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New physics inCP asymmetries and rareB decays
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We review and update the effects of physics beyond the standard mo@=P @symmetries irB decays.
These asymmetries can be significantly altered if there are important new-physics contribut@@}ﬁﬁo
mixing. This same new physics will, therefore, also contribute to rare, flavor-chaBgaerays. 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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I. INTRODUCTION It is useful at this point to review how thé P angles are
probed inCP asymmetries. Most asymmetries of interest
Within the standard mod€SM), CP violation is due to  measure mixing-induced indire€&P violation, which comes

nonzero complex phases in the Cabibbo-Kobayashiabout through the interference of the two amplitugdes f

Maskawa(CKM) quark-mixing matrix. In the Wolfenstein andB—B—f. In order to cleanly extract the weak phases

parametrizatiofil], only the element¥ ,, andV,4 have non-

negligible phases:

from theseCP asymmetries, two conditions must be met.
First, in the neutraB system, one must haug ,<M ;,. This
relation holds within the SM, where I');/M,

1., \ AN (p—im) ~3mm&/m#=<10"2 Second, the direct dec&/— f must be
1=3A (p=in dominated by a single weak amplitude. If this is not the case,
_ 1 then one may have dire@P violation, which involves un-
Vekm= -\ 1—Z)\2 AN2 known strong phases. In fact, in the SM md&tdecays
2 which are useful folCP asymmetries have more than one
AN3(1—p—in) —AN? 1 weak amplitude—in addition to the tree-level contribution,

1) one may also have penguin diagrapd$. However, for the

cases of interest, the penguin contamination is either unim-

wherehx=0.22 is the Cabibbo angle. The phase informationportant or can be eliminated using isospii} and other con-

of the CKM matrix can be displayed elegantly using thesiderations. We refer tf3] for a more complete discussion

so-called unitarity triangléFig. 1), which follows from the of these issues.

orthogonality of the first and third column€.P violation is Assuming that the above two conditions are met,GHe

indicated by a nonzero area of the unitarity triangle; to dateasymmetry measures I} where\ is a pure phase:

the only evidence foCP violation comes frome| in the

kaon system. XY
At present, constraints on the unitarity triangle come from X* )\ y*

a variety of source$2]. The sides of the triangle can be

probed directly—-V,,/V,,| in charmlessB decays, and The three pieces are defined as folloig3. X is the weak

|Via/Vep| throughBS-BS mixing. The three anglesy, 8, and  phase of the direcB—f decay amplitude. For example,

v, are constrained by the above measurements, as well as

those of|e«| andB decays to charmed mesofi¥|). How-

z

7% |- 2

ever, with the exception di,|, in all cases there are large n (P

theoretical hadronic uncertainties in the extraction of the * i

CKM matrix parameters from such measurements. As such, Vub o Via
our current knowledge of the unitarity triangle is rather poor. AVeb AVep

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 invol@P-
violating asymmetries in B decays. Through such 0,0) Loy »p
measurements, the weak phaseg, andy can be extracted
with no hadronic uncertainty8], and then compared with the FIG. 1. The unitarity triangle. The angles 3, and y can be
SM predictions. measured vi& P violation in theB system.
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Xp_.gua=VubVi4 in the SM.Y is the phase oB°-B? mix-  [12] concentrated on itemd) 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 relatidi,,<M ;,, even in the pres-
ence of new physics. Second, in most models of new phys-
cs’ ics, there are no new tree-level contributionsBodecays.

in the Wolfenstein parametrization. Therefore CP asymmetries continue to measure a well-
From the above equation, it is straightforward to establish y

. S : definedCP phase, as in Eq2). Of the three pieces in Eq.
which CP angles are measured in differéaDP asymmetries. 2), only Y is likely to be significantly altered by new phys-

N R
'(:ﬂ) example, theCP asymmetries in By —7 7~ and jcs. This is becausé) althoughZ may be modified in the
By — WK, probe sin 2 and sin 33, respectively. And the presence of new physics, only in extremely contrived models
angle ¥y can be extracted from th&€P asymmetry in can argZ) be changed, andii) X can be affected only if
(B_s)—>DSiKI [7] (the function in this case is €in). An-  there are new amplitudes which can compete with the
other way of measuring, which does not involve mixing- W-mediated tree-level decay, and there are very few models
inducedC P violation, is via the asymmetry iB*—DcpK™  Of new physics in which this occur¢Small new-physics
[8]. In all cases, theCP phases can be obtained with no effects onX are studied in Ref[76].) Thus, the principal
hadronic uncertainty. Of course, there are many other way that the SM predictions fo€EP asymmetries can be
asymmetries which can be used to obtain the angles, significantly modified is if there are sizable new-physics con-
and y. [For certain decayse.g., 'BY ~W¢) CP asymme- tributions toB®-B° mixing with phases different than in the
tries probe very small angles of other unitarity triangles,SM- It is therefore straightforward to establish, model by
which are almost flaf75].] model, which types of new physics can do this. Examples of

Once these angles are measured, it will be possible to te§odels of new physics which can significantly affect @€

the SM by comparing the measured values with the SM predsymmetries includé-mediated flavor-changing neutral cur-
dictions, as well as with the angles expected from indepentents, four generations, nonminimal supersymmetric models,
dent measurements of the sides of the unitarity trian@ls.  etc. In some of these model| is also likely to obtain
we will see below, these two comparisons are not necessarilsizable new-physics contributions.
equivalent. As mentioned above, the SM predictions are not  One point which was not emphasized[it2] is the third
very precise at present. Even so, the experimental data deay of detecting new physiditem (3) abovd. That is, even
somewhat constrain th@ P angles[2]. For example, sin2 if the new-physics contributions B mixing have the same
must be between 0.32 and 0.94 at 95% C.L. In addition, thghase as in the SM their presence can still be detected. This
pre(_:iictions fora, B, andyqre correlated, sin_ce there is only s pecause, although thé P phasese, B8, and y are un-
a single complex phase in the CKM matrix and the three;hanged from their SM values, the new physics affects one

?n9|?5trrt‘)uit add up t0”180|°- A s?ec.:ia;codrr;alation V\I/as Sh?WBf the sides of the unitarity triangle, namely the extraction of
0 exist between small values of siand large values of |\, /| from BY-BJ mixing. Thus, the measurements of

sin 2 [9], and an almost linear correlation was found be- . . . : .
tweena and y [10]. the angles aqd t.hos.e of the sides will be |ncon5|§tent with
All this presupposes that the SM is the complete descrip9ne another, |nd|cat|ng thg presence of new physics. _There
are several models in which this may occur—two-Higgs-

tion of the weak interactions ar@dP violation. However, it ; . o
is widely accepted that there must be physics beyond thgoublet models with natural flavor conservation, minimal su-
rpersymmetric models, etc.

SM. There are a number of ways in which new physics cal

manifest itself through the measurementCd? asymmetries: The question of new physics ar@P asymmetries irB
i L decays has also been discusseldLBl. This paper focuses on
(1) The reIatlona+B+_y—7r is violated. how new physics can affect various relations amdg
(2) Although a+B+y=m, one finds values for th€P 5oy mmetries in the SM. One of the points made, which is of
phases which are outside of the SM predictions.

: _ articular interest for our purposes, is the following. Suppose
(3) The CP angles measured are consistent with the S hat & (which stands form—8—7v) and 8 are measured via

predictions, and add up to 180°, but are inconsistent with thes p asymmetries invoIvin@ﬁ decays, and thagis obtained
measurements of thiadesof t_he unitarity triangle. throughB?® decays. In this case, if the phaseBﬁ-B_g Mix-

In any of these cases, it is only natural to then ask whajng is identical to that of the SM, then the relationt3
type of new physics could be responsiHla. special possi- 4 = will hold, regardless of whether there is new physics
bility is the so—called_ sup_erweak-type modéll], in which in Bg-BS or BQ-BS mixing. In other words, any new-physics
the CKM phase vanishee., y=0), and theCP asymme- effects inBy-BY mixing cancel in the sum o and 8.

tries in By — "7~ and By — WK, are equal in magni- : - : A
d =7 T d s a 9 This has important experimental implications. The angles

tude. It is possible, but not necessary, that these asymmetri%lsandﬂ will probably be measured throughP asymmetries

vanish in such models, in which case the unitarity triangle. (— . (=) .
: : in B and By —WKg, respectively. If the angle
becomes a straight lie. _ . PdmT T d — = Bs, [6SPECIVEl. 1 the ang
A first step in answering this question was takerjig], ¥ is measured through th@P asymmetry in B¢ —D K™,
which examined the effects of a variety of models of newthen one might find that the thrézP angles do not add up to

physics on theC P asymmetries iB decays. The authors of 180°, if there is new physics iBS-B_g mixing. However, if

ing: e.g., forBS-BY mixing in the SM,Y 4=V} V,q. Finally,

Z is the phase oK-K mixing, which is important only if the
final statef contains a neutral kaon. In the SM, assuming
that K-K mixing is dominated by box diagrams with virtual
c quarks,Z=V_4V%,, which is real to a good approximation
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the angley is obtained viaBB™ —DpK™, then, unless there are constrained by current experimental data. In all cases, we

are new contributions td decays, onemustfind a+B  search for new contributions lBg—B_g mixing at least com-
+vy=. This underlines the importance of measuripgas parable to that of the SNtL4]:

well asa and B) in a variety of independent ways. This also

demonstrates that it will be crucial to search for new-physics GZM BanqM\ZN

effects in all three ways—if only one of the methads—(3) M3(By) = Doz féqBBthfZ(xt)(thV:(b)zl

is used, one might miss the presence of physics beyond the 3)
SM.

This rather lengthy introduction summarizes previouswhere the mass differencAM is related to M, by
work on new physics an@P asymmetries in th& system.  AM,=2|M4(B,)|, X;=m?/M%, and
However, these analyses only partially address the issue.

Suppose that thE P anglesa, 8, andy are measured, and it 191 3 1 3 x2nx

is found that, in fact, the presence of new physics is indi- Fa(x)= 2ta1x" 2 (1-x)2 2 (1—-x)3|’ )
cated. Referendel 3] presents some tests to determine where o

the new physics might be founde.g., B3-BS mixing, New-physics contributions td-Bj mixing are con-

B-BY mixing, etc). Referencd12] identifies which models ~Strained by the measurements of the neufraheson mass

of new physics could be involved. However, neither of thesélifferencesAMq [15] andAM; [16]:
references tells us how to distinguish among these various _ 1 1
models. It is this question which we address in this paper. AM¢=(0.470:0.0179 ps =, AM>7.8 ps™. (5)

As argued above, the new physics can affect @  These values are consistent with the SM prediciBa. (3)],
asymmetries mainly through its contributions B(S-Bg or and constrain the CKM element4, andV,, as follows[2]:
BS—BS mixing, which are flavor-changing processes. This
same new physics will therefore also affect rare flavor- 0‘15<’ﬂ <0.34 E
changing decays, such &s-sX or b—dX. (In this paper Ve " Ve
we generically refer to such processes as ‘“penguin” de- o .
cays) This is the key point. As we will show, some models These limits include the experimental errorsrapandV.,,
of new physics can be distinguished by their contributions tS Well as the theoretical error dg_/Bg . The bounds on
these rare processes. In fact, for certain models, the newWhese quantities due to the unitarity of the3 CKM matrix
physics parameter space leading to large contributions telone are
B-B mixing also predicts large deviations from the SM pre-
dictions for certain penguin decays. Conversely, if no devia- 0.11< ﬂ
tion from the SM is found, this would so constrain the pa- ' Vep
rameters of the new physics as to render its effect8-iB _
mixing, and hence th€ P asymmetries, unimportant. Itisan  With the addition of new contributions ®2-BY mixing,
experimental question whether or not measurements of théhe constraints of Eq(6) on V.4 and Vs are relaxed, al-
rates for such penguin decays can be made befor&€fe though the degree of relaxation is model dependent. In cer-
asymmetries are measured. Regardless, it is clear that meain models, the CKM matrix remains unitary, which implies
surements o€ P asymmetries and penguin decays will give that the bounds of Ed7) still hold. In other models, the>33
complementary information. And in fact, unless the new par<CKM matrix is not unitary, so tha¥/,q or Vs can be much

ticles are discovered in future colliders, it will be necessarysmaller and in principle even vanish, in which cageB_g or
to appeal to such measurements to infer their existence mng_Bg mixing comes entirely from new physics.

rectly. . . . In order to see how large the new-physics contributions to
The paper is organized as follows. In Sec. Il we review_g =5 . . . i . .
By-Bq mixing can be in specific models, it is convenient to

and update the contributions of various models of new phys ) . .
baas< Phy normalize these terms by the correspondiidrox-diagram

ics to B-B mixing, and hence t&€ P asymmetries irB de- hich in the SM. which tonal t
cays. We summarize the current experimental constraints o gms which ‘appear in the , Which are proportional to
However, one should note that in some cases the latter

the new-physics parameters which determine these contribu-ta:

tions. For those models which can affect the SM predicti0nsf)""r"?l(';nmerfS can _talii.values O:’ts'de t.rllledSM tcor;;rglnts. To
for the CP asymmetries, in Sec. Ill we examine their contri- avold contusion In_this respect, we will denote OX

. . 0 50 ..
butions to flavor-changing penguin decays. We conclude igontributions toBg-Bg mixing by M 1 rather than byM 3",
Sec. IV.

>0.6. (6)

Vi
<033, |—=

Vo =1. (7)

A. Four generations[17]

This is a model with an additional generation of quarks
and leptons, including a new charge 2/3 quafk;The CKM

There are a variety of models of new physics which canmatrix is 4<4, which can be parametrized by six angles and
contribute toBg—Bg mixing (q=d,s), and which therefore three phases. The unitarity triangle thus now becqmes a
can affectCP asymmetries irB decays. In this section we duadrangle. There are new loop-level contributions, involv-
review and update the contributions of these models to thigg internalt’ quarks, to botng—Bg mixing and penguin
mixing. (Note that we include several models not discussedlecays. The additional phases in the CKM matrix can play a
in [12].) We also examine how the new-physics parametersole in theCP asymmetries.

Il. B-B MIXING AND NEW PHYSICS
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There is a model-independent lower bound of 45 GeV orare induced. Th&bd andZbs FCNC couplings, which af-
the mass of thé’ coming from LEP. There are stronger fect B decays, are parametrized by independent parameters
constraints orm,, of O(100 GeV coming from hadron col- Uy, andUg,, respectively, which contain new phases:
liders, but these can be evaded since they depend on how
strongly thet’ couples to theb quark. There is an upper
bound of 550 GeV om, coming from partial-wave unitar-
ity [18]. A heaviert’ will lead to a breakdown of perturba-
tion theory. The strongest constraints on the CKM matrix There are, however, constraints on the FCNC couplings
elements involving the’ quark come from unitarity. There coming from the procesB— u "~ X. The current experi-
are additional constraints on thé mass and its charged- mental bound on the branching ratio of this proced2®
current couplings coming from thi¢, -Kg mass difference, .o 75
from |/, from B3-B3 mixing, and fromb—sy. Since the B(B—p"pn X)<5x107%, (1)
measurements of all these observables agree with the predigqje the contributions oz-mediated FCNC's to this pro-
tions of the SM, they provide upper limits on their respective.oqq are
t’ contributions, assuming no accidental cancellations. How-
ever, if one allows _for such cance!lations, the constraints B(B— 4 * 1~ X) rN2 L a2 [Ugpl*+|Ush?
become correspondingly weaker. Finally, we note that the BB urX) =[(g{) "+ (9r)“] Voo 2+ FopdVeo?”

(12

g _
Licne=— 2 CoSy UgpdL ¥*bLZ,, . (10

fourth-generation neutrino must have a mags>M,/2 due
to constraints from the CERN" e~ collider LEP. Since this
is quite unlike the first three generations, many argue that thghere gf=—1/2+sirf6y, gk=sir4,, and Fps=0.5 is a
four-generation model is much less plausible. Still, it is aphase-space factor. The FCNC couplingg,, g=d.s are

logical possibility. . ~ then constrained to be
In this model, the extra phases in th&4 CKM matrix
enter through the new contributions Bf-B® mixing. As- u
P ATOUdH e S COmn B By mixing. As- 9 <0.044, (13
suming that this mixing is dominated by box diagrams with Ve

andt’ quarks, we have
or, taking|V,,| =0.0388-0.0036[2],

four ge G'ZZMBanqM\ZN 2 * \2
M35" F1Bg) = ——5 2 T B [E(Xt.x) (VigVih) |Ugp| <0.0017+0.0002. (14)
+2E(X, Xe) (Ve VE) (Vs Vo s (Similar constraints can be obtained from the bound on
(X¢ %) ( tq tb)( t’'qVt’b ) B— voX [21].)
FEXp X)) (VergVp)2l, 8 The Z-mediated flavor-changing couplingi;,,, can con-
tribute to B3-BJ mixing:
where
z ‘/QGFMBanq 2 2
1 3 1 3 1 Inx; M%(B,) = ———=—— {3 Bg (U%*})>. (15)
E(Xi ,Xi)=XiXi{ | =+ = — J 12\ Pq 12 Bq—Bg\ - ab
(XD =X |3 2 T=xp) 2 (1=%)%] X,—x%
3 1 Recall that there can be new, independent phasekin
X ) —— Comparing the contribution of this new physics to
+(Xi=Xj) 4(1—Xi)(1—Xj)]' (9) paring pny

BS-BY mixing with that of the SM, we find

Since the additional contributions to the mixing can be of a
similar size to that of the SM, but with different phases, the e . =
CP asymmetries can be considerably altered. For example, ~ AMg  GeMy Xif2(x0) [ViaVel
the experimental value d&3-BY mixing can be explained in 3 3
the SM ifV,4=0.01(for m;=170 GeV,V,,=1); the phase of where we have takep| =1 andm,=170 (_SeV..

L 2 . . In this model the CKM matrix is not unitary:
the mixing is then ar®(,qV3,)*. In a four-generation model, in
which the 33 CKM matrix is no longer unitary, this mixing VE Vot VEN 4+ VEV = U 1
can be dominated by the fourth generation: e\gy~O0, udTub™ Ted¥eb T Td Tt Fdby 9
Virg=0.005, Vip=Vi,=1V2, and my =480 GeV. The  gq that the constraint of E7) on V., does not hold. Since

phase of the mixing is then aig(4V)% which may be |Ugy| is bounded by Eq(14), we find
quite different from the SM.

AMG  v2a? 1 Ual®  _ [Ugpl?
8022
Vel

(16)

v
0.07<| ¢

<0.37.
B. Z-mediated flavor-changing neutral currents[19] Vep 0.37 (18)

In these models, one introduces an additional vector-Consequently
singlet charge—1/3 quark, and allows it to mix with the '
ordinary down-type quarks. Since the weak isospin of the z | IV |12
exotic quark is different from that of the ordinary quarks, 6)[ db °b} ,
flavor-changing neutral current&CNC's) involving the Z

(19

d
AM‘dN_(O'g_Z 0.04
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where the numerical coefficients 0.9 and 26 correspond tguarks and the other decouples from the quark seéotodel
the largest and smallest values|vy/V,,|. The sum of the 1), Y=—X=cotB, where tag is the ratio of the two vacuum
W and Z contributions toBS-BJ mixing is consistent with ~€xpectation values. In a more popular version of the two-
measurement for the entire range\af, . Higgs-doublet mode(modgl I, found in supersymmetric
BY-BY mixing can be analyzed similarly. However, in this models, for examplésee discussion belgwone scalak¢y)

case, the effect dfl,, on the violation of §b) CKM unitar- gives mass to the up-type quarks while the other saalar
ity is’small so thats gives mass to the down-type quarks. In this césd¢ans and

Y=cotB=v,/v;.

AM§ U/ V|2 For simplicity of presgntation' in the following we assume
VL E{W (200  that only one charged Higgs is light; the others are heavy and
s : decouple. This leaves two complex coupling constaKts,
andY. There are several useful observations regarding Eq.

(22). First, theY term is dominated by thé quark: 11:'1
~Y(m/My)H"tgV,d; . Second, because of the smallness
of the down-type quark masses, thderm is important only
i |X|>|Y|. In this region of parameter spadgP violation
Ban appear in charged-Higgs exchangXifandY have a
nonzero relative phase. However, the observed rate-o$y
constrains IniX Y*)<2—4[28], thus ruling out the possibility
Sthat CP-violating effects due to charged-Higgs-boson ex-
change can compete with those duéd\@xchange. Since the
inclusion of theX term does not lead to ne®P violation,
e and since in ggneral itis m_uch smaller than Yh&erm, from
Ugb= /#, M~0.1—1 TeV. (21) hgre on we will gener.a!ly ignore th¥ 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 8(-Bj mixing: those with
one H and oneW, and those with twoH’s. The total
charged-Higgs-boson contribution is given 28]

From this we see thzﬁg-B_g mixing can in fact be domi-

nated byZ-mediated FCNC. And althougB2-B? mixing is
still mainly due to thew-box contribution, the new-physics
contribution may be non-negligible, so that the new phase
in Ug, can be important. Thus, in both cases, measuremen
of CP asymmetries can differ considerably from the predic-
tions of the SM.

It is interesting to note that there exist specific model
with seesaw-like predictions for the flavor-changiigcou-
plings[22]:

Depending on the precise valuelf, these couplings do not
lie too far below the present lim[tEg. (14)], and may thus
give sizable contributions tB-BS and B2-BY mixing.

In one particular flavor-changing model [23], CP is
violated spontaneously, the CKM matrix is essentially real,
and the new contributions tsg—Bg mixing lead to very . GZMg 75 M2,
small phases. The unitarity triangle becomes a straight ImeMT2 (Bg) = a4

—2 3 2 Bg (VeoVE)  lun+ 1 awl,
and allCP asymmetries are expected to be tiny. 48m* BqBq’ TtaT ol HIHHR T AW

(23)
C. Multi-Higgs-doublet models where
Models with more than one Higgs doublet can be classi-
fied into two types: (i) models with natural flavor conser- Ly =Xl 1(yD)] Y]4,
vation [24], in which there are no flavor-changing neutral
currents, andii) models in which flavor-changing interac- L= 2%V [ A1 (X Fla(x Y2 24
tions can be mediated by neutral scalf2s]. We discuss Hw= X[ 41200 10w 1Y 249
these in turn. with
1. Natural flavor conservation 14y 2y Iny
In models with natural flavor conservati¢g6], the new l1(y)= 1=y)? + 1=y)% (25
charged scalars may give significant contributions to y y
B2-BY mixing if their masses lie in the range of 50 GeV to
d -q : (x—4y)Iny 3x Inx
about 1 TeV[27]. The Yukawa couplings of the charged Al ,(x,y) +13(X,y) = 5 5
scalars to up- and down-type quarks are given by (Yy=x)(1=y)*  (y=—x)(1-X)
g — PRl S 26
Ly== XiU VcxmMpD (1-x)(1-y)’
H ﬁMWZ(lLCKMDR y
+Y,UgMyVexmDOH; +H.c. (220 Here,x;=m2M§ andy,=mZ/M.. Note thatM", (B)

involves the same CKM factors and has the same phase as
Here U(D) is a vector of up-typddown-type quarks, and the W-box contributions. Therefore, the ratio of the two
My(Mp) is the diagonal charge 2/@harge—1/3) quark terms is independent of CKM factors and is positive, such
mass matrixX; andY; are complex coupling constants aris- that the two contributions add up constructively. Rbg+ in
ing from the mixing in the scalar sector. In the case of twothe range 100—-400 GeV, this ratio may be approximated to
Higgs doublets, in which one doublet provides masses to allvithin about 20% by an inversely linear relation:
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H+
M, (By) (100 Ge

MY%By)

oo 0.24vits Logv?L 27

For smaller and larger Higgs masses this simplified expres—

sion holds within about 30%.

The parametergY| andM,+ are constrained by compar-
ing the observed rate df— sy [30] with the SM prediction
[31]. These constraints also depend ¥n32]. At 3¢ the
bounds are

—0.56<|Y| = GW(yt)JrXY* L(y)<0.27, (28
where
Guly) = o [(7—5y—8y?)(1—y)
+6y(2-3y)In(y)],
Gu(Y)= 572 Y s (350 (L-y)+22-3yin(y)].

(29

The implications of these bounds oh and M+ depend
somewhat on the details of the mod8B]. In a two-Higgs-
doublet model of type II(XY=1), charged-Higgs-boson

masses below about 300 GeV are already excluded, indepen-

dent of the value o¥. In a two-Higgs-doublet model of type
I (X=-Y), Higgs-boson masses in the entire randg +
<800 GeV are excluded if one assun¥$>2.7. However,
in a general multi-Higgs-doublet model, in whiehand Y
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surement of its phase in the asymmetry (670,)—>\1st is
unaffected by the presence of the new physics.

Particularly interesting are models of spontane@id
violation, in which the entire Lagrangian ISP 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 momeri28]). In this caseCP is violated
in (neutral and chargeddiggs-boson exchange, while natu-
ral flavor conservation leads to a real CKM matfid7].
Thus, the unitarity triangle becomes a straight line, and the

amplitude ofBg—B_g mixing is real.

2. Flavor-changing neutral scalars

In the second class of models, flavor-changing neutral
scalar interactions between quarikandj exist, but are sup-
pressed by factorg;; due to an approximate global symme-
try. Such models have recently received special attention
[38-42. In this caseBJ-B] 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 bymfv)F;
(m>m;, v~ ?=v2Gg), their contributions td3-B mixing
are given in the vacuum insertion approximation by

5v2 GFfZqugq

HO OV4 "7 Pa Par2
M (B ) 24 M,io Fqb7

(32

whereM 4o includes possible complex mixing among several
neutral Higgs fields.
Comparing with mixing in the SM, we find

are independent parameters, the constraints become weaker.

This leaves a large region ¢¥|—My+ parameter space in
which the charged-Higgs-boson contributionBg-B mix-

ing [Eq. (27)] can be significant and even dominant. For

example, in a general model, the valldg+ =400 GeV and

Y=3 are allowed, which impliest, /M¥=7. In this case
the sum of theW andH " terms(dominated byH *) is con-

sistent with the measurementB§-BS mixing for the small-
est values o4 in the unitarity rangdEq. (7)].

There is also a bound on the parametefs and M+
from _the latest ALEPH measurement oR,=I'(Z
—bb)/T'(Z—hadron$=0.2158-0.0014[34]. Assuming the
neutral-Higgs-boson contribution &, is small(i.e., X is not
too large [35], at 3o this results in the constrain86]

IY|2F(y)<1.7, (30)
wherey,=mZ/M?, and
F(y)= —— [y—1-Iny] (31
(y—1)2 '

This constraint is somewhat weaker than that flom sy.
It is important to note that the phase Bf-Bj mixing is

12(Bq)
lZ(Bq)

5(( Fab )2(100 Ge\))z 33
th :[kb MHO ’

Thus the neutral Higgs contributions may substantially
modify the SM prediction foiBg-By mixing. The unitarity
triangle holds in this model. However neither the magnitude
of V,q nor its phase can be directly measured throngh,,

and the asymmetry ir(lB_d)—>\Ist, respectively.

In models with specific predictions fd¥;; , this leads to
large effects in an interesting range of Higgs-boson masses.
For instance, neutral-Higgs-boson contributionsBﬁ}Bg
mixing are sizable for Higgs-boson masses around 100 GeV
when flavor-changing couplings have the fof89,40

Fab=ViqVib (34)
and for Higgs-boson masses of a few hundred GeV up to
about a TeV in models in whic[88]
Fqb: mq/mb. (35)
In general, these new contributions carry unknown phases
and have to be added to the charged Higgs contribufieqs

unaffected by these new contributions. Also, the unitarity of(27)].

the 3x3 CKM matrix holds in these models. Consequently, In the presence of flavor-changing scalar interactions, the
although the extraction d¥,4| through the measurement of special case of spontaneoG$ violation does not, in gen-
AM has to take théd ™ contribution into account, the mea- 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-energy limit of the minimal spontaneously brokBr=1 su-
ever, be very small42] or may even vanispd0]. This would  pergravity model. Here one typically imagines that there is
imply that the unitarity triangle becomes a straight line,unification at some high scaléA(,), and that supersymmetry
while the B3-Bj mixing amplitude carries a complex phase. (SUSY) is broken at this scale by some unknown mechanism
(e.g., a “hidden sector)'which interacts only gravitationally
D. Left-right symmetric models with the known fields. SUSY breaking is parametrized by
soft breaking terms in the supergravity Lagrandigg]. The
low-energy effects of SUSY breaking, as well as the masses
of the superpartners, are calculated by running the
renormalization-group equations down fravh, to the weak
scale. The net effect is that, in addition to the usual gauge
the same way as the ordinavy (although certain decays are and Yukawa couplirr:gs, the MSS('\;I is. Qescri?e?l by only four
forbidden if thevg is too heavy. In particular, theWg can new parameters. The masses and mixings ot a superpartners
) P ) ; at low energy can be described in terms of these four param-
contribute toBy-By mixing through box diagrams, as in the gters. I one also requires that the spontaneous breaking of
SM. However, limits from theK, -Ks mass difference con-  gyy2) xU(1), be induced radiatively, there is a further re-
strain theWr, to be heavier than 1.4 Tep4], which would  gyction in the number of SUSY parameters from 4 {&3].
render its effects in th& system negligible. o Although there are several new SUSY contributions to
If one abandons the discrels R symmetry, so thaV/ Bg-Bjy mixing, in the MSSM these all have the same phase

. L : _ if-
is unrelated td/", the constraints from thk, -Ks mass dif as in the SM, to a good approximation. We consider them in
ference can be evaded. For judicious choices of the form Oturn [54]

VR, CP-conserving experimental data permit thé, to be . .
" . (i) Charged Higgs bosons and charge 2/3 quarkhese
considerably lighterMz=300 GeV[45]. However, unless contributions have already been described above in the dis-

the elements o¥/R are considerably fine-tuned, there will be . )
P e . cussion of the two-Higgs-doublet mod&ec. Il C 1. Unless
large contributions to th€ P-violating parametefey| [46]. one goes to extremely large values of flarthe charged

Assuming no such fine-tuning, th& is again constrained . } )
o be heavyM ;=5 TeV. Higgs couples the down-type quarks only to thguark:

The above analysis assumes tkathas the same form as g m
in the SM. However, this need not be the case. For example, Ly+==— cotB _t H tRVyd;, . (36)
it was suggestet7] thatB decays might in fact be mediated V2 Mw
by the Wg, instead of the ordinarW. The longB lifetime
would then be interpreted as being due to the heaviness afyys the contribution t(Bg-B_g mixing from charged Higgs
the Wpg, rather thanL to theRsmaIIness Utp. A variety of  poconsis proportional tO\@thq)z, as in the SM.
different forQ‘S forv™ andV were proposed47.4§. In e}ll (i) Charginos and charge 2/3 squark§8he couplings of
cases, the/ ¢4 element was considerably smaller than in the

. e o = eW™ andH ™ to up-type quarks are very similar to those of
SM, leading to the prediction th&(b— ccd)/B(b—ccs) is  ha \w* and H=. (Note that the physical charginos are in
at most~10"%. However, the decaB—¥ 7 has since been oK ft

observed with a branching ratio in agreement with the S enral linear combinations ok and H™). In particular,
A . he W= couples only to left-handed up-type squarks:
[49], effectively ruling out all such models. up y up-type squ

Our conclusion is therefore that there are no important

In left-right symmetric model$43], the gauge group is
extended to S(2), XxSU(2)gXxU(1)g_,, along with a dis-
creteL «— R symmetry. The right-handed CKM matrix is then
related to its left-handed counterpavf?= V"' or VR= (Vh)*.
The right-handedNg can participate in weak processes in

new-physics effects in thB8 system within left-right sym- 9 = d
metric models. The one possible exception is if one consid- E\XFE (u,c,t) VekmWrr| S|, (37
erably fine-tunes the right-handed CKM matfB0], but we b

do not consider such possibilities here.
while in the limit of negligible down-type quark masses, the
E. Supersymmetry H™* couples mainly to right-handed squartessuming non-

In the supersymmetric standard mod8SM) [51], the extreme values of t36):

gauge group is unchanged, but a plethora of new particles is

added. These include the supersymmetric partners of the SM g 1 m.. =

particles, as well as a second Higgs-boson doulilesome L= E w WV trViH i di, (38)

versions, additional Higgs-boson representations are also

present In the SSM there are thus a variety of new contri- o 0 =0 ..

butions toBJ-Bg mixing. These come from box diagrams where VLfgl_ 3’52{%- The contributions t‘B;q'qum'X”f'g of

with internal (i) charged Higgs bosons and charge 2/3P0th theW™andH™ are proportional toV;Vig), as in the

quarks, (i) charginos and charge 2/3 squarkiii) gluinos ~SM. For theH™ this follows directly from the above equa-

and charge—1/3 squarks, andiv) neutralinos and charge tion, while in t.he case of. th&/~, one uses the umtanty of

—1/3 squarks. The relative sizes of these new contributionghe CKM matrix, along with the fact thaty, =mg #nm in

as well as their phase information, depend on the version ahe MSSM, to arrive at this result.

the SSM. (i) Gluinos and charge—1/3 squarks:The important
We first consider the minimal supersymmetric standarccoupling of the gluino'§) to down-type quarks and squarks

model (MSSM), which is usually taken to mean the low- is
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d Lagrangian[57]. In this case the quark mass matrices are
[~=12 E,'é,E VoG s| 39 approxnnately aligned with the squaylg mass—s_quared matri-
5= V203( I Vekmdn (39 Ces. This has the effect that the mixing matrix for quark-
squark-gluino couplings is close to a unit matrix, so that
(There is also a generation-diagonal coupling involvingmCNC are suppressed, even though the squarks may not be
right-handed down squarks, but this cannot contribute tgl€generate. In most such models, the SUSY contributions to

BJ-By mixing.) Note that the coupling is proportional to By-Bq mixing are quite S”;"Sg;( ngevg’\rﬂ, |t0|s. possible to
Vi - This, along with the fact thati, =me #n, in the construct models in whicM 73°(B g)/M 35°(Bg) is as large

L L as 0.15, with a negligible effect d&2-B2 mixing. Since the
phase of the SUSY contribution is unknown, this can lead to
measurable deviations from the SM prediction€iR asym-
metries involvingB § decays. In another class of nonminimal
SUSY models, known as effective supersymmgfty], the
suppression of FCNC's applies only to the first two families
of squarks. In this case new-physics effectthﬂnt mixing

can be much largdr78].

MSSM, leads to a contribution B3-Bg mixing proportional
to (V{,Vig)?, as in the SM.

(iv) Neutralinos and charge-1/3 squarks:The physical
neutralinos are linear combinations of the photing,(the
Zino (Z), and the two neutral Higgsino(&-l‘iz). The cou-
plings of they andZ to down-type quarks and squarks are
similar to that of theg [Eq. (39)]:

d Another approach which is often taken is to ignore the
_ ~_~ - FCNC problem altogether. One simply assumes that all
L= = 3¢ (d,s,0) Vermyn z ’ SUSY parameters take the maximum allowed values permit-

ted by experiment. In such “models” one can have non-

negligible contributions td2-B° mixing which have differ-

9 "q
g 1 1 _~——~ = d ent phases than in the SM. These contributions typically
L7=cog | 213 sin® 6,,|(d,5,b) VekmZyi| S |- involve right-handed squarks. For exampi8], the general
W b coupling of aH™ to down-type quarks and up-type squarks
(400 can be written
The dependence Ovick, of the couplings of they andZ is 1 ___/d
just like that of the gluino, leading to a contribution to E~:g — (TTY) UvUYM. v Hy | s
0. R0 iy . . . % 2 H V3 MWS”-]ﬂ vt JRYR YRVIUV CKM L )
By-Bg mixing which is proportional to\;,Viq)“. As for the
neutral Higgsinos, their coupling to down-type quarks and (41
squarks is proportional tM /M,y cosB, which is negligible ~ U , ) )
(unless one goes to extremely large values oBan whereU i (UR) is the transformation matrix of the right-

Thus, to a good approximation, in the MSSM all new handed up-type squarkguarks needed LOU diaguonalizc_a the
SUSY contributions t@®2-B2 mixing have the same phase as squark(quark mass matrix. In the MSSM) g=U g, leading

q"Pq - 0520 o -
in the SM. Therefore th€ P asymmetries ir8 decays will © @ contribution to By-Bq mixing proportional  to

not be modified. The full expressions for these contributiond ViViq)* [Ed. (38)]. However, in general this relation need
are quite complicated, so we do not reproduce them fvege  Not hold, in which case there can be new phases in this
refer the reader t¢54]). The strongest constraints on the contribution toBg-Bg mixing.
SUSY parameters come from direct searches. For example, As another example, consider again the contribution of
there are lower bounds of 176 and 45 GeV on squark angluinos and charge-1/3 squarks tcBg-Bg mixing. In the
chargino masses, respectivglys]. The parameter space is MSSM there is no intergenerational mixing among right-
sufficiently complicated that it is very difficult to establish handed down-type squarks. As a consequence, the contribu-
firm constraints from loop-level processes suchbassy.  ijon to Bg_B_g mixing of gluinos and charge-1/3 squarks
V\ge_r(}ote, however, that the effect of supersymmetry or,yoives only left-handed squarkEq. (39)]. However, in
By-Bg can be quite significant. For certain values of the panonminimal SUSY models, this need not be the ci&,
rameters, the total SUSY contribution Bf-Bj mixing can  there can be intergenerational mixing among right-handed
be twice as large as that of the SM. down-type squarks. In general, this mixing matrix is unre-
Recently[56] it was suggested tha P violation could lated toVy, SO that there can be new phases in this con-
possibly come from SUSY-breaking alone, with a real CKM tribution to Bg-Bg mixing.
matrix. In this case, which is essentially a superweak-type The main problem with this approach is that there is little
model, the unitarity triangle becomes a straight line and alpredictivity. There are, in general, a very large number of
CP asymmetries irB decays are very small. parameters: the masses of the superpartners, their mixings,
We now turn to nonminimal SUSY models. For genericetc. Thus, although one can describe how new phases can
squark masses, supersymmetric_contributions — enhanGgerg%-BP mixing, it is virtually impossible to analyse such
flavor-changing processes suchk%K® well beyond their effectsqin g systematic way.
experimental values. Any nonminimal SUSY model should
address this problenﬁn the MSSM this problem is resolved 11l. PENGUIN DECAYS AND NEW PHYSICS
since, to a good approximation, the squarks are degenerate
One class of nonminimal SUSY models solves the FCNC As discussed in the Introduction, any new physics which
problem by imposing an Abelian horizontal symmetry on thecontributes toBg—Bg mixing will also contribute to flavor-
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changingB decays. Before examining the new-physics con-distance contribution fob—slI*1~, which can be measured
tributions to such penguin decays, we first review the SMfar away from the resonances, gives the following branching
predictions. Two aspects of these predictions are of particuratios, taken fronj31]:

lar interest to us(i) the actual size of the branching ratios for

various penguin decays, arfil) the uncertainties, both ex- B(B—Xse'e )=(8.4+2.2X10 °,
perimental and theoretical, of the predictions. New-physics Lo N s
effects will be considered important in a particular penguin B(B—Xsp u )=(5.7£1.3 X107,

decay only if they change the branching ratio by quite a bit . 5
more than the uncertainty in the SM prediction; in other B(—=Xs7'77)=(2.620.9X10"". (46)
words, we are looking for “smoking gun” signals of new Forb—dl*1-

physics in such decays , the branching ratios are

B(B—X4ete )=(4.9+4.3 10,
A. The standard model

-V— —7
b—qy, g=d, s: The lowest-order amplitude for the de- B(B—Xgu"n™)=(3.32.8x10",

cayb—qyis[31] B(B—Xyr* 7 )=(15+1.3x10°8. 47)

A(b—qy)= Gr & > VAV Fa(x)g e’sa,, For all decays, the errors come from the same sources as in
V2 2m 5 a # b—qvy: m;, B semileptonic branching ratio, the renormaliza-

tion scalew, Agcp, and|V,q/Vis| =0.24+0.11.

Bg—>l *I7,g=d,s: This decay can be calculated quite
precisely in the SM. By including the QCD correctigr@g],
the renormalization-scale uncertainty is reducedd{d %).
There is still some hadronic uncertainty, parametrized by the
B-meson decay constafg . The branching ratios af&1]

X(mMyyr+ MsyL)b, (42

where the sum is over the up-type quarks, gficand €“ are
the photon’s four-momentum and polarization, respectively
The functionF, is given by

X _ _
Fz(x):m[esx(e,x—z)lnx B(BY— 7" 77)=(7.4:2.1)x10" ' (fg /232 MeV)?,
—(x—1)(8x2+5x—T7)]. 43 B(B{—u'u )=(35x1.00x10°° (fg/232 MeV)?,
Due to the smallness of thei- and c-quark masses, B(Bger+r‘)=(3.1i2.9)><10‘8 (deIZOO MeV)2,

Fo(Xy) Fa(x.)<Fy(x;), so that theb—qgy amplitude is
dominated byt-quark exchange. A full quantitative treatment

0 +o-N_ —10 2
of these decays requires the calculation of the important B(Bg—p p)=(1.551.4X10 (T5,/200 MeV)".

QCD corrections. Including these, the SM branching ratios (48)
are[31] (The branching ratios te*e~ are some 5 orders of magni-
_ _ tude smaller than those for"x~.) The error in theB?
— =(3.2-0.58 x10 4 . e . >S
B(B—Xs7)=(3.220.58x10°%, branching ratios is due to the uncertainty, both experimental
B(B—Xgy)=(1.0+0.8)X 105 (44) and theoretical, in the top-quark mass. TB§ branching

ratios have a larger error due to thgy; CKM matrix ele-

The uncertainties include both experimental errorg, B~ MeNt:|Vig/Vi[=0.24-0.11. At present, the best upper limits
semileptonic branching ratiaand theoretical erroru (the — ar¢ B@Gs_’f“ p)<84x10° and B(B dR R )
renormalization scaleAocp, and the ambiguity in the inter- <1.6x10 °[61], with no significant limits on the" 7 final
pretation ofm; (pole or running mag$ combined in quadra- state. , ) . ,
ture. Forb—dy, |V,g/V,]=0.24+0.11 has been used and  Cluon-mediated exclusive hadronic decajisiese arise

combined in quadrature with the other errors. The decajfom the quark-level proceds—qq’q’. Throughout this pa-

b—sy has actually been measured by the CLEO CollaboraPer we will refer to such loop-level decays as ‘“hadronic
tion [30]: penguins.” There are two ingredients needed to calculate the

rates for hadronic penguin decays in the SM. First, the rates
B(B—Xsy)=(2.32+0.67)x 10 4. (45)  for the quark-level decayb—sqq and b—dqq are com-
puted. This is done similarly to the decags-sl™l~ and
This measurement can be used to constrain models of nel/—dl"1~: the Wilson coefficients of a variety of operators
physics, as already demonstrated in E2§). are calculated as one renormalizes down from the weak scale
b—ql*I~, g=d,s: This class of decays is rather compli- to theb mass[62]. This can be done with reasonable preci-
cated theoretically31]. First, one must calculate, at next-to- sion. Second, one calculates the hadronic matrix elements for
leading order, the Wilson coefficients of ten local operatorghe hadronization of the final-state quarks into particular final
which mix under renormalization. Second, one needs the mastateg 63]. It is this step which introduces enormous uncer-
trix elements relevant de*)Xs’dl-Pl_, which can be calcu- tainty. These hadronic matrix elements are typically evalu-
lated using the spectator model, along w@itil/m?) correc-  ated using the factorization approximation. Unfortunately, it
tions. Finally, long-distance effects due t4¥ and ¥’ is difficult to estimate the error incurred by applying this
resonances must also be taken into account. The shompproximation to penguin decays. The predicted rates for
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exclusive hadronic penguin decays can easily be in error by grams. Of these, the diagram involviiyexchange is the
factor of 2—3.(Much of this uncertainty cancels in the ratio most important since it is enhanced by a factonff/M 3,.
of rates of corresponding—d andb— s processes, which is Throughout this paper we will refer to such processes as
given in the SM byV,/V,4? [64].) “electroweak penguins.” As with hadronic penguins, the
Since the SM predictions for hadronic penguins have conealculation of SM rates for exclusive electroweak penguin
siderable uncertainties, if one wants an unmistakable signalecays suffers from large uncertainties in the hadronic matrix
of physics beyond the SM in such decays, the new-physicelements. We will therefore again use an approximate form
effects must benormousthey must change the SM rates by for the amplitude of the SM electroweak penguin contribu-
an order of magnitude or more. It is therefore sufficient fortion to the decayp—qq’q’. This can be obtained from Eq.
our purposes to obtain approximate, order-of-magnitude e449) through the replacementsay(m,)— a,(m,) and
timates for both the SM and new-physics effects. To thidn(m2/m2)—m?2/M 3,. There is an additional factor of 2 due
end, we will use the following approximate form for the to a larger Wilson coefficient for the electroweak penguin
amplitude of the SM gluonic penguin contribution to the operator. Therefore,
decayb—qq'q”:

(mp) [ m? Ay 22T ( mf)v VA =0.008/, V% . (52)
s\ t EWP™ =7 | VigVip=0. tqVth -
Apenguir™ ;_277 |n( mg) thV?b:O-OAth - (49 6 M

Note that, if one combines the final-stateandq’ quarks to

(Note that the coefficient 0.04 is about the same size as the,m 5 meson, there is an additional color-suppression factor,
largest of the Wilson coefficients of penguin opera{&3].) a, [66]. Compared to color-allowed decayise., forming a

This expression can be used to estimate the order-ofy,a50n fromg’ andq"), which are parametrized kg, this
magnitude rates fdnﬁs anqlbﬂﬂj) pen+guins in the SM. For suppression is,/a,;=0.2 [67].
example, the branching ratio féry—m" ’,Wh'ChfgS domi- Comparing Eqs(49) and (52), we note that electroweak
nated by the tree-levéd—uud amplitude, is~10"". Com-  nanqin amplitudes are suppressed relative to their hadronic
paring this decay withb—s penguins, which dominate penguin counterparts by a factor 0.2. Therefore we expect
Bg—7 K7, we find b—s andb—d electroweak penguin decays to have branch-
ing ratios in the range 10-10° and 10°-10°8, respec-

*
Ape”g”‘&bf)lwo'oytbvts‘ ~0.5, (500  tively [68]. Some examples of decays which are dominated
Agedb—uud)| | ViV | by electroweak penguins areBJ— ¢7°(b—s) and
B*— ¢ (b—d).

where we have usel/s|=[Vcp| and|V,y/V,p| =0.08. This At this point several observations are in order. From the
|socons+|st§nt with (;che o_bsgrvahon of a cqmbln_ed sample ofpove summary, we see that the $M-d penguins have
By—m m andBg—m K" decays[65], in which about  phranching ratios which are about 1-2 orders of magnitude
equal mixtures of both modes are most likely. Thus, assuMgmgajier than theib—s counterparts. Therefore, unless the
ing that the hadronic matrix elements of tree and penguinay, physics has a large influence on the-d FCNC, its
operators have 'S|m|Iar magmtuges, Xve ex(p))ect Aures  effects onb—s penguins will be detected first. On the other
penguin hadronic decay@-gw_sB —7 Ks,Bg— @Ko 10 hand,CP asymmetries involving 8 decays are likely to be
have branching ratios 0D(10°). b—d penguins can be measured—and hence will reveal the presence of new
analyzed similarly: physics—well before those involving? mesons. So, from a
practical point of view, this poses a bit of a problem. That is,
‘Apenguir(b_’_d)‘ NIO'O‘N?‘JV“*’ (51 even if new physics is detected ®P violation in BS de-
Ayed b—uud)| ViV | cays, it will be possible to test its nature by lookingoat-d
penguin decays only if the small SM branching ratios for
Since 1.45|Vy/Vp|<4.6 [2], the penguin amplitude is these processes are significantly enhanced. Conversely, if
about 1/10 the size of the tree amplitude, and may be largasne finds new-physics effects m—s penguins, it will be
if the hadronic penguin matrix elements are enhanced relaifficult to determine its origin by looking aE P asymme-
tive to those of tree amplitudes. Thus, pure-d penguin  tries inBY decays.
hadronic decayge.g.,B"—K"K,) should have branching  This having been said, however, the situation is not quite
ratios ~10"" or somewhat larger. so bleak. Although it is possible to construct models of phys-
As an aside, we note that ECh1) demonstrates why pen- jcs beyond the SM in which only one of the—d or b—s
guin contamination is a concern in the extraction of &in2 FCNC's is changed, in practice both FCNC's are affected in
using theCP asymmetry irﬁB_d)—w-r*w*. According to this most new-physics models. For example, in models with
estimate, the penguin amplitude can be as muchH#s% of  Z-mediated FCNC’s thé—d or b—s FCNC'’s are indeed
the tree amplitude in magnituder even larger, if penguin described by different parameters. However, both of these
matrix elements are enhangednd with a different phase. FCNC's arise due to the mixing of the chargel/3 quarks
This can lead to considerable uncertainty in the extraction ofvith an exotic vector singlet quark. It would be difficult to
sin2a, and shows why isospin techniqligsare necessary to imagine that only one of the two FCNC's is induced, al-
remove the penguin contamination. though this is a logical possibility. As another example, con-
Electroweak-penguin-dominated exclusive hadronic desider models with four quark generations. The enlarging of
cays:Here, the diagrams contributing to the quark-level pro-the CKM matrix to 4x4 will, in general, affect both
cessb—qq’q’ consist ofy and Z penguins and box dia- FCNC's. Thus, in looking for new physics, the measure-
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ments of CP asymmetries an@ penguins are complemen-  Thus, in models with four generations, we have shown
tary, and it is quite likely that, should new physics be dis-that there are regions of parameter space in which Both
covered, its nature will be revealed only by studying bBth CP asymmetries an®8 penguin decays are significantly af-

asymmetries and decays. fected. If a discrepancy with the SM is found in the measure-
We now turn to the new-physics contributions to thement of theCP asymmetries, the study of the decays can
above penguin decays. help pin down the new-physics parameters. Admittedly, in
the particular example we have chosen, the branching ratios
B. Four generations for the affected processes are all small, @10 ") or

smaller. But the key point here is that the various penguin
‘processes depend differently on the masses of thed t’
quarks. It is thus straightforward to find a set of parameters,
consistent with current experimental data, in whichlthes

Models with four generations have a number of new pa
rameters which can enter iB decays:m;: and the CKM
matrix elements involving the’ quark. Furthermore, the

strongest constraints drys andV,y4 in the SM come from the FCNC decays are affected. In this case it would ®B

unitarity of the 3<3 CKM matrix. When this matrix is en- . asymmetries involvind3? decays which would be altered.
larged to be X4, these constraints are weakened, so that, INf course. since the four-generation CKM matrix is 4} in

effect, Vig andVs are also unknown parameters. the general case both the—~d and b—s FCNC's will be

The parameter space of four-generation models is therec'hanged from the SM, affectingll CP asymmetries and
fore quite large. Rather than exploring the entire space, WBenguin decays '

will simply present an “existence proof.” That is, we will
show that it is possible to choose valueswf and the CKM

matrix elements, consistent with experimental data, which C. Z-mediated FCNC's
significantly affect bothC P asymmetries an& penguin de- For the procesb— qff, the amplitude due td@-mediated
cays. FCNC's is

As discussed in Sec. Il A, the experimental value of
BJ-BJ mixing can be reproduced ¥/,4~0, V 4=0.005, AGe — ;
Vip=Vyp=1/v2, andm, =480 GeV. The phase of this mix- ! FONCT T Ugpd 7 b9 v, v+ 9r Y, vRIT.
ing may, however, be quite different than in the SM. In this (55)

scenario, all penguin decays involving thed FCNC will L
also be dominated by the fourth generation. Below we conThe rate forb—qff is simply
sider the effects of this choice of parameterslead pen-
guins. _ &2me
We first consider the decays—qy. The experimental I'(b—qff )= #27:; |Ugnl2(a))?+(gR)?],  (56)
measurement df— sy can be easily accommodated by ad-
justing thet andt’ contributions. However, the dechy-dy ) 0 4o
will involve only t' exchange. Using Eq42), we find that ~ While the rate forB —171" is
[V gV5 ,F2(X)|=0.001, as compared to the SM value of 5
ViV F (%) =0.002. Therefore, this choice of t 0 S 2
| /aVih 2(?<t)|— .002. Therefore, this choice of parameters F(Bq_)ﬁr):F 75 f2 Mg MZ|Ugpl2. (57)
will result in a branching ratio fob— d+y which is roughly 49 7a
four times smaller than in the SM. Given the large uncertain- ' .
ties in the SM prediction, this cannot be considered an unWith these expressions in hand, we can now calculate or
mistakable signal of new physics. estimate the contributions to penguin decays due to
Now consider hadronic penguins. From E49), we have  Z-mediated FCNC'’s. In all cases, when presenting numbers,
we use the upper limi ,,<<0.0017[Eq. (14)].

‘A:)oeunrggﬁﬂ In(m?/m2)Vy, gV, 0.46 53 The upper limit ofU,,<<0.0017 is, in fact, derived from
_ —0.46. . e . X i
Aggguin‘ |n(mt2/m§)thVt*b ‘ the experimental limit on the branching ratioBf> ™ u™ X

(see Sec. IIB Thus, with this value olU,,, Z-mediated

Thus, in this model, the branching ratios for exclusived ~ FCNC models “predict” thatB(B—pu ' u X)=5x10°.
hadronic penguins will be a factor o5 smaller than in the For b—s FCNC’s this is roughly an order of magnitude
SM. Given the uncertainties in the SM predictions this is alsdarger than the SM prediction, while fbr—d transitions it is

a margina| “Smoking gun” Signa' of new physics_ about 2 orders of magnitude |argel’. If the branching ratios
The situation is better for electroweak penguins. From Egfor the decaysB— X “I” andB— Xyl "1~ are observed to
(52), be consistent with the SM predictions, this will imply that

|Ugy|=6x10"* and|U 4/ <1x10"* In both cases, this im-
plies that the new-physics effects BJ-BJ mixing are neg-
ligible. Conversely, ifBg-Bg mixing is significantly affected

by Z-mediated FCNC's then one expects to see a substantial
The branching ratios for exclusiie—d electroweak pen- enhancement of the branching ratios B+ Xy "I~ and/or
guins are thus a factor of8 larger than in the SM. This B— X4l 1~.

same enhancement applies to the ded¥s-1 "1 In both We now turn toB 8—>I*I’, g=d,s. From Eq.(57), the
cases, this would be a quite convincing signal of physicgates for these processes, due onlyZtanediated FCNC's
beyond the SM. are

Afour ge (mz,/MZ WV ’dV*/
‘EWP 7: SAATAMU P (54

AZwp (MEIMG)VeaVi
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B(Bg—> )7 Fene<1.6X107° (fg /232 MeV)?, penguin decays can be increased by as much as a factor of
° (58) ~25 (b—s) or ~500 (b—d). Clearly this is a “smoking
gun” signal of new physics.

B(B2— 1" 1w )|z rene<5.8X1078 (fg /232 MeV)?, On the topic of hadronic penguin decays, there is another
S possibility which should be mentioned. In the SM, the decay
B(Bg—> T )y rene<1.2X1075 (g /200 MeV)2 B*—#"a° occurs principally via a tree-level amplitude—
. d L

there is no gluonic penguin and the electroweak penguin is
much suppressed. One therefore does not expect taCfind
violation in this mode. HoweverZ-mediated FCNC's also
contribute to this decay. Comparing this new-physics contri-
bution with the SM tree-level amplitude, we find

B(Bi—u" 1)z rone<4.2X10°8  (fg /200 MeV)?.

Thus, if the FCNC parameterd,, have values near the
proesent upper limits, the predicted rates B{—1"1~ and
Bgq—171~ are, respectively, about 20 and 300-400 times A U u_ 4d
larger than those expected in the SM. z FCNd ~ a9 gA)’ =0.5. (62
*
Asw | | ViVua |

Turning to hadronic and electroweak penguins, we note
that there are three types of comparisons which can be mad?he 7-mediated FCNC contribution to this decay could
therefore be substantial. If there is a significant strong phase

First consider decays such aB2—KK (b—s) or
difference between the two amplitudes, following for in-

BJ— KK (b—d), which receive contributions from ordi-
nary (gluonig penguins and color-suppresseemediated stance from different rescattering in the=2 channel, this
could lead to directCP violation in this decay mode. If

FCNC'’s. For these decays we have

A, FCNﬂN a Ugp (997 +(g%)2 :24@ I;;Qd(;ftrr:leswv}la%ﬂgic? another clear signal of this particular
Asm a; 0.0V Vig Z-mediated FCNC’s can also contribute to the decays
01, g=s b_—>qy at the one-loop Ievgl. Hc_)vyever, the calculgtions are

<[0 4’ q=d, (59 highly model dependent, since it is necessary to include the

new vector-singlet quatk) with which the SM charge-1/3

where we have takejU 4/ V| <0.044 and Vig/V,,| =0.24 q_uarks mix. Th_e authors of RG[BQ_] considered the cc_';\se_of a
in our estimates of the ratio. The branching ratios for thisSingle vector-singlet quark, and included the contribution of

type of B decays will therefore not be significantly affected the Higg; bogon as well. F¢Uqb| <.0'0017 they found that
by Z-mediated FCNC's. the contribution tob—sy was unimportant, but that the

Next we have decays such a%— $K (b—s) or branching ratio forb—dvy could be changed significantly,
BY— ¢K (b—d). Here there are contributiosns from ordi- depending on the values of the masses of the exotic quark

nary gluonic penguins and color-allowettmediated FC- and the Higgs boson. Since there is quite a bit of model
NC’s. Then dependence, we do not consider this to be a clean signal of

new physics.
0.4, g=s, In summary, if Z-mediated FCNC'’s contribute signifi-
{1.6, q=d. cantly toBg-Bg mixing, they will also lead to large effects in
(60) a variety of penguin decays. The present experimental upper
limit on the FCNC parameters i) 45| <0.0017 @=d,s).
In this case,Z-mediated FCNC’s will not much affect the This value for the parameters leads to unmistakable effects in
b— s penguin decays, but the branching ratiosfesd pen-  b—ql™I~, Bgalﬂ‘, and electroweak penguins. In addi-
guins can be increased by a factor of 3—4. Given the uncetion, Z-mediated FCNC'’s may lead to dire€tP violation in
tainties in the SM predictions for such decays, this cannot belecay modes such &' — " 7°.
considered significant. However, if the value\gj; is in fact

Az FCNC‘N Ugb0v ‘_S%Uqb<

Asm | 0005Vl 1 Vig

smaller than 0.24in this model it can be as small as 0)07 D. Multi-Higgs-doublet models

then the branching ratios fdr—d penguins will be corre- _

spondingly increased. We consider this to be a marginal pre- 1. Natural flavor conservation

diction, since it depends sensitively on the true valu® gf In these models the new contributions to r&elecays

+Fina||y+, decays such as Bg—>¢770(b—_>5) or  come about through amplitudes in which charged-Higgs bo-
B"—¢m " (b—d) have contributions from ordinary elec- son exchange replaces the SMexchange. As noted in Eq.
troweak penguingbut not gluonic penguinaandZ-mediated  (28) and the surrounding discussion, the measurement of

FCNC'’s. Here b—sy already excludes a region of parameter space with
low M+ and high|Y]|.
Az Fene (b—s) ~‘ Ush <55 In spite of this, charged-Higgs-boson exchange may have
Asm 0.008/{,Vs ’ significant effects on other rarB decays. The processes
Bg—>l+l‘, g=d,s were studied in multi-Higgs-doublet
Z FCNC Uab models in[70]. Neglecting small contributions from neutral
Acw (b—d)|~ 0.008/7Vq <229.  (6Y) Higgs pseudoscalatwhich are proportional tomZ/M 2,

whereMp is the pseudoscalar magg1], one finds the fol-
The effects of Z-mediated FCNC's on such decays arelowing expression for the ratio of charged-Higgs-boson and
clearly enormous. The branching ratios for pure electroweal&M amplitudes:
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AH+(BS—>I+I‘) (1/2)x,B(yy)|Y|? . The branching ratio fopﬁdfr 7 is only about 1/3 of the
ABSTT) ~ Bx)—Cxy ~—2.2B(y)|Y|% SM expectation, well within the errors of the prediction. This
SM\ Pq t t 63 decay can therefore not be used to find effects of neutral
(63 scalars. On the other hand, the dedays7" 7~ could be
where 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 parametersg|f
is smaller, orM o larger, than the values we have chosen,
the new-physics contribution tb—s7* 7~ would then di-
(64) minish considerably, although there could still be important

effects inB%-BY mixing. Note also that, due to the mass
SinceB(y,) is negative, the two amplitudes add up construc-suppression, the FCNS contribution to decays involving
tively. lighter fermions is completely negligible.

To illustrate the effect, let us consider the cdde+ The one decay in which the mass suppression is not ob-
=400 GeV,Y=3 discussed in Sec. Il C 1. For these param-viously a disadvantage |Bg 1717, g=d,s, since such a
eters, the ratio of Eq.(63) becomes 2.5. Thus, the suppression is present even in the SM. We find
Bg—>l*l’1 rates are expected to be an order of magnitude

X

1
BO=2 1T 1%

—— Inx|,

3—(12x  (3/2x+1
T—x (1—x)?

C(x )— Inx|.

4
larger than in the SM while charged-Higgs exchange domi- 0 i 5 s o ) MBq
natesBJ-BJ mixing. L(Bg=1"17)lrens= 55— GEMe, fa M |Fqpl Moo -

The decay$)—>ql |~ in multi-Higgs-doublet models are (67)

more complicated thaB° |17, since there are more op- ) )

erators which can contribute to this process. We reférsp  Adain taking Mo=100 GeV, F4,=0.17, andFq,=0.02,
for the details of the computation, but the conclusions are adis gives

foglovgs For those values ofY| and My+ for which B(BO— r* 7 )| pone=2.3X 1076 (¢ /232 MeV)2,
By-Bg mixing is dominated by charged Higgs-boson ex- s s

change(l e., large|Y]), the decaysb—>q| I~ can be en- 0o 4+ _ _ g 5
hanced by a factor of about 2. Fbe-d|™|~ this is within B(Bs— " n )lrens=8.1x1077  (fp /232 MeV)”,
the error of the SM prediction, but it is a significant effect for 0

b—sl™l~. B(Bg— 7 7 )|rons=2.1X107% (fg /200 MeV)?,

Finally, we turn to hadronic penguin decays. Model-
dependent studig¥3] show that, once the constraint from  B(BS— u" 1™ )|peng=7.5X 10 1 (fg,/200 MeV)?.
b—svy is taken into account, the effect of charged-Higgs- (68)
boson exchange can change the SM predictions by no more
than a few tens of percent. Since these predictions sufféror By decays, the new- phySICS effects are within the errors
from large hadronic uncertainties, the rates of these proof the SM prediction. FoB? decays, the branching ratios

cesses cannot signal charged-Higgs-boson effects. due to flavor-changing neutral scalars are a factor of 2-3
times larger than in the SM. Since there are uncertainties in
2. Flavor-changing neutral scalars 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-

hysics parameters, there may be enhancements in the

ranching ratios ob—sr" 7~ andB2—171". However, for
other values of these parameters there will be no significant
effects in these and other penguin decays, even though there

In models without NFC, one can have flavor-changing
processes mediated by neutral scal®SNS’s. The flavor-
changing couplings between quarks of flavoand j are
parametrized asnfi/v)Fi; (ys/2) (m;>m;), while the flavor-
conserving couplings ama:/v. Thus there are also contribu-
tions to penguin decays due to neutral scalar exchange. Co
sider the decap— qff, wheref can be a quark or a lepton.
The rate for this decay, due to FCNS alone, is

GZmy | mymy may still be important contributions ®2-B° mixing.
2 4 Pq
F(b—>qff )| Fens= 3072, 3( MHo) |Fal®. (65
E. Supersymmetry
This rate is clearly maximized when the fermicﬁni+s as The parameter space of supersymmetric models is quite
massive as possible. Consider then the demayqr 7 .  complex, so that definite predictions of effects in penguin

For M0=100 GeV, F4,=0.02 is essentially the largest decays are hard to obtain. For example, consider the decay
value possible due to constraints frcEBﬁ—BgI mixing. Onthe  b—sy in the MSSM[33]. In addition to the charged-Higgs-
other handFg, has no similar constraint, so we take, boson effects, which always increase the réee Sec.
={ymg/my,=0.17. Then I C 1), there are additional SUSY contributions from chargi-
nos+ up-type squarks or gluingdown-type squarks in the
loop. In certain regions of parameter space the net effect is to
cancel the contribution of thel™, resulting in a branching

2.4x10°7, q
) Fons= 4.3x10°°, =

B(b—qr' 7 (66)
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ratio at or below the SM value, while in other regions thethis relation will hold even in the presence of most types of
branching ratio is always greater than in the SM. Thus, thenew physics.

experimental measurement lof>sy does not constrain the (2) Although a+ B+ y=m, one finds values for th€P
SUSY parameter space in a simple way. phases which are outside of the SM predictions.

The decayp—sI"1™ has recently been analyzed in super-  (3) The CP angles measured are consistent with the SM
symmetric models, taking into account the constraint frompredictions, and add up to 180°, but are inconsistent with the
b—sy [74]. In the MSSM, it is found that the branching measurements of thidesof the unitarity triangle.
ratios forb—se e andb—su "u can be changed by, at |t any of these discrepancies is found, we will want to
most, 23 and 12 %, respectively. These deviations are WIthIRnOW what kind of new physics is involved. The principal
the errors of the SM predictions, so these decay modes Calliay in which new physics can affect ti@P asymmetries is
not be used to detect supersymmetry. However, the authoE h ibuti 5%-B% mixing. B formi
of [74] also study theC-odd lepton-antilepton energy asym- rough new contributions tB,-B, mixing. By performing

a model-by-model analysis of physics beyond the SM, it is

metry: possible to ascertain which types of new physics might be
N(E,->E+)—N(E+>E-) responsible for the discrepancy. This analysis allows us to
" N(E,_>E+)+N(E->E,)’ (69 separate new—physgcs_omodels into two typés:those in
which the phase oB,-B, mixing is changed, in which case
in which N(E,_>E, ) denotes the number of decays where®2ach of items1)—(3) may occur, andii) those in which the
thel ™ is more energetic in thB meson rest frame than the Phase is unchanged, in which case of8yis possible. How-
|*. They find that this asymmetry can be affected by up toeVer. this analysis does not tell us how to distinguish among
70% forb—sete™ and 48% forb—su ™ 1. Furthermore, models of a given type. It is this question which we have
these sizable deviations occur in a large region of SUSyattempted to address in this paper. _
parameter space. Thus, this asymmetry is an excellent place OUr main observation is quite simple. Any new physics
to look for effects of supersymmetry. Unfortunately, it is not which contributes t@J-B§ or B2-BJ mixing will necessarily
clear how that region of parameter space which leads to largeontribute to the rare flavor-changing penguin dedaysd X
deviations in this asymmetry is correlated with that region ofand b—sX. In some cases, the values of the new-physics
parameter space in which there are significant contributionparameters ~ which  yield  significant  effects  in
to Bg-Bg mixing. BJ-B mixing will also lead to large deviations from the SM
Referencd74] also examine®—sl*1~ in a certain class predictions for certain penguin decays. It is therefore pos-
of nonminimal SUSY models. In this case, the effects can beible to partially distinguish among different models of new

huge: the branching ratios fdr—se"e™ andb—su™ u~ physics by examining their predictions for these penguin de-
can be doubled, and the asymmetries enhanced by a factor cdys. .
3 (i) Four generationsThe phase oBg-Bg mixing can be

For the decay83—1"1~ andb—qq’q’, similar studies changed due to the new box-diagram contributions with in-
have not yet been carried out in the context of supersymmeternalt’ quarks. Although the new-physics parameter space
ric models. However, since the branching ratiotiersI™| = s too large to make absolute predictions for branching ratios
is not substantially affected in the MSSM, this suggests thapf penguin decays, we have shown that there are regions of
the SUSY contributions t8 q—171~ andb—qq’q", which  parameter space in which boB CP asymmetries and
are similar decays, will also not change the branching ratiopenguin decays are significantly affected. The particular ex-
significantly. On the other hand, in nonminimal SUSY mOd'ampIe we chose found important contributions B§-B_8
els, the brarjching ratios for these decays may receive impOFﬁixing, and roughly an order-of-magnitude enhancement of
tant corrections. the branching ratios for both exclusive—d electroweak

penguins anB—17"1".
IV. SUMMARY (i) Z-mediated flavor-changing neutral current3he

The phase information of the CKM matrix, which is the phase OfBg'Bg mixing can be altered due to the tree-level
SM explanation ofCP violation, is represented by the uni- eﬁch_gmg.e. of & with ﬂayor-changmg couplmgs_. In fact,
tarity triangle. At present, our knowledge of this triangle is Ba-Bd mixing can be dominated by this new physics. If these
rather poor: only the sides have been measured directljew contribu_tions are important, there will also be unmistak-
([Vye/Vey| is probed in charmlesB decays, and within the able effects irb—ql 1™, B{—I1"1", and electroweak pen-
SM [V,/V, can be extracted front—B_g mixing), but guins. In particular, the rates ftr—s (b—d) penguin pro-

these measurements suffer from large theoretical uncertaiff>S€S can be e'_"_ha“ced by as much, a8) lorders Of.
ties. In the near future, the angles of the unitarity trianglemagn'tUd?' In_adQ|t|onZ—med|ated FCNC's Jrrnay I+eaéj to di-
will be extracted fromCP asymmetries irB-meson decays. rect CP violation n decay modes suph & - On
Through the measurements of t8é° anglesa, B, and v, it the other hand, '.f the br_anchmg ratios fbr_—>q_| I are
will be possible to test the consistency of this description/ound to be consistent with éhe_OSM’_th'S will indicate that
There are three distinct ways in which the presence of newi-mediated FCNC effects iB,-B, mixing are negligible.
physics might be revealed. (iii ) Multi-Higgs-doublet models with natural flavor con-
(1) The relationa+ B+y= is violated. (Note that this servation: There are new box-diagram contributions to
relation can be tested only i#f is measured iftCP asymme- Bg-Bg mixing with internal charged Higgs bosons, but the

tries involvingB 2 decays. Ify is measured vi8* —DcpK ™ phase of this mixing is unchangedf one also has sponta-
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neousC P violation in such models, this phase is zero, sinCegffects of nonminimal SUSY oi°-B° mixing andB pen-
the CKM matrix is real, and the unitarity triangle becomes a, 4

ioht li h . ; i whi hguins in any systematic way.
straight line) For that region of parameter space in which ™"t oo e ngication of new physics is found in the mea-

BJ-By mixing is dominated by the charged-Higgs-bosonsurements ofCP asymmetries, the above analysis may be
contribution, the branching ratios foBg—I"I~ and used to distinguish different candidate models of physics be-
B—>qu+l ~ are enhanced by up to an order of magnitude oryond the SM(In fact, in some cases it is likely that the new
a factor of 2, respectively. However, when the box diagramghysics will be found first through measurements of fare
with internal W* andH™ bosons are about equal in magni- decays. For example, suppose that new physics is found
tude, charged-Higgs-boson effects in penguin decays mafjirough a discrepancy of tydé) or (2). This would indicate
not be sufficiently large to be detected, due to theoreticalhat the new physics is probably either a fourth-generation,
uncertainties in the SM rate calculations. Z-mediated FCNC's or flavor-changing neutral scalars. Since
(iv) Multi-Higgs-doublet models with flavor-changing each of these three models affeBtpenguin decays differ-

. 0. R0 iyi ently, they can be at least partially differentiated by a study
neutral scalars:The phase oB,-Bg mixing can be changed of such decays. And if the new physics is found through a

due to.the tree-.level exchange of a neutral sc;alq( with ﬂavoraiscrepancy of typ€3), the new physics is likely to be either
changing couplings. However, there are no significant effectg ", ,1i_Higgs-doublet model with NFC, or the MSSM. In
in B penguin decays. This is due to the fact that the flavoryis case it may be difficult to distinguish the two models of
conserving coupling of the neutral scalar to a fermion is proy,ay physics since their effects d& penguin decays are
portional to the fermion mass, and penguin decays all ingimilar. This is not surprising, since the MSSM contains two
volve light fermions. Higgs doublets. Still, there are signals, such as the lepton-
(v) Left-right symmetric modelsthere are no significant  antilepton energy asymmetry ln—sl*1~, which can differ-
effects in theB system in these models. The only exceptionentiate these two models.
is the case where the right-handed CKM matrix is consider- To sum up, most physics beyond the SM which can affect
ably fine-tuned, but we do not consider this possibility. CP asymmetries inB decays will also contribute to rare,
(vi) Minimal supersymmetric modelsthere are many flavor-changing® decays. We have examined the effects of a
new contributions taBJ-BY mixing, but all have the same number of models of new physics on bditP asymmetries
phase as in the SM. A search of the parameter space reve&@8d penguin decays. Although not all models of new physics
that SUSY contributions td—sI*1~ do not change its have “smoking gun” signatures in these decays, we have
branching ratio significantly. This suggests that the branchshown that the measurements ©P asymmetries and rare
ing ratios for the decayB 8_>|+|— andb—qq’q” will also ~ Penguin decays give complementary information, and both
be relatively unaffected. However, SUSY can be detected byill be necessary if we hope to identify the new physics.
examining the lepton-antilepton energy asymmetry. This
asymmetry can be affected by up to 70% lierse”e™ and

48% forb—su " u™. This research was financially supported by NSERC of
(vii) Nonminimal supersymmetric modela:nonminimal  canada and FCAR du Obec, by the United States-Israel
SUSY models with quark-squark alignment, the SUSY conijnational Science Foundation under Research Grant Agree-
tributions toBg-BJ mixing (and hence t® penguin decays ment No. 94-00253/1, and by the Israel Science Foundation.
are generally very smalthough models do exist in which D.L. is grateful for the pleasant hospitality of the Physics
MPS(BY)/MIN(BY)~0.15). In alternative nonminimal Department at the Technion, and for GTAE at the Instituto
SUSY “models” it is simply assumed that all SUSY param- Superior Tenico in Lisbon, where some of this work was
eters take the maximum allowed values allowed by experidone. M.G. would like to thank the Benasque Center for
ment. These models are not terribly predictive, due to thé>hysics, at which part of this work was done, for a congenial
very large numbers of parameters. It is possible to find nevatmosphere. We would also like to thank J. Bernabeu, S.
contributions to the mixing with different phases than in theBertolini, G. Branco, J. Cline, G. Eilam, Y. Grossman, L.
SM, and to arrange the many parameters such that thieavoura, E. Nardi, and Y. Nir for helpful conversations. We
branching ratios of penguin decays are enhanced or suggreatly appreciate the comments of Y. Grossman, Y. Nir and

pressed. However, it is virtually impossible to analyze thel. Rosner on the first draft of the manuscript.
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