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Technicolor corrections onBs,d\gg decays in QCD factorization
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Within the framework of the top-color-assisted technicolor~TC2! model, we calculate the new physics
contributions to the branching ratiosB(Bs,d→gg) andCP violating asymmetriesr CP

2 (Bs,d→gg) in the QCD
factorization based on the heavy-quark limitmb@LQCD . Using the considered parameter space, we find that
~a! for both Bs→gg and Bd→gg decays, the new physics contribution can provide a factor of two to six
enhancement to their branching ratios,~b! for theBs→gg decay, its directCP violation is very small in both
the SM and TC2 model, and~c! theCP violating asymmetryr CP

2 (Bd→gg) is around the ten percent level in
both the SM and TC2 model, but the sign ofCP asymmetry in the TC2 model is different from that in the SM.
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I. INTRODUCTION

As is well known, the rare radiative decays ofB mesons
induced by the quark decayb→qg (q5d,s) are very sensi-
tive to the flavor structure of the standard model~SM! and to
new physics beyond the SM. Both inclusive and exclus
processes, such as the decaysB→Xsg, Xsgg and Bs,d
→gg, have been studied in great detail@1–11#.

The inclusive decayB→Xsg is measured experimentall
with increasing accuracy@12#. The world average as give
by the 2002 Particle Data Group~PDG2002! @13# is

B~B→Xsg!5~3.360.40!31024, ~1!

which is quite consistent with the next-to-leading ord
~NLO! standard model prediction@4#

B~B→Xsg!TH5~3.2960.34!31024. ~2!

Obviously, there is only small room left for new physic
effects in flavor-changing neutral current processes base
the b→s transition. In other words, the excellent agreem
between SM theory and experimental data results in a str
constraint on many new physics models beyond the SM

Within the SM, the electroweak contributions tob
→sgg andB→gg decays have been calculated some ti
ago @1#; the leading-order QCD corrections and the lon
distance contributions were evaluated recently by sev
groups@6,14#. The new physics corrections were also co
sidered, for example, in the two-Higgs doublet model@15,16#
and the supersymmetric model@17#.

*Present address: Ottawa-Carleton Institute for Physics, Dep
ment of Physics, Carleton University, Ottawa, Canada.
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On the experimental side, only upper limits (90% C.L
on the branching ratios ofBs,d→gg are currently available

B~Bs→gg!,1.4831024 @18#, ~3!

B~Bd→gg!,1.731026 @19#, ~4!

which are roughly two orders above the SM predictio
@1,6,8,9#. These radiative decays are indeed very interes
because~a! these decays have a very clean signal where
monochromatic energetic photons are produced preci
back-to-back in the rest frame of B meson;~b! these exclu-
sive decays also allow us to study theCP violating effects as
the two photon system can be in aCP-even orCP-odd state;
~c! sinceBs→gg depends on the same set of Wilson coe
cients asB→Xsg, its sensitivity to new physics beyond th
SM complements the corresponding sensitivity inB→Xsg;
and~d! the smallness of the branching ratios can be comp
sated by the very high statistics expected at the currenB
factory experiments and future hadron colliders.

In this paper, we present our calculation of branching
tios andCP-violating asymmetries for rare exclusive deca
Bs,d→gg in the framework of the top-color-assisted techn
color ~TC2! model@20# by employing the QCD factorization
based on the heavy-quark limitmb@LQCD @8,9#.

This paper is organized as follows: In Sec. II, we give
brief review about the SM predictions for the branching
tios andCP asymmetries ofBs,d→gg decays. In Sec. III,
we present the basic ingredients of the TC2 model, a
evaluate the new penguin diagrams. After studying the c
straint on the TC2 model by considering the data ofBd

0

2B̄d
0 mixing andB→Xsg decay, we find the Wilson coeffi

cientsC7 andC8 with the inclusion of the new physics~NP!
contribution. In Sec. IV, we show the numerical results
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branching ratios andCP-violating asymmetries forBs,d
→gg decays. The discussions and conclusions are inclu
in the final section.

II. Bs,d\gg DECAYS IN THE SM

In this section, based on currently available studies,
present the formulas for exclusive decayBs,d→gg in the
framework of the SM.

A. Effective Hamiltonian for inclusive b\sgg decay

We know that the quark level processesb→sg,sgg and
the exclusive decaysBs,d→gg have a close relation. Up to
the order 1/mW

2 , the effective Hamiltonian for the decayb
→sgg is identical to the one forB→Xsg transition@1,7#

He f f~b→sg!5He f f~b→sgg!1OS 1

mW
2 D . ~5!

This can be understood by either applying the equation
motion @21# or by applying an extension of Low’s low en
ergy theorem@22#.

Up to corrections of order 1/mW
2 , the effective Hamil-

tonian for b→sgg is just the one forb→sg and takes the
form

He f f5
GF

A2
(

p5u,c
lp

(s)FC1~m!Q1
p1C2~m!Q2

p

1 (
i 53, . . . ,8

Ci~m!Qi G , ~6!

where lp
(s)5Vps* Vpb is the Cabibbo-Kobayashi-Maskaw

~CKM! factor. And the current-current, QCD penguin, ele
tromagnetic and chromomagnetic dipole operators are g
by1

Q1
p5~ s̄apb!V2A~ p̄bba!V2A , ~7!

Q2
p5~ s̄p!V2A~ p̄b!V2A , ~8!

Q35~ s̄b!V2A (
q5u,d,s,c,b

~ q̄q!V2A , ~9!

Q45~ s̄abb!V2A (
q5u,d,s,c,b

~ q̄bqa!V2A , ~10!

Q55~sb̄!V2A (
q5u,d,s,c,b

~ q̄q!V1A , ~11!

1For the numbering of operatorsQ1,2
p , we use the convention o

Buraset al. @3# throughout this paper.
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Q65~ s̄abb!V2A (
q5u,d,s,c,b

~ q̄bqa!V1A , ~12!

Q75
e

4p2
s̄asmn~mbR1msL !ba Fmn , ~13!

Q85
gs

4p2
s̄asmn~mbR1msL !Tab

a bb Gmn
a , ~14!

wherea andb are color indices,a51, . . . ,8labelsSU(3)c
generators,e andgs refer to the electromagnetic and stron
coupling constants, andL,R5(17g5)/2, while Fmn and
Gmn

a denote the photonic and gluonic field strength tenso
respectively. InQ7,8, the terms proportional toms are usu-
ally neglected because of the strong suppressionms

2/mb
2 . The

effective Hamiltonian forb→dgg is obtained from Eqs.
~6!–~14! by the replacements→d.

The Wilson coefficientsCi(m) in Eq. ~6! are known cur-
rently at next-to-leading order~NLO! @2,3#. Within the SM
and at scalemW , the Wilson coefficientsCi(mW) at the lead-
ing order~LO! approximation have been given for examp
in @3#,

Ci~mW!50 ~ i 51,3,4,5,6!, ~15!

C2~mW!51, ~16!

C7~mW!5
27xt15xt

218xt
3

24~12xt!
3

2
2xt

223xt
3

4~12xt!
4
log@xt#, ~17!

C8~mW!5
22xt25xt

21xt
3

8~12xt!
3

2
3xt

2

4~12xt!
4
log@xt#, ~18!

wherext5mt
2/mW

2 .
By using QCD renormalization group equations@3#, it is

straightforward to run Wilson coefficientsCi(mW) from the
scalem5O(mW) down to the lower scalem5O(mb). The
leading order results for the Wilson coefficientsCi(m) with
m'mb are of the form@3#

Cj~m!5(
i 51

8

kji h
ai ~ j 51, . . . ,6!, ~19!

C7~m!5h16/23C7~mW!1
8

3
~h14/232h16/23!C8~mW!

1(
i 51

8

hih
ai, ~20!

C8~m!5h14/23C8~mW!1(
i 51

8

h̄ih
ai, ~21!

whereh5as(mW)/as(m), and the magic numbers are@3#
1-2
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ai5~14/23,16/23,6/23,212/23,0.4086,20.4230,20.8994,0.1456!, ~22!

hi5~2.2996,21.0880,23/7,21/14,20.6494,20.0380,20.0185,20.0057!, ~23!

h̄i5~0.8623,0,0,0,20.9135,0.0873,20.0571,0.0209!, ~24!

kji 5S 0 0 1/2 21/2 0 0 0 0

0 0 1/2 1/2 0 0 0 0

0 0 21/14 1/6 0.0510 20.1403 20.0113 0.0054

0 0 21/14 21/6 0.0984 0.1214 0.0156 0.0026

0 0 0 0 20.0397 0.0117 20.0025 0.0304

0 0 0 0 0.0335 0.0239 20.0462 20.0112

D . ~25!

TABLE I. Values of the input parameters used in the numerical calculations. All masses are in units of
GeV.

A l Rb GF aem as(MZ)

0.847 0.2205 0.3860.08 1.166431025 GeV22 1/137.036 0.118

mW mt mb
pole mc

pole mBd
mBs

80.42 175 4.8060.15 1.460.12 5.279 5.369

f Bd
f Bs

lBs
5lBd

LMS
(5) t(Bd) t(Bs)

0.2060.03 0.2360.03 0.3560.15 0.225 1.542 ps 1.461 ps
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The numerical results of the LO Wilson coefficien
Ci(m) obtained by using the input parameters as given
Table I are listed in Table II form5mb/2,mb and 2mb , re-
spectively.

B. Bs,d\gg decays in the SM

Based on the effective Hamiltonian for the quark lev
processb→s(d)gg, one can write down the amplitude fo
Bs,d→gg and calculate the branching ratios andCP violat-
ing asymmetries once a method is derived for computing
hadronic matrix elements. There exist so far two major
proaches for the theoretical treatments of exclusive de
B→gg.

The first approach was proposed ten years ago and
been employed by many authors@1,6#. Under this approach
one simply evaluates the hadronic element of the amplitu
for one-particle reducible~1PR! and one-particle irreducible
09402
n

l

e
-
y

as

es

~1PI! diagrams, relying on a phenomenological model. O
can work, for example, in the weak binding approximati
and assume that both theb and the lightq quarks are at res
in theBq meson@23#. From the heavy quark effective theor
~HQET!, for instance, one can also assume that the velo
of theb quark coincides with the velocity of theBq meson up
to a residual momentum ofLQCD . Both pictures are com-
patible up to corrections of order (LQCD /mb) @23#. One typi-
cal numerical result obtained by employing this approach

B~Bs→gg!'~228!31027 ~26!

after inclusion of LO QCD corrections@23#. There are also
many works concerning the estimation of the long distan
contributions toB→gg decay@14#.

In the first approach, one has to employ hadronic mod
to describe theBq (q5s,d) meson bound state dynamics.
is thus impossible for one to separate clearly the short-
ut
TABLE II. The LO Wilson coefficientsCi(m) in the SM obtained by using the central values of inp
parameters as listed in Table I.

m C1 C2 C3 C4 C5 C6 C7 C8

mb/2 20.3500 1.1630 0.0164 20.0351 0.0096 20.0467 20.3545 20.1649
mb 20.2454 1.1057 0.0109 20.0254 0.0073 20.0309 20.3141 20.1490

2mb 20.1654 1.0664 0.0070 20.0175 0.0052 20.0200 20.2801 20.1353
1-3
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long-distance dynamics and to make distinctions between
model-dependent and model-independent features.

The second approach was proposed recently by Bosch
Buchalla@8,9#. They analyzed theBs,d→gg decays in QCD
factorization approach based on the heavy quark limitmb
@LQCD . Under this approach, one can systematically se
rate perturbatively calculable hard scattering kernels fr
the nonperturbativeB-meson wave function. Power countin
in LQCD /mb allows one to identify leading and subleadin
contributions toB→gg. In this paper, we will employ the
Bosch and Buchalla~BB! approach to calculate the techn
color corrections toBs,d→gg decays.

From Refs.@8,9#, one knows that~a! only one 1PR dia-
gram @Fig. 1~a!# contributes at leading power;~b! the most
important subleading contributions induced by the 1PR@Fig.
1~b!# and 1PI diagrams@Fig. 1~c!# can also be calculated; an
~c! the directCP violation of Bd→gg can reach the 10%
level.

The amplitude for theB→gg decay has the general stru
ture @8#

A„B̄→g~k1 ,e1!g~k2 ,e2!…

5
GF

A2

aem

3p
f B

1

2
^gguA1FmnFmn2 iA2FmnF̃mnu0&.

~27!

HereFmn andF̃mn5«mnlrFlr/2 are the photon field strengt
tensor and its dual with«0123521. The branching ratio of
Bq→gg decay withq5s,d is then given by

B~B̄q→gg!5tBq

GF
2mBq

3 f Bq

2 aem
2

288p3
~ uA1u21uA2u2!,

~28!

where GF is the Fermi constant,aem is the fine structure
constant,tBq

is the lifetime ofBq meson, andmBq
and f Bq

are the mass and decay constant of theBq meson, respec
tively. The values of all input parameters are listed in Tabl

FIG. 1. The leading power 1PR diagram~a! and subleading
power 1PR diagram~b! of the magnetic penguin operatorQ7, and
the subleading power 1PI diagram~c! of the four-quark operators
Qi . The diagrams with interchanged photons are not shown.
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The matrix elements of the operatorsQi in Eq. ~6! can be
written as

^g~e1!g~e2!uQi uB&5 f BE
0

1

dj Ti
mn~j! FB~j!e1me2n ,

~29!

where thee i are the polarization 4-vectors of the photon
FB[FB1 is the leading twist light-cone distribution ampl
tude of theB meson, andTi

mn(j) is the hard-scattering kerne
describing the hard-spectator contribution.

By explicit calculations as were done in Ref.@8#, the
quantitiesA6 in Eq. ~28!are of the form

A15lu
(q)A1

u 1lc
(q)A1

c , ~30!

A25lu
(q)A2

u 1lc
(q)A2

c , ~31!

with

A1
p 52C7

mB

lB
1~C513C6!F1

2
g~1!2

1

3G , ~32!

A2
p 52C7

mB

lB
2

2

3
~C213C1!g~zp!2~C32C5!

3F2g~zc!1
5

6
g~1!G2~C42C6!F2

3
g~zc!

1
7

6
g~1!G1

20

3
C314C42

16

3
C5 , ~33!

wherezp5mp
2/mb

2 for p5u,c, and

g~z!52214zFLi2S 2

12A124z1 i e
D

1Li2S 2

11A124z1 i e
D G ~34!

and Li2(x) is the dilogarithm function. It is easy to see th
A1

u 5A1
c , butA2

u ÞA2
c . The functiong(z) has an imaginary

part for 0,z,1/4, while g(0)522 and g(1)52(p2

29)/9.
The first term ofA6

p is the leading power contribution
from the 1PR diagram@Fig. 1~a!# of the penguin operato
Q7, the remaining terms ofA6

p represent the subleading con
tributions from the 1PR diagram@Fig. 1~b!# with the operator
Q7 where the second photon is emitted from theb quark line,
and from the 1PI diagram@Fig. 1~c!# induced by insertion of
four-quark operatorsQi . From the formulas as given in Eq
~28! and Eqs.~30!–~33!, we find the numerical results of th
branching ratios in SM

B~B̄s→gg!5@1.220.6
12.4~DlB!20.2

10.3~Dm!60.3~D f Bs
!

60.02~Dg!#31026, ~35!
1-4
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B~B̄d→gg!5@3.221.6
16.6~DlB!20.6

10.8~Dm!20.9
11.0

3~D f Bd
!20.8

11.1~Dg!#31028, ~36!

where the central values of branching ratios are obtained
using the central values of input parameters as given in T
I, and the errors correspond toDlB560.15 GeV,mb/2<m
<2mb , D f Bd

5D f Bs
560.03 GeV, respectively. For th

CKM angle g, we consider the range ofg5(60620)° ac-
cording to the global fit result@13#. Obviously, the dominan
errors are induced by the uncertainty of hadronic param
lB , the renormalization scalem and decay constantf Bq

. The

error induced byDg is about 30% forBd decay, but very
small forBs decay. The errors due to the uncertainty of oth
input parameters are indeed very small and can be negle

Now we consider theCP violating asymmetries ofBs,d
→gg decays. Following the definitions of Ref.@8#, the sub-
scripts6 on A6 for B̄→gg decay denote theCP properties
of the corresponding two-photon final states, whileĀ6 refer
to theCP conjugated amplitudes for the decayB→gg ~de-
caying b̄ antiquark!. Then the deviation of the ratios

r CP
6 5

uA6u22uĀ6u2

uA6u21uĀ6u2
~37!

from zero is a measure of directCP violation. SinceA1
p

5Ā1
p , r CP

1 is always zero. Forr CP
2 of Bd→gg decay, how-

ever, it can be rather large. By using the central values
input parameters as given in Table I and assumingg560°,
we find

r CP
2 ~Bs→gg!5@0.3920.28

10.25~Dm!20.11
10.16~DlB!20.11

10.06~Dg!#%,

~38!

r CP
2 ~Bd→gg!5@210.226.6

17.3~Dm!24.0
14.3~DlB!20.1

11.4~Dg!#%.
~39!

It is easy to see that the directCP violating asymmetry
for Bs→gg decay is small,;1%, and cannot be detected b
experiments. ForBd→gg decay. however, itsCP violation
can be rather large, around210% forg;60°. But the much
smaller branching ratio is a great challenge for the curr
and future experiments.

In Fig. 2, we show the CKM angleg2 and
m-dependence ofr CP

2 (Bd→gg). The dotted, short-dashe
and solid curves show the SM predictions ofr CP

2 (Bd→gg)
for m5mb/2,mb and 2mb , respectively. TheCP violating
asymmetry even can reach217% for CKM angleg'50°,
the value preferred by the global fit@24# and by the analysis
based on the measurements of branching ratios ofB→Kp
decays@25#. The value ofr CP

2 (Bd→gg) here is the same a
that given in Ref.@8# for m5mb , but opposite with what was
given in Ref.@8# for m5mb/2 and 2mb , respectively.

III. BS,D\gg DECAYS IN TC2 MODEL

In this section, we calculate the loop corrections toBs,d
→gg decays in TC2 model.
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A. TC2 model

Apart from some differences in group structure and
particle contents, all TC2 models@20,26# have the following
common features:~a! strong top-color interactions, broke
near 1 TeV, induce a large top condensate and all but a
GeV of the top quark mass, but contribute little to ele
troweak symmetry breaking;~b! technicolor@27# interactions
are responsible for electroweak symmetry breaking, and
tended technicolor~ETC! @28# interactions generate th
masses of all quarks and leptons, except that of the
quarks;~c! there exist top pionsp̃6 and p̃0 with a decay
constantFQ'(40250) GeV. In this paper we will chose th
well-motivated and most frequently studied TC2 model p
posed by Hill@20# to calculate the contributions to the ra
exclusiveB decays from the relatively light charged pseud
scalars. It is straightforward to extend the studies in this
per to other TC2 models.

In the TC2 model@20#, after integrating out the heav
coloron andZ8, the effective four-fermion interactions hav
the form @29#

Le f f5
4p

MV
2 H S k1

2k1

27 DcLtRt̄ RcL1S k2
k1

27DcLbRb̄RcLJ ,

~40!

wherek5(g3
2/4p)cot2u and k15(g1

2/4p)cot2u8, andMV is
the mass of coloronVa andZ8. The effective interactions o
Eq. ~40! can be written in terms of two auxiliary scalar do
bletsf1 andf2. Their couplings to quarks are given by@30#

Le f f5l1cLf1 t̄ R1l2cLf2b̄R , ~41!

wherel1
254p(k12k1/27) andl2

254p(k2k1/27). At en-
ergies below the top-color scaleL;1 TeV the auxiliary
fields acquire kinetic terms, becoming physical degrees
freedom. The properly renormalizedf1 andf2 doublets take
the form

FIG. 2. TheCP violating asymmetry of (Bd→gg) decay vs the
CKM angle g and energy scalem in the SM. The dotted, short
dashed and solid curves show the SM predictions form5mb/2,mb

and 2mb , respectively.
1-5
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f15S FQ1
1

A2
~ht1 i p̃0!

p̃2
D , f25S H̃1

1

A2
~H̃01 iÃ0!D ,

~42!

wherep̃6 and p̃0 are the top pions,H̃6,0 and Ã0 are theb
pions, ht is the top Higgs boson, andFQ'50 GeV is the
top-pion decay constant.

From Eq.~41!, the couplings of top pions tot andb quark
can be written as@20#

mt*

FQ
F i t̄ tp̃01 i t̄ RbLp̃11 i

mb*

mt*
t̄ LbRp̃11H.c.G , ~43!

wheremt* 5(12e)mt andmb* '1 GeV denote the masses
top and bottom quarks generated by top-color interaction

For the mass of top pions, the current 12s lower mass
bound from the Tevatron data ismp̃>150 GeV@26#, while
the theoretical expectation ismp̃'(1502300 GeV) @20#.
For the mass ofb pions, the current theoretical estimation
mH̃0'mÃ0'(100–350) GeV andmH̃5mH̃0

2
12mt

2 @30#. For
the technipionsp1

6 andp8
6 , the theoretical estimations ar

mp1
>50 GeV andmp8

'200 GeV @31,32#. The effective

Yukawa couplings of ordinary technipionsp1
6 and p8

6 to
fermion pairs, as well as the gauge couplings of unit-char
scalars to gauge bosonsg,Z0 and gluon are basically
model-independent, can be found in Refs.@31–33#.

At low energy, potentially large flavor-changing neutr
currents~FCNC! arise when the quark fields are rotated fro
their weak eigenbasis to their mass eigenbasis, realize
the matricesUL,R for the up-type quarks, and byDL,R for the
down-type quarks. When we make the replacements, for
ample,

bL→DL
bddL1DL

bssL1DL
bbbL , ~44!

bR→DR
bddR1DR

bssR1DR
bbbR , ~45!

the FCNC interactions will be induced. In TC2 model, t
corresponding flavor changing effective Yukawa couplin
are

mt*

FQ
@ i p̃1~DL

bst̄ RsL1DL
bdt̄ RdL!

1 iH̃ 1~DR
bst̄ LsR1DR

bdt̄ LdR!1H.c.#. ~46!

For the mixing matrices in the TC2 model, authors us
ally use the ‘‘square-root ansatz’’: to take the square roo
the standard model CKM matrix (VCKM5UL

1DL) as an in-
dication of the size of realistic mixings. It should be denot
that the square root ansatz must be modified because o
strong constraint from the data ofB02B0 mixing @30,34,35#.
In the TC2 model, the neutral scalarsH̃0 andÃ0 can induce
a contribution to theBq

02Bq
0 (q5d,s) mass difference

@29,30#
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DMBq

MBq

5
7

12

mt
2

FQ
2 mH̃0

2 dbqBBq
FBq

2 , ~47!

whereMBq
is the mass ofBq meson,FBq

is the Bq-meson

decay constant,BBq
is the renormalization group invarian

parameter, anddbq'uDL
bqDR

bqu. For the Bd meson, using
the experimental measurement ofDMBd

5(3.2260.05)

310210 MeV @13# and setting FQ545 GeV, ABBd
FBd

5200 MeV, one has the bounddbd<0.8231027 for mH̃0

<600 GeV. This is an important and strong bound on
product of mixing elementsDL,R

bd . As pointed in@29#, if one
naively uses the square-root ansatz forboth DL andDR , this
bound is violated by about 2 orders of magnitude. By tak
into account above experimental constraint, we naturally
that DR

i j 50 for iÞ j . Under this assumption, only th

charged technipionsp1
6 ,p8

6 and the charged top pionsp̃6

contribute to the decays studied here through penguin
grams.

B. Constraint on TC2 model from B\Xsg decay

The constraint on bothDL andDR from the experimental
data ofB→Xsg decay is much weaker than that from th
B0 – B̄0 mixings @29#. On the other hand, one can dra
strong constraint on the mass of top-pionmp̃ from the well
measured B→Xsg decay by settingDL

bd5Vtd/2, DL
bs

5Vts/2, FQ545 GeV ande50.0560.03.
In this subsection, we first calculate the new physics c

tributions to the Wilson coefficientsC7(mW) and C8(mW).
And then we draw the constraint on the massmp̃ by com-
paring the theoretical prediction ofB(B→Xsg) with the
measured value as given in Eq.~1!.

The new photonic- and gluonic-penguin diagrams can
obtained from the corresponding penguin diagrams in
SM by replacing the internalW6 lines with the unit-charged
scalar (p1

6 ,p8
6 and p̃6) lines, as shown in Fig. 3. For de

tails of the analytical calculations, one can see Ref.@36#.

FIG. 3. The typical photon- and gluon-penguin diagrams withW
and charged-PGB exchanges~short-dashed lines! in the SM and
TC2 models which contribute toB→Xs,dg decays. The interna
quarks are the upper typeu,c and t quarks.
1-6
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By evaluating the newg-penguin andgluon-penguin dia-
grams induced by the exchanges of three kinds of char
pseudoscalars (p̃6,p1

6 ,p8
6), we find that

C7~mW!TC25
1

8A2GFFQ
2

H~yt!1
1

6A2GFFp

3@H~h t!18H~j t!#, ~48!

C8~mW!TC25
1

8A2GFFQ
2

K~yt!1
1

6A2GFFp

3@K~h t!18K~j t!19L~j t!#, ~49!

where yt5mp̃
2 /„(12e)mt)

2, h t5mp1

2 /(emt…
2, j t5mp8

2 /

(emt)
2, while the functionsH(x), K(x) andL(x) are

H~x!5
22253x125x2

36~12x!3
1

3x28x214x3

6~12x!4
log@x#, ~50!

K~x!5
5219x120x2

12~12x!3
2

x222x3

2~12x!4
log@x#, ~51!

L~x!5
425x25x2

12~12x!3
1

x22x2

2~12x!4
log@x#. ~52!

It is easy to show that the charged top-pionp̃6 strongly
dominate the new physics contributions to the Wilson co
ficientsC7(mW) andC8(mW), while the technipions play a
minor rule only, less than 5% of the total NP correction. W
therefore fix the masses ofp1

6 andp8
6 in the range ofmp1

52006100 GeV andmp8
54006100 GeV, as listed in

Table III. At the leading order, the charged-scalars do
contribute to the remaining Wilson coefficientsQ12Q6.

When the new physics contributions are taken into
count, the Wilson coefficientsC7(mW) andC8(mW) can be
defined as the following:

C7~mW!Tot5C7~mW!SM1C7~mW!TC2, ~53!

C8~mW!Tot5C8~mW!SM1C8~mW!TC2, ~54!

whereC7,8
SM have been given in Eqs.~17!,~18!. Explicit cal-

culations show that the Wilson coefficientsC7,8
TC2 have the

opposite sign with their SM counterparts, and therefore t
will interfere destructively. The QCD running ofC7

tot from
the energy scalemW to m'mb is the same as the case of SM

TABLE III. Values of the input parameters of TC2 model. A
masses are in units of GeV.

mp1
mp8

mp̃ Fp FQ e

2006100 4006100 200630 120 45 0.0560.03
09402
ed
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Using the NLO formulas as presented in Ref.@4# for the
B→Xsg decay, we find the numerical results for the branc
ing ratiosB(B→Xsg) in both the SM and the TC2 model, a
illustrated in Fig. 4, where we use the central values of in
parameters as given in Table I and Table III. The three cur
correspond tom5mb/2 ~short-dashed curve!, m5mb ~solid
curve!and m52mb ~dot-dashed curve!, respectively. The
band between two horizontal dotted-lines shows the SM p
diction B(B→Xsg)5(3.2960.34)31024 @4#, while the
band between two horizontal solid lines shows the data,
31024<B(B→Xsg)<4.131024 at the 2s level @13#.

From Fig. 4 and considering the errors induced by vary
mp1

, mp8
and e in the ranges as shown in Table III, th

constraint on the mass of charged top pion is

mp̃5200630 GeV, ~55!

which is a rather strong constraint onmp̃ .

IV. NUMERICAL RESULTS IN TC2 MODEL

In this section, we present the numerical results for
branching ratios andCP violating asymmetries ofBs,d
→gg decays in the TC2 model.

A. Branching ratios B„Bs,d\gg… in TC2 model

Based on the analysis in previous sections, it is straig
forward to present the numerical results. Our choice of in
parameters are summarized in Table I and Table III. Us
the input parameters as given in Table I and Table III a
assumingg5(60620)°, we find the numerical results of th
branching ratios

B~B̄s→gg!5@2.821.4
16.0~DlB!21.2

11.3~Dm!20.7
10.8~D f Bs

!20.8
11.2

3~Dmp̃!#31026, ~56!

FIG. 4. The branching ratiosB(B→Xsg) in the SM and TC2
models as a function ofmp̃ . The band between two horizonta
dashed lines~solid lines! shows the SM prediction~world average
of experimental measurements! as listed in Eqs.~1!, ~2!. The short-
dash, solid and dot-dash curves show the TC2 model prediction
the branching ratios form5mb/2,mb and 2mb , respectively.
1-7
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B~B̄d→gg!5@8.224.2
117.0~DlB!23.5

13.9~Dm!22.3
12.7~D f Bd

!22.3
13.3

3~Dmp̃!#31028, ~57!

where the major errors correspond to the uncertainties
DlB560.15 GeV,mb/2<m<2mb , D f Bq

560.03 GeV and

Dmp̃530 GeV, respectively.
Figures 5~a! and 5~b! show the charged top-pion mass a

m-dependence of the decay ratesB(Bs,d→gg), respectively.
In these figures, the lower three lines show the SM pred
tions for m5mb/2 ~dotted line!, m5mb ~solid line! and m
52mb ~short-dashed line!. Other three curves correspond
the theoretical predictions of TC2 model. The new phys
enhancement on the branching ratios and their scale
mass dependence can be seen easily from the figure.

From the numerical results as given in Eqs.~56!,~57!, it is
easy to see that the largest error of the theoretical predic
comes from our ignorance of hadronic parameterlB . We
show suchlB dependence of branching ratios in Fig. 6 e
plicitly. The dotted and short-dashed curves in Fig. 6 sh
the SM predictions form5mb/2 andm5mb , respectively.

FIG. 5. Plots of branching ratiosB(Bs→gg) ~a! and B(Bd

→gg) ~b! vs mp̃ , settinglB50.35 and CKM angleg560°. The
lower three lines in each diagram show the SM predictions fom
5mb/2 ~dotted line!, m5mb ~solid line! andm52mb ~short-dashed
line!. Upper three curves correspond to the theoretical predict
of TC2 model.
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The dot-dashed and solid curves show the TC2 model
dictions for m5mb/2 and m5mb , respectively. The decay
branching ratios decrease quickly, aslB getting large for
both SM and TC2 model.

In order to reduce the errors of theoretical predictio
induced by the uncertainties of input parameters, we de
the ratioR(Bq→gg) with q5d,s as follows:

R~Bq→gg!5
B~Bq→gg!TC2

B~Bq→gg!SM
. ~58!

Using the central values of input parameters, one finds
merically that

R~Bs→gg!52.3460.10~DlB!21.22
11.70~Dm!20.68

10.94~Dmp̃!,

~59!

R~Bd→gg!52.5660.02~DlB!21.40
12.10~Dm!20.73

11.01~Dmp̃!,

~60!

s

FIG. 6. Plots of branching ratiosB(Bs→gg) ~a! and B(Bd

→gg) ~b! vs lB , settingmp̃5200 GeV and CKM angleg560°.
The dotted and short-dashed curves show the SM predictions
m5mb/2 and m5mb , respectively. The dot-dashed and so
curves show the TC2 model predictions form5mb/2 andm5mb ,
respectively.
1-8
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where the errors correspond toDlB560.15 GeV, mb/2
<m<2mb andDmp̃530 GeV, respectively. The dependen
on input parametersf B , mB

3 , GF and aem cancelled in the
ratio R.

In Figs. 7~a! and 7~b!, we show them, mp̃ andlB depen-
dence of the ratioR explicitly. It is easy to see from Fig. 7~b!
that the stronglB dependence of the individual branchin
ratios is now greatly reduced in the ratioR, but the strongm
dependence still remains large. Obviously, the new phy
enhancements to both branching ratios can be as large
factor of two to six within the reasonable parameter spac

B. Direct CP violation of Bs,d\gg in TC2 model

Now we calculate the new physics correction on theCP
violating asymmetries ofBs,d→gg decays. By using the in
put parameters as given in Tables I and III, we find the
merical results as follows:

r CP
2 ~Bs→gg!TC25@20.2520.06

10.10~Dm!60.10~DlB!

60.04~Dmp̃!20.03
10.07~Dg!#31022,

~61!

FIG. 7. The ratio of branching ratiosR(Bs,d→gg) in the TC2
model. The three dotted and three solid curves show the ratios
Bs→gg and Bd→gg decays, respectively. In~b!, we set mp̃

5170 GeV.
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r CP
2 ~Bd→gg!TC25@16.523.9

11.7~Dm!22.0
12.8~DlB!

61.1~Dmp̃!20.9
20.1~Dg!#31022,

~62!

where the major errors are induced by the uncertainties of
corresponding input parametersDlB560.15 GeV, mb/2
<m<2mb , Dmp̃530 GeV andDg5620°, respectively.

For theBs→gg decay, its directCP violation is still very
small after inclusion of new physics corrections. For theBd
→gg decay, however, itsCP violating asymmetry is around
7% in TC2 model and depends on the hadronic param
lB , the scalem, the CKM angleg and the massmp̃ , as
illustrated by Figs. 8 and 9.

In Fig. 8 we draw the plots of theCP violating asymme-
try r CP

2 (Bd→gg) versus the parametersm, lB and g. The
lower and upper three curves in Fig. 8 show the theoret
predictions of the SM and TC2 model, respectively. In F
8~b!, g560° is assumed. It is easy to see from Fig. 8 that
pattern of theCP violating asymmetry in TC2 model is ver
different from that in the SM. The sign ofr CP

2 (Bd→gg) in
TC2 model is opposite to that in the SM, while its size do
not change a lot. Such difference can be detected when

or

FIG. 8. TheCP violating asymmetry of (Bd→gg) decay in the
SM and TC2 model. The lower~upper! dotted, short-dashed an
solid curves show the SM~TC2! predictions form5mb/2,mb and
2mb , respectively.
1-9
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statistics of the current and futureB experiments become
large enough.

V. DISCUSSIONS AND SUMMARY

In this paper, we calculate the new physics contributio
to the branching ratios andCP-violating asymmetries of
double radiative decaysBs,d→gg in the TC2 model by em-
ploying the QCD factorization approach.

In Sec. II, based on currently available studies, we pres
the effective Hamiltonian for the inclusiveB→Xsg and b
→sgg decays. For the evaluation of hadronic matrix e
ments for the exclusiveBs,d→gg decays, we use Bosch an
Buchalla approach to separate and calculate the leading
subleading power contributions to the exclusive decays
der study from 1PR and 1PI Feynman diagrams. We rep
duce the SM predictions for the branching ratiosB(Bs,d

→gg) and directCP asymmetriesr CP
6 as given in Ref.@8#.

For the new physics part, we firstly give a brief revie
about the basic structure of TC2 model, and evaluate ana
cally the strong and electroweak charged-scalar penguin
grams in the quark level processesb→s/dg andb→sg. We
extract out the new physics contributions to the correspo
ing Wilson coefficientsC7(mW) andC8(mW). Then we com-
bine these new functions with their SM counterparts and
these Wilson coefficients from the scalem5mW down to the

FIG. 9. TheCP violating asymmetry of (Bd→gg) decay vs
massmp̃ and energy scalem in TC2 model. The dotted, short
dashed and solid curves show the TC2 predictions form
5mb/2,mb and 2mb , respectively.
-

-
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lower energy scalem5O(mb) by using the QCD renormal
ization equations. From the data ofBd

0-B̄d
0 mixing, we find

the strong constraint on the ‘‘square-root ansatz.’’ We a
extract the strong constraint on the massmp̃ by comparing
the theoretical predictions for the branching ratioB(B
→Xsg) at the NLO level with the experimental measur
ments.

In Sec. IV, we present the numerical results forB(Bs,d
→gg) and r CP

2 (Bs,d→gg) after the inclusion of new phys
ics contributions in the TC2 model.

~1! For bothBs→gg andBd→gg decays, the new phys
ics contribution can provide a factor of two to six enhanc
ment to their branching ratios. Themp̃ , m and lB depen-
dences are also shown in Fig. 5. With an optimistic choice
the input parameters, the branching ratioB(Bs→gg) and
B(Bd→gg) in the TC2 model can reach 1025 and 1027

respectively, only one order away from the experimen
limit as given in Eqs.~3!, ~4!. With more integrated luminos
ity accumulated by BaBar and Belle Collaborations, the u
per bound onB(Bd→gg) will be further improved, and may
reach the interesting region of TC2 prediction.

~2! For theBs→gg decay, its directCP violation is very
small in both the SM and TC2 model.

~3! For the Bd→gg decay, however, itsCP violating
asymmetry is around ten percent level in both the SM a
Tc2 model. But the pattern ofCP violating asymmetry in
TC2 model is very different from that in the SM, as illus
trated in Fig. 8.

As discussed in Ref.@37#, the high luminosity option Su-
perBaBar suggests a total integrated luminosity of 10 ab21.
For the branching ratio as given in Eq.~57!, the number of
observedBd→gg events is then expected to be in the ran
of 502150 in the TC2 model, and therefore measurable
the future.
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