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Abstract.  We calculate the CP-violating electric and weak dipole form Factors of the top quark
and the tau fepton in models with scalar ieptoquarks coupling only to the third generation of quarks
and leptons. We obtain numerical values of the real and imaginary parts of these form factors at
various energies for different values of leptoquark masses and couplings. The existing limits on the
tau electric and weak dipole form factors allow us to put a limit on the masses and couplings of such
leptoquarks and therefore on the top electric and weak dipole form factors. We also discuss
constraints on the form factors coming from indirect limits on leptoquark masses and couplings
deduced from LEP results on Z properties.
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1. Introduction

The standard model (SM) of electroweak interactions predicts that CP violation outside
the K- and B-meson systems would be uncbservably small. Thus, if any CP violation is
observed in the future outside of these systems, it would be a signal of new physics. In
particular, the observation of electric dipole moments of elementary particles would
signal new mechanisms of CP violation lying beyond SM, since SM predicts unobser-
vably small electric dipole moments. Likewise, their generalization to Z couplings (the
so-called weak dipole motents), as well as to couplings at nonzero momentum transfers,
viz., dipole form factors (DFF), would also serve as signals for CP violation beyond SM.

Recent experiments at the Large Electron Positron Collider (ILEP) at CERN have
established an upper bound on the weak dipole form factor of the tau lepton at the Z peak,
by looking for CP-violating momentum correlations {1,2]. The latest result is from the
OPAL collaboration {2], who have obtained the limits

Red? <56 x 107 % ecm,
Imd? < 1.5% 1077 ecm.
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It is expected that beiter limits would be obtained in future experiments using
longitudinally polarized electrons [3]. For example, it was shown that using certain CP-
odd vector correlations, it would be possible to measure an EDEFF of 7 of the order of
101" e cm [3].

Estimates have also been made of the sensitivity to which various experiments at ete™
(4] as well as hadron colliders [5] might be able to measure top electric and weak dipole
form factors.

Most models seem to predict values of electric dipole form factors (EDFF)} and weak
dipole form factors (WDFEFF) an order of magnitude below the observable level in the
next generation of planned experiments. In this situation, it is a worthwhile pursuit to
lock at other models which might predict large DFE’s which could be tested in the near
future.

In this paper we censider the possibility that models with relatively light scalars with
complex couplings to a third-generation lepton quark pair can give rise to EDFF and
WDFF of third generation fermions, viz., the top gquark and the tan lepton, at a significant
tevel. This possibility for the tau lepton has been considered recently by Mahanta [6] and
Bernreuther ez al [7]. While we confirm some results for tau of [6] and {7], we also obtain
new resulis for the CP-violating forra factors of the top quark, and ireat the tas and top
cases in a concerted manner. We have aiso studied the implications of the existing
experimental bounds from LEP on the weak dipole form factor of = at the Z resonance,
and on the masses and couplings of leptoquarks from loop effects contributing to the Z
partial widths.

A large number of extensions of SM predict the existence of colour triplet particles
carrying simultaneously lepton and baryon number, called leptoquarks. These models
inciede grand unified theories, techmicolour models, supersiring inspired models and
composite models. Without reference te specific models, the masses and couplings of
leptoquarks can be constrained using low-energy experiments. These experiments test
predictions of leptoquark interactions for atomic parity viclation, meson decay, flavour-
changing neutral currents and meson-anfimeson mixing.

There have been several direct searches for leptoquarks at high energy accelerators.
At LEP, a lower bound of 45-73GeV for the mass of leptoquarks was put [8]. The
limit coming from pp colliders is 175 GeV from DO {9] and 131-133 GeV from CDF [10]
on the mass of a scatar leptogquark decaying into an electron-jet pair. On the mass of the
third generation scalar leptequark decaying inte b7, CD¥ has given a bound of 99 GeV
[10] and a bound of 94 GeV was obtained by DO for such a leptoquark decaying into
b, [9]. The excess of large-(Q* events reported in e*p collisions at HERA [11] have
been interpreted as due to leptoquark production [12}, the mass of the leptoguark
being around 200GeV. The earlier limit coming from HERA is dependent on the
leptoquark type and couplings, and the lower beund is between 92 and 184 GeV [13].
Bounds possible at future pp, ep, ete™, ey and vy experiments have been a topic of
serious study.

Indirect bounds on masses and couplings can be obtained from the results of low-
encrgy experiments [14]. However, these constraints are strong only for leptoquarks that
couple to quarks and leptons of the first and second generations.

While there are strong constraints on masses of leptoquarks which also couple to pairs
of quarks, thus violating baryon number as well as lepton number, the constraints on the
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couplings and masses of leptoquarks which do not couple to two quarks are weaker.
Moreover, these constraintés are strongest for the first and second generations, and
considerably weaker for leptequarks coupling only to the third generation of quarks and
leptons.

Strong constraints on leptoquarks which couple to leptons and guarks of the third
generation have been abtained from their contributions to the radiative corrections to Z
properties [15,16, 17]. The authors of {15] have studied vertex corrections to the leptonic
partial widths of the Z induced by leptoquark loops and obtained stringent constraints on
leptoquark masses and couplings. The authors of [16, 17] performed a global fit to the
LEP data including contributions from a scalar leptoguark locp. They also arrive at
stringent constraints on leptoquark masses and couplings.

Earlier work on CP violation in leptoquark models can be found in {13, 19].

In this paper, we calculate the EDFF and WDFF for the third generation fermions, viz.,
the top quark and the tau lepton, in scalar leptoquark models within the context of an
SU(2), x U{1) x SU(3), gauge theory, where the leptoquarks couple to only the third
generation fermions. We then use the indirect limits obtained from LEP on the masses
and couplings of the leptoquark to investigate the possible values 'of the EDFF and WDFF
in these models that are consistent with these Iimits.

Briefly, our results are as follows. The present experimental limits on + EDFF and
WDFF do not put stringent constraints on masses and couplings of leptoguarks.
Consequently, these results are consistent with a top EDFF of the order of 10~ ?ecm, and
a top WDFF of the order of 107®¢ cm. The indirect LEP limits, however, constrain these
form factors to be at least three orders of magnitude lower. They also give limits on tau
form factors about two orders of magnitude lower than the direct experimental limits.

We describe in the next section couplings of scalar leptoquarks with various
transformation properties under SU(2), x U{1} x SU(3).. In § 3, we give expressions for
the imaginary parts of the EDFFs and WDFFs of 7 and ¢ arising from these jeptoquark
couplings, and write dispersion relations for obtaining the corresponding real parts. In §4
we present numerical results and the last section (§ 5} contains our conclusions,

2. Scalar leptoquark couplings

We will describe in this section leptoquark couplings in an SU{2), x U{1} = SU(3),
gauge theory, assuming that baryon-number violating couplings to diguarks are somehow
forbidden, as required by strong bounds on proton-decay searches. In that case, the only
possible leptoquark representations which could have couplings to the standard-model
representations of quarks and leptons are as shown in table i, together with their quantum
numbers [20].

The most general Lagrangian containing all possible forms of couplings of scalar
Ieptoquarks to a lepton and quark pair is given by

Lo = Lr=n + Lroy, (1)
where

Lo = horWrRyimaly + hogqrepRa + hopdgRSimaly - hoc., {2)
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Table 1. SU(2),, U(1), SU(3), and electric charge assign-
ments of the various leptoguarks.

SU{2), i) §U(3), e
8, L 3 3 A
S 1 z 3 3
85 3 : 3 R R
o : :
R, 2 ; 43

and
Lpop= (g!LﬁiTZZL JrgiRE(fR)Sl + é;REIE'eRE; -+ gg;)ﬁi’r;’?i,r_ - 53 + fc.. (3)

The two picces correspond to the fermion number F = 0 for the leptoquarks B, and R,
and F' = =2 for §;, §; and §5. Colour indices are suppressed in writing eqs (2) and (3).
Of the various couplings in egs (2) and (3), those of §; and &, do not contribute to 7 and
¢ DEFs in the limit of massless neutrinos and b quark, and so we will not consider these.
Moreover, as we shall see, for a DFF to be nonzero, both left- and right-handed couplings
are required to be present. Thus, we find that since S3 has only left-handed coupling to
leptons, it does not contribute to the DFFs. We will therefore not consider Sy either.

The low-energy constraints arising from decays of pseudoscalar mesons are very
stringent, unless the leptoquark couplings to the tight quarks are chiral. Hence many
authors assume couplings to be either left-handed or right-handed. However, we are going
to consider only the third generation leptoquarks on whose couplings there are no strong
limits from meson decays. So we need not assume their couplings to be chiral. More
importantly, we need both left- and right-handed couplings to be present for the EDFF
and WDFT to be nonzero. I, however, the third generation leptoquarks mix substantially
with those of the first and second generations, the low-energy constraints would apply
more or less unchanged. We will therefore assume mixing to be absent.

While oniy one of the components of each leptoquark multiplets would contribute to
the form factors we calculate, it is important to note that the constraints we will use on the
leptoquark couplings and masses were derived assuming that leptoguarks within a
multiplet are degenerate [15,16, 17]. Though strict degeneracy is not required, these
authors were motivated to make this assumption to avoid conflict with the p parameter,
which is constrained to be close to 1 by LEP experiments [21]. These constraints were
also derfved under the assumption of chiral couplings for leptoquarks. However, in the
presence of both left-handed and right-handed couplings, the constraints are expected to
be somewhat more stringent. We have, however, chosen the constraints on left-handed
couplings for our analysis, since these are more stringent.

The couplings of leptoquarks to a single v or Z is given by

o ok
. s . T — Oisy
Lyz = —ie E b Oputpi | QAY — =L 7 (4)
K i Swlw
where ¢; are the various scalar fields, T3 and Q; are the respactive values of the third
component of weak isospin and electric charge, and ¢y = cos fy, sy = sinfy, Oy being

the weak mixing angle.
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We use the couplings written down in eqs (2), (3) and (4) to ohtain expressions for the
EDFF and WDFF of 7 and ¢ at the one-leop level in the next section.

3. Flectrie and weak dipole form factors

Using the leptoquark couplings described in the last section we shall look at the one-loop
corrections to the (7, Z) vertices. We use Cutkosky rules [22] to calculate the imaginary
part of the DFF and from this the real part is obtained using a dispersion relation. This
method has certain advantages over the standard method of calculating loop
contributions, particularly when the quantity of interest, in our case the DFL, is not
present at tree level. In such a case, the leop contribution has to be finite 1n a
renormalizable theory, and this gnarantees that the dispersion integral is convergent. Thus
one does not have to worry about cancellation of divergences between sets of diagrams.
Moreover, when one calculates the imaginary parts using the Cutkosky rules, the
intermediate states contain only physical, on-shell particles, thus doing away with the
need for unphysical scalars, ghosts, etc. Thus the number of diagrams to be handled is
less as compared to the standard method, as also the convergence of integrals is ensured.
Tn addition, dispersion integrals, when evaluated numerically, have better convergence as
compared to, for example the popular Passarino-Veltman method because of better
handling of particle thresholds.

3.1 EDFF and WDFEF of the lop quark

At one-loop level the diagrams giving rise to the correction to the {t{~, Z) coupling due to
the leptoquark are given in figure 1. We use the symbol ¢ for the generic leptoguark.

The lepton could be v, instead of T interacting with a leptoquark of different 73 and
values. However, as we shall see, the contribution to the CP-violating DFFs turns ouf to
be proportional to the mass of the virtual lepton because of chirality flip in scalar
couplings. In the limit of small v, mass, only the = coniribution is present.

t t

Figure 1. Feynman diagrams corresponding to one-loop cortection to the 17(y, Z)
vertex in the presence of a third generation leptoquark.
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We use Cutkosky rules to calculate the absorptive part of the process. This means
considering intermediate particles to be on shell and hence the conditions on the Y/ Z
bosen momentum ¢ for diagram in figure 1 are ¢* > 4m? and ¢* > 4my in case of 7 pair
production and feptoquark pair production respectively, where my is the leptoquark mass.
We calculate the vertex contribution coming from these two diagrams.

Using the couplings given in egs (2) and (3) we obtain the imaginary part of the top
quark EDFFF and WDFEF as

i

a5
Tmd (s) = é?;mTIm(a*b){—Fﬁ (s) + QFS ()Y,

2
3 egs
Imd? (5) =~ Im(a"
wd;(s) drrs sin By cos Gy melm{a’b)
% {3 (=1 +2sin® Oy ) Fi (5) + (T3 — Q@sin® 8y)FL(s)}, (5}
where
Fiis) oL {ﬁm . ML{m2 + m? — m?)
1 181‘2 7 Sﬁ( t ol T
2(m* - m? — m2) — 5(1 ~ -
x In ( ; - m;’,]) (1~ Afr) 9{.5‘—417:3), (6)
2(m; +mZ —mg) ~ s(1 + B3
and
1 1 g
Fiis :ﬁ;{,@,——m(szrmz —m? —m)
2( ) 6}_ @ Sﬁr 3 & T 2

- [z(mrz ~mi+ mﬁ,) — {1 — ﬁ:ﬁ(f»)] }B(S - 4_”%). (7

2(m? — m? + mi) —s{1 + £4,84)

In the above equation, T3 and O refer respectively to the third component of isospin and
charge of the feptoquark ¢, g, is the absolute value of the coupling constant, assuming
ler]==|gr] (and lhop|=1hag]) occurring in eqs (2) and (3), and @ and b are phase factors of
the corresponding vector and axial vector couplings. 7, 8, and 3y refer to the velocities
of £, 7 and ¢,

4m?
B =\ 1 — it | )

The expression in eq. (6) is valid for s > 4m?. Fi(s) for 2m, < \/s < 2m, is given by the
analytic continuation of eq. (6):

1
Fis) =— {ﬂT + - - {m? 4 mi —m?)

2
CALRRYE
% tan L( V= Pibes } }9(5 — dmZ)0(dm? — 5). {9

2Ry
1A ) — s
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The real parts of the form factors are obtained using an unsublracted dispersion relation

oo YL f ot
Red/*{s) = Pf Imd; *(5) 4, (10)
4

-
2 Ay 5

where P denotes the principal part of the integral.

Tt can be seen that the dispersion integrals are convergent and do not need any
subtraction. This is to be expected since the dipole form factors, which correspond to
dimension 5 operators, should be finite in a renormalizable theory.

3.2 EDFF and WDFF of the T lepton

The EDFF and WDEF of the tau lepton also arise in the same leptoquark theory from
diagrams exactly analogous to the ones in figure 1, with the roles of ¢ and 7 interchanged.
Proceeding exactly as in the previous section, we obtain expressions for the imaginary
parts of the tau lepton EDFF and WDFF, neglecting the b mass.

Imdl{s) = 3—:% m,Im(a.*b){ F(s) - (;)}

2
Im d”(s) = ww~#~~:jltf—g——m"*m,[rn(a*b) :
4qrs sin Oy cos Oy
1/1 4
% {7 (—2— - gsin2 9W> Fi(s) = (T3~ @ sin’ QW)FZT(S)}, {1

where
. I 1.2, 2 o
FI(,S)::B-2 ,5’,+EB:(mT+m¢fm()
2m2 +mt - m2 —s(1 - 3,6;)
1 O{s — dm* 12
x ln 2(]71% T Iﬂ,g’ — nld)) 5(1 T ’BFIBT) {S m_r): ( )
and

Fi{s) = {@b a (m —l~m zf—%)

22— m> +ms) — {1 — 5,0
x In (mz — ) = 5{1 = Brfy) s — ztmi). {13)
2m2 — mf +m) — s{1 -+ Brf3;)

Since both m, and m, are larger than m,, there is no domain whers an analytic
confinuation is needed.

As before, the real parts of the form factors are given by the unsubtracted dispersion
relations:

P Imd?(5)

REd:’Z(S) - T hapr S — 8
o dne E »

(14)

Tn the next section we will evaluate the real and imaginary parts of the ¢ and 7 form
factors numerically for different choices of masses and couplings of the leptoquarks.
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Using the experimental limits on the tau lepton DFFs we obtain bounds on the masses and
couplings of the leptoguarks.

4, MNumerical results

We use here the expressions of the previous section to get numericai values for the
various form factors. While we have analytic expressions for the imaginary parts, the real
parts, given by the dispersion integrals, have been evaluated by numerical integration.
To investigate how large the form factors can be, consistent with LEP constraints, we
have plotted the 7 and ¢ form factors as functions of /5. We have chosen m, = 180 GeV

1_5 T=T T T [ L2 e T T7T T r_ AL l T 1T T YT T"‘: 05
- - -1 0.4
i - Z
= I N | 03
o - o ]
E - gL ]
= L = - — 0.2
0.5 C h
- — Ve 01
) AR VIV I RS :...l...}l..‘fr..i“.:o
0 200 400 800 BOUD 1000 ¢ 200 400 800 800 1000
Vs Gev Vs GeV
Figure 2. Imaginary parts of the electric (figure on the left) and weak (figure on the
right} dipale form factors of 7 in units of 107'% ¢ cm as functions of c.m. energy +/5 for
the model with leptoquark Rs. Seolid, dashed and dash-dotted lines correspond to
leptoquark masses of 200, 250 and 500 GeV respectively. g s chosen to be 1,
1.5 —l T F i T 1T I T [ LI T l_ 7| T F T l T 1T 7T I T E LI IH 0,5
- - 0.4
s - : :
¥ 1 owE ER
& - £ B
= 1 = = —~ 0.2
G5 C -
3 I — o1
O —l 1.1 l Sl I.i i1 ! Lol ] § I : [ ' It l. ‘ 1 ’ | I} l i1 l: O
0 200 400 600 800 100G G 200 400 600 800 1000
Vs Gev Vs Gev

Higure 3. Imaginary parts of the electric (figure on the left) and weak {figure on the
right) dipole form factors of T in units of 107!* ¢ cm as functions of c.m. energy /s for
the model with leptoquark §;. Solid, dashed and dash-dotted lines correspond to
teptoquark masses of 200, 250 and 500 GeV respectively. g, is chosen to be 1.
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mode! with leptoquark Rp. Sclid, dashed and dash-dotted lses correspond to
leptoquark masses of 200, 250 and 500 GeV respectively. gy 15 chosen to be L.
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Figure 5. Real parts of the electric (figure on the left) and weak (figure on the right)
dipole form factors of 7 i units of 1078 ¢ e as functions of c.m. energy /s for the
model with leptoquark S;. Solid, dashed and dash-dotted lines comrespond to
leptoquark masses of 200, 250 and 500 GeV respectively. gy is chosen to be 1.

and a maximal value Im(a*b) = 1/2. We have considered three different leptoquark
masses, viz., 200, 250 and 500 GeV. g, is chosen to be 1. In all cases dipole form [actors
are smaller for higher leptoquark masses up to around ¢.m. energy ol 500GeV. This
dependence on leptoquark masses for a fixed /5 is as should be expected. For the
imaginary patts of the form factors, it is only on-shell intermediate states which
contribute. Hence, for given /5, heavier particles would contribute less — either because
of phase space suppression, or because of propagator effects. For fixed /s, the mass
dependence of even the real parts follows that of the imaginary part which comes in the
numerator of the dispersion integral. At higher energies dependence on the mass becomes
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Figure 6. Imaginary parts of the electric (figare on the left} and weak (figare on the
right} dipole form factors of the top quark in units of 10~'® gcm as functions of c.m.
energy +/5 for the model with leptoguark R,. Solid, dashed and dash-dotted lines
correspond to leptoguark masses of 200, 250 and 300 GeV respectively. g, is chosen
to be 1.
D tl 7 [ T F T TT 17 F T l'T— gl T | T l =T l LR L IA
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~0.01 : L i
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Figure 7. Imaginary parts of the electric {figure on the left) and weak (figure on the
right) dipele form factors of the top quark in units of 107" ecm as functions of c.m.
energy +/s for the model with leptoquark S). Solid, dashed and dash-dotted lines
correspond to leploquark masses of 200, 230 and 500 GeV respectively. gy is chosen
to be 1.

weaker than that at lower energies. This can be understood from the fact that there s no
longer phase-space suppression, and the mass-dependence of propagators is weak.

Among the leptoquarks belonging to the two representations considered, Rg (sec table
1 for quantum numbers) gives larger form factors than S;.

Figures 2 and 3 show the dependence of the imaginary parts of the 7 EDFF and WDFF
on the c.m. energy. Similarly, figures 4 and 5 show the dependence of the real parts. Since
the top quark mass is assumed to be 180GeV, there is a peak at 360 GeV. A similar
behavionr is seen at the leptoguark threshold. However, in the case of the WDFF for both
Ry and 5 leptoquarks, and in the case of EDFF for the §; Ieptoguark, the leptoquark
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Figure 8. Real parts of the electric (figure on the left) and weak (figure on the right)
dipole form factors of the top quark in units of 10718 g cm ag functions of c.m. energy
/s for the model with leptoquark Ry. Solid, dashed and dash-dotted lines correspond
to leptoquark masses of 200, 250 and 500 GeV respectively. gy is chosen to be 1.
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Figure 9. Real paris of the electric (figure on the l2ft) and weak (figure on the right)
dipole form factors of the top quark in units of 1018 ¢ cm as functions of ¢.m. encrgy
./ for the model with leptoquark S1. Solid, dashed and dash-dotted lines correspond
to leptoquark masses of 200, 250 and 500 GeV respectively. g, 1s chosen to be 1.

threshold effect is not so prominent becanse the relevant leptoquark charge is numerically
small. : :

Figures 6 and 7 show the variation of the imaginary part of the ¢ DFFs with c.m.
energy, and figures 8 and 9 show the corresponding curves for the real parts [23]. The
behaviour is similar to that in the tau case with peaks at v and leptoquark resonances. In
the case of the top quark form factors, it is interesting to observe the difference in signs,
especially of the WDFF, between the Ry and S, leptoguark models.

Tt is seen from the curves that in general, the Rp model gives larger values of the form
factors compared Lo the S; model. We therefore concentrate on the Ry model in what foliows.

At a fixed c.m. energy the form factors are functions of two parameters — the mass and
the coupling of the leptoquark considered. From an assumed value of the form factor it is
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Figure 10. Contours ir: the mass-coupling plane for different values of imaginary
parts of EDFF (left) and WDFF (right) of 7 for the R, model. Dotted, dashed and long
dashed ines correspond to DFF vatues of 1077, 10718 and 10~ e cm, respectively, A
c.m. energy of 500 GeV is assumed.
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Figure 11.  Contours in the mass-coupling plane for different values of the real parts
of EDFF (left) and WDFF (right) of .7 for the R, model. Types of lines and -
corresponding DFF values are the same as those in figure 10 except that the dash-
dotted line corresponds to a DFF value of 10?0 ¢ cm. and the solid curve corresponds
to the experimental bounds on the dipole moments, which are d7 == 5 x 10~'7 gem,
Red? = 5.6 x 1075 ecm. EDFF values are at a c.m. energy of 4 GeV while WDFF
values are at 91,18 GeV. Top-quark mass is taken to be 180 GeV in all cases.

possible to gel contours in the plane of the mass and coupling constant of the leptoquark.
Contours in the mass-coupling plane for the doublet R; leptoquark model are given for
different values of tau lepton DFF’s in figures 10 and 11. The validity of perturbation
theory allows values of coupling g, < 4n. In the case of the tau lepton we have
considered the present experimental limits on the dipole moments.

Figure 11 shows the ailowed region in the my — &4 plane which lies below the solid
line #f we consider the present experimental lirait on the tau electric dipole moment. No
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Figure 12. Contours in the mass-coupling plane for the Ry leptoquark model. The
solid line represents the limits from the one-loop calculation by Ebol [17} while the
other curves correspond to different values of the real part of the tau EDFR Top-guark
mass of 175 GeV is assumed. The c.m. energy used is 500 GeV.

value of my or g is completely excluded. However, it is possible that future experiments
may give more stringent limits on dipole form factors which may put upper bounds on the
coupling or lower bounds on the mass.

As mentioned before, LEP results on Z partial widths have been used to obtain
constraints on masses and couplings for third-generation leptoquarks [15-17}. We have
chosen Eboli’s [17] limits to compare with the constraints we get from the dipole
form factors. The other limits would give similar results. Figure 12 shows contours
for different values of the real part of the electric dipole form factor of 7 along with the
limit. obtained by Eboli [17] in the my — gs plane. To accommodate their limits we have
to restrict the electric dipole form factors of 7 to he smaller than zbout 10 ¥ ecm. A
simifar analysis shows that the weak dipole form factors must be smaller than about
107 % ecm.

The best limit on my, and g, obtainable from the experimental limits on form factors is
that from the real part of the weak dipole moment of the tau lepton, and we use that limit
i what follows, :

In the case of top quartk there are no experimental limits. From the constraints obtained
on the mass and the coupling from the experimental bound on the real part of the tau
WDFEF, figures 13 and 14 show thal the top quark can have values for the imaginary past
of the EDFF as high as 107" ¢ cm except for a small mass range {~ 250-300 GeV). The
imaginary part of the weak dipole form factor of the top quark is allowed to be almost as
high as 107 ecm. We get more or less the same limits for the real part of both the
electric and the weak dipole form factors.
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Figure 13. Contours in the mass-coupling plane for different values of imaginary
pasis of the top EDFF (the figure on the left) and WDFEF (the figure on the right).
Dotted, dashed, tong dashed, dash-dotted and long dash-dotted lines correspond to
DFF values of 1078, 1079, 1072, 107!, and 10~%* ¢ cm respectively. The solid curve
corresponds fo the experimental bound on the real part of the weak dipole moment of
7,56 x 107 ¥ ecm. A c.m. energy of 500GeV and a top-quark mass of 180 GeV are

assomed.
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Figure 34, Similar to figure 13 but with contours from the real part of DFFs. The
sofid lines are the same as in figure 12,

Again, 10 accommodate constraiuts on the masses and couplings from Eboli’s result we
have to have electric dipole form factors of the order of 1072 ecm or less and weak
dipole form factors of the order of 107 ¢ em or lese.

8. Conclusions

We have analyzed top and tau electric and weak dipole tform factors in models with scalar
leptoguarks of weak tsopin G, 4 and 1. We caleulaie form factors for different values of
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/5. In general, for leptoquark couplings in the perturbative region and masses allowed by
direct experimental searches, large EDFF and WDFF values for both top and tan are
possible. In case of the top, the values can be as high as 107> ecm, whereas tau form
factors can be of the order of 107'% ¢ cm. The values of form factors are larger for the case
of weak isosopin % and we have therefore concentrated on that case.

We also obtain contours in the mass-coupling plane corresponding to fixed values
of form factors for a given /5, and use the experimental limits from LEP on the tau
form factors to obtain the allowed region in the plane. This gives constrainis on the
top form factors. For most of the range of couplings and leptoquark mass, EDFF of
the top can be as large as 107" ecm, and the WDFF can be as large as 107 % e em.
We have also used the indirect constraints on the mass and coupling of scalar lepto-
quarks derived from LEP measurements of the one-loop coniribution of leptequarks to
the 7 partial decay widths. These constraints are more siringent, and do not permit
tau EDEF above about 10~ ¢ cm and tau WDFF above about 1072% ¢ cm. The corres-
ponding upper bounds on the top EDFF and WDFF are, respectively, 1072 ecm and
10~% 2 cm. :

We thus conclude that though large dipole form factors are allowed in the scalar
leptoquark model with parameter values consistent with direct experimental constraints,
the indirect constraints from one-loop contributions to Z decay parameters seem Lo permit
only values of form factors which lie below the range likely to be explored in experiments
in the foreseeable future.

This, however, does not rule out discovery and observation of other properties of third-
generation leptoquarks at linear e™e™ colliders, if they are not already seen at hadron
colliders tike Tevatron and LHC. The reason is that the leptoquarks can be pair produced
through virtual v and Z, and would decay with branching ratio of order unity into third
generation guark-lepton pair. '

It would be interesting to investigate the one-loop contribution of the third-generation
leptoquarks to CP violation in the decay ¢ —» bW.

Finally, we end with a few comments on comparison of our work with other recent
work on DFF in third-generation leptoquark models [6, 7], Mahanta [6] has estimated the
+ EDFF and has reached the conclusion that it can be as high as 107 e cm for a choice of
g4 and my consistent with experimental constraints. He does not discuss the mementum
dependence of DFFs. Berareuther ¢t al [7] have obtained the /5 dependence of the DFFs
of 7. Our resulls are in agreement with theirs when an overail scale ervor in their curves is
talken into account [241. Neither [6] nor [7] discuss DFFs of both ¢ and 7 in & concerted
mannei a8 we have done here.
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