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A study on the effective anomalous interactions, up to dimension 5, of
the top quark with the electroweak gauge bosons is made in the non-linear
Chiral Lagrangian approach. Bounds on the anomalous dimension four
terms are obtained from their contribution to low energy data. Also, the
potential contribution to the production of top quarks at hadron colliders
(the Tevatron and the LHC) and the electron Linear Collider from both
dimension 4 and 5 operators is analyzed.
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1. Introduction

Despite the unquestionable significance of its achievements, like that of
predicting the existence of the top quark [1], there is no reason to believe
that the Standard Model (SM) is the final theory. For instance, the SM
contains many arbitrary parameters with no apparent connections. In addi-
tion, the SM provides no satisfactory explanation for the symmetry-breaking
mechanism which takes place and gives rise to the observed mass spectrum
of the gauge bosons and fermions. Because the top quark is heavy relative
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to other observed fundamental particles, ! one expects that any underlying
theory; to supersede the SM at some high energy scale A > m,, will easily
reveal itself at lower energies through the effective interactions of the top
quark to other light particles. Also because the top quark mass (~ v/v/2) is

of the order of the Fermi scale v = (\/ﬁGp)"l/2 = 246 GeV, which character-
1zes the electroweak symmetry-breaking scale, the top quark system could
be a useful probe for the symmetry-breaking sector. Since the fermion mass
generation can be closely related to the electroweak symmetry-breaking, one
expects some residual effects of this breaking to appear in accordance with
the mass hierarchy [2, 3, 4]. This means that new effects should be more
apparent in the top quark sector than in any other light sector of the theory.
Therefore, it is important to study the top quark system as a direct tool to
probe new physics effects [5].

Many attempts to offer alternative scenarios for the electroweak symme-
try breaking mechanism are discussed in literature. A general trend among
all alternatives is that new physics appear at or below the TeV scale. Exam-
ples include Supersymmetry models [6], technicolor models [6, 7] and pos-
sibly extended technicolor sectors to account for the fermion masses [8, 9].
Other examples include top-mode condensate models {10] and a strongly
interacting Higgs sector [11].

An attempt to study the nonuniversal interactions of the top quark has
been carried out in Ref. [2, 4] by Peccei et al. However, in that study only the
vertex t-t-Z was considered based on the assumption that this is the only
vertex which gains a significant modification due to a speculated depen-
dence of the coupling strength on the fermion mass: x;; < O (m/v),
where x;; parameterizes some new dimensional-four interactions among
gauge bosons and fermions ¢ and j. However, this is not the only possi-
ble pattern of interactions, e.g., in some extended technicolor models [9]
one finds that the nonuniversal residual interactions associated with the
vertices bp-bi-Z , tr,-1L-Z , and tr-br-W to be of the same order.

Because of the great diversity of models proposed for possible new
physics (beyond the SM), it has become necessary to be able to study
these possible new interactions in a model independent approach [12]. This
approach has proved to render relevant non-trivial information about the
possible deviations from the standard couplings of the heavier elementary
particles (heavy scalar bosons, the bottom and the top quarks, etc.) [13].
Our study focuses on the top quark, which because of its remarkably higher

! As of the summer of 1996, the mass of the top quark has been measured at the
Fermilab Tevatron to be m; = 175.6 4 5.7 (stat.) & 7.1(sys.) GeV by the CDF group
and m, = 169 £ 8 (stat.) + 8(sys.} GeV by the D@ group, through the detection of
tt events.
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mass is the best candidate (among the fermion particles) for manifesting
these anomalous interactions at high energies [14].

A common approach to study these anomalous couplings is by consid-
ering the most general on-shell vertices (form factors) involving the bottom
and the top quarks together with the interaction bosons [5]. In this work
we will incorporate the effective chiral Lagrangian approach {15, 16}, which
is based on the principle of gauge symmetry, but the symmetry is realized
in the most general (non-linear) form so as to encompass all the possible
interactions consistent with the existing experimental data. The idea of
using this approach is to exploit the linearly realized U(1),,, symmetry and
the non-linearly realized SU(2);, x U(1)y symmetry to make a systematic
characterization of all the anomalous couplings. In this way, for example,
different couplings which otherwise would be considered as independent be-
come related through the equations of motion.

We show that in general low energy data (including Z pole physics) do
not impose any stringent constraints on the anomalous dimension four co-
efficients k of £(4) (see Eq. (32)) 2. This means that low energy data do
not exclude the possibility of new physics whose effects come in through
the deviations from the standard interactions of the top quark, and these
deviations have to be directly measured via production of top quarks at
the colliders. For instance, the couplings nﬁ% can be measured from the
decay of the top quarks in ¢f pairs produced either at hadron colliders (the
Fermilab Tevatron and the CERN Large Hadron Collider (LHC)) or at the
electron linear collider (LC). They can also be studied from the production
of the single-top quark events via, for example, W-gluon or W-photon fusion
process [17]. The coupling nﬁ% can only be sensitively probed at a future
linear collider via the e*.e~ — 4, Z — tf process because at hadron collid-
ers the ¢f production rate is dominated by QCD interactions (¢g, gg — tt).
However, at the LHC nﬁ% may also be studied via the associated production
of tf with Z bosons (this requires a separate study).

Also, we will include the next higher order dimension 5 fermionic opera-
tors and then examine the precision with which the coefficients of these op-
erators can be measured in high energy collisions. Since it is the electroweak
symmetry breaking sector that we are interested in, we shall concentrate on
the interaction of the top quark with the longitudinal weak gauge bosons;
which are equivalent to the would-be-Goldstone bosons in the high energy
limit. This equivalence is known as the Goldstone Equivalence Theorem
[18-21].

2 For simplicity, we will only construct the complete set of dimension 4 and 5 effective
operators for the fermions ¢ and b, although our results can be trivially extended for
the other fermion fields, e.g. flavor changing neutral interactions t-c-Z, etc.
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Our strategy for probing these anomalous dimension 5 operators (£())
is to study the production of tf pairs as well as single-t or ¢ via the Wi, Wp,,
21,21, and W1, Z;, (denoted in general as V,V1,) processes in the TeV region.
As we shall show later, based on a power counting method [22], the leading
contribution of the scattering amplitudes at high energy goes as E3 for the
anomalous operators £{%), where E = /s is the CM energy of the WW
or ZZ system (that produces tf), or the WZ system (that produces th
or bt). On the other hand, when the s coefficients are set equal to zero
the dimension 4 operators £{¥) can at most contribute with the first power
E' to these scattering Vi, Vi, processes . In other words, the high energy
VLW — ff scatterings are more sensitive to £() than to £ (with &’s
= 0). If the &’s are not set equal to zero, then the high energy behaviour
can at most grow as E? as compared to E3 for the dimension 5 operators [23].
Furthermore, the dimension 4 anomalous couplings x’s are better measured
at the scale of My or m; by studying the decay or the production of the
top quark at either the Tevatron and the LHC as mentioned before, or the
LC at the ¢t threshold (for the study of Z-t-t).

We show that there are 19 independent dimension 5 operators (with only
t, b and gauge boson fields) in £(®) after imposing the equations of motion
for the effective chiral lagrangian. The coefficients of these operators can
be measured at either the LHC or the LC to magnitudes of order 10=2 or
107! after normalizing (the coefficients) with the factor > 4 based on the
naive dimensional analysis {24, 16]. It is expected that at the LHC or the
LC there will be about a few hundreds to a few thousands of ¢ pairs or
single-t or single-f events produced via the V1,V|, fusion process.

This work is organized as follows: In Section 2 we will introduce the
basic framework of the non-linearly realized chiral Lagrangian, in which the
SU(2).xU(1)y gauge symmetry is nonlinearly realized. In this approach,
only the U(1)gm symmetry remains unbroken and thus the realization under
this subgroup is linear as usual. We will set up a Lagrangian with dimension
4 terms that will reproduce the couplings of the Standard Model type, as well
as possible deviations. Then, in Sections 3 and 4 we discuss the constraints
on the dimension 4 anomalous couplings from low energy data and the
strategies to directly measure these couplings at the hadron or electron
colliders. In Sections 5 and 6 we construct the complete set of dimension 5
couplings and discuss their effects to the production of top quarks in high
energy regime via weak boson fusion processes. Finally our conclusions are
given in Section 7.

3 Ais the cut-off scale of the effective theory. It could be the lowest new heavy mass
scale, or something around 47v ~ 3.1 TeV if no new resonances exist below A.
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2. The non-linearly realized electroweak chiral Lagrangian

We consider the electroweak theories in which the gauge symmetry G =
SU(2), x U(1)y is spontaneously broken down to H = U(1),,,[25, 26, 27].
There are three Goldstone bosons, ¢* (a = 1,2, 3), generated by this break-
down of G into H, which are eventually eaten by the W* and Z gauge
bosons and become their longitudinal degrees of freedom.

In the non-linearly realized chiral Lagrangian formulation, the Goldstone
bosons transform non-linearly under G but linearly under the subgroup H.
A convenient way to implement this is to introduce the matrix field

X =exp (i¢ara) , (1)

a

where 7%, a@ = 1,2, 3, are the Pauli matrices normalized as Tr(7%7%) = 26,.
The matrix field X transforms under G as

T2 = g8, (2)
with
.aara
gL = exp(z 5 ) , (3)
3

YT
gr = exp(i—Q“) ,

where a?3 and y are the group parameters of G. Because of the U(1),,
invariance, vy = vy = v’in Eq. (1), but they are not necessarily equal to
v3. In the SM, v (= 246 GeV) is the vacuum expectation value of the Higgs
boson field, and characterizes the scale of the symmetry-breaking. Also,
vz = v arises from the approximate custodial symmetry present in the SM.
It is this symmetry that is responsible for the tree-level relation

M,
= = 4
P M2 cos? 8w 1 (4)

in the SM, where 8y is the electroweak mixing angle, My and Mz are
the masses of W* and Z boson, respectively. In this study we assume the
underlying theory guarantees that v; = vy = v3 = v.

In the context of this non-linear formulation of the electroweak theory,
the massive charged and neutral weak bosons can be defined by means of
the composite field:

We = —iTr(r*£'D, X)), (5)
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where 4 .
D% = (a,i - ig%W;‘) s . (6)

Here, W} is the gauge boson associated with the SU(2);, group, and its
transformation is the usual one (g is the gauge coupling).

/ 2i
'l""I/‘/;‘z — Tanl.a = gy, TaW: gIt + —g—szaugIt . (7)
The D, X term transforms under G as
DX = DL =g (D,Z) gk + 9.58,.9% . (8)
Therefore, by using the commutation rules for the Pauli matrices and the

fact that Tr (AB) = Tr (BA) we can prove that the composite field W; will
transform under G in the following manner:

W2 W =W - d,y, 9)
WE S W = vt (10)

where L arg
wE = M (11)

# V2

Also, it is convenient to define the field
B,=g IBu ’ (12)

which is really the same gauge boson field associated with the U(1)y group.
(g’ is the gauge coupling.) The field B, transforms under G as

B,— B, =B,+0,y . (13)
We now introduce the composite fields Z, and A, as
Z,=W3+B,, (14)
S5 A, =SEW3 — B, (15)
2

where s2, = sin? 0w, and ¢ = 1 — s2. In the unitary gauge (X = 1)

Wi = —gW; , (16)

* This is not the covsn’iant derivativ% of X'. The covariant derivative is
DY =08,2 —ig5WeE +ig' S5 B,.
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2, = -cizp , (17)
€
.Ap, = —S—2—Au y (18)

where we have used the relations e = gs,, = g'cy, W,f’ = cwZy + SwAy, and
B, = —syZ, + ¢y A,. In general, the composite fields contain Goldstone
boson fields:

2
2, =-Lz, +20,6°+--, (19)
Cy v
2
Wt = —gW3+;au¢*+.-..

The transformations of Z, and A, under G are

Z,~Z,=2,, (20)
1
A= A, =A, - -378“1; . (21)

Hence, under G the fields WE and 2, transform as vector fields, but A,
transforms as a gauge boson field which plays the role of the photon field 4,,.

Using the fields defined as above, one may construct the SU(2);, x U(1)y
gauge invariant interaction terms in the chiral Lagrangian

1 1
B __ apy
L = - @WZVW - ZFBWBW
v +ip = H v? H
+ ZW“W +-—8—Z,,Z + ... (22)
where
We, = 9, W2 — QW2 + e WiWS, (23)
Buu = auBy b aVBu,, (24)
and where ... denotes other possible four- or higher-dimension operators
(28, 29].
It is easy to show that ®
We,rt = —gStWe, 8 (25)
and
W W = g?We WeH (26)

® Use Wir® = —2iZ'D,X , and [r®, %] = 2ie°®°r".
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This simply reflects the fact that the kinetic term is not related to the
Goldstone bosons sector, i.e., it does not originate from the symmetry-
breaking sector.

The mass terms in Eq. (22) can be expanded as

2 2
1
%ij* + %zuz“ = 9,8% 6™ + 50,6°06°
g2’U2
8¢

2,2
+ L wirwe 4

1 Z,Z*+.... (27)

A
At the tree-level, the mass of W* boson is My = gv/2 and the mass of Z
boson is Mz = gv/2c¢,,.

Fermions can be included in this context by assuming that each flavor
transforms under G = SU(2);, x U(1)y as [30]

fo fl=e¥Rf, (28)

where @ is the electric charge of f ©.

Out of the fermion fields f;, f, (two different flavors), and the Goldstone
bosons matrix field X, the usual linearly realized fields ¥ can be constructed.
For example, the left-handed fermions [SU(2);, doublet] are

_ () _ _[h
ey,

with Qs —Qy, = 1. One can easily show that ¥y, transforms linearly under
G as
U, — U1, = g¥, (30)

where g = exp(i"‘;’a)exp(iyg) € G,and Y = l/;is the hypercharge of the
left handed quark doublet.

In contrast, linearly realized right-handed fermions ¥r [SU(2), singlet]
simply coincide with Fg, i.e.,

(v _ . (A
e (&) rm(2) o

With these fields we can now construct the most general gauge invariant
chiral Lagrangian that includes the electroweak couplings of the top quark
up to dimension four [25] 7.

& For instance, Qs = 2/3 for the top quark.
" In this study we do not include possible flavor changing neutral current couplings,
e.g. t-c-Z.
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(4) = 233, T .33,
£ = ity Bu+zT-Au t + iby 6u—’?“4u b

1 282 1 no— —-2s2 1 —
‘(5‘7”5“50)“”"“‘7’“”( 3”5%0)“””’*3“

LS bz, — Sibybaz
2 3 LY 0LZL, 3 RY ORZu
1 CC\ 7 u + 1 ,CCT m -
_7.2_ (l + Ky )tL’)/ bW, — % (1+ KL, )bL’}' W,
1 com 1 cotr— -
— ==k IRT*ORWT — —k§Y bpy MR W
\/5 R T OR u \/§ R RY m
In the above equation K?C, KI}\:{C, RSC, and chc parameterize possible de-
viations from the SM predictions {25, 4]. In general, the charged current
coefficients can be complex with the imaginary part introducing a CP odd
interaction, and the neutral current coefficients are real so that the effective
Lagrangian is Hermitian.

3. Constraints on dimension four anomalous couplings from the
low energy data

In the chiral Lagrangian £(*) given in Eq. (32), there are two complex
parameters (xC and x§C) and two real (xkNC and xR°) all independent from
each other, which need to be constrained using precision data. Naturally,
these parameters are not expected to be large, we assume that their absolute
values are at most of order one. The imaginary parts of the charged current
couplings, which give rise to CP violation at this level, do not contribute
to the LEP observables of interest at the one-loop level. Hence, we will
ignore imaginary parts of the k’s. Also, at this level any contributions
from the right-handed charged current coupling x%C are proportional to the
bottom quark’s mass my (which is much smaller than m;), and are negligible
compared to the contributions from the other three couplings. Therefore, we
can only obtain bounds for x{’c, K?{C and h‘,gc from LEP data at the one loop
level. However, the coupling k& can be studied independently by using the
CLEO measurement of & — sv. For this process nﬁc becomes the significant
anomalous coupling. In Ref. [31] the contribution of this parameter to the
branching ratio of b — sy was calculated. From the result given there, and

the recent CLEO measurement 1x10™* < Br(b — sv) < 4.2x 1074 [32], we
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can obtain the following bounds for k€ at the 95% confidence level (C.L.):

—-0.037 < k§° < 0.0015. (33)

With these observations we will study how xNC, kNC and «£C can be con-

strained by LEP data.

All contributions to low energy observables, under a few general assump-
tions, can be parameterized by 4-independent parameters: £, €2, €3, and
&b {33, 34, 35]. In our case, the general assumptions are satisfied, namely all
the contributions of the non-standard couplings «’s to low energy observ-
ables are contained in the oblique corrections, i.e., the vacuum polarization
functions of the gauge bosons, and the non-oblique corrections to the vertex
b-b-Z . Therefore, it is enough to calculate the new physics contribution to
the € parameters in order to isolate all effects to low energy observables.

The experimental values of the £ parameters are derived from four basic
observables, I, (the partial width of Z to a charged lepton pair), A%y
(the forward—backward asymmetry at the Z peak for the charged lepton £),
Mw /Mz, and I} (the partial width of Z to a bb pair) [36].

To constrain these nonstandard couplings (k’s) one needs to have the
theoretical predictions for the €’s. The SM contribution to the €’s have been
calculated in, for example Ref. [37]. Naturally, since we are considering the
case of a spontaneous symmetry breaking scenario in which there is no
Higgs boson, we have to subtract the Higgs boson contribution from these
SM calculations.

Since the top quark will only contribute to the vacuum polarization
functions and the vertex b-b-Z, we only need to consider:

£1 = €1 — €5, (34)
&g = €2 — C2wes, (35)
€3 = €3 — cﬁ,es , (36)
Ep = €p, (37)
where e, €3, €3, €5, and e, are defined as:
AZZ 0 AWW 0
e = Mz()- Mz()’ (38)
Z w
e = FWW(Mfy) - F¥(M3), (39)
es = “LFO(M3), (40)
Sw
dFZZ
€5 = M% (M%) (41)

dq?
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The vacuum polarization functions of the gauge bosons are written in the
following form

I3,(¢*) = —igu (A7(6) + *F9(¢)) + quq, terms,  (42)

where i,j = W, Z, y(photon). Alternatively, instead of using Z and v one
can use 7, j = 3,0 for W3 and B, respectively. The relation between the two
cases is as follows

A% = cquZZ + 25,0 A" + s2 A (43)
A% = -CwaAZZ + (Ci, - Si)AvZ + CcySy AT, (44)
A% = 2 A%Z _9s,c,A"% 4 2 A, (45)

and similarly for F,
The quantity e is defined through the proper vertex correction

- 1- ~
VM (Z — bb) = —‘22—6[,’)’”——2——5 . (46)
w

3.1. Radiative corrections in effective Lagrangians

Before presenting our results for the contributions of the non-standard
couplings to the LEP data, we will discuss a key aspect of effective theories
in general.

Non-renormalizability of the effective Lagrangian presents a major is-
sue of how to consistently handle both the divergent and the finite pieces in
loop calculations [38, 39]. Such a problem arises because one does not know
the underlying theory; hence, no matching can be performed to extract the
correct scheme to be used in the effective Lagrangian [40]. One approach is
to associate the divergent piece in loop calculations with a physical cutoff
scale A, the upper scale at which the effective Lagrangian is valid {30]. In
the chiral Lagrangian approach this cutoff A is taken to be 47v ~ 3TeV
[40] 8. For the finite piece no completely satisfactory approach is available
[38]. We assume that there exists an underlying renormalizable “full” the-
ory that is valid at all scales (or at least at scales much higher than A).
In this case, A serves as an infrared cutoff scale under which the heavy
degrees of freedom can be integrated out to give rise to the effective op-
erators in the chiral Lagrangian. Due to the renormalizability of the full

8 The scale 4rv ~ 3TeV is only meant to indicate the typical cutoff scale. It is equally
probable to have, say, A =1 TeV.
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theory, and from the renormalization group invariance, one concludes that
the same cutoff A should also serve as the associated ultraviolet cutoff of the
effective Lagrangian in the calculation of the Wilson coefficients. Hence, in
the dimensional regularization scheme, the ultraviolet divergent piece 1/¢ is
replaced by In(A?/u?), where € = (4 — n)/2 and n is the space-time dimen-
sion. Furthermore, the renormalization scale p is set to be m;, the heaviest
mass scale in the low energy effective Lagrangian. To study the effects to
low energy observables due to a heavy top quark, in addition to the SM
contributions, we shall only include those non-standard contributions (from
the ’s) of the order
2 2
_m oA (47)
167202 m?

3.2. Contributions on the low energy observables

To perform calculations using the chiral Lagrangian, one should arrange
the contributions in powers of 1/47v and include all diagrams up to the de-
sired power. In a general R gauge (X # 1), the couplings of the Goldstone
bosons to the fermions should also be included in Feynman diagram calcu-
la(ti;ms. These couplings can be easily found by expanding the operators in
JiON

The relevant Feynman diagrams are shown in figure 1. Calculations can
be done for a general R¢ gauge. As it turns out, the dependence on m, for
€1 (which is the deviation from p = 1) and for ¢, is quadratic, whereas for
€2 and g3 is only logarithmic. Hence, in our effective model, the significant
constraints on the parameters kNC, kNC, and x{© are only coming from &;
and g;.

The leading contributions (of order m? In A2%) are the following:

e For the vacuum polarization function of the Z boson Fig. 1(a),
MZ% 3m? 1
A%2(0) = L8 (—lC + £K°) - (48)
e For the vacuum polarization function of the W boson Fig. 1(b),
M3, 3m? 1
ww — W t (_.CCY
A0 = Tt (=5£°) - (49)
e The vertex corrections are depicted in Figs 1(c), 1(d) and 1(e),

. 2
, 1 mi ( , ce ol
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Fig. 1. The relevant Feynman diagrams, for the nonstandard top quark couplings
case and in the 't Hooft~-Feynman gauge, which contribute to the order O(m? In A?).

[ ]
(d)-»—i-g—m—? —2e2 k00 4 KC—KNC (1—7s) %, (51)
4c,, 4202 L L) Tu e
* 2
g my 2 1\ cc 1
Y S 1—v5)~. 52
@ L B (-4 ) - ()

e Finally, the b-quark self energy Fig. 1(f) contribution is

3m? 1

~Terzor TP (s£°) - %) 2 (53)

Therefore, the net non-standard contributions to the & parameters are

GFr
2v/2m2

561 =

2
3m?(~ngc + ngc + KEC) In i—? , (54)
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2
5e, —lngc—{—n )m%. (55)

m?
2\/5 2" ( i

It is mterestmg to note that kCC does not contribute to eb up to this
order (m?In A%) which can be understood from Eq. (32). If k€ = —1 then
there is no net ¢-b-W coupling in the chiral Lagrangian after including both
the standard and nonstandard contributions. Hence, no dependence on the
top quark mass can be generated, i.e., the nonstandard NSC contribution
to £, must cancel the SM contribution when KEC = -1, independently of
the couplings of the neutral current. From this observation and because the
SM contribution to g, is finite, we conclude that KEC cannot contribute to
€y at the order of interest.

Given the above results we can then compare the experimental values of
the ’s with the theoretical predictions [41, 42]. For this comparison, we have
included all €M and ¢, where €M is the SM prediction ? after subtracting
the contributions due to a light Higgs boson (with mass ~ Mz). The other
term é¢, is the contribution from the dimension 4 anomalous couplings given
in Eqs (54) and (55). As we can see, precision data allows for all three non-
standard couplings to be different from zero. There is a three dimensional
boundary region for these x’s, which we can visualize through the three
projections; on the KEC = 0, Kgc = 0 and nﬁc = 0 planes, presented in
Figs 2, 3 and 4 respectively. As we can see from the three projections, the
only coefficient that is constrained is KEC which can only vary between —0.5
and 0.5 roughly speaking. The other two can vary through the whole range
(=1.0 to 1.0) although in a correlated manner; from figure 4 we can say that
LEP data imposes ngc ~ —Kgc if KEC is close to zero. This conclusion
holds for m; ranging from 160 GeV to 180 GeV.

In Ref. [2] a similar analysis was done, but in there the anomalous
charged current contribution K.Ec was not included, and only the non-
standard t-t-Z couplings were considered. The allowed region they found
in Ref. [2] simply corresponds, in our analysis, to the region deﬁned by the
intersection of the allowed volume Eq. (54) and the plane xF© = 0, which
gives a small area confined in the vicinity of the line KNC ﬁc (since
£ & (nﬁc - n{‘c)). If we add the restriction given by £, Eq. (55), we will
realize that this sets the length of the allowed narrow area (c.f. Fig. 5).

It is also interesting to consider a special case in which the underlying
theory respects the global SU(2);, xSU(2)r custodial symmetry that is then
broken in such a way as to account for a negligible deviation of the b-b-Z
vertex from its standard form. This scenario will relate the non-standard
terms in our effective Lagrangian £ Eq. (32).

® ¢5M includes also contributions from vertex and box diagrams.
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Fig. 2. A two-dimensional projection in the plane of kNC and xNC, for m; = 160
GeV (solid contour) and 180 GeV (dashed contour).
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Fig. 4. A two—dimensional projection in the plane of kY€ and x£€, for m, = 160
GeV ({solid contour) and 180 GeV (dashed contour).

3.3. Underlying custodial symmetry case

The SM has an additional (accidental) symmetry called the custodial
symmetry which is responsible for the tree-level relation [4, 43]

M,

= :1. 56

This symmetry is slightly broken at the quantum level by the SU(2)
doublet fermion mass splitting and the hypercharge coupling ¢’ [44]. Writing
p = 14 6p, dp would vanish to all orders if this symmetry were exact.
Low energy data indicate that dp is very close to zero, within about 0.1%
accuracy [45].

In the chiral Lagrangian this assumption of a custodial symmetry sets
vz = vy = v; (see Eq. (1)), and forces the couplings of the top quark to the
gauge bosons W} to be equal after turning off the hypercharge.

Let us consider the case of an underlying global SU(2),xSU(2)r sym-
metry that is broken in such a way as to account for a negligible deviation
of the b-b-Z vertex from its standard form. Since the top quark acquires
a mass much heavier than the other quarks’ masses, we expect the new
physics effects associated with the electroweak symmetry breaking (EWSB)



Probing the Electroweak Symmetry Breaking 3757

sector to be substantially greater for the couplings (to the gauge bosons)
of this quark than for the couplings of all the others, including the bottom
quark. Therefore, it is natural to think of the initial presence of an under-
lying theory that respects the custodial symmetry, and then to think of the
EWSB mechanism introducing an effective interaction that will explicitly
break this symmetry in such a way as to favor the deviation of the cou-
plings of the top quark more than the deviation of the other light quarks’
couplings.

In the context of the chiral Lagrangian, let us think of the effective
Lagrangian £(¥) Eq. (32) originating from two parts: one that reflects
the underlying theory that respects the custodial symmetry (denoted by
L(custodial)y "3 nd another part that explicitly breaks this symmetry but that
keeps the coupling b-b-Z essentially unmodified (denoted by L(EWSB)y,

Let us find the most general form for £{custodial)  Notice that if we set
8w = 0 (turn off the hypercharge), then the standard SU(2)y, invariant term

— . w3 Vawr
Fi* (zau -1 ( S \/__ths ) ) F, (57)
i G

it
F, = (fz)L (58)

defined in Eq. (29), respects the global SU(2),xSU(2)g symmetry 1° and is
the only structure that does so (the derivative term is trivial). Therefore the
only way in which £{custedial) ¢51 contain non-standard couplings is through
a term proportional to the same W*@r® structure:

with the left handed doublets

[ leustodial) — Fru (iau - %W;Ta) F + s FLy*Wire B, (59)

where &; is a real number (so that £(custodial) js Hermitian).

Now, for LEWSB) we notice that (in the context of the non-linearly re-
alized SU(2),xU(1)y chiral Lagrangian) one can break the custodial sym-
metry by introducing interaction terms that involve the 73 matrix such as

CEWSB) — o T s Were 3 + ki Fiyhr®Were By (60)

where k is in general a complex number!?.

19 To verify this, we just need to use the transformation rules X — > = LXR! and
- FL = RFy, with R and L members of global SU(2), and SU(2)r respectively,
as well as the identity i 21D, X = —W“f% .

"' Another term could be FLvy*7° War®r® FL, which contains two symmetry breaking
factors 7°. We will not consider this term in our work.
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When we add £LEWSB) to the non-standard part of £lcustodial) we will
obtain the term:

T
Ty (k1 + &2 +1I‘E2)W2 (K1 — K2 + K;)\/?W: R (61)
(k1 + K2 — ng)\/iw; (=K1 + K2 + K,2)W2

Therefore, by requiring k3 to be a real number, and by setting K1 = 2kg, the
above result indeed describes the scenario in which an underlying custodial
symmetric theory is being broken without modifying the coupling b-b-Z
from its standard value. By turning the hypercharge back on we will then
see that the £(4) Lagrangian will look like:

N — . a — 22, V2W}
LW = Fpy# (u?u -iwer ) R, + Fy* Ky ( \/iy‘{z; “0 ) Fy, . (62)

The superscript (4') in L™ is just to differentiate it from the original
most general Lagrangian L4 of Eq. (32). In conclusion, if we want to
consider a special case in which an underlying custodial symmetric theory
is being broken by interactions that in the end do not modify the b-b-Z
vertex from its standard form, we have to reproduce the matrix structure
presented in Eq. (62). This is equivalent to just requiring the relation 2

kNC = 2k8C = 4k = KL (63)

to be satisfied in the original Lagrangian £(*). Since for the right-handed
couplings only the neutral KI}-‘{C participates in the radiative corrections, we
can simplify our notation and set nﬁc = KR.

From the correlations between the effective couplings (x’s) of the top
quark to the gauge bosons, one can infer if the symmetry-breaking sector
is due to a model with an approximate custodial symmetry or not, i.e., we
may be able to probe the symmetry-breaking mechanism in the top quark
system. To illustrate this point, we can compare our results with those in
Ref. [2]. Figure 5 shows the most general allowed region for the couplings
KEC and ﬁc, i.e., without imposing any “custodial symmetry” relation
between k1~ and nEC. This region is for a top quark mass of 170 GeV and
covers the parameter space ~1.0 < kN°, k}C < 1.0. One finds

-0.15 < k)¢ <0.35,
-1.0 < k}¢ < 1.0.

12 A relation like this appears in the SM after integrating out an ultra-heavy Higgs
boson [4].
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We also show in figure 5 the allowed regions for our special case (KEC =
1,kNC) and the model in Ref. [2] (ch = 0). The two regions overlap in
the vicinity of the origin (0, 0) which corresponds to the SM case. Note
that for m; < 200 GeV the allowed region of «’s in all models of symmetry-
breaking should overlap near the origin because the SM is consistent with
low energy data at the 95% C.L. For k)¢ > 0.1, these two regions diverge
and become separable. One notices that the allowed range predicted in

Ref. [2] lies along the line x}C = nﬁc whereas in our case the slope is given
by the line kNC = 2x}C.
f T T ] T T T T I T l ] . T ! T T
05— —
B 0.0 —
[ ]
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i PR l Lot l . l AR SO T 14 1
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e

Fig. 5. A comparison between our model and the model in Ref. {2] The allowed
regions in both models are shown on the plane of I{r{fc and kXC, for m; = 170 GeV.

If we imagine that any prescribed dependence between the couplings cor-
responds to a symmetry-breaking scenario, then, given the present status
of low energy data, it is possible to distinguish between different scenarios
if k), kRC and kCC are larger than 10%. Better future measurements of
¢’s can further discriminate between different symmetry-breaking scenar-
ios with smaller difference in the x’s. Next, we will discuss how the SLC
precision data can contribute to the study of the nonstandard couplings.

3.4. At the SLC
The measurement of the left-right cross section asymmetry Apg in Z

production with a longitudinally polarized electron beam at the SLC pro-
vides a further test of the SM and is sensitive to new physics. The reported
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measurement of Apg [46] shows a deviation of about 2.8¢ from the SM 13
prediction. The effect of the SLC measurement of Aj g on possible new
physics effects on the top quark couplings depends on the way one incor-
porates Apgr with LEP data. If we include and average Apr with all LEP
data, the anomaly in Apg is almost washed away due to the large number
of LEP measurements consistent with the SM. One finds that including the
SLC measurement Apg with all LEP data yields a slight decrease in the
central value of €; [41] while keeping the fit on £, the same. As discussed in
the previous section, the nonstandard coupling nNC is mostly Constrained
by €. Therefore, no significant change in the allowed range of k}C is ex-
pected. The effect of averaging the SLC and LEP data can be easily seen
in the special model discussed previously (xfC = k}NC/2). In this case,
the length of the allowed area is not aﬂ'ected since 1t is controlled by .
Since the uncertainty in ™" remains almost the same after including the
ALr measurement, the width of the allowed area is also hardly modified.
The only effect will be to shift the allowed area slightly downward (towards
2kR < k). This conclusion is simply due to the preference for a more neg-
ative new physics contribution to accommodate the smaller value of £7°7

We have seen that the precision LEP/SLC data can constrain the cou-

plings kNC, kNC and k£C, without forcing them to be zero. For x§C (the
right-handed charged current) there is no constraint, because its contribu~
tion to the relevant radiative corrections at LEP/SLC is proportional to
the bottom quark’s mass. However, the nonstandard coupling nCC can be
studied using the b — sy measurement [31] (c.f. Eq. (33)).

The important lesson from the above analysis is that the precision low
energy data do not exclude the possibility of having anomalous top quark
interactions with the gauge bosons. Also, different models for the elec-
troweak symmetry breaking sector can induce different relations among the
k’s. These relations can in turn be used to discriminate between models by
comparing their predictions with experimental data. In the next section,
we examine how to improve our knowledge of these non-standard couplings
by direct measurements at current and future colliders.

4. Direct measurement of dimension four anomalous
couplings at colliders

In this Section, we shall discuss how to measure the dimension four
anomalous couplings KZNC gc EC, and ngc at hadron colliders and future
electron collider.

Run I at the Fermilab Tevatron (a pp collider with v/S = 1.8 TeV) is now
complete, and each experiment (CDF and D@ groups) has accumulated an

13 With a top quark mass m, = 175 GeV and a Higgs mass my = 300 GeV.
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integrated luminosity of about 110 pb~!. Run II (the upgraded Tevatron
with the Main Injector) will begin in 1999, with a machine energy of 2
TeV and an integrated luminosity of about 2fb™! per year. The CERN
Large Hadron Collider (LHC) is a pp collider with v'S = 14 TeV and an
integrated luminosity of about 10 ~ 100 fb~! per year. A future electron
Linear Collider (LC) is also proposed to run at the top quark pair threshold
(via e~et — tt process) to study the detailed properties of the top quark.

4.1. At the Tevatron and the LHC

At the Tevatron and the LHC, heavy top quarks are predominantly pro-
duced in pairs from the QCD process gg,qq — tt. In addition, there are
single-top quark events in which only a single ¢ or ¢ is produced. A single-
top quark signal can be produced from either the W-gluon fusion process
qg9(Wg) — tb (or ¢'b — qt [47, 48], the Drell-Yan-type W* process g§ — tb
[45-47] and Wt production via gb — W™t [52]. The corresponding Feynman
diagrams for these single-top processes are shown in figure 6. The approxi-
mate cross sections (in pb) for single-top quark production (including both
single-t and single-t events) at the upgraded Tevatron (and the LHC) from
the above four production processes are 6.5(700), 2.0(200), 0.88(10) and
0.2(70), respectively.

The relative magnitudes between the dimension four anomalous cou-
plings Rgc and nﬁc can be measured from the decay of the top quark
(produced from either of the above processes) to a bottom quark and a
W boson. These nonstandard couplings can be furthered measured from
counting the production rates of signal events with a single ¢ or . More
details can be found in Refs [51], [53] and [54].

4.1.1. From the decay of top quarks

In tt events, the final state with most kinematic information is W +
47, where the W is detected via its leptonic decay. These events are fully
reconstructable. To reduce backgrounds, it is best to demand at least one
b tag. The number of such events is about 500 per fb~! [54]. Thus there
will be on the order of 1000 tagged, fully reconstructed top-quark events in
Run II, to be compared with the approximately 25 W + 4j single-tagged
top events in Run . To probe ngc and Kgc from the decay of the top quark
to a bottom quark and a W boson, one needs to measure the polarization
of the W boson which can be determined by the angular distribution of the
lepton (say, et in the rest frame of W¥) in the decay mode t — bW*(—
etv). However, reconstructing the rest frame of the W-boson (in order to
measure its polarization) could be a non-trivial matter due to the missing
longitudinal momentum (P,) (with a two-fold ambiguity) of the neutrino
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Fig. 6. Diagrams for various single-top quark processes.

(v) from W decay. Fortunately, as shown in Eq. (64), one can determine
the polarization of the W-boson without reconstructing its rest frame by
using the Lorentz-invariant observable my., the invariant mass of b and e

from t decay.

The polar angle 6%, distribution of the e in the rest frame of the W+
boson whose z-axis is defined to be the moving direction of the W+ boson
in the rest frame of the top quark can be written in terms of mp. through

the following derivation:

cosf*. = EeEp — pe - py
+ — T = th=1
¢ |Bel|Ps]
o PPy 2mp

EeEb - m? — M&, )
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The energies E, and Ej are evaluated in the rest frame of the W+ boson
from the top quark decay and are given by

M2, + m2 — m2 B
B= WIRETY g = /B - m,

m? — MZ, — m? .
B = LT iy = /B - mi (65)

where we have not ignored the negligible masses m, and m,, of et and v,
for the sake of book-keeping.

In Eq. (64), the first line comes from exact definition, whereas the sec-
ond line comes from applying Eq. (65) in the limit m; = 0. However, in
practice two problems arise due to experimental limitations. First, the mea-
sured momenta of the bottom quark and the charged lepton will be smeared
by detector effects, and second; it is difficult to do the identification of the
right b to reconstruct ¢. There are three possible strategies to improve the
efficiency of identifying the correct b. One is to demand a large invariant
mass of the tf system so that ¢ is boosted and its decay products are colli-
mated. Namely, the right b will be moving closer to the lepton from ¢ decay.
This can be easily enforced by demanding leptons with a larger transverse
momentum. Another strategy is to identify the soft (non-isolated) lepton
from the b decay (with a branching ratio Br(b — u*X) ~ 10%). The third
one is to statistically determine the electric charge of the b-jet (or b-jet) to
be Y3 (or —!3) 1. How precisely can the invariant mass mj. be measured
is a question yet to be answered.

For a massless b (which is a good approximation for my < m;), the W
boson from top quark decay can only be either longitudinally or left-handed
polarized for a purely left-handed charged current (k§¢ = 0). For a purely
right-handed charged current (x{© = —1) the W boson can only be either
longitudinally or right-handed polarized. (Note that the handedness of the
W boson is reversed for a massless b from ¢ decays.) This is the conse-
quence of helicity conservation, as diagrammatically shown in figures 7 and
8 for a polarized top quark. In these figures we show the preferred moving
direction of the lepton coming from a polarized W-boson decay in the rest
frame of a polarized top quark, for both cases of a left-handed and a right-
handed t-6-W vertex. As indicated in these figures, the invariant mass my,
depends on the polarization of the W-boson from the decay of a polarized
top quark.  Also, my, is preferentially larger for a purely right-handed
t-b-W vertex than for a purely left-handed one. This is clearly shown in
figure 9, in which the peak of the my, distribution is shifted to the right

' This is the kind of analysis performed at LEP to separate a quark jet from a gluon
jet.
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Fig. 8. For a right-handed t-b-W vertex

and the distribution falls off sharply at the upper mass limit for a purely
right-handed ¢-b-W vertex. Their difference is shown, in terms of cos#y,
in figure 10. However, in both cases the fraction (fLong) of longitudinal
W’s from top quark decay is enhanced by m;?/2Mp? as compared to the
fraction of transversely polarized W’s [55], namely,

m2

2M:2
fLong = '—#—' . (66)
1+ 557,
Therefore, for a heavier top quark, it is more difficult to untangle the &€
and k§C contributions. 1

As noted above, studying the decay of the top quark can tell us some-
thing about the relative size of the couplings 14+xC and kSC. To determine
the values of kU and k§C, one has to provide additional information such
as the decay width of t — bW (which is about the total width of the top

15 On the other hand, because of the very same reason, the mass of a heavy top quark can
be accurately measured from frong irrespective of the nature of the t-b-W couplings
(either left-handed or right-handed).
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quark in the SM). 16 If we assume the decay width of ¢ — bW is the same
as the SM prediction (i.e., about 1.5GeV for a 175GeV top quark), then
the value of (kFC)2 4 (k§C)? is fixed. Thus, combining with the information

obtained from the previous analysis one can decisively determine &

SC and

ngc. The important question to ask then is how to measure the decay width
of t = bW, denoted as I'(t — bW).

' The information (c.f. Eq. (33) on kSC derived from the rare-decay process b > sv

could also be useful.
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4.1.2. Measuring the decay width of t = bW

As shown in Ref. [56], the intrinsic width of the top quark cannot be
measured at hadron colliders from reconstructing the invariant mass of the
jets from the decay of the top quark produced from the usual QCD processes
(¢4, gg — tt) because of the poor resolution of the jet energy as measured
by the detector. For a 175GeV SM top quark, its intrinsic width is about
1.5GeV, however the measured width from the invariant mass distribution
of the top quark is unlikely to be much better than 10 GeV [54]. Is there a
way to measure the top quark width I'(t — bW*) to within a factor of 2
or better, at hadron colliders? The answer is yes. It can be measured from
single-top events.

The width I'(t — bW™) can be measured by counting the production
rate of top quark from the W-b fusion process which is equivalent to the
W-gluon fusion process by properly treating the bottom quark and the W
boson as partons inside the hadron. In the following we shall discuss how
to correctly treat the b-quark as a parton inside the proton to properly
resum all the large logs to all orders in a,. First, let us illustrate how
to treat the W-boson as a parton inside the proton. Consider the ¢'6 —
gt process. It can be viewed as the production of an on-shell W-boson
(i.e., effective-W approximation) which then rescatters with the b-quark
to produce the top quark. This factorization is similar to that in the deep-
inelastic scattering processes. The analytic expression for the flux (fa(z)) of
the incoming Wj-boson (A = 0, +, — for longitudinal, right-handed, or left-
handed polarization) to rescatter with the b-quark can be found in Ref. [57].
The constituent cross section of ub — dt is given by

m2 1672m3
AZ,L 8 ) Ls(m? - M3’

where My is the mass of W+-boson and v/3 is the invariant mass of the hard
part process. Note that in order to derive the above result one has to assume
that the dynamics of the hard part scattering, i.e., bW+ (k,) — t, does not
change dramatically from an off-shell (k% < 0) to an on-shell (k* = M%)
W-boson. Hence, the above equality is only valid under the effective-W
approximation even though the kinematic factors are correctly included.
Since the scattering rate of Wb — t is proportional to the decay rate of
t — Wb, the production rate of single-top event from the W-gluon fusion
process measures the partial decay width of the top quark I'(t — bWT).
Furthermore, the branching ratio of ¢ — Wb can be measured !7 from
the ratio of the numbers of double-b-tagged versus single-b-tagged tt events

7 CDF group has reported a measurement of this branching ratio in [58].
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and the ratio of (2¢ + jets) and (1€ + jets) rates in tt events for t —
bW+ (— £tv) [54]. Combining this model-independent measurement of the
branching ratio Br(¢ — dW) with the measurement of the partial decay
width I'(t — bW™) from the single-top production rate, one can determine
the total decay width I} = I'(t — bW)/Br(t — bW) of the top quark,
or equivalently, the lifetime (1/I7%) of the top quark. At the Run-II of the
Tevatron we expect that the lifetime of the top quark will be known to
about 20% ~ 30%. Here, we have taken the values that the branching ratio
Br(t — bW™) can be measured to about 10% [54] and the cross section for
W-gluon fusion process is known to about 15% ~ 20% (discussed in the
next section).

Before closing this section, we comment on the importance of measur-
ing the single-top production rate from the W-gluon fusion process. In the
SM, the only nonvanishing coupling at the tree level is KEC = 1. These &’s
would have different values if new physics exists. Nevertheless, the conclu-
sion that the production rate of the W-gluon fusion event is proportional
to the decay width of ¢t — Wb holds irrespective of the specific forms of
the anomalous couplings (even including higher order operators). Hence,
measuring the single-top event rate from the W-gluon fusion process is an
inclusive method for detecting effects of new physics which might produce
large modifications to the interactions of the top quark. Strictly speak-
ing, from the production rate of single-top events, one measures the sum
(weighted by parton densities) of all the possible partial decay widths, such
as ['(t = bBWH) + I'(t —» sWH) + I'(t - dWT) + - -+, therefore, this mea-
surement is actually measuring the width of I'(t — X W) where X can be
more than one particle state as long as it originates from the partons inside
the proton (or anti-proton). If new physics strongly enhances the flavor-
changing-neutral-current ¢-c-Z, then the single-top production rate would
also be enhanced from the Z-c¢ fusion process qc — ¢t.

4.1.3. The total production rate of W-gluon process

The calculation on the production rate of W-gluon fusion process
involves a very important but not yet well-developed technique for handling
the kinematics of a heavy b parton inside a hadron. Thus, the kinematics of
the top quark produced from this process can not be accurately calculated.
However, the total event rate of the single-top quark production via this
process can be estimated using the method proposed in Ref. [59]. The total
rate for W-gluon fusion process involves the O(a?) (2 — 2) process ¢'b — gt
plus the O(a?a;,) (2 — 3) process ¢'g(W+g) — qtb (where the gluon splits
to bb) minus the splitting piece ¢ — bb ® ¢'b — gt in which bb are nearly
collinear. These processes are shown diagrammatically in figure 11.
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Fig. 11. Feynman diagrams illustrating the subtraction procedure for calculating
the total rate for W-gluon fusion: ¢'b — gt © ¢'g{W*g) = qtb © (g = bb ® ¢'b —

qt).

The splitting piece is subtracted to avoid double counting the regime in
which the b propagator in the (2 — 3) process closes to on-shell. This pro-
cedure is to resum the large logarithm a;In(m?/m?) in the W-gluon fusion
process to all orders in o, and include part of the higher order O(a?a,)
corrections to its production rate. (m, is the mass of the bottom quark.)
We note that to obtain the complete O(a%a;) corrections beyond just the
leading log contributions one should also include virtual corrections to the
(2 — 2) process, but we shall ignore these non-leading contributions in this
work!8, Using the prescription described above we find that when using the
MS parton distribution function (PDF) CTEQ2L [61] the total rate of the
W-gluon fusion process is about 25% smaller than the (2 — 2) event rate
either at the Tevatron or at the LHC.

To estimate the uncertainty in the production rate due to the choice of
the scale () in evaluating the strong coupling constant a; and the parton dis-
tributions, we show in figure 12 the scale dependence of the W-gluon fusion
rate for a SM top quark. As shown in the figure, although the individual
rate from either (2 — 2), (2 — 3), or the splitting piece is relatively sensi-
tive to the choice of the scale, the total rate as defined by (2 - 2) + (2 —
3) — (splitting piece) only varies by about 30% for Mw /2 < Q < 2m; at the
Tevatron. (At the LHC, it varies by about 10%). This uncertainty reduces
to about 10% (at the Tevatron) for m;/2 < Q < 2m;. !° Based upon the

'8 In Ref. [60] it is shown that indeed these non-leading logs are not important.

'® This conclusion is in good agreement with a complete next-to-leading-order calcu-
lation (different from the above resummation procedure) performed in Ref. [62] in
which the theoretical error on the total cross section at the Tevatron was estimated
to be about 10% for Q ranging from m./2 to 2m..
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Fig. 12. Rate of W-gluon fusion process versus scale @ for m; = 180GeV and
Vs =2TeV.

results shown in figure 12, we argue that QQ < My /2 is probably not a good
choice as the relevant scale for the production of the top quark from the
W-gluon fusion process -because the total rate rapidly increases by about
a factor of 2 in the low Q regime. In view of the prescription adopted in
calculating the total rate, the only relevant scales are the top quark mass
m; and the virtuality of the W-line in the scattering amplitudes. Since
the typical transverse momentum of the quark (g) which comes from the
initial quark (¢’) after emitting the W-line is about half of the W-boson
mass, the typical virtuality of the W-line is about My /2 ~ 40GeV. The
scale my ~ 5GeV is thus not an appropriate one to be used in calculating
the W-gluon fusion rate when using our prescription. We note that in the
(2 = 2) process the b quark distribution effectively contains sums to order
(a5 In(Q/my)]™ from n-fold collinear gluon emission, whereas the subtraction
term (namely, the splitting piece) contains only first order in a;In(Q/my).
Therefore, as @ — my the (2 — 2) contribution is almost cancelled by the
splitting terms. Consequently, as shown in figure 12, the total rate is about
the same as the (2 — 3) rate for Q — my. It is easy to see also that based
upon the factorization of the QCD theory [59] the total rates calculated via
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this prescription will not be sensitive to the choice of MS PDF although
each individual piece can have different results from different PDF’s.

In conclusion, assuming k§C = 0, then k{'C can be constrained to within
—0.08 < k£ < 0.03 assuming a 20% uncertainty on the production rate of
single-top quark from the W-gluon fusion process at the Tevatron [4]. This
means that if we interpret (1 + x°C) as the CKM matrix element |V, then
|Vis] can be bounded as |Vy| > 0.9. 2°

4.1.4. Other single-top production rates

Another single-top quark production mechanism is the Drell-Yan type
process ¢'§ — W* — tb whose production rate can also provide information
on k€ and k5C. Notice that the polarization of the top quark produced
from this process is different from the one in W-gluon fusion events [50].
For instance, for a 175 GeV SM top quark produced at the Tevatron, W-
gluon fusion produces almost 100% left handed top quarks, but the W*
process produces ~ 50% polarized top quarks (i.e., 1/4 of top quarks are
right handed and the rest are left handed). Hence, these production rates
depend on KEC and fcgc differently. Furthermore, since the kinematics of
the top quark produced from these two processes are different [50], these
two kinds of events can be separated at the Tevatron. In Ref. [51], a careful
study was carried out of how to measure |V;;| from the production rate of
W* events. It was concluded that [Vy| can be measured to about 10% at
the Tevatron if k§¢ = 0. It was shown in Ref. [64] that the production
rate of W* events up to the next-to-leading order QCD corrections is well
under control (better than 10%). Hence, this process should provide a good
measurement of k°C .and x§C. 2!

We note that because the production cross sections of the single-top
events from the W-gluon fusion and the W* processes depend differently on
k€ and k§C, they all have to be measured and combined with the measure-
ment of the decay kinematics of the top quark to definitely constrain the
anomalous couplings F\ZSC and Kﬁc. At the LHC, the single-top production
rate from bg — Wt process is about 7 times the W* rate and should also
be measured to probe the interaction of the top quark with the W-boson.

20 This method is different from the one used in the recent CDF measurement of [Vis|
by measuring Br(t — bW*) and assuming 3 generations of quarks plus unitarity [63].
Our method does not require such assumption.

2! We note that the production rate of the W* process is not directly proportional to
the decay width of ¢ — bW ™, but the production rate of the W-gluon process is.
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4.2. At the LC

The best place to probe the couplings kNC and k}° associated with the
t-t-Z coupling is at the LC through e~et — v, Z — tt process because at
hadron colliders the tf production rate is dominated by QCD interactions
(¢g,99 — tf). A detailed Monte Carlo study on the measurement of these
couplings at the LC including detector effects and initial state radiation can
be found in Ref. [65]. The bounds were obtained by studying the angular
distribution and the polarization of the top quark produced in e~ e* col-
lisions. Assuming a 50 fb~! luminosity at /s = 500GeV, we concluded
that within a 90% confidence level, it should be possible to measure KEC to
within about 8%, while kKNC can be known to within about 18%. A 1TeV
machine can do better than a 500 GeV machine in determining s} and k}§°
because the relative sizes of the tg(f)g and t(2);, production rates become
small and the polarization of the tt pair is purer. Namely, it is more likely
to produce either a ti(f)g or a tg(f);, pair. A purer polarization of the
tt pair makes KEC and NRC better determined. (The degree of top quark
polarization can be further improved by polarizing the electron beam [66].)
Furthermore, the top quark is boosted more in a 1TeV machine, thereby
allowing a better determination of its polar angle in the ¢Z system (because
it is easy to find the right b associated with the lepton to reconstruct the
top quark moving direction).

Finally, we remark that at the LC x{C and x§C can be studied either
from the decay of the top quark pair or from the single-top quark production
process, W-photon fusion process e"et(Wv) — tX, or e”y(W7y) — tX,
which is similar to the W-gluon fusion process in hadron collisions.

5. Dimension five anomalous couplings

So far we have discussed how to probe new physics effects that are ex-
pected to give some information about the symmetry breaking mechanism,
as they can give rise to anomalous terms in the dimension 4 standard gauge
couplings of the top quark with the electroweak bosons. Of course, this
is not the only way in which these effects can become apparent in future
experiments. A complete analysis should include possible anomalous effec-
tive interactions of higher dimension. In this section we will construct the
complete set of independent operators of the first higher order operators
with dimension 5, such that the complete effective Lagrangian relevant to
this study will be:

Leg=LB+ W40, (67)

where £(5) denotes the dimension 5 operators.
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Our next task is to find all the possible dimension five hermitian inter-
actions that involve the top quark and the fields Wf, Z, and A,. Notice
that the gauge transformations associated with these and the composite
fermion fields Eq. (28) are dictated simply by the U(1),,, group. We will
follow a procedure similar to the one in Ref. [67], which consists of con-
structing all possible interactions that satisfy the required gauge invariance
(U(1)gy, in this work), and that are not equivalent to each other. The cri-
terion for equivalence is based on the equations of motion and on partial
integration. As for the five dimensions in these operators, three will come
from the fermion fields, and the other two will involve the gauge bosons.
To make a clear and systematic characterization, let us recognize the only
three possibilities for these two dimensions:

(1) Operators with two boson fields.
(2) Operators with one boson field and one derivative.
(3) Operators with two derivatives.

(1) Two boson fields

First of all, notice that the A, field gauge transformation Eq. (21) will
restrict the use of this field to covariant derivatives only. Therefore, except
for the field strength term A,, only the Z and W fields can appear multi-
plying the fermions in any type of operators. Also, the only possible Lorentz
structures are given in terms of the o,, and g,, tensors. We do not need
to consider the tensor product of v,’s since

4 ¥=guaub, —io,aLb,. (68)

Finally, we are left with only three possible combinations: (1.1) two Z,’s,
(1.2) two W,.’s, and (1.3) one of each.

1.1 Since o, is antisymmetric, only the g,, part is non-zero 22
Ogzz =t tpZ2,2* + hec.. (69)
1.2 Here, the antisymmetric part is non-zero too:
Ogww = thRW:W"“ + h.c. (70)
Ooww = Lo tRWIW, + h.c. (71)

1.3 In this case we have two different quark fields, therefore we can distin-
guish two different combinations of chiralities:

OswzLr) = tLr)d" bryWy 2, + h.c. (73)

2 In the next section we will write explicitly the Hermitian conjugate (h.c.) parts.
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(2) One boson field and one derivative.
The obvious distinction arises: (2.1) the derivative acting on a fermion
field, and (2.2) the derivative acting on the boson.

2.1 The covariant derivative for the fermions is given by 23 (see Eqs (21)
and (28))

Duf = (8, +iQss% AL f,
Dof = F(8. —iQss2A,) . (74)

Notice that the covariant derivative depends on the fermion charge Qy,
hence the covariant derivative for the top quark is not the same as for
the bottom quark; partial integration could not relate two operators in-
volving derivatives on different quarks. Furthermore, by looking at the
equations of motion we can immediately see that operators of the form,
for example, fZPf or fEPIWTD f(down) " 5re equivalent to operators
with two bosons, which have all been considered already. Following
the latter statement and bearing in mind the identity of Eq. (68) we
can see that only one Lorentz structure needs to be considered here,
either one with o, or one with g,,. Let us choose the latter.

OwpeLr) = WH i m)Dubre) + hec., (75)
OwpirL) = W™ *bLr)Dutrq) + hec., (76)
Ozps = Z"t.Dytr + hec.. (77)

Of course, the A field did not appear. Remember that its gauge trans-
formation prevents us from using it on anything that is not a covariant
derivative or a field strength A,, .

2.2 Since W transforms as a field with electric charge one, the covariant
derivative is simply given by (see Eq. (10) ):
DW= (Ou +isy AW,
DIW; = (9, —isL A )W, . (78)

Obviously, since the neutral Z field is invariant under the G group transfor-
mations (see Eq. (20)), we could always add it to our covariant derivative:

DEW} = (8, +ist A, +iaZ, )W},

2% To simplify notation we will use the same symbol D, for all covariant derivatives.
Identifying which derivative we are referring to should be straightforward, e.g. D,
in Eq. (74) is different from D, in Eq. (6).
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where @ stands for any complex constant. Actually, considering this second
derivative would insure the generality of our analysis, since for example by
setting @ = ¢ and comparing with Eqs (14) and (15) we would automati-
cally include the field strength term 24

WE = g,WE — g Wt £ iWEW? - wiw#) = DEWE - DEWE(79)

However, this extra term in the covariant derivative would only be redun-
dant. We can always decompose any given operator written in terms of
DELZ) into the sum of the same operator in terms of the original D, plus
another operator of the form O,y z1r) or O,wzL(r) (c-f Egs (72) and
(73)). Therefore, we only need to consider the covariant derivative (78)
for the charged boson and still maintain the generality of our characteriza-
tion. For the neutral Z boson we have the simplest situation, the covariant
derivative is just the ordinary one,

D,Z, = 8,2,. (80)

The case for the A boson is nevertheless different. Being the field that
makes possible the U(1),,,, covariance in the first place, it can not be given
any covariant derivative itself. For A, we have the field strength:

Ay = 0,A, —0A,,

Finally, we can now write the operators with the covariant derivative-
on-boson terms. Unfortunately, no equations of motion can help us reduce
the number of independent operators in this case, and we have to bring up
both the o,, and the.g,, Lorentz structures.

O,pz = tLo*trd, 2, + h.c. (81)
Ogpz = tLtrd,Z* +h.c. (82)
Ospwir(ry = tLw)o* bryDuW; +hec. (83)
Oypwi(R) = t_L(R)bR(L)D“W"'“ + h.c. (84)
O4 = tLo*trA,, + hec. (85)

(3) Operators with two derivatives

As it turns out, all operators of this kind are equivalent to the ones
already given in the previous cases. Here, we shall present the argument of

?* From Eqgs (11) and (23), we write Wi, = %(W‘lw FiW).
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why this is so. First of all, we only have two possibilities, (3.1) one deriva-
tive acting on each fermion field, and (3.2) both derivatives acting on the
same fermion field.

3.1 Just like in the case (2.1) above, we first notice that an operator of the

form fﬁ Df can be decomposed into operators of the previous cases
(1.1), (1.2) and (1.3) by means of the equations of motion. Therefore,
we only have to consider one of two options, either D, fao**D, f, or
D,fg"“D,f. Let us choose the latter. By means of partial integration
we can see that the term (9, f)8* f yields the same action as the term
—f0*0, f, and we only need to consider the case in which the covariant
derivatives act on the same f, which is just the type of operator to be
considered next.

3.2 By using the equations of motion twice we can relate the operator
fDD f to operators of the type (1.1), (1.2) or (1.3). Either foe**D,D, f,
or fD“D#f needs to be considered. This time we choose the former,
which can be proved to be nothing but the operator O 4 itself Eq. (92).

5.1. Hermiticity and CP invariance

The list of operators above is complete in the sense that it includes all
non-equivalent dimension five interactions that satisfy gauge invariance. It
is convenient now to analyze their CP properties. In order to make our
study more systematic and clear we will re-write this list again, but this
time we will display the added hermitian conjugate part in detail. By doing
this the CP transformation characteristics will be most clearly presented
too.

Let us divide the list of operators in two: those with only the top quark,
and those involving both top and bottom quarks.

5.1.1. Interactions with top quarks only

Let us begin by considering the operator Oyzz. We will include an
arbitrary constant coefficient, denoted as a, which in principle could be
complex:

ngz = at_LtRZuZ“—f—a*t_RtLZuZ“
= R(a)ttZ, 2" + S(a)itystZ, 2" .

Our hermitian operator has naturally split into two independent parts: one
that preserves parity (scalar), and one that does not (pseudoscalar). Also,
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the first part is CP even whereas the second one is odd. The natural sepa-
ration of these two parts happens to be a common feature of all operators
with only one type of fermion field. Nevertheless, not always will the parity
conserving part also be the CP even one, as we shall soon see.

Below, the complete list of all 7 operators with only the top quark is
given. In all cases the two independent terms are included; the first one is
CP even, and the second one is CP odd.

Ogzz = %%(azzl)ftZuZ" + —ji-%(azzl)it_vstzazg , (86)
Ogww = %?R(awwl)t_tWIW"“ + %%(awwl)it—'ysthW_“, (87)
Owww = %%(awm)it_a‘“’tW:W; + %%(awwz)t‘aﬂ"ystw:w;, (88)

Ozp; = %C\‘s(azgs)ifDutZ“ + %%(azg)fDuvstZ“, (89)

Oupz = %%(324)%—75238#3“ + %%(324)&:@@#, (90)
Oupz = %%(azg)fa"”tﬁyz,,-% %%(azz)ifo““%tauzy, (91)

O4 = %%(aA)fa“”tAW + %Q(aA)it_a“”'yst.AW. (92)

Notice that in the operator Oypz the parity violating part happens to

be CP even. This is because under a CP transformation a scalar term ¢t
remains intact, i.e. it does not change sign, whereas a pseudoscalar term
tyst changes sign. The gauge bosons change sign too, and this is what
makes the scalar part of the operator to change sign under CP. Compare
with the operator Oz z, there we have two bosons; two changes of sign that
counteract each other. Therefore, it is the scalar part that is CP even in
Og4zz. Furthermore, based on the naive dimensional analysis (NDA) the
coefficients of these operators are of order 1/A. Therefore, the normalized
coefficients (the a’s) are expected to be of order 1.

5.1.2. Interactions with both top and bottom quarks

Below, we show the next list of 12 operators with both top and bottom
quarks. Again, we include an arbitrary complex coefficient 2°:

25 D“fR(L) stands for (D“fR(L))'-yo; fR(L) stands for (fR(L))"yo.
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1 _
OgwzLR) = ZﬁtmlL(R)tL(R)bR(L)W;r z*

1 * 1 -
+ F%uarr)PROILER) W, FA (93)

1 ; v
OswzL(R) = ZaszL(R)tL(R)Uu bryWf 2,

1, - Y _
+ J%ua2rr) PRI LR Wi 2y (94)

1 -
OwpsL(R) = ZawaL(R)W+” tLr) Dubr(v)

1. o
+ F%usrmW ™ Dubp L) » (95)

1 e
Owbpir(L) = GwsrR)W™* brr)Dutr(r)
1

+ %R Dulg)bLm) » (96)

1 g 14
OspwL(R) = S0uw2L(R)IL(R)T" brwyDu Wy
1

+ Z“LzL(n)l_’R(L)U“ Yty DLW (97)
1 _
OgpwL(R) = Z’aw4L(R)tL(R)bR(L)DuW+u
1, - _
+ ZauAL(R)bR(L)tL(R)DLW . (98)

In this case, if a is real (@ = a”) then Oy z1r) and O,pwr(r) are both CP
even, but OUWZL(R)» OWDbL(R)9 OWDtR(L) and O_qDWL(R) are odd. Just the
other way around if a is purely imaginary.

The dimension five Lagrangian £ is simply the sum of all these 19
operators (Eqgs (86) to (98)):

LB = %" 0. (99)

i=1,19

To study the possible effects on the production rates of top quarks in
high energy collisions, only the CP conserving parts which give imaginary
vertices (like the SM) are relevant. The amplitude squared will depend
linearly on the CP even terms, but only quadratically on the CP odd terms,
because the no-Higgs SM (L) interactions 26 are CP even when ignoring

?® Since in the unitary gauge L™ reproduces the SM without the physical Higgs boson,
we will refer to it as the no-Higgs SM.
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the CP-violating phase in the Cabibbo—Kobayashi-Maskawa (CKM) mixing
elements.

However, this does not mean that it is not possible to probe the CP
violating phase in the operators. Later on in the next section we will show
one observable that depends linearly on the CP odd coefficients. From now
on, the appropriate CP even part (either real or imaginary) is assumed for
each coefficient. To simplify notation we will use the same label; a,,; will
stand for R(a:.1), @y.or(r) Will stand for S(ay.2r(r)), and so on, the only
exception will be a4, whose real part is recognized as proportional to the
magnetic moment of the top quark, and will be denoted by a,,. It is thus
understood that all coefficients below are real numbers.

In conclusion, the dimension 5 Lagrangian consists of 19 independent
operators which are listed from Eq. (86) to Eq. (98). Since the top quark
is heavy (its mass is of the order of the weak scale), it is likely to interact
strongly with the Goldstone bosons which are equivalent to the longitudinal
weak gauge bosons in the high energy regime. (This is known as the Gold-
stone Equivalence Theorem [21].) Hence, we shall study in the rest of this
paper how to probe these anomalous couplings from the production of top
quarks via the V1, V4, fusion process, where V|, stands for the longitudinally
polarized W#* or Z bosons.

6. Probing the dimension 5 anomalous couplings at the colliders

As it is suggested by the very form of these operators, we decide to
probe their potential contribution to high energy scattering processes like
longitudinal vector boson (V1,J1,) fusions (see figure 13), and study how they
can affect the production rates of top quarks in both the LHC and the LC.
For simplicity, in this study we shall take all the non-standard dimension
four couplings to be zero. A general result including these operators are
given in Ref. [23].

Fig. 13. Production of tf (tb or bf) from Wit W[ or Z,Z1, (Wit Z1, or Wi Z1) fusion
processes.

Before doing any calculation at all, we can make an estimate of the
expected sizes of these tree level amplitudes according to their high energy
behavior. A general power counting rule has been given that estimates the
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high energy behavior of a scattering amplitude T to be [22]

No s ENDPeo v B \NPEL /My E
S— il = W (1 —) 100
T'=erv (A) (v) (47rv) ( E ) i (100)

DEO=2+Evn(dn+%fn—2)’ Dgp = 2L,

where Dr = 4 — ¢ = 0 (e is the number of external lines; 4 in our case),
No = 0 for all dimension 4 operators and Np = 1 for all dimension 5
operators based upon the naive dimensional analysis (NDA) 27 [24, 16],
L = 0 is the number of loops in the diagrams, H (In(E/u)) = 1 comes
from the loop terms (none in our case), e, accounts for any external v,-
lines 22(none in our case of V1.V, — , tb), V, is the number of vertices of
type n that contain d,, derivatives and f,, fermionic lines. The dimensionless
coefficient cr contains possible powers of gauge couplings (g, ¢') and Yukawa
couplings (yy) from the vertices of the amplitude T', which can be directly
counted.

At high energy the longitudinal components of the gauge bosons will
dominate the production of top quarks coming from vector boson fusions,
we will thus concentrate on their contribution from now on. According to
the Goldstone boson Equivalence Theorem (ET) [21], in the high energy
limit we can substitute the longitudinal external weak boson lines with the
corresponding Goldstone boson lines, and then perform a much easier cal-
culation. In figure 14 we show these diagrams for the Z1,Z;, — tt process
(see also figure 15). Let us start with the no-Higgs SM dimension 4 La-
grangian contribution to the process Zp,Z, — tf. It is convenient to use an
alternative non-linear parameterization that is equivalent in the sense that
it produces the exact same matrix elements [26], but with the advantage
that the couplings of the fermions with the Goldstone bosons do not contain
derivatives, and we do not have to worry for high energy gauge cancellations.
The desired form of the SM Lagrangian is given by

LGy = Priv*Dlwy, + Triv*DFwn — (LIMg +hoc.)

e wew _1p pu i (D ZTD"’Z) ., (101)
4 uv 4 H 4 H

2" NDA counts £ as A°, D, as 1/A, and fermion fields as 1/(vv/A). Hence, W%, Z
and A are also counted as 1/A. After this counting, one should multiply the result
by v?A%. Notice that up to the order of intent, the kinetic term of the gauge boson
fields and the mass term of the fermion fields are two exceptions to the NDA, and
are of order A°.

28 y, is equal to sf,o) - %, where k, is the momentum of the gauge boson with mass

My and ef,o) is its longitudinal polarization vector.
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- mtO
M = (0 mb>’

LT . .Y
Di= 9, - 1g—§—Wu - zg’-2—B#,
DE= 98,-ig'QsB,.

In the above equation, Y = !/ is the hypercharge quantum number for the
quark doublet, Q is the charge of the fermion, ¥, is the linearly realized left
handed quark doublet, and g is the right handed singlet for top or bottom
quarks (see Eqs (29) and (31) ). As we have just said, the advantage of using
this parameterization for the no-Higgs SM case is that once we have made
the ET substitution in the diagrams all the high energy cancellations due to
gauge boson self-interactions (that have nothing to do with the symmetry
breaking sector) will be already taken care of, and we will thus be evaluating
directly the high energy behavior of a SM with no Higgs boson.

- - r N A N\
N 7 AN
N/
/N
7 N /
7/

—_———— 7 N —

(a) (b) (c)

Fig. 14. The corresponding Goldstone boson diagrams for ZpZ; — tt,
te. 9%9° — ¢

When we expand the X matrix field up to the second power (see Eq. (1))
in the mass term of Eq. (101), we will notice two things: (7) the first power
term gives the usual mass term and associates the coefficient ¢ = m;/v to
each vertex; (i) the second power term generates the four-point diagram
(figure 14(c)) with a coefficient ¢z = m?/v? associated to its vertex. As
it is well known, a mass term always involves a chirality flip, therefore we
readily recognize that this diagram will only participate when the chiralities
of the top and anti-top are different. Since in the high energy regime the
mass is much smaller than the energy of the fermions, different chiralities
mean equal helicities (for the particle-antiparticle pair). Hence, for the case
of opposite helicities we only count the power dependance for diagrams 2(a)
and 2(b), and take the highest one. For final state fermions of equal helicities
we consider all three diagrams.

The results are the following: for diagrams 2(a) and 2(b) we have Do =
24 (-1)+(- 1) =0, thus the amplitude T« is of order m?/v?; which is the
contrlbutlon given by the coefficients cr from both vertices. On the other
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hand, diagram 2(c) has Dgo = 2—1 = 1; the equal helicities amplitude T+ 4
will be driven by this dominant diagram, therefore T4y = m:E/ v,

For the other processes; Wﬂ' W — tt and Wﬂ' Z1, — tb, the analysis is
the same, except that there is an extra s-channel diagram (see figures 16
and 17) that usually behaves just like the four point diagram 14(c).

For the dimension 5 anomalous operators we do not expect a priort any
gauge cancellations at high E.. We therefore expect the parameterization
used for our effective operators to reflect this high energy behavior. Actually,
the chiral lagrangian parameterization given by Eq. (32), which organizes
the new physics effects in the momentum expansion [24, 16], is the only
framework that allows the existence of such dimension 5 gauge invariant
operators. On the other hand, we know that as far as the no-Higgs SM
contribution to these anomalous amplitudes is concerned, it is better to
use the equivalent parameterization of Eq. (101), because the right high
energy contribution from this model is made easily and consistently. We

will therefore use the appropriate couplings from E(S?\ZI and £®) in our next
power counting analysis.

In principle, we can evaluate the contribution to the diagrams 2(a) and
2(b) when both vertices are anomalous, but this would be suppressed by two
powers of the cut-off scale; we will just ignore it. We are only considering
the contribution from one dimension 5 coupling at a time.

As an example, let us take the operator with derivative on fermion Ozpy
and apply the expansions of the composite fields:

OZDf = az3it_DutZ“
— 2 —
= w-(%azSZ?f)zau‘ptZu + 5&232¢t6“¢56“¢3 + (102)

where 9; denotes the usual linearly realized top quark field, and - - - includes
the photon field of the covariant derivative, the higher (than zeroth) order
terms from the spinor field expansion, and so on. The important thing to
notice is that the second term in the right hand side of Eq. (102) is the only
one to consider, since all the others either have a lower energy dependance
(less derivatives) or do not even represent the effective vertices relevant to
the process of interest. Without having to perform similar expansions for
all the other operators we can infer that the important effective vertex will
always contain two derivatives; the coefficients ¢y will be (2/v)ao for the
three-point operators with one derivative on the Goldstone boson field, and
(4/v*)ago for four-point operators (with two derivatives on the Goldstone
boson fields). Nevertheless, two operators are an exception to this rule:
Ospz and O,pwi(r)- For these operators the leading term vanishes; let us
expand the second one (for example):
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Cuwar(RILR) T bRy DW= —gauarryPir(r)o" Yor(r)0u W,
2 _
+ ;awu(R)¢tL(R)U“"¢bR(L)3u5u¢>+ +e

As shown, we have the important term vanishing because of the contraction
between the antisymmetric 0** and the symmetric 8,0,¢%. Hence, this
operator will not contribute to the leading high energy behavior for top
quark productions via VL, Vi, fusion at tree level. It can only contribute to
the part of the amplitudes that vanish as ¢ — 0.

As in the previous case of the no-Higgs SM, we expect a distinction
between the T4z and T4+ amplitudes. Actually, the situation is the same
except for the fact that the anomalous vertex generated by the anomalous
operators will yield a (d, + ' f. — 2) = 1 factor, whereas the dimension 4
SM operators yield a (—1) factor. Therefore, Dgo =2+ 1+ (—1) = 0 for
the first two diagrams 2(a) and 2(b) and thus Tz is of expected to be of
order

my v fE\?
Ti;NQGOTz<;> .

On the other hand, diagram 2(c) may be generated by either the direct
contribution of four-point operators or the contribution from three-point
operators when considering higher order terms in their expansion. In each
case the anomalous operators contribute with a (d, + !4 f, — 2) = 1 factor
which yields Dgo =2+ 1 = 3, and the predicted value for T4 is

v (E\?
Td::i:N4a'OZ(;’) .

Naturally, this power counting formula can not predict the fact that
sometimes an amplitude can be zero due to the different helicities of spinors.
For instance, by performing the calculation of the amplitudes with external
gauge bosons in the CM frame we can easily verify that the product of the
spinors %[\ = £1]Jv{A; = F1] vanishes?®. This means that contributions
from operators of the scalar-type, like Oyzz, Ogww, Ozpys, OgwzL(R)
and Owpyp(zy Will vanish for Ty amplitudes. Also, we have the relation
e,p* = 0 applicable to all three polarizations of external on-shell boson lines,
which will make the contribution of operators with derivative on boson and
scalar Lorentz contraction like Oypz and O pwr(r) to vanish in t-channel
and u-channel diagrams (figure 15). In principle, one would think that the

* w,[A: = 41] denotes the spinor of a top quark with right handed helicity.
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exception could be the s-channel type diagram. Actually, this is the case for
the operator O, pyy(r) which is able to contribute significantly on the single
top production process WI:" Z1, — tb (see Table III). However, for the Oypz
operator even this diagram vanishes; as can be easily verified by performing
the calculation in the CM frame. One will see that the result of making
the Lorentz contraction between the boson propagator —g,, + k.k,/M3
and the tri-boson coupling is identically zero in the process Wff' W[ — tt.
Therefore, for the Oypz operator all the possible Feynman diagrams vanish,
so it does not contribute to the tf production rate.

In Tables I, II and IIl we show the leading contributions (in powers of
the CM energy F) of all the operators for each different process; those cells
with a dash mean that no anomalous vertex generated by that operator
intervenes in the given process, and those cells with a zero mean that the
anomalous vertex intervenes in the process but the amplitude vanishes for
any of the reasons explained above.

TABLE 1
The leading high energy terms for the 4-point operators
Process £® Oyzz Ogww  Ooww  OgwzrLr) OowzL(r)
Azz1 X Byw1 X Qw2 X Q21 L(R) X Owz2L(R)X
22y, =t mE/v?  E3/v’A — - — -
WHWo = tt | meE/v? - E3/v*A  E3/42A - -
Wiz, —tb | m2/v? - - - E3/v2A E3/v?A
TABLE 11

The leading high energy terms for the operators with derivative-on-fermion

Process £ Ozps Owbntr Owbp:L
a3 X Qw3R X Qyw3L X

2,721, — tt mEfv:  E3/v2A - -
WHWL =t | mE/v® E3/v*A  E3/v’A myE?/v?A >0
WrEz, - tb | mi/v®  E3/v2A  E3/v?A E3/v?A
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TABLE I1I

The leading high energy terms for the operators with derivative-on-boson

Process L% Ogpz Ogpwrry Oopz  Ospwi(r) Oa
aAz4X Qo4 X a2 X Ay X Am X
2121, — it my E [v? 0 - g’E/A - -
WEwr - tf | mE/v? 0 0 E3/v*A  g?E/A  E3/v?A
Wrzy, >t | mi/v? 0 E3/v’A  ¢’E/A  E3/v?A -

In conclusion, based on the NDA [24, 16] and the power counting rule
[22], we have found that the leading high energy behavior in the VL. V1, —

tf or tb scattering amplitudes from the no-Higgs SM operators (,C(S?,) can
only grow as m;E/v? (for T4y or T__, E is the CM energy of the top
quark system), whereas the contribution from the dimension 5 operators
(L)) can grow as E3/v2A in the high energy regime. Let us compare the
above results with those of the V,VI, — VL V1, scattering processes. For
these V1,V — VLV, amplitudes the leading behavior at the lowest order
gives E?/v% and the contribution from the next-to-leading order (NLO)
bosonic operators gives (E?/A?)(E?/v?) [22]. This indicates that the NLO
contribution is down by a factor of E2/A? in Vi,Vi, — V1, VL. On the other
hand, the NLO fermionic contribution in V, Vi, — ¢ or tb is only down by
a factor E?/m;A which compared to E2/A? turns out to be bigger by a
factor of (A/m;) ~ 427 for A ~ 4mv. Hence, we expect that the NLO
contributions in the Vi, Wi, — tf or tb processes can be better measured (by
about a factor of 10) than the W, Vi, — VL4, counterparts for some class of
electroweak symmetry breaking models in which the NDA gives reasonable
estimates of the coefficients.

As to be shown later, the coefficients of the NLO fermionic operators in
L) can be determined via top quark production to order 10~2 or 10~!. In
contrast, the coefficients of the NLO bosonic operators are usually deter-
mined to about an order of 107! or 1 [21, 68] via V1L, W1, = VLW, processes.
Therefore, we conclude that the top quark production via the longitudinal
gauge boson fusions VL, Vi, — tf or tb at high energy may be more sensi-
tive for probing some symmetry breaking mechanism than the scattering of
longitudinal gauge bosons alone (V,V1, = V1L,WL).

Our next step is to study the production rates of ¢f pairs and single-t or
single-f events at future colliders like LHC and LC. We will also estimate how
accurate these NLO fermionic operators can be measured via the VLV, —
tt or tb processes.
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6.1. Underlying custodial symmetry

To reduce the number of independent parameters in this study, we shall
make the same assumption of an underlying custodial symmetric theory
that gets broken in such a way that only the couplmgs that involve the top
quark get modified; as was done for the case of L(*) (see Eq. (62) and the
discussion there). The analysis for the operators with derivatives is exactly

the same. The custodial symmetric dimension 5 Lagrangian has the same
SU(2) structure 30 as Llcustedial) iy Eq. (59):

£6de) = OV g, D W Fr + k() FLo* D,WET®Fr +hec., (103)

and the symmetry breaking term will also be similar to LEEWSB) in Eq. (60).
Therefore the conclusion is the same, that in order to keep the couplings
b-b-Z unaltered we have to conform to the matrix structure of £(*) in
Eq. {(62), and this will impose the condition

Qz(2,3,4) =& ﬁaw(2,3,4)L(R) (104)

to all the operators with derivatives.
For the case of 4-point operators the situation is somewhat different.
The custodial Lagrangian in this case is of the form:

£(5custod) — K"l!;)tF g;_wwa awb bFR+K4Pt FLU“UWZ:TGWBTI)FR

_aptee g [ WIWE L 2WHWS 0
= kig Fig” ( 0 WAWS + 2Wiw; Fr
W, 0

4pt. v 7 v
g T (] ) P (10)
and for the symmetry breaking Lagrangian we can consider two terms:

LBEWSB) Z c* (ngt F373W37“W37bFL +n;cpt'T~FYW;TaW£’rbTBFR

c=g,0

+ R FWer r* WirF) (106)

where k32" is real and Kfipt is complex. As it turns out, in order to set
the anomalous couphn%s of the bottom quark equal to zero, we have to

4pt. t 4pt.
choose k3P* = 0, and k3P" real and half the size of x3P% (k{P" = 2x3P* for

%0 Notice that the composite left and right handed doublets Fi g transform in the same
way under global SU(2)r x SU(2),, FL.r = F;,R = RF; g with R in SU(2)r.
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¢ = g,0). The non-standard 4-point dimension 5 interactions will then have
the structure

YIAI3IA)3 v + -
( Y WIWS3 +02cu WiW: 0 ) | (107)

0

where ¢*” is either g*¥ or o#*.

In conclusion, by assuming that our dimension 5 interactions are the
result of an underlying custodial symmetric theory that is broken in such
a way that only the couplings of the top quark get modified from the SM
values, we can impose the following conditions to the effective coefficients:

G:(2,34) = \/éaw(2,3,4)L(R)’
2afzzl = Qyuwl,

Qw21 L(R) = Quz2L(R) = 0. (108)
6.2. Production rates for Zy,Z;,, Wi, Wy, and W1, Z1, fusion processes

Below, we present the helicity amplitudes for each process. We have
simplified our analysis as much as possible by considering only the leading
terms in powers of F, and by assuming an approximate SU(2) custodial
symmetry. As a rule, the next to leading contribution in the E expansion is
always two powers down as compared to the leading contribution. Also, the
special case of custodial symmetry is assumed in this study; the amplitudes
for the most general case are presented elsewhere [23].

6.2.1. Z1.Z1 — tt

Comparing with the results for Wi, Wy, and Wi, Zy, fusions, this is the
amplitude that takes the simplest form with no angular dependance. This
means that any new physics effects coming through this process only modify
the S-partial wave amplitude. The notation for the amplitudes indicates the
helicity of the outgoing fermions: the first (second) symbol (4 or —) refers to
the fermion on top (bottom) part of the diagram. A right handed fermion
is labelled by ’+’, and a left handed fermion by ’-’ 3!. Figure 15 shows
the diagrams that contribute to this process. We take only one anomalous
vertex at a time.

The leading contributions to the various helicity amplitudes from the
dimension 5 operators are (E = /s is the CM energy of the V,V;, system):

%! For example, the anomalous amplitude azz44+ stands for the anomalous contribution
to the amplitude for the production of right handed t and t via Zt, Z1, fusion.
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Z
MW—— t 29— 1 2 :

Fig. 15. Diagrams for the ZZ — t{ process.

azzyy = z = B° X
++ T TR =T
azzy. = azz_4 =0, (109)
where
X =a,; + (— - %32) a3 . (110)

Notice how at this stage it is impossible to distinguish the effect of the
coefficient a,,; from the effect of the coefficient a,3. However, in the next
section we will show how we can still combine this information with the
results of the other processes, and obtain bounds for each coefficient.

6.2.2. Ww, —ti

The amplitudes of this process are similar to the ones of the previous
process except for the presence of two s-channel diagrams (see figure 16),
whose off-shell ¥ and Z propagators allow for the contribution from the
magnetic moment of the top quark and the operator with derivative on
boson O,pz (a,z2), respectively. Also, since these two operators are not
of the scalar-type, we have a non-zero contribution to the T4+ amplitudes,
and an angular dependance that will help in distinguishing the effect of thelr
coefficient X, from the effect of the coefficient for the scalar operators X'
Throughout this study, the angle of scattering 8 in all processes is defined to
be the one subtended between the center of mass momentum of the incoming
gauge boson that appears on the top-left part of the Feynman diagram (W
in this case) and the momentum of the outgoing fermion appearing on the
top-right part of the same diagram (¢ in this case).

The leading contributions to the various helicity amplitudes for this
process from the dimension 5 operators are:

—o 3 (X' +2Xmes)
v2 A !

QWWy4 = —QWW__ =
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w 1

Fig. 16. Diagrams for the WW — tt process.

8E2 Xm - %023
AWWey = m¢Sg

v? A '
8E?  (Xm— o)
AWW4— = Mg~ (111)
where
X' = %a,;+ ta.s,
Xm = ay — %azg + %azg + %awwz . (112)

Notice that the angular distribution of the leading contributions in the
Tyy amplitudes consists of the flat component (S-wave) and the dj, =
cos § component (P-wave). The Tyg helicity amplitudes only contain the
d§ 4+, = —sin 6/+/2 component. This is so because the initial state consists of
longitudinal gauge bosons and has zero helicity. The final state is a fermion
pair so that the helicity of this state can be —1, 0, or 4+1. Therefore, in
high energy scatterings the anomalous dimension 5 operators only modify
the leading contributions on the S-type and P-type partial waves of the
scattering amplitudes. We also note that, as expected, Tyt has an E3
leading behavior, whereas Ty only has an E? contribution.
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6.2.3. W"Z, — tb

Finally, we have the amplitudes for the single-top quark production pro-
cess WtZ — tb (which are just the same as for the conjugate process
W=Z — bt). Figure 17 shows the diagrams that participate in this process.

WHwW-

) we
ANV t (b) w7 t®)

z W\

WHW") W tp)y  WHw) M t(b)
z b (1) z b (1)

Fig. 17. Diagrams for the WZ — tb process.

b (t) 2 b (1)

The leading contributions to the various helicity amplitudes for this

process from the dimension 5 operators are 32:

2
2v/3E3 (X1 - Xacg — (3% — 1 - ¢5) Xs)
awztyy = ) " ,
2
—2/2E3 (Xl — Xoc — (2—;‘“ +cg — 1)X3)
awzt__ = o2 1 ,
2\/§E2 (X3+X2)
awzly_ = 5189 1 )
v
2v/2E? X, —3X
awzt_4 = \/sz mts()( 2 A3 3), (113)
where
Xy = 3sla.,
Xy = $ckan,
X3 = tas. (114)

32 For the approximate custodial symmetry case, the 4-point vertex diagram does not

contribute.
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Here, as in the previous case, we can distinguish the effect from the three
coefficients Xy, X3, and X3 by looking at their different angular contribu-
tion; X’s is flat, X;’s and X3 is in part through sg and in part through
co-

In order to simplify our numerical analysis we have made the approxi-
mation aww,_ ~ aww_,. We have verified numerically that the error thus
introduced, is of about 5% or less; depending on the difference between X,
and a,g or the value chosen for the angle of scattering 6.

6.3. Top quark production rates from VW1, fusions

As discussed above, the top quark productions from V,Vi, fusion pro-
cesses can be more sensitive to the electroweak symmetry breaking sector
than the longitudinal gauge boson productions from Vi, W4, fusions. In this
section we shall examine the possible increase (or decrease) of the top quark
events at the future hadron collider LHC (a pp collider with /s = 14 TeV
and 100 fb! of integrated luminosity) and the future electron linear col-
lider LC (an e~et collider with /s = 1.5 TeV and 200 fb™! of integrated
luminosity) 33.

To simplify our discussion we shall assume an approximate custodial
symmetry and use the helicity amplitudes given in the previous section to
compute the production rates for f pairs and for single-t or ¢ quarks. We
shall adopt the effective-W approximation method [17] and use the CTEQ3L
parton distribution function with the factorization scale chosen to be the
mass of the W-boson [69]. For this study we do not intend to do a detailed
Monte Carlo simulation for the detection of the top quark; therefore, we
shall only impose a minimal set of cuts on the produced ¢ or b. The rapidity
of t or b produced from the V1, W4, fusion process is required to be within 2
(i.e. |y*®| < 2) and the transverse momentum of ¢ or b is required to be at
least 20 GeV. To validate the effective-W approximation, we also require
the invariant mass Myy to be larger than 500 GeV.

Since we are working in the high energy regime E > v, the leading
contributions (proportional to E3) to the Vi, Vi, — tf or tb scattering am-
plitudes that come from the dimension 5 operators in £{%) and the leading
contributions (proportional to E!) from the no-Higgs SM Lagrangian ﬁgi)d
become a very good approximation.

It is apparent from the helicity amplitudes listed in the previous section
that the top quark production rates from Vi, Vi, fusion depend on a few
independent dimension 5 operators. For instance, for WffZL fusion the

33 This is another energy phase of the proposed LC.
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production rates depend on the combined coefficients (X1, X2, X3), for
WE’ W fusion depends on (X', Xm), and for Z1,Zy, fusion only depends on
(X).

As noted before, in all the T4 amplitudes, the dimension 5 operators
will only modify the constant term (S-wave) and the cos6 (P-wave: dj )
dependence in the angular distributions for the leading E3 contributions,
whereas all the T3 amplitudes have a sin § (P-wave: dé'ﬂ) dependence in
their leading E? contributions. In general, the contributions to these partial
waves do not cancel. Hence, let us examine the dependence of the top
quark production rates as a function of the coefficients of the operators that
only contribute the S-partial wave of the scattering amplitudes. Namely,
they are X’, X and X, for the WITWL_, Z1,21, and WLiZL fusion processes
respectively 3!, The predicted top quark event rates as a function of these
coeflicients are given in Figs 18 and 19 for the LHC and the LC, respectively.
In these plots, neither the branching ratio nor the detection efficiency have
been included.

The no-Higgs SM event rates are given in Figs 18 and 19 for X = 0.
At the LHC, there are in total about 1500 tf pair and single-t or 7 events
predicted by the no-Higgs SM. The W W[~ fusion rate is about a factor
of 2 larger than the Zy Z;, fusion rate, and about an order of magnitude
larger than the W{J"ZL fusion rate. The W[ Z, rate, which is not shown
here, is about a factor of 3 smaller than the WI:"ZL rate due to smaller
parton luminosities at a pp collider. The large slopes of the W W — tf
and Z1,Z;, — tf curves, as a function of X indicate that the scattering
processes are sensitive enough to probe the anomalous couplings X' and X
respectively.

For the LC, because of the small coupling of Z-e-e, the event rate for
Z1,Zy, — tt is small. For the no-Higgs SM, the top quark event rate at LC
is about half of that at the LHC and yields about 550 ¢f pair and single-¢
or t events. Again, we see that the WX W — (f rate is sensitive to the
dimension 5 operators that correspond to X', but the Z; Z;, — tf rate is less
sensitive 3%, Since the detection of the top quark at the LC would be easier
than at the LHC (i.e. the detection efficiency would be larger), we conclude
that the LC and the LHC can have the same sensitivity for probing the
NLO fermionic operators via the Wf W[ — tt process.

The production rates shown in figure 19 are for an unpolarized e~ beam
at the LC. Assuming a longitudinally polarized e~ beam at the LC, the
WW[ — tf rate will be doubled because the coupling of the W boson
to the electron is purely left handed so the parton luminosity of the W

* In W ZL — tb, X3 contributes to both, the S- and the P-partial waves.
35 Needless to say, the W[~ Z rate is the same as the Wf Zy, rate at an ete™ LC
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Fig. 18. Number of events at the LHC for Wit Wi, Z1Z1, and Wi Zy, fusion. The
variable X stands for the effective coefficients X, X and X; (Eqs (110), (112) and
(114) respectively).
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Fig. 19. Number of events at the LC for Wy Wy, Z1,Zr, and Wi Z;, fusion. The
variable X stands for the effective coefficients X, X' and X; (Eqgs. (110), (112)

and (114) respectively).

from the electron beam will be doubled if this beam is polarized. How-
ever, this is not true for the parton luminosity of Z because in this case the
Z-e-e coupling is nearly purely axial-vector (1 — 452, = 0) and the produc-
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tion rate of Z;,Z1, — tt does not strongly depend on whether the electron
beam is polarized or not. As shown in figure 19 , if the coefficient of the
anomalous dimension 5 operators is as large as 0.1/A4 in magnitude then
their effect can in principle @ be identified in the measurement of Wi W
fusion rate at the LHC and the LC. A similar conclusion also holds for
the 71,721, and WfZL fusion processes with somewhat less sensitivity. It
is useful to ask for the bounds on the coefficients of the anomalous dimen-
sion 5 operators if the measured production rate at the LHC and the LC
is found to be in agreement with the no-Higgs SM predictions (i.e. with
X =0). At the 95% C.L. we summarize the bounds on the X’s in Table IV.
Here, only the statistical error is included. In practice, after including the
branching ratios of the relevant decay modes and the detection efficiency
of the events, these bounds will become somewhat weaker, but we do not
expect an order of magnitude difference. Also, these bounds shall be im-
proved by carefully analysing angular correlations when data is available.

TABLE 1V
The range of parameters for which the total number of events deviates by less than
20 from the no-Higgs SM prediction.

Process LHC {pp) LC (ete™)

W)z, - th(bE) | —.035 < X; < 025 —.13< X; < .07
Wiz, - th(bt) | 045 < X3 < .10  —12< X5 < .35

Wiz, 5 tbbl) | —19< X5 < .12 —.65< X3 < .35
Wiwo -t -022< X <.017 -.06<X <.07
WEwo -t —11< Xm <.06 —-28< X, <.13
7, =t —015< X < 017 ~07<X < .08

As shown in Table IV, these coefficients can be probed to about an
order of 1072 to 10~!. For this Table, we have only consider an unpolarized
e~ beam for the LC. To obtain the bounds we have set all the anomalous
coefficients to be zero except the one of interest. (The definitions of the
combined coefficients X, X', X;, X, and X3 are given in the previous
section.)

If the LC is operated at the e”e~™ mode with the same CM energy of
the collider, then it can not be used to probe the effects for Wf)F W = tt,
but it can improve the bounds on the combined coefficients X;, X5 and

3¢ Of course, a complete study including signal versus background, detector efficiency,
etc., would be necessary in order to confirm this.
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X3 because the event rate will increase by a factor of 2 for W, Z;, — bt
production.

By combining the limits of these ranges of parameters we can find the
corresponding limits on the range of the effective coefficients a..1, a.2, @.3, @.4,
and a,,. For example, if we consider the limits for the LC, we will see
that the limits for a,; and a,3 are directly given by X, and X3, respec-
tively. Then, we can combine this information with the limits given for
X' and X,,, to find the limits for a,, (-.38 < a;;1 < .24) and for a,,
(—.34 < a,, < .3). If we consider one anomalous coupling at a time, then
these bounds can be largely improved, for instance —0.03 < a;; < 0.04
from X' (for W W[ — t scattering).

1000

800

Event Number

200

o i L " n i " S i H e PR Y
1 12 1.4 16 18 2
V5 (Tev)

Fig. 20. Number of #f events at the LC from Wf W fusion for different values of
the effective coefficient X as a function of the CM energy.

The above results are for the LC with a 1.5 TeV CM energy. To study
the possible new effects in the production rates of W{"W;~ — tt at the LC
with different CM energies E = /s we plot the production rates for various
values of X' in figure 20 (Again, X' = 0 stands for the no-Higgs SM). If X'
can be as large as —1.0, then a 1 TeV LC will already observe the anomalous
rate via Wit W fusion 37. For X' = 0.5 the event rate at 1.5 TeV is down
by about a factor of 2 from the SM event rate 32,

3 1f X' is too big , partial wave unitarity is violated at this order.
38 For positive values of X " the rate tends to diminish below the SM rate, but then at
some value near 0.5 the rate begins to grow back up towards the SM rate.
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6.4. CP violating effects due to dimension 5 interactions

The complete set of anomalous dimension 5 operators listed in L) con-
sists of CP-invariant and CP-violating operators. In our study of the top
quark production rates due to these anomalous operators up to order 1/4,
we have only considered the CP-even part of the operators. Their contribu-
tion, like the one from the no-Higss SM at tree level, is real. If the coefficient
of the CP-violating part is not zero, then it will contribute to the imaginary
part of the helicity amplitude, and one has to examine CP-odd observables
to probe these operators.

To illustrate this point, let us consider the CP-odd part of the four-
point scalar type operator Ogww and the electric dipole moment term of
Oa (Egs. (92) and (87)). After including the contributions from the no-
Higss SM and the above two CP-odd operators, the helicity amplitudes for
the WIT W — tt process in the Wff W CM frame are:

miE . E®? (@1 + 2a4¢
a44+ = :f: UtZ +22?2-—‘——-———°( ! d 0)

1 )
- 2my? s
- (%’,%ir-f-(l—c@)(l——2ﬂ§29-))1)27

a_4 = 0 (115)

-

where by a4 and @, we refer to the imaginary parts of the coefficients of
04 and Ogww, respectively.

One of the CP-odd observables that can measure a4 and @, is the
transverse polarization P, of the top quark which is the degree of polar-
ization of the top quark in the direction perpendicular to the plane of the
W[TW[ — tf scattering process.

It was shown in Ref. [70] that

L — 2Im (a3 a_, +a}_a__) ] (116)
lwwi ]2 + Jwwy |2 + lww_i |2 + [ww__|

which gives, up to the order 1/4,
4soFE (@ww1 + 2a4ce)
my2 m;? A !
(2—574— (1 - cp) (1 - -2—5,))
where E' = /s is the CM energy of the WtW~ system, and P, is defined

to be a value between —1 and 1. For instance, for £ = 1.5 TeV, A = 3
TeV, and 6 = n/2 (or 7/3), we obtain P} = 4dyu1 (or 43 (w1 + aq)).

P = (117)
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Since P, is bounded to be 1 by definition, this requires | @y |< 1/4 and
| Gyt +aq [< 1/44/3.

If we consider a 1.5 TeV ete™ collider with a number of ¢f events from
Wit W fusion of approximately 100 (which is approximately the no-Higgs
SM rate for a WYW = invariant mass between 800 GeV and 1100 GeV)
and assume that P, can be measured to about 1/@(—) = 10%, then an
agreement between data and the no-Higgs SM prediction (Py = 0 at tree
level) implies that | @y | < 0.04 for the case that ag = 0.

7. Conclusions

Because top quark is heavy (m; ~ v/v/2), it is likely that the interac-
tion of the top quark can deviate largely from the SM predictions if the
electroweak symmetry breaking and the generation of fermion masses are
closely related. In this study, we have applied the electroweak chiral La-
grangian to probe new physics beyond the SM by studying the couplings of
the top quark to gauge bosons. We have restricted ourselves to only consider
the interactions of the top and bottom quarks and not the flavor changing
neutral current vertices like t-c-Z. Furthermore, seeing the heaviness of the
top quark as a possible indication that any new physics effects associated
to the symmetry breaking (and mass generating) sector will manifest them-
selves preferably on this particle, we have considered only the couplings that
involve the top quark as showing possible deviations from the standard val-
ues. (The vertex b-b-Z is considered unmodified.) We introduced 4 effective
coefficients: two that represent the non-standard couplings associated to the
left and right handed charged currents nfc and ngc, and two more for the
anomalous left and right handed neutral currents k}C and sRC. Then, we
used the precision LEP data to set bounds on the couplings k', k}C, and
KEC, and we also discussed how the SLC measurement of AL g can modify
these constraints. The right handed charged current coupling s5¢ has to
be constrained by means of the CLEO measurement on b — sy. Last, we
showed how to improve our knowledge about the top quark nonstandard
couplings at current and future colliders such as at the Tevatron, the LHC,
and the LC.

Because of the non-renormalizability of the electroweak chiral Lagrangian
one can only estimate the size of these nonstandard couplings by studying
the contributions to LEP/SLC observables at the order of m?In A2, where
A = 4mv ~ 3 TeV is the cutoff scale of the effective Lagrangian. Nev-
ertheless, this does not mean we can not extract useful information. For
instance, by assuming that the b-b-Z vertex is not modified, we found that
xNC is already constrained to be —0.05 < kNC < 0.17 (0.0 < N < 0.15)



Probing the Electroweak Symmetry Breaking 3797

by LEP/SLC data at the 95% C.L. for a 160 (180) GeV top quark. Al-
though xNC and xFC are allowed to be in the full range of £1, the precision
LEP/SLC data do impose some correlations among kN°, ngc, and £CC.
(k§C does not contribute to the LEP/SLC observables of interest in the
limit of mp = 0.)

Inspired by the experimental fact p = 1, reﬁecting the existence of an
approximate custodial symmetry, we related nL and KEC. Then, the re-
maining two free parameters x, = x1C and kg = KRC get to be strongly
correlated as well (k1 ~ 2kR).

We noted that the relations among the «’s can be used to test different
models of electroweak symmetry-breaking. For instance, a heavy SM Higgs
boson (my > m;) will modify the couplings t-t-Z and t-b-W of a heavy top
quark at the scale m; such that kKNC = 2k£C kNC = —kR°, and Kgc = 0.
Another example is the effective model discussed in Ref. [2] where, k&C

kCC = 0, in which the low energy precision data impose the relation s, ~
kRr. On the other hand, the simple commuting extended technicolor model
presented in Ref. [9] predicts that the nonstandard top quark couplings
are of the same order as the nonstandard bottom quark couplings, and
are thus small.

Undoubtedly, direct detection of the top quark at the Tevatron, the
LHC, and the LC is crucial to measuring the couplings of t-b-W and t-t-Z .
At hadron colliders, KEC and nﬁc can be measured by studying the po-
larization of the W boson from top quark decay in tf events, and from the
production rate of the single top quark event via W-gluon fusmn W* or Wt
processes. The LC is the best machine to measure mgc and H C which can
be measured from studying the angular distribution and the polarlzatlon of
the top quark produced in e~e* collision.

If a strong dynamics of the electroweak symmetry breaking mechanism
can largely modify the dimension 4 anomalous couplings, it is natural to
ask whether the same dynamics can also give large dimension 5 anomalous
couplings. In the framework of the electroweak chiral Lagrangian, we have
found that there are 19 independent dimension five operators associated
with the top quark and the bottom quark system. The high energy behav-
ior, two powers in E above the no-Higgs SM, for the ViL,Vi, — tZ, tb, (or bf)
processes, gives them a good possibility to manifest themselves through the
production of ¢t pairs or single-t or £ events at the LHC and LC in high en-
ergy collisions. Since in the high energy regime a longitudinal gauge boson
is equivalent to the corresponding would-be Goldstone boson (cf. Goldstone
Equivalence Theorem [21]), the production of top quarks via VLW, fusions
can probe the part of the electroweak symmetry breaking sector which mod-
ifies the top quark interactions. To simplify our discussion on the accuracy

for the measurement of these anomalous couplings at future colliders, we
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have taken the dimension 4 anomalous couplings to be zero for this part of
the study. Also we have considered a special class of new physics effects in
which an underlying custodial SU(2) symmetry is assumed that gets broken
in such a way as to keep the vertices of the bottom quark unaltered (as was
done for the dimension 4 case). This approximate custodial symmetry then
relates some of the coefficients of the anomalous operators. Then we study
the contributions of these couplings to the production rates of the top quark.
We find that for the leading contributions at high energies, only the S- and
P-partial wave amplitudes are modified by these anomalous couplings if the
magnitudes of the coefficients of the anomalous dimension 5 operators are
allowed to be as large as 1 (as suggested by the naive dimensional analysis
[24, 16]), then we will be able to make an unmistakable identification of
their effects to the production rates of top quarks via the longitudinal weak
boson fusions. However, if the measurement of the top quark production
rate is found to agree with the SM prediction, then one can bound these
coefficients to be at most of order 10~2 or 10~!. This is about a factor
(A/my) ~ 3 TeV /175 GeV ~ O(10) more stringent than in the case of the
study of NLO bosonic operators via the V,Vi, — VL V], scattering processes
[21, 22, 68]. Hence, for those models of electroweak symmetry breaking
for which the naive dimensional analysis gives the correct size for the co-
efficients of dimension 5 effective operators, the top quark production via
VL VL fusions can be a more sensitive probe to EWSB than the longitudinal
gauge boson pair production via V1, V], fusions which is commonly studied.
For completeness, we also briefly discuss how to study the CP-odd oper-
ators by measuring the CP-odd observables. In this paper we study their
effects on the transverse (relative to the plane of WiW[ — tt scattering)
polarization of the top quark.

In conclusion, the production of top quarks via V1,V4, fusions at the LHC
and the LC should be carefully studied when data is available because it
can be sensitive to the electroweak symmetry breaking mechanism, even
more than the commonly studied V1V, — W,V processes in some models
of strong dynamics.
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