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New physics effects on theCP asymmetries inB\fKS and B\h8KS decays
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Within the standard model~SM!, the time-dependentCP asymmetries inB→cKS , B→h8KS , and B
→fKS are expected to give the same result, i.e., sin 2b. However, recent measurements of the mixing-induced
CP asymmetries inB→fKS and B→h8KS modes give results whose central values differ from the SM
expectations. We explore the effect of new physics in the two Higgs doublet model~THDM!, which allows tree
level flavor changing neutral currents~so-called model III!, and the model with an extra vectorlike down quark
~VLDQ!. We find that the observed mixing-inducedCP asymmetry forB→fKS cannot be accommodated by
the THDM but can be explained in the VLDQ model, and both models can explain the observed asymmetry for
B→h8KS mode.
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I. INTRODUCTION

A new era inB physics has just started with the advent
B factories. With the accumulation of huge data in theB
system, the standard model~SM! will be subjected to a very
stringent test. At the same time, the experiments atB facto-
ries are also potential sources for probing new physics.
BABAR @1# and Belle @2# measurements of the time
dependent asymmetries in the gold plated modeB→cKS
have provided the first evidence ofCP violation in the B
system. The observed world average of sin 2b @3#,

sin 2bcKS
50.73460.054, ~1!

agrees well with the SM prediction. This indicates thatCP
symmetry is significantly violated in nature and th
Kobayashi-Maskawa~KM ! mechanism@4# seems to be the
dominant source ofCP violation, in which the phasedKM is
the only source ofCP violation. However, this speculatio
does not exclude interestingCP violating new physics~NP!
effects in otherB decays. Since the decayB→cKS (b
→cc̄s) is a tree level process in the SM, the NP contrib
tions to its amplitude are naturally suppressed. Moreove
the loop level NP may give large contributions to theB0-B̄0

mixing as well as to the loop-induced decay amplitudes. T
former effects are universal to allB0 decay modes and ar
constrained to be less than 20% compared to that of the
contribution@3#. On the other hand, the effects of new phy
ics in the decay amplitudes are nonuniversal, may vary fr
process to process, and can show up in the comparison o
CP asymmetries in different decay modes@5#.

One of the most promising processes for NP searc
widely considered in literature@6–14# is the decayB
→fKS . Various NP scenarios have been presented to
plain the data. Unfortunately, we do not know at pres
which is the correct one. Hopefully, careful study in futu
will rule out some of the scenarios, at least as far as
understanding ofB physics andCP violation is concerned.
0556-2821/2003/68~1!/014020~10!/$20.00 68 0140
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Unlike B→cKS , the processB→fKS has no tree level
amplitude, which makes inroads for NP to play an importa
role in this mode. In the SM the decayb→ss̄s, which con-
tributes toB→fKS , is induced at the one-loop level. Thu
it is natural to expect that new physics contribution to th
decay mode may be quite significant. According to the K
mechanism ofCP violation, both CP asymmetries inB
→fKS and B→cKS processes should measure the sa
quantity, namely sin 2b, with negligible hadronic uncertain
ties @up to O(l2), l'0.2] @5,12#. However, contrary to the
SM expectations, the recent measurements ofCP asymme-
tries in B→fKS by BABAR @15# and Belle@2# Collabora-
tions have registered significant deviation from the pred
tions, as

sin~2b!fKS
520.1920.50

10.5260.09 BABAR,

sin~2b!fKS
520.7360.6460.18 Belle ~2!

with an average

sin„~2b!fKS
…ave520.3960.41. ~3!

The corresponding branching ratio is given~in units of 1026)
as

BR~B→fK0!58.721.5
11.760.9 BABAR,

BR~B→fK0!510.021.721.3
11.910.9 Belle,

BR~B→fK0!55.422.7
13.760.7 CLEO @16#

~4!

with an average

BR~B→fK0!ave58.6761.28. ~5!

One can see that there are large statistical errors assoc
with these measurements. Nevertheless, the data estab
2.7s deviation from the SM prediction sin(2b)fKS
©2003 The American Physical Society20-1
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5sin(2b)cKS
. Therefore, if the measurement of sin 2b in B

→cKS is considered as the first evidence of largeCP vio-
lation in B system, then the difference between sin(2b)fKS

and sin(2b)cKS
is likely to be regarded as a potential hint f

the presence of new physics. There are several attemp
the literature@6–14# with detail discussion on the possib
implications of this result.

The second channel we are interested in isB0→h8KS .
This is another two-body decay mode which is similar to
two mentioned above. Since many alternative schemes h
been presented in the literature recently to explain
sin(2b)fKS

deviation, it is therefore very important to verif
that each of the NP scenarios should successfully exp
them all. At present it is difficult to say which is the corre
description. In order to narrow down the same it is high
desirable that one should carefully study them. This will n
only help us to narrow down the sources of NP but a
provide important clues for hadronicB physics in general.

B0→h8KS also receives dominant contribution from th
b→ss̄s gluonic penguin, and therefore it is expected that
time-dependent mixing-inducedCP asymmetry for this
mode will also give the value sin 2b @3#. However, this decay
mode also has a tiny CKM as well as color suppresseb

→uūs tree contributions along withb→sq̄q(q5u,d) pen-
guins, which induce deviation from the leading result. It h
been shown in Ref.@17# that this deviation will be below a
2% level. Belle@18# and BABAR @19# Collaborations have
recently measured theCP asymmetry for this mode which i
given as

sin~2b!h8KS
50.7160.3720.06

10.05 Belle,

sin~2b!h8KS
50.0260.3460.03 BABAR

~6!

with an average

sin„~2b!h8KS
…ave50.3360.25, ~7!

whose central value also deviates significantly from SM
pectations.

In this paper we would like to investigate the new phys
effects on theCP asymmetry parameters of the decayB0

→fKS and B0→h8KS modes, arising from some simpl
extensions of the SM. The model considered here is the
Higgs doublet model~THDM! which allows tree level flavor
changing neutral currents, the so called model III and
model with an extra vectorlike down quark~VLDQ!. We
show that the observed data forB0→fKS can be easily ac-
commodated in the VLDQ model whereas it cannot be
plained in the THDM, and both the models can explain
data forB0→h8KS mode. It has already been discussed
Ref. @6# that THDM cannot explain the observedCP asym-
metry in B→fKS mode whereas VLDQ model can expla
it. However, in this paper we have explicitly done the calc
lation for both the decay modes and confirm the result
Ref. @6# for the decay modeB→fKS .
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The paper is organized as follows. In Sec. II, we pres
the basic formulas forCP violating parameters, in the pres
ence of new physics. In Sec. III, we discussCP violation
effects in B0→fKS mode arising from the THDM and
VLDQ model. TheB0→h8KS process is discussed in Se
IV. Section V contains our conclusion.

II. CP VIOLATION PARAMETERS

Here, we will present the basic formulas ofCP asymme-
try parameters, in the presence of new physics. Due to
contributions from new physics, these parameters dev
substantially from their standard model values. Let us c
sider theB0 and B̄0 decay into aCP eigenstatef CP ~we
considerf CP5fKS or h8KS). Here, we are presenting th
formulas forB0→fKS mode, but the same results will als
hold for B0→h8KS mode. The time-dependentCP asymme-
try for B→fKS can be described by@20#

AfKS
~ t !5CfKS

cos~DMBd
t !1SfKS

sin~DMBd
t !, ~8!

where we identify

CfKS
5

12ulu2

11ulu2
, SfKS

52
2Im~l!

11ulu2
~9!

as the direct and the mixing-inducedCP asymmetries. The
parameterl corresponds to

l5
q

p

A~B̄→fKS!

A~B→fKS!
, ~10!

whereq andp are the mixing parameters and represented
the CKM elements in the standard model as

q

p
5

Vtb* Vtd

VtbVtd*
. ~11!

Using CKM unitarity, the amplitude forB̄→fKS is given as
@12,21#

A~B̄→fKS!5lcA
cs1luAus, ~12!

wherelq5VqbVqs* . The first term which is the dominant on
is real. Thus if one neglects the subdominant amplitude,
the doubly Cabibbo supressed second term which in gen
is expected to be very small, the mixing-inducedCP asym-
metry is given asSfKS

5sin 2b, same as the one forB

→cKS in the SM. It has beeen shown in Ref.@12# that the
correction due to the second term is up toO(l2), i.e.,

uSfKS
2sin 2bu<O~l2!. ~13!

Adding a mild dynamical assumption to the SU~3! analysis,
recently it has been shown in Ref.@21# that the upper bound
of standard model pollution to the dominant amplitude
B→fKS mode is of the order of 0.25 and forB→h8KS is
0.35.
0-2
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New physics could in principle contribute to both mixin
and decay amplitudes. The new physics contribution to m
ing is universal while it is nonuniversal and process dep
dent in the decay amplitudes. As the NP contributions
mixing phenomena are universal, it will still setScKS

5SfKS
. Therefore, to explain the observed 2.7s deviation in

ScKS
2SfKS

, here we explore the NP effects only in the d
cay amplitudes. Thus including the NP contributions, we c
write the decay amplitude forB→fK process as

A~B0→fK !5ASM1ANP5ASM@11r NP eifNP#, ~14!

where r NP5uANP /ASMu (ASM and ANP correspond to the
SM and NP contributions to theB→fKS decay amplitude!
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and fNP5arg(ANP /ASM), which contains both strong an
weak phase components.

The branching ratio forB→fK decay process can b
given as

BR~B→fK !5BRSM~11r NP
2 12r NPcosfNP!, ~15!

where BRSM represents the corresponding standard mo
value.

Now if we write fNP5dNP1uNP , wheredNP and uNP
are the relative strong and weak phases between the
physics contributions to the decay amplitude and the
part, one can then obtain the expressions for theCP asym-
metries as
SfK5
sin 2b12r NPcosdNPsin~2b1uNP!1r NP

2 sin~2b12uNP!

11r NP
2 12r NPcosdNPcosuNP

~16!

and

CfK5
22r NPsindNPsinuNP

11r NP
2 12r NPcosdNPcosuNP

. ~17!
e
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In Eqs.~16! and~17! there are three unknowns, namely,r NP ,
uNP , anddNP . So if somehow we could constrain the valu
of r NP considering different new physics models, we cou
vary theuNP anddNP parameters to obtain the required val
of SfK .

III. CP VIOLATION IN B\fKS PROCESS

To study theCP violation effects inB0→fKS process,
first we present the SM amplitude and then we consider
THDM and thereafter the model with an extra vectorli
down quark, in the following sections.

A. SM contributions

In the SM, the decay processB→fKS proceeds through
the quark level transitionb→ss̄s, which is induced by the
QCD, electroweak, and magnetic penguins. QCD pengu
with the top quark in the loop contribute predominantly
such process. However, since we are looking for NP here
would like to retain all the contributions. The effectiv
Hamiltonian describing the decayb→ss̄s @22# is given as

He f f52
GF

A2
VtbVts* S (

j 53

10

CjOj1CgOgD , ~18!

whereO3 , . . . ,O6 and O7 , . . . ,O10 are the standard QCD
and electrowork penguin operators, respectively, andOg is
the gluonic magnetic operator. Within the SM and at sc
e

s

e

e

MW , the Wilson coefficientsC1(MW), . . . ,C10(MW) at next
to leading logarithmic order~NLO! andCg(MW) at leading
logarithmic order~LO! have been given in Ref.@23#. The
corresponding QCD corrected values at the energy scalm
5mb can be obtained using the renormalization group eq
tion, as described in Ref.@24#.

To calculate theB meson decay rate, we use the facto
ization approximation to evaluate the hadronic matrix e
ment ^Oi&[^K̄0fuOi uB̄0&. Since the hadronic matrix ele
ments do not appear in the expressions forCP asymmetry
parameters, they will not introduce any uncertainties in
results. In this approximation the matrix elements are giv
as ^O3&5^O4&54X/3, ^O5&5X, ^O6&5X/3,
^O7&52X/2, ^O8&52X/6, and ^O9&5^O10&522X/3,
where the factorizable hadronic matrix elementX is given
as X5^K̄0(pK)us̄gm(12g5)buB̄0(pB)&^f(q,ef)us̄gm(1
2g5)su0&52F1

BK(Mf
2 ) f fMfef•pK . For evaluating the ma-

trix element of the most relevant operator, i.e.,Og , we use
the procedure of@25#, where it has been shown that the o
eratorOg is related to the matrix element of the QCD an
electroweak penguin operators as

^Og&52
aS

4p

mb

A^q2&
F ^O4&1^O6&2

1

NC
~^O3&1^O5&!G ,

~19!

whereqm is the momentum transferred by the gluon to t
0-3
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A. K. GIRI AND R. MOHANTA PHYSICAL REVIEW D 68, 014020 ~2003!
( s̄,s) pair. The parameter̂q2& introduces certain uncertaint
into the calculation. In the literature its value is taken in t
range 1/4&^q2&/mb

2&1/2 @26#, and we will use^q2&/mb
2

51/2 @24#, in our numerical calculations.
Thus, in the factorization approach the amplitudeA

[^fK0uHe f fuB0& of the decayB0→fK0 takes a form

A~B̄0→fK̄0!52
GF

A2
VtbVts* Fa31a41a5

2
1

2
~a71a91a10!GX, ~20!

whereX stands for the factorizable hadronic matrix eleme
of which the exact form is irrelevant for us since it canc
out in theCP asymmetries. The coefficientsai are given by

a2i 215C2i 21
e f f 1

1

Nc
C2i

e f f , a2i5C2i
e f f1

1

Nc
C2i 21

e f f ,

~21!

whereNC is the number of colors. The values of the QC
improved effective coefficientsCi

e f f can be found in@24,27#.
Now substituting the values ofai for NC53, from @27#, the
value of the form factorF1

BK(Mf
2 )50.39 and using thef

meson decay constantf f50.233 GeV and tB051.542
310212 sec@28#, we obtain the branching ratio in the SM a

BRSM~B→fK0!510.531026 ~22!

which lies within the present experimental limits~5!.

B. Two Higgs doublet model contributions

We now proceed to calculate the new physics effect in
THDM, which is one of the simplest extensions of the S
@29#. In such models, the tree level flavor changing neu
currents~FCNC’s! are prevented by imposing onead hoc
discrete symmetry to constrain the THDM scalar poten
and Yukawa Lagrangian and thus one obtains the so ca
model I and model II@30#. In model I both the up- and
down-type quarks get mass from the Yukawa couplings
the same Higgs doubletf1 and in model II the up- and
down-type quarks get their masses from Yukawa coupli
to two different scalar doubletsf1 andf2. Here we consider
model III @31# of the THDM where no discrete symmetry
imposed and both up- and down-type quarks may have d
onal and/or off-diagonal flavor changing couplings with t
two Higgs doubletsf1 andf2.

The Yukawa Lagrangian of the quarks in model III
given in the form@27#

L Y
III 5h i j

UQ̄i ,Lf̃1U j ,R1h i j
DQ̄i ,Lf1D j ,R1 ĵ i j

UQ̄i ,Lf̃2U j ,R

1 ĵ i j
DQ̄i ,Lf2D j ,R1H.c., ~23!

wheref i( i 51,2) are the two Higgs doublets of the THDM
f̃ i5 i t2f i* , Qi ,L with i 51,2,3 are the left handed isodou
blet quarks, andU j ,R(D j ,R) are the right handed isosingle
01402
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up- ~down-! type quarks.h i , j
U,D correspond to the diagona

mass matrices of the up and down quarks, while the neu
and charged flavor changing couplings are

j i j
U,D5

Amimj

v
l i j , ĵneutral

U,D 5jU,D,

ĵcharged
U 5jUVCKM , ĵcharged

D 5VCKMjD, ~24!

where VCKM is the Cabibbo-Kobayashi-Maskawa mixin
matrix @4#. The coupling constantsl i j are the free param
eters of the model to be determined from experimental d

Recently Chaoet al. @32# studied theb→sg process and
Xiao et al. @27# studied the charmless nonleptonic decays
B mesons using model III of the THDM where they ha
kept only the couplingsl tt5ul ttueiu t and lbb5ulbbueiub as
nonzero. From the studies of@27,32#, the following param-
eter space for model III is known:

l i j 50 for i j Þtt or bb,

ul ttu50.3, ulbbu535, u5~0°230°!,

MH15~2006100! GeV, ~25!

whereu5ub2u t is allowed by the available data. The a
vantage of keeping only these two couplings nonzero is
the neutral Higgs boson does not contribute at the tree le
or one-loop level. The new contributions therefore com
only from the charged Higgs penguin loop with heavy inte
nal top quark.

The new physics will manifest itself by modifying th
corresponding Inami-Lim@33# functions C0(x), D0(x),
E0(x), and E08(x) which determine the Wilson coefficient
C3(MW), . . . ,C10(MW) and Cg(MW) in SM. The new
strong and electroweak penguin diagrams in the THDM c
be obtained from the corresponding penguin diagrams in
SM by replacing the internalW6 lines by the charged Higgs
H6 lines. Following the same procedure as in the SM, it
straightforward to calculate the newg, Z0, and gluonic pen-
guin diagrams induced by the exchange of charged Hi
bosons in model III. These new Wilson coefficien

Ci
H6

(MW), i 53, . . . ,10, at NLOlevel andCg at the LO
level can now be written as

C3
H6

~MW!52
aS~MW!

24p
E0

NP1
aem

6p

1

sin2uW

C0
NP,

C4
H6

~MW!5
aS~MW!

8p
E0

NP,

C5
H6

~MW!52
aS~MW!

24p
E0

NP,

C6
H6

~MW!5
aS~MW!

8p
E0

NP,
0-4
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C7
H6

~MW!5
aem

6p
@4C0

NP1D0
NP#,

C8
H6

~MW!5C10
H6

~MW!50,

C9
H6

~MW!5
aem

6p F4C0
NP1D0

NP1
1

sin2uW

4C0
NPG ,

Cg
H6

~MW!52 1
2 E08

NP , ~26!

where the functionsC0
NP, D0

NP , E0
NP , andE08

NP are the new
physics contributions to the Wilson coefficients arising fro
the charged Higgs exchange penguin diagrams. These
given by

C0
NP52

xt

16F yt

12yt
1

yt

~12yt!
2

ln ytG ul ttu2,

D0
NP52 1

3 H~yt!ul ttu2,

E0
NP52 1

2 I ~yt!ul ttu2,

E08
NP5 1

6 J~yt!ul ttu22K~yt!ul ttlbbueiu, ~27!

with

H~y!5
38y279y2147y3

72~12y!3
1

4y26y213y4

12~12y!4
ln y,

I ~y!5
16y229y217y3

36~12y!3
1

2y23y2

6~12y!4
ln y,

J~y!5
2y15y22y3

4~12y!3
1

3y2

2~12y!4
ln y,

K~y!5
23y1y2

4~12y!2
2

y

2~12y!3
ln y. ~28!

In the above use has been made ofxt5mt
2/MW

2 and yt

5mt
2/MH1

2 .
Since the charged Higgs bosons that appeared in mode

have been integrated out at the scaleMW , the QCD running

of Wilson coefficientsCi
H6

(MW) down to the scalem
5O(mb) using the renormalization group equation can
done in the same way as in the SM. Including the new ph
ics contributions the values of the effective Wilson coe
cients at the scaleO(mb) are explicitly given in Ref.@27#.
Using the values for the Wilson coefficients from@27#, we
obtain theB→fK0 amplitude in the THDM as

ATHDM~B→fK0!5ASM~110.28ei (uNP1dNP)!. ~29!

Now taking r NP50.28 and varying the weak phaseuNP
5$2p,p% and strong phasedNP5$0,2p% according to Eq.
01402
are

III

e
s-

~16!, we find that the value ofSfK cannot be negative a
shown in Fig. 1. Thus the observed value ofSfK cannot be
accommodated in the THDM.

C. Contributions from the model with an extra vectorlike
down quark

Now we consider the model with an additional vectorli
down quark@34#. It is a simple model beyond the SM wit
an enlarged matter sector with an additional vectorlike do
quarkD4. The most interesting effects in this model conce
CP asymmetries in neutralB decays into finalCP eigen-
states. At a more phenomenological level, models with is
inglet quarks provide the simplest self-consistent framew
to study deviations of 333 unitarity of the CKM matrix as
well as allow flavor changing neutral currents at the tr
level. The presence of an additional down quark implie
434 matrix Via ( i 5u,c,t,4,a5d,s,b,b8), diagonalizing
the down quark mass matrix. For our purpose, the relev
information for the low energy physics is encoded in t
extended mixing matrix. The charged currents are unchan
except that theVCKM is now the 334 upper submatix ofV.
However, the distinctive feature of this model is that t
FCNC enters neutral current Lagrangian of the left hand
down quarks:

LZ5
g

2 cosuW
@ ūLig

muLi2d̄LaUabgmdLb22 sin2uWJem
m #Zm

~30!

with

Uab5 (
i 5u,c,t

Va i
† Vib5dab2V4a* V4b , ~31!

whereU is the neutral current mixing matrix for the dow
sector which is given above. AsV is not unitary,UÞ1. In
particular its nondiagonal elements do not vanish:

Uab52V4a* V4bÞ0 for aÞb. ~32!

Since the variousUab are nonvanishing, they would signa
new physics and the presence of the FCNC at the tree le

FIG. 1. 3D plot ofSfK versus the weak phaseuNP and strong
phasedNP ~in degrees! for r NP50.28.
0-5
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and this can substantially modify the predictions forCP
asymmetries. The new elementUsb which is relevant to our
study is given as

Usb5Vus* Vub1Vcs* Vcb1Vts* Vtb . ~33!

The decay modeB0→fKS receives the new contribution
both from color allowed and color suppressedZ-mediated
FCNC transitions. The new additional operators are given

O1
Z-FCNC5@ s̄agm~12g5!ba#@ s̄bgm~CV

s 2CA
s g5!sb#,

O2
Z-FCNC5@ s̄bgm~12g5!ba#@ s̄agm~CV

s 2CA
s g5!sb#,

~34!

whereCV
s and CA

s are the vector and axial vectorZss̄ cou-
plings. Using the Fierz transformation and the identity (CV

s

2CA
s g5)5@(CV

s 1CA
s )(12g5)1(CV

s 2CA
s )(11g5)#/2, the

matrix elements of the operators are given as

^fK̄0uO1
Z-FCNCuB̄0&5F4

3

~CV
s 1CA

s !

2
1

~CV
s 2CA

s !

2 GX,

^fK̄0uO2
Z-FCNCuB̄0&5F4

3

~CV
s 1CA

s !

2
1

1

3

~CV
s 2CA

s !

2 GX.

~35!

The values forCV
s andCA

s are taken as

CV
s 52 1

2 1 2
3 sin2uW , CA

s 52 1
2 . ~36!

Thus the amplitude forB→fK arising from theZ-mediated
FCNC tree diagram is given as

AVLDQ~B̄0→fK̄0!5
GF

A2

4

3
~211sin2uW!UsbX. ~37!

Using the experimental upper limitBr(B→XSl 1l 2)
,4.231025 @36#, in Ref.@35# the bound onuUbsu is found to
be uUbsu<231023. Recently Belle Collaboration@37# has
measured the branching ratio for the processB→XSl 1l 2 as

Br~B→XSl 1l 2!5~6.161.421.1
11.4!31026. ~38!

Using the above result one can obtain the value@35,38#

uY0~xt! l t
bs1CU2Z Ubsu50.0660.03, ~39!

where all the parameters in Eq.~39! are given in@35#. Thus
one obtains the value ofUbs as

uUbsu.131023. ~40!

Now using sin2uW50.23, we find

r NP.0.58. ~41!

The variation ofSfK with respect to the strong phasedNP
and weak phaseuNP according to Eq.~16! in the VLDQ
model is shown in Fig. 2 and the variation of branching ra
~15! is shown in Fig. 3. It can be seen from the figures t
01402
s

t

the observed asymmetrySfK and the branching ratio can b
easily accommodated in this model.

IV. CP VIOLATION IN B\h8KS PROCESS

At this stage we are in a position to test, as mention
earlier, whether the above two models~model III of the
THDM and VLDQ! can accommodate the result for anoth
similar mode, which seems to be in agreement with the S
In doing so, now we consider theB0→h8K0 process.

A. Contributions from the SM and THDM

In the SM, in addition tob→sq̄q @q5(u,d,s)# penguins,
the B0→h8KS process also receives a small contributi
from color suppressedb→uūs tree diagram. We first find
out the standard model contribution. The matrix elemen
the SM is given as

A~B̄0→h8K̄0!5
GF

A2
FVubVus* (

i 51

2

Ci
e f f^h8K̄0uOi uB̄0&

2VtbVts* (
i 53

10

Ci
e f f^h8K̄0uOi uB̄0&G , ~42!

where O1,2 are the tree andO3-6(7-10) are the QCD~elec-
troweak! penguin operators. The matrix elements of the
operators are given in the factorization approximation as@14#

FIG. 2. 3D plot ofSfK versus the weak phaseuNP and strong
phasedNP ~in degrees! for r NP50.58.

FIG. 3. Branching ratio ofB→fK0 process~in units of 1025)
versus the phasefNP ~in degrees!. The horizontal solid line is the
central experimental value whereas the dashed horizontal lines
note the error limits.
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^h8K̄0uO1uB̄0&5 1
3 X2 , ^h8K̄0uO2uB̄0&5X2 ,

^h8K̄0uO3uB̄0&5 1
3 X112X21 4

3 X3 ,

^h8K̄0uO4uB̄0&5X11 2
3 X21 4

3 X3 ,

^h8K̄0uO5uB̄0&5
R1

3
X122X22S 12

R2

3 DX3 ,

^h8K̄0uO6uB̄0&5R1X12
2

3
X22S 1

3
2R2DX3 ,

^h8K̄0uO7uB̄0&5
1

2 F2
R1X1

3
2X21S 12

R2

3 DX3G ,
^h8K̄0uO8uB̄0&5

1

2 F2R1X12
X2

3
1S 1

3
2R2DX3G ,

^h8K̄0uO9uB̄0&5
1

2 F2
X1

3
1X22

4

3
X3G ,

^h8K̄0uO10uB̄0&5
1

2 F2X11
X2

3
2

4

3
X3G , ~43!

where

X15 i ~mB
22mh8

2
!F0

B→p~mK0
2

!
Xh8

A2
f K ,

X25 i ~mB
22mK0

2
!F0

B→K~mh8
2

!
Xh8

A2
f p ,

X35 i ~mB
22mK0

2
!F0

B→K~mh8
2

!Yh8A2 f K
2 2 f p

2 ,

R15
2mK0

2

~mb2md!~mS1md!
,

R25
2~2mK0

2
2mp

2 !

~mb2mS!~mS1mS!
. ~44!

Xh850.57 andYh850.82 are the mixing parameters of th
uū1dd̄ and ss̄ components in theh8 meson@39#, which
correspond touP5220°. Thus the amplitude is given as

A~B0→h8K0!5 i
GF

2 S VubVus* a2X22VtbVts* H Fa42
a10

2

1S a62
a8

2 DR1GX11S 2~a32a5!

2
1

2
~a72a9! DX21Fa31a42a5

1
1

2
~a72a92a10!1S a62

a8

2 DR2GX3J D .

~45!
01402
The decay width can be given by

G~B0→h8K0!5
upW u

8pmB
2

uA~B0→h8K0!u2. ~46!

Using F0
(B→p)(mK0

2 )50.335, f K(p)50.16(0.13) GeV, the
quark masses as (md ,mS ,mb)5(0.0076,0.122,4.88) GeV
and the values of the coefficientsai ’s for NC53 from Ref.
@27# we obtain the branching ratio in the standard model

BR~B0→h8K0!uSM53.2431025, ~47!

which is slightly less than the current experimental data@28#,

BR~B0→h8K0!5~5.821.3
11.4!31025. ~48!

Now we consider the contributions arising from th
THDM. As discussed earlier in this case due to the prese
of new charged Higgs penguin diagrams, the values of
effective Wilson coefficientsai ’s get modified. Again substi-
tuting their values from@27# in Eq. ~45!, we obtain the tran-
sition amplitude as

ATHDM~B0→h8K0!5ASM~110.27 ei (uNP1dNP)!.
~49!

Now taking r NP50.27 and varying the weak phaseuNP
5$2p,p% and strong phasedNP5$0,2p% we can see from
Fig. 4 that the observed value ofSh8K can be accommodate
in the THDM. Furthermore, the observed branching ratio c
also be explained in this model as seen from Fig. 5. If
take a crude assumption that the THDM and SM amplitu
interfere constructively, the maximum value of branching
tio is found to be

BRTHDM~B0→h8K0!55.2231025, ~50!

which lies within the present experimental limits@28#.

B. Contributions from the VLDQ model

Now we consider the contributions arising from the ex
vectorlike down quark model. In this case theB0→h8K0

process proceeds through both color allowed and color s
pressed tree levelZ-mediated FCNC diagrams. The corr
sponding operators are given as

FIG. 4. 3D plot ofSh8K versus the weak phaseuNP and strong
phasedNP ~in degrees! for r NP50.27.
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O1
Z-FCNC5@ s̄agm~12g5!ba#@ q̄bgm~CV

q2CA
qg5!qb#

[@ s̄agm~12g5!ba#F q̄bgmH ~CV
q1CA

q !

2
~12g5!

1
~CV

q2CA
q !

2
~11g5!J qbG ,

O2
Z-FCNC5@ s̄bgm~12g5!ba#@ q̄agm~CV

q2CA
qg5!qb#

[@ s̄bgm~12g5!ba#F q̄agmH ~CV
q1CA

q !

2
~12g5!

1
~CV

q2CA
q !

2
~11g5!J qbG . ~51!

Using the Fierz transformation and equation of motion,
matrix elements of these operators are given as

^h8K̄0uO1
Z-FCNCuB̄0&5~CA

u1CA
d !X21CA

s X3

1 1
6 $@CV

d~11R1!1CA
d~12R1!#X1

1@CV
s ~11R2!1CA

s ~12R2!#X3%,

~52!

^h8K̄0uO2
Z-FCNCuB̄0&5 1

3 ~CA
u1CA

d !X21 1
3 CA

s X3

1 1
2 $@CV

d~11R1!1CA
d~12R1!#X1

1@CV
s ~11R2!1CA

s ~12R2!#X3%.

~53!

So the amplitude forB0→h8K0 in the VLDQ model is given
as

AVLDQ~B̄0→h8K̄0!5
GF

A2
Usb„

4
3 $~CA

u1CA
d !X21CA

s X3%

1 2
3 $@CV

d~11R1!1CA
d~12R1!#X1

1@CV
s ~11R2!1CA

s ~12R2!#X3%…. ~54!

FIG. 5. Branching ratio ofB0→h8K0 ~in units of 1025) process
in the THDM versus the phasefNP ~in degrees!. The horizontal
solid line is the central experimental value whereas the dashed
zontal lines denote the error limits.
01402
e

Substituting the values ofCV(A)
q as

CV
u5 1

2 2 4
3 sin2uW , CA

u5 1
2 ,

CV
(s,d)52 1

2 1 2
3 sin2uW , CA

(s,d)52 1
2 , ~55!

we find

r NP.0.72. ~56!

The variation ofSh8K0 and the branching ratio according t
Eqs. ~16! and ~15! in the vectorlike down quark model ar
shown in Figs. 6 and 7. It can be seen that the obser
asymmetry and branching ratio forB0→h8K0 mode can be
easily accommodated in this model.

V. CONCLUSIONS

To summarize, the time-dependentCP asymmetry mea-
surements inB→fKS give sin 2b, which is 2.7s deviation
from the corresponding value inB→cKS . According to the
SM expectation they should measure the same. Unlike
B→cKS , which is a tree level process,B→fKS occurs at
the one-loop level, which allows room for new physics
play an important role. In this paper, we have explored t
simple scenarios beyond the SM, the two Higgs doub
model ~model III!, and a model with an extra vectorlik
down quark. We found that model III of the THDM is unab

ri-

FIG. 6. 3D plot ofSh8K0 versus the weak phaseuNP and strong
phasedNP ~in degrees! for r NP50.72.

FIG. 7. Branching ratio ofB0→h8K0 process~in units of 1025)
in the VLDQ model versus the phasefNP ~in degree!. The horizon-
tal solid line is the central experimental value whereas the das
horizontal lines denote the error limits.
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to explain, whereas the vectorlike down quark model c
easily explain the result.

It is important to note here that any new physics scena
that explains thefKS discrepancy must also explain anoth
similar two-body decayB→h8KS , which is also expected to
give the same value as ofcKS or fKS , i.e., sin 2b. In doing
so it will be easy to rule out or narrow down the various N
scenarios. We found that both the models~model III of the
THDM and VLDQ! can explain theh8KS result. This in turn
gives us the clue that the VLDQ model may possibly be
strong contender for the NP effects responsible inB
→fKS . It is worthwhile to emphasize that various supe
symmetric models~as can be found in the literature! can
explain thefKS discrepancy. But apart from@13,14# none of
the scenarios so far explained the simultaneous explana
et

g,

log
d

01402
n

io

a

-

on

of fKS andh8KS . On the other hand, our findings indica
that the simple nonsupersymmetric extension of the SM
terms of the matter content should not be ignored for p
sible NP candidature. Regardless of the sources of NP,
future thefKS result continues to be different from the SM
expectation, then it will certainly establish the presence
NP.
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