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Soft gluon radiation in hadronic tt production
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We investigate soft gluon radiation in hadronic tt production. By taking the top quark decay
properly into account, we are able to study the interplay of radiation both before and after the
decay of the top quarks. The production-decay and decay-decay radiative interferences depend
sensitively on the relative size of the gluon energy and the decay width. Radiation patterns for
various production mechanisms are compared.
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I. INTRODUCTION

Discovery of the top quark —one of the basic compo-
nents of the standard model —is one of the most impor-
tant goals of present and future high-energy colliders.
At present, indirect evidence &om electroweak radiative
corrections suggests a top quark mass between 100 and
200 GeV (see for example Ref. [1]),and null results Rom
searches at the Fermilab pP collider yield a 95% C.L.
lower limit of 108 GeV and 103 GeV &om the Collider
Detector at Fermilab CDF [2] and DO [3] collaborations,
respectively. Optimistically, the top quark will be dis-
covered at the Fermilab pp collider in the next few years.

The two most important properties of the top quark,
which can be measured once its existence is established,
are the mass m& and the decay width I'&. The Brst of
these is a fundamental parameter of the theory, while the
second provides an opportunity to check the existence of
any non —standard-model decay channels. However, ob-
taining precise measurements of these parameters at a
hadron collider is a far from easy task. In particular, a
detailed knowledge of the structure of the final state is
necessary. For example, gluon radiation &om the initial
state, from the produced top quarks, and &om the top
quark decay products can influence the reconstruction of
the top mass from its decay products. Soft gluon ra-
diation, in particular the interference between radiation
before and after top decay, also depends sensitively on
the decay width [4,5].

In this paper we study the "antenna pattern" of soft
gluon radiation in tt production in high-energy hadron-
hadron collisions. In particular, we are interested in (a)
the process dependence (qq ~ tt vs gg m tt ) of this
radiation and (b) the effect of the top quark instabil-
ity on the radiation pattern. The former depends on
the color topology of the di8'erent processes, while the
latter induces dependence on I'q and on the orientation
of the top decay products. Our study builds on earlier
work. In Ref. [4], for example, the color-singlet produc-
tion process e+e + tt -+ bW+bW was analyzed in de-
tail, and a gauge-invariant approach for identifying and

calculating the various production and decay contribu-
tions to the radiation pattern was presented. It is the
extension of these ideas to the more complicated pro-
cesses qq, gg + tt -+ bW+bW which constitutes the
main goal of the present study. The radiation pattern
for stable top production qq, gg +tt has-been analyzed
in detail in Refs. [6,7] (see also [8]). Again, our pur-
pose here is to extend this analysis to the experimentally
more relevant bW+bW final state. Note that in our
analysis the soft gluons are sufficiently energetic so that
a perturbative treatment is valid. Nonperturbative ef-
fects, including possible long distance interactions with
the spectator partons, have been discussed in Ref. [9].

Our aim, then, is to give a complete and systematic ac-
count of soft gluon radiation in hadronic tt production,
accounting for color topology of the different processes,
decay product kinematics, and finite top width e8'ects. In
the next section, we describe a method for writing down
the antenna pattern for any tt production process of the
form AB m tt +bW+bW -. Although our main interest
here is in the strong interaction processes qq, gg + tt, we
also present results for qq ~ Z' -+ tt and gg ~ H ~ tt.
These processes, with their unique color structure, are
useful for comparison. In Sec. III we present some nu-
merical results. In particular, we consider final states
with particular (and experimentally typical) orientations
of the final state b quarks and W bosons. We study the
soft gluon antenna patterns, focusing on the process and
top width dependence. Our objective is not to emulate
a Monte Carlo analysis including realistic detector ac-
ceptances, but rather to emphasize the most important
features of the soft gluon radiation accompanying tt pro-
duction and decay which should be taken into account in
more realistic studies. Finally, in Sec. IV we summarize
our main results.

II. FORMALISM

In the soft gluon limit, the radiation pattern for any el-
ementary 2 ~ 2 hard scattering process f can be written
as [8]
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) ]/H'~&~' = ) ij A,'f',

~ ~ pi pj
p; ~ k p~ k

' (2)

where the sum i, j is over the external particles. The
"antenna" ij is de6ned by

The coefBcients c,. are given in Table I for the 6ve tt
production processes listed in Eq. (3). The functions X
and Y appearing in the gg + tt process are discussed
later.

The general method for treating unstable heavy parti-
cles such as the top quark has been presented in Ref. [4].
The top quark decay is included by letting T0 m T, with
P given by Eq. (6) with the replacements

where p; and p~ are the four-momentum vectors of par-
ticles i and j and k is the gluon four-momentum vector.
The coefKicients A; are functions of the kinematic in-
variants of the 2 -+ 2 process. The simplest example is
the process e+e ~ qq(g) where, for massless quarks,
there is only one such antenna and P~M~2 oc qq.

In the present context we are interested in the following
tt production processes:

e e+ mtt,
qq~Z'~tt,
ggmHmtt,
qqwtt,
gg W tt.

(3a)

(3b)

(3c)
(3d)

(3e)

'4(kl) + B(k2) ~ t(ql) + t(q2)
-1 b(p, ) + W+ + b(p, ) + W

the general form of the difFerential distribution for soft
gluon radiation (k") is [4]

1 d0

do'o drub d cos ez dPs

s

4' (dg T)

where d00 is the differential cross section for the lowest-
order process (i.e. , with no gluon radiation), urs is the
energy of the soft gluon, and o., is the strong coupling.
For the case of stable top quarks and massless initial
state particles, the distribution function T has the gen-
eral form

+0 clklk2 + &2k1ql + ~3k1q2 + &4k2q1 + c5k2q2

+c6q1q2 + &7q1$1 + ~8q2q2 (6)

where the antennae are de6ned as before by

p
p. k q. k

(Note that the soft gluon radiation pattern for the process
pp ~ tt is identical to the pattern for the e e+ -+ tt
process. ) Labeling the initial and final state momenta by

k1k2 M k1k2

k q -+ k, q, + X, [k,p, —klq, ],
klq2 -+ kiq2+ X2 [kip2 —kiq2],

k2qi + k2qi + Xl [k2pi k2qi]

k2q2 ~ k2q2 + X2 [k2p2 k2q2] ~

ql q2 1 ql'q2 + X2 [qlp2 qlq2] + Xi [q2pi qlq2]

+ X12 [P1P2 qlP2 q2Pl + qlq2]

'qlql 1 2qiql + pipi —2qipl + 2Xi [qipi —qiqi]

q2q2 1 2q2q2 + p2p2 2q2p2 + 2X2 [q2p2 q2q2]

We make the following comments concerning the above
results.

(i) For unstable top quarks, we see that there are addi-
tional contributions from antennae involving the daugh-
ter b quarks, corresponding to gluon emission both be-
fore and after the t quarks decay. The pro6le functions
y, which depend on the top width I't and determine the
size of the interference efFects, are given by [4]

m'r2t t

(q, k)2+m212 '

m, I', (ql k q2 k+m, I', )
+12

(ql k)'+ m'I", (q2 k)'+ m'I' (10)

These functions have the (formal) property that
y, , g12 ~ 0 as I t ~ 0, and y, , y12 ~ 1 as I't ~ oo.
In the former limit, we have

+ ~ +0 + c7 qiqi + pipi —2q~pl]

+&8 q2q2 + p2p2 2q2p2

A(kl) + B(k2) 1 b(p, ) + b(p2) (12)

at reduced invariant squared energy W2 = (pl + p2)2 in

which is the stable top result together with additional t 6

and tb antennae [4]. In the other extreme, X, , X12 -+ 1,
the top quarks decay immediately after production and
the radiation pattern is identical to that for the process

TABLE I. The c; coefEcients of Eq. (6) for tt production, for SU(N) color with Cz = (N —1)/(2N).

Process
e e+ ~tt
qq+Z mtt
gg —+H —+tt
qqMtt
gg —+ tt

C1

0
2CF
2N

1
N—2CF + 2N+ 2Y

C2) C5

0
0
0

2CF ——1
N

CF —X —Y

C3) C4

0
0
0

N
CF+X —Y

C6

2CF
2CF
2CF

1
N

2Y

C7) C8

—CF
—CF

—CF
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the final state.
(ii) The functions X and Y appearing in the coeffi-

cients for the gg ~ tt process are given by

N
4C~

(1(1+2')
I

———
i

&1 1)
i
+ 2(U —T)(U2 T2)

- —1 - —I
x — T +U +2p—1 N 2 ~ p

UT Cp
(13)

and

N1 1 1

4C~ N2UT UT C~
(14)

where

k1 'q1
k, k

'
k1 q2

k1 k2'

m'tP=
k1 ~ k2

(The X and Y functions here are closely related to those
given in Ellis and Sexton [6]; here we have normalized
X and P by dividing them by the gg —+ tt squared am-
plitude. ) Figure 1 shows the functions X and Y plotted
versus the t quark scattering angle (in the gg center-of-
mass frame) for three difFerent beam energies. Note that
at threshold T = U = p, = 1/2 and

1 2+ N2 11
(N =3). (16)2N2 4C~ —N 42

The numerically small values of Y [Y/X O(1/N2)], to-
gether with the fact that collinear singularities are absent
&om the corresponding combination of antennae, leads to
a negligible contribution from this piece in practice [6,7].
The contributions from the tt antenna are not suppressed
by 1/N2 in processes (3a), (3b), and (3c), where the tt
pair is produced in a color singlet state. In processes
(3d) and (3e), the azimuthal asymmetry of emission off
t quarks is violated even in the large N limit, because of
the presence of the k;q~ antennae.

(iii) Although the bulk of the coefflcients in Table I
are simply color factors, independent of the subprocess
invariants, the cross section for soft gluon radiation does
not in general factorize into an eikonal factor times the
lowest-order cross section. This lack of factorization is
the origin of the X and Y terms appearing in Table I
for the gg ~ tt process. The reason can be traced to
the color structure of the 2 j 2 process [7,8]. For all
but the gg ~ tt process, the color flow at the ampli-
tude level can be uniquely represented by continuous lines
("strings" ) linking the external particles. Thus Figs. 2(a)
and (b) show the color flow for e e+ ~ tt and qq -+ tt,
respectively. Note that in the leading 1/N limit (the pla-
nar limit) there is a one-to-one correspondence between
the color flow lines and the nonzero antenna coefficients.
In contrast, the gg ~ tt process has two possible color
flows at the amplitude level as shown in Figs. 2(c) and
(d). It is the interference between these two contributions
that spoils the identif1cation of the color flows in the pla-
nar limit. However, this interference is suppressed in the
large N limit, where we 6nd

1 1P m —(N —2X) 2k&q& + 2k2q2 + 2kik2 —qiq& —q, q2 + —(N + 2X) 2k&q2 + 2k2qi + 2kik2 —qiqi —q2q24 4
(17)

which is the separation into two positive-de6nite color
structures discussed in Ref. [7].

(iv) In the large N limit, the tb and tb antennae can
interfere only in the case of the 6rst three processes in
Eq. (3). For processes 3d and 3e, in this limit, the decays
are uncorrelated in color and the interference is absent.

III. NUMERICAL RESULTS

In the previous section we have seen how the different
color structure of the various processes leads to different
weightings of the antennae contributions. In this section
we study the implications of this for the actual gluon
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FIG. 1. Dependence of the nonfactorizing
functions X (solid lines) and Y (dashed lines)
for gg + tt on the center-of-mass scatter-
ing angle of the t quark, for beam energies
Es«~ ——mI (threshold), 2mI, , and 3mI.
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de 1 do.

d cos 8s dop d~sd cos 8sdgs
ug ——5 GeV

(b)

and

' u)'X(8s)

dN 1 do.

dP& do p d(u&d cos 8&dg& e =Qoo
g=5 GCV

(18)

q1
t

k)

FIG. 2. Color IIow diagrams for the processes (a)
e+e ~ tt, (b) qq ~ tt, and (c),(d) gg m tt

Recall that in the soft gluon approximation, the gluon
energy distribution falls as 1/ws. Thus an extra fac-
tor of ~~ has been included in the above definitions to
make the distributions dimensionless quantities. The nu-
merical results presented here have been generated us-

ing the following input parameters: m& ——140 GeV,
mg ——5 GeV, M~ ——80 GeV, and o., = O. l. For all the
distributions, the coordinate system is chosen such that
the three-momenta of the incoming partons are along

distribution. Our purpose is not to give a comprehensive
treatment of all the possibilities, but rather to consider
some simple configurations which illustrate the underly-
ing physics.

In studying the way in which the various antennae
contribute, it is instructive to consider all five processes
listed in Eq. (3). Since we may neglect the soft gluon in
the kinematics, the t and t momenta are back to back
in the center-of-mass frame of the collision. The b- and
6-momenta are also taken to be back to back. This is for
simplicity only —the qualitative features are unchanged
as long as the bb angle is not chosen particularly small.

Distributions of the soft gluon radiation in the polar
and azimuthal angles (relative to the beam direction)
are presented for a soft gluon with energy ~~ = 5 GeV.
Again, this value is not critical: What matters as far as
the interference contributions are concerned is the rela-
tive size of ~~ and I'q. Our results should be interpreted
as referring to the distribution of a soft hadronic jet ac-
companying the significantly more energetic bW+bW
particles. The distributions are calculated at the parton
level and are plotted in the parton subprocess center-of-
mass frame. Unless otherwise stated, we assume a par-
ton beam energy of Eb, ——2m&, motivated by the fact
that at hadron colliders the average subprocess center-
of-mass energy is several times the threshold energy for
tt production. A realistic study of soft gluon radiation
in hadronic tt production would of course require a con-
volution of the parton-level cross sections with parton
distribution functions. Such a convolution would smear
the results illustrated here, although one could in prin-
ciple reconstruct this frame directly if all the top quark
decay products were measured.

The following shorthand notation will be used to de-
note the polar (8s) and azimuthal angle (Ps) distribu-
tions:

e.q. 9

e.q. 9

b I

(b)

FIG. 3. (a) The orientation of the three-momentum vectors
for the dN/d cos gs distributions. All three-momentum vec-
tors are chosen to lie in the xz plane. The y axis is perpendic-
ular to the page. (b) The orientation of the three-momentum
vectors for the dN/dPs distributions. The three-momentum
vectors of the outgoing partons are chosen to lie in the xy
plane. The three-momentum vectors of the incoming partons
are along the z axis which is perpendicular to the page.
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the kz directions. Furthermore, the three-momenta of
the outgoing t and t are chosen to be in the +x and
—z directions, respectively. For the dN/dcosg~ distri-
butions, the three-momenta of the b and b quarks are
chosen to be back to back in the xz plane, with the S-

quark three-momentum vector 45' away from the t-quark
three-momentum vector as illustrated in Fig. 3(a). The
soft gluon three-momentum is also taken to be in the
xz plane, and thus the three-momenta of all the par-
tons lie in the zz plane as depicted in Fig. 3(a). For the
dN/dPs distributions, the three-momenta of all the final
state partons are taken to be in the zy plane, which is
transverse to the momenta of the incoming partons; see
Fig. 3(b).

We begin by presenting results for the polar angle dis-
tribution of the soft gluon. Figure 4 shows dN/d cos 8s
versus 8~ for incoming partons with energy Eb,
2m' ——280 GeV, where m& ——140 GeV is the top quark

mass. The standard model Born value I'~ ——I'SM
0.67 GeV for mq ——140 GeV has been used for the top
quark width. The soft gluon radiation patterns for the
five processes listed in Eq. (3) are shown in the figure.
The angles of the incoming and outgoing partons are in-
dicated at the top of the 6gure. The divergence in the
radiation pattern at 8s = 0' and 180' (and 360') for the
hadronic production processes is the initial state collinear
singularity, i.e., q m q+g, g —+ g+g. The strength of the
singularity simply reflects the color charge of the incom-
ing particles. For example, the radiation pattern in the
region 0~ = 0' is dominated by the antennae containing
a factor of kq. If k is almost parallel to kq, then

2 1
kga = ——, (20)~2 g2 '

eqg

JI

Cb

0
O

10-1

t

gg ~
gg
qq ~
qq ~
ee ~

H~tt
tt
Z ~ tt
tt
tt

e,q, g

JI I)
/I

b t
I I

beam ™t
I't = I'S~l

(o)

e, q, g

Jf

880 GeV
fj

&J

II,
IT:
It-
]i

li
l i'

/ . /

/
'/
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I I I I I I I I I I I I I I

90 180 270 360

FIG. 4. Distribution of the soft gluon radiation in the po-
lar angle 8~; dN/d cos 8~ is plotted versus 8~ for a soft gluon
with energy ~~ = 5 GeV. Curves are shown for the five pro-
cesses listed in Eq. (3). The energy of the incoming partous
is Eb, ——2m' ——280 GeV, where mg ——140 GeV is the top
quark mass. The standard model Born value has been used
for the top quark width. The directions of the incoming and
outgoing partons are indicated at the top of the figure. The
energies and angles are measured in the parton center-of-mass
frame.

independent of the other momentum (a") in the antenna.
There are three such terms on the right-hand-side of
Eq. (6), and hence

2 cy+ c2+ cg
~2 02 (21)

From Table I, we see that ci + cz + cs —2CF (2N) for
the qq (gg) initiated processes, respectively. Thus near
0~ = 0' and 180' the curves for the gg initiated processes
are larger than those for the qq initiated processes, while
the nonsingular e e+ distribution is very small.

In the same way, all of the processes exhibit a sharp
dip in the radiation pattern in the direction of the b and b

quarks when mb/Eb (( 1. These dips are the well known
heavy-quark dead cones [10I. For example, close to the
b-quark direction we have [cf., Eq. (20)]

g
g2

p
~g 82 + (mb/Eb) 2

(22)

where now 0& is the angle between the gluon and b-quark
directions. The angular width of these dead cones is pro-
portional to mb/Eb Again. , it is straightforward to check
that the dead-cone behavior near the b-quark directions
is the same for all processes. This follows from the fact
that c2+ c4+ cs ———2c7 ——2CF (see Table I).

The corresponding dead cones about the t and t quark
directions are much broader due to the larger top quark
mass. The minimum of the t (tg quark dead cone does not
coincide with the t (tg quark direction; instead, the mini-
mum is shifted to a slightly larger angle. This is because
the qqpq and qqpq terms in Eq. (8) give a contribution
which is a decreasing function of 0~ in the neighborhood
around the t (t) quark direction, whereas the contribu-
tion from the other terms has a minimum in the t (tg
quark direction. The resulting sum thus has a minimum
at a value of 8~ that is slightly larger than the direction
of the t (tg quark. The other interesting feature to note
in Fig. 4 is the difference between the distributions for
the qq —+ Z* —+ tt and qq ~ tt processes. The presence
of the kz qz and k2q2 antenna for the latter increases the
radiation between the q and b quarks, and decreases that
between the 6 and q quarks, relative to the former pro-
cess. The effect is clearly seen in the dips on either side
of the b-quark dead cone in Fig. 4.

Figure 5 shows dN/d cos 8& versus gs for incoming par-
tons with energy Eb, ——2m& ——280 GeV as in Fig. 4,
but now with the top quark width taken to the formal
limit I'q m oo. In this limit, the interference factors yq,
y2, and yi2 in Eqs. (9) and (10) all go to 1. This limit
corresponds to the top quark decaying instantly; thus the
resulting radiation pattern is equivalent to the radiation
pattern for bb production. In particular, the radiation
pattern is independent of the t (t) direction. Compar-

ing the case of I'q ——I'sM in Fig. 4 with the present case
of I'q ——oo, we see that with the exception of the e e+
process, the radiation is again not symmetric around the
b (b) dead cone. However, the maximum now appears
on the side of the cone closest to the incoming beam di-
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FIG. 5. Same as Fig. 4 but now the top quark width has
been set to I'& ——oo, which is equivalent to bb production.

rection. For the reasons noted above, the asymmetry is
particularly strong for the qq ~ tt process. We also see
that in the regions where the t (t) dead cones were pre-
viously located (Og = 100' and 280'), the e e+ ~ tt
and qq ~ tt curves have changed considerably, whereas
the gg ~ H ~ tt and gg ~ tt curves have changed
little. For these latter processes, the radiation pattern
receives a larger contribution from radiation oK the ini-
tial state gg, which is of course independent of I'&. On
the other hand, the radiation patterns for the e e+ m tt
and qq m tt processes are more sensitive to the radiation
from the final state quarks, which is very diH'erent for
the two cases of 66 production versus tt production and
decay.

The variation of the radiation pattern with the top
quark width is illustrated in Fig. 6 for the process gg m
tt. As before, the distribution dN jd cos 8g is plotted ver-
sus I9g for incoming partons with energy Eb, ——2ni& ——

280 GeV. Curves are shown for four values of the top
quark, width: I'& ——oo, 5 GeU, 0.67 GeU (the standard
model Born value), and 0. The radiation pattern for the
standard model Born top quark width is very close to the
radiation pattern for I'& ——0. Between the incoming g(kq)
and the 6 quark, the kipi antenna causes the radiation
to increase as 1 & (and hence yq) increases. On the other
side of the 6-quark dead cone, the efFect of emission from
the top quark is seen to decrease as I'q increases. On the
whole, however, the curves show that the gg m tt process
is not very sensitive to the top quark width. The qq m tt.

process on the other hand is much more sensitive to the
top quark width (see Figs. 4 and 5).

A more graphic representation of the effects described
above can be obtained by considering the radiation pat-
tern in polar coordinates. Thus Fig. 7 shows d%/d cos 8g
versus 0~, with the distance from the origin proportional
to the magnitude of the distribution. As before, all par-
ticles lie in the xz plane; their directions are indicated
by arrows on the figure. The radiation pattern for the
process gg ~ tt is shown for two values of the top quark
width: the standard model Born value and the I'& m cx

FIG. 6. dN/dcos8g versus 8g for the process gg m tt for
four values of the top quark width: l'& ——oo, 5 GeV, 0.67 GeV
(standard model Born value), and 0. The energy of the soft.

gluon is u~ = 5 GeV and the energy of the incoming gluons is

Fb, ——2m~ ——280 GeV. The directions of the incoming and
outgoing partons are indicated at the top of the figure. The
energies and angles are measured in the parton center-of-mass
frame.

limit which is equivalent to bb production. (Note that
this is simply a difFerent representation of the same two
curves in the previous figure. ) The collinear singulari-
ties along the kz directions are clearly evident, as are
the dead cones about the b (b) and t (tg quark directions.
Notice again that the asymmetry of the lobes about t, h»
6-quark direction is difFerent for the two cases„ for t, he
reasons discussed earlier.

0.6 I I I ~
r

l I I

0.4

—0.2

p(0)

I

—o.g f & I I t ! I I I

—0.6 -0.4 —0.2 0.0 0.2 0.4 0.6

FIG. 7. dN jd cos8g versus 8g plotted iu polar coordinates.
The radiation pattern for the process gg m tt is illustrated
for I'& ——I'sM (solid line) aud I'& ——oo (dashed line). The
energy of the soft gluon is u~ = 5 GeV and the energy of the
incoming gluons is Eb ——2mt ——280 GeV. The directions
of the incoming and outgoing partons are indicated at the
top of the figure. The energies and angles are measured in
the parton center-of-mass frame.
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FIG. 11. dN/dP~ versus P~ for the process qq ~ tt for four
values of the top quark width: I'~ ——oo, 5 GeV, 0.67 GeV
(standard model Born value), and 0. The energy of the soft
gluon is ug = 5 GeV and the energy of the incoming gluons
is Eb, ——2m~ ——280 GeV. The directions of the outgoing
partons are indicated at the top of the figure. The energies
and angles are measured in the parton center-of-mass frame.

in the previous figure. If the trend of moving the b (b)
quark closer to the t (tg quark direction continues, the
b (b) quark continues to move faster and its dead cone
continues to narrow. In the limiting case of the t and b

(t and b) quarks parallel, the dead cone is very narrow
and the radiation pattern is symmetric about the t b and
t b directions.

Figure 10 is the same as Fig. 8, but with the top quark
width set to infinity. This corresponds to the top quark
decaying instantly, and so the radiation pattern is equiv-
alent to that of bb production. The major difference be-
tween this figure and Fig. 8 is the lack of the top quark
dead cones in the present figure. The radiation pattern
is now symmetric about the b and b directions. (The t
and t directions are irrelevant since the t and t decay in-

stantly). Notice that the magnitude of the qq m tt curve

is now less than the e e+ ~ tt curve. The reason for this
is that in the limit I'q -+ oo (yq2 ~ 1) the pqpq antenna
(negative) contribution is enhanced. The color suppres-
sion of this contribution in the qq ~ tt case is no longer
compensated by the background initial state radiation.

The variation of the azimuthal radiation pattern with
the top quark width is illustrated in Fig. 11 for the pro-
cess gg —+ tt. The distribution dN/dPs is plotted versus

P~ for incoming partons with energy Eb, = 2m,
280 GeV. The radiation pattern is shown for four val-
ues of the top quark width: I'~ ——oo, 5 GeV, 0.67 GeV
(the standard model Born value), and 0. The radiation
pattern for the standard model Born top quark width is
almost identical to the I'q ——0 pattern. The dead cone
about the t (t) quark is obscured already for I'q ——5 GeV.

In Fig. 12 we plot dN/dPs versus Ps in polar coordi-
nates. The radiation pattern for the process gg w tt is

shown for I't ——I'sM (solid line) and I'q ——oo (dashed
line). The angle between the momenta vectors of the t
and 6 quarks is 0', 45', 90', 135', and 180', for parts
(a), (b), (c), (d), and (e), respectively. The radiation
patterns are quite different for the two cases. The bb ra-
diation pattern (dashed line) is always symmetric about
the bb direction. (The tt direction is irrelevant in this
case. ) For the standard model width (solid line), the ra-
diation is always largest in the angular sector between the
t and b (t and b) directions. For example, in part (c), the
radiation in the first and third quadrants is much larger
than in the second or fourth quadrants. This is a conse-
quence of the color antenna connecting the t and b (t and
b) quarks. As the angle between the t and b quarks in-

creases, the velocity of the 6 quark decreases, the b quark
dead cone becomes wider, the magnitude of the radia-
tion decreases, and the radiation pattern becomes more
isotropic.

IV. SUMMARY

In this paper we have calculated the soft gluon dis-
tribution in tt production, taking the decay of the top
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FIG. 12. dN/dP~ versus Pg plotted in po-
lar coordinates. The radiation pattern for the
process gg m tt is illustrated for I'~ ——I'sM(o)

(solid line) and I'q ——oo (dashed line). The
energy of the soft gluon is u~ = 5 GeV
and the energy of the incoming gluons is

Eb ——2m~ ——280 GeV. The angle between
the t (t) and b (b) quarks is 0', 45', 90, 135',
and 180' iu parts (a), (b), (c), (d), and (e),
respectively. The directions of the outgoing
partons are indicated by arrows on the figure.
The energies and angles are measured in the
parton center-of-mass frame.
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quarks fully into account. Although our primary interest
is in hadronic tt production, we have also considered sev-
eral other processes with different color structures. This
allows us to quantify the contributions &om the different
antennae which determine the radiation patterns.

We have seen how, in general, the radiation pattern
depends on the color fIow in the 2 ~ 2 process, the ori-
entation of the final state particles with respect to the
beam and to each other, and on the top decay width. The
latter controls the interference between radiation before
and after the top decay and between radiation in two de-
cays. When the decay width is large, the b and b appear
almost instantaneously and they can radiate coherently,
as though produced directly.

We have focused in particular on two types of distribu-
tions. The distribution in polar angle of the gluon with
respect to the beam is sensitive to radiation off the initial
state particles, and also to the presence of antennae link-
ing the initial and final state particles (which are absent
in s-channel color-singlet exchange processes). When all
the final state particles are in the transverse plane, the
distribution in the gluon azimuthal angle is more sensi-

tive to the radiation off the final state particles, in par-
ticular to the dead cones of the t and b quarks.

The study of soft gluon radiation in tt events is im-
portant not only for theoretical reasons. The effects we
have calculated are responsible for the distribution of soft
hadrons and jets accompanying the final state b's and
W's. These in turn could play an important role in the
determination of the top mass from the reconstructed
invariant mass of its decay products. For example, the
interference between emission before and after top decay
constitutes an irreducible uncertainty in such a proce-
dure. It is important that Monte Carlo routines used to
correct for these effects in the data contain all the rele-
vant underlying physics.
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