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Gluon radiation in top quark production and decay at e*e™ colliders
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We study gluon radiation in top quark production above threshold at high eeérgy colliders. We allow
for the top quarks to be off-shell, considering radiation in both the top production and decay processes
simultaneously. Our calculation includes all top width effects, spin correlations) gndrk mass effects. We
study the effects of gluon radiation on top mass reconstruction and examine the interference between
production- and decay-stage radiation, which can be sensitive to the value of the top quark decay width.
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[. INTRODUCTION width-dependent top propagator and retaining all spin corre-
lations. Past treatments of QCD corrections have treated the
By virtue of its large mass, the top quark is unique. Be-top production[2] or decay[3] processes separately, or in
cause it is so heavy, the top quark decays before it can forrane casd4] combined the two processes, but kept the on-
hadrons[1] and its spin information is passed along to its shell (narrow-width approximation. Gluon radiation for off-
decay products. The top quark’s mass is comparable to thehell top has been treated previously in the soft gluon ap-
electroweak symmetry breaking scale, and its Yukawa couproximation [5,6]. Here we give an exact treatment for
pling is suspiciously close to unity. All of this means that top arbitrary gluon energies. We study properties of the emitted
physics will be an important and interesting subject in thegluons, top mass reconstruction, and effects of interference
near future, and the top quark may lead us to physics beyonketween production- and decay-stage gluons that can be sen-
the standard model. sitive to the top quark width. Computation of the virtual
Future high energy lepton collidersste” and QCD corrections for off-shell top is currently in progrd33
u u~—can provide relatively clean environments in which and will be combined with the present results for a full QCD
to study top quark physics. Although top production crossnext to leading ordetNLO) treatment of top quark produc-
sections are likely to be lower at these machines than dion and decay.
hadron colliders, the color-singlet initial states give lepton This paper is organized as follows. In Sec. Il we discuss
machines some advantages. Furthermore, the fact that tilee matrix element calculation and Monte Carlo integration.
laboratory and hard process center-of-mass frames coincidd/e present numerical results in Sec. Ill, focusing on gluon
greatly simplifies the reconstruction of final states. In addi-distributions, mass reconstruction, and interference effects.
tion, many of the top quark’s couplings, especially those toWe present our conclusions in Sec. IV. An Appendix includes

the photon and@® boson, can be easily studied there. some comments about gauge invariance.
The potential for precision studies of top physics at such

colliders requires precision predictions from the theory, be- Il. CROSS SECTION CALCULATION

yond leading order in perturbation theory. In particular, QCD ) )

corrections must be taken into account. Jets from radiated A. Computation of the matrix element

gluons can be indistinguishable from quark jets, complicat- We compute the cross section for real gluon emission in
ing identification of top quark events from reconstruction oftop quark production and decay:
the top’s decay products. To make matters worse, emission . .
may occur in either the top production or decay processes, so ee” —y*,Z* —tt(g)—bW bW g. )
that radiated gluons may or may not themselves be products
of the decay. Subsequent mass measurements can be d@g-e"e™ colliders, no gluons are radiated from the color-
graded, not only from misidentification of jets but also from singlet initial state. Final-state gluon emission can occur in
subtle effects such as jet broadening when gluons are emittdgbth the production and decay processes, with gluons emit-
near other partons. ted from the top or bottom quarksr antiquarky as shown
In this paper we study the effects of real gluons radiatedn Fig. 1. Emission from the top quarks contributes to both
in top quark production and decay aete™ colliders. We production- and decay-stage radiation, depending on when
consider collision energies well above the top pair producthe top quark goes on shell. Emission from theguarks
tion threshold, so although for definiteness we will refer tocontributes to decay-stage radiation only. The separation of
electrons in the initial state, our parton-level results applythese contributions will be discussed below.
equally well tou™u~ collisions at the same energy. We  We compute the exact matrix elements for the diagrams
allow for the top quarks to be off-shell, keeping the full shown in Fig. 1 with all spin correlations and the bottom
mass included, using the helicity methods of Kleiss and
Stirling [8]. Working at the matrix element, rather than the
*Email address: mcos@pas.rochester.edu matrix element squared, level has the usual advantages of
"Email address: orr@pas.rochester.edu numerical efficiency, and in our case has the additional ad-
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proximation described in the Appendix. This gauge invariant
result differs from the exact one by non-doubly-resonant
terms, and this difference is very small numerically in the
regions of interest.

B. Production-decay decomposition

As mentioned above, calculating at the amplitude level
allows us to identify contributions from individual processes
and their interferences. We are particularly interested in dis-
tinguishing between contributions from gluons radiated in
the top quark production and decay stages. This is directly
related to reconstruction of the top quark momentum from its
decay products, which in an experiment allows us both to
identify top events and to measurs,. The presence of
gluon radiation complicates the reconstruction because the

FIG. 1. Feynman diagrams for gluon emission in top productionem'ttefj gluon may or may not be pa'rt of the top decay. If the
and decay at lepton colliders. gluon is not part of the decay, then it represents a correction
to top production and should not be included in the top mo-
mentum reconstruction:

vantage that we can identify individual contributions and in-
terferences between them. The explicit expressions for the
matrix elements are complicated and not particularly illumi-
nating, so we do not reproduce them here.

We do not assume the top quark to be on shell; thereforé on the other hand the gluon is part of the decay, then it
we keep the finite top widtf’, in the top quark propagator shouldbe included in top reconstruction:
and include all interferences between diagrams. We use exact
kinematics in all parts of the calculation. We do not include 2~p2= 2—n?2
radiation from hagroniw decays; th&Vbosons are assumed Mi=Pi=(Pot Pwt Pg)"=Powg: ©
to decay leptonically and we integrate over their decay prod-_ . e
ucts in the results presented here. In practice radiative had€ing able to make this distinction turns out to be useful for
ronic W decays could be largely eliminated through invariantPUrPoses of efficient phase-space integration as well.
mass cuts, but a detailed study is required to determine ex- Although this production-decay distinction cannot be
actly how effective this would be. We also note that becaus&'@de absolutely in an experimétihe various contributions
the W boson is a color singlet, radiativé/ decays cannot Ca" Ee separated in the calculation. For radiation frombthe
interfere (at first ordey with the diagrams in Fig. 1. Any andb quarks, the assignment is easy: these contributions,
contributions from radiativ&V decays would therefore sim- corresponding to the two right-hand diagrams in Fig. 1, are
ply be additive even at the cross section level. clearly part of the top quark decay. However, as noted above,

Some comments about gauge invariance are in order hergluon emission from the top quatkr antiquark contributes
In the on-shell, or narrow-width, approximation, the topto both the production and decay stages; which stage de-
quarks are always on mass shell and the width is identicallpends on whether the top was closer to its mass shell before
zero. In that case gauge invariance requires only diagram@’ after emitting the gluon. This condition corresponds to
with two intermediate top quarks. Once the top quarks aravhich of the two propagators from the top that emitted the
allowed to have a finite width and be off-shell, however,gluon is numerically larger.
nonresonant diagrams—those with the same final state but We can make the separation in our calculation as follows
only one or no intermediate top quarks—can also contributel6]. For definiteness, we consider gluon emission from the
In the region of interest for top physics, viz., the regiontop quark, shown in the upper left diagram in Fig. 1. The
where the top quarks are nearly on shell, the poles in th&atrix element for this diagram contains propagators for the
doubly-resonant diagranshose with two topscause their top quark both before and after it radiates the gluon. The
contributions to dominate. This is the motivation for the matrix element therefore contains the factors
“double-pole approximation” in electroweak radiative cor-
rections toW pair production9]. In the present case we use 1
invariant mass cutésee belowto guarantee that we are in a MOC( 5 R )
region of the phase space where the doubly resonant Pivbg— M +imd,
diagrams—the only diagrams we include—dominate the
cross section. We can restore gauge invariance using the aphe right-hand side can be rearranged to give

mZ~pZ=(Pp+ Pw) 2= piw- )

1
7 7
Pwp— Mg +imLy

) . @4

A FORTRAN program containing the matrix elements can be ob- 2f the interference between processes is large this distinction is
tained from the authors. not even meaningful.
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1 1 1 clearly identified. The calculation is entirely at the parton

« : - : . level, and we do not include initial state radiation, beam
2Pwb- 2 —m>+imI, pZ,,—m>+imI ’ o
Pwb*Pg | Py =My the Pwog™ M vt energy spread, or beamstrahluhgle use the following nu-

(5 : - _

merical values of parametersy,=175 GeV, my=5 GeV,
This separates the production and decay contributions to thw=280 GeV,I'=1.42 GeV, andr;=0.1. Note thai ap-
matrix element. The first term in parentheses contains fears simply as an overall factor, because all of our events
propagator that peaks whes,,=m?, which corresponds to contain a gluon.

the condition for production stage, as in Eg). Similarly, Unless otherwise indicated, we use the following cuts. We
the second term peaks fpe\lbg: mZ, which corresponds to equire Ey>5 GeV to eliminate the infrared singularity
decay emission as in E¢3). and because we intend for the gluon to be detectable. In
The complete amplitude can now be written schematicallyaddition we wish the gluon to be separable from brendb
as quark; this is implemented via the requirement
Mg, Mpg>10 GeV, which we shall identify below asni
Mio1= Mprod+ Midecayt Midecay- (6)  cuts.” (Separation could also be achieved with a cut on the

The cross section, obtained from taking the absolute squa%uon SEr with respect to thé or b; the choice makes little

: . fference in the resulting distributionsln order to make
of Mo, then contains separate production and decay “Oure that we do not get contributions to our results from
tributions, from [ M oql® and | M gecay® | MTgecay®s re- 9

spectively. It also contains cross terms representing the intefcJ10"S Of the phase space where non-doubly-resonant dia-
P Y- P 9 rams might be important, we require

ferences, which in principle confound the separation but i’
practice are quite small. 160 Gell=m,,<190 GeV

The interference termare interesting in their own right,
although not for top reconstruction. In particular, the inter-or
ference between production- and decay-stage radiation can
be sensitive to the top quark widih, [5,6], which is 1.42 160 GeVempy =190 GeV ()
GeV in the standard model &(as) [3]. The interference ) — - ) )
between for example the two propagators shown in (61 qr]d the same thing for the These conditions will be iden-
can be thought of as giving rise to two overlapping Breit-tified as “m; cuts” below.
Wigner resonances. The peaks are separated roughly by the
gluon energy, and each curve has witlth Therefore when A. Characteristics of the gluon radiation

the gluon energy becomes comparable to the top width, the \ye pegin with the relative contributions of production-
two Breit-Wigners overlap and there can be substantial intery,q gecay-stage radiation to the total cross section. Figure 2
ference. In constrast, if the gluon energy is muqh Iarggr _thaghows the fractionr,oq/ oo Of the total cross section due
Iy, the overlap—and hence the interference—is negligibley, nroduction stage emission in events with an extra gluon,
Therefore the amount of interference serves as a measure 9f 5 function of the minimum energy of the gluon. The cross
the topIW|dth. We will explorg this more below. Sectiono,oq is computed by integrating\ pmd|2 only [cf.

The integration over the final state phase space to obtalgq_ (6)] over the allowed phase spaas;, is computed us-

the cross section involves an integrand that contains multipl g | M o2 The figure contains no cuts besides that on
. . 0 .
Breit-Wigner peaks from the top quark propagators as We'Euon energy and is simply meant to illustrate how radiation

as infrared singularities when the gluon energy becomey annortioned in top production and decay for different
small. Even with cuts oiEg, the rapid variation of the inte- center.of-mass energies: the solid line corresponds to c.m.
grand can spoil the integration procedure. To eliminate th'%nergy 1 TeV, and the dashed line is for 500 GeV. Both
problem, we tailor the momentum generator to the producy,ryes fall off as the minimum gluon energy increases; this
tion of a gluon in association with two massive particles gfiects the decrease in phase space for gluons radiated in the
(y*,Z*—ttg or t—bWg). The multiple Breit-Wigner production stage. We see that the production fraction is al-
peaks are taken into account by using a multi-channel apyays higher at 1 TeV collision energy than at 500 GeV. This
proach that integrates separately over the individual produaoo reflects phase space — for a given gluon energy there is
tion and decay contributions; the Breit-Wigner behavior ismore phase space available to produce gluons in association
smoothed out in the phase space generation. The interferenggth top pairs at the higher c.m. energy. However both frac-
terms, which have products of Breit-Wigners that peak intions remain below 0.5; decay-stage radiation always domi-
different places, much like in Eq4), are integrated using a nates at these energies.
combination of the three main channels. Figure 3 shows for a 500 GeV center-of-mass energy the
effect on the production fraction of separation cuts between
IIl. NUMERICAL RESULTS

In this section we show results of the numerical calcula- 3These effects can reduce the collision energy and total cross sec-

ti@ described abqve. .We presen.t . the cross section fO[fon. The shapes of our distributions are not sensitive to the total
bbW*"W~g production ine“e™ collisions at a 500 GeV energy, but we expect their normalization to be somewhat reduced
center-of-mass energy, with a few exceptions which arevhen these effects are included.
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FIG. 2. The fraction of gluon emissions radiated in the produc-
tion stage, as a function of minimum gluon energy, for center-of-  FIG. 4. The spectrum of radiated gluons as a function of gluon
mass energy 1 TeXsolid line) and 500 GeMdashed ling with no  energy in GeV for center-of-mass energy 500 GeV, witjy andm,
cuts. cuts(see text Dashed histogram: production-stage radiation. Dot-

ted histogram: decay-stage radiation. Solid histogram: total.
the gluon andb quarks. The dashed line shows the fraction

with no cuts. The dotted line corresponds to requiring that Figure 4 shows the total gluon energy spectrum for a col-
the transverse energy of the gluon with respect tokttaad  lision energy of 500 GeVv along with its decomposmon into
b—which we denoteE+(g,b)—be greater than 3 GeV. The Production(dashed histograjand decaydotted histogram
solid line corresponds to the curiy,>10 GeV where thé contributions. The interferences between the two are negli-
9 - Chic o
can either be a quark or antiquark. The effect of both of thes@PIe and are not shown; this will be true for all subsequent
cuts is to eliminate gluons that are soft and/or close to one df9ures until we consider the interference explicitly. Included
the bottom quarks; since these contributions tend to comi this figure are them, and m, cuts discussed above. As
from decay-stage radiation, their effect is to increase thdldicated in the previous figures, radiation from the top de-
fraction of production-stage radiation. If thewere massless ¢2Ys dominates. Otherwise the spectra are not vastly differ-
there would be a collinear singularity in the decay contribu-nt Poth exhibit the rise at low energies due to the infrared
tion; this does not happen in our case but the decay distribt?—'”g,wa”ty charactenstlc of gluon emission, and both fall off
tion still peaks when thé-quark—gluon angle is small. The &t high energies as phase space runs out.

effects of both cuts become smaller with increasing gluon
energy. B. Mass reconstruction

We now turn to the question of mass reconstruction in the
presence of a radiated gluon. For events that contain a hard
gluon, we wish to consider invariant mass distributions re-
constructed according to different scenarios. In particular, we
wish to determine how best to assign the gltmtop pro-
duction or decayin such events. Figure 5 shows top invari-
ant mass distributions with and without the extra gluon in-
cluded; the first plot shows the distribution tn,,, and the
second shovx?smbwg. We have imposedn,, cuts and re-
quiredE,>5 GeV. In both cases there is a clear peak at the
correct value ofm,. Note that the peak in the first plot con-
tains the production contribution as expected, but the radia-
tive decay part contributes as well. This is because even for
decay-stage radiation, only one of the produtedarks de-

Sproa’ Stotal

50 100 150

E, (GeV) “We do not address the details of reconstruction of final state
parton momenta from experimentally observed quantities, and we
FIG. 3. The fraction of gluon emissions radiated in the assume that mass constraints along with energy and momentum
production stage, as a function of minimum gluon energy, forconservation allow this reconstruction even in the case of leptonic
center-of-mass energy 500 GeV, with no cuidashed ling W decay. These issues should be examined more closely in a more
E1(9,b)>3 GeV (dotted ling, andm,,>10 GeV (solid line). thorough analysis.
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cays radiatively; the other still hastzzpﬁw and therefore in 6,4 into various invariant mass regiorigiere we refer to

cor!tributes to thenbw pea}k. The long tails in the two distri- the b quark only, and not theb.) Using the variables
butions are from mlsaSS|gn'ments' of the g!uons. In the Ieft'mt=mbw+, Mig=Mow+ g, Mr=Mpy-, aNd M= My 5 We

hand plot, where the gluon is not included in the reconstrucyefine four
tion, we see a low-side tail due to events where the gluon

was radiated in the decay but was not included in the recon- type 1: 172 Gewm,,, my<178 GeV/(vertical hatching
struction. Similarly, in the right-hand plot we see a h|gh—§|Qe type 2: 172 Gem,, FTWg<178 GeV (horizontal hatch-
tail due to events where the gluon was radiated in association ing)

with production, and was included when it should not have type 3: 172 Ge\E iy, fr< 178 GeV/(cross hatchinlg

been. : ;
We wish to define a single distribution for the top mass type 4: any other everino hatching

that combines both types of events yet omits wrong combi

nations as much as possible. One possibility is to cut on th? decays, and we can see that they do tend towards the
angle between the gluon and thejuark, whose distribution '

we show in Fig. 6. This is motivated by the fact that gluonsquark direction. Type 2 eve_r11($10r|zontal hatchingare in

radiated from théb quarks are always part of the decay, and'U™n dominated by radiativé decays; gluons in this case
such gluons tend to be emitted close to bhguark direction.  tend to cluster near the direction, and since the and b

As we have mentioned, the mass of theuark prevents a tend to appear in opposite hemispheres, type 2 gluons are
collinear singularity, but the gluon distribution still peaks mostly found at large angles to theEvents of type 3cross
close to theb, as can be seen in the figure. In order to verifyhatching are mostly production-stage contributions; their
the correlation between the—g angle and the stage at distribution is more or less uniform, independent of the

which the gluon is radiated, we decompose the distributiofiuark direction. Finally, events of type (o hatching get
contributions from both production and decay, with no com-

pelling evidence for one over the other.

types of events:

Type 1 events are dominated by contributions from radiative

2 0.8 . Using this figure we can make the following conventions:
%_gn if 0,qy<<0.7 rad, assign gluon tgdecay

® = if #p4<<0.7 rad, assign gluon tb decay

=] —

0.6 [
i if Opq,0p>1 rad, assign gluon tot production.

r With these cuts on the proximity of the gluon to theuark,
04 1 we construct the top mass distribution presented in the dotted
| histogram in Fig. 7.

Of course an important reason the cuts are so effective is

02 H that we work at the parton level. The experimentalists do not

< L have that luxury, and, as one would expect, hadronization

? ' 5 . and detector effects are likely to cloud the picture. The solid

0 AW, AN VAV histogram in Fig. 7 shows the mass distribution after includ-
0 1 2 3 ing energy smearing; the solid curve is a Breit-Wigner fit.

The spread in the measured momenta of the final state par-
ticles is parametrized by Gaussians with widths 0.4/E

FIG. 6. The distribution in the angle between the gluon and thfor quarks and gluon, and=0.15/E for the W's. We see
b quark for center-of-mass energy 500 GeV, wigj>5 GeV. The  that the central value does not shift, but the distribution be-
various contributions are as described in the text. comes significantly wider.

Obg (rad)
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FIG. 7. The top invariant mass spectrum whkgluon angle FIG. 8. The distribution in angle between the top quark and the

selection criterigdotted histogram for center-of-mass energy 500 gjyon for gluon energies from 5 to 10 GeV, ofys,cos6<0.9, m,
GeV, minimum gluon energy 5 GeV, amd, cuts. The solid curve  cuts, and 750 GeV collision energy. The upper solid histogram is
and histogram show the effects of energy smearing. the total and the other histograms represent the individual contribu-

_ o tions: dotted: decay; dashed: production; dot-dashed: decay-decay
These results are meant to give an indication of the eﬁectﬁ][erference; solid: production-decay interference.

of hard gluon radiation on mass reconstruction and how they

might be dealt with. Other variables to consider in choosing, . . . ) .
9 thS interference is in general small, we need to find regions

the cuts aremq, the transverse energy of the gluon with of phase space where it is enhanced. This question was con-
respect to théd or b, or some combination of energies and ; P > Spa L 1S :

P . ! . . o sidered in[6] in the soft gluon approximatiohywhere it was
angles as defined in the various algorithms used in jet de"'found that the interference was enhanced when there was a

nitions for e*e™ colliders. At tree level and with partons large angular separation between thequarks and their
only, the exact choice is not very important. daughterb’s.

The mee}ﬁubrergent.of thz ttt)Jp mass.,t:‘ro.m mcf)mentﬁm reCon- Here we examine whether the result{ 61, which consid-
struction will be dominated by contributions from the Bom ¢ e 5 fixed final-state configuration, survives the exact cal-

amplitude. A complete analysis also requires inclusion of thg, a1ion and phase space integration. Figure 8 shows that it
real corrections discussed here as well as the virtual COITeGhes. There we plot the distribution in the angle between the

tions computed in[7]. In addition, initial state radiation, emitted gluon and the top quark for gluon energies between 5

beam energy spread, and beamstrahlung must be taken irglﬂd 10 GeV and with co&,<0.9 andm, cuts. The center-
account along with hadronization and detector effects. It haﬁf-mass energy is 750 GeV. This c.m. energy is chosen be-

been estimated ifL1] that a statistical precision of 200 MeV ¢ ;e for there to be significant interference between produc-

may be achievable in the dilepton mode, but a completgion ang decay-stage radiation, both contributions must be
analysis has not yet been performed. S sizable. At 500 GeV, we see from Figs. 2 and 3 that the

It should be noted that the mass Wh.'Ch is measured fr0. roduction contribution is suppressed compared to that from
momentum reconstruction at a collider is the pole mass. Thigacay: as a result, the interference is very small. Increasing
is to be distinguished from threshold masseS, (Ibw-scale,  he energy increases the production-stage contribution. We

PS, PS which are measured from the shape of the totahote that the distributions at 750 GeV and 1 TeV do not
cross section at the top pair production threshold; thresholdiffer substantially.

mass measurements to better than 100 MeV are anticipated The histograms in Fig. 8 show the decomposition into the
(see[12] and references therginThere is anO(Aqcp)  various contributions. The production-stage radiation is
renormalon ambiguity associated with the pole mass whiclshown as a dashed histogram; we see that it reaches its larg-
does not plague the threshold masses; therefore the relati@it values at relatively small and large angles. Small angles
between the pole and threshold masses also contains teerrespond to thedirection, and large angles more or less to
renormalon ambiguity. Sefd 3] for further discussion. the t direction, since for the small gluon energies of interest

here, thet andt are nearly back-to-back. The dotted histo-

gram represents the decay-stage contribution; it dominates
Finally, we return to the subject of interference. As men-the cross section and peaks in the same region as the produc-

tioned above, the interference between the production- antion contribution. This leads to substantial production-decay

decay-stage radiation can be substantial for gluon energies

close to the total width of the top qualk ; the interference

is therefore sensitive to the value Bf. However, because ®See alsd5,10.

C. Interference and sensitivity toI";
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FIG. 9. As in Fig. 8, with the addition of the cuts given in Eqs.  FIG. 10. The distribution in angle between the top quark and the

(9),(10). gluon for gluon energies from 5 to 10 GeV, dfjs,c0s6;,<<0.9, and
750 GeV collision energy. The histograms correspond to different

interference, shown as the negative solid histogram. This invalues of the top widt",: dot-dashed: 0.1 GeV; solid: 1.42 GeV
terference is destructive, so that it servesuppresshe total ~ (SM); dashed: 5. GeV; dotted: 20 GeV.
cross section, shown as the positive solid histogram. This
effect would be enhanced if we lowered the gluon energies to Because the production-decay interference is destructive,
values closer td,, but jets from very low energy gluons are increasing the top width would further suppress th_e_ total dis-
not likely to be observable, so we cut off the gluon energy afribution. The height of the peaks, then, is sensitive to the
5 GeV. Finally, interference between the emissions intthe value ofI'y. This is illustrated in Fig. 10, which shows the

andt_decays is shown as a dot-dashed histogram, but ad0ss sectiofiwithout the cuts of Eqs(9),(10)] for different

there is very little overlap between the two phase space re\lf_ilgeSSMOfC;hsee }(Otivlv'g;ﬁéaer:g"?sg ;Loon\:vr?.;sie:olti?j ﬁ(r)leG(lat\{:s

gions even with these cuts, this contribution is negligible. . ) ; .
The cuts we have used are fairly generic; we can furthemte_rest'ng to note that in the_context of perturbative glyon
enhance the interference terms with a judicious choice o a;]dlatlon, the Sl\/ll t%p W'd_tht 'St actLtJaII)( a _sm_al: qlt"r‘;“.m'ty'
additional cuts. If we examine their behavior in more detail ' €¢ arersevgra other pon;]sdo hote. In prmk(]np €, this Si,n'
in various regions of phase space, we find that the sign of thé'tt'vlIty 'tdoth L g(ljves ug, atm(fatdo to me;lasur% the ttr?p tquar S
interference terms depends on the value of invariant mass {ft& width, independent of decay mode, above the top pro-
the top quark. Since we integrate over this mass, we g uction threshold. Although in practice statistics would
cancellationga similar effect ensures cancellations of non_surely limit th? po§S|bIe precision of such a measurement,
factorizable corrections in inclusive quantities the total top width is not so easy to measure dlrectly by any
Consider the interference between radiation in the producmeans. Furthermore, the effects illustrated here arise from

tion stage and the top decay stage. The product of the twd'MPle quantum-mechanical interference, and finding experi-
Breit-Wigner peaks is proportional to the factor mental evidence for interference between the radiation at the

various stages is an interesting goal by itself.
fe= (P M) (Paybg— ME) +MiTY (8)
IV. CONCLUSION

This factor will multiply a quantity which, upon integration
over angles, is negative. Therefore, for invariant mass value
such thatf, is positive, the interference terms are negative
while for negativef,, the interference terms are positive. We
can impose cuts that take advantage of this: if we require th
invariant masses to satisfy

In summary, we have presented results from an exact
arton-level calculation of hard gluon radiation in off-shell
top production and decay above threshold at lepton colliders,
with theb quark mass and finite top width, as well as all spin
Eorrelations and interferences included. We have decom-
posed the cross section into the separate contributions from

£0, i Opg< fog: ©) emissions associated with top productibandt decay, and
f>0, if Obg> g (10) ®The histograms here are scaled so that they all would have the

same normalization in the absence of interference effects. Without
we obtain the distribution shown in Fig. 9. The interferencethis rescaling, changing the width while keeping th&V coupling
effects are enhanced, though at the cost of a substantial dixed changes the total cross section, which behaves i@ for
crease in cross section. smallT,.
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their interferences. We have indicated some of the issues

associated with this gluon radiation in top mass reconstrucM ptrodN oK. u(b)ew
tion and top width sensitivity in the gluon distribution. A Pwb
detailed treatment of many of these issues, in particular with (Pwb+ M) (2€4- Pwp+ ;gR) —(P2y— mf);g
regard to mass reconstruction, will be presented in forthcom- X ———
ing work which combines virtual and real QCD corrections Pwp™ My
to this process into a complete NLO computation of top pro- —
Xv(b). (A2)

duction and decay.
The term which breaks gauge invariance here is the one pro-

portional to (o\Z,Vb— mtz). This is a non-resonant term, regard-
ACKNOWLEDGMENTS less of the gluon being radiated in production or decay stage

; 2 2 02y, ]
We thank C. R. Schmidt and W. J. Stirling for helpful (in other words, regardiess pﬁ"b M OF Pypg=M;); there

! . . fare, in keeping with the approximation used, we can neglect
correspondence and discussions. This work was supported in ping bp g

part by the U.S. Department of Energy, under grant DE-" A similar analysis works for the contribution of this dia-

EGO2-91ER40685 and by the U.S. National Science Founderam to the top decay amplitude, wigky, replaced bypypg

tion, under grant PHY-9600155. in this case, and we drop a term proportional to
(P&ybg—M;). Finally, the amplitudes corresponding to the

diagram in which the gluon originates from tliecan be
APPENDIX: GAUGE INVARIANCE computed in the same manner. The final result is gauge in-
variant, and differs from the exact result by non-doubly-
fesonant terms, as we have shown.

We have implemented the above computation in the
Monte Carlo program, and have generated all the distribu-
Tions presented in the paper using the gauge invariant ampli-
Mude. Numerically, the difference between the gauge invari-

Our results include only diagrams with two intermediate
top quarks. Because these top quarks are not assumed to
on shell, our result is not strictly gauge invariant. We can
obtain a gauge invariant answer by subtracting some no
doubly resonant terms as follows. Consider the diagral
where the gluon is radiated by the top quathe first dia- 5 raqit and the exact result is very sniaf order 0.01%
gram in Fig. 3. The contribution of this diagram to the pro- o the total cross section, and order 1% with respect to the
duction amplitude igwith a=a*y, andk=py): interference terms This indicates that the other non-doubly

resonant contributionecoming from diagrams with a single
top or nong are also small; a more detailed study is in

1 — . Pwptm progress. _ _ _
Mé‘r)op 5K u(b)ew———= Finally, we note that this method for restoring gauge in-
“Pwb Pwp— M; variance is not unique. We could, for example, have instead
A R — replaced the top mass in the top propagator numerator with
X €g(Pwptk+my) ... v(b). (A1) the invariant masse [Pwp, iN the production amplitude, and

\/pW2 bg IN the decay amplitudes. The result is also gauge
invariant, and also differs from the exact result by non-

By commuting%g to the right, this can be written resonant terms.
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