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F 0-F̄ 0 mixing and CP violation in the general two Higgs doublet model
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A phenomenological analysis of the general two Higgs doublet model is presented. Possible constraints of

the Yukawa couplings result from theK0-K̄0, B0-B̄0, andD0-D̄0 mixings. It is shown that the emerging of
various new sources ofCP violation in the model could strongly affect the determination of the unitarity
triangle. It could be useful to look for a signal of new physics by comparing the extracted angleb from two
different ways, such as from the processB→J/cKS and from fitting the quantitiesuVubu, DmB , ande.

PACS number~s!: 11.30.Er, 12.60.Fr
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I. INTRODUCTION

In the standard model~SM! of an electroweak SU(2)L
3U(1)Y gauge theory with only one Higgs doublet, the on
source ofCP violation comes from the complex Yukaw
coupling between Higgs and fermion fields@1#. Since the
Higgs sector of the SM is not well understood yet, ma
possible extensions of the SM have been proposed@2#. One
of the simplest extensions of the SM is to simply add o
Higgs doublet. For convenience, in our following discussio
we may call such a minimal extension of the standard mo
which only adds an extra Higgs doublet, the standard
Higgs doublet model~S2HDM! @3–8# and assumeCP vio-
lation solely originating from the Higgs potential@9,7,8#. The
most general Yukawa coupling and Higgs potential can
written as

LY5Q̄L~G1
Uf̃11G2

Uf̃2!UR1Q̄L~G1
Df11G2

Df2!DR ~1!

and

V~f1 ,f2!52m1
2f1

†f12m2
2f2

†f22~m12
2 f1

†f21H.c.!

1l1~f1
†f1!21l2~f2

†f2!21l3~f1
†f1f2

†f2!

1l4~f1
†f2f2

†f1!1
1

2
@l5~f1

†f2!21H.c.#

1@~l6f1
†f11l7f2

†f2!~f1
†f2!1H.c.#. ~2!

The major issue with respect to the two Higgs doublet mo
is that it allows flavor-changing neutral current~FCNC! at
the tree level, which must be strongly suppressed inK0-K̄0

andB0-B̄0 mixing processes. In order to prevent FCNC fro
tree level, anad hocdiscrete symmetry is often imposed:

f1→2f1 and f2→f2 ,

URi
→2URi

and DRi
→7DRi

. ~3!

Thus, one obtains the so-called model I and model II, wh
depend on whether the up-type and down-type quarks
coupled to the same or a different Higgs doublet, resp
0556-2821/2000/61~9!/096001~9!/$15.00 61 0960
y

e
s
l,
o

e

l

h
re
c-

tively @2#. Once this discrete symmetry is adopted, the f
torsm12,l6, andl7 in Eq. ~2! must vanish; as a result noCP
violation can occur fromV(f). Thus the only source ofCP
violation is the complex Yukawa couplings, which lead to
phase in the Cabibbo-Kobayashi-Maskawa~CKM! quark
mixing matrix.

In contrast one can replace the discrete symmetry with
approximate global family symmetry@4,5,7,8#, thus the sup-
pression of FCNC can be explained via the smallness of
off-diagonal terms. Furthermore, when abandoning the
crete symmetries, one can obtain rich sources ofCP viola-
tion from a single relative phase between the two vacu
expectation values of Higgs field after spontaneous sym
try breaking. It has been shown@7,8# that even when the
CKM matrix is real, the single phase arising from the spo
taneous symmetry breaking can provide enoughCP viola-
tion to meet the experimental measurments. One particul
important observation is of a new source ofCP violation in
charged Higgs boson interactions, which is independen
the CKM phase and can lead to a value ofe8/e as large as
1023 @7,8#. In the S2HDM, the two Higgs fields have, i
general, the vacuum expectation values:

^f1
0&5

v

A2
cosbeid,

^f2
0&5

v

A2
sinb. ~4!

It is natural to use a suitable basis,

H15cosbf1e2 id1sinbf2 ,

H25sinbf1e2 id2cosbf2 , ~5!

such that

H15S 0

1

A2
~v1r!D ,
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H25S H1

1

A2
~R1 i I !D , ~6!

whereH0, R, andI are real Higgs bosons. The three neut
scalarsĤk

0[(R,r,I ) can be rotated to mass eigenstateshk
0

[(h,H0,A) via an orthogonal matrixOH:

Ĥk
05Okl

HHl
0 . ~7!
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From approximate global family symmetries, we know th
the Yukawa coupling matrixG i

F in Eq. ~1! has small off-
diagonal elements, typically between 0.01 and 0.2 in orde

meet the constraint of FCNC fromK0-K̄0, B0-B̄0 mixing.
The Yukawa interaction can be rewritten as@7#

LY5~L11L2!~A2GF!1/2 ~8!

with
L15A2S H1(
i , j

3

jdj
mdj

Vi j ūL
i dR

j 2H2(
i , j

3

juj
muj

Vi j
† d̄L

i uR
j D

1H0(
i

3

~mui
ūL

i uR
i 1mdi

d̄L
i dR

i !1~R1 i I !(
i

3

jdi
mdi

dL
i dR

i 1~R2 i I !(
i

3

jui
mui

uL
i uR

i 1H.c. ~9!

L25A2S H1 (
i , j 8Þ j

3

Vi j 8m j 8 j
d ūL

i dR
j 2H2 (

i , j 8Þ j

3

Vi j
† m j 8 j

u d̄L
i uR

j D
1~R1 i I !(

iÞ j

3

m i j
d dL

i dR
j 1~R2 i I !(

iÞ j

3

m i j
u ūL

i uR
j 1H.c., ~10!
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whereL1 has no flavor-changing effects other than that
pected forH6 from the CKM matrixV andL2 contains the
flavor-changing effects for neutral bosons as well as sm
additional flavor-changing terms forH6. The factorsj f i

mf i

and m i j
f arise primarily from the diagonal and off-diagon

elements ofG i
f , respectively.

There are four major sources ofCP violation @7,8#: ~1!
CKM matrix; ~2! the phase in factorj f i

which providesCP

violation in charged-Higgs boson exchange;~3! the phase in
m i j

f which yieldsCP violation in FCNC; and~4! CP viola-
tion in the mixing matrixOH. One of the most distinctive
features of these sources is that the factorj f i

can provideCP

violation in charged Higgs boson exchange in addition to a
independent of the CKM phase. As a consequence, inDS
51 transitions its contribution toe8/e could be as large a
1023. Thus a measurement ofe8/e would not necessarily be
due to CKM mechanism.

II. CONSTRAINTS FROM K0-K̄0, B0-B̄0,
AND D0-D̄0 MIXINGS

In the standard model, it is known that the neutral mes
mixings arise from the box diagram through two-W-boson
-

ll

d

n

exchange. The extremely small values of the neutralK andB
mass differences impose severe constraints on new phy
beyond the SM, especially on those with FCNC at tree lev
In the S2HDM, additional contributions to the neutral mes
mixings can arise from the box diagrams with charged-sc
exchanges and tree diagrams with neutral-scalar exchan
The mass difference ofKL2KS is given by

DmK.2 ReM12[2 Re~M12
WW1M12

HH1M12
HW1M12

H0
1M128 !,

~11!

where M12
WW, M12

HH , and M12
HW are the contributions from

box diagrams through two-W-boson, two charged-scalarH1,
and one-W-boson and one charged-scalar exchanges, res

tively. M12
H0

is the one from the FCNC through neutral-sca
exchanges at tree level.M128 presents other possible contr
butions, such as two-coupled penguin diagrams and non
turbative effects. They result from the corresponding eff
tive Hamiltonian
He f f
WW52

GF
2

16p2
mW

2 (
i , j

c,t

h i j l il jAxixjB
WW~xi ,xj !d̄gm~12g5!sd̄gm~12g5!s, ~12!
1-2
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He f f
HH52

GF
2

16p2
mW

2 (
i , j

u,c,t

h i j
HHl il j

1

4
$BV

HH~yi ,yj !@AxixjAyiyj uj i u2uj j u2
•d̄gm~12g5!sd̄gm~12g5!s

1AxsxdAysydjs
2jd*

2d̄gm~11g5!sd̄gm~11g5!s12d i jAxixjAysydjsjd* j ij j* d̄gm~11g5!sd̄gm~12g5!s#

1BS
HH~yi ,yj !Axiyj@xdjd*

2j i* j j* d̄~12g5!sd̄~12g5!s1xsjs
2j ij j d̄~11g5!sd̄~11g5!s

12Axsxdjsjd* j ij j* d̄~11g5!sd̄~12g5!s#%, ~13!

He f f
HW52

G

16p2
mW

2 (
i , j

u,c,t

h i j
HWl il j$2AxixjAyiyjj ij j* BV

HW~yi ,yj ,yw!•d̄gm~12g5!sd̄gm~12g5!s1~yi1yj !Axdxsjsjd*

3@BT
HW~yi ,yj ,yw!•d̄smn~12g5!sd̄smn~11g5!s1BS

HW~yi ,yj ,yw!d̄~12g5!sd̄~11g5!s#%, ~14!
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where theBWW, BV
HH , BS

HH , BV
HW , BS

HW , and BT
HW arise

from the loop integrals@8# and are the functions ofxi

5mi
2/mW

2 and yi5mi
2/mH

2 with i 5u,c,t,W. h i j , h i j
HH , and

h i j
HW are the possible QCD corrections andl i5VisVid* . Note

that in obtaining the above results the external momentum
the d and s quark has been neglected. Except for in th
approximation, which is reliable as their current mass
small, we keep all the terms. This is because all the c
plings l i andj i are complex in our model and even if som
terms are small, they can still play an important role inCP
violation since the observedCP-violating effect in kaon de-
cay is of order 1023. The contribution of neutral Higgs
bosons exchange at tree level can be evaluated by

M12
H0

5^P0uHe f f
H0

uP̄0&

5
GF

2

12p2
f P0

2 B̃P0mP0SAmf i

mf j

D 2S 11
mf i

mf j

D 21

mf
j8

2 (
k

3S 2A3pvmP0

mH
k
0mf

j8
D 2

~Yk,i j
f !2 ~15!

with

~Yk,i j
f !25~Zk,i j

f !21
1

2
r P0Sk,i j

f Sk, j i
f* ,

Zk,i j
f 52

i

2
~Sk,i j

f 2Sk, j i
f* !.

Sk,i j is related tom i j
f through

Sk,i j
f 5~O1k

H 1 is fO3k
H !

m i j
f

Amimj

, ~16!

where s f51 for d type quarks ands f521 for u type
quarks. The formula is expressed in a form which is con
nient in comparison with the one obtained from the box d
gram in the standard model. HereAmf i

/mf j
with convention

i , j plays the role of the CKM matrix elementVi j , andmf
j8
09600
of
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is introduced to correspond to the loop-quark mass of
box diagram. Namelyf j8 and f j are the two quarks in the
same weak isospin doublet. Note that the result is actu
independent ofmf

j8
. Heremf i

are understood to be the cu

rent quark masses. In our following numerical estimatio
we will use mu55.5 MeV, md59 MeV, ms5180 MeV,
mc51.4 GeV, andmb56 GeV which are defined at a reno
malization scale of 1 GeV.f P0 and mP0 are the leptonic
decay constant~with normalizationf p5133 MeV! and the

mass of the mesonP0, respectively.B̃P0 and r̃ P0 are bag
parameters defined by

^P0u~ f̄ i~16g5! f j !
2uP̄0&52

f P0mP0
3

~mf i
1mf j

!2
B̃P0, ~17!

11 r̃ P052
^P0u f̄ i~16g5! f j f̄ i~17g5! f j uP̄0&

^P0u f̄ i~16g5! f j f̄ i~16g5! f j uP̄0&
. ~18!

In the vacuum saturation and factorization approximat

with the limit of a large number of colors, we haveB̃P0

→1 and r̃ P0→0, thusYk,i j
f 5Zk,i j

f .
It is known thatHe f f

WW contribution toDmK is dominated
by thec quark exchange and its value is still uncertain due
the large uncertainties of the hadronic matrix element

^K0u„d̄gm~12g5!s…2uK̄0&52
8

3
f K

2 mK
2 BK , ~19!

where BK ranges from 1/3@10# ~by the PCAC and SU~3!
symmetry!, 3/4 @11# ~in the limit of a large number of colors!
to 1 @12# ~by the vacuum insertion approximation!. The re-
sults from QCD sum rule and lattice calculations lie in th
range. For smallBK , the short-distanceHe f f

WW contribution to
DmK fails badly to account for the measured mass diff
ence.
1-3
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In general, when neglecting the contribution from t
quark which is suppressed by a factor of

S VtdVts*

VcdVcs*
D2 mt

2

mc
2
;O~1022!,

we obtain

DmK5
GF

2

6p2
f K

2 BKmKmc
2 sin2 u

3H hccB
WW~xc!1

1

4
hcc

HHycujcu4BV
HH~yc!

12hcc
HWycujcu2BV

HW~yc ,yw!

1
B̃K

BK
(

k S 2A3pvmK

mH
k
0mc

D 2

Re~Yk,12
d !2J , ~20!

which is subject to the experimental constraint

DmK53.5231026 eV.A2
GF

2

6p2
f K

2 mKmc
2 sin2 u. ~21!

The effective Hamiltonian forBd
0-B̄d

0 mixing is calculated
with the aid of the box diagrams in full analogy to the tre
ment of theK0-K̄0 system. Its explicit expression can b
simply read off from the one forK0-K̄0 system by a corre-
sponding replacements↔b. The ‘‘standard approximation’’
made there, namely neglecting the external momenta of
quarks, is also reliable since dominant contributions co
from the intermediate top quark. With this analogy, the co
siderations and discussions onK0-K̄0 mixing can be applied

to the Bd
0-B̄d

0 mixing for the contributions from box dia
grams. As it is expected thatuG12u/2!uM12u in the B system
~which is different fromK system!, the mass difference fo

Bd
0-B̄d

0 system is given byDmB.2uM12u.
The general form for the mass difference in theBd

0-B̄d
0

system can be written as

DmB.
GF

2

6p2
~ f BABBh tt!

2mBmt
2uVtdu2

1

h tt

3UH h ttB
WW~xt!1

1

4
h tt

HHytuj tu4BV
HH~yt!

12h tt
HWytuj tu2BV

HW~yt ,yw!

1
B̃B

BB
(

k S 2A3pvmB

mH
k
0mt

D 2
md

mb

1

Vtd
2 ~Yk,13

d !2J U ,

~22!
09600
-
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where the top quark dominates over charm quark by a fa
of

S VtdVtb*

VcdVcb*
D2 mt

2

mc
2
;O~104!.

Thus the contribution of charm quark can be safely n
glected.DmB is subject to the experimental constraint

DmB5~3.660.7!31024 eV

.
GF

2

12p2
~135 MeV!2mB~176 GeV!2~sinu50.22!6.

~23!

It is known that in the standard model the short-distan
contribution toDmD from the box diagram withW-boson
exchange is of the order of magnitudeDmD

Box;O(1029) eV,
here the external momentum effects have to be consid
and were found to suppress the contribution by two order
magnitude@13#. This is because of the low mass of the i
termediate state. It is not difficult to see that the additio
box diagram with charged-scalar gives an even smaller c
tribution exceptujsu is as large asujsu;2mH1 /ms , which is
unreliablly large for the present boundmH1.41 GeV. It has
been shown that dominant contribution toDmD may come
from the long-distance effect since the intermediate state
the box diagram ared ands quarks. The original estimation
were thatDmD;331025 eV @14# and DmD;131026 eV
@15#. An alternative calculation@16# using the heavy quark
effective theory showed that large cancellations among
intermediate states may occur so that the long-distance s
dard model contribution toDmD is only larger by about one
order of magnitude than the short-distance contributi
which was also supported in a subsequent calculation@17#.

With this in mind, we now consider the contribution t
DmD from the neutral scalar interaction in our model. It
easy to read off from Eq.~15!

DmD
H52uM12

H u5
GF

2

6p2
f D

2 B̃DmDSAmu

mc
D 2

ms
2

3(
k S 2A3pvmD

mH
k
0ms

D 2

uYk,12
u u2,

50.641024S f D
AB̃D

210 MeV
D 2

(
k51

3 S 500 GeV

mH
k
0 D 2

uYk,12
u u2.

~24!

With the above expected values in the second line for v
ous parameters, the predicted value forDmD can be close to
the current experimental limituDmDu,1.331024 eV. This
implies that a largeD0-D̄0 mixing which is larger than the
standard model prediction does not get excluded. With
analysis, we come to the conclusion that a positive signa
neutralD meson mixing from the future experiments at Fe
1-4
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milab, the Cornell Electron Storage Ring~CESR!, and at a
t-charm factory would be in favor of the S2HDM especia
when the exotic neutral scalars are not so heavy.

We now proceed to the discussion of the constraints
the parameters of the model. Since the parametersj f i

,m i j
f are

in general all free parameters, for simplicity we will consid
the constraints in two extreme cases.

In case 1, the mass difference is purely explained thro
the additional box diagrams from two scalar-boson and o
W-boson one scalar-boson. In this case, the parameterj f i

is
of particular importance. Both its amplitude and phase w
play an important role in the neutral meson mass differe
andCP violation. It is quite different from the earlier analy
sis in type 1 and type 2 2HDM@18# in that we do not take
ju ,jc ,j t to be equal, i.e.,ju5jc5j t5tanb. This is why the
constraint frome is much stronger than the one fromDmK in
those models. In the S2HDM, where one has in generaju
ÞjcÞj t , there is more freedom to fite andDmK ,DmB as
well as DmD . Since the main contribution toDmK comes
from the c quark though the loop, the upper bound ofjc can
be extracted fromK0-K̄0 mixing.

The result is plotted in Fig. 1. In the calculation we ta
f K5161 MeV andBK50.75. The range ofmH

1 is from 100
to 1000 GeV. Since the bound ofujcu strongly depends on
the SM prediction onDmK , three different values o
LQCD(LQCD50.21,0.31,0.41) are used and the correspo
ing ratio to the experimental data (DmK)exp is 0.52, 0.67,
and 0.91@19#.

In the B system, it is of interest to study its relative rat
to the SM, since a large degree of uncertainty can be avo
from CKM matrix uVtdu and hardonic matrix elements.

In Fig. 2 we illustrate the relation betweenuj tu and
charged Higgs massmH

1 when the ratio of HW and HH box
diagram contribution to the one from the WW box in the S
is 2:1, 1:1, and 0.5:1.

FIG. 1. The upper bound ofujcu with respect to the mass of th
charged Higgs scalar in case 1. Three curves correspond to the
(Dmk)SM /(Dmk)exp from 0.52 ~dotted! and 0.67~dashed! to 0.91
~solid!.
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As is shown in Fig. 1 and Fig. 2, in generalujcu is much
larger thanuj tu. Even when the HW and HH contribution t
DmB is twice as much as the SM one,ujcu can still be larger
than uj tu by an order of magnitude.

In case 2, the mass difference is fitted through neut
scalar exchange in the tree level. From Eq.~15! we know
that the parameters that arise inM12

0 areYk,i j
f rather thanm i j

f .
If Si j

f is expected to be symmetric under the exchangei↔ j
and r P051 thenYk,i j

f has the following simple form:

Yk,i , j
f 5O1k

H
Im m i j

f

Amimj

1s fO3k
H

Rem i j
f

Amimj

. ~25!

Hence both the imaginary and real parts ofm i j
f are of impor-

tance. Futhermore, the phase inm i j
f is also a source ofCP

violation as we have mentioned in the previous section.
simplify the discussion, we assume that one of the sc
bosons, for example, the scalarh, is much lighter than the
other twoH andA. HereH andA are assumed to be heavie
than 500 GeV. The upper bounds can be obtained fr

K0-K̄0, B0-B̄0, and D0-D̄0 mixing. The present consider
ation is more general than the one in@21# where all the
couplingsYk,i j

f are settled to be equal. As a consequence,
constraints from different meson mixing give different upp
bounds upon differentYk,i j

f s. The results are shown in Fig. 3
It is seen from Fig. 3 that the upper bound ofYk,12

u is much
higher than that from theK0 and B0 system. This implies
that a largerD0-D̄0 mixing than the standard model predi
tion is possible.

III. CP VIOLATION AND UNITARITY TRIANGLE

Besides the neutral meson mass difference, the indi
CP violation parametereK could also provide constraints o

tio
FIG. 2. The value ofuj tu with respect to the mass of charge

Higgs mH
1 . The three curves corresponding to different ratios

HW and HH box diagrams to the one from the SM are from 2
~dotted!, 1:1 ~dashed!, and 0.5:1~solid!.
1-5
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the values ofj f i
andm i j

f . The standard definition ofe is

e5
1

A2
S Im M12

2 ReM12
1j0Deip/4, ~26!

where j05Im A0 /ReA0 with uA0u5(3.31460.004)31027

GeV is the isospin-zero amplitude ofK→pp decay. Usu-
ally, thej0 term is relatively small as it is proportional to th
small directCP-violating parametere8.

FIG. 3. The mh
0 dependence of the upper bound ofYk,i j

f .

ReY1,12
d from K0-K̄0 ~solid!, ReY1,13

d from B0-B̄0 ~dashed!, and

ReY1,12
u from D0-D̄0 ~dotted!. The mass of the other scalarmA

0 is
fixed atmA

05500 GeV.
y

d

ly

09600
The first part of contribution toe comes from the box
diagram throughW-boson and charged-scalar exchange

Im M12
Box5Im M12

WW1Im M12
HH1Im M12

HW

5
G2

12p2
f K

2 BKmKmimj

3H(
i , j

c,t

Im~l il j !ReBi j ~mi ,mj ;j i ,j j !

1Re~l il j !Im Bi j ~mi ,mj ;j i ,j j !J , ~27!

where Bi j (mi ,mj ;j i ,j j ) depend on the integral function
of the box diagrams@8#. The imaginary part ImBi j (mi ,
mj ;j i ,j j ) arises from the complex couplingsj i .

The second part is due to the flavor-changing neut
scalar inteactions at tree level

Im M12
H0

5
G2

12p2
f K

2 B̃KmKSAmd

ms
D 2

mc
2

3(
k S 2A3pvmK

mH
k
0mc

D2 Im ~Yk,12
d !2. ~28!

This provides a contribution toe in almost any model which
possessesCP-violating flavor-changing neutral-scalar inte
actions.

In particular, the parametere could receive large contri-
butions from the long-distance dispersive effects through
p, h, andh8 poles@20#. For a quantitative estimate of thes
effects, we follow the analyses in Refs.@20,22–24#
~ Im M128 !LD5
1

4mK
(

i

p,h,h8 Im ~^K0uLe f fu i &^ i uLe f fuK̄0&!

mK
2 2mp

2
5

1

4mK

2k

mK
2 2mp

2 ~^K0uL2up0&^p0uL1uK̄0&!

5
G2

12p2
f K

2 BK8 mKS mK

ms
D 2

sinums
2SApas

2

3kAKp

4ms~mK
2 2mp

2 !
D ~29!

3(
i

@ Im l i RePi~mi ,j i !1Re l i Im Pi~mi ,j i !#, ~30!
wherek is found to bek.0.15 when considering the SU~3!-
breaking effects in theK-h8 transition and nonet-symmetr
breaking in K-ho as well ash-h8 mixing. We shall not
repeat these analyses, and the reader who is intereste
them is referred to the paper@24# and references therein.L2

andL1 areCP-odd andCP-even Lagrangians, respective
~with conventionLe f f5L11 iL 2). The L2 is induced from
the gluon-penguin diagram with charged-scalar
in

L25 f sd̄smn~11g5!lasGmn
a 2 f dd̄smn~12g5!lasGmn

a

~31!

with

f q5
G

A2

gs

32p2
mq(

i
Im~jqj il i !yi PT

H~yi !, ~32!
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wherePT
H(yi) is the integral function. Fromf s and f d it is

not difficult to read off the RePi(mi ,j i) and Im Pi(mi ,j i).
In obtaining the last expression of the above equation,
have used the result^K0uL2up0&5( f s2 f d)AKp , whereAKp

has been computed in the MIT bag model and was fo
@25# to be AKp50.4 GeV3 for as51, and the convention

^p0uL1uK̄0&5 1
2 G fK

2 BK8 mK
2 (2mK /ms)

2 sinu, whereBK8 is in-
o

he
nt
ala

e

.
th
n-

ct
s

it
th
n

ll

t

e

09600
e

d

troduced to fit the experimental valuêp0uL1uK̄0&52.58
31027 GeV2, and is found to beBK8 51.08. We then obtain
Apas3kAKp /@4A2ms(mK

2 2mp
2 )#.1.4.

Neglecting theu-quark contributions and also the term
proportional tomd in comparison with the terms proportiona
to ms , the total contributions to theCP-violating parameter
e can be simply calculated from the following formula:
ueu53.231023BKS uVcbu
0.04D 2 2uVubu

uVcbuuVusu
sindKMH 2

1

4 FhccB
WW~xc!1

1

4
hcc

HHycujcu4BV
HH~yc!12hcc

HWycujcu2BV
HW~yc ,yw!G

1S uVcbumt

2mc
D 2S 12

uVubu
uVcbuuVusu

cosdKM D Fh ttB
WW~xt!1

1

4
h tt

HHytuj tu4BV
HH~yt!12h tt

HWytuj tu2BV
HW~yt ,yw!G

1
mt

4mc
FhctB

WW~xc ,xt!1
1

2
hct

HHAycytujcu2uj tu2BV
HH~yc ,yt!14hct

HWAycyt Re~jcj t!BV
HW~yc ,yt ,yw!G J

12.2731023
Im~Ỹk,12

d !2

6.431023
B̃K(

k S 103 GeV

mH
k
0

l D 2

12.2731023 Im~jc* js* !2
6.8 GeV2

mH1
2 B̃KSln mH1

2

mc
2

22D ,

12.2731023 Im~jcjs!
37 GeV2

mH1
2 BK8 Sln mH1

2

mc
2

2
3

2D 1
jo

A2
, ~33!
ase
rgely
e

tive

ses.

the

ds

ned

be
where we have used the experimental constraint
2 ReM125DmK

exp..
Analogous to Sec. II, we consider the contributions toe in

two different cases. In the first one,CP violation is governed
by the induced KM mechanism, i.e., the first term of t
above equation becomes dominant. In this case, new co
butions come from the box diagrams of two charged-sc
and oneW-boson-one charged-scalar exchange. Since the
pression contains Re(jcj t) the relative phaseu betweenjc

andj t , Re(jcj t)5ujcuuj tucosu may play an important role
It is of interest to illustrate how such effects can influence
determination of the unitarity triangle. In Fig. 4 the co
straint of vertex A of the unitarity triangle from
uVubu, DmB , and e is given. Here the new physics effe
can change the value ofuVtdu and the shape of the bound
from e. In the calculation, we takeujcu59.8 anduj tu50.54.
The mass of charged Higgs is fixed atMH

15200 GeV. The
relative phase between them is taken to bep/3 and 2p/3 as
two examples. The other input parameters areBK50.75
60.15, uVubu/uVcbu50.0860.02, and uVcbu50.04. For a
comparison, a similar calculation for the standard model w
the same parameters is reproduced in Fig. 5. It is found
the shape of the triangle can be largely changed whe
different value of the relative phase betweenjc and j t is
taken. The angleb of the triangle may be extremely sma
when cosu is close to 1.

In the second case, both the charged-scalar and
neutral-scalar exchange contributions toeK . This case is
more important than the one where the neutral-scalar
n

ri-
r
x-

e

h
at
a

he

x-

change itself is dominant. This is because the relative ph
between the charged and neutral-scalar exchange can la
affect the determination ofuVtdu. To illustrate such a phas
effect, we choose the ratio of the contribution toDmB from
charged- and neutral-scalar to be 2:1, and vary the rela
phase between them from 0,p/3, 2p/3 to p. As was
pointed out by Soares and Wolfenstein@26# if such a phase
emerges, then the unitarity angle extracted fromB→J/cKS
will be the total phasefM rather thanb. fM is defined by

M12
total5uM12

SM1M12
NEWuexp2ifM

where the indexes ‘‘SM’’ and ‘‘NEW’’ indicate the contri-
bution from the standard model and the new physics.

In Fig. 5 the value ofVtd extracted fromDmB is plotted in
r-h plan without considering the uncertainty ofBK(BK
50.75). The four curves correspond to the above four ca
The figure shows that the additional phase fromYk,i j

f can
strongly change the value ofVtd . Its modulus varies in the
interval between 0.7 and 1.2 in this situation.

As an example, the influence on the determination of
unitarity triangle in case 3~see Fig. 3! is plotted in Fig. 6.
Due to the phase effect the bounds frome are also changed
to be lower than that from the SM. Since the three boun
from uVubu, DmB , and e still have area in common, the
triangle remains closed. However, as we have mentio
above, if the angleb is extracted fromB→J/cKS its value
will be the total phasefM which may be much larger. As a
consequence, it will cause the unitarity triangle to
1-7
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‘‘open.’’ This possibility can be realized in case 3, whe
tanfM is three times as large as tanb ~see Fig. 7!.

IV. CONCLUSIONS

In conclusion, we have studied one of the simplest ext
tions of the standard model with an extra Higgs doub
which we have simply labeled as an S2HDM. Some c
straints on the parameters in the S2HDM have been obta
from F0-F̄0 mixing processes. It has been shown that

FIG. 4. The constraints on the unitarity triangle inh-r plane,
the two different triangles corresponding tou5p/3 ~a!, and u
52p/3 ~b!. Other parameters areBK50.7560.15, uVubu/uVcbu
50.0860.02, anduVcbu50.04.

FIG. 5. The constraints on the unitarity triangle from the S
The parametersBK , uVubu, uVcbu are the same as in Fig. 4.
09600
-
t,
-
ed

generaljuÞjcÞj t and ujcu@uj tu. Various sources ofCP
violation have been discussed. Their influence on the de
mination of the unitarity triangle is studied in detail. W
found that angleb of the unitarity triangle could be largely
suppressed due to the new contribution from Higgs box d
grams. The phase from neutral Higgs exchange co
strongly affect the extraction ofb from B→J/cKS . In some
cases, such an effect could be so large that the unitarity
angle cannot remain closed. In particular, it may even re

.

FIG. 6. Constraints onVtd from DmB . The relative phase be
tween charged and neutral-scalar exchange is taken to be 0~case 1,
solid!, p/3 ~case 2, dashed!, 2p/3 ~case 3, dash-dotted!, and p
~case 4, dotted!.

FIG. 7. The constraints on the unitarity triangle in case 3, wh
tanfM is three times as large as tanb.
1-8
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in the angleb, which is determined from fitting the quant
ties uVcbu, DmK , and e, being different from the one ex
tracted from the decay processB→J/cKS . If this is so, that
will be a clear signal of new physics.
,
-

.

,

ec
id

U-

.

09600
ACKNOWLEDGMENTS

This work was supported in part by the NSF of Chi
under Grant No. 19625514.
. B

. D

e-

. D
@1# M. Kobayashi and T. Maskawa, Prog. Theor. Phys.49, 652
~1973!.

@2# P. Sikivie, Phys. Lett.65B, 141 ~1976!; H.E. Haber, G.L.
Kane, and T. Sterling, Nucl. Phys.B161, 493 ~1979!; N.G.
Deshpande and E. Ma, Phys. Rev. D18, 2574 ~1978!; H.
Georgi, Hadronic J.1, 155~1978!; J.F. Donoghue and L.-F. Li
Phys. Rev. D19, 945 ~1979!; A.B. Lahanas and C.E. Vayo
nakis,ibid. 19, 2158~1979!; L.F. Abbott, P. Sikivie, and M.B.
Wise,ibid. 21, 1393~1980!; G.C. Branco, A.J. Buras, and J.M
Gerard, Nucl. Phys.B259, 306 ~1985!; B. McWilliams and
L.-F. Li, ibid. B179, 62 ~1981!; J.F. Gunion and H.E. Haber
ibid. B272, 1 ~1986!; J. Liu and L. Wolfenstein,ibid. B289, 1
~1987!.

@3# T.P. Cheng and M. Sher, Phys. Rev. D35, 3484~1987!.
@4# A. Antaramian, L.J. Hall, and A. Rasin, Phys. Rev. Lett.69,

1871 ~1992!.
@5# W.S. Hou, Phys. Lett. B296, 179 ~1992!; D.W. Chang, W.S.

Hou, and W.Y. Keung, Phys. Rev. D48, 217 ~1993!.
@6# L.J. Hall and S. Weinberg, Phys. Rev. D48, 979 ~1993!.
@7# Y.L. Wu and L. Wolfenstein, Phys. Rev. Lett.73, 1762~1994!;

L. Wolfenstein and Y.L. Wu,ibid. 73, 2809~1994!.
@8# Y.L. Wu, in Proceedings at 5th Conference on the Inters

tions of Particle and Nuclear Physics, St. Petersburg, Flor
1994, edited by S.J. Seestrom~AIP, New York, 1995!, p. 338,
hep-ph/9406306; Carnegie-Mellon University report, CM
HEP94-01, hep-ph/9404241, 1994.

@9# T.D. Lee, Phys. Rev. D8, 1226~1973!; Phys. Rep., Phys. Lett
9C, 143 ~1974!.
-
a,

@10# J.F. Donoghue, E. Golowich, and B.R. Holstein, Phys. Lett
119B, 412 ~1983!.

@11# W.A. Bardeen, A.J. Buras, and J.-M. Ge´rard, Phys. Rev. D
211, 343 ~1988!.

@12# M.K. Gaillard and B.W. Lee, Phys. Rev. D10, 897 ~1974!.
@13# A. Datta and D. Khumbhakar, Z. Phys. C27, 515 ~1985!.
@14# L. Wolfenstein, Phys. Lett.164B, 170 ~1985!.
@15# J.F. Donoghue, E. Golowich, and B.R. Holstein, Phys. Rev

33, 179 ~1986!.
@16# H. Georgi, Phys. Lett. B297, 353 ~1992!.
@17# T. Ohl, G. Ricciardi, and E. Simmons, Harvard University R

port No. HUTP-92/A053, 1992.
@18# G.G. Athhanasiu and F.J. Gilman, Phys. Lett.153B, 274

~1985!; P.A.S. De Sousa Gerbert, Nucl. Phys.B272, 581
~1986!.

@19# S. Herrlich and U. Nierste, Phys. Rev. D52, 6505~1995!.
@20# Y. Dupont and T.N. Pham, Phys. Rev. D28, 2169~1983!; D.

Chang,ibid. 25, 1318~1982!; J. Haglin, Phys. Lett.117B, 441
~1982!.

@21# D. Atwood, L. Reina, and A. Soni, hep-ph/9609279.
@22# J.F. Donoghue and B.R. Holstein, Phys. Rev. D32, 1152

~1985!.
@23# H.Y. Cheng, Phys. Rev. D34, 1397~1986!.
@24# H.Y. Cheng, Int. J. Mod. Phys. A7, 1059 ~1992!, and refer-

ences therein.
@25# J.F. Donoghue, J.S. Hagelin, and B.R. Holstein, Phys. Rev

25, 195 ~1982!.
@26# J.M. Soares and Lincoln Wolfenstein, Phys. Rev. D47, 1021

~1993!.
1-9


