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Final-state interactions in e*e~—tt—bl*»bW™ near the top quark threshold

M. Petef and Y. Sumind
Institut fir Theoretische Teilchenphysik, Universitéarlsruhe, D-76128 Karlsruhe, Germany
(Received 4 August 1997; published 4 May 1998

We calculate final-state interaction corrections to the energy-angular distributidninfsemileptonic top
quark decay, where the parent top quark is producecdaT/Ef—>tt_near threshold. These are the corrections
due to gluon exchange betweErandE(t_and b) and betweerb andb. Combining with other previously
known corrections, we explicitly write down thie" energy-angular distribution including the fuld(ay)
=(O(B) corrections near thet threshold. Numerical analyses of the final-state interaction corrections are
given. We find that they deform tHé distribution typically at the 10% level. We also find that all qualitative
features of the numerical results can be understood from intuitive pictures. The mechanisms of various effects
of the final-state interactions are elucidated. Finally we define an observable which is proper to the decay
process of the top quardependent only onll",_,,+,/dE d(}, of a free polarized top quarknear thett
threshold. Such a quantity will be useful in extracting the decay properties of the top quark using the highly
polarized top quark samplelsS0556-282(98)04411-7

PACS numbsdis): 13.65+i, 14.65.Ha

I. INTRODUCTION differential distributions in a nontrivial manng¢d0,15,19.

The size of the corrections is at the 10% level in the
Afuturee’ e linear collider operating at energies around threshold region, hence it is inevitable to incorporate their
thett threshold will be one of the ideal testing grounds for effects in precision studies of top quark production and de-
unraveling the properties of the top quark. So far there havéay near threshold. The same kind of effects has recently

been a number of studies of the cross section for top quarReen studied i pair production21-24.
pair production near thét threshold, both theoretical and The first analysis of the top quark decay in the threshold

experimental[1-19|, in which it has been recognized that region was given as a parg of the results in &) In that
R . T . . paper, the mean valugn/) of the charged lepton four-
this kinematical region is rich in physics and is also apt for

tracti . hvsical ¢ fficientl momentum projection on an arbitrarily chosen four-vector
extracting vlfmous physica pt)arame ers efhiciently, €.9.4, semileptonic top-quark decays was proposed as an experi-
M, = &s, tr My, Gy, €IC mentally observable quantity sensitive to top quark polariza-

While most of the previous analyses were solely Con'tion, and this quantity was calculated including the final-state

cerned with the production process of the top quark, one Ma¥ teractions. Clearly, and also admittedly in that work, the

also analyze the decay process in detail and extract so : : e . .
important physics information. Especially the fact thand Mlculation of the differential distribution ¢f including the

- . . . —final-state interactions has been demanded.

t are produced highly polarized in the threshold region is  |n this paper, we calculate these final-state interaction cor-
potentially quite advantageous for studying the electroweakections to the differential energy-angular distribution of the
properties of the top quark through its decay. Detailed invescharged leptons. We find that the corrections deforml the
tigations of the decay of free polarized top quarks have algyjstribution nontrivially at the expected level. Combining
ready been available including the fuld(as) corrections  with other, previously known results, we write down the ex-
[16,20. Close to threshold, however, these precise analysggicit formula for thel * energy-angular distribution includ-
do not apply directly because of the existence of correctiongng all O(ag) = O(B) corrections near thet threshold

unique to this region, which connect the production and de- Anothersaim of this paper is to present physical aescrip-

cay processes of the top quark. Specifically, these are thg, o ¢ the final-state interactions which enable us to quali-
corrections due to gluon exchange betweandb(t andb)  tatively understand the features of our numerical results.
or betweerb andb. Such descriptions would be useful since the systematic cal-
This type of corrections arises when the particles pro<culation of final-state interactions based on quantum field
duced decay quickly into many particles, and are referred ttheory is rather complicated, involving box- and pentagon-
as final-state interactions, rescattering corrections, or nonfatype diagrams, and it is not easy to make physical sense out
torizable corrections in the literature. They generally vanistof the obtained final expressions. To our knowledge such
in inclusive cross section®—11], but modify the shape of qualitative explanations have never been put forth, although
corresponding theoretical calculations and numerical studies
have been partly available.

*Present address: Institut rfTheoretische Physik, Universita Finally we propose an observable which is proper to the
Heidelberg, Philosophenweg 16, D-69120 Heidelberg, Germany. decay process of the top quark near threshold. Since the
TOn leave of absence from Department of Physics, Tohoku Unifinal-state interaction connects the production and decay pro-
versity, Sendai 980-77, Japan. cesses of the top quark, it destroys the factorization property
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of the corresponding production and decay cross sections. In
order to study the decay of the top quark in a clean environ-
ment, it would be useful if we could find an observable
which depends only on this procesHl{;_.,+,/dEdQ, of a

free polarized top quaiklin fact, such an observable can be
constructed, which at the same time preserves most of the
differential information of thel™ energy-angular distribu-
tion.

In our numerical analysis we solve the Sdlirmer equa-
tion numerically in order to include the QCD binding effects
near threshold. We follow both the coordinate-space ap-
proach developed in Ref§2,3] and the momentum-space
approach developed in Refst,5] in solving the equation,
and compare the results. There are small differences in the
numerical results obtained from the two approaches, reflect-
ing the difference in the construction of the potentials at
short distance.The difference is formaII)O(aﬁ), of the or-
der beyond our present scop&his issue is also discussed.

In Sec. Il we introduce some notations to be used in later
sections. Section 11l contains the physical descriptions of the
effects of final-state interactions. The results of the system-
atic calculation of final-state interaction corrections tolthe
energy-angular distribution, as well as the complete formula
for the distribution including allO(ag) = O(B) corrections,
are given in Sec. IV. Section V shows various numerical
results and a comparison with the qualitative picture. We_.
define an observable proper to the top-quark decay process m
Sec. VI. Discussion and conclusion are presented in Secs.
VII and VIII, respectively.

and

a,;=q207+ (v2+ad)v2d?+ 2q.qwevd,
a2: 2Ueant2d2+ 2qeqtaevtd,
az=4v a0 2,02+ 20.0a.a,d,

a,=2(v2+adv@ad?+2g.qwead,

1 S
d= : 4
16 sirf 6,,co6,, S— M2
a,+ya
0 _ 27T Xd1
Cix)= axa,’
a,az—ajay
Cl(x)=(1-x)———=,
10=(1-x )(a1+)(a2)2
1 as+xas
R TROTY
1 a3+Xa.4
CN(X)__E—al+Xa2__CFB(X)- 5)
nally, we define
M3, 1-2y
y=—7, (6)

K= .
m; 1+2y

II. DEFINITIONS AND CONVENTIONS

The QCD enhancement of the top-quark production cross

section near threshold is incorporated through $heave
and P-wave Green'’s function&(p,E) and F(p,E) of the
nonrelativistic Schrdinger equations in the presence of the
QCD potential. These functions are defined by

We consider longitudinally polarizede*e™ beams
throughout our analyse®.+ denotes the longitudinal polar-
ization ofe™, and we set

VZ
Pot — Pe- {—E-i-VQCD(r)—(E-HFt) G(x,E)=8%x), (7

=== 1
1-PgiPe @

X

VZ
{_ e Vaoo(D) = (BT |FX(x,E) = ~id°(x),

We choose a reference coordinate system in tthec.m. (8

frame. Three orthonormal basis vectors are defined as and

A Pe-

é(p,E)=J d3xe P XG(x,E), (9)
el

. XPry o~ oA
N:u, no=nyxXn;, (2
|Pe-Xpyl

pkﬁ(p,E)=f d3xe P XFX(x,E). (10)

wherepe- andp; represent the™ andt momentum, respec- _ _ _ _ _
tively. One may obtain the Green’s functions either by first solving

Our conventions for the fermion vector and axial-vectorthe Schrdinger equations in coordinate space and taking the
couplings to theZ boson are Fourier transforms of the solutior{8], or by solving the
Schradinger equations directly in momentum spdg¢

Various knownO(«g) corrections to threshold cross sec-
tions can also be expressed in terms of the above Green'’s
functions. In Ref.[19] the following functions have been
defined, which are solely determined from QCD, to represent
respectively. Certain combinations of these couplings will bevarious independent corrections. We will pursue the same
useful below: conventions in this paper:

vi=213—4q; sirfly, a;=213, ()
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[1-Crag(m)/x] p F*(p,E)
[1-2Crag(my)/m] M G*(p,E)’

¢.=Rep, ¢=Imep, (12) Y *i‘ b
t t

e(p,E)=

+
Y1(p,E)=—Cp-4dmay(ug) w
d3q 1 G(q,E) | FIG. 1. Attractive Coulomb force between and b (from t
xf 3 32Im —|= (13 decay. The momentum transfeip,= — py due to the attraction is
(2m)%g—p{ G(p.B)|2? indicated by thick arrows.
¥ (0,E)=—Cp- Admayup) Supposé decays first and lea~ (agm,) ~*~(mI}) "2 be
r\Mr s

the typical distance betwednand t at the time oft decay.

Then, just before the decay, the momentat aind t are
given by

rj #®q 1 pe(g-p) {'Gm,E)
2m3q-p3 IPdla—pd™ 1 G(p,E) |
(14 |pel = |pd ~ Vm{ E—-2m+[V(a)]]. (17)

Here Cc=4/3 is a color factorp=|p/| and q=|q|, ug is Their order of magnitude isxsm;~ (Bohr ra@sfl. If it
taken to be 15 GeV in our analyses. Equati¢i® and(14)  were not for the final-state interactions betwegeandb, and
d|ffer slightly in their integrands from those defined in Ref. if t, b, andW™ traveled as free particles, the above mo-

[19].* The differences, however, can be regarded as highafientum would be transferred to thV* system at timer
order corrections which are beyond the scope of our analysis., -

lil. QUALITATIVE DESCRIPTION OF FINAL-STATE [Pyt Pw+| o~ VMLE— 2me+ [V(a)]]. (18)

INTERACTION EFFECTS L . . . .
Taking into account the final-state interacti@oulomb in-

In this section a qualitative understanding of the effects oferaction betweent andb, the energy of thé bW* system
final-state interactions is explained. It is based on the classjs given by

cal picture thatt and b(t andb) attract each other due to
their color charges. We will see that all the following quali- E=Ep+Ew++E=+V(|ry—ri), (19

tative features match well with our numerical studies pre-
Ew+=\Poy+ + M3, (20)

sented in Sec. V. Moreover, the following argument will
help interpreting the formulas derived in the next section.
As depicted in Fig. 1, the tracks bfandt are deflected due
A. Top momentum distribution to the attraction between the two particles, which lose kinetic

Let us first consider the effect of final-state interactions orenergy asb flies off to infinity at the speed of light. The
the top quark momentuniyg|) distribution, wherep, is re- ~ classical equation of motion is given by
constructed from theW" momenta at time— . The en-

- . o dpy dpty d
ergy of att system before its decay is given b B _
aqy Yy y IS g y a- e arbv(|rb r). (21

E=E+E=+V(|ri—rd), (15
Substituting the free particle solution,=vr+ry on the
where right-hand side and notinlg,—rij=r, we may estimate the
size of the momentum transfer due to the attractive forée as

2
ptz PT Qg | opp| = optt~V(r min), (22)

Et=mt+—, E’[ mﬁ—m, V(r)Z—CFT.

(16) where the minimum distance betwekrandt is denoted as
I'min- Typically ri,~a, and we find from Eq(22) that the

!n Ref.[19] the Coulomb propagator betwebrandt (b andt) -
together with the color charges are replaced by the QCD potential °Here we neglect the interaction ofb) and the magnetic field
between two heavy quarks by hane Cr-4mas/|q—pl®  generated bp(t). This approximation is justified in the case of our
H\N/QCD(|q—pt|). One advantage of Eq§13) and(14) is that one  interest; see Sec. IV.
may convert them into one-parameter integral forms by explicitly It corresponds to solving the equation of motion by a series ex-
integrating over(, [10,13. pansion ofag.



FIG. 2. Typical configurations in the decay ofwith definite
spin orientation. Transvers#&/~ (W;) tend to be emitted in the
direction of thet spin orientation, while longitudinalv— (W) are
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FIG. 4. Typical configurations of the particles in semileptonic
decay oft when theb quark is emitted in the direction. Due to the
boost byW*, the energy-angle correlation bf will be either “E,
is small andl* emitted in —p, direction” or “E; is large and *

emitted in the opposite direction due to helicity conservation. Foremitted inp, direction.”

m,=175 GeV, t_decays mainly toV, , henceb is emitted more
in the t spin direction.

effect of final-state interactions on thg| distribution is of
the order of| 5p,|~ a2m,. Obviously the effect is to reduce

i

B. Forward-backward asymmetric distribution

Next we consider the ca, distribution of the top quark.
(6, denotes the angle betwedénand e in the tt c.m.

Thus, polarized top quarks will be pulled in a definfer-
ward or backwarl direction, and we may expect that a
forward-backward asymmetric distribution of the top quark
~;<Cﬁ)()()cosete is generated by the final-state interaction.
Incidentally, a forward-backward asymmetric distribution
of the top quarks is also generated by the interference be-
tween theS-wave andP-wavett pair-production amplitudes
[6]. It is formally a quantity of the same order as the final-
state interaction near threshold, since it arises a®g8)

frame) It is known that a forward-backward asymmetric dis- = O(as) correction to the leading spherically symmetric dis-
tribution of the top quark is generated by the final-state in{ribution. Interestingly, we find that each cag distribution

teractiong 10,19. We describe its mechanism here.
We consider the case whetedecays first and examine

the interaction betweenandb. Thet andt pair produced
near threshold ire" e~ collisions have their spins approxi-
mately parallel or antiparallel to the™ beam direction and

the spins are always oriented parallel to each other. In fact in

has quite a different physical explanation for its generation
mechanism, although it is a common feature that both origi-
nate from the interplay between QCD and electroweak inter-
actions.

C. Top quark polarization vector

leading order the polarization vector of the top quark isgiven The Coulomb attraction betweémndb also modifies the

by P=C{(x)n [25,17). On the other hand, the decay bf
occurs via &/-A coupling, andb is emitted preferably in the
spin direction of the parertt, see Fig. 2. More precisely, the

excess of thé’s emitted in thet spin direction over those
emitted in the opposite direction is given kydefined in Eq.

(6). Now supposeé andt have their spins in théH direction.

Thenb will be emitted dominantly in thé\H direction. One
can see from Fig. (@) that in this cas¢ is always attracted to
the forward direction due to the attractive force betwéen

andEIhe direction of the attractive force will be opposite if
t and t have their spins in the-n direction [Fig. 3(b)].

(®)

FIG. 3. Attractive force betweenandb when thet andt spins
are oriented ir(a) the n; direction and in(b) the —n; direction. The
momentum transfedp,= — dp; due to the attraction is indicated by
thick black arrows.

top quark polarization vectdrl9]. As we have seen previ-
ously, in thet_decay,b tends to be emitted in the direction
of the parentt’s spin direction(Fig. 2. We then find from

Fig. 3 that if thet andt spins are oriented in thizﬂ direction,

t will be attracted to the forward direction due to the attrac-
tion by b, and oppositely attracted to the backward direction
if the t andt spins are in the- F‘H direction. This means that

in the forward region (cog,=1) the number of’s with spin

in the ﬁ” direction increases whereas in the backward region
the number of those with spin in the opposite direction in-
creases. Or equivalently, thqu component of the top quark
polarization vector increases in the forward region and de-
creases in the backward region. We may thus conjecture that
the top quark polarization vector is modified a%P

~ K coseteﬁH due to the interaction betwee¢randb.

D. |t energy-angular distribution

Finally let us examine the effect of the Coulomb attrac-

tion betweerb andt on thel* energy-angular distribution

in the semileptonic decay of Theb quark fromt decay will

be attracted in the direction df due to the Coulomb inter-
action between these two particles. We show schematically
typical configurations of the particles in the top quark semi-
leptonic decay in Fig. 4. It can be seen that if the probability
for b being emitted in the direction increases, correspond-
ingly the probability for particulal * energy-angular con-
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0
do _ Nca?T'

d3pt - 4’77'”‘];1

v ( 1— 4CFas(mt))
a

(1-Pe+Pe-)(ar+ xaz)

1G(p,E)|2. (25)

Here, « is the fine structure constant and.,=3. Pgom
=Pjnj+ P, n, + Pyny represents the polarization vector of a

FIG. 5. Born-type diagram for the process’e —tt  tOP quark produced via the Born-_type diagrélfig. 5 near
—bl* vbW-. threshold. The components are given by

P Ex)=CP00) +Cl(x) ¢ (p,E)cos b, (26)
figurations increases. These configurations are eitlgris
small andl * emitted in—p, direction” or “E, is large and PL(pt.Ex)=CL(X) @ (P.E)sin by, (27)
| " emitted inp, direction.”
Pn(pe.E x)=Cn(x) ¢ (P.E)SiN bre. (28)
IV. I* ENERGY-ANGULAR DISTRIBUTION
Let us review briefly how to derive the factorized form of

We present the formulas for the charged lepton energyme gifferential distribution, Eq23). First, in calculating the

angular distribution in the decay of a top quark that is pro-fully differential cross sectionda/dtbg,(blﬂ/b_W*) one

. + — o .
duced viae"e” —tt near threshold. In the followingy  may replace the top quark momentum by an on-shell four-
=2E,/m; and (), respectively, denote the normalized en-yqcior as

ergy and the solid angle of the charged lepton as defined in
the rest frame of the parent top quark. For simplicity we p{z:(p?,pt)ﬁ’b‘f:(m’pt) (29)
neglect the decay oV~ in our calculations.
in vertices and propagator numeratdosit not in propagator
denominators The replacement is justified because near
A. Factorizable part threshold relevant kinematical configurations are determined

It is well known that the contribution of the Born-type by
(reducible diagram(Fig. 5 to the differential distribution of
t andl* has a form where the production and decay pro-

cesses of the top quark are factorized: so that the replacement induces differences onlp@t?),
e S and also because we will not be concerned with pﬂede-
dogor(€"€ —tt—bl vbW") pendence of the cross section. Then, one may use the follow-
d3p,dxdQ, ing identity to factorize the spinor traces that appear in the
fully differential cross section into their production and de-
cay parts:For an arbitrary 4 X4 spinor matrix G and for a

pe—me~—admy,  |pd~asm (30

dogor(eTe —tt) four-vector [f* satisfying pf=m?,
- d°p - = = _
Petme _ petm _ Petme 1 P?’sc (31)
1 drt—»bl*v(’PBOm) zmt th 2mt 2 ’
R T TN (23
T, dxdo,

where the four-vectoP* and the constant C are determined
from G and g via the relation

The above form holds true even includi®(«s)=O(B) - -

corrections to each vertex and propagator in the Born-type 1-P-s . Petmy _Petm 1-8ys (32
diagram. Here,I'; [26,27] and dI'y_,p+,(Pgom)/dxdQ, 2 2m, 2my 2 |

[28,16, respectively, are the width of a free top quark and _ _

the charged leptonl{) energy-angular distribution in the provided ¢ and P* satisfys: p;="P- p;=0.

decay of a free polarized top quark, both including the cor- One may also factorize the phase space as
responding fullO(«ag) corrections. Near threshold, the top o

quark production cross section for longitudinally polarizedd®s(y* —bl*vbW™)

e*e” beams is given by17,19

d*p,

" (2m?

dd,(t* —bl " v)dd,(t* —bW), (39

— 0

ClO'Born(e+ e —tt) da’t?
= 1+2C ,E)cos 6],
&, d3pt[ re(X) @ (P.E) tel

(29

1 5
dq)g(t*—>b|+1/):(ﬂ) dX|dQ|dp\2Nd(,‘bb|, (34)
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ing over thebW ™ phase space, as a correction to the produc-
tion process oft. Thus, the production cross section

dogom(e"e” —tt)/d3p, and the polarization vect@Pg,,, of

the top quark receive corrections by this diagram, whereas
the decay distributionI";_ ,+ ,(Pgom)/d X% d€}, remains un-
affected(except for the modification ofPg,,). In fact the

®) contribution of this diagram can be incorporated by the fol-
lowing substitutions in Eq(23):

dO'Born(eJr ei_’tt_) do'Bom(eJref—ﬂt—)
—
d3pt dspt

(1+6a),

(39

Pgorm— Promt 6Pa (36)

@

with
FIG. 6. Diagrams for final-state interactions fef e —tt 1
= ) _
—blTvbW™: (a) Coulomb gluon_exchange betweérand b, (b) 5a:§[ :,Z/l(p,E)+KCﬁ)z,/JR(p,E)COS Orcl, (37)
Coulomb-gluon exchange betweerandb, (c) Coulomb-gluon ex-
change betweeb and b, and (d) transverse-gluon exchange be-

Pe 1 -
tweenb andb. OPa=5[1—(CP)? 1k (p,E)cOS fie- .
wherep\%\, is the invariant-mass-squared dfy, and ¢y, de- (39

; ol
peosffs t?rZrizlmUt'?ﬁLsnglind: aroiﬁ?:g;ratgtheot\(/)gr dq:\zlilrk The defivation_ of the fprmula goes as follows. Since the
- ' relevant kinematical configuration lies in the soft-gluon re-
dgy,  dd,(bW"), anddpy/(2m); the integration ovepy,  gion, we can use soft-gluon approximation and factor out the
is trivial since we use the narrow-width apprOXimation for part that depends on the |00p-m0mentq/r‘r(the propagators
W, the integration oveddy, is also trivial since the fully ¢ yhe gluonb, t, andT together with the loop integral
differential cross section is independentds, the integra- e the spinor structure, while the remaining part is simi-

tion over thebW™ phase space merely replaces 8™  |ar to the fully differential cross section of the Born-type
wave functions byl',, thep{/(2) integration is straightfor- diagram. The latter part is factorized as before. Due to the
ward. soft-gluon factor(the factor pulled outside at this stage we
may interpret that the production cross section and polariza-
B. Final-State Interaction Corrections tion vector of top quark get corrections that depend and
Corrections due to the final-state interactigrescattering ° momenta. Integrat|ons'ovdrpa, andd¢y, are the same as
correction$ that originate from the irreducible diagra@—  for the Born-type diagram. For integrations over

(d) in Fig. 6 are important particularly in the threshold re- d<1>2(b_W‘), dp?/(277), and dg%/(27), we follow the
gion. In fact their contributions are counted &¥ as) method described in Ref10], Appendix D. We are thus led
=(O(B) corrections to the leading threshold enhancemento Egs.(36)—(39).

[10]. We calculate the effect of each diagram on fthie Diagram(b) (exchange of one Coulomb gluon betweten
energy-angular distribution. We chose Coulomb gauge foandb) in Fig. 6 gives a correction that connects the produc-
the QCD part in our calculations. tion and decay processes of the top quark. In fact one may

The contribution of diagranta) (exchange of one Cou- incorporate the contribution of this diagram by multiplying
lomb gluon between andb) can be regarded, after integrat- Eq. (23) by a factor] 1+ &(p,E,x, ,cosé)], where

d®qg 1 e[é*(q,E) 2ndgy  |q—py

(]
(2m)3la—p® [G*(p,E)Jo 27 ny-(q—py)+ie

é(paEIXI ,COSGH):CF"‘-W{IS(MB)J . (39)

ﬁb denotes the unit vector in the direction bf After integration overd(),d¢, , one may reduce the expression to a
one-parameter integral form as

G*(q,E)
m -
G*(p,E)

oc G*(q,E)
§(p,E,X| ,C050|t):CF'47TC¥s(,LLB) J;) dq WRR m

] (40)

with
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WRz—L{a(zi—l)cosh*1|z+|—0(23—1)cosh*1|z,|}, (41
47T2 pZ_qZ

j=—— ———{w[(1+z,)(1+2_)]— 6(1— 2% )cos *(z,)— 6(1—z*)cos X(z_)}, (42
472 |p?—q?|
g/p= cos O\yCoS b} 1+y 2y P:- P

z.= . , , COSOy=—"———"—, COSO;=r—T. 43

B sin fysin 6y YT 1-y x(1-y) "“Ipdlpl 43

Here, 6y, represents the angle betwedf andl* in thet  grated overdp®/(2#), d*qg/(2m)* anddéy,. Finally, to
rest frame(given as a function ok)); 6, represents the angle derive Eq.(40) from (39), it is simpler to integrate oved(),,
betweent and|* in the tt c.m. framé (0=< 0Oy, 0i=m). befored ¢y, .
The inverse functions cosh and cos? in the above formu- Two noteworthy properties &f(p,E,x; ,cosé,) are(1) its
las take their values withifi0.©) and[0,7], respectively. |*-angular dependence enters only through &oand is in-
6(x) is the unit step function. It is understood that the prin-dependent of the angle from tlee beam direction or from
cipal value should be taken in the integration of theterm  the top quark polarization vector artg) it is purely deter-
asp—qg. mined by the QCD interaction and free of the coupling pa-
We derived Eqgs(39) and (40) in the following manner.  rameters of electroweak interactiotexcepty). As a non-
As in diagram(a), we used the soft-gluon approximation and yjvial cross check of the formuld40), we integratedé
factored out a soft-gluon factc(roop integral of the propa- XT; 14T, +,/dxdQ, over the lepton energy-angular

gators of gluorb, t, andt). The remaining part is same as vanables fdxdQ, analytically and reproduced the one-
the fully differential cross section of the Born-type diagram parameter integral formuld0,13 for the final-state interac-
except for thet andt propagators and Green’s functions, tion correction[from diagram(b)] to the top quark three-
which is again factorized. This time, however, the correctiormomentum distribution.

cannot be interpreted as associated with the top quark pro- The contribution of diagranﬁc) (exchange of one Cou-
duction process since the soft-gluon factor depends oib the |omp gluon betwee andb) vanishes within our approxi-
momentum. The integrations ovep?, andd® ,(bW™) are  mation. We show it in steps. Using the soft-gluon approxi-
the same as those for the Born-type diagram. The funétion mation, the contribution of this diagram to the cross section
given in Eq.(39) is essentially the soft-gluon factor inte- can be written as

doe _( dot | dbp A o(OW ) ———
d3pdx dQ, (27) Pud b (2m)* (477)5

4K
XiCF-4ﬂasfm[ (po) +D(PY1[D* (p+k) +D* (pr—K)]

«C(p.E)E* +KE _ _ ——+c.C., 44
(p,E)G*(|p;+kK| )ko—nb-k—ie—k°+nE'k_i€|k|2 “

wherek* is the gluon momentum and tial cross section of the Born-type diagram except for the
1 and t propagators and Green’s functions; hericés real.
D(py) = o (45 Next we integrate ovedpt/(27r) dk%(2m) and dQ),.
pe—my—pg/2m+ily/2 Let us define
denotes the nonrelativistic top-quark propagafbris the dp? dk®

contraction of hadronic and leptonic tensors resulting from!(K,Np.Np)= 2 (ZW)[D(DOJFD(DW[D*(DHF k)

the spinor traces after a soft-gluon factthe second and

third lines is taken out. It coincides with the fully differen- 1 1

+D*(pr=K) o= : = ,
K°—np-k—ie —k°+ngk—ie

“Within our approximation, there is no distinction between éps 1 / 1 1
and — cos, whered,; denotes the angle betweérand! * in the =— —| = —+—= - .
t rest frame (nb—nbjk+|s\ Np-k+ily  —npk+il;

(46)
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Noting that the contribution of diagrafie) to the cross sec-
tion comes solely from the gluon momentum region

KO,  |k|~a?m, (47
we keep|k| within this region. Then we may substitute

G*(|pi+k|,E)—G*(p,E) in Eq. (44) since the difference is
higher order, and find

FIG. 7. Diagrams for real-gluon emission proces*m’-ﬂ?

dog Hbl*ubiwfg.

- XT
d pth|dQ|

(2m)® (4m)° of the top quark momentum distributiga0]. The contribu-
tion from each of these diagrams comes from the gluon mo-

, |K|2d]|K| mentum regiorik|5a§mt and_is in fa}ct Iogarithmically di-

Zm, vergent due to a soft-gluon singularity. The cancellations of

the final-state interaction corrections at the various levels of

inclusive cross sections are summarized in Sec. VII.

Now let us compare our formulas and the argument given
in the previous section. In Secs. Il B and Il C, the parity-
violating nature of the electroweak interactions in top pro-
duction and decay played an essential role, while this was
not the case in Secs. lIl A and Il D. We find that corre-

In fact the same proof can be applied to show quite genSPONdiNgly the cog term of &, and 0P, contain elec-
erally that the contribution of diagrafo) vanishes ab(a,)  oweak coupling parametetthroughCy), while the sym-
providedone calculates a cross section where the top quarR1elric term ofé; and¢ are independent of these electroweak
energy is integrated out; for example, the top quark threeParameters. More precisely, the agsterm of 5, and 6P,
momentum distribution. This is no longer the case when on&ave the forms anticipated in Secs. IlI B and Ill C, respec-
considers a cross section that depends explicitly on the tofively, if the function ¢r(p,E) is positive. Indeed, the nu-
quark energy; for example, the top quark four-momentunfnerical evaluation in Ref19] shows thatjr(p,E)=0 holds
distribution. Then the diagram in questidoescontribute. N the entire threshold region. Besides, an additional coeffi-

One can also show in a similar way that the kinematicalcient[1—(C})?] in 6P, can be understood within our pre-
regions Eq(47) in diagrams(a) and (b) do not contribute to ~ vious argument in the extreme cas2fs= + 1. Namely, if the
the cross sectiomo/d3p,dxdQ), and that only the gluon top quark is 100% polarized, there will be no contamination
momentum region wheré|~ am:>T, is relevant. We took from the opposite spin so that the correction should disap-
advantage of this fact in deriving Eq86)—(40). pear. It may be interesting to note that the final-state interac-

It can be shown using similar techniques that the contrition corrections to the polarization vector vanishes for the

bution of diagram(d) (exchange of one transverse gluon be-ideally polarized top quark§|‘|)= +1.

tweenb andb) gets canceled when it is added to that of the
corresponding real-gluon emission diagr@imerference of
diagramde) and(f) in Fig. 7]. This cancellation is consistent In summary, the energy-angular distributionl finclud-
with the same cancellation that was found in the calculatioring full O(as)=O(B) corrections can be cast into the form

f dpZ,d ey d®,(bW)

xicp.4ms|é(p,E)|2f ‘
k|~ a

1 -~ A
XWJ dQl(k,ny,np) +c.c. (49

It is easy to see thatdQ,l(k,ny,ny) is real using the sym-
metry of dQ, under k——k. Thus, we conclude
do/d3p,dxdQ,=0 in our approximation.

C. Formula including full O(eas) corrections

do(ete” —tt—bl"vbW") do(e’e —tt) 1 dl'_p+,(P)

1+ 49
d3p,dx dQ, d®p, Iy dxdo (1+4) 49
with
dcr(e+e_—>tt_) B dO’?q( 1 K o
d3pt = d3pt[ 1+ §¢l+ 2CFB(PR+ ECH wR COS Gte ’ (50)

P="PgomnT 0Pa- (51
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The above distribution is obtained as the sum of the crossalculated from the top quark production cross section Eq.

sections for ete” —tt—blTvbW~ and ete —tt  (36). As expected, the top quark momentum is reduced. The

bl vbW-a. An independent emission of a aluon from the effects are half in magnitude as compared to the final-state
i 9. _ P _ ) 9 _ interaction corrections given in Refgl0,19 since only the

t or t side has been included in E@3), while the interfer- interaction between andb is included here.

ence of both has been incorporated in conjunction with the We show the angular distribution of the top quarks in

fln?zl-statg mttirlectlct)rr: dltagralﬁui) 'E fSec. IVB. ; i Figs. 9. It can be seen that the final-state interaction increases
xperl_men ally the fop quar ou_r—m_omen upf_ Wi the top quark distribution in the forward direction féy,-

necessarily be reconstructed from th&/~ system in the =1 This is consistent with our argument in Sec. 111 B since

study of thel ™ distribution. For the case with a gluon in the in leading-order approximation and t have their spins

final state, we assign the “top quark momentum” as . . A . o
9 Pa aligned perfectly in then direction for thise™ polarization.

case(A):pi=(Pe- + Pe+) — (P Pw-+Pg) Oppositely we see tha_lt th_e final-state inte_racti_on decreases
the top quark distribution in the forward direction fér,-
if (pp+pw-+ pg)Z_ mZ<=mT,, =—1. We note that the top quark has a natural polarization
P= —O.AﬁH for unpolarizede™ e~ beams. Hence, the sign of
case(B):pi=(Pe- 1t Pe+) — (Pot+ Pw-) the correction is the same as in tRg-=—1 case. Also we
show corrections to the top quark polarization vector in Fig.
if (pp+pw-)2— mtzs mI;. 10. Although the qualitative behavior meets our expectation,

the magnitude of the correction is rather small. Note that
(See, however, the discussion in Sec. Miih. other kinemati- 5P, vanishes folP,-=*+1 sinceCﬁz +1.
cal configurations the cross section is suppressed. Experi- Next we investigate the irreducibl@onfactorizablg cor-

mentally there will be a corresponding cut in th&V™ in-  rection that stems from the Coulomb interaction between
variant mass. If both conditions in casés) and (B) are  andb. The correction facto&(p,E,x;,cosé) given in Egs.
satisfied simultaneously, the gluon should necessarily be40)—(43) depends on four parameters, two of which specify
soft, and there will be no difference within our approxima- the lepton configurationx, and cosf,. Therefore, we will
tion between the cross sections corresponding to the abovgiamine the dependence &fon these two parameters for
two assignments of the top quark momentum. several p,AE) combinations. We fix the top quark momen-

One comment is in order here. In defining the “restyymp to be the peak momentum of the distribution for each
frame” of a top-quark in the study of" distribution, one  AE: hence its values are slightly different for the two nu-
may use eithep{* or p/* [defined in Eq(29)]. The difference  merical approaches, see the top quark momentum distribu-
of the cross sections based on the two definitions i9(@f?) tions in Fig. 8. Shown in Fig. 11 are three-dimensional plots
which is beyond the scope of our approximations. Thus, the@f ¢ as a function of; and cos§;. One can see that in the
cross sections defined in both definitions should be measurdifjures¢ takes comparatively large positive values for either
in experiment and compared. It will serve as a cross checksmall x, and cosf=—1" or “large x, and cosg=+1."

for the stability of our prediction. Oppositely, in the other two corners of the-cosé, planeé
becomes small or becomes negative for smalé&. The
V. NUMERICAL RESULTS typical magnitude of is 10—-20 %, which would be a rea-

sonable size for ad(as)=O(B) correction. This behavior
In this section we examine the effects of the final-statenolds also true for¢ at p off the peak of the top quark
interaction corrections on the" energy-angular distribution  momentum distribution. These features of the correction fac-
numerically, and compare the results with the qualitative artor ¢ are consistent with our qualitative argument in Sec. Il
gument given in Sec. lll. The numerical results are obtained \we made a cross check of our numerical resultsefory
using both the coordinate-space approach developed.in R9f§umerically integratingsx ', *dly_p+,/dxd€), over the
[2,3] and the momentum-space approach developed in Ref%pton energy-angular variablgsixdQ, and comparing to
[4,5]. Conventionally these two approaches have been useglg fina|-state interaction corrections to top quark momentum
independently by different groups, and this is the first time toistripution given in Refs[10,19. It is seen that in Figs. 8
make a direct comparison of the cross sections calculat_ed Bhd 9 the coordinate-space approach and the momentum-
both approaches. Some of the produced results are slightlyysce approach produce slightly different results. In particu-
different. We setm;=175 GeV, ay(Mz)=0.118, Pe+  |r the normalization of the cross sections differ at lower c.m.
=0, anda=1/128 in all our analyses. o energies, & AE=<2GeV, whereas the differences decrease
We first examine the contribution of diagra@ in Figs. ¢ higher energies. The cause of the differences can be traced
6 (Coulomb interaction betweenandb) as given in Egs. back to the different short-distance QCD potentials em-
(36)—(38). Shown in Fig. 8 are the top quark momentum ployed in the two approaches. As we will discuss in Sec. VI,
distribution do/d|p,| for various c.m. energies measured this difference is formally counted as higher order beyond
from the lowest-lying resonant@\E=s—M,s. This is  our approximation, and at present it should be taken as an
uncertainty of the theoretical prediction.

5M ;5 is defined as the real part of the position of the lowest-lying
resonance pole in the complex energy plane. The energy measuréueshold E= \ﬁme‘) when we compare different potentials in
from Mg is more convenient than the energy measured from thehe literature.
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FIG. 8. Top quark momentum distributionsr/d|p;| obtained from Eq(36) for various c¢.m. energies measured from the lowest-lying
resonanceAE=/s— M,s. Solid lines and dashed lines represent the distributions with and without the final-state interaction betmcen

b_(ﬁa), respectively. We sd®.-=0. The left figure corresponds to the coordinate-space calculation, the right one to the momentum-space
calculation.

VI. OBSERVABLE PROPER TO TOP DECAY PROCESSES The correction factoé depends on the kinematical variables
of both the top quark anti", and destroys the factorization
As we have seen in the previous section, the final-statef the cross section Eq23). In this section we define an
interactions affect thé™ distribution in top quark decays. observable which depends only on the top quark decay pro-

6 Top Angular Distribution do/dcos8,, [pb)
[ro+T LR DAL BN B LA B

TTTTTT T

Top Angular Distribution do/dcos®,, [pb]
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05 | Poml mmozmnes 05 [
04 [ 04 I
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0:...I..‘I...I...I...I...I...I...I...l..._ 0:...i...l..le.4I4.1L.L4_lnnnInn-In-.Innn'
1 08 06 04 02 0 02 04 06 08 1 1 08 06 04 -02 0 02 04 06 08 1

c0s8,, C0S8,,

(a) Coordinate-space approach results

Top Angular Distribution do/dcos8,, [pb]
MR BLAANAAE SARLAANS NLRLALA SRR LA BRI BN

Top Angular Distribution do/dcos®,, [pb]
TTTITITIT] 0.6 AN SLELEL ELRLRLE BLELEAE ELALLEE BALE B B
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05 f
04 |
03 |
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o1 [ AE=0Gev g 01 [ AE=5Gev ]

4

PPN EPEPIPAN POV EFETENIS BT SPAETIL BN ArUOr AFRvEre ST AT PRI DR SPE SPEPIS AP R SPRrr B B
0-1 08 06 04 02 0 02 04 06 08 1 -1 08 06 04 02 0 02 04 06 08 1
CosO,, cos0,,

(b) Momentum-space approach results

FIG. 9. Top-quark angular distributiaho/d cos 6, obtained from Eq(36) for various electron polarizatior3,-. Solid lines and dashed
lines represent the distributions with and without the final-state interaction betwasshb (5,), respectively.
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(a) Coordinate-space approach results
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(b) Momentum-space approach results

FIG. 10. Final-state interaction correction to lﬁpcomponent of the top quark polarization vec8yP, for P,-= +0.8 (solid line), 0
(dash ling, — 0.8 (dot-dash ling

cess (T, +,/dxdQ, of a free polarized top quayR Itis  tion over ¢y, for a givenl™ configuration. Therefore, one

a differential quantity dependent on thé energy-angular may reverse thé™ momentum in thet rest frame without

variables. affecting the phase-space integration, thereby keeping the
From Eq. (40) one sees that the correction factbris  whole functioné also unchanged. The above transformations

invariant under the simultaneous transformations of the ankq. (52) are essentially this reversal of thé momentum.

gular variables (Due to the form of the integrand, there are extra degrees of
freedom for the transformation of tHé direction, see be-
COS 6y — —CO0S Oy, COS6H— —COS b, (52 low.)

Using Eq.(43), the above transformation can be written

sincez.. is invariant. This invariance may be understood as?s @ transformation of the lepton energy and angle as

follows. The soft-gluon factor, which represents the final-
state interaction in diagraitb) (Fig. 6), does not depend on 1+y 1
the | © momentum as long as th&/" momentum is kept x,—>x|’:(———
fixed. One sees that accordingly the integrand of ) is y Xi
independent of thé" energy and angle. The dependence on

these variables enters only through the phase-space integrﬁére ﬁ|=p|/|p|| denotes the unit vector in the direction of

in the top quark rest frame. The choiceﬁjffor flipping

SThis property is true only up t@(as)=0O(B) corrections and e sign of cos(cos f— —cosé) is not unique. We rep-
may be violated by yet uncalculaté®( «2) corrections. resent byn/ an arbitrary one of those choices. The produc-

-1
, n—n/. (53

| +
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(a) Coordinate-space approach results

8
E(AE=0,p=15GeV) E(AE=5,p=26GeV)

(b) Momentum-space approach results

FIG. 11. Three-dimensional plots gfas a function of,(x axis) and cosf(y axis) at the peak momenta of thpgy-distribution in Fig.
8: AE=0 GeV andAE=5 GeV.

tion cross section of the top quark is not affected by this Now, using this invariance, we first construct a quantity
transformation since the top quark kinematical variables ar¢hat has the simplest structure from the theoretical point of
not involved. The important point is that neither the final- view, and afterwards we present an improved quantity that
state interaction correction is affected by it. will be more useful for practical purposes. Let us define

(54)

. . do(ete” —tt—blTvbw")
A(X| 1n| : Pv nl’ ° P)E

dapth|dQ|

da(e+e——>tt_—>b|+vb_w—)]
dspth|dQ| X —x

!

- o
| ,n|—>n|

The production cross section and the correction faétcancel in the numerator and denominator. As a result, this quantity is
independent of the top quark momentymand is determined only from the free polarized top quark decay cross section. In
fact, using Eq(49), we find that

(59

drtﬂbl"'v(P)} / [drtﬁbﬁy('P)

ACG- P, N 'P):{ dxdQ, dxdQ,

:|X|—>X|’ ,n|ﬂn|’

holds up to(and including O(as) = O(B) corrections. Note that the polarization vec®r which specifies the decay distri-

bution, includes the correction induced by the final-state interaction betivaedb; see Eq.(52).
Since we take a ratio of differential cross sections in the definitiof of Eq. (54), this quantity would suffer from a large
statistical error experimentally. Meanwhile, this quantity is predicted to be dependent only on a few variables theoretically.
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[See Eq(55).] This means that we may integrate out the irrelevant kinematical variables before taking the ratio and reduce its
statistical uncertainty.For instance, we may choosgr = —ﬁ{ and define

f d3p,dQ,8(n;- P—a)

do(e*e”—tt—bl*vbW")
d®pdx dQ, ]
do-(e*e—>tt_—>bl+vb_W)] '
d3p,dxdQ, -

A(x,a)= (56)

f d3p,dQ, 8(n,- P+a)

Here, the top quark polarization vector in the delta functions should be evaluated as a functioacabrding to Egs.
(26)—(28), (38), and(51). The numerator and denominator, respectively, depend on two external kinematical variables and all
other variables are integrated out.

Again using Eq.(49), one finds thaf is determined solely from the free polarized top decays

dli_pi+,(P) / [drteblﬂz(’P)} 57
ﬁ|"P:a dX|dQ| XIHX( ,ﬁ|~P:—a

dX|dQ|
This is a general formula that is valid even if the decay vertices of the top quark deviate from the standard-modaiMerms.
see that the quantitji(x, ,a) preserves most of the differential informatforontained indl',_p,+, /dxdQ), .

’K(XI !a):

VII. DISCUSSION (in the short-distance regimeThe large-momentum part of

In this section we discuss three different issues relevant t§'¢ mome_ntum-space pqtentMLKT [4,9] is determined as
ollows. First the potential has been calculated up to the

our work. These are the difference between the coordinate-

space and momentum-space potentials, the misassignmentrb?Xt'to'lead'ng order in a fixed-order calculation. The poten-

the top quark momentum, and the disappearance of the ﬁnatl'-al is then improved using the two-loop renormalization

state interaction corrections at the various levels of inclusivé) °4P Qquatlon In momentum space. On the other. hand, the
cross sections. sho_rt-dlstance part of 'ghe coordlna_te-space poteh‘gaj.,MN
As we saw in Sec. V. our numerical results obtained frOm[S] is calculated by taking the Fourier transform of the fixed-
the coordinate-space calculations and those obtained fro%} d?{) pé)éenst!il ”t]hg]?moe-r;gmrcsa%iﬁr?{a?ngt%ﬁn ':ge pgten;{fa:)lris
the momentum-space calculations differ slightly, although alfI Eoo\:din;tel sg ace v'\I{hus ?he WO otlgntilalsg l;]pe F?)uu- :
the qualitative features are common. The difference can bél1 r transform P f ' h th r onl pth | dian nd next-t
traced back to the difference in the short-distance part of th er transtorms ot €ach other. y he leading and next-to-
QCD potentials used in the two approaches eading logarithmic terms of the series expansion in a fixed
Let us remind the reader how each potential is constructefn0dified minimal subtraction scheme (W8oupling are the
same for the two potentials. The difference begins at the
next-to-next-to-leading order termgThe nonlogarithmic

"Consider a ratio of certain physical quantities which depend on 4€'M in the two-loop fixed-order correction.

set of kinematical variables _ To make a clear com_parison, the two pot_entials_are_ Fou-
rier transformed numerically and we examine their differ-
:M’ ence both in coordinate space and in momentum space. We
Y(&) show the effective charges defined as

where¢; denotes a point in the phase space, @hds obtained by

a transformation from itgy/ = ¢' (¢;). Whenever the rati® takes

the same value in a subspddeof the whole phase space, we may Aeool 1/r)=(—C,:/r)_1V(r), (58)
take sum over the subspace before taking the ratio

Dicu X(é) Amon( @) = (—47C /92~ W(q) (59)
R:—

EiCU () in Fig. 12, which clearly demonstrates that there is a non-
negligible difference between the potentials. The oscillatory
8\ote that, quite generally, energy-angular distributionsl bf ~ behavior of Vgeyyy in Fig. 12b) is an artifact due to the

from free polarized top quarks have the form discon.tinuity ?n the second derivative of.the goordiqate—space
T,y (P) X potential, which is located at the continuation point of the
W =Fo(x)+(n-P)F(X). perturbative potential to a long-distance potential. As already
| |

stated, the coordinate-space potentgj-yyy follows the
- - form required by the two-loop renormalization group equa-
A ,a) AKX —a)=1. tion in the short-distance region, whereas the momentum-

According to its construction, it satisfies the relation
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FIG. 12. The effective charge®) ay,(1/r) and (b) amon(p) defined via the potentials in coordinate space and momentum space,
respectivelyVr [4,5] andVseaun [3] represent the potentials used in the momentum-space approach and the coordinate-space approach,
respectively.

space potential/;«t follows the form required by the two- analyses on the radiative color flows fram t, b, andb
loop renormalization group equation in the large momentunyjose to thett threshold)

region. o ) . ] In the course of calculating the final-state interaction ef-
In principle we may reduce the difference by including fects on the lepton energy-angular distribution, we found that
the two-loop finite correction and invoking the three-loopthe final-state interaction betwedn and b_vanishes[dia-

renormalization group improvemef9]. We shall not do so %ams(c) and(d)] if we add the corresponding real-emission

in this paper, because there are a number of other corrections : :
of the same order of magnitude which are not calculated ye agram as well as if we integrate over the top quark energy.

We will study the difference of the two approaches in more his f"’?Ct was already conjectured in RET9] on account of
detail in a forthcoming paper. an estimate of the Coulomb energy betwdeandb. Nev-

In Sec. IV C we assumed a perfect assignment of the toﬁrtheless the same final-state interaction modifies the top
quark momentum in casé#) and (B) for defining the dis- quark energy distribution. As_a S|m|!ar phenor_‘nenon one may
tribution formula, Eq.(49). In real experiments, however, a be reminded of the cancellation of final-state interactidms
misassignment of the top quark momentum will be inevitablecluding also those betwednandb) in the totaltt produc-
whenever there is real gluon radiation in the final state betion cross section, despite the modification of the top quark
cause of the typical jet-clustering algorithm that will be used.three-momentum distribution. In fact the cancellation of
For instance, when a gluon is indistinguishable fromjet,  final-state interactions is a general feature known in a wide
the top quark momentum reconstructed by clustering may belass of inclusive hard scattering cross sections both in QED

— 11
off shell; rather grouping the gluon on the other sidith b) ~ @nd QCD- . _ _
would result in an on-shell momentuth.Reference[10] It may be worth summarizing here at which level of in-
studied how this misassignment alters the top quark threetlusiveness the effects of the final-state interactions cancel in
momentum distribution near threshold and found that thdh® various cross sections in our particular process, top quark
correction is less than a few percent: the clustering algorithnR@ir Production near threshold, and its subsequent decay.
assumed in that paper, however, is somewhat unrealistic. ThEIS 1S shown in Table I. Note that there are three typical
effect of the misassignment was also studied in R&g] in mass scales |nvolveq in this process: the top quark mmass
the open-top-quark regiony§>2m,) using a Monte Carlo the mverse_Bohr razdluslsmt, and the Coulomb energy.be-
generator and with more realistic experimental assumptiongween thett pair asm;. We show in the table the typical
It was shown that the effects on the top quark invariant-masgomentum scale of the gluon in each diagram.
distribution and on the angular distributions are substantial at
\/§=_4OOGeV(fqr m,=175GeV) and i_ncregse in magnit.ude VIIl. CONCLUSION
and in complexity as the c.m. energy is raised. Clearly, in our
case, we need more detailed studies to see how a similar In this paper we considered the differential distribution of
effect may influence our results. For this purpose, studies” from the semileptonic decay of the top quark, where the
based on a Monte Carlo generator that produces the fullparent top quark is produced & e” —tt near threshold.
differential distribution including the fulD(«s) corrections
near threshold would be necessaf8ee also Ref{12] for
ror example, it is found in Ref§21-24 that the final-state
interaction correction to the invariant-mass distribution \of

1°T_here is no ambiguity in assigning the gluon to the productionchanges sign above and below the distribution peak and that the
of tt since real gluon radiation in the top quark production processorrection vanishes upon integration over the invariant mass. For an
is suppressed near threshold. enlightening discussion on related problems, see also[BEf.
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TABLE I. Vanishment or nonvanishment of final-state interaction diagrams in the various inclusive cross
sections. The plus sign shows there is a noncancelled contribution from the diagram to the corresponding
cross section, while “vanish” shows the cancellation of contributions from the diagram to the corresponding
inclusive cross section. For details, see Sec. IV B.

Inclusiveness Diagrarta)/(b) Diagram(c) Diagram (d)+(e)* (f)
fully differential + + +

top energy integrated + vanish vanish

Tl S) vanish vanish vanish
typical gluon momentum agm, a’m, a’m,

Particularly, we have calculated the final-state interactiorh turn out to vanish when the top quark energy is integrated
corrections(rescattering correctiopgo the energy-angular out.

distribution of leptons in the top quark decay. Also we have Without the nonfactorizable effegt, thel* angular dis-
explicitly written down thel * energy-angular distribution tribution is dependent only on the polar angle from the po-
do(e* e —tt—bl" Vb_W_)/d?’pthIdQl including the full Iarization vector of_the parent top quark in it_s rest fra.me. The
O(as)=O(B) corrections near threshold. final-state interaction brings in another direction into the

We presented numerical studies of the various effects oproblem, the direction of, which is a completely new fea-
the final-state interaction corrections. All numerical resultsture in comparison to the decays of free polarized top quarks.
can be understood qualitatively from intuitive pictures. At- In order to study the decay properties of top quarks near

tractive forces betweenandb and betweert andb modify ~ the tt threshold, it is desirable to extract the part which is

not only the momentum distribution 6W* or bw~ system  SPECHfic o the top quark decay process alone. In the case of
semileptonic decay, we defined a quantity which depends

but also the top_qu_ark_ polarization vector and the Ieptononly on the decay distribution of a free polarized top quark.
ene.rgy-angular distribution. _ The part which depends on cég and cosf; is dropped
(i) The effect of Coulomb-gluon exchange betwéeand  ysing the transformation of the” energy and angle which

t, when integrated over theW~ phase space, can be re- leaves the final-state interaction unchanged. Thus, we re-
garded as a correction to the top quark production procesgover a differential quantityA(x; ,n,- ) dependent only on
The effect can be incorporated by modifying the top quarkthe lepton energy and the lepton angle from the parent top
production cross section and the top quark polarization vecguark polarization vector.
tor. The top quark momentum distribution is shifted to take a This quantity will be useful from the theoretical point of
smaller average momentum due to the attractiombgplso ~ View. It can be calculated from the decay distribution of free

L= . . C top quarks without including the bound-state effects or the
sinceb is emitted preferably in thé spin direction, the at-

tracti i distributi f the t K final-state interaction corrections that are typical to the
raction generates a c@g distribution of the top quark as yhreghold region. Therefore, a variety of former studies on
well as modifies the top quark polarization vector. —

free top quark decays may also be applicable in the

(i) The Coulomb interaction betwednand t causes a hreshold region, where highly polarized top quarks are
nonfactorizable correction with respect to the production angyyaijable with the largest cross sections.

decay processes of the top quark. It generates an energy-
angle-correlated correction to the lepton distribution. ACKNOWLEDGMENTS
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