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Phase effect of a general two-Higgs-doublet model inb˜sg
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In a general two-Higgs-doublet model~2HDM!, without thead hocdiscrete symmetries to prevent tree-level
flavor-changing-neutral currents, an extra phase angle in the charged-Higgs-fermion coupling is allowed. We
show that the charged-Higgs amplitude interferes destructively or constructively with the standard model
amplitude forb→sg depending crucially on this phase angle. The popular models I and II are special cases of
our analysis. As a result of this phase angle the severe constraint on the charged-Higgs-boson mass imposed by
the inclusive rate ofb→sg from CLEO can be relaxed. We also examine the effects of this phase angle on the
neutron electric dipole moment. Furthermore, we also discuss other constraints on the charged-Higgs-fermion

couplings coming from measurements ofB02B̄0 mixing, r0, andRb . @S0556-2821~99!02911-2#

PACS number~s!: 12.60.Fr, 11.30.Er, 12.15.Ff
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I. INTRODUCTION

One of the most popular extensions of the standard mo
~SM! is the two-Higgs-doublet model~2HDM! @1#, which
has two complex Higgs doublets instead of only one in
SM. The 2HDM allows flavor-changing neutral curren
~FCNC!, which can be avoided by imposing anad hocdis-
crete symmetry@2#. One possibility to avoid the FCNC is t
couple the fermions only to one of the two Higgs double
which is often known as model I. Another possibility is
couple the first Higgs doublet to the down-type quarks wh
the second Higgs doublet is coupled to the up-type qua
which is known as model II. Model II has been very popu
because it is the building block of the minimal supersymm
ric standard model. The physical content of the Higgs se
includes a pair ofCP-even neutral Higgs bosonsH0 andh0,
a CP-odd neutral bosonA, and a pair of charged Higg
bosonsH6.

Models I and II have been extensively studied in literatu
and tested experimentally. One of the most stringent tes
the radiative decay ofB mesons, specifically, the inclusiv
decay rate ofb→sg, which has the least hadronic uncertai
ties. The SM rate ofb→sg including the improved leading
order logarithmic QCD corrections is predicted@3# to be
(2.860.8)31024, of which the uncertainty mainly come
from the factorization scale and from the next-to-leading
der corrections.1 In the 2HDM, the rate ofb→sg can be

1The next leading order~NLO! calculations for the SM and
2HDM I and II are available very recently@4#. The SM result is
(3.2960.33)31024, which is consistent with the LO calculation
However, the NLO calculation is not available for 2HDM III an
therefore, we will use the LO result consistently throughout
paper.
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enhanced substantially for large regions in the param
space of the massMH6 of the charged-Higgs boson an
tanb5v2 /v1, wherev1 andv2 are the vacuum expectatio
values of the two Higgs doublets. CLEO published a res
of b→sg inclusive rate of (2.3260.5760.35)31024 in
1995 @5#, which is recently updated to@3.1560.35 (stat)
60.32 (syst)60.26 (mod)#31024 in 1998@6#. ALEPH also
published a result of @3.1160.80 (stat)60.72 (syst!#
31024 @7#. The 95% C.L. limit published by CLEO is als
updated to 231024,B(b→sg),4.531024 @6#. The data
are now more consistent with the SM prediction than befo
Hence, the experimental result puts a rather stringent c
straint on the charged-Higgs-boson massMH6 and tanb. In
model II, the constraint isMH6*350 GeV for tanb larger
than 1, and even stronger for smaller tanb @8#. However, in
model I the constraint is weaker because of possible dest
tive or constructive interferences with the SM amplitude, d
pending on tanb and charged-Higgs mass.

Recently, there have been some studies@9,10# on a more
general 2HDM without the discrete symmetries as in mod
I and II. It is often referred as model III. FCNC’s in gener
exist in model III. However, the FCNC’s involving the firs
two generations are highly suppressed from low-energy
periments, and those involving the third generation are no
severely suppressed as the first two generations. It imp
that model III should be parametrized in a way to suppr
the tree-level FCNC couplings of the first two generatio
while the tree-level FCNC couplings involving the third ge
eration can be made nonzero as long as they do not vio
any existing experimental data, e.g.,B02B̄0 mixing.

In this work, we simply assume all tree-level FCNC co
plings to be negligible, even though in such a simple mo
the couplings involving Higgs bosons and fermions can h
complex phaseseiu. The effects of such extra phases inb
→sg have been noticed in Ref.@11#. In this paper, we shal

e
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DAVID BOWSER-CHAO, KINGMAN CHEUNG, AND WAI-YEE KEUNG PHYSICAL REVIEW D59 115006
study carefully the constraint on the phase angle in the p
uct, l ttlbb , of Higgs-fermion couplings~see below! versus
the mass of the charged Higgs boson from the CLEO d
of b→sg. We shall show that in the calculation ofb→sg
the charged-Higgs amplitude interferes destructively
constructively with the SM amplitude depending crucia
on this phase angle and less on the charged-Higgs m
The usual models I and II are special cases in our stu
We shall also show that the previous constraints
the charged-Higgs mass and tanb of model II imposed by
the CLEO data can be relaxed in model III because
the presence of this extra phase angle. There are o
processes in which the effects of the phase angle can be
One of these that we study in this paper is the neutron e
tric dipole moment. In addition, we also discuss the co
straints from experimental measurements ofB02B̄0 mixing,
r0, andRb .

The organization is as follows. In the next section w
describe the content of the general 2HDM and write do
the Feynman rules for model III. In Sec. III, we descri
briefly the effective Hamiltonian formulation for the deca
of b→sg and derive the Wilson coefficients in model II
We present our numerical results forb→sg and study the
case of neutron electric dipole moment in Sec. IV. In Sec
we discuss other experimental constraints from meas
ments ofB02B̄0 mixing, r0, andRb . Finally, we conclude
in Sec. VI.

II. THE GENERAL TWO-HIGGS-DOUBLET MODEL

In a general two-Higgs-doublet model, both the doubl
can couple to the up-type and down-type quarks. With
loss of generosity, we work in a basis such that the fi
doublet generates all the gauge-boson and fermion mas

^f1&5S 0

v

A2
D , ^f2&50, ~1!
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wherev is related to theW mass byMW5(g/2)v. In this
basis, the first doubletf1 is the same as the SM double
while all the new Higgs fields come from the second doub
f2. They are written as

f15
1

A2
S A2G1

v1x1
01 iG0D , f25

1

A2
S A2H1

x2
01 iA0D , ~2!

whereG0 and G6 are the Goldstone bosons that would
eaten away in the Higgs mechanism to become the long
dinal components of the weak gauge bosons. TheH6 are the
physical charged-Higgs bosons andA0 is the physical
CP-odd neutral Higgs boson. Thex1

0 andx2
0 are not physical

mass eigenstates but linear combinations of theCP-even
neutral Higgs bosons:

x1
05H0 cosa2h0 sina, ~3!

x2
05H0 sina1h0 cosa, ~4!

wherea is the mixing angle. In this basis, there are no co
plings of x2

0ZZ andx2
0W1W2. We can write down@10# the

Yukawa Lagrangian for model III as

2LY5h i j
UQ̄iLf̃1U jR1h i j

DQ̄iLf1D jR

1j i j
UQ̄iLf̃2U jR1j i j

DQ̄iLf2D jR1H.c., ~5!

where i , j are generation indices,f̃1,25 is2f1,2, h i j
U,D and

j i j
U,D are, in general, nondiagonal coupling matrices, andQiL

is the left-handed fermion doublet andU jR andD jR are the
right-handed singlets. Note that theseQiL , U jR , and D jR
are weak eigenstates, which can be rotated into mass ei
states. As we have mentioned above,f1 generates all the
fermion masses and, therefore, (v/A2)hU,D will become the
up- and down-type quark-mass matrices after a bi-unit
transformation. After the transformation the Yukawa L
grangian becomes
LY52ŪMUU2D̄MDD2
g

2MW
~H0 cosa2h0 sina!~ŪMUU1D̄MDD !1

ig

2MW
G0~ŪMUg5U2D̄MDg5D !

1
g

A2MW

G2D̄VCKM
† @MU

1
2 ~11g5!2MD

1
2 ~12g5!#U2

g

A2MW

G1ŪVCKM@MD
1
2 ~11g5!2MU

1
2 ~12g5!#D

2
H0 sina1h0 cosa

A2
$Ū@ ĵU 1

2 ~11g5!1 ĵU† 1
2 ~12g5!#U1D̄@ ĵD 1

2 ~11g5!1 ĵD† 1
2 ~12g5!#D%

1
iA0

A2
$Ū@ ĵU 1

2 ~11g5!2 ĵU† 1
2 ~12g5!#U2D̄@ ĵD 1

2 ~11g5!2 ĵD† 1
2 ~12g5!#D%

2H1Ū@VCKMĵD 1
2 ~11g5!2 ĵU†VCKM

1
2 ~12g5!#D2H2D̄@ ĵD†VCKM

† 1
2 ~12g5!2VCKM

† ĵU 1
2 ~11g5!#U, ~6!
6-2
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PHASE EFFECT OF A GENERAL TWO-HIGGS-DOUBLET . . . PHYSICAL REVIEW D59 115006
whereU represents the mass eigenstates ofu,c,t quarks and
D represents the mass eigenstates ofd,s,b quarks. The trans-
formations are defined byMU,D5diag(mu,d ,mc,s ,mt,b)
5(v/A2)(LU,D)†hU,D(RU,D), ĵU,D5(LU,D)†jU,D(RU,D).
The Cabibbo-Kobayashi-Maskawa matrix@12# is VCKM
5(LU)†(LD).

The FCNC couplings are contained in the matricesĵU,D.
A simple ansatz forĵU,D would be@9#

ĵ i j
U,D5l i j

gAmimj

A2MW

~7!

by which the quark-mass hierarchy ensures that the FC
within the first two generations are naturally suppressed
the small quark masses, while a larger freedom is allowed
the FCNC involving the third generations. Herel i j ’s are of
order O(1) and unlike previous studies@9,10# they can be
complex, which give nontrivial consequences different fro
previous analyses based on models I and II. An interes
example would be the inclusive rate ofb→sg that we shall
study next. Such complexl i j ’s allow the charged-Higgs am
plitude to interfere destructively or constructively with th
SM amplitude. As we have mentioned, models I and II
special cases in our study and so the previous constraint@8#
imposed on the charged-Higgs-boson mass and tanb by the
CLEO data can be relaxed by the presence of the extra p
angle. Other interesting phenomenology of the complexl i j ’s
includes the electric dipole moments of electrons and qua
@13# as a consequence of the explicitCP violation due to the
complex phase in the charged-Higgs sector. For simpli
we chooseĵU,D to be diagonal to suppress all tree-lev
FCNC couplings and, consequently, thel i j ’s are also diag-
onal but remain complex. Such a simple scenario is suffic
to demonstrate our claims.

III. INCLUSIVE B˜Xsg

The detailed description of the effective Hamiltonian a
proach can be found in Refs.@3,14#. Here we present the
highlights that are relevant to our discussions. The effec
Hamiltonian for B→Xsg at a factorization scale of orde
O(mb) is given by

Heff52
GF

A2
Vts* VtbF(

i 51

6

Ci~m!Qi~m!

1C7g~m!Q7g~m!1C8G~m!Q8G~m!G . ~8!

The operatorsQi can be found in Ref.@3#, of which theQ1
and Q2 are the current-current operators andQ32Q6 are
QCD penguin operators.Q7g andQ8G are, respectively, the
magnetic penguin operators specific forb→sg and b→sg.
Here we also neglect the mass of the external strange q
compared to the external bottom-quark mass.

The factorization in Eq.~8! facilitates the separation o
the short-distance and long-distance parts, of which
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short-distance parts correspond to the Wilson coefficientsCi
and are calculable by perturbation while the long-distan
parts correspond to the operator matrix elements. The ph
cal quantities based on Eq.~8! should be independent of th
factorization scalem. The natural scale for factorization is o
order mb for the decayB→Xsg. The calculation of the
Ci(m)’s divides into two separate steps. First, at the el
troweak scale, sayMW , the full theory is matched onto th
effective theory and the coefficientsCi(MW) at theW-mass
scale are extracted in the matching process. In a while,
shall present these coefficientsCi(MW) in model III. Second,
the coefficientsCi(MW) at the W-mass scale are evolve
down to the bottom-mass scale using renormalization gr
equations. Since the operatorsQi ’s are all mixed under
renormalization, the renormalization group equations
Ci ’s are a set of coupled equations:

CW ~m!5U~m,MW!CW ~MW!, ~9!

where U(m,MW) is the evolution matrix andCW (m) is the
vector consisting ofCi(m)’s. The calculation of the entries
of the evolution matrixU is nontrivial but it has been written
down completely in the leading order@3#. The coefficients
Ci(m) at the scaleO(mb) are given by@3#

Cj~m!5(
i 51

8

kji h
ai ~ j 51, . . . ,6!, ~10!

C7g~m!5h16/23C7g~MW!1 8
3 ~h14/232h16/23!C8G~MW!

1C2~MW!(
i 51

8

hih
ai, ~11!

C8G~m!5h14/23C8G~MW!1C2~MW!(
i 51

8

h̄ih
ai, ~12!

with h5as(MW)/as(m). The ai ’s, kji ’s, hi ’s, and h̄i ’s can
be found in Ref.@3#.

Once we have all the Wilson coefficients at the sc
O(mb) we can then compute the decay rate ofB→Xsg. The
decay amplitude forB→Xsg is given by

A~B→Xsg!52
GF

A2
Vts* VtbC7g~m!^Q7g&, ~13!

in which we use the spectator approximation to evaluate
matrix element̂ Q7g& and mB.mb . The decay rate ofB
→Xsg is given by

G~B→Xsg!5
GF

2 uVts* Vtbu2aemmb
5

32p4
uC7g~mb!u2, ~14!

whereC7g(mb) is given in Eq.~11!. Since this decay rate
depends on the fifth power ofmb , a small uncertainty in the
choice ofmb will create a large uncertainty in the decay ra
therefore, the decay rate ofB→Xsg is often normalized to
the experimental semileptonic decay rate as
6-3
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DAVID BOWSER-CHAO, KINGMAN CHEUNG, AND WAI-YEE KEUNG PHYSICAL REVIEW D59 115006
G~B→Xsg!

G~B→Xcen̄e!
5

uVts* Vtbu2

uVcbu2
6aem

p f ~mc /mb!
uC7g~mb!u2,

~15!

where f (z)5128z218z62z8224z4 ln z.
The remaining task is the calculation of the Wilson co

ficients Ci(MW) at theW-mass scale. The necessary Fey
man rules can be obtained from the Lagrangian in Eq.~6!. As
we have mentioned, we assume all tree-level FCNC c
plings negligible and, therefore, the neutral-Higgs bosons
not contribute at tree level or at one-loop level. The on
contributions at one-loop level come from the charged-Hig
bosonsH6, the charged Goldstone bosonsG6, and the SM
W6 bosons.

The coefficientsCi(MW) at the leading order in model II
are given by

Cj~MW!50 ~ j 51,3,4,5,6!, ~16!

C2~MW!51, ~17!

C7g~MW!52
A~xt!

2
2

A~y!

6
ul ttu21B~y!l ttlbb , ~18!

C8G~MW!52
D~xt!

2
2

D~y!

6
ul ttu21E~y!l ttlbb ,

~19!

wherext5mt
2/MW

2 , andy5mt
2/MH6

2 . The Inami-Lim func-
tions @15# are given by

A~x!5xF8x215x27

12~x21!3
2

~3x222x! ln x

2~x21!4 G , ~20!

B~y!5yF 5y23

12~y21!2
2

~3y22! ln y

6~y21!3 G , ~21!

D~x!5xFx225x22

4~x21!3
1

3x ln x

2~x21!4G , ~22!

E~y!5yF y23

4~y21!2
1

lny

2~y21!3G . ~23!

The SM results for the Wilson coefficientsCi(MW) for i
51, . . . ,6 are thesame as in Eqs.~16! and ~17!, while
C7g(MW) andC8G(MW) only have the first term as in Eqs
~18! and ~19!, respectively. Thus, we already have all t
necessary pieces to compute the decay rate ofB→Xsg.

Before we leave this section we would like to emphas
that the expressions forCi(MW) in Eqs.~16!–~19! obtained
for model III can be reduced to the results of models I and
by the following substitutions:
11500
-
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o
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l tt→ cotb and lbb→ cotb ~ for model I!, ~24!

and

l tt→ cotb and lbb→2 tanb ~ for model II!. ~25!

IV. RESULTS

We use the following inputs@3,16,17# for our calcula-
tion: mt5173.8 GeV, MW580.388 GeV, uVts* Vtbu2/

uVcbu250.95, mc /mb50.3, and B(b→ce2n̄)510.45
60.21%, aem(mb).1/133, and as(MZ)50.119 and a
1-loop as is employed. The branching ratioB(B→Xsg) is
calculated using Eq.~15!. The free parameters are thenMH6,
l tt , andlbb , as in Eqs.~18! and ~19!.

Since the term proportional tol ttlbb is, in general, com-
plex we letl ttlbb5ul ttlbbueiu. We show the contours of the
branching ratio in the plane ofu and MH6 for ul ttlbbu
53,1,0.5 in Figs. 1~a!, 1~b!, and 1~c!, respectively. The con-
tours are symmetric aboutu5180°. The contours areB
5(2,2.8,4.5)31024, which correspond to 95% C.L. lowe
limit, the SM value, and the 95% C.L. upper limit. The valu
of ulbbu is set at 50 as preferred in theRb constraint that will
be shown in the next section. The corresponding values
ul ttu are 0.06, 0.02, and 0.01, which satisfy the constra
from theB02B̄0 mixing, as will also be discussed in the ne
section. Here the term proportional toul ttu2 is not crucial
because the coefficient oful ttu2 is small compared with the
other two terms in Eqs.~18! and ~19!.

The results of the conventional model II~which can be
obtained from our general results by the substitution:l tt
→ cotb, lbb→2 tanb) can be read off from Fig. 1~b! at u
5180°. Theb→sg data severely constrainMH6*350 GeV
at 95% C.L. level, because atu5180° the SM amplitude
interferes entirely constructively with the charged Higg
boson amplitude. It is obvious that at other angles the m
of the charged Higgs-boson mass is less constrained; e
cially, in the rangeu550° –90° the entire range of charge
Higgs-boson mass is allowed by theb→sg constraint as
long as ul ttlbbu&1. However, whenul ttlbbu is getting
larger, say 3@see Fig. 1~a!#, the allowed range of charge
Higgs-boson mass becomes narrow. This is because
charged Higgs-boson amplitude becomes too large comp
with the SM amplitude. On the other hand, whenul ttlbbu
becomes small the allowed range charged Higgs-boson m
is enlarged, as shown in Fig. 1~c!. The significance of the
phase angleu is that the constraints previously onMH6 and
tanb are evolved intou, MH6, l tt , andlbb , where we do
not need to imposeul ttu51/ulbbu, as in model II. The previ-
ous tight constraint onMH6 of model II is now relaxed in
model III down to virtually the direct search limit of almos
60 GeV at the CERNe1e2 collider LEPII @18#.

The phaseu of l ttlbb can give rise to the neutron electr
dipole moment~NEDM!. The physics involved can be un
derstood as follows. First, at the electroweak scale the ph
u induces theCP violating color dipole moment~CDM! of
the b quark. Second, the CDM ofb quark evolves by renor-
malization to the scale atmb and turns into the Weinberg
operator@19# ~i.e., the gluonic CDM@20#! when theb-quark
6-4



e

on
al

-

d

ra-

e
the

om

ure-

PHASE EFFECT OF A GENERAL TWO-HIGGS-DOUBLET . . . PHYSICAL REVIEW D59 115006
field is integrated away. Finally, this gives NEDM at th
nucleon mass scale:

dn
g5gs

3~m!Cg~m!^Og~m!&,

where

FIG. 1. Contour plot of the branching ratiob→sg versusMH
6

and the phase ofl ttlbb for various values oful ttlbbu53,1,0.5. The
shaded areas are excluded by the NEDM constraintudnu,10225

e•cm.
11500
Og5 1
6 f abc«dnabGab

a Gld
b Gln

c . ~26!

Weinberg suggested the hadronic scalem to be set at the
value such thatgs(m)54p/A6. Instead we choosem at the
nucleon mass. The hadronic matrix element^Og(m)& is very
uncertain. A typical estimate from the naive dimensi
analysis~NDA! @21# relates the matrix element to the chir
symmetry breaking scaleMx52pFp51.19 GeV,

Og5
eMx

4p
jg~m!. ~27!

The parameterjg is set to be 1 in NDA, but other calcula
tions result in differentjg . QCD sum rule performed by
Chemtob@22# givesjg50.07. Scaling argument by Bigi an
Uraltsev@23# yields a valuejg50.03. We choosejg50.1 for
our analysis. The Wilson coefficient of the Weinberg ope
tor Cg evolves according to the renormalization group~RG!
equation@24# and matches@25,26# that induced by the CDM
Cb of theb quark at the scalemb . Our definitions of Wilson
coefficients follow the notation in Ref.@26#,

Cg~m!5
1

32p2 Cb~mb!S as~mb!

as~mc!
D 54/25S as~mc!

as~m! D 54/27

.

~28!

The CDM of theb quark comes from the CP violation of th
charged Higgs coupling at the electroweak scale and at
scalemb it is given by

Cb~mb!5
A2GF

16p2
Im ~l ttlbb!

2

3
HS mt

2

MH6
2 D S as~mW!

as~mb! D
14/23

,

~29!

where the functionH is

H~y!5
3

2

y

~12y!2 S y232
2 loggy

12y D . ~30!

Note thatH(1)51 whenMH65mt . Numerically,

dn
g510225e•cm Im~l ttlbb!S a~mn!

a~m! D 1/2S jg

0.1DHS mt
2

MH6
2 D .

~31!

The experimental limit,

dn,10225e•cm, ~32!

places an upper bounduIm (l ttlbb)u&1 on the coupling
product for our choice of parameters,jg50.1, m5mn when
MH6.mt . The bound is sensitive to uncertainties inm and
jg , but not much inMH6. The function valueH decreases
only by a factor of 1.6 as the charged Higgs mass varies fr
50 GeV to 200 GeV.

In Fig. 1, the constraint on theMH6 versusu is given by
the shaded areas which are excluded by the NEDM meas
ment.

For the case of rather largeul ttlbbu@1, the phase be-
comes restricted to the forward regionu;0 or the backward
regionp. However, the backward region (u;p) is not pref-
6-5
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erable for MH6&500 GeV due to the constraint fromb
→sg. If the charged Higgs boson is this light with larg
couplings to theb andt quarks, the NEDM analysis require
a small phase in the forward region. On the other hand, w
ul ttlbbu,0.7, the NEDM constraint becomes ineffective a
the constraint fromb→sg remains useful.

Other places to look for the effects of this angleu include
other b→s,d decays,CP violation effects inb→sg @11#,

b→sl l̄ , and the electric dipole moments of fermions via
2-loop mechanism@13#.

On the other hand, this phase angleu will not show up in
other existing constraints liker0 , Rb , and flavor-mixing.
The previous argument that the 2HDM only has a very n
row window left to accommodate all the constraints fro
B(b→sg), r0 , Rb , and flavor-mixing is now not true be
cause of the possible phase angle in model III that we
considering. The narrow window onMH6 opens up. We
shall summarize the other constraints onl tt , lbb , and Higgs
masses in the next section.

V. OTHER CONSTRAINTS

Direct searches for Higgs bosons in 2HDM at LEPII@18#
place the following limits on Higgs boson masses:

Mh0.77 GeV, MA.78 GeV, MH6.56259 GeV,
~33!

where theMh0 andMA mass limits are obtained by combin
ing the four LEP experiments but no combined limit onMH6

is available @18#. We shall then discuss other constrain
from precision measurements.

A. K02K̄0, D02D̄0, and B02B̄0

TheseF02F̄0 (F5K,D,B) flavor-mixing processes ca
occur via tree-level, penguin, and box diagrams in model
@10#. One particular argument against model III is that
allows FCNC at the tree level, but with a lot of freedom
picking the parametersl i j it certainly survives all the presen
FCNC constraints. The tree-level diagrams for theseDF
52 processes can be eliminated by choosinglui ,ld j very
small. Actually, in our study we have setl i j 50 (iÞ j );
therefore, all tree-level FCNC diagrams are eliminated a
so are the penguin diagrams. However, there are impor
contributions coming from the box diagrams with th
charged Higgs boson. Naively, to suppress the char
Higgs contribution we need to increase the charged Hi
boson mass or decreasel tt . We shall obtain a set of bound
using the experimental measurementxd of B02B̄0 in the
following @K02K̄0 and D02D̄0 mixings are small in our
model because of the mass hierarchy choice ofĵ i j

U,D in Eq.
~7!#.
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The quantity that parametrizes theB02B̄0 mixing is

xd[
DmB

GB

5
GF

2

6p2
uVtd* u2uVtbu2f B

2BBmBhBtBMW
2 ~ I WW1I WH1I HH!

~34!

where@27#

I WW5
x

4 F11
329x

~x21!2
1

6x2logx

~x21!3G ,

I WH5xyul ttu2F ~4z21! logy

2~12y!2~12z!

2
3 logx

2~12x!2~12z!
1

x24

2~12x!~12y!G ,

I HH5
xyul ttu4

4 F 11y

~12y!2
1

2y logy

~12y!3G ,

where x5mt
2/MW

2 , y5mt
2/MH6

2 , z5MW
2 /MH6

2 , and the
running top massmt5mt(mt)5166 GeV. We use these in
puts @17,16,3#: uVtbu51, f B

2BB5(0.175 GeV)2(1.4), mB

55.2798 GeV, hB50.55, and xd50.73460.035, tB
51.56 ps. Since the allowable range ofuVtdu is from 0.004 to
0.013 @17#, we use a central value foruVtdu obtained using
the central value ofxd and it givesuVtdu.0.0084~which is
the central value given in the Particle Data Group book
@17#!. We then obtain bounds onl tt and MH6 by the 2s
limit of xd assuming the only error comes fromxd measure-
ment ~see Fig. 2!:

MH6*77 ~60! GeV for ul ttu&0.3 ~0.28!, ~35!

FIG. 2. Contour plot of theB02B̄0 mixing parameterxd in the
plane oful ttu and the charged Higgs boson mass. The experime
value isxd50.73460.035.
6-6
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which means virtually no limit on the charged Higgs bos
mass iful ttu&0.28, because the present direct search limit
charged Higgs boson is about 56–59 GeV@Eq. ~33!#. We
have improved the results in Refs.@28,10# because we are
using an updated value ofxd . In the context of models I and
II the bound isMH6*77(60) GeV for tanb*3.3(3.6). For
tanb gets close to 1,MH6.1 TeV.

B. r0

r was introduced to measure the relation between
masses ofW and Z bosons. In the SMr5MW

2 /MZ
2 cosuw

51 at the tree level. However, ther parameter receive
contributions from the SM corrections and from new phy
ics. The deviation from the SM predictions is usually d
scribed by the parameterr0 defined by@16#

r05
MW

2

rMZ
2 cos2 uw

, ~36!

where ther in the denominator absorbs all the SM corre
tions, among which the most important SM correction
1-loop level comes from the heavy top-quark:

r.11Dr top511
3GF

8A2p2
mt

2 , ~37!

in which Dr top is about 0.0095 formt5173.8 GeV. By defi-
nition r0[1 in the SM. The reported value ofr0 is @16#

r050.999620.0013
10.0017 ~2s!. ~38!

In terms of new physics~2HDM here! the constraint be-
comes

20.0017,Dr2HDM,0.0013. ~39!

In 2HDM r0 receives contribution from the Higgs boso
given by, in the context of model III@28,29,10#,

Dr2HDM5
GF

8A2p2
@sin2 aF~MH6,MA ,MH0!

1 cos2 aF~MH6,MA ,Mh0!#, ~40!

where

F~m1 ,m2 ,m3!5m1
22

m1
2m2

2

m1
22m2

2
logS m1

2

m2
2D

2
m1

2m3
2

m1
22m3

2
logS m1

2

m3
2D

1
m2

2m3
2

m2
22m3

2
logS m3

2

m3
2D .
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Sincer0 is constrained to be around 1 we have to minim
the contributions ofDr2HDM . Without loss of generosity we
set a50, which means that the heavier neutral HiggsH0

decouples and the first Higgs doublet can be identified as
SM Higgs doublet, while the second Higgs doublet is t
source of new physics. The leading behavior ofDr2HDM

scale asMH6
2 and, therefore, the constraint ofr0 in Eq. ~38!

puts an upper bound onMH6. Actually, if the charged Higgs
massMH6 is betweenMA andMh0 the Dr2HDM is negative.
However, this is not the favorite scenario because in the c
of Rb the experimental result prefersMA.Mh0'80–120
GeV, that will be discussed in the next subsection. In t
caseMA.Mh0, Dr2HDM is positive and, therefore, we wan
to keep it small. Using Eq.~40! for MA.Mh0580–120
GeV, the charged Higgs mass is constrained to be

MH6&1802220 GeV. ~41!

C. Rb

Rb was about13.7s above the SM value a few year
ago, but now the deviation is reduced to11s after almost
all LEP data have been analyzed@16#. Rb

exp still places a
constraint on the 2HDM, though it is much less severe th
before. This is because only a narrow window exists in
neutral Higgs bosons that does not decreaseRb while the
charged-Higgs boson always decreasesRb . We shall divide
the discussion into two parts: neutral-Higgs contribution a
charged-Higgs contribution.

According to Ref.@29# the contribution from the neutra
Higgs boson is positive in a narrow window of 20 Ge
,MA.Mh0,120 GeV and is negative otherwise. Since t
charged Higgs boson contribution always decreasesRb , it
makes more sense to require the neutral Higgs contribu
to be positive. Here we adapt the formulas in Ref.@29# to
model III. First, the contribution from the neutral Higg
bosons only depends onulbbu and the masses of the neutr
Higgs bosons. Again without loss of generosity, we set
scalar Higgs-boson mixing anglea50 in order to decouple
the heavierH0. We show the resultantRb due to the presence
of the neutral Higgs bosons in Fig. 3~a! for ulbbu530,50,70,
whereRb

SM50.2158,Rb
exp50.2165660.00074@16#, and the

1s is taken to be the standard deviation of the experime
result. In Fig. 3~a! the horizontal lines represent theRb

SM,
11s, and12s values. TheRb

exp is almost at the11s line.
If we allow only 1s value belowRb

exp, we needMh0'MA

'80–120 GeV with a fairly largeulbbu. For ulbbu as large as
70 the enhancement can be as large as11s at MH6580
GeV. On the other hand, if we allow 2s belowRb

exp, then we
can have all the range ofMh0'MA.80 GeV, as can be see
in Fig. 3~a!. At any rate, the preferred scenario isMh0

'MA580–120 GeV with a fairly largeulbbu. How large
shouldulbbu be? It depends on the charged Higgs contrib
tion as well.
6-7
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Since the charged Higgs-boson contribution is alwa
negative, we want to make it as small as possible. This c
tribution depends onul ttu, ulbbu, andMH6. The effect onRb

due to the presence of the charged Higgs boson is show
Fig. 3~b! for ulbbu530,50,70 andul ttu50.05. In Fig. 3~b! the
horizontal lines represent theRb

SM and 61s. The Rb
exp is

very close to11s line. It is clear from the graph that be
cause we do not want the charged Higgs contribution to
duceRb

SM by more than 1s, we requireMH6*60 ~220! GeV
for ulbbu550 ~70!.

SinceRb
exp is only 11s away fromRb

SM, it is not neces-
sary to keep the narrow window ofMA andMh0 if we allow
2s below the experimental data. In this case,Mh0 and MA

can be widened to much larger masses, and so ther0 con-
straint on the ceiling of the charged Higgs mass will also
relaxed. However,MH6 cannot be too small, otherwiseRb

will be decreased to an unacceptable value.

Summarizing this section the constraints byB02B̄0 mix-
ing, r0, and Rb give the following preferred scenario:~1!
MA.Mh0580–120 GeV;~2! ulbbu.50; ~3! ul ttu&0.3; ~4!
80 GeV &MH6&200 GeV.

FIG. 3. TheRb[G(Z→bb̄)/Ghad due to the presence of~a! the
neutral Higgs bosons,MA.Mh0 and ~b! the charged Higgs boson
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s
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VI. CONCLUSIONS

We have demonstrated that in model III of the gene
two-Higgs-doublet model the charged-Higgs-fermi
couplings can be complex, even in the simplified case
no tree-level FCNC couplings. The phase angle in
complex charged-Higgs-fermion coupling determines
interference between the standard model amplitude
the charged-Higgs amplitude in the process ofb→sg.
We found that forulbbl ttu.1 there is a large range of th
phase angle (u'50° –90° and 270° –310°) such that the ra
of b→sg is within the experimental value for all rang
of MH6. In other words, the previous tight constraints
MH6 of model II from the CLEOb→sg rate is relaxed in
model III, depending on this phase angle. In addition,
also examined the effect of this phase angle on the neu
electric dipole moment and discussed other experime
constraints on model III. The necessary constraints
already listed at the end of the last section. Here we offer
following comments.

~1! The phase angle induces aCP-violating chromoelec-
tric dipole moment of theb-quark, which leads to a substan
tial enhancement in neutron electric dipole moment. The
perimental upper limit on neutron electric dipole mome
thus places an upper bound on the couplings:ul ttlbbusinu
&0.8 forMH6'100 GeV. This bound has large uncertainti
due to the hadronic matrix element of the neutron and
factorization scale.

~2! The phase angle will also cause otherCP-violating
effects in other processes, e.g., the decay rate difference

tweenb→sg andb̄→ s̄g @11#, and in lepton asymmetries o
b→sl1l 2. These processes will soon be measured at
future B factories.

~3! Other experimental measurements, likeF02F̄0 mix-
ing, r0, and Rb , constrain only the magnitude of the cou
plings and the Higgs-boson masses but not the phase a

~4! The B02B̄0 mixing measurement can only constra
the charged-Higgs mass andul ttu loosely because the mixing
parameterxd depends onuVtdu, which is not yet well mea-
sured. Other uncertainties come from the hadronic fact
f B , BB , andhB . Actually, the mixing parameterxd is often
used to determineuVtdu.

~5! As we have mentioned, ifRb
SM gets closer to the SM

value the constraint on the neutral Higgs-boson massesMA
and Mh0580–120 GeV will go away completely. On th
other hand, the charged-Higgs boson mass is still require
be larger than about 60 GeV~for ulbbu550) in order not to
decreaseRb significantly.
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