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We show that in the standard model the parametrically leading (by a factor 1=�s) contribution to the

inclusive CP asymmetry in �B ! Xs;d� decays arises from a long-distance effect in the interference of the

electromagnetic dipole amplitude with the amplitude for an up-quark penguin transition accompanied by

soft gluon emission. Using model estimates for the associated hadronic parameter ~�u
17, we predict a value

in the range �0:6%<ASM
Xs�

< 2:8%. In view of current experimental data, a future precision measure-

ment of the flavor-averaged CP asymmetry would signal the presence of new physics only if a value below

�2% was found. A cleaner probe of new physics is offered by the difference of the CP asymmetries in

charged versus neutral �B ! Xs� decays.
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The radiative decays �B ! Xs� and �B ! Xd� are im-
portant for testing the standard model (SM) and probing its
possible extensions. Both the CP-averaged branching ra-
tios and the CP asymmetries are useful in this context.
Thanks to a vigorous effort, the experimental error on the
�B ! Xs� branching ratio has been reduced below 10%,
which is close to the (irreducible) theoretical uncertainty in
the calculation of this observable. For the CP asymmetry,
on the other hand, the experimental error is thought to be
much larger than the theoretical one. The current world
average is [1]

A Xs� ¼ �ð �B ! Xs�Þ � �ðB ! X �s�Þ
�ð �B ! Xs�Þ þ �ðB ! X �s�Þ ¼ �ð1:2� 2:8Þ%:

(1)

It is widely believed that the theoretical prediction for the
CP asymmetry in the SM is short-distance dominated,
leading to a tiny value of about 0.5% as a result of a
combination of perturbative, CKM, and GIM suppression
[2–4]. A dedicated analysis finds ASM

Xs�
¼ ð0:44þ0:15

�0:10 �
0:03þ0:19

�0:09Þ% [5], where the errors refer to uncertainties

associated with the quark-mass ratio mc=mb, CKM pa-
rameters, and higher-order perturbative corrections. This
suggests that finding an asymmetry outside the range
0<AXs� < 1% would be a clean signal of new physics.

Indeed, various extensions of the SM have been analyzed
with regard to the constraints arising from the measured
value of the CP asymmetry [3,6–15], and reducing the
experimental error to the 1% level is considered an impor-
tant goal of future superflavor factories.

In recent work [16], we have presented a new factoriza-
tion formula for inclusive radiative B decays in the relevant
region of large photon energy. In addition to the familiar
‘‘direct photon contributions’’, in which the photon cou-
ples to a local operator mediating the weak decay in the
effective low-energy theory, novel ‘‘resolved photon

contributions’’ appear. They account for the hadronic sub-
structure of the photon, which is probed when it couples to
light collinear partons. Importantly, even after integrating
over the photon energy spectrum, the resolved photon
contributions cannot be described using a local operator-
product expansion. They give rise to first-order �QCD=mb

corrections to the inclusive decay rate and CP asymmetry,
which are proportional to B-meson matrix elements of
nonlocal operators in heavy-quark effective theory
(HQET). The analysis of [16] has shown that these non-
perturbative effects lead to an irreducible uncertainty in the
theoretical prediction for the CP-averaged �B ! Xs�
branching ratio of about �5%.
An interesting feature of the resolved photon contribu-

tions is that they give rise to novel, calculable strong-
interaction phases related to hard-collinear jet functions,
which are convoluted with real, nonperturbative soft func-
tions. It is interesting to explore the potential impact of
these contributions on the inclusive CP asymmetries.
While these effects are still of order �QCD=mb, we show

that they give the parametrically leading contribution to the
�B ! Xs;d� asymmetries in the SM, and that they can

strongly influence the way in which new-physics effects
might show up.
Experiments measure the CP asymmetry AXs�ðE0Þ de-

fined with a lower cut on the photon energy, E� � E0, with

E0 ranging between 1.9 and 2.2 GeV. Detailed theoretical
studies have shown that the dependence of the asymmetry
on the value of E0 is very mild [3]. We will assume for
simplicity that the cutoff can be chosen sufficiently low,
such that � � mb � 2E0 ¼ few��QCD is in the pertur-

bative domain. Wewill refer to the asymmetry defined with
such a cut as ‘‘partially inclusive.’’ In this case the direct
photon contributions to the CP asymmetry can be calcu-
lated in terms of local operator matrix elements using a
combined expansion in powers of�=mb and�QCD=� [17].
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The resolved photon contributions can still not be ex-
pressed in terms of local matrix elements. However, the
relevant soft functions can be simplified in this limit, as
described in [16].

The direct photon contributions to the partially inclusive
CP asymmetry reduce to perturbative expressions depend-
ing on a cut parameter � ¼ �=mb. At first nontrivial order
in �s, one obtains [3,18]
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where z ¼ ðmc=mbÞ2, and �s ¼ ðVubV
�
usÞ=ðVtbV

�
tsÞ ¼

�2ði ��� ��Þ=½1� �2ð1� ��þ i ��Þ� þOð�6Þ in terms of
Wolfenstein parameters. The Wilson coefficients of the
electromagnetic and chromomagnetic dipole operators in
the effective weak Hamiltonian are denoted by C7� and

C8g, while C1 is the coefficient of the dominant current-

current operator. Contributions from other operators are
negligibly small in the SM. We suppress the scale depen-
dence of �s and Ci. Explicit expressions for the functions

vðzÞ, bðz; �Þ, and ~bðz; �Þ can be found in [3,19]. In the SM
the Wilson coefficients are real, and only terms in (2)
proportional to the imaginary part of �s contribute. The
numerically most important contributions arise from the
interference of charm- and up-quark penguin graphs with
virtual or real gluon emission (first two diagrams in Fig. 1)
with the leading electromagnetic dipole amplitude. The
above expression is however more general, as it holds for
all new-physics models in which the dominant nonstandard
effects are described by additional (possibly complex)
contributions to the dipole coefficients C7� and C8g. It

would be straightforward to extend the analysis to include
opposite-chirality dipole operators [3].

The above expression simplifies considerably if we
adopt the power counting m2

c ¼ Oðmb�QCDÞ for the

charm-quark mass and expand in powers of z,
� ¼ Oð�QCD=mbÞ. The terms proportional to bðz; �Þ and
~bðz; �Þ scale as ð�QCD=mbÞ2 and can be neglected to a good
approximation, while the contribution proportional to vðzÞ

contributes at first order in�QCD=mb and can be simplified

by expanding vðzÞ to zeroth order in z. This yields the
approximation
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which is independent of the cutoff E0. Here we have
introduced the scale �c ��QCD defined as (we use

mb ¼ 4:65 GeV and mc ¼ 1:13 GeV as in [16])

�c �m2
c

mb

�
1� 2

5
ln
mb

mc

þ 4

5
ln2

mb

mc

��2

15

�
	 0:38 GeV: (4)

In the SM only the last term in (3) contributes, which
exhibits the triple suppression by �s, Imð�sÞ � �2, and
ðmc=mbÞ2 ��QCD=mb.

Using the factorization analysis of �B ! Xs� decay per-
formed in [16], it is possible to derive for the first time the
resolved photon contributions to the partially inclusive CP
asymmetry. They arise from the interference of the elec-
tromagnetic dipole amplitude with resolved photon contri-
butions involving up- and charm-quark penguin transitions
or chromomagnetic dipole transitions. The result can be

expressed in terms of three hadronic parameters ~�ij related

to convolution integrals over two soft functions denoted by

h17ð!Þ and hð1Þ78 ð!1; !2Þ. At lowest order in �s and 1=mb

we find

Ares
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¼ �
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Im
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þ Im
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�
; (5)

where (omitting the scale dependence of the soft functions

and ~�ij parameters)

~�u
17 ¼ 2

3
h17ð0Þ;

~�c
17 ¼ 2

3

Z 1

4m2
c=mb

d!

!
f

�
m2

c

mb!

�
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~�
�B
78 ¼ 2

Z 1
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(6)

with

fðxÞ ¼ 2x ln
1þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� 4x
p

1� ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 4x

p : (7)

The functions hij are defined in terms of B-meson matrix

elements of nonlocal operators in HQET [16]. In light-cone
gauge n 
 A ¼ 0, we have

h17ð!Þ ¼
Z dt

2�
e�i!t

h �Bj �hð0Þ �ni�?
� �n	gG

�	ðt �nÞhð0Þj �Bi
2MB

;

(8)
FIG. 1. Penguin diagrams with virtual and real gluon emis-
sions. The gluons in the first two graphs are highly energetic.
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where n
 ¼ ð1; 0; 0; 1Þ and �n
 ¼ ð1; 0; 0;�1Þ are two
lightlike vectors, and h are effective heavy-quark fields in

HQET [20]. Similarly, hð1Þ78 ð!1; !2Þ is given in terms of a

matrix element of a four-quark operator [19]. The function
h17 is an even function of !, whose normalization is equal
to the HQET parameter 2�2 	 ð0:5 GeVÞ2. No rigorous

constraints are known for the function hð1Þ78 . Note that the

parameter ~�
�B
78 in (5) depends on the flavor of the spectator

quark inside the �B meson. In the limit of SU(3) flavor

symmetry, it can be shown that ~�
�B
78 ¼ espec ~�78 [16], where

espec denotes the electric charge of the spectator quark in

units of e (espec ¼ 2=3 for B� and �1=3 for �B0).

Evaluating the hadronic matrix element of the correspond-
ing nonlocal four-quark operator in the vacuum insertion
approximation, we find that

~�
�B
78 	 espec ~�78 	 espec

2f2BMB

9

Z 1

0
d!

½�Bþð!Þ�2
!

; (9)

where fB 	 193 MeV is the B-meson decay constant and
�Bþ its leading light-cone distribution amplitude [21].

At present, there does not exist any systematic theoreti-

cal approach to determine the hadronic parameters ~�ij

from first principles. Numerical estimates must then be
obtained by modeling the corresponding soft functions.
Employing the models studied in [16], we obtain the ranges

�330 MeV< ~�u
17 <þ525 MeV;

�9 MeV< ~�c
17 <þ11 MeV;

17 MeV< ~�78 < 190 MeV:

(10)

All three estimates are very uncertain, but we observe that
~�u
17 and

~�78 are expected to be of order �QCD. The slight

preference for positive values of ~�q
17 is due to the normal-

ization constraint on the function h17 mentioned above.
Note that in the formal limit mc ! mu ¼ 0 the values of
~�u
17 and

~�c
17 coincide. However, we predict a strong GIM

violation owing to the fact that the integral in the second
relation in (6) starts at 4m2

c=mb 	 1:1 GeV, at which the
soft function is expected to take already rather small values,
since it is governed by nonperturbative dynamics and must
vanish for ! ! 1.

The complete theoretical result for the partially inclusive
CP asymmetry in �B ! Xs� decay is obtained by adding
the direct and resolved contributions (2) and (5). In order to
understand better the structure of the result, we now
present some approximate formulae obtained by using
expression (3) for the direct contribution. Our numerical
results will always be derived using the exact expression.
For the CP asymmetry in the SM, we obtain

A SM
Xs�

	 �

��������
C1

C7�

��������Im�s

�~�u
17 � ~�c

17

mb

þ 40�s

9�

�c

mb

�

¼
�
1:15

~�u
17 � ~�c

17

300MeV
þ 0:71

�
%: (11)

We fix the photon cut at E0 ¼ 1:9 GeV and use
� ¼ 0:2254, �� ¼ 0:144, �� ¼ 0:342 for the Wolfenstein
parameters. Our choice 
 ¼ 2 GeV for the factorization
scale (for which �sð
Þ ¼ 0:307, and C1ð
Þ ¼ 1:204,
C7�ð
Þ ¼ �0:381, C8gð
Þ ¼ �0:175 at leading order) is

motivated by the fact that the strong phases required for a
nonzero CP asymmetry arise either from GIM violations
related to charm-quark loops (for which
� 2mc), or from

cut hard-collinear propagators (for which
�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mb�QCD

q
).

In the resolved photon term we keep the contribution of
~�c
17 in order to make explicit that the CP asymmetry

vanishes in the formal limit mc ¼ mu due to the GIM
mechanism. In practice, however, this contribution can be
safely neglected. The dominant contribution arises from
the up-quark penguin graph with emission of a soft gluon,
in which the quark loop is probed at a lightlike distance
away from the heavy quarks (last diagram in Fig. 1). We do
not show the dependences of our results on variations of the
input parameters, which are much smaller than the uncer-
tainties associated with the resolved photon contributions.
Our central value 0.71% for the direct photon term is larger
than that obtained in [5] since we use smaller values for 

and mc.

The resolved photon term proportional to ~�u
17 in (11) is

parametrically larger than the direct photon term, which
contains an additional �s suppression. Numerically, this

term dominates as long as j~�u
17j is larger than about

200 MeV. Using the model estimates shown in (10) we
find the range�0:6%<ASM

Xs�
< 2:8%, which covers most

of the experimentally allowed range (1). Only a value of
the asymmetry below �2% could be interpreted as a sign

of new physics, as in this case ~�u
17 <�700 MeVwould be

much larger in magnitude than our model expectations.
In extensions of the SM, in which the dipole coefficients

C7� and C8g receive new CP-violating contributions, addi-

tional terms arise. Using the approximation (3), we find

AXs�

�
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Im
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For the first two terms the resolved photon contribu-
tions give rise to power corrections to the direct photon
terms, which are numerically significant since �s=��
�QCD=mb. For the third term, which is the only one present

in the SM, the resolved photon contribution is likely to be
more important than the direct photon term.
To illustrate the impact of the resolved photon terms,

we consider the class of new-physics models in which
the dominant nonstandard effects are encoded in the
values of the dipole operators, which we parameterize in
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the form C7�=C1 ¼ ðC7�=C1ÞSMr7ei�7 and C8g=C1 ¼
ðC8g=C1ÞSMr8ei�8 . Using that argð��sÞ 	 �� in the SM,

we then obtain for our default parameters

AXs�½%� ¼
�
10:12þ2:14

~�c
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10MeV

�
1

r7
sin�7

þ
�
1:26

~�u
17� ~�c

17

300MeV
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1
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r27
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r27
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�0:004
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r27

sinð�þ�8Þ: (13)

For the flavor-averaged CP asymmetry, 12ðAX�
s �þAX0

s �
Þ,

we must replace espec ! 1
6 . Then the resolved photon con-

tributions are subdominant except for the second term,
which is already present in the SM. In principle very large
asymmetries are possible from the first and third terms [3],
which however are already ruled out by the data. Once we
assume that the effects of new physics are at most a few
percent in magnitude, it will be difficult to disentangle

them from the hadronic uncertainty due to the ~�u
17

parameter.
A nontrivial feature of our analysis is that the resolved

photon contributions induce a flavor-dependent term in the
CP asymmetry already at order �QCD=mb. In the SM such

effects are suppressed, compared with (11), by at least one
additional factor of �QCD=mb and are bound to be negli-

gible. We thus propose a future precision measurement of
the CP asymmetry difference

�AXs� � AX�
s � �AX0

s �
	 4�2�s

~�78

mb

Im
C8g

C7�

	 12%
~�78

100 MeV

r8
r7

sinð�8 � �7Þ (14)

as a sensitive probe for flavor physics beyond the SM. Even
though it will be difficult to determine the value of the

hadronic parameter ~�78 with any reasonable accuracy, we
observe that if either the electromagnetic or the chromo-
magnetic dipole coefficients (or both) receive a sizable
CP-violating new-physics phase, the difference �AXs�

can easily reach the level of 10% in magnitude. It is
important in this context that the Wilson coefficient of
the chromomagnetic operator can be much enhanced
with regard to its SM value, so that r8=r7� a few is
possible [3].

All of the above expressions also apply to the CP
asymmetry in �B ! Xd� decay, once we replace �s by �d ¼
ðVubV

�
udÞ=ðVtbV

�
tdÞ ¼ ð ��� i ��Þ=ð1� ��þ i ��Þ. As a result,

theCP asymmetry for �B ! Xd� decay in the SM differs by
that in �B ! Xs� decay by a factor Imð�dÞ=Imð�sÞ 	 �22.
With the parameter values shown in (10), we obtain the

range�62%<ASM
Xd�

< 14%. It is worth emphasizing that

in the endpoint region of large photon energy there do exist
contributions to the photon energy spectrum which could
affect the CP asymmetries in the decays �B ! Xs� and
�B ! Xd� in a way different from the above rescaling. They
are sensitive to four-quark soft functions with flavor con-
tent �bs�sb and �bd �db, respectively, whose matrix elements
between Bd meson states can be different even in the flavor
SU(3) limit. However, as shown in [16] these effects
integrate to zero in the partially inclusive CP asymmetries
at order �QCD=mb. As a result, the untagged CP asymme-

try for �B ! Xsþd� decays vanishes in the SM (up to tiny
U-spin breaking corrections [2,3,22]) even after the re-
solved photon terms are taken into account.
We are grateful to Tobias Hurth for useful discussions.

The research of M.B. and M.N. is supported by BMBF
grant 05H09UME and by the Research Centre of
Excellence Elementary Forces and Mathematical
Foundations. The work of G. P. is supported by the DOE
grant DE-FG02-90ER40560.

[1] D. Asner et al., (Heavy Flavor Averaging Group),
arXiv:1010.1589.

[2] J.M. Soares, Nucl. Phys. B367, 575 (1991).
[3] A. L. Kagan and M. Neubert, Phys. Rev. D 58, 094012

(1998).
[4] A. Ali, H. Asatrian, and C. Greub, Phys. Lett. B 429, 87

(1998).
[5] T. Hurth, E. Lunghi, and W. Porod, Nucl. Phys. B704, 56

(2005).
[6] L. Wolfenstein and Y. L. Wu, Phys. Rev. Lett. 73, 2809

(1994).
[7] H.M. Asatrian and A. Ioannisian, Phys. Rev. D 54, 5642

(1996); H.M. Asatrian, G.K. Egiian, and A.N. Ioannisian,
Phys. Lett. B 399, 303 (1997).

[8] F.M. Borzumati and C. Greub, Phys. Rev. D 58, 074004
(1998).

[9] T. Hurth, Rev. Mod. Phys. 75, 1159 (2003).
[10] M. Blanke et al., J. High Energy Phys. 12 (2006) 003.
[11] J. R. Ellis, J. S. Lee, and A. Pilaftsis, Phys. Rev. D 76,

115011 (2007).
[12] W. Altmannshofer et al., Nucl. Phys. B830, 17

(2010).
[13] A. Soni et al., Phys. Rev. D 82, 033009 (2010).
[14] A. J. Buras et al., J. High Energy Phys. 09 (2010) 106.
[15] M. Jung, A. Pich, and P. Tuzon, arXiv:1011.5154.
[16] M. Benzke, S. J. Lee, M. Neubert, and G. Paz, J. High

Energy Phys. 08 (2010) 099; S. J. Lee, M. Neubert, and
G. Paz, Phys. Rev. D 75, 114005 (2007).

[17] M. Neubert, Eur. Phys. J. C 40, 165 (2005).
[18] H. H. Asatryan, H.M. Asatrian, G. K. Yeghiyan, and

G.K. Savvidy, Int. J. Mod. Phys. A 16, 3805 (2001).
[19] M. Benzke et al. (to be published).
[20] M. Neubert, Phys. Rep. 245, 259 (1994).
[21] A. G. Grozin and M. Neubert, Phys. Rev. D 55, 272

(1997).
[22] T. Hurth and T. Mannel, Phys. Lett. B 511, 196 (2001).

PRL 106, 141801 (2011) P HY S I CA L R EV I EW LE T T E R S
week ending
8 APRIL 2011

141801-4

http://arXiv.org/abs/1010.1589
http://dx.doi.org/10.1016/0550-3213(91)90008-L
http://dx.doi.org/10.1103/PhysRevD.58.094012
http://dx.doi.org/10.1103/PhysRevD.58.094012
http://dx.doi.org/10.1016/S0370-2693(98)00456-0
http://dx.doi.org/10.1016/S0370-2693(98)00456-0
http://dx.doi.org/10.1016/j.nuclphysb.2004.10.024
http://dx.doi.org/10.1016/j.nuclphysb.2004.10.024
http://dx.doi.org/10.1103/PhysRevLett.73.2809
http://dx.doi.org/10.1103/PhysRevLett.73.2809
http://dx.doi.org/10.1103/PhysRevD.54.5642
http://dx.doi.org/10.1103/PhysRevD.54.5642
http://dx.doi.org/10.1016/S0370-2693(97)00297-9
http://dx.doi.org/10.1103/PhysRevD.58.074004
http://dx.doi.org/10.1103/PhysRevD.58.074004
http://dx.doi.org/10.1103/RevModPhys.75.1159
http://dx.doi.org/10.1088/1126-6708/2006/12/003
http://dx.doi.org/10.1103/PhysRevD.76.115011
http://dx.doi.org/10.1103/PhysRevD.76.115011
http://dx.doi.org/10.1016/j.nuclphysb.2009.12.019
http://dx.doi.org/10.1016/j.nuclphysb.2009.12.019
http://dx.doi.org/10.1103/PhysRevD.82.033009
http://dx.doi.org/10.1007/JHEP09(2010)106
http://arXiv.org/abs/1011.5154
http://dx.doi.org/10.1007/JHEP08(2010)099
http://dx.doi.org/10.1007/JHEP08(2010)099
http://dx.doi.org/10.1103/PhysRevD.75.114005
http://dx.doi.org/10.1140/epjc/s2005-02141-1
http://dx.doi.org/10.1142/S0217751X01005079
http://dx.doi.org/10.1016/0370-1573(94)90091-4
http://dx.doi.org/10.1103/PhysRevD.55.272
http://dx.doi.org/10.1103/PhysRevD.55.272
http://dx.doi.org/10.1016/S0370-2693(01)00578-0

