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Study on the rare radiative decayBc˜Ds*g in the standard model and multiscale walking
technicolor model
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Applying the perturbative QCD method, we study the decayBc→Ds* g in the standard model~SM! and
multiscale walking technicolor model~MWTCM!. In the SM, we find that the contribution of weak annihila-
tion is more important than that of the electromagnetic penguin diagram. The presence of pseudo Goldstone
bosons in the MWTCM leads to a large enhancement in the rate ofBc→Ds* g, but this model is in conflict with
the branching ratio ofZ→bb̄(Rb) and the CLEO data on the branching ratioB(b→sg). If top-color is further
introduced, the calculated results in the top-color-assisted MWTCM can be suppressed and be in agreement
with the CLEO data for a certain range of parameters.@S0556-2821~96!03219-5#

PACS number~s!: 13.30.Eg, 12.15.Lk, 12.60.Nz
I. INTRODUCTION

The inclusive rare decayB→Xsg was studied severa
years ago@1#. Recently, the physics of theBc meson has
gained intensive attention@2#. TheBc meson is believed to
be the next and the final family ofB mesons; it provides a
unique opportunity to examine various heavy quark fragm
tation models, heavy quark spin-flavor symmetry, differe
quarkonium bound state model and properties of inclus
decay channels. Furthermore, the radiative weak decay
the Bc meson also offer a rich source to measure Cabib
Kobayashi-Maskawa~CKM! matrix elements of the standar
model ~SM!. In this paper, we will addressBc radiative de-
cayBc→Ds* g.

Different from the decayB→Xsg, which is mainly in-
duced by the flavor-changingb→sg neutral currents@3#, the
bound state effects in the decayBc→Ds* g may be rather
large. Bound state effects include modifications from we
annihilation, which involve no neutral flavor-changing cu
rents at all. The effects of the weak annihilation mechani
are expected to be rather large due to the large CKM am
tude. We will address this point in detail below.

Unfortunately, the well-known chiral symmetry@4# and
heavy quark symmetry@5# can not be applied to this proces
Recently, a perturbative QCD~PQCD! analysis ofB meson
decays seems to give a good prediction@6#. As argued in
Ref. @7#, the two-body nonleptonic decay ofBc meson can be
studied conveniently within the framework of PQCD, as su
gested by Brodsky and Lepage@8# and then developed in
Ref. @6#. Here, we preview the reliability of a PQCD analys
of Bc radiative decay: in the processb→sg, the s quark
obtains large momentum by recoiling, in order to form
bound state with the spectatorc̄ quark; most of the momen
tum of thes quark must be transferred toc̄ by a hard scat-
tering process. PQCD@6,8# can be used in the calculation fo
the hard scattering process because the heavy charm us
shares most of the momentum of the final state~i.e., Ds* !.
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5456-2821/96/54~9!/5647~6!/$10.00
l

en-
nt
ive
s of
bo-
d

ak
r-
sm
pli-

s.

g-

is

a
-

r
ually

The relevant Feynman diagrams are given in Fig. 1.
Like in B→K* g, the subprocessb→sg in Bc→Ds* g is

usually controlled by the one-loop electromagnetic penguin
diagrams@Fig. 1~a!#. It plays an important role in testing
loop effects in the SM and in searching for physics beyond

FIG. 1. ~a! shows the Feynman diagrams, which contribute to
the decayBc→Ds* g through the short distanceb→sg mechanism.
The blob represents the electromagnetic penguin operators contrib-
uting tob→sg. x2p andx1p are momenta ofb andc quarks in the
Bc meson, respectively.y2q and y1q are momenta ofs and c
quarks in theDs* meson, respectively.~b! represents the Feynman
diagrams, which contribute to the decayBc→Ds* g through the
weak annihilation.
5647 © 1996 The American Physical Society
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the SM ~so-called new physics!.
Most recently, the contribution of the electromagnetic

penguin interaction to the branching ratioB(b→sg) from
pseudo Goldstone bosons~PGB’s! in the one-generation
technicolor model~OGTM! has been estimated in Ref.@9#.
However, we know that there are some problems@such as
flavor-changing neutral currents~FCNC’s!, the large positive
contributions to the parameters# in most conventional tech-
nicolor ~TC! models. Walking technicolor~WTC! has been
advocated as a solution to the problem of large flavor
changing neutral current interactions in extended technicol
~ETC! theories of quark and lepton mass generation@10#.
Furthermore, the electroweak parameterS in WTC models is
smaller than that in the simple QCD-like ETC models and
consequently, its deviation from the SM value may fal
within current experimental bounds@11#. To explain the
large hierarchy of the quark masses, multiscale WTC mode
~MWTCM’s! are further proposed@12#.

However, as discussed in Ref.@13#, the correction of
PGB’s in MWTCM’s to theZ→bb̄ branching ratio (Rb) is
too large when compared with recent data from the CER
e1e2 collider LEP. In this paper we calculate the contribu-
tion to the branching ratioBc→Ds* g from the PGB’s in the
MWTCM and find that such a contribution is too large when
compared with the CLEO constraint for the inclusive deca
b→sg. In general, there are two mechanisms which contrib
ute to the decayBc→Ds* g: one proceeds through the short
distanceb→sg transition, while the other proceeds through
weak annihilation accompanied by photon emission. On th
other hand, if top color@14# is further introduced to the mul-
tiscale walking technicolor model, the modification from the
PGB’s in the top color-assisted multiscale walking techni
color model ~TAMWTCM ! to Bc→Ds* g is strongly sup-
pressed, and, therefore, can be consistent with the rece
CLEO data for the branching ratioB(b→sg) @15#.

This paper is organized as follows. In Sec. II, we displa
our calculations in the SM and MWTCM and present the
numerical results. Section III contains the discussion.

II. CALCULATION

Using the factorization scheme@8# within PQCD, the mo-
menta of the quarks are taken as some fractionsx of the total
momentum of the meson weighted by a soft physics distr
bution functionsFH(x). The peaking approximation is used
for FH(x) @16#; the distribution amplitudes ofBc andDs* are

FBc
~x!5

f Bcd~x2eBc!

2)
, ~1a!

FD
s*
~x!5

f D
s*
d~x2eD

s*
!

2)
, ~1b!

where f Bc, f Ds*
are decay constants ofBc andDs* , respec-

tively, and

eBc5mc /mBc
, ~1c!
-
or
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eD
s*
5
MD

s*
2mc

mD
s*

. ~1d!

The spinor parts of theBc andDs* wave functions are

~p”1mBc
!g5

&
, ~2a!

~p”2mD
s*
!e”

&
, ~2b!

wheree is the polarization vector ofDs* .

A. Electromagnetic penguin contribution

The short distance electromagnetic penguin process is
governed by the electromagnetic penguin operators@1#. At
the weak scalem5mb , the effective Hamiltonian forb→sg
transition is

Heff5
4GF

&
VtbVts*C7~mb!O7 , ~3!

where

O75
embs̄smnF

mn~11g5!b

32p2 ~4a!

and which is denoted by a blob in Fig. 1~a!. The correspond-
ing coefficient ofO7 has the form

C7~mb!5r216/23FC7~mW!1
8

3
~r2/2321!C8~mW!G

1C2~mW!(
i51

8

hir
2ai ~4b!

with

r5as~mb!/as~mW!, C2~mW!521, ~4c!

hi5S 626126272277
,2

56281

51730
,2

3

7
,2

1

14
,20.6494,20.0380,

20.0186,20.0057D ,
ai5S 1423, 1623, 623,2 12

23
,0.4086,20.4230,20.8994,0.1456D ,

~4d!

andC7(mW)5
1
2A(x) andC8(mW)5

1
2C(x) in the standard

model with x5(mt/mW)
2. The functionsA(x) and C(x)

arise from graphs withW boson exchange.
In MWTCM, the relevant Feynman rules are the same as

Ref. @17#:
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@p12ui2dj #5 i
1

A6FQ

Vuidj
@mui

~12g5!2mdj
~11g5!#,

~5a!

@p8
12ui2dj #5 i

Vuidj

FQ
la@mui

~12g5!2mdj
~11g5!#,

~5b!

whereu5(u,c,t), d5(d,s,b), andVuidj
is the element of

CKM matrix, and finallyFQ is the decay constant of tech-
nipions composed ofQ in MWTCM.

By explicit calculations, one can get@9#

C7~mW!5
1

2
A~x!1

1

3&GFFQ
2 @B~y!18B~z!#, ~5c!

C8~mW!5
1

2
C~x!1

1

3&GFFQ
2 $D~y!1@8D~z!1E~Z!#%,

~5d!

where y5(mt /mp6)2 and z5(mt /m
8
6)2. The functionsB,

D, andE arise from diagrams with color singlet and colo
octet charged PGB’s of MWTCM, and the explicit expres
sions for relevant functions are
r
-

A~x!52
x

12~12x!4
@~12x!~8x215x27!

16x~3x22!ln x#, ~6a!

B~x!5
x

72~12x!4
@~12x!~22x2253x125!

16~3x228x14!ln x#, ~6b!

C~x!52
x

4~12x!4
@~12x!~x225x22!26x ln x#, ~6c!

D~x!5
x

24~12x!4
@~12x!~5x2219x120!26~x22!ln x#,

~6d!

E~x!52
x

8~12x!4
@~12x!~12x2215x25!

118x~x22!ln x#. ~6e!

Now we write down the amplitude of Fig. 1~a! as
Ma5E
0

1

dx1dy1FD
s*
~y1!FBc

~x1!
2 iGF

&
VtbVts*C7~mb!mbe

as~mb!

2p
CFHTr@~q”2mDs

* !e”smn~11g5!k
nhm~p”2y1q”1mb!

3ga~p”1mBc
!g5g

a#
1

D1D3
1Tr@~q”2mD

s*
!e”ga~q”2x1p” !smn~11g5!k

nhm~p”1mBc
!g5g

a#
1

D2D3
J , ~7!
whereh is the polarization vector of photon,x1 ,y1 are the
momentum fractions shared by charms inBc andDs* , re-
spectively. The functionsD1, D2, andD3 in Eq. ~7! are the
forms of

D15~12y1!~mBc
2 2mD

s*
2
y1!2mb

2, ~8a!

D25~12x1!~mD
s*

2
2mBc

2 x1!, ~8b!

D35~x12y1!~x1mBc
2 2y1mD

s*
2

!. ~8c!

After explicit calculations, the amplitudeMa can be written
as

Ma5 i«mnabhmk
neapb f 1

peng1hm@em~mBc
2 2mDs

2 !

2~p1q!m~e•k!# f 2
peng ~9!

with form factors
f 1
peng52 f 2

peng

5CE
0

1

dx1dy1d~x12eBc!d~y12eD
s*
!

3H @mBc
~12y1!~mBc

22mD
s*
!2mb~2mBc

2mD
s*
!#

3
1

D1D3
2mBc

mD
s*
~12x1!

1

D2D3
J , ~10a!

where

C5
embf Bcf Ds*

C7~mb!CFas~mb!GFVtbVts*

12p&
. ~10b!

B. The weak annihilation contribution

As mentioned in Sec. I,Bc meson is also the unique probe
of the weak annihilation mechanism.

In the SM, using the formalism developed by Chenget al.
@18#, the amplitude of annihilation diagrams@see Fig. 1~b!# is
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TABLE I. Form factors in the SM, MWTCM, and TAMWTCM,f pengand f anni represent form factors for
electromagnetic penguin and weak annihilation process, respectively.

f i SM MWTCM TAMWTCM

f 1
peng 23.05310210 ~0.50–1.13!31028 ~0.44–1.67!31029

f 2
peng 21.57310210 ~2.50–5.65!31029 ~2.22–8.38!310210

f 1
anni 7.10310210 ~6.75–7.02!310210 ~6.75–7.02!310210

f 2
anni 21.70310210 ~21.66 to21.53!310210 ~21.66 to21.53!310210
Mb
~W!5 i«mnabhmkneapb f 1~W!

anni 1hm@em~mBc
2 2mDs

2 !

2~p1q!m~e•k!# f 2~W!
anni ~11!

with

f 1~W!
anni 52zF S esms

1
ec
mc

D mD
s*

mBc

1S ecmc
1

eb
mb

D G mD
s*
mBc

mBc
2 2mD

s*
2 ,

~12a!

f 2~W!
anni 52zF S esms

2
ec
mc

D mD
s*

mBc

1S ecmc
2

eb
mb

D G mD
s*
mBc

mBc
2 2mD

s*
2 ,

~12b!

where

z5ea2
GF

&
VcbVcs* f Bcf Ds*

, a2 is a parameter.

~12c!

In MWTCM, using the Feynman rules in Eq.~5a!, Eq.
~5b!, and the methods in Ref.@18#, we can write down the
amplitude of charged PGB’s annihilation diagrams@see Fig.
1~b!#:

Mb
~p!5 i«mnabhmkneapb f 1~p!

anni1hm@em~mBc
2 2mD

s*
2

!

2~p1q!m~e•k!# f 2~p!
anni ~13!

with

f 1~p!
anni52z8F S esms

1
ec
mc

D ms2mc

mBc

1S ebmb
1

ec
mc

D mb2mc

mBc
G mBc

mD
s*

mBc
2 2mD

s*
2 , ~14a!

f 2~p!
anni5

1

2
z8F S esms

1
ec
mc

D mD
s*

mBc

1S ebmb
1

ec
mc

D G mD
s*
mBc

mBc
2 2mD

s*
2 ,

~14b!

z85ea2F2CF

mp
8
6

2 1
1

12mp6
2 G VcbVcs*

FQ
2 f Bcf Ds*

~mBc
2 1mD

s*
2

!.

~14c!

The total annihilation amplitude@Fig. 1~b!# in the MWTCM
is consequently the form of
Mb5Mb
~W!1Mb

~p!5 i«mnabhmkneapb f 1
anni

1hm@em~mBc
2 2mD

s*
2

!2~p1q!m~e•k!# f 2
anni ~15!

with

f 1
anni5 f 1~W!

anni 1 f 1~p!
anni , ~16a!

f 2
anni5 f 2~W!

anni 1 f 2~p!
anni . ~16b!

C. Numerical results

We will use the following values for various quantities as
input in our calculation.

~i! Decay constants for pseudoscalarBc and vector meson
Ds* ,

f D
s*
5 f Ds

5344 MeV

from the reports by three groups@19# and

f Bc5500 MeV

from the results in Ref.@20#.
~ii ! Meson mass and the constituent quark mass,

MD
s*
52.11 GeV, mb54.7 GeV,

mc51.6 GeV, ms50.51 GeV

from the Particle Data Group@21#, and

mBc
56.27 GeV

as estimated in Ref.@22#. We also usemBc
'mb1mc ,

mD
s*
'ms1mc in our calculation.

~iii ! The parametera2 appearing in nonleptenicB decays
was extracted recently from the CLEO data@23# on
B→D*p(r) andB→J/cK* by Chenget al. @18#. Here, we
take

a25
1
2 ~c22c1!50.21.

~iv! For CKM elements@21#, we use

Vcb50.04, uVtsu5Vcb , uVcsu50.9745, Vtb50.9991.

~v! The QCD coupling constantas~m! at any renormaliza-
tion scale can be calculated fromas(mZ)50.117 via

as~m!5
as~mZ!

12~112 2
3nf !@as~mZ!/2p# ln~mZ /m!

,
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TABLE II. The decay rates in the SM, MWTCM, and TAMWTCM. TheGpeng, Ganni, andGtotal represent
G(Bc→Ds* g) through penguin, annihilation, and penguin1annihilation diagrams, respectively.

G(Bc→Ds* g) SM MWTCM TAMWTCM

Gpeng ~GeV! 3.18310219 ~0.86–4.36!310216 ~0.67–9.55!310218

Ganni ~GeV! 1.06310218 ~0.94–1.03!310218 ~0.94–1.03!310218

Gtotal ~GeV! 9.92310219 ~0.93–4.52!310216 ~0.23–1.26!310217
-

t

and we obtain

a~mb!50.203, as~mW!50.119.

~vi! For the masses ofmp6 andmp
8
6 in MWTCM, Ref.

@12# has presented a constraint on them; here we take

mp65~100–250! GeV,

mp
8
65~300–600! GeV.

~vii ! The decay constantFQ satisfies the constraint@12#

Fp5AFc
213FQ

2 1NLFL
25246 GeV.

It is found in Ref. @12# that FQ5FL520–40 GeV. We
will take

FQ540 GeV

in our calculation.
We give the long- and short-distance contributions to t

form factorsf 1 and f 2 in the SM and MWTCM in Table I, so
do the decay width in Table II using the amplitude formul

G~Bc→Ds* g!5

~mBc
2 2MD

s*
2

!3

32pmBc
3 ~ f 1

214 f 2
2!.

The lifetime ofBc was given in Ref.@24#. In this paper we
use

tBc5~0.4 ps–1.35 ps!

to estimate the branching ratioB(Bc→Ds* g), which is a
function of tBc. The results are given in Table III.

III. DISCUSSION

We have studied two kinds of contributions to the proce
Bc→Ds* g. For the short-distance one@as illustrated in Fig.
1~a!# induced by electromagnetic penguin diagrams, the m
mentum square of the hard scattering being exchanged
gluon is 3.6 GeV2, which is large enough for PQCD analyz
he

a:

ss

o-
by
-

ing. The hard scattering process cannot be included conve
niently in the soft hadronic process described by the wave
function of the final bound state. That is one important rea-
son why we cannot apply the commonly used spectator
model @25# to the two-bodyBc decays. There is no phase
space for the propagators appearing in Fig. 1~a! to go on
shell, so the imaginary part ofMa is absent, unlike the situ-
ation in Ref. @6#. Another competitive mechanism is the
weak annihilation. In SM, we find that it is more important
than the former one. This situation is different from that of
the radiative weakB6 decays, which is overwhelmingly
dominated by electromagnetic penguin diagram. The results
stem from two reasons: one is that the compact size ofBc
meson enhances the importance of annihilation decays; the
other comes from the Cabibbo allowance. InBc→Ds* g pro-
cess, the CKM amplitude of weak annihilation isuVcbVcs* u,
but inB6→K6g process the CKM part isuVubVus* u, which is
much smaller thanuVcbVcsu.

In addition, we find that the contribution from PGB’s in
MWTCM to the short distance processb→sg is too large
due to the smallness of the decay constantFQ in this model.
In contrast, the contribution from PGB’s through the weak
annihilation process is negligibly small. In general, the modi-
fication from PGB’s in MWTCM is too large to be consistent
with the recent CLEO data on the branching ratioB(b→sg).

In view of the above situation, we consider the
TAMWTCM. The motivation of introducing top-color to
MWTCM is the following: in the original MWTCM, it is
very difficult to generate the top quark mass as large as tha
measured in the Collider Detector at Fermilab~CDF! and D0
experiments@26#, even with ‘‘strong’’ ETC@27#. Thus, top-
color interactions for the third-generation quarks seem to be
required at an energy scale of about 1 TeV@28#. In the TAM-
WTCM, top color is still a walking theory to avoid the large
FCNC @14#. As in other top color-assisted technicolor theo-
ries, the electroweak symmetry breaking is driven mainly by
technicolor interactions, which are strong near 1 TeV. The
ETC interactions give contributions to all quark and lepton
masses, while the large mass of the top quark is mainly gen-
erated by the top-color interactions introduced to the third-
generation quarks. From Ref.@28#, we can reasonably get the
ETC-generated part of the top quark massmt8566k GeV
TABLE III. The branching ratios (Bc→Ds* g). The Btotal
SM , Btotal

MWTCM , and Btotal
TAMWTCM represent the

branching ratio (Bc→Ds* g) in the SM, MWTCM, and TAMWTCM, respectively.

tBc 0.4 ps 1.0 ps 1.35 ps

Btotal
SM 6.0331027 1.5131026 2.0431026

Btotal
MWTCM ~0.57–2.75!31024 ~1.42–6.86!31024 ~1.91–9.26!31024

Btotal
TAMWTCM ~1.37–7.66!31026 ~0.34–1.91!31025 ~0.46–2.58!31025
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with k;1–1021. To compare with the original MWTCM, we
here takemt8535 GeV as the input parameter in our calcu
lation. ~i.e., in the above calculations,mt5174 GeV is re-
placed bymt8535 GeV, the other calculations are the sam
as the original MWTCM!. The corresponding results ob
tained in the framework of TAMWTCM are also listed in
Tables I–III. From the results in these tables, we can see t
the modifications from PGB’s in top color assisted MWTCM
to Bc→Ds* g are strongly suppressed relative to that in th
original MWTCM. The branching ratioB(Bc→Ds* g) in
TAMWTCM is, therefore, consistent with the recent CLEO
constraint on the branching ratioB(b→sg) for a certain
range of the parameters.

In this paper, we neglected the contribution of the vect
meson dominance~VMD ! @29# due to the smallness of
J/c~c8!-g coupling.

Finally, we estimate the possibility of observing the inte
esting process ofBc→Ds* g at Tevatron and at the CERN
Large Hadron Collider~LHC!. The number ofBc at Teva-
tron and at LHC have estimated to be@30# 16 000 @for 25
-

e
-

hat

e

or

r-

Pb21 integrated luminosities with cuts ofPT(Bc).10 GeV,
y(Bc),1# and 2.13108 ~for 100 fb21 integrated luminosities
with cuts ofPT(Bc).20 GeV,y(Bc),2.5!, respectively. By
comparing the above predicted number ofBc events with the
branching ratioB total

SM (Bc→Ds* g) as given in Table III, one
can understand that although this channel is unobservable a
the Fermilab Tevatron, but more than one thousand events o
interest will be produced at LHC, so it can be well studied at
LHC in the future. Furthermore, it is easy to see that the
branching ratioB(Bc→Ds* g) in the TAMWTCM is roughly
one order higher than that in the SM. Therefore, if one finds
a clear surplus ofBc events in LHC experiments than that
expected in the SM, one may interpret it as a signal of new
physics.

ACKNOWLEDGMENTS

This work was supported by National Natural Science
Foundation of China and the Natural Science Foundation o
Henan Scientific Committee.
@1# B. Grinsteinet al., Nucl. Phys.B339, 269 ~1990!.
@2# D. S. Du and Z. Wang, Phys. Rev. D39, 1342 ~1989!; K.

Cheung and T. C. Yuan, Phys. Lett. B325, 481 ~1994!; E.
Braaten, K. Cheung, and T. C. Yuan, Phys. Rev. D48, 5049
~1994!; G. Lu et al., Phys. Lett. B341, 391~1995!; Phys. Rev.
D 51, 2201~1995!.

@3# J. Tang, J. H. Liu, and K. T. Chao, Phys. Rev. D51, 3501
~1995!; K. C. Bowleret al., Phys. Rev. Lett.72, 1398~1994!.

@4# H. Leutwyler and M. Roos, Z. Phys. C25, 91 ~1984!.
@5# M. Neubert, Phys. Rep.245, 1398~1994!.
@6# A. Szczepaniaket al., Phys. Lett. B243, 287 ~1990!; C. E.

Carlson and J. Milana,ibid. 301, 237~1993!; Phys. Rev. D49,
5908 ~1994!; 51, 4950 ~1995!; H.-N. Li and H. L. Yu, Phys.
Rev. Lett.74, 4388~1995!.

@7# Dongsheng Du, Gongru Lu, and Yadong Yang, Phys. Lett.
380, 193 ~1996!.

@8# S. J. Brodsky and G. P. Lepage, Phys. Rev. D22, 2157~1980!.
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