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We review and update the effects of physics beyond the standard model onCP asymmetries inB decays.
These asymmetries can be significantly altered if there are important new-physics contributions toBq

0-Bq
0

mixing. This same new physics will, therefore, also contribute to rare, flavor-changingB decays. Through a
study of such decays, we show that it is possible to partially distinguish the different models of new physics.
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PACS number~s!: 13.25.Hw, 11.30.Er, 12.15.Ji, 12.60.2i

I. INTRODUCTION

Within the standard model~SM!, CP violation is due to
nonzero complex phases in the Cabibbo-Kobayashi-
Maskawa~CKM! quark-mixing matrix. In the Wolfenstein
parametrization@1#, only the elementsVub andVtd have non-
negligible phases:
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wherel50.22 is the Cabibbo angle. The phase information
of the CKM matrix can be displayed elegantly using the
so-called unitarity triangle~Fig. 1!, which follows from the
orthogonality of the first and third columns.CP violation is
indicated by a nonzero area of the unitarity triangle; to date,
the only evidence forCP violation comes fromueKu in the
kaon system.

At present, constraints on the unitarity triangle come from
a variety of sources@2#. The sides of the triangle can be
probed directly—uVub/Vcbu in charmlessB decays, and
uVtd/Vcbu throughBd

0-Bd
0 mixing. The three angles,a, b, and

g, are constrained by the above measurements, as well as
those ofueKu andB decays to charmed mesons~uVcbu!. How-
ever, with the exception ofuVcbu, in all cases there are large
theoretical hadronic uncertainties in the extraction of the
CKM matrix parameters from such measurements. As such,
our current knowledge of the unitarity triangle is rather poor.

In the coming years, we will be able to precisely deter-
mine the unitarity triangle, and hence test the SM explana-
tion of CP violation. The key measurements involveCP-
violating asymmetries in B decays. Through such
measurements, the weak phasesa, b, andg can be extracted
with no hadronic uncertainty@3#, and then compared with the
SM predictions.

It is useful at this point to review how theCP angles are
probed inCP asymmetries. Most asymmetries of interest
measure mixing-induced indirectCP violation, which comes
about through the interference of the two amplitudesB→ f
andB→B̄→ f . In order to cleanly extract the weak phases
from theseCP asymmetries, two conditions must be met.
First, in the neutralB system, one must haveG12!M12. This
relation holds within the SM, where G12/M12
;3pmb

2/mt
2&1022. Second, the direct decayB→ f must be

dominated by a single weak amplitude. If this is not the case,
then one may have directCP violation, which involves un-
known strong phases. In fact, in the SM mostB decays
which are useful forCP asymmetries have more than one
weak amplitude—in addition to the tree-level contribution,
one may also have penguin diagrams@4#. However, for the
cases of interest, the penguin contamination is either unim-
portant or can be eliminated using isospin@5# and other con-
siderations. We refer to@3# for a more complete discussion
of these issues.

Assuming that the above two conditions are met, theCP
asymmetry measures Iml, wherel is a pure phase:

l5S X

X* D S Y

Y* D S Z

Z* D . ~2!

The three pieces are defined as follows@6#. X is the weak
phase of the directB→ f decay amplitude. For example,

FIG. 1. The unitarity triangle. The anglesa, b, andg can be
measured viaCP violation in theB system.
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Xb̄→ ūu d̄5VubVud* in the SM.Y is the phase ofB0-B0 mix-

ing: e.g., forBd
0-Bd

0 mixing in the SM,Yd5Vtb* Vtd . Finally,
Z is the phase ofK-K̄ mixing, which is important only if the
final state f contains a neutral kaon. In the SM, assuming
thatK-K̄ mixing is dominated by box diagrams with virtual
c quarks,Z5VcdVcs* , which is real to a good approximation
in the Wolfenstein parametrization.

From the above equation, it is straightforward to establish
whichCP angles are measured in differentCP asymmetries.

For example, theCP asymmetries in
(
Bd

)→p1p2 and
(
Bd

)→CKs probe sin 2a and sin 2b, respectively. And the
angle g can be extracted from theCP asymmetry in
(
Bs

)→Ds
6K7 @7# ~the function in this case is sin2 g!. An-

other way of measuringg, which does not involve mixing-
inducedCP violation, is via the asymmetry inB6→DCPK

6

@8#. In all cases, theCP phases can be obtained with no
hadronic uncertainty. Of course, there are many otherCP
asymmetries which can be used to obtain the anglesa, b,

and g. @For certain decays~e.g.,
(
Bs
0)→Cf! CP asymme-

tries probe very small angles of other unitarity triangles,
which are almost flat@75#.#

Once these angles are measured, it will be possible to test
the SM by comparing the measured values with the SM pre-
dictions, as well as with the angles expected from indepen-
dent measurements of the sides of the unitarity triangle.~As
we will see below, these two comparisons are not necessarily
equivalent.! As mentioned above, the SM predictions are not
very precise at present. Even so, the experimental data do
somewhat constrain theCP angles@2#. For example, sin 2b
must be between 0.32 and 0.94 at 95% C.L. In addition, the
predictions fora, b, andg are correlated, since there is only
a single complex phase in the CKM matrix and the three
angles must add up to 180°. A special correlation was shown
to exist between small values of sin 2b and large values of
sin 2a @9#, and an almost linear correlation was found be-
tweena andg @10#.

All this presupposes that the SM is the complete descrip-
tion of the weak interactions andCP violation. However, it
is widely accepted that there must be physics beyond the
SM. There are a number of ways in which new physics can
manifest itself through the measurement ofCP asymmetries:

~1! The relationa1b1g5p is violated.
~2! Although a1b1g5p, one finds values for theCP

phases which are outside of the SM predictions.
~3! TheCP angles measured are consistent with the SM

predictions, and add up to 180°, but are inconsistent with the
measurements of thesidesof the unitarity triangle.

In any of these cases, it is only natural to then ask what
type of new physics could be responsible.@A special possi-
bility is the so-called superweak-type model@11#, in which
the CKM phase vanishes~i.e., g50!, and theCP asymme-
tries in

(
Bd

)→p1p2 and
(
Bd

)→CKs are equal in magni-
tude. It is possible, but not necessary, that these asymmetries
vanish in such models, in which case the unitarity triangle
becomes a straight line.#

A first step in answering this question was taken in@12#,
which examined the effects of a variety of models of new
physics on theCP asymmetries inB decays. The authors of

@12# concentrated on items~1! and ~2! above. Their conclu-
sion was that the predictions of the SM can be considerably
altered in many of these models.

The reasoning goes as follows. First, it is very difficult to
significantly change the relationG12!M12, even in the pres-
ence of new physics. Second, in most models of new phys-
ics, there are no new tree-level contributions toB decays.
ThereforeCP asymmetries continue to measure a well-
definedCP phase, as in Eq.~2!. Of the three pieces in Eq.
~2!, only Y is likely to be significantly altered by new phys-
ics. This is because~i! althoughZ may be modified in the
presence of new physics, only in extremely contrived models
can arg(Z) be changed, and~ii ! X can be affected only if
there are new amplitudes which can compete with the
W-mediated tree-level decay, and there are very few models
of new physics in which this occurs.~Small new-physics
effects onX are studied in Ref.@76#.! Thus, the principal
way that the SM predictions forCP asymmetries can be
significantly modified is if there are sizable new-physics con-
tributions toB0-B0 mixing with phases different than in the
SM. It is therefore straightforward to establish, model by
model, which types of new physics can do this. Examples of
models of new physics which can significantly affect theCP
asymmetries includeZ-mediated flavor-changing neutral cur-
rents, four generations, nonminimal supersymmetric models,
etc. In some of these models,ueKu is also likely to obtain
sizable new-physics contributions.

One point which was not emphasized in@12# is the third
way of detecting new physics@item ~3! above#. That is, even
if the new-physics contributions toB mixing have the same
phase as in the SM their presence can still be detected. This
is because, although theCP phasesa, b, and g are un-
changed from their SM values, the new physics affects one
of the sides of the unitarity triangle, namely the extraction of
uVtd/Vcbu from Bd

0-Bd
0 mixing. Thus, the measurements of

the angles and those of the sides will be inconsistent with
one another, indicating the presence of new physics. There
are several models in which this may occur—two-Higgs-
doublet models with natural flavor conservation, minimal su-
persymmetric models, etc.

The question of new physics andCP asymmetries inB
decays has also been discussed in@13#. This paper focuses on
how new physics can affect various relations amongCP
asymmetries in the SM. One of the points made, which is of
particular interest for our purposes, is the following. Suppose
that a ~which stands forp2b2g! andb are measured via
CP asymmetries involvingBd

0 decays, and thatg is obtained
throughB s

0 decays. In this case, if the phase inBs
0-Bs

0 mix-
ing is identical to that of the SM, then the relationa1b
1g5p will hold, regardless of whether there is new physics
in Bd

0-Bd
0 or Bs

0-Bs
0 mixing. In other words, any new-physics

effects inBd
0-Bd

0 mixing cancel in the sum ofa andb.
This has important experimental implications. The angles

a andb will probably be measured throughCP asymmetries
in

(
Bd

)→p1p2 and
(
Bd

)→CKS , respectively. If the angle
g is measured through theCP asymmetry in

(
Bs

)→Ds
6K7,

then one might find that the threeCP angles do not add up to
180°, if there is new physics inBs

0-Bs
0 mixing. However, if
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the angleg is obtained viaB6→DCPK
6, then, unless there

are new contributions toB decays, onemust find a1b
1g5p. This underlines the importance of measuringg ~as
well asa andb! in a variety of independent ways. This also
demonstrates that it will be crucial to search for new-physics
effects in all three ways—if only one of the methods~1!–~3!
is used, one might miss the presence of physics beyond the
SM.

This rather lengthy introduction summarizes previous
work on new physics andCP asymmetries in theB system.
However, these analyses only partially address the issue.
Suppose that theCP anglesa, b, andg are measured, and it
is found that, in fact, the presence of new physics is indi-
cated. Reference@13# presents some tests to determine where
the new physics might be found~e.g., Bd

0-Bd
0 mixing,

Bs
0-Bs

0 mixing, etc.!. Reference@12# identifies which models
of new physics could be involved. However, neither of these
references tells us how to distinguish among these various
models. It is this question which we address in this paper.

As argued above, the new physics can affect theCP
asymmetries mainly through its contributions toBd

0-Bd
0 or

Bs
0-Bs

0 mixing, which are flavor-changing processes. This
same new physics will therefore also affect rare flavor-
changing decays, such asb→sX or b→dX. ~In this paper
we generically refer to such processes as ‘‘penguin’’ de-
cays.! This is the key point. As we will show, some models
of new physics can be distinguished by their contributions to
these rare processes. In fact, for certain models, the new-
physics parameter space leading to large contributions to
B-B̄ mixing also predicts large deviations from the SM pre-
dictions for certain penguin decays. Conversely, if no devia-
tion from the SM is found, this would so constrain the pa-
rameters of the new physics as to render its effects inB-B̄
mixing, and hence theCP asymmetries, unimportant. It is an
experimental question whether or not measurements of the
rates for such penguin decays can be made before theCP
asymmetries are measured. Regardless, it is clear that mea-
surements ofCP asymmetries and penguin decays will give
complementary information. And in fact, unless the new par-
ticles are discovered in future colliders, it will be necessary
to appeal to such measurements to infer their existence indi-
rectly.

The paper is organized as follows. In Sec. II we review
and update the contributions of various models of new phys-
ics toB-B̄ mixing, and hence toCP asymmetries inB de-
cays. We summarize the current experimental constraints on
the new-physics parameters which determine these contribu-
tions. For those models which can affect the SM predictions
for theCP asymmetries, in Sec. III we examine their contri-
butions to flavor-changing penguin decays. We conclude in
Sec. IV.

II. B-B̄ MIXING AND NEW PHYSICS

There are a variety of models of new physics which can
contribute toBq

0-Bq
0 mixing (q5d,s), and which therefore

can affectCP asymmetries inB decays. In this section we
review and update the contributions of these models to this
mixing. ~Note that we include several models not discussed
in @12#.! We also examine how the new-physics parameters

are constrained by current experimental data. In all cases, we
search for new contributions toBq

0-Bq
0 mixing at least com-

parable to that of the SM@14#:

M12
SM~Bq!5

GF
2MBq

hBq
MW

2

12p2 f Bq
2 BBq

xt f 2~xt!~VtqVtb* !2,

~3!

where the mass differenceDM is related to M12 by
DMq52uM12(Bq)u, xt5mt

2/M W
2 , and

f 2~x!5F141
9

4

1

12x
2
3

2

1

~12x!2
2
3

2

x2lnx

~12x!3G . ~4!

New-physics contributions toBq
0-Bq

0 mixing are con-
strained by the measurements of the neutralB-meson mass
differences,DMd @15# andDMs @16#:

DMd5~0.47060.017! ps21, DMs.7.8 ps21. ~5!

These values are consistent with the SM prediction@Eq. ~3!#,
and constrain the CKM elementsVtd andVts as follows@2#:

0.15,UVtd

Vcb
U,0.34, UVts

Vcb
U.0.6. ~6!

These limits include the experimental errors onmt andVcb ,
as well as the theoretical error onf BqABBq

. The bounds on
these quantities due to the unitarity of the 333 CKM matrix
alone are

0.11,UVtd

Vcb
U,0.33, UVts

Vcb
U.1. ~7!

With the addition of new contributions toBq
0-Bq

0 mixing,
the constraints of Eq.~6! on Vtd and Vts are relaxed, al-
though the degree of relaxation is model dependent. In cer-
tain models, the CKM matrix remains unitary, which implies
that the bounds of Eq.~7! still hold. In other models, the 333
CKM matrix is not unitary, so thatVtd or Vts can be much
smaller and in principle even vanish, in which caseBd

0-Bd
0 or

Bs
0-Bs

0 mixing comes entirely from new physics.
In order to see how large the new-physics contributions to

Bq
0-Bq

0 mixing can be in specific models, it is convenient to
normalize these terms by the correspondingW box-diagram
terms which appear in the SM, which are proportional to
V tq

2 . However, one should note that in some cases the latter
parameters can take values outside the SM constraints. To
avoid confusion in this respect, we will denote theW-box
contributions toBq

0-Bq
0 mixing byM 12

W rather than byM 12
SM.

A. Four generations †17‡

This is a model with an additional generation of quarks
and leptons, including a new charge 2/3 quark,t8. The CKM
matrix is 434, which can be parametrized by six angles and
three phases. The unitarity triangle thus now becomes a
quadrangle. There are new loop-level contributions, involv-
ing internal t8 quarks, to bothBq

0-Bq
0 mixing and penguin

decays. The additional phases in the CKM matrix can play a
role in theCP asymmetries.
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There is a model-independent lower bound of 45 GeV on
the mass of thet8 coming from LEP. There are stronger
constraints onmt8 of O~100! GeV coming from hadron col-
liders, but these can be evaded since they depend on how
strongly thet8 couples to theb quark. There is an upper
bound of 550 GeV onmt8 coming from partial-wave unitar-
ity @18#. A heaviert8 will lead to a breakdown of perturba-
tion theory. The strongest constraints on the CKM matrix
elements involving thet8 quark come from unitarity. There
are additional constraints on thet8 mass and its charged-
current couplings coming from theKL-KS mass difference,
from ueKu, from Bd

0-Bd
0 mixing, and fromb→sg. Since the

measurements of all these observables agree with the predic-
tions of the SM, they provide upper limits on their respective
t8 contributions, assuming no accidental cancellations. How-
ever, if one allows for such cancellations, the constraints
become correspondingly weaker. Finally, we note that the
fourth-generation neutrino must have a massmn.MZ/2 due
to constraints from the CERNe1e2 collider LEP. Since this
is quite unlike the first three generations, many argue that the
four-generation model is much less plausible. Still, it is a
logical possibility.

In this model, the extra phases in the 434 CKM matrix
enter through the new contributions toBq

0-Bq
0 mixing. As-

suming that this mixing is dominated by box diagrams witht
and t8 quarks, we have

M12
four gen~Bq!5

GF
2MBq

hBq
MW

2

12p2 f Bq
2 BBq

@E~xt ,xt!~VtqVtb* !2

12E~xt ,xt8!~VtqVtb* !~Vt8qVt8b* !

1E~xt8 ,xt8!~Vt8qVt8b
* !2#, ~8!

where

E~xi ,xj !5xixj H F141
3

2

1

~12xj !
2
3

4

1

~12xj !
2G lnxj
xj2xi

1~xi↔xj !2
3

4

1

~12xi !~12xj !
J . ~9!

Since the additional contributions to the mixing can be of a
similar size to that of the SM, but with different phases, the
CP asymmetries can be considerably altered. For example,
the experimental value ofBd

0-Bd
0 mixing can be explained in

the SM ifVtd50.01~for mt5170 GeV,Vtb51!; the phase of
the mixing is then arg(VtdVtb* )

2. In a four-generation model, in
which the 333 CKM matrix is no longer unitary, this mixing
can be dominated by the fourth generation: e.g.,Vtd;0,
Vt8d50.005, Vtb5Vt8b.1/&, and mt85480 GeV. The
phase of the mixing is then arg(Vt8dVt8b

* )2, which may be
quite different from the SM.

B. Z-mediated flavor-changing neutral currents†19‡

In these models, one introduces an additional vector-
singlet charge21/3 quark, and allows it to mix with the
ordinary down-type quarks. Since the weak isospin of the
exotic quark is different from that of the ordinary quarks,
flavor-changing neutral currents~FCNC’s! involving the Z

are induced. TheZbd̄ andZbs̄ FCNC couplings, which af-
fect B decays, are parametrized by independent parameters
Udb andUsb , respectively, which contain new phases:

LFCNCZ 52
g

2 cosuW
Uqbq̄Lg

mbLZm . ~10!

There are, however, constraints on the FCNC couplings
coming from the processB→m1m2X. The current experi-
mental bound on the branching ratio of this process is@20#

B~B→m1m2X!,531025, ~11!

while the contributions ofZ-mediated FCNC’s to this pro-
cess are

B~B→m1m2X!

B~B→mnX!
5@~gL

m!21~gR
m!2#

uUdbu21uUsbu2

uVubu21FpsuVcbu2
,

~12!

where g L
m521/21sin2uW , gR

m5sin2uW , and Fps.0.5 is a
phase-space factor. The FCNC couplingsUqb , q5d,s are
then constrained to be

UUqb

Vcb
U,0.044, ~13!

or, takinguVcbu50.038860.0036@2#,

uUqbu,0.001760.0002. ~14!

~Similar constraints can be obtained from the bound on
B→nn̄X @21#.!

The Z-mediated flavor-changing couplingsUqb can con-
tribute toBq

0-Bq
0 mixing:

M12
Z ~Bq!5

&GFMBq
hBq

12
f Bq
2 BBq

~Uqb* !2. ~15!

Recall that there can be new, independent phases inUqb .
Comparing the contribution of this new physics to

Bq
0-Bq

0 mixing with that of the SM, we find

DMd
Z

DMd
W5

&p2

GFMW
2

1

xt f 2~xt!

uUdbu2

uVtdVtbu2
580

uUdbu2

uVtdu2
, ~16!

where we have takenuVtbu51 andmt5170 GeV.
In this model the CKM matrix is not unitary:

Vud* Vub1Vcd* Vcb1Vtd* Vtb5Udb , ~17!

so that the constraint of Eq.~7! on Vtd does not hold. Since
uUdbu is bounded by Eq.~14!, we find

0.07,UVtd

Vcb
U,0.37. ~18!

Consequently,

DMd
Z

DMd
W5~0.9226!F uUdb /Vcbu

0.04 G2, ~19!
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where the numerical coefficients 0.9 and 26 correspond to
the largest and smallest values ofuVtd/Vcbu. The sum of the
W andZ contributions toBd

0-Bd
0 mixing is consistent with

measurement for the entire range ofVtd .
Bs
0-Bs

0 mixing can be analyzed similarly. However, in this
case, the effect ofUsb on the violation of (sb) CKM unitar-
ity is small, so that

DMs
Z

DMs
W50.15F uUsb /Vcbu

0.04 G2. ~20!

From this we see thatBd
0-Bd

0 mixing can in fact be domi-
nated byZ-mediated FCNC. And althoughBs

0-Bs
0 mixing is

still mainly due to theW-box contribution, the new-physics
contribution may be non-negligible, so that the new phases
in Usb can be important. Thus, in both cases, measurements
of CP asymmetries can differ considerably from the predic-
tions of the SM.

It is interesting to note that there exist specific models
with seesaw-like predictions for the flavor-changingZ cou-
plings @22#:

Uqb5Amqmb

M2 , M;0.1–1 TeV. ~21!

Depending on the precise value ofM , these couplings do not
lie too far below the present limit@Eq. ~14!#, and may thus
give sizable contributions toBd

0-Bd
0 andBs

0-Bs
0 mixing.

In one particular flavor-changingZ model @23#, CP is
violated spontaneously, the CKM matrix is essentially real,
and the new contributions toBq

0-Bq
0 mixing lead to very

small phases. The unitarity triangle becomes a straight line
and allCP asymmetries are expected to be tiny.

C. Multi-Higgs-doublet models

Models with more than one Higgs doublet can be classi-
fied into two types: ~i! models with natural flavor conser-
vation @24#, in which there are no flavor-changing neutral
currents, and~ii ! models in which flavor-changing interac-
tions can be mediated by neutral scalars@25#. We discuss
these in turn.

1. Natural flavor conservation

In models with natural flavor conservation@26#, the new
charged scalars may give significant contributions to
Bq
0-Bq

0 mixing if their masses lie in the range of 50 GeV to
about 1 TeV@27#. The Yukawa couplings of the charged
scalars to up- and down-type quarks are given by

LH65
g

&MW
(
i

~XiŪLVCKMMDDR

1YiŪRMUVCKMDL!Hi
11H.c. ~22!

HereU(D) is a vector of up-type~down-type! quarks, and
MU(MD) is the diagonal charge 2/3~charge21/3! quark
mass matrix.Xi andYi are complex coupling constants aris-
ing from the mixing in the scalar sector. In the case of two
Higgs doublets, in which one doublet provides masses to all

quarks and the other decouples from the quark sector~model
I!, Y52X5cotb, where tanb is the ratio of the two vacuum
expectation values. In a more popular version of the two-
Higgs-doublet model~model II!, found in supersymmetric
models, for example~see discussion below!, one scalar~f1!
gives mass to the up-type quarks while the other scalar~f2!
gives mass to the down-type quarks. In this caseX5tanb and
Y5cotb5v2/v1 .

For simplicity of presentation in the following we assume
that only one charged Higgs is light; the others are heavy and
decouple. This leaves two complex coupling constants,X
andY. There are several useful observations regarding Eq.
~22!. First, theY term is dominated by thet quark: LH6

Y

;Y(mt /MW)H
1 t̄RVtidiL . Second, because of the smallness

of the down-type quark masses, theX term is important only
if uXu@uYu. In this region of parameter space,CP violation
can appear in charged-Higgs exchange ifX and Y have a
nonzero relative phase. However, the observed rate ofb→sg
constrains Im~XY* !,2–4@28#, thus ruling out the possibility
that CP-violating effects due to charged-Higgs-boson ex-
change can compete with those due toW exchange. Since the
inclusion of theX term does not lead to newCP violation,
and since in general it is much smaller than theY term, from
here on we will generally ignore theX term altogether. We
will refer to the possibility of very largeX only when its
effect is particularly important.

There are two types of box diagrams involving charged
Higgs bosons which contribute toBq

0-Bq
0 mixing: those with

one H and oneW, and those with twoH ’s. The total
charged-Higgs-boson contribution is given by@29#

M12
H1

~Bq!5
GF
2MBq

hBq
MW

2

48p2 f Bq
2 BBq

~VtqVtb* !2@ I HH1I HW#,

~23!

where

I HH5xtytI 1~yt!uYu4,

I HW52xtyt@4I 2~xt ,yt!1I 3~xt ,yt!#uYu2, ~24!

with

I 1~y!5
11y

~12y!2
1

2y lny

~12y!3
, ~25!

4I 2~x,y!1I 3~x,y!5
~x24y!lny

~y2x!~12y!2
1

3x lnx

~y2x!~12x!2

1
x24

~12x!~12y!
. ~26!

Here, xq[mq
2/M W

2 and yq[mq
2/MH1

2 . Note thatM12
H1
(Bq)

involves the same CKM factors and has the same phase as
the W-box contributions. Therefore, the ratio of the two
terms is independent of CKM factors and is positive, such
that the two contributions add up constructively. ForMH1 in
the range 100–400 GeV, this ratio may be approximated to
within about 20% by an inversely linear relation:
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M12
H1

~Bq!

M12
W~Bq!

'S 100 GeV

MH1
D @0.24uYu411.05uYu2#. ~27!

For smaller and larger Higgs masses this simplified expres-
sion holds within about 30%.

The parametersuYu andMH1 are constrained by compar-
ing the observed rate ofb→sg @30# with the SM prediction
@31#. These constraints also depend onX @32#. At 3s the
bounds are

20.56,uYu
1

3
GW~yt!1XY*GH~yt!,0.27, ~28!

where

GW~y!5
y

12~12y!4
@~725y28y2!~12y!

16y~223y!ln~y!#,

GH~y!5
y

6~y21!3
@~325y!~12y!12~223y!ln~y!#.

~29!

The implications of these bounds onY and MH1 depend
somewhat on the details of the model@33#. In a two-Higgs-
doublet model of type II~XY51!, charged-Higgs-boson
masses below about 300 GeV are already excluded, indepen-
dent of the value ofY. In a two-Higgs-doublet model of type
I (X52Y), Higgs-boson masses in the entire rangeMH1

,800 GeV are excluded if one assumesuYu.2.7. However,
in a general multi-Higgs-doublet model, in whichX andY
are independent parameters, the constraints become weaker.
This leaves a large region ofuYu2MH1 parameter space in
which the charged-Higgs-boson contribution toBq

0-Bq
0 mix-

ing @Eq. ~27!# can be significant and even dominant. For
example, in a general model, the valuesMH15400 GeV and

Y53 are allowed, which impliesM12
H1
/M12

W57. In this case
the sum of theW andH1 terms~dominated byH1! is con-
sistent with the measurement ofBd

0-Bd
0 mixing for the small-

est values ofVtd in the unitarity range@Eq. ~7!#.
There is also a bound on the parametersuYu andMH1

from the latest ALEPH measurement ofRb[G(Z
→bb̄)/G~Z→hadrons!50.215860.0014 @34#. Assuming the
neutral-Higgs-boson contribution toRb is small~i.e.,X is not
too large! @35#, at 3s this results in the constraint@36#

uYu2F~yt!,1.7, ~30!

whereyt5mt
2/MH1

2 and

F~y![
y

~y21!2
@y212 lny#. ~31!

This constraint is somewhat weaker than that fromb→sg.
It is important to note that the phase ofBq

0-Bq
0 mixing is

unaffected by these new contributions. Also, the unitarity of
the 333 CKM matrix holds in these models. Consequently,
although the extraction ofuVtdu through the measurement of
DMd has to take theH

1 contribution into account, the mea-

surement of its phase in the asymmetry of
(
Bd

)→CKs is
unaffected by the presence of the new physics.

Particularly interesting are models of spontaneousCP
violation, in which the entire Lagrangian isCP invariant
while the vacuum is not.~In the Weinberg three-Higgs-
doublet model@24#, this possibility seems to have already
been ruled out by the experimental upper limit on the neu-
tron electric dipole moment@28#!. In this caseCP is violated
in ~neutral and charged! Higgs-boson exchange, while natu-
ral flavor conservation leads to a real CKM matrix@37#.
Thus, the unitarity triangle becomes a straight line, and the
amplitude ofBq

0-Bq
0 mixing is real.

2. Flavor-changing neutral scalars

In the second class of models, flavor-changing neutral
scalar interactions between quarksi and j exist, but are sup-
pressed by factorsFi j due to an approximate global symme-
try. Such models have recently received special attention
@38–42#. In this caseBq

0-Bq
0 mixing may also receive large

contributions from tree-level neutral-Higgs-boson exchange
amplitudes which carry new phases. Denoting the flavor-
changing neutral-Higgs-boson couplings by (mi /v)Fi j

~mi.mj , v
225&GF!, their contributions toBq

0-Bq
0 mixing

are given in the vacuum insertion approximation by

M12
H0

~Bq!'
5&

24

GFf Bq
2 mBq

3

MH0
2 Fqb

2 , ~32!

whereMH0 includes possible complex mixing among several
neutral Higgs fields.

Comparing with mixing in the SM, we find

M12
H0

~Bq!

M12
W~Bq!

'0.50S Fqb

VtqVtb*
D 2S 100 GeV

MH0
D 2. ~33!

Thus the neutral Higgs contributions may substantially
modify the SM prediction forBq

0-Bq
0 mixing. The unitarity

triangle holds in this model. However neither the magnitude
of Vtd nor its phase can be directly measured throughDMd

and the asymmetry in
(
Bd

)→CKs , respectively.
In models with specific predictions forFi j , this leads to

large effects in an interesting range of Higgs-boson masses.
For instance, neutral-Higgs-boson contributions toBq

0-Bq
0

mixing are sizable for Higgs-boson masses around 100 GeV
when flavor-changing couplings have the form@39,40#

Fqb5VtqVtb* , ~34!

and for Higgs-boson masses of a few hundred GeV up to
about a TeV in models in which@38#

Fqb5Amq /mb. ~35!

In general, these new contributions carry unknown phases
and have to be added to the charged Higgs contributions@Eq.
~27!#.

In the presence of flavor-changing scalar interactions, the
special case of spontaneousCP violation does not, in gen-
eral, forbid a phase in the CKM matrix. For a particular
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choice of the softly broken symmetry this phase may, how-
ever, be very small@42# or may even vanish@40#. This would
imply that the unitarity triangle becomes a straight line,
while theBq

0-Bq
0 mixing amplitude carries a complex phase.

D. Left-right symmetric models

In left-right symmetric models@43#, the gauge group is
extended to SU~2!L3SU~2!R3U~1!B2L , along with a dis-
creteL↔R symmetry. The right-handed CKM matrix is then
related to its left-handed counterpart:VR5VL or VR5(VL)* .
The right-handedWR can participate in weak processes in
the same way as the ordinaryW ~although certain decays are
forbidden if thenR is too heavy!. In particular, theWR can
contribute toBq

0-Bq
0 mixing through box diagrams, as in the

SM. However, limits from theKL-KS mass difference con-
strain theWR to be heavier than 1.4 TeV@44#, which would
render its effects in theB system negligible.

If one abandons the discreteL↔R symmetry, so thatVR

is unrelated toVL, the constraints from theKL-KS mass dif-
ference can be evaded. For judicious choices of the form of
VR, CP-conserving experimental data permit theWR to be
considerably lighter,MR*300 GeV @45#. However, unless
the elements ofVR are considerably fine-tuned, there will be
large contributions to theCP-violating parameterueKu @46#.
Assuming no such fine-tuning, theWR is again constrained
to be heavy,MR*5 TeV.

The above analysis assumes thatVL has the same form as
in the SM. However, this need not be the case. For example,
it was suggested@47# thatB decays might in fact be mediated
by theWR , instead of the ordinaryW. The longB lifetime
would then be interpreted as being due to the heaviness of
theWR , rather than to the smallness ofVcb . A variety of
different forms forVL andVR were proposed@47,48#. In all
cases, theV cd

R element was considerably smaller than in the
SM, leading to the prediction thatB(b→cc̄d)/B(b→cc̄s) is
at most;1024. However, the decayB→Cp has since been
observed with a branching ratio in agreement with the SM
@49#, effectively ruling out all such models.

Our conclusion is therefore that there are no important
new-physics effects in theB system within left-right sym-
metric models. The one possible exception is if one consid-
erably fine-tunes the right-handed CKM matrix@50#, but we
do not consider such possibilities here.

E. Supersymmetry

In the supersymmetric standard model~SSM! @51#, the
gauge group is unchanged, but a plethora of new particles is
added. These include the supersymmetric partners of the SM
particles, as well as a second Higgs-boson doublet~in some
versions, additional Higgs-boson representations are also
present!. In the SSM there are thus a variety of new contri-
butions toBq

0-Bq
0 mixing. These come from box diagrams

with internal ~i! charged Higgs bosons and charge 2/3
quarks,~ii ! charginos and charge 2/3 squarks,~iii ! gluinos
and charge21/3 squarks, and~iv! neutralinos and charge
21/3 squarks. The relative sizes of these new contributions,
as well as their phase information, depend on the version of
the SSM.

We first consider the minimal supersymmetric standard
model ~MSSM!, which is usually taken to mean the low-

energy limit of the minimal spontaneously brokenN51 su-
pergravity model. Here one typically imagines that there is
unification at some high scale (Mx), and that supersymmetry
~SUSY! is broken at this scale by some unknown mechanism
~e.g., a ‘‘hidden sector’’! which interacts only gravitationally
with the known fields. SUSY breaking is parametrized by
soft breaking terms in the supergravity Lagrangian@52#. The
low-energy effects of SUSY breaking, as well as the masses
of the superpartners, are calculated by running the
renormalization-group equations down fromMx to the weak
scale. The net effect is that, in addition to the usual gauge
and Yukawa couplings, the MSSM is described by only four
new parameters. The masses and mixings of all superpartners
at low energy can be described in terms of these four param-
eters. If one also requires that the spontaneous breaking of
SU~2!L3U~1!Y be induced radiatively, there is a further re-
duction in the number of SUSY parameters from 4 to 3@53#.

Although there are several new SUSY contributions to
Bq
0-Bq

0 mixing, in the MSSM these all have the same phase
as in the SM, to a good approximation. We consider them in
turn @54#.

~i! Charged Higgs bosons and charge 2/3 quarks:These
contributions have already been described above in the dis-
cussion of the two-Higgs-doublet model~Sec. II C 1!. Unless
one goes to extremely large values of tanb, the charged
Higgs couples the down-type quarks only to thet quark:

LH6.
g

&
cotb

mt

MW
H1 t̄RVtidiL . ~36!

Thus the contribution toBq
0-Bq

0 mixing from charged Higgs
bosons is proportional to (Vtb* Vtq)

2, as in the SM.
~ii ! Charginos and charge 2/3 squarks:The couplings of

theW̃6 andH̃6 to up-type quarks are very similar to those of
the W6 and H6. ~Note that the physical charginos are in
general linear combinations ofW̃6 and H̃6!. In particular,
the W̃6 couples only to left-handed up-type squarks:

LW̃5
g

&
~ ũ,c̃, t̃ !LVCKMW̃̄gLS ds

b
D , ~37!

while in the limit of negligible down-type quark masses, the
H̃6 couples mainly to right-handed squarks~assuming non-
extreme values of tanb!:

LH̃.
g

&

1

sinb

mt

MW
t̃RVti H̃̄gLdi , ~38!

wheregL5~12g5!/2. The contributions toBq
0-Bq

0 mixing of
both theW̃6 andH̃6 are proportional to (Vtb* Vtq)

2, as in the
SM. For theH̃6 this follows directly from the above equa-
tion, while in the case of theW̃6, one uses the unitarity of
the CKM matrix, along with the fact thatmũL

5mc̃L
Þmt̃L

in
the MSSM, to arrive at this result.

~iii ! Gluinos and charge21/3 squarks:The important
coupling of the gluino (g̃) to down-type quarks and squarks
is
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Lg̃5&g3~ d̃,s̃,b̃!LVCKMgDgLS ds
b
D . ~39!

~There is also a generation-diagonal coupling involving
right-handed down squarks, but this cannot contribute to
Bq
0-Bq

0 mixing.! Note that the coupling is proportional to
VCKM . This, along with the fact thatmd̃L

5ms̃L
Þmb̃L

in the

MSSM, leads to a contribution toBq
0-Bq

0 mixing proportional
to (Vtb* Vtq)

2, as in the SM.
~iv! Neutralinos and charge21/3 squarks:The physical

neutralinos are linear combinations of the photino (g̃), the
Zino (Z̃), and the two neutral Higgsinos~H̃ 1,2

0 !. The cou-
plings of theg̃ and Z̃ to down-type quarks and squarks are
similar to that of theg̃ @Eq. ~39!#:

Lg̃5S 2
1

3
eD ~ d̃,s̃,b̃!LVCKMgD gLS ds

b
D ,

LZ̃5
g

cosuw
F2

1

2
1
1

3
sin2 uwG~ d̃,s̃,b̃!LVCKMZ̃̄gLS ds

b
D .
~40!

The dependence onVCKM of the couplings of theg̃ andZ̃ is
just like that of the gluino, leading to a contribution to
Bq
0-Bq

0 mixing which is proportional to (Vtb* Vtq)
2. As for the

neutral Higgsinos, their coupling to down-type quarks and
squarks is proportional toMD/MW cosb, which is negligible
~unless one goes to extremely large values of tanb!.

Thus, to a good approximation, in the MSSM all new
SUSY contributions toBq

0-Bq
0 mixing have the same phase as

in the SM. Therefore theCP asymmetries inB decays will
not be modified. The full expressions for these contributions
are quite complicated, so we do not reproduce them here~we
refer the reader to@54#!. The strongest constraints on the
SUSY parameters come from direct searches. For example,
there are lower bounds of 176 and 45 GeV on squark and
chargino masses, respectively@55#. The parameter space is
sufficiently complicated that it is very difficult to establish
firm constraints from loop-level processes such asb→sg.
We note, however, that the effect of supersymmetry on
Bq
0-Bq

0 can be quite significant. For certain values of the pa-
rameters, the total SUSY contribution toBd

0-Bd
0 mixing can

be twice as large as that of the SM.
Recently@56# it was suggested thatCP violation could

possibly come from SUSY-breaking alone, with a real CKM
matrix. In this case, which is essentially a superweak-type
model, the unitarity triangle becomes a straight line and all
CP asymmetries inB decays are very small.

We now turn to nonminimal SUSY models. For generic
squark masses, supersymmetric contributions enhance
flavor-changing processes such asK0-K0 well beyond their
experimental values. Any nonminimal SUSY model should
address this problem~in the MSSM this problem is resolved
since, to a good approximation, the squarks are degenerate!.

One class of nonminimal SUSY models solves the FCNC
problem by imposing an Abelian horizontal symmetry on the

Lagrangian@57#. In this case the quark mass matrices are
approximately aligned with the squark mass-squared matri-
ces. This has the effect that the mixing matrix for quark-
squark-gluino couplings is close to a unit matrix, so that
FCNC are suppressed, even though the squarks may not be
degenerate. In most such models, the SUSY contributions to
Bq
0-Bq

0 mixing are quite small. However, it is possible to
construct models in whichM 12

SUSY(Bd
0)/M 12

SM(Bd
0) is as large

as 0.15, with a negligible effect onBs
0-Bs

0 mixing. Since the
phase of the SUSY contribution is unknown, this can lead to
measurable deviations from the SM predictions inCP asym-
metries involvingBd

0 decays. In another class of nonminimal
SUSY models, known as effective supersymmetry@77#, the
suppression of FCNC’s applies only to the first two families
of squarks. In this case new-physics effects onBq

0-Bq
0 mixing

can be much larger@78#.
Another approach which is often taken is to ignore the

FCNC problem altogether. One simply assumes that all
SUSY parameters take the maximum allowed values permit-
ted by experiment. In such ‘‘models’’ one can have non-
negligible contributions toBq

0-Bq
0 mixing which have differ-

ent phases than in the SM. These contributions typically
involve right-handed squarks. For example@58#, the general
coupling of aH̃6 to down-type quarks and up-type squarks
can be written

LH̃.
g

&

1

MWsinb
~ ũ,c̃, t̃ !RŨR

u†UR
uMUVCKMH̃̄gLS ds

b
D ,

~41!

where Ũ R
u (U R

u) is the transformation matrix of the right-
handed up-type squarks~quarks! needed to diagonalize the
squark~quark! mass matrix. In the MSSM,Ũ R

u5U R
u , leading

to a contribution to Bq
0-Bq

0 mixing proportional to
(Vtb* Vtq)

2 @Eq. ~38!#. However, in general this relation need
not hold, in which case there can be new phases in this
contribution toBq

0-Bq
0 mixing.

As another example, consider again the contribution of
gluinos and charge21/3 squarks toBq

0-Bq
0 mixing. In the

MSSM there is no intergenerational mixing among right-
handed down-type squarks. As a consequence, the contribu-
tion to Bq

0-Bq
0 mixing of gluinos and charge21/3 squarks

involves only left-handed squarks@Eq. ~39!#. However, in
nonminimal SUSY models, this need not be the case@59#,
there can be intergenerational mixing among right-handed
down-type squarks. In general, this mixing matrix is unre-
lated toVCKM , so that there can be new phases in this con-
tribution toBq

0-Bq
0 mixing.

The main problem with this approach is that there is little
predictivity. There are, in general, a very large number of
parameters: the masses of the superpartners, their mixings,
etc. Thus, although one can describe how new phases can
enterBq

0-Bq
0 mixing, it is virtually impossible to analyse such

effects in a systematic way.

III. PENGUIN DECAYS AND NEW PHYSICS

As discussed in the Introduction, any new physics which
contributes toBq

0-Bq
0 mixing will also contribute to flavor-
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changingB decays. Before examining the new-physics con-
tributions to such penguin decays, we first review the SM
predictions. Two aspects of these predictions are of particu-
lar interest to us:~i! the actual size of the branching ratios for
various penguin decays, and~ii ! the uncertainties, both ex-
perimental and theoretical, of the predictions. New-physics
effects will be considered important in a particular penguin
decay only if they change the branching ratio by quite a bit
more than the uncertainty in the SM prediction; in other
words, we are looking for ‘‘smoking gun’’ signals of new
physics in such decays.

A. The standard model

b→qg, q5d, s: The lowest-order amplitude for the de-
cayb→qg is @31#

A~b→qg!5
GF

&

e

2p (
i
Vib* ViqF2~xi !q

mens̄smn

3~mbgR1msgL!b, ~42!

where the sum is over the up-type quarks, andqm andem are
the photon’s four-momentum and polarization, respectively.
The functionF2 is given by

F2~x!5
x

24~x21!2
@6x~3x22!lnx

2~x21!~8x215x27!#. ~43!

Due to the smallness of theu- and c-quark masses,
F2(xu),F2(xc)!F2(xt), so that theb→qg amplitude is
dominated byt-quark exchange. A full quantitative treatment
of these decays requires the calculation of the important
QCD corrections. Including these, the SM branching ratios
are @31#

B~B→Xsg!5~3.260.58!31024,

B~B→Xdg!5~1.060.8!31025. ~44!

The uncertainties include both experimental errors~mt , B
semileptonic branching ratio! and theoretical errors@m ~the
renormalization scale!, LQCD, and the ambiguity in the inter-
pretation ofmt ~pole or running mass!#, combined in quadra-
ture. Forb→dg, uVtd/Vtsu50.2460.11 has been used and
combined in quadrature with the other errors. The decay
b→sg has actually been measured by the CLEO Collabora-
tion @30#:

B~B→Xsg!5~2.3260.67!31024. ~45!

This measurement can be used to constrain models of new
physics, as already demonstrated in Eq.~28!.

b→ql1l2, q5d,s: This class of decays is rather compli-
cated theoretically@31#. First, one must calculate, at next-to-
leading order, the Wilson coefficients of ten local operators
which mix under renormalization. Second, one needs the ma-
trix elements relevant forB→Xs,dl

1l2, which can be calcu-
lated using the spectator model, along withO(1/mb

2) correc-
tions. Finally, long-distance effects due toJ/C and C8
resonances must also be taken into account. The short-

distance contribution forb→sl1l2, which can be measured
far away from the resonances, gives the following branching
ratios, taken from@31#:

B~B→Xse
1e2!5~8.462.2!31026,

B~B→Xsm
1m2!5~5.761.3!31026,

B~→Xst
1t2!5~2.660.5!31027. ~46!

For b→dl1l2, the branching ratios are

B~B→Xde
1e2!5~4.964.3!31027,

B~B→Xdm
1m2!5~3.362.8!31027,

B~B→Xdt
1t2!5~1.561.3!31028. ~47!

For all decays, the errors come from the same sources as in
b→qg: mt , B semileptonic branching ratio, the renormaliza-
tion scalem, LQCD, anduVtd/Vtsu50.2460.11.

Bq
0→ l1l2,q5d,s: This decay can be calculated quite

precisely in the SM. By including the QCD corrections@60#,
the renormalization-scale uncertainty is reduced toO~1%!.
There is still some hadronic uncertainty, parametrized by the
B-meson decay constantf B . The branching ratios are@31#

B~Bs
0→t1t2!5~7.462.1!31027 ~ f Bs/232 MeV!2,

B~Bs
0→m1m2!5~3.561.0!31029 ~ f Bs/232 MeV!2,

B~Bd
0→t1t2!5~3.162.9!31028 ~ f Bd/200 MeV!2,

B~Bd
0→m1m2!5~1.561.4!310210 ~ f Bd/200 MeV!2.

~48!

~The branching ratios toe1e2 are some 5 orders of magni-
tude smaller than those form1m2.! The error in theB s

0

branching ratios is due to the uncertainty, both experimental
and theoretical, in the top-quark mass. TheBd

0 branching
ratios have a larger error due to theVtd CKM matrix ele-
ment:uVtd/Vtsu50.2460.11. At present, the best upper limits
are B~B s

0→m1m2!,8.431026 and B~Bd
0→m1m2!

,1.631026 @61#, with no significant limits on thet1t2 final
state.

Gluon-mediated exclusive hadronic decays:These arise
from the quark-level processb→qq8q̄8. Throughout this pa-
per we will refer to such loop-level decays as ‘‘hadronic
penguins.’’ There are two ingredients needed to calculate the
rates for hadronic penguin decays in the SM. First, the rates
for the quark-level decaysb→sqq̄ and b→dqq̄ are com-
puted. This is done similarly to the decaysb→sl1l2 and
b→dl1l2: the Wilson coefficients of a variety of operators
are calculated as one renormalizes down from the weak scale
to theb mass@62#. This can be done with reasonable preci-
sion. Second, one calculates the hadronic matrix elements for
the hadronization of the final-state quarks into particular final
states@63#. It is this step which introduces enormous uncer-
tainty. These hadronic matrix elements are typically evalu-
ated using the factorization approximation. Unfortunately, it
is difficult to estimate the error incurred by applying this
approximation to penguin decays. The predicted rates for
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exclusive hadronic penguin decays can easily be in error by a
factor of 2–3.~Much of this uncertainty cancels in the ratio
of rates of correspondingb→d andb→s processes, which is
given in the SM byuVtd/Vtsu

2 @64#.!
Since the SM predictions for hadronic penguins have con-

siderable uncertainties, if one wants an unmistakable signal
of physics beyond the SM in such decays, the new-physics
effects must beenormous: they must change the SM rates by
an order of magnitude or more. It is therefore sufficient for
our purposes to obtain approximate, order-of-magnitude es-
timates for both the SM and new-physics effects. To this
end, we will use the following approximate form for the
amplitude of the SM gluonic penguin contribution to the
decayb→qq8q̄8:

Apenguin;
as~mb!

12p
lnSmt

2

mb
2DVtqVtb* .0.04VtqVtb* . ~49!

~Note that the coefficient 0.04 is about the same size as the
largest of the Wilson coefficients of penguin operators@62#.!

This expression can be used to estimate the order-of-
magnitude rates forb→s andb→d penguins in the SM. For
example, the branching ratio forBd

0→p1p2, which is domi-
nated by the tree-levelb→uūd amplitude, is;1025. Com-
paring this decay withb→s penguins, which dominate
Bd

0→p2K1, we find

UApenguin~b→s!

Atree~b→uūd!
U;U0.04Vtb* Vts

Vub* Vud
U;0.5, ~50!

where we have useduVtsu.uVcbu and uVub/Vcbu50.08. This
is consistent with the observation of a combined sample of
Bd

0→p1p2 and Bd
0→p2K1 decays@65#, in which about

equal mixtures of both modes are most likely. Thus, assum-
ing that the hadronic matrix elements of tree and penguin
operators have similar magnitudes, we expect pureb→s
penguin hadronic decays~e.g., B1→p1Ks ,Bd

0→fKs! to
have branching ratios ofO~1025!. b→d penguins can be
analyzed similarly:

UApenguin~b→d!

Atree~b→uūd!
U;U0.04Vtb* Vtd

Vub* Vud
U. ~51!

Since 1.4<uVtd/Vubu<4.6 @2#, the penguin amplitude is
about 1/10 the size of the tree amplitude, and may be larger
if the hadronic penguin matrix elements are enhanced rela-
tive to those of tree amplitudes. Thus, pureb→d penguin
hadronic decays~e.g.,B1→K1Ks! should have branching
ratios;1027 or somewhat larger.

As an aside, we note that Eq.~51! demonstrates why pen-
guin contamination is a concern in the extraction of sin2a

using theCP asymmetry in
(
Bd

)→p1p2. According to this
estimate, the penguin amplitude can be as much as;15% of
the tree amplitude in magnitude~or even larger, if penguin
matrix elements are enhanced!, and with a different phase.
This can lead to considerable uncertainty in the extraction of
sin2a, and shows why isospin techniques@5# are necessary to
remove the penguin contamination.

Electroweak-penguin-dominated exclusive hadronic de-
cays:Here, the diagrams contributing to the quark-level pro-
cessb→qq8q̄8 consist ofg and Z penguins and box dia-

grams. Of these, the diagram involvingZ exchange is the
most important since it is enhanced by a factor ofmt

2/M W
2 .

Throughout this paper we will refer to such processes as
‘‘electroweak penguins.’’ As with hadronic penguins, the
calculation of SM rates for exclusive electroweak penguin
decays suffers from large uncertainties in the hadronic matrix
elements. We will therefore again use an approximate form
for the amplitude of the SM electroweak penguin contribu-
tion to the decayb→qq8q̄8. This can be obtained from Eq.
~49! through the replacementsas(mb)→a2(mb) and
ln(mt

2/mb
2)→mt

2/M W
2 . There is an additional factor of 2 due

to a larger Wilson coefficient for the electroweak penguin
operator. Therefore,

AEWP;
a2~mb!

6p S mt
2

MW
2 DVtqVtb* .0.008VtqVtb* . ~52!

Note that, if one combines the final-stateq and q̄8 quarks to
form a meson, there is an additional color-suppression factor,
a2 @66#. Compared to color-allowed decays~i.e., forming a
meson fromq8 and q̄8!, which are parametrized bya1, this
suppression isa2/a150.2 @67#.

Comparing Eqs.~49! and ~52!, we note that electroweak
penguin amplitudes are suppressed relative to their hadronic
penguin counterparts by a factor 0.2. Therefore we expect
b→s andb→d electroweak penguin decays to have branch-
ing ratios in the range 1027–1026 and 1029–1028, respec-
tively @68#. Some examples of decays which are dominated
by electroweak penguins areB s

0→fp0(b→s) and
B1→fp1(b→d).

At this point several observations are in order. From the
above summary, we see that the SMb→d penguins have
branching ratios which are about 1–2 orders of magnitude
smaller than theirb→s counterparts. Therefore, unless the
new physics has a large influence on theb→d FCNC, its
effects onb→s penguins will be detected first. On the other
hand,CP asymmetries involvingBd

0 decays are likely to be
measured—and hence will reveal the presence of new
physics—well before those involvingB s

0 mesons. So, from a
practical point of view, this poses a bit of a problem. That is,
even if new physics is detected inCP violation in Bd

0 de-
cays, it will be possible to test its nature by looking atb→d
penguin decays only if the small SM branching ratios for
these processes are significantly enhanced. Conversely, if
one finds new-physics effects inb→s penguins, it will be
difficult to determine its origin by looking atCP asymme-
tries inB s

0 decays.
This having been said, however, the situation is not quite

so bleak. Although it is possible to construct models of phys-
ics beyond the SM in which only one of theb→d or b→s
FCNC’s is changed, in practice both FCNC’s are affected in
most new-physics models. For example, in models with
Z-mediated FCNC’s theb→d or b→s FCNC’s are indeed
described by different parameters. However, both of these
FCNC’s arise due to the mixing of the charge21/3 quarks
with an exotic vector singlet quark. It would be difficult to
imagine that only one of the two FCNC’s is induced, al-
though this is a logical possibility. As another example, con-
sider models with four quark generations. The enlarging of
the CKM matrix to 434 will, in general, affect both
FCNC’s. Thus, in looking for new physics, the measure-
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ments ofCP asymmetries andB penguins are complemen-
tary, and it is quite likely that, should new physics be dis-
covered, its nature will be revealed only by studying bothB
asymmetries and decays.

We now turn to the new-physics contributions to the
above penguin decays.

B. Four generations

Models with four generations have a number of new pa-
rameters which can enter inB decays:mt8 and the CKM
matrix elements involving thet8 quark. Furthermore, the
strongest constraints onVts andVtd in the SM come from the
unitarity of the 333 CKM matrix. When this matrix is en-
larged to be 434, these constraints are weakened, so that, in
effect,Vtd andVts are also unknown parameters.

The parameter space of four-generation models is there-
fore quite large. Rather than exploring the entire space, we
will simply present an ‘‘existence proof.’’ That is, we will
show that it is possible to choose values ofmt8 and the CKM
matrix elements, consistent with experimental data, which
significantly affect bothCP asymmetries andB penguin de-
cays.

As discussed in Sec. II A, the experimental value of
Bd
0-Bd

0 mixing can be reproduced ifVtd;0, Vt8d50.005,
Vtb5Vt8b.1/&, andmt85480 GeV. The phase of this mix-
ing may, however, be quite different than in the SM. In this
scenario, all penguin decays involving theb-d FCNC will
also be dominated by the fourth generation. Below we con-
sider the effects of this choice of parameters onb→d pen-
guins.

We first consider the decaysb→qg. The experimental
measurement ofb→sg can be easily accommodated by ad-
justing thet andt8 contributions. However, the decayb→dg
will involve only t8 exchange. Using Eq.~42!, we find that
uVt8dVt8b

* F2(xt8)u50.001, as compared to the SM value of
uVtdVtb* F2(xt)u50.002. Therefore, this choice of parameters
will result in a branching ratio forb→dg which is roughly
four times smaller than in the SM. Given the large uncertain-
ties in the SM prediction, this cannot be considered an un-
mistakable signal of new physics.

Now consider hadronic penguins. From Eq.~49!, we have

UApenguin
four gen

Apenguin
SM U5U ln~mt8

2 /mb
2!Vt8dVt8b

*

ln~mt
2/mb

2!VtdVtb*
U50.46. ~53!

Thus, in this model, the branching ratios for exclusiveb→d
hadronic penguins will be a factor of;5 smaller than in the
SM. Given the uncertainties in the SM predictions this is also
a marginal ‘‘smoking gun’’ signal of new physics.

The situation is better for electroweak penguins. From Eq.
~52!,

UAEWP
four gen

AEWP
SM U5U~mt8

2 /MW
2 !Vt8dVt8b

*

~mt
2/MW

2 !VtdVtb*
U52.8. ~54!

The branching ratios for exclusiveb→d electroweak pen-
guins are thus a factor of;8 larger than in the SM. This
same enhancement applies to the decaysBd

0→ l1l2. In both
cases, this would be a quite convincing signal of physics
beyond the SM.

Thus, in models with four generations, we have shown
that there are regions of parameter space in which bothB
CP asymmetries andB penguin decays are significantly af-
fected. If a discrepancy with the SM is found in the measure-
ment of theCP asymmetries, the study of the decays can
help pin down the new-physics parameters. Admittedly, in
the particular example we have chosen, the branching ratios
for the affected processes are all small, ofO~1027! or
smaller. But the key point here is that the various penguin
processes depend differently on the masses of thet and t8
quarks. It is thus straightforward to find a set of parameters,
consistent with current experimental data, in which theb→s
FCNC decays are affected. In this case it would beCP
asymmetries involvingB s

0 decays which would be altered.
Of course, since the four-generation CKM matrix is 434, in
the general case both theb→d and b→s FCNC’s will be
changed from the SM, affectingall CP asymmetries and
penguin decays.

C. Z-mediated FCNC’s

For the processb→q f f̄ , the amplitude due toZ-mediated
FCNC’s is

MZ FCNC5
4GF

&
Uqbq̄gmgLb f̄@gL

f gmgL1gR
f gmgR# f .

~55!

The rate forb→q f f̄ is simply

G~b→q f f̄ !5
GF
2mb

5

192p3 uUqbu2@~gL
f !21~gR

f !2#, ~56!

while the rate forBq
0→ l1l2 is

G~Bq
0→ l1l2!5

GF
2

16p
tBqf Bq

2 MBq
mL
2uUqbu2. ~57!

With these expressions in hand, we can now calculate or
estimate the contributions to penguin decays due to
Z-mediated FCNC’s. In all cases, when presenting numbers,
we use the upper limitUqb,0.0017@Eq. ~14!#.

The upper limit ofUqb,0.0017 is, in fact, derived from
the experimental limit on the branching ratio ofB→m1m2X
~see Sec. II B!. Thus, with this value ofUqb , Z-mediated
FCNC models ‘‘predict’’ thatB(B→m1m2X)5531025.
For b→s FCNC’s this is roughly an order of magnitude
larger than the SM prediction, while forb→d transitions it is
about 2 orders of magnitude larger. If the branching ratios
for the decaysB→Xsl

1l2 andB→Xdl
1l2 are observed to

be consistent with the SM predictions, this will imply that
uUsbu&631024 and uUdbu&131024. In both cases, this im-
plies that the new-physics effects inBq

0-Bq
0 mixing are neg-

ligible. Conversely, ifBq
0-Bq

0 mixing is significantly affected
by Z-mediated FCNC’s then one expects to see a substantial
enhancement of the branching ratios forB→Xsl

1l2 and/or
B→Xdl

1l2.
We now turn toBq

0→ l1l2, q5d,s. From Eq.~57!, the
rates for these processes, due only toZ-mediated FCNC’s
are
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B~Bs
0→t1t2!uZ FCNC,1.631025 ~ f Bs/232 MeV!2,

~58!

B~Bs
0→m1m2!uZ FCNC,5.831028 ~ f Bs/232 MeV!2,

B~Bd
0→t1t2!uZ FCNC,1.231025 ~ f Bd/200 MeV!2,

B~Bd
0→m1m2!uZ FCNC,4.231028 ~ f Bd/200 MeV!2.

Thus, if the FCNC parametersUqb have values near the
present upper limits, the predicted rates forB s

0→ l1l2 and
Bd

0→ l1l2 are, respectively, about 20 and 300–400 times
larger than those expected in the SM.

Turning to hadronic and electroweak penguins, we note
that there are three types of comparisons which can be made.
First consider decays such asB s

0→KsKs(b→s) or
Bd

0→KsKs(b→d), which receive contributions from ordi-
nary ~gluonic! penguins and color-suppressedZ-mediated
FCNC’s. For these decays we have

UAZ FCNC

ASM
U;Ua2a1 UqbA~gL

d!21~gR
d !2

0.04Vtb* Vtq
U52.2UUqb

Vtq
U

, H0.1,0.4,
q5s,
q5d, ~59!

where we have takenuUqb/Vcbu,0.044 anduVtd/Vcbu.0.24
in our estimates of the ratio. The branching ratios for this
type ofB decays will therefore not be significantly affected
by Z-mediated FCNC’s.

Next we have decays such asBd
0→fKs(b→s) or

B s
0→fKs(b→d). Here there are contributions from ordi-

nary gluonic penguins and color-allowedZ-mediated FC-
NC’s. Then

UAZ FCNC

ASM
U;U UqbgV

s

0.04Vtb* Vtq
U58.8UUqb

Vtq
U, H0.4,1.6,

q5s,
q5d.

~60!

In this case,Z-mediated FCNC’s will not much affect the
b→s penguin decays, but the branching ratios forb→d pen-
guins can be increased by a factor of 3–4. Given the uncer-
tainties in the SM predictions for such decays, this cannot be
considered significant. However, if the value ofVtd is in fact
smaller than 0.24~in this model it can be as small as 0.07!,
then the branching ratios forb→d penguins will be corre-
spondingly increased. We consider this to be a marginal pre-
diction, since it depends sensitively on the true value ofVtd .

Finally, decays such as B s
0→fp0(b→s) or

B1→fp1(b→d) have contributions from ordinary elec-
troweak penguins~but not gluonic penguins! andZ-mediated
FCNC’s. Here

UAZ FCNC

ASM
~b→s!U;U Usb

0.008Vtb* Vts
U,5.5,

UAZ FCNC

ASM
~b→d!U;U Udb

0.008Vtb* Vtd
U,22.9. ~61!

The effects ofZ-mediated FCNC’s on such decays are
clearly enormous. The branching ratios for pure electroweak

penguin decays can be increased by as much as a factor of
;25 (b→s) or ;500 (b→d). Clearly this is a ‘‘smoking
gun’’ signal of new physics.

On the topic of hadronic penguin decays, there is another
possibility which should be mentioned. In the SM, the decay
B1→p1p0 occurs principally via a tree-level amplitude—
there is no gluonic penguin and the electroweak penguin is
much suppressed. One therefore does not expect to findCP
violation in this mode. However,Z-mediated FCNC’s also
contribute to this decay. Comparing this new-physics contri-
bution with the SM tree-level amplitude, we find

UAZ FCNC

ASM
U;UUdb~gA

u2gA
d !

Vub* Vud
U&0.5. ~62!

The Z-mediated FCNC contribution to this decay could
therefore be substantial. If there is a significant strong phase
difference between the two amplitudes, following for in-
stance from different rescattering in theI52 channel, this
could lead to directCP violation in this decay mode. If
found, this would be another clear signal of this particular
type of new physics.

Z-mediated FCNC’s can also contribute to the decays
b→qg at the one-loop level. However, the calculations are
highly model dependent, since it is necessary to include the
new vector-singlet quark~s! with which the SM charge21/3
quarks mix. The authors of Ref.@69# considered the case of a
single vector-singlet quark, and included the contribution of
the Higgs boson as well. ForuUqbu,0.0017 they found that
the contribution tob→sg was unimportant, but that the
branching ratio forb→dg could be changed significantly,
depending on the values of the masses of the exotic quark
and the Higgs boson. Since there is quite a bit of model
dependence, we do not consider this to be a clean signal of
new physics.

In summary, if Z-mediated FCNC’s contribute signifi-
cantly toBq

0-Bq
0 mixing, they will also lead to large effects in

a variety of penguin decays. The present experimental upper
limit on the FCNC parameters isuUqbu,0.0017 (q5d,s).
This value for the parameters leads to unmistakable effects in
b→ql1l2, Bq

0→ l1l2, and electroweak penguins. In addi-
tion, Z-mediated FCNC’s may lead to directCP violation in
decay modes such asB1→p1p0.

D. Multi-Higgs-doublet models

1. Natural flavor conservation

In these models the new contributions to rareB decays
come about through amplitudes in which charged-Higgs bo-
son exchange replaces the SMW exchange. As noted in Eq.
~28! and the surrounding discussion, the measurement of
b→sg already excludes a region of parameter space with
low MH1 and highuYu.

In spite of this, charged-Higgs-boson exchange may have
significant effects on other rareB decays. The processes
Bq

0→ l1l2, q5d,s were studied in multi-Higgs-doublet
models in@70#. Neglecting small contributions from neutral
Higgs pseudoscalar~which are proportional tomb

2/M P
2 ,

whereMP is the pseudoscalar mass! @71#, one finds the fol-
lowing expression for the ratio of charged-Higgs-boson and
SM amplitudes:
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AH1~Bq
0→ l1l2!

ASM~Bq
0→ l1l2!

5
~1/2!xtB~yt!uYu2

B~xt!2C~xt!
'22.25B~yt!uYu2,

~63!

where

B~x!5
1

4 F x

12x
1

x

~12x!2
lnxG ,

C~x!5
x

4 F32~1/2!x

12x
1

~3/2!x11

~12x!2
lnxG . ~64!

SinceB(yt) is negative, the two amplitudes add up construc-
tively.

To illustrate the effect, let us consider the caseMH1

5400 GeV,Y53 discussed in Sec. II C 1. For these param-
eters, the ratio of Eq.~63! becomes 2.5. Thus, the
Bq

0→ l1l21 rates are expected to be an order of magnitude
larger than in the SM while charged-Higgs exchange domi-
natesBq

0-Bq
0 mixing.

The decaysb→ql1l2 in multi-Higgs-doublet models are
more complicated thanBq

0→ l1l2, since there are more op-
erators which can contribute to this process. We refer to@72#
for the details of the computation, but the conclusions are as
follows. For those values ofuYu and MH1 for which
Bq
0-Bq

0 mixing is dominated by charged-Higgs-boson ex-
change~i.e., large uYu!, the decaysb→ql1l2 can be en-
hanced by a factor of about 2. Forb→dl1l2 this is within
the error of the SM prediction, but it is a significant effect for
b→sl1l2.

Finally, we turn to hadronic penguin decays. Model-
dependent studies@73# show that, once the constraint from
b→sg is taken into account, the effect of charged-Higgs-
boson exchange can change the SM predictions by no more
than a few tens of percent. Since these predictions suffer
from large hadronic uncertainties, the rates of these pro-
cesses cannot signal charged-Higgs-boson effects.

2. Flavor-changing neutral scalars

In models without NFC, one can have flavor-changing
processes mediated by neutral scalars~FCNS’s!. The flavor-
changing couplings between quarks of flavori and j are
parametrized as (mi /v)Fi j (g5/2) (mi.mj ), while the flavor-
conserving couplings aremf /v. Thus there are also contribu-
tions to penguin decays due to neutral scalar exchange. Con-
sider the decayb→q f f̄ , wheref can be a quark or a lepton.
The rate for this decay, due to FCNS alone, is

G~b→q f f̄ !uFCNS5
GF
2mb

5

3072p3 Smbmf

MH0
2 D 2uFqbu2. ~65!

This rate is clearly maximized when the fermionf is as
massive as possible. Consider then the decayb→qt1t2.
For MH05100 GeV, Fdb50.02 is essentially the largest
value possible due to constraints fromBd

0-Bd
0 mixing. On the

other hand,Fsb has no similar constraint, so we takeFsb

5Ams /mb50.17. Then

B~b→qt1t2!uFCNS5 H2.431027, q5s,
4.331029, q5d . ~66!

The branching ratio forb→dt1t2 is only about 1/3 of the
SM expectation, well within the errors of the prediction. This
decay can therefore not be used to find effects of neutral
scalars. On the other hand, the decayb→st1t2 could be
significantly affected by flavor-changing neutral scalars,
since its new-physics branching ratio is of the same order as
the SM prediction. However, note that we have selected al-
most maximal values for the new-physics parameters. IfFsb
is smaller, orMH0 larger, than the values we have chosen,
the new-physics contribution tob→st1t2 would then di-
minish considerably, although there could still be important
effects inBs

0-Bs
0 mixing. Note also that, due to the mass

suppression, the FCNS contribution to decays involving
lighter fermions is completely negligible.

The one decay in which the mass suppression is not ob-
viously a disadvantage isBq

0→ l1l2, q5d,s, since such a
suppression is present even in the SM. We find

G~Bq
0→ l1l2!uFCNS5

5

48p
GF
2MBq

f Bq
2 ml

2uFqbu2S MBq

MH0
D 4.

~67!

Again taking MH05100 GeV, Fsb50.17, andFdb50.02,
this gives

B~Bs
0→t1t2!uFCNS52.331026 ~ f Bs /232 MeV!2,

B~Bs
0→m1m2!uFCNS58.131029 ~ f Bs/232 MeV!2,

B~Bd
0→t1t2!uFCNS52.131028 ~ f Bd/200 MeV!2,

B~Bd
0→m1m2!uFCNS57.5310211 ~ f Bd/200 MeV!2.

~68!

ForBd
0 decays, the new-physics effects are within the errors

of the SM prediction. ForB s
0 decays, the branching ratios

due to flavor-changing neutral scalars are a factor of 2–3
times larger than in the SM. Since there are uncertainties in
the SM prediction, and since we have taken optimal values
for the new-physics parameters, this can only be considered a
marginal signal of new physics.

Therefore, in models with flavor-changing processes me-
diated by neutral scalars, there are no ‘‘smoking gun’’ sig-
nals in penguin decays. For maximal values of the new-
physics parameters, there may be enhancements in the
branching ratios ofb→st1t2 andB s

0→ l1l2. However, for
other values of these parameters there will be no significant
effects in these and other penguin decays, even though there
may still be important contributions toBq

0-Bq
0 mixing.

E. Supersymmetry

The parameter space of supersymmetric models is quite
complex, so that definite predictions of effects in penguin
decays are hard to obtain. For example, consider the decay
b→sg in the MSSM@33#. In addition to the charged-Higgs-
boson effects, which always increase the rate~see Sec.
II C 1!, there are additional SUSY contributions from chargi-
nos1 up-type squarks or gluinos1down-type squarks in the
loop. In certain regions of parameter space the net effect is to
cancel the contribution of theH6, resulting in a branching
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ratio at or below the SM value, while in other regions the
branching ratio is always greater than in the SM. Thus, the
experimental measurement ofb→sg does not constrain the
SUSY parameter space in a simple way.

The decayb→sl1l2 has recently been analyzed in super-
symmetric models, taking into account the constraint from
b→sg @74#. In the MSSM, it is found that the branching
ratios forb→se1e2 andb→sm1m2 can be changed by, at
most, 23 and 12 %, respectively. These deviations are within
the errors of the SM predictions, so these decay modes can-
not be used to detect supersymmetry. However, the authors
of @74# also study theC-odd lepton-antilepton energy asym-
metry:

A5
N~El2.El1!2N~El1.El2!

N~El2.El1!1N~El1.El2!
, ~69!

in whichN(El2.El1) denotes the number of decays where
the l2 is more energetic in theB meson rest frame than the
l1. They find that this asymmetry can be affected by up to
70% forb→se1e2 and 48% forb→sm1m2. Furthermore,
these sizable deviations occur in a large region of SUSY
parameter space. Thus, this asymmetry is an excellent place
to look for effects of supersymmetry. Unfortunately, it is not
clear how that region of parameter space which leads to large
deviations in this asymmetry is correlated with that region of
parameter space in which there are significant contributions
to Bq

0-Bq
0 mixing.

Reference@74# also examinesb→sl1l2 in a certain class
of nonminimal SUSY models. In this case, the effects can be
huge: the branching ratios forb→se1e2 and b→sm1m2

can be doubled, and the asymmetries enhanced by a factor of
3.

For the decaysBq
0→ l1l2 andb→qq8q̄8, similar studies

have not yet been carried out in the context of supersymmet-
ric models. However, since the branching ratio forb→sl1l2

is not substantially affected in the MSSM, this suggests that
the SUSY contributions toBq

0→ l1l2 andb→qq8q̄8, which
are similar decays, will also not change the branching ratios
significantly. On the other hand, in nonminimal SUSY mod-
els, the branching ratios for these decays may receive impor-
tant corrections.

IV. SUMMARY

The phase information of the CKM matrix, which is the
SM explanation ofCP violation, is represented by the uni-
tarity triangle. At present, our knowledge of this triangle is
rather poor: only the sides have been measured directly
~uVub/Vcbu is probed in charmlessB decays, and within the
SM uVtd/Vcbu can be extracted fromBd

0-Bd
0 mixing!, but

these measurements suffer from large theoretical uncertain-
ties. In the near future, the angles of the unitarity triangle
will be extracted fromCP asymmetries inB-meson decays.
Through the measurements of theCP anglesa, b, andg, it
will be possible to test the consistency of this description.
There are three distinct ways in which the presence of new
physics might be revealed.

~1! The relationa1b1g5p is violated. ~Note that this
relation can be tested only ifg is measured inCP asymme-
tries involvingB s

0 decays. Ifg is measured viaB6→DCPK
6

this relation will hold even in the presence of most types of
new physics.!

~2! Although a1b1g5p, one finds values for theCP
phases which are outside of the SM predictions.

~3! TheCP angles measured are consistent with the SM
predictions, and add up to 180°, but are inconsistent with the
measurements of thesidesof the unitarity triangle.

If any of these discrepancies is found, we will want to
know what kind of new physics is involved. The principal
way in which new physics can affect theCP asymmetries is
through new contributions toBq

0-Bq
0 mixing. By performing

a model-by-model analysis of physics beyond the SM, it is
possible to ascertain which types of new physics might be
responsible for the discrepancy. This analysis allows us to
separate new-physics models into two types:~i! those in
which the phase ofBq

0-Bq
0 mixing is changed, in which case

each of items~1!–~3! may occur, and~ii ! those in which the
phase is unchanged, in which case only~3! is possible. How-
ever, this analysis does not tell us how to distinguish among
models of a given type. It is this question which we have
attempted to address in this paper.

Our main observation is quite simple. Any new physics
which contributes toBd

0-Bd
0 or Bs

0-Bs
0 mixing will necessarily

contribute to the rare flavor-changing penguin decaysb→dX
and b→sX. In some cases, the values of the new-physics
parameters which yield significant effects in
Bq
0-Bq

0 mixing will also lead to large deviations from the SM
predictions for certain penguin decays. It is therefore pos-
sible to partially distinguish among different models of new
physics by examining their predictions for these penguin de-
cays.

~i! Four generations:The phase ofBq
0-Bq

0 mixing can be
changed due to the new box-diagram contributions with in-
ternal t8 quarks. Although the new-physics parameter space
is too large to make absolute predictions for branching ratios
of penguin decays, we have shown that there are regions of
parameter space in which bothB CP asymmetries andB
penguin decays are significantly affected. The particular ex-
ample we chose found important contributions toBd

0-Bd
0

mixing, and roughly an order-of-magnitude enhancement of
the branching ratios for both exclusiveb→d electroweak
penguins andBd

0→ l1l2.
~ii ! Z-mediated flavor-changing neutral currents:The

phase ofBq
0-Bq

0 mixing can be altered due to the tree-level
exchange of aZ with flavor-changing couplings. In fact,
Bd
0-Bd

0 mixing can be dominated by this new physics. If these
new contributions are important, there will also be unmistak-
able effects inb→ql1l2, Bq

0→ l1l2, and electroweak pen-
guins. In particular, the rates forb→s (b→d) penguin pro-
cesses can be enhanced by as much as 1~2! orders of
magnitude. In addition,Z-mediated FCNC’s may lead to di-
rect CP violation in decay modes such asB1→p1p0. On
the other hand, if the branching ratios forb→ql1l2 are
found to be consistent with the SM, this will indicate that
Z-mediated FCNC effects inBq

0-Bq
0 mixing are negligible.

~iii ! Multi-Higgs-doublet models with natural flavor con-
servation: There are new box-diagram contributions to
Bq
0-Bq

0 mixing with internal charged Higgs bosons, but the
phase of this mixing is unchanged.~If one also has sponta-
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neousCP violation in such models, this phase is zero, since
the CKM matrix is real, and the unitarity triangle becomes a
straight line.! For that region of parameter space in which
Bq
0-Bq

0 mixing is dominated by the charged-Higgs-boson
contribution, the branching ratios forBq

0→ l1l2 and
B→Xql

1l2 are enhanced by up to an order of magnitude or
a factor of 2, respectively. However, when the box diagrams
with internalW6 andH6 bosons are about equal in magni-
tude, charged-Higgs-boson effects in penguin decays may
not be sufficiently large to be detected, due to theoretical
uncertainties in the SM rate calculations.

~iv! Multi-Higgs-doublet models with flavor-changing
neutral scalars:The phase ofBq

0-Bq
0 mixing can be changed

due to the tree-level exchange of a neutral scalar with flavor-
changing couplings. However, there are no significant effects
in B penguin decays. This is due to the fact that the flavor-
conserving coupling of the neutral scalar to a fermion is pro-
portional to the fermion mass, and penguin decays all in-
volve light fermions.

~v! Left-right symmetric models:There are no significant
effects in theB system in these models. The only exception
is the case where the right-handed CKM matrix is consider-
ably fine-tuned, but we do not consider this possibility.

~vi! Minimal supersymmetric models:There are many
new contributions toBq

0-Bq
0 mixing, but all have the same

phase as in the SM. A search of the parameter space reveals
that SUSY contributions tob→sl1l2 do not change its
branching ratio significantly. This suggests that the branch-
ing ratios for the decaysBq

0→ l1l2 andb→qq8q̄8 will also
be relatively unaffected. However, SUSY can be detected by
examining the lepton-antilepton energy asymmetry. This
asymmetry can be affected by up to 70% forb→se1e2 and
48% forb→sm1m2.

~vii ! Nonminimal supersymmetric models:In nonminimal
SUSY models with quark-squark alignment, the SUSY con-
tributions toBq

0-Bq
0 mixing ~and hence toB penguin decays!

are generally very small@though models do exist in which
M 12

SUSY(Bd
0)/M 12

SM(Bd
0)'0.15#. In alternative nonminimal

SUSY ‘‘models’’ it is simply assumed that all SUSY param-
eters take the maximum allowed values allowed by experi-
ment. These models are not terribly predictive, due to the
very large numbers of parameters. It is possible to find new
contributions to the mixing with different phases than in the
SM, and to arrange the many parameters such that the
branching ratios of penguin decays are enhanced or sup-
pressed. However, it is virtually impossible to analyze the

effects of nonminimal SUSY onBq
0-Bq

0 mixing andB pen-
guins in any systematic way.

If some indication of new physics is found in the mea-
surements ofCP asymmetries, the above analysis may be
used to distinguish different candidate models of physics be-
yond the SM.~In fact, in some cases it is likely that the new
physics will be found first through measurements of rareB
decays.! For example, suppose that new physics is found
through a discrepancy of type~1! or ~2!. This would indicate
that the new physics is probably either a fourth-generation,
Z-mediated FCNC’s or flavor-changing neutral scalars. Since
each of these three models affectsB penguin decays differ-
ently, they can be at least partially differentiated by a study
of such decays. And if the new physics is found through a
discrepancy of type~3!, the new physics is likely to be either
a multi-Higgs-doublet model with NFC, or the MSSM. In
this case, it may be difficult to distinguish the two models of
new physics since their effects onB penguin decays are
similar. This is not surprising, since the MSSM contains two
Higgs doublets. Still, there are signals, such as the lepton-
antilepton energy asymmetry inb→sl1l2, which can differ-
entiate these two models.

To sum up, most physics beyond the SM which can affect
CP asymmetries inB decays will also contribute to rare,
flavor-changingB decays. We have examined the effects of a
number of models of new physics on bothCP asymmetries
and penguin decays. Although not all models of new physics
have ‘‘smoking gun’’ signatures in these decays, we have
shown that the measurements ofCP asymmetries and rare
penguin decays give complementary information, and both
will be necessary if we hope to identify the new physics.
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