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Testing the standard model in H; K(*)l+l
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We study the potential of B —+ K * l+l decays as tests of the standard model. After discussing
the reliability of theoretical predictions for the hadronic matrix elements involved, we examine
the impact of di8'erent new physics scenarios on various observables. We show that the angular
information in B + K*l+l together with the dilepton mass distribution can highly constrain new
physics. This is particularly true in the large dilepton mass region, where reliable predictions for the
hadronic matrix elements can be made with presently available data. As illustrative examples, we
compare the standard model predictions with those of two-Higgs-doublet models as well as top-color
models, all of which give distinct signals in this region.

PACS number(s): 13.25.Hw, 12.15.Ji, 12.60.Cn, 12.60.Fr

I. INTRODUCTION

Rare decays of B mesons have a great potential as
tests of the standard model (SM). Processes involving
flavor-changing neutral currents (FCNC's) are of partic-
ular interest given that in the SM they can only pro-
ceed via one or more loops. This leads to very small
rates allowing at the same time for possible contribu-
tions from high-energy scales to produce observable ef-
fects. For instance, in the SM the top quark gives a very
important, and actually dominant, contribution to the
process 6 —+ sp. Physics beyond the SM, e.g. , involving
new heavy particles in the loop, could contribute with
comparable efFects. In fact the observation by CI EO [1]
of the inclusive 6 ~ sp transition already constrains the
parameter space of many theories [2]. On the other hand,
the process 6 ~ sl+l involves additional information on
FCNC's and is an important complement to 6 -+ sp in
testing the SM. Although there is still no observation of
any of these modes, the experimental situation looks very
promising both at e+e [4] as well as hadronic machines
[5]. Unlike in b ~ sp, where there are no reliable ways
to calculate the hadronic matrix elements in exclusive
modes (e.g. , B -+ K*p), the corresponding quantities in
B + K(*)l+l can be safely predicted with the help of
heavy quark symmetry [3]. The fact that these exclusive
modes can be theoretically clean together with the ad-
ditional information resulting &om a richer kinematics,
make these decays very interesting both theoretically as
well as experimentally. While 6 —+ sp proceeds via only
one operator, the 6 ~ sIt+l processes receive contribu-
tions from two additional operators at the weak scale.
This will imply that the information on higher-energy
scales, encoded in the coefIicients of these operators, not
only affects the rates but also the shape of the dilep-
ton mass and angular distributions. The use of both
the dilepton mass distribution and the lepton angular
information is discussed in the context of the inclusive
b ~ sl+l decays in [6]. The exclusive modes are dis-
cussed in [7] and also in [8], where only the Dalitz plot

is considered in various new physics scenarios. The use
of the angular informat;ion in these modes is proposed in
[9].

In this paper we show that the exclusive mode B -+
K*l+l is a very sensitive test of the SM. The combina-
tion of the angular information together with the dilepton
mass distribution can be very effective in discriminating
among possible new physics scenarios as well as in con-
straining them. The reason for this lies in the fact that
in the SM the lepton asymmetry (see below) is very large
at large dilepton masses due to a rather accidental can-
cellation among the short-distance coefBcients. There-
fore deviations &om the SM produce a very different lep-
ton forward-backward asymmetry, even in cases where
the branching ratio and/or the dilepton mass distribu-
tion are not markedly different. To illustrate the power
of the lepton angular information as SM tests we com-
pare the SM results to two types of extensions of the SM
that give typical signals. One of them, represented here
by two-Higgs-doublet models (2 HDM's) tenus to give
lepton asymmetries that are not very different from the
SM, even in cases where the rates are. This is due to
the fact that these models do not add new operators to
the SM operator basis, therefore respecting the chirality
structure and only changing the values of short distance
coeKcients.

In the second example, additional operators contribute
and the subsequent modification of the chiral structure
in the operator basis is refIected in large modifications
of the angular information. To illustrate these type of
models we will use a theory that produces FCNC's at
the tree level in a manner that is compatible with current
phenomenology. Top-color models [10] fit this description
because in these type of scenarios, the large mass of the
top quark is explained by new gauge interactions that are
strong with the third generation, but rather weak with
the first two. As a consequence, the first low-energy test
of these models is in B decays, with the B ~ K(*)l+l
modes the most sensitive. These type of models have
potentially large contributions to operators not entering
in 6 —+ sp and they tend to give very different branching
ratios as well as lepton asymmetries. We also show the
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corresponding predictions for the B ~ KI+l decay.
In Sec. II, we summarize the short-distance structure

of 6 ~ 8L+l . We emphasize the distinction between
theories that respect the SM operator basis and those
that expand it. This will prove to be relevant when
studying the phenomenology of B ~ K~*~l+l decays.
In Sec. III, after reviewing the relations predicted by
heavy quark symmetry that allow reliable predictions of
B ~ K~'&t+l decays in terms of experimental informa-
tion from other modes, we write down the helicity am-
plitudes and the angular observables constructed from
them. We also compute the B -+ K/+l dilepton mass
distribution. In Sec. IV, we show the predictions of the
SM, a two-Higgs-doublet extension of it and of top-color
models, in order to compare the signals of these difFerent
scenarios. We conclude in Sec. V.

where (0;(p)} is the relevant operator basis and the
C;(p, ) are the corresponding coefficient functions which
must cancel the dependence on the energy scale p. The
dimension six operator basis is, in the SM [11,12),

O, = (s.~„b,.)(c» «,),
O, = (s p„br.p)) (qpp q„),
O2 = (s-&~b~p)(cp&"«-)

Op = mb(so. „„b~)F"
16vr2

Os = (s-~~bi ) ):(qp&"«p)
q

2

Os ——
2 (sp„bl, ) (lp "1),

O4 = (s p„blp) ).(qpV"ql )

II. SHORT-DISTANCE STRUCTURE

In the SM the diagrams contributing to 6 —+ sl+l
processes are shown in Fig. 1. It is convenient to write
down an efFective theory at low energies by integrating
out the heavy degrees of &eedom. These are the W bo-
son and top quark inside the loops in Fig. 1. In general,
in theories beyond the SM there will be additional con-
tributions. The efFective Hamiltonian can be written as
an operator product expansion as

H.& = G&V,;V,.) C;(p)o;(IJ.),

W

Os —— , (sp„bl. ) (tp"psl),

Os = (s-~pb~-) ).(qp~"q~p)
q

where qg ~ = [(1 p pq)/2]q and n, P are color indices.
The coeKcients at p = mb are obtained when their val-
ues at p = M~ are evolved using the renormalization-
group equation. This has been done in a partial lead-
ing logarithmic approximation in [ll] for the SM as well
as for two-Higgs-doublet models. The complete leading
logarithmic approximation for the SM has been recently
computed in [13]. For the purpose of this paper it is suf-
ficient to make use of the approximation in [11], given
that the uncertainties related to long-distance dynamics,
even when reduced by symmetry arguments (see next sec-
tion), are still larger than the error made by using it. For
a complete discussion see [14]. The short-distance infor-
mation is then encoded in the C, (M~) 's. Several theories
beyond the SM share this operator basis with it. Their
extra contributions at the electroweak or higher-energy
scales appear as changes in the values of the coefBcients
at p = M~. There are also theories that require an ex-
tension of the operator basis. For instance, the chirality
of the quark currents could be reversed, giving

(a) 0'r —— ms(so„bi, )F"", .
16+2

2

Os =,(s&~b~)(b "&) (3b)

2

O9 =,(s~pb~) (I7"~s~) (3c)

U, C, t

FIG. 1. Diagrams contributing to b ~ sl+l

as well as the ones resulting &om bl. ~ b~ in Oq —06.
The SM, supersymmetry, multi-Higgs-doublet models

and most technicolor scenarios only modify the value of
the short-distance coefficients C,.(M~), without inducing
additional operators. On the other hand, left-right sym-
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metric models, compositeness, and top-color are among
the theories capable of inducing sizable wrong-chirality
contributions as well as shifts in the normal-chirality co-
efBcients. These two very different groups of electroweak
symmetry breaking scenarios are likely to give drastically
different signals, for instance for the angular distribu-
tions. The only operator entering in b ~ sp at the weak
scale is 07. Therefore, radiative processes have a rather
limited power as SM tests: only the shifts induced in
C7(M~) are probed. Conversely, b ~ sf+i processes
are more sensitive to new physics which might give small
or null deviations of the b ~ sp rate but still give large
contributions to the other coefBcients in (1). These would
produce not only a different rate but also distinct pat-
terns in the dilepton mass distributions as well as the
angular distributions.

are more accessible to both e+e and hadronic machines,
but the need to compute hadronic matrix elements of
the operators in (2) and (3) introduces potentially large
hadronic uncertainties. The situation appears to be sim-
ilar to the one in B + K*p, where the large disagree-
ment among model calculations of the matrix element of
07 between B and K* renders this mode almost useless
as a test of the SM. However, in the present case these
large uncertainties can be avoided by making use of heavy
quark symmetry (HQS), which relates the hadronic ma-
trix elements entering in B —+ K(')l+l decays to those
entering in semileptonic decays [3]. It must be empha-
sized that we do not consider the limit in which the s
quark is heavy, as is done in part of previous work on
these decays. In the rest of this section we review the
implementation of these relations and make use of them
in b ~ sl+l exclusive decays.

III. H.ELIABLE PREDICTIQNS FQR, H m K&')l+l-

The use of experimental information in b —+ sl+l pro-
cesses requires the theoretical understanding of hadronic
effects. The inclusive rate B ~ X,l+l is theoretically
clean in this respect and can be predicted with rather low
uncertainties [6,16]. However, its experimental observa-
tion might prove to be a very diKcult task. On the other
hand, exclusive modes like B ~ Kl+l and B ~ K*l+l

A. B m K'l+l

As we will see below, this mode is the most interesting
one &om the phenomenological point of view. We need
the matrix elements of the operators 07, 08, 09, 07 08,
and 09. The hadronic matrix elements of 07 ad 07 can
be written as

(K*(k)~sa.„(1+ &5)b~B(P)) = e& p(A~* P~ + Be* k~ + C~* . PP k~)
+i( A{

*e" P" —~* P") +B(e'"k —e* k")
+Ce* . P(P"k —Pvk")),

where A, B, and C are unknown functions of q = (P —k), the squared momentum transferred to the leptons. On
the other hand, the matrix elements of the semileptonic operators 08, 09, 08, and 09 are parametrized by

{K'(k)~sp„{1+ /5)b~B(P)) = igep„p~*"(P+ k) (P —k)~ + f&„* + a+e* P(P+ k)~ + a e*.P(P —k)p (5)

with g, f, and a~ also unknown functions of q2.
In the heavy quark limit, where the mass of the b quark

is infinitely heavy compared to the typical scale of the
strong interactions, the Dirac structure of (4) is related
to that of (5). The simplification arises because in the
mg )) A@gD limit the heavy quark spinor loses its two
lower components becoming

ZO pi

ZO pi+5 — Pi

(7)

By making use of (7) we can obtain now relations among
the form factors in (4) and (5). They are [3]

(6)

f + 2mgykag—

mg
(8a)

That is, the two lower components are suppressed by
m, g. As a consequence, the action of p matrices on the
b spinor simplifies. One has, for instance, ppb = b. The
(Oi) component of (4) is now related to the (i) component
of (5) by the relations

B = —2m~g,

g+ —a + 2gC=

(8b)

(8c)
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Furthermore, the semileptonic B —+ K* &om factors g,
f, and a~ are identical to the B -+ p/v form factors in
the SU(3) limit. Therefore, the hadronic matrix elements
entering in B ~ K*l+I are given by the B —+ plv form
factors to leading order in A~cia/mg and in the SU(3)
limit. In this way, experimental information on B ~ plv
can be used as a prediction for B ~ K*l+/ . Relations
(8) can be also used to predict the B ~ K*p rate. In this
case, however, the region of the B m plv Dalitz plot that
can be used is negligibly small. This is due to the fact
that one needs the semileptonic form factors evaluated
at q = 0 in the case with a real photon. Moreover, the
p must be left handed in order to have the same combi-
nation of form factors that appear in the radiative decay.
Both conditions can only be satis6ed in one corner, cor-
responding to the p and the charged lepton having both
maximum momenta. The rate at this point vanishes due
to phase space, and thus an extrapolation to this point
must be made in order to extract a model-independent
quantity that would constitute the B ~ K'p hadronic
matrix element [17]. The situation is very different here.
We are able to use all the B —+ p/v Dalitz plot, which in
the SU(3) limit covers exactly the B -+ K*/+/ Dalitz
plot.

Presently, there are only upper limits for B m p/v [18].
However the observation of B ~ ir/v at CLEO [18] indi-
cates that there will be data on this mode very soon. We
can make use of present data by taking an extra step in
using the heavy quark symmetries. This time we use the
flavor symmetry that relates processes with 6 and c quark
hadrons. This implies relations among the semileptonic
B ~ K* form factors entering in (5) and those in the de-
cay D ~ K*lv. Up to a short-distance correction factor,
these relations are the simple mass scaling laws [3]:

[19] to illustrate how the SM predictions compare with
those of some of its extensions.

In order to take full advantage of the information pro-
vided by this decay we erst notice that the amplitude
can be divided into two noninterfering pieces correspond-
ing to left- and right-handed leptons. Each of them can
then be expressed as a sum of helicity amplitudes. The
squared amplitude is

ms(mg —E, y i/ k)
q2CX

x(f ~ i/ 2m~kg)

, ms(m~ —E, —i/ k)g C,' 2

x(f —i/ 2m~k'),

C8 —Cg+

Cs Cg+

(1la)

mb(m~ —E. g i/ k)
q2

7

x(f ~ i/ 2m~kg)

, mt, (mg —E. —i/ k)~ C,'
q

2

x(f —i/ 2m~kg),

Cs+ Cg+
2

Cs+ Cg+

I&(B ~ K'/+/ )I' = IB+I'+ IH-'I'+ IHil'
+la" I' ~ IB,I', (1o)

where the L (R) refer to left- (right-) handed leptons
and the subscripts + and 0 indicate the transverse and
longitudinal polarizations of the K*. When the heavy
quark relations (8) are imposed, the helicity amplitudes
depend only on the semileptonic form factors f, g, and
a~. The transverse helicities take the form

(v jc) = f (v k), (9) (11b)

g (v A:) = g (v k), (9b)

where a = +, —and i/ = (1, —1). The longitudinal
helicity is

(a~ —a ) (v. k) = m)7
(a~ —a ) (v. A:),D

mg
(9c)

&o = —2(&7 —C~), [f(m~E, —m~. )
2mR ~ q~ q mg

g2m~ k'g]

where the form factors on the left-hand side of (9) are
those in B ~ K*l+l and those on the right-hand side
those entering in D -+ K'/v Relations . (9) are valid
when the form factors are evaluated at the same value of
v k, with v the heavy meson four-velocity and A:„ the K'
four-momentum. In the rest kame of the heavy meson
this is the K* recoil energy, E~ . Thus, we can only pre-
dict B ~ K*l+l for values of E~. ranging from m~. to
the maximum recoil in D —+ K*lv. In terms of q = m&&,

the dilepton invariant mass squared, this implies the win-
dow 4.0 & m~~ & 4.4 GeV, where the upper value is
actually the maximum allowed dilepton mass. Model-
independent predictions for the B ~ K*l+l form fac-
tors for smaller dilepton masses will only be possible
when the B -+ plv data are available. We will make
use of the form factors extracted in D ~ K*lv decays

Cs —Cg —Cs ~ C+ 4k a~—
2

In (11) and (12) E, and k are the energy and spatial
momentum of the K* in the B rest frame, the short-
distance coefBcients must be evaluated at p = mg and
the form factors at q = m&&. The latter can be either
the semileptonic form factors extracted &om B —+ plv
or, by applying (9), those from D ~ K*/v. One can
immediately see from (11) that there is an interesting
interplay between the short-distance coefBcients and the
combination of form factors entering in each transverse
helicity. For instance, the first term in each of (lla)
and (lib) corresponds to the contributions &om normal-
helicity operators, whereas the second line comes from
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the ones with wrong chirality. Depending on the sign g
some contributions will be enhanced and some suppressed
by the form factors. This will lead to rather distinct
signals when considering different physics scenarios at
M~ or higher scales.

The angular information is most sensitive to the de-

tails of the helicity amplitudes. The forward-backward
asymmetry for leptons was considered in the contexts of
both inclusive [6] and exclusive [9] b ~ sl+t processes.
De6ning j9~ as the polar angle formed by the l+ and the
B meson in the l+l rest &arne, the double-differential
decay rate has the form

G2 o.21~*V~ l2
' " "' ~q'4(1+ «»~)'[IH+I'+ IH-"i']+ (1 —cos~~)'[IH'I'+ IH+I']+ 2 sin'~~IHoI') (»)dq dcoso) 768vr m~

Then the forward-backward asymmetry is de6ned by

fo (d I'/dq dcos8~)dq —f (d I'/dq2dcos8&)dq2
AFB(q2) =

f (d21'/dq2dcos g()dq2 + f (d2I /dq2d cos g))dq2
(14)

which, making use of (13), gives

iH i' + iH i' —iH~i —iH
4 IH'I'+ iH" i'+ iH'I'+ iH" I'+ IH I'

Alternatively, one can simply use the angular distribu-
tion. In the next section we present results for the asym-
metry and the dilepton mass distributions in several the-
ories, including the SM.

B. B m KL+l

We now turn to the pseudoscalar decay mode. The
hadronic matrix elements of the operators 0; and 0,',
i = 7, 8, 9, are now

(I~(k) Is~A-bl&(P)) = D[(P+ k)~(P —")-
(P + k)„(P ——k)„],

a reliable prediction for B ~ Kl+I can be obtained
&om the charm semileptonic decay data is now 4.2 (
m~~ & 4.8 GeV. The dilepton mass distribution takes the
form

dI' G iV,*V„i k
(i(dq2 192+5 8+ 8 +

—»~s(&r + &v) I'+ l(&s+ &9)&+I') .

From (20) it can be seen that the chirality of the oper-
ators is not tested in this mode. It is not possible to
distinguish a shift in the coefBcients of the normal oper-
ator basis &om a nonzero value of the wrong" chirality
operators in (3). The information of this decay could be,
however, an important complement to B + K*l+l

(&(k)ls~pblB(P)) = &+(P+ A) p+ ~-(P —&)p IV. PREDICTIONS

with D, and fy unknown functions of q = m&&. Using
(7) one obtains

f+ —f
2mB

(18)

(f+ —f )(&.k) =- (&+ —&-) (~. k) (19)

where the B and the D labels refer to the B -+ Kl+l
and D ~ Klv decays, respectively. The window in which

In the SU(3) limit f~ are the H ~ vrlv form factors
Measurements of this mode already exist [18] but are
still not precise enough. On the other hand, the Havor
heavy quark symmetry predicts [3]

In this section we consider various electroweak symme-
try breaking scenarios and their signals in B + K~'~l+l
decays. The main purpose is to illustrate the potential of
these rare decays to discriminate among theories. The re-
sults presented here make use of the form factor relations
(8) and (9). The use of the latter implies a restriction
of the theoretically safe predictions to the region with
m~~ ) 4.0 GeV in the B ~ K*l+l case. %"e slightly
extend this region down to 3.8 GeV to cover the dilepton
mass region above the 4' background &om the indirect
process B -+ K'4' ~ K*l + l . For the B + Kl+l
case we present results for the region 4.2 & m~~ & 4.8
GeV, which is allowed by the use of D —+ Klv data in
(19).
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A. Standard model

At the electroweak scale the only operators contribut-
ing to the b M 8l+l transitions are Oy, 08, and 09.
However, when evolved down to the b quark scale, they
mix with Ol and 02. The coeKcients at p = M~ are
[20]

D(x) = 1 25 2 19 3

(x —1)s 36 36

(—*'/6+ -'*' —3*'+ —"*——:)

We also need Cj (M~) = 0 and Cq(M~) = —1. Defining
g = n, (ms)/n, (M~), the evolution to mb gives [ll)

Cs(Mw) =

Cp(M~) = —
—,'A(x), (21)

B(x)—
820

4820 —1 4
820 C(*) —D(x) + — (22)

9 '

C7(mg) = g
" ' (Cp(M~) —,'„(q' "—1)Cg(M~)

—,'ss (g~s~" —1)Cg(M~) ), (28)

H(x) C(x)
820 82g

where x = (m~~/M~z) and with

x 2 2 5 7—x + —x ——
(xs —1) 3 12 12

x(3/2x —1),
)x —1

(23)

Cs(mb) = Cs(M~) +

(24) where

4 llj23—„(q —1)

,;,(I „--~*))~,(~„)
+[C) (mb) + Cq (mb)]g(m /ms, .

(t ), (29)

B(x) =
E

In+ —1) (25)
Ci z(m~) = —,'[g '~" ~ q" "]Cz(Mw) (30)

C(x) = x (3/2x' + 1)——S+ lnx, 26
4(x —1) x —1

and the last term in Cs(ms) comes from the one-loop
contributions of Ol and 02, which gives a dependence
on q . For q ) 4m it is given by the function

4 2 8 16 z 2 4z ( 4z
u(z, s) = —

&
—lnz —————+ — 1 —

(
2+

f
ln

9 27 9 s 9 s~ ( s~ )

4z~

4z~
2

+i' ) ) (31)

where the imaginary part arises when the charm quarks
in the loop go on shell. In calculating the asymmetry and
dilepton mass distribution we do not include the long-
distance pieces coming from the H —+ K*J/Q plus J/Q —+

t+1 or the analogous process for the @'. The limitations
&om using D —+ K*lv data keep our predictions at m~~

above these contributions.
We are now in the position of calculating the forward-

backward asymmetry for leptons and the dilepton mass
distribution in the SM. We use mq ——175 GeV for the
evaluation of the short-distance coefFicients and we take
]V~],Vt.,

~

s 0 . As it can be seen in Fig. 2(a), the SM
has a large and negative AF~. This is due to the fact that
the largest helicity amplitude is ~H+~. The right-handed
lepton amplitudes are negligible, mostly due to cancella-
tions among short-distance coefficients, whereas )H

~

is
suppressed by the combination of form factors entering
in (lla) with g = 1. The dilepton mass distribution is
shown in Fig. 3(a).

B. Two-Higgs-doublet models

As a first extension of the minimal SM we consider an
extension in the Higgs sector. In models with two Higgs
doublets, tree-level flavor-changing neutral currents are
avoided by coupling quarks of the same charge to the
same Higgs doublet. One such model corresponds to
all fermions getting their masses &om one Higgs doublet
(model I) whereas another alternative is to have the up
quarks getting their masses from one scalar doublet and
the down quarks from the other. The resulting couplings
of the charged Higgs boson to quarks imply a new con-
tribution to the loop in Fig. 1 by replacing the lV with
the charged Higgs boson. These contributions have been
extensively studied in the literature [11,12]. They effec-
tively shift the values of the short-distance coeFicients
C7, Cs, and C9 at p = M~. In model I we have
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1 t vg &~

G(y) A(~), (32)(M )
———A(x) +

l I 6

whereas, zn mo e]

y-2/3 l„yG(y) =
2 1)s 6y 2 y —1

he coeKcients2 M and y = mtwith /: mg
k sca&e are id.entical i»o|8 and C9 at the electroweak sca e are

models and are given by(I 1 (vi ll A( ), (33)C(M )= — —A( )+G(

where

—&(*)Cs(M~) = 4s20 —1 vi
s20 (v2) 2

4 vi—D(~) + ———y+(y),9 v2
(35)

0
&(&)

Cs(Mg ) = 1
S20

2

(v2j 2

-0.2

-0.4
10

(al

-0.6

3.9 4.1

may

4.2 4.3 4.4
4

(b)

0
3.9 4.1

mjy

4.2 4.3 4.4

4.2—

-0.4— 10—

4.6—

4.1 4.2 4.3 4.4

kward asymmetry for leptons as ayI, th dot-d h d li i th
dile ton mass in ~ K'*/

h
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line is model II with v2 vq ——

hdi
dashed line is t e top-co o

m, g I ——500 GeV, wwhereas the dot- as e
s ond to the- square-root= 1 TeV. Both cases correspon o

h .a'--l"'--, nansatz of Eq. (43) with a nega i

0-
3.9 4.1 4.2 4.3 4.4

K*/+l, inile ton mass distributions for B —+ K
units of 10 x v . The caption is t e samB ~
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with SU(3), x U(1)~, x SU(3)2 x U(1)y,

79 19
108 54

1 47

(y —1) 108

y/3 —ys/6 —2/9+ lny
g —1

Extending the Higgs sector does not give contributions
to operators outside the SM operator basis (2). The co-
efIicients C7, Cs, and Cg corresponding to the operators
(3) remain zero. The model is determined by the value
of m~, the charged Higgs boson mass, and v2/vq, the
ratio of vacuum expectation values of the two-Higgs dou-
blets. We take a representative example in each model.
Model II gives and enhancement to b —+ sp and there-
fore is highly constrained by experiment [1,2]. Choosing
v2/vq ——1, m~ = 300 GeV is at the edge of the allowed
region, although the constraints are loosen if one takes
into account the theoretical uncertainties related to the
choices of the renormalization scale and scheme [14]. The
asymxnetry AFB in this model is given by the dashed line
in Fig. 2(a), whereas the dilepton mass distribution is
given by the dashed line shown in Fig. 3(a).

On the other hand, in model I the coefIicient Cy gov-
erning 6 —+ Sp transitions may be suppressed due to can-
cellations, as it can be seen in (32). In fact, the extra
terms may even reverse the sign of C7. We choose as an
example in this model a case in which the magnitude of
Cy is the same as in the SM but the sign is the opposite.
One way of achieving this is with n2/vq ——0.50, m~ = 100
GeV. Although in conflict with the current measurement
of Ra at the CERN e+e collider I EP [15], this choice
constitutes an interesting example given that leaves the
b ~ 8p unchanged, while largely modifying the values
of C8 and Cg. This translates into important changes in
both the forward-backward asymmetry for leptons and
the dilepton mass distribution, as can be seen in the dot-
dashed lines in Figs. 2(a) and 3(a).

-+ SU(3)gcD x U(1)~ . (38)

~z' = +pg&(tan~ (s "PL'Yp@L + s&W'p&R sdR YmdR)

—cot 0'(syL, y„yl. + , t~p„—t~—sbRp~b~) j, (39)

where vP = (u, d), y = (t, b), and gq is the U(1)y coupling.
The angle 0' is small, which selects the top quark direc-
tion for condensation. The corresponding Z' coupling to
first- and second-generation leptons is also suppressed by
tan 0', whereas the coupling to the w lepton is enhanced
by cot O'. After rotation to the mass eigenstates, (39)
generates four-fermii. on interactions leading to additional
contributions to the b —+ sl+l transitions. For I = e, p,
the short-distance coeFicients are independent of 0' and
are given by

~sM 1 Vbacs ——C8
2 Vgb V~*

SM 1 Vbs
Cg ——Cg 6 V,bV, ; (40b)

and, for the coefficients of (3),

(41a)

I 1 Wb,
(41b)

The SU(3)q xU(1)y; couples strongly to the third gen-
eration whereas the SU(3)2 xU(1)&, is strongly coupled
to the first two. The SU(3)qxU(l)~, is assumed to be
strong enough to form a chiral (ttQ condensate, but not
(bb) or (ww) condensates, giving a large mass to the top
quark. There is a residual SU(3)'xU(1)' which implies
the existence of a massive color octet B (top gluon) and
a singlet Z'. The couplings of the latter to the quarks
are given by [10]

C. Top-color models where we have defined

We now turn to a class of models that has the potential
to give not only sizable shifts in the coefIicients CY, Cs,
and Cg but also can generate contributions to "wrong"
chirality operators. Nonzero values of CY, Cs, and Cg
strongly affect the pattern of helicities with respect to the
SM. This can be clearly appreciated from expression (ll)
for the transverse helicities, where the terms containing
the "wrong"-chirality coeFicients are multiplied by the
combination of form factors with the opposite relative
sign. This implies, for instance, that H could become
comparable to H++, which would induce a cancellation in
AF~. Right-handed helicities could also become impor-
tant.

Top-color models [10] are of interest due to the fact
that they give special status to the third generation
through the dynamical generation of the top quark mass.
The dynamics at = 1 TeV is given by the gauge structure

8vr v2 (Mz l
Mz (M~) (42)

I
&a.

I
=

I
~a.

I
= + -',

I &~.
I

. (43)

Estimates of top-color contributions to other Bprocesses,
as b + sp and Be —Be mixing, are discussed in [10].
The results for the asymmetry are plotted in Fig. 2(b)

and Vb, ——Db, Dbb and R'b, ——Db, Dbb are the resid-
ual nondiagonal terms in the Z' couplings after the di-
agonalization of the mass matrix for down-type quarks
according to D tMLED . The FCNC couplings Vb, and
R"b, are only fixed by a speci6c realization of the model.
In order to make a prediction, we take them to be equal
and approximately half the SM charged current equiva-
lent V&, . This corresponds to the squared-root ansatz in
[»]:
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TABLE I. Integrated asymmetry and branching fraction in the region m&~ ) 3.8 GeV in
B -+ K I+I . For top quark (TC) color we take into account both possible relative signs (—/+)
between the FCNC couplings and the corresponding CKM matri~ elements.

SM
2HDM-I (v2/vq ——0.50, m~ = 100 GeV)
2HDM-II (v2/vq ——1, mH = 300 GeV)
TC (Mz' = 500 GeV)
TC (Mz' = 1 TeV)

partialFa
—0.57
—0.42
—0.48

—0.138/ —0.250
—0.36/ —0.46

10—6

impartial

0.50
2.83
0.63

4.o/5. o
0.6/0. 0

for the minus sign in (43) and for both Mz = 500 GeV
and Mz~ = 1 TeV. In both cases, but in particular in
one of them, it can be seen that the asymmetry is very
different than the one obtained in the SM. The dilepton
mass distributions are shown in Pig. 3(b). The effect of
the Z' is striking both in the asymmetry and the dilepton
mass distribution, even when looking at such a restricted

(a)

0

region of phase space. The asymmetry becomes a more
sensitive test for a much heavier Z'. For instance for
Mz~ ——1 TeV the branching ratio is not much larger than
in the SM, whereas the asymmetry is still significantly
different. In Table I, we show the branching ratios and
asymmetries corresponding to m~~ & 3.8 GeV in the cases
considered above.

We finally point out that top-color models as the ones
considered above, that produce observable effects with
l = e and p are likely to give very large effects for
l = w. This is due to the fact that the four-fermion in-
teractions induced by (39) together with the similar La-
grangian for 7 leptons, are proportional to cot O'. This
implies large contributions to b ~ 87.+7 processes like
B m K(')7.+~ and B, +~+~ [2-1].

The results for B ~ KL+l can be seen in Fig. 4,
where the dilepton mass distributions are plotted for the
various cases considered above and in the region allowed
by the use of the relations (19). It can be seen that this
mode is not such a powerful test of the SM. However
its observation will be an important complement to the
information extracted from B ~ K*l+l . The results
for this decay are summarized in Table II.

4.2 4.3 4.4 4.5 4.6 4.7 4.8

V. CONCLUSIONS

0.8—

0.4—

0.2-

0—
4.2 4,3 4.4 4.5

may

4.6 4.7

FIG. 4. Dilepton mass distributions for B ~ Kl+l, in
units of 10 x 7~. The caption is the same as in Fig. 2.

As we have seen in previous sections, the decay B ~
K*l+l is a powerful test of the SM. This is true even
when the present experimental situation restricts the reli-
able predictions of hadronic matrix elements to the region
with m&& & m+, . The angular information is likely to be
an extremely useful tool given its sensitivity to changes
in the short distance coe%cients in (1). The forward-
backward asymmetry AFB is very large and negative in
the SM, as it can be seen in Pig. 2(a) and in Table I.
This is caused by an accidental partial cancellation in
the short-distance factor that makes the helicity H+ to
be significantly larger than all the others, causing a large
negative value in (15).

The two-Higgs-doublet scenarios we discussed in
Sec. IV are a good example of the type of modifications
to be expected in the asymmetry and the dilepton mass
distribution. Model I is an example of new physics that
gives the same 6 —+ 8p rate as the SM, but will have
very different branching ratios and angular distributions
in 6 ~ sl I . This can be seen in Pigs. 2(a), 3(a), and
4(a).

We have also considered the effects of top-color models
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TABLE II. Integrated branching fraction in the region
m~~ ) 42 GeV in B ~ Kl+l . For TC we take into ac-
count both possible relative signs (—/+) between the FCNC
couplings and the corresponding CKM matrix elements.

SM
2 HDM-I (vz/vi ——0.50, mH = 100 GeV)
2 HDM-II (vz/vi = 1, m~ = 300 GeV)
TC (Mz' = 500 GeV)
TC (Mz~ = 1 TeV)

10
—7BPartial

1.6
4.5
0.9

1.1/2. 5
0.6/1.0

[10], as an example of a theory that gives contributions
to "wrong" chirality operators. The 6 —+ sl+ l decays
are the first low-energy data that could be strongly af-
fected by the phenomenology of these models, which are
also expected to produce important effects on top and
bottom production [22] as well as on I'(Z ~ bb) [23].
We have seen in Sec. IV that a 500-GeV color-singlet bo-
son strongly coupled to the third generation gives large
deviations &om the SM in both the asymmetry and the
dilepton mass distribution, as long as the neutral mixing
induced is chosen to be of the same order as the cor-
responding Cabibbo-Kobayashi-Maskawa (CKM) matrix
element as in (43). The asymmetry [Fig. 2(b), dashed
line] is largely reduced with respect to the SM value.
This is due not only to shifts in the coefBcients C8 and
C9 which upset the cancellation taking place in the SM,
but also due to nonzero values of C8 and C9, the coef-
ficients of the "wrong" chirality operators 08 and 09 in
(3). The latter implies important contributions to helic-
ity amplitudes that were largely suppressed in the SM.
The sensitivity of the angular information to nonzero val-
ues of these coefBcients is illustrated in the case m~
TeV. There, the dilepton mass distribution [Fig. 3(b),
dot-dashed line] is not very difFerent from the SM pre-
diction. However, the asymmetry is still substantially
smaller, as can be appreciated from Fig. 2(b). The infor-
mation in the figures is presented in a different form in
Tables I and II.

Although it is true that reliable predictions for the
hadronic matrix elements are presently limited to large
dilepton masses, this might not be such an important lim-
itation regarding the quality of the angular information.
The availability of B —+ p/v data will allow SM tests for
all dilepton masses in B —+ K*l+l . However, the dis-
tinctive features of the angular information are likely to
disappear or not be so important for smaller m&& ~ For in-
stance, the SM asymmetry will not be so large for smaller
m&& due to the absence of a near cancellation in some of
the short-distance factors in (ll). This suggests that
concentrating on the region of large m&& is not just con-
venient because of the lack of information &om B ~ plv,
but also because the angular information is most discrim-
inating there. The pseudoscalar mode B —+ K/+3 is not
as rich in information as B ~ K'I+I is, but it can be
an important complement to it. For instance, in some
extensions of the SM the B ~ Kl+l is smaller than in
the SM whereas in others is larger. This is clearly illus-
trated in the examples considered above and is shown in
Fig. 4 and in Table II.

In the near future experiments in both hadron and
e+e colliders will have sensitivity to branching fractions
as the ones in Tables I and II. The current upper limit
corresponds to a partial branching &action in the region
we have considered, of approximately (1—2) xlO s [4,5]
for the B' ~ K*I+ l mode. Therefore, experimental
information is about to start constraining new physics
models and soon will be at the level of the SM predic-
tions. The reconstruction of the dilepton asymmetries
will then be an important probe into the physics of the
electroweak symmetry-breaking scale.
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