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Phenomenology of nonstandardZ couplings in exclusive semileptonicb\s transitions
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The rare decaysB→K (* )l 1l 2, B→K (* )nn̄ andBs→m1m2 are analyzed in a generic scenario where new
physics effects enter predominantly viaZ penguin contributions. We show that this possibility is well moti-

vated on theoretical grounds, as thes̄bZ vertex is particularly susceptible to nonstandard dynamics. In addition,

such a framework is also interesting phenomenologically since thes̄bZ coupling is rather poorly constrained
by present data. The characteristic features of this scenario for the relevant decay rates and distributions are
investigated. We emphasize that both sign and magnitude of the forward-backward asymmetry of the decay

leptons inB̄→K̄* l 1l 2, A FB
(B̄) , carry sensitive information on new physics. The observableA FB

(B̄)1A FB
(B) is

proposed as a useful probe of nonstandardCP violation in s̄bZ couplings.

DOI: 10.1103/PhysRevD.63.014015 PACS number~s!: 13.20.He
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I. INTRODUCTION

Despite the fact that the Cabibbo-Kobayashi-Maska
~CKM! mechanism provides a consistent description of pr
ently available data on quark-flavor mixing, the flavor stru
ture of the standard model~SM! is not very satisfactory from
the theoretical point of view, especially if compared to t
elegant and economical gauge sector. On the contrary,
natural to consider it as a phenomenological low-energy
scription of a more fundamental theory, able, for instance
explain the observed hierarchy of the CKM matrix.

A special role in searching for experimental clues ab
non-standard flavor dynamics is provided by flavor-chang
neutral-current~FCNC! processes. Within the SM these a
generated only at the quantum level and are additionally s
pressed by the smallness of the off-diagonal entries of
CKM matrix. On one side this makes their observation ve
challenging but on the other side it ensures a large sensit
to possible non-standard effects, even if these occur at
high energy scales.

In general we can distinguish two types of FCNC pr
cesses:DF52 andDF51 transitions. The former has bee
successfully tested inK02K̄0 andBd2Bd̄ systems, both via
CP-conserving (DMK andDMBd

) andCP-violating observ-

ables («K and sin 2b). On the other hand, much less
known about the latter. FewDS51 FCNC transitions have
been observed inK decays, but most of them are affected
sizable long-distance uncertainties. The only exception
B(K1→p1nn̄) @1#, which is however affected by a larg
experimental error. The situation is slightly better in theB
sector, where the inclusiveb→sg rate provides a theoreti
cally cleanDB51 FCNC observable@2#. Nonetheless, it is
clear that a substantial improvement is necessary in orde
perform more stringent tests of the SM.

In the present paper we focus on a specific class of n
0556-2821/2000/63~1!/014015~16!/$15.00 63 0140
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standard DB51 FCNC transitions: those mediated b
Z-boson exchange. As we shall discuss, these are particu
interesting for two main reasons:~i! there are no stringen
experimental bounds on these transitions yet;~ii ! it is quite
natural to conceive extensions of the SM where
Z-mediated FCNC amplitudes are substantially modifi
even taking into account the present constraints onDB52
andb→sg processes.

The simplest way to search for nonstandardDB51
FCNC effects mediated byZ-boson exchange is to look fo
parton-level transitions of the typeb→s(d)1 l 1l 2(nn̄).
None of such processes has been observed yet, but the
ation will certainly improve in the short term, with the ad
vent of new high statistics experiments ate1e2 and hadron
B factories. In principle the theoretically cleanest observab
are provided by inclusive decays, which should play an i
portant role in the longer run. On the other hand, the exc
sive variants will be more readily accessible in experime
Despite the sizable theoretical uncertainties in the exclus
hadronic form factors, these processes could therefore
interesting first clues on deviations from what is expected
the standard model. This is particularly true if those happ
to be large or if they show striking patterns. Since in t
present study we are mainly interested in such a possibi
we shall restrict our phenomenological discussion to the
clusive three-body processesB→(K,K* )1(m1m2,nn̄).
Having branching ratios in the 1026–1025 range and a rela-
tively clear signature, these decays represent one of the
mary goals of the new experiments. As we will sho
forward-backward andCP asymmetries of these modes pr
vide a powerful tool not only to search for new physics, b
also to clearly identify the interesting scenario where
dominant source of non-standard dynamics can be enco
in effective FCNC couplings of theZ boson.

The paper is organized as follows. In Sec. II the gene
©2000 The American Physical Society15-1
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features characterizing the FCNC couplings of theZ boson
beyond the SM are discussed; we further introduce a gen
parametrization of these effects, both forb→s and b→d
transitions, in terms of the complex couplingsZqb

L,R(q
5s, d), and evaluate their model-independent constrai
In Sec. III we present various estimates for these coupli
in specific extensions of the standard model. Notation
general formulas for the phenomenological analysis are
troduced in Sec. IV. In Secs. V and VI we discuss how
non-standard FCNC couplings of theZ would manifest
themselves and how they could possibly be isolated inB

→(K,K* )1nn̄ and B→(K,K* )1m1m2 decays, respec
tively. Implications forBs→m1m2 are briefly described in
Sec. VII. A summary of the results can be found in Sec. V

II. GENERAL FEATURES OF FCNC COUPLINGS
OF THE Z BOSON

In a generic extension of the standard model where n
particles appear only above some high scaleMX.MZ , we
can always integrate out the new degrees of freedom
generate a series of local FCNC operators already at the
troweak scale. Those relevant forb→s(d)1 l 1l 2(nn̄) tran-
sitions can be divided into three wide classes:

~i! Four-fermion operators. The local four-fermion opera
tors obtained by integrating out the new particles necessa
have dimension greater or equal to 6. These could be ge
ated either at the tree level~e.g. by leptoquark exchange! or
at one loop~e.g. by SUSY box diagrams! but in both cases
due to dimensional arguments, their Wilson coefficients
expected to be suppressed at least by two inverse powe
the New Physics scaleMX .

~ii ! Magnetic operators. The integration of the heavy de
grees of freedom can also lead to operators with dimen
lower than 6, creating an effective FCNC coupling betwe
quarks and SM gauge fields. In the case of the photon fi
the unbroken electromagnetic gauge invariance implies
the lowest dimensional coupling is provided by the so-cal
‘‘magnetic’’ operators;b̄smnsFmn . Having dimension 5,
their Wilson coefficients are expected to be suppresse
least by one inverse power ofMX .

~iii ! FCNC Z couplings. Because of the spontaneo
breaking ofSU(2)L3U(1)Y , we are allowed, in the case o
the Z boson, to build an effective FCNC coupling of dime
sion 4: b̄L(R)g

msL(R)Zm . The coefficient of this operato
must be proportional to some symmetry-breaking term b
for dimensional reasons, it does not need to contain any
plicit 1/MX suppression.

Given the above discussion, the effective FCNC co
plings of the Z boson appear particularly interesting a
worth to be studied independently of the other effects: i
generic model with additional sources ofSU(2)L3U(1)Y
breaking, these are the onlyDF51 FCNC couplings that do
not necessarily decouple by dimensional arguments in
limit MX /MZ@1. It should be noted that the requirement
naturalness in the size of theSU(2)L3U(1)Y breaking
terms suggests that also the adimensional couplings of
non-standardZ-mediated FCNC amplitudes decouple in t
01401
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limit MX /MZ→`. However, the above naive dimension
argument remains a strong indication of an independent
havior of these couplings with respect to the other FCN
amplitudes@3,4#. As we will illustrate in Sec. III, this inde-
pendent behavior is indeed realized within various ext
sions of the SM.

Interestingly, FCNC couplings of theZ represent also the
least constrained class among those listed above: mag
operators are bounded byb→sg and, within most models
dimension-6 operators are strongly correlated to those en
ing B2B̄ mixing. The scenario where the dominant no
standard contribution tob→s(d)1 l 1l 2(nn̄) transitions is
mediated by aZb̄s(d) coupling is therefore particularly ap
pealing also from a purely phenomenological point of vie

Effective Lagrangian and model-independent constraints

The effective FCNC couplings of theZ, relevant for the
b→s transition, can be described by means of the followi
effective Lagrangian:

L FC
Z 5

GF

A2

e

p2
MZ

2cosQW

sinQW
Zm~Zsb

L b̄LgmsL1Zsb
R b̄RgmsR!

1 H.c., ~1!

whereZsb
L,R are complex couplings and the overall norma

ization has been chosen in analogy to thes→d case dis-
cussed in@3,5#. For later convenience we also defineZbs

L,R

5(Zsb
L,R)* . The SM contribution toZsb

L,R , evaluated in the
’t Hooft–Feynman gauge, can be written as1

Zsb
R uSM50, Zsb

L uSM5Vtb* VtsC0~xt!, ~2!

whereVi j denote the CKM matrix elements,xt5mt
2/mW

2 and
the functionC0(x) can be found in@6#.

At present the cleanest model-independent constraint
uZsb

L,Ru can be obtained from the experimental upper bou
on B(B→Xsl

1l 2). Normalizing the inclusive rate forB
→Xsl

1l 2 to the well-knownG(B→Xce
1ne) and assuming

that all contributions to the former but those generated
L FC

Z are negligible, we can write

G~B→Xsl
1l 2!

G~B→Xce
1ne!

5
a2

p2sin4QW

3
uZsb

L u21uZsb
R u2

uVcbu2f ~mc /mb!
@~aL

l !21~aR
l !2#, ~3!

where f (z)5(128z218z62z8224z4ln z) is the phase
space factor due to the non-vanishing charm mass and

1As it is well known, the SM contribution to FCNCZ penguin
amplitudes is not gauge invariant. We recall, however, that the le

ing contribution to bothb→s(d) l 1l 2 and b→s(d)nn̄ amplitudes
in the limit xt→` is gauge independent and is indeed generated
the Z penguin amplitude„C0(xt)→xt/8 for xt→`….
5-2
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consistency, we have neglected the small QCD correc
factor in G(B→Xce

1ne). Here al
L(R) denotes the left-

~right-! handed coupling of the lepton to theZ, namelyaL
l

5sin2QW21/2 andaR
l 5sin2QW for l 5e or m, whereasaL

n

51/2 and aR
n 50 for the neutrino case. UsingB(B

→Xce
1ne)50.105, sin2QW50.23, a215129, uVcbu50.04

and f (mc /mb)50.54, we find

B~B→Xsl
1l 2!51.7631023~ uZsb

L u21uZsb
R u2!, ~4!

B~B→Xsnn̄!51.0531022~ uZsb
L u21uZsb

R u2!,
~5!

where in the neutrino mode we have summed over the th
lepton families. Experimental upper bounds exist both
B(B→Xsl

1l 2) andB(B→Xsnn̄), leading to

~ uZsb
L u21uZsb

R u2!1/2&0.15, from

B~B→Xsl
1l 2!,4.231025@7#, ~6!

~ uZsb
L u21uZsb

R u2!1/2&0.27, from

B~B→Xsnn̄!,7.731024@8#. ~7!

The strongest bound is presently imposed byB(B
→Xsl

1l 2), since the larger sensitivity ofB(B→Xsnn̄) is
compensated by its more difficult experimen
determination.2 The limits in Eqs.~6!, ~7! have been derived
assuming that all the non-Z-mediated contributions are neg
ligible, which is a reasonable approximation in view of t
present experimental sensitivities. On the other hand, if
experimental bounds were much closer to the SM expe
tions, we stress that the neutrino mode would definitely
preferable from the theoretical point of view due to the a
sence of electromagnetic and long-distance contributi
@10,11#.

Employing the Wolfenstein expansion of the CKM matr
in powers of l50.22 @12# and recalling thatC0(xt)
;O(1), the SM contribution to Zsb

L turns out to be of
O(l2);0.04 @see Eq.~2!#, therefore much below the boun
~6!. As we will show later, more severe constraints onuZsb

L,Ru
can be obtained by the experimental bound on the exclu
branching ratioB(B→K* m1m2). These are however sub
ject to stronger theoretical uncertainties, related to the
sumptions on the form factors, and require a detailed disc
sion that we postpone to Sec. VI B.

Additional model-independent information on these co
plings could in principle be obtained by the direct constrai
on B(Z→bs̄) and byBs-B̄s mixing, but in both cases thes
are not very significant. Concerning the first case, we fin

2A result similar to the one in Eq.~6! has recently been presente
also in Ref.@9#.
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B~Z→bs̄!5
GF

2MZ
5a cos2uW

4p4GZsin2uW

~ uZsb
L u21uZsb

R u2!

52.331025~ uZsb
L u21uZsb

R u2!, ~8!

which is quite far from the present experimental sensitivity
the CERNe1e2 collider LEP of O(1023) @13#, even for
uZsb

L,Ru;O(1). Using the bound~6! in Eq. ~8! leads to

B~Z→bs̄!&531027, ~9!

to be compared with the SM expectationB(Z→bs̄)uSM
.1.431028 @14#.

ConcerningBs-B̄s mixing, assuming for simplicityZsb
R

50 and employing the notation of@6#, we find

M~Bs2B̄s!
Z5

aGF
2MW

2

3p3sin2uW

BBs
f Bs

2 MBs
hB~Zsb

L !2 ~10!

5
4aM~Bs2B̄s!

SM

p sin2uWS0~xt!
S Zsb

L

Vtb* Vts
D 2

.

~11!

At the moment we cannot extract any interesting informat
from Eq.~11! due to the lack of a significant upper bound o
uM(Bs2B̄s)u. If in the future we were able to exclude tha
uM(Bs2B̄s)

Zu is larger than uM(Bs2B̄s)
SMu, then we

would obtain

uZsb
L u,7.6uVtb* Vtsu;0.3. ~12!

Performing the exchanges→d in Eqs.~1!, ~2! we can define,
analogously toZsb

L,R , the couplingsZdb
L,R relevant for theb

→d transition. The upper bound~6! would be valid also for
these couplings if we could assumeB(B→Xdm1m2)
<B(B→Xsm

1m2), but in the b→d case more stringen
constraints can be derived fromBd-B̄d mixing. The SM con-
tribution to M(Bd2B̄d) can account for the observed valu
of DMBd

, nevertheless, due to the theoretical uncertainty

BBd
f Bd

2 , non-standard contributions of comparable size c

not be excluded at present. Imposing for instanceuM(Bd

2B̄d)Zu,uM(Bd2B̄d)SMu and replacings→d in Eq. ~11!
we obtain

uZdb
L u,7.6uVtb* Vtdu;0.06, ~13!

which is still substantially larger than the SM contributio
Zdb

L uSM5O(l3);0.01.

III. MODEL-DEPENDENT EXPECTATIONS FOR Zqb
L ,R

In the previous section we have seen that sizable n
standard contributions to the FCNC couplings of theZ are
allowed, at least from a purely phenomenological point
view, both forb→s and b→d transitions. In the following
we shall analyze the expectations for theZqb

L,R couplings in a
few specific theoretical frameworks. Moreover, we will sho
5-3
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various consistent models where it is a good approxima
to encode all the non-standard FCNC effects in the coupli
of L FC

Z .

A. Fourth generation

A simple extension of the SM, particularly useful as a t
model for more complicated scenarios, is obtained by add
a sequential fourth generation of quarks and leptons. Th
allowed by Fermilab Tevatron and LEP data provided all
new fermions, neutrinos included, are sufficiently hea
(mt8*200 GeV) and the splitting among the weak isosp
doublets is very small (umt82mb8u/mt8&0.1) ~see e.g.@15#
and references therein!.

This model exhibits a typical non-decoupling effect in t
Zqb coupling. Indeed, denoting byVt8q the mixing angles of
the new up-type quark with the light generations, the do
nant non-standard contribution to theZqb

L,R coupling is given
by

Zqb
R u4th50, Zqb

L u4th5Vt8b
* Vt8qC0~xt8!.

xt8
8

Vt8b
* Vt8q ,

~14!

wherext85mt8
2 /mW

2 . In the limit

Vt8b
* Vt8q→0, mt8

2 →`, Vt8b
* Vt8qmt8

2 →const, ~15!

this is the only non-standard effect surviving inb→s(d)
1 l 1l 2(nn̄) transitions. Choosing sufficiently small mixin
angles one can therefore easily evade the experimental
straint onVt8b

* Vt8q and, by raising the value ofmt8 , still
obtain sizable effects inZqb

L .
In the case ofb→s transitions the dominant constraint o

the combinationVt8b
* Vt8s is imposed byb→sg. Indeed the

bounds fromK-K̄ mixing and K decays can always b
evaded assumingVt8d50, whereas the constraint from
Bs-B̄s mixing is very loose. Barring accidental cancellatio
in theb→sg amplitude, namely assuming that the domina
contribution to the latter is the SM one, leads touVt8b

* Vt8su
&l3, almost independently of the value ofmt8 . Even em-
ploying this stringent constraint,3 however, one could still
haveuZsb

L u4thu;uZsb
L uSMu providedmt8*400 GeV.

B. Generic SUSY models

Because of the large number of new particles carry
flavor quantum numbers, sizable modifications of FCNC a
plitudes are naturally expected within low-energy supersy
metric extensions of the SM with generic flavor couplin
@17,18#. AssumingR parity conservation and minimal pa
ticle content, FCNC amplitudes involving external qua

3Substantially larger values ofuVt8b
* Vt8su are possible assumin

that the contribution of the fourth generation changes the sign of
b→sg amplitude. See Ref.@16# for a recent discussion of thi
point.
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fields turn out to be generated only at the quantum level,
in the SM. However, in addition to the standard penguin a
box diagrams, also their corresponding superpartners, ge
ated by gaugino- and Higgsino-squark loops, play an imp
tant role. These contributions to inclusive and exclusiveb
→sl1l 2 transitions have been widely discussed in the lite
ture ~see e.g.@19–23# for a recent discussion and a comple
list of references!, employing different assumptions for th
soft-breaking terms. In the following we will emphasize th
role of theZ penguins in the context of the mass-inserti
approximation@18#.

Similarly to theZs̄d case, extensively discussed in@3,24#,
the potentially dominant non-SM effect in the effectiveZb̄q
vertex is generated by chargino–up-squark diagrams@19,21#.
Indeed sizableSU(2)L breaking effects can be expected on
in the up sector due to the large Yukawa coupling of t
third generation. Moreover, since terms involving extern
right-handed quarks are suppressed by the correspon
down-type Yukawa couplings, also within this framewo
Zqb

R turns out to be negligible.
Employing the notation of@3#, the full chargino–up-

squark contribution toZsb
L can be written as

Zsb
L uSUSY5

1

8
Ajl

s Āik
b F jilk , ~16!

where

Ajl
s 5Ĥ lsL

V̂1 j
† 2gtVtsĤ lt R

V̂2 j
† , ~17!

Āik
b 5ĤbLk

† V̂i12gtVtb* ĤtRk
† V̂i2 , ~18!

F jilk 5V̂j 1V̂1i
† d lkk~xik ,xjk!22Û i1Û1 j

† d lk

3Axikxjk j ~xik ,xjk!2d i j ĤkqL
ĤqLl

† k~xik ,xlk!.

~19!

Heregt5mt /(A2mWsinb) is the top Yukawa coupling,V is
the CKM matrix, V̂ and Û are the unitary matrices that d
agonalize the chargino mass matrix@Û* MxV̂†

5diag(Mx1
,Mx2

)# and Ĥ is the one that diagonalizes th

up-squark mass matrix~written in the basis where thedL
i

2ũL
j 2xn coupling is family diagonal and thedL

i 2ũR
j 2xn

one is ruled by the CKM matrix!. The explicit expressions o
k(x,y) and j (x,y) can be found in@3,24# and, as usual,xi j
denote ratios of squared masses.

The product ofAjl
s and Āik

b in Eq. ~16! generates four
independent terms, proportional togt

2Vtb* Vts , gtVts , gtVtb*
and 1, respectively. As a first approximation we can neg
those proportional toVts , which are clearly suppressed wit
respect to the SM contribution. A further simplification ca
be obtained employing the so-called mass-insertion appr
mation, i.e. expanding the up-squark mass matrix around
diagonal. In this way it can been shown that the potentia
dominant contribution is the one generated to the first or
by the t̃ R2ũL

s mixing @19#: namely,

e

5-4
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Zsb
L uSUSY

RL 52
1

8
gtVtb*

~MU
2 ! tRsL

MũL

2 V̂1 j
† @V̂j 1V̂1i

† k~xiuL
,xjuL

,xtRuL
!

2d i j k~xiuL
,xtRuL

,1!

22Û i1Û1 j
† AxiuL

xjuL
j ~xiuL

,xjuL
,xtRuL

!#V̂i2 .

~20!

Notice that, contrary to theZds
L case, here the CKM facto

Vtb* does not imply any additional suppression and theref
the double left-right mixing discussed in@3# represents only
a subleading correction. InZsb

L uSUSY
RL the necessarySU(2)L

breaking (DI W51) is equally shared by the left-right mixin
of the squarks and by the chargino-Higgsino mixing~shown
by the mismatch ofV̂ indices!, carrying bothDI W51/2.

For a numerical evaluation, varying the SUSY paramet
entering Eq.~20! in the allowed ranges, we find

uZsb
L uSUSY

RL u&0.1U~MU
2 ! tRsL

MũL

2 U50.1u~dRL
U !32u, ~21!

in agreement with the results of@19#. The factor (dRL
U )32,

which represents the analogue ofVts in the SM case, is no
very constrained at present@19,24# and can be ofO(1), with
an arbitraryCP-violating phase@21#.

Equations~16!–~21! can simply be extended to theb
→d case with the replacements→d. Similarly to (dRL

U )32,
also (dRL

U )31 is essentially unconstrained at present.
As can be checked by the detailed analysis of@19#, in the

interesting limit where the left-right mixing of the squarks
the only non-standard source of flavor mixing, theZ-penguin
terms discussed above are largely dominant with respec
supersymmetric box andg-penguin contributions tob
→sl1l 2. On the other hand, we note that in processes of
type b→sqq̄ these true penguin terms could easily comp
in size with the so-called trojan-penguin amplitudes d
cussed in@9#.

C. Strong electroweak symmetry breaking

The natural alternative to low-energy supersymmetry
the scenario where the Higgs field is not elementary and
electroweak symmetry breaking is generated by some
strong dynamics appearing at a scaleL;1 TeV. Without
detailed knowledge of the new dynamics and of the n
degrees of freedom associated with it, a convenient wa
describe this scenario is obtained by considering the m
general effective Lagrangian written in terms of fermio
and gauge fields of the SM, as well as the Nambu-Goldst
bosons associated with the spontaneous breaking
SU(2)L3U(1)Y→U(1)em @25#. In this way, imposing the
custodialSU(2) symmetry on the Nambu-Goldstone bos
sector, the lowest order terms in the Lagrangian are c
pletely determined, corresponding to the SM case in the li
of infinite Higgs boson mass. On the other hand, the effec
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the new dynamics is encoded in the Wilson coefficients
higher-order operators, suppressed by appropriate inv
powers ofL.

A conservative assumption, usually employed to redu
the number of free parameters, is that the higher-order
erators do not involve directly the fermionic sector. In oth
words, it is assumed that the new dynamics involves only
interactions of electroweak gauge fields and Nam
Goldstone bosons@25#. Under this assumption most of th
coefficients of the allowed dimension-4 operators~appearing
at the next-to-leading order! are strongly constrained by elec
troweak precision data. However, as pointed out in@26–28#,
some of them naturally escape these bounds and could s
up in sizable modifications of FCNC amplitudes. Intere
ingly, this happens despite the intrinsic flavor-conserving
ture of these terms. It occurs at the loop level, either
modifications of the trilinear gauge-boson couplings@28# or
via corrections to the Nambu-Goldstone boson propaga
@26,27#.

Also within this context the FCNC couplings of theZ play
a special role. As an example, we consider here the effec
the anomalousWWZ coupling. Following the work of Ref.
@28#, this can be written as

Zqb
L uWWZ5a3g2Vtb* Vtq

3xt

8
logS MW

2

L2 D 1•••

;O~1!3Vtb* Vtq

g2mt
2

L2
logS MW

2

L2 D , ~22!

whereg is the usualSU(2)L coupling and the ellipsis de
notes additional finite terms~i.e. not logarithmically en-
hanced!. The adimensional couplinga3 is one of the un-
known coefficients appearing in the next-to-leading ord
Lagrangian of Ref.@25#. This is essentially unconstrained b
other processes~unless further assumptions are employe!
and is expect to be ofO(MW

2 /L2) by dimensional argu-
ments. The relative shift ofZqb

L with respect to the SM cas
can thus be up to 50%. Interestingly, the same relative s
would be present inZds

L , leading to interesting correlation
between rareB andK decays@28#. It is worthwhile to point
out that this is the only non-standard FCNC effect due
anomalous gauge-boson couplings which is logarithmica
divergent, which can be taken as an indication of a particu
sensitivity ofZds

L to the new dynamics@28#. We finally note
that also within this contextZqb

R remains unaffected: this is
clearly due to the chiral nature of the SM gauge group a
indeed it remains valid also if we consider the effects due
modified Nambu-Goldstone boson propagators@27#.

If the conservative assumption that higher-order opera
do not involve directly the fermionic sector is relaxed, t
freedom in generating new FCNC effects is clearly e
hanced. The first natural step is to include only higher-or
operators which involve the quarks of the third generation
for instance done in@29#. However, the most general sce
nario is obtained by considering all generations. In this la
option one could generate FCNC transitions already at
tree level@30# and, by restricting the attention to the lowes
5-5
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dimensional operators, one would recover the general c
described by Eq.~1!. The predictivity of this scenario is ob
viously very limited, but still, only on dimensional argu
ments, one can conclude that the FCNC couplings of thZ
could play a very special role. The natural suppression
FCNC would then suggestZqb

L,R;O(mt
2/L2)3Vtb* Vtq , leav-

ing open the possibility ofO(1) corrections with respect to
the SM case.

D. Tree-levelZ-mediated FCNC couplings

FCNC couplings of theZ can be generated already at t
tree level in various exotic scenarios. Two popular examp
discussed in the literature are the models with addition
non-sequential generations of quarks~see e.g.@31# and ref-
erences therein! and those with an extraU(1) symmetry~see
e.g.@32# and references therein!. In the former case, adding
different number of up- and down-type quarks, the pseu
CKM matrix needed to diagonalize the charged current
no more unitary and this leads to tree-level FCNC couplin
On the other hand, in the case of an extraU(1) symmetry
the FCNC couplings of theZ are induced byZ-Z8 mixing,
provided the SM quarks have family non-universal char
under the newU(1) group. Interestingly these two possibil
ties @i.e. the extraU(1) and the non-sequential quarks# are
often linked in many consistent extensions of the SM@33#.
Here we will not discuss such a model in detail. We simp
note, however, that for our purposes these could be w
described by the effective Lagrangian in Eq.~1!, provided
the contribution of theZ8 exchange is negligible or the cou
plings of theZ8 to light charged leptons and neutrinos a
proportional to the SM ones.

IV. GENERALITIES OF EXCLUSIVE b\sl¿lÀ„nn̄…
DECAYS

A. Effective Hamiltonian

The starting point for the analysis ofb→sl1l 2(nn̄) tran-
sitions is the determination of the low-energy effecti
Hamiltonian, obtained by integrating out the heavy degr
of freedom of the theory, renormalized at a scalem
5O(mb). In our framework this can be written as

He f f52
GF

A2
Vts* VtbS (

i 51

10

@CiQi1Ci8Qi8#1CL
nQL

n1CR
n QR

n D
1 H.c., ~23!

whereQi denotes the standard model basis of operators
evant tob→sl1l 2 @6# andO i8 their helicity flipped counter

parts. In particular, we recall thatQi;( s̄b)( c̄c), for i

51, . . . ,6, Q8;mbs̄(s•G)b, whereas the only operator
with a tree-level non-vanishing matrix element inb
→sl1l 2 are given by
01401
se

f

s
f

o
is
s.

s

ll

s

l-

Q75
e

4p2
s̄LsmnmbbRFmn, Q785

e

4p2
s̄RsmnmbbLFmn,

Q95
e2

4p2
s̄LgmbL l̄ gml , Q985

e2

4p2
s̄RgmbRl̄ gml ,

Q105
e2

4p2
s̄LgmbL l̄ gmg5l , Q108 5

e2

4p2
s̄RgmbRl̄ gmg5l .

~24!

The last two operators inHe f f are defined as

QL,R
n 5

e2

4p2
s̄L,RgmbL,Rn̄gm~12g5!n ~25!

and constitute the complete basis relevant tob→snn̄.
Because of the absence of flavor-changing right-han

currents, within the standard model one has

C12108 uSM5CR
n uSM50, ~26!

whereas the remaining non-vanishing coefficients are kno
at the next-to-leading order@6,34,35#. The coefficients ofQ10

andQL
n are scale independent and are completely domina

by short-distance dynamics associated with top quark
change. Their values are therefore well approximated by
leading order results, given by4

„m̄t(mt)5166 GeV…

CL
n uSM5

4B0~xt!2C0~xt!

sin2QW

526.6,

C10uSM5
B0~xt!2C0~xt!

sin2QW

524.2, ~27!

where the contribution proportional toC0(xt) is the one in-
duced byZsb

L uSM in Eq. ~2! once theZ field has been inte-
grated out@the full expression forB0(x) can be found in@6##.
The difference among the two numerical values in Eqs.~27!
can be taken as an indication of the size of the n
Z-induced contributions to these coefficients within the S
On the other hand, in the generic non-standard scenario
scribed byL FC

Z we can write

4Here and in the following we employ the running@modified

minimal subtraction scheme (MS)# mass for the top quark,m̄t(mt).
For b→sl1l 2 the distinction between the pole mass and the r
ning mass enters, strictly speaking, only beyond the next-to-lea
order we are working in@36#. However, the short-distanceMS mass
is the more appropriate definition for FCNC processes involv
virtual top quarks, and the higher order corrections are gener
better behaved. This is true in particular for the transitionsb

→snn̄ andBs→m1m2, where the use of the running mass in th
known next-to-leading order expressions is entirely well defin
and leads indeed to a small size of the next-to-leading order~NLO!
QCD corrections.
5-6
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CL
n2CL

n uSM5C102C10uSM

52
Zbs

L 2Zbs
L uSM

Vts* Vtbsin2QW

,

CR
n 5C108 52

Zbs
R

Vts* Vtbsin2QW

. ~28!

In principle the coefficientsC9 andC98 are also sensitive to
Zbs

L andZbs
R . In this case, however, the contribution ofL FC

Z

is suppressed by the smallness of the vector coupling of
Z to charged leptons (uaV

e /aA
e u5u4 sin2QW21u.0.08) and as

a first approximation can be neglected. Given the above c
siderations, we will assume in the following that all the W
son coefficients but those in Eqs.~28! coincide with their SM
expressions.

B. Kinematics and form factors

In the following sections we shall discuss integrated o
servables and distributions in the invariant mass of the di
ton system,q2, for the three-body decaysB→Hl l̄ , with H
5K, K* and l 5m,n. The kinematical range ofq2 is given
by 4ml

2.0<q2<(mB2mH)2. In the neutrino caseq2 is not
th

e

-
er
e

nc
x

01401
e

n-

-
-

directly measurable but is related to the kaon energy in thB
meson rest frame, varying in the intervalmH<EH<(mB

2

1mH
2 )/(2mB) by the relationq25mB

21mH
2 22mBEH . For

convenience we define also the dimensionless variables
5q2/mB

2 and r H5mH
2 /mB

2 , and the function

lH~s!511r H
2 1s222s22r H22r Hs. ~29!

In the caseH5K the hadronic matrix elements needed f
our analysis can be written as

^K̄~p
K
!us̄gmbuB̄~p!&5 f 1~q2!~p1p

K
!m1 f 2~q2!qm ,

~30!

qn^K̄~p
K
!us̄smnbuB̄~p!&5 i

f T~q2!

mB1mK
@q2~p1p

K
!m

2~mB
22mK

2 !qm#, ~31!

where qm5pm2p
K

m . Up to small isospin breaking effects
which we shall neglect, the same set of form factors
scribes both charged (B2→K2) and neutral (B̄0→K̄0) tran-
sitions. Similarly, in the caseH5K* we can write (e01235
11)
^K̄* ~p
K
,«!us̄gmg5buB̄~p!&52mK* A0~q2!

«* •q

q2
qm1~mB1mK* !A1~q2!F«m* 2

«* •q

q2
qmG

2A2~q2!
«* •q

mB1mK*
F ~p1p

K
!m2

mB
22mK*

2

q2
qmG , ~32!

^K̄* ~p
K
,«!us̄gmbuB̄~p!&5 i

2V~q2!

mB1mK*
emnrs«* nprp

K

s , ~33!

qn^K̄* ~p
K
,«!us̄smn~11g5!buB̄~p!&522T1~q2!emnrs«* nprp

K

s2 iT2~q2!@«m* ~mB
22mK*

2
!2~«* •q!~p1p

K
!m#

2 iT3~q2!~«* •q!Fqm2
q2~p1p

K
!m

mB
22mK*

2 G . ~34!
are
nes
ag-
in-
Here we have used the phase conventions of@37#. In particu-
lar, all form factors are real and positive. We remark that
large-energy limit discussed in@37# is especially useful to fix
the relative sign of the various form factors in a model ind
pendent way.

The form factorsf T , T1 , T2 andT3 depend on the renor
malization scale, which here and in the following is und
stood to bem5mb . There is no need to further specify th
renormalization scheme for the tensor operators̄smn(1
1g5)b, since the issue of a non-trivial scheme depende
enters only beyond the next-to-leading logarithmic appro
mation inb→sl1l 2.
e

-

-

e
i-

For the numerical evaluations off i(q
2), Ai(q

2), Ti(q
2)

andV(q2) we refer to the recent analysis of Ref.@20#, per-
formed in the framework of light-cone sum rules.

V. B\„K,K* …nn̄

From a theoretical point of view the neutrino channels
certainly much cleaner compared to the charged lepton o
due to the absence of long-distance effects of electrom
netic origin. Moreover the smaller number of operators
volved ~only two! simplifies their description. Finally the
5-7
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branching fractions are enhanced by the summation over
three neutrino flavors. All these virtues, however, are p
tially compensated by the difficult experimental signature

A. B\Knn̄

The dilepton spectrum of this mode is particularly simp
and is sensitive only to the combinationuCL

n1CR
n u @38#:

dG~B→Knn̄!

ds
5

GF
2a2mB

5

256p5
uVts* Vtbu2lK

3/2~s! f 1
2 ~s!uCL

n1CR
n u2.

~35!

The differential branching ratio computed within the SM
plotted in Fig. 1, showing the uncertainty due to the fo
factors. Note that in the neutral modes the strangeness e
states of the kaons do not coincide with the mass eigenst
which are experimentally detected. Therefore, neglec
isospin-breaking andDS52CP-violating effects, we can
write

G~B→Knn̄![G~B1→K1nn̄!52G~B0→KL,Snn̄!.
~36!

The absence of absorptive final-state interactions in this
cess also leads toG(B→Knn̄)5G(B̄→K̄nn̄), preventing
the observation of any direct-CP-violating effect.

Integrating Eq.~35! over the full range ofs leads to

FIG. 1. Dilepton invariant mass distribution forB(B→Knn̄)
within the SM. The three lines correspond to the central, minim
and maximal values off 1(s) from @20#.
01401
he
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en-
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B~B→Knn̄!5~3.820.6
11.2!31026U CL

n1CR
n

CLuSM
n U2

'431026U12
~Zbs

L 2Zbs
L uSM!1Zbs

R

0.06
U2

,

~37!

where the error in the first equality is due to the uncertai
in the form factors and the second relation has been obta
by means of Eq.~28!. Given the constraint~6!, without fur-

ther assumptions we findB(B→Knn̄)&531025. This
bound sets the level below which an experimental constr
on this mode starts to provide significant information. On t
other hand, in most of the scenarios discussed in Sec.
whereZbs

R 50 anduZbs
L u&0.1, we find

B~B→Knn̄!&231025. ~38!

If the experimental sensitivity onB(B→Knn̄) reached the
1026 level, then the uncertainty due the form factors wou
prevent a precise extraction ofuCL

n1CR
n u from Eq.~37!. This

problem can be substantially reduced by relating the diff
ential distribution of B→Knn̄ to the one of B→pene
@39,40#:

l
FIG. 2. Dilepton invariant mass distribution forB(B→K* nn̄)

within the SM. The three lines correspond to the central, minim
and maximal values, as obtained by varying the form factors wit
the ranges quoted in@20#.
5-8
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dG~B→Knn̄!/ds

dG~B0→p2e1ne!/ds

5
3a2

4p2 UVts* Vtb

Vub
U2S lK~s!

lp~s! D
3/2U f 1

K ~s!

f 1
p ~s!

U2

uCL
n1CR

n u2.

~39!

Indeedf 1
K (s) and f 1

p (s) coincide up toSU(3) breaking ef-
fects, which are expected to be small, especially far from
01401
e

end point region. An additional uncertainty in Eq.~39! is
induced by the CKM ratiouVts* Vtbu2/uVubu2 which, however,
can independently be determined from other processes.

B. B\K* nn̄

The dilepton invariant mass spectrum ofB→K* nn̄ de-
cays is sensitive to both combinationsuCL

n2CR
n u and

uCL
n1CR

n u @38,41#:
ilepton
dG~B→K* nn̄!

ds
5

GF
2a2mB

5

1024p5
uVts* Vtbu2lK*

1/2
~s!H 8slK* ~s!V2~s!

~11Ar K* !2
uCL

n1CR
n u2

1
1

r K*
F ~11Ar K* !2

„lK* ~s!112r K* s…A1
2~s!1

lK*
2

~s!A2
2~s!

~11Ar K* !2

22lK* ~s!~12r K* 2s!A1~s!A2~s!G uCL
n2CR

n u2J . ~40!

The branching fraction obtained within the SM is shown in Fig. 2.
Integrating Eq.~40! over the full range ofs leads to

B~B→K* nn̄!5~2.420.5
11.0!31026UCL

n1CR
n

CLuSM
n U2

1~1.120.2
10.3!31025U CL

n2CR
n

CLuSM
n U2

, ~41!

B~B→K* nn̄!uSM5~1.320.3
10.4!31025. ~42!

Similarly to the case ofB(B→Knn̄), the bound~6! leaves open the possibility of enhancements ofB(B→K* nn̄) up to one
order of magnitude with respect to the SM case. Whereas ifZbs

R 50 anduZbs
L u&0.1, we find the constraint

B~B→K* nn̄!&1024, ~43!

which is almost one order of magnitude below the present experimental sensitivity@42#.
A reduction of the error induced by the poor knowledge of the form factors can be obtained by normalizing the d

distributions ofB→K* nn̄ to the one ofB→rene @43,40#. This is particularly effective in the limits→0, where the contri-
bution proportional touCL

n1CR
n u ~vector current! drops out:

dG~B→K* nn̄!/ds

dG~B0→r2e1ne!/ds
U

s50

5
3a2

4p2 UVts* Vtb

Vub
U2S 12r K*

12r r
D 3 r r

r K*
uCL

n2CR
n u2

3UA1
K* ~0!~11Ar K* !2A2

K* ~0!~12r K* !/~11Ar K* !

A1
r~0!~11Ar r!2A2

r~0!~12r r!/~11Ar r!
U2

. ~44!
5-9
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Similarly to the ratiof 1
K (s)/ f 1

p (s) in Eq. ~39!, also the last
term in Eq.~44! is equal to 1 up toSU(3)-breaking correc-
tions.

VI. B\„K,K* … l¿lÀ

The possibility to detect the leptons not only provides
clear experimental signature forB→(K,K* ) l 1l 2 decays; it
also allows one to consider interesting observables in a
tion to the decay distribution, such as the forward-backw
asymmetry. Moreover, the non-vanishing absorptive con
butions lead to potentially large direct-CP-violating effects.

The problem of these modes is the uncertainty in the n
perturbative contributions generated by the operatorsQ126
in He f f . Indeed these induce transitions of the typeb

→s(cc̄)→sl1l 2, which can be handled in perturbatio
theory only within specific regions of the dilepton spectru

In the following we shall restrict our attention to the tra
sitions with am1m2 pair in the final state, which have th
clearest experimental signature; however, the whole dis
sion is equally applicable to thee1e2 case.

A. Non-perturbative cc̄ corrections and C9
eff

In the kinematic region of large dilepton invariant mas
above theC8 peak, the light quark fields (u,d,s,c) appear-
ing in He f f may be integrated out explicitly since they ent
loop diagrams with a hard external scale (q2;mb

2) @43,44#.
The end point effective Hamiltonian thus derived, valid
the next-to-leading order in QCD, can be obtained from
one in Eq.~23! setting to zero the coefficients ofQ1 –6 and
replacingC9 with

C9
EP~s!5C91hS mc

mb
,
mB

2

mb
2

sD ~3C11C2!1O~C3 –6!,

~45!

where the functionh(x,y) and the numerically smal
O(C3 –6) terms can be found in@45# ~we recall that to the
next-to-leading order accuracy, only the leading order val
of C1 –6 are need inC9

EP). Note that the coefficient function
in Eq. ~45! differs from the effective coupling ofQ9 usually
introduced to describe inclusive decays@6#, since it does not
include the QCD correction to the matrix element of t
s̄LgmbL current. Indeed the latter has to be included in
corresponding hadronic matrix elements, assuming they
computed in full QCD and appropriately normalized atm
5O(mb).

In the region of largeq2 one still expects non-perturbativ
corrections induced by intermediatecc̄ states. Although in
principle power suppressed (;LQCD /mb), locally these are
likely to produce sizable modifications to the dilepton sp
trum. The relative importance of these non-perturbative
fects, however, can be diminished by integrating over su
ciently large ranges ofq2.
01401
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Far from the end point region it is not possible, in pri
ciple, to safely integrate out the light quark fields inHe f f and
one should estimate separately the matrix elements ofQ1 –6.
In general this is a very complicated task that has so far b
treated only with the help of some non-rigorous simplifyin
assumptions. For instance, assuming that the matrix elem
of Q1 –6 can be factorized as

^Hm1m2uQi uB̄&}^Hus̄LgmbLuB̄&3^m1m2uc̄gmcu0&,
~46!

one can employ the Kru¨ger-Sehgal~KS! approach@46# and
estimatê m1m2uc̄gmcu0& by means ofs(e1e2→cc̄) data.
This approach has the advantage of avoiding double co
ing and providing a rigorous non-perturbative estimate

^m1m2uc̄gmcu0&. Other recipes to evaluate the contributio
of ^Q1 –6& can be found e.g. in@47# and@48#. In all cases, in
analogy with Eq.~45!, these contributions are encoded via
effective coupling for the operatorQ9 of the type

C9
eff~s!5C91Y~s!. ~47!

Because of the real intermediatecc̄ states,Y(s) develops an
imaginary part that plays a crucial role in determining t
size of direct-CP-violating observables. A comparison of th
different approaches to compute ImC9

eff(s) is shown in Fig.
3.

FIG. 3. The imaginary part ofC9
eff as a function of s:

ImC9
eff(s)5ImC9

EP(s) as in Eq.~45! ~dotted line!, KS prescription
@46# ~solid line!, Ref. @48# ~dot-dashed line!. For comparison we
have also included the approach of Ref.@47# ~dashed line!, where
Breit-Wigner resonances are naively added to the partonic calc
tion. ~This procedure is disfavored since it has a manifest prob
of double counting.!
5-10
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In the following we shall compare results obtained by identifyingC9
eff(s) with C9

EP(s) or, alternatively, by employing the
KS approach.

B. Branching ratios and dilepton spectra

Neglecting the lepton mass, theq2 distributions ofB̄→K̄m1m2 and B̄→K̄* m1m2 decays, computed with the effectiv
Hamiltonian of Sec. IV A, can be written as

dG~B̄→K̄m1m2!

ds
5

GF
2a2mB

5

1536p5
uVtbVtsu2lK

3/2~s!H f 1
2 ~s!@ uC9

eff~s!u21uC101C108 u2#1
4mb

2f T
2~s!

~mB1mK!2
uC7u2

1
4mbf T~s! f 1~s!

mB1mK
Re@C9

eff~s!C7* #J , ~48!

dG~B̄→K̄* m1m2!

ds
5

dG~B̄→K̄* m1m2!

ds
U

SM

1
GF

2a2mB
5

1024p5
uVtbVtsu2lK*

1/2
~s!H 4slK* ~s!V2~s!

3~11Ar K* !2
~ uC101C108 u2

2uC10uSMu2!1FlK* ~s!112r K* s

6r K*
~11Ar K* !2A1

2~s!2
lK* ~s!

3r K*
~12r K* 2s!A1~s!A2~s!

1
lK*

2
~s!A2

2~s!

6r K* ~11Ar K* !2G ~ uC102C108 u22uC10uSMu2!J . ~49!

The SM expression ofdG(B̄→K̄* m1m2)/ds is given by

dG~B̄→K̄* m1m2!

ds
5

GF
2a2mB

5

1024p5
uVts* Vtbu2lK*

1/2
~s!H R9@ uC9

eff~s!u21uC10u2#1R7

mb
2

mB
2

uC7u21R97

mb

mB
ReC9

eff~s!C7* J , ~50!

where

R95
4slK* ~s!V2~s!

3~11Ar K* !2
1

~11Ar K* !2

6r K*
@lK* ~s!112r K* s#A1

2~s!1
lK*

2
~s!

6r K*

A2
2~s!

~11Ar K* !2
2

lK* ~s!~12r K* 2s!

3r K*
A1~s!A2~s!

~51!

R75
16lK* ~s!T1

2~s!

3s
1

2~12r K* !2

3r K* s2
@lK* ~s!112r K* s#T2

2~s!1
2lK*

2
~s!

3r K* ~12r K* !2
T4

2~s!2
4lK* ~s!~12r K* 2s!

3r K* s
T2~s!T4~s!

~52!

R975
16lK* ~s!V~s!T1~s!

3~11Ar K* !
1

2~12r K* !~11Ar K* !

3r K* s
@lK* ~s!112r K* s#A1~s!T2~s!1

2lK*
2

~s!~12Ar K* !

3r K* ~12r K* !2
A2~s!T4~s!

2
2lK* ~s!~12r K* 2s!

3r K*
S 12Ar K*

s
A2~s!T2~s!1

1

12Ar K*
A1~s!T4~s!D ~53!
h
rly
ario

s

and we have defined

T4~s![T3~s!1
12r K*

s
T2~s!. ~54!

Here we have again neglected the lepton mass, whic
an excellent approximation forl 5e, m if s@4ml

2/mB
2 . The

full ml dependence can be found for instance in@20#.
01401
is

As can be noticed, the coefficientsC10 and C108 , which

could have a potentially largeCP-violating phase induced

by Zbs
L,R , do not interfere withC9

eff(s), which has a non-
vanishingCP-conserving phase. As a consequence, simila
to the SM case, also within our generic nonstandard scen
we do not expect to observe any sizable~i.e. above the 1022

level! CP asymmetry in the dilepton invariant mas
5-11
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distribution of both decay modes. In the remaining part
this subsection we will therefore not distinguish betweenB

and B̄ states.
The integration over the full range ofs with C9

eff(s)
[C9

EP(s) ~non-resonant branching ratio! and the SM Wilson
coefficients leads to B(B→K* m1m2)n.r.uSM51.920.3

10.5

31026 and B(B→Km1m2)n.r.uSM55.721.0
11.631027 @20#,

where the error is mainly determined by the uncertainty
the form factors. InterestinglyB(B→K* m1m2)n.r.uSM is
quite close to the experimental limit

B~B0→K* 0m1m2!n.r.,4.031026 ~55!

recently obtained by the Collider Detector at Fermilab~CDF!
@49#, whereas forB(B→Km1m2)n.r. the best bound-to-SM
ratio is around 9@49#. Thus theK* mode provides a power
ful tool to constrainuC10u and uC108 u, or uZbs

L,Ru, via the rela-
tion

B~B→K* m1m2!n.r.5B~B→K* m1m2!n.r.uSM1~4.120.7
11.0!

31028~ uC102C108 u22uC10uSMu2!

1~0.920.2
10.4!31028~ uC101C108 u2

2uC10uSMu2!, ~56!

obtained by integrating Eq.~49!. Using the bound~55! and
setting C108 50 we recover the result of@20# uC10u&10,
which in turn implies

uZbs
L u&0.10. ~57!

Note that, sinceC10 is basically dominated by theZ penguin
diagram already within the SM, the maximal allowed val
for uZbs

L u is to a good approximation independent of the s
of Zbs

L . On the other hand, if we allow alsoC108 to be differ-
ent from zero, we find the relation

uC10u21uC108 u22~1.2560.05!Re~C10* C108 !&100, ~58!

where the coefficient of Re(C10* C108 ) is quite stable with re-
spect to variations of the form factors. Varying arg(C10/C108 )
over 2p we find uC10u, uC108 u&13, leading to

uZbs
L,Ru&0.13. ~59!

Because of the uncertainties in the form factors and
assumptions on the non-perturbative non-resonant contr
tions, the bounds derived from Eq.~56! could appear less
clean, from a theoretical point of view, than those deriv
from the inclusive rates. We stress, however, that even d
bling the errors on the form factors the constraints in E
~57! and ~59! do not increase by more than 10%.

Though still at the border of most of the model pred
tions discussed in Sec. III, the bound~57! starts to provide
significant information. For instance, it strengthens
model-independent character of the bounds~38! and~43! for
the neutrino modes. As already discussed in Sec. V, if
experiments reached the SM sensitivity onB→K* m1m2,
01401
f

n

e
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e
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more precise information onC10 andC108 could be obtained
by relating the form factors of this mode to those of
SU(3) partnerB→rene .

C. Forward-backward asymmetry in B\K* µ¿µÀ

As anticipated, the possibility of detecting the leptons
the final state allows us to study interesting asymmetries
the decay distribution ofB→Hm1m2 modes. The~lepton!
forward-backward asymmetry ofB̄→K̄* m1m2 can be de-
fined as

A FB
(B̄)~s!5

1

dG~B̄→K̄* m1m2!/ds
E

21

1

d cosu

3
d2G~B̄→K̄* m1m2!

ds dcosu
sgn~cosu!, ~60!

whereu is the angle between the momenta ofm1 and B̄ in
the dilepton center-of-mass frame. Given the vector or ax
vector structure of the leptonic current generated byHe f f ,
this asymmetry can be different from zero only if the fin
hadronic system has a non-vanishing angular momentum
therefore it is identically zero in the case ofB(B̄)
→K(K̄)m1m2.

The explicit expression forA FB
(B̄)(s) in terms of Wilson

coefficients and form factors can be written as

A FB
(B̄)~s!52

GF
2a2mB

5 uVts* Vtbu2

256p5dG~B̄→K̄* m1m2!/ds

3lK* ~s!uV~s!A1~s!uReH C10* F sC9
eff~s!

1a1~s!
mbC7

mB
1a2~s!

mbC7C108*

mBC10*
G J , ~61!

where

a6~s!5
T2~s!

A1~s!
~12Ar K* !6

T1~s!

V~s!
~11Ar K* ! ~62!

and we have used the model-independent relation betw
the signs ofV(s) andA1(s), discussed in Sec. IV B, to elu

cidate the overall sign ofA FB
(B̄)(s).

The ratios of form factors in Eq.~62! can be determined
to a good accuracy by means of those enteringB→ren de-
cays, leading to a precise determination of the points0 where

A FB
(B̄)(s0)50 @50#. The interest in the zero ofA FB

(B̄)(s) is
further reinforced by the fact that most of the intrinsic ha
ronic uncertainties affectingT1,2, A1 andV cancel ina6(s)
@20,50#, an observation that can be justified in the larg
energy expansion of heavy-to-light form factors@37#. In this
limit it is also easy to realize thatua2(s)/a1(s)u5r K* /(1
2s)!1, so that the term proportional toC108 in Eq. ~61! is to
a good approximation negligible. Since the position ofs0
5-12
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does not depend on magnitude or sign ofC10 ~assuming
C10Þ0), we conclude that within our new physics scena

the zero ofA FB
(B̄)(s) remains unchanged with respect to t

SM case (s0uSM50.1020.01
10.02 @20#!.

Contrary to s0, magnitude and sign of the forward
backward asymmetry can be very much affected by poss
non-standard contributions toC10. The sign, in particular, is
of great interest being related in a model-independent wa
the relative signs of the Wilson coefficients. This relati
deserves a clarifying discussion, as there is apparently s
confusion on this issue in the recent literature.

~i! First of all we stress that the sign is different forB and
B̄ decays. In fact, in the limit ofCP conservation one ex
pects

A FB
(B̄)~s!52A FB

(B)~s!. ~63!

This can be easily understood by noting thatCP conjugation
requires not only the exchangeb↔b̄ but also the one of
m1↔m2. Since the two leptons are emitted back to back
the dilepton center-of-mass frame, the asymmetry define
terms of the direction of the positive charged lepton~both for
B and B̄), changes sign underCP conjugation.

~ii ! The sign in Eq.~61! implies that within the SM, where

Re(C10* C9),0, A FB
(B̄)(s) is positive for s.s0 ~see Fig. 4!.

This coincides with the SM behavior of the inclusiv
forward-backward asymmetry of the processb→sm1m2

~see e.g.@44#! and indeed it has a simple partonic interpre
tion ~we recall that we denote byB̄ the meson with a valenc
b quark!. At sufficiently large values ofq2 the contribution
of C7 can be neglected and, within the SM, the decay
almost a pure (V2A)3(V2A) interaction (C10uSM'

2C9). In the B̄ rest frame the emitteds quark tends to be
left-handed polarized and, when its spin is combined w
the one of the spectator, this leads to aK̄* meson with he-
licity 21 or 0. Since the initialB̄ meson has spin 0, the tota
helicity of the recoiling lepton pair must also be21 or 0,
respectively. If it is zero, then there is no forward-backwa
d

nd

01401
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asymmetry, as in theB̄→K̄m1m2 case. On the other hand,
the polarization of the lepton pair is21, then the positive
lepton prefers to travel backward with respect to the to
momentum of the dilepton system or in the direction of t
K* meson. This configuration corresponds to a posit

cosu, leading to a positiveA FB
(B̄)(s).

Having firmly established the sign ofA FB
(B̄)(s) within the

SM, a striking signal of new physics could clearly be o
served if sgn(ReC10)52sgn(ReC10uSM). In this case

A FB
(B̄)(s) would be positive fors,s0 and negative fors

.s0, opposite to the SM expectation. Similarly, a clear s
nal of non-standard dynamics would occur if ReC10 was

purely imaginary, so thatA FB
(B̄)(s) would be very much sup-

pressed with respect to the SM case. Note that in both
these examples one could still have an absolute value ofC10
close to its SM expectation, hiding these new physics effe
in branching ratios and dilepton spectra.

1. Forward-backward CP asymmetry

More generally, a powerful tool to probe a possib
CP-violating phase inC10 is provided by the sum of the
forward-backward asymmetries ofB̄ andB decays, which is
expected to vanish in the absence ofCP violation.5 For this
purpose we introduce theforward-backward CP asymmetry,
defined as

A FB
CP~s!5

A FB
(B̄)~s!1A FB

(B)~s!

A FB
(B̄)~s!2A FB

(B)~s!
. ~64!

This observable is very small within the SM, where t
CP-violating phases of the relevant Wilson coefficients a
suppressed by the factor Im(VubVus* /VtbVts* );O(hl2)
;0.01. The explicit calculation ofA FB

CP(s) within the SM

requires to keep the smalluū contribution inC9
eff(s) ~see e.g.

@52#!, which we have so far neglected. Employing the p
tonic calculation for bothuū andcc̄ loops we find
A FB
CP~s!uSM5

Im~VubVus* !

Re~VcbVcs* !

ImFhS mc

mb
,
mB

2

mb
2

sD 2hS 0,
mB

2

mb
2

sD G ~3C11C2!

ReC9
eff~s!

F11
a1~s!

s

mbC7

mBReC9
eff~s!

G21

, ~65!
s,

at
which in the region above theC8 peak leads to an integrate
asymmetry below 1023.

On the other hand, if we allowC10 to have a large
CP-violating phase and neglect those ofC7 andC9, as ex-
pected within our generic non-standard framework, we fi

A FB
CP~s!5

ImC10

ReC10

ImC9
eff~s!

ReC9
eff~s!

F11
a1~s!

s

mbC7

mBReC9
eff~s!

G21

,

~66!
which can be substantially different from zero above thecc̄
threshold if ImC10/ReC10;O(1). Note that the expression
~66! is almost free from uncertainties in the form factor
since for larges @where ImC9

eff(s)Þ0] the term proportional
to C7 is rather small. Unfortunately this virtue is somewh

5This effect has already been pointed out in Ref.@51# in the con-
text of b→dl1l 2 transitions.
5-13
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compensated by the uncertainties in ImC9
eff(s) discussed in

Sec. VI A. A plot of A FB
CP(s), in units of ImC10/ReC10, in

the interesting region above theC peak is shown in Fig. 5.
To decrease the effect of the non-perturbative uncert

ties in ImC9
eff(s) it is convenient to integrateA FB

CP(s) over a
large interval ofq2. To avoid the uncontrollable errors ass
ciated with the narrowC andC8 peaks, as well as with the
D-D̄ threshold, we consider a safe integration region

qmin
2 514.5 GeV2<q2,~mB2mK* !25qmax

2 , ~67!

where we find

DA FB
CP5E

smin

smax
dsA FB

CP~s!5~0.0360.01!
ImC10

ReC10
. ~68!

The central value in Eq.~68! has been obtained within th
Krüger-Sehgal approach, whereas the error has been
mated by comparing this result with the one obtained
identifying C9

eff(s) with C9
EP(s). Here and in Fig. 5 we did

not use any phenomenological correction factors for
resonance contributions in applying the KS method, tha
we putkV51 ~notation of@46#!.

Unfortunately the numerical coefficient of ImC10/ReC10

in DA FB
CP is rather suppressed, however it leaves open

possibility of O(10%) effects. These would naturally occ
if the non-standard contributions toZbs

L had the same mag
nitude as the SM term and aCP-violating phase ofO(1), a
scenario that is allowed in most of the specific models d
cussed in Sec. III.

FIG. 4. Forward-backward asymmetry forB̄→K̄* m1m2, de-
fined as in Eq.~60!. The solid~dotted! curves have been obtaine
employing the Kru¨ger-Sehgal approach@using C9

eff(s)[C9
EP(s)#.

The dashed lines show the effect of varying the renormaliza
scale of the Wilson coefficients betweenmb/2 and 2mb , within the
Krüger-Sehgal approach.
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VII. Bs\µ¿µÀ

The constraint~58! implies also an upper bound fo
B(Bs→m1m2) in our generic non-standard scenario. Intr
ducing theBs decay constant,f Bs

, the decay rate for this
process can be written as

G~Bs→m1m2!5
GF

2a2

16p3
f Bs

2 uVts* Vtbu2mBs
mm

2

3S 12
4mm

2

mBs

2 D 1/2

uC102C108 u2, ~69!

implying

B~Bs→m1m2!5B~Bs→m1m2!uSMU C102C108

C10uSM
U2

.

~70!

Using the constraint~58! we then find a maximal enhance
ment of a factor 7 forB(Bs→m1m2) with respect to the SM
value.

Employing the full next-to-leading order expression f
C10uSM @6,34,35# one has

B~Bs→m1m2!uSM

53.431029S f Bs

0.210 GeV
D 2S uVtsu

0.040D
2S tBs

1.6 ps
D

3S m̄t~mt!

170 GeV
D 3.12

. ~71!

n

FIG. 5. The forward-backwardCP asymmetry defined in Eq
~64!, in units of ImC10/ReC10, as a function ofs. Solid and dotted
lines correspond to the Kru¨ger-Sehgal approach and to the choi
C9

eff(s)[C9
EP(s), respectively. The vertical dashed line denotes

lower limit of the integration range in Eq.~67!.
5-14
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Allowing for the maximal enhancement in Eq.~70! and
adopting conservative upper bounds for the ratios in Eq.~71!
we finally obtain

B~Bs→m1m2!,3.431028, ~72!

which is about two orders of magnitude below the curr
best limit from CDF @53#: B(Bs→m1m2),2.631026

(95% C.L.!.

VIII. SUMMARY AND CONCLUSIONS

We have presented a study of the rare decay modeB

→K (* )nn̄, B→K (* )l 1l 2 andBs→m1m2, which are medi-
ated byb→s FCNC transitions. These processes have lo
been recognized as very interesting probes of the flavor
tor where new physics effects could modify considerably
standard model expectations.

In this paper we have pursued the idea that the larg
deviations from the standard model could arise in the FC
couplings of theZ boson. We have thus investigated a sc
nario where new dynamics determines thes̄L,RgmbL,RZm in-
teractions, while the contributions of a different orig
~boxes, photonic penguins! are still, to a good approxima
tion, given by their standard model values. As we ha
shown, this scenario is both phenomenologically and th
retically well motivated. Indeed, contrary to other FCNC a
plitudes, thes̄bZ couplings are not yet very well constraine
by experimental data and considerable room for substa
modifications still exists. On the other hand, also on theo
ical grounds these couplings play a special role and are
tentially dominant in the presence of a high scale of n
physics. It has also been shown that such a generic sce
could naturally arise in specific and consistent extension
the SM, as for instance in the framework of supersymme

Within the standard model the following branching rati
are expected, listed here in comparison with the current
perimental limits:

B~B→Knn̄!'431026 ~,7.731024@42# !

B~B→K* nn̄!'1.331025 ~,7.731024@42# !

B~B→Km1m2!n.r .'631027 ~,5.231026@49# !

B~B→K* m1m2!n.r .'231026 ~,431026@49# !

B~Bs→m1m2!'331029 ~,2.631026@53# !.

~73!

The standard model estimates have at present hadronic
certainties of typically630%. Our generic new physics sc
01401
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nario still allows for substantial enhancements that co
saturate the experimental bounds forB→K* m1m2 and in-
crease the remaining branching fractions by factors of 5–

An observable of particular interest is the forwar

backward asymmetryA FB
(B̄) in B̄→K̄* m1m2 decay. This

quantity is complementary to rate measurements and can
veal non-standard flavor dynamics that might remain inv
ible from the decay rates alone. We have clarified the sign
the asymmetry within the standard model. The sign~as a
function of the dilepton mass! has the same behavior in th
exclusive channelB̄→K̄* m1m2 as in the inclusive decay
b→sm1m2. As we have shown, even for the hadronic pr

cessB̄→K̄* m1m2 the sign ofA FB
(B̄) can be fixed in a model-

independent way. This property provides us with an imp
tant standard model test. The ‘‘wrong’’ sign of th

experimentally measuredA FB
(B̄) would be a striking manifes-

tation of new physics. Such a test is comparable, a
complementary, to determining the position of theAFB zero,
whose usefulness as a clean probe of new physics has
stressed in the literature. An interesting observation is t
within our scenario of nonstandardZ couplings the asymme

try A FB
(B̄) is likely to be affected, possibly including even

change of sign, while this class of new physics would lea

the A FB
(B̄) zero essentially unchanged.

Finally, we have emphasized that theCP violating
forward-backward asymmetryA FB

CP is an interesting probe o

non-standardCP violation in the s̄bZ couplings. Potential
effects are of order 10%, compared to an entirely negligi
standard model asymmetry of about 1023.

Similar observables can also be studied with inclus
modes such asb→sm1m2, which are theoretically cleane
and could play an important role for precision tests in t
future. Nevertheless, on a shorter term the exclusive chan
are more accessible experimentally, in particular at had
machines. As we have seen, exciting possibilities for test
the flavor sector exist also in this case in spite of, in gene
larger hadronic uncertainties. The pursuit of these opportu
ties in rareB decays will certainly contribute to a deep
understanding of flavor physics in the standard model
beyond.
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