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Novel CP-violating effects in B decays from a charged Higgs boson in a two-Higgs-doublet
model for the top quark
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We explore charged-HiggsCP-violating effects in a specific type III two-Higgs-doublet model which is
theoretically attractive as it accommodates the large mass of the top quark in a natural fashion. Two new
CP-violating phases arise from the right-handed up quark sector. We considerCP violation in both neutral and
chargedB decays. Some of the important findings are as follows.~1! Large direct-CP asymmetry is found to

be possible forB6→c/JK6. ~2! A sizableDD̄ mixing effect at the percent level is found to be admissible

despite the stringent constraints from the data onKK̄ mixing, b→sg andB2→tn̄ decays.~3! A simple but
distinctiveCP asymmetry pattern emerges in decays ofBd andBs mesons, includingBd→c/J KS , D1D2,

andBs→Ds
1Ds

2 , c h/h8, c/J KS . ~4! The effect ofDD̄ mixing on theCP asymmetry inB6→D/D̄K6 and
on the extraction of the angleg of the unitarity triangle from such decays can be significant.

PACS number~s!: 11.30.Er, 12.60.Fr, 13.25.Hw, 14.80.Cp
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I. INTRODUCTION

One of the main programs at the upcomingB factories is
to measure the size ofCP violation in as manyB decay
modes as possible so as to establish the pattern ofCP vio-
lation among variousB decays@1#. This then may allow for
an experimental test not only of the standard model~SM!
Cabibbo-Kobayashi-Maskawa~CKM! paradigm forCP vio-
lation, but also many extensions of the SM that often cont
new sources ofCP violation.

In this paper, we continue to study@2# the distinctive phe-
nomenological implications of a two Higgs doublet mod
for the top quark that is designed to take into account
large mass of the top quark in a natural fashion. This mo
contains flavor violation and new sources ofCP violation in
the charged Higgs sector. In this top-quark two-Higg
doublet model~T2HDM! first introduced in Ref.@3#, the top
quark is assigned a special status by coupling it to one H
doublet that gets a large vacuum expectation value~VEV!,
whereas all the other quarks are coupled only to the o
Higgs doublet whose VEV is much smaller. This arrang
ment of Yukawa interactions is motivated by the mass h
archy between the top and the other quarks, and the T2H
can be considered as a special case of the general 2H
~type III! @4#. The unique predictions of the model for th
CP asymmetries in both neutral and chargedB decays
should allow for many experimental tests at theB factories.

One notable feature about type III 2HDMs is the fact th
natural flavor conservation~NFC! @5# is not imposed on the
Yukawa interactions as is done in models I and II of 2HD
@6#. However, the assumption of NFC is more of a conv
nience than a necessity@4#, and this is especially true for th
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top quark as at the moment there is no experimental data
require it. Relaxing the assumption of NFC leads to ma
interesting phenomenological implications@4#. As a result,
three distinctive features arise in this T2HDM which are a
sent in models with NFC. First, there are newCP-violating
phases~in the charged Higgs sector! in addition to the CKM
phase. These new phases come from the unitary diagona
tion matrix acting on the right-handed~RH! up-type quarks.
Secondly, some charged Higgs Yukawa couplings
greatly enhanced by the large ratio of the two Higgs VE

denoted by tanb. This is the case, for example, inH1c̄RqL

(q5d,s,b) andH1ūRbL , whereas these couplings are su
pressed by 1/tanb in models with NFC. These two feature

have important implications forKK̄ andDD̄ mixing, as well
as for CP violation in B decays. Finally, flavor changing
neutral Higgs~FCNH! couplings exist among the up-typ
quarks but not the down-type quarks, and could contribu
for example, toDD̄ mixing at the tree level@3#.

It is the first two aspects of the model that we wish
concentrate on in this work. An immediate consequence
these two features is the resulting complex tree-levelb→c
decay amplitudes. This distinguishes it from many popu
models with new physics at the loop level, and it has imp
tant implications both for neutralB decays toCP eigenstates
and for directCP violation in chargedB decays. In a previ-
ous note@2#, we have highlighted the implications of th
model for theCP asymmetry in the ‘‘gold-plated’’ modeB
→c/JKS and found that the asymmetry could take very d
ferent values from the SM expectation. In this work, w
would like to extend our previous analysis in two ways.

First, we will perform a systematic analysis of theCP
asymmetries in the variousBd and Bs decay channels, in-
cluding, for example,Bd→c/J KS , D1D2, pp, and Bs

→Ds
1Ds

2 , c h/h8, c/J KS . A simple and distinctive pat-
tern of CP asymmetry emerges from our study. As a resu
©2000 The American Physical Society05-1
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GUO-HONG WU AND AMARJIT SONI PHYSICAL REVIEW D62 056005
studies of theCP asymmetries in a fewB decay modes may
be utilized to extract information on both the angle1 bCKM of
the CKM unitarity triangle~UT! and one newCP-violating
phase of this model. With more measurements, one can
firm or rule out the model via consistency checks.

Second, on account of the newCP phase in the Higgs-
mediated decay amplitudes, we investigate in the T2HD
direct CP-violating effects in chargedB decays, including
B6→c/JK6 andB6→D/D̄K6. The former mode could ex
hibit a sizable partial rate asymmetry~PRA! if the strong
phase difference is not small. This mode is of special
terest due to its experimental cleanliness and high branc
ratio. The B6→D/D̄K6 mode is of interest for the mea
surement of the angleg of the unitarity triangle@7# within
the SM where theDD̄ mixing effect is negligible. One in-
teresting implication of the T2HDM is that theDD̄ mixing
can be significantly enhanced so thatxD[DmD /GD
5O(1022). Improvements in the existing bound onxD
may therefore be very worthwhile. This possible enhan
ment arises because theDD̄ mass difference is quite sens
tive to the poorly constraineduR2tR mixing of the right-
handed sector, and a large mass splitting due to cha
Higgs can occur. This largeDD̄ mixing can in turn strongly
modify the directCP asymmetry inB6→D/D̄K6. The im-
plication for the extraction ofg within the T2HDM will be
discussed.

The outline of the paper is as follows: the model is intr
duced in Sec. II. The most stringent experimental constra
from KK̄ mixing, b→sg andB→tn̄ decays are presented
Sec. III. In Sec. IV, we explore the pattern ofCP asymme-
tries in neutralBd andBs decays. Section V is devoted to th
study of directCP violation in chargedB meson decays in
the T2HDM, first in B6→c/JK6, then in B6→D/D̄K6.
We conclude with some discussion in Sec. VI.

II. THE MODEL

The fact that the top quark mass is of order the weak s
and is much larger than the other five quarks is suggestiv
a different origin for its mass than the other five. Many
tempts have been made along this direction, including
dynamical top-condensation model@8# and the top-color
model @9#. As an alternative to the dynamical models of t
top mass and electroweak symmetry breaking, a top-qu
2HDM ~T2HDM! was proposed@3# to accommodate the to
mass and the weak scale through a separate Higgs do
than the one that is responsible for the masses of the o
quarks and all the charged leptons. The T2HDM can
viewed as an effective low energy parametrization throu
the Yukawa interactions of some high energy dynam
which generates both the top quark mass and the weak s
The two scalar doublets could be composite, as in top-c

1To avoid confusion with theb5tan21 v2 /v1 associated with the
ratio of Higgs VEVs in the 2HDM, we usebCKM to denote one of
the angles of the the CKM unitarity triangle.
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models, and the Yukawa interactions could be the resid
effect of some higher energy four-Fermi operators. Inde
some similarities can be noted@10# in the effective low en-
ergy flavor physics between dynamical top models and c
tain model III 2HDMs including the T2HDM.

The Yukawa interaction of the T2HDM can be simp
written as follows:

LY52L̄Lf1ElR2Q̄Lf1FdR2Q̄Lf̃1G1„1…uR

2Q̄Lf̃2G1„2…uR1H.c., ~1!

where the two Higgs doublets are denoted byf i with f̃ i

5 is2f i* ( i 51,2), and where the 333 Yukawa matricesE,
F andG give masses respectively to the charged leptons,
down and up type quarks;1„1…[diag(1,1,0) and 1„2…

[diag(0,0,1) are two orthogonal projection operators o
the first two and the third families respectively, andQL and
LL are the usual left-handed quark and lepton doublets.
heaviness of the top quark arises as a result of the m
larger VEV of f2 to which no other quark couples. As
result, one notable feature about this model is that the r
of the two Higgs VEVs, tanb5v2 /v1 , is required to be
large so that the Yukawa couplings of the top and bott
quarks are similar in magnitude. We will take tanb>10 in
the following analysis.

This assignment of Yukawa couplings is not in line wi
the notion of NFC, and this leads to two tree level FCN
interactions,h t̄c andh t̄u, both of which are not constraine
by present data. Some phenomenological studies of the
tral Higgs sector, including the effect onD̄D mixing, can be
found in @3#. On the other hand, only little attention has be
paid to the charged Higgs sector@2#, and it is this aspect of
the model on which we would like to focus.

The charged Higgs Yukawa couplings can be obtained

L Y
C5

g

A2mW

$2ūLVMDdR@G12tanbH1#

1ūRMUVdL@G12tanbH1#

1ūRS†VdL@ tanb1cotb#H11H.c.%, ~2!

whereG6 andH6 represent the would-be Goldstone boso
and the physical charged Higgs bosons, respectively,
MU and MD are the diagonal up- and down-type mass m
trices. HereS[MUUR

†1„2…UR , whereUR denotes the unitary
rotation of the RH up-type quarks from gauge to mass eig
states.

One feature that distinguishes the T2HDM from 2HDM
with NFC ~models I and II! is the presence of the unitarit
matrix UR contained in theS matrix. This gives rise to two
new CP-violating phases as well as non-standard Yuka
couplings. The unitary matrixUR can, in general, be param
etrized as
5-2
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UR5S cosf 2sinf 0

sinf cosf 0

0 0 1
D S 1 0 0

0 A12uectju2 2ectj*

0 ectj A12uectju2
D S A12uectj8u2 0 2ectj8*

0 1 0

ectj8 0 A12uectj8u2
D , ~3!
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whereect[mc /mt and wherej andj8 are complex numbers
with uj8u,uju5O(1). Note that the form ofS is indepen-
dent of the 1-2 rotation and depends only on the two

known complex parametersj5ujue2 id andj85uj8ue2 id8.
The phenomenologically important Yukawa couplings a

listed in Table I. Several remarks can now be made conc
ing Table I. In comparison to the popular 2HDM~model II!
which is realized, e.g. in the supersymmetric extension of
SM, the T2HDM contains rather largeūRbLH1, c̄RbLH1,
c̄RsLH1, and c̄RdLH1 couplings, all enhanced by the larg
tanb. In particular, the anomalously largeūRbLH1 coupling
is directly proportional tomtVtbtanb and to theuR2tR mix-
ing parameterectj8* , whereas in model II it depends o
muVubcotb which is completely negligible. The unknow
mixing parameterj8 can be constrained from the experime
tal data onB2→tn̄ decay andDD̄ mixing. Similarly, the
potentially large charm quark Yukawa interactions can
expected to affect in a significant way theKK̄ system and the
CP asymmetries inB decays. By contrast, the charged Hig
contribution toBB̄ mixing is negligible due to the 1/tanb
suppression of the top quark Yukawa coupling.

We now turn to a detailed analysis of the most string
experimental constraints fromKK̄, b→sg, and B2→tn̄.
For the numerical estimates, we will assumeuju51 unless
otherwise stated.

III. EXPERIMENTAL CONSTRAINTS

A. Constraints from KK̄ mixing

The DS52 effective Hamiltonian receives contribution
from box diagrams with virtualW andH bosons and up-type
quarks. The short distance contribution to theKL-KS mass
differenceDmK in the standard model mainly comes fro
the c quark. In the 2HDM that we are considering, the ne
contribution is dominated by theHHcc box diagram for
tanb.10. The leading term in theDS52 effective Hamil-
tonian from charged Higgs exchange can be expressed
05600
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DS52.

GF
2

16p2
lc

2h18
mc

4 tan4 b

mH
2 ~ d̄LgmsL!21H.c., ~4!

whereh18 is the short-distance QCD correction factor,
lc5VcsVcd* 2jVtd* Vcs2j* VtsVcd* 1uju2VtsVtd* . The las
three terms inlc are suppressed byl2 (l5uVusu50.22)
relative to the first term and can be neglected in the
differenceDmK . By way of contrast, these terms are es
tial for the CP-violation parametereK .

The charged Higgs contribution toDmK can be easil
obtained from Eq.~4! by settinglc→VcsVcd* . The total shor
distance contribution toDmK is given by@2#

~DmK!SD5
GF

2

6p2
f K

2 BKmKlc
23S mc

2h11
mc

4 tan4 b

4mH
2

h18D
~5!

where the first term is from the SM and the second f
Higgs exchange,f K5160 MeV is the kaon decay consta
BK50.8760.14 @11,12# is the bag factor, andh151.38
60.53 @13# andh18 are the QCD corrections to the two b
diagrams. The SM top quark contribution is a few perce
the charm quark contribution and is not included in
above equation. Similarly the contribution fromWHcc and
other box diagrams is negligible in the large tanb limit and
is not considered.

Because of the large uncertainties inBK , h1 , mc and in
the long distance contribution, we have used the metho
scribed in@11# to derive the constraints on the model. T
QCD correction factorh18 is unknown, and we simply assi
it the value of h1 and allow them to vary independen
within their 1s ranges in our error analysis. Assuming
long distance effect to be 30%@14# of DmK , we get

mH /tan2 b.0.48 GeV ~6!
odels
TABLE I. Comparison of the magnitudes of charged Higgs Yukawa couplings in the T2HDM and m
I and II 2HDM for large tanb.

Vertices T2HDM Models I and II 2HDM

c̄RbLH1 .mcj* Vtbtanb @ mcVcbcotb

c̄RqLH1 (q5d,s) .mctanb(2Vcq1Vtqj* ) @ mcVcqcotb

ūRbLH1 .mcj8* Vtbtanb @ muVubcotb

t̄ RqLH1 (q5d,s,b) ;mtVtqcotb ; mtVtqcotb
5-3
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for tanb.10 and at the 95% C.L. Note that the tan4 b en-
hancement inDmK leads to a severe lower bound on t
Higgs boson mass for large tanb. This is a unique feature o
the T2HDM.

Similar to DmK , the CP-violating parametereK also re-
ceives a significant contribution from charged Higgs e
change, which is again dominated by theHHcc box diagram
due to its tan4 b dependence. However, the physics ofeK
differs from that ofDmK in three important aspects. Firs
unlike DmK , eK is short-distance dominated and is theore
cally under better control. Second, as the leading, first te
of lc is real, the sub-leading, 2nd and 3rd terms now beco
important forCP violation. In fact, the charged Higgs con
tribution to eK is directly proportional to thecR2tR mixing
parameterj, whereasDmK is independent ofj to a good
approximation. Third, within the SM,eK depends to a large
extent on the top quark box diagram, and also on thect and
cc box diagrams to a lesser extent. In contrast, the s
distance contribution toDmK is predominantly due to the
charm quark.

The SM expression foreK is well understood and can b
found, for example, in@13#. The dominant Higgs contribu
tion can be obtained from Eq.~4!,

eK
H5ei (p/4)CeBKAl4h18Ar21h2 sin~g1d!uju

~mc tanb!4

4mW
2 mH

2

~7!

whereA50.8260.04, r, andh are the CKM parameters in
the Wolfenstein parametrization@15#, g[tan21 h/r is one
of the angles of the unitarity triangle, andCe

5GF
2 f K

2 mW
2 mK/6A2p2DmK53.783104.

As g is basically a free parameter in this model, w
can obtain bounds on the parameterY[sin(g
1d)uju(tanb/20)4(200 GeV/mH)2 for any given value ofg
by allowingAr21h2 to vary within its 1s uncertainties de-
rived from b→uen, which receives negligible contributio
from Higgs exchange. It is interesting to note that charg
Higgs exchange can be solely responsible foreK if the CKM
matrix is real~i.e. g50°!. Using the method of@11# for error
analysis, we obtain at the 95% C.L. 0.08,Y,0.39 for the
case of a real CKM matrix. If we assume thatg takes its SM
central value of 68°@11#, the constraint becomes20.085
,Y,0.08. And for g5245°, we get the bound2 0.14,Y
,0.65. Note that unlikeDmK , the eK constraint in themH
2tanb plane depends onuju and d, and it could be more
stringent than theDmK bound of Eq.~6! @2#.

B. The b\sg decay rate

We now turn to the constraints fromb decays. The inclu-
sive radiative decayb→sg has been studied in detail in@2#.
The main result of that analysis can be summarized as
lows.

2As will be discussed later, the Collider Detector at Fermil
~CDF! result onacKS

@16# tends to disfavor a large, negativeg.
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As in Model II 2HDM, a strong constraint is impose
from b→sg on the allowed parameter space of the T2HD
However, the form of the constraint differs significantly.
model II, a lower bound of about 370 GeV can be placed
the charged Higgs boson mass, independent of tanb @17#. A
similar situation does not occur for the T2HDM due to t
nonstandard Higgs Yukawa couplings and the presenc
the newCP-violating phased. In the T2HDM, the charged
Higgs amplitude could interfere either constructively or d
structively with the SM amplitude depending on the ne
phased. Consequently, the lower limit on the charged Hig
boson mass shows a strong dependence on both tanb and the
phased, and a much lower Higgs boson mass is still allowe

Neglecting the charged-Higgs induced scalar opera
( c̄RbL)( s̄LcR), we can derive a bound on the ratioR5B(b
→Xsg)/B(b→Xcen̄) by combining the theoretical and ex
perimental uncertainties@2#:

0.0012<Rtheory<0.0046, ~8!

whereRtheory denotes the SM plus charged Higgs contrib
tion. The constraint on themH2tanb plane depends on bot
uju and its phased, and is shown in Fig. 1.

C. BÀ\tn̄

As noted in Sec. II, the decayB2→tn̄ could receive its
dominant contribution from charge Higgs exchange on
count of the anomalously largeH1ūRbL coupling. Although
the current experimental limit onBR(B2→tn̄) is about one
order of magnitude above the SM prediction, it already sta
to constrain the T2HDM in a nontrivial way.

The leading term of the effective Hamiltonian from
charged Higgs exchange that mediates this decay is give

H e f f
H 52A2GFVtb

mtmc tan2 bj8*

mH
2 ~ ūRbL!~ t̄RnL!1H.c.

~9!

FIG. 1. The constraint from theb→sg rate on themH2tanb
plane of the T2HDM foruju51.0 and with different values of the
phased. The value ofd increases from the bottom curve to the to
curve. The area below each curve is excluded.
5-4
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Assuming that the charged-Higgs-exchange contribu
dominates over the SMW-exchange, one can obtain th
branching ratio as

BR~B2→tn̄ !5tB

GF
2

8p
f B

2mt
2mB

3S 12
mt

2

mB
2 D 2S mB

2mcuj8utan2 b

mH
2 ~mb1mu!

D 2

54.631022S f B

200 MeVD
2S 10 GeV

mH /tanb D 4

uj8u2

~10!

wheretB is theB lifetime, and we have usedf B.200 MeV
@12# for the B2 decay constant,mc51.3 GeV, andmb54.5
GeV. The present experimental limit@18# BR(B2→tn̄)
,5.731024 then translates into an upper bound on theuR
2tR mixing parameterj8,

uj8u,S mH /GeV

30 tanb D 2

. ~11!

D. DD̄ mixing

The SM effect onDD̄ mixing is vanishingly small, esti-
mated to beDmD;O(10216) GeV @19#. This is three orders
of magnitude below the current experimental limit ofDmD
,1.6310213 GeV @18#, which translates into an uppe
bound on the mixing parameterxD[DmD /GD,0.1. As will
be shown below, one loop charged Higgs exchange in
T2HDM could contribute toxD at the few percent level.

We note first that there exists in the T2HDMDC52 four-
quark operators from tree level neutral Higgs exchange. T
effect, however, is greatly suppressed by the RH mixin
uect

2 jj8u2}mc
4/mt

4 @3#,

DmDuh0}GF~ tanb!2mc
6/mt

4mh
2 . ~12!

In comparison, the one-loop box diagram with intern
charged Higgs andb quarks is enhanced by the anomalou
large Yukawa couplingsH1c̄RbL and H1ūRbL , both of
which suffer no CKM suppression and grow as tanb. This
feature differs significantly from the SM box diagram whe
the virtualb quark effect, being highly Cabibbo-suppresse
is negligible compared to that of thes andd quarks. Simple
power counting then gives for theHHbb box diagram,

DmDuH1}GF
2~ tanb!4mc

4/mH
2 . ~13!

This effect could be three orders of magnitude above
tree-level neutral Higgs contribution for the same choice
the mixing parameters, and can generate a sizablexD near
the threshold of experimental discovery.

The calculation of the one-loop box diagram can
greatly simplified by setting the external momenta of thec
and u quarks to zero. Neglecting the short-distance QC
correction, the effective Hamiltonian can be obtained as
05600
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HH1
DC52.

GF
2

16p2
~jj8* !2

mc
4tan4 b

mH
2 ~ ūRgmcR!21H.c.,

~14!

where we have takenVtb51. By use of the vacuum satura
tion approximation, one has

xD.
GF

2

6p2
ujj8* u2f D

2 mD

mc
4 tan4 b

4mH
2 GD

.7.5%3ujj8* u2S 1 GeV

mH /tan2 b
D 2

,7.5%3uju2S mH

900 GeVD
2

~15!

where we have takenf D.0.2 GeV @12#, and theB→tn
bound@Eq. ~11!# has been imposed in the last step. Nume
cally, one hasxD<2%uju2 for mH5450 GeV and tanb
530, andxD<6%uju2 for mH5800 GeV and tanb540.
Both are consistent with theDmK and b→sg constraints.
The eK constraint can also be satisfied by choosing
phases ofg andd, whereasxD is independent of the phase
Thus, in this modelxD can be of order a few percent. Con
tinual experimental improvements over the existing bound
0.1 @18# are therefore strongly encouraged.

The neutral-meson mixing parameterp/q @18# is also
modified in the T2HDM. To a good approximation, it
given by

pD

qD
5e2 i2uD, ~16!

whereuD5arg(j)2arg(j8) is the mixing phase. Recall tha
the mixing phase is zero in the SM. Finally, we note that
parameteryD5DG/GD is very small in the T2HDM, as the
D/D̄ decay amplitudes are unaffected by the Higgs
change.

IV. CP ASYMMETRY IN NEUTRAL B DECAYS
TO CP EIGENSTATES

A. General framework

The non-standard Higgs interactions which we have b
discussing could have significant effects on the tim
dependentCP-asymmetry

a~ t !5
G„B0~ t !→ f …2G„B̄0~ t !→ f̄ …

G„B0~ t !→ f …1G„B̄0~ t !→ f̄ …
, ~17!

where G@B0(t)→ f # @G(B̄0(t)→ f̄ )# represents the time
dependent probability for a state tagged as aB0 (B̄0) at time
t50 to decay into the final statef ( f̄ ) at timet. We will first
consider the case when the final state is aCP eigenstate, and
thus f̄ 5 f .

It is convenient to introduce the re-phasing invaria
quantity @18#,
5-5
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l̃[
q

p

Ā
A ~18!

whereA[^ f uB& and Ā[^ f uB̄& denote theB and B̄ decay
amplitudes. Neglecting the smallCP-violating effect inBB̄
mixing, the neutralB meson mixing parameter can be writte
as a pure phase:q/p5e2 i2fM with fM the mixing phase.
The time-dependentCP asymmetry can now be expressed
terms ofl̃,

a~ t !5
~12ul̃u2!cos~DMt !22 Im~ l̃ !sin~DMt !

11ul̃u2
. ~19!

For certain channels without directCP violation, i.e.
uĀ/Au51, we can writeĀ/A5 f CPe22ifD, with fD the
phase of the decay amplitude andf CP561 the CP eigen-
value of the final statef. The CP asymmetry then takes th
simple form

a~ t !52Im~ l̃ !sin~DMt !5 f CP sin 2~fD1fM !sin~DMt !.
~20!

As we have noted,BB̄ mixing receives a very small con
tribution from charged Higgs exchange for moderate val
of j after imposing theKK̄ constraints. We therefore onl
need to consider the charged Higgs effect on the decay
plitudes. The tree-level Hamiltonian for the transitionb
→cc̄q (q5s,d) has a simple form in the large tanb limit
@2#,

Heff.2A2GFVcbVcq* @ c̄LgmbLq̄LgmcL12zeidc̄RbLq̄LcR#

1H.c., ~21!

where

zeid[
1

2

Vtb

Vcb
S mc tanb

mH
D 2

j* , ~22!

with z taken to be real and positive. The charged Hig
contribution, though suppressed by small Yukawa couplin
is enhanced by the CKM factorVtb /Vcb.25 relative to the
W-exchange amplitude. As a result,z as large as 0.2 is al
lowed by data@2#. This could significantly modify the SM
predictions for theCP asymmetries in a variety ofB decay
channels.

The evaluation of the Higgs amplitude can be greatly s
plified by assuming factorization, which in this instance m
be qualitatively reasonable due to the presence of a he
quark in the initial and in the final state. The total amplitu
can then be written as

A[A~B0→ f !.ASM@12ze2 id#. ~23!

The ratio of theB and B̄ decay amplitudes is

Ā
A 5

ĀSM

ASM
exp~22iu!, ~24!
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with the new phase angle given by

tanu5
z sind

12z cosd
. ~25!

The allowed range foru could be of order ten degrees forj
of order one@2#.

Therefore, in the T2HDM, theCP asymmetries for neu-
tral B decays toCP eigenstates can be expressed in the g
eral form

a~ t !5 f CP sin 2~fM
SM1fD

SM1u!sin~DMt !, ~26!

where directCP-violating effect has been neglected. Th
task forCP asymmetry study in the T2HDM is thus reduce
to the evaluation ofu. Using Eq.~26!, we now examine the
CP asymmetry pattern inBd andBs decays.

B. b\cc̄s

In the SM, the quark transitionb→cc̄s proceeds mainly
through tree-levelW exchange. Even including the pengu
contribution, the amplitude forb→cc̄s is proportional to a
single CKM phase arg(VcbVcs* ) to a very good approxima
tion. Direct CP violation is therefore absent in this proce
and uĀu5uAu in the SM. The inclusion of charged Higg
does not alter this equality on account of Eq.~24!. Further-
more, being suppressed by 1/tan4 b, the charged Higgs effec
on BB̄ mixing is negligible ifuju<1. Equation~26! is there-
fore applicable to theCP study of this quark transition in
both Bd andBs decays toCP eigenstates.

1. Bd decays: Bd\cKS

In the SM, one of the most studied and cleanest obse
ables is theCP asymmetry inBd→cKS . As the final state is
CP-odd (f CP521), one has from Eq.~26!

a~ t !SM52sin 2bCKM sin~DMt !, ~27!

where bCKM[arg(2VcdVcb* /VtdVtb* ). The current SM fit
gives sin 2bCKM50.7560.10 @11#. Recently, the CDF Col-
laboration has reported a preliminary measurement of
CP asymmetry inBd→cKS : acKS

50.7920.44
10.41 @16#. Within

the SM, this simply implies sin 2bCKM50.7920.44
10.41. Though

not precise, this measurement can already be used to
constraints on some models of new physics@20#.

In the presence of charged Higgs interactions, theCP
asymmetry no longer measures the CKM anglebCKM . In-
stead, it is given by

a~ t !52sin 2~bCKM1u!sin~DMt !, ~28!

and the coefficient sin 2(bCKM1u) could take values quite
different from the SM prediction@2#. This can lead to a dis-
tinct signature for new physics. As CDF and other expe
ments improve the measurement ofacKS

, they would put
important constraints on the parameters of the T2HDM.
deed, the current CDF measurement@16# disfavors a large,
negativeg for the T2HDM, as can be seen from Fig. 2.
5-6
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FIG. 2. Allowed regions~shaded! of the CP asymmetries sin 2u and sin 2(bCKM1u) in the T2HDM ~taking j5e2 id) for three repre-
sentative choices ofg: ~a! g568° is a best fit value@11# of the SM,~b! g50° corresponds to a real CKM matrix, and~c! g5245°. The top
horizontal line in~a! is for the SM assuming a best fit sin 2bCKM50.75@11#. The most stringent constraints fromDmK , eK , andb→sg have
been imposed. Note that if the CDF central value foracKS

@16# persists with improved measurements, the scenario with a large and neg
g @scenario~c!# will be ruled out.
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2. Bs decays: Bs\Ds
¿Ds

À and Bs\chÕh8

One of the notable features of theBsB̄s system is that the
DM mixing rate is much larger than that of itsBd counter-
part. In the SM, this is mostly due to theuVts /Vtdu2 enhance-
ment factor. Present experimental data give a lower limit
@18#

DMs.9.1 ps21 ~xs.14!. ~29!

Time-integratedCP asymmetry will be strongly suppresse
by a factor ofxs /(11xs

2) and will be extremely difficult to
measure in the near future. Time-dependentCP asymmetry
will, on the other hand, require excellent time resolution
the detector, and is also likely to be very difficult. For de
niteness, we will consider time-dependent asymmetry on

Among the exclusive channels available toBs (B̄s) de-
cays throughb̄→cc̄s̄ (b→cc̄s), Bs→cf has a relatively
large branching ratio. Its final state, however, is not aCP
eigenstate andCP asymmetry analysis requires informatio
about the angular distribution of its final state. On the ot
hand,Bs→ch/h8 andBs→Ds

1Ds
2 decays are quite simpl

to analyze. As forBd→cKS , Eq. ~26! is applicable in these
cases.

It is easily seen that in the Wolfenstein parametrizat
fD.fM.0 in the SM. Therefore, the SM does not give ri
to anyCP asymmetry,

a~ t !SM.0. ~30!

This singles outBs decays as unique probes for new sourc
of CP violation.

As noted before, in the T2HDM withuju;1, charged
Higgs contribution toBsB̄s mixing is negligible compared to
the SM contribution. The decay phase is simply given byu.
Sincef CP51 for bothBs→Ds

1Ds
2 andBs→ch/h8, one has

from Eq. ~26!,

a~ t !5sin~2u!sin~DMst !. ~31!
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The size of theCP asymmetry depends on the CKM phaseg
and the Higgs phased, and could be of order tens of pe
cents, as shown in Figs. 2.

C. b\cc̄d

Compared tob→cc̄s, the b→cc̄d transition is not as
clean. This is due to the fact that the penguin contributi
though loop-suppressed, suffers no CKM suppression r
tive to the tree amplitude. As a first approximation, we w
neglect the pure penguin amplitude and takeuĀu5uAu. As
for b→cc̄s transition, this relation remains valid in the pre
ence of charged Higgs exchange in the factorization
proach.

1. Bd decays: Bd\D¿DÀ

The final state of the decayBd→D1D2 consists of both
I 50 and I 51 amplitudes. However, to the extent that t
pure penguin contribution can be neglected, the decay
plitude has a single weak phase arg(VcbVcd* ), and we can

takeuĀu5uAu and use Eq.~26! to obtain theCP asymmetry,

a~ t !SM5sin 2bCKM sin~DMt !, ~32!

where we have usedf CP51.
The inclusion of charged Higgs interactions introduce

new weak phase in the decay amplitude, and one gene
expects directCP violation to occur from interference be
tween the two isospin amplitudes. However, if the dire
CP-violating effect is small, theCP asymmetry then takes
the simple form,

a~ t !5sin 2~bCKM1u!sin~DMt !, ~33!

similar to the decayBd→cKS . The amplitude of the asym
metry sin 2(bCKM1u) can take a wide range of values, di
tinctive from the SM expectation~see Fig. 2!.
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TABLE II. CP asymmetries for neutralB decays toCP eigenstates in the SM and in the T2HDM. Fo
Bs→rKS , the pure-penguin contribution may be important@22#. As a result, the tree- and pure-pengu
amplitudes of different weak~and possibly strong! phases are competitive, and theCP asymmetry may not
be simply related to the CKM phase. The overall sign of the asymmetry inBd→DCPr depends on theCP
properties ofDCP .

Quark Bd decays Bs decays
transitions Final states SM T2HDM Final states SM T2HDM

b→cc̄s cKS 2sin 2bCKM 2sin 2(bCKM1u) Ds
1Ds

2 , ch/h8 0 sin 2u

b→cc̄d D1D2 sin 2bCKM sin 2(bCKM1u) cKS 0 2sin 2u

b→cūd DCPr 6sin 2bCKM 6sin 2bCKM DCPKS 0 0

b→uūd pp 2sin 2a 2sin 2a rKS competing competing
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2. Bs decays: Bs\cKS

Compared to theBd→D1D2 decay, Bs→cKS is a
cleaner mode forCP study for the following reason. The
final state is a pureI 51/2 state with orbital angular momen
tum l 51, and the penguin contribution is expected to
small due to both loop and color suppressions. As a res
direct CP violation is suppressed in the SM. As forBs
→ch/h8, the SM prediction for theCP asymmetry in the
interference between decays with and without mixing is
proximately zero,

a~ t !SM.0. ~34!

In the T2HDM with uju;1, charged Higgs affects onl
the decay but not the mixing amplitude. Similar to the ca
Bs→ch/h8, theCP asymmetry is simply given by

a~ t !52sin 2u sin~DMst !, ~35!

where we have usedf CP521. The amplitude sin 2u could
be of order tens of percent, in sharp contrast to the SM p
diction.

D. Other B decays

In this subsection, we discuss neutralB decays involving
the u quark Yukawa couplingsH1ūRqL (q5d,s,b). These
couplings depend onj8, the mixing parameter between th
first and the third families inUR . The size ofj8 is con-
strained by theB→tn rate as given by Eq.~11!. There are
six charged-current four-quark operators forb decays involv-
ing the u quark, b→cūd, b→uc̄d, b→cūs, b→uc̄s, b

→uūd, b→uūs. In the T2HDM, only b→uc̄s, b→uc̄d,
and b→uūs could receive sizable charged-Higgs contrib
tions compared to their corresponding SM amplitudes. T
phenomenological implications can be summarized as
lows.

b→uūd andb→dd̄d: The charged Higgs effect is sma
after imposing thej8 constraint. The decayBd→pp remains
as in the SM, and one may use isospin analysis@21# to ex-
tract the UT anglea.

b→uūs andb→dd̄s: Here, the SM amplitudes are dom
nated by penguin contributions@22#. In the T2HDM, even
though tree-level Higgs-change effect is negligible, charg
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Higgs-mediated penguin contributions could become app
ciable. Consequently, the procedure to extract the angg
from theB6→pK, pp decays@23# may be modified.

b→cūd andb→uc̄d: Both decays are free from pengu
contributions. In the SM, the latter amplitude is Cabibb
suppressed byO(l2) with respect to the former, andCP
asymmetry measurements in the hadronic decaysBd

→DCPp andBd→DCPr provide a clean way to extract th
anglebCKM . On the other hand, the decayBs→DCPKS is
expected in the SM to have an approximately zeroCP asym-
metry. Charged-Higgs exchange in the T2HDM has a ne

gible effect on b→cūd, whereas its contribution to the

Cabibbo-suppressed decayb→uc̄d can be sizable but stil
smaller than the SM one. As a result, theCP asymmetries
remain the same as the SM prediction.

b→uc̄s and b→cūs: These transitions can mediate th

chargedB6→K6D/D̄ decays, which may provide a clea
way within the SM to extract the angleg @7#. Charged-
Higgs-exchange contribution in the T2HDM will be dis
cussed in detail in the next section on directCP violation.

Some main results of our analysis concerningBd andBs

decays are summarized in Table II.

V. DIRECT CP VIOLATION IN B DECAYS

A. Direct CP violation in BÁ\cÕJKÁ

In this subsection, we address the use of chargedB decays
to search for directCP violation. This requires a difference
in the strong phases associated with theW- andH-mediated
decay amplitudes leading to the exclusive final state~s! of
interest. As an illustration, we will focus our attention on t
decay B6→c/JK6. There are several features about th
mode which make it interesting to study both experimenta
and theoretically. TheB6→c/JK6 decays proceed throug
the quark decayb→cc̄s and its conjugate process. In th
SM, the weak phase associated with the decay amplitud
vanishingly small; therefore, the SM predicts a zero r
asymmetry. Second, it is clean to measure experimenta
Third, it has a large branching ratio of;1023 @18#. These
features make the experimental measurement very wo
while in the search for new sources ofCP violation. How-
ever, as we can not reliably compute the hadronic ma
5-8
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FIG. 3. DirectCP asymmetry with two rep-
resentative values for the strong phase:fs590°
~solid lines! andfs530° ~broken lines!. ~a! is the
contour plot foraCP /sinfs with contour levels
0.1, 0.2, and 0.3 respectively;~b! is the maximum
valueaCP /sinfs takes as a function ofz.
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elements of either the SM current-current four-Fermi ope
tor or the charged-Higgs-induced scalar operator, the rela
strong phase between theW- andH-mediated amplitudes re
mains largely unknown. Therefore, no reliable predictio
can be made about the size of the asymmetry.

Formally, the amplitude forB1→c/JK1 can be written
as

A5ASM@12ze2 ide2 ifs#, ~36!

where d and fs are the weak and strong phase differen
respectively. It then follows that the amplitude forB2

→c/JK2 is given as

Ā5ĀSM@12ze1 ide2 ifs#. ~37!

The CP-violating partial rate asymmetry~PRA! can be
expressed as

aCP5
G~B1→K1c!2G~B2→K2c!

G~B1→K1c!1G~B2→K2c!

5
2z sind sinfs

11z222z cosd cosfs

. ~38!

As aCP is directly proportional toz when z is small, it is
crucial to determine how largez can be after imposing the
experimental constraints. From Sec. III, we know that
most stringent constraints onz come from theb→sg rate,
the KL-KS mass differenceDmK , and eK . For uju51, the
combined constraints fromDmK @see Eq.~6!# and b→sg
~see Fig. 1! imply an upper bound of

z<0.2. ~39!

As can be seen from Fig. 1, this limit is saturated ford<45°,
and becomes more stringent as the phased increases all the
way to 180°. Imposing theeK constraint may generally mak
z even smaller, depending on the CKM phase andd ~see Fig.
1 of Ref. @2# for an illustration!. Suffice it to say that after
taking all the data into account,aCP could be of order 10%
in the T2HDM unless the strong phasefs is much sup-
pressed, as is illustrated in Fig. 3.
05600
-
ve

s

e

e

Recall that in the SM, the PRA has to come from t
interference between the tree diagram and a loop diag
with internal u-quark which gives the required weak pha
difference, Arg@VubVus* /VcbVcs* #. Consequently, the rate
asymmetry in the SM is both loop- and Cabibbo-suppres
and is expected to be vanishingly small. In the T2HDM,
the other hand, theCP asymmetry arises from the interfe
ence between two tree diagrams, and may only be suppre
by the relative strength of the two amplitudes,z. As a result,
rate asymmetry at the 10% level can be naturally expec
with z;0.1, at least in those exclusive channels where
strong phase difference is not too suppressed.

We remark, in passing, that the CPT theorem does
impose any particular restriction on a specific channel~such

as c/JK), materializing fromcc̄s as there are many othe
channels originating from the same quark transition. Inde
in the next subsection, we will discuss a similar case wh
large directCP asymmetry is expected, based purely on t
SM, in exclusive channels emerging from quark-level int
ference between two tree graphs.

To estimate the number ofB’s needed in order to measur
a 10% asymmetry at the 2s level, we assume the detecto
efficiency to be 25%. Then for the needed number ofB’s we
find 22/102330.1230.1230.25.1.33107. In deducing this
number, we have usedBR(c/J→e1e2,m1m2)512%. This
estimate suggests that such an analysis may be doab
variousB facilities. Indeed, the existing data sample (;107

B’s! at CLEO can already be used for this important sea
@24#.

It is worth pointing out that the possibility of sizable d
rectCP violating effect inB6→c/JK6 in the T2HDM does
not arise in 2HDM’s with NFC~models I and II! where the
W and H exchange amplitudes have the same weak ph
Note also that largeCP asymmetries may also be expect
in chargedB decays throughb→cc̄d and its conjugate pro-
cess, for example, inB6→c/Jp6 ~the SM expectation for
the CP asymmetry in this mode is small!. However, the
branching ratio for this decay is Cabibbo-suppressed b
factor of 20 compared to that ofB6→c/JK6.

Before leaving this subsection, we want to emphasize
there are many exclusive channels available through thb̄
5-9
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→cc̄s̄ transition, e.g. cK1, c8K1, cK1pp, D̄Ds
1 ,

DD̄K1, ł , that may offer ample opportunities for sizab
strong phase difference (fs) for certain modes. It is thus
important that experimental searches for directCP violation
in chargedB decays include as many of these modes as p
sible and not be restricted to theB6→c/JK6 channel only.

B. CP violation in BÁ\DÕD̄KÁ and the extraction of g

The decaysB1→K1D and B1→K1D̄ proceed respec
tively through the transitionsb̄→ūcs̄ andb̄→ c̄us̄. Although
the decay amplitude forB1→K1D is both color- and
Cabibbo-suppressed relative toB1→K1D̄, the amplitudes
for decays to certain common final states viaB1→K1D

@→ f # and B1→K1D̄@→ f # can be expected to be comp
rable. This is due to the fact thatD decays intof through the
Cabibbo-allowed channelc→sd̄u andD̄ decays through the
doubly-Cabibbo-suppressed channelc̄→d̄sū into the same
final statef. Examples of such common final states of t
D/D̄ decay includef 5K2p1, K2p1p0, K2r1, K2a1

1 ,
K* 2p1, etc. Atwood, Dunietz, and Soni~ADS! @7# ob-
served that within the SM the large interference effect
tween the two decay chains may give rise toO~1! partial rate
asymmetries~PRA! between theB1 andB2 decays,

aK f[
G~B1→K1@ f #D!2G~B2→K2@ f̄ #D!

G~B1→K1@ f #D!1G~B2→K2@ f̄ #D!
. ~40!

Furthermore, Ref.@7# suggests that the angleg of the unitar-
ity triangle can be extracted from a study involving a min
mum of two different final statesf. In this section, we exam
ine the charged Higgs effect on the directCP asymmetry
and on the extraction ofg using theB6→D/D̄K6 decays.

In the T2HDM, due to the small Yukawa coupling
H1ū(16g5)q (q5d,s), the charged Higgs amplitudes fo
c→sd̄u and c̄→d̄sū are negligible compared to the corr
sponding SM amplitudes. The hadronic decaysD(D̄)→ f
thus remain as in the SM. Because of the same suppres
the Higgs contribution toB1→K1D̄ is at most a few percen
of the SM amplitude and can also be safely neglected. On
other hand, the charged Higgs amplitude for the color- a
Cabibbo-suppressed decayB1→K1D could in principle be
sizable as it involves the potentially large Yukawa
H1ūRbL and H1c̄RsL . However, the present experiment
limit on theB1→t1n rate already places an upper bound
about 25% on the decay-amplitude ratiouAH /AWu. For sim-
plicity of the analysis, we will first ignore the charged-Higg
contribution to the decayB1→K1D.

In the SM,DD̄ mixing is vanishingly small. As discusse
in Sec. III D, however, theDD̄ mixing parameter,xD
[DmD /GD , could be as large as a few percent in t
T2HDM. This will in turn affect the directCP asymmetry in
B1→K1@ f #D andB2→K2@ f̄ #D decays, as well as the stan
dard procedure to extractg from these decays. Note that i
2HDM’s with NFC ~models I and II!, charged Higgs effec
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on DD̄ mixing and on the relevantB andD decays is small,
and the ADS method@7# to extractg remains unmodified.
We now analyze in the T2HDM this new effect due toDD̄
mixing.

Recall that in the absence ofDD̄ mixing, as in the SM,
the total decay amplitude forB1 can be written as@7#

AADS5A B1→K1DAD→ f1A B1→K1D̄AD̄→ f . ~41!

In the SM, we can parametrizeA B1→K1D /A B1→K1D̄
5r BeigeiDB, andAD̄→ f /AD→ f52r DeiDD, with DB andDD
denoting the strong phase differences in theB andD decay
amplitudes respectively. The amplitude ratios can be e
mated up to uncertainties in the hadronic matrix eleme
r D;u(VcdVus* )/(Vcs* Vud)u;0.05 for D decays, and r B

;u(Vub* Vcs)/(Vcb* Vus)uua2 /a1u;0.08, where we have use
uVub /Vcbu;0.08 and ua2 /a1u;0.21 @25# accounts for the
color suppression factor. As we will include the effect due
DD̄ mixing, we cannot use theD and D̄ decay branching
ratios to extractr D . The partial rate asymmetry can be eas
obtained as

aK f ,SM5
2r Br D sing sin~DB2DD!

r B
21r D

2 22r Br D cosg cos~DB2DD!
. ~42!

Note that a non-zero strong phase difference is required
the asymmetry and for the extraction ofg, and the asymme-
try need not be small.

Current data set an upper limit on theDD̄ mixing param-
eterxD,0.1, and this allows us to approximate theDD̄ mix-
ing effect by keeping terms up to the quadratic order inxD .
DD̄ mixing thus leads to one additional contribution to theB
decay amplitude:B1 decays through the color-allowed cha
nel B1→K1D̄, followed by the subsequent oscillationD̄
→D with D decaying to the Cabibbo-allowed final state, e
f 5K2p1. Neglecting the otherDD̄-mixing-induced decay
path which involves both the color-suppressedB decay and
the doubly-Cabibbo-suppressedD decay, this new contribu-
tion can be written as@26#

ADD̄5A B1→K1D̄

pD

qD
g2~ t !AD→ f . ~43!

Here up to quadratic order inxD , g2(t).( i /2)xDtDe2tD/2

with tD5GDt, and pD /qD5e2 i2uD with the DD̄ mixing
phaseuD5arg(j)2arg(j8) in the T2HDM.

The time-integratedB decay width including theDD̄ mix-
ing effect is then given by

G~B1→K1@ f #D!;r B
21r D

2 22r Br D cos~g1DB2DD!

1xDr B sin~g12uD1DB!2xDr D sin~2uD1DD!

1xD
2 /2, ~44!
5-10
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FIG. 4. DD̄-mixing-induced directCP asym-
metry aK f as given by Eq.~47!, assuming the
strong phase differencesDB and DD to be zero.
We have takenr B50.08, r D50.05, andg560°
for the numerical analysis. Shown in~a! is the
contour plot foraK f with contour levels 0.1, 0.3,
0.5 ~solid lines! and 20.1, 20.3, 20.5 ~dashed
lines!. The solid and dashed lines in~b! denote
respectively the maximum and the minimum va
ues whichaK f can take as a function ofxD .
s
G~B2→K2@ f̄ #D!;r B
21r D

2 22r Br D cos~DB2DD2g!

1xDr B sin~DB2g22uD!

2xDr D sin~DD22uD!1xD
2 /2, ~45!
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where thexDr B andxDr D terms come from the interference
betweenADD̄ and the color-suppressedB-decay amplitude
and the doubly-Cabibbo-suppressedD-decay amplitude re-
spectively. TheCP asymmetry can then be obtained as
aK f5
2r Br D sing sin~DB2DD!1xDr B sin~g12uD!cosDB2xDr D sin 2uD cosDD

r B
21r D

2 22r Br D cosg cos~DB2DD!1GxD

~46!
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s
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iggs
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in-
or
e-
where GxD
5xDr B cos(g12uD)sinDB2xDrD cos 2uD sinDD

1xD
2 /2.
It is interesting to note that whereas a sizable strong ph

difference is essential for a large rate asymmetry in the S
this is no longer necessary with a non-zeroxD . While in
general there is no reason for both strong phases (DB and
DD) to be small, for illustration, let us consider theCP
asymmetry in the limit that they are, i.e., for simplicity, w
set DB5DD50, which may be a good approximation fo
certain decay channels. Then

aK f→
xDr B sin~g12uD!2xDr D sin 2uD

r B
21r D

2 22r Br D cosg1xD
2 /2

. ~47!

This is the asymmetry due toDD̄ mixing. For xD of a few
percent,aK f could be of order tens of percent, comparable
the expected asymmetry within the SM. In other words,
presence ofDD̄ mixing could affect the ADS method to
extract g in a significant way. ThisDD̄ mixing-induced
asymmetryaK f is shown in Fig. 4.

Given the many decay channels available for bothD and
D̄, it is highly unlikely thatDD should be small for all the
modes. For illustrative purpose, we also consider the cas
DB50° andDD530°, and evaluate the effect ofDD̄ mixing
on the PRA,aK f . The numerical results are presented in F
5. One again observes a sizable effect due toDD̄ mixing.
se
,

o
e

of

.

Figures 4 and 5 illustrate the effect ofDD̄ mixing on two
classes of decays with respectively small and large str
phase differences. ForxD of order a few percent, one arrive
at a no-lose theorem that largeCP asymmetries are expecte
for both cases. However, it seems that the angleg cannot be
extracted in a simple manner from such decays in the p
ence of a sizeableDD̄ mixing.

VI. CONCLUSION

As has been shown in this work, the phenomenology
the T2HDM differs from that of models I and II 2HDM~and
the SM! in many interesting ways. These include their d
ferent effects onKK̄, DD̄, and BB̄ mixings, on charged-
current decays, and onCP-violation in both neutral and
chargedB decays. We have examined theCP-violating phe-
nomenology associated with the anomalous charged-H
Yukawa couplings in the T2HDM. The effects of the tw
new CP-violation parameters of the model,j andj8, nicely
separate, with the latter mainly affecting processes that
volve DD̄ mixing. As a result, some clean predictions f
neutral B decays can be made within the T2HDM as pr
sented in Table II. Thej-relatedCP angleu can be directly
measured from theBs→Ds

1Ds
2 , ch/h8, or cKS decay

without SM pollution. On the other hand, thea and bCKM
angles of the unitarity triangle may be extracted fromCP
asymmetry measurements in the decaysBd→pp and Bd
5-11
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FIG. 5. The effect ofDD̄ mixing on the PRA
aK f for DB50° andDD530°. We have usedr B

50.08, r D50.05, andg560° for the numerical
analysis. Shown in~a! is the contour plot foraK f

with contour levels20.8, 20.5, 20.2, and 0.3.
The two solid lines in~b! represent respectively
the maximum and the minimum values whic
aK f can take as a function ofxD . The broken line
in ~b! shows the value ofaK f in the absence of

DD̄ mixing as expected in the SM.
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ld
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us-
De-
86
→DCPr/p respectively without charged-Higgs contamin
tion. Based on the information onu andbCKM , a cross check
on the model can then be made by taking into account
CP asymmetry measurement in the decaysBd→cKS and/or
Bd→D1D2.

BesidesCP asymmetries in neutralB decays, the mode
also gives rise to generically largeCP-violating effects in
chargedB decays. For example, the partial rate asymmetry
B6→K6c can be of order ten percent if the strong pha
difference is not too much suppressed. The model can
lead to a sizableDD̄ mixing effect, depending on the mixin
in the right-handed up quark sector. This in turn cou
strongly modify the directCP asymmetry inB6→D/D̄K6,
and thus the procedure to extract the CKM angleg from this
-

,

.
,

05600
e

n
e
so

process. On the other hand, as in most charged-Higgs mo
of CP violation, the directCP-asymmetry in the radiative
decayb→sg is found to be tiny@27#.

Note added in proof.Since this manuscript was sent fo
publication, the CLEO Collaboration has published resu
on their first search for directCP violation in B6→K6c/J
~see@28#!.
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