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Improved model-independent analysis of semileptonic and radiative rareB decays
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We update the branching ratios for the inclusive decaysB→Xsl
1l 2 and the exclusive decaysB

→(K,K* ) l 1l 2, with l 5e, m, in the standard model by including the explicitO(as) andLQCD/mb correc-
tions. This framework is used in conjunction with the current measurements of the branching ratios forB
→Xsg and B→Kl 1l 2 decays and upper limits on the branching ratios for the decaysB→(K* ,Xs) l

1l 2 to
work out bounds on the Wilson coefficientsC7 , C8 , C9 and C10 appearing in the effective Hamiltonian
formalism. The resulting bounds are found to be consistent with the predictions of the standard model and
some variants of supersymmetric theories. We illustrate the constraints on supersymmetric parameters that the
current data on rareB decays implies in the context of the minimal flavor violating model and in more general
scenarios admitting additional flavor changing mechanisms. Precise measurements of the dilepton invariant
mass distributions in the decaysB→(Xs ,K* ,K) l 1l 2, in particular in the lower dilepton mass region, and the
forward-backward asymmetry in the decaysB→(Xs ,K* ) l 1l 2, will greatly help in discriminating among the
SM and various supersymmetric theories.
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I. INTRODUCTION

The measurement of the inclusive decayB→Xsg, first
reported by the CLEO Collaboration in 1995@1#, has re-
ceived resounding reception in the interested theoret
physics community, both as a precision test of the stand
model in the flavor sector and as a harbinger of new phys
in particular supersymmetry@2#. In the meanwhile, the
branching ratio for this decay has become quite prec
through the subsequent measurements by the CLEO@3#,
ALEPH @4# and BELLE @5# Collaborations, with the BA-
BAR measurements keenly awaited. The present experim
tal average of the branching ratioB(B→Xsg)5(3.22
60.40)31024 is in good agreement with the next-to-leadin
order prediction of the same in the standard model~SM!,
estimated asB(B→Xsg)SM5(3.3560.30)31024 @6,7# for
the pole quark mass ratiomc /mb50.2960.02, rising to
B(B→Xsg)SM5(3.7360.30)31024 @8#, if one uses the in-

put value mc
MS(m)/mb,pole50.2260.04, wheremc

MS(m) is
the charm quark mass in the modified minimal subtract
(MS) scheme, evaluated at a scalem in the rangemc,m
,mb . The inherent uncertainty reflects in part the pres
accuracy of the theoretical branching ratio, which is limit
to O(as), and in part the imprecise measurements of
photon energy spectrum inB→Xsg decays. Despite the cur
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rent theoretical dispersion on the branching ratio, the ag
ment between experiment and the SM is quite impress
and this has been used to put nontrivial constraints on
parameters of models incorporating beyond-the-SM phys
in particular supersymmetry~see, for example, Ref.@9# for a
recent analysis in a supersymmetric scenario!. While the
measurement of the decayB→Xsg is being consolidated
several other radiative and semileptonic rareB decays are
being searched for. In particular, first measurements of se
leptonic rareB decays have been recently reported in theB
→Km1m2 andB→Ke1e2 modes by the BELLE Collabo-
ration @10#, and upper limits have been put in a number
other related decay modes@10–13#. The current measure
ments of the exclusive modes are in agreement with the
pectations in the SM@14,15#, calculated in next-to-leading
logarithmic ~NLO! approximation, taking into account th
experimental and theoretical errors. This, for example,
be judged from the comparison of the combined branch
ratio for the decay modesB→Kl 1l 2, l 5e,m, reported by
the BELLE CollaborationB(B→Kl 1l 2)50.7520.21

10.2560.09
31026 with the light-cone QCD sum rule based estimates
the same,B(B→Kl 1l 2)50.5720.10

10.1631026 @15#. The upper
limits on the inclusive decaysB→Xsl

1l 2 and the exclusive
decaysB→K* l 1l 2 are now approaching their respectiv
SM-based estimates, as we also show quantitatively in
paper.

With increased statistical power of experiments at theB
factories in the next several years, the decays discus
above and related rareB decays will be measured very pre
cisely. On the theoretical side, partial results in next-to-ne
to-leading logarithmic~NNLO! accuracy are now availabl
in the inclusive decaysB→Xsl

1l 2 @16,17#. Recalling that
©2002 The American Physical Society02-1
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the lowest order contribution for these decays starts
O(1/as), as opposed to the decayB→Xsg, which starts at
O(as

0), the NNLO accuracy inB→Xsl
1l 2 amounts to cal-

culating explicitO(as) improvements. The same accuracy
as amounts to calculating the decayB→Xsg in NLO. We
also recall that power corrections inLQCD/mb @18# and in
LQCD/mc @19# are also known. For what concerns the exc
sive decays, some theoretical progress in calculating t
decay rates to NLO accuracy in theB→(K* ,r)g @20–22#,
and to NNLO accuracy inB→K* l 1l 2 @21# decays, includ-
ing the leadingLQCD/MB , has been reported. Compariso
of these theoretical estimates with data onB→K* g decays
@23–25# have led to important inferences on the magne
moment form factor. Our purpose in this paper is to incorp
rate these theoretical improvements, carried out in the c
text of the SM, and phenomenological implications from t
observed radiative decays, and examine the quantitativerap-
port between the SM and current measurements of the s
leptonic rareB decays. An equally important undertaking
our analysis is to investigate the impact of the current exp
mental measurements on the parameters of the possibl
persymmetric extensions of the SM. The question which
address in this context is the following: do the current m
surements in semileptonic rareB decays already provide
more restrictive constraints on the parameters of the su
symmetric models than are provided by theB→Xsg mea-
surements? We find that the decaysB→(Xs ,K* ,K) l 1l 2 do
provide additional constraints in some parts of the supers
metric space, though with the current experimental kno
edge the decayB→Xsg remains more restrictive over mo
of the supersymmetric space. This is expected to change
improved precision on the semileptonic rareB decays, which
we illustrate in a number of supersymmetric scenarios.

Our analysis is carried out in the effective Hamiltoni
approach, obtained by integrating out the heavy degree
freedom, defined below@see Eq.~1!#. However, we make the
tacit assumption that the dominant effects of an underly
supersymmetric theory can be implemented by using the
operator basis for the effective Hamiltonian. Thus, supers
metric effects enter in our analysis through the modificatio
of the Wilson coefficients which in the SM are calculated
some high scale, denoted generically bymW , with the SM
anomalous dimension matrix controlling the renormalizat
of these coefficients to a lower scale, typicallymb5O(mb).
Restricting the operator basis to the one in the SM obviou
does not cover the most general supersymmetric case, bu
think that it covers an important part of the underlying p
rameter space, and hence can be employed to unde
searches for supersymmetric effects in rareB decays. Within
this operator basis, we have split our analysis in two parts
the first part we update the branching ratios for the dec
B→(Xs ,K,K* ) l 1l 2, l 5e, m, in the standard model. In do
ing this, we work out the parametric uncertainties due to
scale dependence, top quark mass,mt , and the ratio of the
quark massesmc /mb . Combining the individual errors
dB(m), dB(mt), anddB(mc /mb) in quadrature, we find tha
the resulting theoretical uncertainties aredB(B→Xse

1e2)
.615% anddB(B→Xsm

1m2).617%. The correspond
ing theoretical uncertainties on the exclusive decay bran
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ing ratios are larger, due to the form factors, and estimate
typically O(635%). Using this updated theoretical fram
work, we extract model-independent constraints that curr
data @summarized below in Eqs.~4!–~11!# provides on the
Wilson coefficientsC7–C10, which appear in the effective
Hamiltonian. We first work out the constraints onC7 andC8

implied by theB→Xsg measurement. To that end, we defi
the quantitiesR7,8(mW)[C7,8

tot (mW)/C7,8(mW), and work out
bounds on them. Data onB→Xsg allows both R7,8(mW)
.0 andR7,8(mW),0 solutions, which we show in terms o
the allowed regions in the „R7(mW),R8(mW)… and
„R7(mb),R8(mb)… planes. We then transcribe the impact
the B→(Xs ,K,K* ) l 1l 2 experimental data on the allowe
regions in the @C9 ,C10# plane. Depending on the two
branches for the quantitiesR7,8(mW), we display the con-
straints in terms ofC9

NP(mW) andC10
NP. We show that the SM

solution @corresponding to the point (0,0) in this plane f
the caseR7,8(mW)51# is allowed by present data. More im
portantly, from the point of view of supersymmetry, o
analysis shows the allowed region in the@C9 ,C10# plane,
which leaves considerable room for beyond-the-SM con
butions to these quantities. In fact, in some allowed regio
phenomenological profiles of semileptonic rareB decays can
measurably differ from the corresponding ones in the SM

The second part of our supersymmetric analysis de
with specific SUSY models and we quantify the addition
constraints that the genericb→sl1l 2 data implies for the
parameters of these models. We show that no useful bou
beyond what are already known from theB→Xsg analysis
are at present obtained in the so-called minimal flavor v
lating models@including the constrained minimal supersym
metric standard model~MSSM!# @26#. This reflects the ge-
nerically small deviations to the SM rates and distributio
anticipated in these models, as the allowed supersymm
parameters are already highly constrained. Working in
mass insertion approximation@27#, we show that insertions
in the down-squark sector~that enter principally through the
gluino penguin and box diagrams! are not constrained eithe
from present data. On the other hand, insertions in the
squark sector get in some parts of the SUSY parameter s
genuinely new constraints. To show possible supersymme
effects that precise measurements in semileptonic rareB de-
cays may reveal, we work out the forward-backward asy
metry in B→Xsl

1l 2 for four illustrative points in the
„C9

NP(mW),C10
NP
… plane, representing solutions in the four a

lowed quadrants in this space. However, a high density s
over all the parameter space shows that the allowed solut
in the models considered by us are scattered mostly aro
the „C9

NP(mW),C10
NP)5(0,0) region, for the two branches fo

the quantitiesR7,8(mW), i.e. for R7,8(mW).0 andR7,8(mW)
,0. We present the resulting constraints on the supers
metric massesM t̃ 2

~mass of the lighter of the two top squar

mass eigenstate!, MH6 ~the charged Higgs boson masse!
and tanb ~ratio of the two Higgs vacuum expectation va
ues!, in the context of the minimal flavor violation~MFV!
MSSM framework, and on the mass insertion parame
(d23) in the mass insertion approximation~MIA ! framework.
2-2
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IMPROVED MODEL-INDEPENDENT ANALYSIS OF . . . PHYSICAL REVIEW D 66, 034002 ~2002!
This updates similar results worked out along these line
Ref. @28#.

This paper is organized as follows: In Sec. II, we en
the current measurements of the rareB decays which we
have analyzed. The effective Hamiltonian for the SM and
supersymmetric models studied by us is also given here
Sec. III, we present the NNLO implementation of the inc
sive and exclusiveb→sl1l 2 transitions that we consider. I
Sec. IV we discuss the branching ratios for the exclus
decaysB→K (* )l 1l 2 in the SM. In Sec. V, we study the
constraints on the supersymmetric parameters resulting f
theB→Xsg decay in the NLO approximation. In Sec. VI, w
present the results of the model-independent analysis o
b→sl1l 2 modes based on current data. In Sec. VII, we
scribe the specific SUSY model that we study and presen
bounds on the relevant mass insertions. In Sec. VIII,
summarize our results. Some loop functions encountere
the calculation and the top squark and chargino mass m
ces are given in the Appendixes.

II. EFFECTIVE HAMILTONIAN

The effective Hamiltonian in the SM inducing theb
→sl1l 2 andb→sg transitions can be expressed as follow

Heff52
4GF

A2
Vts* Vtb(

i 51

10

Ci~m!Oi~m!, ~1!

where Oi(m) are dimension-six operators at the scalem,
Ci(m) are the corresponding Wilson coefficients,GF is the
Fermi coupling constant, and the Cabibbo-Kobayas
Maskawa~CKM! dependence has been made explicit. T
operators can be chosen as Ref.@16#:

O15~ s̄LgmTacL!~ c̄LgmTabL!,

O25~ s̄LgmcL!~ c̄LgmbL!,

O35~ s̄LgmbL!(
q

~ q̄gmq!,

O45~ s̄LgmTabL!(
q

~ q̄gmTaq!,

O55~ s̄Lgm1
gm2

gm3
bL!(

q
~ q̄gm1gm2gm3q!,

O65~ s̄Lgm1
gm2

gm3
TabL!(

q
~ q̄gm1gm2gm3Taq!,

O75
e

gs
2

mb~ s̄LsmnbR!Fmn ,

O85
1

gs
mb~ s̄LsmnTabR!Gmn

a ,

O95
e2

gs
2 ~ s̄LgmbL!(

l
~ l̄ gml !,

O105
e2

gs
2 ~ s̄LgmbL!(

l
~ l̄ gmg5l !, ~2!
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where the subscriptsL andR refer to left- and right- handed
components of the fermion fields. We work in the appro
mation where the combination (Vus* Vub) of the Cabibbo-
Kobayashi-Maskawa matrix elements@29# is neglected; in
this case the CKM structure factorizes, as indicated in
~1!. Of course, for the sake of book keeping, one can ke
the individual top-quark and charm-quark contributions
the loop separately, but as there is no way to distingu
these individual contributions we will give the results in th
summed form.

Note the inverse powers ofgs in the definition of the
operatorsO7 , . . . ,O10 in Eq. ~2!. These factors have bee
introduced by Misiak in Ref.@30# in order to simplify the
organization of the calculations. In this framework, the L
result for theb→sl1l 2 decay amplitude is obtained in th
following three steps: the matching conditionsCi(mW) have
to be worked out atO(as

0), the renormalization group evo
lution has to be performed using theO(as

1) anomalous di-
mension matrix and the matrix elements of the operatorsOi
have to be worked out at order 1/as . In going to the NLO
precision all three steps have to be improved by one orde
as .

At an arbitrary scalem the Wilson coefficients can be
decomposed as

Ci~m!5Ci
(0)~m!1

as~m!

4p
Ci

(1)~m!1
as

2~m!

~4p!2
Ci

(2)~m!1••• .

~3!

We note that in our basis onlyC2 is different from zero at the
matching scalemW at leading order, viz.Ci

(0)(mW)5d i2. At
the low scalemb ~of ordermb), the coefficientsCi

0(mb) are
nonzero for i 51, . . .,6,9 whereas they vanish fori
57,8,10.

We shall use this effective Hamiltonian and calculate
matrix elements for the decays of interest, specifying
degree of theoretical accuracy.

The experimental input that we use in our analysis
given below. Except for the inclusive branching ratio forB
→Xsg, which is the average of the results from CLEO
ALEPH and BELLE measurements@3–5#, all other entries
are taken from the two BELLE papers listed in Ref.@10#:

B~B→Xsg!5~3.2260.40!31024, ~4!

B~B→Km1m2!5~0.9920.3220.14
10.4010.13!31026, ~5!

B~B→Ke1e2!5~0.4820.2420.11
10.3210.09!31026 , ~6!

B~B→Kl 1l 2!5~0.7520.21
10.2560.09!31026, ~7!

B~B→K* m1m2!<3.031026 at 90% C.L., ~8!

B~B→K* e1e2!<5.131026 at 90% C.L., ~9!

B~B→Xsm
1m2!<19.131026 at 90% C.L., ~10!

B~B→Xse
1e2!<10.131026 at 90% C.L. ~11!

The experimental numbers given in Eqs.~5!–~11! refer to the
so-called nonresonant branching ratios integrated over
entire dilepton invariant mass spectrum. In the experime
analyses, judicious cuts are used to remove the domin
resonant contributions arising from the decaysB
2-3



si
e

ca
ex
ib
s-
a

th
ve
to
v
an

e

in
.
ss

ts

r-
ts

on-

I.

e

A. ALI, E. LUNGHI, C. GREUB, AND G. HILLER PHYSICAL REVIEW D66, 034002 ~2002!
→(Xs,K,K* )(J/c,c8, . . . )→(Xs ,K,K* ) l 1l 2. A direct com-
parison of experiment and theory is, of course, very de
able, but we do not have access to this restricted experim
tal information. Instead, we compare the theoreti
predictions with data which has been corrected for the
perimental acceptance using SM-based theoretical distr
tions from Refs.@14,15#. In the present analysis, we are a
suming that the acceptance corrections have been adequ
incorporated in the experimental analysis in providing
branching ratios and upper limits listed above. We will gi
the theoretical branching ratios integrated over all dilep
invariant masses to compare with these numbers. Howe
for future analyses, we emphasize the dilepton invari
mass distribution in the low-ŝ region, ŝ[ml 1 l 2

2 /mb,pole
2

<0.25, where the NNLO calculations for the inclusive d
cays are known, and resonant effects due toJ/c, C8, etc. are
expected to be small.

III. INCLUSIVE b\sl¿lÀ DECAYS AT NNLO

We start by discussing the NNLO analysis of theB
→Xsl

1l 2 decays presented in Refs.@16,17#, recalling that
the O(as) corrections to the matrix elements computed
Ref. @17# have been calculated only below thecc̄ resonances

In the NNLO approximation, the invariant dilepton ma
distribution for the inclusive decayB→Xsl

1l 2 can be writ-
ten as

dG~b→Xsl
1l 2!

dŝ
5S aem

4p D 2GF
2mb,pole

5 uVts* Vtbu2

48p3
~12 ŝ!2

3„~112ŝ!~ uC̃9
effu21uC̃10

effu2!

14~112/ŝ!uC̃7
effu2

112 Re~C̃7
effC̃9

eff* !…. ~12!

In the SM the effective Wilson coefficientsC̃7
eff , C̃9

eff andC̃10
eff

are given by@16,17#

C̃7
eff5S 11

as~m!

p
v7~ ŝ! DA72

as~m!

4p
„C1

(0)F1
(7)~ ŝ!

1C2
(0)F2

(7)~ ŝ!1A8
(0)F8

(7)~ ŝ!…, ~13!

C̃9
eff5S 11

as~m!

p
v9~ ŝ! D „A91T9h~m̂c

2 ,ŝ!1U9h~1,ŝ!

1W9h~0,ŝ!…2
as~m!

4p
„C1

(0)F1
(9)~ ŝ!1C2

(0)F2
(9)~ ŝ!

1A8
(0)F8

(9)~ ŝ!…, ~14!

C̃10
eff5S 11

as~m!

p
v9~ ŝ! DA10, ~15!

where the functionsh(m̂c
2 ,ŝ) and v9( ŝ) are given in Ref.

@16#, while v7( ŝ) andF1,2,8
(7,9)( ŝ) can be seen in Ref.@17#. The
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auxiliary quantitiesA7 , A8 , A9 , A10, T9 , U9 , W9 are the
following linear combinations of the Wilson coefficien
Ci(m) @see Eq.~1!#:

A75
4p

as~m!
C7~m!2

1

3
C3~m!2

4

9
C4~m!2

20

3
C5~m!

2
80

9
C6~m!, ~16!

A85
4p

as~m!
C8~m!1C3~m!2

1

6
C4~m!120C5~m!

2
10

3
C6~m!, ~17!

A95
4p

as~m!
C9~m!1(

i 51

6

Ci~m!g i9
(0)ln

mb

m
1

4

3
C3~m!

1
64

9
C5~m!1

64

27
C6~m!, ~18!

A105
4p

as~m!
C10~m!, ~19!

T951
4

3
C1~m!1C2~m!16C3~m!160C5~m!,

~20!

U952
7

2
C3~m!2

2

3
C4~m!238C5~m!2

32

3
C6~m!,

~21!

W952
1

2
C3~m!2

2

3
C4~m!28C5~m!2

32

3
C6~m!.

~22!

The elementsg i9
(0) can be seen in Eq.~26! of Ref. @16#. A8

(0)

in Eqs.~13! and ~14! denotes the lowest order piece ofA8:

A8
(0)5C8

(1)~m!1C3
(0)~m!2

1

6
C4

(0)~m!120C5
(0)~m!

2
10

3
C6

(0)~m!. ~23!

The numerical values for the coefficientsA7 , A8
(0) , A9 , A10,

T9 , U9 , W9 , C1 andC2 are obtained after solving the reno
malization group equations for the Wilson coefficien
Ci(m), using the matching conditions from Ref.@16# and the
anomalous dimension matrices from Refs.@16,6#. As men-
tioned earlier, we do not separate charm- and top-quark c
tributions and perform the matching~for both! at the scale
mW5mW . The resulting values are summarized in Table
Note that when calculating the decay width~12!, we retain
only terms linear inas ~and thus inv9 andv7) in uC̃9

effu2 and

uC̃7
effu2. In the interference term Re(C̃7

effC̃9
eff* ) too, we keep

only terms linear inas . By construction, one has to mak
2-4
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the replacementsv9→v79 andv7→v79 in this term where
the functionv79( ŝ) can be found in Ref.@17#.

We now turn to the modifications of the effective Wilso
coefficientsC̃7

eff , C̃9
eff andC̃10

eff in the presence of new physic
which enters through a modification of the Wilson coef
cientsC7 , C8 , C9 and C10 at the matching scalemW . By
doing so, we tacitly assume that the scale of new physic
close enough to the weak scalemW , justifying integrating
out simultaneously the heavy SM particles and the additio
ones present in the new physics scenario. For simplicity
assume that only the lowest nontrivial order of these Wils
coefficients get modified by new physics, which in our se
@see Eqs.~1!, ~2!, ~3!# means thatC7

(1)(mW), C8
(1)(mW),

C9
(1)(mW), C10

(1)(mW) get modified. The shifts of the Wilson
coefficients atmW can be written as

Ci~mW!→Ci~mW!1
as

4p
Ci

NP~mW!. ~24!

FIG. 1. Relative sizeR( ŝ) of the combined 1/mb and 1/mc

power corrections as defined in Eq.~34! in the decay rate inB
→Xsl

1l 2 decays as a function of the dilepton invariant mass in
SM ~solid line! and forC752C7

SM ~dashed line!.
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These shifts at the matching scale are translated through
RGE step into modifications of the coefficientsCi(mb) at the
low scalemb , leading in turn to modifications of the effec
tive Wilson coefficients defined in Eqs.~13!–~15!. They now
read

C̃7
eff5S 11

as~m!

p
v7~ ŝ! D „A71A77C7

NP~mW!

1A78C8
NP~mW!…2

as~m!

4p
„C1

(0)F1
(7)~ ŝ!1C2

(0)F2
(7)~ ŝ!

1A8
(0)F8

(7)~ ŝ!1A88
(0)C8

NP~mW!F8
(7)~ ŝ!…, ~25!

C̃9
eff5S 11

as~m!

p
v9~ ŝ! D „A91T9h~m̂c

2 ,ŝ!1U9h~1,ŝ!

1W9h~0,ŝ!1C9
NP~mW!…2

as~m!

4p
„C1

(0)F1
(9)~ ŝ!

1C2
(0)F2

(9)~ ŝ!1A8
(0)F8

(9)~ ŝ!1A88
(0)C8

NP~mW!F8
(9)~ ŝ!…,

~26!

C̃10
eff5S 11

as~m!

p
v9~ ŝ! D „A101C10

NP). ~27!

The numerical values for the parametersA77, A78, A88
(0) ,

which incorporate the effects from the running, are listed
Table I.

A. Power corrections in inclusiveB\Xsl
¿lÀ decays

Before presenting a theoretical analysis of the availa
data on rareB decays, we would like to discuss power co
rections in the inclusiveB→Xsl

1l 2 decays. In the NNLO
approximation and including leading order power correctio
in 1/mb @14# and 1/mc @19#, the invariant dilepton mass dis
tribution for the inclusive decayB→Xsl

1l 2 can be written
as

e

n
e

uper-
TABLE I. Coefficients appearing in Eqs.~13!–~15! and Eqs.~25!–~27! for three different scalesm
52.5 GeV,m55 GeV andm510 GeV. Foras(m) ~in theMS scheme! we used the two-loop expressio
with 5 flavors andas(mZ)50.119. The entries correspond to theMS top quark mass renormalized at th
scalemw, mt(mw)5175.9 GeV. The superscript (0) refers to the lowest order quantities while the s
script (1) denotes the correction terms of orderas , i.e., X5X(0)1X(1) with X5C,A,T,U,W.

m52.5 GeV m55 GeV m510 GeV

as 0.267 0.215 0.180
(C 1

(0) ,C1
(1)) (20.697,0.241) (20.487,0.207) (20.326,0.184)

(C 2
(0) ,C2

(1)) (1.046,20.028) (1.024,20.017) (1.011,20.010)
(A 7

(0) ,A7
(1)) (20.353,0.023) (20.312,0.008) (20.278,20.002)

(A77
(0) ,A77

(1)) (0.577,20.0524) (0.672,20.0391) (0.760,20.0277)
(A 78

(0) ,A78
(1)) (0.109,20.00520) (0.0914,20.00193) (0.0707,20.000263)

A 8
(0) 20.164 20.148 20.134

A 88
(0) 0.618 0.706 0.786

(A 9
(0) ,A9

(1)) (4.287,20.218) (4.174,20.035) (4.177,0.107)
(T 9

(0) ,T9
(1)) (0.114,0.280) (0.374,0.252) (0.575,0.231)

(U 9
(0) ,U9

(1)) (0.045,0.023) (0.033,0.015) (0.022,0.010)
(W9

(0) ,W9
(1)) (0.044,0.016) (0.032,0.012) (0.022,0.008)

(A10
(0) ,A10

(1)) (24.592,0.379) (24.592,0.379) (24.592,0.379)
2-5
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TABLE II. Input parameters and their assumed errors used in calculating theb→sl1l 2 decay rates. The
quantitiesl, l1 andl2 are, respectively, the Wolfenstein parameter and the two HQET parameters app
in the heavy quark expansion.

mZ 91.1867 GeV as(mZ) 0.119
mW 80.41 GeV ae 1/133
mb,pole 4.8 GeV sin2uW 0.23124
mt,pole (173.865) GeV GF 1.1663931025 GeV22

tB0 1.54 ps uVtbVts* u 0.038

B exp
B→Xcen̄ 0.104 l 0.225

mc /mb 0.2960.04 uVtbu2uVtsu2/uVcbu2 0.95
l1 20.2 GeV2 l2 10.12 GeV2
rm
-

d

e
rises

te
few

e

dG~b→sl1l 2!

dŝ
5S aem

4p D 2GF
2mb,pole

5 uVts* Vtbu2

48p3
~12 ŝ!2

3@~112ŝ!~ uC̃9
effu21uC̃10

effu2!G1~ ŝ!

14~112/ŝ!uC̃7
effu2G2~ ŝ!

112 Re~C̃7
effC̃9

eff* !G3~ ŝ!1Gc~ ŝ!#,

~28!

where

G1~ ŝ!511
l1

2mb
2

13
1215ŝ2110ŝ3

~12 ŝ!2~112ŝ!

l2

2mb
2

, ~29!

G2~ ŝ!511
l1

2mb
2

23
613ŝ25ŝ3

~12 ŝ!2~21 ŝ!

l2

2mb
2

,

~30!

G3~ ŝ!511
l1

2mb
2

2
516ŝ27ŝ2

~12 ŝ!2

l2

2mb
2

. ~31!

The values of the heavy quark matrix elementsl1 and l2
that we use in our analysis are given in Table II. The te
denoted byGc takes 1/mc corrections into account. It is writ
ten as

Gc~ ŝ!52
8

9 S C22
C1

6 D l2

mc
2
ReS F* ~r !F C̃9

eff~21 ŝ!

1C̃7
eff 116ŝ2 ŝ2

ŝ
G D . ~32!
03400
Since our basis in Eq.~2! is different from the one often use

in the literature, i.e., Õ15( s̄LgmbL)( c̄LgmcL) and O1

5Õ1/22O2/6, Eq. ~32! differs superficially from the one

reported in@19#. The functionF(r ), where r 5 ŝ/(4m̂c
2), is

given below@19#:

F~r !5
3

2r 5
1

Ar ~12r !
arctanA r

12r
21, 0,r ,1,

1

2Ar ~r 21!
S ln

12A121/r

11A121/r
1 ip D 21 r .1.

~33!

The impact of power corrections in inclusive decaysB
→Xsl

1l 2 at NLO has been studied in@18# in the SM. In the
low dilepton mass region and forq2 not too close to the
photon pole whereO7 dominates, the 1/mb effects enhance

the rate by;1%. In the high-ŝ region they become negativ
and decrease the rate by a few percent. Their magnitude
more and more towards the boundaryq2;mb

2 , where the
expansion in 1/mb breaks down@14#. The 1/mc expansion

Eq. ~32! is valid everywhere except near thresholdŝ54m̂c
2 ,

and it also fails at the charmonium resonancesJ/c and
higher ones likec8. The 1/mc corrections decrease the ra
below the charm threshold and enhance it above by a
percent.

This is illustrated in Fig. 1, where the relative siz

R( ŝ) of the combined 1/mb and 1/mc corrections
defined as
R~ ŝ![

dG~b→Xsl
1l 2!

dŝ
~with power corrections!2

dG~b→Xsl
1l 2!

dŝ
~no power corrections!

dG~b→Xsl
1l 2!

dŝ
~with power corrections!

~34!
2-6
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IMPROVED MODEL-INDEPENDENT ANALYSIS OF . . . PHYSICAL REVIEW D 66, 034002 ~2002!
is shown for the SM, and for comparison also forC75
2C7

SM . Both 1/m corrections thus partially cancel in th
SM. The situation with new physics can be different. In
generic scenario withC752C7

SM the power corrections ca
be more pronounced, in particular for low dilepton ma
where both 1/m corrections are negative. Together th
lower the rate by a few percent. Note that in our estimate
the B→Xsl

1l 2 branching ratio, we include the power co
rections in the semileptonic branching ratios@31# as well.

B. Branching ratios for B\Xsl
¿lÀ in the SM

In order to eliminate the large uncertainty due to the f
tor mb,pole

5 appearing in the decay width forB→Xsl
1l 2, it

has become customary to consider instead the follow
branching ratio

B B→Xsl
1 l 2

~ ŝ!5
B exp

B→Xcen̄

G~B→Xcen̄ !

dG~B→Xsl
1l 2!

dŝ
, ~35!

in which the factormb,pole
5 drops out. The explicit expressio

for the semileptonic decay widthG(B→Xcene) can be
found, e.g., in Ref.@16#. Note that as we are ignoring th
annihilation contributions, which lead to isospin violations
the decay widths, and we are using the averaged sem
tonic branching ratio to normalize, all our inclusive branc
ing ratios are to be understood as averaged over theB6 and
B0(B0) decays.

The dilepton invariant mass distribution for the proce
B→Xse

1e2 calculated in NNLO is shown in Fig. 2 for th
three choices of the scalem52.5 GeV, m55 GeV andm
510 GeV ~solid curves!. In this figure, the left-hand plo
shows the distribution in the very low invariant mass reg
( ŝP@0,0.05#, with 0 to be understood as the kinema
threshold s54me

2.1026 GeV2, yielding ŝ54.531028),
and the right-hand plot shows the dilepton spectrum in
region beyondŝ.0.05, and hence this also holds for th
decayB→Xsm

1m2. We should stress at this point that
genuine NNLO calculation only exists for values ofŝ below
0.25, which is indicated in the right-hand plot by the vertic
dotted line. For higher values ofŝ, an estimate of the NNLO
result is obtained by an extrapolation procedure discusse
more detail at the end of this paragraph. The so-called pa
NNLO dilepton spectrum, obtained by switching off th
quantitiesF1,2,8

(7,9) in Eqs.~13! and~14!, is also shown in each
03400
s

of

-

g

p-
-

s

e

l

in
ial

of these cases for the same three choices of the scam
~dashed curves!. Note that in the left-hand plot, the lowes
lying curves are form510 GeV and the uppermost ones a
for m52.5 GeV. In the right-hand plot, the scale depe
dence is reversed, i.e., the highest lying curves are fom
510 GeV and the lowest form52.5 GeV. The crossing~in
the partial NNLO BR! happens nearŝ50.04 and this feature
leads to a certain cancellation of them dependence in the
decay rate forB→Xse

1e2. We also note that the NNLO
dilepton invariant mass spectrum in the right-hand plotŝ
.0.05) lies below its partial NNLO counterpart, and hen
the partial branching ratios for both theB→Xse

1e2 andB
→Xsm

1m2 decays are reduced in the full NNLO accurac
More importantly, from the point of view of our subseque
analysis, Fig. 2 shows that the full NNLO invariant ma
distribution is very well approximated by the partial NNL
for the choice of the scalem52.5 GeV, in the entire low-ŝ
range. This is yet another illustration of the situation oft
met in perturbation theory that a judicious choice of the sc
reduces the higher order corrections. From this observat
it seems reasonable to use the partial NNLO curve co
sponding tomb52.5 GeV as an estimate for the centr
value of the full NNLO for ŝ.0.25. We estimate the scal
dependence in this region by assuming that it is given by
genuine NNLO calculation atŝ50.25.

In order to complete our discussion of the computation
the inclusive branching ratios, it is necessary to discuss t
dependence on the quark massesmt andmc ~in particular, the
latter is marked for what concerns the SM prediction!. We
vary both masses within the errors that we quote in Tabl
and present the results for the branching ratiosB→Xse

1e2

and B→Xsm
1m2 in Table III where we include also the

power corrections discussed in Sec. III A. In Table IV w
show the SM central values and the parametric uncertain
by means of independent error bars~to be interpreted as
68% C.L. uncertainties!. In this table, the first error on the
exclusive channel is due to the form factors, and is by far
dominant one. The other errors in both the exclusive a
inclusive decays come from the scale (mb), mt,pole and
mc /mb respectively. Summing the errors in quadrature
get for the inclusive decays

B~B→Xse
1e2!5~6.8961.01!31026

~dBXsee5615%!, ~36!

B~B→Xsm
1m2!5~4.1560.70!31026

~dBXsmm5617%!. ~37!
ves
o
r

FIG. 2. Partial ~dashed lines! vs full ~solid
lines! NNLO computation of the branching ratio

B→Xse
1e2. In the left plot (ŝP@0,0.05#) the

lowest curves are form510 GeV and the upper-
most ones form52.5 GeV. In the right plot the
m dependence is reversed: the uppermost cur
correspond tom510 GeV and the lowest ones t
m52.5 GeV. The right-hand plot also holds fo
the decayB→Xsm

1m2.
2-7
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Using the same input parameters, but restricting to the N
precision, the inclusive branching ratios have the central
ues B(B→Xse

1e2)57.831026 and B(B→Xsm
1m2)

55.231026. Thus, NNLO corrections reduce the branchi
ratios by typically 12% and 20%, respectively. In Ref.@8#, it
was recently suggested in the context of the decayB→Xsg,
where the charm quark mass enters the matrix elemen
the two-loop level only, that it would be more appropriate
use the running charm mass evaluated at themb.O(mb)
scale, leading tomc /mb.0.22. Intuitively, this is a reason
able choice since the charm quark enters only as virtual
ticle running inside loops; formally, on the other hand, it
also clear that the difference between the results obtaine
interpretingmc as the pole mass or the running mass is
higher order QCD effect. In what concernsB→Xsl

1l 2, the
situation is somewhat different, as the charm quark m
enters in this case also in the one-loop matrix elements
sociated withO1 andO2. In these one-loop contributions,mc

has the meaning of the pole mass when using the expres
derived in Ref.@17#. Concerning the charm quark mass in t
two-loop expressions, the definitionmc is not fixed, like in
B→Xsg. In our analysis, we prefer not to include this effe
related to the definition of the charm quark mass in the fi
errors that we have listed.

IV. EXCLUSIVE B\K „* …l¿lÀ DECAYS

For what concerns the exclusive decaysB→K (* )l 1l 2,
we implement the NNLO corrections calculated by Bobe
et al. in Ref. @16# and by Asatrianet al. in Ref. @17# for the
short-distance contribution. Then, we use the form fact
calculated with the help of the QCD sum rules in Ref.@15#.
Note that, in this case, we have dropped the contribution

TABLE III. Dependence of the inclusive branching ratiosB
→Xsl

1l 2( l 5e,m) in the SM on the scalemb, mt andmc /mb .

B(B→Xse
1e2)31026

mt(GeV) mc /mb mb52.5 GeV mb55 GeV mb510 GeV

168.8 0.29 6.30 6.83 7.00
173.8 0.29 6.52 7.08 7.26
178.8 0.29 6.75 7.32 7.52
173.8 0.25 5.83 6.30 6.47
173.8 0.29 6.52 7.08 7.26
173.8 0.33 7.38 8.12 8.35

B(B→Xsm
1m2)31026

mt(GeV) mc /mb mb52.5 GeV mb55 GeV mb510 GeV

168.8 0.29 3.70 4.03 4.21
173.8 0.29 3.88 4.23 4.42
178.8 0.29 4.08 4.44 4.64
173.8 0.25 3.35 3.70 3.92
173.8 0.29 3.88 4.23 4.42
173.8 0.33 4.53 4.93 5.15
03400
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the matrix elements given by the functionsv i( ŝ) since this
can be regarded as included in the full QCD form factors.
adopting this procedure, we are ignoring the so-called h
spectator corrections, calculated in the decaysB→K* l 1l 2

@21# in the large energy limit of QCD@32#, necessarily lim-
iting the invariant mass to the small-s region. The findings of
Ref. @21# are that the dilepton invariant mass distribution
this region is rather stable against the explicitO(as) correc-
tions, and the theoretical uncertainties are dominated by
form factors and other nonperturbative parameters specifi
the large-energy factorization approach. This is so, eve
one takes the point of view that the form factorj'(0), gov-
erning the transitionB→K* to the transversely polarizedK*
meson, can be assumed known from the analysis of the
diative transitionB→K* g in this approach and current dat
as it is the contribution of the longitudinally polarizedK*
which dominates the decay rate in the small-ŝ range, for
which a knowledge ofj i is required. In principle, using es
timates of SU~3!-breaking and heavy quark effective theo
~HQET!, the functionj i for the decaysB→K* l 1l 2 can be
obtained from the semileptonic decaysB→r ln l . However,
as present data on theQ2 dependence in the decayB
→r ln l is rather sparse and a helicity-based analysis of
decaysB→r ln l has yet to be undertaken, one will have
resort to form factor models forj i , which as opposed to the
transverse form factorj' , is essentially unbounded. In view
of this, we ignore the hard spectator correction and discu
plausible range of the form factors in the decaysB
→(K,K* ) l 1l 2.

As already stated, some inference about the magnetic
ment form factorT1(0), involving the matrix element of the
operatorO7 in the decayB→K* g, has been derived by
comparing the explicitO(as) and LQCD/MB corrected
branching ratios in the factorization approach with data@20–
22#. One finds that present data onB→K* g decay yield
typically a value in the rangeT1(0)50.2860.04. This sug-
gests that, including the explicitO(as) corrections, data re-
quire a value of this form factor which is smaller than
typical QCD sum rule estimate. To accommodate this,
use the minimum allowed form factors obtained in the lig
cone QCD sum rule formalism, given in Table V of Re
@15#, as our default set. This, for example, corresponds
settingT1(0)50.33. In our numerical analysis, we add a fl
615% error as residual uncertainty on the form facto

TABLE IV. SM predictions at NNLO accuracy for the variou
inclusive and exclusive decays involving the quark transitionb
→sl1l 2. For the exclusive channels the indicated errors corresp
to variations of the form factors,mb , mt,pole andmc /mb , respec-
tively. For the inclusive channels the errors correspond, resp
tively, to variations ofmb , mt,pole andmc /mb .

B→Kl 1l 2 (0.3560.1160.0460.0260.0005)31026

B→K* e1e2 (1.5860.4760.1220.08
10.0660.04)31026

B→K* m1m2 (1.1960.3660.1220.08
10.0660.04)31026

B→Xsm
1m2 (4.1560.2760.2160.62)31026

B→Xse
1e2 (6.8960.3760.2560.91)31026
2-8
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Thus, the input range forT1(0) in our analysisT1(0)
50.3360.05 overlaps with the phenomenologically e
tracted value in the factorization approach given earl
Again, following the argument given earlier for the inclusiv
decays, we setmb52.5 GeV, and include the NNLO correc
tions in an analogous fashion to the inclusiveB→Xsl

1l 2

case. The explicit expressions for theB→K (* )l 1l 2 branch-
ing ratios can be found, for example, in Ref.@15#.

The input parameters that we use in the analyses are s
marized in Table II. Our SM predictions for the above d
cussed inclusive and exclusive branching ratios are sum
rized in Table IV. Note that the dominant source
uncertainty comes from the form factors dependence. S
ming the errors in quadrature we obtain

B~B→Kl 1l 2!5~0.3560.12!31026

~dBKll 5634%!, ~38!

B~B→K* e1e2!5~1.5860.49!31026

~dBK* ee5631%!, ~39!

B~B→K* m1m2!5~1.1960.39!31026

~dBK* mm5633%!. ~40!

Note that the dependence of the exclusive decay branc
ratios on mc /mb is much milder, as we are using th
(mc /mb-independent! lifetime t(B0) in calculating the
branching ratios for exclusive decays, as opposed to the
clusive decaysB→Xsl

1l 2, where the semileptonic branch
ing ratios are used for normalization. Since the semilepto
decay widths depend onmc /mb , this sensitivity goes over to
the inclusive decay branching ratios forB→Xsl

1l 2. Note
also that as we have usedt(B0) in calculating the branching
ratios for exclusive decays, all the branching ratios giv
above are for theB0(B0) decays. The ones for theB6 decays
can be scaled by taking into account the lifetime differen
03400
r.
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ng
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ic
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V. MODEL INDEPENDENT CONSTRAINTS
FROM B\Xsg

In this section we work out the 90% C.L. bounds that t
measurement~4! implies for A7

tot(2.5 GeV), where this
quantity is defined as follows:

A7
tot~2.5 GeV![A77~2.5 GeV!C7

NP~mW!

1A78~2.5 GeV!C8
NP~mW!

1A7
SM~2.5 GeV!. ~41!

It was recently pointed out in Ref.@8# that the charm mass
dependence of theB→Xsg branching ratio was underest
mated in all the previous analyses. Indeed, the replacem
of the pole mass (mc,pole/mb,pole50.2960.02) with the
MS running mass (mc

MS(mb)/mb,pole50.2260.04) in-
creases the branching ratio of about 11%. In order to t
into account this additional source of uncertainty, we wo
out the constraints on the Wilson coefficients for bo
choices of the charm mass; we will then use the loos
bounds in theb→sl1l 2 analysis.

We use the numerical expression for the integratedB
→Xsg branching ratio as a function ofR7,8(mW)
[C7,8

tot (mW)/C7,8
SM(mW) presented in Ref.@7#. ~Note that, for

mc/mb50.22, we had tocompute the small corrections t
the coefficientsBi j .! For the sake of definiteness we sha
takemW5MW in deriving the constraints on physics beyon
the SM. We impose the bound~4! at 90% C.L. and include
the theoretical uncertainty due to the variation of the sc
mb in the range@mb/2,2mb#. In Fig. 3~a!, we present the
resulting allowed regions in the@R7(mW),R8(mW)#plane; the
solid and dashed lines correspond to themc5mc,pole and
mc5mc

MS(mb) cases, respectively. According to the analy
presented in Ref.@33#, we restrict, in Fig. 3~a!, to
uR8(mW)u<10 in order to satisfy the constraints from th
decaysB→Xsg andB→Xc” ~whereXc” denotes any hadronic
charmless final state!. Evolving the allowed regions to the
scalemb52.5 GeV and assuming that new physics only e
ters inC7,8

(1) , we plot in Fig. 3~b! the corresponding low-scal
bounds in the plane@R7(2.5 GeV),R8(2.5 GeV)#, where
R7,8(mb)[A7,8

tot (mb)/A7,8
SM(mb). The regions in Fig. 3 translat

in the following allowed constraints:
mc/mb50.29: A7
tot~2.5 GeVP@20.37,20.18# and @0.21,0.40#,

mc/mb50.22: A7
tot~2.5 GeV!P@20.35,20.17# and @0.25,0.43#. ~42!

In the subsequent numerical analysis we impose the union of the above allowed ranges

20.37<A7
tot,,0~2.5 GeV!<20.17 and 0.21<A7

tot,.0~2.5 GeV!<0.43 ~43!

calling themA7
tot-positive andA7

tot-negative solutions.
2-9
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FIG. 3. 90% C.L. bounds in the@R7(m),R8(m)# plane following from the world averageB→Xsg branching ratio form5MW ~left-hand
plot! and m52.5 GeV ~right-hand plot!. Theoretical uncertainties are taken into account. The solid and dashed lines correspond
mc5mc,pole and mc5mc

MS(mb)cases, respectively. The scatter points correspond to the expectation in the MFV model~the ranges of the
SUSY parameters are specified in the text!.
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VI. MODEL INDEPENDENT CONSTRAINTS
FROM b\sl¿lÀ

In this section we compute, in the@C9
NP(mW),C10

NP# plane,
the bounds implied by the experimental results given in E
~5!–~11!. The results are summarized in Figs. 4–10. In ea
figure we focus on a different experimental bound and
two plots shown in these figures correspond respectivel
the A7

tot-negative andA7
tot-positive solutions just discussed

Within each plot we then varyA7
tot in the allowed range

@given in Eqs. ~43!#. The present bounds impact mo
strongly the decaysB→(Xs ,K* )e1e2, for which the
branching ratios are larger due to the smallness of the e
tron mass. On the other hand, the decaysB→Kl 1l 2 do not
show any enhancement in the low-ŝ region and hence the
are practically the same for the dielectron and dimuon fi
states. Hence, the bounds for theKe1e2 andKm1m2 cases
are presented in the same plot. In Fig. 10 we combine all
bounds in a single plot. Note that the overall allowed reg
is driven by the constraints emanating from the decaysB
→Xse

1e2 andB→Km1m2.
Some comments on the results shown in these figures

in order:
From the comparison of Figs. 4 and 5, the importance

performing the analysis using the NNLO precision clea
emerges. In Fig. 4 we used the NLO precision~see for in-
stance in Ref.@34#!. In this approximation we have to dro
all the finite corrections of orderas @that is all the terms with
the superscript (1)# and the functionsFi

( j ) , v7 andv79; we

retain thev9 term in C̃9
eff but drop the corresponding one

C̃10
eff . The impact of switching on all these corrections is

lower sizably the branching ratios~this happens both in the
03400
s.
h
e
to

c-

l

e
n

re

f

full and partial NNLO scenarios previously discussed!. As a
result, the strong constraints on the new physics Wilson
efficients resulting from the NLO analysis are softened
the inclusion of the NNLO corrections.

In Fig. 10 we identify four regions still allowed by th
constraints on the branching ratios that present very diffe
forward-backward asymmetries. In Fig. 11 we show t
shape of the FB asymmetry spectrum for the SM and ot
three sample points. The distinctive features are the pres
or not of a zero and global sign of the asymmetry. A rou
indication of the FB asymmetry behavior is thus enough
rule out a large part of the parameter space that the cur
branching ratios cannot explore.

For the decaysB→Km1m2 andB→Ke1e2, a measure-
ment is now at hand which we have already listed. T
BELLE Collaboration has combined these branching rati
getting B(B→Kl 1l 2)50.7520.21

10.2560.0931026 @10#. In
showing the constraints in Fig. 7 fromB→Kl 1l 2, we have
used this measurement to get the following bounds:

0.3831026<B~B→Kl 1l 2!

<1.231026 at 90% C.L. ~44!

Concerning the upper bound, 1.231026, we note that cur-
rently a discrepancy exists between the BELLE@10# and the
BABAR @11# results, with the latter reporting an upper lim
B(B→Kl 1l 2),0.531026 ~at 90% C.L.! conflicting mildly
with the BELLE measurements. However, this could ju
represent the vagaries of statistical fluctuations, and ho
2-10
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FIG. 4. NLO case. Constraints in the@C9
NP(mW),C10

NP# plane that come from the BELLE upper limitB(B→Xse
1e2)<10.131026.

Theoretical uncertainties are taken into account. The plots correspond to theA7
tot(2.5 GeV),0 andA7

tot(2.5 GeV).0 cases, respectively. In
each plot the outer contour corresponds to the smalleruA7

totu value. The dot in the left-hand plot is the SM point.
re

e

ex
ve
t

fully this apparent mismatch will soon be resolved with mo
data. Note that the branching ratio forB→Kl 1l 2 is bounded
both from above and below, resulting in carving out an inn
region in the„C9

NP(mW),C10
NP
… plane.

At the end of this section we present the numerical
pressions for the inclusive branching ratios integrated o
the low-ŝ region only where the full NNLO calculation is a
03400
r

-
r

hand. According to the Belle analysis presented in Ref.@10#
we choose the integration limits as follows:

B→Xse
1e2:S 0.2 GeV

mb
D 2

< ŝ<S MJ/C20.6 GeV

mb
D 2

, ~45!
FIG. 5. NNLO case. Constraints in the@C9
NP(mW),C10

NP# plane that come from the BELLE upper limitB(B→Xse
1e2)<10.131026. See

Fig. 4 for further details.
2-11
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FIG. 6. NNLO case. Constraints in the@C9
NP(mW),C10

NP# plane that come from the BELLE upper limitB(B→Xsm
1m2)<19.131026.

See Fig. 4 for further details.
in
B→Xsm
1m2:S 2mm

mb
D 2

< ŝ<S MJ/C20.35 GeV

mb
D 2

. ~46!

The integrated branching ratios have the following form:
B~B→Xsl

1l 2!

510263@a11a2uA7
totu21a3~ uC9

NPu21uC10
NPu2!

1a4 ReA7
totRe C9

NP1a5Im A7
totIm C9

NP1a6Re A7
tot
03400
1a7Im A7
tot1a8Re C9

NP1a9Im C9
NP1a10Re C10

NP#,

~47!

where the numerical value of the coefficientsai are given in
Table V for l 5e, m. For the integrated branching ratios
the SM we find

B~B→Xse
1e2!5~2.4760.40!31026

~dBXsee5616%!, ~48!
ils.

FIG. 7. NNLO case. Constraints in the@C9

NP(mW),C10
NP# plane that come from the 90% C.L. BELLE constraints 0.3831026<B(B

→Kl 1l 2)<1.231026 @Eq. ~7!#. Note that only the annular regions between the two circles are allowed. See Fig. 4 for further deta
2-12
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FIG. 8. NNLO case. Constraints in the@C9
NP(mW),C10

NP# plane that come from the 90% C.L. BELLE constraintB(B→K* m1m2)
<3.031026. See Fig. 4 for further details.
e
e
d
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ther
gy
B~B→Xsm
1m2!5~2.7560.45!31026

~dBXsmm5616%!. ~49!

VII. ANALYSIS IN SUPERSYMMETRY

In this section we analyze the impact of theb→sg and
b→sl1l 2 experimental constraints on several supersymm
ric models. We will first discuss the more restricted fram
work of the minimal flavor violating MSSM, and then exten
the analysis to more general models in which new SU
flavor changing couplings are allowed to be nonzero
03400
t-
-

Y
r

which we will adopt the so-called mass insertion approxim
tion ~MIA ! @27,35#.

A. Minimal flavor violation

As already known from the existing literature~see for
instance Ref.@36#!, minimal flavor violating~MFV! contri-
butions are generally too small to produce sizable effects
the Wilson coefficientsC9 andC10. In the MFV scheme all
the genuine new sources of flavor changing transitions o
than the CKM matrix are switched off, and the low ener
theory depends only on the following parameters:m, M2 ,
FIG. 9. NNLO case. Constraints in the@C9
NP(mW),C10

NP# plane that come from the 90% C.L. BELLE constraintB(B→K* e1e2)<5.1
31026. See Fig. 4 for further details.
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FIG. 10. NNLO case. Superposition of all the constraints. The plots correspond to theA7
tot(2.5 GeV),0 andA7

tot(2.5 GeV).0 case,
respectively. The points are obtained by means of a scanning over the EMFV parameter space and requiring the experimental b
B→Xsg to be satisfied.
-

-
t

d
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o
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us

the
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tanb, MH6, M t̃ 2
andu t̃ ~see Appendix A for a precise defi

nition of the various quantities!. Scanning over this param
eter space and taking into account the lower bounds on
sparticle masses (M t̃ 2

>90 GeV,Mx i
>90 GeV) as well as

the b→sg constraint given in Eq.~4!, we derive the ranges
for the new physics contributions toC9 andC10. In order to
produce bounds that can be compared with the model in
pendent allowed regions plotted in Fig. 10, we divided
surviving SUSY points in two sets, according to the sign
A7

tot . Scanning over the following parameter space

FIG. 11. Differential forward-backward asymmetry for the d
cayB→Xsl

1l 2. The four curves correspond to the points indicat
in Fig. 10.
03400
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e-
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Mt̃590 GeV– 1 TeV

u t̃52p/2 –p/2

tanb52.3 – 50

m521 TeV– 1 TeV

M250 – 1 TeV

MH6578.6 GeV– 1 TeV

M ñ>50 GeV ~50!

we find that the allowedC9 andC10 ranges are

A7
tot,0⇒H C9

MFV~mW!P@20.2,0.4#,

C10
MFVP@21.0,0.7#,

~51!

A7
tot.0⇒H C9

MFV~mW!P@20.2,0.3#,

C10
MFVP@20.8,0.5#.

~52!

We stress that the above discussion applies to any super
metric model with flavor universal soft-breaking terms, su
as minimal supergravity MSSM and gauge-mediated sup
symmetry breaking models. Beyond-the-SM flavor vio
tions in such models are induced only via renormalizat
group running, and are tiny. Hence, they can be described
MFV models discussed in this paper.

Before finishing this subsection and starting our disc
sion on models with new flavor changing interactions, let
show in more detail the impact ofb→sg on MFV models.
The scatter plot presented in Fig. 3 is obtained varying
MFV SUSY parameters according to the above ranges
shows the strong correlation between the values of the W
son coefficientsC7 andC8. In fact, the SUSY contributions
2-14
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TABLE V. Numerical values of the coefficientsai ~evaluated atmb55 GeV) for the decaysB→Xsl
1l 2 ( l 5e,m). A7

tot is computed at

mb55 GeV while C9
NP at mW5MW (C10

NP is scale independent!. We use the full NNLO calculation which is available only in the lowŝ
region. The actual ranges for the integrations are chosen according to the Belle analysis presented in Ref.@10#. They aresP@4mm

2 ,(MJ/C

20.35 GeV)2# for the Xsm
1m2 andsP@(0.2 GeV)2,(MJ/C20.60 GeV)2# for the Xse

1e2 modes.

l a1 a2 a3 a4 a5 a6 a7 a8 a9 a10

e 1.9927 6.9357 0.0640 0.5285 0.6574 0.2673 20.0586 0.4884 0.0095 20.5288
m 2.3779 6.9295 0.0753 0.6005 0.7461 0.5955 20.0600 0.5828 0.0102 20.6225
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to the magnetic and chromomagnetic coeffiecients di
only because of color factors and loop functions. In Figs.
and 13 we present the dependence of the charged Higgs
son and chargino contributions toC7 on the relevant mas
parameters~that are the charged Higgs boson mass for
former and the lightest chargino and top squark masses
the latter!. Note that we plot the SUSY Wilson coefficients
the scalemb normalized to the SM values. In the chargin
case we are able to exploit theu t̃ and tanb dependence sinc
~for non-negligible values of the top squark mixing ang!
the chargino contribution is essentially proportional
sinu t̃ tanb. In order to show the full strength of these fig
ures let us entertain a scenario in whichC7 has the same sign
as in the SM. In this situation large contributions toC7 are
completely ruled out. This means that, looking at Figs.
and 13, it is possible to obtain lower bounds on some SU
particles. Note that Fig. 13 has very strong consequen
Assuming for instanceM t̃ 2

5Mx5500 GeV we see that th

ratio R7
x/(sinu t̃ tanb) is of order 0.2. If we then allow for

larger values of the top squark mixing angle and of tanb, the
contribution can easily violate theb→sg constraint by more
than one order of magnitude~e.g. for sinu t̃50.5 and tanb
550 we obtain something of order 6 that is orders of m
nitude above the current limit!.

B. Gluino contributions

Gluino contributions toC9 andC10 are governed by mas
insertions in the down squark mass matrix. From the anal

FIG. 12. Dependence ofR7
H6

(mb)[C7
H6

(mb)/C7
SM(mb) on the

mass of the charged Higgs boson.
03400
r
2
bo-

e
or

2
Y
s.

-

is

presented in Ref.@36# we see that the dominant diagram
involve the parameter (d23

d )LL and that large deviations from
the SM are unlikely. The impact of (d23

d )LR is negligible for
the following two reasons. First of all, contributions to eith
C9 or C10 are obtained bybL→sL transitions and LR inser-
tions can therefore enter only at the second order in the m
insertion expansion. More importantly, the insertion (d23

d )LR

gives a contribution to the coefficientC7 that is two orders of
magnitude bigger than the SM one. The bottom line of t
discussion is that (d23

d )LR contributions to the semileptoni
Wilson coefficients are extremely suppressed. Moreov
there are no gluino box diagrams and theg penguins dia-
grams are enhanced with respect to theZ ones so that only
contributions toC9 are nonvanishing. Their explicit expres
sion is ~see Ref.@36# for the analytical equations!

C9
g̃,MI520.93S 250 GeV

Mq̃
D 2

f 8
MI~xg̃q̃!

1/3
~d23

d !LL , ~53!

wherexg̃q̃5Mg̃
2/Mq̃

2 , and thef 8
MI(x) loop function is always

smaller than 1/3 and can be found in Appendix C. The s
ation is thus similar to the MFV case and the same conc
sions hold.

C. Chargino contributions: Extended-MFV models

A basically different scenario arises if chargino-mediat
penguin and box diagrams are considered. As can be infe

FIG. 13. Dependence ofR7
x(mb)[C7

x(mb)/C7
SM(mb) on the

mass of the lightest top squark in MFV models. The chargino c
tribution is essentially proportional to sinu t̃ tanb for not too small
sinu t̃ .
2-15
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by Table IV in Ref.@36#, the presence of a lightt̃ 2 generally
gives rise to large contributions toC9 and especially toC10.
In the following, we will concentrate on the so-called e
tended MFV~EMFV! models that the two of us described
Ref. @37# and that we will briefly summarize below. In thes
models we can fully exploit the impact of chargino pengu

diagrams with a lightt̃ still working with a limited number
of free parameters.

EMFV models are based on the heavy squarks and glu
assumption. In this framework, the charged Higgs boson
the lightest chargino and top squark masses are require
be heavier than 100 GeV in order to satisfy the low
bounds from direct searches. The rest of the SUSY spect
is assumed to be almost degenerate and heavier than 1
The lightest top squark is almost right handed and the
squark mixing angle~which parametrizes the amount of th

left-handed top squarkt̃ L present in the lighter mass eige
state! turns out to be of orderO(MW /Mq̃).10%; for defi-
niteness we will takeuu t̃ u<p/10. The assumption of a heav
(>1 TeV) gluino totally suppresses any possible gluin
mediated SUSY contribution to low energy observabl
Note that even in the presence of a light gluino@i.e. Mg̃

.O(300 GeV)# these penguin diagrams remain suppres
due to the heavy down squarks present in the loop. In
MIA approach, a diagram can contribute sizably only if t
inserted mass insertions involve the light top squark. All
other diagrams require necessarily a loop with at least
heavy (>1 TeV) squarks and are therefore automatica
suppressed. This leaves us with only two unsuppressed fl
changing sources other than the CKM matrix, namely
mixings ũL2 t̃ 2 ~denoted byd ũL t̃ 2

) and c̃L2 t̃ 2 ~denoted by

d c̃L t̃ 2
). We note thatd ũL t̃ 2

andd c̃L t̃ 2
are mass insertions ex

tracted from the up-squarks mass matrix after the diago
ization of the top squark system and are therefore linear c
binations of (d13)LR

U , (d13)LL
U and of (d23)LR

U , (d23)LL
U ,

respectively. The insertions relevant to our discussion
normalized as follows:

d ũ( c̃)L t̃ 2
[

Mũ( c̃)L t̃ 2

2

M t̃ 2
Mq̃

uVtd(s)u

Vtd~s!
*

. ~54!

The phenomenological impact ofd t̃ 2ũL
has been studied in

Ref. @37# and its impact on theb→sg andb→sl1l 2 transi-
tions is indeed negligible. Therefore, we are left with t
MIA parameterd t̃ 2c̃L

only. Thus, the SUSY parameter spa

that we have to deal with ism, M2 , tanb, M t̃ 2
, sinu t̃ , MH6,

M ñ andd t̃ 2c̃L
.

The explicit expressions for the mass insertion contri
tions to the Wilson coefficientsC7–C10 are summarized in
Appendix B.

In order to explore the region in the@C9
NP,C10

NP# plane
~whereC9,10

NP are the sum of MFV and MI contributions an
are explicitly defined in Appendix B! that is accessible to
these models, we performed a high statistic scanning o
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eV.
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the following EMFV parameter space requiring each point
survive the constraints coming from the sparticle mas
lower bounds andb→sg:

M t̃ 590 GeV– 1 TeV

u t̃52p/10 –p/10

tanb52.3 – 50

m521 TeV– 1 TeV

M250 – 1 TeV

MH6578.6 GeV– 1 TeV

M ñ>50 GeV

d t̃2c̃L
521 – 1. ~55!

The surviving points are shown in Fig. 10 together with t
model independent constraints. Note that these SUSY m
els can account only for a small part of the region allowed
the model independent analysis of current data. We st
that in our numerical analysis reported here, we have u
the integrated branching ratios to put constraints on the
fective coefficients. This procedure allows multiple sol
tions, which can be disentangled from each other only w
the help of both the dilepton mass spectrum and the forwa
backward asymmetry. Only such measurements would al
us to determine the exact values and signs of the Wil
coefficientsC7 , C9 andC10.

VIII. SUMMARY

We have presented theoretical branching ratios for
rareB decaysB→Xsl

1l 2 andB→(K,K* ) l 1l 2, incorporat-
ing the NNLO contributions in the former and partial NNL
improvements in the latter. This has allowed us to carry ou
theoretical analysis of the radiative decaysB→Xsg and the
mentioned semileptonic decays to the same order inas . In
addition, we have included the leading power corrections
1/mb and 1/mc in the inclusive decays. The dilepton invaria
mass spectrum is calculated in the NNLO precision in
low dilepton invariant mass region,ŝ,0.25. The spectrum
for ŝ.0.25 calculated to the same theoretical accuracy is
yet available. We estimate the spectrum in this range fr
the known partial NNLO, by noting that the dilepton ma
spectrum in the full NNLO is close to the partial NNLO
spectrum in the rangeŝ,0.25 for the choice of the scal
mb52.5 GeV. Following this observation, we use the part
NNLO spectrum with this scale to estimate the central va
of the full NNLO spectrum forŝ.0.25. The branching ratios
in the NNLO accuracy in the SM are calculated to have
values B(B→Xse

1e2)5(6.8961.01)31026 and B(B
→Xsm

1m2)5(4.1560.7)31026. They are lower by typi-
cally 12% and 20%, respectively, compared to their NL
estimates for the central values of the input parameters,
are approximately a factor 2 to 4 away from their respect
experimental upper limits. Hence, currentB factory experi-
ments will soon probe these decays at the level of the
sensitivity. In view of the fact that the dilepton mass spe
2-16
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trum is calculated to the NNLO accuracy only forŝ,0.25,
and the long-distance effects are not expected to be do
nant, we stress the need to measure the inclusive decaB
→Xsl

1l 2 in this dilepton mass range. In fact, as shown
this paper, such a measurement is theoretically as robu
the inclusive radiative decayB→Xsg.

In the second part of this paper, we have used our
proved theoretical calculations to extract from the curr
data, listed in Eqs.~4!–~11!, the allowed ranges of the effec
tive Wilson coefficientsC7(m) –C10(m). In doing this, we
have first determined the ranges on the Wilson coefficie
C7(m) andC8(m) from B→Xsg decay, and then determine
the allowed ranges of the coefficientsC9

NP(mW) andC10
NP ~at

90% C.L.!. Since the decaysB→Kl 1l 2 are now measured
by the BELLE Collaboration, they carve out an inner regi
in the „C9

NP(mW),C10
NP

… plane, allowed previously. Under th
assumption that the SM-operator basis of the effec
Hamiltonian is sufficient to incorporate also the beyon
the-SM physics effects, the analysis presented in this pap
model independent. We find that all current data are con
tent with the SM. However, present experimental measu
ments allow considerable room for beyond-the-SM effec
which we have worked out in specific supersymmetric c
texts. For this purpose, we have used the MFV model, an
extended-MFV model introduced in Ref.@37#. The resulting
constraints on the supersymmetric parameters are wo
out, in particular on the charged Higgs boson massMH6, the
lighter of the two top squark masses,M t̃ 2

, the ratio of the

two Higgs vacuum expectation values, tanb, and the MIA
parameter (d23). With more data, expected from the lepton
and hadronicB factories, these constraints will become eith
much more stringent, pushing the supersymmetric fron
further, or else, more optimistically, new data may lead
impeccable evidence for new physics effects. We have il
trated this using the forward-backward asymmetry inB
→Xsl

1l 2 decays.
Note added in proof.Recently the BABAR Collaboration

has reported results onB→Kl 1l 2 and B→K* l 1l 2

decays, withB(B→Kl 1l 2)5(0.8420.2420.18
10.3010.10)31026 and

B(B→K* l 1l 2),3.531026 @J. Berryhill, DPF-2002,
Willamsburg, Virginia#. The BABAR branching ratio on
B→Kl 1l 2 is now in agreement with the BELLE resul
Moreover, the BELLE Collaboration has presented first e
dence for the decayB→Xsl

1l 2 @J. Kaneko, DPF-2002
Williamsburg, Virginia#, having a branching ratioB
→Xsl

1l 25(7.121.621.2
11.611.4)31026, which is in very good

agreement with the SM-based estimate presented in this
per.
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APPENDIX A: TOP SQUARK AND CHARGINO MASS
MATRICES

The 232 top squark mass matrix is given by

M t̃
2
5S M t̃ LL

2
M t̃ LR

2

M t̃ LR

2* M t̃ RR

2 D , ~A1!

where

M t̃ LL

2
5Mq̃

2
1S 1

2
2

2

3
sin2uWD cos 2bmZ

21mt
2 , ~A2!

M t̃ RR

2
5Mq̃

2
1

2

3
sin2uWcos 2bmZ

21mt
2 , ~A3!

M t̃ LR

2
5mt~At2m* cotb!. ~A4!

The eigenvalues are given by

2M t̃ 1 , t̃ 2

2
5~M t̃ LL

2
1M t̃ RR

2
!6A~M t̃ LL

2
2M t̃ RR

2
!214~M t̃ LR

2
!2,

~A5!

with M t̃ 2

2
<M t̃ 1

2 . We parametrize the mixing matrixR t̃ so

that

S t̃ 1

t̃ 2
D 5R t̃S t̃ L

t̃ R
D 5S cosu t̃ sinu t̃

2sinu t̃ cosu t̃
D S t̃ L

t̃ R
D . ~A6!

The chargino mass matrix

Mab
x̃1

5S M2 mWA2 sinb

mWA2 cosb m
D ~A7!

can be diagonalized by the bi-unitary transformation

Ũ j a* Mab
x̃1

Ṽkb* 5M x̃
j
1d jk , ~A8!

whereŨ andṼ are unitary matrices such thatM x̃
j
1 are posi-

tive andM x̃
1
1,M x̃

2
1.

APPENDIX B: WILSON COEFFICIENTS C7–C10 IN EMFV
MODELS

In this appendix we collect the explicit expressions for t
Wilson coefficientsC7–C10 in the mass insertion approxima
tion. The conventions for the definition of the chargino ma
matrix is summarized in Appendix A, the normalization
the mass insertion is given in Eq.~54! in the text, and the
loop functions encountered below can be found in Appen
C.

Contributions to the magnetic and chromomagnetic dip
moment coefficients:
2-17
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C7,8
MI5

d t̃ 2c̃L

6 UVcs

Vts
UMW

2

Mq̃
2

M t̃ 2

Mq̃
(
i 51

2

Vi1H F 2mtcosu t̃

A2 sinbMW

Vi2* 1sinu t̃Vi1* G f 1,3
MI~xi ,xt̃ 2

!1sinu t̃Ui2*
A2Mx i

MWcosb
f 2,4

MI~xi ,xt̃ 2
!J .

~B1!

The contributions to the semileptonic coefficients can be divided in three classes:
Photon mediated penguin diagrams:

C10
MI ,g50, ~B2!

C9
MI ,g5

1

9
d t̃ 2c̃L

UVcs

Vts
UMW

2

Mq̃
2

M t̃ 2

Mq̃
(
i 51

2

Vi1F mtcosu t̃

A2 sinbMW

Vi2* 2sinu t̃Vi1* G f 7
MI~xi ,xt̃ 2

!. ~B3!

Z mediated penguin diagrams:

C10
MI ,Z5

d t̃ 2c̃L

4 sin2uW
UVcs

Vts
UM t̃ 2

Mq̃
(

i , j ,51

2

Vi1H F2
2mtcosu t̃

A2 sinbMW

Vj 2* 1sinu t̃Vj 1* G H Ui1* U j 1

Mx i
Mx j

M q̃M t̃ 2

j ~xi ,xj ,xt̃ 2
!

1Vi1* Vj 1

k~xi ,xj ,xt̃ 2
!

2xt̃ 2

2d i j Vi1Vi2*
k~xi ,xt̃ 2

,1!

2xt̃ 2

J 2sin u t̄Vj 1* d i j Vi1Vi2*
k~xi ,xt̃ 2

,1!

2xt̃ 2
J , ~B4!

C9
MI ,Z5~4 sin2uW21!C10

MI ,Z . ~B5!

Box diagrams with an internal sneutrino line:

C10
MI ,box5

d t̃ 2c̃L

sin2uW
UVcs

Vts
UMW

2

Mq̃
2

M t̃ 2

Mq̃
(

i , j 51

2

uVi1u2Vj 1F mtcosu t̃

A2 sinbMW

Vj 2* 2sinu t̃Vj 1* Gd2
MI~xi ,xj ,xt̃ 2

,xñ !, ~B6!

C9
MI ,box52C10

MI ,box. ~B7!

The branching ratios for the various decays are obtained from Eqs.~14!, ~15! by means of the following replacement:

C7,8
NP→C7,8

MFV1C7,8
MI , ~B8!

C9,10
NP →C9,10

MFV1C9,10
MI ,g1C9,10

MI ,Z1C9,10
MI ,box , ~B9!

where the expressions forCi
MFV can be found in Ref.@34#.

APPENDIX C: LOOP FUNCTIONS

The various loop functions introduced in Appendix B are listed below:

f 1~x!5
27112x13x228x316x~2213x!logx

6~x21!4 , ~C1!

f 2~x!5
5212x17x222x~2213x!logx

2~x21!3 , ~C2!

f 3~x!5
213x26x21x316x logx

6~x21!4 , ~C3!

f 4~x!5
211x222x logx

2~x21!3 , ~C4!

f i
MI~x,y!5

f i~1/x!2 f i~y/x!

x~12y!
~ i 51,2,3,4!, ~C5!

f 7~x!5
522153x1144x2243x316~629x12x3!logx

6~x21!4 , ~C6!
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f 8~x!5
229x118x2211x316x3logx

~x21!4 , ~C7!

f i
MI~x,y!5

f i~x!2 f i~x/y!

12y
~ i 57,8!, ~C8!

j ~x!5
x logx

x21
, j ~x,y!5

j ~x!2 j ~y!

x2y
, j ~x,y,z!5

j ~x,z!2 j ~y,z!

x2y
, ~C9!

k~x!5
x2logx

x21
, k~x,y!5

k~x!2k~y!

x2y
, k~x,y,z!5

k~x,z!2k~y,z!

x2y
, ~C10!

d2~x,y,z,t !52
1

4 F x logx

~x2y!~x2z!~x2t !
1~x↔y!1~x↔z!1~x↔t !G , ~C11!

d2
MI~x,y,z,t !5

d2~x,y,1,t !2d2~x,y,z,t !

12z
. ~C12!
po
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