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RareB decays provide an opportunity to probe for new physics beyond the standard model. In this paper
propose to measure thet polarization in the inclusive decayB→Xst

1t2 and discuss how it can be used, in
conjunction with other observables, to completely determine the parameters of the flavor-changing low-en
effective Hamiltonian. Both the standard model and several new physics scenarios are examined. This pr
has a large enough branching fraction,;few31027, such that sufficient statistics will eventually be provided
by theB factories currently under construction.

PACS number~s!: 13.20.He, 12.15.Ji, 13.88.1e
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The recent first observation@1# of the inclusive and exclu-
sive radiative decaysB→Xsg andB→K* g has placed the
study of rareB decays on a new footing. These flavo
changing neutral current~FCNC! transitions provide a fertile
testing gound for the standard model~SM! and offer a
complementary strategy in the search for new physics
probing the indirect effects of new particles and interactio
in higher-order processes. In particular, the probing of loo
induced couplings can provide a means of testing the
tailed structure of the SM at the level of radiative correctio
where the Glashow-Iliopoulos-Maiani~GIM! cancellations
are important. These first measurements have restricted
magnitude of the electromagnetic penguin transition, res
ing in bounds on the value@2# of the ratio of Cabbibo-
Kobayashi-Maskawa~CKM! weak mixing matrix elements
uVts /Vcbu, as well as providing powerful constraints on ne
physics@3# which in some classes of models complement
surpass the present bounds obtainable from direct colli
searches.

The study of rareB decays can be continued with th
analysis of the higher-order processB→Xsl

1l2. The experi-
mental situation for these decays is very promising@4#, with
e1e2 and hadron colliders closing in on the observation
exclusive modes withl5e andm final states, respectively
These transitions proceed via electromagnetic andZ penguin
as well asW box diagrams, and hence can probe differe
coupling structures from the pure electromagnetic proc
B→Xsg. Investigation of this decay mode offers excitin
possibilities as various kinematic distributions associa
with the final-state lepton pair, such as the lepton pair inva
ant mass spectrum and the lepton pair forward-backw
asymmetry, can also be measured in addition to the total r
These distributions are essential in separating the short
tance FCNC processes from the contributing long ran
physics@5#. In particular, it has been shown@6–8# that the
lepton pair forward-backward asymmetry is sizable for lar
values of the top-quark mass and is highly sensitive to c
tributions from new physics. Aliet al. @7# have proposed a
program to use these distributions, as well as the total r
for B→Xsg, to determine the sign and magnitude of ea
class of short distance FCNC contribution in a mode
independent fashion. Here, we propose a new observable
t polarization asymmetry for the decayB→Xst

1t2. We
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will show that this asymmetry also has a large value for t
quarks in the mass range observed@9# at the Tevatron, and
will be measurable with the high statistics available at t
B factories presently under construction. Thet polarization
asymmetry furnishes one more piece of available inform
tion for the study of rareB decays. Together with the re
maining kinematic distributions mentioned above, the pol
ization asymmetry~and theM tt spectrum! will then provide
a complete arsenal for a stringent test of the SM.

The transition rate forB→Xsl
1l2, including QCD cor-

rections@10#, is computed via an operator product expansi
based on the effective Hamiltonian

Heff5
4GF

A2
VtbVts*(

i51

10

Ci~m!O i~m!, ~1!

which is evolved from the electroweak scale down
m;mb by the renormalization group equations. HereVi j
represents the relevant CKM factors, and theO i are a com-
plete set of renormalized dimension five and six operat
involving light fields which governb→s transitions. This
basis~involving left-handed fields only! consists of six four-
quark operatorsO 126 , the electro- and chromomag
netic operators, respectively, denoted asO 7,8, O 9;
es̄LagmbLa l̄g

ml , and O 10;es̄LagmbLa l̄g
mg5l . For

B→Xsl
1l2, this effective Hamiltonian leads to the matri

element~neglecting the strange quark mass!

M5
A2GFa

p
VtbVts* FC9

effs̄LgmbLl̄g
ml1C10s̄LgmbLl̄g

mg5l

22C7mbs̄Lismn

qn

q2
bRl̄g

ml G , ~2!

whereq2 is the momentum transferred to the lepton pair. T
Wilson coefficientsCi of the b→s operators are evaluated
perturbatively at the electroweak scale where the match
conditions are imposed and are then evolved down to
renormalization scale m. C7210(MW) are given
by the Inami-Lim functions @11#, C2(MW)521, and
C1,326(MW)50. The expressions for the QCD-renormalize
coefficients Ci(m) are given explicitly in Refs.@7,10#.
The effective coefficient of O 9 is defined by
4964 © 1996 The American Physical Society
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FIG. 1. ~a! Differential branching fraction and~b! t polarization asymmetry as a function ofŝ for l5t ~solid and dashed curves! and
l5e ~dotted and dash-dotted curves!, with and without the long-distance resonance contribution.
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C9
eff(m)[C9(m)1Y(m,q2) where the functionY contains

the contributions from the one-loop matrix element of th
four-quark operators and can be found in Refs.@7,10#. We
note thatY(m,q2) contains both real and imaginary contri
butions~the imaginary piece arises when thec quarks in the
loop are on shell!. The differential branching fraction for
B→Xst

1t2 is then

dB~B→Xst
1t2!

dŝ
5B~B→Xl n̄ !

a2

4p2

uVtbVts* u2

uVcbu2
~12 ŝ!2

f ~z!k~z!

3F12
4x

ŝ G1/2H @ uC9
effu22uC10u2#6x

1@ uC9
effu21uC10u2#

3@~ ŝ24x!1~11~2x/ ŝ!!~11 ŝ!#

112C7ReC9
eff~11~2x/ ŝ!! 1

4uC7u2

ŝ

3~11~2x/ ŝ!!~21 ŝ! J , ~3!

with all Wilson coefficients evaluated atm;mb ,
ŝ[q2/mb

2 , x[mt
2/mb

2 , z[mc /mb , and f (z) andk(z) rep-
resenting the phase space and QCD corrections@12#, respec-
tively, to the semi-leptonic rate. This agrees with the liter
ture in the zero-lepton mass limit. The differential branchin
fraction is scaled to that of the semi-leptonic deca
B→Xln to remove the uncertainties associated with th
overall factor ofmb

5 and to reduce the ambiguities involved
with the imprecisely determined CKM factors. It is wel
known that there are large uncertainties~up to630%! asso-
ciated with the values of the coefficientsC7,9(m) due to the
renormalization-scale dependence of the QCD corrections
leading-logarithmic order, as well as from the scale para
eter inas . However, this dependence is expected to be
duced at the next-to-leading order. This has recently be
demonstrated by Buras and Mu¨nz @10# for the case of
C9(m), which was found to deviate by only68% as the
e
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e
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renormalization scalem and the QCD scale parameterLMS̄

were varied within their full range of values. The situation
for C7(m) differs, however, as only partial NLO calculations
exist. These partial calculations do exhibit a reducedm de-
pendence, and we eagerly await the completion of the nex
to-leading order~NLO! computations in this case.

B→Xsl
1l2 also receives large long-distance contribu

tions from the tree-level processesB→K (* )c (8) followed by
c (8)→ l1l2. These pole contributions are incorporated into
the lepton pair invariant-mass spectrum following the pre
scription in Ref. @5#, where both on- and off-shell vector
mesons are considered by employing a Breit-Wigner form
for the resonance propagator. This produces an addition
contribution toC9

eff of the form

23p

a2mb
2 (
Vi5c,c8

MVi
G~Vi→ l1l2!

~ ŝ2MVi
2 /mb

2!1 iGVi
MVi

/mb
2
. ~4!

The relative sign between the short- and long-distance term
was once a source of controversy, but can be explicitly d
termined via the analyses presented in Ref.@13#. The result-
ing differential branching fraction forB→Xsl

1l2, with and
without the long-distance resonance contributions, is pr
sented in Fig. 1~a! for both l5e andt, takingmt5180 GeV,
mb54.87 GeV, andz50.316. We see that the pole contribu-
tions clearly overwhelm the branching fraction near thec
and c8 peaks, and that there is significant interference be
tween the dispersive part of the resonance and the sho
distance contributions. However, suitablel1l2 invariant
mass cuts can eliminate the resonance contributions, and
servations away from these peaks cleanly separate out
short-distance physics. This divides the spectrum into tw
distinct regions@7#, ~i! low-dilepton mass, 4x< ŝ <Mc

2/mb
2

2d, and ~ii ! high-dilepton mass,Mc8
2 /mb

21d< ŝ< ŝmax,
whered is to be matched to an experimental cut. The inte
grated branching fractions~without the pole contributions!
for l5e,m,t are presented in Table I for both the total and
high dilepton mass regions ofŝ. We note that the branching
fraction forB→Xst

1t2 is comparable to that forl5e,m in
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4966 53JOANNE L. HEWETT
the cleanŝ region above thec8 resonance. The exclusive
decayB→Kt1t2 has been computed via heavy meson c
ral perturbation theory by Duet al. @14#, where the exclusive
branching fraction was found to be;50–60% of the inclu-
sive; this placesB(B→Kt1t2) in the range;1.531027.
Of course, calculations of exclusive decay rates are inh
ently model dependent@15#, implying that some degree o
uncertainty is associated with this result. However, chi
perturbation theory is known to be reliable at energy sca
smaller than the typical scale of chiral symmetry breakin
LCSB.4p f p /A2. In B→Kt1t2, the maximum energy of
the K meson in the B rest frame is
(mB

21mK
224mt

2)/2mB;1.5 GeV, which places most of the
available phase space at or comfortably below the sc
LCSB. We thus expect this method to give a reasonable
timate of the exclusive rate.

The tau polarization asymmetry is defined as

Pt~ ŝ![
dBl5212dBl511

dBl5211dBl511
, ~5!

wheredB represents the differentialB→Xst
1t2 branching

fraction. The spin projection operator is represented
(11g5s”)/2, with the normalized dot product being define
as ŝ• p̂5l561 with the2 ~1! sign corresponding to the
case where the spin polarization is anti-parallel~parallel! to
the direction of thet2 momentum. This corresponds to th
usual definition of a polarization asymmetry, given in term
of couplings, i.e., (L2R)/(L1R), in the massless case. W
note that, of course~and unfortunately!, the polarization of
final-state massless leptons cannot be determined in a
lider environment. For the processB→Xst

1t2 this asym-
metry is then calculated to be

Pt~ ŝ!5
22@124x/ ŝ#1/2C10@ReC9

eff~112ŝ!16C7#

D
,

~6!

whereD is given by the expression in the curly brackets
Eq. ~3!. Thet polarization asymmetry is displayed as a fun
tion of ŝ5q2/mb

2 in Fig. 1~b!, with and without the long-
distance resonance contributions, and takingmt5180 GeV.
We see that the asymmetry vanishes at threshold and gr
with increasingŝ. The value of the total integrated asymm
try ~i.e., averaged over the high dilepton mass regio
ŝ>0.6) is 0.506. The experimentally relevant number
events required to measure an asymmetrya at thens level is
N5n2/Ba2, and is given here byN5n2/(2.531027)
3(0.506)25(n2)1.63107 for the inclusive decay. The ex-
clusive case ofB→Kt1t2 would then yieldN;(n2)2.6
3107. This result demonstrates thatPt should be accessible

TABLE I. Integrated branching fractions forB→Xsl
1l2 for the

total and high dilepton mass regions.

l 4x< ŝ<1 0.6< ŝ<1

e 6.931026 5.831027

m 6.231026 5.831027

t 3.231027 2.531027
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after several years of running~even whent identification
efficiencies are taken into account!, at theB Factories under
construction.

The formalism for determining the polarization oft ’s has
been extensively studied@16# for many years~in fact, even
before thet was discovered!. More recently, polarization
measurements of final statet leptons have been proposed a
a useful tool in discerning physics beyond the SM in a var
ety of processes. Some examples include determining
transverse and longitudinalt polarization inB,Lb→Xtn
@17#, t polarization asymmetry at hadron colliders as a prob
of new Z8 couplings@18#, using t polarization to enhance
charged Higgs boson searches at hadron colliders@19#, prob-
ing neutralino mixing throught polarization in scalart de-
cay @20#, and searching forCP violation in the leptonic sec-
tor @21#. These measurements can take place as informat
on thet ’s polarization state is carried to its decay product
In particular, the momentum distribution of the decay prod
uctsA ~in t→Ant, whereA5en̄e ,mn̄m ,np,r,a1 , . . . ) has
a large dependence on the spin polarization state of the p
ent t lepton. This dependence is sufficiently striking, suc
that thet ’s helicity may be established from a relatively low
number of events@16#. The formalism developed for deter-
mining thet ’s spin polarization on the Z resonance can b
applied in this case in thet1t2 invariant-mass rest frame,
except that one cannot take the collinear limitEt@mt . The
resulting decay distributions cannot, however, be measur
in this rest frame due to the two undetected neutrinos, a
one is forced to transform to the laboratory frame to imple
ment this procedure. As an example of how accurately t
tau’s polarization can be determined, we note that the fo
detectors at the CERNe1e2 collider LEP have made sepa-
rate polarization measurements@22# in each of thet decay
modesenn̄,mnn̄,p(K)n,rn, anda1n ~in addition, DELPHI
has used an inclusive one-pront hadronic analysis!. These
modes account for;80% of allt decays. Thet polarization
has then been determined with an overall error of 10–15
per experiment. IfB factory experiments can achieve simila
results~and there is no reason to believe otherwise! then they
will have sufficient statistics to measure the asymmet
Pt .

We now explore the sensitivity ofPt to new physics. We
first investigate the influence of a change in sign of the sho
distance contributions toC7210 ~holding the magnitudes con-
stant!. The results are shown in Fig. 2~a!, where the dashed,
dash-dotted, dotted, solid, and long-dashed curves repres
the polarization asymmetry withC10(MW)→2C10(MW),
C9,10(MW)→C9,10(MW), C9(MW)→2C9(MW), the SM,
and C7,8(MW)→2C7,8(MW), respectively. We see that
there is large sensitivity to any combination of sign chang
in C9,10(MW), but little variation to a sign change in the
electro- and chromo-magnetic operator coefficients. This
due to the fact that the operatorsO 9,10 dominate the decay in
the highŝ region. We next examinePt in two-Higgs-doublet
models of type II, where a charged Higgs boson participat
in the decay via virtual exchange in theg,Z penguin and box
diagrams. The modifications to the Wilson coefficients i
this model are given in Deshpandeet al. @23#. The resulting
t polarization asymmetry~with ŝ50.7 andmt5180 GeV!
for various values of the charged Higgs boson mass
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presented in Fig. 2~b! as a function of tanb[v2 /v1 , the
ratio of vacuum expectation values of the two doublets. W
see that the effect of theH6 is negligible for values of the
parameters which are consistent with the present constra
from B→Xsg @1,24#, i.e., tanb*1 andmH6*240 GeV. Fi-
nally, we study the effects of anomalous trilinear gauge b
son couplings inB→Xsl

1l2. The dependence of the
Ci(MW) on these anomalous couplings can be found in R
@25#. Figure 2~c! displays the deviation ofPt ~for ŝ50.7 and
mt5180 GeV! with nonvanishing values of the anomalou

FIG. 2. t polarization asymmetry~a! with changes in the sign of
the Wilson coefficients at the electroweak scale, corresponding
C10, C9 , C9,10, SM, C7,8 from bottom to top;~b! in two-Higgs-
doublet models as a function of tanb with mH6550, 100, 250, 500
corresponding to the solid, dashed, dotted, and dash-dotted cu
respectively. These SM value is denoted by the solid horizon
line; ~c! with anomalous couplingsWWg andWWZ couplings as
described in the text.
e
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o-

ef.

s

magnetic dipole and electric quadrupoleWWg coupling pa-
rameters,Dkg , andlg , respectively, and of the paramete
g5
Z which governs the term
ig5

Zemnlr(Wm
† ]lWn2Wn]lWm

† )Zr in theWWZLagrangian.
For the anomalous coupling parameters considered he
B→Xsl

1l2 naturally avoids the problem of introducing cut-
offs to regulate the divergent loop integrals due to cancell
tions provided by the GIM mechanism@25#. As expected, we
find little sensitivity to modifications inC7,8(MW) from
anomalousWWg couplings, but a large variation due to the
influence of anomalousWWZvertices inC9,10(MW).

In order to ascertain how much quantitative information
obtainable on the values of the Wilson coefficientsC7,9,10
from the various kinematic distributions, we perform a
Monte Carlo study. For illustration purposes, we will exam
ine the case where the SM situation is realized; i.e., we a
sume that there is no new physics contributing to these d
cays. For the processB→Xsl

1l2, we consider theMl1 l2

distribution and the lepton pair forward-backward asymm
try @26# for l5e,m, and t, as well as thet polarization
asymmetry. We take the lepton pair invariant-mass spectru
and divide it into nine bins. These bins are distributed a
follows: six bins of equal size,D ŝ50.05, are taken in the
low dilepton mass region below theJ/c resonance,
0.02< ŝ<0.32 ~where we have also cut out the region nea
zero due to the photon pole!, and three bins in the high
dilepton mass region above thec8 pole, which are taken to
be 0.6< ŝ<0.7,0.7< ŝ <0.8, and 0.8< ŝ<1.0. The number
of events per bin is given by

Nbin5LE
ŝmin

ŝmaxdG

dŝ
dŝ, ~7!

and the average value of the asymmetries in each bin is th

^A&bin5
L

Nbin
E
ŝmin

ŝmax
A
dG

dŝ
dŝ. ~8!

We also include in our study the inclusive decayB→Xsg,
which is directly proportional touC7(m)u2. For this case we
only consider the total rate. Next we generate ‘‘data’’~as-
suming the SM is correct! for an integrated luminosity of
53108BB̄ pairs; this corresponds to the expected total lum
nosity after several years of running at futureB factories.
The ‘‘data’’ is then statistically fluctuated by a normalized
Gaussian distributed random number procedure. T
statistical errors are taken to bedN5AN and dA
5A(12A2)/N. We include statistical errors only for the de-
cay B→Xsl

1l2, as even for this large value of integrated
luminosity we expect the errors in each bin to be statistical
dominated. The situation differs forB→Xsg, however, as
the statistical precision will far exceed the possible system
atic ~and theoretical! accuracy. Hence, in this case we as
sume a flat 10% error in the measurement of the branchi
fraction. We then perform a three-dimensionalx2 fit to the
coefficientsC7,9,10(m) from the ‘‘data’’ according to the
usual prescription

x i
25(

bins
SQi

obs2Qi
SM

dQi
D 2, ~9!

to

rves,
tal
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FIG. 3. 95% C.L. contour in the~a! C92C10, ~b! C72C10 plane from the fit procedure described in the text. ‘‘S’’ labels the SM
prediction and thte diamond represents the best fit values.
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whereQi
obs,SM,dQi represent the ‘‘data,’’ the SM expecta

tions, and the error for each observable quantityQi . The
resulting 95% C.L. allowed regions as projected onto t
C9(m)2C10(m) and C7(m)2C10(m) planes are presented
in Figs. 3~a! and~b!, respectively. In these figures, the poin
S labels the SM expectations~assumingmt5180 GeV!, and
the diamond represents the best fit value which has a t
x2522.3/25DF. We see that the determined ranges for
coefficients encompass their SM values. The 95% C
ranges for the coefficients are found to b
C7(m)50.318620.0305

10.0262, C9(m)523.29920.409
10.447, andC10(m)

54.81720.262
10.247, corresponding to a 9.5%, 13.5%, and 5% d

termination ofC7 , C9 , andC10, respectively. Clearly, the
values extracted forC9 andC10 are highly correlated, but
this is not the case forC7 andC10. If we takeC7(m) to have
opposite sign, i.e.,C7(m)52uC7(m)u, we find that the fit is
quite poor with the best fit yieldingx251040/25DF.
-

he

t

otal
the
.L.
e
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In conclusion, we have shown that measurement of t
t polarization inB→Xst

1t2 is highly sensitive to new
physics and hence provides a powerful probe of the SM
Together, measurement of the polarization asymmetry a
the remaining kinematic distributions associated wit
B→Xsl

1l2, will provide enough information to completely
determine the parameters of the FCNC effective Ham
tonian. We find that the values of the polarization can b
precisely determined with the large data samples that will
available at theB Factories presented under construction. W
eagerly await the completion of these machines.
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