
PHYSICAL REVIEW D 69, 014002 ~2004!
B0-B̄0 mixing and B\Xsg decay in the third type 2HDM: Effects of NLO QCD contributions
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In this paper, we calculate the next-to-leading order~NLO! new physics contributions to the mass splitting
DMBd

and the branching ratioB(B→Xsg) induced by the charged Higgs loop diagrams in the third type of
two-Higgs-doublet models~model III! and draw the constraints on the free parameters of model III. For the
model III under consideration, we find that~a! an upper limitul ttu<1.7 is obtained from the precision data of
DMBd

50.50260.007 ps21, while ul ttu'0.5 is favored phenomenologicaly,~b! for B→Xsg decay, the NLO
QCD contributions tend to cancel the LO new physics contributions,~c! a light charged Higgs boson with a
mass around or even less than 200 GeV is still allowed at the NLO level by the measured branching ratio
B(B→Xsg), numerically, 188<MH<215 GeV for (ul ttu,ulbbu)5(0.5,18), ~d! the NLO QCD contributions
tend to cancel the LO contributions effectively, the lower limit onMH being consequently decreased by about
200 GeV, and~e! the allowed region ofMH will be shifted toward the heavy mass end for a nonzero relative
phaseu between the Yukawa couplingsl tt andlbb . The numerical results for the conventional model II are
also presented for the sake of comparison.

DOI: 10.1103/PhysRevD.69.014002 PACS number~s!: 13.20.He, 12.60.Fr, 14.40.Nd
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I. INTRODUCTION

Among the physical observables ofB meson mixing and
decays, the mass splittingDMBd

and the branching ratio

B(B→Xsg) have been measured with high precision. T
recent world averages as given in Refs.@1–3# are

B~B→Xsg!5~3.3460.38!31024, ~1!

DMBd
50.50260.007 ps21, ~2!

which are in perfect agreement with the next-to-leading or
standard model~SM! predictions, for example, presented
Refs. @4# and @5#. Obviously, there is only a little room lef
for new physics effects beyond the SM. By comparing
theoretical predictions with the precision data, strong c
straints on the parameter space of new physics models ca
obtained.

During the past decade, theB→Xsg decay has been stud
ied in great detail in the SM and various new physics m
els. At present, the complete next-to-leading order~NLO!
calculations of this decay mode are available for the S
@6–11#, for the conventional two-Higgs-doublet mode
~2HDM! @4,9,12,13#, for some supersymmetric mode
@14,15#, and for left-right symmetric models@15#. The stud-
ies at leading order~LO! for model III @16–19#, for the top-
two-Higgs-doublet model@20#, and the technicolor model
@21# are also available. From relevant theoretical calcu
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tions, we know that the rare decayB→Xsg is very sensitive
to the new physics contributions and has been used as
first test for new physics models.

In Ref. @4#, Borzumati and Greub studied theB→Xsg
decay in NLO QCD in a class of models containing at le
two Higgs doublets, with only one charged Higgs boson n
decoupled at low energy, and found the constraints on
mass of charged Higgs boson for model II: the popu
type-II two-Higgs-doublet model. In this paper, we will ex
tend their work@4# to the case of model III~the third type
two-Higgs-doublet model@22#!, to constrain the charged
Higgs boson massMH , as well as the Yuakawa couplingsl tt

andlbb after the inclusion of the NLO QCD corrections.

The strength of theBd
0-B̄d

0 mixing is described by the
mass splittingDMBd

. In the SM, DMBd
is strongly domi-

nated by the box diagrams involving the heavy top quark a
W gauge boson. In new physics models, the box diagra
where one or twoW gauge bosons are replaced by oth
charged particles can also contribute to this quantity. T
well measuredDMBd

therefore can be used to constrain t

new physics models.
In Ref. @5#, the authors presented a calculation of the m

splittingDMBd
at the NLO level in the conventional model

and found that the NLO corrections enhance the LO res
by about 18%. In Ref.@18#, the LO new physics contribu
tions to DMBd

have been calculated in model III and th

constraint on the Yukawa couplingl tt was also given by
neglecting the large uncertainty of the nonperturbative

rameterf Bd
AB̂Bd

. We here will calculate the charged Higg

contribution to mass splittingDMBd
at the NLO level in the
©2004 The American Physical Society02-1
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model III, use the new high precision data to constrainuVtdu
and ul ttu and consider the effects of the large uncertainty

f Bd
AB̂Bd

.
This paper is organized as follows. In Sec. II, we descr

the basic structures of model III, and give a brief revie
about the known constraints on model III presented in p
vious works. In Sec. III, we calculate the mass splitti
DMBd

at the NLO level in model III and draw the constrai

on ul ttu by employing the new precision data. In Sec. IV, t
NLO new physics contributions to the branching ratioB(B
→Xsg) in model III are calculated and analyzed in gre
detail. The numerical results for the conventional model II
the NLO level are also presented as a comparison. The
clusions are included in the final section.

II. STRUCTURE OF MODEL III AND CONSTRAINT

The simplest extension of the SM is the so-called tw
Higgs-doublet models@23,24#. In such models, the tree leve
flavor-changing neutral currents~FCNCs! are absent if one
introduces anad hoc discrete symmetry to constrain th
2HDM scalar potential and Yukawa Lagrangian. Let us co
sider a Yukawa Lagrangian of the form@17#

LY5h i j
UQ̄i ,Lf 1̃U j ,R1h i j

DQ̄i ,Lf1D j ,R1j i j
UQ̄i ,Lf 2̃U j ,R

1j i j
DQ̄i ,Lf2D j ,R1H.c., ~3!

where f i ( i 51,2) are the two Higgs doublets,f̃1,2

5 i t2f1,2* , Qi ,L (U j ,R) with i 5(1,2,3) are the left-hande
isodoublet quarks~right-handed up-type quarks!, D j ,R are the
right-handed isosinglet down-type quarks, whileh i , j

U,D and
j i , j

U,D ( i , j 51,2,3 are the family indices! are generally the
nondiagonal matrices of the Yukawa coupling. By imposi
the discrete symmetry

f1→2f1 , f2→f2 , Di→2Di , Ui→7Ui ~4!

one obtains the so called model I and model II. In mode
the third and fourth terms in Eq.~3! will be dropped by the
discrete symmetry; therefore, both the up- and down-t
quarks get mass from Yukawa couplings to the same Hi
doubletf1, while the f2 has no Yukawa couplings to th
quarks. For model II, on the other hand, the first and fou
terms in Eq.~3! will be dropped by imposing the discret
symmetry. Model II has, consequently, the up- and dow
type quarks getting mass from Yukawa couplings to two d
ferent scalar doubletsf1 andf2.

During the past years, models I and II have been stud
extensively in literature at LO@26# and NLO levels
@4,9,12,13# and tested experimentally. Model II has be
very popular since it is the building block of the minim
supersymmetric standard model. In this paper, we focus
the third type of 2HDM@22#, usually known as model III
@17,22#. In model III, no discrete symmetry is imposed a
both up- and down-type quarks then may have diago
and/or flavor-changing couplings withf1 and f2. As de-
scribed in Ref. @17#, one can choose a suitable bas
(H0,H1,H2,H6) to express two Higgs doublets@17#,
01400
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f15
1

A2
S A2x1

v1H01 ix0D , f25
1

A2
S A2H1

H11 iH 2D , ~5!

and take their vacuum expectation values as the form

^f1&5S 0

v/A2
D , ^f2&50, ~6!

wherev5(A2GF)21/25246 GeV. The transformation rela
tion between (H0,H1,H2) and the mass eigenstate
(H̄0,h0,A0) can be found in Ref.@17#. TheH6 are the physi-
cal charged Higgs bosons,H0 and h0 are the physicalCP-
even neutral Higgs bosons and theA0 is the physical CP-odd
neutral Higgs boson. After the rotation of quark fields, t
Yukawa Lagrangian of quarks are of the form@17#,

L Y
III 5h i j

UQ̄i ,Lf 1̃U j ,R1h i j
DQ̄i ,Lf1D j ,R1 ĵ i j

UQ̄i ,Lf 2̃U j ,R

1 ĵ i j
DQ̄i ,Lf2D j ,R1H.c., ~7!

whereh i j
U,D correspond to the diagonal mass matrices of

and down-type quarks, while the neutral and charged flav
changing couplings1 will be @17#

ĵneutral
U,D 5jU,D, ĵcharged

U 5jUVCKM , ĵcharged
D 5VCKMjD,

~8!

with

j i j
U,D5

gAmimj

A2MW

l i j , ~9!

where VCKM is the Cabibbo-Kobayashi-Maskawa mixin
matrix @25#, i , j 5(1,2,3) are the generation indices. It is ea
to see from Eq.~9! that the FCNC within the first two gen
erations are naturally suppressed by the small quark mas
while a larger freedom in still allowed for the FCNC involv
ing the top and bottom quarks. The coupling constantsl i j
are free parameters to be determined by experiments,
they may also be complex.

In the conventional model I and model II, the only add
tional contribution to theB→Xsg decay with respect to the
SM comes from the charged Higgs boson–top quark peng
diagrams and depends on the mass of the charged H
boson, MH6, and on tanb5v2 /v1, where v1,2 are the
vacuum expectation values off1,2. From currently available
studies at the NLO level@4,9,12,13#, one get to know the
following main features of model II:

~a! The charged Higgs penguins interfere constructiv
with their SM counterparts, and thus always enhance
branching ratioB(B→Xsg). The excellent agreement be
tween theory and experiments for the decay rate there
leads to a strong lower bound on the massMH6. One typical
lower bound~99% C.L.! at NLO level as given in Ref.@9# is

1We make the same ansatz on thej i j
U,D couplings as in Ref.@17#.

For more details about the definition ofĵU,D, see Ref.@17#.
2-2
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B0-B̄0 MIXING AND B→Xsg DECAY IN THE THIRD . . . PHYSICAL REVIEW D69, 014002 ~2004!
MH6.315 GeV ~10!

for any value of tanb.
~b! The inclusion of NLO corrections shift the lowe

bound up by about 30%@12#. In other words, the lower
bound onMH6 will become stronger in the NLO level tha
that in the LO level. One lower bound as given in Ref.@12#
is MH6.258 GeV using the LO calculation, butMH6

.368 GeV using the NLO calculation.
~c! The lower bound onMH6 from the measured branch

ing ratio B(B→Xsg) depends very sensitively on small e
fects, and in particular on the way various errors are co
bined. The difference is usually about 100 GeV or ev
larger @12#. Since the theoretical error is significantly r
duced at the NLO level, improving the calculation to t
NLO has important effects on the lower bounds onMH6.

~d! The bound onMH6 from theB→Xsg decay is much
stronger than those from other experiments. As shown in
4 of Ref. @9#, for example, the direct limit from LEP exper
ments is only MH6.78.6 GeV @2#, the ratio Rb5G(Z
→bb̄)/G(Z→hadrons) is relevant only for very small tanb,
while rareB→t decays constrainMH6 only for large tanb.

~e! The tanb dependence of the lower bound saturates
tanb*5.

For model I, however, no bound onMH6 can be obtained
from B→Xsg @27#, since the charged Higgs loops interfe
destructively with the SM penguin diagrams and decou
for large tanb.

Although many phenomenological investigations ha
been done in the framework of model III@16–19,22,28,29#,
the situation here is still not as clear as in model II, sin
there are many more free parameters in model III than
model II. As pointed in Ref.@17#, the data ofK0-K̄0 and
Bd

0-B̄d
0 mixing processes put severe constraint on the flav

changing couplings involving the first generation of quar
It is therefore reasonable to assume that the Yukawa c
plings involving theu andd quarks are zero:lu j5ld j50 for
j 51,2,3.

In Ref. @18#, Chaoet al. studied the decayb→sg at the
leading order by assuming that only the couplingsl tt and
lbb are nonzero. They found that the constraint onMH6

imposed by the CLEO data ofb→sg can be greatly relaxed
by considering the phase effects ofl tt and lbb . The con-
straints fromB0-B0 mixing, the neutron electric dipole mo
ment ~NEDM!, the Z0-pole parameterr, andRb were also
considered in Ref.@18#. The Chao-Cheung-Keung~CCK!
scenario of model III@18# has the following advantages:

~i! Since one keeps only the couplingsl tt andlbb that are
not zero, the neutral Higgs bosons do not contribute at
level or one-loop level. The new contributions therefo
come only from the charged Higgs loop diagrams with
heavy internal top quark.

~ii ! The new operatorsO9,10 and all flipped chirality part-
ners of operatorsO1, . . . ,10 as defined in Ref.@28# do not
contribute to the decayb→sg.

The free parameters in model III are greatly reduced
l tt , lbb , andMH6.
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In the following sections, we will calculate the NLO QCD
contributions to the mass splittingDMBd

and the branching

ratio B(B→Xsg), to find the constraints on the paramete
l tt , lbb , andMH of model III. We will study the effects of
the NLO QCD contributions in detail, and will also compa
the results in model III with those in model II.

III. B0-B̄0 MIXING IN MODEL III

B0-B̄0 mixing is in general a FCNC process generat
through weak interactions. At the lowest order of perturb
tion theory and in model III, the corresponding box diagra
that generate this process are shown in Fig. 1. The char
Higgs boson contributions toB0-B̄0 mixing at leading order
were calculated some time ago@30#. The NLO QCD correc-
tions toB0-B̄0 mixing was first presented in Ref.@31# for the
SM, and in Ref.@5# for the conventional 2HDM: model I and
model II. The possible constraints on model III from th
measured parameterxd5DMB /GB were studied, for ex-
ample, in Refs.@17,18,32# at the LO level.

A. The basic formulas

The strengths of theBq
0-B̄q

0 mixing with qP(d,s) are de-
scribed by the mass differencesDMBq

5MH
q 2ML

q where the
subscriptsH and L denote the heavy and light mass eige
states, respectively. The long distance contributions are
mated to be very small. The top-box diagram is stron
dominant, while the charm and mixed top-charm contrib
tions are entirely negligible.

Recently, great progress have been made in experime
measurements. ForDMBs

, a lower limit of DMBs

.14.1 ps21 at 95% C.L. is available. ForDMBd
, however, it

has been measured with high precision: the world aver
@2,3# is DMBd

50.50260.007 and dominated by the resul

of B factories. At the end of the LEP-CDF-SLD era,DMBd

had been measured with a relative precision of about 2
@33#. After including theB factory measurements, the prec
sion is now 1.2% and high enough to constrain the n
physics contributions effectively.

FIG. 1. The box diagrams for theBd
0-B̄d

0 mixing in the frame-
work of the 2HDM at the lowest order. More crossed diagrams
not shown. For those Feynman diagrams of NLO QCD correcti
obtained by connecting any two quark lines with a gluon line, s
the figures in Ref.@5#.
2-3
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On the theoretical side, the NLO theoretical prediction
DMBd

is available now in the SM and in some new phys

models beyond. In SM the mass differenceDMBd
can be

written as@34#

DMBd
5

GF
2

6p2
mBuVtdu2~B̂Bd

f Bd

2 !MW
2 hBS0~xt!, ~11!

with

S0~x!5
4x211x21x3

4~12x!2
2

3x3

2~12x!3
ln@x#, ~12!

B̂Bd
5BBd

~m!@as
(5)~m!#26/23F11

as
(5)~m!

4p
J5G ,

~13!

hB5@aS~m t!#
6/23F11

aS~m t!

4p S S1~xt!

S0~xt!
1Bt2J5

1
g (0)

2
ln

m t
2

MW
2

1gm0

] ln S0~xt!

] ln xt
ln

m t
2

MW
2 D G , ~14!

wherext5m̄t(m t)/MW
2 ,2 g (0)54, andgm058 for SU(3)C ,

Bt517/3 andJ555165/3174 in the NDR scheme@34#, mB

55.279 GeV@2# is Bd
0 meson mass,hB50.5560.01 sum-

marizes the NLO QCD corrections@5,31#, the function
S0(xt) describes the dominant top-box contribution,f Bd

is

the Bd
0 meson decay constant, andB̂ is the renormalization

group invariant and nonperturbative parameter. There
many works that estimate the values off Bd

andB̂Bd
in lattice

QCD calculation and in QCD sum rules@33#. The definitions
of the various quantities in Eq.~14! can be found, for ex-
ample, in Ref.@34#. Using the input parameters as given
Appendix A, we find numerically thathB50.553 and 0.496
for m t5170 GeV or m t5MW , respectively. The produc
hBS0(xt) has, however, a very weak dependence onm t at the
NLO level: the uncertainty is only 0.3% for 100 GeV<m t
<300 GeV.

With a well measuredDMBd
, one can determineuVtdu

from Eq. ~11! in the framework of the SM. Using the inpu
parameters as given in Appendix A, we find a limit onuVtdu
from the measuredDMBd

in Eq. ~11!:

uVtdu5@7.961.6~ f Bd
AB̂Bd

!60.2~mt!60.1~hB!#31023

5~7.961.7!31023, ~15!

where the uncertainties off Bd
AB̂Bd

, mt , andhB as listed in
Appendix A have been considered and added in quadra

2m̄q(m) is the runningq-quark mass in the modified minimal sub
traction (MS) scheme at the renormalization scalem. For details,
see Appendix A.
01400
f

re

re.

In the following calculations, we will use this value ofuVtdu
as input. It is easy to see that the error ofuVtdu is almost
completely determined by the uncertainty of the fac

f Bd
AB̂Bd

. If this uncertainty can be decreased by a factor
2, we would find

uVtdu5~7.961.1!31023. ~16!

Figure 2 is the contour plot inf Bd
AB̂Bd

-uVtdu plane obtained

by the using the dataDMBd
50.50260.007 ps21. The

shaded band in Fig. 2 shows the allowed region as give

Eq. ~15!. The solid line shows thef Bd
AB̂Bd

dependence of

uVtdu and the width of the line shows the effect of uncerta
ties of all other quantities appearing in Eq.~11!.

B. Mass splitting DM Bd
in models II and III

In the two-Higgs-doublet models, the charged Higgs b
son contributes to the mass splittingDMBd

. In Ref. @18#, the

authors calculated the new physics contribution toDMBd
in

model III at the leading order and presented the constrain
the l tt-MH plane by using the measuredxd5DMBd

/GB .
But they did not consider the effects of the large uncertai

of nonperturbative parameterf Bd
AB̂Bd

and the new physics

contribution to the parameterhB .
SinceDMBd

has been measured with very high precisio

we use this quantity directly instead of the parameterxd in
our calculation. We will calculate the charged Higgs cont
bution to mass splittingDMBd

at the NLO level by extending
the work in Ref.@5# to the case of model III. We will con-

sider the effects of the large uncertainty off Bd
AB̂Bd

.

FIG. 2. Contour plot ofuVtdu vs the nonperturbative paramete

f Bd
AB̂Bd

by using the well measured mass splittingDMBd
50.502

60.007 ps21. The shaded band corresponds to the limituVtdu
5(7.961.7)31023 obtained from the measuredDMBd

. The width
of the curve shows the effect of uncertainties of other quantitie
Eq. ~11!.
2-4
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In the framework of 2HDM, the NLO mass differenc
DMBd

can be written as@5#

DMBd
5

GF
2

6p2
mBMW

2 uVtdu2~B̂Bd
f Bd

2 !hB~xt ,yt!S2HDM~xt ,yt!,

~17!

with

hB~xt ,yt!5aS~MW!6/23

3F11
aS~MW!

4p S D2HDM~xt ,yt!

S2HDM~xt ,yt!
2J5D G

~18!

and

S2HDM~xt ,yt!5@S0~xt!1SWH~xt ,yt!1SHH~xt ,yt!#,
~19!

D2HDM5DSM~xt!1DH~xt ,yt!, ~20!

where xt5m̄t
2(MW)/MW

2 and yt5m̄t
2(MW)/MH

2 , and the
high energy matching scale has been chosen asm5MW . The
functionsDSM(xt) and DH(xt ,yt) in Eq. ~20! describe the
SM and new physics part of the NLO QCD corrections to
mass splittingDMBd

@5#,

DSM~xt!5CF@L (1,SM)~xt!13S0~xt!#

1CA@L (8,SM)~xt!15S0~xt!#, ~21!

DH~xt ,yt!5CF$L (1,H)~xt ,yt!

13@SWH~xt ,yt!1SHH~xt ,yt!#%

1CA$L (8,H)~xt ,yt!

15@SWH~xt ,yt!1SHH~xt ,yt!#%, ~22!

where CF54/3 and CA51/3 for SU(3)C . The function
S0(xt) describes the dominant top-box contribution in t
SM and has been given in Eq.~12!. The functions
SWH(xt ,yt) and SHH(xt ,yt) denote the new physics contr
butions from the box diagrams with one or two charg
Higgs involved@5#,

SWH~xt ,yt!5uYu2
ytxt

4 F ~2xt28yt!ln~yt!

~12yt!
2~yt2xt!

1
6xtln~xt!

~12xt!
2~yt2xt!

2
822xt

~12yt!~12xt!
G ,

~23!

SHH~yt!5uYu4
ytxt

4 F 11yt

~12yt!
2

1
2ytln@yt#

~12yt!
3 G . ~24!

And finally, the function L ( i ,H) ( i 51,8) describes the
charged Higgs contribution@5#
01400
e

L ( i ,H)~xt ,yt!52uYu2WH( i )~xt ,yt!12uYu2FH ( i )~xt ,yt!

1uYu4HH ( i )~yt!. ~25!

The explicit expressions of complicated functio
WH( i )(xt ,yt), FH ( i )(xt ,yt), andHH ( i )(yt) can be found in
Ref. @5#.

Following Ref. @4#, we here use the symbolsX and Y to
denote the Yukawa couplings between the charged Higgs
son and quarks in the general 2HDMs. In the conventio
models I and II, the couplingsX andY are real and given by

X52cotb, Y5cotb ~model I!, ~26!

X5tanb, Y5cotb ~model II!. ~27!

In model III where only the couplingsl tt andlbb are non-
zero, the relation between the couplings (X,Y) and (l tt ,lbb)
is simple:

X52lbb , Y5l tt ~model III!. ~28!

By using the input parameters as given in Appendix A, t
SM prediction forDMBd

is

DMBd
50.50620.160

10.198 ps21, ~29!

where the error comes from the uncertainty of parame

f Bd
AB̂Bd

.

In Fig. 3, we show theMH dependence ofDMBd
in model

III, assumingl tt51. The region between two horizontal do
dashed lines corresponds to the SM prediction as given
Eq. ~29!. The shaded horizontal band shows the world av
age DMBd

50.50260.007 ps21, and its width corresponds
to the error. The short-dashed, solid, and dashed curve

this figure show model III predictions forf Bd
AB̂Bd

50.19,0.23, and 0.27, respectively.
From the well measured physical observableDMBd

, one

can find the constraint onul ttu in model III. In Fig. 4, we

FIG. 3. Plots of the mass splittingDMBd
vs charged Higgs bo-

son massMH in model III.
2-5
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show the ul ttu dependence ofDMBd
in model III for

f Bd
AB̂Bd

50.19 ~the lower three curves! and f Bd
AB̂Bd

50.23 ~the upper three curves! and for MH5200 ~solid
curves!, 250 ~short-dashed curves!, and 300 GeV~dashed
curves!, respectively. The shaded band and the region
tween two horizontal lines are the same as those in Fig
From this figure, an upper bound onul ttu can be read,

ul ttu<1.7. ~30!

This bound is complementary to the constraint obtained fr
Fig. 5.

FIG. 4. Plots of the mass splittingDMBd
vs ul ttu in model III for

f Bd
AB̂Bd

50.19 ~the lower three curves! and f Bd
AB̂Bd

50.23 ~the
upper three curves! and for MH5200 ~solid curves!, 250 ~short-
dashed curves!, and 300 GeV~dashed curves!, respectively.

FIG. 5. Contour plot of the mass splittingDMBd
in the l tt-MH

plane. The measuredDMBd
50.50260.007 is used. The A area i

allowed by considering the error ofDMBd
only, but both A and B

areas will be allowed if the uncertainty off Bd
AB̂Bd

is also taken
into account.
01400
e-
3.

Figure 5 is the contour plot of the mass splittingDMBd
in

the ul ttu-MH plane, where the measuredDMBd
and the rel-

evant input parameters as given in Appendix A have b
used. The areaA in Fig. 5 will be allowed by the measure
DMBd

within 2s errors~i.e.,DMBd
50.50260.014 ps21), if

we do not consider the effect of the uncertainty off Bd
AB̂Bd

in drawing this contour plot. This region corresponds to t
allowed region in Fig. 2 of Ref.@18#, but much narrow than
that one because of the great progress of the experime
measurement ofDMBd

. If we consider the effect of the larg

uncertainty off Bd
AB̂Bd

50.2360.04 in our calculations, the

areasA plus B in the ul ttu-MH plane will be allowed by the
measuredDMBd

within 1s error, while the areasA, B, andC

will be allowed by the measuredDMBd
within 2s errors.

Since the large uncertainty off Bd
AB̂Bd

dominate the con-
tour plot, one should take it into account in the effort to lim
the free parameters in model III. As discussed previously,
uncertainty of uVtdu is strongly correlated with the uncer

tainty of f Bd
AB̂Bd

, and we therefore consider the uncertain

of f Bd
AB̂Bd

but use the central valueuVtdu50.0079 in our
calculation.

For the sake of experimental searches, one prefers a
tively light charged Higgs boson. From the contour plot F
5, the region oful ttu*0.7 is disfavored if we expect exis
tence of a light charged Higgs boson, while the parame
space of

ul ttu'0.5 and MH'200 GeV ~31!

is certainly allowed by the measured mass splittingDMBd
.

The allowed region in the contour plot will become narro
along with further improvement of the data and reduction

the large theoretical uncertainty of parameterf Bd
AB̂Bd

.

Since the new physics contributions toDMBd
depend on

uYu2 and uYu4 only, the charged Higgs contributions in mod
els II and III will be the same if we use the same value of t
Yakawa couplinguYu as input. In model II, we haveY
51/tanb. The upper limit onul ttu as given in Eq.~30! can
be translated to a lower limit on tanb,

tanb>0.6, ~32!

as can be seen directly from Fig. 6, where the upper

lower three curves correspond tof Bd
AB̂Bd

50.19 and 0.23,
respectively. The solid, short-dashed, and dashed curves
respond to the model III prediction forMH5200, 250, and
300 GeV, respectively. The shaded band and the region
tween two horizontal lines are the same as those in Fig
One can also see from this figure that the new physics c
tribution become negligible for tanb>5.

IV. THE DECAY B\Xsg IN MODEL III

In the absence of new light degrees of freedom, the n
physics contributions to the rare decayB→Xsg will manifest
2-6



fi-
on
w
M

s

nd
c

a-
ri-

nt

n

nts,
-

l

ta

B0-B̄0 MIXING AND B→Xsg DECAY IN THE THIRD . . . PHYSICAL REVIEW D69, 014002 ~2004!
itself through the new contributions to the Wilson coef
cients of the same operators involved in the SM calculati
or the new operators absent in the SM, such as operators
different chirality. The excellent agreement between S
theory and experimental data leads to strong constraint
many new physics models beyond the SM.

In this section, we calculate the branching ratioB(B
→Xsg) in model III. Here, the operator basis in the SM a
model III under study is the same. The NLO QCD corre
tions will be included in model III by extending the calcul
tions in Ref.@4#. As a comparison, we also give the nume
cal results in model II where it is necessary.

A. Effective Hamiltonian and operator basis

In the framework of the SM, if we only take into accou
operators up to dimension 6 and putms50, the effective
Hamiltonian forb→sg at the scalem reads@4#

He f f52
4GF

A2
VtsVtb* (

i 51

8

Ci~m!Oi~m!. ~33!

The operator basis introduced by Chetyrkin, Misiak, a
Münz3 ~CMM! are given by

O15~ s̄LgmTacL!~ c̄LgmTabL!, ~34!

O25~ s̄LgmcL!~ c̄LgmbL!, ~35!

O35~ s̄LgmbL!(
q

~ q̄gmq!, ~36!

3There are two popular operator basis used in literature. The s
dard basis was defined, for example, in Ref.@34#. The second one is
the CMM basis, where the fully anticommutingg5 in dimensional
regularization is employed@6#.

FIG. 6. Plots of the mass splittingDMBd
vs tanb in model II for

f Bd
AB̂Bd

50.19 ~the lower three curves! and f Bd
AB̂Bd

50.23 ~the
upper three curves! and for MH5200 ~solid curves!, 250 ~short-
dashed curves!, and 300 GeV~dashed curves!, respectively. For
details, see text.
01400
,
ith

on

-

d

O45~ s̄LgmTabL!(
q

~ q̄gmTaq!, ~37!

O55~ s̄LgmgngrbL!(
q

~ q̄gmgngrq!, ~38!

O65~ s̄LgmgngrTabL!(
q

~ q̄gmgngrTaq!, ~39!

O75
e

16p2
m̄b~m!~ s̄LsmnbR!Fmn , ~40!

O85
gs

16p2
m̄b~m!~ s̄LsmnTabR!Gmn

a , ~41!

where Ta (a51, . . . ,8) stands forSU(3)c generators,gs
ande are the strong and electromagnetic coupling consta
L,R5(17g5)/2 for the left and right-handed projection op
erators,O1 andO2 are current-current operators,O3–O6 are
the QCD penguin operators, andO7 andO8 are electromag-
netic and chromomagnetic penguin operators. In Eq.~41!,
m̄b(m) is the runningb-quark mass in the modified minima
subtraction (MS) scheme at the renormalization scalem ~see
Appendix A for details!.

B. NLO Wilson coefficients at the scaleµW and µb

To the first order inaS , the effective Wilson coefficients
at the scalemW5O(MW) can be written as@4#

Ci
eff~mW!5Ci

0,eff~mW!1
aS~mW!

4p
Ci

1,eff~mW!. ~42!

The LO Wilson coefficients at the matching energy scaleMW
take the form@4#

C2
0,eff~mW!51, ~43!

Ci
0,eff~mW!50 ~ i 51,3,4,5,6!, ~44!

C7
0,eff~mW!5C7,SM

0 ~MW!1uYu2C7,YY
0 ~MW!

1~XY* !C7,XY
0 ~MW!, ~45!

C8
0,eff~mW!5C8,SM

0 ~MW!1uYu2C8,YY
0 ~MW!

1~XY* !C8,XY
0 ~MW!, ~46!

with

C7,SM
0 5

3xt
322xt

2

4~xt21!4
ln xt1

28xt
325xt

217xt

24~xt21!3
, ~47!

C8,SM
0 5

23xt
2

4~xt21!4
ln xt1

2xt
315xt

212xt

8~xt21!3
, ~48!

n-
2-7
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C7,YY
0 5

3yt
322yt

2

12~yt21!4
ln yt1

28yt
325yt

217yt

72~yt21!3
, ~49!

C7,XY
0 5

yt

12F25yt
218yt231~6yt24!ln yt

~yt21!3 G , ~50!

C8,YY
0 5

23yt
2

12~yt21!4
ln yt1

2yt
315yt

212yt

24~yt21!3
, ~51!

C8,XY
0 5

yt

4 F2yt
214yt2322 lnyt

~yt21!3 G , ~52!

where xt5mt
2/MW

2 , yt5mt
2/MH

2 , and these leading orde
functions have no explicitmW dependence.

The NLO Wilson coefficients at the matching scalemW in
model III can be written as@4#

C1
1,eff~mW!51516 ln

mW
2

MW
2

, ~53!

C4
1,eff~mW!5E01

2

3
ln

mW
2

MW
2

1uYu2EH , ~54!

Ci
1,eff~mW!50 ~ i 52,3,5,6!, ~55!

C7
1,eff~mW!5C7,SM

1 ~mW!1uYu2C7,YY
1 ~mW!

1~XY* !C7,XY
1 ~mW!, ~56!

C8
1,eff~mW!5C8,SM

1 ~mW!1uYu2C8,YY
1 ~mW!

1~XY* !C8,XY
1 ~mW!, ~57!

where fori 57,8 the functions on the right-hand side of Eq
~56! and ~57! are

Ci ,SM
1 ~mW!5Wi ,SM1Mi ,SMln

mW
2

MW
2

1Ti ,SMS ln
mt

2

mW
2

2
4

3D ,

~58!

Ci ,YY
1 ~mW!5Wi ,YY1Mi ,YYln

mW
2

MH
2

1Ti ,YYS ln
mt

2

mW
2

2
4

3D ,

~59!

Ci ,XY
1 ~mW!5Wi ,XY1Mi ,XYln

mW
2

MH
2

1Ti ,XYS ln
mt

2

mW
2

2
4

3D .

~60!

The explicit expressions of functionsWi , j , Mi , j , and Ti , j
( i 57,8 and j 5SM,YY,XY) can be found in Ref.@4#, and
also listed in Appendix B for the convenience of the read

The new physics contributions to theB→Xsg decay are
described by the functionsCi , j

0,1(mW) with i 5(7,8) and j
5(YY,XY) as defined in Eqs.~49!–~52!, ~59!, and ~60!.
These eight functions depend on the unknownMH and the
01400
.

r.

well measuredMW andmt only, and show clear decouplin
behavior whenMH approaches infinity, as illustrated in Fig
7 for the four functionsC7,YY

0,1 (MW) and C7,XY
0,1 (MW). The

other four functionsC8,YY
0,1 (MW) and C8,XY

0,1 (MW) have very
similar decoupling behavior. Numerically, the LO new phy
ics functionsCi , j

0 (MW) are always negative and have th
same sign with their SM counterparts, while the NLO ne
physics functionsCi , j

1 (MW) are always positive and have th
opposite sign of their SM counterparts.

Of course, the new physics contributions toB→Xsg also
depend on the size and sign of the couplingsX andY, as can
be seen easily from Eqs.~49!–~52!, ~59!, and ~60!. For the
conventional model II, we have

uYu25
1

tan2b
, XY* 51, ~61!

from the definition ofX andY as given in Eq.~27!. For the
model III under study, we have

uYu25ul ttu2, XY* 52ul ttuulbbueiu, ~62!

whereu5ub2u t is the relative phase of the couplingl tt and
lbb in model III. The sign of the second term in above equ
tion can be negative or positive depending on the choice
u. In numerical calculations, we generally setu50°, unless
otherwise specified, and will study the effects of a nonzeru
in the end of this section.

Since the heavy charged Higgs bosons have been
grated out at the scalemW , the QCD running of the Wilson
coefficients Ci(mW) down to the lower energy scalemb
5O(mb) after including the new physics contributions is th

FIG. 7. Plots ofMH dependence ofC7,SM
0 (MW) ~solid line! and

the four functionsC7,YY
0,1 (MW) ~the dashed and dot-dashed curve!

and C7,XY
0,1 (MW) ~the short-dashed and dotted curves!. The decou-

pling behavior of new physics contributions can be seen clearly
2-8
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TABLE I. The ‘‘magic numbers’’ appearing in the calculations of the Wilson coefficientsCi(m) in the rare decayb→sg.

i 1 2 3 4 5 6 7 8

ai
14
23

16
23

6
23 2

12
23 0.4086 20.4230 20.8994 0.1456

h1i 0 0 1 21 0 0 0 0
h2i 0 0 2

3
1
3 0 0 0 0

h3i 0 0 2
63 2

1
27 20.0659 0.0595 20.0218 0.0335

h4i 0 0 1
21

1
9 0.0237 20.0173 20.01336 20.0136

h5i 0 0 2
1

126
1

108 0.0094 20.01 0.001 20.0017
h6i 0 0 2

1
84 2

1
36 0.0108 0.0163 0.0103 0.0023

ei
4661194
816831 2

8516
2217 0 0 21.9043 20.1008 0.01216 0.0183

f i 217.3023 8.5027 4.5508 0.7519 2.0040 0.7476 20.5358 0.0914
ki 9.9372 27.4878 1.2688 20.2925 22.2923 20.1461 0.1239 0.0812
l i 0.5784 20.3921 20.1429 0.0476 20.1275 0.0317 0.0078 20.0031
hi 2.2996 21.0880 2

3
7 2

1
14 20.6494 20.0380 20.0185 20.0057

\ i 0.8623 0 0 0 20.9135 0.0873 20.0571 0.0209
g i7

0,eff 2
208
243

416
81 2

176
81 2

152
243 2

6272
81

4624
243

32
3 2

32
9

th

c

-

ass
same as in the SM. For a complete NLO analysis of
radiative decay B→Xsg, only the Wilson coefficient
C7

eff(mb) is known to NLO precision,

C7
eff~mb!5C7

0,eff~mb!1
aS~mb!

4p
C7

1,eff~mb!, ~63!

with

C7
0,eff~mb!5h16/23C7

0,eff~mW!1
8

3
~h14/232h16/23!C8

0,eff~mW!

1(
i 51

8

hih
aiC2

0,eff~mW!, ~64!

C7
1,eff~mb!5h39/23C7

1,eff~mW!1
8

3
~h37/232h39/23!C8

1,eff~mW!

1S 297664

14283
h16/232

7164416

357075
h14/23

1
256868

14283
h37/232

6698884

357075
h39/23DC8

0,eff~mW!

1
37208

4761
~h39/232h16/23!C7

0,eff~mW!

1(
i 51

8

@eihC4
1,eff~mW!1 f i1kih

1 l ihC1
1,eff~mW!#hai, ~65!

where the symbolh is defined ash5as(mW)/as(mb), and
the ‘‘magic numbers’’ai , hi , ei , f i , ki , and l i in Eq. ~65!
are listed in Table I.

The remaining coefficients are only needed to LO pre
sion,
01400
e

i-

Cj
0,eff~mb!5(

i 51

8

hji h
ai for j 51, . . . ,6, ~66!

C8
0,eff~mb!5h14/23C8

0,eff~mW!1(
i 51

8

\ ih
ai, ~67!

where the magic numbers\ i andhji are also listed in Table
I. Following Ref. @4#, the small coefficients
C3

0,eff(mb), . . . ,C6
0,eff(mb) will be neglected in numerical cal

culations.

C. Branching ratio B„B\Xsg… in the SM

The branching ratio of the inclusive radiative decayB
→Xsg can be written as

B~B→Xsg!LO5BSLUVts* Vtb

Vcb
U2 6aem

p f ~z!
uC7

0,e f f~mb!u2,

~68!

at the LO level, and

B~B→Xsg!NLO5BSLUVts* Vtb

Vcb
U2 6aem

p f ~z!k~z!
@ uD̄u21A1D#,

~69!

at the NLO level, whereBSL5(10.6460.23)% is the mea-
sured semileptonic branching ratio of theB meson@2#, aem

51/137.036 is the fine-structure constant,4 z5mc
pole/mb

pole

50.2960.02 is the ratio of the quark pole mass,5 and f (z)

4Based on the analysis in Ref.@35#, it is more appropriate to use
aem

215137.036 instead ofaem
215130.362.3 in the study ofB

→Xsg decay.
5Another choice ofz is z5m̄c(m)/mb

pole50.2260.04, but we do
not consider this issue here. For more details about quark m
effects inB→Xsg decay, see Ref.@9#.
2-9
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andk(z) denote the phase space factor and the QCD cor
tion @36# for the semileptonicB decay:

f ~z!5128z218z62z8224z4log~z!, ~70!

k~z!512
2as~m!

3p F S p22
31

4 D ~12z!21
3

2G
1

dSL
NP

mb
2

, ~71!

where dSL
NP denotes the nonperturbative correction to t

semileptonicB meson decay,

dSL
NP5

l1

2
1

3

2
l2F124

~12z2!4

f ~z! G . ~72!

The termD̄ in Eq. ~69! corresponds to the subprocessesb
→sg @4#

D̄5C7
eff~mb!1V~mb!, ~73!

where the NLO Wilson coefficientC7
eff(mb) has been given

in Eq. ~63!, and the functionV(mb) is defined as

V~mb!5
aS~mb!

4p H (
i 51

8

Ci
0,eff~mb!F r i1

1

2
g i7

0,effln
mb

2

mb
2G

2
16

3
C7

0,eff~mb!J , ~74!

where the functionsr i ( i 51, . . . ,8) are thevirtual correc-
tion functions~see Appendix D of Ref.@4#!, andg i7

0,eff are the
elements of the anomalous dimension matrix that govern
evolution of the Wilson coefficients from the matching sca
mW to lower scalemb . The values ofg i7

0,eff have been given
in the last line of Table I; for details see Ref.@34#. The LO
Wilson coefficients in Eq.~74! have been given in previou
subsections.

In Eq. ~69!, term A is the correction coming from the
bremsstrahlung processb→sgg @37#

A5
as~mb!

p (
i , j 51;i< j

8

Re$Ci
0,eff~mb!@Cj

0,eff~mb!#* f i j %.

~75!

The coefficientsf i j have been defined and computed in Re
@6,37#. We here use the explicit expressions of those relev
f i j as given in Appendix E of Ref.@4#.

In order to relate the quark decay rate to the actual h
ronic process, the nonperturbative corrections obtained w
the method of the heavy-quark effective theory~HQET!
should be included. The termD in Eq. ~69! and the termdSL

NP

in Eq. ~71! denote these nonperturbative corrections, wh
scale as 1/mb

2 and 1/mc
2 @38,39#,
01400
c-

e

.
nt

d-
th

h

D5
dg

NP

mb
2

uC7
0,e f f~mb!u2

1
dc

NP

mc
2

ReH @C7
0,e f f~mb!#* FC2

0,e f f~mb!2
1

6
C1

0,e f f~mb!G J ,

~76!

with

dg
NP5

l1

2
2

9

2
l2 , ~77!

dc
NP52

l2

9
, ~78!

wherel25(mB*
2

2mB
2)/450.12 GeV2 extracted from theB

meson mass splitting, while the parameterl150.5 GeV2 has
a large uncertainty but the overalll1 dependence largely
cancels in the decay rate with thel1 term in dSL

NP as can be
seen from Eq.~69!.

Now we are ready to present numerical results of
branching ratios in the SM and 2HDMs, specifically
model III. For the numerical evaluations, unless otherw
specified, we use the central value of input parameters g
in Appendix A. For the values of the matching scale and l
energy scale, we always takemW5MW and mb/2<mb
<2mb .

Using Eq.~69!, we find the SM prediction of the branch
ing ratio B(B→Xsg),

B~B→Xsg!NLO
SM 5F3.5220.16

10.02~mb!60.08~BSL!20.16
10.20S mc

mb
D

60.13~as!60.05~mt!60.04S UVts* Vtb

Vcb
U2D G

31024

5~3.5260.28!31024, ~79!

where the major sources of errors are shown explicitly, a
the individual errors are added in quadrature. The cen
value 3.5231024 is obtained by using the central values
input parameters listed in Appendix A and settingmW5MW
and mb5mb . In this paper, we only consider the effects
the uncertainties of those six parameters as specified in
~79!.

D. Branching ratio B„B\Xsg… in model III

In the model III considered in this paper, the branchi
ratio has been parametrized in terms of the three parame
l tt ,lbb , andMH . From the limit onul ttu obtained from the
measured mass splittingDMBd

, the magnitude of the cou

pling l tt should be smaller than 1 if we require the charg
Higgs boson to be relatively light, as can be seen from Fig
In this section, we always setul ttu50.5, unless otherwise
specified.
2-10
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We first check the common allowed regions inul ttu-ulbbu
plane for givenMH5250 GeV. Figure 8 is the contour plo
in the ul ttu-ulbbu plane by using the LO and NLO theoretic
predictions in model III and the measured branching ratio
the 2s level: 2.5831024<B(B→Xsg)<4.131024. In this
contour plot, the first allowed region is the shaded area c
to theX axis where bothul ttu and ulbbu are all small, which
is obtained when the NLO theoretical prediction is e
ployed. The second allowed region is the area between

FIG. 8. Contour plot of the branching ratioB(B→Xsg) in the
ul ttu-ulbbu plane, assumingMH5250 GeV.
.

-

01400
t

se

-
o

dashed curves obtained when the LO theoretical predictio
employed. The third region is the region between two so
curves allowed when the NLO theoretical prediction is e
ployed.

We choose one point of (l tt ,lbb) in each of three al-
lowed regions of Fig. 8 as typical choices:

Case A: ~l tt ,lbb!5~0.5,1!,

Case B: ~l tt ,lbb!5~0.5,12!, ~80!

Case C: ~l tt ,lbb!5~0.5,22!,

which will be used as input in the following numerical ca
culations. Here the limit onul ttu from the measuredDMBd

as
studied in last section has been taken into account.

Since the new physics contribution to the decayB
→Xsg is incorporated through its correction to the Wilso
coefficientsC7,8

0,1(mW), we would like to check the size an
sign of the new physics parts and their relative strength to
SM part, to show the theoretical features of the NLO con
butions and to draw the constraint onMH by comparing the
theoretical predictions with the data.

1. Case A

We firstly consider the case A: (l tt ,lbb)5(0.5,1). Using
the input parameters as given in Appendix A and assum
MH5250 GeV, we find the numerical results ofC7

0,1
~81!

~82!

at the matching scalemW5MW , and

~83!
new
ite

me
at the lower scale mb5mb , where DC7,j
1 (m)

5@aS(m)/4p#C7,j
1,eff(m) and j 5(SM, NP) denotes the NLO

QCD corrections to the corresponding Wilson coefficients
is easy to see the following:

~1! As shown in Eqs.~81! and~82!, the new physics con
It

tributions proportional touYu2 and XY* have the opposite
sign and will cancel each other to some degree. The net
physics contribution is relatively small and has the oppos
sign with its SM counterpart.

~2! The net NLO new physics contribution has the sa
2-11
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sign and is comparable in size to its SM counterpart.
~3! At the low energy scalemb5O(mb), the LO and NLO

new physics contributions toC7
eff(mb) have the opposite

sign; they will cancel each other. The total Wilson coefficie
C7

eff(mb) as given in Eq.~83! remains negative but change
from 20.3055 to20.2690~about a 12% decrease in magn
tude! after the cancellation due to the new physics part.

FIG. 9. The MH dependence of the branching ratioB(B
→Xsg) for case A: (l tt ,lbb)5(0.5,1) at the NLO level. The band
between two horizontal dot-dashed lines shows the data at 2s level.
The dashed line and solid curve refer to the SM and model
predictions, respectively.
h
O

a

01400
t

~4! The new physics corrections are generally small
magnitude, since the couplingsX and Y are all relatively
small for case A.

Explicit calculations also show that the new physics c
rections toVmb

,A, and D terms are induced through th

modification to the Wilson coefficientsC7,8
0,eff(mb). But for

case A, such corrections are small in size and therefore
theoretical prediction for the branching ratioB(B→Xsg) in
this case agrees well with the data within 1s error, as illus-
trated in Fig. 9. The region between two dot-dashed lines
the shaded part in Fig. 9 shows the measured branching
with 2s and 1s error, respectively. The dashed line and so
curve show the central value of the SM and model III~case
A! prediction, respectively.

Obviously, the theoretical prediction of case A agrees w
with both the SM prediction and the data because bothl tt

and lbb are small in size. But this case is not interesti
theoretically, since the new physics effect is too small to
separated from the SM contribution through experiments

2. Case B

Now we turn to case B: (l tt ,lbb)5(0.5,12). Here only
leading order contributions in both SM and model III a
taken into account, and the branching ratioB(B→Xsg) is
completely determined by the Wilson coefficientC7

0,e f f(mb)
as shown in Eq.~68!.

Using the input parameters as given in Appendix A a
assumingMH5250 GeV, we find numerically that

II
~84!

at the matching scalemW5MW , and

~85!
gh

g
ic-

te
e
s

at the lower scalemb5mb . It is easy to see the following
from the numbers as given in Eqs.~84! and ~85!:

~a! The new physics contribution proportional to theXY*
term is much larger in size than the one proportional toX.

b! At both energy scalesMW andmb , the net new physics
contributions to C7

0,eff(m) are always positive and muc
larger in magnitude than its SM counterpart. The total L
Wilson coefficientC7

0,eff(mb) changed from20.3137 in the
SM to 10.3402 in model III.

From theB→Xsg decay, only the magnitude ofC7(mb)
instead of its sign can be constrained by the relevant d
 ta.

The semileptonic decayB→K (* )l 1l 2 is sensitive to the sign
of C7, but the precision of the measurement is still not hi
enough to determine the sign ofC7.

In Fig. 10, we show theMH dependence of the branchin
ratio for case B. The dashed line shows the LO SM pred
tion B(B→Xsg)52.6131024, while the solid curve shows
the model III prediction for case B. It is interesting to no
that the LO SM prediction is marginally consistent with th
data within 2s errors, but the NLO SM prediction agree
perfectly with the data.

One can also find the limit onMH , 228<MH
2-12
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B0-B̄0 MIXING AND B→Xsg DECAY IN THE THIRD . . . PHYSICAL REVIEW D69, 014002 ~2004!
<264 GeV, from Fig. 10 directly. But one should know th
the values of the lower and upper limits onMH will change
along with the variation ofl tt andlbb . The point here is tha
a relatively light charged Higgs boson is still allowed
model III even at the leading order.

3. Case C

For case C, the LO and NLO new physics contributions
the Wilson coefficientsC7(MW) and C8(MW) are rather
large. For given (l tt ,lbb)5(0.5,22) and assumingMH
5250 GeV, we find numerically that

FIG. 10. The MH dependence of the branching ratioB(B
→Xsg) for case B: (l tt ,lbb)5(0.5,12) at the LO level. The ban
between two horizontal dot-dashed lines shows the data at ths
level. The dashed line and solid curve refers to the SM and mo
III predictions, respectively.
01400
o

C7
0,eff~MW!520.195211.5992511.4040, ~86!

C8
0,eff~MW!520.097211.4815511.3843, ~87!

as~MW!

4p
C7

1,eff~MW!520.022920.3652520.3881, ~88!

as~MW!

4p
C8

1,eff~MW!520.020920.2372520.2580, ~89!

where the first and second terms denote the SM and the
physics contributions, respectively. Clearly, the new phys
contributions are always much larger than their SM coun
parts in magnitude.

After the inclusion of new physics contributions, the c
efficientsC7

0,eff(MW) andC8
0,eff(MW) become large and posi

tive. For NLO contributions, the new physics parts a
around 10 times larger than the corresponding SM pa
Among the new physics parts, the contribution proportio
to the termXY* is absolutely dominant over the one propo
tional to uYu2, for example,

ul ttu2C7,YY
0 ~MW!520.0057,

2ul ttuulbbuC7,XY
0 ~MW!51.605 ~90!

for case C andMH5250 GeV, sinceulbbu is now 40 times
larger thanul ttu.

Putting these findings together, we find numerically th

2
el
~91!

at the matching scalemW5MW , and

~92!
el

f

s

at the lower scalemb5mb . From the numerical values in
Eqs.~91! and ~92!, one can see the following:

~i! In the SM, the NLO QCD contributionDC7,SM
1 (MW)

has the same sign with its LO counterpartC7,SM
0,eff (MW) and is

about 12% ofC7,SM
0,eff (MW). After the QCD evolution from

MW to the low energy scalemb , the NLO QCD part
DC7,SM
1 (mb) changed its sign and tended to canc

C7,SM
0,eff (mb). But the NLO QCD part is now only 2.6% o

C7,SM
0,eff (mb), and practically negligible formb'mb .
~ii ! In model III and at the matching scaleMW , the NLO

QCD contributionDC7,NP
1 (MW) has the opposite sign of it
2-13
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Z. XIAO AND L. GUO PHYSICAL REVIEW D 69, 014002 ~2004!
LO counterpart and is as large as 41% ofC7,NP
0,eff (MW). Unlike

the situation in the SM, the NLO new physics contribution
C7 in model III will cancel its LO counterpart effectively, a
shown explicitly in Eq.~91!.

~iii ! In model III and at the low energy scalemb , the NLO
QCD contributionDC7,NP

1 (mb) andC7,NP
0,eff (mb) still have the

opposite sign, but the ratio of these two parts is lowered fr
41% to 28%. The NLO and LO parts still cancel effective

~iv! Through the QCD running fromMW to mb , the Wil-
son coefficientC7,SM

eff changed its value from20.2363 to
20.3055, increasing by about 29% in magnitude. For
new physics part,C7,NP

eff decreases by 8%.
The numerical values in Eqs.~91! and ~92! are obtained

by assumingMH5250 GeV. For different values ofMH ,
the SM contributions remain unchanged, but the new phy
part as well as their sumC7

eff(mb) will change greatly, as
illustrated in Fig. 11. The horizontal dots and dot-dashed
in Fig. 11 correspond toC7,SM

0,eff (mb)520.3137 and
DC7,SM

1,eff (mb)50.0082, respectively. The short-dashed a
dashed curve show the new physics contributionC7,NP

0,eff (mb)

FIG. 11. TheMH dependence of the Wilson coefficientC7
eff(mb)

and its SM and model III parts for (l tt ,lbb)5(0.5,22) ~i.e., case
C!. For details, see text.
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andDC7,NP
1 (mb), respectively. Finally, the solid curve is th

sum of those four parts. Since the dominant partC7,NP
0,eff (mb)

decreases rapidly for increasingMH , the NLO part
DC7,NP

1 (mb) changes slowly and the SM parts remain u
changed. The Wilson coefficientC7

eff(mb) changes rapidly
from a large positive value to a small negative value with
the range of 200<MH<800 GeV as shown by the soli
curve in Fig. 11, and will approach the value of its SM cou
terpart for the heavier charged Higgs boson.

One should note that whenC7
eff(mb) becomes small, othe

previously ‘‘small’’ NLO termsV(mb), A(mb), andD may
play an important rule. The typical numerical values of tho
terms appeared in the brackets of Eq.~69! and their sumR,

R5uD̄u21A~mb!1D, ~93!

are listed in Table II. In the SM, the relative strength
individual terms are

C7
eff~mb!:V~mb!51:0.079, ~94!

R:uD̄u2:A~mb!:D51:0.98:0.030:~20.011!. ~95!

The Wilson coefficientC7
eff(mb) clearly dominates the tota

contribution in the SM, while the radiative correctionA(mb)
and the nonperturbative correctionD play a minor rule since
they are small in size and also cancel each other.

In model III, however, the situation is very different be
causeC7

eff(mb) and all other terms appeared in the bracket
Eq. ~69! will be changed by the inclusion of charged Higg
contributions through the modified Wilson coefficien
C7,8

0,eff(mb) andC7,8
1,eff(mb), as can be seen from the numeric

results listed in Table II and the curves shown in Fig. 12. T
new features are the following:

~1! Along with the increase ofMH , the Wilson coefficient
C7

eff(mb) decreases rapidly, whileV(mb) increases with less

speed. Consequently, the ‘‘dominant’’ termuD̄u2 decreases
more quickly thanC7

eff(mb) and approaches the minimum o

uD̄u250.002 forMH'480 GeV, which leads to a negativeR
s

TABLE II. The numerical values of the NLO terms appearing in the brackets in Eq.~69! and the branching ratioB(B→Xsg) ~in units

of 1024) in the SM and the model III of case C, for typical values of massMH ~in units of GeV!. The termR is the summation of the term

uD̄u2,A(mb), andD.

C7
eff(mb) V(mb) uD̄u2 A(mb) D R B

SM 20.3055 20.02420.015i 0.1089 0.0033 20.0012 0.1110 3.52
200 0.7559 20.24610.043i 0.2615 0.0138 20.0513 0.2240 7.10
250 0.5649 20.20810.036i 0.1283 0.0092 20.0333 0.1042 3.30
300 0.4210 20.18010.024i 0.0591 0.0064 20.0222 0.0433 1.37
400 0.2229 20.14010.020i 0.0073 0.0037 20.0102 0.0008 0.03

Model III 600 0.0105 20.09610.009i 0.0074 0.0023 20.0022 0.0075 0.24
800 20.0951 20.07410.002i 0.0286 0.0022 20.0002 0.0305 0.97
1000 20.1553 20.06120.002i 0.0467 0.0023 0.0003 0.0493 1.56
2000 20.2580 20.03720.010i 0.0873 0.0028 20.0001 0.0900 2.85
3000 20.2827 20.03120.012i 0.0986 0.0031 20.0006 0.1011 3.21
2-14
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and consequently a negative branching ratio: an unphys
result. For heavier charged Higgs boson, the new phy
contributions become smaller and smaller, while the sum
tion of individual terms in the brackets of Eq.~69! restores to
its SM value slowly, as illustrated by the solid curve in F
12. ForMH.600 GeV, the termsA(mb) andD remain ba-
sically unchanged. As shown in Fig. 7, the new physics c
tributions approach zero whenMH approaches infinity. This
is the so-called decoupling behavior of the Higgs boson.

~2! From Table II and Fig. 12, one can infer that there a
two regions ofMH allowed by the measuredB(B→Xsg).
This point can be seen more directly from Fig. 13.

In Fig. 13, we draw theMH dependence of the branchin
ratio B(B→Xsg) in model III of case C: (l tt ,lbb)
5(0.5,22). In both~a! and ~b!, the band between two dot
dashed horizontal lines shows the data within 2s errors. The
shaded band shows the SM prediction and the error as g
in Eq. ~79!. The dashed and solid curves correspond to
LO and NLO model III predictions, respectively. In order
show the effects of NLO corrections, we use the same va
of (l tt ,lbb)5(0.5,22) as input for both LO and NLO theo
retical predictions. Figure 13~b! is a magnification of the
light Higgs part of Fig. 13~a!. For givenl tt50.5,lbb522
andMH5250 GeV, we find numerically

B~B→Xsg!NLO
III 5F3.4820.08

10.18~mb!

60.08~BSL!20.36
10.42S mc

mb
D

20.58

10.52

~as!

60.26~mt!60.04S UVts* Vtb

Vcb
U2D G31024

5~3.4860.74!31024, ~96!

FIG. 12. TheMH dependence of the terms appeared in
brackets of Eq.~69! and the summationR in the SM and model III
of case C. For details, see text.
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where the central value of the branching ratio is obtained
using the central values of input parameters as given in
pendix A, while the six major errors from the uncertainties
those input parameters are added in quadrature. For as
metric errors we use the larger value in making quadratu

For case C, the allowed regions ofMH can be read off
from Fig. 13 directly,

432<MH<478 GeV ~97!

at the LO level, and

236<MH<266 GeV and MH>1640 GeV ~98!

at the NLO level. The first allowed region, a region foun
interesting by many physicists from the point of view
experimental searches, is shifted to the lower part by ab
200 GeV because of the inclusion of NLO contributions.

If we consider the effect of the theoretical error as giv
in Eq. ~96!, the limits at the NLO level will become

e

FIG. 13. Plot of the branching ratio vsMH in model III of case
C. The band between two horizontal lines shows the data withs
errors, the shaded band shows the SM prediction:B(B→Xsg)
5(3.5260.28)31024. The dashed and solid curves show the L
and NLO model III prediction, respectively.~b! is a magnification
of the light Higgs region of~a!.
2-15
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Z. XIAO AND L. GUO PHYSICAL REVIEW D 69, 014002 ~2004!
226<MH<285 GeV andMH>1120 GeV. ~99!

The first allowed region has a weak dependence on the
oretical error, but the lower limit of the second allowed r
gion of MH is very sensitive to the theoretical error.

Figure 14 is the contour plot inulbbu-MH plane obtained
by using the LO and NLO model III predictions and th
measured decay rate at 2s level, while assumingul ttu
50.5. The regions between two dashed curves and two s
curves are allowed when the LO and NLO theoretical p
dictions are employed. One can see from Figs. 13 and 14
a relatively light charged Higgs boson in model III, sa
around or even less than 200 GeV, is still allowed by
measured branching ratioB(B→Xsg). For example, the re
gion

188<MH<215 GeV ~100!

FIG. 14. Contour plot inulbbu-MH plane obtained by using th
LO and NLO model III predictions and the measured decay rat
2s level. The regions between two dashed curves and two s
curves are allowed when the LO and NLO theoretical predicti
are employed.
01400
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is allowed by the data if we set (ul ttu,ulbbu)5(0.5,18) in
model III. This is a good news for future experiment
searches!

E. Comparison of the results in models II and III

Between the conventional model II and the model
studied here, there is a direct transformation. The result
model III can be reduced to the results of model II by t
substitution

lbb52X→2tanb and l tt5Y→1/tanb. ~101!

As a comparison, we also present the LO and NLO mode
prediction for the branching ratioB(B→Xsg) and show the
lower limits onMH obtained from the data. For more deta
about the rare decayB→Xsg in model II, one can see, fo
example, Ref.@4# and references therein.

By using the central values of input parameters as gi
in Appendix A, and assuming tanb54, we find the numeri-
cal values of the NLO terms appearing in the brackets in
~69! and the branching ratioB(B→Xsg) in model II for
typical values ofMH , as listed in Table III. In contrast to
model III of case C, the differences between the values of
NLO terms in the SM and model II are small and approa
zero whenMH approaches infinity. It is easy to see fro
Table III that the new physics correction to the branchi
ratio becomes less than 6% and 2% forMH51000 and 2000
GeV, respectively.

If we consider the effects of uncertainties of input para
eters, we find the branching ratios at the LO and NLO lev

B~B→Xsg!LO
II 5F3.6120.56

10.74~mb!60.08~BSL!20.27
10.32S mc

mb
D

60.09~as!60.08~mt!60.04S UVts* Vtb

Vcb
U2D G

31024

5~3.6160.82!31024 ~102!

and

at
id
s

TABLE III. The numerical values of the NLO terms appeared in the brackets in Eq.~69! and the branching ratioB(B→Xsg) ~in units

of 1024) in model II with tanb54, for typical values of massMH ~in units of GeV!. The termR is the summation of the termsuD̄u2,A(mb),
andD.

C7
eff(mb) V(mb) uD̄u2 A(mb) D R B

SM 20.3055 20.02420.015i 0.1089 0.0033 20.0012 0.1110 3.52
200 20.4034 20.00420.020i 0.1661 0.0042 20.0037 0.1666 5.28
250 20.3857 20.00720.019i 0.1547 0.0040 20.0032 0.1555 4.93
300 20.3723 20.01020.019i 0.1464 0.0039 20.0028 0.1475 4.68
400 20.3540 20.01420.018i 0.1354 0.0038 20.0024 0.1368 4.34

Model II 600 20.3345 20.01820.017i 0.1242 0.0036 20.0019 0.1259 3.99
800 20.3247 20.02020.016i 0.1188 0.0035 20.0017 0.1207 3.83
1000 20.3192 20.02120.016i 0.1158 0.0035 20.0015 0.1178 3.74
2000 20.3098 20.02320.015i 0.1109 0.0034 20.0013 0.1131 3.59
3000 20.3075 20.02420.015i 0.1098 0.0034 20.0012 0.1120 3.55
2-16
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B~B→Xsg!NLO
II 5F4.1320.17

10.03~mb!60.09~BSL!20.20
10.24S mc

mb
D

60.09~as!60.08~mt!60.04S UVts* Vtb

Vcb
U2D G

31024

5~4.1360.34!31024, ~103!

where the central value is obtained forMH5500 GeV, and
the errors connected with the uncertainties of six input
rameters are added in quadrature.

Figure 15 shows theMH dependence of the branchin
ratio B(B→Xsg) in model II at LO and NLO level, assum
ing tanb54. The shaded band and the band between
horizontal dot-dashed lines show the measured branchin
tio B(B→Xsg) within 1s and 2s errors, respectively. The
dashed and solid curves shows the LO and NLO mode
prediction. By comparing the theoretical predictions and
measured branching ratios at the 2s level, it is easy to read
off the lower limit onMH directly from Fig. 15:

MH>357 GeV ~104!

at the LO level, and

MH>520 GeV ~105!

at the NLO level, if the uncertainties of the input paramet
are not taken into account. If we consider the combined
certainties as given in Eqs.~102! and ~103! the lower limit
will be changed to

MH>298 or 350 GeV ~106!

at the LO and NLO level, respectively.
Figure 16 is the contour plot in the tanb-MH plane ob-

tained by finding the minimum of the NLO model II predic
tion of the branching ratioB(B→Xsg), when varying the
input parameters within their errors and the lower scalemb in

FIG. 15. Plots of the branching ratioB(B→Xsg) vs the mass
MH in model II for tanb54. For details see text.
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the range of 2.4<mb<9.6 GeV, but fixingmW5MW . The
excluded region is below the corresponding curves when
measured branching ratio at 1s ~dashed curve! and 2s level
~solid curve! is employed. ForB(B→Xsg)<4.131024 and
tanb51,10,20, the lower limit onMH is 315, 278, and 277
GeV, respectively. Because of the flatness of the cur
shown in Fig. 16 towards the higher end ofMH , the lower
limits on MH are very sensitive to the ways to deal wi
theoretical errors or the details of the calculations. The low
limit on MH as illustrated in Fig. 16 is consistent with th
given in Ref.@4#.

The major differences between model II and model
studied here and the causes inducing such differences ar
following:

~1! In model II, the region of tanb<1 is strongly disfa-
vored by the measuredDMBd

and other experimental terms

In the region tanb>4, we have uYu251/tan2b!1 and
XY* [1. The possible new physics contributions to the W
son coefficientsC7,8 are small in magnitude and have th
same sign as their SM counterparts and therefore are stro
constrained by the excellent agreement between the data
the SM prediction forB→Xsg decay.

~2! In model III, the new physics contributions propo
tional to ul ttu2 andul ttuulbbu have the opposite sign foru50°
and will cancel each other. Even iful ttu should be smaller
than 1 due to the strong constraint from the measured m
differenceDMBd

as discussed in preceding section, the
clusion of the new physics contribution still can change
sign of the Wilson coefficientC7

eff(mb) from negative in the
SM to positive in model III. On the experimental side, cu
rent data still cannot exclude the possibility of a positi
Wilson coefficientC7

eff(mb).
~3! Other NLO terms in the bracket of Eq.~69! also re-

ceive new physics corrections, and therefore the cancella
between individual terms in model III is very different from
the pattern in model II.

~4! The inclusion of NLO contributions will decrease th
lower limit on MH in model III. In model II, in contrast, the

FIG. 16. Contour plot in tanb-MH plane obtained by using the
NLO model II predictions and the measured decay rate ats
~dashed curve! and 2s level ~solid curve!. The excluded region is
below the corresponding curves.
2-17
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Z. XIAO AND L. GUO PHYSICAL REVIEW D 69, 014002 ~2004!
lower limit will go up by including the NLO corrections.
~5! In the model III studied here, a light charged Hig

boson with a mass around or even less than 200 GeV is
allowed at the NLO level. In model II, however, such a lig
charged Higgs boson seems impossible.

F. Effects of a nonzero phaseu

For the mass splittingDMBd
, the new physics contribu

tions in model III depend onul ttu2 and ul ttu4, and therefore
are independent of the phase of couplingl tt . For the B
→Xsg decay, however, the dominant new physics contri
tions @i.e., the third terms in Wilson coefficientsC7,8

0,eff(MW)
andC7,8

1,eff(MW) in Eqs.~45!, ~46! and ~56!, ~57!# depend on
the relative phaseu betweenl tt and lbb , as can be seen
from Eq. ~62!. In previous calculations, we always assum
u50°. Here we will consider the effect of a nonzero phaseu.

Figure 17 shows theMH dependence of the branchin
ratio B(B→Xsg) in model III for case C@i.e., (ul ttu,ul ttu)
5(0.5,22)] and foru50° ~solid curve!, 30° ~dots curve!, 60°
~short-dashed curve!, and 90°~dashed curve!, respectively.
The band between two horizontal dot-dashed lines shows
measured branching ratio within 2s errors. The shaded are
shows the SM prediction with the error as given in Eq.~79!.
It is easy to see from Fig. 17 that the nonzero phase
strengthen the constraint on the massMH in case C. For
u530°, the allowed region is shifted to

271<MH<317 GeV. ~107!

For u560°, the lower limit onMH goes up to 417 GeV. Fo
u>75°, the lower limit onMH is higher than 600 GeV.

In Fig. 18, we show theu dependence of the branchin
ratio B(B→Xsg) in model III for case A~the short-dashed
curve! and case C~the solid curve! discussed in previous
subsections, and for givenMH5250 GeV. Obviously, only
two narrow regions ofu, 0°&u&20° and 340°&u&360°, are
allowed by the data for case C. For case A, however, alm

FIG. 17. Plots of the branching ratioB(B→Xsg) vs the mass
MH in model III for case C and foru50° ~solid curve!, 30° ~dots
curve!, 60° ~short-dashed curve!, and 90°~dashed curve!, respec-
tively. The band between two horizontal dot-dashed lines shows
measured branching ratio within 2s errors.
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the whole ranges ofu are still allowed by the data of theB
→Xsg decay.

V. SUMMARY

In this paper, we calculated the new physics contributio
to the mass splittingDMBd

and the branching ratioB(B

→Xsg) induced by the charged Higgs loop diagrams
model III, and found the constraints on the parameters
model III by comparing the theoretical predictions with th
high precision data. We focus on the effects of the NL
QCD corrections on these two physical observables.

In Sec. II, we gave a brief review about the structure
the general two-Higgs-doublet models and the phenome
logical studies about such models. Following previous wo
@18#, we assume that only the diagonal Yukawa couplingsl tt
andlbb are nonzero for the model III under consideration
this paper and study the effects of NLO new physics con
butions.

In Sec. III, we calculated the new physics contributions
the mass splittingDMBd

in model III at the NLO level. The

magnitude of the Yukawa couplingl tt is strongly con-
strained by the precision dataDMBd

50.50260.007 ps21.

As shown in Figs. 4 and 5, the upper limit onl tt is ul ttu
<1.7, while the choice oful ttu'0.5 is favored by the mea
suredDMBd

if one requires the charged Higgs boson to
light, say around 200 GeV.

In Sec. IV, we calculated the new physics contributions
the rare decayB→Xsg in model III. The NLO QCD correc-
tions are taken into account here. The new physics contr
tions to the Wilson coefficientsC7,8

0,1(m) and the interference
between the new physics parts and their SM counterparts
investigated. The new physics contributions to theB→Xsg
decay and possible constraints onulbbu and MH are calcu-
lated and analyzed. Three typical cases for the choice
Yukawa couplingsul ttu and ulbbu are studied in great detail

e

FIG. 18. Plots of the branching ratioB(B→Xsg) vs the phaseu
in model III for case A~short-dashed curve! and case C~solid
curve!, and assumingMH5250 GeV. The band between two hor
zontal dot-dashed lines shows the measured branching ratio w
2s errors.
2-18
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The common features and the differences between the
ventional model II and model III, as well as the effects o
nonzero relative phaseu, are also considered. From the n
merical results, we found the following:

~a! In the model III studied here, a light charged Hig
boson with a mass around or even less than 200 GeV is
allowed at the NLO level by the measured branching ra
B(B→Xsg) within 2s errors, as can be seen in Eq.~100! and
Figs. 13 and 14. In model II, however, such a light charg
Higgs boson seems impossible.

~b! The inclusion of the NLO QCD contributions wil
decrease the lower limit onMH by about 200 GeV in mode
III. In model II, in contrast, the lower limit onMH will be
increased by about 160 GeV because of the inclusion of
NLO corrections.

~c! As illustrated in Fig. 17, the allowed region ofMH in
model III will be shifted toward the heavy mass end for
nonzero relative phaseu.
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APPENDIX A: INPUT PARAMETERS AND RUNNING
COUPLINGS

In this appendix we list the input parameters used in
calculations. The values of most parameters are quoted f
Refs.@2,3# directly. The massesmt ,mb ,mc are understood to
be the pole mass, whilem̄q(m) is the runningq-quark mass
in the modified minimal subtraction (MS) scheme at the
renormalization scalem. To first order inaS , the running
massm̄q(m) and the pole massmq are related through@4#

m̄q~m!5mqF11
aS~m!

p S ln
mq

2

m2
2

4

3D G . ~A1!
01400
n-

till
o

d

e

,

-
s.
of

r
m

The masses, coupling constants, and other input param
are @2,3#

MBd
55.279 GeV, mb54.860.2 GeV,

mc /mb50.2960.02;

MW580.42 GeV, mt5174.365.1 GeV,

aS~MZ!50.11960.004, aem51/137.056, ~A2!

l1520.50 GeV2, l250.12 GeV2.

The ratio of CKM elementsuVts* Vtb /Vcbu2 appearing in
the decay rateB(B→Xsg) can be expressed in terms of th
Wolfenstein parameters as follows:

UVts* Vtb

Vcb
U2

512l2~122r̄ !1l4~ r̄21h̄22A2!1O~l6!

50.97160.010, ~A3!

where we have usedl50.2196,A50.854, r̄50.2260.10,
and h̄50.3560.05 @2#. The error induced bydh̄50.05 is
only 0.0001 for the ratio.

For the semileptonic branching ratioBSL5B(B
→Xcen̄e) we use

BSL5~10.6460.23!%, ~A4!

as given in Ref.@2#.
Finally, for the running ofas(m), we use the two-loop

formulas as given in Ref.@40#:

as5
as~MZ!

v~m! F12
b1

b0

as~MZ!

4p

ln@v~m!#

v~m! G , ~A5!

with

v~m!512b0

as~MZ!

2p
lnS MZ

m D , ~A6!

whereb0523/3 andb15116/3 forb quark decays.
APPENDIX B: NLO WILSON COEFFICIENTS AT µÄM W

For the completeness, we list here the NLO functions at the matching scalemW appearing in Eqs.~54!, ~56!, and~57!. For
more details see Ref.@4#. In the SM, we have

E0~x!5
x~x2111x218!

12~x21!3
1

x2~4x2216x115!

6~x21!4
ln x2

2

3
ln x2

2

3
, ~B1!

W7,SM~x!5
216x42122x3180x228x

9~x21!4
Li 2S 12

1

xD1
6x4146x3228x2

3~x21!5
ln2x

1
2102x52588x422262x313244x221364x1208

81~x21!5
ln x

1
1646x4112205x3210740x212509x2436

486~x21!4
, ~B2!
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W8,SM~x!5
24x4140x3141x21x

6~x21!4
Li 2S 12

1

xD1
217x3231x2

2~x21!5
ln2x

1
2210x511086x414893x312857x221994x1280

216~x21!5
ln x

1
737x4214102x3228209x21610x2508

1296~x21!4
, ~B3!

T7,SM~x!5
x

3 F47x3263x219x172~18x3130x2224x!ln x

~x21!5 G , ~B4!

T8,SM~x!52xF2x329x219x111~6x216x!ln x

~x21!5 G , ~B5!

wherex5mt
2/MW

2 .
In the 2HDMs, the NLO functions describing the charged Higgs contributions are

EH~y!5
y

36F7y3236y2145y2161~18y212!ln y

~y21!4 G , ~B6!

W7,YY~y!5
2y

9 F8y3237y2118y

~y21!4
Li 2S 12

1

yD1
3y3123y2214y

~y21!5
ln2y1

21y42192y32174y21251y250

9~y21!5
ln y

1
21202y317569y225436y1797

108~y21!4 G2
4

9
EH , ~B7!

W8,YY~y!5
y

6 F13y3217y2130y

~y21!4
Li 2S 12

1

yD2
17y2131y

~y21!5
ln2y1

42y41318y311353y21817y2226

36~y21!5
ln y

1
24451y317650y2218153y11130

216~y21!4 G2
1

6
EH , ~B8!

M7,YY~y!5
y

27F214y41149y32153y2213y1312~18y31138y2284y!ln y

~y21!5 G , ~B9!

M8,YY~y!5
y

36F27y4125y32279y21223y1381~102y21186y!ln y

~y21!5 G , ~B10!

T7,YY~y!5
1

3
T7,SM~x→y!, ~B11!

T8,YY~y!5
1

3
T8,SM~x→y!, ~B12!

and

W7,XY~y!5
4y

3 F8y2228y112

3~y21!3
Li 2S 12

1

yD1
3y2114y28

3~y21!4
ln2y1

4y3224y212y16

3~y21!4
ln y1

22y2113y27

~y21!3 G , ~B13!
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W8,XY~y!5
y

3 F17y2225y136

2~y21!3
Li 2S 12

1

yD2
17y119

~y21!4
ln2y1

14y3212y21187y13

4~y21!4
ln y2

3~29y2244y1143!

8~y21!3 G ,

~B14!

M7,XY~y!5
2y

9 F28y3155y2268y1212~6y2128y216!ln y

~y21!4 G , ~B15!

M8,XY~y!5
y

6 F27y3123y2297y1811~34y138!ln y

~y21!4 G , ~B16!

T7,XY~y!5
2y

3 F13y2220y172~6y214y24!ln y

~y21!4 G , ~B17!

T8,XY52yF2y224y151~4y12!ln y

~y21!4 G . ~B18!

wherey5mt
2/MH

2 .
/

y

ys

t t

cl

cl
u-

,

.

ys.

n
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