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Direct CP violation in B˜Xsg decays as a signature of new physics
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We argue that the observation of a sizable directCP asymmetryACP
b→sg in the inclusive decaysB→Xsg

would be a clean signal of new physics. In the standard model,ACP
b→sg can be calculated reliably and is found

to be below 1% in magnitude. In extensions of the standard model with newCP-violating couplings, largeCP
asymmetries are possible without conflicting with the experimental value of the branching ratio for the decays
B→Xsg. 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 inB decays discussed.@S0556-2821~98!07617-6#

PACS number~s!: 13.25.Hw, 12.38.Bx, 12.39.Hg, 12.60.2i
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I. INTRODUCTION

Studies of rare decays ofB mesons have the potential t
uncover the origin of CP violation, which may lie outside t
standard model of strong and electroweak interactions.
measurements of several asymmetries will make it poss
to test whether the Cabibbo-Kobayashi-Maskawa~CKM!
mechanism ofCP violation is sufficient, or whether addi
tional sources ofCP violation are required to describe th
data. In order to achieve this goal, it is necessary that
theoretical calculations ofCP-violating observables in term
of standard model parameters are, at least to a large ex
free of hadronic uncertainties. This can be achieved, for
stance, by measuring time-dependent asymmetries in the
cays of neutralB mesons into particularCP eigenstates. In
many other cases, however, the theoretical predictions
direct CP violation in exclusiveB decays are obscured b
large strong-interaction effects@1–5#, which can only partly
be controlled using the approximate flavor symmetries
QCD @6#.

Inclusive decay rates ofB mesons, on the other hand, ca
be reliably calculated in QCD using the operator prod
expansion. Up to small bound-state corrections these r
agree with the parton model predictions for the underly
decays of theb quark @7–9#. The possibility of observing
mixing-inducedCP asymmetries in inclusive decays of ne
tral B mesons has been emphasized in Ref.@10#. The disad-
vantage that the inclusive sum over many final states
tially dilutes the asymmetries is compensated by the
that, because of the short-distance nature of inclusive
cesses, the strong phases are calculable using quark-ha
duality. The resultingCP asymmetries are proportional t
the strong coupling constantas(mb). The purpose of the
present paper is to study directCP violation in the rare ra-
diative decaysB→Xsg, both in the standard model and b
yond. These decays have already been observed experi
tally, and copious data samples will be collected at theB
factories. As long as the fine structure of the photon ene
spectrum is not probed locally, the theoretical analysis re
only on the weak assumption of global quark-hadron dua
0556-2821/98/58~9!/094012~13!/$15.00 58 0940
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~unlike the hadronic inclusive decays considered in R
@10#!. Also, the leading nonperturbative corrections ha
been studied in detail and are well understood@11–18#.

We perform a model-independent analysis ofCP-
violating effects inB→Xsg decays in terms of the effectiv
Wilson coefficientsC7[C7

eff(mb) andC8[C8
eff(mb) multiply-

ing the ~chromo-! magnetic dipole operators

O75
emb

4p2 s̄LsmnFmnbR ,

O85
gsmb

4p2 s̄LsmnGmnbR , ~1!

in the low-energy effective weak Hamiltonian@19#. We will
allow for generic new physics contributions to the coef
cients C7 and C8 , possibly containing newCP-violating
couplings. Several extensions of the standard model in wh
new contributions to dipole operators arise have been
plored, e.g., in Refs.@20–23#. We find that in the standard
model the directCP asymmetry in the decaysB→Xsg is
very small~below 1% in magnitude! because of a combina
tion of CKM and GIM ~Glashow-Iliopoulos-Maiani! sup-
pression, both of which can be lifted in extensions of t
standard model. If there are new contributions to the dip
operators with sizable weak phases, they can induce aCP
asymmetry that is more than an order of magnitude lar
than in the standard model. We thus propose a measure
of the inclusiveCP asymmetry in the decaysB→Xsg as a
clean and sensitive probe of new physics. For simplicity,
shall not consider here the most general scenario of ha
other, nonstandard operators in the effective Hamiltoni
However, we will discuss the important case of new dipo
operators involving right-handed light-quark fields, whic
occur, for instance, in left-right symmetric models. The i
terference of these operators with those of the standard b
which is necessary forCP violation, is strongly suppresse
by a power ofms /mb ; still, they can give sizable contribu
tions toCP-averaged branching ratios for rareB decays.
© 1998 The American Physical Society12-1
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Studies of directCP violation in the inclusive decaysB
→Xsg have been performed previously by several autho
both in the standard model@24# and in certain extensions o
it @25,26#. In all cases, rather small asymmetries of orde
few percent or less are obtained. Here, we generalize
extend these analyses in various ways. Besides inclu
some contributions to the asymmetry neglected in previ
works, we shall investigate in detail a class of new phys
models with enhanced chromo-magnetic dipole contri
tions, in which largeCP asymmetries of order 10–50 % a
possible and even natural. We also perform a full next-
leading order analysis of theCP-averagedB→Xsg branch-
ing ratio in order to derive constraints on the parameter sp
of the new physics models considered here. For compl
ness, we note thatCP violation has also been studied in th
related decaysB→Xsl

1l 2 @27#, which however have a
much smaller branching ratio than the radiative decays c
sidered here.

II. DIRECT CP VIOLATION IN RADIATIVE B DECAYS

The starting point in the calculation of the inclusiveB
→Xsg decay rate is provided by the effective weak Ham
tonian renormalized at the scalem5mb @19#. Direct CP vio-
lation in these decays may arise from the interference
nontrivial weak phases, contained in CKM matrix eleme
or in possible new physics contributions to the Wilson co
ficient functions, with strong phases provided by the ima
nary parts of the matrix elements of the local operators of
effective Hamiltonian@28#. These imaginary parts first aris
at O(as) from loop diagrams containing charm quarks, lig
quarks or gluons. Using the formulas of Greubet al. for
these contributions@29#, we calculate at next-to-leading o

der the differenceDG5G(B̄→Xsg)2G(B→Xs̄g) of the
CP-conjugate, inclusive decay rates. The contributions
DG from virtual corrections arise from interference of th
one-loop diagrams with insertions of the operatorsO2 and
O8 shown in Figs. 1~a! and 1~b! with the tree-level diagram
for b→sg containing an insertion of the operatorO7 . Here

O25 s̄LgmqLq̄LgmbL with q5c,u are the usual current
current operators in the effective Hamiltonian. We find

FIG. 1. Diagrams forb→sg(g) yielding nontrivial strong
phases that can contribute to theCP asymmetry. The crosses ind
cate other possible attachments of the photon. The numbers in
the squares indicate which operators are inserted.
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DGvirt5
GF

2mb
5aas~mb!

18p4 H 2
5

9
Im@vuv t* C2C7* #

2S 5

9
2zv~z! D Im@vcv t* C2C7* #

2
uv tu2

2
Im@C8C7* #J , ~2!

where vq5Vqs* Vqb are products of CKM matrix elements
z5(mc /mb)2, and

v~z!5S 51 ln z1 ln2z2
p2

3 D1S ln2z2
p2

3 D z

1S 28

9
2

4

3
ln zD z21O~z3!. ~3!

There are also contributions toDG from gluon bremsstrah-
lung diagrams with a charm-quark loop, shown in Fig. 1~c!.
They can interfere with the tree-level diagrams forb→sgg
containing an insertion ofO7 or O8 . Contrary to the virtual
corrections, for which in the parton model the photon ene
is fixed to its maximum value, the gluon bremsstrahlung d
grams lead to a nontrivial photon spectrum, and so the res
depend on the experimental lower cutoff on the photon
ergy. We define a quantityd by the requirement thatEg

.(12d)Eg
max, i.e., d is the fraction of the spectrum abov

the cut.1 We then obtain

DGbrems5
GF

2mb
5aas~mb!

18p4 zb~z,d!

3~ Im@vcv t* C2C7* #2 1
3 Im@vcv t* C2C8* # !, ~4!

whereb(z,d)5g(z,1)2g(z,12d) with

g~z,y!5u~y24z!H ~y224yz16z2!

3 lnSA y

4z
1A y

4z
21D

2
3y~y22z!

4
A12

4z

y J . ~5!

Combining the two contributions, dividing the result by th
leading-order expression for~twice! the CP-averaged inclu-
sive decay rate,

G~B̄→Xsg!1G~B→Xs̄g!5
GF

2mb
5a

16p4 uv tC7u2, ~6!

1In the parton modelEg
max5mb/2 depends on the quark mass a

does not agree with the physical boundary of phase space. Late
shall discuss how this problem is resolved by including the effe
of Fermi motion.

ide
2-2
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DIRECT CP VIOLATION IN B→Xsg DECAYS AS A . . . PHYSICAL REVIEW D 58 094012
and using the unitarity relationvu1vc1v t50, we find for
the CP asymmetry

ACP
b→sg~d!5

G~B̄→Xsg!2G~B→Xs̄g!

G~B̄→Xsg!1G~B→Xs̄g!
U

Eg.~12d!E
g
max

5
as~mb!

uC7u2 H 40

81
Im@C2C7* #2

4

9
Im@C8C7* #

2
8z

9
@v~z!1b~z,d!#Im@~11es!C2C7* #

1
8z

27
b~z,d!Im@~11es!C2C8* #J , ~7!

where

es5
vu

v t
5

Vus* Vub

Vts* Vtb
'l2~ ih2r!5O~1022!. ~8!

In the last step, we have expressedes in terms of the Wolfen-
stein parameters, withl5sinuC'0.22 andr,h5O(1). We
stress that Eq.~7! is an exact next-to-leading order result. A
numerical coefficients are independent of the renormal
tion scheme. For consistency, the ratios of Wilson coe
cients Ci must be evaluated in leading-logarithmic orde
Whereas the bremsstrahlung contributions as well as
C2–C8 interference term are new, an estimate of theC2–C7
interference term has been obtained previously by So
@24#, who neglects the contribution of the functionb(z,d)
and uses an approximation forv(z). The importance of the
C8–C7 interference term for certain extensions of the st
dard model has been stressed by Wolfenstein and Wu@25#,
and the first correct calculation of its coefficient can be fou
in Ref. @26#.

In the standard model, the Wilson coefficients take
real valuesC2'1.11, C7'20.31, andC8'20.15. The
imaginary part of the small quantityes is thus the only
source ofCP violation. Note that all terms involving this
quantity are GIM suppressed by a power of the small ra
z5(mc /mb)2, reflecting the fact that there is no nontrivi
weak phase difference in the limit wheremc5mu50. Hence,
the standard model prediction for theCP asymmetry is sup-
pressed by three small factors:as(mb) arising from the
strong phases, sin2 uC reflecting the CKM suppression, an
(mc /mb)2 resulting from the GIM suppression. The nume
cal result for theCP asymmetry depends on the values of t
strong coupling constant and the ratio of the heavy-qu
pole masses. Throughout this work we shall takeas(mb)
'0.214@corresponding toas(mZ)50.118 and two-loop evo-
lution down to the scalemb54.8 GeV# and Az5mc /mb
50.29. The sensitivity of the next-to-leading order pred
tions for inclusiveB decay rates to theoretical uncertainti
in the values of the input parameters as well as to the ch
of the renormalization scale and scheme have been inv
gated by several authors. Typically, the resulting uncerta
ties are of the order of 10%. Since a discussion of s
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effects is not the purpose of our study, we shall for simplic
assume fixed values of the input parameters as quoted ab
With this choice we find

ACP,SM
b→sg ~d!'1.54%@110.15b~z,d!#h, ~9!

where 0<b(z,d),0.30 depending on the value ofd. With
h'0.2– 0.4 as suggested by phenomenological analy
@30#, we find a tiny asymmetry of about 0.5%, in agreeme
with the estimate obtained in Ref.@24#. Expression~7! ap-
plies also to the decaysB→Xdg, the only difference being
that in this case the quantityes must be replaced with the
corresponding quantity

ed5
Vud* Vub

Vtd* Vtb
'

r2 ih

12r1 ih
5O~1!. ~10!

Therefore, in the standard model theCP asymmetry inB
→Xdg decays is larger by a factor2(l2@(12r)2

1h2#)21'220 than that inB→Xsg decays. Note, how-
ever, that experimentally it would be very difficult to distin
guish between inclusiveB→Xsg and B→Xdg decays. If
only the sum is measured, theCP asymmetry vanishes~in
the limit wherems5md50), since

DGSM~B→Xsg!1DGSM~B→Xdg!

}Im@VubVtb* ~Vus* Vts1Vud* Vtd!#50 ~11!

by unitarity. This has also been pointed out in Ref.@24#.
One might wonder whether our short-distance calculat

of the CP asymmetry in inclusiveB→Xsg decays could be
upset by large long-distance contributions to the decay
plitude mediated by the current-current transitions, wh
could spoil quark-hadron duality. The most importa
process is likely to beB→XsV followed by virtual V→g

conversion, whereV5J/c for the b→cc̄s transition, and
V5r0,v0 for the b→uūs transition. Using vector-meson
dominance to estimate these effects@31,32#, we find that the
largest possible contribution to the asymmetry is due
J/c→g conversion and is of order 1%, i.e., at the level
the prediction obtained using the short-distance expans
Hence, we see no reason to question the applicability of
heavy-quark expansion to predict the inclusiveCP asymme-
try.

From Eq. ~7! it is apparent that two of the suppressio
factors operative in the standard model,z and l2, can be
avoided in models where the effective Wilson coefficien
C7 and C8 receive additional contributions involving non
trivial weak phases. Much largerCP asymmetries ofO(as)
then become possible. In order to investigate such mod
we may to good approximation neglect the small quantityes
and write

ACP
b→sg~d!5

1

uC7u2 $a27~d!Im@C2C7* #1a87Im@C8C7* #

1a28~d!Im@C2C8* #%, ~12!

where
2-3
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a27
~p!~d!5as~mb!H 40

81
2

8z

9
@v~z!1b~z,d!#J ,

a87
~p!52

4

9
as~mb!,

a28
~p!~d!5

8

27
as~mb!zb~z,d!. ~13!

The superscripts indicate that these results are obtained i
parton model. The values of the coefficientsai j

(p) are shown
in the left portion of Table I for three choices of the cutoff o
the photon energy:d51 corresponding to the~unrealistic!
case of a fully inclusive measurement,d50.3 corresponding
to a restriction to the part of the spectrum above'1.8 GeV,
and d50.15 corresponding to a cutoff that removes alm
all of the background fromB decays into charmed hadron
In practice, a restriction to the high-energy part of the pho
spectrum is required for experimental reasons. Whereas
third term in Eq.~12! will generally be very small, the firs
two terms can give rise to sizable effects. Sincea27

(p) has a
rather weak dependence ond anda87

(p) has none, the result fo
the CP asymmetry is not very sensitive to the choice of t
photon-energy cutoff. Assume now that there is a new ph
ics contribution toC7 of similar magnitude as the standa
model contribution, so as not to spoil the prediction for t
CP-averaged decay rate in Eq.~6!, but with a nontrivial
weak phase. Then the first term in Eq.~12! may give a con-
tribution of up to about 5% in magnitude. Similarly, if the
are new physics contributions toC7 and C8 such that the
ratio C8 /C7 has a nontrivial weak phase, the second te
may give a contribution of up to about 10%3uC8 /C7u. In
models with a strong enhancement ofuC8u with respect to its
standard model value, there is thus the possibility of gen
ating very largeCP asymmetries inB→Xsg decays. The
relevance of the second term for two-Higgs-doublet mod
and for left-right symmetric extensions of the standa
model, has been explored in Refs.@25, 26#.

In our discussion so far we have neglected nonpertu
tive power corrections to the inclusive decay rates. Th
impact on the rate ratio defining theCP asymmetry is ex-
pected to be very small, since most of the corrections w
cancel between the numerator and the denominator. Po
tially the most important bound-state effect is the Fermi m
tion of theb quark inside theB meson, which determines th
shape of the photon energy spectrum in the endpoint reg
Technically, Fermi motion is included in the heavy-qua

TABLE I. Values of the coefficientsai j ~in %!, without ~left!
and with ~right! Fermi motion effects included.

d a27
(p) a87

(p) a28
(p) a27 a87 a28 Eg

min @GeV#

~parton model! ~with Fermi motion!

1.00 1.06 29.52 0.16 1.06 29.52 0.16 0.00
0.30 1.17 29.52 0.12 1.23 29.52 0.10 1.85
0.15 1.31 29.52 0.07 1.40 29.52 0.04 2.24
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expansion by resumming an infinite set of leading-twist c
rections into a nonperturbative ‘‘shape function’’F(k1),
which governs the light-cone momentum distribution of t
heavy quark inside the meson@12,13#. The physical decay
distributions are obtained from a convolution of part
model spectra with this function. In the process, phase-sp
boundaries defined by parton model kinematics are tra
formed into the proper physical boundaries defined by h
ron kinematics. For the particular case of the coefficie
ai j

(p)(d) in Eq. ~13!, where in the parton model the paramet
d is defined such thatEg> 1

2 (12d)mb , it can be shown that
the physical coefficientsai j (d) with Eg> 1

2 (12d)mB are
given by @33#

ai j ~d!5

*mB~12d!2mb

mB2mb dk1F~k1!ai j
~p!S 12

mB~12d!

mb1k1
D

*mB~12d!2mb

mB2mb dk1F~k1!
.

~14!

This relation is such that there is no effect if either the par
model coefficient is independent ofd, or if the limit d51 is
taken, i.e., the restriction on the photon energy is remov
SeveralAnsätze for the shape function have been sugges
in the literature@12,13#. For our purposes, it is sufficient t
adopt the simple form

F~k1!5N~12x!ae~11a!x, x5
k1

L̄
<1, ~15!

whereL̄5mB2mb . The normalizationN cancels in the ra-
tio in ~14!. The parametera can be related to the heavy
quark kinetic energy parametermp

2 52l1 @34#, yielding

mp
2 53L̄2/(11a). In the right portion of Table I, we show

the values of the coefficientsai j (d) corrected for Fermi mo-
tion, using the aboveAnsatz with mb54.8 GeV andmp

2

50.3 GeV2. We also give the physical values of the min
mum photon energy,Eg

min51
2(12d)mB . The largest coeffi-

cient, a87, is not affected by Fermi motion, and the impa
on the other two coefficients is rather mild. As a cons
quence, our predictions for theCP asymmetry are very
much insensitive to bound-state effects, even if a restrict
on the high-energy part of the photon spectrum is impos

III. NEXT-TO-LEADING ORDER CORRECTIONS
TO B˜Xsg

In the next section we shall explore in detail the structu
of new physics models with a potentially large inclusiveCP
asymmetry. A nontrivial constraint on such models is th
they must yield an acceptable result for the tot
CP-averagedB→Xsg branching ratio, which has been me
sured experimentally. Taking a weighed average of the
sults reported by the CLEO and ALEPH Collaboratio
@35,36# gives B(B→Xsg)5(2.560.6)31024. We stress
that this value is extracted from a measurement of the h
energy part of the photon energy spectrum assuming tha
shape of the spectrum is as predicted by the standard mo
2-4
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For instance, the CLEO Collaboration has measured
spectrum in the energy range between 2.2 and 2.7 GeV
applied a correction factor of 0.8760.06 in order to extrapo-
late to the total decay rate@37# ~see Ref.@33# for a critical
discussion of this treatment!.

The complete theoretical prediction for theB→Xsg decay
rate at next-to-leading order has been presented for the
time by Chetyrkinet al. @38#. The result for the correspond
ing branching ratio is usually obtained by normalizing t
radiative decay rate to the semileptonic decay rate ofB me-
sons, thus eliminating the strong dependence on theb-quark
mass. We define

G~B→Xsg!uEg.~12d!E
g
max

G~B→Xcen̄ !
5

6a

p f ~z!
UVts* Vtb

Vcb
U2

KNLO~d!,

~16!

where f (z)5128z18z32z4212z2 ln z is a phase-spac
factor, and the quantityKNLO(d)5uC7u21O(as,1/mb

2) con-
tains the corrections to the leading-order result. Usinga21

5137.036@39# and uVts* Vtb /Vcbu'0.976 as in Ref.@38#, we
get

B~B→Xsg!uEg.~12d!E
g
max

'2.5731023KNLO~d!
B~B→Xcen̄ !

10.5%
. ~17!

From now on we shall assume the value B(B→Xcen̄)
510.5% for the semileptonic branching ratio and omit t
last factor. The current experimental situation of measu
ments of this quantity and their theoretical interpretation
reviewed in Refs.@40, 41#. The general structure of the qua
tity KNLO is

KNLO~d!5 (
i , j 52,7,8

i< j

ki j ~d!Re@CiCj* #1k77
~1!~d!Re@C7

~1!C7* #,

~18!

whereki j (d) are known coefficient functions depending o
the energy cutoff parameterd, andC7

(1) is the next-to-leading
order contribution to the Wilson coefficientC7

eff(mb). In the
standard modelC7

(1)'0.48 @38#. Explicit expressions for the
functionski j (d), at next-to-leading order inas and including
power corrections of order 1/mb

2 , can be found in Ref.@33#,
where we correct some mistakes in the formulas used
previous authors.~The corrected expressions are also giv
in the erratum to Ref.@38#.! Contrary to the case of theCP

TABLE II. Values of the coefficientski j ~in %! with Fermi
motion effects included.

d Eg
min @GeV# k77 k22 k88 k27 k78 k28 k77

(1)

0.90 0.26 75.67 0.23 8.47214.77 9.45 20.04 3.47
0.30 1.85 68.13 0.11 0.53216.55 8.85 20.01 3.86
0.15 2.24 52.18 0.03 0.11213.54 6.66 10.00 3.15
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asymmetry, the impact of Fermi motion on the partially i
tegratedB→Xsg decay rate is an important one for values
d that are realistic for present-day experiments. In Table
we show the values of the coefficientski j corrected for Fermi
motion @33#, using againmb54.8 GeV andmp

2 50.3 GeV2

for the parameters of the shape function. We quote the
sults for three choices of the cutoff on the photon ener
d50.9 corresponding to an almost fully inclusive measu
ment, andd50.3 and 0.15 corresponding to a restriction
the high-energy part of the photon spectrum. The choicd
51 must be avoided because of a weak, logarithmic s
photon divergence in the prediction for the totalB→Xsg
branching ratio caused by the term proportional tok88(d).
Note that with a realistic choice of the cutoff parameterd the
coefficientk88 of the term proportional touC8u2 in Eq. ~18!
becomes very small. This observation will become import
later on. With our choice of parameters, we obtain in t
standard model B(B→Xsg)5(3.360.3)31024 for d50.9
@33#, in good agreement with the results obtained in previo
analyses@38,42,43#.

In order to illustrate the sensitivity of our results to th
parameters of the shape function, we show in Fig. 2
predictions for the standard model branching ratio as a fu
tion of the energy cutoffEg

min51
2(12d)mB . In the first plot,

we keepmb54.8 GeV fixed and compare the parton mod
result ~gray curve! with the results corrected for Fermi mo
tion, usingmp

2 50.15 GeV2 ~short-dashed curve!, 0.30 GeV2

~solid curve!, and 0.45 GeV2 ~long-dashed curve!. This fig-
ure illustrates how Fermi motion fills the gap between t
parton model endpoint atmb/2 and the physical endpoint2 at
mB/2. In the second plot, we varymb54.65 GeV ~long-
dashed curve!, 4.8 GeV~solid curve!, and 4.95 GeV~short-
dashed curve!, adjusting the parametermp

2 in such a way that

the ratiomp
2 /L̄2 remains fixed. For comparison, we show t

data point B(B→Xsg)5(2.0460.47)31024 obtained by
the CLEO Collaboration with a cutoff at 2.2 GeV@37#. The

2The true physical endpoint is actually located at@mB
22(mK

1mp)2#/2mB'2.60 GeV, i.e., slightly belowmB/2'2.64 GeV.
Close to the endpoint, our theoretical prediction is ‘‘dual’’ to th
true spectrum in an average sense.

FIG. 2. Theoretical predictions for the integratedB→Xsg
branching ratio for various choices of the parametersmb andmp

2 ;
left: mp

2 5(0.3060.15) GeV2 for fixed mb ; right: mb5(4.80

60.15) GeV for fixed ratiomp
2 /L̄2. The data point shows the

CLEO measurement.
2-5
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fact that in the CLEO analysis the cutoff is imposed on
photon energy in the laboratory frame rather than in the
frame of theB meson is not very important for the partial
integrated branching ratio@33# and will be neglected here
Obviously, there is a rather strong dependence of the
tially integrated branching ratio on the value of theb-quark
mass. In particular, by choosing a low value ofmb it is
possible to get agreement with the CLEO measurement w
out changing the prediction for the total branching ratio. T
important lesson from this investigation is that the theoret
uncertainty in the prediction for the integral over the hig
energy part of the photon spectrum is significantly larg
than the uncertainty in the prediction of the total branch
ratio. So far, this fact has not been taken into account in
comparison of the extrapolated experimental numbers for
total branching ratio with theory. Ultimately, the theoretic
errors may be reduced by tuning the parameters of the s
function to fit the measured energy spectrum; however
present the experimental errors are too large to make su
fit meaningful@33#. Below, we shall perform our calculation
for the cased50.3 corresponding toEg

min'1.85 GeV, which
is large enough to be realistic for near-future experime
yet low enough to be sufficiently insensitive to the modeli
of Fermi motion. As we have pointed out before, the resu
for the CP asymmetry depend very little on the choice
cutoff.

IV. CP ASYMMETRY BEYOND THE STANDARD MODEL

In order to explore the implications of various new phy
ics scenarios for theCP asymmetry and branching ratio i
B→Xsg decays it is useful to express the Wilson coefficie
C75C7

eff(mb) and C85C8
eff(mb), which are defined at the

scalemb , in terms of their values at the high scalemW .
Using the leading-order renormalization-group equatio
one obtains

C75h16/23C7~mW!1 8
3 ~h14/232h16/23!C8~mW!

1(
i 51

8

hih
ai,

C85h14/23C8~mW!1(
i 51

8

h̄ih
ai, ~19!

where h5as(mW)/as(mb)'0.56, andhi , h̄i and ai are
known numerical coefficients@44,45#. For the Wilson coef-
ficients at the scalemW , we write

C7~mW!52 1
2 A~xt!1C7

new~mW!,

C8~mW!52 1
2 D~xt!1C8

new~mW!, ~20!

where the first terms correspond to the leading-order s
dard model contributions@46#. They are known functions o
the mass ratioxt5@m̄t(mW)/mW#2, which we evaluate with
m̄t(mW)'178 GeV ~corresponding to a pole mass of 17
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GeV!. This yields1
2 A(xt)'0.20 and1

2 D(xt)'0.10. Using a
similar evolution equation for the next-to-leading coefficie
C7

(1) @38#, we find3

C7'20.3110.67C7
new~mW!10.09C8

new~mW!,

C8'20.1510.70C8
new~mW!,

C7
~1!'0.4822.29C7

new~mW!20.12C8
new~mW!.

~21!

Below, we will parametrize our results in terms of th
magnitude and phase of one of the new physics contr
tions, C8

new(mW)[K8eig8 or C7
new(mW)[2K7eig7, as well

as the ratio

j5
C7

new~mW!

QdC8
new~mW!

, ~22!

where Qd52 1
3 . A given new physics scenario will mak

predictions for these quantities at some large scaleM . Using
the renormalization group, it is then possible to evolve th
predictions down to the scalemW . At leading order, the
analogues of the relations~19! imply

j[j~mW!5r j~M !28~12r !,

C8
new~mW!5r 7C8

new~M !, ~23!

where r 5@as(M )/as(mW)#2/3b. Here b5112 2
3 nf22ng is

the firstb-function coefficient,nf56 is the number of light
~with respect to the scaleM ) quark flavors, andng50,1
denotes the number of light gluinos. For the purpose of
lustration, let us consider the three valuesM5250 GeV,
1 TeV, and 2.5 TeV, which span a reasonable range of p
sible new physics scales. We find

j'0.98j~250 GeV!20.1220.03ng

'0.97j~1 TeV!20.2320.03ng

'0.96j~2.5 TeV!20.2920.04ng , ~24!

i.e., j tends to be smaller thanj(M ) by an amount of order
20.1 to20.3 depending on how close the new physics is
the electroweak scale. These relations will be useful for
discussion below.

For simplicity, we shall restrict ourselves to cases wh
the parameterj in Eq. ~22! is real.~Otherwise there would be
even more potential forCP violation.! This happens if there
is a single dominant new physics contribution, such as
virtual exchange of a new heavy particle, contributing
both the magnetic and the chromomagnetic dipole operat

3For consistency, the new physics contributions entering the
pression forC7 should be taken at next-to-leading order inas(mW),
i.e., in the radiative decay width the corresponding next-to-lead
order new physics matching corrections would be accounted
throughC7 rather thanC7

(1) .
2-6
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TABLE III. Ranges ofj(M ) for various new physics contributions toC7 andC8 , characterized by the
particles in penguin diagrams.

Class-1 models j(M ) Class-2 models j(M )

neutral scalar-vectorlike quark 1 scalar diquark-top 4.8–8.3

gluino-squark (mg̃,1.37mq̃) 2(0.13– 1) gluino-squark (mg̃.1.37mq̃) 2(1 – 2.9)

techniscalar '20.5 charged Higgs-top 2(2.4– 3.8)

left-right W-top '26.7

Higgsino-stop 2(2.6– 24)
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Ranges ofj(M ) for several illustrative new physics sce
narios are collected in Table III. They have been obtain
for simplicity, at leading order inas and at the new physic
scale M characteristic of each particular model. With th
help of the relations in Eq.~24!, the values ofj(M ) can be
translated into the corresponding values ofj, which enter our
theoretical expressions. Our aim here is not to carry ou
detailed study of each model, but to give the reader an i
of the sizable variation that is possible inj. It is instructive to
distinguish two classes of models: those with moder
~class-1! and those with large~class-2! values ofuju. It fol-
lows from Eq.~21! that for small positive values ofj it is
possible to have large complex contributions toC8 without
affecting too much the magnitude and phase ofC7 , since

C8

C7
'

0.70K8eig820.15

~0.0920.22j!K8eig820.31
. ~25!

This is also true for small negative values ofj, albeit over a
smaller region of parameter space. New physics scena
that have this property belong to class-1 and have been
plored in Ref.@20#. They allow for largeCP asymmetries
resulting from theC7–C8 interference term in Eq.~12!. Ex-
amples are penguin diagrams containing new neutral sca
and vectorlike quarks with chargeQd52 1

3 , for which
09401
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j(M )51 and hencej'0.8, and supersymmetric penguin
containing light gluinos and squarks, for whichj is negative
and can be tuned by adjusting the mass ratiomg̃ /mq̃ . A
detailed analysis of the decaysB→Xsg in the latter scenario
is given in Ref.@21# for the case of realC7 andC8 . In the
table, we specifically consider graphs with flavor o
diagonal left-right down-squark mass insertions under
assumption that the squark masses are approximately de
erate. The gluino and squark masses are taken to lie in
intervals 150 GeV<mg̃<2.5 TeV and 250 GeV<mq̃
<2.5 TeV, respectively. Another example is provided
models with techniscalars of charge16 @20,47,48#, which
havej(M )'20.5 and hencej'20.7. In class-1 models
the magnitude ofC8 can be made almost an order of magn
tude larger than in the standard model without spoiling
theoretical prediction for theB→Xsg branching ratio.

In Fig. 3, we show contour plots for theCP asymmetry in
the (K8 ,g8) plane for six different choices ofj between3

2

and 21, assuming a cutoffEg.1.85 GeV on the photon
energy~corresponding tod50.3). We repeat that the resul
for theCP asymmetry depend very little on the choice of t
cutoff. For each value ofj, the plots cover the region 0
<K8<2 and 0<g8<p ~changing the sign ofg8 would only
change the sign of theCP asymmetry!. The contour lines
refer to values of the asymmetry of 1%, 5%, 10%, 15%, e
FIG. 3. Contour plots for theCP asymmetryACP
b→sg for various class-1 models.
2-7
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The thick dashed lines indicate contours where the branc
ratio takes values between 131024 and 431024, as indi-
cated by the numbers inside the squares. For comparison
recall that the standard model prediction with this choice od
is close to 331024, whereas the current experimental valu
are around 2.531024. The main conclusion to be draw
from Fig. 3 is that in class-1 scenarios there exists gr
potential for sizableCP asymmetries in a large region o
parameter space. Any point to the right of the 1% contour
ACP

b→sg cannot be accommodated by the standard model.
the other hand, we see that asymmetries of several ten
percent4 are possible in certain extensions of the stand
model. It is remarkable that in all cases the regions of
rameter space that yield the largest values for theCP asym-
metries are not excluded by the experimental constrain
the CP-averaged branching ratio. This is because to h
largeCP asymmetries the cross-productsCiCj* in Eq. ~12!
are required to have large imaginary parts, whereas the
branching ratio is sensitive to the real parts of these qua
ties. Note, in this context, that the cutoff imposed on t
photon energy strongly reduces the size of the coefficien
the potentially dangerous term proportional touC8u2 in Eq.
~18! and thereby helps in keeping the prediction for t
branching ratio at an acceptably low level even for lar
values ofK8 .

There are also scenarios in which the parameterj takes on
larger negative or positive values. In such cases, it is
possible to increase the magnitude ofC8 much over its stan-
dard model value, and the only way to get largeCP asym-
metries from theC7–C8 or C7–C2 interference terms in Eq
~12! is to haveC7 tuned to be very small; however, th
possibility is constrained by the fact that the totalB→Xsg
branching ratio must be of an acceptable magnitude. T
this condition starts to become a limiting factor is alrea
seen in the plots corresponding toj52 1

2 and21 in Fig. 3.
For even larger values ofuju, the C7–C8 interference term
becomes ineffective, because the weak phase tends to c
in the ratioC8 /C7 in Eq. ~25!. Then theC2–C7 interference
term becomes the main source ofCP violation; however, as
discussed in Sec. II, it cannot lead to asymmetries excee
a level of about 5% without violating the constraint that t
B→Xsg branching ratio not be too small. Models of th
type belong to the class-2 category. Some examples
listed in the right portion of Table III and can be summariz
as follows.

Models with gluino-squark loops can have large negat
j if the ratio mg̃ /mq̃ is sufficiently large. Penguin graphs i
left-right symmetric models with right-handed couplings
the W boson to the top and bottom quarks and internal t
mass chirality flip havej(M )'j'26.7. Charged-Higgs-
top penguins in multi-Higgs models always havej(M ),
22 because of the charge of the top quark. In the ta
graphs with internal chirality flip are considered, wi

4We show contours only until valuesACP550%; for such large
values, the theoretical expression for theCP asymmetry in Eq.~12!
would have to be extended to higher orders to get a reliable re
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charged Higgs mass lying in the range 125 GeV<mH2

<2.5 TeV ~wherej increases asmH2 is increased!. In gen-
eral multi-Higgs models these graphs are enhanced b
power of mt /mb relative to their counterparts with extern
chirality flip. Examples are type-3 two-Higgs-doublet mode
@25#, left-right symmetric models@26,49–51#, or models
with additional Higgs doublets which do not acquire signi
cant vacuum expectation values. In all of these examp
new CP-violating phases can enter the penguin graphs,
like in type-2 two-Higgs doublet models. Chargino-stop pe
guins always lead to sizable negative values ofj. For sim-
plicity, we have considered loops that contain a pure char
Higgsino which flips chirality. The superpartners of ne
Higgs doublets with negligible vacuum expectation valu
would, for example, be pure Higgsinos. The physical s
and Higgsino masses are varied in the ranges 175 G
&mt̃ 1

, mt̃ 2
&2.5 TeV and 125 GeV<mh̃<2.5 TeV, respec-

tively, under the simplifying assumption that the stop ma
matrix has equal diagonal entries,m2, and equal off-diagona
~left-right! entries, m2, with magnitudes satisfyingumu2

<ummtu. Finally, large positive values ofj arise from pen-
guin graphs with a charge2 1

3 scalar ‘‘diquark’’ and anti-top
quark in the loop. The range of values forj(M ) quoted is
again obtained for graphs with internal chirality flip, an
scalar diquark mass in the range 250 GeV–2.5 TeV~wherej
decreases as the scalar mass increases!. In general, the phase
structure of new penguin contributions with internal and e
ternal chirality flip will differ in the above examples; how
ever, since the former tend to dominate due to chiral
hancement of ordermF /mb , wheremF is the mass of the
heavy fermion in the loop,j will be real to good approxima-
tion.

For a graphical analysis of class-2 models it is conveni
to choose the magnitude and phase of the new-physics
tribution C7

new(mW)[2K7eig7 as parameters, rather thanK8

and g8 . The reason is that for largeuju it becomes increas
ingly unlikely that C8

new(mW) will be large. The resulting
plots are given in Fig. 4. As before, the dashed lines indic
the acceptable range for theB→Xsg branching ratio. The
branching-ratio constraint allows larger values ofC8 for
positivej, which explains why larger asymmetries are atta
able in this case. For example, forj'5, which can be ob-
tained from scalar diquark-top penguins, asymmetries
5–20% are seen to be consistent with theB→Xsg bound. On
the other hand, forj'2(2.525), which includes the multi-
Higgs-doublet models,CP asymmetries of only a few per
cent are attainable, in agreement with the findings of pre
ous authors@25,26,52#. The same is true for the left-righ
symmetricW-top penguin, particularly if one takes into ac
count thatK7&0.2 if mWR

.1 TeV.
The new physics scenarios explored in Fig. 3 have

attractive feature of a possible large enhancement of
magnitude of the Wilson coefficientC8 . This has important
implications for the phenomenology of the semilepton
branching ratio and charm production yield inB decays,
through enhanced production of charmless hadronic fi
states induced by theb→sg flavor-changing neutral currenlt.
2-8
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FIG. 4. Contour plots for theCP asymmetryACP
b→sg for various class-2 models.
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~FCNC! transition@20,21,53#. At O(as), the theoretical ex-
pression for theB→Xsg decay rate is obtained from obviou
substitutions in Eq.~6! to be

G~B→Xsg!5
GF

2mb
5as~mb!

24p4 uv tC8u2. ~26!

Normalizing this to the semileptonic rate, we obtain for t
corresponding branching ratio B(B→Xsg)'0.96uC8u2

3B(B→Xcen̄). In the first plot in Fig. 5, we show contour
for the B→Xsg branching ratio, normalized to
B(B→Xcen̄)510.5%, in the (K8 ,g8) plane. In the standard
model, B(B→Xsg)'0.2% is very small; however, in sce
narios withuC8u5O(1) sizable values of order 10% for th
branching ratio are possible, which simultaneously low
the theoretical predictions for the semileptonic branching
tio and the charm production ratenc by a factor of @1
1B(B→Xsg)#21. The most recent value ofnc reported by
the CLEO Collaboration is 1.1260.05 @40#. Although the
systematic errors in this measurement are large, the re

FIG. 5. B→Xsg branching ratio~left! and charm yield inB
decays~right! as a function of the parametersK8 andg8 . There is
an overall theoretical uncertainty of 6% on the values ofnc .
09401
s
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favors values of B(B→Xsg) of order 10%@54#. This is ap-
parent from the second plot in Fig. 5, where we show
central theoretical prediction fornc as a function ofK8 and
g8 . ~There is an overall theoretical uncertainty in the val
of nc of about 6%@55#, resulting from the dependence o
quark masses and the renormalization scale.! The theoretical
prediction for the semileptonic branching ratio would ha
the same dependence onK8 andg8 , with the normalization
BSL5(1261)% fixed at K850 @55#. A large value of
B(B→Xsg) could also help in understanding theh8 yields in
charmlessB decays@56,57#. For completeness, we note th
the CLEO Collaboration has recently presented a prelimin
upper limit5 on B(B→Xsg) of 6.8% ~90% CL! @60#. It is
therefore worth noting that largeCP asymmetries of order
10–20 % are easily attained at smallerB→Xsg branching
ratios of a few percent, which would nevertheless represe
marked departure from the standard model prediction.

V. DIPOLE OPERATORS WITH RIGHT-HANDED LIGHT
QUARKS, AND MODELS WITHOUT CKM

UNITARITY

All the models listed in Table III can have nonstanda
dipole operators involving right-handed light-quark fields.
fact, in the absence of horizontal symmetries which impo
special hierarchies among the model parameters there i
reason why these should be any less important than the
erators of the standard basis. We therefore briefly disc
modifications to our previous analysis in their presence. D
noting byC7

R andC8
R the Wilson coefficients multiplying the

new operators, the expressions~12!, ~18!, and ~26! must be

5The limit is increased to 8.9% if one uses the more rec
charmed baryon and charmonium yields presented in Refs.@40, 58#

and makes use of the relativeLc versusL̄c yields given in Ref.
@59#.
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FIG. 6. Contour plots for theCP asymmetryACP
b→sg for the same choices of the parameterj as in Fig. 3, but including the effect o

different-chirality operators~as explained in the text!.
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modified by replacingCiCj*→CiCj* 1Ci
RCj

R* everywhere,
taking however into account thatC2

R50. Note that for a
single dominant new physics contribution the parametri
tion in Eq.~22! for the standard dipole operators will also b
valid for the new operators, withj taking the same rea
value. Then the only change in the prediction for theCP
asymmetry is that in the denominator of Eq.~12! the coeffi-
cient uC7u2 is replaced byuC7u21uC7

Ru2. On the other hand
there are several new contributions to the prediction for
total B→Xsg branching ratio, as can be seen from Eq.~18!.
For the purpose of illustration, let us assume that the n
physics contributions are the same for operators of differ
chirality, i.e., Ci

R,new(mW)5Ci
new(mW) for i 57,8. The re-

sults are shown in Fig. 6, where we explore the same ra
of j values as in Fig. 3. The predictions for theB→Xsg

branching ratio are enhanced becauseuC8u2 in Eq. ~26! is
replaced byuC8u21uC8

Ru2, so we only consider the range
<K8<1.5, which covers the same values of B(B→Xsg) as
before. Comparing Figs. 3 and 6, we observe that altho
there is a clear dilution of the resultingCP asymmetries
caused by the inclusion of opposite-chirality operators, th
is still plenty of parameter space in which the asymmetr
are much larger than in the standard model. We should
point out that, if there is more than one significant new ph
ics contribution to the dipole operators, there need not be
dilution since the productC8

RC7
R* could develop an imagi-

nary part, thus providing an additional contribution to t
CP asymmetry.

Finally, we briefly discuss what happens in models w
CKM unitarity violation. In terms of the quantityDs defined
by vu1vc1(11Ds)v t50, the result for theCP asymmetry
in Eq. ~7! generalizes to
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ACP
b→sg~d!5

G~B̄→Xsg!2G~B→Xs̄g!

G~B̄→Xsg!1G~B→Xs̄g!
U

Eg.~12d!E
g
max

5
as~mb!

uC7u2 H 40

81
Im@~11Ds!C2C7* #2

4

9
Im@C8C7* #

2
8z

9
@v~z!1b~z,d!#Im@~11es1Ds!C2C7* #

1
8z

27
b~z,d!Im@~11es1Ds!C2C8* #J . ~27!

Ds parametrizes the deviation from unitarity of th
3-generation CKM matrix, which could be caused, for i
stance, by mixing of the known down quarks with a ne
isosinglet heavy quark, or by the existence of a sequen
fourth generation of quarks. In principle, asymmetries mu
larger than in the standard model could be attained provi
that Ds has a significant weak phase. This reflects the f
that the GIM suppression is no longer at work if CKM un
tarity is violated. However, we will now show that in plau
sible scenarios the effect ofDs on theCP asymmetry is very
small. In the case of mixing with isosinglets, existing expe
mental limits @61# on the FCNC processB→Xsl

1l 2 in-
duced by tree-levelZ exchange@62# imply Ds,0.04. The
impact of nonunitarity can therefore be safely neglect
since new contributions to theCP asymmetry would be well
below 1%. Let us, therefore, turn to the case of a sequen
2-10
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DIRECT CP VIOLATION IN B→Xsg DECAYS AS A . . . PHYSICAL REVIEW D 58 094012
fourth generation with a new up-type quark denoted byt8.
As before, we will neglect the small quantityes , so that
Im@Ds# is the only source ofCP violation. Then the above
expression can be rewritten in the simpler form

ACP
b→sg~d!5a27~d!ImF ~11Ds!C2

C7
G1a87ImFC8

C7
G

1a28~d!ImF ~11Ds!C2

C7
•

C8*

C7*
G . ~28!

In such a scenario, theCP asymmetry is affected not only b
the nonunitarity of the 3-generation CKM matrix withDs
5v t8 /v t in Eq. ~27!, but also by the new contributions of th
t8 quark to the Wilson coefficientsC7 and C8 at the scale
mW . In analogy with Eq.~20!, we have

C7~mW!52 1
2 @A~xt!1DsA~xt8!#,

C8~mW!52 1
2 @D~xt!1DsD~xt8!#, ~29!

wherext85(m̄t8(mW)/mW)2. In addition, there is a modifi-
cation to the evolution equations~19! for the Wilson coeffi-
cientsC7 andC8 , where now the last terms~those involving
the coefficientshi and h̄i) must be multiplied by2(vc
1vu)/v t5(11Ds). Taking mt85250 GeV for the purpose
of illustration, we obtainC7'20.3120.34Ds and C8'
20.1520.16Ds , i.e., to a good approximation we hav
C7,8'(11Ds)C7,8

SM. This just reflects the fact that the func
tions A(x) and D(x) are slowly varying forx@1. In this
limit, however, all dependence onDs cancels in the expres
sion for theCP asymmetry. As a result, there is in gene
not much potential for having largeCP asymmetries in mod-
els with a sequential fourth generation. For all realis
choices of parameters, we find asymmetries of less than
i.e., of a similar magnitude as in the standard model.

VI. CONCLUSIONS

We have presented a study of directCP violation in the
inclusive, radiative decaysB→Xsg. From a theoretical poin
of view, inclusive decay rates entail the advantage of be
calculable in QCD, so that a reliable prediction for theCP
asymmetry can be confronted with data. From a pract
point of view, it is encouraging that the rare radiative deca
of B mesons have already been observed experimentally,
high-statistics measurements of the corresponding rates
be possible in the near future. We find that in the stand
model theCP asymmetry inB→Xsg decays is strongly sup
pressed by three small parameters:as(mb) arising from the
necessity of having strong phases, sin2 uC'5% reflecting a
CKM suppression, and (mc /mb)2'8% resulting from a
GIM suppression. As a result, theCP asymmetry can be
safely predicted to be of order 1% in magnitude. This co
clusion will not be significantly modified by long-distanc
contributions. We have argued that the latter two suppres
factors are inoperative in extensions of the standard mo
for which the effective Wilson coefficientsC7 and C8 re-
09401
l

%,

g

al
s
nd
ill

rd

-

on
el

ceive additional contributions involving nontrivial wea
phases. Much largerCP asymmetries ofO(as) are therefore
possible in such cases.

We have presented a model-independent analysis of
physics scenarios in terms of the magnitudes and phase
the Wilson coefficientsC7 andC8 , finding that, indeed, siz-
able CP asymmetries are predicted in large regions of p
rameter space. Some explicit realizations of models w
large CP asymmetries have been illustrated. In particul
we have shown that asymmetries of 10–50 % are possib
models which allow for a strong enhancement of the con
bution from the chromomagnetic dipole operator. This is,
fact, quite natural unless there is a symmetry that forb
new weak phases from entering the coefficientsC7 andC8 .
We have also shown that the predictions for theCP asym-
metry are only moderately diluted if operators involvin
right-handed light-quark fields are included in the analys
On the other hand, we confirm the findings of previous a
thors regarding the smallness of theCP asymmetry that is
attainable in two-Higgs-doublet models and in left-rig
symmetric models. Moreover, we find very small effects
models in which 3-generation unitarity is violated. Qui
generally, having a largeCP asymmetry is not in conflict
with the observed value for theCP-averagedB→Xsg
branching ratio. On the contrary, it may even help to low
the theoretical prediction for this quantity, and likewise f
the semileptonic branching ratio and charm multiplicity inB
decays, thereby bringing these three observables close
their experimental values.

The fact that a large inclusiveCP asymmetry in B
→Xsg decays is possible in many generic extensions of
standard model, and in a large region of parameter sp
offers the exciting possibility of looking for a signature o
new physics in these decays using data sets that will bec
available during the first period of operation of theB facto-
ries ~if not existing data sets!. A negative result of such a
study would impose constraints on many new physics s
narios. A large positive signal, on the other hand, wou
provide interesting clues about the nature of physics bey
the standard model. In particular, aCP asymmetry exceed
ing the level of 10% would be a strong hint towards e
hanced chromomagnetic dipole transitions caused by s
new flavor physics at a high scale.

We have restricted our analysis to the case of inclus
radiative decays since they entail the advantage of being
clean, in the sense that the strong-interaction phases rele
for direct CP violation can be reliably calculated. Howeve
if there is new physics that induces a large inclusiveCP
asymmetry inB→Xsg decays, it will inevitably also lead to
sizable asymmetries in some related processes. In partic
since we found that the inclusiveCP asymmetry remains
almost unaffected if a cut on the high-energy part of t
photon energy spectrum is imposed, we expect that a la
asymmetry will persist in the exclusive modeB→K* g, even
though a reliable theoretical analysis would be much m
difficult because of the necessity of calculating final-st
rescattering phases@63#. Still, it is worthwhile searching for
a largeCP asymmetry in this channel.

Finally, it has been shown in Ref.@64# that new physics
2-11
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can lead to a large time-dependentCP asymmetry in exclu-
sive B0→K* 0g decays through interference of mixing an
decay. Large directCP violation would introduce hadronic
uncertainties, thus complicating the analysis of this effe
However, it is interesting to note that the two phenomena
in a sense complementary in that to a large extent they p
different new physics contributions. We have seen that di
CP asymmetries in radiativeB decays are primarily sens
tive to modifications of the Wilson coefficients of the dipo
operators with standard chirality. On the other hand,
presence of dipole operators with right-handed light-qu
fields, which are of negligible strength in the standard mod
is crucial for obtaining time-dependent asymmetries, sinc
8,

v.

B

,

.

ei

ut

B

09401
t.
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these require both theB0 andB̄0 to be able to decay to state
with the same photon helicity.
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