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We show that the study of certain observables in the angular distribution inB→J/cK* provide a clear test
for CP violation beyond the standard model~SM!. These observables vanish in the SM, but in models beyond
the SM some of them can be large enough to be measured atB factories.@S0556-2821~98!03923-X#

PACS number~s!: 13.25.Hw, 11.30.Er, 12.60.2i

The CLEO Collaboration has recently reported@1# the
first full angular analysis ofB→J/cK* decays. SeveralCP
conserving quantities have been studied. They found that the
P wave component is small,uPu250.1660.0860.04, which
is good news for measuring mixing inducedCP violation via
B→J/cK* 0→J/cKSp0 decay@2#. Relative to the longitu-
dinal amplitudeA0, the phases of the transverse and parallel
amplitudes were found to bef(AT)520.1160.4660.03
rad, andf(Auu)53.0060.3760.04 rad, respectively. These
phases are consistent with 0 orp, indicating the absence of
final state interaction~FSI! phase shifts ifCP is conserved. It
should be noted that the analysis in fact does not measure
FSI phases alone, but a combination of FSI andCP violating

weak phases. In order to have information about FSI andCP
violating weak phases, the particle and antiparticle decays
have to be separately measured. With increased luminosities
in the near future at CLEO, the SLAC and KEKB factories,
and other facilities, together with goodK/p separation capa-
bilties ~particle identification!, one can distinguishK* from
K̄* , henceB vs B̄. One can then study directCP violation in
these decays even if the partial rate asymmetry is zero. In
this paper we show that certain observables in the angular
distribution inB→J/cK* provide a clear test forCP viola-
tion beyond the standard model~SM!.

All necessary information for the present study is con-
tained in the full angular distribution forB→J/cK* which
is given by@3#
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whereAT5P is theP wave decay amplitude, andA0 andAuu
are two othorgonal combinations of theS and D wave am-
plitudes with the normalizationuATu21uA0u21uAuuu251. The
anglesu tr andf tr are defined as polar and azimuth angles of
the charged lepton in theJ/c rest frame, withx axis along
the direction ofK* , andx-y plane parallel toKp plane. The
angleuK* is defined as that of theK in the rest frame ofK*
relative to the negative of theJ/c direction in that frame.
The angular distribution forB̄ decay is similar, and we shall
useĀ to indicate the corresponding amplitudes.

In the CLEO analysis, the phase forA0 was taken to be
zero. For convenience we will use the convention that each
amplitudeAi has bothCP conserving FSI phasef i andCP

violating phase s i , i.e., Aj5uAj uei (f j 1s j ) while ĀT5

2uATuei (fT2sT), Āuu5uAuuuei (f uu2s uu), and Ā05uA0uei (f02s0).

There are several ways forCP violation to manifest itself;
the most familiar one is in partial rate asymmetries. Since
there are three different decay amplitudes, partial rate asym-
metries may show up in either of them@4#. These asymme-
tries can be studied by measuring the coefficients of the first
three terms in Eq.~1! for B and B̄ decays and comparing
them. However, in the case under consideration such differ-
ences are very small and therefore difficult to measure. It is
therefore interesting to see if there are other observables in
the angular distribution which provide useful information
aboutCP violation even if the partial rate asymmetries are
zero.

It is clear that the coefficientsa52Im(Auu* AT), b
5Re(A0* Auu), and g5Im(A0* AT) of the last three terms in

the angular distribution, and similarlyā, b̄ and ḡ for B̄
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decays, contain information aboutCP violation. Without
separatingB andB̄ decays, however, which was the case for
the CLEO analysis mentioned earlier, information onCP
violation cannot be extracted. One must obtain the angular
distributions forB→J/cK* and B̄→J/cK̄* decays sepa-
rately and determine the coefficients for the interference
terms in each case. The following three quantities then mea-
sureCP violation:

a15a1ā52uATuuAuuucos~f uuT!sin~s uuT!,

a25b2b̄522uAuuuuA0usin~f uu0!sin~s uu0!,

a35g1ḡ522uATuuA0ucos~fT0!sin~sT0!,
~2!

where f i j 5f i2f j and s i j 5s i2s j . Observables analo-
gous to these, but integrated over various ranges of angles,
have already been considered in Ref.@4#. We remark that
similar analysis can be carried out for any two vector meson
decay channels ofB meson, such asB→D* r and B
→fK* , but it is probably more useful for tree-level domi-
nated decays where the rate asymmetry is small.

We note that theCP violating observablesa1,3 do not
require FSI phase differences and are especially sensitive to
CP violating weak phases. The present CLEO data on angu-
lar distributions which provide information about FSI phases
are proportional to theCP conserving quantitiesa2ā

;sin(fuuT)cos(suuT), b1b̄;cos(fuu0)cos(suu0), and g2ḡ
;sin(fT0)cos(sT0). At present these data do not exclude
a1 (a3) up to 0.50~0.58!, but the small FSI phase forAuu
measured by CLEO implies thata2 is small.

In SM the decay amplitude forB→J/cK* is due to the
quark level effective Hamiltonian

Heff5
GF

A2
VcbVcs* $C1c̄gm~12g5!cs̄gm~12g5!b

1C2s̄gm~12g5!cc̄gm~12g5!b%, ~3!

where C1520.313 andC251.15 @5#, and we have ne-
glected the negligibly small penguin contribution. This effec-
tive Hamiltonian generates a common weak phase for all the
amplitudes through the phase ofVcbVcs* , which is zero in the
Wolfenstein parametrization. The quantitiesai therefore all
vanish. However, in extensions of SM, these phases need not
be the same, and the values forai may no longer vanish.
Hence, the observablesai provide good tests forCP viola-
tion beyond SM.

There are many ways where new physics may change the
phasess i . To lowest order they may arise from dimension 6
four quark operators, or from the dimension 5 color dipole
operators̄ismnGmn(16g5)b, whereGmn is the gluon field
strength. New physics contributions fromCLc̄gm(1
6g5)cs̄gm(12g5)b type of interactions are proportional to
the SM contribution, which just generate a common weak

phase for all the amplitudes and therefore theai ’s are all
zero. The observablesai discussed here do not provide good
tests for new physics of this type. Interactions of the form
CRcḡm(16g5)cs̄gm(11g5)b, however, will generate dif-
ferent phases forAT andAuu,0 because thes̄gm(11g5)b con-
tribution to AT is proportional toCR , but for Auu,0 it is pro-
portional to2CR . To a good approximation, one gets the
weak phasesT52s uu,0 , leading to nonzero values forai .

Let us consider, as an example,R-parity violating super-
symmetric models. The exchange of charged sleptons or
down type squarks can generate nonzeroCR with an arbi-
trary phasesR . The allowed value forCR is constrained by
experimental data onb→sg, but it still allows theCR con-
tribution to theB→J/cK* amplitude to be as large as 20%
of the SM contribution. Slightly stronger constraints can be
obtained by assuming thatb→cc̄s is similar tob→cūs from
R-parity violating interactions. The upper bound of the weak
phases are approximately given by@6#

sT52s uu,0'0.1 sinsR . ~4!

Using the central values for the modulous of the amplitudes
and assuming that the FSI phases are zero, we find

a1.0.10 sinsR , a3.20.12 sinsR . ~5!

The contribution from the dimension 5 color dipole op-
erator has been estimated by assuming that color octet op-
erators contribute the amount as determined in generalized
factorization approximation@2#. The magnitude of the color
dipole coefficient as large as 10 times that of the SM one is
not ruled out. In fact, charm counting and semileptonic
branching ratio problems inB decays@7#, and perhaps the
largeB→h8Xs , may favor such a large value@8#. The weak
phasess i can be as large as 0.1 sinsc , wheresc is the weak
phase of the color dipole coupling. However, if the new
color dipole interaction has the sames̄smn(11g5)b chiral
structure as in SM, the phases are approximately equal and
the values forai would be very small. For a color dipole of
10 times the SM strength but withs̄smn(12g5)b chiral
structure, one obtainssT'2s uu,0 leading to an upper bound
of 0.1 sinsc . This would generatea1 and a3 as large as
0.1 sinsc and20.12 sinsc respectively, quite similar to the
R-parity violating case.

In all cases discussed above the weak phases fors uu and
s0 are equal~or approximately equal!. The asymmetrya2 is
therefore approximately zero in all cases we have consid-
ered, and does not seem to be a good quantity to study for
CP violation using this method.

The sensitivety fora1,3 is similar to the sensitivity to the
phase angles of the amplitudes. It is interesting to note that
the systematic error in CLEO analysis is already as low as
0.03 @1#. With increased statistics,a1,3 as large as 0.10
should be accessible at CLEO, at CDF, and at futureB fac-
tories. Since the errors are determined through a fit, it is not
clear how the statistical error scales with actual number of
events. The question can only be answered by actual studies,
but naive scaling implies that one would need 108 events to
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be able to distinguish the deviations that we gave as illustra-
tion. Nevertheless, the needed number of events may be less,
and measurement of the observablesai will provide us with
useful information aboutCP violation. We remark again that
similar CP violating observables can be constructed for any
B→VV decays, such asB→D* r, where preliminary evi-
dence for FSI phases has recently been reported by CLEO
@9#.

In conclusion, we have shown that the study of the ob-
servablesai in the angular distributions ofB→J/cK* and
B→̄J/cK̄* decays can provide good tests forCP violation
beyond the standard model, since they are zero in SM. We

have illustrated with supersymmetric models withR-parity
violation, and models with large color dipole interactions,
where these observables can be large enough to be measur-
able.
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