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Mixing-Induced CP Asymmetries in RadiativeB Decays in and beyond the Standard Model
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In the standard model (SM) the photon in radiativeB
0 and Bs decays is predominantly left handed.

Thus, mixing-inducedCP asymmetries inb ! sg andb ! dg are suppressed bymsymb andmdymb,
respectively, and are very small. In many extensions of the SM, such as the left-right symmetric model
(LRSM), the amplitude of right-handed photons grows proportional to the virtual heavy fermion mass,
which can lead to large asymmetries. In the LRSM, asymmetries larger than 50% are possible even
when radiative decay rate measurements agree with SM predictions. [S0031-9007(97)03554-0]

PACS numbers: 11.30.Er, 12.60.Cn, 13.25.Hw, 13.40.Hq
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B meson decays may exhibitCP violation effects in
a variety of manners [1]. In the standard model (SM
B0 decays toCP eigenstates such asJycKS involve
large time-dependent rate asymmetries betweenB0 and
B

0, which are given in terms of pure Cabibbo-Kobayas
Maskawa (CKM) phases. On the other hand, cert
asymmetries, such as inBs ! Jycf, are expected to
be extremely small in the SM, and are therefore ve
sensitive to sources ofCP violation beyond the SM.
This example represents a class of decay processe
which large measurable effects of new physics inCP
asymmetries originate in additional sizable contributio
to Bq 2 Bq sq  d, sd mixing [2]. Much smaller effects,
which are harder to measure and have considera
theoretical uncertainties, can occur as new contributi
to neutralB decay amplitudes [3]. Similarly, theoretica
calculations ofCP violation in chargedB decays entail
sizable uncertainties due to final state interaction pha
and, therefore, as a rule, cannot be used as unambig
signals of new physics.

In the present Letter we demonstrate a new way
which large CP asymmetries in neutralB decays can
be introduced by new physics in processes where
SM predicts very smallCP violation. We consider
radiative B0 and Bs decays,B0, Bs ! M0g, where M0

is any hadronic self-conjugate stateM0  r0, v, f, Kp0

(where Kp0 ! KSp0), etc. As in B0 ! JycKS and
Bs ! Jycf, the asymmetries inB ! M0g are due to
the interference between mixing and decay. The fi
states are not pureCPeigenstates. Rather, in the SM, the
consist to a very good approximation of equal admixtu
of states with positive and negativeCP eigenvalues.
Thus, due to an almost complete cancellation betw
contributions from positive and negativeCP eigenstates,
the asymmetries inb ! qg are very small. They are
given by mqymb, where the quark masses are curre
masses. This situation can be significantly modified
certain models beyond the SM by new terms in t
decay amplitude. This rather special mechanism is to
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contrasted with the more common new physics effect,
which largeCP violation is due to additional contributions
to Bq 2 Bq mixing.

While our focus will be onmixing-induced CPviolation,
we recall for completeness thatdirect CPviolation in ra-
diative B decays, occurring also in chargedB decays, was
already studied in the past for both the exclusive [4–6] a
inclusive [7] cases. These effects depend on rescatte
phases. Since final states in interestingexclusivedecays
involve a hadron and a photon, electromagnetic (soft) fi
state phases are small and can be neglected. The rem
ing strong phases, originating in the absorptive part of
penguin amplitude, can be calculated perturbatively. T
calculation, which includes bound state effects, involve
fair amount of model dependence. The resulting asymm
tries in the SM are at a level of 1% and 10% for process
such asB ! Kpg andB ! rg, respectively [4]. Asym-
metries ininclusiveb ! sg andb ! dg were calculated
in the SM and were found to be at most at this level a
probably smaller [7]. Inclusive asymmetries were also c
culated in models beyond the SM. In a two-Higgs-doub
model containing flavor-changing neutral Higgs exchan
the asymmetry inb ! sg can reach at most a level of 10%
[8]. This would provide some evidence for new physic
albeit an uncertainty in calculating final state interaction
fects. However, in the left-right symmetric model (LRSM
the asymmetries were found to be at most only sligh
larger than in the SM [9], which would be insufficient t
signal new physics.

As we will show below, mixing-inducedCP asym-
metries in exclusive radiativeB0 and Bs decays, from
b ! sg andb ! dg, are very small in the SM and can
be 50% and larger in the LRSM, for instance. Such asy
metries would be clear evidence for physics beyond
SM. The general nature of our argument, which does
depend on assumptions about final state interactions,
be explained first.

The processesb ! qg sq  d, sd can be described by
the dipole type effective Lagrangian [10]
© 1997 The American Physical Society 185
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.

(1)

F
q
L andF

q
R are the amplitudes for the emission ofleft and

right polarized photons inb (i.e., B-meson) decay. In
the SM,F

q
RyF

q
L ø mqymb , where the masses are curren

masses. It can be easily understood why the photo
emitted from theseb decays are predominantly left handed
The term proportional toF

q
L has the helicity structure

bR ! qLgL, while the F
q
R term describesbL ! qRgR.

In the SM penguin diagram withW exchange, only the
left-handed components of the external fermions cou
to theW; therefore helicity flip must occur on an externa
leg. Helicity flip on theb-quark leg is proportional tomb

and contributes toF
q
L, while helicity flip on theq-quark

leg is proportional tomq and contributes toF
q
R. This

argument holds to all orders in strong interactions sin
QCD preserves quark helicities.

CP asymmetries in radiative neutralB decays, which
follow from the interference of mixing and decay [1]
require that bothB and B decay to a common state
That is, both should decay to states with the sam
photon helicity. (States with different helicities do no
interfere quantum mechanically, sincein principle the
photon helicity can be measured.) Thus, the asymme
in b ! qg vanishes in the limitF

q
RyF

q
L  0. In the SM

these mixing-induced asymmetries are therefore expec
to be quite small, at most of the order of a few percent
b ! sg and even smaller inb ! dg.

LargerCP asymmetries can occur in extensions of th
SM in which the amplitudes of radiativeb decays can
receive additional contributions from penguin diagram
with a heavyright-handedinternal fermionf. If a left-to-
right helicity flip occurs on the internal fermion line, the
the amplitude for producing right-handed photons w
have an additional enhancement ofmfymb with respect to
the SM. There are a number of models with this proper
which are potential candidates for large time-depend
CP asymmetries in radiativeB0 and Bs decays. A
few examples are the SUs2dL 3 SUs2dR 3 Us1d left-right
symmetric model [11] to be studied below, SUs2d 3 Us1d
models with exotic fermions (mirror or vector-double
quarks) [12], and nonminimal supersymmetric mode
[13]; these will be investigated elsewhere [14].

Let us consider in some detail the time dependence
a generic exclusive decay process,Bqstd ! M0g, for a
state which is identified (“tagged”) as aBq (rather than
a Bq) at time t  0. M0 is any hadronic self-conjugate
state, withCP eigenvaluej  61. We denote

AsB ! M0gLd  A cosceifL ,

AsB ! M0gRd  A sinceifR ,

AsB ! M0gRd  jA cosce2ifL,

AsB ! M0gLd  jA since2ifR . (2)
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For simplicity, we have suppressed the index describi
the flavorq of the neutralB meson and the flavor ofq0

in the underlyingb ! q0g decay. c gives the relative
amount of left- and right-polarized photons inBq decays,
fL,R are CP-odd weak phases, while electromagnet
final state phases are absorbed in the amplitudeA (which
controls the overall rate) and can be neglected.

Using the time evolution of a stateBqstd, which oscil-
lates into a mixture ofBq andBq and decays at timet to
M0g, we find the time-dependent decay rate

Gstd ; GfBqstd ! M0gg  e2GtjAj2

3 f1 1 j sins2cd sinsfM 2 fL 2 fRd sinsDmtdg .

(3)

fM is the phase ofBq 2 Bq mixing, which is model
dependent. The corresponding rateGstd for an initial Bq

is similar; however, the second term appears with oppos
sign. Thus, one finds aCP asymmetry

Astd ;
Gstd 2 Gstd
Gstd 1 Gstd

 j sins2cd

3 sinsfM 2 fL 2 fRd sinsDmtd . (4)

Here we have neglected, as usual, the small width diff
ence between the two neutralB meson states and denote
their mass difference byDm. We have also neglecteddi-
rect CPviolation. As explained in the introduction, suc
asymmetries are expected to be small in the SM, at m
of order 1% and 10% in (exclusive)b ! sg andb ! dg,
respectively. They would show up as an additional sm
cossDmtd term in the asymmetry and would add a corre
tion to the coefficient of the sinsDmtd term [1]. This cor-
rection, which depends on unknown final state interacti
phases, causes some uncertainty in this coefficient, bu
does not invalidate our conclusions below.

The expression Eq. (4) is similar to the well-know
form of an asymmetry obtained for decays toCP eigen-
states, such asB0 ! JycKS. The new factor sins2cd de-
scribes helicity suppression, following from the opposi
helicities to whichBq and Bq prefer to decay. It is the
origin of the small asymmetry expected in the SM.

So far, the expression for the asymmetry is gener
Now consider the asymmetries for the four cases ofB0

andBs decays fromb ! sg andb ! dg. In these cases
we findfM  2bs0d for B0sBsd, and

for b ! sg : sins2cd ø
2ms

mb
, fL  fR ø 0 ;

for b ! dg : sins2cd ø
2md

mle
, fL  fR ø b ,

(5)

where2b is the phase ofVtd in the standard convention
[1]. We note that inB0 andBs decays to nonstrange state
the asymmetry vanishes identically, due to a cancellat
between the weak phases appearing inBq 2 Bq mixing
and in the decay amplitudes. In decays to strange fi



VOLUME 79, NUMBER 2 P H Y S I C A L R E V I E W L E T T E R S 14 JULY 1997

r

t
n
a
c

d

s

r

e
e-

try

e

-
io

nd
ve
he
y)
ely

t

In
,

states, the asymmetry is proportional to sins2bd. The
sign of the asymmetry is determined also byj, the CP
eigenvalue of the hadronM0. We list a few examples of
asymmetries expected in the SM:

AsB0 ! Kp0gd ø s2msymbd sins2bd sinsDmtd ;

AsB0 ! r0gd ø 0 ,

AsBs ! Kp0gd ø 2s2mdymbd sins2bd sinsDmtd ;

AsBs ! fgd ø 0 ,

(6)

whereKp0 is observed throughKp0 ! KSp0.
Now we turn to the LRSM [11] in order to study the

asymmetries in this extension of the SM. We will limit ou
analysis to the most commonly discussed version based
a discreteL $ R symmetry, in whichgR  gL and the
left and right quark mixing matrices are related to eac
other either byV R  V L or by V R  sV Ldp. A very
strong lower limit on theWR mass was obtained from the
KL 2 KS mass difference [15],msW2d . 1.4 TeV, and a
rather stringent upper bound onWL 2 WR mixing was
derived from semileptonicd ands decays [16],0 # z #

3 3 1023, where [17]µ
W1

1

W1
2

∂


µ
cosz e2iv sinz

2 sinz e2iv cosz

∂ µ
W1

L

W1
R

∂
. (7)

The limit onz assumes a smallCP violation phasev and
becomes somewhat weaker for larger phases [18]. If
discreteL $ R symmetry is abandoned, the above co
straints on the parameters of the model loosen substanti
[18], in which case it can have sizable nonstandard effe
in B physics [19]. In the present discussion, we insist o
the discreate symmetry.

The processb ! sg was studied within the left-right
symmetric model by several authors [20,21]. In additio
to the SM penguin operator withW (and t) exchange,
the amplitude contains two penguin-type terms which a
potentially large: An amplitude withWL 2 WR mixing
and an amplitude involving charged scalar exchang
Both amplitudes contain an enhancement factormtymb

due to helicity flip on the internalt quark line. For
illustration purposes, we will adopt the results of Ref. [21
for the first contribution including QCD corrections an
will neglect the charged Higgs term assuming that th
charged Higgs is sufficiently heavy (e.g.,mH . 20 TeV).
We consider the caseV R  V L. The termsF

q
L and F

q
R

describing the amplitudes for emission of left- and righ
handed photons inb ! qg are given approximately by

FL ~ Fsxd 1 hQCD 1 z
mt

mb
eivF̃sxd ,

FR ~ z
mt

mb
e2ivF̃sxd ,

(8)

where x  smtymW1 d2, hQCD  20.18, and the func-
tionsF andF̃ are defined as [21]

Fsxd 
xs7 2 5x 2 8x2d

24sx 2 1d3
2

x2s2 2 3xd
4sx 2 1d4

ln x ,

F̃sxd 
220 1 31x 2 5x2

12sx 2 1d2
1

xs2 2 3xd
2sx 2 1d3

ln x .
(9)
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Note that the ratio of the left and right helicity amplitude
for b ! qg does not depend on theq quark flavor. The
two amplitudes are proportional to a common QCD facto
and to equal left and right CKM factorsVtbV p

tq.
The termFsxd 1 hQCD in (8) is the SM result, while

the terms which involve the small mixingz are pro-
portional to mtymb. For the latter ratio we use a pole
massmt  175 GeV, andmbsm  mtd  3 GeV, which
is obtained from a pole mass of 4.8 GeV. Themtymb

enhancement and the factorF̃sxdyfFsxd 1 hQCDg  2.1
partially overcome the stringent bound onz . Conse-
quently, as pointed out in Ref. [21], the effect ofWL 2

WR mixing on the rate ofb ! qg may be significant.
Using the above values, the ratio of rates in the LRSM
and in the SM is given byGsLRSMdyGsSMd ø je2iv 1

zj2 1 z2, wherez  120z .
TheCP asymmetry Eq. (4) results from an interferenc

of FL and FR, and depends on the two parameters d
scribing WL 2 WR mixing, the mixing parameterz , and
theCP violating phasev. We find the following expres-
sions for the parameters which determine the asymme
in Bq ! Xq0g:

tanc ø
z

je2iv 1 zj
,

fL 1 fR ø argse2iv 1 zd 1 2bdq0d ,
(10)

where q0  d, s denotes the flavor inb ! q0g. The
phase ofBq 2 Bq mixing is unaffected by new LRSM
contributions [2], and is approximately the same as in th
SM, fM  2b andfM  0 for B0 andBs, respectively.

The parametersz andv are constrained by the agree
ment between the calculation of the branching rat
for B ! Xsg within the SM [22], BsB ! XsgdSM 
s3.28 6 0.33d 3 1024, and experiment [23],BsB !

XsgdEXP  s2.32 6 0.67d 3 1024. The constraint is not
very stringent due to the present sizable theoretical a
experimental uncertainties. Moreover, since the radiati
rate measurements do not probe the photon helicity, t
CP asymmetries (which do depend on the photon helicit
may be quite large even when the rate agrees precis
with the SM prediction. In this case we haveje2iv 1

zj2 1 z2  1, a solution of which isz  2 cosv. Con-
sequently, sins2cd  j sins2vdj, fL 1 fR  6py2 1

2bdq0d , where the1 and 2 signs correspond to0 ,

v , p and p , v , 2p , respectively. The asym-
metry is given by Astd  7jj sins2vdj cossfM 2

2bdq0dd sinsDmtd. The largest asymmetry is obtained
when z takes its present experimental upper limi
z  0.003, corresponding toj sins2vdj  0.67. (The
limit on z is actually somewhat higher forv fi 0 [18],
and the asymmetry can be correspondingly larger.)
this case we find, instead of the SM predictions Eqs. (6)

AsB0 ! Kp0gd ø 70.67 coss2bd sinsDmtd ,

AsB0 ! r0gd ø 70.67 sinsDmtd ,

AsBs ! Kp0gd ø 70.67 coss2bd sinsDmtd ,

AsBs ! fgd ø 70.67 sinsDmtd .
187
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All four asymmetries can be larger than 50% in the LRSM
(10± , b , 35± [1].)

We comment briefly on expected branching ratios f
the interesting processes. We focus our attention
processes of the typeBq ! M0g, whereM0 is a single
(unstable) meson state. One may also consider three-b
decays, such asBq ! P1P2g sP  p, Kd; however,
this would require separating different angular momentu
P1P2 states which have specificCP values. So far,
only the exclusiveB ! Kpg was measured [24],BsB !

Kpgd , 4.5 3 1025. The corresponding branching ratio
of B0 ! r0g is expected to be lower by a facto
jVtdyVtsj

2 in the SM, which would make it about an orde
of magnitude smaller. (0.15 , jVtdyVtsj , 0.33 [1].)
One expectsBsBs ! fgd , BsB ! Kpgd and BsBs !
Kpgd , BsB0 ! r0gd.

Measuring an asymmetry requires tagging and, at
e1e2 collider operating at theYs4Sd, it also needs time
dependence. That is, one must measure the distance o
B decay point away from its production. In this respec
the r0 and f can be easily handled by their prompt an
dominant decays to a pair of pions and kaons, respective
But, due to theKS finite lifetime, it would be hard to trace
aKp0 decaying toKSp0 back to its point of production. In
addition, theKp0 decay, viaKsp0, to the finalp1p2p0

state involves a suppression factor of 1y9, which makes
the effective rate ofB0 ! Kp0g comparable to that of
B0 ! r0g. In hadronic colliders, whereBB pairs are
produced incoherently, no time dependence is requir
As we have shown, in models such as the LRSM, the abo
modes and similar ones may involve large asymmetries
order 10% or even 50%. With branching ratios of a fe
times 1026, asymmetries of order 10%–50% should b
within the reach of planned sources ofB mesons providing
O s108d andO s109d B’s, respectively. Clearly, improved
bounds on the parameters of the model,z and v in the
case of LRSM, would be obtained if no asymmetries we
found at this level.

In summary, it was pointed out that theinclusive rate
of radiative B decays is sensitive to certain types o
new physics. The photon helicity measured bymixing-
induced CP asymmetriesturns out, on the other hand, to
be sensitive to a different type of effect which appears
some extensions of the SM such as the LRSM. Since
SM predicts very smallCP violation, observing sizable
asymmetries, irrespective of their precise values, wou
be a clear signal of physics beyond the SM.
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