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Abstract
The decays B0

d → J/ψK0
S and B0

s → J/ψφ play a key role for the determina-
tion of the B0

q–B̄0
q (q = d, s) mixing phases φd and φs, respectively. The the-

oretical precision of the extraction of these quantities is limited by doubly
Cabibbo-suppressed penguin topologies, which can be included through con-
trol channels by means of the SU(3) flavour symmetry of strong interactions.
Using the currently available data and a new simultaneous analysis, we discuss
the state-of-the-art picture of these effects and include them in the extracted
φq values. We have a critical look at the standard model predictions of these
phases and explore the room left for new physics. Considering future scenar-
ios for the high-precision era of flavour physics, we illustrate that we may
obtain signals for physics beyond the standard model with a significance well
above five standard deviations. We also determine effective colour-suppression
factors of B0

d → J/ψK0, B0
s → J/ψK0

S and B0
d → J/ψπ0 decays, which serve

as benchmarks for QCD calculations of the underlying decay dynamics, and
present a new method using information from semileptonic B0

d → π−�+ν� and
B0

s → K−�+ν� decays.
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1. Introduction

High precision measurements of the CP-violating phases φd and φs, which are associated with
the phenomenon of B0

q–B̄0
q mixing of the neutral Bq mesons (q = d, s), are part of the core

physics programmes at the large hadron collider (LHC) and the SuperKEKB accelerator, and
will remain so for the next decades. They offer excellent opportunities to search for evidence of
new physics (NP) processes that are not accounted for by the standard model (SM) paradigm.
In order to maximise the impact of these searches and fully exploit the future data, it is crucial
to have a critical look at the theoretical SM interpretation of the underlying observables and to
control the corresponding uncertainties, matching them with the experimental uncertainties.

The mixing phases φd and φs can be parametrised as

φd ≡ φSM
d + φNP

d = 2β + φNP
d , φs ≡ φSM

s + φNP
d = −2λ2η + φNP

s , (1)

where β is one of the angles of the unitarity triangle (UT), and λ and η are two of the
Wolfenstein parameters [1, 2] of the Cabibbo–Kobayashi–Maskawa (CKM) quark-mixing
matrix [3, 4]. The phases φNP

q describe contributions from potential new sources of CP vio-
lation lying beyond the SM. To find such non-vanishing NP phases, we need to determine the
phases φq and φSM

q as precisely as possible. For the SM predictions, this requires a critical look
at the input observables used in the UT fit, which we will briefly discuss in section 2 below.

The phases φd and φs are experimentally accessible through the charge-parity (CP) asym-
metry arising from the interference of the B0

q–B̄0
q mixing process with the subsequent decays of

the Bq mesons into a CP eigenstate f. The mixing-induced CP asymmetry allows us to measure
an effective phase φeff

q, f which is given as follows:

φeff
q, f ≡ φq +Δφ f

q , (2)

where Δφ f
q is a decay-channel-specific hadronic phase shift. This relation is particu-

larly favourable for B0
d → J/ψK0

S and B0
s → J/ψφ decays, which are dominated by colour-

suppressed tree amplitudes. In case these topologies were the only contributions, we get
Δφ f

q = 0. Consequently, the effective phase φeff
q, f would equal the B0

q–B̄0
q mixing phase φq,

thereby allowing a direct measurement of this quantity. However, these decays do also get
contributions from doubly Cabibbo-suppressed penguin topologies, resulting in a shift Δφ f

q of
the order of 0.5◦ [5–16].

In view of the current experimental precision, the absence of large NP effects and the
prospects of the upgrade programmes at the LHC and SuperKEKB, this correction can no
longer be considered as negligible. A clear distinction between the experimental observable
φeff

q, f and the theoretical parameter φq needs to be made in the interpretation of CP asymmetry
measurements. This is of particular importance when averaging these results with measure-
ments from other decay channels. The phase shiftΔφ f

q originates from non-perturbative, strong
interaction effects, which depend on the dynamics of the decay in question. The impact of
the penguin topologies on the effective mixing phase, i.e. the size of Δφ f

q , is thus different
for the various decay channels. The average of the effective mixing phases therefore has no
clear theoretical interpretation. Instead, we must first correct all effective mixing phases indi-
vidually, before making the average. This paper focuses on the determination of the penguin
corrections for B0

d → J/ψK0 and B0
s → J/ψφ, while similar corrections have been discussed

in references [5, 17] for B0
s → D+

s D−
s , in references [18, 19] for B0

s → K+K−, in reference [20]
for B0

s → J/ψ f0(980), and in reference [21] for B0
s → J/ψη(′).

The phase shift Δφ f
q cannot be calculated in a reliable way in QCD with the currently

available theoretical methods. Fortunately, applying the SU(3) flavour symmetry of strong
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interactions, we may determine the impact of the doubly Cabibbo-suppressed penguin topolo-
gies through experimental data. To this end, we relate the B0

d → J/ψK0
S and B0

s → J/ψφ decays
to partner control channels where the penguin contributions are not doubly Cabibbo-suppressed
but enter in a Cabibbo-favoured way. For the B0

d → J/ψK0
S decay, key control modes are

B0
s → J/ψK0

S [11, 15] and B0
d → J/ψπ0 [6, 9], while for the B0

s → J/ψφ channel the main
control mode is B0

d → J/ψρ0 [6, 10, 15]. The B0
s → J/ψK∗0 decay forms and alternative [10,

15, 22] to the B0
d → J/ψρ0 control mode, but its potential for the high-precision era is more

limited as it is not a CP eigenstate and thus has no mixing-induced CP asymmetry to help
constrain the penguin parameters.

We determine the penguin effects and their impact on the determination of φd and φs

using the latest measurements of the B0
d → J/ψK0, B0

d → J/ψπ0, B0
s → J/ψK0

S, B0
s → J/ψφ

and B0
d → J/ψρ0 observables. (Where measurements from B0

d → J/ψK0
S and B0

d → J/ψK0
L are

combined, we will refer to these decays simply as B0
d → J/ψK0.) This analysis allows us

to extract the values of φd and φs, taking the hadronic penguin corrections into account. To
minimise the theoretical uncertainties associated with the breaking of the SU(3)-symmetry
relations between these modes, we primarily focus on the information from the CP asymme-
tries to determine the penguin contributions. Having the corresponding parameters at hand, we
use the branching fraction measurements to study the dynamics of these decays. We propose to
utilise the branching fraction information provided by the differential rates of the semileptonic
B0

d → π−�+ν� and B0
s → K−�+ν� modes to extract the effective colour-suppression factors of

the B0
d → J/ψπ0 and B0

s → J/ψK0
S decays without having to rely on the form factors. These

colour-suppression factors serve as benchmarks for QCD calculations of the underlying decay
dynamics, and can also be used to test the SU(3) flavour symmetry, which is a key input for
our analysis. These tests do not indicate large non-factorisable SU(3)-breaking corrections.

The outline of this paper is as follows: section 2 briefly discusses our SM predictions for φd

andφs. Section 3 introduces our formalism to deal with the penguin effects in the determination
of the B0

q–B0
q mixing phases, which we apply to the current experimental data in section 4. In

section 5, we combine the resulting information for the penguin parameters with branching
fraction information to determine the hadronic parameters governing the B0

q → J/ψX decays.
Here we propose a new strategy of adding information from semileptonic B0

d → π−�+ν� and
B0

s → K−�+ν� decays to the analysis. In section 6, we illustrate how the current picture may
become much sharper as the experimental measurements are getting more precise in the future
high-precision era of flavour physics. Finally, we summarise our conclusions in section 7.

2. Standard model predictions

The most accurate determination of the UT angle β and the Wolfenstein parameters λ and η,
needed to calculate φSM

d and φSM
s , comes from the global UT fits [23]. However, we cannot

blindly rely on these results because potential NP contributions can enter any of the observ-
ables used as input to these fits, and the results are often not independent from the experimental
measurements of φd and φs. Instead, the most transparent approach to obtain SM predictions
of the UT apex (ρ̄, η̄), from which both φSM

d and φSM
s can be calculated, uses only the measure-

ments of the UT side Rb and the UT angle γ, as illustrated in figure 1. The side Rb is defined
as

Rb ≡
(

1 − λ2

2

)
1
λ

∣∣∣∣Vub

Vcb

∣∣∣∣ = √
ρ̄2 + η̄2, (3)

where λ ≡ |Vus|, and |Vub| and |Vcb| can be measured in semileptonic kaon and B-meson
decays, respectively. The angle γ is determined from B → DK and B → Dπ decays, where

3
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Figure 1. Determination of the UT apex (ρ̄, η̄), where ρ̄ ≡
(
1 − λ2/2

)
ρ and

η̄ ≡
(
1 − λ2/2

)
η, from the measurements of the side Rb and the angle γ, which can

both be determined from decays with tree topologies only.

the latest average [24] reads

γ = (71.1+4.6
−5.3 )◦. (4)

Both Rb and γ can thus be completely determined from decays with only tree topologies,
which are generally considered to be free from NP contributions, a hypothesis we will assume
throughout this paper. For the value of γ in equation (4), figure 1 shows that the precision
of β, and thus also φSM

d , is fully governed by the uncertainty on Rb. Unfortunately, we also
encounter difficulties with the determination of Rb due to unresolved tensions between the var-
ious measurements, as extensively discussed in the literature and summarised in the reviews
of reference [25]. Here, we would like to reiterate some of the open issues, focussing on the
impact they have on the SM predictions for φd and φs.

Firstly, the CKM element |Vus| is most precisely measured in semileptonic kaon decays.
The experimental average from K�3-type decays, with three particles in the final state, is given
by [26]

|Vus| f+(0) = 0.2165 ± 0.0004, (5)

which in combination with the latest calculation of the form factor f+(0) from the Flavour
Lattice Averaging Group (FLAG) [27] gives

|Vus| = 0.2231 ± 0.0007. (6)

The experimental average [25] from K → μνμγ decays (K�2-type) is

|Vus| = 0.2252 ± 0.0005, (7)

and differs from the result (6) by three standard deviations. Using the average of both results,
even with inflated uncertainties to account for their discrepancy, leads to a three sigma deviation
from unity [25] in an experimental test of the orthogonality relation

|Vud|2 + |Vus|2 + |Vub|2 = 1 (8)

of the CKM matrix.
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Secondly, for the CKM elements |Vub| and |Vcb| there is a well-known discrepancy between
the results obtained from inclusive and exclusive measurements (see reference [28] for a
detailed discussion). The latest averages from the Heavy Flavour Averaging Group (HFLAV)
[24] for the exclusive determination of |Vub| and |Vcb| are

|Vub|excl = (3.49 ± 0.13) × 10−3, |Vcb|excl = (39.25 ± 0.56) × 10−3, (9)

which includes the constraint from Λ0
b → pμ−ν̄μ decays [29]. For the inclusive determination,

on the other hand, the Gambino–Giordano–Ossola–Uraltsev [30] approach for |Vub| and the
|Vcb| calculation using the kinematic scheme give [24]

|Vub|incl = (4.32 ± 0.17) × 10−3, |Vcb|incl = (42.19 ± 0.78) × 10−3. (10)

Combining the measurements of |Vus|, |Vub| and |Vcb| results in four independent values for
the UT side Rb

Rb,excl,K�3 = 0.389 ± 0.016, Rb,incl,K�3 = 0.448 ± 0.019, (11)

Rb,excl,K�2 = 0.385 ± 0.015, Rb,incl,K�2 = 0.443 ± 0.019. (12)

and a difference between the inclusive and exclusive determinations at the level of two standard
deviations.

A fit to the measurements of λ, Rb and γ is performed to determine the UT apex (ρ̄, η̄), or
directly the mixing phases φd and φs, with the results shown in figure 2. This fit is implemented
using the GammaCombo framework [31], originally developed by the LHCb collaboration as a
statistical framework to combine their various measurements of the UT angle γ. From figure 2,
it becomes clear that the discrepancy between the inclusive and exclusive determinations of
|Vub| and |Vcb| is the dominant source of uncertainty for both the apex (ρ̄, η̄) and the mixing
phases φd and φs. But more surprisingly, also the choice of λ has a non-negligible impact on
the SM predictions. The numerical results for the mixing phases are

Excl,K�3 φSM
d = (45.7 ± 2.0)◦, φSM

s = −0.0376 ± 0.0020 = (−2.15 ± 0.11)◦, (13)

Excl,K�2 φSM
d = (45.2 ± 1.8)◦, φSM

s = −0.0379 ± 0.0020 = (−2.18 ± 0.11)◦, (14)

Incl,K�3 φSM
d = (52.7 ± 2.4)◦, φSM

s = −0.0433 ± 0.0024 = (−2.49 ± 0.14)◦, (15)

Incl,K�2 φSM
d = (52.1 ± 2.4)◦, φSM

s = −0.0436 ± 0.0024 = (−2.52 ± 0.14)◦. (16)

For φSM
s , this result is a factor 2.5 to 3 less precise than the value [23]

φSM
s = −0.036 96+0.000 84

−0.000 72 =
(
−2.118+0.048

−0.041

)◦
, (17)

obtained from the global fit of the UT, typically used in the literature.

3. Theoretical framework

3.1. Decay amplitudes

The transition amplitudes of the five B0
q → J/ψX decays discussed in this paper are dominated

by the contribution from the colour-suppressed tree topology, parametrised by a CP-conserving
amplitude ‘C’. They also receive contributions from penguin topologies ‘P(q)’, where q = u, c, t
labels the exchanged quark flavour, and in the case of the B0

d → J/ψπ0, B0
d → J/ψρ0 and B0

s →

5
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Figure 2. Two-dimensional confidence regions of the four SM predictions for the UT
apex (ρ̄, η̄) (left) and for φd and φs (right), based on different choices for λ and Rb.

J/ψφ decays from exchange and penguin-annihilation diagrams. The latter two are expected
to be even smaller than the penguin topologies, and will therefore be neglected in the present
analysis. The B0

d → J/ψφ channel only gets contributions from the exchange and penguin-
annihilation topologies, and its branching fraction can thus be used to probe these diagrams.
LHCb has recently put an upper limit on the branching fraction of this decay of 1.1 × 10−7 at
90% confidence level [32], which supports the assumed hierarchy between the decay topologies
and our choice to neglect exchange and penguin-annihilation contributions.

We will also neglect potential NP contributions to the decay amplitudes, thus only allowing
NP to enter via the B0

q–B̄0
q mixing phase φq. In this way, we can make use of the SM structure,

and in particular the unitarity of the CKM matrix, to express the transition amplitudes for the
decay of a neutral B meson into a CP eigenstate f in the following form [6]:

A(B0
q → f ) ≡ N f

[
1 − b f eiρ f e+iγ

]
, (18)

A(B̄0
q → f ) ≡ η f N f

[
1 − b f eiρ f e−iγ

]
, (19)

where η f is the CP-eigenvalue of the final state f. In these expressions, N f is a CP-conserving
normalisation factor which is governed by the dominant tree topology, while b f gives the
relative contribution of the penguin topologies with respect to the tree contribution. The CP-
conserving strong phase difference between both terms is parametrised as ρ f , whereas the
relative weak phase is given by the UT angle γ.

For the B0
d → J/ψK0

S (or B0
d → J/ψK0

L) decay we have to substitute

N f →
(

1 − λ2

2

)
A′, b f eiρ f →−εa′ eiθ′ (20)

in the transition amplitude (18), which then takes the following form [5]:

A
(
B0

d → J/ψK0
S

)
=

(
1 − λ2

2

)
A′

[
1 + εa′ eiθ′ eiγ

]
. (21)

The primes (′) are introduced to distinguish these b̄ → s̄cc̄ quark-level processes (primed) from
their b̄ → dcc̄ counterparts (unprimed) discussed below. The CKM factor ε gives rise to the
suppression of the penguin effects in the b̄ → s̄cc̄ transitions. It can be expressed in terms of

6
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the Wolfenstein parameter λ as

ε ≡ λ2

1 − λ2
= 0.052 38 ± 0.000 35, (22)

where the numerical value is based on the measurement (6). The hadronic amplitude A′ and
the penguin parameter a′ eiθ ′ can be decomposed in terms of the hadronic matrix elements
associated with the tree and penguin topologies as

A′ ≡ λ2A
[
C′ + P′(c) − P′(t)] (23)

and

a′ eiθ′ ≡ Rb

[
P′(u) − P′(t)

C′ + P′(c) − P′(t)

]
, (24)

where Rb is defined in equation (3), and

A ≡ |Vcb|
λ2

, (25)

are combinations of the relevant CKM matrix elements. The UT side Rb provides a natural scale
for the size a′ of the penguin contributions: in a hypothetical scenario without loop suppression,
the penguin topologies could be of similar size as the tree topology, i.e. P′ ≈ C′, and we would
get a′ ≈ Rb.

The B0
s → J/ψφ decay has two vector mesons in the final state, resulting in more compli-

cated decay dynamics where the hadronic parameters depend on the final-state configuration.
This system can be described with three polarisation states: the CP-even eigenstates 0 and
‖, and the CP-odd eigenstate ⊥. The three states can be disentangled through the angular
distribution of the decay products of the vector mesons. For each of these final states, the
transition amplitude has a structure that is equivalent to the expression in equation (21), where
the hadronic amplitude A′

f and the penguin parameters a′
f , θ′f should in principle be consid-

ered for each polarisation state f individually. Applying naive factorisation for the hadronic
matrix elements of the four-quark operators, the penguin parameters do not depend on the
final-state configuration f [6]. Since experimental analyses of CP violation in these decays
have so far focussed on polarisation-independent measurements, we will do the same in the
analysis of the current data. However, we hope that future updates of these measurements will
make a polarisation-dependent analysis possible. In addition, it is important to distinguish the
strong interaction effects in the vector-pseudo-scalar and vector–vector decays B0

d → J/ψK0

and B0
s → J/ψφ as they have different decay dynamics. We will label the penguin parame-

ters arising in the latter channel as a′
V and θ′V (suppressing a dependence on the final-state

configuration of the vector mesons).
The transition amplitude for the B0

s → J/ψK0
S decay is obtained by substituting

N f →−λA, b f eiρ f → a eiθ, (26)

leading to [5]:

A
(
B0

s → J/ψK0
S

)
= −λA

[
1 − a eiθ eiγ

]
, (27)

where the hadronic parameters are defined in analogy to equations (23) and (24). It should
be noted that—in contrast to equation (21)—there is no factor ε in front of the second term,
thereby amplifying the penguin effects in the b̄ → d̄cc̄ modes with respect to their b̄ → s̄cc̄

7
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counterparts. However, the overall amplitude is suppressed by a factor λ, which reduces the
decay rate and makes these decays experimentally more challenging to study. For the B0

d →
J/ψπ0 and B0

d → J/ψρ0 modes, the transition amplitude has a structure that is equivalent to
the expression in equation (27). In the case of the B0

d → J/ψρ0 channel, an angular analysis of
the decay products of the vector mesons is needed, similar to the B0

s → J/ψφ decay [6].
The SU(3) flavour symmetry of the strong interaction allows us to relate the hadronic

parameters of the b̄ → s̄cc̄ and b̄ → d̄cc̄ transitions to one another, yielding

a′ eiθ′ = a eiθ (28)

as well as

A′ = A. (29)

But because mu ≈ md < ms, the SU(3) flavour symmetry does not hold perfectly, and the rela-
tions (28) and (29) get SU(3)-breaking corrections. In the factorisation approximation, the
hadronic form factors and decay constants cancel in the ratio (24). Consequently, the SU(3)-
breaking corrections can only enter relation (28) through non-factorisable effects. Such a can-
celation does not happen for the hadronic amplitudes (23), and the relation (29) can thus get
both factorisable and non-factorisable corrections.

Information on the penguin parameters is encoded in the CP asymmetries as well as the
branching fraction of the decay. The former depend only on the parameters bf and ρ f , while
the latter also involves the normalisation factor N f . Although it is possible to calculate this
hadronic amplitude within the factorisation approximation and thus use the branching fraction
measurements to help constrain the penguin parameters (see reference [15] for an example),
this approach suffers from the corresponding theoretical uncertainties. To avoid this limitation
and determine φd and φs with the highest possible precision, we will only use the CP asymme-
tries, which are unaffected by theoretical uncertainties due to factorisation, to determine the
penguin parameters. We shall return to the discussion of the branching fraction information in
section 5, utilising it to obtain insights into the hadron dynamics of the relevant decays.

3.2. CP asymmetries

The time-dependent CP asymmetry for neutral Bq mesons is given by

aCP(t) ≡
|A(B0

q(t) → f )|2 − |A(B̄0
q(t) → f )|2

|A(B0
q(t) → f )|2 + |A(B̄0

q(t) → f )|2 (30)

=
Adir

CP cos(Δmqt) +Amix
CP sin(Δmqt)

cosh(ΔΓqt/2) +AΔΓ sinh(ΔΓqt/2)
, (31)

where Δmq ≡ m(q)
H − m(q)

L and ΔΓq ≡ Γ(q)
L − Γ(q)

H are the mass and decay width difference
between the heavy and light eigenstates of the Bq-meson system, respectively. The direct (Adir

CP)
and mixing-induced (Amix

CP ) CP asymmetries depend on the penguin parameters bf and ρ f , and
the B0

q–B̄0
q mixing phase φq as follows [6]:

Adir
CP(Bq → f ) =

2b f sin ρ f sin γ

1 − 2b f cos ρ f cos γ + b2
f

, (32)

η f Amix
CP (Bq → f ) =

[
sin φq − 2b f cos ρ f sin(φq + γ) + b2

f sin(φq + 2γ)

1 − 2b f cos ρ f cos γ + b2
f

]
.

(33)
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These observables can thus be used to determine the three parameters of interest. In the dis-
cussion below we have chosen to always reference the quantity ηAmix

CP as it is independent of
the CP-eigenvalue of the final state and therefore easier to combine with other measurements.
The label f identifying the final state has been dropped from η f to simplify the notation. The
mass eigenstate rate asymmetry

η f AΔΓ(Bq → f ) = −
[

cos φq − 2b f cos ρ f cos(φq + γ) + b2
f cos(φq + 2γ)

1 − 2b f cos ρ f cos γ + b2
f

]
(34)

depends also on the penguin parameters, but it is not independent from the direct and mixing-
induced CP asymmetries, satisfying the relation

[
Adir

CP(Bq → f )
]2

+
[
Amix

CP (Bq → f )
]2

+
[
AΔΓ(Bq → f )

]2
= 1. (35)

In the absence of the doubly Cabibbo-suppressed penguin contributions, i.e. b f = 0, these
expressions simplify to the familiar forms

Adir
CP = 0, η f Amix

CP = sin φq, (36)

which would allow us to determine φq directly from the mixing-induced CP asymmetry. On
the other hand, allowing for the penguin effects, i.e. b f 
= 0, the CP asymmetries are related
to the effective mixing phase introduced in equation (2), with the complete relation given as
follows [10]:

η f Amix
CP (Bq → f )√

1 −
(
Adir

CP(Bq → f )
)2

= sin(φq +Δφ f
q ) ≡ sin(φeff

q, f ). (37)

The phase shift Δφ f
q is defined in terms of the penguin parameters bf and ρ f as

sin Δφ f
q =

−2b f cos ρ f sin γ + b2
f sin 2γ(

1 − 2b f cos ρ f cos γ + b2
f

)√
1 −

(
Adir

CP(B → f )
)2

, (38)

cos Δφ f
q =

1 − 2b f cos ρ f cos γ + b2
f cos 2γ(

1 − 2b f cos ρ f cos γ + b2
f

)√
1 −

(
Adir

CP(B → f )
)2

, (39)

yielding

tan Δφ f
q = −

[
2b f cos ρ f sin γ − b2 sin 2γ

1 − 2b f cos ρ f cos γ + b2
f cos 2γ

]
. (40)

Additional information about the penguin contributions is thus necessary to correctly interpret
the experimental measurements and determine the mixing phase φq. It is important to distin-
guish these phases from the effective ones governing the mixing-induced CP asymmetries. If
we knew the hadronic penguin parameters, we could straightforwardly calculate the hadronic
phase shifts Δφ f

q with the expressions given above. This correction is often ignored in the
literature.

9
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4. Picture from current data

Let us now explore the picture emerging from the current data, and extract the values of the
CP-violating phases φq, which is a key focus of this paper.

4.1. Determination of φd

The B0
d –B̄0

d mixing phase φd is determined from the B0
d → J/ψK0

S mixing-induced CP asym-
metry. The penguin parameters a and θ, which are needed to take the shiftΔφd in equation (37)
into account, can be determined in a theoretically clean way through the U-spin partner
B0

s → J/ψK0
S [15]. Although this is the preferred strategy to obtain the highest precision of φd

in the upgrade era of the LHCb and Belle II experiments, the current experimental uncertainties
on the CP asymmetries [33]:

Adir
CP(B0

s → J/ψK0
S) = −0.28 ± 0.42, ηAmix

CP (B0
s → J/ψK0

S) = 0.08 ± 0.41, (41)

are unfortunately still too large to constrain a and θ in a meaningful way. However, stronger
constraints on the penguin effects can already be obtained using the data for the B0

d → J/ψπ0

decay [9].
Using the latest experimental averages for γ and φd as external constraints, the penguin

parameters can be determined from the CP asymmetries of the B0
d → J/ψπ0 channel, which

are given by the following results from HFLAV [24]:

Adir
CP(B0

d → J/ψπ0) = 0.04 ± 0.12, ηAmix
CP (B0

d → J/ψπ0) = 0.86 ± 0.14. (42)

However, the external input on φd would need to be corrected for potential penguin effects,
which we aim to quantify here using B0

d → J/ψπ0. This strategy thus necessarily requires an
iterative approach. Instead, and because the experimental average of φd is dominated by the
input from B0

d → J/ψK0
S, we perform a combined fit to the CP asymmetries of the B0

d → J/ψπ0

and B0
d → J/ψK0 channels to determine a, θ and the penguin-corrected value of φd simulta-

neously. Neglecting differences due to CP violation in the neutral kaon system, which can in
principle be accounted for, the decay modes B0

d → J/ψK0
S and B0

d → J/ψK0
L have the same

decay structure and can thus straightforwardly be combined with each other. These two chan-
nels only differ in the CP-eigenvalue of the final states, which is accounted for in the observable
ηAmix

CP . The experimental averages [24] for the B0
d → J/ψK0 CP asymmetries used in this

analysis are

Adir
CP(B0

d → J/ψK0) = −0.007 ± 0.018, ηAmix
CP (B0

d → J/ψK0) = 0.690 ± 0.018, (43)

and correspond to an effective mixing phase

φeff
d,J/ψK0 = (43.6 ± 1.4)◦. (44)

In principle, the four inputs in equations (42) and (43) provide sufficient information to also
determine the UT angle γ, but the corresponding precision is not competitive with other direct
measurements [11]. It is therefore more advantageous to still add the average (4) as an external
constraint. In order to relate the penguin parameters in B0

d → J/ψπ0 and B0
d → J/ψK0 with

one another, the fit assumes the SU(3) relation (28), neglects contributions from exchange and
penguin-annihilation topologies as well as non-factorisable SU(3)-breaking effects. From the
fit, implemented in the GammaCombo framework [31], we obtain

a = 0.15+0.31
−0.12 , θ =

(
168+31

−47

)◦
, φd =

(
44.5+1.8

−1.5

)◦
. (45)

10



J. Phys. G: Nucl. Part. Phys. 48 (2021) 065002 M Z Barel et al

Figure 3. Two-dimensional confidence regions of the fit for the penguin parameters
and φd from the CP asymmetries in B0

d → J/ψπ0 and B0
d → J/ψK0. Note that the con-

tours forAdir
CP(B0

d → J/ψπ0) andAmix
CP (B0

d → J/ψπ0) are added for illustration only. They
include the best fit solutions for φd and γ as Gaussian constraints.

Due to the non-trivial dependence of the CP asymmetries on the penguin parameters, these
uncertainties are highly non-Gaussian, as also illustrated by the two-dimensional confidence
regions in figure 3. This is true for all results presented in sections 4–6 derived from the fits of
the penguin parameters.

In comparison with φeff
d,J/ψK0 in (44), the uncertainty of φd is slightly larger due to its corre-

lation with the penguin parameters, as illustrated by the two-dimensional confidence regions
in figure 3. The solution for a and θ corresponds to the phase shift

Δφd =
(
−0.8+0.7

−1.8

)◦
. (46)

The two-dimensional confidence regions given in figure 3 show a second solution with a ≈ 1.
However, looking at the definition of the penguin parameter a in equation (24), we observe
that a solution with a larger than the UT side Rb would correspond to penguin contributions
much larger than the tree amplitude, which is highly disfavoured. The presence of this second
solution is a direct consequence of the absence of direct CP violation in the B0

d → J/ψπ0 and
B0

d → J/ψK0 channels, which leads to a preferred solution for the phase θ around 180◦. This
in turn limits the sensitivity of the current data to constrain the size a of the penguin effects.
Instead of using the arguments above, the two-fold ambiguity can also be resolved by including
the CP asymmetries of the B0

s → J/ψK0
S channel in the fit, as will be shown in the combined

fit for φd and φs below.
The plot on the right-hand side in figure 3 shows a strong correlation between a and the

CP-violating phase φd , which highlights the importance of controlling the penguin effects in
order to obtain the highest precision of φd , both from an experimental and from a theoretical
point of view.

With the current experimental precision, the two-dimensional constraints in the θ–a plane
coming from the direct CP asymmetries of B0

d → J/ψπ0 and B0
d → J/ψK0 completely overlap.

Consequentially, our analysis is not sensitive to possible SU(3)-breaking effects between a′ eiθ ′

and a eiθ. A combined analysis of the B0
d → J/ψπ0 and B0

d → J/ψK0 CP asymmetries will only
reveal SU(3) breaking between both decay channels when the two-dimensional constraints
from the direct CP asymmetries are incompatible. Experimentally establishing a non-zero
direct CP asymmetry in B0

d → J/ψπ0 is a necessary—but not sufficient—condition for this

11
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to happen. For the central value in equation (42), this requires an order of magnitude improve-
ment in the experimental precision. The impact of SU(3) breaking can therefore safely be
ignored in the present analysis, but should be re-evaluated in future updates.

4.2. Determination of φs

The counterpart of the golden mode B0
d → J/ψK0

S for the B0
s –B̄0

s mixing phase φs is the decay
B0

s → J/ψφ, which is related through the exchange of the spectator down quark with a strange
quark. In contrast to the former channel, the latter has two vector mesons in the final state
and its decay is hence described by three polarisation states (0, ‖, ⊥), as mentioned earlier. In
the most ideal scenario for the theoretical interpretation of the data, we would have individ-
ual measurements of the direct and mixing-induced CP asymmetries for all three polarisation
states, as this would allow us to correct for polarisation-dependent hadronic effects. How-
ever, this makes the fit to the data much more challenging, and the experiments have so far
opted to report a single effective mixing phase φeff

s,J/ψφ instead. Some analyses have explored

polarisation-dependent results for φeff
s,J/ψφ [34, 35], but this has not yet become the baseline.

A second experimental challenge are the contributions from the f0(980) and other light reso-
nances in the B0

s → J/ψK+K− final state, which have been studied in detail in reference [36].
They can be disentangled through an angular analysis of the final state particles, and the state-
of-the-art experimental analyses now include a background S-wave component to account for
them.

Averaging the measurements from D0 [37], CDF [38], CMS [39] and ATLAS [40], which
all assume

|λ| ≡
∣∣∣∣A(B0

q → f )

A(B̄0
q → f )

∣∣∣∣ = 1, (47)

with the measurement from LHCb [35], which also measured |λ| = 0.994 ± 0.013, we get

φeff
s,J/ψφ = −0.085 ± 0.025 = (−4.9 ± 1.4)◦. (48)

However, for the analysis of the penguin effects it is more convenient to convert the LHCb
measurements of |λ| and the experimental average for φeff

s,J/ψφ back into the CP asymmetries:

Adir
CP(B0

s → J/ψφ) = 0.006 ± 0.013, Amix
CP (B0

s → J/ψφ) = −0.085 ± 0.025. (49)

Note that because |λ| is compatible with unity, we get Amix
CP = sin(φeff

s,J/ψφ) to a very good
approximation.

We assume that the φ meson is a pure s̄s state, and hence a superposition of an SU(3) octet
state and SU(3) singlet state (see reference [10] for a detailed discussion). Ignoring any contri-
butions associated with the singlet state, the penguin effects in B0

s → J/ψφ can be determined
using the B0

d → J/ψρ0 decay as the control mode, as was previously discussed in references
[6, 15]. The CP-violating observables of the B0

d → J/ψρ0 channel have been measured for
all three polarisation states [41], allowing us to compare the confidence regions for the pen-
guin parameters aV and θV between the longitudinal, parallel and perpendicular polarisation
states, as shown in figure 4. Within the current precision, we find agreement between the three
polarisation states and could not resolve differences, thereby setting the stage to continue with
the determination of the penguin parameters affecting the polarisation-independent results for
B0

s → J/ψφ. But it should be stressed again that improved precision of the input measurements,
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Figure 4. Comparison of the two-dimensional confidence regions of the fit for the
penguin parameters from the polarisation-dependent CP asymmetries in B0

d → J/ψρ0.

Figure 5. The cross-dependence between the determination of φd and φs and their
hadronic penguin shifts, showing the interplay between the five B0

q → J/ψX decays
discussed in this paper.

as can be expected from the upgrade programmes of LHCb and Belle II, may lead to observ-
able differences in a comparison like figure 4, thus also affecting the determination of φs from
B0

s → J/ψφ. We will illustrate such a scenario in section 6.

4.3. Simultaneous analysis of φd and φs

In analogy to the B0
d → J/ψπ0 analysis, the polarisation-independent CP asymmetries of the

B0
d → J/ψρ0 channel, which take the following experimental values [41]:

Adir
CP(B0

d → J/ψρ0) = −0.064 ± 0.059, ηAmix
CP (B0

d → J/ψρ0) = 0.66 ± 0.15, (50)

have to be complemented with external constraints for γ and φd in order to determine the pen-
guin parameters aV and θV . We could now use the result (45) obtained above, which shows
the cross-dependence of φd and φs on each another. When using B0

s → J/ψK0
S to determine the

penguin effects in the CP asymmetries of B0
d → J/ψK0, this situation becomes circular, as illus-

trated in figure 5: φs is required to determine the penguin shiftΔφd from B0
s → J/ψK0

S, which is
needed to extractφd from B0

d → J/ψK0. In turnφd is a necessary input to determine the penguin
shift Δφs from B0

d → J/ψρ0, which is needed to determine φs from the CP-violating asymme-
tries of the B0

s → J/ψφ mode. It should be emphasised again that φd and φs are the mixing
phases themselves and not the effective ones which are affected by the penguin corrections.

To properly take this interplay between the B0
q → J/ψX decay channels into account, we

propose a combined fit to the CP asymmetries in the B0
d → J/ψπ0 (42), B0

d → J/ψK0 (43),
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B0
d → J/ψρ0 (50), B0

s → J/ψφ (49) and B0
s → J/ψK0

S (41) modes, complemented with the
average (4) for γ as an external constraint. Utilising the SU(3) symmetry relation (28), we
assume that the penguin parameters describing the B0

d → J/ψK0, B0
s → J/ψK0

S and B0
d →

J/ψπ0 channels are equal to one another, and similarly for the B0
s → J/ψφ and B0

d → J/ψρ0

decays. As justified in section 4.1, we will neglect possible SU(3)-breaking effects, given the
lack of sensitivity in the current data, and we also neglect contributions from exchange and
penguin-annihilation topologies. For the vector-pseudo-scalar states, we obtain

a = 0.13+0.16
−0.10 , θ =

(
173+34

−43

)◦
, φd =

(
44.4+1.6

−1.5

)◦
, (51)

and the solution for a and θ corresponds to the phase shift

Δφd =
(
−0.73+0.60

−0.91

)◦
. (52)

For the vector–vector final states we get

aV = 0.043+0.082
−0.037 , θV =

(
306+48

−112

)◦
, φs = −0.088+0.028

−0.027 =
(
−5.0+1.6

−1.5

)◦
, (53)

and the solution for aV and θV yields

Δφs = 0.003+0.010
−0.012 =

(
0.14+0.54

−0.70

)◦
. (54)

The two-dimensional confidence regions of the simultaneous fit are shown in figure 6. In
comparison with figure 3, the second solution for a and θ has disappeared due to the added
constraints from the CP asymmetries of the B0

s → J/ψK0
S decay. Nonetheless, the strong cor-

relation between a and φd remains. For the vector–vector final states, the correlation between
aV andφs is a lot smaller. Figure 7 shows a direct comparison between the fit solutions (a, θ), for
the vector-pseudo-scalar, and (aV , θV ), for the vector–vector final states. Although the results
are still compatible with each other given the large uncertainties, the completely different
shapes of the confidence regions illustrate the different decay dynamics of the vector-pseudo-
scalar and vector–vector modes, which is expected on theoretical grounds. It is therefore
necessary to analyse different classes of final states independently, and we may in particular
not assume a eiθ = aV eiθV .

The results for the mixing phases φd and φs in equations (51) and (53) are corrected for
possible contributions from penguin topologies, and represent the key findings of our analysis.
Comparing them to the SM predictions in equations (13)–(16) allows us to explore the space
available for NP contributions:

Excl,K�3 φNP
d = (−1.3 ± 2.6)◦, φNP

s = −0.050 ± 0.028 = (−2.9 ± 1.6)◦, (55)

Excl,K�2 φNP
d = (−0.8 ± 2.4)◦, φNP

s = −0.050 ± 0.027 = (−2.9 ± 1.6)◦, (56)

Incl,K�3 φNP
d = (−8.3 ± 2.8)◦, φNP

s = −0.045 ± 0.028 = (−2.5 ± 1.6)◦, (57)

Incl,K�2 φNP
d = (−7.7 ± 2.8)◦, φNP

s = −0.044 ± 0.028 = (−2.5 ± 1.6)◦. (58)

The picture emerging for φNP
s is consistent among the four SM scenarios, with a significance

between 1.5 and 1.8 standard deviations. In addition, the precision on this result is limited by
the experimental fit (53), and will remain so for the foreseeable future. Therefore, φs remains a
powerful probe to search for NP effects and it will be interesting to see how this picture evolves
over the coming years. For φd, the situation is very different. The precision of φNP

d is already
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Figure 6. Two-dimensional confidence regions of the fit for the penguin parameters, φd
and φs from the CP asymmetries in the B0

q → J/ψX decays. Note that the contours for
Adir

CP and Amix
CP are added for illustration only. They include the best fit solutions for φd ,

φs and γ as Gaussian constraints.

Figure 7. Comparison of the two-dimensional confidence regions of the fit solutions for
the vector-pseudo-scalar and vector–vector final states.

limited by the uncertainty of the SM prediction, and the significance strongly depends on the
chosen SM scenario, varying from 0.3 to 3 standard deviations. A resolution of the discrepancy
between the inclusive and exclusive determinations of |Vub| and |Vcb| is thus essential for NP
searches using the B0

d –B̄0
d mixing phase.
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5. Hadronic decay benchmark parameters

Let us now have a closer look at the information encoded in the branching fractions of the
B0

d → J/ψK0, B0
d → J/ψπ0 and B0

s → J/ψK0
S decays. These quantities not only depend on the

penguin parameters a and θ, but also on an overall normalisation factor. Since we know the
penguin parameters from the fit (51) to the CP asymmetries, combining them with the experi-
mental measurements of the branching fractions can give us valuable insights into very difficult
to calculate hadronic parameters associated with the normalisation factor (23). In particular, it
allows us to determine a decay-specific effective colour-suppression factor. The ratios of these
factors between different decay channels provide insight into non-factorisable SU(3) breaking
effects.

Compared to the CP asymmetries, the normalisation factor is more sensitive to the chosen
values for λ, |Vub| and |Vcb|. For the discussion here, we will only illustrate the situation for
one of the four scenarios introduced in section 2, choosing the K�3 value (6) for |Vus|, and the
exclusive measurements (9) for |Vub| and |Vcb|. For the other three scenarios, we can expect
similar numerical variations as seen for φSM

q and φNP
q .

5.1. Decay amplitudes and branching fractions

The theoretical calculation of the decay amplitudes of the non-leptonic B0
q → J/ψP decays is

done using an effective field theory where all heavy degrees of freedom, i.e. the W boson and
top quark in the SM, are integrated out from appearing explicitly. The transitions are described
by a low-energy effective Hamiltonian

A(B0
q → J/ψP) = 〈J/ψP|Heff|B0

q〉, (59)

consisting of four-quark operators and their associated short-distance coefficients (for more
background information, see, for instance, references [42–44]). The various local opera-
tors of the Hamiltonian represent the different decay topologies, such as tree and penguin
contributions.

While the short-distance coefficients can be calculated within perturbation theory, the
hadronic matrix elements of the four-quark operators require different tools and approxima-
tions. A widely used approach in the literature ‘factorises’ these matrix elements into the
product of the hadronic matrix elements of the corresponding quark currents:

〈J/ψP|(c̄γμc)(b̄γμq′)|B0
q〉|fact = 〈J/ψ|(c̄γμc)|0〉〈P|(b̄γμq′)|B0

q〉, (60)

where γμ are Dirac matrices, and q′ denotes a strange- or down-quark field. The first term can
be parametrised as

〈0|c̄γμc|J/ψ〉 = mJ/ψ fJ/ψε
μ
J/ψ, (61)

where mJ/ψ and fJ/ψ are the mass and decay constant of the J/ψ meson, respectively, and εJ/ψ

is its polarisation vector. The most recent lattice QCD calculation [45] gives

fJ/ψ = (410.4 ± 1.7) MeV. (62)

The second matrix element

〈P|b̄γμq′B〉 =
[

pBμ + pPμ −
(

m2
B − m2

P

q2

)
qμ

]
f +

B→P(q2) +

(
m2

B − m2
P

q2

)
qμ f 0

B→P(q2) (63)
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can be parametrised in terms of hadronic B → P form factors f 0
B→P and f +

B→P, where pB and
pP are the four momentum vectors of the corresponding mesons, and qμ = pBμ − pPμ their
momentum transfer. Since the form factor f 0

B→P does not contribute to the product in (60), it
does not affect the decays considered in this paper.

Let us for a moment consider only the two current–current operators

O1 =
(
c̄αγμ(1 − γ5)q′

β

) (
b̄βγ

μ(1 − γ5)cα
)
≡ (c̄αq′

β)V−A(b̄βcα)V−A, (64)

O2 =
(
c̄βγμ(1 − γ5)q′

β

) (
b̄αγ

μ(1 − γ5)cα
)
≡ (c̄βq′

β)V−A(b̄αcα)V−A, (65)

where γ5 is another Dirac matrix and α, β denote SU(3)C colour indices. Making Fierz
transformations and applying colour algebra relations, we obtain the standard expression for
colour-suppressed (type-II) B-meson decays in naive factorisation:

A(B0
q → J/ψP)|tree

fact =
GF√

2
Vcq′V

∗
cb a2 〈J/ψP|(c̄γμc)(b̄γμq)|B0

q〉|fact. (66)

Here GF is the Fermi constant, Vcq′ and Vcb denote CKM matrix elements and the factorised
matrix element is given in equation (60). It should be noted that the axial-vector components of
the V –A operators do not contribute to the corresponding matrix elements of the quark currents
as the J/ψ is a vector meson and P and B0

q are pseudo-scalar mesons (see (61) and (63)). The
quantity

a2 = C1 +
C2

3
(67)

is a phenomenological ‘colour suppression’ factor, where C1 and C2 are the short-distance Wil-
son coefficients of the current–current operatorsO1 and O2, respectively. The naive parameter
a2 is typically found in the 0.1–0.3 range [46]. Since these short-distance functions actually
depend on the renormalisation scale μ, while the J/ψ decay constant and form factors enter-
ing (60) do not depend on μ, the factorised amplitude in (66) depends on the renormalisation
scale, which is unphysical. This scale dependence is cancelled through non-factorisable contri-
butions to the hadronic matrix elements of the four-quark operators O1 and O2, which cannot
be calculated in a reliable way. In order to circumvent this problem, a ‘factorisation scale’ μF

is considered. However, as a2 depends strongly on μ, we conclude that factorisation is not
expected to work well for such colour-suppressed decays, as is well known in the literature.
Let us briefly note that in the case of colour-allowed (type-I) decays, where the coefficient

a1 =
C1

3
+ C2 (68)

enters, the situation is more favourable.
The structure we obtained for the tree amplitude within the factorisation framework in

equation (66) can be generalised to the full transition amplitude of the B0
q → J/ψP decay,

allowing also for penguin and non-factorisable effects:

√
2 A(B0

d → J/ψπ0) =
GF√

2
VcdV∗

cb mJ/ψ fJ/ψ f +
Bd→π(m2

J/ψ) (pBμ + pKμ) · εμJ/ψ

×
(
1 − a eiθ eiγ

)
× a2(B0

d → J/ψπ0). (69)

Here the
√

2 originates from the wave function of the neutral pion, π0 = (uū + dd̄)/
√

2, and
a2(B0

d → J/ψπ0) is a generalisation of the naive colour-suppression factor in equation (67). It
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is process-dependent and a renormalisation scale (and scheme) independent physical quantity
which can be extracted from experimental data. As can be seen in equation (23), it does not only
get a contribution from the colour-suppressed tree amplitude but also from penguin topologies.

It would be very interesting to extract a2(B0
d → J/ψπ0) in the cleanest possible way from

experimental data, thereby shedding light on the importance of colour suppression and non-
factorisable effects in B0

q → J/ψP decays. This is possible with the help of the branching frac-
tion information. Using equation (69), the CP-averaged branching fraction of the B0

d → J/ψπ0

decay is given as

2 B(B0
d → J/ψπ0) = τBd

G2
F

32π
|VcdVcb|2 m3

Bd

[
fJ/ψ f +

Bd→π(m2
J/ψ)

]2

×
[
Φ

(
mJ/ψ

mBd

,
mπ0

mBd

)]3

(1 − 2a cos θ cos γ + a2)

×
[
a2(B0

d → J/ψπ0)
]2

, (70)

where the factor 2 on the left-hand side originates again from the π0 wave function, τBd is the
lifetime of the B0

d meson, and

Φ(x, y) =
√[

1 − (x + y)2
] [

1 − (x − y)2
]

(71)

is the standard two-body phase-space function. Similar expressions for the B0
d → J/ψK0

and B0
s → J/ψK0

S decays can be obtained by making straightforward substitutions. Accu-
rate knowledge of the penguin parameters is thus also needed to determine the effective
colour-suppression factor a2.

Note that for the interpretation of branching fraction measurements, subtleties arise due
to effects originating from B0

q–B̄0
q mixing. The experimentally measured ‘time-integrated’

branching fraction is related to the ‘theoretical’ branching fraction given in equation (70) by
a correction factor [47, 48], which depends on the decay width difference ΔΓq and the mass
eigenstate rate asymmetry AΔΓ(Bq → f ). Since ΔΓd ≈ 0, this correction factor is 1 in the
Bd-meson system with excellent precision. On the other hand, for the Bs-meson system, the
decay width difference is sizeable, thereby leading to corrections that can be as large as 10%,
depending on the final state [47].

5.2. Form factor information

The hadronic form factors have been calculated with a variety of approaches, most notably
using lattice QCD [27]. The lattice results are obtained at high q2 values and need to be extrap-
olated to the lower kinematic point q2 = m2

J/ψ in order to use equation (70) to determine the

colour-suppression factor a2(B0
d → J/ψπ0) from the data. The extrapolation is typically done

using the Bourrely–Caprini–Lellouch (BCL) parametrisation [49]. We obtain the following
numerical values from the parameters provided by the FLAG [27]:

f +
Bd→π(m2

J/ψ) = 0.371 ± 0.069, (72)

f +
Bd→K(m2

J/ψ) = 0.645 ± 0.022, (73)

f +
Bs→K(m2

J/ψ) = 0.470 ± 0.024. (74)
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These results lead to the constraints

|a2(B0
d → J/ψπ0)|2 × (1 − 2a cos θ cos γ + a2) = 0.145 ± 0.055, (75)

|a′
2(B0

d → J/ψK0)|2 × (1 + 2εa cos θ cos γ + ε2a2) = 0.0714 ± 0.0059, (76)

|a2(B0
s → J/ψK0

S)|2 × (1 − 2a cos θ cos γ + a2) = 0.097 ± 0.013, (77)

which, in combination with the solution (51) for the penguin parameters a and θ, yield

a2(B0
d → J/ψπ0) = 0.363+0.066

−0.079 , (78)

a′
2(B0

d → J/ψK0) = 0.268+0.011
−0.012 , (79)

a2(B0
s → J/ψK0

S) = 0.296+0.024
−0.027 . (80)

The results for the B0
d → J/ψK0 and B0

s → J/ψK0
S decays agree well with the theoretical esti-

mates from naive factorisation. The result for the B0
d → J/ψπ0 decay has a larger uncertainty

in comparison with a′
2(B0

d → J/ψK0) and a2(B0
s → J/ψK0

S). This can be traced back to the
large uncertainty of the Bd → π form factor in equation (72). It illustrates the current limita-
tions of the lattice calculations, which are easier to compute and therefore more accurate when
involving heavier particles.

The limited precision of the available lattice calculations for the Bd → π form factor gets
amplified in the extrapolation to lower q2 values. This becomes most apparent when looking
at the differential branching fraction for the semileptonic B0

d → π−�+ν� decay. In the limit
m� → 0, this differential rate takes the form

dΓ
dq2

(B0
d → π−�+ν�) =

G2
F

24π3
|Vub|2η2

EW p3
π

[
f +

Bd→π(q2)
]2

, (81)

where ηEW = 1.0066 ± 0.0050 [50] is the one-loop electroweak correction factor, and

pπ =
mBd

2
Φ

(
mπ

mBd

,
q

mBd

)
(82)

is the pion momentum in the rest frame of the decaying Bd meson. Plotting the predicted rate
for the B0

d → π−�+ν� differential branching fraction with the help of the FLAG parametrisation
[27], which was also used to obtain equation (72), results in the blue curve shown in figure 8.

On the other hand, this rate has been measured experimentally by the BaBar and Belle
collaborations. HFLAV [24] has combined this information with lattice QCD and light cone
sum rule calculations to provide an alternative set of BCL parameters for the Bd → π form
factor. This leads to the numerical result

f +
Bd→π(m2

J/ψ) = 0.487 ± 0.018, (83)

which is in much better agreement with the Bs → K form factor (74), as would be expected
on the basis of SU(3) flavour symmetry. The predicted differential rate for the B0

d → π−�+ν�
decay, which by construction matches the experimental data, is given by the red curve in
figure 8. We observe a large discrepancy between both curves, which demonstrates the chal-
lenges with extrapolating the lattice results and illustrates the theoretical uncertainty associated
with the form factors. It would therefore be advantageous if the form-factor information could
be avoided as much as possible.

19



J. Phys. G: Nucl. Part. Phys. 48 (2021) 065002 M Z Barel et al

Figure 8. Comparison between the B0
d → π−�+ν� differential branching fraction distri-

butions based on form factor parametrisations from FLAG (blue/hatched) and HFLAV
(red). The uncertainty bands are due to the form factor parametrisations only.

5.3. Semileptonic decay information

Interestingly, the B0
d → J/ψπ0 branching fraction in equation (70) and the B0

d → π−�+ν�
semileptonic differential decay rate (81) have the same form-factor dependence. Consequently,
the hadronic form factors cancel in the ratio

Rπ
d ≡ Γ(B0

d → J/ψπ0)
dΓ/dq2|q2=m2

J/ψ
(B0

d → π−�+ν�)
=

B(B0
d → J/ψπ0)

dB/dq2|q2=m2
J/ψ

(B0
d → π−�+ν�)

.

(84)

Using the relation∣∣∣∣VcdVcb

Vub

∣∣∣∣
2

=
1 − λ2 +O(λ4)

R2
b

, (85)

where λ and Rb are given in equations (6) and (11), respectively, and neglecting the O(λ4)
corrections, we obtain

Rπ
d = 3π2

(
1 − λ2

R2
b

)(
fJ/ψ

ηEW

)2

× (1 − 2a cos θ cos γ + a2) ×
[
a2(B0

d → J/ψπ0)
]2
. (86)

This expression allows us to determine the colour-suppression factor a2(B0
d → J/ψπ0) in a

theoretically clean way that is not affected by form-factor uncertainties. Knowledge of the
penguin parameters is still required, though.

A similar ratio can be constructed for the B0
s → J/ψK0

S channel, using the semileptonic
B0

s → K−�+ν� decay. It takes the form

RK
s ≡ Γ(B0

s → J/ψK0
S)

dΓ/dq2|q2=m2
J/ψ

(B0
s → K−�+ν�)

=
B(B0

s → J/ψK0
S)

dB/dq2|q2=m2
J/ψ

(B0
s → K−�+ν�)

.

(87)
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The expression in terms of the B0
s → J/ψK0

S penguin parameters and colour-suppression factor
is analogous to equation (86). A first measurement of the B0

s → K−�+ν� branching fraction
was recently published by LHCb [51]. However, we will have to wait for a future update that
includes a measurement of the differential branching fraction to calculate RK

s . Until then, the
hadronic form-factor information remains needed. Finally, no semileptonic partner exists for
the B0

d → J/ψK0 channel, and hadronic form-factor information will thus always be required
to analyse this decay.

The B → π�ν differential branching fraction has been measured by the BaBar and Belle
experiments, which assume isospin symmetry to combine the experimental data from both
B0

d → π−�+ν� and B+ → π0�+ν channels. We use the experimental average [24] for the q2 bin

dB
dq2|q2=[8,10] GeV2

(B → π�ν) = (6.44 ± 0.43) × 10−6 GeV−2 (88)

to represent the value at q2 = m2
J/ψ. Combining this result with the B0

d → J/ψπ0 branching
fraction [25], we obtain

Rπ
d = (2.58 ± 0.23) × 10−6 MeV2, (89)

leading to the constraint[
a2(B0

d → J/ψπ0)
]2 × (1 − 2a cos θ cos γ + a2) = (0.0832 ± 0.0079). (90)

Adding the constraint (90) to the GammaCombo fit (51) gives

a2(B0
d → J/ψπ0) = 0.275+0.018

−0.023 , (91)

which agrees much better with the theoretical estimates from naive factorisation than the form-
factor based result in equation (78). The correlation of the effective colour-suppression factor
with the penguin parameter a is given by the two-dimensional confidence regions shown in
figure 9. In this figure, we also compare the result with the one obtained by using the lattice
form factor parametrisation. One immediately notices two things: the shift in the central value,
and the much larger uncertainty. The former is related to the discrepancy between the FLAG
and HFLAV form factor parametrisations, as illustrated in figure 8, while the latter is due to
the large uncertainty of the form factor in equation (72). This comparison demonstrates the
advantages of our proposed strategy using the semileptonic ratio.

Combining the results (91), (79) and (80), we obtain the ratios

a′
2(B0

d → J/ψK0)
a2(B0

d → J/ψπ0)
= 0.974+0.098

−0.073 , (92)

a′
2(B0

d → J/ψK0)
a2(B0

s → J/ψK0
S)

= 0.905+0.101
−0.078 , (93)

a2(B0
d → J/ψπ0)

a2(B0
s → J/ψK0

S)
= 0.928+0.083

−0.071 . (94)

The correlation of the effective colour-suppression factors and their ratios with the size a of
the penguin effects is given by the two-dimensional confidence regions shown in figure 10. All
three ratios are fully consistent with unity, as predicted in the strict limit of the SU(3) flavour
symmetry. Consequently, they show that non-factorisable SU(3)-breaking effects are small,
thereby supporting the assumptions we made in our analysis of the current data. Figure 10
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Figure 9. Comparison of the two-dimensional confidence regions of the fit for the
colour-suppression factor a2(B0

d → J/ψπ0) between the approach using form-factor
input from lattice QCD calculations and the new method utilising the semileptonic ratio
(84).

Figure 10. Two-dimensional confidence regions of the fit for the effective colour-
suppression factors and their ratios.

shows that the ratio a′
2/a2 of colour-suppression factors is linearly correlated with the size a

of the penguin contributions. Thus, also the size of non-factorisable SU(3) breaking effects,
i.e. the deviation of a′

2/a2 from unity, is linearly correlated with a. This means that if future
experimental updates confirm the current picture for a, that the penguin effects are small, then
also the non-factorisable SU(3) breaking effects will correspondingly be small.

5.4. About non-factorisable SU(3) breaking corrections

It will be interesting to confront the results for the colour-suppression factor a2 in
equations (79), (80), and (91) with more sophisticated calculations within QCD factorisation
or soft collinear effective theories. It should be noted that they fall remarkably well into the
0.1–0.3 range [46] arising in naive factorisation, thereby not showing any anomalously large
non-factorisable effects in the colour-suppressed tree topologies governing the B0

q → J/ψP
decays. If we take the result a2 = 0.21 ± 0.05 quoted in reference [46] as a reference, the val-
ues in equations (79), (80), and (91) leave room for deviations from factorisation at a level of
28% to 41%. This is a non-trivial finding, since factorisation is—a priori—not expected to
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Table 1. Comparison of the current precision for the penguin parameters and mixing
phases with two future scenarios that assume overall improvements of the experimental
input measurements by factors 2 and 5, respectively.

Obs. Best fit Current precision ×2 improvement ×5 improvement

a 0.131 −0.10/+ 0.16 −0.056/ + 0.068 −0.024/+ 0.026
θ 172.8◦ −43◦/+ 34◦ −16◦/+ 14◦ −5.8◦/+ 5.6◦

aV 0.043 −0.037/+ 0.082 −0.021/ + 0.039 −0.011/+ 0.014
θV 306◦ −112◦/+ 48◦ −78◦/+ 33◦ −31◦/+ 18◦

φd 44.38◦ −1.5◦/+ 1.6◦ −0.76◦/+ 0.79◦ −0.31◦/+ 0.32◦

Δφd −0.73◦ −0.91◦/+ 0.60◦ −0.40◦/+ 0.31◦ −0.16◦/+ 0.13◦

φSM
d 45.67◦ −2.0◦/+ 1.9◦ −0.98◦/+ 0.98◦ −0.39◦/+ 0.39◦

φNP
d −1.29◦ −2.4◦/+ 2.6◦ −1.2◦/+ 1.3◦ −0.50◦/+ 0.50◦

φs −5.03◦ −1.5◦/+ 1.6◦ −0.74◦/+ 0.80◦ −0.32◦/+ 0.32◦

Δφs 0.14◦ −0.70◦/+ 0.54◦ −0.32◦/+ 0.28◦ −0.12◦/+ 0.11◦

φSM
s −2.153◦ −0.11◦/+ 0.11◦ −0.057◦/+ 0.057◦ −0.027◦/+ 0.027◦

φNP
s −2.88◦ −1.6◦/+ 1.6◦ −0.75◦/+ 0.80◦ −0.31◦/+ 0.32◦

φs −0.0878 −0.027/+ 0.028 −0.013/ + 0.014 −0.0055/+ 0.0055
Δφs 0.0025 −0.012/+ 0.010 −0.0056/ + 0.0049 −0.0021/+ 0.0019
φSM

s −0.03757 −0.0019/+ 0.0020 −0.0010/ + 0.0010 −0.00047/ + 0.00046
φNP

s −0.0502 −0.027/+ 0.028 −0.013/ + 0.014 −0.0054/+ 0.0055

work well in these decays, and the non-factorisable effects could potentially have been much
larger.

Lattice QCD [27] and other non-perturbative methods [52–54] have illustrated that the
flavour symmetries are broken. The ratios between the kaon and pion decay constants,
or between the Ds and D meson decay constants show that the SU(3) flavour symmetry,
which is relevant here, is generically broken at the 20% level. Consequently, putting both
effects together, we expect non-factorisable SU(3)-breaking at the 5%–8% level. This is actu-
ally confirmed by the experimental results in equations (92)–(94), showing non-factorisable
SU(3)-breaking effects in the involved colour-suppressed tree topologies of at most O(10%).

These interesting results support the application of the SU(3) flavour symmetry for the
hadronic parameters a and θ, which are ratios of contributions of penguin topologies with
respect to the colour-suppressed tree topologies. In these ratios, the factorisable SU(3)-
breaking effects, which are described by form factors and decay constants, cancel. If we assume
non-factorisable effects of up to 50% due to the penguin topologies (i.e. much larger than for
the colour-suppressed tree amplitudes) and again SU(3)-breaking effects at the 20% level, this
results in non-factorisable SU(3)-breaking effects in these quantities at the 10% level, thereby
illustrating the robustness of our strategy to such effects. In the future, more precise data will
not only result in a sharper picture for the penguin effects, but for the SU(3)-breaking effects
as well.

6. Future perspectives

Although the current uncertainties of the penguin parameters and their impact on the mix-
ing phases φq are still large, significant improvements can be expected over the next decades
thanks to the large increase in luminosity expected from the HL-LHC [55] and Belle II [56]
programmes. In order to demonstrate the potential of the strategies proposed in this paper, we
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Figure 11. Comparison between the current precision of the penguin parameters and
mixing phases with two future benchmark scenarios in which we assume an overall
improvement of the experimental input measurements by a factor 2 and 5. Shown are
the two-dimensional confidence regions of the fit for the penguin parameters, φd and φs
from the CP asymmetries in the B0

q → J/ψX decays.

consider two benchmark scenarios for the combined fit of the five B0
q → J/ψX decays pre-

sented in subsection 4.3: we will keep the central values of the current experimental results
to allow for an easy comparison but divide all uncertainties by a factor 2 (first scenario), and
by a factor 5 (second scenario). These scenarios are chosen to demonstrate the potential of the
strategy proposed in this paper, and do not take into account the different experimental chal-
lenges of the various decay channels, or the time scales on which these improvements can be
achieved. More detailed and sophisticated studies building upon the flagship analysis for the
high-luminosity era of quark-flavour physics [55–57] would be very desirable.

The numerical results for the two benchmark scenarios are compared with the fit to the
current data in table 1. The evolution of the two-dimensional confidence regions for the penguin
parameters and the mixing phases are shown in figure 11, while the corresponding regions for
the phases φNP

d and φNP
s , based on the SM prediction (13), is shown in figure 12. We observe

that already a factor 2 improvement in the experimental precision would have a large impact on
the determination of the penguin parameters and would allow us to firmly establish non-zero
penguin contributions. We therefore advocate to give the CP asymmetry measurements of the
penguin control modes the same importance as those of the flagship decays B0

d → J/ψK0 and
B0

s → J/ψφ. This will prevent the penguin effects from becoming the dominant uncertainty in
the determination of φd and φs.

Imagine a situation where we reduce the experimental uncertainty of the CP asymmetry
measurements of B0

d → J/ψK0 by a factor two, but no such improved measurements are yet
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Figure 12. Comparison between the current precision of the phases φNP
d and φNP

s with
two future benchmark scenarios in which we assume an overall improvement of the
experimental input measurements by a factor 2 and 5. Shown are the two-dimensional
confidence regions of the fit.

Figure 13. Comparison of the two-dimensional confidence regions of the fit for the pen-
guin parameters from the CP asymmetries in B0

d → J/ψρ0 between the three polarisation
states for the future benchmark scenario in which we assume an overall improvement of
the experimental input measurements by a factor 5. (To be compared with figure 4.)

available for the control modes B0
d → J/ψπ0 and B0

s → J/ψK0
S. We will then know the effec-

tive mixing phase φeff
d with a precision of 0.7◦, which would be matched by the precision of the

penguin shift Δφd (see table 1). This will then lead to a precision of φd of 1◦. When the experi-
mental uncertainties on the CP asymmetry measurements of B0

d → J/ψπ0 and B0
s → J/ψK0

S
also improve by a factor two, the precision of the penguin shift Δφd improves to 0.35◦

and the precision of φd becomes 0.78◦. After updating the measurements of B0
d → J/ψK0,

B0
d → J/ψπ0 and B0

s → J/ψK0
S we thus know φd 22% more precise than when only focussing

on B0
d → J/ψK0. Adequately controlling the penguin contributions can thus have a large impact

on our knowledge of φd and φs.
The benchmark scenarios in table 1 also illustrate that even though NP contributions to φs

are small, it remains possible to control the penguin contributions with sufficient precision to
establish non-zero values for φNP

s with a significance of more than five standard deviations.
For φd the situation is less clear. Searches for NP contributions to φd are limited due to the
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Table 2. Numerical comparison of the current precision for the polarisation-dependent
penguin shifts with two future benchmark scenarios assuming overall improvements of
the experimental input measurements by factors 2 and 5.

Obs. Best fit Current precision ×2 improvement ×5 improvement

Δφs 0.14◦ −0.70◦/+ 0.54◦ −0.32◦/+ 0.28◦ −0.12◦/+ 0.11◦

Δφ0
s 0.02◦ −0.78◦/+ 0.58◦ −0.36◦/+ 0.31◦ −0.16◦/+ 0.16◦

Δφ
‖
s 0.07◦ −0.91◦/+ 0.65◦ −0.41◦/+ 0.35◦ −0.18◦/+ 0.17◦

Δφ⊥
s 0.21◦ −0.91◦/+ 0.66◦ −0.41◦/+ 0.36◦ −0.18◦/+ 0.17◦

unresolved discrepancies between the available SM predictions, as illustrated and discussed at
the end of section 4. In table 1 we have assumed the SM value (13) for all three scenarios.

These future benchmark scenarios also allow us to demonstrate the impact of polarisation-
dependent measurements using the B0

d → J/ψρ0 decay as an example. Reducing the uncer-
tainties of the polarisation-dependent CP asymmetries used to obtain the confidence regions
shown in figure 4 by a factor 5 would lead to the two-dimensional confidence regions shown in
figure 13. In this scenario, we would find a clear difference between the perpendicular polar-
isation on the one hand and the longitudinal and parallel polarisations on the other hand. The
polarisation-dependent penguin parameters would no longer be compatible with one another,
leading to different penguin shifts Δφ f

s , given in table 2.

7. Conclusion

We have presented a state-of-the-art analysis of the penguin effects limiting the theoretical
precision of the mixing phases φd and φs determined from B0

d → J/ψK0 and B0
s → J/ψφ,

respectively. The corresponding control channels, utilising the SU(3) flavour symmetry, are
the B0

d → J/ψπ0, B0
s → J/ψK0

S and B0
d → J/ψρ0 modes. As the mixing-induced CP asymme-

tries of these five B0
q → J/ψX channels also depend on φq, we propose a simultaneous analysis

of these decays, allowing us to extract the relevant hadronic parameters and the mixing phases

φd =
(
44.4+1.6

−1.5

)◦
, φs = −0.088+0.028

−0.027 =
(
−5.0+1.6

−1.5

)◦
, (95)

directly taking the penguin effects into account. These results can be averaged with the
penguin-corrected measurements from other decay modes to further improve the experimental
precision. In the future, improvements will be possible once polarisation-dependent measure-
ments of φs from B0

s → J/ψφ become available. Using future scenarios, we have shown that
non-zero NP contributions to φs could be established with more than five standard deviations
in the ultra high-precision era of flavour physics, which we can look forward to towards the end
of the LHC and SuperKEKB upgrade programmes. In this respect, the control of the penguin
uncertainties is essential. Consequently, we advocate to promote the corresponding control
channels to benchmark decays for the exploration of CP violation.

Concerning the mixing phase φd , we pointed out that the limiting factor for revealing NP
effects is given by the SM prediction of β, which is governed by the UT side Rb. For the cur-
rent data, the SM uncertainty of about 2◦ is already significantly larger than the experimental
precision of 1.5◦, taking the penguin effects into account. In the future, it will hence be essen-
tial to improve the precision on Rb and settle the tension between the inclusive and exclusive
determinations of |Vub| and |Vcb| from semileptonic B decays.

26



J. Phys. G: Nucl. Part. Phys. 48 (2021) 065002 M Z Barel et al

Another important aspect of our analysis is the determination of the effective colour-
suppression factors of the B0

q → J/ψP decays, which serve as reference for future QCD calcu-
lations to compare against. In the case of the B0

d → J/ψπ0 and B0
s → J/ψK0

S modes, we have
proposed a new method using semileptonic B0

d → π−�+ν� and B0
s → K−�+ν� decays, respec-

tively, which does not require any information on hadronic form factors and is theoretically
clean. Unfortunately, data for the semileptonic B0

s decay are not yet available. We have used
lattice QCD results for form factors in this case and for the B0

d → J/ψK0 decay, where there
is no semileptonic counterpart. We obtain values of the effective colour-suppression factors in
the ball park of theoretical expectations, which suffer from large uncertainties. Furthermore,
we have explored non-factorisable SU(3)-breaking effects in these quantities. Interestingly, we
could not reveal deviations from the SU(3) limit within the current precision, which has already
reached a level below 10%. This feature supports the use of the SU(3) flavour symmetry to con-
trol the penguin parameters. It will also be interesting to see further theoretical progress in the
understanding of these hadronic parameters from first principles of QCD.

The strategies and decays discussed in this paper will play a key role for the long-term ultra
high-precision flavour physics programme, offering exciting prospects to finally establish new
sources of CP violation.
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