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Experimentally, the phases 𝜙𝑑 and 𝜙𝑠 are determined from CP asymmetry measurements in the
“golden modes” 𝐵0

𝑑
→ 𝐽/𝜓𝐾0

S and 𝐵0
𝑠 → 𝐽/𝜓𝜙. At leading order, the theoretical interpretation

of these measurements is straightforward. However, to reach high precision determinations of 𝜙𝑑
and 𝜙𝑠 , which is essential in view of the searches for signs of beyond the SM physics, corrections
from next-to-leading order effects need to be accounted for. These corrections primarily originate
from so-called penguin topologies. Using the 𝑆𝑈 (3) flavour symmetry, these corrections can be
determined using suitably chosen control modes. Recent new CP asymmetry measurements from
LHCb in 𝐵 → 𝐷𝐷 and Belle-II in 𝐵0

𝑑
→ 𝐽/𝜓𝜋0 decays greatly improve our knowledge on the

parameters describing the contribution from penguin topologies. These proceedings will discuss
the current constraints on the penguin parameters in 𝐵 → 𝐽/𝜓𝑋 and 𝐵 → 𝐷𝐷 decays, provide
corrected determinations for 𝜙𝑑 and 𝜙𝑠 , and highlight what can be expected at the end of the
HL-LHC and Belle-II programmes.
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1. Introduction

In the Standard Model (SM), the complex phases 𝜙𝑑 and 𝜙𝑠 associated with the mixing between
neutral 𝐵0

𝑞 and 𝐵̄0
𝑞 mesons, where 𝑞 ∈ {𝑑, 𝑠}, are parametrised as

𝜙SM
𝑑 = 2𝛽 , 𝜙SM

𝑠 = 2𝜆2𝜂 . (1)

Their experimental determinations are powerful probes to search for evidence of physics beyond the
Standard Model (BSM): The measurement of 𝜙𝑑 constrains the angle 𝛽 of the Unitarity Triangle
(UT), and the value of 𝜙𝑠 can directly be compared with the SM prediction based on the Wolfenstein
parametrisation [1, 2] of the Cabibbo–Kobayashi–Maskawa (CKM) quark-mixing matrix [3, 4].

The phases 𝜙𝑞 are experimentally determined from Charge-Parity (CP) asymmetries created
by the interference between the 𝐵0

𝑞–𝐵̄0
𝑞 mixing process and the decay of the 𝐵0

𝑞 or 𝐵̄0
𝑞 meson. The

most precise measurements of 𝜙𝑑 and 𝜙𝑠 use respectively the “golden” decays 𝐵0
𝑑
→ 𝐽/𝜓𝐾0

S and
𝐵0
𝑠 → 𝐽/𝜓𝜙. The decay processes of these two channels are dominated by a colour-suppressed tree

topology. When only considering this decay topology and ignoring other, sub-leading contributions,
the mixing-induced CP asymmetry becomes proportional to sin(𝜙𝑞). The uncertainty associated
with ignoring the sub-leading contributions, which are primarily due to penguin topologies, is
as large as 0.5◦ [5]. Given the experimental precision that already has been achieved today, and
looking at the prospects for the end of the Belle-II [6] and High Luminosity LHC (HL-LHC) [7]
programmes, this will become the leading systematic uncertainty and limit our potential to search
for BSM physics using 𝜙𝑑 and 𝜙𝑠. When including sub-leading effects due to penguin topologies,
the CP asymmetries allow us to determine an effective mixing phase

𝜙eff
𝑞 ≡ 𝜙𝑞 + Δ𝜙𝑞 = 𝜙SM

𝑞 + 𝜙NP
𝑞 + Δ𝜙𝑞 , (2)

where 𝜙NP
𝑞 is the potential new physics (NP) contribution from BSM physics that we wish to

constrain, and Δ𝜙𝑞 is a decay-channel-specific hadronic phase shift due to the sub-leading SM
processes. The current experimental picture suggests that 𝜙NP

𝑞 and Δ𝜙𝑞 can be similar in size, i.e.
zero or small, thereby making it challenging to disentangle them from each other. High precision
measurements of 𝜙eff

𝑞 thus need to be complemented with accurate knowledge on the phase shift
Δ𝜙𝑞.

These proceedings present results on the phase shift Δ𝜙𝑞 affecting the measurements of 𝜙𝑑
and 𝜙𝑠 in the decay channels 𝐵0

𝑑
→ 𝐽/𝜓𝐾0

S, 𝐵0
𝑠 → 𝐽/𝜓𝜙 and 𝐵0

𝑠 → 𝐷+
𝑠𝐷

−
𝑠 . The impact of the

penguin topologies is determined using the strategy originally proposed in Refs. [8,9], which relies
on the 𝑆𝑈 (3) flavour symmetry of QCD. For each of the three above decays a control mode is
identified in which the penguin topologies are enhanced compared to the leading tree topology. The
measured CP asymmetries of the control modes allow us to quantify the contributions from the
penguin topologies, which, assuming the 𝑆𝑈 (3) flavour symmetry, can be related to the penguin
contributions in 𝐵0

𝑑
→ 𝐽/𝜓𝐾0

S, 𝐵0
𝑠 → 𝐽/𝜓𝜙 and 𝐵0

𝑠 → 𝐷+
𝑠𝐷

−
𝑠 . For 𝐵0

𝑑
→ 𝐽/𝜓𝐾0

S, our chosen
control modes are 𝐵0

𝑠 → 𝐽/𝜓𝐾0
S and 𝐵0

𝑑
→ 𝐽/𝜓𝜋0, while for 𝐵0

𝑠 → 𝐽/𝜓𝜙 the primary control
mode is 𝐵0

𝑑
→ 𝐽/𝜓𝜌0, and for 𝐵0

𝑠 → 𝐷+
𝑠𝐷

−
𝑠 it is 𝐵0

𝑑
→ 𝐷+𝐷−. The Belle-II collaboration has

recently released new measurements of the CP asymmetries in 𝐵0
𝑑
→ 𝐽/𝜓𝜋0 [10], and the LHCb

collaboration provided new results on the CP asymmetries in 𝐵0
𝑑
→ 𝐷+𝐷− [11]. In both cases,

the new measurements have a precision which is similar to the old world average compiled by the
HFLAV collaboration [12] and will thus significantly improve the constraints on the penguin effects.
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𝑩 → 𝑱/𝝍𝑿 Fit 𝑩 → 𝑫𝑫 Fit

Extended Fit

𝐵𝑑 → 𝐽/𝜓𝐾0

𝐵𝑑 → 𝐽/𝜓𝜋0 𝐵𝑑 → 𝐽/𝜓𝜌0𝐵𝑠 → 𝐽/𝜓𝐾0
S

𝐵𝑠 → 𝐽/𝜓𝜙

𝐵𝑑 → 𝐷+𝐷−

𝐵𝑠 → 𝐷+
𝑠𝐷

−
𝑠

𝜙𝑑

𝜙𝑠

Δ𝜙𝑑

Δ𝜙𝑠

Δ̃𝜙𝑠

Figure 1: Schematic overview of the seven considered decay channels and their interdependence.

2. Fit for the penguin parameters

The impact on the determination of 𝜙𝑑 and 𝜙𝑠 from the penguin topologies in the 𝐵0
𝑑
→ 𝐽/𝜓𝐾0

S,
𝐵0
𝑠 → 𝐽/𝜓𝜙 and 𝐵0

𝑠 → 𝐷+
𝑠𝐷

−
𝑠 decays is determined following the framework described in Refs.

[5, 13]. For each of the three decays, the decay amplitude is parametrised as

𝐴(𝐵0
𝑞 → 𝑓 ) = N

(
1 + 𝜖𝑎𝑒𝑖 𝜃𝑒𝑖𝛾

)
, (3)

where 𝜖 ≈ 0.052, 𝑎 parametrises the relative size of the penguin topologies compared to the leading
tree topology, 𝜃 is the associated strong phase difference, and the UT angle 𝛾 gives the weak
phase difference between the topologies. N is a normalisation factor which drops out in the CP
asymmetries. The penguin parameters 𝑎 and 𝜃 depend on the decay dynamics and can thus be
different for the three decays. We therefore use 𝑎𝐽/𝜓𝑃 to parametrise 𝐵0

𝑑
→ 𝐽/𝜓𝐾0

S and its control
modes, 𝑎𝐽/𝜓𝑉 for 𝐵0

𝑠 → 𝐽/𝜓𝜙 and 𝑎𝐷𝐷 for 𝐵0
𝑠 → 𝐷+

𝑠𝐷
−
𝑠 .

The mixing-induced CP asymmetries in the control modes also depend on the mixing phases 𝜙𝑑
and 𝜙𝑠. To take this interdependence, illustrated in Fig. 1, into account, we propose a simultaneous
fit to the direct and mixing-induced CP asymmetries in all seven decay channels. The UT angle
𝛾 = (65.6+2.9

−3.0)
◦ [12] is taken as external input. The fit is performed using the GammaCombo

framework [14].
The extended fit results in the following values for the hadronic parameters:

𝑎𝐽/𝜓𝑃 = 0.14+0.14
−0.09 , 𝜃𝐽/𝜓𝑃 =

(
167+21

−32

)◦
, (4)

𝑎𝐽/𝜓𝑉 = 0.052+0.092
−0.045 , 𝜃𝐽/𝜓𝑉 =

(
317+38

−120

)◦
, (5)

𝑎𝐷𝐷 = 0.007+0.054
−0.007 , 𝜃𝐷𝐷 =

(
350+10

−350

)◦
. (6)
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Taking these penguin effects into account, the state-of-the-art values for the mixing phases are

𝜙𝑑 =

(
45.6+1.1

−1.0

)◦
, 𝜙𝑠 = −0.065+0.019

−0.017 =

(
−3.72+1.09

−0.97

)◦
, (7)

which can be compared to the effective mixing phases measured in 𝐵𝑑 → 𝐽/𝜓𝐾0 and 𝐵𝑠 → 𝐽/𝜓𝜙:

𝜙eff
𝑑 = (45.12 ± 0.94)◦ , 𝜙eff

𝑠 = −0.061 ± 0.014 = (3.50 ± 0.80)◦ . (8)

The two-dimensional confidence level contours for the penguin parameters and mixing phases are
shown in Fig. 2.

3. 𝑺𝑼(3)-symmetry breaking

The main systematic uncertainty associated with our method to control penguin contributions
in the determination of 𝜙𝑑 and 𝜙𝑠 comes from potential 𝑆𝑈 (3)-breaking effects. Because the
CP asymmetries are ratios of decay amplitudes, any factorisable 𝑆𝑈 (3)-breaking effects, which
impact the normalisation N in Eq. (3), necessarily drop out. This only leaves non-factorisable
𝑆𝑈 (3)-breaking effects, which are, in general, assumed to be subdominant compared to their
factorisable counterparts. The 𝑆𝑈 (3)-breaking effects can be introduced in the fit framework as
external correction factors. In Fig. 3, we compare the nominal fit to three hypothetical scenarios in
which we consider correction factors 𝑥𝑆𝑈 (3) = 1.2 ± 0.2 to the three penguin parameters 𝑎, and/or
correction factors 𝑦𝑆𝑈 (3) = (20±20)◦ to the three penguin parameters 𝜃. There is almost no impact
on the inner contour, corresponding to the 1𝜎 uncertainties on 𝜙𝑑 and 𝜙𝑠. These results are used to
assign a systematic uncertainty of 0.3◦ to 𝜙𝑑 and 2 mrad (0.11◦) to 𝜙𝑠.

4. A look into the future

Let us illustrate how the current picture in Fig. 2 might evolve towards the end of the Belle-II and
HL-LHC physics programmes. We therefore recalculate the central values for the CP asymmetry
observables to correspond to the solution obtained from the extended fit, i.e. Eqs. (4)–(7). The
expected uncertainties on the input observables are taken from the prospects published by LHCb [7]
and Belle-II [6] where possible. Otherwise, we extrapolate the current statistical uncertainty with
the expected increase in luminosity, and conservatively assume the current systematic uncertainty
to be fully irreducible.

In Fig. 4, we compare the two-dimensional confidence regions for two future scenarios:

1. Excluding control modes: In this scenario we only consider updated measurements for
the modes 𝐵0

𝑑
→ 𝐽/𝜓𝐾0

S, 𝐵0
𝑠 → 𝐽/𝜓𝜙 and 𝐵0

𝑠 → 𝐷+
𝑠𝐷

−
𝑠 . We assume no new CP asym-

metry measurements will become available for the penguin control modes 𝐵0
𝑑
→ 𝐽/𝜓𝜋0,

𝐵0
𝑠 → 𝐽/𝜓𝐾0

S, 𝐵0
𝑠 → 𝐽/𝜓𝜌0 and 𝐵0

𝑑
→ 𝐷+𝐷−.

2. Including control modes: In this scenario we assume the seven decay channels analysed
in this paper receive equal attention and new CP asymmetry measurements will become
available for all of them.
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Figure 2: Two-dimensional confidence regions of the fit for the penguin parameters, 𝜙𝑑 and 𝜙𝑠 from the
measured CP asymmetries in the 𝐵 → 𝐽/𝜓𝑋 and 𝐵 → 𝐷𝐷 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.

In the first scenario we expect an improvement in the determination of 𝜙𝑑 by approximately
30% compared to today. This can be increased by another factor two if also the penguin control
modes are updated with the full data sets available (second scenario). Regarding the determination
of 𝜙𝑠, the increased luminosity provided by the HL-LHC will reduce the uncertainty by at least a
factor two compared to today (first scenario). Updating the penguin control modes (second scenario)
will provide another 15% to 30% improvement. An improved determination of the penguin shift
Δ𝜙𝑞 can thus lead to significant gains in the expected precision on 𝜙𝑑 and 𝜙𝑠, which is necessary

5
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Figure 3: Two-dimensional confidence regions of the fit for 𝜙𝑑 and 𝜙𝑠 from the measured CP asymmetries
in the 𝐵 → 𝐽/𝜓𝑋 and 𝐵 → 𝐷𝐷 decays, assuming different 𝑆𝑈 (3)-breaking scenarios. The 𝑆𝑈 (3)-breaking
effects are included as Gaussian constraints in the fit, and not free parameters in the model.

Figure 4: Two-dimensional confidence regions of the fit for the penguin parameters, 𝜙𝑑 and 𝜙𝑠 from potential
future CP asymmetry measurements in the 𝐵 → 𝐽/𝜓𝑋 and 𝐵 → 𝐷𝐷 decays. Comparison between the two
future scenarios for the expected situation after the end of the Belle-II and HL-LHC programmes.

to maximally benefit from the Belle-II and HL-LHC programmes in the search for BSM physics.

5. Conclusion

These proceedings present the latest results from a data-driven approach, utilizing the 𝑆𝑈 (3)
flavour symmetry of QCD, to control the penguin contributions in the determination of 𝜙𝑑 and 𝜙𝑠
from the 𝐵0

𝑑
→ 𝐽/𝜓𝐾0

S, 𝐵0
𝑠 → 𝐽/𝜓𝜙 and 𝐵0

𝑠 → 𝐷+
𝑠𝐷

−
𝑠 decays. Using the current CP asymmetry

measurements from these three decay channels and their control modes we find

𝜙𝑠 = −0.065+0.019
−0.017 (exp) ± 0.002 (𝑆𝑈 (3)) =

[
−3.72+1.09

−0.97 (exp) ± 0.11 (𝑆𝑈 (3))
]◦
, (9)

𝜙𝑑 =
[
45.6+1.1

−1.0 (exp) ± 0.3 (𝑆𝑈 (3))
]◦
, (10)

where the first uncertainty comes from our fit to the experimental inputs and the second uncertainty
estimates the potential impact from 𝑆𝑈 (3)-breaking effects.
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To reach a precision on 𝜙𝑠 below 10 mrad (0.6◦) and/or on 𝜙𝑑 below 1◦, as anticipated for the
end of Belle-II and HL-LHC physics programmes, we will need to improve our understanding of
the penguin effects through improved measurements of the control modes.
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