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We propose a rather general description of residual new phyf§ies effects on the top quark couplings.
These effects are described in terms of 20 gauge-invariant @imperators involving gauge and Higgs bosons
as well as quarks of the third family. We compute their implications fortte Ztt, andtbW vertices and
study their observability in the processe* —tt with t—bW—b/*v,. We present results for the integrated
cross section, the angular distribution, and various decay distribution and polarization asymmetries for NLC
energies of 0.5 2 TeV. Observability limits are discussed and interpreted in terms of the NP scales associated
with each operator through the unitarity constraints. The general landscape of the residual NP effects in the
heavy quark and bosonic sectors is also presengb56-282(96)03623-3

PACS numbes): 14.65.Ha, 12.15.J3i, 13.38.Dg, 14.70.Hp

I. INTRODUCTION tion. This can be achieved either by measuring the forward-
backward asymmetry at LEP 1 or, more directly, from the
It is commonly hoped that the high value of the top quarkmeasurement at SLC of the polarized forward-backward
mass may open a window towards understanding the mag&symmetry[3]. At present there exists some disagreement
generation mechanism. It is then important to look at the topetween these two measurements. But in any case, the data
quark interactions in a very accurate way, searching for poss€em to suggest that if a NP effect is present, then it should
sible departures from universality, which are somehow assderedominantly be affecting the right-handétb amplitude.
ciated with the heavy mass, i.e., differences from the prop- The situation is further complicated by the observation of a
erties of the light quarks and leptons. This is particularly true(Weakey anomalous effect in th&cc vertex, which cannot
if no new particles are lying within the reach of the contem-be assoc_iated with an _obvious virtual top quz_irk c_ontribution
plated colliders. Such top-quark-mass effects are of coursdnd requires a more direct NP source affecting light quarks
well known for certain standard modéSM) electroweak @lso[7]. .
radiative corrections. They increase lik#, as, e.g., in the We assume here that in the foreseeable future no new
so-calleddp or e, parameter§l]. Our search for new phys- particles will be found, beyond_those preseH’tEBM_. In Sl_Jch
ics (NP) will then concentrate on whether there exist any@ Case, NP could only appear in the form of residual interac-

additional effects, somehow related to the scalar sector anfPnS generated at a very large scale, ifye>My. It may
the large top-quark-mass;, which are beyond those ex- turn out that these residual interactions stem from the scalar

pected in the SM. sector and affect only the Higgs boson and its “partners,”
The most intriguing hint towards this kind of NP is pro- 1€ the fermions coupled most strongly to the scalar sector

vided by the present situation concerning fhbb vertex. and the gauge bosons._ Under thesg conditions, N!D should be

This vertex receives a well-known SM contributif?] pro- described by an effective Lag_rangl_an expressed in terms of

portional tom?, which does not seem sufficient though, to ;ljéi?fnzsxg)ﬁi ; g(sl )bgsgr?et-cl)g\:aatlﬂgptw(ijtlﬁn\q/ts Zopeyratt(;]r:

explain the data. Indeed, the experimental results at th : : o

CEpRN e*e- collider LEP 1 and atpthe SLAC Linear Col- Suarks of the third family, and the gluon. To somewhat re-

; . ict th f such i h i
lider (SLC) suggest that the SM top quark effectdpagrees strict the number of such operators, we impose the constraint

ith the 1 K lue found at Fermilab. whil that the quark-dependent operators should necessarily in-
wi € op quark mass value found at Fermiiab, while No, e 4t |east onég, field [5]. We do this motivated by the

corresponding agreement is observed fZ—bb) [3].  form of the SM Yukawa couplings in the limit where all
Thus, if the present experimental resultlo(Z—bb) is cor-  fermion masses, except the top quark, are neglected. In the
rect, it probably indicates the appearance of a mechanisfresent work we also impos@P invariance for NP, and
whose origin must lie beyond the SM. Various types of ideasiisregard operators whictafter the use of the equations of
for this new physics are possible, partially stemming frommotion) would have rendered four-quark operators involving
the fact that the left-versus-right structure of theb vertex  leptons or light quarks of the first two families.
is not yet completely establish¢d—6].

An additional measurement allowing one to determine the————

asymmetry facto#, is required to clarify thez—bb situa- 1The Higgs boson is an old particle in this sense.
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There exist 14 suchCP-conserving “top” operators family of quarks with at least oné field.? together with

which have been classified [B]. In addition, there exist 6 gauge and scalar boson fields, has been establishEdl.in

CP-conserving purely bosonic ones, which are “blind” with These operators are divided into two groups containing four

respect to LEP 1 physics and have been studid8,8]. The  and two quark fields, respectively.

indirect constraints on these operators from the LEP 1 and (1) Four-quark operators:

SLC measurementicluding those fronZ —bb) have been N
established iff5] for the “top” operators and if9,8,4| for Our=(Aitr) (tAL), @)
the bosonic ones. These constraints appear to be quite mild, () — (Yt \(T%
calling for a more detailed study in a higher energy collider. Ogr = (ALMR) (tA AL, @
Towards this aim, the observable signatures of the bosonic Oy= %(t_R,y’utR)(t—R.yMtR), 3)
NP operators through the high energy processes
ee"—W"W~ [10,11, e"e”"—HZ, and e"e " —Hy Otb:(t_RyMtR)(b_RyMbR)' (4)
[12,13 have already been studied.

In the present work we are interested in the mdirect O§§)=(t_R7M7:tR)(b_R7’“XbR), (5)
testsof the above operators that will be provided by the real
top quark production process*e”—tt and the decay qu:(t_RtL)(bRbL)+(ItR)(bLbR)_(t_RbL)(bRtL)
t—Wb—bl*v. Such a study should considerably improve -
the existing sensitivity limits on this kind of NP. Since we —(bLtr)(tLbR), (6)

expect the NP effects to be rather small, it is sufficient for the . . . .
calculation to restrict ourselves to the leading contributions@fﬁk(tR)\tL)(bRAbL)+(tL)\tR)(bLAbR)—(tRAbL)(bRML)
Thus, we either restrict ourselves to the tree-level contribu- — .

tion, whenever this is nonvanishing 6f it vanisheg retain — (bLAtR) (T ADR). @)
only the leading-logarithmic one-loop effect, provided it is

2) Two- k tors:
enhanced by a power of the large top quark nrmassUnder (2) Two-quark operators

thesg conditions, pox diagrams are never important in our @tlz(q)Tq))(ItREf)H_Rff)‘qu)' (8)

studies. Thus, we just need to determine the NP effects on o

the ytt, Ztt, andtbW vertices. Op=i[®"(D,®)— (D, 0" P](try"tr), (9
The interesting physical quantities are the integrated cross _ o I

section, the density matrix of the produdedquark, and vari- O=1 ((I)TDﬂd))(tRy”bR) - i(DM<I>Td>)(bRy”tR),

ous angular distributions. We show how the density matrix (10

elements can be measured through decay distributions with _ ~ ~ _

or without e*-beam polarization. The sensitivities of the Op=(AD 4tr) D#®+ D (D tr)a ], (11)

various observables to each operator are presented and the L~ —— -
observability limits for the associated couplings are estab-  Owae=(qLo* 1tr) - W, + O (tro”"7q,)-W,,,,
lished. With the help of unitarity relations, these limits are (12
translated into lower bounds on the scale of corresponding — ~ ~—
= v t MY

new physics. Finally we draw the panorama of the knowl- O =(qLo™tr) DB, + P (tro""q,)B (13
edge that one can reach on the whole set of top and bosonic
operators through these tests, as well as through the previous
indirect ones. _ wherex®(a=1, . ..,8) are thaisual eight color matrices.

The paper is organized as follows. In Sec. Il we enumer- | the preceding formulas the definitions
ate the dinx6 operators used to construct the effective NP

v

Orco=[(qLa*"\2tg)®+ D (tra*"\%q )]G, (14)

uv?

+

Lagrangian, and define their couplings and associated NP ix
scales. In Sec. Ill we compute the corresponding general _

=T . . o= 1 ) , (15
e"e” —tt helicity amplitude and the top quark density ma- —((+H=-ix®
trix. Section IV is devoted to the—~bW—b/* v, decay of V2
the produced top quark. In Sec. V we compute the SM one-

2. ibuti i ' . N T

loop m; enhanceq contrlbutlon_s tq these amplitudes, and in D,=|d,+ig'YB,+i ET‘W;LJ”ES)"GM (16)
Sec. VI the leading NP contributions for all operators are

considered. The resulting panorama of residual NP effects is .
discussed in Sec. VII. Two appendixes give details about thé1re used where~246 GeV,Y is the hypercharge of the

computations of the NP effects and the decay distribution§€ld on which the covariant derivative acts, anand are
and asymmetries. the isospin and color matrices applicable whenedgracts

Il. EEFECTIVE LAGRANGIAN 2The.se quark fields are of course L_Jnderstooq as the Weak eigen-

state fields. They are related to the fields creating or absorbing the

The list of the dim=6, SU(3LXSU(2)XU(1) gauge- mass eigenstates through the usual unitary transformations leading
invariant andC P-conserving operators involving the third to the Cabibbo-Kobayashi-Maskaw@KM) matrix.
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on isodoublet fermions and quarks, respectively. As alreadyhe operatol®; considered. Thus for the purely bosonic op-
stated, in writing Eqs(1)—(14), we have used the equations erators we have found. 8,12

of motion. If these latter equations were not used, then two
2 2 2

more operators are met which contain additional derivatives My My My

[14]. |)\W|:19_A ' |fB|:98_A2 : |fw|:31A_2’ (26)
(3) Bosonic operatorstn addition to the above fermionic NP NP NP

dim=6 operators, NP may also be hiding in purely bosonic 104.5 M/ A o)

ones. Provided P invariance is imposed, this kind of NP is AMw/A ) for d>0,

described by 11 dim 6 purely bosonic operators first clas- 1+6.Mw/Anp)

sified in[8]. Here, we retain only the six “blind” or “super-

blind” ones[15], which are not severely constrained by the _ _104-5('\/|W/ANP)2 ford<0 27)
Z-peak experimentkl6]. They are 1-4(My/Anp) '
1 A s 195.8 My /A yp)2
Ow=7 (W2 X W) - W, 1 ~ W NP
w=gr (W) 47 5= 15200 My /A e O 9870

Owe=1(D,®)"'7-W(D,®), (18 o 1958My/Ayp)?
B 14+50(My/Anp)?

for dg<O, (28
Oge=i1(D,®)'B**(D,®), (19

while for Og, and Ayp~3.7 TeV we have no constraint for
(20) f¢)2>0, and

1 + v?\ . .
OUWEU_Z ) (D—? WHY. W

pvs
—16—a,+ vay(a,+ 32

4 + UZ f(I)Z: 128 for fq,2<0, (29)
(’)UBEF(CD (I)—?) B#'B,., (21
wherea, = a\3A3/ (4s5,M3) [12].
Op2=43,(DTD)*(DTD). (22) On the other hand, for the 14 “top” operators, unitarity
o gives [14]
The remaining five operatorgalled Opyw,Opg,Osw, 1,
and Og3) [8] are ignored here, since they are either too 167 mf
severely constrained or they give no contributiop to the Ith|= =3 —2) (30
one-loop level to the processes we studly. NP
The resulting effective Lagrangian describing the residual )
NP interactions is written as £8)] 9 [ M 31
| qt |~ E A_ﬁp ) (31)
L= L+ Lyos, (23
2
H H H “ ” m
where the_ contribution from the 14i€1,...,14) “top If,| =6 _2t ’ (32
operators is ANp
L= o 24 m
e (24) |ftb|28W(A—2—W)1 (33
while the purely bosonic ones give 2
5= gl(m—é) : (34)
Lo M- Ot ey O+ Fo =2y O O 2 A
bos WM\ZN w W2M\2N Wo BZM\ZN B® uw
d f Ifodl 3277( m; ) (35
B 2 =2 1Az |
+ 200+ ~7 O (25) MW T ARe
2
As a whole we have 20 independent operators that we shall |f(8)|26ﬂ.(£]tr)’ (36)
occasionally globally label a®;, with i=1, . . .,20. a9 ARp

To each of the coupling constanits (or Ay, d, dg) ap-
pearing in this Lagrangian, a corresponding new physics
scaleA \p is associated through the unitarity relations estab- 4n the expression fot),g4 we assumediyp~10 TeV. Our re-
lished in[18,12,14. Obviously Ayp generally depends on sults are derived by considering four-body amplitudes at the tree
approximation. This may not be adequate @i which is given by
the standard top Yukawa interaction multiplied ®yd. This prob-
3For a possibly less strong constraint @, and Opg see  lem is not further investigated though, sin€; never contributes
[16,17. to the processes studied here.
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o 1677( m; ) @7 dPS¥o=%,  diMO=gy=3-3sj,
t1l = T = ’
vA
3210 d5 M= —gp=—1. (49
m . . . . .

In addition, there exist SM contributions to these couplings
fio|=8 38 ; :
foal Tr\/—< Ph;) 38) at the one-loop leveldYSM*, whose leading largen, part is

computed in Sec. V. Finally in Sec. VI we calculate the

mt2 leading NP contributions t(njV For the operators @;,,
|fa|=87m\6 s B9 Op, O Orpe). these arise at the tree level. Fad,

Ogt , Oty Oy Oige) and the six purely bosonic operators

2 (Ow, Owar Oga, Ouw, Ous, Opz) We need to go to
m the one-loop level in order to find a nonvanishing leading-
|fodl for fp >0, o o o
logarithmic contribution which is also enhanced by a power
of m. Finally, for the operator®{), Oy, OF), Oy,
m? and O3 we get no such leading NP contribution, up to the
|fol | for fp,<0 (40)
pt|=—0.4 ———| Tor <0, one-loop order.
A — . . .
NP The e e’ —tt helicity amplitude is written as, . ..,
5 where A=\(e")=—\'(e+)==*1/2 denote thee™, e"
o] = 61.6 m 1) helicities, while and 7 represent, respectively, theandt
twe J1+645(m%/ A2 \ARp)’ helicities. For completeness we also mention that the
t/ NP A . , .
(e, e7) incoming momenta are denoted dsk(), while

t
A2
ARp

61.6 2 the (t,t) outgoing momenta arep(p’). Using the couplings
g0 = : ( m ) (42  defined in Eq(44), we write
V1+645mi/ARp ARp

Frnm= 2 2\e%\s(Ay—2\By){dy[2msings, .

fraal=— T @3 .
tGol|l = 10—
vANpV1+ 2 ag +\/scod( 7' — 7)— 2\ /S8, /]
Vo2 '
At present the most important constraints on these cou- —dy2|p|[coshs, _+2N(T—17")]

plings arise from th&-peak experiments at LEP 1 and SLC
[20,16. In the near future the process e  —-W*'W~ at
LEP 2, is expected to give direct constraints on the bosonic
operators in Eq917)—(19) [11,10. In addition, if the Higgs with A,=—=1is, Az= gVe/(4SWCWDZ) B,=0, Bz=0ae/
boson is light enough, the processe§e”—HZ and (4siy CWDZ) Ove= ~1/2+ 25}y, Gac= 1/2 and Dz=s
e*e”—Hy will also produce constraints on the three other ~ MZ+iM ;. In Eq.(46), 6 is the € t) scattering angle
bosonic operatorf20)—(22) [12]. In Sec. VI, all these con- in the e .,e") c.m. frame The amplitude is normalized so
straints will be presented together W|th the observability lim-that the unpolarized™e" —tt tt differential cross section is
its that could be derived from the e*—tt andt—bw  given by
processes.

—dy4p|?sing s}, (46)

do(e et —tt) 34, ,
dcosy - 1287s 2 |F)\,7,T’| ) (47)

N, 7,7

ll. e"et—tt AMPLITUDE

As has been mentioned in the Introduction, box dia\grame\/here,gt (1—4m?/s)*2 and the color factor has been in-

are never er important for calculating the leading NP effects included. We note thaE P invariance implieg21]
e~ e" —tt. The amplitude has therefore a tree-level structure

with y andZ exchange in the channel. Therefore, we only Frrrm=Fx_r_., (48)
need to determine thétt (V= vy,Z) vertex, whose most gen-
eral CP-conserving form is which is of course satisfied by E¢6). In fact, at the level
of approximations used in constructing E¢6), CPT im-
—ieyJi=—ieve, u(p)[ y*dy(g?) + y*¥°dy(q?) plies also
+(p—p")*d3y(g®)Jvr(p’), (44) S (49)

wheree,, is the polarization of the vector bosdh The out-  \hich indicates that all helicity amplitudes must be real.
going momentapﬁ p’) refer to ¢.t), respectively, and sat- Because o P andCPT symmetries, it turns out that the
isfy q=p+p’. The normalizations are determined by simplet (ort) decay distribution contains all the information
e,=e ande,=e/(2sycy). The couplingy are in general  that can be extracted from the amplitudes in &8). Thus,
q2-dependent form factors. The contributions to thésen  nothing more can be learned by considering the combined
the SM at the tree levelre decay distributions of andt simultaneously. It is, therefore,
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sufficient to consider only the simple spin density matrix ofwheree/‘i"* is theW polarization vector an¥7}, is the appro-

the produced or t. For the top quark, this is priate CKM matrix element. The couplingt" receive con-
tributions from SM and NP. Th&ee level SM contribution
is
pl;iF:Z:Z F)"Tl’T’F:'TZ'T" 0 W,SMO W,SMO W, SMO_ W, SMO
o dl’ :_dzY :1, d3’ :d4’ :0. (52)

. ) - ibutions "ML
where L,R correspond, respectively, to The one-loop ng-enhanced SM contributions; are
A=\(e")=—\'(e+)=F1/2. There are only six indepen- computed in Sec. V and they also satisfy the relations
dent elements(real in our case piR, p-R, and

W,SM_ _ yW,SM
d" 7= —d;

LR . dySM=gWsM, (53

pR=p"R which can be measured through the top quark
production and decay distributions. Eaphelement has a
typical angular distribution given in terms of the form
(1+cog), sirfd, and co®, producing symmetrical and
asymmetricald distributions. Combining this with the decay
angular information, various elements can be isolated. Per- " ¢
forming such measurements at a fewe™ energies, even Owe , OB_‘D,; Ouw, and Og, supply one-loop “leading-
for unpolarized beams, one can define a sufficient number dpgarithmic contnguuons, enhanceg by powersrof . The
independent quantities that can be used to determine the sigmaining O, O, Ou, O g Og_b)’ Ou, O, Ogo,
couplingsd” , V=1y,Z,i=1,3. Many of these quantitigand ~ Ow andOyg give no such contribution to—bW, up to this
in particular those of interest hérare forward-backward —order. , . o
asymmetries in the angular distribution of physical observ- N Appendix B we give the explicit forms of the asymme-
ables concerning the produced top quark. QCD effects &y observables, sensitive to the_productlon_ couplings defined
these observables are probably srfié,27], and in any case N Ed. (44) and the decay ones in E(p1). Since we expect
they should be incorporated in our formalism in the future. the NP effects to be small, we are only interested in observ-
Electron beam polarization should provide an independerﬁbles that are sensitive to the mterference‘_s between the NP
and maybe cleaner way to disentangle these couplingé‘”d the tree-lgvel SM' gffects. Below, we flrgt comment on
through the separation of left-handetl <6\ =—1/2) and the asymmetries sensitive to the decay couplings and then on
right-handed Re )\ = + 1/2) contributions. Thus, in addition the production ones.

+ + ; ; ;
to the unpolarized quantities, we would then also have the Thet—bW"—bl"» observables which are interesting to
L—R ones. This way, the information from the usual unpo_measure are those sensitive to the interference between the

larized L + R integrated cross sectian(e”e* —tt) will be NP and the tree-level SM effects. It turns out that these de-

augmented by the availability of alsd- andoR, allowing us pex%P O”l}\fN on the Wcombln.atlons df*N— d\zN’NP)_ and

to measure the integrated left-right asymmetqy, defined  (dz " +d2"™%). The d3, couplings have the peculiarity of

as (@-—o®)/(c-+0oF). Similarly, any forward-backward leading only to aw, longitudinally polarized along thé

asymmetry constructed for the unpolarizédR) case will quark momentum, whereal', contribute to both the trans-

be accompanied by the corresponding one in the polarizederse and longitudinal'’s. Because of this, only the combi-

(L—R) case. Details are given in Appendix B, where wenation @4 ""+d4""") can contribute linearly to the asym-

thus define the six forward-backward asymmetrigss, metries relevant for the top quark decay distribution. In

Arg poi» Hegs Hegpol» Tres, @and Teg por- Appendix B, two versions of such an asymmetry are given,
referring to the angular distribution of the lepton coming
from the semileptonic¢ or t decay.

IV. t—Wb DECAY AMPLITUDES The other combinationd}NP— d%"N?) cannot be seen at

AND INDUCED ASYMMETRIES linear order through asymmetries. For a physical quantity

Thet(p)—W* (pw)b(pp) decay, wheref; ,pw,Py) are sensitive to it, we have to look at the partial width
the related momenta, will be used to construct the asymméd-(t—Wb):
tries mentioned in the last paragraph of the previous section cio 2 25
which are sensitive to the NP couplings affecting the _ Ge|Vi[Ami—=Mg)
e e’ —tt and to (a lesser exteftthe ones determining I(t—Wb)= 1677\/§m3
t—bW. To describe the NP effects in thedecay, we write !
the generat—W™"b vertex in terms of four invariant cou- X{[(dY)2+ (d¥)2])(mZ+2M32)
plings, related througiC P T invariance to the other four in-

variant couplings fot—W~b. These couplings are given by

Finally the NP contributions to top quark decay are also
given in Appendix B and collected in Sec. VI. Here we only
note that the operators®;, Op:, Owwe) contribute al-
ready at the tree level, whileOqq, OF), Oo.

+[(d$)2+(dy)2](mZ—M3)?

+2[d3'd)—dydp) Im(mP-MQ)}, (54
V3 _ . . .
—ieV* a8 = —i i eV UL (pp)[ yHdW+ y~y5dy where it appears multiplied by the CKM matrix element also.
w YW w Yo(Pp)L Y U1 Y4z X .
22 Unfortunately, the widtH" (t—Wb) cannot be directly mea-

w 5 W sured to the necessary accuracy. Only indirectly can this be
+(pyt+pp)“dg +(Pet Pp)“ydy Jud(py), done, either using the fusion procéasy—tb accessible at
(52 ane”e™ collider in theey mode(through laser backscatter-



6866 G. J. GOUNARIS, M. KURODA, AND F. M. RENARD 54

ing) or using reactions such ag)’ —tb andWg—tb acces- Appendix B. Using these, we construct the three forward-
sible at the Fermilab Tevatron and CERN Large Hadron Colbackward asymmetries for the unpolarized cdse R) and
lider (LHC) colliders, respectively. For such a measurementanother three for the polarized onk+R), which can be
one can expect an accuracy of only about 20-30 % foused to measure the production couplings in @d).
(d"""=dy"™) [23,24.

We next turn to the asymmetries sensitive to the produc-
tion couplings defined in Ed44). For constructing them, we
need a description of the angular distribution of top quark )
production and decay. Below, we only give expressions for N the present section we study the one-loop,
completely longitudinally polarized beams. In such a case-€nhanced SM contributions te"e”—tt and t—bW.

the angular distribution foe~e* — tt(t—bW—bly) can be Technically this means that we consider the Iamgdm12|t 02
the one-loop diagrams, keepingy/m; and s/m;=q-/m;

V. LEADING m-ENHANCED SM CONTRIBUTIONS
AT ONE LOOP

written as o . - )
finite. Such a study is useful for checking the possible ap-
de"R 3B pearance of any largey effect. It is also instructive for com-
dcos  32ms 2 Fxrlr":mzf Lrry (55) parison with the corresponding NP effects. The relevant dia-

TT'T

grams supplying sucm2 enhancements consist of triangular
vertex diagrams for the/tt Ztt, andWtb vertices, and also

of thet andb self-energy diagrams, involving exchanges of
Goldstone bosons and physical Higgs bosons. Diagrams in-
volving gauge boson exchanges, or box diagrams, cannot
generatem? enhancements. We have checked that these con-
tributions to the form factors in Eq$44) and(51) are gauge
invariant and determine the complete SM lagge-large-

m;, effect ine"e* —tt andt—bW. Note that we leave aside
the gauge bosony,Z,W) self-energy contributions which
are universali.e., not related to th& channel and are taken
into account in the usual renormalization proced@@. For

where (,R) correspond tan=\(e")=—\'(e+)=7F1/2,
respectively, andtTlT2 is the t-quark-decay matrix con-
structed in terms of the  helicity amplitude
M, (t—bW" —bl*v), with 7 being the top quark helicity.
We thus have

(2m)*

T, o M M2 dPs(bl),

spins

(56)

T

whereTl’; is the total top quark WldchSp,nS means summa-
tion over the final b,1",,) spins, andd®;(bly)) is the > 5 : Lo
usual three-body phase space descriltingark decay in its q°~—amg, t_he rgsultmg one—loqp contributions to the form
rest frame[25]. factors defined in Eq44) are given by

It is convenient to express the three-body phase space in
terms of the Euler angles determining thejuark-decay
plane. We start from the process (k)e™ (k') —t(p)t(p’)
in the center-of-mass frame, where withwe denote the
(e™,t) scattering angle. Thequark rest framecalled thet
frame hereaftgris then defined with itz axis along the top
guark momentum; th& axis is taken in thetf) production
plane, so that thg axis is perpendicular to it and along the

direction ofkx p of thee™ andt momenta. In thig frame

we define the top quark decay plane through the Euler angles
(¢1,01,¢¥4) described in Appendix B. In addition, within
the top quark decay plane we defiieas the angle between
the lepton momentum and the top quark momentum, after
having boosted to th& rest frame[19]. It is related to the

| " energy in thet frame by

8+l 1 1 1
_Jl+§(|2+|2H)

d}*™(q?)=-Cl—5—+ 30— 5

- _J4H} (59

d2SM(g2)= — C[ 1+ 1o+ 23,1, (60)

73M1<q2>— [JZH Jol, (61)

3+lge 254 252,
a3 BFldt g

d%'s““(q2>=0[—

1
. (57 2

mZ+ M3, — cosfy(mZ— M3

w 1-
4m,

3

2s%, 1
1

8s%,
A

Ei=Ipl=

where the b,| 7) masses are neglected. In terms of the Euler

><(|2‘*'|2H_234H)},
angles, the three-body phase space becd@fgs

3+1ge
4

2s3, 285, 1

S (p+p,)? w2
3 T3 '3

w]d(Da(b'V|)

(mt M)
~6am?(2m)°

d%’SMl(

9%)=C

5de,dcosd dy,dcosy;, (58) 1 1
+ly— Z(I2+I2H)+ 293H

after including the constraint that tHe pair lie at theW
mass shell. Likep, the matrixt, . also involves three real

independent elementsr{(r,)=(++), (——), and (+-).

They are explicitly written in terms of the above angles in

cl1 8s3,
5= g 155 (15
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with C=g?m?/(647°M3,), and

1
l o= —2J dx(1—x)IN[x?+ £(1—x)]
0
=3—2€( 1- %)In(é)—é—(é—ZNZ(Z—él)—ie

X arccos?{r\/?Z —i e) , (65)

1 1-x
I0=2f dx1J 1dlen[(xl+x2)(xl+x2—1)—477x1x2],
0 0
(66)

IlH:ZJ J XmdX2|n[(X1+X2—1)2—477X1X2+ {:Xl],
(67)

|2:2f f XmdX2|n[(X1+X2)2_47]X1X2], (68)

I2H=2f fdxldlen[(xl+x2)2—4nx1x2
+{(1=x1=X2)], (69
(Xp+X2) (X1 +X2— 1)

JOZZJ' f dxldxz(xl"‘ X2)(X1+X,—1) —47X1X, "
(70

3 _Zj Jd d (Xg+%x,—1)
e " XZ(X1+X2)(X1+X2_1)_477X1X2'

(71
JZHZZJ J XmdX2

(X1 +X)?
(X1 X2)2 = 47X 1%,

(X1 X2) (X1 +X%,—2)
(X1+X2) 2= 47X X+ {(1—X;— X,)

: (72

_ 2[1—- (48 (X1 +%x,—1)]
JSH_ZJ fdxldXZ(X1+X2)2_477X1X2+5(1_X1_X2)'
(73

2—(22)(x{+%,—1)

J4H:2f JdxldXZ(X1+x2)2_477X1X2+g(l_xl_xz)’
(74)

with »=(q?+ie€)/(4m?) and {=m2/m?. The double inte-
gration runs over the interv@D,1] for x, and[0,1—x4] for
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FIG. 1. One-loop SM contributions to th and djZ form fac-
tors defined in Eq(44), as functions ofyq?= 2E,.

tion acquires infrared-type singularities, which are obviously
related to the stability of scalar sector requirimg~m, for
physically acceptablen, masse$27].

In Fig. 1 we plot(in units of the coefficienC=0.003)
these SM contributions to the six form factors, as functions
of Jo?=(2E,), for my=0.1 TeV and g>>4m?. For
g?~(0.5 TeW? we find from this figure an effect of the
order of 1% for the vectoytt coupling and of the order of 3
per mille for the other vector and axial couplings. The “de-
rivative” d}“ couplings are somewhat weaker.

We next turn to them?-enhanced SM corrections to the
t—bW decay. The resulting one-loop contributions, ex-
pressed in terms of the decay couplings defined in(&d),
is

dYSMIL gV s d b ik, (75)
dW,SM1_ qW,SM1_ _ £[1+ H,] (76)
3 4 2m, 21

where
H1=2f fdxldlen[xl(xl+x2)—g(x1+x2—1)],
(77

3 X1(X1+X5—2)
HZ_ZI fdxldX2X1(X1+X2)—§(X1+X2_1)' (78

X,. These integrals have been computed partially analytically

and partially numerically.

It can be noted from these results that close to threshold
(i.e., q?~4m?), there is a rather strong?/mZ dependence
arising from the triangle diagrams involving physical Higgs
boson exchange. If we pum,>m,, then the SM contribu-

SWe thank N.D. Vlachos for his help in this numerical computa-

tion.

Form,=0.1 TeV these equations give

dyV-SMi= — g SM1= (- 0.92), (79)
0.072
W,SM1_ W, SM1_ ~| 2~ <"
d3 ds 2m, Ej (80

Comparing the definition of the various couplings given in



6868 G. J. GOUNARIS, M. KURODA, AND F. M. RENARD 54

Eq. (51), with relations(75) and(76), we remark that the SM

m?Z-enhanced couplings only affect the left-handgdfield.

This is also obvious from the structure of the relevant dia-

grams.

VI. NP EFFECTS

VNP S 8s 8s S
di""(s)= qut‘l' Eth(B)_ EFtﬁ‘ §Ftb
) 256\20smMyy L9, g’m?s
9g e 4 W 3am2,

2

. 10m
X[Fwo+Fgal—2miFyw— TFUB: (87)

In Appendix A we enumerate the relevant diagrams giv-
ing the leading NP contribution ® e* —tt andt—bW, for
each kind of operator. Since box diagrams _are never impor-

: S =T NP S 8s 8s s g%s
tant, the leading NP contribution te e —tt can be ex- d3N(s)=— =Faqt— 55Fque)— 5 Fut 3Fi— —Fw
pressed in terms of the NP contributions to the form factors 18 27 9 3 4
introduced in Eq(44). Here,s= q2>4mt2 is understood. As gzmz
already stated, the operator®ib, Opi, Owo . Oisa) 32M — [Fwe—3Fgal: (88
give tree-level contributions, which are w

128,2gM 5m
42My d7N(s)=— " F o+ MFuwT =~ Fus.,
dI’NP(S):_W(S\%vftwq>+swcwfts¢)1 (81 509 99 A T
! (89
2\2My s, 1655, 4ss,
dIM(s) =~ (Shfwo+swewfee), (82 dPN(s)=— —=Fq= —5—Faue)=4{ M~ —5—|Fu
t

25y 64(2g43—8sj)mMy
- Fit 99 Fico

M3 82M
diN(s)=— — ngt2+ \/— W( Covfrwe + Swewfiss),
gme sGe’ g
(83 + > Fw— 16M2 [C\ZNFW@_S\ZNFBQ)]
W
2ME, 20m?s?,
659 =~ e e (84) —4m{ciFuw+ —3— Fue. (90
t
sy 16 s
M 4+/2M Z,NP, — 2_—TW == 2_ W
dg'NP(S)Z_ V2 . 5 foct gj/z_mZW(watwq> swewftga)- a2 (mt 9 )th ( 3 )(mt 9 )th(g)
gm;
(85) 4532,\, Zsﬁ, sc2,0°
3 Ftb_ 2 I:W
We next turn to the operators contributing only at the 92
one-loop level. As explained above, we consider only the + 2 Fya+ 352 Frag ] — 4m2F,
leading NP effect determined by the divergent paft the 16Mw[ whwo + 3SuFeo] =AM Fa,
Feynman integrals, provided it is enhanced by some power (91)

of mf. The contributions from the “top”-involving opera-

tors are then expressed in terms of
32294(3—8s%) My,

Zig)= —

2
Fico +2McyFuw

1
Fi=—== In( ) —, (86) 2
167 m 10msy
wilm -~ Fus. (92

with A being the divergent integral cutoff identified with the o . i .
Similarly, for thet—bW couplings defined in Eq51),

NP scaleA yp and .~ /s being the scale where the effective shing t level NP tribut
coupling is measured. For the purely bosonic operators, du%‘e nonvanishing tree-leve contributions are

to their different normalization implied b§24) and(25), we

should replace in Eq. (86 fi/m’—(\w/M3Z, W,NP_ ZM\ZN 4\2My
2 2 2 2 2 d; 2 fie— ——fwae, (93
fw/My, fe/My, dive, dglvs, ferlve) for  (Ow, g° m; gem,

Owa » Oro» Ouw, Ougr, Ops), respectively. We thus get

dy"NP= ZMV;Ifts 4\/§MWftW<I>a (94
5Wwe always use dimensional regularization. g°m; g my
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TABLE I. NP couplings and effects on production and decay observables.

O fi.ddg, Ny e e —tt [ (t—bWw) Dig D2,
SM Yes 1.5581 0.2210 —0.5384
+ Oqgt (+,-)1.8 Loop No No No
+0 (+,-)0.34 Loop No No No
+ Oy (+,-)0.27 Loop No No No
+ O (+,-)0.6 Loop No No No
+0® No No No No
+Oqyq (+,-)3 No 1.5583 0.2210 —0.5384
+0%) (+,-)3 No 1.5644 0.2210 —0.5384, —0.5383
+0y No No No No
+ Oy (+,-)0.12 Tree No No No
+ 043 (+,-)0.9 No 2.7910 0.2211 —0.5385, —0.5388
+Opy (+,-)0.51 Tree 0.9373, 5.4581 0.2211 —-0.5385
+ Owo (—,+)0.012 Tree 1.6619, 1.4597 0.2407, 0.2030 —0.6720, —0.4491
+ Otpo (—,+)0.009 Tree No No No
+Ogo (+,-)0.24 Loop 1.5041, 1.6136  0.2117, 0.2313 —0.4860, —0.6034
+ O (+,-)0.40 Loop No No No
+Owo (—,+)0.63 Loop 1.5523, 1.5639 0.2219, 0.2202 —0.5433, —0.5336
+Ogo (—,+)0.75 Loop 1.5600, 1.5561 0.2207, 0.2214 —0.5365, 0.5404
+Ouw (—,+)5.94 Loop 1.6770, 1.4463  0.2437, 0.2022 —0.6964, —0.4388
+Oug (—=,+)5.35 Loop No No No
+ Op2 (+,-)11.9 Loop 2.1235 0.2210 —-0.5384
dWNP_4\/—MW _ MW f (95) dXVxNP:ﬁF +% (8)_M {GD
g mt tWo g\/fmtz Dt 2 9qq 3 qq 39
?m,(11s3,— 6 59°m;sa
gWNP_ 4\2Myy 9 d 2W )Fde_ & ;SWFB¢+2thUW-
dg” T e 5ot (96) 24cy 24cy
g°m gy2m?

Correspondingly, the nonvanishing one-lomf-enhanced

NP contributions(for the operators which do not have any

tree-level onesare

wnp. M 8m? 322mMygs
dl —7F Tqu(8)+ TFtGQ)
g°m7(13s%,— 3) g°m¢sy,
—48C2—qu>+ WF&D 2m{Fyw
+2mEF g2, 97
NP m? 8m? 32/2mM 0
2 —5F TFWB)_T tGD
g*m7(13s5,—3) g*misy
- TFWLD_ WFBqﬁzthuw
— 2mZF g, (99)
dW'NP_ my 8mt 32\/§MWQS
s =72 w3 FaeT T3 Foe
2 2 2 2
g°“m(11sj,—6) 59 msy
- 52c2 Fwe— 522 Feo+2mFyw,
W W

(99

(100

We now review the NP effects of each operator on the
various observables. First note that the operatdf¥ and
0,1 give no contribution(within our approximationsto ei-
ther production or decay. The effects of the rest are illus-
trated in Table |, where we give the NP couplings used and
the implications for the— bW decay observables. The ef-
fects on top quark production througi e* —tt are pre-
sented in’ Figs. 2-9.

In order to make the production effects clearly visible in
the figures, we have chosen the NP couplings such that the
NP effect is about-30% of the SM prediction on the inte-
grated cross section. A corresponding choice with respect to
the NP contribution td'(t—bW) has also been made for
those operators which contribute only to decay and not to
production. The third column in Table | identifies the opera-
tors giving a nonvanishing contribution to top quark produc-
tion either at the tree or the one-loop level. The rest of the
columns in Table | describe the NP effects Bt— bW)
and the two forward-backward asymmetries constructed in
Appendix B for the semileptonic top quark decay.

"Note that in the figures, the signatures(’og‘? are never shown
explicitly, since they are identical to those frafy,, apart from an
overall normalization factor of 16/3.
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FIG. 2. NP effects forOy; as seen in the unpolarized cross
sectiono(e”e" —tt), as a function of the c.m. energyE2. The
indicated value of thé; coupling is chosen to create a 30% effect.
Similar results are obtained for the contributing operatéxs,
Opts Ower Omor OF, Oy, O, O, and Oy, Owg,
Oga» Ouw, Ous, andOg,, using the NP couplings shown in the
second column of Table I.

In Fig. 2 we give the NP results for the integrated unpo-
larized cross section(e”e* —tt) for the Oq: case. Similar
results would appear for all other operators if the associated
coupling constants take the values given in Table I. The par-
ticular characteristics of each operator may then be studied
by looking at the other observables appearing in the fourth to
sixth columns of Table | and in Figs. 3-9. In detail, for
unpolarized beams, the forward-backward asymmapryis
illustrated in Fig. 3, the asymmeti g in Fig. 4 and the
asymmetryT g in Fig. 5. Correspondingly, for longitudinally
polarizede™ beams, the asymmet#y, y is illustrated in Fig.

6, while the forward-backward asymmethg o is in Fig.

7, the asymmetrit g o in Fig. 8 andT g, in Fig. 9. Here,

the (a) part of the figures refer to the four-quark operators,
the (b) parts to the two-quark ones, and tt@ parts to the
bosonic operators. Occasionally in the figures, the results for
some operators or observables almost coincide for the cou-
plings chosen above. Whenever this happens, it is just indi-
cated in the figure caption.

The values for the coupling constants used in Table I, are
often unacceptably large, either because of the existing indi-
rect experimental constraints or because they would imply,
through unitarity, a very low NP scale. Nevertheless, we
used them in order to make the NP effects in the figures
clearly visible.

The expected luminosity for a future linear collider is
commonly taken as 80(s/Téyfhb~1/yr. Since the SM cross
section forete™ —tt is about 170 (Te¥s) fb, we expect a
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FIG. 3. NP effects on the unpolarized forward-backward asym-

rate of more than T0events/yr, implying a statistical accu- metry in the differential cross sectidxg(e e —tt), as a function
racy of ~1% for the various physical quantities. The im- of the c.m. energy B, for the NP couplings in Table (a) Four-
plied observability limits to various NP couplings are pre- quark NP operators; th@,; effect is similar toOy, . (b) Two-quark
sented in Table I, where we also give the present constraintSP operators;Ogq gives similar effects toOyye . (€) Purely
[20]. In getting them, we have always assumed that only ondosonic NP operators; the effects ©fyq, and Oy are similar to
NP operator acts at a time. Moreover, we have conservahose fromO,, andOyy, respectively.



©

FIG. 4. NP effects on the unpolarized forward-backward asymmetry in
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40 ‘ i} tively assumed a tota(statistical + systematical relative
- accuracy of 5% on the integrated cross section for unpolar-
: ized e* beams and an absolute 5% accuracy on the asym-
3.0 ] metries defined in Appendix B. More precise numbers re-
. quire, of course, detailed Monte Carlo analyses, taking into
T 20 i account the precise experimental conditions. Finally, using
2 the unitarity relations presented in Sec. I, we translate the
- e ] observability limits on the various NP couplings to bounds
Jono sgﬂ&:@:&*%ﬂ:&##@‘:;;; on the highest related NP scalls;s to which the specific
¢ . T i measurements are sensitive. These bounds are also indicated
L Solid Line: SM . .
E ,o0 | Dash: fu=1.8 | in Table Il. In the last three columns we have indicated, for
o 0 B?:}ﬁ:igicrlse:; fﬁh::—o{éﬁ JE—— each operator separately, the cqnstraints established in Ref.
Dash—box: fu=-06 = o o= = [5] and the expected LEP 2 sensitivity. In all cases except for
L0 | Dash-rhomb: 2027 , ~° . the Z—bb case, the absolute value of the coupling constant
Py 1 is meant.
) } X The following comments should now be made concerning
=9, 0.4 0.8 1.2 1.6 2.0 the properties of the various operators and the observability
(@) 2E(TeV) limits presented in Table II.
4.0 T T T T T
? Solid Line: SM i
| Dash: fig=2.4 A. Four-quark operators
3.5 ' Dash—sﬁars:. fth>f—2-4 4
?4 gi:g:iigf;;lefizi‘i;l{'gf orn ] O and O). Both operators lead to the same effects
= 3.0 i Db rhong et e e ] (apart from an overall normalization factor 16/3hey both
5 h contribute, at one loop, only to the vector and axial vector
= - form factorsdy , and dfz. They do not contribute to the top
< quark decay. So their modifications of the SM predictions
; are always rather uniform as one can see in the figures. The
@ 20 - i observability limits obtained either from the integrated cross
& R section or fromH g appear to be just marginally compatible
L5 T ST with the LEP 1 constraint fronrZ—bb, to which they also
T e contribute at one loof5].
1.0 s pz‘;H'QH o Oy . It induces(through one Ioopa purely right-h_anded
e EreTm e ee ey NP effect to theytt and Ztt couplings. There exists no
0.5, \ \ \ Z-peak constraint orO;;,. The observability limit mainly
. 0.4 0.8 1.2 1.6 2.0 . .
(b) 2E,(TeV) comes fromH . No effect is generated in top quark decay.
Oy, - Its effect is similar to the),; one. However, it also
4.0 ‘ gives a purely right-handed contribution Ze-bb, which is
Solid line: SM - thus providing a LEP 1 constraint. Its observability limit in
3.0 Table Il is just allowed by the present LEP 1 results. No
effect is generated in top quark decay.
- O®). This operator produces no effect in the processes
5 20 7 studied here or irZ-peak physics.
= . Oqq and O . They contribute(at the one-loop levgito
ok ] thet—bW decay couplingsl} giving a o, ,-type contribu-
o tion affecting only the right-handell, field. They also give
% K o T ao,, contribution toZ—bb. Both effects are too small to be
= 0.0 ; /@"’/‘/“gzgﬁl_g;g;“?\w:_o.w 1 observable for reasonable values of the coupling constants.
/¢, Dash—circle: [p==0.75 - They give no contribution to thett or Ztt vertices.
o / Dash—box: fg=0.75
-1.0 o‘ ; // gasg—t?angb}e:ddg—gi.gélr
. —rhomb: =5. .
i f Sglsid_‘;ime: fo=11.9 | B. Two-quark operators
s L Solid=box: fy=711.9 Oy;. No effect is generated in top quark production or
Q. 0.4 0.8 1.2 16 20 24

decay or inZ-peak physics.

Oy,. It gives a purely right-handed tree-level contribution
to theZtt coupling. At the one-loop level, it also contributes
to €; and to theZbb vertex in a purely left-handed way.

the top quark average helicitylg(e"e* —tt), as a function of the c.m. P . f inal. Th . ff
energy E,, for the NP couplings in Table [a) Four-quark NP operators. resent constraints fromy are marginal. ere Is no efrect

(b) Two-quark NP operators; th@,g,, effect is similar to 1/3 the one from  ON the ytt andtbW Verticels at the tree |§Ve|- _
Owa » While the effect fromOp, is very small.(c) Purely bosonic operators; O,3. At the tree level, it produces a right-handed contri-
Owe behaves similarly t@),,, while Oyg gives a very small contribution.  pution to thetbW vertex. Its most important constraint
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FIG. 5. NP effects on the unpolarized forward-backward asymmetry in the top quark transverse polaﬁlzg’(ﬁﬁmﬁﬂtt_), as a function of the c.m.
energy £, for the NP couplings in Table (a) Four-quark NP operatorgb), (c) Two-quark NP operatorgd) Purely bosonic operator€)yq behaves
similarly to Oy, and Oy, gives a very small effect fod= —5.94, while ford=5.94 the effect is similar to the one frof,, for f4,,=11.9.

should come fromI'(t—bW). There exists no constraint only a very minor improvement to the present one fresn

from Z-peak physics. This operator could further be checked by looking for an
Opt . At the tree level, it contributes a derivative coupling enhancement in the decty- WZb, with theZ decaying into

to the Ztt vertex, and has a right-handed contribution tolepton pairg24]. It can also contribute tb—WHDb, provided

tbW. At the one-loop level, it contributes g and toZbbin  H is sufficiently light. .

a left-handed way5]. Present constraints fro#@rpeak phys- _Oigg - It produces similar tree-level effects to thét and

ics are rather marginal. In the linear colliders, the dominanZtt vertices, but no contribution ttbW. The effect in the

effect should come fromgg, po1(e*e+—>tt). Finally we also integrated cross section is similar to the one du®igq ,

note that the two values of the NP scales appearing in Tableut the effect one; is weaker, leaving more chance for ob-

Il correspond to positive and negatiVg, values, respec- servability.

tively. Owco- At the one-loop level, it produces genuine
Owo - It produces genuine tree-level magnetic-typg, magnetic-typer,,, couplings to theytt, Ztt, andtbW ver-

couplings to theytt, Ztt, andtbW vertices. ThabW vertex tices. ThetbW vertex has the additional characteristic that it

has the additional characteristic that it only involves the left-only involves the left-handed, field. These properties are

handedb, field. Ouyg is presently constrained only by its like those forO,e , but appearing at one loop, rather than at

one-loop contribution te; [5]. The observability limit in the  the tree level. As a result, there is now no contribution to

linear colliders arises from the integrated production cross; at one loop. Future constraints @4 from linear col-

section, the top-quark-decay width, and the decay asymmdiders should arise from studies of the integrated cross sec-

tries (mainly the DﬁB). This observability limit will supply tion, the decay width, and the top-quark-decay asymmetries.
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FIG. 9. NP effects on the polarized forward-backward asymmetry in the

FIG. 8. NP effects on the polarized forward-backward asymmetry in thetop quark transverse polarizatiofg po,(e’e*ﬂtt_), as a function of the

top quark average helicityf g po,(e’e*ﬁtt), as a function of the c.m.
energy E., for the NP couplings in Table [a) Four-quark NP operators.
(b) Two-quark NP operatorsQ,ze and Onye behave similarly and the
Op, effect is very small(c) Purely bosonic operator€),z behaves simi-

larly to Oy and theOyq effect is similar toO,, .

c.m. energy E., for the NP couplings in Table k&) Four-quark NP op-
erators. (b) Two-quark NP operators; the size of th®,ge effect
~(%— %) Oy, while the effect fromO, is a rough average of th8,zq and
Op¢ ones.(c) Purely bosonic operators; the effects 6f,, Owe, and
Ogg are not shown since they are small.
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TABLE II. Sensitivity limits to “top” and “bosonic”operators in terms of NP couplings and related NP
scalesA \p (TeV).

Js=0.5 TeV Js=1 TeVv Js=2 Tev Other constraints from
Operator (np) (Anp) (Anp) € Z—bb LEP 2
Oqt 0.351.2 0.31.3 0.21.6) —0.3+0.2
o 0.071.3 0.0611.4) 0.041.8 —0.05+0.03
Oy 0.025.4) 0.0156.2) 0.017.6)
O 0.073.3 0.044.4) 0.035.1) -0.3+0.2
o
Ouq 38+22
og 8+5
Ou
[ 0.01111) 0.0169.1) 0.0178.9 0.01 0.3:0.2
O3 from decay 0.0456.5)
Obt 0.0363.0, 2.3 0.033.3, 2.6 0.0253.6, 2.9 0.03 —0.12+0.06
Owo 0.00230.5 0.00230.5 0.001535) 0.014
Oo 0.001535) 0.001535) 0.001338) 0.013
O 0.0210) 0.036.9 0.0752.9)
Ow 0.051.6) 0.041.7) 0.022.5 0.1
Owo 0.091.6) 0.061.8) 0.042.2) 0.1
Ogo 0.0255.0 0.025.6) 0.01(7.9 0.1
Ouw 0.5(~1) 0.8(~1) 1.6(~1) 0.015
Ous 0.5(~1) 0.6(~1) 1.2(~1) 0.05
Ous 05 1.0 2.4 0.01
C. Bosonic operators Oug- As far as theytt and Ztt vertices are concerned,
The effects of these operators on thet, Ztt, or tbw  the results are similar to théyy, ones, but their ratio is
vertices arise only at the one-loop level. different. For Oyg we havedjzldjyz —285\,, while in the

Ow. It contributes only to the left-handegitt and Ztt ~ Oyw case we have insteadf/d)=—2c,. No effect ap-
form factors. A visible effect from them at a linear collider pears in the—bW decay. L
could appear irHgg and in the cross section. The needed Og,. This operator produces a purely axidlt vertex and
value of the coupling falls just below the visibility domain of a left-handedbW one. There is no/tt vertex induced. Vis-
LEP 2. No effect is generated in the decay. ible effects fromZtt could be obtained by looking &t -5

Owe - It contributes to the vector and axial vector form and the integrated cross section. The studyl’¢f— bW)
factors for theytt and Ztt vertices. For thebW vertex, should also help. Like the two previous operators, it could,
Owe creates a left-handed and a derivative coupling, suctiowever, be more strongly constrained by direct Higgs bo-
that a left-handed, field is only involved. The visible ef- son production. We also note that thg, couplings appear-
fects from these couplings at a linear collider are similar tdnd in Table Il are consistent with unitarity only if they are
those expected from,,, and the same situation with respect POSitive. As mentioned above, no constrain on the NP phys-
to LEP 2 is valid. The expected effects brbW seem to be €S IS implied in this casg12].
below the observability level.

Ogg - It induces the same type of couplings@gq . The VII. PANORAMA OF RESIDUAL NP EFFECTS
sensitivity inHgg is now somewhat better though, so that IN THE HEAVY QUARK AND BOSONIC SECTORS

there exists the possibility of a visible effect from th and We have considered the possibility of anomalous top
Ztt vertices, which will not be already excluded by LEP 2. quark couplings induced by residual NP effects, described by
The effects on the— bW decay are still unobservable. 20 dim=6 gauge-invariant operators. Fourteen of them in-
Ouw - As in theO,q case, it produces genuine magnetic- volve the top quark, and the other six are purely bosonic. The
type o ,,,-type couplings to theytt, Ztt, andtbW vertices.  couplings of these operators are associated with a NP scale
ThetbW vertex has the additional characteristic that it onlythrough unitarity relations.
involves a left-handed, field. Note that these same proper- We have computed the effects of these operators in
ties also arise in th€,,e case, where they are induced ate*e”—tt andt—bW decay. Fore®e™ —tt, these effects
the tree level though. Another thing to note is tidag,, is  are described in terms of six independent form factors for the
very mildly constrained byZ-peak physics, which is also generalytt and Ztt vertices. Correspondingly, the—bW
valid for O,ge, but not true forO,e . A most distinctive  decay is described in terms of four couplings denoted as
signature discriminating,y, from the other two operators d}N. The top quark density matrix can thus be expressed in
may be obtained by studyingi et —ZH, yH [12]. terms of these form factors and couplings. We have shown
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how one can analyze this density matrix in order to get intests of them(,, is not observable through these processes
formation on the possible forms of NP induced by the vari-though, and its study requirésH production[28].

ous operators. The extra information brought by polarized

e” beams is also considered. _ C. Bosonic operators

Thus, in addition to the integrated unpolarized cross sec- ) ) )
tion and theL-R asymmetry, it is possible for polarized +A1| six_bosonic operators contribute at one loop to
beams to construct six different forward-backward asymme€ € —tt. Moreover,Oyq , Oyw, andOq, could also sig-
tries which should allow one to disentangle the effects of thdlificantly contribute tot—bW. The operatorsDy,, Owe,
six form factorsd?, df. It is more difficult to disentangle andOgg should have an observability level which would not
the NP effects on the—bW decay, as no accurate measure-P€ excluded by LEP 2. Notice thaby, has a one-loop
ment Oﬂ—‘(t—) bVV) is expected, and On|y one particu|ar com- effect inZ—bb which could explaln the observed anom_aly
bination of decay couplings can easily be measured througtere[4]. In this case large effects should be observettin
an asymmetry with respect to the final lepton, in a semilepProduction. However, a direct study of these operators in
tonic top quark decay. e"e”"—W" W~ at NLC should be even more stringent.

The consequences of the NP operators on the above form The three other bosonic operators involving a Higgs field
factors andi” couplings were calculated to first order in the &€ almost unconstrained at present. So nothing excludes
NP couplings. The calculation was done at the tree levelth€ir appearance. However, if the Higgs boson mass is low
whenever this gave a nonvanishing contribution. In cas&nough to allow fore’e” —HZ or e’e” —Hy at LEP 2
there was no such contribution, we performed a calculatiofnd/or at NLC, then these processes would improve the sen-
at the one-loop level, keeping only the leading-logarithmicS!tvity limits on these operators by two orders qf magnitude.
m-enhanced part. Numerical illustrations have been given N conclusion the Df'OCE!SS*e*—%t should bring essen-
for the various observables, which reflect the specific propfial information on residual NP effects affecting the heavy
erties of each operator. We have then established the corr@Uark sector as well as the bosofgauge and scalpsector.
sponding observability limits for each operator in terms oflts main interest is tha.t it pro_wdes dlrgct tests of the presence
the associated coupling constant and identified the relate@f genuine operators involving the third family of quarks. It
NP scale. The results can be summarized as follows. could give hints about the origin of the anomalies recently

observed in th&bb couplings.
A. Four-quark operators

Among the seven four-quark operators, four of them ACKNOWLEDGMENTS

Oqt Ogﬁ), Oy, andOy,, could give sizable one-loop effects ~ We thank Claudio Verzegnassi for having drawn our at-
in ete” —tt. O is not constrained byZ-peak physics, tention to themf—enhanced SM contributions and to the
which means thae*e™ —tt would provide a completely bosonic NP contributions to the production process. This
new test. The three other operators produce one-loop effecigork was partially supported by EC Contract No. CHRX-
also inZ—bb, which have been studied [®]. The depar- CT94-0579 and by the Ministry of Education, Science and
ture from the SM presently observedli{Z—bb), if attrib- ~ Culture, Japan, under a Grant-in-Aid for International Scien-
uted to one of these three operators, could produce effectdfic Research ProgrartNo. 07044097.

which should be easily visible in th&,, case, but would

0n|y be margina”y observable f@qt and Oégt) APPENDIX A: NEW PHYSICS VERTICES GENERATED

Concerning the remaining three four-quark operators, we BY THE EFFECTIVE LAGRANGIAN

(8) . .
note thatOqq a_md (?g)q are constr.a_med essentially gnly bY |t is easy to see that the leading-logarithmig- enhanced
t—bW 5], while Oy’ is not sensitive taZ-peak physics or NP contributions tee"e" —tt (up to one-loop ordércome

e e’ —tt, t—bW. exclusively from vertex diagrams for the—tt and Z—tt
vertices and from self-energies. The same is of course true
B. Two-quark operators for the diagrams affecting— bW. Thus, box diagrams never

appear. Below we enumerate these contributions for the vari-

Four of the seven two-quark operator€),, Op:,
d P S Opte operators.

Owae, and Oe, produce tree-level effects ie™e™ —tt,
while O3 produces a tree-level effect only ih—bW.
Oice contributes at the one-loop level to both production
and decay. However, the above four operat6ks, Op;, They contribute to the verticestt, Ztt, tbW through
Owae, and Ogg generate also some; contribution to  one-loop diagrams involving a four-quark interaction. This
Z-peak physics. This seems to already exclude an observabigteraction can be read off the following extended expres-
effect fromO,, andOp,, but leaves some range for observ- sions. Thus,
ability to Oywe and Oigg - - —

Concerning the rest of the two-quark operators, we re- Oqi= (T tr) (trty) + (b tr) (trbL) (A1)
mark that O;3 and Ogq are presently unconstrained; so

e e’ —tt andt—bW—bl*v would provided genuine new contributes through andb loops to theytt andZtt vertices,
but not to thetbW one;

1. Four-quark operators

(8) —(t % TR PN TR
8The same is also true if a hadronic mode is considered. Ogt = (1A tR) - (trA L) + (b A tR) - (tRADL)  (A2)
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contributes through b loop only to theytt andZtt vertices, OB = (tov. xto)(bavErb A5
but not to thetbW one; o = (trY A R) (DRY R) (A5)
Ou=3(trY,utR) (trY*tR) (A3)  gives no contribution;
contributes through a loop to ytt and Ztt, but not to —_ i —_
W, J Py Oqq=(tato) (bRby) + (tLtR) (b bR) — (taby) (bRt
— = — (b tr) (b A6
= (try,tr) (bry*br) (A%) (Btr)(1LDR) (A9
contributes through @ loop to ytt and Ztt, but not to  contributes to theébW vertex, but not toytt and Ztt; and
t—bWw, finally, the
|
O =(trRty) - (DA ) + (t A tR) - (B Nbg) — (trAby ) - (brAty) — (b Xtg) - (T bR) (A7)

contributions are obtained from ti,, ones, by multiplying by the factok.

2. Two-quark operators

Some of the operators in this class contribute already at the tree level, while others only at the one-loop level. The later
contributions arise from triangle diagrams for the, Ztt, andtbW vertices, as well as from fermion self-energy ones. When
an operator contributes at the tree level, we do not care about its one-loop contributions.

For the operato®),, (after subtracting irrelevant contributions to the top quark masgs get

(t) + —=x3(ty°t) +ix~ (bet) —ix " (trbL) |, (A8)

Ou=[x"x +vH+3(x3x3+H?)]

which gives no contribution to the amplitudes we are interested in. Fow,the»tt_amplitudes, this comes about from the
cancellation of the contributions from the vertex triangles involvitigd) and ¢H x®) exchanges and theH) self-energy,
while for thet—bW decay, the sum of thetid y*) triangle and thetH) self-energy vanishes. The operator

Op=i(tL¥"tR)| (X dux " =3, x x D) +9w+H) (X W, —x W) —igx*(x W, +x"W,) +igz(1-2s3)Z,x " x~

. _ .0z . .
+2ieAx x i ?ZM[(U+H)2+X3)(3]+IX3(9#H—I(U+H)ﬂ,u)(a (A9)
contributes at the tree level ttb_production;

— [ . . ig _ ig .
O=i(try*br)} —=[(v+H=ix})dx"—x "9 (H=ix>) ]+ —=x "W, x"+ —=W, (v+H-ix??

V2 V2 242
2 .
gzC . e . L — —I . _ .
- \/EW(U‘FH—I)(S)ZMXJr—E(U+H—IX3)AMX+ —I(bR'y"tR)| E[(U+H+'X3)3MX - X 6M(H+IX3)]
. . 2
| | C e
—\/—gEX_W;X_—%W;(U+H+iX3)2— gf/EW(v+H+iX3)ZMX_—E(U+H+i)(3)Alu)(_ (A10)

has no effect ot production, but contributes at the tree level to thebW decay;
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Op=t.| d,+1i 'E(—s Z 4+ oA ,) i k-G, |t L, (H+ix3)+ '9 WAHHIZ,— 2W
Dt Ll Yu g 3 WE WM\ 2 N R_\/E " X 2\/§CW v X m \/E /,LX
— 2 Oso = . g(1-2s3) g vtH+ix®
+b, Jd,tig §(_SWZM+CWA,¢)+|§)\'G,¢ trl 1dux +TZMX +eAM)( +EW’U'T

gS): é

. 2 -
+1g aM—ig’g(—sWZMJrcWAM)—i%A-G b | —

— - .2 . 1 : : g
+1g| d,—id §(_SWZ,¢L+CWA;L)_IE -G, tL{Eé,M(H_IX?))_2\/§CW(U+H_IX3)Z#_ EWMX+

m 2Cy

ig

g(1-2s%) ig v+H—iy®
T 7 X reAX T =W —— =

N

x

(A11)

contributes at the tree level to both production and decay; the same is true for

1 i — _ _
Owae = (CwZ i+ SwALy) E(ta’“’t)(u-ﬁ-HH— —2(tU”V7’5t)X3_i(bL(TWtR)X7+i(tR0'WbL) X++i\/§(tLO-MVtR)W;VX7

V2

—IN2(tRe )W, x * + (BL* R W, (0 +H+ix%) + (tro* DOW], (0 +H—ix),

while

1
—(toe*"t)(v+H)

V2

OtB‘I’Z ( - SWZ[LV+ CWA/J,V)

(T
+ E(ta‘“’yst)xs‘ﬂ— i(b o*"tr)x~
—i(t_Ra“”box*] (A13)

contributes at the tree level only toproduction; and finally,

1 i
Owo=GY, —(taﬁ”xat)(u+H)+E(tawxaf’t)xf‘

V2

+i(bLo*\tr)x —i(tro* "\ x| (Al4)

contributes at one loop to production through theg) tri-
angle and thet@) self-energy; and to— bW decay through
the (tbg) triangle and thetQ@) self-energy.

3. Bosonic operators

(A12)

(WWH) triangle? but gives no contribution to—bW, since
the sum of themtz—enhanced parts of theWy) and (W2)
triangles vanishes. The operatdyy [see Eq(18)] contrib-
utes to production through theHx®) and (y"x~b) tri-
angles and to decay through thiget ), (tx*2), (bx™v),
and pbyx*Z) triangles. In a similar waygg [see Eq.(19)]
contributes to production through thetHy® and
(x"x " b) triangles and to decay through thex( y),
(tx*2), (bx*y), and by *Z) triangles. The operatad,
[see Eq.(20)] contributes to production through théH(y)
and ¢HZ) triangles and to decay throughHW). Corre-
spondingly, Oz [see Eq.(21)] contributes to production
through the {Hy) and ¢HZ) triangles (like in the Oy
case, but gives no contribution ta—bW decay. Finally
Og, [see Eq(22)] induces a renormalization of the physical
Higgs field at the tree level. This, in turn, gives contributions
to production, through thétH triangle and thetH self-
energy and to decay through thid self-energy.

APPENDIX B: TOP QUARK DECAY DISTRIBUTIONS

As discussed in Sec. IV, it is convenient to express the
three-body phase spaaibs(bly) in terms of the Euler
angles determining the-quark-decay plane. We start from
the procese™ (k)e* (k') —t(p)t(p’) in the center-of-mass
frame, where the momenta are indicated in parentheses, and
by 6 we denote thed ,t) scattering angle. The frame is
defined with itsz axis along the top quark momentum. The

Contributions in this class arise only at the one-loop level, °0,, does not producen? terms but it must be taken into consid-

through triangle and self-energies diagrams. Thig, [see

eration since the contribution is proportional 2owhich is larger

Eqg. (17)] contributes toe”"e" —tt production through the than 4m? for the process under consideration.
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X axis is taken in thett_)production plane, so that theaxis
is perpendicular to it and along the direction lok p. In
order

t—b(py)! T (p) v(p,), in the t frame (with the momenta
indicated in parenthesgave define the Euler rotation

cosp; —Sing; O cos; 0 sinty
R, 0,0,= sinp; cosp; O 0 1 0
0 0 1 —sind; 0 cos)y
cosy; —sing; O
x| sing; cosyy O, (B1)
0 0 1

where (pq1,94,¢) satisfy O<e¢q, ¥1<2m, 0= <.

The meaning of these angles is given by remarking that the
normal to thet-quark-decay plane, with its orientation de-

fined by (p,Xp;), is given by

sind;cosp,

n= R%ﬁl%( 0) = sindsing,
cosd,

(B2)

Thus, 9, ¢, determine then orientation, while theéb quark
momentum in thé rest frame is determined frog through
the relation

1
Po=1PblR¢, 0,0,
0
COSp;C0SY,COSY — Sing,Sing;
=|py|| Sing1c0SY;COSH; + COSpySing, (B3)
—sim¥;cos),

The corresponding expression for the momentum is ob-
tained from Eq. (B3) by substituting p,—p, and
U — b1 +Y12, Wherey,, is the angle between theand|™
momenta(in thet rest frame. To summarize, it is worth-
while to remark that the above Euler rotation moves zhe
axis of thet frame along the normal to thequark-decay
plane, while thex axis is brought along théb momentum,
which of course lies within the decay plane.

Finally 6, is the angle between the lepton momentum andR+++R__—(1+dW dW)[MWV1+ m; V2]+

the top quark momentum in thé/ rest frame, and it is re-
lated to thel * energy in thet frame by

m2+ M3,— cosgy(m2—M3)
4m,

Ei=|p|= , (B4)

where the b,I ") masses are neglected. Using these Euler

angles, we obtain
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SL(pi+p,)°—MGldds(bly)

(mf— M)
md@ldCOSﬁldlﬂldCOSﬂ, (B5)
for the three-body phase space in the case wheréthpair

is at theW mass shel[25].

The general expression of the differential cross section for
e"e”—tt with t—bW-—bly, and linearly polarized
[L(R)e ] and[R(L)e"] beams is writterfcompare Egs.
(55) and(56)] as

dotR
dcosfd¢,dcosdddcosh,
[ 3B | GEMJ -M32,\2 LR R 56
N 32(277)58 wl'im, 4m, Prizyor iy (B6)

whereB,=(1—4m?/s)*2 In Eq. (B6), p“R is the top quark
density matrix defined in Eq50), while R is related to the
top-quark-decay matrilzng2 introduced in Egqs(56) and(58)

by

t

172

de,dcostdy,dcosh,
GZM3, m2—M2,\?
2(277)4FWtht 4mt RTlTZ. (B7)

The p matrix depends only on the e" —tt production
and the angle [see Eq(50)], while R depends on the three
Euler anglesp;, %, andy, [defined in Eq(B1)] and on the
d}"’ couplings of Eq(51) and the angle),. To simplify the
expression fork, we only keep terms linear in the NP and
the one-loop SM contributions to the coupllrng‘g defining
dW d" "+ di"N". we thus get

Prl R‘rsz: %(P+++P——)L'R(R+++R——)
+ %(P++_P——)L'R(R++_R——)
+ptR (R _+R_L), (B9)
where
mZ—M&,
my
X (dW+dM)ym2v,, (B9)
R =R =(1+dy—d¥)[mV,— M3 V5+2mMVs]

2 2
m;— My,
+ —‘m )(dW+dW)[m V,+mMyVs],
t

(B10)
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Ry +R_p=(1+dV— dy)[MEVe—m2V;—2mMyVg]

2 2
m_MW —_— —_—
B )(d‘g’+dxv)[mt2v7+mt|v|wvg],
(B11)
and
V;=(1+cos))?, V,=sirte,, (B12)

V3=(1+cos))%sind,cosp;, V,=sirsind; cosy;,

(B13)

Vg=(1+cos,))sing,sind,sing, (B14)

V= (1+ cos|)?(cosp,C0SY;COSY; — Sing,Sing,),
(B15)

V,=Ssirf ,(cosp,C0s%, €08y, — Sing;Siny,), (B16)

Vg=sin#,(1+ cosy,)(cosp,C0SH SNy, + Sing,COSY1).
(B17)

Using the angular dependence in EqB9)—(B17) and
constructing appropriate averages oygr 94, and ¢, it is
possible to project quantities proportional to fhéactors in
each of the three terms of the right-hand s{g1S) in Eq.
(B8). More explicitly these quantities consist of products of
the corresponding elements and of functions of;. Re-
member that the elements depend only of and the NP
couplings forytt andZtt. Thus, the subsequent construction
of forward-backward asymmetries with respect to either
0,, respectively, allows the isolation of either théactor or
of the corresponding combination of ttjé’ couplings. To do
this we first describe thp elements entering the three terms
in Eqg. (B8). For this, it is convenient to define, for1,2,3
[compare Eq(44)]

L4y 1-2sy, z R4y X 7
where y=s/(s—M3) and theZ width is neglected for
s=q%>4m?. We then have

G. J. GOUNARIS, M. KURODA, AND F. M. RENARD

8m? 21p|2 | .]?
(P+++P)L’R=e45in20( t){dli'R_ |p| dl?_,'Rl
S m,
4 L,R\2 4|5|2 L,R\2
+2e*(1+cog0)|(dyF) +——(dz
16/p
TFe'coy 16lp| d-Rd5 R, (B19)
\/g 1 2
L,R 4 8|5| L,R4L,R
(p++—p-_)-F=e*(1+cosh) N dy"dy
4 ~|2
+4e’cosd| (dy")*+ —|§| (d37)?],
(B20)
4m 2|p|?
L,R 4ei t L,R L,R
T =e%sing| —||dy"— ——d3’
P+ ( \/g) 1 m 3
old
x| +dpR- %cosﬁdg'R]. (B21)

For unpolarizede™ beams, only thel(+ R)/2 combina-
tion, like, e.g.,de'™°=(dot+da®)/2 or (p-+pR)/2, is
measurable through forward-backward asymmetries. There
are threep andR elements that can be studied this way. If
longitudinal electron beam polarization is available, we can
also consider the corresponding thrge- p7) combina-
tions and their forward-backward asymmetries.

Thus, by integrating both sides of EqB6) over
dg;dcoshdys, the first term on the RHS of EqBS8) is
projected. Integrating also over aépsand constructing the
forward-backward asymmetry with respect to theroduc-
tion angle 6 allows the study of the NP effects in
(pii+p__)-R This asymmetry is of course the usual
forward-backward asymmetry in the differential cross sec-
tion for the top quark production through'e —tt. We
thus have

(38/2)[dfd5—did5]

Ars

= - _ , B22
(d)2+(dD)?+ BLL (d3) %+ (d3) 2]+ (2m{/s){[di — (2| p|/my) d§ ]2+ [dF — (2] p|2/my) d5 1%} (822
for the unpolarized case, while for theR one we have
—(3B/2)[dRdR+did
(3B/2)[dyd;+d1d;] 829

AFB,poI:

(d)2—(dD)%+ B2 (d5)?— (dD) 2]+ (2m¥/s){[d5 — (2|p|2/my)d512— [df - (2|p|A%/m,)d§]?}
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The preceding method for constructing the forward-
backward asymmetry is just given in order to emphasize its
similarity to the methods for constructing the other asymme-
tries below. Consequently, by multiplying both sides of Eq.

(B6) by either cogy or sing; and integrating over
d,dcoshdis, the second term on the RHS of E&®8) is

projected. Integrating then over daps we construct the
forward-backward asymmetry with respectédor the quan-
tity (ps+—p__)"R controlling the angular distribution of

EFFECTIVE LAGRANGIAN DESCRIPTION OF TOP ...
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DL — 3M\ZN mt(mtz_M\ZN) (WV-}—d_W)
FB- 2(2M3,+m?) 2Ma+m? VT3 A

(B30

For the second case, we have already stated that the asym-
metries(B24) and (B25) are obtained by using either afs
or sinyy to project out thep factor in the second term on the
RHS of Eq.(B8). For the 6, asymmetry though, these two

the average helicity of the produced top quark. Thus, irProjections give different asymmetries. Thus the asymmetry

terms of the couplings defined in E¢4), the forward-
backward asymmetry in the top quark average helicity is

~ 3{(dD?—(dD)*+ BT (d3)°— (d3)%]}
8, dyd; +dyd3] !
(B24)

Heg=

for the e* unpolarized case, while for tHe-R one we have

3{(d})?+ (d})2+ B2 (d5) 2+ (dB)?]}
8,[d1d;—dTd5] ‘

FB,pol— —

(B25

Finally the third term on the RHS of E¢B8) is projected
by multiplying both sides of Eq.B6) by quantities like any
one of
(B26)

coS/;Singy,  SingC0Sp,C0SY,

€03/, C0Sp,C0SY, (B27)

sing,Sing,
and integrating oved ¢, dcosd,d¢;. The subsequent integra-
tion over cog allows the construction of the forward-

backward asymmetry with respect #® for the quantity
L,R
Py

average transverse polarization. Thus, for unpolarigéd

obtained through cas is

m(m7 = M) W W
1 =2V, (d3'+dy) |,
(B31)

52 —-3Mg,
FB- 2(m?—2M3§)

while the one obtained from sjj is independent oﬁ_‘J’V and
equal to

D3—4

fe=r (B32)

Finally in the third case, we geDEB for the asymmetry ob-
tained through the project@B27) and DEB for the asymme-
try obtained through EqB26).

To linear order in the NP couplings, all these asymmetries
can be expressed as a product of a factor describing the SM
contribution and another factor describing the NP correction.
For this NP correction a tree-level calculation is sufficient.
Any QCD and one-loop radiative corrections should in gen-
eral be incorporated in the SM factor only. The QCD correc-
tions have to some extent been studied28,19 and have
been found to be rather small. In any case this is something

controlling the angular distribution of the top quark \yhich we plan to do in the future. It is also interesting to

remark that while the production asymmetries are sufficient

beams, the forward-backward asymmetry in the top quarky getermine altl? andd? couplings even in the unpolarized

transverse polarization is obtained, which is given by

4B, [dids+dTd5—(2[p|%/m,) (d5d5+d5d5)]

© 3a[(dh)2— (d)2— (2|p|2/my) (d5ds — dBdD)]’
(B28)

FB—

while for polarized beams thie-R case gives

— 4B dsd5—dRd5— (2| p|2/m, ) (d5d5—d5d5)]

3w (d))2+(d))2—(2|p|2/my)(d5di +d5d)]
(B29)

FB,pol—

case, this is not possible for the decay couplings. To linear
order in the NP top-quark-decay couplings, the above asym-
metries are only sensitive to the combinatifi+ dy'.

Finally we should also remark that the case wheretthe
quark decays hadronically, white—bl v is very similar.
Thus, if the orientation of thé rest frame is defined to be
like the one obtained from thé frame by rotating it by
180° around the perpendicular to tle production plane,
and if the new Euler angles for titequark-decay plane are
called (p,,7,,%,), and 6, is defined analogously, then all
formulas in this appendix remain the same, except Egs.
(B12)—-(B17) where we should replace

For any of the preceding three types of forward-backward
asymmetries sensitive to thieproduction couplings, we can
construct corresponding asymmetries sensitive to the decay
couplingsd}"’. This is done in all cases by integrating at the This way, all forward-backward asymmetries remain for-
last step over ca(instead of over ca% done aboveand mally identical_. Note, tho_ugh,. that the definition of the top
constructing the forward-backward asymmetry with respecflu@rk production anglé implies that (forward-backwaryl

to 6,. As before, we always work to linear order dj"’ for t means that we should subtract as

Thus, for the first case which led to EqB22) and(B23) we
get

e1, 1, 01= @2, 82, — V7. (B33

backwardt) — forwardt). (B34)
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