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Implications of LEP and SLD data for new physics in Zbb̄ couplings
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The combined CERN LEP and SLAC Large Detector~SLD! data on thebb̄ forward-backward asymmetry

from theZ-pole measurements may imply the presence of new physics in theZbb̄ couplings. In general, the
effect of new physics can be parametrized bySUC(3)3SUL(2)3UY(1) invariant higher dimensional opera-
tors. By fitting the recently announced LEP and SLD data onAb andRb , the size of the coupling strengths of
these operators can be determined. We also found that the new physics operators can be divided into two types,
depending on their Higgs field content. The ones involving the Higgs field have very mild effects at higher
energy colliders, while the other type which do not contain the Higgs field can show significantly large effects

on bb̄ production at LEP II,t t̄ production at the NLC and single top quark production at the Fermilab
Tevatron. The preliminary data from the LEP II measurements disfavor the second type of operators.

PACS number~s!: 12.60.Cn, 14.65.Ha, 14.70.Hp
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I. INTRODUCTION

The continuing agreement between experimental data
theoretical predictions on almost all the electroweak va
ables has further solidified the standard model~SM!. How-
ever, there are signs of perhaps something non-standard
the investigation of non-electroweak variables and the in
cation of the possibilities of new physics from electrowe
variables themselves as well. On the one hand, the accu
lative and, especially, the recent data on neutrino oscillati
have strongly suggested the fact of finite neutrino masses@1#
and, therefore, the SM has to be modified. On the other h
the Z-pole measurements at the CERNe1e2 collider LEP
and SLAC Large Detector~SLD! on the bb̄ forward-
backward asymmetry give a value ofAb5@gL

2(b)
2gR

2(b)#/@gL
2(b)1gR

2(b)# which deviates from the SM pre
diction by 2.7s @2#. If this Ab anomaly is not a statistical o
systematic effect, it signals the presence of new physic
association with theZbb̄ coupling. Meanwhile, the experi
mental value of the related quantityRb5G(Z→bb̄)/G(Z
→hadrons), after showing a deviation from the SM value
a few years, now agrees well with the SM prediction@2#. To
explain the current experimental values of bothAb andRb ,
the required new physics contribution has to shift the le
and right-handedZbb̄ couplings by;21% and;130%,
respectively@3,4#. Recently efforts have been made in e
ploring the Ab anomaly, either in explaining the effect i
specified models@4,5# or in examining its implications for
low energy decay processes@6#. The popular low energy
supersymmetry~SUSY! and the models in which the thir
generation feels a different gauge dynamics from the us
weak interaction cannot yield such large anomalousZbRb̄R
coupling, as shown in@7# and@8#, respectively. These studie
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are focused on the theme that has emerged since the dis
ery of the heavy top quark, that new physics is most like
related to the gauge symmetry breaking sector and, there
may affect the interactions of the third family quarks mo
significantly.

From the overwhelming success of the SM at the el
troweak scale, one can conclude that the underlying the
of the new physics can openly manifest only at a high
energy scale. One can envisage that in the scheme of a la
symmetry that encompasses the new physics, after integ
ing out the heavy degrees of freedom which lie outside
SM spectrum, higher dimensional terms will be present
energies not too far above the electroweak scale and the
duced effective terms should preserve the basic SM st
ture. Then the new physics effects on theZbb̄ couplings can
be parametrized by a set of higher dimensional opera
@9,10# which areSUC(3)3SUL(2)3UY(1) symmetric be-
fore the electroweak symmetry breaking becomes expl
From the above argument we see that before the electrow
symmetry breaking, theZbb̄ part of the effective Lagrangian
can take the general form

L Zbb̄
e f f

5L Zbb̄
SM

1
1

L2 (
i

CiOi1OS 1

L4D ~1!

whereL Zbb̄
SM is the SM part,L is the new physics scale,Oi

are dimension-6 SM gauge invariant operators, andCi are
constants which represent the coupling strengths ofOi . We
have assumed that operators of higher dimensions than 6
suppressed by powers of 1/L2, so Eq.~1! is a quite general
parametrization of new physics.
©2000 The American Physical Society07-1
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Since there are many possible higher dimensional op
tors Oi , it is important to use various experimental data
constrain the operator form in order to narrow down the
rections of the underlying theory. Because the operatorOi
can contribute to several vertices afterSUL(2)3UY(1) sym-
metry breaking, these operators can contribute to and
show correlated effects on several different physical obs
ables. It will become clear later that the new physics effe
required to explainAb will also show up in other observ
ables, such asbb̄ production at LEP II,t t̄ production at the
Next Linear Collider~NLC!, andtb̄ production at the Teva
tron. These effects help to distinguish the possible oper
forms required.

This article is organized as follows. In Sec. II we list th
contributing dimension-6 operators and derive their indu
vertices. In Sec. III we constrain the coupling strengths of
operators using the LEP and SLDZ-pole Zbb̄ data. In Sec.
IV we investigate the correlated effects of these operator
LEP II, the NLC, and the Tevatron. In Sec. V we present o
discussions and the conclusion.

II. OPERATORS AND THEIR INDUCED VERTICES

AssumingCP conservation and ignoring those operato
which only lead to anomalous dipole-moment couplin
which are suppressed, we have two dimension-6 gauge
variant operators which give rise to anomalous right-han
Zbb̄ coupling @9#,

ObB5@ b̄RgmDnbR1DnbRgmbR#Bmn , ~2!

OFb5 i @F†DmF2~DmF!†F#b̄RgmbR , ~3!

and four operators affecting the left-handedZbLb̄L coupling,

OqW5F q̄Lgm
s I

2
DnqL1DnqLgm

s I

2
qLGWmn

I , ~4!

OqB5@ q̄LgmDnqL1DnqLgmqL#Bmn , ~5!

OFq
(1)5 i @F†DmF2~DmF!†F#q̄LgmqL , ~6!

OFq
(3)5 i FF†

s I

2
DmF2~DmF!†

s I

2
FG q̄Lgm

s I

2
qL .

~7!

At the order ofCi /L2, the contributions toRb andAb from
those operators that only lead to anomalous dipole-mom
couplings forZbb̄ are suppressed by a factormb /mZ relative
to the contributions of the operators we are considering.
have used the conventional notation:qL5(tL ,bL) is SUL(2)
doublet of the third family of quarks,F the Higgs boson
doublet,Bm the UY(1) gauge field andBmn5]mBn2]nBm ,
Wm

I (I 51,2,3) are theSUL(2) gauge fields,Wmn
I 5]mWn

I

2]nWm
I 1g2e IJKWm

J Wn
K , ands I are the Pauli matrices.

After the electroweak symmetry breaking each opera
can give rise to a set of vertices which may affect more th
one electroweak observable involving the bottom quark
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lead to correlated effects among these observables. The
right-handed operators,ObB and OFb in Eqs. ~2! and ~3!,
will give rise to anomalousZbRb̄R and gbRb̄R couplings.
The four left-handed operators given in Eqs.~4!–~7! also
involve the top quark and therefore will contribute to bo
bottom quark and top quark anomalous couplings. The c
related effects of these operators at the various colliders
depicted in Fig. 1.

Denoting theV0qq̄ (V05Z,g;q5t,b) and Wtb̄ vertices
by

GV0qq̄
m

52 iegVgm@PL~gL
V1dgL

V!1PR~gR
V1dgR

V!#, ~8!

GWtb̄
m

52 i
g

A2
gmPL~11dgL

W!, ~9!

the SM couplings aregL
V , gR

V , andgL
W , while the anomalous

couplings are denoted bydgL
V , dgR

V and dgL
W . Here PL,R

5(17g5)/2, gg51, gZ51/(4sWcW) with sW[sinuW and
cW[cosuW. The SM couplings are given bygL

g(q)5gR
g(q)

5eq , gL
Z(q)54I q

324sW
2 eq andgR

Z(q)524sW
2 eq with eq be-

ing the electric charge of the quark in units ofe and I q
35

61/2, the weak isospin component. The new physics con
butions todgR

V from the right-handed operators are given
Table I, and those todgL

V and dgL
W from the left-handed

FIG. 1. The diagrams showing the correlated effects of n

physics inZbb̄ couplings.
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operators in Table II. The three operators,ObB , OqW and
OqB , induce momentum dependent anomalous couplin
and, therefore, their effects will generally be enhanced
higher energy processes.

It should be pointed out that there are no contributio
from anomaloustR couplings in the present consideration
The reason is that the operators which contribute to thetR
coupling are of the form of the operators given in Eqs.~2!
and ~3!, bR replaced bytR , and do not involve the bottom
quark; we therefore ignore all these operators.

III. CONSTRAINTS FROM THE Z-POLE DATA

The non-standard contributions toRb andAb at theZ pole
from the anomalous couplings in Eq.~8! can be written as

dRb52Rb
SM~12Rb

SM!FgL
Z~b!dgL

Z~b!1gR
Z~b!dgR

Z~b!

@gL
Z~b!#21@gR

Z~b!#2 G ,

~10!

dAb52Ab
SMFgL

Z~b!dgL
Z~b!2gR

Z~b!dgR
Z~b!

@gL
Z~b!#22@gR

Z~b!#2

2
gL

Z~b!dgL
Z~b!1gR

Z~b!dgR
Z~b!

@gL
Z~b!#21@gR

Z~b!#2 G . ~11!

Here we only keep the lowest order effects of new phys
i.e., O(Ci /L2), which is the interference of new physic
terms with the SM contributions, and neglect the interfere
terms proportional tomb /mZ . The SM values ofRb

SM and
Ab

SM are taken to be@3#

Rb
SM50.215860.0002, Ab

SM50.934760.0001, ~12!

which are the predictions in the SM including radiative co
rections. The anomalous couplingsdgL

Z(b) and dgR
Z(b) in

Eqs.~10! and~11! are obtained from Tables I and II with th
Z boson being on mass shell (k25mZ

2).
The experimental values forAb andRb reported in@2# are

Rb
expt~LEP1SLD!50.2164260.00073, ~13!

TABLE I. The anomalous couplings induced by right-hand
operators.k is the momentum of the corresponding vector boso

ObB OFb

dgR
Z(b) 4sW

2 cW

e

k2

L2
CbB 2

4sWcW

e

vmZ

L2
CFb

dgR
g(b)

2
cW

e

k2

L2
CbB

0

dgR
g(t) 0 0

dgR
g(t) 0 0
07500
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Ab
expt~LEP!50.88160.020,

~14!
Ab

expt~SLD!50.90560.026,

where the LEP value ofAb is obtained from the measure
quantitiesAFB(b)5 3

4 AeAb using Ae50.149660.0016, the
combined average ofAe from LEP and SLD. The combined
value of Ab from LEP and SLD is then given by
Ab

expt(LEP1SLD)50.890260.0158, which is 2.8s below

the SM prediction. To fit the data on bothRb andAb theZbb̄
couplings are required to be@4# gL

Z(b)/4520.4163
60.0020 andgR

Z(b)/450.099660.0076. Comparing with
the SM values @11# gL

Z(b)/4520.4208 and gR
Z(b)/4

50.0774, obtained by including radiative corrections a
taking mt5174 GeV andmH5100 GeV, we find that new
physics effects are needed in bothZbRb̄R andZbLb̄L , which
indicates both right- and left-handed higher dimension ope
tors are necessary. If we use only one right- and one l
handed operator at a time to obtain the required modifi
tions to theZbRb̄R and ZbLb̄L couplings, we obtain the
ranges of strengths of the operators at the 1s (2s) level:

2.72 ~1.30!&
uCbBu

~L/TeV!2
&5.54 ~6.96!,

~15!

0.48 ~0.23!&
uCFbu

~L/TeV!2
&0.99 ~1.24!,

0.51 ~0.10!&
uCqWu

~L/TeV!2
&1.33 ~1.73!,

~16!

0.47 ~0.09!&
uCqBu

~L/TeV!2
&1.21 ~1.58!,

0.08 ~0.02!&
uCFq

(1)u

~L/TeV!2
&0.22 ~0.28!,

~17!

0.08 ~0.02!&
uCFq

(3)u

~L/TeV!2
&0.22 ~0.28!.

Apart from the limits that can be obtained from the ele
troweak variables the strengths of the operators can als
constrained by the partial wave unitarity condition of t
appropriate 2-to-2 scattering processesbb̄↔bb̄, bb̄↔t t̄ and
t t̄↔t t̄ , which involve the helicity channelsb1b̄2 , b2b̄1 ,
t1 t̄ 2 and t2 t̄ 1 , with 1 and2 denoting positive and nega
tive helicities@13#. For the three operators,ObB , OqW , and
OqB , which give rise to momentum dependent couplings,
unitarity constraints are found to be significant@13#, and are
given by

uCbBu

L2
,

A8p

s
, ~18!
7-3
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TABLE II. The anomalous couplings induced by left-handed operators.k is the momentum of the corre
sponding vector boson.

OqW OqB OFq
(1) OFq

(3)

dgL
Z(b)

2sWcW
2

e

k2

L2
CqW

4sW
2 cW

e

k2

L2
CqB 2

4sWcW

e

vmZ

L2
CFq

(1) 2
4sWcW

e

vmZ

L2
CFq

(3)

dgL
g(b)

sW

2e

k2

L2
CqW 2

cW

e

k2

L2
CqB

0 0

dgL
Z(t) 2

2sWcW
2

e

k2

L2
CqW

4sW
2 cW

e

k2

L2
CqB 2

4sWcW

e

vmZ

L2
CFq

(1)
4sWcW

e

vmZ

L2
CFq

(3)

dgL
g(t) 2

sW

2e

k2

L2
CqW 2

cW

e

k2

L2
CqB

0 0

dgL
W

2
sW

e

k2

L2
CqW

0 0
v2

L2
CFq

(3)
a
fo
ne
e

-

hr
e.

for
uCqWu

L2
,

A4p

s
, ~19!

and

uCqBu

L2
,

A4p

s
. ~20!

Heres is the center-of-mass energy squared for the relev
process. Requiring the unitarity condition to be satisfied
the processes with center-of-mass energy up to the
physics scale, i.e.,As'L, we obtain the upper limits on th
coupling strengths, which areuCbBu,A8p, uCqWu,A4p,
and uCqBu,A4p. They imply that to give the minimal con
tribution required by theAb and Rb data the new physics
scale cannot be too high. The 1s (2s) upper bounds are
found to be

L&1.4~2.0! TeV ~ for ObB!, ~21!

L&2.6~5.9! TeV ~ for OqW!, ~22!

and

L&2.8~6.2! TeV ~ for OqB!. ~23!

The upper bounds on the new physics scales for the t
momentum-independent operators are much weaker,
L&10 ~14! TeV at the 1s ~2s! level for the operatorOFb .

IV. CORRELATED EFFECTS AT LEP II, THE NLC AND
THE TEVATRON

The anomalous couplings in Eqs.~8! and~9! also contrib-
ute to the production cross sections fore1e2→Z* , g*
→qq̄ (q5b,t) andud̄→W* →tb̄ as follows:
07500
nt
r
w

ee
g.,

ds~e1e2→qq̄!5
3

2
bqH Dggee

2@~32bq
2!eq~dgL

g1dgR
g !#

1DZZ~ve
21ae

2!@~32bq
2!vq~dgL

Z1dgR
Z!

12bq
2aq~dgL

Z2dgR
Z!#1DZgeeve

3F32bq
2

2
@eq~dgL

Z1dgR
Z!

1vq~dgL
g1dgR

g !#1bq
2aq~dgL

g2dgR
g !G J
~24!

and

dŝ~ud̄→tb̄!5
g4

384p

~ ŝ2mt
2!2

ŝ2~ ŝ2mW
2 !2

@2~2ŝ1mt
2!dgL

W#.

~25!

Here s and ŝ are the squared center-of-mass energies
e1e2→qq̄ and ud̄→tb̄, respectively.v f and af represent,
respectively, the vector and axial-vectorZ f f̄ couplings in the
SM, i.e., v f[(gL

Z1gR
Z)/2 and af[(gL

Z2gR
Z)/2. In Eq. ~24!

we have defined

bq5A124mq
2/s, ~26!

Dgg5
4pa2~s!

3s
, ~27!

DZZ5
GF

2

96p

smZ
4

~s2mZ
2!21~sGZ /mZ!2

,

~28!

and
7-4
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DZg5
GFa~s!

3A2

mZ
2~s2mZ

2!

~s2mZ
2!21~sGZ /mZ!2

.

~29!

The anomalous contribution to Rb[s(e1e2

→bb̄)/s(e1e2→qq̄) and the forward-backward asymmet
to
is

a

e
ga
q
ir
o

io
-

re

b-

r

I

s

07500
AFB
b at LEP II are given by

dRb

Rb
SM

5~12Rb
SM!

ds~e1e2→bb̄!

sSM~e1e2→bb̄!
~30!

and
dAFB
b

AFB
b, SM

5
DZgeeae~ebdgL

Z2ebdgR
Z1gL

ZdgL
g2gR

ZdgR
g !14DZZveae~gL

ZdgL
Z2gR

ZdgR
Z!

2DZgeeaeebab18DZZaevevbab
2

ds~e1e2→bb̄!

sSM~e1e2→bb̄!
. ~31!
of
ft-

or

he
or
r

tor
P

n-

f

ted
is
the

, it
uc-

sed

d-
The total hadronic cross section forpp̄→tb̄1X is evaluated
by the convolution of the parton cross section and par
distribution functions. Here we use the CTEQ3L parton d

tribution functions@12# with m5Aŝ. The top quark mass is
taken to be 175 GeV. The values of the other parameters
taken to be

mZ591.187, mW580.33, GF51.1663931025 GeV22

anda51/128.
Since the existence of both new right- and left-hand

operators is necessary to explain the LEP I data, we a
assume that only one pair of the operators given in E
~2!–~7! contributes at a time in obtaining the limits on the
contributions. Subject to the limits derived from the data
Ab and Rb , their effect onRb and AFB

b at LEP II, the t t̄
production rate at the NLC, and the single top product
cross sections(pp̄→tb̄1X) at the Tevatron can be evalu
ated. These effects are summarized in Table III.

A few remarks regarding to the results in Table III a
appropriate:

~a! The right-handed operatorObB has large effects onRb

andAFB
b at LEP II due to two reasons: One is that it contri

utes to theg* bRb̄R coupling and theg* intermediate state
gives the dominant contribution tos(e1e2→bb̄) at LEP II.
The other is that the effects ofObB are enhanced by a facto
s/mZ

2 , which is 4.3 forAs5189 GeV at LEP II, due to its
momentum dependent couplings. The preliminary LEP
data atAs5189 GeV give@14#

Rb
expt50.16760.011~stat!60.008~syst!, Rb

SM50.162,
~32!

AFB
b,expt50.6860.21~stat!60.04~syst!, AFB

b, SM50.56.
~33!

Note the large statistical error inAFB
b,expt. At the 1s ~2s! level

the new physics effects are limited to the following range

25%~214%!&
dRb

Rb
SM

&11% ~20%!, ~34!
n
-

re

d
in
s.

n

n

I

:

217%~255%!&
dAFB

b

AFB
b, SM

&60% ~98%!. ~35!

From Table III we see that the minimum contributions
ObB , when it is used together with any one of the le
handed operators, lie outside the allowed ranges in Eqs.~34!
and ~35! at the 1s level. Hence the right-handed operat
ObB is disfavored unless the central values of bothRb

expt and
AFB

b,expt are modified in the refined LEP II data analysis. T
operatorOFb , which is neither momentum dependent n
contributes to theg* bRb̄R coupling, makes much smalle
contributions toRb and AFB

b at LEP II. As shown in Table
III, when OFb is used together with a left-handed opera
the deviation from the SM is allowed by the preliminary LE
II data.

~b! The left-handed operator,OqW , when used to fit the
anomalousZbLb̄L coupling at theZ pole, can give rise to a
sizable effect in the cross section forpp̄→tb̄1X at the Fer-
milab Tevatron because its effect onW* tb̄ is enhanced by a

factor ŝ/mZ
2 (Aŝ is the center-of-mass energy of the parto

level processud̄→tb̄). Moreover, bothOqW and OqB can
cause large effects in the production rate oft t̄ pairs at the
NLC because their anomalousg* tL t̄ L coupling is enhanced
by a factors/mZ

2'30 for As5500 GeV at the NLC. Note
that the effect ofOqB is about a factor of 2 larger than that o
OqW .

~c! Because of the clean environment and anticipa
large number of the top quark pair events at the NLC, it
possible to measure the top quark pair production rate at
level of a few percent@15#. So thet t̄ production rate de-
crease caused byOqW (OqB), with the minimum 2s limit of
3.7% ~7.2%!, should be observable at the 2s level. In con-
trast, as a result of the backgrounds at hadron colliders
will be challenging to measure the single top quark prod
tion rate at the level of a few percent@16# at the Tevatron.
The decrease of the single top quark production rate cau
by OqW , with the minimum 1s(2s) limit of 15% ~3%!,
should be observable at the 1s level, but probably not at the
2s level. A detailed Monte Carlo analysis, with the consi
eration of all possible backgrounds, showed@17# that the
7-5
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TABLE III. The ranges of correlated effects which are required by the data onAb andRb at theZ-pole.
No contributions are indicated by ‘‘2.’’

LEP II ~189 GeV! NLC ~500 GeV! Tevatron~2 TeV!

dRb

Rb
SM

~%!
dAFB

b

AFB
b,SM

~%!
ds~e1e2→tt̄!

sSM~e1e2→tt̄!
~%!

ds~PP̄→tb̄1X!

sSM~PP̄→tb̄1X!
~%!

ObB , OqW 1s 17;33 232;265 219;248 215;239
2s 9.4;41 215;281 23.7;263 23.0;251

ObB , OqB 1s 21;44 236;277 236;293 2

2s 10;55 216;298 27.2;2122 2

ObB , OFq
(1) 1s 21;42 231;264 0.2;0.5 2

2s 10;52 215;281 0.04;0.7 2

ObB , OFq
(3) 1s 21;42 231;264 20.2;20.5 21.0;22.6

2s 10;52 215;281 20.04;20.7 20.2;23.4

OFb , OqW 1s 23.2;28.8 22.7;25.8 219;248 215;239
2s 20.4;212 21.2;27.4 23.7;263 23.0;251

OFb , OqB 1s 0.8;1.7 27.5;218 236;293 2

2s 0.4;2.2 22.1;224 27.2;2122 2

OFb , OFq
(1) 1s 0.04;20.3 22.6;25.5 0.2;0.5 2

2s 0.2;20.5 21.1;26.9 0.04;0.7 2

OFb , OFq
(3) 1s 0.04;20.3 22.6;25.5 20.2;20.5 21.0;22.6

2s 0.2;20.5 21.1;26.9 20.04;20.7 20.2;23.4
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effects ofOqW on the single top quark production rate a
observable at run 3 or run 2b~30 fb21 luminosity! at the 2s
level for CqW /(L/TeV)2*0.5. Consequently, the effects o
OqW , with coupling strength in the 2s range, 1.73
*CqW /(L/TeV)2*0.1 in Eq.~16!, will only marginally be
observable in run 3 or run 2b at the Tevatron.

~d! Among the left-handed operators the two operat
that involve the Higgs field,OFq

(1) andOFq
(3) , together with the

right-handed operator,OFb , which also involves the Higgs
field, indeed, do provide the required contribution toZbLb̄L
coupling but cause only small effects at LEP II, the NL
and the upgraded Tevatron; only a few percent devia
from the SM in theb forward-backward asymmetry at LE
II.

V. DISCUSSION AND CONCLUSION

We have examined in some detail the possibility of n
physics, characterized by higher dimension operators, if
current data on theZbb̄ couplings at theZ pole are taken
literally. The dimension-6 operators we considered consis
two right-handed operators and four left-handed ones. B
the right- and left-handed operators are needed to explain
data. We also examined the effects of the eight pairs of
erator at high energy colliders, LEP II, NLC, and upgrad
Tevatron. Since the operators have sufficiently different
haviors at these higher energy colliders, their effects
mostly be distinguished, as can be seen from Table III.
particular, the preliminary LEP II data disfavor four pairs
07500
s

,
n

e

of
th
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p-
d
-
n
n

these operators, all of which involve the right-handed ope
tor ObB .

The four pairs which contain the operatorOFb also be-
have differently. The pairOFb and OqW has only small ef-
fects ondRb anddAFB

b but observable effects ont t̄ produc-
tion at the NLC and single top quark production at t
upgraded Tevatron. The pairOFb andOqB has a strong ef-
fect ont t̄ production at the NLC, and an observable effect
dAFB

b , but a negligible effect ondRb and no observable ef
fects at the Tevatron.

The remaining two pairs,OFb , OFq
(1) andOFb ,OFq

(3) , have
very little effect on the high energy quantities under cons
eration, except for a few percent deviation from the SM
AFB

b . However, since these operators all contain the Hig
field and, therefore, are related to the symmetry break
sector, they may well have something to do with new ph
ics; at least, our analysis indicates they are the most lik
suspects. TheHt t̄ production at the NLC,e1e2→t t̄H and
e1e2→bb̄H, are useful processes for detecting their ex
tence, as these operators can induce anomalous four-p
couplings:Zt t̄H andZbb̄H. However, the production rate
for such processes depend on the Higgs boson mass, w
awaits discover.

In our analyses we have considered one pair of right-
left-handed operators at a time. If the two right-handed
eratorsObB and OFb are considered together,CbB will be
strongly constrained by the LEP II data for the reasons d
cussed in remark~a! of the previous section. Then the effec
7-6



iv

th
he
d
he

e

w

e
ld

p

he
c

e,
rgy,
E-
02-
nt

K.
sin

IMPLICATIONS OF LEP AND SLD DATA FOR NEW . . . PHYSICAL REVIEW D61 075007
of ObB on the LEP I observables will be suppressed relat
to these ofOFb . ThusOFb will remain to explain the LEP I
data and our previous conclusion thatOFb is the favored
candidate for the right-handed new physics operator in
Zbb̄ couplings is not changed. Similarly, if we consider t
four left-handed operators together we can obtain a boun
a linear combination of their coupling coefficients from t
LEP I data. From top quark pair production at the NLC w
can distinguishOqW and OqB from the other two. From
single top quark production at the upgraded Tevatron
might also be able to single outOqW . However, it will be
difficult to distinguishOFq

(1) from OFq
(3) .

In conclusion, if new physics effects exist in theZbb̄
vertex, as indicated by the current measurements at thZ
pole, then~1! the responsible right-handed operator cou
only beOFb , to be consistent with the LEP II data,~2! the
responsible left-handed operators can be distinguished
measuringt t̄ production rate at the NLC and single to
a
e
lla
-

e-
-

, f
P
H

-
e-

,
a

,
-

07500
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by

quark production at the Tevatron, and~3! it is most likely

that any new physics inZbb̄ couplings will involve the
Higgs sector.
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