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A study ofRb andRc is presented in the context of a two-Higgs-doublet model with flavor-changing scala
currents~FCSC’s!. Implications of the model for ther parameter and forb→sg are also considered. The
experimental data onRb places stringent constraints on the model parameters that are difficult to reconcile w
the constraints fromb→sg andr. If we treat the couplings of the model as purely phenomenological, then th
model can still survive albeit in a rather narrow region of the parameter space. Noting that aspects of
experimental analysis forRb andRc may be of some concern, we also disregardRb

expt andRc
expt and give

predictions for these using constraints fromb→sg and ther parameter only. We emphasize the theoretical and
experimental advantages of the observableRb1c[G(Z→bb̄ or cc̄)/G(Z→ hadrons). We also stress the role of
Rl[G(Z→ hadrons)/G(Z→ l1l2) in testing the standard model despite its dependence on QCD correction
Noting that in models with FCNC’s the amplitude forZ→cc̄ receives a contribution which grows withmt

2 the
importance and uniqueness of precisionZ→cc̄ measurements for constraining flavor-changingt c̄ currents is
underscored.@S0556-2821~96!04517-1#

PACS number~s!: 11.30.Hv, 12.60.Fr, 14.65.Fy
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I. INTRODUCTION AND SUMMARY

For the past several years precision studies at the CE
e1e2 collider LEP have been providing important confirma
tion to various aspects of the standard model~SM! @1#. A
notable exception that has emerged is the decay ofZ→bb̄. It
has long been recognized that theZbb̄ vertex is very sensi-
tive to effects of virtual, heavy particles@2#. Consequently, a
deviation from the prediction of the SM could prove to be
significant clue tonew physics. It is, therefore, clearly impor-
tant to studyZ→bb̄ in extensions of the SM@3# and pursue
the resulting implications. In this paper we study these d
cays in a class of two-Higgs-doublet models~2HDM’s!,
called model III@4–10#, which present a natural mechanism
for flavor changing scalar currents~FCSC’s!.

Our focus is the branching ratio ofZ→bb̄: i.e. @1#,

Rb[
G~Z→bb̄!

G~Z→ hadrons!
. ~1!

It is worth noting that, sinceRb is a ratio between two had-
ronic rates, most of the electroweak~EW! oblique and QCD
corrections cancel between numerator and denomina
making it a uniquely clean and sensitive test of the SM
Experiment finds@1#

Rb
expt50.220560.0016, ~2!

whereas the SM prediction is@1#

Rb
SM50.2156. ~3!
5421/96/54~5!/3296~13!/$10.00
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The difference, of about 3s, is a possible indication of new
physics. We note, in passing, that the related decayZ→cc̄
has also been measured, albeit with appreciably less pre
sion @1#:

Rc
expt50.154360.0074. ~4!

The SM prediction, on the other hand, is@1#

Rc
SM50.1724. ~5!

Thus Rc
expt also appears not to be consistent with the SM

although the deviation is milder~about 2.3s). It is interest-
ing to note that whereasRb

expt is larger thanRb
SM, Rc

expt is less
than the SM expectation. Note also thatRb

expt quoted above is
obtained by holdingRc fixed to its SM value@1#.

Our findings are that if we takeRb
expt at its face value then,

while model III can accommodateRb
expt, the model param-

eters get severely constrained. In particular, the resulti
configuration of the model can only be reconciled with th
constraints from ther parameter andB(B→Xsg) in a very
small region of the parameter space.

Several aspects of theRb andRc experimental analysis
are, though, of concern. The results given above in Eqs.~2!
and ~4! include systematic errors and emerge from combi
ing the numbers from the four LEP detectors@1#. Since some
of the assumptions are common, treatment of the systema
can be problematic. Also the errors forRb andRc are corre-
lated @1#. IndeedRb

expt1Rc
expt is consistent with the SM ac-
3296 © 1996 The American Physical Society
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centuating the possibility that part of the effect may we
result from misidentification of the flavors. In addition, th
observableRl ,

Rl[
G~Z→ hadrons!

G~Z→ l1l2!
, ~6!

which is measured much more precisely thanRb or Rc and
can be predicted in the SM usingas(MZ) deduced from
other methods~e.g., lattice and/or event shapes ine1e2 an-
nihilation!, is found not to be inconsistent with the SM, a
present.

In light of these reservations we also fix the paramet
space by using only ther parameter andB(B→Xsg) and
predictRb andRc in model III. In particular, in this model,
with constraints from ther parameter andB(B→Xsg), we
find thatRb cannot exceedRb

SM. Thus, if the current trend in
the experimental numbers~i.e., Rb

expt.Rb
SM) persists, this

class of 2HDM’s will be either entirely ruled out or require
significant alteration.

In passing we also suggest a new observable

Rb1c5
G~Z→bb̄ or cc̄!

G~Z→ hadrons!
, ~7!

which is theoretically as clean asRb andRc , but has some
experimental advantages. Noting its possible usefulness,
give the prediction forRb1c in model III .

Finally, we stress the importance of precision determin
tions of Z→cc̄ ~i.e., Rc). In type-III models its amplitude
receives a contribution which grows withmt

2 . A precise de-
termination of Z→cc̄, thus, constitutes a uniquely clean
method for constraining the flavor-changingtc vertex, which
is of crucial theoretical concern. Improvements in the expe
mental determination ofZ→cc̄ are therefore very worth-
while.

II. TWO-HIGGS-DOUBLET MODEL
WITH FLAVOR-CHANGING CURRENTS

A mild extension of the SM with one additional scala
SU~2! doublet opens up the possibility of FCSC’s. For th
reason, the 2HDM scalar potential and Yukawa Lagrangi
are usually constrained by anad hocdiscrete symmetry,@11#
whose only role is to protect the model from tree-level FC
SC’s. As a result one gets the so-called model I and model
when up-type and down-type quarks are coupled to the sa
or to two different doublets, respectively@12#. In particular,
it is to be stressed that from a purely phenomenological po
of view, low energy experiments involvingK0-K̄0, B0-B̄0

mixing, KL→mm̄, etc., place very stringent constraints onl
on the existence of those tree-level flavor-changing tran
tions which directly involve the first family. Indeed, in view
of the extraordinary mass scale of the top quark, it has be
emphasized by many that anomalously large flavor-chang
~FC! couplings involving the third family may exist
@4–10,13#. Thus, following Cheng and Sher@4#, perhaps a
natural way to limit the strength of the FCSC’s involving th
first family is to assume that they are proportional to th
ll
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masses of the participating quarks. In this way, the FC co
plings are automatically put in a hierarchical order and th
third family may well then play an enhanced role.

For this type of 2HDM, the Yukawa Lagrangian for the
quark fields can be taken to have the form@8,9#

LY~III !5h i j
UQ̄i ,Lf̃1Uj ,R1h i j

DQ̄i ,Lf1Dj ,R1j i j
UQ̄i ,Lf̃2Uj ,R

1j i j
DQ̄i ,Lf2Dj ,R1H.c., ~8!

where f i , for i51,2, are the two scalar doublets of a
2HDM, while h i j

U,D and j i j
U,D are the nondiagonal coupling

matrices. For convenience we can choose to expressf1 and
f2 in a suitable basis such that only theh i j

U,D couplings
generate the fermion masses, i.e., such that

^f1&5S 0

v/A2D , ^f2&50 ~9!

The two doublets are in this case of the form

f15
1

A2 H S 0

v1H0D 1S A2x1

ix0 D J , f25
1

A2 S A2H1

H11 iH 2D .
~10!

The scalar Lagrangian in the (H0, H1, H2, H6) basis is such
that @14,12#

~1! the doubletf1 corresponds to the scalar doublet of th
SM andH0 to the SM Higgs field~same couplings and no
interactions withH1 andH2), ~2! all the new scalar fields
belong to thef2 doublet, and~3! both H1 andH2 do not
have couplings to the gauge bosons of the formH1,2ZZ or
H1,2W1W2.

However, whileH6 is also the charged scalar mass eigen
state, (H0, H1, H2) are not the neutral mass eigenstates. L
us denote by (H̄0, h0) andA0 the two scalar plus one pseu-
doscalar neutral mass eigenstates. They are obtained fr
(H0, H1, H2) as follows

H̄05@~H02v !cosa1H1sina#,

h05@2~H02v !sina1H1cosa#, ~11!

A05H2,

wherea is a mixing angle, such that, fora50, (H0, H1,
H2) coincide with the mass eigenstates. We find it mor
convenient to expressH0, H1, andH2 as functions of the
mass eigenstates: i.e.,

H05~H̄0cosa2h0sina!1v,

H15~h0cosa1H̄0sina!, ~12!

H25A0.
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In this way we may take advantage of the mentioned pro
erties~1!, ~2!, and~3!, as far as the calculation of the contri
bution from new physics goes. In particular, only thef1

doublet and theh i j
U and h i j

D couplings are involved in the
generation of the fermion masses, whilef2 is responsible for
the new couplings.

After the rotation that diagonalizes the mass matrix of t
quark fields, the FC part of the Yukawa Lagrangian loo
like

LY,FC~III ! 5 ĵ i j
UQ̄i ,Lf̃2Uj ,R1 ĵ i j

DQ̄i ,Lf2Dj ,R1H.c., ~13!

whereQi ,L , Uj ,R , and Dj ,R denote now the quark mass
eigenstates andĵ i j

U,D are the rotated couplings, in general no
diagonal. If we defineVL,R

U,D to be the rotation matrices acting
on the up- and down-type quarks, with left or right chirality
respectively, then the neutral FC couplings will be

ĵneutral
U,D 5~VL

U,D!21
•jU,D•VR

U,D . ~14!

On the other hand, for the charged FC couplings we w
have

ĵcharged
U 5 ĵneutral

U
•VCKM ,

ĵcharged
D 5VCKM• ĵneutral

D , ~15!

where VCKM denotes the Cabibbo-Kobayashi-Maskaw
~CKM! matrix. To the extent that the definition of thej i j

U,D

couplings is arbitrary, we can take the rotated couplings
the original ones. Thus, we will denote byj i j

U,D the new
rotated couplings in Eq.~14!, such that the charged coupling
in Eqs.~15! look like jU•VCKM andVCKM•j

D.
We will assume that thej i j

U,D couplings are purely phe-
nomenological parameters and compare the region of the
rameter space that could accommodateRb

expt with the con-
straints from other physical processes. For convenience,
parametrize thej i j

U,D couplings in such a way as to make th
comparison with the other 2HDM’s easier:

j i j
U,D5l i j

Amimj

v
. ~16!

This is very similar to what was proposed and used in Re
@4,8–10#, but we want now to allow the factorsl i j to vary
over a broad range, constrained by phenomenology only
this way we may be able to see if the experiment data lead
some new patterns in the coupling behavior@15#.

III. IMPLICATIONS FOR Rb AND Rc

Let us now focus on the calculation ofRb andRc . The
main task is to compute the corrections from new physics
the SMZqq̄ vertex, forq5c,b. Suppose the reference SM
vertex for aZ→qq̄ process is
p-
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he
ks
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to

Vq q̄Z
SM [2 i

gW
cW

q̄gmFDq,L
SM ~12g5!

2
1Dq,R

SM ~11g5!

2 GqZm,

~17!

wherecW is the cosine of the Weinberg angle andgW is the
weak gauge coupling. The presence of new interactions w
then modify it into

Vq q̄Z[2 i
gW
cW

q̄gmFDq,L

~12g5!

2
1Dq,R

~11g5!

2 GqZm,

~18!

where

Dq,L~R![Dq,L~R!
SM 1Dq,L~R!

new ~19!

is the sum of the original SM contribution plus the new on
from j-type scalar couplings. In principle, both SM an
model III radiative corrections to theZqq̄ vertex give origin
to one additional form factor, proportional tosmnqn ~the
smnqng5 form factor is absent because it would violat
CP). This magnetic-moment-type form factor arises at on
loop and should be considered as well. We have calculate
and verified that, as is the case in the SM, it is very small,
least three orders of magnitude smaller than the leading c
tributions toDq,L(R)

new Therefore, we neglect its effect in the
following discussion.

In view of the previous discussion and neglecting all finit
quark mass effects (mq;0) @17#, the generic expression for
G(Z→qq̄), q5b,c, can then be written as

G~Z→qq̄!5
Nc

6

â

ŝW
2 ĉW

2
MZ@~Dq,L!21~Dq,R!2#, ~20!

where all kinds of EW1QCD corrections have been reab
sorbed in the redefinition of the QED fine-structure consta
a, of cW (sW), and of the couplingsDq,L(R) . Moreover, the
Dq,L(R) couplings contain corrections induced by the new F
scalar couplings.

In order to compute the corrections toRq from new phys-
ics, such as due to the scalar fields of model III, we obser
that, sinceRq is the ratio between two hadronic widths, mos
EW oblique and QCD corrections cancel, in the massle
limit, between the numerator and the denominator. The
maining ones are absorbed in the definition of the renorm
ized couplingsâ andŝW ( ĉW), up to terms of higher order in
the electroweak corrections@2,18,19#. As a consequence, the
Dq,L(R) couplings will be as in Eq.~18!, with Dq,L(R)

SM given
by the tree-level SM couplings expressed in terms of t
renormalized couplingsâ and ŝW ( ĉW). This feature makes
the study ofRb andRc particularly interesting, because the
new FC contributions may be easily disentangled in th
Zqq̄-vertex corrections. In fact, the presence of new scala
fermion couplings will affect theW and Z renormalized
propagators too, giving stringent constraints especially fro
the corrections to ther parameter. However, this is not rel-
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evant for the specific calculation ofRb and will be discussed
in later segments of this paper.

In light of the preceding remarks, we can expressRb and
Rc in terms ofRb

SM andRc
SM as

Rq5Rq
SM 11dq

@11Rb
SMdb1Rc

SMdc#
, ~21!

where

dq52
DqL
SMDqL

new1DqR
SMDqR

new

~DqL
SM!21~DqR

SM!2
~22!

for q5b,c. In Eq. ~21!, terms ofO„(DqL(R)
new )2… have been

neglected and the numerical analysis confirms the validity
this approximation.

In particular, we will have to computeDb,L(R)
new and

Dc,L(R)
new in our model. In Fig. 1 we show a sample of th

Feynman diagrams which correspond to the corrections
the Zbb̄ vertex, due to both charged and neutral scalars
pseudoscalars. TheZcc̄ case is strictly analogous, up to
modifications of the external and internal quark states. In o
calculation, we will assume that the FC couplings involvin
the first generation are negligible and we will consider all t
other possible contributions from the newj-type vertices,
containing both flavor-changing and flavor-diagonal term
@see Eqs.~13!–~16!#. Moreover, we will focus mainly on
fixing the model parameters by usingRb

expt and then see what
the implications forRc are.

We examined various possible scenarios, varying the s
lar masses (MH , Mh , MA , and Mc), the mixing angle
(a), and thej couplings. The striking result emerging from
this analysis is that, in spite of the arbitrariness of the ne
FC couplings, there exists only a very small window
which the corrections from this new physics enhanceRb to
make it compatible with the experimental indications. W
find that, in order to have maximum enhancement, the f
lowing requirements are crucial:

~1! Very largeh0bb̄ andA0bb̄ couplings, obtained when

FIG. 1. Typical corrections to theZbb̄ vertex due to both
charged and neutral scalar and pseudoscalar, in model III.
of
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jbb
D 5lbb

mb

v
and lbb@1. ~23!

~2! The phasea50.
~3! Light and approximately equal neutral scalar an

pseudoscalar masses:

50 GeV&Mh;MA&70 GeV, ~24!

i.e., at the edge of the allowed experimental lower bound f
Mh andMA @20#.

~4! Much heavier charged scalar masses, i.e
Mc@Mh ,MA . Lighter charged masses require even mo
demanding bounds on the previous parameters.

This set of parameters strictly mimics what was alread
found in the context of model II, i.e., without tree-leve
FCNC’s. The pattern of cancellation between neutral a
charged contributions is still valid in model III as well. The
charged contribution toDb,L(R)

new is negative and tends to re-
duce Rb , while the neutral one, for light scalar masse
(Mh,A,100 GeV!, is positive and tends to enhanceRb .
With an assumption like the one in Eq.~16!, the neutral
scalar and pseudoscalar vertex corrections are suppres
due to their small couplings to theb quark, unlesslbb@1.
Thus, in order to enforce the cancellation, we have to e
hance these couplings as in Eq.~23! as well as to demand
that the charged scalar be much heavier than the neutral s
lar and pseudoscalar.

Indeed our model can be compared to model II when t
phasea50 ~as also required byRb

expt), and the FC couplings
are set to zero, i.e.,jsb

D 50 and jct
U50. Then, the crucial

difference between the two models is that model III, unlik
model II, does not provide any relation betweenjU- and
jD-type couplings. In model IIjbb

D is inversely proportional
to j tt

U and we would have at the same time a very enhanc
jD-type coupling and a very suppressedjU-type one. As we
will see, the relation betweenjU- andjD-type couplings will
be extremely important in the study ofB(B→Xsg). There-
fore in our analysis ofRb within model III we want to ex-
amine a few of the possible different scenarios.

To compare model III with model II~for vanishing FC
couplings! we will consider the following two prototype
cases.

Case 1:

jbb
D 5lbb

mb

v
for lbb@1, j tt

U5l tt

mt

v
for l tt.1.

~25!

Case 2:

jbb
D 5lbb

mb

v
for lbb@1, j tt

U5l tt

mt

v
for l tt.

1

lbb
.

~26!

In principle both cases are possible if we assume thel i j
parameters of Eq.~16! to be arbitrary and constrained only
by experiments. In particular case 2 mimics model II and th
will be useful for comparison. In both cases we can getRb
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within 2s of Rb
expt ~where Rb

expt50.221960.0017 @21#!
when, in case 1,lbb>65 andMc>350 GeV and, in case 2,
lbb>55 andMc>150 GeV.Mc can be lowered somewhat,
provided we increaselbb even further and vice versa. In case
1 we have to impose some more demanding bounds beca
the charged contribution is not suppressed by the couplin
but only byMc . On the other hand, in case 2 we are able t
confirm the results obtained for model II in Refs.@18,19#. No
major dependence onjcc

U andjss
D is observed in either case.

We want now to switch on the FC couplingsjsb
D andjct

U

and analyze the differences. We note that, as far asRb is
concerned,jct

U plays a role only in the charged contribution
to Db,L(R)

new and, since this contribution is negative, we do no
want to enhance it. On the other hand,jsb

D affects both the
neutral and the charged vertex diagram; thus, in principle,
could play some role. In particular we observe the following

In case 1, any suppression ofjct
U is irrelevant. On the

other hand any enhancement ofjsb
D helps to get a little closer

to the experimental values ofRb . A good choice of param-
eters is

lbb>60, lsb>10, l tt;lct;1, and Mc>350 GeV.
~27!

In case 2,jct
U has to be suppressed andjsb

D enhanced. A
good agreement withRb

expt is obtained for

lbb>55, lsb>10, l tt;lct;
1

lbb
, and Mc>150 GeV.

~28!

We observe that as far asRb is concerned the two scenarios
are not too different. Case 2 has the nice feature of imposi
a much weaker lower bound onMc . In both of themRc

turns out to be also compatible withRc
expt at the 2s level. A

more precise determination ofRc
expt would play an important

role at this level. In Sec. IV and V we will see which of these
scenarios can survive the additional constraints imposed
r andB(B→Xsg).

IV. r-PARAMETER CONSTRAINTS ON MODEL III

The relation betweenMW andMZ is modified by the pres-
ence of new physics and the deviation from the SM predi
tion is usually described by introducing the parameterr0
@20,22#, defined as

r05
MW

2

rMZ
2cos2uW

, ~29!

where ther parameter reabsorbs all the SM corrections t
the gauge boson self-energies. We recall that the most i
portant SM corrections at the one-loop level are induced b
the top quark@19,22#:

r top.
3GFmt

2

8A2p2
. ~30!
use
gs
o
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it
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by
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Within the SM with only one scalar SU~2! doubletr0
tree51.

In the presence of new physics we have

r0511Dr0
new, ~31!

whereDr0
newcan be written in terms of the new contributions

to theW andZ self-energies as

Dr0
new5

AWW
new~0!

MW
2 2

AZZ
new~0!

MZ
2 . ~32!

Using the general analytical expressions in Ref.@23#, and
adapting the discussion to model III~making use of the
Feynman rules given in Appendix A!, we find that

Dr0
new.

GF

8A2p2
@sin2aG~Mc ,MA ,MH!

1cos2aG~Mc ,MA ,Mh!#, ~33!

where all the terms of order (MW,Z
2 /Mc

2) have been neglected
and we define

G~Mc ,MA ,MH,h!5Mc
22

Mc
2MA

2

Mc
22MA

2 ln
Mc

2

MA
2

2
Mc

2MH,h
2

Mc
22MH,h

2 ln
Mc

2

MH,h
2

1
MA

2MH,h
2

MA
22MH,h

2 ln
MA

2

MH,h
2 . ~34!

The determination ofmt from Fermilab @24# allows us to
distinguish betweenr0 andr.11r top. From the recent glo-
bal fits of the electroweak data, which include the input fo
mt from Ref.@24# and the new results onRb , r0 turns out to
be very close to unity. ForRb5Rb

expt as in Eq. ~2! and
mt5(174616) GeV, Ref.@22# quotes

r051.000460.001860.0018. ~35!

This result clearly imposes stringent limits on the param
eters of any extended model. In particular, if we refer to Se
III and evaluateDr0

new for the set of parameters which was
found to give an enhanced value ofRb @see Eqs.~23! and
~24! in particular#, we find that

Drnew.
GF

8A2p2
Mc

2 , ~36!

where the neglected terms are suppressed as (Mh,A
2 /Mc

2) or
(MW,Z

2 /Mc
2). We observe that, fora50, the contributions of

the f1 andf2 doublets are completely decoupled and th
new physics contributions come from thef2 doublet only.
Thef1 doublet can indeed be identified with the usual SM
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Higgs doublet and its contribution tor0 is already included
in the SM value ofr. Using Eq.~36!, Eqs.~31! and~35! lead
to the following upper bound on the charged scalar mass

Mc<200 GeV, ~37!

whenMh andMA satisfy Eq.~24! as required byRb
expt. The

upper bound~37! for Mc is still compatible with case 2@see
Eq. ~28!#. However, to retainRb within 2s of the experi-
mental value in case 1 would require more demandi
bounds on thej i j

U,D coupling than in Eqs.~27!, since the
latter were obtained withMc>350 GeV and since, also, we
cannot reduce the neutral scalar masses below their exp
mental bounds.

V. IMPLICATIONS OF b˜sg

The real distinction between the previous two scenarios
model III and the other 2HDM’s~model I and model II! is
made by the experimental constraint onB(B→Xsg) @25#:

B~B→Xsg!5~2.3260.5160.2960.32!31024, ~38!

where the first error is statistical and the latter two are sy
tematic errors.

We will not consider model I, because it cannot produ
an acceptable answer forRb , since the fermion-scalar cou
plings in this model are either all simultaneously enhanced
simultaneously suppressed. Thus a disparity between neu
and charged scalar vertex corrections can never be real
in model I. Instead, let us focus on model II and model III.
is interesting to compare what ‘‘the enhancement of t
jbb
D coupling’’ means in these two models. We then imm
diately realize that in model III this implies a new larg
contribution from the neutral scalar and pseudoscalar p
guin diagrams and a possible big enhancement of
charged scalar penguin diagram, due to the link betwe
neutral and charged coupling via Eq.~15!.

To calculate the contribution ofh0, A0, andH
6 to the

B(B→Xsg), we work in the effective Hamiltonian formal-
ism, thereby including also QCD corrections at the leadi
order@26#. Because of the presence of new effective intera
tions, we need to modify both the basis of local operators
the effective Hamiltonian and the initial conditions for th
evolution of the Wilson coefficients. This is a well-know
procedure for calculating the effect of heavy new degrees
freedom which do not appear in the evolution of the coef
cients at low energy, but only in their initial conditions at a
initial scale roughly set atm;MW . We refer to the literature
for all the necessary technical details@27–29#.

In particular, when we include the new heavy degrees
freedom (h0, A0, andH

6), there are two main changes tha
we need to consider. First, there are now two QED magne
type operators with opposite chirality, which we denote b
Q7
(R,L) and write as@30#

Q7
~R,L !5

e

8p2mbs̄s
mn~16g5!bFmn . ~39!

We recall that in the SM as well as in model II the absence
Q7
(L) is a consequence of assumingms /mb;0. In model III,
:
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we do not want to make anya priori assumption on thej
couplings, because of their arbitrariness, and therefore b
Q7
(R) andQ7

(L) can contribute to theb→sg decay. The rate
G(b→sg) will be proportional to the sum of the modulus
square of their coefficients at a scalem;mb : i.e.,

G~b→sg!;uC7
~R!~mb!u21uC7

~L !~mb!u2. ~40!

We observe that, because of their opposite chirality, the tw
operatorsQ7

(R,L) do not mix under QCD corrections and, in a
first approximation, their evolution with the scalem can be
taken to be the same as in the SM~for Q7

(R)) and equal for
both of them. In so doing, we neglect those operators who
effect is subleading either because of their chiral structure
because of the heavy mass of the scalar boson which ge
ates them.

The second change concerns the initial conditions for t
Wilson coefficients at a scalem;MW . C7

(R,L)(mb) depend in
general on many initial conditions. However, for the sam
reasons as explained before, the most relevant new contri
tions, due both to neutral and charged scalar fields, mai
affectC7

(R,L)(MW). In the following we will discuss the re-
sults of our numerical evaluation of both neutral and charg
contributions and their impact on the decay rate forb→sg.
In particular, we will focus on the rate normalized to th
QCD corrected semileptonic rate, i.e., on the ratio

R5
G~B→Xsg!

G~B→Xcen̄e!
;

G~b→sg!

G~b→cen̄e!

5
6a

p f ~mc /mb!
F@ uC7

~R!~mb!u21uC7
~L !~mb!u2#, ~41!

where f (mc /mb) is the phase-space factor for the semilep
tonic decay andF takes into account someO(as) correc-
tions to bothB→Xcen̄e andB→Xsg decays~see Ref.@31#
for further comments!. We also neglect possible deviation
from the spectator model prediction ofG(B→Xsg) and
G(B→Xcen̄e). From Eq.~41! a convenient theoretical pre-
diction forB(B→Xsg) can be extracted to be compared wit
the experimental result.

As far as the new FC contributions from neutral scala
and pseudoscalars go, they are peculiar to model III, beca
they contain FC couplings. Were it not for the enhanceme
of jbb

D they would be completely negligible. When
jbb
D >60mb /v, however, theh0 and A0 penguin diagrams
give a sizable contribution, amounting to an about 30% co
rection to the SM amplitude. This is still within the range
allowed by the experiments and constitutes a first no
negligible point of difference with respect to model II.

However, the most striking effect emerges when we co
sider the charged scalar penguin. Let us focus separately
C7
(R)(MW) andC7

(L)(MW) and try to make a direct compari-
son with model II. We recall that the charged couplings fo
model II are given by
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LY~II !5A4GF

A2
H1F tanbŪLVCKMMDDR

1
1

tanb
ŪRMUVCKMDLG1H.c., ~42!

where MU and MD are the diagonal mass matrices f
U-type andD-type quarks, respectively, and tanb5v2 /v1 is
the ratio between the vacuum expectation values of the
scalar doublets. The analogous couplings for model III
expressed by Eqs.~13! and ~15!.

Both in model II and in model III, the new contribution
to C7

(R)(MW) happens to be multiplied by two products o
Yukawa couplings, which we will denote by (jst

U* j tb
U )ch and

(jst
U* j tb

D )ch. Using Eq. ~42!, we derive that, in model II,
these products of Yukawa couplings are given by

~jst
U* j tb

U !ch
~II !5

4GF

A2
Vts*Vtbmt

2 1

tanb2 ,

~jst
U* j tb

D !ch
~II !5

4GF

A2
Vts*Vtbmtmb . ~43!

On the other hand, in model III, using Eqs.~13! and ~15!
they can be written as

~jst
U* j tb

U !ch
~III !5Vts*VtbS j tt

U1jct
U
Vcs*

Vts*
D S j tt

U1j tc
U Vcb

Vtb
D ,

~jst
U* j tb

D !ch
~III !5Vts*VtbS j tt

U1jct
U
Vcs*

Vts*
D S jbb

D 1
Vts

Vtb
jsb
D D .

~44!

In order to compare the two models, let us use the par
etrization introduced in Eq.~16! and let us set all the FC
couplings in model III to zero, namely,jct

U50 andjsb
D 50.

Then, the couplings in Eq.~44! reduce to the form

~jst
U* j tb

U !ch
~III !5Vts*Vtb~j tt

U!25
4GF

A2
Vts*Vtb~l tt!

2mt
2 ,

~jst
U* j tb

D !ch
~III !5Vts*Vtbj tt

Ujbb
D 5

4GF

A2
Vts*Vtb~l ttlbb!mtmb.

~45!

From Eqs.~43! and ~45!, the different behavior of model II
and model III with respect to an enhancement of t
jbb
D -like coupling should be clear. The following correspo
dence holds:

model II model III

~jst
U* j tb

U !ch :
1

tanb2 → l tt
2

~jst
U* j tb

D !ch : 1 → l ttlbb . ~46!

In model II, the enhancement ofjbb
D corresponds to the

choice of large value for tanb, i.e., to a suppression of th
or

two
are

s
f

am-

he
n-

e

(jst
U* j tb

U )ch coupling with respect to the (jst
U* j tb

D )ch one,
which stays the same, i.e., pretty small. In model III, th
result depends on the assumption we make on thel tt . More-
over, there will be some effect due to the FC couplings.

Finally, let us now considerC7
(L)(MW). This coefficient is

special to model III since it is normally neglected in model I
in the limit ms /mb;0. It turns out to be proportional to the
other two possible combinations of Yukawa couplings, i.e.

~jst
D* j tb

U !ch
~III !5Vts*VtbSVtb

Vts*
jbs
D 1jss

D D S j tt
U1j tc

U Vcb

Vtb
D ,

~jst
D* j tb

D !ch
~III !5Vts*VtbSVtb

Vts*
jbs
D 1jss

D D S jbb
D 1

Vts

Vtb
jsb
D D ,

~47!

and constitutes a relevant extra contribution toB(B→Xsg),
to the extent that the FC couplings, namely,jbs

D and/orjct
U ,

are not negligible.
In view of the previous discussion, in our numerica

analysis we have considered the two scenarios denoted
case 1 and case 2 in Sec. III. We find the following.

In case 1, sincelbb is greatly enhanced andl tt is not
suppressed, the net result is that the charged scalar peng
diagram is greatly enhanced even withjct

U50 andjsb
D 50. If

we restate these FC couplings to their nonzero value, t
situation becomes even worse.

We obtain that, forMc5200 GeV, the model III contri-
bution in this case is about a factor of 40 larger than the S
amplitude. WhenMc increases to about 3–4 TeV the two
contributions become comparable. ThusB(B→Xsg) re-
stricts

Mc*5 TeV ~48!

in this version of model III with the choice of couplings and
masses needed to account forRb

expt; see Eqs.~23! and ~24!.
However, Eq.~48! is in striking conflict with the bound im-
posed by ther parameter@see Eq.~37!#. Moreover, we must
remember that perturbation theory itself may start to hav
problems when scalar masses become so large.

In case 2, when the FC couplings are set to zero, we c
reproduce the results of model II@19#, whose compatibility
with the present EW data is known to be still possible albe
in a small region of the parameter space. For nonzero F
couplings and when the couplings satisfy the condition
shown in Eq.~28!, we can also get agreement at the 2s level
with the experimental constraint in Eq.~38!. In this case, too,
thejcc

U andjss
D couplings are not relevant. The neutral scala

and pseudoscalar masses are required to lie in the narr
range specified by Eq.~24! and the charged scalar mass is
supposed to satisfy both Eqs.~28! and ~37!, i.e.,

150 GeV&Mc&200 GeV. ~49!

Therefore, from our analysis of the constraints we ca
deduce that it is in general very difficult to accomodate th
present value ofRb

expt in model III. However, if we assume
that the FC couplings are arbitrary and dictated only by ph
nomenology, then, in principle, it is still possible to find a
very small region of the parameter space in which model I



ical

, as

om
ften
of
rom

g

ote

he

ic-

he

t

in
l
en-

54 3303Rb AND Rc IN THE TWO-HIGGS-DOUBLET MODEL . . .
is compatible with the important experimental results. Th
values of the neutral scalar and pseudoscalar masses are
quired to fit the narrow window of Eq.~24! and are very
close to their experimental lower bound. In order to increa
them and still agree withRb

expt we would need a heavier
Mc and this would be in conflict with Eq.~49!.

We recall that similar difficulties are present in model I
as well@19#. However, the important difference with respec
to model II is that the analysis ofRb and of the additional
constraints on model III give us some hints on the possib
range of the new FC couplings. These can then be used
explore interesting experimental consequences in FC tran
tions @7–10#.

VI. REMARKS ON THE EXPERIMENTAL ASPECTS
OF Rb AND Rc , Rb1c , AND Rl

The preceding discussion leads us to conclude that mo
III does not provide anatural explaination for theRb
anomaly. In particular, it requires the existence of neutra
scalars and a pseudoscalar (h0 and A0) with very light
masses as in Eq.~24! and of charged scalars in the range
150 GeV<Mc<200 GeV. The model may well be wrong
and/or incomplete. We view the model as an illustration o
the kind of theoretical scenarios that can result from a rath
minimal extension of the SM, namely, due to the introduc
tion of an extra Higgs doublet. The main virtue of the mode
is that it gives a reasonably well-defined theoretical fram
work in which experimental constraints on flavor-changin
scalar couplings can be systematically categorized.

While the model may well be wrong, it is perhaps also o
some use to question the experimental results, i.e.,Rb

expt ~and
Rc
expt). As alluded to in the Introduction, the experimenta

analyses forRb andRc are correlated@1#. The deviation from
the SM given in Eq.~2! appears quite significant (;3s), but
this is only after the results from all the four LEP detector
and several different data sets are combined, including th
systematic errors. One interesting aspect of theRb results is
that all the experiments find thatRb

expt.Rb
SM although the

significance of individual data sets is typically;~1–2!s. The
final errors given in Eq.~2! include statistical and systematic
errors. To the extent that the experiments are truly indepe
dent, one is tempted to interpret that they confirm each oth
at least on this overall trend. On the other hand, it is als
conceivable that this is a reflection of the fact that some
the systematics~shared by the experiments! are causing the
problem.

Ironically Rb
expt andRc

expt deviate oppositely from the SM
values. In fact, using Ref.@1# we get

Rb
expt1Rc

expt5~0.221960.0017!1~0.154360.0074!

50.37660.008, ~50!

which is quite consistent with the SM:

Rb
SM1Rc

SM50.388. ~51!

It is then natural to be concerned that the experimental effe
could, in part, arise from misidentification of flavors.

Indeed we suggest a new observableRb1c , defined as
e
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Rb1c5
G~Z→bb̄ or cc̄!

G~Z→ hadrons!
. ~52!

This is a very useful observable as it shares the theoret
cleanliness ofRb andRc : it is insensitive to QCD correc-
tions. It has significant experimental advantages, though
separation betweenb and c ~which is often difficult! need
not be made. As a specific example, when charm or bott
decays semileptonically, the hardness of the lepton is o
used to distinguish bottom from charm. With the use
Rb1c , one only needs to separate these heavy flavors f
the really light ones (u,d,s).

Of courseRb1c
expt cannot be obtained by adding the existin

numbers forRb
expt and Rc

expt and we will have to await a
separate experimental analysis for that. Meantime, we n
thatRl , given by

Rl5
G~Z→ hadrons!

G~Z→ l1l2!
, ~53!

for which experimental numbers are available@1#, does con-
tain information onG(Z→bb̄ or cc̄). Indeed@1#,

Rl
expt520.78860.032, ~54!

is rather precisely known with an accuracy of;0.15%
which is significantly better thanRb

expt ~0.7%! or Rc
expt

~4.5%!. Rl , though, does depend on QCD corrections. T
calculation ofRl is outlined in Appendix B.

It is important to observe that, to calculate the SM pred
tion (Rl

SM), we need to useas(MZ) deduced from other
physical methods@i.e., not G(Z→hadrons!#. In this way,
Rl
expt can provide another constraint on any global fit of t

SM. Two independent determinations ofas(MZ), for ex-
ample, come from the lattice@32,20# and from the event
shapes ine1e2 annihilation@20#:

as
latt~MZ!50.11060.006,

as
e1e2

~MZ!50.12160.006. ~55!

We will use the average of the two:ās(MZ)
.0.11660.006. Using Table III in Appendix II, we then ge
the SM prediction

Rl
SM520.74860.043. ~56!

The error in Eq.~56! corresponds to the 0.006 error~to
1s) estimates on the central value ofās(MZ). Comparing
Eqs. ~54! and ~56!, we see thatRl

SM is consistent with the
experimental number, i.e., within about 1s of the error on
the experiment alone.

In passing we note that if the trueas(MZ) was taken to be
0.110, then

Rl@as~MZ!50.110#520.706, ~57!

which would start to deviate from the experimental result
Eq. ~54! at the 2.6s level. But with the current experimenta
accuracy, this deviation only occurs if one attributes ess
tially no error to the 0.110 central value ofas(MZ) @33#. We
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do not consider it reliable, at present, to reduce the theor
cal errors so sharply. It is clearly important, though, that t
efforts towards improved evaluations ofas(MZ) be contin-
ued, as then the experimental precision onRl could be used
more effectively to signal new physics.

VII. DISREGARDING RB
expt

Given the previous analysis, we want now to reexami
model III without imposing the constraint coming from
Rb
expt. Instead, we will give predictions forRb , Rc , and

Rb1c from the model, subjecting it only to ther parameter
andB(B→Xsg).

If we disregardRb
expt, then there is no need to enhance th

jbb
D and jsb

D couplings anymore. We will first consider the
case in which all thel i j parameters in Eq.~16! are of order
1. In this way we can study the behavior of model III in
vast region of its parameter space. We will then comme
about the different scenarios that are possible.

In the case in which all thel i j parameters of Eq.~16! are
of order 1, model III predicts aB(B→Xsg) compatible with
experiments at the 2s level, for Mc>600 GeV, as we can
see in Fig. 2. As soon asjbb

D is not enhanced anymore, th
contribution of the neutral scalars and pseudoscalar is co
pletely negligible. Therefore, both the value of the mixin
anglea and of the neutral scalar and pseudoscalar mas
(MH , Mh , andMA) are irrelevant. In particular, Fig. 2 is
obtained fora5p/4 and values for (MH , Mh , MA) result-
ing from the fit toDr0, as we will discuss in a while. Be-
cause of the qualitative character of our analysis, at this po
it suffices to seek consistency with the experiment at t
2s level. Indeed, we took as reference the SM calculati
@31#, which is already affected by a large uncertainty, an
computed only the leading corrections due to the new sca
bosons of model III, i.e., without considering the comple
leading order~LO! effective Hamiltonian analysis. From Fig
2 we also note that, forMc>600 GeV, model III is difficult
to distinguish from the SM~again within 2s), unless the

FIG. 2. B(B→Xsg) in model III. The experimental result at
1s ~dashed line! and 2s ~dot-dashed line! is also given.
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present SM calculation@B(B→Xsg)5(1.960.6)31024

@31## is improved@34#.
With the requirement of a largeMc coming from

B(B→Xsg), we need to consider again the discussion of th
r parameter and modify it accordingly. The charged scal
cannot be the heaviest scalar particle anymore, otherw
Dr0

new would be as in Eq.~36! and would contradict the
present global fit result@see Eq.~35!#. As already noted in
Ref. @19# for model II, there are two other possible scenario

MH ,Mh<Mc<MA and MA<Mc<MH ,Mh , ~58!

in which Dr0
new, as given by Eq.~33!, turns out to be nega-

tive, and has in this way the extra advantage of canceling t
effect of the top quark SM contribution@see Eq.~30!#. We
note that none of the previous scenarios would give an e
hanced value ofRb , because in that caseMA andMh would
be required to be equal and light~see Sec. III!.

From a direct numerical evaluation ofDr0
new, we find that

there may exist many possible sets of mass parameters
which Eq.~35! can be satisfied. For instance, let us conside

FIG. 3. Rb in model III with l i j;1 ~solid line! compared to the
SM predictionRb

SM50.2156 ~dot-dashed line!. The experimental
band~dashed line! is also given.

FIG. 4. Rc in model III with l i j;1 ~solid line! compared to the
SM predictionRc

SM50.1724~dot-dashed line!.
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the case in whichMH ,Mh<Mc<MA . The other case in Eq.
~58! has been studied too and it gives comparable resu
@39#. In order to have a smallDr0

new, it is crucial thatMc and
MA be not too far apart. One possible optimal set of valu
for the mass parameters is given by the ratiosMH50.4Mc ,
Mh50.5Mc , andMA51.1Mc . In this case, the results for
Rb , Rc , andRb1c are illustrated in Figs. 3, 4, and 5 respec
tively. The SM predictions are also plotted for compariso
In the case ofRb we also plot the experimental result with it
uncertainty ~for Rc5Rc

SM). The experimental band is no
shown in Fig. 4 as, for now, the experimental errors onRc

are very large. Clearly, in model III,Rb is less thanRb
SM and

Rc is larger thanRc
SM on a very large region of the paramete

space.
There may be a region of the parameter space, when b

j tt
U andjct

U are suppressed, in which the prediction of mod
III is almost identical to the SM one. In fact, the only larg
distinctive couplings for model III are thej i j

U couplings, and
if we suppress them, we make model III mimic the SM b
havior. However, if the present experimental result persis
then just mimicking the SM is not enough. In this case mod
III will survive only in a small region of its parameter space
when thej i j

D couplings are enhanced and thej i j
U ones are

suppressed~case 2 of Sec. III!, as we discussed at length in
Secs. III–V.

VIII. CONCLUSIONS

We analyzed the decaysZ→bb̄ andZ→cc̄ in 2HDM’s
with FCSC’s, often called model III. We find thatRb

expt

places severe constraints on this model. There is only a v
narrow window of the parameter space of the model in whi
this scenario can be reconciled with constraints from ther
parameter andB(B→Xsg): 50 GeV<Mh;MA,70 GeV
and 150 GeV<Mc<200 GeV, with significantly enhanced
coupling of the neutral scalar and pseudoscalar tobb̄ ~and
bs̄) as in Eq.~28!.

Since aspects of the experimental analysis are of so
concern, we also examined the model by disregardingRb

expt

and we give the predictions forRb , Rc , andRb1c in this

FIG. 5. Rb1c in model III with l i j;1 ~solid! compared to the
SM prediction~dot-dashed line!.
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case. In particular, we find that, if the current trend o
Rb
expt.Rb

SM persists, then this class of models can only su
vive in a small region of the parameter space.

We also made the following points.
We emphasized the importance ofRl . To use its experi-

mental cleanliness and precision more effectively, improve
ments in the theoretical determination ofas are urged.

We suggested a new observableRb1c . It is theoretically
as clean asRb andRc but it should be more readily acces-
sible experimentally.

In view of the fact that in models with FCSC’s the rate fo
Z→cc̄ receives a correction which grows withmt

2 , we
stressed that precise measurements ofZ→cc̄ could provide
unique constraints on the crucialtc vertex. Therefore we
suggested an improved determination ofZ→cc̄.
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APPENDIX A: FEYNMAN RULES FOR MODEL III

In this appendix we summarize the Feynman rules fo
model III which are used in many of the calculations pre
sented in the paper.

1. Fermion-scalar couplings

We present the Feynman rules for the couplings of th
scalar fieldsH1 ~neutral scalar!, H2 ~neutral pseudoscalar!,
andH1 ~charged scalar!, to up-type and down-type quarks,
as can be derived from the Yukawa Lagrangian of model I
@Eqs.~8!–~13!#. Following the discussion of Sec. II, these are
the Feynman rules we need in our calculation ofRb .

Although the j i j
U,D couplings are left complex in the

above, in practice, in our calculation we assumed they a
real, i.e.,j i j

U,D.j i j
U,D* as we were not concerned with any

phase-dependent effects.
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2. Gauge boson–scalar couplings

Here is a list of theZ- andW-boson interactions with
model III scalar fields, useful for the computation o
Dr0

new. We report them in terms of scalar mass eigensta
H̄0, h0, A0, andH1 in order to make contact with the dis
cussion given in Sec. IV and with the literature@23,14#. We
always have to remember the relations@see Eqs.~11! and
~12!# between the scalar mass eigenstates and (H0, H1, H2,
H1) and use the fact that neitherZH0H1 nor ZH0H2 cou-
plings are present@23,14#.

APPENDIX B: CALCULATION OF Rl

AS A FUNCTION OF as

In this appendix we will use the value ofas(MZ) deduced
from physics other than the width forZ→hadrons to predict
GSM(Z→hadrons! and Rl

SM to O(as
2). Mostly, we follow

Bernabe´u et al. @2#, who give expressions for various correc
tions toG(Z→ f f̄ ), for both quarks and leptons.

Let us rewrite the expression for the width ofZ→ f f̄ as

G~Z→ f f̄ !5G0
f ~11DEW

f !~11DQCD
f !, ~B1!

whereG0
f is the tree-level expression, in which some effec

of the EW corrections have been reabsorbed in the renorm
f
tes
-

-

ts
al-

ization of the couplings~see conventions adopted in@2#!.
DEW
f includes only corrections which do not depend onas ,

i.e., pure EW corrections and QED corrections. They ar
presented in detail in Ref.@2# @Eqs. ~9!, ~15!, and ~17!; see
also references therein# and we will not discuss them here.
We give their numerical values@35# in Table I.DQCD

f repre-
sents mostlyas-dependent corrections which can be subdi
vided as

DQCD
f 5dQCD1dmQCD

f 1d tQCD
f . ~B2!

We briefly discuss each of them below.
The strong corrections to the basicV,A vertex (V5gm,

A5gmg5) are flavor independent and atO(as
2) are given by

dQCD5
as~MZ!

p
11.41S as~MZ!

p D 2. ~B3!

This is the dominant effect amounting to about 3–4 %~see
Table II!.

dmQCD
f represents corrections due to kinematic effects o

external masses, including mass-dependent QCD correctio
@36,37#. We decide to include in the same factor also non
QCD mass-dependent corrections to the axial vector cou
plings, in order to make the presentation more compac
Strictly speaking, this correction should be included in
DEW
f . Based on the results given in Refs.@36,37#, we deduce

@38#

dmQCD
f 5

3m f
2

v f
21af

2 F2
1

2
af
2S 11

11

3

as

p D1v f
2S as

p D G , ~B4!

wherem f
254m̄f

2(MZ)/mZ
2 , m̄f(MZ) being the running mass

at theZ scale, and

ve52114xW , ae511, vu5112
8

3
xW ,

au521, vd5211
4

3
xW , ad511. ~B5!

TABLE I. Values of DEW
f , for different flavors, in units of

(1023). They have been evaluated formt5176 GeV and
mH5200 GeV.

n e,m,t u,c d,s b

3.739 2.736 2.200 2.778 -13.848

TABLE II. Values of different QCD corrections~in units of
1023), for different values ofas(MZ).

as(MZ) dQCD dmQCD
b dmQCD

c d tQCD
u d tQCD

d

0.105 34.998 25.417 20.560 4.260 23.305
0.110 36.742 25.179 20.514 4.676 23.628
0.115 38.495 24.938 20.467 5.111 23.965
0.120 40.254 24.695 20.420 5.565 24.317
0.125 42.021 24.450 20.372 6.038 24.684
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Using Eq.~2! from Ref. @2#, we obtainxW50.2314~where
xW5sin2uW). Numerically, dmQCD

b .2531023 and
dmQCD
c ;20.531023 ~see Table II for theiras dependence!.
This kind of correction is also relevant, withoutO(as)
terms, for the t lepton, in which case it amounts to
dm

t .2231023.
At O(as

2) the large mass splitting between thet and b
quarks gives rise to a correctiond tQCD

f due to triangular
quark loops affecting the axial vector current@37#:

d tQCD
f 52

ataf
v f
21af

2 S as

p D 2f ~m t!, ~B6!

where f (m t) can be written as@37,2#

f ~m t!5 ln
4

m t
2 23.08310.346

1

m t
2 10.211

1

m t
4 . ~B7!

Formt5176 GeV we usef (m t)524.374. Thus, this correc-
tion effects 12/3-charge quarks positively and
21/3-charge quarks negatively and for each flavor it is abo
0.4–0.5 %, as we can read from Table II.

Having identified all the corrections toG f5G(Z→ f f̄ ),
for both quarks and leptons, we then considerRl and define

Rl5
~Gu1Gd1Gs1Gc1Gb!

G l

5 (
f5u,d,s,c,b

Rl ,0
f

~11DEW
f !

~11DEW
l 1dm

t /3!
~11DQCD

f !, ~B8!

whereG l5(Ge1Gm1Gt)/3 andDEW
l represents the EW cor-

rections common to all the lepton species~see Table I!. We
have denoted byRl ,0

f the tree-level ratios for each quark spe
cies. They are given by
ut

-

Rl ,0
u 5

G0
u

G0
e 53

vu
21au

2

ve
21ae

2 ,

Rl ,0
d 5

G0
d

G0
e 53

vd
d1ad

2

ve
21ae

2 , ~B9!

and for xW50.2348 they can be estimated to be
Rl ,0
u 53.4209 andRl ,0

d 54.4101.
Finally, DQCD

f represents the total QCD corrections for
each flavor. They are deduced from the previous discussio
and their numerical values are summarized in Table III, to
gether withRl , for different values ofas(MZ).

Using the values forDEW
f given, for each flavor, in Table

I, Rl can be parametrized as@as5as(MZ)#

Rl5Rl ,0
u ~1.000 219!@21DQCD

u ~as!1DQCD
c ~as!#

12Rl ,0
d ~1.000 796!@11DQCD

d,s ~as!#

1Rl ,0
d ~0.984 199!@11DQCD

b ~as!#, ~B10!

from which we deduce the values reported in Table III.

TABLE III. Values of Rl and its QCD corrections~in units of
1023) as functions ofas(MZ).

as(MZ) DQCD
u DQCD

c DQCD
d,s DQCD

b Rl

0.105 39.258 38.698 31.693 26.276 20.6715
0.110 41.418 40.904 33.114 27.935 20.7060
0.115 43.606 43.139 34.530 29.592 20.7410
0.120 45.819 45.399 35.937 31.242 20.7759
0.125 48.059 47.678 37.337 32.887 20.8108
-
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