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We study the effects of QCD corrections to the proc&fss‘—>tt_+ X—bW"bW™ +X above threshold. We
show how to treat consistently 0(«,) the gluon radiation in both the production and the decay of the top
quarks, while maintaining all angular correlations in the event. At this order there is an ambiguity in the event
reconstruction whenever a real gluon occurs in the final state. We study the effects of this ambiguity on the top
guark mass and helicity angle distributions. For a top quark mass of 175 GeV and collider energy of 400 GeV
the gluon radiation is emitted predominantly in the decay of the top quEBk&56-282(96)03013-3

PACS numbeps): 14.65.Ha, 12.38.Bx, 13.65i, 13.88+¢

I. INTRODUCTION mation about the top quark parameters.
An ideal place to study the top quark iséfie™ collisions

Recently, the Collider Detector at FermildBDF) [1] and  [6,7], where the colorless initial state provides a clean event
the DO[2] Collaborations announced the observation of theenvironment, and there is the possibility of initial-state po-
top quark inpp collisions at the Tevatron. Both groups saw larization. By varying the beam energy it is possible to scan
a statistically significant excess of dilepton and leptets  the threshold region or to study the top quark above thresh-
events with the proper kinematic properties and bottonold. There have been many studies of top quark production
qguark tags needed to indicaté production. Furthermore, near threshold, where the resonance behavior can be calcu-
they were able to extract mass values for the top quark biated in perturbative QCD and the top quark mass can be
fitting to events consisting of a single lepton plus four jets.obtained to a high accura¢8]. In this paper we will instead
The DO group found a mass of 198+ 22 GeV, while CDF  concentrate on the continuurhproduction. At the tree level
obtained a mass of 1268+10 GeV. Both of these mass the event is characterized by six final-state particles arising
measurements are in excellent agreement with the value dfom the processe’e —tt—bW bW —b/* vb/ v.
175+ 11"} GeV obtained indirectly from a global i8] to ~ These six particles contain a wealth of information in their
the electroweak data from the CERNe™ collider LEP and relative momenta, angles, and polarizations. By reconstruct-
SLAC. The direct observation of the top quark at the Tevading the helicity angles of the top quarks and ¥&s, it is
tron heralds the start of a new era in the study of flavorstraightforward to extract the top quark parameters.
physics. Although the top quark is produced and decays essentially

The top quark is certainly unique among the six knownas an unbound fermion, it still feels the strong interactions
quarks. It is by far the heaviest; more than 30 times as masnd will radiate gluons—both in its production phase and its
sive as the bottom quark and even more massive than trdecay phase. Thus, it is useful to see how the tree-level pic-
W andZ bosons. Correspondingly, the top quark also has théure and experimental analysis will be affected by QCD cor-
largest coupling to the symmetry-breaking sector of all therections. TheO(as) corrections to the production have been
known particles. This large coupling to the Higgs sector maystudied in several papers, including analyses of the effects on
give rise to deviations from its expected behavior, therebyroduction angle distribution§9] and polarizationg10].
offering clues to symmetry breaking, fermion mass generaSimilarly, studies of theéd(«) corrections on the top quark
tion, quark family replication, and other deficiencies of thedecay have been done, with analyses of energy distributions,
standard model. For example, in top-color and extendeé@nd angular distributions from polarized top quafid].
technicolor(ETC) models the top quark may have nonstand-However, the top quark production and decays do not occur
ard couplings to the weak vector bosdd$ or there may be in isolation from each other. For events with an extra gluon
a resonant enhancementtofproduction[5]. It is of utmost  jet it is nota priori obvious whether to assign the extra jet to
importance to examine the top quark properties as preciseljne production, to thé decay, or to the decay. At the very
as possible. least, the extra jets will add one more degree of complexity

A more basic consequence of the large top quark mass o the event reconstruction process. Therefore, it is necessary
its short lifetime. For large mass the lifetime of the top quarkto assess the impact of these radiative corrections on the full
scales ag 1.7 GeVx (m/175 GeV)}] 1, and so the top event[12].
guark decays very rapidly to a bottom quark and/aThus, To this end we have constructed a next-to-leading order
unlike the lighter quarks which form hadronic bound statesNLO) Monte Carlo simulation which treats t0(as) the
before decaying, the top quark behaves more like a heaviadiative corrections to both production and decay of the top
lepton, decaying as an unbound fermion. In fact, it decaysjuarks. For consistency we also include téas) correc-
long before depolarization, so that its spin information cartions to the hadronic decay of thW¢ boson. To set the stage
be easily reconstructed from the momenta of its decay prodor this NLO analysis we begin by reviewing the salient fea-
ucts. This fact will be extremely useful for extracting infor- tures of thee™e™ —tt event at the tree level using helicity
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decomposition in Sec. Il. Then in Sec. lll we analyze theshell W's or massless fermions. We have chosen the sub-
processee’e” —tt(g), t—bW?*(g), andW*—qq(g) at  scriptsL,R of the form factors so that they indicate the he-
next-to-leading order and give the details of the Monte Carldicity of the outgoing bottom quark in the limit,= 0, which
simulation, describing the approximations used and theve will use in all of our matrix element calculations. At the
methods for subtracting the infrar€dR) divergences in pro- tree level in the standard modElf’L=1 and all other form
duction and in decay. An essential ingredient here is the usgctors are zero. In faCE\{VR:F\zNR=0 to all orders in the

of the narrow resonance approximation for the top quark. Wetandard model in the limit of massless bottom quark. The
also include three appendices with the helicity amplitudes fotop antiquark form factors are identical to these in the limit
top quark production and decay and hadroni®oson decay of CP invariance.

with real gluons. In Sec. IV we use the Monte Carlo simu-  simijlarly, the y,Z—tt production vertices can be written
lation to study the effects of gluon radiation on the top quark

mass measurement and to reexamine the helicity angle dis- _ _ ioh'q, . _

tributions at next-to-leading order. In this section we assume iM'#=iej y*[Fi,+Fiays]+ W[FIZV+ Foavsl(

that the only ambiguities are in the placement of the extra !

gluon jet, treating th&\V's as stable and the bottom quarks as 2
perfeCtly |dent|f|ed, and we investigate how the distributionS\Nhere each form factor can be a function of the center-of-
vary with the algorithm used for assigning the gluon jet. mass energy/s, the superscript is=7,Z, and we have

Then in Sec. V- we make another pass through the masgyain dropped a third pair of form factors which are unob-
distributions with more realistic experimental assumptions . o
for the event, also considering the radiation in the hadronicservable' At the tree level in the standard moBgl= 3.
decay of theW bosons. The purpose of this section is toFiv=_(3~ 5 S4)/swCw, and Fi,=(— 7)/sycw, and all
identify which physical inputs have the largest effect on theothers are zero. Heresy=sing, and c,y=cosy. In the

continuum measurement of the top quark mass. In Sec. Mimit of CP invarianceF,,=0. The production analysis is

we offer our conclusions. simplified if we consider separately the two possible helici-
ties of the incoming electrons, so that the contributions of the
Il. REVIEW OF THE TREE-LEVEL ANALYSIS photon and th& add coherently. We define new form fac-
_ tors b
Even at the tree level the fub™e™ —tt event is quite Y
complex. The six-particle final state can be characterized in 150 — :
many possible ways by the relative momenta and angles in 5
the event. It is an important conceptual problem to clarify 125 (@)
which pieces of information are most important, and how all i
of the various kinematic measurements available cooperate__ 100 F R
to illuminate the basic physics. The solution to this problem ; C £ 1
is suggested by the fact that the event is actually a series of » 075 E B
on-shell, two-body decays:y*,Z*—tt, t—bW", and El r 1
W*—/*v. Thus, by considering intermediate states of defi- < C ]
nite helicities, the event is highly constrained simply by con- § 050 - te T, B
servation of angular momentum. The different helicity states § C bt + trig 1
are revealed by the angular distributions of their decay prod- © %% [~ ]
ucts, while the relative amplitudes for the different helicity r | |
combinations are easily related to the couplings at the top 0.00 % o o 05 ]
quark production and decay vertices. In this section we de- cos 6
scribe this tree-level helicity analysis. Although this has been
discussed before in the literature, most notably by Kane, La- R A BN B B
dinsky, and Yuar13], we will review it here for pedagogi- r
cal purposes and to set the notation for the discussion of -
QCD corrections. 0.6 = (b)
The dominant effects of new physics on the process E -
efe " —tt—bW'bW~ can be described in terms of form ¢ I ]
factors included at the production and decay vertices. The ‘g 04 = £, 7
t—bW" decay vertex can be written ey
2 L _
. g $ 0 erp— e T
i MWa = E YM[F\{Y_PL"' F\ﬁePR] s F ty e tt, + tpty
s nadd 0.0 - : : —
o qV[F\Z/\II_PR+ FYp. 11, (1) -1 ~05 0 05 1

cos @

2m,

wherePg | =(1% y5)/2, and we have neglected a third pair  FIG. 1. e"e” —tt cross section fota) left-polarized electrons
of form factors which does not contribute to decays to on-and(b) right-polarized electrons.
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_1 S\zN s predominantlyt, 's highly peaked in the forward direction,
]:iLj =—Fr+ 2 5 Fﬁ while eg’s produce predominantiiy’s peaked in the forward
Swew |/ \S—mz direction. This can easily be understood in the limit of high
(3  energy, where the SU(2X U(1) symmetry is restored and
2 the squared matrix elements become
R Sw S i
L N AT o LT 2

N 1
|./\/l(eLeR—>t,_tR)|2= ( F + W (1+ Coy)2

where the subscripts= 1,2 andj =V, A refer to the structure Sw w

of the form factor, and the superscripts refer to the helicity of ~1.41(1+ cosh)?,

the incoming electron.

We are now ready to discuss the helicity angle description — =0 1\2 ) )
of the complete event. As mentioned previously, in the limit [M(€Ler—trti)|*= 362, (1-co99)°~0.191—cos)*,
of narrow width for the top quark and for th#, the event W ®)
can be considered as a succession of two-body decays. The
first process we consider is the decay of the virtygl bo- . 2 \2
son into thett pair. Note that the intermediate vector boson | M(ere —tgty)|*= (Q (1+cos9)*~0.75 1+ cosh)?,
receives twice the helicity of the initial electron, along the w
beam direction. This process can be described inethe (

center-of-momentum frame by two angles, the polar anglg M(ege, —t, tg)|2=
0 and the azimuthal anglé of the top quark with respect to
the electron beam axis. Using the notatipnandtg to de-
note the helicitiesh,=—1/2 andh,= +1/2, we obtain the
matrix elements

1 2
?) (1—cos9)?>~0.051—cosh)?,
W

while the remaining matrix elements vanish. Thus, longitu-
dinally polarized electrons are an excellent source of polar-
ized top quarks.

M(e er—t tr)=[Fry— BFra+ F51(1+cosp)e ¢, The next stage in the event is the decay of the top quark
(ecer—titr) =[ 72y = A7t 2l ) t—bW?". This process is most conveniently described in the
M(e er—trty)=[Fry+ BFia+ F5,1(1—cosh)e ¥, top quark rest frame obtained from the lab frame by rotating

the axes— ¢, then — 6, and then boosting in the direction
M(eLe—R_,th): ?,fl[ﬁer 72(7:‘5V+ Igf‘iA)](sing)e*W, opposite to the top quark momentum. The helicity angles in
this frame are the polar anglg, and the azimuthal angle
M(e eg—trtr) =y Y Foy+ y2(Foy— BFsn) 1(sing)e 4, Y of the W boson with respect to the top quark momentum
4) axis. Using the notationL(,R,Z) to denote thaV" helicities
L (—1,+1,0), we obtain the helicity amplitudes for the left-
Mege =t tr)=—[FR,— BFA+ Fayl(1—cosd)e'?, handed bottom quarks:

. t )= — i :
M(egeL—trty) = —[Fy+ BFia+ Fo ] (1+cos)e'?, M(tresb W) =w 1 [FY — 3w?FY (cos%)e"”tlz,

M(ege—tit) =y I+ Y2(Foy+ BFan) I(sing)e'?,

. ) _ . (A
M(egeL—trtr) =y [ FN+ Y2(Foy— BF5a) 1(sind)e'?, M(t —b Wg ) =wH[Fyl — 3wF (Slnf e 1,
where we have removed a factor ofe?. Here,
ﬁ2=(1—4mt2/s) and y=/s/(2m,). For longitudinally po- M(tRHwaf)z\/E[F\lNL_%F\Z’VL (—sin& g2 (6)
larized beams thé dependence will vanish. 2

The nice aspect of this helicity formalism is that the an-
gular dependence of each of the amplitudes is determined, up Mt —b W= 2[F¥ —1FY (cos)ﬁ) e 12
to a relative phase, simply by angular momentum conserva- 2
tion. For instance, in the first matrix element the virtual vec-
tor boson has helicity- 1 along the electron beam direction, M(tL—b Wg)=M(tg—b Wg)=0,
the top quark has helicity- 1/2, and the top antiquark has
helicity +1/2. To conserve angular momentum the top mustvherew= T\Al//zmt' and we have dropped an overall factor of
move in the electron direction and the top antiquark mustgM(1—w?)"%y2. The matrix elements for right-handed
move in the positron direction; hence the#{tos) depen- bottom quarks are obtained from these by replacing every-
dence. By measuring the angular distributions it is straightWhereL—R, o — iy, andyr——xi. _
forward to extract the relative weights for each helicity com-  AS before, the angular dependence is exactly what is ex-
bination, and thereby obtain the top quark form factors. ~ Pected from angular momentum conservation in the decay of
model production cross section as a function oféctey a  limit mp=0, the top quark can only decaytp’s. Therefore,
top quark mass of 175 GeV and a collider energy of 400t must decay tdV;'s in the direction of the top quark spin,
GeV for polarized electron beams. We have also plotted théo W, 's in the direction opposite to the top quark spin, but it
helicity subprocesses. Here, we see that ¢hs produce cannot decay tdNVg's at all. In Fig. 2 we display this by
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FIG. 2. Polar angle dependence W' from decay of right- _ FIG. 3. Polar angle dependence6f from decay ofw™ in a
handed top quark. tt event.

plotting the tr—bW?" decay distribution as a function of Last, the decayV~— /v can be described in the/~

cosy;, While also plotting the helicity subprocesses. For in-rest frame, obtained from the top quark rest frame by rotating

creasing top quark mass the distribution becomes morthe axes— ), then —x,, and then boosting against the

sloped in the forward direction, indicating an increased parWw~ momentum. The helicity angles in this frame are the

tial width to W5 . polar angles of the negatively charged leptgnandy, with
The top antiquark decatyabW can be described in an respect to th&/~ momentum axis. We can obtain the helic-

analogous manner in the top antiquark rest frame, obtaineitly amplitudes from

from the lab frame by rotating the axes¢, then7— 6, and o

then boosting in the direction opposite to the top antiquark MWy =7/ v)= M(W_,—/ "), C)

momentum. The heI|C|ty angles in this frame are the polar

angles of theV~, xp, and i, with respect to the top anti- While replacingy— x and y— — v

quark momentum axis. IEP is a good symmetry we can In practice, in order to optimize the analysis of the top
obtain the matrix elements using quark form factors, it is necessary to study the event in a

multidimensional space of all these angles. The use of helic-

M(th—b, W)= M(t_ h—>b W2, (7) ity angles makes it easy to discern which variables are most
- important for studying which form factors. For example, by
while replacingyx;— x; and lﬂtﬂ_lﬂt. cutting on the production anglé, while using a polarized

The final step in the decay chainW¢" —/v. We work in  electron beam, it is possible to obtain a sample of highly
theW™" rest frame obtained from the top quark rest frame bypolarized top quarks. With these, one can study the decay
rotating the axes- ¢, then— x,, and then boosting against form factors by looking at both the top quark decay angle
the W* momentum. The helicity angles in this frame are they; and theW decay angley, in order to determine the he-
polar angley and the azimuthal anglé¢ of the charged lep- licities of theW’s. Perhaps the optimum technique would be
ton with respect to th&V" momentum axis. For hadronic to use all of the helicity angle information in a maximum
decays we can just replagé€” with the antiquark and with  likelihood fit [14]. In any case we now obtain the full tree-
the quark. In the standard model tié¢" can only decay to level correlation information of the event from
/&v in the limit of massless leptons. The helicity ampli-

tudes are 2|2 M(€,€,1— thth ) M(ty—b,Wy)
pp’ | hh' XN’
+ : 1 .
M(Wg—/""v)=—=(1+cosy)e", 2
2 XM(W}TH/'*'V)M(thrﬁbprw;,)M(W;,_)/—V‘)‘
MW} — 7+ v)=siny, ®) o

for each initial-state helicity configuration.

1
MW, —/"v)=—(1—cosy)e '
V2 lIl. THE EVENT AT O(as)

where we have removed a factorigimy, /2. In Fig. 3 we In the narrow top quark width approximation, in which
plot the cog distribution in thew'—/*v decay, along the top quarks are treated as on-shell particles in the matrix
with helicity subprocesses, foV" produced in top quark elements, thé(as) corrections can be unambiguously as-

decays. The zero at cps 1 indicates the absence of right- signed to thett production process, or to thé-decay
handedw™’s. or t-decay processes. We have constructed a NLO Monte
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Carlo simulation by separately building a generator ffior thet decay, respectively. Each of these terms is manifestly
events with an extra gluon in the production, in thepositive definite. The first contribution has only six final-
t-decay, and in thé-decay processes, as well as for eventsstate partons and is given by the sum

with no extra visible gluon. To see how this is implemented

it is easiest to ignore temporarily the angular correlations and 21! drodre
. (v+59) 0
to assume that botkV's decay leptonically. Then the total doyg ~(X0,Y0,20)=| 1~ T0 |49 9z
differential ~ cross __ section doy for the event o
e'e” —tt+X—bW bW +X is just the product of the 0r9) drodre
tt+ X differential production cross sectictho times thet +da'? " (Xo) (92
andt decay distributions: _
drdr +da°dr(u+5)(};°’220)dro
doo=do—r7—. (11) (')
drodre+s(y,,z,)
To O(as) this can be written +do® (T0)2 - (19
0410 0410 1470
do0FD = g0 dr dl; +dot dr’ dg +do?® dr dl; This term may be negative for small values of the cutoffs. A
ot (r° (r° (I separate Monte Carlo simulation is used to generate events
— — for each of the four terms in E@14) with all angular corre-
0 1 1 0 0
+d00ﬂ _2r Uom (120  lations included.
(roz re (roz We now elaborate on the infrared cancellations, as well as

the separation into “soft” and “real” gluons, that are used

where the first term is the tree-level event, the second terrp, Eq. (14). The virtual corrections to the production and
includesO(«s) corrections to thét production, the third and  gecay processes can be written as corrections to the form
fourth terms contain the corrections to thand thet decays,  factors(1) and(2), with the understanding that they are only
respectively, and the last term is tlé ;) correction to the expanded toO(ay) in the squared amplituded0). Using
widths in the denominator. Note that on integrating over thegimensional regularization witld =4—2¢, we obtain the
decay phase space, the last three terms cancel so th&@rection to the production form factors:
o0t =5%+ o, i.e., the integrated total event cross section
is not affected by the corrections to the top quark decay, as . aCq ..
required. SFy=—_—fullitl2),

TheO(as) corrections to the production and decay can be
separated into three pieces—the virtua),(soft-gluon §),

and real-gluon ) contributions: 5|:i1A:“25_7CT:qfiA(|l_|2), (16)
dot=do’+doS(xq)+dao'(Xg),
) aC, .
dri=dr'+dl(ye,z0)+dl"(yo.20). (13 SFoy=— (215,
The arbitrary distinction between “soft” and “real” gluons
is implemented using artifical cutoffs,,y,,z,, which we  Where
will describe more fully below. The real gluons are defined . 5
to be those produced above the cutoffs and are treated using _ Amp [(1+6) 1 1 1+ Inl_'B i
the exact three-body phase space. The soft gluons are those! m? € 2B 1+8 m
produced below the cutoffs and are integrated out analyti- ) )
cally, leaving an effective two-body phase space. Both the _ ot 1+87 §+In 4B Inl_'BJri
virtual and the soft-gluon contributions are infrared diver- 2B 2 T1-p° 1+8 Tr
gent, but their sum is infrared finite. Thus, we can combine 5 5
the virtual and soft-gluon contributions, and we can conve- 27 . 1-8) 1 Inl_'B
niently separate the fulD(as) cross section into the sum of 3 21+8) 2| "1+R
four subevent cross sections:
_ 1_ﬁ2 1_B
drodr® I,= In—— +im 1
doggt+1):do—ggt+5)(X0-YOuZO)+d0'r(XO)T(F ) =4 M1+ ') a9
A" (¥0,20)dl® dI°dI(y,,2o) Cq=4/3, and fy=2, f}=0, t{=(3— 2s3)/swcw, and

+do®— g +do®—— . :
7 (%) 7 (9% f2=(— %)/sycy are the tree-level couplings. Also, we have

(14) used the Spence function JXi)=— fdtin(1—t)/t. This
agrees with the previous results given in Ré&fl. Note that
The last three contributions have seven final-state partonghe contribution from Rl is proportional to the tree-level
containing a real gluon in the production, in théecay, orin  cross section, while liq does not contribute @(«y).
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For the real-gluon corrections td)_production it is con- W(soft asCq 47TM2 €
venient to define the gluon phase space in terms of the vari- oF11" = ——| ——2— Ilt+e)i 52+
ables m ¢ € €
5 5 5-3w?
x=E4/ET™  A=(1-cossfy)/2, (19) X g iAW +4+ gy

where the maximum energy of the production gluon in the
lab frame isEg = B2\sI2, and#dy is the angle between the
gluon and top quark momenta in therest frame. The full
phase space is<Ox<1, 0<A<1 with the soft-gluon limit
given by x—0. Integrating out the gluons in the region
X<Xq, for smallx,, it is possible to absorb this soft-gluon 1
contribution into the form factors(16) by replacing —(1+1Inxg)(1+Inzg) + —Inzo], (22
L1441 with 4

+[In(1—w?)]?— g|n(l—W2)+Li2(l—W2)

so that the sum of the virtual and soft-gluon contributions

2\ € 2 _
(ot — 477"2‘ T(1+e) E—meo 1+ B |nﬁ SFI + SF 1M s IR finite. As in the production process,
m € 2B " 1+B the “real” gluons with y>y, and z>z, are treated using
1-82 1 1-8 1+p° L 1-8 exact kinematics. The helicity amplitudes are given in Ap-
+In——3—=In + —InB?In pendix B. _ . _
a* B 1+B 2B 1+ It is useful at this stage to describe the Monte Carlo simu-
2 2 lation more fully. It is written in thec++ programing lan-
T (1-B\ 1/ 1-pB .
— —+2Li, +2 In—Xt ) (19  9uage and contains a separate event-generator class for each
3 1+B) 2\ 1+ of the four subchannel processes in Etd). Each of these

subchannel generators are in turn derived from a single tree-
The sum of the virtual and soft contributions level generator which produces the helicity angles of the
Re(l,+1{M) is now IR finite. The “real” gluons with ~event with the exact tree-level distributions. The subchannel
x>X, are treated using exact kinematics. The matrix elegenerators then produce the relevant gluon kinematic vari-
ments can be written in terms of helicity amplitudes as inables, prepare the particle four-vectors, and give the event a
Sec. Il. We leave the details of this to Appendix A. weight. The production-gluon class generates the gluon vari-

The QCD corrections to the decay-bW" are obtained ables(18) with a soft-gluon distribution, while the decay-

in a similar fashion. The virtual corrections to the top quarkgluon classes generate the gluon variah®s with a soft-

decay form factors ab(a.) are and collinear-gluon distribution. This results in a very effi-
cient Monte Carlo simulation for each of the four subchan-
aqu 47TM2 € 1 nels. ) . )
‘l"’L=—<—2) Fl+e)i —5=+-— The relative contributions from the four subchannels de-
2m | m; 2¢" € pend on the artificial IR cutoffsxg,yy,2). The choice of

5 values for these parameters is determined by several consid-
——+In(1—w2)}—3—[In(1—w2)]2 erations. First, the analytic integrations of the soft gluons
4 contained in Eqs(19) and(22) are valid up to terms linear in

3 the cutoffs, so they should be kept as small as possible. In
+ —In(l—wz)—Liz(wz)}, (20 addition, they should lie below any physical cutoff, deter-

2 mined by the detector energy resolution or the jet definition.
However, for very small cutoffs the contribution containing
the virtual and soft gluons will become very large and nega-
tive, and there will be large cancellations between it and the
other subchannels. Thus, the cutoffs should not be too small
or else the numerical errors will become prohibitive. Luck-
ily, this last constraint turns out to be not too restrictive for
our Monte Carlo simulation. For each plot in the next two
sections we have checked that the results do not change sig-
nificantly for smaller values of the cutoffs. As a final test of
our confidence, we have checked that our Monte Carlo simu-
where the maximum energy of the decay gluon in the togation reproduces th€(as) production[9] and decay distri-
quark rest frame ifg‘ax=(mt/2)(1—w2), and ;4 is the  butions[11] of previous analyses.
angle between the gluon and bottom quark momenta in the So far in the discussion we have assumed that hgth
bW rest frame. The gluon becomes soft in the limit-0  bosons decay leptonically. The implementation of hadronic
and collinear in the limiz—0. Integrating out the soft and W decays is completely analogous. For semileptonic events
collinear gluons for whichy<y, and/orz<z,, for small we include an extra subchannel for real gluons in Wie
Yo,Zg, We can absorb these contributions into the form factodecay, while for all-hadronic events we include two extra
F‘l"’L. They contribute subchannels for real gluons W~ and W* decays. The

X

aC
SFY = ;qu‘zln(l—wz),

wherew=my,/m;. For the phase space of the real gluon in
top quark decay we use the variables

y=Eg/ET™  z=(1-cosy)/2, (21)
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separation of the hadron/ decays into “real” and “soft” 1.50
gluons involves two new IR cutoff parameteys,, and E
Zywo. The phase space parameters are Las [
=2E,/my, zw=(1—cosf;.)/2, 23

Yw g/ My w=( a9’ (23 100 |
wherek, is the gluon energy in the/ rest frame ancﬂgg is - 5
the angle between the gluon and quark momenta ingiipe 2 0.75 1
rest frame. The gluon becomes soft in the limj—0 and g .
collinear in the limitszy,— 0 andzy,— 1. The “real” gluons 0.50
with yyw>Ywo andzyo<zy<1-—zy, are treated using exact ;
kinematics. The corresponding helicity amplitudes are given 0.25 p
in Appendix C. The "soft”-gluon contribution is combined C
with the virtual corrections, which modifies the tree-level 0,000;‘ e P
events by a factor ' ' B, (TeV) ‘ '

®) 9 3aCq
1+ 60+ 86— P FIG. 4. Fraction of events containing a production gluon as a

function of \/s. The curves are, from top to bottom, fag,=5, 10,
20, 40, 80, and 160 GeV.

C(SCq ZWO
:1+ 4(XWO_1_InXWO)In— . . .
2m 1=z situation—no ISR, an ideal # detector, and perfect parton
2 identification at the level of the bottom quarks and e
+(1— x40 1—2ZWO+|n1 wo “ (24)  bosons. In the following section we will make each of these
~Zwo factors more realistic experimentally. The purpose here is to

; - develop our intuition by isolating the purely theoretical QCD
for each hadronically decayirlg/ boson. 1:effects at NLO. If we assume that both bottom quarks and

Our Monte Carlo simulation also allows the inclusion of = ) e ' )
width effects by generating Breit-Wigner resonance distribu-Ws are identified and signed and that there is detector

tions for the top quarks and th&'s. In addition, the kine- coverage, th_en the only ambiguity is in Wh‘?fe t,? put the
matic effects of the bottom quark mass can be included. Mogluﬁn' Does it _:Jlelonlg t(t)hFhE to_thet, otr t? tr;]enherl. | .
mentum conservation is maintained by shifting the energies lere, W('athWIth m? e IIS' atssllgntmgn 0 | e_trhea 9 uczjn ":
of the final-state particles, while keeping the helicity anglesaTaPQy ”Wd' S fyplca hje ~clus ‘?T'”gzj"goi m 2used a
and the gluon kinematic variabl¢s8) and (21) fixed. This ~£,& COTOErs. e |n|nkg the quantitiep”= (P, +Pg)~ an
procedure should be good ©(I',/m,) except very near * =(Po+Pg)*, we make the assignment

threshold. Note, however, that the matrix elements, and
hence the event weights, are always computed in the zero-
width andm,=0 limits. Finally, initial-state radiatiorflSR) — D4 Dt D =Dt Do
can be included by generating electron and positron momen- (Pe=Pg* Pot Pw,P=PotPw-).

gjnmd K;ajcr:gg\rll[s,lz%yith the distribution function given by Fadin if o< w andm< po,= gluon belongs tﬂecay

if u<wp andu<pu,= gluon belongs td decay

Du(2)= BI2(1—2)P2-L(1+ 3B/8)— B(1+2)/4, (25) (Pe=Po ¥ PwPe=Pg* Py Pw-),

where,é:(Za/Tr)(lns/mﬁ—l). else= gluon belongs to production
It must be noted that the narrow-width approximation is _ — =
necessary for the NLO analysis of this section. As a conse- (P=Pot Pw+,Pr=PoF Pw-)- (26)

guence, the Monte Carlo simulation doe; not include thg the limit m,=0, we recognize..,; as an infrared cutoff on
effects of interference between gluons emitted in the producygiyy the collinear and soft gluons in the event. In fact, we

tion and gluons emittgd ‘F‘ the decay. Thes_e pe_rturbative ekan consider the decay gluons to be clustered with the bot-
fects have been studied in the soft-gluon limit in REl].  om quarks18] using the standard jet resolution parameter
Typically, the interference is only important for gluons with Yeut= Mﬁuls- By varying uo, We change the fraction of

energyEg<T". I'—|owever,. .'t should be consldered N any events with gluons that are not combined either withkilar
complete analysis. In addition, because the final-state bottor\pvith theb. and thus are considered to be part of the produc-
guarks do carry bare color, there will be some nonperturb ' P P

tive information connecting them in the form of soft hadron;Jltlon process. This fraction is plotte_d In Fig. 4 as a funct!on of
the center-of-mass energy for various valueg.gf;. At this

[17]. We have neglected this effect here. fixed order in perturbation theory, the fraction can be greater

than 1, indicating that a resummation of the large logarithms

in yeu or u2,/m? is necessary. As in all of our plots, we use
In this section we will study the top quark mass recon-a standard top quark mass of 175 GeV ang-0.12.

struction and helicity angle distributions at next-to-leading We now consider the top quark mass distribution at

order. We do this by starting with an ideal event Js=400 GeV. Using the algorithni26), each event pro-

IV. THE EFFECTS OF RADIATED GLUONS
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O.lO_lltl||||||||||llv-lv' 0,5‘«|vvv||:v|vvl|v:|
A
0.08 [~ (a) _
'% 0.06 | _:.‘ - '%
e ] 2
L B : B =
§ 0.04 — 5 - 3
=1 h [s)
T o
Q Q
1'7’0I - I1’72I - 174 176 - ‘1'781 — >1‘80 170 172, - 174 176 - .1»1"7.84 o mpi.SO
M (GeV) M (GeV)
0.5 T T T T T T T T I T T T T | T T T T T T T T ) ) i )
r FIG. 6. Top quark mass reconstruction distributions fer= 1
TeV with an initial Breit-Wigner resonance distribution. The histo-
grams are foru.,=5 GeV (dotg, 20 GeV (dot-dash, 80 GeV
(dashey ande GeV (solid). The smooth curve is the original Breit-
- Wigner distribution.
=
tD
\:/ tion directly on each side of the spike are due to the artificial
B cutoffs xq, Yo, andzg.
3 The § function peak in this distribution is an artifact of
Q the zero-width approximation. Turning on the Breit-Wigner
= resonance for the top quark effectively smears over &he
function and results in a well-defined IR-finite mass distribu-

‘ = 1. L tion. In Fig. 5b) we plot this distribution using the same
170 17 17‘;{ (Gev) 176 178 180 values of u.,; as before. For comparison, we also plot the
initial Breit-Wigner distribution. We now choose the Monte
Carlo cutoffs to be x,=0.002, y,=0.0013, and
Zo=0.0028. These cutoffs ensure that all production gluons
with E;>100 MeV and all decay gluons with, u>5 GeV

Breit-Wigner resonance distribution. The histograms are for . . ; el
foy=5 GeV (dotg, 10 GeV (dot-dash, 20 GeV (dashek and are treated with exact kinematics. The distributions do not

GeV (solid). The smooth curve iib) is the original Breit-Wigner ~ change significantly for smallet,yo,z,. For ue,=5 Gev
distribution. we see that the mass distribution is severely distorted, while
for higher values ofu., it quickly regains an approximate
duces two mass values?’=p? and m?>=p?, which are Breit-Wigner shape, with a small decrease in the peak and an
binned independently. To see most clearly how the radiatioficrease in the tail regions. We cannot take thg=5 GeV
affects this distribution, we plot it in Fig.(8) in the strict ~curve too seriously, however, because for small values of
zero top quark width limit for values qfi.,=5, 10, 20, and  Hcut We are probing the collinear-gluon region of the decay
» GeV. Note that foru.,=, all of the observed gluons are Phase space. On the other hand, the effects of soft-gluon
assigned either to top quark decay or top antiquark decaﬁingularities are inconsequential, because soft gluons have
and none to the production. The Monte Carlo cutoffs usedcg~0 and do not affect the mass measurement. For
arex,=0.02,y,=0.005, andz,=0.01. Thes-function spike =20 GeV these perturbative mass distributions should
in the central bin arises from those events in which the tofPe reliable. Figure ®) suggests that perhaps the best ap-
quark momentum is determined correctly from its true decayproach to mass reconstruction #=400 GeV is to treat
products. The excess below tl#efunction corresponds to €ach extra gluon as coming from decay, combining it with
events where a decay gluon is assigned incorrectly and is ngthichever top quark has the smaller value @f This is
included in the top quark momentum reconstruction. Thes®ecause 400 GeV is still not too far from threshold, where
missed-gluon events become less likelyas; increases, but real-gluon radiation in the production process is suppressed.
even for u., = there is a remnant of events where the At higher energies the situation changes dramatically. In
gluon gets assigned to the wrong-charge top quark. The eXig. 6 we plot the mass distributions as=1 TeV for
cess above thé function corresponds to events where anuq,=5, 20, 80, ande GeV. At this center-of-mass energy
extra gluon is incorrectly included in a top quark momentumwe choosex,=0.0001 so that production gluons with
reconstruction. This region has two separate contributiondzg>100 Mev are treated with exact kinematics. The best
from misassigned decay gluons and from misassigned praesonant peak occurs far,,~20 GeV. At this high energy
duction gluons. Both of these increase with increasinghere is substantial collinear radiation in thee production
Meut» With the production gluons adding a second bump forprocess, so that for larger values pf, an extra gluon is
larger values of this parameter. The deficits in the distribuusually included with one of the top quarks, resulting in a

FIG. 5. Top quark mass reconstruction distributions for
Js=400 GeV (a) in the zero-width limit and(b) with an initial
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0.02 — T — ¥ TABLE |. PercentageO(as) corrections to the top quark
L forward-backward asymmetry fon,= 175 GeV and/s=400 GeV
.......... (a) with polarized electrons. The first four columns are using the recon-
0.01 struction algorithm(26), while the last column gives the corrections
from production only, assuming an exact event reconstruction.
- r Keut (GEV) Production
oo 5 10 20 % only
)
2 - e -28 -07 412  +33 +3.2
< -0.01 er +4.2 +3.6 +3.0 +25 +2.9
o [9], which assume perfect gluon discrimination and event
-0.02 —— reconstruction. For both electron polarizations 0éa.)
corrections tend to increase the slope of the distribution with
production angle. However, the treatment of the radiative
0.02 = gluon can have a significant effect on this correction. For a
r left-polarized electron beam, using smaller valuesugf;,
0.01 the correction even changes sign. This is shown further in
Table I, where we give th®(«,) corrections to the forward-
0.00 [ backward asymmetry of the top quarks for the different val-
X ues of weyt-
T —oo1 [ In Fig. 8 we examine the effects of the gluon ambiguity
% . on the decay angle of the top quark to M& boson, y; .
T ooz Using the algorithm(26) the W* boson is reconstructed cor-
5 rectly, but the observed momentum of the top quark, and
eos oL E therefore the observed value gf, is affected by the treat-
R ment of the radiative gluon. In Fig. 8 we plot the fraction of
Lo | | | observed values of cgsfalling in each 0.1-width bin for
—0.04 T~ > 05 1 events with true values of cgsbetween—0.1 and 0.0. For
cos 8 small u., the reconstructed values of gg$end to be larger

than the true values. The missed gluons in the decay lead to

FIG. 7. TheO(as) corrections to the top quark polar angle
distributions for/s=400 GeV with(a) left-polarized electrons and
(b) right-polarized electrons. The histograms are Q=5 GeV
(dots, 10 GeV (dot-dash, 20 GeV (dashey ande« GeV (solid),

corrections.

V. MORE DETAILED ANALYSIS OF TOP QUARK MASS

too-large mass reconstruction. These curves are suggestive of

the degradation that will occur at this energy, but a resum-
mation of the collinear gluons would be necessary to obtain

RECONSTRUCTION

an underestimate of the top quark momentum, which results
in an underestimate of the angle betweenWie and the top
guark momenta after boosting to the top quark rest frame. As

in the previous examples, the most accurate reconstruction
while the points plotted with the symbol are the pure production  occurs for largew,.

In this section we reexamine the top quark mass distribu-

an exact prediction. Certainly, determining the top quarktion with more realistic experimental assumptions. We now

mass atys=1 TeV would be more difficult than at lower
energies.

We now turn to the top production angle distribution. For
the remainder of this section, we work in the strict zero-
width and m,=0 limits. The production angle distribution
has been studied before @ «s) for the purett production
process i 9]. Here, we include the effects of radiative cor-
rections in both production and decay of the top quarks. AI—%
though the corrections to the decay process do not affect thig
distribution for perfectly reconstructett events, they are
significant when reconstruction ambiguities are considered.
For a given value ofu.,; we can use the algorithif26) to
reconstruct each event and then bin with respect to the top
quark _and top antiquark production variables &asnd
—cos. The tree-level production angle distributions for
m,=175 GeV and\s=400 GeV were shown in Fig. 1. In
Fig. 7 we plot the deviations from the tree-level distribution
for several different values qi, for left- and right-handed

n

0.12

0.10

0.08

0.06

0.04

0.02

0.00

T

cos x, (observed)

FIG. 8. Distribution of observed cgs for events with true
cosy; between—0.1 and 0.0. The histograms are fog,=5 GeV

electron beams. We also plot the pure production correctionglots, 10 GeV (dot-dash, 20 GeV (dashel and«~ GeV (solid).
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consider the effects of thé&/ boson decay. The neutrinos are 0.5 T ——
undetected, the quark and gluon jets are indistinguishable,
and an extra gluon jet may arise in the hadronic decay of the
W. We include the effects of initial-state radiation, and we
impose simple lab-frame angular cuts to approximate the ef-
fects of the detector. We also examine the effects of partor_
energy smearing due to the detector resolution. However, w@
stop short of including final-state hadronization. This analy- =
sis is strictly at the partonic level.

We will consider the reconstruction of the top quarks in
both the leptor-jets mode and the all-jet mode. We require
that all of the visible partons must satigfyosf.,| <0.9, and
we cluster[18] the colored partons into jets using the jet .
resolution parametey.,= /“Lgulls with ue,=40 GeV. We do Y90 vz 17 116 178 180
not consider the effects di tagging, treating all hadronic M (Gev)
jets as indistinguishable. We then use a simple algorithm for

(1/¢) da/d

tt event reconstruction in each mode. Certainly, these meth- pl S B I A I
ods can be improved and optimized, but they will be suffi- N
cient for our purposes. 0.4 — —
In the all-jet mode we require that there be6 jets after -
the cuts and the clustering. If there are only six jets in the:_ os L B
event we can choose two pairs of jets to form Whés by E Tr
minimizing the quantity =
T 02 [~ —
[(pr+ P~ My P+[(pstpa)’—mgl> (29 2
) L 4
~
over all combinations of jets. We then combine one of the = o1 ]
two remaining jets with each of thé/’s, so as to minimize e
the mass difference between the resulting top quarks. If there ool L L L T
are seven jets in the event, we also include the possibility 170 172 e 1 180

that one of thaV's is formed from a three-jet combination in
the minimization of Eq(27). If this is so, we then form the

top quarks from FheNS and the. remammg, two ]et§ as be- ergy smearing of the final-state partons =400 GeV(a) in the

fore.. If the best fit, however, still haS'b.OWS declaylng t(_) all-jet mode and(b) in the lepton+jets mode. In both plots the

two jets e_aCh, we must treat t_he remaining three jets as if ONfotted histogram is at the tree level, the solid histogram is at

of them is a radiated gluon in the top quark production org(, ), and the smooth curve is the original Breit-Wigner distribu-

decay. We try combinations of one jet with eath ignoring  jon.

the third jet, and we also try combinations of two jets with

one of theW’s and one jet with the other. We then choosein the all-jet mode exhibits a strong degradation as compared

the combination which minimizes the mass difference belo the tree level and also as compared toghg= = curve of

tween the resulting top quarks. Fig. 5(b) from the previous section. This is due to the addi-
In the leptonrjets mode we require that there be a tional complexity in clustering the radiated gluon and recon-

charged lepton ang 4 jets after the cuts and clustering. The Structing the event. Of the all-jet events, 14% survive the
neutrino four-momentum is defined to be equal to the missCUtS @nd are identified as a six-jet event, while only 0.08%

ing momentum in the evend, ~ P~ Puses With the oL LRt o O T e 40 Cev.
additional requirement that This large clustering scale is necessary to remove events
where one of the leading quarks does not pass the angle cut,
but a radiated gluon jet occurs and takes its place. In the
L . . all-jet mode the inclusion of radiation in thW& boson decay

If there are four jets in the event, a pair of jets s chozsen roduces a significant reduction in the mass sensitivity. Cer-
form the secondV boson by minimizing (p1+P2)°~mMiy|  tainly, b tagging should help in reducing the ambiguities
over all of the jets. If there are five jets in the event we alsohere.

FIG. 9. Top quark mass reconstruction distributions without en-

m(/v)—my| <10 GeV. (29

try three-jet combinations to get the bast mass. In_both The mass distribution for the leptetfjets channel is
cases, we then use the resultis and the remaining jets to  shown in Fig. 9b). Here, the jet-combining ambiguity is not
form top quarks exactly in the all-jet mode. as great but there can also be errors in the neutrino recon-

We begin our study by including the initial-state radia- struction due to initial-state radiation. This is the source of
tion, but omitting the final-state energy smearing. The masshe enhanced tail at higher masses. Of the lepjehevents,
distribution for the all-jet channel is shown in Fig@for  31% survive the cuts and are identified with four jets, while
m,=175 GeV andy/s=400 GeV. For comparison we also 0.6% are identified with five jets. The effects of varying
show the original Breit-Wigner distribution, as well as the u., and of including radiation in th&/ boson decay are not
mass reconstructions at the tree level. Oi{ex,) distribution  as large in this channel.



3260 CARL R. SCHMIDT 54

0.08 ——r—— L o B e B The plots in this section are representative of the accuracy
i ] that may be obtainable in a direct mass measurement, al-
I 1 though certainly the reconstruction algorithm can be better
0.06 — (a) — optimized, and tagging would be very useful in this regard.

r i As for the angular distributions, we would expect the detec-
tor resolution effects to be less serious because detector an-

;”/ 004 ] gular resolution is usually better than energy resolution.
= However, the reconstruction errors may still be significant
5 for these distributions.
Q 0.02
o VI. CONCLUSIONS
000 L T R e As in any strong scattering proces_s,ﬁw*ee‘—ﬂt event is
U150 160 170 180 190 200 certainly more complex than the basic tree-level parton cross
M (GeV) section would indicate. The first step to a more realistic treat-
008 e . ment should include QCD radiation in the final state. This
3 ' ' requires the correct handling of radiation both in the
¥* —tt production process and in the-bW" decay pro-
- 1 cess. In this paper we have shown how to include this radia-
0.06 = ®) B 7] tion to O(ay), as well as the radiation in the hadroni¢
- decay, and we have constructed a Monte Carlo generator to
@ study these effects. In doing this we have made strong use of
z 0.04 the helicity angle formalism, which is the most natural for
3 investigating the properties of the top quark.
= The treatment of thét event atO(«,) introduces recon-
& o002 struction ambiguities whenever there is real-gluon radiation.
= We have shown how this can alter the top quark mass dis-
tribution and the angular distributions. By including the

Breit-Wigner resonance shape for the top quark, we obtain
an infrared finite correction to the mass distribution. The
major effect of the QCD radiation is to degrade the peak,
L . with practically no shift in the position of the maximum. For
FIG. 10. Top quark mass reconstruction distributions with en energies not too far above thethreshold, most of the gluon

ergy smearing of the final-state partons =400 GeV(a) in the e -
all-jet mode and(b) in the lepton-jets mode. In both plots the radiation occurs during the decay of the top quarks or the

dotted histogram is at the tree level and the solid histogram is aW bosons; hovyever, at highe.r energies the radiation ‘?ff the
O(ay). top quarks during the production phase also becomes impor-

tant.

150 160 170 180 190 200
M (GeV)

In Fig. 10 we show the same distributions with the final-
state partons smeared in energy to approximate the effects of ACKNOWLEDGMENTS
the detector energy resolution. The hadronic and leptonic
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used in the Japan Linear Collidei.C) study[19]; early stages of this project. | would also like to thank him

and Timothy Barklow for many useful suggestions and com-
ments.

of! 04 o 015

E ' E E

(29 APPENDIX A: e*e”—ttg PRODUCTION AMPLITUDES

The real radiative corrections to production and decay

whereE is in GeV. The smearing has no effect on the effi-can be given by helicity amplitudes, with only minor com-
ciency in the all-jet mode, but it does reduce the efficienciedlications due to the three-body final state. We can describe
in the lepton+jet modes to 19%four jets and 0.4%five the ttg production event configuration in the lab frame in
jets. This is because, when the jet energies are smeared, th@rms of five variables. Two of these are the energy fractions
reconstructed neutrino is less likely to meet the constrainki=2E;/y/s of the top quark and of the gluon, which are in
(28). From Fig. 10 we conclude that the major contributionturn determined by the variables of E48). These fix all of

to the error on the top quark mass distribution will probablythe lab-frame energies and angles within tteg plane. Two
come from the detector energy resolution, making a directore variables are just the polar anglend azimuthal angle
width measurement virtually impossible. The gluon radiationg of the top quark with respect to the electron beam axis.
also contributes a significant amount to the widening of theThe final variable that we need is the anglg between the
peak, especially in the all-jet reconstruction channel. As wee™ et plane and thétg plane, rotated around the top quark
have shown in this paper, this QCD radiative contribution ismomentum axis. Note that the rotation By around the top
directly calculable in perturbation theory. guark momentum axis also rotates its decay products. This



54 TOP QUARK PRODUCTION AND DECAY AT NEXT-TO- ... 3261
completely determines the event kinematics. _ g

For longitudinally polarized electrons, the intermediate +(1_Xt)5|nT ;
photonZ state will be an eigenstate of spin along the beam

axis. However, it is more convenient to work in a basis Oig b, O
where the vector boson is a spin eigenstate along the top  M(L;y, —t t,gr)=A. _ sin=2 xtﬁtcos—cost—
guark momentum direction. Labeling these eigenstates by 2 2 2
v\, We can expand the matrix elements in terms of ampli- 0+ 6,
tudes in the new basis, which are now independent of the +(1- x—)cosTg}
variablese, 6, and ¢q:
R _ _ M(L; yr—t t gr) =0,
M(e er—ttg)=e"'% [Fi M(L;y —ttg)
_ Ai_ by Org . Ort
M(L;yz—1tt gr) = fco xtﬂtsm—sm7
+ FIrM(R; y,_—>ttg)]\/_(1+cos9) ot 6
' - +(1- xﬁcosTtg}
x e Yot Fy M(L; yr—1tg)
_ Ot
— 1 . . _
+]:‘iRM(R;yRHttg)]E(l—cogg)e“/’g MLy —trtig)=—A 770052 COS—(]- Xt)s
. v — Oy O Ot
HALM(Liyatg) M(L; yr—talig0) = — A _sino’cosz sin-
+ FIrM(R; yz—ttg)]sing (A1) X[XiBr— (1=x0)],
M(Li vzt = — ~—coss Ut
Megei—(ig) =€) ~[FLMI(Liy ~iig) (Hivamtalig) == peosy’| xsinyleos,

Ot
+(1—- xt)sm—

etg}
(1—cosv) 2

+FRM(R; 7L—>tt9)]

%

, _ L;y —trt gr) =0,
Xe"‘f’g—[f'fLM(L;yRﬂttg) M( 'YL"RLgR)

Oig Org . Ot
— 1 . tt
+]—"fRM(R;yRHttg)]E(lJrcosﬁ)e"/’g M(L; yr—trtLgR) = A"COST X‘B‘S|n78|n7
_ O+ Org
+H[FELM(L; yz—ttg) +(1-xjcos— 52|,
+ FirM(R; vz~ ttg) Ising | MLt = A b O
(Liyz—trtLOr) = 2 S|n7 XtBtCOS?CC)S?
We have also separated the pieces arising from the left- 6+ 0
handed and right-handed currents. The form factors (1= X oS tg}
Fir=Fiy+Fi\ and Fy = Fi,— Fi, are obtained from Eq. (=% 2
(3) evaluated at the tree level.
Th trix el ts in E¢A1) with left-handed t big  Org . Ort
e e matrix elements in E¢A1) with left-handed currents ML: y,_—>t,_th,_)——A++S|n7cos¥sm7
_ 0; 0, Ot XX B+ (1—X%) ],
M(L;y —titg)=—A,_ sm70037cos§ [t o]
X[ B+ (1= x)], (A2) M(L; yr—ttrg) = — A, sir? g’CO%(l Xp),
M(L; A n2 0_1 A 0 g bic
(LivR—tili o) = Ay sirf 5'sing (1=X), MULivz—utngu) = =i | xibos cosy.

T A+— . 0I 01 i GtT 0__0
M(L;)/z—>t|_t|_g|_)=—ﬁsm79 xtBtcosfgsm? +(1-x)co tt2 tg},



3262 CARL R. SCHMIDT 54

. — . big brg . Ort
M(L”}/L_)tLthR)_A++S|n_ XtBtCOS_S|n_

2 2 2
O+ g
+(1- xﬁsmT
M(L; yr— 1t tr9R) =0,
M(L; t trOR) = Are ot Og it
(L;yz—t trOR) = \/ECO xt,Bt5|n—cos?
O+ g
—(1- xﬁsmT

— Oi¢
M(L;y —trtrg)=—A_ +co§ sm—(l X¢)

0, 0; O
M(L; yR—>thRgL) A_ +sm7cos?cos%
X[XiBi—(L=Xp) ],
— A, O by Oir
M(L;yz—1grtrg ) = — fcosj Xtﬂtsm7sm7
0:— 6
—(1—xt)cos%},
M(L; v —trtrgr) =0,
— Og bg 07
M(L; yr—trtrGr) = —A +005? Xtﬁt5|”70057
O+ g
_(1 XjSIﬂT
— AL by by O
M(L; yz—1rtrOR) = 72 5'“7 Xtﬂt00375|n7

0t
+(1—- xﬁsm—

T Oy
2

where

Taxg[xtxt_(liﬁt)(liﬂt_)]llz
Vs(1=x)(1=x7)

with Tr(T3TP)= 62P/2. The remaining matrix elements can

be obtained from

M(L,R =1t ge)=— (=1 M(R,L; y_\—trlrg_ o),

M(L,R; =t tr8,) = (— D*M(R,L; y- ) —trt G- o).
(A4)

In terms of the variables in Eq18) the energy fractions are

— 2
Xg_xﬁ ’

. (A3)

B _ﬁ L ﬁz_xg 1/2
=1 2+xg(A 2)( e (A5)

X{=2=Xg— X -

Here, ,82=1—4mt2/s is the tree-level velocity of the top
quarks, while the velocities of theandt in the presence of
the radiated gluon are

) am?
Bi=1——_,
! X;s

2 4m¢
'Bt—_ 1- N (A6)
XS

The lab-frame angles are obtained from

1 am?
COYy 1 =—————| Xg— X¢— Xy P X X¢+ ——|,
XXt Bt S
Diq= ! T + A7
co tg—XtBth[Xt Xt = Xg+ XXg]. (A7)

APPENDIX B: t—bW*g DECAY AMPLITUDES

The helicity amplitudes for top quark decay with a radi-
ated gluon can be calculated in an analogous manner to the
production calculation in Appendix A. We describe the de-
cay configuration in the top quark rest frame in terms of five
variables. Two of these are the energy fractions
x;=2E;/m, of theW" and of the gluon. These energies are
determined by the variables of E(@1), and they fix all the
energies and angles within tH8w"g decay plane. Two
more variables are the polar angfe and azimuthal angle
i, of the W™ with respect to the top quark momentum boost
axis. The final variable is the angllﬁg between the plane
given by the top quark boost axis and tW&" momentum
and thebW'g plane, rotated around th&/" momentum.
This rotation by¢, also rotates th&/* decay products.

We can make explicit the dependence of the matrix ele-
ments on the variableg,, ¢, and ¢4 if we expand the top
quark helicity eigenstate, onto a basis of spin eigenstates
along theW™ momentum direction. Labeling these states as
t,, we obtain the relations

M(t,—bW'g)=e ¥/

M(t§—>b\/\f*g)sin§ei¢g’2
+ M(t[ebW*g)cos)ge‘%’z},
(B1)

M(tg—bW'g)=e'¥? /\/l('[§¢—>b\/\f*g)cos)§ei‘ﬁg’2

—M(t|’_—>bW+g)sin)§e‘i¢9’2}

The helicity amplitudes in this basis are
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M(tg—b Wrgy) XW\/X_b{ Owb
M(t| —b W,yggr) = ———| (1— Byw)COS——
(tL—b Wzgr) 2\/§W( Bw) >
__2 X cosMer cosglbcosMj O+ 0
== b , X
V{Xq Chand} 2 2 x| 2 —bcosm—m+sin0wg)
(B2 {Xg 2
’ . GWb
M(t—b Wgg)=0, +(1+,3w)5|n7(1_0039Wg) ,
M(tg—Db W g,)=0, where we have dropped a factor e T2g.g/ 2. In terms of
the variables of Eq(21) the energy fractions are
M(t{—b W g,)
Xg=y(1-w?),
2 ( - Bwg - Owp  Owgt Owp Xg(1—W2—xg)
= ——| — X,SiNn—— + X,Sin——Cco : _ 2_ %9 g
/_g“xg >0 2 2 Xw=1l+w—z T-xg , (B3)
M(tg—b Wzg,) Xp =2~ Xg— X
xu(1+ Buy) 0 0 o + 0 and we have also introduced the variable
= M( —xgsinﬂwbesinlbcong—Wb), {=2ppX py/m?=1+w?—xy. The velocity of thew" is
WN2{Xq 2 2 2 given by
2
M(t[ —Db Wzg,) 2 _1_ aw? B4
Bw 2, (B4)
__Xwd=Bw) xgcos%+xbcosMco Owgt Owo , The angles in the top quark rest frame are obtained from
W+/27X 2 2 2
{Xg .
COSyp=——"[Xq— Xw— Xp + XyXp+ 2W2],
Mty b Wegh) Wb Xwﬁwxb[ g™ Xw ™ Xp T XwXp ]
Owo Xo . Owet bwp cos —;[x —Xw— Xg+ XwXq+2wW?]. (B5)
= VXpCOS—= 2 gTCOST—smBWg , Wg™ XwBwXg b= 2w g T AWAg '
g

p The amplitudes fot decay in its rest frame can be ob-
M(t] —b Wrgg) = — \/x—bcos ;Vb(l—cosewg), tained from these by simply using

M(ty—b,Wy g,)=M(t_y—b_,W.,g o), (B6)

' _ Bwp
M(tg—b Wi gr)=— \/X_bS"'—Z (1+cosfwg), while replacing all of the energies and polar angles dé-
cay with the corresponding variables toflecay and replac-
ing the azimuthal angles by,— — ¢, and ¢p,— — .
M(tL—>bLWLgR)=—\/x—bsm7 2/ 7 cos— 5
4 9 APPENDIX C: W*—qqg DECAY AMPLITUDES

+5sinGy ) The helicity amplitudes for hadroni&v* decay with a
9’ radiated gluon are given in th&™ rest frame in terms of five
variables. Two of these are the energy fractions
M(th—b WgR) X;= 2E; /myy of the (up) quark and of the gluon. Two more
variables are the polar angleand azimuthal angle of the
quark with respect to th&/" momentum boost axif20].

— XwXo (1+8 )sinM The final variable is the anglg¢, between the plane given by
2\2w W 2 the W' boost axis and the quark momentum and tfog
plane, rotated around the quark momentum axis.
<l -2 ﬁco Owgt 0Wb+sin0 ) We can make explicit the dependence of the matrix ele-
{Xg 2 Wg ments on the variableg, ¢, and ¢, if we expand thew™*

helicity eigenstate¥V,, onto a basis of spin eigenstates along
the quark momentum direction. Labeling these states as
W;,, we obtain the relations:

Owb
+(1- ,BW)COST(l-i- COSyyg)
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siny R—
—ZM(Wz—Wqu)

V2

1 . _
Xi(l—coa)e"ﬁgM(W&qug)

M(W_—qgg)=e '

1 . _
+§(1+cos>>()e"”e!/\/l(WL—>qqg)],

siny F—
—ZM(WZ—WIQQ)

%

2 4 __
X 5(1+ cosy)e' 'a M(Wr—qag)

M(Wg—qaqg)=e'’

1

*3

(1—cosy)e "*aM(W, —qqg) |, (CD)

M(Wz—qqg) =| cosyM(W;—qqg)

w2 i s M (W i)
2

siny

——e "YaM(W, —qqg) |.
2 (W, qqg)]

The helicity amplitudes in this basis are

— 0 7] [/ P
M(W[ =0, qrgL) = — Asin—cos - sin—,

2 2 2 €2

— 0 Oqa
M(Wg—0L0rgL) = —ASin2$COS%(1—Xq),

0 Oqq

99, a4

XqCOS—~COS——
arT2 2

’ - A . aqg
M(Wz—qL0rgL) = Esm?

Ougg— 6
+(1—xq)cos%},

CARL R. SCHMIDT

0 Oqq
9.7
XqCOS5-sIn—=

_ 0
M(W{ — . 0rgr) = Asin—*

+(1—xqﬁsin—qq2 a9

M(Wg—0.0r0r) =0,
M(Wz—q_0r0r) =0,

where

1/2
Xg(XgXq)

A=—i2 T
99 (1=Xg)(1=x3m)

(C3)

In terms of the variables of E@23) the energy fractions are
Xg=Yw,

Xq=1—yw(l—2y), (CH

Xg=1-ywzw-

The angles in thaV* rest frame are obtained from

1
CoYgq= —_[xg —Xq— Xg+ XgXgl,
XgXq

cosﬁqg=ﬁ[xq—— Xq— XgT XgXg]. (CH

The amplitudes folV~ decay in its rest frame are exactly
the same as the above with the replacemgntsy, y— ¢ in
Eg. (C1) and multiplication of the amplitudes fonN; by
—1 to conform to our phase conventions. Heyeand ¢ are
the polar angles of thédown) quark with respect to the
W™ boost axis.
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