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Direct CP violation in B— X,y decays as a signature of new physics
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We argue that the observation of a sizable dil€é& asymmetryAgﬁs’/ in the inclusive decay8— Xgy
would be a clean signal of new physics. In the standard m@@él?’ can be calculated reliably and is found
to be below 1% in magnitude. In extensions of the standard model withQf@wiolating couplings, larg€ P
asymmetries are possible without conflicting with the experimental value of the branching ratio for the decays
B—Xgy. In particular, large asymmetries arise naturally in models with enhanced chromomagnetic dipole
operators. Some generic examples of such models are explored and their implications for the semileptonic
branching ratio and charm yield i decays discusseflS0556-282(98)07617-9

PACS numbgs): 13.25.Hw, 12.38.Bx, 12.39.Hg, 12.66.

[. INTRODUCTION (unlike the hadronic inclusive decays considered in Ref.
[10]). Also, the leading nonperturbative corrections have
Studies of rare decays & mesons have the potential to been studied in detail and are well understpdti—18.
uncover the origin of CP violation, which may lie outside the We perform a model-independent analysis GfP-
standard model of strong and electroweak interactions. Theiolating effects inB— Xgy decays in terms of the effective
measurements of several asymmetries will make it possiblgVilson coeﬁicient£7EC$ﬁ(mo) andcgzcgﬁ(mo) multiply-
to test whether the Cabibbo-Kobayashi-Maskat@KM)  ing the (chromo) magnetic dipole operators
mechanism ofCP violation is sufficient, or whether addi-
tional sources ofCP violation are required to describe the em,—
data. In order to achieve this goal, it is necessary that the O7= 12 SLow,F" D,
theoretical calculations dE P-violating observables in terms
of standard model parameters are, at least to a large extent,
free of hadronic uncertainties. This can be achieved, for in- On= %ga G*"b 1)
stance, by measuring time-dependent asymmetries in the de- 87 gq2 Tty R
cays of neutraB mesons into particula€ P eigenstates. In
many other cases, however, the theoretical predictions fdan the low-energy effective weak Hamiltonig@h9]. We will
direct CP violation in exclusiveB decays are obscured by allow for generic new physics contributions to the coeffi-
large strong-interaction effecf4—5], which can only partly cients C; and Cg, possibly containing newC P-violating
be controlled using the approximate flavor symmetries oftouplings. Several extensions of the standard model in which
QCD[6]. new contributions to dipole operators arise have been ex-
Inclusive decay rates & mesons, on the other hand, can plored, e.g., in Refs.20—-23. We find that in the standard
be reliably calculated in QCD using the operator productmodel the directCP asymmetry in the decayB— X,y is
expansion. Up to small bound-state corrections these rategry small(below 1% in magnitudebecause of a combina-
agree with the parton model predictions for the underlyingtion of CKM and GIM (Glashow-lliopoulos-Maiani sup-
decays of théb quark [7—9]. The possibility of observing pression, both of which can be lifted in extensions of the
mixing-inducedC P asymmetries in inclusive decays of neu- standard model. If there are new contributions to the dipole
tral B mesons has been emphasized in RE]. The disad- operators with sizable weak phases, they can indu€&Pa
vantage that the inclusive sum over many final states pamsymmetry that is more than an order of magnitude larger
tially dilutes the asymmetries is compensated by the facthan in the standard model. We thus propose a measurement
that, because of the short-distance nature of inclusive prosf the inclusiveCP asymmetry in the decayB— Xy as a
cesses, the strong phases are calculable using quark-hadrdean and sensitive probe of new physics. For simplicity, we
duality. The resultingCP asymmetries are proportional to shall not consider here the most general scenario of having
the strong coupling constanis(m,). The purpose of the other, nonstandard operators in the effective Hamiltonian.
present paper is to study direCtP violation in the rare ra- However, we will discuss the important case of new dipole
diative decay8— X4y, both in the standard model and be- operators involving right-handed light-quark fields, which
yond. These decays have already been observed experimarccur, for instance, in left-right symmetric models. The in-
tally, and copious data samples will be collected at Ehe terference of these operators with those of the standard basis,
factories. As long as the fine structure of the photon energyvhich is necessary fo€ P violation, is strongly suppressed
spectrum is not probed locally, the theoretical analysis relieby a power ofmg/m,; still, they can give sizable contribu-
only on the weak assumption of global quark-hadron dualitytions to C P-averaged branching ratios for raBedecays.
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FIG. 1. Diagrams forb—svy(g) yielding nontrivial strong _ v Im[CgC%] @)
phases that can contribute to t8¢> asymmetry. The crosses indi- 2 g7
cate other possible attachments of the photon. The numbers inside
the squares indicate which operators are inserted. where quvaqub are products of CKM matrix elements,

z=(m./my)?, and
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Studies of direcCP violation in the inclusive decayB
. 28 4
—Xsy have been performed previously by several authors, +=Z=-Zinz
both in the standard modgR4] and in certain extensions of 9 3

it [25,26. In all cases, rather small asymmetries of order a o
[ . y jhere are also contributions tI" from gluon bremsstrah-

few percent or less are obtained. Here, we generalize ar\ ng diagrams with a charm-quark loop, shown in Fitg)1

extend these analyses in various ways. Besides includi ; ; ;
Y Y hey can interfere with the tree-level diagrams lier syg

some contributions to the asymmetry neglected in previous o . . :
: . Y ry neg P . _containing an insertion dD; or Og. Contrary to the virtual
works, we shall investigate in detail a class of new physics

models with enhanced chromo-magnetic dipole contribu corrections, for which in the parton model the photon energy

. ; . . is fixed to its maximum value, the gluon bremsstrahlung dia-
(o —_ 0 i
tions, in which largeC P asymmetries of order 10-50 % are grams lead to a nontrivial photon spectrum, and so the results

posgible and even n_atural. We also perform a full next-to-depend on the experimental lower cutoff on the photon en-
leading order analysis of thé P-averagedB— Xy branch- ergy. We define a quantity by the requirement thak.,
ing ratio in order to derive constraints on the parameter Space (1— §)E™™ je. §is the fraction of the spectrum above

of the new physics models considered here. For completgne cuil We then obtain

ness, we note thal P violation has also been studied in the

related decayB— X,/ "/~ [27], which however have a GZmpaag(my)

much smaller branching ratio than the radiative decays con-  Al'pems=——g—a—2b(z,9)
sidered here.

22+ 0(2). ®)

X (Imlvf CoCE]— 5 Imlvewf C,CE1), (4
Il. DIRECT CP VIOLATION IN RADIATIVE B DECAYS whereb(z, 6) =g(z,1)—9(z,1- 6) with

The starting point in the calculation of the inclusiie g(z,y)= g(y_4z){(y2_4yz+ 622)
—Xgy decay rate is provided by the effective weak Hamil-

tonian renormalized at the scale=mj, [19]. Direct CP vio- y y

lation in these decays may arise from the interference of XIn \ﬁ+ \/——1)

nontrivial weak phases, contained in CKM matrix elements 4z 4z

or in possible new physics contributions to the Wilson coef- 3y(y-2z) [ 4z

ficient functions, with strong phases provided by the imagi- T 1- 7] 5

nary parts of the matrix elements of the local operators of the

effective Hamiltonian28]. These imaginary parts first arise Combining the two contributions, dividing the result by the

atO(as) from loop diagrams containing charm quarks, light jeaging-order expression fétwice) the CP-averaged inclu-
quarks or gluons. Using the formulas of Greebal. for  gjye decay rate,

these contribution$§29], we calculate at next-to-leading or-

der the differenceAl =I'(B—Xcy)—['(B—Xgy) of the _ GZmpa
CP-conjugate, inclusive decay rates. The contributions to F(B—=Xsy)+I'(B—=Xsy)= —==7—
AI" from virtual corrections arise from interference of the

one-loop diagrams with insertions of the operat@s and

Og shown in Figs. 1a) and Xb) with the tree-level diagram Un the parton modeE™=m,/2 depends on the quark mass and

for bj Sy Cﬂ‘ta'”'”g a-ln insertion of the operatoy,. Here does not agree with the physical boundary of phase space. Later, we
O,=s. 7,09 y*b. with g=c,u are the usual current- shall discuss how this problem is resolved by including the effects
current operators in the effective Hamiltonian. We find of Fermi motion.

(6)
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and using the unitarity relation,+v.+v,=0, we find for  effects is not the purpose of our study, we shall for simplicity
the CP asymmetry assume fixed values of the input parameters as quoted above.
With this choice we find

Abosy( 5= LB XV TIB2Xy) ALRZ(H~150041+0.19(2,8)]n, (9
I'(B—X +I'(B—Xg max ; i
( V) + I s7) E,>(1-8)E] where 0<b(z,5)<0.30 depending on the value &f With
n~0.2-0.4 as suggested by phenomenological analyses
_ag(my,) [40 o 4 N [30], we find a tiny asymmetry of about 0.5%, in agreement
= T g1 MC2C71— g IMICeC7 ] with the estimate obtained in Re24]. Expression(7) ap-
|C| , . :
g plies also to the decayB— X7y, the only difference being
_ o2 * that in this case the quantityy; must be replaced with the
9 [0(2)+b(z, &) ]Im[(1+€)C,C7] corresponding quantity
8z ViV p—in
+ —Db(z,8)Im[(1+€)C,C¥1}, 7 __—udTub A _
57P(z,8)Im[(1+€9)C,Cq ] “~Vive, ~1-ptiy O (10
where Therefore, in the standard model tliEP asymmetry inB

—Xgqy decays is larger by a factor— (A (1—p)?

+ 72]) "1~ —20 than that inB— Xgy decays. Note, how-
ever, that experimentally it would be very difficult to distin-
guish between inclusiv8— X,y and B— X,y decays. If
In the last step, we have expressgdn terms of the Wolfen-  only the sum is measured, t@P asymmetry vanishegn
stein parameters, with=sin §c~0.22 andp, »=0(1). We the limit wherems=my=0), since

stress that Eq.7) is an exact next-to-leading order result. All

numerical coefficients are independent of the renormaliza- AT sm(B—Xsy) +AT'su(B—Xqg7)

tipn scheme. For consistency., the rgtios of Wilsqn coeffi- MV o Vi (VE N+ VE V) ]=0  (11)
cients C; must be evaluated in leading-logarithmic order.

Whereas the bremsstrahlung contributions as well as thgy unitarity. This has also been pointed out in H&#].

C,—Cg interference term are new, an estimate of@e-C, One might wonder whether our short-distance calculation
interference term has been obtained previously by Soaresf the CP asymmetry in inclusive8— X<y decays could be
[24], who neglects the contribution of the functitnfz,6)  upset by large long-distance contributions to the decay am-
and uses an approximation fo(z). The importance of the plitude mediated by the current-current transitions, which
Cg—C; interference term for certain extensions of the stancould spoil quark-hadron duality. The most important

dard model has been stressed by Wolfenstein and 28} C@rocess is likely to beB— X,V followed by virtual V— y
and the first correct calculation of its coefficient can be foun onversion, where/=J/¢ for the b—ccs transition, and

In the standard model, the Wilson coefficients take thego_ rrfin,a(il;cefotz) terlsetira;gl:;egznesf:‘t[gi gg'rlse\;ﬁ%‘iﬁgiﬁgn
real valuesC,~1.11, C;~—0.31, andCg~—0.15. The ; o e .
: : I largest possible contribution to the asymmetry is due to
e o e e S0 314 Conversion and i o rder 1% . a (e lve o
quantity are GIM supp;ressed by a power of the small rati the prediction obtained using the short-distance expansion.
q—|ence, we see no reason to question the applicability of the

z=(m./m)?, reflecting the fact that there is no nontrivial ; : :
weak phase difference in the limit wherge=m,=0. Hence, ?r)e/avy-quark expansion to predict the inclusty® asymme-

the standard model prediction for tP asymmetry is sup-
pressed by three small factorg,(m,) arising from the
strong p?ases, ﬁrﬂc reflecting the CKM suppression, anq avoided in models where the effective Wilson coefficients
(m./my)< resulting from the GIM suppression. The numeri- . " o ; .

C, and Cg receive additional contributions involving non-
cal result for theC P asymmetry depends on the values of the

strong coupling constant and the ratio of the heavy—quarlylvIal weak phases_. Much larg&P a;ymmetnes 00 ()
; then become possible. In order to investigate such models,
pole masses. Throughout this work we shall takgmy)

~0.214[corresponding terg(m,) =0.118 and two-loop evo- we may to good approximation neglect the small quardity

lution down to the scalen,=4.8 GeV] and yz=m./m, and write
=0.29. The sensitivity of the next-to-leading order predic-

tions for inclusiveB decay rates to theoretical uncertainties A?;E’S’( 6)=
in the values of the input parameters as well as to the choice

of the renormalization scale and scheme have been investi- +ayg(8)IM[C,CE 1}, (12)
gated by several authors. Typically, the resulting uncertain-

ties are of the order of 10%. Since a discussion of suclwhere

*
Uy usVub
€= = *
vt ViV

~\%(in—p)=0(10"?). (8)

From Egq.(7) it is apparent that two of the suppression
factors operative in the standard modeland A2, can be

1
W{azﬂ 8)Im[C,C7 ]+ ag/m[CgC7 ]
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TABLE 1. Values of the coefficientsy; (in %), without (left)  expansion by resumming an infinite set of leading-twist cor-

and with (right) Fermi motion effects included. rections into a nonperturbative “shape functior®(k.,),
_ which governs the light-cone momentum distribution of the
o a) af) a¥) ay ag @ E}"[GeV]  heavy quark inside the mesgf2,13. The physical decay
(parton model (with Fermi motion) distributions are obtained from a convolution of parton

model spectra with this function. In the process, phase-space
boundaries defined by parton model kinematics are trans-
formed into the proper physical boundaries defined by had-
ron kinematics. For the particular case of the coefficients
aP)(5) in Eq. (13), where in the parton model the parameter
40 87 dis defined such thaEYB%(l— 8)my, it can be shown that
aP(6)=ag(mp){ = — —[v(2)+b(z,6)1}, the physical coefficients;;(5) with EYB%(l—(S)mB are

81 9 given by[33]

100 1.06 —9.52 0.16 1.06 —9.52 0.16 0.00
030 117 —-952 0.12 1.23 —-952 0.10 1.85
0.15 131 —-952 0.07 140 —952 0.04 2.24

mg(1-9)

m,+ K,

1—

4
P _ _ mg—m (p)
a87 - 9 as( mb) Il fmz(l—bﬁ)—mbkor F(k+)aijp
a;j(0)=

[ ak+F(ky)

mg(1—3)—m,

8
aR(s)= 2—7013( my)zb(z, 5). 13 (14

N _ . This relation is such that there is no effect if either the parton
The superscripts indicate that these results are obtained in the 4o coefficient is independent éf or if the limit 6=1 is
ici ) ) -~ .
parton model. The values of the coefficieaff) are shown taken, i.e., the restriction on the photon energy is removed.
in the left portion of Table I for three choices of the cutoff on geyeralAnsize for the shape function have been suggested

the photon energys=1 corresponding to théunrealisti¢ i the literature[12,13. For our purposes, it is sufficient to
case of a fully inclusive measuremeit: 0.3 corresponding adopt the simple form

to a restriction to the part of the spectrum abev&.8 GeV,

and 6§=0.15 corresponding to a cutoff that removes almost Kk

all of the background fronB decays into charmed hadrons. F(ky)=N(1—x)2elTax  x= {sl, (15

In practice, a restriction to the high-energy part of the photon A

spectrum is required for experimental reasons. Whereas the _

third term in Eqg.(12) will generally be very small, the first whereA=mg—m,. The normalizatiorN cancels in the ra-
two terms can give rise to sizable effects. Siméf has a  tio in (14). The parametea can be related to the heavy-
rather weak dependence émndal® has none, the result for quark kinetic energy parametgqe?=—X; [34], yielding

the CP asymmetry is not very sensitive to the choice of theu2=3A2%/(1+a). In the right portion of Table I, we show
photon-energy cutoff. Assume now that there is a new physthe values of the coefficients;(5) corrected for Fermi mo-
ics contribution toC, of similar magnitude as the standard tion, using the aboveAnsatzwith my,=4.8 GeV andu?
model contribution, so as not to spoil the prediction for the=0.3 Ge\. We also give the physical values of the mini-
CP-averaged decay rate in E(), but with a nontrivial  mum photon energyEr;“”zé(l—é‘)mB. The largest coeffi-
weak phase. Then the first term in EG2) may give a con-  cjent, aq,, is not affected by Fermi motion, and the impact
tribution of up to about 5% in magnitude. Similarly, if there on the other two coefficients is rather mild. As a conse-
are new physics contributions ©; and Cg such that the  guence, our predictions for th€P asymmetry are very
ratio Cg/C7 has a nontrivial weak phase, the second termmych insensitive to bound-state effects, even if a restriction

may give a contribution of up to about 10%4Cg/C-|. I on the high-energy part of the photon spectrum is imposed.
models with a strong enhancement 6§| with respect to its

standard model value, there is thus the possibility of gener-
ating very largeCP asymmetries inBB— Xgy decays. The
relevance of the second term for two-Higgs-doublet models,
and for left-right symmetric extensions of the standard In the next section we shall explore in detail the structure
model, has been explored in Ref&5, 26]. of new physics models with a potentially large inclus@®

In our discussion so far we have neglected nonperturbaasymmetry. A nontrivial constraint on such models is that
tive power corrections to the inclusive decay rates. Theithey must yield an acceptable result for the total,
impact on the rate ratio defining theP asymmetry is ex- CP-averagedB— X4y branching ratio, which has been mea-
pected to be very small, since most of the corrections willsured experimentally. Taking a weighed average of the re-
cancel between the numerator and the denominator. Potestlts reported by the CLEO and ALEPH Collaborations
tially the most important bound-state effect is the Fermi mo{35,36 gives BB— Xsy)=(2.5+0.6)xX10 * We stress
tion of theb quark inside thé& meson, which determines the that this value is extracted from a measurement of the high-
shape of the photon energy spectrum in the endpoint regiomenergy part of the photon energy spectrum assuming that the
Technically, Fermi motion is included in the heavy-quark shape of the spectrum is as predicted by the standard model.

lll. NEXT-TO-LEADING ORDER CORRECTIONS
TO B—X.y
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TABLE IlI. Values of the coefficientss; (in %) with Fermi
motion effects included.

o ET)T,'lin [Gev] k77 k22 k88 k27 k78 k28 k(7]?)

75.67 0.23 8.4714.77 9.45 —0.04 3.47
68.13 0.11 0.53-16.55 8.85 —0.01 3.86
52.18 0.03 0.11-13.54 6.66 +0.00 3.15

42 [GeV?]:
--=-- 0.45

0.90
0.30
0.15

0.26
1.85
2.24

2.4

2;2
Emin [GeV]

2.

24
Emin [GeV]

2. 22

For instance, the CLEO Collaboration has measured the FiG. 2. Theoretical predictions for the integrat@—Xgy
spectrum in the energy range between 2.2 and 2.7 GeV amgtanching ratio for various choices of the parametagsand 2 ;
applied a correction factor of 0.870.06 in order to extrapo- left: u2=(0.30+0.15) Ge\f for fixed my; right: m,=(4.80

late to the total decay raf87] (see Ref[33] for a critical
discussion of this treatment

The complete theoretical prediction for tBe- X4y decay
rate at next-to-leading order has been presented for the fir
time by Chetyrkinet al.[38]. The result for the correspond-
ing branching ratio is usually obtained by normalizing the
radiative decay rate to the semileptonic decay ratB ofie-
sons, thus eliminating the strong dependence orbthaark
mass. We define

F(B_’X37)|Ey>(175)ETax

_ 6a Vt*svtb‘2
['(B—Xcev)

| Kno(6),
(16)

T 7(2) | Ve

where f(z)=1-8z+823-7*— 122 Inz is a phase-space
factor, and the quantitiy, o(8)=|C7|?+ O(as,1/m3) con-
tains the corrections to the leading-order result. Using
=137.036[39] and |V{\V,/V¢p ~0.976 as in Ref{38], we
get

B(B_)X37)|Ey>(1fﬁ)Er;ax

B(B—X.€ev)

,Nv —3
2.5710 *Knio(8) — 5594

7

From now on we shall assume the valueBB§X.ev)

+0.15) GeV for fixed ratio,ui/KZ. The data point shows the
CLEO measurement.

St . . . . .
asymmetry, the impact of Fermi motion on the partially in-

tegratedB— Xy decay rate is an important one for values of
S that are realistic for present-day experiments. In Table II,
we show the values of the coefficierits corrected for Fermi
motion [33], using againm,=4.8 GeV andu’=0.3 Ge\?
for the parameters of the shape function. We quote the re-
sults for three choices of the cutoff on the photon energy:
6=0.9 corresponding to an almost fully inclusive measure-
ment, ands=0.3 and 0.15 corresponding to a restriction to
the high-energy part of the photon spectrum. The chdice
=1 must be avoided because of a weak, logarithmic soft-
photon divergence in the prediction for the toBd- Xy
branching ratio caused by the term proportionakgg( ).
Note that with a realistic choice of the cutoff parameid¢he
coefficientkgg of the term proportional tdCg|? in Eq. (18)
becomes very small. This observation will become important
later on. With our choice of parameters, we obtain in the
standard model B§— X¢y)=(3.3+0.3)x10™* for §=0.9
[33], in good agreement with the results obtained in previous
analyse438,42,43.

In order to illustrate the sensitivity of our results to the
parameters of the shape function, we show in Fig. 2 the
predictions for the standard model branching ratio as a func-

=10.5% for the semileptonic branching ratio and omit thetion of the energy cutofE™"=1(1—&mg. In the first plot,
last factor. The current experimental situation of measureye keepm,=4.8 GeV fixeyd and compare the parton model
ments of this quantity and their theoretical interpretation argesult(gray curve with the results corrected for Fermi mo-
reviewed in Refs[40, 41. The general structure of the quan- {jon, ysingu2=0.15 GeV (short-dashed curyg0.30 Ge\?

tity Knio is (solid curve, and 0.45 Ge¥ (long-dashed curye This fig-
ure illustrates how Fermi motion fills the gap between the
Kno(9= > kij(g)Re[CiCr]Jrk(717)(5)Re[C<71>C;]’ parton model endpoint an,/2 and the physical endpofnat

mg/2. In the second plot, we vann,=4.65 GeV (long-
dashed curve 4.8 GeV(solid curve, and 4.95 Ge\short-
dashed curve adjusting the parametgmf, in such a way that
wherek;;(6) are known coefficient functions depending on the ra’[io/,Lf,/K2 remains fixed. For comparison, we show the
the energy cutoff parametér andC(71) is the next-to-leading data point BB— Xsy) =(2.04+0.47)x10™* obtained by
order contribution to the Wilson coefficiem‘iﬁ(ma). In the  the CLEO Collaboration with a cutoff at 2.2 G487]. The
standard modaligl)wo.48 [38]. Explicit expressions for the

functionsk;; (6), at next-to-leading order irg and including

power corrections of order thZ, can be found in Ref33], “The true physical endpoint is actually located [a3— (M
where we correct some mistakes in the formulas used bym_)2]/2mg~2.60 GeV, i.e., slightly belowmg/2~2.64 GeV.
previous authors(The corrected expressions are also givenClose to the endpoint, our theoretical prediction is “dual” to the
in the erratum to Ref.38].) Contrary to the case of theP  true spectrum in an average sense.

ij=27.8
i<j

(18)
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fact that in the CLEO analysis the cutoff is imposed on theGeV). This yields3A(x;)~0.20 and3D(x;)~0.10. Using a
photon energy in the laboratory frame rather than in the ressimilar evolution equation for the next-to-leading coefficient
frame of theB meson is not very important for the partially C(71) [38], we find®

integrated branching ratif83] and will be neglected here.

Obviously, there is a rather strong dependence of the par- C,~—0.31+0.67C7*(myy) + 0.09C5™(my),
tially integrated branching ratio on the value of trajuark
mass. In particular, by choosing a low value mf, it is Cg~—0.15+0.70Cg™(my),

possible to get agreement with the CLEO measurement with-
out changing the prediction for the total branching ratio. The C{M'~0.48-2.29CT"(myy) —0.12C5(myy).
important lesson from this investigation is that the theoretical (21)
uncertainty in the prediction for the integral over the high-
energy part of the photon spectrum is significantly Iarger
than the uncertainty in the prediction of the total branching,
ratio. So far, this fact has not been taken into account in thd®"
comparison of the extrapolated experimental numbers for th&S the ratio
total branching ratio with theory. Ultimately, the theoretical

Below, we will parametrize our results in terms of the
agnltude and phase of one of the new physics contribu-
C3*(my) =Kge'7s or C3*(my)=—K.€e'"7, as well

new,
errors may be reduced by tuning the parameters of the shape = C7(mw) ' (22)
function to fit the measured energy spectrum; however, at QqCg™(my)
present the experimental errors are too large to make such a
fit meaningful[33]. Below, we shall perform our calculations where Q= —35. A given new physics scenario will make

for the cased=0.3 corresponding tEm'”~1 85 GeV, which  predictions for these guantities at some large shhldJsing

is large enough to be realistic for near-future experlmentsthe renormalization group, it is then possible to evolve these
yet low enough to be sufficiently insensitive to the modelingpredictions down to the scale,. At leading order, the

of Fermi motion. As we have pointed out before, the resulténalogues of the relatior{d9) imply

for the CP asymmetry depend very little on the choice of
cutoff, ey FEPEna Ve E=E(my) =T M)~ 8(1 1),

Cg*"(my) =r"Cg™(M), (23)
IV. CP ASYMMETRY BEYOND THE STANDARD MODEL
wherer=[ag(M)/as(my)]?®. Hereb=11-4n¢—2ny is
the first B-function coefficientn;=6 is the number of light
(with respect to the scalél) quark flavors, andchy=0,1
Sdenotes the number of light gluinos. For the purpose of il-
lustration, let us consider the three valugls=250 GeV,
1 TeV, and 2.5 TeV, which span a reasonable range of pos-
sible new physics scales. We find

In order to explore the implications of various new phys-
ics scenarios for th€ P asymmetry and branching ratio in
B— Xy decays it is useful to express the Wilson coefficients
C,=C(m,) and Cg=C:"(m,), which are defined at the
scalemy, in terms of their values at the high scais, .
Using the leading-order renormalization-group equations
one obtains

£~0.98(250 GeV—0.12-0.0,
C,= n"¥2%C(my) + § (71423~ 5923 Cg(myy)
~0.97(1 TeV)—0.23-0.0,

+ 2 hi, ~0.965(2.5 TeV)—0.29-0.04,, (24)
8 i.e., £ tends to be smaller thag(M) by an amount of order
Co= 723 q(my) + 2 Eﬂa‘, (19 —0.1 to— 0.3 depending on how close the new physics is to

the electroweak scale. These relations will be useful for the
discussion below.

where 7= ay(my)/as(m,)~0.56, andh;, h; and a; are For simplicity, we shall restrict ourselves to cases where
known numerical coefficientg44,45. For the Wilson coef- the parametegin Eq. (22) is real.(Otherwise there would be
ficients at the scaleny,, we write even more potential fo€ P violation,) This happens if there
is a single dominant new physics contribution, such as the
Co(mu)=— 3 A(x)+C™(my), virtual exchange of a new heavy particle, contributing to
7\ 1w t W,

both the magnetic and the chromomagnetic dipole operators.
Cg(mw)=— 7 D(xy) + Cg*(my), (20)

3For consistency, the new physics contributions entering the ex-
pression foiC; should be taken at next-to-leading ordemig{my,),
. — ’ . ] i.e., in the radiative decay width the corresponding next-to-leading
the mass ratio,=[ m,(my)/my]°, which we evaluate with  orger new physics matchlng corrections would be accounted for
mt(mW) 178 GeV (corresponding to a pole mass of 175 throughC, rather thanC*

where the first terms correspond to the leading-order stan-
dard model contributiong46]. They are known functions of
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TABLE Ill. Ranges of¢(M) for various new physics contributions @, andCg, characterized by the

particles in penguin diagrams.

Class-1 models &(M) Class-2 models &(M)
neutral scalar-vectorlike quark 1 scalar diquark-top 4.8-8.3
gluino-squark (ng<1.37;) —(0.13-1)  gluino-squark nig>1.37mg) —(1-2.9)
techniscalar ~-0.5 charged Higgs-top —(2.4-3.8)
left-right W-top ~—6.7
Higgsino-stop —(2.6-24)

Ranges of&(M) for several illustrative new physics sce- é(M)=1 and hence&~0.8, and supersymmetric penguins
narios are collected in Table Ill. They have been obtainedcontaining light gluinos and squarks, for whiglis negative
for simplicity, at leading order ims and at the new physics and can be tuned by adjusting the mass ratig/nr;. A
scaleM characteristic of each particular model. With the detailed analysis of the decas— X,y in the latter scenario

help of the relations in Eq24), the values of(M) can be
translated into the corresponding valuegofvhich enter our

is given in Ref.[21] for the case of reaC; andCg. In the
table, we specifically consider graphs with flavor off-

theoretical expressions. Our aim here is not to carry out @iagonal left-right down-squark mass insertions under the
detailed study of each model, but to give the reader an ideassumption that the squark masses are approximately degen-

of the sizable variation that is possiblegnit is instructive to

distinguish two classes of models: those with moderatgntervals

(class-1 and those with largéclass-2 values of|4. It fol-
lows from Eq.(21) that for small positive values f it is
possible to have large complex contributionsQg without
affecting too much the magnitude and phaseCef since

Cs 0.70Kge'78—0.15
C, (0.09-0.22)Kge'78—0.31"

(25

This is also true for small negative values§falbeit over a

erate. The gluino and squark masses are taken to lie in the
150 Ge¥emg=2.5TeV and 250 Ge¥ny
<2.5 TeV, respectively. Another example is provided by
models with techniscalars of charde [20,47,4§, which
have ¢(M)~—0.5 and henc&~—0.7. In class-1 models,
the magnitude o€g can be made almost an order of magni-
tude larger than in the standard model without spoiling the
theoretical prediction for th8— X4y branching ratio.

In Fig. 3, we show contour plots for theP asymmetry in
the (Kg,7vg) plane for six different choices of between3
and —1, assuming a cutoft,>1.85 GeV on the photon

smaller region of parameter space. New physics scenarianergy(corresponding t&=0.3). We repeat that the results
that have this property belong to class-1 and have been efer the CP asymmetry depend very little on the choice of the

plored in Ref.[20]. They allow for largeCP asymmetries

resulting from theC,—Cg interference term in Eq12). Ex-

cutoff. For each value o€, the plots cover the region O
<Kg=2 and 0< yg=< 7 (changing the sign ofs would only

amples are penguin diagrams containing new neutral scalachange the sign of th€ P asymmetry. The contour lines

and vectorlike quarks with charg®4=—3%, for which

refer to values of the asymmetry of 1%, 5%, 10%, 15%, etc.

¢=}

FIG. 3. Contour plots for th€ P asymmetryAtc’ﬁsy for various class-1 models.
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The thick dashed lines indicate contours where the branchingharged Higgs mass lying in the range 125 Gaw-
ratio takes values betweenxl0™* and 4<10™%, as indi- <2.5 TeV (where¢ increases amy - is increased In gen-
cated by the numbers inside the squares. For comparison, gal multi-Higgs models these graphs are enhanced by a
recall that the standard model prediction with this choicé of power of m,/m,, relative to their counterparts with external

is close to 3<10™*, whereas the current experimental valueschirality flip. Examples are type-3 two-Higgs-doublet models
are around 25107 *. The main conclusion to be drawn [25], left-right symmetric modeld26,49-51, or models
from Fig. 3 is that in class-1 scenarios there exists greafith additional Higgs doublets which do not acquire signifi-
potential for sizableCP asymmetries in a large region of cant vacuum expectation values. In all of these examples
parameter space. Any point to the right of the 1% contour fomew C P-violating phases can enter the penguin graphs, un-
AZ5S” cannot be accommodated by the standard model. Ofike in type-2 two-Higgs doublet models. Chargino-stop pen-
the other hand, we see that asymmetries of several tens glins always lead to sizable negative valuest.oFor sim-
percent are possible in certain extensions of the standarglicity, we have considered loops that contain a pure charged
model. It is remarkable that in all cases the regions of paHiggsino which flips chirality. The superpartners of new
rameter space that yield the largest values forGlieasym-  Higgs doublets with negligible vacuum expectation values
metries are not excluded by the experimental constraint owould, for example, be pure Higgsinos. The physical stop
the CP-averaged branching ratio. This is because to havend Higgsino masses are varied in the ranges 175 GeV
large CP asymmetries the cross-produ@sC? in Eq.(12)  <my , my_<2.5 TeV and 125 Ge¥ny<2.5 TeV, respec-
are required to have large imaginary parts, whereas the tOtﬁl/elyl, under the simplifying assumption that the stop mass
branching ratio is sensitive to the real parts of these quant'rhatrix has equal diagonal entries?, and equal off-diagonal

ties. Note, in this context, that the cutoff imposed on the : . > . S 2
. L left-right) entries, u®, with magnitudes satisfying u|
photon energy strongly reduces the size of the coefficient o . . .
<|mm/. Finally, large positive values of arise from pen-

the potentially dangerous term proportional|@;|? in Eq. . . 1 e " .
(18) and thereby helps in keeping the prediction for the9Uin graphs with a charge 3 scalar “diquark” and anti-top

branching ratio at an acceptably low level even for largedu@'k in the loop. The range of values (M) quoted is
values ofKg. again obtamed for graphs with internal chirality flip, and
There are also scenarios in which the paramétakes on ~ Scalar diquark mass in the range 250 GeV—-2.5 Telere¢
larger negative or positive values. In such cases, it is noflecreases as the scalar mass increasegeneral, the phase
possible to increase the magnitudeQyf much over its stan-  Structure of new penguin contributions with internal and ex-
dard model value, and the only way to get la@® asym-  ternal chirality flip will differ in the above examples; how-
metries from theC,—Cg or C,—C, interference terms in Eq. €ever, since the former tend to dominate due to chiral en-
(12) is to haveC- tuned to be very small; however, this hancement of ordemg/m,, wheremg is the mass of the
possibility is constrained by the fact that the toBal-X,y  heavy fermion in the loopé will be real to good approxima-
branching ratio must be of an acceptable magnitude. Théion.
this condition starts to become a limiting factor is already For a graphical analysis of class-2 models it is convenient
seen in the plots correspondingde- —3 and—1 in Fig. 3.  to choose the magnitude and phase of the new-physics con-
For even larger values d¢|, the C,—Cg interference term tribution C7*"(my)= —K-€'?7 as parameters, rather thig
becomes ineffective, because the weak phase tends to caneeld yg. The reason is that for largé| it becomes increas-
in the ratioCg/C- in Eq. (25). Then theC,—C; interference ingly unlikely that Cg*(my,) will be large. The resulting
term becomes the main source®P violation; however, as plots are given in Fig. 4. As before, the dashed lines indicate
discussed in Sec. Il, it cannot lead to asymmetries exceedinge acceptable range for tH&— Xy branching ratio. The
a level of about 5% without violating the constraint that thebranching-ratio constraint allows larger values ©f for
B— Xy branching ratio not be too small. Models of this positive&, which explains why larger asymmetries are attain-
type belong to the class-2 category. Some examples amble in this case. For example, fér=5, which can be ob-
listed in the right portion of Table 11l and can be summarizedtained from scalar diquark-top penguins, asymmetries of
as follows. 5-20% are seen to be consistent with Bre X4y bound. On
Models with gluino-squark loops can have large negativethe other hand, foé~ — (2.5—5), which includes the multi-
¢ if the ratio my/my is sufficiently large. Penguin graphs in Higgs-doublet modelsC P asymmetries of only a few per-
left-right symmetric models with right-handed couplings of cent are attainable, in agreement with the findings of previ-
the W boson to the top and bottom quarks and internal topous authord25,26,53. The same is true for the left-right
mass chirality flip haveé(M)~¢&~—6.7. Charged-Higgs- symmetricW-top penguin, particularly if one takes into ac-
top penguins in multi-Higgs models always hageM) < count thatk,=<0.2 if mWR>1 TeV.
—2 because of the charge of the top quark. In the table The new physics scenarios explored in Fig. 3 have the
graphs with internal chirality flip are considered, with attractive feature of a possible large enhancement of the
magnitude of the Wilson coefficiel@g. This has important
implications for the phenomenology of the semileptonic
“We show contours only until values.p=50%; for such large branching ratio and charm production yield B decays,
values, the theoretical expression for (he asymmetry in Eq(12) through enhanced production of charmless hadronic final
would have to be extended to higher orders to get a reliable resulstates induced by the— sg flavor-changing neutral current
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FIG. 4. Contour plots for th€ P asymmetryAg;sy for various class-2 models.

(FCNQ) transition[20,21,53. At O(«as), the theoretical ex- favors values of BB— Xsg) of order 10%[54]. This is ap-
pression for thd8— X4 decay rate is obtained from obvious parent from the second plot in Fig. 5, where we show the
substitutions in Eq(6) to be central theoretical prediction for, as a function oKg and

vg- (There is an overall theoretical uncertainty in the value
of n. of about 6%[55], resulting from the dependence on
guark masses and the renormalization sgdlke theoretical
prediction for the semileptonic branching ratio would have
the same dependence K and yg, with the normalization

Normalizing this to the semileptonic rate, we obtain for theBst=(12=1)% fixed atKg=0 [55]. A large value of

><B(B—>Xce7). In the first plot in Fig. 5, we show contours ft:larcrrlilésoﬁcdﬁzcgys[?ﬁﬁﬁ. For corEpIeteneSf,(\jNe ”Otf t_hat
for the B—Xsy branching ratio, normalized to N ofiaboration has recently presented a prefiminary

— ) upper limif on B(B—Xsg) of 6.8% (90% CL) [60]. It is
B(B—>Xcev)—10.5:/o, 'g the Ks. 7s) plar.le. In the stgndard therefore worth noting that larg€ P asymmetries of order
model, BB Xsg)~0.2% is very small howeve(r), N SCe- 10-20 % are easily attained at smalr- X4 branching
narios with|Cg|=O(1) sizable values of order 10% for this a4ins of a few percent, which would nevertheless represent a

branching ratio are possible, which simultaneously lowers, ;ked departure from the standard model prediction.
the theoretical predictions for the semileptonic branching ra-

tio and the charm production rate, by a factor of[1
+B(B—Xsg)] L. The most recent value of, reported by V- DIPOLE OPERATORS WITH RIGHT-HANDED LIGHT

2,5
GEmpas(mp)

['(B—Xs)=— 51

[u(Cgl?. (26)

the CLEO Collaboration is 1.120.05 [40]. Although the QUARKS, AND MODELS WITHOUT CKM
systematic errors in this measurement are large, the result UNITARITY
All the models listed in Table Ill can have nonstandard
B(B = Xag) [%] e dipole operators involving right-handed light-quark fields. In

w

fact, in the absence of horizontal symmetries which impose
special hierarchies among the model parameters there is no
reason why these should be any less important than the op-
erators of the standard basis. We therefore briefly discuss
modifications to our previous analysis in their presence. De-
noting by C% andC§ the Wilson coefficients multiplying the
new operators, the expressiofi®), (18), and(26) must be

1.2

0 0.5 1 . 0 0.5 1 15 2
Ks KS 5 e e .
The limit is increased to 8.9% if one uses the more recent
FIG. 5. B— X branching ratio(left) and charm yield inB ~ charmed baryon and charmonium yields presented in i8558
decays(right) as a function of the parameteks and yg. There is  and makes use of the relative, versusA. yields given in Ref.
an overall theoretical uncertainty of 6% on the values of [59].
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FIG. 6. Contour plots for th€P asymmetryA'é;S’ for the same choices of the paramefeas in Fig. 3, but including the effect of
different-chirality operatorg¢as explained in the text

modified by replacingC;C} —C;C} + CFC’* everywhere,

taking however into account tha@5=0. Note that for a AZ;S(8)= ——
single dominant new physics contribution the parametriza- I'(B—Xgsy)+T'(B—Xgy)
tion in Eq.(22) for the standard dipole operators will also be

valid for the new operators, witl§ taking the same real

value. Then the only change in the prediction for B _ag(my)
asymmetry is that in the denominator of E2) the coeffi- B |42
cient|C,|? is replaced by C,|?+|C%|2. On the other hand,

there are several new contributions to the prediction for the

total B— Xgy branching ratio, as can be seen from EL). - g[v(z)+b(z, &) IM[(1+ es+Ag)C,CH ]

For the purpose of illustration, let us assume that the new 9

physics contributions are the same for operators of different

chirality, i.e., CR"(m)=C"m,,) for i=7,8. The re- 87

sults are shown in Fig. 6, where we explore the same range + —b(z,8)Im[(1+€s+As)CoCE] ¢ - (27

of ¢ values as in Fig. 3. The predictions for tige— X, 27

branching ratio are enhanced becalSg|? in Eq. (26) is

replaced by|Cg|?+|CE|?, so we only consider the range 0 _ o o

<Kg=1.5, which covers the same values offB¢ X,,) as Ag parametrizes the 'deV|at_|on from unitarity of the
before. Comparing Figs. 3 and 6, we observe that althougfi 9€neration CKM matrix, which could be caused, for in-
there is a clear dilution of the resultingP asymmetries stance, by mixing of the known down quarks with a new

. : . oo isosinglet hea uark, or by the existence of a sequential
caused by the inclusion of opposite-chirality operators, ther?ourthggenerat;gnqof quarks. Iyn principle asymmetrieg much

is still plﬁnlty of r;ﬁramettehr sptaced n dWhICcT Thsvasyr:nmkejm?sfarger than in the standard model could be attained provided
are much farger than in the standard model. Yve should als at A has a significant weak phase. This reflects the fact

point out that, if there is more than one significant new phys'that the GIM suppression is no longer at work if CKM uni-

ics contribution to the dipole operators, there need not be a%rity is violated. However, we will now show that in plau-

dilution since the produc€zC7* could develop an imagi-  sjble scenarios the effect af, on theCP asymmetry is very
nary part, thus providing an additional contribution to thesmall. In the case of mixing with isosinglets, existing experi-
CP asymmetry. mental limits[61] on the FCNC procesB—Xy/ "/~ in-
Finally, we briefly discuss what happens in models withduced by tree-leveZ exchangg62] imply A,<0.04. The
CKM unitarity violation. In terms of the quantitts defined  impact of nonunitarity can therefore be safely neglected,
by vy +v .+ (1+A v =0, the result for th&CP asymmetry  since new contributions to tHe P asymmetry would be well

in Eq. (7) generalizes to below 1%. Let us, therefore, turn to the case of a sequential

['(B—Xsy)—[(B—Xgy)

_ max
E,>(1-5)ET

40| [(1+A¢C,C%] 4| [CgCH]
— Im ——1im
81 s/~2v7 9 8“7
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fourth generation with a new up-type quark denotedthy ceive additional contributions involving nontrivial weak
As before, we will neglect the small quantig, so that phases. Much largeE P asymmetries 0O(«a,) are therefore
Im[A¢] is the only source oCP violation. Then the above possible in such cases.

expression can be rewritten in the simpler form We have presented a model-independent analysis of new
physics scenarios in terms of the magnitudes and phases of
(1+A9)C, Cs the Wilson coefficient€; andCg, finding that, indeed, siz-
b—sy _ _° 7 81 ’ ’
Ace"(8)=azd 5)Im o a7l [o able CP asymmetries are predicted in large regions of pa-

rameter space. Some explicit realizations of models with
large CP asymmetries have been illustrated. In particular,

we have shown that asymmetries of 10—50 % are possible in
models which allow for a strong enhancement of the contri-

In such a scenario, th@ P asymmetry is affected not only by bution from the chromomagnetic dipole operator. This is, in

the nonunitarity of the 3-generation CKM matrix with,  fact, quite natural unless there is a symmetry that forbids
=v /v, in EQ.(27), but also by the new contributions of the new weak phases from entering the coefficieb{sandCy.

t' quark to the Wilson coefficient€, and Cg at the scale We have also shown that the predictions for @ asym-

(1+A9C, Cj

+apg(d)Im c, . E

. (28

my . In analogy with Eq(20), we have metry are only moderately diluted if operators involving
right-handed light-quark fields are included in the analysis.
Ca(my)=— 3 [A(X) +AA(X) ], On the other hand, we confirm the findings of previous au-

thors regarding the smallness of tBd® asymmetry that is
attainable in two-Higgs-doublet models and in left-right
symmetric models. Moreover, we find very small effects for
— . _ ~models in which 3-generation unitarity is violated. Quite
Wh(_erext,z(mt,(mw)/mw)z. In addition, there is a modifi-  generally, having a larg€P asymmetry is not in conflict
cation to the evolution equatior{$9) for the W|Iso_n cogfﬁ— with the observed value for the P-averagedB— Xgy
cientsC; andCg, where now the last termi¢hose involving  pranching ratio. On the contrary, it may even help to lower
the coefficientsh; and h;) must be multiplied by—(v. the theoretical prediction for this quantity, and likewise for
+vy)/vi=(1+A). Takingm;;=250 GeV for the purpose the semileptonic branching ratio and charm multiplicityBin

of illustration, we obtainC;~—0.31-0.34A; and Cg~ decays, thereby bringing these three observables closer to
—0.15-0.18\g, i.e.,, to a good approximation we have their experimental values.

C,e~(1+Ag)C5%. This just reflects the fact that the func-  The fact that a large inclusiv€P asymmetry inB
tions A(x) and D(x) are slowly varying forx>1. In this — Xy decays is possible in many generic extensions of the
limit, however, all dependence ak cancels in the expres- standard model, and in a large region of parameter space,
sion for theCP asymmetry. As a result, there is in general offers the exciting possibility of looking for a signature of
not much potential for having largeP asymmetries in mod- new physics in these decays using data sets that will become
els with a sequential fourth generation. For all realisticavailable during the first period of operation of tBefacto-
choices of parameters, we find asymmetries of less than 29ies (if not existing data sejs A negative result of such a

Cg(mw)=— 3 [D(x) +AD(x)], (29

i.e., of a similar magnitude as in the standard model. study would impose constraints on many new physics sce-
narios. A large positive signal, on the other hand, would
VI. CONCLUSIONS provide interesting clues about the nature of physics beyond

the standard model. In particular,GP asymmetry exceed-

We have presented a study of dir€eP violation in the  ing the level of 10% would be a strong hint towards en-
inclusive, radiative decayB— Xgy. From a theoretical point hanced chromomagnetic dipole transitions caused by some
of view, inclusive decay rates entail the advantage of beingnew flavor physics at a high scale.
calculable in QCD, so that a reliable prediction for G® We have restricted our analysis to the case of inclusive
asymmetry can be confronted with data. From a practicatadiative decays since they entail the advantage of being very
point of view, it is encouraging that the rare radiative decay<lean, in the sense that the strong-interaction phases relevant
of B mesons have already been observed experimentally, arfdr direct CP violation can be reliably calculated. However,
high-statistics measurements of the corresponding rates wilf there is new physics that induces a large inclustv®
be possible in the near future. We find that in the standardisymmetry inB— X,y decays, it will inevitably also lead to
model theCP asymmetry irB— X,y decays is strongly sup- sizable asymmetries in some related processes. In particular,
pressed by three small parameterg{m,) arising from the since we found that the inclusiv€é P asymmetry remains
necessity of having strong phases,’slg~5% reflecting a almost unaffected if a cut on the high-energy part of the
CKM suppression, andnf./m,)?>~8% resulting from a photon energy spectrum is imposed, we expect that a large
GIM suppression. As a result, theéP asymmetry can be asymmetry will persist in the exclusive moBe-K* y, even
safely predicted to be of order 1% in magnitude. This conthough a reliable theoretical analysis would be much more
clusion will not be significantly modified by long-distance difficult because of the necessity of calculating final-state
contributions. We have argued that the latter two suppressiorescattering phasg63]. Still, it is worthwhile searching for
factors are inoperative in extensions of the standard model largeCP asymmetry in this channel.
for which the effective Wilson coefficient€,; and Cg re- Finally, it has been shown in R€fi64] that new physics

094012-11



ALEXANDER L. KAGAN AND MATTHIAS NEUBERT PHYSICAL REVIEW D 58 094012

can lead to a large time-depend@® asymmetry in exclu-  these require both the° andB° to be able to decay to states
sive B°—K*%y decays through interference of mixing and with the same photon helicity.

decay. Large direc€P violation would introduce hadronic

uncertainties, thus complicating the analysis of this effect. ACKNOWLEDGMENTS
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