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Using a known result by Falket al. for the 1/mb
2 correction to the dilepton invariant mass spectrum in the

decayB→Xsm
1m2, we calculate the 1/mb

2 correction to the left-right muon polarization asymmetry in this
decay. Employing an up-to-date range of values for the nonperturbative parameterl1, we find that the cor-
rection is much smaller than should have been expected from the previous work by Falket al.
@S0556-2821~97!01303-9#
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Rare decays ofB mesons have been studied extensively in
the last few years. Such decays are forbidden in the tree-level
approximation and proceed through loop diagrams only.
Consequently, they are sensitive to the complete particle
content of a given theory and their analysis may thus shed
some light on possible new physics beyond the standard
model ~SM!. In this paper, we focus on the inclusive decay
B→Xsm

1m2, whereXs denotes an arbitrary hadronic final
state with total strangeness1 21. In contrast with the decay
B→Xsg, the three-body decayB→Xsm

1m2 allows one to
define and measure several kinematic distributions. Beside
the invariant mass spectrum of the lepton pair a forward-
backward charge asymmetry@1# and a left-right polarization
asymmetry @2,3# have been proposed. The simultaneous
measurement of these distributions allows one to extract the
values of the Wilson coefficients which govern the decay
amplitude and contain the short distance physics@4#. The
values of these Wilson coefficients are sensitive to new phys-
ics and in a measurement of the kinematic distributions one
might be able to detect deviations from the SM prediction.
For this reason the distributions mentioned above should be
calculated as precise as possible.

Meanwhile a complete next-to-leading order~NLO! cal-
culation of the relevant Wilson coefficients is available@5,6#.
These coefficients properly include the short distance QCD
effects and the NLO approximation considerably reduces the
~otherwise significant! theoretical uncertainty in the final re-
sult which stems from its dependence on the renormalization
scale.

Apart from these perturbative calculations which rely en-
tirely on the spectator model~defined as the free quark decay

model including perturbative QCD!, long distance effects
due to the nonperturbative physics at low scales have to be
taken into account. Important corrections are first of all gen-
erated by intermediatecc̄ bound states~e.g., the channel
b→sJ/c→sm1m2) which influence the kinematic distribu-
tions even far away from the resonance region. For a way to
deal with these effects, we refer to the literature@7–10#.

Additionally, there are nonperturbative effects due to the
binding of theb quark inside theB meson. It is strongly
expected that for inclusive decays of heavy quarks such ef-
fects may be incorporated by a controlled expansion in in-
verse powers of the mass of the decaying quark, the so-called
heavy quark expansion2 ~HQE! @11,12#. The first term of this
expansion can be shown to reproduce the spectator model.
Falk, Luke, and Savage@14# calculated the first nonvanish-
ing, i.e.,O(1/mb

2), correction to the dilepton invariant mass
spectrum in the decayB→Xsm

1m2 some time ago.
It is this type of correction we are dealing with in the

following. We slightly extend the work of Liu and Del-
bourgo @3# about the left-right polarization asymmetry by
presenting the 1/mb

2 correction to this distribution. It should
particularly be stressed that in the numercial analysis we take
into account a present range of values forl1 ~one of the
nonperturbative parameters that occur by performing the
HQE!, and that these values differ drastically from the one
used in Ref.@14#.

The general framework for decays likeB→Xsm
1m2 is

the effective theory approach with the effective Hamiltonian
as the central element. Once the effective Hamiltonian is
given one can calculate the decay amplitude and the kine-
matic distributions mentioned above. The effective

1Since we neglect the mass of the leptons, all statements in this
paper apply likewise to the decayB→Xse

1e2. However, this de-
cay mode is experimentally even harder accessible than
B→Xsm

1m2, so we decided to mention only the latter one explic-
itly in the text.

2Whether this expansion can be justified theoretically rigorous is
still the subject of ongoing discussions@13#. At the moment, phe-
nomenology seems to be the only way to judge the validity of the
HQE.
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Hamiltonian for the decayB→Xsm
1m2 has been calculated

in the NLO approximation by Misiak@5# and independently
by Buras and Mu¨nz @6#. In our paper we entirely use the
notation introduced in Ref.@6# and we refer to this paper for
the operator basis, the analytic expressions of the Wilson
coefficients, and for the details concerning the NLO calcula-
tion.

Let us now consider the left-right asymmetry. It is defined
as

dALR/dŝ5 dGL/dŝ2dGR/dŝ,

where

ŝ5 ~pm11pm2!2/mb
2

is the scaled four-momentum transfer to the muons and
dGL/dŝ (dGR/dŝ) denotes the invariant mass spectrum for a
decay into purely left-handed~right-handed! muons. Instead
of calculatingdGL/dŝ anddGR/dŝ separately,dALR/dŝ can
alternatively be obtained directly from the invariant mass
spectrumdG/dŝ. With the operator basis used in Ref.@6#,
dG/dŝ is derived in terms of the Wilson coefficientsC9 and
C10. The corresponding operatorQ9 contains a vector cou-
pling of the muons,Q10 an axial-vector coupling. Defining a
left-handed and a right-handed operator by

QL5Q92Q10, QR5Q91Q10,

one obtainsdG/dŝ in terms of the corresponding Wilson
coefficientsCL andCR by the simple substitution

C95CL1CR , C105CR2CL .

Since the remaining operatorsQ1•••Q8 contain only vector
couplings to the muons, one finds in this basis

dALR

dŝ
5
dG

dŝ
U
CR50

2
dG

dŝ
U
CL50

.

The final result may be transformed back to the basisQ9,
Q10 and re-expressed in terms ofC9 andC10.

3 Following
these steps one reproduces the result for the left-right asym-
metry in Ref.@3# if one starts with the invariant mass spec-
trum as given in Ref.@6#. Keeping this procedure in mind
one can extract the 1/mb

2 correction to the left-right asymme-
try from the 1/mb

2 correction to the invariant mass spectrum
given in @14#. We stress that it is not necessary to repeat the

full calculation Falket al. have done in order to find the
1/mb

2 correction for the left-right asymmetry.4 We obtain

dALR

dŝ
5
dA0

LR

dŝ
1
dA2

LR

dŝ
,

dA0
LR

dŝ
52

G~b→cl2n̄ !

f ~z!•k~z!
uVtbu2U Vts

Vcb
U2 a2

2p2 ~12 ŝ!2

3C̃10@~112ŝ!Re~C̃9
eff!16C7

~0!eff#,

dA2
LR

dŝ
52

G~b→cl2n̄ !

f ~z!•k~z!
uVtbu2U Vts

Vcb
U2 a2

2p2 ~12 ŝ!

3C̃10@k1
LR~l1 ,ŝ!1k2

LR~l2 ,ŝ!#,

where we definedz5mc /mb and

k1
LR~l1 ,ŝ!5

l1

2mb
2 $~22ŝ213ŝ15!Re~C̃9

eff!

22~3ŝ25!C7
~0!eff%,

k2
LR~l2 ,ŝ!5

l2

2mb
2 $3~210ŝ2115ŝ11!Re~C̃9

eff!

26~7ŝ25!C7
~0!eff%.

dA0
LR/dŝ denotes the spectator model result. It agrees with

the result in Ref.@3#. The functionsf (z) and k(z) are the
phase-space factor and the one gluon correction to the decay
b→cen̄ given in Eqs.~2.31! and ~2.32! of Ref. @6#. The
Wilson coefficientsC7

(0)eff , C̃9
eff , andC̃10 are also defined in

Ref. @6#, Eqs.~2.3!, ~2.28!, and~2.8!. Note that the effective
coefficientC̃9

eff depends explicitely onŝ because it contains

the influence of the operatorsQ1•••Q6. Finally, dA2
LR/dŝ

denotes the 1/mb
2 correction, given in terms of the two HQET

parametersl1 and l2. A definition of them as matrix ele-
ments can be found in Ref.@14#, Eq. ~2.21!.

Let us now examine the size of the correction compared
with the spectator model result. In doing this we do not in-
corporate the long distance effects due to intermediatecc̄
resonances. We do not neglect them because they are small,
in fact, as already mentioned, they do have a large effect on
the shape of the spectra even far away from the resonance
region. The common way to deal with these resonances is a
simple replacement ofC̃9

eff by C̃9
eff1Res(ŝ) ~see, e.g., Ref.

@10#!, where the function Res(ŝ) is chosen to produce reso-
nance peaks at the masses of the intermediatecc̄ bound
states. The relative correction to the spectator model, how-
ever, is nearly the same with or without this replacement of
C̃9
eff . So, for simplicity, we show the nonresonant results

only.

3Note that

dG

dŝ
U
CR50

Þ
dGL

dŝ
and

dG

dŝ
U
CL50

Þ
dGR

dŝ

becausedG/dŝuCR50 contains right-handed components due to the
operatorsQ1•••Q8 which cancel against the same terms present in

dG/dŝuCL50 by taking the difference.

4This is not the case for the 1/mb
2 correction to the forward-

backward asymmetry, which cannot be extracted from the result in
@14#.
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In the Appendix we give a list of the numerical values of
all input parameters we used. Some remarks should be made
concerning the nonperturbative parametersl1 andl2. From
theB2B* mass splitting the numerical value ofl2 is well
known to be 0.12 GeV2 @15#. l1 is much less understood. In
Ref. @14# l150.5 GeV2 was used in the numerical analysis.
These values led to an enhancement of roughly 10% over the
full range of ŝ in the invariant mass spectrum. This value of
l1, however, is no longer appropriate. Even if there is still
some controversary about the magnitude, the sign ofl1 is
strongly believed to be negative. There have been attempts to
calculatel1 using QCD sum rules@16–19# and, alterna-
tively, to extract it by a fit to the data fromB andD decays
@20,21#. Even an upper bound has been proposed@22–24#.
However, the values found lie in the range
20.6GeV2<l1<20.1 GeV2, which is quite large.

In Fig. 1 we plot the spectator model prediction with and
without the 1/mb

2 correction. The influence of the correction

never exceeds a rate of 3.5% in the highŝ region (ŝ>0.4)
and maximally reduces the spectrum by 9.5% for very small
values ofŝ. We emphasize that the smallness of the correc-
tion is due to an accidental cancellation of the corrections
k1
LR and k2

LR . With l1'23l2 the functionsk1
LR and k2

LR

almost cancel in the highŝ region. For the integrated left-
right asymmetry the correction lies between13% and
25% compared to the spectator model result.

With this small correction in mind, it is interesting to
show again the 1/mb

2 correction to the invariant mass distri-
bution with negative values ofl1. This is done in Fig. 2. The
overall correction is significantly reduced compared to the
result in Ref.@14#. As in the case for the left-right asymme-
try, the correction to the spectator model is at most 3.5% for
ŝ>0.4 and maximally differs by 5.2% nearŝ50.1. The cor-
rection results in a maximal decrease of the integrated spec-
trum of 3.8% forl1520.6 GeV2. In comparison, the inte-
grated spectrum increases by 9.3% takingl1 as high as the
value used in Ref.@14#.

As long asl1 is poorly known, the following numerical
formulas might be useful. They describe the relative size of
the 1/mb

2 correction to the spectator model results of the in-
tegrated left-right asymmetry and the branching ratio:

DALR

A0
LR 5S F l1

GeV2G10.28D315.3%,

DB@B→Xsm
2m1#

B@B→Xsm
2m1#0

5S F l1

GeV2G10.28D312.0%.

Note that the 1/mb
2 correction depends linearly onl1, there-

fore these formulas are valid for all values ofl1. They also
imply that for l1520.28 GeV2 ~andl250.12 GeV2) one
obtains the spectator model results

G tot
21A0

LR54.7431026,

B@B→Xsm
2m1#056.0331026.

It is instructive to compare the size of the 1/mb
2 correction

to the left-right asymmetry with that of other unkown cor-
rections or uncertainties preventing a precise theoretical pre-
diction of this quantity. We looked at various sources of
uncertainties, a complete list of the corresponding errors is
given in Table I.

The most important error stems from the lack of the next-
to-next-to-leading-order QCD calculation. This truncation of
the perturbative series manifests itself in the renormalization
scale dependence of the spectra and integrated rates. By
varying the renormalization scalem betweenmb/2 and 2mb
~i.e., in such a manner that lnmb /m remains small!, we esti-
mated the corresponding uncertainty to be about68%.
Apart from this we have to cope with our insufficient knowl-
edge of the masses of the top and charm quark, which enter

FIG. 1. The left-right asymmetry in the decayB→Xsm
1m2

~normalized to the total decay width of theB meson!. The solid line
represents the spectator model result. The shaded area corresponds
to the left-right asymmetry including the 1/mb

2 correction, varying
l1 between20.6 GeV2 and20.1 GeV2. The upper edge of the
area is given byl1520.1 GeV2, the lower edge byl1520.6
GeV2.

FIG. 2. The dilepton invariant mass spectrum in the decay
B→Xsm

1m2 ~normalized to the total decay width of theB meson!.
The solid line represents the spectator model result. The shaded
area corresponds to the spectrum including the 1/mb

2 correction,
varyingl1 between20.6 GeV2 and20.1 GeV2. As in Fig. 1 the
upper edge of the area is given byl1520.1 GeV2, the lower edge
by l1520.6 GeV2. The dashed line is the result obtained by Falk
et al. usingl150.5 GeV2.
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through loop diagrams and the phase-space factorf (z). Both
of these masses give rise to an uncertainty of roughly
66%. The errors due to the Cabibbo-Kobayashi-Maskawa
~CKM! matrix elements and the semileptonic branching ratio
are not large, but also comparable to the 1/mb

2 correction.
The other inaccurate known paramters, includingas(MZ)
and the masses of the remaining quarks, affect the left-right
asymmetry only by a small amount~i.e., not more than
61%!. Apart from these rather trivial dependences on the
parameters, there remains one potential systematic error,
namely the long distance contributions due tocc̄ resonances.
Modeling the resonances as in Ref.@10#, we estimated them
to enlarge the left-right asymmetry by roughly 15%
~whereby this number depends to some extent on the applied
experimental cuts!. In the worst case, lacking anything bet-
ter, the associated error should be taken to be in the same
order of magnitude than the correction itself, albeit we would
call this a very conservative and perhaps unnecessary pessi-
mistic view.

The numbers of Table I show that the 1/mb
2 corrections

are numerically not very significant compared to all the other
uncertainties presently existing. However, two remarks
should be made. On the one hand, we would have arrived at
a much larger correction of about 10% if we had used the old
value l150.5 GeV2 as in Ref.@14# ~which was published
only three years ago!. It is interesting to note that at the
moment most experimental and theoretical developments are
in favor of the assumption that the 1/mb

2 corrections are ge-
nerically small. On the other hand, the 1/mb

2 corrections are
quantities of principle interest. Assuming the validity of the
HQE, their existence is a fundamental and predictable prop-
erty of QCD. So they should be calculated independently of
their actual size~which, of course, is by no means knowna
priori !. Even if today the overall error is dominated by the
uncertainties in the SM parameters, one cannot say how this
picture will change during the forthcoming years.

In this brief work we presented the nonperturbative
1/mb

2 correction to the left-right asymmetry for the rare decay
B→Xsm

1m2. With a present range of values for the param-
eterl1 we found a correction as small as roughly 4% for the
integrated left-right asymmetry. We also showed the invari-
ant mass spectrum with these new values forl1 and found
the correction significantly smaller than in Ref.@14#.

N.P. was supported by the German Bundesministerium
für Bildung und Forschung under Contract No. 06 TM 743
and DFG Project No. Li 519/2-1.

APPENDIX: INPUT PARAMETER

mb54.8 GeV,mc51.4 GeV,ms50.1,mm50, mt5167
GeV, MW580.2 GeV, m55 GeV, uVtbu51,
uVts /Vcbu50.95, sin2uW50.23, a5a(MZ)51/129,
as(MZ)50.118, B(B→Xcl

2n̄)50.105, l250.12 GeV2,
20.6 GeV2<l1<20.1 GeV2 ~see text!.
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TABLE I. Various sources of uncertainty for the integrated left-
right asymmetry as well as for the total branching ratio of the decay
B→Xsm

1m2, in order of their numerical importance. For the first
two entries, see the explanations in the text.

Uncertainty due to . . . DALR/A0
LR DB/B

Long-distance effects 115% 110%
mb/2,m,2mb 68% 62%
mt5(16766) GeV 66% 67 %
mc5(1.460.1) GeV 66% 66%
B@B→Xcl

2n̄ # 64.8% 64.8%
uVts /Vcbu250.9560.04 64.2% 64.2%
as(MZ)50.11860.003 61.5% 60.2%
mb5(4.860.3) GeV 60.7% 61.1%
ms5(0.160.1) GeV 60.7% 60.6%
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