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Getting bounds on the mixing angles for a nonsequential bottom quark
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We analyze theZ f f̄ vertex in the framework of models that add a new bottom quark in a nonsequential way
and we evaluate the tree level contribution to the CERN, LEP, or SLC observablesGZ , Rl , andRb . We obtain
bounds for the mixing angles from the experimentally allowed contour regions of the parametersLL,R intro-

duced here. In order to get a more restrictive region, we consider the experimental results forB→nn̄X as well.
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I. INTRODUCTION

The comparison of theoretical predictions with expe
mental data has confirmed the validity of the standard mo
~SM! in an impressive way. The quantum effects of the S
have been established at the 1s level, and the direct and
indirect determinations of the top quark mass are compat
with each other. In spite of this success, the conceptual s
ation with the SM is not completely satisfactory for a num
ber of deficiencies. Some of them are the large numbe
free parameters and the hierarchical fermion masses.

The SM contains three generations of quarks in irred
ible representations of the gauge symmetry groupSU(3)C

3SU(2)L3U(1)Y . The possibility of extending them ha
been studied in different frameworks@1–8# which are based
either on a fourth generation sequential family, or on non
quential fermions, regularly called exotic representations
cause they are different from those of the SM.

These unusual representations emerge in other theo
such as theE6 model where a singlet bottom type qua
appears in the fundamental representation@2#; also, top-like
singlets have been suggested in supersymmetric gauge
ries @3#. The principal feature of a model which extends t
quark sector with an exotic fermion is that there are n
quark mixing phases in addition to the single phase of
SM. Therefore, in this kind of modelsZ boson mediated
flavor changing neutral currents~FCNC’s! arise at the tree
level. This fact can affect the mixing mechanism in the ne
tral B-system@1–6#.

The possibility of indirect consequences of singlet qu
mixing for FCNC andCP violation has been used to ge
bounds on the flavor changing couplings. Heavy meson
cays like B0 and D0→m1m2 @1,5#, rare decaysb→sg
@1,2,5#, measurements such asKL→m1m2, B→m1m2X,
B→nn̄X, K meson physics@1,2,4#, or evenZ→ l l̄ , l→ l l l̄
@9# have been considered for this purpose.

In the last years, the CERNe1e2 collider LEP and SLAC
~SLC! Linear Collider have brought to completion a remar
able experimental program by collecting an enormo
amount of electroweak precision data on theZ resonance.
This activity, together with the theoretical efforts to provid
accurate SM predictions have formed the apparatus of e
troweak precision tests@10#. We are interested in using th
electroweak precision test quantities in order to get bou
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on the mixing angles for additional fermions in exotic repr
sentations. Specifically, we want to consider models that
clude a new quark with charge21/3 which is mixed with the
SM bottom quark. This kind of new physics was taken in
account by Bamertet al. @11# during the discrepancy be
tween experiment and SM theory in theRb ratio. They ana-
lyzed a broad class of models in order to explain the discr
ancy, and they considered those models in which newZbb̄
couplings arise at the tree level throughZ or b quark mixing
with new particles.

Our presentation is based on the parametrization of
Z f f̄ vertex in an independent model formulation. Therefo
these results can be used for different quark representa
like singlet down quark, vector doublets model, mirror fe
mions and self conjugated triplets, etc. The parametriza
of the vertex in a general way has been reviewed by Bar
et al. @1,4# as well as Cotti and Zepeda@9#. The LEP preci-
sion test parameters that we use are the totalZ width GZ , Rl ,
andRb .

The procedure to get bounds on the mixing angles is
following. First, we analyze theZ f f̄ vertex as obtained afte
a rotation of a general quark multiplet~common charge! into
mass eigenstates. In particular, we write down the neu
current terms for the bottom quarks, which are assumed t
mixed. With these expressions we can evaluate the tree l
contribution to the processZ→bb̄; we enclose this new con
tribution within the coupling constantsgV ~vectorial! andgA
~axial!. We then write downGZ , Rl , and Rb including the
new contributions, and we obtain bounds on the new par
eters by using the experimental values from LEP and S
@12#. Finally, we do ax2 analysis and find the allowed regio
in the plane of the new parametersLL and LR introduced.
We also use the result obtained by Grossmanet al., involv-
ing B→nn̄Xs @4#, in order to narrow down the bounds in th
contour plots.

II. PRECISION TEST PARAMETERS

To restrict new physics, we will use parameters measu
at theZ pole. These parameters are the total decay width
the Z boson GZ , the fractions Rb5G(Z→bb̄)/G(Z
→hadrons) and Rl5G(Z→hadrons)/G(Z→ l l̄ ) @10,12#.
Considering the new physics~NP! and the SM couplings, we
can write
©2000 The American Physical Society01-1
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G~Z→bb̄!5
GFmZ

3

6A2p
F3b2b3

2
~gV

SM1gV
NP!2

1b3~gA
SM1gA

NP!2GNCRQCD1QED , ~1!

whereNC is the number of colors,RQCD1QED are the QCD
and QED corrections, andb5A124(mb

2/mZ
2 is the kine-
m

he

ot

-

01730
matic factor@10# with mb54.7 GeV. We also are taking into
account the oblique and vertex contributions togV,A

SM giving
by the top quark and Higgs boson. For our purpose, I
convenient to separate the SM and NP contributions as
lows:

G~Z→bb̄!5Gb
SM~11db

NP!. ~2!

The symboldb
NP is given by
db
NP5

~32b2!@~gV
NP!212gV

NPgV
SM#12b2@~gA

NP!212gA
NPgA

SM#

~32b2!~gV
SM!212b2~gA

SM!2
. ~3!
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This equation could be written using the new physics para
eters LL(R) that were introduced in Eq.~18!, through the
relationshipsgA

NP5LL2LR andgV
NP5LR1LL.

Similarly, theZ decay into hadrons after considering t
NP, can be written as

G~Z→hadrons!52Gu
SM12Gd

SM1Gb

5Ghad
SMS 11

Gb
SM

Ghad
SM

db
NPD . ~4!

Here, onlyGb gets NP corrections because only the SM b
tom mixes with the exotic quark. Therefore, theZ partial
decay intod ands quarks remains unchanged.

On the other hand,GZ is equal to

GZ53G~Z→nn̄!13G~Z→ l l̄ !1G~Z→hadrons! ~5!

which again is rewritten, with Eq.~4!, as follows:

GZ5GZ
SMS 11

Gb
SM

GZ
SM

db
NPD . ~6!

Using the above equations, forRl and Rb we obtain the
following expressions:

Rl5Rl
SM~11Rb

SMdb
NP!,

Rb5Rb
SM@11db

NP~12Rb
SM!#. ~7!

In a general way,Rb is mainly a measure ofugL
bu21ugR

b u2;
therefore, the fractionRb is very sensitive to anomalous cou
plings of theb quark.

III. THE MODEL

Following closely the notation of Ref.@9#, if we have a
multiplet Ca5L,R

O with na ordinary fermions andma exotic
fermions with the same electric chargeq:
-

-

Ca
O5UaCa , Ca5S C l

Ch
D

a

, ~8!

whereUa is the unitary matrix that rotates the mass eige
stateCa into the interaction eigenstateCa

O . C l (h) means
ordinary or light~exotic or heavy! fermions.Ua can be fur-
ther the composed as follows@9#:

Ua5S A E

F GD
a

, ~9!

where

~U1U !a5S A1A1F1F A1E1F1G

E1A1G1F E1E1G1GD
a

5S 1 0

0 1D .

~10!

If we suppose that the up quark sector of the SM is di
onal and that there are no exotic quarks, thenAL corresponds
to the classical Kobayashi-Maskawa matrix. In the SM t
matrix is unitarity, whereas in our model it is not:

~A1A!L5I 2~F1F !L . ~11!

FL corresponds to the mixing of the ordinary-exotic quar
As mentioned,AL is not quite unitary and the factor (F1F)L
indicates Flavor Changing transitions in the light-light se
tor.

The neutral current Lagrangian for the multipletC is
given by

2L NC5
e

cwsw
(

a5L,R
C a

O gmDaCa
OZm

0

5
e

cwsw
(

a5L,R
C̄agmUa

1DaUaCaZm
0 , ~12!

wheresw5sinuw and Da are diagonal matrices which con
tain the couplings of the neutralZ0 gauge boson to the matte
fields; they have the form
1-2
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Da5~T32Qsw
2 !a5S t302qsw

2 0

0 t3E2qsw
2 D

a

, ~13!

whereT3a andQ are the matrices of the isospin charges a
the electric charge, respectively.t30 and t3E are the standard
and exotic weak isospin third component of the multiple
Using the unitarity relations of theUa matrix from Eq.~10!,
the product (U1DU)a5L,R in Eq. ~12! can be written as

~U1DU !L5S F1F 2A1E

2E1A 2E1ED
L

~ t3E2t30!L1T3L2Qsw
2 ,

~U1DU !R5S F1F F1G

G1F G1GD
R

t3ER2Qsw
2 . ~14!

The neutral current Lagrangian in the light-light sec
can be written as@9#

L NC52
e

cwsw
(

a5L,R
C̄ l ,agmKaC l ,aZm

0 , ~15!

where

KL5~F1F !L~ t3EL2t30L!1I 333~ t30L2qsw
2 !,

KR5~F1F !Rt3ER2I 333qsw
2 . ~16!

For the SM with three generations,KL,R are 333 matrices.
They can be produced FC transitions at the tree level
pending ofFL,R entries which are the mixing angles of th
ordinary and exotic fermions.

In this work, we only consider onebottom exotic quark
~i.e., not mixing withd ands). Then,Ua and theF†F prod-
uct become

Ua5S 0

A 0

2sa

0 0 sa ca

D , ~F†F !a5S 0 0 0

0 0 0

0 0 sin2ua

D ,

~17!

where sinuL,R represent the mixing between bottom qua
with the exotic ones. Therefore, the couplingbbZ gets modi-
fied by theLL,R factors:

KL
b5LL1t30L2qsw

2

5sin2uLS t3EL1
1

2D1S 2
1

2
1

1

3
sw

2 D ,

KR
b5LR2qsw

2

5sin2uRt3ER1S 1

3
sw

2 D . ~18!
01730
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IV. RESULTS

With the expressions forGZ , Rl , andRb in terms of the
new physics contribution in Sec. III, and with the experime
tal data from LEP we get bounds on the parametersLL,R
introduced in Eq.~18!. The experimental data that we use
for the LEP parameters, as well as their SM values are
Table I @10,12#.

We do ax2 fit of the observablesGZ , Rl , andRb , and
then we proceed to obtain bounds on the parametersLL,R by
taking on values in the best region allowed for them at 95
C.L. This region is displayed in Fig. 1. In order to get a mo
restrictive region we use the bounduLL,Ru,0.0018 obtained
by Grossmanet al. @4#, which is represented by straight line
in the figure. The intersection between the two regions
given by

21.09431024<LL<1.08631024,

21.831023<LR<1.831023. ~19!

We note that forLL the region is more restrictive than th
one obtained by Grossmanet al. @4#, while theLR parameter
is not modified.

If we consider only mixing between an exotic botto
quark with the third SM family, independent of any grou
representations, it is given by a 232 unitary matrix for left-

TABLE I. SM predictions and experimental values measured
LEP for theGZ , Rl , andRb .

Experimentals Standard model

GZ 2.493960.0024 2.49582
Rl 20.76560.026 20.7468
Rb 0.2165660.00074 0.215894

FIG. 1. Contour plot represents the allowed region forLL

2LR . The straight lines are the bounds fromB→nn̄X reported in
Ref. @4#.
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and right-handed fermions. The couplings for seve
SU(2)L representations are given in Table II. We can u
these bounds in order to get constraints for the left and r
mixing angles of each model. They are shown in Table I

Summarizing, we have used the fractionsGZ , Rl , andRb
to obtain bounds on the mixing angles of new quark botto
type representations with the SM bottom quark. Taking i
account the results of Grossmanet al. @4#, we have gotten the
allowed intervals 21.09431024<LL<1.08631024 and
21.831023<LR<1.831023. Our results reduce the a
lowed region for the parameterLL while the parameterLR is

TABLE II. The parametersLL,R for different representations
according with the quantum numbers in Eq.~15!.

(tEL
3 ,tER

3 ) LL LR Model

(0,0) 1
2 sin2uL 0 Vector singlets

(2
1
2 ,2 1

2 ) 0 2
1
2 sin2uR Vector doublets

(0,2 1
2 ) 1

2 sin2uL 2
1
2 sin2uR Mirror fermions

(21,21) 2
1
2 sin2uL 2sin2uR Self-conjugated triplets
01730
l
e
ht

-
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not modified with respect to the results obtained by Gro
man et al. @4#. We may note that the results have been o
tained from the tree level contributions, and we can
bounds on the mass of the new quark using oblique cor
tions @13#.
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TABLE III. Bounds on the mixing angles for different represe
tations of the exotic quarks.

Model usinuLu< usinuRu<

Vector singlets 4.66131022 0
Vector doublets 0 631022

Mirror fermion 4.66131022 631022

Self-conjugated triplets 4.67931022 4.2431022
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