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Beautiful mirrors and precision electroweak data
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The standard model~SM! with a light Higgs boson provides a very good description of the precision
electroweak observable data coming from the CERN LEP, SLD and Fermilab Tevatron experiments. Most of
the observables, with the notable exception of the forward-backward asymmetry of the bottom quark, point
towards a Higgs boson mass far below its current experimental bound. The disagreement, within the SM,
between the values for the weak mixing angle as obtained from the measurement of the leptonic and hadronic
asymmetries at lepton colliders, may be taken to indicate new physics contributions to the precision elec-
troweak observables. In this article we investigate the possibility that the inclusion of additional bottomlike
quarks could help resolve this discrepancy. Two inequivalent assignments for these new quarks are analyzed.
The resultant fits to the electroweak data show a significant improvement when compared to that obtained in
the SM. While in one of the examples analyzed the exotic quarks are predicted to be light, with masses below
300 GeV, and the Higgs boson tends to be heavy, in the second one the Higgs boson is predicted to be light,
with a mass below 250 GeV, while the quarks tend to be heavy, with masses of about 800 GeV. The collider
signatures associated with the new exotic quarks, as well as the question of unification of couplings within
these models and a possible cosmological implication of the new physical degrees of freedom at the weak scale
are also discussed.
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I. INTRODUCTION

The electroweak precision tests, driven primarily by t
experiments at the CERNe1e2 collider LEP, the Fermilab
Tevatron and the SLAC Linear Collider~SLC!, have, in re-
cent years, held much of the attention of the field. Taken
conjunction with the measurement of the top mass and
tain other low energy measurements, these experiments
vindicated the standard model~SM! to an unprecedented de
gree of accuracy@1#. While startling deviations from the SM
expectations have occasionally appeared, only to disap
later as the precision increased, the results of the preci
tests have been remarkably steady over the past five y
Yet, certain discrepancies persist. It is thus contingent u
us to examine their significance and especially to ascer
whether they could be pointers to new physics at the w
scale.

In this article, we shall concentrate upon the most obvio
of such a possible deviation@2#, namely the forward-
backward asymmetry (AFB

b ) of theb quark, the measuremen
of which shows a 2.9s deviation from the value predicted b
the best fit to the precision electroweak observables wi
the SM @1,3#. One might, of course, argue that this discre
ancy is but a result of experimental inaccuracies and/or ju
large statistical fluctuation. This viewpoint is supported,
some extent, by the observation that the correspond
SLAC Large Detector ~SLD! measurement of the
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b-asymmetry factorAb using the LR polarizedb asymmetry
is in much better agreement with the SM@1#. It has also been
argued that any correction to theb̄bZ vertex, large enough to
‘‘explain’’ AFB

b would have shown up in the very accura
measurement ofRb , the branching fraction of theZ into b’s.
However, we shall demonstrate that this need not be so.
more importantly, given the remarkable consistency amon
the four LEP experiments as regardsAFB

b , it is perhaps
worthwhile to take this deviation from the SM seriously a
to speculate on possible explanations thereof.

Let us begin by reviewing the relevant data at theZ peak.
We parametrize the effectiveZbb̄ interaction by

LZbb̄5
2e

sWcW
Zmb̄gm@ ḡL

bPL1ḡR
b PR#b ~1!

wheresW[sinuW, cW[cosuW and PL,R are the chiral pro-
jection operators. An analogous definition holds for the ot
fermions. Within the SM, the tree-level values of the chi
couplings gL,R

f are determined by gauge invariance. T
weak radiative corrections to the same are well-documen
and are insignificant for all but theb-quark. Clearly then,

Rb[
G~Z→bb̄!

G~Z→hadrons!
.

~ ḡL
b!21~ ḡR

b !2

(
q

@~ ḡL
q!21~ ḡR

q !2#

~2!
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where the sum is to be done over all the light quarks. T
forward-backward asymmetry at LEP, on the other hand
given by

AFB
b uAs.mZ

5
3

4
AlAb ~3!

with

Ab.
~ ḡL

b!22~ ḡR
b !2

~ ḡL
b!21~ ḡR

b !2

Al.
~gL

l !22~gR
l !2

~gL
l !21~gR

l !2
. ~4!

Small corrections also accrue to the above observable fro
non-zerob-quark andc-quark masses as well as QCD, ele
troweak and electromagnetic vertex corrections@4–6#.
Whereas the observed values are

Rb~obs!50.2164660.00065, AFB
b ~obs!50.099060.0017,

~5!

the SM expectations for a top quark mass of 174.3 GeV
a Higgs boson mass close to its present experimental bo
are Rb(SM).0.2157 andAFB

b (SM).0.1036. Thus, while
the observed value forRb is consistent with the SM, that fo
AFB

b shows, as emphasized before, a relatively large de
tion from the predicted value. This relatively large discre
ancy may be reduced by choosing larger Higgs bo
masses, although only at the cost of worsening the agreem
between theory and experiment for other observables, m
notably the lepton asymmetries.

It has been noted, for example in Ref.@7#, that the overall
consistency of the SM with the data improves if we dism
altogether the measurement of the forward-backward as
metry. Such an act of exclusion leads to a preference for
physics scenarios that produce a negative shift in the obl
electroweak parameterS @8#, an example being provided b
supersymmetric theories with light sleptons@7#. We, instead,
choose to consider all experimental data on equal footin

In this article, we investigate a possible way of resolvi
the disagreement between the hadronic and leptonic as
metries through the introduction of new quark degrees
freedom at the weak scale thereby inducing non-trivial m
ings with the third generation of quarks. In Sec. II, we e
amine the experimental status in order to determine the
essary modifications in the couplings of the right- and le
handed bottom quarks. As the required modification in
right-handed sector turns out to be too large to be obtain
via radiative corrections, we investigate, in Sec. III, the p
sibility that tree-level mixing of the bottom quark with exot
quarks might be responsible for the observed deviations.
possible assignments for such quarks are examined for
effects on the precision electroweak observables and the
simplest choices identified. The fits to the data for the t
cases are presented in Secs. IV and V respectively. O
phenomenological consequences, including the questio
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unification, will be investigated in Secs. VI and VII. W
reserve Sec. VIII for our conclusions.

II. BOTTOM QUARK COUPLINGS CONFRONT DATA

Let us assume a purely phenomenological stance and
tempt to determineḡL,R

b from the data. Even in the limit of
infinite precision, the ellipse and the straight lines represe
ing the solution spaces for Eqs.~2!,~3! intersect atfour points
with the coordinates given by

~ ḡL
b ,ḡR

b !'@60.992gL
b~SM!,61.26gR

b~SM!#, ~6!

where we indicate on the right the approximate values of
left- and right-handed couplings necessary to fit the botto
quark production data at theZ peak.1 Clearly, no experiment
performed at theZ peak can reduce the degeneracy any f
ther. Off theZ peak though, the photon-mediated diagra
becomes important thereby affecting the forward-backw
asymmetry of the bottom-quark. Such data, thus, could
criminate amongst the four solutions described above.
asymmetry is easy to calculate and in Fig. 1, we plot
same as a function of the center of mass energy of thee1e2

system for each of the solutions2 in Eq. ~6!. It is quite appar-
ent that the two solutions withḡL

b'2gL
b(SM) can be sum-

marily discarded. Interestingly enough, the data does
readily discriminate between the two remaining solutio
This, though, is not unexpected asugR

b u!ugL
bu within the SM.

1A similar analysis, although restricted to modifying the mag
tude but not the sign of the couplings, was performed in Ref.@9#.

2Had we instead held the magnitudes of the couplings to their
values, the resulting curves would have been barely distinguish
from those in Fig. 1.

FIG. 1. The forward-backward asymmetry for theb quark as a
function of As for the four solutions of Eq.~6!. The signs in the

parentheses refer to those for (ḡL
b ,ḡR

b) in the same order as in Eq
~6! with (1,1) being SM-like. The experimental data correspo
to the measurements reported in Refs.@10–20#.
2-2
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BEAUTIFUL MIRRORS AND PRECISION ELECTROWEAK DATA PHYSICAL REVIEW D65 053002
FIG. 2. The regions in theZb̄b coupling parameter space that are favored by the measured value ofRb ~steeper curves! and of the
weighted average ofAFB

b and Ab ~flatter curves!. For each set, the innermost curve leads to the experimental central value whi
sidebands correspond to the 1s and 2s error bars. The standard model point is at the origin.
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A similar analysis can be performed forRb as well, but the
off-peak measurements of this variable are not accu
enough to permit a similar level of discrimination.

It is quite interesting to note that the agreement with
next best measurement ofAFB

b , viz., that at the DESe1e2

collider PETRA ~35 GeV! is much better for the (1,2)
choice than for the SM~or the ‘‘SM-like’’ solution!. This
observation can be quantified by performing ax2 test includ-
ing all the data shown in Fig. 1. It can easily be ascertai

that thex2 is indeed significantly improved if the sign ofḡR
b

were to be reversed. The LEP experiments have a
measured3 AFB

b off the Z peak @21#, at As5MZ62 GeV.
While the measured value of this asymmetry atAs5MZ

12 GeV is in remarkable agreement with the predictio
obtained with the (1,2) choice, the measured value atAs
5MZ22 GeV is about 2.5-s away from this choice of sign
predictions. On the contrary, the (1,1) choice leads to an
excellent agreement with the LEP data. Once these additi
data is taken into account in thex2 test, although the (1,
2) option still leads to a slightly better fit, no clear prefe
ence for either of the two choices of sign can be establish
Any resolution of theAFB

b anomaly through a modification o

the Zbb̄ couplings must then lie within one of two disjoin
regions of the parameter space, regions that we exhib
Fig. 2. What immediately catches the eye is that the requ
shifts in the coupling satisfyudgRu@udgLu, a condition that
would prove crucial at a later stage of our analysis. At t
point, it is perhaps worthwhile to note that the two oth
~ruled out! branches of the solution space would have
quired a very largeudgLu, a shift that is very hard to obtain in
any reasonable model.

3We thank Martin Grunewald for this observation.
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III. BEAUTIFUL MIRRORS

We now turn to the question of whether the requir
dgR,L could arise naturally as consequences of ordina
exotic quark mixing. To keep the discussion simple, yet wi
out losing track of any subtle effects, let us, for now, confi
ourselves to just one additional set of quarks. Any extens
of the model would not change the qualitative aspects of
analysis. We shall also, for the time being, neglect any m
ing with quarks of the first two generations.4 At this stage,
we do not make any further assumptions about the quan
numbers of these new quarks. Working in the basis (b18 ,b28),
where the primes indicate weak-interaction eigenstates
b28 refers to the exoticb quark, the mass matrix can be p
rametrized as

Lmb
52(

i j
b̄iL8 Mi j bjR8 1H.c., M[S M11 M12

M21 M22
D ~7!

where the subscriptsL,R refer to the quark chirality, and the
~in general, complex! elementsMi j represent either a bar
mass term or one derived from the Higgs mechanism. It
straightforward task, then, to obtain the mixing matrices
the left- and right-handed quarks~as well as the mass eigen
values! by diagonalizing the matricesMM† and M†M re-
spectively. Ordinary-exotic mixings would generically intro
duce additional parameters in the charged current struc
and, more importantly for us, in the neutral current sector
well. Any such deviation from the SM structure depends c
cially on the isospins of the exotics, and for the new left- a
right-handedb8 fields, we denote these values byt3L(R) . Let
us concentrate on the neutral currents in theb-sector, more

4A negligibly small mixing with the first and second generatio
may be enforced, for instance, by additional gauge interactio
such as top color@22–26#, top flavor@27–30# or bottom color@31#.
2-3
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specifically on the part independent of the charge genera5

Expressed in terms of the physical states~mass eigenstates!,
these can be parametrized as

Jm
3 ~b!5

e

sWcW
(
i j

b̄igm~Li j PL1Ri j PR!bj ,

L[S t3LsL
22

1

2
cL

2 2S t3L1
1

2D sLcL

2S t3L1
1

2D sLcL t3LcL
22

1

2
sL

2
D

~8!

R[S t3RsR
2 2t3RsRcR

2t3RsRcR t3RcR
2 D

where sL,R[sinuL,R etc parametrize the left- and righ
handed mixing matrices in theb-sector andsW (cW) denote
the sine~cosine! of the weak mixing angle. As expected, w
would have flavor-changing neutral currents if eithert3L
Þ21/2 or t3RÞ0. The presence of any such coupling wou
play a crucial role in the discovery of such an exotic and
shall return to this later. Since the shifts ingL,R

b are given by

dgL
b5S t3L1

1

2D sL
2 , dgR

b5t3RsR
2 , ~9!

it follows that the right handed component of the exotic ca
not be aSU(2)L singlet.

In principle, we could allow each ofbL8 and bR8 to lie in
any ~and inequivalent! representation of

SU~3!c^ SU~2!L ^ U~1!Y .

However, the requirement of anomaly cancellation indica
that a vector-like coupling for the exotics is the most ec
nomic choice. In addition, the introduction of vector-like fe
mions, unlike the one of their chiral counterparts, do not le
to large contributions to the oblique electroweak parametS
@8#, thereby preserving the agreement with precision d
We shall, therefore, limit ourselves to only such quarks.
refer to these exotic quarks as~beautiful! mirrors in the sense
that they occur in vector-like pairs and they have the sa
electric and color charges as the ordinary bottom-~or
beauty-! quark.

As we have already mentioned, nonzero quark mix
requires that there be mass terms connecting the ordi
b-quark to its exotic counterpart. Demanding that the o
scalars in the theory be theSU(2) Higgs boson doublets
restricts the choice of the exotics to aSU(2) singlet and two
varieties each ofSU(2) doublets and triplets. The phenom
enological requirement oft3RÞ0 eliminates the singlet an
one of the triplets as the possible source for the large m

5Any mixing which respectsU(1)em must be between objects o
the same chargeQ and thus there are no mixing effects proportion
to Q.
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fication of the right-handed bottom quark coupling. T
choice then devolves to one ofCL,R5(3,2,1/6),(3,2,25/6)
and (3,3,2/3). The phenomenological consequences of
first and last possibilities are similar and hence we shall c
centrate on studying the first two cases.

IV. SCENARIO WITH STANDARD MIRROR QUARK
DOUBLETS

Our first scenario relies on the introduction of the fermi
doublets

CL,R
T 5~x,v![~3,2,1/6!, ~10!

which are a mirror copy of the standard quark doublets of
standard model. The most general Yukawa and mass ter
the Lagrangian is then

L.2~y1QL8̄1y2CL !̄bR8f2~x1QL8̄1x2CL8̄ !tR8 f̃2M1CL8̄CR8

1H.c., ~11!

where the primes, once again, denote weak eigenstates.
that, on account ofCL8 and QL8 having the same quantum

numbers, a mass term of the formQL8̄CR can be trivially
rotated away. In the basis (b8,v8), we then have a mas
matrix of the form

Mb5S Y1 0

Y2 M1
D , Yi[yi^f& ~12!

and an analogous one for the top. For the sake of simplic
we shall assume that the mass matrices are real. In the
nomenologically interesting regime ofY1!Y2,M1, we
have, for the eigenvalues of the mass eigenstatesb,v and the
mixing angles

mb'Y1S 11
Y2

2

M1
2D 21/2

, mv'~M1
21Y2

2!1/2, ~13!

tanuR
b'

2Y2

M1
tanuL

b'
2Y1Y2

M1
21Y2

2
,

with analogous expressions for the top sector. A few poi
are to be noted:

Since bothvL8 andxL8 have the same quantum numbers
their ordinary counterparts, neutral currents in these sec
remain unmodified.

As dgR
b,0 @while gR

b(SM).0#, a smalldgR
b would only

worsen the fit. Rather, we must demand a large nega
correction that would take us to the second allowed region
the parameter space~see Fig. 2!. For example, a 1s agree-
ment for each ofAFB

b andRb is obtained for

dgR
b5

2sR
2

2
'20.165 ⇒ Y2'0.7M1 . ~14!l
2-4
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BEAUTIFUL MIRRORS AND PRECISION ELECTROWEAK DATA PHYSICAL REVIEW D65 053002
The top-sector mass matrix is as in Eq.~12! but with yi
→xi . Since they’s and x’s are independent, one could,
principle, setx250 ~this, for example, could be ensured b
imposing a discrete symmetry!. In such a case, the top sect
sees no additional mixing andx1 is the usual top Yukawa
coupling.

Since no exotic quark has yet been seen at the Teva
collider, M1*200 GeV.

In general, due to the large mixing in the bottom sec
and the fact that the right-handed mirror quarks carry n
trivial weak charges, a potentially large correction to the p
cision electroweak parameters will accrue.

A right-handedW-t-b interaction is induced with strengt
proportional tosR

bsR
t . Measurement ofb→sg requiressR

bsR
t

,0.02@32#, leading us to consider the case of negligiblex-t
mixing.

In order to address the question of how well does t
scenario fit the data, we have computed the corrections to
S, T and U parameters, with respect to a reference Hig
boson mass value of 115 GeV. While the corrections toU are
small, the corrections toT andS are large and increase wit
the overall scale of quark masses. For instance, forM
5200, 225, 250 GeV the corrections to theT parameter are
DT.0.35, 0.42, 0.54 respectively, while the correction to
parameterS is somewhat insensitive to the masses and m
suresDS.0.1.

The large corrections to theT parameter, together with th
relatively large corrections to the right-handed bottom c
plings, tend to increase the hadronic width and the to
width of the Z to unacceptable levels. This problem can
ameliorated by including the mixing of the bottom qua
with a quarkjR,L carrying the quantum numbers of the righ
handed bottom quark and its mirror partner. In the ba
(b8,v8,j8), the simplest modification to the mass matrix th
satisfies this requirement is given by

Mb5S Y1 0 Y3

Y2 M1 0

0 0 M2

D , Yi[yi^f&. ~15!

Note that, as happens with (Mb)12, the element (Mb)31
could also be trivially rotated away. The inclusion of sma
but non-zero, values of the elements (Mb)23 and (Mb)32 only
serves to complicate matters without modifying the m
phenomenological consequences of this model.

Ignoring small terms proportional to the bottom qua
mass, the left-handed mixing angle is now given by

sL.
Y3

AY3
21M2

2
. ~16!

The main effect of the mixing with these weak singlet qua
is to reduce the left-handed coupling of the bottom quark
thus the partial width of theZ into b’s and hence into had
rons as such. The scenario described above can thus cl
improve the agreement withAFB

b . For small values ofsL , as
demanded by experimental results, the oblique correction
the precision electroweak observables are still dominated
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the large mixing of the bottom quark with the weak mirr
quark doublet. The presence of the new quarks will,
course, induce additional radiative corrections to theb-quark
couplings. It is easy to see though that, given the abo
mentioned mass and mixing angle pattern, these correct
are tiny compared to those induced at the tree level,
hence could be safely neglected. Once again, n
observation of an exotic quark at the Tevatron impliesM2
*200 GeV.

The parametersS, T and U are in one to one correspon
dence with the variations of the parameterse3 , e1 and e2,
introduced in Ref.@33# with respect to a given value of th
top quark mass and the Higgs boson mass. The relation
tween these parameters is given by

De15aT, De35
aS

4sW
2

,

De252
aU

4sW
2

, ~17!

and, within the SM, for a top quark massmt5174.3 GeV
and a Higgs boson massmH5115 GeV,e155.631023, e2
527.431023 and e355.431023 @7#. The dependence o
the e i parameters on the Higgs boson and top quark ma
may be found, for instance, in Ref.@34#. The dependence o
the most important observables on the parameterse i are
given by

GZ.2.489~111.35e120.46e31••• ! GeV

sin2u l
eff.0.2310~121.88e311.45e1!

mW
2

mZ
2

.0.7689~111.43e12e220.86e3!, ~18!

where the ellipsis reflects the contributions associated w
the variations of theb coupling due to radiative correction
and the mixing with theb quarks. There is, in addition, a
dependence on the precise value ofa(MZ) andas(MZ). In
our computations we have used the central values for
hadronic contribution toa(MZ) namely Dahad

(5)50.02761
@35#, while the strong gauge coupling was allowed to flo
around the central value of 0.118@36#.

Variations in the parameterT larger than 0.3 tend to in-
duce a large positive correction to the totalZ width, and are
therefore disfavored by the data. Consequently, this mo
leads to a better fit to the data whenever the new quarks
relatively light and the Higgs boson is heavy. In general
heavy Higgs boson leads to a negative contribution toT and
a positive contribution toS, leading to a better agreemen
with the total width of the Z. However, the same effec
worsen the agreement of the data with the leptonic asym
tries, which mainly depend on sin2u l

eff . Therefore, the mode
leads to a correlation of the quark and Higgs boson mas
The heavier the new quarks, the heavier the Higgs bo
needs to be. The value ofas also plays an important role in
2-5
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this process, since it may lower the total hadronic wid
without modifying the leptonic asymmetries.

We have made a fit to the data within this model. Inclu
ing the values ofY2 , M1 , as , mt , mH andsL as variables in
the fit ~the fit is quite insensitive to the scaleM2, provided it
remains below a a few TeV!, we obtain that the best fit to th
data is obtained for the mirror quark mass parameterM1
close to the present experimental bound on this quan
while the preferred values of the Higgs boson mass are a
300 GeV. Raising the quark bound to 250 GeV leads to
optimal value of the Higgs boson mass of about 850 G
The best fit givesas.0.116 andmt.173 GeV. For the ex-
otic sector, the corresponding values are

Y2.0.71M1 , M1.200 GeV ~19!

while

sL
2.0.008. ~20!

The best fit to the ratioY2 /M1 and tosL
2 are virtually inde-

pendent ofM1 for 200 GeV&M1&250 GeV.
In Fig. 3 we show the 1- and 2-s regions in themH-mx

parameter space determined by the best fit to the data
emphasized above, the model leads to a preference for
quarks, with masses below or about 250 GeV, within
reach of the Tevatron collider~see Sec. VI!, while the pre-
ferred values of the Higgs boson mass are much larger
in the standard model, a feature that appears in many mo
@37#.

For the parameters providing the best fit, all measu
precision electroweak observables, including the lepton
hadron asymmetries and theZ widths are within 2s of the
predictions of this model, and, in particular, the botto
asymmetries are within 1s of the predicted values. Simila
results are obtained for slightly larger values ofM1, although
the model is clearly disfavored for quark massesM1.250

FIG. 3. Region in themH-mx parameter space~in the model
with standard mirror quark doublets! that is consistent with the bes
fit point ~marked! at the 68% C.L. and 99.5% C.L. respectively.
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GeV. Overall, after the introduction of three additional p
rameters (M1 , Y2 andY3 /M2), thex2 of the fit is improved
by 5.5 compared to an overal value ofx2.22.5 in our fit to
the same observables within the SM. While the agreem
between theory and experiment for the bottom-quark as
metries is remarkably better than in the standard model,
lepton asymmetries remain essentially the same as in
SM. This is due to the tension between these observables
the totalZ width within this model and is reflected in the fa
that the fit produces

sin2u l
eff.0.2315. ~21!

As a result, the left-right lepton asymmetry is about 1.9 st
dard deviations away from the value measured at SLD t
marginally worsening the discrepancy obtained within t
standard model. TheW mass is, instead, in excellent agre
ment with the predictions of this model.

V. TOP-LESS MIRROR QUARK DOUBLETS

Let us now analyze the case in which the mirror qua
belong to a doublet in which there is no quark with the sa
charge as the top quark, viz.,

CL,R
T 5~v,x![~3,2,25/6!. ~22!

This model has some advantages with respect to the m
analyzed above. First of all, since the weak partner of thev
has charge24/3, there is no mixing involving the top quark
Second, the model allows for a modification of the righ
handed bottom couplings with moderate mixing angles.
the basis (b8,v8), the mass matrix reads

Mb5S Y1 0

YR M1
D , Yi[yi^f&, ~23!

where the zero entry is now enforced by gauge invarian
The right and left-handed mixing angles have similar expr
sions to the ones found in the above model. However,
mixing of the right-handed bottom leads to a positive shift
gR

b ,

dgR
b.

1

2
sR

2 ~24!

and therefore small values ofsR can lead to a relevant shif
of AFB

b in the direction required by experiment.
As in the previously analyzed model, the values ofRb and

of the hadronic width can be improved by allowing an ad
tional mixing with a quarkj with the same quantum num
bers as the right-handed bottom quark and its mirror part
In the basis (b8,v8,j8), we assume a mass matrix qui
similar to the one in the last section:

Mb5S Y1 0 YL

YR M1 0

0 0 M2

D , Yi[yi^f&. ~25!
2-6
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BEAUTIFUL MIRRORS AND PRECISION ELECTROWEAK DATA PHYSICAL REVIEW D65 053002
As with the previous model, the matrix element (Mb)31 can
be trivially rotated away, while the inclusion of small~com-
pared toMi) but non-vanishing matrix elements (Mb)23 and
(Mb)32 do not change the main results of our analysis.

Ignoring small effects induced by the bottom mass,
left-handed and right-handed mixing angles are given by

sL.
YL

AYL
21M2

2
, sR.

YR

AYR
21M1

2
. ~26!

The main difference between this model and the one a
lyzed before lies in the smallness of all the mixing angl
Since all Yukawa couplings are small compared to the
plicitly gauge invariant masses, the corrections to the obli
parametersS, T and U are small. The corrections toT be-
come relevant only for quark masses above 500 GeV, w
the corrections toS andU remain small even for masses
the multi-TeV range. Since the expected bottom-quark as
metry has now migrated much closer to the measured va
the data now prefers non-negligible values of theT param-
eter so as to permit a better agreement with the lepton as
metries and theW mass. This can only be achieved by pus
ing the quark masses up, while keeping the Higgs bo
mass close to its experimental lower bound.

We have analyzed all the precision observables in the c
text of this model, as described by the parametersmH , mt ,
as, M1 , YR, M2 andYL . The best fit to the data is obtaine
for a Higgs boson mass close to the present experime
bound and mirror quark doublets with mass of about

M1.825 GeV andYR.160 GeV, ~27!

implying thatsR
2.0.036. The best fit value ofM2 is close to

its experimental bound,M2.200 GeV, whileYL.15 GeV,
leading tosL

2.0.006. Similar to the previously analyzed sc
nario, changingM2 while keeping the ratio ofYL /M2 does
not alter the fit in any significant way. The best fit values
as andmt areas.0.116 andmt.176 GeV.

In Fig. 4 we show the 1- and 2-s regions in themH-M1
parameter space obtained by the best fit to the data. As
phasized above, the Higgs boson tends to be light, in
region most accessible to the Tevatron collider and aAs
5500 GeV linear collider. The quarks, instead, tend to
heavy with masses of about 1 TeV. ForM1 above a few TeV
though, the Yukawa couplingYR needed to improve the fit to
the data becomes large, spoiling the perturbative consiste
of the theory at low energy scales.

This model provides a surprisingly good agreement w
the experimental data. In fact, introducing three additio
parameters (M1 , YR andYL /M2) reduces thex2 of the fit by
8 units compared to a value ofx2.22.5 obtained in our fit to
the same observables within the SM. For the parameters
viding the best fit to the data, the left-right lepton asymme
measured at SLD is 1.2 standard deviations from the th
retically predicted value, while almost all other measur
observables are within 1s of the predictions of this model
The only exceptions are the charm forward-backward as
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metry and the total hadronic cross section measured at L
which stay within 2s of the measured values. As alread
pointed out, the fitted value

sin2u l
eff.0.2313 ~28!

exhibits a much better agreement with the leptonic asym
tries than in the model with standard mirror quarks.

VI. IMPLICATIONS AT PRESENT AND FUTURE
COLLIDERS

Although the two models presented above share m
features, there are subtle differences as far as the col
signatures are concerned. We shall examine, in some de
the scenario containing a top-like quark and then point
the differences with the second model.

Any new quark@38#, with a mass below or about 25
GeV, as preferred in the model with standard quark doubl
should be observable at the next run of the Tevatron collid
The main decay of thex quark will be similar to that of the
top quark, namely,

x→b1W1. ~29!

Although thev quark tends to be somewhat heavier than
x quark, it should be possible to pair-produce it at the Te
tron collider, especially ifM1 turns out to be in the~lower!
range preferred by the electroweak fit. On account of
phase space restrictions, it would decay mainly through
flavor violating channel, viz.,

v→b1Z ~30!

a mode that has already been looked for at the run I of
Tevatron with a resultant lower limit of about 200 GeV o
mv @39#. This very same flavor-changing neutral current

FIG. 4. Region in themH-mx parameter space~in the model
with top-less mirror quark doublets! that is consistent with the bes
fit point ~marked! at the 68% C.L. and 99.5% C.L. respectively.
2-7
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teraction, would, at a next generation linear collider, lead t
rather significant cross section for the process

e11e2→b̄1v, ~31!

as well as the conjugate state, thereby leading to rather s
ing signatures.

There is no prediction for the singlet quark mass with
this models. If they were light, in the range accessible to
Tevatron collider, they will mainly decay via its flavor vio
lating couplings

j→b1Z, ~32!

or, in the event of a non-zero (Mb)23, also into anv quark:

j→v1Z. ~33!

Due to its larger center of mass energy, the LHC, should
able to test this model for even larger values of thev- and
x-quark masses.

Finally, we turn to the Higgs boson. Note that the Yuka
coupling matrix is proportional to that in Eq.~15! with the
gauge invariant massesM1,2 switched off. This immediately
implies that the Yukawa interactions are not diagonal in
mass-basis. This is quite crucial especially since the coup
y2 is quite large~actually, of the same order as the to
Yukawa coupling in the SM!. While the full expressions for
the resultant Yukawas couplings are cumbersome, they
plify considerably in the limit of a vanishingy3 to

L bwf0;y2~cRv̄LbR2sRv̄LvR!f01H.c.1O~y1!.
~34!

Thus, formf0.mv1mb , a condition satisfied over almos
the entirety of the preferred parameter space~see Fig. 3!, the
Higgs boson is afforded an additional decay mode. And
the Higgs boson is more than twice as heavy as thev ~again,
true for a very large part of the 1s preferred area!, a further
decay channel would open up, although with a branch
fraction smaller than that for the flavor-changing mod
While this results in a severe depletion of the ‘‘gold-plate
modes (f0→ZZ→4l ), presumably these non-canonic
channels would lend themselves easily to discovery, es
cially with the b- ~and lepton-! richness of the final state.

In the top-less mirror quark model, instead, the qu
doublets are predicted to be heavier. Only the CERN La
Hadron Collider~LHC! ~or a second generation linear co
lider! would have enough center of mass energy to prod
the v andx in this case. The quarkx ~with a 24/3 charge!
will decay into

x→b1W2, ~35!

leading to a top-like signature with a wrong signW. Simi-
larly, due to phase space restrictions,

v→Z1b. ~36!

Since the flavor changing coupling is smaller in this case
compared to the previous model, non-diagonal productio
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a linear collider would be somewhat suppressed. Also, w
the Higgs boson preferring to be light, and with its couplin
to the new states not being as large as in the other mo
Higgs boson phenomenology remains largely unchan
from the SM.

As happens in the model with standard mirror quar
there is no prediction for the singlet mirror quark masses
they are available at the colliders, they will decay via
flavor violating coupling:

j→b1Z. ~37!

And sincej prefers to be lighter thanv, a non-zero (Mb)23
would, once again open an additional decay channel, viz

v→j1Z. ~38!

VII. UNIFICATION

The question of unification within these models is an
teresting one. It might be argued that this is not a pertin
one, since we have not detailed any mechanism to keep
Higgs boson boson and vector quarks naturally light. T
hierarchy of masses may arise through some hitherto un
covered mechanism, which must be related to the one le
ing to the breakdown of the electroweak symmetry, and w
probably require extra gauge symmetries@22–31,40–42#.
The presence of any such extra symmetry would certa
alter unification in a highly model-dependent way. It is st
possible though to discuss the issue of unification with
delving into the details of the implementation of such a sy
metry, as long as one assumes that the low-energy spec
is determined, besides additional completeSU(5) multiplets
@42#. This is the approach that we adopt in this section.

We shall proceed with a one-loop analysis, taking in
account that the possible two-loop effects are of the orde
the small threshold effects at the grand unification scale,
hence become strictly relevant only for the construction o
complete grand unified model, an objective which is beyo
the scope of this article.

In the model with standard mirror quarks the be
function coefficients of the three gauge couplings are giv
by

b352111
4

3
ng12

b252
22

3
1

4

3
ng1

nH

6
12

b15
4

3
ng1

nH

10
1

2

5
~39!

where the last term in each line relates to the extra contr
tion induced by the presence of the mirror doublet and s
glet bottom quarks,ng is the number of generations andnH
is the number of Higgs boson doublets. To be consistent w
2-8
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BEAUTIFUL MIRRORS AND PRECISION ELECTROWEAK DATA PHYSICAL REVIEW D65 053002
the electroweak fits described earlier, we assume that
one Higgs boson doublet plays a relevant role in electrow
symmetry breaking.

This model predicts a shift of the hypercharge beta fu
tion that is somewhat smaller than the equal shifts of the b
functions of the weak and strong gauge couplings. As is w
known, within the SM, the strong and weak gauge couplin
meet at approximately 1017 GeV ~for nH51). The hyper-
charge coupling, however, crosses the other two at a m
lower scale. This big ‘‘discrepancy’’ can be reduced by po
tulating a large number of Higgs boson doublets, but only
the cost of bringing down the unification scale to;1012

GeV, a value palpably inconsistent with proton stability. T
introduction of the new quarks and the consequent shif
the beta functions works to reduce this very same differe
in the scales at which the couplings meet. The improvem
is quite significant. FornH51,2 and 3, and ‘‘unification’’
scales of approximately 531016 GeV, 231016 GeV and 1016

GeV, the couplings differ from the average ‘‘unification
value by less than 3, 1 and 3 percent respectively.6 These
corrections are small, and considering the large scales
volved, as emphasized above, could easily be accommod
~even fornH51) by threshold effects due to the presence
heavy particles@with grand unified theory~GUT! scale
masses# or Planck scale suppressed operators.

Observe that, since the model lacks supersymmetry, d
gerous dimension five operators are absent from a pote
grand unified scenario. Moreover, the unification scale is s
ficiently large to avoid the constraints coming from prot
decay induced via dimension 6 operators. However, for
Higgs boson masses and Yukawa couplings associated
the best fit to the precision electroweak data, the model te
to induce a Landau pole in the Higgs boson quartic coupli
below the GUT scale, particularly for relatively heav
quarks,M1.250 GeV. The most obvious means of avoidi
this problem is to give up the property of perturbative un
cation. An alternate way would be to effect a suitable mo
fication such as the one that we discuss shortly.

In the model with the non-standard mirror doublet quar
instead, the unification relations are not improved with
spect to the standard model case, since the shift in the
function of the hypercharge gauge coupling is larger than
the ones associated with the strong and weak coupling
functions. However, this model presents an interesting pr
erty: the mirror doublet and singlet quarks introduced in t
model are contained in the adjoint (24), and in the515̄
representations ofSU(5). Indeed, the weak doublet and sin
glet quarks in this model have precisely the same quan
numbers as the 24-plet partners of the standard model ga
nos and of the color-triplet Higgsinos of the minimal sup
symmetric standard model~MSSM!, respectively.7

6Two-loop effects will produce small modifications to these nu
bers.

7In the minimal supersymmetricSU(5) model, the colored-triplet
Higgsinos are assumed to acquire GUT scale masses, creatin
so-called doublet triplet splitting problem. A similar hierarchy pro
lem would exist in the model described in this section.
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On a more speculative note, if one were willing to acce
the presence of a complete24 of fermions at the weak scale
together with the standard mirror doublet and singlet quar8

one could obtain excellent unification relations without t
need of supersymmetry, together with an excellent fit to
precision electroweak observables. Within this assumpt
the top-less mirror quark doublets will be the ones leading
a relevant mixing with the bottom quark, while the standa
mirror quark doublets should have only small mixing wi
the three generation of quarks. In this case, the Higgs bo
tends to be light. For a top-less doublet lighter than appro
mately 1 TeV, the Yukawa couplings are relatively weak a
the Landau pole problem is avoided. This model may le
instead, to a conflict with the Higgs boson potential stabil
@43#. Whether this is a real physical problem can only
answered by studying the possibility of ours being a me
stable vacuum. In the SM with a similarly light Higgs boso
mH.115 GeV, the requirement of strict stability would su
gest the presence of new physics far below the Planck sc
The requirement of being in a metastable vacuum with li
time longer than the age of the Universe, instead, allows
standard model description to be valid up to scales clos
the Planck scale@44,45#. We postpone for a future study
more detailed analysis of these questions.

Observe that the above-mentioned possibility leads to
potential presence of fields with the quantum numbers of
minimal supersymmetric standard model~MSSM! gauginos
at low energies. In the absence of a symmetry likeR parity,
the fields with the quantum number of theW-ino and of the
B-ino will mix with the leptons and neutrinos, respective
and hence their couplings to the leptons and the Hi
bosons should be very small. If one assumes the presen
a second Higgs boson doublet, with no relevant role in
electroweak symmetry breaking mechanism, a coupling
order one of this field with theB-ino-like field and, for in-
stance, the third generation leptons may induce the pro
annihilation rate to make theB-ino-like field a good dark
matter candidate.9 Alternatively, theB-ino may play the role
of a sterile neutrino. Without the addition of new fields, t
gluino-like particle tends to be very long lived or even stab
We also reserve for a separate study the analysis of the
mological and phenomenological consequences of suc
scenario.

VIII. CONCLUSIONS

The standard model with a light Higgs boson is in ve
good agreement with the precision electroweak observa
measured at the Tevatron, SLD and LEP colliders. Althou
there is no clear indication of the need for new physics in
electroweak precision measurement data, the prediction
the effective leptonic weak mixing angle extracted from t
hadronic and leptonic observables are several standard d
tions away from each other. In this article we have analyz-

the8All these fields are contained in the adjoint ofE6.
9Discrete symmetries may need to be imposed in order to av

dangerous lepton flavor violating processes.
2-9
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a possible way of fixing this discrepancy by introducing m
ror quarks with quantum numbers similar to those of
left-handed and right-handed bottom quarks.

While the two models analyzed in our article lead to
improvement of the general fit to the precision electrowe
data, they present qualitatively different characteristic t
make themselves easily distinguishable from the experim
tal point of view. In the model with standard mirror qua
doublets, only negative shifts to the right-handed bott
coupling may be obtained by means of the mixing with t
doublet and singlet quarks. The very smallness of this c
pling within the SM, however, allows us not only to chan
its magnitude but reverse its sign as well. Apart from i
proving the agreement to the precision electroweak data
great extent, this also leads to interesting predictions for
bottom quark asymmetries away from theZ peak. Moreover,
the best fit to the data within this model is obtained
quarks light enough to be accessible at the Tevatron colli
and relatively heavy Higgs bosons. Finally, the unificati
relations are significantly improved with respect to the st
dard model case, and the potential unification scale is s
ciently large in order to avoid proton decay via dimension
operators. However, perturbative unification within th
simple extension of the standard model is not possible,
to the presence of a Landau pole in the Higgs boson qua
couplings at scales below the potential GUT scale.

On the other hand, the model with non-standard mir
quark doublets leads to mild modifications of the left- a
right-handed bottom quark couplings induced via small m
ings of the mirror quarks with the standard ones. Besi
this, the model prefers relatively light Higgs bosons, possi
in the range testable at the next run of the Tevatron collid
while the mirror quarks tend to be heavy, only accessible
the LHC. An interesting property of this model is that th
quantum numbers of the exotic quarks are precisely the o
of the heavy colored gauginos and Higgsinos within minim
supersymmetricSU(5) scenarios.

One can contemplate the possibility of taking both st
dard and exotic mirror quark doublets and the mirror do
so
a

as

ys

G
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quark singlets, and including particles with the quantu
numbers of the standard gauginos in the minimal supers
metric standard model and, eventually, an additional Hig
boson doublet. This extension of the standard model allow
remarkable improvement in the fit to the precision ele
troweak observable data, leads to the possibility of achiev
consistency with the unification of gauge couplings and
all the ingredients necessary to lead to an explanation of
dark matter content of the Universe.

Note added. On completion of this paper, we becam
aware of Ref.@46# wherein the idea of using vector-like dou
blet quarks to resolve theAFB

b anomaly had been mooted
Our implementation and conclusions, however, differ qu
radically. The authors of Ref.@46# dismissed the standar
mirror doublets on account of the large correction to theT
parameter, failing to notice that a large Higgs boson m
automatically corrects for this deviation. As for the top-le
model, the authors of Ref.@46# seem to advocate a large~270
GeV! mass for the top quark, while identifying the Tevatro
find with the exotic charge24/3 quark. Such a scenario
however, runs quite contrary to the global fit for the precisi
electroweak variables. In order to fix this problem, they
troduced a triplet Higgs boson, obtaining the appropri
large negative contribution toDr by a tuning of its vacuum
expectation value@46#. The authors did not analyze the sta
dard Higgs boson mass dependence, nor did they attem
perform a global fit to the data. The question of unificati
was also not addressed by the authors.

ACKNOWLEDGMENTS

We would like to thank T. LeCompte, P.Q. Hung an
C.-W. Chiang for useful discussions, and M. Chanowitz
drawing our attention to Ref.@46#. C.W. would also like to
thank M. Carena, J. Erler and M. Peskin for useful co
ments. Work supported in part by the US DOE, Division
HEP, Contract W-31-109-ENG-38. D.C. thanks the Depa
ment of Science and Technology, India for financial ass
tance.
@1# LEP Electroweak Working Group, LEPEWWG/2001-01.
@2# M.S. Chanowitz, Phys. Rev. Lett.87, 231802~2001!.
@3# J. Erler, Plenary Talk at the Pheno 2001 Conference, Madi

Wisconsin, 2001; P. Langacker, Plenary Talk at the Snowm
Conference on the Future of Particle Physics, Snowm
Colorado, 2001.

@4# K.G. Chetyrkin and J.H. Kuhn, Phys. Lett. B406, 102 ~1997!.
@5# G. Degrassi and A. Sirlin, Nucl. Phys.B352, 342 ~1991!.
@6# S.A. Larin, T. van Ritbergen, and J.A. Vermaseren, Nucl. Ph

B438, 278 ~1995!.
@7# G. Altarelli, F. Caravaglios, G.F. Giudice, P. Gambino, and

Ridolfi, J. High Energy Phys.06, 018 ~2001!.
@8# M.E. Peskin and T. Takeuchi, Phys. Rev. D46, 381 ~1992!.
@9# H.E. Haber and H.E. Logan, Phys. Rev. D62, 015011~2000!.

@10# DELPHI Collaboration, P. Abreuet al., Eur. Phys. J. C11, 383
~1999!.
n,
ss
s,

.

.

@11# ALEPH Collaboration, R. Barateet al., Eur. Phys. J. C12, 183
~1999!.

@12# L3 Collaboration, M. Acciarriet al., Phys. Lett. B485, 71
~2000!.

@13# OPAL Collaboration, G. Abbiendiet al., Eur. Phys. J. C16, 41
~2000!.

@14# TOPAZ Collaboration, Y. Inoueet al., Eur. Phys. J. C18, 273
~2000!.

@15# TOPAZ Collaboration, A. Shimonakaet al., Phys. Lett. B268,
457 ~1991!.

@16# TOPAZ Collaboration, E. Nakanoet al., Phys. Lett. B340,
135 ~1994!.

@17# VENUS Collaboration, K. Abeet al., Phys. Lett. B313, 288
~1993!.

@18# TPC Collaboration, H. Aiharaet al., Phys. Rev. D31, 2719
~1985!.
2-10



ll,

. B

s.

BEAUTIFUL MIRRORS AND PRECISION ELECTROWEAK DATA PHYSICAL REVIEW D65 053002
@19# JADE Collaboration, E. Elsenet al., Z. Phys. C 46, 349
~1990!.

@20# TASSO Collaboration, M. Althoffet al., Phys. Lett.146B, 443
~1984!.

@21# See http://lepewwg.web.cern.ch/LEPEWWG/plots/
summer2001/afbene.eps

@22# C.T. Hill, Phys. Lett. B266, 419 ~1991!.
@23# R. Bonisch, Phys. Lett. B268, 394 ~1991!.
@24# C.T. Hill, Phys. Lett. B345, 483 ~1995!.
@25# B.A. Dobrescu and C.T. Hill, Phys. Rev. Lett.81, 2634~1998!.
@26# R.S. Chivukula, B.A. Dobrescu, H. Georgi, and C.T. Hi

Phys. Rev. D59, 075003~1999!.
@27# R.S. Chivukula, E.H. Simmons, and J. Terning, Phys. Lett

346, 284 ~1995!.
@28# E. Malkawi, T. Tait, and C.P. Yuan, Phys. Lett. B385, 304

~1996!.
@29# H. He, T. Tait, and C.P. Yuan, Phys. Rev. D62, 011702~R!

~2000!.
@30# D.J. Muller and S. Nandi, Phys. Lett. B383, 345 ~1996!.
@31# M.B. Popovic, hep-ph/0102027.
@32# F. Larios, M.A. Perez, and C.P. Yuan, Phys. Lett. B457, 334

~1999!.
@33# G. Altarelli and R. Barbieri, Phys. Lett. B253, 161 ~1991!.
05300
@34# G. Altarelli, R. Barbieri, and F. Caravaglios, Int. J. Mod. Phy
A 13, 1031~1998!.

@35# H. Burkhardt and B. Pietrzyk, LAPP-EXP-2001-03.
@36# Particle Data Group, D.E. Groomet al., Eur. Phys. J. C15, 1

~2000!.
@37# M.E. Peskin and J.D. Wells, Phys. Rev. D64, 093003~2001!.
@38# P.H. Frampton, P.Q. Hung, and M. Sher, Phys. Rep.330, 263

~2000!.
@39# CDF Collaboration, T. Affolderet al., Phys. Rev. Lett.84, 835

~2000!.
@40# K.S. Babu, J.C. Pati, and H. Stremnitzer, Phys. Lett. B256,

206 ~1991!.
@41# K.S. Babu, J.C. Pati, and H. Stremnitzer, Phys. Rev. D51,

2451 ~1995!.
@42# K.S. Babu and J.C. Pati, Phys. Lett. B384, 140 ~1996!.
@43# B. Zhang and H. Zheng, Phys. Lett. B370, 201 ~1996!; 382,

448~E! ~1996!.
@44# J.R. Espinosa and M. Quiros, Phys. Lett. B353, 257 ~1995!.
@45# G. Isidori, G. Ridolfi, and A. Strumia, Nucl. Phys.B609, 387

~2001!.
@46# D. Chang, W. Chang, and E. Ma, Phys. Rev. D61, 037301

~2000!; 59, 091503~R! ~1999!; D. Chang and E. Ma,ibid. 58,
097301~1998!.
2-11


