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Beautiful mirrors, unification of couplings, and collider phenomenology
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The standard model provides an excellent description of the observables measured at high energy lepton and
hadron colliders. However, measurements of the forward-backward asymmetry of the bottom quark at CERN
LEP suggest that the effective coupling of the right-handed bottom quark to the neutral weak gauge boson is
significantly different from the value predicted by the standard model. Such a large discrepancy may be the
result of a mixing of the bottom quark with heavy mirror fermions with masses of the order of the weak scale.
To be consistent with the precision electroweak data, the minimal extension of the standard model requires the
presence of vector-like pairs ofSU(2) doublet and singlet quarks. In this article, we show that such an
extension of the standard model is consistent with the unification of gauge couplings and leads to a very rich
phenomenology at the Fermilab Tevatron, theB factories and the CERN LHC. In particular, if the Higgs boson
mass lies in the range 120 GeV&mh&180 GeV, we show that run II of the Tevatron collider with 4 –8 fb21

of integrated luminosity will have the potential to discover the heavy quarks, while observing 3s evidence of
the Higgs boson in most of the parameter space.

DOI: 10.1103/PhysRevD.69.053001 PACS number~s!: 12.15.Ji, 12.10.Dm, 13.20.He, 14.80.Bn
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I. INTRODUCTION

In the absence of direct evidence for physics beyond
standard model~SM!, precision electroweak tests are the b
way to get information about the scale and nature of a p
sible breakdown of the SM description. While the SM h
held firm in the face of a great number of precision ele
troweak tests, the model has not emerged completely
scathed. Fits of the SM to electroweak data show abo
2.5s deviation in theb-quark forward-backward asymmetr
(AFB

b ) @1#, and this situation has not improved much in t
last five years. This discrepancy is important for two reaso
On the one hand, it seems to indicate a significant devia
of the coupling of the right-handed bottom quark to t
Z-gauge boson~see, for example, Ref.@2#!. On the other, this
measurement plays an important role in the present fits to
SM Higgs boson mass; the removal of the heavy quark d
from the electroweak fits would push the central values
the Higgs boson mass to lower values, further inside
region excluded by the CERNe1e2 collider LEP2 searches
@3#.

There are two ways of solving this apparent discrepan
and both of them seem to indicate the presence of new p
ics. In Ref.@4# it was proposed to exclude the heavy qua
data while introducing new physics that raises the cen
value of the Higgs boson mass and improves the fit to
other observables. Such a task requires new physics
gives a negative contribution to theS parameter, positive
contributions to theU parameter and a moderate contributi
to the T parameter. At least two examples of this kind
physics have been presented in the literature@4,5#; the first
within low energy supersymmetry and the second within
warped extra-dimension scenario.

An alternative to this procedure is to take seriously
heavy quark data while introducing new physics that mo
fies in a significant way the right-handed bottom quark c
pling to theZ. The beautiful mirror model of Ref.@6# accom-
0556-2821/2004/69~5!/053001~16!/$22.50 69 0530
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plishes this by allowing theb quark to mix strongly with a
set of exotic vector-like quarks. This model turns out to ha
several other interesting features which we investigate in
paper. To be specific, we consider the unification of gau
couplings, additional patterns of flavor mixing, the Hig
phenomenology, and searches for the heavy vector quar

The model consists of the SM plus additional vector-li
‘‘mirror’’ quarks. These are a pair ofSU(2) doublets,CL,R

5(
v

L,R8

xL,R8 ) , and a pair ofSU(2) singlets,jL,R8 . Here and in

what follows we use primed fields to denote gauge eig
states, while mass eigenstates are written as unprimed fi
The gauge group quantum numbers are the same as tho
the analogous SM particles: (3,2,1/6) for the doublets a
(3,1,21/3) for the singlets. Since the quarks are added
vector-like pairs, these can have gauge-invariant Di
masses, and the model is free of anomalies. This is a min
set of mirror quarks needed to improve the fit to electrowe
data.

The Yukawa and mass couplings of the mirror quarks
taken to be

L.2~ybQ̄L81y2C̄L8 !bR8F2~ytQ̄L81y4C̄L8 !tR8 F̃

2M1C̄L8CR82~y3Q̄L81y5C̄L8 !jR8F2M2j̄L8jR81~H.c.!

~1!

whereQL85( b
L
8

tL8 ) is the usual third generation SM quark do

blet, andF5( f0
f1

) is the Higgs doublet. This is the mos
general set of renormalizable couplings provided the mir
quarks couple only to each other and to the third S
generation.1 As pointed out in@6#, the Yukawa couplingsyb ,

1Note that couplings likeQ̄L8CR8 and j̄L8bR8 can be rotated away.
©2004 The American Physical Society01-1
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y3 and y4 are constrained to be much smaller thany2. Ad-
justing the ratio @(v/A2)y2#/M1.0.7, where v
5246.22 GeV is the Higgs vacuum expectation va
~VEV!, gives the best fit to precision electroweak data wh
reducing the discrepancy inAFB

b to about one standard de
viation and keeping the left-rightb-quark asymmetry within
one standard deviation of the value measured at SLC. T
forcesy2 to beO(1) sinceM1*200 GeV is needed to ex
plain why mirror quarks have not yet been observed. On
other hand, there are no strong constraints ony5, which
mixes the exotics and therefore has only a small effect on
SM sector of the model. Following@6#, we will mostly ne-
glect y5 for simplicity, although we will comment on the
effects of this coupling whenever they are relevant.

This paper consists of seven sections. In Sec. II we ex
ine the running of the gauge couplings and their unificat
at a high scale. In Sec. III we discuss the issue of fla
mixing as well as the quark couplings to the neutral a
charged weak gauge bosons and the Higgs boson. Sectio
consists of an investigation of the Higgs phenomenology
the model. In Sec. V we review the current limits on exo
quarks and investigate the possibility of finding mirr
quarks at the Tevatron. In Sec. VI we examine how the n
types of flavor mixing possible with mirror quarks can affe
CP violation in B→fKs decays. Finally, Sec. VII is reserve
for our conclusions.

II. UNIFICATION OF GAUGE COUPLINGS

The idea that the low energy gauge forces proceed fro
single grand unified description is a very attractive one an
supported by the apparent convergence of the weak, hy
charge and strong couplings at short distances. Interes
low energy supersymmetry, for instance, has been gre
enhanced by the discovery that the value of the strong c
pling, as(MZ), can be deduced if one assumes that the ga
couplings unify at a high scale. This prediction depends
model-dependent threshold corrections at the grand un
theory ~GUT! scale, but to within the natural uncertainty
these corrections@7#, the predicted value ofas(MZ) is per-
fectly consistent with the values measured at low energies
the standard model, instead, the assumption of gauge
pling unification leads to a prediction foras(MZ) that differs
from the measured value by an amount that is well bey
the natural uncertainties induced by threshold correction

In @6# it was noted that, to one-loop order, adding mirr
quarks of the type considered here to the SM greatly
proves the prediction ofas(MZ) based on the assumption o
gauge coupling unification. We extend this analysis by
cluding two-loop contributions to the gauge coupling be
functions and low-scale threshold corrections. Since, for
consistency of this study, the Higgs sector must rem
weakly coupled while the Higgs potential should rema
stable up to scales of the order of the unification scale,MG ,
we also investigate the related issues of stability and per
bative consistency of the Higgs sector.

In extrapolating the low energy description of the theo
to short distances, it is important to remark that the beaut
mirror model@6# does not provide a solution to the hierarc
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problem. Therefore, a main assumption behind this extra
lation is that the physics that leads to an explanation of
hierarchy problem does not affect the connection of the l
energy couplings to the fundamental ones. An example
such a theory construction is provided by warped extra
mensions@8# and has been investigated by several auth
@9–11#. In order to preserve the good agreement with
precision electroweak data, the Kaluza-Klein modes mus
heavier than a few TeV in this case@12#, and therefore the
low energy physics analyzed in the subsequent sections
not be affected. On the other hand, extra dimensions co
modify the proton decay rate in a significant way by intr
ducing new baryon number violating operators and, in
case of warped extra dimensions with a Higgs field loca
in the infrared brane, would make the issue of the running
the Higgs quartic coupling an irrelevant one. For the rest
this section, we shall proceed with a pure four dimensio
analysis of the evolution of couplings and of the proton d
cay rate.

A. Renormalization group equations

Using the results of@13,14#, the two-loop@modified mini-
mal subtraction (MS) scheme# gauge coupling beta function
are

b l5
dgl

dt

52
1

~4p!2
blgl

32
1

~4p!4 (
k51

3

bklgk
2gl

22
1

~4p!4
gl

3Y4
l ~F !

~2!

wheret5 ln(m/MZ) is the energy scale, andl 51,2,3 refers to
the U(1), SU(2), and SU(3) gauge groups respectively
The first term is the one-loop contribution, while the oth
terms come from two-loop corrections.

The coefficientsbl andbkl are given by

b152
9

2
, b25

7

6
, b355, ~3!

and

bkl52S 291

25
1

13

10

3
91

3

15

2

52

5
20 12

D . ~4!

In the SM, the corresponding one-loop beta function coe
cients areb1

SM5241/10,b2
SM519/6 andb3

SM57. The varia-
tion of these coefficients is henceDb152/5 andDb25Db3
52. Sinceb2 and b3 are shifted by an equal amount, the
tend to unify at the same scale as in the SM, about a
times 1016 GeV. Interestingly enough, the shift inb1 is much
1-2
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smaller than that ofb2 andb3, leading to, as we shall see,
successful unification of the three couplings.

The coefficientsY4
l (F) involve the Yukawa couplings

Neglecting the small Yukawa couplingsyb , y3 , y4, andy5,
they are

Y4
l ~F !5Cltyt

21Cl2y2
2 ~5!

where

Cl f 5S 17

10

1

2

3

2

3

2

2 2

D ~6!

and f 5t,2.
The Yukawa couplings evolve according to

~4p!2
dyf

dt
5b f yf ~7!

where f 5t,2. The one-loop and leading two-loop contrib
tions tob f were calculated following@15#. Of the two-loop
terms, we include only those involvingg3 or the Higgs self-
couplingl; theg3 terms are enhanced by large color facto
while thel terms can become important when investigat
the stability of this coupling. The one-loop contributions a

~4p!2b t
(1)5

9

2
yt

213y2
22S 17

20
g1

21
9

4
g2

218g3
2D ,

~4p!2b2
(1)5

9

2
y2

213yt
22S 1

4
g1

21
9

4
g2

218g3
2D .

~8!

The two-loop contributions that we have included are

~4p!4b t
(2)5

3

2
l226yt

2l1g3
2~46yt

2120y2
2!2

284

3
g3

4 ,

~4p!4b2
(2)5

3

2
l226y2

2l1g3
2~20yt

2146y2
2!2

284

3
g3

4 .

~9!

The total beta function is the sum of these pieces:b f5b f
(1)

1b f
(2) . Aside from the modifications due to the mirro

quarks, these are in agreement with the results of@13#.
The Higgs self-couplingl is taken to be

L.m2F†F2
1

2
l~F†F!2. ~10!

With this definition, the tree-level Higgs boson mass ismh

5Alv, wherev5246.22 GeV5A2^f0&. l evolves accord-
ing to dl/dt5bl . We have calculated the one-loop an
leading two-loop contributions tobl using the results of
05300
@16,17#. As for the Yukawa couplings, only the largest tw
loop terms involvingg3 or l were included. For the one-loo
part, we obtain

~4p!2bl
(1)512l22S 9

5
g1

219g2
2Dl

1
9

4 S 3

25
g1

41
2

5
g1

2g2
21g2

4D
112l~yt

21y2
2!212~yt

41y2
4!. ~11!

The two loop part is given by

~4p!4bl
(2)5278l3272~yt

21y2
2!l223~yt

41y2
4!l

160~yt
61y2

6!118S 3

5
g1

213g2
2Dl2

180g3
2~yt

21y2
2!l264g3

2~yt
41y2

4!. ~12!

Again, the total beta function is the sum of the one- a
two-loop parts.

B. Input parameters and threshold corrections

We have investigated the running of these couplings
merically. The initial MS scheme values were taken fro
@18#:

a21~MZ!5127.92260.027,

sin2uw~MZ!50.2311360.00015,

MZ591.187660.0021, v5246.22 GeV,

m̄t~mt!516565 GeV. ~13!

These parameters correspond to the effectiveSU(3)c
3U(1)em theory with five quarks obtained by integrating o
the heavy gauge bosons and quarks in the fullSU(3)c
3SU(2)3U(1)Y theory at scaleMZ . Threshold corrections
to the gauge couplings arise in the process of matching
theories. We define

ã1
215

3

5
~12sin2uw!a21, ~14!

ã2
215sin2uwa21,

ã3
215as

21 .

Then the gauge couplings atMZ are given by

a l
215ã l

211r l , ~15!

where ther l terms represent threshold corrections. To on
loop order, these are@7#

r35
1

3p (
z

lnS mz

Mz
D ,
1-3
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r25sin2uwH 1

6p F1221 lnS MW

MZ
D G1

2

p (
z

Qz
2lnS mz

MZ
D J ,

r15
3

5 S 12sin2uw

sin2uw
D r2 , ~16!

where the sums run overz5t,x,v,j. As shown in@6#, the
tree-level masses of the mirror quarks are given by

mx5M1 , mv5~M1
21Y2

2!1/2,

mj5M2 , ~17!

whereY25(v/A2)y2. These parameters are not complete
independent. As explained above,Y2.0.7 M1 @6# gives the
best fit to electroweak data, whileM2 ,M1*200 GeV are
needed to explain why these exotics have not yet been
served at the Tevatron@19# ~see Sec. V!.

C. Numerical evolution

The unification of gauge couplings was investigated
fixing sin2uw(MZ) andaem(MZ) according to their measure
values and varyingas(MZ) until the gauge couplings unifie
to within 1%. GUT-scale threshold corrections were not co
sidered. Figure 1 shows the range ofas(MZ) obtained in this
way for 250 GeV<M2<1000 GeV and all values ofl(MZ)
and y2(MZ) consistent with unification.~See the following
section.! The range is plotted against the unification scale
general, the unification is quite insensitive to the input valu
of M2 , l, and y2. The scale of unification is quite high
MG5(2.8060.15)31016 GeV, depending on the input va
ues, at which point the unified gauge coupling constant
the valueaG

21535.1160.05.
The predicted range of the strong gauge coupling is

excellent agreement with the values measured experim
tally. This agreement is quite intriguing since the particu
completion of the standard model considered in this work
motivated by data and not by any model building consid
ation. We shall not attempt to construct a grand unifi
model leading to the appearance of the mirror quarks con

FIG. 1. Range ofas consistent with a 1% unification of th
gauge couplings plotted against the unification scaleMG .
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ered here in the low energy spectrum. Instead, we will c
centrate on additional issues regarding the renormaliza
group evolution of the dimensionless couplings of the theo
as well as on exploring general features of the low ene
phenomenology of this particular extension of the stand
model.

D. Stability and non-triviality of the Higgs boson

If the extrapolation of the model up to high scales is to
self-consistent, it should remain stable and weakly coup
up to the unification scale. The only source of trouble in t
regard is the Higgs self-couplingl. Stability of the Higgs
sector requiresl(Q).0 for all Q,MG while perturbative
consistency means thatl must not be too large. For con
creteness we demand2 that 0,l,2 up to 1017 GeV. This is
sufficient to guarantee that the effective potential is simila
well behaved@20#. The evolution ofl is largely determined
by the initial values ofy2 andl. Only for a small subset of
initial values doesl remain well behaved~i.e. 0,l,2) up
to MG . This subset is shown in Fig. 2, where we have wr
tenl in terms of the~tree-level! Higgs boson mass andY2 in
terms ofmx assumingY250.7M1 @6#.

We compare the allowed region with the region favor
by precision electroweak data found in@6#. There is a small
overlap between the allowed band found here and thes
allowed region of @6# corresponding to 160 GeV&mh
&180 GeV andmx&225 GeV (mv&275 GeV). We show
in Secs. IV and V that these mass ranges will be probed
run II at the Tevatron with 4 –8 fb21 of data.

Finally, we note that including they5 coupling @see Eq.
~1!# would tend to displace the shaded region in Fig. 2 dow
wards, slightly increasing the preferred range of Higgs bo
masses. This is because, to one loop order, the beta func
are modified asy2

2→(y2
21y5

2) by this inclusion, while the
best fit value ofY2 /M1 changes very little~see Sec. III A!.
Thus, our bound ony2 obtained withy550 translates into a

2This upper limit onl is somewhat arbitrary but fairly unimpor
tant in the present case sincel grows very quickly when it become
larger than unity.

FIG. 2. Region in themh-mx plane that is consistent with uni
fication ~shaded region! and precision electroweak data~below the
dashed and solid lines!.
1-4
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bound onAy2
21y5

2 in the more general case, leading to low
values ofmx for a givenmh .

E. Proton decay

Grand unified models induce baryon number violating o
erators that lead to a proton decay rate that may be obs
able in the next generation of proton decay experiments.
present bounds on the proton lifetime@21# already put rel-
evant bounds on grand unified scenarios. In four dimensio
supersymmetric grand unified models, for instan
dimension-5 operators may easily induce a proton lifeti
shorter than the present experimental bound@22#. This situ-
ation may be avoided by a suitable choice of the low ene
spectrum@23#. Heavy first and second generation sfermio
and light gauginos are preferred from these consideratio

In the model under study there are no dimension-5 op
tors, so the dominant decay mode is expected to bp
→p0e1. The high unification scale obtained above mea
that the proton will be long lived regardless of the details
the unification mechanism. If proton decay proceeds
SU(5) gauge bosons, the decay rate is given by@24#

G~p→p0e1!5
pmpaG

2

8 f p
2 MG

4 ~11D1F !2aN
2

3@AR
21~11uVudu2!2AL

2# ~18!

where f p50.131 GeV is the pion decay constant,D50.81
and F50.44 are chiral Lagrangian factors,aN is a coeffi-
cient related to thep0p operator matrix element, andAL and
AR are correction factors due to the running of the couplin
A recent lattice-QCD calculation gives@25# uaNu
50.015(1) GeV3, where the uncertainty is purely statistica
The systematic uncertainty is probably much larger; we t
it to be ;50% @23#. The correction factorsAL,R split into
long and short distance pieces:AL,R5Al) i 51

3 Ai
L,R , whereAl

comes from the renormalization group evolution belowMZ

and Ai
L,R from that above. Here,Al.1.3 is identical to the

SM value, while the short distance pieces, to one-loop or
are @26#

A3
L5Fa3~MZ!

aG
G6/(3324ng26)

.3.155A3
R,

A2
L5Fa2~MZ!

aG
G27/(86216ng224)

.1.395A2
R,

A1
L5Fa1~MZ!

aG
G269/(6180ng124)

.1.14,

A1
R5Fa1~MZ!

aG
G233/(6180ng124)

.1.07. ~19!

Using MG52.831016 GeV andaG
21535.1, we find

t~p→p0e1!533103661 yr, ~20!
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well in excess of the Super-Kamiokande bound oft(p
→p0e1)55.331033 yr @21#.

III. FLAVOR MIXING

Extending the matter content of the SM also introduc
new sources of flavor mixing. With mirror quarks, this pa
tern can be quite complicated, involving right-handed co
plings to theW and tree-level flavor-changing couplings
the Z and Higgs boson. We consider first the generic ca
taking the most general set of Yukawa and mass terms
sible. Next, we simplify our results, making use of the fa
that, in the model under study, the mirror quarks couple o
to third generation quarks and calculate explicitly the co
plings of the heavy quarks to the weak gauge bosons
Higgs boson. In subsequent sections we shall use thes
sults to investigate the Higgs phenomenology, the colli
searches for mirror quarks, andCP violation in B→fKs
decays.

Let lu andld be the flavor-space mass matrices desc
ing the flavor mixing between gauge eigenstates. These
trices will be 434 and 535 respectively and will have con
tributions from Yukawa couplings and Dirac mass term
Both matrices can be diagonalized by bi-unitary transform
tions:

lu5UuDuWu
† , ld5UdDdWd

† , ~21!

where theU ’s and W’s are unitary, andDu and Dd are the
diagonalized mass matrices. The corresponding~unprimed!
mass eigenstates are then related to the~primed! gauge
eigenstates by the unitary transformations

u8L
A5Uu

ABuL
B , u8R

A5Wu
ABuR

B ,

d8L
P5Ud

PQdL
Q , d8R

P5Wd
PQdR

Q . ~22!

Here, the indicesA,B51, . . . ,4 correspond to$u,c,t,x%,
while P,Q51, . . . ,5refer to$d,s,b,v,j% respectively.

In terms of the physical~mass eigenstate! fields, the
charged currents become

A2JW1
m

5ūL
BgmVL

BQdL
Q1ūR

BgmVR
BQdR

Q ,

JW2
m

5JW1
m †, ~23!

where the 435 flavor-mixing matrices are given by

VL
BQ5(

i 51

4

Uu
iB* Ud

iQ ,

VR
BQ5Wu

B4* Wd
4Q . ~24!

The matrix VL is analogous to the Cabibbo-Kobayash
Maskawa~CKM! matrix VCKM of the SM. It is nearly uni-
tary in the sense thatVLVL

†5I434 and VL
†VL5I5352Vd ,

where the matrixVd is defined below. The matrixVR de-
scribes right-handed couplings and has no analogue in
SM.

Similarly, the hadronic neutral current is
1-5
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cosuwJZ
m5ūL

AgmS 1

2
2

2

3
sin2uwDuL

A1ūR
AgmS 2

2

3
sin2uwDuR

A

1d̄L
PgmS 2

1

2
1

1

3
sin2uwDdL

P

1d̄R
PgmS 1

3
sin2uwDdR

A1
1

2
~ ūR

AgmVu
ABuR

B

2d̄R
PgmṼd

PQdR
Q1d̄L

PgmVd
PQdL

Q! ~25!

where the matricesVu ,Vd ,Ṽd are given by

Vu
AB5Wu

4A* Wu
4B ,

Vd
PQ5Ud

5P* Ud
5Q ,

Ṽd
PQ5Wd

4P* Wd
4Q . ~26!

The off-diagonal elements of these matrices describe fla
changing neutral currents~FCNCs!. Each is Hermitian and
satisfiesV25V.

A. Heavy quark neutral and charged currents

The expressions above can be simplified considerably
using the fact that, in the model under study, the~gauge
eigenstate! mirror quarks couple only to the quarks of th
third generation@see Eq.~1!#. The mixing between the mirro
quarks and the first and second generation quarks is
very small, and so will be neglected. Moreover, the mixi
between the SM quarks is given approximately by the us
CKM description. The flavor violating effects among th
heavy quarks are then related to the mixing of the rig
handedSU(2) quark doublet with the third generation righ
handed quarks, as well as the mixing of the left-hand
SU(2) quark singlet with the left-handed bottom quark.

The mixing in the top sector must be very small to avo
a conflict with the B(b→sg) predictions @27#. We shall
therefore assume, for simplicity, a vanishing mixing in t
top sector (y450). The top-sector mass matrix is then dia
onal, withmt5(v/A2)yt andmx5M1.

Following @6# we takey550 as well. The bottom-secto
mass matrix, in the basis (b8,v8,j8), is then given by

ld5S Yb 0 Y3

Y2 M1 0

0 0 M2

D ~27!
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whereYi5(v/A2)yi , i 5b,2,3. The phenomenologically in
teresting regime isYb ,Y3!Y2 ,M1 ,M2 @6#. Working to lin-
ear order in the small quantitiesYb /M1 andY3 /M2, the left-
and right-handed mixing matrices are

Ud5S cLc̃L sL cLs̃L

2sL cL 0

2 s̃L 0 c̃L

D ~28!

and

Wd5S cR sR 0

2sR cR 0

0 0 1
D ~29!

wheresR5sinuR, sL5sinuL , and s̃L5sinũL are given by

sR5
Y2

~Y2
21M1

2!1/2
,

sL5
YbY2

~M1
21Y2

2!
,

s̃L5
Y3

M2
. ~30!

Applying the mixing matrices told , theb-sector masses ar

mb5YbS 11
Y2

2

M1
2D 21/2

,

mv5~M1
21Y2

2!1/2, mj5M2 . ~31!

To obtain good agreement between the predictions of
model and precision electroweak data the angle in the rig
handed sector must be sizable,

tanuR5Y2 /M1.0.7, ~32!

while s̃L should be small,

sinũL.0.09. ~33!

Note that Eq.~32! fixes sL in terms of theb-quark mass.
In this approximation, the relevant neutral currents rea
cosuwJZ
m5b̄RgmbRS 2

sR
2

2
1

sin2uW

3 D 1v̄RgmvRS 2
cR

2

2
1

sin2uW

3 D 2~ b̄RgmvR1H.c.!
sRcR

2
1b̄LgmbLS 2

c̃R
2

2
1

sin2uW

3
D

1 j̄LgmjLS 2
s̃L

2

2
1

sin2uW

3
D 1~ b̄LgmjL1H.c.!

s̃Lc̃L

2
1v̄LgmvLS 2

1

2
1

sin2uW

3 D1 j̄RgmjR

sin2uW

3
. ~34!
1-6
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BEAUTIFUL MIRRORS, UNIFICATION OF . . . PHYSICAL REVIEW D 69, 053001 ~2004!
Within the same approximation, the charged currents rea

JW1
m

5 t̄ Lgm~ c̃LbL1sLvL1 s̃LjL!1x̄Lgm~vL2sLbL!

1x̄Rgm~cRvR2sRbR!, ~35!

where we have neglected terms of ordermb
2/M1

2 .
In the above we have neglected they5 effects. We have

verified that even large values ofy5 produce a negligible
effect in the relevant right-handedZbb coupling, while in-
ducing only a very small change in the left-handedZbbcou-
pling ~which can be compensated for by a minor change
y3), and soY2 /M150.7 still gives the bit fit to electroweak
data. On the other hand, sincey5 induces a mixing between
the two heavy mirror quarks, theZ couplings and the mas
spectrum of the mirror quarks are modified by this couplin
In particular, for non-vanishing values ofy5 there is always a
mirror quark state in theb sector with mass smaller tha
mv

0 5(M1
21Y2

2)1/2. Therefore, for any given value ofmx ,
mv

0 provides an upper bound on the lightest mass of
down-type mirror quarks. WithY2 /M150.7 and M1
,250 GeV as required by precision electroweak data@6#, the
lightest down-type mirror quark can not be heavier than 3
GeV.

B. Higgs couplings

One of the most important immediate goals of high e
ergy physics is to understand the mechanism of electrow
symmetry breaking. In the standard model and its supers
metric extensions, this symmetry is broken spontaneou
through the vacuum expectation value of one or more sc
Higgs bosons. The same is true for the model under st
and it is therefore quite relevant to understand the poss
modification of the Higgs boson search channels at the Te
tron and the LHC.

In addition to introducing new sources of flavor mixin
mirror quarks also modify the couplings to the Higgs bos
The Dirac mass terms for the mirror quarks mean that
Higgs-boson–quark couplings need no longer be flavor d
onal in the basis of mass eigenstates or be proportional to
quark masses. We find that the coupling of the Higgs bo
to theb quark is reduced relative to the SM. This, along w
the contribution of the heavy quarks in loops, has interes
consequences for the detection of the Higgs boson.

As in the previous section, we will assume that the mir
quarks mix almost exclusively with the third generati
quarks and takey4 ,y5'0. This implies that the only Higgs
boson–quark coupling that is significantly modified from t
SM is that of theb quark. The relevant terms in the Lagran
ian are therefore

L.2~ybQ̄L81y2C̄L8 !bR8F2y3Q̄L8jR8F

2M1C̄L8CR82M1j̄L8jR81~H.c.!. ~36!

After symmetry breakingF5(1/A2) (v1h
0 ) in the unitary

gauge. These couplings can then be written as
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L.2d̄L8~Mb1hNb!dR81~H.c.! ~37!

with dL,R8 5(bL,R8 ,vL,R8 ,jL,R8 ) t and

Nb5S Yb 0 Y3

Y2 0 0

0 0 0
D . ~38!

Transforming to the mass eigenstate basis, the Higgs c
plings become

L.2cR
2 mb

v
hb̄LbR2sR

2 mv

v
hv̄LvR2sRcRh

mb

v
b̄LvR

2sRcRh
mv

v
v̄LbR2

mjs̃L

v
h~ b̄L1 s̃Lj̄L!jR1~H.c.!.

~39!

Using the value tanuR5Y2 /M1.0.7 favored by the model
we find that the hbb coupling is reduced by a facto
of cR

2;2/3.

IV. HIGGS PHENOMENOLOGY

A. Higgs boson production and decay

This scenario modifies the phenomenology of the Hig
boson in two ways. First, by reducing thehbbcoupling by a
factor ofcR

2 , the partial widthG(h→b̄b) is attenuated by the
square of this factor,cR

4;4/9. Since this channel is dominan
for Higgs boson masses belowmh.130 GeV, the reduction
of the partial width for this mode increases the branch
fractions of the other modes in this range. Second,v quark
loop effects increase the partial widthG(h→gg). This in-
creases both the branching fraction of this mode and
Higgs boson production cross section by gluon fusion.

Let us consider the effect of thev quark in a bit more
detail. The presence of this quark in a loop connecting
Higgs boson to two gluons modifies theh→gg partial width.
Neglecting light quark contributions and keeping only t
effects of the dominant Yukawa couplingy2, the partial
width becomes

G~h→gg!5
aas

2

128p2sin2uw
S mh

3

MW
2 D uF1/2~t t!1sR

2F1/2~tv!u2

~40!

where the functionF1/2(tq) is given by@28#

F1/2522tq@11~12tq! f ~tq!#, ~41!

with tq54(mq /mh)2 and

f ~t!55
@sin21~1/At!#2, t>1,

2
1

4
@ ln~h1 /h2!2 ip#2,

t,1, h6516A12t.

~42!
1-7
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D. E. MORRISSEY AND C. E. M. WAGNER PHYSICAL REVIEW D69, 053001 ~2004!
The corresponding expression in the SM is obtained by
ting sR50. Since the new term interferes constructively, t
effect is to increase the decay width. While theh→gg mode
is not directly observable at hadron colliders, this dec
width is nevertheless important because it determines
cross section for Higgs boson production by gluon fusi
s(gg→h)}G(h→gg), up to soft gluonic effects. Theh
→gg decay width is similarly modified by anv loop. In this
case, the new contribution interferes destructively with
SM terms, the dominant parts of which come fromW and
Goldstone boson loops. However, the change inG(h→gg)
is very small for any reasonable input parameter values.
ure 3 shows the dominant Higgs boson decay branching
tios in the model under study. Additional next-to-leading
der ~NLO! corrections to theh→gg mode were included a
well, following @29#.

Figures 4 and 5 show the enhancement of a few Hi
boson discovery modes relative to the SM, which is mos
due to the increase in the gluon fusion cross section. For
Higgs boson masses,mh&150 GeV, there is an additiona
enhancement of certain modes as a result of the decrea
theh→b̄b branching ratio. It should be noted, however, th
such low Higgs boson masses worsen the fit to the preci
electroweak data in this model.

FIG. 3. Higgs branching ratios with mirror quarks, formv

5250 GeV andY2 /M150.7.

FIG. 4. Enhancement of low mass Higgs boson production
detection modes formv5250 GeV,Y2 /M150.7.
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If the Higgs boson mass exceeds 150 GeV, the proc
h→VV, whereV is a real or virtual vector boson, become
the primary Higgs boson discovery mode at both the Te
tron and the LHC@30,31#. The inclusive modes are enhance
by the increase in gluon fusion, while modes in which t
Higgs boson is produced by other means, such as ve
boson fusion, are very slightly attenuated due to Higgs bo
decays into mirror quarks.

We have checked that includingy5 has only a small effect
on these results. Like theZbbcouplings, thehbbcoupling is
only slightly modified byy5. The additional mixing due to
y5 has a larger effect on the mirror quark couplings, incre
ing thehjj coupling while decreasing that forhvv. These
changes precisely cancel each other in Eq.~40! to the extent
thatF1/2(tv)5F1/2(tj), which holds to within 7% for quark
masses greater than the Higgs boson mass.

B. Higgs boson searches at the Tevatron and LHC

The enhancement of Higgs boson detection signals
creases the collider luminosity needed to find the Higgs
son. We have translated the above results into collider u
using detector simulation results from@32–34# for the Teva-
tron and@34,35# for the LHC. Figure 6 shows the minimum
luminosity per detector~with CDF and D0/ data combined!
needed for a 3s signal at the Tevatron. Figure 7 shows th
luminosity needed for a 5s discovery at the LHC. All chan-
nels displayed in this plot are for CMS alone except for t
WWandZZ modes, which are for ATLAS. These plots co
respond to inclusive searches unless stated otherwise:VV

→h→X denotes weak boson fusion channels, whilet̄ th
→X and W/Zh→X denote associated production channe
For the inclusive channels, we have assumed that gluon
sion accounts for 80% of the total Higgs boson productio

The model significantly improves the likelihood of ob
serving the Higgs boson at the Tevatron for a Higgs bo
mass between 120 and 180 GeV. Note thatgg→h→t1t2

becomes the dominant discovery channel at the Tevatron
lider in the low Higgs boson mass region.

The predictions of the model for the LHC are less d
matic, although the improvement in thegg→h→gg process

FIG. 5. Enhancement of intermediate mass Higgs boson mo
for mv5250 GeV,Y2 /M150.7.

d
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BEAUTIFUL MIRRORS, UNIFICATION OF . . . PHYSICAL REVIEW D 69, 053001 ~2004!
will make a light Higgs boson much easier to see. For in
mediate Higgs boson masses, the inclusiveh→WW channel
becomes competitive with theVV→h→WW channel. For
masses larger than the ones displayed in Fig. 7, searche
the Higgs boson at the LHC can proceed via the gold
modeh→ZZ.

V. MIRROR QUARK COLLIDER SIGNALS

If the model is to improve the electroweak fits, the mirr
quarks must not be too heavy. In particular, this requi
mx&250 GeV, which @using Eq. ~17!# implies mv

&300 GeV as well. On the other hand,mj is largely uncon-
strained. These relatively low masses suggest that the T
tron may be able to see mirror quarks by the end of run
Previous searches for exotic quarks have concentrated
possible fourth generationb8 quark. In the most recent o
these, CDF has put a lower bound on theb8 mass ofmb8
.199 GeV @19#, provided the branching ratiob8→bZ is
100%. This bound is relevant to our model as well.

At the Tevatron, mirror quarks are produced mostly byq̄q
annihilation, with a smaller contribution from gluon fusio
Previous calculations of the top-quark pair-production cr
section apply to mirror quarks as well. These indicates q̄q
.3.0–0.5 pb, formq5200–300 GeV at the center of ma
energyAs52.0 TeV @36,37#. This is small, but comparabl
to the top-quark production cross section in run I,s t̄ t56.1
61.1 pb, where we have averaged the results of DB and
CDF @18#.

The up-typex quark is most strongly constrained in th
model. It decays almost entirely byxR→bRW due to a large
tree-level right-handedW coupling, Eq.~35!. This will pro-
duce a signature very similar to that of the top quark. Inde
top quark decays present a nearly irreducible backgrou
Searching for thex therefore reduces largely to a countin
experiment in which one compares the number of measu
top events to the number expected. Searches at run I o
Tevatron have already put interesting limits onmx since the
top-quark production cross section measured there ag
well with SM predictions@37#. ~See, however, the commen
in @38#.!

In order to make a quantitative estimate of the pres

FIG. 6. Minimum luminosity needed for a 3s Higgs boson sig-
nal at the Tevatron formv5250 GeV,Y2 /M150.7.
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bound on a possible sequential top quark, we conservati
assume equal acceptance and detection rates for bothx and
top events. The fraction ofx events in the top-quark sampl
will be 40%–10% for 200,mx,250 GeV.~In practice, the
detection efficiency forx ’s will be slightly better since the
b-tagging efficiency improves with jetPT .) Comparing the
run I value for the top-quark production cross section w
the theoretical prediction@37#, we get that the cross sectio
for any new sequential top quark should be lower than
pb, at the 2s level. This method, based just on countin
leads to a bound of about

mx*200 GeV. ~43!

This in turn impliesmv*250 GeV, well in excess of theb8
bound from@19#.

At run II, the goal is to determine the top-quark produ
tion cross section to an accuracy of 7%–9%@39# with a few
fb21 of data. Assuming that this goal is achieved and co
sidering that the uncertainty is mostly due to systematic
fects~in particular, the proper determination of theb-tagging
efficiency! and therefore weakly dependent on small lum
nosity variations, the Tevatron run II will be sensitive enou
to rule out the presence of a sequential top quark with a m
smaller than 230 GeV. This will imply an indirect bound o
mv.285 GeV. On the other hand, the Tevatron might s
evidence of ax quark with mass smaller than 220 GeV at t
3s level.

That thex→bW vertex is (V1A), Eq. ~35!, makes thex
somewhat easier to find. This is because theW1’s emitted in
xR→bRW1 have positive or zero helicity, whereas tho
from tL→bLW1 have negative or zero helicity.3 Leptons
emitted by positive helicityW’s tend to be harder than thos
from longitudinal or negative helicityW’s. Thus, a slightly
higher leptonPT cut will increase the relative acceptance

3Correspondingly, theW2’s emitted in the charge conjugate de
cays have negative or zero helicity for a (V1A) vertex and positive
or zero helicity for a (V2A) vertex. We shall refer to both positive
helicity W1’s and negative helicityW2’s as ‘‘positive helicity’’W’s
and so on.

FIG. 7. Minimum luminosity needed for a 5s Higgs boson dis-
covery at the LHC formv5250 GeV,Y2 /M150.7.
1-9
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D. E. MORRISSEY AND C. E. M. WAGNER PHYSICAL REVIEW D69, 053001 ~2004!
x ’s, although the improvement will be small since the m
jority of W’s emitted are longitudinal. CDF has looked fo
positive helicityW’s in top decays. They find a positive he
licity fraction of F150.1160.15 @40#, consistent with both
the SM, and ax of mass above about 200–250 GeV, f
which we predict a value ofF1&0.08–0.02.

Run II at the Tevatron will also cover part of the ma
range of thev quark by direct searches for this particle. T
strongvb mixing leads to tree-levelbZv andbhv vertices,
Eqs. ~34!, ~39!, with the sameO(1) flavor-mixing factors.
The dominant decay modes are thusvR→bRZ and v→bh
provided the Higgs boson is not heavier than thev. Other
modes are suppressed by loops, small flavor-mixing fact
and in the case ofv→xW, phase space. Indeed, this dec
is forbidden for almost all of the model parameter spa
consistent with precision electroweak data@6#. If the Higgs
boson is heavier than thev, the CDF bound applies directl
to v̄v→b̄bZZ modes and constrains thev mass to be
greater than 199 GeV.

Things are more interesting if the Higgs boson is ligh
than thev. In this case, the ratio of the decay widths of t
Higgs boson andZ modes is@41#

G~v→bh!

G~v→bZ!
5

~12r h!2

~12r Z!2~112r Z!
~44!

where r h5(mh /mv)2, r Z5(MZ /mv)2. Figure 8 shows the
branching ratios for these modes for a Higgs boson mas
170 GeV. In theirb8 search, CDF looked forb̄8b8→b̄bZZ
events in which oneZ decayed into jets while the other de
cayed into a pair of high transverse momentum (PT) leptons
@19#. They only accepted events in which the reconstruc
mass of the lepton pair lay within the range 75–105 GeV a
at least two jets were tagged asb’s. For low Higgs boson
masses, below 150 GeV, this search strategy is sensitiv
bothvv→bZbZ andvv→bZbh events, since in the latter
the Higgs boson decays predominantly into ab̄b pair which
mimics the hadronic decay of aZ. This also lends itself to
modifying the search strategy to include fourb tags @41#.
Even more search strategies become possible if the H
boson mass exceeds 150 GeV as favored by the model.

FIG. 8. Branching ratios for decays of thev quark with mh

5170 GeV.
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massive Higgs bosons decay mostly intoWWpairs~see Fig.
3!, so, for instance,vv→bZbh could be distinguished by
looking for events with four jets, at least two of which areb
tagged, accompanied by a pair of highPT leptons and large
missingET .

In order to estimate the possibility of observing anv
quark at the Tevatron using the CDFb8 search strategy, we
shall assume that the Higgs boson mass ismh5170 GeV and
that this search strategy has no sensitivity to thev→bh
modes and a detection efficiency of 13%~as in run I for large
mb8). The most important background comes fromZ0 events
associated with hadronic jets. To reduce the background,
can impose a cut on the total transverse energy of the
@19#. Formv.250 GeV, a cut of(ET.150 GeV will elimi-
nate most of the background without reducing the signal i
significant way. The number of observable signal eve
scales with the luminosity and is approximately equal to

Nvv̄.1.5–7.0L @ fb21#, ~45!

for anv mass varying from 300 GeV to 250 GeV. As a res
of the smallness of the background, a simple requirement
evidence of a signal is that at least five events be obser
Therefore the Tevatron run II should cover the whole m
range of the model,mv,300 GeV, if the luminosity is
above 4 fb21. For a luminosity of 2 fb21, a signal may be
observed up to masses of about 280 GeV.

The isosingletj decays predominantly byjL→bLZ, jL
→tLW, andj→bh @see Eqs.~34!, ~35! and ~39!#. All three
of these go at the tree level. Figure 9 shows the correspo
ing branching ratios for these decays. Thej→bZ mode is
dominant for mj&400 GeV, although thej→tW quickly
becomes important above thetW-production threshold@42#.
For relatively lightj ’s, of mass less than 250 GeV, the sear
strategies are similar to those for thev. The CDFb8 search
is thus sensitive to a lightj. Their b8 mass bound also ap
plies in this case, although this limit may be weakened som
what depending on the mass of the Higgs boson.

In the preceding discussion we have takeny550. We
have checked that includingy5 has only a small effect on the
x and v decay signatures. The most significant change
these decays is that the relationship between the mass

FIG. 9. Branching ratios for decays of thej quark with mh

5170 GeV~andy550).
1-10
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BEAUTIFUL MIRRORS, UNIFICATION OF . . . PHYSICAL REVIEW D 69, 053001 ~2004!
the x and v quarks, Eq.~17!, need no longer hold, as dis
cussed at the end of Sec. III A. The branching fractions
the v are changed only slightly. Keepingy5 has a larger
effect onj decays and tends to decrease the branching f
tion for j→tW relative to the other modes.

VI. CP VIOLATION IN B0\fKs DECAYS

The value of theCP-violation parameter sin(2b) mea-
sured inB0→fKs decays appears to disagree with the va
extracted fromB0→J/cKs decays@43–45#:

sin~2b!5H 10.73560.054, B0→J/cKs ,

20.3960.41, B0→fKs .
~46!

This discrepancy is particularly interesting because
B→fKs mode is loop mediated, making it much more se
sitive to new physics than theB→J/cKs mode, which goes
at the tree level. We investigate whether this discrepancy
be explained by the FCNCs which arise in the model.

It is not sin(2b) that is measured directly, but rather th
time-dependentCP asymmetryaCP(t). For decays of the
B0(5b̄d) meson into aCP eigenstatef, this is defined to be
@46#

aCP
f ~ t !ª

G„B0~ t !→ f …2G„B̄0~ t !→ f …

G„B0~ t !→ f …1G„B̄0~ t !→ f …

5Cfcos~DMt !2Sfsin~DMt ! ~47!

whereDM is the mass difference between the mass eig
states, andSf , Cf are given by

Cf5
12uj f u2

11uj f u2
, Sf52

2 Imj f

11uj f u2
, ~48!

with j f given by ~for the Bd
0 system!

j f[e22ib
A~B̄0→ f̄ !

A~B0→ f !
. ~49!

In the SM, theB̄→fK̄s amplitude has the formĀ5l tA0,

whereA0 is CP invariant andl t5VCKM
ts* VCKM

tb . The phase of
l t is very small@46#, so to a good approximationCfK50
and SfK5sin(2b). This result applies to theB→J/cKs
mode as well. For this reason, the values ofSf measured in
thefKs andJ/cKs modes are sometimes quoted as sin(2b),
as we have done in Eq.~46!.

Physics beyond the SM can change the values ofSfKs
and

SJ/cKs
by adding additionalCP-violating terms to the decay

amplitudes. We have investigated whether the new tree-l
FCNC Z couplings

JZ
m.

1

2 cosuw
~ s̄LgmVd

sbbL2 s̄RgmṼd
sbbR!1~H.c.! ~50!
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can explain the apparent difference betweenSfK andSJ/cKs
.

To simplify the analysis, we have assumed that the mixing
the mirror quarks with the SM quarks~other than theb) is
very small. In particular, we have neglected all right-hand
W couplings and all FCNC couplings other than those c
necting theb and s quarks. uVsbu and uṼsbu will also be
treated as small parameters whose size we will bound be
These assumptions imply that the three generation CKM
scription of flavor mixing in the SM is correct up to sma
modifications and that we can ignore the loop contributio
of mirror quarks to the effectivesb vertex.

A. Constraints from semi-leptonic decays

The strongest constraints on these couplings come f
semileptonicb→s modes@47#. At energies much belowMZ ,
the SM decay amplitudes can be written as the matrix e
ments of an effective Hamiltonian:

He f f5He f f~b→sg!2
GF

A2
l t~C9V

SMQ9V
1C10A

SMQ10A
!,

~51!

where Q9V
5( s̄b)(V2A)( l̄ l )V and Q10A

5( s̄b)(V2A)( l̄ l )A are

four-quark operators,l t5VCKM
ts* VCKM

tb , and l 5m,e. @See
@48# for a definition ofHe f f(b→sg).# The FCNC couplings
contribute toQ9V

and Q10A
, and generate the new (V1A)

operatorsQ9V
8 5( s̄b)(V1A)( l̄ l )V andQ10A

8 5( s̄b)(V1A)( l̄ l )A .

We neglect the contribution of mirror quarks toHe f f(b
→sg), since these only arise from loops, which becom
negligible fory450, contrary to the dominant tree-level e
fects included in our analysis. The effective Hamiltonian th
becomes

He f f5He f f~b→sg!

2
GF

A2
l t~C9Q9V

1C10Q10A
1C98Q9V

8 1C108 Q10A
8 !.

~52!

In terms ofhªVd
sb/l t andh8ª2Ṽd

sb/l t , the Wilson coef-
ficients are now given by

C9V
5C9V

SM1S 1

2
22 sin2uwDh,

C9V
8 5S 1

2
22 sin2uwDh8,

C10A
5C10A

SM2
1

2
h, C10A

8 52
1

2
h8. ~53!

Since 1
2 22 sin2uw.0.05, to a good approximation we nee

only consider the shift in theC10A
coefficients. We have ex

amined the effect of modifying theC10A
coefficients on the

branching ratios of the inclusiveB→Xsl
1l 2 mode, as well

as the two exclusiveB→Kl 1l 2 andB→K* l 1l 2 decays.
The constraint onb→s FCNCs from theB→Xsl

1l 2

mode has been considered previously~e.g., @48–51#!. We
1-11
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TABLE I. Experimental results and SM predictions. All errors were combined in quadrature, and th
predictions were averaged overm ande modes.

Mode B expt(1026) B SM(1026) 2s allowed range (1026)

B→Xsl
1l 2 6.121.4

11.6 @52,53# 4.260.7 @54# 21.1,DB Xs,5.5
B→Kl 1l 2 0.7620.18

10.19 @55,56# 0.3560.12 @54# 20.09,DB K,0.91
B→K* l 1l 2 1.6820.58

10.6860.28 @56# 1.3960.31 @54# 21.3,DB K* ,2.1
te

ft

e

S

s

,

re

o

t

l
2

ed.

c-

s,

in-
repeat the analysis for this particular model using upda
experimental results. From@48#, modified to include the new
(V1A) operators and neglecting lepton masses, the shi
the branching ratio relative to the SM is

DB Xs5B2B SM

5
a2

8p2f ~z!k~z!
UVts

Vcb
U2

~ uC̃10A
u21uC̃10A

8 u22uC̃10A

SMu2!

3B~b→cen̄ !, ~54!

where C̃iª(2p/a)Ci , f (z)50.5460.04 is a phase spac
factor, k50.87960.002 is a QCD correction, andB(b
→cen̄)50.10960.005. We have also takenC10A

SM5

2Y0(xt)/sin2uw.24.2, a21(mb)5129, anduVts /Vcbu251
in our analysis. The measured branching ratio and the
prediction for this mode are listed in Table I, as is the 2s
allowed shift in the branching ratio based on these value

The inclusive modesB→Kl 1l 2 and B→K* l 1l 2 have
been considered in@50,51#. The result for the latter mode
neglecting lepton masses, is@50#

DB K* 5~4.120.7
11.0!31028~ uC̃10A

2C̃10A
8 u22uC̃10A

SMu2!

1~0.920.2
10.4!31028~ uC̃10A

1C̃10A
8 u22uC̃10A

SMu2!.

~55!

Table I lists the experimental results, the theoretical SM p
diction, and the corresponding 2s allowed range forDB K* .

For theB→Kl 1l 2 mode, the shift in the branching rati
is @50#

FIG. 10. 2s allowed ranges ofh andh8.
05300
d

in

M

.

-

DB K5
GF

2a2mB
5

1536p5
tBul tu2I ~ uC̃10A

1C̃10A
8 u22uC̃10A

SMu2!,

~56!

wheretB51.6060.05 ps is the totalB lifetime, andI is an

integral of form factors. Explicitly,I 5*
ŝ0

ŝ1dŝlK
3/2( ŝ) f 1

2 ( ŝ),

where 0.4ml
2/mB

2< ŝ<(mB2mK)2/mB
2 and lK( ŝ)511r K

2

1 ŝ222ŝ22r Kŝ with r K5(mK /mB)2. We have evaluated
the integralI numerically using the form factors in@51# and
find I 5(0.05620.09

10.015). Again, Table I lists the relevant inpu
data.

Figure 10 shows theh andh8 values consistent with al
three semileptonic decay mode constraints taken at thes
level. Note that points within the two regions are correlat

B. Range ofSfK

As for the semi-leptonic modes, the non-leptonicB
→fKs decay amplitude can be written in terms of an effe
tive Hamiltonian. In the SM, this is given by@57#

H e f f
SM5

GF

A2
Flu~C1Q1

u1C2Q2
u!

1lc~C1Q1
c1C2Q2

c!2l t(
i 53

10

CiQi G , ~57!

wherelq5VCKM
qs* VCKM

qb are products of CKM factors,Qi(m)
are four-fermion operators,Ci(m) are the Wilson coeffi-
cients, andm is the renormalization scale.4 The operators
Q1 ,Q2 , Q3 , . . . ,Q6, and Q7 , . . . ,Q10 are the usual SM
current-current, QCD penguin, and electroweak~EW! pen-
guin operators respectively, as defined in@57#. Note that the
four-quark operatorsQ9 andQ10 are different from the semi-
leptonic operatorsQ9V

andQ10A
considered above.

If we include the FCNC couplings from the mirror quark
the tree-level contribution toHe f f at scaleMW is

DHe f f51
GF

A2
l tFh~ s̄b!(V2A)(

q
gR,L

q ~ q̄q!(V6A)

1h8~ s̄b!(V1A)(
q

gR,L
q ~ q̄q!(V6A)G ~58!

4In writing He f f in this form, we have made use oflu1lc1l t

.1. This is also approximately true when mirror quarks are
cluded.
1-12
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where the sum runs overq5u,d,s,c,b, gR,L
q 5(T3

2eqsin2uw) is the Z(q̄q)L,R coupling, andh5Vd
sb/l t and

h852Ṽd
sb/l t are the same as above. The first operator, m

tiplied by h, can be written as a linear combination
Q3 , . . . ,Q10. The second operator, multiplied byh8, has no
SM counterpart. We introduce a new ‘‘(V1A)’’ operator ba-
sis Q18 , . . . ,Q108 related toQ1 , . . . ,Q10 by the interchange
(V2A)↔(V1A) wherever these appear.

We incorporate the new (V2A) operator contribution by
modifying the Wilson coefficients at scaleMW . The changes
are

C3
SM~MW!→C3

SM~MW!1
1

6
h,

C7
SM~MW!→C7

SM~MW!1
2

3
sin2uwh,

C9
SM~MW!→C9

SM~MW!2
2

3
~12sin2uw!h. ~59!

For the (V1A) operators, (Ci
SM)8(MW)50, while the

FCNC contribution gives

C58~MW!5
1

6
h8,

C78~MW!52
2

3
~12sin2uw!h8,

C98~MW!5
2

3
sin2uwh8, ~60!

with all others zero.
The renormalization group~RG! evolution of these opera

tors proceeds much like in the SM since the (V2A) and
(V1A) operators evolve independently. The anomalous
mension matrix that determines running of both theV
2A) and (V1A) operators is the same as in the SM. Th
follows from our definition of the (V1A) operators and the
fact that these are renormalized by parity-invariant ga
interactions. We calculated the Wilson coefficients at sc
m52.5,5.0 GeV at one-loop order in both the QCD a
QED corrections using the results of@58#. To this order, the
corresponding initial values of the Wilson coefficients a
taken at the tree level in the QCD corrections, although
have included the one-loop electroweak corrections wh
give a large contribution toC9(MZ). ~This agrees with the
conventions of@57–59#.!

Hadronic matrix elements for theB→fKs transition at
scale m52.5,5.0 GeV were estimated using factorizatio
Following @60,61#, the amplitude is given by

A~B̄→fK̄ !5A0l tFa31a41a52
1

2
~a71a91a10!

2
1

2
~a781a981a108 !G ~61!
05300
l-

i-

e
le

e
h

.

where A052A2GFf fmfF1
BK(mf

2 )(e* •pK) is a CP-
invariant product of form factors and constants, and theai
are functions of the Wilson coefficients. To leading ord
they are @60# a2i 215C2i 211(1/Ne f f)C2i and a2i5C2i
1(1/Ne f f)C2i 21, whereNe f f is an effective number of col-
ors. In writing Eq.~61!, we have neglected annihilation con
tributions. While these may be significant, they do not int
duce any new weak phases and are less than 25% of the
penguin contribution to the amplitude@61#. We find that the
variation of the penguin coefficients withNe f f is consider-
ably larger than this.

Theai coefficients were calculated numerically by takin
as input the 2s allowed values ofh andh8 from the previ-
ous section and running the Wilson coefficients down tom
52.5,5.0 GeV. From these we calculateSfK and the B
→fKs branching ratio. This helps to reduce the theoreti
uncertainty due to the sensitivity of the amplitude to var
tions of Ne f f . Using Eq.~61! and the input parametersf f

50.233 GeV, F1
BK50.3960.03, mf51019.4 MeV, mK

5497.7 MeV, mB55279.3 MeV, tB051.5460.02 ps, ul tu
50.04060.003, the branching ratio is

B~B0→fKs
0!5~5.1360.15!31023Ua31a41a5

2
1

2
~a71a91a10!2

1

2
~a781a981a108 !U2

.

~62!

The range ofSfK obtained forNe f f52,3, . . . ,10 isshown in
Fig. 11 and is plotted against the branching ratio. CLE
BABAR, and BELLE have recently measured this branchi
ratio @62–64#, and the average of their results isB(B0

→fK0)5(7.761.1)31026.
We find that a range 0.2&SfK&1.0 can be explained by

FCNCs in this model while simultaneously accommodat
semi-leptonicB decay andB→fK branching fraction data a
the 2s level. While the shift inSfK from FCNCs is not large
enough to completely explain the current experimental va

FIG. 11. Range ofSfK accessible by the model plotted again
the branching ratio for two choices of the renormalization sca
The vertical dotted lines indicate the 2s allowed region for the
branching ratio.
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it is still significant and reduces the discrepancy to bel
2s. A strong phased in the new physics relative to the SM
would only decrease the range ofSfK @65#. Settingd5p
gives a result similar to that displayed in Fig. 11. The res
shows a strong dependence on the renormalization scalem,
as well as the effective number colors,Ne f f , due to sensitive
cancellations between terms in the amplitude. While t
situation would be improved by adding higher order corr
tions, we do not expect such terms to change these gen
conclusions.

The above result is more constraining than the one
tained in Ref.@66#, in which the effect of a vector-like pair o
singlet down quarks onSfK was considered. As we hav
done here, these authors investigate the range ofSfK that can
be obtained from thesZb vertex that is induced by vector
like down quarks. Our results should reduce to theirs in
limit h8→0, which corresponds to considering only the fl
vor mixing effects due to the singlets. By the same reas
ing, the range ofSfK should be greater in the present mod
since even more flavor mixing is possible. Instead, these
thors find a larger range forSfK than we have obtained. On
of the possible sources of the discrepancy between our an
sis and the one in Ref.@66# resides in our use of a mor
stringent quantitative analysis of the constraints coming fr
the semileptonicB decays. Another source appears to
their inclusion of the ‘‘color-suppressed’’ operato
( s̄bba)(V2A)( s̄asb)(V6A) at the tree level. While such opera
tors do arise from QCD corrections to thesZb vertex, all
tree-level effects may be described by the ‘‘color allowe
operators (s̄bbb)(V2A)( s̄asa)(V6A) .

VII. CONCLUSION

We have investigated the phenomenological propertie
beautiful mirrors, an extension of the standard model cons
ing of additional vector-like ‘‘mirror’’ quarks with the sam
quantum numbers as theSU(2) quark doublet and down
quark singlet in the standard model. These exotic quarks
with the bottom quark, resulting in a modified value of t
right-handed bottom quark coupling to theZ gauge boson, in
agreement with indications coming from the precision el
troweak data. A good fit to the precision electroweak d
also demands that the additional quarks have masses l
than about 300 GeV, implying a rich phenomenology at
Tevatron and LHC Colliders, as well as a possible impact
the CP-violating observables measured at theB factories. In
addition, the unification of gauge couplings is greatly im
proved within the model.

In this article we have provided a detailed analysis of
/
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question of gauge coupling unification. We find that t
gauge couplings unify atMG5(2.8060.15)31016 GeV.
Perturbative consistency and stability of the model rest
the possible values of the masses of the Higgs boson
mirror quarks. The allowed range,mh5170610 GeV, over-
laps with the range of values of these parameters which g
the best fit to precision electroweak data@6#.

Flavor mixing due to the mirror quarks leads to righ
handedZ couplings, a very small loss of unitarity of th
CKM matrix, and FCNCs. The flavor mixing also modifie
the coupling of theb andv quarks to the Higgs boson, whil
the couplings of the other quarks to the Higgs boson are
changed significantly. This has some interesting implicatio
for Higgs boson searches at the Tevatron. In particular,
required luminosity for a Tevatron or LHC Higgs boson d
covery in theWWdecay mode, as well as in thet1t2 mode
at the Tevatron and thegg mode at the LHC, is greatly
reduced within this model. We have analyzed the search
mirror vector quarks at the Tevatron collider and have fou
that run II with a total integrated luminosity of about 4 fb21

will be able to test all of the mirror quark mass range co
sistent with electroweak precision data. Finally, theb→s
FCNCs which arise in this model can help explain the d
crepancy between the values of sin(2b) measured in theB
→fK andB→J/cK decays.

Note added.As this work was being completed, Ref.@67#
appeared, in which the effect of tree-level (V6A) sZb cou-
plings onSfK was calculated. The modifications to the ele
troweak scale Wilson coefficients as well as the final resul
this paper agree with our analysis. After this work appear
revised experimental values ofSfK were reported by the
Babar and Belle experiments. The new world average is
more than two standard deviations away fromSJ/cKS

, al-

though there is also a 2.1s discrepancy between the tw
experimental results@68#. A related work,@69# has also re-
cently appeared, in which the search forQ521/3 vector-
like quarks is investigated. The conclusions of these auth
for the Tevatron are similar to ours.
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