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Current data on CP violation in Bd → η′KS and Bd → φKS, taken literally, suggest new
physics contributions in b → s transitions. Despite a claim to the contrary, we point out that
right-handed operators with a single weak phase can account for both deviations thanks to the two-
fold ambiguity in the extraction of the weak phase from the corresponding CP-asymmetry. This
observation is welcome since large mixing in the right-handed sector is favored by many GUT models
and frameworks which address the flavor puzzle. There are also interesting correlations with the Bs

system which provide a way to test this scenario in the near future.

I. INTRODUCTION

Recent years have seen remarkable progress in flavor
physics. The dramatic discovery of neutrino oscilla-
tions [1], long suspected to be the explanation for the
solar neutrino deficit, is the first firm evidence for physics
beyond the Standard Model (SM). In the quark sector,
T -violation was discovered in the neutral kaon system [2]
in agreement with observed indirect CP violation and the
CPT theorem. The first example of direct CP violation
was also discovered in the neutral kaon system [3].
Finally, both indirect and direct CP violation have been
observed for the first time in another system, in the
decays Bd → J/ψKS and Bd → Kπ respectively [4, 5].
The data confirms that the CP violation observed to date
originates in the Kobayashi–Maskawa (KM) phase of the
quark mixing matrix. It is incredible that all of this has
been accomplished in a six-year period! However, the
origin of flavor and patterns of masses and mixings still
remain elusive.

Interestingly, a deviation from the KM theory has been
reported in B0

d → φKS and B0
d → η′KS. The time-

dependent CP-asymmetries in these modes, denoted
SφKS

and Sη′KS
respectively, yield an effective value of

sin 2β = sin 2φ1 that differs from that in the J/ψKS

final state.1 The averages of Belle and BaBar [10] are,
according to [11]:

SφKS
= 0.34 ± 0.21, Sη′KS

= 0.41 ± 0.11, (1)

which should be compared to

SJ/ψKS
= 0.726± 0.037. (2)

The discrepancy is 2.7σ for the η′KS mode, and the two
modes show values consistent with each other.2

1 The SM predicts this deviation is at most O(0.1). For more
details see [6, 7, 8, 9].

2 There is a slight inconsistency in the measurements of Sη′KS
at

BaBar and Belle [10].

The evidence for a new source of CP violation is not
yet conclusive. Nonetheless, many new physics models
have been shown to contribute significantly to the CP
violation in b→ s transitions within the limits from other
experimental constraints. For example, the observed
large mixing between νµ and ντ , once grand-unified,

can lead to a large mixing between s̃R and b̃R [12, 13].
There is a growing excitement to see if such new physics
scenarios can account for the observed difference between
SφKS

, Sη′KS
and SJ/ψKS

.

The fact that SφKS
and Sη′KS

are similar yields
information about the operators responsible for the
deviation from SJ/ψKS

, and hence a hint as to the
underlying new physics. Contributions to B decays
proceed through effective operators of two types, Oi

and Õi (see e.g. [13] for definitions of the relevant
operators). The Standard Model contributes only to
“left-handed” (LH) operators Oi, while some new physics
scenarios, such as mixing between right-handed squarks,

only contribute to the “right-handed” (RH) operators Õi.
Several groups [14, 15, 16] have made the observation

that 〈f |Oi|B〉 = (−1)Pf +1〈f |Õi|B〉 where Pf is the
parity of the final state. Since φK is parity odd (a
pseudoscalar and vector in a p-wave state) while η′K is
parity even (two pseudoscalars in an s-wave state), these
two final states will be sensitive to different combinations
of the Oi and Õi operators.

In [16] it is claimed that the recent measurements of
the CP-asymmetries SφKS

and Sη′KS
imply that the

additional CP-violating phases appear in the mixing of
left-handed squarks and not right-handed squarks. Here
we demonstrate that this is not necessarily the case.
Because of the two-fold ambiguity in the extraction of
the weak phase from SφKS

and Sη′KS
, right-handed

operators with a single new CP phase can successfully
account for the observed discrepancies. The preferred
parameter region is more tightly constrained than that
for the opposite chirality, but this allows for a more
precise study of correlations with other observables such
as Bs mixing and Sψφ. Thus we may be able to test this
scenario in the near future.

http://arXiv.org/abs/hep-ph/0411178v2


II. SIMPLIFIED GENERAL ANALYSIS

We are interested in a scenario in which the new
physics contribution is dominated by right-handed oper-
ators with a single source of CP violation. In Section V
we will comment on the role of strong phases, but for
simplicity we shall begin by assuming that all strong
phases are negligible. In that case the amplitude for the
B-meson decay can be written

A(B0 → φ, η′) = ASM
φ,η′

(
1 ± rφ,η′e

iσs
)

(3)

where σs is the weak phase of the RH operators and

rφ,η′ ≡

∣∣∣∣∣
ANP
φ,η′

ASM
φ,η′

∣∣∣∣∣ . (4)

It is known that the matrix elements for B decays
normalized to the SM contributions are similar for the
final states φK and η′K [14], so as a first approximation
we will assume that they are in fact identical. This means

rφ = rη′ ≡ r . (5)

We will use this approximation for our general analysis,
but will come back to discuss deviations from this
assumption in Section III.

The mixing induced CP asymmetry is given by

Sφ,η′ = Im

(
−
Āφ,η′

Aφ,η′

VtdV
∗

tb

V ∗

tdVtb

VcsV
∗

cd

V ∗
csVcd

)
, (6)

where the second factor is the B0 −B0 mixing, and the
third factor is the K0 −K0 mixing. Using Equation (3)
and assuming the SM contribution is purely real we find

Sφ,η′ =
sin(2β) ± 2r sin(2β + σs) + r2 sin(2β + 2σs)

1 ± 2r cosσs + r2

(7)
where Vtd = |Vtd| e

−iβ .
It is useful to first consider the two interesting limits

of small and large r. For small r we find

lim
r→0

(Sφ,η′) ≈ sin(2β) ± 2r cos 2β sinσs . (8)

Since the measured SφKS
and Sη′KS

are both smaller
than sin 2β, it is clear that a single RH operator cannot
account for the data when r is small. On the other hand,
when r is large we find

lim
r→∞

(Sφ,η′) ≈ sin(2β+2σs)∓
2

r
cos(2β+2σs) sinσs , (9)

which naturally leads to deviations for SφKS
and Sη′KS

in the same direction. In reality we expect that r will lie
somewhere between these two extremes. But studying
these limits shows that RH operators require sizeable new
physics contributions (r >∼ O(1)) to account for the data.
This contrasts with the case of LH operators where new
physics contributions can be as small as r ∼ 0.2.

FIG. 1: Central value and 1-sigma contours of SφKS
(blue)

and Sη′KS
(pink) for a RH new physics contribution as a

function of σs and r = rφ = rη′ .

We can analyze the situation more precisely by plotting
SφKS

and Sη′KS
as functions of r and σs. Figure 1 shows

the central value and one-sigma contours of SφKS
and

Sη′KS
. The bands overlap in the two regions around

(σs, r) ∼ (2.7, 0.8) and (5.7, 0.8). This implies that a
single RH operator can account for the experimental
results, despite the claim in [16]. In addition, since there
are only two discrete regions that are consistent with the
data, we can hope to find strong correlations with other
observables.

For comparison, in Figure 2 we show the same contours
but this time assuming the new physics contribution
comes from LH operators. As expected, since there is no
longer a relative sign difference between the new physics
contributions to SφKS

and Sη′KS
, the overlap regions

are much larger. Thus a wider range of parameters
is consistent with the data, but that also means less
information can be extracted. The difference between
Figures 1 and 2 is what led to the the conclusion in [16]
that new physics contributions to LH operators are
favored, but we clearly see that contributions from RH
operators are not excluded yet, especially if one considers
the 2σ allowed regions, which are shown in Figure 3.

These remaining allowed regions for RH operators are
important because flavor violation from new degrees of
freedom is aligned with that of the SM in many simple
flavor models such as Abelian [17] and non-Abelian [18]
horizontal models, split fermion models [19] and RS1
models [20]. This implies the following relation between
the quark masses and left and right diagonalization
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FIG. 2: Central value and 1-sigma contours of SφKS
(blue)

and Sη′KS
(pink) for a LH new physics contribution as a

function of σs and r = rφ = rη′ .

matrices DR,L of the down type Yukawa matrix:

ms/mb ∼ (DL)23 (DR)23
<
∼ (VCKM)23 (DR)23 , (10)

which implies

(DR)23 = O(1) . (11)

Thus we generically expect new physics to induce RH
operators which are not suppressed by Vcb and therefore
might yield the dominant contribution. Also, constraints
from some measurements such as b → sγ are weaker
for RH operators because the LH contributions add
coherently to the SM whereas RH contributions add
incoherently.

The reason our conclusion differs from the one pre-
sented in [16] is that we rely on the discrete ambiguities
in the sine function. In the presence of new physics
contributions we can parameterize the CP asymmetries
as

Sφ,η′ = sin(2β + Σφ,η′) (12)

where

Σφ,η′ = arg

(
1 ± reiσs

1 ± re−iσs

)
(13)

is the phase coming from the decay amplitude. There are
two solutions to Equation (12), namely

Σφ,η′ = arcsin (Sφ,η′) − 2β (14)

∼
π

8
−
π

4
= −

π

8
∼ −0.39 (15)

FIG. 3: Central value, 1- and 2-sigma contours of SφKS
(blue)

and Sη′KS
(pink) for a RH new physics contribution as a

function of σs and r = rφ = rη′ .

and

Σφ,η′ = π − 2β − arcsin (Sφ,η′) (16)

∼ π −
π

4
−
π

8
=

5π

8
∼ 1.96 , (17)

where in the second line of each solution we have used
the rough approximation SφKS

∼ Sη′KS
∼ sin(π/8) and

2β ∼ π/4. As argued above, for a RH operator to
give a contribution such that Σφ ∼ Ση′ we would need
r ≫ 1, which would likely already have been observed.
Thus we are led to consider a mixed scenario, which
means we expect solutions centered around (Σφ,Ση′) =
(−π/8, 5π/8) or (5π/8,−π/8). This agrees with the
numbers one extracts from the regions of overlap in
Fig. 1.

III. MORE REALISTIC ANALYSIS

In the previous section we have analyzed the situation
where the size of the new physics amplitude relative to
the SM is the same for both the φK and η′K final states.
This assumption can be checked using a specific hadronic
model. Within the framework of naive factorization we
found that rφ/r

′
η ∼ O(1) for the relevant operators.

For instance the chromomagnetic operator, which often
gives the dominant contribution, yields rφ/r

′
η ≃ 0.9,

demonstrating that this assumption is reasonable.
We can relax the assumption in Equation (5) but still

assume that the new physics is governed by a single
source of CP violation. In this situation we expect order

3



FIG. 4: Central value and 1-sigma contours of SφKS
(blue)

and Sη′KS
(pink) for a RH new physics contribution as a

function of σs and rφ, with rη′ = 2rφ.

one variations between rφ and rη′ .
3 To demonstrate

the effect of variations of r, we plot contours of SφKS

and Sη′KS
as a function of σs and rφ with rη′ = 2rφ

(Figure 4) and rη′ = rφ/2 (Figure 5). These figures
show that, despite the shift in the contours, regions of
overlap still remain where RH operators can account for
the deviations in SφKS

and Sη′KS
from SJ/ψKS

, even
when rφ 6= rη′ . In fact, for LH operators the overlap of
the contours starts to separate when rφ 6= rη′ as shown
in Figures 6 and 7. This demonstrates that the ease with
which the LH operators can fit the data is dependent on
the similarity between the relative size of new physics
contributions to φK and η′K final states.

In reality there are further complications. The pres-
ence of strong phases that differ for φK and η′K final
states will generally lead to different dependence on
σs, reducing the strong correlations between the two
modes. Also, the absorptive part of the cc̄ loop needs
to be taken into consideration, which introduces another
strong phase. The situation is less clear-cut if there
are multiple new CP phases in the new physics sector.
Finally, the uncertainties in hadronic matrix elements
will always add further complication. Eventually all of
these subtleties must be addressed, but at this early
stage of the analysis it is important to study the general

3 Applying the analysis presented in [13] to estimate the hadronic
matrix elements, we have checked that for a specific model with
RH squark mixing between the 2nd and 3rd generations rφ and
rη′ are within a factor of 2 over most of the parameter space.

FIG. 5: Central value and 1-sigma contours of SφKS
(blue)

and Sη′KS
(pink) for a RH new physics contribution as a

function of σs and rφ, with rη′ = rφ/2.

features and see how far that will take us.

IV. CORRELATIONS WITH THE Bs − Bs

SYSTEM

Let us continue with our assumption that new physics
contributions are dominated by a single source of CP
violation which appears only in the RH operators. This
implies that we can parameterize the contribution to the
Bs −Bs transition amplitude, M s

12, as

M s
12 = M s

12
SM

(
1 + hse

2iσs
)
, (18)

where hs is the ratio of new physics to SM contributions,
and σs is the same phase that appears in Equation (3)
for the Bd decays. In principle hs could be quite large,
though we expect it to be order one in most models.
Note also that the sign of hs is model dependent, so in
our analysis below we consider both positive and negative
values. With this parameterization the mass difference
between B0

s and B0
s is given by

∆ms = ∆mSM
s

∣∣1 + hse
2iσs

∣∣ . (19)

So far experiments have only yielded a lower bound on
the value of the mass difference, ∆mexp

s > 14.5 ps−1 [21].
The SM prediction of ∆ms has significant hadronic un-
certainties, but a much cleaner prediction is available for
the ratio ∆ms/∆md . Since the new physics contribution
to b → d transitions is very tightly constrained by
current measurements [11], we will assume that ∆md ∼

4



FIG. 6: Central value and 1-sigma contours of SφKS
(blue)

and Sη′KS
(pink) for a LH new physics contribution as a

function of σs and rφ, with rη′ = 2rφ.

∆mexp
d . Consequently we can use the state of the art

analysis [22] and Equation (19) to find the following
relation between the predicted ratio for ∆mSM

s /∆mSM
d

and the experimental lower bound on ∆mexp
s /∆mexp

d

∣∣1 + hse
2iσs

∣∣ =
∆mSM

d

∆mSM
s

∆mexp
s

∆mexp
d

=
mBd

mBs

1

ξ2
|Vtd|

2

|Vts|2

>
∼ 0.8 , (20)

with a 20% uncertainty coming from the CKM factors.
Here ξ = fBs

/fBd

√
BBs

/BBd
∼ 1.21±0.06 [22] is related

to the ratio between the bag parameters andmBd
/mBs

≈
0.98. Equation (20) provides a constraint on the allowed
values of hs and σs. The constraint is, at present, rather
weak and corresponds to several oval excluded regions
shown in Figure 8. Examining the regions of intersection
for the 1-sigma contours in Figure 1, we find the following
range for σs preferred by SφKS

and Sη′KS
:

σs = 2.5 − 2.9 or 5.4 − 6.1 . (21)

This corresponds to the two vertical strips shown in
Figure 8. At present the regions excluded by the
lower bound on ∆ms partially intersect with the regions
preferred by SφKS

and Sη′KS
only for negative values

of hs. However, in the near future measurements at
the Tevatron, LHC-b, and BTev will either measure
∆ms or significantly raise the lower bound, so the above
constraint will play an important role in discriminating
between new physics frameworks.

The requirements on σs from SφKS
and Sη′KS

are cor-
related with the prediction for Sψφ, the CP asymmetry

FIG. 7: Central value and 1-sigma contours of SφKS
(blue)

and Sη′KS
(red) for a LH new physics contribution as a

function of σs and rφ, where rη′ = rφ/2.

in Bs → ψφ. Within the Standard Model, Sψφ <∼ λ2, so
any CP-asymmetry will only arise from the new phase in
the contribution to Bs mixing shown in Equation (18).
Thus we find

Sψφ = sin
[
arg

(
1 + hse

2iσs
)]

=
hs sin 2σs√

(1 + hs cos 2σs)2 + (hs sin 2σs)2
. (22)

Figure 9 shows the allowed values for Sψφ as a function
of hs when σs is in the range specified by Equation (21).
In addition, the regions excluded by the lower bound
on ∆ms are also shown. Already we see some very
non-trivial correlations between measurements of SφKS

,
Sη′KS

and Sψφ that will only get stronger as the data
improve.

V. DISCUSSION

So far we have assumed that all strong phases are
negligible. In the framework of naive factorization this
is expected. However, there is now some evidence to the
contrary due to the observation of direct CP -violation
in the decay B0 → K+π− [5]. The presence of large
strong phases, which should generically be different for
φK and η′K final states, complicate the analysis and
make it more sensitive to the framework used to estimate
the hadronic matrix elements.

When the new physics contribution is large one would
generically expect to measure direct CP -violation. Cur-
rently the experimental limits are |CφKS

| < 0.2 and
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FIG. 8: The σs−hs plane showing the regions excluded by the
lower bound on ∆ms (red ovals) and also the regions preferred
by SφKS

and Sη′KS
as given in Equation (21) (green bands).

|Cη′KS
| < 0.1 [11]. Using isospin symmetry one finds

much stronger constraints from measurements of the CP
asymmetries, ACP

φ,η′K± , in the charged modes B± →

φK±, η′K±.4 Using the world averages one finds [21]

ACP
φK± = 0.04 ± 0.05 , ACP

η′K± = 0.02 ± 0.04 . (23)

Nevertheless, there is significant uncertainty in this
constraint, especially if rφ 6= rη′ . In the future, if the
bounds on the direct CP -asymmetries improve they will
limit the size of the strong phases compatible with RH
new physics. This is in contrast to the case of LH
contributions where r generically need not be as big,
reducing the sensitivity to measurements of direct CP -
violation.

Depending on the specific operators involved, there
are many other constraints and correlations that can
be studied. For instance, if the chromomagnetic dipole
operator is the dominant source of new physics, there will
also likely be a large contribution to the electromagnetic
dipole operator responsible for the decay b → sγ.
However, in this case it has been shown that there can
be a significant contribution to SφKS

without violating
the b→ sγ constraint [13, 23, 24]. Another stringent con-
straint comes from the limit on the chromoelectric dipole
moment of the strange quark derived from experimental
limits on the EDMs of the neutron and 199Hg [25, 26, 27].

4 Assuming that there is no exact cancellation between rescattering
amplitudes [9].

−2−3 −1 0 1 2 3

−0.5

0

0.5

−1

1

S

h

σ < 2.92.5 <

ψφ

s

s

Preferred by Sη’KS
, SφKS

Excluded by ∆ms

−3 −2 −1 0 1 2 3

−0.5

0

0.5

−1

1

σ < 6.15.4 <

S

h

s

ψφ

s

Preferred by Sη’KS
, SφKS

Excluded by ∆ms

FIG. 9: Allowed regions for Sψφ as a function of hs (green)
and the regions excluded by the lower bound on ∆ms (red).
The upper plot corresponds to σs ∈ [2.5, 2.9] while the lower
plot corresponds to σs ∈ [5.4, 6.1]. The ranges for σs are those
compatible with the measured values of SφKS

and Sη′KS
.

Other constraints like b→ sℓ+ℓ− are starting to become
important as well. Of course, for any specific framework
all available constraints need to be studied, but such
model dependent issues are beyond the scope of this
work.

VI. CONCLUSIONS

We have studied a generic framework in which new
physics contributions only induce right-handed operators
with a single CP violating phase. This assumption leads
to the following interesting consequences:

(i) Despite the opposite parity of the φK and η′K
final states, RH operators can still account for the
experimental data thanks to the two-fold ambiguity
in Sφ,η′ = sin(2β + Σφ,η′).

(ii) The favored parameter region is more tightly con-
strained for RH operators than for LH operators,
and sizable new physics contributions comparable
in size to the SM are required.

(iii) The ease with which LH operators can accommo-

6



date SφKS
and Sη′KS

is diminished when there are
significant differences between relative size of new
physics contributions to the two modes.

(iv) Fitting the data with RH operators efficiently con-
strains the new physics phase. Thus we find that
the CP-asymmetries in B→φ, η′KS are correlated
with observables from the Bs −Bs system such as
∆ms and the CP asymmetry in Bs → ψφ.

Work is underway to test the viability of this scenario in
the framework of a specific model of RH squark mixing,
where the constraints such as b → sγ, b → sl+l− and

the EDM of 199Hg can also be imposed. We conclude
that it is too early to rule out the contributions from
right-handed operators to the CP-asymmetries in b → s
transitions.
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