
PHYSICAL REVIEW D, VOLUME 61, 015011
B˜Xst
1t2 in a CP spontaneously broken two Higgs doublet model
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The differential branching ratio, forward-backward asymmetry,CP asymmetry and lepton polarization for a
B meson to decay to strange hadronic final states, and at1t2 pair in aCP spontaneously broken two Higgs
doublet model are computed. It is shown that contributions of neutral Higgs bosons to the decay are quite
significant when tanb is large. And it is proposed to measure the directCP asymmetry in back-forward
asymmetry.

PACS number~s!: 12.60.Fr, 13.20.2v
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I. INTRODUCTION

The origin of CP violation has been one of the ma
issues in high energy physics since the discovery ofCP

violation in the K0-K̄0 system in 1964@1#. The measure-
ments of electric dipole moments of the neutron and elec
and the matter-antimatter asymmetry in the Universe indic
that one needs new sources ofCP violation in addition to the
CP violation coming from the Cabibbo-Koboyash
Maskawa~CKM! matrix, which has been one of the motiv
tions to search for new theoretical models beyond the s
dard model~SM!.

The minimal extension of the SM is to enlarge the Hig
sectors of the SM@2#. It has been shown that if one adher
to natural flavor conservation~NFC! in the Higgs sector,
then a minimum of three Higgs doublets are necessar
order to have spontaneousCP violation @3#. However, the
constraint can be avoided if one allows the real and ima
nary parts off1

1f2 to have different self-couplings@see be-
low, Eq. ~2!#. Then, one can construct aCP spontaneously
broken two Higgs doublet model~2HDM!, which is the
minimal and the most ‘‘economical’’ one1 among the exten-
sions of the SM that provide new sources ofCP violation.

Flavor changing neutral current~FCNC! transitions B
→Xsg andB→Xsl

1l 2 provide testing grounds for the SM
at the loop level and sensitivity to new physics. Rare dec
B→Xsl

1l 2( l 5e,m) have been extensively investigated
both SM and the beyond@5,6#. In these processes contribu
tions from exchanging neutral Higgs bosons~NHB! can be
safely neglected because of smallness ofml /mW ( l 5e,m).
The inclusive decayB→Xst

1t2 has also been investigate
in the SM, the model II 2HDM and SUSY models with an
without including the contributions of NHB@7–10#. In this
note we investigate the inclusive decayB→Xst

1t2 with

1Comparing the model III 2HDM@4#, in which CP is explicitly
violated, theCP spontaneously broken 2HDM has only two ne
parameters besides the masses of the Higgs bosons in the
tanb limit ~see below!. In this sense it is the most ‘‘economical.
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emphasis onCP violation effect in aCP spontaneously bro-
ken 2HDM, which we shall call model IV hereafter. W
consider the model IV in which the up-type quarks g
masses from Yukawa couplings to the one Higgs doubletH2

and down-type quarks and leptons get masses from Yuk
couplings to the another Higgs doubletH1. The Higgs boson
couplings to down-type quarks and leptons depend on o
the CP violated phasej which comes from the expectatio
value of Higgs field and the ratiotgb5v2 /v1 in the large
tgb limit ~see next section!, which are the free parameters
the model. Because the couplings of the charged Higgs
son to fermions in model IV are the same as those in mo
II, the constraints on tanb due to effects arising from the
charged Higgs bosons are the same as those in mode
Constraints on tanb from K-K̄ and B-B̄ mixing, G(b
→sg),G(b→ctn̄t) andRb have been given@11#

0.7<tanb<0.52S mH6

1 GeVD ~1!

~and the lower limitmH6>200 GeV has also been given i
Ref. @11#!. It is obvious that the contributions from exchan
ing neutral Higgs bosons now is enhanced roughly by a f
tor of tan2b and can compete with those from exchangi
g, Z when tanb is large enough. Because theCP violation
effects inB→Xst

1t2 come from the couplings of NHB to
leptons and quarks, we shall be interested in the large tb
limit in this note. The constraints onj can be obtained from
the electric dipole moments~EDM! of the neutron and elec
tron, which will be analyzed in the next section.

II. MODEL DESCRIPTION

Consider two complexy51, SU(2)w doublet scalar
fields,f1 andf2. The Higgs potential which spontaneous
breaks SU(2)3U(1) down to U(1)EM can be written in the
following form @12#:

rge
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V~f1 ,f2!5 (
i 51,2

@mi
2f i

1f i1l i~f i
1f i !

2#

1l3@~f1
1f1!~f2

1f2!#

1l4@~f1
1f2!~f2

1f1!#

1l5@Re~f1
1f2!#21l6@ Im~f1

1f2!#2. ~2!

Hermiticity requires that all parameters are real so that
potential isCP conservative. It is easy to see that the min
mum of the potential is at

^f1&5S 0

v1
D , ^f2&5S 0

v2ei jD , ~3!

thus breaking SU(2)3U(1) down to U(1)EM and simulta-
neously breakingCP, as desired. It should be noticed th
only for l5Þ6l6, the phasej cannot be rotated away a
usual, which breaks theCP conservation.

In the following we will work out the mass spectrum o
the Higgs boson. For charged components, the mass-squ
matrix for negative states is

l4S v1
2 2v1v2ei j

2v1v2e2 i j v2
2 D , ~4!
u

a

-
tr
s
t

n-
m
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Diagonalizing the mass-squared matrix results in one ze
mass Goldstone state:

G25ei jsinbf2
21cosbf1

2 , ~5!

and one massive charged Higgs boson state:

H25ei jcosbf2
22sinbf1

2 , ~6!

mH25ul4u~v1
21v2

2!, ~7!

where tanb5v2 /v1. Correspondingly we could also get th
positive statesG1 and H1 with the same masses zero an
ul4u(v1

21v2
2), respectively.

For neutral Higgs components, becauseCP conservation
is breaking, the mass-squared matrix is 434, which could
not be simply separated into two 232 matrices as usual
However, in the case of large tanb which is what we are
interested in, the neutral parts can be written separatel
two 232 matrices and one of them is
v2
2S l51l61~l62l5!cos~2j!

2
2

~l62l5!sin~2j!

2

2
~l62l5!sin~2j!

2

l51l61~l52l6!cos~2j!

2

D . ~8!
utral

the
the

l
to
ee
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Diagonalizing the Higgs boson mass-squared matrix res
in two eigenstates:

S H1
0

H2
0D 5A2S cj 2sj

sj cj
D S Im f1

0

Ref1
0D ~9!

with masses

mH
1
0

2
5l5v2

2 ,

mH
2
0

2
5l6v2

2 , ~10!

where cj5cosj and sj5sinj. The diagonalizing of the 4
34 neutral Higgs mass-squared matrix has been analytic
carried out under some assumptions in Ref.@13# and the
results reduce to Eqs.~9! and~10! in the case of large tanb.

The other 232 matrix can be similarly dealt with. Be
cause the third physical neutral Higgs boson and neu
Goldstone do not couple to down-type quarks and lepton
the large tanb limit in which we are interested, we do no
show the explicit results.

Now, we turn to the discussion of the Higgs-fermio
fermion couplings. After completing the transformation fro
lts

lly

al
in

the weak states to the mass states, the couplings of ne
Higgs to fermions which are relevant to our analysis are

H1
0 f̄ f :

igmf

2mw cosb
~sj2 icjg5!,

H2
0 f̄ f : 2

igmf

2mw cosb
~cj1 isjg5!, ~11!

where f represents down-type quarks and leptons. And
couplings of the charged Higgs bosons to fermions are
same as those in theCP-conservative 2HDM~model II, for
examples see Ref.@14#!. This is in contrast with the mode
III in which the couplings of the charged Higgs bosons
fermions are quite different from model II. It is easy to s
from Eqs.~11! that the contribution coming from exchangin
NHB is proportional toA2GFsjcjmf

2/cos2b, so that the con-
straints due to EDM translate into the constraints
sin 2j tan2b (1/cosb; tanb in the large tanb limit !. Ac-
cording to the analysis in Ref.@15#, we have the constraint

Ausin 2jutanb,50 ~12!
1-2
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B→Xst
1t2 IN A CP SPONTANEOUSLY BROKEN TWO . . . PHYSICAL REVIEW D 61 015011
from the neutron EDM. And the constraint from the electr
EDM is not stronger than Eq.~12!. It is obvious from Eq.
~12! that there is a constraint onj only if tanb.50 and the
stringent constraint on tanb comes out and is tanb,50
whenj5p/4.

III. FORMULA FOR B˜Xst
1t2

Inclusive decay rates of heavy hadrons can be calcul
in heavy quark effective theory~HQET! @16# and it has been
shown that the leading terms in 1/mQ expansion turn out to
be the decay of a free~heavy! quark and corrections stem
from the order 1/mQ

2 @17#. In what follows we shall calculate
the leading term. The transition rate forb→st1t2 can be
computed in the framework of the QCD corrected effect
weak Hamiltonian, obtained by integrating out the top qua
Higgs bosons, andW6,Z bosons

Heff5
4GF

A2
VtbVts* S (

i 51

10

Ci~m!Oi~m!1(
i 51

10

CQi
~m!Qi~m!D ,

~13!

whereOi( i 51, . . .,10) is the same as that given in Ref.@5#,
Qi ’s come from exchanging the neutral Higgs bosons and
defined in Ref.@9#. The explicit expressions of the operato
governingB→Xst

1t2 are given as follows:

O75~e/16p2!mb~ s̄LasmnbRa!Fmn ,

O85~e/16p2!~ s̄LagmbLa!t̄gmt,

O95~e/16p2!~ s̄LagmbLa!t̄gmg5t,

Q15~e2/16p2!~ s̄LabRa!~ t̄t!,

Q25~e2/16p2!~ s̄LabRa!~ t̄g5t!. ~14!

At the renormalization pointm5mW the coefficientsCi ’s
in the effective Hamiltonian have been given in Ref.@5# and
CQi

’s are @neglecting theO(tgb) term#

CQ1
~mW!5

mbmttg
2bxt

2 sin2uW
H (

i 5H1 ,H2

Ai

mi
2 ~ f 1Bi1 f 2Ei !J ,

CQ2
~mW!5

mbmttg
2bxt

2 sin2uW
H (

i 5H1 ,H2

Di

mi
2 ~ f 1Bi1 f 2Ei !J ,

CQ3
~mW!5

mbe2

mtgs
2 @CQ1

~mW!1CQ2
~mW!#,

CQ4
~mW!5

mbe2

mtgs
2 @CQ1

~mW!2CQ2
~mW!#,

CQi
~mW!50, i 55, . . . ,10, ~15!

where
01501
ed

,

re

AH1
52sj , DH1

5 icj ,

AH2
5cj , DH2

5 isj ,

BH1
5

icj2sj

2
, BH2

5
cj1 isj

2
,

f 15
xt ln xt

xt21
2

xH6 ln xH62xt ln xt

xH62xt

,

f 25
xt ln xt

~xt21!~xH621!
2

xH6 ln xH6

~xH62xt!~xH621!
~16!

with xi5mi
2/mw

2 . In Eqs.~15!, Ei are given by

EH1
5 1

2 ~2sjc11cjc2!,

EH2
5 1

2 ~cjc11sjc2!,

c152xH61cjxH1
~cj1 isj!1sjxH2

3~sj2 icj!,

c25 i @2xH61sjxH1
~sj2 icj!

1cjxH2
~cj1 isj!#. ~17!

Neglecting the strange quark mass, the effective Ham
tonian ~13! leads to the following matrix element forb
→st1t2:

M5
GFa

A2p
VtbVts* FC8

e f fs̄LgmbLt̄gmt1C9s̄LgmbLt̄gmg5t

12C7mbs̄Lismn
qn

q2
bRt̄gmt1CQ1

s̄LbRt̄t

1CQ2
s̄LbRt̄g5tG , ~18!

where@5,7,18#

C8
e f f5C81H gS mc

mb
,ŝD1

3

a2
k

3 (
Vi5c8,c9 . . .

pMVi
G~Vi→t1t2!

MVi

2 2q22 iM Vi
GVi

J ~3C11C2!,

~19!

with ŝ5q2/mb
2 , q5(pt11pt2)2. In Eq. ~19!

g(mc /mb ,ŝ) arises from the one-loop matrix element of th
four-quark operators and can be found in Refs.@5,19#. The
second term in braces in Eq.~19! estimates the long-distanc
1-3
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contribution from the intermediate,c8, c9, . . . @5,18#. In
our numerical calculations, we choosek(3C11C2)5
20.875@20#.

The QCD corrections to coefficientsCi and CQi
can be

incorporated in the standard way by using the renormal
tion group equations. Although theCi at the scalem
5O(mb) have been given in the next-to-leading ord
~NLO! approximation and without including mixing with
Qi , we use the values ofCi only in the leading order ap
proximation ~LO! since no CQi

have been calculated i

NLO. TheCi andCQi
with LO QCD corrections have bee

given in Ref.@9#:

C7~mb!5h216/23H C7~mW!2F 58

135
~h10/2321!

1
29

189
~h28/2321!GC2~mW!20.012CQ3

~mW!J ,

~20!

C8~mb!5C8~mW!1
4p

as~mW! F2
4

33
~12h211/23!

1
8

87
~12h229/23!GC2~mW!, ~21!

C9~mb!5C9~mW!, ~22!

CQi
~mb!5h2gQ /b0CQi

~mW!, i 51,2, ~23!

wheregQ524 @21# is the anomalous dimension ofs̄LbR ,
b051122nf /3, andh5as(mb)/as(mW).

After a straightforward calculation, we obtain the inva
ant dilepton mass distribution@9#

dG~B→Xst
1t2!

ds
5B~B→Xcl n̄ !

a2

4p2f ~mc /mb!
~12s!2

3S 12
4t2

s D 1/2uVtbVts* u2

uVcbu2
D~s!

D~s!5uC8
effu2S 11

2t2

s D ~112s!14uC7u2

3S 11
2t2

s D S 11
2

sD1uC9u2

3F ~112s!1
2t2

s
~124s!G

112 Re~C7C8
eff* !S 11

2t2

s D
1

3

2
uCQ1

u2~s24t2!1
3

2
uCQ2

u2s

16 Re~C9CQ2
* !t ~24!
01501
-

r

where s5q2/mb
2 , t5mt /mb , B(B→Xcl n̄) is the branching

ratio, f is the phase-space factor and f(x)5128x218x6

2x8224x4 ln x.
The CP asymmetry for theB→Xsl

1l 2 and B̄→X̄sl
1l 2

is defined as

ACP
1 ~s!5

dG/ds2dḠ/ds

dG/ds1dḠ/ds
. ~25!

We also give the forward-backward asymmetry

A~s!5

E
0

1

dz~d2G/dsdz!2E
21

0

dz~d2G/dsdz!

E
0

1

dz~d2G/dsdz!1E
21

0

dz~d2G/dsdz!

5
E~s!

D~s!
,

~26!

wherez5cosu andu is the angle between the momentum
theB meson and that ofl 1 in the center of mass frame of th
dileptonst1t2. Here,

E~s!5Re~C8
effC9* s12C7C9* 1C8

effCQ1* t12C7CQ2* t !.
~27!

TheCP asymmetry in the forward-backward asymmetry f
B→Xst

1t2 and B̄→X̄st
1t2 is defined as

ACP
2 ~s!5

A~s!2Ā~s!

A~s!1Ā~s!
. ~28!

It is easy to see from Eq.~24! that theCP asymmetryACP
1 is

very small because the weak phase difference inC7C8
eff

arises from the small mixing ofO7 with Q3 @see Eq.~20!#. In
contrast with it,ACP

2 can reach a large value when tanb is
large, as can be seen from Eqs.~27! and~15!. Therefore, we
propose to measureACP

2 in order to search for newCP vio-
lation sources.

Let us now discuss the lepton polarization effects. W
define three orthogonal unit vectors:

eWL5
pW 1

upW 1u
,

eWN5
pW s3pW 1

upW s3pW 1u
,

eWT5eWN3eWL ,

wherepW 1 andpW s are the three momenta of thel 2 lepton and
the s quark, respectively, in the center of mass of thel 1l 2

system. The differential decay rate for any given spin dir
tion nW of the l 2 lepton, wherenW is a unit vector in thel 2

lepton rest frame, can be written as
1-4
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dG~nW !

ds
5

1

2 S dG

dsD
0

@11~PL eW L1PN eW N1PT eW T!•nW #,

~29!

where the subscript ‘‘0’’ corresponds to the unpolariz
case, andPL , PT , andPN , which correspond to the longi

FIG. 1. Differential branching ratio as function ofs, wherej
5p/4, solid and dashed lines represent tanb510 and 30 and the
dot-dashed line represents the case of switching offCQi

contribu-
tions.

FIG. 2. Backward-forward asymmetry as function ofs, where
j5p/4. Solid and dashed lines represent tanb510 and 30 and the
dot-dashed line represents the case of switching offCQi

contribu-
tions.
01501
tudinal, transverse, and normal projections of the lepton s
respectively, are functions ofs. From Eq.~29!, one has

Pi~s!5
~dG/ds!~nW 5eW i !2~dG/ds!~nW 52eW i !

~dG/ds!~nW 5eW i !1~dG/ds!~nW 52eW i !
. ~30!

The calculations for thePi ’s ( i 5L, T, N) lead to the fol-
lowing results:

PL5S 12
4t2

s D 1/2DL~s!

D~s!
,

PN5
3p

4s1/2S 12
4t2

s D 1/2DN~s!

D~s!
,

PT52
3pt

2s1/2

DT~s!

D~s!
, ~31!

where

DL~s!5Re@2~112s!C8
effC9* 112C7C9* 26tCQ1

C9*

23sCQ1
CQ2

* #,

DN~s!5Im~2sCQ1
C7* 1sCQ1

C8
eff *1sCQ2

C9*

14tC9C7* 12tsC8
eff *C9!,

FIG. 3. ACP
1 as function ofj, wheres50.8. Solid and dashed

lines represent tanb510 and 30.
1-5
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DT~s!5ReS 22C7C9* 14C8
effC7* 1

4

s
uC7u22C8

effC9*

1suC8
effu22

s24t2

2t
CQ1

C9* 2
s

t
CQ2

C7*

2
s

2t
C8

effCQ2
* D . ~32!

Pi ( i 5L, T, N) have been given in the Ref.@9#, where
there are some errors inPT and they gave only two terms i

FIG. 4. ACP
2 as function ofj, wheres50.8. Solid and dashed

lines represent tanb510 and 30.

FIG. 5. ACP
2 as function ofs, wherej5p/4. Solid and dashed

lines represent tanb510 and 30.
01501
DN , the numerator ofPN . We remind thatPN is the
CP-violating projection of the lepton spin onto the normal
the decay plane. BecausePN in B→Xsl

1l 2 comes from
both the quark and lepton sectors, purely hadronic and
tonic CP-violating observables, such asdn or de , do not
necessarily strongly constrainPN @22#. So it is advantageous
to usePN to investigateCP violation effects in some exten
sions of SM@23#. In the model IV 2HDM, as pointed ou

FIG. 6. PN as function ofs, wherej5p/4. Solid and dashed
lines represent tanb510 and 30 and the dot-dashed line represe
the case of switching offCQi

contributions.

FIG. 7. PN as function ofj, wheres50.8. Solid and dashed
lines represent tanb510 and 30 and dot-dashed line represents
case of switching offCQi

contributions.
1-6
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above,dn and de constrainAusin 2jutanb and consequently
PN throughCQi

( i 51,2) @see Eq.~32!#.

IV. NUMERICAL RESULTS

The following parameters have been used in the num
cal calculations:

mt5175 GeV, mb55.0 GeV, mc51.6 GeV,

mt51.77 GeV, h51.724,

mH1
5100 GeV, mH2

5mH65200 GeV.

Numerical results are shown in Figs. 1–9. From Figs
and 2, we can see that the contributions of NHB to the d
ferential branching ratiodG/ds are significant when tanb is
not smaller than 30 and the masses of NHB are in the
sonable region, and the forward-backward asymmetryA(s)
is more sensitive to tanb thandG/ds, which is similar to the
case of the normal 2HDM withoutCP violation @9#.

The directCP violation ACP
i ( i 51,2) andCP-violating

polarizationPN of B→Xst
1t2 are presented in Figs. 3–7

respectively. As expected,ACP
1 is about 0.1% and hard to b

measured. However,ACP
2 can reach about 10%.ACP

2 is
strongly dependent on theCP-violation phasej and comes
mainly from exchanging NHBs as expected. From Figs
and 7, one can see thatPN is also strongly dependent on th
CP-violation phasej and can be as large as 5% for som
values ofj, which should be within the luminosity reach o

FIG. 8. PL as function ofj, wheres50.8. Solid and dashed
lines represent tanb510 and 30 and the dot-dashed line represe
the case of switching offCQi

contributions.
01501
i-

1
-

a-

6

comingB factories, and comes mainly from NHB contribu
tions in most of rangej.

Figures 8 and 9 show the longitudinal and transverse
larizations, respectively. It is obvious that the contributio
of NHB can change the polarization greatly, especially wh
tanb is large, and the dependence ofPL on CP violation
phasej is not significant in most of rangej. The longitudi-
nal polarization ofB→Xst

1t2 has been calculated in SM
and several new physics scenarios@7#. Switching off the
NHB contributions, our results are in agreement with tho
in Ref. @7#.

In summary, we have calculated the differential branch
ratio, back-forward asymmetry, lepton polarizations a
someCP-violated observables forB→Xst

1t2 in model IV
2HDM. As the main features of the model, NHB play a
important role in inducingCP violations, in particular, for
large tanb. We propose to measureACP

2 , the directCP
asymmetry in back-forward asymmetry, instead ofACP

1 , the
usual directCP violation in branching ratio, because th
former could be observed if tanb is large enough~say,>30)
and the latter is too small to be observed. It is possible
distinguish model IV from the other 2HDMs by measurin
the CP-violated observables such asACP

2 , PN if nature
chooses large tanb.
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FIG. 9. PT as function ofj, wheres50.8. Solid and dashed
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