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Nonperturbative fragmentation of the top quark
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By the use of a simple phenomenological string model, the energy lost by the top quark through non-
perturbative fragmentation effects before its weak decay is computed. This energy lost is in first approxi-
mation proportional to the rate between the decay time and the hadronization time of the top as mea-
sured in the center-of-mass frame of the top and its color partner. Precise computations of the energy
lost by the top in terms of its mass when produced in colliders such as the Fermilab Tevatron, CERN
Large Hadron Collider, Superconducting Super Collider, and CERN Linear Collider are presented. As
expected, this effect decreases quickly with the top mass but it could be relevant for a top mass below 100
GeV.

I. INTRODUCTION

According to our usual understanding of QCD, quarks
and gluons cannot appear as observable final states of re-
actions because of confinement. For this reason, when
they are produced in high-energy reactions, they suffer an
extremely complex process called fragmentation or had-
ronization. As a result of this fragmentation, quarks and
gluons are transformed in a large number of hadrons re-
sulting in the entropy of the whole system being greatly
increased.

Nevertheless, this picture can be completely different
for heavy enough quarks, especially the top. As the
quark mass is getting heavier, the weak decay width be-
comes larger and larger because the available phase space
increases quickly with the quark mass. For instance, for
a heavy enough top quark, its weak decay width to a real

and a b quark is given roughly by I o
—2.6

CreV(m, /200) . Therefore, if the top quark is very
heavy, its mean life is so short that the fragmentation
process does not have time to take place before the top
decay and it is relegated to the bottom quark.

Between the two extreme situations (complete frag-
mentation or no fragmentation at all) we have a lot of in-
termediate possibilities. Nevertheless, recent experimen-
tal lower bounds on the top mass (rn, —90 GeV [l]) sug-
gest the real case may be very close to the no-
fragmentation case. In fact, at least to the knowledge of
the authors, all the phenomenological predictions con-
cerning top production and detection in present and fu-
ture accelerators are based on a pure weak decay descrip-
tion of the top signature. Of course, the situation
remains unclear and it is very likely that some amount of
fragmentation could accompany the top decay, especially
for top masses close to the present bound. Having a
more precise idea of what will be the effect of the top
fragmentation on its signature is important for two
reasons. First, if the top quark produces several hadrons

before its decay, the experimental signal of the events
could be more obscure and the discovery of the top at the
Fermilab Tevatron will become even harder if fragmenta-
tion effects are not properly taken into account. Second,
at the CERN Large Hadron Collider (LHC) and Super-
conducting Super Collider (SSC) [or maybe at CERN
Linear Collider (CLIC)] where larger statistics of top
events is expected, fragmentation effects could produce
systematical errors in the measure of top parameters such
as the mass and the width, since part of its energy and
momentum could be transferred to the hadrons produced
in the fragmentation process.

To bring some light on this problem, the hadronization
and decay times for tq systems were compared by Bigi
et al, in [2] and they concluded that, for a top mass (m, )

larger than about 100 GeV, nonperturbative fragmenta-
tion effects can be neglected because these tq states do not
have time to be formed before the decay of the top. They
stated that the relative amount of energy residing in the
remnant jet goes to zero when the top mass increases and
they also pointed out the importance of perturbative top
fragmentation, which will not be considered in our work.

More recently [3] Orr and Rosner have put the em-
phasis on the fact that both the hadronization and the de-
cay time are affected by the motion of the quarks and,
hence, that nonperturbative effects can or cannot be ig-
nored above a particular mass is an energy-dependent
statement (in fact this was also taken into account in [2]).
Accordingly, for any value of the top mass we can always
find a center-of-mass energy for the process producing
the top so that nonperturbative fragmentation effects are
present. Orr and Rosner illustrated this point by consid-
ering in detail the case of e+e going to tt and finding
large values of the rate, decay time, and hadronization
time, for reasonable values of the top mass and the
center-of-mass energy of the reaction. In this work we
extend their analysis in two different lines. First, we con-
sider also pp and pp reactions. This is an important ex-
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tension since it is in this kind of processes where we ex-
pect to discover and produce massively the top quark
(Tevatron, I.HC, and SSC). On the other hand, we will
also try to compute the energy transferred from the top
quark to the hadrons in the fragmentation process. We
think this energy gives a precise notion of how relevant
the nonperturbative fragmentation of the top quark could
be and how it could disturb the expected signature of the
events.

To compute this energy lost by nonperturbative frag-
rnentation efFects we will use a simple model in the same
spirit of the Lund model of hadromzation [4]. This mod-
el has proved to give a simple description of many of the
complex nonperturbative phenomena involved in hadron-
ization and it made successful predictions of effects such
as gluon-(anti)quark color correlations in e+e reactions
which were confirmed experimentally. In the present
work, we will describe the nonperturbative gluon fields
(flux tubes) by the use of a string connecting the top
quark and its color partner. As in the Lund model we
will reduce the problem to one dimension (the longitudi-
nal one) which is relevant in high-energy processes and
we will find a simple equation giving the energy lost by
the top quark and transferred to the string, i.e., at the
hadrons produced in the fragmentation process.

The plan of the paper will be the following. In Sec. II
we introduce in detail and solve the above-mentioned
string model of top fragmentation. In Sec. III we obtain
the cross section for the production of the different color
Aux structures that can appear in e+e, pp, and pp reac-
tions giving tt pairs. In Sec. IV we give some details
about the way the computations were done and the nu-
merical results obtained which are relevant for Tevatron,
LHC, SSC, and CLIC. Finally, in Sec. V we comment on
these results and give some experimental prospects.

II. THK STRING PICTURE OF TQP FRAGMKNTATIQN

In order to make an estimation of the energy lost by
the top quark due to nonperturbative fragmentation
effects from its creation to its decay we will consider the
following simple model. We will assume that the color
Aux tube can be described by a massless bosonic string in
the same philosophy of the Lund model [4]. The possibil-
ity of describing the gluon Aux tube at large distances as a
bosonic string is not clear at all since other kinds of
string are possible in principle. Nevertheless, for the sake
of simplicity we will adopt this picture in this work with
the hope that our numerical results will not be very
dependent on this special choice.

At one of the ends of the string (say 1) we will attach a
top quark of mass mi =m, . In fact, m, should be taken

to be equal to Qm, +pz with pr being the typical trans-
verse momentum in hadronization processes. As this pz-
is much smaller than the top mass m, we will neglect this
correction. The object to be attached to the other end of
the string (say 2) will be process dependent. For instance,
in the case of top production in e+e reactions it will be
the corresponding antitop; In pp reactions, the object at
the other side of the siring will be a color octet. In fact,
this octet represents the rest of the proton once a gluon

has been extracted from it. In the pp case, as there is also
a contribution from qq initial states, a color triplet has to
be taken into account, too.

Therefore, in pp and pp reactions the produced top
quark is not connected through the string with the anti-
top but with the destroyed proton or antiproton that typ-
ically produces a very energetic jet in the beam direction.
For the sake of simplicity we will consider this rest of the
(anti)proton as a unique particle of mass mz located at
the second end of the string. With these assumptions the
system to be considered is just a bosonic string with
masses m, and mz attached at its ends. This kind of sys-
tem was first studied in [5] in the m, =m2 case. For the
sake of completeness we will present here the simple ex-
tension to the general case, which is the one interesting
for us.

A point of the world sheet of the color Aux string will
be given by x =X"( rcr ), o. and r being arbitrary param-
eters spacelike and timelike, respectively, with iH [i„r2]
and cr E [0,~]. The action describing the dynamics of the
string with massive ends will be taken to be

S= —J d~ J do X(x, x)+L, (x, )+L~(x~), (1)
1

where x' =—Bx /der, x =Bx /dr, x, =—X„(~,0),
=X„(~,m. ) are the ends of the string.

The Lagrangians are given by

arid X2

X(x,x') = —T[(xx') xx' ]'—
L&= —m (

—x )'

L2= —m2( —x2)' (2)

d dLz =0, o=a,
d& dxz

d BX d BX
do' Bx d7

By the use of the reparametrization invariance of the
action it is possible to choose the timelike gauge where
x (v, o ) =w=r. In addition, we will go further in the set
of simplifications we are adopting and we will consider
only the longitudinal degree of freedom of the string. Of
course, this is the most relevant one in the fragmentation
of high-energy colored objects. Although the transversal
degrees of freedom can play an important role in the
description of some properties of the jets, they can be
neglected in a first approximation since we are interested
only in the computation of the energy lost by fragrnenta-
tion effects. Accordingly we will use only one spatial
coordinate z=X'(t, o). In this case . the equations of
motion read

Here T is the string tension, m, and mz are the masses of
the ends, and the signature ( —,+, +, + ) is taken. By
the use of the standard method the following motion
equations are obtained:

BX d dL,+ =0, o =0,
Bx d'T
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ZlZT, mi =0, o=0,
/z'/ dt ~I
Z' dT, +m2 =0, o =m,

/z'/ dt ~I
Z2

,
(

=0, o H(O, vr),
Z

dO Z
(4)

where z, (t ) =z(t, O) and zz(t ) =z(t, m ).
The last equation means that the sign of z' does not de-

pend on o.. By using again reparametrization invariance
we can choose z'( t, o ) independent of cr, so that

m)
T dt Ql

Z I

m2 d
T dt QI

Z2

This equation could also be derived from the simple
Hamiltonian

H=(p +m )' +(p +m )' +T~z —z
~

p, and p2 being the momenta of the ends of the string.
To integrate the above equations we select the initial

conditions appropriate for the physical situation that we
want to describe, i.e., z&(0)=z2(())=0 and po= —p&(0)
=pz(0) )0. This choice corresponds to the creation of a
zero long string at t =0 with the ends going back to back
with equal absolute values of its momenta. This last con-
dition means that we are describing the problem in the
string's center-of-mass frame. Conventionally, we take
the end 1 (the one of the top quark) as going to the left in
a space-time diagram. With this initial condition it is
straightforward to And the solution to the equations of
motion:

mi
z, (t)= po

m) mi

1/21+"
m

zz(t)= —z, (t) (m, —m2),

dO Z = Z2 Z)

where z'/~z'~ =sgn(z2 —z, ). Assuming, for instance
z2 )z„we obtain

quark and its colored partner are created at the origin
with very large opposite momenta. They start to separate
but, doing this, they transfer some of their enormous ki-
netic energy to the string. The energy of the string (the
term T~z2 —

z&
~

in Eq. (7) will increase with time from its
initial zero value. The physical meaning of the energy
transferred by the end 1 (i.e., the top quark) to the string
(i.e., the color-Ilux tube) is the energy lost by the top
quark due to nonperturbative fragmentation effects. We
expect this energy to be transformed in the hadrons that
under some conditions must accompany the production
of the top quark. Of course, the process will continue un-
til the final decay of the top quark by weak interactions at
a time td. Note that this decay time is much smaller than
the return time, in the physical situation of interest (i.e.,
td « t~ ). The energy lost by the top quark before its de-
cay is the one we are interested in. Note also the different
scales involved in the problem, i.e., the initial momentum
of the top po ( —1 TeV in the interesting applications),
the mass of the top, m, —100 GeV, and the squared root
of the string tension, ~T -0.4 GeV, that sets the scale
of nonperturbative effects in @CD. In fact, we have yet
another independent scale which is the width of the top
I o-1 GeV.

As explained above, Eqs. (8) and (9) describe the expan-
sion of the string for times t smaller than the returning
time t~ but only provided that the string does not break.
However, it is expected that when the energy of string is
larger than some critical value, the string starts breaking.
In fact, if fragmentation effects of the top quark have
some relevance, the string has to break several times be-
fore the top decays at time td. In this situation, Eqs. (8)
and (9) do not apply in principle because they do not take
into account the different breakings that occur at times
t„t2, . . . , t„&td (see Fig. 1). However, as these break-
ings are causally disconnected, the ends of the string are
not affected by them until the time t, which typically is
close to the return time t~. As we are interested in situa-
tions with td « t„-t„we arrive at the conclusion that,
in spite of the several breakings of the string, Eq. (8) de-
scribes the motion of the ends of the string until the de™
cay of the top. This, of course, is not the case for Eq. (9)
for obvious reasons.

Now, we are in condition to make the computation of
the total energy transferred by the top quark to the string
at time td..

and bE =E,(0) E, (td ), — (10)

z(t, o)=z, (t) 1 ——+z2(t)— (9)
where E,(t) =E&(t) is the top-quark energy as a function
of time. From the discussion above, this energy (for
t « t~ ) is given by

Note that for small t we have assumed z, &z2. For
large enough time this cannot be always the case because
the motion of the string is oscillating (a yo-yo-mode).
The time needed by the string to reach the maximum dis-
tance (the return time) between its ends is tz =po/T.
This time is much larger than the ones we are interested
in, so we can safely use Eqs. (8) and (9) to describe the
motion of the string and its ends. The dynamical inter-
pretation of this motion is quite simple. At t =0 the top

E,(t)=[p, (t)+m, ]'~ =m, ll —z, (t)]

For the cases of practical interest we always have
Tt « m

&
so we can write Eq. (8) as

2
T m& t

z, (t) = —P,(0)t+ P)(0)—, (12)
po po 2

where /3, (t) = ~z, (t ) ~.
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tR

FICs. 1. Space-time diagram showing the different events in-
volved in the creation, hadronization and decay of the top. t&,
t„and t3 are di6'erent breaking times of the string, td is the de-
cay time of the top, t, is the time needed by the top, if it were
stable, to know the strong is breaking, t& is the top returning
time, and h

&
and h2 are the erst hadrons produced.

question was given some time ago by Low and Gottfried
[6]. In this work they showed that the dynamics of the
longitudinal degrees of freedom in hard reactions is
essentially classical and, hence, a classical picture of the
longitudinal evolution of the collision is appropriate. In
particular, for a large energy particle (E) we have the un-
certainty relation b,zAy ) 1/E, z being the longitudinal
coordinate and y the rapidity (y =

—,'ln[(E+p)/(E —p)]
with p being the particle momentum ).

Let us call now x the fraction of the initial energy plus
momentum of the top carried by the top hadron tq after
the fragmentation process (this variable is usually called z
but we do not use this notation here to avoid confusion
with the longitudinal coordinate). In principle, x is a ran-
dom variable described by some density of probability
function f(x), but in our classic and hence deterministic
picture it has a well defined value x,&

that can be obtained
from Eq. (14) together with the on-mass-shell condition
for the top and the tq system (here we will neglect the
mass difference between the top and this system). Now,
for the very classical nature of our problem, we can advo-
cate the correspondence principle and identify x,&

with
expectation value of x ((x ) ). Therefore, we will have

E, (t) =E,(0)—P, (0)Tt (13)

Therefore, in this approximation the top velocity de-
creases linearly with time. Finally, we obtain the simple
result

( ) h(E+p)
E+p

aE pi(0) Ttd=1— =1—
P

(17)

and Eq. (10) becomes

b,E=p, (0)Ttd . (14)

and this can also be written

(x) =1——T
m, r

Now we can define the hadronization time tz as the time
required for the string to be T ' long, i.e.,

T—1/2

P, (0)+P~(0)

in the first approximation. Note that this definition is the
same as the one of [3] provided one defines their constant
A as A —= T. Therefore, Eq. (13) can be written as

hE= p, (0) tdi/T =Z&T-
Pi(0)+P2(0) th th

(16)

In the case of top production in pp or pp collisions
mz «po typically so we can take K=p, (0)/[I+p, (0)],
but in e+e collisions p, (0)=p2(0) so K =

—,'. Equation
(16) is very simple but interesting because it relates the
energy lost by the top quark due to nonperturbative
effects and the rate between decay and hadronization
time. Note that this rate was considered in [3] in the
e+e case as a measure of the fragmentation effects in
top production and decay. Now we see that, under some
well defined conditions, this rate is also a measure of the
energy transferred by the top to the hadrons produced
during its fragmentation.

At this point, some comments are in order. Until now,
the description of the dynamics of the string and its ends
has been completely classical and one could ask if it is
possible to ignore quantum effects. The answer to this

This is a simple and nice equation that shows in a pre-
cise way how the top fragmentation effects depend on the
mass and the width of the top and on the string tension.
It has also some similitude with other previous equations
of the general form ((x ) = 1 —1 GeV/I, ) first proposed
by Bjorken and later by Peterson et al. [7] Note howev-
er, than in our equation there is also an extra m, depen-
dence through the width of the top I o and that we give a
precise and meaningful expression for the dimensional
constant appearing on the top mass.

III. TOP FRAGMENTATION IN e e, pp, and

pp REACTIONS

In this section, we will concentrate on the production
of top quarks and their related color-Aux tubes in
different situations of practical interest. In particular, we
will consider the case of e+e, pp, pp reactions because
these are the ones relevant in present and future colliders.
Let us start with the e+e case. The production of the
top quark in this kind of reaction is dominated by the di-
agram shown in Fig. 2. As the photon and the Z are not
colored, only a Aux-tube structure is present, the antitop
being the color partner of the top. Since the process is
very symmetrical in this simple case, the string center-
of-mass frame, the reaction center-of-mass frame, and the
laboratory frame are all the same frame. In order to use
Eq. (14) to compute the energy lost by the top quark we
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g(a) t(a)

FIG. 2. (a) Lowest-order Feynman diagram of the reaction
e+e going to tt. (b) The corresponding color-flux diagram. (c)
Color-flux string produced. (d) Typical event signature.

g(o)

have to take into account that in this equation td has to
be understood as the mean life of the top as measured in
the string center-of-mass frame. Therefore, td is given by

dr'

Ql —pi(t')

tp

V 1 —Pi(0)

where to =1/I o is the mean life of the top in its proper
system, I o being the well known decay width of the top.
The last approximation applies for td «po/T, which will

always be the case in this work. Therefore, our estima-
tion of the energy lost by the top quark because of frag-
mentation effects when produced in e+e reactions is

bE = Qs —4m,
T

2m&I o
(19)

where &s is the energy of the reaction in the center-of-
mass or laboratory frame. Of course, a similar formula
applies to the energy lost by the antitop. This energy lost
by the (anti)top is transferred to the hadrons produced as
a result of the fragmentation process. As these hadrons
will emerge roughly in the same direction as the (anti)top
(the string axis), the topology of the events considered
here will be the one shown in Fig. 2.

Let us address now the more complicated case ofpp re-
actions. The relevant Feynman diagrams producing tt
pairs at the partonic level are the ones of Fig. 3 (for the
sake of simplicity the contribution of the sea quarks has
been neglected). From the perturbative QCD point of
view, all three of these channels give contribution to one
unique process, i.e., the production of a tt pair with color
quantum numbers a and p from a pair of gluons with
color-octet numbers a and b. Therefore, the amplitude of
this process will be given in an obvious notation by
AL =Sf, +A, , +At„.

Nevertheless, this is no longer true if one considers the
color-Aux tubes produced together with tt pair as an ob-
servable entity, as was done in [8]. In that case, two
different final states are possible, corresponding to the
two different fIux-tube configurations shown in Fig. 4. In
order to make contact with the ordinary perturbative
computations, one can associate these two structures
with the color factors T'~T~& and T zT'& appearing in

M, and M„, respectively. The s-channel diagram M, is
proportional to if,&, T'& but because of the commutation
relations of the SU (Nc) algebra this factor can be writ-
ten as [T', T ] &=T'rT &

—T zT'13. Therefore, the am-

plitudes of the processes producing the structures 3 and
B are

Af ~ =Sf,+At„

Now it is possible to compute the corresponding cross
sections for these two final states by using standard
methods (nevertheless, some care is needed to properly
calculate the average over gluon polarizations). The final
result is

(a) t(a)

J;a)

J(b)

KJ(a,'

FIG. 4. Structure of the two color-flux strings that can be
produced in gg~tt reactions and their corresponding event sig-
natures.

FIG. 3. Lowest-order Feynman diagrams of the process

gg —+tt and the corresponding color-flux diagrams in the large-X
limit.
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(t —m, )(u —m, )

w2

(t —m, )(u m—, ) 2—m, (t+m, )

(t —m, )

m4 r(s+—r )

s(t m—, )

mrs =o ~(t~u, u~t) .

Here, s, t, and u are the standard Mandelstam variab1es
of the partonic subprocess. In fact, the sum of these two
cross sections is not exactly equal to the total cross sec-
tion obtained from ~A1,

~
but the discrepancy is sublead-

ing in powers of 1/Xc. This is a well known fact which
is discussed in detail in [Sj.

Corresponding, to the two final configurations we have
two diA'erent topologies of the event. This is because, in
this simple model, the hadrons appear as a result of the
several breakings of the color-Aux tube. In structure 3,
the produced color string goes from the top (color a) to
the rest of the proton after removing an a gluon (J ),
then from this point to the rest of the other proton (Jb )

and, finally, it arrives at the antiquark. To obtain the
corresponding structure 8 just exchange a and b in the
above description. Therefore, in the events of class 3,
more hadron activity is expected in sectors (t,J ) and

(Jb, t) than in sectors (t,Jb) and (t,J, ). This situation is

reversed in class 8 events (see Fig. 4). The diff'erent dis-
tributions of the hadron activity in these two cases is in
principle observable.

In the following, to make the problem manageable
enough we will consider the color-octect indices such as a
or b as a tensoria1 product of triplet-antitriplet indices.
This can be understood in the framework of the large-Xc
approximation [9j which was already implicitly assumed
in the derivation of Eq. (20). This approximation is
equivalent to using U(Xc ) instead of SU(Xc ) as the color
group. In Fig. 3 we display the color Aow of the Feyn-
man diagrams in this case.

With this approximation, we can consider the three
pieces of the string (a —+a ~b ~P) as three color-
independent strings. Moreover, in the cases of practical
interest, the energy of the rest of the protons (or antipro-
tons in the pP case) is much greater than the one of the
top and the antitop, so we can safely assume that the ve-
locity of the color octets does not change significantly un-
der the efT'ect of the central piece of the string, and
remains essentially constant. We recall that in our simple
model we are describing the rest of the proton after the
partonic reaction as a point-particle color octet (roughly
a color triplet antitriplet ) of mass m2 —1 GeV. There-
fore, we will neglect completely the eFect of the central
part of the string and consider only the pieces connecting
the (anti)top and the corresponding rest of the proton,
these two pieces being completely independent. In that
case the dynamics of the strings becomes one dimensional

and we can apply the results of Sec. II. Therefore, the
problem is reduced to one of kinematical nature. One
has to compute the energy lost by the top in the center-
of-mass frame of the string connecting the top with the
rest of the corresponding proton (SCM). Then a Lorentz
transformation is needed to go to the center-of-mass
frame of the partonic process (CM). Finally, another
transformation is needed to obtain energy lost by the top
in the laboratory (LAB) frame. This last transformation
involves the fraction of the moment of the corresponding
protons carried by the gluons, x& and x2. These two pa-
rameters are random variables distributed according to
the distribution functions of the gluon inside the proton
f & (x,s ) ( here +s is the energy of the partonic system).
Finally, we have to take into account also that both
initial-state gluons can be obtained from one proton or
from the other.

Finally, we will discuss briefly the pp case. In addition
to the diagrams considered in the pp case, there are new
contributions coming from the annihilation diagram in
Fig. 5. In fact, in the case of the Tevatron, the two par-
tonic subprocesses are roughly of the same magnitude.
The diagram in Fig. 5 is the only new diagram because
the contribution coming from the (anti)top inside the
(proton) antiproton is neglected (we are only considering
valence quarks). This diagram produces only one color
structure and the related event topology is similar to the
one of the structure A in the pp case (see Fig. 5); i.e., we
expect correlations between the fragmentation of the top
and the rest of the proton and between the antitop and
the rest of the antiproton.

IV. NUMERICAL RESULTS

As was mentioned in the Introduction, the aim of this
paper is to give a quantitative answer to the question: are
the fragmentation e6'ects of the top quark relevant' For

q(cx)

FIG. 5. (a) The dominant Feynman diagram of the annihila-
tion qq~tt and its color Aow lines in the large X limit. (b) The
produced color-Aux strings and the typical signature of the
event.



NONPERTURBATIVE FRACxMENTATION OF THE TOP QUARK 2743

this reason, in this section we compute in detail the ex-
pected energy lost by the top for this kind of effect when
it is produced in different scenarios corresponding to
present and next-generation colliders. In particular, we
will consider the cases of a e e collider with center-of-
mass energies of 1 and 2 TeV, two pp colliders with
center-of-mass energies of 16 and 40 TeV corresponding
to LHC and SSC, and finally a pp collider with center-of-
mass energy 1.8 TeV (Tevatron). For all of these cases,
we compute the average lost of energy of the produced
top (or antitop) in the LAB frame for different values of
the top-quark mass. For the sake of completeness, we
give also the average values of the rate rd /th for all these
cases.

The way to compute these numbers has been the fol-
lowing. In the e+e case, we just see the analysis of Sec.
III. In the pp and pp cases things are much more compli-
cated. One of the problems is that in these cases, the en-

ergy of the parton subprocess, +s, in the c.m. system, is
not fixed but is different in each event. This is why we
have to compute the average energy lost by generating a
large enough number of events. Therefore we have built
a Monte Carlo program to generate gluon pairs with mo-
menta distributed according to the gluon distribution
functions fs&~(x) of the proton, given in [10]. Then we
generate the top-antitop pair with angular distributions
given by Eq. (20) after making a Lorentz transformation
from the LAB frame to the CM frame. Then we go to
the SCM frame to compute the momentum of the top in
it. The SCM frame is defined as the one in which the to-
tal momentum of the top and the related rest of the pro-
ton is zero. Only in this frame can we apply the simple
Eq. (14) to compute the energy lost by the top due to
fragmentation effects. Finally, note that td in this equa-
tion is defined as the decay time of the top in the SCM
frame, so to compute it we have to go to the rest frame of
the top where the decay time is to =1/I o, with I o being
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FIG. 7. Energy lost by the top quark by fragmentation effects
in GeV vs the top mass in GeV in a e+e annihilation. The
solid line corresponds to a center-of-mass energy of 1 TeV and
the dashed one line to 2 TeV.

the weak decay width, and then return to the SCM
frame. Therefore, the complete generation of one event
requires the consideration of four different frames (LAB,
CM, SCM, and the rest frame of the top).

Of course, in the pp case we have also the possibility of
producing tt pairs from valence qq pairs, so we have to
use also the distribution functions of the (anti)quarks in-
side the (anti)proton f~& (x)=f &

(x), which also have

been taken from [10].
Finally, the numerical value of T has been take from

Regge phenomenology. The slope of the p Regge trajec-
tory is given roughly by a'= 1/2m . On the other hand,
this slope is related to the string tension through the sim-

ple relation T=1/2m. a', i.e., T=A =mp/7T which gives
a value T= (400 MeV) . This number is different from
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FIG. 6. The ratio td/tz (decay/hadronization time) vs the
mass of the top in GeV in a e+e annihilation. The solid line
corresponds to a center-of-mass energy of 1 TeV and the dashed
line to 2 TeV.

FIG. 8. Average value of the ratio td/t„vs the mass of the
top in GeV in pp collisions. The solid line corresponds to LHC
and the dashed line to SSC.
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the one used in [3] but we consider it is more appropriate
in the context of this work (see also [11]). In any case,
the energy lost goes as A so it is easy to trace the effect
produced when a different numerical value of A is advo-
cated.

Once the energy lost by the top in the SCM frame has
been computed for a single event, the program goes back
to the CM and LAB frames through two more Lorentz
transformations and provides the energy lost by the top
quark in the LAB frame together with its energy and
momentum. By averaging over a large number of events
generated by our program we can compute the average or
typical energy lost by the top in the LAB frame for these
kinds of processes. The numerical results obtained with
the program described above in di6'erent cases are shown
in Figs. 6—11.
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FIG 10 Mean value of the ratio td /tz vs the mass of the top
in GeV in pP annihilations. The solid line corresponds to

qq ~ tt events and the dashed line to gg —+tt.
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FIG. 9. (a) Mean value of the energy of the top in GeV as
measured in the LAB frame, vs the mass of the top in GeV in pp
collisions. The solid line corresponds to LHC and the dashed
line to SSC. {b) Mean value of the energy lost by the top by
nonperturbative fragmentation efFects in GeV, as measured in
the LAB frame, vs the mass of the top in GeV in pp collisions.
The solid line corresponds to the LHC and the dashed line to
the SSC.
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FIG. 11.Mean value of the energy of the top in GeV as mea-

sured in the LAB frame, vs the mass of the top in GeV in pP an-
nihilations. The solid line corresponds to qq~tt events and the
dashed line to gg ~tt. (b) Mean value of the energy lost by the
top by fragmentation efFects in GeV, as measured in the LAB
frame, vs the top mass in GeV, in pp annihilations. The solid
line corresponds to qq ~ tt events and the dashed line to gg ~ tt.
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V. DISCUSSION

After a short inspection of these figures we realize the
following simple facts. (a) As expected, the energy lost
by the top quark by fragmentation effects increases with
the energy of the process and decreases with the top
mass. (b) In the case considered here, this energy lost is
larger in the e+e case. This probably is due to the sim-
plicity of the kinematics and the absence of Lorentz
transformations, other than the one from the top rest
frame to the LAB frame. (c) The typical energy of the
(anti)top produced at pp colliders as measured in the
LAB frame is not very different in the LHC and the SSC
cases. The same happens with the energy lost by nonper-
turbative fragmentation eIFects. (d) In the Tevatron case,
this energy lost is similar when the parton reaction pro-
ducing the tt is gg~tt or qq~tt. (e) Considering that
the nonperturbative fragmentation of the top is negligible
for hE ( 1 GeV, we arrive at the conclusion that we can
forget about such effects only if the mass of the top is
larger than the following values: For e+e colliders
m, =130,160 GeV, for &s =1 or 2 TeV, respectively.
For pp colliders m, =105 GeV for LHC and SSC and
finally in the Tevatron case m, =100 GeV for tt pairs pro-
duced through qq or gg parton initial states. On the oth-
er hand, at the present value of the lower bound on the
top mass (m, -90 GeV [1]), the hE values are 45 and 90
in the two e+e cases considered here, 6 GeV in the
LHC and the SSC cases, and 3 or 4.5 GeV in the Teva-
tron depending on the production mechanism.

Therefore, we see that fragmentation effects have some
relevance if the top quark is, let us say, not heavier than
100 GeV. How could these effects appear in the detec-
tion or in the measure of the properties of the top quark?
First, we note that AE has obviously always the same

sign, i.e., the fragmentation of the top introduces a sys-
tematic (nonstatistical) error in the measure of the top
mass. In particular it could modify the present and fu-
ture bounds on the top mass and the confidence levels,
especially if a higher bound is not set soon. The impor-
tance of this effect depends not only on the top mass but
also on the precise way used to set that bound. On the
other hand, it is expected in the future that the measure-
ment of the top mass at LHC will be within an error that
can be as small a 5 GeV [12] (at the SSC we do not yet
have such information). Note, however, that this is of
the same order that the fragmentation efFects (which are
systematic) for top masses of the order of 100 GeV or
less. Therefore we think that nonperturbative fragmenta-
tion effects cannot be neglected at all in such situations.

In conclusion, there exists a window in the top-mass
values in which nonperturbative top fragmentation can
play a role and has to be considered seriously (more than
here) if a precise measure of the top mass is required.

Tote added. After this work was finished Orr was kind
enough to send us a paper [13] where she extended her
previous work with Rosner [3] to include the case of top
produced hadronically.
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