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Measurements of CP violation in B0→ J/ψ K0
S , B0

s → J/ψ φ and B0
s → D−s D+

s decays play key
roles in testing the quark-flavour sector of the Standard Model. The theoretical interpretation of
these observables is, however, limited by uncertainties from doubly Cabibbo-suppressed penguin
topologies. With continuously increasing experimental precision, it is mandatory to get a handle
on these contributions, which cannot be calculated reliably in QCD. In this summary, we discuss a
data driven method based on the SU(3) flavour symmetry of QCD to relate the penguin contribu-
tions in B0→ J/ψ K0

S , B0
s → J/ψ φ and B0

s → D−s D+
s to unsuppressed counterparts in decay modes

with similar dynamics. The fit results obtained with the currently available data are presented for
all three modes. In addition, we discuss prospects for the LHCb upgrade and Belle II era, and
illustrate the possibilities for the determination of hadronic parameters.
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Figure 1: Illustration of the colour-suppressed tree [Top Left], penguin [Top Right], exchange [Bottom
Left], and penguin-annihilation [Bottom Right] topologies contributing to the Bq→ J/ψX channels. Similar
diagrams exist for the B→ DD decays.

1. Introduction

We have yet to see an unambiguous signal from physics beyond the Standard Model. The pic-
ture emerging from the first years of data taking at the Large Hadron Collider (LHC) is, within the
current level of precision, globally consistent with the Standard Model (SM). This is in particular
true for the determination of the “B0

q–B0
q mixing phases” φd and φs from CP violation measure-

ments in B0→ J/ψ K0
S , B0

s → J/ψ φ and B0
s → D−s D+

s . If these CP phases are at all affected by new
physics (NP) contributions, the impact is small and thus more challenging to differentiate from the
suppressed, and so far ignored, higher order SM corrections. In view of the forthcoming physics
runs at the LHC and KEK e+e− super B factory, which promise to reduce the experimental un-
certainties on the CP measurements in these decays, we thus need to have a critical look at the
theoretical assumptions underlying the experimental analyses. Only by doing so can we match the
(future) experimental results with equally accurate theoretical predictions.

The higher order hadronic corrections to the CP observables of B0→ J/ψ K0
S , B0

s → J/ψ φ and
B0

s → D−s D+
s originate from so-called penguin, exchange and penguin-annihilation topologies, il-

lustrated in Fig. 1. Contributions from the latter two diagrams, which only affect the B0
s → J/ψ φ

and B0
s → D−s D+

s decays, are suppressed compared to the effects from the penguin diagrams, and
are ignored in this summary. The presence of these loop diagrams affects the relation

A mix
CP (B0

q→ f )√
1−
(
A dir

CP (B0
q→ f )

)2
= sin

(
φ

eff
q
)
= sin

(
φ

SM
q +φ

NP
q +∆φq

)
(1.1)
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between the measured CP asymmetries of the decay B0
q → f and the CP phase φq, itself decom-

posed in terms of its SM contribution φ SM
q and a possible NP contribution φ NP

q , by introducing an
additional shift ∆φq [1]. Initial studies, like those presented below, put the size of this shift at the
degree level. The LHCb upgrade [2] and Belle II [3] programmes, on the other hand, foresee to
achieve a precision on φd and φs below the degree level. Controlling the size of these penguin shifts
is therefore mandatory in order to differentiate them from possible NP effects.

Although rough theoretical estimates for these shifts are available [4, 5], it is, in view of the
non-perturbative long-distance QCD contributions to these corrections, difficult to accurately cal-
culate them directly within the quantum field theory framework. An alternative approach is there-
fore pursued in this summary. It relies on the SU(3) flavour symmetry of QCD to relate the doubly
Cabibbo-suppressed penguin contributions in the decay amplitudes of B0→ J/ψ K0

S , B0
s → J/ψ φ

and B0
s → D−s D+

s to those of similar decay modes in which they are no longer suppressed. In this
way, the sizes of the penguin shifts can be estimated directly from the experimental data, as dis-
cussed in more detail in Ref. [6, 7, 8, 9, 1, 10, 11, 12, 13], and in particular Refs. [14, 15] on which
this summary is based.

2. Framework

Assuming only contributions from tree and penguin topologies, the transition amplitudes of
the B0→ J/ψ K0

S , B0
s → J/ψ φ and B0

s → D−s D+
s decay channels can be written in the general form

[6]

A
(
B0

q→ f
)
=

(
1− λ 2

2

)
A ′
[
1+ εa′f e

θ ′f e+iγ
]
, (2.1)

where λ = |Vus| is an element of the Cabibbo–Kobayashi–Maskawa (CKM) matrix, A ′ is a CP-
conserving hadronic amplitude that represents the tree topology of the decay, and a f parametrises
the relative contribution from the penguin topologies. The CP-conserving strong phase difference
between both terms is parametrised as θ f , whereas the relative weak phase difference is given by the
CKM angle γ . A key feature of the decay amplitude in Eq. (2.1) is the double Cabibbo-suppression
of the penguin contribution a′eiθ ′eiγ by the tiny factor [16]

ε ≡ λ 2

1−λ 2 = 0.0536±0.0003 , (2.2)

which allowed us to ignore this term up to now. Using the above parametrisation, both the penguin
shift ∆φq and the CP observables can be expressed as functions of the penguin parameters a′ and
θ ′ [6, 1].

In order to determine a′f and θ ′f , which in principle are different for the three decay modes,
the B0→ J/ψ K0

S , B0
s → J/ψ φ and B0

s → D−s D+
s decays are related via SU(3) symmetry to partner

modes in which the penguin contributions are not suppressed. For B0→ J/ψ K0
S the most promising

candidate in the long run is its U-spin partner B0
s → J/ψ K0

S . These two decay modes are related to
each other by interchanging all d and s quarks, leading to a one-to-one correspondence between all
decay topologies, which in turn minimises the associated theoretical uncertainty. The B0

s → J/ψ K0
S

CP asymmetries have recently been measured by LHCb [17], but the obtained precision is not yet
sufficient to derive constraints on a′ and θ ′. Instead, the results discussed below use input from
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the SU(3)-related modes B+→ J/ψ π+ and B0→ J/ψ π0 (as well as B+→ J/ψ K+). This requires
additional assumptions to be made, and thus leads to a larger associated theoretical uncertainty,
which disfavours the strategy once high precision CP measurement of B0

s → J/ψ K0
S become avail-

able. For the B0
s → J/ψ φ mode, which decays into two vector mesons, the transition amplitudes,

and hence also the penguin parameters, are polarisation dependent. They thus need to be deter-
mined for each of the three polarisation states (0, ‖, ⊥) individually. This can be done using the
decays B0→ J/ψ ρ0 and B0

s → J/ψ K∗0, which also contain two vector mesons in the final state.
For B0

s → D−s D+
s , which differs from the B→ J/ψ X modes by having only pseudo-scalars in the

final state, the SU(3) partner is the B0→ D−d D+
d decay, related by interchanging all d and s quarks

with one another.
The transition amplitude of the control modes can be written in the form

A
(
B0

q→ f
)
=−λA

[
1−aeiθ eiγ

]
. (2.3)

In contrast to Eq. (2.1), there is no ε factor present in front of the second term, thereby enhancing
the penguin effects. On the other hand, the λ factor in front of the overall amplitude suppresses
the branching ratio with respect to its partner mode and makes the decay more challenging to
study experimentally. Using the above parametrisation, the CP observables can be expressed as
functions of the penguin parameters a and θ . Complementing the experimental measurements of
the CP asymmetries with external input on the CKM angle γ allows us to determine a and θ , either
numerically by using a χ2 fit to the inputs, or graphically by plotting the measurements of the CP
observables as contours in the θ–a plane and looking at the intersection of these contours.

The obtained solution for a and θ can be related via SU(3) symmetry to the penguin parame-
ters a′ and θ ′ in B0→ J/ψ K0

S , B0
s → J/ψ φ and B0

s → D−s D+
s as

a′ = ξ a , θ
′ = θ +δ , (2.4)

where ξ and δ parametrise the non-factorisable SU(3)-breaking effects between the control mode
and its partner decay. Under perfect SU(3) symmetry, ξ = 1 and δ = 0. However, to account for
possible SU(3)-breaking effects, it is assumed throughout this summary that ξ = 1.00±0.20 and
δ = (0±20)◦. It should be noted that factorisable SU(3)-breaking effects, which enter the hadronic
amplitudes A (′), cancel out in the ratio a(′)eiθ (′)

eiγ .
Besides the CP asymmetries, also the branching fractions contain information on the penguin

parameters a(′) and θ (′). But in order to access this information, the prefactors linking the branching
fractions to their transition amplitudes in Eqs. (2.1) and (2.3) need to be cancelled. This can be
accomplished by making ratios of branching fractions through the construction of the so-called H
observable [6]. For the B0→ J/ψ K0

S decay it takes the form

H ≡ 1
ε

∣∣∣∣A ′

A

∣∣∣∣2 PhSp
(
Bd → J/ψ K0

S

)
PhSp

(
Bs→ J/ψ K0

S

) τB0

τB0
s

B
(
Bs→ J/ψ K0

S

)
B
(
Bd → J/ψ K0

S

) , (2.5)

where PhSp is the relevant phase-space factor and τB0
q

is the B0
q lifetime. Similar observables can be

defined for the B0
s → J/ψ φ and B0

s → D−s D+
s decays. Because of the ratio of hadronic amplitudes

A ′/A , the H observable is affected by factorisable SU(3)-breaking effects, and thus associated
with a large theoretical uncertainty. Its use as an input to constrain the penguin parameters is

3



P
o
S
(
B
E
A
U
T
Y
2
0
1
6
)
0
0
4

Controlling Penguins Effects Kristof De Bruyn

therefore disfavoured when alternatives are available. For the fits set up to determine ∆φd , ∆φs

from B0→ D−d D+
d , as well as for the analysis of the decay B0

s → J/ψ K∗0, this is not (yet) the case.
In case the use of the H observables is not necessary for the determination of the penguin

parameters a and θ , it can instead provide experimental information on the ratio of hadronic am-
plitudes A ′/A by inverting the above relation, i.e.

∣∣∣∣A ′

A

∣∣∣∣=
√

ε H(a,θ)
PhSp

(
Bs→ J/ψ K0

S

)
PhSp

(
Bd → J/ψ K0

S

) τBs

τBd

B
(
Bd → J/ψ K0

S

)
B
(
Bs→ J/ψ K0

S

) . (2.6)

Here H(a,θ) is the value of the H observable calculated from the solution for a and θ , obtained
from the χ2 fit to the CP asymmetries only. Experimental information on A ′/A would form an
interesting test of the U-spin symmetry.

3. The Penguin Shift ∆φd

Fit to Current Data To determine the penguin shift ∆φd from the currently available experi-
mental data, a χ2 fit is performed to the CP asymmetries and/or branching fractions of the modes
B0→ J/ψ K0

S , B0
s → J/ψ K0

S , B+→ J/ψ K+, B+→ J/ψ π+ and B0→ J/ψ π0. The modes B+→ J/ψ π+

and B0→ J/ψ π0 have Cabibbo-allowed penguin contributions, and their transition amplitudes can
be written as in Eq. (2.3). They are related to B0

s → J/ψ K0
S by replacing the strange spectator quark

with an up or down quark, respectively. The mode B+→ J/ψ K+ has doubly Cabibbo-suppressed
penguin contributions, and its transition amplitude can be written as in Eq. (2.1). It is related to
B0→ J/ψ K0

S by replacing the down spectator quark with an up quark. These three modes have
additional decay topologies which have no counterpart in B0→ J/ψ K0

S and B0
s → J/ψ K0

S , and are
ignored in this analysis. In addition, the fit assumes that all five modes can be parametrised by a
single set of penguin parameters a and θ , i.e. non-factorisable SU(3)-breaking effects between the
decays are ignored. External input on the CKM angle γ , whose value is taken to be [16]

γ =
(
73.2+6.3

−7.0

)◦
, (3.1)

is included as a Gaussian constraint. The values of a and θ obtained from the χ2 fit are [18]

a = 0.17+0.14
−0.12 , θ = (179.3±4.2)◦ , (3.2)

which result in a penguin phase shift

∆φ
J/ψ K0

S
d =−

(
1.03+0.69

−0.85

)◦
, (3.3)

and a solution for the CP phase

φd = (43.9±1.7)◦ . (3.4)

The constraints on the penguin parameters derived from the individual observables entering the χ2

fit are illustrated as different light-coloured bands in Fig. 2. This highlights the importance of the
H observables in the current fit, which are necessary to constrain the parameter a.
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Figure 2: Determination of the penguin parameters a and θ through intersecting contours derived from CP
asymmetries and branching ratios of Bq→ J/ψP decays, where P is a pseudo-scalar meson. Superimposed
are the confidence level contours obtained from a χ2 fit to the current data. Taken from Ref. [18].

Benchmark Fit for B0
s → J/ψ K0

S Let us also illustrate the potential of the B0
s → J/ψ K0

S mode

in providing high precision constraints on the shift ∆φ
J/ψ K0

S
d , using a benchmark scenario for the

LHCb upgrade era. This hypothetical scenario assumes the CP asymmetries have been measured
as

A dir
CP (Bs→ J/ψ K0

S ) = 0.004±0.065 , A mix
CP (Bs→ J/ψ K0

S ) =−0.274±0.065 , (3.5)

and that the precision on the external inputs improves to

γ = (73.2±1.0)◦ , φs =−
(
2.1±0.5|exp±0.3|theo

)◦
. (3.6)

The values of a and θ obtained from a χ2 fit to these inputs are [18]

a = 0.174±0.040 , θ = (179.3±12.7)◦ , (3.7)

and lead to a precision on the penguin shift of

∆φ
J/ψ K0

S
d =−

(
1.02+0.23

−0.25 (stat)+0.17
−0.24 (U-spin)

)◦
, (3.8)

matching the expected experimental precision on φd . As this fit does not rely on branching ratio
information, the results in Eq. (3.7) can instead be used to predict the value of the H observable as

H(a,θ) = 1.136±0.039 (a,θ)±0.0012 (ξ ,δ ) . (3.9)

Because the dependence of H on the a′ parameter enters in combination with the tiny ε factor,
the U-spin breaking corrections, parametrised through ξ and δ have a negligible impact. Using

5



P
o
S
(
B
E
A
U
T
Y
2
0
1
6
)
0
0
4

Controlling Penguins Effects Kristof De Bruyn

Adir
CP,f (Bd → J/ψρ0)

Amix
CP,f (Bd → J/ψρ0)

Adir
CP,f (Bs → J/ψφ)

Amix
CP,f (Bs → J/ψφ)

B(Bd → J/ψρ0) B(Bs → J/ψK∗0) Adir
CP,f (Bs → J/ψK∗0)

QCD Calculations

af , θf

|A′
f/Af | |A′

f/Ãf |
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Figure 3: Graphical illustration of the combined analysis of the B0→ J/ψ ρ0, B0
s → J/ψ K∗0 and B0

s → J/ψ φ

modes to simultaneously determine the penguin parameters, the ratio of SU(3)-breaking strong amplitudes,
and the CP phase φs. Taken from Ref. [14].

Eq. (2.6) and conservative assumptions for the measured ratio of branching fractions would then
lead to an experimental determination of the ratio of hadronic amplitudes of∣∣∣∣A ′

A

∣∣∣∣
exp

= 1.160±0.034 . (3.10)

The obtained precision is about five times smaller that the current theoretical uncertainties from
factorisation and Light Cone QCD Sum Rules (LCSR), which gives∣∣∣∣A ′

A

∣∣∣∣
fact

= 1.16±0.18 . (3.11)

4. The Penguin Shift ∆φs

To determine the penguin shift ∆φs from the currently available experimental data and for
each of the three polarisation states individually, the strategy proposed in Ref. [14] and illustrated
in Fig. 3 has been implemented by the LHCb collaboration [19]. A χ2 fit is performed to the CP
asymmetries and branching fractions of the modes B0

s → J/ψ K∗0 and B0→ J/ψ ρ0 [19]. The fit ig-
nores contributions from exchange and penguin-annihilation topologies, which affect B0→ J/ψ ρ0

and B0
s → J/ψ φ but are not present in B0

s → J/ψ K∗0, and assumes the relation∣∣∣∣A ′
i (B

0
s → J/ψ φ)

Ai(B0→ J/ψ ρ0)

∣∣∣∣= ∣∣∣∣ A ′
i (B

0
s → J/ψ φ)

Ai(B0
s → J/ψ K∗0)

∣∣∣∣ (4.1)

between the hadronic amplitudes of both modes. This equality allows us to determine the ratio
of hadronic amplitudes directly from the experimental data and avoids the need for theoretical
input from LCSR. External inputs on γ and φd , i.e. Eqs. (3.1) and (3.4), are included as Gaussian

6
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constraints in the fit. The values of a and θ obtained from the χ2 fit are [19]

a0 = 0.01+0.10
−0.01 , θ0 =−

(
83+97
−263

)◦
,

∣∣∣∣A ′
0

A0

∣∣∣∣= 1.195+0.074
−0.056 , (4.2)

a‖ = 0.07+0.11
−0.05 , θ‖ =−

(
85+72
−63

)◦
,

∣∣∣∣∣A
′
‖

A‖

∣∣∣∣∣= 1.238+0.104
−0.080 , (4.3)

a⊥ = 0.04+0.12
−0.04 , θ⊥ =

(
38+142
−218

)◦
,

∣∣∣∣A ′
⊥

A⊥

∣∣∣∣= 1.042+0.081
−0.063 , (4.4)

with the two-dimensional confidence level contours given in Fig. 4. This also shows the constraints
on the penguin parameters derived from the individual observables entering the χ2 fit as different
light-coloured bands. The penguin shifts derived from the above results on ai and θi are

∆φ
J/ψ φ

s,0 = 0.000+0.009
−0.011 (stat) +0.004

−0.009 (syst) rad , (4.5)

∆φ
J/ψ φ

s,‖ = 0.001+0.010
−0.014 (stat)±0.008 (syst) rad , (4.6)

∆φ
J/ψ φ

s,⊥ = 0.003+0.010
−0.014 (stat)±0.008 (syst) rad . (4.7)

These results are dominated by the input from the CP asymmetries in B0→ J/ψ ρ0, and show that
the penguin pollution in the determination of φs from B0

s → J/ψ φ is small.

5. The B→ DD Decays

Fit to Current Data To determine the penguin shift ∆φs affecting the decay B0
s → D−s D+

s from
the currently available experimental data, a χ2 fit is performed to the H observable and CP asym-
metries of the B0→ D−d D+

d mode. Contrary to the B→ J/ψ X decays discussed above, the data
suggests non-negligible contributions from the exchange and penguin-annihilation modes, which
complicates the calculation of the H observable. Omitting further details on this calculation, which
relies on branching ratio information of B0 → D−`+ν and B→ DD decays and can be found in
Ref. [15], the values of a and θ obtained from the χ2 fit are

a = 0.35+0.19
−0.20 , θ =

(
215+51

−17

)◦
. (5.1)

This results in a penguin phase shift

∆φ
D−s D+

s
s =−

(
1.7+1.6
−1.2 (stat)+0.3

−0.7 (U-spin)
)◦

, (5.2)

and a solution for the CP phase

φs =−
(
0.6+9.8
−9.9 (stat)+0.3

−0.7 (U-spin)
)◦

. (5.3)

Despite the suppression through the parameter ε , penguin topologies may have a sizeable impact
on the extraction of φs from B0

s → D−s D+
s , although the uncertainties are still too large to draw

strong conclusions.
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Figure 4: Determination of the penguin parameters a and θ through intersecting contours derived from CP
asymmetries and branching ratios of Bq → J/ψV decays, where V is a vector meson. Superimposed are
the confidence level contours obtained from a χ2 fit to the current data. Shown are the longitudinal [Top],
parallel [Bottom Left] and perpendicular [Bottom Right] polarisation states. Taken from Ref. [19].
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Figure 5: Determination of the penguin parameters a and θ through intersecting contours derived from
CP asymmetries and branching ratios of B→ DD decays. Superimposed are the confidence level contours
obtained from a χ2 fit to the current data. Taken from Ref. [15].
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Future Prospects Looking at how the picture derived from the current data can evolve for the
LHCb upgrade and Belle II era, two main strategies can be identified. In a favourable scenario the
input from the CP asymmetries in B0→ D−d D+

d is sufficient to determine a and θ , i.e. the use of the
H observable is not necessary. This situation has the smallest associated theoretical uncertainty,
and in addition allows us to get experimental access to the ratio of hadronic amplitudes, similar to
Eq. (2.6).

In a less favourable scenario, the overlap between the contours derived from the direct and
mixing-induced CP asymmetry is too large to obtain a high precision determination of a and θ . The
CP asymmetries therefore need to be complemented with branching ratio information. If we end
up in this scenario, a high precision calculation of the H observable will be crucial to constrain the
penguin parameters and thus also the penguin shift ∆φs. In order to avoid the dominant uncertainties
due to factorisable SU(3) symmetry breaking, arising from the ratio of hadronic amplitudes, the H
observable could be calculated using the differential decay rate information from the semileptonic
B0→ D−`+ν and B0

s → D−s `
+ν decays.

Further details as well as explicit examples for both scenarios are discussed in Ref. [15].

6. Conclusion

Controlling higher order hadronic corrections due to the presence of penguin topologies be-
comes mandatory to further improve the precision on the “B0

q–B0
q mixing phases” φd and φs, ob-

tained from CP asymmetry measurements in B0→ J/ψ K0
S , B0

s → J/ψ φ and B0
s → D−s D+

s . This
summary, based on more detailed work in Refs. [14] and [15], illustrates strategies to determine
these corrections directly from experimentally accessible observables, based on the SU(3) flavour
symmetry of QCD. This method has already been adopted by the LHCb collaboration in their
analyses of the B0→ J/ψ ρ0 and B0

s → J/ψ K∗0 decays, and other modes will follow. Using these
strategies, it can be demonstrated that the penguin effects can be controlled to below the degree
level, matching the prospects for the LHCb upgrade and Belle II era. In addition, the summary
highlights new possibilities to get experimental insights into hadronic physics and the SU(3) sym-
metry through the ratio of hadronic amplitudes |A ′/A |, which arises as a by-product of the pro-
posed strategy.
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