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AFB
b and Rb at CERN LEP and new right-handed gauge bosons
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We explore models with additional right-handed gauge bosons that couple predominantly to the third gen-
eration in the context ofbb̄ production at CERN LEP. In particular we investigate potential new contributions
to dgRb that are needed if the measuredAFB

b at theZ peak is interpreted as a signal of new physics. We identify
two sources of largedgRb corrections:Z2Z8 mixing at the tree level, and one-loop effects from a newSUR(2)
triplet of gauge bosons. We find that the latter can contribute todgRb at the 1% level. We place bounds on the
mass of the additionalZ8 gauge boson that occurs in these models using theRb measurements from LEP-II. We
find that even in cases where theZ8 couples almost exclusively to theb andt quarks, masses lighter than about
500 GeV are already excluded.
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I. INTRODUCTION

The precision measurements at theZ resonance continue
to exhibit a deviation from the standard model in the obse
able AFB

b by about23.2 standard deviations@1,2#. At the
same timeRb deviates from the standard model by only 1
standard deviations@2#. It has been pointed out by Chano
witz @3,4# that the deviation inAFB

b presents a problem fo
the standard model whether it is genuine or not. In particu
Chanowitz argues that if the anomaly inAFB

b is attributed to
systematic error and dropped from the CERNe1e2 LEP fits,
then the indirect determination of the Higgs boson mass i
conflict with the direct limit@3,4#. One possible interpreta
tion of this result is that there is new physics associated w
the Zbb̄ couplings, and we explore this possibility in th
context of non-universal right-handed interactions.

We adopt the following notation for the effective co
plings between theZ boson and theb and t quarks:

L52
g

2cosuW
f̄ gm@~gL f1dgL f !PL1~gR f1dgR f!PR# f Zm ,

~1!

with PL,R5(17g5)/2, and tree-level standard model co
plings gL f and gR f as in the Appendix. In terms of thes
effective couplings, the results in Ref.@1# suggest that new
physics could be responsible for as much asdgRb;0.04,
dgLb;0.004 . At the same time, new physics contributio
to thet-lepton couplings are constrained to be at most at
0.001 level.

Several discussions of new physics effects regardingAFB
b

or Rb have appeared in the literature. Among them are li
supersymmetry partners@5# quark mixing with new fermions
@6–9# top-color @10–12# top-flavor @13–16# and non-
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universal left-right models@17#. Our goal in this paper is to
extend our results in Ref.@17# by computing the dominan
one-loop effects todgRb , and by using the LEP-II data on
e1e2→bb̄ to constrain the mass of the new gauge boso

In the standard model the one-loop corrections todgLb

that are proportional toMt
2 are'0.006@18#. We can use this

result as a benchmark fordgRb from new physics, suggestin
that if it is to occur at one-loop there must be an enhan
ment relative to the standard model electroweak correctio
This is precisely what can occur in models such as those
discussed in Ref.@17#, where the coupling strength of th
new right-handed interaction,gR , is significantly larger than
the SU(2)L coupling gL . In this paper we calculate thes
corrections in a simple case and find thatdgRb from one-loop
effects can be 1%.

Our paper is organized as follows. In Sec. II we descr
models with additional right-handed gauge bosons that co
change the valuedgRb significantly while respecting othe
phenomenological constraints. In particular we discuss s
eral ways in which the predominant effects occur for theb-
and t-quark couplings but not for thet-lepton couplings
throughZ2Z8 mixing. In Sec. III we show how, even in th
absence ofZ2Z8 mixing, one-loop contributions todgRb
can occur at the 1% level. In Sec. IV we present bounds
the mass of the new gauge bosons from the processe1e2

→bb̄ at LEP-II. We state our conclusions in Sec. V a
relegate some details to the Appendix.

II. NON-UNIVERSAL LEFT-RIGHT MODELS

The models to be discussed are variations of left-ri
models@19,20# in which the right-handed interactions sing
out the third generation. Our basic model was introduced
Ref. @17# and we start by recalling its salient features. T
gauge group of the model isSU(3)3SU(2)L3SU(2)R
3U(1)B2L with gauge couplingsg3 , gL , gR andg, respec-
tively. The model differs from other left-right models in th
transformation properties of the fermions.
©2003 The American Physical Society11-1
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The first two generations are chosen to have the s
transformation properties as in the standard model w
U(1)Y replaced byU(1)B2L ,

QL5~3,2,1!~1/3!, UR5~3,1,1!~4/3!,

DR5~3,1,1!~22/3!,

LL5~1,2,1!~21!, ER5~1,1,1!~22!. ~2!

The numbers in the first parentheses are theSU(3),
SU(2)L andSU(2)R group representations, respectively, a
the number in the second parentheses is theU(1)B2L charge.

The third generation is chosen to transform differently

QL~3!5~3,2,1!~1/3!, QR~3!5~3,1,2!~1/3!,

LL~3!5~1,2,1!~21!, LR5~1,1,2!~21!. ~3!

The above assignments are unusual compared with
conventional left-right model, but they enhance the diff
ence between the right-handed couplings of the first two
the third generations. This model is anomaly free.

The correct symmetry breaking and mass generation
particles can be induced by the vacuum expectation value
th

a
nt

03301
e
h

he
-
d

of
of

three Higgs boson representations:HR5(1,1,2)(21),
whose non-zero vacuum expectation value~VEV! vR breaks
the group down to SU(3)3SU(2)3U(1), and the
two Higgs boson multiplets,HL5(1,2,1)(21) and f
5(1,2,2)(0), which break the symmetry toSU(3)
3U(1)em. For the purpose of symmetry breaking, only o
of HL or f is sufficient, but both are required to give mass
to all fermions. It is possible to introduce additional Higg
boson representations as mentioned in Ref.@17#, but we will
not do so in this paper.

The introduction off causes the standard modelWL and
Zo to mix with the newWR andZR gauge bosons. HereWR
is theSU(2)R charged gauge boson andZR is a linear com-
bination of the neutral component of theSU(2)R gauge bo-
sonW3R and theU(1)B2L gauge bosonB. Specifically,

Zo5cosuWW3L2sinuWcosuRB2sinuWsinuRW3R ,

ZR5cosuRW3R2sinuRB, ~4!

where tanuR5g/gR .
In the bases (WL , WR) and (Zo , ZR) for the massive

gauge bosons, the mass matrices were given in Ref.@17# and
we reproduce them here for later convenience:
m11W
2 5 1

2 gL
2~ uvLu21uv1u21uv2u2!, m22W

2 5 1
2 gR

2~ uvRu21uv1u21uv2u2!,

m12W
2 52gLgRRe~v1v2* !, m11Z

2 5
1

2

gL
2

cos2uW
~ uvLu21uv1u21uv2u2!,

m22Z
2 5

1

2

gR
2

cos2uR
@ uvLu2sin4uR1~ uv1u21uv2u2!cos4uR1uvRu2#,

m12Z
2 5

1

4
gLgR

sinuR

cosuW
@ uvLu2tanuR2~ uv1u21uv2u2!cotuR#. ~5!
. In

at-
rise
ical
dard
for
ark-
After diagonalization of the mass-squared matrices,
lighter and heavier mass eigenstates (Z,Z8) and (W,W8) are
given by

S W

W8
D 5S cosjW sinjW

2sinjW cosjW
D S WL

WR
D ,

S Z

Z8
D 5S cosjZ sinjZ

2sinjZ cosjZ
D S Zo

ZR
D , ~6!

wherejZ,W are the mixing angles,

tan~2jW,Z!5
2m12(W,Z)

2

m11(Z,W)
2 2m22(Z,W)

2
. ~7!

In this model there are new interactions between the m
sive gauge bosons and quarks. For the charged current i
e

s-
er-

action, there are both left and right handed interactions
the weak eigenstate basis, the charged gauge bosonWL
couples to all generations, but the charged gauge bosonWR
only couples to the third generation. There is a similar p
tern for the neutral gauge interactions. This pattern gives
to interactions between the fermions and the lightest phys
gauge bosons that can be made to resemble the stan
model couplings plus enhanced right-handed couplings
the third generation. In the mass eigenstate basis the qu
gauge-boson interactions are given by

LW52
gL

A2
ŪLgmVKMDL~cosjWWm

12sinjWWm8
1!

2
gR

A2
ūRig

mVRti
u* VRb j

d dR j~sinjWWm
11cosjWWm8

1!

1H.c., ~8!
1-2
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whereU5(u,c,t) andD5(d,s,b). VKM is the Kobayashi-
Maskawa mixing matrix andVRi j

u,d are unitary matrices which
rotate the right-handed quarksuRi and dRi from the weak
eigenstate basis to the mass eigenstate basis. The rep
indices i and j are summed over three generations. For
neutral sector the couplings are

LZ52
gL

2cosuW
q̄gm~gV2gAg5!q~cosjZZm2sinjZZm8 !

1
gY

2
tanuR~ 1

3 q̄LgmqL1 4
3 ūRig

muRi2
2
3 d̄Rig

mdRi!

3~sinjZZm1cosjZZm8 !2
gY

2
~ tanuR1cotuR!

3~ ūRig
mVRti

u* VRt j
u uR j2d̄Rig

mVRbi
d* VRb j

d dR j!

3~sinjZZm1cosjZZm8 !. ~9!

In this expression,gY5gcosuR5gRsinuR, q and qL are
summed overu,d,c,s,t,b quarks, and repeatedi , j indices
are summed over the three generations. The first line c
tains the standard model couplings to theZ in the limit jZ
50. The first two lines also contain couplings of the twoZ
bosons to quarks that arise through mixing of the neu
gauge bosons.

Similarly, the couplings to leptons are given, in the we
eigenstate basis, by

LZ~ lepton!52
gL

2cosuW
,̄gm~gV2gAg5!,~cosjZZm

2sinjZZm8 !1
gY

2
tanuR~2 ,̄Lgm,L

22ĒRig
mERi!~sinjZZm1cosjZZm8 !

2
gY

2
~ tanuR1cotuR!~ n̄Rtg

mnRt2 t̄RgmtR!

3~sinjZZm1cosjZZm8 !. ~10!

In this case,, and,L are summed overe, m, t, ne , nm , nt
andER are summed over three generations.

The most interesting terms in Eqs.~9! and ~10! occur in
the third line and are potentially large if cotuR is large. In the
weak interaction basis they affect only the third generat
whereas in the mass eigenstate basis@as written in Eq.~9!#
they also give rise to flavor changing neutral currents.
satisfy the severe constraints that exist on flavor chang
neutral currents we have to require that theVR

d andVR
u ma-

trices be nearly diagonal.
In Ref. @17# we studied the case withjZÞ0, in which Z

2Z8 mixing is responsible for the shifts in the effectiv
right-handed coupling of theb quark. Within this scenario
the model given above also induces large shifts in the rig
handed coupling of thet lepton, making it phenomenologi
cally unacceptable. One finds for large cotuR @21#,
03301
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dgRb'2sinuWcotuRVRbb
d* VRbb

d jZ

dgRt'sinuWcotuRVRtt
u* VRtt

u jZ ,

dgRt'2sinuWcotuRjZ . ~11!

This last equation constrains the product cotuRjZ to be at the
1023 level or less, whereas one would need cotuRjZ;0.08
@17# to explainAFB

b through this mechanism. Nevertheles
there are several ways around this constraint. One possib
is to eliminate the relation between theb-quark andt-lepton
couplings to the new gauge bosons. To maintain a model
is anomaly free, this is accomplished by introducing ad
tional fermions and can be done in more than one way. T
examples are given below. A second possibility is to requ
the Z2Z8 mixing to be small~or zero! and in this way sat-
isfy the constraints fromt leptons. As we discuss in Sec. II
there is a second mechanism at the loop level by which
model can induce significant shifts ondgRb and not on
dgRt .

We now discuss two ways to modify the model so tha
remains anomaly free but does not have enhanced coup
for the t lepton in the case of large cotuR

A. Modified lepton sector

In this first example we keep the quark sector as ab
but make some modifications to the lepton content. The l
ton sector consists of the usual three generations@all trans-
forming as in Eq.~2!# plus

LR5S nR8

eR8
D 5~1,1,2!~21!, eL85~1,1,1!~22!. ~12!

Compared with the particle content of Eqs.~2! and ~3!, the
net new particles areeL8 and ER(3). Their contributions to
gauge anomaly cancel each other, and therefore the theo
anomaly free.

The new particlee8 can be made heavy becauseHR pro-
vides its mass. The neutral new particlenR8 can be made
heavy by introducing aDR(1,1,3)(22) Higgs boson repre-
sentation with large VEV. Therefore, at low energy one do
not need to consider the effect of the new fermions.

The couplings for the usual three generations of lept
become,

LZ~ lepton!52
gL

2 cosuW
,̄gm~gV2gAg5!,~cosjZZm

2sinjZZm8 !1
gY

2
tanuR~2 ,̄Lgm,L

22ĒRig
mERi!~sinjZZm1cosjZZm8 !. ~13!

Once again, and,L are summed overe, m, t, ne , nm , nt
andER is summed over three generations. The couplings
the new leptons are
1-3
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LZ~ lepton!52
gR

A2
@ n̄R8gmeR8WR

m1H.c.#2
gL

2cosuW

3~22q sin2uW!ē8gme8~cosjZZm2sinjZZm8 !

1
gY

2
tanuR~22ē8gme8!~sinjZZm1cosjZZm8 !

2
gY

2
~ tanuR1cotuR!~ n̄R8gmnR82ēR8gmeR8 !

3~sinjZZm1cosjZZm8 !. ~14!

B. Modified quark sector

In this case we have three generations of leptons tra
forming as in Eq.~2! with couplings as in Eq.~13!, and we
introduce additional quarks to cancel the anomalies:

QL85S uL8

dL8
D 5~3,1,2!~1/3!, uR85~3,1,1!~4/3!,

dR85~3,1,1!~22/3!. ~15!

The usual three generations of quarks have the same q
tum numbers as in Eqs.~2!, ~3! and couplings as in Eqs.~8!,
~9!. Again the above particle content gives a gauge anom
free theory, and the new particles can be made heavy bec
they receive their mass from the VEV ofHR . The new
quarks have couplings

LZ~quark!52
gL

2 cosuW
~22q sin2uW!q̄8gmq8~cosjZZm

2sinjZZm8 !1
gY

2
tanuR~ 4

3 ū8gmu82 2
3 d̄8gmd8!

3~sinjZZm1cosjZZm8 !2
gY

2
~ tanuR1cotuR!

3~ ūL8gmuL82d̄L8gmdL8 !~sinjZZm1cosjZZm8 !.

~16!

C. Discussion

The previous two examples illustrate how it is possible
single out theb and t quarks with a new right-handed inte
action without affecting thet lepton very much. The price
paid is, of course, the introduction of additional fermion
The additional fermions can be made heavy and this allo
us to ignore them at this stage, where we are interested
in the effect of potentially strong right-handed couplings
the b and t quarks in LEP observables. The new heavy f
mions are only used to illustrate that it is possible to co
struct a renormalizable, anomaly free, model of this type

The couplings of theb quark to the new right-hande
gauge bosons remain as in the original model so that, acc
ing to Eq. ~11!, we requirejZcotuR;0.08 to explainAFB

b

@17# throughZ2Z8 mixing. With cotuR large, the new phys-
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ics effects mainly affect the third generation of quarks; o
model is in some sense ‘‘leptophobic.’’

In Ref. @17#, we pointed out that the processb→sg se-
verely constrains the mixing of the charged gauge bos
jW . This constraint is not in conflict with the mixing neede
in the neutral sectorjZ to fit AFB

b as discussed in Ref.@17#.
Here we point out that there is another way to obtain Eq.~11!
without affecting b→sg. This involves a new model in
which theSU(2)R is replaced by aU(1)R with up quarks
~leptons! and down quarks~leptons! in SU(2)R doublets car-
rying 1 and21 of U(1)R charges, respectively. This mod
will also givedgRb;jZcotuR as in Eq.~11!, but it now arises
in the context of models where~a! there are no large contri
butions to Z→t1t2, and ~b! there are no new charge
gauge bosonsW8, so that there are no constraints fromb
→sg. The contributions to the parameterT that occur
through mixing of theZ andZ8 are identical to Ref.@17# and
lead to the allowed region of Fig. 1 in that reference.

The most important new feature common to all the mo
els that we have discussed is the existence of a newZ8 gauge
boson which has enhanced couplings to top and bot
quarks~and perhaps to thet lepton provided its mixing with
theZ is sufficiently small!. In Sec. IV we explore the bound
that exist on the mass of thisZ8 from LEP-II measurements

III. ONE-LOOP CONTRIBUTIONS TO dgRb

In models such as the ones presented in Sec. II, wit
newSU(2)R gauge interaction, there is a one-loop contrib
tion to dgRb that is present even when there is no mixing.A
priori we can expect this contribution to be similar in size
the standard model contribution todgLb proportional toMt

2 .
One can imagine a suppression of the form (MW /MWR

)2

with respect to the standard modeldgLb , but this can be
compensated by an enhancement (gR /gL)2;cot2uR in the
right-handed gauge couplings.

It would be impossible to present a complete one-lo
calculation forZ→bb̄ in the general case of Sec. II becau
we do not have sufficient information at present to determ
all the parameters in those models. At the same time, we
interested more in exploring the idea of a potentially stro
right-handed interaction affecting theb and t quarks than in
the specific details of the models in Sec. II. For this reas
we consider a slightly simpler calculation that has the ing
dients we need. First, we will only concern ourselves w
the one-loop corrections that are enhanced by (gR /gL)2 with
respect to one-loop electroweak corrections. Second, we
require that there be noZ2Z8 nor W2W8 mixing in the
model. Finally, we will treat all standard model fermions
massless except for the top quark.

A. Model with no tree-level mixing

To eliminate the tree-level mixing in the models of Sec.
in a simple manner we first requirev250 in Eq. ~5!. This
immediately makesjW50 and allows us to simplify the no
tation by calling the remaining VEV inf v[v1. We further
makejZ50 at the tree level by imposing the condition
1-4
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vL5vcotuR ~17!

in Eq. ~5!. The parameterjZ describing theZ2Z8 mixing is
the only one~beyond those already appearing in the stand
model! that enters the result for theZ→bb̄ partial width at
the tree level. As such, it is the only new parameter t
needs to be defined at one-loop in our calculation ofZ

→bb̄, and we will return to this point at the end of th
section.

In the simplified model, the gauge boson masses bec

MW
2 5

gL
2

2
~vL

21v2!5
gR

2

2tan2uW
v2, MZ

25
MW

2

cos2uW

MWR

2 5
gR

2

2
~vR

21v2!, MZR

2 5
gR

2

2 S vR
2

cos2uR
1v2D

~18!

so thatMWR
'MZR

for large cotuR ~and equal toMW8 and

MZ8
since in this case there is no mixing!. Recalling the

relation gRsinuR5gLtanuW , we see that this sector of th
model is characterized by the two ratios of VEV’s,

vL

v
5cotuR ,

vR

v
'

MWR

MWtanuW
~19!

where the last expression follows forvR /v@1. It will also
be convenient to definexv5v2/(v21vR

2).
In the approximationmb50, the Yukawa Lagrangian nec

essary to generate the top-quark mass is given by

LY52k~ t̄ L b̄L!fS tR

bR
D 1H.c. ~20!

All the couplings in this Yukawa potential can thus be wr
ten in terms ofmt andv as in Eq.~A4!.

B. Loops with right-handed gauge bosons

We are ready to calculate the one-loop corrections todgRb
that are enhanced by cot2uR. We start by considering the
diagrams in Fig. 1 that do not involve scalar mesons in
loop. We work in unitary gauge with the vertices given in t
Appendix, and we use dimensional regularization with
notation

1

e
5

2

42n
2g1 log~4p!2 logm2. ~21!

Relegating details for each diagram to the Appendix,
can write a simple analytical result for the sum of the d
grams in Fig. 1 in the limitMZ50,
03301
d

t

e

e

e

e
-

~dgRb!GB5
gR

2

16p2

Mt
2

MWR

2

1

4 F1

e
2

7

2
2 logS Mt

2

m2 D
23logS Mt

2

MWR

2 D G . ~22!

Later on we will show numerical results forMZÞ0. Unlike
the counterpart of this calculation in the standard model,
~28!, Eq. ~22! is divergent. This indicates the presence
additional contributions to this process in our model.

There are two additional diagrams of the form of Fig.
that give corrections to the right-handed coupling and t
are enhanced bygR

2 . They look like Figs. 1~b! and 1~c! with
an exchange of aZR ~and thereforeb quarks in the interme-
diate lines!. Both of these turn out to be finite and their fini
parts precisely cancel each other out in theMZ50 limit.

C. Loops with scalars

We consider next the contributions from diagrams
which scalars appear in the loops, as in Fig. 2.

FIG. 1. Unitary gauge diagrams forZ→bb̄ that do not involve
scalars.

FIG. 2. Z→bb̄ one-loop diagrams involving scalars.
1-5
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The finite part that results from these diagrams is mo
dependent. In particular it depends on the details of the sc
potential, which we have not specified, and which det
mines the masses of the physical scalar and pseudo-s
mesons present in the model. We are only interested he
estimating the size of the vertex corrections in Fig. 1, a
wish to consider the diagrams in Fig. 2 only insofar as th
are needed to render the result finite. For this purpose
sufficient to identify a basis for the scalars that is orthogo
to the would-be Goldstone bosons that give the gauge bo
their mass. We consider all physical scalars to be degene
and to have a large mass, of the order ofMWR

. With details
relegated to the Appendix, we find that the sum of the
diagrams contributes the following terms that are enhan
by cot2uR:

~dgRb!S5
1

16p2 S mt

v D 2S 2
1

2
xv~12xv! D F1

e
2 logS MH

2

m2 D 1
5

2G
5

gR
2

16p2

Mt
2

MWR

2

1

4F2
1

e
1 logS MH

2

m2 D 2
5

2G . ~23!

Notice that the left-handed couplingdgLb does not receive
corrections from the sum of diagrams in Fig. 2. With th
result, Eq.~23!, we find that the divergent terms precise
cancel the leftover ones from the gauge boson sector in
~22! leaving us with a finite answer.

D. Renormalization and ZÀZ8 mixing

Finally we comment on the renormalization scheme us
At the tree level, theZ→bb̄ decay width~or AFB

b ) takes the
same value as in the standard model in the absenceZ
2Z8 mixing. We can therefore express it in terms of t
input parametersGF , the physicalZ mass anda(MZ) as is
usually done for the standard model case. It is clear from
vertices given in the Appendix, Sec. 3, that none of th
quantities receives one-loop corrections that are enhance
cot2uR. The only input parameter that receives enhanced
rections is theZ2Z8 mixing anglejZ through diagrams such
as those in Fig. 3. These diagrams~and a few others! have an
enhancement of cotuR through theZ8t t̄ or Z8bb̄ coupling in
the first case and through theWR

1WR
2Z8 coupling in the sec-

ond case. When theZ8 line is connected tobb̄, a second
cotuR factor is picked up leading to corrections inZ→bb̄
that are enhanced by cot2uR. In view of this, our simplest
option is to adopt a renormalization scheme in whichjZ
[0 at one loop. That is, we absorb the corrections from F
3 into the definition ofjZ . This completes the discussion o

FIG. 3. Z2Z8 mixing at one-loop.
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all the one-loop corrections needed to yield a finitedgRb and
we now turn our attention to its possible size.

E. Numerical results

Adding the results from all diagrams discussed above,
find in theMZ50 limit,

dgRb5
gR

2

16p2

Mt
2

MWR

2

1

4 F2613logS MWR

2

Mt
2 D 1 logS MH

2

Mt
2 D G .

~24!

To illustrate the magnitude of this correction consider t
case

cotuR5
vL

v
'

vR

v
;10 ~25!

which implies

gR
2

MWR

2
'

gL
2

MW
2 ~26!

and therefore

dgRb5
A2GFMt

2

8p2 F231
3

2
logS MWR

2

Mt
2 D 1

1

2
logS MH

2

Mt
2 D G .

~27!

This is to be compared with the corresponding correction
dgLb in the standard model which is given by@18#

dgLb5
A2GFMt

2

8p2
. ~28!

This shows that with large cotuR as in Eq.~25!, dgRb in our
model is of the same order as the one-loop correction todgLb

proportional toMt
2 in the standard model.

In order to include kinematic effects fromMZÞ0, we
compute the integrals over Feynman parameters numeric
It is convenient to present the result in the form

dgRb5
A2GFMt

2

8p2
F1~MWR

! ~29!

for the casegL
2/MW

2 'gR
2/MWR

2 . We showF1 in Fig. 4~a!. In

the more general case it is convenient to write

dgRb5
gR

2

32p2 F2~MWR
! ~30!

and we showF2 in Fig. 4~b!. These results indicate that
contribution todgRb at the percent level is possible in mod
els with cotuR;10.
1-6
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IV. CONSTRAINTS FROM LEP-II

The mass of additionalZ8 gauge bosons that occur i
many models is constrained to be larger than about 500 G
@2#. These bounds arise mostly from processes involving f
first or second generation fermions and do not apply to n
universalZ8 gauge bosons that couple strongly to third ge
eration fermions but very weakly to first and second gene
tion fermions. Roughly speaking, when aZ8 like this is
exchanged in a process such asbb̄→bb̄ it generates an am
plitude of the order of electroweak strength times cot2uR. For
the models that we have in mind cotuR;10 this can be a
very significant enhancement. On the other hand when
sameZ8 is exchanged between fermions of the first two ge
erations, in processes such asuū→uū, it generates an am
plitude of electroweak strength times tan2uR which is drasti-
cally suppressed.

The best bounds one can have at present on suchZ8
come from a process in which a first or second genera
fermion pair produces abb̄ pair. Sincebb̄ production in
hadron colliders is mostly a strong interaction process,
most promising reaction to constrain ourZ8 is e1e2→bb̄
studied at LEP-II. Notice that for a process such as this o
the exchange of aZ8 results in a correction of electrowea
strength, suppressed only by the mass of theZ8. The cross
section for this process is largely independent of the valu
cotuR. At leading order, cotuR only appears through th
width of theZ8 that one must include in the propagator f
s-channel exchange.

In this section we use the LEP-II data one1e2→bb̄ and
e1e2→t1t2 to constrain the mass of these non-univer
Z8 gauge bosons. The calculation is performed numeric
using the programCOMPHEP@22# with the following strategy.
We useCOMPHEP to calculate tree level cross sections f
e1e2→ f f̄ at LEP-II energy both for the standard model a
for the standard model plus theZ8 of Sec. II. We then use
these cross sections to construct the ratiosRb /(Rb)SM-tree

and similarly forAFB
b . We then compare these ratios to t

FIG. 4. Form factorsF1(MWR
) andF2(MWR

) evaluated numeri-
cally to include kinematic effects from a non-zeroMZ for fixed
MH5700 GeV.
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corresponding ratios (Rb)EXP /(Rb)SM where (Rb)EXP are
the averages of LEP-II measurements as reported in Ref@1#
and (Rb)SM is the full standard model expectation comput
with ZFITTER as reported in Table 8.7 of Ref.@1#. Schemati-
cally for the cross section,

sTheory

sSM
5

sSM-tree1sSM-loop1sZ8
sSM-tree1sSM2 loop

'
sSM-tree1sZ8

sSM-tree

511
sZ8

sSM-tree
. ~31!

In this way the error that results from our using only t
tree-level result for the standard model prediction fromCOM-

PHEPbecomes higher order in our comparison with data.
In models withZ2Z8 mixing, we need to remove the

enhanced couplingZ8t1t2 as discussed in the previous se
tion. In that case the only relevant LEP-II process to bou
the Z8 is e1e2→bb̄. There are two observables that can
used:Rb andAFB

b . In Fig. 5 we showRb /(Rb)SM for differ-
ent values ofMZ8 . In this figure we have assumed no mixin
(jZ50) and used cotuR515 @23#. The LEP-II data points are
shown with their 1-s and 3-s error bars. It is evident al-
ready from this figure thatMZ8 will be constrained to be
larger than about 500 GeV.

In Fig. 6 we show similar results for the forward
backward asymmetry. It is evident from this figure thatAFB

b

does not constrain theZ8 as much asRb does due to its large
experimental error~in this case we only show the 1-s error
bars!.

As discussed in Sec. II, it is possible to allowZ2Z8
mixing in models where the couplings tot6 are not en-
hanced. We illustrate the effect of including this mixing
Fig. 7. For each value ofMZ8 , we have allowedjZ to vary
between zero andjZ560.08/cotuR, the value required to fit
AFB

b from LEP-I. We see that mixing is a small effect onRb

at LEP-II energies.

FIG. 5. Rb at LEP-II energies for cotuR515 with no Z2Z8
mixing. The different curves correspond toMZ8 of 300, 400, 500
and 600 GeV. The data points from Ref.@1# are shown with their
1-s and 3-s error bars.
1-7
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X.-G. HE AND G. VALENCIA PHYSICAL REVIEW D 68, 033011 ~2003!
In Fig. 8 we illustrate the effect of varying cotuR and thus
the Z8 width for MZ85400 GeV. We use values cotuR
510,15 and also show the result of approximating theZ8
exchange with a contact interaction. The results illustrate
below the resonance, the bound on theZ8 mass becomes
slightly tighter for narrower resonances~smaller cotuR). In
our model, the interference betweenZ andZ8 exchange am-
plitudes is always constructive in the energy region betw
the two resonances. The figure also illustrates that for aZ8 as
light as 400 GeV, a contact interaction is a reasonable
proximation for effects at LEP-II energies. We shall use t
later when comparing our bounds with those extracted by
LEP-II analysis group for contact interactions.

To quantify the bounds on theZ8 mass we construct ax2

for a fit to LEP-II data with our model. In Fig. 9 we prese
this result after subtracting thex2 from a standard model fi
~using theZFITTER results quoted in Ref.@1#!. Once again we
show the three cases cotuR510,15 and a contact interactio

FIG. 6. Same as Fig. 5 forAFB
b . Only the 1-s error bars are

shown for the data points from Ref.@1#.

FIG. 7. Same as Fig. 5 but allowing forZ2Z8 mixing. The
bands shown correspond to cotuRjz ranging from 0 to60.08 with
cotuR515. For each mass, the upper end of the band correspon
jZ520.005 and the lower end of the band corresponds tojZ

50.005. Once again the data points are from Ref.@1#.
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approximation. It is important to notice, for example in Fi
5, that the LEP-II data are consistently below the stand
model prediction. This, combined with the fact that the
terference between theZ andZ8 amplitudes in our model is
always constructive in this energy region, implies that t
standard model is always a better fit than any of ourZ8
models. If we require that the new model does not devi
from the standard model by 2~3! standard deviations, we ca
place the boundsMZ8.700(540) GeV for cotuR515. Given
that the LEP-II data are consistently below the stand
model expectation, it is conceivable that there is some co
mon systematic error not accounted for in the quoted e
bars. To account for this possibility, we naively rescale
data by a common factor in such a way as to minimize thex2

of the standard model fit. Doing this results in lower boun
on theZ8 mass. For example, for cotuR510 the 2~3! sigma
bounds move from 780~595! GeV to 530~460! GeV.

We can also use the contact interaction approximation
bound theZ8 mass. The correspondence to Table 8.12 of R
@1# is ~for no mixing!

to

FIG. 8. Cross section fore1e2→bb̄ with MZ85400 GeV for
cotuR510,15 and for a contact interaction approximating theZ8
exchange amplitude.

FIG. 9. x22xSM
2 for fits to Rb at LEP-II energies as a function

of MZ8 settingjZ50.
1-8
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MZ85Ah
gLtanuW

4Ap
L. ~32!

Our model of Sec. II generates both aLR contact interaction
with hLR51 and aRR contact interaction withhRR52. For
constructive interference we thus infer the 95% confide
level boundsMZ8.544 GeV from theRR interaction and
MZ8.275 GeV from theLR interaction.

From all this we conclude that in all cases theZ8 is al-
ready restricted to be heavier than about 500 GeV by LE
data.

Finally, since models without mixing also allow larg
couplings to thet lepton, we show in Fig. 10 the cross
section fore1e2→t1t2 at LEP-II. A calculation of thex2

for the fit in this case indicates that the bounds on theZ8
mass are slightly higher than those obtained from study
Rb , but not significantly so.

V. CONCLUSIONS

Motivated by the 3-s discrepancy between the standa
model prediction and the measured forward-backward as
metry AFB

b at theZ peak we have studied models which c
generate a sufficiently largedgRb through new non-universa
right-handed gauge interactions.

One possible mechanism to generate thisdgRb is the mix-
ing of the Z with a Z8. We had already discussed a mod
such as this in Ref.@17#. In this paper we have illustrate
several variations on that model that are also renormaliz
and anomaly free. At the cost of introducing additional f
mions, we showed two models that produce the requ
dgRb while satisfying the LEP constraints ondgRt . We have
also indicated how it is possible to modify these models
that they are not constrained byb→sg.

We have identified a second mechanism to generatedgRb
even in cases with noZ2Z8 mixing. This occurs in models
with anSU(2)R triplet of gauge bosons at one-loop, and c
give rise todgRb at the 1% level. By itself, this mechanism
is not sufficient to explain the fulldgRb;0.04 favored by the
data. The simple model used to illustrate this effect provi

FIG. 10. s(e1e2→t1t2) for cotuR515. The data points are
from Ref. @1#.
03301
e

II

g

-

l

le
-
d

o

s

an example of a renormalizable model that can give rise
relatively large new interactions involving only theb and t
quarks while respecting low energy constraints.

Finally we have used the LEP-II data for the proce

e1e2→bb̄ to place bounds on the mass of theZ8 in our
models. This is aZ8 that couples weakly~by a factor
tanuR;1/10 weaker than standard electroweak couplings! to
fermions of the first two generations. For this reason, st
dard bounds onZ8 gauge bosons do not apply. We find th
the LEP-II data constrain it to be heavier than about 5
GeV in all cases.

The contribution of the new gauge bosons in our mod

to the processe1e2→bb̄ is of electroweak strength becaus

the enhancement in theZ8bb̄ coupling is compensated by th
suppression in theZ8e1e2 coupling. In this way, our mode
is an example of a kind of new interactions that will on
show their full strength in processes involving four third ge
eration fermions. It may be possible for the LHC to stu
certain processes of this type, and we are currently inve
gating this possibility.
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APPENDIX: VERTICES AND ONE-LOOP RESULTS

1. Basic conventions

The general conventions adopted are

gLt512 4
3 sin2uW , gRt52 4

3 sin2uW ,

gLb5211 2
3 sin2uW , gRb5

2
3 sin2uW ,

Gm52 i
g

2cosuW
gm@~gLb1dgLb!PL1~gRb1dgRb!PR#

1

e
5

2

42n
2g1 log~4p!2 logm2. ~A1!

2. Scalar sector

We start with the following parametrization for the sc
lars:
1-9
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X.-G. HE AND G. VALENCIA PHYSICAL REVIEW D 68, 033011 ~2003!
HL5S hL2 ifL

A2
1vL

fL
2

D , HR5S hR2 ifR

A2
1vR

fR
2

D ,

f5S h12 if1
0

A2
1v1 f1

1

f2
2

h22 if2
0

A2
1v2

D . ~A2!

This parametrization contains both the would-be Goldst
bosons that give mass to theW,Z,WR ,ZR and the remaining
physical scalar~or pseudo-scalar! particles.

Since we do not specify a scalar potential, we can
identify the scalar mass eigenstates. Rather we work wi
basis of physical scalars chosen to be orthogonal to
would-be Goldstone bosons, under the simplifying assum
tion that they all have the same large mass. The phys
scalars defined this way are

H1
65

1

Av21vL
2 ~2vfL

61vLf2
6!

H2
65

1

Av21vR
2 ~2vfR

61vRf1
6!

H2
05

x

A11x2 S 2sinuRfL
01

1

x
fR

01cosuRf1
0D

H1
05f2

0 ~A3!

with x5vR/(v cosuR) with H1,2
0 being neutral pseudo

scalars. The only neutral scalar that enters the calculatio
the originalh2. Working with this basis we can identify th
divergent contributions arising from diagrams with scalar
change~they are independent of scalar masses!. The finite
contributions that depend on the masses of the different
lars can only be obtained after fixing all their masses.

3. Feynman rules

In unitary gauge, the verticesgWL
1WL

2 , ggWL
1WL

2 ,
gZWL

1WL
2 , ZWL

1WL
2 andZZWL

1WL
2 are as in the standar

model. The analogous vertices withWR
6 taking the place of

WL
6 can be obtained by multiplying the corresponding ver

with WL
6 by a factor of2tan2uW for eachZ. In particular,

these vertices arenot enhanced bygR /gL . There are no
‘‘mixed’’ vertices with one WL and oneWR . For vertices
involving a ZR , the ZRWR

1WR
2 vertex is given by

tanuWcotuR/cosuW times the corresponding vertex fo
ZWL

1WL
2 and is, therefore, enhanced with respect to the

ter by a factor of cotuR. Finally theZZRWR
1WR

2 vertex can
be obtained by multiplying theZZWL

1WL
2 vertex by

2tan3uWcotuR/cosuW.
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The Feynman rules for couplings of gauge bosons to
mions are already given in Eqs.~8! and ~9!. The Feynman
rules involving the scalars which couple to top and botto
proportionally to the top-quark mass can be extracted fr
the Yukawa Lagrangian:

LY52mtF t̄ t1
1

A2v
~ t̄ th11b̄bh2!2

i

A2v
~ t̄g5tf1

0

1b̄g5bf2
0!1

1

v
~ b̄LtRf2

21b̄RtLf1
21 t̄ LbRf1

1

1 t̄ RbLf2
1!G . ~A4!

In terms of the physical scalars defined as in Eq.~A3! the
couplings we need become

LY52
mt

v F cosuR~ b̄PRtH1
21 t̄ PLbH1

1!

1
vR

AvR
21v2

~ b̄PLtH2
21 t̄ PRbH2

1!1
1

A2
b̄~h2

2 iH 1
0g5!bG . ~A5!

The vertices of the formZHH are obtained from the La
grangian

L5
igL

2 cosuW
S 2 sin2uW2

vR
2

v21vR
2 DZm~H2

2]mH2
1

2H2
1]mH2

2!
2 igL

2 cosuW
cos 2uWZm~H1

2]mH1
12H1

1]mH1
2!

1
gL

2 cosuW
Zm~h2]mH1

02H1
0]mh2!. ~A6!

Finally, the vertices of the formZWH can be read from the
Lagrangian

L52
gR

2

A2

sinuR

sinuW

vvR

Av21vR
2

ZmWRm
6 H2

7 . ~A7!

4. Loops involving gauge bosons

Here we present results for the individual diagrams in F
1.

Figure 1(a)

To check our results we first evaluate this diagram for
case of the standard model in unitary gauge. In this case
internal wavy lines areW1 andW2 and one finds
1-10



y
he

ite

n
-

en
to
o

b
he

d

h

we
ting
x-

on
g
can

re
of

or-
tary

AFB
b AND Rb AT CERN LEP AND NEW RIGHT- . . . PHYSICAL REVIEW D 68, 033011 ~2003!
Gm52 i
g

2 cosuW
gm

g2cos2uW

16p2 F1

e S 2MZ
4

12MW
4 2

4MZ
2

3MW
2 1

Mt
2MZ

2

4MW
4

1
3Mt

2

2MW
2 D 1 f aLGPL . ~A8!

Notice that the first two divergent terms in Eq.~A8! that are
not proportional toMt

2 are not included in the finite quantit
dgLb of Eq. ~28!. These divergent terms cancel against ot
contributions from the renormalization ofGF , MZ and a
when one calculates observables such as the partialZ width
@24#. It is possible to obtain a simple expression for the fin
part f aL in the limit MW

2 /Mt
2!1. It is given by

f aL'2
Mt

2

8MW
2 H 1

cos2uW
F2 logS Mt

2

MZ
2D 23G

112 logS Mt
2

MZ
2D 210J . ~A9!

For our model, the terms that are enhanced by cot2uR are
obtained when the internal wavy lines areWR

1 and WR
2 ,

resulting in

Gm52 i
g

2cosuW
gm

2gR
2sin2uW

16p2 F1

e S 2MZ
4

12MWR

4
2

4MZ
2

3MWR

2

1
Mt

2MZ
2

4MWR

4
1

3Mt
2

2MWR

2 G1 f aRD PR . ~A10!

The first two divergent terms in this expression, the ones
proportional toMt

2 , do not contribute to the vertex correc
tion dgRb that we are computing because they are not
hanced by cot2uR. Although they appear to be proportional
gR

2 , they really are not when one considers the relations fr
Eq. ~18!. The finite part can be calculated numerically~we
only present these results for the sum of all diagrams!. For
example, forMWR

5500 GeV, we find f aR51.32 with a

renormalization scalem5MZ .
It is possible to present approximate analytical results

taking MZ50 in the integrals. Doing so and expanding t
resulting expression in powers ofMt

2/MWR

2 we find

2 i
gL

2 cosuW

gR
2

16p2~2sin2uW!F 3

2

Mt
2

MWR

2

1

e
1

3

2
1

Mt
2

MWR

2 H 11

4

2
3

2
logS MWR

2

m2 D J G . ~A11!

Figure 1(b)

Once again we first evaluate Fig. 1 for the standard mo
in unitary gauge. In that case the internal wavy line is
chargedW and the intermediate state quarks are top. T
result can be written in the limitMW

2 /Mt
2!1 as
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Gm52 i
g

2 cosuW
gm

g2uVtbu2

16p2

Mt
2

MW
2 H F2

1

e
logS Mt

2

MZ
2D 2

1

2GgLt

1F 1

4e
2

1

4
logS Mt

2

MZ
2D 2

1

8GgRtJ PL . ~A12!

For our model the only terms enhanced by cot2uR are
obtained with the intermediate wavy line representing aWR

6

and the intermediate state quark being top. As before,
present an approximate analytical result obtained by set
MZ50 in the loop integrals and expanding the resulting e
pression in powers ofMt

2/MWR

2 . This yields

2 i
gL

2 cosuW

gR
2

16p2 S 1

e

Mt
2

MWR

2 S gLt

4
2gRtD2

3

4
gRt

1
Mt

2

MWR

2 H F logS Mt
2

m2 D 2
1

2GgRt2
1

4 F logS Mt
2

m2 D
13logS Mt

2

MWR

2 D 1
7

2GgLtJ D . ~A13!

We only consider the case withMZÞ0 numerically and in-
clude it in the sum of all diagrams in Fig. 4.

Figure 1(c)

Finally we evaluate the wave-function renormalizati
diagrams of Fig. 1~c!. Once again we begin by considerin
the standard model in unitary gauge. For this diagram we
present an exact analytical result

12Zb
215

g2

16p2 PLF 3Mt
2

4MW
2

1

e
2

3Mt
2

4MW
2 logS Mt

2

m2 D
2

3Mt
2MW

2

4~Mt
22MW

2 !2logS MW
2

Mt
2 D

2
6MW

4 15Mt
2MW

2 25Mt
4

8MW
2 ~Mt

22MW
2 ! G . ~A14!

Similarly, for the case of our model, the terms that a
enhanced by cot2uR are obtained from the exchange
chargedWR

6 gauge bosons and we find

12Zb
215

gR
2

16p2 PRF 3Mt
2

4MW
2

1

e
2

3Mt
2

4MW
2 logS Mt

2

m2 D
2

3Mt
2MW

2

4~Mt
22MW

2 !2logS MW
2

Mt
2 D

2
6MW

4 15Mt
2MW

2 25Mt
4

8MW
2 ~Mt

22MW
2 ! G . ~A15!

As a check of our calculation we have evaluated the c
responding expressions for the standard model in uni
1-11
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gauge. From these we can obtain, by adding the three
tributions, the vertex correction termsdgLb proportional to
Mt

2 . This result, Eq.~28!, is finite and in agreement with th
known result@18#.

5. Loops with scalar mesons

We now turn our attention to the diagrams in Fig. 2.
described in the main text we use the basis of Eq.~A3!
assuming all scalars to be degenerate and to have a
mass.

Figure 2(a)

This type of diagram involves one gauge boson and
physical charged scalar in the loop. There is only a contri
tion to the right-handed coupling involving theWR

6H2
7 inter-

mediate state. Our result in the limit where the Higgs bos
masses are much larger than other masses is

2 i
gL

2 cosuW

1

16p2S mt

v D 2F1

e
1

3

2
2 logS MH

2

m2 D Gxv~12xv!PR .

~A16!

Figure 2(b)

This type of diagram involves two scalars in the interm
diate state. The left-handed coupling receives contributi
from chargedH1 scalars as well as from a diagram with o
neutral H1

0 pseudo-scalar and oneh2 neutral scalar. The
right-handed coupling receives contributions from the sa
diagram with neutral scalars as well as from the diagr
with chargedH2 scalars,

2 i
gL

2 cosuW

1

16p2S mt

v D 2F1

e
1

1

2
2 logS MH

2

m2 D G
3F S sin2uW1cos2uWxv2

1

2
xv

2D PR

1S 2
1

2
2

cos2uR

2
cos2uWD PLG . ~A17!
G

rd
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Figure 2(c)

This type of diagram involves the exchange of a charg
H1 or of a neutralH1

0 or H2 scalars for the left-handed cou
pling as well as exchanges of a chargedH2 scalar or a neu-
tral A1

0 or H2 scalars for the right-handed coupling,
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Figure 2(d)

This diagram representsb wave-function renormalization
through scalar loops. Once again, for the left-handed c
pling one obtains contributions from exchanging a charg
H1 and neutralH1

0 and H2, whereas for the right-hande
coupling the contributions arise through exchange of char
H2 and neutralH1

0 andH2 scalars,
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