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Rare radiative Bs˜t1t2g decay in the two Higgs doublet model
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The radiativeBs→t1t2g decay is investigated in the framework of the two Higgs doublet model. The
dependence of the differential branching ratio on the photon energy and the branching ratio on the two Higgs
doublet model parametersmH6 and tanb are studied. It is shown that there is an enhancement in the predic-
tions of the two Higgs doublet model compared to the standard model case. We also observe that contributions
of neutral Higgs bosons to the decay are sizable when tanb is large.

PACS number~s!: 13.20.He, 12.60.Fr
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I. INTRODUCTION

RareB-meson decays are one of the important resea
areas to test theoretical models and make estimates a
their free parameters. In the standard model~SM! they are
induced by flavor changing neutral currents~FCNC! at the
loop level. This ensures a precise determination of the f
damental parameters of the SM, such as Cabibbo-Kabaya
Maskawa~CKM! matrix elements, leptonic decay constan
etc. In addition, the studies on rareB-meson decays give
powerful clues about the existence of models beyond
SM, such as two the Higgs doublet model~2HDM!, minimal
supersymmetric extension of the SM~MSSM! @1#, etc.
Among rareB decays,B→ l 1l 2g decays are of special in
terest due to their cleanliness and sensitivity to new phys
They have been investigated in the framework of the SM
Refs.@2,3# for l 5e,m and in Ref.@4# for l 5t. The theoret-
ical results given in Refs.@3# and @4# are BR(Bs→e1e2g)
52.3531029, BR(Bs→m1m2g)51.931029, and BR(Bs

→t1t2g)59.5431029 without long distance~LD! contri-
butions, respectively. When LD contributions are taken i
account, BR(Bs→t1t2g) is calculated as 1.5231028 in
Ref. @4#. These decays get negligible contributions from t
diagrams, where photon is radiated from any charged in
nal line due to the fact that they will have a factormb

2/MW
2 in

the Wilson coefficients. When photon is radiated from t
final charged leptons, the contribution is proportional to
lepton massml . Therefore, forl 5e,m case, it is negligible;
however, forl 5t it gives a considerable contribution to th
amplitude. In the 2HDM, there is a part coming from e
changing neutral Higgs bosons and in contrast toBs
→ l 1l 2g ( l 5e,m) decays, we could expect that they si
nificantly contribute forBs→t1t2g decays. Therefore, in
this work we study theBs→t1t2g process in the frame
work of the 2HDM ~models I and II!.

2HDM is one of the simplest extensions of the SM, o
tained by the addition of a second Higgs doublet. In t
model, there are one physical charged Higgs scalar, two
tral Higgs scalars, and one neutral Higgs pseudoscalar.
Yukawa Lagrangian causes that the model possesses
level FC couplings of the neutral Higgs particles. To avo
such terms, it is proposed anad hocdiscrete symmetry@5#
on the 2HDM potential and the Yukawa interaction. As
result, it appears two different choices for how to couple
0556-2821/2000/61~3!/034010~9!/$15.00 61 0340
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quarks to the two Higgs doublets: In the first choice~model
I!, the quarks do not couple to the first Higgs doublet, b
couple to the second one. In the second choice~model II!,
the first Higgs doublet couples only to down-type quarks a
the second one to only up-type quarks.

The paper is organized as follows. In Sec. II, we pres
the theoretical framework for theBs→t1t2g decay and de-
scribe some details of its decay rate calculation . We giv
numerical analysis and discussion of our results in Sec.
Appendixes contain a list of the operators and the Wils
coefficients, as well as some relevant formulas about
long distance contributions.

II. Bs˜t1t2g DECAY IN THE FRAMEWORK OF THE
2HDM

The exclusive decayBs→t1t2g can be obtained from
the inclusive oneb→st1t2g. In order to calculate the rel
evant physical quantities for the decayb→st1t2g, we start
with the QCD corrected amplitude for the proce
b→st1t2. At this stage, the effective Hamiltonian is ob
tained by matching the full theory with the effective lo
energy one at the high scalem. The Wilson coefficients are
evaluated fromm down to the lower scalem;O(mb) using
the renormalization group equation~RGE!. The effective
Hamiltonian in the 2HDM for the processb→st1t2 is @6#

H5
24 GF

A2
VtbVts* H (

i 51

10

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

10

CQi
~m!Qi~m!J .

~1!

In this equationOi are current-current (i 51,2), penguin
( i 53,..,6), magnetic penguin (i 57,8), and semileptonic
( i 59,10) operators . The additional operatorsQi ,(i
51, . . .,10) are due to the neutral Higgs boson exchan
diagrams, which give considerable contributions in the c
that the lepton pair ist1t2 @6#. Ci(m) andCQi

(m) are Wil-

son coefficients renormalized at the scalem. All these opera-
tors and the Wilson coefficients, together with their initi
values calculated atm5mW in the SM and also the addi
tional coefficients coming from the new Higgs scalars a
presented in Appendixes A and B. The QCD corrected a
plitude for the inclusiveb→st1t2 decay in the 2HDM
~model I or II! is
©2000 The American Physical Society10-1
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M5
aGF

A2 p
VtbVts* H C9

eff~ s̄gmPLb! t̄gmt

1C10~ s̄gmPLb! t̄gmg5t

22C7

mb

p2
~ s̄ismnpnPRb!t̄gmt1CQ1

~ s̄gmPRb!t̄t

1CQ2
~ s̄gmPRb!t̄g5tJ , ~2!

where PL,R5(17g5)/2, p is the momentum transfer an
Vi j ’s are the corresponding elements of the CKM matrix.

In order to obtain the matrix element forb→st1t2g
decay, a photon line should be attached to any charged
ternal or external line. The contributions coming from t
attachement of photon to any internal line are suppressed
we neglect them in the following analysis. We now start w
the case in which a photon is attached to the initial qu
lines. The corresponding matrix element for theBs
→t1t2g decay is

M15^guMuBs&5
aGF

2A2 p
VtbVts* H C9

efft̄gmt^gus̄gm

3~12g5!buBs&1C10 t̄gmg5t^gus̄gm~12g5!buBs&

22C7

mb

p2
^gus̄ismnpn~11g5!buBs&t̄gmt

1CQ1
t̄t^gus̄~11g5!buBs&1CQ2

t̄g5t

3^gus̄~11g5!buBs&J . ~3!

These matrix elements can be written in terms of the t
independent, gauge invariant, parity conserving and pa
violating form factors@3,7#:

^gus̄gm~17g5!buBs&5
e

mBs

2 $emabsea* pbqs g~p2!

6 i @em* ~pq!2~e* p!qm# f ~p2!%

~4!

and

^gus̄ismnpn~17g5!buBs&5
e

mBs

2 $emabsea* pbqs g1~p2!

7 i @em* ~pq!

2~e* p!qm# f 1~p2!%. ~5!

Here em and qm are the four vector polarization and fou
momentum of the photon, respectively. To calculate the m
03401
in-

nd

k
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trix elements^gus̄(16g5)buBs&, we multiply both sides of
Eq. ~4! by pm and use the equations of motion. Howeve
neglecting the mass of the strange quark they vanish,

^gus̄~16g5!buBs&50. ~6!

Substituting Eqs.~4! and ~5! in Eq. ~3!, for the matrix ele-
mentM1 ~structure dependent part! we get

M15
aGF

2A2 p
VtbVts* e$emabsea* pbqs@A t̄gmt1C t̄gmg5t#

1 i @em* ~pq!2~e* p!qm#@Bt̄gmt1D t̄gmg5t#%, ~7!

where

A5
1

mBs

2 FC9
eff g~p2!22C7

mb

p2
g1~p2!G ,

B5
1

mBs

2 FC9
eff f ~p2!22C7

mb

p2
f 1~p2!G ,

C5
C10

mBs

2
g~p2!, D5

C10

mBs

2
f ~p2!. ~8!

Note that the neutral Higgs exchange interactions do
give any contribution when photon is attached to the eit
one of the initial quark lines. However, when a photon
radiated from the finalt leptons the situation is different an
the corresponding matrix element~Bremsstrahlung part! is

M25
aGF

2A2 p
VtbVts* ei fBs

H S 2mtC101
mB

2

mb
CQ2

D
3F t̄S e”P” Bs

2p1q
2

P” Bs
e”

2p2q
D g5tG1

mBs

2

mb
CQ1

3F2mtS 1

2p1q
1

1

2p2qD t̄e”t1 t̄S e”P” Bs

2p1q
2

P” Bs
e”

2p2q
D tG J ,

~9!

where we have used

^0us̄gmg5buBs&52 i f Bs
PBsm

,

^0us̄smn~16g5!buBs&50,

^0us̄g5buBs&5 i f Bs

mBs

2

mb
,

^0us̄buBs&50. ~10!

and the conservation of the vector current. HerePBs
is the

momentum of theBs meson.
0-2
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Finally, we get the total matrix element for theBs
→t1t2g decay as

M5M11M2 . ~11!

To calculate the decay rate, we need the square of this m
element. By summing over the spins of thet leptons and the
03401
rix

polarization of the photon, we obtain

uMu25uM 1u21uM 2u212 Re~M1M2* !, ~12!

where
uM 1u25U aGF

2A2 p
VtbVts*U2

4pa „8 Re~B* C1A* D !p2~p1q2p2q!~p1q1p2q!14@ uCu21uDu2#$~p222mt
2!@~p1q!2

1~p2q!2#24mt
2~p1q!~p2q!%14@ uAu21uBu2#$~p212mt

2!@~p1q!21~p2q!2#14mt
2~p1q!~p2q!%…, ~13!

2 Re~M1M2* !5U aGF

2A2 p
VtbVts*U2

4pa H 16C10f Bs
mt

2FRe~A!
~p1q1p2q!3

~p1q!~p2q!
1Re~D !

~p1q1p2q!2~p1q2p2q!

~p1q!~p2q! G
2

mBs

2

mb
CQ1FRe~B!

~p1q1p2q!3

~p1q!~p2q!
2Re~C!

~p1q1p2q!2~p1q2p2q!

~p1q!~p2q! G
1

mBs

2

mb
Re~B!F ~mt

223p2q!~p1q!

p2q
1

~2mt
22p2!~p2q!

p1q G J , ~14!

uM 2u252U aGF

2A2 p
VtbVts*U2

4paH 216F S 2mtC101
mBs

2

mb
CQ2

D 2

1S mBs

2 CQ1

mb
D 2G

1
2mt

2

~p1q!2
F S 2mtC101

mBs

2

mb
CQ2

D 2

~p212p2q!1S mBs

2 CQ1

mb
D 2

~p212p2q24mt
2!G1

4

p1q
F S 2mtC10

1
mBs

2

mb
CQ2

D 2

1S mBs

2 CQ1

mb
D 2G @3mt

22p222p2q#1
2mt

2

~p2q!2
F S 2mtC101

mBs

2

mb
CQ2

D 2

~p212p1q!

1S mBs

2 CQ1

mb
D 2

~p212p1q24mt
2!G1

4

p2q
F S 2mtC101

mBs

2

mb
CQ2

D 2

1S mBs

2 CQ1

mb
D 2G @3mt

22p222p1q#

1
2

~p1q!~p2q!

3F S 2mtC101
mBs

2

mb
CQ2

D 2

p2~2mt
22p2!2S mBs

2 CQ1

mb
D 2

~p212p2q24mt
2!G J . ~15!

Herep1 , p2 are momenta of the finalt leptons.
In the rest frame of theBs meson, the photon energyEg and the lepton energyE1 are restricted in the region given by

0<Eg<
mBs

2 24mt
2

2mBs

,

mBs
2Eg

2
2

Eg

2A12
4mt

2

mBs

2 22mBs
Eg

<E1<
mBs

2Eg

2
1

Eg

2A12
4mt

2

mBs

2 22mBs
Eg

. ~16!
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In uM 2u2 it appears an infrared divergence, which orig
nates in the Bremstrahlung processes when photon is
and in this limit, theBs→t1t2g decay cannot be distin
guished fromBs→t1t2. Therefore, in order to cancel th
infrared divergences in the decay rate both processes mu
considered together. In Ref.@4# it has been shown that infra
red singular terms inuM 2u2 exactly cancel theO(a) virtual
correction inBs→t1t2 amplitude. However, in this work
th

ne

e
on
s

03401
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we consider the photon inBs→t1t2g as a hard photon
following the approach described in Ref.@4# and impose a
cut on the photon energy. The lower limit of this cut is ch
sen so that the radiated photon can be detected in the ex
ments, namely,Eg>50 MeV (.a mBs

with a>0.01). After

integrating over the phase space and taking into accoun
cut for the photon energy we get for the decay rate
G5U aGF

2A2 p
VtbVts*U2

a

~2 p!3
mBs

5 pH mBs

2

12 E
d

124r

x3 dxA12
4r

12x
@~ uAu21uBu2!~12x12r !1~ uCu21uDu2!~12x24r !#

24 f Bs
r H S C101

mBs

2

2mbmt
CQ2

D E
d

124r

x2 dx Re~A!ln
11A124r /~12x!

12A124r /~12x!
1

mBs

2

2mbmt
CQ1

E
d

124r

x dxRe~B!

3F ~12x!A12
4r

12x
1~x22r !

11A124r /~12x!

12A124r /~12x!
G J 28 f Bs

2 r
1

mBs

2 H S C101
mBs

2

2mbmt
CQ2

D 2

3E
d

124r

dxF ~12x!

x
A12

4r

12x
1S 11

2r

x
2

1

x
2xD ln

11A124r /~12x!

12A124r /~12x!
2

1

r
S mBs

CQ1

2mb
D 2

3E
d

124r

dxF ~4r 21!
~12x!

x
A12

4r

12x
1S 211

8r 2

x
1

1

x
1x1

r

x
~4x26! D ln

11A124r /~12x!

12A124r /~12x!
G J , ~17!
peri-

he

dis-
where r 5mt
2/mBs

2 , d52a and x52Eg /mBs
is the dimen-

sionless photon energy satisfying

d<x<12
4mt

2

mBs

2
.

In our numerical calculations, we use the dipole forms of
form factors given by

g(p2)5
1 GeV

~12p2/5.62!2
, f (p2)5

0.8 GeV

~12p2/6.52!2
,

g1~p2!5
3.74 GeV2

~12p2/40.5!2
, f 1~p2!5

0.68 GeV2

~12p2/30!2
,

~18!

which were calculated in the framework of the light-co
QCD sum rules@7,8#.

III. RESULTS AND DISCUSSION

In the 2HDM there are number of free parameters, nam
masses of the charged and neutral Higgs bos
(mH6, mh0, mA0), the ratio of vacuum expectation value
of Higgs bosons, tanb5v2 /v1, and the anglea due to the
mixing of neutral Higgs bosonsA0 and h0. The values of
e

ly
s

these parameters are restricted by using the existing ex
mental data. The nonobservation of chargedH6 pair in Z
decays@9# gives the model independent lower bound of t
mass of the charged Higgs bosonH6, mH6>44 GeV. How-
ever there is no experimental upper bound formH6 except
mH6<1 TeV coming from the unitarity condition@10#. Fur-
ther, top decays givemH6>147 GeV for large tanb @11#.
The other parameter of 2HDM, tanb, is restricted as tanb
.0.7 fromZ→b̄ b decay@12#. The ratio tanb/mH6 can also

FIG. 1. Differential branching ratio as a function ofx
52Eg /mBs

in the SM and model II formH65400 GeV and tanb
52. In this figure, curves with sharp peaks represent the long
tance contributions.
0-4
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be restricted and it has been estimated as tanb/mH6

<0.38 GeV21 @13# and tanb/mH6<0.46 GeV21 @14#
from the experimental results of the branching ratios of
decaysB→t n̄ and B→X t n̄. The upper bound has als
been given for the same ratio as tanb/mH650.06 GeV21 in
the case that sufficient data could be taken and the theore
uncertainties could be reduced for the exclusive decayB

→D tn̄ @15#. Recently, the relation betweenmH6 and tanb
has been estimated in Ref.@16#, taking into account the
CLEO measurement of the decayB→Xsg @17#:

Br~B→Xsg!5~3.1560.3560.32!31024. ~19!

In our calculations, we take the massesmh0 andmA0 equal
and not too heavy since theb-quark dipole moment is
strongly sensitive to the difference between these masse
the 2HDM @18#. Further, we choose the value of the anglea
as being zero since the mixing betweenh0 andA0 is weak.
For completeness, we have also checked the dependen
the branching ratio ona for the fixed values the other 2HDM
parameters and seen that this dependence is negligible.

In the present work, we study the 2HDM parameters
pendence of the BR and dimensionless photon energy de
dence of the differential branching ratio (dBR/dx) in models
I and II. Doing this, we have used the input parameters gi
in Table I.

In Fig. 1, we presentdBR(B→t1t2g)/dx as a function
of x52Eg /mBs

in the SM and in model II formH65400

GeV and tanb52. We do not display the predictions o
model I there, since they are very close to those of mode
In this figure, curves with sharp peaks represent the l
distance contributions. From Fig. 1, we see that there is
enhancement in the 2HDM compared to the SM case.

TABLE I. The values of the input parameters used in the n
merical calculations.

Parameter Value

mc 1.4 ~GeV!

mb 4.8 ~GeV!

aem
21 137

uVtbVts* u 0.045
mBs

5.28 ~GeV!

t(Bs) 1.64310212 ~s!
mt 176 ~GeV!

mW 80 ~GeV!

mZ 91.19~GeV!

mt 1.78 ~GeV!

mh0 80 ~GeV!

mH0 150 ~GeV!

mA0 80 ~GeV!

m mb

LQCD 0.225~GeV!

as(mZ) 0.117
sinuW 0.2325
03401
e
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n
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Figure 2 shows the dependence of the BR on the Hi
boson massmH6 for different values of the parameter tanb
for models I and II, as well as for the SM. We again obse
an enhancement for the BR in 2HDM compared to the S
case, especially for the small values ofmH6. For example,
for mH65400 GeV and tanb52, BR(Bs→t1t2g)54.18
31028 in model I, and BR(Bs→t1t2g)54.2031028 in
model II. These values are slightly greater than the SM p
dictions, which is BR(Bs→t1t2g)54.1331028. In addi-
tion, themH6 dependence of the BR becomes weaker w
increasing values of tanb for both models. Note that thes
results are sensitive to the choice of form factors and th
can exist considerable differences in the results. Therefor
is difficult to predict the new physics effects for largemH

6

and small tanb values lying in the restriction region.
We present the BR as a function of tanb for different

values ofmH6 in models I and II in Fig. 3 and Fig. 4, re
spectively. It is seen that additional contributions comi
from neutral Higgs exchange diagrams~i.e., contributions
with CQi

Þ0) causes the BR to increase with the increas

values of tanb in contrast to the case that neutral Hig
bosons do not contribute (CQi

50). The reason for these tw
different behaviors can easily be understood by compa

-

FIG. 2. Branching ratio as a function ofmH6 in the SM, model
I, and II for different values of tanb.

FIG. 3. Branching ratio as a function of tanb in the SM and
model I for different values ofmH6. Curves withCQi

Þ0 (CQi

50) represent the contributions including~not including! the neu-
tral Higgs boson interactions.
0-5
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Eqs. ~B3! and ~B2!, which represent the neutral Higg
bosons and the remaining contributions, respectiv
namely, the first one is proportional to tan2 b, while the sec-
ond is 1/tan2 b so that for the larger values of tanb, neutral
Higgs boson contributions dominate in the BR.

In conclusion, we observe an enhancement in the dif
ential branching ratio and the branching ratio of the exc
sive processBs→t1t2g in the framework of the 2HDM as
compared to the SM. Further, this enhancement beco
more detectable for large tanb values lying in experimen-
tally restricted regions. Therefore, the measurement of
exclusive decay can give important clues about the n
physics beyond the SM, corresponding model parame
and also the effects of neutral Higgs contributions.

APPENDIX A: THE OPERATOR BASIS

The operator basis in the 2HDM~models I and II! for the
process under consideration is@19,20#

O15~ s̄LagmcLb!~ c̄LbgmbLa!,

O25~ s̄LagmcLa!~ c̄LbgmbLb!,

O35~ s̄LagmbLa! (
q5u,d,s,c,b

~ q̄LbgmqLb!,

O45~ s̄LagmbLb! (
q5u,d,s,c,b

~ q̄LbgmqLa!,

O55~ s̄LagmbLa! (
q5u,d,s,c,b

~ q̄RbgmqRb!,

O65~ s̄LagmbLb! (
q5u,d,s,c,b

~ q̄RbgmqRa!,

O75
e

16p2
s̄asmn~mbR1msL !baF mn,

O85
g

16p2
s̄aTab

a smn~mbR1msL !bbG amn,

FIG. 4. The same as Fig. 3, but for model II.
03401
,
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O95
e

16p2
~ s̄LagmbLa!~ l̄ gml !,

O105
e

16p2
~ s̄LagmbLa!~ l̄ gmg5l !,

Q15
e2

16p2
~ s̄L

a bR
a! ~ t̄t!,

Q25
e2

16p2
~ s̄L

a bR
a! ~ t̄g5t!,

Q35
g2

16p2
~ s̄L

a bR
a! (

q5u,d,s,c,b
~ q̄L

b qR
b!,

Q45
g2

16p2
~ s̄L

a bR
a! (

q5u,d,s,c,b
~ q̄R

b qL
b!,

Q55
g2

16p2
~ s̄L

a bR
b! (

q5u,d,s,c,b
~ q̄L

b qR
a!,

Q65
g2

16p2
~ s̄L

a bR
b! (

q5u,d,s,c,b
~ q̄R

b qL
a!,

Q75
g2

16p2
~ s̄L

a smn bR
a! (

q5u,d,s,c,b
~ q̄L

b smnqR
b!,

Q85
g2

16p2
~ s̄L

a smn bR
a! (

q5u,d,s,c,b
~ q̄R

b smnqL
b!,

Q95
g2

16p2
~ s̄L

a smn bR
b! (

q5u,d,s,c,b
~ q̄L

b smnqR
a!,

Q105
g2

16p2
~ s̄L

a smn bR
b! (

q5u,d,s,c,b
~ q̄R

b smnqL
a!,

~A1!

wherea andb are SU~3! color indices andF mn andG mn are
the field strength tensors of the electromagnetic and str
interactions, respectively.

APPENDIX B: THE INITIAL VALUES OF THE WILSON
COEFFICIENTS

The initial values of the Wilson coefficients for the re
evant process in the SM are@21#

C1,3, . . . 6,11,12
SM ~mW!50,

C2
SM~mW!51,

C7
SM~mW!5

3x322x2

4~x21!4
ln x1

28x325x217x

24~x21!3
,

0-6
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C8
SM~mW!52

3x2

4~x21!4
ln x1

2x315x212x

8~x21!3
,

C9
SM~mW!52

1

sin2uW

B~x!1
124sin2uW

sin2uW

C~x!

2D~x!1
4

9
,

C10
SM~mW!5

1

sin2uW

@B~x!2C~x!#,

CQi

SM~mW!50 i 51, . . .,10. ~B1!
03401
The initial values for the additional part due to charg
Higgs bosons are

C1, . . . 6
H ~mW!50,

C7
H~mW!5X F1~y! 1 Y F2~y!,

C8
H~mW!5X G1~y! 1 Y G2~y!,

C9
H~mW!5X H1~y!,

C10
H ~mW!5X L1~y!, ~B2!

and due to the neutral Higgs bosons are@6#
CQ1

H ~mW!5
mbmt

mh0
2

1

sin2uW

x

4
X21 H sin22a

2mH6
2 S mh0

2
2

~mh0
2

2mH0
2

!2

2mH0
2 D f 3~y!1~sin2a1hcos2a! f 1~x,y!

1@mh0
2 /mW

2 1~sin2a1hcos2a!~12z!# f 2~x,y!J ,

CQ2

H ~mW!52
mbmt

mA0
2 X21 H f 1~x,y!1S 11

~mH6
2

2mA0
2

!

2mW
2 D f 2~x,y!J ,

CQ3

H ~mW!5
mbe2

mtg
2

@CQ1
~mW!1CQ2

~mW!#,

CQ4

H ~mW!5
mbe2

mtg
2

@CQ1
~mW!2CQ2

~mW!#,

CQi
~mW!50,i 55, . . .,10, ~B3!

where

x5
mt

2

mW
2

, y5
mt

2

mH
6

, z5
x

y
, h5

mh0
2

mH0
2 , f 1~x,y!5

xlnx

x21
2

ylny

y21
,

f 2~x,y!5
xlny

~z2x!~x21!
1

ln z

~z21!~x21!
, f 3~y!5

12y1ylny

~y21!2
. ~B4!

and

X5
1

tan2b
S 1

tan2b
D , Y5

21

tan2b
~1! in model I ~ II !. ~B5!

The explicit forms of the functionsF1(2)(y), G1(2)(y), H1(y), andL1(y) are given as

F1~y!5
y~725y28y2!

72~y21!3
1

y2~3y22!

12~y21!4
ln y,
0-7
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F2~y!5
y~5y23!

12~y21!2
1

y~23y12!

6~y21!3
ln y,

G1~y!5
y~2y215y12!

24~y21!3
1

2y2

4~y21!4
ln y,

G2~y!5
y~y23!

4~y21!2
1

y

2~y21!3
ln y,

H1~y!5
124 sin2uW

sin2uW

xy

8 F 1

y21
2

1

~y21!2
lnyG2yF47y2279y138

108~y21!3

2
3y326y14

18~y21!4
lnyG ,

L1~y!5
1

sin2uW

xy

8 F2
1

y21
1

1

~y21!2
lnyG . ~B6!

Finally, the initial values of the coefficients in the 2HDM are

Ci
2HDM~mW!5Ci

SM~mW!1Ci
H~mW!. ~B7!

Using these initial values, we can calculate the coefficientsCi
2HDM(m) and CQi

2HDM(m) at any lower scale in the

effective theory with five quarks, namelyu,c,d,s,b similar to the SM case. Wilson coefficient
C7

2HDM(m), C9
2HDM(m), C10

2HDM(m), CQ1

2HDM(m) and CQ2

2HDM(m) play the essential role in this process and the others e

into expressions due to operator mixing. For completeness we would like to give the explicit expressions of the co
essential in this process. The effective coefficientC7

eff(m) is defined as@22#

C7
eff~m!5C7

2HDM~m!1Qd @C5
2HDM~m!1Nc C6

2HDM~m!#1Qu S mc

mb
C12

2HDM~m!1Nc

mc

mb
C11

2HDM~m! D , ~B8!

where the leading order QCD corrected Wilson coefficientsC7
LO,2HDM(m) are given by@19,20,23#:

C7
LO,2HDM~m!5h16/23C7

2HDM~mW!1~8/3!~h14/232h16/23!C8
2HDM~mW!1C2

2HDM~mW!(
i 51

8

hih
ai, ~B9!

and h5as(mW)/as(m), hi and ai are the numbers which appear during the evaluation@23#. The perturbative part of the
Wilson coefficientC9

eff(m) can be defined as@20,23#

C9
pert~m!5C9

2HDM~m!h̃~ ŝ!1h~z,ŝ!@3C1~m!1C2~m!13C3~m!1C4~m!13C5~m!1C6~m!#2
1

2
h~1,ŝ!@4C3~m!

14C4~m!13C5~m!1C6~m!#2
1

2
h~0,ŝ!@C3~m!13C4~m!#1

2

9
@3C3~m!1C4~m!13C5~m!1C6~m!#.

~B10!

Here the contributions of the coefficientsC1(m), . . . ,C6(m) are due to the operator mixing. In Eq.~B10! h̃( ŝ) represents the
one gluon correction to the matrix elementO9 with ms50 @20# and the functionh(z,ŝ) arises from the one loop contribution
of the four quark operatorsO1 , . . . ,O6. Their explicit expressions are

h̃~ ŝ!511
as~m!

p
v~ ŝ!, ~B11!

where
034010-8
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v~ ŝ!52
2

9
p22

4

3
Li2~ ŝ!2

2

3
ln ŝln~12 ŝ!2

514ŝ

3~112ŝ!
ln~12 ŝ!2

2ŝ~11 ŝ!~122ŝ!

3~12 ŝ!2~112ŝ!
ln ŝ1

519ŝ26ŝ2

6~12 ŝ!~112ŝ!
~B12!

and

h~z,ŝ!52
8

9
ln

mb

m
2

8

9
ln z1

8

27
1

4

9
x2

2

9
~21x!u12xu1/25 S lnUA12x11

A12x21
U2 ip D for x[

4z2

ŝ
,1,

2 arctan
1

Ax21
for x[

4z2

ŝ
.1,

, ~B13!

h~0,ŝ!5
8

27
2

8

9
ln

mb

m
2

4

9
ln ŝ1

4

9
ip, ~B14!

wherez5mc /mb and ŝ5p2/mb
2 . In addition to the perturbative part, there exist also the long distance~LD! one due to the

conversion of the realc̄c into the lepton pairt1t2, described by the reactionB→gc i→gt1t2, wherei 51, . . . ,6.Adding
this contribution to the perturbative one coming from thecc̄ loop, the NLO QCD correctedC9

eff(m) can be written as

C9
eff~m!5C9

pert~m!1Yreson~ ŝ!, ~B15!

whereYreson( ŝ) in NDR scheme is defined as

Yreson~ ŝ!52
3

aem
2

k (
Vi5c i

pG~Vi→t1t2!mVi

q22mVi
1 imVi

GVi

@3C1~m!1C2~m!13C3~m!1C4~m!13C5~m!1C6~m!#. ~B16!

The phenomenological parameterk in Eq. ~B16! is taken as 2.3@24#.
Finally, the Wilson coefficientsCQ1

(m) andCQ2
(m) are given by@6#

CQi
~m!5h212/23CQi

~mW!, i 51,2. ~B17!
e
C o-

e,

.
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