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A complete characterization of all the possible effective interactions up to dimension five of the top and
bottom quarks with the electroweak gauge bosons have been made within the context of the nonlinear chiral
Lagrangian. The dimension-five operators~19 in total! n contribute to theVLVL→t t̄ or tb̄ amplitudes with
a leading energy power ofE3 (E2) for fermion pai with same~opposite! sign helicities. Because of the
equivalence between the longitudinal weak boson
energy collisions~Goldstone equivalence theorem!, th
sector. We also show the top quark production rat
At the LC, if no anomalous production rate is fo
dimensional analysis! to be of order 1021. This is abo
for the next-to-leading-order bosonic operators co
a CP-odd observable are also briefly discussed.@S05

PACS number~s!: 14.65.Ha, 12.39.Fe, 12.60.2i

I. INTRODUCTION

Despite the unquestionable significance of its achie
ments, such as predicting the existence of the top qu
there is no reason to believe that the standard model~SM! is
the final theory. For instance, the SM contains many ar
trary parameters with no apparent connections. In addit
the SM provides no satisfactory explanation for t
symmetry-breaking mechanism which takes place and g
rise to the observed mass spectrum of the gauge bosons
fermions. Because the top quark is heavy relative to ot
observed fundamental particles, one expects that any un
lying theory, superseding the SM at some high energy sc
L@mt , will easily reveal itself at lower energies through th
effective interactions of the top quark to other light particle
Also because the top quark mass (;v/A2) is of the order of
the Fermi scalev5(A2GF)

21/25246 GeV@1#, which char-
acterizes the electroweak symmetry-breaking scale, the
quark system could be a useful probe for the symme
breaking sector. Furthermore, the fermion mass genera
can be closely related to the electroweak symmetry-break
mechanism, one expects some residual effects of this me
nism to appear in accordance with the mass hierarchy@2–4#.
This means that new effects should be more apparent in
top quark sector than in any other light sector of the theo
Therefore, it is important to study the top quark system a
direct tool to probe new physics effects@5#.

Because of the great diversity of models proposed
possible new physics~beyond the SM!, it has become nec-
essary to study these possible new interactions in a mo
independent approach@6#. This approach has proved to ren
der relevant nontrivial information about the possib
deviations from the standard couplings of the heavier
ementary particles~heavy scalar bosons, the bottom and t
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ese coefficients can be bound~based on the naive
rder of magnitude more stringent than the bounds
y studied inVLVL→VLVL scatterings. The effects on
1~97!01311-8#

quarks, etc.! @7#. Our study focuses on the top quark
h, because of its remarkably higher mass, is the best
didate among the fermion particles for manifesting these
malous interactions at high energies.
common approach to study these anomalous couplings
consider the most general on-shell vertices~form fac-
involving the bottom and the top quarks and the gauge
ons of interest@5#. In this work we will incorporate the
ctive chiral Lagrangian approach@8#, which is based on
principle of gauge symmetry, but the symmetry is real-
in the most general~nonlinear! form so as to encompass
he possible interactions consistent with the existing ex-
mental data. The idea of using this approach is to exploit
linearly realized U(1)em symmetry and the nonlinearly
ized SU(2)L3U(1)Y symmetry to make a systematic
racterization of all the anomalous couplings. In this way,
example, different couplings which otherwise would be
sidered as independent become related through the equa
s of motion.
Ref. @4# it was shown that low energy data~including

ole physics! generally do not impose any stringent con-
ints on thek coefficients of the anomalous couplings in
@cf. Eq. ~33!#. Hence these anomalous couplings have to
irectly measured via production of top quarks at the col-
rs. For instance, the couplingskL,R

CC can be measured
the decay of the top quarks int t̄ pairs produced either
adron colliders, such as the Fermilab Tevatron and the
N Large Hadron Collider~LHC!, or at the electron lin-
collider~LC!. They can also be studied from the produc-
of the single-top-quark events viaW-gluon fusion
→tb̄) @9–12# or the Drell-Yan-like (W*→tb̄) @13,14#
esses at the hadron colliders, as well as from the
hoton fusion (Wg→tb̄) process at the electron colliders
. The couplingkL,R

NC can only be sensitively probed at a
re linear collider via thee1e2→g,Z→t t̄ process@16#
ause at hadron colliders thet t̄ production rate is domi-
d by QCD interactions (qq̄,gg→t t̄). At the LHC kL,R

NC

also be studied via the associated production oft t̄ with
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Z bosons, which deserves a separate study.
In this work, we will extend the previous study by includ-

ing dimension-five fermionic operators, and then examine
the precision with which the coefficients of these operators
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 equiva-
lent to the would-be Goldstone bosons in the high energy
limit. This equivalence is known as the Goldstone equiva-
lence theorem@17–20#.

For simplicity, we will only construct the complete set of
dimension-five effective operators for the fermionst andb,
although our results can be trivially extended for operators
including other fermions such as the flavor changing neutral
interactionst-c-Z, t-c-g @21#, andt-c-g @22#.

Our strategy for probing these anomalous dimension-five
operators (L(5)) is to study the production oft t̄ pairs as well
as singlet or t̄ via theWL

1WL
2 , ZLZL , andWL

6ZL ~denoted
in general asVLVL) fusion processes in the TeV region~Fig.
1!. As we shall show later, the leading contribution of the
scattering amplitudes at high energy goes asE3 for the
anomalous operatorsL(5), whereE5As is the c.m. energy of
theW1W2 or ZZ system~that producest t̄), or theW6Z
system~that producestb̄ or bt̄). On the other hand, when the
coefficientskL,R

CC andkL,R
NC are zero, the dimension-four op-

eratorsL(4) can at most contribute with the first powerE1 to
these scatteringVLVL processes. Hence, in this case, the
VLVL→ f f̄ 8 scatterings in the high energy region are more
sensitive toL(5) than toL(4). If thesek ’s are not zero, then
the high energy behavior can at most grow asE2 as com-
pared toE3 for the dimension-five operators~see Appendix
B!.

As mentioned before, the dimension-four anomalous cou-
pling k ’s are better measured at the scale ofMW or mt by
studying the decay or the production of the top quark at
either the Tevatron, the LHC, or the LC near thet t̄ threshold.
Since, as mentioned above, the dimension-five operators are
better measured in the TeV region, we shall assume that by
the time their measurement is feasible, thek ’s will already
be known. Thus, to simplify our discussion, we will take the
values of thek ’s to be zero when presenting our numerical
results.

We show that there are 19 independent dimension-five
operators~with only t, b and gauge boson fields! in L(5) after
imposing the equations of motion for the effective chiral
Lagrangian. It is expected that at the LHC or the LC there
will be about a few hundreds to a few thousands oft t̄ pairs
or single-t ~or single-t̄) events produced via theVLVL fusion
processes. The coefficients of these operators, with the pre-

factor 1/L, could be measured at the LC~less likely at the
LHC! to order 1022 or 1021. As will be shown later, the
prefactor 1/L is suggested by the naive dimensional analysis
@24#, and L is the cutoff scale of the effective theory. It
could be the lowest new heavy mass scale, or something
around 4pv.3.1 TeV if no new resonances exist below
L. As a comparison, the coefficients of the next-leading-
order ~NLO! bosonic operators are usually determined to
about an order of 1021 or 1 via VLVL→VLVL processes
@20,23#. Hence, the scattering processesVLVL

→t t̄,tb̄, or bt̄ at high energy may be more sensitive for
probing some symmetry-breaking mechanisms than
VLVL→VLVL .

This paper is organized as follows. In Sec. II the general
framework of the electroweak chiral Lagrangian is presented.
In Sec. III we make a systematic characterization of all the
independent dimension-five operators that are invariant un-
der the symmetry of the gauge group. Section IV deals with
theCP properties of these interactions. In Sec. V we make a
general analysis of their potential contribution to the produc-
tion cross section of top quarks according to their behavior at
high energies. A very useful simplification is made by con-
sidering an approximate custodial symmetry in our set of
operators; this is discussed in Sec. VI. Section VII contains
the analytical results for the amplitudes of variousVLVL fu-
sion processes; an approximate custodial symmetry is as-
sumed here, but the general expressions can be found in
Appendices B and C. Finally, in Sec. VIII we discuss the
values for the coefficients of these anomalous operators at
which a significant signal can appear at both the LHC and
the LC; also, we include an example of how one can measure
possibleCP-violating effects coming from these operators.
Section IX has our conclusions.

II. THE INGREDIENTS OF THE ELECTROWEAK
CHIRAL LAGRANGIAN

We consider the electroweak theories in which the gauge
symmetry G[SU(2)L3U(1)Y is spontaneously broken
down toH5U(1)em @4,24–26#. There are three Goldstone
bosons,fa (a51,2,3), generated by this breakdown ofG
into H, which are eventuallyeatenby theW6 andZ gauge
bosons and become their longitudinal degrees of freedom.

In the nonlinearly realized chiral Lagrangian formulation,
the Goldstone bosons transform nonlinearly underG but lin-
early under the subgroupH. A convenient way to handle this
is to introduce the matrix field

S5expS i fata

va
D , ~1!

where ta,a51,2,3, are the Pauli matrices normalized as
Tr(tatb)52dab . The matrix fieldS transforms underG as

S→S85gLSgR
† , ~2!

with

gL5expS i aata

2 D , ~3!

FIG. 1. Production oft t̄ (tb̄ or bt̄) from WL
1WL

2 or ZLZL
(WL

1ZL orWL
2ZL) fusion processes.

55 7219TOP QUARK INTERACTIONS AND THE SEARCH FOR . . .



gR
†5expS 2 i

yt3

2 D ,
wherea1,2,3andy are the group parameters ofG. Because of
the U(1)em invariance,v15v25v in Eq. ~1!, but they are not
necessarily equal tov3. In the SM,v is the vacuum expec-
tation value of the Higgs boson field, and characterizes the
scale of the symmetry breaking. Also,v35v arises from the
approximate custodial symmetry present in the SM. It is this
symmetry that is responsible for the tree-level relation

r5
MW

2

MZ
2cos2uW

51 ~4!

in the SM, whereuW is the electroweak mixing angle,MW
andMZ are the masses ofW

6 andZ boson, respectively. In
this paper we assume the underlying theory guarantees that
v15v25v35v.

In the context of this nonlinear formulation of the elec-
troweak theory, the massive charged and neutral weak
bosons can be defined by means of thecompositefield

Wm
a52 iTr~taS†DmS!, ~5!

where1

DmS5S ]m2 ig
ta

2
Wm

a DS. ~6!

Here,Wm
a is the gauge boson associated with the SU(2)L

group, and its transformation is

taWm
a→taW8a

m5gLt
aWm

agL
†1

2i

g
gL]mgL

† , ~7!

whereg is the gauge coupling. TheDmS term transforms
underG as

DmS→DmS85gL~DmS!gR
†1gLS]mgR

† . ~8!

Therefore, by using the commutation rules for the Pauli ma-
trices and the fact that Tr(AB)5Tr(BA) we can prove that
the composite fieldW m

a will transform underG in the fol-
lowing manner:

W m
3→W8m

35W m
32]my, ~9!

Wm
6→W8m

65e6 iyWm
6 , ~10!

where

Wm
65
Wm

17 iW m
2

A2
. ~11!

Also, it is convenient to define the field

Bm5g8Bm , ~12!

which is really the same gauge boson field associated with
the U(1)Y group (g8 is the gauge coupling!. The fieldBm
transforms underG as

Bm→Bm8 5Bm1]my. ~13!

We now introduce the composite fieldsZm andAm as

Zm5W m
31Bm, ~14!

sw
2Am5sw

2W m
32cw

2Bm , ~15!

where sw
2[sin2uW, and cw

2512sw
2 . In the unitary gauge

(S51),

W m
a52gWm

a , ~16!

Zm52
g

cw
Zm , ~17!

Am52
e

sw
2 Am , ~18!

where we have used the relationse5gsw5g8cw , Wm
3

5cwZm1swAm , and Bm52swZm1cwAm . In general, the
composite fields contain Goldstone boson fields:

Zm52
g

cw
Zm1

2

v
]mf32 i

2g

v
~Wm

1f22Wm
2f1!

1 i
2

v2
~f2]mf12f1]mf2!1•••, ~19!

Wm
652gWm

61
2

v
]mf66 i

2g

v
~f3Wm

62Wm
3f6!

6 i
2

v2
~f6]mf32f3]mf6!1•••, ~20!

where the ellipsis denotes terms with three or more boson
fields.

The transformations ofZm andAm underG are

Zm→Zm8 5Zm , ~21!

Am→Am8 5Am2
1

sw
2 ]my. ~22!

Hence, underG the fieldsWm
6 andZm transform as vector

fields, butAm transforms as a gauge boson field which plays
the role of the photon fieldAm .

Using the fields defined as above, one may construct the
SU(2)L3U(1)Y gauge-invariant interaction terms in the chi-
ral Lagrangian

LB52
1

4g2
W mn

a W amn2
1

4g82
BmnBmn1

v2

4
Wm

1W2m

1
v2

8
ZmZm1•••, ~23!

where

1This is not the covariant derivative ofS. The covariant derivative
is DmS5]mS2 ig(ta/2)Wm

aS1 ig8S(t3/2)Bm , such thatDmS
→DmS85gL(DmS)gR

† .
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W mn
a 5]mW n

a2]nW m
a1eabcW m

bW n
c , ~24!

Bmn5]mBn2]nBm , ~25!

and where the ellipsis denotes other possible four- or higher-
dimension operators@26#. It is easy to show that2

W mn
a ta52gS†Wmn

a taS ~26!

and

W mn
a W amn5g2Wmn

a Wamn, ~27!

which does not have any explicit dependence onS. 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.~23! can be expanded as

v2

4
Wm

1W2m1
v2

8
ZmZm

5]mf1]mf21
1

2
]mf3]mf31

g2v2

4
Wm

1Wm2

1
g2v2

8cw
2 ZmZ

m1•••. ~28!

At the tree level, the mass ofW6 boson isMW5gv/2 and
the mass ofZ boson isMZ5gv/2cw .

Fermions can be included in this context by assuming that
each flavor transforms underG5SU(2)L3U(1)Y as

f→ f 85eiyQf f , ~29!

whereQf is the electric charge off . (Qf5
2
3 for the top, and

Qf52 1
3 for the bottom quark.!

Out of the fermion fieldsf 1, f 2 ~two different flavors! and
the Goldstone bosons matrix fieldS, the usual linearly real-
ized fieldsC can be constructed. For example, the left-
handed fermions@SU(2)L doublet# are

CL[S c1

c2
D
L

5SFL5SS f 1f 2D L ~30!

with Qf1
2Qf2

51. One can easily show thatCL transforms

linearly underG as

CL→CL85gCL , ~31!

where g5exp@i(aata/2)#exp@iy(Y/2)#PG, and Y5 1
3 is the

hypercharge of the left-handed quark doublet.
In contrast, linearly realized right-handed fermionsCR

@SU(2)L singlet# simply coincide withFR : i.e.,

CR[S c1

c2
D
R

5FR5S f 1f 2D R . ~32!

With these fields we can now construct the most general
gauge-invariant chiral Lagrangian that includes the elec-
troweak couplings of the top quark up to dimension four@4#:

L~4!5 i t̄gmS ]m1 i
2sw

2

3
AmD t1 i b̄gmS ]m2 i

sw
2

3
AmDb2

1

2S 12
4sw

2

3
1kL

NCD t̄ LgmtLZm2
1

2S 24sw
2

3
1kR

NCD t̄RgmtRZm

2
1

2S 211
2sw

2

3 D b̄LgmbLZm2
sw
2

3
b̄RgmbRZm2

1

A2
~11kL

CC! t̄ Lg
mbLWm

12
1

A2
~11kL

CC†!b̄Lg
mtLWm

2

2
1

A2
kR
CCt̄RgmbRWm

12
1

A2
kR
CC†b̄RgmtRWm

22mtt̄t2mbb̄b. ~33!

In the above equation, the coefficientskL
NC, kR

NC, kL
CC, and

kR
CC parametrize possible deviations from the SM predic-

tions. Constrains for these coefficients have been found using
precision data from the CERNe1e2 collider LEP or SLAC
Linear Collider ~SLC! @4,27#. It was concluded that at the
95% C.L.,20.35<kL

CC<0.35. Also, althoughkR
NC andkL

CC

are allowed to vary in the full range of61, the precision
LEP or SLC data do impose some correlations amongkL

NC,
kR
NC, and kL

CC. In particular, under the assumption of an
underlying custodial symmetry that is slightly broken in such
a way that theb-b-Z vertex is not modified at tree level, the
relation kL

NC52kL
CC arises, and the bounds become more

stringent:3 20.04<kL
CC,kR

NC<0.07,20.08<kL
NC<0.13. As

for kR
CC, this coupling does not contribute to the LEP or SLC

observables of interest in the limit ofmb50, but it can be
constrained independently by using the CLEO measurement
of b→sg: 20.037,kR

CC,0.0015@28,29#. As mentioned in
the Introduction, in this paper we are setting thesek coeffi-
cients to be zero inL(4), which will be denoted asLSM(4) from
now on.

In the next section we will construct the complete set of
independent operators of dimension five, such that the com-
plete effective Lagrangian relevant to this work will be

2UseW m
ata522iS†DmS and @ta,tb#52i eabctc.

3We have used the recent data in Ref.@27#, and followed the
procedures in Ref.@4# to update these bounds.
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Leff5LB1LSM~4!1L~5!, ~34!

whereL(5) denotes the higher dimensional operators.

III. DIMENSION-FIVE OPERATORS

Our next task is to find all the possible dimension-five
Hermitian interactions that involve the top quark and the
fieldsWm

6 , Zm , andAm . Notice that the gauge transforma-
tions associated with these and the composite fermion fields
@Eq. ~29!# are dictated simply by the U(1)em group. We will
follow a procedure similar to the one in Ref.@30#, which
consists of constructing all possible interaction terms that
satisfy the required gauge invariance, and that are not
equivalent to each other. The criterion for equivalence is
based on the equations of motion~see Appendix A! and on
partial integration. As for the five dimensions in these opera-
tors, 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 de-
rivative; ~3! operators with two derivatives.

~1! Two boson fields. First of all, notice that theAm field
gauge transformation@Eq. ~22!# will restrict the use of this
field to covariant derivatives only. Therefore, except for the
field strength termAmn only theZ andW fields can appear
multiplying the fermions in any type of operators. Also, the
only possible Lorentz structures are given in terms ofgmn

andsmn tensors. We do not need to consider the tensor prod-
uct of gm’s since

a” b”5gmna
mbn2 ismna

mbn. ~35!

Finally, we are left with only three possible combinations:
~1.1! twoZm’s, ~1.2! twoWm’s, and~1.3! one of each. Let us
write down the corresponding operators for each case.

~1.1! Since smn is antisymmetric, only thegmn part is
nonzero:4

OgZZ5 t̄ LtRZmZm1H.c. ~36!

~1.2! Here, the antisymmetric part is nonzero too:

OgWW5 t̄ LtRWm
1W2m1H.c., ~37!

OsWW5 t̄ Ls
mntRWm

1Wn
21H.c. ~38!

~1.3! In this case we have two different quark fields,
therefore we can distinguish two different combinations of
chiralities:

OgWZL~R!5 t̄ L~R!bR~L !Wm
1Zm1H.c., ~39!

OsWZL~R!5 t̄ L~R!s
mnbR~L !Wm

1Zn1H.c. ~40!

~2! One boson field and one derivative. The obvious dis-
tinction arises:~2.1! the derivative acting on a fermion field,
and ~2.2! the derivative acting on the boson.

~2.1! From Eqs.~22! and~29!, the covariant derivative for
the fermions is given by5

Dm f5~]m1 iQ fsw
2Am! f ,

Dm f5 f̄ ~dQ m2 iQ fsw
2Am!. ~41!

Notice that it depends on the fermion chargeQf , hence the
covariant derivative for the top quark is not the same as for
the bottom quark; partial integration could not relate two
operators involving derivatives on different quarks. Further-
more, by looking at the equations of motion we can imme-
diately see, for example, that operators of the formf̄ Z” D” f or
f̄ (up)W” 1 D” f (down) are equivalent to operators with two
bosons, which have all been considered already. Following
the latter statement and bearing in mind the identity of Eq.
~35! we can see that only one Lorentz structure needs to be
considered here, either one withsmn or one withgmn . Let us
choose the latter:

OWDbL~R!5W1m t̄ L~R!DmbR~L !1H.c., ~42!

OWDtR~L !5W2mb̄L~R!DmtR~L !1H.c., ~43!

OZDf5Zm t̄ LDmtR1H.c. ~44!

Of course, theA field did not appear. Remember that its
gauge transformation prevents us from using it on anything
that is not a covariant derivative or a field strengthAmn .

~2.2! SinceW transforms as a field with electric charge
one, the covariant derivative is simply given by@see Eq.
~10!#

DmWn
15~]m1 isw

2Am!Wn
1 ,

Dm
†Wn

25~]m2 isw
2Am!Wn

2 . ~45!

Obviously, since the neutralZ field is invariant under the
G group transformations@cf. Eq. ~21!#, we could always add
it to our covariant derivative:

Dm
~Z!Wn

15~]m1 isw
2Am1 iaZm!Wn

1 ,

where a would stand for any complex constant. Actually,
considering this second derivative would ensure the general-
ity of our analysis, since, for example, by settinga5cw

2 and
comparing with Eqs.~14! and ~15! we would automatically
include the field strength term6

Wmn
6 5]mWn

62]nWm
66 i ~Wm

6W n
32W n

3Wm
6!

5Dm
~Z!Wn

62Dn
~Z!Wm

6 . ~46!

However, this extra term in the covariant derivative would
only be redundant. We can always decompose any given

4In the next section we will write explicitly the H.c. parts.

5To simplify notation we will use the same symbolDm for all
covariant derivatives. Identifying which derivative we are referring
to should be straightforward, e.g.,Dm in Eq. ~41! is different from
Dm in Eq. ~6!.
6From Eqs. ~11! and ~24!, we write Wmn

6 5(1/A2)(Wmn
1

7 iW mn
2 ).
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operator written in terms ofDm
(Z) into the sum of the same

operator in terms of the originalDm plus another operator of
the form OgWZL(R) or OsWZL(R) @cf. Eqs. ~39! and ~40!#.
Therefore, we only need to consider the covariant derivative
~45! for the charged boson and still maintain the generality
of our characterization. For the neutralZ boson, the covari-
ant derivative is just the ordinary one,

DmZn5]mZn . ~47!

The case for theA boson is nevertheless different. Being
the field that makes possible the U(1)em covariance in the
first place, it cannot be given any covariant derivative itself.
ForA, we have the field strength

Amn5]mAn2]nAm .

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 opera-
tors in this case, and we have to bring up both thesmn and
thegmn Lorentz structures:

OsDZ5 t̄ Ls
mntR]mZn1H.c. , ~48!

OgDZ5 t̄ LtR]mZm1H.c. , ~49!

OsDWL~R!5 t̄ L~R!s
mnbR~L !DmWn

11H.c., ~50!

OgDWL~R!5 t̄ L~R!bR~L !DmW1m1H.c. , ~51!

OA5 t̄ Ls
mntRAmn1H.c. ~52!

~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 argu-
ment of why this is so. First of all, we only have two possi-
bilities: ~3.1! one derivative 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 formf̄ DQ”D” f can be decomposed into op-
erators of the previous cases~1.1!, ~1.2!, and~1.3! by means
of the equations of motion. Therefore, we only have to con-
sider one of two options, eitherDm fs

mnDn f , or
Dm f g

mnDn f . Let us choose the latter. By means of partial
integration we can see that the term (]m f̄ )]

m f yields the
same action as the term2 f̄ ]m]m f , and we only need to
consider the case in which the covariant derivatives act on
the samef , which is just the type of operator to be consid-
ered next.

~3.2! Again, by using the equations of motion twice we
can relate the operatorf̄ D” D” f to operators of the type~1.1!,
~1.2!, or ~1.3!. Either f̄smnDmDn f or f̄ D

mDm f needs to be
considered. This time we choose the former, which can be
proved to be nothing but the operatorOA itself, i.e., Eq.
~52!.7

IV. HERMITICITY AND CP INVARIANCE

The above list of the dimension-five operators is complete
in the sense that it includes all nonequivalent dimension-five
interaction terms that satisfy SU(2)L3U(1)Y gauge invari-
ance. It is convenient now to analyze theirCP properties. In
order to make our study more systematic and clear we will
rewrite this list again, but this time we will display the added
Hermitian conjugate part in detail. By doing this theCP
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.

A. Interactions with top quarks only

Let us begin by considering the operatorOgZZ . We will
include an arbitrary constant coefficienta which in principle
could be complex, then

OgZZ;at̄LtRZmZm1a* t̄RtLZmZm

5Re~a! t̄ tZmZm1Im~a!i t̄g5tZmZm.

Our Hermitian operator has naturally split into two indepen-
dent parts: one that preserves parity~scalar!, and one that
does not~pseudoscalar!. Also, the first part isCP even
whereas the second one is odd. The natural separation of
these two parts happens to be a common feature of all op-
erators with only one type of fermion field. Nevertheless, the
parity conserving part will also not always beCP even, as
we shall soon see.

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

OgZZ5
1

L
Re~azz1! t̄ tZmZm1

1

L
Im~azz1!i t̄g5tZmZm,

~53!

OgWW5
1

L
Re~aww1! t̄ tWm

1W2m

1
1

L
Im~aww1!i t̄g5tWm

1W2m, ~54!

OsWW5
1

L
Im~aww2!i t̄s

mntWm
1Wn

2

1
1

L
Re~aww2! t̄s

mng5tWm
1Wn

2, ~55!

OZDf5
1

L
Im~az3!i t̄ DmtZm1

1

L
Re~az3! t̄g5DmtZm,

~56!

OgDZ5
1

L
Im~az4!i t̄g5t]mZm1

1

L
Re~az4! t̄ t]mZm, ~57!

7This can be easily checked by applying the definition ofDm in
Eq. ~41!.
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OsDZ5
1

L
Re~az2! t̄s

mnt]mZn1
1

L
Im~az2!i t̄s

mng5t]mZn ,

~58!

OA5
1

L
Re~aA! t̄smntAmn1

1

L
Im~aA!i t̄smng5tAmn .

~59!

Notice that in the operatorOgDZ theCP-even part happens
to be parity violating. This is because under aCP transfor-
mation a scalar termt̄ t remains intact, i.e., it does not change
sign, whereas a pseudoscalar termt̄g5t changes sign. Also,
the gauge bosons change sign underC, which is what makes
the scalar part of theOgDZ operator to change sign under
CP. On the contrary, the operatorOgZZ contains two
bosons; thus two changes of sign that counteract each other.
Therefore, it is the scalar part ofOgZZ that isCP even. In
Table I we summarize in detail the discreteC, P, andCP
symmetries of the above operators.

As for the size of these effective operators, based on the
naive dimensional analysis~NDA! their coefficients are of
order 1/L, whereL is the cutoff scale of the effective theory.
Therefore, the natural size of the normalized coefficients~the
a’s! is of order 1.

B. Interactions with both top and bottom quarks

Below, we show the next list of 12 operators with both
top and bottom quarks.8 Again, we include an arbitrary com-
plex coefficienta. They are

OgWZL~R!5
1

L
awz1L~R! t̄ L~R!bR~L !Wm

1Zm

1
1

L
awz1L~R!
* b̄R~L !tL~R!Wm

2Zm, ~60!

OsWZL~R!5
1

L
awz2L~R! t̄ L~R!s

mnbR~L !Wm
1Zn

1
1

L
awz2L~R!
* b̄R~L !s

mntL~R!Wm
2Zn , ~61!

OWDbL~R!5
1

L
abw3L~R!W1m t̄ L~R!DmbR~L !

1
1

L
abw3L~R!
* W2mDmbR~L !tL~R! , ~62!

OWDtR~L !5
1

L
aw3R~L !W2mb̄L~R!DmtR~L !

1
1

L
aw3R~L !
* W1mDmtR~L !bL~R! , ~63!

OsDWL~R!5
1

L
aw2L~R! t̄ L~R!s

mnbR~L !DmWn
1

1
1

L
aw2L~R!
* b̄R~L !s

mntL~R!Dm
†Wn

2 , ~64!8Dm f R(L) stands for (Dm f R(L))
†g0; f̄ R(L) stands for (f R(L))

†g0.

TABLE I. The C, P, andCP eigenvalues of all the dimension-five operators.

Operator C P CP Operator CP

OgDZ i t̄g5t]mZm 2 2 1 OgDWL(R) i t̄ L(R)bR(L)DmW1m1H.c. 1

t̄ t]mZm 2 1 2 t̄ L(R)bR(L)DmW1m1H.c. 2

OsDZ t̄smnt]mZn 1 1 1 OsDWL(R) t̄ L(R)s
mnbR(L)DmWn

11H.c. 1

i t̄smng5t]mZn 1 2 2 i t̄ L(R)s
mnbR(L)DmWn

11H.c. 2

OZDf i t̄DmtZm 1 1 1 OWDtR(L) iW2mb̄L(R)DmtR(L)1H.c. 1

t̄g5DmtZm 1 2 2 W2mb̄L(R)DmtR(L)1H.c. 2

OgZZ t̄ tZmZm 1 1 1 OWDbL(R) iW1m t̄ L(R)DmbR(L)1H.c. 1

i t̄g5tZmZm 1 2 2 W1m t̄ L(R)DmbR(L)1H.c. 2

OgWW t̄ tWm
1W2m 1 1 1 OgWZL(R) t̄ L(R)bR(L)Wm

1Zm1H.c. 1

i t̄g5tWm
1W2m 1 2 2 i t̄ L(R)bR(L)Wm

1Zm1H.c. 2

OsWW i t̄smntWm
1Wn

2 1 1 1 OsWZL(R) i t̄ L(R)s
mnbR(L)Wm

1Zn1H.c. 1

t̄smng5tWm
1Wn

2 1 2 2 t̄ L(R)s
mnbR(L)Wm

1Zn1H.c. 2

OA t̄smntAmn 1 1 1 2 2

i t̄smng5tAmn 1 2 2
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OgDWL~R!5
1

L
aw4L~R! t̄ L~R!bR~L !DmW1m

1
1

L
aw4L~R!
* b̄R~L !tL~R!Dm

†W2m. ~65!

In this case, if a is real (a5a* ) then OgWZL(R) and
OsDWL(R) are bothCP even, butOsWZL(R) , OWDbL(R) ,
OWDtR(L) , andOgDWL(R) are odd. Just the other way around
if a is purely imaginary~cf. Table I!.

The dimension-five LagrangianL(5) is simply the sum of
all these 19 operators@Eqs.~53!–~65!#: i.e.,

L~5!5 (
i51,19

Oi . ~66!

For the purpose of this study, to estimate the possible
effects on the production rates of top quarks in high energy
collisions, only theCP-conserving parts, which give imagi-
nary vertices~as the SM ones!, are relevant. This is because
the amplitude squared depends linearly on theCP-even
terms, but only quadratically on theCP-odd terms, and the
no-HiggsSM (LSM(4)) interactions9 areCP even when ignor-
ing the CP-violating phase in the Cabibbo-Kobayashi-
Maskawa~CKM! quark mixing matrix.

However, this does not mean that we cannot probe the
CP-violating sector; as a matter of fact, later on in the sec-
tion of numerical results we will show one observable that
depends linearly on theCP-odd coefficients. From now on,
the appropriateCP-even part~either real or imaginary! is
assumed for each coefficient. To simplify notation we will
use the same label;azz1 will stand for Re(azz1), awz2L(R) will
stand for Im(awz2L(R)), and so on. The only exception will
be aA , whose real part is recognized as proportional to the
magnetic moment of the top quark, and will be denoted by
am . It is thus understood that all coefficients below are real
numbers.

In conclusion, the dimension-five Lagrangian consists of
19 independent operators which are listed from Eq.~53! to
Eq. ~65!. Their eigenvalues under theC, P, andCP trans-
formations are conveniently listed in Table I. Operators with
top and bottom quarks~right-hand side of the table!, which
are given in terms of the chiral components, are not eigen-
vectors of theC or P transformations; therefore, only the
CP eigenvalues are given.

Since the top quark is heavy, its mass of the order of the
weak scale, it is likely that it will interact strongly with the
Goldstone bosons which are equivalent to the longitudinal
weak gauge bosons in the high energy regime. In the rest of
this paper, we shall study how to probe these anomalous
couplings from the production of top quarks via theVLVL
fusion process, whereVL stands for the longitudinally polar-
izedW6 or Z bosons.

V. PROBING THE ANOMALOUS COUPLINGS

In the following sections, we shall study the production
rates of t t̄ (tb̄ or bt̄) from WL

1WL
2 or ZLZL (WL

1ZL or
WL

2ZL) fusion processes in the TeV regime for both the LHC
and the LC.

Before giving our analytical results~summarized in Ap-
pendices B and C!, we shall estimate 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 high energy behavior of any amplitudeT @31#
as

T5cTv
DTS vL D NOSEv D DE0S E

4pv D
DELSMW

E D evH@ ln~E/m!#,

~67!

DE0521(
n
VnS dn1 1

2
f n22D , DEL52L,

whereDT542e50 (e is the number of external lines, 4 in
our case!, NO50 for all dimension-four operators and
NO51 for all dimension-five operators based upon the naive
dimensional analysis~NDA! @24#,10 L50 is the number of
loops in the diagrams,H@ ln(E/m)#51 comes from the loop
terms ~none in our case!, ev accounts for any externalvm

lines ~none in our case ofVLVL→t t̄,tb̄),11 Vn is the number
of vertices of typen that containdn derivatives andf n fer-
mionic lines. The dimensionless coefficientcT contains
possible powers of gauge couplings (g,g8) and Yukawa cou-
plings (yf) from the vertices of the amplitudeT, which can
be directly counted.

One important remark about the above formula is that it
cannot be directly applied to diagrams with external longitu-
dinalVL lines. As explained in Ref.@31#, a significant part of
the high energy behavior from diagrams with externalVL
lines is cancelled when one adds all the relevant Feynman
diagrams of the process; this is just a consequence of the
gauge symmetry of the Lagrangian. To correctly apply Eq.
~67!, one has to make use of the equivalence theorem, and
write down the relevant diagrams with the corresponding
would-be Goldstone bosons. Then, the true high energy be-
havior will be given by the leading diagram.~If there is more
than one leading diagram, there could be additional cancel-
lations.!

Let us analyze the high energy behavior of the
ZLZL→t t̄ process in the context of the dimension-four cou-
plings L(4), as defined in Eq.~33!. In Fig. 2 we show the
corresponding Goldstone boson diagrams, i.e.,f0f0→t t̄.
Thef0-t-t vertex contains a derivative that comes from the

9Since in the unitary gaugeLSM(4) reproduces the SM without the
physical Higgs boson, we will refer to it as theno-HiggsSM.

10NDA counts S as L0, Dm as 1/L, and fermion fields as
1/vAL. Hence,W6, Z, andA are also counted as 1/L. After this
counting, one should multiply the result byv2L2. 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 orderL0.
11vm is equal toem

(0)2km /MV , wherekm is the momentum of the
gauge boson with massMV andem

(0) is its longitudinal polarization
vector.
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expansion of the composite fields@cf. Eq. ~19!#, and the as-
sociated (dn1

1
2f n22) factor isdn1

1
2f n22511 1

222250.
This meansDE052 for Figs. 2~a! and 2~b!; both grow as
E2 at high energies. The four-point vertex for Fig. 2~c! can
come from the mass term of the top quark or the second-
order terms from the expansion ofZm in the effective La-
grangian. Thef0-f0-t-t̄ vertex that comes from the mass
termmtt̄t does not contain any derivatives, hence the high
energy behavior from this term goes likeE1. The vertex that
comes from the second-order expansion of a term like
t̄gmtZm contains one derivative, and the corresponding am-
plitude, Fig. 2~c!, grows asE2 in the high energy region. The
conclusion is that Fig. 2~c! behaves likeE2 as well. Seeing
that there is more than one leading diagram we can suspect
that there may be additional cancellations. How can we then
obtain the correct high energy behavior for the Goldstone
boson scattering amplitudes?

To answer this question let us use an alternative nonlinear
parametrization that is equivalent toLSM(4) @Eq. ~33!# with the
k ’s equal zero!, in the sense that it produces the exact same
matrix elements@8#, but with the advantage that the cou-
plings of the fermions with the Goldstone bosons do not
contain derivatives. We can rewrite the sum ofLB @cf. Eq.
~23!# andLSM(4) as

LSM[LSM~4!1LB5C̄Lig
mDm

LCL1C̄Rig
mDm

RCR

2~C̄LSMCR1H.c.!2
1

4
Wmn

a Wamn

2
1

4
BmnB

mn1
v2

4
Tr~DmS†DmS!, ~68!

M5Smt 0

0 mb
D ,

Dm
L5]m2 ig

ta

2
Wm

a2 ig8
Y

2
Bm ,

Dm
R5]m2 ig8QfBm .

Here,Y5 1
3 is the hypercharge quantum number for the quark

doublet,Qf is the electric charge of the fermion,CL is the
linearly realized left-handed quark doublet, andCR is the
right-handed singlet for top or bottom quarks@cf. Eqs.~30!
and ~32!#.

As we shall see shortly, in the context of this Lagrangian
there is one~and only one! diagram with the leading high
energy power. Hence, we do not expect any cancellations
among diagrams and it is possible to correctly predict the
high energy behavior of the scattering amplitude. Here is
how it works: When we expand theS matrix field up to the

second power@cf. Eq. ~1!# in the fermion mass term of Eq.
~68!, we will notice two things:~i! the first power term gives
rise to the vertexf3-t-t, and associates the coefficient
cT5mt /v to it; ~ii ! the second power term generates the
four-point vertex @cf. Fig. 2~c!# with a coefficient
cT5mt/v

2 associated to it. As it is well known, a
t̄ t5 t̄RtL1 t̄ LtR term always involves a chirality flip; there-
fore, we readily recognize that this four-point diagram will
only participate when the chiralities of the top quark and top
antiquark are different. AsE@mt , different chiralities imply
equal helicities for the fermion-antifermion pair. Hence, for
the case of opposite helicities we only count the power de-
pendance for Figs. 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 Figs. 2~a! and 2~b! we
haveDE0521(21)1(21)50, thus the amplitudeT67 is
of order mt

2/v2 ~if there are no additional cancellations!;
which is the contribution given by the coefficientscT from
both vertices. On the other hand, Fig. 2~c! has
DE0522151; the equal helicities amplitudeT66 will be
driven by this dominant diagram, thereforeT665mtE/v

2.
For the other processes,WL

1WL
2→t t̄ andWL

1ZL→tb̄, the
analysis is the same, except that there is an extras-channel
diagram~cf. Figs. 4 and 5! whose high energy behavior is
similar to Figs. 2~a! and 2~b!. Also, for the amplitude of
WL

1ZL→tb̄ no four-point diagram, Fig. 2~c!, is generated;
this means that its high energy behavior can, at most, be of
ordermt

2/v2 as given by Figs. 2~a! and 2~b!.
In conclusion, in order to estimate the high energy behav-

ior of the VLVL→t t̄,tb̄ process, one has to write down the
relevant diagrams forff→t t̄,tb̄ and then apply the power
counting formula given in Eq.~67!. If more than one dia-
gram has the same leading power inE then one can suspect
possible additional cancellations. This is the case for the
dimension-four nonlinear chiral LagrangianLSM(4) @Eq. ~33!
with k ’s equal to zero#, for which all three diagrams, Figs.
2~a!, 2~b!, and 2~c!, grow asE2 at high energies. Another
gauge-invariant Lagrangian forLSM(4)1LB is given in Eq.~68!
which gives the same matrix elements for any physical pro-
cess, but does not have the problem of possible cancellations
among the Goldstone boson diagrams. With this Lagrangian
the power counting formula predicts a leadingE1 behavior
for f0f0→t t̄ orf1f2→t t̄ @which originates from the four-
point couplings that contribute to Fig. 2~c!#, but only E0

power forf6f0→tb̄ or bt̄ @which does not have the dia-
gram similar to Fig. 2~c!#. This is verified in Appendix B.

Notice that, in general, if the dimension-four anomalous
couplingk ’s are not zero, then there is no reason to expect
any cancellations among the Goldstone boson diagrams. As a
matter of fact, the calculated leading contributions from
these coefficients are of orderE2 and notE1 ~cf. Appendix
B!.12

12This is related to the fact that nonzero anomalousk terms break
the linearly realized SU(2)L3U(1)Y gauge symmetry in the inter-
action part of Eq.~68!. Notice that thek terms respect this gauge
symmetry only nonlinearly.

FIG. 2. The corresponding Goldstone boson diagrams for
ZLZL→t t̄, i.e.,f0f0→t t̄.
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For the dimension-five anomalous operators we do not
suspecta priori any cancellations at highE among Gold-
stone boson diagrams, therefore we expect the parametriza-
tion used for our effective operators to reflect the correct
high energy behavior. Actually, the chiral Lagrangian param-
etrization given by Eq.~34!, which organizes the new phys-
ics effects in the momentum expansion, is the only frame-
work that allows the existence of such dimension-five gauge-
invariant operators. On the other hand, we know that as far
as theno-HiggsSM contribution to theseanomalousampli-
tudes is concerned, the correct high energy behavior is given
by the equivalent parametrization of Eq.~68!. We will there-
fore use the appropriate couplings fromLSM andL(5) in our
next power counting analysis. Also, we are neglecting con-
tributions of order 1/L2, which means that in Figs. 2~a! and
2~b! only one vertex is anomalous.

Given one dimension-five operator, it either involves two
boson fields~four-point operator!, or one boson field and one
derivative ~three-point operator!. Let us discuss four-point
operators first.

There are three kinds of four-point operators:OZZ ,
OWW , andOWZ . Each of them contributes to theZLZL ,
WL

1WL
2 andWL

1ZL fusion processes separately. After ex-
panding the composite boson fieldsZ andW6 @cf. Eqs.~19!
and ~20!#, we find that the terms (4/v2)]mf3]nf3,
(4/v2)]mf1]nf2, and (4/v2)]mf1]nf3 will contribute to a
diagram of type Fig. 2~c! in each case. Therefore, in the
power counting formula ~67!, dn52, cT54aO , and
DE0521(21122)53, which means that

T;4aO
v
LSEv D 3 ~69!

for all these four-point operators.
Let us discuss the case of three-point operators by consid-

ering one operator in particular:OZDf . This analysis will
automatically apply to all the other six three-point operators;
three with the neutralZm boson,OZDf , OgDZ , andOsDZ ;
and three with the chargedWm boson,OWDt , OgDW , and
OsDW . Using the expansions of the composite fields we ob-
tain

az3i t̄ ]mtZm52
g

cw
az3i c̄ t]mc tZ

m1
2i

v
az3@c̄ t]mc t]

mf3

2c̄ tg5]mc tf
3]mf32c̄ tR]mcbLf

1]mf3

1c̄ t]mc t~f2]mf12f1]mf2!#1•••,

~70!

wherec t (cb) denotes the usual linearly realized top~bot-
tom! quark field. There are more terms in Eq.~70! that par-
ticipate in the Goldstone boson diagrams of interest, but the
ones shown are sufficient for our discussion. Notice that the
first two terms on the right-hand side of Eq.~70! contribute
to three-point vertices, the first one is for the coupling of the
top quark with the usual vector boson field~the only nonzero
term in the unitary gauge!; the second one represents the
vertex of OZDf that enters in Figs. 2~a! and 2~b! for
f3f3→t t̄, or in a u-channeldiagram like Fig. 2~b! for
f1f3→tb̄. The rest of the expansion contains vertices with

two or more boson fields. In Eq.~70!, we also show some of
the four-point vertices generated byOZDf , which dominate
the contribution of this operator to theVLVL fusion processes
in the high energy regime. The last term,
c̄ t]mc t(f

2]mf12f1]mf2), comes from the second-order
term in the expansion ofZm @cf. Eq. ~19!#, and is responsible
for the high energy behavior of thes-channeldiagram for
WL

1WL
2→t t̄ ~cf. Fig. 4!. We can infer that the other two

three-point operators with theZm field can also contribute to
all theVLVL fusion processes. However, because of the re-
lation emp

m50 for the on-shell external boson lines, the con-
tributions of OgDZ and OsDZ vanish for ZLZL→t t̄ and
WLZL→tb̄.

Notice that the expansion forWm
6 in Eq. ~20! does not

contain any term withf3 alone; hence, no operator with the
field Wm

6 can participate in the processZLZL→t t̄ at tree
level. Except for this, the analysis onOZDf applies equally to
the operators withWm

6 . However, the contributions of
OgDW andOsDW on the processWL

1WL
2→t t̄ vanish because

of the relationemp
m50 for the on-shell external boson lines.

The analysis on the high energy behavior of the contribu-
tions fromOZDf to the scattering processZLZL→t t̄ is simi-
lar to the previous one for theno-HiggsSM, in which we
observed a distinction between theT67 and T66 ampli-
tudes. The anomalous vertices generated by this operator
contain two derivatives, thus (dn1

1
2f n22)51. Then,

DE052111(21)52 for the first two diagrams Figs. 2~a!
and 2~b!, andT67 is expected to be of order

T67;2aO
mt

v
v
L SEv D 2.

On the other hand, Fig. 2~c! comes from the first four-point
term in Eq. ~70!. Thus, we have (dn1

1
2f n22)51,

DE0521153, and the predicted value forT66 is

T66;2aO
v
L SEv D 3.

Comparing with the estimate for four-point operators@cf. Eq.
~69!# we can observe that the only difference is in the coef-
ficient cT associated to them; for the three-point operator
~70! cT52aO , and for a four-point operator is twice as
much.13

Other possible contributions that vanish have to do with
the fact that sometimes an amplitude can be zero from the
product of two different helicities of spinors. For instance, by
performing the calculation of the amplitudes in the c.m.
frame we can easily verify that the spinor product
ū@l561#v@l571# vanishes for all t t̄, tb̄, and bt̄
processes.14 This means that contributions from operators of

13This difference incT may be related to the fact that four-point
operators tend to give a bigger contribution to the helicity ampli-
tudes@cf. Eqs.~82! and ~83!, for example#.
14u@l511# denotes the spinor of a quark with right-handed he-

licity.
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the scalar-type, likeOgWZL(R) , OgZZ , OgWW , OZDf , and
OWDtR(L) will vanish for T67 amplitudes in thes-channel
and the four-point diagrams.

Furthermore, the relationemp
m50 applies to all the ex-

ternal on-shell boson lines; this makes the contribution of
operators with derivative on boson, such asOgDZ ~our third
case! andOgDWL(R) , to vanish in thet- andu-channel dia-
grams. In principle, one would think that the exception could
be thes-channel diagram. Actually, this is the case for the
operatorOgDWL(R) which contributes significantly to the
single top production processWL

1ZL→tb̄ via thes-channel
diagram~cf. Table IV!. However, for theOgDZ operator even
this diagram vanishes; as can be easily verified by noting that
the Lorentz contraction between the boson propagator
2gmn1kmkn /MZ

2 and the triboson coupling is identically
zero in the processWL

1WL
2→t t̄. Therefore, for theOgDZ

operator all the possible diagrams vanish.
In Tables II, III, and IV we show the leading contributions

~in powers of the c.m. energyE) 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.

In conclusion, based on the NDA@24# and the power
counting rule@31#, we have found that the leading high en-
ergy behavior in theVLVL→t t̄ or tb̄ scattering amplitudes
from the no-HiggsSM operators (LSM(4)) can only grow as
mtE/v

2 ~for T11 or T22 ; E is the c.m. energy of the top
quark system!, whereas the contribution from the dimension-
five operators (L(5)) can grow asE3/v2L in the high energy
regime. Let us compare the above results with those of the
VLVL→VLVL scattering processes. For theseVLVL→VLVL
amplitudes the leading behavior at the lowest order gives
E2/v2, and the contribution from the next-to-leading order
~NLO! bosonic operators gives (E2/L2)(E2/v2) @31#. This

indicates that the NLO contribution is down by a factor of
E2/L2 in VLVL→VLVL . On the other hand, the NLO fermi-
onic contribution inVLVL→t t̄ or tb̄ is only down by a
factor E2/mtL which, compared toE2L2, turns out to be
bigger by a factor ofL/mt;4A2p for L;4pv.15 Hence,
we expect that the NLO contributions in the
VLVL→t t̄ or tb̄ processes can be better measured~by
about a factor of 10) than theVLVL→VLVL counterparts for
some class of electroweak symmetry breaking models in
which the NDA gives reasonable estimates of the coeffi-
cients.

As will be shown later, the coefficients of the NLO fer-
mionic operators inL(5) can be determined via top quark
production to an order of 1022 or 1021. In contrast, the
coefficients of the NLO bosonic operators are usually deter-
mined to about an order of 1021 or 1 @20,23# via
VLVL→VLVL processes. Therefore, we conclude that the top
quark production via longitudinal gauge boson fusion
VLVL→t t̄,tb̄, or bt̄ at high energy may be a better probe,
for some classes of symmetry breaking mechanisms, than the
scattering of longitudinal gauge bosons, i.e.,VLVL→VLVL .

In the following section we shall study the production
rates oft t̄ pairs and single-t or single-t̄ events at future col-
liders like LHC and LC. We will also estimate how precisely
these NLO fermionic operators can be measured via the
VLVL→t t̄,tb̄, or bt̄ processes. To reduce the number of in-
dependent parameters for our discussion, we shall assume an
approximate custodial SU~2! symmetry, so that the set of 19
independent coefficients will be reduced to 6 and given by
azz1 ,az2 ,az3 ,az4 ,aww2, andam . However, for completeness
we also give the leading high energy contributions of the
helicity amplitudes forZLZL→t t̄, WL

2WL
1→t t̄, WL

1ZL→tb̄
andWL

2ZL→bt̄ in Appendices B and C.

VI. UNDERLYING CUSTODIAL SYMMETRY

Here, we shall consider a special class of models of sym-
metry breaking for which an approximate underlying custo-
dial symmetry@32# is assumed as suggested by the low en-
ergy data@4#.

In addition to the gauge symmetry, the SM has an ap-
proximate global symmetry called the custodial symmetry
which is responsible for the tree-level relationr.1 @cf. Eq.

15For an energy E of about L/4 or more this factor
E2/mtL5M (5)/M (4) is actually greater than one.M (4) andM (5) are
the LO and NLO amplitudes, respectively.

TABLE III. The leading high energy terms for the operators
with derivative on fermion.

Process LSM(4) OZDf OWDtR OWDtL

az33 aw3R3 aw3L3

ZLZL→t t̄ mtE/v
2 E3/v2L 2 2

WL
1WL

2→t t̄ mtE/v
2 E3/v2L E3/v2L mbE

2/v2L→0

WL
1ZL→tb̄ mt

2/v2 E3/v2L E3/v2L E3/v2L

TABLE II. The leading high energy terms for the four-point operators.

Process LSM(4) OgZZ OgWW OsWW OgWZL(R) OsWZL(R)
azz13 aww13 aww23 awz1L(R)3 awz2L(R)3

ZLZL→t t̄ mtE/v
2 E3/v2L 2 2 2 2

WL
1WL

2→t t̄ mtE/v
2 2 E3/v2L E3/v2L 2 2

WL
1ZL→tb̄ mt

2/v2 2 2 2 E3/v2L E3/v2L
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~4!#. Actually, this symmetry is broken by the hypercharge
(g8) and the mass splitting (mtÞmb), but only slightly, so
thatr remains about one at the one loop level. Afterturning
off the hypercharge coupling~i.e., setsw50), one can easily
verify that the global SU~2! L3SU(2)R symmetry is satisfied
for the dimension-four LagrangianLSM(4) .16 The fermion–
gauge-boson interactions are described by

L~4 custodial!5F̄Lg
mS i ]m2

1

2
W m

a taDFL , ~71!

with the left-handed doublet

FL5S f 1f 2D L ~72!

defined in Eq.~30!.
Notice that the only SU(2) structure that satisfies the cus-

todial symmetry is the one given above. If we want to intro-
duce an anomalous interaction that satisfies this symmetry,
we must conform to this structure. For example, let us con-
sider the case of the operators with derivative on boson
OgDZ andOgDWL(R) , then we write17

kF̄Lg
mn]mW n

ataFR1H.c.

5kF̄Lg
mnS ]mW n

3 A2]mWn
1

A2]mWn
2 2]mWn

3 D FR1H.c. ~73!

As we can see, if we want our dimension-five terms to
obey this global SU(2)L3SU(2)R symmetry, we have to
introduce the same anomalous interactions of the top quark
to the much lighter bottom quark. Let us consider the case of
an underlying global SU(2)L3SU(2)R symmetry that is bro-
ken 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! sector to be
substantially greater for the couplings~to the gauge bosons!
of this quark than for the couplings of all the others~includ-
ing the bottom quark!. Therefore, it is probable that the un-
derlying theory of particle physics respects the custodial
symmetry, and the EWSB mechanism introduces an effec-
tive interaction that explicitly breaks this symmetry in such a
way as to favor the deviation of the couplings of the top
quark more than the deviation of the other light quarks’ cou-
plings.

By adding the two possible breaking terms to this
operator,18 we obtain the effective dimension-five Lagrang-
ian as

L~5 deriv!5kF̄Lg
mn]mW n

ataFR1k1F̄Lg
mnt3]mW n

ataFR1k2F̄Lg
mn]mW n

atat3FR1H.c.

5F̄Lg
mnS ~k1k11k2!]mW n

3 A2~k1k12k2!]mWn
1

A2~k2k11k2!]mWn
2 ~2k1k11k2!]mW n

3 D FR1H.c., ~74!

where, in order to obtain a vanishingb-b-Z coupling, we require

k5k11k2 . ~75!

16To verify this, we just need to use the transformation rulesS→S85LSR† andFL→FL85RFL , whereL andR are group elements of
the global SU(2)L and SU(2)R symmetries, respectively.
17For the purpose of this discussion we can replaceDm by ]m .
18Another term could beF̄Lg

mnt3]mW n
atat3FR , which contains two symmetry-breaking factorst3, but will not be considered in this

work.

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

Process LSM(4) OgDZ OgDWL(R) OsDZ OsDWL(R) OA
az43 aw43 az23 aw23 am3

ZLZL→t t̄ mtE/v
2 0 2 0 2 2

WL
1WL

2→t t̄ mtE/v
2 0 0 E3/v2L 0 E3/v2L

WL
1ZL→tb̄ mt

2/v2 0 E3/v2L 0 E3/v2L 2
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Also, to simplify the discussion we assumek15k2, and the conclusion is that in order to keep the couplingsb-b-Z
unaltered we have to impose the condition

az~2,3,4!5A2aw~2,3,4!L~R! ~76!

to all the operators with derivatives.
The case for four-point operators~contact terms! is somewhat different. The custodial Lagrangian in this case is of the form

L~5 custod!5k1g
four pointF̄Lg

mnW m
a taW n

btbFR1k1s
four pointF̄Ls

mnW m
a taW n

btbFR

5k1g
four pointF̄LSW m

3Wm312Wm
1Wm2 0

0 W m
3Wm312Wm

1Wm2DFR

1k1s
four pointF̄Ls

mnS 2Wm
1Wn

2 0

0 2Wm
1Wn

2DFR , ~77!

and for the breaking terms we can consider

L~5 contact!5 (
c5g,s

cmn~k2c
four pointF̄Rt3W m

a taW n
btbFL

1k2c
four point†F̄LW m

a taW n
btbt3FR

1k3c
four pointF̄W m

a tat3W n
btbF !, ~78!

wherek2c
four point is complex andk3c

four point is real. As it turns
out, in order to set the anomalous couplings of the bottom
quark equal to zero, we have to choosek3c

four point50, and
k2c
four point real and half the size ofk1c

four point ~i.e.,
k1c
four point52k2c

four point for c5g,s). The nonstandard four-
point dimension-five interactions will then have the structure

S cmnW m
3W n

312cmnWm
1Wn

2 0

0 0
D , ~79!

where cmn is either gmn or smn. This structure suggests
2azz15aww1 and awz1L(R)5awz2L(R)50 for cmn equal to
gmn. For cmn equal tosmn, it suggests thataww2 can be of
any value.

In conclusion, by assuming the dimension-five operators
are the result of an underlying custodial symmetric theory
that is broken in such a way that at tree level theZ-b-b
coupling does not get modified from its SM values, we de-
rive the following relations among the coefficients of these
anomalous couplings. They are

az~2,3,4!5A2aw~2,3,4!L~R! ,

2azz15aww1 , ~80!

awz1L~R!5awz2L~R!50.

After including the hypercharge interactions, we can see that
the set of independent coefficients has reduced from a total

of 19 down to 6 only. These coefficients areaz(2,3,4), azz1,
aww2, andam ~for the operatorOA).

VII. AMPLITUDES FOR ZLZL , WLWL , AND WLZL

FUSION PROCESSES

Below, we present the helicity amplitudes for each
VLVL fusion process. We shall only consider the leading
contributions in powers ofE, the c.m. energy of theVLVL

system, coming from both theno-HiggsSM ~i.e.,LSM(4)) and
the dimension-five operators. For the latter, we assume an
approximate SU(2) custodial symmetry, as discussed in the
previous section, so that only six independent coefficients are
relevant to our discussion. For completeness, in Appendices
B and C we provide the helicity amplitudes for the general
case~without assuming a custodial symmetry!.

A. ZLZL˜t t̄

Figure 3 shows the diagrams associated to this process.
The total amplitudeT is the sum of theLSM(4) contribution
~denoted byzz), and theL(5) contribution ~denoted by
azz). In diagrams with two vertices, only one anomalous
vertex is considered at a time, i.e., we neglect contributions
suppressed by 1/L2. We denote the helicity amplitudes by
the helicities of the outgoing fermions: the first~second!
symbol (1 or 2) refers to the fermion on top~bottom! part
of the diagram. A right-handed fermion is labeled by1, and
a left-handed fermion by2. For instance,

Tzz115zz111azz11 , ~81!

where zz11 is the LSM(4) contribution andazz11 is the
anomalous contribution to the helicity amplitude
T(ZLZL→t right handedt̄ right handed). The same notation is used
for the other two processes.

The leading contributions to theZLZL→t t̄ helicity ampli-
tudes are
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Tzz1152Tzz225
mtE

v2
2
2E3

v2
X

L
,

Tzz125Tzz215
2mt

2cusu

~4cu
2mt

2/E21su
2!v2

10, ~82!

where

X52azz11S 122
4

3
sw
2 Daz3, ~83!

andE5As is the c.m. energy of theVLVL system.
Comparing with the results forWL

1WL
2 andWL

1ZL fu-
sions, this is the amplitude that takes the simplest form with
no angular dependance. Also, for this process the assumption
of an underlying custodial symmetry does not make the
anomalous contribution any different from the most general
expression given in Appendix C. This means that new phys-
ics effects coming through this process can only modify the
S-partial wave amplitude~at the leading order ofE3). Notice
that at this point it is impossible to distinguish the effect of
the coefficientazz1 from the effect of the coefficientaz3.
However, in the next section we will show how to combine
this information with the results of the other processes, and
obtain bounds for each coefficient. The reason whyazz67

appear as zero is explained in Appendix C.

B. W L
1WL

2
˜t t̄

The amplitudes of this process are similar to the ones of
the previous process except for the presence of twos-channel
diagrams~see Fig. 4!, whose off-shellg andZ propagators
allow for the additional contribution from the magnetic mo-
ment of the top quark (am) and the operator with derivative
on bosonOsDZ (az2). Since these two operators are not of
the scalar type, we have a nonzero contribution to theT67

amplitudes. Throughout this paper, the angle of scattering
u in all processes is defined to be the one subtended between
the incoming gauge boson that appears on the top left part of
the Feynman diagram (W1 in this case! and the momentum
of the outgoing fermion appearing on the top-right part of the
same diagram (t in this case!; all in the c.m. frame of the
VLVL pair.

The leading contributions to the various helicity ampli-
tudes for this process are

Tww1152Tww225
mtE

v2
24

E3

v2
X11Xmcu

L
, ~84!

Tww125
2mt

2su

@2mb
2/E21~12cu!~122mt

2/E2!#v2

1
8E2

v2
mtsu

~Xm2 1
4 az3!

L
,

Tww21501
8E2

v2
mtsu

Xm2 1
8 az3

L
,

wheresu5sinu, cu5cosu, and

X15azz11
1
8 az3 ,

Xm5am2 1
2 az21

1
8 az31

1
2 aww2 . ~85!

Notice that the angular distribution of the leading contri-
butions in theT66 amplitudes consists of the flat component
(S wave! and the d0,0

1 5cosu component (P wave!. The
T67 helicity amplitudes only contain thed0,61

1 52sinu/A2
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
21, 0, or 11. Therefore, in high energy scatterings, the
anomalous dimension-five operators only modify~at the
leading ordersE3 andE2) theS andP partial waves of the
scattering amplitudes. We also note that, as expected from
the discussion in Sec. V,aww66 has anE3 leading behav-
ior, whereasaww67 goes likeE2. Furthermore, theLSM(4)
amplitudes are of ordermtE/v

2 for ww66 , andmt
2/v2 for

ww12 . (ww21 is proportional tomb
2/v2 and is taken

as zero.! To calculate the event rate, we need to sum
over four helicity amplitudes squared, anduT66,67u2

5ww66,67
2 12ww66,67aww66,671O(1/L2). Because

uww67aww67u;mt
2/E2uww66aww66u, the amplitude

squared uT67u2 is only a few percent of the value of
uT66u2 for E;1 TeV. Thus, uT67u2 will not contribute
largely to the total event rate, provided the coefficients of the
dimension-five operators are of order 1.

C. WL
1ZL˜tb̄

Finally, we have the amplitudes for the single-top quark
production processW1Z→tb̄ ~which are just the same as for
the conjugate processW2Z→bt̄). Figure 5 shows the dia-
grams that participate in this process.

The leading contributions to the various helicity ampli-
tudes for this are19

19As shown in Eq.~80!, for models with this approximate custo-
dial symmetry,awz1L(R)5awz2L(R)50, so that the four-point vertex
diagram of Fig. 5~d! gives no contribution.

FIG. 3. Diagrams for theZZ→t t̄ process.

FIG. 4. Diagrams for theWW→t t̄ process.
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Twzt1152
A2mt

3~12cu!

E~122mt
2/E2!~11cu12mt

2/E2!v2

2
A2E3

4v2
X21cuX3

L
,

Twzt22502
A2E3

4v2

3
~4sw

2az41
2
3 sw

221!1~az324cw
2az2!cu

L
,

Twzt12501
A2E2

4v2
mtsu

az314cw
2az2

L
,

Twzt2152
A2mt

2su

~122mt
2/E2!~11cu12mt

2/E2!v2

2
3A2E2

4v2
mtsu

X4

L
, ~86!

where

X25S 11
2

3
sw
2 Daz324sw

2az4 ,

X35az314cw
2az2 ,

X45az32
4

3
cw
2az2 . ~87!

The anomalous amplitudesawzt22 andawzt12 can be
ignored in our analysis. The reason is because theL(4) am-
plitudes wzt22 and wzt12 are zero, which means that,
when we consider the total helicity amplitudes squared, they
turn out to be of order 1/L2. This is why onlyawzt11 and
awzt21 are presented in terms of the parametersX2, X3, and
X4, each parameter associated to a different partial wave.

VIII. NUMERICAL RESULTS

A. Top quark production rates from VLVL fusions

As discussed above, the top quark productions from
VLVL fusion processes can be more sensitive to the elec-
troweak symmetry-breaking sector than the longitudinal
gauge boson productions fromVLVL fusions. In this section
we shall examine the possible increase~or decrease! of the
top quark event rates, due to the anomalous dimension-five

couplings, at the future hadron collider LHC~a pp collider
with As514 TeV and 100 fb21 of integrated luminosity!
and the electron linear collider LC~an e2e1 collider with
As51.5 TeV and 200 fb21 of integrated luminosity!.

To simplify our discussion, we shall assume an approxi-
mate custodial symmetry and make use of the helicity am-
plitudes given in the previous section to compute the produc-
tion rates fort t̄ pairs and for single-t or t̄ quarks. We shall
adopt the effective-W approximation method@33#, and use
the CTEQ3L@34# parton distribution function with the fac-
torization scale chosen to be the mass of theW boson. 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 producedt or
b. The rapidity of t or b produced from theVLVL fusion
process is required to be within 2~i.e., uyt,bu<2) and the
transverse momentum oft or b is required to be at least 20
GeV. To validate the effective-W approximation, we also
require the invariant massMVV to be larger than 500 GeV.

Since we are working in the high energy regimeE@v, the
approximation made when we expand theVLVL→t t̄ or tb̄
scattering amplitudes in powers ofE and keep the leading
terms only, becomes a very good one. As noted in the pre-
vious section, in all theT66 amplitudes, the dimension-five
operators will only modify the constant term (S wave! and
the cosu (P wave:d0,0

1 ) dependence in the angular distribu-
tions of the leadingE3 contributions, whereas all theT67

amplitudes have a sinu (P wave:d0,61
1 ) dependence in their

leadingE2 contributions. Each of the effective coefficients,
X, X1, Xm , X2, X3, andX4, parametrizes the contribution to
one of the partial waves.20 Since contributions to different
partial waves do not interfere with each other, we can make
a consistent analysis by taking only one coefficient nonzero
at a time.

The predicted top quark event rates as a function of these
coefficients are given in Figs. 6, 7, and 8 for the LHC, and in
Figs. 9, 10, and 11 for the LC. In these plots, neither the
branching ratio nor the detection efficiency have been in-
cluded.

20In WL
1WL

2→t t̄, Xm contributes to bothP-partial waves.

FIG. 5. Diagrams for theWZ→tb̄ process.

FIG. 6. Number of events at the LHC forZLZL fusion. The
variableX is defined in Eq.~83!.
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For X50, the LHC results show that there are in total
about 1500t t̄ pair and single-t or t̄ events predicted by the
no-HiggsSM. TheWL

1WL
2 fusion rate is about a factor of

2 larger than theZLZL fusion rate, and about an order of
magnitude larger than theWL

1ZL fusion rate. TheWL
2ZL rate,

which is not shown here, is about a factor of 3 smaller than
theWL

1ZL rate due to smaller parton luminosities at app
collider. It will be challenging to actually detect any signal
from these channels at the LHC due to the considerable
amount of background in this hadron-hadron collision. What
we can learn from Fig. 7 is that, with a production of about
900 events and the large slope of theWL

1WL
2→t t̄ curve, this

process might be able to probe the anomalous coupling
(X1).

For the LC, because of the small coupling ofZ-e-e, the
event rate forZLZL→t t̄ is small. For theno-HiggsSM, the
top quark event rate at LC is about half of that at the LHC
and yields a total of about 550 events (t t̄ pairs and single-t or
t̄). Again, we find that theWL

1WL
2→t t̄ rate is sensitive to

the dimension-five operators that correspond toX1, but the
ZLZL→t t̄ rate is much less sensitive.21

The production rates shown in Figs. 9, 10, and 11 are for
an unpolarizede2 beam at the LC. Because the coupling of
theW boson to the electron is purely left handed, the parton
luminosity of theW boson will double for a left-handed po-
larizede2 beam at the LC; hence, thet t̄ rate fromWL

1WL
2

fusion will double too. However, this is not true for the par-
ton luminosity ofZ because in this case theZ-e-e coupling
is nearly purely axial-vector (124sw

2'0) and the produc-
tion rate ofZLZL→t t̄ does not strongly depend on whether
the electron beam is polarized or not. As shown in these
plots, if the anomalous dimension-five operators can be of
order 1021 ~as expected by the naive dimensional analysis!
then their effect can in principle be identified in the measure-
ment of eitherZLZL or WL

1WL
2 fusion rates at the LC.22 A

similar conclusion holds for theWL
6ZL fusion process, but

with less sensitivity.
From the six independent coefficients,az(2,3,4), azz1,

aww2, andam , one stands out:azz1. The two most potentially
significant parametersX andX1 depend essentially on just
this coefficient@cf. Eqs.~83! and ~85!#. This suggests that a
good test for the possible models of EWSB is to calculate
their predictions for the sizes of the four-point operators
OgZZ andOgWW because these are more likely to produce a
measurable signal at either the LC or the LHC. The second
better test could be the magnetic momentam because this
coefficient gives the largest contribution toXm @cf. Eq. ~85!#,
and Figs. 7 and 10 show that this parameter can be measured
as well.

It is useful to ask for the bounds on the coefficients of the
anomalous dimension-five operators if the measured produc-
tion rate at the LC is found to be in agreement with the
no-HiggsSM predictions~i.e., with X50). In order to sim-
plify this analysis for the parameterXm , we have made the
approximationaww12.(8E2/v2)mtsu(Xm /L); notice that
the anomalous contributionaww12 to the total amplitude
squared is smaller by a factor ofmt

2/E2 than the contribution
from aww66 ~cf. end of Sec. VII B!.

21Needless to say, theWL
2ZL rate is the same as theWL

1ZL rate at
an unpolarizede1e2 LC.
22Specifically, for anomalous coefficients of order 1021 there is a

2s deviation from theno-HiggsSM event rates.

FIG. 7. Number of events at the LHC forWL
1WL

2 fusion. The
variableX stands for the effective coefficientsX1 andXm defined in
Eq. ~85!.

FIG. 8. Number of events at the LHC forWL
1ZL fusion. The

variableX stands for the effective coefficientsX2, X3, andX4 de-
fined in Eq.~87!.

FIG. 9. Number of events at the LC forZLZL fusion. The vari-
ableX is defined in Eq.~83!.
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At the 95% C.L. we summarize the bounds on theX’s in
Table V. Here, only the statistical error is included. In prac-
tice, after including the branching ratios of the relevant de-
cay 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
improved by carefully analyzing angular correlations when
data is available.

As shown in Table V, these coefficients can be probed to
about an order of 1021 or even 1022. For this table, we have
only considered an unpolarizede2 beam for the LC. To
obtain the bounds we have set all the anomalous coefficients
to be zero except the one of interest. This procedure is jus-
tified by the fact that at the leading orders ofE3 and E2,
different coefficients contribute to different partial waves.
~The definitions of the combined coefficientsX, X1, X2,
X3, andX4 are given in the previous section.!

If the LC is operated at thee2e2 mode with the same
c.m. energy of the collider, then it cannot be used to probe
the effects forWL

1WL
2→t t̄, but it can improve the bounds on

the combined coefficientsX4, X2, andX3, because the event
rate will increase by a factor of 2 forWL

2ZL→bt̄ production.

By combining the limits on these parameters we can find
the corresponding limits on the effective coefficients
azz1 ,az2 ,az3 ,az4, and (am1 1

2aww2). For example, if we con-
sider the limits forX3 and X4, we will find the limits for
az2, az3. Then we can compare the bounds onaz3 and those
on X1 to derive the constraints onazz1. Also, the bounds on
az3 and onX2 will give the constraints onaz4. Finally, we
use the bounds onaz3, az2, andXm to obtain constraints for
(am1 1

2aww2). Table VI shows these results.
Nevertheless, we can also follow the usual procedure of

taking only one anomalous coefficient as nonzero at a time.
Under this approach the bounds become more stringent:

20.03,azz1,0.035,

20.28,am,0.12,

20.24,az3,0.28,

20.4,az2,0.2,

20.82,aww2,0.32,

20.56,az4,0.24. ~88!

Again, these bounds come from the consideration of a
2s deviation from theno-Higgs SM event rates. For in-
stance, at the LC, theno-HiggsSM predictions for the pro-
cessesZLZL→t t̄ andWL

1WL
2→t t̄ are 60 and 400, respec-

tively ~cf. Figs. 9 and 10!. This means that a number of
events between 75 and 45 for the first process, and between
440 and 360 for the second one, is considered consistent with
theno-HiggsSM prediction at the 95% C.L. Figure 9 shows

FIG. 10. Number of events at the LC forWL
1WL

2 fusion. The
variableX stands for the effective coefficientsX1 andXm defined in
Eq. ~85!.

FIG. 11. Number of events at the LC forWL
1ZL fusion. The

variableX stands for the effective coefficientsX2, X3, andX4 de-
fined in Eq.~87!.

TABLE V. The range of parameters for which the total number
of events at the LC deviates by less than 2s from theno-HiggsSM
prediction.

Process Bounds (e1e2)

ZLZL→t t̄ 20.07,X,0.08
WL

1WL
2→t t̄ 20.03,X1,0.035

WL
1WL

2→t t̄ 20.28,Xm,0.12

WL
1(2)ZL→tb̄(bt̄) 20.32,X2,0.82

WL
1(2)ZL→tb̄(bt̄) 21.2,X3,0.5

WL
1(2)ZL→tb̄(bt̄) 20.8,X4,1.3

TABLE VI. The constraints on the anomalous coefficients ob-
tained by the linear combination of the bounds on theX parameters.

Bounds onX parameters Bounds on anomalous coefficients

21.2,X3,0.5 20.6,az2,0.32
20.8,X4,1.3 20.9,az3,1.1
20.03,X1,0.035 20.17,azz1,0.15
20.32,X2,0.82 21.9,az4,1.7
20.28,Xm,0.12 20.7,am1

1
2aww2,0.4
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an interesting situation forZLZL→t t̄, if the parameterX hap-
pened to be between 0.75 and 0.90 then we would obtain a
number of events consistent with theno-HiggsSM. How-
ever, if this were the case, thenX1 would have to be at least
of order 0.7 and we would observe a substantial deviation~of
about 600! in the number of events produced from
WL

1WL
2→t t̄. This also happens the other way around, ifX1

is between 0.38 and 0.45, we would obtain a production rate
consistent with theno-HiggsSM forWL

1WL
2 fusion ~cf. Fig.

10!, but thenX would be at least of order 0.3, and according
to Fig. 9, we would observe only 18t t̄ pairs from ZLZL
fusion, too far from the 60615 range of theno-HiggsSM
prediction. Hence, all the production channels have to be
measured to conclusively test the SM and probe new phys-
ics.

The above results are for the LC with a 1.5 TeV c.m.
energy. To study the possible new effects in the production
rates ofWL

1WL
2→t t̄ at the LC with different c.m. energies,

we plot the production rates for various values ofX1 in Fig.
12. ~Again,X150 stands for theno-HiggsSM.! Notice that,
if X1 were as large as20.5, then a 1 TeV LC could well
observe the anomalous rate viaWL

1WL
2 fusion.23 For

X150.25 the event rate at 1.5 TeV is down by about a factor
of 2 from the SM event rate.24

B. CP-violating effects

The complete set of anomalous dimension-five operators
listed inL(5) consists of operators withCP-conserving and
nonconserving parts. In our study of the top quark produc-
tion rates we have only considered theCP-even part of these
operators; their contribution, like the one from theno-Higss
SM at tree level, is real. However, aCP-odd operator can

contribute to the imaginary part of the helicity amplitudes,
and it can only be probed by examiningCP-odd observ-
ables.

To illustrate this point, let us consider theCP-odd part of
the four-point scalar type operatorOgWW and the electric
dipole moment term ofOA @cf. Eqs. ~54! and ~59!#. After
including contributions from theno-HigssSM and from the
above twoCP-odd operators, the helicity amplitudes for the
WL

1WL
2→t t̄ process in theWL

1WL
2 c.m. frame are

T6656
mtE

v2
1 i2

E3

v2
ãww112adcu

L
,

T125
2mt

2su

@mb
2/2E21~12cu!~12mt

2/2E2!#v2
, ~89!

T2150,

where, byad andãww1, we refer to the imaginary part of the
coefficients ofOA andOgWW , respectively.

One of theCP-odd observables that can measuread and
ãww1 is the transverse polarization (P') of the top quark,
which is the degree of polarization of the top quark in the
direction perpendicular to the plane of theWL

1WL
2→t t̄ scat-

tering process. It was shown in Ref.@35# that

P'5
2Im~T11* T211T12* T22!

uww11u21uww12u21uww21u21uww22u2
,

~90!

which, up to the order 1/L, is

P'>
4suE

mb
2/2E21~12cu!~12mt

2/2E2!

ãww112adcu

L
.

~91!

Again, E5As is the c.m. energy of theWL
1WL

2 system;
P' , by definition, can only obtain values between21 and
1. For E51.5 TeV, L53 TeV, andu5p/2, or p/3, we
obtain P'54ãww1, or 4A3(ãww11ad), respectively. Since
uP'u is at most 1, this requires uãww1u,

1
4 or

uãww11adu,1/(4A3).
At a 1.5 TeVe1e2 collider, theno-HiggsSM predicts

about 100t t̄ pairs, with an invariant mass between 800 GeV
and 1100 GeV, via theWL

1WL
2 fusion process. Let us assume

that ad50, and that P' can be measured to about
1/A100510%, then an agreement between data and theno-
Higgs SM prediction (P'50 at tree level! would imply
uãww1u<0.04.

IX. CONCLUSIONS

If the fermion mass generation is closely related to the
EWSB mechanism, one expects some residual effects of this
mechanism to appear in accordance with the mass hierarchy.
Since the mass of top quark is heavy, it is likely that the
interactions of the top quark can deviate largely from the SM
predictions. In this study, we have applied the electroweak
chiral Lagrangian 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

23If X1 is too big, partial wave unitarity can be violated at this
order.
24For positive values ofX1 the rate tends to diminish below the

SM rate. However, near 0.25, the rate begins to rise again, toward
the SM rate.

FIG. 12. Number oft t̄ events at the LC fromWL
1WL

2 fusion for
different values of the effective coefficientX1 as a function of the
c.m. energy.
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the top and bottom quarks and not the flavor-changing neu-
tral currents that involve the other light quarks. Also, moti-
vated by low energy data, we assume that the coupling of
Z-b-b is not strongly modified by new physics.

In Sec. II, we introduced the dimension-four nonlinear
chiral Lagrangian that contains theno-Higgs SM and the
four unknown effective coefficientskL

NC, kR
NC, kL

CC, and
kR
CC. Their constraints have been studied elsewhere~cf. Sec.

II ! @4#. We take their values as zero in order to simplify our
study.

If a strong dynamics of the electroweak symmetry-
breaking mechanism can largely modify the dimension-four
anomalous couplings, it is natural to ask whether the same
dynamics can also give large dimension-five anomalous cou-
plings. In the framework of the electroweak chiral Lagrang-
ian, we have found that there are 19 independent dimension-
five operators associated with the top quark and the bottom
quark system. Their leading contributions to the helicity am-
plitudes forVLVL→t t̄,tb̄, or bt̄ processes are given in Ap-
pendices B and C. The high energy behavior of the above
scattering processes due to the dimension-five operators, two
powers inE above theno-HiggsSM, provides a good op-
portunity to test these operators on the production oft t̄ pairs
or single-t or t̄ events in high energy collisions. Since, in the
high energy regime, a longitudinal gauge boson is equivalent
to the corresponding would-be Goldstone boson, the produc-
tion of top quarks viaVLVL fusions shall probe the part of
the electroweak symmetry breaking sector which modifies
the top quark interactions. Since the dimension-four anoma-
lous couplingk ’s can be well measured at the scale ofMZ or
mt , we expect that their values will be already known by the
time data is available for the study ofVLVL fusion processes
in the TeV region. Hence, to simplify our discussion on the
accuracy of the measurement of the dimension-five anoma-
lous couplings at future colliders, we have taken the
dimension-four 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! sym-
metry is assumed that gets broken in such a way as to keep
the couplings of theZ-b-b unaltered. This approximate cus-
todial symmetry then relates some of the coefficients of the
anomalous operators, reducing the number of independent
coefficients from 19 down to 6 only. Then we study the
contributions of these couplings to the production rates of the
top quark at the LHC and the LC.

We find that for the leading contributions at high energies,
only theS- andP-partial wave amplitudes are modified by
these anomalous couplings. If the magnitudes of the coeffi-
cients of the anomalous dimension-five operators are allowed
to be as large as 1~as suggested by the naive dimensional
analysis@24#!, 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 co-
efficients to be at most of order 1021. This is about a factor
L/mt.3 TeV/175 GeV;17 more stringent than in the
case of the study of NLO bosonic operators via the
VLVL→VLVL scattering processes@20,31,23#. Hence, for
those models of electroweak symmetry breaking for which

the naive dimensional analysis gives the correct size for the
coefficients of dimension 5 effective operators, the top quark
production viaVLVL fusions can be a more sensitive probe to
EWSB than the longitudinal gauge boson pair production via
VLVL fusions which is commonly studied. For completeness,
we also briefly discuss how to study theCP-odd operators
by measuringCP-odd observables. In particular, we study
their effects on the transverse~relative to the scattering plane
of WL

1WL
2→t t̄) polarization of the top quark.

In conclusion, the production of top quarks viaVLVL fu-
sions at the LHC and the LC should be carefully studied
when data are available because it can be sensitive to the
electroweak symmetry-breaking mechanism, even more than
the commonly studiedVLVL→VLVL processes in some mod-
els of strong dynamics.
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APPENDIX A: EQUATIONS OF MOTION

From the electroweak chiral LagrangianL(4) of Eq. ~33!,
we can use the Euler-Lagrange equations to obtain the equa-
tions of motion for the top quark. They are

igmS ]m1 i
2

3
sw
2AmD tL2

1

2S 12
4

3
sw
21kL

NCDgmZmtL

2
1

A2
~11kL

CC!gmWm
1bL2mttR50,

igmS ]m1 i
2

3
sw
2AmD tR2

1

2S 2
4

3
sw
21kR

NCDgmZmtR

2
1

A2
kR
CCgmWm

1bR2mttL50,

igmS ]m2 i
1

3
sw
2AmDbL2S 2

1

2
1
1

3
sw
2 DgmZmbL

2
1

A2
~11kL

CC†!gmWm
2tL2mbbR50,

igmS ]m2 i
1

3
sw
2AmDbR2

1

3
sw
2gmZmbR2

1

A2
kR
CC†gmWm

2tR

2mbbL50.

APPENDIX B: L„4… HELICITY AMPLITUDES

Below, we show the leading contributions in powers of
E ~the c.m. energy of theVLVL system! of the helicity am-
plitudes for the processesVLVL→t t̄, tb̄, andbt̄, in the limit
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E@mt@mb , and for theno-HiggsSM ~i.e.,LSM(4)).25 In gen-
eral, any contribution that is not proportional toE3 or
mtE

2 ~the highest leading factors! is neglected throughout
this paper.

1. ZLZL˜t t̄ andWL
1WL

2
˜t t̄

The helicity amplitudes fort t̄ production are given as
follows. The first two letters,zz or ww, refer to the
ZLZL→t t̄ or WL

1WL
2→t t̄ scattering processes, respectively.

The first and second adjacent symbols (1 or 2), refer to the
helicities of the final top and antitop quarks, respectively.
Throughout this paper, the scattering angleu is defined as
the one subtended between the momentum of the incoming
gauge boson that appears on the top-left part of the Feynman
diagram @cf. Figs. 3, 4, and 5# and the momentum of the
outgoing fermion appearing on the top-right part of the same
diagram; all in the c.m. frame of theVLVL pair. We denote
its sine and cosine functions assu andcu , respectively:

zz1152zz225
mtE

v2
,

zz125zz215
2mt

2cusu

~4cu
2mt

2/E21su
2!v2

,

ww1152ww225zz11 ,

ww125
2mt

2su

@2mb
2/E21~12cu!~122mt

2/E2!#v2
,

ww215
2mb

2su

@2mb
2/E21~12cu!~122mt

2/E2!#v2
. ~B1!

Forww12 we have kept the term proportional to theb mass
in the denominator of the fermion-propagator to avoid infini-
ties atu50 in the numerical computations.

For completeness, we include the leading contributions
that may come from thek coefficients inL(4) @cf. Eq. ~33!#:

zz11
k 52zz22

k 5
mtE

v2
@~kL

NC2kR
NC11!221#,

zz12
k 5zz21

k 5
2mt

2cusu

~4cu
2mt

2/E21su
2!v2

@~kL
NC2kR

NC11!221#,

ww11
k 5

mtE

v2
$~11cu!@2kL

CC1~kL
CC!21~kR

CC!2#

2cu~kL
NC1kR

NC!%,

ww22
k 52ww11

k

ww12
k 5

E2su

v2
@kR

NC2~kR
CC!2#,

ww21
k 5

E2su

v2
@kL

NC2kL
CC~21kL

CC!#. ~B2!

2.WL
1ZL˜tb̄ andWL

2ZL˜bt̄

The following helicity amplitudes for single top or antitop
production were not given in Ref.@36#. We have taken the
limit E@mt@mb . The first three letters,wzt orwzb, refer to
the WL

1ZL→tb̄ or WL
2ZL→bt̄ scattering process, respec-

tively:

wzt1152
A2mt

3~12cu!

E~122mt
2/E2!~11cu12mt

2/E2!v2
,

wzt2250,

wzt1250,

wzt2152
A2mt

2su

~122mt
2/E2!~11cu12mt

2/E2!v2
,

wzb1152wzt22~cu→2cu!50,

wzb2252wzt11~cu→2cu!

5
A2mt

3~11cu!

E~122mt
2/E2!~12cu12mt

2/E2!v2
,

wzb2152wzt21~cu→2cu!

5
A2mt

2su

~122mt
2/E2!~12cu12mt

2/E2!v2
,

wzb1252wzt12~cu→2cu!50. ~B3!

Including the contributions from thek coefficients inL(4),
we obtain

wzt11
k 5

Emt

v2A2
~11kL

CC!@~12cu!kL
NC22kR

NC#,

wzt22
k 5

Emt

v2A2
kR
CC@2kL

NC1~12cu!~22kR
NC!#,

wzt12
k 5

E2su

v2A2
kR
CC~kR

NC22!,

wzt21
k 5

E2su

v2A2
kL
NC~11kL

CC!. ~B4!

APPENDIX C: L„5… HELICITY AMPLITUDES

Below, we show the anomalous coupling contributions to
the helicity amplitudes for theVLVL→t t̄, tb̄ or bt̄ scattering
processes. The first letter,a, stands foranomalous. All of the
19 anomalous operators listed in Sec. IV have been consid-
ered.

1. ZLZL˜t t̄

There are four operators relevant to this process. The
four-point operatorOgZZ , with coefficientazz1, contributes25These amplitudes agree with those given in Ref.@36#.
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only through the diagram of Fig. 3~c!. The other three,
OsDZ , OZDf , and OgDZ , with coefficientsaz2, az3 and
az4, respectively, contribute through Figs. 3~a! and 3~b!.
However, since external on-shellZ bosons satisfy the condi-
tion pmem50, the contribution from the derivative-on-boson
operatorsOsDZ andOgDZ vanishes. The only nonzero con-
tributions come fromOgZZ andOZDf . The anomalous con-
tributions to the helicity amplitudes are

azz115
2E3@4azz11~12 8

3 sw
2 !az3#

v2L
,

azz2252azz11 ,

azz125az2150. ~C1!

The amplitudes with opposite sign helicitiesazz12 and
azz21 appear as zero. This is so because the contribution
from the four-point operatorOgZZ is proportional to the
spinor productū@l561#v@l571#, which is zero in the
c.m. frame of thet t̄ pair. Furthermore, for the operator with
derivative-on-fermion,OZDf , the leading energy power for
azz67 is E0 and we do not include it in the above results.

2.WL
1WL

2
˜t t̄

The relevant operators are the four-point operators
OgWW andOsWW with coefficientsaww1 andaww2, respec-
tively; derivative-on-boson operatorsOsDZ , OgDZ ,
OsDWL(R) , OgDWL(R) , andOA , with coefficientsaz2, az4,
aw2L(R) , aw4L(R) , and am , respectively; derivative-on-
fermion operatorsOZDf , OWDtR(L) , andOWDbL(R) , with co-
efficientsaz3, aw3R(L) , andabw3L(R) , respectively.

However, some operators give null contributions. For in-
stance,aw2L(R) andaw4L(R) enter in thet-channeldiagram of
Fig. 4~a!, but the conditionemp

m50 for the on-shellW1 and
W2 bosons makes their contribution to vanish. Similarly, the
contribution fromOgWW is proportional to the spinor product
ū@l561#v@l571#, which is zero in thet t̄ c.m. frame;
also, the contribution fromOgDZ , which enters in the
s-channeldiagram, Fig. 4~c!, vanishes when the Lorentz con-
traction in the product of the triboson coupling, the bosonic
propagator and the anomalous coupling is done. There is no
effect from operators that depend onbR , such asOgDWL ,
OWDtL , andOWDbL , because the bottom quark is purely
left-handed in Fig. 4~a! in the limitmb→0. Also, the contri-
butions from the operatorsOWDtR(L) ~with coefficient
aw3R(L)) andOWDbL(R) ~with coefficientabw3L(R)) are iden-
tical. Hence, the helicity amplitudes are

aww1152
2E3

v2L
~aww11aww2cu!2

E3

v2LFaw3R1abw3R
A2

1cuS 2
aw3R1abw3R

A2
22az21az314amD G ,

aww2252aww11 ,

aww125
2E2mtsu

v2L S 2aww22 aw3R1abw3R
A2

22az214amD ,
aww215

2E2mtsu

v2L
~2aww222az214am!. ~C2!

3.WL
1ZL˜tb̄

There are two kinds of operators that contribute to this process. The first ones~operators with top and bottom quarks!
distinguish chirality; the second ones~operators with top quarks only! do not. The ones that distinguish chirality are the
four-point operatorsOgWZL(R) and OsWZL(R) , with coefficientsawz1L(R) and awz2L(R) , respectively; derivative-on-boson
operatorsOsDWL(R) and OgDWL(R) , with coefficientsaw2L(R) and aw4L(R) , respectively; derivative-on-fermion operators
OWDtR(L) and OWDbL(R) , with coefficientsaw3R(L) and abw3L(R) , respectively. The second ones, that do not distinguish
chirality, are derivative-on-boson operatorsOsDZ and OgDZ , with coefficientsaz2 and az4, respectively; derivative-on-
fermion operatorOZDf , with coefficientaz3.

A particular feature, common to all the operators that distinguish chirality, takes place: If the helicity of the particle is
oppositeto the chirality in the coupling, then the contribution will be proportional to the mass of that particle. For instance, the
leading term for the contribution ofOWDtR to awzt11 is proportional toE3, but the leading term forawzt22 is proportional
to mtmbE

1. ~The left-handed helicity of the antibottom isoppositeto its left handed chiral component.!
The three relevant operators that do not distinguish chirality participate only through theu-channeldiagram of Fig. 5~b!,

and onlyOZDf gives nonzero contribution. The other two, with derivative on boson, have their contribution vanished from the
conditionemp

m50 of the on-shellZ boson. On the other hand, the contribution ofOZDf to those amplitudes with a left-handed
helicity antibottom is zero in the limitmb→0 because the bottom becomes purely left handed in this diagram. Hence,
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awzt115
E3

2v2LFaw3R1abw3RS 11
2

3
sw
21cuD24awz1R24awz2Rcu2A2az3~11cu!24cw

2aw2Rcu14sw
2aw4RG ,

awzt125
E2mtsu

2v2L
~4awz2L1aw3L1abw3L14cw

2aw2L!,

awzt215
E2mtsu

2v2L
~4awz2R2aw3R1abw3R2A2az314cw

2aw2R!,

awzt225
E3

2v2LF4awz1L14awz2Lcu14cw
2aw2Lcu1aw3L1abw3LS 12

2

3
sw
22cuD24sw

2aw4LG . ~C3!

4.WL
2ZL˜bt̄

This process is similar toWL
1ZL→tb̄, as discussed above. The same kind of operators contribute here, and the same reasons

of why some contributions are negligible or zero apply:

awzb1152awzt22~cu→2cu!5
E3

2v2LF24awz1L14awz2Lcu14cw
2aw2Lcu2aw3L1abw3LS 12

2

3
sw
21cuD14sw

2aw4LG ,
awzb2252awzt11~cu→2cu!5

E3

2v2LF4awz1R1A2az3~12cu!24awz2Rcu24cw
2aw2Rcu2aw3R1abw3RS 11

2

3
sw
22cuD

24sw
2aw4RG ,

awzb1252awzt12 ,

awzb2152awzt21 . ~C4!
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