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Probing penguin coefficients with the lifetime ratio t„Bs…/t„Bd…
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APCTP, 207-43 Cheongryangri-dong, Dongdaemun-gu, Seoul 130-012, Korea

Ulrich Nierste†

DESY–Theory group, Notkestrasse 85, D-22607 Hamburg, Germany
~Received 31 October 1997; published 6 March 1998!

We calculate penguin contributions to the lifetime splitting between theBs and theBd meson. In the
standard model the penguin effects are found to be opposite in sign, but of similar magnitude as the contri-
butions of the current-current operators, despite the smallness of the penguin coefficients. We predict
t(Bs)/t(Bd)215(21.2610.0)31023( f Bs

/190 MeV)2, where the error stems from hadronic uncertainties.
Since penguin coefficients are sensitive to new physics and poorly tested experimentally, we analyze the
possibility to extract them from a future precision measurement oft(Bs)/t(Bd). Anticipating progress in the
determination of the hadronic parameters«1 , «2 , and f Bs

/ f Bd
we find that the coefficientC4 can be extracted

with an uncertainty of orderuDC4u.0.1 from the double ratio@t(Bs)2t(Bd)#/@t(B1)2t(Bd)#, if
u«12«2u is not too small.@S0556-2821~98!04707-9#

PACS number~s!: 13.25.Hw, 12.38.Bx, 12.39.Hg
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I. INTRODUCTION

The theoretical achievement of heavy quark expans
~HQE! @1# has helped a lot to understand the inclusive pr
erties ofB mesons. The measurements of lifetime differen
among the b-flavored hadrons test HQE at the ord
(LQCD/mb)3. Today’s experimental information on th
B-meson lifetimes is in agreement with the expectatio
from HQE, but the present theoretical predictions still d
pend on four poorly known hadronic parametersB1 , B2 , «1 ,
and«2 @2,3#. Recently they have been obtained by QCD s
rules @4#. Lattice results are expected soon from the Ro
group@5# and will allow for significantly improved theoreti
cal predictions of the lifetime ratios.

Weak decays are triggered by a Hamiltonian of the fo

H5
GF

&
FVCKM(

j 51

2

CjQj2VCKM8 S (
k53

6

CjQj1C8Q8D G .

~1!

Here Q1 and Q2 are the familiar current-current operator
Q3 ...Q6 are penguin operators, andQ8 is the chromomag-
netic operator. Their precise definition is given below in E
~3!. The factorsVCKM andVCKM8 represent the factors stem
ming from the Cabibbo-Kobayashi-Maskawa matrix and
specific to the flavor structure of the decay. Feynman d
grams in which the spectator quark participates in the w
decay amplitude induce differences among the vari
b-flavored hadrons. Such nonspectator effects have been
dressed first by Bigiet al. in @6# evaluating the matrix ele
ments in the factorization approximation in which«15«2
50. Then Neubert and Sachrajda@2# have found that even
small deviations of«1 ,«2 from zero drastically weaken th
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prediction of@6# for the lifetime ratiot(B1)/t(Bd), which
can sizeably differ from 1. On the other hand, the deviat
of t(Bs)/t(Bd) from unity has been estimated to be belo
1% in @6,2# and the detailed analysis of Beneke, Bucha
and Dunietz@3#. Here t(Bs) is the average lifetime of the
two CP eigenstates ofBs .

Experimentally the ratiot(Bs)/t(Bd) can also be ad-
dressed by the measurements of the corresponding sem
tonic branching fractions. Since spectator effects in the se
leptonic decay rate are negligible, one may u
t(Bs)/t(Bd)5BSL(Bs)/BSL(Bd).

So far only the effect ofQ1 andQ2 has been considere
in @6,2,3#. Taking into account the present experimental u
certainty and the fact thatC1 and C2 are much larger than
C3 – 8 in the standard model this is justified. Yet once t
lifetime ratio t(Bs)/t(Bd) is measured to an accuracy of
few permille, the situation will change: The smallness
ut(Bs)/t(Bd)21u is caused by the fact that theweak anni-
hilation contribution ofQ1,2 depicted in Fig. 1 almost yields
the same contribution to the decay rates ofBs andBd . The
difference in the Cabibbo-Kobayashi-Maskawa~CKM! fac-
tors is negligible and the lifetime difference is induced by t
small difference of the (c,c̄) vs (c,ū) phase space and b
SU(3)F violations of the hadronic parameters. These effe

FIG. 1. Nonspectator~weak annihilation! contribution to theBs

decay rate involving two current-current operators. The correspo
ing diagram for theBd decay is obtained by replacings by d and
the upperc by u.
4282 © 1998 The American Physical Society
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57 4283PROBING PENGUIN COEFFICIENTS WITH THE . . .
suppressut(Bs)/t(Bd)21u by roughly an order of magni
tude compared tout(B1)/t(Bd)21u. The contributions
stemming from the penguin operators and the chromom
netic operator, however, do not exhibit such a cancellat
Their contribution to the nonspectator rate ofBs comes with
the same power of the Wolfenstein parameterl50.22 as the
contribution ofQ1,2. In contrast the effects ofQ3 – 8 to the
nonspectator rate ofBd or B1 are suppressed by two powe
of l and are therefore negligible. Hence one expects
contributions ofQ3 – 6 andQ8 to ut(Bs)/t(Bd)21u to be of
the same order as those ofQ1 andQ2 . t(B1)/t(Bd) is not
modified, so that the phenomenological conclusions dra
from this ratio in@2# are unchanged. Observables sensitive
C3 – 8 like t(Bs)/t(Bd) are phenomenologically highly wel
come. The smallness ofC3 – 8 is a special feature of the he
licity structure of the corresponding diagrams in the stand
model. In many of its extensions the values of these coe
cients can easily be much larger. Such an enhancemen
to supersymmetric contributions has been discussed in@7#.
Up to now the focus of the search for new physics has b
on new contributions toC8 @7#. Yet many interesting pos
sible nonstandard effects modifyC3 – 6 rather thanC8 : New
heavy particles mediating flavor changing neutral curre
~FCNCs! at the tree level or modifications of theb-s-g chro-
moelectric form factor affectC3 – 6, but not C8 . Likewise
new heavy colored particles yield extra contributions
C3 – 6, e.g., in supersymmetry box diagrams with gluin
modify C3 – 6.

It is especially difficult to gain experimental informatio
on the numerical values of the penguin coefficientsC3 – 6.
Even penguin-induced decays to final states solely maded
ands quarks do not provide a clean environment to extr
C3 – 6: Any such decay also receives sizeable contributi
from Q2 via CKM-unsuppressed loop contributions@8,9#. In
exclusive decay rates these ‘‘charming penguins’’ preclu
the clean extraction of the effects of penguin operators@8#. In
semi-inclusive decay rates likeB→XsF the situation is ex-
pected to be similar. In inclusive decay rates such as the
charmlessb decay rate the effect of ‘‘charming penguins
can be reliably calculated in perturbation theory. Yet the
rates are much more sensitive to new physics contribut
in C8 rather than inC3 – 6, becauseQ8 triggers the two-body
decayb→sg, while the effects ofQ3 – 6 involve an integra-
tion over three-body phase space@9#. Notice from Fig. 2 and
Fig. 3, however, that this phase space suppression of
terms involvingC3 – 6 is absent in the nonspectator diagram
inducing the lifetime differences.

This work is organized as follows: In the following se

FIG. 2. Weak annihilation diagram involving one penguin o
eratorQ3 – 6. Penguin contributions to the nonspectator rate of
Bd meson are CKM suppressed and therefore negligible.
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tion we calculate the contributions tot(Bs)/t(Bd) involving
Q3 – 6 or Q8 . Here we also obtain the dominant part of th
radiative corrections to orderas . In Sec. III we discuss the
phenomenological consequences within the standard m
and with respect to a potential enhancement ofC3 – 8 by new
physics.

II. PENGUIN CONTRIBUTIONS

For the nonspectator contributions to theBs decay rate we
need theuDBu5uDSu51-Hamiltonian

H5
GF

&
VcbVcs* F (

j 51

6

CjQj1C8Q8G1H.c. ~2!

with

Q15~ s̄c!V2A•~ c̄b!V2A• 1̃ ,

Q25~ s̄c!V2A•~ c̄b!V2A•1,

Q35 (
q5u,d,s,c,b

~ s̄b!V2A•~ q̄q!V2A•1,

Q45 (
q5u,d,s,c,b

~ c̄b!V2A•~ q̄q!V2A• 1̃ ,

Q55 (
q5u,d,s,c,b

~ s̄b!V2A•~ q̄q!V1A•1,

Q65 (
q5u,d,s,c,b

~ s̄b!V2A•~ q̄q!V1A• 1̃ ,

Q852
g

8p2 mbs̄smn~11g5!Tab•Gmn
a . ~3!

The color singlet and nonsinglet structure are indicated b1
and 1̃ andV6A is the Dirac structure. For more details s
@9,10#. In Eq. ~2! we have setVubVus* 5O(l4) to zero. The
diagram of Fig. 1 has been calculated in@2,3# and yields
contributions to the nonspectator partGnonspecof theBs decay
rate proportional toC2

2, C1•C2 , andC1
2. The result involves

four hadronic matrix elements, which are parametrized
the B factorsB1 , B2 , «1 , and«2 @2#:

e

FIG. 3. Contribution ofQ8 to Gnonspec(Bs). In the standard
model the diagram is of the same order of magnitude as radia
corrections to Fig. 2 and therefore negligible. Yet in models
which quark helicity flips occur in flavor-changing verticesuC8u can
easily be ten times larger than in the standard model@7#. The con-
tribution of Q1 vanishes.
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4284 57YONG-YEON KEUM AND ULRICH NIERSTE
^Bsus̄gm~12g5!bb̄gm~12g5!suBs&5 f Bs

2 MBs

2 B1 ,

^Bsus̄~11g5!bb̄~12g5!suBs&5 f Bs

2 MBs

2 B2 ,

^Bsus̄gm~12g5!Tabb̄gm~12g5!TasuBs&5 f Bs

2 MBs

2 «1 ,

^Bsus̄~11g5!Tabb̄~12g5!TasuBs&5 f Bs

2 MBs

2 «2 . ~4!

HereTa is the color SU~3! generator,MBs
5536962 MeV,

and f Bs
are the mass and decay constant of theBs meson.

t(Bs)/t(Bd)21 is proportional to Gnonspec(Bd)
2Gnonspec(Bs). The main differences between the result
Fig. 1 for these two rates are due to the different mass ou
and c and the difference betweenf Bd

and f Bs
. Hence the

current-current parts oft(Bs)/t(Bd)21 proportional toC2
2,

C1•C2 , or C1
2 are suppressed by a factor ofz or D with

z5
mc

2

mb
2 50.08560.023, D512

f Bd

2 MBd

f Bs

2 MBs

50.2360.11.

~5!

The result forD in Eq. ~5! is the present world average o
lattice calculations@11#. There are also SU(3)F violations in
the B factors, but they are expected to be small from
experience with those appearing inB0-B̄0 mixing. We want
to achieve an accuracy of 2 permille in our prediction
t(Bs)/t(Bd), which corresponds to an accuracy of 20–30
in t(Bs)/t(Bd)21. Therefore we use the sameB1 , B2 , «1 ,
and«2 in t(Bs) andt(Bd). Likewise there is SU(3)F break-
ing in the matrix elements of theb-quark kinetic energy
operator and the chromomagnetic moment operator. Th
effects are suppressed by a factor ofmb /(LQCD16p2) with
respect to those discussed above. In@3# they have been esti
mated from heavy meson spectroscopy to be an effec
order one permille int(Bs)/t(Bd).

We are now interested in the diagram of Fig. 2 involvi
one large coefficientC1,2 and one small penguin coefficien
C3 – 6. Diagrams with two insertions of penguin operato
yield smaller contributions proportional toC3 – 6

2 and are ne-
glected here. To orderl2 in H we haveVCKM8 50 in Eq. ~1!
for the Bd system and penguin effects are only relevant
t(Bs). Hence the penguin contributions tot(Bs)/t(Bd)21
do not suffer from the suppression factorsz andD. Next we
want to evaluate the diagram of Fig. 3 which encodes
f

e

r

se

of

e

interference ofQ1,2 with the chromagnetic operatorQ8 . This
part of Gnonspecalready belongs to the orderas and is small
in the standard model, but it can be sizeable in the n
physics scenarios discussed in@7#.

We also must discuss radiative corrections to the con
butions involving the large coefficientsC1 andC2 . Dressing
the diagram in Fig. 1 with gluons gives contributions
Gnonspecfor both Bd and Bs and therefore yields small cor
rections of orderC2

2Das /p or less. The penguin diagram o
Fig. 4, however, contributes only toGnonspec(Bs) in the order
l4. Hence Fig. 4 yields an unsuppressed contribution of
der C2

2as /p to t(Bs)/t(Bd)21 and cannot be neglected
The result of these penguin loop diagrams can easily be
sorbed into the penguin coefficientsC3 – 6: In the result of
the diagram of Fig. 2 one must simply replaceCj by

Cj85Cj
NLO1

as

4p
C2Re@r 2 j~1,Az,m/mb!#, j 53, . . . ,6.

~6!

Here r 2 j encodes the result of the penguin diagram and
be found in @9# in the naive dimensional regularizatio
~NDR! scheme. To cancel the scheme dependence ofr we
must also include the next-to-leading order~NLO! correc-
tions toCj as indicated in Eq.~6!. More precisely, we mus
include the NLO mixing of C2 into Cj in Cj

NLO , j
53, . . . ,6, but thepenguin-penguin mixing only to the LO
The difference between these partial NLO coefficien
which are tabulated in@9#, and the fullCj

NLO’s has a negli-
gible impact on our result. Here we bypass this techni
aspect of scheme independence by tabulating theCj8’s in
Table I. Our result for the nonspectator part of theBs decay
rate reads

FIG. 4. Penguin diagram contribution toGnonspec(Bs). The final
state corresponds to a cut through either of the (c̄,c) loops. The
contributions ofQ1 vanish by color. This is the only NLO contri
bution to t(Bs)/t(Bs)21 involving Q1,2 without suppression fac-
tors of D or z.
TABLE I. The effective Wilson coefficientsCj8 defined in Eq.~6! for z50.085,as(MZ) 50.118, and
mb54.8 GeV. Varyingz within the range given in Eq.~5! affects theCj8 by 3–4 % and is negligible for our
purposes. TheCj

(0)’s are the LO Wilson coefficients.

j 1 2 3 4 5 6 8

Cj
(0) (m5mb) 20.249 1.108 0.011 20.026 0.008 20.031 20.149

Cj8(m5mb) 0.014 20.041 0.014 20.047

Cj
(0)(m5mb/2) 20.361 1.169 0.017 20.036 0.010 20.048 20.166

Cj8(m5mb/2) 0.017 20.045 0.015 20.058

Cj
(0)(m52mb) 20.167 1.067 0.007 20.018 0.005 20.020 20.135

Cj8(m52mb) 0.012 20.036 0.013 20.039
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Gnonspec~Bs!52
GF

2mb
2

12p
uVcbVcsu2A124z fBs

2 MBs

3@a1«11a2«21b1B11b2B2#, ~7!

with

a15@2C2
214C2C48#@12z#112zC2C681@112z#

as

p
C2C8 ,

a252@112z#F2C2
214C2C481

as

p
C2C8G ,

b15@C21NcC1#H ~12z!FC2

Nc
1C112C3812

C48

Nc
G

16zFC581
C68

Nc
G J ,

b252@112z#@C21NcC1#H 1

Nc
@C21NcC1#

12FC381
C48

Nc
G J . ~8!

Here Nc53 is the number of colors. By settingCj8 , j
53, . . . ,6, andC8 in Eq. ~8! to zero one recovers the resul1

of @2#. The result for the nonspectator contributions to theBd
decay rate reads@2#

Gnonspec~Bd!5
GF

2mb
2

12p
uVcbVudu2~12z!2f Bs

2 MBs
~D21!

3@a1
d«11a2

d«21b1
dB11b2

dB2#, ~9!

with2

a1
d52C2

2S 11
z

2D , a2
d522C2

2~112z!,

b1
d5

1

Nc
~C21NcC1!2S 11

z

2D ,

b2
d52

1

Nc
~C21NcC1!2~112z!. ~10!

When we combine Eqs.~7!–~10! in order to predict
t(Bs)/t(Bd)21,

1Notice that our notation ofC1 andC2 is opposite to the one in
@2#.

2In the largeNc limit one finds Gnonspec helicity suppressed in
analogy to the leptonic decay rate. This shows that one ca
neglect theO(1/Nc) terms.
t~Bs!

t~Bd!
215

Gnonspec~Bd!2Gnonspec~Bs!

G total 1O~1023!

5K~z!H DF2C2
2~«12«2!

1
~C21NcC1!2

Nc
~B12B2!G ~11a!

23C2
2z«12

3

2

~C21NcC1!2

Nc
zB1

~11b!

1DzFC2
2~«124«2!1

~C21NcC1!2

2Nc

3~B124B2!G ~11c!

1F4C2C481~112z!
as

p
C2C8G~«12«2!

~11d!

12~C21NcC1!S C381
C48

Nc
D ~B12B2!

~11e!

24zC2C48~«112«2!112zC2C68«1

12z~C21NcC1!

3F2S C381
C48

Nc
D ~B112B2!

13S C581
C68

Nc
DB1G J

1O~231023!.

HereK(z) reads

K~z!5
16p2uVudu2BSL

mb
2f 1~z!@11as~m!/~2p!hSL~Az!#

f Bs

2 MBs
@122z#

~12!

.
0.060

124~Az20.3!
~122z!

BSL

0.105S 4.8

mb
D 3

3S f Bs

190 MeV
D 2

. ~13!

In Eq. ~12! we have used the common trick to evaluate t
total width G total in terms of the semileptonic rate and th
measured semileptonic branching rationBSL via G total

5GSL /BSL . f 1 and hSL are the phase space and QCD co
rection factor ofGSL calculated in@12#. We use the notation
of @9#. The approximation in Eq.~13! reproducesK(z) to an
accuracy of 3%. The numerical value ofhSL entering Eq.
~13! corresponds to the use of the one-loop pole ma
(.4.8 GeV) formb . For simplicity we have expandedK(z)
and the terms in the curly braces in Eqs.~11a!–~11e! up to
the first order inz. The size of the error in Eqs.~11a!–~11e!
is estimated as 231023. Its main source is the SU(3)F

ot
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4286 57YONG-YEON KEUM AND ULRICH NIERSTE
breaking in the kinetic energy and chromomagnetic mom
matrix elements appearing at orderLQCD

2 /mb
2 of the HQE,

which has been calculated to equal (0 – 1)31023 in @3#.
Then terms of order 16p2LQCD

4 /mb
4 can maximally be of the

same order of magnitude. Conversely the remaining N
correction of orderC2

2Das /p and the CKM-suppressed con
tributions are much smaller. Likewise the SU(3)F breaking
in «1 , «2 , B1 , andB2 is expected to be at the level of a fe
percent and therefore smaller than the present uncertain
D.

The first three lines@~11a!–~11c!# contain the result of the
current-current operators calculated in@2,3#. The remaining
lines comprise the penguin effects. Note that the terms
Eqs. ~11c! and ~11e! are neither suppressed byD nor by z.
For z50 the hadronic parameters in Eqs.~11a!–~11e! only
appear in the combinations«12«2 and B12B2 , both of
which are of order 1/Nc . The coefficients ofB12B2 suffer
from numerical cancellations, e.g., 0.09<C213C1<0.57
~cf. Table I!, so that for most values of the input paramete
only the terms involving«1 and«2 in ~11a!, ~11b!, and~11d!
are important.

Finally we discuss a potential systematic uncertainty: T
derivation of Eqs.~11a!–~11e! has assumed quark-hadro
duality ~QHD! for the sum over the final states. QHD mea
that inclusive observables are unaffected by the hadron
tion process of the quarks and gluons in the final state.
new results for inclusive observables inB decays presente
at the 1997 Summer Conferences are consistent with Q
@13#. There are two potential sources of QHD violation
our problem: First it may be possible that the spectator de
rate of theb quark is affected by the hadronization proce
Yet the ballpark of this effect is independent of the flavor
the spectator quark and cancels out in the ratiot(Bs)/t(Bd).
SU(3)F breaking can only appear in the hadronization of
final state antiquark which picks up the spectator quark
we do not expect the SU(3)F breaking in the spectator deca
rate to be larger than the SU(3)F breaking in the
(LQCD/mb)2 terms of the HQE. This effect should furthe
not depend on whether the hadron containing the spec
quark recoils against other hadrons or against a lepton p
Hence one can control the SU(3)F breaking in the spectato
decay rate by comparing the hadron energy in semilepto
Bd and Bs decays. More serious is a potential violation
QHD in the nonspectator contributionGnonspec itself. In a
theoretical analysis for the similar case of the width diffe
enceDGBs

of the twoBs eigenstates the size of QHD viola
tion has been estimated to be moderate, maximally of o
30%. We can incorporate this into Eqs.~11a!–~11e! by as-
signing an additional error of60.3 to D. In any case the
issue of QHD violation in lifetime differences will be exper
mentally tested in the forthcoming years, when high pre
sion measurements oft(B1)/t(Bd) and of DGBs

are con-
fronted with accurate lattice results for the hadron
parameters.

III. PHENOMENOLOGY

In the following we want to investigate the numerical im
portance of the penguin contribution. Then we analyze wh
accuracy is necessary to detect or constrain new physics
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tributions to C3 – 6 by a precision measurement o
t(Bs)/t(Bd).

The three main hadronic parameters entering Eqs.~11a!–
~11e! are D, f Bs

, and«12«2 , while B1 and B2 come with

small coefficients. The canonical sizes of theB factors are
« i5O(1/Nc) andBi511O(1/Nc). An important constraint
on the« i ’s is given by the measured value oft(B1)/t(Bd)
@2#. The result of@2# for Gnonspec(B1) is obtained from Eq.
~9! by replacing theai

d , bi
d’s with

a1
u526~C1

21C2
2!, b1

u52
3

Nc
~C21NcC1!213NcC1

2,

a2
u5b2

u50. ~14!

The experimental world average@14#

t~B1!

t~Bd!
51.0760.04 ~15!

leads to the following constraint:

«1.~20.260.1!S 0.17 GeV

f B
D 2S mb

4.8 GeVD
3

10.3«210.05.

~16!

In @4# the« i ’s andBi ’s have been calculated with QCD su
rules within the heavy quark effective theory~HQET!. The
results are «1(m5mb)520.0860.02 and «2(m5mb)5
20.0160.03 andB1,2511O(0.01). In view of the small-
ness of the« i ’s, however, it is conceivable that other n
glected effects are numerically relevant. For example
NLO calculation of the matching between HQET and fu
QCD amplitudes replaces« i in Eqs. ~7! and ~9! by « i
1diBi , wheredi is a coefficient of orderas(mb)/p. Here
we will consider the rangeu«1u, u«2u<0.3, and further obey
Eq. ~15!.

In Table II we have tabulatedt(Bs)/t(Bd)21 for various
values ofD and «1 ,«2 . We have further splitt(Bs)/t(Bd)
21 into its current-current part consisting of Eqs.~11a!–
~11c! and the new penguin part involvingC3 – 68 , C8 . These
results can be found in Table III. From Table III we realiz
that the penguin contributions calculated in this work a
comparable in size, but opposite in sign to the curre
current part obtained in@3#. This makes the experimenta
detection of any deviation oft(Bs)/t(Bd) from 1 even more
difficult, if the penguin coefficients are really dominated b
standard model physics. The results of Table II can be s
marized as

t~Bs!

t~Bd!
215~21.268.062.0!

31023S f Bs

190 MeV
D 2S 4.8 GeV

mb
D 3

. ~17!

Here the first error stems from the uncertainty in«1 and«2
and will be reduced once lattice results for the hadronic
rameters are available. The second error summarizes th
maining uncertainties. IfD and «2 simultaneously acquire
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TABLE II. Standard model prediction for 1033@t(Bs)/t(Bd)21# obtained from Eqs.~11a!–~11e! for
f Bs

5190 MeV, m5mb54.8 GeV, z50.085,as(MZ)50.118, andB15B251. The entries marked with an
asterisk are in conflict with the experimental constraint~15!, which also implies«1&0. There is an overall
error of 62.0 @See Eqs.~11a!–~11e!# for all entries.

«1

D50.12 D50.23 D50.34

20.3 20.1 0 20.3 20.1 0 20.3 20.1 0

«2520.3 4.3 1.9 * 4.3 4.5 * 4.3 7.1 *
«2520.1 3.7 1.3 * 1.1 1.3 * 21.5 1.3 *
«250.1 * 0.6 20.6 22.2 22.0 21.9 27.4 24.6 23.2
«250.3 * 20.1 21.3 * 25.3 25.2 213.3 210.5 29.1
e
ta
te
in
ys
o
o

le

ic

,
he
to

e
ffi
le

s

We

.,

ts

ch,

rv-

in

of
extreme values,t(Bs)/t(Bd)21 can be slightly outside the
range in Eq.~17! ~see Table II!.

Today we have little experimental information on th
sizes of the penguin coefficients. Their smallness in the s
dard model allows for the possibility that they are domina
by new physics. The total charmless inclusive branch
fractionB(B→no charm) is a candidate to detect new ph
ics contributions toC8 @7#, but it is much less sensitive t
C3 – 6 @9#. The decreasing experimental upper bounds
B(B→no charm)@14# therefore constrainC8 but leave room
for a sizeable enhancement ofC3 – 6. Now Eqs.~11a!–~11e!
reveal that t(Bs)/t(Bd) is a complementary observab
mainly sensitive toC4 , while C8 is of minor importance. As
mentioned in the Introduction, many interesting new phys
scenarios affectC3 – 6, but not necessarilyC8 . We remark
here that we constrain ourself to new physics scenarios
which the CKM factors of the new contributions are t
same as the ones of the standard model. This is fulfilled
good approximation in most interesting models@7#. Now any
new physics effect modifiesC3 – 6 at some high scale of th
order of the new particle masses, while the Wilson coe
cients entering Eqs.~11a!–~11e! are evaluated at a low sca
m'mb . The renormalization group evolution down tom
'mb mixes the new contributions toC3 – 6. New physics
contributionsDC3 – 6(m5200 GeV) affectC4(m54.8 GeV)
by

DC4~m54.8 GeV!520.35DC3~200 GeV!

10.99DC4~200 GeV!

20.03DC5~200 GeV!

20.22DC6~200 GeV!.
n-
d
g
-

n

s

in

a

-

Observe that DC4(200 GeV)520.05 already increase
C48(mb) by more than a factor of 2.

Clearly the usefulness oft(Bs)/t(Bd) to probeC3 – 6 cru-
cially depends on the size ofu«12«2u and f Bs

. We now

investigate the sensitivity oft(Bs)/t(Bd) to DC4(m5mb) in
a possible future scenario for the hadronic parameters.
assume

«1520.1060.05, «250.2060.05, B1 ,B251.060.1,

f Bs
5~190615! GeV, D50.2360.05,

mb5~4.860.1! GeV. ~18!

The assumed accuracy forf Bs
will be achieved, once more

experimental information on theBs system is obtained, e.g
after the detection ofBs2B̄s mixing. Also a more precise
measurement off Ds

is helpful, because lattice QCD predic

the ratiof Bs
/ f Ds

much better thanf Bs
@11#. The error bars of

the other hadronic parameters likewise appear within rea
if one keeps in mind that information on«1 and«2 will not
only be obtained from the lattice but also from other obse
ables liket(B1)/t(Bd). Experimental progress in Eq.~15!
and a next-to-leading order calculation of the coefficients
Eqs.~14! and~10! will significantly improve the constraint in
Eq. ~16!. In Fig. 5 we show the dependence
t(Bs)/t(Bd)21 on DC4(m) for the scenario in Eq.~18!. A
cleaner observable is the double ratio

t~Bs!2t~Bd!

t~B1!2t~Bd!
5

BSL~Bs!2BSL~Bd!

BSL~B1!2BSL~Bd!
, ~19!
guin

c

TABLE III. The columns labeled with ‘‘peng’’ list the penguin contribution to 1033@t(Bs)/t(Bd)21# as
a function of «12«2 and f Bs

. The other input parameters have little impact on the size of the pen
contribution. The current-current part of 1033@t(Bs)/t(Bd)21# is listed for«1520.1 andD50.23. For the
remaining parameters see Table II.

«12«25

20.5 20.3 20.1 0.1 0.2

peng cc peng cc peng cc peng cc peng c

f Bs
5160 MeV 3.9 28.8 2.3 24.9 0.8 21.0 20.8 2.8 21.5 4.7

f Bs
5190 MeV 5.4 212.4 3.3 26.9 1.1 21.5 21.1 4.0 22.2 6.7

f Bs
5220 MeV 7.3 216.6 4.4 29.3 1.5 22.0 21.4 5.3 22.9 9.0
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which depends on«1 , «2 , andD, while the dependence o
f B andmb cancels. The corresponding plot for the parame
set of Eq.~18! can be found in Fig. 6.

We find a smaller error band for @t(Bs)
2t(Bd)#/@t(B1)2t(Bd)# than for t(Bs)/t(Bd)21. If
DC4,20.075 or DC4.0.140, we find the allowed rang
for @t(Bs)2t(Bd)#/@t(B1)2t(Bd)# incompatible with the
standard model. An experimental lower boundt(Bs)/t(Bd)
.1.005 would indicate a new physics contributionDC4,
20.063 in our scenario. Likewise the experimental detect
of a sizeable negative lifetime differencet(Bs)2t(Bd) may
reveal nonstandard contributions toC48 of similar size as its
standard model value. Figure 6 shows that, e.g., the bo
t(Bs)2t(Bd),20.20@t(B1)2t(Bd)# would indicate
DC4.0.051. We conclude that the detection of new phys
contributions toC4 of order 0.1 is possible with precisio
measurements oft(Bs)/t(Bd).

IV. CONCLUSIONS

We have calculated the contributions of the penguin
eratorsQ3 – 6, of the chromomagnetic operatorQ8 , and of
penguin diagrams with insertions ofQ2 to the lifetime split-

FIG. 5. Dependence oft(Bs)/t(Bd)21 on a new physics con
tribution DC4 . The shaded area corresponds to a variation of
input parameters within the range of Eq.~18!. The horizontal lines
mark the standard model range corresponding toDC450.
t.
r

n

nd

s

-

ting between theBs andBd meson. In the standard model th
penguin effects are found to be roughly half as big as
contributions from the current-current operatorsQ1 andQ2 ,
despite the smallness of the penguin coefficients. Yet t
are opposite in sign, so that any deviation oft(Bs)2t(Bd)
from zero is even harder to detect experimentally. Assum
a reasonable progress in the determination of the hadr
parameters a precision measurement oft(Bs)/t(Bd) can be
used to probe the coefficientC4 with an accuracy ofuDC4u
50.1. Hence new physics can only be detected ifC4 is
dominated by nonstandard contributions. The sensitivity
C4 depends crucially on the difference of the hadronic p
rameters«1 and«2 . For the extraction ofC4 the double ratio
@t(Bs)2t(Bd)#/@t(B1)2t(Bd)# turns out to be more use
ful than t(Bs)/t(Bd).
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FIG. 6. Dependence of@t(Bs)2t(Bd)#/@t(B1)2t(Bd)# on
DC4 for the parameter set in Eq.~18!. This double ratio depends o
f Bs

and f Bd
only throughD, and the factor ofmb

23 in Eqs. ~11a!–
~11e! cancels.
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