation does not lead to screening
and splitting of the electric flux tube, as opposed
to quark pair creation. Nevertheless, a priori,
it may happen. The reason that we have neglected
this possibility is that we believe that gluon pro-
duction is damped by the penetration factor. In-
deed, the indication, from the low-lying spec-
trum of hadrons (and the apparent absence of low-
lying "glue balls" ) is that the effective constituent
gluon mass is large ()1 GeV). This strongly
damps the production of gluons (the relative damp-
ing is of the order of 10 ').

It is very likely that even if our pair-tunneling
model does supply the explanation for the bulk
of multiparticle production, other mechanisms
operate alongside it. In particular, the incom-
pleteness of the present picture is evident when
we try to explain some rare processes. As an
example we could consider an Okubo-Zweig-
Iizuka (OZI) forbidden process such as e e —p
+ nm. In our model a newly produced quark pair
(s s say) separates under the pull of the color-
electric field —the s getting closer to a parent q
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and the s moving towards a parent q. The con-
figuration tends to separate into two qs and sq
tubes. Therefore, p or f' will be prodded only
in association with K's or K*'s. Thus, in the first
approximation our model exactly satisfies the OZI
rule. It is an intriguing conjecture that the pres-
ent picture of pair creation within the tube does
provide a physical framework for the whole stan-
dard planar duality concept, a framework which is
completely distinct from the I/N expansion.

The discussion of this conjecture and the pos-
sibility of estimating nonplanar (e.g. , OZI-rule
violation) corrections is, however, beyond the
scope of the present work.

We wish to end with a brief review of the vari-
ous assumptions and approximations used in our
schemes. The basic theoretical assumptions in-
volved the total neglect of quantum and nonlinear
effects beyond their role in fixing the effective
mass and coupling constant, and the generation
of confinement. Without a detailed understanding
of the mechanisms involved, it is hard to assess
the validity of these assumptions. We may, how-

ever, draw some encouragement from the self-
consistency of the various estimates derived
above. In particular, the value of the g'/8m' —the
parameter which governs loop corrections seems
to be relatively small (-—,

' for A = 2.5 GeV '). This
may mean that the flux tube represents some
average of a structure which contains smaller
classical objects —thus fixing the scale which de-
termined g at a value small compared to hadronic
sizes. '4

If the above discussion holds, then the other
approximations, and, in particular, the neglect
of the non-Abelian effect for finite time, may not
be inconsistent.
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