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Z\bb̄ decay asymmetry and left-right models
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It has been pointed out recently by Chanowitz that theZ→bb̄ decay asymmetry poses a problem for the
standard model whether or not it is genuine. If this conflict is interpreted as new physics in theb-quark
couplings, it suggests a rather large right handed coupling of theb-quark to theZ boson. We show that it is
possible to accommodate this result in left-right models that single out the third generation.
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I. INTRODUCTION

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

b by about three standard deviations@2,3#. It has been
pointed out recently by Chanowitz@1# that this deviation
indicates a problem whether or not it is genuine. In parti
lar, Chanowitz argues that if the anomaly inAFB

b is attributed
to systematic error and dropped from the CERNe1e2 col-
lider LEP fits, then the indirect determination of the Hig
boson mass is in conflict with the direct limit@1#.

In Ref. @4# Altarelli et al. approach this problem by look
ing for supersymmetric corrections that improve the qua
of the LEP fits~includingAFB

b ) and that improve the consis
tency with the direct limits on the Higgs boson mass. Th
find that this is possible with light sneutrinos.

The possibility of new physics affecting theZbb coupling
has also been discussed in Ref.@5#. It is known that it is not
easy to explain theAFB

b anomaly with new physics in the
Zbb coupling mainly because the measurement ofRb is in
good agreement with the standard model. However,
pointed out by Chanowitz@5#, it is possible to have devia
tions in both the left- and right-handed couplings of theb
quark to theZ boson in such a way as to changeAFB

b without
affectingRb .

Our starting point is the combined fit to LEP and SLA
Large Detector~SLD! measurements in terms of the left- an
right-handed couplings of theb quark. These are shown i
Fig. 11 of Drees@2#, as well as in Ref.@3#. Subtracting the
standard model values from the central value of the fit o
obtains the deviations

dgRb'0.02,
~1!

dgLb'0.001,

where we have flipped the sign ofgRb in Refs.@2,3# to agree
with the particle data book@6# definitions.

The tree-level coupling in the standard model is written

L~bL!52
g

cosuW
b̄gm~gLbL1gRbR!bZm , ~2!
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with L(R)5(17g5)/2. In terms of gV5tL3
22Q sin2uW, gA5tL3 ~with the parameters defined in Re
@6#!, gLb5(gVb1gAb)/2 andgRb5(gVb2gAb)/2. HeretL3 is
the weak isospin which is 1/2 for up-type of quarks a
21/2 for down-type of quarks, andQ is the electric charge in
units of e. At the tree level then

gLb52
1

2
1

1

3
sin2uW;20.42,

~3!

gRb5
1

3
sin2uW;0.077.

To gauge the magnitude of the required shifts, Eq.~1!, it is
useful to compare them with the one-loop correction in
standard model due to the heavy top quark,dgLb;0.003@5#.

In view of the agreement of other low energy observab
with the standard model, any new physics invoked to expl
theAFB

b anomaly has to affect primarily the third family, an
in particular the right-handed couplings. Several scenario
which the third generation interacts differently from the fir
two have been explored in the literature. Foremost amon
these is top color, where theZbb couplings have been stud
ied extensively in connection withRb @7–9#. It is easy to see
that while top color can easily generate a correction to
left-handedb-quark coupling of the required magnitude,
cannot generate a sufficiently large correction to the rig
handedb coupling@8#. Other models considered in the litera
ture, such as those of Refs.@10–13#, single out the third
family as well. However, they predominantly affect the le
handed couplings, and cannot generate the shifts require
the AFB

b measurement. A possibility that may accommod
the required new physics appears in certain scenario
which theb quark mixes with heavy quarks with unconve
tional charge assignments@14–17#.

Alternatively, the LEP data can be attributed to new ph
ics in the form of higher dimension operators. In this w
one does not have to explain the origin of the new phys
but can still use it to predict other consequences. This
been done in Ref.@18#.

In this paper we explore the possibility of a left-righ
model that preferentially affects the third family. In Sec.
we present a model of this type and show how it can na
©2002 The American Physical Society04-1
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rally accommodate the required shift ingRb . In Sec. III we
explore the viability of the model in light of other existin
constraints.

II. THE MODEL

The specific model to be discussed is a variation of le
right models @19,20#. The gauge group of the model
SU(3)3SU(2)L3SU(2)R3U(1)B2L with gauge cou-
plings g3 , gL , gR , and g, respectively. The model differ
from other left-right models in the transformation propert
of the fermions.

The first two generations are chosen to have the s
transformation properties as in the standard model,

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

DR5~3,1,1!~22/3!, ~4!

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

The numbers in the first parentheses are theSU(3),
SU(2)L , and SU(2)R group representations, respective
and 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!,
~5!

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

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

The correct symmetry breaking and mass generation
particles can be induced by the vacuum expectation va
~VEVs! of three Higgs representations:HR5(1,1,2)(21),
which breaks the group down toSU(3)3SU(2)3U(1);
and the two Higgs 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.

One may also introduce triplet Higgs multiplets,DL
5(1,3,1)(2) and DR5(1,1,3)(2) to separate theSU(2)L
andSU(2)R symmetry breaking scales and to give Majora
masses to the neutrinos. These triplets may be desirabl
neutrino physics for example but they are not necessary
our present purposes.

The introduction off causes the standard modelW andZ
to mix with the newWR andZR gauge bosons. HereWR is
the SU(2)R charged gauge boson andZR is a linear combi-
nation of the neutral component of theSU(2)R gauge boson
W3R and theU(1)B2L gauge bosonB defined as

ZR5cosuRW3R2sinuRB, ~6!

where tanuR5g/gR .
01300
-

e

n-
e
e

of
es

s

for
or

In the bases (W,WR) and (Z,ZR) for the massive gauge
bosons, the mass matrices are given by

MW
2 5S m11W

2 m12W
2

m12W
2 m22W

2 D , MZ
25S m11Z

2 m12Z
2

m12Z
2 m22Z

2 D , ~7!

with

m11W
2 5

1

2
gL

2~ uvLu212uvDL
u21uv1u21uv2u2!,

m22W
2 5

1

2
gR

2~ uvRu212uvDR
u21uv1u21uv2u2!,

m12W
2 52gLgR Re~v1v2* !,

~8!

m11Z
2 5

1

2

gL
2

cos2uW
~ uvLu214uvDL

u21uv1u21uv2u2!,

m22Z
2 5

1

2

gR
2

cos2uR
@~ uvLu214uvDL

u2!sin4uR

1~ uv1u21uv2u2!cos4uR1~ uvRu214uvDR
u2!#,

m12Z
2 5

1

4
gLgR

sinuR

cosuW
@~ uvLu214uvDL

u2!tanuR

2~ uv1u21uv2u2!cotuR!],

wherev i are the VEVs of the Higgs representationsHL,R ,
DL,R andf.

To compare the fermion–gauge-boson couplings that
sult in this model with those in the standard model, we find
convenient to introduce the following definitions for gau
mixing angles:

tanuW5
gY

gL
, gY5g cosuR5gR sinuR ,

tanuL5
g

gL
, cosuW5

cosuL

A12sin2uL sin2uR

, ~9!

sinuW5
sinuL cosuR

A12sin2uL sin2uR

.

After diagonalization of the mass-squared matrices,
lighter and heavier mass eigenstates (Z1,Z2) and (W1,W2)
are given by

S W1

W2D 5S cosjW sinjW

2sinjW cosjW
D S W

WR
D ,

~10!

S Z1

Z2D 5S cosjZ sinjZ

2sinjZ cosjZ
D S Z

ZR
D ,

wherejZ,W are the mixing angles,
4-2



e

o

th

i
ge

d
i

iv

de
o

u-
n

a
nt
. I
n

a
ris
ic
d
th

o

eated
the

e
ou-

e

are

the

ere
we

nt
.
lue

ill
tes

he

Z→bb̄ DECAY ASYMMETRY AND LEFT-RIGHT MODELS PHYSICAL REVIEW D 66, 013004 ~2002!
tan~2jW,Z!5
2m12(W,Z)

2

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

2
. ~11!

In principle jZ and jW are related, and this can introduc
severe constraints from processes such asb→sg. However,
in general we find that the two can be quite different. F
example, in the limit whereg!gR we find

jW'
2Re~v1v2

!!

vR
212vDR

2 1v1
21v2

2

sinuR

tanuW
,

~12!

jZ'
v1

21v2
2

vR
214vDR

2 1v1
21v2

2
cos3uR

sinuR

sinuW
.

This limit is of interest because it is the one required by
AFB

b data as we will see in the next section.
These results show that it is possible to have the mixing

the neutral sector be larger than the mixing in the char
sector by takingv1 much larger~or smaller! thanv2; or by
giving them a large relative phase.

The VEVs ofHL andf will generate all the masses an
mixings for the quarks. They also provide masses and m
ings for leptons. Neutrinos in this model can also rece
Majorana masses from the VEVs ofDL and DR . If vDR

is
much larger than the electroweak scale, the right-han
neutrino will be much heavier than the left-handed neutrin
However, there is also the possibility that the VEV ofDR is
of the same order as the VEV ofDL such that all neutrinos
~the three left-handed ones and the right-handed one! are
light. This possibility may provide a solution to all the ne
trino problems resulting from the atmospheric, solar a
LSND data, should the LSND result be confirmed.

In this model there are new interactions between the m
sive gauge bosons and quarks. For the charged current i
action, there are both left- and right-handed interactions
the weak eigenstate basis, the charged gauge bosoW
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 except for the right-handed couplings of
third generation, precisely the scenario suggested by theAFB

b

data. In the mass eigenstate basis the quark–gauge-b
interactions are given by

LW52
gL

A2
ŪLgmVKMDL~cosjWWm

112sinjWWm
12!

2
gR

A2
ūRig

mVRti
u* VRb j

d dR j

3~sinjWWm
111cosjWWm

12!1H.c., ~13!

whereU5(u,c,t) andD5(d,s,b). VKM is the Kobayashi-
Maskawa mixing matrix andVRi j

u,d are unitary matrices which
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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

2 cosuW
q̄gm~gV2gAg5!q~cosjZZm

1 2sinjZZm
2 !

1
gY

2
tanuRS 1

3
q̄LgmqL1

4

3
ūRig

muRi2
2

3
d̄Rig

mdRiD
3~sinjZZm

1 1cosjZZm
2 !2

gY

2
~ tanuR1cotuR!

3~ ūRig
mVRti

u* VRt j
u uR j2d̄Rig

mVRbi
d* VRb j

d dR j!

3~sinjZZm
1 1cosjZZm

2 !. ~14!

In this expressionq and qL are summed overu,d,c,s,t,b
quarks, and repeatedi , j indices are summed over the thre
generations. The first line contains the standard model c
plings to theZ in the limit jZ50. The first two lines also
contain couplings of the twoZ bosons to quarks that aris
through mixing of the neutral gauge bosons.

The most interesting terms occur in the third line and
potentially large if cotuR is large. In the weak interaction
basis they affect only the third generation whereas in
mass eigenstate basis@as written in Eq.~14!# they also give
rise to flavor-changing neutral currents. To satisfy the sev
constraints that exist on flavor-changing neutral currents
must have very smallVRbd

d andVRbs
d matrix elements as we

discuss in the next section.
It is clear that ifjZ is not too small, through mixing, the

b-quark coupling to the light Z boson can be very differe
from that of thed and s quarks due to the last term in Eq
~14!. If indeed the enhancement is achieved via a large va
for cotuR, the couplings of the first two generations w
remain close to their standard model values. This illustra
how this model would solve theAFB

b problem. To leading
order in smalljZ one finds

dgLb'2
1

6
sinuW tanuRjZ ,

~15!

dgRb'
1

3
sinuW tanuRjZ

2
1

2
sinuW~ tanuR1cotuR!VRbb

d* VRbb
d jZ .

Similarly, one finds for the couplings of the top quark to t
Z that,dgLt5dgLb , and

dgRt'2
2

3
sinuW tanuRjZ

1
1

2
sinuW~ tanuR1cotuR!VRtt

u* VRtt
u jZ . ~16!
4-3
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To explain theAFB
b anomaly the model must be able

generate the shifts of Eq.~1!. The shift required for the left-
handed coupling is small and at the level of radiative corr
tions. We have no way of fixing all the parameters of t
model at one-loop so we concentrate on the larger shift
quired for the right-handed coupling. Keeping only the lar
cotuR term Eq.~1! implies that

jZ cotuRVRbb
d* VRbb

d ;0.08. ~17!

We now examine this result in view of the available pheno
enological constraints.

III. CONSTRAINTS

As we have pointed out, the couplings of Eq.~14! induce
tree-level flavor-changing neutral currents and there are
vere phenomenological constraints on these. The potent
dangerous terms in Eq.~14! are of the form

gL

2
tanuW cotuRVRbi

q* VRb j
q q̄Rig

mqR jZm
2 . ~18!

The easiest way to suppress this while keeping a largeZbb
right-handed coupling is by choosing theVR

d matrix to be

very close to the unit matrix. Usual constraints fromK2K̄,
D2D̄, andB2B̄ mixing on four fermion operators, such a
those generated by a tree-level exchange ofZ2, imply that
off-diagonal elements inVR

d andVR
u are of order 1024 or less

@21#. Since these matrices are arbitrary, choosing them to
approximately equal to the unit matrix does not constr
other sectors of our model.

In this model there are two mechanisms that genera
large contribution to the oblique parameterT and this leads
to constraints on the parameters that affectAFB

b in Eq. ~17!.
First, there is a direct contribution toT from Z2ZR mixing
@22# given by

T5
1

a
e15

1

a
jZ

2S MZ2

2

MZ1

2
21D . ~19!

In addition there are large contributions from top~and
bottom!-quark loops to the oblique corrections. Starting w
the couplings in Eq.~15! these loop contributions can b
obtained by extending the calculation of Ref.@27# to include
the Zbb couplings as well. Starting from the effective La
grangian

L52
g

cosuW
(

q5t,b
@~gLq1dgLq!q̄LgmqL

1~gRq1dgRq!q̄RgmqR#Zm2
g

A2
$@~11dkL! t̄ LgmbL

1dkRt̄ RgmbR#W1m1H.c.%, ~20!

one finds that the leading nonanalytic contributions to
oblique parameters are@27#
01300
-
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S5
1

6p
logS MZ2

2

MZ
2 D @2~dgRt1dgRb!2~dgLt1dgLb!#,

T5
3

8p sin2uW
S Mt

2

MW
2 D logS MZ2

2

MZ
2 D

3~2dkL1dgRt2dgLt!, ~21!

U5
1

2p
logS MZ2

2

MZ
2 D ~24dkL1dgLt2dgLb!.

The contributions toU are seen to be small from Eq.~15!.
There is a potentially large contribution toS given by

S5
1

6p
logS MZ2

2

MZ
2 D sinuW cotuR jZVRbb

d* VRbb
d

3S VRtt
u* VRtt

u

VRbb
d* VRbb

d
21D

;0.007S VRtt
u* VRtt

u

VRbb
d* VRbb

d
21D . ~22!

In the last line we have used Eq.~17! and takenMZ2

;600 GeV as a plausible upper bound~as we will see
below!. From Ref. @6# we know that S520.03
60.11(20.08), so new physics contributions toS are con-
strained to be less than 0.22 at the 2s level. We conclude
that there are no significant constraints on our model fromS.

Returning to our discussion ofT, we find a second large
contribution,

T5
3

16p sinuW
S Mt

2

MW
2 D logS MZ2

2

MZ
2 D cotuRjZVRtt

u* VRtt
u .

~23!

Combining Eqs.~19! and~23! and using Eq.~17! restricts the
allowed jZ2MZ2

parameter space. In line with our discu
sion of flavor-changing neutral currents we also require t
VRtt

u* VRtt
u /VRbb

d* VRbb
d ;1. The global fit from the WWW 2001

update to Ref.@6# is

T520.0260.13~10.09!. ~24!

With the particle data book definition ofT this implies that
new physics contributions toT are at most 0.26 at the 2s
level, and we show the resulting constraints in Fig. 1. T
hatched region in the figure indicates the parameter sp
allowed in our model.

Additional contributions to the oblique parameters ar
from the Higgs sector of our model. The model contains
standard model-~SM-! like Higgs boson fromHL which con-
tributes in a manner similar to that of the SM Higgs boso
The remainder of the scalar sector is largely unconstrai
and we shall not discuss it further in this paper.
4-4
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It is instructive to discuss existing constraints on left-rig
~LR! models. An early comprehensive analysis of weak n
tral current data@28# found thatujZu<0.05 was typical for
left-right models. The equivalent constraint for our mod
would be weaker since ourZ2 couplings to the first two
generations are much weaker than in the usual LR mod
Nevertheless,ujZu<0.05 is satisfied in the allowed region i
Fig. 1. The best direct search limits for aZ2 boson reported
in Ref. @23# come from Collider Detector at Fermilab~CDF!
data@24,25# and for a LRZ2 are of the order of 630 GeV
However, this limit assumes couplings of electrowe
strength between the newZ2 boson and the first two genera
tions. In our model these couplings are at least ten tim
smaller ~since they are proportional to tanuR and we need
cotuR>10) effectively reducing thelower boundon theZ2

mass to less than 100 GeV from experiments that only
volve couplings to the first two generations. Reference@13#
has studied the problem of placing bounds on the mass
Z2 that couples preferentially to the third generation. Fro
searches for compositeness there are bounds on the sc

four fermion operators such asq̄LgmqLēLgmeL on the order
of 4 TeV @26#. However, when these operators are induc
by the exchange of theZ2 in our model, the smallness of it
couplings to the first two generations results in a very we
lower bound~well below 100 GeV! as well.

It appears that there are no significant constraints on
mass of aZ2 with couplings to the first two generations a
weak as those in our model. For illustration we will simp
assume a lower limit on the mass of ourW2 of order 100
GeV because it has not been produced ine1e2 colliders, and
assume a similar lower limit on theZ2 mass to produce Fig
1.

It is possible to place a theoretical constraint on the
rameters of the model by requiring the coupling of theZ2 to
the third generation fermions to remain perturbative. D
manding that

FIG. 1. Allowed region~hatched! in jZ2MZ2
from requiring

T,0.26, a 2s agreement with the global fit. Below the dashed li
our model becomes nonperturbative as discussed in the text.
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S gY cotuR

2 D 2

<4p ~25!

results in cotuR<20. Combined with Eq.~17!, and assuming
that VRbb

d* VRbb
d ;1, this results in a lower limit onjZ

>0.004 shown as a dashed line in Fig. 1. As seen in Fig
this also implies thatMZ2

<600 GeV. The hatched regio
below the dashed line in Fig. 1 satisfies phenomenologi
constraints but implies aZ2 coupling to the third generation
which is nonperturbative.

We now turn our attention to the charged gauge-bo
sector. The early bounds onW-WR mixing from a compre-
hensive analysis of low energy data can be found in R
@29#. Depending on the model their typical result was

ujgu<1023 ~26!

where

jg[
gR

gL
jW5tanuW /sinuRjW .

As with the neutral gauge-boson sector, these constra
do not apply directly to our model. The best bound onWR
couplings to third generation quarks comes fromb→sg as in
the bound on the anomalous couplingdkR from Eq. ~20!
obtained in Ref.@30#. A more careful treatment of QCD cor
rections can be done along the lines of Ref.@31#. The domi-
nant contribution tob→sg and the associatedb→sg is from
W-WR mixing, one has

Hmixing52
4GF

A2
VtbVts* @c7

LRO71c8
LRO8#,

O75
e

16p2 mbs̄smnRFmnb, ~27!

O85
g3

16p2 mbs̄smnRGmnb,

wherec7,8
LR are the Wilson coefficients due to left-right mix

ing evaluated at a scale of orderO(mW). In our model they
are given by

c7
LR5je f f

mt

mb
F̃~xt!, c8

LR5je f f

mt

mb
G̃~xt!, ~28!

where

je f f5
tanuW

sinuR
jWS VRtt

u VRbs* d

Vts*
1

VRtt* uVRbb
d

Vtb
D ,

F̃~x!5
220131x25x2

12~x21!2 1
x~223x!

2~x21!3 ln x, ~29!

G̃~x!52
41x1x2

4~x21!2 1
3x

2~x21!3 ln x,

with xt5mt
2/mW

2 , and Vtb , Vts the usual Cabibbo-
Kobayashi-Maskawa~CKM! angles.
4-5
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Running down to the scale relevant toB decays,
we obtain the dominant effective Wilson coefficient f
b→sg, c7e f f ,

c7e f f5h16/23c7
LR1

8

3
~h14/232h16/23!c8

LR. ~30!

Hereh5as(mW)/as(mb).
Compared with the SM top quark contribution, there is

enhancement factormt /mb . Using the most recent exper
mental data for b→sg, B(b→sg)5(3.2160.43
60.2720.10

10.18)31024 @32# we find at the 2s level that there
are two allowed ranges forje f f . They correspond to destruc
tive and constructive interference with the standard mo
amplitude, respectively, and are

20.032,je f f,20.027,
~31!

20.0016,je f f,0.0037.

In line with our discussion of flavor-changing neutral cu
rents we assume that theVR

u,d matrices are very close to th
unit matrix. The largest contribution is then from

je f f;
tanuW

sinuR
jW . ~32!

With cotuR;10 the two allowed ranges forjW are

20.006,jW,20.005,
~33!

20.0003,jW,0.0007.

For comparison, the bound onjZ from T combined with the
perturbative requirement resulted in 0.004,jZ,0.02. In the
G

v.

ys

rd

01300
n

el

first allowed range in Eq.~33! one finds 0.25,ujW /jZu
,1.5 making both mixing angles of the same order. On
other hand, in the second allowed range in Eq.~33! 0
,ujW /jZu,0.18, sojW is typically much smaller. An analy-
sis of the quark mass matrices in our model reveals that
possible to accommodate naturally a hierarchyv1 /v2

;mt /mb .1 This scenario would result in aujW /jZu as low as
2mb /mt;0.046.

In conclusion we have shown that it is possible to acco
modate theAFB

b result in a model with new right-hande
interactions for the third generation. The model predicts la
deviations from the standard model in the right-handed c
plings of the top-quark and perhaps the tau lepton. A strik
feature of the model is the possible existence of a li
(MZ2

,600 GeV)Z8 boson on which there is no meaningf

lower bound at present. The range allowed byb→sg in Eq.
~31! also indicates that this model can give rise toCP asym-
metries inB decays that deviate significantly from the sta
dard model@34#.
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1Similar ratios of VEVs arise naturally inSO(10) grand unified
models, for example@33#.
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