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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 operatgt® in tota) can contribute to thNLVLHtt_or tb amplitudes with
a leading energy power d® (E?) for fermion pairs with saméopposité sign helicities. Because of the
equivalence between the longitudinal weak boson and the corresponding would-be Goldstone boson in high
energy collisiongGoldstone equivalence theorgnthey are sensitive to the electroweak symmetry-breaking
sector. We also show the top quark production rates at the CERN LHC and the Mg\Wjiafusion processes.

At the LC, if no anomalous production rate is found, these coefficients can be lfbasdd on the naive
dimensional analysjgo be of order 10%. This is about an order of magnitude more stringent than the bounds
for the next-to-leading-order bosonic operators commonly studi&f ¥ —V, V, scatterings. The effects on

a CP-odd observable are also briefly discus§&80556-282(97)01311-§

PACS numbds): 14.65.Ha, 12.39.Fe, 12.60i

I. INTRODUCTION top quarks, etg.[7]. Our study focuses on the top quark
which, because of its remarkably higher mass, is the best
Despite the unquestionable significance of its achieveeandidate among the fermion particles for manifesting these
ments, such as predicting the existence of the top quarlgnomalous interactions at high energies.
there is no reason to believe that the standard m@id) is A common approach to study these anomalous couplings
the final theory. For instance, the SM contains many arbiis to consider the most general on-shell verti¢esm fac-
trary parameters with no apparent connections. In additiortors) involving the bottom and the top quarks and the gauge
the SM provides no satisfactory explanation for thebosons of interedi5]. In this work we will incorporate the
symmetry-breaking mechanism which takes place and givesffective chiral Lagrangian approa¢8], which is based on
rise to the observed mass spectrum of the gauge bosons atié principle of gauge symmetry, but the symmetry is real-
fermions. Because the top quark is heavy relative to otheized in the most generéhonlineajy form so as to encompass
observed fundamental particles, one expects that any undeaH the possible interactions consistent with the existing ex-
lying theory, superseding the SM at some high energy scalperimental data. The idea of using this approach is to exploit
As>m,, will easily reveal itself at lower energies through the the linearly realized U(1), symmetry and the nonlinearly
effective interactions of the top quark to other light particles.realized SU(2)x<U(1)y symmetry to make a systematic
Also because the top quark massd/+?2) is of the order of ~Characterization of all the anomalous couplings. In this way,
the Fermi scale = (12Gg) ~ ¥2=246 GeV[1], which char- for example, d!ﬁerent couplings which otherwise would be
acterizes the electroweak symmetry-breaking scale, the to pnsidered as independent become related through the equa-

ions of motion.
quark system could be a useful probe for the symmetry- In Ref. [4] it was shown that low energy dafincluding
breaking sector. Furthermore, the fermion mass generatioE :

. ole physics generally do not impose any stringent con-
can be closely related to the electroweak Symmetry'breakmgtrgintspogthe<gcoefﬁcignts of the gnomalo{ls cogplings in

mechanism, one expects some residual effects of this mechim [cf. Eq.(33)]. Hence these anomalous couplings have to

nism to appear in accordance with the mass hieraf2hy]. be di : -
. . e directly measured via production of to arks at the col-
This means that new effects should be more apparent in tr]e ! y ured via proguct P qu

H H CcC
top quark sector than in any other light sector of the theory fders. For instance, the coupl|ng§_4R.can be meas.ured
Therefore, it is important to study the top quark system as z;rom the decay of the top quarks a pairs produced either
direct tool to probe new physics effedss). at hadron colliders, such as the Fermilab Tevatron and the
Because of the great diversity of models proposed forCERN I__arge Hadron CollidefLHC), or at the electron lin-
possible new physicéoeyond the SM it has become nec- ear colllder(LC_). They can also be studlgd from the pr_oduc-
essary to study these possible new interactions in a modeon of_the single-top-quark even.ts vid/-gluon fusion
independent approad]. This approach has proved to ren- (Wg—1b) [9-12 or the Drell-Yan-like v* —tb) [13,14
der relevant nontrivial information about the possibleProcesses at the hadron colliders, as well as from the
deviations from the standard couplings of the heavier elWW-photon fusion Wy—tb) process at the electron colliders
ementary particlegheavy scalar bosons, the bottom and the[15]. The couplingx['% can only be sensitively probed at a
future linear collider via thee*e” —y,Z—tt process[16]
because at hadron colliders thieproduction rate is domi-
* Also at the Departamento désiaa, CINVESTAV, Apdo. Postal nated by QCD interactionsg@,gg—tt). At the LHC_K',:'%
14-740, 07000 Mxico, D.F., Meico. may also be studied via the associated productiott @fith
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factor 1/A, could be measured at the L{@ss likely at the
LHC) to order 102 or 10 . As will be shown later, the
prefactor 1A is suggested by the naive dimensional analysis
[24], and A is the cutoff scale of the effective theory. It
could be the lowest new heavy mass scale, or something
around 4rv=3.1 TeV if no new resonances exist below
A. As a comparison, the coefficients of the next-leading-
- order (NLO) bosonic operators are usually determined to
FIG. 1. Production oftt (tb or bt) from W/W_ or Z,.Z,  apout an order of 10" or 1 via V,V,—V,V, processes
(W('Z, or W Z,) fusion processes. [20,23. Hence, the scattering processes/,V,
—tt,tb, or bt at high energy may be more sensitive for
probing some symmetry-breaking mechanisms than

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/LYL=ViLVL. )
the precision with which the coefficients of these operators | NiS paper is organized as follows. In Sec. Il the general
can be measured in high energy collisions. Since it is thdramework of the electroweak chlral Lagrang_|an_|s presented.
electroweak symmetry-breaking sector that we are intereste@ S€c- /Il we make a systematic characterization of all the
in, we shall concentrate on the interaction of the top quarRndependent dimension-five operators that are invariant un-
with the longitudinal weak gauge bosons; which are equivader the symmetry of the gauge group. Section IV deals with
lent to the would-be Goldstone bosons in the high energ)}hecp properties of th(_ase mter_actlons..ln _Sec. V we make a
limit. This equivalence is known as the Goldstone equi\,(,jl_g.eneral analy§|s of their potential contr_lbutlon to the pro_duc-
lence theorenf17—24. tion cross section of top quarks according to their behavior at

For simplicity, we will only construct the complete set of Nigh energies. A very useful simplification is made by con-
dimension-five effective operators for the fermianandb, ~ Sidering an approximate custodial symmetry in our set of
although our results can be trivially extended for operator&Perators; this is discussed in Sec. V1. Section VII contains
including other fermions such as the flavor changing neutrain® analytical results for the amplitudes of varias/, fu-
interactionst-c-Z, t-c-y [21], andt-c-g [22]. sion processes; an approximate custodial symmetry is as-

Our strategy for probing these anomalous dimension-fiveUMed here, but the general expressions can be found in
operators £®) is to study the production dt pairs as well AplpendflceshB andﬁg Flnall¥, r']n Sec. Vil lwe discuss the
as singlet or T via theW W, , Z,Z, , andW.Z, (denoted 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
possibleC P-violating effects coming from these operators.
Section IX has our conclusions.

in general a§/ V) fusion processes in the TeV regidFig.

1). As we shall show later, the leading contribution of the
scattering amplitudes at high energy goesEssfor the
anomalous operatol&®, whereE = /s is the c.m. energy of
the WFW~™ or ZZ system(that producedt), or the W*Z
system(that producesb or bﬁ. On the other hand, when the IIl. THE INGREDIENTS OF THE ELECTROWEAK
coefficientsk"% and x| are zero, the dimension-four op- CHIRAL LAGRANGIAN

eratorsC(*) can at most contribute with the first powgt to We consider the electroweak theories in which the gauge
these scattering/, V| processes. Hence, in this case, thesymmetry G=SU(2) X U(1)y is spontaneously broken
V V|, —ff’ scatterings in the high energy region are moredown to H=U(1), [4,24—28. There are three Goldstone
sensitive to£(® than to£(®. If thesex’s are not zero, then bosons,$? (a=1,2,3), generated by this breakdown @f
the high energy behavior can at most growEfsas com- into H, which are eventuallgatenby the W* andZ gauge
pared toE® for the dimension-five operatofsee Appendix bosons and become their longitudinal degrees of freedom.
B). In the nonlinearly realized chiral Lagrangian formulation,
As mentioned before, the dimension-four anomalous couthe Goldstone bosons transform nonlinearly ur@dsut lin-
pling «'s are better measured at the scaleMyf, or m; by  early under the subgroup. A convenient way to handle this
studying the decay or the production of the top quark ais to introduce the matrix field
either the Tevatron, the LHC, or the LC near thé¢hreshold.
Since, as mentioned above, the dimension-five operators are P
better measured in the TeV region, we shall assume that by 2=exp<| )
the time their measurement is feasible, #ie will already

be known. Thus, to simplify our discussion, we will take thewhere 2 a=123 are the Pauli matrices normalized as

values of thex’s to be zero when presenting our numerical Tr(#2%)=26,,. The matrix fieldS, transforms unde6 as
results. ab

We show that there are 19 independent dimension-five
operatorgwith only t, b and gauge boson fielgs £ after
imposing the equations of motion for the effective chiral .
Lagrangian. It is expected that at the LHC or the LC thereVth
will be about a few hundreds to a few thousandgtgpairs aa
or singlet (or singlet) events produced via thé, V, fusion 9 =ex;{i a7 ) &)
processes. The coefficients of these operators, with the pre- L '

)

Va

S —-3'=g 30k, )
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whereal?2andy are the group parameters @f Because of
the U(1).,invariancep;=v,=v in Eq. (1), but they are not
necessarily equal tos. In the SM,v is the vacuum expec-

tation value of the Higgs boson field, and characterizes the

scale of the symmetry breaking. Also;=v arises from the
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which is really the same gauge boson field associated with
the U(1), group @' is the gauge coupling The field 5,
transforms unde6 as

B,—B,=B,+4d,y. (13
We now introduce the composite fields, and A, as

Z,=W3+B,, (14)

approximate custodial symmetry present in the SM. It is this

symmetry that is responsible for the tree-level relation
M

=———F—=1 4

P~ MZco2oy, @

in the SM, wheref,, is the electroweak mixing angléfy
andM are the masses &/~ andZ boson, respectively. In

this paper we assume the underlying theory guarantees that

V1=0V2=U3=UV.
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 teenpositefield

We=—iTr(*3'D,3), (5)

wheré

D,S= 6)

Ta
H a
d,—ig ?WM)E.
Here,WZ is the gauge boson associated with the SY(2)

group, and its transformation is

, 2i
WA — 72W 'j‘L=gLTaW‘;gE+Ech7MgE, 7)

whereg is the gauge coupling. ThB 2 term transforms
underG as

D,S—D,S =g, (D,3)gk+0.5d,0%. ®)

so A, =seW 3—c2B,, (15)

where s2=sirf6,, and cZ=1-s2. In the unitary gauge

(2=1),
Waz—gv\/’i, (16)
zﬂz—cgzﬂ, (17)
e
A==z P (18)

where we have used the relatioms=gs,=g'c,, Wi

=cyZ,+s,A,, andB,=-s,Z,+c,A,. In general, the
composite fields contain Goldstone boson fields:

2 2
Z,=— (?—WZM—F ;aﬂ¢3—i79(wlj¢*—wlj¢+)
2
+I7(¢*&M¢*—¢*0#¢*)+---, 19
-+ + 2 + 2 -+ =+
W, = =W, +—-0,¢" *i 79(¢3w;—wf;¢7)
. 2 + =+
*i F(¢7au¢3_ ¢3ﬁ#¢7)+ T (20)

where the ellipsis denotes terms with three or more boson

Therefore, by using the commutation rules for the Pauli mafields.

trices and the fact that TAB)=Tr(BA) we can prove that
the composite field/vi will transform underG in the fol-
lowing manner:

W3I-Ww3=w?3-4ay, (9)

W/;—>W’; = ei'le; , (10
where
WEFiW 2
w,=—t_—F 11
u 2 (11
Also, it is convenient to define the field
BM=g’ B, (12

This is not the covariant derivative &f The covariant derivative
is D,3=0,3-ig(r2)W;3 +ig'(7%2)B,, such thatD,3
_>D/12’ :gL(D#z)g; .

The transformations of, and.A,, underG are

Z,~Z2,=Z2,, (21)

1
A= A=A, = 5 d,. (22)

w
Hence, undeG the fieIdsWi and Z,, transform as vector
fields, butA,, transforms as a gauge boson field which plays
the role of the photon field,, .
Using the fields defined as above, one may construct the
SU(2). X U(1)y gauge-invariant interaction terms in the chi-
ral Lagrangian

B 1 a auv 1 LY vz YA M
LP=— 4—92W #VW - WB#VB + ZW,U-W
2

v
+—Z, Zr

A (23

where
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a _ a_ a ab b c 1 _ AlyQ
Wa =g Wi-gWwi+eowbwe, (24 ffr =¥, (29

B,,=d,8B,—3d,B,, (25 whereQ; is the electric charge df. (Q= 2 for the top, and

. . . = —1 for the bottom quarh.
f 3
and where the ellipsis denotes other possible four- or higher- Out of the fermion fields ,, f, (two different flavors and

dimension operatorf26]. It is easy to show that the Goldstone bosons matrix fiek] the usual linearly real-
W2 A= _gETWa 23 (26) ized fieldsW¥ can be constructed. For example, the left-
mr my handed fermiongSU(2), doublei are

and

W2, 3= g2WR Wen, (27) «PLE%) =3F =3
L

i, (30)

which does not have any explicit dependenceXanThis

simply reflects the fact that the kinetic term is not related towith Q,—Q¢,=1. One can easily show thdt, transforms
the Goldstone bosons sector, i.e., it does not originate frorﬁnearly underG as

the symmetry-breaking sector.

The mass terms in E23) can be expanded as ,
423 P VW] =gV, (3D)

2 2
vt v
AL ey where g=exdi(e?™2)]exdiy(Y/2)]e G, and Y=1 is the
hypercharge of the left-handed quark doublet.

1 g%v? In contrast, linearly realized right-handed fermi
_ oma— 4 © 3.4 43 - , y realized right-handed fermiowg
Iud "+ Zaf‘d) o7+ 4 W, W [SU(2), singlef simply coincide withFy: i.e.,
9202
z B, f
82 22 (29) \I,RE(il :FR:(fl) ‘ 32
2/R 2/Rr
At the tree level, the mass aF/* boson isM,=gv/2 and
the mass oZ boson isMz=gv/2c,, . With these fields we can now construct the most general
Fermions can be included in this context by assuming thajauge-invariant chiral Lagrangian that includes the elec-
each flavor transforms und&=SU(2), X U(1)y as troweak couplings of the top quark up to dimension fptir
|
_ 282 - 82 1/ 4s? _ 1[ —4sZ _
LB =jtyr duti—zA, t+|b'y“(r9M—I§W.AM)b— E(l—TWJrK'L“C LYz, 5 + KR [tRY"RZ,
1 253\' b ng_ 1 CCyt . CCHyp
+ _
- E -1+ T) bL'y’ubLZ,u_ ?bR'y'ubRZ,u_ E(l‘*’ K| )tL’yMbLWM - E(l‘*’ K\ )bL’yMtLWM
1 CG_ + 1 CCth_ 1 - e hh
_EKR RY bRWM_EKR bR’y tRWM_mttt_mbbb. (33)

In the above equation, the coefficiet8“, kx°, T, and  stringenf —0.04< xCC, kN°<0.07, —0.08< «['°<0.13. As

Kk parametrize possible deviations from the SM predic-for xSC, this coupling does not contribute to the LEP or SLC
tions. Constrains for these coefficients have been found usingbservables of interest in the limit ofi,=0, but it can be
precision data from the CERN"e™ collider LEP or SLAC  constrained independently by using the CLEO measurement
Linear Collider (SLC) [4,27]. It was concluded that at the of b—sy: —0.03%< K§°<O.0015[28,2q. As mentioned in
95% C.L., —0.35< x| “<0.35. Also, althoughcz® andx°  the Introduction, in this paper we are setting theseoeffi-

are allowed to vary in the full range of 1, the precision ¢jents to be zero i'¥, which will be denoted ag;(s4,3| from

LEP or SLC data do impose some correlations amefll,  now on.

kr_, and «©. In particular, under the assumption of an  In the next section we will construct the complete set of
underlying custodial symmetry that is slightly broken in suchindependent operators of dimension five, such that the com-
a way that theb-b-Z vertex is not modified at tree level, the plete effective Lagrangian relevant to this work will be
relation x}'°=2«C° arises, and the bounds become more

SWe have used the recent data in REZ7], and followed the
2UseWw ira= —ZiETD#E and[ 72, 7°]= 2i €2°°7°, procedures in Ref4] to update these bounds.
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Lo= LB+ £(541\3| +L0) (34) (2.1) From Eqs(22) and(29), the covariant derivative for

the fermions is given
where £ denotes the higher dimensional operators. P
D,f=(9,+iQssp AT,

Ill. DIMENSION-FIVE OPERATORS

D,f=1(8,—1QssoA,). (41)

Our next task is to find all the possible dimension-five
Hermitian interactions that involve the top quark and theNotice that it depends on the fermion cha@e, hence the
fields W, Z,, and.A, . Notice that the gauge transforma- covariant derivative for the top quark is not the same as for
tions associated with these and the composite fermion field§l€ bottom quark; partial integration could not relate two
[Eq. (29)] are dictated simply by the U(), group. We will operators mvo_lvmg der|vat|ve§ on d|ﬁerent quarks. FL_thher-
follow a procedure similar to the one in RdB0], which ~ More, by looking at the equations of motion we can imme-
consists of constructing all possible interaction terms thagliately see, for example, that operators of the fér&i D f or
satisfy the required gauge invariance, and that are nof“®W" Df(4"" are equivalent to operators with two
equivalent to each other. The criterion for equivalence isosons, which have all been considered already. Following
based on the equations of moti¢see Appendix Aand on the latter statement and bearing in mind the identity of Eqg.
partial integration. As for the five dimensions in these opera{35) we can see that only one Lorentz structure needs to be
tors, three will come from the fermion fields, and the otherconsidered here, either one with,, or one withg,,, . Let us
two will involve the gauge bosons. To make a clear andchoose the latter:
systematic characterization, let us recognize the only three

possibilities for these two dimension(&) operators with two OwpbLr) = WW"L(FU'DMbR(L)Jr H.c., (42)

boson fieldsy2) operators with one boson field and one de- —

rivative; (3) operators with two derivatives. Onptri) =W #bL(r)D utr)tH.C., (43
(1) Two boson fields. First of all, notice that tbé, field i

gauge transformatiofEq. (22)] will restrict the use of this Ozpr=2"1.Dtrt+H.C. (44)

field to covariant derivatives only. Therefore, except for the
field strength termA,,, only the Z and )V fields can appear
multiplying the fermions in any type of operators. Also, the

Ong/ pOSESib|e LO\r/(\Elnté strutctufeg tare giv_zn i?htetrmsggt 4. (22 Since transforms as a field with electric charge
ando,, fansprs. € do not needa to consider the ensor proCs . the covariant derivative is simply given bsee Eq.
uct of y,’s since (10]

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 strength, .

élb=gwa#bv_|a'w,aﬂb’/_ (35) D#W,f:(ﬁﬂ-l-lsf\,A#)Wj ,
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. Let us
write down the corresponding operators for each case.
(1.1) Since g, is antisymmetric, only they,, part is

T — . -
DIW, =(d,—isiA )W, . (45)

Obviously, since the neutrd field is invariant under the
G group transformationgcf. Eq. (21)], we could always add

4
nonzero. it to our covariant derivative:
Ogzz=t trZ,Z"+H.c. (36) DLW, =(d,+isiA,+iaZ,) Wy,
(1.2 Here, the antisymmetric part is nonzero too: where a would stand for any complex constant. Actually,
— _ considering this second derivative would ensure the general-
= YW R . N .
Ogw=ttrW, W #+H.c., (37) ity of our analysis, since, for example, by settiag c2, and
— I comparing with Eqs(14) and (15) we would automatically
Oonw=tLo™ trRW, W, +H.C. (38 include the field strength tefin
(1.3) In this case we have two different quark fields, W =g WE— g WE+i VW 3— W 3™
therefore we can distinguish two different combinations of pr= Wy =W =IOV WV M)
chiralities: =D'?w, -DPw, . (46)
OgWZL(R)=t_,_(R)bR(L)W;Z“+ H.c., (39  However, this extra term in the covariant derivative would
L only be redundant. We can always decompose any given
OUWZL(R):tL(R)O'MVbR(L)W;ZV+ H.C. (40)

(2) One boson field and one derivative. The obvious dis- °To simplify notation we will use the same symbbl, for all
tinction arises12.1) the derivative acting on a fermion field, covariant derivatives. Identifying which derivative we are referring
and (2.2 the derivative acting on the boson. to should be straightforward, e.®,, in Eq. (41) is different from

D, in Eq. (6).
SFrom Egs. (11) and (24, we write W,,=(1\2)(V;,

“In the next section we will write explicitly the H.c. parts. Fiw fw).
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operator written in terms ob{? into the sum of the same IV. HERMITICITY AND ~ CP INVARIANCE
operator in terms of the origin& , plus another operator of ) . o )
the form Ogyyzi (r) OF O,z (r) [Cf. Egs. (39) and (40)]. The above list of the dimension-five operators is complete

Therefore, we only need to consider the covariant derivativdn the sense that it includes all nonequivalent dimension-five
(45) for the charged boson and still maintain the generalityintéraction terms that satisfy SU(2y U(1)y gauge invari-
of our characterization. For the neutzlboson, the covari- ance. Itis convenient now to analyze th€iP properties. In

ant derivative is just the ordinary one, order to make our study more systematic and clear we will
rewrite this list again, but this time we will display the added
D,2,=0d,2,. (47)  Hermitian conjugate part in detail. By doing this tkaP

transformation characteristics will be most clearly presented
The case for thed boson is nevertheless different. Being too.

the field that makes possible the Ugl)covariance in the Let us divide the list of operators in two: those with only
first place, it cannot be given any covariant derivative itself.the top quark, and those involving both top and bottom
For A, we have the field strength quarks.

‘AMV: "7#“41/_ (91/-’4#' A. Interactions with top quarks only

Finally, we can now write the operators with the covariant ~ Let us begin by considering the operafy;. We will
derivative-on-boson terms. Unfortunately, no equations ofnclude an arbitrary constant coefficiemthich in principle
motion can help us reduce the number of independent opergould be complex, then
tors in this case, and we have to bring up both dhg and — —
theg,, Lorentz structures: Ogzz~altrZ, 2" +a" trl 2, 2"

=Rea)ttZ, 24+ Im(a)itystZ, 2~

OO'DZ:IO-MVI‘R(?,U,ZV_‘— H.c. y (48)
— " Our Hermitian operator has naturally split into two indepen-
Ogpz=1ttrd, 2+ H.C., (49 dent parts: one that preserves paliggalaj, and one that
_ . does not(pseudoscalar Also, the first part isCP even
OsonL(r) =tLry o br)D WV, +H.C., (50)  whereas the second one is odd. The natural separation of
o these two parts happens to be a common feature of all op-
OgDm(R>=tL(R>bR(L)DMW*“+ H.c., (51 era.tors with oqu one typg of fermion field. Nevertheless, the
o parity conserving part will also not always &P even, as
O =t o""tgA,,+H.C. (52)  we shall soon see.

Below, the complete list of all seven operators with only
(3) Operators with two derivatives. As it turns out, all the top quark is given. In all cases the two independent terms
operators of this kind are equivalent to the ones alreadwre included; the first one 8P even, and the second one is
given in the previous cases. Here, we shall present the arg@P odd. They are
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 1 _ 1 —
(3.2) both derivatives acting on the same fermion field. ngzsze(am)ttZMZMr Klm(am)lt“ystzﬂz",
(3.1) Just like in the cas€2.1) above, we first notice that (53)
an operator of the formiBDf can be decomposed into op-
erators of the previous cas€kl), (1.2), and(1.3) by means 1 .
of the equations of motion. Therefore, we only have to con- OgWW=KRe(aWW1)ttWZW"’“

sider one of two options, eitherD, fo*"D,f, or

D_ﬂfg’”D,,f. Let us choose the latter. By means of partial +£Im(a Nyt W e (54
integration we can see that the term,()7“f yields the A wwi) 12 YstrVy '

same action as the term f¢“d,f, and we only need to

consider the case in which the covariant derivatives act on 1 _

the samef, which is just the type of operator to be consid- O,,WWZKIm(aWWZ)itUWthW;

ered next.
(3.2 Again, by using the equations of motion twice we

1 — .
can relate the operatdérld Df to operators of the typ€l.1), + KRe(asz)to W75tW; Wy, (59
(1.2), or (1.3. Either fo*"D,D,f or fD*D ,f needs to be
considered. This time we choose the former, which can be

. : . 1 — 1 —
pggv7ed to be nothing but the operat@r, itself, i.e., Eq. oZDf=K|m(a23)itDMtZM+ KRe(aze,)tySDMtZ#,
(52). (56)
"This can be easily checked by applying the definitiorDof in _ 1 T 1 Yoy
cq. (a1 Do) Ogo 2= IM(8za)it ystd,, 2"+ TRE(@z) 13, 2*, (57)
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TABLE I. The C, P, andCP eigenvalues of all the dimension-five operators.

Operator C P CP Operator CP

OgDZ Itﬁt&#Z" - - + OgDWL(R) it_L(R)bR(L)DlLWJrM‘i‘ H.c. +
ttg, z" - + - t (r)PrD WV #+H.c. -
OO'DZ E’“”t&”ZV + + + Oa’DWL(R) ER)(TMVbR(L)DMW:'i‘H.C. +
Ito’”y5tﬁﬂZ,, + - - itL(R)O"LLVbR(L)DMW:+H.C. -
Ops LﬁMtZM + + + Onptr(L) iW*’E_L(R)D#tR(L)Jr H.c. +
t’ysD,_LtZ'u + - - W_’ubL(R)DMtR(L)JF H.c. -
Ogzz ttZ,ze + + + OnbbL(R) W' At 5D bR+ H.C. +
itystZ”Z" + - - W+”tL(R)DMbR(L)+ H.c. -
Ognw W W + + + OgwzL(R) tRPRW, 24 FH.C. +
itystW, W# + - - ity (rybR W, 24+ H.cC. -
Opyy  Ito™ Wi W, + + + Ouwzr) It RT*DriyW, 2, TH.C. +
to yst W, W, + - - t Ry bryW, Z, T H.C. -

O tot'tA,, + + + —

ita" ystA,, + - -

1 _ 1 _
OUDZ:KRqaZZ)tUMVtaMZV+ le(azz)” 0"‘“’)/5t07MZ,, ’
(58)

1 _ 1 _
O =1 Re(@)to" tA,,+ 1im(@,)ite* ystA,, .
(59

Notice that in the operatdDypz the CP-even part happens
to be parity violating. This is because unde€® transfor-
mation a scalar terrtt remains intact, i.e., it does not change
sign, whereas a pseudoscalar tdrmgt changes sign. Also,
the gauge bosons change sign undewhich is what makes
the scalar part of th€®,p; operator to change sign under
CP. On the contrary, the operatdDyz; contains two

bosons; thus two changes of sign that counteract each other.

Therefore, it is the scalar part @y that isCP even. In
Table | we summarize in detail the discrefe P, andCP
symmetries of the above operators.

As for the size of these effective operators, based on the
naive dimensional analysidNDA) their coefficients are of
order 1A, whereA is the cutoff scale of the effective theory.
Therefore, the natural size of the normalized coeffici¢this
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 quark&Again, we include an arbitrary com-
plex coefficienta. They are

®D , frq) stands for D, fr)) Tvo; frey Stands for tre)) Tyo.

OgwzLr = KawzlL(R)tL(R) briyW,, 2

+Ka\fvzlure)bR(L)tL(R)W;ZM’

OUWZL(R):XawzzL(R)tL(R)(TWbR(L)W; Z,

A

OwbbL(r) = Aabw3L(R)W+”tL(R)DMbR(L)

1
+Ka;w3L(R)W "D, briytir)

OnptrL) = A awsriLW #bLr)D utr1)

1 -
+ Ka\fvsR(L)WWDMtR(L)bL(R) ,

1 _
v +
OoDWL(R):KaWZL(R)tL(R)O'M bR(L)D,lLWV

1 -
typy—
+Ka\TVZL(R)bR(L)O-MytL(R)DuWV

1 — ~
+ &L R PROT LW, 20 s

(60)

(61)

(62

(63

(64)
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V. PROBING THE ANOMALOUS COUPLINGS

o] =—aya Rt (RPrL D WV . , .
IDWLR)™ A “WALREL(RYER(L) = In the following sections, we shall study the production

1 o rates oftt (tb or bt) from W W, or Z,Z, (W, Z_ or
+ Xa\’,‘ML(R)bR(L)tL(R)DLW—M_ (65 W Z,) fusion processes in the TeV regime for both the LHC
and the LC.
Before giving our analytical resultsummarized in Ap-
) ) ) pendices B and [ we shall estimate the expected sizes of
In this case, ifa is real @=a*) then Ogyz (ry @aNd  these tree-level amplitudes according to their high energy

Ogppi(r) are bothCP even, butO,yyz r), OwbbL(r):  behavior. A general power counting rule has been given that
Onprr(L) » @NdOgpy (r) are odd. Just the other way around gstimates the high energy behavior of any amplitlide1]
if a is purely imaginary(cf. Table ). as
The dimension-five Lagrangiafi® is simply the sum of
all these 19 operatoff€qgs. (53)—(65)]: i.e., o (v \No[E\Peo[ E |\ PeL/ My %
T=cv"-T A ; m E H[In(E/u)],
(67)
L= > 0. (66)
i=1,19

1
Dego=2+ >, Vn(dn+ Ef“_z)’ De =2L,
n

For the purpose of this study, to estimate the possiblevhereD=4—e=0 (e is the number of external lines, 4 in
effects on the production rates of top quarks in high energypur cas¢ N,=0 for all dimension-four operators and
collisions, only theC P-conserving parts, which give imagi- Ny=1 for all dimension-five operators based upon the naive
nary verticedas the SM oneés are relevant. This is because dimensional analysi$\NDA) [24],'° L=0 is the number of
the amplitude squared depends linearly on ®E-even loops in the diagram&[In(E/u)]=1 comes from the loop
terms, but only quadratically on ti@P-odd terms, and the terms(none in our case e, accounts for any externai,
no-HiggsSM (£4) interactions are CP even when ignor-  lines (none in our case o, V, —tt,tb),** V), is the number
ing the CP-violating phase in the Cabibbo-Kobayashi- of vertices of typen that containd, derivatives and , fer-
Maskawa(CKM) quark mixing matrix. mionic lines. The dimensionless coefficient; contains

However, this does not mean that we cannot probe the@ossible powers of gauge couplingsg’) and Yukawa cou-
CP-violating sector; as a matter of fact, later on in the secplings (y;) from the vertices of the amplitudg, which can
tion of numerical results we will show one observable thatbe directly counted.
depends linearly on th€ P-odd coefficients. From now on, One important remark about the above formula is that it
the appropriateC P-even part(either real or imaginajyis  cannot be directly applied to diagrams with external longitu-
assumed for each coefficient. To simplify notation we will dinal V| lines. As explained in Ref31], a significant part of
use the same labed; 4 will stand for Re@, ), &y (r) Will the high energy behavior from diagrams with exterial
stand for Im@,,» (r)), @and so on. The only exception will lines is cancelled when one adds all the relevant Feynman
be a,, whose real part is recognized as proportional to theliagrams of the process; this is just a consequence of the
magnetic moment of the top quark, and will be denoted bygauge symmetry of the Lagrangian. To correctly apply Eq.
an,. It is thus understood that all coefficients below are real67), one has to make use of the equivalence theorem, and
numbers. write down the relevant diagrams with the corresponding

In conclusion, the dimension-five Lagrangian consists ofwould-be Goldstone bosons. Then, the true high energy be-
19 independent operators which are listed from &@) to  havior will be given by the leading diagrarfif there is more
Eq. (65). Their eigenvalues under th@, P, andCP trans- than one leading diagram, there could be additional cancel-
formations are conveniently listed in Table I. Operators withlations)
top and bottom quark&ight-hand side of the tablewhich Let us analyze the high energy behavior of the
are given in terms of the chiral components, are not eigenZ, Z, —tt process in the context of the dimension-four cou-
vectors of theC or P transformations; therefore, only the plings £, as defined in Eq(33). In Fig. 2 we show the
CP eigenvalues are given. corresponding Goldstone boson diagrams, ig?$°—tt.

Since the top quark is heavy, its mass of the order of th&he ¢°-t-t vertex contains a derivative that comes from the
weak scale, it is likely that it will interact strongly with the
Goldstone bosons which are equivalent to the longitudinat————
weak gauge bosons in the high energy regime. In the rest ofI%NDA counts 3 as A°, D, as 1A, and fermion fields as
this paper, we shall study how to probe these anomalousy \A. Hence,W*, 2, and.A are also counted as A/ After this
couplings from the production of top quarks via tHgV,  counting, one should multiply the result byA2. Notice that up to
fusion process, wherg_ stands for the longitudinally polar- the order of intent, the kinetic term of the gauge boson fields and
ized W= or Z bosons. the mass term of the fermion fields are two exceptions to the NDA,

and are of orden°.
. is equal toe¥ —k,, /My, wherek,, is the momentum of the
®Since in the unitary gaug(y) reproduces the SM without the gauge boson with masd, ande!? is its longitudinal polarization
physical Higgs boson, we will refer to it as tihe-HiggsSM. vector.
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second powefcf. Eq. (1)] in the fermion mass term of Eq.
(68), we will notice two thingsf{i) the first power term gives
rise to the vertex¢>-t-t, and associates the coefficient
cr=m/v to it; (ii) the second power term generates the
four-point vertex [cf. Fig. 2c)] with a coefficient

FIG. 2. The corresponding Goldstone boson diagrams foCt=M/v? associated to it. As it is well known, a

Z.Z, —tt, ie., ¢0pO—tt.

expansion of the composite fielfisf. Eq. (19)], and the as-
sociated {,+ 3f,,— 2) factor isd,+ 3f,—2=1+32—2=0.
This meansDg,=2 for Figs. Za) and 2b); both grow as
E2 at high energies. The four-point vertex for FigcPcan

tt=tgt, +1t tg 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. AE>m,, different chiralities imply
equal helicities for the fermion-antifermion pair. Hence, for
the case of opposite helicities we only count the power de-

come from the mass term of the top quark or the secondpendance for Figs.(d) and 2b), and take the highest one.

order terms from the expansion &, in the effective La-

For final state fermions of equal helicities we consider all

grangian. Theg®-¢%-t-t vertex that comes from the mass three diagrams.
term mitt does not contain any derivatives, hence the high The results are the following: for Figs(&@ and 2b) we

energy behavior from this term goes liké. The vertex that

comes from the second-order expansion of a term like
ty*tZ, contains one derivative, and the corresponding am
plitude, Fig. Zc), grows asE? in the high energy region. The

conclusion is that Fig. @) behaves likeE? as well. Seeing

that there is more than one leading diagram we can suspeB_EO:
that there may be additional cancellations. How can we the

haveDgg=2+(—1)+(—1)=0, thus the amplitud&. - is
f order mf/v2 (if there are no additional cancellations
which is the contribution given by the coefficients from
both vertices. On the other hand, Fig.(c2 has
2—1=1; the equal helicities amplitudé.. .. will be
griven by this dominant diagram, therefngt=mtEﬂ2.

obtain the correct high energy behavior for the Goldstone For the other processed/” W, —tt andW, Z, —tb, the

boson scattering amplitudes?

analysis is the same, except that there is an extfaannel

To answer this question let us use an alternative nonlineatiagram(cf. Figs. 4 and bwhose high energy behavior is

parametrization that is equivalent &) [Eq. (33)] with the

similar to Figs. 2a) and Zb). Also, for the amplitude of

x’s equal zerd, in the sense that it produces the exact samdV, Z, —tb no four-point diagram, Fig. (2), is generated;
matrix elementg8], but with the advantage that the cou- this means that its high energy behavior can, at most, be of
plings of the fermions with the Goldstone bosons do no'rordermtzlu2 as given by Figs. @ and Zb).

contain derivatives. We can rewrite the suma [cf. Eq.
(23] and LE}) as

Loy= L+ LB=W i y*DL ¥ +Vaiy*DRWg
1
4

— (W SMWg+H.c)— S WE Wawr

2

1 L. U T
_ZBMVB# +ZTr(DlL2 D'U“E),

M m; O
o my)’
a

L__ T a /Y
DM—ﬁﬂ—lgEW’u—lg EB

(68)

Mmoo

R_ ]
DR=4,-ig'QB,,.

In conclusion, in order to estimate the high energy behav-
ior of the V V| —tt,tb process, one has to write down the
relevant diagrams foh p—tt,tb and then apply the power
counting formula given in Eq(67). If more than one dia-
gram has the same leading powerHrthen one can suspect
possible additional cancellations. This is the case for the
dimension-four nonlinear chiral Lagrangiaty) [Eq. (33)
with «’s equal to zerq for which all three diagrams, Figs.
2(a), 2(b), and Zc), grow asE? at high energies. Another
gauge-invariant Lagrangian fai}}+ £8 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 leadiEg behavior
for p°p°—tt or ¢ ¢~ —tt [which originates from the four-
point couplings that contribute to Fig.(d], but only E°
power for ¢~ ¢°—tb or bt [which does not have the dia-
gram similar to Fig. &)]. This is verified in Appendix B.

Notice that, in general, if the dimension-four anomalous

Here,Y = 3 is the hypercharge quantum number for the quarkcoupling «’s are not zero, then there is no reason to expect

doublet,Q; is the electric charge of the fermio®, is the
linearly realized left-handed quark doublet, awt; is the
right-handed singlet for top or bottom quarfc. Egs.(30)
and (32)].

any cancellations among the Goldstone boson diagrams. As a
matter of fact, the calculated leading contributions from
these coefficients are of orde” and notE?! (cf. Appendix

B).12

As we shall see shortly, in the context of this Lagrangian

there is ongland only ong¢ diagram with the leading high

energy power. Hence, we do not expect any cancellations?This is related to the fact that nonzero anomaleutsrms break
among diagrams and it is possible to correctly predict thehe linearly realized SU(2)x U(1)y gauge symmetry in the inter-
high energy behavior of the scattering amplitude. Here isaction part of Eq(68). Notice that thex terms respect this gauge

how it works: When we expand the matrix field up to the

symmetry only nonlinearly.
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For the dimension-five anomalous operators we do notwo or more boson fields. In E¢70), we also show some of
suspecta priori any cancellations at higk among Gold- the four-point vertices generated B/;p:, which dominate
stone boson diagrams, therefore we expect the parametriztire contribution of this operator to thg V| fusion processes
tion used for our effective operators to reflect the correcin the high energy regime. The last term,
high energy behavior. Actually, the chiral Lagrangian param-¢taM¢t(¢—aﬂ¢+ — ¢t 3*¢ ), comes from the second-order
etrization given by Eq(34), which organizes the new phys- term in the expansion o, [cf. Eq.(19)], and is responsible
ics effects in the momentum expansion, is the only framefor the high energy behavior of thechanneldiagram for
work that allows the existence of such dimension-five gaugew*w_—tt (cf. Fig. 4. We can infer that the other two
invariant operators. On the other hand, we know that as faghree-point operators with thg, field can also contribute to
as theno-HiggsSM contribution to thesanomalousampli- g the v, v, fusion processes. However, because of the re-
tudes is concerned, the correct high energy behavior is givepyion €,p*=0 for the on-shell external boson lines, the con-
by the equivalent parametrlzat!on of E68). We will Fhere— tributions_of Ogpz and O,pz vanish for Z, Z, —tt and
fore use the appropriate couplings fratgy, and £ in our W, Z, —tb

next power counting analysis. Also, we are neglecting con- Noti : +
o 2 . g otice that the expansion farV, in Eq. (20) does not
tributions of order 1A, which means that in Figs.(® and contain any term withs? alone; hence, no operator with the

2 I i lous. : - - :
(b) only one vertex is anomalous field W, can participate in the proces§ Z, —tt at tree

Given one dimension-five operator, it either involves twoI LE t for this. th Vsis @ i v t
boson field4four-point operator, or one boson field and one evel. exceptior his, the analysis @zp applies equally to
the operators with)V, . However, the contributions of

derivative (three-point operatgr Let us discuss four-point

operators first, Ogpyw andO,pyy On the proces®V, W, —tt vanish because
There are three kinds of four-point operato®;, ©f the relatione, p*=0 for the on-shell external boson lines.
Oww, andO,,z. Each of them contributes to th& Z, , The analysis on the high energy behavior of the contribu-

WIW[ and W, Z, fusion processes separately. After ex-tions fromO zp; to the scattering process Z, —tt is simi-

panding the composite boson fieldsand W* [cf. Egs.(19) lar to the previous one for theo-Higgs SM, in which we

and (20)], we find that the terms (4#)d,4°d,d° observed a distinction between tfe.. and T.. ampli-

(4lv?)d ¢’+a &, and (402)d,¢" d,¢° wil contﬁbutevto’a tudes. The anomalous vertices generated by this operator
M v 13 v

: Ao~ N "
diagram of type Fig. @) in each case. Therefore, in the CONtain two derivatives, thus df+3f,—2)=1. Then,
power counting formula(67), d,=2, cr=4ag, and Dgo=2+1+(—1)=2 for the first two diagrams Figs.(@

Dgo=2+(2+1—2)=3, which means that and 2Zb), andT. - is expected to be of order
Taag (&) 69 m v (E\®
aOX ; ( ) T++~2307K(;) .

for all these four-point operators.

Let us discuss the case of three-point operators by considn the other hand, Fig.(@) comes from the first four-point
ering one operator in particula® p;. This analysis will term in Eq. (70. Thus, we have d,+3f,—2)=1,
automatically apply to all the other six three-point operatorsDeo=2+1=3, and the predicted value fdr. . is
three with the neutral, boson,Ozps, Ogpz, andO,pz;

and three with the charged/,, boson,O,,p;, Ogpyy, and v [E\3
O,pyw - Using the expansions of the composite fields we ob- Ttt~2aOK By
tain
— 9 — u 2i — .3 Comparing with the estimate for four-point operatms Eq.
Azsltd, 128 =~ ¢, 2l P+ -8zl nd " b (69)] we can observe that the only difference is in the coef-
_ _ ficient c; associated to them; for the three-point operator
—lﬁﬁs%lﬁtfﬁ?’ﬁ“(l)g—l#mf?#l//bL¢+r7“¢3 (70) cy=2ag,, and for a four-point operator is twice as
— ~ ~ much?3
+d (PP — b T ]+, Other possible contributions that vanish have to do with

(700  the fact that sometimes an amplitude can be zero from the

product of two different helicities of spinors. For instance, by
where ¢, (i/,,) denotes the usual linearly realized tdgot-  performing the calculation of the amplitudes in the c.m.
tom) quark field. There are more terms in E@0) that par- frame we can easily verify that the spinor product
ticipate in the Goldstone boson diagrams of interest, but the[A = +1Jo[A=F1] vanishes for alltt, tb, and bt
ones shown are sufficient for our discussion. Notice that th@rocesseé‘,1 This means that contributions from operators of
first two terms on the right-hand side of E§0) contribute
to three-point vertices, the first one is for the coupling of the———
top quark with the usual vector boson figttie only nonzero  137hs difference inc; may be related to the fact that four-point
term in the unitary gauge the second one represents the gperators tend to give a bigger contribution to the helicity ampli-
vertex of Ozp¢ that enters in Figs. @ and 2b) for  tydes[cf. Egs.(82) and(83), for exampld.
$>¢>—tt, or in a u-channeldiagram like Fig. 2b) for 14y[ A= +1] denotes the spinor of a quark with right-handed he-
¢ $3—tb. The rest of the expansion contains vertices withlicity.
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TABLE Il. The leading high energy terms for the four-point operators.

Process L’(SA,\% Ogyzz Ogww Oomww ogWZL(R) Oa—WZL(R)
a1 X Ay X Ay X Ayz1L(R) X AL (R) X

2,7, —tt mE/v? ES/v2A - - - -

W W, —tt mE/v? - E3/v2A E3/v2A - -

Wz, —th mé/v? - - - E%v2A E3v2A

the scalartype, like Ogyyz (ry: Ogzz, Ogww, Ozps, and indicates that the NLO contribution is down by a factor of
Opnpire) Will vanish for T amplitudes in thes-channel E2/A%inV V. —V_V_. On the other hand, the NLO fermi-
and the four-point diagrams. onic contribution inV V —tt or tb is only down by a
Furthermore, the relatioa,p*=0 applies to all the ex- factor E2/m,A which, compared tdE?A?, turns out to be
ternal on-shell boson lines; this makes the contribution Ofoigger by a factor of/\/mt~4\/§77 for A~4mv.® Hence,
operators with derivative on boson, such@gyz (our third e expect that the NLO contributions in the
cas¢ and Ogpyy (), to vanish in thet- andu-channel dia- v v, it or tb processes can be better measutbg
grams. In principle, one would think that the exception couldypqa it a factor of 10) than thé_V, —V,V, counterparts for
be thes-channel diagr_am. Actu_ally, this_ is _t_he case for thegome class of electroweak symmetry breaking models in
operator Ogpyy (r) Which contributes_significantly to the \yhich the NDA gives reasonable estimates of the coeffi-
single top production proces#| Z, —tb via thes-channel cjents.
diagram(cf. Table IV). However, for theDyp, z Operator even As will be shown later, the coefficients of the NLO fer-
this diagram vanishes; as can be easily verified by noting thahionic operators inc®) can be determined via top quark
the Lorentz contraction between the boson propagatoproduction to an order of I¢ or 10 1. In contrast, the
— gt kMkV/Mi and the triboson coupling is identically coefficients of the NLO bosonic operators are usually deter-
zero in the proces®V W —tt. Therefore, for theOyp;  mined to about an order of 16 or 1 [20,23 via
operator all the possible diagrams vanish. V.V, —V_V, processes. Therefore, we conclude that the top
In Tables II, Ill, and IV we show the leading contributions quark production via longitudinal gauge boson fusion
(in powers of the c.m. enerdy) of all the operators for each Vv,V —tt,tb, or bt at high energy may be a better probe,
different process; those cells with a dash mean that ngor some classes of symmetry breaking mechanisms, than the
anomalous vertex generated by that operator intervenes gtattering of longitudinal gauge bosons, i¥8.V, —V,V, .
the given process, and those cells with a zero mean that the |n the following section we shall study the production
anomalous vertex intervenes in the process but the amplitudgtes oftt pairs and single-or singlet events at future col-
vanishes for any of the reasons explained above. liders like LHC and LC. We will also estimate how precisely
In conclusion, based on the NDf24] and the power these NLO fermionic operators can be measured via the
counting rule[31], we have found that the leading high en-\; v/ _.tt tb, or bt processes. To reduce the number of in-
ergy behavior in th&/ V —tt or tb scattering amplitudes dependent parameters for our discussion, we shall assume an
from the no-Higgs SM operators £})) can only grow as approximate custodial @) symmetry, so that the set of 19
mE/v? (for T, , or T__; E is the c.m. energy of the top independent coefficients will be reduced to 6 and given by
quark syster) whereas the contribution from the dimension- a,, ,a,,,3,3,3,4,8ww2, @nda,,. However, for completeness
five operators £®)) can grow as€®/v2A in the high energy we also give the leading high energy contributions of the
regime. Let us compare the above results with those of th@elicity amplitudes forZLZL—>th[WL*—>tt, W,fZL_w[b
VLV V|V, scattering processes. For theseV, —V( Vi andW_Z, —bt in Appendices B and C.
amplitudes the leading behavior at the lowest order gives
E?/v?, and the contribution from the next-to-leading order
(NLO) bosonic operators givesE¢/A?)(E?/v?) [31]. This 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-
Process 5(54,\% Ozpt Ownotr OnporL ergy date{‘}]'

In addition to the gauge symmetry, the SM has an ap-
az;Xx ayzrX AyzL X . )
— proximate global symmetry called the custodial symmetry
Z,Z —tt mE/v?  E3/v2A — - which is responsible for the tree-level relatipa=1 [cf. Eq.

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

W W, —tt  mEn?  E%v2A  ESw?A myEZu2A—0

For an energy E of about A/4 or more this factor
W'z —tb  miv?  E¥u2A E%vPA E3/v2A E2ZmA=M®/M® is actually greater than on®1® andM® are
the LO and NLO amplitudes, respectively.
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TABLE IV. The leading high energy terms for the operators with derivative-on-boson.

Process L&) Oyp:z OgomL(r) Oupz OspnL(r) Oy
Ay X Ayg X ay, X Ay X amX
2,7, —tt mE/v? 0 - 0 - -
W W, —tt m,E/v? 0 0 E3/v2A 0 E3/v2A
Wz, —tb mZ/v? 0 E3/u2A 0 E3v2A -

(4)]. Actually, this symmetry is broken by the hyperchargeKF_Lg#’Q;MW 2Fe+H.c.

(g’) and the mass splittingng;# my,), but only slightly, so
that p remains about one at the one loop level. Atiaming
off the hypercharge couplinge., sets,,=0), one can easily
verify that the global S(2), X SU(2)g symmetry is satisfied
for the dimension-four Lagrangiag$y.X® The fermion—
gauge-boson interactions are described by

R 1
L4 custodidl— FL'y"( 1d,—5W Z’Ta) FL, (71)
with the left-handed doublet
fy
FL= f (72
2/

defined in Eq.(30).

IW3 20w
F
V2o,w,  —a W2

As we can see, if we want our dimension-five terms to
obey this global SU(2)XSU(2)z 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)X SU(2)g 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-breakingEWSB) sector to be
substantially greater for the coupling® the gauge bosons
of this quark than for the couplings of all the othéirsclud-
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

= kF g"" r+H.C. (73)

Notice that the only SU(2) structure that satisfies the cusway as to favor the deviation of the couplings of the top
todial symmetry is the one given above. If we want to intro-quark more than the deviation of the other light quarks’ cou-
duce an anomalous interaction that satisfies this symmetryjings.

we must conform to this structure. For example, let us con-

By adding the two possible breaking terms to this

sider the case of the operators with derivative on bosomperator:® we obtain the effective dimension-five Lagrang-

Ogpz andOgpyy (ry » then we writé’

ian as

L5 derv) — KF_Lg"“’&MW SrFr+ KlF_Lg'“”Ts&MW STFrt+ KZF_Lg'“V&#W iTaTsFR‘f' H.c.

(k+ K+ K2)§#W§

_F g
Ld \/E(K—Kl‘F K2)d W,

V2(k+ Ky~ K2)d W,

5 |FrtH.C.,
(—k+ k1t Kr)d W,

(74)

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

K:K1+K2.

(75

1670 verify this, we just need to use the transformation riles >’ =L3R" and F.—F[=RF_, whereL andR are group elements of

the global SU(2) and SU(2)} symmetries, respectively.
Y"For the purpose of this discussion we can replageby d,, .

8Another term could beFLg“VT?’aMW a:2:3Fg, which contains two symmetry-breaking factary but will not be considered in this

work.
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Also, to simplify the discussion we assumg= k,, and the conclusion is that in order to keep the coupling®-Z
unaltered we have to impose the condition

Az234= \/an(2,3,4)L(R) (76)

to all the operators with derivatives.
The case for four-point operatofisontact termpgis somewhat different. The custodial Lagrangian in this case is of the form

£(5 custoq Kflogur pothLg,uVW iTaW ETbFR+ Kflol;u pothLa_,uVW iTaW ETbFR

(W3S oyt 0
_  four poth H K
Kig L 3yAm3 Fyam— | TR
0 W W2, W
4 four pointF_o_;w ZW;W; 0 = (77)
Lo - 0 2wiw, R

|

and for the breaking terms we can consider of 19 down to 6 only. These coefficients &g, 5 4), a,x,

aww2, anday, (for the operatoO ).

(5 contact _ 2 chY( Kfzocur pointF_RTSW ZTaW STbFL
c=8.0 VIl. AMPLITUDES FOR Z,Z, , W W,_, AND W, Z,
+ Kfzocur pointTFLW ZTaW ETstFR FUSION PROCESSES

e Below, we present the helicity amplitudes for each
four poin a_a_3 b_b ' . .
kg PIEW LA TPW TR), (78) V, V. fusion process. We shall only consider the leading
; ; contributions in powers oE, the c.m. energy of th¥/V
four point four point ; : J LVL
whter.e chd . 'S C(t)rtr;1plex and:<|3c IS Irgal. A? t':] tugnit system, coming from both theo-HiggsSM (i.e., £&})) and
out, In order 1o Set e anomaious coupings. of e BotoMne dimension-five operators. For the latter, we assume an
quark equal to zero, we have to_choosﬁ =0, and  jphroximate SU(2) custodial symmetry, as discussed in the
fourpoint  yeal and half the size of kPN (je ; i i o
Kfzocur boint_ o four point Kic S previous section, so that only six independent coefficients are
Kic ' = 2Ky for c=g,0). The nonstandard four- relevant to our discussion. For completeness, in Appendices
point dimension-five interactions will then have the structureg and C we provide the helicity amplitudes for the general
3.3 case(without assuming a custodial symmetry
CHW O S+ 2CHT WL,
, (79 _
0 0 A.Z,Z —tt

where c#” is either g** or o*’. This structure suggests  Figure 3 shqws thg diagrams associatfd to this process.

28,1 = a1 AN Byay(R)=AwzzLr =0 for c#” equal to  The total amplitudeT is the sum of the£$y) contribution

g“’. For c*” equal too™’, it suggests tha,,,, can be of (denoted byzz), and the £ contribution (denoted by

any value. az?. In diagrams with two vertices, only one anomalous
In conclusion, by assuming the dimension-five operatorg/ertex is considered at a time, i.e., we neglect contributions

are the result of an underlying custodial symmetric theorysuppressed by A?. We denote the helicity amplitudes by

that is broken in such a way that at tree level thd-b the helicities of the outgoing fermions: the fir&econd

coupling does not get modified from its SM values, we de-Symbol (+ or —) refers to the fermion on tofbottom part

rive the following relations among the coefficients of theseof the diagram. A right-handed fermion is labeled by and

anomalous couplings. They are a left-handed fermion by-. For instance,
Tyass= + 1
az(2,3,4): \/an(2,3,4)L(R) , 27+ + ZZ++ azz++ ’ (8 )
28, 1= Ay, (800  where zz,, is the E‘S“,\}l contribution andazz ., is the

anomalous contribution to the helicity amplitude
T(ZLZ = tiight handeliright handed- Th€ Same notation is used
for the other two processes. o

After including the hypercharge interactions, we can see that The leading contributions to th& Z, —tt helicity ampli-
the set of independent coefficients has reduced from a totalides are

AL (R = awzLr) = 0.
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[ R B e f
2 WW— — T w T

z w VW N

@ ) © (a) (b)

FIG. 3. Diagrams for théZHtt_process. W*W !

T =—T _mt_E _Z_ES 5 W (c} t

zz++ z27—— 02 UZ A’ o
thZCHSH FIG. 4. Diagrams for th&VW—tt process.
Ty =T, = +0, 82
2z 27 (AcSmEE?+ s5)v? 2
where wheres,=sinf, c,=cosd, and
X= 28,0+ & - os? (83
=23;27| 5 7 3Sw| 8z,
2 3 Xi=aza+ %823,

andE= /s is the c.m. energy of th¥| V| system.
Comparing with the results fow, W, and Wz, fu-
sions, this is the amplitude that takes the simplest form with Xm=am— 3 ayx+ 58,3+ 5 Ayuz- (85)
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  nice that the angular distribution of the leading contri-

gxpression give_n in Appendix_ C. This means that new IOhySbutions in theT .. . amplitudes consists of the flat component
ics effects coming through this process can only modify the

1 _

S-partial wave amplitudéat the leading order d&®). Notice (S Wﬁv?_ .and th? d(gjo— COS:H comppnehrglf’ Xvav@. ;I'\?ie
that at this point it is impossible to distinguish the effect of | == Nelicity amplitudes only contain they .., = —sing/y2
the coefficienta,, from the effect of the coefficiena,;. ~ cOmponent. This is so because the initial state consists of
However, in the next section we will show how to combine ongitudinal gauge bosons and has zero helicity. The final
this information with the results of the other processes, angtate is a fermion pair so that the helicity of this state can be
obtain bounds for each coefficient. The reason wlzg..  —1, 0, or +1. Therefore, in high energy scatterings, the
appear as zero is explained in Appendix C. anomalous dimension-five operators only modift the
leading order€E® andE?) the S and P partial waves of the
scattering amplitudes. We also note that, as expected from

The amplitudes of this process are similar to the ones ofhe discussion in Sec. \Aww. . has anE® leading behav-
the previous process except for the presence ofstaloannel  jor whereasaww. . goes like EZ. Furthermore, thec$)
diagrams(see Fig. 4, whose off-shelly andZ propagators amplitudes are of ordem,E/v? for ww.. .., andm?Z/v? for
allow for the additional contribution from the magnetic mo- . . 2, 2 .

. e Ww, . (ww_, is proportional tomg/v- and is taken
ment of the top quarkg,) and the operator with derivative )T lculate th ¢ rat dt
on bosonO,p = (8,). Since these two operators are not of as zerg. 1o caculate the event rate, we need 1o zsum
over four helicity amplitudes squared, and@ .. .|

the scalar type, we have a nonzero contribution to fhe ; W2 )
amplitudes. Throughout this paper, the angle of scattering WW= = =+ 2WW. » » zaWW. . .+ +O(1/A%). Because

¢ in all processes is defined to be the one subtended betwe®HW. -aww. -|~m{/E*lww. .aww. .|, the amplitude
the incoming gauge boson that appears on the top left part giquared|T..+|? is only a few percent of the value of
the Feynman diagram{" in this casg and the momentum |T-.|? for E~1 TeV. Thus,|T.+|? will not contribute

of the outgoing fermion appearing on the top-right part of thelargely to the total event rate, provided the coefficients of the
same diagramt(in this casg all in the c.m. frame of the dimension-five operators are of order 1.

B. W/ W, —tt

V., V|, pair.
The leading contributions to the various helicity ampli- o
tudes for this process are C. W/Z —tb
T ,,:m;zE—4E—j X1+ XmCy (84) Finally, we have the amplitudes for the single-top quark
" " v v A ' production proces®/" Z—tb (which are just the same as for
thzsa the conjhugate pr(_)cesw_‘zr?bt). Figure 5 shows the dia-
Towws—= grams that participate in this process.
M T2my R+ (1-c) (1 2mp /B Jo The leading contributions to the various helicity ampli-
8E®  (Xm— 7as) tudes for this artd
prMesT

2 X 1 1%As shown in Eq.(80), for models with this approximate custo-
T —0+ 8E ms m~ 53z dial symmetryay 1. (r)=awzL(r) =0, SO that the four-point vertex
W= p2 T0A : diagram of Fig. &d) gives no contribution.
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(@) (]
o W o 1‘/&44< -
e z B (1)
Zz © b (t) @

FIG. 5. Diagrams for theWZ—>tb_process.

. V2md(1-c,)
WZH T E(1- 2m2E2)(1+cyt 2mP/EZ)p2

2B Xt ceXs
4p? A
V2E?

Twze-—=0— 207

% (45\%/az4+ % s\%v_ 1) + (azs_ 4C\%/a12)ce
A L

V2E?  agtacian
4U 2 mISO A ’

Twztr - =0+

T \/Emtzsé’
WIS (1-2mE/E?)(1+ ot 2mE/E2)p?

3V2E2 X,

402 mts(JXy (86)

where

2 2 2
1+ 582 | as— 4528y,

XZZ 3

Xs=a,3+4cia,,,

4 2
X4= a,z— _Cwazz . (87)

3

The anomalous amplitudesnvzt _ andawzt, _ can be
ignored in our analysis. The reason is because/fie am-

2000 ——T—T—T—— —
i LHC

Z1Zp — T

1500

1000 -

events

500 |

FIG. 6. Number of events at the LHC fat, Z, fusion. The
variableX is defined in Eq(83).

couplings, at the future hadron collider LH@ pp collider
with s=14 TeV and 100 fb® of integrated luminosity
and the electron linear collider LGn e e* collider with
Js=1.5 TeV and 200 fb* 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 fortt pairs and for singlé-or t quarks. We shall
adopt the effectivéd/ approximation method33], and use
the CTEQ3L[34] parton distribution function with the fac-
torization scale chosen to be the mass of éoson. 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 produted
b. The rapidity oft or b produced from thev, V, fusion
process is required to be within @e., |y*®|<2) and the
transverse momentum ofor b is required to be at least 20
GeV. To validate the effectiveV¥ approximation, we also
require the invariant madd, to be larger than 500 GeV.

Since we are working in the high energy regife v, the
approximation made when we expand gV, —tt or tb
scattering amplitudes in powers &f and keep the leading
terms only, becomes a very good one. As noted in the pre-
vious section, in all thd .. amplitudes, the dimension-five
operators will only modify the constant terns (vave and
the co® (P wave:dg ) dependence in the angular distribu-
tions of the leading=® contributions, whereas all thE. -

plitudes wzt _ and wzt, _ are zero, which means that, amplitudes have a sin(P wave:dg ;) dependence in their
when we consider the total helicity amplitudes squared, theyeadingE? contributions. Each of the effective coefficients,

turn out to be of order V2. This is why onlyawzt, . and
awzt , are presented in terms of the paramebessX;, and
X4, each parameter associated to a different partial wave.

VIIl. NUMERICAL RESULTS

A. Top quark production rates from V V, fusions

X, X1, Xm» Xs, X3, andX,, parametrizes the contribution to
one of the partial wave?. 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

As discussed above, the top quark productions fronfigs. 9, 10, and 11 for the LC. In these plots, neither the
V_ V| fusion processes can be more sensitive to the eledranching ratio nor the detection efficiency have been in-
troweak symmetry-breaking sector than the longitudinalcluded.

gauge boson productions froxf) V, fusions. In this section
we shall examine the possible incredse decreaseof the

top quark event rates, due to the anomalous dimension-five?%In W," W, —tt, X, contributes to bottP-partial waves.
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FIG. 7. Number of events at the LHC fal,"W, fusion. The FIG. 8. Number of events at the LHC fak,"Z, fusion. The
variableX stands for the effective coefficienX§ andX,, defined in variableX stands for the effective coefficients,, X5, andX, de-
Eq. (85). fined in Eq.(87).

For X=0, the LHC results show that there are in total similar conclusion holds for th&V;"Z, fusion process, but
about 1500t pair and single-or t events predicted by the with less sensitivity.
no-Higgs SM. The W," W, fusion rate is about a factor of From the six independent coefficientay; 34y, a2,
2 larger than theZ, Z, fusion rate, and about an order of a,,,, anda,,, one stands outi,,;. The two most potentially
magnitude larger than tha/," Z, fusion rate. ThaV, Z, rate,  significant parameterX and X; depend essentially on just
which is not shown here, is about a factor of 3 smaller tharthis coefficientcf. Egs.(83) and(85)]. This suggests that a
the W;"Z, rate due to smaller parton luminosities app goqd test 'fo_r the possible .models of EWSB is to calculate
collider. It will be challenging to actually detect any signal N€ir predictions for the sizes of the four-point operators
from these channels at the LHC due to the considerabl@ozz andOgyy because these are more likely to produce a

amount of background in this hadron-hadron collision. Wha i?su[abtle s'glgakl) attﬁlther the tl__C or the L';C' The ?ﬁ_cond
we can learn from Fig. 7 is that, with a production of about etter test could be the magnetic momept because this

= ) coefficient gives the largest contributionXg, [cf. Eq. (85)],

900 events.and the large slope of ¢ Wi —tt curve, this ._and Figs. 7 and 10 show that this parameter can be measured
process might be able to probe the anomalous couplinge \\ell
(Xa). . It is useful to ask for the bounds on the coefficients of the

For the LC, because of the small couplingo®-e, the  5nomalous dimension-five operators if the measured produc-
event rate foiZ, Z, —tt is small. For theno-HiggsSM, the oy rate at the LC is found to be in agreement with the
top quark event rate at LC is about half of that at the '—HCno-HiggsSM predictions(i.e., with X=0). In order to sim-
and yields a total of about 550 events pairs and singlé-or iy this analysis for the parametst,,, we have made the
t). Again, we find that thaV,” W —tt rate is sensitive to approximationaww, _ = (8E2/v2)m,s,(X,/A); notice that
the dimension-five operators that correspondio but the  the anomalous contributioaww, _ to the total amplitude

Z,Z, —tt rate is much less sensitijé. squared is smaller by a factor of/E? than the contribution
The production rates shown in Figs. 9, 10, and 11 are fofrom aww. . (cf. end of Sec. VI B.

an unpolarizeee™ beam at the LC. Because the coupling of

the W boson to the electron is purely left handed, the parton
luminosity of thewW boson will double for a left-handed po- 300 —
larizede™ beam at the LC; hence, thé rate fromW," W I
fusion will double too. However, this is not true for the par-
ton luminosity ofZ because in this case tlZee-e coupling

is nearly purely axial-vector (4s;~0) and the produc- 200
tion rate ofZ, Z, —tt 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 10! (as expected by the naive dimensional anajysis

then their effect can in principle be identified in the measure-
ment of eitherZ Z, or W, W fusion rates at the L& A

events

100 |

1 0.5 0 0.5 1
2INeedless to say, the/ Z, rate is the same as th Z, rate at X

an unpolarizece*e” LC.
225pecifically, for anomalous coefficients of order tGhere is a FIG. 9. Number of events at the LC fd@; Z, fusion. The vari-

20 deviation from theno-HiggsSM event rates. able X is defined in Eq(83).
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TABLE V. The range of parameters for which the total number

2000 v
[ of events at the LC deviates by less than 2om theno-HiggsSM
[ prediction.
1500
! Process Boundse('e™)
2 i 2,7, —tt —0.07<X<0.08
@ 1000 a— o
3 - W W[ —tt —0.03<X;<0.035
WIW —tt —0.28<X,<0.12
500 | W )z, —th(bt) —0.32<X,<0.82
. W:(_)ZLth(bt) —1.2<X3<0.5
[ W, (z, —th(bt) —0.8<X,<1.3
o-1 0.5 0 0.5 1
X

By combining the limits on these parameters we can find
FIG. 10. Number of events at the LC fot; W_ fusion. The the corresponding limits on the effective coefficients
. 10. . s _
variableX stands for the effective coefficierts andX, defined in ~ 8zz1+872,873,824, aNd @m+ 38,u2) . FOr example, if we con-
Eq. (85). sider the limits forX5; and X,, we will find the limits for
a,7, 8,3. Then we can compare the boundsayg and those

At the 95% C.L. we summarize the bounds on Kis in on X, to derive t_he _constralnts OBl 21 Also, the _bounds on
a,3 and onX, will give the constraints om,,. Finally, we

Table V. Here, only the statistical error is included. In prac- the bound ndX . 1o obtain constraints for
tice, after including the branching ratios of the relevant deliS¢e le ounas 08, az, a m L0 obtain constraints 1o
mT 38ww2)- Table VI shows these results.

cay modes and the detection efficiency of the events, the
bounds will become somewhat weaker, but we do not expect Nevertheless, we can also fol!o_vv the usual procedurg of
an order of magnitude difference. Also, these bounds shall b king on_Iy one anomalous coefficient as nonzerolat a t'_me'
improved by carefully analyzing angular correlations when nder this approach the bounds become more stringent:
data is available. —0.03<a,,;<0.035,

As shown in Table V, these coefficients can be probed to
about an order of 10" or even 10°2. For this table, we have

only considered an unpolarizee” beam for the LC. To —0.28<a,<0.12,
obtain the bounds we have set all the anomalous coefficients
to be zero except the one of interest. This procedure is jus- —0.24<a,3<0.28,

tified by the fact that at the leading orders Bf and E?,
different coefficients contribute to different partial waves.

(The definitions of the combined coefficients X;, X,, —0.4<a,,<0.2,
X3, and X, are given in the previous sectign.
If the LC is operated at the” e~ mode with the same —0.82<a,,,,<0.32,

c.m. energy of the collider, then it cannot be used to probe

the effects fo,” W —tt, but it can improve the bounds on

the combined coefficients,, X,, andXs, because the event —0.56<a,4<0.24. (88)
rate will increase by a factor of 2 fW,_ Z,_— bt production.

Again, these bounds come from the consideration of a
20 deviation from theno-Higgs SM event rates. For in-
stance, at the LC, theo-HiggsSM predictions for the pro-
cessesZ, Z, —tt and W, W —tt are 60 and 400, respec-
tively (cf. Figs. 9 and 1P 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
the no-HiggsSM prediction at the 95% C.L. Figure 9 shows

events

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

1 Bounds onX parameters Bounds on anomalous coefficients
0 ——— _0‘.5 — (') —_ 015 — —1.2<X3<0.5 —0.6<a,,<0.32
X —-0.8<X,<1.3 —-0.9%<a,<1.1
—0.03<X;<0.035 -0.17<a,,<0.15
FIG. 11. Number of events at the LC fa¥,Z, fusion. The  —0.32<X,<0.82 -1.9%a,<17
variable X stands for the effective coefficients,, X3, andX, de-  —0.28<X,<0.12 —0.7<ay+ 3a,,,<0.4

fined in Eq.(87).
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contribute to the imaginary part of the helicity amplitudes,
and it can only be probed by examini@P-odd observ-
ables.

To illustrate this point, let us consider tkEP-odd part of
the four-point scalar type operat@g,,, and the electric
dipole moment term oD 4 [cf. Egs.(54) and (59)]. After
including contributions from th@o-HigssSM and from the
above twoC P-odd operators, the helicity amplitudes for the
W, W —tt process in th&V," W, c.m. frame are

1000 ——
800

600

Event Number

400

200 r mE  E3d,wt2a4Cy

Too=t—5+i _—
- v 02 A

1 1.2 1.4 1.6 1.8 2 2
VS (Tev) th Sg

T**z[mg/zEZJr(l—cg)(l— mZ/2E2) Jv?’

(89

FIG. 12. Number oft events at the LC fronw, W, fusion for
different values of the effective coefficiei, as a function of the T_.=0,
c.m. energy.

where, byay anda,,,;, we refer to the imaginary part of the

an interesting situation fdf, Z, —tt, if the parameteK hap- ~ Coefficients ofO , andOg)yyy, respectively.
pened to be between 0.75 and 0.90 then we would obtain g ©ONe of theCP-odd observables that can measageand

number of events consistent with tme-Higgs SM. How- ~ Sww1 is_ the transverse poIari_zati_orP{) of the top q“?”"
ever, if this were the case, théfy would have to be at least which is the degree of polarization of the top quark in the

of order 0.7 and we would observe a substantial devigtbn direction perpendicular to the _pIane of th¢ W, —tt scat-
about 600 in the number of events produced from tering process. It was shown in R¢g5] that
WfW[—>tt_.This also happens the other_way around_>,(1'f 2Im(T* T +T% T__)

is between 0.38 and 0.45, we would obtain a production rate P, = > > 5 5,
consistent with theo-HiggsSM for W," W[ fusion (cf. Fig. e [+ w5 fww [+ ww_ | (90)
10), but thenX would be at least of order 0.3, and according

to Fig. 9, we would observe only 18 pairs fromZ, Z,  which, up to the order I, is

fusion, too far from the 6& 15 range of theno-Higgs SM

prediction. Hence, all the production channels have to be - 4syE Aywi+284Cy
measured to conclusively test the SM and probe new phys- ~ * mi/2E2+(1—c,)(1—mZ/2E?) A '
ics. (92

The above results are for the LC with a 1.5 TeV c.m.
energy. To study the possible new effects in the productio
rates ofW," W, —tt at the LC with different c.m. energies,
we plot the production rates for various valuesXafin Fig. . et . .
12. (F,)Again Xp1=0 stands for theo-HiggsSM.) l\slﬁice thgt obtain P, =4ayy, or 4‘/5(5W‘.’V1+ad)' respgcuvely.l Since
if X, were as large as-0.5, then a 1 TeV LC could well |§i| +'Z |<at1/(£n\/c§)§t 1, this requires|ayy|<i or
observe the anomalous rate vi/, W, fusion® For wwl d '

— : At a 1.5 TeVe"e™ collider, theno-Higgs SM predicts
é#;?r'grit{]hzesvfﬂme\r,aeﬁ ?;tl%;ls TeVis down by about a factof’;\bout 100t pairs, with an invariant mass between 800 GeV

and 1100 GeV, via the/," W[ fusion process. Let us assume
that ay=0, and that P, can be measured to about
B. CP-violating effects 1/y100=10%, then an agreement between data anchtie

. o Higgs SM prediction £, =0 at tree level would imply
The complete set of anomalous dimension-five operatorﬁswwﬂso_m_

listed in £®) consists of operators witl P-conserving and
nonconserving parts. In our study of the top quark produc-
tion rates we have only considered tB@-even part of these
operators; their contribution, like the one from the-Higss If the fermion mass generation is closely related to the
SM at tree level, is real. However, @P-odd operator can 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
23f X, is too hig, partial wave unitarity can be violated at this interactions of the top quark can deviate largely from the SM
order. predictions. In this study, we have applied the electroweak
%For positive values oK, the rate tends to diminish below the chiral Lagrangian to probe new physics beyond the SM by
SM rate. However, near 0.25, the rate begins to rise again, towarstudying the couplings of the top quark to gauge bosons. We
the SM rate. have restricted ourselves to only consider the interactions of

Again, E= s is the c.m. energy of thaV,"W_ system;
P, , by definition, can only obtain values betweerl and
1. ForE=1.5 TeV, A=3 TeV, and =m/2, or w/3, we

IX. CONCLUSIONS
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the top and bottom quarks and not the flavor-changing neuhe naive dimensional analysis gives the correct size for the
tral currents that involve the other light quarks. Also, moti- coefficients of dimension 5 effective operators, the top quark
vated by low energy data, we assume that the coupling ofroduction viav, V, fusions can be a more sensitive probe to
Z-b-b is not strongly modified by new physics. EWSB than the longitudinal gauge boson pair production via
In Sec. Il, we introduced the dimension-four nonlinearV. V. fusions which is commonly studied. For completeness,

chiral Lagrangian that contains the-Higgs SM and the We also briefly discuss how to study tk&P-odd operators
four unknown effective coefficient['®, «NC, «°¢, and by measuringCP-odd observables. In particular, we study
Kgc. Their constraints have been studied elsewlefeSec. theirfffe_cts on the trgns_ver(;elative to the scattering plane
II) [4]. We take their values as zero in order to simplify our O WL Wo _’tF) polarization O.f the top quark. .
study. In conclusion, the production of top quarks wWaV, fu-

If a strong dynamics of the electroweak Symmetry_sions at the LHC and the LC should be carefully studied

) ) . ) . when data are available because it can be sensitive to the
breaking mechanism can largely modify the dimension-four

anomalous couplings, it is natural to ask whether the Samelectroweak symm_etry-breaking mechanism,_even more than
. - X L e commonly studie¥, V| —V, V| processes in some mod-

dynamics can also give large dimension-five anomalous COUs)q of strong dynamics.

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 ACKNOWLEDGMENTS
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portunity to test these operators on the productiott qgfairs
or Singlet ort eventsin hlgh energy collisions. Since, in the APPENDIX A: EQUATIONS OF MOTION
high energy regime, a longitudinal gauge boson is equivalent
to the corresponding would-be Goldstone boson, the produc- From the electroweak chiral Lagrangidi® of Eq. (33),
tion of top quarks viav, vV, fusions shall probe the part of we can use the Euler-Lagrange equations to obtain the equa-
the electroweak symmetry breaking sector which modifiedions of motion for the top quark. They are
the top quark interactions. Since the dimension-four anoma-
lous couplingk’s can be well measured at the scalevbf or .
m,, we expect that their values will be already known by the Ly*
time data is available for the study ¥f V| fusion processes
in the TeV region. Hence, to simplify our discussion on the cc .
accuracy of the measurement of the dimension-five anoma- _T(1+ k() YW, b —mitg=0,
. ) 2
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 (@Usym-
metry is assumed that gets broken in such a way as to keep
the couplings of th&-b-b unaltered. This approximate cus- 1 g _
todial symmetry then relates some of the coefficients of the T RRY W, br=mit, =0,
2
anomalous operators, reducing the number of independent
coefficients from 19 down to 6 only. Then we study the 1 11
contributions of these couplings to the production rates of the ik g —ilg2 I e
top quark at the LHC and the LC. ' (a" I3SWA”)bL ( 2" 33‘”) Y2y
We find that for the leading contributions at high energies,
only the S- and P-partial wave amplitudes are modified by _ i
these anomalous couplings. If the magnitudes of the coeffi- NA
cients of the anomalous dimension-five operators are allowed
to be ass[ Ia]rge as las suggested by the naive dimensional 1 1 1
analysig 24]), then we will be able to make an unmistakable ;.x| 5 _i=&2 Ny —  CCt
identification of their effects to the production rates of top ' ((9“ I3SWA“)bR 3w Zubr \/EKR Y Wulr
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 16. This is about a factor APPENDIX B: £® HELICITY AMPLITUDES
Alm=3 TeV/175 GeVW-17 more stringent than in the
case of the study of NLO bosonic operators via the Below, we show the leading contributions in powers of
V, V,—V,V, scattering processe0,31,23. Hence, for E (the c.m. energy of th¥/, V, system of the helicity am-
those models of electroweak symmetry breaking for whichplitudes for the processé4 V| —tt, tb, andbt, in the limit

‘y#Z,u.tL

2 1 4
; 2 2 NC
d, Tl §SW.AM)t|_—§( 1- §SW+ KL

i#a+'E2A tam| — 224 | iz
Y w |3SW w| 'R 2 3SW KR | Y 2ulr

(1+ kCN) YWt —mybg=0,

_mbbLZO.
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E>m>m,, and for theno-HiggsSM (i.e., ££)).% In gen- 2.W['Z —tb and W[ Z| —bt
eral, any contribution that is not proportional ®° or The following helicity amplitudes for single top or antitop
mtE2 (the highest leading factorss neglected throughout production were not given in Ref36]. We have taken the
this paper. limit E>m>m,. The first three lettersyztor wzb, refer to
o o the W'z, —tb or W, Z, —Dbt scattering process, respec-
1.2,Z, —tt and W} W, —tt tively:
The helicity amplitudes fottt production are given as \/—mg(l c,)
follows. The first two letters,zz or ww, refer to the wzt, , = e 0 —,
Z,Z, —tt or W W, —tt scattering processes, respectively.  E(1-2m¥E?)(1+cyt+ 2m¥E?)v
The first and second adjacent symbols ¢6r —), refer to the
helicities of the final top and antitop quarks, respectively. wzt _=0,
Throughout this paper, the scattering anglés defined as
the one subtended between the momentum of the incoming wzt, =
gauge boson that appears on the top-left part of the Feynman 5
diagram[cf. Figs. 3, 4, and band the momentum of the _ V2m?s,
outgoing fermion appearing on the top-right part of the same wzt ,=- (1-2m#/E?)(1+cy+ 2mi/E?)p?’
diagram; all in the c.m. frame of thé, V, pair. We denote
its sine and cosine functions ag andc,, respectively: wzb, , =—wzt__(cy,——Cy) =0,
ZZ++=—ZL_=n:—t2E, wzb_ _=-—-wzt, . (C4— —Cyp)
3
2y, V2mi(1+cy)

72z, =77 .= T E(1-2mZE?)(1—cpt 2mIEZ)y 2"

(4c°mZ/E?+s5)v2

WW, = —WwW__ =27, ,, wzb_ , =—wzt . (Cy— —Cy)

2mt230 _ \/—thSG
= - _ 2/=2 2
2m?s, wzb, =-wzt, (c4——Cy)=0. (B3)
ww (B1)

-+ 2/=2 _ _ 2/1E2\1,,2"
[2my/E"+(1—Cp)(1—2m/ET) Ju Including the contributions from the coefficients in£),

Forww, _ we have kept the term proportional to thenass ~ We obtain
in the denominator of the fermion-propagator to avoid infini-
ties at#=0 in the numerical computations.

For completeness, we include the leading contributions
that may come from the coefficients in£ [cf. Eq.(33)]:

wzts = E[(1+K O(1—cy) kC—2kR7T,

mE — _ _ _NC
Zz’jr+:—zz’i7:_vt2 [(K _KR +1)2 1], WZt’:,— C[ZK +(1-cy)(2— kg1,
2méc,s, EZs,
27, _=27 = (4cm/tE2+s) 2[(kNC— kNC+1)2- 1], wztf = zf kSN 2),
oMy
« _ME CC, (. CC\2, (. CC2 %s,
WW, = _T{(1+C0)[2K + (k) (kg)7] wztt , = kN1 + kC©). (B4)
v2\2

—Cy( kL KkRO},
APPENDIX C: £ HELICITY AMPLITUDES

WWS _= —ww
o Below, we show the anomalous coupling contributions to

E?s, e the helicity amplitudes for th¥, V|, —tt, tb or bt scattering

WWL:—vz—[ — (kgL processes. The first lettex, stands fomnomalousAll of the
19 anomalous operators listed in Sec. IV have been consid-
i} EZs, " ered.
WWE, =— 7 [KkL —kC A2+ k9] (B2 B
1. ZLZL—)tt

There are four operators relevant to this process. The
BThese amplitudes agree with those given in [R86]. four-point operatoiQ,zz, with coefficienta,,;, contributes
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only through the diagram of Fig.(8. The other three, 2. WHwW —tt
OU.Dz, OZDfl and OgDZa W|th CoefﬁcientsaZZ; a23 and .
a,4, respectively, contribute through Figs(aB and 3b). The relevant operators are the four-point operators

However, since external on-shé&lbosons satisfy the condi- Ogy and O, With coefficientsa,,, anday,, respec-
tion p,,e#=0, the contribution from the derivative-on-boson tively; derivative-on-boson operatorsO,pz, Ogpz,
operatorsO,,p z and Oyp 2 vanishes. The only nonzero con- O,py (ry; Ogoni(r)» andO 4, with coefficientsa,,, a,a,
tr!but!ons come fTOTTngz ano_lOZDf. The anomalous con-  a,, (ry, awa(r). and ay, respectively; derivative-on-
tributions to the helicity amplitudes are fermion operator® zp¢, Oyypir(L)» @NAOy,pp (R » With CO-
efficientsa,s, aysr(), andapws (r), respectively.
s - However, some operators give null contributions. For in-
azz, - —ET4a,2+(1- 35,)a5] stanceayy, (ry anday, () enter in thet-channeldiagram of
* v°A ’ Fig. 4(a), but the conditiore,,p*=0 for the on-shelw* and
W™ bosons makes their contribution to vanish. Similarly, the
contribution fromQy,y,, is proportional to the spinor product
azz _=-—azz ., uA==1Jv[A=7F1], which is zero in thett c.m. frame;
also, the contribution fromOgypz, which enters in the
s-channebiagram, Fig. 4c), vanishes when the Lorentz con-
azz,_=az_.=0. (€1 traction in the product of the triboson coupling, the bosonic
propagator and the anomalous coupling is done. There is no

The amplitudes with opposite sign helicitieszz, = and
azz , appear as zero. This is so because the contributiof{f€Ct from operators that depend bg, such asOgpy ,
from the four-point operatoO, is proportional to the Owpt . and Oypy . because the bottom quark is purely
spinor productu[A =+ 1Jv[A=*1], which is zero in the left-handed in Fig. @) in the limit m,—0. Also, the contri-
c.m. frame of theit pair. Furthermore, for the operator with butions from the operator€,pirq) (with coefficient
derivative-on-fermionO zp¢, the leading energy power for @war(L)) andOyppi(r) (With coefficientapysi (r)) are iden-
azz - is E? and we do not include it in the above results. tical. Hence, the helicity amplitudes are

2E® E® [ausrt apur AwarT Apwar
aWW++:_UZA(awwl'l'awwzca)_UzA{ \/E tcCy —T—2a22+a23+4am ,
aww_ _=—aww, . ,
2E’mys, aysrt Apusr
AWW, - =— 73— 28ywp — T —2apt4an],
2E2m;s,
aww_, = UZ—A(Zawwz— 2a,,+4a,). (C2
3.W/Z, —tb

There are two kinds of operators that contribute to this process. The first(opesators with top and bottom quayks
distinguish chirality; the second onésperators with top quarks onlydo not. The ones that distinguish chirality are the
four-point operators gz (r) @and O,z (r), With coefficientsa,,i gy and a,,» (), respectively; derivative-on-boson
operatorsO,py (r) and Ogpy (r), With coefficientsa,, gy and aya (r), respectively; derivative-on-fermion operators
Onptry and Oyppi(r), With coefficientsa, gy and apws (r), respectively. The second ones, that do not distinguish
chirality, are derivative-on-boson operatdds,pz and Ogypz, with coefficientsa,, and a4, respectively; derivative-on-
fermion operatoO zp;, with coefficienta,;.

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 @,,pr to awzt, . is proportional toE*, but the leading term foawzt__ is proportional
to mm,EL. (The left-handed helicity of the antibottom @ppositeto its left handed chiral component.

The three relevant operators that do not distinguish chirality participate only throughdha&nneldiagram of Fig. %),
and onlyO ;¢ gives nonzero contribution. The other two, with derivative on boson, have their contribution vanished from the
conditione, p“=0 of the on-shelZ boson. On the other hand, the contributiorOofy¢ to those amplitudes with a left-handed
helicity antibottom is zero in the limiin,— 0 because the bottom becomes purely left handed in this diagram. Hence,
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= 2
_ 2 2 2
aWZt++__2_20 A AwarT Apuar| 1+ §3w+09 —4ayar— 48y RCo— V2a53(1+Ch) —4CyauRCHT A4S AWAR| s
E’ms

1260 2
aWZL*:—szA (4a,2 +ays +apwaL +4CHAN2L),

E%ms, 5
awzt ;= 20N (48y2r— Bwart Bpwasr— V28z+ 4cawzr),

3

_ 2
awzt _ =507A 4@, T4y Cot4CoaW2 Cot AyaL T ApnaL . (C3

1-2¢2 ¢ )—452a
35w Co wawaL

4. W[ Z —bt

This process is similar tw,fZ,_ﬂtb_,as discussed above. The same kind of operators contribute here, and the same reasons
of why some contributions are negligible or zero apply:

3

2
awzh, . =—awzt _(c,— —Cjy)= {—4aW21L+4aW22ch+4cfvaW2ch—aW3L+abML 1— =82+, | +4siaya

20°A 3 :
E® 5 2,
awzb _=-—awzt, . (Ch— —Cy) = 202A 48y 1R+ V2853(1 - Cy) — 48y RC o~ 4C5ANIRCH— Bnart Apuar| 1+ §SW_00)
_4Sa/aw4R )
awzh, =-—awzt, |,
awzh . =-—awzt _. (C9
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